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Slow dust in Enceladus’ plume from condensation and
wall collisions in tiger stripe fractures
Jürgen Schmidt1, Nikolai Brilliantov1,2,3, Frank Spahn1 & Sascha Kempf4,5
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Figure 1 | Gas flow and condensation in cracks in Enceladus’ ice shell.
a, Schematic sketch. Gas escapes through channels of variable cross-section
to vacuum from a reservoir at the triple point of water. Channel profiles are
constructed as superposition of random harmonics (Supplementary
equations S11–S14), with smallest length scale L0, for a given total length L,
and minimal and maximal channel widths Dmin and Dmax. Because the
equations describing the channel flow and condensation are invariant under
the transformation DRaD, for any positive factor a, we may choose Dmax
arbitrarily for fixed Dmin/Dmax. Eventually, we identify Dmax with the
collision length Lcoll, which must be of the same order. From the
condensation model the particle speed–size distribution is obtained as an
average over an ensemble of 5,000 individual channel solutions. b, Typical
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corresponding to sublimation from ice at temperatures less than
260 K are generally too low to support the measured particle
fluxes2. This in turn suggests liquid water below Enceladus’ south
pole.
The structure of Saturn’s E ring clearly points at Enceladus as its
main source8,9 and the early prediction of cryo-volcanic activity10–12
was recently confirmed by Cassini data1–5. Enceladus’ plume originates from sources in the south polar region, located on four linear
structures5,13–15 (dubbed ‘tiger stripes’), which probably form the
outlets of a system of cracks in the moon’s ice shell through which
water vapour escapes to vacuum from subsurface sites of evaporation. Although the gas expands to space4,7 with a speed of 300–
500 m s21, most grains are ejected at speeds2,5,6 smaller than
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One of the spectacular discoveries of the Cassini spacecraft was the
plume of water vapour and icy particles (dust) originating near the
south pole of Saturn’s moon Enceladus1–5. The data imply considerably smaller velocities for the grains2,5,6 than for the vapour4,7,
which has been difficult to understand. The gas and dust are too
dilute in the plume to interact, so the difference must arise below
the surface. Here we report a model for grain condensation and
growth in channels of variable width. We show that repeated wall
collisions of grains, with re-acceleration by the gas, induce an
effective friction, offering a natural explanation for the reduced
grain velocity. We derive particle speed and size distributions that
reproduce the observed and inferred properties of the dust plume.
The gas seems to form near the triple point of water; gas densities
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solution for gas density and mass fraction of condensed grains along a
channel of length 90 m, Dmin/Dmax 5 0.56, and L0 5 18.76 m. The position in
the channel is denoted by Z. The density drops drastically near the narrowest
point of the channel (nozzle throat), where most grains nucleate. c, Profiles
of gas speed and temperature. The transition to supersonic flow occurs near
the nozzle throat, displaced slightly downstream owing to condensation.
Cooling in the nozzle zone leads to a drastic increase of supersaturation and
condensation. Owing to the latent heat, the temperature rises again.
d, Particle number density per radius increment for one single channel.
Other random channels (varying L0 and Dmin/Dmax) yield distributions with
peak sizes between tens of nanometres and tens of micrometres
(Supplementary Fig. 3).
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Enceladus’ escape velocity of 240 m s21. Such a difference would
appear plausible for a non-stationary (for example, explosive) process but it is not expected for the observed quasi-stationary particle15
and gas fluxes. Moreover, neither this dynamical difference nor the
dust formation may be attributed to processes outside the satellite:
here the gas is extremely dilute and practically collision-free4,7. Hence
the grains must form inside the satellite.
Existing models suggest that simultaneous freezing and boiling of
near-surface water5,6, suddenly exposed to vacuum, leads to ejection
of vapour and grains. However, in this framework the stationarity of
the plumes is difficult to understand. Models based on decomposition of clathrates16,17 can explain the observed abundances of volatile
gases3 but the formation of dust grains (speed and size distribution) is
not quantified. Here we show that grain condensation in the subsurface gas flow is consistent with the observed properties of the dust
plume2,5, and the inferred gas speeds and production rates3,4,7. Just as
in a nozzle, the variation of the channel width causes transition to
supersonic speeds and locally enhanced condensation (Fig. 1).
Moreover, in a non-straight channel the streamlines of dilute vapour
and grains generally differ (Fig. 1a). Thus, directional changes of the
gas flow (imposed by the cracks) and wall collisions will lead to an
effective deceleration of grains relative to the gas.
We model this effect as a Poisson random process with flight times
t exponentially distributed as exp[2t/(Lcoll/ugas)], where Lcoll defines
the characteristic length between collisions and ugas is the gas speed.
Grains are re-accelerated with a rate depending on gas density and
particle radius R (Fig. 2). We obtain (Supplementary Information)
their velocity distribution P(ugrain):
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separating slow and fast particles (see Fig. 2 for notation). The condensation coefficient b, ranging18,19 from 0.1 to 1, quantifies the
adsorption of water molecules by growing grains, so that their growth
rate is proportional to b. For gas near the triple point of water and
Lcoll of the order of decimetres we find Rc in the submicrometre
range. In this case submicrometre-sized dust particles escape the vent
essentially at the gas speed, while larger grains are slower, with
Æugrain(R)æ / 1/R.
The expanding vapour is super-saturated and by condensation its
density will adjust rapidly close to the saturated value req(Tgas) at
temperature Tgas (Fig. 2). Using equations (2) and (3) we obtain a
relation between the collision length Lcoll and temperature, which
shows that Æugrainæ increases with Lcoll. Basically, Æugrainæ is determined
by the brightness gradient of the plume6. To fix ideas, we take
Æugrainæ 5 100 m s21 for micrometre-sized grains, which, as shown
below, is consistent with plume brightness and observed particle
number density (Fig. 3). In this way we obtain a lower bound for
possible Lcoll (Fig. 2). If the collision length, roughly determined by
the width of the cracks, is smaller than this bound, the gas is too dilute
to support the observed particle flux. For gas temperatures below
,170 K the mean free path must exceed 10 km, which requires
implausibly wide or straight cracks. More plausible channel widths
between decimetres and metres, implying collision lengths of the
same order, require temperatures between 240 and 260 K (Fig. 2).
The expanding gas cools by a few tens of degrees (Supplementary Fig.
3), so that the actual temperatures at the site of evaporation must be
260 K or higher. Hence, a crack width of decimetres (Fig. 3) implies
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the presence of liquid water. We note that this conclusion is independent of the process of grain formation.
The large surface temperatures near the ‘tiger stripes’13,14 and evidence for hot chemistry20 provide additional support for the presence
of liquid water in equilibrium with ice and vapour (the triple point)
below the south polar terrain5,21,22. Hence, we combine hydrodynamic equations and the first thermodynamic law to model condensation in water vapour (Supplementary Information) that expands
from triple point conditions through channels of variable width
(Fig. 1a). As the expanding gas cools, it becomes supersaturated,
and efficient condensation into the solid phase sets in, typically
limited to a narrow region (Supplementary Fig. 2). For the precise
description of the homogeneous nucleation rate we employ a fit to
experimental data for water23 (Fig. 2). We obtain a closed set of
equations (Supplementary equations S1–S4, S6, S7 and S10) for density, temperature and speed of the gas, as well as for the mass fraction
and size of condensed grains along the channel (Fig. 1).
To account for natural geometric variety, we generate a large number (5,000) of random channels (Fig. 1). We combine the size distribution from individual channel profiles with the speed distribution
(equation (1)) and average it over the ensemble of random channels.
The resulting speed–size distribution is independent of the total
channel length, provided the length is much larger than the maximal
width of the cracks (Supplementary Fig. 7). From this distribution we
generate starting conditions for three-body integrations and construct a computer model of the plume. Starting positions and directions are, respectively, uniformly distributed in a circular area of 10u
half-angle around Enceladus’ south pole and in a cone of 25u halfangle about the surface normal. Trajectories are followed numerically
until the particles reach a distance of two Hill radii (sphere of gravitational influence, rH 5 948 km) or they strike the moon again. The
total flux of grains is normalized such that the model reproduces the
peak number density 0.08 m23 of particles with R . 1.6 mm recorded
by the Cassini High Rate Detector (HRD) on the trajectory of the
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Figure 2 | Temperature dependence of grain dynamics and homogeneous
nucleation rate. Ice grains move between random
according
ﬃ wall collisions
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exponentially distributed flight times this yields the distribution (equation
(1)) (Supplementary equations S17–S19). Here rgrain 5 920 kg m23 and
ugrain are the material density and the speed of the grains, rgas, ugas and Tgas
are the density, the speed and the temperature of the gas, kB is
Boltzmann’s constant, and m0 is the mass of a water molecule. The dashed
curve gives a lower bound for Lcoll necessary to maintain a mean speed
Æugrainæ for micrometre-sized particles that is larger than 100 m s21. We use
ugas 5 500 m s21 and rgas 5 req(Tgas) (shown as solid red curve,
rtriple 5 4.85 g m23), the saturated vapour density for given temperature.
The temperature range for which 0.1 m , Lcoll , 1 m is shaded in grey.
For the homogeneous nucleation rate we use the relation


cnuc ~B Tgas ðs{1ÞnðTgas Þ with the supersaturation s 5 rgas/req(Tgas).
The temperature dependence of the coefficients B(Tgas) and n(Tgas)
(Supplementary equations S8 and S9) we obtain from fits to experimental
data23. The nucleation rate drops drastically with decreasing temperature
(dash-dotted curve, shown for fixed s 5 10).
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Figure 3 | Comparison of model results with Cassini data. a, Brightness of
the model plume (phase angle 153u, wavelength 750 nm) with a Cassini
image from February 2005 (N1487334245_1, phase angle 153u, IR1 filter
leff 5 751 nm). At this time Enceladus was near its pericentre, as it was at the
time of the fly-by when the HRD data was recorded. Thus, the plume’s level
of activity should be comparable, if it varies with the orbital phase of
Enceladus27. Background brightness due to E ring dust has been subtracted
(Supplementary Information). Equivalent depth—that is, brightness
integrated along image lines, #(I/F)dx, orthogonal to the plume axis—is
plotted versus altitude (symbols). The profile of equivalent depth for the

model plume, computed from Mie theory, is overplotted (lines). The
brightness of the model depends mainly on collision length Lcoll and
condensation coefficient b (see also Supplementary Figs 5 and 7).
b, Cumulative particle size distribution from the model (dashed line) at the
location where the HRD measured the maximal particle density (Cassini flyby E11). The solid line includes an estimate for the background due to E ring
particles2,28 in the range R . 0.8 mm. The number densities N of particles
larger than 0.9, 1.6 and 2.8 mm, respectively, derived from the in situ data2,
are shown as diamond symbols.

Enceladus fly-by2 in July 2005 (Fig. 3b). We reconstruct an image of
the model plume (Supplementary Fig. 6) from Mie theory for smooth
spheres (we use Mishchenko’s Mie code: http://www.giss.nasa.gov/
,crmim). The parameters b and Lcoll are fixed by comparison to the
brightness and the brightness gradient in Cassini images (Fig. 3a,
Supplementary Fig. 6). A good agreement is obtained for b 5 0.2
and Lcoll 5 0.1 m.
For the example shown in Fig. 3, the minimal widths and shortest
scales (Fig. 1a) for the ensemble of random channels are drawn
uniformly from the intervals 0.3 , Dmin/Dmax , 0.9 and
5 m , L0 , 40 m and the total length is fixed to L 5 150 m.
Variation of interval boundaries and channel length L results in mild
quantitative changes (Supplementary Fig. 7) of the curves of Fig. 3. A
similarly small effect results from plausible variation of the area of
particle ejection around the south pole and the width of the ejection
cone.
With the HRD data we adjust the total dust flux, proportional to
the venting-active surface, to obtain a value for this area of 200 m2. A
channel width (Dmax < Lcoll) of the order of 10 cm then yields a total
venting active length of 2 km along the ‘tiger stripes’ (total length
500 km), consistent with the observation of isolated sources13,15. The
total dust production rate is about 5 kg s21 of which ,10% escapes
the satellite, in agreement with estimates of 1 kg s21 for the mass loss
rate of the E ring24. Slightly more than half of the escaping mass is in
particles larger than 1 mm. The mean fraction of condensed mass
Æfæ < 0.06 (Supplementary Fig. 3) then gives roughly 100 kg s21 of
gas production, which is in reasonable agreement with the 150–
300 kg s21 inferred from occultation data obtained by the Cassini
Ultraviolet Imaging Spectrograph4 and the Ion and Neutral Mass

Spectrometer3. If this amount of gas condenses at the walls22 of kilometre-long channels, we obtain a timescale of months for self-sealing.
Our theory predicts particle sizes in the micrometre range (Fig. 3b,
Supplementary Figs 4 and 5) with a local peak around 0.8 mm and a
steep decay towards larger sizes. The HRD data shows a shallower
slope due to the background of E ring particles: Large grains have
larger orbital lifetimes24–26 than small ones, and thus, once having
escaped from the moon, they become more abundant in the E ring
than in the plume.
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