REPORTS

Science

Cite as: T. H. Prettyman et al., Science
10.1126/science.aah6765 (2016).

Extensive water ice within Ceres’ aqueously altered
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The surface elemental composition of dwarf planet Ceres constrains its regolith ice content, aqueous
alteration processes, and interior evolution. Using nuclear spectroscopy data acquired by NASA’'s Dawn
mission, we determined the concentrations of H, Fe, and K on Ceres. The data show that surface materials
were processed by the action of water within the interior. The non-icy portion of Ceres’ C-bearing regolith
contains similar amounts of H to aqueously altered carbonaceous chondrites, but less Fe. This allows for

the possibility that Ceres experienced modest ice-rock fractionation, resulting in differences between
surface and bulk composition. At mid-to-high latitudes, the regolith contains high concentrations of H,
consistent with broad expanses of water ice, confirming theoretical predictions that ice can survive for

billions of years just beneath the surface.

With a measured bulk density between ice and rock, dwarf
planet Ceres is expected to be volatile rich, with about 17-30
wt.% water ice (I, 2). Internal heating generated by the de-
cay of radioactive elements may have driven aqueous altera-
tion and differentiation to form a rocky interior and icy
outer shell (3, 4). Orbital measurements by Dawn’s Visible
and Infrared Mapping Spectrometer (VIR) show that Ceres’
global surface contains aqueous alteration products: ammo-
niated clays, serpentine, and carbonates (7). Localized de-
posits of surficial water ice, while present, are rare (5);
however, the high-latitude surface is sufficiently cold that
water ice can survive within a meter of the surface over
Ceres’ 4.5 Ga lifetime (6). Physical differentiation allowed by
gravity measurements (7) may have resulted in chemical
fractionation, with surface regions that are not composi-
tionally representative of the bulk. We refer to this style of
differentiation as “ice-rock fractionation,” which can be
tested by comparing the composition of Ceres’ surface to CI
and CM carbonaceous chondrites. Although often invoked
as analogs for Ceres [e.g., (I)], these primitive meteorites
likely experienced isochemical aqueous alteration on small-
er parent bodies (8).

NASA’s Dawn mission aimed to map the chemical com-
position of Ceres’ uppermost regolith, providing constraints
on origins and evolution. In December 2015, the Dawn
spacecraft entered a circular polar, low-altitude mapping
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orbit (LAMO), with a mean altitude of 0.82 Ceres body radii.
In LAMO, Dawn’s Gamma Ray and Neutron Detector
(GRaND) (9) is sensitive to elemental composition. GRaND
measures gamma rays and neutrons produced by the steady
interaction of galactic cosmic rays and gamma rays from the
decay of radioelements within a few decimeters of the sur-
face. Elemental analyses presented here use data accumu-
lated over five months in LAMO.

Maps of neutron and gamma ray counting rates, correct-
ed for temporal changes in galactic cosmic ray flux and
measurement geometry (10), reveal spatial variations in sur-
face elemental composition (Fig. 1). The rate of °Li(n,x) re-
actions in GRaND’s lithium-loaded glass (LiG) scintillator
depends on the flux of thermal and epithermal neutrons,
which varies inversely with regolith H content. Neutron
capture by Fe in Ceres’ regolith produces a gamma-ray dou-
blet at 7.6 MeV. These signatures vary strongly with latitude,
with counts decreasing toward the poles. Longitude varia-
tions are comparatively small. The dynamic range of the
composition data is larger than measured by GRaND at Ves-
ta (11).

In Fig. 2, mapped counting data were normalized to
globally-averaged measurements of Vesta and compared
with models of analog materials. On Ceres, hydrogen is pre-
dominantly in the form of water ice and hydrated minerals
1, 5, 12). Consequently, we simulated changes in the hydra-
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tion state of regolith materials by adding/removing hydro-
gen in the form of water to/from model compositions. This
allows hydrogen concentration to be expressed in terms of
water equivalent hydrogen (WEH). The regolith was mod-
eled as a two-layer structure, with an ice-free upper layer
covering icy soil (Fig. 2, inset), consistent with ice stability
models (13). Both layers have the same non-icy composition,
with the lower layer containing an additional, variable frac-
tion of water ice.

Figure 2 shows simulated hydration trends for selected
materials with different Fe concentrations. Their arched
shape results from an initial increase in the low-energy neu-
tron population with small amounts of added hydrogen,
which enhances capture gamma ray production, followed by
a decrease in gamma production as Fe is diluted by water.
With layering, the model counts deviate from the hydration
trends, following different paths between non-layered end-
members as depth is varied. For each material, there is a
corresponding set of counts spanned by permutations of
hydration and layering.

For comparison with the models, Ceres measurements
were normalized to globally-averaged counting rates for
Vesta. The vestan measurements were further normalized to
a model, in which Vesta’s global regolith composition was
assumed to be similar to the howardite meteorites with the
addition of 250 ug/g H, the lower bound determined by
GRaND at Vesta (1I). In this case, Ceres data plot inside the
layered set for the CI and CM model compositions. Fur-
thermore, the data points form a concave up pattern, con-
sistent with trends for layering. If Vesta’s regolith contained
more H, the data points for Ceres would shift toward the
hydration trends for the CI and CM chondrites; however,
the lower bound is our best estimate given most of the H
was delivered to Vesta by carbonaceous chondrite im-
pactors, as detailed in (10).

Near the equator and within GRaND’s field of view, sta-
bility models predict that water ice is at depths greater than
sensed by GRaND (Fig. 3, B and C). Consequently, hydration
trends describe the equatorial measurements (e.g., yellow
points in Fig. 2). That these do not follow a specific hydra-
tion curve indicates that [Fe] is variable at the equator
(square brackets denote concentration). Since the hydration
trends for CI and CM do not intersect the data points, they
can be excluded as representative compositions. For Ceres,
the maximum equatorial points are consistent with simulat-
ed material E1 (10), which is poorer in Fe than the average
CI chondrite.

By adopting the minimum value for Vesta’s global aver-
age [H] and ignoring layering, [H] can be mapped as a low-
er bound (14). The spatial variation of H on Ceres can be
estimated with a total uncertainty of less than 1 wt.% WEH
from thermal + epithermal neutron rates (10). The resulting
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map of [H] varies strongly with latitude and is asymmetric,
with higher [H] in the north than the south (Fig. 3A). The
difference between the poles (2.5 + 1.1 wt.% WEH) is larger
than predicted by ice stability models given Ceres’ precess-
ing orbital elements. Epithermal and fast neutron maps are
also asymmetrical (10), which implies subtle differences in
composition and/or layering between the two hemispheres.

Based on forward modeling of zonally-averaged thermal
+ epithermal counting rates (10), water ice approaches the
surface above about 40° latitude in both hemispheres (Fig.
3). The spatial distribution of OH and ammoniated phyllo-
silicates measured by VIR at up to 60° latitude is relatively
uniform (72). Thus, the latitude variation of GRaND meas-
urements is not likely due to changes in abundance or hy-
dration state of minerals within the uppermost surface
layer. An estimate of [H] in the ice table can be obtained by
subtracting the equatorial [H] from the values measured at
the poles. Using this approach, we find that Ceres’ ice table
contains at about 10 wt.% water ice, given the ice table is
within a cm of the surface at the poles (Fig. 3B). The calcu-
lated porosity of the regolith is 0.2, assuming the ice fills the
pores and the grain density is 2.5 g/cm?, representative of CI
and CM chondrites (I5).

Water vapor diffusivity and soil thermal properties de-
termine where the ice table approaches the surface within
depths sensed by GRaND. The diffusion coefficient scales
with grain size and porosity (13). Figure 3B shows ice table
depths 4.5 Ga after formation, calculated for two cases con-
sidered by (6): a grain size of 1 um and porosity of 0.1 (low
diffusivity, Case a); and a grain size of 10 pm and porosity of
0.5 (high diffusivity, Case b). A third case representing our
lower bound porosity of 0.2, with 1 um grain size is also
shown (low diffusivity, Case c), which gives a similar lati-
tude depth profile to Case a. Forward models of thermal +
epithermal counts are compared with the data in Fig. 3C.
The low diffusivity Case ¢ most closely matches the data.

The steady-state water vapor emission rate implied by
the models (0.003 kg/s for case c¢) is much lower than the 6
kg/s inferred from Herschel Space Observatory data (16).
Sublimation of subsurface ice can neither explain the epi-
sodic emissions observed by the Herschel Telescope nor a
possible transient atmosphere observed by Dawn/GRaND
during the Survey orbit mission phase (7). Hence, the Her-
schel observations may relate to the temporary exposure of
ice on the surface.

Measurements of H and Fe provide constraints on the
abundance of aqueous alteration products, assuming the
mineralogy is similar to carbonaceous chondrites (10). The
average equatorial [H] of 17 + 2 wt.% WEH, which is repre-
sentative of Ceres non-icy regolith, is similar to measured
upper limits for CM and CI chondrites of about 14% WEH
(18). These meteorites contain up to a few weight percent
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organic material, with a H/C ratio of about 0.7 (19). An or-
ganics feature was not identified in the VIR global spectrum
of Ceres (I). While the presence of organics cannot be ex-
cluded (20), we expect hydrogen is partitioned primarily
between phyllosilicates and water ice on Ceres. The equato-
rial average [Fe] was determined to be 16 + 1 wt.% from the
Fe 7.6 MeV interaction rate and thermal + epithermal neu-
tron measurements (10).

Aqueous alteration results in the separation of feed ma-
terials into a briny liquid and less mobile solid residue. El-
ements like Fe would be found primarily in the solid phase,
whereas K and C are partially soluble and could be trans-
ported in the brine. The CI and CM chondrites underwent
low-temperature aqueous processing, likely in a low perme-
ability environment on a small parent body, where fluid
flow was limited (21, 22). This led to isochemical alteration
(8). On larger bodies like Ceres, multi-km transport is possi-
ble, potentially resulting in ice-rock fractionation (2-4, 8,
21).

Analysis of the 1.461 MeV gamma ray produced by the
decay of *°K (10) gives an equatorial concentration for K of
410 + 40 ug/g, intermediate between CI and CM averages,
550- and 370-ug/g, respectively (23); however, [K] depends
on both nebular and parent-body processes (24). Without
knowledge of Ceres’ bulk [K], the regolith measurement is
not diagnostic of chemical fractionation within Ceres. Car-
bon was detected by GRaND with a lower limit similar to
carbonaceous chondrites (10).

If carbonaceous chondrite alteration were isochemical
(8), the CI and CM chondrites should follow a water-dilution
trend when [Fe] is plotted against WEH (Fig. 4). That [Fe] is
lower than CI chondrites may result from differences in the
bulk composition of the meteorite parent bodies and Ceres.
Low regolith vapor diffusivity inferred by GRaND is con-
sistent with small grains, which may be representative of
primordial materials (8). Alternatively, internal processes,
such as density-driven separation of Fe-rich phases from a
primitive starting composition could explain the difference,
while convective upwelling, possibly involving brines, could
have led to the exposure of ice and fine grains on the sur-
face (4). Coarse magnetite grains are found in CI and CM
chondrites (25). Consequently, sedimentation could result in
a surface depleted in Fe. Otherwise, Fe may be diluted by
organic materials, carbonates or salts present in Ceres’ crust
(7, 10, 26). Systematic uncertainties may also contribute to
differences between Ceres and the meteorites (Fig. 4).

Together, measurements of [Fe], [H], and [K] show that
materials exposed on Ceres’ surface have undergone aque-
ous processing. Evidence from GRaND for a fine-grained, C-
bearing regolith, and differences between regolith [Fe] and
[H] relative to CI chondrites, imply modest ice-rock frac-
tionation. The high spatial uniformity of GRaND measure-
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ments of the ice-free, equatorial regolith indicates that ice-
rock fractionation occurred on a global scale. The [H] with-
in Ceres’ icy regolith, about 27 wt.% WEH, is consistent with
estimates of bulk H from Ceres’ density (I, 2). The ice table
contains about 10 wt.% water ice, most likely sourced from
endogenic liquid not consumed by alteration processes. The
detection of widespread water ice at mid-to-high latitudes
confirms predictions that ice can survive for billions of years
within a meter of the surface.
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Fig. 1. Maps of corrected neutron and gamma ray counting rates from data
acquired at low altitude. (A) ®Li(n,a) reaction rate in lithium-loaded glass (thermal +
epithermal neutrons); (B) Full energy interaction rate of 7.6 MeV Fe capture gamma
rays in bismuth germanate. East longitude convention is used (17) and data are
superimposed on shaded relief. The white circle indicates the approximate full-width-
at-half-maximum (FWHM) spatial resolution at a selected equatorial measurement
location. The white lines indicate the FWHM at the poles. The absolute rate and
dynamic range are shown along with rates averaged over latitude bands (zonal
averages) and average pixel uncertainties (1-sigma error bars). The dynamic range for
the same measurements at Vesta is shown for comparison (V).
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Fig. 2. Comparison of mapped data with model compositions. Data from Fig. 1
are compared with Vesta's global average and selected model compositions,
including CI/CM chondrite meteorites (23), simulated material E1 (10) with lower

average [Fe] and higher [C] than meteorite analogs (brackets

indicate

concentration). Solid curves show the variation of counts with [H] (1- to 100-wt.%
WEH) for non-layered surfaces. Dashed red lines indicate example trends for
layered surfaces. Selected points are labeled with depth in mass units (g/cm?),
given by the product of depth (cm) and regolith density (g/cm?3).
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Fig. 3. Distribution of hydrogen and comparison with ice stability models. (A) The distribution
of hydrogen (lower bound) within Ceres' regolith determined from thermal + epithermal neutron
counting data. (B) Trial distributions of ice table depth with latitude: (i) A step function for which
ice is at depths much greater than a meter at the equator and transitions abruptly to the surface
at higher latitudes; (ii) Ice table depths determined by an ice stability model (10, 13) for three
cases corresponding to different vapor diffusivities and pore-filling ice content: (a) low diffusivity,
with a grain size of 1 ym and porosity of 0.1 (4 wt.% water ice); (b) high diffusivity, with a grain
size of 10 pm and porosity of 0.5 (30 wt.% water ice); (c) low diffusivity, with a grain size of 1 pm
and porosity of 0.2 (10 wt.% water ice). (C) Forward models of thermal + epithermal counting
rates (10) for each trial distribution are compared to zonally-averaged counting data, displayed in
terms of water equivalent hydrogen for both hemispheres. For the step functions, the transition
latitude and polar water ice content were adjusted to fit the data.
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Fig. 4. Fe versus water-equivalent H for the ClI and CM chondrites and Ceres. Recent
measurements of H via mass spectrometry and thermogravimetric analysis (TGA) are shown.
See (10) for data sources. Water dilution trends, in which [Fe] is adjusted by adding or
removing water, are displayed for the Cl chondrites (brackets denote concentration). Ceres
equatorial average is shown as a point with error bars. The decrease in Fe on Ceres relative to
the Cl chondrite trend is consistent with the addition of 13 wt.% of a neutral component. The
analysis assumes the minimum for the average [H] on Vesta of (250 pg/g). Increasing the
hydrogen content of Vesta's regolith causes Ceres’ regolith composition to shift toward the
dilution trend for Cl chondrites. Ceres pristine regolith would have lower [Fe] and higher [H] if
the regolith contained significant exogenic contamination (10).
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