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Introduction: The Saturnian moon Titan is the 
second largest satellite in the solar system and the only 
one that possesses a thick atmosphere. One of the most 
puzzling characteristics of this mainly nitrogen atmos-
phere [1] is the large abundance of methane present 
despite photochemical destruction and escape over the 
age of the solar system; a source much larger than the 
atmosphere is implied [2][3]. However, the source, 
which can be endogenous or exogenous, remains un-
certain. It has been proposed that hydrothermal reac-
tions in the interior of Titan could lead to the formation 
of H2-rich fluids which may combine with ambient 
carbon dioxide to produce the observed atmospheric 
methane [4][5]. On the other hand, alternative scenar-
ios suggest that methane was incorporated in the build-
ing blocks of Titan before its formation in the Kronian 
subnebula [6][7].  

 
Deuterium fractionation during serpentinization 
reactions: Any scenario describing a possible origin 
for Titan’s methane has to account for its present high 
D/H atmospheric ratio of 

€ 

1.32−0.11
+0.15 ×10−4  [8], which 

represents an enrichment of 4.5 to 7.2 times the proto-
solar value [9]. It has been proposed that this observed 
D/H enhancement could be the result of photochemical 
enrichment of deuterium through that isotope’s prefer-
ential retention during methane’s photolysis [10][11]. 
However, Cassini-Huygens data have been recently 
used to reexamine this possibility and it was shown 
that the photochemical enrichment of deuterium is not 
sufficient to explain the measured D/H value [9][12]. 
A possible fractionation between CH3D and CH4 dur-
ing the escape process may slightly enhance the deute-
rium enrichment by a factor of at most 2.6 times the 
protosolar value [9], but is not sufficient to explain the 
observed D/H enhancement over the range of escape 
values proposed in the literature [9][12]. This suggests 
that D/H in methane is already substantially oversolar 
when released into the atmosphere of Titan. 
 
Here, we examine the impact of the D/H value in 
methane on the proposed formation of methane in the 
interior of Titan from carbon dioxide or carbon grains 
via the hydrothermal alteration of peridotite [4][5][13]. 
In this scenario, the H2 produced during the so-called 
“serpentinization” process in Titan would react with 
carbon grains or CO2 to produce the methane [4][5]. In 

terrestrial oceans, hydrothermal fluids and seawater 
interact with peridotite via the following summary 
reaction [4][13]: 
 
peridotite + H2O → hydrogen + serpentine + brucite + 

magnetite.           (1) 
 
On Titan, a subcrustal liquid water ocean inferred from 
its asynchronous spin [14] would constitute the free-
water reservoir susceptible to interact with rocks. Dur-
ing serpentinization reactions, residual water is deute-
rium-enriched at the expense of the initial reservoir of 
free-water. The fractionation factor, α, between OH-
bearing minerals and water is then [15]: 
 

€ 

αr−w =
Rr
f

Rw
f .        (2) 

 
The effect on the D/H ratio of the residual water of a 
D/H fractionation between the initial water and hy-
drated peridotite can be readily tested with the follow-
ing mass balance equation that describes a batch equi-
librium mechanism of both hydration and isotopic frac-
tionation between given masses of rock and water: 
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where M is the mass, X the mass fractions of hydrogen 
in water (

€ 

Xw
i = Xw

f = 1/9 ) or rock (

€ 

Xr
f = 4 /277 ), R 

the D/H ratios before hydration reactions (i) and at 
batch equilibrium (f). If we neglect the likely small 
amount of water in primordial peridotites of Titan 
(

€ 

X r
i = 0 ), Eq. 3 can be expressed as: 
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Here, we postulate that the D/H ratio in the methane 
initially released from the interior is that acquired by 
hydrated rocks once equilibrium is reached during hy-
drothermal reactions. The D/H ratio acquired by hy-
drated rocks would then be preserved in the hydrogen 
produced from the alteration of peridotites and used in 
the recombination of CH4. 
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The initial mass 

€ 

M w
i of the free-water reservoir is ex-

pected to range between 

€ 

1.79×1022  and 

€ 

6.73×1022 kg. 
These values correspond respectively to the current 
and initial masses of the liquid water ocean, whose 
volume has decreased with time during the cooling of 
Titan [3][16]. Assuming that methane has been present 
continuously in the atmosphere of Titan since 4.5 Gyr, 
destroyed over Titan’s history at the current photolytic 
destruction rate of 

€ 

6.9×1013  molecules m-2 s-1 [17], the 
total mass of expelled methane is ~ 

€ 

2.17×1019  kg. 
Assuming that the hydrogen from the methane is de-
rived from serpentinization reactions only, the equiva-
lent mass of produced H2 is then 

€ 

5.42×1018  kg. De-
pending on the composition of peridotite, key geo-
chemical reactions [13] suggest that 4.5 moles of ser-
pentine [Mg3Si2O5(OH)4] are produced per mole of H2 
released during hydrothermal reactions. Hence, the 
maximum mass of serpentine 

€ 

M r
f
 is then 

€ 

3.38×1021  
kg, namely about 5% of Titan’s rock mass, over 4.5 
Gyr, including 10 wt% of H2O extracted from the free-
water reservoir [14]. Because 

€ 

M w
i ≈ Mw

f >> M r
f  and 

€ 

Xw
i >> Xr

f , Eq. 4 can be simplified as follows: 

 

€ 

Rw
i ≈

Rr
f

αr−w             
(5) 

 
Equation 5 remains valid independent of the produc-
tion timescale of methane in the interior of Titan be-
cause the mass of hydrated rocks is still small compa-
red to that of the free-water. We consider two extreme 
values, 0.95 and 1.03, of the hydrogen fractionation 

€ 

α r-w  between serpentine and the free-water reservoir in 
the literature based on laboratory and field data made 
at temperatures ranging between 298 and 773 K [18]. 
When neglecting the possibility of photochemical en-
richment of deuterium in Titan’s methane, the values 
of 

€ 

Rw
i

 are about 10–20% lower than that correspond-
ing to Standard Mean Ocean Water (SMOW). The 
discrepancy becomes even higher when using values of 

€ 

Rr
f
 that take into account the possibility of deuterium 

enrichment in Titan’s methane, which is the most 
likely case. Here, the required values of 

€ 

Rw
i  are more 

than 60% lower than the SMOW value.  

Discussion: Our calculations show that if the 
methane of Titan is the result of serpentinization reac-
tions in the satellite’s interior, then any measurement 
of the D/H ratio in the satellite’s water ice should be 
lower than the SMOW value. On the other hand, the 
measurement of a substantially higher D/H ratio in the 
water ice of Titan would imply that its methane origi-
nates from the solar nebula instead of Saturn’s circum-
planetary disk. The INMS instrument aboard the Cas-

sini spacecraft has the capability to measure the D/H 
ratio in the icy grains embedded in the vapor plumes of 
Enceladus. This measurement would then provide a 
strong constraint on the origin of Titan’s methane be-
cause Enceladus and Titan have probably been formed 
from similar planetesimals [7]. 
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