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Thermal Stability of Water Ice in Ceres’ Craters: The Case
of Juling Crater

M. Formisano''>', C. Federico', M. C. De Sanctis'"*', A. Frigeri''>', G. Magni', A. Raponi''"’, and

F. Tosi’

Tlstituto di Astrofisica e Planetologia Spaziali, INAF, Rome, Italy

Abstract Ice thermal stability on the surface of the dwarf planet Ceres is an important issue linked to
the Herschel observations of water vapor around Ceres. One of these surficial ice deposits is located within
the 20-km crater Juling (35°S, 168°E). The study of water ice exposure in this specific crater is particularly
interesting because it has been observed that the water ice abundance changes on a time scale of a few
months. To understand the ice behavior, we applied a 3-D finite element method thermophysical model
to the study of Juling crater in order to determine the water ice sublimation rate. We use a detailed shape
model of Ceres derived from optical imagery returned by the Framing Camera on board Dawn. We explore
the effects of different heliocentric distances and different thermal inertia values, comparing our numerical
predictions with the observational evidences returned by VIR and by the Herschel Space Observatory.

Plain Language Summary Ceres is a dwarf planet of the solar system with a significant amount
of water both in its interior and in the surface layers. A crater in the southern hemisphere, Juling, is
characterized by the presence on its surface of a mixture of ice and rocks as revealed by recent VIR data from
the Dawn spacecraft. This crater is a good place to preserve ice since it is poorly illuminated, particularly

in the northern wall. Most important is the detection of ice variations on its wall during the Dawn

visible and infrared mapping spectrometer observations. In this work we performed numerical simulations
in order to evaluate temperatures and water ice sublimation rate, assuming reasonable values for the
physical parameters, and to estimate the longevity of ice on the surface of Ceres.

1. Introduction

There is considerable evidence to interpret Ceres as a world with a huge presence of water ice. First of
all, its relatively low bulk density, that is, 2,162 kg m3 (Park et al.,, 2016; Russell et al.,, 2016), suggests the
presence of a low density material that can be identified in water ice. Even before the Dawn observations,
numerical models suggested the presence of water ice in a percentage between 17% and 27% by mass,
fractionated between the silicate core and the mantle (e.g., Castillo-Rogez & McCord, 2010; McCord & Sotin,
2005). In some models of the internal structure of Ceres, the mantle has been considered as made of pure
ice (Castillo-Rogez, 2011; McCord & Sotin, 2005; Neveu et al., 2015), while in others, as a mixture of silicates
and organics (Castillo-Rogez & McCord, 2010) or chondritic rock (Neveu & Desch, 2015). All these models are
based on the idea that Ceres has a differentiated structure. Alternatively, Zolotov (2017) has assumed that
Ceres is an undifferentiated object. However, the value of the inferred normalized mean moment of iner-
tia (0.37; Park et al., 2016) suggests that Ceres is at least partially differentiated. The quantity of water ice is
a crucial parameter in the stability of the crust and affects its possible overturn with consequent chemical
reprocessing of the crust itself as discussed in Formisano, Federico, et al. (2016). Recently, Bland et al. (2016),
analyzing craters morphology, suggested the presence of water ice in percentage between 30% and 40% in
the shallow subsurface, while Fu et al. (2017), by using a viscoelastoplastic finite-element model, estimated
an upper limit of 25%. The Ceres mineralogy indicates a pervasive alteration by liquid water (Carrozzo et al.,
2018; De Sanctis et al., 2015, 2016; Raponi et al., 2017). An aqueous origin for ammonium salts (NH,HCO;
and NH,CI) observed in the bright spots inside Occator (20°N, 238°E; De Sanctis et al., 2016; Raponi et al.,
2017) has been proposed by Zolotov (2017). Finally, visible and infrared mapping spectrometer (VIR) (De Sanc-
tis et al,, 2011) data have recently revealed water ice-rich areas in different localized regions (Combe et al.,
2016; Raponi et al., 2017, 2018), among these of particular interests are Juling (35°S, 168°E) and Oxo (42°N,
359°E). Occator crater, which is characterized by a bright sodium-carbonate rich unit (De Sanctis et al., 2016;
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Raponi et al,, 2017), seems to show potential activity (haze; Nathues et al., 2015), even if this evidence is
contested in literature (Schorghofer et al., 2016). In general, many areas show morphological evidences for
ground ice (Schmidt et al., 2017) while other areas, which do not currently show water ice evidences, are
likely the result of an intense hydrothermal process that gave rise to highly fluidized material/impact melt
(Tosi et al., 2017).

The discovery of widespread ammoniated phyllosilicates on Ceres’ surface (De Sanctis et al., 2015) suggests
that Ceres’ formation might have occurred in the outer solar system or that Ceres was formed in its current
position and subsequently incorporated abundant material coming from colder regions of the solar system
(De Sanctis et al., 2015). In the first case, after the accretion through icy planetesimal collisions, Ceres might
have migrated to its current position (McKinnon, 2008, and references therein). In the second case, abundant
volatile ices should have been incorporated during its accretion. However, as pointed out by Marchi et al.
(2016), the lack of large craters (100-400 km size) does not seem compatible with a late implantation of Ceres
in the main belt.

Herschel observations of water vapor around Ceres (6 kg s™'; Kiippers et al., 2014) have revealed the possi-
ble activation of ice-rich areas. Even before Herschel observations, A'Hearn and Feldman (1992) presented
observations of the hydroxyl, a product of the photo-dissociation of the water, showing a variability of the
amount of water. Afterward, ultraviolet observations (Roth et al., 2016) by using the Cosmic Origin Spectro-
graph provided an upper limit on water vapor rate compatible with previous measurements. The fact that
different measurements converge to a similar value (6 kg s~') leads to speculate that the source is unique or
reproducible in time. Several mechanisms have been proposed to explain this water ice activity. A’'Hearn and
Feldman (1992) proposed as source of this emission a northern cap of frost, which sublimated during the sum-
mer after having been accumulated during the winter, as already discussed by Fanale and Salvail (1989). This
cometary-type emission is also investigated by Formisano, De Sanctis, et al. (2016). Cryovolcanism is another
possible mechanism (Neveu & Desch, 2015): liquid water in the interior can freeze and overpressurizes the
remaining liquid reservoir driving a cryovolcanic flow. Evidence of cryovolcanism is suggested by landforms
on the Ceres’ surface, identifiable as viscous cryovolcanic domes (Ruesch et al., 2016). Water ice-rich (target or
impactor) impacts (A'Hearn & Feldman, 1992), energetic solar flares (Villarreal et al., 2017), gravitational over-
turn of the crust (Formisano, Federico, et al., 2016) are other possible explanations. Water vapor emitted could
contribute to the formation of a transient atmosphere, as discussed by Formisano, Federico, et al. (2016), who
investigated the typical timescale of an optically thin transient atmospheric envelope applying a smoothing
particle hydrodynamic code. This transient atmosphere could be generated by an impact on an icy patch on
the surface or by some kind of abrupt discontinuity of the surface. A typical timescale found in Formisano,
Federico, etal. (2016) is only few days, longer than the estimation (7 hr) of Schorghofer et al. (2016). A transient
atmosphere can also be generated assuming that the activation process is due to solar energetic protons,
whose energy is sufficient to sputtering water ice in the first layers below the surface (Villarreal et al,, 2017).

The estimation of the stability time of water ice on the surface or in the shallow subsurface is strictly linked
to the most plausible exposure mechanism. Fanale and Salvail (1989) found that ice could have survived for
a time compatible with the solar system age at 10-100 m depths near the equator, and 1-10 m depths at
latitudes >40°. Hayne and Aharonson (2015) proposed that water ice may be stable for >1 Myr at a latitude
>60° and in case of high thermal inertia. Conversely, at low latitudes <30° and in case of low thermal inertia
the stability is ensured for a timespan <1,000 years. Titus (2015) found that cometary-type emission is unlikely
at low latitudes, due to the instability of the near-surface ice, while the ice is stable, for a reasonable range
of physical parameters (thermal inertia, roughness of the surface and slope) at midlatitudes (40°-60°). In
Formisano, De Sanctis, et al. (2016) it has been showed that the surface ice is stable for very few orbits at low
latitudes and the matching with Herschel measurements (Kippers et al., 2014) is met considering a 100-km
emitting area, placed at a depth compatible with the skin depth. Schorghofer et al. (2016) pointed out how
some regions of the surface of Ceres can be permanently in shadow due to small spin axis tilt (4°). In this case,
they estimated that the total region in shadow in the northern hemisphere is equal to 1,800 km?, using the
topography obtained from stereo imaging by the Dawn spacecraft. These regions could trap water ice over
geological time scales. Prettyman et al. (2017), using nuclear spectroscopy data acquired by the Dawn mission,
showed that the regolith contains high concentrations of hydrogen at mid-high latitudes, consistent with the
presence of widespread water ice not far from the surface also at midlatitudes. This evidence supports the
theoretical predictions according to which ice can be stable for a very long time (billions of year) within a
meter beneath the surface. More recently, Landis et al. (2017) explored different configurations of water ice
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Table 1
Scenarios We Developed in This Study
Scenario Distance (AU) Solar constant (Wm~2) Subsolar point latitude (°) Thermal inertia (TIU) Note
Al 2.90 163 0.471 500 Exposed ice
A2 2.90 163 0.471 50 Exposed ice
B1 2.55 (perihelion) 210 —2.98 500 Exposed ice
B2 2.55 (perihelion) 210 -2.98 50 Exposed ice
C 2.71 186 -2.2 50 Exposed ice

2.71 186 -2.2 50 1 cm buried ice

(global buried pore-filling ice, global buried excess ice and local exposed surface ice) for Ceres. An agreement
within few terrestrial years of their results with the Herschel observations (Kiippers et al., 2014) is obtained in
case of surface ice optically bright, or for a shorter timespan depending on the contamination of the regolith
in the ice patches.

In this work, we developed a 3-D finite element method (FEM) model in order to calculate the temperature
distribution on the Ceres’ surface using the shape model of Ceres, based on the images acquired by the Dawn’s
Framing Camera (Sierks et al., 2011) during the Survey mission phase (Preusker et al., 2016). In particular, we
focused on Juling crater because it exhibits spectral evidence of water ice variation in its northern wall (Raponi
etal., 2018). This ice on the wall covers an area of about 40 km?, and it is almost permanently in shadow. From
the analysis of VIR observations along 6 months, Raponi et al. (2018) found evidence of an increase of water
ice from 9.1 +0.3% to 13.7 +0.9% of the total area of the crater wall, being the first observation acquired at
2.961 AU and the last one at 2.876 AU. Raponi et al. (2018) suggest we are observing the increasing part of
a seasonal cycle. Our simulations evaluate the surface temperatures and the consequent rate of the water
emission, exploring different values of heliocentric distances and thermal inertia.

2. Scenarios

We have developed several cases characterized by a different heliocentric distance in order to explore how
the surface temperatures and ice sublimation rate are affected by the seasons. In Table 1 we have summarized
all the cases under investigation. For cases A and B we have also tested two different values of thermal inertia,
50 and 500 TIU. This choice is strictly linked to the thermodynamic parameters assumption and a detailed
discussion will be reported in the following section 3 “The Model”.

The main model in this work is represented by the case A characterized by an heliocentric distance compati-
ble with the one to which observations reported in Raponi et al. (2018) took place. For this case we will report
the illumination condition (x-y plane) and the 3-D surface temperature. In case B we investigated the temper-
atures and the sublimation rate at perihelion, focusing only on the “icy region”, the northern wall of the crater
containing ice, whose characteristic will be explained later. We also analyzed the water vapor flux at Herschel
distance measurements (Klippers et al., 2014), that is, 2.71 AU. This distance corresponds to the detection of
Herschel of 24 October 2012 (Klppers et al., 2014): no significant variations in the results are obtained if we
use the heliocentric distance at which the observations occurred 2 weeks before, that is, 2.72 AU (Kippers
et al,, 2014). The case at Herschel heliocentric distance has been investigated in two different configurations
of the hypothesized structure, in the first one the ice is placed directly on the surface (case C), in the second
oneitis buried at 1 cm below a diffusive boundary (case D). Furthermore, an estimation of the ice sublimation
rate at given points along the orbit is also provided.

3. The Model

3.1. General Description

Since we study the surface and subsurface temperatures of Ceres, the energy input is provided by the Sun:
part of this energy is conducted into the near-surface, another part is irradiated back into the open space and
the rest is used to sublimate the ice, as shown in Figure 1. Self heating, between the different facets of the
shape model, is included in our modeling.
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Figure 1. Energy balance on Ceres’ surface.

The shallow subsurface of Ceres contains ice and a mixture of silicates, salts and in general such kind of mixture
is characterized by values of thermal inertia that do not allow deep penetration of the thermal wave for the
known value of the rotational period, that is, 9.07 hr (Chamberlain et al., 2007).

The diurnal skin depth, whose definition is

S.= 4] 2K (1)
zpC,
where Pis the rotational period, K the thermal conductivity, ¢, the specific heat and p the density, is 4 mm with
a thermal inertia of 50 TIU (cases A2-B2) or 4 cm with a thermal inertia of 500 TIU (cases A1-B1). The values
obtained for the skin depth are the reason why we look to the depth distribution of the induced temperatures
only for few centimeters. We recall that the thermal inertia is defined as \/ch and measures the resistance
of material to the temperature change.

We adopted a 3-D FEM code by using the COMSOL Multiphysics software (www.comsol.com). The module
used is the “Heat Transfer in Solids.” The heat transfer is computed solving the classical heat equation with a
source, Q(r, T), which represents the energy absorbed from the solid matrix due to the sublimation process
(Capria et al., 1996; De Sanctis, Lasue, & Capria, 2010; De Sanctis, Lasue, Capria, Magni, et al., 2010; Espinasse
etal, 1991; Formisano, De Sanctis, et al., 2016; Lasue et al., 2008):

PN, (r, T)(;—I =V -(Kr, VD) +Q(r,T) @)

where T is the temperature and t the time. Thermal convection is negligible since we are interested only
to surface and subsurface temperatures. Water vapor emission is treated by using the mass conservation
equation:
ap 5> o5
— ==-V.-J+QT), 3)
ot
where Q(r, T) is the gas source term due to sublimation process. In a quasi-stationary regime, we can write the
J diffusion flux vector as

J=-DVp, 4)

where p is the partial pressure of the water vapor and D is the gas diffusion coefficient. This equation derives
from the Darcy’s law:
Jo L, )
\2

where v is the kinematic viscosity of the fluid, an experimental formulation found for fluid flow through a
porous medium.

The diffusion coefficient is calculated according to the kinetic theory of gases, by evaluating the Knudsen
number, a dimensionless parameter defined as

FORMISANO ET AL.

2448


file:www.comsol.com

At

100 Journal of Geophysical Research: Planets 10.1029/2017JE005417
_ A
Ko = 2r.’ (©)

where r, is the pore radius and 4 is the mean free path, defined as (Fanale & Salvail, 1987)

A @)

R

V2rdpN,
where p is the water molar mass (0.018 kg per mole), d is the water molecular diameter, p is the density of the
water vapor and Na is the Avogadro’s number. Assuming d = 5 x 107'% m (Espinasse et al., 1991), the mean
free path is of the order of 107" m, so K,, < 1. This means that the collisions between molecules prevail and
the escaping velocity of the gas is of the order of the mean thermal velocity:

v=/8RT. (8)
£

We can compare this escaping velocity with the sound velocity, whose definition (in the regime of ideal

gases) is
RT
v, = ,/y—, ©)
B

where y is the adiabaticindex set at 1.7. The ratio between v and v, defines in fluid dynamics the Mach number,
a dimensionless quantity which is used to determine if the approximation of incompressible fluid is valid. For
Mach number > 1, compressibility effects become important and the density changes faster than the velocity
changes: this is the so called supersonic regime. This will not affect the local thermodynamic equilibrium that
we will assume in the sublimation rate calculation, since the supersonic regime characterizes only the last
acceleration phase of the evaporation process, when the density drops down and the mean free path of the
gas molecules goes to infinity.

In such regime, the diffusion coefficient D is defined as

rﬁp
= , (10)
8VKTN,
wherer, = 10~ m (see, e.g., De Sanctis, Lasue, & Capria, 2010). Using equation (4) we can write the equation (3)
as 5
a—’t’ =V (D%p) +Qr. 7). (1)

From equation (11) we can obtain an expression for Q(r, T) by assuming that the water vapor acts like a
perfect gas:
1 dp = -
L_v-(o¥ ) , 12
R T Of P (12

spec

QT =

where R, is the specific gas constant defined as the ratio between the universal gas constant (R) and the
molar mass (). This last term (Q(r, T)) is linked to the gas source term (Q) of the heat equation (see equation (2),
since sublimation subtracts energy in a quantity directly proportional to the latent heat of sublimation:

where ¢ is the porosity and L(T) is the latent heat of sublimation. Finally, using equations (12) and (13) we can
write the heat equation (2) in the form:

PH(T) 0psar(T)\ oT _
<” o* TT) ot

v. (K(TWT) + LTV - (D(Tﬁpm> , (15)
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Table 2
Physical Parameters Used in This Study
Symbol Value Reference
General parameters
Solar constant at Earth distance S 1,361 Wm™—2 —
Rotational Period T 9.074 hr Russell et al. (2016)
Porosity ¢ 0.5 This study
Initial temperature To 160 K This study
Regolith parameters
Volumetric concentration Veg 0.90 Raponi et al. (2018)
Albedo reg 0.03 Ciarniello et al. (2017) Li et al. (2016)
Density Pz 1,600 kg m~3 Heiken et al. (1991)
Specific heat o 760 kg~ K~! Heiken et al. (1991)
Thermal conductivity s 2WmTK! Heiken et al. (1991)
Ice parameters
Volumetric concentration Vfice 0.10 Raponi et al. (2018)
Albedo Oice 0.06 Raponi et al. (2017) Ciarniello et al. (2017)
Density Pice 950 kg m~3 —
Specific heat Cage 7.037T +185.0 J kg~ K~! Ellsworth and Schubert (1983)
Thermal conductivity Kice 567/TWm~! K Klinger (1980)
Enthalpy of sublimation H(T) 51,983.9-20.0904T J mol~’ Delsemme and Miller (1971)

where we have assumed valid the local thermodynamic equilibrium and so Q(r, T) depends on the variation
of the saturation pressure of the water vapor.

The physical quantities of the ice-rock mixture, with which we have modeled the surface, are weighted by
volume (density and thermal conductivity) and by mass (specific heat), as follows:

Pmix = Vficepice + Vfregpreg’ (1 6)
Kmix = VficeKice + VfregKreg’ (17)
Cp,mix = mficecp,ice + mfregcp,reg’ (1 8)

where vf,, and vf,, are the volumetric percentage of ice and regolith (after porosity correction), while mf,,,

and mf,,, are the mass percentages. Thermal conductivity is also corrected for the Hertz factor, which takes
into account the effective contact area of the particles. The Hertz factor is defined as the ratio between the
grain-to-grain area of contact and the cross section of the grain. It can strongly affect the thermal history of a
planetary body as well as a cometary type objects since it can substantially modify the thermal conductivity
(and so the thermal inertia) of such objects (Kossacki et al., 1994; Paton et al., 2010). The range of variability
of this parameter is wide: from 0.1 to 107#, based on the KOSI (Kometensimulation) experiments (Huebner,
2006). In this work we tested two values, 10~ and 1073, which together with the adopted values for K, p and
¢, of the mixture rock-ice listed in Table 2 lead to thermal inertias of ~500 TIU (cases A1 and B1 in Table 1)
and ~50 TIU (cases A2, B2, C, and D in Table 1). A value of 50 TIU for thermal inertia is in the middle of the
range of the likely values found in literature 15 TIU (Spencer et al., 1989) to 80 TIU (Keihm et al., 2013; refer
to Titus, 2015, for a detailed discussion about this issue). The uncertainty linked to this parameter is due both
to the method/technique adopted in the calculation and to the Bond albedo used, as pointed by Rivkin et al.
(2011). In order to evaluate the effects of the thermal inertia on the temperatures and the sublimation rate,
we also investigated a value amplified by a factor 10, that is, 500 TIU. Note that values >2,000 TIU are not
unusual for example in cemented regolith on Mars (Mellon et al., 2004), but these values lead to a flat day-night
temperature profile, as shown in Figure 2 of Hayne and Aharonson (2015). Water ice saturation pressure is
approximately defined as (Murphy & Koop, 2005)

9.550426- @+3.3068/n(r)—o.oo728332)

Dot = €l : (19)

FORMISANO ET AL.

2450



At

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2017JE005417

valid for T > 110 K. We have also tested different expressions for the saturation pressure, obtaining very similar
results: see Murphy and Koop (2005) for a detailed review about vapor pressure parametrization and stated
range of validity. The assumption of local thermodynamic equilibrium holds true if the characteristic time of
gas transport is much longer than the characteristic time of sublimation process, so in this way the gas pres-
sure is not affected by transport process (Koemle et al., 1992). As stated in Koemle et al. (1992), large deviations
from the saturation pressure are expected only within a few pore radii distance from the sublimation surface.
The ice sublimation rate is calculated through the classical expression of Delsemme and Miller (1971):

p
I'= —_—, 20
Psat\| 3RT (20)
whose units are kg m=2 s~'. Equation (20) can be written in molecules m=2 s™' as
=N, 1)
B
where Na is the Avogadro’s number.
Dividing the sublimation rate for the density of the ice (p;..), we obtain the recession velocity of the ice:
r
V., = —, (22)
ice pice

which is also the definition found in Landis et al. (2017).

3.2. Lifting of Dust Particles

When water ice sublimates, it can carry out dust particles and consequently make buried ice available for
sublimation. We can estimate the critical size of the particles that can freely leave the surface of the crater
by balancing the drag of the outflowing water vapor with the gravitational acceleration force and with the
centrifugal acceleration contribution (Delsemme & Miller, 1971; Fanale & Salvail, 1984):

Fg - Fdrag - Fcentr =0, (23)

which can be written as
GMM

2 — 7a*vI" = MyRcw?cos?6 = 0, (24)
C

where M, is the dust grain mass, M is the mass of Ceres, a is the size of the dust grain, v is the velocity of

water vapor, R is the Ceres’ mean radius, o the angular velocity and 6 the latitude of Juling. By substituting

My = (4/3)7pg,a® in the previous equation, we obtain

4z2GMa3p 4za3p,, R -w*cos?0
—reg — ﬂ-azvr — L = 07 (25)
3R§ 3

and solving for a, we finally obtain (see, e.g., De Sanctis, Lasue, & Capria, 2010; Fanale & Salvail, 1984):

a= v . (26)

4p, M
Zreg <G_ - Rcwzco.sz@)

2
3 R

Equation (26) gives the critical size (in meter) for the escaping dust grains: if the dust particles have a size
greater than this critical value they are not blown off. Here we do not study the redeposition of the particles
blown off: this is the matter of study of a next paper. In this equation the numerator represents the lifting force,
which tends to raise the grains, against to the gravitational attraction, represented by the denominator. In
Figure 2 a schematic view of the forces acting on a dust particle is represented. No sticking forces between the
dust grains are taken into account (De Sanctis, Lasue, & Capria, 2010). It should be noted that this calculation
is valid for flat surface: in case of crater rim, buried material could be exposed also by landslides. Regolith
particle size distribution is discretized as a Gaussian distribution around the value of 100 pm, which is the
grain size modeled in Raponi et al. (2017), to which we refer the reader for the details on the methodology
used to derive the grain size.
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Figure 2. Forces acting on a stationary dust particle. If the particle size is greater than the critical value, it
does not escape.

3.3. Initial and Boundary Conditions

The initial temperature of the Ceres’ surface region where the Juling crater is located is set to 160 K, cor-
responding approximately to the radiation equilibrium temperature of Ceres at its average distance from
the Sun. In order to achieve the stationary state, we performed 70 planetary rotations (Cerean days). On the
surface a radiation boundary condition (¢T#) is imposed, while on the other sides (lateral and bottom) we
imposed thermal insulation, which means zero heat flux.

The icy region, whose thermal evolution is to be studied, is located in the northern wall of the crater and has
a surface of about 40 km? (Figure 3). Its composition has been determined to be a 10 vol.% of ice and 90 vol.%
of rock (i.e., regolith; see Raponi et al., 2018), while in the rest of the surface, the percentage of ice is negligible.
The bolometric albedo is calculated starting from the single scattering albedo (SSA) of the water ice and of
the dark regolith, following Hapke (2012). The SSA of water ice is calculated from the optical constants (Clark
et al,, 2012; Hudgins et al., 1993) and assuming a grain size of 100um as derived by Raponi et al. (2018). The
SSA of the dark regolith of Ceres has been derived by Ciarniello et al. (2017). Assuming 10% of surface covered
by water ice, the bolometric albedo results to be 0.06. The albedo of regolith is assumed to be 0.03 (Ciarniello
etal., 2017; Li et al., 2016).

All of the physical properties of regolith and ice are reported in Table 2.

3.4. Shape Model and Mesh

The shape model of Ceres has been derived on the basis of images acquired by the Framing Camera during
the Survey mission phase (Preusker et al., 2016). In Figure 3A, we report the map of the Juling crater and
in Figure 3B its 3-D reconstruction, obtained through the COMSOL Multiphysics software. Cartesian axes are
displayed. In Figure 3B the blue area in the northern inner wall indicates the ice-rich region.

The Digital Terrain Model (DTM) used in our work was extracted from the Ceres’ shape model (Preusker et al.,
2016). The digital terrain data cover a longitude range from 166°35'25.26"E to 170°14'51.10"E and latitude
from 34°8’1.16"S to 37°32'49.28"S. We processed the shape model data into a format and resolution suitable
for the numerical code we have used. The original data have been processed and triangulated with an average
size of 500 m, and converted in a stereolithography (STL) file, which has been ingested into the COMSOL
software suite. The STL file is included in the supporting information.

The 3-D object we considered (see Figure 3B) has an approximated total area of 900 km?, while the crater has
an area of about 300 km2. The “blue area” characterized by the presence of ice is about 40 km?. The grid is
made of triangular plates of varying size on the surface. Elements size of the numerical grid is automatically
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Figure 3. (a) Juling map based on the images acquired by the Framing Camera in the Dawn Survey Mission phase
(Preusker et al., 2016); (b) 3-D reconstruction by COMSOL Multiphysics software. The blue area is approximately the
region in which water has been detected by Raponi et al. (2018). Minus sign only indicates that Juling is located in the
southern hemisphere.
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Figure 4. Surface illumination at 2.90 AU (cases A1 and A2) during a Cerean day with a time step ~1 hr.

FORMISANO ET AL. 2453



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2017JE005417

Time=626.1 h Surface: Temperature (K) Time=627.1 h Surface: Temperature (K) Time=628.1 h Surface: Temperature (K)

cousoL 530260 cousoL530260 cousoL 530260

Time=629.1 h Surface: Temperature (K) Time=630.1 h Surface: Temperature (K) Time=631.1 h Surface: Temperature (K)

cousoL 530260 cousoL 530260 cousoL 530260

Time=632.1 h Surface: Temperature (K) Time=633.1 h Surface: Temperature (K) Time=634.1 h Surface: Temperature (K)

cousoL530260 cousoL530260 cousoL 530260

Time=635.1 h Surface: Temperature (K)

Figure 5. Case A1: 3-D temperature map at 2.90 AU, in case of thermal inertia of 500 TIU, during a Cerean day with a
time step ~1 hr. TIU = thermal inertia unit.

chosen by COMSOL Multiphysics calibrated for the physical equations involved in the numerical modeling.
The minimum element’s size is 0.116 km while the maximum size is 1.6 km. Free quadrilateral are used on the
lateral sides of the 3-D reproduction of Juling, while on the bottom free triangles are used. The number of
degrees of freedom is 75222 while the total number of elements of the grid is 138760.

3.5. lllumination Conditions

Before discussing the results obtained for the surface temperatures and water ice sublimation rate, we report
in Figure 4 the illumination conditions of Juling crater at 2.90 AU. Once again, we remind that the only ener-
getic input is provided by the Sun, so solar irradiance determines the surface temperatures and consequently
the sublimation rates. In this figure we plot the solar irradiance with a time step of ~1 hr, for a total time equal
to the rotation period of the Ceres (~9 hr). We observe that the icy region (northern wall of the crater) is always
weakly illuminated compared to the other regions. This fact affects the ice sublimation rate and consequently
the ice lifetime inside the crater.

Theillumination on the shape model is computed by using the orbital parameters provided by the HORIZONS
web interface (https://ssd.jpl.nasa.gov/horizons.cgi) and applying a rotational matrix along the z-axis of the
shape model, which corresponds to the spin axis.
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Figure 6. Case A2: 3-D temperature map at 2.90 AU, in case of thermal inertia of 50 TIU, during a Cerean day with a time
step ~1 hr. TIU = thermal inertia unit.

4, Results and Discussion

In this section we discuss the results obtained for the cases under investigation reported in Table 1. We evalu-
ated in ~70 Cerean days the necessary planetary rotations in order to achieve a stationary state. The procedure
of integrating the model over a suitable number of Ceres rotations (about 70) to reach a quasi-equilibrium
state is adopted in order to avoid excessively large CPU integration times. This relaxation phase has a timescale
of about 30 Earth days, much lower than than the orbital period of Ceres, so that is assured a low variation of
solar irradiation and surface temperature.

4.1. Cases A: 2.90 AU—VIR observations

In Figure 5 we report the surface temperature after about 70 planetary rotations when the stationary state
is reached. Surface temperatures reflect the behavior of the illumination conditions and in all the studied
regions, temperatures range from 120 K to 190 K. The icy region is characterized by a nearly constant tem-
perature of about 140 K. Assuming an Hertz factor of 107", the thermal inertia in the icy region is very high
(=500 TIU), as previously discussed. This case is labeled as A1. Using equations (20) and (22), we can calculate
the maximum thickness of sublimated ice loss after one Ceres’ rotation, resulting equal to 7.4 x10™> mm per
Cerean day.

If we decrease by two orders of magnitude the Hertz factor, that is, 1073 (case A2, see Figure 6), the surface
reacts differently to the solar input, reaching a maximum temperature in the floor of the crater of about 210 K.
In this case the thermal excursion is about 100 K. This different behavior is due to the low thermal inertia. If we

FORMISANO ET AL.

2455



A

ra\ 4] H °
100 Journal of Geophysical Research: Planets 10.1029/2017JE005417
® ®
150 1019
145 1018
140 = 1017
I @«
o 135 T 10
g g
2 S
@© 130 o 1018
— ~
[ S
Q =
£ 125 =101
# e
120 T 10w
115 -_ Al 1012 — Al
— A2 — A2
110 1011
620 622 624 626 628 630 632 634 620 622 624 626 628 630 632 634
Time[h] Time [h]
© ®
500 10t
— (A1) — Al
-= (A1) 100 — A2
450 — vA2)
== u(A2) = 4
= j} 102
2 400 19}
z M £
>
= -
8 350 ©
T o
g g 10
300k - = ,6—---.--~-\ ________________ ‘.‘-—-.:-‘.: . o 106
+% 5 7 RS
L3 \‘x ------- »' S 107
250 108 n
620 622 624 626 628 630 632 634 620 622 624 626 628 630 632 634
Time [h] Time [h]

Figure 7. Characteristic behavior of the physical quantities for case A and for two different values of the thermal inertia:
500 TIU (case A1, blue line) and 50 TIU (case A2, red line): (a) Day-night temperatures of the icy region at 2.90 AU;

(b) water flux in molecules m=2 s~ '; () velocity of the water vapor (v) and of the sound (v,), where sound velocities are
in dashed style; (d) critical radius for dust lifting.

calculate again the maximum sublimation rate using the equations (20) and (22) we obtain ~ 2.7 x 107 mm
per Cerean day.

The effect of the Hertz factor on the thermal inertia and consequently on the “day-night” profile of the ice-rich
region is clearly shown in Figure 7A, in which we report a typical Cerean day. When the thermal inertia is
high (case A1), the temperature remains almost constant and its oscillations are confined within the day-night
oscillations of the case A2 (low thermal inertia): such effect is also shown in the simulations of Hayne and
Aharonson (2015). In case A2, the maximum value reached is ~150 K. By comparing our temperatures with
those of Hayne and Aharonson (2015), we note that the minimum and maximum values are consistent (see
Figure 2 of Hayne & Aharonson, 2015). In Figure 7B we report the water flux in molecules m=2 s~'. Extreme
values are as high as 107 molecules m=2 s™' in case A2 and about 10'® molecules m=2 s~ in A1. The trend
of the flux versus time reflects the same behavior of the temperatures shown in Figure 7A. In Figure 7C we
report the velocity of water vapor, which is the main thermal velocity of equation (8), for cases A1 and A2.
We note that the escaping water velocity is always greater than the speed of sound, calculated according to
equation (9), and the Mach number is >1.3, resulting in a supersonic regime.

Critical radius, in both cases, is very small because sublimation rate is not very strong with respect the gravity
(see Figure 7d). For this reason, assuming a particle size of 100 pm, the dust eventually present above the icy
patch is not removed by the sublimation of the water ice. This means that, unlike what generally happens
to comets, the buried ice can not be exposed on the surface by the dust removal under these illumination
conditions. It must be recall that we are not considering possible landslides that can expose icy surface.
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2.71 AU. Simulation is performed with an assumed thermal inertia of 50 TIU.
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Figure 10. Flux versus time from the floor of the crater, in case of thermal inertia of 50 TIU, at 2.71 AU. We supposed that
the ice layer was 1 cm deep.

4.2. Cases B: 2.55 AU—Perihelion

At the perihelion, the mean solar irradiance is about 50 W m~2 greater than the previous case, and it leads to
a general increase of the mean temperature also in the “icy region”, now characterized by temperatures that
canreach values ~170 K (see Figure 8a). If we calculate the emission rate according to equation (20), we obtain
a maximum of 1.9 x 102 mm for rotation in B1, and 5.4 X 10~2 mm in B2. We note how the ice lifetime is now
greatly reduced. Water fluxes are some orders of magnitudes greater than the previous case A (see Figure 8b),
and also the velocity of the water vapor is now slightly greater (see Figure 8c). If we compute the maximum
critical size for dust particle lifting we note thatitis now 1 pm (Figure 8d), still smaller than the assumed typical
grain size (Raponi et al., 2017).

4.3. Cases Cand D : 2.71 AU—Herschel Comparison

The observations of the Herschel space observatory carried out in 2011-2013 (Kiippers et al., 2014) sug-
gested a water flux at least of 102° molecules s~' by an area of 0.6 km? at mid latitude of Ceres. As pointed in
Formisano, De Sanctis, et al. (2016), the ice on the surface of Ceres is in general very unstable (few orbits) at
low latitudes, even if in the cited work we did not consider the topography and consequently the real illumina-
tion conditions. This result is also supported by Titus (2015). Conversely, the emission from a large subsurface
area not very deep (compatible with the skin depth) is a likely scenario for the Herschel space observatory
observations (Formisano, De Sanctis, et al., 2016).

Here we have calculated the flux emitted by the icy region (northern wall) of Juling at an heliocentric distance
compatible with Herschel measurements (Klippers et al., 2014) (2.71 AU) and we can note that estimated flux
does not match the Herschel measured value. In fact the computed average flux is 10" molecules m=2 s
(see Figure 9) and the icy area is 40 km?, resulting in a different amount of water flux. These simulations are
performed in case of thermal inertia equal to 50 TIU. However, the matching with Herschel observations could
be reached if we consider an icy layer at a depth of 1 cm beneath the surface: in this case, the flux is about
107 molecules m=2 s™' - 10'® molecules m=2 s~ (see Figure 10). By supposing that the whole floor of the
crater (about 300 km?) emits, the total flux would be close to the 6 kg s~ of the Herschel estimation. Note

(A

a

4.000 101 101
Perihelipn

erihelion
3.000

2.000

1.000

0.000

1.000

Sub solar point [°]

2.000

\phelion Aphefjon

3.000

Ice sublimation rate [mm per rotation]
5

Ice sublimation rate [mm per rotation]
5

40095 26 27 28 25 30 31 5% 235 B =27 2% 25 1035 26

8
Heliocentric distance [AU] Heliocentric Distance [AU]

2 28
Heliocentric Distance [AU]

Figure 11. (a) Subsolar point evolution along the orbits, with red dots indicating the heliocentric distances under study;
(b) ice erosion per rotation in preperihelion phase (indicated with a minus sign); (c) ice erosion per rotation in
postperihelion phase. The evaluation is made for the case with thermal inertia at 50 TIU.
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Figure 12. Critical radius size versus theoretical temperatures, ranging from rotation, by using equations (20) and (22), at different selected heliocen-

100 to 300 K. Horizontal lines correspond to different critical radii: in order
to make possible the sublimation of a dust particle 100 pm in size,
temperatures >230 K are needed, assuming three values for the dust
density: 800, 1,600, and 3,000 kg m~3.

tric distances. A spline interpolation is used. We observe a decrease of four
orders of magnitude from perihelion to aphelion.

4.5. Critical Radius and Theoretical Temperature

We compute a theoretical profile of the critical radius as a function of the
temperature by using equation (26). We assume that the temperatures can reasonably range from 100 K to
300 K, values that can be compatible with a typical day-night cycle of a main belt asteroid. What we observe
in Figure 12 is that, in order to make possible the lifting of dust particles of 100 pm in size, a surface temper-
ature > 230 K is required. However, assuming a typical lunar regolith density, that is, 1,600 kg m~3 (Heiken
etal,, 1991), these high temperatures are never reached in the icy region of the crater. The same calculation is
done for low (800 kg m~3) and high (3,000 kg m~3) density values, obtaining very similar results, as shown in
Figure 12.

The difficulty in lifting dust particles is also pointed out by Landis et al. (2017). In the physical parameters range
they explore, they obtain critical radius of the order of tenth of microns or less. As a consequence, the lifting of
the particles is not an efficient mechanism of exposure of “fresh” ice from the subsurface layers. It should be
noted that Dawn’s Gamma Ray and Neutron Detector (GRaND) observations (Prettyman et al.,, 2017) are in a
good agreement with the vapor diffusivity of a dust mantle with 1pm particles, smaller than the typical lunar
regolith particles (Heiken et al., 1991), making more likely the particle lifting. From Figure 12 we observe that
particles lifting is possible at perihelion for low thermal inertia (case B2) if the size of the grain is 0.01um.

4.6. The Influence of the Hertz Factor
In order to evaluate the effects of the Hertz factor on the thermal history of our object, we now calcu-
late the surface temperature assuming a Hertz factor equal to 1. In Figure 13 we report the new results
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Temperature [K]

166 -

B /\/\/\/\

— 90 0A obtained for cases A and B: results refer to the ice-rich region. In both cases,

— perihelion |] the thermal conductivity is weighted on the assumed volumetric percent-
age of regolith and ice (10% in the shadow rim of the crater). The thermal
inertia, in both case, exceeds 1,000 TIU and with this value the day-night
profile is relatively “flat”, as shown in Figure 13, with oscillations of few
kelvins. These plots suggest that a low value for the Hertz factor is crucial
to recover the classical day-night temperature profile and also to obtain
reasonable value of thermal inertia.

5. VIR Observations

VIR experimental data show that, at 2.961 AU distance at 9.4 hr local

600 605 610 615

620 625 630 635 solar time (LAMO 1 - L1), the temperature of the icy wall is on aver-

Time[h] age 160 + 5 K (see Figure 14A). At 2.913 AU at 8.58 hr local solar time

Figure 13. Temperature profile of the icy region for cases A and B with no

(LAMO 2 - L2), the ice wall has an average temperature of 162 + 3

Hertz factor effect. We note that the day-night curve is quite flat due to the K (see Figure 14B). Note that the difference in the illumination condi-

high values of thermal inertia.

tions between L1 and L2 is very small since the mean solar irradiance
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Figure 14. Temperature maps derived by VIR experimental data at (a) 2.961 AU at 9.4 hr local solar time (LAMO 1) and
(b) 2.913 AU at 8.58 hr local solar time (LAMO 2). VIR = Visible and InfraRed mapping spectrometer.

changes of less than 10 W m~2. In both case, the floor reaches high values: 222 Kin L1 and 219 K in L2. The
temperatures are derived with the same method discussed in Tosi et al. (2014).

The comparison with our numerical results show a good agreement in case of low thermal inertia (50 TIU): the
ice-rich region reaches a maximum temperature of 150 K while the floor a maximum temperature of 210 K.
In case of high thermal inertia (500 TIU), our simulated temperatures are quite different: the icy wall reaches
a maximum temperature of 140 K while the floor 190 K.

6. Conclusions

In this work, having applied a 3-D FEM code, we studied the surface temperature and the water ice sublimation
in a specific region of the dwarf planet Ceres, namely the Juling crater, one of the few locations where water ice
has been detected by VIR (Raponi et al., 2018). Our analysis was carried out at varying heliocentric distances
and under different thermophysical assumptions. Our simulations have shown that the crater’s northern rim
and inner wall, where ice has been detected, are poorly illuminated at heliocentric distances compatible with
VIR observations (Raponi et al., 2018), i.e. 2.90 AU. Such illumination conditions lead to relatively low sur-
face temperatures (<150 K), while the floor of the crater reaches a temperature <210 K and, consequently, a
low water flux (< 10'® molecules m=2 s~! along the rim) has been estimated. Conversely, at the perihelion,
the icy region reaches a temperature as high as 170 K and the water flux is increased of about two orders
of magnitude.

One of our simulations has been also performed at roughly the same heliocentric distance at which Herschel
space observatory first detected water vapor on Ceres (Kiippers et al., 2014), 2.71 AU, obtaining an average
water flux of 10'® molecules m=2 s~ in the case of thermal inertia of 50 TIU: the estimated flux value is not
consistent with Herschel observations since it would require a larger area than the icy wall (40 km?). Instead,
assuming that the ice is present in the crater’s floor at a depth of 1 cm, compatible with the diurnal skin depth,
the cross-out flux will be between 10'” molecules m=2 s~ and 10'® molecules m~2 s~!, Assuming that whole
floor (whose mean radius is 10 km) contributes to the water ice flux, we will get a water flux very close to the
6 kg s~' estimated by Herschel. However, this ice will be stable for a short period at a depth of 1 cm and a con-
tinuous replenishment will be essential. Under these premises, Juling could represent the source of the Her-
schel observations if we assume that both the floor and the ice-rich northern wall of the crater can contribute
to the water vapor emission. The application of the simplified theory on the lifting of dust particles, devel-
oped in section 3.2, shows that the lifting of particles 100 um in size (Raponi et al., 2017) is possible with high
temperatures (>230 K, slightly dependent on the density), which probably are reached only at perihelion for
short daytime periods. However, in the northern inner wall the sublimation can “detach” the dust particle from
the ice creating micro-landslides that could be responsible of the exposure of fresh ice if this is mantled by a
dust blanket.
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As discussed in Raponi et al. (2018), the northern wall of the crater shows signatures of water ice. The water
ice content has changed during the six months of observations from April 2016 to October 2016. An increase
of the water ice content is observed, which seems to be correlated with the solar flux. In particular, it is
hypothesized that water vapor might originate from the hot floor and accumulate over the cold northern wall.
According to Raponi et al. (2018), at that time we were probably observing the “increasing part” of a general
complete season cycle of water sublimation and condensation. In this context, our work seems to confirm
that (1) the northern wall of the crater is faintly illuminated along the orbit; 2) a variability of the sublimation
rate along the orbit.

By comparing our simulated temperature with those derived by VIR experimental data, we observe that the
simulations give a good agreement with the VIR derived temperatures in case of low thermal inertia, that is, 50
TIU. In fact, bothin L1 and L2, the ice-rich region reaches maximum temperatures that are compatible with our
numerical predictions. In case of the floor, the difference between VIR and simulated temperatures is slightly
greater than 5%. The evidence that the VIR derived temperatures are slightly higher than the modeled ones
may depend on the fact that the re-emitted energy here is not computed in the energy balance.

This comparison seems to indicate that the surface could be characterized by low (less than 50 TIU) thermal
inertia, which implies a low thermal conductivity. In this sense, the role of the Hertz factor seems to be crucial
to reduce the thermal conductivity and also to reduce the day-night temperature oscillations.

Our result indicate that the faint solar illumination makes the northern wall of Juling crater a good place to
host water ice on the surface of Ceres.
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