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Revised 26 April 2018
Accepted 27 April 2018
Available online 20 June 2018

quired by Dawn'’s Visible to Infrared Mapping Spectrometer (VIR) and Gamma Ray and Neutron Detector
(GRaND) are sensitive to different depths and spatial scales. To compare these data sets, high-resolution
maps of absorption band strengths from VIR are degraded to the broad spatial scales sampled by GRaND
using a physics-based smoothing algorithm that accounts for the shape and topography of Vesta and
Ceres. On Vesta, the distributions of elemental hydrogen and hydroxyl are similar, which implies that
hydrogen is primarily in the form of hydroxyl, likely as phyllosilicates delivered by the infall of carbona-
ceous chondrite impactors. Small differences in the spatial patterns of hydroxyl and hydrogen imply that
hydrogen is layered in some locations. In Vesta’s dark hemisphere, hydrogen deposits are more extensive
than hydroxyl, which indicates higher concentrations of hydrated minerals at depth. In contrast, the dis-
tributions of elemental hydrogen and hydrogen-bearing species (OH and NH4*) on Ceres are dissimilar.
High concentrations of hydrogen in the Ceres’ polar regions (approaching 30 wt.% equivalent H,O) indi-
cate the presence of subsurface ice as predicted by ice stability theory. The concentration of iron follows
a water-dilution trend when plotted as a function of regolith hydrogen content, consistent with the pres-
ence of subsurface water ice. The VIR and GRaND data jointly constrain aspects of Ceres’ surface chem-
istry and evolution. GRaND iron measurements place a firm upper bound on magnetite content, which
supports graphitized carbon as an alternative to magnetite as a darkening agent. Lower-bounds on the
concentration of carbon in carbonates implied by VIR, together with the ratio of carbonates to organics
in carbonaceous chondrite meteorite analogs suggest high concentrations of carbon within Ceres’ regolith.
GRaND neutron measurements permit elevated carbon concentrations, equal to or in excess of that found
in CI chondrites (greater than a few wt.%). Organic matter, detected by VIR at Ernutet crater, might be
widespread and may have been converted to graphite, e.g. via UV exposure, elsewhere on the surface.
Furthermore, elevated concentrations of carbonaceous material can explain the difference between iron
and hydrogen concentrations measured by GRaND and the CI carbonaceous chondrites, which are repre-
sentative of the materials from which Ceres accreted. The elemental measurements indicate that ice and
rock fractionated during Ceres’ evolution producing a crust that differs in composition from the whole
body.
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1. Introduction

Over the past decade, the NASA Dawn mission has explored
the two most massive asteroids in the main belt, Vesta and
Ceres, determining their interior structure, geology, mineralogy
and elemental composition (Russell et al, 2012;2016). On the
way, Dawn acquired elemental data during a close flyby of Mars
(Prettyman et al., 2011), enabling direct comparison of three solar
system bodies. Dawn’s Framing Camera (FC) (Sierks et al., 2011)
and Visible to Infrared Mapping Spectrometer (VIR) (De Sanc-
tis et al., 2011) provided high resolution mapping of geomor-
phology and mineralogy with nearly global coverage at Vesta
and Ceres. Dawn’s Gamma Ray and Neutron Detector (GRaND)
(Prettyman et al., 2011) globally mapped the elemental composi-
tion of Vesta and Ceres providing constraints on their geochemical
evolution.

The compositional information acquired by Dawn'’s instruments
is complementary (e.g. Pieters et al, 2011); however, there are
some technical issues that must be considered when combining
optical and nuclear data sets. VIR is sensitive to surface and re-
golith geotechnical properties and mineralogy; whereas, GRaND is
sensitive to the elemental composition of the bulk regolith. Model-
based interpretation of nuclear spectroscopy data can in some
cases provide constraints on regolith thermophysical properties,
e.g. grain size and/or porosity (e.g. Boynton et al., 2002; Tokar
et al., 2002; Prettyman, 2004; Prettyman et al., 2017). Joint anal-
yses of optical and nuclear data must consider the completeness
of the information provided and the disparate depth sensitivities
and spatial scales of the measurements.

With reflectance spectroscopy, specific mineral species can be
identified and in some cases quantified via the position and depth
of absorption bands in the spectrum of sunlight reflected from the
outermost layer of the surface (up to several hundred pm depth)
(e.g. Hapke, 1981). Nuclear spectrometers detect gamma rays and
neutrons produced by the steady interaction of cosmic rays with
planetary surfaces and gamma rays made by the decay of nat-
ural radioelements such as K, Th, and U (e.g. Prettyman, 2014).
The intensity and energy distribution of emitted radiation can be
analyzed to determine the depth-averaged concentration of se-
lected elements up to a few decimeters depth. The different depths
sensed by the instruments can enable the detection and character-
ization of compositional layering; although, geochemical analyses
are complicated when layering is present.

Remote sensing is selective in that not all elements and min-
erals present on the surface produce unique signatures that can
be detected and quantified. Many complementary sources of infor-
mation are required to determine surface composition. For exam-
ple, the analysis and interpretation of nuclear spectroscopy data is
guided by models of elemental composition based on theory and
observations, including constraints from reflectance spectroscopy,
meteorite and sample studies. Similarly, elemental data constrain
the type and concentration of minerals within the regolith.

Dawn acquired data in circular polar mapping orbits around
Vesta and Ceres. VIR spectra were acquired in high altitude map-
ping orbits with spatial resolution better than about 1km/pixel
(e.g. Ammannito et al., 2015;2016). GRaND data were acquired in
a low altitude mapping orbit (LAMO), with an altitude of approx-
imately 0.8 body radii at both Vesta and Ceres (Prettyman et al.,
2012;2017). The angular response of GRaND’s primary gamma
ray and neutron sensors is described by Prettyman et al. (2011).
GRaND is sensitive to radiation arriving from all directions. Conse-
quently, the surface spatial resolution is a sizeable fraction of the
field of view, the portion of the asteroid visible from the spacecraft
that extends to the limb. In LAMO, GRaND can resolve composi-
tional variations between surface regions hundreds of kilometers
in scale, enabling characterization of only the largest impact basins

and surface features. In order to compare GRaND and VIR mapping
data, the VIR maps must be degraded to the spatial resolution of
GRaND. This is accomplished here using a physics-based smooth-
ing algorithm, which enables accurate comparisons of the two data
sets.

This study compares the concentration and distribution of hy-
drogen with maps of hydrated minerals on Vesta and Ceres, with
the goal of determining the types of hydrogen-bearing species
present in the regolith and how they were emplaced. Vesta and
Ceres are complementary protoplanets (Russell et al., 2004). Vesta
formed inside the snow line of the solar nebula, accreted from
a volatile-poor source (e.g. Hans et al., 2013; Prettyman et al.,
2015), and underwent igneous differentiation, forming an iron-rich
core, ultramafic mantle, and basaltic crust (e.g. Righter & Drake,
1997; McSween et al., 2011; Mandler & Elkins-Tanton, 2013; Mc-
Sween et al,, 2013; Toplis et al., 2013). Hydrogen-bearing species
found on Vesta’s surface are most likely exogenic (e.g. De Sanctis
et al,, 2012a; McCord et al., 2012; Prettyman et al., 2012). In con-
trast, water-rich Ceres formed outside the snow line and under-
went extensive aqueous alteration. Ceres’ regolith contains water
ice, carbonates, organics, phyllosilicates, and other aqueous alter-
ation products (e.g. Lebofsky et al., 1981; King et al., 1992; Rivkin
et al., 2010; De Sanctis et al., 2015b; Ammannito et al., 2016; De
Sanctis et al.,, 2017; Prettyman et al., 2017). By studying the el-
emental composition and mineralogy of Ceres’ regolith, we can
better understand interior evolution, crustal emplacement, and re-
golith processes. Combining VIR and GRaND data potentially en-
ables the identification of subsurface components such as water ice
and organics otherwise hidden from VIR (Prettyman et al., 2017).

This paper is organized as follows. The smoothing algorithm
is presented in Section 2, along with an illustration of the spa-
tial response function and a description of the data used in the
study. The data include maps of the total inventory of hydrogen at
Vesta and Ceres (GRaND), absorption band strengths for hydroxyl
at Vesta and Ceres, and ammonium at Ceres (VIR). The distribu-
tion of iron on Ceres provides additional constraints on subsurface
mineralogy. Comparisons of maps and their geochemical interpre-
tation are provided in Section 3 and conclusions are presented in
Section 4.

2. Methods and data

High-resolution maps determined from optical spectroscopy
were degraded to the spatial resolution of GRaND using a physics-
based, smoothing algorithm, which models the time series of
counting data acquired by the instrument. The algorithm builds on
a forward model described by Prettyman et al. (2017) that pro-
vides a detailed treatment of the emission of particles from the
surface, their transport through space, and their detection by sen-
sors in orbit. The model includes the shape and topography of
Vesta and Ceres, which can affect how the instrument responds
to surface features. The effect of shape is most important for Vesta
(Prettyman & Hendricks, 2015), which is not in hydrostatic equi-
librium and was battered into an irregular shape by large impacts
(e.g. Jaumann et al., 2012; Marchi et al., 2012).

2.1. Forward model of GRaND measurements

For any location in orbit (?D), the response of GRaND to neu-
trons is given by a double integral over neutron kinetic energy (E)
and the portion of the surface (S) visible from orbit (see Fig. 1A for
an illustration of geometry and terms):

R(?D> =K /dA de &(~fip - Q,E)j(;’g, f. Q) e t/T /2
s JE

(counts/s) (1)
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Fig 1. A) The trajectory of a single particle originating from the surface of Vesta and
arriving at the orbiting spectrometer is illustrated. Terms in Eq. (1) are indicated. A
polygonal shape model represents the surface. In B and C, surface emission and in-
strument response functions, respectively black (left axes) and red (right axes), are
shown for neutrons produced by galactic cosmic ray interactions with howardite. B)
The energy dependence of neutron emission integrated over all angles (vertical axis
J1 with units of neutrons/cm?/s/MeV) and the efficiency area product (¢) for detec-
tion of neutrons by the Li(n,«) reaction in the Li-loaded glass scintillator, part of
the +Z phoswich, for neutrons with normal incidence (red vertical axis, with units
of cm?) are shown. C) The angular dependence of the emitted neutrons and flux-
weighted efficiency-area product are shown for neutron kinetic energies less than
100keV. The horizontal axis gives the cosine of the angle of emission (i - €2) or in-
cidence (—fip - €2). The emission axis (J2) has units of neutrons/cm?/s/steradian.

where k is a constant, j(?, E, fi- Q) is the steady-state leakage cur-
rent of neutrons emitted in the direction €2 from a surface par-

cel at 7 with unit outward normal A and area dA, e(—fip- S0 E)
is the efficiency-area product (units of cm?) of the sensor which
is pointed in direction fip, and r and t are respectively the dis-
tance and transit time between the surface parcel and the sen-
sor. Transit time depends on neutron kinetic energy. The model
accounts for neutron decay (mean lifetime t of about 900s), but
ignores gravitational binding effects (Prettyman et al., 2011). Thus,
neutron trajectories follow straight-lines. For low altitude mapping
orbits (LAMO) at Vesta and Ceres, neutron decay is only impor-
tant for neutrons in the thermal energy range. In addition, because
the spacecraft is moving slowly relative to Vesta and Ceres, we ig-
nore kinematical ram effects. These simplifying assumptions were
justified by Prettyman et al. (2013). Removing the exponential de-
cay term from Eq. 1 gives the functional form for the response of
GRaND to gamma rays.

Efficiency-area products were reported by Prettyman et al.
(2011) for GRaND’s primary neutron and gamma ray Sensors.
Multiplying the flux of incident particles (particles/cm?/s) by the
efficiency-area product (Fig. 1B) gives the contribution of the par-
ticles to the response (counts/s). Neutrons are detected by lithium-
and boron-loaded plastic scintillators that face towards body cen-
ter during science data acquisition. These are approximately planar
in geometry, such that the projected area in the direction of the

incident neutron varies roughly in proportion to —fip - 2, where
fip is the outward normal of the face of the scintillator (Fig. 1C).
During science data acquisition, fip points towards body center.
Neutrons originating directly below the spacecraft, for which the
projected area is largest, have higher probability of detection than
those originating from the limb. Consequently, the neutron sensors
yield slightly better spatial resolution than would be expected if
the efficiency-area product were isotropic (i.e. independent of the
direction of neutrons incident on the sensors).

The surface leakage current, with units of particles/cm?/s/MeV/
steradian, varies with the cosine of the polar emission angle u =
fi- (Fig. 1C). For gamma rays and neutrons produced in cosmic
ray showers, emission is higher towards the zenith (e.g. j oc u®
with @ =1.5) (e.g. Lawrence et al., 2006; Prettyman et al., 2006;
Eke et al., 2015), which enhances the response of the instrument
to surface regions directly below the spectrometer in comparison
to the special case of isotropic emission, for which = 1 (e.g.
Prettyman et al., 2015). For cosmogenic neutrons and gamma rays,
the anisotropy of emission is energy dependent. In this study, we
used simulated leakage currents for analog materials to represent
the energy-angle neutron emission functions for Vesta and Ceres.

Simulations of neutron emission were carried out using the
Monte Carlo radiation transport code MCNPX, which models the
particle showers produced by the interaction of galactic cosmic
rays with the regolith (e.g. McKinney et al., 2006). For each analog
material, the leakage current was determined for a flat surface par-
cel with an unobstructed 27 view of space. Shadowing of surface
regions (e.g. by crater walls or mountains) and secondary scatter-
ing from reentrant surfaces was ignored. These effects are not ex-
pected to be significant (Prettyman & Hendricks, 2015).

For the purpose of smoothing, the composition of Vesta
and Ceres was assumed to be spatially uniform. Vesta’s com-
position was modeled as the howardite meteorite Kapoeta
(Mittlefehldt, 2015), and the CI chondrite average composition was
used for Ceres (Lodders and Fegley, 1998).

2.2. Smoothing of high resolution maps for comparison with GRaND
data

Maps of any quantity M(r) can be smoothed to the spatial
resolution of GRaND by forming its footprint-weighted average.
The smoothed map contribution at any point in orbit is given by

S(rp) = Ru(rp)/R(rp), where

Rm(?o> =K /dA /dEM(F)g(—ﬁD Q. E)j(F,E, f. Q) et/ 2
s E
(map units x counts/s) (2)

The integrals Eqs. (1) and (2) were evaluated numerically us-
ing the Monte Carlo importance-sampling scheme described in the
Supplementary Material of Prettyman et al., (2017). The calculation
was carried out for the time series of spacecraft orbital locations
(?D) in LAMO that were used to make elemental maps at Vesta and
Ceres. Evaluation of Eqgs. (1) and (2) assumed GRaND was pointed
towards body center, consistent with the measurement geometry
for the selected orbital locations (Prettyman et al., 2012;2017). The
time series of smoothed map values S was then binned onto equal
area pixels with the same algorithms used for mapping measured
counting rates, thus enabling direct comparison with GRaND maps.
This process enables realistic modeling of nonuniform surface sam-
pling (dithering) that may occur when binning map data.

Shape models of Vesta and Ceres were determined by
stereophotoclinometry (SPC) using Framing Camera images and
were represented by interconnected quadrilaterals (cubic topology)
(Gaskell et al., 2008). For response calculations, the shape models
were decimated to 16 x 16 x 16 quadrilaterals and then converted
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to polygonal (triangular) shape models. This ensures adequate sub-
sampling of the surface, at scales much smaller than the footprint
of GRaND, while minimizing computation time. For example, the
shape model for Vesta is shown in Fig. 1A. The input maps M(r)
were projected onto the triangles for calculation of Eq. (2).

2.3. Solid angle approximation

Note that Eq. (1) is similar in form to the expression for the
solid angle subtended by the surface at the spacecraft:

Q= [dA i-Q/r?  (steradians) (3)
s

Counts (Eq. (1)) should vary in proportion to solid angle if the
surface leakage current varies linearly with emission angle and the
response of the spectrometer is independent of the angle of in-
cidence. The assumption of solid-angle proportionality was made
in geochemical mapping studies of Vesta and Ceres (Prettyman
et al.,, 2012; Lawrence et al., 2013; Peplowski et al., 2013; Pretty-
man et al, 2013; Yamashita et al,, 2013; Prettyman et al., 2017).
For the purpose of correcting counting data for measurement ge-
ometry, the assumption is valid at LAMO altitudes (Prettyman and
Hendricks, 2015), even though the aforementioned conditions are
not strictly met.

The solid angle of an irregular shape is related to the equiva-
lent altitude of the spacecraft in orbit around a sphere of the same
volume as the shape model. Equivalent altitude (heq) is given by:

heq/Req = 1/3/1— (1 - Q/27)* — 1 (4)

where Req is the radius of the equivalent-volume sphere. Solid an-
gles and equivalent altitudes were archived in the NASA Planetary
Data System for every measurement made by GRaND at Vesta and
Ceres. The Monte Carlo simulations used to evaluate Eqs. (1) and
(2) and are based on proven methods used to determine solid an-
gle. The pipeline for calculation of Eq. 3 was validated by inter-
comparison of analytic, semi-analytic, and Monte Carlo calculations
(Prettyman, 2017).

2.4. Visualization of the response function

In order to visualize the spatial response of GRaND, the solid
angle and SLi(n,«) reaction rate (counts/s) were calculated for
three discrete spacecraft locations at Vesta (Fig. 2A). At each lo-
cation, the spacecraft was positioned 478 km from body center,
which is approximately the average orbital radius for LAMO. The
contribution of each surface element to the response, given by the
integral over energy in Eq. 1, was tallied in the Monte Carlo sim-
ulation (Fig. 1A). Contributions to solid angle were also calculated
(Eq. 3).

A map of the counting contributions (Fig. 2A) reveals the
breadth of the footprint and sensitivity of GRaND to surface units.
While regions closest to each subsatellite point make the largest
contributions, only about 40% of the response originates within
the full-width-at-half-maximum (FWHM) (e.g. the red-yellow re-
gion encircled by the dashed circle for location 3). The remainder
originates from surroundings (blue). The patchy appearance of the
map results from Vesta’s irregular shape, with discontinuous re-
gions as viewed from the spacecraft and variations in the projected
area of individual triangles. The white arrow indicates a separate
patch that belongs to the response at location 1. The extent of the
footprint for location 2 at the South Pole is similar in scale to the
Rheasilvia basin, which is nearly the diameter of Vesta.

The great circle indicated by the black arrows in Fig. 2A passes
through each of the three locations. The distance from the space-
craft to the subsatellite point is compared with the solid-angle
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Fig. 2. A) The spatial response of GRaND is shown for three spacecraft subsatel-
lite locations at Vesta: 1) OE, 40N; 2) 180E, 90S; and 3) 180E, 40N. For each lo-
cation (labeled 1-3), the distance of the spacecraft from body center was 478 km,
roughly the average orbital radius for Dawn in LAMO. The contribution from sur-
face parcels to the instrument response is indicated by a color map superimposed
on shaded relief. Contributions from locations 1-3 were added together for illus-
tration. A great circle that passes through the subsatellite locations is indicated by
black arrows. The altitude of the spacecraft (subsatellite distance and solid-angle
equivalent) is shown in B as a function of distance traveled on the surface along
the great circle (horizontal axis shared with C). Surface contributions (normalized
to the maximum for location 1) are shown in C. The black and red traces are re-
spectively contributions to solid angle (Eq. (3)) and contributions to the instrument
response (Eq. (1)). The selected locations are sensitive to separate surface regions.
The white arrow in A indicates surface parcels associated with location 1. The full-
width-at-half-maximum (FWHM), a measure of spatial resolution, is indicated for
location 3.

equivalent altitude of the spacecraft (Eq. (4)) as a function of dis-
tance on the surface along the great circle (Fig. 2B). The orbital ra-
dius was fixed at 478 km. The subsatellite altitude depends on local
topography of Vesta; whereas, the solid-angle equivalent altitude
is sensitive to shape. Vesta’s flattened shape fills more of the field
of view near the poles than at the equator, despite that the sub-
satellite distance is larger at the poles. For Vesta’s irregular shape,
subsatellite altitude is not necessarily indicative of signal strength.

The width of the spatial response function can be determined
by examining the relative contributions of surface units along the
great circle (Fig. 2C). The black trace gives surface contributions
to solid angle; whereas, the red trace gives contributions to the
counting rate. The selected locations are sensitive to separate re-
gions of Vesta’s surface. The FWHM of the peaks associated with
each of the three measurement locations provides a measure of
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spatial resolution. Namely, two, identical point sources separated
on the surface by the FWHM would meet Rayleigh’s criterion for
separation.

The spatial resolution of measurements with the lithium-loaded
glass scintillator is somewhat better than the solid angle would in-
dicate, primarily because neutron emission is enhanced in direc-
tions towards zenith (Fig. 1C); although, the instrument angular
response and neutron decay also contribute. In addition, the peaks
are narrower than would be expected given the rough approxi-
mation that the FWHM is 1.5 times altitude (Prettyman, 2014).
For example, the FWHM of the peak at location 3 is 175 km, 40%
lower than the approximate estimate (250 km). The approximation
is based on the modeling of Apollo data acquired at much lower al-
titudes than LAMO (Haines et al., 1978) and is supported by stud-
ies of other low altitude data sets (Lawrence et al., 2003; Pretty-
man et al.,, 2009). As altitude increases, the FWHM-to-altitude ra-
tio decreases due to the increased curvature of the surface as seen
from orbit. Nevertheless, the rough approximation for resolution
can serve as a useful guide. Surface features separated by less than
about 200km on Vesta and 400 km on Ceres in mapped counting
data acquired at LAMO altitudes are difficult to distinguish.

The visualization shows that the spatial response of GRaND
is not uniform for irregularly shaped bodies such as Vesta. The
smoothing algorithm described here fully accounts for the shape
of Vesta and Ceres, key aspects of the physics of particle produc-
tion, transport, and detection, as well as the actual orbital trajec-
tory flown by the spacecraft. This ensures accurate comparisons of
high-resolution data sets and GRaND maps.

2.5. Map data

We compare the distribution of hydrogen-bearing mineral
species measured by VIR to the distribution of hydrogen measured
by GRaND at Vesta and Ceres. At Vesta, the strength of the 2.8 pm
absorption band in reflectance spectra measured by VIR is sensi-
tive to the concentration of OH-bearing minerals (De Sanctis et al.,
2012a). In this study we use a map of the 2.8 pm band area, which
provides coverage from the South Pole to roughly 60N (Fig. 3A).
See the Appendix for a description of the processing steps.

On Ceres, the signature for hydroxyl appears at 2.7 pm due to
the prevalence of Mg-OH minerals, such as antigorite or saponite,
which have absorptions at shorter wavelengths than Fe-bearing
phases (De Sanctis et al, 2015b; Ammannito et al., 2016). Mg-
phyllosilicates are more abundant than Fe-phyllosilicates in the
most altered meteorites (CI and CM chondrites) (e.g. Howard et al.,
2015; McSween et al., 2017). This implies that materials on Ceres’
surface experienced a high degree of aqueous alteration. The band
center does not vary significantly across the surface, which indi-
cates that the composition of the phyllosilicates is relatively con-
stant and implies that alteration was pervasive (Ammannito et al.,
2016). De Sanctis et al. (2015b) also detected a 3.1-um absorption
feature, indicating the presence of ammoniated (NH4*) species,
likely ammonium-bearing clays. Maps of OH and NH4 band depths
with coverage up to about 60° latitude in both hemispheres were
derived from reduced data records (Level 1B PDS archive) using
the same procedure as described in Materials and Methods of
Ammannito et al. (2016), with the addition of data acquired in the
High Altitude Mapping Orbit mission phase.

For comparison with GRaND data, high-resolution VIR maps
were rebinned onto a 720 x 360 (0.5°) equirectangular grid and
smoothed using the procedure described in Section 2. Pixels with-
out map data were excluded from the evaluation of Eqs. (1) and
(2). For illustration, the 0.5-degree basemap for OH on Vesta is
shown in Fig. 3A. The smoothed time series was binned onto 15°
and 20° quasi-equal area pixels (Gasnault et al., 2003), respectively,
for Vesta and Ceres, the same grids used to map GRaND measure-

ments (Prettyman et al., 2012;2017). Smoothed data were excluded
from comparisons with GRaND data for regions without VIR cover-
age. For example, the smoothed map of VIR OH in Fig. 3B does not
contain data poleward of 60 N.

At Ceres, we compare the global distribution of Fe to that of H
and hydrogen-bearing minerals. A map of the concentration of Fe
on 20-degree, quasi-equal area pixels was determined from mea-
surements of the intense 7.6 MeV gamma ray produced by neutron
capture with 55Fe within the uppermost few decimeters of Ceres’
regolith. The concentration of Fe within each map pixel was deter-
mined using the model-based, interpolation algorithm presented in
the Supplementary Materials of Prettyman et al. (2017). The cou-
pling between the subsurface neutron flux and capture gamma ray
production was determined from measurements of neutrons in the
thermal + epithermal energy range.

Absolute concentrations of H and Fe on Ceres were determined
by comparison to measurements at Vesta, given assumptions re-
garding Vesta’s average regolith composition. For the maps pre-
sented here, we assume the minimum concentration of hydro-
gen on Vesta determined by Prettyman et al. (2012). Meteorite
studies support the validity of this assumption (Prettyman et al.,
2012;2017). The elemental maps used in this study are sensitive to
depth-averaged regolith composition.

3. Results and discussion
3.1. Vesta

The distributions of hydroxyl and H on Vesta are compared at
the spatial resolution of GRaND in Fig. 3 (B and C, respectively).
The patterns of H and OH are similar, with lowest values found in
the relatively young, south-polar Rheasilvia impact basin (O'Brien
et al.,, 2014; Schmedemann et al., 2014) and highest values in equa-
torial regions spanning roughly 60E to 210E, within Vesta’s “dark”
hemisphere (McCord et al.,, 2012; Reddy et al., 2012). This older,
heavily cratered region is eucrite rich and may contain traces of
Vesta’s ancient, basaltic crust (De Sanctis et al., 2012b; Marchi
et al., 2012; Ammannito et al., 2013; McSween et al., 2013; Pret-
tyman et al., 2013). Dark materials are associated with eucrite rich
regions (Palomba et al., 2014) and appear as areal deposits and lo-
calized spots and strata within the uppermost ~2-km of the sur-
face (Jaumann et al., 2014). They contain OH in the form of phyl-
losilicates, such as serpentine, also found in CM and CR chondrites
(e.g. Nathues et al., 2014). Although the exact delivery mechanism
is debated, it is widely accepted that the dark, H-bearing materi-
als are exogenic, delivered by the infall of carbonaceous chondrites,
as impactors and/or dust (De Sanctis et al., 2012a; McCord et al.,
2012; Prettyman et al., 2012; Reddy et al., 2012). The dearth of
OH and H in the Rheasilvia basin implies that H-bearing materi-
als were delivered prior to formation of the basin, likely early in
Vesta’s history following formation of the crust.

The howardite, eucrite, and diogenite (HED) meteorites proba-
bly originated from materials ejected by the impact that formed
Rhesilvia (e.g. Schenk et al., 2012; Marchi et al, 2013). These
include regolith materials, some of which contain solar wind
gases, evidence that they were exposed on the surface (Cartwright
et al.,, 2013;2014; Lunning et al., 2016). Some regolithic howardites
contain carbonaceous chondrite clasts, evidence that Vesta’s an-
cient surface was exposed to primitive, water-rich impactors (e.g.
Prettyman et al.,, 2012, Supplementary Material). Low-velocity ac-
cretion of carbonaceous chondrites would have resulted in min-
imal alteration of phyllosilicates, preserving their hydrogen con-
tent. Indeed, estimates of the average hydrogen concentration of
howardites with carbonaceous clasts are consistent with that mea-
sured by GRaND within Vesta’s regolith, and delivery of H by the
solar wind is thought to be negligible based on analyses of Ne iso-
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in C.

topes (Prettyman et al., 2012). In addition, VIR observations are in-
consistent with the formation of O-H bonds by the interaction of
solar wind protons with the surface (De Sanctis et al., 2012a).

The strong correlation between GRaND and VIR map values
shown in Fig. 4 suggests a causal relationship between H and OH.
This, of course, assumes that the concentration of OH varies in pro-
portion to the 2.8 um band area (Sato et al., 1997; De Sanctis et al.,
2012a). If so, then we can assert that most of the hydrogen within
Vesta’s uppermost regolith is in the form of hydroxyl. The pres-
ence of H in other forms, such as bound or adsorbed water, may
contribute to minor differences between the distribution of OH and
H (Fig. 3B and C); however, bound water was not detected by VIR
(De Sanctis et al., 2012a). Consequently, the differences may result
from layering of hydrogen within the subsurface. VIR is sensitive to

the uppermost few hundred pm of the surface; whereas, GRaND
is sensitive to decimeter depths. Layering of dark deposits is ob-
served on much larger scales, and it is reasonable to expect that
layering could occur within the shallow depths sensed by GRaND
and VIR. Nevertheless, the close correspondence between H and
OH suggests that Vesta’s regolith is generally not layered on the
spatial scale of GRaND measurements. Possible exceptions are de-
scribed as follows.

Perhaps the most noticeable difference in the smoothed maps
is the shape of the hydrogen-rich regions in Vesta’s “dark” hemi-
sphere (compare dashed lines marking the transition from blue to
yellow in Fig. 3B and C). The longitudinal extent of H is much
greater than that of OH, which may imply higher concentrations of
hydrogen beneath the optical surface in regions such as the ejecta
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Fig. 4. Scatter plot of the VIR 2.8 pm band area, smoothed to the spatial resolution
of GRaND, versus hydrogen concentration (map data for Vesta are shown in Fig. 3B
and C). Values for 180 pixels south of 60N are compared. A two-tailed t-test indi-
cates the null hypothesis that the distributions of H and OH are unrelated can be
rejected with high confidence. The critical t value for 178 degrees of freedom with
5% significance level is 1.97, which is much smaller than the value determined from
the population (t=17.7). Filled symbols (black) are for pixels in the vicinity of Oppia
(region indicated by white arrows in Fig. 3). The region includes 12 pixels with lat-
itudes between 37.5S and 7.5N and longitudes between and 285E and 345E. Filled
symbols (light grey) are for pixels around and to the east of Marcia, with latitudes
between 7.5S and 37.5N and longitudes between 180E and 225E (9 pixels, two of
which overlap on the plot). Error bars represent the uncertainty in individual data
points. The error bar for the vertical axis gives the population standard deviation of
the mapped values for each pixel. The horizontal error bar gives the total analytical
uncertainty in the hydrogen concentration for individual pixels.

deposits to the east of Marcia crater (De Sanctis et al., 2015a), or
that these “hidden,” subsurface deposits have greater spatial ex-
tent than indicated by VIR. Relatively low 2.8-um band areas are
found for some pixels with intermediate to high concentrations
of hydrogen (150- to 350-pg/g). Points in the vicinity and to the
east of Marcia cluster below the regression line (Fig. 4), which
could result from elevated concentrations of H at depth in the form
of hydrated minerals or bound water. High concentrations of H
and OH extend to the south into the Veneneia impact basin (the
250 pg/g H contour follows the outline of the basin rim, Fig. 3C).
Reddy et al. (2012) speculate that much of the dark material to the
north and west of Veneneia is ejecta from the impact of a carbona-
ceous asteroid, which formed the basin.

VIR detected hydroxyl to the south of Oppia crater (blue region
indicated by arrow in Fig. 3A). In this region, the 2.8 pm band cor-
responds to materials with moderate reflectance, perhaps indicat-
ing that OH was emplaced there by a mechanism other than infall
of carbonaceous chondrites, such as a cometary collision or an en-
dogenic source (De Sanctis et al., 2012a; Scully et al., 2015). In the
scatter plot of OH versus H (Fig. 4), points within this region clus-
ter above the regression line, consistent with higher concentrations
of OH on the surface than at depth. The inferred inverted layering
is consistent with an exogenic source.

3.2. Ceres

The distribution of hydrogen on Ceres is strikingly different
from that of Vesta. Whereas H on Vesta is longitudinally asymmet-
ric (Fig. 3C), longitudinal variations on Ceres are small (Fig. 5A).
The concentration of hydrogen within Ceres’ regolith increases
markedly with latitude, with slightly higher concentrations near
the North Pole than the South Pole. Moreover, the average con-

centration of hydrogen on Ceres is hundreds of times higher than
that of Vesta, reflecting an abundance of aqueously altered miner-
als, water ice, and other hydrogen-bearing molecules on Ceres.

The presence of subsurface ice can explain the high concentra-
tions of H observed at high latitudes. Prettyman et al. (2017) ar-
gue that the increase in H with latitude indicates the presence of a
global, subsurface ice table, consistent with predictions of ice sta-
bility modeling (Fanale and Salvail, 1989; Hayne and Aharonson,
2015; Titus, 2015; Schorghofer, 2016). Over billions of years, loss
of ice by sublimation caused the gradual recession of the ice table
from the surface to greater depths, with the highest losses occur-
ring in warmer, equatorial regions. Assuming ice initially filled the
pore space, the depth of the ice table varies from about a meter
at the equator to within a few millimeters near the poles and con-
tains on average about 10 wt.% water ice.

Long-term variations in illumination due to changes in Ceres’
orbital elements cannot plausibly explain the observed north-south
asymmetry in hydrogen (Prettyman et al, 2017). Instead, this
asymmetry may result from differences in the excavation and re-
distribution of crustal materials by impacts. Much of the southern
hemisphere was resurfaced by ejecta from large impacts (Marchi
et al., 2016; Stephan et al., 2017; Strom et al., 2018).

Subsurface ice is widespread on the spatial scales sampled by
GRaND (about 400 km resolution in LAMO). Small patches of sur-
face ice are visible within high latitude craters (Combe et al.,
2016; Combe et al., 2017) and in the mid-latitude crater Juling
(Raponi et al., 2018). In addition, analyses of lobate flows show that
their morphology is controlled by ice, perhaps in larger concen-
trations than inferred regionally from GRaND data (Schmidt et al.,
2017). This suggests that the distribution of ice within the crust
and regolith is heterogeneous on small scales (less than a few km).
Further evidence for crustal ice includes pitted terrain made by
rapid outgassing of the subsurface in response to impact heating
(Sizemore et al., 2017). Surficial ice may be the source of the tenu-
ous cerean exosphere detected by telescopes and GRaND (Kuppers
et al., 2014; Formisano et al.,, 2016; Russell et al., 2016; Landis
et al., 2017; Schorghofer et al., 2017; Villarreal et al., 2017).

The mineralogy of Ceres is consistent with extensive and per-
vasive aqueous alteration of silicate minerals. Ceres’ global regolith
as seen by VIR is rich in Mg-phyllosilicates, ammonium-bearing
clays, carbonates, and a neutral, darkening agent such as mag-
netite or graphitized carbon (De Sanctis et al., 2015b; Ammannito
et al., 2016). Ceres likely accreted unaltered silicate minerals, ice
and other volatiles. The VIR data are consistent with an interior
that was warm enough to melt ice, producing liquid water that
altered the silicates to form Fe-serpentine, which was converted
to Mg-serpentine, magnetite and clay minerals as alteration pro-
gressed (McSween et al., 2017).

Given that aqueous alteration is exothermic (e.g. Fyfe, 1974),
serpentization and melting of ice propagate through the interior
until the reactants are consumed (e.g. Bland and Travis, 2017).
Ceres is large enough that silicates, alteration products and brine
likely circulated within the interior (Bland et al., 2009). Elemental
fractionation could have occurred if the more mobile brine sepa-
rated from solid particulate (Neveu and Desch, 2015). Analyses of
gravity and topography indicate that the interior of Ceres is physi-
cally differentiated and that in addition to phyllosilicates, the crust
contains salt, salt-hydrates and/or clathrates, possibly the remnants
of a subsurface ocean (Fu et al., 2017; Castillo-Rogez et al., in re-
view).

Fig. 5 compares the distributions of hydrogen-bearing mineral
species (OH and NH4*) measured by VIR within the uppermost
10s-100s of pm of Ceres’ surface with the total concentration of
hydrogen measured by GRaND. When smoothed to GRaND’s res-
olution, the VIR maps reveal higher concentrations of hydrogen-
bearing species in the eastern hemisphere. The coherent pattern
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(Roatsch et al., 2016).

of OH and NH4" implies that they are borne by the same suite
of minerals (Ammannito et al., 2016). The dynamic range of the
VIR data, (max-min)/avg (about 12%), is small compared to the dy-
namic range of hydrogen from GRaND, which is 60%. The lack of
ice in the thin layer sensed by VIR explains this difference.

GRaND measurements within 20° of the equator represent
Ceres’ ice-free regolith composition. In this region, the variation
in the GRaND data is similar to the total analytical uncertainty
in the hydrogen concentration for individual pixels, about 1wt.%
(Prettyman et al., 2017) (Fig. 6). Elements such as carbon can pro-
duce changes in neutron counts, which bias the determination of
hydrogen. The absence of a positive correlation between hydro-
gen and hydrated mineral species for equatorial pixels (Fig. 6)
hints at variability in regolith carbon content. Increasing the con-
centration of carbon decreases production and increases modera-
tion of neutrons, which has a similar effect on neutron counting
data as increasing the concentration of hydrogen (Prettyman et al.,
2017). Consequently, slightly higher inferred concentrations of hy-

drogen within the equatorial band in the western hemisphere
(Fig. 5A) could instead result from increased regional carbon
concentrations.

Globally, OH and NH4* are weakly correlated with H (Fig. 6).
While the correlation between OH and H is statistically signifi-
cant, the relationship is not causal due to the aforementioned un-
certainty in ice-free regolith hydrogen content and the disparate
depths sensed by GRaND and VIR. Both OH and H increase with
latitude and the presence of subsurface ice explains the observed
variation in bulk hydrogen. Changes in hydrated mineral content
with latitude were anticipated prior to Dawn’s arrival at Ceres, for
example due to changes in the thermo-physical properties of the
crust with latitude (McCord and Sotin, 2005; Castillo-Rogez and
McCord, 2010); however, the observed variations in OH and NH4*
are subtle and support globally uniform processing and emplace-
ment of materials on broad spatial scales.

Together with hydrogen, the distribution of iron within Ceres’
regolith provides insight into the concentration of ice and al-
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Fig. 6. Scatter plots of (A) the 2.7 pm band depth and (B) the 3.1 um band depth
versus hydrogen concentration. Each of the 92 points corresponds to a 20-deg equal
area pixel from the maps of Ceres in Fig. 5. Pixels poleward of 60-degrees in the
north and south are excluded. Global regression lines and Pearson correlation coef-
ficients are shown. The correlation between H and the 2.7 pm band, although weak,
is statistically significant (for r=0.281 with 90 degrees of freedom, t is 2.778, which
is larger than the critical value of 1.987 for 5% significance); whereas the slight pos-
itive correlation between H and NH, is not. Points equatorward of 20° latitude in
the northern and southern hemisphere are filled (black). Error bars represent the
uncertainty in individual data points. The error bars for the vertical axes give the
population standard deviation of the mapped values for each pixel. The horizontal
error bar gives the total analytical uncertainty in the hydrogen concentration for
individual pixels, about 1 wt.%. The statistical contribution is small compared to the
scatter in the equatorial data (Prettyman et al., 2017).

teration products, their origin, and emplacement (Fig. 7). Since
the CI chondrites are representative of the solar nebula (e.g.
Lodders, 2010), the composition of Ceres’ ice-free regolith is ex-
pected to be similar to CI as long as ice-rock fractionation did not
occur. In this respect, we note that the concentration of iron is
lower than that of CI whole rocks, even when dilution by bound or
adsorbed water is considered (Fig. 8, trend line a); although, some
equatorial pixels approach the dilution line.

Carbon/carbonate mineralogy is another way in which Ceres
and the CI meteorite analogs differ. For the aqueously altered chon-
drites, carbon is primarily in the form of insoluble organic mat-
ter (IOM), which likely originated in the nebula and/or interstel-
lar space (e.g. Pizzarello et al., 2001). The carbon in IOM is incor-

porated into carbonates as alteration progresses within the parent
body. Thus, the carbonate/organic mass ratio provides a measure
of the degree of aqueous alteration (Alexander et al., 2013; Alexan-
der et al,, 2015; McSween et al.,, 2017). On Ceres, carbonates are
widespread (De Sanctis et al., 2015b) and Na-carbonates are found
in localized, bright deposits (De Sanctis et al., 2016). The 3.4 pm
region that is characteristic of carbonates is complex and could
also contain contributions from C-H bonds from 3.3-3.5 pm; how-
ever, the C-H bonds characteristic of aliphatic organic matter have
been detected in only one small region partially overlapping Er-
nutet crater (Pieters et al.,, 2017; De Sanctis et al., 2017). The ap-
parent dearth of organic molecules on Ceres’ surface may result
from weathering processes that graphitize carbon (Prettyman et al.,
2017, Supplementary Material; Kaplan et al., 2018). In fact, the UV
spectrum of Ceres appears to be dominated by an anthracite-like
species (Hendrix et al., 2016), consistent with this idea.

Spectral mixing fractions for representative mineral end mem-
bers were determined in an analysis of the global average spec-
trum acquired by VIR (De Sanctis et al., 2015b). These can be in-
terpreted as areal- or volume-fractions, which can be converted
to weight fractions given estimates of the density (p) of mineral
components and the regolith (i.e., Wt.%=v0l% x pmineral/ Pregolith)-
In the analysis that follows, we used a regolith density of 1.8 g/cm?,
based on an assumed grain density of 2.2g/cm3, the minimum
for CI chondrites reported by Britt and Consolmagno (2003) and
a porosity of 0.2 from comparisons of ice stability models and
GRaND data (Prettyman et al., 2017). Our assumed density is 30%
higher than the upper range of crustal densities determined from
gravity and topography data (Ermakov et al., 2017).

The VIR spectra were fitted to a range of mineral end mem-
bers by De Sanctis et al. (2015b). For the best fits, the min-
imum spectral mixing fraction for carbonates was 5% (calcite).
For calcite, ppineral=2.7 g/cm® (Roberts et al, 1990) and the es-
timated concentration of calcite in Ceres regolith is 7.5 wt.%, which
would contain about 1wt.% carbon. The analysis by De Sanc-
tis et al. (2015b) included magnetite as a possible neutral dark-
ening agent. For the best fits, 60-80vol.% magnetite was re-
ported. Iron concentrations measured by GRaND constrain mag-
netite to be no more than 6vol.% (McSween et al., 2017; Prettyman
et al., 2017). Graphitized/amorphous carbon is a powerful darken-
ing agent (Clark, 1983; De Sanctis et al.,, 2015b), and if present
would allow larger mixing fractions for minerals with distinct ab-
sorption features such as carbonates. Thus, 1wt.% could be re-
garded as a lower bound on C in carbonates on Ceres. This is far
in excess of that generally found in CI and CM chondrites (0.08- to
0.55-wt.% reported by Alexander et al., 2015). For these meteorites,
carbon is in the form of IOM, soluble organic matter (SOM), car-
bonates and an unidentified component, the latter typically mak-
ing up less than half of the carbon inventory. Between IOM, SOM,
and carbonates, most of the carbon is in IOM. The CI2 chondrite,
Tagish Lake, is a notable exception, with higher concentrations of
carbon than other carbonaceous chondrites. Tagish Lake has rela-
tively high concentrations of carbonates (Brown et al., 2000; Grady
et al,, 2002), with around 1wt% C in carbonates estimated by
Alexander et al. (2014).

Neutron measurements by GRaND permit high concentrations
of C within Ceres’ ice free regolith, greater than the 3.5wt.% C
found in CI chondrites (Lodders and Fegley, 1998; Prettyman et al.,
2017). The difference between the Fe and H concentration within
Ceres’ regolith and that of the CI chondrites can be represented
by the addition of carbon-rich material to the CI chondrite (neb-
ular) composition. Three examples of dilution of a representative
CI composition are illustrated in Fig. 8. Provided the added mate-
rial does not contain Fe, the slopes of the dilution curves depend
only on the mass fraction of hydrogen (fy) in the added species.
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Fig. 8. Scatter plot of iron versus hydrogen measured by GRaND at Ceres. The data
are from the global maps in Figs. 5A and 7. The global regression line (dashed) in-
dicates a significant anti-correlation between Fe and H. Points equatorward of 20°
latitude in the northern and southern hemisphere are filled (black). A represen-
tative CI chondrite (Orguiel) is shown (star): Hydrogen was determined via mass
spectrometry (Alexander et al., 2012) and Fe was determined by x-ray fluorescence
(Wolf and Palme, 2001). Lines drawn from the star show a) the effect of dilution by
water (e.g. as ice or bound/adsorbed water molecules); b) the addition of 10 wt%
IOM to the CI composition (open square); and c) the addition of 20 wt.% carbona-
ceous material (open triangle), modeled as a mixture of IOM and dolomite, to the
CI composition. Water dilution trend lines are also shown for cases ‘b’ and ‘c’. The
models for IOM and carbonaceous material are described in the text. Error bars rep-
resent the uncertainty in individual data points. The error bar for the vertical axis
gives the uncertainty in the iron concentration for individual pixels, which is dom-
inated by the statistical uncertainty (Prettyman et al., 2017). The horizontal error
bar gives the total analytical uncertainty in the hydrogen concentration for individ-
ual pixels, about 1wt.%. The statistical contribution is small compared to the scatter
in the equatorial data.

For example, in case ‘a’, variable amounts of water (H,O, with
fy =11 wt.%) are added directly to the CI chondrite composition. As
discussed, the resulting dilution line does not intersect the data
cloud. Thus, the addition of bound- or interlayer-water alone to CI
cannot explain the data. Hydrogen must be in some other form,
such as hydrated minerals or organic matter.

To illustrate the effect of added C, we modeled carbonaceous
material as IOM, which we assumed to be a Murchison polymer
containing CHON and with an H/C molar ratio of 0.71 and with
fy =4.8wt% (Hayatsu & Anders, 1981; Derenne & Robert, 2010).
When this material is added to the CI chondrite composition, the
dilution trend intersects the data cloud (case ‘b’ ). At the point

from which the water dilution trend is drawn (open square in
Fig. 8), the material contains 11.5wt.% C.

We then modeled carbonaceous material as a mixture of IOM
and carbonates in the form of dolomite. Case ‘c’ shows the di-
lution line for an IOM-carbonate mixture with a Cgyponate/Ciom
ratio of 0.08, the average for CI chondrites reported by
Alexander et al. (2015). The mixture has a H mass fraction of
fy =3.2 wt.%. The dilution trend ‘c’ bounds the data cloud from be-
low. The closest point to the equatorial data, from which the water
dilution trend ‘c’ is drawn (open triangle in Fig. 8), has a total car-
bon concentration of 14.5wt.%.

The equatorial data cloud can be modeled by varying the hydro-
gen content of IOM and the Cg, ponate/Ciom mass ratio. The assumed
compositional models for IOM and carbonates require high pro-
portions of organic matter to carbonates in order to fit the equa-
torial Fe-H data. The data-cloud average is closely matched by a
Cearbonate/Ciom ratio of 0.04, the minimum value for CI chondrites
reported by Alexander et al. (2015).

Any model for the added materials would require f; =4.6 wt.%
in order to match the equatorial average Fe-H data, assuming the
added material contributes negligibly to iron content. Alternatives
include salt hydrates, thought to be a component of crustal materi-
als. Bright materials, which dot the surface of Ceres and are formed
by hydrothermal activity or release of subsurface brine following
impacts (e.g. Stein et al., 2017). These contain a mixture of Na-
carbonates and phyllosilicates (e.g. illite or montmorillonite) and
possibly ammonium carbonate [(NH4),CO3, fy =8.4wt.%] (De Sanc-
tis et al., 2016) and may be mixed with the global regolith in
small quantities. Carrozzo et al. (2018) found evidence for hydrated
Na-carbonate (Na,CO5-H,0, fy = 1.6 wt.%) in association with bright
deposits, which could contribute to the global average hydrogen
content. For Dawn’s second extended mission, low altitude passes
over the faculae in Occator crater are planned. This will enable im-
proved elemental characterization of bright deposits and surround-
ing regions needed to better understand differences between Ceres’
regolith and the CI chondrites.

The global Fe-H data set is consistent with modest variability
in ice-free composition equatorward of 20° and dilution by wa-
ter poleward of 20° (compare the regression line to water dilu-
tion trends in Fig. 8). Multiple lines of evidence and ice-stability
considerations indicate that water ice is responsible for the ob-
served dilution of Fe outside the equatorial region. Differences in
the elemental composition of Ceres’ non-icy regolith from that of
CI chondrites result from ice-rock fractionation during Ceres evolu-
tion and/or compositional differences in accreted materials. Ceres’
aqueously altered mineralogy suggests common origins with the
carbonaceous chondrite parent bodies. These are thought to have
formed outside the snow line, but within 5 AU of the sun, and
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could have ingested comparable proportions of water and rock;
although, it is conceivable that components of Ceres and the CI
chondrites originated further out (De Sanctis et al., 2015b; Mc-
Sween et al.,, 2017). If so, then differences in the abundances of
H-, Fe-, and C-bearing species reflect low temperature, physical
and chemical differentiation of Ceres’ interior, which did not oc-
cur on the CI parent bodies. The presence of high concentrations
of carbonaceous materials in combination with relatively low con-
centrations of Fe-bearing minerals may result from sedimentation
of mud or oceanic materials during crustal formation, with heavier
Fe-rich particles (magnetite and sulfides) settling at depth, produc-
ing a surface that is enriched in lighter elements (Prettyman et al.,
2017).

4. Summary and conclusions

Smoothing of high-spatial-resolution data sets acquired by
Dawn’s optical instruments to the comparatively broad spatial
resolution of GRaND is required for the joint analysis of surface
elemental composition and mineralogy. To guarantee the most ac-
curate comparisons, we use a physics-based smoothing algorithm
that accounts for emission, transport, and detection of particles
and the shape/topography of the target. The smoothing algorithm
is applied to the same time-series of locations for which the data
were acquired, and the same tools are used to map the smoothed
counts as the data. This ensures that artifacts introduced by or-
bital sampling are the same in the elemental and smoothed min-
eral maps. The physics-based algorithm properly accounts for the
mixing of irregular spatial features with varying size and contrast,
enabling direct comparison of optical and nuclear data sets.

At Vesta, the distributions of OH and H are strikingly similar,
despite the different depths sensed by VIR and GRaND (hundreds
of pm and decimeters, respectively). This supports the hypothesis
that hydrogen is primarily in the form of hydroxyl on Vesta. Hy-
droxyl is most likely in the form of phyllosilicates delivered by the
infall of carbonaceous chondrite impactors following the emplace-
ment of Vesta’s eucritic crust. Small differences in the spatial pat-
terns of OH and H imply that hydrogen is layered in some loca-
tions, albeit subtly. In Vesta’s dark hemisphere (between 60E and
210E), hydrogen deposits are more extensive than hydroxyl, which
indicates higher concentrations of hydrated minerals at depth.

At Ceres, the distributions of hydrogen by GRaND and
hydrogen-bearing species (OH and NH4 ™) by VIR are dissimilar. At
the spatial resolution of GRaND, the dynamic range of VIR absorp-
tion band depths is small compared that of hydrogen. The observed
increase in hydrogen concentration with latitude is consistent with
the presence of a global subsurface ice table, which on regional
scales is at depths greater than sensed by VIR. Iron concentrations
determined by GRaND follow a water-dilution trend when plot-
ted as a function of regolith hydrogen content, consistent with the
presence of subsurface water ice.

The VIR and GRaND data jointly constrain aspects of
Ceres’ surface chemistry and evolution. For example, GRaND Fe
measurements place a firm upper bound on magnetite content,
which supports graphitized carbon as an alternative to magnetite
as a darkening agent. Minimum carbonate concentrations implied
by VIR, together with carbonate/IOM ratios for carbonaceous chon-
drite meteorite analogs suggest high concentrations of carbon
within Ceres’ regolith. Organic matter, detected by VIR at Ernutet
crater, might be widespread and may have been converted to car-
bon and graphite, e.g. via UV exposure, elsewhere on the surface.
GRaND neutron measurements allow elevated carbon concentra-
tions, equal to or in excess of that found in CI chondrites. Fur-
thermore, added carbonaceous material can explain the difference
between Fe and H concentrations measured by GRaND and the CI
chondrites. If the CI chondrites are representative of the material

from which Ceres accreted, then the elemental data indicate that
ice and rock fractionated during Ceres’ evolution producing a crust
that differs in composition from the whole body. The observed dif-
ference between Ceres’ regolith and the CI chondrites can be ex-
plained by sedimentation of mud and/or oceanic materials during
crustal evolution, with heavier Fe-rich particles settling at depth,
leaving the surface enriched in lighter elements.
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Appendix

The 2.8 pm band-area map of Vesta (Fig. 3A) was determined
using methods described by Ammannito et al. (2013) from data
archived in the NASA Planetary Data System (PDS). The VIR visible
and infrared reduced data records (Level 1B) were merged spec-
trally and spatially. The data were filtered to exclude spectra with
an absolute reflectance lower that 0.001 for any wavelength be-
tween 0.7 and 2.5 pm. Finally, the spectra were smoothed to re-
duce noise (Fig. A1). The hydration band (HyB) was defined as the
reflectance between 2.695 (HyB_start) and 3.405 (HyB_stop) pm.
The continuum of the band was removed, dividing the spectrum
by the straight line between HyB_start and HyB_stop. The intensity
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Fig. Al. Determination of the strength of the 2.8 nm hydroxyl absorption feature
within the hydration band in reflectance spectra acquired at by VIR at Vesta. An
example spectrum is shown (black points). The solid red lines show the result of
the smoothing algorithm and the dotted line is the baseline of the hydration band.
The inset shows the hydration band after normalization to the baseline. We used
the area between the baseline and the normalized hydration band in the spectral
range 2.7-2.9 pm as proxy for absorption by hydroxyl (shaded grey, inset).
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of the hydration associated with the presence of hydroxyl was cal-
culated as the area of the portion of the hydration band between
2.7 and 2.9 ym (Fig. A1, inset). The band area was computed and
mapped for the Survey and High Altitude Mapping Orbit mission
phases. Data from these mission phases were filtered for illumi-
nation conditions. Only spectra with incidence and emission an-
gles lower than 70° and phase angles between 15° and 60° were
mapped.
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