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Abstract ceres regolith contains water ice that has receded in response to insolation-driven
sublimation. Specially targeted, high spatial-resolution measurements of hydrogen by Dawn's Gamma
Ray and Neutron Detector (GRaND) reveal elevated hydrogen concentrations in and around Occator, a
young, 90 km diameter, complex crater located at 19.82°N where near-surface ice is not expected. The
excess hydrogen can be explained by impact excavation of water-rich outer crustal materials and their
emplacement in the crater floor and ejecta blanket. This is supported by thermophysical models that
show water ice could survive at sub-meter depths, given Occator's relatively young age (~20 Myr). We
hypothesize that the regolith can be replenished with ice from large impacts and that this process partially
controls the distribution and depth of near surface ice. This is supported by results from Occator and
similarities in the global distribution of hydrogen and the pattern of large craters (20-100 km diameter).

Plain Language Summary The outermost meter of dwarf planet Ceres contains water ice
that is gradually sublimating in response to heating of the surface by sunlight. Since Ceres' axis of rotation
is nearly perpendicular to the Sun's rays, ice has receded to greater depths at the equator than the poles.
The distribution of subsurface ice within this outer layer was inferred from measurements of hydrogen by
Dawn's Gamma Ray and Neutron Detector. Special operations during Dawn'’s last mission phase brought
the spacecraft close to the surface, enabling measurements within and around a large, young crater called
Occator. Anomalously high concentrations of hydrogen were detected, suggesting the impact that formed
Occator excavated water rich materials from the crust and deposited them on the surface. Comparison of
the global distribution of hydrogen with the pattern of large craters on Ceres further supports excavation
of crustal ice by impacts as a partial control on the depth of ice near the surface. Results confirm that
Ceres' crust is rich in water ice and show that ice can survive in materials ejected by impacts into airless,
icy bodies.

1. Introduction

The dwarf planet Ceres, the largest body in the main asteroid belt (469.7 km volumetric mean radius), is
water-rich (Russell et al., 2016). As Ceres evolved, liquid water interacted with rock within the interior to
produce hydrated minerals (McSween et al., 2017). Ceres' average interior structure consists of a rocky man-
tle and a ~40 km thick crust, dominated by the frozen remnants of an ancient, global ocean (Castillo-Rogez
et al., 2018; Ermakov et al., 2017). Rheological constraints indicate that the crust is volatile-rich, containing
water ice, phyllosilicates, salts, and possibly clathrate hydrates (Fu et al., 2017). Residual brines at the base
of the crust could be a source for active cryomagmatism (e.g., Quick et al., 2019; Raymond et al., 2020;
Ruesch et al., 2019). High-resolution gravity data imply a positive density gradient in Ceres' crust, interpret-
ed as enrichment of dense oceanic precipitates in the lower part of the crust in contrast to a volatile-rich
outer crust (Park et al., 2020).
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The ice content of different crustal layers can be inferred from diverse remote-sensing data sets, including
nuclear spectroscopy, geomorphology, and gravity. Surficial water ice has been detected within some mid-
to-high latitude craters (Combe et al., 2019) and the presence of complex craters with fluidized ejecta, lobate
flow features, and pitted terrain indicate water ice is abundant within the few km depths probed by impacts
(e.g., Sizemore et al., 2017, 2019). Gamma Ray and Neutron Detector (GRaND) measurements reveal the
presence of a global ice table within a few millimeters of the surface at the poles that has receded to greater
depths at lower latitudes due to increased solar insolation, consistent with Ceres’ obliquity history (Pretty-
man et al., 2017).

Previous analyses of GRaND data support 20 vol.% water ice in the near-surface ice table, with ice below the
depth of sensitivity (a few decimeters) near the equator; whereas, the bulk crustal average water content is
inferred to be >60 vol.% based on geophysical measurements of crustal density and strength (Fu et al., 2017;
Park et al., 2020). Impact processes are key to understanding the connection between the volatile-rich crus-
tal reservoir and the regolith. A simple-to-complex transition occurs for craters with diameters greater than
about 10 km (Hiesinger et al., 2016; Schenk et al., 2021). Furthermore, impacts that formed large craters
exposed crustal materials from a wide range of depths within the outer crust, with the excavation depth
roughly 10% of the crater diameter (Marchi et al., 2016). As such, large impacts have the potential to redis-
tribute ice within the outer crust.

We use hydrogen mapping data acquired by Dawn's GRaND to investigate the effect of impacts on shal-
low-regolith water ice content. We hypothesize that impacts can bring water ice from the outer crust to
the surface, replenishing the regolith with ice. As such, the distribution of near surface water ice in the
upper few decimeters of the regolith as sensed by GRaND is shaped both by large impacts and long-term
insolation-driven sublimation. We test this hypothesis with high-spatial-resolution GRaND data acquired
in Dawn's final mission phase. The high-resolution data are sensitive to the composition of the interior and
ejecta blanket of the young, complex crater Occator. Lower-resolution data acquired by GRaND during
Dawn's primary mission enable investigations of the global relationships between cratering and regolith
hydrogen content.

2. Hydrogen Mapping With High Spatial Resolution GRaND Data

In Dawn’s final mission phase, the spacecraft maneuvered into a highly eccentric orbit with low periapsis
(30-50 km, Figures 1a and 1b and Text S1). This enabled acquisition of high-spatial-resolution GRaND
data, on scales comparable to geologic units over a wide range of latitudes in both the eastern and western
hemispheres. Analyses of high-resolution data can be compared with the elemental measurements deter-
mined from GRaND data acquired in Dawn's primary mission from a low altitude mapping orbit (LAMO)
with 385 km mean altitude (Prettyman et al., 2017). Since spatial resolution scales with altitude (Prettyman
et al., 2019), the eccentric orbits achieved up to 10X improvement in spatial resolution compared to LAMO.

A primary target of the eccentric orbits was Occator crater, a very young (<20 Myr) (Neesemann et al., 2019)
90 km diameter, complex crater located at about 19.82°N and 239.33°E within Hanami Planum. The crater
contains prominent faculae as well as lobate deposits and fluidized ejecta, which likely contain water ice
(Scully et al., 2019). Thus, the geomorphology supports impact into an ice-rich substrate. The crater and
immediate surroundings were well sampled with multiple orbits with periapsides near 35 km altitude, cor-
responding to an intrinsic spatial resolution of about 50 km full-width-at-half-maximum for GRaND. This
allowed measurements of hydrogen within the crater interior and portions of the ejecta blanket, providing
constraints on processes underlying crater formation and the fate of hydrogen-bearing materials.

The concentration of hydrogen was determined from the leakage flux of low-energy neutrons produced by
the interaction of galactic cosmic rays (GCRs) with Ceres' regolith. Measurements of the °Li(n,cr) reaction
rate with GRaND's + Z lithium-loaded glass (LiG) scintillator (Prettyman et al., 2011) provide a high-inten-
sity signal from which the concentration of hydrogen can be determined with high precision and accuracy
(Figure 1c) (Prettyman et al., 2017). This signal was used to map hydrogen on fine spatial scales, 50-150 km,
using data acquired below 100 km altitude.
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Figure 1. Close-proximity measurements. (a) Highly eccentric orbits (south-north trajectory) enabled the acquisition
of Gamma Ray and Neutron Detector (GRaND) data with 35 s accumulation intervals at over 5,000 locations with
altitudes less than 100 km (white points). Circles (red and black) indicate the measurement locations closest to the
periapsides of the 113 orbits used in the analysis (Text S1). The measurements sampled geologic units in the eastern
and western hemispheres along the 60°E and 240°E meridian, including the ~20 Myr old Occator crater (Neesemann
et al., 2019), centered at 239.33°E and 19.82°N, and its ejecta blanket. See Williams et al. (2019) for geological unit
definitions. (b) Altitudes of periapsis less than 30 km were achieved at some locations near the equator, with higher
altitudes toward the poles. (c) Close proximity enabled acquisition of neutron counting data with high spatial resolution
and precision. The °Li(n,&) reaction rate in GRaND's lithium-loaded glass (LiG) scintillator (shaded areas) is sensitive
to regolith hydrogen content (Text S1). The average reaction rate below 100 km was about 3X higher than observed in
Dawn's low altitude mapping orbit (LAMO).

Texts S1 and S2 describe the data reduction and mapping methods. The °Li(n,a) reaction rate at each or-
bital location was determined and corrected for variations in the flux of GCRs using data acquired near
the apoapsis of each orbit. Corrections for measurement geometry were made using the forward model
described by Prettyman et al. (2017) that accounts for Ceres' overall shape and local topography when the
spacecraft was in close proximity to the surface. The corrected counting data were mapped onto the surface
using a circle superposition algorithm that accounts for variations in the resolution of the spectrometer with
altitude. High-resolution maps are shown in Figure 2.

To validate the sensitivity of the elliptical data to the interior of Occator crater, we averaged the °Li(rn,a)
counts for three nearly identical orbits with periapsides near the center of the crater (Figure S1). The data
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Figure 2. Distribution of subsurface hydrogen. (a) The equirectangular map of water-equivalent hydrogen, was determined from °Li(n,a) reaction rates
measured below 100 km altitude. The white contour line, which approximates the boundary of the point cloud in Figure 1a, delineates the most highly sampled
region, with contributions from >50 measurements at each map location. Outside the point cloud, hydrogen concentrations are extrapolated from the data.

(b) The distribution of hydrogen in (a) is plotted for selected meridians. The population standard deviation in hydrogen concentration, determined by Monte
Carlo error propagation, is represented by vertical lines. The distribution of hydrogen, which is more variable than the low altitude mapping orbit (LAMO)
zonal average (Prettyman et al., 2017) is consistent with a globally receding ice table. The mapping algorithm was applied to simulated, high-resolution neutron
measurements of the distribution of ice determined by an ice stability model, assuming ice-cemented soil with 1 um grain size, 0.2 porosity, and 10 wt.% water
ice (Prettyman et al., 2017). These parameters produced a close match to the neutron counting data acquired in LAMO. (c) The low-altitude data reveal elevated
concentrations of hydrogen in and around Occator crater. Map variations on spatial scales greater than 50 km (black circle) can be interpreted as changes in
subsurface composition. A geologic map of the Occator region is provided for context (Scully et al., 2019; Williams et al., 2018, with units defined therein). Map
data are superimposed on shaded relief.

reveal a significant suppression of counts within the crater and to the south of the crater, consistent with
mapped enhancements in hydrogen shown in Figure 2b. Furthermore, simulations of the response of
GRaND to neutrons emitted within geologic units (Figure S1) supports the sensitivity of the measurements
to ice in the lobate deposits and terrace material inside the crater as well as ice in the ejecta blanket.

3. Results

The high spatial resolution maps reveal similar large-scale trends as observed in LAMO (Prettyman
et al., 2017) with more hydrogen at high latitudes than near the equator (Figures 2a and 2b). This pattern
is consistent with the presence of a receding ice table. If the regolith initially contained ice-cemented soil,
then the LAMO data can be explained by a low-diffusivity regolith with about 0.2 porosity and 1 um grain
size (Prettyman et al., 2017). In this case, ice is expected to have receded to about 80-90 cm at the equator
over Ceres' lifetime. Ice would have been preserved at submillimeter depths poleward of 60° latitude in the
northern and southern hemispheres.

Forward modeling was used to determine the concentration of hydrogen that would have been observed by
GRaND from the eccentric orbit given the distribution of ice that best fits the LAMO data per Prettyman
et al. (2017) (green curve in Figure 2b). The modeled variation in bulk regolith hydrogen approximates the
observed variation in the high-resolution data at southern high latitudes. Near the equator (+30° latitude),
the model is nearly constant, indicating ice in this region at depths greater than sensed by GRaND. Within
this region, the “best fit” model ice depths from Prettyman et al. (2017) ranged from 50 to 90 cm.

In contrast to the model, the high-resolution measurements show variations in hydrogen content with lat-
itude and longitude in the equatorial band. For example, the concentration of hydrogen at low latitudes in
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Figure 3. Evidence for water ice at Occator crater. (a) The distribution of hydrogen within and immediately
surrounding Occator determined by the Gamma Ray and Neutron Detector (GRaND) is compared to that inferred
from VIR mineralogy (Text S3) (Marchi et al., 2019; Raponi et al., 2019). The VIR-derived hydrogen concentration
within the facula and portions of the crater rim is <16 wt.% eq. H,O (white arrows point to regions with no data in the
range indicated by the scalebar). The faculae are smaller than can be resolved by GRaND. Both maps include a lobe of
relatively hydrogen-poor material extending from the north and east of the crater (black arrows). (b) Thermophysical
modeling shows that ice could survive at depths sensed by GRaND for a range of reported ages (Neesemann et al., 2019)
and feasible regolith thermophysical properties (porosity and grain size). Two cases are modeled: 1. Impact ejecta
emplaced outside the crater are assumed to have the same porosity (0.2) as determined by GRaND in LAMO. 2. Within
the interior of the crater, ice may have been concentrated in lobate deposits during crater formation (Scully et al., 2019)
(90% water by volume, with an overlying sublimation lag with a porosity of 0.5). Boxes indicate a plausible range of
ages and VIR-derived grain sizes (Raponi et al., 2019).

eastern and western hemispheres differs by up to 4 wt.% (Figure 2b). Lower concentrations of hydrogen
in the eastern hemisphere are consistent with LAMO observations (Prettyman et al., 2017); however, the
high-resolution data reveal small scale variability, including enhanced concentrations of hydrogen in the
Occator region (up to 2 wt.% eq. H,0O higher than surroundings). The northern hemisphere has more hydro-
gen than in the south and hydrogen at high latitudes increases more steeply in the north, perhaps indicating
a larger gradient in ice table depth or ice concentration with latitude. The vertical lines that represent the
statistical uncertainty in the data (Figure 2b) indicate these variations are significant.

A map of the distribution of hydrogen in the Occator region (Figure 2c) shows that Occator's interior and
portions of the ejecta blanket to the east and south of the crater are richer in hydrogen than the surrounding
low latitude region. Geologic mapping shows that Occator's ejecta blanket is asymmetrical, suggesting an
oblique impact from the northwest (Scully et al., 2019). Relatively hydrogen-poor materials extend from
the northern rim of the crater to the northeast, which partially overlaps a lane of dark ejecta shown in
the geologic map (Figure 2c). Otherwise, the observed distribution of hydrogen is not closely aligned with
geologic units.
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4. Discussion

Hydrogen within Ceres' regolith is in the form of hydrated minerals, water ice, and other hydrogen-bearing
species. Spectral mixing fractions were determined for a suite of detected minerals in the Occator region
(Raponi et al., 2019). These included Mg-, Al-, and NH,-bearing phyllosilicates, Mg- and Na-carbonates,
NH,-chloride, and a darkening agent. Following Marchi et al. (2019), the spectral mixing fractions were in-
terpreted as volume fractions and combined with mineral densities and empirical formulae to estimate the
concentration of hydrogen at Occator (Text S3). Both VIR and GRaND maps show a lobe of hydrogen-poor
material extending to the northeast from the northern rim of the crater (Figure 3). Otherwise, they have
dissimilar distributions and ranges, most likely due to differences in the hydration state of the regolith lay-
ers sensed by the instruments. VIR is sensitive to the uppermost ~100 pm surface layer; whereas, GRaND is
sensitive to the uppermost meter. The presence of subsurface ice could account for the comparatively high
dynamic range of GRaND data.

Outside the faculae, the VIR-derived hydrogen concentration spans 16-17 wt.% eq. H,O, similar to the
lowest values reported by GRaND (Figure 3a). Natrite (Na,COs) is a significant component of the faculae
(Raponi et al., 2019). It was suggested that Na-carbonates were initially hydrated (e.g., Zolotov, 2017); how-
ever, these hydrated species are not stable within the shallow subsurface within Occator crater (Text S4).
As such, the faculae must be hydrogen poor (estimated to be about 10 wt.% eq. H,0, ignoring bound water)
compared to dark background materials. The faculae cover a small portion of the crater floor, well below the
spatial scales resolved by GRaND even at closest approach (Figure S1). Consequently, hydrated salts are not
likely a significant contributor to the hydrogen measured by GRaND within Occator crater.

Global variations in regolith hydrogen content, including the observed N-S and E-W differences (Figure 2),
may not be caused by variations in the concentration of hydrated minerals. The dynamic range of VIR
2.7-3.1-um band depths (OH and NH,, respectively) is about one fifth that of subsurface hydrogen on the
broad spatial scales sampled by GRaND in LAMO (Ammannito et al., 2016; Prettyman et al., 2019). Some
variability in subsurface hydrogen may result from the presence of water bound to salts or interlayer water
in clay minerals. However, detections of hydrated sodium carbonate are rare (Tosi et al., 2018) and if present
may be in a low hydration state as nahcolite (Zolotov, 2017). Hydrated chloride salts, which could represent
a significant crustal component depending on the freezing state of the ocean are not likely to be abundant
in the shallow subsurface and regolith (Castillo-Rogez et al., 2018; De Sanctis et al., 2020).

Relatively high concentrations of hydrogen in the interior of Occator crater and its ejecta blanket probably
result from the presence of subsurface water ice. Lobate deposits cover a significant portion (>30%) of the
crater floor (Figure 2c) and may contain high concentrations of water ice (Scully et al., 2019). These likely
formed following the impact by mixing of crustal water with rock to produce a water-rich slurry that filled
portions of the crater's floor (Raponi et al., 2019; Scully et al., 2019). A portion of the excavated water would
have been emplaced in the ejecta blanket (Schrider et al., 2021). As such, the heterogeneous distribution of
hydrogen enhancements in and around Occator represent variations in the composition of materials ejected
by the impact and their thermal history.

Thermophysical modeling shows that buried water ice, if present following impact, could still be found at
depths sensed by GRaND in both the lobate deposits and the ejecta blanket, given Occator's age, assumed
to be <20-Myr based on Neesemann et al. (2019), and a plausible range of regolith physical properties (Fig-
ure 3b). The rate at which ice retreats is controlled by the grain size and the porosity, which determine the
vapor diffusion coefficient of the sublimation lag (Schorghofer, 2016; Text S4). When all other parameters
are fixed, diffusivity increases with grain size. Based on data acquired by GRaND in LAMO, the global
regolith has low porosity (0.2) and consists of fine grains (1 um diameter) (Prettyman et al., 2017). The
presence of pum-size particles is supported by spectrophotometry (Li et al., 2019); however, this contrasts
with 10-100 um grains derived from infrared observations (Gundlach & Blum, 2013; Raponi et al., 2019).
Differences between grain size inferred for the surface and bulk regolith could result from interpretation
of the data or physical processes, such as granular convection. The coarse grain sizes modeled in Figure 3b
provide an upper limit on the expected ice depths.
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of large craters (20-100 km diameter) cataloged by Hiesinger et al. (2016) to the spatial resolution of GRaND in LAMO using the smoothing algorithm of
Prettyman et al. (2019). A density of one indicates craters fully cover the surface within GRaND's field of view. For context, the map is superimposed on shaded
relief and excluded basins with diameters greater than 100 km are outlined (black). Associations between crater density and the global distribution of hydrogen
are detailed in Figures S2 and S3. (b) A possible scenario for enrichment of surficial ice by large impacts is illustrated. A portion of the ice excavated from the
crust survives during crater formation and cooling of the melt sheet and ejecta blanket, enriching the regolith in water ice. The surviving ice retreats in response

to solar insolation.

The global N-S asymmetry in hydrogen on Ceres suggests hemispheric differences in regolith ice con-
tent. This asymmetry cannot be explained by a receding ice table given Ceres' precessing orbital elements
and reasonable models of surface roughness (Hayne & Aharonson, 2015; Landis et al., 2017; Prettyman
et al., 2017; Schorghofer, 2016). Nevertheless, the detection of elevated hydrogen concentrations within and
around Occator provides evidence for water ice emplaced in the regolith during the formation of large cra-
ters. Models predict that modification of the ice table by impact gardening is negligible (Costello et al., 2021;
Schorghofer, 2016). We assess whether large impacts could influence the global distribution of hydrogen.
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Hiesinger et al. (2016) cataloged craters greater than 20-diameter. Craters in the 20-100-km range sample
the outer ~2-10-km of the crust, a layer potentially rich in water ice (Park et al., 2020). The density of these
craters when smoothed to the spatial resolution of GRaND exhibits a N-S asymmetry, like hydrogen, with
highest density in the northern hemisphere (Figure 4a). In addition, elevated hydrogen concentrations ex-
tending from the northern to the southern hemisphere roughly corresponds with craters centered at 180°E
(Figure S2). These associations suggest that the global distribution of hydrogen could be controlled—at
least in part—by excavation of ice by large impacts; however, this hypothesis cannot fully explain the ob-
served variability in hydrogen concentration (Figure S3). Impact basins excluded from the crater density
map would have excavated deeper crustal materials perhaps with lower water content, modifying the com-
position of the regolith and crust in large portions of the eastern and southern hemisphere (e.g., Lawrence
et al., 2018). Hidden basins (>280 km in diameter) would have dominated early regolith production and
could also contribute to large-scale variations in the distribution of hydrogen (Marchi et al., 2016).

Hydrogen mapping data acquired by GRaND support shallow ice table depths, about 90 cm at the equator as
illustrated in Figure 4b (Prettyman et al., 2017). The data are consistent with insolation-driven retreat over
Ceres' 4.5 Gyr lifetime, assuming a fine-grained, low-diffusivity regolith. The ice depths inferred by GRaND
can be explained if larger grain sizes are present, but only if the ice was emplaced more recently. For exam-
ple, ice deposited ~500 Myr ago would have retreated to 90 cm depth at the equator if the grain size were
10 um. Consequently, delivery of crustal ice to the regolith by large impacts could influence the depth of
near-surface ice. This would allow reconciliation of GRaND and VIR inferences of grain size.

5. Conclusions

Our analysis suggests the distribution of water ice within Ceres' bulk regolith is controlled by a combina-
tion of insolation-driven sublimation and delivery of water-bearing materials to the regolith from the vola-
tile-rich outer crust by large impacts. The observed enrichment in hydrogen within Occator cater and ejecta
blanket shows that excavated ice not only survives large impacts but also enhances the concentration of ice
in the shallow subsurface. Associations between the pattern of large craters and the distribution of hydro-
gen suggest this process could be pervasive on Ceres. Impact replenishment of the regolith with crustal ice
would allow the GRaND data to be explained by younger surface ages with larger regolith grain sizes more
consistent with those inferred from infrared spectroscopy.

The high-resolution GRaND data support an endogenic crustal origin for ice within the regolith. Since the
excavation depth of Occator was nearly 10 km, our results bring direct evidence for a large amount of ice
in Ceres' crust, consistent with indirect inferences from geological observations (e.g., Sizemore et al., 2019).
Alternative interpretations of the Dawn geophysical data in terms of an ice-free Ceres (Zolotov, 2020) are
thus inconsistent with the GRaND data. The results also support the recent interpretation proposed by
Schrdder et al. (2021) for the distinctly blue color of ejecta from recent impact craters as an evolved mixture
of ice and minerals.

Data Availability Statement

The Dawn Flight Team acquired the special, high-resolution data set used in this study. The GRaND data
are available from the NASA Planetary Data System at https://sbn.psi.edu/pds/resource/dawn/dawngrand-
PDS4.html.
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