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ABSTRACT

The Dawn spacecraft has imaged several putative cryovolcanic features on Ceres, and several lines of evidence point to past cryovolcanic activity at Occator crater. It
is therefore possible that cryovolcanism played a key role in delivering sodium carbonate- and chloride-enriched brines to Ceres’ surface in recent geological times.
The detection of a 200 km×200 km negative Bouguer anomaly beneath Occator suggests the presence of a low-density region beneath the crater. If this region is a
residual, partially crystallized, cryomagma chamber, excess pressures caused by its gradual freezing, or stresses produced by the Occator-forming impact, could have
facilitated the delivery of cryolavas to the surface in the geologically recent past. Here, the progressive solidification of a cryomagma chamber beneath Occator and
implications for the delivery of cryolavas to the surface has been explored. Models for the behavior of cryolavas at Ceres’ surface, and for the formation of the Cerealia
Dome and Vinalia Faculae, are also presented. Minimal crystallization of a subsurface fluid reservoir located at the crust-mantle boundary could have driven
cryolavas enriched in chloride salts and NH3 to Ceres’ surface. However, cryolavas enriched in sodium carbonates would have had to have existed at shallower levels
in the crust in order to be delivered to the surface via pressure-driven ascent. Depending on the size of the reservoir, cryolavas could have been driven to Ceres’
surface for tens to hundreds of millions of years after cooling of the cryomagma chamber commenced. The mineralogy at Occator is suggestive of subsurface
cryomagma reservoirs enriched in sodium carbonate and chloride salts. Aqueous solutions enriched in chloride salts and/or ammonia would have arrived at the
surface at warm enough temperatures to erupt if transported in propagating fractures that traveled at least 10−5 m/s. Additionally, if the Cerealia Dome was formed
from viscous cryolava extrusions, bulk kinematic lava viscosities may have been between 106–108 m2/s at the onset of relaxation. Plausible relaxation times to form
the dome, which are linked to bulk cryolava rheology, are found to have ranged from 2.5 to 273 days. Moreover, the low volatile content necessary to drive explosive
eruptions on Ceres supports the possibility that Cerealia and Vinalia Faculae were emplaced as a consequence of ballistic eruptions. The enigmatic geology of Occator
crater is consistent with a diversity of exchange processes operating on Ceres in the geologically recent past. Further, the processes that have occurred at Occator
could shed light on the changing geology associated with a relic ocean world. Future studies of Occator and Ceres should be undertaken with these results in mind.

1. Introduction
The Dawn spacecraft has imaged several putative cryovolcanic
features on Ceres (Buczkowski et al., 2016; 2018a,b; Ruesch et al.,
2016; 2017; 2018a). Cryovolcanism may have been more widespread
on the dwarf planet in the past, however, ancient cryovolcanic constructs may have been erased by viscous relaxation (Sori et al., 2017).
Notwithstanding, several lines of evidence point to recent cryovolcanic
activity at Occator crater (Fig. 1). Tentative detections of haze at Ceres
may be linked to the bright spots at Occator's floor (Nathues et al.,
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2015; Molaro et al., 2016; Thangjam et al., 2016). Moreover, the location of these bright spots is commensurate with that of water vapor
outgassing at Ceres reported by Küppers et al. (2014). It has been
proposed that this outgassing may be due to internal diapirism
(Shoji and Kurita, 2014) or active cryovolcanism at the surface
(Küppers et al., 2014; Titus, 2015). Explosive cryovolcanism could also
be induced by the degassing of clathrates (Kieffer et al., 2006; Fortes
et al., 2007), which could constitute a significant fraction of Ceres’ crust
(Bland et al., 2016; Castillo-Rogez et al., 2018). Indeed, based on
models of Ceres’ evolutionary history, McCord et al. (2011) and
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Fig. 1. (Top Left) Occator Crater is approximately 92 km in diameter and is home to the brightest spots on Ceres, Cerealia Facula, in the center, and the wispy Vinalia
Faculae to the east. (Top Right) Cerealia Facula, which sits atop the ∼ 400 m tall Cerealia Dome, is the brightest deposit on Ceres. (Bottom Center) The bright haloes
that make up the largest Vinalia deposits are approximately 5 km in diameter.

Neveu and Desch (2015) suggested that cryovolcanism could be currently occurring on Ceres. Ceres may have also once harbored an ocean
at shallow depths (Castillo-Rogez and McCord, 2010), a portion of
which may still exist today as localized brine reservoirs (Neveu and
Desch, 2015; Castillo-Rogez et al., 2018; Ruesch et al., 2018a; Stein
et al., 2018; Zolotov, 2017), or, as an internal muddy layer (Travis
et al., 2015; Bland and Travis, 2017; Fu et al., 2017).
Buczkowski et al. (2016; 2018a) report that Occator's morphology is
consistent with that of lunar floor-fractured craters, and is therefore
suggestive of the presence of cryomagmatic intrusion and uplift during
formation. Schenk et al. (2018) and Scully et al. (2018a) suggest that
lobate flows at Occator are representative of impact melts. However,
these features have alternatively been interpreted as cryolava flows
(Krohn et al., 2016). Moreover, several researchers have suggested that
Cerealia and Vinalia Faculae (Fig. 1) could have been ballistically emplaced during episodes of explosive venting (De Sanctis et al., 2016;
Krohn et al., 2016; Nathues et al., 2017; Ruesch et al., 2017; 2018a;
Zolotov, 2017), while the Cerelia dome (Fig. 1) could be an expression
of effusive cryovolcanism (Nathues et al., 2017; 2018; Ruesch et al.,
2017; 2018a). Indeed, the proximity of bright spots to fractures at
Occator's floor could be indicative of subsurface conduits that facilitated both effusive and explosive (i.e., volatile-driven) eruptions De
Sanctis et al., 2016; Buczkowski et al., 2018a,b; Nathues et al., 2017;
2018; Schenk et al., 2018). It is therefore possible that past cryovolcanic
activity at Occator could have delivered aqueous solutions containing
sodium carbonate and chloride salts to Ceres’ surface (Krohn et al.,
2016; De Sanctis et al., 2016; Bu et al., 2018; Nathues et al., 2017;
Palomba et al., 2018).
The detection of a negative Bouguer anomaly beneath Occator

crater in Dawn gravity data suggests the presence of low-density material situated between the crust and mantle (Ermakov et al., 2017;
Scully et al., 2018b). This region could be a partially-crystallized
cryomagma reservoir (Quick et al., 2018a; Hesse and Castillo-Rogez,
2018). We envision that this reservoir is a remnant of a prior subsurface
ocean (Neveu and Desch, 2015), and that it was completely molten in
the geologically recent past. According to Ermakov et al. (personal
communication), several reservoir configurations are possible: (i) a
reservoir with density, ρb < 1300 kg/m3, situated within a crust of
density, ρc = 1300 kg/m3, both of which overlie a mantle of density
2400 kg/m3 (ii) a reservoir with ρb < 2400 kg/m3 that sits within the
mantle, or, (iii) a reservoir with 1300 kg/m3 < ρb < 2400 kg/m3 situated between the crust and mantle. Crust and mantle density values
were extracted from shape-based models of Ceres’ internal structure
(Ermakov et al., 2017). Here we consider the latter case where a briny
reservoir of density ρb = 1400 kg/m3, sits beneath the crust of density
1300 kg/m3. Ceres’ crust is predicted to be 40–50 km thick (Hiesinger
et al., 2016; Ermakov et al., 2017). Thus, we have assumed that the
cryomagma reservoir existed at a depth of 45 km, consistent with
thermal evolution models which suggest that residual brine may exist
∼ 45 km beneath Ceres’ surface (Castillo-Rogez and McCord, 2010).
Excess pressures created by the gradual freezing of this reservoir, or,
caused by the Occator-forming impact, could have produced fractures
capable of delivering briny cryomagmas to Ceres’ surface (Neveu and
Desch, 2015; Nathues et al., 2017; 2018; Quick et al., 2018a), thus
creating the faculae that we see today. This is similar to processes that
may occur on the icy satellites of the outer solar system, where the
gradual freezing of discrete subsurface reservoirs may deliver fluids to
the surface (Fagents, 2003; Manga and Wang, 2007). This possibility
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has also been explored for bringing fluids to the surface of Kuiper Belt
objects (Neveu et al., 2015), and has been proposed in the past as a
means for bringing fluids to Ceres’ surface (Neveu and Desch, 2015).
Here, the thermal and compositional evolution of such a reservoir
beneath Occator and implications for the changing compositions of
cryolavas delivered to Ceres’ surface is investigated. More specifically,
this paper explores: (1) the progressive solidification of a briny cryomagma reservoir beneath Occator crater, (2) the dynamics and heat
transfer associated with cryomagmas as they ascended from the reservoir, to Ceres’ surface, (3) the emplacement of the Cerealia Dome,
and (4) the emplacement of the Vinalia Faculae. As the majority of the
liquid portion of the cryomagma reservoir would have been pushed to
the surface to create Occator's faculae, the liquid fraction of any reservoir within Ceres today may be very small, consistent with recent
models of Ceres’ interior (Fu et al., 2017). Prior stages of ocean crystallization and their influence on initial reservoir composition are not
considered here. However, a detailed analysis of compositional changes
during the crystallization of an ancient Cerean ocean is presented in
Castillo-Rogez et al. (2018).

However, as the reservoir envisioned here also contains sodium carbonate and chloride brines in solution, its bulk density would be greater
than that of the crust, which, based on recent analyses, contains a
mixture of 30% ice, 35% clathrate, 15% hydrated salts, and 20%
phyllosilicates (Castillo-Rogez et al., 2018).
This study assumes that at the time it was completely molten (i.e.,
liquid), the cryomagma reservoir was a remnant of a gradually freezing
subsurface ocean (e.g., see Castillo-Rogez et al., 2018). Hence it has
been assumed that the reservoir was of purely endogenous origin and
was not formed from heating associated with the Occator-forming impact. The possibility that the Occator-forming impact facilitated the
formation of a reservoir beneath Occator, and that subsequent brine
effusion from this reservoir enabled the emplacement of Cerealia and
Vinalia Faculae, is explored by Bowling et al. (2018) and Hesse and
Castillo-Rogez (2018). That hypothesis is not explored here. For simplicity, the shape of the cryomagma chamber has been approximated to
that of a cylinder and we have explored its thermal and compositional
evolution under two conditions: (i) the chamber dimensions are commensurate with those of Occator (diameter ∼ 90 km according to
Nathues et al., 2015; 2017), so that the radius, r, of the chamber is
approximately 45 km; (ii) the dimensions of the chamber match that of
the gravity anomaly discussed in Ermakov et al. (2017), such that r is
∼100 km. We have also assumed that the timescale for thermodynamic
equilibration of salts precipitated as the cryomagma chamber froze was
long in comparison to the total freezing time of the chamber. Thus, we
assume that chamber solidification was dominated by fractional crystallization.

2. Thermal and compositional evolution of a cryomagma chamber
beneath Occator
In keeping with an oceanic origin, the reservoir under consideration
is assumed to have had an initial temperature of 273 K, and would have
consisted of a mixture of chloride and sodium carbonate brines, and
ammonia, consistent with evolutionary models for Ceres (Neveu and
Desch, 2015; Castillo-Rogez et al., 2018; Zolotov, 2017), spectral analyses of Occator (De Sanctis et al., 2016; Nathues et al., 2017; Raponi
et al., 2018), and the suggested composition of cryolavas and possible
brine reservoirs on the dwarf planet (Ruesch et al., 2016; Castillo-Rogez
et al., 2018; Zambon et al., 2017). De Sanctis et al. (2016) suggest the
presence of natrite (Na2CO3), ammonium bicarbonate (NH4HCO3),
ammonium chloride (NH4Cl) and possibly sodium chloride (NaCl) at
Occator. Along with sodium bicarbonate (NaHCO3), these compounds
have been considered as possible constituents of brines on Ceres (De
Sanctis et al., 2016; Zolotov et al., 2017; Castillo-Rogez et al., 2018).
Cerean cryomagmas may also contain NH3 (Castillo-Rogez et al., 2018)
and cations such as K+ in solution (Zolotov, 2017). CO2 and CH4
clathrates may also be present (Castillo-Rogez et al., 2018).
The densities of NaHCO3, NH4HCO3, and NH4Cl are 2200 kg/m3,
1590 kg/m3, and 1530 kg/m3, respectively. The densities of Na2CO310H2O, and NaCl-2H2O, which are the hydrated forms of Na2CO3 and
NaCl that are found in solution in salt-water systems (Zolotov, 2017),
are 1478 kg/m3 and 1610 kg/m3 respectively. In the case of aqueous
solutions containing NH4Cl, and many other hydrated salts, the maximum salt composition, which occurs at the eutectic point, is generally
∼20 wt % (Kargel, 1991; McCarthy et al., 2007; Brady, 2009; Nayak
et al., 2014; Quick and Marsh, 2016). Assuming ∼20 wt % salt and ∼
80 wt % water in binary aqueous solutions, the maximum densities of
aqueous solutions containing NaHCO3, NH4HCO3, and NH4Cl would be
1240 kg/m3, 1118 kg/m3, and 1106 kg/ m3, respectively, while the
densities of aqueous solutions containing Na2CO3-10H2O, and NaCl2H2O would be 1142 kg/m3 and 1096 kg/m3, respectively. Although
the average density of the aforementioned solutions is 1140 kg/m3, if
the reservoir is also enriched in concentrated salt species with densities
≥ 2000 kg/m3 (e.g., NaHCO3, Na2CO3, Na2CO3eH2O), assuming a
bulk reservoir density of 1400 kg/m3 accounts for the presence of all of
these brines, in solution with high-density, concentrated salts, and lowdensity cryomagmatic constituents such as NH3, ice, and clathrates. It
must be noted that briny cryomagmas consisting of just one contaminant species, such as a brine where the primary salt is hydrohalite
(NaCl-2H2O) or an aqueous solution where the only contaminant is
ammonia dihydrate (NH3-2H2O), will be less dense than Ceres’ crust
(Kargel et al., 1991; Quick and Marsh, 2016) and may therefore readily
ascend as a diapir or cryomagma in fractures caused by impact stresses.

2.1. Thermal evolution of the cryomagma chamber
A molten cryomagma chamber embedded at the base of Ceres’ crust
is akin to a warm body situated in an infinite medium. Although
thermal convection may be easily initiated in such chambers, it may
become increasingly restricted as the chambers cool and their bulk
viscosity increases (Pinkerton et al., 2002). In addition, because cooler
cryomagmas may be bound within the chambers’ solidification fronts,
the amount of cool melt available to drive convection may be significantly reduced (c.f. Marsh, 2000). As is the case with terrestrial
magma chambers, it is therefore uncertain if convection would have
been an efficient heat loss mechanism for cryomagma chambers on
Ceres. We have therefore assumed that cooling of the reservoir is primarily due to conduction, so that the total cooling time, ttotal, of the
reservoir may be approximated by,

ttotal

r2

(1)

b

where ttotal is an order of magnitude time scale that is linked to the
chambers’ conduction-driven thermal evolution (see Appendix), and κb
is the thermal diffusivity of the briny melt in the reservoir. According to
(1), the reservoir approaches 100% crystallization at a time ttotal. If it is
then assumed that only a fraction of the reservoir is crystallized at all
other times, t, a general relationship between %crystallinity and t may
be expressed as,

%reservoir

crystallized

=

t
× 100%
ttotal

(2)

The temperature, T, as a function of time for a warm, cylindrical
magma body that begins to cool after being embedded in an infinite
medium is described by,

T = Tc + (To

TC ) (1

e

r 2/4 t

)

(3)

(Crank, 1975; Marsh, 1982), where Tc = 240 K is the average temperature at the base of Ceres’ crust based on thermal evolution models
(Castillo-Rogez and McCord, 2010; Neveu and Desch, 2015). The initial
temperature of the reservoir, To = 273 K, and κ is the thermal
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Icarus 320 (2019) 119–135

L.C. Quick et al.

diffusivity near the base of the crust. Ceres’ crust and mantle are most
likely composed of a mixture of ice, rock, and salt hydrates (Bland et al.,
2016; Park et al., 2016; Ermakov et al., 2017). Based on the thermophysical properties of ice at 240 K and silicates in Earth's crust and
upper mantle (Hobbs, 1974; Petrenko and Whitworth, 1999; Spera,
2000; Gibert et al., 2003; Whittington et al., 2009), the thermal diffusivity, κ, of the lithosphere surrounding the cryomagma chamber would
have been on the order of 10−6 m2/s. The thermal diffusivity of melt
within the cryomagma chamber, κb, would have been on the order of
10−7 m2/s, commensurate with the thermophysical properties of brines
at 273 K (ASHRAE, 2001) and thermal diffusivity values for briny
cryomagmas in previous works (Fagents, 2003; Quick and Marsh,
2016).

bulk reservoir temperature would have been approximately 273 K and
reservoir crystallinity would have been ≤ 0.5%. By t = 8 Myr, the
temperature dropped below the 269 K eutectic temperature of a solution enriched in NH4HCO3, and after t = 20 Myr of cooling, the temperature would have been less than the 258 K eutectic temperature of
an NH4Cl solution (Fig. 2; Table 1). For t > 35 Myr, the bulk reservoir
temperature would have dropped below the 252 K melting temperature
of an aqueous, hydrohalite solution (i.e., enriched in NaCl-2H2O). The
aforementioned temperatures would have been attained when the reservoir reached 1.25%, 3.12%, and ∼ 5.5% crystallinity, respectively
(Figs. 3 and 4). For all other times and crystallinities, reservoir temperature would have remained above the 239 K eutectic temperature of
MgCl2-rich solutions, approaching the 240 K background temperature
of the surrounding lithosphere as t approached 641 Myr (Figs. 2–4).

2.2. Pressure-driven ascent of cryomagmas

2.3.2. Reservoir with r = 100 km
It would have taken just over 3 Gyr (3.16 Gyr) for a cryomagma
reservoir whose dimensions are consistent with the Bouguer anomaly
discovered in Dawn gravity data to reach temperatures approaching the
background temperature of the surrounding lithosphere (Fig 2;
Table 2). The bulk reservoir temperature would have remained approximately 273 K for the first 18 Myr of cooling, corresponding to 〈 <
0.6% reservoir crystallinity (Figs. 3 and 4). However for t > 37 Myr, the
reservoir would have reached ∼ 1.2% crystallinity and the temperature
would have dropped below the 269 K eutectic temperature for
NH4HCO3-bearing brines. According to Figs. 2 and 4, once cooling had
taken place for approximately 170 Myr, reservoir crystallinity would
have increased to about 5.4%. At that time, bulk reservoir temperature
would have dropped below the 252 K eutectic temperature of solutions
rich in NaCl (Fig. 2). Similar to the case of the small reservoir, for all
subsequent times and crystallinities, the bulk reservoir temperature
would have remained above the 239 K eutectic temperature of MgCl2rich solutions, and would have approached the 240 K background
temperature of the surrounding lithosphere as t approached 3.16 Gyr
(Figs. 2–4).
Figs. 2 and 3 illustrate that independent of the size of the cryomagma chamber, a minimal amount of crystallization would have been
required to produce excess pressures capable of driving fluids to Ceres’
surface, in agreement with previous work (Neveu and Desch, 2015).
Assuming D = 45 km in (4) and (5), excess pressures required to drive
cryomagma from the base of the crust are on the order of 106 Pa
(Fig. 5), requiring, only about 1.6% of the reservoir to freeze in order
for fluids to be pushed to the surface. In the case of the reservoir with
r = 45 km, Fig. 3 illustrates that 1.6% of the reservoir would have
frozen after just over 10 Myr of cooling. Bulk reservoir temperature at
that time would have been approximately 266 K (Fig. 2). Thus, cryolavas rich in KCl, NH4Cl, NaCl, MgCl2, and NH3 could have been
transported to the surface via pressure-driven ascent. After 50 Myr of
cooling, the reservoir with r = 100 km would have reached1.6% crystallization. As before, the reservoir's bulk temperature would have been
∼ 266 K (Figs. 2 and 3), and cryolavas enriched in chloride salts and
NH3, would have been delivered to the surface. The excess pressures
required to drive eruptions from depth on Ceres, and the corresponding
percentage of the reservoir that must have frozen in order for these
fluids to have been delivered to the surface, are about an order of
magnitude less than what would be required to drive fluids from
comparable depths on icy satellites such as Europa (e.g., see Fagents,
2003; Manga and Wang, 2007).
Neveu and Desch (2015), suggested that briny liquids might be
brought to Ceres’ surface via pre-existing fractures associated with
impact craters. However, it is unknown whether or not fractures formed
during the Occator-forming impact could have extended to 45 km
depths. Thus, in order for cryomagmas to have reached the surface,
excess pressures caused by the crystallization of subsurface reservoirs
would have to have been large enough to initiate and sustain fracturing
through a lithosphere composed of a mixture of rocks, ice, and salt

Here we have considered cryomagma chambers of constant volume.
We assume that the chambers’ walls did not deform to accommodate
the increasing amount of space taken up by ice as cooling progressed.
Hence as these reservoirs crystallized, excess pressures were created
which drove cryomagmas to the surface (Fagents, 2003; Manga and
Wang, 2007). Consequently, the maximum depth from which cryomagmas may have been delivered to the surface would have been a
function of the percentage of the reservoir that was frozen at any given
time. Here we have assumed that the density of the briny solution, ρb,
was greater than the density of Ceres’ crust, ρc. Hence in order for
cryomagma to have ascended from a depth, D, an excess pressure, ΔP,
must have been achieved satisfying the condition,

P>

c

b

(4)

gD
2

Fagents, 2003) where g = 0.28 m/s is the acceleration due to gravity
on Ceres. Here, ΔP needed to overcome the negative buoyancy caused
by ρb being greater than ρc is assumed to be equal to at least twice the
inequality expressed in (4), so that

P = 2

c

b

(5)

gD

is the excess pressure required to drive cryomagmatic fluids from a
depth D, on Ceres. This doubling of the minimum pressure in (5) to
ensure fluid ascent means that with respect to (4), twice as much of the
reservoir would have to had crystallized to have driven fluids to Ceres’
surface from any particular depth. Further, reservoir cooling would
have to have taken place for a longer time period before any cryomagmas were driven to the surface. Nonetheless it must be noted that
(5) returns a minimum excess pressure for fluid ascent that is the same
order of magnitude as the excess pressure returned from (4).
The percentage of the reservoir that froze in order to attain the
pressure noted in (5) may be expressed as,

%frozen = 1 +

1

1

b

P

1

× 100%

(6)

c
−10

−1

(Fagents, 2003) where β = 4.9 × 10
Pa
is the compressibility of
water. The majority of brines considered here are composed of liquid
water in proportions ≥ 60 wt% (e.g. see Brady, 2009; Nayak et al.,
2014; Quick and Marsh, 2016), so that their compressibilities should be
well-represented by that of liquid water.
2.3. Reservoir evolution results
2.3.1. Reservoir with r = 45 km
According to (1), a brine reservoir that is 45 km in radius, commensurate with the dimensions of Occator and the slightly smaller
isostatic anomaly discovered in Dawn gravity data (Nathues et al.,
2015; 2017; Ermakov et al., 2017), would have taken about 641 Myr
(∼ 0.6 Gyr) to completely crystallize. The reservoir's temperature as a
function of time is illustrated in Fig. 2. For the first ∼ 3 Myr of cooling,
122
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Fig. 2. Progressive cooling of a Cerean cryomagma reservoir. This plot illustrates temperature as a function of time for a 90-km
diameter brine reservoir (blue line) initially at
273 K, and a 200-km diameter brine reservoir
(gold line). The dimensions of the 200-km
diameter reservoir are consistent with the
gravity
anomaly
beneath
Occator
(Ermakov et al., 2017; Scully et al., 2018b).
The stippled line represents the 273 K temperature mark. The bulk reservoir temperature
remained at ∼ 273 K for the first 3 Myr of
cooling for the small reservoir, and for the first
18 Myr of cooling for the large reservoir. After
approximately 641 Myr, the temperature of the
90 km diameter reservoir approached the
240 K background temperature of the lithosphere. The 200 km diameter reservoir approached the background temperature of the
lithosphere after 3.16 Gyr. See also Figs. 3 and
4. (For interpretation of the references to color
in this figure legend, the reader is referred to
the web version of this article.)
Table 1
Crystallization sequence for a cryomagma reservoir with r = 45 km and ttotal = 641 Myr, assuming fractional crystallization.
t (Myr)

Bulk reservoir
temperature (K)

% reservoir
crystallized

a
Depleted aqueous
solution(s)

a

6.6
6.8
8
14.5
20
35
641

270.6
269.9
269
262
258
252
∼ 241

1.02
1.06
1.25
2.3
3.12
5.5
∼ 100%

NaHCO3
Na2CO3
NH4HCO3
KCl
NH4Cl
NaCl
_________

Na2CO3; NH4HCO3; KCl; NH4Cl; NaCl; MgCl2; NH3-H2O
NH4HCO3; KCl; NH4Cl; NaCl; MgCl2; NH3-H2O
KCl; NH4Cl; NaCl; MgCl2; NH3-H2O
NH4Cl; NaCl; MgCl2; NH3-H2O
NaCl; MgCl2; NH3-H2O
MgCl2; NH3-H2O
MgCl2; NH3-H2O

Aqueous solution(s) remaining

b

Rejected salts

NaHCO3
NaHCO3;
NaHCO3;
NaHCO3;
NaHCO3;
NaHCO3;
NaHCO3;

Na2CO3
Na2CO3;
Na2CO3;
Na2CO3;
Na2CO3;
Na2CO3;

NH4HCO3
NH4HCO3;
NH4HCO3;
NH4HCO3;
NH4HCO3;

KCl
KCl; NH4Cl
KCl; NH4Cl; NaCl-2H2O
KCl; NH4Cl; NaCl-2H2O

a
Assuming cryomagmas were aqueous solutions containing the contaminants described in Section 2, these contaminants would not remain in solution after the
reservoir cooled below their respective eutectic temperatures. Hence cryolavas composed of, for example, 23 wt% NaCl-2H2O and 77% water, would not have been
available to erupt at Ceres’ surface after the reservoir underwent ∼35 Myr of cooling. However, cryolavas that contained contaminants with eutectic temperatures < 252 K, such as MgCl2 and NH3, would have still been capable of traveling to the surface to erupt, provided that fractures propagated quickly enough to deliver
them to the surface before the fluids within froze.
b
Contaminants rejected from solution after the reservoir temperature fell below their eutectic points. Eutectic temperatures for these aqueous solutions are from
Quick and Marsh (2016) and Zolotov (2017). Here it has been assumed that a fraction of bicarbonate and Na remains in the reservoir after the crystallization of
NaHCO3 and Na2CO3.

Fig. 3. Percentage of each reservoir frozen as a function of time.

hydrate. The tensile strength of low-porosity ice is on the order of
106 Pa (Manga and Wang, 2007; Hobbs, 1974), while the tensile
strength of porous ice may be as low as 104 Pa (Lee et al., 2005). In
addition, the tensile strength of carbonate-rich, sedimentary rocks (e.g.,
limestone) may range from 105–106 Pa, depending on water content
(Vásárhelyi, 2005). Hence the excess pressures displayed in Fig. 5, on
the order of several MPa, would have been strong enough to initiate
brine-filled fractures, and drive them to the surface. This suggests that if
Ceres once harbored a subsurface ocean, cryovolcanism could have

Fig. 4. Reservoir temperature as a function of percentage of the reservoir
frozen. Each reservoir's temperature would have begun to approach the 240 K
ambient lithospheric temperature around the same time that the ∼55%
maximum crystallinity threshold was reached. While each reservoir would
have reached various temperatures and %crystallinities at different times (see
Figs. 2 and 3), their temperatures at any given %crystallinity would have been
identical.
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Table 2
Crystallization sequence for a cryomagma reservoir with r = 100 km and ttotal = 3.16 Gyr, assuming fractional crystallization.
t (Myr)

Bulk reservoir
temperature (K)

% reservoir
crystallized

a

Depleted
aqueous
solution(s)

a

b

30
33.5
37
70
100
170
3160 (3.16 Gyr)

270.6
269.9
269
262
258
252
∼ 241

0.95
1.06
1.2
2.2
3.16
5.4
∼ 100%

NaHCO3
Na2CO3
NH4HCO3
KCl
NH4Cl
NaCl
_________

Na2CO3; NH4HCO3; KCl; NH4Cl; NaCl; MgCl2; NH3-H2O
NH4HCO3; KCl; NH4Cl; NaCl; MgCl2; NH3-H2O
KCl; NH4Cl; NaCl; MgCl2; NH3-H2O
NH4Cl; NaCl; MgCl2; NH3-H2O
NaCl; MgCl2; NH3-H2O
MgCl2; NH3-H2O
MgCl2; NH3-H2O

Aqueous solution(s) remaining

Rejected salts

NaHCO3
NaHCO3;
NaHCO3;
NaHCO3;
NaHCO3;
NaHCO3;
NaHCO3;

Na2CO3
Na2CO3;
Na2CO3;
Na2CO3;
Na2CO3;
Na2CO3;

NH4HCO3
NH4HCO3;
NH4HCO3;
NH4HCO3;
NH4HCO3;

KCl
KCl; NH4Cl
KCl; NH4Cl; NaCl-2H2O
KCl; NH4Cl; NaCl-2H2O

a
Assuming cryomagmas were aqueous solutions containing the contaminants described in Section 2, these contaminants would not have remained in solution
after the reservoir cooled below their respective eutectic temperatures. Hence cryolavas composed of, for example, 23 wt% NaCl-2H2O and 77% water, would not
have been available to erupt on Ceres’ surface after the reservoir underwent 170 Myr of cooling. However, cryolavas that contained contaminants with eutectic
temperatures < 252 K, such as MgCl2 and NH3, would have still been capable of traveling to the surface to erupt, provided that fractures propagated at high enough
speeds to deliver them before they froze.
b
Contaminants rejected from solution after the reservoir temperature fell below their eutectic points. Eutectic temperatures for these aqueous solutions are from
Quick and Marsh (2016) and Zolotov (2017). Here it has been assumed that a fraction of bicarbonate and Na remains in the reservoir after the crystallization of
NaHCO3 and Na2CO3.

Fig. 5. Maximum depth from which Cerean cryomagmas may
have been driven as a function of reservoir excess pressure.
Excess pressures may have resulted from freezing of the
cryomagma reservoir, or from stresses imposed on the reservoir as a result of the Occator-forming impact. The former
case is investigated here. See also Fig. 6.

been common as the ocean gradually froze.
Here we have assumed that a fraction of bicarbonate and Na remained in the reservoir after the crystallization of NaHCO3 and
Na2CO3. This allowed us to consider the state of the reservoir during the
crystallization of cryomagmas enriched in NH4HCO3 or NaCl. In reality,
the crystallization of cryomagmas enriched in these species may not
have taken place, as all bicarbonate and/or Na may have been consumed during the crystallization of NaHCO3- and/or Na2CO3-rich
brines. However, the inclusion of NH4HCO3 and NaCl in our crystallization sequence allowed us to investigate the potential for delivery of
brines to Occator under the broadest possible conditions.

(Fagents, 2003) where rf is the half-width of the fracture and µ represents the dynamic viscosity of the cryomagma. Fluids may be
transported to the surfaces of KBOs in cracks that are ∼ 1 m wide
(Neveu et al., 2015), while active fractures on Enceladus may be on the
order of 9 m wide (Goguen et al., 2013), and fractures which transport
cryomagma on Europa may be 1–100 m wide (Wilson et al., 1997;
Fagents, 2003; Quick and Marsh, 2016). In addition, previous workers
have shown that width/length ratios for dikes on Earth and Europa are
on the order of 10−3 (Pollard, 1987; Broberg, 1999; Craft et al., 2016),
commensurate with fractures tens of km long being on the order of
10 m wide. Fracture widths on these bodies may be used to place
plausible bounds on fracture dimensions on Ceres. With this in mind,
and in order to keep our models conservative, we have assumed that
fractures that transported briny cryomagmas on Ceres were on the
order of 10 m wide. Hence rf = 5 m.
Based on modeling of putative extrusive cryolava domes,
Quick et al. (2017a) suggested that at the time of eruption, the viscosities of briny cryolavas on Europa ranged from 102–106 Pa s. Conversely, Ruesch et al. (2016) proposed that cryolavas that formed
Ahuna Mons may have had initial viscosities on the order of
1011–1014 Pa s. In order to explore cryomagma ascent on Ceres under
the broadest possible conditions, we assumed that μ ranged from 102 1014 Pa s. With ∆P/D = 56 Pa m−1 as calculated from (5), average
velocity values for cryomagmas ascending to Ceres’ surface in propagating fractures can be found from (7). Cryomagma viscosities and their
corresponding ascent speeds are displayed in Fig. 7.

3. Dynamics and associated heat transfer during cryomagma
ascent
In the case of gradual crystallization of a cryomagma chamber, it
appears that minimal excess pressures caused by freezing would have
been able to drive cryomagmas rich in KCl, NH4Cl, NaCl, MgCl2, and
NH3, to the surface. It is therefore important to explore the dynamics
and heat transfer associated with cryomagma transport in fractures
induced by reservoir crystallization.
The average velocity, v, of cryomagma ascending in pressure-driven
fractures is,

v= (

c

b )g

+

P
D

r f2
3µ

(7)
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3.1. Heat transfer during cryomagmatic ascent

Ceres’ surface. For example, it is clear from Fig. 7 that 10 m-wide
fractures transporting cryomagmas with viscosities on the order of
108 Pa s will propagate at approximately 10−6 m/s. According to (8),
this slow propagation speed means that cryomagmas would have traveled, at most, ∼ 20 km away from the reservoir before their temperatures dropped to approximately 176 K. 176 K is the eutectic temperature for cryomagmas enriched in NH3-H2O (Kargel et al., 1991),
and thus the lowest possible temperature that cerean cryomagmas may
have reached (see Tables 1 and 2). These fractures would have therefore stalled no closer than ∼ 25 km from the surface, at which depths
cryomagmatic solutions rich in NH3-H2O may have intruded. Based on
the ascent dynamics and associated heat transfer considered here, it is
clear that cryomagmas with low initial viscosities were most likely to
reach Ceres’ surface and erupt. Higher viscosity cryolavas were apt to
form subsurface intrusions.

Quick and Marsh (2016) explored the cooling of cryomagmas ascending as diapirs of warm ice, and in cylindrical conduits and propagating fractures (dikes) as they approached Europa's surface. Here a
similar treatment is applied to investigate the cooling of cryomagmas
en route to Ceres’ surface. Cooling of Cerean cryomagmas as they ascend from a subsurface reservoir can be described by Eq. (9–47) of
Kays and Crawford (1993),

T = To + mx +

Gn

8m
n=0

4
n

Gn

+ 8m
n=0

4
n

e

2 +
nx

(8)

Here To is the cryomagma's initial temperature, m represents Ceres’
geothermal gradient, x+ signifies the non-dimensional distance above
the cryomagma chamber, and Gn and λn represent, respectively, numbers resulting from eigenfunctions, and eigenvalues, found from the
solution of a Sturm–Liouville-type equation for fluid flow (Chapter 9 of
Kays and Crawford, 1993). Eq. (8) generally describes temperature
changes in fluids moving in circular tubes where temperatures at the
walls of the tube change continuously with distance from the original
fluid source. In the context of this study, our interest lies in exploring
the cooling behavior of briny fluids moving in dike-like fractures.
Owing to their high surface area to volume ratios, the geometry and
associated heat transfer in dikes is more accurately represented by a
system where fluid is moving between parallel plates Marsh, 1978).
According to Kays and Crawford (1993), ((8) may be modified to describe heat transfer between parallel plates by requiring that
x
x + = r * Pe and employing values for Gn and n2 consistent with a

4. Emplacement of Cerealia and Vinalia Faculae
4.1. The behavior of cryolava flows at Ceres’ surface
Owing to the very low vapor pressure of aqueous solutions and
Ceres’ zero-pressure surface environment, cryolavas that successfully
reach the surface, and subsequently erupt, will initially boil violently.
This boiling will continue until a coherent, insulating crust forms atop
the cryolava flow (Allison and Clifford, 1987; Fagents, 2003).
Quick et al. (2017a) examined this phenomenon in detail. The previous
sections suggest that chloride-enriched cryolavas are the most likely to
be transported to Ceres’ surface from deep melt reservoirs, and that
upon reaching the surface, they will have maximum temperatures of
266 K. Previous workers have shown that chloride-enriched solutions
are likely to contain 20–25 wt% salt (Nayak et al., 2014; Quick and
Marsh, 2016 and references therein). Dickson et al. (1965) showed that
solutions containing ∼ 25 wt% chloride salt are likely to have vapor
pressures of 199 Pa and 311 Pa at 263 K and 268 K, respectively. Based
on these results, solutions enriched in ∼ 25 wt% chloride salts at 266 K,
may have approximate vapor pressures of 255 Pa. Cerean cryolavas
containing ∼ 25% brine would therefore boil violently until a 0.9 m
cryolava crust forms. Once the carapace forms, flows can then be
maintained beneath it (Allison and Clifford, 1987; Fagents, 2003).
Assuming that cooling primarily takes place due to conduction
(Schenk, 1991; Lorenz, 1996), the growth of the icy crust atop a
cryolava flow can be modeled after Eq. (4–96) of Turcotte and
Schubert (2002),

f

parallel-plate geometry. In the previous expression, x is the distance
from the fluid source and Pe is the Péclet Number, which represents the
ratio of heat transferred by fluid motion (i.e., advection) to the heat
transferred by thermal conduction (i.e., diffusion). Pe is therefore directly proportional to cryomagma ascent velocity. For a parallel plate
geometry, when n = 0, 1, 2, Gn= 1.717, 1.139, 0.952, and corresponding λn = 15.09, 171.3, and 498 (Table 9–7 of Kays and
Crawford, 1993). Owing to heat loss by advection and conduction, as
well as to Ceres’ geothermal gradient, cryomagma temperatures would
have steadily decreased as they approached the surface. Because of this,
the abrupt step-like change in fluid temperature that is included in Eq.
(9–47) of Kays and Crawford (1993) has been omitted in (8). For
D = 45 km, a surface temperature of approximately 150 K at Occator
(Bland et al., 2016), and assuming a reservoir temperature of 266 K at
the time cryolavas were transported to the surface (Section 2), the
thermal gradient experienced by ascending cryomagmas would have
been approximately −2.6 K/km. Here we do not consider the latent
heat released from the chamber as it cooled to be a significant contributor of heat to the surrounding lithosphere. In addition, we do not
account for the heat imparted to the dike-like fractures during the
crystallization of the fluid within. As the cryomagma's latent heat of
crystallization has been neglected here, the temperatures calculated
from (8) are lower bounds. Nevertheless, neglecting latent heat effects
ensures that the models presented here remain conservative.
Cryomagma temperatures as a function of distance above the base
of the crust are displayed in Fig. 11 for fracture propagation speeds of
2 × 10−2, 2 × 10−5, and 2 × 10−6 m/s. These results assume that
fractures propagated at constant speeds through the crust. For propagation speeds ≥ 10−3 m/s, cryomagmatic ascent would have been
isothermal (Fig. 8). Such high propagation speeds are commensurate
with cryomagma dynamic viscosities ≤ 105 Pa s (Fig. 7). Cryomagmas
ascending at rates between 2 × 10−5 and 2 × 10−4 m/s would arrive at
Ceres’ surface at temperatures between 246 and 265 K, respectively
(Fig. 8). These temperatures and propagation speeds correspond to
dynamic fluid viscosities between 106 and 107 Pa s. Fractures transporting cryomagmas with viscosities ≥ 108 Pa s would have propagated
so slowly that the fluids within would have frozen long before reaching

y=2

(9)

bt

where y is the thickness of the cryolava crust, λ is a dimensionless
constant representing the ratio between the energy needed to change
the cryolava temperature and the latent heat of crystallization of the
cryolava crust, κb = 1 × 10−7 m2/s is once again cryolava thermal
diffusivity, and t is time. The parameter λ, may be obtained from the
following expression (Quick and Marsh, 2015),
2

e erf( ) =

c (Tm
H

TS )

(10)

where c = 1386 J/kg-K is the specific heat of ice at Ceres’ surface
temperature, TS = 150 K (Petrenko and Whitworth, 1999), Tm = 266 K
is the temperature of the cryolava, and H = 3 × 105 J/kg is the latent
heat of crystallization of ice at 266 K, extrapolated from Table 5.3 of
Hobbs (1974). Substituting these values into (10) returns λ = 0.479.
Eq. (9) may then be employed to investigate the growth rate of the
surface crust on a cooling cryolava flow at Ceres’ surface.
A stable cryolava crust 0.9 m thick would take approximately 105
days (3.5 months) to form (Fig. 9). These results suggest that more than
three months of eruptive boiling will ensue at Ceres’ surface after
cryolava erupts. Nevertheless, since the latent heat of vaporization of
ice is approximately 7 times larger than the latent heat of
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crystallization, appreciable amounts of freezing will also take place
during this time. Hence upon arrival at Ceres’ surface, more of the
cryolava will be frozen to create the cryolava crust than will be boiled
away (Allison and Clifford, 1987; Matson et al., 2012). The effects of
conductive cooling will therefore dominate over evaporative cooling for
cerean cryolavas. Once a coherent cryolava crust has formed, the interior of the flow will be relatively stable. The addition of the cryolava
crust will increase the flow's bulk viscosity by 3–4 orders of magnitude
but is not expected to restrict fluid motion (e.g., see Quick et al.,
2017a). A similar scenario in which the cooled crust is incorporated
into a lava flow during emplacement has been suggested for silicate
lavas (Stofan et al., 2000). Notwithstanding, the flow front is likely to
be a jumbled mass of vapor sprays, cryolava breakouts, ice blocks,
slush, and pooled salts (Allison and Clifford, 1987; Fagents, 2003;
Heldmann et al., 2005). The hydrostatic pressure of the cryolava will
initially be large enough to obliterate any “ice dams” produced by this
jumbled mass, which would result in the entrainment and mixing of ice
and slush into the flow (Fagents, 2003). Previously rejected low-eutectic contaminants will also be entrained into the flow. These added
constituents may increase the cryolava's bulk viscosity.

timescale over which cryolava viscosity increases exponentially, and νo
is the bulk kinematic viscosity of the cryolava at the onset of relaxation.
In other words, νo is the kinematic viscosity of the cryolava at the time
the cryolava begins to form the domical shape. V is the volume of the
dome, assumed to be constant, and ro is the dome radius at the onset of
relaxation. The transformation time constant, τ, is expressed as τ = (3/
4)5 (π3νoro8/gV3) (Quick et al., 2016), where g = 0.28 m/s2 is surface
gravity on Ceres. Note that at the onset of relaxation (t = 0), the
“dome” is simply an unshaped mass of cryolava with thickness ho and
3
volume V = 4 ro2 ho (Quick et al., 2017a).
After all cryolava has been emplaced onto the surface, dome relaxation will cease when bulk cryolava viscosity increases to the point
that the flow can no longer advance radially. Marsh (1981; 2000)
suggested that this critical viscosity is reached for terrestrial lavas between 50 and 60% crystallinity, while Parfitt and Wilson (2008) propose that cooling limited flows cease to advance when approximately
90% of the flow has cooled to its solidus temperature. In order to keep
our models conservative, we have assumed that dome relaxation ceases
when cryolava flows approach the ∼55% crystallinity threshold described by Marsh (1981; 2000). A similar critical crystallinity threshold
was assumed for briny cryolavas on Europa in Quick et al. (2017a). As
with previous models, this approach assumes that the timescale for
rapid emplacement of all cryolava onto the surface is at least an order of
magnitude less than the timescale for it to relax into a domical shape.
It is clear from Section 3 that cryolavas with dynamic viscosities ≥ 108 Pa s will crystallize and/or intrude long before reaching
Ceres’ surface. Hence, cryolavas erupted on Ceres are likely to have had
initial dynamic viscosities on the order of 107 Pa s, or less. Thus, any
cryolavas from which the Cerealia Dome formed may have had dynamic viscosities between 102 and 107 Pa s at the time of eruption. The
formation of the cryolava crust after eruption would have increased
these dynamic viscosities by 3–4 orders of magnitude. Hence, bulk
dynamic viscosities for dome-forming cryolavas on Ceres may have
been on the order of 105–1011 Pa s. These dynamic viscosity values
correspond to bulk kinematic viscosity values, νo, of approximately 102108 m2/s. Substitution of these values into (11) and taking the average
height and diameter of the Cerealia Dome as 400 m and 3 km, respectively (Nathues et al., 2017; 2018), produces profiles representative of
the Cerealia Dome. According to Quick et al. (2016; 2017a),
4V
ho =
2 for a constant volume flow. Hence for values of ro between

4.2. Brine extrusion and the formation of the Cerealia dome
The vapor sprays, salts, and cryoclastic particles ejected during the
several months’ long eruptive boiling phase could have played a role in
creating Cerealia and Vinalia Faculae (Buczkowski et al., 2018b; Ruesch
et al., 2018a; Scully et al., 2018a). However once the stable crust
formed, cryolava flows would be maintained beneath it. It has been
suggested that the Cerealia Dome (Fig. 1) could be a cryovolcanic
dome, formed in the same way as Ahuna Mons, by one or more episodes
of viscous cryolava extrusion (Nathues et al., 2017; 2018; Ruesch et al.,
2017; 2018a). Ruesch et al. (2017; 2018a)) also suggest that Occator's
faculae were cryovolcanically emplaced. In addition, Nathues et al.,
(2015; 2017) suggest that Occator crater is 30 Myr older than the
brightest faculae within it. Owing to the unknown mechanical properties of the faculae, and because crater-based chronology on young
surfaces may be imprecise, these ages have been disputed (Neesemann
et al., 2018). Notwithstanding, based on crater counting and morphological grounds (Nathues et al., 2017; Stein et al., 2018), the proposed
age differences between the faculae and Occator suggest independent
formation mechanisms for these features. We therefore explore the
possibility that Occator's faculae formed as a result of cryovolcanic
processes.
Quick et al. (2015; 2016; 2017a) modeled the formation of lava
domes on Venus and Europa. Their constant volume approach traced
the radial expansion, with time, of a finite volume of viscous fluid that
was rapidly emplaced onto the surface. By assuming a time-dependent
viscosity to account for changing lava rheology due to cooling, they
were able to produce dome profiles with similar aspect ratios to pancake domes on Venus and putative cryolava domes on Europa. This
approach was utilized in Ruesch et al. (2016) to model the emplacement of Ahuna Mons. Here we employ the methods of
Quick et al. (2017a) to model the emplacement of the Cerealia Dome.
According to Quick et al. (2015; 2016), the equation describing the
flow profile of a radially expanding, viscous fluid as a function of time
is,

h(r,

)=

4V
1
/
3 r 2o (1 +

)1/4

1

r2
1
/
r 2o (1 +

3 ro

0.1 and 0.7 km, ho is between 90 km and 2 km, respectively. However,
the thickest putative cryolava flows in our solar system, imaged on the
Uranian moons Ariel and Miranda, have been estimated to be on the
order of 1 km thick (Jankowski and Squyres, 1988; Schenk, 1991). In
addition, cryolava flows on Europa, which may have similar compositions to cryolavas on Ceres, are estimated to be ≤ 200 m thick
(Miyamoto et al., 2005). The model has therefore been initiated at
ro = 1 km, which ensures that ho < 1 km in this analysis. According to
(11), when ro = 1 km at the onset of relaxation (i.e. at t = 0), ho will be
∼ 0.9 km. Assuming that relaxation begins when the flow front reaches
a radial distance of 1 km from the origin, solutions to (11) for a radially
spreading fluid at four times are displayed in Figs. 10a–e.
Figs. 10a and b show that in order to attain a final shape similar to
that of the Cerealia Dome, cryolavas that begin relaxation with νo= 104
and 105 m2/s must undergo very rapid viscosity increases with Γ = 12
min and 2 h, respectively. Fig. 10c illustrates the advancement of a
dome-forming cryolava with a bulk kinematic viscosity of 106 m2/s, at
the onset of relaxation, when Γ = 20 h. It is clear that the final dome
profile after relaxation for ∼ 2.5 days, with r = 1.52 km and h = 400 m
closely mimics that of the Cerealia Dome. The final dome profile at
t = 27 days in Fig. 10d also mimics the shape of the Dome. Here the
initial viscosity is 107 m2/s at the onset of relaxation, and increases
more slowly with Γ ∼ 9 days. In addition, after 9 months of relaxation,
r is approximately 1.5 km and h = 400 m for a flow with νo= 108 m2/s
(Fig. 10e). Corresponding flow front advance rates for these cryolavas

1/3

)1/4

(11)

(11) describes the radial expansion of cryolava as it relaxes into a
domical shape. In other words, it describes the dome profile as a
function of time. Here h is the flow thickness (i.e, dome height) and r is
radial distance from the source. (t) = (1 e t/ ) is a time transformation variable obtained by assuming a time-dependent viscosity of the
form (t) = o et/ (Quick et al., 2016; 2017a). Here t is time, Γ is the
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Table 3
Boundary conditions for the relaxation profiles in Fig. 13 (ro = 1 km; ho = 0.9 km).Dome relaxation time, tf, is sensitive to viscosity and Γ. u and Q are the flow front
velocity and volumetric flowrate, respectively.
νo (m2/s)
μo (Pa s)
Γ (days)
u (m/s)
Q (m3/s)b
tf (days)
a
b

a
102
105
8.7 × 10−5
14
9.8 × 107
2.6 × 10−4

a

103
106
8.7 × 10−4
1.4
9.8 × 106
2.6 × 10−3

104
107
8.3 × 10−3
0.15
1 × 106
2.5 × 10−2

105
108
8.3 × 10−2
1.5 × 10−2
1 × 105
0.25

106
109
0.83
1.4 × 10−3
9.8 × 103
2.5

107
1010
9
1.3 × 10−4
910
27

108
1011
91
1.3 × 10−5
91
273

Relaxation profiles for νo = 102–103 m2/s are mentioned in the text but are not displayed as separate figures within the manuscript.
Values for Q are based on an estimated areal coverage of 7 km2 for the Cerelia Dome.

range from 1.3 × 10−5 to 0.15 m/s (Table 3).
Additional modeling results suggest that cryolavas with νo= 102
and 103 m2/s would have to undergo extremely rapid viscosity increases with Γ = 7.5 s and 1.25 min, respectively, in order to form
profiles that mimic the shape of the Cerealia dome. Relaxation would be
completed after 22.5 s for a dome with νo= 102 m2/s, and would cease
after 3.75 min for a dome with νo= 103 m2/s. Corresponding flow front
advance rates for these lavas would be 14 and 1.4 m/s, respectively.
Cryolava flows with these advance rates are likely to be far too runny to
form domes. Wilson et al. (1997) showed that similar advance rates are
likely to result in flows that are much more expansive than those which
would form cryolava domes. In addition, it is highly improbable that
the Cerealia dome would be formed under such rapid relaxation conditions.
Assuming that the Cerealia Dome has a circular base, it encompasses
∼ 7 km2 of the Cerean surface. Flow front advance rates of 1.4 and
14 m/s would therefore correspond to volumetric flowrates on the
order of ∼107–108 m3/s. Additionally, cryolavas with νo= 104 and
105 m2/s, would have flow front advance rates of 1.5 × 10−2 and
0.15 m/s, and volumetric flowrates on the order of 105 and 106 m3/s,
respectively Fig. 10a and b and Table 3). While flowrates on the order
of 105 m3/s have occurred on Earth, they are typically associated with
large explosive eruptions (Wilson and Walker, 2009). Further, flowrates
of this magnitude are an order of magnitude higher than the largest
effusive eruptions documented on Earth (Malin, 1980; Rowland and
Walker, 1990; Baloga et al., 1995) and Mars (Glaze et al., 2009).
Kargel (1991) and Kargel et al., (1991) have shown that the rheologies
of cryolavas may be similar to terrestrial lavas. For these reasons, if the
Cerealia Dome was cryovolcanically emplaced, it was likely emplaced
by cryolavas with volumetric flowrates ≤ 104 m3/s. Cryolavas with
bulk kinematic viscosities on the order of 106–108 m2/s (dynamic
viscosities = 109–1011 Pa s) at the onset of relaxation will have flowrates between 91 m3/s and 9.8 × 103 m3/s. Hence the cryolavas that
formed the Cerealia Dome likely had bulk kinematic viscosities between
106 and 108 m2/s at the onset of relaxation, with viscosities at the
higher end being most likely. These viscosities are inclusive of the
cryolava crust (Section 4.1), which serves to increase bulk cryolava
viscosity by 3–4 orders of magnitude (Quick et al., 2017a). Actual kinematic viscosities at the time of eruption may therefore range from
102–105 m2/s (dynamic viscosities between 105–108 Pa s). These viscosities are several orders of magnitude smaller than those suggested for
cryolavas that may have formed Ahuna Mons. As mentioned in
Section 3, Ruesch et al. (2016) reported initial dynamic viscosities on
the order of 1011–1014 Pa s for cryolavas that formed Ahuna Mons. If a
45 km source depth is assumed, our results suggest that the reported
viscosities for cryolavas that may have formed Ahuna Mons are too
high. According to (7), cryolavas with viscosities between 1011 and
1014 Pa s, ascending at rates of 10−4 m/s, would require conduits between 2 and 65 km in diameter. As such large conduits are unlikely on
larger bodies like Europa (Miyamoto et al., 2005), they are implausible
for Ceres. In addition, Quick et al. (2017a) found that the viscosities of
cryolavas that may have formed cryovolcanic domes on Europa likely
ranged from 106–109 Pa s. Hence, the cryolavas that formed Ahuna
Mons may have had much lower viscosities than previously reported.

Alternatively, the Ahuna Mons cryolavas could have been much more
viscous if their source depths were shallower than 45 km, as suggested
in Ruesch et al. (2018b), or if they were delivered to the surface in
fractures with diameters much greater than 10 m. Our model results are
summarized in Table 3.
4.3. Explosive cryovolcanic eruptions and the emplacement of Vinalia
Faculae
Ruesch et al. (2017) proposed several hypotheses for the emplacement of Cerealia and Vinalia Faculae, including, (1) impact-induced
formation of a central depression and subsequent mantling of the surrounding terrain (2) decompression of volatile-rich ice and (3) boiling
of a briny flow exposed to Ceres’ zero-pressure surface environment
(e.g., see Sections 4.1). Based on morphological grounds, including
roughly circular shapes De Sanctis et al., 2016), and in the case of the
Vinalia faculae, fading material distribution with respect to distance
from the central pit it surrounds (Ruesch et al., 2017; 2018a) (Fig. 1),
scenario (3) is the favored model for faculae emplacement
(Ruesch et al., 2018a). Further, the proximity of the bright deposits to
fracture systems (Buczkowski et al., 2016; 2018a,b) from which briny
fluids may have extruded (De Sanctis et al., 2016; Nathues et al., 2017;
Schenk et al., 2018), supports an internal origin for these features
(De Sanctis et al., 2016). An internal origin is further supported by the
likelihood of cryomagmatic activity in Hanami Planum and its role in
the formation of Occator crater (Buczkowski et al., 2018a). Moreover,
Ruesch et al. (2018a) maintain that faculae morphology is consistent
with the bright deposits being emplaced as a result of surface disruption, and subsequent ejection and fallback of material.
As mentioned in Section 4.1, briny cryolavas that erupt on Ceres
will boil violently for approximately 3.5 months, until an ∼ 0.9 m
cryolava crust forms atop them. During this time, a portion of the liquid
component of the brine will vaporize, and a portion will condense into
icy particles. These icy particles will be deposited onto the surface,
along with salt particles ejected from the brine during liquid vaporization. Hence the faculae may have formed after multiple episodes of
salt particle deposition during the initial boiling phase of cryolava
eruption (Ruesch et al., 2018a), or, they may be the residue left behind
by sublimation of the liquid water component of briny cryolavas
(De Sanctis et al., 2016). Conversely, if the cryomagma reservoir considered in Section 2 contained a significant amount of dissolved volatiles, fractures propagating to the surface from this reservoir, or from
less massive cryomagma reservoirs at shallower crustal levels, would
expose volatile-laden fluids to Ceres’ zero-pressure surface environment. Subsequent bubble nucleation and growth, combined with gas
expansion, would have caused vapor, ice crystals, and salts to be
launched on ballistic trajectories (cf. Fagents et al., 2000). Based on the
compositions of species identified at Ceres’ surface and evolutionary
models for its interior (De Sanctis et al., 2015; 2016; Combe et al.,
2016; Hendrix et al., 2016; Castillo-Rogez et al., 2018; Nathues et al.,
2017; Zolotov, 2017), candidate volatiles that could have driven ballistic eruptions on Ceres include CO2, SO2, CH4, NH3, and water vapor.
Ruesch et al. (2018a) present a comprehensive analysis which considers
the possibility that Cerealia and Vinalia Faculae formed by a
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combination of brine extrusion, explosive venting, and sublimation. We
extend that analysis here by considering the emplacement of the largest
Vinalia bright spots, assuming that particles were launched across
Ceres's surface on ballistic trajectories, during explosive eruptions
driven by the aforementioned volatile species.
The bright mantling that makes up the largest Vinalia bright spots is
approximately 5–6 km in diameter (Fig. 1). This suggests that ballistically-emplaced, cryoclastic particles would have had to have been
launched on trajectories that allowed them to reach maximum radial
distances of 2.5–3 km from a central source to form the largest Vinalia
deposits. It is therefore illustrative to consider the required amount of
each driving volatile that would have ensured that particles traveling
on ballistic trajectories would reach these distances.
The eruption velocity for a mixture of gas and particles expanding in
a low-pressure environment is,

vE =

2nRTo
m(
1)

5. Discussion
Once initiated, effusive cryovolcanic eruptions could have been
maintained at Ceres’ surface as long as the magnitude of excess pressure
acting on the cryomagma reservoir was large enough to push fluids to
the surface, and as long as bulk reservoir crystallinity remained below
the 55% crystallinity threshold. Beyond this threshold, the crystal
content of the cryomagma would have been so large that the crystals
would have begun to interlock, forming a dilatant solid, and rendering
the cryomagma too viscous to erupt (Marsh, 1981). The crystallization
sequence for the brines considered in Sections 3 and 4 are summarized
in Tables 1 and 2.
During the initial cooling stage (the first 3 Myr in the case of the
90 km wide reservoir, and the first 18 Myr in the case of the 200 km
wide reservoir), the reservoir would have contained a diversity of
brines that could have circulated in fractures. However as cooling
commenced, eutectic temperatures for various aqueous solutions in the
chamber would have been reached. The eutectic temperature for brines
containing NaHCO3 as the primary salt in solution would have been
reached first (Tables 1 and 2). However, as the excess pressures caused
by reservoir crystallization at that time would have been minimal
(approximately ≤ 1% in each case), NaHCO3 and other Na-carbonate
brines would not have been driven to the surface. Figs. 5 and 6 show
that they would have instead been driven to shallower levels in the
crust. In addition, as temperatures continued to decrease, the reservoir
would have become enriched in ice and Na-carbonate salts that were
rejected when earlier brines froze. The remaining brines with lower
eutectic temperatures would still have been able to reach Ceres’ surface,
provided that fractures maintained high enough ascent rates to successfully deliver them (e.g., see Section 3 and Fig. 8).
Owing to their lower eutectic temperatures, aqueous solutions

(12)

(Wilson and Head, 1983; Fagents et al., 2000). Here n is volatile
mass fraction, R is the universal gas constant, To is the temperature at
which gas expansion begins, γ is the ratio of specific heats of the volatile
under consideration, and m is the molecular mass of the volatile. Once
vE is obtained, the maximum height, h, that particles reach above the
v2

surface may be retrieved from the expression, h = 2Eg . The maximum
radial distance, R, that particles travel is described by

R=

vE2 sin 2
g

(13)

(Quick et al., 2013), where θ is the particle eruption angle. It is the
angle, from the horizontal, at which particles are excavated from the
vent. Particles on ballistic trajectories that form annular deposits on Io
(cf. Strom et al., 1981; Glaze and Baloga, 2000) and Europa
(Fagents et al., 2000) are likely to have particle eruption angles between 45° and 83° (Fagents et al., 2000; Quick et al., 2013).
Ruesch et al. (2018a) also suggest 45° eruption angles for particles on
Ceres. Emplacement of the Vinalia bright spots has therefore been explored when θ = 45° and θ = 83°
Resulting deposit half-widths for various driving volatiles are displayed in Fig. 14. Here, To = 273 K is assumed to be the initial gas
temperature upon expansion. For θ = 45°, eruptions driven by NH3,
CH4, and water vapor require approximately 0.06 wt% gas to drive
particles 2.5 km away from a central source (Fig. 11a–c), while CO2 and
SO2-driven eruptions require 0.14 wt% and 0.2 wt% gas, respectively,
to drive particles to 2.5 km distances (Fig 14d–e). Required volatile
contents are comparable for NH3, CH4, and water vapor driven eruptions because of their similar molecular weights.
For θ = 83°, CH4 and NH3-driven eruptions only require 0.24 and
0.25 wt % gas to deposit particles at R = 2.5 km, while eruptions driven
primarily by water vapor require 0.26 wt% of the volatile (Fig. 11a–c).
Conversely, in order for particles to reach distances of 2.5 km in CO2
and SO2-driven eruptions, gas contents would have to equal 0.6 wt%
and 0.8 wt%, respectively (Fig 11d–e). Because volatiles with high
molecular weights will undergo less expansion, eruptions driven by CO2
and SO2 require more gas than those driven by NH3, CH4, and water
vapor to deposit particles at equivalent distances. Also note that for a
given volatile concentration, particles with a 45°eruption angle will
travel farther away from the source than those with an 83° eruption
angle. For all volatile species considered here, it is clear that less than
1wt% of the driving gas is required for the emplacement of surface
deposits with areal dimensions similar to the largest Vinalia deposits
(Fig. 1). From the equations above, it can easily be shown that particles
will reach a maximum height of 1 km above Ceres’ surface for θ = 45°,
and ∼ 10 km above the surface for θ = 83°. Corresponding particle
eruption velocities are ∼ 26 and 53 m/s.

Fig. 6. Maximum depth from which cryomagmas may have been driven, as a
function of percentage of the reservoir frozen.

Fig. 7. Ascent speeds for cryomagmas of various viscosities that are transported
in 10 m wide fractures.
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(r = 100 km) after ∼ 50 Myr of cooling (Fig. 3). In both cases, the bulk
reservoir temperature at these times would have been ∼ 266 K. At this
temperature, cryomagmas with Na-carbonates as their primary loweutectic contaminant would have been depleted, and these salts would
have precipitated out of the melt. Thus, cryomagmas enriched in KCl,
NH4Cl, NaCl, MgCl2, and NH3 would have been the only melts likely to
have been driven to the surface. Our calculations reveal that the small
percentage of the reservoir crystallized at the time solutions with eutectic temperatures > 266 K would have frozen out, would only allow
solutions rich in NaHCO3 and Na2CO3 to be driven from maximum
depths of 25 and 30 km, respectively, on Ceres, while briny solutions
enriched in NH4HCO3 could be driven from depths of 35 km. Hence,
pressure-driven ascent from 45 km depths would have only been possible for chloride solutions. The NH4Cl detected at Occator may have
therefore had an endogenic origin. If the Na-carbonate salts detected at
Occator (De Sanctis et al., 2016) were emplaced via pressure-driven
eruptions from subsurface cryomagma chambers, these chambers
would have to have been located < 35 km beneath the surface. Otherwise, these species may have been transported, and subsequently intruded at shallow depths, during the progressive crystallization of
deeper reservoirs. However, if NaCl, MgCl2, and other low-eutectic,
chloride-rich solutions are present at Occator, they may have been
transported from deeper levels at the base of the crust.
Bowling et al. (2018) and Hesse and Castillo-Rogez (2018) have
shown that impacts could excavate to depths between 25 and 35 km on
Ceres. However, the age discrepancy between Occator and the faculae
(Nathues et al., 2017) does not support a direct impact origin for the
bright deposits. Nevertheless, the age differences between Occator and
the faculae do not preclude solutions rich in Na-carbonate salts that
originated in pre-existing crustal fluid reservoirs, from being delivered
to the surface at a later time, by fractures produced from the Occatorforming impact (Bowling et al., 2018).
If the sodium carbonates that make up Occator's faculae originated
in pre-existing crustal reservoirs, their presence implies that cryomagma reservoirs beneath Occator, and by extension, the ancient
cerean ocean, were enriched in sodium carbonates. Their presence
could also suggest long residence times for rejected sodium carbonate

Fig. 8. Cryomagma temperature as it ascends from a reservoir located 45 km
beneath the surface for fracture propagation speeds of 2 × 10−2, 2 × 10−5, and
2 × 10−6 m/s. Ascent will be nearly isothermal for fractures propagating at
speeds ≥ 10−3 m/s. Constant fracture propagation speeds have been assumed.
See Fig. 7 for corresponding fluid viscosities.

containing chloride salts and/or ammonia would have been present in
the reservoir for the longest periods of time. Hence these species could
have participated in later episodes of cryovolcanism. Moreover, if
cryolavas were erupted following the cooling sequences described in
Tables 1 and 2, it would be expected that chloride and ammoniated
species would be abundant at Occator. While spectra of Occator only
reveal the presence of NH4Cl and sodium carbonates (De Sanctis et al.,
2016; Palomba et al., 2018; Raponi et al., 2018), the majority of
chlorides (other than NH4Cl) do not display any absorption in the nearmid infrared regions sampled by Dawn's Visible and Infrared Mapping
Spectrometer (VIR) (De Sanctis et al., 2016). Hence, the presence of
additional chloride species at Occator cannot be ruled out.
According to (5) and (6), irrespective of reservoir size, approximately 1.6% of the reservoir would have had to have crystallized in
order for excess pressures capable of driving fluids to the surface from
45 km depths, to have been produced. In the case of the 90 km wide
reservoir, these excess pressures were achieved after approximately
10 Myr of cooling; these pressures were achieved in the larger reservoir

Fig. 9. Growth rate of insulating cryolava crust for a mixed brine enriched in chloride salts. A 0.9 m cryolava crust forms in 3.5 months (∼ 105 days). In the
meantime, there will be copious amounts of eruptive boiling. Here it has been assumed that heat loss is primarily due to conduction.
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Fig. 10. Dome thickness as a function of radial distance from the origin at four
times when ro = 1 km, ho = 0.9 km, and the final dome radius is 1.5 km. ro, ho, and
final dome radius are the same in a-e. (a) Here νo = 1 × 104 m2/s, Γ = 8.3 × 10−3
days (12 min), and the flow front advance rate is 0.15 m/s. For the bulk kinematic
viscosity and cooling rate displayed here, the dome relaxes to a final height of
400 m after approximately 36 minutes. The final profile at tf= 36 minutes illustrates that in this case, viscosity must increase fairly rapidly in order for a profile
remotely similar to the shape of the Cerealia dome (Fig. 1) to be obtained. See also
Figs. 10b-e and Table 3. (b) Dome thickness as a function of radial distance from
the origin when νo = 1 × 105 m2/s, Γ = 8.3 × 10−2 days (2 h), and the flow front
advance rate is 1.5 × 10−2 m/s. For the kinematic viscosity and cooling rate displayed here, the profile at tf= 6 h is similar to the shape of the Cerealia Dome. Akin
to Fig. 10a, viscosity must undergo a fairly rapid increase in order for a profile
similar to the shape of the Cerealia dome (Fig. 1) to be obtained. (c) Dome
thickness as a function of radial distance from the origin when νo = 1 × 106 m2/s,
Γ = 0.83 days (20 h), and the flow front advance rate is 1.4 × 10−3 m/s. The final
profile after 2.5 days of relaxation has dimensions similar to the Cerealia Dome. (d)
Dome profile for νo = 1 × 107 m2/s, Γ = 9 days, and a flow front advance rate of
1.3 × 10−4 m/s. The final profile at tf ∼ 27 days closely mimics that of the Cerealia
Dome. (e) Dome profile for νo = 1 × 108 m2/s, Γ ∼ 91 days (3 months), and a
flow front advance rate of 1.3 × 10−5 m/s. After 273 days (∼ 9 months) of relaxation, the final profile is similar to the dimensions of the Cerealia dome.
Cryolavas with initial bulk kinematic viscosities between 106 and 108 m2/s may be
the most likely to form a feature like the Cerealia Dome on Ceres.

Fig. 10. (continued)

Fig. 10. (continued)

Fig. 10. (continued)

fluids to the surface as a last gasp of cryovolcanism before fluids in the
reservoir became too viscous to be delivered to the surface. As the ice
content of the reservoir would have significantly increased by this time,
fluids driven to the surface may have had slurry-like rheologies. It is
expected that with repeated use over millions of years, fractures will
widen into cylindrical conduits (Carrigan, 2000; Quick and Marsh,
2016). Tens to hundreds of millions of years of reservoir cooling and
cryomagma transport would have occurred by the time these residual,
sodium carbonate-bearing fluids were driven to the surface (Tables 1
and 2). Fractures may have therefore widened into conduits by that
time, enabling the transport of more viscous cryomagmas. In this case,
sodium carbonate-rich solutions would have been the last material to

Fig. 10. (continued)

salts in cryomagma reservoirs. As brines containing carbonate salts
would be the first to crystallize in subsurface reservoirs, an abundance
of previously rejected, high-density, sodium carbonate salts would
likely settle at the bottom of the reservoir. The presence of these salts
could allow liquids containing some fraction of sodium carbonates to
exist at the base of the reservoir for some time, even after the bulk
reservoir temperature dropped below 269 K. Provided that the
threshold for maximum packing had not yet been reached, excess
pressures could have pushed these residual, sodium carbonate-laden
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have been extruded onto the surface. This could explain the presence of
sodium carbonates on the Cerealia dome. The mineralogy at Occator
could also be a manifestation of density stratification in the reservoir.
Carbonate-bearing brines are likely to have been the densest cryomagmas in the reservoir (see Section 2). Hence in spite of the crystallization sequence, these solutions could remain insulated between
chloride- and ammonia-rich solutions which have lower densities, and
higher-density rejected salts in the reservoir. This layering could increase the residence times for sodium carbonate brines, allowing them
to erupt during the latter stages of cryovolcanism at Occator.

Regardless of composition, note that in the case of both the small
(r = 45 km) and large (r = 100 km) reservoirs, the reservoir approaches
the background temperature of the lithosphere (Tc = 240 K) around the
same time that the ∼55% crystallinity threshold is reached (Fig. 4).
This means that eruptible cryolavas could cease to be driven to the
surface long before ttotal in (1). Fig. 3 suggests that no eruptible cryottotal
lavas would be present after t
, consistent with ttotal being an
2
order of magnitude estimate of the total conductive cooling time of
each reservoir (Section 2).
While formation of the Cerealia Dome (Fig. 1), assuming

Fig. 11. Particle deposition radii when NH3, CH4, H2O vapor, CO2 and SO2 are the primary volatiles driving eruptions. In each case, less than 1wt% gas is required to
create deposits with dimensions similar to those of the largest Vinalia bright spots in Fig. 1. (a-c) NH3, CH4, and H2O vapor driven eruptions where particles are
ejected from the vent at 45° eruption angles require 0.06 wt% volatile component to emplace particles with the dimensions of the largest Vinalia deposits (Fig. 1).
Particles launched from the vent with 83° eruption angles require 0.24, 0.25 and 0.26 wt% of NH3, CH4, and H2O vapor, respectively, to emplace particle haloes with
2.5 km radii. In each plot, the stippled black line represents the radii of the largest Vinalia deposits. (d-e) CO2 and SO2 driven eruptions where particles are ejected
from the vent at 45° eruption angles require 0.14 and 0.2 wt% gas, respectively to emplace particles with the dimensions of the largest Vinalia deposits (Fig. 1).
Particles launched from the vent with 83° eruption angles require 0.6 and 0.8 wt% of CO2 and SO2, respectively, to emplace particle haloes with 2.5 km radii.
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Fig. 11. (continued)

that were launched on ballistic trajectories during a separate cryolava
boiling phase before the Cerealia Dome formed. The Cerealia bright
spot is approximately 10 km in diameter (Fig. 1; also see Ruesch et al.,
2018a). Hence, ballistically emplaced salt particles would have to have
been launched on trajectories that allowed them to reach maximum
radial distances of ∼ 5 km from the center of the facula. Fig. 11 suggests that explosive eruptions driven by NH3, CH4, or water vapor,
whose particles were launched at 45° and 83° eruption angles would
have required ∼ 0.1 wt% and ∼ 0.5 wt%, respectively, of either species
for particles to reach these distances. Conversely, eruptions driven by
CO2 or SO2, with particles launched from a central source at 45°, would
have required 0.3 and 0.4 wt%, respectively, to reach radial distances of
5 km (Fig. 11). In addition, independent calculations using Eqs. (12),
(13) reveal that for 83° eruption angles, 1.2 wt% CO2 and 1.7 wt% SO2
would have been required for salt particles to reach these distances.
Thus as in the case for the Vinalia Faculae, the low volatile content
required to produce the Cerealia bright spot also supports a ballistically
emplaced origin for this feature, as suggested in Ruesch et al., 2018a).
The identification of more than 100 bright spots on Ceres (Stein et al.,
2018) suggests that internal fluid reservoirs on Ceres may have contained copious amounts of volatiles, a condition which may be consistent with Cerealia and Vinalia Faculae being ballistically emplaced
during a time of enhanced cryovolcanism on the dwarf planet.
We hasten to add that none of our results preclude the possibility
that the Cerealia Dome was formed by a combination of cryovolcanic/
cryomagmatic and impact processes. The morphology of the Cerealia
dome is similar to that of the Upheaval Dome in Utah, USA (Fig. 12).
This eroded dome is situated within an impact crater. Radial fractures
are exhibited near the dome, and the dome itself resembles a complex
crater. Upheaval Dome's formation has been attributed to either

emplacement by the extrusion of viscous cryolava, was considered in
Section 4, it must be noted that the formation of terrestrial lava domes
often involves cycles of magmatic intrusion, lava extrusion, and intermittent explosive eruptions where particles are launched on ballistic
trajectories (e.g., Fink et al., 1990; Clague et al., 2000; Taisne and
Jaupart, 2008; Werner et al., 2017). Cryolava domes may undergo similar cycles of inflation, effusion, and explosive venting during their
formation (Fagents, 2003; Quick et al., 2017a). Dome emplacement
models that include multiple phases of magma intrusion, and extrusion
of lava onto the surface (e.g. Hale and Wadge, 2008), would therefore
provide the most accurate results when exploring the formation of
volcanic domes. Additionally, lava dome formation must be explored
while lava is being actively erupted onto the surface. Such an approach,
which has been successfully applied to the formation of lava domes on
Venus (Quick et al., 2016) and putative cryolava domes on Europa
(Quick et al., 2017b), allows for analyses of the entire eruption, including the initial effusion of lava from the vent. Applying this volume
flux model, and accounting for cycles of cryolava intrusion and extrusion during the formation of the Cerealia Dome (Fig. 1), will be the
focus of a future effort.
Notwithstanding, intermittent periods of explosive venting while
the Cerealia Dome was forming could have been responsible for the
emplacement of the central portion of Cerealia Facula. Indeed, any
cracks that formed in the cryolava crust during the emplacement of the
Cerealia Dome, or after its formation, would have exposed briny fluids
to Ceres’ zero-pressure surface environment, inciting explosive venting.
Salts may have therefore been emplaced on top of the Cerealia Dome
during these intermittent boiling phases. Cerealia's diffuse edges may be
the salty residue left behind after the freezing and subsequent sublimation of cryolava flows (see Ruesch et al., 2018a), or salt particles
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Fig. 12. Aerial views of The Upheaval Dome in Utah. The central dome is approximately 5 km in diameter and is morphologically similar to the Cerealia Dome
(Fig. 1).

meteorite impact (Kanbur et al., 2000; Buchner and Kenkmann, 2008;
Stickle and Shultz, 2013), or salt diapirism (Mattox, 1975; Jackson
et al., 1998). However, Daly and Kattenhorn (2010) proposed that both
processes may have played a role in its formation. These authors suggested that the dome is a manifestation of post-impact salt diapirism.
The abundance of sodium carbonate salts detected at Ceres's surface,
and the possibility of significant amounts of chloride salts in the interior
over time, along with the low densities of chloride brines with respect
to the crust, suggest that salt diapirism could have been an active
process on Ceres in the past. Similar to Upheaval Dome, impact processes, as well as diapirism, could have played a role in the formation of
the Cerealia Dome. Indeed, the presence of concentric fractures at Occator's floor, and the resemblance of Occator to lunar floor-fractured
craters (Buczkowski et al., 2016; 2018a) supports the possibility that
diapirism could have played a role in the formation of the Cerealia
dome. Mud diapirism and mud volcanism (Fortes and Grindrod, 2006;
Travis et al., 2015) may have also been prevalent on Ceres in the past.

the high density of Ceres’ crust with respect to the densities of certain
candidate cryovolcanic fluids, it is likely that cryovolcanism was an
active process on the dwarf planet in the geologically recent past. Pure
H2O and brines containing one species of a hydrated chloride salt or
hydrated ammonia as their primary contaminant would be positively
buoyant with respect to the crust. As a result, cryomagmatism in the
form of thermal and/or compositional diapirism may have once been a
common occurrence on Ceres. Similar to the case of Ahuna Mons,
modeling suggests that the Cerealia Dome could have been emplaced by
one or more episodes of effusive cryovolcanism. However, formation by
diapiric intrusion, perhaps facilitated by the Occator-forming impact,
cannot be precluded. In addition, the low concentration of volatiles
(< 1–2 wt%) required to drive eruptions that could emplace 5–10 km
wide deposits of salts and ice supports a cryovolcanic origin for Cerealia
and Vinalia Faculae.
Ceres’ geology has likely been shaped by both endogenic (i.e.,
cryomagmatism and hydrothermal activity), and exogenic (i.e., impact)
processes. Moreover, its composition and evolution reflect processes
that are reminiscent of both the silicate bodies and the icy worlds in our
solar system. If Ceres once harbored an internal liquid water layer that
subsequently froze, fluid exchange between the surface and subsurface
on the dwarf planet could have once been fairly common. This exchange may have manifested as active cryovolcanism and/or diapirism.
Thus, Ceres may have once been as active as the ocean worlds in the
outer solar system, and subsurface brine pockets and intrusions may
have persisted until the present day. If the geology at Occator crater is a
relic of Ceres’ water-rich past, Occator may offer a snapshot into the
geological evolution of ocean worlds. Continued analyses of the processes at work in Occator crater, and future studies of Ceres as a whole,
should be conducted with this possibility in mind.

6. Conclusions
Briny cryolavas could have been easily driven to Ceres’ surface by
excess pressures acting on subsurface fluids reservoirs. Fractures traveling from these reservoirs, to the surface, could have attained high
enough propagation speeds to deliver brines and other fluids to the
surface at warm enough temperatures to facilitate cryovolcanism on
Ceres. While pressure-driven ascent of sodium-carbonate salts to the
surface could have only occurred if carbonate-rich solutions existed in
shallow, crustal reservoirs, excess pressures caused by the gradual
freezing of subsurface fluid reservoirs could have driven chloride and
NH3-rich solutions from deeper levels near the crust-mantle boundary.
Given the possibility of subsurface liquid reservoirs on Ceres, and
Appendix

The one-dimensional heat conduction equation may be expressed in cylindrical coordinates as:

T
T
=
r
t
r r
r

(A.1)

Choosing characteristic temperature (To), length (L), and time (to) scales, and making the substitutions T = ToT*, r = Lr*, and t = tot* in (A.1),
where T*, r*, and t* are non-dimensional temperature, radius, and time, respectively, returns

L2 T *
1
T*
=
r*
to t *
r* r*
r*

(A.2)

Here all derivatives are unitless, so that (A.2) may be rewritten as

L2
to

1

(A.3)

From (A.3), it is clear that an equation of the form
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to

L2

(A.4)

represents the conductive cooling timescale for a cylindrical cryomagma chamber. Note that in Section 2.1 we have used r to represent the characteristic length scale in (1).
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