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ABSTRACT
Some electrical, geochemical, and mineralogical investigations and analyses were made on 
some cubic oxidized Pyrite crystals (Gabal El-Sibai). Samples (chemically) are constituted from 
Fe2O3, SiO2, and Al2O3. Electrical features measured at frequency range (100 Hz– 5 MHz). 
Oxidized Pyrite crystals (cubes) are homogeneous, with no distortion or high variation in 
their composition. Also, samples have roughly the same structure. Samples were measured 
in 3-directions. It is supposed that any difference in a lattice structure, in any direction, will be 
reflected directly in the measurements, i.e. electrical features will attempt to detect variations 
of homogeneity and anisotropy of samples. The alterations in electrical functions are from 
mineral composition changes. Changes in texture, at specimens, do not exist (grain size and 
shape, mineral constituents, and pore throats between grains), and it is supposed that electrical 
features will be similar in three directions. There were some slight changes in electrical 
characteristics, due to some imperfections in natural crystals, with some impurities on crystal 
surfaces that we could not remove. Conductivity rises with frequency increase and accordingly, 
dielectric constant decreases. The paper aims to prove that the electrical properties, due to 
homogeneity, are the same at the three perpendicular directions.
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1. Introduction

Shear zones form some mechanical weakness that 
affects the geology of the continental lithosphere 
(Butler et al. 1995). Stern and Hedge (1985) and 
Sultan et al. (1988) recommended that the Najd sys
tem covers a larger area at Eastern Desert, Egypt. It 
controls structure within its central part. Shear zones 
(Eastern Desert) in the basement of Pan African are 
associated with extension and compression stresses 
leading to antiformal structures on a regional scale 
(Greiling et al. 1993). Gabal El-Sibai (Figure 1) is 
a double plunge anticline (NW-SE), (Kamal El-Din 
1991). Ali (2013) recorded mineralisation within 
shear zone in the Gabal El-Sebai. Geochemistry of 
altered minerals about the area of study is limited. 
The behaviours of elements during hydrothermal 
and geochemical change are also studied (Yordanov 
and Kunov 1987).

Börner et al. (2018) study anisotropy and salinity 
dependence of cores (parallel and perpendicular to 
the natural Foliation) and crushed samples of black 
schist and Augen gneiss cores. The study argued 
the polarisation mechanism to the dissemination of 
the aligned sheets of graphite. Augen gneiss sam
ples displays weak polarisability and moderate ani
sotropic conductivity because of the saline solution 
in the samples. They display that frequency- 

dependent conductivity nature and complexity of 
rocks cannot be eliminated. The parallel (to folia
tion) black schist cores show low-frequency polar
isation. This was present as a peak at complex 
conductivity and phase shift. The fluid conductiv
ities, composition and porosity of the crushed or 
core specimens are totally different. Also, there 
were only one sample of black schist and another 
one sample of Augen gneiss that were crushed or 
measured as a core (parallel and perpendicular to 
the natural Foliation).

Gurin et al. (2018) compared Time Domain 
Induced Polarisation data for pyrite natural sam
ples with X-ray data. The relationships between 
chargeability, pyrite concentration and ratio of 
grain axes (grain anisotropy) were non-linear. 
That was due to texture, anisotropy and chargeabil
ity of some specimens.

Chen and Heidari (2014) displayed that dielectric 
constant is influenced by texture and concentration of 
pyrite particles. Clavier et al. (1976) noticed high 
dependence of electrical measurements on frequency 
and the apportionment of pyrite particles. The pyrite 
concentration was small but there was a dependence 
on frequency of the specimens. The frequency depen
dence is affected by pyrite concentration and the fluid 
salinity (Clavier et al. 1976; Misra et al. 2015). 
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Dispersed pyrite concentrations in sandstone show 
a violent increase in conductivity for small pyrite 
concentration ~5% (Clennell et al. 2010).

Electrical features are, generally, important for fre
quency spectra interpretation of complex electrical 
features of rock materials. Also, channels connectivity 
and measuring of their lengths must be determined.

The cubic oxidised pyrite crystals are semiconduc
tor. Their type and electrical features are defined from 
their geochemical environment, percentage of the 
relative quantities and impurities. The electrical fea
tures were tested with mineral composition and 
mineralogy of samples. Our results may help to define 
homogeneity of crystals using electrical features in 
three directions (X, Y, Z- dimensions). In oxidised 
Pyrite crystals, electrically there exists many active 
impurities as donors (cobalt, nickel, and copper), 
and other inactive minerals as an acceptor (arsenic) 
are existed. Sedimentary pyrite deposits are p-type 
(usually) when no cupriferous sulphide exists. 
Usually, cubic oxidised pyrite crystals occur in almost 
any type of geologic environment, so many factors that 
impact type and density of carrier in specimens are 
present (Shuey1975).

The potential of cubic oxidised pyrite crystals 
showed that it is chiefly dependent on solution 
nature in which it is immersed. The potentials in 
even dilute ferric sulphate are strikingly high. These 
results furnish valuable suggestions to interpret 
these phenomena. When ferric and ferrous salts 
are present together we are apparently dealing, in 
part at least, with a “ferrous-ferric” potential. The 
potential of oxidised Pyrite crystals is plainly 
affected by changes in the hydroxide or sulphide 
concentration of alkaline solutions. This record is 
presenting a marked contrast to that obtained by 
changes in acid, solutions. The conduction of pyrite 
resulted from free charge carriers. The sources of 
free charge carriers are the links between relative 
quantities of substances taking part in reaction that 
form the compound. Contribution of the energy 
gaps, at room temperature, in oxidised pyrite crys
tals is negligible (0.9 electron volts, Shuey1975). 
Defects at crystals that produce charge carriers 
may be donors or acceptors. This is subordinate 
on the donation of electrons to band conduction 
or leaving a hole from the acceptation of electrons 
from valence band. Generally, charge carriers have 

Figure 1. Location map of the studied area from Gabal El-Sibai, Egypt.
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one type, unless donors or acceptors concentrations 
are almost exactly of equal quantity. The resistivity 
or conductivity (electrical properties) is in relation 
to charge carriers manufactured mobility and their 
concentration in samples. For cubic oxidised pyrite 
crystals no great changes are existed at density of 
carriers between p-type (positive) and n-type 
(negative). At structure of cubic oxidised pyrite 
crystals the anionic types are present as pairs and 
anion pairs are intense towards the III cubic axes 
with equal numbers for each axis. This is to pre
serve the cubic oxidised pyrite symmetry. The elec
trical features for natural pyrite have distinct values 
that correspond to minor element concentrations 
(Ni, Co, and As). Pyrites that have high condensa
tion of Co has high conductivity and high mobility 
of carrier (n-type semiconductor). Arsenopyrite has 
low conductivity (p-type semiconductor). These 
observations may demonstrate the variations 
between structures of electrons of pyrite arising 
from impurities, and by the domain distributions 
with various compositions of impurities that 
smoothies the movement of electrons. Sedimentary 
and hydrothermal lower temperature cubic pyrite 
crystal deposit has p-type conductivity in the 
absence of Cu. The high temperature tubes of oxi
dised Pyrite crystals have n-type conductivity in the 
absence of arsenopyrite (Fleischer 1955; Pridmore 
and Shuey 1976). As, Co and Ni impurities with 
different combinations are always present with oxi
dation of natural pyrite (FeS2), with other impuri
ties e. g. Pb, Se, Cu and Zn (Shuey 1975; Craig 
et al. 1998; Abraitis et al. 2004). Electrical features 
of pyrite (as a semiconductor) depend to some 
extent on crystal structure defects due to impurity 
elements (Fe or S) (Rabinovich 1976; Schieck et al. 
1990; Lehner et al. 2006). Charge carrier mobility 
and concentration define the material’s conductiv
ity. Replacement of Co and Ni instead of Fe gives 
some defect states. This replacement may facilitate 
the electron transfer at the surface and, also, may 
raise electronic density of band gaps (Chandler and 
Bene 1973). Pyrite (FeS2), if it is completely oxi
dised, is supposed as a semi-conductor mineral. 
Also, it may change to sulphate and ferrous iron 
ions. Pyrite oxidation causes loses of seven elec
trons of each atom. They are converted in pyrite 
from S−1 to S6+ in sulphate ions. Breaking of strong 
bonds between sulphur and iron produces thiosul
phate ions, as an intermediate product. The formed 
thiosulphate are relatively settled in alkaline elec
trolytes and unsettled in the acidic electrolytes.

Monitoring electrical features of rocks are useful for 
exploration of minerals. The electrical features of 
rocks (conductivity, dielectric constant) are sensible 
to chemical and physical structure variations, hetero
geneity and microstructural factors in samples.

Generally, increase of charge carriers between the 
substances raises mobility and accordingly the con
ductivity. The electrical features count on grain shape, 
grain size and other heterogeneity parameters of speci
men (Gomaa 2009; Gomaa et al. 2020).

In this study a trial is given to present some detailed 
information on geochemistry and electrical features of 
advanced firrginated alteration and associated altered 
types. A considerable number of major and trace 
minerals were analysed, as well as, electrical measure
ment and their behaviour. Some detailed geochemical, 
mineralogical, petrographical, electrical information 
on effect of heterogeneity on electrical features of 
some oxidised Pyrite crystals within frequency range 
(100 Hz to 5 MHz) were provided. This study may be 
extended to a tool for the prediction of grain size 
anisotropy from electrical properties.

2. Geological setting

The cubic oxidised pyrite crystals (Figure 2) are col
lected from alteration zone of the southern part of 
Gabal El Sibai granites. These crystals are deep reddish 
brown colour. Sheared and altered zones are appro
priate for circulation of hydrothermal fluids. These 
granites are considered as intrusive rocks that affected 
by extrusive dykes and sheared mineralised zone. The 
intrusive rocks consist of late to post magmatic alkali 
granites numerous basalt and dolerite and alkaline 
bostonite dykes represent extrusive dykes (Kamal El 
Din 1993). They are mainly having the NW-SE direc
tion (Figure 3). There are many different alteration 
types along this shear zone such as fluoritization, 
kaolinitization, hematization and silicification which 
supposed to be a good trap for rare and trace elements. 
The southern part of Gabal El-Sibai granite, becomes 
more catalase and mylonitised especially along the 
shear zone. The shear zone mineralised part varies in 
length (50–300 m) and width (0.3–2 m), at front of the 
granite alkali feldspar.

3. Methodology

Some specimens were collected, of the cubic oxidised 
pyrite, from south El-Sebai shear zone, in Qusseir area 
southern part (Figure 2). Samples were studied miner
alogically by PAN analytical X-ray diffraction techni
que (Egyptian Mineral Resources Authority, Egypt). 
X’Pert PRO model was used with secondary mono
chromator. Cu-radiation (λ = 1.542 Å) at 45 K. V., 
35 M. A, with scanning speed 0.02/°/s. The diffraction 
patterns and intensities were compared with ICDD 
data. Morphology and size samples were described 
using SEM and EDX (SEM Model Quanta FEG 250), 
at National Research Centre. The chemical constitu
ernts of some samples were determined using an Axios 
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sequential WD-XRF spectrometer (National Research 
Centre).

Hioki 3522–50 LCR Hitester Impedance Analyser 
was used for electrical features measurements. Sample 
borders were glazed to be parallel. Electrical features 
were measured at frequency range (100 Hz −5 MHz) 
with (Cu/CuSO4) non-polarised electrodes at 1 volt.

Electrical features (using Hioki 3522–50 LCR) 
were measured by parallel configuration. Parallel 
capacitance and conductance (Cp and Gp) and 

series impedance Z at different frequencies were 
measured. Complex permittivity was calculated 
from equation ε� ¼ ε0 � iε. ε0 ¼ Cpd=ε0A, is real 
part of complex relative permittivity and imaginary 
part of complex relative permittivity is 
ε ¼ Gpd=ωε0A, where A is cross-sectional area of 
specimen, d is sample thickness, ε0 ¼ 8:85� 10� 12 

is free space permittivity and ω is angular fre
quency. Real conductivity is σ0 ¼ Gpd=A ¼ εωε0 

(Gomaa and Alikaj 2009). Four-electrode system 

Figure 2. Photograph of some cubic oxidised pyrite samples in addition to the schematic representation of the sample holder.

Figure 3. X-Ray Diffraction for the cubic oxidised pyrite of the studied sample.
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was used for these electrical features measurements. 
Electrode area size was chosen to be smaller than 
the sample area to avoid fringing effect. The elec
trodes used were Cu/CuSO4 to enhance the contact 
of the electrode with the sample (more details of 
the measurements and methodology are present at 
Gomaa and Alikaj 2009).

4. Results and discussion

1) Mineralogy
Mineralogical nature of oxidised cubic pyrite was 

identified by using X-ray diffraction (XRD) analyses. 
Investigation XRD analysis displayed two mineral 
phases in the studied cubic oxidised pyrite samples of 
Gabal El-Sibai alteration shear zone in granites. 
Goethite is the main mineral with some arsenopyrite 
(Figure 4). The enrichment of iron oxide discloses that 
the studied oxidised cubic pyrite samples contain sig
nificant quantities of iron. Some authors mentioned 

that the main iron mineral in the Gabal El-Sibai altera
tion shear zone is due to hydrothermal solution (Ali 
2013). Also, the X-ray diffraction patterns confirm the 
geochemical studies and show very sharp and narrow 
peaks (Figure 4), which are reflecting high crystallinity 
of the identified goethite. SEM and EDX examination of 
the oxidised cubic pyrite sample showed the dominance 
of radial and euhedral forms (Figure 5 and Figure 6). 
The obtained EDX data show the accumulation of high 
condensation of Fe and Nd (%). This indicates that 
cubic oxidised pyrite samples have goethite bearing 
Agardite, which is confirmed with XRD.

2) Geochemistry
The six samples selected for geochemical study 

(trace and major elements) are present in (Table (1), 
Table (2), Table (3) and Table (4). Tables show that 
cubic oxidised pyrite samples are composed mainly of 
Fe2O3, SiO2. The loss of ignition (H2O) ranges from 
6.81% to 11.10% and Al2O3 ranges from 3.56% 
to 8.51%.

Figure 4. SEM-EDX spectra, BSE images and microanalyses of goethite.

Figure 5. SEM-EDX spectra, BSE images and microanalyses of Agardite.
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Figure 6. The conductivity and dielectric constant of pyrite sample (1) at three directions (X, Y and Z) of the crystal.
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Figure 7. The conductivity and dielectric constant of pyrite sample (2) at three directions (X, Y and Z) of the crystal.
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Figure 8. The conductivity and dielectric constant of pyrite sample (3) at three directions (X, Y and Z) of the crystal.
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Figure 9. The conductivity and dielectric constant of pyrite sample (4) at three directions (X, Y and Z) of the crystal.
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4.1. Major elements

The dominant major oxides are Fe2O3 that ranges 
from 38.51 to 67.81% and SiO2 oxides ranges from 
13.24 to 38.98%. There is another appreciable 
amounts of K2O (from 1.37% to 4.03%), and CaO 
(from 0.72 to 1.88%). Also, there is another minor 
trace of other oxides such as SO3 (from 0.29 to 

1.89%), MgO (from 0.27 to 0.51%), TiO2 (from 
0.18 to 0.37%), P2O5 (from 0.15 to 0.25%) and 
Na2O (from 0.00 to 0.19%). Trace and rare ele
ments that were detected are present at (Table 1) 
in ppm.

4.2. Trace elements

Concentration of trace elements are Ba (1628.8 to 
2378.8 ppm), Zr (624.9 to 1738.1 ppm), Mo (331.5 to 
831.3 ppm), Sr (287.6 to 848.5 ppm), Zn (129.5 to 
269.3 ppm), As (63.1 to 137.4 ppm), Rb (43.7 to 
113.3 ppm), Ni (41.2 to 112.1 ppm), Nb (39.6 to 89.6 
ppm), Th (13.3 to 58.4 ppm), Cu (22.1 to 48 ppm), Pb 
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Figure 10. The conductivity and dielectric constant of pyrite sample (5) at three directions (X, Y and Z) of the crystal.

Table 1. XRF data major (%) elemental ratios of selected 
studied samples in cubic oxidised pyrite of Gabal El-Sibai 
granites.

Element

Sample Name

1 2 3 4 5 6

Fe2O3 52.315 38.515 66.066 67.815 57.466 60.932
SiO2 26.095 38.98 13.245 13.281 20.99 18.528
Al2O3 5.646 8.517 4.46 3.565 4.787 5.549
K2O 2.656 4.038 2.123 1.379 2.43 2.442
CaO 1.246 0.897 0.933 0.72 1.276 1.887
SO3 1.891 0.407 0.299 0.682 0.452 0.448
MgO 0.274 0.407 0.278 0.298 0.513 0.342
TiO2 0.186 0.345 0.28 0.376 0.331 0.18
P2O5 0.207 0.17 0.242 0.159 0.222 0.251
Na2O 0.127 0.19 0.146 0 0.163 0.119
H2O 8.9 6.81 8.87 10.72 11.04 11.1

Table 2. XRF data trace elements (ppm) elemental ratios of 
selected studied samples in cubic oxidised pyrite of Gabal El- 
Sibai granites.

Element

Sample Name

1 2 3 4 5 6

As 120.7 63.1 113.7 137.4 83.3 91.9
Ba 2378.8 1808.2 2144.7 1628.8 2256.9 2345.3
Cu 33.9 22.1 45 48 31.1 43
Ga 16.7 23.7 33.7 10.2 22.2 17.7
Mn 3013.6 1333.3 6021.6 4853.6 4259.5 4090.7
Mo 489.6 331.5 697.4 831.3 589 495.1
Nb 45.4 62.8 82.5 89.6 80 39.6
Ni 66 41.2 107.7 112.1 96.2 86.1
Pb 25.9 10.4 30.9 39.1 19.9 26.2
Rb 88.9 113.3 62.6 43.7 80 71.2
Sr 497.9 287.6 695.7 411 325.7 848.5
Th 55.8 32.6 16.6 58.4 46 13.3
U 18.1 14.7 32.6 36.6 15.4 27.1
Zn 221.1 129.5 225.9 269.3 220.8 191.1
Zr 890.2 1010.7 1572.6 1738.1 1396.2 624.9

Table 3. XRF data rare elemental ratios of selected studied 
samples in cubic oxidised pyrite of Gabal El-Sibai granites.

Element

Sample Name

1 2 3 4 5 6

Ce 1458.5 756.9 2764.7 2010.6 1050.5 3124.1
La 1161 445.6 1921.5 2173.9 807.6 2223.4
Nd 925 373.1 1340.4 1980.7 676.6 1344.5
Sm 124.2 120 38.1 278.7 68.9 198.9
Y 176.1 160.8 270.1 318.2 278 158.7
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(10.4 to 39.1 ppm), U (14.7 to 36.6 ppm) and Ga (10.2 
to 33.7 ppm) (Table 2).

4.3. Rare earth elements

Concentrations of rare elements are Ce (756.9 to 
3124.1 ppm), La (445.6 to 2223.4 ppm), Nd (373.1 to 
1980.7 ppm), Y (158.7 to 318.2 ppm) and Sm (38.1 to 
278.8 ppm) (Table 3).

High values of loss on ignition of oxidised pyrite 
revealed that the aqueous medium at hydrothermal 
solution is the dominant condition environment for 
precipitation of oxidised Pyrite crystals. The existence 
of haematite and goethite minerals in the absence of 
pyrite as determined by XRD are the result from 
oxidation of pyrite crystals by the hydrothermal solu
tion elements rich in iron (FeO) that penetrates the 
bearing area of this pyrite metal.

Negative correlation between Fe2O3 and SiO2 

(r = −0.996), K2O (r = −0.921), Al2O3 (r = −0.905) 
and high correlation between Fe2O3 with H2 

O (r = 0.803). Very weak correlation with SO3 

(r = 0.025) may show that most Fe is present as 
oxide mineral (goethite). This is confirmed with 
X-ray diffraction (Figure 4). Also, the existence of 
hydrothermal solution was confirmed by SEM and 
EDX examination (Figure 5).

There is a high positive correlation between Fe2O3 

and Ni (0.937), Mn (0.899), Cu (0.895), Mo (0.888), Pb 
(0.818), Zn (0.749), U (0.703), La (0.733) and Nd 
(0.757), with a strong negative correlation with Rb 
(r = −0.914). Low content of SO3 ranges from 0.299 
to 1.891% and very weak correlation with Fe2O3 

(r = 0.025) could be the result of alteration of pyrite 
to iron oxide and sulphuric acid 

FeSþH2O ¼ Fe2O3 þ H2SO4 (1) 

Thus, the result is the forming of cubic iron oxide, this 
confirms the lack of a relationship between SO3 and 
Al2O3 (0), K2O (0), CaO (0.003) and SiO2 (0.026). 
High correlation between SiO2 and Al2O3 (0. 903), 
K2O (0.9) revealed that most SiO2 are exist as alkali 
feldspar mineral which was confirmed from the geo
logical study of (Ali 2013).

Samples of the oxidised pyrite are enriched with 
some trace elements of Mn (~3928 ppm), Ba (~2093 
ppm), Zr (~1205 ppm), Mo (~572 ppm), Sr (~511 
ppm) and Zn (~209 ppm). Also, pyrite samples are 
enriched with some rare earth minerals of Ce (~1860 
ppm), La (~1455 ppm), Nd (~1106 ppm), Y (~226 
ppm) and Sm (~138 ppm), which is in accordance 
with obtained EDX data. These crystals are charac
terised by the existence of Agardite.

Ni, Mn, Cu, Mo, Pb, Zn, U, Nd and La have a strong 
to moderate good correlation with both Fe2O3 

(r = 0.937, 0.899, 0.895, 0.888, 0.818, 0.749, 0.703, 
0.758 and 0.733) and H2O (r = 0.923, 0.853, 0.524, 

0.843, 0.577, 0.794, 0.385, 0.417 and 0.294) respec
tively. This shows that trace minerals are associated 
with hydrothermal solution. The strong positive cor
relation between Rb and SiO2 (0.909), Al2O3 (0.87), K2 

O (0.946) and Na2O (0.666) reveals that Rb was asso
ciated with some alkali feldspar minerals.

The most available trace element in specimens is 
manganese (~3928 ppm). High condensation of Mn 
with positive correlation with Fe2O3 (0.899), H2 

O (0.853), Cu (0.721), Ni (0.91), Mo (0.718), Pb 
(0.606), Zn (0.588) and U (0.57) are exist. Also, nega
tive correlation with SiO2 (−0.926), Al2O3 (−0.792), K2 

O (−0.731) and Rb (−0.755) are existed. This is due to 
the oxidation and transition during hydrothermal 
solution. Also, it may be resulted from ferrugination 
associated with the kaolinitization and silicification 
procedures. High ability of iron oxides to adsorb 
radioactive elements from its solutions may exist. 
The ferrugination procedures resulted from mobility 
of ferric ions liberated from the ferromagnesian 
minerals during the alteration procedures (Ali 2013). 
Quinby-Hunt and Wilde (1994) agree with this idea, 
where they investigated that high condensation of Mn 
represents an oxic condition, while less than 260 ppm 
is considered an anoxic environment. Thus the enrich
ment of Mn (~3928 ppm) display that specimens are 
deposited under toxic conditions.

Barium represents the second most abundant trace 
element in specimens (~2093 ppm) and it shows good 
correlation with P2O5 (0.699), TiO2 (0.695) and CaO 
(0.6). The high content of zirconium (~1205 ppm) and 
the high correlation with Nb (0.956), Y (0.888) and 
TiO2 (0.57) reveal that it is combined with haematite 
during the alteration processes.

Immobile elements like Fe, Ti, Cr, Co, Cu, Ga, Sc, 
Pd, Th, Nb, Zr and Y are used for both classifications 
of magmatic and metamorphic rocks. It may also be 
used for discrimination of hydrothermally modified 
rocks (MacLean and Kranidiotis 1987). Some elements 
like Ti, Zr, Y, Nb, Ce, Ga, Sc, are supposed to be 
stationary during the alteration procedures (Fedo 
et al. 1996). Taylor and McLennan (1985) reported 
that Al, Fe, Ti, Cr, Th, Pd, Nb, Sc, Co, Zr, Y, Ga and 
Se are commonly immobile elements and good mar
kers of source, such as weathering, movement and 
sorting. Thus the good correlations between TiO2 

and Zr, Nb, Y (Table 2) reveal that these elements 
are concentrated during weathering processes.

Studied specimens contain different concentra
tions of Mo (~572 ppm), Sr (~511 ppm), Zn (~209 
ppm). These elements have a marked high correla
tion with Fe2O3 and TiO2 while negative correlation 
between Rb and Fe2O3 and TiO2 may exist. This 
means that during weathering processes, these ele
ments might have been modified or were subjected 
to weathering conditions that affect concentrations 
of these elements.
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It is interesting to note that the low concentration 
of SO3 in the oxidised pyrite samples of Gabel El-Sebai 
granites is similar to that of high-temperature hydro
thermal fluids. It is different at sedimentary fluids, 
suggesting that the similar growths are resulted from 
high-temperature hydrothermal fluids in a heat reac
tion zone and/or rocky near geological structures. 
However, Shen-Xubao and Iao-Tongpeng (2008) 
shows that sulphate concentration are faint at high- 
temperature fluids excluding the fluids of Gremlin 
opening.

Shannon (1976) suggested that REE and Y are still 
tied in several geochemical procedures and orderly 
changes in their chemical properties. These proce
dures resulted from decrease of radius of ions of tri
valent REE with adding to atomic number.

Shen-Xubao et al. (2008) investigated that sulphate 
concentration are little in most fluids of high tempera
ture excluding the fluids of Gremlin opening, they also 
show that REE are mixed with sulphate that created 
from oxidation of magmatic SO2 and H2S in Gremlin. 
The low concentration of SiO3 content at specimens 
indicates the presence of fluids with high temperature 
for the cubic oxidised pyrite of south Gabal El-Sibai 
shear zone. Also, high condensation of Ce (~1860 
ppm), La (~1455 ppm), Nd (~1106 ppm), Sm (~138 
ppm) and Y (~226 ppm) revealed that the loss of SiO3 

is resulted from hot hydrothermal solution at shear 
zone which bearing dissented cubic pyrite.

Thus the loss of pyrite at studied specimens display 
no relation between SO3 with Ce (−0.051), La 
(−0.016), Nd (−0.001) Sm (0.011) and Y (−0.071). 

High correlation between La and Ce (r ¼ 0:833), La 
and Nd (r ¼ 0:854) revealed that the high Ce, La, Nd, 
Y and Sm contents, accumulated in cubic oxidised 
pyrite, under hot hydrothermal fluid condition are 
gradually increased in oxidation processes.

3) Electrical measurements
The changes of conductivity and permittivity with 

frequency, of the cubic oxidised pyrite crystals, at three 
directions (X, Y and Z), are presented at (Figures 
6,7,8,9,10, and 11). There is a general increase of con
ductivity in the cubic oxidised pyrite samples with the 
raise of frequency, free charge carriers and raise of 
excitation across energy gaps that will increase the 
continuous conduction paths. The main conductor 
concentration in samples is Fe2O3 content while the 
main insulator concentration in samples is the SiO2 

content. The average of conductivity values in all 
samples, at relatively low frequency (100 Hz), ranges 
from 5� 10� 6 to 7� 10� 7(S/m). In our case, samples 
are homogeneous (have nearly the same texture and 
concentration) in spite of they are taken from different 
locations. Also, the average changes of the conductiv
ity values at the different samples, are so small and 
could be negligible, when measured at three directions 
(X, Y and Z) of the crystal. This also indicates that 
samples are homogeneous and there is no anisotropy 
at specimens because of perfect cubic symmetry of 
specimens. The summation of the different conductor 
conduction links at specimens gives total conductor 
concentrations. Accordingly, with the increase of con
ductor conduction links between electrodes, the impe
dance at specimens increases.
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Figure 11. The conductivity and dielectric constant of pyrite sample (6) at three directions (X, Y and Z) of the crystal.
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The general decrease of dielectric constant 
values, at specimens, with the raise of frequency 
and with the raise of total conductor concentra
tion. This is due to raise of broken conduction 
paths (Shaltout et al. 2012, Abou Elanwar and 
Gomaa 2013). The existence of SiO2, the main 
insulator concentration in samples, broke the con
tinuous conductor paths. This will increase charge 
accumulation at ends of conducting links that will 
increase the dielectric constant. The average values 
of permittivity at three directions (X, Y and Z) are 
nearly identical (Figures 6,7,8,9,10, and figures 11). 
Accordingly, we can conclude that the samples are 
homogeneous. Also, the average changes of permit
tivity in each sample, for all samples, are so small 
and could be negligible when measured at three 
directions (X, Y and Z) of the crystal. Then, each 
sample is homogeneous (perfect cubic symmetry).

Most of samples behave as semiconductor even 
with the existence of relatively high values of Fe2O3 

because most of grains are dispersed and coated with 
the insulating grains.

The fluctuation present in conductivity and dielec
tric constant could be the result of variations at sur
faces of each sample from the other (defects on the 
surface of cubic oxidised pyrite crystals).

All specimens show one slope with frequency for all 
curves. Particles or species may overcome barriers 
between energy levels to form continuous conductor 
paths between the grains when the frequency 
increases. According to that, the conductivity 
increases.

Oxidised Pyrite crystals are supposed to be 
a semiconductor whose electrical conductivity and 
dielectric constant are controlled by impurity content 
or trace elements, free charge carriers or crystal 
defects, thermal excitation across energy gaps and by 
their geochemical environment. We measured electri
cal features at three directions (X, Y, Z- dimensions). 
We intend to detect the homogeneity of crystals using 
electrical properties. When specimens are homoge
neous then the electrical features at three directions 
(X, Y, Z- dimensions) will be similar. If specimens are 
not homogeneous, then the electrical features at three 
directions will be different. The change will be clear 
when there is a high change at grain shape and size of 
grains in a certain direction. The elongation of speci
men grains in a certain direction will affect the elec
trical features and that will be an indication of 
homogeneity or heterogeneity of the specimen. Many 
electrically active impurities are present (cobalt, 
nickel, and copper) in cubic oxidised pyrite crystals. 
They may be donors or acceptors. There are many 
factors that influence charge carriers density at sam
ples because cubic oxidised pyrite crystals occur in 
many types of environmental geology (Gomaa and 
Abou El-Anwar 2019). The nature of the solution, in 

which the cubic oxidised pyrite crystals is immersed in 
it, determines the energy of pyrite. As mentioned 
before, the energy gaps of cubic oxidised pyrite crystals 
are nearly negligible at constant temperature 
(Shuey1975). There is a cubic symmetry in pyrite 
structure because the anionic species are present with 
identical numbers at each axes of cubic crystal (Abou 
El-Anwar and Gomaa 2013, 2016). From the samples, 
it is clear that there exists a range of electrical features 
for natural cubic oxidised pyrite crystals according to 
concentration of minor elements (Gomaa 2013). In 
the (Table 1), can be found Arsenopyrite (As), which 
has a tendency to have p-type semiconductor with 
relatively low conductivity. These observations may 
demonstrate the little and small changes between the 
different samples. Also, there is another factor that 
resulted from the different compositions of impurities 
in the different samples. There are some impurities of 
Cu (33 to 43) in cubic oxidised pyrite samples which 
means that the samples are created in sedimentary 
deposits with low hydrothermal temperature and 
that predominant conductivity is not the p-type 
(Shuey1975). The pyrite oxidation here may contain 
some As, Cu and Ni impurities with different concen
trations (Shuey 1975) with some other impurities such 
as Ga, Pb and Zn. Electrical features of the cubic 
oxidised pyrite samples depend to a great extent on 
structural crystal defects that resulted from impurities 
like Fe or S (Rabinovich 1976; Schieck et al. 1990; 
Lehner et al. 2006). The substitution of Cu and Ni 
instead of Fe introduces occupied bulk defect condi
tions within the band gap that facilitate the transfer of 
electrons (Chandler and Bene 1973). Pyrite oxidation 
converts some ions in sulphate from S−1 to S6+. The 
break of strong bonds between sulphur and iron pro
duces thiosulphate ions which are relatively settled at 
alkaline electrolytes and unstable in acidic electrolytes.

5. Conclusion

Major, minor and rare earth element geochemical 
studies were accomplished on some cubic oxidised 
pyrite crystals (Gabal El-Sibai granites) samples. The 
chemical composition of samples shows that cubic 
oxidised pyrite crystals are essentially composed of 
Fe2O3, SiO2, and Al2O3 with some trace and rare 
elements (Mn, Ba, Zr, Mo, Sr, Zn, Rb, Ni, Nb, Cu, 
Pb, U, Th, Ce, La, Nd, Sm and Y). Other minerals 
(haematite, goethite and arsenopyrite were detected by 
XRD, SEM. Fe, Si, Ba, Sr, La and Ce were measured by 
EDX. Detailed mineralogical, geochemical and electri
cal features studies were achieved on some of these 
cubic oxidised pyrite samples from southern part of 
Gabal El-Sibai granites. Electrical features were done 
at three (X, Y, and Z) dimensions of the cubic oxidised 
pyrite crystals within frequency range (100 Hz 
−5 MHz). Oxidised Pyrite crystals are homogeneous 
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and symmetric. Electrical features try to verify the 
homogeneity or heterogeneity (or anisotropy) of the 
cubic oxidised pyrite crystals. Slight variations exist in 
electrical features due to some imperfections at crys
tals with the existence of some different impurities at 
crystal surfaces. The electrical conductivity are con
trolled by impurity content, type, density of carrier 
and hence by their precipitation geochemical environ
ment. Electrically, there exist many active impurities 
(cobalt, nickel, and copper) in pyrite. The conduction 
of pyrite is resulted from free charge carriers. Trace 
elements in solid solutions and thermal excitation 
across energy gaps are the sources of free charge car
riers. Resistivity is inversely proportional concentra
tion of charge carriers and their mobility. There are 
many electrically active impurities (As, Cu and Ni) in 
pyrite. The substitution of Cu and Ni instead of Fe 
introduces occupied bulk defects at band gaps which 
may facilitate electron transfer. The average values of 
conductivity for all specimens are identical and the 
average changes of values in electrical features in each 
sample are so small and could be negligible when 
measured at three directions. This indicates that each 
sample is homogeneous and there is no anisotropy at 
specimens because of perfect cubic symmetry at speci
mens. Dielectric constant decreases, generally, with 
increase of crystal defects, decrease of excitation 
along energy gaps that will increase broken conduc
tion paths. The existence of SiO2, the main insulator 
concentration in samples, broke the continuous con
ductor paths. This will increase charge accumulation 
at the ends of the conducting links and accordingly 
increase the dielectric constant. The change of electri
cal features at three directions will be clear when there 
is a big variation at grain shape in a certain direction.
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