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To model the interaction with the atmosphere of fragments of a disrupted asteroid, which move independently of each other, it is
necessary to know their mass distribution. In this regard, an analogy is drawn with fragmentation in high-speed impact experiments performed to simulate the disruption of asteroids at their collisions in outer space. Based on the results of impact
experiments and assuming a power law for the mass distribution in a diﬀerential form, we obtained the cumulative number of
fragments as a function of the fragment mass m normalized to the total mass of fragments, the mass fraction of the largest
fragment(s), the number of the largest fragments, and the power index. The formula for the cumulative number of fragments of a
disrupted body is used to describe the results of impact experiments for diﬀerent fragmentation types. The proposed fragment
mass distribution is also tested by comparison with the mass distributions of recovered meteorites in the cases of Mbale,
Bassikounou, Almahata Sitta, Košice, and Chelyabinsk meteorite falls.

1. Introduction
Asteroids entering the Earth’s atmosphere are disrupted
under the action of aerodynamic forces, which increase as
they penetrate into the denser atmosphere. Disruption of
cosmic bodies is a complicated process, depending on many
factors: the composition, structure, density, size, and velocity
of the body and can occur in diﬀerent ways. When an asteroid breaks up into a large number of fragments, at the ﬁrst
stage, they move with a common shock wave. To simulate
meteoroid disruption at this stage, models of a cloud of
fragments moving as a single body were developed [1–5] and
used [6–8]; the overview of the models is given in [8]. At the
second stage, fragments are scattered far enough to have
their own shock waves that interact with each other [9–11].
At the third stage, after complete separation, fragments
move independently. To simulate the independent motion of
fragments of a destructed cosmic body, models of progressive fragmentation, continuous [12, 13] and discrete, and
the instantaneous breakup of a meteoroid or its fragments at
one or several gross-fragmentation points were proposed

and used [14–18]. In recent years, complex hybrid models
have been used, combining diﬀerent types of fragmentation,
including breaking up into large independent fragments and
clusters of small fragments. Such approaches have been used
to model fragmentation and light curves of Lost City,
Innisfree [19], Benešov [19–21], TC3 2008 [22], Košice
[21, 23], Chelyabinsk [6, 21, 24, 25], Maribo CM2 [26]
bolides, and others.
When modeling the independent motion, ablation, and
luminosity of fragments of a destructed asteroid, it is necessary to know their mass distribution. In this regard, an
analogy can be drawn between the disruption of asteroids
(meteoroids) in the Earth’s atmosphere and the disruption of
asteroids at their collisions in outer space. To study the
collisional evolution of asteroids and simulate their destruction, many experiments have been carried out on the
destruction of solid bodies during a high-speed impact
[27–42], and others; some reviews are given in
[27–29, 32, 36, 37]. Experimental studies covering a wide
range of target sizes, shapes, and materials (terrestrial: rocks,
cement mortar, basalt, gypsum, glass, ice, artiﬁcial
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conglomerates, etc., and meteorite samples: ordinary and
carbonaceous chondrites), impact velocities, and projectile
materials investigate the size, shape, rotation, velocity, and
mass (size) distribution of the fragments generated by the
impact.
The mass distribution of fragments of a destructed body
is usually characterized by a function of the cumulative
number of fragments Nm (m), which is deﬁned as the
number of fragments with masses greater than or equal to m.
In many experimental studies, it was noted that the cumulative mass distribution curve for some fragmentation
types is well described by a power law [27–42]. This is usually
represented in a simple form where the cumulative number
of fragments Nm is proportional to the power of m:
Nm � Bm–β, where coeﬀicient B and power index β are
treated as constant. This correlation between the function
Nm (m) and fragment mass m gives a linear plot in log-log
coordinates with a negative power index slope. However, as
also noted in many studies [27–31, 33–37, 40–42], the whole
mass distribution curve usually cannot be well represented
by a single exponent in the power law and is divided into two
or three segments with a steeper slope for larger fragments.
In addition to the power law, statistical distributions and
multimodal models for nonhomogeneous bodies are used to
ﬁt experimental data (see, for example, [43]). In this paper,
we use the power law for the fragment mass distribution,
presented in diﬀerential (incremental) form, which is also
given in some papers on impact experiments [27–29, 31, 32].
Integrating this equation and using the mass conservation
equation, we obtain the expression for the cumulative
number of fragments Nm (m), which is not a linear plot in
log-log coordinate and enables us to describe the results of
impact experiments with a single curve, that is, using a single
exponent.
A similar approach with the use of a power law for the
fundamental grain mass distribution, but using a discrete
form rather than a continuous one, was used to model the
light curves of Leonid meteors [44, 45], and it was concluded
that most Leonid light curves could be ﬁtted using a power
law distribution of grains. Such approach was used in [46] to
model deceleration and light curves of Draconid meteors
and in other studies of small meteoroids, as well as in a
hybrid model of fragmentation of large meteoroids to describe the mass distribution of small particles (dust), for
example, in [23]. The power law of size distribution was also
derived based on the analysis of observations of fragmentation of the HAYABUSA spacecraft main body upon its
reentry into the Earth’s atmosphere [47]. It was a unique
opportunity to observe the fragmentation of the “artiﬁcial
meteoroid.” The process has been described in detail; the
change in the number of fragments and their size distribution has been obtained by analyzing the images and estimating the brightness of fragments.
The power law mass frequency distribution is also used
in the problem of determining meteoroid mass distribution
indices for sporadic meteors and meteor showers using radar
meteor observations [48–51]. It is shown [52] that the initial
mass spectra of various astronomical objects (cosmic dust,
asteroids, planets, stars, star clusters, galaxies, and galactic
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clusters) in ensembles formed by fragmentation (a fast
process) can be represented in a ﬁrst approximation in a
statistically signiﬁcant range by a basis distribution function
following a power law. A power law is used in investigating
the size-frequency distribution of impact craters on terrestrial planets and asteroids and of projectiles that formed
those craters [53–55]. Size distributions based on a power
law are widely used to describe various phenomena in
geoscience [56–58]: earthquakes (sizes in terms of energy or
seismic moment), forest ﬁres areas, the energy of tropical
cyclones, amount of rainfall, impact ﬁreballs (sizes in terms
of total impact energy), and other natural phenomena. An
overview of power law distributions in geoscience is given in
[58].
When an asteroid is disrupted in the Earth’s atmosphere,
the mass distribution of its fragments can be inferred to
some extent by the mass distribution of meteorites that have
fallen to the ground. Therefore, it seems natural to compare
the proposed in this study mass distribution of fragments of
a destructed body, based on the power law, with the mass
distributions of recovered meteorites in cases where a sufﬁciently large number have been collected. Previously,
various approaches were suggested to approximate the mass
(size) distribution of recovered meteorites. Size distributions
in six meteorite showers (Barwell, Bruderheim, Gibeon,
Johnstown, Sikhote-Alin, and Tenham) were considered in
[59] using some empirical formulas. Mass distributions of
fragments from sixteen meteorite showers were considered
in [60] using some functions, in particular a power law with
exponential cutoﬀ and scaling parameters adjusted for each
shower to better agreement of theoretical distributions with
empirical. The same approach, applying the power law
distribution with an exponential cutoﬀ, was used in [61–64]
to estimate the shape of original object when considering
Košice, Bassikounou, Almahata Sitta, and Sutter’s Mill
meteorite falls. A curve of the cumulative mass distribution
of collected fragments from the Mbale meteorite shower was
constructed in [65], and it was shown that a simple power
law distribution (straight line in log-log coordinates) ﬁtted
the part of this curve for large fragments but could not
describe the whole curve. For the Chelyabinsk event, it was
also shown [66] that power law distribution in the form of
the straight line in log-log coordinates ﬁts only the middle
part of meteorites mass distribution. A curve of the mass
distribution of the Chelyabinsk meteorites was approximated in [67, 68] by a polynomial of the third degree in
logarithmic variables. The mass distribution of recovered
fragments after Košice meteorite fall was approximated in
[69] using various complex statistical models having several
adjusted free parameters; the most appropriate of them were
bimodal Weibull, bimodal Grady, and bimodal lognormal
distributions. The bimodal lognormal distribution and the
more generic exponential distribution were used to model
the meteoroid fragmentation in Monte Carlo simulations
[70] to predict the strewn ﬁeld of fallen meteorites, in
particular for Košice. The exponential, bimodal exponential,
q-exponential, and q-stretched exponential distributions
were used in [71] to ﬁt the Košice, Sutter’s Mill, and
Whitecourt meteorite mass distributions.

Advances in Astronomy

3
ml

Here, we test the proposed formula for the cumulative
number of fragments depending on the fragment mass m
normalized to the total mass of fragments, the mass fraction
of the largest fragment (s), the number of the largest fragments, and the power index as applied to the Mbale, Bassikounou, 2008 TC3 (Almahata Sitta), Košice, and
Chelyabinsk meteorite falls.

Let us denote the number of fragments with the largest
mass ml by nl . Then, Nm (m) is found from

2. Mass Distribution of Fragments

Taking into account equation (5), we obtain the following formula for the cumulative number of fragments Nm :

The mass distribution of fragments of a disrupted body is
usually described by the function of the cumulative number
of fragments Nm (m) with masses greater than or equal to m,
where m is the fragment mass. In this study, we use a
diﬀerential form of the power law mass distribution
[27–29, 31, 32] based on the results of impact experiments:
dN
− m � nm ,
dm

(1)

nm � Dm− β− 1 .

(2)

Here, dNm � nm · dm means the number of fragments in
the mass range from m to m + dm, and coeﬃcient D and
power index β are considered as constants. The functions Nm
(m) and nm (m) are considered as continuous functions,
deﬁned for m ≤ ml, where ml is the mass of the largest
fragment, or fragments if there are several largest fragments
with the same mass.
Coeﬃcient D is found using the fact that the body mass
M (mass of the asteroid just before breakup, mass of the
target in experiments) is preserved during destruction; i.e.,
the mass M is equal to the total mass of all fragments. This
can be written as the mass conservation equation:
ml

M �  nm m′ m′ dm′ .

(3)

0

Substituting the function nm from relation (2) into this
equation, we can ﬁnd the unknown coeﬃcient D as a
function of parameters M and ml, which we consider as ﬁxed
and known values, and power index β (here, we assume
0 < β < 1):
D�M

1−β
1−β

.

(4)

ml

Then, using Equations (2) and (4), we obtain the formula
for the function nm (m):
nm � M

1 − β − β− 1 1 − β m
m
�
 
1−β
Ml1−β M
ml

− β− 1

,

(5)

where l � ml /M is the dimensionless mass of the largest
fragment. The mass fraction of the largest fragment l is an
important parameter characterizing the degree of
fragmentation.
To ﬁnd the cumulative number of fragments Nm (m), we
integrate Equation (1) from m to ml :

Nm (m) − Nm ml  �  nm m′ dm′ ,
m

0 < m ≤ ml . (6)

ml

Nm (m) �  nm m′ dm′ + nl .

(7)

m

Nm �

1−β
βl

1−β

m −β −β
   − l  + nl .
M

(8)

Assuming that there is only one largest fragment, which
is consistent with the results of most experiments, we get
Nm �

m −β −β


 − l  + 1.
βl1−β M

1−β

(9)

Thus, we have obtained the cumulative number of
fragments Nm as a function of the dimensionless fragment
mass m/M, the mass fraction of the largest fragment (s) l, the
number of the largest fragments nl , and the power index β.
The power index β depends to some extent on the
material of the disrupted body and on the degree of its
fragmentation. In [31], the β values determined by many
researchers in impact experiments were summarized; most
of the values are in the range of about 0.5–1. Relatively low β
values, typically 0.5–0.7 for rocks subjected to a single
impact, were noted in [28]. Upon extensive grinding,
fragment size becomes smaller and more uniform, and β
value increases.
The function nm (formula (5)) can be used to model the
independent motion and ablation of fragments of the disrupted meteoroid. Independent motion of fragments can be
considered when meteoroid breaks up into a cloud of
fragments, moving ﬁrst as a single body; then, at a height h0,
fragments disperse to a suﬃcient distance to move independently with their own shock waves. Sudden destruction
(instantaneous divergence of fragments) at a height h0 can
also be considered. Then, at a height h0, we have a swarm of
independently moving fragments with the number of
fragments in the mass range from M0 to M0 + dM0 equal to
nm0·d M0, where
nm0 �

1−β
Me l1−β

−β−1

m0

,
(10)

M
m0 � 0 .
Me
Here, M0 is the fragment mass at h0, m0 � M0 /Me is the
normalized fragment mass at h0, Me is the total mass of
fragments at h0, and l is the dimensionless mass of the largest
fragment at h0.
To ﬁnd the total mass MΣ , energy deposition per unit
height dE/dhΣ , and luminosity IΣ of a fragmented meteoroid, we need to integrate over all fragment initial masses:

4
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MΣ �

IΣ �

1−β
l

1−β

1−β
l1−β

l

−β−1

Mdm0 ,

−β−1

−τ

 m0
0
l

 m0
0

d MV2
dm0 ,
dt 2

(11)

dE
1 − β l −β−1
1
d MV2
dm0 .
 � 1−β  m0 −
dh Σ l
V sin θ dt 2
0



Here, τ is the luminous eﬃciency [16]. M and V are the
mass and velocity of each fragment, which can be found, for
example, using the meteor physics equations for a single
body [72] as functions of initial parameters: h0, m0 , Me, l, and
Ve (the meteoroid velocity at h0), the entry angle, and the
meteoroid density.

3. Comparison with Experimental Data
Numerous impact experiments have shown that high-velocity impact phenomena can be conditionally classiﬁed into
several fragmentation types. In [29, 31, 32], four fragmentation types are described, depending mainly on the speciﬁc
energy, which is deﬁned as the kinetic energy of the projectile per unit target mass, and also on the target material
and shape, impact geometry, etc. At high speciﬁc energy, a
large number of small particles occur: high degree or catastrophic fragmentation. At a lower speciﬁc energy, relatively large and medium-sized fragments are present
together with small ones: cone type of fragmentation. The
regime was found when there is one main fragment, which is
much larger than the others: the core type of fragmentation.
Destruction was also observed when only a crater was
formed on the target surface and no spallation occurred:
cratering type. This classiﬁcation is also followed in many
other
experimental
works,
for
example,
in
[30, 33–35, 39, 40].
A slightly diﬀerent classiﬁcation of disruption types
depending on the degree of fragmentation of the target is
given in [41]. Type I is cratering. Type II is a transition type
where parts of the side surfaces are chipped oﬀ. Type III is
the core type, which is signiﬁed by the whole surface of the
target being spalled oﬀ with only the core in the central part
of the target remaining. Type IV is complete destruction, in
which the targets are completely destroyed into ﬁne fragments and no core is left. Types III and IV are called in [41]
catastrophic disruption (speciﬁc energy more than 1.05 kJ/
kg), while types I and II are called noncatastrophic
disruption.
We compared the proposed fragment mass distribution
with the results of high-speed impact experiments on targets
of diﬀerent materials [30, 31, 33–35, 40, 41] for complete and
core types of destruction when using the classiﬁcation [41]
and for catastrophic, cone, and some types of core destruction when using the classiﬁcation [29–32]. The core
type of disruption was observed both for targets with homogeneous structure [29, 31, 32, 35, 41] and for inhomogeneous targets [33, 39]. In [39], diﬀerent types of core

destruction were studied, and it was noted that in the case
where the largest core fragment is one order of magnitude
larger than the second fragment and there are many small
fragments, the distribution curve formed by fragments
smaller than or equal to the second one looks like a typical
curve of catastrophic disruption and obeys power law mass
distribution. When calculating the cumulative number of
fragments by formula (8) for a cone or core destruction,
where the largest fragment(s) is several times larger than the
next one, we excluded the largest fragment(s) from the
calculation and started from the second (third) one. Some
comparisons of the results of impact experiments with
theoretical curves are presented in Figures 1–3 .
Figure 1 shows the comparison of the proposed fragment
mass distribution with the results of impact experiments on
spherical porous gypsum targets [40] for the catastrophic
type of destruction (speciﬁc energy: 45.9 kJ/kg), which is
characterized by a large number of small fragments with a
uniform change in size without gaps. The mass fraction of
the largest fragment is equal to 0.026; a cylindrical nylon
projectile, much smaller than the target, was used in impact.
In calculation by formula (9), plotted in Figure 1 by the blue
line, the power index β was adjusted to match the experimental data shown by the black dots; the results are presented in logarithmic coordinates. The cumulative mass
distribution described by formula (9) is not a linear plot in
logarithmic coordinates, and this makes it possible to describe the experimental mass distribution of fragments of a
destroyed target by a single curve, using a single value of the
power index β (see Figure 1). This curve has an asymptote at
small values of masses with a slope of the power index.
The validity of formula (9) is also supported by comparison with the mass distributions of fragments produced
in four impact fragmentation experiments [30] for cubic
basalt and pyrophyllite targets (see Figure 2). In Figure 2(a),
the mass of both aluminum cylindrical projectiles was 10 g,
the basalt target mass was 28.73 g, velocity was 303 m/s, and
speciﬁc impact energy was 16 kJ/kg; the pyrophyllite target
mass was 198.11 g, velocity was 620 m/s, and speciﬁc energy
was 10 kJ/kg. In Figure 2(b), for the basalt target with a mass
of 591.4 g, projectile mass was 2.28 g, velocity was 950 m/s,
and speciﬁc energy was 1.7 kJ/kg; for the pyrophyllite target
with a mass of 159.29 g, projectile mass was 10 g, velocity was
289 m/s, and speciﬁc energy was 2.6 kJ/kg.
The mass fraction of the largest fragment decreases with
increasing speciﬁc impact energy, and the value of the power
index depends on the degree of fragmentation (see Figure 2),
which, in turn, also depends on the speciﬁc energy; this was
noted in various experimental studies. For both fragmentation regimes presented in Figures 2(a) and 2(b), calculations by formula (9) are in good agreement with the results
of the experiments.
An example of testing the formula for the cumulative
number of fragments for the core type of fragmentation
(type III [41]) is shown in Figure 3. We compared the
analytical calculations with the results of various experiments [41] for diﬀerent sizes and shapes (cube, sphere,
parallelepiped) of basalt targets. Some comparison results
are presented in Figure 3 for a series of four experiments
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Figure 1: Sumulative number of fragments versus normalized fragment mass. Experimental results [40] at catastrophic destruction (black
dots) and calculation by formula (9) at (l) � 0.026, β � 0.82 (blue line).

10000

10000

Nm

Nm

1000

1000

100

100

10

10

1
1E – 5

0.0001

0.001

0.01

m/M

0.1

β = 0.8, l = 0.02
Pyrophyllite
Basalt

1
1E – 5

0.0001

0.001

0.01

m/M

0.1

β = 0.4, l = 0.1
Pyrophyllite
Basalt
(a)

(b)

Figure 2: Sumulative number of fragments versus normalized fragment mass. Experimental results [30] are plotted by markers, calculations using formula (9) by the blue line. (a) Speciﬁc energy is 16 and 10 kJ/kg for basalt and pyrophyllite targets. (b) Speciﬁc energy is 1.7
and 2.6 kJ/kg for basalt and pyrophyllite targets.

carried out under nearly identical conditions to conﬁrm the
reproducibility of the experimental results. In these experiments, projectiles were shot at cubic targets with 5 cm side
length at impact velocities of 3.7 km/s.
In three impacts, there is one largest fragment, which is
much greater than the next, and in one impact, there are two

largest fragments. The mass fraction of the largest fragment
l � 0.092, 0.065, 0.049 + 0.038, 0.061. We used the formula (9)
starting from the second fragment in Figures 3(a), 3(b), and
3(d) and from the third in Figure 3(c). Mass fractions of the
following fragments diﬀer less than mass fractions of the largest
fragments: l2 � 0.027, 0.025, 0.024, l3 � 0.02. Cumulative mass
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Figure 3: Sumulative number of fragments versus normalized fragment mass. Experimental results [41] at core type of destruction for four
impacts under similar conditions (markers) and calculations by formula (9) (blue lines). (a) (l)2 � 0.027, (b) (l)2 � 0.025, (c) (l)3 � 0.020, and
(d) (l)2 � 0.024.

distributions for four experiments shown in Figure 3 are very
similar when the largest fragments are excluded (the power
index changes from 0.75 to 0.82) and are described by the
theoretical curves. In an experimental study [38] carried out for
the ordinary L6 chondrite, it was also noted that when the
largest one or two size fractions for each experiment are ignored, all of the distributions are remarkably similar in shape.
Comparisons with impact experiments showed that
formula (8) describes the mass distribution of fragments of a
destroyed body in cases of uniform change of fragment

masses without gaps. In cases where there are one or two
largest fragments, which are several times greater than the
next one, formula (8) describes the mass distribution
starting from the second (third) fragment. Note that we
cannot expect that simple formula (8) with one free parameter, the power index β, can describe all the diﬀerent
types of destruction of bodies into many fragments, which is
of a complex nature and depends on various factors.
Clariﬁcation of the range of applicability of the obtained
formula requires further research.
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4. Recovered Meteorite Distributions: Results
and Discussion
We test the proposed formula for the cumulative number of
fragments as a function of the normalized fragment mass by
comparing it with the mass distributions of recovered
meteorites in cases where a suﬃciently large number of them
have been collected. Here, we consider ﬁve meteorite
showers.
4.1. Mbale. The Mbale meteorite fall occurred on August 14,
1992, in and around the city of Mbale in Uganda. The results
of an expedition, which was held in the period from August
29 to September 5, 1992, to study the strewn ﬁeld of the
Mbale meteorites, which were classiﬁed as ordinary L5/6
chondrites, are presented in paper [65]. During the expedition, eye witness accounts were gathered, 48 meteorite
impact positions were located, and masses between 0.1 g and
27.4 kg were recovered, which is considered to be a signiﬁcant part of the total fallen mass. The certain recovered
mass, including 437 fragments (26.18 kg), mostly small,
bought from the local people by dealers, is estimated at about
150 kg [65].
To construct the mass distribution of the recovered
meteorites, we used the available data from the paper [65] on
masses of 53 individual fragments with a total mass
M � 110.6 kg, a mass of the largest fragment ml � 27.4 kg, and
a mass fraction of the largest fragment l � ml/M � 0.248. The
cumulative mass distribution of meteorites is shown by
violet dots in logarithmic coordinates in Figure 4.
The mass distribution of meteorites is compared with
calculation by formula (9) shown by the blue line; the value
of the power index β is equal to 0.4. The calculation by the
formula for the cumulative number of fragments is consistent with the distribution of Mbale meteorites with the
exception of the smallest particles.
4.2. Bassikounou. The Bassikounou meteorite fall occurred
on October 16, 2006, near the Bassikounou village in
southeast Mauritania. Here, we use information about recovered meteorites gathered by Buhl and Baermann [73]
from local Mauritanian citizens, mineral dealers, curators,
and collectors. The descriptive catalog [73] describes in
numbers and in images 108 single masses of a combined
weight of 62.38 kg individually and another 382 single
masses of a combined weight of 31.66 kg in 8 lots.
When constructing the mass distribution of the recovered meteorites, we used 108 individual masses from the
catalog [73] with the total mass M � 62.38 kg, the mass of the
largest fragment ml � 6.1 kg, and the mass fraction of the
largest fragment l � ml/M � 0.098. This distribution is shown
by violet dots in logarithmic coordinates in Figure 5.
The mass distribution of meteorites is compared with
calculation by formula (9) shown by the blue line; the value
of the power index β is equal to 0.4. The proposed formula
for cumulative mass distribution describes the distribution
of Bassikounou meteorites with masses greater than several
tens of grams. If we knew the masses of 382 unaccounted
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Figure 4: Sumulative number of fragments versus normalized
fragment mass for Mbale meteorites. Violet dots: catalogue data
[65], blue line: formula (9) at β � 0.4; 53 fragments, M(M) �
110.6 kg, and ml � 27.4 kg.
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Figure 5: Sumulative number of fragments versus normalized
fragment mass for Bassikounou meteorites. Violet dots: catalog
data [73], blue line: formula (9) at β � 0.4; 108 fragments,
M � 62.38 kg, and ml � 6.1 kg.

fragments, 365 of which are small (average weight 47.5 g),
from the dealer lots and added them, then the left part of the
violet dot plot would rise and agreement would be better.
The same applies to the distribution of Mbale meteorites.
4.3. 2008 TC3 (Almahata Sitta). On October 7, 2008, a small
asteroid called 2008 TC3 entered the Earth’s atmosphere and
fragmented at an altitude of about 37 km above the Nubian
Desert in northern Sudan [74]. The authors of paper [75]
describe oﬃcial expeditions to the desert, during which
organized searchers and individuals discovered more than
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662 mostly small meteorites with a total mass of 10.7 kg,
named “Almahata Sitta”; their fresh look and location in the
strewn ﬁeld, which was predicted by calculating the asteroid
2008 TC3 trajectory and accounting for high-altitude winds,
suggested that they were part of this asteroid. The authors
note that most of the recovered meteorites are ureilites and
some are ordinary, enstatite, and carbonaceous chondrites.
When constructing the mass distribution of the Almahata Sitta meteorites, we used the masses of 662 fragments
from the catalog [75] with the total mass M � 10.55 kg, the
mass of the largest fragment ml � 0.379 kg, and the mass
fraction of the largest fragment l � 0.036. The meteorites
distribution log-log plot is shown by violet dots in Figure 6.
Here, calculation by formula (9) at β � 0.67 is shown by the
blue line.
Figure 6 shows that formula (9) gives good accuracy in
describing the distribution of Almahata Sitta meteorites with
masses of more than ten grams and less accuracy to a mass of
about one gram. Obviously, it is problematic to ﬁnd all
particles with smaller masses, so the diﬀerence between the
analytical prediction and the distribution of found meteorites is natural.
4.4. Košice. The Košice meteorite fall occurred in eastern
Slovakia on February 28, 2010. The meteoroid, with an
estimated mass of 3500 kg, entered the atmosphere at a
velocity of 15 km/s on a trajectory with a slope of 60° to the
horizon; the maximum brightness was reached at an altitude
of 36 km [23]. 78 meteorites were recovered in the predicted
fall area during several oﬃcial searches, and 140 meteorites,
regarding which information about the masses and coordinates is received, were found by private collectors; a
number of fragments were illegally taken out of Slovakia
[23, 76]. The meteorites were classiﬁed as ordinary H5
chondrites [23, 76].
When constructing the mass distribution of Košice
meteorites, we used the masses of 218 fragments presented in
catalogs [69, 76]. The total mass of fragments M � 11.285 kg,
the mass of the largest fragment ml � 2.374 kg, and the mass
fraction of largest fragment l � 0.21. The mass distribution
corresponding to these data is shown by violet dots in
Figure 7(a).
In Figure 7(a), one can see a large gap between the
masses of the second largest fragment of 2.167 kg and the
third one of 0.318 kg. There are two ways to consider this
gap. The ﬁrst one is to assume that there are fragments not
found or not oﬃcially reported with masses in the range of
2.167–0.318 kg. In [69], it was shown that various statistical models give a high probability of the existence of
ﬁve or slightly less number of fragments, with masses
within this gap. So, when assuming the existence of
missing fragments, we add 5 fragments with a total mass
of 2–2.5 kg to the gap, in this connection,
M � 13.3–13.8 kg, and l � 0.170–0.178 (in this interval, the
mass distribution plot almost is not changed). The mass
distribution of meteorites with 5 added fragments is
shown in Figure 7(b). We do not plot by violet dots the
added fragments in Figure 7(b), because we do not
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Figure 6: Sumulative number of fragments versus normalized
fragment mass for Almahata Sitta meteorites. Violet dots: catalog
data [75], blue line: formula (9) at β � 0.67; 662 fragments,
M � 10.55 kg, and ml � 0.379 kg.

speciﬁcally deﬁne their masses. The red line corresponds
to the calculation by formula (8) at β � 0.7 and nl � 1.
The fall of the second fragment outside in Figure 7(b) can
be explained by the existence of other missing fragments or it
can be of random nature. However, the masses of the two
largest fragments, 2.374 kg and 2.167 kg, are close, and we
can improve agreement assuming that there are two fragments with the largest mass (equal to the mean value) and
applying the formula (8) at nl � 2. The mass distribution of
Košice meteorites, assuming that there are two fragments
with the largest mass of 2.271 kg, is shown in Figure 7(c) (all
other fragments are the same as in Figure 7(b)). Theoretical
distribution is shown by the red line (β � 0.7).
Another way is to assume that there are no missing
fragments and that the gap between the two largest fragments and the third one is due to the cone (or core, see
section 3) type of destruction of the Košice meteoroid. The
two largest fragments, which are several times larger than the
next one, are characteristic of this type of destruction, often
realized in experiments. Comparisons with experimental
data [30, 33–35, 41] showed that in cases where there are one
or two largest fragments, which are several times greater
than the next one, formula (8) describes the mass distribution starting from the second (third) fragment.
Figure 7(d) shows the mass distribution of Košice meteorites
starting from the third fragment, which is constructed
according to the catalog data [69, 76], excluding the two
largest fragments (in this case, M � 6.744 kg, ml � 0.318 kg,
and l � 0.047). This distribution is described by the formula
for Nm (blue line) down to a mass of fragments of a few
grams.
4.5. Chelyabinsk. The passage of the Chelyabinsk meteoroid through the Earth’s atmosphere on February 15,
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Figure 7: Sumulative number of fragments versus normalized fragment mass for Košice meteorites. Violet dots: catalogue data [69, 76], red
and blue lines: formula (8) at β � 0.7 and 0.5; ml � 2.374 kg; (a) 218 fragments, M � 11.285 kg; (b) 223 fragments (5 invisible),
M � 13.3–13.8 kg; (c) 223 fragments (5 invisible), two largest fragments with mass 2.271 kg, M � 13.8 kg, nl � 2; (d) 216 fragments,
M � 6.744 kg; ml � 0.318 kg.

2013, was recorded starting from an altitude of 97 km by
ground-based and satellite observation systems and on
numerous video recordings in various localities. Based on
the analysis and processing of observational data, the
meteoroid trajectory, entry velocity of 19 km/s, entry
angle of 18°, density of 3.3 g/cm3, and the most probable
entry mass of 1.2–1.3 × 1010 g were determined, and meteorites were classiﬁed as ordinary LL5 chondrites
[24, 25]. Thousands of small meteorites have been recovered during many oﬃcial searches, as well as by private
collectors and local people. A lot of meteorites are now
stored in various institutes and museums, among them the
largest fragment weighing 505 kg from Lake Chebarkul is
in the State Museum of the South Ural History.

The ﬁrst data on the masses of recovered Chelyabinsk
meteorites were published in [25]. First, to construct the
meteorite mass distribution, we used the masses of 177
fragments presented in the study [25]. This distribution is
shown by violet dots in Figure 8(a). The total mass of
fragments M � 55.659 kg, the mass of the largest fragment
ml � 3.4 kg, and the mass fraction of the largest fragment
l � 0.061. Then, we added the meteorite masses from the
database of Chelyabinsk State University (CSU) [77], which
contain a lot of small fragments; in this connection,
M � 73.889 kg, l � 0.046, and ml is the same, 3.4 kg. The
distribution corresponding to these data (1706 fragments) is
shown by violet dots in Figure 8(b). Red, green, and blue
lines in Figure (8) correspond to calculations by formula (9)
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Figure 8: Sumulative number of fragments versus normalized fragment mass for Chelyabinsk meteorites. Red, green, and blue lines:
formula (9) at β � 0.5, 0.6, and 0.57; (a) violet dots: data from [25], 177 fragments, M � 55.64 kg, ml � 3.4 kg; (b) violet dots: data from [25]
and Database CSU [77], 1706 fragments, M � 73.89 kg, ml � 3.4 kg; (c) violet dots: data from [25], Database CSU [77], website [78], and
Figure 6 [24], 1711 fragments, M � 143.19 kg, ml � 24.3 kg.

at β � 0.5, 0.6, and 0.57. Figures 8(a) and 8(b) demonstrate
that the addition of many small fragments from the Database
CSU [77] raises the left side of the violet dots plot, as expected, and signiﬁcantly improves the agreement of the
calculation by formula (9) with the distribution of Chelyabinsk meteorites.
On the news website of the Chelyabinsk region “The ﬁrst
regional”, there is information entitled “Local historians
have published photos of the second largest fragment of the
Chelyabinsk meteorite” that on December 1, 2013, a fragment of the Chelyabinsk meteorite weighing 24.3 kg was
found [78], resembling in appearance and features the
largest fragment found in lake Chebarkul. Several photos of

this fragment are also posted on the site. Suppose that the
found stone is really a fragment F2 [24] of the Chelyabinsk
meteoroid. Then, it is reasonable to assume that in a large
gap between 24.3 kg and 3.4 kg there may be other undiscovered or unregistered fragments, and we add in this gap
the hypothetical terminal masses of observed fragments
from the Extended Data in Figure 6 of the study [24]. Thus,
we add to the fragments shown in Figure 8(b) a fragment
weighing 24.3 kg [78] and four fragments between the
masses of 3.4 and 24.3 kg from Figure 6 in [24]; in this
connection, the total mass M � 143.188 kg, and l � 0.169. The
resulting mass distribution of meteorites is shown by violet
dots in Figure 8(c).
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Figure 8 shows that the addition of a large fragment with
a mass of 24.3 kg to the collection of small fragments (mass
fraction of the largest fragment increases by about 7 times)
does not fundamentally change the nature of meteorite
distribution. Formula (9) is in agreement with the meteorite
distribution down to a mass of about a few grams.
Note that we did not include the fragment from Chebarkul Lake in the above consideration. An analogy can be
drawn between the destruction of the Chelyabinsk meteoroid and the core type of destruction observed in many
impact experiments both for targets with inhomogeneous
structure [33, 39] and for homogeneous targets
[29, 31, 32, 35, 41]. It was noted [39] that in the case where
the largest core fragment is one order of magnitude larger
than the second and there are many small fragments, the
distribution curve, formed by fragments smaller than or
equal to the second one, looks like a typical curve of catastrophic disruption and obeys a power law. Our comparisons with experimental data [30, 33–35, 41] provide support
for this. The main Chelyabinsk fragment weighing 505 kg is
about 20 times larger than the second-largest fragment
weighing 24.3 kg. Thus, we consider the mass distribution of
fragments starting from the second one, which is described
by formula (9). It should be noted that there are still many
small fragments of the Chelyabinsk meteoroid stored in
diﬀerent places, which are also not included in this study.
The main problem in studying the mass distribution of
recovered meteorites is that usually only a part of the fallen
meteorites is recovered, and only a part of the found meteorites is oﬃcially reported. Some meteorites break up
when they fall to the ground, and in some cases, it is diﬃcult
to distinguish individual meteorites and their fragments.
Thus, the distribution of collected meteorites gives only an
approximate picture of the real distribution of the fragments
of a destructed meteoroid. Nevertheless, the above comparisons for the considered meteorite showers showed that
formula (8) is able to describe the distribution of recovered
meteorites for fragments with a mass more than several
grams (several tens of grams) or for fragments with normalized mass m/M > 0.001. In other words, disagreement
occurs for fragments with a mass less than 0.1% of the total
mass of fragments. The diﬀerence between the analytical
distribution and the distribution of found meteorites at very
low masses is natural because it is impossible to ﬁnd all small
particles. When using formula (8), the values of the adjusted
power index β for describing the distributions of meteorites
were in the range from 0.4 to 0.7 and for describing the
results of experiments in the range of 0.4–0.82. Further
research is needed to determine more accurately the most
probable value of the parameter β or rather the range of
possible values that could be used in the fragment mass
distribution when considering the asteroid destruction.

5. Conclusions
The formula for the cumulative number of fragments of a
disrupted asteroid is obtained as a function of the fragment
mass normalized to the total mass of fragments (the mass of
the body before destruction), the mass fraction of the largest
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fragment(s), the number of the largest fragments, and the
free parameter: the power index. The mass distribution of
fragments calculated by the proposed formula (8) is consistent with the results of high-velocity impact experiments
in cases of uniform change of fragment masses without gaps.
In cases where there are one or two largest fragments, which
are several times greater than the next one, formula (8)
describes the mass distribution starting from the second
(third) fragment. The formula for the cumulative number of
fragments depending on the normalized fragment mass
describes the distributions of recovered meteorites constructed for Mbale, Bassikounou, 2008 TC3 (Almahata Sitta),
Košice, and Chelyabinsk meteorite falls with the exception of
small fragments with a mass less than 0.1% of the total mass
of fragments. A preliminary estimate of the most probable
range of the power index of 0.4–0.7 for meteorite distributions is given. Comparisons with empirical data give
grounds to use the proposed fragment mass distribution in
modeling the asteroid disruption.
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and Z. Ceplecha, “Bolides produced by impacts of large
meteoroids into the Earth’s atmosphere: comparison of
theory with observations. I. Benešov bolide dynamics and
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