
Vol.:(0123456789)1 3

Applied Water Science (2020) 10:105 
https://doi.org/10.1007/s13201-020-01186-3

ORIGINAL ARTICLE

Heterogeneity in relation to electrical and mineralogical properties 
of hematitic sandstone samples

Mohamed Mahmoud Gomaa1

Received: 10 March 2019 / Accepted: 30 March 2020 / Published online: 13 April 2020 
© The Author(s) 2020

Abstract
Electrical properties of mixtures of composite materials are sensitive to texture between grains. Electrical measurements of 
hematite and sandstone composite mixture were performed in the frequency range (5 × 10−4 Hz–105 Hz). This study is a trial 
to give more detailed information upon the effect of electrical properties and their relation to the ore composite mixture, its 
geochemical and spectrographic analyses. The composite mixture of the samples displays some similarity in the frequency-
dependent response of the electrical properties that follow Jonscher’s universal law. The frequency dependence of electrical 
conductivity indicates that the sample behaves as a semiconductor material at relatively high frequencies. The spectra of the 
measured electrical properties vary strongly with the change of the concentration of the conductive elements and the texture 
of the specimens. The main change of the electrical properties is related to the conductor (saturation) concentration. This 
change does not increase monotonically with the increase in the conductor (saturation) concentration which may be attrib-
uted to the degree of heterogeneity between the grains (and texture). The interface between the grains controls the relatively 
low frequencies, whereas the bulk grain dominates the relatively high frequencies. The heterogeneity of the samples is an 
effective component in controlling the electrical properties of the composite mixtures.
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Introduction

Subsoil studies using noninvasive techniques are of great 
importance for many scientific branches (hydrogeology, 
waste observation and hydrocarbon research). It is a com-
plex and difficult problem to interpret the complex electrical 
properties of heterogeneous mixtures. Electrical properties 
at dry condition of composite mixture of hematite sand-
stone indicate that interface between grains greatly affects 
the electrical properties of rocks. Hematite is one of the 
most important rocks (economically) that has high interface 
between grains and accordingly high electrical properties 
and has not been studied in detail. Increasing the content of 
alkali ions in the rock increases the electrical conductivity. 
Extensive studies were done on DC electrical properties of 
many materials, but relatively little works have been done 
on the AC electrical behavior (Gomaa 1996; Gomaa 2004a, 

b). DC measurements of current provide information on the 
conduction links present in samples. AC electrical proper-
ties give information about the conduction and insulation 
process in the samples (Dias 1972; Gomaa et al. 1999a, b, 
c). AC electrical response of any multicomponent mixture 
depends basically upon the volume fraction of conductor 
and insulator constituents of each individual component. 
De Lima and Sharma (1991, 1992) show that the effective 
electrical properties of shaly sands depend basically on the 
particle size, particle shape (Sen 1984), the effective conduc-
tivity and dielectric constant of the interstitial constituents 
(Sen 1989), and heterogeneity and randomness of the mix-
ture and the frequency of the applied field (De Lima 1995).

The electrical properties of the iron ores samples (hem-
atitic sandstone) were measured for samples occurring at 
East Aswan, in the Eastern Desert, and Bahariya Oasis, in 
the Western Desert. The electrical measurements have been 
made (dry) in the frequency range of 10 Hz up to 100 kHz 
at room temperature (~ 20 °C). The electrical response of 
hematitic sandstone samples was measured at different hem-
atitic sandstone concentrations. The heterogeneity and ran-
domness are a very big problem that control (the dominant) 
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the electrical properties of the samples. We try to eliminate 
the effect of heterogeneity and randomness of the mixture 
by grinding the samples. The samples were ground and 
overturned in another instrument, 300 round/m, for 3 min 
and finally squeezed under pressure (140 kN). These sam-
ples (mixture) are supposed to be multicomponent system 
of sand/hematite/air, with an electrical response dependent 
upon the nature of the individual constituents (Knight and 
Nur 1987; Knight 1983). The mixture components of mul-
ticomponent system will be affected with the frequency and 
additions of conductor (hematite), leading to the transfor-
mation of the system, at a certain conductor concentration, 
from insulator to semiconductor (with distinct electrical and 
physical properties). Also, we will try to discuss the physical 
models and mechanisms of conduction and polarizations that 
are arise under different constituent concentrations.

The properties of the rock composite vary considerably 
with frequency (Olhoeft 1985). At low frequencies, effective 
conductivity is increasing with the increase in frequency 
and the effective permittivity is decreasing with the increase 
in frequency (Sen 1981; Vinegar and Waxman 1984). The 
typical response at low frequencies shows that the bulk AC 
conductivity is frequency independent, but at high frequency 
the conductivity increases with a behavior called universal 
power law (Jonscher 1999). Electrical characteristics may 
be due to geometric constituents or due to heterogeneities 
of the samples (Sen 1981; Knight and Endres 1990). Also, 
it may be connected to electrochemical procedures that arise 
at grain interfaces (Marshall and Madden 1959; Dias 1972). 
The electrochemical processes between charged grains lead 
to the presence of double layer around these particles. The 
polarization of that double layer under the effect of applying 
an electric field leads to the anomalous behavior of sam-
ples (Dukhin and Shilov 1974; Chew and Sen 1982). This 
is called the Maxwell–Wagner relaxation mechanism or the 
interface effect. This effect is responsible for many disper-
sive behaviors on grain surfaces or at the contact of any two 
materials.

Knight and Abad (1995) related the power law behavior 
to the sample texture. The random nature of the constitu-
ents within the samples is the main factor of the power law 
(Jonscher 1999; Gomaa e al. 2000, 2001). The conductivity 
of dry sandstone at room temperatures is ~ 10−10 S/m, and 
its relative permittivity is ~ 3–5. The conductivity of dry 
hematite at room temperatures is ~ 10−2–10−3 S/m, and its 
relative permittivity is ~ 25. For a mixture of hematitic sand-
stone (hematite and sand), the interface between these two 
components gives high-permittivity values that are strongly 
frequency dependent (Chelidze and Gueguen 1999; Chelidze 
et al. 1999), which was argued to the polarization effects and 
surface conductivity. Without applying an oscillating elec-
tric field, ions are not under control to move. With applying 
that electric field, the charges are polarized leading to large 

dipoles and to giant apparent permittivity (Garrouch and 
Sharma 1994; Garrouch 2001). With increasing frequency, 
the charges do not have much time for polarization process 
and their values will be added to the conductivity because 
they will be in phase with the applied field.

Adding a small amount of conductor to the specimen 
constituents may lead to increase the conductance and 
may reduce the dielectric constant. All of these factors 
are resulted from physical processes at the interface of the 
grains. These reactions may be considered as surface con-
tributions to the complex electrical conductivity of samples 
(Chelidze and Gueguen 1999; Chelidze et al. 1999). Orienta-
tion polarization or hopping of ions along the surface is the 
most probable polarization mechanism of charges (Chelidze 
and Gueguen 1999; Chelidze et al. 1999; Glover et al. 1994).

Polarization of non-conducting grains, coated with a con-
ducting one, may lead to high dielectric values at low fre-
quencies (Chelidze et al. 1999). This is an explanation that 
the addition of a small conductor quantity to a sample may 
result to a high-permittivity value at relatively lower fre-
quencies. Also, the insulating layers that cover the conduct-
ing particles may result to a small increase in conductivity 
accompanied with a violent decrease in dielectric constant 
to relatively low values at high frequencies.

Hematite as a sedimentary rock deposit is thought to 
have precipitated by organic and/or chemical processes. 
The hematite is often found mixed together with other lay-
ers of quartz or chert. The chemical formula of hematite is 
 Fe2O3, its empirical formula is  Fe2

3+O3, and its composition 
is nearly iron 70% from 100%  Fe2O3 and oxygen 30%, its 
molecular weight = 159.69 gm.

Aswan iron ore deposits

Nubian sandstone (Cretaceous age) is overlained by fossil-
iferous calcareous sediments of Upper Cretaceous age. Its 
heavy minerals are mainly iron ores, zircon, tourmaline and 
futile (Shukri and Ayouty 1959). Lower horizons may be 
derived from local underlying basement rocks. Upper hori-
zons are derived from the south. Nubian sandstone is found 
to be of marine origin (Attia 1955). It is (lithologically) 
composed of conglomerates, sandstones, sandy shales, clays, 
quartz bands in addition to some ferruginous sandstone.

Microscopically, the Nubian Sandstone Formation is 
composed of ferruginous sandstones in addition to some 
clay minerals that may contain some iron-bearing oolites 
(Nakhla and Shehata 1967). Sometimes, remnants of 
oolites may be found in a bulk of quartz grains that may be 
cemented with some crystalline hematite. Sandstones are 
partial recrystallized, and its grain sizes are smaller in sam-
ples of rich iron oxides. Some parts of the quartz grains may 
contain extremely small amounts of disseminated hematite. 
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Ferruginous sandstones and clays, also, may contain grains 
of hematite–quartz or hematite–goethite–quartz (goethite 
replacing hematite partially).

Aswan iron ores are composed of (1) cryptocrystalline 
hydrated hematite  (Fe2O3–nH2O), (2) microcrystalline hem-
atite, (3) clay minerals, (4) quartz with subangular to sub-
rounded form, (5) goethite and hydrogoethite (Nakhla and 
Shehata 1967). Due to relatively easier passing of the solu-
tions through the matrix than through the oolites, then the 
matrix is more recrystallized than the oolites (Nakhla and 
Shehata 1967). Solutions in the samples show that they were 
formed from the partial or complete deposition of hematite 
or hydrated iron oxides in fissures or cracks after leaching 
them from oolites. Also, the chemical process of chemical 
solutions may lead to destroy the original structure of the 
oolites and the result of this process is a complete mixing 
of the mineral constituents (oolites and matrix). Sometimes, 
some anhedral detrital quartz grains may be found dissemi-
nated in the hematitic matrix.

The oolites have a wide range of variation in diameter 
(0.65 to 0.75 mm). Also, two or more oolites may be found 
cemented together. Oolites may be found to be cemented of 
the core (iron-bearing component) and the shell (quartz, col-
loidal silica, ferruginous clay or a reworked oolite) (Gason 
et al. 1999). The shell is usually composed of turgite and 
hydrated silica (or clay) with zonal structure. The removal 
of iron from oolites forms grayish white oolites which are 
coated with calcite.

There is a wide range of chemical analysis and composi-
tion variation (Table 1, Nakhla and Shehata 1967). Semi-
quantitative spectrographic analyses of some sediments and 
iron ore samples are present in Table 2. Geochemical analy-
ses of some important elements will be presented as follows 
(Goldschmidt 1954; Mason 1958; Taylor and Ahrens 1960; 
Ljunggren 1953, 1955a, b):

1. Iron presented as hydrated ferric oxides (turgite). The 
ferrous iron may be formed from partial reduction in 
ferric oxides by organic matter.

2. Silica may be present as free crystalline and/or cryp-
tocrystalline and/or amorphous states, or it may be pre-
sent as silicates (clay minerals).

3. Calcium and gypsum may be connected with ferruginous 
sediments and may be occurred as carbonate or sulphate.

4. Magnesium may occur as magnesium silicates or mag-
nesium carbonate associated with calcium carbonate.

5. There are some other minerals that may occur with 
inconsiderable amounts: manganese (~ 0.009  ppm), 
phosphorus adsorbed to the hydrated iron, sulfur as cal-
cium sulfate, copper (10 to 100 ppm) associated with 
hydrated iron oxides and silica, titanium (~ 100 ppm), 
nickel (8 to 30 ppm) (hydrated nickel silicates), chro-
mium (~ 10 ppm), zirconium (~ 8 to 100 ppm).

Experimental electrical procedures

Ten hematitic sandstone samples were measured electri-
cally. Samples are composed mainly of iron deposits from 
East Aswan, Eastern Desert, Cairo, Egypt. The measure-
ments were done at dry atmosphere with a temperature 
of ~ 20 °C. The electrical measurements were conducted 
in the frequency range (5 × 10−4 Hz from 105 Hz) with 
Hioki 3522-50 LCR Hitester Impedance Analyzer. The 
detailed description, of the electrical cell used in the meas-
urement, is described in Fig. 1. Geological samples are 

Table 1  Chemical analyses of 
east Aswan iron ore deposits 
(after Nakhla and Shehata 1967)

Type Percentage of total

Iron% Fe2O3% FeO% CaO% SiO2%

Iron ore Range 39.45–61.04 56.41–87.01 0.00–0.25 0.04–7.95 4.07–28.62
Average 49.12 60.13 0.10 2.61 9.21

Ferruginous sandstone Range 0.74–37.29 1.06–53.01 0.00–0.28 0.00–12.87 18.55–91.84
Average 30.12 43.01 0.09 2.41 51.87

Ferruginous clay Range 4.09–37.59 5.84–51.48 0.01–2.00 0.24–4.49 11.91–70.57
Average 30.90 44.04 0.12 2.45 40.27

Table 2  Semiquantitative spectrographic analysis (after Nakhla and 
Shehata 1967)

Elements not detected at a concentration limit of 100  ppm include 
Cd, Ga, Ge, Sn, Nb, Ta, Sb and T

Elements Detection 
limit in ppm

Iron ore Ferruginous 
sandstone

Ferruginous clay

Cu 1 30–200 10–300 10
Ni 1 8–30 8–30 10
Co 1 10–30 10 10
Ti 1 80–100 100 100
Cr 10 0–10 0–10 0–10
V 10 100 10–100 10–100
Zr 10 8–20 10–100 10
Pb 100 0–100 0–100
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heterogeneous, so the samples were gathered from differ-
ent locations at Aswan area. To be sure that the samples 
are representative for the chosen area, it was crashed in a 
crashing machine until it was totally homogeneous. The 
particle size was nearly in the order of ~ 1 µm. Samples 
were flipped for more than 5 min in another instrument 
with nearly 300 Round/m. The final mixture was com-
pressed under pressure of nearly 140 KN in the form of 
small tablets. The samples dimensions were removed from 
the electrical calculations, and the diameter was chosen to 
be much bigger than their thickness.

The complex impedance Z is as follows

Rs is the real impedance of the sample, Xs = 1∕wCs is the 
sample reactance and Cs is the series capacitance.

The complex resistivity is as follows

A is the area cross section and d is the sample thickness.
The real impedance is calculated as follows

The imaginary impedance is calculated as follows

The resistance is calculated as follows

The permittivity is calculated as follows

and

(1)Z = Rs − iXs

(2)�
∗ = Z × (A∕d)

(3)Re Z = Rs

(4)ImZ = 1∕wCs

(5)� = Rp × (A∕d)

(6)�
� = Cp∕C0

w is the angular frequency, Rp is the parallel resistance, Cp is 
the parallel capacitance, �0 is the permittivity of free space 
( 8.85 × 10−12 F/m), Gp is the parallel conductance, and Cp is 
the parallel capacitance.

Interpretation and discussion of results

The general behavior of the electrical conduction in the 
rock samples may be common for all rock mixture material. 
Increase in conductor is in high relation to the increase in 
the conductivity and the dielectric constant and other general 
electrical measured parameters. The conductivity increases 
because the electrical current is transported by the ions in 
conductor elements or grains in the sample. The dissolved 
ions and oxides in the samples are the main responsible 
factor for the conduction currents. The increase in air gaps 
between grains due to the presence of conductor decreases 
the permittivity. Also, there are many factors that may influ-
ence the electrical properties, e. g., chemical reaction, fre-
quency, pressure, conduction elements and many other fac-
tors. All these factors are directly or indirectly change the 
results of the electrical properties of the samples (Gomaa 
2004a, b).

The specimens are composed of iron ore (mainly hema-
tite), ferruginous sandstone and ferruginous clay. The iron 
ore (hematite) and the ferruginous clay are supposed to be 
semiconductors, while the ferruginous sandstone is sup-
posed to be an insulator. According to the measured elec-
trical properties of the samples, the conductivity of these 
samples ranges in values from insulator to semiconductor 
materials.

The effective electrical properties (electrical conductivity 
and permittivity) of some shaly sands show a high depend-
ence on the conductor volume content and on the frequency 
of the applied electric field (De Lima and Sharma 1991, 
1992, 1995).

Figure 2 shows the variation of the conductivity as a func-
tion of frequency for Aswan iron ore deposits with different 
concentrations of samples. When the sample is dry, it is 
supposed that the pores are completely filled with air. Addi-
tions of conduction paths in the sample are a consequence 
of the increase in the conductor concentration in the sample 
that leads to the increase in the conductivity at a certain fre-
quency (Fig. 2). The effect of the frequency on conductivity 
is clear to increase the conductivity until it reaches the value 
of the highest conductor component in the sample. At that 
value, the conductivity value begins to saturate at a certain 
value ~ 10 MHz (Fig. 2, beyond our measurements) (Knight 
and Nur 1987; Knight and Endres 1990).

(7)Co = (A∕d)�0

Fig. 1  A schematic representation of the sample holder used for the 
measurements
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The definition of the critical concentration (percolation 
threshold) is the concentration above which the semiconduc-
tor grains start to make the first unbroken track between the 
two electrodes. At this group of measurements, the critical 
concentration could not be defined exactly. This may be due 
to the fact that the samples were above that critical concen-
tration before the addition of water. With the increase in 
semiconductor (water) concentration, more unbroken tracks 
will be formed, and accordingly, more conductivity values 
will be added to the original value of the conductivity, due 
to the increase in conduction current.

Conductivity dispersion phenomenon was first discussed 
and interpreted by using Jonscher’s law (Jonscher 1999). The 
interaction between all pairs of dipoles (polarization pro-
cess) is distinguished by n parameter. If n equals 1 (unity), 
then the case will be called Debye case. At this case, there 
is no interaction (negligible) between the adjoining dipoles. 
If the value of n changes, to be less than unity, due to the 
increase in interaction, then the case may be changed to be 
Cole–Cole case or Cole–Davidson case, etc.

Figures 2, 3 and 4 show the conductivity dispersion for 
all the samples in detail. It is obvious that there is a fre-
quency-dependent behavior of conductivity on frequency 
for all the samples. At relatively low frequencies (nearly 
below 100 Hz, for relatively low saturations), the conductiv-
ity curves show nearly no dispersion and relatively constant 

slope that is parallel to the X-axis. The independent behavior 
of conductivity may be attributed to the direct current from 
the semiconductor grains (DC conduction).

As a general rule, the conductivity has a characteristic 
w
n dependence, with n ~ 0.9, and w is the angular frequency, 

with the increase in frequency where n is the power law 
exponent. The value of n generally varies between 0 and 
1 according to many different parameters (general texture 
of sample). The influence of interaction between the grains 
and movable charges within the samples is represented by 
that exponent n. At relatively higher conductor saturations, 
the flat dispersion (no dispersion) of conductivity extends 
to higher frequencies. The crossover frequency changed 
from one saturation to another. The crossover frequency is 
the frequency above which the slope of the conductivity or 
dielectric constant is changed. The crossover frequency is 
a declaration of the increase in the unbroken links between 
the electrodes.

Figure 3 shows the change of the dielectric constant as 
a function of frequency for Aswan iron ore samples. In the 
dry state of the samples, the pores are assumed to be fully 
filled with air voids while, when the samples are not dry, it is 
assumed that there is a small portion of that cover the surface 
of the grains, and consequently, the volume of air unfilled 
space or interval in the sample decreases. As a consequence 
of that, generally, the dielectric constant increases many 

Fig. 2  âVariation of the conduc-
tivity with frequency for Aswan 
iron ore deposits, for samples 
1 ( ), 2 ( ), 3 ( ), 4 ( ) and 5 
( ), respectively
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Fig. 3  Variation of the real 
part of the dielectric constant 
with frequency for Aswan iron 
ore deposits, for samples 1 ( )
, 2 ( ), 3 ( ), 4 ( ) and 5 ( ), 
respectively
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Fig. 4  Variation of the dielectric 
loss with frequency for Aswan 
iron ore deposits, for samples 
1 ( ), 2 ( ), 3 ( ), 4 ( ) and 5 
( ), respectively
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times above the usual values. There will be more increase 
in dielectric constant with the mutual increase in the satura-
tion concentration up to a certain level. That certain level is 
assumed to be when a real link is established between the 
grains. Due to that phenomenon, the samples of the higher 
saturations have the highest dielectric constant (before the 
critical concentration) and the other samples of the high-
est saturations have the lowest dielectric constant (after the 
critical concentration). When the grains are in contact with 
each other, the air gaps between them are not present and 
the dielectric constant returns to its normal value (Fig. 3, 
Gomaa 2020). From the curves, it can be noticed that there 
is a dielectric constant ( �′ ) which has a frequency depend-
ence (�� ∝ w

n−1) , that is, a general trend for, nearly, all the 
samples, with n ~ 0.8. As it can be compared with Figs. 2, 
3 generally has, also, with the variation of frequency, two 
regions with different slopes. The low-frequency slope (less 
than 100 Hz) has a general steep trend ( ≈ − 0.8 ) and the 
steep trend decreases until slightly until it reaches a slope 
of ≈ − 0.1 for high frequencies (1 kHz). There is a broad 
distribution of relaxation times at low frequencies. This is 
clear from the high dispersion of the dielectric constant. This 
broad distribution may be attributed to the different and wide 
variable distances between grains (Jonscher 1999).

Figure 4 shows the change of dielectric loss with fre-
quency for Aswan iron ore samples �′′ . The dielectric loss 
is a different method of representation to interpret the con-
ductivity � as � = w�

�� . The dielectric losses with frequency 
curves have nearly the same slope for all samples. At low 
frequency, there is no dispersion of the dielectric loss with 
frequency (up to ~ 100 Hz). After that flat response (at higher 
frequencies), there is a very high dispersion decrease in 
dielectric losses with frequency increase followed by a less 
dispersion response at higher frequencies.

All the curves are plotted in Fig. 5a. The other samples 
are plotted in Fig. 5b as a magnification for the overlap 
of the curves to notice the detailed differences between 
these curves with the increase in concentration. Figure 5a, 
b shows the complex impedance plane representation of 
the sample at different concentrations. As a general inter-
pretation, the low saturation shows an arc represented at 
the impedance plane. When the saturation increases, this 
arc is expanded to higher values and to make a part of a 
depressed semicircle or to an arc of a depressed semicircle 
at higher saturations. The existence of different grain sizes 
in the samples leads to the initiation of many relaxation 
time constants in the complex impedance plane. Figure 5a 
shows the impedance plane (or Nyquist plot) for all the 
samples. Sample 5 (lower saturation) has the shape of 
an arc that has the highest imaginary impedance value 

compared to the other samples. The other samples are pre-
sented in Fig. 5b. With the increase in saturation, there 
is another semicircle that appears in addition to the first 
semicircle. The first semicircle impedance demonstrates 
the grain itself. The second semicircle impedance demon-
strates the interface between the grains. The last sample 
(sample 1, Fig. 5b) shows two semicircles (for grain and 
interface) in addition to a small tail that may represent the 
DC conduction or the electrode effect of the sample. The 
increase in the slope of the arc and its movement towards 
a semicircle is an indicator of the increase in the unbroken 
links of the conducting medium (water).

Conclusion

Electrical properties of 5 hematitic sandstone samples 
from the East Aswan area, Eastern Desert, Egypt, have 
been established. Complex impedance measurements with 
the increase in saturation, at room temperature (~ 20 °C), 
were accomplished in the frequency range from 5 × 10−5 
Hz up to  105 Hz. The heterogeneity of the samples is an 
effective component in controlling the electrical proper-
ties of the composite mixtures. The dielectric constant 
behavior was distinguished by two relaxation processes 
that are represented by the ‘universal Jonscher’s law.’ The 
conductivity dependence on frequency showed a classical 
relaxation behavior that, also, follows the universal Jon-
scher’s law. It has been observed that while the frequency 
being increases, the conductivity consequently increases. 
We try to establish the relation between the samples group 
of minerals and their connection with the electrical prop-
erties. The frequency dependence of electrical conductiv-
ity indicates that the sample behaves as a semiconduc-
tor material at relatively high frequencies. The spectra of 
the measured electrical properties vary strongly with the 
change of the concentration of the conductive elements 
and the texture of the specimens. The main change of the 
electrical properties is related to the conductor (satura-
tion) concentration. The change may be attributed to the 
degree of heterogeneity between the grains (saturation 
and texture). The interface between the grains controls 
the relative low frequencies, whereas the bulk grain domi-
nates the relatively high frequencies. The heterogeneity 
of the samples is an effective component in controlling 
the electrical properties of the composite mixtures. The 
difference in the electrical properties may be attributed to 
the degree of local heterogeneity in the sample. It can be 
found that the electrical conductivity values are strongly 
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dependent on both the conductor (saturation) concentra-
tion and frequency.
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