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Enceladus, a satellite of Saturn, with its radius of 250 km, is the smallest geologically active celestial body in the Solar Sys-
tem. My model of core origin and evolution indicates that for hundreds of My after accretion Enceladus was an appropriate
body for an origin of life. | continue consideration of the hypothesis that Enceladus was a cradle of life in the Solar System. |
found that simple organisms could be ejected in icy grains into the space by volcanic jets or by meteoroid impacts. Several
mechanisms could be responsible for later transport of the grains to the early Earth and other terrestrial planets. Eventually |
suggest that Enceladus is the most appropriate body for a cradle of life in the Solar System.
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INTRODUCTION

In the Saturnian system there are two bodies on which the
conditions allow for the existence of biological life. These are Ti-
tan and Enceladus. Titan is the only body in the Solar System,
other than Earth, that has stable liquids (hydrocarbons and ni-
trogen) on its surface. McKay (2016) considered the possibility
of carbon-based organisms living in Titan liquids. He indicated
that photochemically produced acetylene could be a source of
biological energy in addition to photosynthesis.

Czechowski (2014a, b) has noted that the temperature in-
side Enceladus is rather moderate and allows for the existence
of liquid water. Moreover he indicated a possible source of en-
ergy for primitive organisms and potential ways of their prolifer-
ation. In the present paper | consider the hypothesis that
Enceladus is a cradle of life for the Solar System.

The idea of panspermia is usually attributed to Arrhenius
(1908). However, the beginning of the hypothesis and the term
itself are much older. The Greek philosopher Anaxagoras
(~510 BC—~428 BC) was a precursor (O’Leary, 2008). In the
19th century the hypothesis was proposed by Thomson (1871)
and others.

In general, the hypothesis of panspermia states that living
organisms can be transported through the space from one ce-
lestial body to another. In this way, life may be a common phe-
nomenon on many celestial bodies even if it has originated only
on one of them. Panspermia assumes that, at least once, life
originated in the Universe as a result of the natural processes
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(abiogenesis) but does not address the problem how this origi-
nal life began.

There are a few versions of the hypothesis. In the present
paper | concentrate on the idea that microorganisms or their
endospores are transported within larger solid grains or in com-
ets that protect the organisms from lethal radiation. If organisms
meet proper conditions on a new body’s surface, they become
active. The later process of evolution leads to origin of new spe-
cies, eventually forming global ecosystems specific for the
planet.

Most presently discussed hypotheses concerning the origin
of life assumes that life on the Earth is of terrestrial origin. Indeed,
the more primitive bacteria (or their fossils) we find on Earth, the
more we reduce the need for panspermia. Microfossils from Hud-
son Bay (Dodd et al., 2017) support the hypothesis that hydro-
thermal vents may have been the cradle of life on Earth. Note,
however, also that the suggestion of “an almost instantaneous
emergence of life” after ocean formation 4.41 Ga (see Dunham,
2017) can be interpreted as reflecting the earlier existence of bio-
logical life, which then used the first opportunity to colonize the
terrestrial oceans. Such an interpretation supports the idea of
panspermia. Note also some indications that terrestrial organ-
isms are a result of evolution longer than the age of the Solar
System — e.g., Sharov and Gordon (2013). If this hypothesis
were correct then panspermia would be a necessary process for
the presence of life on the Earth.

Several mechanisms responsible for panspermia have
been suggested. The simplest one is the transport of organisms
in the ejecta resulting from an impact of a large meteoroid. The
Martian meteorites found on Earth indicate that ejecta gener-
ated by an impact could reach a velocity exceeding 5 km s
(the escape velocity from Mars is 5.027 km s™).

Enceladus is a medium-sized icy satellite (MIS) of Saturn.
MIS are built of mixture of rocks (i.e. non-volatiles probably of
chondrite composition) and ices. Enceladus with its radius of
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Fig. 1. The cryovolcanic activity of Enceladus transports
grains from the core to E-ring

Image presents volcanic jets in the southern hemisphere of Enceladus.
Picture taken by Cassini (on Nov. 27th, 2005) and processed to reveal
the individual jets (image credit NASA/JPL/Space Science Institute, af-
ter https://photojournal.jpl.nasa.gov/jpegMod/PIA08386_modest.jpg,
retrieved Feb. 5, 2018)

250 km is one of the smallest of MIS, however, contrary to the
most of them, it is geologically active (Figs. 1 and 2).

Cryovolcanic activity on Enceladus is concentrated along
the tiger stripes, i.e. along a series of sub-parallel, linear de-
pressions (grooves) flanked on each side by low ridges. The of-
ficial term is sulcus (plural sulci) while the given proper names
are Alexandria Sulcus, Cairo Sulcus, Baghdad Sulcus and Da-
mascus Sulcus. They are spaced ~35 kilometres apart. Each ti-
ger stripe is ~130 km long, ~2 km wide, and ~0.5 km deep. Their
temperature is higher at 45-89 K than the expected tempera-
ture for this region of Enceladus if the region were heated solely
from sunlight.

Tiger stripes are probably of tectonic origin. However, their
correlation with warm regions and large jets (geysers) suggests
that they could be fissures in this moon’s lithosphere. Data from
Cassini indicate complex organic material in jets ejected from
the satellite. Over 100 geysers have been identified.

Geysers located within the tiger stripes emanate water va-
por, ice grains, CO,, nitrogen, CH, and other organics (e.g.,
Fig. 3; Porco et al., 2006; Waite et al., 2009). The jets are proba-
bly generated from a near-surface body of liquid water (e.g.,
Hargitai and Kereszturi, 2015). Geyser activity is correlated with
deformations of the satellite by tidal forces of Saturn. Under
these stresses, the tiger stripes might open and close at differ-
ent times (e.g., Kohler, 2015). The combinations of these mo-
tions may play a significant role in determining when the gey-
sers are most active. The surface along the tiger stripes is gen-
erally smooth and young (from the low number of impact crat-
ers). It is covered probably by back-fallen material.

Fig. 2. Enceladus moving in the E-ring

The E-ring consists of particles ejected from Enceladus (NASA from
https://photojournal.jpl.nasa.gov/catalog/?IDNumber=PIA08321
retrieved Feb. 5, 2018)

The cryovolcanic activity of Enceladus is responsible for
transport of grains from the core to the E-ring of Saturn. Possi-
ble organisms (in a dormant phase) might be also transported
within these grains.

A recent paper of Cuk et al. (2016) suggests that Enceladus
was formed ~100 Ma. The hypothesis that Enceladus was a
cradle of the Solar System requires the existence of the satellite
~3.8 Ga (i.e. the age of the oldest terrestrial fossils). The “tradi-
tional” age of Enceladus is assumed here (e.g., Mousis et al.,
2009) instead of Cuk et al. (2016). However, if the present pa-
per considers the general possibility of transfer of genetic mate-
rial from the present Enceladus to the terrestrial planets, the
age of the satellite is not critical.

Orbital changes during the first 30 Ma after formation of the
Solar System are not critical for the hypothesis (cf. e.g., Batygin
and Brown, 2010). Czechowski (2014a) found that for ~200 Ma
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Fig. 3. Comparison of chemical composition of Enceladus jets
and cometary material

Note high content of organic material including complex organic (Im-
age credit: NASA/JPL/SwRI, https://photojournal.jpl.nasa.gov/cata-
log/?IDNumber=PIA10357, retrieved Feb. 5, 2018)
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the evolution of Enceladus was determined by short-living ra-
dioactive isotopes and the tidal heating is not necessary.

CONDITIONS IN THE CORE OF ENCELADUS

Czechowski (2014a) considered the process of differentia-
tion and core formation in Enceladus. He found that the result of
differentiation is a relatively cold core of loosely packed grains
with liquid water between them (cf. the models of Schubert et
al., 2007; Malamud and Prialnik, 2013). The liquid water and sil-
icates make the process of serpentinization possible. After
Abramov and Mojzsis (2011) the reaction of serpentinization
may be:

Mg.SiO, (forsterite) + MgSiO; (enstatite) + 2H,O —
MgsSi,O5(OH), (antigorite).

This reaction releases 241 000 J per 1 kg of serpentine pro-
duced.

The density of Enceladus indicates that the present mass
fraction of silicates fss is ~0.646, hence the total mass of its sili-
cates is ~6.97 x 10'° kg. Approximately 80% of these could re-
act with water (Czechowski and Losiak, 2016), amounting to
~5.6 x 10" kg. Serpentinisation is believed to be a possible
source of energy for primitive life (e.g., Russell et al. 2010;
Nitschke and Russell, 2010; Gdbi and Kereszturi, 2017). More-
over the reaction also influences planetary geological evolution.
According to Russell et al. (2010): “For life to have emerged
[...], a sustained source of chemically transducible energy was
essential. The serpentinization process is emerging as an in-
creasingly likely source of that energy. Serpentinization of ultra-
mafic crust would have continuously supplied hydrogen, meth-
ane, [...] to off-ridge alkaline hydrothermal springs that inter-
faced with the metal-rich carbonic Hadean Ocean”; see also
Izawa et al. (2010) and Weiss et al. (2016).

The results of Dodd et al. (2017) emphasized the role of
serpentinization for the origin of life. They found that the proba-
ble genome of the Last Universal Common Ancestor (LUCA) of
all terrestrial organisms had “[...] 355 genes pointed quite pre-
cisely to an organism that lived in the conditions found in deep
sea vents [...]".

The pressure in the centre of Enceladus is ~2.3 x 10’ Pa
which corresponds to the pressure at the depth of 2300 m in ter-
restrial oceans.

The highest possible temperature in the early Enceladus is
given in Figure 4. In this calculation the transport of heat is ne-
glected, so no heat leaves the satellite; therefore, the result of
calculation does not depend on particulars of convection or
conduction. The temperature depends only on the time of the
beginning of accretion ti;;and on the fraction f.s (for details, see
similar calculation of Czechowski, 2014a). The earlier accretion
means more intense heating by short-lived isotopes. Note, that
even for very early accretion, liquid H,O may exist in the core
and the temperature does not exceed the temperature required
for living organisms (e.g., Clarke, 2014). Other calculations of
Czechowski (2014a) indicated that such conditions could have
lasted for a few hundreds of My in the interior of Enceladus.
Presently, tidal heating keeps the Enceladus interior warm.

The main conclusion of Czechowski (2014a, b) that the inte-
rior of Enceladus was favourable for the life, was supported by
Hsu et al. (2015).

Since terrestrial rocks are permeable up to the pressure of
~300 MPa then one can expect that the silicates in the core of
Enceladus were also permeable for liquids and gases. This
could have led to the formation of extensive hydrothermal con-
vective systems allowing water to contact with most of the sili-
cates. Hence, in Enceladus most of the reactive silicates may
be serpentenized. Its total mass (i.e. ~5.6 x 10" kg — see
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Fig. 4. Graph of the potential temperature for a satellite with
fmas = 0.281 (Mimas or proto-Enceladus, the lower line) and for
fmas = 0.646 (present Enceladus, the upper line) versus time of
beginning of accretion ¢,

The heat transfer is neglected, so all heat is used for the tempera-
ture increase and the melting. The heat is a result of the radioactive
decay during 20 My (after time t;) and the serpentinization. The ef-
fect of serpentinization is seen as a sharp step on the upper line.
Note large difference between the potential temperature for present
Enceladus and proto-Enceladus

above) distributed uniformly over the area of Earth gives
~110 ton per 1 m?. Note that in the Earth only minor proportion
of silicates have contact with water (e.g., in neovolcanic zones
at spreading centres). This could means that total mass of
serpentenized silicates in Enceladus might be even compara-
ble to that in the Earth.

To conclude: for a long time (~400 Ma) conditions in the core
of Enceladus were favourable for the origin and preservation of
biological life. There were liquid water, organic compounds, mod-
erate temperature, a lack of energetic radiation, and a source of
chemical energy. This fits well to an environment for the LUCA
(e.g., Brasier, 2012). Of course, perfectly constant conditions do
not necessarily help to develop life. Oceanic tides, lightning, and
specific conditions in shallow-water are mentioned as factors
helpful for developing the complicated, self-replicating molecules
necessary for life. Analogous effects were and are present in the
core of Enceladus. Regular tidal deformations and/or thermal
convection may have given rise to transport of molecules, help-
ing to develop more complex molecules.

PROLIFERATION OF THE LIFE

Let us now consider some mechanisms for spreading life to
other celestial bodies. These depend on the specific conditions
on the parental body.

According to Yang et al. (2009) microorganisms in the ter-
restrial atmosphere are found as far as 77 km above the sur-
face. However, bare organisms are not protected against cos-
mic radiation. Such protection could be given by solid grains.
Probably, a large impact is the only realistic mechanism that
could eject solid grains from a terrestrial planet at a speed large
enough to reach another planet. The Martian meteorites found
on Earth proves that this mechanism works for Mars. For the
Earth it is less probable because of a high escape velocity and
dense atmosphere.
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There are a few possible mechanisms of transport of organ-
isms from Enceladus to other planets. Their stages are dis-
cussed in a next few subsections.

FROM THE CORE TO THE SURFACE

The temperature, the pressure and strong radiation from
the magnetosphere of Saturn at the surface of Enceladus do
not allow the existence of unprotected life. Life could exist only
at the depth of several kilometres below the surface. So, the first
step for the proliferation of life is reaching the surface of the sat-
ellite. This problem does not exist for terrestrial life because it
originated on an oceanic floor and oceanic currents could trans-
fer organisms to the water’s surface. However, almost continu-
ous and repeated cryovolcanic activity is observed at the polar
region of Enceladus. This could transport matter in the jets of
gas and solid/frozen particles from the interior (see the next
subsection). The ancient forms of this activity may have been
similar to the present forms. The organisms could be frozen into
and transported within icy grains. Note that the temperature of
the cryovolcanic gases is rather low, so it would not kill the or-
ganisms. Note also that the possible presence of ammonia ad-
ditionally decreasing the melting point of H,O.

FROM THE SURFACE TO SPACE

The existence of an E-ring is evidence that cryovolcanic jets
could eject gas and solid particles (possibly with primitive or-
ganisms) into orbit around Saturn (Figs. 1-3). Most grains
ejected into space are of micrometre scale, however ejection of
boulders is also possible especially in periods of enhanced vol-
canic activity. To investigate the problem we developed a model
of acceleration of grains in the volcanic pipe in Enceladus.

In particular nozzles (de Laval nozzles) the expanding gas
could reach supersonic speed. However, a more realistic as-
sumption is that the velocity of gas in the volcanic pipe does not
exceed the speed of sound. Assuming a density of water
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Fig. 5. Velocity of grains versus time in the volcanic pipe

The grains sizes are 1 cm (the uppermost line), 5 cm, 10 cm, 20 cm,
1 m (the lowermost line). The density of grains is 500 kg m~, drag
coefficient Cp = 2, gas velocity is equal to the speed of sound (i.e.
478 ms™)

vapour of 0.01 kg m2anda velocity of expansion in the volca-
nic pipe of 478 ms™' (sound velocity) we found that even grains
of 20 cm diameter could reach escape velocity (i.e. 239 m s
for Enceladus) in pipes a few km long (Fig. 5). Larger grains
could also be ejected if the moving gas has higher density or
moves along longer pipes.

The particles forming the E-ring orbit Saturn. Particles of lower
velocity could reach an orbit around Enceladus but not an orbit
around Saturn. | do not consider these slower particles here.

The situation on the Earth is different. Terrestrial volcanic ac-
tivity cannot eject rocks into orbit because the speed of sound is
significantly lower (~20 times lower) than the orbital velocity of a
low-orbit satellite (~8 km s‘1) and lower than the escape velocity
(~11.2km s‘1). Moreover drag in the terrestrial atmosphere addi-
tionally reduces the velocity of the volcanic ejecta.

FROM THE E-RING TO A HELIOCENTRIC ORBIT

To reach a heliocentric orbit, the grains on the orbit inside
the E-ring must be accelerated to the escape velocity from Sat-
urn. This requires ~5 km s speed increase (depending on the
orbit in the E-ring). Gravity assistance could be responsible for
this acceleration.

Gravity assistance is an effect of gravitational interaction of
a small body (e.g., a spacecraft) with a planet (or a satellite). Its
result is similar to an elastic collision with a moving planet, i.e.
the spacecraft changes its velocity depending on the orbital ve-
locity of the planet. This was used in many interplanetary mis-
sions to reach velocity change without losing fuel. The main
problem is that spacecraft trajectory is carefully chosen to reach
the required effect while the trajectory of the grain is determined
by accidental initial velocity.

The existence of several satellites of Saturn increases the
probability of effective gravity interactions and the acceleration
of some grains. Sequence of close encounters could eventually
transfer enough energy to some grains to allow them to change
their orbit around Saturn into a heliocentric orbit.

The mechanism of gravity assistance may be an important
factor at two stages: (1) for acceleration of particles from orbit
around Saturn into orbit around the Sun and (2) for deceleration
of the particle at the next step, i.e. from a heliocentric orbit close
to the orbit of Saturn to an orbit close to terrestrial planets. The
main advantage of this mechanism is that it works for bodies
large enough to be a shelter against cosmic radiation.

To investigate this effect | developed a 3D numerical model
of the Saturnian System (the planet, the largest satellite Titan
and six medium-sized satellites are included). In numerical ex-
periments | investigated the trajectories and energy of grains
ejected from Enceladus with different velocities in various, ran-
domly chosen, directions. The initial velocity is high enough to
allow the grain to reach orbits in the E-ring. Many of them could
reach the orbit of Titan, the gravity of which could be an impor-
tant factor in the gravity assistance.

| performed ~400 such experiments. A substantial increase
in the velocity (of ~1 km s™') was found in ~2% cases. However,
in none of these experiments did the grain reach enough energy
to leave the system of Saturn. This indicates that the probability
of leaving the system as a result of this mechanism is low. How-
ever, over millions of years the number of grains or larger boul-
ders ejected into space could be many orders higher than the
number of my simulations, so some ejecta might reach heliocen-
tric orbit. For successful proliferation, the ejection even of a small
number of boulders with living organisms could be sufficient.
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DECELERATION OF THE PARTICLES DUE
TO THE POYNTING-ROBERTSON EFFECT

To reach the terrestrial planets from a heliocentric orbit
close to Saturn the grain must be substantially decelerated.
There are a few possible mechanisms of such loss of energy
and momentum: the Poynting-Robertson mechanism (for
grains larger than a few um), the Yarkovsky diurnal effect (if the
grain is a retrograde rotator) and Yarkovsky seasonal effect (for
grains a few metres across); e.g., Pater and Lissauer (2001),
and gravity assistance. Deceleration leads the particle to move
closer to Earth and to other terrestrial planets.

Consider the Poynting-Robertson effect which is effective
for typical grain sizes of E-ring particles. It is a result of pho-
ton-grain interaction. Assume a grain on a circular orbit with ra-
dius R and photons radially emitted by the Sun. In a grain’s
frame of reference the photons have some tangent component
of velocity. This gives rise to a tangential force opposite to the
velocity of the grain (e.g., Guess, 1962). This force is given by
the formula:

_wWw (1

where: v — the orbital velocity of the grain, W — the power of Sun’s
radiation, ¢ — the speed of light.

The power of drag is:

(2]

D
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Note that D = Csyne Syr (Re)?, where Csyne= 1350 W m™2 is
the Solar constant at the Earth orbit, S, = nr? is the cross-sec-
tion of the grain, ry-is the grain radius and Re is the radius of the
Earth’s orbit. The orbital energy of the grain is given by:

E,, = GMm 1 v [3]
R 2

where: M—the mass of Sun, m—the mass of the grain and the veloc-
ity of the grain is: v = (GM/R)"2.

Substituting v one can obtain:

Eorb = GMm [4]
2R

Differentiation of E,, with respect to time gives:

dE,, GMm drR [5]
dt 2R? dt

Comparison of dE,/dt and P4,y and integration indicate
that the time of falling from an initial orbit with radius R;to an or-
bit with radius Rg is given by:
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Fig. 6. Time of falling from the orbit with the radius 9.5 AU to
a given orbit as a result of Poynting-Robertson effect

The grains density is assumed to be 1000 kg m™=. The values of
grains’ radius are: 5 um, 10 um, 15 pm, 20 um, 25 um from the low-
est line to the uppermost line, respectively

Figure 6 shows the time of falling from an orbit with a radius
9.5 AU to a given orbit as a result of the Poynting-Robertson ef-
fect. The grain density is assumed to be 1000 kg m™. For a
grain radius of 10 um the time of reaching Earth’s orbit from the
Saturnian one is ~650 ka. This result is not especially encourag-
ing because of the long duration and the small size of the grain.
Such grain could not protect organisms against radiation for
such long time. Note that for large grains (e.g., ~1 m across)
other processes, like the Yarkovsky effect, could be more effec-
tive than the Poynting-Robertson effect. Unfortunately, the ef-
fects of those mechanisms are much slower than those dis-
cussed in previous and subsequent subsections, consequently
they are of lower significance for panspermia.

It is suggested by one of manuscript reviewers (Dr. Chris
McKay) that the above discussion does not exclude small parti-
cles (e.g., ~10 um) as a possible medium of transport. He indi-
cated that small grains are more common in Enceladus’s jets
than larger ones and they could give, at least for some time, pro-
tection against solar UV. In space, they could be easily picked up
by comets and be protected against cosmic radiation within the
comet. In fact, comets would be the fastest means of transport of
microorganisms from Saturn to the terrestrial planets.

LARGE IMPACTS AS MECHANISM OF PANSPERMIA

A large impact of meteoroid seems to be a silver bullet for
many problems of panspermia. Catastrophic collision like that
of proto-Earth and Theia could eject into heliocentric orbit rocks
from a large terrestrial planet. Smaller, but still large impacts
were probably responsible for producing the Martian meteorites
found on the Earth (e.g., the SNC groups of meteorites). This
means that large impacts could produce ejecta with a velocity
exceeding the escape velocity from Mars, i.e. 5.027 km s”.In
fact, the initial ejecta velocity was probably significantly higher
because in the ancient Martian atmosphere (more dense than
the present one) the ejecta were subject to significant drag.
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The very rare atmosphere of Enceladus cannot significantly
reduce the velocity of ejecta. If a large object impacts the icy
crust of Enceladus and ejects into space grains (boulders) with
a velocity >5 km s then some of them leave the Saturnian Sys-
tem and could reach the trajectory leading to terrestrial planets.
This depends only on the direction of the velocity. Other mecha-
nisms, like those discussed above, were not necessary in such
a case. The elastic modulus of water ice is significantly lower
(approximately one order lower) than the modulus for silicates
(e.g., Nimmo, 2004; Pabst and Gregorova, 2013). Fortunately,
the lower density of ice makes the acceleration of ice grains by
5km s~ still possible.

The impact ejecta contain rocks from the surface down to a
depth equal to ~20% of the radius of the crater (e.g., Melosh,
2011), so a large impact could reach the depth where the life
flourishes. Moreover, surface material ejected by geysers could
also contain dormant microorganisms within grains.

Many ejected grains will be shocked and crushed (see e.g.,
Bryce et al., 2014). The strength of water ice is lower than that of
most silicates. In some ejected grains the shock could result in
significant temperature increase and evaporation of the grains.
The most shocked rocks are close to the impacting body. How-
ever, the pressure of the shock decreases with the distance and
consequently at some distance from the crater the matter is
subject to moderate increase in temperature only. To acceler-
ate a mass of 1 kg (e.g., a cube of size ~0.1 m)to 5 kms~'in 0.1
second requires a force of 50 kN. This force acting on a surface
of area of 0.01 m? (one side of the cube) corresponds to a pres-
sure of 5 MPa and results in only moderate temperature in-
crease.

For instance, in the well-known meteorite ALH8400 found in
Antarctica in 1984, there are no obvious signs of the shock and
even small structures are well preserved. A few of those struc-
tures were considered by some scientists as fossil organisms
(e.g., McKay et al., 1996; Borg et al., 1999).

TIME OF FALLING TO TERRESTRIAL ORBIT

Let us assume that the grain containing some organisms is
ejected outside Saturn’s system as a result of impact or of gravi-
tational assistance. If grains have a velocity higher than Saturn
(with respect to the Sun) then they will move away from the Sun.
If the grains’ velocity is lower than the orbital velocity of Saturn,
they will move closer to the Sun. Assume that the grain has neg-
ligible velocity with respect to the Sun and consider the process
of free falling of the grain toward the orbits of the terrestrial plan-
ets as a result of the Sun’s gravity. According to the law of en-
ergy conservation the kinetic energy Ei is the difference be-
tween the current potential gravitational energy Er and the initial
energy Epo.

1 (dr\? [71
Ek :Em(aj :EP_EF’O

where: r — the distance of the grain from the Sun.

Assuming that the mass of the grain is m = 1 kg then the ve-
locity dr/dt is equal to:
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Fig. 7. Time of reaching the orbit of the Earth from a given
distance from the Sun

This differential equation can be solved using the transfor-
mation:
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After integration we get:
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The time of reaching the Earth’s orbit versus the initial dis-
tance from the Sun is given in Figure 7. The final velocity of
grains falling from the Saturnian orbit to the orbit of the Earth is
~40 kms™".

During this time, depending on the size, chemical composi-
tion and albedo the grain may lose part of its mass. High albedo
and low thermal conductivity resulting from the porosity could
slow this mass loss. For successful transport it is only neces-
sary to keep the mass sufficient to protect microorganisms from
cosmic radiation.

A comet moving from the Kuiper Belt has a significant ve-
locity crossing the orbit of Saturn. If the trajectory of this comet
crosses also the orbit of the Earth it would be a faster means of
transport than the free-falling boulders of initial low velocity con-
sidered above.

DECELERATION IN THE ATMOSPHERE

The physics of meteoroid entry into the atmosphere is dis-
cussed in many papers, e.g. Romig (1964 ), Brown et al. (2004),
Trigo-Rodriguez et al. (2015). The average speed of orbital mo-
tion of the Earth is 29.78 km/s. This means that meteoroids fall-
ing from orbit of the Saturn could enter the terrestrial atmo-
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sphere with a speed in the range ~11-70 km s™. This corre-
sponds to a range of energy (per 1 kg of the meteoroid’s mass)
from 5x 10"J kg™ t0 2.5 x 10°J kg™". The specific heat of ice and
water are: Cie = 1960 J K™ kg™ and Cyawer = 4220 J K" kg™, re-
spectively. The heat of sublimation is ey, = 2.83 10° J kg™ ". This
means that even the lowest value of kinetic energy is large
enough to increase the temperature of the meteoroid by a few
hundred degrees Kelvin and enough for sublimation and/or
vapourization of the whole mass of the meteoroid. Fortunately,
the meteoroid moving in the atmosphere loses its energy by
transferring it to the surrounding gas and by radiation. The ef-
fectiveness of deceleration due to radiation depends on the ra-
tio surface/mass. For grains smaller than 10—-100 pm this ratio
is high and such micrometeoroids could be decelerated in the
upper atmosphere and possible microorganisms would be not
heated to high temperatures (see also Wainwright et al., 2014).

A larger meteoroid could lose a substantial part of its mass.
During deceleration of this body the dissipation of heat could be
high, but initial low temperature, effect of ablation (i.e. sublima-
tion of the surface; e.g., Campbell-Brown and Koschny, 2004)
and short duration of the supersonic flight keep the interior of
meteoroids cold. In fact, the temperature of interior of most me-
teorites is ~0°C directly after falling — e.g., Pater and Lissauer
(2001: 315-316). The final impact of the meteoroids on the
planet surface will probably result in fragmentation of fragile icy
meteorites but it need not be fatal for possible organisms in the
their interior.

The comet is heated by Sun’s radiation leading to sublima-
tion of the volatiles and to other forms of activity, such as jets.
The small grains (from the E-ring) transported within comets
could be released close to the Earth, as a result of this activity. If
grains enter the Earth’s atmosphere in a brief time then the mi-
croorganisms may also reach the surface alive.

DISCUSSION AND CONCLUSIONS

A few scenarios of transport of some living organisms from

the core of Enceladus to terrestrial planets are possible.

Scenario of transport of organisms in large grains (boul-

ders):

1. A large impact ejects boulders with organisms from
Enceladus with a velocity exceeding 5 km s™'. The
ejected bodies could be from the surface or from some
depth depending on the energy of the impact.

2. Depending on the direction of the velocity, some boul-
ders may leave the Saturnian system and enter the tra-
jectory towards terrestrial planets.

3. The size, chemical composition and albedo allow the
survival of the bodies and protect any contained micro-
organisms from cosmic rays.

4. After entering the Earth’s atmosphere, the bodies pro-
tect the organisms from high temperatures during brak-
ing.

Instead of steps 1 and 2, the following processes may be

possible:

1. Jets of cryovolcanic activity eject large grains with or-
ganisms to the E-ring. Interaction of grains from the
E-ring with the satellites of Saturn in the form of gravity

assistance leads to acceleration of some grains up to
the escape velocity of system of Saturn.

2. The escaped grains with small velocity with respect to
the Sun fall towards the Sun and terrestrial planets.

Steps 3 and 4 are the same as for the scenario above.

Another scenario is appropriate for small grains:

1. Jets of cryovolcanic activity eject grains with organisms
to the E-ring. The grains must save organisms for some
time against radiation.

2. A comet crossing the E-ring gathers fresh material from
the ring. Some grains are hidden in fractures and pores
of the comet where organisms are protected against
cosmic radiation. Note that the total area of the E-ring
(the ring extends from 180,000 km to 480,000 km from
the center of Saturn) is 0.622 10" m?, i.e. half a million
times larger than than the cross-sections of Jupiter or
Saturn.

3. Comets transport grains closer to the Sun.

4. At the distance of 1-2 AU from the Sun the comet be-
comes active. Cometary jets release the grains from the
E-ring close to the Earth. They enter its atmosphere.
The small size allows them safe deceleration and reach-
ing the surface of the Earth.

The results outlined above indicate that it is possible to
transfer safely living organisms from the core of Enceladus to
other Solar System bodies. This transport is possible due to
well-known and currently observed processes such as
cryovolcanic activity, close passages of comets, gravitational
assistance and/or meteorite impacts. For other bodies where
presumed life could exist, similar transport requires more dra-
matic and less likely phenomena. For Earth and Venus only cat-
astrophic collisions can release boulders. The Martian meteor-
ites come from smaller but still large craters. For example, the
SNC meteorites were probably ejected as a result of the impact
that resulted in a crater more than 100 km across (Vickery and
Melosh, 1987).

The possibility of picking organisms from the upper atmo-
sphere of the Earth by comet or asteroid seems be negligible.
This requires penetration of the atmosphere down to ~70 km
above the surface. At this altitude the atmosphere is dense and
the fast-moving body is subject to intense heating at its surface.
A large temperature reduces additionally the possibility of living
organisms surviving. For a slow body, deep penetration of at-
mosphere leads rather to falling on to the Earth.

Within Europa, the satellite of Jupiter, life could exist in the
global subsurface ocean. In this respect, the situation is similar
to that of Enceladus. However, the escape velocity from the sur-
face of Europa is significantly higher (~2 km s™"). Moreover, for
leaving Jupiter’s system, the boulder needs additionally a veloc-
ity increase of ~6 km s, So, to leave the system, the ejecta re-
quire a speed of ~8 km s™', which is about twice the energy
needed to leave the surface of Enceladus. However, as for the
grains from Europa, gravity assistance (there are 4 large satel-
lites of Jupiter) could serve as a mechanism for ejecting boul-
ders beyond the Jupiter system. Similar dynamical problems
may be found for possible Mercurian meteorites, see Gladman
and Coffey (2008).

Comparing dynamical constraints for panspermia from
Enceladus and from other bodies one can conclude that
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Enceladus is the best candidate as a cradle of the life in the So-
lar System. Relatively simple investigation of jets from
Enceladus could give an answer to the question of possible life
inside Enceladus. Dr. Ch. McKey, a reviewer of the manuscript,
stated that if the prediction of this paper was correct then a mis-
sion to the plume of Enceladus will discover LUCA perhaps with
a few Ga of genetic drift (e.g., Steel et al., 2017).

The practical sense of panspermia is difficult to determine. It
may be just a theory without any application. Biological evi-
dences against the panspermia theory is discussed by Di Giulio
(2010). On the other hand, there remain the controversial sug-

gestions of Hoyle and Wickramasinghe (1978) that inflow of ex-
traterrestrial genes is still continuing to enter the terrestrial at-
mosphere and that this could be an important factor for our
health and evolution.
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