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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-

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 thewalls, 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.

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 (16). For decom-
position of the mixed clathrate at 190 K and 0.5
MPa, the limiting rate would be ~ 900 kg s−1 m−2.
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 (17) for
depressurization of methane clathrates to gas plus
liquid water under terrestrial conditions for
decomposition of our hypothesizedmixed 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, Pd,
intermediate between the reservoir pressure, Pr,
and gas pressure,Pg, 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–1 (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 [SupportingOnline
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 H2O 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.

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 CO2 (23). (B) Phase relations for H2O and CO2 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 kgm–3

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 CO2 system.
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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-

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 thewalls, 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.

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 (16). For decom-
position of the mixed clathrate at 190 K and 0.5
MPa, the limiting rate would be ~ 900 kg s−1 m−2.
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 (17) for
depressurization of methane clathrates to gas plus
liquid water under terrestrial conditions for
decomposition of our hypothesizedmixed 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, Pd,
intermediate between the reservoir pressure, Pr,
and gas pressure,Pg, 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–1 (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 [SupportingOnline
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 H2O 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.

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 CO2 (23). (B) Phase relations for H2O and CO2 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 kgm–3

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 CO2 system.
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Plume Model

• Deep source particle speed distribution taken 
from Schmidt et al. (2008):

• Size distribution follows power law with slope α

• Assume particles ejected azimuthally uniform

• Assume polar ejection angle follows cos2-
distribution
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Equations of motion

Accounts for planet’s gravity and second moment, 
moon’s gravity, and particle charging.

—> Simulate millions of particles

• Create quasi-steady state model of plume

• Create impact rate profile on surface of moon
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Outline

• Resolving mass production

• Plumes - what, where and why?

• Surface deposition and tilted jets

• Implications on particle distributions
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Mass production

• Estimates vary from 5 kg/s to > 50 kg/s

• CDA data most direct measurement of 
mass production — ~25 kg/s
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Speed vs. size distribution
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Thank you for your attention!

[1] B. S. Southworth, S. Kempf, and J. N. Spitale. Surface Deposition 
of the Enceladus Plume and the Angle of Emissions. Icarus 
(submitted). 
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Competing theories of emissions

Curtain
• Joseph Spitale suggested 

some jets formed in Porco 
et al. are “phantom jets.”

• Instead, plume is mostly a 
“curtain.” 

Jets

• ~100 discrete jets proposed 
in Porco et al. (2014).

• Provide location and angle 
with respect to surface. 
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