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Studies of the dwarf planet Ceres using ground and orbital telescopes have
concluded that its closest meteoritic analogues are the volatile-rich Cl and CM
carbonaceous chondrites'?. Water in clay minerals®, ammoniated phyllosilicates?, or
a mixture of Mg(OH)2 (brucite), Mg-carbonate and iron-rich serpentine®8 have all
been proposed to exist on the surface. In particular, brucite has been suggested from
analysis of the mid-IR Ceres’ spectrum®. However, lack of spectral data across

telluric absorption bands in the 2.5-2.9um region, where OH-stretching vibration



and the H20 bending overtone are found, have precluded definitive identifications.
In addition, water vapor around Ceres has recently been reported’, possibly
originating from localized sources. Here we report 0.4-5 pm spectra of Ceres
acquired from a distance of ~ 82000 km to 4300 km from the surface. Our
measurements indicate widespread ammoniated-phyllosilicates across the surface,
but no detectable water ice. Ammonia, accreted either as organic matter or as ice,
may have reacted with Ceres’ clays during differentiation. This implies that material
from the outer Solar System was incorporated into Ceres, either during its
formation at great heliocentric distance or by incorporation of material transported

into the main belt.

The Visible-Infrared Mapping Spectrometer VIR® on the Dawn spacecraft®
obtained hyperspectral images of Ceres’ surface in the spectral range 0.4-5 um with an
Instantaneous Field Of View (IFOV) of 250 prad (Fig.1). This range includes the 2.6-2.8
pm spectral region precluded from telescopic measurements due to the atmospheric
absorptions. As such, Dawn data provide new constraints on Ceres’ surface composition.

The average spectrum of Ceres’ surface measured by VIR shows a low level of
reflectance combined with prominent thermal emission at longer wavelengths, indicative
of a very dark, warm surface. At the spatial scale of ~11 km/px, daytime surface
temperatures of Ceres span the range 180-240 K at a heliocentric distance of 2.86 AU, with
maximum temperatures measured in the equatorial region, corresponding to the minimum

solar incidence angle. This range of temperatures is generally incompatible with a



widespread occurrence of water ice on the surface, even if very small localized occurrences
of water ice cannot be excluded™® .

The geometric albedo obtained from VIR is 0.088 £0.006 at 0.55 pum, derived from
Hapke modeling of the average surface photometric properties of the body*!. The measured
value of the albedo agrees with HST observations in the F555W filter'2. Given the low
albedo of the surface, single scattering dominates the reflectance. The thermally-corrected
reflectance spectrum of Ceres (Fig.1b) shows that the 2.6-4.2um wavelength region is
characterized by a broad asymmetric feature, characteristic of H.O/OH bearing materials.
Within this broad absorption are several distinct absorptions bands at 2.72, 3.05-3.1, 3.3-
3.5, and 3.95 pm.

Laboratory spectra of CM and CI carbonaceous chondrites measured under
anhydrous conditions® show the same prominent 2.7 um OH absorption band as the
Ceres spectrum, suggesting some mineralogical similarity, consistent with the idea that
these materials are relevant meteoritic analogs for Ceres!?. However, these chondrites are
not a good match with Ceres at other wavelengths (Fig. 2). Even if the spectrum of Ceres
is broadly similar to CM chondrites, distinct spectral features indicate variations in
mineral proportions that may reflect differences in alteration pathways and/or formation
conditions. For instance, the ~4.0um absorption is stronger in the Ceres spectrum than in
most CM/CI spectra, while the ~3.4um feature is usually stronger in CM/CIs. Moreover,
CM and CI chondrites lack Ceres’ distinctive signature at 3.05-3.1 um.

The 3.05-3.1 um band dominates Ceres’ ground-based spectra, and was also
observed on two other asteroids!*. This signature has been attributed to a variety of

different phases including water ice, hydrated or NHs-bearing clays and brucite®®



(Extended Data Fig. 1). Brucite, in particular, clearly shows this narrow characteristic
absorption'®. Ammoniated mineral species, including NHs-bearing annite and NHa-
montmorillonite, have an absorption feature near 3.06 pm, which could account for this
band.

VIR observations show a strong and narrow absorption centered at 2.72-2.73 pm.
This characteristic feature is distinctive for OH-bearing minerals (Extended Data Fig. 1).
H>0O-bearing phases, however, show a much broader absorption band that is a poor match
for the Ceres’ spectrum. Water ice does not fit the observed spectrum, consistent with its
instability at the maximum surface temperature. OH-stretching vibrations occur in the 2.7-
2.85um range for phyllosilicates®®, with band centers at different wavelengths for different
species.

Ceres is rich in absorption bands in the 3-4 um region, but the spectral range 1.0-
2.5 um lacks distinctive features. Conversely, some terrestrial H.O- and OH-bearing phases
show numerous diagnostic bands over this spectral range. For example, brucite has a
prominent 2.46 um band that is absent in the Ceres’ spectra (Extended Data, Fig.1). Also,
the vibrations due to the OH overtone at about 1.4 um and the bands due to H-O-H
combination stretching and bending vibrations in the 1.9 um region are absent in the
Ceres’s spectrum. The combination of phyllosilicates with other species, however, can
mask the presence of such bands.

In order to model Ceres’ surface spectrum, we solved the radiative transfer equation
in a particulate medium, using the Hapke model'’. We investigated several different
combinations of mineralogical phases (Methods and Extended Data figures, table 1 and 2).

We started with a simple combination of water ice with a dark component (amorphous



carbon or magnetite), but the presence of ice gives rise to clear absorption bands at 1.5 and
2um that are not present in our data (Extended Data, Fig. 2). Also, the 3um ice band center
does not fit the Ceres data. Magnetite (or carbon) in the fits represents a highly absorbing
species whose specific character is not defined in this analysis. However, the mixture with
magnetite fits the spectral slope between 1 and 2.6 um better. For this reason we choose to
use magnetite in the other mixtures.

While the mixture of brucite, Mg-carbonate, a dark component, and Fe-serpentine
(cronstedtite)® is able to match the Ceres spectrum in the 2.9-4.2 um range, it fails in fitting
the intense 2.7 um band (Fig 3). Also, mixtures of water ice with CM or CI carbonaceous
chondrite do not fit the Ceres spectrum (Extended Data, Fig.3 and table 2). The fit is also
poor in the case of adding brucite and water to carbonaceous chondrites (Extended Data,
Fig.3 and table 2). The prominent 2.7um band can be fit by a mixture of phyllosilicates
such as Mg-serpentine (antigorite) or tochilinite (structurally interlayered brucite and iron
sulfide), with Fe-serpentine (cronstedtite), carbonate (dolomite) and magnetite (Extended
Data, Fig. 4a,b). The fit with antigorite is slightly better in reproducing the depth and center
of the 2.7 um band, thus for the following fits we use antigorite to reproduce the 2.7 feature.
However, the fit does not fully reproduce the absorption at 3.05-3.1um. By analogy with
CM chondrites, however, tochilinite is more likely than antigorite to be in equilibrium with
cronstedtite and thus may be a more plausible phase!®. Addition of brucite to the mixture
of phyllosilicates, carbonates and magnetite described above slightly improves the fits at
3.05-3.1 um, but the fits are not satisfactory at shorter wavelengths (Extended Data, Fig.

4c,d and Table 2).



Other species that have clear absorptions at 3.05-3.1um are ammonia-bearing minerals,
which also show absorptions at 3.3 um?9. The best fit of Ceres’ spectrum over the
infrared range is consistently obtained by adding ammoniated phyllosilicates to a dark
material (magnetite), antigorite, and carbonate (Fig.4). Mixtures with different
ammoniated clays (Fig. 4) can match the Ceres spectrum, but the specific clay mineral
cannot be determined. Carbonates are always needed in the fit but the specific carbonate
mineral is not fully constrained because dolomite, magnesite, and calcite produce

equivalent matches to the observed Ceres’ spectrum (Extended Data, Fig.5 and Table 2).

Ammoniated clays on Ceres have been suggested previously?, possibly formed by
reaction with ammonia ice. Recent observation of significant amounts of ammonia
contained in organic compounds in some Cl, CM, and CR chondrites?’ suggests another
mechanism for the formation of ammoniated clays on Ceres. The consistent °N-
enrichment of carbonaceous chondrite organic matter may indicate that enrichment
occurred in the solar nebula prior to star formation?, although it was likely processed
into more complex molecules in the protoplanetary disk and parent bodies as well.
Modest heating to 300-400° C of NHas-bearing organic matter in carbonaceous chondrites
releases ammonia?®, and a similar process on Ceres could have plausibly produced
ammoniated phyllosilicates. The ability of smectite, especially montmorillonite, to
incorporate ammonia by cation exchange is well documented??.

Ceres' surface enrichment in ammoniated phyllosilicates and relatively low bulk density
pose significant challenges to understanding its origin and formation. One view holds

that Ceres and most C-type asteroids could have formed close to their current locations,



inferred to be near the water snow line?2. However, CI/CM meteorites have bulk water
contents of 15-20% at most, while Ceres is inferred to be ~30% water by mass, based on
its bulk density. This may indicate that Ceres retained more volatiles than objects
represented in the meteorite collection, or that it accreted from more volatile-rich

material.

We have shown here that the altered CM and CI carbonaceous chondrites (CC) do
not offer a good spectral match for Ceres, nor do all CCs show evidence of exposure to
significant amount of ammonia. Therefore, it seems unlikely that a substantial population
of ammonia-rich planetesimals could have formed locally at Ceres' current location in the
main belt, even if the water snow line episdically migrated about 1 AU during the
evolution of the proto-planetary disk??2*, However, it is possible that Ceres grew close to
its present position by accreting pebble-sized objects, some of which could have drifted
inward from larger heliocentric distances® where ammonia was stable. If the source of
NH3 for ammoniated phyllosilicate was ammonia-bearing organic matter, Ceres could
have accreted organics originally formed by irradiation of N2 ices condensed near the
orbit of Neptune.

Alternatively, Ceres may itself have formed further out in the solar system,
presumably in the trans-Neptunian disk, before being subsequently implanted in the main
belt?®. This view is corroborated by the presence of ammonia ice on other large trans-
Neptunian objects, such as Orcus and Charon?”?¢, The implantation of Ceres in the main

belt could have taken place during a migratory phase of the giant planets, either during



their growth in the proto-planetary disk?®, or at a later time as a result of an orbital

instability®.
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Fig. 1 Average Ceres’ spectrum. a) Average spectrum of Ceres from 0.4 to Spum. No
smoothing has been applied to the spectrum and some instrument artifacts are still present,
especially in the thermal range (4.2-4.6um). The error bars are calculated taking into
account a mean absolute deviation of the calibration uncertainties along the 256 samples.
Errors bars are not shown for clarity, but are of the same order of those in b. b) Expanded

thermal-removed average Ceres spectrum in the 2-4.2 um range.
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Methods

Spectral modeling

The Ceres’ surface spectrum reported in the main text is derived as a median of ca. 2500
spectra acquired during the first phase of the mission, under standard viewing geometry
(incidence angle 30°, emission angle 0°). The resulting spectrum has been corrected for
thermal emission by removing a Planck function produced by the best fit with the measured
spectra. We model the Ceres’ average spectrum as formed by an intimate mixture of
different end-members, starting from their optical constants. We take advantage of Hapke
theory!” which characterizes light scattering in particulate media. The optical constants,
when not available from literature, are derived from reflectance spectra as in3.. The
endmembers treated in this work are listed in Extended Data Table 1. The best fit between
Ceres’ spectrum and the models are obtained by means of a least squares optimization
algorithm as in 32, where the free parameters are the abundances and grain sizes of each

endmember (abundances, grain sizes and 2 reported in Extended Data Table 2).

Laboratory Spectra of minerals

The carbonaceous chondrite laboratory reflectance spectra used as endmembers presented
were measured at the Reflectance Experiment LABoratory (RELAB) at Brown University

and obtained through the RELAB online database. Ivuna and Murchison samples were heated



in a vacuum cell at different temperatures for one week®*34. The sample lost a large part of its
3 um water band by heating at 300°. MAC87300 is a candidate for thermally -
metamorphosed CI/CM/CR meteorites, and was classified as an anomalous C2%,

The magnesite (MgCOs3) mineral standard is from Brumado Bahia, Brazil. It was measured
using a bi-directional VNIR spectrometer, from 0.3 to 2.5um under ambient conditions and a
Nicolet FTIR spectrometer, in a biconical configuration from 1 to 50 um in an environment
purged of H,O and CO; for 10-12 h, at Brown University's RELAB®*. Spectra of dolomite,
calcite, and siderite were measured at both the University of Winnipeg PSF with an ASD Field
Spec Pro HR spectrometer, between 0.35 and 2.5um and at Brown University with the RELAB

facility, between 2.0 and 25um®’.

Reflectance spectra of NH4-montorillonite were measured using a Nicolet 740 Fourier
transform infrared (FTIR) spectrometer in a H>O- and CO»-purged environment. For
further details see 38. Spectra of NHs-annite, cronstedtite and brucite were obtained through
the RELAB online database.

Spectral fits including water ice and amorphous carbon were modelled using optical constants
as derived 39,40,41,42,43.

Spectra of magnetite was measured at both the University of Winnipeg PSF with an ASD Field
Spec Pro HR spectrometer, between 0.35 and 2.5um and at Brown University with the RELAB
facility, between 2.0 and 25 pm*,

Laboratory spectra of antigorite have been measured after the samples were heated in a

vacuum cell at different temperatures at the RELAB facility®.

Code availability: We have opted not to make the code available because it is based on a

well-known light scattering theory as described in the methods section.
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EXTENDED DATA

Extended Data Table 1. Title: End-members used in the mixtures.

Mineral / Rock

Sample name

Pl

amorphous carbon

/

Optical constant from [39]

Murchison

MB-TXH-064-HB

Takahiro Hiroi, Brown University
Dept. of Geological Sciences

Ivuna (heated 500 "C) MP-TXH-018 Takahiro Hiroi, Brown University,
Dept. of Geological Sciences
MACB87300 MP-TXH-045 Takahiro Hiroi, Brown University,
Dept. of Geological Sciences
magnetite MG-EAC-002 Edward A. Cloutis, University of Winnipeg,
Department of Geography
brucite JB-JLB-944 Janice L. Bishop,
SETI Institute
tochilinite TO-TXH-001 Edward A. Cloutis,
University of Winnipeg, Department of Geography
cronstedtite CR-EAC-021 Edward A. Cloutis,
University of Winnipeg, Department of Geography
antigorite (heated 500 'C) AT-TXH-007 Takahiro Hiroi, Brown University,
Dept. of Geological Sciences
NH4-montmorillonite JB-JLB-189 Janice L. Bishop,
SETI Institute
NH4-annite AA-A15-002 Alexander Smirnov,
State University of New York, Dept. of
Geosciences
dolomite CB-EAC-003 Edward A. Cloutis,
University of Winnipeg, Department of Geography
calcite CA-EAC-010 Edward A. Cloutis,
University of Winnipeg, Department of Geography
magnesite JB-JLB-946 Janice L. Bishop,
SETI Institute
siderite CB-EAC-008 Edward A. Cloutis, University of Winnipeg,
Department of Geography
water ice / Optical constant from [40,41,42,43]




Extended Data Table 2. Title: Details of results obtained using different end-

members
Endmembers Abundance | Grain size X2 figure
(%) (pm})
brucite 13 30 0.84 (a)
cronstedtite 5 40 (2.85-41 Fig. 3-a-b
Mg-carbonates 1 10 pm) main text
dark component 83 * 2.57 (b)
(1.0-4.1 ym)
NH4 montmorillonite 6 *
antigorite 5 90 0.70 Fig. 4-a
Mg-carbonates 5 10 main text
dark component 84 80
NH4 annite 6 =
antigorite 9 180 0.79 Fig. 4-b
Mg-carbonates 25 2 main text
dark component 60 80
water ice 3 50 6.38 Fig. 2-a
amorphous carbon 97 * extended data
water ice 4 60 6.73 Fig. 2-b
magnetite 96 100 extended data
water ice 6 90 7.32 Fig. 3-a
lvuna CC (500 C) 94 * extended data
water ice 4 180 7.70 Fig. 3-b
MAC CC 96 * extended data
water ice 10 300 20 Fig. 3-c
Murchison CC 90 * extended data
water ice 4 60 Fig. 3-d
Ivuna CC (500 C) 77 * 3.30 extended data
brucite 19 10
tochilinite 9 30
cronstedtite 5 70 1.18 Fig. 4-a
dolomite 1 70 extended data
magnetite 85 180
antigorite 10 50
cronstedtite 7 30 1.28 Fig. 4-b
dolomite 1 20 extended data
magnetite 82 100
tochilinite 6 90
brucite 5 50 2.14 Fig. 3-c
dolomite 2 100 extended data
magnetite 87 80
antigorite 6 100
brucite 5 100 274 Fig. 4-d
dolomite 2 100 extended data
magnetite 87 80
NH4 annite 7 *
antigorite 10 160 0.80 Fig. 5-a
magnetite 78 100 extended data
siderite 5 10
NH4 annite 7 =
antigorite 10 180 0.82 Fig. 5-b
magnetite 78 85 extended data
calcite 5 15
NH4 annite 7 =
antigorite 11 180 0.79 Fig. 5-¢
magnetite 68 80 extended data
magnesite 13 10
NH4 annite 6 *
antigorite 9 180 0.79 Fig. 5-d
magnetite 60 80 extended data
dolomite 25 2

Extended Data Table 2. Legend: *Grain size cannot be determined univocally. In the
case of very dark materials albedo is weekly linked to the grain size. ** The lack of grain




size information on the measured reflectance spectra used as input prevents to adjust the
albedo as a function of the grain size. All the spectra are from the Relab data base and

described in the method section.
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Extended data Fig. 1. Title: End-members spectra used for spectral fit modelling.

Extended data Fig. 1. Legend a) Spectra of minerals showing a prominent absorption at
2.7 um. b) Spectra of minerals showing prominent 3.06-3.1 um band; c) Spectra of
carbonates; d) Spectra of dark components and carbonaceous chondrites used in the

modelling. All panels show the Ceres spectrum for comparison.
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Extended data Fig. 2. Title: Spectral fit of the near-infrared reflectance spectrum of

Ceres.

Extended data Fig. 2. Legend: Results of the spectral fitting model (red curves) using

a) water ice and amorphous carbon, or b) water ice and magnetite. Ceres’ spectrum is in
black. The error bars are calculated taking into account a mean absolute deviation of the

calibration uncertainties along the 256 samples.
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Extended Data Fig. 3. Title: Spectral fit of the near-infrared reflectance spectrum of
Ceres.

Extended Data Fig. 3. Legend: Results of the spectral fitting model (red curves) using
a) water ice and Ivuna CI chondrite (heated at 500 °C); b) water ice and MAC 87300 CM
chondrite; c) water ice and Murchison CM chondrite (heated at 500 °C); d) water ice,
Ivuna CI chondrite (heated at 500 °C), and brucite. Ceres’ spectrum is in black. The error
bars are calculated taking into account a mean absolute deviation of the calibration

uncertainties along the 256 samples.
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Extended Data Fig. 4. Title: Spectral fit of the near-infrared reflectance spectrum of

Ceres.

Extended Data Fig. 4. Legend: Results of the spectral fitting model (red curves) using

a) tochilinite, cronstedtite, dolomite and magnetite; b) antigorite, cronstedtite, dolomite,

magnetite; ¢) tochilinite, brucite, dolomite and magnetite; d) antigorite, brucite, dolomite

and magnetite. Ceres’s spectrum is in black. The error bars are calculated taking into

account a mean absolute deviation of the calibration uncertainties along the 256 samples.
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Extended Data Fig. 5. Title: Spectral fit of the near-infrared reflectance spectrum of

Ceres.

Extended Data Fig. 5. Legend: Results of the spectral fitting model (red curves) using

a) NHs-annite, antigorite, magnetite and siderite; b) NHs-annite, antigorite, magnetite and

calcite; ¢) NHz-annite, antigorite, magnetite and magnesite; d) NHs-annite, antigorite,

magnetite and dolomite. The black curve is Ceres’ spectrum. The error bars are calculated

taking into account a mean absolute deviation of the calibration uncertainties along the

256 samples.



