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Abstract
We present observational evidence that carbonates and iron-rich clays are present on the surface of Ceres. These components are also present in CI chondrites and
provide a means of explaining the unusual spectrum of this object as well as providing potential insight into its evolution.
© 2006 Elsevier Inc. All rights reserved.
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Ceres is the largest object in the main asteroid belt. Its spectrum in the
visible and near-IR is typical of C-class asteroids and consistent with carbonaceous chondrites. It has an absorption band near 3 µm diagnostic of hydrated
minerals, as detailed below. Ceres has been the subject of increased attention
of late, with our knowledge of this body increasing rapidly since its identification as a target of NASA’s Dawn spacecraft mission, and with its reclassification as a dwarf planet in 2006 by the International Astronomical Union
(IAU). Thermodynamic modeling of Ceres’ evolution (McCord and Sotin,
2005) and subsequent shape measurements using HST (Thomas et al., 2005;
Erard et al., 2005) support the hypothesis that Ceres is differentiated and may
have a subsurface ocean, reviewed by McCord et al. (2006). Consensus as to the
exact surface composition of Ceres remains elusive, however. Work in the 1970s
and 1980s concluded that Ceres was similar to carbonaceous chondritic meteorites largely based on overall characteristics such as albedo and spectral slope
(Johnson and Fanale, 1973; McCord and Gaffey, 1974; Lebofsky et al., 1981;
Larson et al., 1983; and others). McCord and Sotin (2005) provide an in-depth
review of early spectroscopic work in the visible and near-infrared regions.
An absorption near 3 µm, diagnostic of hydrated or hydroxylated species on
airless bodies, has been known on Ceres for nearly 30 years (Lebofsky, 1978;
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Jones et al., 1990; Rivkin et al., 2003), but there has been no agreement about
the specific composition of the species responsible for the band on Ceres. Ceres’
3-µm band shape is unlike that of most C-class asteroids and is not known to
occur in meteorites (Sato et al., 1997). This can be seen in Fig. 1, which shows a
reflectance spectrum of the CM meteorite Murchison from the ASTER spectral
library (http://speclib.jpl.nasa.gov) as well as new spectra of Ceres described
below. The spectrum of Murchison is typical of most hydrated carbonaceous
chondrites and most C-class asteroids with a 3-µm band (including 2 Pallas,
for instance). Due to an additional absorption centered near 3.05 µm (first addressed by Lebofsky et al., 1981) and other apparent absorptions beyond that
wavelength, Ceres does not exhibit the roughly linear rise beyond 2.9 µm seen
in Murchison.
The first observations of the 3.05 µm band were interpreted as indicative
of water ice frost (Lebofsky et al., 1981), which is only marginally stable on
Ceres. Later work suggested ammoniated clays as a better fit (King et al., 1992),
though such minerals have never been seen in meteorites. More recent observations have been interpreted as matching irradiated organic materials in the
presence of ice (Vernazza et al., 2005). Most hydrated C-class asteroids are consistent with CM meteorites but, because some other asteroids have been found
with Ceres-like band shapes (Rivkin et al., 2003), understanding the source of
the 3-µm band has implications beyond Ceres.
To further study this problem, we obtained 2.2–4.0 µm spectroscopic observations of Ceres using the long-wavelength dispersed (LXD) mode of the
SpeX instrument at the NASA Infrared Telescope Facility (IRTF) on Mauna
Kea in Hawaii on May 17 and 18, 2005. The spectra are averages of more
than 120 min of total integration time on May 17th and 80 min of integration time on May 18th. These data span a complete rotation of Ceres (9.075 h).
Roughly an hour of integration time was obtained for each of two standard stars
on each night. The data were reduced using Spextool software provided by the
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(a)

(b)
Fig. 1. 2.2–4.1 µm spectra of Ceres from 17 May and 18 May 2005, normalized to 1 at 2.2 µm. The 18 May spectrum (black) is offset from the 17 May spectrum
for clarity. Also shown as solid lines are model spectra generated using a Hapke theory-based mixing model. These models use a carbonaceous chondrite, a neutral
material, carbonates, and either an ammonium-bearing or iron-rich phyllosilicate as end-members. The top panel (a) shows the best-fit models using all of the
components, indicating 6% carbonates. The bottom panel (b) removes the carbonates from the best-fit models, showing the requirement for carbonates in an
acceptable fit. The bottom panel also shows the CM meteorite Murchison, showing the very different band shapes between it and Ceres. The end-member spectra
were obtained from the RELAB and ASTER databases and contributed by Trude King. Data between 2.52 and 2.85 µm were omitted due to excessive spectral
contamination from water in the Earth’s atmosphere.
IRTF (Cushing et al., 2003). Following normal Spextool reduction procedures,
the data were fit with an atmospheric model to remove residual telluric effects
(similar to that done for shorter-wavelength data by Sunshine et al., 2004) and
corrected for the influence of thermal flux (Rivkin et al., 2003).

Fig. 1 shows the reflectance spectra of Ceres at 2.2–4.0 µm from 17 and 18
May 2005. The gap in data from ∼2.55–2.85 µm is due to saturated water bands
from the Earth’s atmosphere. The Ceres spectra are offset from one another for
clarity.
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The broad 3-µm band in the Ceres spectra has several sub-bands, centered
near 3.05, 3.3–3.4, and 3.8–3.9 µm. The 3.05-µm band has been attributed to
a water ice frost, ammoniated phyllosilicates, and irradiated organic material,
as mentioned above. Hydrated Fe-rich phyllosilicates can have band minima or
shoulders near 3.05 µm, due to water chemically bound to iron or as the first
overtone of the bending mode of water (Frost and Kloprogge, 2000; Frost et
al., 2002). Hydrated Fe-rich phyllosilicates, such as cronstedtite, are known to
occur in carbonaceous chondrites, and have spectra that are better matches to
these meteorites in the visible and infrared (0.3–5 µm) than hydrated Mg-rich
phyllosilicates (Calvin and King, 1997), although they have not been suggested
as possible causes for the 3.05-µm band by previous workers. A band at 3.30 µm
could possibly be due to aromatic hydrocarbons (Moroz et al., 1998) but can
also be found in ammoniated phyllosilicates (Bishop et al., 2002), which could
support the interpretation of King et al. (1992).
Anhydrous carbonates have absorption bands in the 3.3–3.4 and 3.8–3.9 µm
regions (Calvin et al., 1994; Bishop et al., 1998), matching the bands seen in
the Ceres spectrum. Though much weaker, absorption bands are also present
in carbonate spectra near 2.3 µm. Those wavelengths are in an overlap region
between orders in the LXD data for Ceres, which makes interpretation of that
spectral region problematic in the telescopic data. There is some structure at
those wavelengths that is consistent with carbonates, but it is not conclusive in
these data since the joining of the two orders is not necessarily perfect.
We used a Hapke bi-directional scattering model to mix end-member mineral spectra to simulate our whole-disk observations of Ceres. Using software
developed for analysis of NEAR Shoemaker spectra of asteroid 433 Eros (Clark
et al., 2002, 2004), we simulated intimate mixtures of a set of 6 end-member
spectra. Our end-members were: the carbonaceous chondrite MAC 87300,
an ammonium-bearing montmorillonite or an iron-rich phyllosilicate (cronstedtite), three different carbonates [siderite (FeCO3 ), calcite (CaCO3 ), and
dolomite (CaMgCO3 )], and a neutral phase spectrum with an albedo of 10%.
Spectrally dark and neutral phases have been necessary in all spectral modeling
of airless rocky planetary surfaces to represent low-albedo and/or noncrystalline
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components. End-member spectra were obtained from the RELAB and ASTER
spectral libraries, except for the ammonium-bearing montmorillonite spectrum
(T. King, personal communication). All end-members were measured at fine
(<45 µm) grain sizes. Before searching for a best fit over a grid of end-member
mixtures, our spectra and our models were normalized to 1 at 2.2 µm. This
means that albedo information (often used as a constraint in scattering models)
is not used. Our mixture model simulations are not meant to indicate unique
determinations of composition. However, if the assumption is made that the
end-member choices are accurate, such models can be used as indicators of
relative proportions of detected components.
Best fit mixture model spectra (Fig. 1) are dominated by the neutral material (50–80%) and are consistent with a 4–6% contribution from carbonates
regardless of whether an iron-rich or ammonium-bearing clay is used. These
results are comparable to proportions found in CI meteorites (average of ∼5%;
Endress et al., 1996), and are higher than those found in the CM meteorites
(∼2%; Benedix et al., 2003). The models preferred dolomite and siderite to
calcite, but we are not willing to conclude that calcite is excluded based only
on these models. Although albedo is not constrained during fitting, the model
spectra have albedos consistent with measurements of Ceres (0.08 for the NH4montmorillonite model, 0.12 for the Fe-clay model, and 0.09 measured for
Ceres). The LXD data were consistent with both iron-rich and ammoniumbearing clays, though the two models result in slightly different band centers.
In both models, however, the 3.05 µm band is wider than is observed on Ceres.
Since our models do not currently account for the effects of temperature differences between laboratory and space conditions on spectra, it is possible that
temperature is part of the cause of the discrepancy (Singer and Roush, 1985).
A grain size difference between the end-member samples and Ceres’ surface
is another possible cause of the difference. Further exploring these possibilities
are beyond the scope of this work.
An emissivity spectrum of Ceres obtained from the Kuiper Airborne Observatory (KAO) (digitized from Cohen et al., 1998) shows emission features near
7, 9.5, and 11.5 µm (Fig. 2). We performed spectrum library searches and visual

Fig. 2. 5–13 µm emissivity spectrum of Ceres obtained using the Kuiper Airborne Observatory (KAO), published by Cohen et al. (1998). Previous attempts to
match the mid-infrared spectrum of Ceres to carbonaceous chondrites, ammonium-bearing, or magnesium-rich phyllosilicates by earlier authors were unsuccessful.
Here, dolomite and siderite (gray and green, respectively) are compared to Ceres (black points), as well as the iron-rich clay cronstedtite (blue). Because current
scattering models are unlikely to be valid at these wavelengths for the particle sizes expected on Ceres, we can only present a qualitative comparison. Nevertheless,
the emissivity features between 5–7 and 11.2 µm appear consistent with carbonates, and the emissivity peak near 9.5–10 µm is consistent with cronstedtite. Because
we find ammonium-bearing clays to be inconsistent with this wavelength region, we prefer an interpretation of iron-bearing clays as the cause of the 3-µm band.
The end-member spectra were obtained from the RELAB and ASTER databases and converted to emissivity using Kirchhoff’s Law.
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comparisons to aid in interpretation of the spectral features in the KAO spectrum. Included in Fig. 2 are cronstedtite and dolomite (reflectance spectra converted to emissivity using Kirchhoff’s Law). These two minerals, not previously
considered by Cohen et al. (1998), do an excellent job of matching the peaks
seen in Ceres’ mid-IR spectrum: the 9.5 µm peak is well matched by the cronstedtite spectrum and the remaining peaks are well matched by the carbonates.
Carbonaceous chondrites have absorption bands near 6.8 µm that have been attributed to carbonates (Miyamoto, 1987), and Calvin and King found that ironrich clays were a good match to CM chondrite spectra in the mid-IR (though
interestingly, magnesium-rich clays matched their CI spectrum better in this
wavelength range). We find, as did Cohen et al., that ammoniated saponite spectra are also not consistent with Ceres’ spectrum in the mid-IR. Lizardite (a Mgrich phyllosilicate not shown) also fails to match the 9.5 µm peak. We note
that additional spectra of Ceres in this wavelength region (Dotto et al., 2000;
Lim et al., 2005) are not as suggestive as our data of the presence of cronstedtite. However, magnesium-rich and ammonium-bearing clays are also not
suggested by those spectra. While the spectrum of Ceres in the 3-µm region
alone does not lead us to prefer either of Fe-rich or ammonium-rich hydrated
phyllosilicates over the other, the mid-IR KAO spectrum clearly suggests the
former as a better match. Therefore, considering the spectrum of Ceres as a
whole, we prefer Fe-rich phyllosilicates over other candidate materials for the
3.05 µm band.
Ceres represents only the third Solar System object suggested to have carbonates, along with Earth and Mars. Carbonates have been seen in protostellar
dust shells and have been interpreted as having formed through gas phase interactions with grains or by condensing directly from the solar nebula rather
than through aqueous alteration (Kemper et al., 2002). In meteorites, they are
thought to be the products of aqueous alteration. McCord and Sotin (2005)
considered the chemical evolution of Ceres undergoing aqueous alteration and
concluded that CO2 could have been formed and released. Carbonates would
easily form in such a scenario.
Tomeoka and Buseck (1985) outlined a multi-step aqueous alteration sequence for carbonaceous chondrites. Cronstedtite is the dominant alteration
product partway through the sequence, which continues on to make more
magnesium-rich phyllosilicates as the iron enters magnetite. Further laboratory
studies also found cronstedtite to be more indicative of earlier rather than later
stages of alteration (Browning et al., 1996). If Ceres is dominated by iron-rich
rather than magnesium-rich clays, and if there really is, or was, a subsurface
ocean, the implication is that the surface of Ceres did not experience aqueous
alteration to completion, despite the apparent availability of large amounts of
water, and that its surface had limited exchange with the interior. This is consistent with the modeling of McCord and Sotin (2005) which predicts ice in the
outer 10 km of Ceres would remain frozen, although they note that the frozen
crust would be gravitationally unstable and likely overturn, melt, and refreeze.
A more detailed consideration of aqueous alteration in the outermost portion of
Ceres’ crust is beyond the scope of this work.
Rosenberg et al. (2001) modeled aqueous alteration in CM chondrites and
found that cronstedtite forms when precursor material was oxidized rather than
reduced. As briefly addressed above, there are two different 3 µm band shapes
found on asteroids, one group with band shapes like Ceres, the other similar
to 2 Pallas and the CM meteorites (Rivkin et al., 2003). If the two different
band shapes at 3 µm are caused by differing abundances of hydrated iron-rich
pyllosilicates, then it is possible that this band shape could be used as a proxy
for the oxidation state of the asteroid belt and, by inference, the solar nebula.
Conclusions
New observations of Ceres in the 2–4 µm spectral region were obtained
in May 2005 using SpeX on the IRTF. Analysis of thermally-corrected spectra
indicates the presence of carbonates at an abundance of 4–6% on Ceres’ surface,
similar to what is seen in CI meteorites. These carbonates are responsible for
bands in the 3.3 and 3.8–3.9 µm region. Iron-rich phyllosilicates or ammoniumbearing phyllosilicates can both account for an absorption band at 3.05 µm,
but consideration of mid-IR data from Cohen et al. (1998) leads us to favor
iron-rich phyllosilicates. Such minerals, including cronstedtite, are commonly
found in carbonaceous chondrites and suggest relatively oxidized precursors
and aqueous alteration that did not go to completion.
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