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Abstract 
Grand Canonical Monte Carlo simulations are used 
to reproduce the N2/CO ratio ranging between 1.7 x 
10-3 and 1.6 x 10-2 observed in situ in the Jupiter 
family comet 67P/Churyumov-Gerasimenko (67P) 
by the ROSINA mass spectrometer aboard the 
Rosetta spacecraft, assuming that this body has been 
agglomerated from clathrates in the protosolar nebula 
(PSN). Simulations are done using interatomic 
potentials for investigating the temperature 
dependence of the trapping within a multiple-guest 
clathrate formed from a gas mixture of CO and N2 in 
proportions corresponding to those expected for the 
PSN. By assuming that 67P agglomerated from 
clathrates, our calculations suggest the cometary 
grains must have been formed at temperatures 
ranging between ∼31.8 and 69.9 K in the PSN to 
match the N2/CO ratio measured by the ROSINA 
mass spectrometer.  
 

1. Introduction 
The important deficiency of clathrate equilibrium 
data at low temperatures implies the use of 
theoretical approaches to characterize the clathrates. 
However, the usual thermodynamic approaches such 
as the usual van der Waals & Platteeuw method are 
based on simplified intermolecular potentials 
calibrated on equilibrium measurements performed at 
higher temperatures. As a consequence, the 
capabilities of these simple potentials for predicting 
the composition of clathrates in the outer Solar 
System could be questionable.  
In this work, we aim to reproduce the N2/CO ratio 
ranging between 1.7 × 10−3 and 1.6 × 10−2 observed 
in situ in the Jupiter-family comet 67P by the 
ROSINA mass spectrometer on board the Rosetta 
spacecraft [1]. By assuming that 67P has been 
agglomerated from clathrates, it is possible to derive 
the temperature range of formation of these 

crystalline structures in the PSN by means of Grand 
Canonical Monte Carlo (GCMC) simulations based 
on elaborated interatomic potentials. These potentials 
allowed us to investigate the temperature dependence 
of the trapping within a multiple-guest clathrate 
formed from a gaseous mixture of CO and N2 in 
proportions corresponding to those expected for the 
PSN.  
 
2. Modeling approach 
We assume multiple guest (MG) clathrate formation 
from a gaseous mixture composed of N2 and CO with 
respective mole fractions of 0.129 and 0.871, which 
correspond in proportions to a plausible protosolar 
gas phase composition [2].  
The MG clathrate composition has been computed 
along its equilibrium pressure curve, which is in the 
range of ∼5.2 ×10−10–2.9 ×10−3 bar range when T is 
varied between ∼52 and 100 K, respectively. We 
have calculated the composition of N2–CO clathrates 
via Grand Canonical Monte-carlo (GCMC) 
simulations for temperatures in the 52–100 K range. 
All our calculations have been performed in the case 
of Structure I (SI) clathrates. This choice has been 
motivated by the fact that CO is the dominating 
species in the gaseous mixture and is known to form 
Structure I single guest clathrate [3]. 
In our system, the considered crystal size consists in 
125 cubic unit cells (5×5×5), corresponding to 5,750 
water molecules. The dimension of one parameter of 
the cubic simulation box is set equal to 60.15 Å. 
Periodic boundary conditions are applied to mimic 
infinite crystal. The water molecules are modeled 
using the TIP4P/2005 model [4], allowing them to 
translate and rotate during the simulation. Models for 
N2 and CO molecules are taken from [5] and [6], 
respectively. One hundred million MC steps were 
performed including insertion, deletion, translation 
and rotation of the molecules. Only the last 50 
million steps were used to compute the data. The 
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first 50 million steps have been discarded from the 
analysis and were only used to equilibrate the system.  
Below 52K the equilibration time is too long for the 
GCMC simulation. As a consequence, the CO/N2 
quantities have been evaluated via the Van’t Hoff 
relation [2].  
 
3. Results 

 

Figure 1: Minimum and maximum N2/CO ratios 
measured in 67P and corresponding formation 
temperatures for the ice grains.  
 
In the temperature range of 20K to 100K, the 
calculated N2/CO ratio is significantly lower than the 
ratio of ∼0.15 in the coexisting gas phase. This 
indicates that the clathrate formation favors the CO 
entrapping at the expense of N2. This behavior is 
related to the difference in entrapping energy 
between CO and N2. Indeed, ∆ECO being lower, the 
entrapping of CO is selectively favored when the 
temperature decreases.  
Figure 1 shows the correspondence between the 
N2/CO ratio measured in 67P by the ROSINA 
instrument and the formation temperature of the ice 
grains from which the comet agglomerated. Taking 
into account the strong variation of the N2/CO 
measurement between 0.17 to 1.6% depending on the 
position of the Rosetta spacecraft above the surface 
of the comet nucleus [7], we find that the ice grains 
at the origin of 67P formed at temperatures ranging 
between ∼31.8 and 69.9 K in the protosolar nebula, 
with corresponding equilibrium pressures ranging 
between 6.0 × 10−19 and 2.1 × 10−6 bar. For the sake 
of information, the mean N2/CO ratio of 0.57% 
corresponding to the averaging of the 138 spectra 
obtained by [7] is represented on Fig. 1. The 
corresponding formation temperature of the ice 

grains is of ∼45 K in the PSN, with an equilibrium 
pressure of 3.3 × 10−12 bar.  
 
4. Summary and Conclusions 
The composition of a MG clathrate formed from a 
gaseous mixture of N2 and CO in proportions 
corresponding to those expected for the protosolar 
nebula (87.1 % for CO and 12.9% for N2) has been 
investigated in the 20–100 K temperature range. 
The results show that, at thermodynamic conditions 
relevant to those of the protosolar nebula, CO has a 
much higher propensity than N2 to be trapped in 
clathrates. Assuming that 67P agglomerated from 
clathrates, our calculations suggest that the cometary 
grains must have formed at temperatures ranging 
between ∼31.8 and 69.9 K in the protosolar nebula to 
match the N2/CO ratio measured by the ROSINA 
mass spectrometer [7]. 
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