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Introduction:  Observation of morphological prop-

erties of bright deposits (or faculae) on asteroid (1) 
Ceres revealed that Ceres was active in the geologic re-
cent past [1]. Crater model ages suggest that deposition 
of bright material at the central pit of the Occator crater 
occurred as recent as ~4 Ma [1]. These materials could 
be evidence of cryovolcanic activities from the subsur-
face reservoir. Model calculation by [2] showed that 
overpressure caused by the gradually freezing magma 
chamber could have induced its ascent. Assuming a 
common initial condition of reservoirs, overpressure 
could facilitate the ascent for < a few hundred Myr time-
scales; activities on Ceres could be a recent but temporal 
event. However, the large population of rim/wall facu-
lae could be relics of geologically older cryovolcanic 
eruptions [3]; the oldest faculae remaining to date could 
be as old as <1300 Ma [5].  

Morphologies of scattered patches of bright materi-
als near the rim of Cerealia and Vinalia faculae suggest 
ballistic emplacement from explosive venting. Thus, 
volatile exsolution may have enabled the ascent of cry-
omagma for a wide time range. In this study, we explore 
the possibility of “volatile-driven” cryovolcanism on 
Ceres by phase equilibria and model calculations. This 
study also aims to validate this hypothesis to see if fac-
ulae could be a probe to peer into the volatile composi-
tion of the putative internal ocean of Ceres at the time 
of its formation.  

Model:  Properties of the cryomagma.  Reflectance 
spectra of faculae material in Occator suggest that 45-
80 vol% consists of carbonate with Na2CO3 as the most 
likely constituent [6]. The presence of salt material im-
plies that the liquid phase cryomagma are brines to-
gether with volatile species dissolved within. The per-
vasive amount of carbonate and ammoniated phyllosili-
cates on the surface of Ceres [7] implies CO2 and/or 
NH3 as the dissolved volatile specie [8]. This study as-
sumes the cryomagma to be a NaCl-H2O-CO2 ternary 
system. However, model calculation of the viscous re-
laxating dome at the center of Cerealia facula indicates 
a viscosity of 105-108 Pa s at the time of its emplacement 
[2]. Thus, inclusion of solid phase in the cryomagma 
should be needed to achieve this slurry-like viscosity. 
Its most likely constituent is ice/clathrates, but may also 
include precipitated salts and entrained silicates. As-
suming that explosive eruptions occurred at a point in 
time close to the formation of the dome [4], the cryom-
agma deposited from explosive eruptions should have 
similar properties.  

Fig. 1:  (𝑃, 𝑇) Phase diagram of NaCl-H2O-CO2 ter-
nary system (<25 wt% salinity). Phase that occurs in 
each P-T region are shown in the figure; Cla: Clathrate, 
HH: Hydrohalites, Lcar: Liquid CO2, V: Gas CO2, Laq: 
Liquid phase with dissolved gas and salts (Modified 
from [9]). 
 

This slurry-like property of cryomagma constrains 
the  (𝑇: Temperature, 𝑥: salinity) condition to be within 
the solidus and liquidus curves along decompression 
during its ascent in the (𝑃, 𝑇) phase diagram of NaCl-
H2O-CO2 ternary system (<25 wt% salinity) (Fig. 1). 
Also, its ascent should be nearly isothermal for ascend-
ing velocities >10-3 m/s [2]. Once the (𝑇, 𝑥) condition is 
constrained, the Henry coefficient, which governs the 
solubility of CO2, could be estimated (Fig. 2). Henry’s 
law shows that solubility of CO2 increases linearly with 
increasing depth. However, it must be noted that the sol-
ubility remains constant below the CO2 gas-liquid tran-
sition depth. For (𝑇, 𝑥) = (−8℃, 10	wt%), the solubil-
ity of CO2 becomes ~7 wt% at depth of 8 km and would 
not increase with greater depth where liquid CO2 be-
comes stable. 

Model description.  One dimensional, steady state, 
two-phase conduit ascent of cryomagma with volatile 
exsolution and bubble segregation was modelled by 
modifying the Henry’s law in [10]. The pressure at the 
reservoir top was set to be lithostatic and the magma 
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flow rate was iteratively computed to satisfy the choked 
flow condition at the Ceres surface. Conduit radii 𝑟1 (1-
100 m [4]), conduit length 𝐿 (<45 km [11]), viscosity 𝜇 
(105-108 Pa s [2]), and initial dissolved volatile 𝑛5 (< 7 
wt%) were chosen as free parameters.  

To evaluate the hypothesis that cryovolcanism on 
Ceres is “volatile-driven”, the calculated eruption veloc-
ities were compared with its estimated value. These 
were estimated from the typical emplacement radii of 
explosive deposits of Cerealia and Vinalia faculae. The 
estimated eruption velocities lies within 17-68 m/s de-
pending on the difference in emplacement radii between 
faculae and uncertainty in eruption angles.  

Fig. 2: Henry coefficient of CO2 in the NaCl-H2O-
CO2 ternary system shown in the (𝑇, 𝑥 ) plane. The 
shaded area shows (𝑇, 𝑥) conditions where ascent from 
>10 km is possible (i.e. the isothermal decompression 
curve lies within the solidus and liquidus). The starred 
coordinate shows the (𝑇, 𝑥) value used in the model cal-
culation.  

 
Results and Discussion: Our calculation showed 

that the eruption velocities have limited sensitivities to 
the conduit length (e.g. Fig. 3). However, eruption ve-
locities were highly sensitive to the conduit radii, vis-
cosity, and volatile content (Fig. 4).  

 
Fig. 3: The (𝐿, 	𝑛5 ) parameter space with fixed 

(𝜇, 𝑟1)=(105 Pa s, 10 m). Coordinates shown in + show 
the calculated points and its colors the calculated erup-
tion velocity. 

Fig. 4: (𝑟1, 𝑛5) Parameter space. The four figures 
correspond to a fixed viscosity of 𝜇=(A) 105, (B) 106, 
(C) 107, (D) 108 Pa s respectively.  

 
The calculated result shows that estimated eruption 

velocities are consistent within a reasonable range of 
free parameters (𝑟1, 𝜇, 𝑛5 ) and supports the “volatile-
driven” hypothesis. Also, the constraints in parameters 
are obtained. For instance, large conduit radii of >100 
m is needed to match the eruption velocities for viscos-
ities >107 Pa s, and thus should be improbable. 

Furthermore, Fig. 4 shows that eruption velocities 
become sensitive to conduit radius for high volatile con-
tent and sensitive to volatile content for large conduit 
radius. Assuming that the faculae with different em-
placement radii (and thus different eruption velocities) 
occurred from a common reservoir, its difference should 
be explained by difference in conduit radii alone. This 
constrains the volatile content to be > 2wt%, which is 
consistent with mineralogy calculations [8].  

Conclusion: This study shows that cryovolcanism 
on Ceres could be “volatile-driven” and may have pro-
moted its ascent during a wide time range in Ceres his-
tory. The inferred abundance of dissolved CO2 supports 
the formation of Ceres in the outer solar system given a 
CO2 ice origin. 
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