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Vinalia and Cerealia Faculae are bright and salt-rich localized areas in Occator crater on Ceres. The pre-
dominance of the near-infrared signature of sodium carbonate on these surfaces suggests their original
material was a brine. Here we analyze Dawn Framing Camera’s images and characterize the surfaces as
composed of a central structure, either a possible depression (Vinalia) or a central dome (Cerealia), and
a discontinuous mantling. We consider three materials enabling the ascent and formation of the fac-
ulae: ice ascent with sublimation and carbonate particle lofting, pure gas emission entraining carbonate
particles, and brine extrusion. We find that a mechanism explaining the entire range of morphologies, to-
pographies, as well as the common composition of the deposits is brine fountaining. This process consists
of briny liquid extrusion, followed by flash freezing of carbonate and ice particles, particle fallback, and
sublimation. Subsequent increase in briny liquid viscosity leads to doming. Dawn observations did not
detect currently active water plumes, indicating the frequency of such extrusions is longer than years.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

De Sanctis et al., 2016), such as Vinalia and Cerealia Faculae, the
largest and brightest occurrences, located within Occator impact

The surface of Ceres records a history of internal activity that
originates from rock-water interactions. Remarkable features of
these interactions are bright spots (faculae) (Nathues et al., 2015;
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crater (Fig. 1, 20°N, 240°E). Near-infrared observations of these
bright spots identified anhydrous sodium carbonate (Na;CO3) as
the dominant component, mixed with minor phyllosilicates and
opaques minerals (i.e., spectrally bland with low albedo), a miner-
alogy also detected at the cryovolcanic dome Ahuna Mons (Ruesch
et al,, 2016; Zambon et al., 2017). On a compositional basis, the
involvement of subsurface brine at the faculae has been proposed
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Fig. 1. FC mosaic of the Occator impact crater (92-km in diameter) on Ceres host-
ing bright carbonate bearing surfaces named Vinalia Faculae (Sites 1 and 2) and
Cerealia Facula (Site 3). Insets indicate location of Figs. 2 and 3.

(De Sanctis et al., 2016). The brine consists of liquid water with
an abundance of dissolved salts, mostly carbonates, gases and en-
trained altered solids (De Sanctis et al.,, 2016; Zolotov, 2017; Vu
et al., 2017). However, determining how the faculae formed and
at which stage of the emplacement the water was present are key
questions that need to be addressed. Determining faculae emplace-
ment conditions has direct consequences for Ceres’ thermal and
geochemical evolution, as well as for faculae composition. The pos-
sibility of water reaching the surface is of importance for the cur-
rently debated results related to the existence of present-day water
sublimation (Nathues et al., 2015; Thangjam et al., 2016; Schroeder
et al,, 2017) and proposed past cryovolcanism (Krohn et al., 2016;
Nathues et al., 2018).

Three means of transport are conceivable to bring subsurface
carbonate-rich material to the surface: (i) ice ascent, (ii) gas emis-
sion from clathrate decomposition, (iii) brine eruption (hereafter
transporting materials). (i) Water ice abundance up to 30-40 vol%,
on average, in Ceres’ crust is permitted from crater relaxation mod-
els (Bland et al., 2016), and confirmed to be present by detec-
tions of localized ice exposures (Combe et al., 2016; Nathues et al.,
2017a), and regolith ice at latitudes above 40° (Prettyman et al.,
2017). In the ice ascent scenario, carbonate-bearing ice reaches the
surface driven by buoyancy (Ceres’ outer crust has a density of
1287kg m~3 (Ermakov et al., 2017)). Once at the surface, subli-
mating ice would leave behind a carbonate salt lag deposit and
would loft salt particles (e.g., Thomas et al., 2015). (ii) Evidence for
clathrate within Ceres is circumstantial, based on thermal-physical-
chemical modeling of Ceres evolution (Castillo-Rogez and McCord,
2010; Castillo-Rogez et al., submitted) and on crustal properties in-
ferred from topography (Bland et al., 2016; Fu et al., 2017). In this
scenario, fractures caused by Occator impact lead to decompres-
sion in a (methane) clathrate reservoir, with subsequent clathrate
decomposition and gas release (e.g., Kieffer et al., 2006). Local con-
centration of carbonate particles, already present in the crust are
entrained by the venting gas up to the surface and deposited back
by fallback. In these two first scenarios, the crystallization of car-
bonate particles, as studied for example in Vu et al. (2017) and

Zolotov (2017), occurred well before the emplacement of the fac-
ulae. (iii) In the third scenario, liquid brine reaches the surface
through a fractured subsurface driven by buoyancy and decom-
pression with gas exsolution, as suggested for cryovolcanic flow
landforms (Neveu and Desh, 2015; Krohn et al., 2016). Once ex-
posed to vacuum at, or close to, the surface ejected droplets of
brine crystallize to form ice and carbonate particles. These parti-
cles are deposited by fallback and form the observed surfaces once
the ice component has sublimated.

Here we combine morphological analyses of Cerealia and Vina-
lia Faculae observed by Dawn’s Framing Camera (FC) (Sierks et al.,
2011) with geophysical models to consider these three scenarios
and to provide insights on the material composition, independent
of the observations by the Dawn near-infrared spectrometer. Mor-
phological analyses are strengthened by a topographic map cal-
culated from FC stereo imaging. The geophysical models consid-
ered here follow previous studies on mound (cones and domes)
formation (BroZ et al., 2014; Quick et al., 2016), ice sublimation
(Landis et al., 2017) and particles in a gas stream (Schmidt et al.,
2008).

2. Observations

Geomorphological analyses are performed with radiometrically
calibrated FC images and stereo-photogrammetric Digital Terrain
Model (DTM). FC images have a spatial resolution of ~35 m/pixel
and the DTM has an image scale of ~32 m/pixel (1.5-m-vertical ac-
curacy) (Jaumann et al., 2017; Preusker et al., 2015). The unique
photometric properties of the faculae prevent a reliable albedo re-
trieval at this stage and thus a definition of bright material based
on this optical characteristic (e.g., Schroeder et al., 2017). Therefore,
we define the bright faculae to be material with reflectance 2-o
above the mean reflectance of a 40-km-wide box area centered on
Vinalia Faculae. This approach is used on a single FC observation
(FC59290), with incidence angle 48°, emission angle 4°, and phase
angle 47°, containing both Vinalia and Cerealia Faculae. More than
a dozen isolated areas of bright material are detected on the floor
of Occator crater (Fig. 1), often exhibiting a mantle morphology.
We restrict the morphological analyses to the largest three sites.
The morphological mapping process was supported by inspection
of additional FC images of different observation geometries.

2.1. Vinalia Faculae

The first two sites belong to Vinalia Faculae. Site 1 has an ap-
proximately circular 5-km-diameter bright mantling crossed by a
system of 100-m wide fractures (Buczkowski et al., 2018). At the
center, a 500-m-wide polygonal structure is present (Fig. 2a). The
sides of the structure appear darker, and resemble in brightness
and width, the nearby fractures. The resemblance of the darker
sides to the walls of a pit or of an impact crater suggests that
the central structure is a potential depression, although it is not
identifiable on the DTM. The pattern of bright mantling varies as
a function of the distance from the central structure. Close to the
center the mantling is widespread. At the edges, instead, the ma-
terial is scattered in patches (Fig. 2c and d). The reason for such
scattered contact with the surrounding terrain might in part be
due to the roughness (“ropy”) nature of the terrain (Fig. 2c and
d) (Scully et al., 2018; Nathues et al., 2018) influencing the de-
position of the material. We note that there is no evidence for
flowing, such as flow fronts. At this location the thickness of the
bright material has been estimated from several meters up to a
few tens of meters (Nathues et al., 2018). An impact origin for the
rimless central structure and the surrounding mantling can be ex-
cluded because of the absence of a bowl-shaped interior and the
mantling diameter relative to the depression diameter, exceeding
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Fig. 2. FC 59290 close-ups of Site 1 (a, b, ¢, d) and Site 2 (e, f, g, h). Below each close-up is an associated diagram where the spatial contour of the bright material is shown
and key morphologies are highlighted. Note that both Site 1 and Site 2 have continuous bright material close to the center and patchy distribution at the edges. Line with
mirrored black arrows indicates a fracture, whereas line with inward ticks indicates a possible depression. See text for the definition of the bright material. Illumination

direction is from the right.

that of a simple crater’s ejecta blanket (Melosh, 1989). Neverthe-
less, the central structure, appearing as a subtle depression, sur-
rounded by mantling fading with distance from the center is rem-
iniscent of local, violent disruption of the upper surface and ejec-
tion and fallback deposition of material.

Site 2 shows comparable morphologies. The mantling has an
extent of approximately 5-km, crossed by the same system of frac-
tures as Site 1. The central structure consists of two ridges in a V-
shaped configuration creating an irregular depression (Fig. 2e and
f) (Fig. 5 in Nathues et al,, 2018). As at Site 1, bright material is
widespread and continuous at the center (Fig. 2f) and discontinu-
ous at the edges of the facula (Fig. 2g and h). The central structure
and mantling are again indicative of surface disruption and mate-
rial ejection, and are not consistent with impact cratering.

2.2. Cerealia Facula

Cerealia Facula, referred here as Site 3, presents similar mor-
phologies as the previous sites with the addition of a central dome,
3-km-wide and about 400-m-high (Fig. 3a-c). The dome is dis-
sected by a system of radial fractures up to 200-m-wide with jux-
taposed depressions up to ~300m wide (Fig. 3b, central panel).
The depressions’ irregular shapes, lack of rims, and association
with fractures argue against an impact cratering process. South of
the dome, the transition between the dome and the surrounding
smooth area is identifiable only in the topography, i.e., there is no
change in surface brightness or texture between the bright mate-
rial of the dome and of the adjacent area (Fig. 3d). This lack of
morphological contact indicates that the dome formed by uplift-
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Fig. 3. Upper row: FC 59290 close-ups of Site 3. Illumination direction is from the right. Middle row: associated diagram for each close-up where the contour of bright
material and key morphologies are shown. Line with outward ticks indicates a topographic dome. Lower row: associated diagram for each close-up showing contour lines of

elevation each 200 m. For clarity, the deepest point is arbitrarily taken as zero elevation.

ing of a brittle layer or that deposition of a thin bright mantling
occurred after the dome was emplaced. To the northwest of the
dome, the potential embayment of a dome depression by the sur-
rounding material suggests flowing of bright material after dome
formation (arrow in Fig. 3b upper panel). A single formation pro-
cess for the dome cannot be determined based on these mor-
phological relationships; instead, a set of processes may have co-
occurred, including uplifting, mantling, and flowing. In contrast to
the ropy and low topographic relief of the underlying surfaces
(below the mantling) of Site 1 and 2, Site 3 is found within a
500-1000m deep central pit (Krohn et al., 2016; Nathues et al.,
2017b; Scully et al., 2018). Different relationships between this to-
pographic context and the distribution of bright mantling at Site
3 are observed. In one location (Fig. 3¢, lower panel) there are no
embayment morphologies, i.e., the pattern of the bright material
does not follow the topography. In another area, at the edge of
the facula, the pattern of the bright material follows topographic
contours (Fig. 3d lower panel) with a remarkably sharp transition
(Fig. 3d upper panel). This embayment relationship can be a prod-
uct of mass wasting, i.e., covering of bright material by darker ma-
terial in steep sloped terrains, creating apparent topographic con-
trol on the original bright material distribution. Evidence for a for-

merly more extensive distribution of bright material and subse-
quent darker covering or erosion by mass wasting is shown in Fig.
3d, where a topographic peak (part of the rim of Occator central
pit) is covered by an isolated 1.4-km long bright patch, surrounded
by steep-sided darker material with a sharp contact. We measure
a 1-km topographic step between the bright topographic peak and
the center of the facula (Fig. 3d lower panel). The rim of Occa-
tor central pit and the associated peak were already present at the
time of faculae formation (Nathues et al., 2017b). This suggests an
emplacement of bright material by deposition from fallback and
disfavor upslope flowing from the center of the faculae toward the
edges and up to the peak.

The mantling pattern changes with distance from the center,
with patchy distributions found at the edges of the facula in the
absence of a ropy surface (Fig. 3c and d). This pattern indicates that
scattered patches are not only the result of the underlying topog-
raphy (e.g., ropy surface of Site 1) and can be the consequence of
the formation and/or post-formation processes of the faculae. For-
mation of scattered patches could be the result of ejection and fall-
back of material, whereas post-formation processes could include
erosion by sublimation of ice-rich material and thermal segrega-
tion of ice into patches (Spencer, 1987). Both radial and circumfer-
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ential fractures approximately 200 m in width cross the mantling,
similar to what is seen in Sites 1 and 2. The crossing of darker frac-
tures into the brighter mantling suggests that fracturing continued,
or started, after the mantling emplacement.

3. Models and discussions

The distribution of the mantling has its characteristic
continuous-to-patchy property repeatedly observed in all three
sites, with large (~1-km) bright patches scattered non-uniformly
at great distances from the center. These shared morphologies
suggest related formation processes, and strongly suggest a single
transporting material, supported by anhydrous sodium carbonate
consistently detected at the three sites (DeSanctis et al., 2016).
In addition, the transport mechanism was able to disrupt the
surface, as the central structures at Vinalia Faculae suggest, and
create a dome (by uplifting, mantling and/or flowing), as the
morphologies at Cerealia dome indicate. We consider the three
possible formation mechanisms of ice ascent, gas emission, and
brine extrusion.

3.1. Ice ascent

In this scenario, a region of water ice mixed with carbonate
is found a few to several tens of km deep in the subsurface. As-
cent of this ice is facilitated by crustal fracturing of Occator impact.
The density and viscosity of this ice, a function of the abundance
of high-density particles, must be such to enable ascent by buoy-
ancy in Ceres low density crust. The central structures represent
the location where the ice reaches the surface. Note that in this
scenario a cometary analog to the central structures could be pits
(e.g., Vincent et al., 2015; Mousis et al., 2015). Once exposed at the
surface, ice bearing carbonate particles is subject to sublimation.
During sublimation, the carbonate particles are lofted and fallback
to the surface to form a mantle. Lofting and fallback are probably a
quasi-stationary process that would lead to a continuous mantling
with radially sorted particle size, rather than the observed highly
variable scattered distribution, suggesting violent, perhaps non-
steady events. We note that lofting of particles by ice sublima-
tion should satisfy the requirement to lift the particles from the
center of the facula up to the 1-km high topographic peak (Fig.
3d). The maximum size of the particles that can be lofted is set
by the maximum daytime temperature of ice (albedo dependent)
and the ice area (solid angle seen by the particle) (Landis et al.,
2017). Landis et al. (2017) find that even a 5-km radius circular ice
patch at 180K does not loft > 10 pm particles higher than 1-km
above the surface. This particle size is lower than that estimated
with near-infrared spectral observations (De Sanctis et al., 2016).
Absorption bands detected with reflectance spectroscopy are pro-
duced by particle scattering in the geometric-optics region where
particle size is much larger than the radiation wavelength (e.g.,
Hapke, 2012). In fact, radiative transfer modeling of sodium car-
bonate absorption bands at Cerealia Facula estimated the carbonate
grain size at 71 +£14pum (De Sanctis et al., 2016). In addition, here
we are not considering the lateral distribution of particles. Lofting
should not only raise particles up to 1-km high but also spread
them horizontally for several km to form the observed mantling
around the central structure.

3.2. Gas from clathrate decomposition

In this scenario, ejection of carbonate particles up to the sur-
face is driven by an ascending gas released by clathrate decom-
position. The fallback of these particles forms the mantling. Here
we do not investigate the ejection of these particles (a similar case

is considered for the brine scenario in the next section) and di-
rectly study the formation of the Cerealia dome by fallback accu-
mulation. Continuous fallback deposition of particles ejected by the
vent is expected to form topographic relief analogous to a scoria
cone (e.g., Bemis and Ferencz, 2017). The cone formed by parti-
cle fallback will be composed of unconsolidated debris and may
be subject to downslope mass wasting if the value of static angle
of repose is exceeded. Morphologies supporting such processes on
Ceres include debris avalanches, as observed on the talus area of
Ahuna Mons (Ruesch et al., 2016). The north-facing slopes of the
Cerealia dome are ~40° steep but without striations, indicating no
downslope avalanches of debris. Instead, fractures and depressions
are observed indicating the flanks are dominated by cohesive ma-
terial with minor coverage by debris.

To study this scenario further, we evaluate whether the same
particles ejected to form the mantle can also accumulate near the
vent to form a debris cone, and whether the cone dimensions
match those of the dome in Site 3 (Fig. 3b). We assume that the
mantling of Site 3 is formed similarly as the other sites, i.e., by par-
ticles ejected over a wide range of ejection angles. Such broad ejec-
tion angles are justified by the presence of central structure, which
plays the role of a flared-shaped vent. This vent geometry broad-
ens the angles of the collimated stream ascending the conduit (e.g.,
Wilson and Head, 1981; Kieffer, 1984). Thus, with an ejection an-
gle of 45° (Table 1), the radius of the Site 3 mantling defines the
ejection velocity of the particles at ~37m s~! (v=sqrt(r*g), where
r is the mantling radius and g is Ceres gravity, Table 1). The shape
of a putative debris cone can be reconstructed by taking into ac-
count this ejection velocity of the particles, the distribution of the
angles of ejection, Ceres’s gravity (BroZ et al., 2014), and assum-
ing that the angle of repose is independent of the gravity (e.g.,
Atwood-Stone and McEwen, 2013; Ewing et al., 2017). For the par-
ticle ejection angles we consider a Gaussian distribution, as suc-
cessfully used in previous scoria cone modeling (Broz et al., 2015).
We find that with a half width of 45° from the vertical, an ex-
tremely broad cone develops that does not match the aspect ra-
tio of the dome of Site 3 (Fig. 4, with ~37m s~! approximated at
40m s 1). To reproduce the dome’s aspect ratio the particle ejec-
tion angles need to be extremely narrow, with a half width only
2.5° from the vertical (Fig. 4). These narrow ejection angles are at
odds with the broader angle distribution suggested by the vent
geometry. Considering higher ejection velocity will require even
more extreme small angles («2.5°) to form the cone and thus ex-
tremely focused jets. Assuming the same process has formed the
cone and the bright mantle, the formation of the Site 3 features
by the same fall back material seems unlikely. However, from this
modeling alone, it cannot be excluded that the dome and bright
mantle have formed as results of two different ejection processes
with a narrower and wider ejection angle, respectively. In the next
section, we investigate a more complex formation scenario involv-
ing a briny liquid.

3.3. Brine ascent

Upon brine ascent and decompression in a conduit, the brine
will be subject to evaporation and flash freezing will form carbon-
ate and ice grains (e.g., Postberg et al., 2009; Zolotov, 2017; Vu
et al.,, 2017). Evaporation as well as fragmentation (discussed be-
low) is a violent stage (high vapor speed) that could be responsi-
ble for surface disruption and formation of the central structures.
The ejection and fallback of the particles can form the mantling if
they are ejected ballistically at sufficient speed. Here we evaluate
the two main factors controlling the ejection speed (temperature
of the gas and conduit width) and compare the plausible ejection
speeds with those required to form the observed bright mantling.
We use the gas-kinetic theory and the equation of motion of par-
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Table 1

Summary of key parameters used in Sections 3.2 and 3.3.
Parameter Value Reference
Diameter of bright mantle for Sites 1 and 2 5km (measurement) Fig. 2
Diameter of bright mantle for Site 3 10 km (measurement) Fig. 3
Maximum conduit width (Sites 1, 2) 500 m (hypothesis) Fig. 2
Ejection speed of particles for Sites 1 and 2 26m s~ (calculated) Fig. 2
Ejection speed of particles for Site 3 37m s~ (calculated) Fig. 3

Particle radius (R)

Gas velocity (ugas)

Density of anhydrous sodium carbonate particle (0grain)
Mass of water molecule (mg)

Boltzmann constant (kg)

Ceres gravity (g)

7.1+ 1.4 x 107 m (literature)
500m s~! (hypothesis)
2540kg m~3 (literature)
2.99 x 1026 kg (literature)
1.38 x 10723 ] K- (literature)
0.28 m s~2 (literature)

De Sanctis et al. (2016)

Russell et al. (2016)

Ejection velocity 40 m/s

T T T T T T T T T | ! I T I T

T N
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Fig. 4. Simulated half topographic profiles of a cone formed by accumulation of fallback particles, ejected with different half-widths of ejection cone, at a velocity of 40m s~1.
Angles of 2.0°, 2.5° and 3.0° approximate the dimensions (400 m high, 1.5 km radius) of the Cerealia dome (Site 3, Fig. 3b). For comparison, a profile for a 45° half-width of

ejection cone is shown.
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Fig. 5. Minimum collision length necessary for a raising water vapor of given tem-
perature to accelerate carbonate particles up to 26m s, and thus form a halo of
the dimensions of Sites 1 and 2. Dashed line is the maximum conduit width in-
ferred from the central structures of Sites 1 and 2.

ticles in a gas stream (e.g., Crowe et al., 2012) as in a model devel-
oped in Schmidt et al. (2008) and Brilliantov et al. (2007), and sim-
ilarly to Degruyter and Manga (2011). For simplicity we consider
that particles are pure carbonate grains only, whereas they might
be composed of both carbonate and ice, and might grow during as-
cent by condensation and absorption of water molecules. Carbon-
ate particles of density pgp,i, and radius R (Table 1) are accelerated

by water vapor (from brine evaporation) of speed ugas and density
pgas (both a function of temperature) in a conduit of given width.
The width of the conduit, much smaller than the conduit length,
is critical because particles velocity is reduced to zero in a colli-
sion with the conduit walls (Schmidt et al., 2008). Thus, the con-
duit width roughly determines the collision length (L), which can
be described as (Brilliantov et al., 2008):

R
L=
2w Pgas (T)\/T“ugrain)il - “éals

with (ug,;n) the average velocity of particles and the coefficient w
defined as:

(Wgas)
w=————=
pgrainﬁ

Parameter 8 describes the condensation and absorption of gas
molecules by the growing grains. In this simple case the particles
are considered to be pure carbonate and therefore not subject to
growth (B =0). Parameter (wgas) is the average molecular speed of
the gas at temperature T, or:

| 8kgT
<Wgas> = TT?IO (3)

With kg the Boltzmann constant and mg the water molecule
mass (Table 1). We define the velocity of the water vapor ugas with
its thermal velocity at 270K, i.e., 500m s~!. The density is that
of saturated water vapor, considered a perfect gas at the liquid-
vapor equilibrium (S27 in Schmidt et al., 2008). Particle size (R)
and density (0grin) are set to the carbonate grain size (71 + 14 um)
and density (2540 kg m~3) determined with near-infrared observa-
tion (De Sanctis et al., 2016). Here we take the example of Vina-
lia Faculae, where mantling (putative fallback deposits) and central

(1)

[1+50-p)] 2)
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flash freezed particles of salt and ice. Phases 2-5 show extrusion of high viscosity brine with subsequent freezing and sublimation. Phase 6 illustrates dome formation.

structures (putative vents) are well expressed. By taking into ac-
count the average 2.5-km radius of the mantling, the required par-
ticle speed is 26m s~! ({Ugrain) In Eq. (1)), if we assume an ejec-
tion angle of 45°. The use of this ejection angle is again justified
by the presence of the central structure (e.g., Kieffer, 1984; Glaze
and Baloga, 2000). An upper estimate for the conduit width is the
measured size of the central structure of Site 1, 500 m. While this
value is used here, we consider that plausible conduit width is in
the range 1-100m, because vents are larger than the underlying
feeding conduits (Wilson and Head 1981, 2017) and because large
conduits might not be structurally possible (Miyamoto et al., 2005;
Quick and Marsh, 2016).

We find that temperatures of about 270K are required for col-
lision length of ~1 m (Fig. 5). Although this minimum temperature
is consistent with a liquid brine, it is higher than the modeled
crustal temperatures at several tens of km depth. For a tempera-
ture of 245K, more consistent with those expected at depth and at
which a brine might still be liquid (e.g., Castillo-Rogez et al., sub-
mitted), the minimum collision length is 6 m, a value within the
range inferred for the conduit width. In these conditions, a bright
mantling could form without the need for the briny liquid to reach
the surface (Fig. 6, phase 1). This result also supports a similar
scenario proposed in Zolotov (2017). We note that in addition to
evaporation and flash freezing during ascent, the brine can be sub-
ject to fragmentation. This can occur by nucleation and expansion
of gas bubbles (e.g., CO,), resulting in the disruption of the brine
into a gas phase and a spray of liquid droplets (e.g., Wilson et al.,
2010; Zolotov, 2017). Due to Ceres’ low gravity, this effect will be

important even if dissolved gases are present in low concentration
(<1wt.%) (Fagents et al., 2000; Quick, 2018). Whether the briny
liquid reaches the surface after these initial phases (evaporation,
freezing, fragmentation) will be considered next for the case of the
Cerealia dome.

It is conceivable that after the initial stage of eruption domi-
nated by evaporation, gas exsolution and brine disruption in the
conduit (Fig. 6, phase 1), brine viscosity will increase by growth
of salt crystals and gas content will be lost during ascent. These
changes will minimize bubble growth and will decrease the dis-
ruption depth. Eventually the brine will reach the surface with-
out being disrupted, and will be subject to boiling at the surface
(Fig. 6, phase 2). There, boiling will continue until a carapace of
ice is formed (Fig. 6, phase 3). According to Quick (2018) approx-
imately 227 days are needed to form a 1.3 m thick carapace. At
which point the pressure below the carapace will compensate the
vapor pressure of the brine assuming 25 wt.% of dissolved salts
in the brine. This process of carapace formation is probably non-
steady, because during its development and before the required
thickness is reached, it will undergo repeated disruption, ejecting
blocks <1.3m across (Fig. 6, phases 4 and 5) (Fagents, 2003). In
this scenario, we might expect a non-uniform and scattered distri-
bution of material (Fig. 3).

In addition to the carapace formation, a domical landform could
develop by the following processes (Fig. 6, phase 6): (i) bulging
of the carapace and/or (ii) extrusion of high-viscosity brine and
dome build-up with intrusion. For case (i), bulging could oc-
cur by over-pressurization of a freezing subsurface reservoir (e.g.,
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Fagents, 2003; Manga and Wang, 2007; Michaut and Manga, 2014)
or by an advancing freezing front in a subsurface ice lens. The
latter effect would play a role if an inter-connected liquid brine
existed at Cerealia and Vinalia Faculae (different in elevation and
with a theoretical hydrostatic difference), in analogy to a pingo
formation process (e.g., Dundas and McEwen, 2010; Burr et al.,
2009). In case (ii) the brine must have a high viscosity, other-
wise flooding will occur without topographic built-up. We adopted
the gravity current model developed in Quick et al. (2016) to es-
timate the viscosity required to form a dome with the dimen-
sion of Cerealia (Site 3). The model assumes extrusive dome for-
mation, where domes are emplaced by the eruption and subse-
quent relaxation of viscous material at the surface. According to
Quick (2018), plausible emplacement times for the Cerealia dome
are between 2.5 and 273 days, assuming bulk kinematic viscosities
between 106 and 108 m? s~! at the onset of relaxation to form
the dome. These viscosity values include the viscosity of the solid,
outer carapace. Thus, brine viscosities at the time of eruption may
be as low as 102-10° m? s~!, or 105-108 Pa s (Quick, 2018; Quick
et al., 2016, 2017). This indicates that the initial viscosity of the
brine before extrusion (<1Pa s) must increase by several orders of
magnitude. A process responsible for this change can be the pre-
cipitation of salt during cooling. Future experimental studies could
help in quantifying the effects of this variation. We note that en-
dogenous growth is probably also involved during dome build-up.
This process is observed in highly viscous domes and consists of
intrusions within the dome with limited flow breaching off the
carapace (e.g., Blake, 1990; Annen et al., 2001; Ruesch et al., 2016).

After mantling and dome formation, the near-vacuum condi-
tions will quickly (<1 year) dehydrate any hydrous salts formed
by flash freezing of the brine and will leave an anhydrous salt-rich
surface layer (Bu et al., 2017), which explains the detection of an-
hydrous sodium carbonate by near-infrared spectroscopy (De Sanc-
tis et al., 2016). The non-detection of ice at the faculae (De Sanctis
et al., 2016) is probably due to sublimation. To quantify the amount
of ice retreat due to sublimation (e.g., Titus, 2015; Formisano et al.,
2016; Schorghofer et al., 2016), we adopt the model presented in
Landis et al. (2017) that considers diurnal temperatures at Occa-
tor and water vapor diffusion through a regolith/salt-bearing ice.
For the latitudes of interest, we find that ice will retreat not more
than 1.5m in 20 Ma, creating a sublimation lag of salts. The pres-
ence of remnant ice below a sublimation and dehydration lag at
the Vinalia and Cerealia Faculae is thus consistent with the pos-
sibility of current sublimation. It remains to be determined, how-
ever, whether sublimation can explain the putative haze observa-
tions (Nathues et al., 2015; Thangjam et al., 2016). As mentioned
above, according to Landis et al. (2017) lofting is only possible for
very small particle sizes and for very low elevations.

If the dome is ice-rich, extensional fracturing (Fig. 3b, cen-
tral panel) due to freezing ice and viscous deformation may be
important in its evolution. We adopted the numerical model of
Sori et al. (2017), used to study viscous relaxation of Cerean land-
forms, and found flow velocities of only ~2 m/Myr. Since the es-
timated age of the dome is several millions years (Nathues et al.,
2017b; Neesemann et al., 2018), relaxation has not yet been impor-
tant in controlling dome morphology. Observed slope asymmetries
(Fig. 3b, lower panel) may result from topography preceding dome
formation.

4. Conclusions

Using FC observations at the three sites of Cerealia and Vina-
lia Faculae, we identify similar bright mantling morphologies that
are not found elsewhere on Ceres. These locations also have sim-
ilar sodium carbonate absorption bands detected by near-infrared
spectroscopy. Close proximity, and shared morphological and com-

positional properties imply similar mechanisms for their formation
involving a common transport material. The various morphologies
and morphometries are best explained by a transport material con-
sisting of liquid brine, reaching the surface at high velocity, as in
a salt-water fountain. Velocity of the extrusion is first provided
by the density-driven pressure gradient and subsequently by the
water vapor thermal velocity. The bright mantling of the faculae
is explained by brine flash-freezing and grain fallback. Increasing
precipitation of salts during cooling can lead to an increase in
the brine viscosity and could explain the dome formation at Ce-
realia Facula. These proposed changes in brine properties during
ascent might be modeled and quantified with the support of fu-
ture experimental measurements. Ice ascent, followed by sublima-
tion and particle lofting, is a less favored scenario as it cannot fully
satisfy the constraints from the mantling morphologies. Gas from
clathrate decomposition is a less likely scenario as it can be ex-
cluded for the formation of Cerealia dome. The age of Cerealia Fac-
ula determined with measurements of superimposed small impact
craters is several millions years old (Nathues et al., 2017b; Neese-
mann et al., 2018). Our results imply that this age represents the
time of the presence and surface extrusion of salt bearing water,
later than the Occator impact event. Also, since Dawn did not ob-
serve active water plumes on Ceres (Nathues et al., 2015), such ac-
tivity must occur on timescales greater than years. Ceres geochem-
ical and thermal evolution must have been able to provide con-
ditions such that frozen brine in the subsurface melted with the
heat released by the Occator impact and/or brine was preserved in
its liquid phase before the impact event, or even throughout Ceres
history, at least in regional-scale subsurface networks or reservoirs.
In light of these results, Vinalia and Cerealia Faculae, as well as
other bright carbonate surfaces, such as Ahuna Mons, are sites
where the chemistry of briny liquid can be investigated. Such stud-
ies will shed light into the prebiotic environments hosted by Ceres
(De Sanctis et al., 2017).
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