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Dwarf planet Ceres is the largest body in the main asteroid belt with a rocky surface and uncertain inter-
nal structure. Spectra of Ceres in near- and mid-infrared wavelengths are consistent with the occurrence
of brucite, Mg-bearing carbonates, and an Fe-rich phyllosilicate cronstedtite. Spectra of 10 Hygiea and
324 Bamberga imply similar compositions. Here, we considered stabilities of these minerals to constrain
their origin. Cronstedtite is most stable at the temperature of �0 �C at moderately oxidizing aqueous con-
ditions and at high water/rock ratios. Although cronstedtite could form on planetesimals, the apparent
lack of serpentine may indicate its formation by Ceres’ temporary surface solutions. Brucite forms at a
low activity of dissolved SiO2, at a low fugacity of CO2, and at highly alkaline pH. Brucite and cronstedtite
do not form together and may not form deep in the Ceres’ interior. The absence of Mg serpentine from
Ceres’ surface materials and the unlikely occurrence of very olivine-rich rocks do not indicate a formation
of brucite through serpentinization of such rocks. Brucite could form by transient near-surface fluids
which do not equilibrate with silicates. Temporary fluids could deposit Mg carbonates before, after, or
together with brucite at near-surface conditions that favor CO2 degassing. Regardless of Ceres’ internal
structure, internal thermal and aqueous processes may not affect cold near-surface layers. Percolation
of interior fluids is not consistent with the lack of detection of low-solubility salts. However, impacts
of ice-rich targets during the Late Heavy Bombardment could account for transient aqueous environ-
ments and unusual surface mineralogies of Ceres, Hygiea, and Bamberga. Brucite and Mg carbonates
could have formed through hydration and carbonation of MgO evaporated from silicates. Apparently
abundant carbonates may indicate an ample impact oxidation of organic matter, and the occurrence of
brucite with cronstedtite may reflect turbulent and disequilibrium environments. Clay-like homogeneous
surface materials on Ceres could be gravitationally sorted deposits of impact clouds.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Dwarf planet (1) Ceres is the largest and most massive body in
the main asteroid belt (Table 1; McCord et al., 2011). The polar flat-
tening determined with Hubble Space Telescope is consistent with
a relaxed differentiated body with a rocky core and an icy mantle
(Thomas et al., 2005; Castillo-Rogez and McCord, 2010), though
such an internal structure awaits verification. Initially accreted
rocks may not survive atop a water mantle because they would silk
through the ice or an ocean (McCord and Sotin, 2005), and the ori-
gin of unique spectral characteristics of Ceres’ rocky surface (Rivkin
et al., 2011) remains to be understood in the framework of a differ-
entiated structure. Ceres’ dimensions determined with the Keck II
telescope (Carry et al., 2008) do not exclude the undifferentiated
or partially differentiated body without icy mantle (Zolotov,
2009). In the latter case, Ceres could consist of hydrated ice-poor
rocks with �10% porosity similar to compacted CI/CM carbona-
ceous chondrites. Circular albedo features (Li et al., 2006; Carry
et al., 2008, 2012) may be indicative of impact craters, consistent
with craters on other asteroids and cratering models for Ceres
(de Elía and Di Sisto, 2011). Large craters may either reflect a man-
tle-free internal structure or signify an impact deposition of rocks
atop an icy mantle, as we discuss below. These controversies could
be resolved after the determination of Ceres’ gravity moments to-
gether with surface topography and morphology with Dawn in
2015 (Russell et al., 2007). Additional constrains could be gained
from composition of surface materials, if formation conditions of
observed minerals and chemical patters are understood.
1.1. Observational data on surface composition

The current knowledge about Ceres’ surface mineralogy is based
on telescopic observations in the ultraviolet, visible, near-, and
mid-infrared (IR) spectral ranges (Table 2; Rivkin et al., 2011).
Ceres has the visual geometric albedo of �0.09 with very minor
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Table 1
Physical characteristics of asteroids with the 3.06 lm spectral feature.

Diameter (km)a Mass (kg) Density (g/cm3)

1 Ceres 945 ± 23 9.44 ± 0.06 � 1020 2.13 ± 0.15
9.35 ± 0.14 � 1020b 2.11 ± 0.35c

10 Hygiea 422 ± 26 8.63 ± 0.52 � 1019 2.19 ± 0.42
8.67 ± 0.15 � 1019d 2.08 ± 0.10d

324 Bamberga 235 ± 8 1.03 ± 0.10 � 1019 1.52 ± 0.20

Notes: The data are mostly from Carry (2012).
a The volume-equivalent diameter.
b Kovačevič (2012).
c Based on the mass from Kovačevič (2012) and the diameter from Carry (2012).
d Baer et al. (2011).
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(<6%) variations (Li et al., 2006; Carry et al., 2008, 2012). The cen-
timeter-wave, millimeter-wave, and sub-millimeter observations
indicate a low-density dry clay-like surface material with a low
thermal inertia and high porosity (Webster et al., 1988; Mitchell
et al., 1996; Chamberlain et al., 2009). Despite a similarity of Ceres’
near-IR reflectance spectra with that of metamorphosed carbona-
ceous chondrites (Hiroi et al., 1995), there is no good meteoritic
spectral analog for Ceres’ materials (Rivkin et al., 2011). The broad
absorption feature near 3 lm indicates a presence of hydrated and/
or OH-bearing minerals (Lebofsky, 1978; Lebofsky et al., 1981;
Feierberg et al., 1981). Ceres’ near- and mid-IR spectra are
Table 2
Minerals suggested in Ceres’ surface materials based on telescopic observations in the
near- and mid-IR spectral ranges.

Mineral References

Mg carbonatesa Rivkin et al. (2006), Milliken and Rivkin (2009)
and Rivkin and Volquardsen (2010)

Brucite Milliken and Rivkin (2009)
Cronstedtite Rivkin et al. (2006), Milliken and Rivkin (2009)
Magnetite Larson et al. (1979), Milliken and Rivkin (2009)

and Rivkin et al. (2011)

Notes: Formulas of minerals are shown in Table 3.
a Magnesite and/or dolomite.

Table 3
Minerals and their standard Gibbs free energies of formation, DfG

0 (25 �C, 1 bar).

Mineral Formula

Magnetite Fe3O4

Greenalite Fe3Si2O5(OH)4

Fe–Mg serpentine (Fe0.6Mg0.4)3Si2O5(OH)4

Chrysotile Mg3Si2O5(OH)4

Cronstedtite Fe2+
2Fe3+

2SiO5(OH)4

Mg–Fe cronstedtitea Fe2+
0.4Mg1.6Fe3+

2SiO5(OH)4

Mg-cronstedtite Mg2Fe3+
2SiO5(OH)4

Goethite FeOOH
Ferrihydrite Fe(OH)3

c

Amorph. SiO2
b SiO2

Brucite Mg(OH)2

Magnesite MgCO3

Siderite FeCO3

Talc Mg3Si4O10(OH)2

Fe-talc Fe3Si4O10(OH)2

a The Mg–Fe cronstedtite corresponds to the composition of a most Mg-rich phase re
b Quartz is not considered because it is absent from carbonaceous chondrites.
c The nominal formula used here.
d The value used in calculations of equilibrium constants and phase diagrams (Table
e The value used in calculations of chemical equilibria by the Gibbs free energy minim

(1978); MZ, the energy was evaluated assuming ideal mixing between Mg and Fe end m
com_V8R6+’’ (1996) from the GWB site (http://www.gwb.com); THER, the database ‘‘th
Thomas Wolery; N08, Navrotsky et al. (2008). Thermodynamic properties of aqueous sp
consistent with the presence of Fe phyllosilicate cronstedtite (Riv-
kin et al., 2006; Milliken and Rivkin, 2009) (Tables 2 and 3).
Although cronstedtite provides a better fit of mid-IR spectra than
Mg-serpentine (Milliken and Rivkin, 2009), a dominance of cron-
stedtite among surface silicates needs confirmation. Magnetite
could account for by a broad absorption at �1.2 lm (Larson
et al., 1979; Rivkin et al., 2011) and darken Ceres’ spectra in a broad
range of wavelengths (Milliken and Rivkin, 2009). However, the
occurrence of magnetite is not very certain because other phases
(e.g., sulfides, organic species) could be darkening agents. There
are clear spectral features of Mg-bearing carbonates (Rivkin et al.,
2006; Milliken and Rivkin, 2009; Rivkin and Volquardsen, 2010),
which could be much more abundant than in carbonaceous chon-
drites (typically < 2–3 vol.%; Brearley and Jones, 1998). Although
strong spectral features of suggested minerals apparently indicate
their high abundances, exact volume fractions may not be evalu-
ated from current data. The features may represent coatings rather
than bulk mineral contents in surface materials. It follows that
some surface minerals could be present but not seen in the reflec-
tion and emission spectra.

Ceres’ spectra have no distinct signatures of many primary min-
erals (olivine, pyroxenes, feldspars) and Mg-rich phyllosilicates
(saponite, serpentine), which are common in chondrites. Although
spectral features of these minerals in the near-IR could be masked
by opaque phases, mid-IR spectra are not consistent with a pres-
ence of these phases (Rivkin et al., 2006; Milliken and Rivkin,
2009). The apparent absence or deficiency of primary phases indi-
cates through alteration of primary materials. Fe-bearing carbon-
ates and calcite may not be abundant (Milliken and Rivkin,
2009). Sulfates are not seen, though chlorides may not be detected
in visible to mid-IR spectral ranges. Although there are no clear
spectral signatures of organic compounds in Ceres’ spectra, absorp-
tions of aromatic groups at 3.3–3.4 lm (Moroz et al., 1998; Rivkin
et al., 2006) could be overlapped by carbonate bands (Milliken and
Rivkin, 2009; Rivkin et al., 2011).

The nature of the prominent absorption feature at �3.06 lm re-
mains uncertain. The interpretation of this feature as a sign of
water frost (Lebofsky et al., 1981) is not supported in subsequent
Abbreviation DfG
0 (kJ/mol) Reference

Mt �1012.3 HP98
Gr �2993.0 H78
Fe–Mg-sp �3409.8 MZ
Chr �4030.7 HP98
Crn �2613.4d WJ04

�2618.4e V8R6
�2619.2 THER
�2606.6 W10

Mg–Fe-crn �3170.9 MZ
– �3308.7 WOL
gth �490.6 N08
fr �711.0 N08
SiO2(am) �848.9 H78
br �834.3 HP98
ms �1027.8 H78
sid �679.5 H78
tlc �5516.7 HP98
FeTlc �4451.1 HP98

ported in literature with Mg/(Mg + Fe) = 0.4 (Zega and Buseck, 2003).

4, Figs. 1–4).
ization method (Figs. 5–7). HP98, Holland and Powell (1998); H78, Helgeson et al.
embers; WJ04, Wolery and Jove-Colon (2004); V8R6, the LLNL database ‘‘termo_-

ermo_dat.txt’’ (1986) from the GWB site; W10, Wilson (2010); WOL, evaluated by
ecies were from Shock et al. (1989, 1997).

http://www.gwb.com
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works (King et al., 1992; Rivkin et al., 2011). The ice-free materials
are consistent with the instability of ice at the surface (Fanale and
Salvail, 1989) and with the lack of detection of water vapor emis-
sion from Ceres (Rousselot et al., 2011; Küppers et al., 2012). A
presence of NH4-bearing saponite clay with the 3.06 lm feature
(King et al., 1992) is inconsistent with Ceres’ mid-IR spectra (Rivkin
et al., 2006; Milliken and Rivkin, 2009). Milliken and Rivkin (2009)
demonstrated that brucite is a reasonable candidate for the
3.06 lm feature and is consistent with Ceres’ spectra at 3–14 lm.
However, the 3.06 lm feature may not be the fundamental brucite
band (Pascale et al., 2004; Beck et al., 2011a,b) and some brucite
bands are not clearly seen in Ceres’ spectra at 1–3 lm. The deeper
depths of the ‘brucite’ (3.06 lm) and ‘carbonate’ (3.3–3.4 and 3.8–
3.9 lm) bands in darker regions disagree with a low albedo of
these minerals and remain unexplained (Rivkin and Volquardsen,
2010).

Despite these uncertainties, a mixture of Mg-bearing carbon-
ates, brucite, cronstedtite, and magnetite provides a good fit for
Ceres’ spectra at 3–14 lm (Milliken and Rivkin, 2009). It is the
most reliable current model for Ceres’ surface mineralogy (Rivkin
et al., 2011). This model indicates some similarity of Ceres’ materi-
als with CM carbonaceous chondrites which contain these aqu-
eously formed phases (Brearley and Jones, 1998; Brearley,
2006a). Major differences between CM chondrites and Ceres’ mate-
rials are apparently abundant carbonates and brucite on Ceres and
a deficiency of other minerals of CM chondrites (Mg–Fe serpentine,
tochilinite, troilite, etc.). These differences could reflect specific
aqueous environments on Ceres and/or parent planetesimals. A
similarity of Ceres’ spectra with some spectra of 10 Hygiea and
324 Bamberga (e.g., Takir and Emery, 2012) imply analogous aque-
ous processes on these three large low-density bodies (Table 1).

Initial interpretations of Ceres’ surface mineralogy suggested
actions of alkaline CO2-bearing aqueous fluids at moderately oxi-
dizing conditions (Li et al., 2006; Milliken and Rivkin, 2009; Rivkin
and Volquardsen, 2010; Rivkin et al., 2011). However, specific
chemical pathways and geological contexts of aqueous processes
remain to be evaluated. In this paper, we consider chemical equi-
libria in aqueous environments to investigate formation conditions
of Ceres’ minerals. Major attention is devoted to cronstedtite, bru-
cite, and Mg carbonates. The discussion is based on the assumption
that the identification of theses minerals is correct. Our conclu-
sions about the formation of brucite are based on the assumption
that Mg–Fe serpentine is not present. We discuss the results in
terms of geological evolution and internal structure of Ceres and
suggest other minerals which could be present.
2. Terrestrial/chondritic occurrences and stabilities of minerals

In this section, we review occurrences of cronstedtite and bru-
cite, evaluate their stability, and discuss formal chemical pathways
of their formation. We develop phase diagrams with stability fields
of minerals as functions of activities of dissolved species (SiO2,
Mg2+, etc.), fugacities of gases (fH2, fCO2), and temperature (T) at
1 bar total pressure (P). This is done through calculations of equi-
librium constants of chemical reactions that include chemical spe-
cies of interest. Equilibrium constants are calculated from Gibbs
free energies of species at standard conditions (Tables 3 and 4).
In addition to phase diagrams, we report evaluations of cronsted-
tite stability performed through calculations of chemical equilibria
in the multicomponent chondrite–water–gas type system.
2.1. Cronstedtite-bearing assemblages

On Earth, cronstedtite is a rare phyllosilicate that contains ferric
and ferrous iron (Table 3) (Deer et al., 1963). However, cronstedtite
is abundant in fine-grained matrices and chondrule rims of CM car-
bonaceous chondrites. Investigations of CM chondrites indicate
that formation of cronstedtite is related to aqueous oxidation of
kamacite in the presence of dissolving silicates which provide
aqueous SiO2 (e.g., Tomeoka and Buseck, 1985; Zolensky and McS-
ween, 1988; Beck et al., 2012), as illustrated by overall reaction

4Fe0 ðmetalÞ þ SiO2ðaqÞ þ 7H2OðlÞ

! Fe2þ
2Fe3þ

2SiO5ðOHÞ4 þ 10H2: ð33Þ

Meteoritic cronstedtite contains a significant amount of Mg, and the
Mg/(Fe+Mg) atomic ratio could reach 0.4 (e.g., Zega and Buseck,
2003). Cronstedtite is less abundant in more altered CM chondrites,
reflecting the replacement of cronstedtite by Fe–Mg serpentine as
alteration progresses (Tomeoka and Buseck, 1985; Browning et al.,
1996; Zega and Buseck, 2003; Rubin et al., 2007; Howard et al.,
2011). In addition to Fe–Mg serpentine, cronstedtite coexists with
tochilinite. Magnetite is not a major secondary phase in CM chon-
drites, it forms together with cronstedtite and after it (Brearley
and Jones, 1998; Howard et al., 2011; Beck et al., 2012). Oxygen
and carbon isotopic data for CM’s carbonates and other evaluations
indicate alteration at T < �30 �C (Clayton and Mayeda, 1999; Bene-
dix et al., 2003; Guo and Eiler, 2007; Zolensky et al., 1989, 1993).
These data suggest that cronstedtite also forms at low
temperatures.

2.1.1. Thermodynamic stability of cronstedtite
Thermodynamic properties of cronstedtite have not been mea-

sured and estimated standard Gibbs free energies of formation
(DfG

0) differ from each other (Table 3). Although the stability of
cronstedtite cannot be evaluated with accuracy based on current
data, the topology of Fe–Si–O–H system and broad effects of fH2,
temperature, and activity of dissolved SiO2, aSiO2(aq), on cronsted-
tite stability could be assessed. For calculation of equilibrium con-
stants and corresponding activity diagrams, we use DfG

0 data from
Wolery and Jove-Colon (2004). Our evaluations of cronstedtite sta-
bility with use of activity diagrams are in general agreement with
results of Dyl et al. (2006, 2010) and Dyl (2011) who used data
from the LLNL database.

The relative stability of cronstedtite and Fe-serpentine (greena-
lite) could be illustrated by reaction (1) in Table 4. Cronstedtite
forms at more oxidizing conditions (lower fH2) and lower activities
of dissolved silica than greenalite. Reactions (2) and (3) show that
cronstedtite forms at more reducing conditions than magnetite
and goethite (at fixed aSiO2(aq)). A narrow stability field of cron-
stedtite is confined by fH2 and aSiO2(aq) values set by equilibrium
constants of reactions (1)–(3) (Fig. 1a). However, goethite is not
common in chondrites, while ferrihydrite occurs in CI, CM, and
some other types of carbonaceous chondrites (Brearley and Jones,
1998; Wasson and Rubin, 2010; Beck et al., 2012). Ferrihydrite is
stable at fH2 < �10�23 (Eq. (4)). If ferrihydrite is considered instead
of goethite, the stability fields of magnetite and cronstedtite be-
come broader and cronstedtite coexists with magnetite and/or
Fe-serpentine in a wide range of fH2 and aSiO2(aq) conditions
(Fig. 1b). Cronstedtite forms at elevated activities of SiO2(aq) with-
in the stability field of talc. However, at high aSiO2(aq) values, the
stability field of cronstedtite could be limited at aSiO2(aq) values
that correspond to saturation with respect to amorphous silica
(Eq. (5)). The Mg-rich cronstedtite could be stable at slightly higher
fH2 and aSiO2(aq) values than pure cronstedtite (Eq. (1a); Fig. 1b).

Eq. (6) illustrates precipitation reaction of cronstedtite which
includes Fe2+ supplied by dissolving metal, sulfide, or silicate
phases and protons released together with H2. At alkaline pH, typ-
ical for chondritic aqueous systems (e.g., Zolensky et al., 1989;
Rosenberg et al., 2001), cronstedtite coexists with a Fe2+-poor solu-
tion (Fig. 2). Higher concentrations of Fe2+ are needed to stabilize



Table 4
Chemical reactions and their equilibrium constants at 1 bar.

Reaction log10 K, 25 �C log10 K, 75 �C

(1) 3crn + 5SiO2(aq) + 3H2 = 4gr + H2O 35.4 27.5
(1a) 3 Mg–Fe-crn + 5SiO2(aq) + 3H2 = 4Fe–Mg-sp + H2O 34.5 –
(2) 3crn = 4mt + 3SiO2(aq) + H2 + 5H2O �18.4 �13.7
(3) crn + H2O = 4gth + SiO2(aq) + H2 �9.61 �7.29
(4) mt + 5H2O = 3fr + 0.5H2 �11.4 –
(5) SiO2(am) = SiO2(aq) �2.72 �2.32
(6) 4Fe2+ + SiO2(aq) + 7H2O = crn + 8H+ + H2 �43.2 �34.5
(7) chr + H2O = 3br + 2SiO2(aq) �17.2 �14.6
(8) tlc + H2O = chr + 2SiO2(aq) �9.88 �8.44
(9) gr + 2SiO2(aq) = FeTlc + H2O 4.99 4.31
(10) gr + 4H2O + 3mt + SiO2(aq) = 3crn 4.95 3.43
(11) 3gr + 5mt + 7H2O = 6crn + H2 �3.53 �3.45
(12) gr = mt + 2SiO2(aq) + H2O + H2 �13.4 �10.3
(13) 3crn + 13SiO2(aq) + 3H2 = 4FeTlc + 5H2O 55.3 44.8
(14) FeTlc = mt + 4SiO2(aq) + H2 �18.4 �14.6
(15) gr + H2O = 3gt + 2SiO2(aq) + 1.5H2 �16.1 �12.3
(16) FeTlc + 2H2O = 3gt + 4SiO2(aq) + 1.5H2 �21.0 �16.7
(17) mt + 2H2O = 3gth + 0.5H2 �2.61 �2.03
(18) mt + 3CO2 + H2 = 3sid + H2O 14.1 8.09
(19) crn + 4CO2 + H2 = 4sid + SiO2(aq) + 3H2O 12.7 6.21
(20) FeTlc + 3CO2 = 3sid + 4SiO2 + H2O �4.33 �6.54
(21) gr + 3CO2 = 3sid + 2SiO2(aq) + 2H2O 0.66 �2.22
(22) crn + CO2 = sid + mt + SiO2(am) + 2H2O 1.28 1.89
(23) 3Fe0 + 4H2O = mt + 4H2 11.2 11.8
(24) Fe3Pþ 8H2Oþ 3Hþ ¼mtþ PO3�

4 þ 9:5H2 – –
(25) br + CO2 = ms + H2O 6.37 4.41
(26) chr + 3CO2 = 3 ms + 2SiO2(aq) + 2H2O �1.91 �1.41
(27) tlc + 3CO2 = 3 ms + 4SiO2(aq) + H2O �7.97 �9.85
(28) 2chr + 3CO2 = tlc + 3 ms + 3H2O 11.7 6.98
(29) br + 2H+ = Mg2+ + 2H2O 16.5 13.7
(30) chr + 6H+ = 3Mg2+ + 2SiO2(aq) + 5H2O 32.3 26.4
(31) tlc + 6H+ = 3Mg2+ + 4SiO2(aq) + 4H2O 22.4 18.0
(32) Mg2+ + CO2 + H2O = ms + 2H+ �10.1 �9.28

Note: Abbreviations for minerals are shown in Table 3. H2O designates liquid water, H2 and CO2 are gases, and SiO2(aq) stands for dissolved silica.

Fig. 1. The stability fields of minerals in the Fe–Si–O–H system as functions of fH2 and aSiO2(aq) at 25 �C (a and b) and 75 �C (c and d). In (a and c), goethite is considered
stable ferric iron phase. In (b and d), ferrihydrite is the stable ferric iron phase (forms at fH2 < �10�23 at 25 �C, Eq. (4)). The lines correspond to equilibrium conditions of
reactions (1)–(17) in Table 4. In (b), the dash-dotted line corresponds to equilibrium between Mg–Fe cronstedtite and Fe–Mg serpentine (Eq. (1a)). The vertical dashed lines
correspond to aSiO2(aq) at solution saturation with respect to amorphous SiO2 (Eq. (5)). This saturation limits stabilities of cronstedtite and greenalite and makes Fe-talc a
metastable phase. The vertical dotted lines correspond to aSiO2(aq) values set by Eqs. (7) and (8).
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Fig. 3. The stability fields of minerals as functions of temperature, fH2, aSiO2(aq),
and fCO2. In (a), the curves correspond to Eqs. (1), (2) and (12) at solution saturation
with respect to SiO2(am). In (b), the solid curve corresponds to Eq. (10). The thin
dashed curve shows the field of metastable Fe-talc limited by Eq. (9) within the
stability field of SiO2(am). Other dashed curves correspond to Eqs. (7) and (8). In (c),
the solid curves refer to Eqs. (21) and (22) at SiO2(am) saturation. Dotted curves
refer to Eqs. (25) and (28). At temperature < 100 �C, pressure is 1 bar. At higher
temperatures, pressure corresponds to that of water–gas saturation.
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cronstedtite at lower pH and aSiO2, and at higher fH2. At constant
fH2 and aSiO2, formation of cronstedtite could be driven by in-
creases in pH and/or aFe2+.

The stability of cronstedtite decreases as temperature increases.
At 75 �C, cronstedtite is stable within a very limited set of condi-
tions (Fig. 1c and d). At 0 �C, cronstedtite forms in a wide range
of redox conditions, especially if dissolved SiO2 is saturated with
respect to amorphous SiO2 (Fig. 3a). At T < �25 �C, it could also
form at aSiO2(aq) as low as �10�6, close to aSiO2 values at the
chrysotile–talc equilibrium (Eq. (8)) (Fig. 3b). These results show
that cronstedtite may not form at T > �120 �C at any fH2 and
aSiO2(aq). Dyl (2011) reports that cronstedtite may not form at
T > �50 �C.

Conditions for carbonation of Fe-bearing minerals depend on
redox conditions, temperature, and aSiO2(aq) (Fig. 4). At 25 �C,
cronstedtite could be subjected to carbonation to siderite (Eq.
(19)) at fCO2 > �10�3 bars. As temperature increases, higher fCO2

values are needed and cronstedtite becomes more stable with re-
spect to carbonation (Figs. 3c and 4c). The fCO2 values at the cron-
stedtite–magnetite–siderite equilibrium (Eq. (22); Fig. 3c) set an
upper limit for fCO2 during the formation of cronstedtite-bearing
and FeCO3-less mineralogies seen on Ceres and CM chondrites. Car-
bonation of Mg silicates and brucite may occur at much lower fCO2

which should not affect cronstedtite (Fig. 3c).
In addition to development of phase diagrams, we calculated

chemical equilibria in the 17-element water–chondrite–gas sys-
tem at temperature 0–150 �C and 1 bar total pressure. The calcula-
tions were performed by the Gibbs free energy minimization
method with the GEOCHEQ code and database (Mironenko et al.,
2008) previously used and described in Zolotov et al. (2006) and
Zolotov (2012). For bulk rock compositions, we used the water-free
composition of CM carbonaceous chondrites (Lodders and Fegley,
1998) with 20% of carbon participating in chemical reactions. The
rest of C was assumed chemically inert, reflecting a dominance of
the insoluble organic matter in carbonaceous chondrites. These
calculations allowed us to evaluate molar amounts of formed min-
erals, concentrations and activities of dissolved species in aqueous
solution, and amounts, concentrations and fugacities of gases in
equilibrium with other components of the system. We explored ef-
fects of DfG

0 of cronstedtite, water/rock (W/R) mass ratio, temper-
ature, and fH2 on the amount of cronstedtite formed. Formation of
cronstedtite was observed only if the DfG

0 is less than the value
from Wolery and Jove-Colon (2004) (Fig. 5). We used the DfG

0 data
from the LLNL 1996 database (Table 3) in these calculations, which
complement the results obtained from activity diagrams (Figs. 1–
Fig. 2. The equilibrium conditions of cronstedtite dissolution as functions of pH and
total Fe2+ content in solution at 25 �C. The solid line is for Eq. (6) at solution
saturation with respect to SiO2(am) and at fH2 set by the cronstedtite–magnetite
equilibrium (Eq. (2)) at SiO2(am) saturation (Eq. (5)). The dashed line is for Eq. (6) at
aSiO2(aq) and fH2 set by the cronstedtite–greenalite–magnetite Eqs. (10) and (11),
respectively. These lines show upper and lower ranges of cronstedtite stability.
4). The results show that cronstedtite forms below �70 �C only at
high W/R ratios (Figs. 5–7). Cronstedtite does not coexist with ser-
pentine and/or saponite only at very high W/R ratios (>�106)
(Fig. 6). At lower temperature, cronstedtite forms in a wider range
of W/R ratios (Figs. 6 and 7). At 0 �C, it forms at the W/R ratio as low
as 2.5. Low temperature also favors formation of cronstedtite in a
wide range of fH2 (Fig. 7), consistent with the diagrams shown in
Figs. 1 and 3a. At 0 �C, the majority of cronstedtite forms at fH2 = -
�10�6 to 10�1 and W/R = �107 to �5.
2.1.2. Formation of cronstedtite in carbonaceous chondritic materials
The formation of cronstedtite at high W/R ratios and low-T,

high-aSiO2(aq), and low-fH2 conditions could reflect a specific
stage of aqueous alteration of chondritic materials. Melting of
water ice on carbonaceous asteroids should have prevented the
temperature increase above �0 �C over a period of time. A pro-
longed coexistence of liquid water in the presence of partially
melted ice (cf., Grimm and McSween, 1989; Wilson et al., 1999)



Fig. 4. The stability fields of minerals in the Fe–Si–O–H–C system as functions of fH2 and fCO2 at 25 �C (a–c) and 75 �C (d). The solid lines correspond to Eqs. (18–22). In (a), at
fH2 set by the magnetite–goethite equilibrium (Eq. (17)). In (b), at fH2 set by the cronstedtite–greenalite equilibrium (Eq. (1)) at SiO2(am) saturation. In (c and d), at solution
saturation with respect to SiO2(am).
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suggests formation of cronstedtite at that early stage of alteration.
The high W/R mass ratios needed for precipitation of cronstedtite
could reflect a large amount of liquid water reacted with a small
fraction of a rock, independent of bulk W/R ratio in the system,
which may not be higher than �0.5 in typical asteroidal materials.
Decreasing W/R ratio could be used a proxy for alteration progress
(alteration is completed when the W/R ratio becomes equal to bulk
W/R ratio at �0.2–0.5). An elevated activity of SiO2(aq) at early
stages of alteration could be accounted for by rapid dissolution of
amorphous silicate materials, which are abundant in primitive
chondrites (Brearley and Jones, 1998; Wasson and Rubin, 2010).
Relatively low fH2 values that characterize cronstedtite formation
Fig. 5. The volume of cronstedtite (cm3) formed through alteration of 1 kg of
anhydrous rock with the composition of anhydrous CM chondrite as a function of
Gibbs free energy of formation of cronstedtite at 25 �C and 1 bar total pressure. H2

fugacity is fixed at 10�3. The vertical dashed lines correspond to the formation
energies depicted in Table 3.
(Figs. 3a and 7) may also characterize very early stages of aqueous
alteration when only a small amount of H2 is produced through
oxidation of reducing Fe phases by water (Eqs. (23) and (24)).
Low fH2 values indicate that H2 does not form its own gas phase
and that H2 is only a minor component of a H2O-rich gas phase,
if it exists. The low activity of dissolved H2 (aH2(aq) = �10�9 at
fH2 = �10�6) could reflect a large amount of liquid water reacted
with a small fraction of a reduced rock. In addition to early stages
Fig. 6. The volume of cronstedtite (cm3) formed through alteration of 1 kg of
anhydrous CM chondrite as a function of temperature and W/R ratio. To the right-
hand side off the dashed lines, cronstedtite does not form together with Mg–Fe
serpentine or saponite.



Fig. 7. The volume of cronstedtite formed through alteration of 1 kg of anhydrous CM chondrite as a function of H2 fugacity and W/R ratio at three different temperatures.

Fig. 8. Possible alteration pathways in Ceres’ materials and CM chondrites plotted
on the schematic stability diagram of Fe-bearing minerals. The dotted lines show
the mineral stability fields within the stability field of amorphous SiO2 (see Fig. 1a
and b). A putative Ceres’ path shows changes in fH2 and aSiO2(aq) along with the
cronstedtite–magnetite phase boundary. The CM’s path illustrates that the
observed conversion of cronstedtite to serpentine could be driven by increasing
fH2 and a decrease in activity of dissolved SiO2. fH2 increases because of oxidation of
Fe-metal (in kamacite) and schreibersite by liquid water (Eqs. (23) and (24)).
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of alteration, low-fH2 environments may characterize transient
low-P aqueous solutions at near-boiling conditions which may
characterize shallow subsurface environments on internally
heated and/or impacted asteroids. The inferences about formation
of cronstedtite at low fH2 at early stages of alteration or in low-P
open system environments are consistent with findings of Dyl
(2011) and Rosenberg et al. (2001).

As alteration progresses, production of H2 through oxidation of
kamacite and schreibersite may lead to the formation of H2-rich
gas phase, which affects total pressure, especially in low-perme-
ability and low-porosity materials (e.g., Wilson et al., 1999; Rosen-
berg et al., 2001). Activity of SiO2 in solution may decrease as
alteration progresses, reflecting dissolution of olivine grains and
precipitation of low-solubility Mg-serpentine. A supply of Fe2+

from dissolving primary Fe-bearing phases may decrease as well.
These and other changes (e.g., in pH and temperature) affected sta-
bility of cronstedtite. In particular, an increase in fH2 favors the
cronstedtite to serpentine conversion, which has not fully occurred
in CM chondrites (e.g., Howard et al., 2011) and may have not oc-
curred in Ceres’ surface materials. Although a decrease in aSiO2(aq)
is not required for this conversion, it is a possible alteration trend
in CM chondrites (Fig. 8). A presence of putative cronstedtite–mag-
netite assemblage on Ceres (Milliken and Rivkin, 2009) suggests
changes in fH2 and aSiO2(aq) along the phase boundary of cron-
stedtite and magnetite (Fig. 8). This path implies more oxidizing
conditions during formation of that assemblage on Ceres (lower
pressure and fH2) than on parent bodies of CM chondrites.

2.2. Brucite-bearing assemblages

On Earth, brucite forms through aqueous alteration of Mg-rich
rocks and minerals in a wide range of temperatures in pressures
(Deer et al., 1963; Hostetler et al., 1966; Moody, 1976a; Hemley
et al., 1977). In olivine-rich rocks, such as dunites, it forms through
serpentinization reaction

2Mg2SiO4 ðin olivineÞ þ 3H2OðlÞ
!MgðOHÞ2 þMg3Si2O5ðOHÞ4 ðMg-serpentineÞ ð34Þ

Chrysotile (Mg-serpentine) and brucite readily form through near-
surface serpentinization of olivine-rich peridotites (Barnes et al.,
1978). Brucite typically contains a Fe(OH)2 component, which is
more abundant in low-T serpentinites with a low magnetite content
(Moody, 1976a,b). Another common reaction of brucite formation is
hydrolysis of periclase (MgO) in marbles and thermally metamor-
phosed Mg-rich limestones and schists exposed to aqueous solu-
tions or steam,
MgOþH2O!MgðOHÞ2: ð35Þ

Brucite does not commonly form during aqueous alteration of
chondrites. Zolensky et al. (1993) reported individual grains and
vein fillings of Mg–Fe brucite in association with serpentine and
saponite in heated CI chondrite Y-82162. Some brucite-type layers
with basal spacing of �4.8 Å were seen in fine-grained matrices of
CM chondrites (Mackinnon and Buseck, 1979; Barber, 1981, 1985)
and as a component of tochilinite structure (Mackinnon and Zo-
lensky, 1984). Barber (1985) noticed a Fe-rich composition of bru-
cite-type layers in CM chondrites, consistent with a low-T
alteration. However, individual brucite phases may not be present
in CM chondrites. Formation of brucite layers, especially interlay-
ering of Mg-serpentine with brucite (Mackinnon and Buseck,
1979), may characterize microenvironments (cf., Brearley, 2006b)



Fig. 10. The stability fields of minerals in the Mg–Si–O–H system as functions of pH
and aSiO2(aq) at 25 �C. The solid lines correspond to Eqs. (7), (8), and (29)–(31). The
vertical dashed lines refer to aSiO2 set by Eqs. (5) and (10). In (a), solid lines
correspond to equilibrium conditions at pH = 12, and dotted lines corresponds to
pH = 11 and 10. In (b), the solid lines are for the total Mg2+ concentration of
10�5.51 mole/kg H2O which corresponds to brucite dissolution at pH = 11 (Eq. (29)).
The dotted lines are for the Mg2+concentration of 10�9.95 mole/kg H2O set by Eqs.
(30) or (31) at aSO2(aq) controlled by the chrysotile-talc equilibrium (Eq. (8)) at
pH = 12.
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with an elevated Mg/Si atomic ratio related to alteration of forste-
rite, Mg2SiO4. The paucity of brucite in chondrites is consistent
with the low Mg/Si ratio in carbonaceous chondrites (�1.04, Lod-
ders and Fegley, 1998), reflecting comparable amounts of forsterite
and Mg-rich pyroxene accreted on their parent bodies. In contrast
to terrestrial dunites, serpentinization in chondrites is roughly
characterized by reaction

Mg2SiO4 ðin olivineÞ þMgSiO3 ðin pyroxeneÞ þ 2H2OðlÞ
!Mg3Si2O5ðOH4Þ ðin serpentineÞ; ð36Þ

though a significant amount of Fe incorporates in serpentine from
altering kamacite, schreibersite, troilite, and anhydrous ferrous sil-
icates, and additional SiO2(aq) is supplied from other silicate mate-
rials. This reaction also illustrates terrestrial alteration of pyroxene-
rich (>40% pyroxene) peridotites which leads to brucite-free serpen-
tinites (Hostetler et al., 1966). It follows that formation of abundant
brucite in Ceres’ materials requires olivine-rich rocks (Milliken and
Rivkin, 2009), other putative solids with an elevated Mg/Si ratio, or
specific aqueous conditions.

The stability of brucite in natural low-T aqueous environments
is mainly controlled by reactions that involve Mg2+, OH�, SiO2(aq),
and inorganic C species. The key reaction of brucite formation

Mg2þ þ 2OH� !MgðOHÞ2 ð37Þ

implies that either high aMg2+ or aOH� (high pH) are needed to pre-
cipitate brucite (Fig. 9). At concentrations of Mg2+ evaluated for re-
duced (sulfate-less) solutions in CI carbonaceous chondrites
(�10�5–10�8 mole/kg H2O, Zolotov (2012)), brucite may form at
pH > �10.5. As examples, brucite precipitates through interaction
of hydroxyl-rich (NaOH-type, NH4OH-type) solutions and Mg2+-
bearing fluids or Mg salts (chlorides, sulfates or carbonates). As
temperature increases, brucite becomes stable at lower pH and/or
aMg2+ values (Fig. 9), though stability of brucite decreases at
T > �370 �C (Hemley et al., 1977).

Brucite forms only at very low activities of dissolved SiO2

(<�10�9 at T < 20 �C). The upper aSiO2(aq) limit of brucite stability
is determined by the chrysotile–brucite equilibrium (Eq. (7), Figs. 1,
3b, and 10). Formation of brucite could be driven by a decrease in
aSiO2(aq), if other parameters (pH, aMg2+, fCO2) are suitable. In
chondritic materials, such a decrease could be due to alteration
of olivine following dissolution of amorphous SiO2-rich materials.
However, in silicate-rich CI/CM-type chondritic materials with a
low bulk Mg/Si ratio, aSiO2(aq) should not be below values set by
the brucite–chrysotile equilibrium (Eq. (7)). The coexistence of
brucite and chrysotile in terrestrial serpentinization environments
and the chrysotile–brucite interlayering in CM chondrites implies
local aSiO2(aq) values close to those equilibrium values. Note that
Fig. 9. The stability field of brucite as functions of pH and total Mg2+concentration
in solution. The lines correspond to Eq. (29). The arrows show exemplary pathways
that facilitate formation of brucite.
aSiO2(aq) values set by Eq. (7) are much less than those that corre-
spond to stabilities of cronstedtite, talc, greenalite, and amorphous
silica (Figs. 3b and 10). It follows that brucite cannot form in equi-
librium with these phases.

In addition to high pH and low aSiO2(aq) values, a stable exis-
tence of brucite requires low activities of dissolved carbonate spe-
cies (HCO�3 ;CO2�

3 ) which prevent formation of Mg carbonates.
Fugacity of CO2 should also be low to have a high pH. The bru-
cite–magnesite equilibrium (Eq. (25)) sets an upper limit for fCO2

that allows the stability of brucite (Fig. 3c, Figs. 11 and 12). At
Fig. 11. The stability fields of minerals in the Mg–O–H–C system as functions of pH
and aSiO2(aq) at 25 �C. For solid and dotted lines, concentrations of Mg2+ are
depicted in the caption of Fig. 10b. The lines correspond to Eqs. (25), (29), and (32).



Fig. 12. The stability fields of minerals in the Mg–Si–O–H system as functions of
fCO2 and aSiO2(aq) at 25 �C (a) and 75 �C (b). The solid lines refer to Eqs. (7), (8), and
(25)–(27). The vertical dashed lines correspond to aSO2(aq) at SiO2(am) saturation
and at the cronstedtite–greenalite–magnetite equilibrium (Eq. (10)). The plot shows
that brucite is much vulnerable for carbonation than Mg silicates.
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25 �C, the Eq. (25) corresponds to fCO2 = 10�6.4 bars. This value is
three orders of magnitude lower than fCO2 in the Earth’s atmo-
sphere, which accounts for a rapid carbonation of brucite exposed
at the surface (Hostetler et al., 1966; Mumpton and Thompson,
1966, 1975). On asteroids, the low fCO2 value set by Eq. (25) could
characterize low-pressure conditions of shallow subsurface. A
coexistence of brucite with magnesite may indicate their forma-
tion at fCO2 values close to those set by Eq. (25).
3. Discussion: Origin of Ceres’ surface minerals

The aqueous mineralogy of Ceres’ surface could reflect the com-
position of accreted materials modified by endogenic and exogenic
processes, and impacts. Formation conditions of some minerals
may not (and need not) be related to formation of other minerals.
A plausible formation scenario for surface minerals needs to be
consistent with the instability of aqueous solutions in the vicinity
of Ceres’ surface, with the assumed lack or paucity of olivine,
pyroxenes, feldspars, serpentine, saponite, and sulfates, with an
elevated abundance of Mg-bearing carbonates and brucite, and
with a low albedo and a small spectral contrast of porous clay-like
surface materials (Section 1.1).
3.1. Origin of cronstedtite

An occurrence of cronstedtite in Ceres’ surface materials indi-
cates aqueous alteration of rocky materials similar to those ac-
creted on parent bodies of CM carbonaceous chondrites
(kamacite, forsterite, enstatite, amorphous silicates, Ca–Al oxides,
troilite, organic matter, etc.) together with water-rich ices. Ices
could have melted on parent planetesimals and on Ceres through
thermal processes in their interiors and impacts.
A formation of cronstedtite on planetesimals implies their
accretion within several Myr after the formation of Ca–Al-rich
inclusions (CAI) to have enough 26Al to melt ices. Elevated porosi-
ties of small planetesimals favored low-P and low-fH2 conditions
needed for formation of cronstedtite. Modestly altered CM chon-
drites with elevated cronstedtite/serpentine ratios (Murchison,
Murray, Mighei, and Nogoya; Howard et al., 2011) could be compo-
sitional analogs of such planetesimals. The formation of cronsted-
tite on parent planetesimals agrees with a model of
undifferentiated Ceres accreted from hydrated planetesimals sim-
ilar to CI/CM chondrites (Zolotov, 2009). A detection of serpentine,
tochilinite, unaltered silicates, and kamacite in Ceres’ materials
will be consistent with a formation of cronstedtite on planetesi-
mals. However, the planetesimal model may not explain abundant
carbonates and brucite and the apparent lack of serpentine on
Ceres.

Neither water ice nor aqueous solutions are stable at current
low-P and low-T (<��30 �C) conditions of Ceres’ surface (Fanale
and Salvail, 1989). If they are warmed and wetted, near-surface
materials could be feasible for transient aqueous alteration and
cronstedtite formation at low-P conditions that favor H2 escape.
However, thermal evolution models do not indicate ice melting
in upper parts of the Ceres’ interior (McCord and Sotin, 2005; Cas-
tillo-Rogez and McCord, 2010; Castillo-Rogez, 2011). Near-surface
aqueous processes driven by internal heating may require major
thermal dehydration of the Ceres’ deep interior, inconsistent with
the low density of the body (Table 1). A strong heating by short-
lived radioactivity would have led to formation of water mantle
and a submergence of a primordial rocky shell into water layer
(McCord and Sotin, 2005).

In a case of differentiated Ceres, aqueous processes may not be
possible in a cold rocky shell above putative icy mantle, even if
such a crust survives. A rock–ice interface above icy mantle cannot
be warmed by internal thermal processes to cause local ice melting
and aqueous alteration of the rock. Aqueous minerals (phyllosili-
cates, magnetite, carbonates, etc.) formed at the bottom on an early
water ocean may not be delivered to the surface. A downward
freezing of oceanic water should have accumulated a layer of oce-
anic salts above altered rocky core. Putative convection in water
mantle (frozen ocean) would supply mainly oceanic salts, which
are not observed at the surface. It follows that the presence of cron-
stedtite and other aqueous phases at the surface may not be satis-
factorily explained by thermal processes in the Ceres’ interior.
However, local warming of Ceres by impacts could have led to pre-
cipitation of cronstedtite from cold fluids in the vicinity of the
body’s surface. Impact processes could have been responsible for
the formation of other surface minerals, as discussed below.

3.2. Origin of brucite

Although serpentinization of olivine is a common path to form
brucite, Ceres’ brucite may not be related to alteration of olivine-
rich rock. An early spectroscopic sign of olivine on Ceres (Witte-
born et al., 2000) has not been confirmed. There are no olivine-rich
chondrites with the Mg/Si atomic ratio of �2 (Lodders and Fegley,
1998), consistent with Mg/Si = 1 in the solar photosphere (Lodders,
2003). On Earth and Mars, dunites and other olivine-rich perido-
tites form through igneous processes which should not have oc-
curred in upper parts of the Ceres’ interior. Alteration of Mg-rich
olivine is accompanied by the formation of Mg-serpentine, as seen
in serpentinites and chrysotile–brucite interlaying in chondrites
(Section 2.2). The lack of observational evidence of Mg-serpentine
on Ceres is inconsistent with the formation of brucite through
alteration of olivine.

Brucite does not form together with cronstedtite because much
different activities of SiO2(aq) are needed for precipitation of these
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minerals. It is also unlikely that these minerals precipitated
sequentially from solution with evolving concentration of dis-
solved SiO2 because such an evolution could have led to deposition
of Mg-serpentine. If follows that brucite, if it is present, could have
precipitated from transient SiO2-poor fluids or formed through
hydrolysis of MgO (Eq. (35)).

A formation of transient brucite-forming fluids on large aster-
oids is more likely than on planetesimals. Neither small asteroids
nor chondrites demonstrate a presence of abundant brucite. Bru-
cite-poor CM/CI chondrites reveal isochemical alteration without
fluid migration (Bland et al., 2009). However, gravity of large
bodies favors motions of fluids (Young et al., 2003; Travis and
Schubert, 2005), especially in permeable outer parts of their interi-
ors. Large bodies such as Ceres are better suited for preservation of
heat of short-lived radioactive elements and could be fairly
warmed by long-lived radioactivity (McCord and Sotin, 2005; Cas-
tillo-Rogez and McCord, 2010; Castillo-Rogez, 2011). Massive
bodies are also more vulnerable to high-velocity impacts followed
by transient aqueous processes at late stages of accretion and sub-
sequent events, such as Late Heavy Bombardment (LHB) which af-
fected terrestrial planets, the Moon, and asteroids (Gomes et al.,
2005; Marchi et al., 2013). The presence of the ‘brucite’ spectral
signature on other two large asteroids (Table 1; Takir and Emery,
2012) could be related to in situ aqueous processes as well.

In Ceres’ near-surface environments, brucite could have precip-
itated from cold short-lived Mg-bearing solutions which did not
interact with preexisting silicates. Mg-rich fluids could be pre-
sented by sulfate and/or chloride solutions, which could exist at
subzero temperatures in the Ceres’ interior, consistent with occur-
rences of Mg–Na–Cl–SO4 type fluids on parent bodies CI and CM
chondrites (Fanale et al., 2001; Izawa et al., 2010). However, the
lack of sulfate spectral features in surface materials and stronger
effects of chlorides on the depression of freezing point of water
makes the MgCl2-type fluids more likely than the MgSO4-type.

In addition to sources of Mg2+, abundant hydroxyl is needed
for aqueous deposition of brucite (Eq. (37)). There are at least
two mechanisms to form OH-rich fluids. NaOH-type fluids may
form if Na-bearing silicates (e.g., smectites) do not precipitate,
as it was suggested for parent bodies of saponite-deficient CR
carbonaceous chondrites (Zolotov, 2012). In such a case, an
abundant Na+ ion in solution is compensated by OH� formed
through dissociation of water. The apparent lack of saponite in
Ceres’ surface materials does not contradict to an occurrence of
such fluids. However, NaOH-type solutions freeze at higher tem-
perature than pure water and may not be delivered to the cold
Ceres’ surface. Another way to form OH-rich fluids is hydrolysis
of ammonia, NH3 þH2OðlÞ ! NHþ4 þ OH�. Ceres-forming plane-
tesimals could have contained NH3 even if they formed in the
main asteroid belt (Dodson-Robinson et al., 2009). Accretion of
NH3-bearing compounds on some carbonaceous asteroids is con-
sistent with the detection of NH3 in products of hydrous pyroly-
sis of CR chondrites (Pizzarello et al., 2011). Accretion of NH3

was more likely if carbonaceous asteroids formed beyond the
current orbit of Jupiter (Walsh et al., 2011) and if Ceres initially
formed as a trans-Neptunian object (McKinnon, 2008, 2012).
Metastable NH4OH-type fluids (NH3 solutions in water) could ex-
ist at T > �98 �C in Ceres’ subsurface. However, an occurrence
and mobility of NH3-bearing fluids is limited in carbonate-rich
systems because of precipitation of ammonium carbonates (Kar-
gel, 1992; Marion et al., 2012). Sings of ammoniated salts (e.g.,
NH4Cl, NH4HCO3, (NH4)2CO3) and silicates (cf., King et al.,
1992) in Ceres’ materials will validate processes that involved
NH3.

In the vicinity of Ceres’ surface, brucite may form through inter-
action of OH-rich fluids with preexisting Mg-bearing solutions or
salts (e.g., MgCl2, MgCO3, MgSO4) by reactions
2OH� þMgCO3 !MgðOHÞ2 þ CO2�
3 ð38Þ

2OH� þMgCl2 !MgðOHÞ2 þ 2Cl� ð39Þ

2OH� þMgSO4 !MgðOHÞ2 þ SO2�
4 : ð40Þ

These reactions show that formation of brucite could be followed by
deposition of carbonates, chlorides, or sulfates of Na+ or NHþ4 . A
detection of one of these minerals in association with brucite will
constrain a pathway of brucite formation.

Although transient near-surface fluids could be generated by
impacts, OH-rich and SiO2-poor fluids may not be formed. How-
ever, brucite could form through hydrolysis of MgO and Mg0 by
steam in cooling impact plumes. High pressures increase the sta-
bility of brucite; it can be equilibrium with MgO (Eq. (35)) at
1250 �C and 15 GPa (Johnson and Walker, 1993). Both MgO and
Mg0 form through dissociation of silicates, as seen in high-T evap-
oration experiments and models (e.g., Markova et al., 1986; de
Niem et al., 2008; Berezhnoy, 2010, 2013). Mg(OH)2 is modeled
as the main Mg condensate of lunar H-bearing impact gases
(Berezhnoy, 2010, 2013). These inferences are consistent with re-
sults of laser-induced impact experiments with silicates in
water-rich environments that show the formation of Mg-OH and
Fe-OH bonds, and corresponding phyllosilicates in condensates
(Gerasimov et al., 1994a, 2002). The impact formation of brucite
on Ceres may indicate water-rich conditions in the target and
could be consistent with the differentiated body with outer water
(ice) shell at the time of bombardment.

3.3. Origin of Mg carbonates

The apparent higher abundance of Ceres’ carbonates than in CI/
CM chondrites and a negative carbonate-albedo correlation (Sec-
tion 1.1) suggest in situ origin. Carbonates may signify Ceres’ origin
in the outer Solar System and/or indicate accretion of cometary
materials which may contain up to �30 mol% of C oxides relative
to H2O (A’Hearn et al., 2012) and much organic compounds.
Though, the strong spectral features of carbonates may reflect
coating of mineral grains rather than a high abundance.

Carbonates could have formed though boiling, outgassing, evap-
oration, and freezing of aqueous solutions that briefly appeared at
the surface. Deposition of carbonates could be driven by CO2

degassing from fluids exposed to low-P environments in the vicin-
ity of Ceres’ surface. The corresponding reaction

ðCa;MgÞ2þ þ 2HCO�3 ! ðCa;MgÞCO3 þH2OðlÞ þ CO2ðgÞ ð41Þ

is responsible for deposition of carbonates in terrestrial springs and
soils, and may account for precipitation in a shallow subsurface on
Mars (Niles et al., 2009). The common inhibition of aqueous precip-
itation of Mg carbonates (magnesite, dolomite) at ambient temper-
atures (Lippmann, 1973) may indicate disequilibrium and/or high-T
deposition of these carbonates on Ceres. As an example, deposition
in a dynamic environment could lead to zoned carbonate globules
with Ca-rich cores and Mg-rich exteriors. Such a zoning is seen in
the ALH 84001 martian carbonate (e.g., Harvey and McSween,
1996; Niles et al., 2009) formed at 14–22 �C (Halevy et al., 2011).
A similar deposition on Ceres suggests that Ca carbonates could
be present but not seen. At slightly elevated fCO2, various Mg car-
bonates may also form through alteration of brucite (e.g., Eq. (25))
as it happens at the Earth’s surface (Mumpton and Thompson,
1966, 1975). In addition, Mg carbonates and brucite could have pre-
cipitated together. Alkaline low-T conditions favor the formation of
OH-bearing and hydrated Mg carbonates. Hydromagnesite,
Mg5(CO3)4(OH)2�4H2O, artinite, Mg2(CO3)(OH)2�3H2O, and nesqueh-
onite, Mg(HCO3)(OH)�2H2O, often coexist with brucite and may
contribute to spectral features of Ceres’ surface.
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Formation of surface carbonates could be related to processes in
the interior (e.g., thermal oxidation of organic matter and CO2

degassing, Rivkin et al., 2011) and impacts. However, percolation
of interior fluids rich in inorganic C species is less likely than chlo-
ride-, Mg/Na sulfate-, or NH3-bearing solutions because of an early
precipitation of low-solubility carbonates from fluids subjected to
freezing or evaporation. The lack of detection of soluble salts is
more consistent with a formation of Ceres’ carbonates from organic
species oxidized in impacts. An impact formation of carbonates
could involve CO2(g) interaction with condensates in cooling
plumes (Gerasimov et al., 1994b, 2002), and aqueous precipitation
in impact-generated clouds, fluidized crater outflows, and tempo-
ral ice-covered lakes. Abundant carbonates may reflect exception-
ally C- and H2O-rich projectiles from outer Solar System collided
with Ceres. Addition views about the role of impacts are presented
in the following section.

3.4. Impact formation of surface materials

Surfaces of asteroids, they orbits and families, together with
samples from parent bodies of chondrites, indicate numerous col-
lisions over the Solar System history. Models show that Ceres could
have been impacted �4600 times by main belt asteroids with the
diameter (D) > 1 km, and 47 impact craters with D > 100 km is ex-
pected (de Elía and Di Sisto, 2011). In addition to these evaluations,
multiple collisions with C- and H2O-rich bodies external to the
main asteroid belt are expected during LHB (Marchi et al., 2013;
Brož et al., 2013). Round albedo details on Ceres (Li et al., 2006;
Carry et al., 2008) and B type members of the 10 Hygiea family
(Mothé–Diniz et al., 2001) are consistent with major collisions on
these bodies. The age of the Hygiea family asteroids (2 ± 1 Gyr) is
consistent with post-accretional collisions (Brož et al., 2013). The
low spectral contrast of Ceres (e.g., Carry et al., 2012) and Hygiea
(Mothé–Diniz et al., 2001) could reflect impact homogenization
by impact surges and gravitational fallout of ejected materials,
which may not be efficient on smaller asteroids. The fine-grained
(dusty) and porous surface materials on Ceres (Section 1.1) and Hy-
giea (Lebofsky et al., 1985; Johnston et al., 1989) could be gravita-
tionally-sorted impact deposits.

As noted above, aqueous minerals could form in cooling impact
plumes (Gerasimov et al., 1994a, 1994b, 2002), fluidized crater
outflows, transient ice-covered crater lakes and related low-T
hydrothermal systems (Ivanov and Pierazzo, 2011). An enhanced
partial pressure of H2O in impact gases increases both the temper-
ature stability of hydrated minerals and rates of hydration, as dis-
cussed for putative shock waves in ice-bearing regions of the solar
nebula (Ciesla et al., 2003). An impact origin has been discussed for
martian aqueous minerals (Tornabene et al., 2013) and Ceres’ im-
pact-driven processes could be somewhat similar to those on early
water-rich martian regolith. On Ceres, the current mineralogy
could represent lag deposits after sublimation of ice from near-sur-
face regolith, if near-surface ice was left after the bombardment.

Both high-T dissociation of silicates, water molecules, and Fe0–
H2O interaction led to oxidizing environments in impact plumes
and deposits (e.g., Gerasimov et al., 2002; Ciesla et al., 2003). Es-
cape of reduced gases (H2, CH4 and light hydrocarbons) and trap-
ping of CO2 and O2 in carbonates and oxides contributed to
overall oxidation. Ferrous and ferric phases (e.g., magnetite, cron-
stedtite) formed through oxidation of Fe-metal. Some sulfide S
could be oxidized to S0 and sulfates (Zolotov and Mironenko,
2007). Carbon oxides and abundant carbonates formed through
ample oxidation of organic matter. Possible deficiency of organic
species in Ceres’ surface materials (Rivkin et al., 2011) together
with abundant oxidized species may indicate prevailed oxidation
and exceptionally water-rich targets. However, partially altered
and/or impact-generated soot-like organic compounds (cf., Gerasi-
mov et al., 2002) could be among species that make Ceres’ surface
darker.

Contrast chemical environments and chemical disequilibria in
turbulent impact plumes and surges may lead to the formation
of minerals which typically do not form together (e.g., cronstedtite
and brucite; carbonates and organics). It is possible that phyllosil-
icates (cronstedtite) form in craters and outflows from post-impact
SiO2-bearing fluids, while brucite form predominantly in impact
plumes. A rapid consumption of Mg in brucite and carbonates
may limit formation of Mg-serpentine and saponite.

On Ceres, water-rich targets imply a bombardment of an icy
shell formed through water–rock differentiation (McCord and So-
tin, 2005) before LHB. The nondetection of high-solubility salts is
more consistent with mineral deposition by impact-generated
than percolated interior fluids. On differentiated Ceres, salts could
be accumulated at the bottom of icy mantle (Section 3.1). In such a
case, salt-less aqueous minerals form through transient alteration
of materials of icy targets and rock-bearing impactors. Impact-gen-
erated surface composition may not characterize the interior com-
position of differentiated body. Although the impact origin of
surface minerals is in agreement with differentiated Ceres, min-
eral-forming processes during collisions of an undifferentiated
and hydrated Ceres with water-rich bodies during LHB remain a
possibility.

The apparent similarity of surface mineralogy of three bodies
with different sizes (Table 1) may indicate major effects of exogen-
ic processes. On Hygiea, both low density and highly oblate spher-
oid shape (Ragazzoni et al., 2000) do not signify thermal
dehydration of rocks and do not exclude an ice-bearing interior.
A similarity of near-IR and mid-IR spectra of Hygiea with spectra
of some thermally metamorphosed CI/CM and CO chondrites (Hiroi
et al., 1996; Barucci et al., 2002) may indicate impact-induced
alteration of surface mineralogy. Collisions with an ice-bearing
Bamberga could have contributed to its surface mineralogy as well.
4. Concluding remarks

The unusual spectra of Ceres, 10 Hygiea, and 324 Bamberga in
the ultraviolet to mid-IR spectral regions imply unique processes
that formed surface materials on these bodies. The strong hydra-
tion feature in the 3 lm region implies formation of surface miner-
als in water-rich environments. However, the instability of liquid
water at the surface’s cold and low-pressure conditions suggests
the formation of aqueous minerals in the interior, near the surface
by transient fluids, and/or on parent planetesimals.

Cronstedtite forms at elevated W/R ratios in moderately oxi-
dized low-T aqueous environments which may characterize early
stages of alteration of CM-type chondritic planetesimals and upper
parts of the Ceres’ interior. A formation of Ceres’ cronstedtite on
CM-type planetesimals may not be consistent with undetection
of other secondary minerals of CM chondrites. In the deep interior,
alteration by immobile fluids at low W/R ratios and elevated H2

pressures may not lead to cronstedtite-rich rocks. Hydration of sil-
icates in the upper parts of Ceres may require a major thermal
dehydration of the deep interior, inconsistent with the low density
of the body. However, cronstedtite could form from near-surface
fluids generated by impacts.

Brucite and carbonates are minor minerals in chondrites altered
in interiors of their parent bodies and these minerals may not be
abundant deep in the Ceres’ interior. A formation of abundant bru-
cite below the surface requires a unique olivine-rich composition,
which may not be explained with known mineralogy of primitive
meteorites. The apparent absence of Mg-rich serpentine from sur-
face materials is inconsistent with origin of brucite through ser-
pentinization of olivine. Brucite is not stable with respect to Mg
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carbonates and silicates at elevated fCO2 and aSiO2(aq) which may
characterize conditions in the deep interior. Low-pressure open-
system environments with elevated W/R ratios and mobile fluids
are better suitable for formation of brucite and carbonates. Both
minerals were rather deposited from temporary fluids than formed
though a gradual alteration of silicate rocks in the vicinity of Ceres’
surface. Near-surface conditions allow accumulation of solids pre-
cipitated from transient fluids through their low-pressure boiling,
degassing, evaporation, and/or freezing. Carbonates could form be-
fore, after or together with brucite.

A formation of Ceres’ surface minerals through percolation of
interior fluids is inconsistent with the lack of detection of high-sol-
ubility salts. Both carbonate (HCO�3 ;CO2�

3 ) bearing and OH-rich flu-
ids may not percolate toward the cold surface of undifferentiated
Ceres. Interior fluids may not reach the surface if an icy mantle ex-
ists. Therefore, we argue for origin of surface minerals in impact jets,
fluidized crater outflows, and related low-T hydrothermal systems.
Regardless of icy mantle, the unique surface composition could be
related to post-accretional bombardment of ice-bearing Ceres, pos-
sibly during LHB that affected parent asteroids of many meteorites.
10 Hygiea and 324 Bamberga could have experienced similar pro-
cesses. An idealized impact model suggests evaporation of olivine
and Mg pyroxene to form MgO gases and condensates followed by
rapid MgO consumption in reactions with H2O and CO2 to form bru-
cite and Mg carbonates, respectively. The consumption of MgO may
limit formation of Mg phyllosilicates. Cronstedtite and magnetite
form in oxidizing conditions that correspond to water-rich targets.
Abundant carbonates reveal an efficient oxidation of organic matter.
The observed clay-type and spatially homogeneous surface materi-
als could be gravitationally sorted deposits of impact clouds. The im-
pact hypothesis will gain a support if fluidized crater outflows and
impact surge deposits are observed, though earlier deposits of aque-
ous minerals could have been obliterated and homogenized. A
detection and mapping of salts and other aqueous minerals with
Dawn instruments will constrain aqueous processes on Ceres. Data
on surface mineralogy will complement Dawn gravity, topography,
and compositional information to constrain the internal structure
and geological history of Ceres.
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