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Geochemistry, thermal evolution, and cryovolcanism on Ceres
with a muddy ice mantle
Marc Neveu1 and Steven J. Desch1
km, c = 446 ± 5 km [Drummond et al., 2014], yielding
R = 470.7 km and ⇢¯ = 2151 ± 40 kg m 3 . Combined with
its 9.074 hour rotation period [Carry et al., 2008], we derive normalized moments of inertia (NMOI) for the Thomas
et al. [2005] shape of 0.347 using the equations of Bourda
and Capitaine [2004], or 0.326 using those of Zolotov [2009]
(calculating the rotational parameter q using the equatorial
radius). The Drummond et al. [2014] shape yields NMOI
of 0.400 and 0.380, respectively. The Thomas et al. [2005]
shape is consistent with models in which Ceres has a core
of radius Rc and density ⇢c , overlain by a mantle of density
⇢m , whereas the other two shapes could be consistent with a
small core or completely homogenous body such as Zolotov
[2009] suggested.
Several authors [McCord and Sotin, 2005; Castillo-Rogez
and McCord , 2010; Castillo-Rogez , 2011; Neveu et al.,
2015a] have modeled Ceres as having a rocky core and pure
ice mantle (⇢m = 918 kg m 3 ), or ice containing solutes or
clathrates [Castillo-Rogez and McCord , 2010], as expected if
rock (refractory silicates and organics) and ice fully di↵erentiated within Ceres. Some lines of evidence indeed support
an ice mantle. Ceres exhibits little (< 8 km) topography
[Thomas et al., 2005]. It also lacks a collisional family, possibly because fragments derive from an icy mantle and sublimate after ejection [Rivkin et al., 2014].
Other lines of evidence argue against a pure ice mantle.
Ceres’ surface is dark and uniform (albedo 0.04 to 0.09; Li
et al. [2006]), with spectra consistent with minerals resulting from aqueous alteration [Lebofsky et al., 1981; Rivkin
et al., 2006], possibly brucite, magnetite, carbonates (magnesite), and phyllosilicates (cronstedtite or saponites) [King
et al., 1992; Milliken and Rivkin, 2009; Rivkin et al., 2012;
Beck et al., 2015]. Ceres’ unique surface composition argues
against exogenous sources such as meteoritic infall, or formation from the observed surface material (as Zolotov [2009]
suggests), unless the observed minerals formed out of fluidrock equilibrium in transient near-surface fluids generated
by chondritic impactors [Zolotov , 2014]. Otherwise, endogenous processes must have emplaced hydrated minerals onto
Ceres’ surface. Ice within a few meters of Ceres’ surface (at
latitudes < 60 ) will sublimate [Fanale and Salvail , 1989;
Schörghofer , 2015; Titus, 2015], so the surface is widely interpreted as a lag deposit. This implies a mantle of ice with
embedded minerals.
These apparently conflicting observations may be reconciled if Ceres has a mixed mantle of ice containing a substantial mass fraction of fines. This idea was first suggested by
Bland et al. [2013], who noted that chondritic parent bodies likely accreted a mixture of chondritic material (micronsized fines ‘matrix’ and millimeter-sized ‘chondrules’) and
ices. In bodies large enough to melt ice, they assumed chondrules would settle to form a rocky core, but that fines would
remain suspended by convection in a muddy melt. They
recently applied their ‘mudball convection’ models to Ceres
[Bland and Travis, 2014], assuming a rock density ⇢c = 2700
kg m 3 , core radius Rc ⇡ 300 km, and a mantle ‘mud’ density ⇢m = 1870 kg m 3 [Travis et al., 2015]. These parameters yield an NMOI of 0.376, intermediate between those
derived for the shapes of Thomas et al. [2005] and Drummond et al. [2014].

We present a model of the internal evolution of Ceres
consistent with pre-Dawn observations and preliminary data
returned by Dawn. We assume that Ceres accreted ice and
both micron- and millimeter-sized rock particles, and that
micron-sized fines stayed suspended in liquid during di↵erentiation. We conclude that aqueously altered grains were
emplaced on Ceres’ surface during the first tens of Myr of
its evolution. Our geochemical simulations suggest Ceres’
unusual surface mineralogy is consistent with aqueous alteration of CM material, possibly by NH3 -bearing fluid. Thermal evolution simulations including insulating fines yield
present-day liquid at depth if Ceres has a small core or no
core at all; otherwise they yield temperatures at the coremantle boundary of 240–250 K, just warm enough for chloride brines to persist and be freezing today. We hypothesize
that ongoing freezing may over-pressurize liquid or briny
reservoirs, driving cryovolcanic outflow whose surface expression may have been observed by Dawn at Ceres’ ‘bright
spots’. These outflows may contribute to the water vapor
being produced at Ceres.

1. Introduction
Of all the solar system worlds known to possess a substantial (> 10wt%) ice fraction, none is as close to the Sun
as Ceres. Ceres potentially harbors subsurface liquid water like Europa and Enceladus [McCord and Sotin, 2005;
Castillo-Rogez and McCord , 2010; Neveu et al., 2015a]; confirmation of subsurface liquid would hold great implications
for habitability in the Solar System. The Dawn spacecraft
now orbiting Ceres may provide evidence of subsurface liquid delivery to the surface. Interpretation of Dawn data
demands a model for the evolution of Ceres’ structure to
date. Here we describe such a model, constrained by observations, that assumes the presence in Ceres’ ice of micronsized, aqueously-altered silicate fines. We explore the e↵ect
of this ‘muddy ice’ on Ceres’ thermal evolution, and its surface expression.
Constraints on Ceres’ density and structure come from
its mass of 9.395 ± 0.0125 ⇥ 1020 kg [Thomas et al., 2005],
size, and shape (assuming Ceres is hydrostatic). Whether
Ceres is hydrostatic is uncertain [Zolotov , 2009]; here we
assume it is. From telescopic observations, two oblate
spheroid shape models have been determined: equatorial
radius a = 487.3 ± 1.8 km, polar radius c = 454.7 ± 1.6 km,
yielding mean radius R = 476.2 km and mean density ⇢¯ =
2077 ± 36 kg m 3 [Thomas et al., 2005]; and a = 483.5 ± 5
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Ceres’ mass and NMOI can also be matched by a family
of solutions with di↵erent ⇢m reflecting di↵erent mass fractions of fines. For the shape of Thomas et al. [2005], one
end member is a pure ice mantle, ⇢m = 918 kg m 3 , requiring Ceres to be 86wt% rock with low density ⇢c = 2628 kg
m 3 , consistent with hydrated silicates but unrealistically
metal-free. The other end member assumes Ceres is 74wt%
rock with the highest plausible density, ⇢c = 3700 kg m 3 ,
consistent with Fe-rich olivine, yielding ⇢m = 1676 kg m 3 .
Below, we explore a plausible intermediate case with ⇢m =
1468 kg m 3 , requiring Ceres to be 18wt% ice and 82wt%
rock with density ⇢c = 2900 kg m 3 , the density of grains in
the heavily hydrated CM chondrites [McKinnon, 1997] and
that determined by Desch and Neveu [2015] to represent
aqueously altered chondritic material. Three quarters of the
rock would reside in a core with radius 358 km, one quarter of it mixed in the mantle, which matches the 3:1 ratio
of millimeter-sized chondrules (which would sink to a core)
to micron-sized matrix grains (which, we assume, stay suspended), as reported by Scott and Krot [2005] for enstatite,
ordinary, and some carbonaceous chondrites. For the Drummond et al. [2014] shape, Ceres can be assumed to be undifferentiated or to have a minimal core (radius 85 km if Ceres
is 1wt% rock and 99wt% muddy ice). This chondrule-free
case is compatible with accretion of CI chondrite-type material [Tomeoka and Buseck , 1988]. For ⇢¯ = 2151 kg m 3 and
again assuming a rock density of 2900 kg m 3 , the mixture
contains 62vol% fines.
This paper is organized as follows. In §2 we consider Ceres’ di↵erentiation, early surface emplacement, and
muddy mantle formation. In §3 we explore the e↵ects of this
muddy ice mantle on Ceres’ thermal evolution. This evolution scenario yields several opportunities for aqueous alteration (§4) and may allow present-day cryovolcanism (§5). In
§6, we list predictions testable by Dawn measurements.

2. Di↵erentiation and Origin of a Muddy
Ice Mantle
Following Travis et al. [2015], we assume Ceres accreted
a homogeneous mixture of ice and rock grains of chondritic
composition and size distribution (micron-sized fines ‘matrix’ and millimeter-sized ‘chondrules’). Ice can melt solely
from long-lived radionuclide heating (§3), but decay of 26 Al
can generate liquid in the first few Myr. Chondrules quickly
settle via Stokes flow through the liquid, falling distances
R ⇠ 100 km due to gravity (g ⇡ 0.28 m s 2 near the
surface) on short timescales:
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We assume that fines and chondrules, if accreted dry, become quickly hydrated, reaching density ⇢r = 2900 kg m 3 .
In the first melt, the volume fraction of solids is = 0.57,
so the viscosity of the fluid exceeds that of water (0.0018
Pa s) by a factor (1
/ m ) 2 ⇡ 100, where m = 0.63 is
the critical packing fraction [Mueller et al., 2009]. Within
decades chondrules settle, leaving the liquid with density ⇢l
= 1526 kg m 3 , solids volume fraction ⇡ 0.26, and viscosity 0.005 Pa s. In such liquid, micron-sized fines take ⇡ 0.8
Myr to settle out. If all rock is in fines, as required by the

Drummond et al. [2014] shape, then ⇡ 0.62 and tsettle ⇡
1 Gyr. For this close to m , it may be that solids are consolidated and heat and material transport occur through a
permeable solid matrix instead. Investigations of this possibility are left for future work.
Whether liquid and fines unmix is uncertain, and not addressed by Travis et al. [2015, and references therein] from
first principles. The Shields diagram commonly used in
sedimentology predicts suspension of micron-sized fines on
Earth if flow speeds exceed the small threshold ⇠ 3 km yr 1
[Shields, 1936], or a much lower threshold on Ceres due to
its lower gravity. Because of its fast rotation, Ceres’ ocean
may experience geostrophic currents with velocities ⇠ 1 km
yr 1 [Melosh et al., 2004; Boubnov and Golitsyn, 1990, their
equation 4.2] if the seafloor heat flux exceeds 100 mW m 2 ,
a value measured in hydrothermal areas on Earth [Elderfield
and Schultz , 1996], but 15- to 150-fold higher than those typically reached throughout our thermal evolution simulations
(§3). In addition, fines may settle rapidly if they coagulate
into larger aggregates. Other authors [McCord and Sotin,
2005; Castillo-Rogez and McCord , 2010; Neveu et al., 2015a]
have explored the case in which fines settle. In light of evidence that Ceres’ subsurface is not pure ice (§1), we explore
the possibility that fines remain suspended in the liquid, and
its implications for surface emplacement, under two scenarios. (Fines are assumed hydrated, but we neglect the e↵ect
of salts in the liquid.)
In the first scenario, Ceres forms 4 to 7 Myr after calcium,
aluminum-rich inclusions (CAIs). Our thermal evolution
simulations (§3) show 26 Al decay heat quickly melts water in
central layers. The case of the Thomas et al. [2005] shape is
shown in Fig. 1. In melted layers, chondrules sink to the core
within 102 yr (Equation 1), creating a density inversion at
the top of a subsurface ocean (⇢l = 1526 kg m 3 underlying
⇢ = 2077 kg m 3 ), triggering Rayleigh-Taylor (RT) instabilities. An important scale is L = (nRT0 /Ea )(T0 / |dT /dr|),
the lengthscale over which the viscosity changes significantly. The fastest growing wavelengths of the RT instability are
⇡ 7L [Conrad and Molnar , 1997], generating
diapirs ⇠ /2 in diameter. Assuming basal slip is the relevant ice rheology, n = 1.8 and Ea = 49 kJ mol 1 (R = 8.31
J mol 1 K 1 ); we assume T0 = 273 K at the ice-liquid interface. Our thermal evolution simulations suggest dT /dr ⇠
2 K km 1 in the ice above the subsurface ocean in the first
60 Myr. Thus, L ⇠ 11 km, yielding diapirs with diameters
⇠ 40 km. These diapirs, which trap liquid and suspended,
hydrated fines, are generated by RT instabilities growing on
timescales tRT ⇡ 5.4 ⌘ (L/Z0 )0.44 ( ⇢ g L) 1 ⇡ 6000 yr [Rubin et al., 2014]. Here, ⌘ ⇠ 1014 (1
/ m ) 2 ⇠ 1016 Pa s is
the viscosity of primordial, solids-laden ice at the liquid-ice
interface, and Z0 ⇠ 1 km is the size of the perturbation initiating the RT instability. From Equation 1, the timescale
for a diapir of diameter 40 km and density ⇡ 1500 kg m 3
to buoyantly rise 10 km by Stokes flow, assuming an ice viscosity ⌘ = 1016 exp[20(273 K/T 1)] Pa s [Shoji and Kurita,
2014], is about 250 yr for ice at 273 K near the liquid-ice
interface, increasing to 50 Myr in ice at 170 K. While diapirs
ascend to the surface, fingers of ice bearing fines and chondrules sink into the liquid layer where they melt, delivering
more chondrules to the core and fines to the ocean (Fig.
1). RT instabilities keep generating diapirs containing liquid and fines until the entire crust has overturned, yielding
a mantle of refrozen ice mixed with aqueously altered fines,
all within the first ⇡ 60 Myr of Ceres’ evolution. If Ceres is
nearly homogeneous (Drummond et al. [2014] shape), material from the central ice layers — which after <70 Myr
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Figure 1. Di↵erentiation if Ceres formed 4-7 Myr after CAIs. Left: Ceres begins as a homogeneous, frozen mix of ice,
‘chondrules’, and fines. Radiogenic heat melts ice; chondrules and fines are aqueously altered (green); chondrules sink,
forming a core; and Rayleigh-Taylor instabilities at the ice-liquid interface generate diapirs tens of km in size containing
liquid bearing fines; diapirs rise and emplace fines on the surface. The entire mantle overturns in this way. Ice sublimation
leaves a lag deposit at the surface. If Ceres formed < 4 Myr after CAIs, overturn proceeds via rapid melting and foundering
of the thin (< 4 km) crust, but results in the same structure. Right: Ceres’ structure today: a cracked core of hydrated
‘chondrules’ (possibly smaller or nonexistent if Ceres accreted less or no chondrules), under a mantle of ice and fines, with
pockets of cold (⇡ 250 K), briny liquid in between. This liquid may ascend to the surface due to freezing pressurization.
E↵usion is likely through pre-existing cracks, e.g., in large craters.
periodically melts, circulates through the tiny core, and refreezes — is transported to shallow depths by thermallydriven subsolidus convection, where it can be subsequently
exposed by impacts.
In the second scenario, applicable to either shape, Ceres
forms < 3 Myr after CAIs. The 26 Al-driven heat flux is
much greater, and in < 10 Myr near-surface temperature
gradients approach dT /dr ⇠ 30 K km 1 , yielding a crust
only ⇡ 4 km thick overlying a >100-km deep ocean. As
before, chondrules settle out rapidly, but we assume fines
remain well mixed. The crust can easily overturn by diapirism (if denser than the underlying ocean) or melting by
impacts. It is replaced by liquid bearing aqueously altered
fines.
In either scenario, ice sublimates from the surface, leaving a lag deposit of hydrated fines. As long as fines do not
unmix from the liquid on ⇠ 107 yr timescales, and assuming Ceres formed within about 7 Myr of CAIs, this model
robustly results in Ceres being globally resurfaced during
its first few tens of Myr, leaving a lag deposit of micronsized particles that experienced aqueous alteration during
residence in subsurface liquid.

3. Thermal Evolution
Previous models of Ceres’ geophysical and thermal structure have either assumed no di↵erentiation at all [Zolotov , 2009], or complete ice-rock di↵erentiation [McCord and
Sotin, 2005; Castillo-Rogez and McCord , 2010; Neveu et al.,
2015a]. The latter models assume Ceres’ mantle has the
rheological and thermal properties of pure water ice, in apparent conflict with the assumption that the surface represents a lag deposit of minerals. In their recent thermal
evolution model, Travis et al. [2015] assume ice and rock
fines remain well mixed, a↵ecting shell rheological and thermal properties; they conclude thermal convection is vigorous
within Ceres. Here we likewise model the thermal evolution
of Ceres, including the e↵ects of a muddy ice mantle with
fines, thermal convection, and hydrothermal circulation, using the 1-D code of Desch et al. [2009], modified by Neveu
et al. [2015a].
In the following runs, we assume Ceres’ radius is 470.7
km, its bulk density 2151 kg m 3 , that it accreted ‘cold’ with
uniform temperature 168 K, from a homogeneous mixture of

ice (density 918 kg m 3 ) and chondritic rock (which quickly
hydrated to have density 2900 kg m 3 ), either 1/4 in fines
and 3/4 in chondrules or 99% in fines. The code, described
in detail by Desch et al. [2009] and Neveu et al. [2015a], calculates heating by di↵erentiation and by radioactive decay
of both long-lived (40 K, 232 Th, 235 U, 238 U) and short-lived
(26 Al) radionuclides present in the rock at CI abundances
[Lodders, 2003]. Temperatures are found by balancing the
flow of heat to the surface (at fixed temperature 168 K) by
conduction, thermal convection in the mantle if the Rayleigh
criterion is satisfied, or hydrothermal circulation in the core
if it is cracked and the Rayleigh criterion is satisfied. Di↵erentiation of chondrules and ice into a lithified silicate core
and a muddy ice mantle is allowed by redistribution of components within fixed volumes, first by Stokes settling in layers warmer than 273 K, then immediately by RT instabilities
(§2) once the radius of the outward-moving di↵erentiation
front exceeds half of Ceres’ radius [Neveu et al., 2015a]. The
assumption that fines and ice are well mixed (§2), even as
liquid freezes into a muddy mantle, is implemented by forcing di↵erentiated layers to retain either 25% or 99% (homogeneous case) of their initial rock mass. Rocky fines have
lower thermal conductivity (⇠ 1 W m 1 K 1 ) than ice (⇠ 3
W m 1 K 1 ), making the mantle more insulating according
to the formalism of Desch et al. [2009]; they also increase
its viscosity by a factor (1
/ m ) 2 ⇡ 3 or 4000 for volume fractions = 0.26 and 0.62, respectively [Mueller et al.,
2009]. Other assumed parameters (e.g., densities, heat capacities, thermal conductivities) and formalisms are those
of Desch et al. [2009] and Neveu et al. [2015a].
The simulated thermal evolution of Ceres under the second scenario above (formation 3 Myr after CAIs with substantial 26 Al decay heating) is shown in Fig. 2. Results for
the di↵erentiated case (Fig. 2a) are similar to those obtained
by Neveu et al. [2015a]. Di↵erentiation occurs within 1 Myr
after formation, yielding a rocky core of radius 363 km overlain by a 112 km-thick muddy hydrosphere that for the first
60 Myr is fully melted and vigorously convecting. Liquid
also circulates through the thermally fractured core, efficiently transferring heat from the core to the hydrosphere.
Convective heat transport within the hydrosphere leads it
to cool and partially freeze around 0.75 Gyr. Through the
frozen outer layers, heat flows slowly by conduction rather
than convection, causing radiogenic heat buildup, until more
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Figure 2. Temperatures inside Ceres, versus depth and time since formation (logarithmic scale). Colors denote temperature, not composition. a. Shape model of Thomas et al. [2005], with 363 km radius chondrule core. Ceres’ mantle is
usually frozen past 2.5 Gyr. b. Shape model of Drummond et al. [2014], with a very small core (<1% of all rock mass,
radius 85 km). At the present day, ice below 360 km is melted.
liquid is again produced around 1 Gyr to within 30 km
of the surface. The hydrosphere again partially refreezes
around 1.5 Gyr, then remelts up to 60 km below the surface before fully freezing at 2.5 Gyr, stopping hydrothermal
circulation in the core. Subsequently, sluggish conductive
heat transfer in the core keeps the center above 600 K, but
outer core regions remain below 273 K, preventing a global
ocean above. Today, core-mantle boundary temperatures of
⇡ 250 K (Fig. 2) could allow liquid brine pockets. For the
small core case, the same processes lead to a similar thermal
evolution (Fig. 2b), although at the present day the muddy
hydrosphere remains liquid and convective at radii up to 360
km (110 km depth).
If Ceres forms later, ⇡ 7 Myr after CAIs, our calculations show a similar evolution. Early on, the crust is much
thicker and the temperature gradient much lower, |dT /dr| ⇡
2 K km 1 , but evolution past 100 Myr is unchanged.
We have assumed a CI composition for Ceres, yielding
the highest radiogenic heating rate among chondrites. Using
CO chondrite abundances [Wasson and Kallemeyn, 1988],
which yield the lowest radiogenic heating rate among nonenstatite chondrites, we find a similar evolution. In the large
core case, freezing episodes occur earlier (0.25 and 1.25 Gyr,
full freezing at 1.5 Gyr), with present-day temperatures ⇡
240 K at the core-mantle boundary. In the small core case,
the present-day hydrosphere remains liquid at radii up to
300 km only.

4. Geochemistry
The above scenarios provide three opportunities for
water-rock interaction: in the first few tens of Myr, as most
of the current surface is emplaced and vigorous hydrothermal circulation occurs (temperature T up to 300 C, pressure P between 20 and 140 MPa, bulk water:rock mass ratio W:R = 0.15); in the subsequent ocean (T ⇡ 0 30 C,
P ⇡ 20 140 MPa, W:R
0.15); and in impact-generated
hydrothermal systems at the surface (T < 10 C assuming
the heat of impact melts ice but does not heat the liquid,
P < 0.1 MPa, W:R < 0.6). We investigated equilibrium
fluid and rock compositions as a function of T , P , and
W:R, using the geochemical modeling software PHREEQC
[Parkhurst and Appelo, 2013], implementing an extended
Debye-Hückel equation to compute solute activity coefficients [Pitzer and Brewer , 1961; Helgeson, 1969; Anderson,
2005], a Peng-Robinson equation to compute gas fugacity
coefficients [Peng and Robinson, 1976], and thermodynamic
data compiled in the llnl.dat database [Parkhurst and Appelo, 2013] with solute and mineral molar volumes compiled
in the OBIGT database [Dick , 2008]. Initial rock minerals and abundances were chosen to match representative elemental [Wasson and Kallemeyn, 1988] and mineralogical
[Howard et al., 2009, 2011] compositions of CM chondrites
to within a few percent for each element and mineral group,
including all elements more abundant than 500 ppm (Al, C,
Ca, Co, Cr, Fe, H, K, Mg, Mn, Na, Ni, O, P, S, Si and
Ti), plus N and additional trace elements. Two initial fluid
compositions were simulated: pure water, and water with
5 mol% C, 2 mol% N, 0.5 mol% S, and 520 mol ppm of
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Cl to approximate the volatile (C, N, S) content of comets
[Mumma and Charnley, 2011] and the chlorine content of
CI chondrites [Wasson and Kallemeyn, 1988]. The initial
pH varied between 7 and 14. The initial oxygen fugacity
f O2 varied from 6 log units below to 6 log units above the
fayalite-magnetite-quartz (FMQ) bu↵er. Calculations were
run at W:R of 0.1, 1, and 10, but only the latter two values
yielded solutions dilute enough for the geochemical model to
be valid. These values are higher than the bulk W:R mentioned above, but may be appropriate under the assumption
that not all the rock is altered. Further details on these calculations and illustrations of their results are provided in
supplementary material.
Water-rock interactions generally yield fluids dominated
by S (pentathionate S5 O26 ), C (methane) solutes, and (for
starting cometary fluid) N as NH3 or NH+
4 , with < 25% of
the solutes being Na and Ca. At high T the fluid can be
rich in H2 . The dominant mineralogies are magnetite and
clays (saponite smectite; some antigorite, cronstedtite, and
greenalite serpentines; chlorites; NH4 -clays). A few simulations yield brucite (above 200 C, initial pH 13), but they
involve concentrated solutions with ionic strength ⇡ 10, beyond the range of applicability of the Debye-Hückel model
(ionic strength < 0.1).
The clays produced by our model tend to be richer in Mg
than Fe, although Fe-rich cronstedtite replaces magnetite as
the dominant Fe-mineral at low T in simulations with initial pure water. The presence of saponite and NH4 -clays
rather than brucite may be consistent with recent (and previous) interpretations of Ceres’ 3.06 µm feature [Beck et al.,
2015; King et al., 1992]. Carbonates, which seem prominent
on Ceres [Rivkin et al., 2012], are absent from our equilibrium mineral assemblages, but present in some equilibrium
solutions from which they could precipitate upon solution
freezing or vaporization. Thus, the carbonates, clays and
magnetite identified on Ceres’ surface could be equilibrium
products of aqueous alteration of CM material. Because
these products seem to form independently of T and P , we
cannot discriminate between early, hot alteration or cold interaction occurring later on, although the presence of NH4
at chemical equilibrium seems favored below 100 C. If confirmed, abundant NH4 -clays at Ceres’ surface would suggest
that Ceres accreted N-rich cometary ices.
Under conditions producing methane-rich solutions,
methane clathrates could form, as most of the subsurface
liquid colder than 300 K lies in their stability field [Mousis
et al., 2015]. As thermodynamic data for methane clathrates
were not included in our geochemical calculations, we cannot
predict at this time whether clathration occurs.

5. Possible Ongoing Cryovolcanism
Ceres’ surface displays hints of exposed subsurface liquid,
especially at several high-albedo ‘bright spots’ located in the
92 km-diameter crater Occator (latitude 20 N, longitude
239 , http://photojournal.jpl.nasa.gov/catalog/PIA19889).
Increased brightness at this longitude was observed by Li
et al. [2006], and determined from near-infrared J, H, and
K reflectance to be more consistent with salts or clays than
water ice [Carry et al., 2008]. Surface water ice is not stable
at these latitudes [Fanale and Salvail , 1989; Schörghofer ,
2015]. Notably, water vapor is produced at these longitudes [Küppers et al., 2014]. The brightest spot or group
of spots, at the crater center, appears circular with diameter ⇠ 9 km. It is surrounded by smaller spots. A sparser
group of circular spots is located a few dozen km to the
east. The spots lack the ejecta rays observed around other
bright areas such as crater Haulani (latitude 5 N, longitude
11 ); arguing against an impact origin. That the Occator spots seem to be located in topographically low areas

X-5

(http://photojournal.jpl.nasa.gov/catalog/PIA19891) may
suggest pooling of fluids created during or after the Occator
impact. The spots could also be a lag deposit of solutes and
entrained particles brought to the surface cryovolcanically.
Another potential cryovolcanic feature is Ahuna Mons, an
isolated mountain 15 km wide and 5 km high (latitude 19 S,
longitude 315 ) with bright streaks that seem to run downslope (http://photojournal.jpl.nasa.gov/catalog/PIA19578
and /PIA19631).
Cryovolcanism is remarkably plausible in the context of
our evolution models. Widespread extant subsurface liquid
is expected in the small core scenario (§3), bearing solutes
leached from its interaction with rock. Even in the large
core scenario, for which the deepest ice is at 250 K, a thin
global layer (or isolated pockets) of briny or NH3 -rich liquid could persist to the present day. A eutectic mixture of
water and 23.3wt% NaCl, of density ⇡ 1200 kg m 3 , melts
at 21 C = 252 K [Barduhn and Manudhane, 1979], and
the eutectic temperature of the H2 O–NH3 system is 176 K
[Leliwa-Kopystynski et al., 2002]. Our geochemical calculations suggest that Na, C, S, and perhaps N are major solutes
in subsurface liquid, and that some Cl remains in solution.
This situation is analogous to that studied by Zolotov and
Shock [2001] for Europa. As that ocean cools, sulfate hydrates first freeze out of solution, concentrating chlorides
into a reduced volume of liquid (1% the original volume).
The solution remains liquid until KCl (sylvite), NaCl·2H2 O
(hydrohalite), and MgCl2 ·12H2 O freeze out at temperatures
between -29 C and -36 C. Thus, at the core-mantle boundary, temperatures seem warm enough for ⇠ 1% of the original ocean to persist as briny liquid.
In either scenario, liquid is undergoing freezing at the
present day. As just ⇡ 2% of a liquid reservoir freezes, it
compresses the liquid, over-pressurizing it by the ⇠ 10 MPa
needed for it to ascend ⇠ 100 km [Fagents, 2003; Manga and
Wang, 2007; Neveu et al., 2015c; O’Brien et al., 2015]. In
the large core case [Thomas et al., 2005], the liquid density
⇢l = 1526 kg m 3 and fines volume fraction = 0.26 (§2)
yield a hydrosphere volume increase of 4.1% if it freezes entirely. If the volume increase takes place solely by e↵usion
of material, a global layer 77 m-thick (20 m once the ice has
sublimated away) is e↵used atop the 107 km-thick hydrosphere. In the small core case [Drummond et al., 2014], the
liquid density ⇢l = 2151 kg m 3 and fines volume fraction
= 0.62 (§2) yield a volume increase upon freezing of 1.4%.
Our simulations suggest that only the upper 110 km have
refrozen so far (Fig. 2b), corresponding to a global layer 29
m thick, or 18 m thick after ice sublimation. Liquid is likely
to e↵use to the surface through preexisting fractures, such
as those in the basements of craters, as postulated for the
Moon and Mercury [Thomas et al., 2015]. Perhaps basement fractures formed during the Occator impact intersect
the large NW-SE oriented fracture network in the Ebisu
and Palo mapping quadrants, favoring ongoing e↵usion in
this particular region of Ceres. Thus, evidence of slow e↵usion over geological timescales might be restricted to large
craters; without sufficient material erupted (<20 m equivalent global layer) to significantly erase impact morphologies at the hundred-meter scales observed so far by Dawn’s
Framing Camera.
We hypothesize that the bright spots on Ceres are active
manifestations of e↵usion of solute-bearing liquid, possibly
containing fines of aqueously altered minerals, brought to
the surface by over-pressurization due to freezing of a subsurface liquid reservoir. Ice sublimates from the outpouring,
possibly contributing to the observed 6 kg s 1 of water vapor
production [Küppers et al., 2014], leaving behind a growing
lag deposit of salts and perhaps fines. Assuming water is
e↵used as fast as it is sublimated, salts and fines would be
emplaced at a rate 11 kg s 1 . The bright spots, with total
inferred volume ⇠ 100 km3 and mass ⇠ 1 ⇥ 1014 kg, would
have been emplaced over 0.3 Myr by e↵usion of ⇠ 150 km3
of material.
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6. Conclusions
We have presented a model for Ceres’ evolution, informed
by analysis of how di↵erentiation would proceed, numerical
geophysical modeling of its thermal history, and geochemical calculations. We have attempted to explain pre-Dawn
observations and preliminary data returned by Dawn, and
to make predictions testable by Dawn at Ceres. We assume Ceres is made of ice, millimeter-sized particles (‘chondrules’), and micron-sized fines that remain mixed in liquid.
We predict Ceres’ mantle is a mix of ice and fines that suffered aqueous alteration, with the following implications.
1. Internal Structure: We model Ceres as having a
rocky core, made of whatever chondrules Ceres accreted,
overlain by a mantle of ice and micron-sized hydrated fines.
The core size must be constrained by observations, but our
model is consistent with both end-member shape models.
The Thomas et al. [2005] shape model can be matched by
a core of density ⇢c ⇡ 2900 kg m 3 and radius ⇡ 363 km,
under a mantle of ice and hydrated fines with density ⇢m ⇡
1430 kg m 3 , yielding a NMOI ⇡ 0.347. The Drummond
et al. [2014] shape model suggests a very small or absent
core (no chondrules), surrounded by a uniform mixture of
ice and hydrated fines, with density ⇢¯ ⇡ 2151 kg m 3 , yielding a NMOI ⇡ 0.4.
2. Surface Morphology: We predict Ceres’ surface was
globally overturned in its first few tens of Myr, replaced
by ice bearing fines of minerals that su↵ered aqueous alteration while residing in subsurface liquid. Overturn was
accomplished by compositional diapirism from a small subsurface ocean if Ceres formed 4-7 Myr after CAIs; if Ceres
formed with more 26 Al, < 4 Myr after CAIs, then overturn
was accomplished by foundering of a thin (⇠ 4 km) crust
over a deep ocean. In contrast, Travis et al. [2015] predict
overturn by convection throughout Ceres’ history, and Shoji
and Kurita [2014] predict overturn by diapirism over Ceres’
history, but only near its equator. Crater counts to derive
Ceres’ surface age can test these predictions. We predict
Ceres’ surface is a lag deposit of micron-sized fines, lacking
millimeter-sized particles. Surface particle size may be determined by fits to Ceres’ reflectance spectrum. Below the
lag deposit should be a mixture of ice and rock fines, whose
rheology may be intermediate between pure rock and pure
ice. This may be tested by modeling crater relaxation and
determining the simple-to-complex crater transition diameter.
3. Surface Mineralogy: Ceres’ surface has been aqueously altered. By simulating equilibrium solid and solution compositions resulting from the aqueous alteration of
rock with CM chondritic elemental abundances by pure or
cometary water, we reproduce the observed surface clays
(cronstedtite, saponite, NH4 -clays, though always with Mgserpentine), magnetite, carbonates (assuming freezing or
vaporization causes their precipitation from carbonate solutes), but likely not brucite. Chloride salts may be concentrated in areas of cryovolcanic e↵usions.
4. Cryovolcanism: We hypothesize that the bright
spots are salts, and possibly fines of aqueously altered minerals, left after sublimation of cryovolcanically-emplaced water ice. Our evolution models suggest cryovolcanism can be
driven by pressurization of freezing liquid reservoirs. If so,
since it should have started operating only in the recent geologic past, cryovolcanic heat transport should have made
a negligible contribution to cooling Ceres. E↵usion into the
cracked basement of craters would seem common.
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Introduction
Here, we describe the geochemical model and data (Tables S1 through S6) used to produce the results detailed in
section 4 of the main text. An illustration of results is also
provided (Figure S1).
Text S1. Geochemical modeling methods
Geochemical model, code, and input conditions
We investigated equilibrium fluid and rock compositions
using the freely available geochemical modeling software
PHREEQC [Parkhurst and Appelo, 2013]. Our use of
PHREEQC was restricted to its basic capabilities: fluid
speciation using the keyword data block SOLUTION in
the input file, and equilibrium fluid, rock, and gas assemblage determination using the keyword data blocks EQUILIBRIUM PHASES and GAS PHASE. Example input files
and our thermodynamic database file (Supplementary §2)
can be found at https://github.com/MarcNeveu/IcyDwarf.
Both are necessary to perform a PHREEQC calculation.
In the data block SOLUTION, we specified an initial fluid
composition (pure water), temperature T , pressure P , pH,
electron potential pe, and mass of solution (which sets the
water:rock ratio W:R for a given mass of rock). Chosen parameter values are shown in Supplementary Table 1. The
choices of T , P , and W:R is justified in the main text. The
pH of fluids inside Ceres is unconstrained; however, because
the interaction between mafic silicates and liquid water may
generate alkaline solutions [Vance et al., 2007], we explored
neutral (7) to highly alkaline (14) initial pH values. The pe
(or log ae , where ae is the electron activity) is a measure of redox, equivalent to redox potential Eh or oxygen
fugacity f (O2 ). We varied the input pe between simulations, assuming f (O2 ) remained within 6 log units of the
value bu↵ered by equilibrium between the minerals fayalite,
magnetite, and quartz. This allowed us to cover a wide
range of redox conditions thought to occur in the interior of
the Earth [Ballhaus et al., 1990] and other planetary bodies
[Wadhwa, 2007], including chondritic material assumed to
have been accreted by Ceres (see main text). We inferred
the pe for the Fayalite-Magnetite-Quartz (FMQ) bu↵er at
given T , P , and pH from the reactions:
2 Fe3 O4 (cr) + 3 SiO2 (cr) = 3 Fe2 SiO4 (cr) + O2 (g)
(K1 )
O2 (g) + H+ (aq) + 4 e (aq) = 2 H2 O (l)
(K2 )
where K1 (T, P ) and K2 (T, P ) denote equilibrium “constants”. From reaction (1), log f (O2 ) = log (K1 ). Thus,
from reaction (2), pe(FMQ) = –pH + 0.25 (log K2 +
log f O2 ).
Given these inputs, PHREEQC performs an initial fluid
speciation calculation by implementing an extended DebyeHückel equation to compute activity coefficients for each solute i [Pitzer and Brewer , 1961; Helgeson, 1969; Anderson,
2005]:

log

i

p
A zi2 I
p + ḂI
=
1 + åi B I

(1)

Here, zi is the charge number of solute i and I, the ionic
strength, is given by:
I = 1/2

X

mi zi2

(2)

i

mi being the molality (mol per kg solvent) of solute i.
The other parameters are specified in the thermodynamic
database file used by PHREEQC (Supplementary §2): åi is
set for each solute i by the descriptor –llnl gamma, whereas
A and B (both function of the T , dielectric permittivity,
and density of pure water), as well as Ḃ, are common to all
species [Parkhurst and Appelo, 2013].
Molalities mi are calculated from the species’ activities
ai = i mi , which are in turn set by the equilibrium “constants” K (dependent on T and P , but not on composition)
of the relevant reactions involving each species i, via the
law of mass action. For a given reaction, the dependence of
K on T and P is specified in the thermodynamic database
by the descriptors -log k (polynomial fit) and -Vm (molar
volume), respectively [Parkhurst and Appelo, 2013].
From the initial guess specified through the SOLUTION
input data block, the mi , I, and i are computed iteratively
using a Newton-Raphson algorithm. In this computation,
speciation into possible gases (if listed in the input data
block GAS PHASE ) is also accounted for: a Peng-Robinson
equation is used to compute gas fugacity coefficients [Peng
and Robinson, 1976].
Once the initial solution is speciated, it is reacted with a
mineral assemblage specified in the input data block EQUILIBRIUM PHASES. This block lists all solid species initially present (nonzero input amount) or allowed to precipitate from a saturated solution (initial amount of zero).
For the water-rock reaction computation, PHREEQC adds
moles of elements present in the mineral assemblages to the
solution if the latter is undersaturated with respect to the
mineral solubility products K(T, P ) specified in the thermodynamic database, and removes moles of elements from
the solution if it becomes saturated with respect to a given
mineral, transferring these moles of elements into the precipitated mineral. At each step, the solution speciation is recalculated as above. Again, Newton-Raphson iterations are
carried out until all species present in the solid assemblage
are supersaturated with respect to the speciated solution. T
and P remain constant, but pH, pe, and W:R are allowed
to vary.
We explored a large set of initial conditions (Supplementary Table 1): 7 values of T and P , 8 values of pH,
13 values of pe, and 3 values of W:R, totaling 15288 simulations for a given set of input fluid and rock compositions. While resulting PHREEQC equilibrium simulations
were usually quick (< 1 second on a 2.3 GHz Intel Core
i7 processor), the Newton-Raphson algorithm was not always able to determine the equilibrium state for a parameter space of over 1000 physico-chemical variables, despite
the built-in capability to automatically adjust numerical
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method parameters such as tolerance thresholds for convergence. Such unsuccessful simulations usually took over a
minute before being abandoned. To keep computation times
reasonable, we executed several PHREEQC instances in
parallel (8 threads) via a routine coded in C using IPhreeqc
modules [Charlton and Parkhurst, 2011], and available at
https://github.com/MarcNeveu/IcyDwarf.
Simpler simulations were run to assess the ability of the
code to converge towards equilibrium compositions for every
set of parameters. These runs involved a simplified chondritic composition (8 minerals) reacting with pure water, in
the Fe-Mg-Al-Si-Ca-Na-O-H system. Convergence occurred
quickly for almost every set of input parameters.
The large number of physico-chemical variables raises
the possibility that the algorithm may output metastable
(rather than stable) equilibrium compositions. However, the
smoothly varying nature of most compositional outputs with
input conditions robustly suggests that computed equilibria
are stable. Note that this was not the case for simulations
yielding brucite, which leads us to believe that in those few
cases the code may have converged toward a metastable assemblage (see main text).
Initial rock and fluid compositions
The amount of solids specified in the input data block
EQUILIBRIUM PHASES was set to 1 kg, in order to adjust
W:R via the initial mass of water in the SOLUTION data
block. The initial mineral assemblage was chosen to match
representative elemental [Wasson and Kallemeyn, 1988] and
mineralogical compositions of CM chondrites [Howard et al.,
2009, 2011] to within a few percent for each element and
mineral group. The detailed initial mineralogical composition is shown in Supplementary Table 2. All elements more
abundant than about 500 ppm were included (Al, C, Ca,
Co, Cr, Fe, H, K, Mg, Mn, Na, Ni, O, P, S, Si and Ti), plus
N and a few trace elements (Supplementary Table 3).
We performed simulations with two possible initial fluid
compositions: either pure water, or aqueous fluid of
cometary composition. The cometary fluid comprises 5
mol% C, 2 mol% N, 0.5 mol% S, and 520 mol ppm of Cl.
C, N, and S abundances were chosen to roughly match observed abundances of cometary carbon, nitrogen, and sulfur
gases, whose ranges span about an order of magnitude across
comets [Mumma and Charnley, 2011]. Chlorine abundances
are the di↵erence between abundances measured in CI chondrites [680 ppm; Wasson and Kallemeyn, 1988], presumably
the major chondrite type for which contributions from fluids to the elemental composition are the highest, and those
measured either in CM chondrites (Supplementary Table 2).
In simulations involving cometary fluid, C, N, S, and Cl are
mainly contributed by the fluid; therefore their relative contribution to the water-rock system depends on W:R.
Text S2. Thermodynamic data
The thermodynamic data used for our calculations
are mainly those compiled by J. Johnson and converted to PHREEQC format by G. Anderson and D.
Parkhurst in the llnl.dat database file [Parkhurst and Appelo, 2013]. This database is distributed with PHREEQC at
http://wwwbrr.cr.usgs.gov/projects/GWC coupled/phreeqc.
It contains thermodynamic data for over a thousand solutes
and minerals, as well as gases of low molecular weight. We
complemented this database in order to study the potential incorporation of N into ammoniated minerals, the fate
of organics, the behavior of salts, and pressure e↵ects. If
added thermodynamic data were present in two or more
databases, we confirmed that these data matched. The
resulting core4.dat thermodynamic database can be found
at https://github.com/MarcNeveu/IcyDwarf. All database
species were allowed to form in each simulation. Below, we
detail how the llnl.dat database was complemented as the
core4.dat compilation.
Added minerals, salts, and solid organics

The mineral data present in llnl.dat were complemented
with the mineral, salt, and solid organic data shown in
PHREEQC format in Supplementary Table 4. The salt data
added were primarily those determined by Marion et al.
[2014, and references therein] in their development of the
FREZCHEM code. No data were added for clathrate hydrates, which are absent from our calculations.
Added organics solutes and gases
Added data for small organic (as well as iron-bearing)
solutes are shown in PHREEQC format in Supplementary
Table 5. These data were taken from from the OBIGT
database of the CHNOSZ geochemical software package,
freely available at http://www.chnosz.net [Dick , 2008]. Values for the åi solute parameter (–llnl gamma in the llnl.dat
database), specific to the L. Livermore National Laboratory
solute model, were taken from the data0.sup database of
the EQ3/6 code [Wolery, 1992], which reports thermodynamic data in a format similar to that used here. Data for
added organic gases were taken either from the phreeqc.dat
database, or from the OBIGT database (Supplementary Table 6) [Shock , 1993; Helgeson et al., 1998].
Added molar volumes
To account for pressure e↵ects on solutes, molar volume parameters for the ideal solute portion of the equations of Appelo et al. [2014] were added for as many solutes as possible. These parameters were taken either from
the phreeqc.dat database [Appelo et al., 2014] or, if unavailable there, from the OBIGT database (primary data
from Shock and Helgeson [1988, 1990], Shock et al. [1989],
Shock and Koretsky [1993], Shock and McKinnon [1993],
Haas et al. [1995], Shock [1995], McCollom and Shock
[1997], Shock et al. [1997a, b], Sverjensky et al. [1997],
Sassani and Shock [1998], Stefansson [2001], and Schulte
et al. [2001]). Most molar volumes of solids were taken
from the OBIGT database (primary data from Helgeson
et al. [1978], Robie et al. [1979], Jackson and Helgeson
[1985], Clodic and Meike [1997], and Shock et al. [1997a]),
from Marion et al. [2005, 2008, 2009, 2012], or if unavailable from these references, from the online databases
Mincryst at http://database.iem.ac.ru/mincryst [Chichagov
et al., 2001], WebElements (for elemental species) at
http://www.webelements.com/periodicity/molar volume, and
WebMineral at http://webmineral.com.
Text S3. Limitations
Our calculations su↵ered from several limitations. First,
while most conditions resulted in solutions dilute enough for
the extended Debye-Hückel model to apply (ionic strength
< 0.1), the few conditions under which brucite formed involved concentrated solutions of ionic strength ⇡ 10, beyond
the range of application of the model.
Second, the calculations assumed that trace elements
formed their own pure minerals, rather than be present as
substitutes for major elements at the crystallographic sites
of more common minerals [Allen and Mason, 1973]. However, owing to their low abundances, any assumption on
trace species likely seldom influences calculation outcomes.
Third, the calculations involved thermodynamic data assembled from many sources. This compilation, albeit comprehensive, may contain inconsistencies.
Fourth, our simulations did not account for kinetic effects, which may arise from low T , slow fluid transport, or
limited water-rock contact area [Skelton et al., 2005].
Fifth, clathrate hydrates were absent from our thermodynamic database. At the prevailing T and P of fluids in Ceres’
interior, methane clathrates seem thermodynamically stable
[Mousis et al., 2015]. Addition of their thermodynamic data
to PHREEQC ’s species list would be valuable, and is left
for future work.
Finally, some thermodynamic data are undetermined or
invalid over part of the T and P ranges spanned by our
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calculations. While all database species were included in
every calculation, care was taken during the interpretation
of simulation results to account for this limitation. This was
especially true for salt species, whose data are often determined only at low temperatures.
Text S4. Illustration of simulation results
Example simulation results reported in the main text are
shown in Supplementary Figs. 1 and 2.
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dust mantles in CM chondrites: Evidence for solar nebula processes, Geochimica et Cosmochimica Acta, 56 (7), 2873–2897,
doi:10.1016/0016-7037(92)90365-P.
Mousis, O., E. Chassefiere, N. G. Holm, A. Bouquet, J. H.
Waite, W. D. Geppert, S. Picaud, Y. Aikawa, M. Ali-Dib,
J.-L. Charlou, and P. Rousselot (2015), Methane clathrates
in the solar system. Astrobiology, 15 (4), 308–326, doi:
10.1089/ast.2014.1189.
Mumma, M. J., and S. B. Charnley (2011), The chemical composition of comets—Emerging taxonomies and natal heritage.
Annual Review of Astronomy and Astrophysics, 49, 471–524,
doi:10.1146/annurev-astro-081309-130811.
Parkhurst, D. L., and C. Appelo (2013), Description of input
and examples for PHREEQC version 3: a computer program
for speciation, batch-reaction, one-dimensional transport, and
inverse geochemical calculations, Technical report, US Geological Survey.
Peng, D.-Y., and D. B. Robinson (1976), A new two-constant
equation of state, Industrial & Engineering Chemistry Fundamentals, 15 (1), 59–64.
Pitzer, K. S., and L. Brewer (1961), Revised edition of Thermodynamics by G. N. Lewis and M. Randall, McGraw-Hill Book
Co, New York.
Richard, L., and H. C. Helgeson (1998), Calculation of the thermodynamic properties at elevated temperatures and pressures
of saturated and aromatic high molecular weight solid and liquid hydrocarbons in kerogen, bitumen, petroleum, and other
organic matter of biogeochemical interest, Geochimica et Cosmochimica Acta, 62 (23–24), 3591–3636, doi:10.1016/S00167037(97)00345-1.
Richard, L. (2001), Calculation of the standard molal thermodynamic properties as a function of temperature and pressure
of some geochemically important organic sulfur compounds,
Geochimica et Cosmochimica Acta, 65 (21), 3827–3877, doi:
10.1016/S0016-7037(01)00761-X.
Robie, R. A., B. S. Hemingway, and J. R. Fisher (1979), Thermodynamic properties of minerals and related substances at
298.15 K and 1 bar (105 pascals) pressure and at higher temperatures, USGS Bulletin, 1452, 1–456.
Sassani, D. C., and E. L. Shock (1998), Solubility and transport
of platinum-group elements in supercritical fluids: Summary
and estimates of thermodynamic properties for ruthenium,
rhodium, palladium, and platinum solids, aqueous ions, and
complexes to 1000 C and 5 kbar, Geochimica et Cosmochimica
Acta, 62 (15), 2643–2671, doi:10.1016/S0016-7037(98)00049-0.

Schulte, M. D., E. L. Shock, and R. H. Wood (2001), The
temperature dependence of the standard-state thermodynamic properties of aqueous nonelectrolytes, Geochimica et
Cosmochimica Acta, 65 (21), 3919–3930, doi:10.1016/S00167037(01)00717-7.
Shock, E. L., and H. C. Helgeson (1988), Calculation of the
thermodynamic and transport properties of aqueous species
at high pressures and temperatures: Correlation algorithms
for ionic species and equation of state predictions to 5 kb and
1000 C, Geochimica et Cosmochimica Acta, 52 (8), 2009–2036,
doi:10.1016/0016-7037(88)90181-0.
Shock, E. L., H. C. Helgeson, and D. A. Sverjensky (1989), Calculation of the thermodynamic and transport properties of aqueous species at high pressures and temperatures: Standard partial molal properties of inorganic neutral species, Geochimica
et Cosmochimica Acta, 53 (9), 2157–2183, doi:10.1016/00167037(89)90341-4.
Shock, E. L., and H. C. Helgeson (1990), Calculation of the thermodynamic and transport properties of aqueous species at high
pressures and temperatures: Standard partial molal properties
of organic species, Geochimica et Cosmochimica Acta, 54 (4),
915–945, doi:10.1016/0016-7037(90)90429-O.
Shock, E. L. (1993), Hydrothermal dehydration of aqueous organic compounds, Geochimica et Cosmochimica Acta, 57 (14),
3341–3349, doi:10.1016/0016-7037(93)90542-5.
Shock, E. L., and C. M. Koretsky (1993), Metal-organic complexes in geochemical processes: Calculation of standard partial molal thermodynamic properties of aqueous acetate complexes at high pressures and temperatures, Geochimica et
Cosmochimica Acta, 57 (20), 4899–4922, doi:10.1016/00167037(93)90128-J.
Shock, E. L., and W. B. McKinnon (1993), Hydrothermal processing of cometary volatiles – Applications to Triton, Icarus,
106 (2), 464–477, doi:10.1006/icar.1993.1185.
Shock, E. L. (1995), Organic acids in hydrothermal solutions:
Standard molal thermodynamic properties of carboxylic acids
and estimates of dissociation constants at high temperatures
and pressures, American Journal of Science, 295, 496–580,
doi:10.2475/ajs.295.5.496.
Shock, E. L., D. C. Sassani, and H. Betz (1997a), Uranium in geologic fluids: Estimates of standard partial molal properties,
oxidation potentials, and hydrolysis constants at high temperatures and pressures, Geochimica et Cosmochimica Acta,
61 (20), 4245–4266, doi:10.1016/S0016-7037(97)00240-8.
Shock, E. L., D. C. Sassani, M. Willis, and D. A. Sverjensky (1997b), Inorganic species in geologic fluids: Correlations
among standard molal thermodynamic properties of aqueous
ions and hydroxide complexes, Geochimica et Cosmochimica
Acta, 61 (5), 907–950, doi:10.1016/S0016-7037(96)00339-0.
Skelton, A., R. Whitmarsh, F. Arghe, P. Crill, and H. Koyi
(2005), Constraining the rate and extent of mantle serpentinization from seismic and petrological data: implications for
chemosynthesis and tectonic processes. Geofluids, 5 (3), 153–
164, doi:10.1111/j.1468-8123.2005.00111.x.
Spencer, R. J., N. Møller, and J. H. Weare (1990), The prediction of mineral solubilities in natural waters: A chemical
equilibrium model for the Na-K-Ca-Mg-Cl-SO4 -H2 O system at
temperatures below 25 C, Geochimica et Cosmochimica Acta,
54 (3), 575–590, doi:10.1016/0016-7037(90)90354-N.
Stefansson, A. (2001), Dissolution of primary minerals of basalt
in natural waters: I. Calculation of mineral solubilities from
0 C to 350 C, Chemical Geology, 172 (3–4), 225–250, doi:
10.1016/S0009-2541(00)00263-1.
Sverjensky, D. A., E. L. Shock, and H. C. Helgeson (1997), Prediction of the thermodynamic properties of aqueous metal complexes to 1000 C and 5 kb, Geochimica et Cosmochimica Acta,
61 (7), 1359–1412, doi:10.1016/S0016-7037(97)00009-4.
Vance, S., J. Harnmeijer, J. Kimura, H. Hussmann, B. deMartin, and J. M. Brown (2007), Hydrothermal systems
in small ocean planets, Astrobiology, 7 (6), 987–1005, doi:
10.1089/ast.2007.0075.
Wadhwa, M. (2007), Redox conditions on small bodies, the Moon
and Mars, Reviews in Mineralogy & Geochemistry, 68, 493–
510, doi:10.2138/rmg.2008.68.17.
Wagner, W., and A. Pruß (2002), The IAPWS Formulation 1995
for the thermodynamic properties of ordinary water substance
for general and scientific use, Journal of Physical and Chemical Reference Data, 31, 387–535, doi:10.1063/1.1461829.

NEVEU AND DESCH: EVOLUTION OF CERES – SUPPLEMENTARY MATERIAL
Wang, D., and Z. Li (2011), Modeling solid-liquid equilibrium of
NH4 Cl–MgCl2 –H2 O system and its application to recovery of
NH4 Cl in MgO production, AIChE Journal, 57 (6), 1595–1606,
doi:10.1002/aic.12357.
Wasson, J. T., and G. W. Kallemeyn (1988), Compositions of
chondrites, Philosophical Transactions of the Royal Society
of London. Series A, Mathematical and Physical Sciences,
325 (1587), 535–544, doi:10.1098/rsta.1988.0066.
Watkins, G. H. (1981), Ammonium aluminosilicates: The examination of a mechanism for the high temperature condensation

X-5

of ammonia in circumplanetary subnebulae, Master’s thesis,
Massachusetts Institute of Technology.
Wolery, T. J. (1992), EQ3/6, a software package for geochemical
modeling of aqueous systems: Package overview and installation guide (Version 7.0), Technical report, Lawrence Livermore
National Laboratory.
Corresponding author: M. Neveu, School of Earth and Space
Exploration, Arizona State University, PO Box 871404, Tempe,
Arizona 85287, USA. (mneveu@asu.edu)

X-6

NEVEU AND DESCH: EVOLUTION OF CERES – SUPPLEMENTARY MATERIAL

Figure 1. Example equilibrium mineral assemblages resulting from PHREEQC simulations. Assemblages are
shown as pie charts for two initial fluid compositions,
and for water:rock ratios of 1 and 10 by mass, over the
range of T and P simulated. Each pie chart corresponds
to one simulation. Equilibrium ionic strengths, shown as
an inset for each pie chart, are generally within the range
of applicability of he Debye-Hückel model ( 0.1). These
compositions are robust over a broad range of initial
(f O2 ;pH) guesses (data not shown). Small black squares
instead of pies indicate that the Newton-Raphson algorithm did not converge toward equilibrium assemblages
after a given number of iterations (Supplementary S1).
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Figure 2. Example solution compositions resulting from
the same PHREEQC simulations as in Supplementary
Fig. 1. Fluid compositions are shown as pie charts for
two initial fluid compositions, and for water:rock ratios
of 1 and 10 by mass, over the range of T and P simulated. Each pie chart corresponds to one simulation.
Equilibrium pH and redox conditions are shown as an
inset for each pie chart. These compositions are robust
over a broad range of initial (f O2 ;pH) guesses (data not
shown). Small black squares instead of pies indicate that
the Newton-Raphson algorithm did not converge toward
equilibrium assemblages after a given number of iterations (Supplementary S1).
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Parameter
Unit
Min.
Max.
Step
Temperature T
C
0a
300
50
b
Pressure P
bar
200
1400
200
pH
7
14
1
log f (O2 ) (input as pe)
FMQ-6 c FMQ+6
1
Water:rock ratio d
by mass
0.1
10
⇥10 e
Table 1: Parameter space sampled in geochemical simulations. a
We were unable to perform simulations at 0 C; therefore the minimum temperature simulated was 5 C. b 1 bar = 0.1 MPa. c FMQ:
Fayalite-Magnetite-Quartz bu↵er. d Input as mass of water for a
rock mass of 1 kg. e Geometric step.
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Species
Phyllosilicates
Serpentines
Antigorite
Amesite
Cronstedtite
Smectites
High (Fe,Mg)-smectite
Mg-Nontronite
Ca-Nontronite
K-Nontronite
Na-Nontronite
Ca-Saponite
Na-Saponite
Ca-Montmorillonite
K-Montmorillonite
Na-Montmorillonite
Chlorites
Clinochlore
Daphnite
Zeolites
Ca-Clinoptilolite

Formula in
PHREEQC database

Mass% in initial
assemblage
64.2

Mg48 Si34 O85 (OH)62
Mg4 Al4 Si2 O10 (OH)8
Fe4 SiO5 (OH)4

24.3
0.31
23.6

Ca.025 Na.1 K.2 Fe.7
Mg1.15 Al1.25 Si3.5 O10 (OH)2
Mg.165 Fe2 Al.33 Si3.67 O10 (OH)2
Ca.165 Fe2 Al.33 Si3.67 O10 (OH)2
K.33 Fe2 Al.33 Si3.67 O10 (OH)2
Na.33 Fe2 Al.33 Si3.67 O10 (OH)2
Ca.165 Mg3 Al.33 Si3.67 O10 (OH)2
Na.33 Mg3 Al.33 Si3.67 O10 (OH)2
Ca.165 Mg.33 Al1.67 Si4 O10 (OH)2
K.33 Mg.33 Al1.67 Si4 O10 (OH)2
Na.33 Mg.33 Al1.67 Si4 O10 (OH)2

1.5
2.5
2.5
0.13
2.5
0.54
0.87
0.21
0.042
0.31

Mg5 Al2 Si3 O10 (OH)8
Fe5 Al2 Si3 O10 (OH)8

2.5
2.4

Ca1.7335 Al3.45 Fe.017
Si14.533 O36 · 10.922 H2 O
K-Clinoptilolite
K3.467 Al3.45 Fe.017
Si14.533 O36 · 10.922 H2 O
Na-Clinoptilolite
Na3.467 Al3.45 Fe.017
Si14.533 O36 · 10.922 H2 O
Carbonates, sulfates, salts, oxides, feldspars
Apatite
Ca5 (OH)(PO4 )3
Calcite
CaCO3
Gypsum
CaSO4 · 2H2 O
Halite b
NaCl
Albite
NaAlSi3 O8
Magnetite
Fe3 O4
Chromite
Fe2 SiO4
Pyroxenes
Enstatite
MgSiO3
Ferrosilite
FeSiO3
Wollastonite
CaSiO3
Na2 SiO3
Na2 SiO3
Olivines
Forsterite
Mg2 SiO4
Fayalite
Fe2 SiO4
Tephroite d
Mn2 SiO4
Tochilinite e
6(FeS) · 5(Fe,Mg)(OH)2
Sulfides
Troilite
FeS
Millerite g
NiS
Covellite
CuS
Sphalerite
ZnS
Ca-Al rich inclusions (CAIs)
Akermanite
Ca2 MgSi2 O7
Gehlenite
Ca2 Al2 SiO7
Grossular
Ca3 Al2 (SiO4 )3
Corundum
Al2 O3

Reported
mass%
67 to 88 a

0.30
0.079
1.0

0.49
1.1
0.39
0.026
1.2
1.8
0.71
4.2
2.1
1.3
0.33
0.55
9.5
0.40
0.32
6.5
3.2
1.5
1.8
0.017
0.027
1.2
0.62
0.23
0.076
0.17

1.1 a
0.4 a
0.6 to 5.2 a
0.7 c
0.0 to 7.5 a

3.6 to 21 a
0.0 to 3.1 a
Up to 6–7 a
1 to 4 f

0.1 to 3 h
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Species
Rutile
Organics i
“Kerogen C515” k
“Kerogen C128” k
Pyridine l
“[(6)(CB)(CB)>S]” m
“[(aro)-O-(aro)]” n
Trace species o
Mo
Co p
Bq
EuO p
Gd2 O3 p
Eucryptite r
Sc r
Sm2 O3 p
Thorianite p
Uraninite p

Table 2 (continued)
Formula in
PHREEQC database
TiO2
C515 H596 O72
C128 H68 O7
C 5 H5 N
S
O

Mass% in initial
assemblage
0.10
3.1
0.022
1.5
0.85
0.36
0.40

Mo
0.00015
Co
0.0058
B
0.000060
EuO
0.0000084
Gd2 O3
0.000032
LiAlSiO4
0.0025
Sc
0.00081
Sm2 O3
0.000023
ThO2
0.0000045
UO2
0.0000013
Table 2: Mineral composition of the CM chondrite-type initial solid
assemblage. a Howard et al. [2011]. b Barber [1981]. c Metzler
et al. [1992]. d Proxy for Mn substitution of Fe and Mg in olivine
and sulfide [Allen and Mason, 1973]. e Since measurements of
thermodynamic data for tochilinite are unavailable [Browning and
Bourcier , 1996], we input tochilinite as its Mg end-member: 6 ⇥
brucite (Mg(OH)2 ) + 5 ⇥ troilite (FeS). f Howard et al. [2009]. g
Proxy for pentlandite (Fe,Ni)9 S8 . h Area% [Hezel et al., 2008]. i
The mixture of specific (theoretical) organic compounds was chosen to match measured organic elemental molar ratios of H:C=0.68,
O:C=0.19, N:C=0.03, and S:C=0.07 [Alexander et al., 1998, 2007].
We set N:C = 0.06 rather than 0.03 to match measured bulk N
abundances [Wasson and Kallemeyn, 1988]. j Busemann et al.
[2006]. k Helgeson et al. [2009]. l Helgeson et al. [1998]. m Richard
[2001]. n Richard and Helgeson [1998]. o These elements, except
Mo, may be detected on Ceres using Dawn’s Gamma Ray and Neutron Detector (T. Prettyman, personal communication). p Lodders
[2003, Table 9]. q In practice B is likely present as reedmergnerite
feldspar [Lauretta and Lodders, 1997], for which we were unable to
find thermodynamic data. r Used in place of, respectively, Li4 SiO4
and Sc2 O3 [Lodders, 2003, Table 9], for which we could not find
thermodynamic data.

Reported
mass%
2j
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Element ppm by mass in input
Reported ppm by mass
assemblage
[Wasson and Kallemeyn, 1988]
Al
12196
11800
B
0.60
0.60
C
21784
22000
Ca
13043
12700
Cl
160
160
Co
576
575
Cr
3276
3050
Cu
114
115
Eu
0.076
0.076
Fe
220121
210000
Gd
0.28
0.28
H
13819
14000
K
413
400
Li
1.36
1.36
Mg
120608
117000
Mn
1731
1700
Mo
1.5
1.5
N
1497
1520
Na
3953
4100
Ni
11557
12000
O
401235
432000
P
910
900
S
31358
33000
Sc
8.1
8.2
Si
140832
129000
Sm
0.20
0.20
Th
0.040
0.040
Ti
620
580
U
0.011
0.011
Zn
184
185
Table 3: Elemental composition of the CM chondrite-type initial solid
assemblage.
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logK =a1 + a2 T + a3 /T + a4 log(T ) + a6 T 2 ,T inK T range Molarvolume

Species

Fromreaction

Alum-Na a

NaAl(SO4 )2 ·12H2 O = Na+ +Al3+ +2SO42

a1
Alunogen a
Bischofite b
Chloraluminite a
Cr2 (SO4 )3 ·16H2 O c
Darapskite d

Fe2 (SO4 )3 ·2K2 SO4 ·14H2 O e
FeCl2 ·4H2 O e,f
FeCl2 ·6H2 O e,f
FeCl3 ·10H2 O e
Ferricopiapite e
FeSO4 ·K2 SO4 ·6H2 O e

FeSO4 ·Na2 SO4 ·4H2 O e
H2 SO4 ·4H2 O d

H2 SO4 ·6.5H2 O d
Halotrichite a
HCl·3H2 O d
HCl·6H2 O d
HNO3 ·3H2 O d
Hydrohalite d

Hydromolysite e
Ikaite g
Jarosite-H3 O e
K2 SO4 ·Al2 (SO4 )3 ·24H2 O h

K2 SO4 ·Cr2 (SO4 )3 ·24H2 O h
K3 H(SO4 )2 d

K5 H3 (SO4 )4 d
Kalicinite g
Lansfordite i
MgCl2 ·8H2 O j

MgCl2 ·12H2 O j

Al2 (SO4 )3 ·17H2 O = 2Al3+ +3SO42
MgCl2 ·6H2 O = Mg2+ +2Cl

+12H2 O

+17H2 O

+6H2 O

AlCl3 ·6H2 O = Al3+ +3Cl

+6H2 O
2
Cr2 (SO4 )3 ·16H2 O = 2Cr3+ +3SO
+16H2 O
4
2
Na2 SO4 ·NaNO3 ·2H2 O = 3Na+ +SO
+NO +2H2 O
4
3
2
Fe2 (SO4 )3 ·2K2 SO4 ·14H2 O = 2Fe3+ +4K+ +5SO
+14H2 O
4
FeCl2 ·4H2 O = Fe2+ +2Cl +4H2 O
FeCl2 ·6H2 O = Fe2+ +2Cl

+6H2 O

FeCl3 ·10H2 O = Fe3+ +3Cl

+10H2 O
2
Fe5 (SO4 )6 O(OH)·20H2 O+3H+ = 5Fe3+ +6SO
+22H2 O
4
2
FeSO4 ·K2 SO4 ·6H2 O = Fe2+ +2K+ +2SO
+6H2 O
4
2
FeSO4 ·Na2 SO4 ·4H2 O = Fe2+ +2Na+ +2SO
+4H2 O
4
2
H2 SO4 ·4H2 O = 2H+ +SO
+4H2 O
4
2
H2 SO4 ·6.5H2 O = 2H+ +SO
+6.5H2 O
4
2
FeSO4 ·Al2 (SO4 )3 ·22H2 O = Fe2+ +2Al3+ +4SO
+22H2 O
4
HCl·3H2 O = H+ +Cl +3H2 O
HCl·6H2 O = H+ +Cl
HNO3 ·3H2 O = H+ +NO

+6H2 O

+3H2 O
3
NaCl·2H2 O = Na+ +Cl +2H2 O
FeCl3 ·6H2 O = Fe3+ +3Cl +6H2 O
2
CaCO3 ·6H2 O = Ca2+ +CO
+6H2 O
3
2
H3 OFe3 (SO4 )2 (OH)6 +5H+ = 3Fe3+ +2SO
+7H2 O
4
2
K2 SO4 ·Al2 (SO4 )3 ·24H2 O = 2K+ +4SO
+2Al3+ +24H2 O
4
2
K2 SO4 ·Cr2 (SO4 )3 ·24H2 O = 2K+ +4SO
+2Cr3+ +24H2 O
4
2
K3 H(SO4 )2 = H+ +2SO
+3K+
4
2
K5 H3 (SO4 )4 = 3H+ +4SO
+5K+
4
KHCO3 = HCO +K+
3
2
MgCO3 ·5H2 O = Mg2+ +CO
+5H2 O
3
MgCl2 ·8H2 O = Mg2+ +2Cl +8H2 O

-7.604

a2 (K

1)

0.01127

a3 (K)

a4

0

0

0

0

a6 (K

2)

273–298
4 261–298

2.327 ⇥ 10

-0.02575

0.1266

72.85

0.03544

-47.09

0.2932

0

0

-9.9070

0

0

0

61.66

-0.4861

0

0

-13.8473

0

0

0

-1.995

0.06328

0

0

1.503 ⇥ 10

289.33

-1.93

0

0

3.26 ⇥ 10

-33.51

0.1279

0

0

3.333 ⇥ 10

-63.27

0

11800

0

-15.82

0.03895

0

-2.9188

0

-30.84
-38.85
-8.5567

-76.59 -31.79

(K)

0

0
3.746 ⇥ 10

379.19
129.57

4 218–303

144.57

4

0
4
3

N/A

N/A

N/A

119.57

273–298

406.95

N/A

103.01

N/A

133.65

5 238–273

207.59

0

273–298

594.71

0

0

273–298

184.01

0

0

0

292–298

162.23

0.2708

0

0

5.556 ⇥ 10

4

N/A

113.98

0.3217

0

0

6.417 ⇥ 10

4

N/A

154.86

0

0

0

0

N/A

483.91

3

0

0

0

N/A

62.51

3

0

0

0

N/A

101.06
73.09

2.233

7.078 ⇥ 10

1.896

1.579 ⇥ 10

-5.515

0.03061

0

0

0

N/A

-4.428

0.01678

0

0

0

N/A

42.19

-0.4094

0

0

9.307 ⇥ 10

4 273–298

57.96
146.9

0.1598

0

-2011

0

0

N/A

117.54

-45.86

0

11870

0

0

273–298

178.05

-11.8975

0

0

0

0

N/A

N/A

-11.8541

0

0

0

0

N/A

N/A

3.711 ⇥ 10

19.81

-0.1892

0

0

-15.43

0.02914

0

0

-2.822

5.650 ⇥ 10

0

0

1.495 ⇥ 10

0

0

4.122 ⇥ 10

26.90

-0.23

989.2

0.282

3

-27050 -395.4

0

0

4

N/A

N/A

N/A

N/A

5 273–343
4 271–293
N/A

MgCl2 ·12H2 O = Mg2+ +2Cl +12H2 O
-45.7457
0.12
0
0
9.47 ⇥ 10 5 273–343
Mg(ClO4 )2 ·6H2 O = Mg2+ +2ClO +6H2 O
-5.492
0.06257
0
0
8.445 ⇥ 10 5 273–366
4
2
MgSO4 ·12H2 O l
MgSO4 ·12H2 O = Mg2+ +SO
+12H2 O
-12.84
0.03844
0
0
0
N/A
4
2
Na2 SO4 ·Al2 (SO4 )3 ·24H2 O c
Na2 SO4 ·Al2 (SO4 )3 ·24H2 O = 2Na+ +4SO
+2Al3+ +24H2 O
-8.6409
0
0
0
0
N/A
4
2
Na2 SO4 ·Cr2 (SO4 )3 ·24H2 O c
Na2 SO4 ·Cr2 (SO4 )3 ·24H2 O = 2Na+ +4SO
+2Cr3+ +24H2 O
-8.1459
0
0
0
0
N/A
4
2
+
Na2 SO4 ·(NH4 )2 SO4 ·4H2 O c
Na2 SO4 ·(NH4 )2 SO4 ·4H2 O = 2Na+ +2SO
+2NH +4H2 O
-1.6761
0
0
0
0
N/A
4
4
2
Na2 SO4 ·NaNO3 ·H2 O m,n
Na2 SO4 ·NaNO3 ·H2 O = 3Na+ +SO
+NO +H2 O
2.0945
0
0
0
0
N/A
4
3
2
Na2 SO4 ·NiSO4 ·4H2 O c
Na2 SO4 ·NiSO4 ·4H2 O = 2Na+ +2SO
+Ni2+ +4H2 O
-3.4199
0
0
0
0
N/A
4
k
+
NaClO4 ·H2 O
NaClO4 ·H2 O = Na +ClO +H2 O
0.01486 7.250 ⇥ 10 3
0
0
0
273–323
4
2
NaHSO4 m,n
NaHSO4 = Na+ +H+ +SO
0.6087
0
0
0
0
N/A
4
2
m,n
+
+
NaH3 (SO4 )2 ·H2 O
NaH3 (SO4 )2 ·H2 O = Na +3H +2SO
+H2 O
4.8127
0
0
0
0
N/A
4
2
Natroalunite a
NaAl3 (SO4 )2 (OH)6 +6H+ = Na+ +3Al3+ +2SO
+6H2 O
-41.87
0
13420
0
0
273–298
4
+
2
(NH4 )2 SO4 m
(NH4 )2 SO4 = 2NH +SO
-473.3
-0.1669
10390 197.3
0
254–380
4
4
+
2
(NH4 )2 SO4 ·Al2 (SO4 )3 ·24H2 O h
(NH4 )2 SO4 ·Al2 (SO4 )3 ·24H2 O = 2NH +4SO
+2Al3+ +24H2 O -12.2666
0
0
0
0
N/A
4
4
+
2
(NH4 )2 SO4 ·Cr2 (SO4 )3 ·24H2 O h
(NH4 )2 SO4 ·Cr2 (SO4 )3 ·24H2 O = 2NH +4SO
+2Cr3+ +24H2 O -11.3417
0
0
0
0
N/A
4
4
+
2
(NH4 )3 H(SO4 )2 m,n
(NH4 )3 H(SO4 )2 = 3NH +H+ +2SO
-0.8408
0
0
0
0
N/A
4
4
+
o
NH4 Cl
NH4 Cl = NH +Cl
-3.078
0.0155
0
0
3.451 ⇥ 10 6 258–303
4
+
NH4 Cl·MgCl2 ·6H2 O b
NH4 Cl·MgCl2 ·6H2 O = NH +Mg2+ +3Cl +6H2 O
2475
0.66
-67830 -986.1
0
273–400
4
+
o
NH4 ClO4
NH4 ClO4 = NH +ClO
-16.42
0.09132
0
0
1.233 ⇥ 10 4 270–307
4
4
+
NH4 -feldspar p,q
NH4 AlSi3 O8 +4H+ = NH +Al3+ +3SiO2 +2H2 O
-74.34
0.3080
0
0
2.270 ⇥ 10 4 298–600
4
+
o
NH4 HCO3
NH4 HCO3 = NH +HCO
-15.87
0.09703
0
0
1.472 ⇥ 10 4 269–313
4
3
+
2
NH4 HSO4 m,n
NH4 HSO4 = NH +H+ +SO
0.27
0
0
0
0
N/A
4
4
+
2
NH4 HSO4 ·NH4 NO3 m,n
NH4 HSO4 ·NH4 NO3 = 2NH +H+ +SO
+NO
1.1274
0
0
0
0
N/A
4
4
3
+
2
(NH4 )2 SO4 ·2NH4 NO3 m,n
(NH4 )2 SO4 ·2NH4 NO3 = 4NH +SO
+2NO
1.9326
0
0
0
0
N/A
4
4
3
+
2
m,n
(NH4 )2 SO4 ·3NH4 NO3
(NH4 )2 SO4 ·3NH4 NO3 = 5NH +SO
+3NO
2.9463
0
0
0
0
N/A
4
4
3
+
NH4 -muscovite q
NH4 Al3 Si3 O10 (OH)2 +10H+ = NH +3Al3+ +3SiO2 +6H2 O
-66.38
0.3170
0
0
2.386 ⇥ 10 4 298–600
4
+
NH4 NO3 o
NH4 NO3 = NH +NO
-8.998
0.05692
0
0
7.966 ⇥ 10 5 N/A
4
3
2
Pickeringite a
MgSO4 ·Al2 (SO4 )3 ·22H2 O = Mg2+ +2Al3+ +4SO
+22H2 O
-8.0131
0
0
0
0
N/A
4
2
Rhomboclase e
Fe(SO4 )3 ·H2 SO4 ·8H2 O = 2Fe3+ +2H+ +4SO
+8H2 O
-28.50
0
8304
0
0
273–298
4
2
Römerite e
Fe3 (SO4 )4 ·14H2 O = Fe2+ +2Fe3+ +4SO
+14H2 O
-29.16
0
5186
0
0
273–298
4
2
e
2+
Rozenite
FeSO4 ·4H2 O = Fe
+SO
+4H2 O
-2.795 4.203 ⇥ 10 3
0
0
0
273–298
4
2
Schwertmannite e
FeO(OH)0.75 (SO4 )0.125 +2.75H+ = Fe3+ +0.125SO
+1.75H2 O
-11.66
0
3823
0
0
273–298
4
d
+
Soda-niter
NaNO3 = Na +NO
92.2125
-0.6628
0
0
1.197 ⇥ 10 3 273–343
3
2
Szomolnokite e,f
FeSO4 ·H2 O = Fe2+ +SO
+H2 O
2.746
-0.01212
0
0
0
N/A
4
2
g
+
Trona
NaHCO3 ·Na2 CO3 ·2H2 O = 3Na +HCO +CO
+2H2 O
-4.336
-0.01113
0
0
0
N/A
3
3
2
Vaterite g
CaCO3 = Ca2+ +CO
-172.1
-0.07798
3074 71.60
0
N/A
3
2
e
+
3+
Voltaite
K2 Fe9 (SO4 )12 ·18H2 O=2K + 4Fe
+5Fe2+ +12SO
+18H2 O -101.0
0
18560
0
0
273–298
4
“KerogenC515” r,s
C515 H596 O72 +628O2 = 515CO2 +298H2 O
104660.55
-244.27
0
0
0.183
273–623
Mg(ClO4 )2 ·6H2 O k

264.9

273–400

0
9.415 ⇥ 10

(cm3 mol

46.14
100.8
159.08
218.1
167.28
220.5
N/A
N/A
N/A
N/A
N/A
69.53
43.82
N/A
144.77
74.74
N/A
N/A
N/A
34.96
N/A
60.25
114.78
50.04
N/A
N/A
N/A
N/A
N/A
48.20
471.9
295.61
373.96
138.84
24.9
37.6
57.21
107.2
37.72
762.15
6989.3
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Table4(continued)
Species

Fromreaction

logK =a1 + a2 T + a3 /T + a4 log(T ) + a6 T 2 ,T inK T range Molarvolume
a1

a2 (K

1)

a3 (K)

a4

0

0

“KerogenC292” r,s

C292 H288 O12 +358O2 = 292CO2 +144H2 O

59184.26

“KerogenC128” r,s

C128 H68 O7 +141.5O2 = 128CO2 +34H2 O

23405.37

-54.726

0

0

1071.04

-2.50773

0

0

137.16

-0.320465

0

0

-46.6

0.111

0

0

Pyridine t

C5 H5 N+6.25O2 = 5CO2 +2.5H2 O+0.5N2

“(6)(CB)(CB)S” u

S+O2 = SO2

“(aro)-O-(aro)” r

O = 0.5O2

-138.37

Thermodynamic data for solids added to the llnl.dat database to
create the expanded core4.dat database. a Marion et al. [2009]. b Wang
and Li [2011]. c Christov [2002b]. d Marion [2002]. e Marion et al.
[2008]. f Marion et al. [2003]. g Marion [2001]. h Christov [2002a]. i
Marion et al. [2010]. j Spencer et al. [1990]. k Marion et al. [2010]. l
Marion and Farren [1999]. m Clegg et al. [1998a]. n Clegg et al. [1998b].
o Marion et al. [2012]. p Also called buddingtonite. The molar volume is
provided for the formula NH4 AlSi3 O8 · 0.5 H2 O. q Thermodynamic data
from Watkins [1981] for the NH4 -silicate, Shock and Helgeson [1988] for
H+ and NH+
4 , Shock et al. [1989] for SiO2 (aq), Shock et al. [1997b] for
Al3+ , and Wagner and Pruß [2002] for H2 O. r Richard and Helgeson
[1998]. s Helgeson et al. [2009]. t Helgeson et al. [1998]. u Richard
[2001].
Table 4:

a6 (K

2)

(K)

0.10

(cm3 mol

273–623

3398.2

0.041

273–623

1320.7

0.00188

273–623

64.4

273–623

16.5

5 273–623

-2.4

2.41 ⇥ 10
7.99 ⇥ 10

4

1)
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From reaction

log K = a1 + a2 T + a3 /T + a6 T 2 , T in K T range å a
a1
a2 (K 1 ) a3 (K)
a6 (K 2 )
(K)

HCOOH b
HCO3 + H+ = HCOOH + 0.5 O2
-85.32 0.1936
0
1.22 ⇥ 10
b
HCOO
HCOOH = HCOO + H+
-6.456 0.01694
0
2.71 ⇥ 10
b
+
CH3 COOH
2 HCO3 + 2 H = CH3 COOH + 2 O2 -303.1 0.6829
0
4.57 ⇥ 10
CO(NH2 )2 c
2 NH3 + HCO3 + H+ = CO(NH2 )2 + 2 H2 O 15.98 -0.0441
0
4.25 ⇥ 10
C2 H6 d,e
2 HCO3 + 2 H+ + H2 O = C2 H6 + 3.5 O2
-539.9 1.2150
0
8.296 ⇥ 10
C3 H 8 d
3 HCO3 + 3 H+ + H2 O = C3 H8 + 5 O2
-804
1.877
0
1.33 ⇥ 10
CH3 OH d
H2 O + HCO3 + H+ = CH3 OH + 1.5 O2
-262.54 0.6159
0
4.375 ⇥ 10
CH3 CH2 OH d H2 O + 2 HCO3 + 2 H+ = CH3 CH2 OH + 3 O2 -475.1
1.069
0
7.284 ⇥ 10
CH2 O d
HCO3 + H+ = CH2 O + O2
-184.9 0.4178
0
2.817 ⇥ 10
+
f
3+
+
Fe(OH)+
2
H
O
+
Fe
=
Fe(OH)
+
2
H
6.872
0
-3739
0
2
2
2
f
3+
+
Fe(OH)3
3 H2 O + Fe
= Fe(OH)3 + 3 H
5.619
0
-5431
0
Fe(OH)3 f
3 H2 O + Fe2+ = Fe(OH)3 + 3 H+
-8.788
0
-6621
0
Fe(OH)4 f
4 H2 O + Fe3+ = Fe(OH)4 + 4 H+
1.700
0
-6946
0
FeCO3 g
Fe2+ + CO23 = FeCO3
6.367
0
-592.8
0
FeOH+ f,g
H2 O + Fe2+ = FeOH+ + H+
0.1706
0
-2883
0
Table 5: Thermodynamic data for aqueous solutes added to the llnl.dat
database to create the expanded core4.dat database. a From the
data0.sup database of the EQ3/6 software package [Wolery, 1992]. b
Shock [1995]. c Shock and McKinnon [1993]. d Shock and Helgeson
[1990]. e Although log K data for C2 H6 (aq) were already available
in the llnl.dat database, we noticed a discrepancy between those data
and those provided in the data0.sup database of EQ3/6 and the OBIGT
database of CHNOSZ, even though all three databases quote the same
source for those data [Shock and Helgeson, 1990]. We found and confirmed with D. Parkhurst (pers. comm.) that this discrepancy may be
resolved if the a1 term provided in llnl.dat is replaced by its opposite
(negative) value. It is possible that the minus sign was omitted when
compiling the llnl.dat data. f Marion et al. [2008]. g Marion et al.
[2003].

4
5
4
5
4
3
4
4
4

273–623
273–623
273–623
273–623
273–623
273–623
273–623
273–623
273–623
273–298
273–298
273–298
273–298
N/A
273–298

3.0
3.5
3.0
3.0
3.0
3.0
3.0
3.0
3.0
4.0
3.0
4.0
4.0
4.0
4.0

NEVEU AND DESCH: EVOLUTION OF CERES – SUPPLEMENTARY MATERIAL
log Ks = a1 + a2 T + a3 /T + a6 T 2 , T in K T range Tc
Pc
a1 a2 (K 1 ) a3 (K)
a6 (K 2 )
(K)
(K) (bar)
C2 H6 a 5.35 -0.0456
0
6.00 ⇥ 10 5
273–448 305 48.6
b
5
C2 H 4
4.46
-0.037
0
4.715 ⇥ 10
273–448 283 50.53
Table 6: Thermodynamic data for dissolution reactions of gases added
to the llnl.dat database to create the expanded core4.dat database. Data
from a Helgeson et al. [1998] and b Shock [1993], respectively.
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