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Avrticle Info Abstract

Avrticle history: The clastic sediments of the Abu Madi Formation host the main gas-

bearing reservoirs in the Nile Delta, Egypt. The current study integrates seismic and
well logging analysis in order to shed light on the Abu Madi formation in Salma
delta gas field which locates outside the Abu Madi main canyon. In the study area,
Abu Madi Formation consists of sandstones, siltstones and shales which infill the
subaerial channels of the low-stand canyons incised during the Messinian salinity
crisis (MSC). The pay zone sandstones are thicker on the channel margins and on
the upthrown parts of the faults, whereas the sandstones in the downthrown regions
are often saturated with water despite their high porosity and low contents of clays.
Therefore, Salma delta-1 and Salma delta-2 wells drilled on the channel margins are
the best productive wells. The pay zone sandstones are characterized by dominantly
quartzose composition with low clay (< 30%) and carbonate cement contents. The
clays are often present in laminated forms, and therefore have minimal impact on
porosity. The current study reveals that the best productive intervals of Abu Madi
sandstones are preferentially accumulated on the channel margins and on the up
thrown side of the main faults.
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1. Introduction which incised through the pre-MSC sediments and

After the recent gas discoveries onshore (e.g.
Noras) and offshore (e.g. Zohr), the Nile Delta have
become one of the biggest gas-producing provinces
in Africa (e.g. Shehata, 2008; Leila and Moscariello,
2019; Leila et al., 2020). In 1967, the first
successful gas discovery was encountered in Abu
Madi gas Field which produces commercial gas
from the Messinian Abu Madi Formation
(EGPC,1994). Consequently, the Messinian Abu
Madi sandstones have become the main target for
gas exploration in the Nile Delta. These sandstones
represent the incised valley-fill (IVF) deposits
accumulated during the final stage of the Messinian
salinity crisis (MSC).

The MSC is one of the most spectacular mass
movement events that shaped the landscape of the
entire Mediterranean region. It occurred due to the
temporary closure of the Strait of Gibraltar between
~5.97 - 5.33 Ma resulting in a restricted water flux
between the Atlantic Ocean and Mediterranean Sea
which led to a partial desiccation of the
Mediterranean with a dramatic sea-level drawdown
of more than 1000 m (Hsd et al., 1973; Sternai et al.,
2017). In the Nile Delta, the MSC event was
accompanied by the incision of the Eonile canyon
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was later infilled by the Abu Madi sandstones
during sea level low-stand and subsequent
backstepping infill during late MSC (e.g. Salem et
al., 2005; Leila and Moscariello, 2019). The Abu
Madi reservoirs outside the main canyon system are
poorly investigated, and very little information is
known about their petrophysical properties and
percentage of main net pay. Therefore, the main
objective of this study is to delineate the
petrophysical characteristics of the Abu Madi
Formation in Salma Delta Field which lies outside
the main canyon in northeastern onshore part of the
Nile delta (south-west Manzala lake) (Fig. 1).
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Figure 1. Location map of the study area in the
eastern onshore part of the Nile Delta to the east of the
Abu Madi main canyon.

. Geologic setting

The Nile delta is a passive margin basin in the
southeastern part of the eastern Mediterranean; it
was initially developed during Late Eocene in an
area close to the Qattara depression in the Western
Desert (Said, 1990; Sestini, 1995). In Late Miocene,
the Nile Delta was moved to its current position
after the major drawdown in the Mediterranean Sea
level during the Messinian salinity crisis (MSC)
(Issawi and McCauley, 1992). The Nile delta basin
represents part of the unstable shelf of the partially
deformed northern margin of the African plate
(Said, 1990; Sarhan and Hemdan, 1994). Several
major structural features control its stratigraphic
evolution. Among these are the E-W Hinge zone,
the NW Rosetta fault trend, the NE Temsah
structural trend, the Pelusim shear zone, and the
NW Red Sea-Gulf of Suez fault trend as well as
some minor trends such as the N-S Baltim fault
trend (May, 1991; Dolson et al., 2005). The study
area (Salma Delta Field) lies in the northeastern part
of the central sub-basin where the Neogene
sediments are thickening and host the most
prospective reservoir intervals (Fig. 2; EGPC,
1994). The Miocene succession has the greatest
thickness in the study area (Fig. 2), and it hosts the
most potential reservoirs. It begins with a major
flooding which prevailed during Burdigalian and
northern Egypt was covered by shales of the
Qantara Formation (Rizzini et al., 1978; EGPC,
1994; Dolson et al. 2005). Langhian — Serravallian
witnesses an irregular phase of transgression and
regression which led to deposition of marine shales
interbedded with shallow marine sandstones (Sidi
Salem Formation).

Deltaic sedimentation prevailed during
Tortonian and resulted in accumulation of the thick
conglomerates and  sandstones  (Qawasim
Formation) (Rizzini et al., 1978; Said, 1990; Dolson
et al.,, 2005; Leila and Moscariello; 2019), the
environment of this formation changed from fluvial
to shallow marine basinward (Barakat, 2010).
During Late Messinian, the regression phase
reached its maxima subsequent to the partial
isolation of the Mediterranean from the Atlantic
Ocean which led to subaerial incision in the margins
and thick evaporites deposition within the basins
(Hs et al., 1973; Barber, 1981; Krijgsman et al.,
1999). In the Nile Delta, the Eonile canyon was
incised through the Qawasim and pre-Qawasim
sediments (Dolson et al., 2005; Leila and
Moscariello, 2019). During the late stage of the
MSC, the Eonile canyon was infilled by the
sediments of Abu Madi Formation. The distribution
of the Abu Madi facies was controlled by
paleotopography initiated by faulting, low-stand
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erosion and rapid deposition during the late
Messinian (El Heiny et al., 1990; Leila and
Moscariello, 2019). Abu Madi Formation is the
main reservoir in Salama Delta gas field, its
thickness varies among the wells (Figs. 7:10). It
constitutes low-stand fluvial facies that were
deposited during the initial sea level rise during the
Late Messinian (Dolson et al., 2005; Rubino et al.,
2015; Leila and Moscariello, 2019; Leila et al.,
2020).
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Figure 2. Generalized lithostratigraphic column of
the study area (modified after Corex, 2007).

Data and methods

This study utilizes a comprehensive subsurface
dataset including 20 2D seismic profiles passing
through the study area which covering a surface
area of 84 km? and four wells from Salma delta
Field (Salma delta-1, -2, -4, -5) (Fig. 3). The seismic
and well data were studied and interpreted using
Schlumberger petrel and Techlog software. The well
data includes wireline logs and check shots that
were utilized to tie the different stratigraphic
intervals with seismic data. The logs were displayed
to identify the lithologic characteristics of Abu Madi
Formation and detect the hydrocarbon-bearing
zones. The wireline logs were interpreted in order to
deduce the different petrophysical parameters such
as permeability, porosity, clay volume and water
saturation. The clay volume was calculated using
gamma ray log (Steiber, 1973). Porosity was
calculated using a combination of density, neutron
and sonic logs and clay volume was considered
prior to the calculation of the effective porosity.
Moreover, water saturation was computed using
modified Simandoux equation (Simandoux, 1963).
Several cross-plots were also applied to decipher the
mode of clay distribution in the pore spaces as well
as the lithologic and pore-system characteristics of
the Abu Madi sandstones.
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Figure 3. Location map of the 2D seismic survey
used in this study

. Seismic interpretation

The seismic profiles define the Messinian
erosion surfaces corresponding to the Messinian
event in the Nile Delta (Figs. 4, 5). The Messinian
erosion surface (MES) marks the base of the MSC
Abu Madi facies. The MES is defined by high-
amplitude, irregular and highly undulated seismic
unconformity erosionally truncating the underlying
pre-MSC facies. This surface documents the onset
of erosion phase prevailed during the MSC in the
Nile Delta (e.g. Barber, 1981; Dalla et al., 1997,
Pigott and Abdel-Fattah, 2014; Leila and

Moscariello, 2019). The depth (TWT) contour map
of the MES illustrates the E-W and NW-SE trends
of the Abo Madi incised valley (Fig. 6A).
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Figure 4. E-W seismic profile passing through
Salma delta-1 and -2 wells illustrating the Abu Madi
incised valley area and its infill facies in the study area.
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Figure 5. N-S seismic profiles passing through
Salma delta-5, -2 and -4 wells illustrating the Abu Madi
incised valley area and its infill facies in the study area.

The MSC seismic facies constitute low-
continuity, parallel, vertically and laterally variable
amplitude and frequency reflections occasionally
onlapping the V-shaped depressions of the MES
(Figs. 4, 5). Their seismic amplitude increases
vertically where the seismic facies change from
partly chaotic and transparent at the base to flat,
high-amplitude reflections upward. The MSC
succession is dissected by normal faults forming
several structural highs and lows which trap the
MSC sediments. Near the deep-seated faults, the
MSC facies become highly-irregular, transparent
and locally display cone-in-cone morphology. The
MSC reflections are capped by a prominent seismic
unconformity surface likely corresponding to the
top erosion surface (TES; e.g.

the BES illustrating the architecture of the Abu Madi
incised valley in the study area, B) isopach map of the
MSC Abu Madi facies reveals that their thickness often
follows the main incisional troughs within the incised
valley.

Herein, the TES is represented by an irregular,
undulated, high-amplitude  seismic  reflector
separating the underlying MSC facies from the
overlying continuous and well-bedded post-MSC
reflections (Figs. 4, 5). The TES is erosionally-
truncating the MSC facies and concordant with the
post-MSC reflections. The TES represents the end
of the MSC in the entire Mediterranean realm; and
likely related to the major marine flooding of the
Mediterranean during the Early Pliocene (e.g.
Garcia-Castellanos et al., 2009; Lofi et al., 2011a;
Micallef et al., 2018). The thickness of the Abu
Madi facies changes from the thicker facies in the
center of the channel (Salma delta-5) to the thinner
facies at the margins of the canyon (Salma delta-1,
2) (Fig. 6B).

. Petrophysical properties of Abu Madi

Formation:

Determining the type and quantity of fluid
saturations are the main objectives of the
petrophysical formation evaluation which aids
delineating the productivity of the reservoir
intervals. The Abu Madi Formation typically consist



Journal of Environmental Sciences, 2020; Vol. 49, No. 2: 46-53

of alternated sandstones, siltstones and shales (Figs.
9-12) (Rizzini et al., 1976; Leila et al., 2018).

Table 1. Petrophysical parameters of the Abu Madi
Formation in the studied wells of Salma delta gas field.

Parameters Salma delta-1 Salmadelta-2 =~ Salmadelta-4 | Salma delta-5
Gross thickness (m) 87.0 725 1205 140
Net thickness (m) 215 248 120 0.915
Net / gross 0.31 0.34 0.1 0.007
Porosity (%) 1147 116 98 13
Clay volume (%) 53.54 584 53.1 35.0
Water saturation (%) 7134 55.0 923 99.0

The gross thickness of Abu Madi clastics vary
widely in the studied wells (Table 1), and the
thickest succession ~ 140 m occurs in Salma delta-5
well which is drilled in the center of the main
channel (Fig. 5). Abu Madi Formation pinches out
toward Salma delta-2 which is drilled on the
periphery of the channel and on the upthrown part
of the fault (Table 1, Figs. 4-5). However, the
greatest net pay thickness occur in Salam delta-1
and Salma delta-2, whereas the lowest net pay
thickness is recorded in Salma delta 5 (Table 1).
Therefore, the highest net/gross (N/G) ratio occurs
in Salma delta-2 and Salma delta-1 wells (0.34 and
0.31, respectively). The highest average porosity
value of 11.6% characterizes the Abu Madi
sediments of Salma delta-2 well despite their
elevated clay volume content (~ 58%). On the other
hand, the Abu Madi succession of Salma delta-5
well hosts the minimum contents of clays with an
average value of 35%. This indicates that clays have
a minimal impact on porosity because they are
preferentially distributed in clay lamina which
mostly impact the permeability rather than porosity
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Figure 7. Litho-saturation cross-plot of the Abu
Madi Formation in Salma delta-1 well.
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Figure 8. Litho-saturation cross-plot of the Abu
Madi Formation in Salma delta-2 well.

The estimated water saturation of the Abu Madi
sediments reveals elevated values generally greater
than 50% with the lowest average value of 55% in
Salma delta-2 well, whereas the highest average
value of 99% occur in Salma delta-5 (Table 1). This
explains the absence of gas-bearing intervals and the
very low N/G ratio in Salma delta-5 well. Therefore,
gas-bearing sandstones are only present in Salma
delta-1, Salma delta-2 and Salma delta-4 wells
where the gas effect is clearly defined as shown in
the porosity crossplots (Fig. 11).
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Figure 9. Litho-saturation cross-plot of the Abu
Madi Formation in Salma delta-4 well.
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Figure 10. Litho-saturation cross-plot of the Abu
Madi Formation in Salma delta-5 well.

Moreover, the absence of gas effect in the Abu
Madi sediments of Salma delta-5 confirms the
absence of pay zone intervals. Accordingly, from
the comparison between wells, Salma-5 is a dry
well, this may back to the migration of hydrocarbon
because this well is the deepest well in the study
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area. In Salma-1, Salma-2 and Salma-4 pay zones
are separated by shale bed, this reflects period of
weak of the Eonile

Figure 11. Neutron porosity versus densitylﬁc;'rosity
cross-plots showing the mode of shale distribution within
Abu Madi Formation in the studied wells.

Among well log interpretation is the
identification of the lithologic controls on the
hydrocarbon potentiality of the reservoir rocks (e.g.
Schlumberger, 1997). Abu Madi IVF sediments are
characterized by abundant shales, sandstones and
siltstones with dominance of laminated clays in the
shaley beds and dispersed and laminated clays in the
sandy intervals (Fig. 11). The shale volume versus
apparent matrix density cross-plots after taking into
consideration the deep resistivity values reflect not
only the matrix and rock composition but also the
type of the pore-fluids (Fig. 12). The cross-plots
reveal that the gas-saturated pay zone sandstones
have a dominantly clean quartzose composition with
minimal clay contents ranging from 5% and 3%.
The pay zone sandstones are abundant in Salma
delta-1 and Salma delta-2 wells; whereas Salma
delta-4 contain thin intervals of pay zone
sandstones.  Despite  their clean  quartzose
composition with minimal volume of clay, the Abu
Madi sandstones of Salma delta-5 are largely
saturated with water. Moreover, the presence of
carbonate cement in the pore spaces influences the
hydrocarbon potentiality of the Abu Madi
sandstones.

Figure 12. Cross-plots of shale volume versus
apparent matrix density illustrating the litho-saturation

characteristics of Abu Madi Formation in the studied
wells.

The RHOB-NPHI cross-plots confirm that
the gas-bearing zones consist mainly of clean
sandstones with porosity values ranging from 20%
and 30% (Fig. 13). Moreover, the carbonates and
sandstones with abundant carbonate cement are
often characterized by low deep resistivity values
suggesting the absence of hydrocarbons. The cross-
plots also confirm the absence of gas-bearing
sandstones in Salma delta-5 well despite the
abundance of clean sandstones with high porosity
values ranging from 25% and 30%.
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Figure 13. Neutron- Density cross-plont—smshowing
lithological characteristics of the Abu Madi Formation in
the Salma delta field wells.

Discussion and Conclusion:

This study aims to shed light on the
petrophysical properties of the Abu Madi clastics in
Salma delta gas field outside the Abu Madi main
canyon. In the study area, Abu Madi sediments
represent the incised-valley fills (IVF) of the low-
stand canyons formed during the Messinian salinity
crisis (MSC). The two-way time counter map
reveals several EW and NW-SE trending channels
that commonly infilled the Abu Madi sandstones
and shales. The isopach map illustrates that the
thicker sediments of the Abu Madi Formation occur
in the center of the channel (Salma delta-5) and the
thickness decreases toward the margins. Well log
interpretation in terms of litho-saturation cross-plots
reveal that the Abu Madi Formation consists mainly
of sandstones interbedded with shales and siltstones.
Thick pay zone sandstones and high N/G ratio
(~0.3) occur only in Salma delta-1 and Salma delta-
2 wells, whereas Salma delta-5 well is dominated by
water-saturated  sandstones. The pay zone
sandstones have dominantly quartzose composition
with minimal contents of clays, carbonate cements
and porosity values ranging from 20% and 30%.
The absence of pay zones in Salma delta-5, which is
drilled in the center of the channel suggests that the



Journal of Environmental Sciences, 2020; Vol. 49, No. 2: 46-53

hydrocarbon migration is active through faults
which act as conduits from the deep targets into the
upthrown sand bodies preferentially accumulated in
the channel margins.
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