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Abstract:  We carried out 2D hydrocode simulations
of cometary impacts on the surface of Europa. We
modeled impacts at 26.5 and 21.5 km/s, corresponding
respectively to the median (or 50% level) and 25%
level of the cumulative impact velocity distribution for
Jupiter-family comets on Europa. The results indicate
that even though a large fraction of the projectile es-
capes Europa’s gravity field after the impact, a non-
negligible amount of certain amino acids would survive
and be retained on Europa, in vertical impacts. While
the hydrocode used cannot explore oblique impacts, we
suspect that the effect of decreasing the angle of impact
(measured from the surface) would be to increase the
fraction of projectile lost to space and therefore de-
crease the delivery of organics to Europa, counteract-
ing the increase in survivability of organics at lower
impact angles.

Introduction:   The idea that a liquid ocean might
exist beneath the icy surface of Europa [1] has opened
up speculations on the possibility for life to develop on
this lunar-sized moon of Jupiter. But too little biology-
related characteristics of Europa are currently under-
stood for conclusions to be drawn. Besides our poor
understanding of the possible sources of energy avail-
able on Europa for synthesizing prebiological mole-
cules and forming and sustaining life [2], we do not
know if and how much organic material is present in its
ocean. According to models of the circum-Jovian neb-
ula [3] the high temperatures in the Europa neighbor-
hood during its formation might have prevented car-
bon-bearing species from being trapped in water ice or
silicates. This suggests that Europa might have formed
largely bereft of organic material. Cometary impacts
[4] could then be the primary source of Europa’s or-
ganic inventory. Comets are believed to contain about
10 times the amount of organics in carbonaceous chon-
drites [5]. Recent studies on the survival of organics in
large impacts on the Earth [6] and Mars [7], suggest
that organics can indeed survive large cometary im-
pacts in non-negligible amounts.

According to [4], more than 90% of the craters on
the Galilean satellites are caused by the impact of Ju-
piter-family comets, with long period comets and Tro-
jan asteroids making up the rest of impacts. The distri-
bution of the cumulative impact velocity given by [4]
suggests that the median impact velocity of Jupiter-
family comets on Europa is around 26.5 km/s.

Impact modeling: To study the delivery of organics
to Europa by comets, we carried out high-resolution
simulations of spherical comets, 0.5 and 1 km in di-
ameter, impacting at 26.5 and 21.5 km/s (the latter rep-
resenting the 25% level in the cumulative distribution,
according to [4]). The simulations were carried out
using the 2D finite differences Eulerian-Lagrangian
hydrocode CSQ [8] coupled to the ANEOS equation of
state package [9]. One hundred Lagrangian tracer par-
ticles were regularly distributed inside the projectile to
record its thermodynamic history during the impact.
The spatial resolution of the CSQ Eulerian mesh was
kept to 30 to 40 cells per projectile radius in all the
simulations, while the thermodynamic state of the trac-
ers was recorded every 0.005 seconds of simulation
time.

Besides providing the projectile’s thermodynamic
history, the Lagrangian tracers also provide the veloc-
ity history of the projectile, therefore allowing us to
determine which portion of the projectile would reach
Europa’s escape velocity (2.04 km/s) and be lost to
space. The results indicate that a large fraction of the
projectile reaches escape velocity after it impacts with
the icy surface of Europa. As a result, any amount of
organics contained in the escaped fraction of the pro-
jectile that would otherwise survive the impact event
cannot contribute to Europa’s organic inventory. We
find that only about 30% of the projectile is retained by
Europa’s surface for an impact velocity of 26.5 km/s
(the portion of the projectile retained is shown in Fig-
ure 1, right), while the percentage increases to about
55% for a 21.5 km/s impact. This result is substantially
different from the results of the simple analytical model
of Melosh and Vickery [10] for planetary escape of
impact-produced vapor. Indeed, at the typical impact
velocities of Jupiter-family comets to Europa most of
the comet is vaporized. By looking at figure 1a of [10],
one would then reach the conclusion that all of the
projectile exceeds Europa’s escape velocity and, con-
sequently, there would be no delivery of organics to
Europa’s surface from cometary impacts.

Survival of amino acids: To determine the survival
of organics present in the projectile, impact-related
temperature histories (from the tracers) were combined
with experimentally derived kinetic parameters for
amino acids in the solid phase [11], via the Arrhenius
equation (as described in [6]). The solid phase pa-
rameters [11] differ substantially from previously
available kinetic parameters for thermal degradation of
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amino acids in solution [12,13]. While neither case is
perfect for impact-related studies (kinetic parameters
for shock tube or impact experiments for amino acids
are not yet available), we feel that the solid phase re-
sults are closer to the impact case than solution data
[6]. The application of the Arrhenius equation to all
tracers’ temperature histories provides a map of sur-
vival of amino acids in the projectile, as shown in Fig-
ure 1, left, for a 1 km in diameter comet impacting Eu-
ropa at 26.5 km/s. Integration over the volume of the
projectile gives the fraction of surviving amino acids
after the impact event (Table 1).

We obtain substantial survival fractions for some
amino acids at the impact speeds modeled. Some
amino acids would survive the shock from cometary
impact at the percent level, e.g., asparagine, glutamic
acid and aspartic acid. However, because a large frac-
tion of the projectile is lost to space, only part of the
surviving organics will be deposited on the surface of
Europa (as shown in Table 1). As pointed out in [6],
the surviving fraction depends strongly on both the
impact speed and the size of the projectile. However,
the results indicate that although the survival of amino
acids increases for smaller projectiles (from the 30%
cited above for a comet 1-km in diameter to 55% for a
comet 0.5 km in diameter), when normalized to the
mass of the projectile the overall contribution to the
Europan inventory is about the same for different sized
projectile with the same impact velocity.

Another factor that influences the survival of or-
ganics is the angle of impact. Using earlier results form
3D hydrocode simulations for impacts on Earth, Pier-
azzo and Chyba [6] showed that as the angle of impact
decreases from vertical (90°) to grazing (close to 0°)
the survival of organics increases dramatically. This
result also applies for impacts on Europa. On Europa,
however, another effect of impact angle must be taken
into account: the increase in ejection velocity of the
projectile material as the angle of impact decreases
[14]. This effect does not play a role in the impact de-
livery of organics to the Earth because of Earth’s high
escape velocity, but it is critical when the escape ve-
locity is low, as in the case of Mars [7], and Europa
(this work). Unfortunately, the two-dimensional nature
of the hydrocode used for the simulations prevents us
from investigating the effect of impact angle. By look-
ing at the 3D results for impacts on the Earth [14], it
appears that for impact angles below 60° the increase
in ejection velocity (as compared to the vertical case) is
significant, while for impact angles from vertical to
about 60°, the effect is negligible. This extrapolation
suggests that for impact angles below 60° all of the
projectile, and its organics content, could escape Eu-
ropa’s gravity. We are therefore able to estimate quan-

titatively the importance of cometary delivery of bio-
genic elements and prebiotic organics to Europa.
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Table 1. Fractions of amino acids surviving the impact and
fraction that is retained on Europa (% of initial concen-
tration in the impactor) for two impact velocities.

vi = 21.5 km/s vi = 26.5 km/s

Surviving Retained Surviving Retained

Aspartic Acid 1.452  0.611 1.434 0.314

Glutamic Acid 1.063 0.282 0.286 0.021

Glycine 0.142 0.020 0.0024 0.0005

Phenylalanine 7.065 3.147 3.832 0.682

Figure 1. Aspartic acid survival for a comet, 1 km in diame-
ter, impacting the surface of Europa at 26.5 km/s. Left:
map of the surviving fraction in the projectile after the
impact (due to the axial symmetry of the simulations,
the other half of the projectile is a mirror image of this
half). Right: surviving fraction deposited to the surface
of Europa (the blackened region represents the portion
of the projectile that reaches escape velocity).
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