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The meteorite found in the Empty Quarter of Kingdom of Saudi Arabia (KSA) is the largest meteorite
found in the KSA and has the shape of an irregular ellipsoid with semi-axes of 0.65 m, 0.38 m,
and 0.27 m; a density of 6400 kg/m3; and a mass of 2550 kg. It is a massive piece belonging to the cat-
egory of iron–nickel meteorites, which is contained in only 5% of the total showers. The present report is
on the Elemental composition and physical characteristics of the massive meteorite of the saudi empty
quarter employing with laser-induced break down spectroscopy (LIBS), X-ray fluorescence (XRF), scan-
ning electron microscope (SEM), x-ray diffraction (XRD) and energy-dispersive x-ray spectrophotometry
(EDX).
Present study has indicated that the meteorite is composed of about 5% Ni, 91% Fe, 1.51% P, 0.3% Co, and

a host of other elements, most of them appeared as oxides. The measured density of the meteorite is
6400 kg/m3 and it is confirmed by the micro-hardness test that the meteorite is porous (approximately
about 19%). Based on our investigation, it is very likely that this meteorite would have ‘‘escaped” from the
belt around Mars and Jupiter and is unlikely from the moon or elsewhere. This could be the first such
study, employing the advanced instruments mentioned above regarding massive Saudi meteorite.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A meteorite is a solid piece of debris possibly from a comet,
asteroid, or a meteoroid originating from the outer space. During
their passage through earth’s atmosphere, most meteorites burn
up and become what is commonly known as ‘‘shooting stars,” with
only a few small pieces finally landing on the earth’s surface. There
are three broad categories of meteorites: stony (mostly silicate
minerals), iron (mostly of iron and nickel), and stony-iron mete-
orite (a mix of above two categories). Among the three categories,
the first one constitutes 94%, the second 5%, and the last one only
1% of all meteorites. A study of physical properties, such as elemen-
tal composition, mechanical characteristics, and morphological
aspects, would offer insights into the physical mechanisms of plan-
etary belts and interstellar space. This is one of the main objectives
of manned and unmanned space missions. In this context, elemen-
tal composition analysis employing laser-induced breakdown
spectroscopy (LIBS) has been a convenient and effective analytical
technique, since remote sensing is possible only with LIBS (Clegg
et al., 2009; Corrigan et al., 2009) and not with other techniques
such as atomic absorption spectroscopy (AAS), Auger Elec-
tron Spectroscopy (AES), and Inductively Coupled Plasma (ICP),
which are commonly used for testing terrestrial minerals. Recent
and more advanced techniques such as XRF and EDX also need
samples for analysis. Hence, most of the studies on the elemental
composition of meteorites from different places have been con-
ducted using LIBS, with single-pulse or double-pulse excitation,
though occasionally EDX has also been employed (Harmon et al.,
2013; Senesi, 2014; Tempesta and Agrosì, 2016).
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The last two decades have seen a lot of research activity on the
development, advancement, and execution of laser-induced break
down spectroscopy (LIBS) as a practical and effective analytical
tool that can be used for the study of air, water, and solid materials
(Clegg et al., 2009; Corrigan et al., 2009; Cremers and Radziemski,
2006; Hahn and Omenetto, 2012), as well as geo-materials
(Harmon et al., 2013; Senesi, 2014; Tempesta and Agrosì, 2016).

The LIBS technique has a variety of applications in almost all
fields of science and engineering (Farooq et al., 2013, 2012;
Ramakrishnaiah et al., 2012; Sarfraz et al., 2013) because it can
analyze any state of matter (Farooq et al., 2014; Sturm and Noll,
2003; Tawfik et al., 2015, 2013); it can also be used to study space
objects like meteorites for its chemical analysis (Masilamani et al.,
2019). Senesi et al. (2016) investigated Agoudal iron meteorite
with double-pulse laser-induced breakdown spectroscopy (DP-
LIBS) coupled with optical microscopy [18]. Their experimental
results clearly indicate the characterization and quantitative anal-
ysis of Agoudal iron. Qualitative analysis recognized the presence
of the following elements: Ca, Co, Fe, Ga, Li, and Ni in Agoudal iron.

The present study presents the results of the investigation of
the elemental composition of the biggest iron meteorite found in
the kingdom of Saudi Arabia. Of the 36 recorded samples of mete-
orite, it is the largest meteorite found in KSA, discovered in the Ash
Shargiah region in 1863, and its shape is that of an irregular ellip-
soid with semi-axes of 0.65 m, 0.38 m, and 0.27 m; a density of
6400 kg/m3; and a mass of approximately 2550 kg (see Fig. 1(a)
and (b)). It is only 10 times lighter than the world’s largest
(25000 kg) meteorite found in Tanzania, and the next largest found
in KSA is just a minion by comparison, just 0.936 kg. It has been
classified as iron IIAB type from geological survey records. The ele-
mental composition was found employing three independent ana-
lytical techniques—LIBS, XRF, and EDX. The study shows that the
meteorite is iron-abundant, composed of 91% Fe, 5% Ni, 1.51% P,
0.3% Co, and a host of other elements. In addition, some important
physical characteristics (mechanical, morphological, crystallo-
graphic properties) of the material, as measured by a host of ana-
lytical instruments, are also presented to gain insights into its
origin.
Fig. 1. Photograph of the massive meteorite (ellipsoid with semi-axes of 0.65 m,
0.38 m, and 0.27 m), density of 6400 kg/m3, and mass of approximately 2550 kg.
This massive meteorite is placed in the College of Science, King Saud University,
Riyadh.

2

2. Experimental

Small portions of this rather unique celestial object have been
sawn off and put under investigation. The instruments used were
LIBS (Applied Spectra, USA), XRF (S8 Tiger, Brucker), EDX, and
SEM (JSM-6380 LA, JEOL).

For LIBS, a laser beam with wavelength 266 nm serving fre-
quency 10 Hz, pulse width 10 ns and peak power 10 MW. The laser
beam was focused on the sample size 2 cm � 2 cm with a spot area
0.5 mm2 on the sample to produce excitation and ionization of the
elements and compounds present in the sample. The characteristic
discrete atomic lines (excited and ionized to different levels) and
the continuous band of plasma (due to recombination of free elec-
trons with the ions) were captured and focused onto a spectro-
graph (consisting of a grating and charge-coupled device), so that
the relative proportion of different elements present in the focal
spot of the sample could be displayed with a personal computer
(PC) monitor.

XRF employs x-rays from Rh (Max voltage of 60 kV) at a wave-
length of 1.54 � 10�9 nm as the excitation source (instead of
1064 nm Nd:YAG laser). This high-energy photon produces excita-
tion and ionization of the elements in the sample. Since the inner
electrons are excited, the resultant emission (called x-ray induced
fluorescence) is a characteristic emission of very short wavelength,
which is sometimes accompanied by Auger electrons. Both tech-
niques LIBS and XRF are being used for elemental analysis but they
differ in the principle of diagnosis.

Such characteristic x-ray elemental lines could be obtained by
exciting the atoms by bombardment with electron beams available
in SEM (used commonly for surface morphological analysis) as
well. It is important to note that all the LIBS lines occur in the vis-
ible region of 400–800 nm, and the detector is a charge-coupled
device (CCD) camera. However, in XRF and EDX, the emission is
in the 1–5 nm regions, and a suitable crystal (such as Thallium
for the XRF) is required.

The other sophisticated instruments employed are the Ultima
IV for XRD; SEM (JSM-6380 LA, JEOL), S8 Tiger, Brucker for XRF.
3. Results and discussion

In the beginning of the universe, only particles and gaseous
matter were enriched. When they were separated from each other
because of the Big Bang explosion, they started cooling and form-
ing clumps, on account of gravitational and celestial forces. When
these clumps collided among themselves, melted, and re-cooled,
cosmic dust formed. Some of these evolved at different stages of
time and environments, coalescing to become strong meteorites,
iron-mild meteorites, or a combination of both. In any case, these
meteorites are about 700 million years older than the rocks on
earth (Weisberg et al., 2006).
3.1. LIBS analysis

LIBS spectra of the meteorite sample were taken at different
positions and with different laser energies, delay times, and gate
widths in air. The optimized LIBS spectrum was taken at 5 milli-
joule laser energy, 1 micro-second delay, and 10 micro-second gate
widths. Each spectrum was an average of 15 shots taken at three
different positions of the sample. The LIBS spectrum is shown in
Fig. 2 and was analyzed with the software provided by Applied
Spectra with the LIBS instrument. We have found that iron is in
highest abundance in the sample with Ni and P in different propor-
tions (See Table 1). The prominent lines of the iron observed in the
spectrum are given in Table 2. These lines have also been con-
firmed from the National Institute of Standards and Technology



Fig. 2. Laser (266 nm YAG laser) induced breakdown spectra of the meteorite
sample.

Table 1
Elemental abundance.

Element LIBS % XRF % EDX %

Fe 9.5 91 94
Na 2.8 –
K 6 –
Mg 8 0.1
Ca 1.6 0.3
Ni 9 5 5.6
Mn 1.4 –
P – 1.5
Si – 0.4
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(NIST) database. Table 2 shows some of the most prominent lines
of Fe.

The best way to estimate the elemental concentration with the
LIBS technique is from calibration curves drawn for the corre-
sponding elements (Abedin et al., 2011; De Giacomo et al., 2007;
Dequaire et al., 2017; ‘‘Lpsc xlviii,”, 2017; Senesi et al., 2016),
because it is impossible to simulate an alloy of a meteorite; how-
ever, in the present case it is not possible to draw such calibration
curves. Farooq et al. (2013) considered the integrated intensities of
the strongest lines for each detected element of their sample as
their abundance and carried out the quantitative analysis.
Although, the method is not very precise, it can give approximate
abundances for the constituents of the sample. We have adopted
the same procedure to evaluate the percentage abundance of the
elements present in the sample. The integrated intensities of the
strongest lines in the present estimation are given in Table 3.
Table 2
Prominent atomic lines of Fe.

NO. Wavelength (nm) Intensity (a.u.) Wavelength

1 361.971 7185 361.877
2 374.49 16,899 373.713
3 374.721 15,647 374.948
4 375.923 19,453 375.823
5 381.715 14,408 381.584
6 382.186 20,613 382.043
7 404.693 23,524 404.581
8 430.949 26,620 430.79
9 432.688 25,632 432.576
10 438.492 18,811 438.354
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3.2. X-ray fluorescence analysis

Fig. 3 shows the characteristic x-ray lines of different elements
present in the sample. Note that the sharp lines of different ele-
ments arise from different levels of excitation. For example, Fe
Ka is due to x-ray emission when an electron of iron returns from
the L (n = 2) to the K shell (n = 1) with an energy of 6.4 keV, result-
ing in a relative abundance of 5800 units; Ni Kb1 is the x-ray emis-
sion when an electron of the Ni atom proceeds from the M shell
(n = 3) to the L shell (n = 2), producing an x-ray of energy
7.4 keV. Table 3 gives an exhaustive list of the elements present,
from Fe (91%) to trace element Gallium (Ga), with a concentration
of 50 ppm. Note also that all elements manifest themselves as
oxides.

Fig. 4 shows the EDX spectra of the sample indicating an abun-
dance of Fe about 16 times greater than Ni. It gives only rather a
gross picture of elemental composition mostly because the high-
energy electron from SEM could not penetrate the material. So, this
analytical technique is not as illustrative as others. All other such
elements and their abundance are shown in Table 1. It is important
to note the following:

1. The meteorite sample contains 29 elements. The most abundant
of these in decreasing order of abundance are: Fe, Ni, K, Si, Cu,
Co, Ca, Al, S, Cl, Cr, Mg, Zn. Even trace elements with 50 ppm
Ga2O could be detected.

2. Most of them are oxides mostly because when the meteorite
entered into the earth’s atmosphere with high velocity as a
result of the gravitational pull, intense heat was generated so
that almost every element got oxidized.

3. The most reliable of these three appear to be XRF; but LIBS has
the advantage of remote sensing most suitable for extra-
terrestrial investigations. A comparison of the elemental com-
position retrieved by the three techniques for this meteorite is
given in Table 1.

3.3. Physical characteristics

In the previous section, it has been made clear that this mete-
orite is an alloy (forged in some celestial foundry) and, hence,
knowing the standard physical characteristics would be of signifi-
cant value.

XRD is the optical analogue of a microscope, with the former
giving structural insight at the nano-scale. The crystallographic
structure of this alloy was found by XRD with the wavelength of
the copper alpha line = 1.3 nm, working with an anode voltage of
40 kV and a current of 30 mA, and the detector was an Ultima IV
goniometer with suitable scintillation counter.

The XRD of the sample (see Fig. 5) shows sharp peaks at 2h = 44.
75�, 65�, and 82�, all from Fe. Such a crystal has a cubic structure
with a = b = c = 0.28664 nm, and all three angles alpha = beta =
gamma = 90�. It belongs to the Im3m symmetry group. Apart from
(nm) Intensity (a.u.) Akjgk Ek

4685 5.05E + 08 35 611.625
8097 127,000,000 27 166.820
5986 687,000,000 34 039.516
5334 444,000,000 34 328.752
4219 784,000,000 38 175.355
4653 600,000,000 33 095.941
5026 776,000,000 36 686.176
4334 304,000,000 35 767.564
4697 361,000,000 36 079.372
5879 550,000,000 34 782.421



Table 3
Integrated intensities of the strongest lines from the present estimation.

Fig. 3. XRF spectra of the above sample for elemental composition.
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these, there are two more minor peaks at 43.5� and 51� due to the
alloy of Fe and Ni with a ratio of 64% to 36%. This crystal also has a
cubic structure but with a = b = c = 0.35922 nm.

Fig. 6 gives the scanning electron microscope (with 20 kV accel-
erating voltage to the electron) images of the surface at resolutions
of (a) 100 mm, (b) 10 mm, and (c) 5 mm. The most important feature
is that the specimen is riddled with potholes of smaller and larger
radii, indicating a high degree of non-uniformity and porosity.

The above three results, namely XRD, SEM, and surface hard-
ness, clearly indicate the surprising absence of martensite forma-
tion, despite the rapid heating and cooling that the sample could
have experienced in rapid fall due to gravitation pull and also dur-
ing its few million-year journey in the belt between Mars and
Jupiter.

3.4. Major mineralogy

The above meteorite, sometimes called the ‘‘Al Khamasain
meteorite,” represents different mineral types as demonstrated
by XRD and EDX. The study shows that the meteorite contains
4

kamacite and dolomite. The kamacite a (Fe, Ni) occurred as the
main essential metallic mineral constituent with other trace ele-
ments of an iron meteorite (Fig. 7). The notable trace elements
are gallium (Ga), germanium (Ge), nickel (Ni), and chromium
(Cr). The Ni concentration varies from 5 to 9%. All these trace ele-
ments and metallic minerals (concentration summarized in
Table 3) were initiated and formed in a meteoritic environment.
The meteorite had been formed as an alloy of Iron (Fe) and (Ni)
in a proportion of either 90:10 or 95:5 (Table 4). The 5% or less
Ni meteorite, often referred to as Octahedrites, cause the structure
of the kamacite crystal to be isotropic and in cubic-crystal form.
This structure only appears when the meteorite breaks along the
crystal planes as bands, as shown in Fig. 8. These are very distinct
with fine parallel straight lines seen across certain sections of the
Octahedrite structure. These parallel lines are named after Johann
G. Neumann (Hebbert, 1955). These lines suggest that the kamacite
crystal’s deformation is due to the shock induced during the
impact events on the meteorite’s parent body (Norton, 1994). In
addition, these lines (lamellae) are approximately constant and
reflect the cooling rate function, oriented along the planes. The



Fig. 4. EDX spectra of the sample.

Fig. 5. XRD of the sample for crystalline determination.

Fig. 6. Morphological features by SEM with resolution of a) 100 mm and (b) 10 mm.
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kamacite stability temperature is below 723 �C or 600 �C, and at
low pressure (Goldstein and Goddard, 1965). Furthermore, note
that the kamacite is found only in meteorite. This was discovered
by the Mars Exploration Rover (MER).

Additionally, the carbonate mineral (dolomite) is yellowish to
brown in color; it is the secondary mineral formed by biotic activ-
ity, elucidated in Fig. 5. It occurred where the more highly altered
meteorite was noticed (Scott, 1997), perhaps reflecting the greater
temperature in the meteorite parent body at this location. Scoot
(Scott, 1997) proposed a carbonate origin as the secondary mineral
formed at high temperatures (more than 650 �C) due to the melts
produced during a large impact on Mars 4.0 billion years ago. Like-
wise, the carbonate initiated by the reaction between silicates and
the fluid rich in carbon dioxide infiltrated the fractured rock at
depth during the impacted event.

Fig. 7 shows a plot of Ge and Ga versus Ni concentration. The
studied area is represented and located in the IIC meteorite sub-
group of the IIAB group. Therefore, the studied meteorite is classi-
fied as iron-nickel known as meteoric iron, and the IIC type is
5

connected to the IIAB iron meteorite group (McSween, 1987). It
overwhelmingly consists of iron-nickel, which usually consists of
the mineral’s phases: kamacite, taenite, and carbonatite originat-
ing from the cores of planetesimals (Weisberg et al., 2006).



Fig. 7. Plot of Ge and Ga versus Ni for the studied meteorite, which is genetically quite similar to IIC subgroup or IIAB group.

Table 4
Summary of Ni, Ge, and Ga concentrations of Al Khamasain meteorite.

Meteorite Ni % Ga Ge

Al Khamasain 9 37 85
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3.5. Classification of the studied meteorites

Recently, a new classification scheme for meteorites proposed
by Weisberg et al. (2006) subdivided all meteorites into two main
groups, chondrites (undifferentiated meteorite) containing chon-
drules and primitive achondrites (non-chondritic meteorites),
which are considered igneously differentiated, as shown in Fig. 8,
evidently based on their bulk compositions and textures.

Moreover, the structural parameters can be combined with
the meteorite chemical classification based on the concentration
of the trace elements. These elements are germanium (Ge) and
Gallium (Ga) (Lovering et al., 1957). Later, Wasson and Scott
(1975) comprehended that the two elements, Ge and Ga, could
not classify all the iron meteorites. Nevertheless, it is believed
that the elements Ga and Ge remain the best taxonomic param-
eters because of their narrow ranges within groups. On the other
hand, the nickel concentration should be specific to generate a
classification scheme for producing a distinct discrimination of
the parent iron meteorite. The low concentration of nickel in
the studied meteorite, ranging from 5 to 9% would have an
influence on the mineral fractionation from taenite to kamacite
Fig. 8. Meteorite breaks along t

6

during the meteorite’s cooling. The concentrations of Ni, Ga,
and Ge for the studied meteorite were 9%, 37 ppm, and
85 ppm, respectively. Therefore, the lower the Ni concentration,
the more kamacite minerals are formed. From all these consider-
ations we may put the present meteorite in the subgroups of IIB,
IIA, and IIC (Fig. 7).

4. Conclusion

This paper is a preliminary study, presenting some interesting
insights about the nature of the biggest meteorite of KSA.

It is essentially an Fe-Ni-Co type alloy formed during planetary
system evolution. From the composition, it is very likely that it
was roaming in the asteroid belt between Mars and Jupiter, as
no other belts or planets have such iron-rich rocks. Also, it is very
unlikely to be of lunar origin, since moon meteorites, i.e., lunaite,
have different composition; the composition of this KSA mete-
orite is very different than any lunar samples obtained from
manned missions.

Our study has also shown that the XRF is best for determining
elemental composition, though LIBS is the only technique suited
for remote sensing, with accuracy comparable to XRF.

This could be one of the very few papers with such detailed
physical characterization of a meteorite employing sophisticated
analytical instruments. As the objective of this paper is to give a
perspective of the broad features of the material properties of
the meteorite, it is only qualitative and not quantitative.
he crystal planes as bands.
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