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The Gebel Kamil iron meteorite is a famous big meteorite, and it is considered among the
rare well-preserved iron meteorites. In this study, its electric and dielectric properties,
namely electric conductivity (r), dielectric constant (e¢), and dielectric loss (e¢¢), were mea-
sured using alternating current at a wide range of frequencies (50 Hz–11.0 MHz). This
electrical characterization process was performed to get a diagnostic electric behavior of the
electric and dielectric parameters as a function of the applied frequency (f). It is revealed
that, by increasing f, the r increased, while the dielectric properties decreased systematically
through three stages of frequency. The well-known octahedral structure of iron meteorites
was imaged using scanning electron microscopy (SEM) with support by energy-dispersive X-
ray analysis (EDAX) to analyze the chemical composition of the meteorite specimen. The
EDAX indicated that the Gebel Kamil meteorite is a Ni–Fe alloy with no impurities
(Ni = 20.4–22.3%, Fe = 77.7–79.6%). This chemical composition and the electric and
dielectric behaviors of the studied Ni-rich Gebel Kamil meteorite specimen can be recorded
as diagnostic features and properties of this Fe–Ni meteorite.

KEY WORDS: Gebel Kamil meteorite, Fe–Ni meteorite, Electric conductivity, Dielectric constant,
SEM.

INTRODUCTION

Recently, the nondestructive physical proper-
ties, including density and porosity, of more than
1100 meteorite samples were reported in the litera-
ture by many authors (e.g., Kukkonen & Pesonen,
1983; Britt et al., 2002; Britt & Consolmagno, 2003;
Consolmagno et al., 2006, 2008a, 2008b, 2008c;
Kohout et al., 2008; Macke, 2010; Macke et al.,
2010a, 2010b, 2011a, 2011b, 2016; Flynn et al., 2018;
Ostrowski & Bryson, 2019). According to Macke
(2010), the high-density Fe metal-rich H chondrites
are susceptible to weathering and alteration pro-

ducing low-density Fe oxide (3.45–4.40 g/cm3,
Macke et al., 2010b).

Besides, a few articles have been published on
the physical properties of enstatite chondrites, a rare
form of meteorites, which are characterized partly
by an abundance of FeO-free enstatite, as a member
of the pyroxene–silicate mineral series, and its
intermediate composition ((Mg,Fe)SiO) (Macke
et al., 2010b). These properties include only poros-
ity, density, and magnetic susceptibility. The density
of enstatite chondrites is relatively high, ranging
from 3.17 to 4.46 g/cm3, with majority falling be-
tween 3.5 and 3.8 g/cm3 (Bland et al., 1998; Con-
solmagno et al., 1999; Macke et al., 2010b).
However, the grain density of iron meteorites (7.44–
7.91 g/cm3; Nabawy & Rochette, 2016) is much
higher than that of chondrites and, in turn, their
physical properties (e.g., electric properties) are
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much different from those of enstatite chondrites.
This differentiation is due to the low Fe and Ni
content in chondrites and their intermediate com-
position ((Mg,Fe)SiO) (Piqué & Trigo-Rodrı́guez,
2004).

Iron meteorites are shiny, rustless, and dense
and contain some Ni content. The Ni content varies
primarily between 4 and 28% by weight but may
reach up to 60% by weight (Goldstein et al., 2009;
Scott, 2013; Nabawy & Rochette, 2016; Fry et al.,
2018). The shiny appearance and octahedral struc-
tures are among the most diagnostic features of most
Fe–Ni meteorites. These octahedral structures are
due to exsolution of the kamacite lamellae within
taenite crystals (D�Orazio et al., 2011; Scott, 2013;
Fry et al., 2018). Iron meteorites carry a lot of
information about their different celestial precursors
and history (Bland et al., 2002; Verma & Tripathi,
2004), but despite this important information only
few density and porosity measurements have been
published in the literature (Fry, 2013; Fry et al.,
2018). Besides, the literature is rarely devoted to
electric properties of iron meteorites as a function of
variable frequencies of alternating current (AC) in
what is called electric prints (Nabawy & Rochette,
2016; Ostrowski & Bryson, 2019). This electric
behavior is thought to be diagnostic for the different
iron meteorites based on their variable Ni content,
internal structure, temperature, and the applied AC
frequency. Therefore, the dielectric constant (e¢) and
electrical resistivity measured at variable frequen-
cies can be used to characterize iron meteorites. This
electric technique is fast enough to be used to
quantify the Ni content of iron meteorites based on
their electric properties (Nabawy & Rochette, 2016).
The scarcity of this type of measurement is attrib-
uted mostly to the fact that meteorite samples
should be cut into standard geometric shapes, which
is considered among the main drawbacks of this type
of measurements (Tehro et al., 1993; Nabawy &
Rochette, 2016; Fry et al., 2018 ).

The Gebel Kamil meteorite that was discovered
near Gebel El-Oweinat in the southwest of the
Western Desert of Egypt is considered one of the
most common iron meteorites in Egypt. It has been
discovered and studied by Folco et al., (2010, 2011).
Its petrography, mineralogy, and geochemical anal-
yses were studied in detail by D�Orazio et al. (2011).
It is reported that thousands of meteorite specimens
were collected from the meteorite crater and from
its surrounding areas up to 1.6 km of the crater in
SW Egypt, where a total mass of 1700 kg, of dif-

ferent size specimens, was collected by Folco et al.,
(2010, 2011). Its crater is located in a rocky and
sandy land at East El-Oweinat area in SW Egypt
(22�01¢06‘‘ N, 26�05¢15’’ E) at about 600 m above
the sea level.

D�Orazio et al. (2011) mentioned that the Gebel
Kamil meteorite is a Ni-rich (� 20 wt% Ni) ataxite
with high Ga and Ge content and a very fine-grained
duplex plessite metal matrix. Due to the scarcity of
electric studies on meteorites and due to the good
preservation and importance of the Fe–Ni Gebel
Kamil meteorite, the present paper aimed to study
its electric properties (electric conductivity and
dielectric properties) as a function of the applied
frequency (f). It is considered an extension of the
study by Nabawy and Rochette (2016) on the elec-
tric behavior of the Mundrabilla and Gibeon iron
meteorites, but on a much wider electric frequency
range (50 Hz–11.0 MHz) than that applied before
(50 Hz–100 kHz).

METHODOLOGY

To reveal the internal microstructure of the
studied Gebel Kamil meteorite, a small piece of the
meteorite was etched chemically using a prepared
etching solution of 1% HF + 1% HNO3 for only one
second. It was then dehydrated and coated with gold
and studied using SEM (scanning electron micro-
scopy) of Model Quanta 250 EG in the Central Labs
of the National Research Centre of Egypt. The SEM
is operated in the acceleration voltage range of 1–
30 kV and equipped with a field emission gun, a
secondary electron detector with resolution up to
2.0 nm, an electron backscattering pattern detector
(EBSP), and EDAX (energy-dispersive X-ray
spectrometer) to reveal the elemental chemical
composition of the studied meteorite with atomic
numbers down to carbon atom.

For studying the electric properties and
revealing the electric behavior as a function of the
applied AC frequency, a meteorite piece was pre-
pared as a slab of two parallel polished and
smoothed surfaces of thickness 4.55 mm. The pre-
pared sample was then cleaned and dried at 60 �C
for 48 h. The meteorite sample was then introduced
into a ceramic holder of two non-polarizing elec-
trodes of resistivity less than 0.5 X, and the capaci-
tance effect (Cp), electric loss tangent (D), and the
electric resistivity (Rp) were measured in a parallel
arrangement at room temperature, using a digital
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computerized LCR HiTESTER impedance analyzer
(GmbH & Co. KG, high-resolution alpha analyzer)
of measuring range 0.01 Hz–20 MHz in the
Department of Geophysical Sciences, the National
Research Centre of Egypt. Measurements were
conducted at 250 selected frequencies in the range of
50 Hz–11.0 MHz. Measurements were repeated six
times, and the average was then taken in high
accuracy. A silver paste was applied to fill the air
gaps, if found, between the sample surface and the
electrode. The electric conductivity (r), e’, and
dielectric loss (e‘‘) of the meteorite were then esti-
mated, respectively, as

r ¼ L

AxRP
ð1Þ

e
0 ¼ CPxL

Axeo
ð2Þ

e ¼ e
0
xD ð3Þ

where RP is the parallel electric resistance, A is the
surface area of measuring electrode (diame-
ter = 23 mm), L is the sample thickness (4.55 mm),
Cp is the parallel electric capacitance, eo is the
dielectric constant of air (8.85 9 10�12 F/m), and D
is the measured electric loss tangent (tan d).

RESULTS

SEM and EDAX

The mineral and chemical compositions and the
solid microstructure of a given dry meteorite sample
contribute primarily to its electric and dielectric
properties. Thus, the electric and dielectric proper-
ties of the Gebel Kamil meteorite are mostly at-
tributed to its conductive components (Nabawy &
Rochette, 2016).

To check the chemical composition and solid
fabric/microstructure of the present sample, it was
investigated and analyzed by SEM to image its
microstructure and by EDAX to determine its main
constituents. The SEM at 2000 9 and scale 25 lm
revealed that the Gebel Kamil meteorite is domi-
nated by octahedral structure (Fig. 1). This structure
is well known for iron meteorites as described by
many authors (Farrington, 1901; Goldstein, 1965;
Norton, 1998, 2008; Goldstein et al., 2009; Fry, 2013;
Nabawy & Rochette, 2016; Fry et al., 2018). This

microstructure is attributed to the presence of two
Fe–Ni phases, and to kamacite and taenite, which
were separated from each other during the cooling
process. Kamacite has a lower percentage of Ni
compared to taenite. The latter solidifies at rela-
tively high temperatures, while the former, in vis-
cous nature till crystallization, at lower
temperatures. The wider bands are primarily com-
posed of kamacite and are easily dissolved on etch-
ing by acid mixture, revealing the diagnostic
octahedral structure. Although this octahedral
structure may be absent in many Fe–Ni meteorites,
it is a diagnostic structure for many famous Fe–Ni
meteorites.

The EDAX measurement at two spots indi-
cated that the Ni content of the Gebel Kamil
meteorite is relatively high (20.4–22.3%), while Fe is
a complementary element in the studied fresh sam-
ple, with the highest peak and no additional impu-
rities (Fig. 1) (Note: additional impurities may be
noticed in other samples). The estimated Ni content,
which corresponds to that already published by
D’Orazio et al. (2011), was � 20 wt% Ni.

Electric Properties

The measured electric and dielectric values are
shown in Table 1. The e¢, e¢¢, and r of the Gebel
Kamil meteorite were plotted as a function of fre-
quency in the range 50 Hz–11.0 MHz (Figs. 2, 3 and
4). The electric behavior of the studied meteorite
can be subdivided into three stages: (1) Stage I is
represented by a steady slope with slight change in
values; (2) stage II is a transitional stage between
stage I and stage III; and (3) stage III is represented
by a steep slope with abrupt change in values. Be-
cause the r increased with increasing f (Fig. 2),
whereas the dielectric parameters decreased with
increasing f, the behavior is inverse for both e¢ and e¢¢
(Figs. 3, 4).

The transitional stages of e¢ and e¢¢ have the
same frequency limits (1.0–3.0 MHz, Figs. 3, 4) but
are different for r (8.0–10.5 MHz) (Fig. 2). A bino-
mial inverse quadratic relationship was established
for both dielectric parameters against frequency,
while a trinomial proportional relationship was
established for the conductivity–frequency relation-
ship. It seems that the obtained electric behavior and
the mathematical models of the r–f relationship
were more complex than the behavior and models of
e¢–f and e¢¢–f relationships.
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DISCUSSION

Weathering and Chemical Composition

Although the Fe metal and its sulfide are sen-
sitive to terrestrial chemical weathering and trans-
formation to less shiny rusting materials, the present
Gebel Kamil meteorite sample is considered among
the rare Fe–Ni meteorite samples that succeeded to
retain its original composition with no significant
weathering by oxidation and cracking. The hand
specimen was in a well-preserved non-weathered
and fresh state with only a thin film of rust on its
surface. This nature was indicated by its shiny
brightness and pure Fe–Ni content in the prepared
sample (Fig. 1). The SEM and EDAX data sup-
ported the fresh nature of the studied sample with
100% Fe–Ni content, which is responsible for
forming the octahedral microstructure (20.4–22.3%
Ni content, Fig. 1), and indicated the absence of Fe
oxides or other terrestrial materials (i.e., ruling out
any effective terrestrial weathering processes). This

fresh chemical composition has a relatively high Ni
content like that published by Nabawy and Rochette
(2016) for the Mundrabilla meteorite (31% Ni) and
the Fe–Ni alloy (30% Ni) that was prepared by them
for studying its electric resistivity. This well-pre-
served nature is attributed to its ineffective weath-
ering history including the accumulation
environment and fast burial (Bischoff & Geiger,
1995; Stelzner et al., 1999; Welten, 1999; Nabawy &
Rochette, 2016).

However, it is worth mentioning that D�Orazio
et al. (2011) mentioned that all the specimens of the
Gebel Kamil meteorite they collected were in a
partially oxidized state and that its pitted surface
was due to wind erosion action and terrestrial
weathering. They added that the overall freshness of
the Gebel Kamil meteorite specimens, their scat-
tering with no noticeable accumulations in the field,
and the original status of the ejecta blanket and rays
indicate the instant burial of the meteorite ( Folco
et al., 2010, 2011; D�Orazio et al., 2011).

Figure 2. Electric conductivity (r) of the Gebel Kamil meteorite versus the applied frequency.

184 Nabawy



Electric and Dielectric Behavior of the Studied
Meteorite

The free conductive electrons in solid materials
carry an active energy charge that enforces them to
move through the material by applying an outer
source of current. This charged energy is a function
of f; it increases with increasing f (Nabawy &
Rochette, 2016). Nabawy and Rochette (2016;
Khater et al., 2019, 2020) studied the electric resis-
tivity of some meteorites and prepared Fe–Ni alloys
and assigned two main stages: pre-saturation low-
frequency stage (mostly less than 1.0 kHz) and sat-
uration high-frequency stage (higher than 1.0 kHz).
They added that the electric behavior of the solid
material is a diagnostic behavior related primarily to
its chemical and internal structure. In the next sec-
tions, the behaviors of r, e¢, and e¢¢ are discussed and
presented as a function of f in a wide range of fre-
quencies (50 Hz–11.0 MHz).

Electric Conductivity (r)

Similar to study by Nabawy and Rochette
(2016) of a Mundrabilla meteorite (31% Ni) and a
Fe–Ni alloy (30% Ni) at 50–100 kHz, the electric
behavior of the present sample was divided into
three stages: (1) steady stage I (up to 8.0 MHz); (2)
transitional stage (8.0–10.5 MHz); and (3) steep
stage III (more than 10.5 MHz) with an abrupt in-
crease in r values (Fig. 2).

In general, the relatively high r of the studied
Gebel Kamil meteorites (varying from 0.01 to 1.237
S/cm (at 50 Hz and 11.0 MHz, respectively) is re-
lated to its high metal content, which is rich with free
electrons, and its sensitivity to increasing f. The high
electronic activity of iron meteorites supports the
simplicity of their electric behaviors with no
thresholds or complex behavior with many peaks on
the r–f plot. However, some peaks are noticed in the
transitional stage at 8.0–10.5 MHz (Fig. 2). These
peaks may be explained by the Maxwell–Wagner
polarization mechanism, where a separation of
charged ions occurs, i.e., ions become freer to rotate
with increasing f causing more contribution to r

Figure 3. Dielectric constant (e¢) of the Gebel Kamil meteorite versus the applied frequency.
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(Kremer and Schonhals, 2003; Nabawy, 2018; Kha-
ter et al., 2019).

The increase in r at relatively low frequencies
in the steady stage I was estimated to be six times
higher than the initial one (from 0.010 to 0.065 S/cm,
Table 1), while it increased by about 10 times more
in the transitional stage II (from 0.065 to 0.626S/cm).
This abrupt increase in r at 8 MHz and higher may
be attributed to increasing f and shifting of the
sample behavior from the electronic and ionic
polarization stages to the dipolar stages with much
higher electronic activity.

Mathematical modeling of the r of the Gebel
Kamil meteorite as a function of f at the three
mentioned stages is a valuable output of the present
study, which enables estimation of r as a function of
f (Fig. 2). The constant values and complexity of
these obtained mathematical models increased at
higher frequencies due to increasing activity of free-
charged electrons. However, this set of mathemati-
cal models is characterized by high reliability (i.e.,
R2 ‡ 0.929, Fig. 2) and a much wider frequency
range (up to 11.0 MHz) than that applied by Na-
bawy and Rochette (2016) (up to 100 kHz).

Dielectric Constant (e¢)

The Fe-rich Gebel Kamil sample was expected
to have a relatively high e¢ in comparison with the
other solid materials. This is attributed to its rela-
tively high charged free electrons. A slight decrease
in the measured e¢ was noticed with increasing f (cf.
Khater et al., 2019, 2020). In contrast, the decrease
in measured e¢ of the Gebel Kamil meteorite was
much steeper (from 1.19 at 50 Hz to 0.013 at
11.0 MHz) compared to that of many other porous
materials. This can be attributed to the richness of
this iron meteorite in free movable charges that
move faster and faster on increasing f. The abrupt
decrease in e¢ at the low frequencies of the steep
stage I (50 Hz–1.0 MHz) and the transitional stage
II (1.0–3.0 MHz) is attributed to shifting of the
sample from the electronic to the ionic polarization
stage, i.e., increasing the polarization and the dipole
rotation speed of the molecules of the studied
meteorite. At higher frequencies (> 3.0 MHz), the
dipole rotation and the molecular mobility become
faster and more complex than those at lower fre-
quencies, and so the e¢ decreases rapidly to very few

Figure 4. Dielectric loss (e¢¢) of the Gebel Kamil meteorite versus the applied frequency.

186 Nabawy



fractions (0.013). This explanation is consistent with
that of Li et al. (2009) and Khater et al. (2019),
whereby they attributed the steep decrease in e¢
values to much lower values at higher f to the
inability of the dipole rotation speed to follow the
rotation speed of the applied AC. Mathematical
modeling the e¢ of the Gebel Kamil meteorite as a
function of f enables its estimation by using a set of
high-reliability models (R2 of> 0.987) as shown in
Figure 3. In contrast to the models obtained for r,
the constant values of these models decreased with
an increase in f.

Dielectric Loss (e¢¢)

The e¢¢ is a function of e¢ and f, and so it de-
creased by decreasing e¢ and increasing f, but some
peaks appeared at the low frequencies of stage I
(50 Hz–1.0 MHz) and stage II (1.0–3.0 MHz)
(Fig. 4). This can be attributed to the increase in f,
which causes an increase in free electronic charges.
The drop in e¢¢ values at these low frequencies stages
was steep, reaching down to about 10% (0.019) at
3.0 MHz from the initial value at 50 Hz (1.194, Ta-
ble 1). This can be attributed to the increase in f,
which simplifies the e¢¢ behavior.

The relatively low r and high e¢ and e¢¢ values of
the Gebel Kamil meteorite are attributed to its
metallic composition with high amount of free ions,
which are charged at high frequencies and start to
rotate following the applied AC. At high frequen-
cies, the electric charges are high and, therefore, the
ability of electrons to flow increases, causing an in-
crease in r values, and the ability of ions to rotate as
fast as changing the dipole frequency decreases,
causing a reduction in the polarization parameters.
However, at low frequencies, the electric charges are
low and the rotation of the dipole frequency is slow;
therefore, the ability of the electrons to flow is low
and the ability of the ions to rotate is easier, i.e., the
r is low, while the dielectric parameters are high.

Modeling the e¢¢ values was based on the fol-
lowing mathematical models, which have high reli-
ability (R2 ‡ 0.895), from which the e¢¢ can be
estimated in terms of f, as shown in Figure 4. Similar
to e¢, the constant values of the obtained models
decreased by increasing the f due to decreasing the
ability of the rotating ions to follow the applied di-
pole rotation.

CONCLUSIONS

From the present study, some conclusions can
be drawn about the electric and dielectric charac-
teristics of the Gebel Kamil meteorite.

1. The Gebel Kamil meteorite is a rustless and
shiny, Ni-rich, iron meteorite (Ni = 20.4–22.3%,
based on EDAX) with no impurities. The SEM
imaging indicated that it is characterized by the
common octahedral microstructure, which is a
diagnostic feature of many iron meteorites.

2. Its electric conductivity (r), dielectric con-
stant (e¢), and dielectric loss (e¢¢) values are relatively
high due to the presence of free charges that activate
on applying AC frequency (f), in particular high-
frequency values. The r increases with increasing f
(50 Hz–11.0 MHz), which causes the dielectric
parameters to decrease.

3. The r–f plot can be subdivided into three
stages: (1) stage I (50 Hz–8.0 MHz) is an initial
steady stage with a little bit increase in r values; (2)
stage II (8.0–10.5 MHz) is a transitional stage be-
tween stages I and II; and (3) stage III (10.5–
11.0 MHz) is a steep stage with an abrupt increase in
r values.

4. The e¢–f and e¢¢–f plots can be subdivided into
three stages: (1) an initial steep stage with an abrupt
decrease in dielectric values (50 Hz–1.0 MHz); (2) a
transitional stage (1.0–3.0 MHz); and (3) a steady
stage III with a little decrease in values (3.0–
11.0 MHz).

5. Discrimination of the electric and dielectric
behaviors of the Gebel Kamil meteorite into three
stages is due to its richness in free charges (i.e., its
high electronic activity). The electric and dielectric
behaviors of the Gebel Kamil (increasing or
decreasing as a function of f), besides its chemical
composition, are considered diagnostic features of
the studied Gebel Kamil meteorite.
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