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INTRODUCTION: Dwarf planet Ceres’ low
average-density (2162 ± 3 kgm−3) indicates that
it must contain considerable water. Water is
likely a key component in the chemical evolution
and internal activity of Ceres, possibly resulting
in a layer of ice-rich material and
perhaps liquid in themantle.Mineral
hydroxides (OH-bearing) andhydrates
(H2O-bearing), such as clays, carbo-
nates, and various salts, would be
created. These hypotheses were sup-
ported by the detection of hydroxyl
(OH)–rich materials, OH-bearing molecule re-
leases, H2O vapor molecules, and haze. How-
ever, the presence of H2O on the surface has
not previously been confirmed. The detection
and mapping of H2O on Ceres is one objective
of the Dawn spacecraft, in orbit around Ceres
since March 2015.

RATIONALE: The purpose of the Dawn space
mission at Ceres is to study the geology, geo-
physics, and composition remotely by means
of high-resolution imagery and spectrometry.
Dawn’s Visible and InfraRed Mapping Spec-

trometer (VIR)measures the sunlight
scattered by the surface of Ceres in a
range of wavelengths between 0.25
and 5.1 mm.The position and shape of
absorption features inVIR reflectance
spectra are sensitive to the surface
mineral andmolecular composition.

In spectroscopy, absorption bands at 2.0, 1.65,
and 1.28 mmare characteristic of vibration over-
tones in the H2O molecule.

RESULTS: Dawn has detected water-rich sur-
facematerials in a 10-km-diameter craternamed
Oxo, which exhibit all absorption bands that are

diagnostic of theH2Omolecule (see the figure).
These spectra are most similar to those of H2O
ice, but they could also be attributable to hy-
drated minerals. Oxo crater appears to be geo-
logically very young (~1 million to 10 million
years); it has sharp rims and its floor is almost
devoid of impacts, suggesting a recent exposure
of surfaceH2O.Thehigh latitudeandmorphology
of theOxocraterprotectsmuchof the surfacearea
from direct solar illumination for most of the
cerean day, presenting favorable conditions for
the stability ofwater ice or heavily hydrated salts.

CONCLUSION: Four ways to create or trans-
port H2O on Ceres are considered: (i) Expo-
sure of near-surface H2O-rich materials by a
recent impact or an active landslide seemsmost
consistent with the presence of both mineral
hydrates and water ice. (ii) Release of sub-
surface H2O may occur on Ceres, similar to
release on comet nuclei, but may never re-
condense on the surface. (iii) Infall of ice-
bearing objects is not likely to deposit water
on Ceres, because the H2O molecule likely
woulddissociate upon impact. (iv) Implantation
of protons from the solar wind on the surface
is not a probable origin of OH on Ceres be-
cause of the low flux of solar wind charged
particles. We therefore conclude that surface
H2O or hydrated minerals are the most plausi-
ble explanation.▪
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Dawn VIR infrared observations of Oxo crater on Ceres demonstrate the detection of H2O at the surface. (A) Reflectance spectrum collected
where absorption bands of H2O at 1.28, 1.65, and 2 mm are the strongest (in blue) compared with a laboratory spectrum of H2O ice (black). The lab
spectrum is scaled and vertically shifted for clarity. (B) Perspective view of Oxo crater observed by the Dawn Framing Camera (FC), where the two high-
albedo areas right next to the scarps contain H2O-rich materials.
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The surface of dwarf planet Ceres contains hydroxyl-rich materials.Theories predict a water
ice-rich mantle, and water vapor emissions have been observed, yet no water (H2O) has been
previously identified.The Visible and InfraRed (VIR) mapping spectrometer onboard the Dawn
spacecraft has now detected water absorption features within a low-illumination, highly
reflective zone in Oxo, a 10-kilometer, geologically fresh crater, on five occasions over a period
of 1 month. Candidate materials are H2O ice and mineral hydrates. Exposed H2O ice would
become optically undetectable within tens of years under current Ceres temperatures;
consequently, only a relatively recent exposure or formation of H2O would explain Dawn’s
findings. Somemineral hydrates are stable on geological time scales, but their formation would
imply extended contact with ice or liquid H2O.

T
he state and abundance of water on the
dwarf planet Ceres have been major ques-
tions ever since hydroxyl (OH)–rich mate-
rials were proposed as surface components
(1, 2) and eventually observed (3–8). The

prediction of ice and perhaps liquid in the mantle
(9–11), observations of sporadic releases of OH-
bearing molecules (12), the detection of water
vapormolecules (13), and reports of haze (14) sup-
port the presence ofwater onCeres.Water is a key
component in the chemical evolution and inter-
nal activity of planetary bodies, and products of
aqueous activity such as bright carbonates have
been observed on Ceres (15). Reflectance spectros-
copy is sensitive to surficial water and hydroxyl
groups; measurement of OH and H2O absorp-
tions near 1.5, 2.0, and 3 mm thereby allows for
remote detection of H2O. The depth of photon
penetration depends on the material: Photons
may penetrate a few micrometers into absorbing
components such as those found on Ceres or
other low-albedo surfaces, whereas they may
penetrate several centimeters in highly scatter-
ing materials such as pure ice and snow (16).
Because Ceres has a low bulk density of 2162 ±

3 kg m−3 (17), its composition is expected to con-
tain a substantial proportion of water. Internal
heat (mostly from decay of radionuclides) is ex-
pected to have differentiated Ceres at least par-
tially into a rocky core and icy mantle (9–11).
Contact between silicates and ice or liquid water

would have resulted in aqueous alteration ofmin-
erals, producinghydroxylated (OH-bearing)phases
such as clays and carbonates (5–7, 9–11, 15), or
mineral hydrates (H2O-bearing) such as salts.
The Dawnmission at Ceres (18) is dedicated to

the characterization of the geology, geophysics,
and composition of this dwarf planet. The first
observational orbit (Rotation Characterization)
occurredon23April 2015 at analtitudeof 13,500km.
The orbit was subsequently lowered to 4400 km
for the Survey phase of themission,which operated
from 5 to 22 June 2015. The Dawn Visible and
InfraRed (VIR)mapping spectrometer (19) senses
surface composition by reflectance spectroscopy.
It covers wavelengths of 0.25 to 5.1 mm with two
detectors that measure radiance, overlap around
1 mm, and have spectral sampling of 1.9 nm and
9.8 nm for the visible and infrared, respectively.
Initial global VIR analyses of Ceres identified the
ubiquitous presence of phyllosilicates, but no
H2O-bearing species (7, 8).
Here, we present VIR detections of H2O-rich

surfacematerials on Ceres from five observations
of the crater Oxo, which is 10 km in diameter and
is centered at 359.7°E, 42.2°N (20) (Fig. 1). The
data were collected on 1 and 4 May 2015, with a
spatial resolution of about 3.4 km per pixel, and
on 6 and 9 June 2015, with a spatial resolution of
about 1.1 km per pixel. Absorptions near 2 mm at
the surface of Ceres requireH2Omolecules, as they
are attributable to an O-H stretch overtone in this
molecule (21, 22) commonly seen in spectra of
water ice andmineral hydrates (23). Other O-H
vibration overtones at 1.65 mmand 1.28 mmproduce
narrower yet meaningful absorption bands (24)
that are visible in the VIR spectra. The three ab-
sorption bands at 1.28 mm, 1.65 mm (Fig. 2, D to F),
and 2.0 mm (Fig. 2, G to I) occur within the same
areas in the Oxo crater, which makes a strong
case for the detection of H2O. Similar to the rest

of Ceres’ surface, a strong and broad absorption
around 3 mm due to the fundamental vibration
mode of O-H is also observed. However, this
spectral feature alone is not unique to H2O, as
only the OH group is required. Spectral models
show that H2O-ice spectra fit VIR observations
better than any spectrum of mineral hydrates
(Fig. 3); thus, we consider it the most likely sur-
face component observed in the Oxo crater.
H2O-rich materials are found within a high re-

flectance area on the pole-facing wall of the Oxo
crater (Fig. 2) andpossibly on the southeastern scarp
above the rim. The crater is about 50% brighter
at 1.1 mm than surrounding surfacematerials (Fig.
2, A and B). The surface on the H2O-rich spot is
characterized by temperatures 10 to 20 K lower
than the rest of the crater (Fig. 2, J to L); this would
be expected of exposed water ice (25), which
has a higher thermal inertia than the average
Ceres surface regolith, and of high-albedo ma-
terials in general.

Geological description of Oxo crater

InFig. 1E, high-resolution images fromtheFraming
Camera (FC) indicate that Oxo has sharp rims
and few superposed craters, which implies that
it is geologically young. It is also characterized by
a scarp in the southeastern part. This terrace fea-
ture likely resulted fromblockcollapseandslumping
of the southeastern rim toward the center of the
crater, forming a depression outside the crater.
Long, arcuate fractures subparallel to the terrace
scarp,well-defined talusmaterial, and an extensive
boulder field within Oxo indicate that the terrace
block has been actively collapsing in the recent
geologic past andmaybe continuing to do so at the
present time. Several kilometer- and subkilometer-
scale lobate flow features related tomass wasting
have been observed on the northeastern and south-
eastern rims of the terrace block. These flows, par-
ticularly the examples observed near the H2O-rich
region, display several morphologic similarities
(i.e., sharply defined flowmargins, large rounded
blunt snouts, and apparent mass concentration
near the flow termini) to numerous other features
onCeres thathavebeen interpretedas ice-cemented
flows (26). The location of the strongest H2O de-
tection inOxo exhibits a sloped hummocky texture
that is divided in several locations by linear and
sinuous gully-like depressions.

Calibration of spectra and
spectral processing

Reflectance defines the ratio of irradiance from the
surface of Ceres to the solar radiance flux. In this
study, VIR spectra have been further corrected
for the photometric effects of variable incidence
and emergence angle due to the local topography.
This correction is based on the Akimov disk-
function model (27) and is similar to the pro-
cessing of VIR data at Vesta performed for global
mapping (28). We standardize bidirectional re-
flectances to incidence angles of 0° and emission
angles of 30°.
The spectral slope measures the slope of a

straight line fitted to VIR spectra between 1.0 and
2.4mm.Maps of the spectral slopeswere calculated
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after normalizationwith respect to the local average
reflectance between 1.0 and 2.4 mm for each pixel,
and after division to the average spectrum of Ceres.
The result is a spectral slope of zero for the aver-
age of Ceres.
The spectral feature centered at 1.5 mm in Fig. 1,

E to G, might also be due to O-H vibration over-
tone; however, it must be interpreted cautiously
because of light scattering between two order-
sorting filters of the instrument (8), and thus it

is not considered in this study. Although the
diagnostic absorption feature of H2O at 1.65 mm
falls near one of these junctions, it is considered
safe for interpretation. Several pieces of obser-
vational evidence indicate that instrument light
scattering does not contribute significantly to the
signal at this wavelength: (i) Light scattering
creates spectral oscillations that stop around 1.6 mm,
even for the strongest artifacts. (ii) The absorption
band depths at 1.28 mm, 1.65 mm, and 2.0 mm have

very similar distributions, consistent with the
hypothesis that H2O absorption is the main con-
tributor of the 1.65-mm feature. (iii) The band
depth parameter at 1.5 mm is mostly sensitive to
albedo-contrasted surface features, which is radi-
cally different from the distribution pattern of ab-
sorptions attributed to H2O.

Albedo and spectral characteristics
of Oxo crater

Brightmaterials in theOxo crater cover the north-
ern and eastern rims, as well as a portion of the
floor at the foot of the southern rim. The highly
reflective unit has a negative spectral slope as a
functionofwavelength (bluer) in thenear-infrared,
whereas the rest of Ceres has a neutral or slightly
positive spectral slope. VIR spectra with strong
absorption bands at 1.28, 1.65, and 2 mm have a
reflectance at 1.1 mm that is about 10% lower than
the rest of the high-albedo unit and amoderately
negative spectral slope (Fig. 2, M to O).
In Fig. 2F, VIR data from June 2015 overlain

on FC images reveal that H2O-rich materials
correspond to high-albedomaterials on the floor
of the crater and possibly on the southeastern
scarp above the rim. In all three observations, the
illumination conditions (season and time of day)
were similar, with a local incidence angle of 50°
at noon local time. In an interval of 72.5 hours
(nine cerean days), no variations of water ab-
sorption band depths could bemeasured, because
instantaneous field of view of the observations
did not overlap (Fig. 2F) and the H2O-rich spot
was likely smaller than a VIR pixel size (1.1 km).
Only the twoobservations on6 June 2015 sampled
the high-albedo unit of the southern part of the
crater floor, and both indicate an absorption band
depth of about 8%. In the observation acquired on
9 June 2015, pixelswere adjacent to only the bright
spot—gaps exist between projected pixels because
of themotion of the spacecraft—and themaximum
absorption band depth measured was 3%.
Observations acquired inMay 2015 (Fig. 1A) are

consistent with an exposedH2O-rich composition
1 month before the detection of the strongest ab-
sorption bands. The difference in spatial resolution
between the Approach and Survey phases of the
mission is sufficient to explain the differences in
absorption banddepth. Thesemeasurements sug-
gest compositional stability within this time frame
and a quantity ofH2O large enough to survive at
the surface.

Spectral fitting by linear
combination of spectra

Candidate materials (9, 11) that exhibit absorp-
tion bands similar to VIR spectra of Oxo are free
H2O ice and H2O-bearing minerals (mineral
hydrates) such as chloride hydrates, magnesium
sulfate hydrates (MgSO4-nH2O), ammonium sul-
fate hydrates (NH4SO4-nH2O), sodium sulfate hy-
drates (Na2SO4-nH2O), and sodium carbonate
hydrates (Na2CO3-nH2O), where n is the number
of H2O molecules per molecule of the mineral.
To interpret the composition of the H2O-rich

area in Oxo, we compared VIR spectra with labo-
ratory spectra of several candidate materials by

aaf3010-2 2 SEPTERMBER 2016 • VOL 353 ISSUE 6303 sciencemag.org SCIENCE

Fig. 1. Dawn VIR IR observations of Oxo crater on Ceres demonstrate the detection of H2O at the
surface. (A to D) Reflectance spectra collected where absorption bands of H2O at 1.27, 1.65, and 2 mm
are the strongest (in color) from distinct pixels within a VIR image. Each panel shows spectra from a
different VIR image, except the average spectrum of Ceres (in black) displayed as a reference, showing no
H2O absorption bands. Gray rectangles define ranges of wavelengths where the spectra are the least
reliable because they are at filter junctions [(7) and text]. (E) Oxo crater depicted by the Dawn Framing
Camera in equirectangular projection. The red dashed line indicates the hummocky sloped material
surrounding the region of strongest H2O detection; solid red lines indicate linear and multiple juxtaposed
(and partly overlapping) lobate mass wasting deposits. The yellow lines are superimposed upon arcuate
fractures subparallel to the terrace scarp. The green arrows point toward the margins of lobate flow
structures that are similar to other features on Ceres that have been interpreted as ice-cemented flows
(26). (F) The same FC imagemosaic as (A) ismadebrighter for clarity and overlain by the absorption band
depth at 2 mm measured by the three VIR observations shown in (B) to (D). The area was more shaded
during the acquisition of FC image than while VIR data were acquired.
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Fig. 2. Dawn VIR infrared observations of Oxo crater on Ceres obtained
during the Survey phase of the mission demonstrate the detection of H2O
at the surface. (A to C) Reflectance at 1.1 mm, showing the location of a high-
albedosurfaceunit. (D toF)AbsorptionbanddepthofH2Oat 1.65mm.Thebrightest
pixels correspond to the occurrence of the deepest absorption band. (G to I)
Absorptionbanddepth ofH2Oat 2 mm. (J toL) Surface temperature retrieved from
VIR data (43), which is also sensitive to terrain slopes. (M to O) Infrared spectral

slope. (P) Two-dimensional color table that describes the meaning of the colors in
(Q) to (V). (Q to S) Two spectral parameters (reflectance at 1.1 mmand absorption
band depth at 2.0 mm) are represented in the same map, which illustrates the
presence of H2O-rich materials within the high-albedo unit. H2O-rich materials
(blue) exist within a high-albedo area (yellow) in the southern rim of the crater.
(T toV) Same as (Q) to (S), except that the incidence angle with respect to the
shape model of Ceres is overlain as a texture to better see the topography.
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means of spectralmodeling (29). An arealmixture
is the simplestmodel, and it can be calculated by
a linear combination of spectra. A linear spectral
mixture does not necessarily represent light scat-
tering in an ice-cemented regolith, which is an
intimatemixture that results in nonlinear combi-
nations of the spectra of each component. In
addition, in the ranges of wavelengths of theH2O
absorption bands (where H2O is mostly opaque),
intimate mixing with a less absorbing material
results in increased apparent overall reflectance
and enhanced contrast of the absorption bands
(23). This phenomenon of light scattering is also
consistent with the fact that, in VIR spectra, the
2-mm absorption overtone of H2O is almost as
strong as the 3-mmfundamental absorption, which
is never observedwhenH2O ice is pure unless the
3-mm band is saturated. In Fig. 3 and Fig. 4, the
spectra of pure components are multiplied by
the coefficient of linear mixing; their sum added to
the offset (dotted straight line) equals themodeled
spectrum on top.
Figure 3 illustrates models (29) of spectral

fitting of the sameVIR spectrumwith laboratory
reflectance spectra of pure components between
1.02 and 2.5 mm at temperatures relevant to the
asteroid belt and Jupiter satellites (30). Relative
to VIR spectra, most chloride hydrates (31) have
absorption bands of H2O shifted toward shorter
wavelengths (not represented here), except for
frozenbrines of the eutecticmixturesMgCl2-12H2O
(Fig. 3F), KCl-H2O, and NaCl-2H2O. In all cases,
laboratory spectra have amuch higher reflectance
than the surface of Ceres, which can be explained
by mixtures on Ceres with low-albedo materials.
The purpose of these comparisons is to visualize
the position and shape of all the absorption bands
associatedwithH2O. Because the average spectrum
of Ceres is relatively featureless between 1 and
2.5 mm (8), the models simulate these mixtures
by scaling the reflectance spectra of pure com-
ponents (gain) and by adding a spectrally neutral
contribution (offset). The scaling factor is sensitive
to the abundance of theH2O-rich component, and
the offset compensates empirically for somephoto-
metric effects and the absorption of neutralmate-
rials potentially present in themixture. Achievement
of a good quality of fit with this simple model
indicates that several spectra ofmineral hydrates
can be considered in the interpretation and for
future laboratory analyses, despite incomplete
documentation of sample temperature and num-
ber of H2O molecules in some mineral hydrates
that are currently available.

Interpretation of linear
combination of spectra

The spectral features of several H2O-rich mate-
rials can fit VIR spectra for the small Oxo zone
(Fig. 3). Among these candidates, H2O ice pro-
vides the best fit of all (RMS=0.00187%), hydrated
sodium carbonates and hydratedmagnesium sul-
fates are the next best (0.00262% < RMS <
0.00304%), and spectra of ammonium sulfates
and sodium sulfates result in higher model resid-
uals (RMS > 0.0032%). By definition, the RMS
is proportional to the standard deviation of the

residuals. For the best fit (Fig. 3A), the residuals
from fitting anH2O spectrum to theVIR spectrum
of Oxo are on the same order of amplitude as
the instrument calibration uncertainties, and their
respective standard deviations are similar.
Figure 4 presents the same VIR spectrum as in

Fig. 1 from 1.02 to 4.2 mm, fitted with an H2O ice
spectrum linearly combined with the average
spectrum of Ceres’ surface and a spectral slope
(straight line). The quality of fit over the extended
range of wavelength, including the broad OH
stretch fundamental absorption, demonstrates
the presence of H2O and confirms that water
ice is the most likely component.
The scaling factor of 0.0057 in Fig. 4 only gives

a lower limit for the proportion of H2O ice in the
surface covered by one pixel, because the H2O-
rich area in Oxo is not spatially resolved, and be-
cause low-albedo materials optically dominate

when they are intimately mixed with a high-
albedomaterial. Assuming, from Fig. 1, that the
high-albedo area in Oxo crater floor is rich in
H2O ice, and that it corresponds to half of the
surface covered by one pixel, then the proportion
would be approximately 1% for the pixel that
exhibits the strongest 2.0-mmabsorption band. In
the case of H2O ice mixed with low-albedo mate-
rial, over time, the sublimationofH2Oalonewould
leave a low-albedo lag deposit, forming a layer on
top. Laboratory experiments of the effects of
sprinkling charcoal grains on frost (22) indi-
cate that reflectance decreases at a higher rate
than the fractional areal coverage, and that a
reflectance of 0.07 at 1 mm can be achieved with
30% areal coverage of ice. Our estimates from
these calculations and assumptions is that the
areal proportion of H2O ice on the 1-km2, high-
albedo area is likely between 1 and 10%.

aaf3010-4 2 SEPTERMBER 2016 • VOL 353 ISSUE 6303 sciencemag.org SCIENCE

Fig. 3. Analysis and interpretation of the composition of H2O-rich materials in Oxo. In each panel,
one reflectance spectrum of the H2O-rich zone in Oxo crater from Dawn VIR IR observation 486828195
(thin, black near top) is compared with a scaled reflectance spectrum of a pure hydrated component
(thick, black). Gray rectangles define ranges of wavelengths where the spectra are the least reliable.
Scaled laboratory spectra of several H2O-rich samples (thin, black near bottom) and the offset (dotted
line) used in each fit are shown. Near the bottom of each plot, model residuals (dashed curve) provide an
indication of the quality of fit, along with the RMS value. (A) H2O ice spectrum from the Johns Hopkins
University Applied Physics Laboratory spectral library (22, 44). (B, D, and E) Spectra of mineral hydrates
(30). (C) Monohydrated sulfate kieserite from the Reflectance Laboratory (RELAB) at Brown University
(45). (F)The spectrum of frozen eutectic mixture MgCl2-12H2O is from (31).
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Discussion

Among all VIR spectra acquired up to the Survey
phase of the Dawnmission, Oxo is the only place
on Ceres where we have found measurements of
absorption band depth of 1% or more at 1.65 and
2.0 mm that correspond without ambiguity to the
expected shape of H2O absorption bands. These
bands are most likely due to surface materials.
Although cryovolcanic-likemorphological features
such as Ahuna Mons (32) suggest that H2O ice
might be present in the crust, hydrated salts were
probably responsible for the liquid phase needed
to form themountain. However, H2O-richmate-
rials are not detected by spectroscopy at those
places, because they are likely not exposed. There
is no obvious connectionwith the finding of H2O
on the floor of the Oxo crater and previous re-
ports ofH2Omolecules above the surface of Ceres:
(i) The location of Oxo differs from the reported
H2O molecule release on equatorial regions (13),
and (ii) although haze was reported on Oxo and
Occator (14), no surface H2O has been identified
by VIR within Occator (15).
The nature of the H2O-rich surface of Oxo

crater (H2O ice or mineral hydrates) remains to
be determined. VIR near-infrared spectra are
better fitted by H2O ice spectra than by hydrated
minerals (Fig. 3); however, interpretation is still
open. Thermodynamical properties can further
constrain results provided by these initial obser-
vations. The small H2O-rich area at Oxomay sug-
gest a local origin. However, the finding of H2O in
a place that is likely protected from direct sun-
light for most of the day (except around noon local
time), even near summer solstice (solar longitude
Lswas81° on6 to9 June2015), suggests thedetected
H2O component could be more stable at this loca-
tion because of limited direct solar illumination.
Pure surficial H2O ice would sublime under

current thermal conditions on Ceres (25, 33, 34),
where daytime surface temperatures T span the
range 180 to 240 K (7), with T > 200 K found in
Oxo crater from 11 hours to 12 hours local solar
time. This localized detection of exposed H2O
on the surface of Ceres could be consistent with
predictions (25) of a near-surface ice table be-

ginning at ~50° latitude, and of local surface ice
deposits on a rough terrain; for example, at the
latitude of Oxo, 1 m of pure, cohesive water ice
would disappear within a fewhundred years (25).
Free water ice would require a relatively recent
exposure of H2O at the surface by landslides, by
outgassing of water vapor followed by condensa-
tion, or by eruption of liquidwater (cryovolcanism).
According to somemodels, cometary-like activity
or a landslide could expose H2O ice mixed with
dust. Depending on the amount of dust in the ice,
it would become spectrally undetectable within
10 years (33, 35) or tens of years because dustwould
become the dominant material within the optical
thickness (a fewmicrometers at most). Even in the
case of an ice-cemented regolith (more thermo-
dynamically stable thanpurewater ice), theablation
rate would be significant over one cerean year.
We have estimated ice loss rates obtained by

modeling surface and subsurface temperatures
onCeres by balancing surface insolation, thermal
emission, and conduction to the subsurface (33)
and incorporating a pole-vector determination
fromDawn data. At 44°N, ablation is estimated
to be 4mmeach cerean year, assuming horizontal
ground, with an albedo of 13.5% and thermo-
physical parameters of ice-cemented regolith. At
the solar longitudeLs=81°whenVIRobservations
were acquired, modeled water vapor production
oscillated between 0.08 kg s−1 km−2 just before
dawn to 0.22 kg s−1 km−2 in the afternoon. How-
ever, in the case of a pole-facing slope of 20°, ice
loss is only ~50 mm of ice per cerean year, which
makes the life span of a H2O-ice rich layer about
80 times that of a flat surface.
Hydrated minerals could have formed very

early in Ceres’ evolution by contact with H2O,
either ice or liquid, before being exposed. Once
at the surface, these species would dissociate at
a slower rate thanwater ice, especially thosewith
fewer H2O molecule bonds (30, 36). This is con-
sistent with H2O absorption bands of hydrated
salts becoming asymmetric and shifted toward
wavelengths shorter than 2 mm, sometimes bymore
than0.1mm,comparedtowater ice (Fig.3), indicating
higher energy and thus stronger bonds (37, 38).

At least four ways to create or transport ofH2O
on Ceres can be considered, listed here from the
most likely to the least: (i) Exposure of endogenous
near-surfaceH2O-richmaterials froman impact or
local landslide could be consistent with both
mineral hydrates andwater ice. Other high-albedo
units and young craters observed across Ceres
may be preferential locations for searching for
H2O-rich materials. (ii) Release of subsurface
H2O occurs on comet nuclei and may exist on
Ceres, although some models [e.g., (35)] predict
that water vapor should not recondense. Long-
lived radionuclide heat from the core (9–11) and
potassium salts in the mantle or crust (11) may
not be enough to drive endogenic activity that
reaches the surface; however, collisions such as
the one that created Oxo may have caused long-
term activation (or reactivation) of regions with
an ice-rich subsurface. (iii) Infall of hydrated
meteorites or comets is a scenario that has brought
OH-rich or H2O-rich materials onto the surface
of Vesta (39, 40), and Oxo itself is a geologically
recent impact (superposed crater counts suggest
an age of less than 1 million to 10 million years);
however, these H2O molecules may well disso-
ciate from the kinetic energy dissipated by the
collision. (iv) The molecule of H2O may form by
implantation of protons from the solar wind as is
the case on theMoon (41). Effects of the solarwind
have not been observed on Vesta (42) despite a
higher flux of solar wind particles [the distance
from the Sun is shorter at Vesta (2.15 to 2.57 AU)
than at Ceres (2.56 to 2.98 AU)]; therefore, this is
not a probable origin of OH on Ceres.
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