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Introduction

Impact cratering may have played a key role in the
generation and evolution of Titan’s N2-rich atmosphere.
Intense cratering may have provided an efficient mech-
anism to convert NH3 into atmospheric N2 during the
early stages of Titan’s evolution [1, 2]. Using laser-gun
experiments Sekine et al. [2] showed that ammonia ice
convert efficiently into N2 during high-velocity impacts.
From scaling laws derived from their experiments, they
showed that it is possible to create a massive N2 atmo-
sphere during a Late Heavy Bombardment (LHB) for an
icy crust containing about 1-2% NH3. However, they
restricted their analysis to impactor diameters of 20-30
km. In reality, a significant fraction of the impactors
are smaller than 20 km [3], which may influence these
results.
Here, we extend this impact-driven atmosphere gener-
ation scenario to a wider range of impact parameters
(diameter, angle, velocity... ). The impactor parameters
play a key role in both atmospheric erosion processes
and crustal degassing. We model these two competing
effects and compute the balance between the N2 impact
degassing within the icy Titan’s crust and the impact
atmospheric erosion during a LHB.

Degassing of N2 by impact

The efficiency of NH3 to N2 conversion during an
impact depends on the pressure repartition below the
impact site. When the impactor hits the target, an
hemispheric shock wave propagates in the icy crust.
This propagating shock wave is slightly attenuated
within a volume called the isobaric core and where the
peak pressure is constant. The volume and depth of the
isobaric core are calculated from Kraus et al. [4] and the
pressure decreases outside the isobaric core according
to: P (r) = P0(r/RIC)

−2.2 [5], where P0 is the peak
pressure in the isobaric core and RIC its radius (Fig. 1
B) .
Following Sekine et al. [2], degassing occurs only for
P>8 GPa, with a linear increase of degassing efficiency
up to 23 GPa. Above this pressure, all of the NH3

in the icy crust is converted in N2 and released to the
atmosphere.
Combining the scaling laws of the isobaric core size and

post-impact pressure repartition, we compute the N2

mass degassed from the icy crust after each impact and
integrate all impact events (for D>1m) over the whole
LHB.

Figure 1: A: NH3 concentration in Titan’s crust at the end
of LHB, for an initial atmosphere of ∼ 1 bar. The gray
scale is linear, where the black color means the absence
of the NH3 in the icy crust. B: Explicative diagram of the
impactor’s parameters and the repartition of the pressure
in the crust during the impact. IC is the isobaric core.

NH3 is expected to be mostly contained in the deep
ocean and only the upper part of the ice shell may con-
tain a few percents of ammonia hydrate [6]. To inves-
tigate the influence of the crustal reservoir size, we as-
sume a NH3-enriched layer with thickness varying be-
tween 1 and 10 km and NH3 fraction between typically
1 and 5%. We monitor the evolution of NH3 concentra-
tion in the icy crust of Titan. The surface concentration
of NH3 in the icy crust after a LHB is represented in
Fig. 1 A. In this numerical model the impact diameter,
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velocity, angle and position (longitude, latitude) are gen-
erated randomly (with a diameter-mass distribution from
[3] and a gaussian velocity distribution with 11.3 km.s−1

as average and 4 km.s−1 as standard deviation). We ac-
count for the deceleration of the impact velocity due to
the atmospheric friction. Hence the smallest impactors
(with diameter < 550m for a 1-bar atmosphere) are to-
tally decelerated when crossing the atmosphere and do
not generate any degassing of the crust.

Balance between N2 degassing and atmospheric ero-
sion.

For each impact event, a fraction of the pre-existing
atmosphere escapes due to the impactor entry into the
atmosphere and the expansion of the impact plume. The
atmospheric entry of the impactor leaves a wake, where
the heated air is accelerated upward and can ultimately
escape the impacted body. Different theoretical models
were developed to describe these effects but most of
them are designed for the Earth or Mars [7, 8, 9].
Here we adopt the model of Shuvalov (2009) and
adapted it to Titan’s case. This model was made for a
large range of impact angles (15◦–90◦), impactor diam-
eters (1–30 km), impactor velocities (15–70 km.s−1),
impactor densities (1–3.3 g.cm−3) and atmospheric
densities varying by three orders of magnitude. It
describes the loss of the atmospheric material caused
by both the wake of rarefied gas left as well as by the
impact plume expansion.
Figure 2 shows the balance between the degassed and
eroded mass due to an impact as a function of impactor
diameter. For a surface pressure of 1 bar the balance is
positive only for impactor diameter less than ∼3 km:
the atmospheric mass increase with these impacts. An
optimal atmospheric loss occurs for impactors of about
10 km in diameter and still remain negative for diam-
eters up to 200 km. When decreasing the atmospheric
pressure, the optimal atmospheric loss is shifted to lower
impactor diameters, making the atmospheric erosion
even more efficient.

Atmospheric equilibrium : role of methane

The N2 atmosphere equilibrium is highly related to the
surface temperature that governs the ratio between the
gaseous and condensed N2. In absence of methane and
hydrogen, the surface temperature does exceed typically
75–78 K, limiting the N2 surface pressure to about
0.5–1 bar [10]. The presence of methane, due to its
strong greenhouse effect should significantly change
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Figure 2: Difference between the degassed mass and the
eroded mass during an impact, normalised by the im-
pactor mass, as function of impactor diameters.

the atmospheric equilibrium by increasing the surface
temperature and atmospheric mass. Methane clathrate
may be also present in the icy crust in significant amount
[11]. We are currently incorporating in our model
the crustal degassing of methane by impacts and its
consequence on the atmospheric balance.
Complete simulations will be presented at the confer-
ence.
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