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Introduction:  The atmosphere of Saturn’s largest 

moon Titan is made up primarily of molecular nitrogen 
(95-98%).  The second most abundant gas is methane 
(2-5%), which is the primary greenhouse gas in Titan’s 
atmosphere.  The origin of Titan’s extensive atmos-
phere and the history of methane over geologic times-
cales is the subject of great scientific interest. 

Fractionation of stable isotopes in atmospheric 
constituents is an important process that is used to 
evaluate the evolution of terrestrial planet atmospheres.  
The Deuterium to Hydrogen (D/H) ratio in the water 
on Venus suggests a much larger inventory of water in 
the distant past [1].  The evolution of CO2, H2O nitro-
gen, Ar and Ne on Mars have been evaluated based on 
the influence of particle escape from the atmosphere 
and other important processes [2].  Evolution of the 
nitrogen isotopes in Titan’s atmosphere provides clues 
as to the origin and early history of the atmosphere [3], 
while the carbon isotopes in methane set an upper time 
limit for the length of time during which the current 
inventory of methane has been present in Titan’s at-
mosphere [4,5].  The D/H in methane in Titan’s inte-
rior can be constrained from the evolution of the car-
bon isotopes and provides important information on 
the source of methane for Titan’s atmosphere [6]. We 
will present results of our model for the evolution of 
nitrogen and methane in Titan’s atmosphere and dis-
cuss these results in the context of previous work on 
the archaen climates of Venus, Mars and the Earth. 

Evolution of Titan’s atmosphere: Diffusion, es-
cape and photochemical processes fractionate the iso-
topic ratios of N2 and CH4 at Titan, leading over time 
to ratios that have evolved from their initial, primordial 
values. Diffusion followed by escape causes a prefer-
ential loss of the lighter isotopes. Altitude profiles of 
the 14N/15N in N2 and 12C/13C in CH4 measured by the 
Cassini Ion Neutral Mass Spectrometer (INMS) over 
30 flybys of Titan constrain the influence of diffusion 
and escape on the isotope ratio, as illustrated in Figure 
1. Photochemistry is predicted to cause a loss of the 
lighter isotopes in CH4 [5], though understanding the 
impact of this fractionation is limited by the ability of 
photochemical models to constrain methane loss rates 
due to different processes in Titan’s atmosphere. On 
the other hand, photochemistry has been shown to 
cause a loss of the heavier isotope from N2 [7] due to 
selective shielding during photodissociation, where the 

photons that dissociate 14N15N penetrate deeper into 
the atmosphere.  Measurements of the isotope ratios by 
Cassini instruments, combined with an understanding 
of fractionating processes allows us to track the evolu-
tion of these isotope ratios over geologic timescales. 

 
Figure 1: Isotope ratio measurements of 12C/13C in 
CH4 made by INMS (gray circles) on Titan flyby 
T21, the Cassini Infrared Spectrometer (CIRS in 
cyan) and the Huygens Gas Chromatograph Mass 
Spectrometer (GCMS in green); and 14N/15N in N2 
made by INMS (black) and GCMS (blue). The gray 
and purple lines are a basic diffusion model used to 
determine the best-fit model for diffusion that leads 
to fractionation of the isotopes (Mandt et al., 2012).  
The red circles are the average INMS ratios in 10 
km altitude bins. 

Evolution of N2.  The 14N/15N in N2 on Titan is 
167.7±0.7.  This represents a large abundance of the 
heavy isotope compared to the terrestrial ratio of 272.  
The difference between Titan and the Earth has been 
suggested to be evidence of hydrodynamic escape re-
moving large amounts of the lighter nitrogen isotope 
from the atmosphere [8].  We have modeled the 
14N/15N in N2 over the history of the solar system, tak-
ing into account the potential influence of hydrody-
namic escape, escape due to sputtering as is occurring 
in the present time, and fractionation due to photo-
chemistry.  We found that the initial 14N/15N in N2 
could not have been as light as the current ratio in the 
Earth’s atmosphere because hydrodynamic escape is 
not efficient at fractionating the isotopes.  Addition-
ally, photochemistry is highly efficient at countering 
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the effect of escape when methane is present in Titan’s 
atmosphere to provide a photochemical sink for disso-
ciated nitrogen. 

Evolution of CH4. The measured 12C/13C in CH4 on 
Titan [4,5,9] is within the range of possible primordial 
values [10,11], suggesting a short timescale over which 
methane has been present in the atmosphere.  Our 
model for the evolution of Titan’s atmospheric meth-
ane tracks the isotopic ratio over geologic time scales 
based on the loss of methane due to photochemistry 
and escape, the isotopic fractionation associated with 
these processes (assuming photochemical fractionation 
is constant with time), and the outgassing of methane 
from the interior assumed to be isotopically-isolated 
from the surface. We find that the methane in Titan’s 
atmosphere could have been present for no more than 
one billion years [4,5], meaning that there was a time 
in Titan’s past when the atmosphere may have been 
free of methane. This limit on the time scale then re-
quires that the D/H of the methane in Titan’s interior is 
heavier than 9.53 x 10-5. 

Conclusions: The fact that the initial 14N/15N ratio 
in Titan is significantly lower than the terrestrial value 
suggests that the nitrogen sources are different for the 
two bodies. Earth’s nitrogen was originally incorpo-
rated in silicate phases [12]; the current terrestrial at-
mospheric 14N/15N ratio is well within the range of 
values measured in interplanetary dust particles [13]. 
In the case of Titan, it is difficult to explain the en-
riched 14N/15N ratio with any measured phase of mo-
lecular nitrogen in primordial materials, suggesting 
that the molecular nitrogen came from a distinct 
chemical source. It has been proposed that Titan’s mo-
lecular nitrogen came from primordial ammonia ini-
tially acquired by the satellite during its accretion 
[6,14]. The ammonia was incorporated in the form of 
ammonia hydrate in icy planetesimals accreted by Ti-
tan and in turn could have been derived from interstel-
lar ices. The conversion of ammonia to the N2 atmos-
phere could have produced some fractionation, but the 
degree of fractionation is difficult to determine at this 
time.  It has been shown that ion-molecule chemistry 
in dense interstellar and/or protostellar material could 
create very low 14N/15N ratios in the ammonia ice that 
is produced in these environments [15]. Hence, the 
accretion in Titan of ammonia of interstellar origin 
may account for the initial 15N enrichment (relative to 
the terrestrial value) needed by the initial atmospheric 
nitrogen reservoir to explain the current observed 
14N/15N ratio.  Cometary measurements of the 14N/15N 
ratio in NH3 have not been made. 

The maximum time scale for methane to have been 
present in Titan’s atmosphere is one billion years (Gyr) 
under our model assumptions.    This is in agreement 

with a surface age of 200 million years (Myr) to 1 Gyr 
based on cratering [16] and interior models suggesting 
the onset of outgassing between 350 and 1350 Myr ago 
[17]. The predicted initial D/H in methane is between 
9.53 x 10-5 and the current D/H in methane of 1.59 x 
10-4 measured by CIRS [5].  The initial D/H is less 
than half the value of the D/H in water measured at 
Enceladus [18].  It is reasonable to assume that the 
D/H in water in Titan’s interior is the same as that of 
Enceladus based on formation scenarios for the Sat-
urnian satellites [6].  A D/H in methane in Titan’s inte-
rior that is significantly lower than the D/H in water in 
Titan’s interior rules out the possibility that the meth-
ane in Titan’s interior formed due to serpentinization 
processes and instead suggests that the methane in the 
interior was trapped during the formation of the 
planetesimals that formed Titan [6]. 
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