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A Clathrate Reservoir Hypothesis
for Enceladus' South Polar Plume

Susan W. Kieffer,™* Xinli Lu,* Craig M. Bethke,* John R. Spencer,?

Stephen Marshak,* Alexandra Navrotsky®

We hypothesize that active tectonic processes in the south polar terrain of Enceladus, the
500-kilometer-diameter moon of Saturn, are creating fractures that cause degassing of a clathrate
reservoir to produce the plume documented by the instruments on the Cassini spacecraft.
Advection of gas and ice transports energy, supplied at depth as latent heat of clathrate
decomposition, to shallower levels, where it reappears as latent heat of condensation of ice. The
plume itself, which has a discharge rate comparable to Old Faithful Geyser in Yellowstone National
Park, probably represents small leaks from this massive advective system.

ata from the instruments on the Cassini
D spacecraft (/—6) prompt a major scientific

question: What is the reservoir that
produces the plume on Enceladus? The plume
erupts from the tectonically active (/) and warm
(2) south polar terrain (SPT); it contains not only
H,>O vapor and ice particles (/) but also CHy, N»,
and CO, gases (6). A highly variable flux of the
order of 107 to 10 ® kg s ' m 2 (and possibly
several orders of magnitude greater, depending on
vent conditions at depth) emanates from at least 17
separate vents along the four tectonically active
tiger stripes (6, 7). The surface of Enceladus in the
SPT is composed of amorphous and crystalline
water ice with traces of complexed CO, (4).

On the basis of the assumption that the
reservoir for the plume is a single-component
H,O system, it was hypothesized that the plume
erupted from chambers of liquid water at 273 K
as close as 7 m to the surface, the “Cold Faithful”
model (7). However, it has also been argued that
the plume composition represents the surface and
near-surface composition at the site of outgassing
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(6), in which case the additional gases must be
accounted for. Observed CO, concentrations
could be in aqueous solution at pressures greater
than ~24 bars and could help drive geyser
eruptions [as on Earth (8-7/0)]. However, CHy,,
and N, are so sparingly soluble in liquid water
that these gases could not have originated from a
liquid aqueous phase. The solubility of these
gases in clathrate hydrates (ices with a cage-like
structure in which water ice traps other volatile
components), however, is enormous compared
with their solubility in liquid water. The observed
molar ratio of H,O vapor to noncondensible
gases in the plume is 10:1 (6). The similarity
between this and the ratio of water to guest
molecules in a clathrate (hydration number is 6:1
to 8:1) suggests that the reservoir could consist of
clathrates or clathrates plus water ice. The
potentially important role of multicomponent
clathrates in Enceladus has been pointed out
(11, 12); we investigated the possibility that
explosive decomposition of a clathrate of this
composition could account for the observations
summarized above. Relevant decomposition
curves for the binary clathrates and a mixed
clathrate of the composition corresponding to the
plume are shown in Fig. 1A.

In an undisturbed cold region of Enceladus,
including undisturbed regions of the SPT, a con-
ductive geotherm centered at the surface tem-
perature (70 to 80 K, Fig. 1B, point A) would
intersect either the CO, sublimation curve (Fig.
1B, point B) or the clathrate decomposition curve

(Fig. 1B, point C) before intersecting the H,O
boiling curve (Fig. 1B, point D). Conductive
geotherms centered at higher heat flow regions
(Fig. 1B, point E) intersect the boiling curve at
tens of meters (Fig. 1B, points near F) but are
irrelevant if thermal conduction in pure H,O ice is
not the dominant process of heat transport, which
we suggest is the case (Fig. 1B, point D).

Water ice and complexed CO, have been
detected on the surface of Enceladus (4). This
observation, coupled with an examination of the
phase diagrams of Fig. 1, suggests that the crust
consists of a leaky H,O-CO, ice cap “seal” on the
order of 3.5-km thickness overlying a clathrate
reservoir (/3) (Fig. 1B). As long as the seal
contains only minor leaks, confining pressure is
maintained and the clathrate remains stable. Small
leaks will tend to be self-sealing, because water
vapor rising from depth freezes in the cold ice cap
(Fig. 2A). If the seal breaks and confining pressure
is lost, as happens repeatedly as the tectonically
active cap fractures, the clathrate is exposed to
near-vacuum conditions and decomposes, perhaps
violently (Fig. 2, B to D). With time, self-sealing
resumes, and the system returns to ambient
conditions. In this way, vents in Enceladus' ice
cap may be opening and closing continually,
producing variable fluxes and plumes that reach
high above the moon's surface.

We suggest that episodic and frequent for-
mation of new fractures in the SPT repeatedly
exposes clathrate reservoirs to near-vacuum con-
ditions. Large fluxes of gas release are always
accompanied by massive ejection of ice grains
when decompression takes place (/4, 15). As
these authors discuss, decomposition may be com-
plicated by the low-temperature polymorphic
(hexagonal, cubic, amorphous, and nanophase)
changes in ice, but these complexities cannot be
addressed quantitatively, so we restrict our dis-
cussion to clathrate decomposition. We hypoth-
esize that this process produces jets of gas and
ice particles in the fractures comparable to jets
produced by comets. If the total pressure drops
below the vapor pressure of the ice particles, they
sublimate to yield water vapor. Whether this
occurs at depth in the fracture (Fig. 2B, left) or
above the surface in the plume (Fig. 2B, right)
depends on the pressure distribution, which we
cannot specify.
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Clathrate decomposition into a vacuum is self-
sustaining, because vapor is the stable phase, but
simultaneously self-limiting, because the decom-
position is endothermic. In smaller fractures,
condensation may lead to rapid self-sealing (Fig.
2A), but in larger fractures condensation may be
limited to boundary layers at the walls. Condensa-

VRO e A 108
; Possible rocky core - i~ y
10 (H) ~ - o
/ 1/
N, Clathrate
10°0 7 oK N Clathratal g
< .  Mixed Clathrates
=10 |- ,/ Pl 102 E,
] / / CH, Clathrate =
& / 1 ‘é'
107 (s)| (H) q10' 3
Il ff CO, Clathrate
/
107 - 10°
}f 4 (G+1)
10 S [
——— COy-H:0 System: H = § + | Equilibrium
P75 AT S AP U Y BTN PR S SNV WH MR O BT 2
60 80 100 120 140 160 180 200 220 240 260 280 300
TIK]

tion is accompanied by the delivery of latent heat to
the walls. The boundary layer thickness is limited
by the rate of heat transfer away from the walls, and
the net effect may be that larger fractures remain
open. Nevertheless, the ice coating will shut off the
supply of gases, and the pressure, even in a deep
fracture, may drop toward vacuum conditions.
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Fig. 1. (A) Decomposition curves from clathrate hydrate (H) to gas plus ice (G+I) for the three binary
clathrates of interest and for the mixed clathrate proposed for the reservoir on Enceladus (21, 22) and the
sublimation curve for CO, (23). (B) Phase relations for H,0 and CO, single-component systems, the mixed
clathrate system from (A), and some possible shallow thermal profiles. The thermal profile ABC shown is a
purely conductive profile for a surface temperature at 1-cm depth of 70 K and a heat flow of 0.25 W m™2,
At ambient background conditions on Enceladus, a conductive thermal profile for a density of 1000 kg m™—
allows ice to be stable to 3.5 bars pressure and about 3 km depth or the mixed clathrate to be stable at
pressure > 1.5 bars (>1.3 km depth). Italicized letters apply only to the CO, system.
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When it drops to the vapor pressure of ice at the
local temperature, sublimation of ice can begin if
there is an adequate heat supply (Fig. 2C). The in-
terplay between these various processes and active
tectonics will result in complex and constantly
changing fracture networks (Fig. 2D) and could
lead to the highly time variable phenomena ob-
served for the plume. We examined whether the
magnitudes of the observed gas and vapor fluxes
are consistent with the observed thermal constraints
and properties of clathrates and ice. Construction of
detailed models is neither possible nor warranted
by the data available. We could, however, look at
two extreme cases: decomposition into a vacuum
and into a network of cracks and fractures.

A maximum rate of clathrate decomposition
into a vacuum can be calculated from the Hertz-
Knudsen-Langmuir equation (/6). For decom-
position of the mixed clathrate at 190 K and 0.5
MPa, the limiting rate would be ~ 900 kg s ' m %
An eruption of this magnitude would pose a no-
table problem to a spacecraft in low orbit but is
unlikely to be maintained long enough for Cassini
to have encountered such an event during the short
time of observations to date. Rather, we assumed
that the Cassini measurements are monitoring
lower, more steady-state output from the plumes.

To examine decomposition of clathrate into a
network of cracks, we adapted the model (/7) for
depressurization of methane clathrates to gas plus
liquid water under terrestrial conditions for
decomposition of our hypothesized mixed clathrate
to gas plus water ice on Enceladus. The model
provides the production rate of the noncondensible
gases, which can be tested against the observed
fluxes. From the gas flux, estimates of water vapor
flux can be made for certain conditions.

The reservoir is represented as a fractured
permeable medium. It may be the clathrate itself
or a mixture of clathrate and ice or some other solid
substance (Fig. 2). Penetration of a fracture initiates
a decomposition front that propagates away from
the fracture into the clathrate reservoir. Along this
front, clathrates decompose at a pressure, Py,
intermediate between the reservoir pressure, P,
and gas pressure, P, in the fracture. Gas production
rate is a function of these pressures, temper-
ature, zone permeability, and porosity. We as-
sumed that the heat required for the decomposition
28 kJ mol™" (gas mixture) is available as discussed
below. Two plausible cases are discussed; sensi-
tivity studies about the effect of porosity and per-
meability are provided in Fig. 3 [Supporting Online
Material (SOM) text and fig. S1].

We calculated fluxes for one shallow and one
deep reservoir to set pressure-temperature bound-

ary conditions. Our nominal shallow cool reser-
voir has a temperature of 190 K, which is close to
that inferred for warm areas (2) and ensures there
is sufficient enthalpy to accelerate particles to
escape velocity if decompressed to 145 K. For the
shallow reservoir, we assigned an initial pressure
just high enough for clathrate stability at 190 K, 5
bar. We also examined flow from a deeper
reservoir at 35 km (41 bar), corresponding to a

Fig. 2. Schematic illustrations. (A) Small self-sealing fractures extending from the clathrate
reservoir through the ice cap seal. (B) A large fracture venting gas plus ice particles derived from
the decomposing clathrate directly to the surface. The white area with snowflakes is composed of
the noncondensible gases and ice fragments derived from decomposition of the clathrate. The gray
area is gas and sublimated water vapor and ice crystals. The birm on the left fracture schematically
shows possible surface redeposition from the plume. (C) A fracture into the clathrate with walls
coated by H,0 ice, which can sublimate. (D) A complex fracture network through the clathrate and
ice. We hypothesize that these variations of fracture geometries and processes are occurring at
multiple vents in the SPT and that they are time-variable.
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Fig. 3. (A) Flux of noncondensible gases calculated according to the model adapted from (17) on
two different time scales (top and bottom axes). The top axis in days applies only to the top curve
in this panel of the figure. Sensitivity to porosity shown by dashed curves. (B) Examples of

sensitivity to reservoir pressure and temperature.

depth about halfvay into the estimated crust, and
assigned a temperature of 250 K, corresponding to
a plausible geothermal gradient (Fig. 1B). Actual
reservoir pressures and temperatures are un-
known; these are simply plausible end-members.
Pressures in the active fractures could span the
range from reservoir pressure to near-vacuum sur-
face conditions (Fig. 2D). The former is likely at
the base of a network of small fractures; the latter,
at the base of a single wide fracture. When gas
flows in complicated networks, pressure conditions
are commonly determined by narrow constric-
tions where the flow chokes to sonic conditions of
pressure, temperature, and flow velocity (Mach
number = 1) (/8). Typically, this pressure is about
half of the reservoir pressure (see Fig. 3 for values).
For the shallow reservoir, initial fluxes of the
noncondensible gases (G) are ~10" kg s ' m 2
but decrease to ~10* kg s ' m > within weeks
(Fig. 3A),t0~5 x 10 *kgs ' m 2 within 10 years,
and to ~10 % kg s ™' m ™ within 100 years. Porosity
and permeability change these values by about
one-half an order of magnitude. Sensitivity tests at
even lower pressures and temperatures show that
fluxes are in about the same range (Fig. 3B).
Fluxes from the deeper reservoir are more than an
order of magnitude greater because of both the
larger pressure gradient between the reservoir and
the fracture and the higher temperature (Fig. 3B).
This model gives the flux of the nonconden-
sible gases, CO,, N,, and CH,. We suggest that
these gases entrain small particles of water ice at
about the molar ratio of 10:1 (mass ratio of 6:1) and
carry them upward in the flow. Upon encountering
pressures lower than the vapor pressure either
within the fracture or in the atmosphere, these
small particles sublimate to produce the observed
vapor-to-gas ratio. Therefore, adding in the water
vapor component to the observed mass ratio of
6:1 gives a total flux of vapor plus gas of ~7 x 10~
kgs ' m Zaftera few weeks, ~35 x 10 ®kgs ' m >

after a decade, and 7 x 10°° kg s m? after a
century. Given the highly variable fluxes and
uncertainties in measurements and modeling, these
results imply that clathrate degassing could produce
fluxes of the order of magnitude measured for the
plume, 107 to 10 % kg s ' m 2 The rapid decay
over a time frame of weeks is similar to the time
scale of 1 month that was documented as the decay
time for a burst of particles into Satum's E-ring
observed in 2004, as well as the time scale in (6).
The high fluxes calculated from the model also
allow some H,O and CO, to recondense on the
walls and near surface to form the low ridges of
H,0O with trapped CO, observed by (/, 4) (Fig. 2B,
left, one schematic rim shown in dark gray).

Alternatively, these calculated fluxes will be
reduced by a process known to occur when
clathrates degas: Surfaces become coated with
water ice, and the reaction slows or ceases (Fig.
2C). In this case, the pressure in the fracture drops
to the vapor pressure of the ice, and sublimation
can occur if heat is available. After sublimation
removes or weakens the ice, the degassing cycle
can start again (Fig. 2B).

How much heat is required to produce the
plume from the clathrate by this process? We
ignored the comparatively small energy required
for acceleration and considered larger latent heats
of decomposition of the clathrate, ~890 kJ kg of
noncondensible gas mixture, and the additional
heat of sublimation of water ice, ~2800 kJ kg .
For a total vapor flux of 100 to 350 kg s the
energy required to produce the plumes is then 0.3
to 0.9 GW, about one-tenth of the 3 to 7 GW
radiated from the SPT. This is consistent with our
hypothesis that much of the energy of decom-
position and sublimation is transported from
depth and redeposited at higher levels as heat of
condensation of ice and carbon dioxide and that
the plume represents small leaks on a massive
advection system.

We conclude that Enceladus' south polar
plume consists of numerous relatively small
leaks tapping a system of advecting gases, ice,
and vapor (/, 2, 6, 7). The total discharge of a
few hundred kilograms per second from all of
the vents contributing to the plume at the
south pole of Enceladus is remarkably similar
to the discharge of Old Faithful Geyser in
Yellowstone National Park (/8), but the dis-
charge into a vacuum gives the plume its mag-
nificent height and spread. We emphasize that
heat transport is not along thermal profiles
determined by the thermal conductivity of ice
in these regions but rather by advection of vapor
and redistribution of latent heats. As an alter-
native to the shallow boiling water “Cold Faith-
ful” model (1), we propose that the south pole of
Enceladus is a colder world with a “Frigid Faith-
ful” plume emanating from degassing clathrates.
This model accounts in a simple and unified way
for the gas composition of the plume and the
variability of fluxes over space and time. It
provides a plausible advective heat transfer pro-
cess as heat absorbed as latent heat of decom-
position of clathrate is redeposited near the
surface as latent heat of condensation of ice.
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