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Introduction: Cassini-Huygens remote sensing obser-
vations of a large dome, calderas, and flow -like fea-
tures [Figure 1; see also 1,2,3] strongly suggest cryo-
volcanic activity on Titan, Saturn’s moon. Circumstan-
tial evidence from mass spectrometric measurements 
indicate the past and possibly present-day existence of 
ammonia within Titan [4,5]. 

Figure 1. Large flow imaged by the Titan Radar Map-
per using the SAR mode during the Ta fly-by on Octo-
ber 26, 2004. The image covers an area about 150 
km2, centered at about 45 N, 30 W. The radar illumi-
nation is from the south. Note that the southern edges 
of the flow are brighter, consistent with the structure 
being raised above the relatively featureless darker 
background. This is one of several flows imaged by 
SAR interpreted to be cryovolcanic in origin [6].

Measurement of atmospheric noble gases on Titan 
suggest that the nitrogen-bearing molecule that was the 
primordial source of the atmosphere was ammonia 
[4,5] and a subsurface ocean of ammonia-water might 
exist below the ice shell of Titan today [7,8]. Ammonia 
hydrate, trapped in ice during the accretion period of 
Titan, could be released after the formation of Titan's 
silicate core in a liquid layer [9,10]. We assume an 
initial mass concentration of ammonia of few percent, 
less than the maximum given by elemental nitrogen 
cosmic abundance [11], but consistent with what is 
seen in comets and with the current orbital eccentricity 
[8]. 

The negative buoyancy of pure liquid water with re-
spect to the pure ice prevents eruption of pure water 
magma. Here we show that ammonia-water mixtures 

can erupt from a subsurface ocean on Titan through the 
ice shell, leading to “cryovolcanism”.
Numerical simulations of thermal convection: Heat 
from the interior of the satellite is transported thought 
the outer layer of ice Ih by thermal conduction or con-
vection, and to characterize the transport, we solved 
the Boussinesq fluid equations with the ConMan finite-
element code [12] for the ice shell of Titan. In our 
model [13] we include temperature-dependent internal 
tidal heating with Newtonian temperature dependent 
viscosity. We determine the conductive or convective 
state of the ice shell and its thickness for different plau-
sible configurations, depending on the ammonia frac-
tion, viscosity of the ice, internal tidal heating, and 
basal heat flux. The bottom temperature of the ice shell 
is given by the experimentally-determined phase dia-
gram for ammonia-water [7]. Convection in the stag-
nant lid regime [14] occurs in the ice Ih shell of Titan 
when the Rayleigh number Ra > 3106. The motions of 
the ice are confined to a convective sublayer with the 
formation of a rigid surface stagnant lid. 
Bottom crevasses: Bottom crevasses filled with am-
monia-water develop in ice floating on an internal 
ocean. The ice shell of Titan is a viscoelastic body with 
a Maxwell time  = (T)/, where (T) is the tempera-
ture T dependent viscosity of the ice and  is the shear 
modulus (4109 Pa). The driving frequency  of the 
tensional stress in the ice shell is the orbital frequency 
of Titan (4.5610-6 s-1).  If the Maxwell time at the base 
of the ice shell is  > 2.2105 s, then the bottom of the 
ice shell of Titan is elastic on the timescale of the diur-
nal orbit. The Newtonian temperature dependent vis-
cosity of water ice is given by 
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where 0 (1013 – 1015 Pa s range) is the reference vis-
cosity at 273 K, and A* = 26 is a constant.

The total stress  zn  that acts on a bottom cre-

vasse in the ice shell is the sum of the lithostatic stress, 
the pressure of the ocean water masses in the crack, 
and the tidal stress

    tidiocn gzz   (2)

where z is the vertical coordinate and z = 0 at the base 
of the ice shell, i and oc are the density of the ice and 
water mass of the ocean respectively, g is the gravity 
(1.35 m s-2), and tid is the tidal stress. We determine 
the maximum height h of a bottom crevasse from the 
condition that z = h for n(z) = 0 [15]. We find that for 
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the actual orbital eccentricity of Titan (e = 0.0292) and 
a Love number of 1.2 [11] the amplitude of the diurnal 
tidal flexing of the ice shell is ~4 m and the tidal stress 
tid = 9104 Pa.

Because of the low temperatures in the ice shell of 
Titan, the density of the ice is greater than the 917 kg 
m-3 measured at normal laboratory conditions. The ice 
density is further enhanced by addition of mixed rock-
ice impactors over geologic time. The upper layer of 
the shell should be “dirty ice” contaminated with rocky 
and metallic debris, with a density consequently greater 
than that of pure water ice. The mass delivered is 
dominated by the largest impactors. Over the history of 
Titan, the overlap of impact ejecta blankets produces a 
surface layer ~10-20 km thick of dirty ice with a den-
sity enhancement of a few percent.

Bottom crevasses develop in an ice shell of Titan 
since the ice behaves elastically: for example, assuming 
an initial ammonia mass concentration of 5%, viscosity 
0 = 1014 Pa s at 273 K, and global heat production 
(radiogenic and tidal heating) in rocky interior of Titan 
of 600 GW [8], then the (elastic) shell has a thickness 
of  ~70 km and heat is transported by thermal convec-
tion. 
Transport of ammonia-water pockets in a convec-
tive ice shell: During the diurnal tidal flexing of the ice 
shell, ammonia-water pockets are trapped in the ice 
shell. The area of the displacement of a liquid-filled 
fracture is given by 
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For example, for a height crevasse of 15 km,   = 75 
km, a density of the ocean 942 kg m-3, an ice density 
938 kg m-3, and a length of the crevasse of 100 km, the 
trapped volume of ammonia-water is ~4.9109 m3 with 
a mean radius of the section of the pocket of ~60 m.  
Convective motions in the ice shell can transport pock-
ets of ammonia-water from the base of the ice shell to 
the base of the stagnant lid in a convective overturn 
timescale (104 – 105 yr [13]).  For a convective ice 
shell, the temperature of the convective region is so 
warm that ammonia-water pockets, which have a peri-
tectic temperature of 176 K, cannot completely freeze.  
The cryomagma will be preserved in a liquid state dur-
ing convective transport to the stagnant lid, where 
freezing finally occurs.  
Ammonia-water chambers: Refreezing of an ammo-
nia-water chamber in the ice shell produces an increase 
in pressure in the chamber, leading to deformation and 
fracture of the ice. We find that, the overpressure P of 
a spherical chamber for a plane stress geometry is 
given by 

   1213   PVV (4)

where V/V is the volume variation. The overpressure 
for refreezing (107 – 108 Pa) in the chamber exceeds 
the lithostatic pressure required to cause a surface 
eruption. Moreover, the tidal flexing of the ice shell 
produces diurnal tidal pumping of ammonia water 
through preexisting surface fractures caused (for ex-
ample) by impact cratering and tectonism. Devolatili-
zation of soluble gases near the surface would also 
promote eruption of liquid onto the surface.

We determine the tidal dissipation rates of me-
chanical energy in the bottom crevasses and therefore, 
the maximum number of fractures allowed in the ice 
shell. For example, for a primordial eccentricity of 
Titan of 0.1, 103 bottom crevasses of a height of 10 km 
and a length of the order of 103 km, produce a change 
in the orbital eccentricity from plausible primordial 
values [8] to the actual value on timescales of order 4 
Gyr.
Conclusions: We propose mechanism for cryovolcanic 
processes on Titan involving bottom crevasse forma-
tion in an ice shell floating on an ammonia-water 
ocean, transport of ammonia-water pockets to the base 
of the stagnant lid by convective motions in the ice, 
refreezing of chambers of ammonia-water, and diurnal 
tidal pumping.

If bottom crevasses develop and dissipate energy 
over much of Titan’s history, the apparent youth of 
Cassini-observed volcanic features suggest that accom-
panying volcanism has continued to recent times. 
Rather than suggesting steady-state volcanism over the 
history of the solar system, the cryovolcanic features 
could have been associated with a late onset of convec-
tion in a cooling shell, and hence a recent episode of 
methane outgassing [8,16].  
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