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The so-called ‘PacMan’ features on the leading hemispheres of the icy Saturnian moons of Mimas, Tethys
and Dione were initially identified as anomalous optical discolorations and subsequently shown to have
greater thermal inertia than the surrounding regions. The shape of these regions matches calculated de-
position contours of high energy plasma electrons moving opposite to the moon’s orbital direction, thus
suggesting that electron interactions with the grains produce the observed anomalies. Here, descriptions
of radiation-induced diffusion processes are given, and various sintering models are considered to cal-
culate the rate of increase in the contact volume between grains in an icy regolith. Estimates of the
characteristic sintering timescale, i.e. the time necessary for the thermal inertia to increase from that
measured outside the anomalous regions to that within, are given for each of the moons. Since inter-
planetary dust particle (IDP) impact gardening and E-ring grain infall would be expected to mix the re-
golith and obscure the effects of high energy electrons, sintering rates are compared to rough estimates
of the impact-induced resurfacing rates. Estimates of the sintering timescale determined by extrapolat-
ing laboratory measurements are below ~0.03 Myr, while the regolith renewal timescales are larger than
~0.1 Myr, thus indicating that irradiation by the high energy electrons should be sufficient to form stable
thermal anomalies. More detailed models developed for sintering of spherical grains are able to account
for the radiation-induced anomalies on Mimas and Tethys only if the regoliths on those bodies are rela-
tively compact and composed of small (s 5pm) grains or grain aggregates, and/or the grains are highly
non-spherical with surface defect densities in the inter-grain contact regions that are much higher than
expected for crystalline water ice grains at thermal equilibrium. These results are consistent with regolith
thermal conductivity models which can only be reconciled with spacecraft observations if the contacts
between grains are assumed to have much lower thermal conductance than predicted for idealized grains.
The strength of the anomalies on Tethys and Dione appear to be limited by E-ring grain infall, while on
Mimas IDP gardening limits the strength of the anomaly. The smaller flux of more deeply penetrating
high energy (>1MeV) electrons on Dione can account for the small thermal inertia differences measured
there. Determining regolith sintering rates and the corresponding effect on thermal conductivity can, in
principle, provide an independent constraint on the regolith grain geometries and exposure timescales
for icy bodies.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Anomalous weathering features have been identified on the icy
Saturnian moons Mimas, Tethys, and Dione. First identified dur-
ing the Voyager era as a dark equatorial band in visible light im-
ages of Tethys (Buratti et al., 1990; Stooke, 1989; 2002), more re-
cent images from the Imaging Science Subsystem (ISS) on Cassini
clearly show near-UV (0.338um) brightening and NIR (0.930pm)
darkening of Mimas and Tethys in regions centered on the leading
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hemisphere and roughly symmetric about the equator (Elder et al.,
2007; Schenk et al., 2011). Additionally, the Cassini InfraRed Spec-
trometer (CIRS) measurements of thermal emission in the mid-IR
regime (9.1—16.7 um) revealed that temperature variations during
a diurnal cycle were smaller in the anomalous regions on all three
bodies (Howett et al., 2012; 2014; 2011), indicating larger thermal
inertias. The shape within the CIRS daytime temperature maps,
reproduced in Fig. 1, led to the anomalies becoming colloquially
known as the ‘PacMac’ features. The spatial boundaries of the op-
tical and thermal anomalies were similar, suggesting a common
origin. However, reflectance features were not seen in the far-Uv
data (170—190 nm) taken by the Ultraviolet Imaging Spectrometer
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Fig. 1. The panels show the anomalous ‘PacMan’ features identified on the lead-
ing hemispheres of Mimas and Tethys. Energy flux contours, given in units of
logio(MeV/cm?/s) (Paranicas et al., 2012), superimposed on the IR/UV ratio maps
(Schenk et al., 2011) appear to match the shape of the anomalous regions. The day-
time surface temperatures for each of the bodies are given as color maps (Howett
et al,, 2012; 2011) and clearly show lower daytime temperatures (corresponding to
higher thermal inertia) inside the anomalous regions with boundaries roughly con-
sistent with the discolorations. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

(UVIS) (Hendrix et al., 2012) or in the mid-IR (0.8—5.1 pm) wave-
lengths (Scipioni and Schenk, 2014). This absence was explained
by different sampling depths of the spectral data sets and different
regolith properties as a function of depth.

That the moons are embedded in the energetic Saturnian
magnetospheric plasma suggests the anomalies are produced by
plasma interactions with the water ice grains that compose the re-
golith. The moons are tidally locked and deposition of the faster
rotating thermal plasma occurs preferentially on the trailing hemi-
spheres with the ions penetrating the regolith to ~pm depths and
the electrons up to ~mm. In addition to orbital motion, the plasma
particles ‘bounce’ along magnetic field lines perpendicular to the
orbital plane. For electrons with energies above ~10 keV, the lat-
eral drift during half a bounce period is less than the diameter of
the moons, and it can be assumed that whenever the electron path
crosses a body the electron is absorbed on the surface. At electron
energies above the co-rotational resonance energy, &, the gradi-
ent and curvature drifts are strong enough to cause electrons to
move in a rotational direction opposite to that of the moons and
the thermal plasma (Paranicas et al., 2012; Roussos et al., 2007).
These electrons impact preferentially on the leading hemisphere
and penetrate the regolith up to cm depths. The resulting depo-
sition pattern is distinctly lens shaped as seen in Fig. 1. The mea-
sured thermal and electron properties for the icy moons, as well as
published estimates for the average regolith grain radii determined
from reflectance measurementsl, are given in Table 1.

Using electron energy spectra measured by the Low Energy
Magnetospheric Measurements System (LEMMS) on the Cassini
Magnetosphere Imaging Instrument (MIMI) (Krimigis et al., 2004)
in the vicinity of the moons, the expected deposition profiles for
electrons with energies above &£, were shown to closely match the
shape and location of the anomalies as seen in Fig. 1. The bound-

aries of the thermal anomalies were fit by an energy deposition
flux of 5.6 x 10* MeV/(cm?2s) at Mimas and 1.8 x 10* MeV/(cm?s)
at Tethys (Howett et al., 2012; 2011). The thermal inertia differ-
ences are much weaker on Dione and it is difficult to fit a specific
energy flux contour to the anomaly boundary. Therefore, that of
Tethys is assumed here. Furthermore, the skin depths of the ther-
mal anomalies, §, given in Table 1, and the estimated penetration
depth of the MeV electrons are both on the order of a centimeter.
The combination of these results provides strong support for the
hypothesis that high energy electrons are responsible for the in-
creased thermal inertia in the anomalous regions. Similar weather-
ing features due to trapped magnetospheric plasma have also been
identified on Europa (Paranicas et al., 2001).

Despite the apparent correlations, the physical mechanisms
by which the electrons drive changes in surface reflectance and
thermal inertia have not been fully described and a quantitative
comparison with theoretical and experimental results is lacking.
One proposed mechanism for the increase in thermal inertia was
growth or annealing of grain contacts resulting from high en-
ergy electron interactions with the ice. The process of atoms or
molecules migrating into the contact region between grains due
to thermal or radiation-induced diffusion is called sintering and is
well studied in materials processing (e.g., ceramics). The electron
interactions can also anneal highly amorphous grains, producing
crystalline regions with residual defects, and rearrange the molec-
ular bonding at the interface between grains, directly annealing the
ice in the contact region. The transformation of ice from amor-
phous to crystalline can increase thermal conductivity. However,
for reasonable assumptions of crystalline fraction in the ice grains
and the thermal conductivities of amorphous and crystalline ice,
the crystallization of amorphous grains is insufficient to account
for the measured differences, thus implying that the higher ther-
mal inertia results primarily from changes in the size and mor-
phology of the contact regions between grains.

Assuming that, initially, thermal transport between grains is in-
efficient due to poorly bonded or small contacts between grains,
interactions that occur near the contact region will cause molcules
to accumulate and ‘cement’ or sinter the region between grains.
Molecules preferentially collect on the periphery of the contact re-
gion where the curvature is the largest and surface energy is a
minimum. Sintering improves the ability of the contact to con-
duct heat between grains and, consequently, increases the effec-
tive thermal inertia of the regolith. However, due to the expected
roughness of regolith grains, the possibility of small amounts of
amorphous ice and salt or organic inclusions, and the cold sur-
face temperatures of the Saturnian moons (~ 60 — 90 K at Mimas),
the application of thermal conductivity and sintering models de-
veloped using simplifying assumptions for the grain shape and ma-
terial behavior is not straightforward.

In this paper, we start by providing a brief overview of vari-
ous thermal conductivity models for granular, porous regoliths in
Section 2, and use a simple model to estimate the grain contact
radii implied by the CIRS thermal inertia measurements. Electron
interactions with water ice are then described in Section 3 and
Monte Carlo calculations are used to determine the energy depo-
sition rate and penetration depth of electrons into an amorphous
water target. A sintering model based on experimental measure-
ments of radiation-induced compaction of porous water ices is pre-
sented Section 4 and used to estimate timescales for the contact
region to grow sufficiently to explain the thermal inertia differ-
ences inside and outside the anomalous regions. Meteoroid im-
pacts and E-ring grain infall will both melt and redistribute mate-
rial across the surface, refreshing the exposed surface and obscur-
ing the sintering effects produced by the MeV electrons. If indeed
the MeV electrons are responsible for the thermal anomalies, the
regolith renewal timescale should be comparable to or longer than
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Table 1

Measured thermal properties inside and outside the anomalies (Howett et al., 2012; 2014; 2011), grain sizes
(Filacchione et al., 2010; Hendrix et al., 2012), and high energy electron fluxes (Paranicas et al., 2012) at the

icy Saturnian Moons. The thermal skin depth is defined as § =

I _ oy i
R where ¢ = 50% is the assumed

porosity, @ is the angular velocity of rotation of each moon and ci, ~ 12.4 J/(mol K) and pj, ~ 0.94 g/cm?
are, respectively, the heat capacity and density of crystalline ice at 80 K.

Body Thermal Skin Grain Co-rotational Electron
inertia depth radius resonance flux
I § Tg energy, & Delec
[m] [cm] [um] [MeV] [elec/cm?/s]
Mimas
In 66 + 23 2.01 £ 0.7 10— 40 ~1.04 ~1.45x10%
Out <16 <0.49 5-25
Tethys
In 25+3 0.76 + 0.09 ~35 ~0.84 ~1.18x10%
Out 5+1 0.15 £+ 0.03
Dione
Leading 1 0.57 ~30 ~0.63 ~1.68x10*
Trailing 8 0.42

the grain sintering timescale at depths shallower than the thermal
skin depth. A full radiation-induced sintering model depending on
grain size and shape is proposed in Section 5, and results are used
to constrain regolith grain properties and surface ages.

2. Thermal conductivity of a porous, granular regolith

The plumes of water ice particles from Enceladus are thought to
produce the bulk of the ~ um sized E-ring grains (Dougherty et al.,
2006; Porco et al.,, 2006; Spahn et al., 2006b), although impacts of
the E-ring grains and interplanetary dust particles (IDPs) onto the
icy moon surfaces may also contribute (Juhdsz and Horanyi, 2002;
Spahn et al, 2006a). The E-ring grains have relatively low im-
pact velocities (~5km/s at Tethys) and likely sandblast the surface
grains (Verbiscer et al., 2007), with most of the disturbed material
returning to the regolith and depositing fresh ice on the grains.
The IDPs penetrate more deeply and cause more extensive melt-
ing and mixing of regolith materials (Kirchoff and Schenk, 2009;
Porter et al., 2010). Here we assume that thermal conductivity is a
minimum for a surface that has recently been struck by an IDP or
E-ring grain.

The measured thermal inertia, I, is related to effective thermal
conductivity of the regolith, key, by I = /KeffCicePreg Where Cice is
the heat capacity of ice, and preg = pjce (1 — ¢) is the density and
¢ the porosity of the regolith. For airless bodies in the outer so-
lar system, contributions to thermal conductivity other than solid
state conduction (i.e., radiative, convective, and latent heat) can be
shown to be negligible. Heat flow is then determined by the num-
ber of contacts between grains and the ‘quality’ or size of the con-
tacts (e.g., Wood, 2013a,b; Gundlach and Blum, 2012; Sirono and
Yamamoto, 1997), and ke will increase as the effective contact ra-
dius, Reon, increases. The effective contact radius is the equivalent
contact radius for spherical grains and can increase either by ad-
dition of cementation material or annealing of the ice. In order to
get an idea of the contact size difference necessary to explain the
thermal conductivity differences inside and outside the anomalous
regions, we first consider standard thermal conductivity models for
granular regoliths.

A typical idealized contact between spherical grains of thermal
conductivity k; cemented together by a material with thermal con-
ductivity keem is shown in Fig. 2. Using this model of the contact
region and assuming Reon<Tg, the cementation volume fraction, x,
for a grain in contact with N¢ neighbors is related to Reon/rg by

4
Veem ~ 3 Reon
X = Ve N16N5<rg> (M

Fig. 2. A simple model for spherical grains of radius r; with a distinct cementation
phase filling the contact region. The effective thermal conductivity of this system
depends on the contact radius, Repn, and the thermal conductivities of the cemen-
tation phase, keem, and grain, k. The inset shows a more realistic representation of
a contact region between two rough grains (blue) that has been sintered such that
cementation (green) filled the contact region, thus increasing the thermal conduc-
tance between grains. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

where Vg and Veen are the grain volume and the average cemen-
tation volume per grain, respectively. Eq. (1) assumes that ce-
mentation fills the neck region between the grains symmetrically
and that the surface of the neck has zero curvature. For spheri-
cal grains, an effective minimum contact radius, Ryer, can be esti-
mated from Hertzian contact theory as shown in Appendix A. For
~ pm sized, uncemented, spherical [h water ice grains at 80 K
and zero external pressure, Ryer;; ~ 0.01rg. The number of neighbor
contacts N = 6 for simple cubic packing arrangements of monodis-
perse spheres. Although in a real regolith R.,, depends on the sizes
and shapes of the grains and may change with depth below the
surface, the precise range of these parameters has not yet been de-
termined from spacecraft imagery of the icy satellites.

Models developed to simulate heat transport in planetary and
cometary surfaces and in ‘packed-beds’ of grains typically assume
idealized grain shapes and packing arrangements (Chan and Tien,
1973; Piqueux and Christensen, 2009), or use a combination of an-
alytical theory and fitting to experimental data to determine pa-
rameterized equations accounting for grain size, shape and packing
(Gundlach and Blum, 2012). One such simple model is (Sirono and
Yamamoto, 1997)

2
_nkg P — Dc Reon
kerr = (1) T )
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Table 2

Effective contact radius to grain radius ratios (Ren/rg) inside and out-
side the anomalies calculated using the Sirono and Yamamoto (1997)
regolith thermal conductivity model for an average regolith temper-
ature of 80 K. The porosities and grain thermal conductivities as-
sumed are within the range of reasonable values expected for icy re-
goliths, and the error bounds are due to uncertainty in the thermal in-
ertia measurements. For comparison, the contact ratio predicted from
Hertzian contact theory for spherical water ice grains is Ryer;/rg =
0.011 where the mechanical properties for low temperature ice (<100
K) were taken from Hobbs (1974).

Reon/Tg ¢ =0.5 ¢ =0.65 ¢ =0.5
kg=6.5 Wim/K  k,=65W/m/K ks =0.5 W/m/K

Mimas

In 0.026 + 0.001 0.037 + 0.003 0.089 + 0.033

Out ~0.01 ~0.01 ~0.02

Tethys

In 0.010 + 0.001 0.014 + 0.002 0.033 + 0.004

Out 0.002 + 0.001 0.003 + 0.001 0.007 + 0.001

Dione

Leading  0.004 + 0.002 0.006 + 0.002 0.015 + 0.005

Trailing 0.003 + 0.001 0.005 + 0.002 0.011 + 0.001

where rg is the grain radius and g ~ 1 is a geometrical factor de-
pendent on the packing structure (Ferrari and Reffet, 2013). The
packing fraction, p, is related to the porosity by

p=(2)a-o

and the critical packing fraction p. = 1/3 is the minimum neces-
sary for a continuous thermal path. This model does not distin-
guish between the grain and cementation materials and assumes
that the conductivity of the void space is zero. Using the mea-
sured thermal inertias in Table 1, the ratios Reon/rg estimated from
Eq. (2) are given in Table 2 where several values of porosity and
grain thermal conductivity were considered due to uncertainty in
the actual regolith parameters (Filacchione et al., 2010; Hendrix
et al, 2012). It is seen that inside the anomalous regions Rcon/rg
is of the order of the Hertzian contact ratio, while outside the
anomalous regions this ratio can be much smaller. This suggests
that spherical grains are only a crude approximation. The Rcon/rg
is the largest for the Mimas thermal anomaly, thus impying that
grain sintering is more efficient and/or resurfacing processes are
less efficient than on Tethys and Dione. As described further be-
low, grain sintering rates are dependent on the grain and contact
sizes, and the values from Table 2 are used for defining the limiting
(maximum and minimum) values in the calculation of the grain
sintering timescales.

Due to the dependence of Ren and ¢ on rg, the precise rela-
tionship between rg and keq is more complicated than suggested
by Eq. (2) (Presley and Christensen, 1997). Although somewhat
different grain size distributions (Hendrix et al., 2012) and small
porosity differences (Annex et al., 2013; Verbiscer et al., 2014) have
been measured inside and outside of the anomalies, because of
their considerable uncertainties we will assume here that these
quantities are approximately unchanged across the relatively sharp
anomaly boundaries. Therefore, the higher thermal inertia in the
anomalous regions can be taken to result primarily from growth of
the effective contact region between grains.

Alternative models developed for heat transport in dust lay-
ers have been used to fit experimental data for silicates and glass
beads where k. depends linearly on the Reon/rg (Gundlach and
Blum, 2012), as opposed to the quadratic dependence in Eq. (2).
It has been shown (Batchelor and O’Brien, 1977; Cooper et al.,
1969) that when the thermal conductivity of the contact material
is greater than the grains, keem = kg, and Reon is sufficiently large,
the temperature of the two grains is approximately uniform in the

contact region. This results in a heat flux between the grains that
varies as 1/y/Rcon? — 12, where r is the distance from the center of
the contact in Fig. 2, and implies that the effective thermal con-
ductivity is proportional to the radius of the contact. However, if
the thermal conductivity in the contact region is much lower than
in the grain, either due to a rough grain boundary or a very small
contact radius, then the temperature will differ on the two sides of
the contact and will be approximately uniform within each grain.
In this case, the temperature difference across the interface can be
much larger than within a single grain and the flux through the
contact is proportional to the contact area as in Eq. (2).

In order to further examine this dependence, the contin-
uum models developed in Piqueux and Christensen (2009) for
two spherical grains connected by an ideal contact volume as
in Fig. 2 were used to determine the relative temperature and
heat flux in the contact region. Calculations were run for x =
1x1077 to 1 x 10~ defined by Eq. (1), and for a wide range of
grain and cementation thermal conductivities (Piqueux and Chris-
tensen, 2009). Taking the thermal conductivity of the cementation
and grain to be equal (kg = kcem = kice) and using a simple cubic
configuration where N; = 6, temperature and heat flux maps are
shown in Fig. 3 and the derived kq is given in the caption. For
x =1 x 107> the heat flux is largest at the edges of the grain con-
tact resulting in a linear dependence of ke on Reon as expected
for a sufficiently large contact. However, for the smallest cemen-
tation fraction simulated, x =1 x 107, the heat flux is approxi-
mately uniform across the contact area. Substituting x =1 x 1077
into Eq. (1) gives Reon/rg ~ 0.018 which is of the order or larger
than the estimates in Table 2 for the icy moons. This suggests that
for the icy regoliths the area of the contact will control the heat
flow as in Eq. (2). Simulations have not yet been carried out for
smaller y, non-spherical grains or non-ideal grain contacts.

Analytical models that use a linear dependence on Rcon/rg Te-
quire that the porosities and grain sizes for the icy regoliths are
much larger than those used here. Additionally, the relatively high
kegr determined from the continuum models suggest that regoliths
such as those found on the Saturnian moons differ significantly
from smoothly connected spherical grains. Therefore, the approx-
imate model in Eq. (2) is used as a rough estimate for the effec-
tive contact to grain radius ratios, implying that contacts are either
very small or have an average thermal conductivity much less than
the grains. These results are used to determine the limiting min-
imum and maximum values of Reon/rg used in evaluation of the
radiation-induced sintering rates.

3. Electron interactions with water ice

In order to determine whether the high energy electrons are
able to drive the sintering of the ice grains, we must first under-
stand the interactions of the electrons with the water molecules
in the grains and the rate at which these interactions occur in
the anomalous regions. Radiation processing of grains varies by
location and depth on the moon surfaces depending on the lo-
cal ion and electron fluxes. Though the average electron power in-
put per grain in the anomalous regions is small (~ 10-'¢ W) and
the bulk heating effects negligible, individual electron/molecule
interaction events can lead to localized ‘hot-spots’ in the ice
(Bringa and Johnson, 2004). These interactions and subsequent ex-
citations can induce molecular diffusion and contribute to grain
sintering.

For fast charged particles (ions or electrons) incident on wa-
ter ice, the dominant energy loss mechanism is through ionization
of the water molecules. In a solid this is referred to as electron-
hole pair production, and the average energy transferred per ion-
ization is called the W-value. Following an ionization, recombina-
tion and dissociation occur and energy spreads from the site of the
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(a) x=1x10"5

s Reon ~ 211 pm, keyy = 048 W/(m K)

(b) x=1x10""7

, Reon ~ 0.67um, keyy = 0.16 W/(m K)

Fig. 3. The steady state temperature (top row) and heat flux (bottom row) distributions in the grain contact region predicted in continuum simulations of the heat transfer
between water ice grains with radii of 25um. In column (a) the cementation volume fraction x =1 x 10~ and for column (b) x = 1 x 107 where R, is related to x using
Eq. (1). The thermal conductivity of the grains and the cementation were both that of water ice, ki = 6.5 W/(m K), and the k. was determined for a simple cubic packing.
The steady state temperature and heat flux distributions are shown by color, from blue for low values to red for high values. In the lower panels red represents high heat
flux. In (a) flux is primarily through edges of contacts; in (b) flux is approximately uniform across contact area. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

initial interaction, driving molecular motion. However, the energy
released directly into molecular motion is only a fraction of the
initial deposited energy. The remainder is lost through vibrational
excitations, heat conduction, and small momentum transfers below
the defect formation activation energy (Johnson, 1990). Taking W ~
27 eV for water (Vassiliev, 2012), the deposited energy per ioniza-
tion available to produce molecular motion and defect formation
in the bulk or desorption of molecules from the grain surface is
estimated to be AE ~ 5 eV.

In general, when the energy transferred to a molecule is
greater than the cohesive energy of the solid the molecule be-
comes mobilized and subsequently loses energy in a cascade of
molecule/molecule collisions, here called a mini-cascade, until it
returns to thermal equilibrium with the solid, typically in <10 ps.
In a uniform molecular material such as water ice, the total num-
ber of secondary recoils with an energy between E and E + dE pro-
duced by an excited molecule of initial energy AE can be approxi-
mated from transport equations using

dN ~ ,B%dE (3)

where 8 ~ 672 in Sigmund (1969) and 0.8 in Myers (1980). These
results are roughly consistent with Molecular Dynamics (MD) sim-
ulations and have been used to describe electronic sputtering of
ices and silicates (Bringa and Johnson, 2004; Johnson and Liu,
1996). Based on Eq. (3), the average number of molecules, N, which
overcome a given activation energy, E4, due to energy released dur-
ing the cascade is roughly

BAE

a

N~ (4)

which is consistent with the well known Kinchin-Pease estimate of
defect (vacancy/interstitial pair) production in the bulk where E; =
2Upuik- The bulk cohesive energy of crystalline water ice is Upyy ~
0.75 eV (Watkins et al., 2011), although it is lower in ices formed
by low temperature vapor deposition.

The weighted average distance from an ionization event, A, at
which molecules can still be sufficiently energetic to overcome E,

can either be estimated analytically or derived from MD simula-
tions (Johnson and Liu, 1996). A rough approximation of this length
is given by

A~ —N (5)

where ¢35 ~ 0.3 nm is the approximate lattice spacing for water ice.
It is important to note that the cohesive energy of water ice is
lower at the surface than in the bulk so that vacancies form more
readily. Watkins et al. (2011) found vacancy formation energies of
0.2 — 0.5 eV per molecule in the uppermost complete monolayer.
These decreased further as additional vacancies were added to the
surface with vacancy formation energies as low as ~ 0.1 eV found
in some vacancy complexes. A range of activation energies for sev-
eral diffusion processes is given in Table 4.

The PENELOPE (Penetration and ENErgy LOss of Positrons and
Electrons) Monte-Carlo program (Salvat and Sempau, 2011) was
used to simulate the energy deposited in ionizations and exci-
tations by MeV electrons incident on a semi-infinite amorphous
water target. PENELOPE calculates the electron energy loss due to
elastic and inelastic collisions, inner shell ionization, and Bremm-
strahlung, although the latter two are orders of magnitude less
efficient in the relevant energy ranges (< 10 MeV). The simulations
were run by sampling 1 x 10® electrons from the measured elec-
tron energy distributions in the vicinity of the Saturnian moons,
given in Fig. 4a. Results are given for both normal incidence and
averaged over a cosine distribution of electron incidence angles in
Fig. 4b. The low energy cut off of the electron energy distribution
was taken to be &, given for each body in Table 1, and the upper
cut off where the electron intensity falls to negligible levels (<
10 MeV). The mean energy of the electrons impacting the moon
surfaces decreases with distance from Saturn meaning that the
regolith depths affected by the electrons also decrease as seen in
Fig. 4b.

Taking  the incident electron flux, @D, from
Table 2 (Paranicas et al., 2012), the ionization rate of molecules in
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Fig. 4. (a) Energy spectra of electrons in the vicinity of the icy moons based on LEMMS measurements taken from Paranicas et al. (2012) where the lower limit is taken as
& given in Table 1. (b) The average energy flux deposited per unit length calculated with the PENELOPE program using the electron probability distributions shown in (a).
The upper frame gives the deposition profile for normally incident electrons and the lower panel gives results for electrons averaged over a cosine distribution of incidence
angles. The hashed boxes show the measured thermal skin depth and are consistent with the penetration depth of the electrons for a 50% porous regolith.

the solid grains is
% — <?1E> <I)elec (6)
0 z | ngW
where ng ~ 1553 is the molecular number density and dE/dz is the
average energy deposited per electron per unit depth into the
regolith as calculated by PENELOPE. The left hand axis of Fig. 4b
shows the average energy flux deposited per unit length as a func-
tion of depth below the surface of a water ice regolith with ¢ =
0.5, and the right hand axis gives the molecular ionization rate cal-
culated from Eq. (6). The excitation rate is the frequency at which
a single molecule will be ionized by the incident electron flux. The
hashed boxes represent the approximate thermal skin depth given
in Table 1. In the following, the excitation rates and the diffusion

length of mobilized molecules are used to estimate the radiation-
induced sintering timescales.

4. Grain modification processes on icy satellites

In this section, we give rough estimates for the grain sinter-
ing timescale due to radiation interactions with low temperature
porous ices and regolith resurfacing timescales due to dust grain
infall to the moons. The specific nature of the grain sintering
mechanisms depends on the grain and contact geometries and
molecular bonding arrangement in the contact region. The very
low thermal conductivities outside the anomalous regions are diffi-
cult to explain unless the grains are characterized by large surface
roughness and high porosities. Radiation-induced diffusion tends
to smooth rough grains, thus minimizing the surface energy, and
sintering occurs when an excited molecule moves into a defect site
in the grain contact region.

For simplicity, we consider a sintering timescale to be the time
needed to increase the grain contact radius Rqpn from the mini-
mum to the maximum values implied by the thermal inertia mea-
surements in Table 1, without interruption due to regolith renewal
processes. In the following calculations we use 1/t estimated
from the bottom panel of Fig. 4b. Taking the volume surrounding
the contact in which an electron/molecule interaction can occur
and contribute to sintering to be V;,, and using Eq. (4), the average
number of molecules mobilized per event, N, per unit time in Vj,
is

dN_Nno ,

F - ?0 int- (7)

However, not every mobilized molecule in Vj,, will contribute to
sintering, and thus we take the probability of a molecule diffusing
into a lower energy site in the contact region, ¢, times the vol-
ume of a molecule, ~ 1/ng, as the average increase of the contact
volume per excited molecule in the contact region. The resulting
sintering rate estimate is then given by

Wy, N _ Vi (8)
dt To Tsint

where the quantity ¢éN determines the number of molecules dif-
fusing and depends on the local ice structure (e.g., defect struc-
ture and vancacy concentration) where the ionization event takes
place. That is, irregular surfaces or the presence of poorly bound
molecules means that € and N are larger than, for instance, in a
highly crystalline contact region. If we assume that V;,, is of the
order Ve and that ¢N is independent of Vi, then the sintering
timescale g, ~ To/eN.

4.1. Experimental estimate of sintering timescale

In recent experimental work, a large reduction in the porosity
of vapor deposited laboratory ices was produced by energetic ions
(Raut et al.,, 2008; Dartois et al., 2015; 2015). Although the lab-
oratory ices were thin (< 1upm) with an initial porosity of only
26%, they can be considered crude proxies for a contact region
with local roughness such as that shown in the Fig. 2 inset. As
is the case for electrons, the incident ions (~100 keV to MeV) de-
posited energy predominantly through ionizations which in turn
drove molecular diffusion. Fitting the porosity measurements as a
function of energy deposited in the ice with a decreasing exponen-
tial and ignoring any low energy thresholds (Dartois et al., 2015;
2015) results in a characteristic energy of E. ~ 1.3 eV. This accounts
for both the fraction of deposited energy converted into molecular
motion and for the efficiency of the annealing process that leads to
compaction of the porous sample. Equating the sintering timescale
given above with the compaction timescale then a first order esti-
mate for the sintering timescale can be written Ty« ~ To(Ec/W),
and it is seen that ¢éN < 20, implying that each ionization creates
a large number of mobilized molecules which subsequently move
into more favorable binding sites. For comparison, using AE ~ 5eV
and E; ~ 0.5eV, which is a conservative value for surface diffusion
activation energy of crystalline laboratory ices (Nie et al., 2009),
then Eq. (4) gives N ~ 6 — 8. Although these are similar orders of
magnitude, the compaction measurements were made on ices de-
posited from the vapor at very low temperatures. Therefore, the
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Table 3

Comparison of molecular excitation timescale (7g), sintering timescale derived from compaction ex-
periments (T, ) and resurfacing timescales (Tgor and 7gy) for the icy Saturnian moons. The length
scales represent effective regolith depths. Appendix B reproduces the method used to estimate Tgq
due to meteorite gardening, which is approximately uniform across the bodies, and 7g4, due to E-
ring grain deposition, which fall preferentally on the trailing hemisphere of Mimas and the leading
hemispheres of Tethys and Dione. The sintering* timescale is approximated from experimental results
measuring ion-induced compaction of porous ices and predicts shorter timescales than for gardening

or deposition.

Timescale [Myr]  Molecular excitation  Sintering* Meteorite gardening  E-ring growth
7o (1mm) Tsine- (EXPL.)  Tgar (1cm) Tgro (1cm)
Mimas 0.5 0.02 0.9 -
Tethys 0.7 0.03 3.0 0.1
Dione 0.7 0.03 75 0.5
molecular structure is highly disordered, consistent with the larger Table 4

value of N above.

Compaction not only reduces the porosity of the solid but, of
interest here, it would improve the thermal contact between indi-
vidual ice particles. The large value estimated for éN suggests that
the AE contributing to the compaction could be a larger fraction of
the deposited energy W than that estimated from experiments on
ion sputtering of ice (Johnson, 1990). Although the energy depo-
sition densities for the ions in the compaction experiments were
typically higher on average than the MeV electrons considered
here, the maximum energy deposition in Fig. 4b is comparable to
the lowest experimental values. Therefore, the compaction results
represent a rough lower bound for the sintering timescale.

4.2. Regolith growth timescale

Gardening due to impacts from interplanetary dust particles
(IDPs) and meteorites, as well as the deposition of circumplane-
tary material such as E-ring grains (< pm), compete with sinter-
ing in determining the steady state regolith surface properties. In
order for the observed anomalies to be stable on the icy satel-
lites, the sintering timescale should be less than or comparable
to the regolith renewal timescales due to impacts. At Mimas, the
E-ring grains deposit preferentially on the trailing side and are
neglected in estimates of the resurfacing timescale of the lead-
ing hemisphere where the thermal anomaly is located. On Tethys
and Dione, E-ring grains deposit preferentially on the leading side,
coating the anomalous regions (Hamilton and Burns, 1994). The
IDPs are assumed to bombard the surface isotropically and due to
gravitational focusing by Saturn the fluxes at Mimas are the largest.
Table B.6 gives estimates for E-ring deposition rates derived from
Voyager measurements (Spahn et al.,, 2006a) and the IDP flux at
Saturn (Poppe, 2016).

The IDP grains impact the moon surfaces at large velocity
(~ 20km/s), produce melts and scatter ejecta on the surface. How-
ever, the E-ring grains have a smaller relative velocity (5—7 km/s)
with respect to the moons (Spahn et al, 2006a) and cause less
mixing while depositing additional ice onto the surface. Much of
the ejecta produced by E-ring grains falls back to the surface as
fresh icy microstructures, thus producing the high observed geo-
metric albedos (Verbiscer et al., 2007). Although the hemispher-
ical dependence of surface processing due to impacts at Tethys
and Dione will differ from that at Mimas, we here assume that
the electrons sinter the grains in a similar manner for all bod-
ies. The regolith formation timescales due to E-ring grains and
IDPs are given in Table 3. These estimates are very rough and
improved modeling of E-ring grain distributions, spatially depen-
dent deposition rates, and impact effects are needed to determine
how grain deposition modifies the surfaces of icy moons. However,
the ion compaction experiments suggest that the incident MeV
electron flux is able to produce the requisite sintering faster than

Thermal diffusion coefficients and activation energies where D =
Doexp(—Eq/kT). The range of activation energies for each diffu-
sion process represents uncertainty in the experimental measure-
ments. The maximum and minimum activation energies can be
thought to represent smooth and rough grains, respectively.

Diffusion Mechanism Dy [cm?/s] E, [eV]
Bulk, Dpy? ~ 101 - 108 0.6 —0.75
Surface, Dyy° 14x10%-6.1x103 01-05
Grain Boundary, Dg,* 8.4 0.51
Vacancy, D,¢ 1x10-3 0.62

2 Livingston et al. (1998); Nasello et al. (2007)

b Kouchi et al. (1994); Nasello et al. (2007); Nie et al. (2009)
¢ Goldsby and Kohlstedt (2001)

d Hobbs (1974)

the expected regolith renewal rate so that stable thermal anoma-
lies can form. In order to further test these conclusions, we now
consider sintering processes using standard models for spherical
grains where diffusion is driven by electron radiation.

5. Sintering of spherical grains

The molecular excitation rates derived from electron fluxes
measured in the vicinity of the icy moons of Saturn and activation
energies measured in ice irradiation experiments suggest that high
energy electron sintering can explain the observed thermal anoma-
lies. However, sintering estimates given in Table 3 do not take into
account the grain size, shape, or residence time on the surface.
Furthermore, the relevant diffusion paths which lead to accumu-
lation of molecules in the contact region between grains are ig-
nored. Here we describe a means of calculating effective radiation-
induced diffusion coefficients and the corresponding sintering rates
for monodisperse spherical grains of varying size. The model cal-
culates the grain contact radius as a function of radiation fluence
and allows improved estimates for the sintering timescales.

Electron ionization events in the water ice regolith can desorb
molecules from grain surfaces and induce bulk, surface, and grain
boundary diffusion, leading to a growth in the contact volume as
shown schematically in Fig. 5. Descriptions of the sintering rate de-
pendence on geometric and thermodynamic properties were orig-
inally developed in powder metallurgy (Kuczynski, 1972; Swinkels
and Ashby, 1981) and depend on the size of the grains, temper-
ature, external pressure, and vapor pressure in the void space.
The model described in Appendix C assumes idealized spheri-
cal grains under thermal equilibrium. However, regolith grains are
likely not spherical, the contacts not ideal, and the production of
molecular motion following ionization events is inherently non-
equilibrium. Additionally, at the low temperatures measured on
these icy satellites, the thermal diffusion times are much greater
than ~ 1 Myr so that the defect densities are not at thermal
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Fig. 5. Diffusion paths and approximate contact shape for spherical grains where
Rin is the contact radius of freshly deposited grains and increases due to sintering.
The inverted curvature where the grains come into contact provides an increase in
the number of bonds available to a surface molecules and therefore represents a
surface energy minimum. Assuming that Reon = Rmin + Rsine < g, We see 6 ~ /2
and Rnc ~ Reon?[21.

equilibrium as assumed in the sintering models. Therefore, the re-
sults described below provide rough upper limits for the sintering
timescales.

5.1. Sputtering and redeposition

Sintering of ice grains is well studied at terrestrial and
cometary temperatures where the dominant mechanism is typi-
cally found to be vapor transport of molecules (Blackford, 2007;
Sirono, 2011). For thermally driven, gas phase sintering, the rate of
change in the contact volume connecting equal sized grains can be
written

aVeon
dt

where Ry and 6 are indicated in Fig. 5, ®, is the net vapor flux
at the surface, and &yqpor accounts for surface energy and grain
curvatures as descibed in Appendix C. However, at 80K thermal
vapor pressure is very low and the primary source of gas phase
molecules in the anomalous regions is likely electron-induced des-
orption of molecules from grain surfaces. For a flat surface, the
molecular desportion flux can be estimated from

[}
= 27T ReonRnc0 ngvapor (9)

Py~ — (10)

where ng is the number density of the ice grains and 7y can be
determined from Fig. 4. The linear dependence of A on the energy
deposition has not been well studied, but is clearly seen in labo-
ratory measurements of UV photon and energetic electron irradi-
ation of ice at low temperatures (Westley et al., 1995). Assuming
that the mini-cascade is approximately spherical, the sputter flux
for a curved surface is given by (Urbassek et al., 2015; Wei et al.,
2009)

Dspur ~ Po[1 + A (K11 + Kz2)/2] (11)

where A is estimated using Eq. (5) and Ky; and K5, are the prin-
ciple surface curvatures measured along the axes perpendicular
to the surface normal. For a flat surface, Kj; = K;; =0, and for a
sphere of radius R, Ki; = K55 = 1/R.

At temperatures below 100K the sticking probability of water
molecules is ~ 1 (Gibson et al., 2011) and, accounting for electron-
induced sputtering and thermal vapor pressure, the mean free path
of the ejected molecules is much larger than the pore diame-
ter. If there are no gas phase collisions and no scattering from
grain surfaces, then only molecules with a direct line-of-site path
to the grain contact will contribute to contact growth. Therefore,

one might assume the local geometry of the regolith would be
important. However, assuming a uniform grain size distribution,
Sirono (2011) found little difference between the growth rates de-
termined using a molecular mean free path much larger or much
smaller than the grain radius. Noting that, on average, gas phase
molecules in a spherical grain regolith originate on surfaces with
curvature 1/rg, the net sputter flux at a point in the contact region
is the difference in the deposition and ejection rates and is given
by

A2 1 1
Dper = ¢’0<rg " Reon * Rnc> = Do&spur. (12)

For the case of ry >>Rcon, the neck radius, Rnc ~ Reon?/2rg, domi-
nates the curvature term and, substituting Eq. 10 and Eq. 12 into
Eq. C-3, we can write Tgpy ~ (Reon>70)/(7 A21g). Taking approximate
values of Reon/rg ~ 0.01 and 7y ~ 0.5 Myr and using E; ~ 0.5eV
in Eq. (5), then 74, ~ 300 Myr and 30Myr for 25pum and 5pm
grains, respectively. This is much longer than the regolith forma-
tion timescales, suggesting that sputtering and redeposition rates
are small so that the diffusion processes discussed below dominate
grain sintering for the contact size ranges given in Table 2.

5.2. Radiation-induced diffusion

In general, when a molecule in the water ice grains is excited
by charged particle radiation, several regimes of induced diffusion
can be identified (Myers, 1980). The first, often referred to as the
mixing phase, is driven by the mini-cascade produced when an ex-
cited molecule releases energy to the surroundings through a se-
ries of collisions. Mixing in this context differs from impact pro-
duced mixing in that it affects the solid on the order of only nm
as opposed to um in the case of grain impacts. Following the mini-
cascade, the heat diffuses away and can still, in principle, activate
a sintering event. However, this thermal pulse has not been well
modeled and more studies are needed to determine to what ex-
tent excitation energies below the diffusion activation energies can
contribute to grain sintering in an icy regolith. Finally, enhanced
bulk diffusion occurs due to increased concentrations of vacancies
and interstitials resulting from the electron radiation. As most pre-
vious studies of radiation-induced diffusion in solids have focused
on ion bombardment of metals and semi-conductors, care must be
exercised in adapting models to electron irradiation of a dielectric
ice with non-equilibrium defect density.

During the mini-cascade, on average N molecules, estimated us-
ing Eq. (4), will become energetic enough to overcome the diffu-
sion activation energy E,. Experimentally measured activation en-
ergies for each of the diffusion process depicted in Fig. 5 are given
in Table 4 where the range of values represents the large exper-
imental uncertainty. The effective diffusion coefficient associated
with the mini-cascades, Dy, can be written

Negsq?
Dmc = eff
Jto

where £, is the mean diffusion length of molecules excited in
the minicascade and | = 6 or 4 for bulk and grain boundary diffu-
sion or surface diffusion, respectively, and represents the degrees
of freedom in which a molecule can diffuse.

The mean diffusion length can be estimated using the often ap-
plied thermal spike models (Kaoumi et al., 2008). These models
assume energy deposited in ionization events is initially localized
in a small number of nearby molecules and spreads uniformly out-
ward. The heat distribution is integrated over time assuming con-
stant thermal conductivity and heat capacity of the material to de-
termine the effective diffusion coefficient, from which ¢, can be
determined. However, experimentally determined values for both

(13)
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Fig. 6. (a) Radiation-induced diffusion coefficients at Mimas calculated from Eq. (13) and compared with the bulk (Livingston et al., 1998), grain boundary (Goldsby and
Kohlstedt, 2001), and surface (Kouchi et al., 1994) thermal diffusion coefficients. The dashed vertical line indicates 80K. (b) Sintering timescales Tgy, ~ Veon/(dVeon/dt) at
80K calculated using the sintering model of Swinkels and Ashby (1981) and effective radiation-induced diffusion coefficients determined for the energy deposition rates at
Mimas. Here, the vertical dashed lines represent the limits of Reon/rg for Mimas taken from Table 2 assuming ¢ = 0.5 and k,; = 6.5 W/m/K. For both images, the solid lines
are for the minimum activation energies given in Table 4 and can be thought to represent a ‘rough’ grain where radiation induced diffusion is efficient, while the dashed-dot
lines were calculated using the maximum energies and represent smooth, crystalline grains.

E, and the jump frequency of molecules are needed. Due to dif-
ficulties in measuring molcular diffusion at low temperatures and
differing growth conditions there is a large spread in these param-
eters as seen in Table 4. Estimating the jump frequency using the
entropy change due to vacancy formation and migration and the
Debye frequency of vibration (Hobbs, 1974; Shewmon, 1963) and
taking Eq ~ 0.5, thermal spike models give a range £err ~ 1 — 50 £q.
Noting that the lower estimates of ¢, obtained from thermal spike
models are similar to the approximate cascade size obtained from
Eq. (5), we use the latter as a conservative estimate of mean effec-
tive diffusion length.

Enhanced bulk diffusion results from defect concentrations that
are greater than expected for a material in thermodynamic equilib-
rium. The vacancy/interstitial pairs created during a mini-cascade
event will diffuse through the solid until they either (a) recombine
through thermal diffusion or (b) annihilate at a fixed sink such as
a grain surface (Myers, 1980). The defect pair creation rates can be
roughly estimated from Eq. (4). The model of enhanced bulk diffu-
sion presented by Myers (1980) assumes that any spatial variations
are small and that the vacancy and interstitial concentrations are
in steady state (balanced annihilation and creation rates). Based on
the vacancy diffusion rate in Table 4, enhanced bulk diffusion is
here assumed to be negligible at 80K.

5.3. Spherical grain sintering timescales

The radiation-induced surface, bulk, and grain boundary diffu-
sion coefficients determined using Eq. (13) and assuming the radi-
ation conditions on Mimas are plotted in Fig. 6a. For temperatures
of 80K, radiation induced diffusion dominates thermal diffusion,
although thermal grain boundary and surface diffusion become
comparable at temperatures approaching 100 K. Details of the sin-
tering process are given in Appendix C, and the sintering rates are
estimated by replacing the thermal diffusion coefficients in Eqgs. C-
4a-c with the radiation-induced diffusion coefficients. The sinter-
ing rate for spherical grains depends sensitively on the relative
sizes of the grain and contact regions. Assuming Reon <y, it can
be shown that 7y varies as Reon®/rZ for the bulk and Reon” /13 for
the surface sintering mechanisms. The sintering timescales at Mi-
mas, Tgnr ~ Veon/(dVeon/dt), are shown in Fig. 6b. Surface diffusion
tends to dominate in the size ranges of interest and smaller grain
sizes have shorter sintering timescales due to the proportionately
larger curvatures and an increased probability of an excitation oc-
curring close to a grain contact. Assuming constant sintering rates

in a regolith of uniform 25pum grains, an activation energy of Eg,
~ 0.5eV, and Reon/rg ~ 0.01 gives 7, ~ 50Myr for bulk and ~
10Myr for surface diffusion sintering timescales, respectively. For
5um grains the surface diffusion sintering mechanism dominates
with T, ~ 0.1 Myr.

The estimated contact to grain radius ratios inside and outside
the anomalous region of Mimas, taken from Table 2, are indicated
in Fig. 6b, and the timescale for sintering is determined by numer-
ically integrating the total sintering rate over this interval. This is
done for each body assuming a constant average temperature of
80K, and the resulting timescales are given in Table 5. The range
of sintering timescales is determined from the uncertainty in the
measured thermal inertia, and the max and min values correspond,
respectively, to the upper and lower limits of the diffusion activa-
tion energies in Table 4.

Assuming that the gardening and E-ring grain deposition rates
in Table 3 dominate the regolith resurfacing processes and that
the model for k. in Eq. (2) gives reasonable estimates for the
contact radii, the results in Table 5 indicate that only certain re-
golith geometries give reasonable sintering timescales. At Mimas
and Tethys, this model suggests that either regolith growth/mixing
timescales are longer than those in Table 3 or the regolith is rel-
atively compact and composed of small, rough grains. That is, un-
less r; < 5um, ¢ < 0.65, and the E, for surface diffusion is near
the lower limits established in experiments, the calculated sinter-
ing timescales for spherical grains are greater than the estimated
regolith renewal timescales. However, these latter estimates also
have considerable uncertainties. The thermal anomalies on Dione
and Tethys are much smaller than those on Mimas. This is due to
both the smaller penetration depth of the electrons and the obscu-
ration of the effect by the more rapid regolith mixing consistent
with the smaller resurfacing times in Table 3.

6. Conclusion

Thermal anomalies on the icy Saturnian moons of Mimas,
Tethys and Dione have been spatially correlated with high energy
electrons which preferentially impact the leading hemispheres of
these bodies. The thermal inertia increase in the irradiated regions
has been suggested to be due to an increase in the effective size
of the contacts connecting adjacent grains. A simple model for
the thermal conductivity of the regolith indicates that the effective
contact radii are much smaller than the grain radii. This is con-
sistent with a poor thermal contact between grains, possibly due
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Table 5

Electron-induced sintering times in Myr for the icy Saturnian moons. The radiation en-
hanced sintering model is sensitive to Reon/rg and the values given in Table 2 were used to
determine the initial and final sintering rates. The min values correspond to the smallest
activation energies given in Table 4 and can be thought represent a ‘rough’ grain with a
high defect density , while the max values approximate smooth, crystalline grains.

Tsint g =25pum rg=5um rg=5um rg=>5um
[Myr] ¢ =05 ¢ =05 ¢ =065 ¢ =05
ky=6.5 W/m/K  ky=6.5 W/m/K k;=6.5 W/m/K  k;=0.5 W/m/K

Mimas

max 800 — 5000 3-30 30— 300 > 1000

min 30 — 200 0.06 —0.7 07-7 100 — 500

Tethys

max 3-9 0.01 —0.02 0.07 - 0.2 20— 60

min 0.06—0.2 ~ 104 ~10-3 05-1

Dione

max 0.007 — 0.1 ~ 104 ~10-3 0.06 -1

min ~10-3 <1076 ~10-5 0.001 — 0.02
to highly irregular grain shapes. We note that the competing re- Acknowledgments

golith formation processes on the these satellites are not well con-
strained and there are no available thermal models for a regolith
composed of irregular grains. Furthermore, spectral reflectance ob-
servations at different wavelengths give a range of grain radii on
the various icy satellites from sub-micron (Nelson et al., 2015; Sci-
pioni et al, 2015) to ~ 25pm (Filacchione et al., 2010; Hendrix
et al., 2012), and the varying reflectance with wavelength suggests
changing regolith structure with depth (Schenk et al., 2011). There-
fore, in this paper we provide rough bounds on the timescales for
the radiation-induced alteration of the thermal properties of the
regolith.

We show that the proposed radiation-induced sintering mech-
anism can produce the stable thermal anomalies consistent with
grain impact resurfacing estimates. Estimates for the sintering
times based on experimental results indicate that, under reason-
able approximations for grain structure and molecular excitation
rates, radiation-induced sintering is faster than the approximate re-
golith renewal rate. The smaller thermal inertia differences mea-
sured on Tethys and Dione imply that E-ring grain infall limits
the strength of the anomalies on these bodies, while IDP garden-
ing limits the anomaly strength at Mimas. This is also consistent
with the suggestion that the differences in the reflectance spec-
tra inside and outside the anomalous regions observed by Voyager
and Cassini are due to the electron radiation. A standard spheri-
cal grain sintering model which depends on the regolith porosity,
grain size, and grain thermal conductivity was also used to esti-
mate radiation-induced diffusion and sintering rates. This model
assumes idealized contacts between grains and defect densities
that are at thermal equilibrium, and therefore gives only an ap-
proximate upper limit to the sintering timescale. The spherical
grain models suggest that the regoliths have a porosity < 65% and
grain sizes of < 5pm.

The radiation-induced sintering rates depend sensitively on
how electron-deposited energy spreads in the grains and near the
contact regions. Further work is needed for a variety of ice sam-
ples in order to better understand the microphysics of the sinter-
ing process. Due to the difficulty of such experiments, MD simula-
tions can be used to constrain the number of mobilized molecules
per ionization event, the extent of the collision cascade, and the
overall efficiency of the resulting radiation-induced sintering pro-
cesses for non-spherical water ice grains. Continuum simulations
can also be used to better describe the effective thermal conduc-
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ties.
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Appendix A. Hertzian contact radius

Deformation of curved, elastic surfaces in contact was first stud-
ied by Heinrich Hertz in 1882, and so-called ‘Hertzian analysis’ can
be used to determine the intergranular contact area for dissimilar
bodies. The contact radius between two spheres depends on the
material properties and is related to an applied load F by

31-v()2_ 1"
RHertz: Zwrg}?

where v(T) and Y(T) are the temperature dependent Poisson’s ra-
tio and Young’s modulus of the material, respectively. The applied
load determines how strongly adjacent particles are bonded and
the weight of the grains can be used to determine the force as
a function of depth. However, for grains with little force pressing
them together, such as those at the surface of a loose regolith, van
der Waals bonding provides orders of magnitude greater adhesion
than gravitational forces. Taking the adhesive force as the tensile
force needed to separate the spheres, this can be estimated by the
so-called JKR theory as (Johnson et al., 1971)

(A-1)

Fixr = 37 ystg (A-2)

where y; is the specific surface energy of the material at the
solid/solid interface. The Hertzian contact radius is sometimes used
in thermal conductivity expressions for non-cemented grains to
describe the effective grain contact radius.

Appendix B. Meteorite gardening

Resurfacing on the inner saturnian moons is driven by E-ring
grains and interplanetary dust pasticles (IDP). The IDP impacts
eject and distribute the surface material, and the average yield per
impact, Y =mass of ejecta/mass of impactor, depends on the mass
and relative velocity of the impactor (Spahn et al., 2006a). The IDP
mass flux and velocity near Saturn are taken to be o, ~ 1 x 1018
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g/cm?/s (Poppe, 2016) and v, ~ 9.5 km/s (Spahn et al., 2006a), re-
spectively. The E-ring impact velocity is lower than for IDPs with
lower ejecta and less mixing so that we assume the grains primar-
ily coat the surface.

To calculate the regolith gardening rate due to IDP grains, we
determine the ejecta rate of surface material due to impacting IDPs
(Cuzzi and Estrada, 1998)

opp = fg0sY (B-1)

where f; is the gravitational focussing factor and the yield Y is
taken from Spahn et al., 2006b. The depth h to which the regolith
grows in time t can be written
hiop(t) = 222t (1 + t/t9) 0% (B-2)
Preg

where h is in pm and the mixing timescale is t; ~ 1.7 x 10° years
(Cooper et al., 2001). The rate at which E-ring grains cover the sur-
face, given as a mass flux o¢_;,, can be used to directly determine
the total rate at which the regolith is coated. The growth rate of
the regolith is determined by dividing the flux by the density of
the regolith, and the timescale for the regolith to grow to a depth
h can be written

hpreg

B-3
GE—ring ( )

TE—ring(h) =
The IDP and E-ring grain fluxes onto the surfaces and IDP yields
are shown in Table B.6, and the timescales for the individual pro-
cesses to produce a regolith of 1cm depth are given in Table 3.

Appendix C. Sintering rate equations

When grains come into contact, free energy variations and con-
centration gradients cause molecular and atomic diffusion, and
molecules tend to accumulate in the contact region between grains
and sinter grains together. The sintering of spherical grains un-
der various conditions of temperature and pressure can be calcu-
lated using equations given in Swinkels and Ashby (1981), and the
mechanisms that are imporant for radiation sintering of ice grains
in the upper ~ mm of the regolith are shown in Fig. 5. The equa-
tion for vapor phase sintering is

dv, 0]
< dcton ) = 27 ReonRncf = fvapor (C-1)
no
vapor

where £ is the ‘sintering efficiency’ and

B
VT (2mrmkT)172

is the net vapor flux at the surface due to thermal desorption and
absorption. Here, P,(T) is the temperature dependent vapor pres-
sure, m is the mass of the gas species (=18 amu for water), k is
the Boltzmann constant, ng is the number density of molecules in
the grain, and T the average temperature. Sintering is driven by

Table B.6

Approximate gardening timescales assuming prg ~ 0.50i, corresponding to a
50% porous water ice surface. Orbital distances are given in Saturn radii, Rs. The
IDP fluxes were corrected for graviational focusing using recently published IDP
fluxes at Saturn (Poppe, 2016), and the yields and E-ring fluxes were taken from
Spahn et al. (2006a).

Satellite  Orbital distance  Yjpp (10%) o pp (x10718) OF_ring (x10713)
[Rs] [g/(cm? s)] [g/(cm? s)]

Mimas 3.08 1.8 25 62

Tethys 4.89 1.2 2.0 230

Dione 6.26 0.98 1.6 27

the minimization of the total surface energy due to the difference
in curvatures between the grain and the neck regions and

¥ 2 1 1
SUGPOF—W E_E_Rinc .
where, assuming that the grain interpenetration depth is zero,
Rnc = Reon? /[12(rg — Rcon)] is the curvature of a smoothly connected
neck as shown in Fig. 5 and ys ~ 300 erg/cm? or 0.4 eV per
molecule is the specific surface energy of the water ice/vapor in-
terface (Henry, 2003). The rate of change in contact radius is the
volume sintering rate divided by the area of the neck region,
~ 27 ReonRncf. Assuming rg >>Rcon >>Rpc this gives

() _omt
dt vapor n% KT Rpc

This implies that when the contact radius is much smaller than
the grain radius, the vapor phase sintering rate is dominated by
the curvature of the neck region and will decrease as the contact
region grows larger.

The bulk, surface, and grain boundary sintering mechanisms
depend on the diffusion rate of molecules, and are given by
Swinkels and Ashby (1981).

(C-2)

(C-3)

Bulk diffusion: (d‘d/cton> = 377 ReonDpuiEpuik (C-4a)
bulk

surtace diffusion: | Ven ) _

urface diffusion: B = 37 ReonDsyrfEsurf (C-4b)

surf
D
Grain boundary: (d‘gct"”> =167 Rgb £cp (C-4c)
GB con

For the surface and bulk sintering mechanisms, as in vapor
phase sintering, material is redistributed from the grain surfaces
into the contact region resulting in no net change in regolith den-
sity or porosity. The sintering efficiency for bulk sintering is the
same as for vapor phase, &, = &yapor, While the efficiency for sur-
face diffusion sintering is given by

Vs )
= —| = =K.
Saury nokT ds (rg S)
where &5 is the approximate surface thickness and ds, and K are
described in Swinkels and Ashby (1981). Noting that for rg >> Reon
the neck curvature simplifies to Rnpc ~ Reon? |2rg, then we can write

an approximate analytical solution for Ks, the averaged surface cur-
vature, as

1<s~m( s )

RCOHZ

and the length scale in the contact region over which surface dif-
fusion is important, ds, is given by

2
Rcon

Tg

(C-5)

(C-6)

ds ~0.2 (C-7)

The grain boundary diffusion sintering mechanism is due to the
transport of defects from the interior of a grain along the grain
boundary to the contact region and leads to densification (porosity
reduction) of the regolith and grain size reduction. The sintering
efficiency for the grain boundary mechanism is given by

_ Vg1 - KiRen c-8
feo = oo (1- M (c8)
where §cg is the approximate grain boundary thickness

(Goldsby and Kohlstedt, 2001).
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