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Abstract

During the accretion of Titan, impact heating may have been sufficient to allow the global melting
of water ice and the release of volatile compounds, mainly constituted of CO2, CH4 and NH3. The
duration and efficiency of exchange between the primitive massive atmosphere and the global impact-
induced water ocean likely play a key role in the chemical evolution of the early Titan’s atmosphere. To
investigate the atmospheric composition of early Titan for a wide range of global (atmosphere + ocean)
composition in volatils, we first developed a gas-liquid equilibrium model of the NH3-CO2-H2O system,
where the non-ideal behavior of both gas and liquid phases, and the speciation of volatiles dissolved
in the aqueous phase are taken into account. We show that the relative abundance of CO2 and NH3

determine the composition of Titan’s atmosphere. For CO2/NH3 ≤ 1 , CO2 is massively dissolved
in the ocean. On the contrary, for CO2/NH3 > 1, CO2 is the main constituent of Titan’s primitive
atmosphere while the NH3 atmospheric content is dramatically decreased. We then investigate the
conditions for the formation of CH4-rich clathrates hydrates at Titan’s surface that could be the main
reservoir of methane for the present-day atmosphere. In absence of reliable experimental data in the
CH4-CO2-NH3-H2O system, the dissolution of methane in water is included using a simplified Henry’s
law approach. We find that if the concentration of CH4 in Titan’s building block was higher than ∼0.1
mol.kg−1 and CO2/NH3 < 3, a large fraction of methane may be stored in the primordial crust, which
would form at temperature below ∼10◦C.

Keywords: Abundances, atmospheres; Titan, atmosphere; Atmospheres, composition

1. Introduction

Titan is the only satellite in the Solar System to possess a massive atmosphere that is mainly com-
posed of N2 (∼98%) and CH4 (∼2%) (e.g. Niemann et al., 2010; Griffith et al., 2013). Thanks to the
Cassini-Huygens mission, the atmosphere of Titan has now been extensively studied. Still, the origin
of this atmosphere is highly debated. Ammonia has long been advocated as the primordial source
of nitrogen on Titan (Atreya et al., 1978; Prinn and Fegley Jr, 1981; Lunine and Stevenson, 1987).
The Huygens probe provided key constraints for the origin of nitrogen (and also carbon) in Titan’s
atmosphere (Niemann et al., 2005, 2010), which favor a NH3 into N2 oxidation mechanism. A careful
analysis of the rare gas abundances in Titan’s atmosphere shows that it is possible for a small fraction
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of the present-day atmosphere to be residual gas from the primitive nebula (Glein, 2017). However,
the low 36Ar/N2 abundance measured by the Gas Chromatograph Mass Spectrometer (GCMS) on-
board (∼ 2.7 × 10−5, which is ∼ 3 × 105 times smaller that the solar value, Niemann et al. (2010))
indicates that the primordial blocks that formed Titan contained a very small fraction of 36Ar and N2

and that nitrogen has been brought on Titan in the form of easily condensable N-bearing compounds,
most likely NH3 (Atreya and Lorenz, 2010). The 14N/15N ratio measured in N2 in Titan’s atmosphere
(167.7, Niemann et al. (2010)) appears also very close to the value recently inferred in NH2 radicals in
comets produced by photodissociation of NH3 (Rousselot et al., 2013; Shinnaka et al., 2014), suggesting
a similar origin.
Several mechanisms have been proposed to explain the conversion of NH3 into N2 and the formation
of the N2-rich Titan’s atmosphere: photochemical conversion (Atreya et al., 1978), impact-induced
conversion either in the atmosphere (McKay et al., 1988; Ishimaru et al., 2011) or in a NH3-enriched
icy crust (Sekine et al., 2011; Marounina et al., 2015), and endogenic processes (Glein et al., 2009;
Tobie et al., 2012; Glein, 2015). An efficient conversion of NH3 into N2 in the primitive atmosphere
requires a NH3-saturated warm atmosphere (Atreya et al., 1978; McKay et al., 1988), conditions which
may have been met at the end of Titan’s accretion when a large fraction of ices incorporated in Titan’s
interior was molten (Kuramoto and Matsui, 1994; Monteux et al., 2014).
During Titan’s accretion, impact heating may have been sufficient to allow the global melting of water
ice leading to, the formation of a thick water ocean in contact with the atmosphere constituted by
the release of volatile compounds, mainly CO2, CH4 and NH3 (Lunine and Stevenson, 1987; Tobie
et al., 2012; Monteux et al., 2014). As NH3 is highly soluble in water (e.g. Smolen et al., 1991), it
should be mainly contained in the post-accretional global water ocean, thus contributing only weakly
to the primitive atmosphere (e.g. Harms-Watzenberg, 1995). Therefore, the conversion of NH3 into N2

should require efficient exchange processes from the global water ocean, the main reservoir of NH3, to
the atmosphere where dissociation processes occur. To determine for how long the conditions inducing
the conversion of NH3 into N2 might have been met on early Titan, it is essential to better understand
the exchange processes between the primitive atmosphere and the surface ocean.
The ocean-atmosphere exchanges on early Titan have also likely affected the carbon inventory, in par-
ticular CH4 and CO2 the two main carbon bearing species expected at the end of accretion (Tobie
et al., 2012). Better understanding the partitioning of carbon species between the global ocean and
the proto-atmosphere of Titan is essential to assess the most likely scenario for the origin of methane
(Atreya and Lorenz, 2010). The isotopic 13C/12C ratio in Titan’s CH4, measured by GCMS (Niemann
et al., 2010) is similar to CI carbonaceous chondrites, which suggests that it has been injected in Titan’s
atmosphere less than 1 Gyr ago (Mandt et al., 2012). As its lifetime in present-day atmosphere is of the
order of ∼20-30 Ma due to irreversible photochemical processes and atmospheric escape in the upper
atmosphere (Wilson and Atreya, 2004; Yelle et al., 2008; Krasnopolsky, 2010; Lavvas et al., 2011),
it must be replenished from a subsurface reservoir. The presence in the atmosphere of a significant
amount of 40Ar, the decay product of 40K initially contained in the rocky core, indicates an efficient
degassing from the interior (Niemann et al., 2005, 2010), which may explain the CH4 replenishment
(Tobie et al., 2006). However, the nature and the location of the CH4 subsurface reservoirs as well as
their origin remain unconstrained. Methane could have been initially stored in the deep interior during
the accretion (e.g. Tobie et al., 2006), trapped during the post-accretional cooling stage (e.g. Lunine
and Lorenz, 2009) or converted in the interior from CO2 (e.g. Atreya et al., 2006; Owen et al., 2006;
Glein et al., 2008). In order to provide theoretical constraints on the origin of methane, we model
the partitioning of the two main carbon species, CO2 and CH4, between the surface ocean and the
primitive atmosphere during the early stage of Titan’s history.
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The amount of volatile compounds incorporated on Titan depends on the composition of planetesimals
from which the Saturnian system formed and on the accretion processes within the Saturnian circum-
planetary disk (e.g. Mousis et al., 2009). Mandt et al. (2014) indicate that the composition of Titan’s
building blocks might be close to the cometary one. The cometary abundances range between 0.025
and 0.3 mol/mol H2O for CO2 (1.4 and 17 mol.kg−1H2O

), between 0.2×10−2 and 0.015 mol/mol H2O

for NH3 (0.1 and 0.83 mol.kg−1H2O
), between 0.0014 and 0.015 mol/mol H2O for CH4 (0.08 and 0.83

mol.kg−1H2O
) and between 0.004 and 0.3 mol/mol H2O for CO (0.22 and 17 mol.kg−1H2O

), that is also
an abundant volatile found in comets (Bockelée-Morvan and Crovisier, 2004; Mumma and Charnley,
2011; Cochran et al., 2015). Unfortunately, even if comets are representative of the initial composi-
tion of planetesimals in the vicinity of Saturn’s forming region, some fraction of volatile compounds
may have been lost during the accretion (e.g. Estrada et al., 2009) or converted in Titan’s interior by
water-silicate exchanges (Matson et al., 2007).
On the other hand, the latest estimate of volatile abundance in Enceladus plume derived from Cassini
INMS provide an interesting alternative constraint for the volatile content of Titan: 0.3-0.8 % (vol-
ume mixing ratio) of CO2 (0.16-0.44 mol.kg−1H2O

); 0.4-1.3 % NH3 (0.22-0.72 mol.kg−1H2O
); 0.1-0.3 % of

CH4 (0.06-0.17 mol.kg−1H2O
); 0.4-1.4 % of H2 (0.22-0.78 mol.kg−1H2O

) (Waite et al., 2017). We should,
however, keep in mind that the volatile inventory in Enceladus have been re-processed due notably to
aqueous alteration processes as suggested by the detection of H2, and as a consequence may not be
fully representative of the primordial composition (e.g. Zolotov, 2007). In any case, it is worth noticing
that CO2 is a dominant species in both Enceladus’ plume and comets.
Although CO2 is predicted to be the main carbon species in models of Titan’s formation (Alibert, Y.
and Mousis, O., 2007; Hersant et al., 2008; Tobie et al., 2012), its role in the chemical evolution of
Titan has been ignored so far. This may be due to the fact that present CO2 abundances are still
unknown. Cassini detected only a small amount of CO2 in Titan’s upper atmosphere, most certainly
originating from a recombination of CO and OH− (Hörst et al., 2008). But it might be present in
significant quantities on the surface, and potentially in the interior, as suggested both by the apparent
CO2 evaporation subsequent to the landing of the Huygens probe (Niemann et al., 2010), and the
spectral absorptions indicative of CO2 ice at different locations on Titan’s surface (McCord et al.,
2008).
CO2 presence may have significantly affected the chemical evolution of the primitive atmosphere and
ocean, the primitive cooling of the surface, as well as the formation of a primitive crust through
clathration processes (e.g. Lunine and Lorenz, 2009; Choukroun et al., 2010). Gas clathrate hydrates
are crystalline water-based structures forming cages in which gas compounds such as CH4 or CO2 can
be trapped (Sloan and Koh, 2008; Choukroun and Grasset, 2010). It is then essential to determine
in which conditions CH4-CO2 clathrates hydrates form and what were their composition and density
during Titan’s early history, in order to better understand the fate of the main carbon species during
the post-accretional cooling stage and their potential impact on the subsequent evolution of Titan.
In this study, we investigate the partitioning of CO2, CH4 and NH3 between the global water ocean of
primitive Titan and its atmosphere, for variable initial volatile content. We also estimate the amount
of volatile compounds that may be trapped in clathrates hydrates during the post-accretional cooling
stage as well as the consequences for the formation of a primitive clathrate-rich crust. In section 2, we
detail the model developed to characterize the equilibrium between the atmosphere and a surface water
ocean, including the description of the post-accretional structure of Titan, the gas-liquid equilibrium
model and the clathration parameterization. In section 3, the model results are displayed, with special
focus on both the influence of the relative abundance of CO2 and NH3 on the ocean-atmosphere equi-
librium, and the role of primordial CH4 as well as N2 resulting from NH3 conversion on the clathration
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process. Finally, we discuss in section 4 the implications of our results for the conversion of NH3 into
N2 and the trapping of CH4 in the crust in Titan’s primordial stages.

2. Model

2.1. Post-accretional structure of Titan

To determine the amount of volatile species that are available to form Titan’s primitive atmosphere
at the end of the accretion, we consider a redistribution of the primordial material between the internal
layers as shown in Figure 1 and described in detail later. When Titan reaches a critical radius, which
typical value varies between 750 and 1500 km, the impact heating during accretion becomes sufficient
to melt the outer layer of the satellite (Monteux et al., 2014), thus allowing for the separation of water
and volatiles and the deposit of silicates at the bottom of the global ocean. This could affect the overall
chemical composition of volatiles due to chemical reactions between liquid water and silicates. Here
we consider that this separation is fast enough that the chemical reactions do not modify considerably
the initial volatile content of Titan’s building blocks.

Figure 1: On the left, the internal structure of primitive Titan (from Lunine and Stevenson (1987)). On the right, the
detailed sketch of the hydrosphere shows chemical interactions taken in account in our model. The separation between
CH4 and NH3-CO2 systems emphasizes the fact that no chemical interaction between CH4 and NH3-CO2 in water is
modeled, as explained in section 2.2. Here xmelt is set to 0.45, corresponding to undifferentiated core radius of 1195 km
and a hydrosphere 853 km thick
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In the model, the interior structure is divided in four main envelopes: an atmosphere, a water
ocean, a high-pressure ice mantle and an ice-rock inner core and is sketched in Fig. 1. The mass ratio
among the outer envelopes (atmosphere and ocean, made only of water and volatiles) and the inner
parts (undifferentiated core + silicate mantle) is determined by the parameter xmelt and the bulk mass
fraction silicates of the satellite. Here we consider that Titan is formed from a mixture of 50 wt%
of silicates, and 50 wt% of water and volatiles, Lunine and Stevenson (e.g. 1987); Tobie et al. (e.g.
2013). xmelt depends on the accretion timescale(e.g. Monteux et al., 2014) and was varied between
0.05 and 0.5 (the maximum value corresponding to all of the mixture water+volatiles melted during
the accretion). Second, the bulk composition of the outer envelopes (i.e. the nature and the amount of
volatiles compared to the amount of water) is fixed within a range consistent with what was discussed
in section 1. Finally, one must chose a surface temperature at the interface between the surface ocean
and the atmosphere, which can be understood as being an indicator of the time evolution. Our model
is not time-dependent since each structure is at thermodynamic equilibrium. But a warmer surface
temperature must be understood as being representative of an earlier stage in Titans evolution. Using
these four inputs (surface temperature, primordial silicate fraction, primordial melt fraction, and bulk
composition of the water-rich primordial material), it is then possible to describe both the size but also
the composition of each sublayers of the outer part of the satellite (high-pressure icy layer, clathrate
hydrate layer, liquid ocean, atmosphere).
To determine the structure and composition at equilibrium for a given melt fraction, surface temper-
ature, and bulk volatile content, the following iterative procedure is used. First, we assume that the
outer parts of the satellite are made of an ocean and an atmosphere only. Then, for starting the iter-
ative process, an initial surface pressure and an initial mass ratio between the vapor/atmosphere and
the liquid/ocean phases are chosen arbitrarily. The existence of high-pressure ices and/or clathrates
hydrates is then explored in depth (see sections 2.3 and 2.4 respectively). Depending on the ocean/ice
interface depth, the total amount of volatiles that will be incorporated either in the ocean or the
atmosphere is adjusted. By combining on one side the thermodynamic laws for L-V equilibrium (see
section 2.2 for details), and the mass conservation constraints on the other side, one can find iteratively
the unique solution of the problem for the initially chosen surface pressure, and the chosen mass ratio
between ocean and atmosphere.
On the other hand, the surface pressure is constrained by the thickness and composition of the atmo-
sphere. We assume an atmosphere that is isothermal, and uniform in composition, which implies that
both pressure and density decreases exponentially with altitude with the same scale-height. In this
condition, the surface pressure can be directly related to the total atmospheric mass (corresponding
from the integration of the density profile from the surface to the space) (cf. eq. 1). As most of
the atmospheric mass is contained beneath the scale-height where the gravity varies only slightly with
altitude, the exact surface pressure deviates only slightly from the value given by the following simple
relationship:

P =
Matmg

4πR2
T

, (1)

where g is the gravity at the surface of the satellite and RT is Titan’s radius. By comparing the
pressure obtained with equation (1) to the one chosen at the first step of this iterative process, the
mass ratio between ocean and atmosphere can be adjusted. Then, the new pressure obtained from eq.
1 is chosen and the process is restarted from the determination of the HP ices and clathrate hydrate
layers. At the end of this iterative process, one must find a unique solution as sketched in figure 1,
where bulk composition and sizes of each layers are determined.
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2.2. Gas-liquid equilibrium model

At thermodynamic equilibrium in gas-liquid systems, fugacities fi of each component i in both
phases are equal: fgasi = f liquidi . This equality of fugacities are commonly expressed as:

φiyiP = γixif
0
i (2)

where P is the total pressure, yi is the molar fraction of the component i in the gas phase, xi is
the molar fraction of the component i in the liquid phase, φi(T, P, yi,j,k,...) is the fugacity coefficient,
γi(T, xi,j,k,...) the activity coefficient of i in the aqueous phase, and f0i is the reference state if i in
the liquid phase. Water is considered to be the only solvent and its reference state fugacity is its the
fugacity of the pure component at system pressure and temperature (namely, the pressure of saturation
at temperature T). The corresponding definition is not always possible for the solutes, unless one is
willing to extrapolate the properties of some chemical species above their critical temperatures (for
a detailed description on the reference states see Prausnitz, 1963; Prausnitz et al., 1998). A more
satisfactory procedure is to define the reference fugacity for solutes as follows:

foi = lim
x→0

fgasi

xi
= Hi, (3)

where Hi is the Henry’s constant of i in water. The Henry’s constant has here the dimension of
pressure. The expression of the water saturation vapor pressure as a function of temperature was
taken from the NIST database (Linstrom, P. J. Mallard, 2016), while the expression for the Henry’s
constant was taken from Rumpf and Maurer (1993a) and Rumpf and Maurer (1993b) for CO2 and
NH3, respectively.

We use the Peng-Robinson-Gasem equation of state (Peng and Robinson, 1976; Gasem et al., 2001)
to compute the fugacity coefficients of H2O, CO2 and NH3 in the gas phase (Englezos, 1993; Pazuki
et al., 2006). This is a semi-empirical approach that accounts for the non-zero volume of molecules
and attractive forces between pairs of gas molecules. In the range of pressures and temperatures
explored in this study, this approach is adequate for gas mixtures containing water but it requires
sometimes to take into account the binary interaction coefficients for each pair of constituents. The
comparison between the partial pressures in the gas phase predicted by our model and the experimental
measurements for binary CO2-H2O and NH3-H2O systems (e.g. Smolen et al., 1991; Bamberger et al.,
2000) indicates that binary interaction parameters are required only for the pair CO2-H2O, in which
case the coefficient from (Dhima et al., 1999) is used.
For the liquid phase and for the CO2-NH3-H2O system, speciation equilibria occurring in the liquid
water must necessarily be taken into account (Edwards et al., 1975, 1978; Thomsen, 2005):

CO2 +H2O
KCO2⇀↽ HCO−3 +H+, (4)

NH3 +H2O
KNH3⇀↽ NH+

4 +OH−, (5)

HCO−3

K
HCO

−
3⇀↽ CO2−

3 +H+, (6)
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NH3 +HCO−3

KNH2COO−
⇀↽ NH2COO

− +H2O, (7)

H2O
KH2O

⇀↽ H+ +OH−. (8)

Dissolution of CO2 in liquid water causes its partial dissociation and the formation of a weak acid,
while the dissolution of NH3 causes the formation of a weak base. Neglecting these dissociations for the
ternary CO2-NH3-H2O system induces large overestimations of the partial pressures in the gas phase.
For the binary systems CO2-H2O and NH3-H2O, these reactions in water have almost no influence on
the solubility of gases (e.g. Spycher et al., 2003, for CO2-H2O system). However for the ternary system
CO2-NH3-H2O, ionic species interact with each other and induce a significant increase in the amount
of dissolved gases in water due to the formation of new ionic species, such as NH2COO− (Edwards
et al., 1975, 1978). The equilibrium relations of the reactions described in Eq. 4 to 8 can be written:

KCO2 =
γHCO−

3
γH+

γCO2
γH2O

mHCO−
3
mH+

mCO2
mH2O

, (9)

KNH3
=
γNH+

4
γOH−

γNH3
γH2O

mNH+
4
mOH−

mNH3
xH2O

, (10)

KHCO−
3

=
γH+γCO2−

3

γHCO−
3

mH+mCO2−
3

mHCO−
3

, (11)

KNH2COO− =
γH2OγNH2COO−

γNH3γHCO−
3

mH2OmNH2COO−

mNH3mHCO−
3

, (12)

KH2O =
γH+γOH−

γH2O

mH+mOH−

xH2O
, (13)

where mi represent the molality of the indicated compound in water (i.e. the number of mol of
the chemical compound normalized to 1 kg of water, units: mol.kg−1) and Ki are the dissociation
coefficients, which depend on temperature only. The model is extremely sensitive to the values of Ki.
The best correspondence between experimental data (see the compiled list the experimental points of
CO2-NH3-H2O system in Darde et al. (2010)) and our model was obtained by using the parameters
from Darde et al. (2010). In this study, Ki are considered to be function of temperature only. The
parameters proposed by Darde et al. (2010) are valid up to 100 bar and we do not cross this limit.
The presence of ionic species makes the computation of activity coefficients γi for the chemical species
in the liquid phase (both for water and dissolved species) mandatory. To estimate these activity coef-
ficients, we use the extended UNIQUAC model (short for extended Universal QUAsi-Chemical model)
(Anderson and Prausnitz, 1978; Sander et al., 1986; Nicolaisen et al., 1993; Thomsen and Rasmussen,
1999) with parameters taken from Darde et al. (2010). For the ternary system CO2-NH3-H2O, the
state of equilibrium is obtained by solving simultaneously the equilibrium relations for the dissolved

7



species (Eq. 9 to 13), mass balance, charge balance and gas-liquid equilibrium for the non-ionic species:
CO2, NH3 and H2O (Eq. 2).
Our comparisons between experimental data listed in Darde et al. (2010) and the model are similar
to those obtained by Darde et al. (2010), who reproduced the CO2 and NH3 partial pressure (PCO2

,
PNH3

) with mean deviation of 11% and 12%, respectively (see Fig. 2).
The partial pressure of water is almost not affected by the dissociation reactions that occur in the
liquid and remains close to its saturation vapor pressure. Deviation to this value occurs only for high
concentration of CO2 and NH3, typically mCO2

and mNH3
larger than 10 mol.kg−1 (Göppert and

Maurer, 1988), that corresponds to values up to ∼10 times larger than the one expected on primi-
tive Titan for NH3. Moreover, for high CO2 and NH3 concentrations, the formation of solid phases
(NH4HCO3, NH4COONH4, (NH4)2CO3H2O or (NH4)2CO32NH4 HCO3) was observed experimentally
(c.f. Kurz et al., 1995; Jilvero et al., 2015). The composition of the precipitated solid depends on the
relative abundances of CO2 and NH3 (Thomsen and Rasmussen, 1999; Darde et al., 2010, 2012) and it
formation lead to a decrease of the CO2 partial pressure in the gas phase. As we do not account for the
formation of the solid phases, our model is valid for (i) concentrations up to 6 mol.kg−1 for NH3 and
up to 4 mol.kg−1 for CO2 (see Fig. 2) and (ii) temperatures between 273.15 and 373.15 K. Considering
the limitations in volatile concentrations of our gas-liquid equilibrium model and the volatile abun-
dances observed in comets and in Enceladus’ plume, we will explore the range of concentrations up to
4 mol.kg−1 for CO2 and up to 1 mol.kg−1 for NH3, which is in between the validity range of our domain.

To model the dissolution of CH4 along with CO2 and NH3 in water using the extended UNIQUAC
model, one has to fit the experimental data to retrieve the binary interaction coefficients. However, only
limited experimental data exists for the CO2-CH4-H2O system below 373K, the upper temperature
limit that is relevant for this study (Al Ghafri et al., 2014). To our knowledge, no experimental
data are available for the gas-liquid equilibrium of CH4-NH3-H2O and CH4-CO2-NH3-H2O systems.
Consequently, we model the dissolution of CH4 using the Henry’s law and therefore we neglect the
interactions between CH4 and (CO2, NH3) and the resulting ionic species in water. The CH4-H2O
Henry’s constant was obtained by a fit of the experimental data of Cramer (1984):

H(CH4,H2O) = 2.9477×106−44139T +246.83T 2−0.64697T 3 +8.0669×10−4T 4−3.8742×10−7, (14)

where the Henry’s law constant is in bar and the temperature in kelvin.
The comparison between the computed CH4 partial pressures in the CO2-CH4-H2O system using the
Henry’s constant and the experimental data for the same system at T=323.15K (Al Ghafri et al., 2014)
shows a difference up to 12 bar. This deviation is greater for lower pressures, leading to an error up
to 100%. This error decreases with the increasing pressure.

2.3. Formation of high-pressure ices

Depending on the surface oceanic temperature and on the thickness and the thermal structure
of the ocean, a high-pressure (HP) ice layer may form in between the ocean and the silicate mantle
(1). Assuming an adiabatic pressure-temperature profile in pure water system, the HP ice layer forms
only if the surface temperature is colder than 291 K. Its higher thickness is about 180 km when the
surface temperature is down to the freezing point of pure water. Neglecting the possible formation
of clathrates hydrates, the position of the HP icy layer-ocean interface is fixed from the intersection
between the adiabatic temperature profile in the ocean and the melting curve of ice VI (Choukroun
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Figure 2: Comparison at T=333K of experimental (symbols) and computed (plain lines) partial pressures of CO2 (A)
and NH3 (B) at equilibrium, as a function of CO2 concentration in the liquid (mL

CO2
), and for various concentration of

NH3 in the liquid (mL
NH3

), for the CO2-NH3-H2O system.
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and Grasset, 2007). The melting temperature depends on pressure, but also on the amount of volatiles
dissolved in the liquid layer. For sake of simplicity, we neglect the effect of the dissolved salts and
volatile compounds on the melting curve, a reasonable assumption since the volatile content does not
exceed a few percents, and we use the pure water ice VI melting curve in this model. This implies a
small underestimate of the thickness of the water reservoir, as well as an overestimate of the volatile
contents in the liquid. This effect is considered negligible when compared to the degree of uncertainty
on the bulk composition of Titan’s building blocks.

2.4. Formation of clathrate hydrates

Carbon dioxide and methane can also be mixed with water in clathrate hydrate solid phases (refer-
erred simply as clathrates for the rest of the manuscript), with a relative proportion that is controlled
by the surface temperature and their partial pressure in the atmosphere. As we also explore the in-
fluence of nitrogen on the formation of clathrates, we need to account for the incorporation of N2 in
the CO2-CH4 clathrate. In order to determine the formation temperature and the composition of the
clathrate hydrates for a mixture of gases, we use the simplified modeling approach of Lipenkov and
Istomin (2001). We used a RMS analysis to fit the experimental data for liquid water-hydrate-gas
equilibrium of CH4, CO2 or N2 between 273.15K and 283.15K (Sloan and Koh, 2008) to a third degree
polynomial:

Pd,i = AT 3 +BT 2 + CT +D, (15)

where Pd,i is the pressure of formation of a pure clathrate (CH4, CO2 or N2) and coefficients A, B,
C, and D are summed up in Table 2.4.

Component A (bar.K−3) B (bar.K−2) C (bar.K−1) D (bar)

CH4 -3.1327×10−4 0.511707 -207.353 2.4870×104

CO2 1.062142×10−2 -8.63639 2342.1086 -2.11830×105

N2 8.48933×10−2 -70.17086 19359.66 -1.78255×106

These stability curves are derived from experiments for single gas compound. They can be used
to approximate the stability curve of a multiple compound gas hydrate at first order, by assuming
that clathrate hydrate behaves as an ideal solution and that the ratio of occupancies for the small
and large cages is constant and equal for all guest molecules (e.g Miller, 1974; Lipenkov and Istomin,
2001; McKay et al., 2003). Within these assumptions, the formation pressure of multiple compound
clathrates Pd is predicted using the following relationship:

(Pd)
−1

=
∑
i

[
yc,i
Pd,i

]
, (16)

where yc,i is the mole fraction in the gas mixture that account only for species that are trapped in
clathrates (NH3 and H2O gases are not considered for yc,i computation).
For a given surface temperature, the clathrate formation pressure is computed using the atmospheric
composition that is determined with the gas-liquid equilibrium model described in section 2.2. If
the predicted clathrate formation pressure is equal to or exceeds the total surface pressure, clathrate
hydrates form with a composition that is fixed from the following relationship:
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XiPd,i

XjPd,j
=
fi
fj
, (17)

where Xi and Xj are the mole fraction of gases i and j in the clathrate phase, fi and fj are
fugacities in liquid water (right-hand term of Eq. 2). This approach has been used to determine
the clathrate formation in the Lake Vostok (Lipenkov and Istomin, 2001; McKay et al., 2003) or the
formation of CH4 clathrates in the marine sediments. The computations of Pd using the equation 16
give nearly the same results as those obtained from more rigorous thermodynamic models (Lipenkov
and Istomin, 2001; Choukroun et al., 2013).
In order to determine whether the formed clathrate hydrate would remain stable at the ocean surface
or sink to the oceanic floor, we compute its density ρ using the following formula (Sloan and Koh,
2008):

ρ =
Nw ×MH2O +

∑C
i=1

∑N
j=1 yijνiMj

NA × Vcell
(18)

Where Nw is the number of water molecules per unit cell (46 for structure sI that is considered
here), NA is the Avogadro number, Vcell is the volume of unit cell (12 Å3 for the sI structure), MH2O

is the molecular weight of H2O, Mj is the molecular weight of component j, yij is the fractional occu-
pation of cavity i by component j, assumed to be equivalent in small and large cages and equal to Xj

(corresponding to full occupancy), νi is the number of type i cavities per water molecule in unit cell
(2 and 6 for small and large cages respectively), N is the number of cavities in the unit cell and C is
the total number of compounds trapped in hydrate phase.

3. Results

In this section, we explore various primordial composition characterized by different values of
mCO2

/mNH3
molar ratio. We first outline the general behavior of the CO2-NH3-H2O system and

define two compositions that are relevant for the atmosphere of early Titan. In the second part, the
effect of the surface temperature on the gas-liquid equilibrium is explored for these two cases. Finally,
methane and diatomic nitrogen are included to investigate the conditions for formation of clathrate
hydrates during Titan’s primordial history.

3.1. The effect of the mCO2
/mNH3

molar ratio in the CO2-NH3-H2O system

Figure 3 summarizes the general behavior of the gas-liquid equilibrium in the CO2-NH3-H2O system
for a temperature of 283.15 K. It displays the repartition of CO2 and NH3 in both liquid and gas phases
as a function of the ratio of molalities mCO2/mNH3 . Two distinct cases can be identified depending
on the fact that NH3 is the dominant compound of the system (mCO2/mNH3 <1), or CO2 is the main
compound (mCO2

/mNH3
>1) (Fig. 3 A and B). When CO2 is less abundant than NH3, the partial

pressure of CO2 in the gas phase remains low, because the equilibrium reactions (eq. 4 to 8) in liquid
water trap almost all the carbon dioxide in the liquid phase. When CO2 is more abundant than NH3,
the partial pressure of CO2 in the gas phase increases with its molality in the ocean + atmosphere
system. Figure 3 C displays β, the number of mols of CO2 dissolved in water relative to the total
number of moles of CO2 in the ocean + atmosphere system, as a function of mCO2

/mNH3
concentration

ratio. It shows that, for the ternary CO2-NH3-H2O system, more than 97% of CO2 available in the
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hydrosphere is dissolved in water. For a case without NH3, this fraction is systematically lower than
95%, as displayed in Figure 3 C, and the CO2 partial pressure in the atmosphere is higher (see Fig. 3
A).
On the other hand, ammonia is almost entirely dissolved in water. The ammonia molality in the ocean
mL

NH3
, is almost equal to its global molality mNH3

. The NH3 partial pressure in the gas phase is
several orders of magnitude lower than the partial pressure of CO2 and is always decreasing with the
CO2 increasing global molality. This trend will be observed at all temperatures explored in this study,
and is in agreement with previous experimental works (see Van Krevelen et al., 1949; Verbrugge, 1973;
Müller et al., 1988; Göppert and Maurer, 1988; Kurz et al., 1995; Jilvero et al., 2015).

3.2. Effect of the temperature and the presence of high pressure ices in the CO2-NH3-H2O mixture for
primitive Titan

For this set of calculations with varying surface temperature of the global water ocean, the NH3

global concentration is set to 1 mol.kg−1, and the concentration of CO2 is fixed either to 0.5 or 2
mol.kg−1, in order to consider the two regimes described above. In both cases, the composition of
the gas phase will be explored throughout the entire possible temperature range (273-373 K) of the
gas-liquid interface. This temperature variation could be assimilated to a time evolution from early
stages (high temperature) to later stages prior to the upper crust formation (low temperature) on
early Titan’s surface. The position of the interface between ice VI and ocean must also vary with the
surface temperature (see details below), as the intersection between the ocean adiabatic curve and the
melting curve shifts upward with decreasing surface temperature.
Figure 4 shows the evolution of the total atmospheric pressure at all surface temperatures, and the
contribution of each gas to this total pressure. For all cases, NH3 is mainly dissolved in water, and
its partial pressure in the atmosphere remains low with respect to the two other compounds. The
atmospheric pressure of NH3 decreases with increasing concentration in CO2 (Fig. 4 A and B), as
already demonstrated in Figure 3. As for CO2, it was shown previously that its partial pressure varies
significantly depending on the relative abundance of CO2 and NH3. For mCO2

/mNH3
< 1, the partial

pressure of CO2 in the atmosphere remains low and two regimes can be identified: at low temperatures
(<323 K in this case), water vapor is the main atmospheric component; at high temperatures (>323
K in this case), CO2 is the major component in the atmosphere (see Fig. 4 A). When mCO2/mNH3 >
1 (Fig. 4 B), the main atmospheric component is the carbon dioxide, whatever the temperature is,
and water vapor is about two order of magnitude less abundant.
Finally, we find that the partial pressure of water is weakly affected by the dissociation reactions that
occur in the liquid and remains close to the saturation vapor pressure at all temperatures and all
compositions.

In this simulation we used xmelt=0.5, possibly the highest value that could be envisaged when
considering that Titan is mostly half water, half silicates by mass. Within this assumption, it turns
out that ice VI starts to form on the oceanic floor for temperatures lower than T=297K. Since it is
assumed that ice VI is made of pure water (i.e. neglecting the small amount of volatiles that could
be incorporated in the ice and/or possible hydrates), the amount of volatiles in the liquid layer is in-
creased significantly as the HP ice layer thickens (see bottom panels of Fig. 4 A and B). Furthermore,
the increase of ammonia concentration in liquid water imposes a higher solubility of carbon dioxide
because of the dissociation reactions in water, as explained above. It leads to an accentuated decrease
of the partial pressures of these gases in the atmosphere at temperatures where ice VI could be formed.
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Figure 3: Partial pressures in the gas phase of CO2 (A) and NH3 (B) mCO2
/mNH3

molar ratio. In Figure (C), the
molar fraction β of CO2 (or NH3) that is dissolved in the liquid phase respectively to the global numbers of moles of
CO2 (or NH3) in the hydrosphere+atmosphere is shown. Figure (C) illustrates well the fact that ammonia is almost
entirely dissolved in the liquid phase. In panels (A) and (C), we show for comparison the partial pressure of CO2 and
the β fraction for the CO2-H2O binary system. The values are displayed as a function of the total CO2 molality.

3.3. Formation of methane-rich clathrates in the CH4 - CO2 - NH3 - N2 - H2O system

To investigate the formation of clathrate hydrates, we accounted for the presence of CH4 and N2

in CO2-NH3-H2O system. The effect of the methane is investigated by using the Henry’s law (see
section 2.2), which limits its validity to cases where the interaction of dissolved methane with other
compounds in solution can be neglected. In principle, this does not mean that the amount of methane
must be very small since it is not very reactive (methane is neither polar nor reactive, not very soluble,
and it does not dissociate in water. Nonetheless, since it influences the solubility of other compounds
(see Al Ghafri et al., 2014), we suggest to restrain our investigations to small amounts of methane
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Figure 4: Evolution of the total pressure and atmospheric composition (upper part) and of the molalities in the liquid
phase (bottom part) as a function of temperature for mNH3

= 1 mol.kg−1 and mCO2
= 0.5 mol.kg−1 (A), or mCO2

=
2 mol.kg−1 (B). The numbers in colors indicate the minimal (T=273 K) and maximal (T=373 K) partial pressures for
each chemical species. The vertical grey line indicates the onset temperature below which ice VI is formed at the oceanic
floor in these simulations. The colored areas (blue, green and red) show the contribution of each gas (water, ammonia
and carbon dioxide, respectively) to the total pressure: e.g. the level of PNH3

is indicated with the green curve and the
level of PH2O is the difference between the blue and the green curves. The red curve corresponds to the total pressure
(PCO2

+PNH3
+PH2O).
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where possible interactions should be limited. A fixed CH4 concentration of 0.2 mol.kg−1 has been
chosen for illustrative purposes. Results are very preliminary, but illustrate well what are the two
different regimes that could have existed on early Titan.
First of all, it must be reminded that the solubility of CH4 in water is extremely low, thus implying
that the atmosphere constitutes the main reservoir of CH4. Consequently, a first regime can be easily
described. Indeed, if mCO2

< mNH3
, it has been shown in section 3.1 that CO2 is efficiently dissolved

in water and its partial pressure in the atmosphere remains low. Thus, the main gas in the atmosphere
is methane. Therefore, when the total surface pressure reaches the pressure of formation of clathrates,
these clathrates are mostly made of CH4 and are consequently less dense that the oceanic water. It
turns out that a crust must be formed rapidly at the interface between the ocean and the methane-rich
primordial atmosphere, thus limiting exchanges between the two reservoirs. The question is then to
determine the critical amount of carbon dioxide above which another evolution involving clahtrate
sinking could be envisaged.

Indeed, if the amount of CO2 is sufficiently high for ensuring that a significant part of the carbon
dioxide is trapped in the clathrate phase (mCO2

> mNH3
), both composition and densities of clathrate

hydrates are changed up to a point where they may become denser than the liquid reservoir at the
surface. In Figure 5, the composition of the atmosphere is indicated for two examples as a function
of temperature. Ammonia and water compounds are not plotted because they exist only in negligible
quantities in the gas phase. The trend is comparable in both cases, with the atmosphere being mostly
composed of the two gases (CO2 and CH4) with similar abundances, and with the existence of a critical
temperature below which clathrates hydrates are formed (see Fig. 6 for mCH4

=0.2). In Figure 5A,
where the mCO2

/mNH3
ratio is fixed to 2, clathrates are less dense than water and then should form

a crust at Titan’s surface. This should once again strongly reduce the possible exchanges between
the two reservoirs, but the primordial atmosphere is then significantly enriched in carbon dioxide. In
the second case (Fig. 5B), where the mCO2

/mNH3
ratio is fixed to 3, the CO2 abundance in the

atmosphere is much more important and clathrates are significantly enriched in CO2.
Consequences of the atmospheric enrichment of CO2 relative to CH4 on the clathrate hydrates den-
sities is illustrated in Figure 6, where the densities of clathrates are computed from Equation 18. It
turns out that in this second case the clathrates are denser than the liquid, and should fall down so
that further exchanges between the liquid and the atmosphere should continue down to the freezing
temperature of water ice.

In Figure 6, the transition domain between the two regimes is plotted with the red curve that
displays the surface density of the liquid reservoir. For the range of parameters explored in this study,
it is extremely clear that one key parameter is the bulk abundance of methane. If CH4 molality is
above 0.3 mol.kg−1, it seems that the crust will form very rapidly whatever the amount of carbon
dioxide is. Even the adding of some nitrogen cannot change this conclusion. Possible exchanges of
the atmosphere with the liquid reservoir down to very cold temperatures can be achieved only if the
amount of methane is very low (for molalities lower than 0.1 mol.kg−1). In between these two values,
and as discussed just above, it is the amount of carbon dioxide with respect to ammonia that controls
the density of the clathrate hydrates that form at low temperatures.
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Figure 5: Formation of CO2-CH4 mixed clathrates at Titan’s surface for two mCO2
/mNH3

molar fractions and a
molality of CH4 of 0.2 mol.kg−1. The grey colored area shows the range of temperature for which clathrate hydrates
should form. In the stability domain of clathrate hydrates, no atmospheric pressure in equilibrium with clathrate
phase is predicted. The red line represent the total atmospheric pressure, while the red and orange areas represent the
contribution of PCO2

and PCH4
to the tatal atmospheric pressure. The composition and density of clathrate are just

computed on the right boundary of the stability domain when clathrate hydrates start to form. In (A), the formation of
the crust below 275 K impedes further exchanges between the atmosphere and the liquid reservoir. In (B), the clathrates
being denser than the liquid, further cooling and exchanges are possible down to the melting curve of water. Pressures
are displayed up to 100 bar of total surface pressure. Ammonia and water compounds are not plotted because they exist
only in negligible quantities in the gas phase (see Fig. 4).

4. Implication for Titan’s primitive atmosphere and the formation of Titan’s early crust

Whatever the surface temperature is (above 273 K), there is no high pressure ices for xmelt <0.32.
For the internal structures without a HP ice layer, the surface pressure depends on the volatile abun-
dances of Titan’s building blocks only, and do not depend on the xmelt fraction. The maximal thickness
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Figure 6: Evolution of the temperature of clathrate-liquid-gas triple line, as a function of CH4 mean molality, for three
mCO2 /mNH3 ratios. Clathrate hydrate phase become stable at higher CH4 molalities/lower temperatures from each
triple line. Numbers indicate the clathrate densities at both sides of the triple lines. Red dotted line is the 1000 kg.m−3

iso-density line for the case without N2 in the atmosphere. For discussion purposes, the shifts of the triple lines, if 20
bar of N2 partial pressure were added to the atmosphere, are indicated in grey.
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of the ice VI layer is 290 km and is reached for xmelt=0.5 and T=273.15 K, i.e. the case which is
displayed in Figure 4. The value of xmelt controls the amount of HP ice with respect to the liquid reser-
voir at a given temperature, and consequently the amount of volatiles in the system ocean-atmosphere
since no volatiles are trapped in the HP ice layer. The formation of this layer leads to an increase
of concentrations of dissolved species in the ocean-atmosphere system. Therefore, in this second case
where the HP layer forms, the results do depend on the xmelt fraction. However, this dependence
implies negligible effects when compared to the uncertainties on the bulk composition in volatiles of
the satellite and it does not affect our conclusions or the following discussion (see Fig. 4).

4.1. The conversion of NH3 into N2 in the atmosphere

In the previous section, we demonstrated that depending on the relative abundances of CO2 and
NH3 in planetesimals that formed Titan, two scenarios may have occurred. For a global water ocean
formed by impact heating, the repartition of the volatile compounds between the water ocean and
the atmosphere are governed by the dissolution of gases in liquid water. We apply a thermodynamic
model based on Darde et al. (2010) to model the dissolution of NH3 and CO2 in water and we show
that if mCO2

< mNH3
, the partial pressure of CO2 in the atmosphere remains low whatever the tem-

perature is, and the partial pressure of NH3 stays close to the saturation vapor pressure of the binary
NH3-H2O system. On the contrary, for mCO2 > mNH3 , the partial pressure in the atmosphere of NH3

is significantly reduced (see values displayed in Fig. 4) and the CO2 is the main compound of Titan’s
primitive atmosphere.
Ishimaru et al. (2011) suggested that the conversion of NH3 into N2 by impacts would be favored for
NH3-rich atmospheres where the main atmospheric compound is CO2 (CO2:NH3 ratios from 1:1 to
4:1 for a 1 bar atmosphere). Such atmospheric composition favors the NH3 into N2 conversion during
impacts because of the low heat capacity of CO2, allowing maintaining high temperatures over longer
timescales than those obtained for impacts in reducing gases such as NH3 or CH4. However in our
study, it has been shown that an atmospheric composition that is simultaneously rich in CO2 and NH3

is certainly not compatible with the presence of massive water ocean at the surface, as the excess of
one chemical compound tends to favor the dissolution of the other one in water.

4.2. Formation of methane-rich clathrate crust

If the presence of clathrates allows the formation of a crust, it must be at a higher temperature
than for the pure water ice crust. Thus, it implies an earlier separation of ocean and atmosphere and
a rapid cessation of NH3 into N2 conversion in the atmosphere at low temperatures. In this study
we explore the conditions of formation of CO2-CH4 clathrate hydrates, as well as the evolution of
the primordial CH4 at Titan’s surface. Our results show that methane clathrates should form during
cooling at the ocean-atmosphere interface, at low temperatures. The evolution of the formed CH4-rich
clathrates depends on the total amount of methane and also on the mCO2

/mNH3
ratio. For very low

CH4 molalities (<0.1 mol.kg−1), clathrate hydrates should sink as soon as they are formed. For higher
values (above 0.3 mol.kg−1), an upper crust should rapidly appear, thus strongly reducing exchanges
between the atmosphere and the ocean. In between these values, it is the mCO2

/mNH3
ratio that

controls the system. For high mCO2/mNH3 ratios (roughly above 3), the clathrates possibly appearing
at Titan’s surface are CO2-rich, denser than water, and consequently should sink in the ocean. On
the contrary, for lower values of the mCO2

/mNH3
ratio, CH4-CO2 clathrates with low CO2 content
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are formed, thus resulting in the formation of an upper clathrate crust.

Primitive Titan’s atmosphere may have contained up to 20 bar of N2 if the NH3 into N2 conversion
could occur at this epoch (Atreya et al., 1978; Lunine et al., 1999; Adams, 2006; Atreya and Lorenz,
2010). Adding N2 to the atmosphere leads to two competing effects. On one hand, the increase of the
total surface pressure favor the formation of clathrate since clathrate hydrates form when the total
atmospheric pressure P is higher than the pressure of formation of clathrates Pd (eq.16). On the other
hand, the pressure of formation of the mixture of clathrates from eq. 16 increase upon the addition of
N2 because the pressure of formation of N2 pure clathrates (> 159 bar, for liquid water+N2) is an order
of magnitude higher that the pressure of formation of pure CO2 (> 12 bar, for liquid water+CO2) or
pure CH4 clathrates (> 24 bar, for liquid water+CH4). As an example, adding 20 bar of N2 in to the
total surface pressure increase the clathrate formation pressure Pd of eq. 16 by 8-10 bar (depending
on the composition of the atmosphere prior the addition of N2).

The resulting effect for the formation of clathrates at the surface of Titan is shown in Fig. 6. The
addition of 20 bar of N2 tends to favor the clathrate formation, as they form at higher temperatures
and higher methane concentration when compared to the case without N2. This figure indicates that
nitrogen should not affect the main results presented just above, but should increase the amount of
clathrates hydrates formed in the primordial stages.

5. Conclusion

Considering a wide range of surface temperatures and global compositions of CO2, NH3 and CH4

in Titan’s building blocks, we compute the corresponding atmospheric compositions on early Titan
in equilibrium with a global surface ocean. We show that the mCO2/mNH3 ratio is crucial for the
determination of the main atmospheric constituents, as NH3 and CO2 mutually increase their solubil-
ity in liquid water. For mCO2

/mNH3
<1, CO2 would be massively dissolved in water, and its partial

pressure won’t exceed 1 bar for temperatures lower than 323K at Titan’s surface. For mCO2
/mNH3

>1
the partial pressure can exceed more than 10 bars, making the partial pressure of CO2 comparable or
larger to that of CH4. Assuming that Titan’s initial volatile composition is comparable to that mea-
sured in Enceladus’ plume (Waite et al., 2017), the mCO2/mNH3 ratio would be comprised between 0.2
and 2, and even larger values assuming cometary composition. Moreover, the observed abundances in
Enceladus’ plume may also reflect different solubilities of CO2 and NH3 in water. Due to an alkaline
pH, most of the inorganic carbon might be dissolved as CO2−

3 in Enceladus’ inner ocean, leading for
an initial CO2 abundance much higher than the one currently observed in the plumes (Zolotov, 2007;
Glein, 2015). In this case, the range of possible mCO2/mNH3 could be extended to higher values. The
lower estimate would imply an atmosphere dominated by CH4 with small abundances of CO2, while
an atmosphere with several tens of bars of CO2 and CH4 could be generated for the upper bound.
We then showed that the abundance of CH4 relative to CO2 plays a crucial role in the clathration
processes and the formation of the primordial crust. If the CH4 abundance is lower than 0.1 mol.kg−1,
then the partial pressure of CH4 in Titan’s atmosphere is low relative to the partial pressure of CO2

and clathrates formed at Titan’s surface are CO2-rich and denser than the liquid water. If the con-
centration of CH4 in Titan’s building blocks is higher than 0.3 mol.kg−1, then the clathrates formed
at Titan’s surface are CH4-rich and less dense than water and constitute a crust at Titan’s surface,
ceasing the further exchanges between the ocean and the atmosphere at temperatures higher than the
melting temperature of water. Between 0.1 and 0.3 mol.kg−1 of CH4 concentration, the density of
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clathrates depend on the mCO2/mNH3 ratio in Titan’s building blocks: a buoyant clathrate-rich crust
is formed only if the mCO2/mNH3 ratio is lower than ∼3.
More investigations using an atmospheric radiative and photochemical model coupled with the chem-
ical interaction model between the ocean and the atmosphere are required to estimate the amount
of NH3 that could be converted to N2 before the formation of a crust at Titan’s surface and form
the present-day N2-rich atmosphere. Considering the volatile abundances in comets and in Enceladus’
plume, which indicate a CO2 abundance comparable and higher than that of NH3, future studies would
probably need to take in account a CO2-rich atmosphere for the early Titan, in order to evaluate the
consequences it might have for the chemical evolution of this water-rich environment. Moreover, the
volatile abundances of CH4 in comets and Enceladus plume also indicate us that the formation of
an early methane-rich crust at Titan’s surface, before the surface of the satellite reaches the freezing
point of water, could be a possible scenario. Our conclusions remain unchanged if we add a significant
amount of N2 that could originate from the NH3 into N2 conversion occurring in Titan’s early atmo-
sphere.
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