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A B S T R A C T

The present study aims to evaluate, discriminate and delineate the geological and petrophysical situation of
Oligocene reservoir wells at Salamat-1 and Atoll-1 in North Damietta offshore concession in the Mediterranean
Sea. It deals with a combined interpretation of the core analysis (density, porosity, permeability and mercury
injection capillary pressure ‘MICP’) and petrography data (thin sections, scanning electron microscope and X-ray
diffraction) as well as well log (gamma ray, density, neutron, micro spherical logs ‘MSFL’, shallow and deep
resistivity, and Modular Formation Dynamic Tester logs) and the subsurface geologic data, as well as some
available seismic sections to clarify the geological and the petrophysical characterization of the Oligocene un-
conventional tight sandstone gas reservoir, Salamat structure, North Damietta offshore, Mediterranean Sea,
Egypt.

Petrophysically, the studied sandstone core samples can be summed up into two reservoir rock types (RRT),
where poor reservoir quality is assigned to one group while the other is characterized by tight reservoir prop-
erties. These two RRTs are discriminated into four microfacies, two arenite groups and two wacke groups. Filling
the pore spaces with detrital clays are the most important reservoir quality-reducing factors.

The seismic data indicates that the studied area is composed of Rupelian-Chattian multi-channel system
located off shore with many sand channels distributed in the area. The Lower and Upper Chattian sand channels
comprise the most important reservoir bodies in Atoll-1 well to the northeast of the study are gas-bearing bodies,
whereas the Rupelian sand channels to the northwest at Salamat-1 well are the most important gas-bearing
channels.

Integration between the available core and well log data indicated that the best storage and flow capacity are
assigned to the other water-bearing sand channels rather the gas-bearing channels in both Salamat-1 and Atoll-1
wells.

1. Introduction

The alluvial Deltas represent the most complex sandstone reservoir
lobes embedded in shale source sequences. Their complexity should be
attributed to the different interplays of fluvial influx, wave and tidal
actions, sediment dispersal and tectonic setting in addition to a variety
of other controlling factors that form the architecture of the deltaic
regime. This complexity architecture increases the difficulty of hydro-
carbon exploration in deltaic areas than the other common sedimentary
systems. Tough of this difficulty, the Nile Delta of Egypt, with their
complex and difficult provinces for hydrocarbon exploration, attracted

the attention since many decades ago (Nabawy and Shehata, 2015).
Hydrocarbon exploration activities in the offshore Nile Delta started

in the 1940s, which led to several gas and condensate discoveries
(Abdel Halim, 1999; Shaaban et al., 2006; Ghassal et al., 2016). The
offshore Nile Delta gained more interest after the recent super giant gas
field Discovery of Zohr gas field in 2015 (Esestime et al., 2016; Ghassal
et al., 2016). The majority of the discovered hydrocarbon fields are
located in the northern onshore and offshore areas, whereas there is no
commercial production from the central and southern onshore areas
except for some limited light oil discovery in El Tamad Field (Abdel Aal
et al., 2001; Nabawy and Shehata, 2010).
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The offshore Nile Delta includes the continental shelf from 80 km
West of Alexandria to North Sinai, the continental slope, and the Nile
Submarine Fan, i.e. Nile Cone. Other areas in the SE Mediterranean
genetically related to the Neogene-Recent Nile sediments including the
continental shelf of NE Sinai, the Herodotus Abyssal Plain, and the
Southern part of the Levant Platform (Fig. 1). The boundary between
the South Delta Province and the North Delta basin is a major flexure
zone; at about latitude 31°N. Salamat central culmination, the main
target of the present study, is one of three on an ESE to WNW trend
traversing the North Damietta offshore concession and comprising ad-
ditional culminations at Salamat East and Salamat West, respectively
(Fig. 2). The structural trend experienced inversion starting in the Late
Tortonian. The Salamat pre-drill subsurface model has multi-level Oli-
gocene gas prospectively comprising deep water channel reservoir
sands, charged by interbedded and underlying Oligocene gas source
rocks, sealed by abandonment and inter-channel slope shales and
trapped where the channels cross a large gentle anticline. The primary
targets are a sequence of sands of mid Oligocene age, which are

believed to have been deposited on the lowest slope setting in local
accommodation space causing interplay of intra-slope lobes and
braided channels environment (Nabawy et al., 2018a).

The Salamat prospect is formed by stacked Oligocene channel
complexes crossing a major regional anticlinorium (folding post-dates
the channel deposition). The Salamat Central structure was drilled by
IEOC in 2003 “Flower-1 well” to test the Serravallian play fairway and
the well reached TD in the Lower Miocene Qantara Formation at
4950m TVDSS. The absence of thermogenic gas in the Lower
Serravallian channel complex sand in the Flower-1 well suggests that;
the Serravallian section probably sits above the thermogenic front from
the underlying Oligocene petroleum system. The exploratory Salamat-1
well is the first commitment one drilled in the North Damietta con-
cession and proved the commerciality of a development hub in the East
Nile Delta for Oligocene intra-slope, lobe and lower slope channel re-
servoir systems (Fig. 4). The Salamat-1 well is a fairway play to test the
Oligocene stratigraphy at Salamat Central. Salamat-1 well is drilled to
test the resource potential, petroleum charge model and reservoir

Fig. 1. Major physiographic features of the south east Mediterranean region (Ross and Uchupi, 1977).

Fig. 2. Isochron map of Lower Oligocene basins in offshore Nile Delta of Egypt.
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quality of the Oligocene channel complex systems. The Salamat-1 well
tested the O50 Oligocene stratigraphy in the Salamat prospect, pene-
trated 3 stacked Oligocene, Rupelian reservoir systems (O50B O50C
and O50E) and found gas in the O50B and C sands.

The Atoll structure, the second main target of the present study, is
located about 80 km from shore and 17 km north of the Salamat-1 well
discovery in the North Damietta Offshore concession (Fig. 3). Atoll-1
well (Lat. 32°13′25.071” & Long. 31°54′22.374″) is the second com-
mitment well in the North Damietta concession proving the

commerciality of a development hub in the East Nile Delta for Oligo-
cene intra-slope, lobe and lower slope channel reservoir systems, fol-
lowing the Salamat-1 discovery to the South. The Atoll-1 well tested the
O50 Oligocene stratigraphy in the Atoll prospect. Salamat-1 well dis-
covery was previously drilled this section and found gas in the O50B
and C sands. The Atoll-1 well is penetrated 3 stacked Oligocene, Ru-
pelian reservoir systems (O50B O50C and O50E).

The reservoirs are a mixed intra slope lobe and lower slope channel
depositional environment. The Salamat is a Late Rupelian aged prospect

Fig. 3. Location of North Damietta Concession showing the studied wells.

Fig. 4. Salamat prospect segments showing well targets and planned geological sidetrack.
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with the primary targets sitting immediately below the O53 regional
seal. The reservoirs are interpreted to be lowest slope turbidite deposits
in the form of unconfined laterally amalgamating channel sets and intra
slope lobes (Fig. 4). This interplay between channel and lobe settings is
inferred as being a sign of local accommodation space possibly due to a
local lessening of gradient. The present day structure was formed in the
Serravallian or potentially Tortonian due to inversion of a pre-existing
rift transform due to transpressional tectonics. Source is modeled as
being entrained in and around the reservoir system and is the same self
-sourcing model. The ultimate seal is the regional flooding surface O53
observed to work at O50B.There are also seals between the 3 stacked
reservoir segments that have proven effective pressure seals. The pri-
mary critical risk on the Salamat-1well target was the charge access.
The assessment has been performed using short-offset reprocessed 3D
seismic data, and offset well drilling histories. The aim of study is

recording and delineating the Oligocene reservoir at Salamat-1 and
Atoll-1 discovery wells in North Damietta offshore area, Mediterranean
sea, Egypt. Therefore, the main target of the present study is to throw
the light on the geological system and the petrographical and petro-
physical properties of the Salamat-Attol structures and to delineate
their hydrocarbon potentiality.

2. Structural and geologic setting

Tectonics has played a dominant role in the location of the Nile
Delta and in its structural and depositional history which controlled the
formation of a number of structural and stratigraphic traps for hydro-
carbons accumulations (Kerdany and Cherif, 1990; Said, 1990; Meshref,
1990; Zaghloul et al., 1999a, b; Ghassal et al., 2016).

Four main alignments have the main control on the architecture and

Fig. 5. General lithostratigraphy of the onshore and offshore Nile Delta sedimentary sequence.
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structural setting of the Nile Delta province, the NW-SE trending
Marmarica (lying west of the area), Bardawil line, which aligned with
Akhen, El Temsah, Wakar and Port Fouad marine Fields, NE-SW
trending Qattara-Crutosthenes and the Pelusium line (Nabawy and
Shehata, 2010, 2015). The region occupies a key position in the context
of the plate-tectonic evolution of the eastern Mediterranean and the
Red Sea. It lies on the moderately deformed external margin of the
African Plate, which extends north of the Mediterranean coast. The
boundary between the South Delta Province and the North Delta Basin
is a major flexure zone; at about latitude 31°N, along which faults drop
the Cretaceous-Middle Eocene carbonates down by 15,000 to 18,000
feet to the north. Tertiary sediments under the Northern Nile Delta are
no less than 15,000 to 20,000 feet thick, whereas the equivalent se-
quence in the South Delta is merely 1500 to 5000 feet thick called
Faulted Flexure zone. This marks a major facies change between plat-
form and slope carbonates, and forms a westward continuation of the
Jurassic-Cretaceous hinge line of North Sinai.

The pattern of basement structure in Northeastern Egypt suggests
that the hinge line extends through North Sinai and the Nile Delta. The
tectonics development and the deformation patterns in the Nile Delta
are complicated by the interaction of diversely oriented structural
features, which are the result of the following stages of tectonic de-
formation (Youssef, 1968, Abdel Aal et al., 1994, May, 1991, Hussein
and Abd-Allah, 2001; Hemdan et al., 2002).

i) The differential vertical movement of E to W oriented horst blocks
and grabens along the passive margin of the African Plate as well as
the overall subsidence of the Tethyan basin versus the uplift of the
Afro- Arabian margin.

ii) The arching of the Red Sea region followed by NE to SW and N-NE
to S-SW rifting and sea floor spreading as the Western Desert
basement structure map show a NW-SE dextral shear movement of
regional extent which together with N-NW to S-SE faults displace
the NE-SW oriented Syrian Are structures.

iii) Sediment loading at the expanding Plio-Pleistocene delta front

resulted in the formation of growth faults, shelf margin slumping
and normal faulting.

An extensive erosional unconformity developed over the entire
onshore Delta area in Late Serravallian to Early Tortonian This struc-
ture apparently grew during the Late Middle Miocene times and was
erosionally truncated by the Middle Miocene unconformity.

In addition, the geologic setting and lithostratigraphy of the Nile
Delta sedimentary sequence has been studied by many authors, e.g. El
Shazly (1977), Abu El Ella (1990), Kerdany and Cherif (1990), Rotaf
et al. (1994), Guiraud and Bosworth (1999), Nabawy and Shehata
(2010, 2015) etc. As a result of the crustal extension between the
Arabian and African plates, with the start of the Aptian, a series of E-W-
trending basins has been originated in NE Africa (e.g. Abu Gharadig
basin, Gindi basin, etc.) causing predominance of shallow marine en-
vironmental conditions in the Nile Delta Basin (Bayoumi and Lotfy,
1989; Guiraud and Maurin, 1992; Guiraud and Bosworth, 1999,
Ghassal et al., 2016).

By the end of the Aptian time, the depositional environments in the
Nile delta basin changed from open marine to alternation between
shallow marine and alluvial deposits in the Albian and back once more
to the open marine during the Cenomanian and till the end of the
Campanian-Maastrichtian (Guiraud and Bosworth, 1999).

During the Pliocene, a marine transgression has been occurred
causing deposition of marine sediments to fill the Messinian incised
valleys (Ross and Uchupi, 1977; Said, 1990; Dolson et al., 2000, 2001).
Then, the predominated depositional system shifted from the open
marine to a fluvio-marine and fluvio deposits (Said, 1990, Zaghloul
et al., 1999a, b). The Nile Delta regression started its present active
progradation in the Late Pliocene, coinciding with a sea level drop.

During the Oligocene, a dominant lower slope channel depositional
environment with a mixed intra slope lobes were dominated forming
the main reservoir body of the Tineh Formation in Rupelian basins. In
the Nile basin, few wells reached the Oligocene with its various
lithologies from, e.g. open marine deposits, fluvial clastics, and basalt

Fig. 6. Plotting the main component of the studied samples on QFL diagram indicating subfeldspathic to quartz arenite and wackes composition.

B.A. Abuamarah, et al. Marine and Petroleum Geology 109 (2019) 868–885

872



(Harms and Wray, 1990; Barakat, 2010, Ghassal et al., 2016).
During the Late Miocene Qawasim-Abu Madi regression followed an

Early Tortonian drop in sea-level and the Serravallian-Tortonian tec-
tonics event. The thick Qawasim clastic prism parallels the Faulted
Flexure and is most notable for its prograding clino-form sequence in
the Northeastern part which was formed in deep water seaward of the
Tortonian shelf edge. The Late Miocene; however is generally thin on
the central Delta uplift and is locally variable in thickness due to the
irregular topography of the mid-Miocene unconformity. A general li-
thostratigraphic section has been stated for the Triassic Nile Delta Basin
as shown in Fig. 5.

3. Available data and applied methods

A set of conventional well log data is available for both Salamt-1
and Atoll-1 wells in the study area. This includes Gamma-ray (GR),
sonic (DT), density (RHOB), neutron (NPHI), micro spherical (MSFL),
shallow and deep resistivity (LLS, LLD), and Modular Formation
Dynamic Tester (MDT). The used logging data were depth matched and
environmentally corrected. The available input data was processed
petrophysically using Interactive petrophysics IP3.6 and Petrel software
to get the petrophysical parameters of the studied reservoir.

Porosity was determined as effective porosity from the sonic logs
and as total porosity from the Neutron-Density logs using the formula of

Fig. 7. Photomicrographs showing; A) Silt-sized quartz grains, compacted together, with poorly developed syntaxial quartz overgrowths (purple arrows), depth
6658m, PPL, quartz arenite microfacies, B) Very fine-grained sand to pebbly monocrystalline quartz grains, frequently are polycrystalline (Qp), with very few
amounts of plagioclase feldspars (Ps), and ferroan calcite (fC), depth 6366m, C.N., quartz arenite microfacies, C) Silt-sized, well sorted, subangular to subrounded
quartz grains with greatly reduced pore, depth 6439.3m, PPL, subfeldspathic arenites microfacies, D) Very fine quartz grains with well-developed quartz over-
growths (purple arrows) with minor amounts of kaolinite booklets (Kao) and lithic fragments (L). Secondary inter- and intragranular (orange arrows) pore spaces
formed due to partial dissolution of feldspars into kaolinite (Kao), depth 6439.3m, PPL, subfeldspathic arenites microfacies, E) Poorly sorted quartz grains, mod-
erately compacted with moderately developed syntaxial quartz overgrowths (purple arrows), depth 6457.1m, PPL, subfeldspathic arenites microfacies, and F) Micro
fractures, intergranular and intragranular pore spaces (orange arrows) that are greatly reduced by kaolinite and glauconite pellets, depth 6824m, PPL, subfeldspathic
arenites microfacies. Dc=detrital clay, G= glauconite, Py=pyrite, Rh= residual hydrocarbon, Qz=quartz, fC= ferroan calcite, Qp= polycrystalline quartz,
Ps= plagioclase feldspar, L= lithic fragments, K = K-feldspar, M=micas, S= siderite. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Schlumberger (1985). Shallow, deep and micro-spherically focused
resistivity logs, as well as composite logs were used for resistivity de-
termination, whereas the lithology was determined using the composite
logs.

The water saturation (Sw) in the uninvaded zone was calculated
using Archie's equation (1942). In addition, the hydrocarbon pressure
gradients are generally lower than the hydrostatic one due to the dif-
ference in densities of both fluids. Therefore, the MDT log was helpful
for detecting the position of the gas/water contact. Studying the for-
mation pressure and the gas-water contact using the MDT technique has
been applied by many authors, e.g. Desroches and Kurkjian (1999),

Carnegie et al. (2002), Ienaga et al. (2006), Moe et al. (2012), Baouche
and Nedjari (2017), El Sharawy and Nabawy (2016a,b), Nabawy et al.
(2018a), etc. The pressure gradient (G) could be calculated using the
following mathematical model (Schowalter, 1979).

= + ×P P (TVD G)Fm S

where; PFm is the Formation pressure (psi), PS is the surface pressure
(14.5 psi), TVD is the true vertical depth (ft), and G is the pressure
gradient (psi/ft).

Difference in pressure gradient through the reservoir is an indica-
tion to the change from a fluid to another fluid type, i.e. is a direct

Fig. 8. Photomicrographs showing; A) Silt-
sized quartz grains, cemented with high
amounts of siderite and small amounts
pyrite (Py), depth 6340m, PPL, sideritic
quartz wackes microfacies, B) Poorly sorted
quartz grains float in the matrix, depth
6670m, PPL, subfeldspathic wackes micro-
facies, C) Poorly-sorted monocrystalline
quartz grains (Qz), sometimes are poly-
crystalline (Qp) with very few amounts of
plagioclase (Ps) float in detrital clay matrix,
depth 6670m, PPL, subfeldspathic wackes
microfacies, D) Tight texture with no pore
spaces and many disseminated patches of
detrital clay matrix (Dc) and pyrite (Py),
depth 6704m, PPL, subfeldspathic wackes
microfacies. Denotations as in Fig. 7.

Fig. 9. SEM Photomicrographs showing; A)
Micro intergranular pore spaces (orange ar-
rows) filled with detrital clays (Dc), fram-
boidal to cubic pyrite (Py) and hair-like illite
(yellow arrows), depth 6433.0m, subfelds-
pathic wacke microfacies, B) Moderate-
grained quartz grains with quartz over-
growth (purple arrows). Micro inter- and
intragranular pore spaces (orange arrows)
filled with authigenic chlorite (Ch), depth
6704.0 m, subfeldspathic wacke micro-
facies, C) Common framboidal pyrite octa-
hedrons (blue arrows) with hair-like illite
(yellow arrows) creating matrix porosity in
detrital clays (DC), depth 6704.0m, sub-
feldspathic wacke microfacies, and D)
Corroded quartz grains with quartz over-
growth (purple arrows). Pore spaces (yellow
arrows) greatly reduced by chlorite (Ch and
Kao), and illite (yellow arrows), depth
6826.0 m, subfeldspathic arenites micro-
facies. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Table 1
XRD data for the studied samples Rupelian sequence in Salamat-1 well.

Rock Type Smectite Illite/Smectite Illite Kaolinite Chlorite Quartz Plagioclase Calcite Siderite Pyrite

Quartz Arenite Min. – – 0.20 1.41 0.15 76.30 4.09 – – –
Max. 0.88 0.20 0.44 1.85 1.30 90.70 4.44 15.18 2.86 –
Av. 0.44 0.10 0.32 1.63 0.73 84.00 3.77 7 .59 1.43 –

Subfeldspathic Arenite Min. – – 2.42 7.91 2.08 70.15 6.58 – – –
Max. – – 3.71 9.60 7.96 70.97 9.06 7.06 2.00 0.50
Av. – – 3.07 8.76 5.02 70.56 7.82 3.53 1.00 0.25

Quartz Wacke Min. – – 4.05 21.9 0.00 7.22 1.06 – – –
Max. 32.6 14.3 10.3 53.8 1.92 45.1 4.58 – 18.4 5.93
Av. 13.1 3.02 6.71 39.8 0.78 24.37 2.86 – 7.36 1.96

Subfeldspathic Wacke Min. 2.91 – 1.49 10.5 – 18.1 3.14 – 2.10 –
Max. 24.5 – 5.26 47.5 2.02 66.5 6.71 – 21.4 11.3
Av. 12.8 – 3.80 29.6 0.75 36.2 4.48 – 8.78 3.57

Fig. 10. XRD results for: A) Whole rock sample analysis (in weight percent), B) Clay fraction analysis (< 2 μm size fraction).
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indication to gas-water contact (GWC).
The mineral composition of 21 thin sections were selected re-

presentatively (at depths 6105–6826m) for the studied sequence,
where percentage of the main quartz, feldspars and lithic fragments
were determined in addition to the dominant mineral components. In
addition, the same samples were further examined using scanning
electron microscope (SEM) and X-ray diffraction (XRD) analysis (at
depths 6105–6826m).

Routine and special core analyses were also carried out on 30
sidewall core samples from Salamat-1 well (at depths 6325–6826m).
This analysis includes bulk and grain densities, helium porosity and gas
permeability. Bulk density (represents the rock density including the
pore volume) varies from 2.29 to 2.567 g/cm3 of average 2.439 g/cm3,
whereas the grain density (represents the rock density excluding the
pore volume) varies between 2.487 and 2.689 g/cm3 of average
2.615 g/cm3 indicating clean to argillaceous sandstones.

Double cell helium expansion gas porosimeter was used for the
measurement of porosity and grain density. The measured helium
porosity ranges from 1.66 to 12.99% with an average value of 6.69%.
Finally, as a procedure for the routine core analysis, the gas perme-
ability was measured using a calibrated steady state nitrogen permea-
meter with air as the flowing medium. Gas permeability measurements
were then made on clean and dry samples in a Hassler core holder with
an applied overburden pressure of 400 psig. The gas permeability
ranges from 0.0004 to 2.54 md with an average value of 0.43 md.

The mercury injection capillary pressure tests (MICP) have applied
at both low pressure (up to 6000 psi) and high pressure (up to 60,000
psi) to a total of 22 samples from Salamt-1 well.

4. Results and discussion

4.1. Mineral composition

4.1.1. Petrography
Based on petrographical studies and following the QFL basic clas-

sification of Dickinson and Suczek (1979), the studied rock samples can
be discriminated mostly into four rock types; quartz arenite (4 sam-
ples), subfeldspathic arenite (6 samples), quartz wacke (3 samples), and
subfeldspathic wacke (5 samples) (Fig. 6). The detailed petrographical
studies indicates that the studied quartz arenite samples are composed
of poorly to moderately sorted, sometime pebbly, subangular to sub-
rounded, silt-sized to very fine sand-sized quartz grains, frequently
polycrystalline, poorly cemented with ferroan calcite or glauconitic
cement (Fig. 7A and B). The grains are compacted together with con-
cave-convex, long and point contacts causing rare quartz overgrowth
(Fig. 7A and B). Some plagioclase crystals are also assigned but as traces
(≤3.5%, Fig. 7B). Clays (kaolinite) and pyrite are very rare and re-
presented by very small dull spots (≤1.5%). Porosity is described as
primary to secondary in origin and represented by 1) inter granular
porosity, and 2) micro factures. It is estimated as poor porosity (Fig. 7B,
average porosity= 8.9%).

The subfeldspathic arenites are the main component of the studied

Fig. 11. Plotting the bulk density versus the grain density of the studied sam-
ples.

Table 2
Routine core analysis data of the studied Salamat-1 sequence.

Permeability md Porosity
%

Bulk
Density g/
cm3

Grain
Density g/
cm3

Rock Type

0.01 4.08 2.350 2.527 Min. RRT1
Quartz and
subfeldspathic
wackes

0.13 7.00 2.567 2.679 Max.
0.04 5.10 2.465 2.597 Av.

0.34 9.28 2.290 2.632 Min. RRT2
Quartz and
subfeldspathic
arenites

2.54 13.0 2.400 2.657 Max.
1.08 10.8 2.360 2.644 Av.

Fig. 12. Plotting the helium porosity as a function of the bulk density.

Fig. 13. Plotting Permeability of the studied samples as a function of helium
porosity.
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samples; they are composed of well sorted to poorly sorted, silt-sized to
very fine sand-sized, subangular to subrounded quartz grains cemented
together by quartz overgrowth, sometimes with ferroan calcite cement
with minor chlorite content (Fig. 7C). The grains are compacted to-
gether with point, long and concave-convex contact. Potash feldspars
are represented by subrounded silt-sized grains of average 5.0%. In
addition, some lithic fragments are also represented as traces (av.
2.0%), whereas chlorite are present as filling cement for the pore spaces
(up to 6%). Pore spaces are mostly poor of average 9% and mostly
represented by 1) micro to macro intergranular pores (Fig. 7C, D, E),
and 2) micro fractures (Fig. 7F). Pore spaces are greatly reduced due to
compaction and presence of kaolinite clay minerals as pore filling
materials (Fig. 7D, F).

The third rock type is the quartz wacke which are the least domi-
nant rock type in the studied sequence. They are composed mostly of
laminated argillaceous siltstone and subrounded to subangular sand-
stones which consist of well-sorted, silt-sized to very fine sand-sized
quartz grains float within and cemented with siderite cement (average
14%), sometimes with argillaceous cement, sometimes with point and
long contacts. Some glauconite pellets, traces of plagioclase and potash
feldspars, phosphate pellets and micas are also present. The quartz
wacke samples are mostly described as sideritic quartz wacke (Fig. 8A).
Porosity seems to be obliterated by the sideritic and kaolinitic cement
(Fig. 8A).

The subfeldspathic wacke are common rock type in the target zone
of Tineh Formation. It is mostly composed of laminated mudstone in-
tercalated with sandstone interbeds. The sandstone lenses and interbeds
are composed mostly of ill-sorted silt-sized to coarse-grained sub-
angular to rounded, quartz grains (29.7–45.7%) float in a clay matrix
(Fig. 8B). Very fine to moderate-sized mostly altered plagioclase crys-
tals are also present (1.7–4.3%, Fig. 8C) in addition to few glauconite
pellets and micas. Clay minerals are mostly represented by patches of
detrital matrix forming the main cement of this rock type (17.3–45.7%).
Some silt-sized to medium-sized authigenic pyrite and siderite grains
are disseminated in the cement. Percentage of these authigenic minerals
vary between 10.7 and 16.3%, i.e. many samples are described as
pyritic or sideritic subfeldspathic wacke (Fig. 8D). Pore spaces are re-
presented only by neglected percentage of micro fractures (≤1.0%)
which are filled and obliterated with clay minerals, ferroan calcite and
siderite (Fig. 8C and D).

4.1.2. SEM studies
The detailed SEM studies indicate the presence of much authigenic

minerals including pyrite and siderite as iron minerals and kaolinite
and chlorite as authigenic clay minerals. In addition, many amounts of
detrital clays are present masking the pore spaces and creating matrix
porosity. In addition, the SEM studies ensured the tightness and poor
quality of the studied reservoir sequence, where most of the pore spaces
are presented by matrix porosity or micro intergranular porosity greatly
reduced by patches of authigenic and detrital clay minerals and pyrite
(Fig. 9A). In addition to the clay matrix, some quartz overgrowth is also

present due to compaction between the grains. This quartz overgrowth
acts as cement between the grains (Fig. 9B). The quartz grains are
mostly represented by euhedral and smooth-faced pyramidal shapes,
whereas the pyrite patches are represented by framboidal to sub-cubic
crystals of pyrite crystals (Fig. 9C). In addition to the chlorite, the au-
thigenic clays are also represented kaolinite filling the intergranular
pore spaces with few amount of poorly crystallized hairy-like illite as
pore filling materials and as grain coating authigenic clay matrix
(Fig. 9D). The dominance of detrital and authigenic clays are mostly
observed in both the subfeldspathic wacke and quartz wacke micro-
facies, whereas the iron minerals are mostly present in the subfelds-
pathic wacke microfacies.

4.1.3. XRD studies
XRD analysis provides semi quantitative information on the mineral

composition of studied whole rock ample besides to the clay fraction
(Table 1). Petrographically, the studied Rupelian sandstones are com-
posed mostly of clastic sequence represented by four rock types. From
the XRD data, the quartz arenite is composed mostly of quartz
(76.3–90.7%) with minor amounts of plagioclase (av. 3.77%), calcite
(7.59%), and siderite (1.43%), with traces of clay minerals (< 1.65%)
indicating clean nature and high grade of reservoir rock type (Table 1).
The other three microfacies are characterized by presence of relatively
higher percentage of clay minerals and plagioclase feldspars, where the
subfeldspathic wacke microfacies is composed of quartz (av. 36.2%),
kaolinite (av. 29.6%), smectite (12.8%), siderite (av. 8.78%), pyrite
(3.57%), plagioclase (av. 4.48%), Illite (av. 3.80%), and traces of
chlorite (Table 1). This indicates high percentage of clay minerals and
iron oxides with smectite and illite (av. 16.6% for both) in particular
which is characterized by high degree of swellability, i.e. very poor
reservoir quality should be assigned for this microfacies. The same very
poor reservoir quality is assigned for the quartz wacke microfacies,
where the bulk content of both smectite and illite is 16.1%. They can
block the pore throats due to their high swellability as shown from the
thin sections (Fig. 8A–D) and the SEM studies (Fig. 9A–D).

Plotting the mineral composition of the studied samples as a func-
tion of depth (Fig. 10A and B) indicates presence of two fining upward
cycles of deposition. The quartz content decreases upward from the
bottom (quartz arenite microfacies) up to depth 6474m (subfeldspathic
wacke microfacies) and the cycle was repeated once more up to 6105m
(quartz wacke microfacies) with some streaks of increase the quartz
content (quartz arenite microfacies). This may be attributed to pro-
grading delta deposition. The plagioclase feldspars follow the same
trend of the quartz but with much less values (Fig. 10 A). The decrease
in the quartz content is compensated by increasing the clay fraction
upwards from 4.43% at the bottom up to 72.7% at the top of the first
cycle and the cycle was repeated upward. The kaolinite content is the
main contributor for the clay content increasing through the first cycle
upward till 53.8% (Fig. 10A). It forms 70.5 and 74.0% of the total clay
fraction at the base of the first and second cycles (Fig. 10B), i.e. its
increase or decrease may be related to alteration plagioclase feldspars

Fig. 14. A classification for the permeability of reservoir rocks indicating poor quality and tightness of most of the studied wacke (RRT1) samples.
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as authigenic and depositional reasons as detrital clay. The smectite
fraction increases with decreasing the quartz content. They increase
from 0.88 up to 32.6% near the top of the first cycle and then increases
up to 26.6% from the total bulk volume at the top of the second cycle
(Fig. 10A and B). The same behaviour is assigned to the illite fraction.
The chlorite abrupt increase is diagnostic for the base of the two cycles.
Increase the clay fraction at the top each cycle may indicate tight re-
servoir quality at the top of each depositional cycle.

4.1.4. Impacts of diagenetic history on pore volume
The diagenetic history of the sedimentary Rupelian sandstone

sequence from Salamat-1 well can be represented in sequence as fol-
lows. The different phases will be differentiated into porosity-reducing
and porosity enhancing factors as described by many authors, e.g.
Morad et al. (2010), Nabway and Kassab (2014), Caracciolo et al.
(2015), Lai et al. (2017, 2018).

1) Filling and infiltration phase for the intergranular primary pore
spaces by the detrital kaolinite and chlorite clays (Fig. 9). It is a
main porosity-reducing factor,

2) Mechanical compaction phase which reduced the total intergranular
porosity and formation of quartz overgrowth (Fig. 7A, C, E). This

Fig. 15. Plotting Porosity and permeability as a function of depth for Salamat-1 well.
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Fig. 16. Example of the pore throat distribution of some samples of the RRT1 wacke and the RRT2 arenite samples.

Fig. 17. Seismic cross section in Salamat area indicates the presence of a channel sand system acting as a stratigraphic trap with presence of some prospective sand
lenses.
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phase is accompanied by fracturing the quartz grains to create a
subsidiary micro fracture system,

3) Cementation phase by ferroan calcite cement (Fig. 7B, D). It is
considered as a main porosity-reducing factor,

4) Phase of siderite Formation as an authigenic mineral (FeCO3) due to

invasion of Fe-bearing solutions to dissolve the carbonate cement
and to form siderite instead as a porosity-reducing phase (Fig. 9A,
C),

5) Dissolution and leaching out of the calcite cement. It is assigned as
porosity-enhancing phase,

Fig. 18. Cross section, VSP, well log data and Pressure measurements in the Rupelian O50C sand channel in Salamat-1 well. The O50B and O50C are gas prone.

Fig. 19. A litho-saturation crossplot through Salamat-1 well indicating the main gas-prospective sand channels.
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6) Phase of feldspars alteration into kaolinite to compensate and fill the
available and created pore spaces (Fig. 8). It is porosity reducing
phase,

7) Pore filling phase by chlorite as a porosity-reducing phase (Fig. 9B,
D),

8) Hydrocarbon emplacement by migration and filling the pore spaces
(Fig. 8A, D), and

9) Final reduction phase and pyrite formation to fill some of the
available pore spaces. This phase is locally significant as a porosity-
reducing phase (Figs. 7A, 8D and 9A, C).

The final impact of the diagenetic history of the studied sequence is
a porosity- and reservoir quality-reducing which leads to poor to tight
reservoir quality for hydrocarbon accumulation as the case of the
quartz wacke and the subfeldspathic wacke microfacies.

4.2. Pore volume and pore throats characterization

Measuring porosity and permeability of a given reservoir is a direct
measure for the storage and flow capacity. Though porosity seems to be
a main contributor to the flow capacity, permeability is mostly con-
trolled by the pore throat distribution which could be measured using
the mercury injection capillary pressure technique (MICP).
Petrophysically, the studied four microfacies rock samples, as described
petrographically, are summed up based on their petrophysical re-
lationships into two reservoir rock types (RRTs).

Plotting the bulk density as a function of the grain density indicates
that most of the studied samples are assigned to RRT1 (wacke) with
bulk density more than 2.40 g/cm3, whereas all the arenite samples
(RRT2) have bulk density less than 2.40 g/cm3 and clustered around the
quartz grain density value, 2.65 g/cm3 (Fig. 11, Table 2). This indicates
the homogeneity in mineral composition of the studied arenites (RRT2),
with some heterogeneity in the RRT1 samples. Plotting porosity as a
function of the bulk density indicates high quality data and ensures the
homogeneity of the arenite samples and heterogeneity of the RRT1
samples (Fig. 12). Porosity of the studied samples are in the range of

negligible to poor porosity for RRT1 samples and ranked as poor to fair
for the arenites as described by El Sharawy and Nabawy (2016a, b),
Nabawy and Barakat (2017). Plotting porosity as a function of perme-
ability indicates a high reliable direct exponential relationship
(Fig. 13). This plot ensures discriminating the studied samples into two
RRTs with gab in values of both porosity and permeability for both rock
types. Permeability of RRT1 samples could be described as tight to poor
quality (0.01≤ k≤ 0.13 md, of average 0.04 md, Fig. 14, Table 2),
whereas it is ranked as poor reservoir to fair rock samples
(0.34≤ k≤ 2.54 md of average 1.08 md) as classified by Nabawy and
Al-Azazi (2015) and as shown in the classification of the tight reservoirs
(Fig. 14, Table 2), i.e. permeability of the arenite samples are ranked as
poor to fair quality, whereas the other wacke samples are characterized
by tight to poor reservoir quality.

A mathematical model has been introduced for calculating porosity
as a function of the bulk density and permeability as a function of
porosity (Figs. 12 and 13). However, due to the high reliability of the
porosity-permeability model and similarity in slopes of best fit-lines for
RRT1 and RRT2 samples (Fig. 13), a general model could be established
for the different rock samples in Salamat-1 well to calculate perme-
ability (k, md) as function of porosity (∅He, %).

= × =
−k ϕ R3 10 ( 0.967)He

5 4.38. 2

Plotting porosity and permeability as a function of depth (Fig. 15)
indicates presence of two main cycles through the studied clastic se-
quence (6825-6465m and 6455-6325m) with decreasing the reservoir
quality at the top of each cycle. Additional subsidiary cycle was as-
signed at depths (6665-6465m) with decreasing the reservoir quality
upwards. This subsidiary cycle is due to presence of sand thin bed at
depth 6665m. Accompanying the petrophysical properties with the
studied microfacies indicates that each cycle is composed mostly of
RRT2 subfeldspathic and quartz arenite samples at the base of the cycle.
Upwards, the depositional and petrophysical cycles are topped with
RRT1 subfeldspathic and quartz wacke samples, i.e. the petrophysical
behaviour is mostly controlled by the mineral composition and texture
of the studied samples.

Fig. 20. A Plot of the pressure data obtained from MDT log for sand B and C channels, Salamat-1 well.
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The MICP tests have been applied to the studied samples at two
levels of pressures, low and high pressure for the different samples.
Plotting the pore throat distribution as a function of distribution at the
two levels of pressures indicates that, RRT1 samples represented by the
quartz wacke samples are characterized by polynomial pore throat
distribution (Fig. 16A) with higher heterogeneity for the subfeldspathic
wacke microfacies which in correspondence with the petrographical
study (Fig. 16B). The pore spaces of the wacke samples are assigned in
the micro and nano pore spaces as described by Nabawy et al. (2018b).
This high heterogeneity in the pore throat distribution explains the
assigned tightness of the studied wacke samples of Salamat-1 well. On

the other side, the arenite samples are characterized mostly by bimodal
pore throat distribution, one size is assigned as meso pore spaces
(1–10 μm) and the other is assigned in the size of the nano pore spaces
(Fig. 16C). The quartz arenite pore throat distribution exhibits a wider
pore size distribution (up to 9 μm) than that assigned for the subfelds-
pathic arenite samples (up to 2.26 μm). This is in accordance to the
relatively wide pore sizes assigned from the petrographical studies
(Fig. 16D). Though the pore throat distribution of the arenite samples
indicates the presence of a peak in the meso size, but most of the pore
spaces are characterized by micro to nano pore sizes. This may explain
the poor to fair reservoir quality of the arenite samples.

Fig. 21. A correlation between the studied two wells showing the pay zones.
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4.3. Formation evaluation

The petrographical and core data studies explain and support the
obtained well log and 2-D seismic data which aimed mostly at studying
the Chattian and Rupelian Oligocene sands in both Salamat-1 and Atoll-

1 wells. The seismic 2-D sections in the studied Salamat area indicated
that the target Rupelian clastic sequence comprise deep water alluvial
channel reservoir sands at different depths, charged by interbedded and
underlying Oligocene gas source rocks, sealed by abandonment and
inter-channel slope shales and trapped where the channels cross a large

Fig. 22. A Plot of the pressure data obtained from MDT log for the Upper Chattian O85A and O85B sand channels, Atoll-1 well.

Fig. 23. Litho-saturation crossplot of the Lower Chattian sand zones in Atoll-1 well.
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gentle anticline. These sand channels have been deposited on the lowest
slope setting in local accommodation space causing interplay of intra-
slope lobes and braided channels environment.

These sand channels are distinguished alphabetically based on
depth into sand channels O50A to E and to East and West lenses based
on their location in the study area (Fig. 17). The well testing and mud
logs indicated gas shows in both O50B, O50C sands (Figs. 17 and 18).
O50B sand (34.5 m as a net pay, porosity (∅)= 10.0%, water satura-
tion (Sw)= 30%) is mostly separated from O50C sand (10m as a net
pay, ∅=14.0%, Sw=32%) by a thick shale sequence. The gas-water
contact GWC is estimated in the middle parts of O50C (gas pressure
gradient is 0.17 psi, water pressure gradient is 0.433 psi), and the sand
channels O50D (few sand streaks), O50E (12m) and O30 (25m) are
assigned as water-bearing bodies (Fig. 18). Integrating the well log data
with the core data and petrography data ensured that, the best reservoir
quality is assigned for the O50C, O50E and O30 (average porosity is
9.6, 11.2, 11.5% and average permeability is 0.49, 1.66, 1.37 md, re-
spectively), i.e. they are considered mostly as low permeable sequences.
These sequences are described as subfeldspathic and quartz arenite
microfacies with relatively low clay content (Fig. 15).

In addition, two Chattian sand channels were assigned in Salamt-1
(sand-A, 5m, ∅=18%, sand-B, 4m, ∅=15%), but both are water
bearing. The Rupelian O50A is also a water bearing body, i.e. this up-
permost channel system is completely separated from the other
Rupelian gas-bearing sands (O50B and O50C) (Fig. 19). The MDT
pressure log data indicated that O50B sand presents a compartment
which is completely separated from the underlying O50C sand body
with a difference of 220 psi (Fig. 20).

Following up the Rupelian and Chattian sand channels to the north
east in Atoll structure (Atoll-1 well) indicates that the Rupelian and the
Late Chattian thickness decreases to the NE at Atoll-1 well. The target in
this well is the Chattian O85A, O85B, and the Rupelian O50B, and
O50C as well (Fig. 21). On contrary to the case of Salamat-1, the
Chattian channels O85A and O85B in Attol-1 are gas-bearing with very
good thickness and quality (net pay is 50.0m, av. ∅=17.4%, av.
Sw=34.5%). Unfortunately, the GOC is recorded at shallow depths in

O85B with only 2.8 m as net pay and 16% porosity. Both sand channels
are separated from each other by thick shale sequence of 33.6 m
(Fig. 22). Down word through the Lower Chattian, five sand bodies
were recorded with average Sw=33.0% and 15% porosity through the
upper four sand bodies (total net pay 39.0 m) (Fig. 23). Additional GWC
was assigned at the top parts of sand 5 indicating two separated com-
partments in the Lower and Upper Chattian sand channels. On contrary
to well Salamat-1, the Rupelian sand channels O54, O50B, O50C and
O50E are water-bearing with lower porosity (7.4–10.0%) (Fig. 24).

5. Conclusions

Petrophysically and petrographically, the studied Rupelian and
Chattian rock samples may be summed up into four microfacies, quartz
arenite, subfeldspathic quartz arenite, quartz wacke and subfeldspathic
wacke microfacies. Smectite and illite percentage exceeds 15% for the
wacke samples, whereas the average kaolinite may reach up 39.8% for
the quartz wacke samples. The arenite samples are characterized by
absence or traces of smectite and illite and kaolinite average do not
exceeds 8.8%. The mechanical compaction, quartz overgrowth and
filling the pore spaces by detrital clays and pyrite are the most porosity-
reducing factors.

Petrophysically, these four microfacies are summed up into two
reservoir rock types (RRTs). The arenite samples (RRT1) are mostly
characterized by poor to low reservoir quality with average porosity
and permeability (10.8%, 1.08 md). The wacke samples (RRT2) are
characterized by tight reservoir quality, where the average porosity is
5.10% and the average permeability is 0.04 md.

Studying the well log data of the Oligocene sequence in the southern
parts of the study area indicates that some Rupelian sand are highly
prospective for gas production and acting as separated compartments.
Upwards, the Chattian sand zones are water bearing with no gas shows.
In the northern parts of the study area, both the Lower and Upper
Chattian sand channels are gas bearing with good porosity and low
water saturation, whereas the Rupelian sand channels to the north of
the studied area at Atoll-1 are water-bearing bodies.

Fig. 24. Litho-saturation crossplot of the Rupelian O54, O50B, O50C and O50E sand zones in Attol-1 well.
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