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Introduction:  Clathrate hydrates may be a ubiqui-

tous form of matter on temperate and cold planetary 
bodies. Clathrate hydrates are solids composed of a 
water host structure with caged (“en-clathrated”) 
guests. The guests are typically small, inert gases, but 
other materials can also particpate [1, 2]. Hydrate has 
been hypothesized to exist on many planetary bodies 
including comets, Mars [3], Titan [4, 5], and Enceladus 
[6, 7]. 

Hydrate formation and dissociation is dependent on 
temperature, pressure, and composition. For hydrates 
that are composed of only one guest, such as biogenic 
methane hydrate found on Earth, the phase behavior is 
well described by a single-phase diagram. The behav-
ior of these hydrates is simple to model. Mixed guest 
hydrates, such as thermogenic natural gas hydrate de-
posits, have a more complex phase relationship with 
several degrees of freedom. They are more compli-
cated to model and difficult to interpret.  

Hydrate kinetics are controlled by supersaturation 
and temperature. The higher the supersaturation and 
temperature, the faster the reaction progresses. Tem-
perature cannot be raised arbitrarily and supersatura-
tion is a function of temperature, amongst other pa-
rameters. At cryogenic temperatures, for example the 
surface of Titan, hydrate may form or dissociate very 
slowly. There is little experimental data on formation 
rates at low temperatures [8], but a greater body of 
work associated with dissociation (for example work 
see Stern et al. [9]). The bulk of these “low tempera-
ture” experiments were conducted at ~120 K or higher. 

Hydrate was hypothesized to occur naturally on 
outer system bodies [10] before it was discovered on 
Earth. Terrestrial hydrate was initially detected by in-
ference, with direct sampling becoming more common. 
Hydrate is now known to exist on Earth wherever the 
pressure, temperature, and reactants co-exist. Air, car-
bon dioxide, and natural gas hydrates occur naturally 
on Earth. 

Hydrate Formation: Hydrate precipitation is a 
two step process requiring nucleation and growth 
phases. At low supersaturations, the guest + host phase 
is metastable and hydrate will not form for extended 
periods of time. As supersaturation increase, the metas-
table lifetime decreases. Once the metastable state is 
broken, nucleation and growth can occur. Nucleation is 
more sensitive to supersaturation than growth [11], and 
the initial reaction product is sensitive to the relation-
ship between these two parameters.  

Hydrate processes are controlled by heat and mass 
transfer limitation. In man-made settings, hydrate for-
mation is usually episodic with a sudden pulse of for-
mation that reduces local supersaturation followed by a 
longer phase where growth is controlled by heat flow. 
After the initial burst of formation associated with the 
high supersaturation to break metastablility, the rate of 
reaction decreases with time until heat transfer out of 
the formation region equals the rate of heat production 
by the reaction. Small deviations in heat flow are met 
with responses in reaction rate and the temperature of 
the system can be maintained for a considerable period 
of time.  

If the heat flow out of the system exceeds the heat 
production (perhaps due to limittions of the mass trans-
fer rate), then the system can cool down. The reaction 
rate will drop with temperature and metastablility may 
once again be obtained.  

Mixed guest hydates add an additional variable. 
When hydrates form from multiple guest, certain pre-
ferred formers may be selectively enclathrated. The 
composition of the reactants change, which lowers 
supersaturation as the preferred materials are con-
sumed. When the mixed guest hydrate undergoes dis-
sociation stress, the preferred formers now become 
preferred dissociators. The resut is a change in the dis-
tribution of guests with simultaneous reduction in un-
dersaturation. 

Consequences of Episodic/Continuous Behavior: 
Hydrate formation and dissociation dynamics have 
different impacts depending on the stage of planetary 
formation.  

Comets and other small bodies. For small bodies, 
episodic formation is strongly linked to thermal his-
tory. Hydrate formation on comets may occur very 
slowly at temperatures in deep space, but nucleation 
may be the limiting factor. If there is no initial heat 
impulse, for instance from internal heat, collision or 
transects nearer the sun, that will allow the first few 
crystals to form then growth cannot occur. Hydrate 
formation in the deep cold of small bodies in trans-
Saturn space will be controlled by solid diffusion proc-
esses. Hydrate could provide a self-limiting source of 
gas, allowing comets to be productive for longer peri-
ods of time. 

Enceladus. The plume from the south pole of Ence-
ladus has been hypothesized to occur due to cyclic 
dissociation/cooling of clathrates [Kieffer]. The condi-
tions of dissociation have been proposed to be linked 

Science of Solar System Ices (2008) 9037.pdf



to hydrate  ice + gas reaction, with ice slowly seal-
ing exposed clathrate beds.  

With mixed guest hydrates in an open system, the 
formation composition does not always match the dis-
sociation composition. The formation guest composi-
tions can be calculated based on the measured vapor 
composition proposed to be produced by hydrates and 
an assumption of dissociation conditions (Fig. 1) . 

 
Figure 1. Using the plume gas compstion for Ence-

ladus, the gas composition that formed the potential 
hydrate deposits can be calculated based on several 
formation scenarios. 
  

Titan. The surface of Titan is at suitable conditions 
of pressure, temperature, and composition to form hy-
drate at high supersaturation [4], but at low absolute 
temperatures. Hydrate nucleation may be a very strong 
limiting factor for in-place formation, and may not be 
directly achievable without introduction of nuclei. The 
nuclei could be created during an exceptional event, 
like an impact where heat allows hydrate formation to 
occur rapidly for a short period of time, or by introduc-
tion of nuclei to the surface by cryovulcanism. Hydrate 
could also be a relict mineral, having been created by 
conditions in the past and then left in place or trans-
ported to the survace actively.  

Hydrate produced in an atmosphere by combina-
tion of products from the photochemical destruction of 
organic molecules is technically possible, but likely 
just a curiosity as, even if enough oxygen is present to 
produce significant concentrations of water, there is no 
evidence that the hydrate phase prevents further photo-
chemical degredation.  

Conclusions: Hydrate formed from multiple guests 
must be considered in respect to local environment as a 
function of history. The thermal history of hydrates 
may be of primary importance in understanding the 
role they play in planetary bodies. The rate of hydrate 
formation is sensitive to heat and mass flows. Certain 
periods of an object’s history may be particularly pref-
erential for formation, which can have long term im-

pacts on the evolution of associated gases. Certain pe-
riods of planetary formation may be dominated by heat 
flows due to hydrate formation or dissociation and 
hydrate may be a dominate actor in icy body geochem-
istry. 
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