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Abstract

The present study integrates multidisciplinary geological and petrophysical approaches to characterize and evaluate the
potential of the pre-Cenomanian Nubian sandstone reservoirs in the Ramadan oil field, the central offshore part of the
Gulf of Suez, Egypt. The different petrophysical parameters of the Nubian sandstone reservoirs (shale volume, porosity,
water saturation as well as gross and net-pay thicknesses) were mapped, and 3D slicing models for the hydrocarbon phases
saturation were constructed to understand the reservoir heterogeneity and the distribution of the best reservoir facies. The
petrophysical results of the pre-Cenomanian Nubian succession highlight very good reservoir intervals in the Nubian C
sandstones containing thick pay zones (> 120 m). On the other side, the Nubian A and B reservoir rocks are less prospective
with pay zone horizons (< 10 m). Integrated reservoir models and wireline log analysis elucidate that clay volume is the most
detrimental factor to the reservoir quality as the pay zone thickness and hydrocarbon saturation often increase where the clay
volume decreases. Therefore, the presence of scattered pay zone intervals in Nubian A and B is mainly related to their elevated
clay content which acts as barriers for fluids flowing within the reservoir facies. The Nubian C succession contains three
different reservoir rock types (RRT) with variable compositional and petrophysical properties. RRTI and RRTII sandstones
comprise quartzose sandstones with very low clay content (< 10%) and are characterized by an open pore system dominated
by macropores. These sandstones are less impacted by overburden pressure and therefore can preserve their depositional
porosity and permeability. On the other hand, RRTIII reservoir rocks are clay rich (> 10%) with abundant mesopores that
are more prone to compressibility and hence reduction of the pore volume and pore throat. The present study highlights the
significance of comprehensive integration between wireline logs, cores, and 3D reservoir models in directing exploration
endeavors toward prospective reservoirs in mature basins.
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1 Introduction

Understanding the distribution of potential reservoir facies
and the spatiotemporal evolution of the reservoir poros-
ity—permeability characteristics is essential for reservoir
management, development, and prospect evaluation in petro-
liferous basins [1-5]. A comprehensive integration between
multidisciplinary geological and petrophysical approaches
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is crucial for a high-resolution determination of the reservoir
pore volume and the potential reservoir rock types [3, 6-11].
The pre-Cenomanian Nubian sandstone represents the prin-
cipal reservoir target in the pre-rift sedimentary succession in
the Gulf of Suez producing crude oil from several oil fields in
the Gulf of Suez (e.g., Ramadan, July, Ras Gharib, Hurghada,
Sidki, and October) [12—14]. Published studies on the pre-
and syn-rift facies were focused on their hydrocarbon poten-
tiality [14—16] and tectono-stratigraphic evolution [17-19].
The reservoir characteristics of the pre-rift succession were
also delineated in several fields [13]. However, a detailed
rock typing for the pre-Cenomanian reservoirs is still poorly
constrained. Moreover, a comprehensive assessment for the
pre-Cenomanian reservoir facies heterogeneity and under-
standing the link between their matrix composition and pore
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Fig. 1 Location map illustrating the main oil-producing fields in the Gulf of Suez, Egypt, with focus on the studied Ramadan oil field wells [15]

system characteristics are crucial for hydrocarbon explo-
ration campaign in the Gulf of Suez. Matrix composition
of clastic reservoirs controls has a paramount influence on
their reservoir quality. For example, coarse-grained quartzose
sandstones commonly have a more connected pore system
than clay-rich and cement-rich facies [2-5]. Additionally,
some specific mineral phases (e.g., ductile framework com-
ponents) are detrimental to the reservoir characteristics as
they commonly reduce in the pore spaces after compaction
and thereby destroying the primary intergranular porosity
[1-4]. The present study aims at evaluating the potentiality
of the pre-rift Nubian sandstone reservoir in the Ramadan
oil field (Fig. 1) as well as understanding the factors control-
ling their heterogeneity and distribution of the best reservoir
facies. Ramadan oil field represents one of the major oil-
producing fields in the Gulf of Suez hosting several hundred
million barrels of proven oil reserves, thus ranking it as the
fourth largest oil field in Egypt [14].

Gulf of Suez represents a highly deformed rift basin at
the boundary of the African and Arabian plates containing
very petroliferous pre- and syn-rift sedimentary succes-
sions hosting potential source rock and reservoir intervals
(Fig. 2) [16-19]. The pre-Cenomanian Nubian siliciclastic
sedimentary successions host very promising reservoir tar-
gets ranging in age from Cretaceous to Cambrian-Ordovician
[20, 21]. The Nubian successions in the Gulf of Suez are
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classified from older to younger into the following groups,
and formations: Qebliat Group, Umm Bogma Formation,
Ataqa Group, and EIl-Tih Group, which are equivalent to the
Nubian D, C, B, and A units, respectively (Fig. 2) [22-24]).
The Nubian A, C, and D units consist mainly of sandstones
with minor shale interbeds, whereas the Nubian B comprises
interbedded sandstone and shale with minor carbonate facies
(Fig. 2).

The reservoir Nubian sedimentary succession accumu-
lated mainly in fluvial and shallow marine depositional
environments. The Nubian sandstones consist mainly of
mature quartz arenite with very good reservoir quality; how-
ever, the porosity—permeability characteristics of the Nubian
clastics vary greatly from Nubian D to A units [25]. The
Nubian C unit represents the principal reservoir target in
many producing fields in the Gulf of Suez such as the
Ramadan and July oil fields [22]. The studied wells in the
Ramadan oil field encounter a net-pay thickness in Nubian
C sandstone of approximately 310 m. This great thickness
of the hydrocarbon column typifies very potential reservoir
characteristics of these sandstone beds. Therefore, a high-
resolution investigation of the Nubian sandstone reservoir
target and detailed analyses of their poro-perm characteris-
tics and distribution of the best reservoir facies are crucial
for the petroleum exploration and development campaign in
the Gulf of Suez.
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Fig.2 Generalized lithostratigraphic column of the Gulf of Suez illustrating the studied stratigraphic intervals [23, 24]
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2 Geologic Setting

The Gulf of Suez is a complex rift system consisting of
three different segments with variable fault throws and
fault-related structures (Fig. 3). The Gulf of Suez rift seg-
ments are separated by NE-SW accommodation transform
zones [26-28]. These segments from north to south include
the Darag basin with SW-dipping half-graben structures,
the Belayim province containing NE-dipping half grabens,
and the Amal-Zeit province with SW-dipping half-graben
(Fig. 3). The rift segments are separated by the Galala-
Abu Zenima (ZAZ) and Morgan accommodation zones.
The Gulf of Suez contains rock units that range in age

from Precambrian to recent (Fig. 2). The lithostratigraphy of
the Gulf of Suez is subdivided into three lithostratigraphic
mega sequences including the pre-rift, syn-rift, and post-
rift successions [23, 29, 30]. The pre-rift successions range
in age from Precambrian to Eocene; the syn-rift includes
the Oligocene—Miocene successions, whereas the post-rift
successions comprise the post-Miocene facies. These suc-
cessions vary greatly in thickness, facies, and architecture
from one segment to another ([23, 26, 31-33] and refer-
ences therein). Several active petroleum systems have been
reported where the rift-faults are the main migration paths
for the expelled oil from the pre-rift Cretaceous (e.g., Duwi
limestone) and post-rift Miocene source rocks to the clastic
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reservoir facies [16—18]. The pre-rift clastic Nubian reser-
voirs were likely charged from the Cretaceous source rocks
[23]. However, variation in oil signature (oil families) in the
Gulf of Suez reservoirs is due to the presence of several active
source rocks such as the Duwi limestone, Esna, and Nukhul
formations [15].

The Nubian siliciclastic intervals present the most pro-
lific pre-rift sedimentary successions in the Gulf of Suez
segments. The Nubian siliciclastics range in age from Pale-
ozoic to Early Cretaceous. They rest unconformably on the
Precambrian basement complex [23, 34]. The Nubian silici-
clastic rocks comprise four members having different ages
and depositional facies. These are the Nubian D and C (Early
Paleozoic), Nubian B (Carboniferous-Permian), and Nubian
A (Early Cretaceous) [19, 35, 36]. The Lower Paleozoic
Nubian siliciclastic rocks (Qebliat Group) are distributed
over the whole Gulf of Suez and represent the oldest regres-
sive marine facies. The Qebliat Group is divided into two
formations, Araba and Naqus formations that are thickening
northward [23, 35, 37-39]. The Araba Formation is equiv-
alent to the informal Nubian (D); it consists of interbedded
fine- to medium-grained, colorless to yellowish-white sand-
stones and gray to greenish-gray mudstones. On the other
hand, Naqus Formation is a continental sequence of thick,
massive, pebbly, cross-bedded sandstones with minor clay
interbeds. The formation is Ordovician in age and is equiv-
alent to the Nubian (C). The Carboniferous Nubian clastics
comprise shallow marine sandstones and siltstones interbed-
ded with fossiliferous black shales and mudstones [35, 38].
Moreover, the Mesozoic Nubian clastics consist of white to
pale yellow clean quartzose, cross-bedded fluvial, and shal-
low marine sandstones with minor carbonate intercalations
[40, 41].

3 Data and Methods
3.1 Wireline Logging

The present study is based on a complete subsurface dataset
including wireline logs and cores from four wells (R-34, R-
5A, R-17A, and R-30) in the Ramadan oil field (Fig. 1).
The wireline logs comprise gamma ray, caliper, density,
shallow and deep resistivity, neutron, sonic, and the photo-
electric factor (Fig. 3). The wireline logs were interpreted
using Schlumberger Techlog software to evaluate the reser-
voir potential of the pre-Cenomanian Nubian clastics in the
studied wells. The deduced reservoir parameters include
reservoir gross thickness, shale volume (Vsh), total and effec-
tive porosity (PhiT, PhiE), water saturation (Sw), bulk pore
volume (BPV), net-pay thickness (N.P.Th), and hydrocar-
bon saturation (Sh) as well as the oil in place indicator
(OIPI) (Fig. 4). The wireline logging analyses were applied

using the standard interpretation procedures of Poupon and
Leveaux [42] and Asquith and Gibson [43]. The neutron—
density cross-plot was utilized to determine porosity as well
as the matrix characteristics using the interpretation charts
of Schlumberger [44]. The neutron, sonic, and density logs
have been integrated to determine the cementation and satu-
ration exponents (M and N) which are dependent on porosity
[44, 45]. 3-D reservoir slicing in the three directions (East-
ing, Northing, and Depth) or (X, Y, and Z) was constructed
using Tecplot software for the 3D visualization of variations
in the distribution of the pre-Cenomanian Nubian sandstone
reservoir parameters. For this, the values of each reservoir
parameter were contoured horizontally then vertical contour-
ing was constructed in order to elicit the values between the
different reservoir intervals. The 3D contour values were cal-
culated at the interpolation nodes X1, X2, -+, X, using the linear
equation of Davis [46]:

F(x) = (G2 —0f(x1) + (x —x)f(x2)) / (x2 — x1).

3.2 Conventional and Special Core Analyses

Conventional core analyses (CCA) were performed on 51
cylindrical core plugs from the Nubian C interval in the R1-34
well at Corex laboratories, Egypt. The CCA involves the mea-
surement of porosity, permeability, grain density, and water
saturation. Helium porosimeter and nitrogen permeameter
were utilized in order to obtain porosity and permeability
values, respectively. Additionally, water saturation was mea-
sured using the distillation—extraction procedure of Dean and
Stark [47]. The reservoir quality evaluation parameters such
as the flow zone indicator (FZI), normalized porosity index
(NPI), and reservoir quality index (RQI) were calculated as
functions of porosity and permeability [6] as follows:

NPI = ¢ /(1 - ¢)
RQI = 0.0314/K/¢

FZI = RQI / NPI

Moreover, the average effective pore throat radius (R3s)
values were calculated from the measured core porosity and
permeability values using the Winland formula [48] as the
following:

Log (R35) = 0.732 4 0.588 log (K) — 0.864 log(¢)
Special core analyses (SCA) were performed on 10 sam-

ples from the Nubian C interval in the R1-34 well and involve
the assessment of the capillary properties as well as the
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Fig. 4 Lithosaturation cross-plot with a detailed core interval showing the different petrophysical characteristics of the pre-Cenomanian Nubian
successions in R1-34 well, Ramadan oil field
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impact of the overburden stress on the reservoir porosity
and permeability. Mercury injection capillary pressure tests
(MICP) were performed according to the standard analytical
procedure of Leverett [49] and Vavra et al. [50]. For MICP
dry, clean samples were loaded into a mercury-filled camper.
The mercury injection pressure is gradually increased, and
the relation between the volume of intruded mercury inside
the pore spaces and injection pressure was plotted. The
impact of incremental confining pressure (from 1000 psi up
to 6000 psi, with an increasing rate of 1000 psi/step) on the
measured petrophysical parameters, porosity, horizontal per-
meability, and vertical permeability, was measured, and the
pore reduction (PR) was deduced. For that, porosity and per-
meability were measured, and then the applied pressure was
increased incrementally up to 6000 psi. The pore reduction
(PR) for porosity and permeability (PRy, PRy, respectively)
was calculated as follows:

PRy = ¥ — ¥500—6000

PRkp = Kp— Kp500-6000

where ¢ and Kj are the measured porosity and horizon-
tal permeability at ambient pressure (~ 100 psi). Both @sog
and Kys500 are the measured porosity at the lowest confin-
ing pressure (500 psi), whereas the Pgo00 and Kheogp are the
measured porosity and permeability at the highest pressure
values (6000 psi).

4 Results and Interpretations

4.1 Lithosaturation Characteristics of the Nubian
Succession

The lithosaturation cross-plots of the studied wells show that
the Nubian sedimentary succession consists mainly of sand-
stones with shale interbeds (Fig. 4). The sand/shale ratio
decreases upward from the Nubian C to Nubian B and A. The
Nubian C comprises stacked clean sandstone beds with low
shale volume content (Av. < 10%) (Table 1). The Nubian B
and A reservoir rocks consist mainly of interbedded sand and
shales where the average shale volume is often greater than
10% (Table 1). The wireline log motif varies significantly
from Nubian C, B, and A. The Nubian C, A successions
have blocky gamma ray motifs separated by thin intervals
of serrated patterns reflecting sandstone-rich facies. On the
other hand, the Nubian B rocks display cylindrical gammaray
patterns with very high values with thin interbeds of blocky
motifs.

The neutron—density cross-plot of the studied wells
reveals the matrix composition of the studied pre-
Cenomanian Nubian reservoir rocks (Fig. 5). When the
matrix lithology is a binary mixture, the points will be clus-
tered between the corresponding lithology as (quartz-lime
or lime-dolomite). Moreover, the impact of hydrocarbons
(hydrocarbon effect) causes the apparent porosity from the
density log to increase and porosity from the neutron log
to decrease, and therefore the samples would be plotted
above the sandstone line [51]. On the other hand, the abun-
dance of iron-rich clays and/or heavy minerals will result in
the deviation of the samples below the dolomite line. The
Nubian C rocks have a matrix composition dominated by
quartzose sandstones where most of the points are clustered
close to the quartz line. Moreover, the hydrocarbon effect is
more prominent in the Nubian C sandstones as they host the
main hydrocarbon-bearing intervals. The plot also reveals the
porosity range of Nubian C sandstones from 5 to 20%. Simi-
larly, the Nubian B rocks are plotted below the dolomite line
reflecting abundant clay-rich composition. Analog to Nubian
C, the Nubian A rocks are plotted above the sandstone line
reflecting the impact of hydrocarbons with a dominant sand-
rich lithology.

The matrix characteristics can also be deduced from the
(M-N) cross-plot. This cross-plot is used to identify the dif-
ferent mineral phases and their relative contents in the matrix
[44, 45]. The highest M and N values are reported in the
Nubian C reservoir rocks, whereas the lowest values are
observed in Nubian B (Fig. 6). The M-N values reveal that
the Nubian C are mainly quartzose with minimal contents of
clay and/or carbonate cement. Similarly, the Nubian A reser-
voir rocks display M—N values reflecting their quartz-rich
composition, however, the carbonate cement is more promi-
nent in Nubian A than in Nubian C. On the other hand, the
Nubian B rocks have a clay-rich lithology with minimal con-
tent of quartz sandstones. The Nubian B rocks displaying
low M-N values are likely enriched in iron-rich clays (e.g.,
chlorite and smectite).

4.2 Isoparametric Maps and Lateral Distribution
of the Petrophysical Parameters

The different petrophysical parameters deduced from wire-
line logging interpretation for Nubian C, B, and A reservoir
rocks are presented in Table 1. The petrophysical properties
vary significantly between the studied Nubian rocks. The
Nubian C reservoir rocks host the greatest bulk pore volume
(BPV)ranging between 20 and 42 m3 (Table 1), and the high-
est values of BPV are observed in the eastern part of the study
region in the R5-17A well. Similarly, the initial oil in place
indicator (OIPI) is higher in Nubian C member with values
in the range of 17 and 39 m? (Table 1). Notably, the BPV and
OIPI values in Nubian C are at least tenfold greater than that
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Table 1 The values of petrophysical parameters for Nubia A, B and C reservoir in Ramadan oil field, Central Gulf of Suez, Egypt

Member ~ Well Gross (m) ~NetPay(m) PHIT (%) PHIE, (%) Vsh(%) Sw.(%) Sh,(%) BPV(m’) OIPI(m?)
Nubian A R1-34 18.29 5 16 14.6 9.9 34.2 65.8 0.7 0.45
R5-17A 27 3.5 17.1 15.8 8.1 35.7 64.3 0.6 0.36
R5-5A 15 0.012 15.2 114 12.5 94.6 5.4 0.5 0.02
R5-30 20.82 6 23.9 20.3 12 25.5 74.5 1.2 0.91
Nubian B R1-34 58.20 1.5 124 11 9.2 36.6 63.4 0.2 0.10
R5-17A  79.5 4.7 18.6 16.7 9.7 6.6 934 0.8 0.73
R5-5A 71.95 4 18.7 16.8 10.3 36.8 63.2 0.7 0.42
R5-30 57.16 0.75 25.8 23.8 13 1.9 98.1 0.2 0.17
Nubian C  R1-34 390 202 15.9 14.3 9 19.6 80.4 28.9 23.17
R5-17A 391 308 14.6 13.6 4.6 6.6 93.4 42 39.20
R5-5A 226.68 131 14.6 13.6 3.9 5.3 94.7 17.8 16.90
R5-30 245 129.5 16.6 15.3 5.8 16.3 83.7 19.8 16.58
R5-17A_R5-17A ®
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Fig.5 Neutron—density cross-plots illustrating the matrix composition of the Nubian A, B, and C members in Ramadan oil field wells, Central Gulf
of Suez, Egypt
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Egypt

in the Nubian A, and B members (Table 1). In order to inves-
tigate the lateral variation of these parameters in the studied
field, a set of isoparametric maps were plotted. The Nubian C
member presents the main reservoir target in the Ramadan oil
field with a net-pay thickness greater than 122 m (Table 1).
The net-pay thickness increases northeast with a maximum
thickness of 310 ft in the R5-17A well (Fig. 7A). Similarly,
the shale volume distribution map shows that the lowest val-
ues are reported in the northeast in R5-17A well, whereas
greater shale volume values are observed in the south and
southeast where the Nubian C pay zone is thinning (Fig. 7B).
Moreover, the water saturation distribution map illustrates an
increasing trend in toward the north and south, whereas the
lowest values (< 10%) are reported in the east and north-
east at R5-17A well (Fig. 7C). Thus, the highest values of
hydrocarbon saturation are observed in the eastern part of

the study region where the net-pay thickness increases and
water saturation, shale volume decrease (Fig. 7D).

The Nubian B reservoir rocks host a relatively thin net-pay
thickness (< 6 m) (Table 1), however, the net-pay thickness
increases eastward in the R5-17A well (Fig. 8A). The Nubian
B reservoir rocks in the eastern part of the study region dis-
play the lowest contents of shale volume, whereas the shale
volume increases in the south and southwestern parts where
the pay zone is thinning (Fig. 8B). Similar to Nubian B,
the net-pay thickness of Nubian A increases eastward and
northwestward (Fig. 8C). Additionally, the shale volume of
Nubian A rocks decreases eastward with a minimum shale
volume of 8.1% in the R5-17A well (Fig. 8D).
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4.3 Core Analysis of Nubian C Sandstone

Porosity, permeability, water saturation and grain density
measurements of the core samples retrieved from Nubian
C member in the R1-34 well revealed its excellent reservoir
characteristics (Table 2). The helium porosity values range
from 8.65 to 17.6% (mean = 12.77%, standard deviation =
2.53) (Fig. 9A). The horizontal permeability values are in the
range of 0.26 md to 796 md, while the vertical permeability

Table 2 Descriptive statistical analysis for vertical, horizontal perme-
ability and helium porosity for Nubia C member in R1-34 well

Descriptive Permeability Helium
statistics porosity
Vertical (md) Horizontal (md) (%)
Mean 51.11 96.56 12.77
Standard error 13.34 24.31 0.35
Median 12.00 30.00 12.80
Mode 11.00 16.00 14.80
Standard 95.24 173.61 2.53
deviation

Sample variance ~ 9071.47 30,141.12 6.41
Kurtosis 791 8.26 —0.74
Skewness 2.79 2.88 0.14
Range 426.79 795.74 8.95
Minimum 0.21 0.26 8.65
Maximum 427.00 796.00 17.60

Frequency
[\
()

10.0 15.0 20.0 250 More
Helium porosity

(A)

0.0 5.0

Frequency

0.0 0.1

Vertical permeability
©

varies from 0.21 md and 427 md. The mean values of hori-
zontal and vertical permeability are 96.55 md and 51.11 md,
respectively, while the standard deviation for the horizontal
and vertical permeability values are 173.61 md and 95.24
md, respectively (Fig. 9B, C). Thus, the relatively elevated
standard deviation values reflect the reservoir heterogeneity
with a wide degree of permeability anisotropy. On the other
hand, the grain density values range from 2.63 and 2.66 g/cm?
with mean values of 2.65 and a standard deviation of 0.007
(Fig. 9D), pointing to the uniform lithologic characteristics
of the Nubian C reservoir rocks with a dominant quartzose
sandstone composition.

4.4 Pore System Characteristics of the Nubian C
Reservoir

Nubian C sandstones have wide range of porosity and per-
meability values reservoir approximately 60% of the Nubian
sandstones having permeability values greater than 250 md.
Positive correlations are observed between helium porosity
(¢) and both horizontal permeability (Kh), and vertical (Kv)
permeabilities with correlation coefficient values of 0.75 and
0.71, respectively. Additionally, linear regression relation-
ships are observed between ¢, Kh, and Kv by which the
permeability values can be calculated as a function of poros-
ity as follows:

Kj, = 0.0113¢%-608%

30
25
20
15
10

Frequency

Horizontal Permeability

(B)
60
50
40
30
20

Frequency

v 295 Z6p <65 Sx 2 & "70,e
Grain density
(D)

Fig.9 Histograms and Trend lines curves for the measured helium porosity, horizontal and vertical permeability as well as grain density values in
Nubian C sediments in R1-34 well of Ramadan oil field, Central Gulf of Suez, Egypt
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Fig. 10 3D reservoir slicing
illustrating the distribution of
shale volume (A) and net pay (B)
in the Nubian reservoir sediments
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Ky = 0.0044¢%6196¢

Both vertical and horizontal permeability are positively
correlated with a correlation coefficient of 0.88 and a linear
regression equation as follows:

K, = 0.4748 K80

4.5 Reservoir Tomography (3D Slicing)

The 3D visualization of the shale volume typifies an upward
increase in the shale content from Nubian C to Nubian A
members. Moreover, the lowest shale content coincides with
the bottom eastern part of the Nubian reservoir coinciding
with the distribution of the Nubian C sandstone (Fig. 10A).
On the other hand, the greatest content of shale occurs in the
eastern uppermost part of the Nubian succession where the
Nubian A and B rocks are enriched in clays. Similar to shale
volume, the net-pay thickness decreases gradually upward
and the greatest net-pay thicknesses occur at the bottom of the
Nubian succession. The greatest values of net-pay thickness
occur in the eastern lowermost part of the 3D reservoir block
coinciding with Nubian C sandstone (Fig. 10B). Notably,
the net-pay thickness is consistent with minimal contents of
shale volume. Additionally, the net pay is thinning in the
uppermost part of the Nubian succession where the shale
volume increases in the Nubian A and B rocks.

5 Discussion
5.1 Reservoir Rock Typing (RRT)

The quality of the reservoir facies is mostly dependent
on their porosity—permeability characteristics which infer
on the pore system connectivity and heterogeneity [3-6,
8-10, 52-54]. The measured porosity and permeability val-
ues likely inherited from the presence of several reservoir
rock types (RRT) with variable pore system characteristics.
Furthermore, the 3D visualization of different petrophysical
parameters within the studied Nubian reservoirs confirms
existence of variable reservoir rock types, thus linking
RRT distribution with the 3D reservoir slices which would
enhance the predictability of potential reservoir facies, hence
minimizing the exploration risks [55, 56]. RRT analysis
encompasses the subdivision of reservoir facies into differ-
ent rock types based on their pore geometry, structure, and
connectivity as the main controlling factors on the reservoir
storage and flow capacities [1, 3, 57-59]. Accurate determi-
nation of the different RRT and their distribution within the

S @ Springer
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Fig. 11 Helium porosity versus horizontal (A) and vertical permeability
(B) illustrating the poro-perm properties and different reservoir rock
types (RRT) in the cored interval of Nubian C sediments in the Ramadan
oil field

reservoir is elemental for understanding the reservoir dynam-
ics, which aids in minimizing the exploration uncertainties
and risks. Three different reservoir rock types have been dis-
criminated in the cored interval of the Nubian C succession.
RRTI constitutes the reservoir rocks having porosity values
greater than 15% and horizontal and vertical permeability
values higher than 100 md (Fig. 11A, B). RRTII comprises
the Nubian C facies with porosity values between 10 and 15%
and a wide permeability range between 100 and 1 md. On
the other hand, the rocks with porosity values less than 10%
and permeability less than 10 md are classified as RRTIII.
Notably, wide heterogeneities in porosity and permeability
values are observed in RRTII and RRTIII rocks reflecting
their heterogeneous poro-perm characteristics. This is further
confirmed by the deviation of the RRTII and RRTIII samples
from the isotropic permeability line, whereas those of RRTI
are plotted near the isotropic permeability line (Fig. 12).
Thus, a minimal degree of pore network heterogeneity is
observed in RRTI rocks, and therefore, they have the best
reservoir characteristics. Moreover, directional pore network
with K;, > K, is more common in the RRTII and RRTIII;
thus, the fluids in these facies would flow horizontally rather
than vertically. Reservoir rocks with directional permeability
where the pore channels are oriented horizontally are often
enriched in laminated clays and/or mica minerals, which are
detrimental to the pore connectivity [4, 5, 60—62].

A strong correlation is observed between the reservoir
quality parameters (e.g., shale volume, RQI, FZI, and R3s)
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Fig. 12 Horizontal and vertical permeability cross-plot showing the
pore connectivity characteristics of the different reservoir rock types
in Nubian C sediments

and the different reservoir rock types RRT (Fig. 13). The
RRTI rocks have shale volume of less than 10%, and RQI,
FZI values greater than 0.5 and 2, respectively. They are
characterized by a well-connected pore network dominated
by macropores. The RRTII and RRTIII reservoir rocks dis-
play a wide range of shale volume between 10 and 30%

Shale volume (%)

Porosity (%) Permeability (Kh, md
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and relatively lower RQI and FZI values than those in RRTI
suggesting a more heterogeneous pore system. However,
RRTII reservoir rocks contain both mesopores and macro-
pores, but the mesopores are more common. Notably, the
transition from RRTI to RRTIII is often corroborated with
an increase in the shale volume, a decrease in pore connec-
tivity, and pore throat radius. Therefore, we hypothesize that
the shale volume induces a paramount control on the stor-
age, flow capacities, and hence the overall reservoir quality
of the Nubian C reservoir rocks in the Ramadan oil field.
This explains the fluid flow behavior within the Nubian C
reservoir as revealed from the 3D-reservoir slicing where
the highest hydrocarbon saturation and net-pay thickness are
always coinciding with the sandstone facies with minimal
content of shale.

5.2 Capillary Properties and Impact of Confining
Pressure on the Nubian C RRT

Mercury injection capillary pressure (MICP) results are sen-
sitive to the variation in pore geometry and pore system

RRT
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Fig. 13 Vertical distribution of the different reservoir quality parameters illustrating the petrophysical characteristics of the different reservoir rock
types RRT encountered in the cored interval of Nubian C sediments in R1-34 well
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connectivity network as well as the pore water properties [3,
50, 63]. The morphology of the MCIP curves is influenced
by the pore throat size, distribution, pore system network as
well as the pore water type and content. The MCIP curves
reveal a wide variation in the pore system characteristics of
the Nubian C reservoir rock types. On the mercury pres-
sure versus mercury saturation plot (Fig. 14), RRTI reservoir
rocks display distinctive curves characterized by the low-
est displacement pressure values (~ 10 psi air/mercury), and
the mercury saturation values increase progressively with
increasing the injection pressure typifying that the mercury
can displace water easily in the pore system. On the other
hand, the displacement pressure values are relatively higher
in RRTII and RRTIII reservoir rocks with values ranging
from 10 to 100 psi air/mercury. The morphology of the curves
and the wide variation in the displacement pressure values
basically reflect the pore structure, size, and connectivity.
Large and well-connected pores become readily saturated
with mercury at the lowest values of injection pressure [64].
Moreover, the occurrence of dead-end pores would increase
the displacement pressure values as they are often saturated
with irreducible water that could not be displaced [3, 50,
65, 66]. Thus, we hypothesize that the RRTT facies have a
well-connected pore network dominated by macropores with
minimal contents of dead-ends and irreducible water. In con-
trast, the content of dead-ends increases and the degree of
pore connectivity decreases from RRTI to RRTIIIL.

The impact of confining pressure on the porosity of the
Nubian C rock types increases from RRTI to RRTIII rocks.
RRTI sandstones display almost flat curves on the porosity
versus overburden pressure cross-plots typifying a minimal
volume of pore reduction due to incremental increase of
pressure from 500 to 6000 psi (Fig. 15A). Thus, the RRTI

S @ Springer

Mercury saturation (pore volume, fraction)

sandstones are the most resistant to porosity reduction up
on compaction. The porosity reduction (PR#) in RRTI rock
due to overburden pressure is in the range of 2.5 and 4%.
The impact of overburden pressure on the pore volume is
also mild in RRTII rocks displaying also flat curves where
the porosity reduction values range from 2.8 and 5.5%. On
the other side, the impact of overburden pressure and com-
paction is more significant in RRTIII rocks which display
relatively steeper curves with an abrupt decrease in porosity
by more than 10% up on increasing the overburden pres-
sure from 500 to 1000 psi. The porosity reduction in RRTIII
reservoir rocks is in the range of 4 and 10%. Similarly, the
permeability reduction (PRky) due to overburden pressure
is more pronounced in the RRTIII than in RRTT and RRTII.
RRTI and RRTII sandstones display flat curves with PRk,
values ranging between 5 and 9% (Fig. 15B).

On the other hand, the PRk, in RRTIII reservoir rocks
reaches up to 30%. Thus, the reduction of the pore throat
and obstruction of pore connectivity up on compaction is
more prominent in RRTIII reservoir rocks than that in RRTI
and RRTII facies. These wide variations in compressibility
of the different RRTs are related to their compositional char-
acteristics. The quartzose composition of RRTI sandstones
dominated by rigid quartz grains supports the facies frame-
work strength against compaction and pore reduction. On the
other side, the enrichment of shale in RRTIII reservoir rocks
is detrimental to the framework strength against compaction
as the clays and ductile argillaceous materials are squeezed in
the pore spaces, resulting in a significant decrease in porosity
and permeability upon compaction [10, 67, 68]. Therefore,
we hypothesize that RRTT and RRTII sandstones have a bet-
ter potentiality for primary porosity preservation and hence
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they will not lose their excellent storage and flow capacities
even at great burial depths.

5.3 Implications for Reservoir Performance
and Field Development

Detailed understanding of the factors controlling the spatial
distribution of the best reservoir facies and the associ-
ated RRT is crucial for reservoir exploration and devel-
opment strategies [1-3]. Furthermore, understanding the
link between the compositional attributes and reservoir flow

Overburden pressure (Psi)

dynamics will aid in improving the reservoir facies pre-
dictability and minimizing the exploration risks [67, 68].
Petrophysical results and 3D reservoir slices as well as the
isoparametric maps reveal that the best reservoir is associ-
ated with quartzose sandstone facies having minimal content
of clays and carbonate cements. These facies are classified
as RRTI and RRTII sandstone units. These units are the
main fluid flow conduits within the Nubian sandstone reser-
voir. The connectivity of RRTI and RRTII sandstones likely
increases in the eastern part of the studied field where a min-
imal content of clay volume has been reported. Thus, we
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interpret the enhanced reservoir performance in the eastern
part of the study region to the relative thickening of RRTI,
RRTII sandstones. On the other hand, occurrence of the
clay-rich facies associated with RRTIII rocks would reduce
the reservoir connectivity and hence the reservoir perfor-
mance.

6 Conclusions

The reservoir characteristics of the pre-Cenomanian Nubian
succession in the Ramadan oil field, Gulf of Suez, were
investigated based on comprehensive integration between
wireline logs and core data. The pre-Cenomanian clastics
are charged from several reservoir levels (e.g., Duwi lime-
stone), however, the thickness and distribution of pay zones
are mainly controlled by their reservoir properties and pore
system characteristics. The Nubian reservoir rocks comprise
a thick siliciclastic succession of sandstones, siltstones, and
shales of the Nubian C, B, and A members. The sand/shale
ratio decreased from Nubian C to A and B. The reservoir qual-
ity varies greatly among the Nubian members where thick
intervals of net-pay > 122 m are restricted to the Nubian C
sandstones, whereas the other Nubian members host thin pay
zones < 15 m.

3D reservoir slicing illustrates that good reservoir facies
with the greatest net-pay thicknesses and lowest contents of
shale are restricted to the southeastern parts of the study
region. The Nubian C rocks are classified into three main
reservoir rock types (RRT). RRTT and RRTII facies have the
best reservoir characteristics with well-connected pore sys-
tems dominated by macropores. On the other hand, RRTIII
facies are clay-rich and therefore have relatively lower poros-
ity and permeability values. RRTI and RRTII reservoir rocks
have the best capillary properties with the lowest values
of displacement pressure (< 10 psi), whereas the RRTIII
have relatively higher displacement pressure values due to
abundant dead-ends infilled with irreducible fluids. These
rocks are more resistant to compaction than the RRTIII, and
therefore, they have more potential for primary porosity and
permeability preservation.
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