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Abstract

The BED-3 and BED-15 oil fields are situated in the northwestern portion of the Abu-Gharadig sedimentary basin. The Basin
is an E-W trending intracratonic rift basin and ranges in age between the Late Jurassic and Early Cretaceous. Significant
extension events, followed by subsidence, took place throughout the Middle Jurassic and continued to the Cretaceous. The
relative movement of Africa toward Laurasia in the Jurassic changed from eastward to westward between the Early Cretaceous
and the Santonian. Therefore, a compressive force due to the change in direction affected the African plate and gave rise
to the reversal of basins (such as the Abu-Gharadig sedimentary basin). Inverted anticlines are important structural traps
for hydrocarbons that were formed by the compressional forces acting on the Abu-Gharadig sedimentary basin. This study
primarily focuses on understanding the BED-3 and BED-15 fileds’ structural style, in addition to the subsurface structure that
has participated in the petroleum accumulation in the Abu-Roash C Member (Abu-Roash Formation) in the oil fields, in order
to maximize oil recovery in these two fields through new wells. The aim of this study was achieved based on information
from 30 two-dimensional seismic profiles integrated with well log data from nine boreholes. The Abu-Roash C reservoir
represented by two horizons, in addition to minor and major faults, are recognized and marked. Structural trend in the study
arearanges from ESE-WNW to NW-SE, and structures consist of folds and faults, forming horsts, grabens, and half-grabens,
all of which are favorable for hydrocarbon accumulation. The petrophysical analysis performed on the BED3-8 well shows
approximately 87.4% hydrocarbon saturation within the reservoir rock, while the hydrocarbon saturation of the available
wells in BED-15 is calculated to vary between 56.1 and 78.8%. Hence, this study suggests that BED-3 and BED-15 oilfields
have an excellent chance of producing hydrocarbons.

Keywords Petrophysical analysis - Abu-Gharadig basin - Fault interpretation - Inverted anticline - Structure model - Seismic
interpretation

1 Introduction

Hydrocarbons (natural gas and oil) are the most important
conventional energy sources in the world and constitute sig-
nificant incomes for the producing countries. Therefore, all
countries are interested in the exploration of hydrocarbons.
However, the oil well drilling process is a very expensive
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Fig. 1 Location of the study area, along with a base map displaying the locations of the available wells and seismic sections

the Egyptian Western Desert[1]. The study area is located in
the northwestern portion of the Abu-Gharadig sedimentary
basin, between latitudes 29° 47" N and 29° 54’ N and longi-
tudes 27° 50’ E and 27° 58" E (Fig. 1). The Abu-Gharadig
sedimentary basin is E-W-oriented with an area of approx-
imately 60 km by 300 km, covering 3.6% of the Egyptian
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Western Desert. The age of the basin ranges from the Late
Jurassic to the Early Cretaceous Period [2]. The core of
the Abu-Gharadig sedimentary basin expands between the
Kattaniya horst toward the east and the Qattara Depression
toward the west; it evolved as an intra-cratonic half-graben
system that is elongated asymmetrically and E-W trending
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Fig. 2 Location of the Mesozoic and Early Cenozoic basins (green areas) and structural trends in the northern part of the Western Desert of Egypt

[24]; Universal Transverse Mercator Zone 35 projection

and bounded by the Sitra Platform toward the south and Qat-
tara Ridge toward the north (Fig. 2). A sinistral wrenching
prevailed during the Early Cretaceous produced a NE-SW
group of normal faults [3]. This was followed throughout the
Late Cretaceous by a reversal tectonic event [4—7]. Dextral
wrenching during the inversion stress occurred in the area and
the associated wrenching produced NE-SW oriented com-
pressive structures, such as the Abu-Gharadig anticline and
the Mid Basin Arch as well as by extensional structures ori-
ented WNW to ESE and NW to SE [8]. Because of these
tectonic movements, a normal fault group trending NW and
WNW dissected the basin. They split the area into isolated
fault blocks, such as the BED-15 and BED-17 structures ori-
ented NE [8]. The primary focus of this study is to understand
the structural style of the BED-3 and BED-15 fields, in addi-
tion to the subsurface structure, which has participated in
the petroleum accumulation at the Turonian Abu-Roash C
Member (Abu-Roash Formation) in the BED-3 and BED-15
oil fields. This study aims to integrate available wire-line log
data with seismic reflection data for estimating the petroleum
potential of the study area.

2 Geological Setting

Many research studies have been performed on the Abu-
Gharadig sedimentary basin which has explained the basin’s
geological and tectonic setting (e.g., [1, 4, 6, 7, 9-11]).

2.1 Structural Features

The sedimentary basins included in the northern part of the
Western Desert comprise two districts in the south and north,
separated by the E-W to ENE trending uplift of Ras Qat-
tara—North Sinai [3]. The prevailing structural characteristics
of the Abu-Gharadig sedimentary basin include NE to SW
trends that divided the basin into structural features, known as
the Mubarak High, the Abu-Gharadig anticline, and the Mid
Basin Arch from E to W [12]. Onset of the Abu-Gharadig
sedimentary basin formation began during the Late Jurassic
with the intrusion of a dolerite mantle bulge and deep-seated
basaltic rock;, which was related to the early stage of the
Alpine Orogeny [1, 2], and continued by extension during
the Cretaceous [2, 13—18]. According to Smith (1971), the
relative movement of Africa toward Laurasia was eastward in
the Jurassic, but subsequently, changed to westward between
the Early Cretaceous and the Santonian [2, 19, 20]. As a
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result, a compressive event affected the African plate and led
to the reversal of basins including the Abu-Gharadig Sed-
imentary Basin. Inverted anticlines are the evidence of the
compressive event that affected the Abu-Gharadig sedimen-
tary basin with a NE-SW trend, and formed the important
petroleum traps in the basin. The faults that dissected the
basin have E-W, NE-SW, and WNW to ESE trends [21, 22].
There are three types of faults delineated via seismic sur-
vey in the basin: strike—slip (right and left lateral), reverse,
and normal faults. Normal faults are the most prevalent; the
Abu-Gharadig basin is affected by 771 normal faults that
trend E-W, W-NW, and E-NE. The reverse faults are rela-
tively few, trending E-W and E-NE. The strike—slip faults
are the least common. Often the sense of lateral slip along
faults can be determined by matching the structures on both
sides of the fault [19, 23]. The maximum displacement on
the primary normal faults in the basin reaches 2450 m [19].
Small numbers of folds are also recognized in the basin [8].

2.2 Stratigraphic Framework

The subsurface succession in the northern part of the West-
ern Desert is complete from the Precambrian to the recent as
shown in Fig. 3 [8]. The thickness of the sedimentary rocks
overlying the Precambrian rocks reaches > 10,600 m within
the basin, while the thickness reaches ~ 3000 m in the north-
ern portion of the basin over the Qattara ridge. Generally, the
Late Cretaceous stratigraphic succession of this region has
been divided in three formations with the Bahariya Forma-
tion at the bottom followed by the Abu-Roash Formation in
the middle and either the Apollonia or Khoman Formation at
the top, whenever Khoman Formation is missing. The mean
thicknesses of the Upper Cretaceous successions in the basin
are ~2100m[25, 26]. The Abu-Roash Formation is primarily
composed of alternating clastics and carbonates that repre-
sent regressive and transgressive phases, respectively. The
formation is divided into seven lithostratigraphic members,
named from top to bottom as A to G, where B, D, and F refer
to fairly clean carbonates and the last unit contains altered
contents of detrital material (clastics with limestone). The
Abu Roash "C" Member is one of the most important reser-
voirs in the Abu Roash Formation, Abu Gharadig Basin’s
BED-3 and BED-15 oilfields. The Abu Roash "C" Member
reservoir lacks detailed studies. Therefore, a detailed study
of this reservoir is needed. This Member is essentially com-
prised of siltstone, shale, and sandstone with some streaks
of limestone. The limestone was deposited in a restricted
shallow marine shelf [27]. This member was formed in the
Abu-Gharadig sedimentary basin during the Turonian (Late
Cretaceous) in a transgression phase that initiated with the
Bahariya Formation in the Cenomanian and ended with the
Khoman Formation in the Maastrichtian [2].
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3 Data and Methodology

This work is based on the integration of two-dimensional
(2D) seismic lines and borehole data within the BED-3 and
BED-15 oil fields. The Badr El-Din Petrol Company pro-
vided data for this study with the permission of EGPC under
the Ministry of Petroleum and Mineral Resources. The avail-
able seismic data are 30 2D seismic profiles covering the
BED-3 and BED-15 oil fields. These profiles are categorized
into two groups; the first group of in-line or depositional
dip trends contains 15 lines that extend N-S, and each line
reaches 10,875 m in length. The second group of cross-
line or depositional strike trends contains 15 lines trending
E-W, with each line 11,250 m long. Moreover, there are
certain arbitrary seismic profiles linking some of the avail-
able wells in the study area (see Fig. 1). In addition, the
well-logging data provided in las format for nine exploratory
wells have been used to discuss the petrophysical parameters
and petroleum potential of the study area. These borehole
parameters and potentials are shown in Tables 1 and 2, and
a check-shot survey is also provided.
The following procedures were followed in this study:

3.1 Seismic Interpretation

The seismic analysis aims to detect target horizons, horizon
depth, the subsurface faults, and the structural style of the
Abu-Roash C Member. The following workflow is followed
for this purpose.

3.1.1 Seismic Well Tie and Horizon Selection

The velocity correlation method is used in this work. The
uniqueness of this method is that the correlation between the
borehole and the seismic data depends on the velocity values
rather than on seismic amplitudes [28, 29]. This method is
effective with at least a single well and check-shot survey
data and is better than the synthetic seismogram method in
the following ways [28]:

e A synthetic seismogram is a simulation of seismic traces
by various parameters, which must be tested to obtain the
greatest approximation to real traces. The synthetic seis-
mogram method can require a long time to verify the phase,
wavelet, and multiples, for each hole, and then to esti-
mate the optimum solution with a mathematical and visual
correlation of the seismic data. Furthermore, even in the
presence of good responses, a unique specified solution
might be acceptable for a slice of the data, whereas another
solution might be the optimum fit for another interval.

e For certain projects, especially those with several bore-
holes, the use of synthetic seismograms may require
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Fig. 3 Generalized lithostratigraphic column of the northern part of the Western Desert of Egypt showing the source, reservoir and seal rocks [18]

individually adjusting each well with the 2D or three-
dimensional (3D) seismic data that acts as the reference
data. As a result, the borehole data is adjusted as per the
seismic line, which creates an unusual environment.

After the seismic-to-well tie process, the formation tops
from the drilled wells are matched and plotted on the seismic
sections (Figs. 4, and 5). Two horizons (the upper and lower
surfaces of Abu-Roash C) are marked and interpreted in the
seismic profiles.

3.1.2 Fault Interpretation

The time structures displayed in Fig. 6a and b suggest a
general NE-SW trending direction for the anticline. This
anticline is dissected by 18 normal faults (although the top of
the Abu-Roash C Member is only affected by 16 faults). In
general, fault planes trend ESE-WNW to SE-NW. The inter-
preted normal faults indicate a complex structural style with
two primary faults and sixteen minor or secondary faults,
The observed area contains a group of parallel nonbranched
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Table 1 Reservoir averages per

well of BED-3 and BED-15 in Well name Top (mss) Base (mss) Gross Net NTG Average

the Abu-Roash C Member reservoir interval (frac) porosity
BED15-1 3077 3161.92 84.92 24 0.283 20.8
BED15-3 3062 3145.54 83.54 32.04 0.384 18.3
BED15-7 3165.27 3249.44 84.17 22 0.261 233
BED15-7A 3504.93 3638.09 133.16 36.59 0.275 23.13
BED15-8 3146 3208.8 62.8 27 0.43 17.8
BED15-9 3125.57 3209.5 83.93 18.93 0.226 20
BED3-8 2981.75 3079.57 97.82 25 0.256 20.03
BED3-C9-A 2997 3054 57 17.26 0.303 18
BED3-C9-2 2996 3067 71 14.3 0.201 16.8

Table 2 Pay averages per well of

BED-3 and BED-15 in the ‘Well name Top Base Net NTG Vsn  Average  Average — Average

Abu-Roash C Member (mss) (mss) interval (frac) porosity Sy Shr
BED15-1 3077 316192 5 0.059 6.5 20.7 28.6 71.4
BED15-3 3062 3145.54  21.04 0.252 10 20.15 21.2 78.8
BED15-7 3165.27 324944 6 0.071 7 32.6 34 66
BEDI15-7A 350493  3638.09 16.59 0.125 73 30.2 32 68
BED15-8 3146 3208.8 6 0.096 7 18 343 65.7
BED15-9 3125.57  3209.5 5.93 0.071 10 20.5 439 56.1
BED3-8 2981.75  3079.57 112 0.1124 8.2 20.8 12.6 87.4
BED3-C9-A 2997 3054 0 0 12 - - -
BED3-C9-2 2996 3067 0 0 11 - - -

normal faults on the seismic profiles with some minor faults
divided into smaller segments. Some of these faults are syn-
thetic faults, with downthrows in equivalent directions such
as the main faults, and others are antithetic faults with down-
throw in the opposite direction.

3.1.3 Mapping of Selected Traveltimes

Two-way travel time (TWT) surfaces are created for the top
and bottom of the Abu-Roash C Member (Fig. 6a and b).

3.1.4 Depth Conversion

The horizon’s depth surfaces are obtained from the TWT
surfaces using the time—depth relation generated from the
check-shot data (Fig. 7). As shown in the depth maps (Fig. 8c
and d), the area at the center, which is dissected by the two
major faults, and the part of the map that extends from the
SW to the center, is shallower. However, the other parts of the
study area are deeper with depths from ~ 75 m to > 200 m
in the NE and SE sectors (Fig. 6¢ and d). The two depth
surfaces are subtracted to get an isopach surface map of the
Abu-Roash C Member (Fig. 8). As per Fig. 8, the study area

S @ Springer

can be subdivided into two parts; the thicker BED-3 in the
south and the thinner BED-15 in the north.

3.1.5 3D Seismic Modeling

The outputs of the seismic analysis are exploited during
the structural modeling procedure as input data. The model
building is divided into three primary steps, of which the
fault modeling process is the first. The fault modeling pro-
cess delineates the faults in the model and is the basis for
the 3D gridding. Fault modeling involved the generation of
important pillars over all the fault planes to merge them into
the model. A key pillar is a line with high, middle, and low
points. A set of key pillars separately defined each fault. The
second step is the pillar gridding. This process creates the
structural grids through the fault model. The gridding begins
by generating a 2D grid (called a skeleton) among all the mid-
dles of the pillars. Then, the upper and base grids are created
from the highest and lowest points of the key pillars; this
forms connections among all the faults defined in the fault
model. The third step is making a horizon that represents
the base of the vertical layering in the model. This process
creates distinct geological horizons from the entrance data
in XYZ. The input data represent surfaces at the depths of
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Fig. 4 Interpreted 2D seismic profile (in-line No. 210) passing through BED3-C9-2 well along N-S trend

the top and bottom of the Abu-Roash C Member. The last
output is a 3D seismic structural model from the top of the
Abu-Roash C Member showing depths, faulting, and other
structures in 3D (Fig. 9).

3.2 Petrophysical Analysis

Petrophysical analyses were performed using available log-
ging data (gamma ray, spontaneous potential, density, neu-
tron, and resistivity) for the Abu-Roash C Member in nine
wells. The analyses evaluated the shale volume, porosity, and
saturation of water and hydrocarbon. All of these parameters
are more important in delineating the reservoir petroleum
potential. To perform the petrophysical evaluation for wells
in BED-3, the following parameters have been employed: a
= 1, m (cementation exponent) = n (saturation exponent) =
2, Ry, = 0.03 Ohm-m at 104.4 °C, and 24 °C at the surface.
Core samples were acquired over A/R” C” formation from the
wells BED 15-3, BED 15-7, and BED 3-8 and incorporated
into the study. From the special core analysis in BED-15, the
values of m and nin BED-15 were obtained, in whicha=1,m
=2,and n = 1.85; Ry = 0.04 Ohm-m at wells BED 15-7 and
BED 15-7A while Ry, = 0.07 Ohm-m at wells BED 15-1 and

BED 15-3. The reservoir temperature was measured during
the initial production test of well BED 15-1 to be 107.8 °C
at 3137 mss. The static surveys, which were performed in
the new wells, demonstrated that the reservoir temperature
is 111.1 °C.

3.2.1 Volume of Shale (V)

In this study, a gamma-ray log was used to determine the
volume of shale using Eq. (1). The available well logging
data of the Abu-Roash C Member show high-level gamma-
ray and neutron porosity log responses as detected against
the zones of high shale content.

GRpmax — GRlog

(H
GRmax - GRmin

VshGrR =

3.2.2 Porosity and Water Saturation (Sy,)

The porosity is calculated by weighted average neutron
density using a shale correction. The water saturation was

Ao
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Fig.5 Interpreted 2D seismic profile (cross-line No. 1215) along E-W trend

calculated via Archie’s equation Eq. (2):

n Rw

S = — 2
v (@™ x Ry) @

3.2.3 Hydrocarbon Saturation (Sp,)

The petroleum saturation is calculated at a specified temper-
ature by Eq. (3):

Hydrocarbon Saturation = Sy = 1 — Sw 3)

4 Results and Discussion
4.1 Seismic Evaluation Model

In structural geology, basin inversion is associated with the
relative uplift of a sedimentary basin or associated structure
because of crustal shortening. Generally, uplift in the foot-
walls of earlier extensional faults or uplift caused by mantle
plumes is excluded. Inversion may show distinct faults in

@ Springer

which the original movement of an extensional fault became
reactivated in the reverse direction. Occasionally, the term
negative inversion can be used to define the reactivation of
thrust faults and reversals through extension. Finally, in some
cases, the word inversion simply shows that a relatively low-
lying region is uplifted while the stratigraphic sequence itself
is not usually inverted. Fault polygons and depth surfaces
are used to develop a 3D seismic structural model of the
top of the Abu-Roash C Member, illustrating the faulting,
depths, and other structures in 3D as a product of this study.
Moreover, multiple cross-sections are created in various ori-
entations (Fig. 10a—d) to define the structural situation of
the Abu-Roash C Member in the study area. The results
indicate that study area is intersected by two major normal
faults and sixteen minor normal faults that formed horsts,
grabens, and half-grabens, which are promising hydrocar-
bon accumulation sites. In general, NE-SW trend prevailed
in the structural characteristics of the basin and divided the
basin into the structural elements called from E to W the
Mubarak High, Abu-Gharadig anticline, and the Mid Basin
Arch. Inverted anticlines trending NE-SW represent the
compression force that acted on the Abu-Gharadig sedimen-
tary basin; the inverted anticlines exemplify the important
petroleum traps within the basin. At the top of the Abu-Roash
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Fig.6 a and c the time and depth maps for the top ofAbu-Roash C unit and b, d the time and depth maps for the bottom of the Abu-Roash C

Member

C Member, the travel time structure maps suggest a general
anticline-trending NE-SW, indicating that the area has been
affected by NW-SE compression. In general, the fault planes
have trends ranging from ESE-WNW to NW-SE. A number
of growth faults are identified in this study that indicate the
action of synsedimentary tectonics. The dominant structural
elements affecting the top of the Abu-Roash C Member are
outlined in (Fig. 11a and b).

4.2 Petrophysics and Hydrocarbon Potential
Evaluation

4.2.1 Petrophysical Properties of Reservoir Rocks

Tables 1 and 2 summarize the reservoir and pay averages per
well of Abu-Roash C Member in the BED-3 and BED-15

fields. Table 2 outlines the average petrophysical parameters
of the Abu-Roash C Member in selected wells in the BED-3
and BED-15 fields. As per the estimations of the petrophys-
ical properties for the selected wells, the shale content or
volume (V) analysis of the Abu-Roash C Member sand-
stone in the BED-15 wells illustrates the relatively slight
shale content with an average of 7%, a minimum of 6.5%,
and a maximum of 10%. The Abu-Roash C Member sand-
stone in the BED-3 wells shows an average shale content of
10%, a minimum of 8.2%, and a maximum of 12%. Howeyver,
the effective porosity ($eff) interpretation of the Abu-Roash
C Member sandstone presents a moderate value of 23% with
a maximum of 32.6% in the BED 15-7 well. Abu-Roash C
Member sandstone demonstrates good porosity in BED 3-8
well, averaging 20.8%. The water saturation (Sy,) averages
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Fig.9 Top view of the final three-dimensional (3D) structural model of the Upper Abu-Roash C Member

32%, with a maximum of 44% in BED15-9 well. In compar-
ison, the Abu-Roash C Member sandstone shows an average
Sw of 12.6% in the BED 3-8 well. The hydrocarbon satura-
tion values are high in most investigated wells of the BED-15
field, averaging 67.7%, with the lowest value of 56.1% in the
BEDI15-9 well and the maximum of 78.8% in the BED 15-3
well. The hydrocarbon saturation value is high only in the

BED 3-8 well of the BED-3 field, with the highest value of
87.4% in this study.

4.2.2 Hydrocarbon Potential

Typically, petrophysical properties gathered from the bore-
hole analysis are diverse laterally and vertically, and so two
primary steps have been undertaken during the study of oil
situation. The first step is studying the lateral distribution
or variation of petrophysical properties in the area; an iso-
parametric chart of net pay, shale content, effective porosity,
and petroleum saturation (Fig. 12) gives a pure vision of
petroleum potential in the study area. The determination of
vertical spread of the petrophysical properties is the second
step, which is completed using the petrophysical data log
derived from the software techniques.

4.3 Lateral Variations

The lateral distribution of petrophysical features was exam-
ined via iso-parametric charting of specific parameters,

which gives a clear vision of the lateral changes and the
factors governing them (Fig. 12). The iso-parametric chart
displays the data in Table 2 for pay averages per well of the
Abu-Roash C Member in BED-3 and BED-15 fields.

4.3.1 Net Pay Mapping

A net pay map was created to show the lateral distribution
changes in the effective thickness (Hefr %) of the investi-
gated rock beds. Figure 13A explains the net pay thickness
distribution of the Abu-Roash C Member sandstone. This
reservoir shows high net pay values, which are related to
the high hydrocarbon saturation values where the primary
depocenter of the study area is located. However, the net pay
values decrease in other parts of the study area and vanish
in the BED 3-C9-A and BED3-C9-2 wells. These variations
point to the sedimentation slope in the Abu-Roash C Member
created from the depocenter to the other areas.

4.3.2 Shale Volume Mapping

The shale volume is an important petrophysical property
that represents the quality of the reservoir; low shale con-
tent commonly indicates a good reservoir. Figure 13B shows
the distribution of shale in the Abu-Roash C Member sand-
stone. It ranges between 6.5% and 10% in the BED-15 field

and reaches the maximum value of 12% in the BED 3-C9-A
dry well.

;»;‘,:}&i @ Springer



636

Arabian Journal for Science and Engineering (2023) 48:625-643

2000 4000

" N " L L L n

8000

Symbol legend

= Bl Depth1 - Depth 2
Faunt 11

—— Top Abu Roash C

—— Base Abu Roash C
Fault 10

7 - Fault 14

Fault 15

-2600

-2800

; sl Fault 14

|G

-3000

ltll

-3200

Growth fault

1 (a)

Graben

," ~
Growth fault

0092-

008-

000¢-

Fault 10

0026~

T v 4 T T T T

2000 4000

10000 12000

2000 4000

8000 10000 12000

N Y i " i "

¢ et .
Symbol legend
EllDepth1 - Depth 2
—— Fault 1
Fault 2
Fault 3
Fault 5
Fault 7
——Fault 8
—— Top Abu Roash C
—— Base Abu Roash C

Fault 7 Fault 8
i Fault 5

-2400

Half-Graben

-2600

Fault 3

\

Hors
(b) b Grabe

-3200

\F ault'\2

\ Half-Graben

00nz-

Fault 1
/

. L

Horst

2000 4000 6000

8000 10000 12000

4000 8000

10000

L .
g Symbol legend
I Depth1 - Depth 2
—— Fault 1
7 Fault 2

Fault 3

Fault 4
—— Top Abu Roash C
—— Base Abu Roash C

-2400

-2800

P e

(0

-3200

L
Fault 4 Fault 3

Fault 1

T u T T T

4000 6000 8000

14000

2000 4000 6000

" A
Symbol legend
Il Depth1 - Depth 2
—— Fauit 1
Fault 2
] Fault 3
Fault 4
Fauilt 10
—— Fault 11
—— Fault 12
—— Top Abu Roash C
—— Base Abu Roash C

-2400

-2800

Fault 12 gault 1 ¢
Fault 11
4 Fault 10 I H

-3200

2000 4000 6000

8000 10000

Fig. 10 (a—d) Cross-sections extracted from the three-dimensional (3D) structural model to identify the detailed structural configuration of the

Upper Abu-Roash C Member

g @ Springer



Arabian Journal for Science and Engineering (2023) 48:625-643

637

Laurasig
(a)
\ P o
A
7N
o
Africa
sy Main Compressive stress LA L L L I J Normal Faults
—_— Apparent Right-
. Local Extension Lateral Movement

~

AFRICAN pp. P

Fig. 11 Dextral wrench model (adopted by the present work). a The
main interpreted structural trends in the Upper Abu-Roash C Member
with respect to the plate tectonic movements. The interpreted NE-SW
trending compressional fold and NW-SE trending faults formed as a
result of the right-lateral translational movement of Africa relative to
Laurasia in the Late Cretaceous [4, 12, 20, 25]. b Clearly represents the
related structures of the dextral wrench tectonic in the study area within

4.3.3 Effective Porosity Mapping

Effective porosity is the most important petrophysical prop-
erty in assessing petroleum potential. Structural elements
have a great effect on porosity improvement[30]. Figure 13C
shows the distribution of the effective porosity of the Abu-
Roash C Member sandstone. The maximum value of the
effective porosity is 32.6% in the BED 15-7 well of the BED-
15 field. However, the highest porosity value is 32.6% from
the BED-3 field in the BED 3-8 well.

4.3.4 Hydrocarbon Saturation Mapping

Determination of petroleum saturation (1 — Sy,) is the chief
object of the present work. Note that petroleum saturation
determination based on the water saturation is a challenging
petrophysical computation because different approaches can
be used to evaluate Sy. These approaches lead to slightly
different S,, values that may result in considerable changes
to the original gas in place (OGIP) or the original oil in place
(OOIP) volumes. Figure 13D shows the petroleum satura-
tion distribution in the Abu-Roash C Member sandstone.
Petroleum saturation ranges between 56.1 and 78.8% in the
BED-15 field and equals 87.4% in the BED 3-8 well in the
BED-3 field.

the Abu Gharadig Basin. the red arrows represent the related exten-
sion trend that formed the NW-SE normal faults perpendicular to the
maximum stretching axis, and the blue arrows represent the NE-SW
compression that produced the mapped NE-SW en echelon anticline
perpendicular to the minimum stretching axis, the black half arrows
show the dextral wrench tectonics that affected the entire study area,
and the red half arrows show an example of the apparent right-lateral
movement for the anticline contours along the intersected normal fault

4.4 Vertical Variation Setting

Litho-saturation analysis can detect the vertical distribution
of lithology (shale content and matrix) and petrophysical
properties (porosity as well as the water and hydrocarbon
saturation rates) to accurately estimate conditions in the bore-
holes and compare between multiple boreholes. Figures 14
and 15 show the litho-saturation cross-plots for the BED 15-
3 and BED 3-C9-2 wells for the Abu-Roash C Member in
BED-15 and BED-3 fields, respectively. As per the avail-
able core data and litho-saturation analysis, the Abu-Roash
C Member essentially combines siltstone, shale, and sand-
stone with a few streaks of limestone, which was deposited
within a restricted shallow marine shelf.

Figure 14 shows the petrophysical data log of the Abu-
Roash C Member in BED 15-3 well. This section shows that
the lower part of the Abu-Roash C Member is composed of
sandstone with shale intercalations and represents the main
net pay interior reservoir in most wells. The V track demon-
strates that the average shale volume is 10% in the net pay
zone, but the shale volume distribution is not uniform. The
shale content decreases in the lower section along with all
net pay zones and increases in the other parts of the reservoir
to as much as 34%. Moreover, the porosity track shows that
the average effective porosity for the lower part of the net
pay zone equals 16.67% and is 20.15% for the entire net pay
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Fig. 12 A chart summarizing the calculated petrophysical parameters (net pay, shale volume, effective porosity, and hydrocarbon saturation) for

the promising zones

thickness. In comparison, the average porosity of all reser-
voirs in the study area is 18.3%. Moreover, the saturation
track presented indicates that the S, decreases through the
net pay zone and increases in the other parts of the reservoir.
The hydrocarbon occurrence increases in the base section
as the shale ratio is low and decreases in the upper section
because of the high shale ratio.

Figure 15 shows an example of a nonprospective well
with the minimum shale occurrence (average 11%) and maxi-
mum porosity (average 16.8%) along with low-resistivity pay
(average deep resistivity 0.96 © m™!) in the reservoir zone.
A low-resistivity pay is usually recognized by low readings
for the deep resistivity curves (generally ~ 0.5-2 m to 5-2
m) or by low contrast in the responses of the resistivity log
caused by a variety of factors related to mineralogy, micro-
porosity, and water salinity, as well as layer dip, thickness,
and anisotropy. The low-contrast pay zone suggests a lack
of deep resistivity contrast between pay sands and wet zones
or adjacent shale. Therefore, it is difficult to differentiate
between pay and wet zones. Possible reasons for low-contrast
or low-resistivity pay zones are mentioned in detail in [31].
According to [32] and [33], a low-contrast pay zone esti-
mates laminated sand—shale reservoir areas, particularly at
the dry oil productive wells indicated by high clay volumes.
The application of this method in this state is important to
confirm the excess conductivity increase compared with the
surrounding rock. This method depends on the integration
between conventional logging results and tested samples or
core measurements to confirm and calibrate both clean and
shaly-sand electrofacies as well as on the anisotropy, which is
the important factor in correcting the apparent vertical resis-
tivity. Finally, we can describe this hole with water-bearing

Springer

sand depending on the log evaluation results, but we lack the
data to validate this conclusion.

The results of the petrophysical analysis can be summa-
rized based on the results of core data and well logging. The
Abu-Roash C Member comprises siltstone, shale, and sand-
stone intercalated with streaks of limestone. In the BED-3
field, a total of 11 m of net pay sand was calculated to have
an average porosity of 20.8% and hydrocarbon saturation of
87.4%, and production was tested at 2337 barrels per day
(b/d) of oils of 42.2 OAPI and 2.215 million standard cubic
feet per day (MMscf/d) of gas in well BED 3-8. Thus, the
BED 3-8 well area has optimum reservoir potential as per
the criteria set by [34] and [35] after [36]. The Abu-Roash C
Member in the area of wells BED 3-C9-1 and BED 3-C9-2
is not prospective. In BED-15, net pay sand within the Abu-
Roash C Member range between 5-m and 21.04-m-thick,
and the average porosity ranges from 18 to 32.6%. However,
the hydrocarbon saturation ranges between 56.1, and 78.8%
and production was tested at 3220 b/d of oil at 36.4 OAPI
and 0.663 MMsct/d of gas in the BED 15-3 well. The net-
to-gross ratio (NTG) describes the sandstone quality within
Abu-Roash C Member as a potential sandy reservoir. The
reservoir quality is better with higher NTG values [37, 38].

4.5 Calibration of Wireline Log Estimations

According to the report on core Sample Analysis for well
BED15-3 in the BED15 field, the core interval of 18 m
(3120-3138 mss (meter subsea)) has a net pay thickness
of 17.7 m with good reservoir quality (average porosity ~
16.5%, average horizontal and vertical permeability kH =
561.84 and kV = 352.35 mD) and water saturation ~ 13%
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Fig. 14 Litho-saturation cross-plot of the Abu Roash “C” reservoir (BED 15-3 well, as an example of hydrocarbon-bearing sand)

where the oil-water contact is at 3137.7 mss. These results
demonstrate that the final measured properties agree with
the wireline log estimates in BED15-3, which show that the
average effective porosity for the same 18 m-thick net pay
zone (3116-3133 mss) equals ~ 16.67% and water saturation
~ 14%, while the oil-water contact is at 3133 mss (Fig. 14).
The core samples description report show that the net pay
zone is a clean sandstone. Absolute error in wireline subsea
depth for vertical or near-vertical wells is considered to be +
2 m in the study area.

4.6 Basin Evolution and Petroleum Systems

The BED-3 and BED-15 fields are located in the Abu
Gharadig basin, which is a W-E trending intracratonic half-
graben system, the structural history of the basin is dominated
by two tectonic stages. The Qattara half-graben was influ-
enced by a NE-SW extensional regime until the Cenomanian.
WNW-ESE was the dominant normal fault trend. The stress

@ Springer

field shifted to an NW-SE compression regime from the
Cenomanian onwards, resulting in dextral wrenching along
WNW-ESE trending fault zones. By the Upper Senonian
period, this wrenching activity had achieved its pinnacle,
as evidenced by NE-SW-oriented compression features. A
cyclic alternation of shallow water sandstones, neritic to
deepwater limestones, and deepwater shales characterizes
the Upper Cretaceous Abu Roash Formation (Fig. 3). The
Abu Roash Formation’s transgressive/regressive sedimen-
tary cycles are regionally significant and have been labeled
the "A" Member at the top to the "G" Member at the bot-
tom. The carbonates and shale in the "A", "B", "D", and "F"
Members were deposited in a neritic environment, whereas
the Abu Roash "C", "E", and "G" Members comprise coastal
plain, lagoonal, and shallow marine sands and shales, as
well as some thin limestones. All of these sands have reser-
voir potential and are oil-bearing in several Abu Gharadig
Basin fields. The BED-3 field is also associated with a few
smaller antithetic faults, dividing the Abu Roash reservoirs
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Fig. 15 Litho-saturation cross-plot of the Abu Roash “C” reservoir BED 3-C9-2 well (as an example of a nonprospective well)

into numerous small compartments. Oil pools and pressures
in the Abu Roash Formation (Members "C," "E," and "G")
have revealed that all faults impacting these reservoirs are
sealing, including those with only 20 m of throw [39—41]. In
the BED-3 Field’s Abu Roash Formation, no fluid connec-
tions have been discovered, and none have been evaluated
based on pressure data. In the BED-3 Field, the thin sand-
stones of the Abu Roash "C" Member contain relatively small
amounts of oil. Several of the interbedded shales contain a
significant organic content and are believed to be the source
of some of the Abu Gharadig Basin’s oil and gas [42]. Also,
the hydrocarbon in Bed 15 field is trapped structurally in an
NW-SE three-dip closure restricted to the SW by NW-SE
south heading normal fault. Minor faults dissect the culmi-
nation. They are, however, laterally discontinuous and do
not separate the reservoir into blocks at A/R “C” pay level.
According to Wali and Ayyad [43], the E, F, and G Mem-
bers of the Abu Roash Formation have organic-rich horizons
and are considered to have fair to good source potential for
oil generation. The “F” Member has a high organic content
(regionally 1-5%) and is considered to be the main source
rock for the Abu Roash oil in the BED-3 and BED-15 Fields
[4, 16, 25, 43]. The main Abu Roash reservoir in the current
study is a NW-SE tidal-channel sandstone in Abu Roash “C”

with a net pay thickness of up to 11.2 m in BED-3 and a pen-
etrated sand thickness of 5-21 m in the BED-15 field with
good reservoir quality. Bayoumi and Mahmoud [44] classi-
fied the Abu Roash “C” Member into four units in the BED-3
field, labeled from 1 to 4 in ascending orders. Unit 4 at the top
of Abu Roash “C” Member with 30 m thickness is deposited
in shallow marine environment; unit 3 with a thickness of
3540 m is deposited in shallow marine in upper part, and
marsh to tidal flat in the lower part; unit 2 is the main reser-
voir for the Abu Roash "C" Member, with a thickness of
1.5-16 m, and is deposited in a tidal channel in a lagoonal
setting, and unit 1 is the lower reservoir, with a thickness of
13-22 m and deposited in a brackish lagoon.

5 Conclusion

This study discusses and estimates the structural setting,
petrophysical parameters, and petroleum potential of the
Abu-Roash C Member within the BED-3 and BED-15
petroleum fields of the Abu-Gharadig sedimentary basin
in the northern part of the Egyptian Western Desert. Nine
exploratory wells and 30 2D seismic lines were used for this
work. Based on the analysis of the seismic data, the inter-
preted faults describe the fields’ structural setting, which
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includes two major faults together with some synthetic and
antithetic faults. These faults have trends ranging between
ESE-WNW and NW-SE. As per the cross-sections gener-
ated from the 3D seismic model, the faults form grabens,
half-grabens, and horsts that are promising for hydrocarbon
accumulation. From the petrophysical analysis, the Abu-
Roash C Member in BED-15 and the area of BED-3 near
BED-15 have the best chance to produce hydrocarbons,
where the petrophysical analysis shows that the hydrocar-
bon saturation of BED 3-8 well is ~ 87.4% and between 56.1
and 78.8% in BED-15. However, the northwest part of the
study area near wells BED 3-C9-1 and BED 3-C9-2 is not
prospective.
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