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ABSTRACT

Comets are considered to be the most ancient and least changed objects in the Solar System.
The question of the formation of these bodies may shed light on the process of evolution of
the protoplanetary cloud. In this paper, we substantiate the assumption that a clearly defined
layered (onion-like) structure of comets has closed gas-impermeable shells between the layers.
A model is proposed that explains the possibility of the formation of space objects equipped
with these heat-resistant shells. The main process of formation of space objects in this model
is the accumulation of matter as a result of the adhesion of granules. This process begins at the
periphery of the protoplanetary disk as temperatures drop. Volatile organic matter on the ice
surface of the granules is modified by ultraviolet light, forming “glue” allowing the granules to
unite. The object gains mass and, under the influence of gravity, repeatedly crosses the heated
zone of the central plane, moving up and down across the entire thickness of the protoplane-
tary disk. In the cold zone, the substance accumulates on the object. And in the heated zone,
at a distance of 3.5 to 5.0 AU from the axis of rotation (where the temperature can reach ~1000
K), closed shells are formed, separating the layers. An approximate estimate of the thickness
of the layers in the cometary body has been made. It was found that at the initial stage of comet
formation the thickness of the layers reached 1 - 2 m.

1. INTRODUCTION

Comets are a large group of bodies in the Solar System. Comets travelling to the Sun are believed to
come from the Oort cloud and the Kuiper belt. The nuclei of all observed comets have a radius, on average,
from 1 to 5 km; bodies with a radius greater than 10 km are rare. However, objects with radii of 50 - 1000
km have been discovered in the Kuiper Belt [1].

The activity of comets as they approach the Sun is expressed in the sublimation of ice and the ejection
of dust from the surface. The evaporation of volatiles becomes noticeable when the comet approaches 4 - 5
AU from the Sun. The atmosphere of some comets, made of neutral hydrogen atoms, is larger than the Sun
[2]. In a number of cases, fragmentation of the cometary nucleus was observed, when the object broke up
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into several parts. Research in recent years has shown that the comet’s nucleus is extremely porous and has
low strength. For example, the porosity of comet 67P/Churyumov-Gerasimenko was determined to be 75 +
7 percent [3]. On the whole, the cometary nuclei have the ultimate tensile strength of about 2 kPa [4]. But
direct data coming from Philae landing on comet 67P show that the compressive strength at different land-
ing points varies from 12 Pa to 1 kPa [3, 5].

Comets formed early in the evolution of the protoplanetary cloud. They are believed to contain relict
material that has survived since the beginning of the formation of the Solar System. The components ob-
served in comet dust tails may have previously existed in interstellar grains. It is important to note that the
composition and structure of cometary nuclei reflect the physical and chemical processes that occurred with
the matter of the protoplanetary cloud.

Space missions have revealed a number of features of comets that pose challenges to models of the
formation of the Solar System. For example, a study of the non-volatile part of comet 81P/Wild 2 showed
[6] that comets include materials of both presolar origin and high-temperature materials that likely formed
in the inner Solar System. This suggests extensive mixing of material in the early stages of the protoplanetary
disk [7].

Comets are believed to have formed in conditions of extremely low temperatures. Direct measurements
of molecular nitrogen (N>) in comet 67P/Churyumov-Gerasimenko made with the Rosetta mass spectrom-
eter have led to the conclusion that cometary grain formation occurred at temperatures < 30 K [8]. However,
emissions associated polycyclic aromatic hydrocarbons, amorphous carbon, carbonates, amorphous and
crystalline silicates, phyllosilicates and sulphides have been detected in comets. The presence of such a mix-
ture of materials requires mixing of high-temperature and low-temperature components during the early
formation of the protosolar nebula [9].

Crystalline silicates are formed from amorphous silicates by thermal annealing at >800 K, or as a result
of evaporation and recondensation at temperatures > 1800 K. It is believed that such temperatures can only
occur in the inner hot disc at the stage of the collapse of the protoplanetary nebula, while the place where
comets form is the outer protoplanetary disc [10]. If these crystals formed at small radii during high accre-
tion rate phases, they would have to travel large distances to be incorporated into cometosimals [11].

The Deep Impact experiment [9] showed that about 72% of the olivines (annealing temperature 1100 -
1400 K) were crystalline, and almost all (>90%) of the pyroxenes with annealing temperature 800 - 900 K
were in crystalline form. This suggests that in some places where comets were formed, the crystallization
process was quite effective. In addition, it was found that about 8% of all silicates are in the form of phyllo-
silicates. The presence of carbonates and phyllosilicates suggests the presence of liquid water in the region
of the cometary body’s formation.

Thus, comets were formed under conditions of extremely low temperatures, but at the same time, part
of the cometary material was subjected to high-temperature annealing, and the other part came into contact
with an abundant amounts of reactive water.

Another feature of comets was their layering. The first evidence of layers was noted in comets 19P/Bor-
relly and 81P/Wild (Wild 2). 9P/Tempel whose images showed that layers ranging in thickness from 1 to
200 meters are widespread [12]. According to Massironi et al [13], comets have a so-called “onion-like”
stratification. Comet 67P/Churyumov-Gerasimenko, which is an object fused from two parts; each part has
its own stratification. This led to the conclusion that early cometosimals experienced stratified accretion
before they merged into a single comet [13, 14].

The origin of the layering may be primordial or evolutionary [14]. Sekanina [12] suggested the existence
of isolated ice reservoirs that, on the one hand, separate the layers from each other, and on the other, help
hold them together. Belton et al. [15] proposed the talps or “layered pile” model for Jupiter-family comets,
in which the nucleus is covered with randomly stacked layers. The formation of such layers is associated
with the phase transition of amorphous ice into crystalline ice [16]. Groussin ef al. [17] suggested that as a
result of the low strength of comets, the interior of the nuclei was compressed so much that diagenesis could
have begun, which facilitated the formation of layers. According to Davidsson et a/. [18], the formation of
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denser outer layers on porous cometary nuclei is associated with an increase in collision velocities during
viscous mixing during the evolution of the protoplanetary disc. Schwartz et al. [19] suggested that cometary
layers may not be primordial. During a catastrophic collision of cometary bodies, partial fragmentation oc-
curs and matter is ejected, and the ejected matter is capable of collecting into a single body. Thus, cometary
bodies can form at any point in the evolution of the Solar System.

This paper examines a model for the formation of comets that can explain some of the above-men-
tioned features inherent in comets.

2. THE SOLAR SYSTEM

The Solar System was formed 4.6 billion years ago from matter in an interstellar nebula. It is highly
likely that the Sun, planets and comets formed simultaneously from the same gas and dust cloud of solar
composition, called the “solar nebula”. The origin of the Solar System was the gravitational collapse of a part
of a giant interstellar nebula.

If the interstellar nebula is subjected to some powerful impact, such as a shock wave from an explosion
of a nearby supernova, it can begin to collapse. It is believed that the elements of the Solar System were
synthesized ~5 billion years ago. The impetus for the condensation of the nebula was a supernova explosion
~4.7 billion years ago. The radioactive elements of the Solar System owe their origin to this explosion. The
relict matter of the original cloud, formed long before the formation of the Solar System, should have lost
its radioactive elements. They should have disintegrated during the time the nebula was in a stationary state
[20].

The collapse of a gas and dust cloud disturbed by some reason occurs under the influence of its own
gravity. Conservation of angular momentum leads to the formation of a rotating accretion disk. Most of the
matter flows to the centre and within 10° years a protosun is formed [21]. The remaining matter rotates
around the protosun and falls onto the central plane, heating up on it. The temperature and density in the
cloud decrease from the centre to the periphery and with altitude (above and below) the disk plane [21].

3. INITIAL COMPONENTS OF COMETS

The interstellar nebula material underwent significant processing before becoming a protoplanetary
cloud [11]. The temperature of dust particles in interstellar space is 10 - 15 K. Streams of ultraviolet photons
are the primary source of chemical reactions occurring on the surface of interstellar grains [22]. Solid or-
ganic matter, in which carbon is bound into large macromolecular compounds similar to the organic matter
of carbonaceous meteorites has been discovered in comet dust particles. This substance could have formed
in the interstellar medium [23].

As the comet approaches the Sun, its volatile components leave the nucleus and move into the coma.
There is reason to believe that the comet’s substance not only and not so much evaporates as individual
molecules, but is ejected in streams. What do these streams consist of? The first experimental results were
presented by Kissel and Krueger [24]. They analysed the dust composition of comet Halley’s coma, which
was measured by the PUMA mass spectrometer on board the spacecraft Vega 1 in 1986. As a result, it turned
out that a dust particle has a fluffy mineral core with a density of 1 - 2 g-cm™. Measurements showed that
the mineral composition of the cores is close to that of chondrites and the composition of the Solar System
(except for hydrogen). The core is surrounded by or embedded in a mantle of organic refractory material.
The mantle is even fluffier and has a density of 0.3 - 1.0 g-cm™ [24].

Observations of the expansion of Halley’s comet’s coma allowed one to conclude that CO molecules
are released not only from the parent molecules of the comet’s nucleus, but also from the decay of the sub-
stance already ejected from the comet’s nucleus. The amount of CO in the coma showed an increase up to a
distance of 20,000 km [25]. At a distance of ~1000 km from the core, the CO number density was found as
n(CO)/n(H,0) < 0.07, and at a distance of ~20,000 km 0.5 < n(CO)/n(H;0) < 0.15. The most likely source
of CO, according to Eberhardt et al. [25], are coma dust granules containing organic particles. Based on this,
a model of cometary granules was proposed [26]. This model suggests that comets consist of interstellar dust
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particles in which silicate cores are surrounded by organic refractory mantles and outer mantles of ices, with
the ices simultaneously merging with the organics of the interstellar cloud. In such granules, 26% of the
mass is silicates (a combination of elements Si, Mg, Fe), 23% refractory organic matter, 9% large-molecular
carbon particles, 30% water and 2% - 3% simple molecules such as CO, CO,, CH;OH [26].

A large amount of dust particles from comet 81P/Wild 2 was collected and brought to Earth during the
Stardust mission. The particles entered the low-density aerogel with a relative velocity of 6.1 km-s™', so the
original particle form could not be determined [27]. Laboratory measurements of the properties of captured
dust particles have shown that they contain individual fragments of variable composition. This led to the
conclusion that many of the particles represent loosely bound aggregates of different minerals [28]. Accord-
ing to Kolokolova and Kimura [29], cometary dust consists of aggregates of submicron grains (including
organic matter, silicates and carbon) and larger solid silicate particles.

The chemical element content of dust grains from comet Wild 2 was found to be similar to that ob-
served in anhydrous porous particles of interplanetary dust. Therefore, if comets reflect the composition of
the original solar nebula, it is closer to chondritic porous interplanetary dust particles than to CI meteorites
[28]. Wooden [11] argues that the original cometary particles contained significant amounts of interstellar
medium grains.

The properties of dust ejected from comet 67P/Churyumov-Gerasimenko were studied for two years
using the Rosetta interplanetary station equipped with the Ion Mass Analyzer COSIMA, the MIDAS atomic
force microscope, and the GIADA dust detector. COSIMA has discovered dozens of solid and porous frag-
ments of cosmic dust and made it possible to study their chemical composition. MIDAS and GIADA de-
tected dust of different sizes (10° - 10~ and 10~ - 10~ m), leading to the conclusion that the particles de-
tected by MIDAS are fragments of larger particles that were detected by GIADA [30]. However, Lasue et al.
[31] suggest that there are two distinct families of dust particles with significantly different sizes ejected from
the cometary nucleus. Thus, in situ measurements of dust particles from comet 67P/Churyumov-Gerasi-
menko confirmed that cometary dust is characterized by a wide variety of properties and sizes, from compact
individual grains to porous aggregate particles similar to interplanetary dust particles. Elongated grains of
such dust may be part of the building blocks of comets [32].

This model assumes that granules are the main initial “building blocks” in the structure of comets.
Moreover, each granule has a dust core consisting of metals, silicates, or carbon compounds, surrounded by
a mantle of organic matter and ice (Figure 1). The composition of chemical elements in cometary granules
is close to the composition of CI meteorites, the composition of matter in the Solar System, and the compo-
sition of interplanetary dust particles. Cometary granules contain interstellar dust particles in one form or
another.

Organics Dust Organics Dust

Ice

a b

Figure 1. Schematic illustration of granules or initial “building blocks” of the comet structure.
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If we assume that the interstellar nebula was initially hot and consisted only of gases, then during the
process of its cooling, solid dust particles consisting of metals, silicates, etc. were first formed. As the tem-
perature dropped further, more volatile components condensed on these dust particles, forming an icy man-
tle consisting mainly of water. Then simple organic compounds and gases in the form of NH;, CO,, H.S,
and at lower temperatures CH,, CO, etc. settled on the ice surface. After the formation of the granule (Figure
1(a)), the mixture of molecules on the ice surface was exposed for a long time to flows of cosmic radiation,
including ultraviolet, from various sources. In addition, thermal processes also play a certain role, that is, an
increase in reaction rates when the surface layer of the granule is heated, for example, as a result of the
collision of granules. Under the influence of radiation and thermal processes, simple components are pol-
ymerized and complex organic molecules are formed [33, 34].

The interstellar nebula existed for hundreds of millions of years before the formation of the Solar Sys-
tem. During this time, it could have been heated by shock waves from external sources. We assume that as
a result of heating the granules, water and volatile compounds evaporated from them. In this case, the pol-
ymerized organic matter will remain on the dust particles or will settle on them during cooling. If this or-
ganic matter becomes viscous under certain conditions, then individual dust particles can gather (stick to-
gether), forming multi-component bodies. When the temperature drops, water and volatile compounds will
settle again on the dust aggregates, and the process of polymerization of organic matter on the ice surface
will continue (Figure 1(b)).

4. FORMATION COMETARY NUCLEI

The layered structure of comets is no longer in doubt. It has been suggested [15] that layers are elements
of the internal structure of cometary nuclei in the Jupiter family. The following model for the formation of
layered cometary bodies is proposed [35, 36]. This model assumes that the embryos of cometary bodies
began to form on the periphery of the protosolar nebula (outside its central plane). The minimum distance
from the rotation axis at which cometary bodies can form is probably > 3.5 AU, since it is believed that at
smaller distances, strong heating of dust particles in the protoplanetary nebula occurs, and they lose the
frozen layer of water and volatile components [37]. As the nebula is compressed, its rotation increases. As
the rotation accelerates, the nebula becomes flatter, and the rotating matter falls onto the disk and heats the
central plane. However, at the periphery (above and below the plane of the disk), the temperature remained
quite low.

Evidence for low temperatures during comet formation comes from the deuterium (D) fractionation
accurately measured for comet 1P/Halley. Based on its content, it was shown that the ices of this comet, like
other comets, were formed not in a protoplanetary disk, but in an interstellar nebula. A diapason for the
temperature of comet assembly was established as 30 + 10 K [38]. Measurements of the argon spectrum of
comet Hale-Bopp also show that the comet’s deep interior was never exposed to temperatures greater than
35 - 40 K, which are necessary to deplete the comet’s primordial argon reserves [39].

Why do granules coalesce at low temperatures? The chemical reactions on the surface of the granules
are caused by ultraviolet photons. According to Greenberg [22], the flux of ultraviolet photons with energies
> 6 eV in the interstellar medium is about 10* cm™-s™". It can be assumed that on the periphery of the pro-
tosolar nebula it is almost the same. Successive decay and recombinations of organic molecules on the ice
surface of the granules lead to the formation of more complex molecules. This is how the “glue” is formed,
allowing the granules to stick together and form aggregates.

This glue is high molecular macromolecules. Numerous experiments have proven that under the influ-
ence of radiation and thermal processes, as well as bombardment by fast ions, the organic matter located on
the surface of the ice is transformed. As a result of this irradiation and heating, polymerization and poly-
condensation processes (the combination of monomers into polymers) take place; that is, complex heavy
molecules are formed from simple components [33, 34, 40]. A diverse range of organic compounds has been
found in comets, such as in samples from comet 81P/Wild 2 [41].

Comets, and therefore granules, contain on average 30% - 33% of various organic materials [21, 42]. It
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is assumed [43] that when granules collide at low speeds, the temperature at the heating site rises so much
that some of the frozen free radicals in the organic molecules are released and can recombine. The recom-
bination of radicals results in the release of energy. If energy is released at a sufficient rate, a chain reaction
occurs. As a result, not only does the chemical composition of the organic matter change, but the granules
may also stick together. There are other theories that explain the initial process of comet formation [18], but
in the model proposed here, bonding of granules takes place due to complex organic matter forming on the
ice surface of the pellets.

Many authors agree that it is the interaction of gas with granules (condensation) and granules with
each other that plays a significant role in the accumulation of granules and leads to the formation of solid
bodies in the Solar System [44, 45]. According to Sobotovich [20], the evolution of the primary protosolar
cloud proceeded through the formation of many small condensations, the embryos of which were existing
dust particles. Huebner [21] suggests that ice-covered grains due to collisions were united into icy planetes-
imals (comets), which were the building blocks of the outer planets. The accumulation of cometary matter
occurred at low collision energies and low relative velocities [2].

As the aggregates grow and their mass (112,5) increases, the force (F) of their gravitational attraction to
the centre of mass (Mps) of the protosolar nebula increases (according to Newton’s law) (Figure 2):

zone of comet formation

central disc

Figure 2. Comet formation in the protoplanetary nebula. (a) Schematic representation of the protoplan-
etary nebula with the highlighted zone between the asteroid belt and the orbit of Jupiter. Z-axis of
rotation. (b) Forces, what act on a body in the plane of the rotation axis (when the body is on the
periphery of the nebula). (c) Forces in the plane perpendicular to the axis of rotation.

Mbps - My,
FG = G 2 ° > (1)
r
where G'is the gravitational constant, ris the distance from the object to the center of mass of the nebula.
The direction of force is from the object to the centre of mass nebula. It can be decomposed into forces

acting parallel (Fcx) and perpendicular (F¢z) to the central disc (Figure 2(b)):
Fo =For + Foz - 2)
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The nebula rotates, so the object is subject to a centrifugal force (F¢), which balances the gravitational
force acting parallel to the plane of the central disc:

For = Fc - (3)

As a result, the object will rotate at speed v in conjunction with the cloud (Figure 2(c)) and move to
the centre plane under the influence of force Fsz As it moves toward the central disc, the object will continue
to gain mass from substances it encounters along the way.

As mentioned earlier, the collapse of a gas and dust cloud occurs under the influence of its own gravity.
The bulk of the matter flows toward the centre, forming a protosun [21]. The remaining substance falls onto
the central plane and heats it up. Thus, the temperature will be higher throughout the central plane of the
protoplanetary nebula than at a distance from it. The magnitude of this temperature depends on many pa-
rameters: the accretion rate, the stage of evolution of the gas and dust cloud, etc. Huebner [21] argues that
the temperature and density of matter in a protoplanetary cloud decrease from the centre to the periphery
and with height (above and below) the disc plane. According to Cameron [46], the temperature of the inner
layers of the collapsing cloud was about 500 K. Anders [47], based on meteorite data, calculated that mete-
orite accretion occurred at a temperature of 520 - 680 K.

The proposed model allows us to assume that the formation site of some comets may be the region of
a gas and dust cloud located between the asteroid belt and the orbit of Jupiter (Figure 2(a)). In this case, the
comets were formed from matter located at a distance of 3.5 to 5.0 AU from the axis of rotation of the
original cloud. At the periphery of this region (far from the central disc), the temperature of the source
material should not have exceeded 30 - 40 K, as shown by studies of nitrogen (N>) [8], deuterium (D) [38],
and argon [39]. While the temperature of the central disk should be ~1000 K, which is necessary for the
formation of crystalline silicates [9-11]. It is believed that such temperatures could exist in the inner hot disc
at the stage of the collapse of the protoplanetary nebula [10].

As an object moves from the periphery to the central plane, the temperature of the substance around it
increases, and the surface of the object begins to heat up. The surface of the comet body begins to lose volatile
elements and ice transforms into water. The presence of water in a liquid state could lead to formation of
hydrous silicates. The question of how long liquid water remains on the surface of an object remains open.
It requires further careful study, but the fundamental possibility of the formation of hydrated silicates on
the surface of a cometary body exists.

As the temperature gradually increases, volatile organic matter and then water leave the surface layer
of the comet. What remains is a porous structure of ~30% dust (mineral) particles and ~30% organic matter,
in which a chemical transformation of organic and inorganic matter occurs. Altwegg et al [48] noted that
cometary organics turned out to be significantly more complex than expected. Infrared spectra of material
from comet 81P/Wild 2 showed [49] that the aliphatic carbons have longer chains than those found on
interstellar dust particles.

What are the membranes (shells) between layers in comets? The shells are formed when an object
crosses a heated central disc. The composition of the shell substance is similar to the surface of the bark of
comets. However, the shells are not a loose, porous mass like the crust of comets. Since the substance is
subjected to strong heating, it becomes less friable and may fuse into a dense mass. Moreover, it should be
taken into account that the object is moving, including against the flow of matter. Its surface is bombarded
by an incoming flow; that is, it is subjected to mechanical compression. In this case, it can be assumed that
the surface layer of the comet is transformed into a thin monolitic shell.

The shell that forms on the surface of the object must have low thermal conductivity to be capable of
shielding the interior from heating. This is indirectly confirmed by sun-scratching comets. It can be assumed
that it is precisely these refractory organic shells that allow comets to pass through the solar corona, the
temperature of which is ~10° K. About 2000 sun-scratching Kreutz comets (<100 m in size) have been ob-
served since 1996 by SOHO, STEREO, and other instruments. Comet Lovejoy (C/2011 W3) was the first
Kreutz to pass through the Sun’s corona with the comet’s nucleus preserved. According to estimates [50],
before approaching the Sun, Comet Lovejoy was at least several hundred meters in size, its mass loss rate
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reached about 9.5 x 10° g-s”', and the total mass loss exceeded ~10" g.

The density of the matter in the vicinity of the central disc allowed the cometary body, without losing
speed, to pass to the other side of the heated plane and continue moving towards lower temperatures, col-
lecting matter. As the object moves away from the central plane, the force of gravity, acting in the opposite
direction, gradually dampens the object’s vertical speed and stimulates its turnaround. Thus, during the
accumulation of matter, moving in a circle around the Sun and swinging up and down perpendicular to the
central plane, the comet repeatedly crosses the heated disc (Figure 3). Each intersection forms another shell.
This model assumes that comet formation occurs in a sufficiently rarefied protoplanetary nebula, so that the
drag force of the environment does not significantly affect the object’s motion.

il

GZ
v

Figure 3. Schematic representation of the motion of a cometary object in a protoplanetary cloud around
the central Z axis (Figure 2) with multiple intersections of the hot central disc. V is the rotation speed

of the protoplanetary cloud (and the object) around the Z axis; F—GZ. is the direction of the gravitational
force.

5. THICKNESS OF LAYERS

It is possible to indirectly estimate the thickness of the layers based on observations of the Chelyabinsk
object, if we consider this cosmic body to be a comet and if this comet had a shell structure, as proposed in
the model. This bolide exploded over the Chelyabinsk region (Russia) on the morning of February 15, 2013
[51-53]. Several meteorites fell on the earth’s surface [54]. However, there is reason to believe that we are
dealing with the explosion of a comet [55], which delivered meteorites to Earth.

The atmospheric trace left by the cosmic body proved to be very specific. Over time, this trace swelled
into individual bubbles (Figure 4). This suggests that the substance was released in separate portions during
the flight [52, 55]. As noted by Patzold et al [56], the interior of the cometary nucleus is homogeneous and
has a constant density on a global scale. The high porosity of the core is an inherent feature of the material.
If comets are stratified and the layers are separated by shells, then as a result of heating and sublimation
when the shell is damaged, the layer can be thrown off entirely. In other words, comets can shed matter in
separate portions. The radiation from the flying object was comparable to blackbody emission of 6000 K
[52], and the ejected material had a temperature significantly higher than the surrounding air. In places
where the substance was released, the air heated up and rose upward in bubbles. The release of the substance
was accompanied by sound effects. Based on the study of 18 video recordings, it was found that the explo-
sions occurred at altitudes of: 42.7; 39.2; 37.2; 36.4; 35.5; 34.9; 33.5; 32.5; 31.9; 30.9; 29.0 and 25.8 km above
the earth’s surface [53].
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2013702715
09:10:04

Figure 4. The trace of the Chelyabinsk bolide (http://www.youtube.com/watch?v=Z20InOVscpc).

We assume that during the complete destruction of the Chelyabinsk body, approximately 12 explosions
occurred. We assume that each explosion corresponds to the damage of one shell and the release of one layer
of matter. When the shell is damaged, a shock wave is generated due to the difference between atmospheric
pressure and the internal pressure of the object. The internal pressure (in the near-surface layer) can be
much lower than atmospheric pressure if it is an initial vacuum, and higher than atmospheric pressure if
the shell conducts heat well, and the volatile components of the internal porous structure quickly evaporate.
In any case, the result is an explosive ejection of the surface layer of matter.

The maximum glow of the object and the release of energy during its destruction occurred at the final
stage of the flight at an altitude of 25 - 43 km above the earth’s surface [52, 53]. The total energy (E) released
during the final stage of the flight exceeded 470 kilotons of trinitrotoluene [52], Z.e. E~ 2 x 10" joules. To
release such energy, the mass of the object (M) must be ~1.2 x 107 kg [53]. In this case, with a body density
of 250 kg-m~, the total volume of the ejected substance will be V'=4.8 x 10* m’. As a rough approximation,
we assume that the thickness of every layer (/4) is the same for all 12 layers. Then the total volume can be
represented as the sum of volumes of layers:

vV=Y"2hs, (4)

where S;= 4n(R))* is the surface of a sphere with radius R.. As a result of calculations, we obtain /4 ~1.8 m for
a body density of 250 kg-m™ and ~1.5 m for a body density of 500 kg-m™.

If we consider the Chelyabinsk object to be a comet, it should be noted that we have no information
about the density of this cosmic body. In this regard, only a rough estimate of the layer thickness can be
made. Thus, based on the Chelyabinsk event, it can be concluded that near the centre of the cometary body
the distance between the layers is from 1 to 2 m. The results of space experiments do not contradict the
obtained layer thickness. An analysis of the layered structure of comet 67P/Churyumov-Gerasimenko
showed [16] that with an average layer thickness of ~14 m, thin layers with a thickness of 1 - 3 m and
spherical formations with a radius of ~1.5 m were found. As for large inclusions, they can also be explained
within the framework of the proposed model. The accumulation of mass in the cometary body, where the
object moves perpendicular to the central plane, allows the object to merge with bodies encountered along
the way. Consequently, in the cometary body, along with granular matter, there may be larger fragments.
These fragments may also be cometary nuclei and have a layered structure.
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6. DISCUSSION
6.1. Why Do We Need Shells?

The main objective of the proposed model is to explain the formation of shells between layers in comets.
Why are these shells needed? Considering the Tunguska event, Sekanina [57] concluded that the cosmic
body that caused the catastrophe could not have been a comet. The cometary body, as a homogeneous,
highly porous object, should fall apart upon entering the atmosphere at altitudes of ~70 km. And this is
certainly true. As calculations [4] and direct measurements on comet 67P [3] show, the estimated tensile
and compressive strength of the cometary nuclei varies from 12 Pa to 2 kPa. This allows us to assume that
at a load of more than 2 kPa the comet nucleus will be destroyed. Comets enter the Earth’s atmosphere at
cosmic speeds and interact with atmospheric components. As a result of this, the pressure on the frontal
surface of the object rapidly increases as it approaches the Earth’s surface. For example, dynamic loads on
the Chelyabinsk body at the altitude of ~70 km were >6 kPa [55]. Thus, a highly porous body, formed in a
vacuum and lacking strong shells, cannot reach the dense layers of the atmosphere.

However, the Tunguska cosmic object could not have been an asteroid. Asteroids with a mass greater
than 100 tons, as mentioned by Wood [58], are much more massive than the column of atmospheric air
through which they pass. This allows large asteroids to not notice the atmosphere and not lose speed. But
no crater was discovered at the epicentre of the Tunguska explosion, nor were any fragments of the asteroid
found, though the remains of the cometary body were discovered in peat deposits by numerous expeditions
[59-61]. Moreover, solid or fairly viscous organic matter, traces of which were found at the epicenter, could
have been fragments of the comet’s shells [62].

It is generally accepted that the Tunguska event exploded at an altitude of 7 - 10 km above the ground
[63]. This fact casts doubt on the homogeneity of the porous material that made up the comet. And the
characteristic sound noted by the Evenks at the final stage of the Tunguska body’s trajectory led to the con-
clusion that the substance was released in separate portions. The sound resembled frequent gunfire or ex-
plosions that followed at regular intervals of several seconds [35]. This allowed us to assume that in the
Tunguska event we were dealing with a comet shedding its shells.

High-resolution imaging studies of comets are consistent with the presence of shells between the layers.
Comets often have predominantly smooth-bottomed pits. This has been noted by Birch et al. [64], for ex-
ample, for comets 81P/Wild 2 and 67P/Churyumov-Gerasimenko. In the presence of shells in comets, when
the outer shell is damaged and when energy enters from outside, sublimation of the substance located in the
layer occurs. This substance is ejected outward in the form of a jet, however, the ejection is limited to the
lower shell of the layer. As stated [65], the pits slowly expand in diameter after formation due to the retreat
of the walls under the influence of sublimation. If the heating does not reach the next layer, a pit with a flat
bottom and steep edges the height of the layer thickness is formed. If several shells are damaged at once, the
edges of the pit may be stepped [66].

6.2. Comparison with Other Models

According to Altwegg et al. [67], the organics of comets are similar to protostellar material. This sug-
gests that the material was accreted by comets virtually unchanged during the presolar stage of the pro-
toplanetary cloud’s evolution. From the preservation of a high [D,O/HDO]/[HDO/H,O] ratio in comets
and the presence of the volatile S,, it was concluded [67] that water ice formed before cloud compression
and survived the collapse of the protoplanetary nebula as ice. Several hypotheses have been proposed to
explain the fact that cometary ices have never sublimated and contain substances characteristic of interstellar
dust. Weidenschilling [68] believes that comets formed from a mixture of dust and gas in the cold outer
regions of the solar nebula, beyond the orbit of Neptune. Davidsson et al [18] developed a comprehensive
model for the formation of bodies in the Kuiper belt based on calculations by Weidenschilling [68]. Our
model suggests that cometary bodies can form early in the evolution of the protoplanetary cloud at a distance
of 3.5 to 5.0 AU from the axis of rotation of the original cloud. They draw unprocessed presolar material
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from the periphery of the nebula above and below the protoplanetary disk (Figure 2(a)).

It is suggested [18] that the primordial disc was cold, so that cometary bodies formed from solid bodies
rather than gaseous or liquid ones [69]. It is believed that cometary embryos could have been formed by
collisional coagulation [68], soft accretion of matter [67], soft gravitational collapse [70], hierarchical ag-
glomeration, or by flow instability [18]. In the model proposed above, the cometary body is assembled from
micron-sized granules with an icy mantle covered with a layer of organic matter (Figure 1). The main mech-
anism of the object’s growth was the adhesion of granules, which arose due to chemical reactions between
the organic components of the shells during collisions of the granules with the object and gentle heating in
the impact zone.

In the Weidenschilling [68] model, as in subsequent models, coagulation and sedimentation of the
protoplanetary nebula matter during collapse lead to the formation of a thin, dense layer of small aggregates
in the central plane of the nebula. The formation of large solid bodies subsequently occurs due to gravita-
tional instability, and this process does not begin until the particle sizes reach tens of metres. In other words,
the accumulation of matter by comets begins when all the matter is already concentrated in the central disc.
In our proposed model, cometosimals arise at an early stage of the evolution of the protoplanetary cloud
and can serve as the initial building blocks for the formation of both comets and the planets of the Solar
System.

To explain the presence of crystalline silicates in comets, mechanisms of radial transport and mixing
of matter in the protoplanetary cloud are proposed [10, 11]. In our model, cometary bodies pass through a
central disc heated by accreting matter to a temperature of about 1000 K, where amorphous silicates trans-
form into crystalline silicates. The possibility of the existence of such temperatures in the central part of the
disc is allowed [10].

Thus, the above-proposed model of the formation of cometary bodies in a protoplanetary cloud differs
significantly from previously proposed models. The difference refers to both the zone of comet formation
and the stage in the evolution of the protoplanetary cloud. The method of combining the substance into a
single object and the method of obtaining components that require thermal treatment and interaction with
liquid water also differ. In addition, in our model, comets receive shells that help them interact with the
Sun’s atmosphere and penetrate deep into the Earth’s atmosphere.

7. CONCLUSION

The idea of comets as lumps of dirty snow, large snowflakes and other chaotic formations is largely
untenable. Comets most likely represent a well-ordered structure. This structure, consisting of granules, has
layers that are separated by closed, gas-impermeable shells.

7.1. Prerequisites of the Model

The following assumptions were made when constructing the model:

Granules are the main initial “building blocks” in the structure of comets. Each granule has a dust core
consisting of metals, silicates, or carbon compounds, surrounded by a mantle of organic matter and ice.

This model assumes that the cometary bodies began to form on the periphery of the protosolar nebula,
outside its central plane, during the initial stage of the nebula’s contraction. The distance from the rotation
axis at which cometary bodies can form is 3.5 - 5.0 AU. In this region, near the central plane, the temperature
could reach 1000 K, and on the periphery it could be less than 30 - 40 K.

The main mechanism for the formation of aggregates from granules is the chemical bonding of granules
after their collision at low speeds. The “glue” is formed on the organically coated surface of the granules due
to the action of cosmic particles and ultraviolet radiation.

7.2. Main Results

The following model for the formation of comets is proposed.
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1) A decrease in temperature at the periphery of the protoplanetary nebula to the level at which water
condensation begins leads to a significant increase in the size of the original interstellar granules. As the
temperature continues to decrease, gaseous components CO,, CHs, etc. settle on the surface of the ice.

2) Under the influence of external ultraviolet radiation, “organic glue” is formed on the ice surface of
the granules. This glue allows the granules to stick together and the substance begins to accumulate. Thus,
most of the cometary material is formed at the periphery at low temperatures.

3) As the aggregates of granules grow and their mass increases, the objects begin to move towards the
central disc due to the forces of gravity. During movement, the accumulation process does not stop, and the
mass of the object increases.

4) As the object moves toward the central plane, the temperature of the surrounding substance in-
creases, and the ice in the surface layer of the object turns to water. Under these conditions, hydrated silicates
can form. Crystalline silicates, what formed at high temperatures, hit the object when it crosses the high-
temperature zone.

5) In the heated area of the central disc, sublimation processes are activated. Volatile gases and water
are removed from the surface layer, and the rate of interaction of the remaining organic molecules increases.
Under the influence of heating and flows of oncoming matter, a shell is formed on the object. It is assumed
that the layer of dust and organic matter on the surface of the object conducts heat poorly and is able to
protect the internal layers from destruction.

6) After passing through the hot central layer, the object, by inertia, again enters the region of low
temperatures on the other side of the central plane. And again it begins to gain substance. Undoubtedly,
friction acts on the object during its motion. However, since the nebula is still quite tenuous at the comet-
forming stage, braking has little effect on the object’s motion. Thus, the forming object is capable of scooping
out matter across the entire width of the protoplanetary disk.

CONFLICTS OF INTEREST

The author declares no conflicts of interest regarding the publication of this paper.

REFERENCES

1.  Prialnik, D., Sarid, G., Rosenberg, E.D. and Merk, R. (2008) Thermal and Chemical Evolution of Comet Nuclei
and Kuiper Belt Objects. Space Science Reviews, 138, 147-164. https://doi.org/10.1007/s11214-007-9301-4

2. Whipple, F.L. (1981) The Nature of Comets. In: Ponnamperuma, C., Ed., Comets and the Origin of Life, Springer,
1-20. https://doi.org/10.1007/978-94-009-8528-5 1

3. O’Rourke, L., Heinisch, P., Blum, J., Fornasier, S., Filacchione, G., Van Hoang, H., ef al (2020) The Philae Lander
Reveals Low-Strength Primitive Ice inside Cometary Boulders. Nature, 586, 697-701.
https://doi.org/10.1038/s41586-020-2834-3

4.  Slyuta, E.N. (2009) Physical-Mechanical Properties of a Cometary Nucleus. So/ar System Research, 43, 443-452.
https://doi.org/10.1134/s0038094609050074

5. Biele, ], Ulamec, S., Maibaum, M., Roll, R., Witte, L., Jurado, E., et a/ (2015) The Landing(s) of Philae and Infer-
ences about Comet Surface Mechanical Properties. Science, 349, aaa9816. https://doi.org/10.1126/science.aaa9816

6. Brownlee, D., Tsou, P., Aléon, J., Alexander, C.M.O., Araki, T., Bajt, S., et al (2006) Comet 81P/Wild 2 under a
Microscope. Science, 314, 1711-1716. https://doi.org/10.1126/science.1135840

7.  A’Hearn, ML.F. (2006) Whence Comets? Science, 314, 1708-1709. https://doi.org/10.1126/science.1137083
8. Rubin, M., Altwegg, K., Balsiger, H., Bar-Nun, A., Berthelier, ]J.J., Bieler, A., et al (2015) Molecular Nitrogen in

Comet 67P/Churyumov-Gerasimenko Indicates a Low Formation Temperature. Science, 348, 232-235.
https://doi.org/10.1126/science.aaa6100
9. Lisse, CM.,, VanCleve, J., Adams, A.C., A’Hearn, M.F., Ferndndez, Y.R., Farnham, T.L., et al (2006) Spitzer

https://doi.org/10.4236/ns.2026.187010 138 Natural Science


https://doi.org/10.4236/ns.2026.187010
https://doi.org/10.1007/s11214-007-9301-4
https://doi.org/10.1007/978-94-009-8528-5_1
https://doi.org/10.1038/s41586-020-2834-3
https://doi.org/10.1134/s0038094609050074
https://doi.org/10.1126/science.aaa9816
https://doi.org/10.1126/science.1135840
https://doi.org/10.1126/science.1137083
https://doi.org/10.1126/science.aaa6100

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Spectral Observations of the Deep Impact Ejecta. Science, 313, 635-640. https://doi.org/10.1126/science.1124694
Ali-Dib, M. (2022) Dust Processing in Protoplanetary Envelopes as the Origin of Hot Minerals in Comets.
Monthly Notices of the Royal Astronomical Society. Letters, 520, L48-L52.
https://doi.org/10.1093/mnrasl/slad002

Wooden, D.H. (2000) Comet Grains: Their IR Emission and Their Relation to Ism Grains. Earth, Moon, and
Planets, 89, 247-287. https://doi.org/10.1023/a:1021515023679

Sekanina, Z. (2008) Episodic Aging and End States of Comets. SPIE Instruments, Methods, and Missions for
Astrobiology Conference, San Diego, 10-14 August 2008, Volume 7097, Article ID: 70970X.
https://doi.org/10.1117/12.801143

Massironi, M., Simioni, E., Marzari, F., Cremonese, G., Giacomini, L., Pajola, M., et al (2015) Two Independent
and Primitive Envelopes of the Bilobate Nucleus of Comet 67P. Nature, 526, 402-405.
https://doi.org/10.1038/naturel5511

Franceschi, M., Penasa, L., Massironi, M., Naletto, G., Ferrari, S., Fondriest, M., et al. (2020) Global-Scale Brittle
Plastic Rheology at the Cometesimals Merging of Comet 67P/Churyumov-Gerasimenko. Proceedings of the Na-
tional Academy of Sciences of the United States of Americas, 117, 10181-10187.
https://doi.org/10.1073/pnas.1914552117

Belton, M.].S., Thomas, P., Veverka, ., Schultz, P., A’Hearn, M.F,, Feaga, L., et al (2007) The Internal Structure
of Jupiter Family Cometary Nuclei from Deep Impact Observations: The “Talps” or “Layered Pile” Model. Icarus,
187, 332-344. https://doi.org/10.1016/j.icarus.2006.09.005

Belton, M.J.S., Zou, X., Li, ]. and Asphaug, E. (2018) On the Origin of Internal Layers in Comet Nuclei. Jcarus,
314, 364-375. https://doi.org/10.1016/j.icarus.2018.05.031

Groussin, O., Jorda, L., Auger, A.-T., Kiihrt, E., Gaskell, R., Capanna, C., et al. (2015) Gravitational Slopes, Geo-
morphology, and Material Strengths of the Nucleus of Comet 67P/Churyumov-Gerasimenko from OSIRIS Ob-
servations. Astronomy & Astrophysics, 583, A32. https://doi.org/10.1051/0004-6361/201526379

Davidsson, B.J.R,, Sierks, H., Giittler, C., Marzari, F., Pajola, M., Rickman, H., et a/ (2016) The Primordial Nucleus
of Comet 67P/Churyumov-Gerasimenko. Astronomy & Astrophysics, 592, A63.
https://doi.org/10.1051/0004-6361/201526968

Schwartz, S.R., Michel, P., Jutzi, M., Marchi, S., Zhang, Y. and Richardson, D.C. (2018) Catastrophic Disruptions
as the Origin of Bilobate Comets. Nature Astronomy;, 2, 379-382. https://doi.org/10.1038/s41550-018-0395-2

Sobotovich, E.V. (1974) Isotope Cosmochemistry. Atomizdat, 280 p.

Huebner, W.F. (2002) Composition of Comets: Observations and Models. In: Boehnhardt, H., Combi, M., Kidger,
M.R. and Schulz, R., Eds., Cometary Science after Hale-Bopp, Springer, 179-195.
https://doi.org/10.1007/978-94-017-1086-2 9

Greenberg, ].M. (1981) Chemical Evolution of Interstellar Dust—A Source of Prebiotic Material? In: Ponnampe-
ruma, C., Ed., Comets and the Origin of Life, Springer, 111-127. https://doi.org/10.1007/978-94-009-8528-5 10
Fray, N., Bardyn, A., Cottin, H., Altwegg, K., Baklouti, D., Briois, C., et a/. (2016) High-Molecular-Weight Organic
Matter in the Particles of Comet 67P/Churyumov-Gerasimenko. Nature, 538, 72-74.
https://doi.org/10.1038/nature19320

Kissel, J. and Krueger, F.R. (1987) The Organic Component in Dust from Comet Halley as Measured by the

PUMA Mass Spectrometer on Board Vega 1. Nature, 326, 755-760. https://doi.org/10.1038/326755a0
Eberhardt, P., Krankowsky, D., Schulte, W., Dolder, U., Limmerzahl, P., Berthelier, J.J., et al. (1988) The CO and

N, Abundance in Comet P/Halley. In: Grewing, M., Praderie, F. and Reinhard, R., Eds., Exploration of Halley’s
Comet, Springer, 481-484. https://doi.org/10.1007/978-3-642-82971-0 87

https://doi.org/10.4236/ns.2026.187010 139 Natural Science


https://doi.org/10.4236/ns.2026.187010
https://doi.org/10.1126/science.1124694
https://doi.org/10.1093/mnrasl/slad002
https://doi.org/10.1023/a:1021515023679
https://doi.org/10.1117/12.801143
https://doi.org/10.1038/nature15511
https://doi.org/10.1073/pnas.1914552117
https://doi.org/10.1016/j.icarus.2006.09.005
https://doi.org/10.1016/j.icarus.2018.05.031
https://doi.org/10.1051/0004-6361/201526379
https://doi.org/10.1051/0004-6361/201526968
https://doi.org/10.1038/s41550-018-0395-2
https://doi.org/10.1007/978-94-017-1086-2_9
https://doi.org/10.1007/978-94-009-8528-5_10
https://doi.org/10.1038/nature19320
https://doi.org/10.1038/326755a0
https://doi.org/10.1007/978-3-642-82971-0_87

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Greenberg, ].M. (1998) Making a Comet Nucleus. Astronomy & Astrophysics, 330, 375-380.

Niimi, R., Kadono, T., Tsuchiyama, A., Okudaira, K., Hasegawa, S., Tabata, M., et al (2011) Size and Density
Estimation from Impact Track Morphology in Silica Aerogel: Application to Dust from Comet 81P/Wild 2. The
Astrophysical Journal, 744, Article 18. https://doi.org/10.1088/0004-637x/744/1/18

Flynn, G.]J. (2008) Physical, Chemical, and Mineralogical Properties of Comet 81P/Wild 2 Particles Collected by
Stardust. Earth, Moon, and Planets, 102, 447-459. https://doi.org/10.1007/s11038-007-9214-y

Kolokolova, L. and Kimura, H. (2010) Comet Dust as a Mixture of Aggregates and Solid Particles: Model Con-
sistent with Ground-Based and Space-Mission Results. Earth, Planets and Space, 62, 17-21.
https://doi.org/10.5047/eps.2008.12.001

Longobardo, A., Mannel, T., Kim, M., Fulle, M., Rotundi, A., Della Corte, V., et al (2022) Combining Rosetta’s
GIADA and MIDAS Data: Morphological versus Dynamical Properties of Dust at 67P/Churyumov-Gerasimenko.
Monthly Notices of the Royal Astronomical Society, 516, 5611-5617. https://doi.org/10.1093/mnras/stac2544

Lasue, J., Maroger, L, Botet, R., Garnier, P., Merouane, S., Mannel, T., e al (2019) Flattened Loose Particles from
Numerical Simulations Compared to Particles Collected by Rosetta. Astronomy & Astrophysics, 630, A28.
https://doi.org/10.1051/0004-6361/201834766

Bentley, M.S., Schmied, R., Mannel, T., Torkar, K., Jeszenszky, H., Romstedt, J., et a/ (2016) Aggregate Dust
Particles at Comet 67P/Churyumov-Gerasimenko. Nature, 537, 73-75. https://doi.org/10.1038/nature19091

Bernstein, M.P., Sandford, S.A., Allamandola, L.J., Chang, S. and Scharberg, M.A. (1995) Organic Compounds
Produced by Photolysis of Realistic Interstellar and Cometary Ice Analogs Containing Methanol. The Astrophys-
ical Journal, 454, 327-344. https://doi.org/10.1086/176485

Strazzulla, G., Baratta, G., Brunetto, R. and Cataldo, F. (2005) Vibrational Spectroscopy of Ion Irradiated Carbon
Containing Macromolecules. Macromolecular Symposia, 220, 165-175. https://doi.org/10.1002/masy.200550213

Gladysheva, O.G. (2021) Fragmentation of the Tunguska Cosmic Body. Planetary and Space Science, 200, Article
ID: 105211. https://doi.org/10.1016/j.pss.2021.105211

Gladysheva, O.G. (2023) The Structure of the Tunguska Comet. Earth and Planetary Science, 3, 1-8.
https://doi.org/10.36956/eps.v3i1.924

Delsemme, A.H. (1980) Origin and Chemistry of Comets. In: Holmquist, R., Ed., Life Sciences and Space Re-
search, Elsevier, 3-17. https://doi.org/10.1016/b978-0-08-024436-5.50005-6

Meier, R. and Owen, T.C. (1999) Cometary Deuterium. Space Science Reviews, 90, 33-43.
https://doi.org/10.1023/a:1005269208310

Stern, S.A., Slater, D.C,, Festou, M.C., Parker, J.W., Gladstone, G.R., A’Hearn, M.F., et al. (2000) The Discovery
of Argon in Comet C/1995 O1 (Hale-Bopp). The Astrophysical Journal, 544, 1L169-L172.
https://doi.org/10.1086/317312

Schutte, W.A., Allamandola, L.J. and Sandford, S.A. (1993) An Experimental Study of the Organic Molecules
Produced in Cometary and Interstellar Ice Analogs by Thermal Formaldehyde Reactions. Icarus, 104, 118-137.
https://doi.org/10.1006/icar.1993.1087

Sandford, S.A., Aléon, J., Alexander, C.M.O., Araki, T., Bajt, S., Baratta, G.A., et al (2006) Organics Captured
from Comet 81P/Wild 2 by the Stardust Spacecraft. Science, 314, 1720-1724.
https://doi.org/10.1126/science.1135841

Chyba, C.F., Thomas, P.]., Brookshaw, L. and Sagan, C. (1990) Cometary Delivery of Organic Molecules to the
Early Earth. Science, 249, 366-373. https://doi.org/10.1126/science.11538074

Greenberg, J.M. (1980) From Interstellar Dust to Comets to the Zodiacal Light. In: Halliday, I. and McIntosh,

https://doi.org/10.4236/ns.2026.187010 140 Natural Science


https://doi.org/10.4236/ns.2026.187010
https://doi.org/10.1088/0004-637x/744/1/18
https://doi.org/10.1007/s11038-007-9214-y
https://doi.org/10.5047/eps.2008.12.001
https://doi.org/10.1093/mnras/stac2544
https://doi.org/10.1051/0004-6361/201834766
https://doi.org/10.1038/nature19091
https://doi.org/10.1086/176485
https://doi.org/10.1002/masy.200550213
https://doi.org/10.1016/j.pss.2021.105211
https://doi.org/10.36956/eps.v3i1.924
https://doi.org/10.1016/b978-0-08-024436-5.50005-6
https://doi.org/10.1023/a:1005269208310
https://doi.org/10.1086/317312
https://doi.org/10.1006/icar.1993.1087
https://doi.org/10.1126/science.1135841
https://doi.org/10.1126/science.11538074

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

B.A., Eds., Solid Particles in the Solar System, Springer, 343-350. https://doi.org/10.1007/978-94-009-9102-6 68

Meakin, P. and Donn, B. (1988) Aerodynamic Properties of Fractal Grains—Implications for the Primordial Solar
Nebula. The Astrophysical Journal, 329, L39. https://doi.org/10.1086/185172

Donn, B.D. (1990) The Formation and Structure of Fluffy Cometary Nuclei from Random Accumulation of
Grains. Astronomy & Astrophysics, 235, 441-446.

Cameron, A.G.W. (1965) Origin of the Solar System. Gordon and Breach, 553 p.

Anders, E. (1964) Origin, Age, and Composition of Meteorites. Space Science Reviews, 3, 583-714.
https://doi.org/10.1007/bf00177954

Altwegg, K., Balsiger, H., Berthelier, J.]., Bieler, A., Calmonte, U., Fuselier, S.A., et al. (2017) Organics in Comet
67P—A First Comparative Analysis of Mass Spectra from ROSINA-DFMS, COSAC and Ptolemy. Monthly No-
tices of the Royal Astronomical Society, 469, S130-S141. https://doi.org/10.1093/mnras/stx1415

Keller, L.P., Bajt, S., Baratta, G.A., Borg, J., Bradley, J.P., Brownlee, D.E., et al (2006) Infrared Spectroscopy of
Comet 81P/Wild 2 Samples Returned by Stardust. Science, 314, 1728-1731.
https://doi.org/10.1126/science.1135796

McCauley, P.L, Saar, S.H., Raymond, J.C., Ko, Y. and Saint-Hilaire, P. (2013) Extreme-Ultraviolet and X-Ray
Observations of Comet Lovejoy (C/2011 W3) in the LOWER Corona. The Astrophysical Journal, 768, Article 161.
https://doi.org/10.1088/0004-637x/768/2/161

Popova, O.P., Jenniskens, P., Emel’yanenko, V., Kartashova, A., Biryukov, E., Khaibrakhmanov, S., et al (2013)
Chelyabinsk Airburst, Damage Assessment, Meteorite Recovery, and Characterization. Science, 342, 1069-1073.
https://doi.org/10.1126/science.1242642

Brown, P.G.,, Assink, J.D., Astiz, L., Blaauw, R., Boslough, M.B., Borovicka, J., et al (2013) A 500-Kiloton Airburst
over Chelyabinsk and an Enhanced Hazard from Small Impactors. Nature, 503, 238-241.
https://doi.org/10.1038/nature12741

Borovicka, J., Spurny, P., Brown, P., Wiegert, P., Kalenda, P., Clark, D., et al. (2013) The Trajectory, Structure and
Origin of the Chelyabinsk Asteroidal Impactor. Nature, 503, 235-237. https://doi.org/10.1038/nature12671

Galimov, E.M. (2013) Chelyabinsk Meteorite—An LL5 Chondrite. So/ar System Research, 47, 255-259.
https://doi.org/10.1134/s0038094613040126

Gladysheva, O.G. (2019) Disintegration of the Chelyabinsk Cosmic Body. Planetary and Space Science, 178, Ar-
ticle ID: 104709. https://doi.org/10.1016/j.pss.2019.104709

Pitzold, M., Andert, T., Hahn, M., Asmar, S.W., Barriot, J.-P., Bird, M.K., et al. (2016) A Homogeneous Nucleus
for Comet 67P/Churyumov-Gerasimenko from Its Gravity Field. Nature, 530, 63-65.
https://doi.org/10.1038/nature16535

Sekanina, Z. (1983) The Tunguska Event—No Cometary Signature in Evidence. The Astronomical Journal, 88,
1382-1413. https://doi.org/10.1086/113429

Wood, J.A. (1968) Meteorites and the Origin of Planets. McGraw-Hill Book Company.

Hou, Q.L., Kolesnikov, E.M., Xie, L.W., Zhou, M.F,, Sun, M. and Kolesnikova, N.V. (2000) Discovery of Probable
Tunguska Cosmic Body Material: Anomalies of Platinum Group Elements and Rare-Earth Elements in Peat near

the Explosion Site (1908). Planetary and Space Science, 48, 1447-1455.
https://doi.org/10.1016/s0032-0633(00)00089-1

Kolesnikov, E.M., Hou, Q.L., Xie, L.W. and Kolesnikova, N.V. (2005) Finding of Probable Tunguska Cosmic Body
Material: Anomalies in Platinum Group Elements in Peat from the Explosion Area. Astronomical & Astrophysical
Transactions, 24, 101-111. https://doi.org/10.1080/10556790500085678

https://doi.org/10.4236/ns.2026.187010 141 Natural Science


https://doi.org/10.4236/ns.2026.187010
https://doi.org/10.1007/978-94-009-9102-6_68
https://doi.org/10.1086/185172
https://doi.org/10.1007/bf00177954
https://doi.org/10.1093/mnras/stx1415
https://doi.org/10.1126/science.1135796
https://doi.org/10.1088/0004-637x/768/2/161
https://doi.org/10.1126/science.1242642
https://doi.org/10.1038/nature12741
https://doi.org/10.1038/nature12671
https://doi.org/10.1134/s0038094613040126
https://doi.org/10.1016/j.pss.2019.104709
https://doi.org/10.1038/nature16535
https://doi.org/10.1086/113429
https://doi.org/10.1016/s0032-0633(00)00089-1
https://doi.org/10.1080/10556790500085678

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Kolesnikov, E.M. and Kolesnikova, N.V. (2010) Traces of Cometary Material in the Area of the Tunguska Impact
(1908). Solar System Research, 44, 110-121. https://doi.org/10.1134/s0038094610020048

Gladysheva, O. (2020) The Tunguska Event. /carus, 348, Article ID: 113837.
https://doi.org/10.1016/j.icarus.2020.113837

Vasilyev, N.V. (1998) The Tunguska Meteorite Problem Today. Planetary and Space Science, 46, 129-150.
https://doi.org/10.1016/50032-0633(97)00145-1

Birch, S.P.D., Tang, Y., Hayes, A.G., Kirk, R.L., Bodewits, D., Campins, H., et al (2017) Geomorphology of Comet
67P/Churyumov-Gerasimenko. Monthly Notices of the Royal Astronomical Society, 469, S50-S67.
https://doi.org/10.1093/mnras/stx1096

Vincent, J., Bodewits, D., Besse, S., Sierks, H., Barbieri, C., Lamy, P., et al. (2015) Large Heterogeneities in Comet
67P as Revealed by Active Pits from Sinkhole Collapse. Nature, 523, 63-66. https://doi.org/10.1038/nature14564
Pajola, M., Vincent, J., Giittler, C., Lee, J., Bertini, I., Massironi, M., et al. (2015) Size-Frequency Distribution of
Boulders > 7 m on Comet 67P/Churyumov-Gerasimenko. Astronomy & Astrophysics, 583, A37.
https://doi.org/10.1051/0004-6361/201525975

Altwegg, K., Balsiger, H. and Fuselier, S.A. (2019) Cometary Chemistry and the Origin of Icy Solar System Bodies:
The View after Rosetta. Annual Review of Astronomy and Astrophysics, 57, 113-155.
https://doi.org/10.1146/annurev-astro-091918-104409

Weidenschilling, S.J. (1997) The Origin of Comets in the Solar Nebula: A Unified Model. Icarus, 127, 290-306.
https://doi.org/10.1006/icar.1997.5712

A’Hearn, M.F. (2017) Comets: Looking Ahead. Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 375, Article ID: 20160261. https://doi.org/10.1098/rsta.2016.0261

Blum, J., Gundlach, B., Krause, M., Fulle, M., Johansen, A., Agarwal, J., ef al (2017) Evidence for the Formation
of Comet 67P/Churyumov-Gerasimenko through Gravitational Collapse of a Bound Clump of Pebbles. Monthly
Notices of the Royal Astronomical Society, 469, S755-S773. https://doi.org/10.1093/mnras/stx2741

https://doi.org/10.4236/ns.2026.187010 142 Natural Science


https://doi.org/10.4236/ns.2026.187010
https://doi.org/10.1134/s0038094610020048
https://doi.org/10.1016/j.icarus.2020.113837
https://doi.org/10.1016/s0032-0633(97)00145-1
https://doi.org/10.1093/mnras/stx1096
https://doi.org/10.1038/nature14564
https://doi.org/10.1051/0004-6361/201525975
https://doi.org/10.1146/annurev-astro-091918-104409
https://doi.org/10.1006/icar.1997.5712
https://doi.org/10.1098/rsta.2016.0261
https://doi.org/10.1093/mnras/stx2741

	Layers and Shells of Comets
	ABSTRACT
	1. INTRODUCTION
	2. THE SOLAR SYSTEM
	3. INITIAL COMPONENTS OF COMETS
	4. FORMATION COMETARY NUCLEI
	5. THICKNESS OF LAYERS
	6. DISCUSSION 
	6.1. Why Do We Need Shells?
	6.2. Comparison with Other Models

	7. CONCLUSION
	7.1. Prerequisites of the Model
	7.2. Main Results

	CONFLICTS OF INTEREST
	REFERENCES

