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Abstract

The sandstone of Abu Madi clastic reservoir constitutes the prime gas-producing reservoir in the Nile Delta region. So,
the present research aims to delineate its microfacies and dominant diagenetic features and their effect on the petrophysical
characteristics of the Abu Madi reservoir in the Faraskur Gas Field. This could be achieved by integrating the petrographical
studies and the conventional data to divide the reservoir into some reservoir rock types (RRTs) to delineate the impact of
the mineral composition and diagenetic features on their reservoir quality and hydraulic flow zones. Petrographically, most
samples are immature and described as angular to subrounded, poorly sorted, and slightly cemented. Five clastic microfacies
types are recorded in the Abu Madi Formation: (1) quartz arenite, (2) feldspathic quartz arenite, (3) sub-feldspathic quartz
arenite, (4) quartz wacke, and (5) sub-feldspathic quartz wacke. The most important post-depositional processes affecting
the reservoir quality are the precipitation of pyrite and microsparite, as well as the feldspars alteration into authigenic dis-
persed clays represented by kaolinite and smectite/illite mixed layers. The dominant pore types are the primary intergranu-
lar, with some subsidiary fractures and dissolution pores. To check the reservoir quality of the Abu Madi clastics, the NPI
(normalized porosity index), FZI (flow zone indicator), RQI (reservoir quality index), and 4, (permeability anisotropy) were
estimated. Petrophysically, the studied samples are summed up into four RRTs, with the RRT4 group has the lowest & and
k values (av. &=16.2%, av. ky=6.87 md) and the lowest reservoir quality parameters (av. FZI=0.89 pm, av. DRT=10.4,
av. RQI=0.18 pm, av. R35=1.26 pm). On the contrary, the RRT1 group has the best petrophysical and reservoir parameters
(av. F=25.9%, av. ky=2695 md, av. DRT=14.9, av. RQI=3.12 pm, av. FZ1=8.85 pm, av. R;5=32.7 pm). The perme-
ability anisotropy of the RRT2 and RRT3 is the highest in Faraskur Field (av. 1,=2.4 and 2.62, respectively). This study is
applicable to other extensions of the Abu Madi reservoirs in the Nile Delta basin to help in predicting their reservoir quality,
petrophysical properties, and their hydrocarbon potentiality.
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Introduction

During the last decades, the northern Nile Delta province
has had the main development and exploration plans in
Egypt. It produced several TCF (trillions of cubic feet)
of natural gas during the last decades from various gas-
bearing clastic reservoirs of Oligocene to Pliocene—Pleis-
tocene age (Pigott and Abdel-Fattah 2014; Abdel-Fattah
2014; Nabawy et al. 2018; Sarhan and Safa 2019; Sarhan
2021a, b; Fawzy et al. 2022). Recently, the gas reserve
of these fields has been increased due to applying some
enhanced recovery techniques, e.g., chemical enhanced
recovery as recommended by many authors (e.g., Bigdeli
and Delshad 2023). Since the Nile Delta is fluvial in ori-
gin, it consists primarily of thick shale sequences interca-
lated with some sand beds, lobes, and lenses that resulted
from the seasonal activities of the Nile valley in the Plio-
cene—Quaternary time (Nabawy and Shehata 2015). These
clastic sequences are capped by a thick silty clay layer
of Holocene age that increases in thickness to the north
(Abd-Allah et al. 2012; Nabawy and Shehata 2015). Due to
the progressive exploration/development activities in the
Nile Delta, its daily gas production increased from 4 BCF/
day in 2015 to about 7.1 BCF/day in 2018. Most of the
Nile Delta's gas-producing fields produce hydrocarbons
from the Late Miocene Messinian Abu Madi Formation
which has been the main gas-producing horizon since its
discovery in 1966 when the first well in the Nile Delta
(Mit Ghamr-1 well) was drilled (Abu El-Ella 1990; Sarhan
2022). It is stated that Abu Madi clastics are the main gas
reservoir and the main target for many exploration consor-
tiums in both onshore and offshore Nile Delta.

Abu Madi Formation produces gas from many gas fields
in the onshore/offshore Nile Delta, e.g., Abu Madi, Bal-
tim, Faraskur, South Batra, Abu Qir, Nidoco, El-Qar'a,
etc. (Nabawy and Shehata 2015; Ghoneimi et al. 2017;
Sarhan and Safa 2019; Sarhan 2021a, b; Safa et al. 2021;
Leila et al. 2021; Othman et al. 2022; Nabawy et al. 2023).
Among these, the Faraskur Gas Field, the target of this
study, is in the northern onshore Nile Delta at longitudes
31°13'48" and 31°24'36" E and latitudes 31°21'36" and
31°37'12" N (Fig. 1).

A few literatures investigated the Faraskur Gas Field
(e.g., Leila et al. 2021); they paid more attention to the
structural setting interpretation using seismic data and the
petrophysical analysis using the well log data. Therefore,
the present work aims to continue and improve these stud-
ies with more attention to the microfacies analysis and
diagenetic features impact on the reservoir quality and
petrophysical characters derived from the core data. It is
targeted to evaluate the Abu Madi gas-bearing clastics in
Faraskur Field based on the routine core data (Rcal) and
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the petrographic studies to delineate the implementation
of various microfacies and the predominant diagenetic fea-
tures on the different reservoir properties. Core data and
petrographical studies were integrated to assess the res-
ervoir parameters of the Abu Madi reservoir qualitatively
and quantitatively.

Integrating the core data and petrographical studies to
delineate the reservoir quality, the main hydraulic flow
zones, and the main diagenetic features controlling the res-
ervoir properties is a well-known procedure that is applied
by many researchers (e.g., El Sawy et al. 2020; Nabawy et al.
2020a, b, c; Leila et al. 2021, 2022; Elhossainy et al. 2021;
Sarhan 2021a, b; Nabawy et al. 2022a, b; Radwan et al.
2022a, b; Fallah-Bagtash et al. 2022; Ashoor et al. 2023;
Elmahdy et al. 2023).

Thereby, the reservoir quality and flow zones discrimina-
tion were also applied using the permeability and porosity
data, where the reservoir quality index (RQI) can be used
to evaluate the reservoir flow character and to establish a
set of interrelationships among the various petrophysical
parameters at the core plug and the well bore scales. The
petrographical data include thin sections and X-ray diffrac-
tion data, which are used to delineate the microfacies types,
mineralogical compositions, and diagenetic features that
affected the Abu Madi reservoir.

Geologic setting

The Nile Delta Basin is a fan-shaped area of 250,000 km?; it
is among the main deltaic basins in the world (Sestini 1989;
Kirschbaum et al. 2010). It is located along the southern
shoreline of the Mediterranean Basin and situated on the
northern borders of the colliding African plate. It is located
among three tectonic plates: the Syrian Arc fold system, the
Red Sea Rift, and the African-Anatolian plates (Harms and
Wary 1990; Sarhan and Hemdan 1994).

Geologically, the Nile Delta is built of the Nile submarine
fan, the continental slope, and the continental shelf (from
North Sinai to 80 km west of Alexandria). It is situated at
the northern margins of the African plate and constitutes a
part of the southern Mediterranean shorelines. Its structural
setting is primarily controlled by the breakup of the African
plate margin accompanied by the northward movement of
the Arabian plate and the Red Sea opening (Said 1981). The
main diagnostic structural feature of the Nile Delta is its cen-
tral Hinge Zone that controls the sedimentary facies distribu-
tion in the Nile Delta (Fig. 2) (Abdel Aal et al. 1994; Sarhan
and Hemdan 1994; Kamel et al. 1998; Nabawy and Shehata
2015; Nabawy et al. 2018). The Hinge Zone subdivides the
Nile Delta into two structural provinces (northern basin and
southern block) (Fig. 2).
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Fig. 1 Location map of the studied Faraskur Gas Field, onshore north Nile Delta, Egypt

The Nile Delta northern basin is configured by a set of
regional tectonic elements oriented in different trends. Some
of these structural features were active during the Miocene
to cause tilting of the Miocene depositional sequence.

The Nile Delta is dominated by thrust faulting, diag-
nostic asymmetric folds, and diapers. These are caused by
the implication of Syrian Arc movements trending NE-SW
along the northern Nile Delta basin. Due to its importance,
the subsurface and structural geology of the Nile Delta
northern basin has been explored by eminent authors (e.g.,
Rizzini et al. 1978; Barakat 1982; Schlumberger 1984;
EGPC 1994; Mosconi et al. 1996; Abu El Ata et al. 1999;
Mahsoub 2006; Khaled et al. 2014; Elhamy and Salah
2016; etc.). The natural gas of this northern basin has been

generated and accumulated at various stratigraphic zones
varying from the Oligocene upward to Pliocene rock units.

The stratigraphic sequence of the Nile Delta province
extends from the Jurassic to the Pleistocene (Fig. 3).

The Miocene sediments of the Nile Delta northern basin
have been paid attention by many researchers due to their
huge subsurface gas-bearing reservoirs (Niazi and Dahi
2004; Vandre et al. 2007; Leila et al. 2016 and Abd El-
Gawad et al. 2019). In particular, the explored natural gas
in the Messinian Abu Madi Formation has been a prime
target for researchers since 1967 in its onshore occurrences
and offshore extensions (Abu El-Ella 1990). The Miocene
depositional cycle starts with open marine sediments and
ends with a starved evaporitic sequence. It can be subdivided
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Fig.2 Location map showing the main structural trends of the Nile Delta (Abdel Aal et al. 1994)

into the Oligo-Miocene Qantara Formation, Middle Miocene
Sidi Salim Formation, and the Upper Miocene Qawasim and
Abu Madi Formations and their equivalent Rosetta evapo-
rites (Fig. 3; EGPC 1994; Sultan et al. 2020). However, the
Abu Madi Formation is the most important gas-bearing hori-
zon in the Nile Delta basin; it constitutes the best clastic
reservoir in the Nile Delta with very good porosity values
averaging 21% (EGPC 1994).

Tectonically, the Messinian Abu Madi reservoir repre-
sents the topmost sequence of the Upper Miocene that is
controlled by the evolution of the syn-rift mega sequence
of the Nile Delta (Sarhan 2022). It rests uncomfortably, in
the northern Nile Delta basin, on the Qawasim Formation
and/or the Rosetta evaporites (EI-Heiny 1982; EI-Heiny
and Morsi 1992; EGPC 1994; Barakat and Dominik 2010;
Barakat 2010) (Fig. 3). It consists of thick sandstone beds,
rarely conglomerate, intercalated exhibiting shale beds
with more thickness and abundance along the topmost
parts of the Abu Madi reservoir. The sand grains are pri-
marily loose quartzose and vary in size from very fine
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to coarse-grained. The conglomeratic zones at the lower
parts of the Abu Madi Formation represent an unconform-
ity with the Qawasim Formation.

The Abu Madi reservoir has been accumulated as a
channel fill presenting low-stand fluvial system tracts
(LST) and transgressive-system tracts (TST) of estuarine
sedimentary setting (Salem et al. 2005). The facies distri-
bution of the Abu Madi Formation has been affected by
the paleogeomorphology that was controlled by the rapid
deposition on low-stand erosion surface and faulting at the
Late Messinian (El Heiny et al. 1990).

It is stated that the Abu Madi reservoir is character-
ized by cross-bedded sandstone and shale content, which
increases in dominance upwards (EGPC 1994; El Heiny
and Enani 1996).

The Abu Madi reservoir mainly consists of a set of
transgressive facies as it consists mainly of reworked lithic
fragments from the Qawasim and Pre-Qawasim Forma-
tions (Rizzini et al. 1978; Barber 1981).
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Methods and techniques
Core data

Eighty-three plug samples are available for the core measure-
ments (33 samples from S. Faraskur-3 well and 50 samples
from S. Faraskur-4 well). Plugging has been applied repre-
sentatively for the Abu Madi reservoir at core depth intervals
2625-2638 m for S. Faraskur-3 well and 2818-2838 m for S.
Faraskur-4 well. The grain density (p,) and porosity (%)
were measured using a helium pycnometer at 19 psi, while
the gas permeability (k) was measured using a nitrogen per-
meameter. Measuring permeability has been applied for two
plugs/depth points and oriented horizontally and vertically
(ky and ky). Details on the applied procedures are published
in many literature (e.g., Nabawy and Wassif 2017; Nabawy
and El Aal 2019a, b; Abuhagaza et al. 2021; Shehata et al.
2021; Radwan et al. 2021, 2022a; Radwan and Nabawy
2022). Anisotropy of the measured permeability was calcu-
lated using the following mathematical model as mentioned
by many researchers (Serra 1988; Nabawy 2018; Abdeen
et al. 2021; Nabawy et al. 2022a).

k
Ak=‘/£ (1

For ranking the quality of the Abu Madi sandstone res-
ervoir, the NPI (normalized porosity index), FZI (flow zone
indicator), and the RQI (reservoir quality index) parameters
of Amaefule et al. (1993) were applied as recommended by
several researchers (Corbett & Potter 2004; Teh et al. 2012;
Abed 2014; Abuamarah and Nabawy 2021; Fallah-Bagtash
et al. 2022). These parameters were calculated using the fol-
lowing equations.

@

K
RQI = 0.0314\/; 3)
_ RQI
FZI = NPI “4)

where J is the porosity in fraction, & is the permeability in
md, while NPI is estimated in fraction, and the RQI and FZI
are estimated in pm.

For ranking the petrophysical and reservoir parameters of
the Abu Madi reservoir, the classification ranks of Nabawy
et al. (2015) and Nabawy and El Sharawy (2018) were
applied. These ranks were successfully applied by many
researchers (e.g., Nabawy et al. 2010, 2020b, c; Ashoor
et al. 2023).
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Rock typing was also used for grouping the available core
data based on the porosity and permeability values supported
by the DRT (discrete rock types) of Shenawi et al. (2007). It
was improved later by Nabawy and El Sharawy (2018). The
DRT parameter is estimated from the FZI, which in turn is
based on porosity and permeability.

DRT = ROUND(2 x Ln(FZI) + 10.6;1) (5)

where the FZI is expressed in pm and can be calculated
using Eq. (4).

Also, the R;5 of Winland (1972) was estimated using the
following equation.

Log Rys = 0.732 + 0.588Logk—0.864Log@ (6)

The statistical processing parameters of the available core
data are listed in Table 1.

Petrographical data

For studying the lithologic composition, sedimentary fab-
rics, and the predominated diagenetic features of Abu Madi
samples, a total of 69 impregnated and stained thin sections
were prepared representatively for the different rock types.
These samples were impregnated by blue-dyed Araldite for
studying the pore fabrics and declaring the different pore
types. They are also stained with a mixture of potassium
ferricyanide and Alizarin Red-S solutions to differentiate
between the calcite, Mg-rich calcite, and dolomite. The
alkali-feldspars can be also detected by staining the samples
with a Na Cobaltinitrite (Na;Co(NO,),) solution.

Grain size analysis was applied using sieve analysis for
the selected 69 samples from the prospective sandstone hori-
zons along the cored interval. Besides, an additional 10 sam-
ples were prepared as fine powders to analyze their dominant
clay composition where the clay fraction has been isolated
and analyzed using the X-ray diffraction (XRD) technique.
The results of the mineral composition of the various micro-
facies are listed in Table 2.

Results
Core data

Petrophysically, the Abu Madi samples are grouped into
4 RRTs (Table 1). The RRT4 samples have the lowest
permeability and porosity (av. &=16.2%, av. ky=6.87
md; Table 1, respectively) and the lowest reservoir qual-
ity parameters (av. DRT=10.4, av. R3;5=1.26 pm, av.
FZI=0.89 pm, av. RQI=0.18 um, Table 1, respectively).
On the contrary, the RRT1 samples are characterized
by the highest petrophysical parameters in the Faraskur
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Table 1 Petrophysical core data of the Abu Madi Formation in S. Faraskur-3 well, onshore Nile Delta, Egypt
RRTs S.no Microfacies DRT  ky ky A Dhe P Po RQI  FZI R;;5
0.00 mD mD 0.00 % glcc glcc pm pm pm
RRTI 8 Quartz arenite Min 146 1216 266.0 115 225 2639 1892 231 755 239
Max 155 5149 1632 3.05 283 2691 2086 431 1148 472
Mean 149 2695 10995 1.68 259 2665 1975 3.12 885 327
RRT2 26 Quartz arenite Min 131 322 095 0.85 233 2646 1.864 1.13 341 100
Feldspathic quartz arenite Max 144 2494 1343 184 306 2767 2086 284 678 28.1
Subfeldspathic quartzarenite oo 138 9725 4606 24 265 2678 1968 180 492 17.1
RRT3 69 Quartz arenite Min  11.0 354 007 037 117 2636 1848 017 119 135
Quartz wacke _ Max 13.0 6050 4380 515 302 2702 2352 141 339 124
gﬁgggzgztﬁiz gﬁzrrz fjg;‘lf Mean 121  169.1 1056  2.62 238 2668 2032 073 224 611
RRT4 21 Feldspathic quartz arenite Min 97 103 018 028 11.0 2611 2.009 009 065 068
Quartz wacke Max 109 230 1210 488 250 2762 2417 031 119 225
Subfeldspathic quartz wacke o0 104 687 192 149 162 2667 2235 0.8 089 1.6

DRT is the discreet rock type (Shenawi et al. 2007; El Sharawy and Nabawy 2018; Nabawy and El Sharawy 2018), ky; and ky are the permeabil-
ity values in the horizontal and vertical directions, respectively; 4, is the permeability anisotropy; &y, is the helium porosity; pg and p, are the
grain and bulk densities; RQI is the reservoir quality index; FZI is the flow zone indicator; and R;s is the effective pore radius at 35% mercury
saturation (Winland 1972)

Table 2 XRD results of the clay fractions for some representative samples selected from S. Faraskur-3 and S. Faraskur-4 wells

Well Sample Microfacies Depth Smectitef/illite Illite Chlorite Kaolinite
no. type m mixed % % % %
S. Faraskur-3 1 RRT3 2818.2 - Traces - 100
Subfeldspathic quartz arenite
2 RRT3 2825.5 3 4 - 93
Subfeldspathic quartz arenite
3 RRT2 2826.5 53 18 - 29
Feldspathic quartz arenite
4 RRT2 2835.1 65 4 - 31
Subfeldspathic quartz wacke
5 RRT2 2837.5 55 5 - 40
Subfeldspathic quartz wacke
S. Faraskur-4 6 RRT4 2628.0 60 - - 40
Subfeldspathic quartz wacke
7 RRT2 2630.0 - - - 100
Quartz arenite
8 RRT3 2632.0 - - - 100
Subfeldspathic quartz arenite
9 RRT1 2634.0 - - - 100
Quartz arenite
10 RRT2 2636.0 - - - 100

Quartz arenite

Field (av. @=25.9%, av. ky;=2695 md, av. DRT = 14.9,
av. RQI=3.12 pm, av. FZI=8.85 pm, av. R;5=32.7 pm,
Table 1, respectively). The RRT2 and the RRT3 are con-

sidered transitional groups (av. DRT =13.8 and 12.1,

respectively, Table 1) characterized by midway petrophysi-
cal properties and reservoir quality parameters between the
RRT1 and the RRT4 samples. The permeability anisotropy

@ Springer



388 Journal of Petroleum Exploration and Production Technology (2024) 14:381-406

of these two RRTs is the highest in Faraskur Field (av.
Ax=2.4 and 2.62, respectively, Table 1).

Lithofacies types

The identified lithofacies types of the Abu Madi can be
grouped into two lithofacies associations: (1) Arenites and
(2) Mudstones.

Arenite lithofacies

The lithofacies description of the studied reservoir sequence
indicates that the dominated arenites are composed of seven
lithofacies: (1) glauconitic bedded sandstone, (2) glauco-
nitic massive sandstone, (3) laminated sandstone, (4) glau-
conitic sandstone, (5) deformed, laminated and glauconitic
sandstone, (6) glauconitic argillaceous sandstone, and (7)
glauconitic, pebbly sandstone. These lithofacies types are
characterized by gray to greenish gray color due to their
high glauconite content. They are also characterized by some
diagnostic sedimentary structures, e.g., massive and blocky

Fig.4 Sedimentary structures
and the lithofacies types of Abu
Madi reservoir A dewatering
structure of the mid- to outer-
shelf deposits, B dish structure
of mid- to outer-shelf deposits,
and C laminated mud of tidal
flat deposits

(A)
Top: 2629.75 m

'8

10

15

20

25

Bottom: 2630.0 m
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structures, slight lamination, dish structure (Fig. 4B), and
dewatering structure (Fig. 4A). They are distributed along
the whole interval as intercalated beds of variable thick-
nesses of gradational sequence.

These arenites are pebbly in most intervals, slightly argil-
laceous, poorly sorted, fine to medium-grained in most inter-
vals, and locally coarse-grained with parallel lamination in
parts and massive in parts. They are silty, pyretic, calcare-
ous, and slightly cemented by variable calcite cement.

Mudstone lithofacies

Three mudstone lithofacies are recognized in the reser-
voir interval (1) laminated silty mudstone, (2) laminated
sandy mudstone, and (3) deformed laminated silty mud-
stone (Fig. 4C). These muddy lithofacies dominate in the
upper parts of the studied depth interval (2625-2628.2 m).
They are moderate to dark gray, calcareous, sideritic, and
ferruginous silty mudstone which is laminated and slightly
deformed due to the bioturbation dominance.

(B) (€)
Top: 2628.5 m

Top: 2625.5 m

10 10

158

15

204 20

25

Bottom: 2628.5 m Bottom: 2626.0 m
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Less frequently, they are slightly deformed with some
flasher laminations. Siderite and framboidal pyrite are scat-
tered along different levels. They are interlaminated with
some laminated arenites which are light gray to brownish

gray.
Petrographic characteristics

The grain size analysis using sieve analysis and the statisti-
cal processing of the obtained data indicates that the studied
Abu Madi sandstone reservoir consists primarily of poorly
sorted, medium to coarse sandstones (Fig. 5a, b). The pet-
rographical examination of the available samples states the
discrimination of the studied samples into 5 microfacies/
lithofacies: (1) subfeldspathic arenite, (2) feldspathic arenite,
(3) quartz arenites (bioclastic quartz arenite, lithic arenite,
and quartz arenite), (4) quartz wacke, and (5) feldspathic
quartz wacke. The arenite composition forms 90% of the
total microfacies with a dominance of the quartz arenite
microfacies (42 samples, 61%, Fig. 6). The assigned micro-
facies types are composed primarily of arenites that are
described in detail as follows.

Arenites composition

Petrographically, the arenite microfacies are the main micro-
facies recorded within the Abu Madi samples. Arenites rep-
resent 90% of the examined samples and 10% of the studied
samples are wackes. They are mainly composed of poorly
sorted, very fine to medium-grained, subrounded to angular,
monocrystalline quartz grains, and rarely polycrystalline,
with some plagioclase, K-feldspars, and subsidiary opaques,
mica flakes, glauconite pellets, and rarely well-preserved
bioclastic remains and lithic fragments. They are texturally
immature and mineralogically sub-mature, especially in the
feldspathic and subfeldspathic arenite microfacies. The aren-

M Quartz wacke 6%

M Quartz arenite 61%

i Feldspathic quartz arenite 12%

M Sub-feldspathic quartz arenite 17%
M Sub-feldspathic quartz wacke 4%

Fig.6 The exploded distribution pie of the microfacies types of the
Abu Madi sandstone reservoir

I.  Subfeldspathic arenite microfacies

It is represented in the Abu Madi Formation at differ-
ent levels (17%); it consists of poorly sorted very coarse to
very fine, subrounded to subangular, and poorly cemented
quartz grains, rarely with a few feldspar grains (Fig. 7a).
The clastic grains are slightly compacted and cemented by
calcite as meniscus cement. Compaction is represented by a
grain-to-grain point and long contacts. The quartz grains are
primarily monocrystalline and rarely polycrystalline. Micro-
fractures are noticed in some grains, especially at their outer
edges. Feldspars are represented by K-feldspars (microcline,
Fig. 7a) and sometimes are altered. Also, carbonate rock
fragments and fresh glauconite pellets are sometimes noticed
(Fig. 7b), while cubic to sub-cubic framboidal pyrite are
rarely noticed.

Pore spaces are primarily presented by (1) meso to micro-
intergranular pore spaces (blue-dyed) and (2) microfrac-
tures within the clastic grains (Fig. 7b). The abundance of
pore spaces gave rise to very good visual porosity values
(25-27%).

ite microfacies are described in detail as follows. II. Quartz arenites microfacies
Fig.5 Frequency histograms of
the average grain size (a) and 35 1 45
the grain sorting (b) of the Abu 2 30 = 40 -
. . b 19
Madi sandstone reservoir § § 35 4
i': 25 4 53
£ s 30 4
g 27 g 25 -
g- B
5 151 g 20 -
B — g
; 10 - : 15
Z 10 -
5 -
5 E
0 : . . : 1 0
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Fig.7 Photomicrographs of some microfacies types from S. Far-
askur-3 well showing a, b subfeldspathic quartz arenite, depth
2818.16 m; c—e bioclastic quartz arenite, depth 2818.59 m; f lithic
arenite, depth 2819.20 m; g, h quartz arenite, depth 2819.82 m; i, j
feldspathic quartz arenite, depth 2822.56 m, 2825.76 m; k subfelds-

Bioclastic quartz arenite

It is primarily represented at the base of the Abu Madi
reservoir; it consists of rounded to subangular, poorly sorted,
and cemented very fine to pebbly sand-sized quartz grains
with a few Mollusca shell fragments (Fig. 7c, d). Well-pre-
served nummulite shell fragments are also noticed in some
samples (Fig. 7e).

@ Springer

pathic quartz wacke, depth2835.90 m; and l-n quartz wacke, depth
2631.47 m from S. Faraskur-4 well. Note F refers to the feldspars, MF
microfractures, G glauconite pellets, CF carbonate fragments, M mol-
lusca shells, N nummulite shells, RF rock fragments, and FR refers to
the fractures

The quartz grains are mostly monocrystalline, slightly
cemented by calcite, and slightly compacted as long straight
contacts with a few microfractures. The quartz grains are
primarily monocrystalline; less frequently polycrystalline.
Carbonate rock fragments, well-preserved glauconite pel-
lets (Fig. 7d), and silt-sized framboidal pyrite grains are less
frequently assigned (Fig. 7¢). Visual porosity is very good
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(23-26%) and presented by (1) meso- to microintergranular,
blue-dyed pore spaces and (2) microfractures (Fig. 7c).

Lithic arenite

It is built of poorly sorted, fine to pebbly sized, subangu-
lar to rounded, and poorly cemented quartz grains (Fig. 7f);
sometimes it is bioclastic with a few Mollusca content at
different levels. The monocrystalline quartz grains are abun-
dant; sometimes polycrystalline quartz grains are observed
with some altered feldspars, glauconite pellets, and lithic
fragments which are represented by micropolycrystalline
quartz grains of igneous origin (Fig. 7f). The quartz grains
are primarily monocrystalline; less frequently are polycrys-
talline. Compaction is presented by grain-to-grain points and
long straight contacts (Fig. 7f). Visual porosity is very good
(23-24%); it is presented by intergranular pore spaces.

Quartz arenite

This microfacies is predominant in the Abu Madi reser-
voir, where it constitutes 61% of the studied samples (Fig. 6).
It is composed of abundant monocrystalline poorly sorted
quartz grains which are very fine to pebbly sized, rounded
to subangular, and friable (Fig. 7g). A few feldspars and car-
bonate rock fragments are also observed. The clastic grains
are slightly compacted via point or long contacts (Fig. 7 g).
Visual porosity is very good to excellent and presented by
meso- to microintergranular pore spaces (25%). Sometimes,
it is highly cemented by calcite cement causing a reduction
of the porosity values to 18% (Fig. 7h).

III. Feldspathic arenite microfacies

The feldspathic arenite microfacies form about 12% of the
studied Abu Madi samples (Fig. 6). It consists of monocrys-
talline, sometimes polycrystalline, poorly sorted, very fine-
grained to coarse-grained, subangular to rounded, and
friable quartz grains. K-feldspars in these microfacies are
abundant; they are rounded to angular fine grains (Fig. 71).
Phenoclasts are poorly cemented by calcite and sometimes
are highly cemented causing a high reduction in porosity
values (Fig. 7j). The visual porosity values are very good
to good and presented by microintergranular pore spaces
(14-26%).

Wacke composition

I.  Subfeldspathic quartz wacke microfacies

It is rarely represented in the Abu Madi reservoir (4%,
Fig. 6). It consists of poorly sorted silty-sized to medium-
grained quartz grains, subangular to subrounded, and friable
(Fig. 7k). The quartz grains are monocrystalline to polycrys-
talline and moderately cemented by argillaceous material
in which the grains are floating. K-feldspar grains and glau-
conite pellets are very fine to medium, mostly altered and
floating within the argillaceous matrix. Furthermore, mica

flakes and rock fragments are rarely present. Pore spaces are
primarily intergranular and highly reduced by clay-filling
materials and iron oxides (10-13%, Fig. 7k).

II. Quartz wacke

It is rarely represented in the Abu Madi reservoir (6%,
Fig. 6); it is primarily represented by lamination between
quartz wacke and quartz arenite bands (Fig. 71). The wacke
bands are composed of silt-sized quartz grains floating
within a clayey matrix. The quartz grains are composed
of mono- to polycrystalline, poorly sorted, fine to coarse,
moderately sorted, well-rounded, and subangular grains
compacted as long and point contacts, sometimes as con-
cave—convex (Fig. 7m). K-feldspars are less frequently pre-
sented, while fine to very fine rounded carbonate rock frag-
ments are also observed. The silt-sized quartz and feldspar
grains are scattered in an argillaceous matrix with some frac-
tures crossing the groundmass which improved the visual
porosity (dyed-blue, Fig. 7n). The pore spaces are presented
as (1) intergranular pore spaces, (2) matrix porosity, and
(3) fractures. The visual porosity values vary between 12
and 19%.

Clay fraction mineralogy

The XRD analysis is critically needed, as it provides the
most efficient method for delineating the mineral composi-
tion of the clay fraction. The XRD data of the clay fraction
of the subfeldspathic quartz arenite microfacies samples
(RRT3) of the studied wells reveal that they are primarily
composed of kaolinite (93-100%), sometimes with a few
contents of illite (4%) and smectite/illite mixed layer (3%,
Table 2). The quartz arenite microfacies (RRT1-2) is com-
mon n the S. Faraskur-4 well with less effective clay con-
tent is completely composed of kaolinite (100%), while the
clay fraction of the feldspathic quartz arenite microfacies is
characterized by low kaolinite content (29%) and relatively
high illite (18%) and mixed smectite/illite (53%) fractions
(Table 2). However, the implication of increasing the smec-
tite/illite and illite fraction in the feldspathic quartz arenite
microfacies is still slight in reducing permeability which is
very good (k=439 md). On the other side, the clay frac-
tion of the subfeldspathic quartz wacke microfacies (RRT2-
4) and its relatively high smectite/illite mixed layer content
(55-65%, Table 2) slightly reduced their permeability values
(av. k=73.2 md).

Diagenetic features
Diagenetic features are subdivided into two groups based on
their implication on the reservoir porosity. They are divided

into porosity-reducing and porosity-enhancing diagenetic
features (Nabawy et al. 2020a, 2020b, 2022). For the Abu
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Madi fluviomarine deposits, the porosity-enhancing fea-
tures (dissolution and fracturing) are dominant, while the
porosity-reducing features (cementation, compaction, and
authigenic minerals) are minimized (Fig. 8). The visual
porosity of the studied microfacies is primarily fair to very
good ranging from 10 to 27%; the relatively high values are
assigned to the quartz arenite, lithic quartz arenite, felds-
pathic quartz arenite, bioclastic quartz arenite, and the sub-
feldspathic quartz arenite microfacies. On the contrary, the
lowest porosity values are encountered for the quartz wacke
and the subfeldspathic quartz wacke microfacies.

Porosity-enhancing diagenetic features

I. Dissolution

The studied shallow marine (tidal flat and mid- to outer-
shelf settings) Abu Madi reservoir has been subjected to a
significant dissolution and feldspars alteration, due to the
impact of low Ca-bearing invading solutions. Dissolution
of the cementing materials of the Abu Madi samples is
mostly selective for a carbonate cement (Fig. 7b—e), while
dissolution and alteration of feldspars are intensive (Fig. 7a,
i) causing a relatively high improvement of the intergran-
ular pore spaces. Dissolution is in charge of leaching the
Mg-bearing calcite and the original aragonitic composi-
tion of the shell bodies which have a higher ability to be
dissolved by relatively low Ca and Mg-bearing solutions
(Boggs 2009; Nabawy et al. 2020a). The well-preserved
shell bodies indicate that the coating of these shells by a

clay remnant protected them against dissolution as shown
in the bioclastic arenite microfacies (Fig. 7c—e). However,
dissolution is concerned only with the arenite microfacies.
Dissolution of the quartz grains by low silica-bearing solu-
tions is also noticed in some microfacies samples, e.g., the
quartz wacke microfacies (Fig. 71), and the quartz arenite
microfacies (Fig. 7g). Furthermore, the glauconite pellets are
sometimes highly weathered and dissected by some micro-
cracks, e.g., the subfeldspathic arenite, (Fig. 7b), and the
bioclastic quartz arenite microfacies (Fig. 7¢). Dissolution
of the original intergranular pore spaces improved the con-
nectivity of these pore spaces and increased their sizes from
micro- into mesopores (Fig. 7b—e).

II. Fracturing

Fracturing is a rock failure due to the implication of pre-
dominated stresses affecting the reservoir quality. For the
present study, stresses are delineated as microintersecting
microfractures affecting the quartz grain bodies and edges,
e.g., the subfeldspathic arenites (Fig. 7a, b) and the bio-
clastic arenites (Fig. 7c—e). The fracturing of the bioclastic
remains may be prohibited by the early stages of coating by
the argillaceous matrix (Fig. 7c—d). The groundmass of the
wacke microfacies is intersected by open dyed-blue fractures
which highly improved the reservoir quality of these micro-
facies, e.g., the quartz wacke microfacies (Fig. 7n).

Porosity-reducing diagenetic features

I. Cementation

Fig.8 A sketch showing the

main porosity-reducing and Diagenetic features

enhancing diagenetic features
that predominated in the Abu

Madi reservoir

Porosity-enhancing features

- Dissolution (carbonate cement, altered feldspars,
and glauconite pellets).

- Fracturing (quartz grains, groundmass).

Porosity-reducing features
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- Cementation (calcite).

- Mechanical compaction.

- Authigenic minerals (clays and pyrite).
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Calcite cementation is the main diagenetic feature that
controlled the Abu Madi reservoir; however, its implica-
tion is limited where most of the studied samples are fri-
able with some gravity meniscus cement. It is represented
by a few calcite patches between the quartz grains and
the lithic fragments, e.g., subfeldspathic quartz arenite
(Fig. 7a), and the quartz wacke (Fig. 7m), and the felds-
pathic quartz arenite microfacies (Fig. 7i). The presence of
micro- and pseudosparite as pore-filling cement is rarely
encountered, so its impact on reducing the pore connec-
tivity is limited. Carbonate rock fragments are sometimes
noticed as reworked materials, e.g., the quartz arenite
microfacies (Fig. 7g), and the subfeldspathic quartz arenite
microfacies (Fig. 7a). However, the predominance of the
calcite cement is sometimes noticed as pervasive cement
in which the quartz grains float, e.g., the quartz arenite
(Fig. 7h) and the feldspathic quartz arenite (Fig. 7j). Pre-
dominance of the calcite cement reduced the visual poros-
ity of some of these samples to 10% (Fig. 7h, j). The pre-
sent calcite cement may be a relic of the original cement
or may have originated later from re-precipitation of dis-
solved bioclastic remains and scattered carbonate lithic
fragments (E1-Ghali et al. 2013; Nabawy et al. 2020a).
Also, the pervasive calcite cement may be originated as
a result of invasion by phreatic meteoric water (Longman
1980).

Silica cement is rarely presented in the Abu Madi res-
ervoir; however, the point contacts and pressure solution
between the quartz grains may cause cementation by
meniscus silica cement. Finally, cementation and pore
filling by argillaceous materials is the result of clay min-
erals alteration not due to detrital clay content and will be
discussed in the following section as authigenic minerals.
However, early coating with thin films of clay minerals
may be the main reason for protecting the well-preserved
Mollusca and nummulite shell fragments against dissolu-
tion and leaching.

II. Compaction

Mechanical compaction is among the main porosity-
reducing diagenetic features that caused a reduction of the
original intergranular pore spaces of the Abu Madi sand-
stone. It is started with initiating the burial process and its
impact increases by increasing the burial depth (Chatalov
and Stefanov 2014; Nabawy et al. 2022b). Tectonic stresses
may be another source of this mechanical compaction which
may be presented by some microcracks in the quartz grains
and open fractures (Fig. 7b—e, n). The compaction stresses
are indicated by the grain-to-grain point and long contacts
which sometimes created microfractures along the bor-
der edges of the quartz grains (Fig. 7b, e). No indications
are noticed for the presence of brittle or bent mica flakes.
Due to the original high quality of the Abu Madi reservoir,

the reducing implication of the mechanical compaction is
limited.

III. Authigenic Minerals Content

Most of the Abu Madi samples are poorly cemented
with minor traces of authigenic minerals. These are primar-
ily represented by clay minerals, especially in the wacke
microfacies, where clay patches are noticed as thin laminas
alternated with sandstone bands (Figs. 4c, 71). These clays
are dominated by kaolinite, especially to the south of the
study area in S. Faraskur-4 as well as revealed from the XRD
analysis (Table 2). It is present as a pore-filling material
that slightly deteriorates the pore connectivity, especially for
the wacke microfacies. However, the visual porosity is still
countable (>10%). The kaolinite is associated with smectite/
illite mixed layers (53-65%, Table 2), and illite clay (4—18%)
minerals to the north of the study are in S. Faraskur-3 well.
The smectite and illite occurrence appears at higher depths
as revealed from the XRD data of the subfeldspathic quartz
wacke microfacies and the feldspathic quartz arenite micro-
facies of the RRT2 samples (Table 2). Also, the authigenic
minerals include a few patches of framboidal pyrite scattered
within the groundmass between the feldspars and the quartz
grains. The presence of pyrite (iron sulfides) indicates the
dominance of a reducing depositional paleoenvironment.
However, pyrite content seems to be in traces, so it is not
indicated in the XRD analysis.

Discussion
Depositional environments

Deposition on the continental shelves (shelf, epeiric, neritic,
and epicontinental) results in shallow-marine sedimentary
deposits where the water depth is <200 m (James 1978;
Lukasik et al. 2000; Leila et al. 2021). These shallow marine
sediments are promising for hydrocarbon accumulation.
Some shelves are vigorously stirred by tidal currents which
are capable of moving sediment of almost all sizes. Gravity-
driven density currents, produced by storms that cause vast
quantities of sediment to be suspended, are important in
some parts of the inner shelf. It has also become apparent
that the internal waves within the water column can disturb
the sediments of the outer shelves. From the description of
the arenite lithofacies of the Abu Madi reservoir and their
glauconitic and pebbles content, dewatering and dish struc-
tures indicate that the arenite facies were deposited in mid-
to-outer-shelf siliciclastics affected by storm action.

On the other side, the laminated and blocky lenticular
structures of some intervals with their calcareous, sideritic,
and pyritic content, and their slight deformation by bio-
turbation are an indication of the deposition in a tidal flat
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setting. Thereby, the lithofacies description indicates the
deposition of the Abu Madi reservoir in a mid- to outer-shelf
siliciclastic setting and less frequently in a tidal flat setting.
From the petrographical data, the textural immature and the
mineralogical sub-mature nature of the poorly sorted aren-
ites, especially of the feldspathic and subfeldspathic arenite
microfacies, indicate the deposition of these arenites in a
high-energy environment, i.e., channel fills within a subma-
rine tidal channel system.

Effect of the mineralogical composition
on the reservoir properties

The studied Abu Madi microfacies are of a clastic nature
and can be discriminated into arenites and wackes with more
clay dominance in the wacke microfacies. This clay con-
tent reduced the reservoir properties and quality of these
wacke streaks (RRT4 samples) into tight to poor reservoir
quality, while the reservoir quality of most RRT3 samples
(quartz wacke, subfeldspathic quartz wacke, and subfelds-
pathic quartz arenite microfacies) was reduced into fair qual-
ity (Fig. 7b). However, the moderate impact of increasing
the clay content in the wacke types may indicate that the
clay fraction is mostly represented by ineffective structural
detrital clay scattered within the cement/matrix. Kaolinite
forms the main clay content of most samples in the Abu
Madi reservoir, and the illite clay fractions are products of
chemical and physical weathering and are thereby consid-
ered of detrital origin. On the contrary, the smectite/illite
mixed layers are formed in diagenetic environments due to
the alteration of smectite.

Also, kaolinite is less frequently formed due to the altera-
tion of the feldspar content in the feldspathic microfacies,
i.e., it is represented by authigenic dispersed clays. Thereby,
the clay fraction of the Abu Madi reservoir, especially of
the feldspathic and subfeldspathic quartz wacke microfacies,
may represent a balanced midway state between the detrital
depositional origin and the authigenic fractions due to the
feldspars alteration. The predominance of the mixed layer
and kaolinite in the studied microfacies indicates a marine
origin for these clay mineral associations. This balanced
midway origin of the clay fraction reduced its implication
on the reservoir wacke microfacies which is still prospec-
tive with fair to good permeability for the RRT3 and RRT4
samples (av. k;=169.1 and 6.87 md, respectively, Table 1).
Another explanation of the slight impact of the kaolinite
content on the Abu Madi reservoir may be attributed to the
leaching out of most of this clay content due to invasion by
a high flow rate of fluids. This explanation may be supported
by the relatively wide pore throats of the arenite microfacies
of the RRT1 and RRT2 groups (macropore sizes> 10 pm,
Table 1).
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Implication of porosity and lithology on density

Bulk density (p,) is a resultant vector of the grain density
(pg) and pore volume percentage () as mentioned by some
researchers (e.g., Teama and Nabawy 2016, 2018; Khater
et al. 2020; Kassem et al. 2022). So, plotting py, versus p,
states that the lithology of the Abu Madi reservoir is domi-
nated by the sandstone composition (p, of quartz=2.65 g/
cm’, Fig. 9).

Shifting some samples into higher grain density values is
due to the relatively high iron oxides and sulfides content,
whereas shifting to relatively low values, in particular of the
RRT3 and RRT4 samples (subfeldspathic quartz wacke com-
position), is due to their relatively high argillaceous content
(quartz wacke and subfeldspathic quartz wacke microfacies).
These two microfacies are also characterized by the highest
bulk density due to the influence of the reducing-porosity
diagenetic features on the pore volume. Presenting p,, versus
& which is frequently applied as a quality control plot for
the core data values (Nabawy 2018) shows a set of high-
reliability best-fit lines (R*>0.908, Fig. 10) with the highest
porosity assigned for the RRT1 and the RRT2 which consists
of (feldspathic quartz arenite, subfeldspathic quartz arenite,
and quartz arenites).

Shifting the constant value (p,) of the RRT3 and RRT4
models to higher values (2.70-2.77 g/cc) is attributed to the
presence of pyrite. The porosity (Jy,) of the Abu Madi clas-
tic reservoir could be estimated using py, as follows.

py(g/cc) = —0.0260y, +2.66 (R* = 0.984) )

Permeability (k) attributes

Permeability represents the capability of the reservoir to
transmit the stored fluids, so it is primarily attributed to
porosity and R;s. Therefore, plotting k versus & is the mas-
ter plot for dividing the reservoir rock samples into groups
based on their abilities to store and deliver fluids. This plot
is preferred to be integrated with the DRT values as an indi-
cator of the reservoir quality (Shenawi et al. 2007). For the
Abu Madi samples, applying this plot indicates that they
should be grouped into four RRTs each with its unique DRT
range (Fig. 11a). Using 5% porosity and 1.0 md as cutoff
values for the Faraskur gas reservoir reveals that all samples
are prospective, i.e., located in the first quarter of the plot
with prospective porosity and permeability values. A wide
range for porosity is indicated for both RRT3 and RRT4
(10-30%, fair to excellent values), while very good to excel-
lent values are assigned to the RRT1-2 which is attributed
to their dominated arenite composition (Fig. 11a). Conse-
quently, the permeability of the RRTs 1-2 and some of the
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RRT3 are distinguished by very good to excellent k values  plotting k versus R;s states that R;5 is the prime attribute
(k>1000 md, Fig. 11a) due to the dominance of the arenite  to k with very high reliability (R;5>0.954, Fig. 12) of the
composition. The permeability of the studied RRTs can be  obtained best-fit lines' models.

estimated in terms of porosity using the following models.

RRT1 : Ry = 1.904%%7 (R* =0.981) (12)
RRT1 : k=2x1073% (14.6 < DRT < 15.0) (R* =0.984)
®  Rrr2: Rys =3.318,7 (R* = 0.984) (13)
RRT2 : k=6x 10705 (13.0 < DRT < 14.5) (R? = 0.655)
9
© Rer3 Rys = 27405 (R? = 0.976) (14)
RRT3 : k=1x107¢;% (11.0 < DRT < 12.9) (R? =0.775)
10
10 Rr1 Rys = 275055 (R* = 0.954) (15)
RRT4 : k=4 x 1074437 (9.7 < DRT < 10.9) (R* =0.894)
(1)

Superimposing the FZI lines on the @—k plot indicates Permeability anisotropy (A,)

the RRT1-2 samples are distinguished by FZI>3.40 pm
(Fig. 11b), i.e., having fair reservoir quality (Nabawy et al. i
2015; Nabawy and EI Sharawy 2018). On the contrary, the and ky at the same depth level. As mentioned by Nabawy

RRT4 has tight quality (FZI < 1.19 pm, Fig. 11b). et al. (2015), depositional/primary fabrics are characterized
by higher ky than &y, which is commonly present. On the

other side, the state of ky, > ky; is an indication for prevailing
the secondary fabrics due to the prevalence of some verti-

Permeability anisotropy (4,) refers to the ratio between ky

Even though porosity is a main contributor to permeabil-
ity, it is primarily based on R;5 values as a prime attributor,
while its dependence on porosity is a subsidiary (Nabawy

2018; Radwan et al. 2022b; Nabawy et al. 2022b). Thereby, cal microfractures in the studied plugs as the case of some
RRT3-4 wacke samples than the arenite samples (Fig. 13a).
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Fig. 10 Plotting the bulk
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These vertical microfractures are primarily due to the imple-
mentation of the overload pressure. For ranking the anisot-
ropy values based on the reservoir quality classification
ranks of Nabawy et al. (2015), the ky—ky, plot is superim-
posed by the anisotropy (A) ranks (Fig. 13b). It is indicated
that though characterizing some RRT3-4 wacke sample by
highly and moderately secondary fabrics, they are domi-
nated by highly and moderately depositional fabrics due to
their main argillaceous composition as revealed from the
petrographical study. A few RRT1-2 arenite samples have
highly or moderately primary fabrics. This may be due to the
presence of slight clay content and increasing the implica-
tion of the compaction effect as stated from the petrography
(Fig. 7a—c, f-g).

Reservoir quality attributes

The term reservoir quality refers to the capability of the
reservoir to store and deliver hydrocarbons, so it is primar-
ily attributed to porosity and permeability. Therefore, the
FZI and RQI quality parameters are presented against & to
check their contribution to the reservoir quality (Fig. 14a).
It is indicated that the porosity of the RRT1-3 slightly
contributes to the RQI of these RRTs (0.575 <R><0.691),
while the RQI of the RRT4 samples is moderately
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attributed to their porosity (R*>=0.806). Concerning the
FZI, statistically and based on the FZI-J plot, it is not
dependent on porosity where data of the RRTs samples
are highly scattered (Fig. 14b). However, theoretically
FZ1 is dependent on both the RQI and the NPI which are
based on . This is explained by shifting and scattering
the FZI-& data due to the implication of the NPI values
which is based on the pore/grain volume ratio; therefore,
it is shifted due to the grain volume impact (Nabawy et al.
2015, 2020a, b, c).

Thereby, the weak to moderate dependence of the reser-
voir quality parameters on the porosity is due to their main
dependence on the permeability (k). Plotting the RQI and
FZI against k indicates that k is the main attributor of these
parameters (Fig. 15a, b), where some extremely reliable
mathematical equations are estimated for the RQI-k values
(R*>>0.985, Fig. 15a).

The RQI values of all RRTs can be estimated with very
high precision based on k using the following model.

RRTs : Ry5 = 0.086k>45 (R? = 0.995) (16)

Despite the dependence of the RQI on permeability
(k), the dependence of the FZI on k is slightly scattered
(0.833>R*>0.703, Fig. 15b). No best-fit line can be
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Fig. 12 Plotting the permeabil-

ity as a function of the effective @ RRT1 O RRT2 O RRT3 O RRT4
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assigned for the wacke RRT4 samples (R?=0.085) which
may be attributed to their high argillaceous content.

Reservoir quality ranks

Rock typing and reservoir quality ranking are among the
main challenges of the reservoir characterization process
which is primarily based on the reservoir storage and deliv-
erability capacities. So, plotting the RQI-NPI plot is used
to check the success of the rock typing process. This plot
indicates that applying the rock typing process to the Abu
Madi RRTs is successful and that their data samples are
discriminated by three FZI lines of unique values (FZI=7.0,
3.4., and 1.19 pm, Fig. 16a). The line of FZI=3.4 pm is a
diagnostic line separating the RRT1-2 arenite samples and
the RRT3-4 wacke samples. Besides that, the RQI-FZI plot
is applied to rank the reservoir quality (Fig. 16b). It is indi-
cated that the RRT1-2 arenites have good to very good RQI
and fair to very good FZI. The quartz wacke and the sub-
feldspathic quartz wacke RRT4 samples have tight to poor
quality, while the RRT3 samples are considered transitional
between the RRT4 and RRT1-2 samples. The tightness and
poor quality of some RRT3-4 samples are attributed to the
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Effective Pore Radius, Ry (mm)

compaction process, cementation, and the argillaceous con-
tent as indicated from the petrographical studies.

Conclusions

Integrating the sedimentological and petrophysical studies is
applied in the present study to declare the implication of the
lithofacies types and diagenesis on the Abu Madi reservoir
in Faraskur Gas Field. To achieve this target the petrophysi-
cal rock typing is applied successfully based on the porosity,
permeability, and DRT values and then interpreted in terms
of the microfacies type and predominant diagenetic features.
The outputs of the present study can be summarized as:

e Sedimentological and petrographical studies of the Abu
Madi reservoir in Faraskur Field indicate that the stud-
ied reservoir possesses five microfacies types as follows:
quartz arenite, quartz wacke, feldspathic quartz arenite,
sub-feldspathic quartz arenite, and sub-feldspathic quartz
wacke.

e The arenite lithotypes description indicates the deposi-
tion of the Abu Madi reservoir in a mid- to outer-shelf
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Fig. 14 Plotting the porosity
(D) versus: a the reservoir
quality index (RQI) and b the
flow zone indicator (FZI). It is
supported by the reservoir qual-
ity classification ranks (Nabawy
et al. 2020a, b, c; Abuamarah
and Nabawy 2021; Safa et al.
2021)
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Fig. 15 Plotting the permeabil-
ity (k) versus: a the reservoir
quality index (RQI) and b

the flow zone indicator (FZI)
supported by the classification
ranks of the flow zone indicator
(Nabawy et al. 2020a, b, c;
Abuamarah and Nabawy 2021;
Fea et al. 2022)

@ RRT1 O RRT2 O RRT3 O RRT4
5.00
Fair Good V. Good Excell.
4.50 A
[¢]
4.00 - RQ| =0.10 kHOAS <
R?=0.992 o
8
3.50 - 8
3.00 A
RQl = 0.09 k4
2.50

Reservoir Quality Index, RQI (um)
N
o
o

1.00

0.50

0.00

10.0

8.0

6.0

4.0

Flow Zone Indicator, FZI (um)

10 100 1000 10000
Permeability, k,, (mD)
(a)
@ RRT1 O RRT2 O RRT3 O RRT4

Fair Good V. Good Excell. o <
[n)

o

=]

Q.

FZl = 1.165 k%%
R2=0.773

[n)

° g

Q.

FZI = 0.61 k03t ° %
R?2=0.833

FZl = 0.75 k022
R?=0.703

10 100
Permeability, k, (mD)

(b)

1000 10000

@ Springer



402

Journal of Petroleum Exploration and Production Technology (2024) 14:381-406

Fig. 16 Plotting the reservoir
quality index (RQI) against its
main attributes: a normalized
porosity index (NPI) and b flow
zone indicator. It is applied as

a tool for ranking the reservoir
quality following the classifica-
tion ranks of Nabawy (2018)
and Nabawy et al. (2020a)
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siliciclastic setting and less frequently in a tidal flat set-
ting.

e The petrographical data, textural parameters, and the
mineralogical sub-mature nature indicate the deposition
of these arenites in a high-energy environment.

e Petrographically, the Abu Madi reservoir is composed of
medium-grained quartz cemented calcite and iron oxides,
clays (smectite/illite mixed layers and sometimes kaolin-
ite), and pyrite.

e The primary intergranular porosity is dominated by some
subordinate fractures and dissolution pore spaces.

e Cementation affected the reservoir quality by reducing
the permeability and the macroporosity of the quartz
wacke (reservoir rock type-4, RRT4).

e Petrophysically, the normalized porosity index (NPI),
reservoir quality index (RQI), flow zone indicator (FZI),
and the effective pore radius of Winland (R,5) are used
for ranking the reservoir quality of the Abu Madi sand-
stones which are grouped into four RRTs.

e The RRTI (quartz arenite microfacies) has the high-
est petrophysical and reservoir quality parameters
(av. &=25.9%, av. ky=2695 md, av. DRT=14.9, av.
RQI=3.12 pm, av. FZ1=8.85 pm, av. R;5=32.7 pm).

e The RRT4 group (quartz wacke, feldspathic quartz aren-
ite, and subfeldspathic quartz wacke microfacies) has
the lowest k and & values (av. &=16.2%, av. ky=6.87
md) and the lowest reservoir quality parameters (av.
DRT=10.4, av. RQI=0.18 pm, av. FZI=0.89 pm, av.
R;5=1.26 pm.

e Finally, the RRT2 and the RRT3 (quartz wacke, quartz
arenite, feldspathic quartz arenite, subfeldspathic quartz
arenite, and subfeldspathic quartz wacke microfacies) are
considered transitional groups (av. DRT=13.8 and 12.1,
respectively) characterized by midway reservoir quality
and petrophysical parameters between the RRT1 and the
RRT4 samples. The permeability anisotropy of these two
RRTs is the highest in the Faraskur Field (av. 4, =2.4 and
2.62, respectively).
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