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Abstract
The internal structural organization and phase composition of a fragment of the Chelyabinsk meteorite have been studied 
using neutron diffraction, tomography methods, optical microscopy, and Raman spectroscopy. The bulk mineral com-
position of the meteorite and spatial distribution of different components were determined. In addition to previously 
found phases of olivine, orthopyroxene, plagioclase and troilite, the obtained data of optical microscopy and neutron 
diffraction provide evidence of the presence of kamacite phase in the studied meteorite fragment. The heterogeneous 
distribution of the iron in the olivine and orthopyroxene phases was observed, the morphological calculations were used 
to analyze the spatial arrangement of metal components.
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1 Introduction

One of the important problems in mineralogical and pet-
rological research of meteorites and asteroids is an assess-
ment of risks of the collisions of such astrophysical objects 
with the Earth, an estimation of influence of their struc-
ture and composition on the power of interaction with 
the atmosphere and a degree of energy release [1–3]. On 
February 15, 2013, over the Russian city of Chelyabinsk, 
a large asteroid with a mass of about 10 thousand tons 
entered the atmosphere at a speed of about 18 km/s [4, 
5]. It was the largest collision event after Tunguska explo-
sion in 1908 [4]. After that, the meteorite body destructed 
into thousands of small meteorite fragments and was 
accompanied by the spread of shock waves. The collision 
explosion was so powerful that the shock wave may twice 
round the Earth [4, 6, 7]. The particular attention should 
be paid to the fact that this meteorite collision led to the 

great destruction of buildings and injuries to thousands of 
people by broken glass mostly [7, 8].

Afterwards, the fragments of the meteorite body have 
been thoroughly investigated by various scientific meth-
ods [9–12]. It was found, that Chelyabinsk meteorite is a 
moderately shocked LL5 (S4, W0) ordinary chondrite [13] 
with olivine, pyroxene, plagioclase and iron as major min-
eral phases [12, 14]. The possible origin of the meteorite 
from hazardous asteroid 1999 NC43 [15] of the Baptistina 
Asteroid Family in the main asteroid belt [16] is discussed. 
It is noted, unlike other LL chondrites, Chelyabinsk mete-
orite contains more metallic iron [17].

The measurements of the chemical composition and 
spatial distribution of components of the Chelyabinsk 
meteorite could gain new insights into its origin [3, 18, 
19]. Due to uniqueness of the meteoritic matter, an appli-
cation of non-destructive testing methods provides par-
ticular advantages [18, 20, 21]. The conventional methods 
like the X-ray fluorescence analysis, scanning electron 
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microscopy or X-ray diffraction have a significant limita-
tion on the depth of penetration into the thickness of the 
studied samples. Thus, the structural analysis of inner com-
ponents of large fragments of meteorites may be difficult 
due to a fusion crust on the meteorite surface. In contrast, 
neutron diffraction and neutron tomography methods 
provide a non-destructive probe of structural organiza-
tion of objects with high bulk penetration [22–26]. The 
fundamental difference in the nature of neutron interac-
tions with matter compared to X-rays provides additional 
benefits including sensitivity to light elements, a notable 
difference in contrast between neighboring elements like 
nickel and iron [18, 21, 22]. All these features make neutron 
methods highly demanded tool with a growing range of 
applications in industry [25], archeology [26, 27] and geo-
physics [28] including studies of meteorites [18, 20, 21].

In our work, the internal structural organization of the 
large fragment of Chelyabinsk meteorite has been stud-
ied by a combination of neutron tomography and neu-
tron diffraction, supplemented by optical microscopy and 
Raman spectroscopy methods. The high neutron penetra-
tion depth inside the object allowed to detect the min-
eral phases of the bulk meteorite fragment, as well as to 
evaluate its average composition without the destruction 
of such a rare astrophysical object. The neutron methods 
can provide structural information about kamacite phase 
in the deep volume of the meteorite fragment.

2  Experimental

The studied fragment of Chelyabinsk meteorite was found 
on February 23, 2013 close to the enrichment plant of Dep-
utatsky settlement near the Yemanzhelinsk (Chelyabinsk 
region, Russian Federation). The meteorite fragment of 
irregular shape with one lateral cavern has dimensions of 
approximately 31 × 14 × 11 mm. It was covered with the 
fusion crust. A small area of the cavern was additionally 
cleaned to improve the optical microscope and Raman 
spectroscopy data.

The images from the cleavage of the meteorite with 
a maximum magnification of x12 were obtained on the 
microscope Leica M165 with video camera set-up. Raman 
spectra at ambient temperature were collected using a 
LabRAM HR spectrometer (Horiba Gr, France) with a wave-
length excitation of 633 nm emitted from He–Ne laser, 
1800 grating, confocal hole of 100 μm, and × 50 objective. 
A dozen Raman spectra were obtained from different local 
points of the small cleaned surface of the studied meteor-
ite. The spectra had a rather low intensity, typical times of 
spectra acquisition varied from 5 up to 15 min.

The phase composition of the whole meteorite 
fragment was examined using the DN-12 neutron 

diffractometer [29], operated at the IBR-2 high-flux pulsed 
reactor (Frank Laboratory for Neutron Physics, JINR, Dubna, 
Russia). The neutron powder diffraction patterns were col-
lected at the scattering angle of 2θ = 135.5°. The neutron 
diffraction patterns were analyzed by the profile match-
ing mode using the Fullprof software [30]. In neutron dif-
fraction experiments, the fragment of the meteorite was 
placed so that its middle part of average dimensions up 
to 8 mm was in the neutron beam. The exposition time 
was 1 h.

The neutron tomography experiments were performed 
at the neutron radiography and tomography facility [31, 
32] on the IBR-2 high-flux pulsed reactor. The detector sys-
tem based on high sensitivity camera with HAMAMATSU 
CCD chip was used to a collection of neutron radiography 
images. The total number of measured radiography pro-
jections for tomography reconstruction procedure was 
360. The neutron experiments were performed with a rota-
tion step of 0.5°. The exposure time for one projection was 
20 s. The obtained imaging data were corrected by the 
dark current image of digital camera and normalized to 
the image of the incident neutron beam by means of the 
ImageJ software [33]. The tomographic reconstruction was 
performed by the SYRMEP Tomo Project (STP) software 
[34]. Finally, a large data set containing a volume distribu-
tion of 3D pixels (voxels) were collected. The size of one 
voxel in our studies is 52 × 52 × 52 µm. The tomography 
reconstruction yields the set of 538 virtual slices. The 3D 
volume data of voxels are the spatial distribution of values 
of the neutron attenuation coefficients inside the sample 
volume [35]. VGStudio MAX 2.2 software of Volume Graph-
ics (Heidelberg, Germany) was used for visualization and 
analysis of reconstructed 3D data.

3  Experimental results

3.1  Optical microscopy

In order to obtain a visual representation of the distribu-
tion of components in the studied meteorite fragment, the 
conventional optical microscopy was used.

The fragment of the Chelyabinsk meteorite (Fig. 2) has 
a light lithology [9], where the main minerals are olivine 
and orthopyroxene [10, 14, 36]. The boundaries of the 
chondrules are not detected. An extensive network of 
cracks into meteorite material is visible. Even without a 
significant zoom of the images of the meteorite rift sur-
face, the small metallic inclusions in the mineral substance 
are visible (Fig. 1). We assume that these metallic inclu-
sions are kamacite FeNi grains. Size of these metallic grains 
on the studied area of the meteorite rift does not exceed 
50–100 µm. However, there are quite large (up to several 
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millimeters) yellow areas around the observed inclusions 
(Fig. 1). It can be assigned to troilite, FeS. Large gray areas 
represent the orthopyroxene phase [9].

3.2  Raman spectroscopy

The Raman spectroscopy was used for the identification 
of mineral phases on the surface of the studied meteorite. 
A set of Raman spectra was collected from dozen points 
on the meteorite rift surface, and several representative 
Raman spectra of the main phases of the Chelyabinsk 
meteorite are shown in Fig. 3.

The factor group analysis predicts that olivine with 
orthorhombic symmetry Pnma has 36 Raman-active 
vibration modes:  11Ag + 11B1g + 7B2g + 7B3g [37, 38]. 
There are two intense characteristic Raman lines of oli-
vine at 820.8 and 852.4 cm−1 on Raman spectra (Fig. 2). 
Those lines correspond to Si–O asymmetric and sym-
metric stretching  Ag mods. It should be noted that the 

Fig. 1  The photography of the fragment of the Chelyabinsk mete-
orite. A scale bar is shown

Fig. 2  Microphotographies of the surface of the cavern of the 
Chelyabinsk meteorite. The magnification levels and correspond-
ing scales for each image are marked. The tentative assignment of 

several meteorite fractions: olivine (olivine), orthopyroxene (ortho), 
troilite (FeS), and kamacite (Fe) are shown
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relative positions of these Raman lines can be used in the 
estimation of the relative content of fayalite Fa  (Fe2SiO4) 
and forsterite Fo  (Mg2SiO4) minerals [37, 38] in the oli-
vine. If the difference between the positions of Raman 
peaks equals to Δ = 31.6(1)  cm−1, then the olivine mineral 
composition is estimated as ~ Fo70Fa30. This value agrees 
well with data obtained early [9, 38].

The Raman spectrum for the orthopyroxene mineral 
component is shown in Fig. 3. The characteristic Raman 
lines at 334.8(2), 657.9(2), 680.0(2) and 1010 cm−1 are 
clearly visible. Since the Raman spectra of orthopyroxene 
and clinopyroxene are similar [37, 38], we can assume 
that a small contribution of the clinopyroxene phase may 
be also present. For orthopyroxene, the end-members 
are enstatite En, with mineral formula  Mg2Si2O6, and fer-
rosilite Fs, with mineral formula  Fe2Si2O6 [3, 37]. On the 
basis of the Raman spectroscopy data of minerals of LL 
chondrites [37], we can evaluate the average content of 
orthopyroxene as  En80–70Fs20–30 for the fragment of the 
Chelyabinsk meteorite.

In our experiments, the characteristic Raman spectra 
of plagioclase phase component [10, 36] were also found 
(Fig. 3). There are doublet at 475.5(2) and 510.1(2) as well 
as the weak line at 288.5(2)  cm−1. It is known that pla-
gioclase is a solid solution of the albite Ab  (NaAlSi3O8) 
and anorthite An  (CaAl2Si2O8) minerals. Comparison of 
observed Raman data with results of systematic Raman 
spectroscopy studies of plagioclase in different chon-
drites [39, 40] suggests that the composition of plagio-
clase in the Chelyabinsk meteorite is similar to meteorite 
sample 97490 from Pegmatitic, Head of Little Rock Creek, 

Mitchell County, N. Carolina [41]. Thus, the tentative pla-
gioclase formula is  An27Ab73.

One of the obtained Raman spectra corresponds to 
the chromite phase (Fig. 3). Chromite has a normal spi-
nel structure and belongs to the Fd3̄m space group. The 
Raman spectra show a major broad peak at 682.1(2)  cm−1. 
This peak assigned to the  A1g mode and corresponds to 
vibration of  (Cr3+,  Fe3+,  Al3+)O6 octahedra. The position of 
this peak indicates that the content of aluminum in the 
chromite does not exceed 20% [39].

It should be noted that Raman spectroscopy is very use-
ful tool for the identification of the mineral composition of 
meteorites and the evaluation of the chemical composi-
tion of these minerals. However, obtained data, as well as 
in optical microscopy, corresponds to the surface of the 
meteorite cleavage. Thus, neutron diffraction was used to 
study the mineral composition of the bulk of Chelyabinsk 
meteorite.

3.3  Neutron diffraction

The neutron diffraction pattern of the fragment of the 
Chelyabinsk meteorite is shown in Fig. 4. A rather complex 
background of the neutron pattern implies a presence of 
some fraction of the amorphous phase [12]. The observed 
diffraction peaks attributed to the main minerals composi-
tion of the Chelyabinsk meteorite [10, 42] such as olivine, 
orthopyroxene, and plagioclase. Several weak peaks cor-
respond to the hexagonal phase of troilite FeS and cubic 
kamacite FeNi. The unit cell parameters obtained from the 
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Fig. 3  Raman spectra obtained from different points of the Chely-
abinsk meteorite surface and corresponding to different mineral 
phases. The observed Raman wavenumbers of most intense Raman 
peaks are indicated
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neutron diffraction data are listed in Table 1. The obtained 
structural parameters for the mineral phases of the Chely-
abinsk meteorite are in a good agreement with those pre-
viously reported [36].

The predominant phase of the studied fragment of 
Chelyabinsk meteorite is olivine [12]. From the obtained 
lattice parameters of this mineral, we can estimate their 
relative content [42]. Our estimations yield the composi-
tion of olivine in the studied meteorite as  Fo75Fa25. This 
value is consistent well with the results of Raman spectros-
copy (Sect. 3.2) or data obtained by other methods [36].

The second main phase in the composition of the 
Chelyabinsk meteorite is orthopyroxene with the 
orthorhombic crystal structure [12, 36]. The unit cell 
parameters of this phase are listed in Table 1. The obtained 
structural parameters were used to estimate the elements 
content in accordance with the empirical relationships 
between unit cell parameters and chemical composition 
of main meteorite minerals [42]. Thus, the relative iron 
content in or thopyroxene was est imated as 

Fe

Fe+Mg
= 0.16(2) , while the relative calcium content is 

close to zero. The estimation of the relative composition 
of enstatite and ferrosilite minerals in orthopyroxene [42] 
gives the value  En58Fs42. The estimated content of ferro-
silite exceeds slightly those obtained from Raman spec-
troscopy (Sect. 3.2) or in other studies [35, 36]. We believe 
this is explained by the rough averaging over the entire 
volume of the meteorite in our neutron diffraction 
experiments.

Several peaks corresponding to plagioclase phase 
were observed in the neutron diffraction patterns (Fig. 4). 
However, due to complexity of the crystal structure and 
overlapping of relevant diffraction peaks, it was difficult to 
obtain the unit cell parameters accurately and only estima-
tion of these parameters is given in the Table 1.

There are several shoulder peaks, which can be attrib-
uted to the iron sulfide phase FeS and kamacite FeNi 
impurity in the Chelyabinsk meteorite. The obtained unit 
cell parameters of kamacite indicate a low nickel content 
(< 6%) in this mineral [42].

3.4  Neutron tomography

While neutron diffraction was used to identify the mineral 
phase composition of the studied meteorite fragment, the 
spatial distribution of the minerals was analysed by neu-
tron tomography.

A set of 360 neutron radiographic images for the dif-
ferent angular position of the sample relative to the beam 
direction was used in the 3D tomography reconstruction 
[18, 35] of the inner structure of the Chelyabinsk mete-
orite (Fig. 5). The neutron attenuation coefficients for a 
neutron beam with an average wavelength of ~ 2 Å of iron 
composed components are scientifically larger than the 
relevant parameters for olivine, orthopyroxene or clino-
pyroxene. Therefore, the metallic particles have a good 
contrast with respect to the silicate-based components 
in the neutron tomography experiments. In our work, the 
metallic inclusions visible in the optical microscopy, and 
the weak diffraction peak in the neutron diffraction experi-
ments are attributed to the kamacite FeNi.

As an example, several virtual slices of the recon-
structed 3D model of the Chelyabinsk meteorite fragment 
are presented in Fig. 5. The observed well-distinguishable 
several rounded large grains and a dozen small kamacite 
grains do not exceed a size of 1–3 mm. The 3D virtual vol-
ume of the whole fragment of the Chelyabinsk meteorite is 
formed by 25378272 voxels, which corresponds to the vol-
ume of 3996.11 mm3. The metal grains volume comprises 
309.15 mm3. It should be noted that the spatial resolution 
of the neutron tomography method does not allow to 
detect small particles and veins of the metal phase, so the 
calculations of the kamasite content in the volume of the 
fragment of Chelyabinsk meteorite should be considered 
as estimates. As a result, the estimated volume fraction 
of kamacite components in meteorite fragment is 7.7%.

The distribution of the metallic grains inside the stud-
ied fragment and their volume distribution is shown in 
Fig. 6a, b.

We calculated several statistical parameters for the 
observed metal grains. Thus, the average volume of 

Table 1  The obtained unit cell 
parameters of main phases of 
the Chelyabinsk meteorite

Phase name Space group Lattice parameters

Olivine Pbnm a = 4.787(3) Å, b = 10.222(1) Å, c = 6.049(2) Å
Orthopyroxene Pbca a = 18.240(4) Å, b = 8.926(3) Å, c = 5.228(2) Å
Plagioclase P1̄ a = 8.15 Å, b = 12.74Å, c = 14.149(2) Å

α = 93.38° β = 115.4° γ = 89.0°
Troilite P6̄2c a = 5.956(5) Å, c = 11.749(5) Å

Kamacite Im3̄m a = 2.871(8) Å
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the observed iron-rich regions is 0.89(3)  mm3, but the 
median value is 0.48(2)  mm3. An equivalent diameter 
[43] describes average sizes shapeless grain. The cal-
culated distribution of the equivalent diameters of 
the metal particles is presented in Fig. 7a. The charac-
teristic sizes of the most iron grains fall into the range 

of 1–2 mm, the larger diameter is 2.42(5) mm. Several 
morphological parameters can be calculated [18]. As an 
example, the distribution of sphericity parameter [43] 
is shown in Fig. 7b. The studied metal grains inside the 
fragment of Chelyabinsk meteorite are described by 

Fig. 5  The several virtual slices of the 3D model of the fragment 
of the Chelyabinsk meteorite after tomographic reconstruction. 
The bright regions correspond to high neutron attenuation in the 

metallic component. The gray areas are low neutron attenuation 
regions of silicate-based minerals
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close-to-spherical shapes with sphericity of ~ 0.8, and 
more rough forms with the sphericity of around ~ 0.4.

An interesting result from the obtained neutron tomog-
raphy data is a heterogeneous distribution of neutron atten-
uation lengths inside the volume of related silicate miner-
als (Fig. 8). According to the corresponding neutron total 
cross-section data tables [44] for the expected elements, 
we can assume that it is associated with changes in the 

concentration of the iron composition in corresponding sili-
cate minerals [18]. We suggest that higher absorption relates 
to Fe-rich areas. It is interesting to note that these areas are 
mainly concentrated around the metal grains, which may 
indicate the intensive exchange of the iron between the 
metal components and olivine minerals [45]. Those Fe-rich 
areas volumes occupy 1981.71 mm3 or 42.6% of the total 
silicate based material volume of the meteorite fragment.
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Fig. 7  a The distribution of the equivalent diameters of the observed metallic grains of the fragment of the Chelyabinsk meteorite. b The 
distribution of the sphericity parameter for iron-rich areas inside the Chelyabinsk meteorite

Fig. 8  The clipped virtual 3D model of the Chelyabinsk meteorite 
fragment. The rainbow-like coloring shows neutron attenuation 
from low (green) to high (red) degree. The coloring scale corre-

sponding to relative neutron attenuation lengths is shown. The 
metal grains are labeled in pink



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1563 | https://doi.org/10.1007/s42452-019-1614-x

4  Conclusions

In the present work, a bulk internal organization of the 
Chelyabinsk meteorite was analysed by a combination 
of neutron diffraction, tomography, Raman spectroscopy 
and optical microscopy methods. The high neutron pen-
etration depth inside the object allowed to determine 
the mineral composition of the bulk meteorite fragment, 
as well as to evaluate its average phase composition. A 
sharp contrast in the neutron attenuation coefficients 
between metal and silica components enabled us to 
clarify specific structural features of the meteorite. Neu-
tron diffraction indicates presence of kamacite in the vol-
ume of the meteorite fragment. The rather large grains 
of kamacite and troilite were found in the inner volume 
of the studied fragment of the Chelyabinsk meteorite 
by means of neutron tomography. The size distribution 
and the morphological features of those iron-rich grains 
were obtained. The inhomogeneous distribution of iron 
in olivine and orthopyroxene may identify iron-exchange 
processes between silicate minerals and iron-containing 
compounds.
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 43. Gregorová E, Pabst W, Vaněrková L, Nakagawa M, Luding S 
(2009) Anisometric particle systems—from shape characteri-
zation to suspension rheology. In: AIP conference proceedings. 
AIP, pp 1027–1030

 44. Sears VF (1992) Neutron scattering lengths and cross sections. 
Neutron News 3:26–37. https ://doi.org/10.1080/10448 63920 
82187 70

 45. Friedrich JM, Wignarajah DP, Chaudhary S, Rivers ML, Nehru 
CE, Ebel DS (2008) Three-dimensional petrography of metal 
phases in equilibrated L chondrites—Effects of shock loading 
and dynamic compaction. Earth Planet Sci Lett 275:172–180. 
https ://doi.org/10.1016/J.EPSL.2008.08.024

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/J.ICARUS.2014.04.027
https://doi.org/10.1016/J.ICARUS.2014.04.027
https://doi.org/10.1134/S0036029514050103
https://doi.org/10.1134/S0036029514050103
https://doi.org/10.1111/maps.13115
https://doi.org/10.1111/maps.13115
https://doi.org/10.1016/j.gca.2013.01.012
https://doi.org/10.3390/min6010014
https://doi.org/10.3390/min6010014
https://doi.org/10.3390/jimaging4050072
https://doi.org/10.3390/jimaging4050072
https://doi.org/10.1080/10448632.2015.1028273
https://doi.org/10.1080/10448632.2015.1028273
https://doi.org/10.3390/jimaging3040052
https://doi.org/10.1016/J.PHPRO.2013.03.027
https://doi.org/10.1016/J.PHPRO.2013.03.027
https://doi.org/10.1007/978-3-319-33163-8_16
https://doi.org/10.3390/jimaging4020025
https://doi.org/10.1016/S0921-4526(97)00556-5
https://doi.org/10.1016/S0921-4526(97)00556-5
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1016/J.PHPRO.2015.07.012
https://doi.org/10.1016/J.PHPRO.2015.07.012
https://doi.org/10.1134/S1547477116030146
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1186/s40679-016-0036-8
https://doi.org/10.2465/jmps.071015
https://doi.org/10.2465/jmps.071015
https://doi.org/10.2138/am-2018-6291
https://doi.org/10.1111/maps.12506
https://doi.org/10.1111/maps.12506
https://doi.org/10.1002/jrs.5340
https://doi.org/10.1002/jrs.5340
https://doi.org/10.2138/am-2004-5-601
https://doi.org/10.2138/am-2004-5-601
https://doi.org/10.2138/am-2018-6123
https://doi.org/10.2138/am-2018-6123
https://doi.org/10.1080/10448639208218770
https://doi.org/10.1080/10448639208218770
https://doi.org/10.1016/J.EPSL.2008.08.024

	A structural insight into the Chelyabinsk meteorite: neutron diffraction, tomography and Raman spectroscopy study
	Abstract
	1 Introduction
	2 Experimental
	3 Experimental results
	3.1 Optical microscopy
	3.2 Raman spectroscopy
	3.3 Neutron diffraction
	3.4 Neutron tomography

	4 Conclusions
	Acknowledgements 
	References




