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Introduction:  The presence of N2 in the atmos-
phere of the largest moon of Saturn Titan is a long-
standing mystery because of the near absence of non-
radiogenic noble gases (e.g., Xe/CH4 < 10-8) [1] in the 
atmosphere, highly suggestive of that the nitrogen was 
captured as NH3 and other non-N2-bearing compounds 
in the satellitesimals [1]. Previous studies have pro-
posed the mechanism responsible for converting NH3 
to N2 in Titan’s hot and thick primitive atmosphere 
formed during the accretion [e.g., 2, 3], but it is still 
uncertain how and when the production of N2 has oc-
curred.  

In this study, we evaluate the role of impact-
induced N2 production through cometary impacts after 
the accretion (e.g., the Late Heavy Bombardment) 
from reduced nitrogen-bearing materials proposed to 
be contained in Titan’s crust, NH3-H2O ice [e.g., 4], 
for the replenishment of N2 to the atmosphere over 
Titan’s history (~ 4.5 Gyr). To investigate the conver-
sion of NH3-H2O ice to N2, we conduct laboratory ex-
periments of hypervelocity impacts on NH3-H2O ice 
with a laser gun. Then, we measure the efficiency of 
N2 production as a function of peak shock pressure and 
discuss whether the impact induced N2 production for 
Titan’s crust can explain the present amount of N2 in 
Titan’s atmosphere. 

Experimental: We conducted laboratory experi-
ments of hypervelocity impact using a combination of 
the laser gun method and the isotopic labeling tech-
nique for icy materials [6] in order to investigate the 
efficiency of impact-induced N2 production from NH3-
H2O ice. A quadruple mass spectrometer (QMS; 
BGM-202, Qulee) was used for the gas analysis of 
shock-induced gas species. About 10 Pa of helium gas 
was introduced into the vacuum chamber as an internal 
standard for quantification of N2 production. We used 
several different metal foil as impactors to vary impact 
velocity; gold (Au) foil with thicknesses of 2.5 μm and 
10 μm (Nilaco, 99.95% purity), platinum (Pt) foil with 
5 μm (Nilaco, 99.98% purity), and cupper (Cu) with 3 
μm (Nilaco, 99.99% purity), and isotopic-labeled NH3-
H2O ice (15N>99%; 50% NH3 in H2O; ISOTEC) is 
used as a target for identification of the N2 production. 
We irradiated a laser pulse on the metal foil in the vac-
uum chamber. The laser pulse vaporized the very sur-
face of the metal foil and generated a vapor plume. 
Then the other side of the foil was accelerated by the 

reaction of the expanding vapor plume and collided 
onto the 15NH3-H2O ice target. The impact velocity of 
the impactor was obtained with an empirical equation 
expressing the relationship among laser energy, den-
sity and thickness of the foil [6]. Laser beam diameter 
was ~800 μm that corresponds to the diameter of the 
impactor. The pulse width of the laser was 15 ns. In 
our previous study [7], we investigated impact chemis-
try of ammonium sulfate using the similar experimen-
tal system. Here, we report impact N2 production from 
NH3-H2O ice by introducing a target holder for icy 
materials, which is cooled with liquid N2. The laser 
energy ranged from 14 to 41 J in our experiments. Un-
der these experimental conditions, the impact veloci-
ties ranged from 1.3 to 4.6 km/sec. Peak shock pres-
sures in the target were calculated using a one-
dimensional impedance match solution [8] and ranged 
from 3.9 to 26.1GPa in our experiment.  

Results: Here, we obtain the efficiency of N2 pro-
duction from NH3-H2O ice as a function of peak shock 
pressure ranging from ~4 to ~26 GPa. 15N2 (i.e., QMS 
signal at m/z = 30) released in each shot normalized by 
the volume of the impactor. Figure 1 shows that the 
efficiency of N2 production as a function of the peak 
shock pressure (the lower horizontal axis). This figure 
indicates that N2 production from NH3-H2O ice begins 
around ~9 GPa and that the efficiency of N2 produc-
tion linearly increases with the peak shock pressure. 
By assuming that the volume of isobaric core is the 
area where the shock wave passes before the rarefrac-
tion wave, the amount of N2 normalized by the impac-
tor volume is about 0.5. Then, based on our experi-
mental results, the complete shock pressure for N2 
production from NH3 is estimated around 22 GPa. 

The upper horizontal axis of Fig. 1 represents the 
impact velocity of a water-ice impactor onto a water-
ice target at 45º of impact angle that generates the peak 
shock pressure corresponding to the lower axis. In this 
figure, we also show the typical impact velocities of  
satellitesimals while Titan was accreting (~2 － 4 
km/sec; gray area) [2] and of planetesimals and comets 
after Titan’s accretion (> ~7 km/sec; blue area).  

Our experimental results suggest that the N2 pro-
duction from NH3-H2O ice in Titan’s interior may be 
highly inefficient in impacts of the satellitesimals. 
However, the N2 production may takes place effi-

1731.pdf41st Lunar and Planetary Science Conference (2010)



ciency in impacts of both planetesimals from the feed-
ing zone of Saturn and cometary bodies.  

Discussion & Conclusions: Here, we estimate the 
total amount of N2 production by cometary impacts 
over 4.5 Gyr using our experimental results. Our ex-
perimental data (Fig. 1) indicate that the initial and 
complete shock pressures for the N2 degassing from 
NH3-H2O ice are ~9 and ~22 GPa, respectively. In 
order to obtain the volumes of the target undergone 
partially and complete N2 degassing in a cometary 
impact on Titan at 11 km/s, we use the three-
dimensional smoothed particle hydrodynamic (SPH) 
simulations [e.g., 9] of a cometary impact on Titan 
using the Tillotson equation of state (see Fig. 2) [10] 
for ice. The results of the calculations show that the 
volumes for the partially and complete N2 degassing 
are ~3.5 and ~0.5 times that of an impactor, respec-
tively.  

With the assumption of the proposed impact rates 
and size distribution of comets over 4.5 Gyr [11] and 
NH3 content in the crust of ~4 wt%, N2 production per 
an impact estimated in this study will provide the total 
N2 production over 4.5 Gyr. In addition to N2 produc-
tion, we also consider the loss of N2 in impact vapor 
clouds expanding at the velocities higher than Titan’s 
escape velocity. Using a self-similar model of the den-
sity and velocity distribution of an impact vapor cloud 
[i.e., 12], about 45% of N2 in the expanding impact 
vapor due to an 11 km/sec cometary impact exceeds 
Titan’s escape velocity and will be lost from Titan.  

Based on the above discussion, the total amount of 
N2 supplied to Titan for 4.5 Gyr is estimated as 
~3×1021 – 5×1021 mol, corresponding to ~10 – 15 
times that of the present atmospheric N2. Because most 
of N2 production occurs during the first 1 billion years 
after the formation of Titan, this conclusion is consis-
tent with the observation of the isotopic composition 
of N2 by the Huygens prove, suggesting that several 
times the present amount of N2 might have been lost 
over the history of Titan [1]. Our experimental results 
suggest that a large part of the present atmospheric N2 
could have been derived from the replenishment of N2 
from Titan’s crust and mantle by cometary impacts. 
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Figure 1. The amounts of shock-induced 15N2 produc-
tion from 15NH3-H2O ice targets normalized by the 
volume of impactors as a function of the peak shock 
pressure achieved by the experiments. The solid circles 
and open circles represent the results using Au foil 
with the thickness of 2.5 μm, 10 μm. The solid squares 
represents the results using Pt foil with the thickness of 
5 μm, and the open squares represents that using Cu 
foil with the thickness of 5 μm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. The peak shock pressure distribution. The 
target is a half sphere of 25m radius and impactor is a 
sphere of 5m radius. Impact velocity and angle are 11 
km/s and 45 degree, respectively. Initial density of ice 
is 917 kg/m3. 
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