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[1] Analogous to volcanic deposits on Earth, we can infer
eruption characteristics on Enceladus from the relationship
between particle size and distance from the vent. We
develop a model in which ice particles feeding plumes are
accelerated by the gas. We consider two cases: drag‐
limited and collision‐limited acceleration, which link
particle size to exit velocity. After being ejected at the
vent, particles follow ballistic trajectories. We fit the
model to observations of particle size on the surface
inferred from modeled VIMS data collected by the Cassini
spacecraft . We obtain a relat ionship between gas
temperature and characteristic acceleration length, whereby
lower gas temperatures require longer acceleration lengths.
The model shows that the large size of particles on the
surface is consistent with the size of particles observed
with the CDA and VIMS instruments at heights of Cassini
flybys, and the size of particles that reach escape velocity
and are found in Saturn’s E‐ring. Citation: Degruyter, W.,
and M. Manga (2011), Cryoclastic origin of particles on the surface
of Enceladus, Geophys. Res. Lett., 38, L16201, doi:10.1029/
2011GL048235.

1. Introduction

[2] The Cassini spacecraft discovered active cryovolcan-
ism on the South Polar Terrain of Enceladus, a small icy
moon of Saturn [Porco et al., 2006]. A heat source was
observed along four parallel cracks dubbed “tiger stripes”
[Spencer et al., 2006], where plumes originate at localized
sources [Hansen et al., 2008]. These plumes eject primarily
water vapor [Waite et al., 2006] with entrained ice grains
feeding the E‐ring of Saturn [Spahn et al., 2006]. The rela-
tively slow velocities of the ice particles compared to the gas
velocity and the origin of the ice grains have been an active
topic of debate [Porco et al., 2006; Kieffer et al., 2006;
Fortes, 2007; Schmidt et al., 2008; Brilliantov et al., 2008;
Halevy and Stewart, 2008]. Here we present an additional
constraint to test potential hypotheses by interpreting the size
of particles adjacent to the tiger stripes as being cryovolcanic
in origin.
[3] The distribution of ice particles on Enceladus as

derived from VIMS measurements shows an increase of ice
particle size near the fractures [Jaumann et al., 2008]. We
assume this distribution is explained by deposition of ice
particles that are ejected from the cracks and explore the
implications of this assumption. Two mechanisms for
accelerating the ice particles are investigated: drag‐limited
and collision‐limited acceleration. We use a ballistic model

to describe the trajectory of the ice particles once they exit
the vent. The model predictions are then fitted to data from
Jaumann et al. [2008] to constrain the characteristic accel-
eration length and the temperature of the gas. From these
results we calculate the maximum height to which different
size particles are ejected and discuss these sizes in light of
measurements during Cassini flybys.

2. Model

[4] We assume that the plumes are sourced from cracks,
and ice particles are accelerated by the gas within the cracks.
Following Ingersoll and Pankine [2010], we assume all gas
properties are determined by its temperature T. The gas
pressure P is the saturation vapor pressure given by

P ¼ a1 exp
�a2
T

� �
; ð1Þ

where a1 and a2 are fitting constants. Assuming an ideal gas,
the gas density rg is then

�g ¼ P

RT
¼ Pm0

kBT
ð2Þ

where R is the specific gas constant of water, m0 the mass of
a water molecule, and kB the Boltzmann constant. We
assume that the gas flow is choked, thereby setting the gas
velocity ug equal to the sound speed for saturated gas

ug ¼
ffiffiffiffiffiffiffi
RT

p
: ð3Þ

The gas viscosity h is given by the empirical law

� ¼ b1
T

b2

� �b3

ð4Þ

where b1, b2 and b3 are fitting constants. Constants and
variables are listed in Table 1.

2.1. Drag‐Limited Acceleration

[5] The acceleration of a spherical particle in a gas is
described by [e.g., Crowe et al., 1997]

Mp
dup
dt

¼ 1

2
�gCD�R

2
p ug � up
�� �� ug � up

� 	 ð5Þ

where up, Rp, Mp = rp4�3 Rp
3, and rp are the ice particle

velocity, radius, mass, and density respectively. The drag
coefficient CD is a function of the Reynolds number (Re)
and the Mach number (Ma) [Crowe et al., 1997]

Re ¼ �g ug � up
� 	

2Rp

�
; Ma ¼ ug � upffiffiffiffiffiffiffi

RT
p : ð6Þ

The (Re, Ma)‐map is subdivided into different flow re-
gimes according to the Knudsen number (Kn), the ratio
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of the mean‐free path of gas molecules to the particle
size

Kn ¼ �

�g2Rp

ffiffiffiffiffiffiffiffiffiffi
�m0

2kBT

r
¼

ffiffiffi
�

2

r
Ma

Re
: ð7Þ

For particle sizes between 100 nm and 1 mm and tem-
peratures between 190 K and 273 K, Kn is between 10−3

and 105. This covers a large range of flow regimes from
free molecular (Kn > 10), to transitional (0.25 < Kn <
10) and slip flow (10−3 < Kn < 0.25), and to a continuum
(Kn < 10−3) [Crowe et al., 1997].Crowe et al. [1997] suggest
the following empirical formula for CD to cover this broad
range of Kn

CD ¼ 2þ 24f1
Re

� 2

� �
exp �3:07f2

Ma

Re

� �
þ f3
Ma

exp �2
Re

Ma

� �

ð8Þ

f1 ¼ 1þ 0:15Re0:687 þ 0:0175

1þ 42500Re�1:16 ð9Þ

f2 ¼ 1þ Re 12:278þ 0:548Reð Þ
1þ 11:278Re

ð10Þ

f3 ¼ 5:6

1þMa
þ 1:7 ð11Þ

We note that this model predicts qualitatively similar results
to Schmidt et al. [2008] when Kn� 1. For Re� 1 andMa�
1, the drag coefficient converges to simple Stokes drag CD =
24/Re. This acceleration model is deterministic, i.e., the
velocity a particle can reach is determined by its size Rp, the
length Ld over which it is allowed to accelerate, and the gas
temperature T (Figure 1).

2.2. Collision‐Limited Acceleration

[6] The acceleration of particles can also be limited by the
distance they are allowed to travel between collisions owing
to being confined between the crack walls [Schmidt et al.,
2008]. We follow the assumptions of Schmidt et al.
[2008] that wall collisions are described by a random

Poisson process. This acceleration model is stochastic, i.e.,
the velocity a particle can reach is not uniquely determined,
but can be described by an average with a standard deviation
for a given size Rp, the characteristic length Lc between
collisions, and the gas temperature T. The contribution of
previous collisions scales as eN, with e the restitution coef-
ficient (0 ≤ e ≤ 1) and N the number of collisions
[Brilliantov et al., 2008]. When e = 1, the results are the
stochastic equivalent of the drag‐limited case (Lc = Ld).
Therefore, like Schmidt et al. [2008], we only consider the
case where particle velocities are reset to zero after a colli-
sion (e = 0), and note that drag‐limited and collision‐limited
acceleration are end‐member cases of the same model.
Using Monte Carlo simulations to imitate a random Poisson
process in combination with equation (5) we obtain an
average particle velocity for a given characteristic collision
length Lc and gas temperature T (Figure 1). For comparison,
ISS observations suggest an average particle velocity of
60 m s−1 [Spencer et al., 2009] and VIMS observations
estimate a range between 80 and 180 m s−1 [Hedman et al.,
2009].

2.3. Ballistic Model

[7] To describe the trajectory of a particle once it is
ejected from the crack, we assume the particle is moving
in a vacuum and is not further accelerated by the gas.
When the gas decompresses the density drops several
orders of magnitude, dramatically decreasing the drag
coefficient CD. The resulting acceleration from the gas
will therefore be negligible. Consider the initial conditions
for the particle position (x0 = 0, y0 = RE) or in polar
coordinates (r0 = RE, �0 = �

2) and exit velocity (vx0 = up

Table 1. Constants and Variables Used in the Model

Symbol Value Unit

fitting constants equation (1) a1 3.63 × 1012 Pa
a2 6147 K

fitting constants equation (4) b1 0.925 × 10−5 Pa s
b2 300 K
b3 1.1

Boltzmann constant kB 1.38065 × 10−23 J K−1

mass of a water molecule m0 2.992 × 10−26 kg
specific gas constant of water R = kB

m0
461.4 J kg−1 K−1

density of ice particle rp 920 kg m−3

gravitational acceleration g 0.11 m s−2

radius Enceladus RE 252 × 103 m
ejection angle g0 65 °
particle radius Rp 10−7–10−3 m
characteristic acceleration length Ld, Lc 0.1–100 m
gas temperature T 190–273 K

Figure 1. Particle radius versus exit velocity for Ld = Lc =
0.1 m and T = 250 K (ug =

ffiffiffiffiffiffiffi
RT

p
= 340 m s−1). The Knudsen

number for T = 250 K is shown on the top axis. The full blue
line is calculated from equation (5). The red points are cal-
culated from averaging the velocity obtained from Monte
Carlo simulations of a Poisson process with equation (5). The
error bars indicate 1 standard deviation. The black dashed
curve represents the escape velocity of 235 m s−1. Inset:
Particle trajectories (black) calculated for exit velocities
between v0 = 60 m s−1 and v0 = 180 m s−1 with increments of
30 m s−1. Enceladus is represented by the gray circle.
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cos g0, vy0 = up sin g0), where g0 is the ejection angle.
The governing ballistic equations are

dvx
dt

¼ �g
RE

r

� �2

cos �; ð12Þ

dvy
dt

¼ �g
RE

r

� �2

sin � ð13Þ

We treat g0 as a constant throughout this study and set it
equal to 65°, the angle the plume edge is believed to
make with the surface [Schmidt et al., 2008]. Examples of
possible trajectories are shown in the inset of Figure 1.

3. Results

[8] The model is used to fit the particle sizes provided by
Jaumann et al. [2008] (Figure 2). A reasonable agreement
between the model and the derived observations can be found
at intermediate distances (5–10 km) from the cracks. At
shorter distances a maximum in particle size is observed and
further away from the crack the particle sizes are larger than
model predictions. We fit our model to the measurements of
the Damascus peak (with crack position at 22 km) to find a
correlation between gas temperature and characteristic
acceleration length by calculating thec2 value over a range of
gas temperatures and acceleration lengths (Figure 3). For
drag‐limited acceleration we obtain:

log10 Ld ¼ �0:055455T þ 12:435; ð14Þ

and for collision‐limited acceleration:

log10 Lc ¼ �0:042783T þ 10:633; ð15Þ

where L is in m and T is in K. To fit the deposit a particle of a
certain size will have to be accelerated less if the length over

which it can be accelerated is longer. This requires a smaller
value for the drag coefficient CD, which is achieved by a
decrease in gas temperature, as this decreases the pressure
(equation (1)), density (equation (2)), and gas velocity
(equation (3)). We note that small variations in both tem-
perature and acceleration length lead to large differences in
predicted deposition as is evident from Figure 3.

4. Discussion

[9] The model predicts smaller particle sizes than the sizes
observed at large distances (>10 km) from the crack. This
discrepancy also appears in other models of particle depo-
sition that predict small particle sizes at these distances
[Kempf et al., 2010]. Assuming the data interpretation by
Jaumann et al. [2008] that the ice particles are made off
pure water ice is correct we discuss several mechanisms for
discrepancies. In order for grain growth processes to be
effective their timescale has to be faster than the particle
deposition time scale which is 0.5 mm/year in the vicinity of
the jets and drops of to 10−5 mm/year near the equator
[Kempf et al., 2010]. Grains can grow by sintering
[Kaempfer and Schneebeli, 2007] or sputtering [Clark et al.,
1983], but the timescales are likely to be very large at sur-
face temperature of ∼80 K [Spencer et al., 2006]. We
therefore expect that altering the deposits by grain growth is
slower than regenerating them by deposition near the
plumes, but might become relevant further away from the
cracks. Another possibility is changing of the crack geom-
etry over time, whereby the crack in the early stages of its
existence was wider and could deposit particles further as
the characteristic acceleration length would be longer. An
increase of the acceleration length by a factor of 2 could
explain particles with radii of 20 mm at >20 km distance.
The maximum size of particles at distances close to the
crack (<5 km) may be limited by the mechanism that pro-
duces the particles, but larger particle sizes do exist close to
the center of the tiger stripes. Jaumann et al. [2008] report
0.2 mm particles at the tiger stripes and the VIMS instru-
ment loses sensitivity for particles not much larger than this.
ISS images blocks 10s of m in size [Porco et al., 2006].

Figure 2. The open black circles indicate particle sizes
derived from VIMS measurements at a cross section taken
perpendicular to the tiger stripes [Jaumann et al., 2008].
The dashed black lines indicate assumed crack positions of
22 km at Damascus (D), 55.5 km at Baghdad (B), 99 km at
Cairo (C), and 126 km at Alexandria. The gray curves are
calculated by applying drag‐limited acceleration, assuming
Ld = 1.7 m, T = 220 K (ug =

ffiffiffiffiffiffiffi
RT

p
= 319 m s−1) and using

the ballistic equations.

Figure 3. Map of log(c2) value obtained by fitting predic-
tions of drag‐limited acceleration to slope data points of the
crack at Damascus in Figure 2. The best fit (black region)
follows a trend where a higher temperature requires a shal-
lower starting depth. Fitting of minimum c2 value relates the
temperature T with the starting depth Ld (equation (14)).
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[10] An independent way of testing our interpretation is
by predicting the height reached for a given particle radius
(Figure 4). The drag‐limited model predicts lower heights
than the collision‐limited model for small (<10 mm) particle
sizes. The collision‐limited model agrees best with con-
straints on the size of erupted particles: (i) the Cosmic Dust
Analyzer sampled particles >2 mm at an altitude of 166 km
during the July 2005 flyby [Spahn et al., 2006], (ii) Hedman
et al. [2009] obtained VIMS measurements during the
November 2007 flyby that showed the dominant particle size
between 49 km and 279 km is between 1 and 3 mm, (iii) the
particle sizes feeding Saturn’s E‐ring are <1 mm [Kempf et al.,
2010], and (iv) the Cassini spacecraft could be destroyed if
it collides with a particle larger than 1 mm [Razzaghi et al.,
2007]. Our model predicts such an encounter is unlikely as
the closest flyby is at 25 km altitude and 1 mm particles will
only be propelled a couple of meters to 100 m high.
[11] Several suggestions have been made in the literature

for the origins of the ice particles: (i) the particles are created
by a phase change after explosive boiling of subsurface
liquid water by sudden decompression created by opening
of a crack (Cold Faithful model [Porco et al., 2006]) or by
particle nucleation and growth during ascent of the gas
within the cracks [Schmidt et al., 2008], (ii) the particles
have a mechanical origin by fragmentation of clathrates
(Frigid Faithful model [Kieffer et al., 2006]), or by tidal
stresses acting on crack walls [Nimmo et al., 2007; Hurford
et al., 2007], which produce materials similar to fault gouge
by shearing and brecciation. These particles would then be
entrained by escaping gas. The drag‐limited particle accel-
eration can only describe particles that form at shallow
depths, within the upper few meters of the surface. For

collision‐limited acceleration there is no need for this
assumption as particles only carry information from their
last collision. Although no generation mechanism can be
excluded, a large range of sizes (10−7 to >10−4 m) exists
and must be accounted for.
[12] Owing to the trade‐off between temperature and

acceleration length, our model for the ejection and deposition
of ice particles does not exclude any of the proposed models
for the origin of particles. However, it provides constraints as
knowledge of the gas temperature determines the acceleration
length and vice versa. For example, Kieffer et al. [2006]
suggest a temperature of 190 K for a shallow clathrate res-
ervoir which would imply an acceleration length around
100 m. Alternatively, an upper bound for the crack width
can be estimated as 5 m, the diurnal tidal amplitude
[Hurford et al., 2007]. If we assume the acceleration
length ∼ crack width, the required temperature is >215 K
in agreement with estimates of Abramov and Spencer
[2009].
[13] In conclusion, if the size distribution of particles

adjacent to the tiger stripes reflects their deposition from
a vent, we obtain new insights into the eruptions. More
accurate determination of particle size distributions around
the tiger stripes can lead to a more detailed description of the
crack geometry and vent temperature, as well as the varia-
tion of these quantities along the fractures.
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