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ABSTRACT

We examine the production of methane via Fischer-Tropsch catalysis in an evolving turbulent model of the Jovian subnebula and
its implications for the composition of satellitesimals produced in situ. We show that there is a catalytically-active region in the
Jovian subnebula from 65 Jupiter radii that moves inwards with time. The pressure range in this region is about 10−4 to 10−3 bar
and implies that, if transport processes and the cooling of the subnebula are not considered, CO and CO2 are entirely converted
into CH4 via Fischer-Tropsch catalysis in about 101 –102 and 103 –104 years, respectively. On the other hand, the comparison of the
chemical conversion times with the viscous timescale of the subdisk in the catalytically-active region implies that only CO can be
fully converted into CH4 , the conversion of CO2 thus being restricted to a limited production of CH4 . Moreover, the time required by
the Jovian subnebula to cool down from the optimal temperature for Fischer-Tropsch catalysis to the condensation temperature of ices
is at least two orders of magnitude higher than the viscous timescale. This implies that any CH4 produced in the catalytically-active
zone will be accreted onto Jupiter long before being incorporated into the forming ices. We then conclude that in an evolving turbulent
subnebula, even if Fischer-Tropsch catalysis is active, it has no influence on the composition of the forming satellitesimals that will
ultimately take part in the formation of regular icy satellites, in opposition to what has been expected from stationary models.
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1. Introduction
Fischer-Tropsch catalysis, which converts CO or CO2 and H2
into CH4 on the surface of transition metals such as iron and
nickel, is believed to play important roles in astrophysical environments. In addition to producing large quantities of water in
some circumstellar envelopes (Willacy 2004), it has also been
shown to be a means of producing hydrocarbons in oxygen-rich
regions such as the protosolar nebula (Kress & Tielens 2001).
Laboratory experiments to determine CH4 reaction rates under a
hydrogen-dominated gas-phase and at low-pressure conditions
have been recently conducted by Sekine et al. (2005). These
experimental results allowed the authors to study the range
of temperature and pressure conditions where Fischer-Tropsch
catalysis proceeds eﬀectively in the Saturnian subnebula. Using
a stationary high-pressure subnebular model (Prinn & Fegley
1989), they concluded that CH4 -rich satellitesimals could be
formed in the catalytically-active region of the subdisk and thus
may have played an important role in the origin of Titan’s atmosphere. However, in the context of a time-dependent accretion subdisk model, which provides a more realistic description
of the subnebula’s evolution than stationary models1 , FischerTropsch catalysis may not lead eﬃciently to the formation of
1

Time-dependent subdisk accretion models are fully compatible with the standard giant planet core-accretion formation scenario
(Pollack et al. 1996; Magni & Coradini 2004; Alibert et al. 2005a).

CH4 -rich satellitesimals. Indeed, even if pressure and temperature conditions are initially high enough to permit rapid production of CH4 in a heterogeneous gas-phase, the accretion of the
subnebula’s material onto the giant planet may be faster than
the cooling time needed to trap CH4 in satellitesimals formed in
the subdisk.
In this work, we examine the CH4 production via FischerTropsch catalysis in the Jovian subnebula and its implications
for the composition of satellitesimals by using an evolutionary
turbulent model developed by Alibert et al. (2005a). The evolution of this model is divided in two phases: an initially dense
and warm phase during which the subnebula is fed from its outer
edge by material accreted from the solar nebula and a cold second phase starting at the disappearance of the solar nebula and
whose lifetime corresponds to the time required for the subdisk
to empty. The strategy describing the choice of the diﬀerent subdisk parameters is described in Alibert et al. (2005a), and the different parameters of the Jovian subnebula are recalled in Table 1.
The viscosity parameter α of the subdisk has been chosen in order to be compatible with the present day orbital distribution of
Jupiter’s satellites from type I migration calculations performed
during their formation. The initial accretion rate and radius of the
subdisk have been constrained by models of Jupiter’s formation
(Alibert et al. 2005b; Magni & Coradini 2004).
From this model, Mousis & Alibert (2006) proposed that
regular icy satellites may have formed from satellitesimals
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Table 1. Thermodynamic parameters of the Jovian subnebula developed
by Alibert et al. (2005a).
Thermodynamic
parameters
Mean mol. weight (g/mole)
Viscosity parameter α
Initial disk’s radius (R J )
Initial disk’s mass (MJ )
Initial accretion rate (MJ /yr)

2.4
2 × 10−4
150
3 × 10−3
9 × 10−7

produced either in the solar nebula or in the subdisk. They also
concluded that the chemical composition of ices incorporated in
regular satellites is nearly identical in both formation scenarios,
due to the inhibition of the homogeneous gas-phase chemistry in
the Jovian subnebula.
However, heterogeneous gas-phase chemistry was not taken
into account in the afore-mentioned study. Therefore, we investigate here in which part of the Jovian subnebula Fischer-Tropsch
catalysis may have been eﬃcient and then determine to what extent the composition of satellitesimals produced in situ may be
diﬀerent from that of solids formed in the solar nebula.
The outline of the paper is as follows. In Sect. 2, we describe the Fischer-Tropsch catalysis in the pressure range of interest. In Sect. 3, we first investigate the possible existence of
a catalytically-active region in the Jovian subnebula. We then
evaluate if, during the cooling of the subnebula, the produced
methane can be preserved in the gas-phase up to its trapping in
the forming ices. Section 4 is devoted to discussion.

2. Fischer-Tropsch catalysis
At low pressures (2 × 10−2 –5 × 10−1 bar) and high H2 /CO and
H2 /CO2 ratios (=1000), the region of eﬃcient conversions of CO
into CH4 and of CO2 into CH4 via Fischer-Tropsch catalysis is
narrow in a subnebula (T = ∼550 K), according to laboratory
experiments (Sekine et al. 2005). This is because the surface
of catalytic iron grain is poisoned at temperatures above 600 K
(poisoning is a loss of catalytic activity through conversion of
surface carbide to unreactive carbon). The experimental results
show that the CH4 formation rates from CO and CO2 at 550 K increase with pressure and show similar pressure dependence, but
the CH4 formation rates of CO2 are about 0.01 times those of CO
for same reaction conditions. This indicates that CO is converted
into CH4 via Fischer-Tropsch catalysis about 100 times faster
than CO2 in the thermodynamic conditions mentioned above.
Using the experimental data on CH4 formation rates,
timescales for the conversions of CO into CH4 (tCO→CH4 ) and
of CO2 into CH4 (tCO2 →CH4 ) at 550 K are estimated as a function of pressure in the gas-phase conditions of the solar nebula (Fig. 1). We assume that the gas-phase abundances of
elements in the Jovian subnebula are similar to those in the
nebula2 . Note that, since measurements by Sekine et al. (2005)
were conducted in the 10−2 –10−1 bar pressure region, values in
a lower pressure range have been extrapolated using a linear fit
(see Fig. 5 of Sekine et al. 2005). Sekine et al. (2005) showed
the clear relationship between the CH4 formation rate and total gas pressure in the subnebula in their experiments. Although
2

This assumption is reasonable since the subnebula is fed from its
outer edge by gas and gas-coupled solids originating from the solar nebula during the first phase of its evolution (Alibert et al. 2005a).

Fig. 1. Timescales for the conversions of CO into CH4 and of CO2 into
CH4 at a temperature of 550 K as a function of pressure in the gasphase conditions described in Sect. 2. The grey area corresponds to the
pressure range encountered in the Jovian subnebula at a temperature of
550 K, where Fischer-Tropsch catalysis is the most eﬃcient (see text).

the experimental conditions have higher pressures than the realistic subnebular pressure, we believe that this relation is valid
in the pressure range of our subnebula model. We also assume
that about 10% of the cosmic component of iron was present as
metal in the solar nebula (Pollack et al. 1994) and that the particles were spherical with radii of 10−6 m (Sekine et al. 2005).
The number densities of CO and CO2 are deduced assuming
solar composition (Anders & Grevesse 1989), taking all carbon atoms to be in the form of CO and CO2 , respectively. This
assumption gives an upper estimate for the timescales for the
conversions of CO and CO2 under the conditions of subnebula.
From the evolutionary turbulent model of the Jovian subnebula
developed by Alibert et al. (2005a), the pressure range encountered in the Jovian subnebula at 550 K is calculated to be about
10−4 to 10−3 bar. This pressure range is still high enough for
CH4 to dominate CO under chemical equilibrium. In this pressure range, if transport and cooling processes are not taken into
account in the Jovian subnebula, CO and CO2 are entirely converted into CH4 via Fischer-Tropsch catalysis in about 101 –102
and 103 –104 years, respectively.

3. Implications for the composition of ices formed
in the Jovian subnebula
Fischer-Tropsch catalysis is eﬃcient up to the distance of 65 RJup
(Jupiter radii) in the early Jovian subnebula since temperatures
above 550 K are not reached at larger distances from the giant
planet (see Fig. 6 of Alibert et al. 2005a). Figure 2 gives tCO→CH4
and tCO2 →CH4 calculated as a function of the distance from Jupiter
in the subnebula and at a local temperature of 550 K in the gas
phase. One must note that these chemical conversion times correspond to diﬀerent epochs in the subnebula’s evolution. This is
due to the progressive cooling of the subnebula, which makes the
catalytically-active zone move inwards with time from 65 RJup
to the inner edge of the subdisk. This figure also illustrates the
pressure dependence of the chemical timescales in the Jovian
subnebula. Indeed, at a temperature of 550 K, the gas pressure
reduces with increasing distance from Jupiter, thus increasing
tCO→CH4 and tCO2 →CH4 .
Figure 3 shows the timescale tviscous required by an element of the subdisk to accrete onto Jupiter as a function of the
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Fig. 2. Timescales for the conversions of CO into CH4 and of CO2 into
CH4 at a temperature of 550 K in the subnebula as a function of the
distance from Jupiter.

planetary separation and when the local temperature is 550 K.
This momentum diﬀusion timescale, resulting from the general
theory of viscous disks, is given by tviscous = 2r2 /3ν where r
and ν are the distance from Jupiter and the turbulent viscosity
in the subnebula given by the model of Alibert et al. (2005a).
This figure also represents the timescale (∆t in Fig. 3) required
for the subdisk to cool down from 550 K to the ice condensation
temperature that is assumed here to be 150 K (approximately
the crystallization temperature of water ice) as a function of the
distance from Jupiter. For a given planetary separation, the two
timescales are calculated at the same epoch of the subnebula’s
evolution. The closer the distance of calculations from Jupiter,
the more evolved the subnebula.
It can be seen that, at a given planetary separation, tCO→CH4 is
shorter than tviscous , whereas tCO2 →CH4 is longer than tviscous . This
implies that only CO can be completely converted into CH4 via
Fischer-Tropsch catalysis in our evolving model of the Jovian
subnebula, the conversion of CO2 into CH4 being much less efficient.
In order to determine if the resulting methane can be incorporated in ices formed in the Jovian subnebula, tviscous must be compared with ∆t. From Fig. 3, it can be seen that ∆t is still at least
two orders of magnitude higher than tviscous in the zone of the
Jovian subnebula where Fischer-Tropsch catalysis is eﬃcient.
This implies that any methane produced in the catalyticallyactive zone will be accreted onto Jupiter long before having
been incorporated into the forming icy grains. Moreover, note
that values of ∆t should be higher than those used in this work
since volatiles are trapped as hydrates or clathrate hydrates at
lower temperatures than 150 K in the Jovian subnebula (Mousis
& Alibert 2006). From these calculations, we can infer that in an
evolving turbulent subnebula, even if Fischer-Tropsch catalysis
is active, it has no influence on the composition of the forming
microscopic icy grains. These icy grains rapidly agglomerate,
decouple from gas, and form satellitesimals. This result does not
depend on any specific satellite formation mechanism because
the Fischer-Tropsch products are not cooled down at low enough
temperatures to allow them being trapped in icy grains; they are
just transported toward the giant planet.
Because of this, volatiles incorporated in the satellitesimals
formed in the catalytically-active region of the Jovian subnebula
must have been provided by the solar nebula rather than being
produced via Fischer-Tropsch catalysis in the subdisk.

967

Fig. 3. From top to bottom: time needed by the subnebula to cool down
from 550 K to the condensation temperature of water ice (150 K) and
the viscous timescale of the subdisk as a function of the distance from
Jupiter.

4. Discussion
This study did not take into account the outward diﬀusive transport of CH4 initially produced in the catalytically-active region
of the subnebula. On the other hand, the advection of gas and
gas-coupled solids is the dominant transport mechanism during
the first phase of the subnebula’s evolution since about 25% of
Jupiter’s mass has yet to be accreted through the subdisk (Alibert
et al. 2005a). Moreover, if some radial mixing occurred in the
subnebula, the diﬀused CH4 would mix with the other carbon
compounds of the gas-phase. Since CO and CO2 are expected
to be much more abundant than CH4 in the material accreted
from the solar nebula by the Jovian subnebula3, the resulting
composition of satellitesimals produced in the outer subnebula
during its cooling would still incorporate large quantities of CO
and CO2 and would then be close to that of solids formed in
the solar nebula. Therefore, we conclude that the presence of
a catalytically-active region within our evolutionary model of
the Jovian subnebula does not favor the in situ formation
of CH4 -rich and CO-CO2 -poor planetesimals, in contrast with
the expectation of Sekine et al. (2005) from stationary models.
As a result, the composition of ices included in the Jovian regular icy satellites formed from satellitesimals, either produced in
the subnebula or in the solar nebula, should be similar. The composition of Jovian regular satellite ices calculated by Mousis &
Alibert (2006) thus remains valid.
In this work, we have used the Jovian subnebula model elaborated by Alibert et al. (2005a). The outer radius of the subdisk and the accretion rate from the nebula have been fixed using recent models of Jupiter formation (Magni & Coradini 2004;
Alibert et al. 2005b). This implies that the structure of the Jovian
subnebula only depends on the viscosity parameter α. We are
aware that the use of a α-turbulent model is a simplified approximation to describe the thermodynamic evolution of the Jovian
subnebula. In particular, little is known about the possible mechanisms responsible for the turbulent transport of angular momentum within the subnebula. As a result, turbulent viscosity may
vary as a function of time and the distance from Jupiter within
the subdisk. On the other hand, from migration calculations in
3

CO2 :CO:CH4 may vary between 10:10:1 and 40:10:1 in the gasphase of Jupiter’s feeding zone (Alibert et al. 2005b; Mousis & Alibert
2006).
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the subnebula, Alibert et al. (2005a) found that the α-parameter
should range between 2 × 10−4 and ∼10−3 in order to be compatible with the present-day structure of Jupiter’s satellite system.
Since the value of α adopted in our calculations is the lowest
permitted one, we tested the influence of an increase in this parameter on the heterogeneous gas-phase chemistry. In that case,
assuming α = 10−3 , ∆t is still ∼two orders of magnitude higher
than tviscous in the catalytically-active region of the subnebula.
Consequently, we infer that Fischer-Tropsch catalysis still has
no influence on the composition of planetesimals formed in a
Jovian subnebula with a higher value for the viscosity parameter. Moreover, note that we assumed a disk opacity that is not
influenced by the growth of icy grains during the cooling of
the subnebula. In reality, the growth of icy grains should significantly reduce the disk opacity, which may potentially speed
up the cooling of the Jovian subnebula.
Calculations of the eﬃciency of Fischer-Tropsch catalysis in
the Jovian subnebula require the use of time-dependent subdisk
models. Comparisons of the present work with stationary models
of the Jovian subnebula are then inappropriate. Conclusions similar to those presented in this study were obtained with the evolutionary Jovian subdisk model of Mousis & Gautier (2004) (the
only other time-dependent accretion disk model ever published,
to the best of our knowledge). In that case, the catalyticallyactive zone of the subdisk is even twice smaller than the present
model (maximum extent of 30 Jupiter radii). However, the model
of Mousis & Gautier (2004) does not fully agree with the actual
scenarios of subnebula formation (Lubow et al. 1999; Magni &
Coradini 2004). In particular, this model behaves as a close system, neglecting the fact that the giant planet continues to accrete
material from the solar nebula during a substantial fraction of
time.
The presence of a catalytically-active region in the Jovian
subnebula also implies that methane and water formed via
Fischer-Tropsch catalysis are accreted with the gas onto theforming Jupiter. However, this process has no implications for
the current composition of Jupiter’s atmosphere since, whatever

the initial form of the carbon compound delivered with the gas
phase to the forming giant planet, its current atmosphere remains
dominated by H2 , He, CH4 , H2 O, and NH3 , due to the high temperatures encountered at very high pressure depths.
Finally, we note that the conclusions of this study also
apply to the formation of satellitesimals in Saturn’s subnebula. Recent calculations by Alibert & Mousis (2006) show that
Saturn’s subnebula displays a thermodynamic structure and evolution similar to that of the Jovian subnebula. This implies that
Fischer-Tropsch catalysis did not modify the composition of ices
produced in Saturn’s subnebula. The methane observed in Titan
most likely originates from the solar nebula gas-phase, as suggested by Mousis et al. (2002) for interpreting the D:H ratio in
CH4 measured in its atmosphere, rather than having been produced in a catalytically-active region of Saturn’s subnebula.
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