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Ethane Ocean on Titan 

Abstract. It is proposed that Saturn's satellite Titan is covered by an ocean one to 
several kilometers deep consisting mainly of ethane. If the ocean is in thermodynam- 
ic equilibrium with an atmosphere of 3 percent (mole fraction) methane, then its 
composition is roughly 70 percent ethane, 25 percent methane, and 5 percent 
nitrogen. Photochemical models predict that ethane is the dominant end product of 
methane photolysis so that the evolving ocean is both the source and sink for 
continuing photolysis. The coexisting atmosphere is compatible with Voyager data. 

The Voyager 1 radio occultation ex- 
periment placed a probable upper limit 
on the abundance of methane in the 
lower atmosphere of Titan of 3 mole 
percent ( l ) ,  a value well below the 10 
percent obtained by assuming the atmo- 
sphere to be in equilibrium with a pure 
CH4 liquid surface at  94 K .  The near- 
surface temperature gradient inferred 
from the data is 1.38 t 0.1 Klkm, essen- 
tially that of an unsaturated N2 adiabat 
over a solid surface. Thus a predomi- 
nantly CH4 ocean is very unlikely (2, 3). 
However, the present abundance of CH4 
in the atmosphere will be consumed by 
photochemical processes in a time on the 
order of lo7 years. An almost pure N2 
atmosphere is compatible with the pres- 
ence of an ocean if the dominant oceanic 
constituent is less volatile than CH4 and 
substantially depresses the CH4 vapor 
pressure. Photochemical modeling sug- 
gests a natural candidate-ethane. A 
C2H6-rich ocean containing - 25 percent 
CHI is not only consistent with the oc- 
cultation data but also provides a long- 
lived (3  lo9 year) source for CH4 photol- 
ysis. The idea of an ocean in which the 
CH4 vapor pressure is depressed by the 
presence of higher hydrocarbons has 
been suggested independently by Flasar 
(2, 4 ) .  

Methane is readily photolyzed in the 
mesosphere of Titan by a!sorption of 
sunlight shortward of 1450 A to yield the 
radicals 'CH2, CH2, and CH,  which can 
react to produce C2H4 and C2H2 (5). The 
net result can be summarized as 

2CH4 + C2H4 + 2H + H2 

2CH4 + C2H2 + 3H2 (or H2 + 4H) 

With rapid loss of hydrogen by escape, 
conversion of CH4 into the heavier hy- 
drogen-poor hydrocarbons is extremely 

efficient (> 95 percent per CH4 dissocia- 
tion) and irreversible. The most likely 
fate of C2H4 in the mesosphere is disso- 
ciation to C2H2. Since there are no effec- 
tive permanent sinks for C2H2 in the 
mesophere, the molecule flows down to 
the stratosphere and is ultimately re- 
moved by condensation at  the tropo- 
pause. 

Photochemistry in the stratosphere is 
initiated by absorption of photons be- 
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tween 1450 and 2000 A by C2H2, result- 
ing in the photosensitized dissociation of 
CH4, and ultimately the production of 
C2H6. The net result can be summarized 
as 

where C2H2 plays the role of a catalyst 
(6). With the formation of C4H2 (diacety- 
lene) it is possible to drive the photosen- 
sitized dissociation of CH4 with photons 
as soft as  2300 A. Since the solar flux 
increases drastically from 1450 to 2300 
A, the rate of C2H6 production in the 
atmosphere can be much larger than that 
of C2H2. Once it is formed, C2H6 is 
stable against photolysis in part because 
of shielding by CH4 and C2H2. Strato- 
spheric C2H6 is lost primarily by conden- 
sation at  the tropopause. 

The column-averaged mixing ratios for 
stratospheric H2,  C2H6, C2H4, C2H2, and 
C3Hs predicted by the model (and com- 
pared with observed values shown in 
parentheses) are, respectively, 2.1 x 
10-3 (2 x 10-31, 1.7 x 10-5 (2 x 10-51, 
3.3 x (4 x 4 x 10-6 (2 x 

and 7.9 x lo-' (2 to 4 x 
the predicted values compare favorably 
with the observed values (7). In the 
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current epoch, CH4 is being destroyed in 
the atmosphere a t  the rate of 1.5 x 101° 
cm-2 sec-' and converted into C2H6, 
C2H2, and C3H8 at  the rates 5.8 x lo9, 
1.2 x lo9, and 1.4 x 10' cm-2 sec-'. 
The rates of H and Hz escape from the 
exosphere are 5.5 x lo9 and 7.2 x lo9 
cmW2 sec-I. Over the age of the solar 
system then, a kilometer-deep primarily 
ethane liquid surface layer in coexis- 
tence with CHI and N2 has accumulated. 
This depth is compatible with limits de- 
rived by Sagan and Dermott (8) from a 
study of the tidal damping of Titan's 
orbital eccentricity. 

Thermodynamic data on the C2H6- 
CH4-N2 system is restricted to tempera- 
tures above 110 K (9); however, there 
are lower temperature data on the binary 
end-members of this ternary, and we 
have estimated equilibrium abundances 
of the three components for the present 
conditions at  the surface of Titan. In the 
C2H6-CH4 binary (lo), the C2H6 vapor 
pressure at 94 K ,  Titan's surface tem- 
perature, is only - lo-* bars. If we 
require the CHI mixing ratio at the base 
of the atmosphere to  be constrained be- 
tween 1.6 and 3 percent, as suggested by 
Voyager data, then the CH4 mole frac- 
tion of the liquid is between 13 and 25 
percent (11). To  estimate the N2 content 
of the ocean, N2-CH4 and N2-C2H6 sol- 
ubility data (12) were used to estimate 
the Henry's law constant for N2 in the 
C2H6-CH4 mixture (13). Assuming the 
ternary system to be ideal, we find an N2 
mole fraction in the ocean of X(N2) = 
0.05 (14). The presence of at least several 
percent propane dissolved in the liquid, 
as implied by the Voyager data, does not 
alter substantially the CH4 and N2 mix- 
ing ratios derived above. 

At the present temperature of Titan's 
surface, C2H2 is a solid. We estimate its 
solubility in the ocean at 94 K to be s 3.1 
x (15). The ocean floor should be 
covered with a solid C2H2 layer 100 to 
200 m thick (16) plus a small amount of 
heavier organic debris (1 7). 

We turn now to the atmospheric struc- 
ture and meteorology above an C2H6- 
CH4 ocean. A rising parcel of gas, ex- 
panding adiabatically, forms C2H6-rich 
droplets and follows a temperature path 
defined by a "wet" adiabat. Since the 
relevant vapor pressure is predominantly 
that of C2H6, the resulting lapse rate is 
found to be about 1.4 Kikm, essentially 
indistinguishable from the dry N2 adiabat 
or the radio occultation result of 1.38 ? 

0.1 Kikm (1). This should be contrasted 
with the expected wet adiabatic lapse 
rate of 0.6 Kikm for a CHI ocean (18). 
Despite the small amount of condensa- 

tion, it is possible to  have significant 
scattering optical depth: the condensa- 
tion of a few tens of microbars of C2H6 
into 0.1-km droplets gives an optical 
depth in excess of unity. This may affect 
the radiative-convective transport in the 
lower atmosphere, which could be rele- 
vant to understanding the transition from 
adiabatic to subadiabatic conditions a t  
3.5 km, as  inferred from the radio occul- 
tation data. 

At successively higher levels in the 
atmosphere, droplet condensation still 
occurs; the composition of the droplets 
becomes more CH4-rich, as  dictated by 
the rapidly decreasing C2H6 vapor pres- 
sure and nearly constant CHI gas mixing 
ratio. At about 80 K ,  at  an altitude of 
about 15 km, two condensates are 
formed-a CH4-rich solid and a very 
small amount of liquid that grades with 
decreasing temperature to a eutectic 
composition of about 35 percent C2H6 at  
77 K (19). This defines the predominant 
region of CH4 condensation and haze 
formation in the troposphere. 

The structures of ocean and atmo- 
sphere are illustrated in Fig. 1. The 
ocean contains the equivalent of at least 
one Titan atmosphere of CH4, sufficient 
to maintain photolysis for 2 lo9 years, 
and at least one-half Titan atmosphere of 
N2, a significant buffer of the present 
atmosphere. The most important obser- 
vational tests of our model are (i) verifi- 
cation of the presence of CH4 clouds as  
an opacity source in the lower atmo- 
sphere (20); (ii) detection of C2H6 satura- 
tion or near saturation in the lower tro- 
posphere; and (iii) evidence (from radar 
or other sources) of an essentially global 
ocean, since the expected depth exceeds 
nearly all probable elevation differences 
for an icy satellite such as Ganymede. 
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