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KEYWORDS Abstract Realization of electrical and petrography of rocks is absolutely necessary for geophysical
Conductivity; investigations. The petrographical, petrophysical and electrical properties of sandstone rocks (El-
Dielectric constant; Maghara Formation, North Sinai, Egypt) will be discussed in the present work. The goal of this
Frequency domain; paper was to highlight interrelations between electrical properties in terms of frequency (conductiv-
Jurassic; ity, permittivity and impedance) and petrography, as well as mineral composition. Electrical prop-
Sandstone erties including (conductivity and dielectric constant) were measured at room temperature and

humidity of (~35%). The frequency range used will be from 10 Hz to 100 kHz. Slight changes
between samples in electrical properties were found to result from changes in composition and tex-
ture. Electrical properties generally change with grain size, shape, sorting, mineralogy and mineral
composition. The dielectric constant decreases with frequency and increases with increasing clay
content. The conductivity increases with the increase in conductor channels among electrodes.
Many parameters can combine together to lead to the same electrical properties. The samples are
mainly composed of sand with clay and carbonate.
© 2017 Production and hosting by Elsevier B.V. on behalf of National Research Institute of Astronomy
and Geophysics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

1. Introduction and geologic setting
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) The elements of the samples will be separated electrically into
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semiconductor or nonconductor elements. Fig. 1 shows the
location map of the samples.

El-Maghara section has a thickness of nearly 1900 m. It was
subdivided into six marine and continental formations (Fig. 2,
El Far, 1966; Kassab, 2004; Gomaa et al., 2015; Kassab et al.,
FLSEVIER Production and hosting by Elsevier 2016). Samples are collected from Safa, Shusha and Mashaba
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Fig. 1  Location map of the study area.
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Fig. 2 A generalized stratigraphic column of Gebel El-Maghara
in the northern Sinai area.

Formations. These three formations (from base to top) mostly
consist of clastic rock samples (9 samples).

Geologic description of sampled formations is summarized
as follows:

1- Mashaba formation (bottom)

It is the oldest Jurassic outcrop (thickness 100 m). It is com-
posed of clay and sand, interbedded with shales and thin bed
of sandy limestone, fine to coarse grained, overlain by thick
sand bodies. The top part consists of clayey limestone and thin
beds of sandstone.

2- Shusha formation (middle)

Some outcrops are detected at Shushat El-Maghara area
(272 m thickness). The Shusha is formed from a clastic
sequence interbedded with carbonate. The sediments consist
of sand with some interbeds of shale and claystone which is
the dominate part in the Formation. The top part is repre-
sented by argillaceous limestone.

3- Safa formation (top)

It is composed of sand and clayey sand with interbeds of
limestone and clay in addition to some coal bearing facies
(thickness of approximately 215 m).

The following is the description of the clastic rock samples
collected from of the three formations (Mashaba, Shusha and
Safa) according to the field observation.

2. Sample description

The following is the description of the clastic rock samples
which are collected from the three formations (Mashaba,
Shusha and Safa) according to field observation:

Sample M1 is ferruginous calcareous sandstone: Varicol-
ored (dark brown and pale yellow), fine grained and hard,
Mashaba Fm. Sample M15 is ferruginous clayey calcareous
sandstone: Brownish white, fine to medium grained and hard,
Mashaba Fm. Sample M32 is Sandstone: Light yellow with
brown points, fine to medium grained and semi-hard, Shusha
Fm. Sample M35 is ferruginous clayey calcareous sandstone:
Light brown, very fine grained and hard, Shusha Fm. Sample
M40 is ferruginous sandstone: Varicolor (pale white to yellow
and brown), fine grained and semi-hard, Shusha Fm. Sample
M47 is ferruginous sandstone: Brown, fine grained and hard,
Shusha Fm. Sample M54 is sandstone: Pale yellow to light
browns, fine grained and hard, Shusha Fm. Sample M71 is
sandstone: Brown, fine grained and semi-hard, Safa Fm. Sam-
ple M87, Ferruginous Clayey Calcareous Sandstone: Pale red,
fine grained and hard, Safa Fm.

3. Methodology

3.1. Petrography

Polarizing microscope was used to study thin sections for pet-
rographical and mineralogical investigations. Impregnated
blue dye was used to describe the sample pore spaces
(Dickson, 1965). Fig. 3 represents the petrography photomi-
crographs and Fig. 4 represents the photomicrographs taken
from Scanning Electron Microscope (SEM Model Philips XL
30 was used).

The samples were cleaned in the warm solvent extracted in
extractor apparatus (soxhlets). Methanol and toluene were
used as organic solvents for sample cleaning. The toluene
removes any residual hydrocarbons (in pores) and the metha-
nol removes water and salts from pores. At the end of this ser-
ies, samples were dried at 90 °C until their weights were stable.

3.2. Petrophysics and electrical measurements

Porosity was measured using both matrix-cup helium
porosimeter (gas-expansion method) and DEB-200 instrument
(Archimedes’ principle). Porosity ¢ is the proportion of the
measured volume of pore space or void V), (cm®) to the total
sample volume V, (cm?)

V,

¢:72 (1)
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Fig. 3  Petrography photomicrographs.
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Fig. 4 SEM photomicrograph.
Bulk density (a5, g/cm®) was calculated as follows: o, = Wyl V, (3)
=W,/V, (2) where V, is the grains volume (cm?®):
where W, is dry sample weight (g). Grain density o, (g/em?) is Ve=Vo =V, 4)

as follows:
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Gas permeability (K, in milli Darcy) was measured using
gas permeameter supplied with nitrogen gas:

K= QuL/(AAP) (5)

with Q is the rate of flow (cm?/sec),  is the fluid viscosity (cen-
tipoises), AP (atm./cm) is the pressure gradient, 4 is the cross-
sectional area (cm?) of the sample and L is its length (cm). The
measured petrophysical factors are displayed in Table 1. In
measuring permeability of rock samples by gas flow it is there-
fore necessary to make a correction for the type of gas and
mean pressure. The measured permeability of a porous mate-
rial to a gas is greater than that to a liquid. Klinkenberg cor-
rection must be applied to gas permeability, if we use these
data for hydrocarbons production, to convert gas permeability
into liquid permeability. But actual liquid or brine permeabil-
ity is better than Klinkenberg due to fluid interaction with
rock, especially in the presence of clay minerals. In our study
we use the gas permeability for petrophysical facies only, so
Klinkenberg correction was not applied to gas permeability.

For electrical measurements, the thickness and area of sam-
ples were prepared to be at least 1:5 to avoid stray capacitance.
The specimen faces were adjusted to have parallel faces. All
Jurassic ages are represented in the measured specimens. Hioki
3522- 50 LCR instrument was used in the frequency range
from 10 Hz up to 100 kHz (nearly 10 frequencies in each dec-
ade) with the help of non-polarizing electrodes (Cu/CuSQy)
(Gomaa, 2009; Shaltout et al., 2012).

Electrical properties were measured in parallel arrange-
ment. Measured parameters were parallel capacitance (C,)
and parallel conductance (G,). The complex relative permittiv-
ity ¢* can be written as

& =¢ —id (6)

where measured relative permittivity (¢') before correction is
C,d

¢ =2 (7)
SOA

and the imaginary part of the relative dielectric constant (&) is

E// — GPd (8)
wé‘()A

A is the sample cross-sectional area, d is the thickness of sam-
ple, & is the permittivity of free space (8.85 x 10™'2 F/m), and
w is the angular frequency. The real part of conductivity is
equal:

Samples are measured dry. The complex series impedance
(%)
Z =R, —iX, (10)

where R, is the series resistance and X is the reactance
Measurements were made at humidity of (35%) and room
temperature (27 °C) in an isolated chamber.
Fringing errors (of capacitance) are included using (Chew
and Kong, 1980; Gomaa and Alikaj, 2010) formula

N a*me,ey {1 2d

C~
d e,

[m (%) 4 (14e +1.8) +g(o.z7gr + 1.7)} }
(11)

where a is the sample radius and ¢, is the relative dielectric
constant.

The electrode resistance is very small at the entire frequency
domain and it was removed from measurements (as was dis-
cussed in Gomaa, 2008, 2013).

4. Results and discussion
4.1. Petrography

4.1.1. Microfacies analyses

The studied El Maghara sandstones samples can be subdivided
into two microfacies: quartz arenite and calcareous quartz
arenite microfacies.

Quartz arenite microfacies: Some parts are represented by
Quartz arenite microfacies which are composed of moderately
sorted, fine to medium, subrounded to subangular quartz
grains cemented together by silica cement and iron oxides
which reduce slightly the pore spaces between grains
(Fig. 3B). It is composed of quartz grains (99.7%) in addition
to carbonate that is mostly represented by calcite (7.3%) and
slightly of silt and claystone (4.6%). Quartz grains are mainly
monocrystalline which are compacted together through suture
and concave-convex contact with slight effect on the total pore
volume. Few ferruginated clay patches are present. Porosity of
the quartz arenite samples is mostly poor to excellent values
(1.61-18.52%), represented by intergranular pore spaces in
addition to oversize pores, due to the dissolution of some
quartz grains (Fig. 3B).

Calcareous quartz arenite microfacies: These microfacies
represent most of the parts of El Maghara sandstone forma-
tions. It is composed of ill sorted, fine to coarse quartz grains

¢ = G,,i = ¢ we, (9) (77.6%) in addition to some carbonate mostly represented by
A
Table 1 Petrophysical parameters of sandstone samples.
Sample no. Porosity %, Bulk density, Grain density, Permeability, Silt & Sand % Carbonate % Formation
(Helium) g/em® g/em® mD Clay %
M1 3.47 2.57 2.65 0.94 5.3 77.6 17.1 Mashaba
M15 3.34 2.57 2.66 0.069 8.1 60.7 31.2 Mashaba
M32 15.13 2.21 2.61 944.55 0.3 99.7 0 Shusha
M35 4.63 2.58 2.71 0.067 10.5 66 23.5 Shusha
M40 11.57 2.30 2.61 67.31 4.6 88.1 7.3 Shusha
M47 1.61 2.58 2.62 1.22 4.5 91.6 3.9 Shusha
M54 0.43 2.74 2.72 1.321 6.9 57.8 353 Shusha
M71 18.52 2.11 2.59 1158.66 2.7 93.2 4.1 Safa
M87 1.07 2.59 2.61 0.097 6.6 55.1 38.3 Safa
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calcite (38.3%), silt and claystone (2.74%) and some bioclastic
remains (Fig. 3A). Quartz grains are mainly monocrystalline
that is compacted together through suture and concave-
convex contact with slight effect on the total pore volume,
where the grains are mostly floating within the cement. Grains
are cemented by carbonate cement mostly (calcite). In addition
to calcite, some ferruginated clay patches are present, which
highly reduce the pore spaces. These microfacies are mostly
characterized by poor porosity values (0.43-4.63%). The pore
porosity is represented by intergranular pore spaces which are
highly reduced by calcite and micro fractures porosity, due to
stress acted on grains (Fig. 3A).

4.1.2. Effect of diagenesis on the pore volume

Petrographical examination of the studied samples reveals that
they are mainly Quartz Arenite. Fig. 3 shows the petrography
photomicrographs and Fig. 4 shows SEM photomicrographs.
Grains are poorly sorted, fine to coarse, subrounded to suban-
gular, and cemented together by slightly iron oxides and silica
cement (Fig. 3B) or by calcite cement (Fig. 3A). The diagenetic
processes have a great effect on the petrophysical properties of
sedimentary rocks as they reduce and/or enhance the porosity
of samples. Dissolution, leaching out of some quartz grains
(Fig. 3B) leads to increase the porosity. Compaction processes
(Fig. 3A and B), cementation by silica cement (Fig. 3B and
Fig. 4A), iron oxides and calcite cement (Fig. 3A) and forma-
tion of authigenic minerals reduce porosity, where the intersti-
tial pore spaces are mainly filled with clay minerals, leading to
reduce porosity (Fig. 4B-D). Kaolinite is the most dominant
clay mineral (Fig. 4B). Also, Illite (Fig. 4C) and Smectite
(Fig. 4D) are detected in the studied samples. The leaching is

20
M71

Porosity %
1

represented by the presence of high porosity after the dissolv-
ing of silicate minerals (Fig. 3B). Porosity is represented
mainly by intergranular porosity (Fig. 3B).

4.2. Petrophysical properties

Based on the petrophysical behavior, the obtained data for
sandstone samples refer to that the bulk density g, values
are the contribution of both grain and pore phases. The bulk
density is mostly dependent on porosity ¢ with highly reliable
relationship (R*> = —0.96, Fig. 5). Bulk density is calculated
using the following:

¢ = 83.94 — 31.280, (R* = —0.96) (12)

The permeability (k) for the studied samples is mostly ranked
as poor to excellent values reaching up to 1158 mD in average.
Fig. 6 shows the permeability values plotted against the poros-
ity measured using helium. It is mostly dependent on porosity
with more reliable relationship with porosity. The regression
equation calculated for these relations is as follows:

k=0.1022¢2%¢ (R* = 0.81) (13)

4.3. Electrical properties

The frequency response of the electrical properties is domi-
nated by low frequency dispersion. The variation of AC elec-
trical properties has been investigated and evaluated in the
frequency range of 10 Hz—100kHz (room temperature).
Fig. 7 represents the relative permittivity against frequency.

0 :
22 I

21 23

25 B 27

Bulk density (g)cm )

Fig. 5 Porosity — bulk density relationship.
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Values of dielectric constant (¢'), at high frequencies, are nearly
frequency independent and decrease with increasing frequency,
due to polarization. Values of relative permittivity decrease
with frequency increase, and then achieve a steady value
because beyond a certain frequency and the hopping of elec-
trons cannot follow the applied alternating field (Chelidze

and Gueguen, 1999), i.e. the speed of the electrons cannot fol-
low the speed of the applied field. The progressive decrease in
relative permittivity with decrease in the whole concentration
of conductor is the result of the increase in void distances
between grains, i.e. increasing the pore spaces between the con-
ducting solid phases. The capacitance progressively increases
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with frequency decrease or with the whole conductor concen-
tration increase (Chelidze et al., 1999). The variation with fre-
quency in ¢ can be attributed to Maxwell-Wagner
polarization, i.e. the heterogeneity in rocks leads to a fre-
quency dependence of the dielectric constant. Heterogeneity

motivates charge transports to be collected at conducting grain
edges and produces the interfacial polarization. Variation of
relative dielectric constant with frequency for all samples has
demonstrated nearly similar behavior, indicating that they
follow the same power law (Jonscher, 1999). Additionally,
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the behavior of dielectric constant dispersion is related to the
application of a field that serves for the hopping of electrons
between two different sites in the atoms. This one also leads
to an increase in the electronic component support to dielectric
constant variation. At high frequencies, the charge carriers
could not follow the rotation of the electric field, so their fluc-
tuation or rotation will begin to delay behind the applied field
leading to a decrease in dielectric constant. Sample (M54) has
the highest value of relative permittivity (lowest porosity),
while sample (M1) has the lowest value (Fig. 7) (may be due
to texture).

Fig. 8 shows the conductivity versus frequency for all sam-
ples. Conductivity, generally, increases with frequency increase
and with total conductor concentration (Levitskaya and
Sternberg, 1996a, 1996b). The general increase in conductivity
is not ordered due to the randomness and heterogeneity in the
samples. There is only one slope with frequency for some sam-
ples (samples 15 and 35) and there are two slopes with fre-
quency for the other samples (texture effect). At relatively
low frequencies, the conductivity is low and nearly flat (for
samples of two slopes). The increase in conductivity at higher
frequencies is due to the formation of more continuous
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conduction paths (Knight, 1983; Levitskaya and Sternberg, oox o' (14)

2000). With the increase in frequency particles are motivated
to overcome the energy level barriers to form continuous con-
duction channels and as a result of that the conductivity
increases (Jonscher, 1999; Gomaa and Elsayed, 2009; Gomaa
et al., 2009). Concentration of conductor (mud) increases the
efficiency of the conductor continuous paths and as a result
increases the experimental conductivity. The conductivity
behavior shows power law (nearly) with frequency (),

where 7 is the curve slope (~0.63 to ~0.43) for samples of one
slope. The low frequency slope may be the result of DC con-
duction (conducting elements). The samples of high conductiv-
ity values are M1, M32 and M54, whereas those with low
values of conductivity are M40, M47 and M15 (Fig. 8).

The frequency dependence of conductivity is a function of
polarization effects. An analogy between specimens and elec-
trical equivalent circuit is done by supposing a capacitance
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between conductor grains. When conductor grain concentra-
tion is high, then conductivity is determined essentially from
the conducting links. Up to a certain frequency, the conductiv-
ity of the samples will not change significantly. Above that fre-
quency the capacitor contribution (insulator grains) is very
huge. Near percolation threshold Pc, few conducting grain
links may be found and the air gab (capacitors) effect among
conductor grains begins to be very huge (Efros and
Shklovskii, 1976). With the increase in frequency, the current
in gabs (capacitors) increases and the final result of the whole
conductivity will be increased (Song et al., 1986).

The diffusion within clusters contributes to conductivity
frequency dependence (above Pc) and the polarization effects
between semiconducting grains (Knight, 1983; Knight and
Endres, 1990). Within frequency range, the conductivity has
a flat response for most of the samples. This is because elec-
trons are free to move over large distances under electric field.
For highly conducting samples (M1, M32 and M54), electrons
can move through many and different paths in the infinite clus-
ters. Near critical concentration only a few percolating paths
are present and movement of electrons in the finite paths is
of great significance and conduction mechanism will increase
with frequency.

Below P region, the polarization and the movement of
electrons in the conducting paths will define conductivity val-
ues. Finally, conductivity will increase with frequency increase.
Sample below the percolation region P will follow the for-
mula ¢ o< »’.

The energy dissipated at low frequencies is due to the polar-
ization between isolated conducting grains. Near P there is a
consistent transformation from " to w® behavior (Levitskaya
and Sternberg, 1996a, 1996b; Levitskaya and Sternberg, 2000).
However, even for samples near percolation threshold Pc
(Fig. 8) the asymptotic w? is not present (> 100 Hz).

Fig. 9 displays complex impedance representation.
Generally, low conductor from mud is represented by a line

in the impedance plot. That arc decreases in size (part of semi-
circle) at high conductor concentrations (Ruffet et al., 1991a,
1991b). Samples M71 and M47 show an arc, while samples
M54, M87, M40 and M32 show a semicircle. The distances
between conducting grains decrease with conductor increase,
until percolation threshold, and then the characteristic appear-
ance of the curve changes from a line to an arc and then to a
semicircle.

Fig. 10 shows measurements of experimental conductivity
and dielectric constant values versus mud concentration per-
centage at different frequencies (100 Hz, 1, 10 and 100 kHz),
respectively. Increase in mud concentration, increases the
dielectric constant because insulating distances between con-
ducting grains decrease. These distances between conducting
grains decrease up to the first continuous conductor channel
is formed. At high frequency (100 kHz) the dielectric constant
shows a value from 20 to 200. The total conductor concentra-
tion (mud) in the samples does not reach the critical concentra-
tion. With the increase in mud the continuous channels of
conductor grains between electrodes increase at the
expense of insulator paths and accordingly the conductivity
increases.

Fig. 11 shows the conductivity and dielectric constant ver-
sus sand concentration percentage at different frequencies
(100 Hz, 1, 10 and 100 kHz). Dielectric constant, generally,
does not change with increasing sand in sample because the
distances between conducting grains do not reach critical con-
centration and not also near it (Gomaa and Kassab, 2016).
The distances between conducting grains are very big to show
a difference in dielectric constant. The conductivity shows a
general increase within one decade followed by a general
decrease due to the general differences between samples in
homogeneity and texture.

Fig. 12 shows the conductivity and dielectric constant
versus carbonate concentration percentage at different
frequencies (100 Hz, 1, 10 and 100 kHz). The same can be
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Fig. 14  The dielectric constant and conductivity versus porosity (%) of sandstone samples.
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seen in Fig. 11 for dielectric constant and conductivity. This
may be due to the fact that the sand and clay are relatively
insulators with different conductivities (Gomaa and Kassab,
2016).

Fig. 13 shows the conductivity and dielectric constant with
permeability at different frequencies (100 Hz, 1, 10 and
100 kHz). There is a common slight decrease in dielectric con-
stant with permeability increase at low frequency, while the
decrease is less for higher frequencies. This relation is not clear
enough (sample number is not enough). The conductivity dis-
plays a flat response against the permeability.

Fig. 14 shows the conductivity and dielectric constant versus
porosity for samples at different frequencies (100 Hz, 1, 10 and
100 kHz). There is a common slight decrease in the relative
dielectric constant with porosity increase at low frequencies
and tends to be stable for higher frequencies. The conductivity
shows a general increase followed by a general porosity.

The arrangement and relations between the grains or ele-
ments in samples are very great and may be changed at the
same sample (Sen, 1981; Olhoeft, 1985) even if they have the
same concentration and combination of materials (Abou
El-Anwar and Gomaa, 2013).

5. Conclusions

The paper purpose was to highlight on arrangement and rela-
tions between the grains and their relation to electrical proper-
ties as a function of frequency (conductivity, permittivity and
impedance). Also, the relation between mineral composition
and petrography was discussed. Based on the mineralogical
composition, the Jurassic sandstones of El Maghara area are
mainly quartz arenite. Most samples have high porosity. Ori-
gin of porosity in most of the samples is primary (intergranular
porosity) and few samples have secondary (oversize pores)
porosity. Porosity is controlled by diagenetic processes
(cementation, compaction and formation of authigenic miner-
als), which greatly reduces the pore spaces. Other diagenetic
processes may lead to enhancing porosity (dissolution and
leaching). The sandstone rocks are characterized by relatively
good porosity and permeability, and these sandstones can be
considered as a good reservoir rocks.

The frequency range measurement of electrical properties
was from 10 Hz up to 100 kHz. The minor fluctuations in elec-
trical measurements may be due to the fluctuations in arrange-
ments and relations between the grains or elements in samples.
Enhancement of dielectric constant is referred to increase in
clay concentration. All samples are supposed to be below the
critical concentration of the mud. Many parameters can join
together to give the same electrical properties. Increase in con-
ductivity is referred to the increase in conduction arrangements
and relations between electrodes. There are many controlling
factors on electrical properties.
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