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Abstract This study focuses on the effect of diagenetic
processes on the petrophysical characteristics of the Mio-
cene rocks exposed east of the Qattara Depression, north
Western Desert, Egypt. Several techniques were applied
on the collected rock samples in order to determine their
mineralogic composition and the diagenetic processes
they have undergone. The petrophysical analyses are con-
ducted on horizontal plugs representing the Miocene For-
mations in the study area. They mainly include porosity,
permeability, and density. Petrographic analysis revealed
that the Moghra Formation is composed mainly of
quartzarenites with few shale and limestone intercalations.
The Marmarica Formation, on the other hand, is com-
posed mainly of sandy dolomicrite, sandy biodolomicrite,
and sandy biomicrite facies. The main diagenetic process-
es encountered are neomorphism, dolomitization, dissolu-
tion, cementation, compaction, and replacement. Values of
porosity, permeability, grain, and bulk densities for the
studied plugs derived from the Moghra Formation range
from 14.7 to 27.8 %, from 0.01 to 35.39 mD, from 2.51 to
2.79, and from 2.01 to 2.32 g/cm3, respectively, while
they range from 2.9 to 40.8 %, from 0.002 to

14739.15 mD, from 2.67 to 2.8 g/cm3, and from 1.62 to
2.65 g/cm3 for the samples of Marmarica Formation. Both
petrographical and petrophysical studies revealed primary
and secondary origins of the sample porosity and perme-
ability and that the studied sandstones can be considered
as good hydrocarbon reservoirs. In addition, the studied
carbonate rocks are characterized by high effective poros-
ity and permeability due to the secondary enhancement
through the dissolution of fossils and other components
implying that their corresponding subsurface occurrences
represent good reservoir rocks.
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Introduction

Diagenetic processes have a great impact on the petrophysical
properties and, hence, the quality of reservoir rocks. Reservoir
quality, which is controlled by depositional facies and subse-
quent modifications by diagenetic alterations, is one of the
critical aspects in understanding the basic elements of the play
in sedimentary basins (e.g., Ebdon et al. 1995; Johnson and
Fisher 1998; Mansurbeg et al. 2008). Diagenesis comprises a
broad spectrum of physical, geochemical, and biological post-
depositional processes by which original sedimentary mineral
assemblages and their interstitial pore waters interact with
each other to reach textural and thermodynamic equilibrium
with their environment (Worden and Burley 2003). Diagenetic
processes that occur in the earlier stages of a burial cycle are
collectively known as eodiagenesis, while processes that
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occur af ter eodiagenesis are col lec t ively cal led
mesodiagenesis (Gier et al. 2008). Processes that occur during
diagenesis fall mainly into three categories: compaction, min-
eral precipitation (cementation), and mineral dissolution. Al-
teration of detrital grains and minerals could also be added
but, in essence, this is a special case of sequential dissolution
and precipitation at the same site (Worden and Burley 2003).

The diagenetic evolution of sandstones is controlled by
a variety of interrelated parameters, including composition
of framework grains, pore water chemistry, tectonic set-
ting of the basin, and burial-thermal history of the succes-
sion (Morad et al. 2000; Stonecipher 2000). Numerous
successful attempts have been made to link diagenetic
alteration to sequence stratigraphy of paralic and fluvial
deposits (Dutton and Willis 1998; South and Talbot 2000;
Ketzer et al. 2003; Al-Ramadan et al. 2005). Carbonate
rocks, on the other hand, may undergo extensive diage-
netic changes due to the unstable nature of carbonate min-
erals (e.g., Stehli and Hower 1961) and can, for example,
result in early cementation, secondary porosity develop-
ment, and a modified fracture density (Vandeginste et al.
2013). Studying the exact diagenetic history of a rock

sequence is a challenging problem to tackle because it is
a cumulative product of many different processes.

The aim of this work is to investigate the various dia-
genetic processes of some Miocene rocks exposed at the
northern part of the Western Desert of Egypt and how
they affect their petrophysical properties. Diagenetic pro-
cesses of major effect on these rocks are mainly
neomorphism, dolomitization, dissolution, cementation,
compaction, and replacement. A detailed description of
the study area, the facies encountered, their diagenetic
sequence, and its effect on the petrophysical properties
of the Miocene rocks is given in the following sections.

Study area

Being one of the most important morphological features of the
north Western Desert of Egypt, the Qattara Depression is lo-
cated between latitudes 28° 30′ and 30° 30′ N and longitudes
26° 00′ and 29° 30′ E (Fig. 1). The depression is the largest
and deepest of the undrained natural depressions in the Sahara
Desert and was first discovered and mapped by Ball (1927,

Fig. 1 Locationmap showing the
Qattara Depression and the study
area (after Farouk and Khalifa
2010)
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1933). It is bounded from the north and west by steep escarp-
ments; the top of which averages about 200 m above sea level.
Several investigators were able to throw light on the tectonic
framework of the Qattara Depression (e.g., Collet 1926;
Knetsch and Yallouze 1955; Stringfield et al. 1974; Meshref
et al. 1980; Said 1981).

The depression is generally excavated in the almost
horizontal Miocene sediments, which form a blanket
covering an unevenly eroded subsurface. Towards the
east and south, the floor of the depression rises gradually
towards the general desert level. Therefore, it is difficult
to specify the extent of the depression, although it is
usually regarded as being bounded by the zero elevation
contours (Said 1960). In most reports, the overall bound-
ary has been taken at the sea level contour, and by that
definition, estimates of the depression's area have ranged
between 18,100 and 19,500 km2, with an average depth
of 60 m. Its maximum length is ~300 km, and its max-
imum width is 145 km. The lowest point in the depres-
sion is 134 m, which lies at the southwestern part of the
depression (Said 1960).

Although the Miocene succession in the Qattara Depres-
sion has been extensively studied by different authors, very
limited investigations have only been published on the
sedimentology, petrology, and mineralogy of these rocks
(Shata 1955; Said 1962; Marzouk 1970; Philip et al.
1977; Claude et al. 1990; Abu-Zeid and El-Wakeel 1992;
Abdallah 2001; Farouk and Khalifa 2010). Most previous
studies have concentrated on the origin, structure, geomor-
phology, tectonic framework, and general geology.
Examples of the most detailed discussions are those made
by Abdalla (1966) and El-Fayoumy and Shaker (1987).
The Miocene sediments, in which the depression is exca-
vated, are made up of a lower fluvio-marine clastic unit
(Moghra Formation) and an upper shallow and reefal lime-
stone unit (Marmarica Formation). The Moghra Formation
is of Early Miocene age and is represented mainly by sand-
stone, few shale and minor limestone intercalations, in ad-
dition to a small thickness of conglomeratic beds (Fig. 2a–
c). The basal Miocene strata (Moghra Formation), below
the carbonates of the Marmarica Formation were named
and described in detail by Said (1962). He recognized that
within the area of the depression, two facies exist within
the Moghra, a predominantly fluviatile to transitional fa-
cies to the east and a marine facies to the west. The Moghra
Formation is about 202.5 m thick at the type locality, the
escarpment adjacent to Moghra Oasis, whereas the mini-
mum thickness is about 50 m. The formation increases in
thickness northward and westward to a maximum of
410 m.

The Marmarica Formation, as described by Said (1962), is
a calcareous unit, which is uniform in lithological and biolog-
ical characteristics, and ranges in thickness from 78 to 95 m

within the area of the depression (Claude et al. 1990). It varies
from pure limestone and calcarenite to shaly limestone and
marl and becomes gradually sandy approximately to the east
of the longitude of Alamein (Fig. 2d–e).

The eastern part of the Qattara Depression is consid-
ered as an interesting area because it represents a strip
covering the area between Alamein and Razzak oil fields
in the north and the Abu Gharadig field in the south,
which represent the most important productive oil fields
in the Western Desert of Egypt. Consequently, we hereby
collect a total of 87 rock samples from the eastern tip of
the Qattara Depression, that is, located in the northern part
of the Western Desert (Fig. 1). Detailed description of the
measured succession and the lithologic characteristics of
the different rocks are given in Fig. 3. We then select 22
of these samples that represent the main rock varieties to
conduct the petrophysical measurements and examine the
effect of the different diagenetic processes on their storage
capacity properties.

Data and analytical methods

Petrographic examination of 32 sandstone and carbonate
samples was done on the stained thin sections in order to
clarify the textural characteristics of the various compo-
nents and different types of grains. The sandstone samples
were impregnated with epoxy resin containing blue dye
prior to sectioning and later classified according to
Pettijohn (1975). Using an automated point counter (Swift
model F), 17 sections were counted at 500 counts per
slide for framework, cement, porosity types, and matrix
investigation. Special attention was paid to the types of
porosity (intergranular, intragranular, oversized, and
mouldic) due to their importance in the reservoir quality
evaluation and whether the porosity is primary or second-
ary. The study was performed under the polarizing micro-
scope in plane polarized light (PPL) and under crossed
nicols (CN). For carbonate rocks, compositional varia-
tions and rock textures were defined according to the
classifications proposed by Folk (1959, 1962). Some tex-
tural parameters such as fabric, sorting, grain contacts,
and different types of porosities were also considered.

Carbonate samples were stained with Alizarin Red S to
differentiate calcite and dolomite and with potassium fer-
ricyanide to distinguish the ferroan and non-ferroan min-
erals (Dickson 1965). The JEOL model scanning electron
microscope (SEM) was used to study the sandstone sam-
ples in the form of small chips. The fresh chips were
mounted onto copper stubs and coated with gold and car-
bon for optimum resolution. The SEM was used to iden-
tify the clay mineral species, as well as the authigenic
minerals and porosity types. Clay mineralogy of 28
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shale-containing samples was determined by X-ray dif-
fraction (XRD) analysis using both smear-on glass slide
and powder press techniques (Hardy and Tucker 1988).
The analysis was done by a RIGAKU RAD-I X-ray dif-
fractometer (CuKα radiation with 30 kV, 10 mA, 2–70° 2-
theta). Discrimination between kaolinite and chlorite was
done after heating the samples to 550 °C for 2 h in a
muffle furnace (Tucker 1988a). Peak locations and inten-
sities were determined digitally using Diffrac/AT

software, and minerals were identified by their character-
istic reflections (Moore and Reynolds 1989). Furthermore,
examination of the carbonate minerals in the powdered
samples by XRD was undertaken to investigate the nature
of the minerals and their compositional variations and
also to identify the associated minerals.

The acid insoluble residue, a rough estimate of the silicate
proportion of the sample, was determined for all samples.
About 10 g of the dry powdered samples was dissolved in

Fig. 2 a Field photograph showing tabular cross-bedded, rootleted
sandstone from Moghra Formation. b Field photograph showing
trough-cross bedded sandstone from Moghra Formation. c Field
photograph showing well-bedded shale intercalations within the
Moghra Formation. d Field photograph showing cavernous structure
due to the effect of chemical weathering on the Marmarica Formation.

e Field photograph showing well-developed karstification at the upper
part of the Marmarica Formation. f Optical micrograph showing clay-
film coating detrital quartz and oriented perpendicular to grain surfaces
forming "meniscus" appearance. Authigenic hematite as pore-lining,
pore-filling and grain coating. Plane light, sample Q34, Moghra
Formation
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10 % hot HCl acid for at least 24 h to insure complete digestion
of the carbonate fraction. Estimation of the insoluble residue of
the samples could be useful in the determination of the nature of
rocks surrounding the carbonate basins (Blatt 1992a). Twenty

friable to semi-friable sandstone samples were selected for grain
size analysis which was carried out following Folk (1980).

Twenty-two plugs were selected from the considered rock
units to evaluate their petrophysical characteristics. The samples

Fig. 3 Stratigraphic succession of the Miocene rocks in the eastern part of the Qattara Depression
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are used tomeasure the effective porosity (Φe), bulk density (ρb),
grain density (ρg), and permeability (K, in mD). Porosity is the
percentage of pore spaces in the total volume of the rock.

Фe ¼ V p=V b ð1Þ

where Vp is the pore volume and Vb is the sample bulk
volume.

Several methods can be used for the porosity determina-
tion. Each depends mainly on the required accuracy, type of
rock, and the degree of consolidation. Laboratory measure-
ments of porosity are necessary to determine only two of three
volumes, namely, the bulk volume, the interconnected pore
volume, and the grain volume (Vg).

where V b ¼ V p þ V g ð2Þ

The rock porosity (Φe) has been determined at the
Egyptian Petroleum Research Institute (EPRI), Cairo,
Egypt, by the use of matrix cup helium porosimeter
(Heise Gauge type) for the grain volume estimation and
DEB-200 instrument, which follows Archimedes law for
bulk volume determination.

Permeability is a measure of the ease with which a
fluid of a certain viscosity can flow through a rock sample
under a pressure gradient (Lynch 1962; Serra 1984). It is
controlled by many factors such as rock pore geometry,
cement, texture, grain size, grain shape, sphericity, and
roundness. Permeability increases with increasing effec-
tive porosity and grain size (especially in unconsolidated
sediments from shale/clay to gravel) and decreases with
compaction and cementation (decrease of porosity and
pore-throat radii). It is measured in this study by using
the Core Lab Permeameter at the Egyptian Petroleum Re-
search Institute, Cairo, Egypt and is expressed in units of
darcy (or mD). One darcy is the ability of the porous rock
to transmit fluid of centipoises viscosity (μ) at a rate (Q)
of 1 cm3/s through a cross-sectional area (A) of 1 cm2,
when the pressure gradient (ΔP/L) is 1 atm/cm.

K ¼ QμL=AΔP ð3Þ

where K is the permeability.
One darcy= [1 cm3/s×1 cP×1 cm] / [1 cm2× (1 atm/cm)].

Permeability is measured practically in millidarcys and, in
some cases, it is better to express it in μm2,

where one darcy=1000 millidarcy (mD).

Millidarcy ¼ 0:9869 � 10−3μm2

The grain density (ρg) of the studied rock samples has been
determined by utilizing Boyle's law. Obtaining a dry sample
weight, ρg can simply be determined by the equation:

ρg ¼ W d=V g ð4Þ

where

Wd is the dry weight of the core.
Vg is the grain volume.

The bulk density of the studied samples (ρb) was deter-
mined as the ratio of the dry weight of the sample to its bulk
volume.

Results

The sandstones of the Moghra Formation constitute the
major part of the measured section. They are of different
colors, white, yellow, orange, and brown. Tabular planar
and trough cross-bedding primary sedimentary structures
are common with subordinate convolute bedding (Fig. 2a,
b). Data obtained from the grain size analysis show that the
grain size distributions are mainly of unimodal pattern,
although the "two bar" histograms and three went-worth
grade types of distribution are present. The average values
of sorting for all samples are moderately well-sorted sug-
gesting that the studied sandstones are relatively submature
(Pettijohn et al. 1972). The sandstone lithofacies are main-
ly of quartzarenite which is formed from detrital quartz
grains bounded together with cementing material of cal-
cite, dolomite, and iron oxides. The following three types
of lithofacies are observed within the sandstone: fossilifer-
ous dolomitic quartzarenite, calcareous quartzarenite, and
ferruginous quartzarenite. The data of bulk sandstone anal-
ysis show that quartz is the main constituent besides other
minors such as feldspar, hematite, clay minerals, dolomite,
and halite (Table 1 and Fig. 4). Quartz (3.34 Ao) ranges
from 51.46 to 89.64 % with an average value of 62.52 % in
the studied samples.

Conglomeratic beds are locally observed with small thick-
nesses. In addition, yellow phosphate nodules and gypsum
veinlets are also present. Shales constitute about 29 % of the
measured section and consist of yellowish, finely laminated
grey and green shale (Fig. 2c). Limestones constitute about
2 % of the measured section and are represented by two beds.
The lower bed (about 3.5 m thick) is light brown to yellowish
fossiliferous limestone, while the upper bed (about 1.5 m
thick) is yellowish brown sandy dolomitic limestone.

The Marmarica Formation constitutes about 19 % of the
studied section and consists mainly of dolomitic rocks
(Table 2). The strongest peak of dolomite appears at 30.88°
to 31° 2θ (2.88 to 2.89 A°) (Fig. 5). They are of different
colors: white, yellow, and grey. The lower part of the forma-
tion is highly fossiliferous and cavernous (Fig. 2d), while the
upper part is characterized by karstification (Fig. 2e). The
microfacies study of the Marmarica Formation has resulted
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in the recognition of the following five facies: sandy
dolomicrite, sandy biodolomicrite, biodolomicrite, sandy
dolobiomicrite, and sandy biomicrite.

Porosity, density, and permeability measurements for the
22 horizontal plugs are listed in Table 3. The petrophysical
data seem to be highly heterogeneous, which could be attrib-
uted mostly to differences in the rock types, heterogeneity in
the particle size, clay amount and distribution, and the com-
plexity of the pore spaces in the 3-D (e.g., Nabawy 2011;
Kassab et al. 2013). Porosity of the Moghra Formation sam-
ples varies from 11.1 to 21.7 % and from 1.1 to 41.4 % for the
plugs of the Marmarica Formation. The grain density data
vary from 2.66 to 2.80 g/cm3 and from 2.69 to 2.8 g/cm3 for
the Moghra and Marmarica Formations, respectively. Bulk
density data range from 2.16 to 2.39 g/cm3 for the Moghra
Formation, while in case of the Marmarica Formation, they
range from 1.63 to 2.68 g/cm3.

The measured rock permeability values vary from 0.01 to
62 mD for the plugs of the Moghra Formation and from 0.002
to 22437 mD for the plug samples collected from the

Marmarica Formation. Permeability decreases downward in
the Moghra Formation because of increased compaction and
aging, while the permeability increases in the Marmarica For-
mation (Table 3).

Discussion

Depositional environments

The clastic succession of the Moghra Formation (Fig. 3) sug-
gests a fluvial environment, where the Western Desert has
emerged and a regressive stage commenced during the Early
Miocene times. This fluvial deposition was interrupted by two
minor marine invasions during the accumulation of the
Moghra clastics. The occurrence of the fossiliferous carbonate
units within the Moghra clastics furnishes an evidence for a
shallow marine transgression.

The fluvial environment of the clastic facies is evidenced
from the frequent presence of tabular cross-bedding (Fig. 2a,

Table 1 Mineralogical
composition of the Moghra
sandstones based on semi-
quantitative X-ray diffraction
(XRD) analysis

Sample no. Qz% Clay minerals Feldspar Dolo% Ha% He%

S% I% K% Pla% Micr%

Q2 51.55 9.34 0 8.13 0 14.92 0 8.91 7.15

Q7 56.71 10.28 0 7.68 17.98 7.36 0 0 0

Q10 62.64 10.08 4.84 8.47 6.07 7.90 0 0 0

Q25 89.64 2.27 0 1.11 2.42 1.90 0.83 1.82 0

Q30 80.49 4.17 0 2.61 5.52 3.17 1.85 2.19 0

Q32 66.22 13.59 0 12.28 0 7.91 0 0 0

Q36 59.82 11.91 0 9.90 10.62 0 0 7.75 0

Q49 56.13 11.65 0 9.52 8.27 8.46 0 5.97 0

Q50 54.32 8.33 5.75 7.12 12.60 0 9.43 6.18 0

Q58 58.77 12.40 0 0 0 11.08 0 7.27 0

Q63 51.46 9.02 4.78 0 23.26 0 0 4.78 0

Average 62.52 9.37 1.40 6.07 7.89 5.70 4.08

Qz quartz,K kaolinite,Dolo dolomite, S smectite,Pla plagioclase,Ha halite, I illite,Micrmicrocline,He hematite

Fig. 4 X-ray diffractograms of
selected sandstone bulk samples
from the Moghra Formation (S =
smectite, I = illite, K = kaolinite,
Q = quartz, P = plagioclase, M =
microcline, and H = halite)

Arab J Geosci (2016) 9: 329 Page 7 of 25 329



b), which is known to be very common in the deposits of
fluvial channels (Collinson 1970; Jackson 1976), the abun-
dance of drifted silicified tree trunks, and the absence of de-
trital ferrous-iron minerals such as siderite and chlorite. Inves-
tigation of clay minerals has demonstrated that kaolinite is the
second predominant clay mineral—after smectite—that is re-
corded in the Moghra Formation, suggesting a continental or
non-marine type of environment. The high degree of crystal-
linity of kaolinite also supports this view. The detrital clastics
were provided to the environment by fluvial water from the
provenance, whereas the carbonate facies were deposited dur-
ing the marine invasions accompanying the accumulation of
the Moghra clastics (Farouk and Khalifa 2010).

The depositional environment of the Marmarica Formation
suggests a tide- to wave-dominated shoreline facies for the
lower part and an intertidal-subtidal open marine for the upper
part during the Middle Miocene. The intertidal-subtidal open
marine environment is evidenced from the abundance of cal-
careous algae and bryozoans that usually predominate in the
low-energy and open-lagoon environment (Kuss 1986; Kuss
and Malchus 1989). However, the presence of some

foraminifera is attributed to the wave activity. On the other
hand, the abundance of pelecypod bioclasts in micritic matrix
suggests the deposition in a shallow subtidal environment
with open circulation (Wilson 1975; Flügel 1982), whereas
the presence of sand, glauconite, and extensive bioturbation
at the base is attributed to a restricted lower intertidal regime.
The tide- to wave-dominated shoreline environment is evi-
denced from the abundance of benthonic foraminifera that
are represented by miliolids and the occurrence of bryozoans.

Diagenesis of the Moghra sandstone

Diagenesis includes all the physical, chemical, and biological
changes that sediments are subjected to after the grains are
deposited but before they are metamorphosed (Blatt 1992b).
Some of these changes occur at the water-sediment interface,
but the bulk of diagenetic activity such as compaction and
lithification takes place after burial. The processes that affect
the sediments after deposition include pedogenic activity and
bioturbation, the dissolution and reprecipitation of detrital
components, and the precipitation of pore-filling and
cementing materials from solution. In the present discussion,
diagenesis will be considered in the loose sense of Blatt et al.
(1980) as the sum of all the processes by which an original
sedimentary assemblage attempts to reach equilibrium with its
environment. In general, sandstone reservoir quality is largely
determined by the diagenetic processes that either reduce or
enhance porosity (e.g., Zaid 2013).

Infiltrated clays

Mechanically, the infiltrated clays, intergrown with hematite,
represent an important diagenetic process in the present sand-
stones. Clay occurs not only in the form of detrital matrix but
also as coating around the framework components similar to
the soil cutans identified by Brewer (1964). Infiltrated clays
are introduced during the near-surface diagenesis of

Table 2 Mineralogical composition of some selected rocks from the
Marmarica Formation based on semi-quantitative XRD analysis

S. no. Dolo% Qz% Clay minerals Feldspar Evaporite

S% I% Pla% Micr% Ha% Gyp%

Q67 64.83 23.41 3.26 0 1.79 0 6.71 0

Q70 68.69 22.49 3.97 0 2.39 0 2.46 0

Q72 76.17 7.55 4.57 3.72 2.31 0 5.68 0

Q75 69.29 6.97 7.55 5.74 4.78 0 5.68 0

Q79 61.95 11.97 4.12 3.48 2.30 0 11.71 4.47

Q81 76.36 14.59 2.21 1.38 1.65 1.53 2.29 0

Average 69.55 14.49 4.28 2.39 2.54 0.26 5.76 0.75

Dolo dolomite, I illite,Ha halite,Qz quartz,Pla plagioclase,Gyp gypsum,
S smectite, Micr microcline

Fig. 5 X-ray diffractograms of
selected carbonate bulk samples
from the Marmarica Formation (S
= smectite, I = illite, G = gypsum,
Q = quartz, P = plagioclase, M =
microcline, D = dolomite, and H
= halite)
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continental sediments under arid conditions by episodic floods
(Keller 1970; Walker et al. 1978). The arid to humid climatic
conditions prevailing during the deposition of the Moghra
Formation enhanced the formation of infiltrated clays. Clay
was introduced to the sediments shortly after deposition as a
result of the mechanical infiltration of water containing
suspended clay particles (Wilson and Pittman 1977).

The infiltrated clays occur as oriented skin around the de-
trital grains and in places forming meniscus-shaped pore brid-
ges (Fig. 2f). The mechanically infiltrated clays are thought to
be proceeded before or after the quartz overgrowth (Fig. 6a).
The thick cutans that completely surrounded the detrital grains
have probably prevented the nucleation of quartz cement
(Molenaar 1986). In samples where the infiltrated clays form
thick coatings, quartz overgrowths are entirely absent (Figs.
2F and 6a). Hence, the quartz overgrowth would be prevented
and the detrital quartz displays point, curved, and long con-
tacts indicating that infiltration was pre-compactional (Fig.
6b). Infiltrated clays did not significantly reduce the porosity,
but it may have inhibited the precipitation of quartz cement in
most samples in the manner described by Heald and Larese
(1974). Figure 7a, b displays a general direct and fair relation-
ship between the sample porosity versus permeability and the

acid insoluble residue, respectively. However, although sam-
ple 64 contains very high clastic ratio, its porosity is moderate
and the permeability value is low (Fig. 7c). This is because of
the presence of a large clay fraction. A few data points are
scattered, which may be due to the effect of isolated porosity
and the differences in pore space radii.

Dissolution

Due to the dissolution affecting the Moghra sandstones, about
2.2 % oversized pores were produced (Fig. 6c–f). Such over-
sized pores are due to the complete dissolution of the detrital
grains, possibly feldspars (Schmidt and McDonald 1979).
Based on the data of McBride (1985) and Milliken et al.
(1989), three fourths of these pores were feldspar and the other
part was rock fragments. However, a part of the oversized
vuggy and mouldic pores could be due to the dissolution of
the early intergranular carbonate cement, thus enhancing the
petrophysical properties of many arenites (Zaid 2013). How-
ever, the relics or complete dissolution of grains could be seen
where the original grains are completely leached leaving a
narrow rim (Fig. 6e). Such selective dissolution is due to the
chemical stability of this post-depositional film in the

Table 3 Petrophysical
parameters of the 22 plug samples
from Moghra and Marmarica
Formations located to the east of
the Qattara Depression

S.
no.

Φe,
%

ρg ρb Permeability K,
mD

A.I.R.
(%)

Lithology

24 21.7 2.75 2.16 62.0 61.7 Cross-bedded sandstone with gypsum
veinlets

27 21.6 2.77 2.17 18.1 43.7 Sandy fossiliferous dolostone

28 18.7 2.75 2.24 5.5 47.7 Sandy fossiliferous dolostone

29 11.1 2.69 2.39 0.01 38.7 Sandy fossiliferous dolostone

47 17.7 2.80 2.30 0.03 39.6 Sandy fossiliferous dolostone

64 18.8 2.76 2.25 2.7 97.7 Yellowish sand

66 37.0 2.74 1.73 3882.0 42.2 Yellowish sandy fossiliferous dolostone

67 35.9 2.76 1.77 22437.0 40.0 Yellowish sandy fossiliferous dolostone

68 40.0 2.72 1.63 7691.0 47.3 Yellowish sandy fossiliferous dolostone

69 31.0 2.72 1.88 155.0 33.0 Yellowish sandy fossiliferous dolostone

70 31.1 2.75 1.89 452.0 35.0 Yellowish sandy fossiliferous dolostone

71 41.4 2.79 1.64 586.0 37.0 Yellowish sandy fossiliferous dolostone

72 31.8 2.79 1.91 40.0 30.0 Yellowish sandy fossiliferous dolostone

74 31.5 2.73 1.87 120.0 25.0 Yellowish sandy fossiliferous dolostone

75 27.8 2.80 2.02 0.94 36.0 Yellowish sandy fossiliferous dolostone

77 22.2 2.76 2.15 0.05 48.1 Yellowish sandy fossiliferous dolostone

79 33.8 2.79 1.84 45.4 41.0 Yellowish sandy fossiliferous dolostone

80 34.1 2.73 1.80 23.0 44.1 Yellowish sandy fossiliferous dolostone

81 28.4 2.73 1.95 12.0 37.3 Yellowish sandy fossiliferous dolostone

82 34.8 2.66 1.73 20.3 39.3 Yellowish sandy fossiliferous dolostone

85 29.0 2.79 1.98 – 12.9 White fossiliferous limestone

87 1.1 2.71 2.68 0.002 11.6 White fossiliferous limestone

S. no. sample number as presented in Fig. 2, Φe effective porosity (%), ρg grain density (g/cm
3 ), ρb bulk density

(g/cm3 ), A.I.R. acid insoluble residue (%)
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interstitial pore water (Walker et al. 1978). K-feldspar grains
that have been etched by dissolution are noticed in some sam-
ples (Fig. 6g). In general, the dissolution takes place preferen-
tially along the cleavage planes of the grains (Fig. 6h). Disso-
lution of the mica is also observed (Fig. 8a). As the

quartzarenite facies are sometimes fossiliferous, a lot of
mouldic porosity is found due to the complete dissolution of
fossils (Fig. 8b, c).

The intrastratal solution also affected quartz grains as well
as glauconite (Fig. 8d). This feature is frequently noticed as

Fig. 6 a Optical micrograph of
monocrystalline quartz with iron
oxide inclusion (arrow). Quartz
overgrowth predates claycoating
and enveloped by dolomite
cement. Plane light, sample Q21,
Moghra Formation. b Optical
micrograph of mechanical
infilterated clays filling interstitial
voids. Plane light, sample Q56,
Moghra Formation. c Optical
micrograph of complete
dissolution of detrital feldspar
grain leaving an oversized pore
(OSP). Plane light, sample Q64,
Moghra Formation. d Optical
micrograph of oversized pores
filled with calcite cement.
Crossed polars, sample Q56,
Moghra Formation. e Optical
micrograph showing complete
dissolution of an original grain
that was completely leached
away. Plane light, sample Q55,
Moghra Formation. f Optical
micrograph of corroded detrital
quartz grains previously replaced
by carbonate cement. Plane light,
sample Q52, Moghra Formation.
g Optical micrograph of partial
dissolution of K-feldspars along
fractures and cleavage planes
leaving intragranular pores
(arrow). Iron oxides partially fill
or replace dissolved feldspars.
Crossed polars, sample Q56,
Moghra Formation. h Scanning
electron micrograph of partial
feldspar dissolution. Sample Q34,
Moghra Formation
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etched pattern and micro-channels on the detrital quartz grains
(Fig. 8e, f). The dissolution may have continued after com-
paction as indicated by the dissolution of quartz grains along
the micro-fractures and glauconite resulting in high secondary
porosity (Figs. 8g, h and 9a). This is evident in Table 3, where
some samples with slightly more than 50% carbonate fraction
exhibit high porosity and permeability, as well as low bulk
density values (Fig. 7b–d).

Dissolution of the authigenic minerals, particularly dolo-
mite, is a common feature in the present sandstones. This
could be detected either by loose packing or dolomite relics
within pores (Fig. 9b). The irregular oversized pores larger
than the surrounding corroded quartz grains (Schmidt and
McDonald 1979) might be originally filled by carbonate
(Pittman 1979; Abdel-Wahab 1988, 1999) that dissolved later
on.

Dissolution of calcite is a ubiquitous feature in sandstones,
a process that results in the formation of secondary porosity

(Burley and Kantorowicz 1986). Dissolution of calcite is in-
dicated by the occurrence of irregular patches of calcite in the
oversized and intergranular porosities. Dolomite is observed
as postdating quartz overgrowths (Fig. 9c), whereas late
quartz cement was formed after the dissolution of dolomite
(Fig. 9d). On the other hand, carbonate cement predated the
authigenic kaolinite as indicated by the occurrence of kaolinite
in the secondary pores left after the partial dissolution of car-
bonate (Fig. 9d, e).

Cementation

Authigenic quartz Quartz cement as syntaxial overgrowth is
not volumetrically significant cement in the studied sand-
stones. It ranges from 0 to 0.8 % of the whole rock volume
and averages 0.2 %. Microscopically, the quartz overgrowths
form well-developed crystal faces in optical continuity with
detrital grains. The early formed type generally forms

Fig. 7 a–f Different
interrelationships between the
petrophysical properties of the
studied plug samples
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incipient projections or well-developed crystal faces in optical
continuity with the detrital grains and has a "dust" line coating
the detrital grains (Figs. 6a and 9f). Quartz overgrowths over
the grain surfaces merge forming incomplete crystal faces
(Fig. 9g, h). Quartz overgrowths precede most other

authigenic minerals. They predate dolomite cement in most
samples and are largely enveloped by authigenic kaolinite
(Fig. 9d) and predate clay coating and are enveloped by dolo-
mite cement (Fig. 6a). In some samples, late quartz cements
occur as discrete crystals, or as overgrowths projected into the

Fig. 8 a Optical micrograph of
mica that has undergone selective
dissolution. Plane light, sample
Q64, Moghra Formation. b
Optical micrograph of
monocrystalline quartz with
elongated shape. Plane light,
sample Q20, Moghra Formation.
c Optical micrograph of mouldic
porosity that was formed due to
selective dissolution. Plane light,
sample Q22, Moghra Formation.
d Optical micrograph of
intragranular porosity in
glauconite due to intrastratal
solution. Plane light, sample Q22,
Moghra Formation. e Optical
micrograph showing
monocrystalline quartz that has
undergone selective dissolution.
Note the presence of a prismatic
zircon crystal in the middle of the
photo. Plane light, sample Q53,
Moghra Formation. f Optical
micrograph of corroded detrital
quartz grains previously replaced
by carbonate cement. Plane light,
sample Q52, Moghra Formation.
g Optical micrograph of rock
fragment. Note the intragranular
halite cement that was formed
after compaction. Plane light,
sample Q64, Moghra Formation.
h Optical micrograph of well-
rounded detrital glauconite,
colored green in both ordinary
and polarized light. Note the
intragranular porosity that was
formed after compaction. Plane
light, sample Q22, Moghra
Formation
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secondary pores, that have probably been occupied by dolo-
mite (Fig. 9f). This may be interpreted as a result of the quartz
overgrowth inhibition. Several workers reported that mineral
coatings on detrital quartz grains can inhibit quartz over-
growths by isolating the detrital grains from the water capable

of precipitating quartz overgrowths (Füchtbauer 1967;
Pittman 1972; Heald and Larese 1974; McBride 1989).

Clay minerals Authigenic clay mineral species in this study
are represented mainly by smectite (Figs. 2f, 6b, and 10a) with

Fig. 9 a Optical micrograph of
micro fractured quartz due to
mechanical compaction. Plane
light, sample Q21, Moghra
Formation. b Optical micrograph
showing dissolution of authigenic
dolomite that is detected by loose
packing and dolomite relics
within pores. Plane light, sample
Q21, Moghra Formation. c
Optical micrograph of early
formed dolomite that inhibited
quartz overgrowth. Crossed
polars, sample Q24, Moghra
Formation. d Multi-stage quartz
overgrowth. Quartz overgrowth
predates dolomite cement and
enveloped by kaolinite. Crossed
polars, sample Q20, Moghra
Formation. e Optical micrograph
showing pore-filling kaolinite
intergrows between quartz grains.
Crossed polars, sample Q34,
Moghra Formation. f Optical
micrograph of monocrystalline
quartz with worn quartz
overgrowth (arrows) projected
into secondary pores that
probably resulted from the
dissolution of dolomite cement.
Crossed polars, sample Q20,
Moghra Formation. g Scanning
electron micrograph showing
quartz overgrowth. SEM, sample
Q20, Moghra Formation. h
Booklet-shaped kaolinite crystals
that formed between detrital
grains. Quartz overgrowth
forming. SEM, sample Q34,
Moghra Formation
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very minor amounts of kaolinite and illite. Coatings in the
Moghra sandstone are common and variable in amount. Clay
coating ranges from 0 to 6.04 % (average 3.7 %) of the total
rock volume.

Kaolinite is the second clay mineral in the clay fraction,
after smectite, with some minor amounts of illite (Table 1).
Petrologic data indicate that kaolinite ranges from 0 to 4.3 %,
with an average of 2 % of the total framework. It is the only

Fig. 10 a Scanning electron
micrograph showing mechanical
infiltrated clay coating detrital
quartz, oriented parallel to grain
surface. SEM, sample Q56,
Moghra Formation. b Optical
micrograph of primary and
secondary pores filled with
authigenic hematite. Plane light,
sample Q64, Moghra Formation.
c Optical micrograph of
monocrystalline quartz with
fracture-healing iron material.
Plane light, sample Q64, Moghra
Formation. d Optical micrograph
showing iron oxides inter-mixed
with infiltrated clays. Crossed
polars, sample Q34, Moghra
Formation. e Optical micrograph
of monocrystalline quartz
showing an irregular segmented
undulosity. Crossed polars,
sample Q15, Moghra Formation.
f Optical micrograph of
intergranular poikilotopic calcite
that was formed after compaction.
Crossed polars, sample Q56,
Moghra Formation. g Optical
micrograph of intergranular
dolomite that was formed after
compaction. Crossed polars,
sample Q22, Moghra Formation.
h Optical micrograph of
poikilotopic spar of dolomite.
Crossed polars, sample Q21,
Moghra Formation
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phase that commonly occludes secondary pore spaces and is
interpreted as late stage cement in these sandstones. Its cemen-
tation occurred subsequent to or simultaneous with the disso-
lution of feldspars and calcite cement with its ions coming
from the alteration of detrital feldspars. On the other hand,
the observed low amount of kaolinite in the Moghra sand-
stones corresponds to the low amount of feldspars in these
rocks and indicates that most of the feldspars in these sedi-
ments were lost during the long distance transportation before
reaching the depositional basin.

As kaolinite is the second component of the clay minerals
in these sandstones, the dilute acidic water seems to be the
favorable environment for the formation of kaolinite
(Krauskopf 1979), while smectite may be formed from the
mica and other silicate minerals under alkaline conditions
(Dunoyer and Segonzac 1970).

Kaolinite occurs in the form of face-to-face stacking of
microporous pseudo-hexagonal book-shaped plates (Fig.
9h). Kaolinitization of the detrital feldspar ranges from partial
to complete replacement. Detrital feldspar in these sandstones
has suffered significant alteration and dissolution during late
diagenesis. In addition, the occurrence of kaolinite as closely
associated with the degraded feldspars (Fig. 9e) suggests that
feldspar dissolution was an important source of ions for kao-
linite cement and also that Al+3 was conserved and transported
only short distance before precipitation (Hayes and Boles
1990). Kaolinite is inferred to have been precipitated at a
range of temperature (i.e., >25–<60 °C) higher than the esti-
mated temperature of calcite cement. This is compatible with
the petrographic observations of late feldspar dissolution and
kaolinite precipitation.

Iron oxides Iron oxide cements are a common feature in the
sandstones and can form grain coating that prevent the forma-
tion of quartz overgrowth, thus preserving porosity (e.g., Zaid
2013). They are evident in the studied sandstones and their
identification is based mainly on the petrographic study and
SEM observation. They range from 0.5 to 28.7 % (average
6.3 %) and are represented mainly by hematite that occurs as
grain coatings, commonly intergrown with the infiltrated
clays. The term "ferricrete" is assigned to the material
cemented by iron oxides (Ollier and Galloway 1990) and
could be restricted only to the sandstones with more than
10 % iron oxides (Salem et al. 1998). Petrographic observa-
tion of ferricrete showed that the iron oxide cements occur in
both intergranular primary and secondary porosities. Iron ox-
ides occur as grain coatings on the detrital quartz grains and
partially fill pore spaces that were probably occupied by car-
bonate cements (Fig. 2f). In other cases, they occur as inter-
stitial pore-filling which completely reduce the primary and
secondary porosities (Fig. 10b). Iron oxides are shown to coat
authigenic quartz, indicating their formation postdating quartz
overgrowths. Iron oxides were also found to partially fill the

fracture planes of the detrital quartz which resulted either from
compaction or shuttering (Fig. 10c). Iron oxides partially fill-
ing or replacing the dissolved feldspars are also observed (Fig.
6g). These criteria indicate that the precipitation of hematite
took place over a long period of time during the diagenetic
stage.

Hematite cements display two habits of occurrence: (1)
cryptocrystalline coatings on the detrital grains (Fig. 2f), com-
monly intergrown with infiltrated clays (Fig. 10d), and (2)
authigenic botryoidal forms locally observed as pore-lining
and grain coatings (Fig. 2f). The central parts of such pores
were probably occupied by calcite, which has been subse-
quently leached. Hematite-healed fractures, as well as
hematite-occluding porosity (Fig. 10e), are also observed in-
dicating that hematite preceded both compaction and subse-
quent burial.

Evidences of diagenetic origin for the iron oxides in these
sandstones include the following criteria (Walker 1967): (1)
hematite filling the secondary pores and fracture planes of the
detrital grains, (2) the presence of iron oxides with different
types of cements (halite, dolomite, calcite, and authigenic ka-
olinite), reflecting different groundwater chemistry, and/or 3)
iron oxides filling the secondary pores of the dissolved detrital
feldspars.

Carbonate cements Two types of carbonate cements are ob-
served: dolomite and non-ferroan calcite. Non-ferroan calcite
occurs as pore-filling cement and as a replacing mineral (Fig.
10f), whereas dolomite occurs as pore-filling cement. Carbon-
ate cement ranges from 3.4 to 27.6 % of the whole rock vol-
ume and averages 17.3 % in the Lower Miocene sandstones.
Carbonate cement fills both the intergranular primary pores
(Fig. 10f, g) and the oversized pores (Fig. 6d). Non-ferroan
poikilotopic spar of the carbonate minerals is present as ce-
ment based on the petrographic study by the polarizing micro-
scope (Fig. 10f, h). However, very fine disseminated relics of
the micritic dolomite can be occasionally seen, such relics
could be considered as an early stage dolomite (Fig. 9b). Con-
versely, the uncemented areas show evidence of mechanical
and chemical compaction as indicated by straight, sutured,
and concavo-convex contacts. Oversized patches of carbonate
cement occur by replacing the feldspar grains with no pre-
served ghosts or filling secondary pores left after the dissolu-
tion of feldspars. Feldspars, micas and even quartz grains, and
their overgrowths suffered from extensive replacement by do-
lomite (Fig. 11a–c).Many of the preserved K-feldspar showed
various degrees of calcitization around the periphery of the
grains or along cleavages or in the centers of the grains (Fig.
11d). In addition, oversized patches of the dolomite are too
large to be primary pores, but instead, they were originally
pre-existing grains (Fig. 11e).

The loose grain packing and high intergranular volume
(IGV) values (up to 41.3 %) of the carbonate-cemented
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sandstones are evidences indicating that carbonates were in-
troduced into the sediments shortly after deposition. In some
samples, the framework grains enclosed by the early dolomite
cements are loosely packed and often appear to be floating
after the carbonate dissolution (Fig. 8f). On the other hand,

the late stage calcite cements were deposited slightly after few
recognizable compactions (Fig. 11f).

The early precipitation of dolomite inhibits later quartz
overgrowth and feldspar alteration and can result in total loss
of porosity and permeability. In the very shallow subsurface,

Fig. 11 a Optical micrograph
showing partial replacement of
feldspar (plagioclase) by
dolomite. Crossed polars, sample
Q22, Moghra Formation. b
Optical micrograph showing
partial replacement of quartz by
dolomite. Crossed polars, sample
Q22, Moghra Formation. c
Optical micrograph showing
partial replacement of quartz
overgrowth by dolomite. Crossed
polars, sample Q20, Moghra
Formation. d Optical micrograph
showing partial dissolution and
replacement of k-feldspar and
quartz by calcite. Crossed polars,
sample Q34, Moghra Formation.
e Optical micrograph showing
replacive carbonate cement.
Crossed polars, sample Q53,
Moghra Formation. f Optical
micrograph of intergranular
poikilotopic calcite that was
formed after compaction. Crossed
polars, sample Q56, Moghra
Formation. g Optical micrograph
showing replacement of K-
feldspar by calcite. Crossed
polars, sample Q56, Moghra
Formation. h Optical micrograph
of feldspars with extensive
authigenic overgrowths. Crossed
polars, sample Q34, Moghra
Formation
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CaCO3 precipitation may happen through the evaporation of
vadose or near-surface phreatic groundwater. At depths, car-
bonate precipitation can be brought about by an increase in the
pH and/or temperature (Tucker 1988b). Calcite that had par-
tially or completely replaced some feldspars (Fig. 11g) is
interpreted to be of late stage. It seems that corrosion starts
at the peripheral or weaker parts of the detrital grains where
calcite makes solid solution with quartz. These parts firstly
have the same appearance of quartz in the plane light and
the same optical continuity and interference color of calcite
under polarizing light.

Feldspars Authigenic feldspar is too rare to be counted in the
studied sandstones. It occurs as small complete rhombs (Fig.
11h). Authigenic crystals of feldspar that formed without de-
trital seed crystal are probably precipitated from water with a
higher level of super-saturation than that formed by normal
overgrowths (Ali and Turner 1982; Abdel-Wahab and Turner
1991; Salem et al. 1998).

The growth of authigenic feldspar in the sedimentary de-
posits is controlled by the pH and enrichment of the diagenetic
environment with K, Na, Ca, Al, and Si ions (Waugh 1978).
These ions could be released from the dissolution of detrital
feldspar and other silicate framework grains by alkaline
intrastratal solutions. Detrital feldspar is more subjected to
dissolution than the authigenic feldspars (Figs. 11h and 12a).
Slightly elevated temperatures with moderate to deep burial
are convenient conditions for feldspar precipitation (Hemley
and Jones 1964). However, Kastner and Siever (1979) stated
that "temperature is not the most important factor for feldspar
authigenesis and that there is no minimal depth of burial that
would correspond to minimum geothermal heating before
authigenesis can occur." It seems that the authigenic feldspar
in these sandstones was formed at low temperature as the
Moghra Formation has not been deeply buried.

Halite Halite cement ranges from 0 to 4.6 % with an av-
erage of 2.1 % of the total framework. Halite occurs as
partially filling pores and fracture planes in some samples
or as pore-lining meniscus cement (Figs. 8g and 12b, c).
Halite cement postdates all the present authigenic minerals.
It occurs in the Moghra sandstones ranging from 0 to
7.2 %, with an average value of 2.1 % of the total frame-
work composition. It occurs in the form of oval-shaped or
hexagonal crystals filling the intergranular pores with
rounded corners due to the dissolution and coating of the
detrital grains enveloped by the iron oxide cement (Fig.
12d). The occurrence of halite cement in the Moghra sand-
stone is similar to those reported from the marginal out-
crops to the Gulf of Suez (Abdel-Wahab and McBride
1990, 1991; Salem et al. 1998).

Compaction versus cementation

Compaction can reduce porosity with more than 40 % and in
some cases plays a significant role in porosity reduction than
cementation (e.g., McBride et al. 1996). Quantitative estima-
tion of the amounts of porosity lost by compaction and ce-
mentation can be made from standard point-count data on
cement and pore space abundance. Following Ehrenberg
(1989) and assuming that the initial porosity was 45 %, the
compaction porosity loss and the cement porosity loss of each
sample (Table 4) can be calculated using the following two
equations:

COPL ¼ OP−
100� IGVð Þ− OP� IGVð Þ

100−IGVð Þ ð5Þ

CEPL ¼ OP−COPLð Þ � PFC=IGVð Þ ð6Þ

where

COPL is the compaction porosity loss.
CEPL is the cementation porosity loss.
IGV is the intergranular volume (pre-cement porosity).
PFC is the pore-filling cement.
OP is the original or initial porosity.

The estimated average intergranular volume in the present
sandstones is about 41.3 %. Assuming that the average initial
porosity is 45 %, the average loss of porosity by compaction
and cementation is about 6.3 and 27.7 %, respectively.

Table 4 Average percentages of pore-filling cement, intergranular vol-
ume, compaction porosity loss, and cementation porosity loss

S. no PFC IGV COPL CEPL

Q15 32.7 47.6 −4.96 34.3

Q20 19.0 33.3 17.5 15.7

Q21 28.9 39.8 8.64 26.4

Q22 31.1 45.4 −0.73 31.3

Q24 44.0 47.6 −4.96 46.2

Q26 26.8 43.5 2.65 26.1

Q34 29.5 39.6 8.94 26.9

Q46 31.8 50.99 −12.2 35.7

Q52 25.7 35.3 14.99 21.8

Q53 27.5 47.4 −4.56 28.8

Q55 27.8 39.2 9.54 25.1

Q56 24.4 29.0 22.5 18.9

Q64 35.4 38.0 11.3 31.4

Average 29.6 41.3 6.30 27.7

PFC pore-filling cement, IGV pre-cement porosity or the intergranular
volume, COPL compaction porosity loss, CEPL cementation porosity
loss
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Conversely, the samples devoid of early cements show in-
tensive compaction as indicated by the fractured quartz (Figs.
10c and 12e, F), fractured glauconite (Fig. 8h), fractured rock
fragments (Fig. 8g), elongated shape of quartz (Fig. 12g), and

deformation of mica (Figs. 12h and 13a). Chemical compac-
tion, as evidenced by pressure dissolution along the intergran-
ular contacts of quartz grains, has generated concave-convex
and long contacts (Fig. 6b).

Fig. 12 a Optical micrograph
showing early precipitation of
calcite that inhibits feldspar
alteration. Crossed polars, sample
Q34, Moghra Formation. b
Optical micrograph of pore-filling
halite. Plane light, sample Q52,
Moghra Formation. c Optical
micrograph of pore-lining halite
cement. Plane light, sample Q24,
Moghra Formation. d Optical
micrograph of wavy coating
halite on detrital quartz grains and
iron oxide cements. Plane light,
sample Q64, Moghra Formation.
e Optical micrograph of
microfractured quartz due to
mechanical compaction. Plane
light, sample Q21, Moghra
Formation. f Optical micrograph
showing fractured quartz due to
mechanical compaction. Note,
Quartz overgrowth predates
mechanical compaction. Crossed
polars, sample Q55, Moghra
Formation. g Optical micrograph
of monocrystalline quartz with an
elongated shape. Plane light,
sample Q20, Moghra Formation.
h Optical micrograph of
deformed mica flakes, squeezed
between detrital quartz grains due
to mechanical compaction.
Crossed polars, sample Q55,
Moghra Formation
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Diagenesis of carbonate rocks

The observed diagenetic processes in the present study in-
clude neomorphism, dolomitization, dissolution, cementation,

compaction, and replacement. During diagenesis, carbonate
sediments may gain or lose porosity, but with increasing depth
of burial, there is a general decrease in porosity (Schmocker
and Halley 1982).

Fig. 13 a Sandy fossiliferous
dolostone microfacies showing
mouldic porosity in bioclasts and
quartz embedded in dolomitic
cement. Plane light, sample Q27,
Moghra Formation. b Optical
micrograph showing complete
dissolution of a detrital feldspar
grain leaving an oversized pore
(OSP). Crossed polars, sample
Q27, Moghra Formation. c
Optical micrograph of detrital
glauconite with intragranular
pores. Plane light, sample Q27,
Moghra Formation. d Optical
micrograph of an echnoid spine of
a characteristic lacy pattern with
intragranular pores. Crossed
polars, sample Q27, Moghra
Formation. e Optical micrograph
showing intragranular porosity in
corals filled with halite. Crossed
polars, sample Q29, Moghra
Formation. f Optical micrograph
of dolomite characterized by dark
inner core and a clear outer rim.
Plane light, sample Q67,
Marmarica Formation. g Optical
micrograph of fractured detrital
glauconite due to mechanical
compaction. Plane light, sample
Q79, Marmarica Formation. h
Optical micrograph of
polycrystalline elongated quartz
grains of metamorphic origin.
Note how individual crystals are
stretched and have sutured
contacts. Crossed polars, sample
Q56, Moghra Formation
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Neomorphism

Neomorphism as originally defined by Folk (1965) includes
all transformations between a mineral and itself or its poly-
morph. Such transformations are usually accompanied by sig-
nificant changes in the crystal texture (Bathurst 1975). Calcite
crystals that resulted from recrystallization generally have ir-
regular shapes and boundaries. Relics of the internal structure
of the shell and irregular mosaic of small and large calcite
crystals with wavy curved or straight intercrystalline bound-
aries indicate replacement of skeletal grains (Hudson 1962;
Bathurst 1964, 1975). Neomorphism of micrite matrix into
microsparite and pseudosparite is also present. Neomorphism
of micrite to microspar is volumetrically the most important
process compared to recrystallization.

Dolomitization

Detailed petrographic investigation of the present samples re-
vealed the effect of dolomitization on the studied carbonate
rocks. There is a distinct relationship between the presence of
clastic minerals (such as detrital quartz and clay minerals) in
the studied carbonate rocks and the degree of dolomitization
in one hand and the size of dolomite rhombs on the other hand.
The primary type of dolomite precipitate is recognized. It is
characterized by very fine-grained crystals (dolomicrite).
When calcitic or aragonitic allochems and/or evaporites are
surrounded by a dolomitized fine-grained matrix, they are
normally leached when subjected to meteoric water, leaving
behindmouldic pores and thus increasing the porosity of rock.

Dissolution

Dissolution in carbonate rocks generally occurs in response to
significant change in the chemistry of pore fluids such as a
change in salinity, temperature, or partial pressure of CO2

(Moore 1989). The studied samples are characterized by a
marked effect of dissolution events and hence showed high
porosity. Mouldic porosity (Fig. 13a), oversized pores (Fig.
13b), and intergranular and intragranular porosities (Fig. 13c,
d) are the main dissolution types observed in the studied car-
bonates. Biomoulds are often large and elongate in shape (Fig.
13a), and they abundantly occur in the sandy dolomitic car-
bonates. Examinations of both the mouldic and oversized
pores have shown that they are surrounded by fine-grained
matrix of dolomite.

Cementation

The precipitation of cements in carbonate sediments is a major
diagenetic process, and it takes place when the pore-fluid be-
comes supersaturated with respect to the cement phase
(Tucker et al. 1990). In the present work, several types of

cements are recognized: dolomite, calcite, evaporites (halite
and gypsum), and iron oxides. Calcite cements are present in
various stages. Evaporite cements are recognized in the pres-
ent study. X-ray diffraction (Tables 1 and 2) and petrographic
studies indicate that halite (Fig. 13e) and gypsum are the main
cementing evaporite minerals. They are present in most of the
studied dolomitic carbonates filling some pores, where dolo-
mite rhombs are usually scattered throughout these pore ce-
ments. The close association between dolomite and evaporite
minerals in the studied samples suggests the primary origin of
dolomite in the sabkha deposits. Iron oxide cements occur as a
pore-filling dark material, between dolomite rhombs
(intercrystalline) (Fig. 13f). They are also present as patchy
intergranular as well as intragranular cements.

Compaction

Petrographic examination of the present samples has shown
that the mechanical compaction has affected the studied car-
bonate rocks. Mechanical compaction is represented by
concavo-convex grain contacts and fractured grains (Fig.
13g), as well as elongation of grains and mica flakes.

Replacement

In the studied samples, replacement is observed by the pres-
ence of three minerals: glauconite, quartz, and iron oxides,
where they have partially replaced the fossils contained in
the carbonate rocks (Figs. 8d and 13g).

Porosity and diagenesis

Reduction of porosity by compaction and cementation

Three diagenetic processes are known to be important in mod-
ifying the intergranular porosity and, accordingly, permeabil-
ity: mechanical compaction, chemical compaction, and ce-
mentation. Mechanical compaction is characterized by the
plastic deformation of ductile minerals and elongation shape
of the quartz and fractured grains (Figs. 12e, g, h and 13h).
Chemical compaction, on the other hand, is characterized by
intergranular pressure dissolution (Fig. 6b). Compaction starts
early and is represented mainly by grain rearrangement, with
minor ductile grain deformation (Fig. 12h) and pressure dis-
solution. This process can result in substantial porosity loss
after only few meters of burial (Ehrenberg 1989; McBride et
al. 1991). Cementation is the occlusion of intergranular vol-
ume by the precipitation of authigenic minerals, with no direct
relation to the reduction of bulk volume. Cementation always
results in the reduction of intergranular porosity. Compaction
and early cementation and accordingly the resulting total po-
rosity are fundamental controls of the reservoir quality,
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carbonate rock strength, and compressibility, as well as other
parameters like elastic moduli (Croizé et al. 2010).

Development of secondary porosity

Schmidt and McDonald (1979) described the criteria for the
recognition of secondary porosity in sandstones. They stated
that "the most common diagenetic secondary porosity is the
dissolution of feldspars and carbonate cement." Criteria for the
recognition of secondary porosity in these sandstones
(Schmidt et al. 1977; Burley and Kantorowicz 1986) include
(1) oversized pores resulting from the dissolution of grain-
replacing calcite or from the dissolution of feldspars (Fig.
6c, d), (2) partially dissolved calcite cement with etched mar-
gins and occurrence of patchy carbonate cements, and (3)
corroded quartz grains that have previously been replaced by
carbonates (Fig. 6b).

In the studied sandstones, significant amounts of secondary
porosity were developed as a result of feldspar dissolution
which occurred after the main episode of calcite and dolomite
cementation. The value of framework grain dissolution
(FGD), which is the sum of intragranular porosity and over-
sized pores in the studied samples, was found in terms of
volume percent of the rock to form an average of 4.5 %
(Table 5).

The possibility of dissolution of dolomite cement in these
sandstones has to be considered. The common occurrence of
micritic dolomite as a few scattered patches in thin sections
(Fig. 9b) is a criterion commonly cited as evidence of carbon-
ate dissolution (Schmidt and McDonald 1979). Embayments
and notched surfaces on detrital quartz grains probably indi-
cate former presence of dolomite cement, which has been
dissolved leaving behind secondary porosity (Fig. 8f).

Porosity and reservoir quality

The reservoir quality of sandstones is largely determined by
the diagenetic processes that either reduce or enhance poros-
ity. Compaction processes, framework grain dissolution, and
cement dissolution have been documented as playing signifi-
cant roles in modifying the porosity of various sandstones.
Nevertheless, current literatures tend to emphasize that

cementation reduces porosity and that dissolution of frame-
work grains and cement enhances porosity.

The petrophysical data obtained in the present study agree
with the petrographic observations. The investigated sand-
stones are affected by porosity enhancement due to extensive
dissolution of the detrital feldspars and some dolomite cement
and also extensive dissolution of fossils. The total destruction
of feldspars without being accompanied by kaolinite precipi-
tation has resulted in volumetrically significant porosity en-
hancement. Porosity preservation in the sandstones may occur
due to early and evenly distributed partial carbonate cementa-
tion (Souza et al. 1995) and clay coatings that inhibit the
formation of quartz overgrowths (Ehrenberg et al. 1993).

The secondary porosity resulting from the dissolution of
feldspar and fossils in these sandstones is very important with
respect to the reservoir porosity enhancement. Many workers
have recognized the importance of FGD to reservoir porosity
enhancement. Prominent among them are Heald and Larese
(1973), Siebert et al. (1984), and McBride et al. (1996). Their
results as compared with the data of the present work are
presented in Table 5.

Generally, the sandstones having the currently observed
porosity and permeability are considered good hydrocarbon
reservoirs due to (1) most are well-sorted and devoid of clay
intraclasts (except in very few samples), (2) secondary en-
hancement of porosity through the dissolution of feldspars
and some dolomite cements and also fossils dissolution, and
(3) scarcity of quartz overgrowths. Moreover, because of the
low kaolinite content (average 2 %) and the high permeability
values of most sandstone samples, these rocks have generally
high porosities and consequently are good reservoir rocks.

Porosity and permeability evaluation

Porosity was estimated through two different ways in this
study: from thin sections of both the carbonate and sandstone
samples and the routine petrophysical measurements (Table
3). Both methods have good agreement with each other.
Thin-section porosity was divided into four categories: inter-
granular pores (Fig. 8f), oversized pores (Fig. 6c),
intragranular pores (Figs. 6g and 8g), and mouldic pores
(Fig. 8c). Out of 17.2 % average thin-section porosity,

Table 5 Framework grain
dissolution (FGD) value of the
present study compared with re-
ported values from other settings

References FGD% Locations

Present study 4.5 Moghra sandstone (Lower Miocene)

McBride et al. (1996) 5.8 Cambrian sandstone of southwest Sinai, Egypt

McBride et al. 1996 5.1 Carboniferous sandstone of southwest Sinai, Egypt

Siebert et al. (1984) 4.4 U.S. Gulf Coast Tertiary and Cretaceous of the Rocky Mountains

Heald and Larese (1973) 4.4 Mt. Simon sandstone (Cambrian of Ohio)

FGD sum of intragranular porosity and oversized pores and was found in terms of volume percent of the rock
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11.7 % are intergranular pores, 2.2 % are oversized pores,
2.3 % are intragranular, and 1.1 % are mouldic pores. In this
study, the term "secondary porosity" refers to the sum of the
intragranular pores, mouldic pores, and oversized pores,
whereas the intergranular pores are mainly considered as pri-
mary porosity, in spite of the minor percent that may have
resulted from the dissolution of intergranular pore-filling
cement.

The petrophysically determined porosity from core samples
averages 27.3 %. This value is not only dependent upon the
lithology and texture but also affected by the diagenetic processes
(e.g., compaction, dissolution, replacement, and cementation).

Permeability values in the studied samples range from
0.002 to 22437 mD, with an average of 1868 mD. These
values correspond to permeable rocks that are indicative of
excellent groundwater aquifers and good hydrocarbon reser-
voirs. Permeability is related to porosity, and a petrophysically
effective porosity is a good predictor of permeability. The plot
of permeability and effective porosity (Fig. 7a) shows that
permeability depends mainly on the effective porosity. In gen-
eral, permeability increases with the increase of effective po-
rosity. The abundance of authigenic kaolinite can impart con-
siderable microporosity to the rock, but microporous rocks
have low permeability (Salem 1995). Accordingly, the high
permeability values are due to low kaolinite content (Fig. 7c).

The studied samples are characterized by high porosity (Φ)
that ranges from 1.1 to 41.4 % (average 27.3 %). This wide
variation is attributed mainly to the dissolution of cement,
grain size effect, and/or diagenetic processes (Hassanein and
Aly 1993; Ghanem et al. 1996; Salem and Hassanein 1997).
They are also characterized by high permeability implying
that their corresponding subsurface occurrences represent
good reservoir rocks. Although the grain density does not
have large variations, bulk density exhibits a wider range of
variations (Table 3 and Fig. 7e, f), because of the effect of the
different diagenetic processes, the presence of pore-filling ma-
terials, and the development of secondary porosity (e.g.,
Mousa et al. 2011). However, the linear relationship between
the bulk density and porosity indicates that the rock samples
have similar mineralogical composition, grain shape, packing,
and fabric; therefore, the pore framework is expected to be
uniform and homogeneous.

Conclusions

The present study deals with the effect of diagenesis on the
petrophysical properties of the Miocene rocks cropping out at
the eastern tip of the Qattara Depression, north Western De-
sert, Egypt, aiming to evaluate their origin and storage capac-
ity properties. These rocks include two principal
lithostratigraphic units: the Moghra Formation (Lower Mio-
cene) at the bottom and the Marmarica Formation (Upper

Miocene) at the top. Eighty-seven samples were collected
from the area of study for both sedimentological and
petrophysical investigations. Several techniques were applied
on the collected samples to study the petrology, mineralogy,
and diagenesis. The petrophysical analysis focuses mainly on
the evaluation of porosity, permeability, and density.

The Moghra Formation is composed essentially of sand-
stones with alternations of shales and few limestones and thin
conglomerate beds. The sandstones are mainly fossiliferous,
dolomitic quartzarenites, calcareous quartzarenites, and ferru-
ginous quartzarenites. The limestones are commonly sandy
fossiliferous dolostone microfacies. The Marmarica Forma-
tion, on the other hand, is a calcareous unit, which is uniform
in lithologic and biologic characteristics. The formation is
fossiliferous with "reefal" assemblages ofmarine invertebrates
and widely distributed foraminifera.

The facies sequence of the Moghra Formation suggests a
fluvial environment that was interrupted by two minor marine
invasions. However, the occurrence of the fossiliferous car-
bonate units within the Moghra clastics provides an evidence
for a shallow marine condition. The fluvial environment of
clastic facies is evidenced by the frequent presence of tabular
cross-bedding, the abundance of drifted silicified tree trunks,
and the absence of detrital ferrous-iron minerals such as sid-
erite and chlorite. Thus, a fluvio-marine environment is sug-
gested for the Moghra Formation.

Microfacies analysis of theMarmarica Formation has led to
the recognition of five facies: sandy dolomicrite, sandy
biodolomicrite, biodolomicrite, sandy dolobiomicrite, and
sandy biomicrite. The facies sequence interpretation suggests
a tide- to wave-dominated shoreline facies for the lower part
and an intertidal-subtidal open marine facies for the upper part
of the formation. The main diagenetic features observed in the
studied carbonates are neomorphism, dolomitization, dissolu-
tion, cementation, compaction, and replacement.

Petrophysical data showed that the measured porosity of the
Moghra Formation varies only from 11.1 to 21.7 %, while the
measured porosity of the Marmarica samples varies widely
from 1.1 to 41.4%. Themeasured grain density (ρg) varies only
from 2.66 to 2.80 g/cm3 and from 2.69 to 2.8 g/cm3 for the
Moghra and the Marmarica formations, respectively. In the
Moghra Formation, the measured bulk density (ρb) ranges from
2.16 to 2.39, while in theMarmarica Formation, it ranges wide-
ly from 1.63 to 2.68. Themeasured rock permeability values for
theMoghra Formation vary from 0.01 to 62mD,while it ranges
in the Marmarica samples from 0.002 to 22437 mD.

The interrelationships between various petrophysical prop-
erties showed that there is a negative correlation between the
bulk density (ρb) and porosity (Φ) and a poor correlation be-
tween the grain density (ρg) and porosity (Φ), as well as be-
tween the grain density and permeability. On the other hand, a
good positive relationship is often found between the perme-
ability (K) and effective porosity (Φ).
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The present data showed that the reservoir quality of these
sandstones was controlled chiefly by cementation and partly
by compaction and amount of secondary pores formed by
feldspar and carbonate cement dissolution. Porosity was com-
monly reduced by cementation more than by compaction. The
investigated sandstones are affected by porosity enhancement
due to extensive dissolution of detrital feldspars and dolomite
cement as well as enhanced dissolution of fossils. Generally,
the investigated sandstones are considered good hydrocarbon
reservoirs due to (1) mostly well-sorted grains and absence of
clay intraclasts (except in very few samples), (2) secondary
enhanced porosity through the dissolution of feldspars and
leaching of dolomite cements and fossils, and (3) scarcity of
quartz overgrowths. Moreover, because of the low kaolinite
content (average 2 %) and high permeability values of most
sandstone samples, these rocks have generally high porosities
and consequently can be good reservoir rocks. The studied
carbonate samples are characterized by high porosity and high
permeability due to the secondary enhancement of porosity
through the dissolution of fossils implying that their corre-
sponding subsurface occurrences represent good reservoir
rocks.
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