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PLANETARY SCIENCE

Searching for surficial water ice in lunar permanently
shaded regions (PSRs) with ShadowCam

Shuai Li'*, Mark S. Robinson?, Brett W. Denevi?, Madeleine R. Manheim?, Erwan Mazarico?,
RobertV. Wagnerz, Emerson J. Speyererz, Prasun Mahanti?

Airless bodies such as the Moon, Mercury, and Ceres have permanently shaded regions (PSRs) that can cold trap
water ice. Mercury and Ceres have substantial ice deposits in their PSRs, but lunar water ice distribution remains
uncertain because of sparse detections and limited data. Here, we assessed surficial water ice in lunar PSRs using
high-resolution observations from ShadowCam onboard the Korea Pathfinder Lunar Orbiter. We used the high-
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reflectance and forward-scattering optical properties to search for water ice in lunar PSRs. We found no evidence
of widespread water ice in PSRs at abundances above the detection limit of 20 to 30 wt % but could not rule out
widespread low-content water ice. A few small locations with both high reflectance and forward-scattering behav-
ior were observed, which could be consistent with >10 wt % ice. Future missions with low detection limits (<1 wt %)

of water ice can test our findings.

INTRODUCTION

Airless planetary bodies with minimal axial tilt, such as the Moon,
Mercury, and Ceres, have permanently shaded regions (PSRs) near
their respective poles where direct sunlight never reaches (1). These
PSRs create ultracold environments where temperatures remain ex-
ceedingly low over geological timescales, which could permit vola-
tiles like water ice to accumulate and persist (2-4). Understanding
the accumulation and preservation of water ice in PSRs on those plan-
etary bodies is fundamental to unraveling volatile origins in the in-
ner Solar System, particularly the origin of water on Earth.

Observations of Mercury and Ceres have confirmed the predic-
tion concerning cold trapping of water in PSRs by revealing sub-
stantial ice deposits within their extremely cold PSRs (<110 K). On
Mercury, ground-based radar and the MESSENGER (Mercury Sur-
face, Space Environment, Geochemistry, and Ranging) observations
revealed thick (tens of meters), nearly pure ice deposits in polar cra-
ters, showing that cold PSRs can effectively trap water ice (5-11).
Similarly, the Dawn spacecraft detected bright deposits of surface
water ice and strong neutron suppression of subsurface ice in Ceres’s
PSRs, indicating substantial water inventories, although the ice is not
as pure as that on Mercury (12-14). The difference in ice purity on
Ceres and Mercury may be due to the shorter lifetimes of Ceres’s
PSRs caused by higher obliquity and orbital dynamics, leading to
less efficient preservation of ice (15, 16).

In contrast, the Moon presents a puzzling case. Despite its PSRs
being old (17, 18) and cold enough to support ice accumulation
(2, 3, 19), the radar, neutron, and visible image observations have
not definitively detected ice deposits (20-27). However, several mis-
sions have provided indirect evidence of surface water ice on the
Moon. The LCROSS impact mission detected water vapor and other
volatiles upon impacting the Cabeus PSR, suggesting the pres-
ence of subsurface and/or surface ice (28). The Lunar Orbiter Laser
Altimeter (LOLA) aboard the Lunar Reconnaissance Orbiter (LRO)
observed increased surface albedo in some PSRs, consistent with
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surface frost or immature regolith (29, 30). The Chandrayaan-1
CHACE instrument also detected water molecules in the lunar exo-
sphere from mid-latitudes to the poles, consistent with a surface or
subsurface water source (31). Frequent water plumes were recently
suggested to be present near the lunar poles at nighttime by Kaguya
SP (Spectral Profiler) data, which might be sourced from subsur-
face and/or surface water ice (32). Although instruments such as the
Lyman-Alpha Mapping Project (LAMP) onboard LRO and the
Moon Mineralogy Mapper (M?) onboard Chandrayaan-1 have de-
tected surficial water ice in lunar PSRs, the ice appears patchy and of
low abundance (33-35). It is noteworthy that the ice detections by
LAMP and M are limited by the data quality [e.g., low signal-to-
noise ratios (SNRs)] (33, 34). It is unclear whether LAMP and M
could only detect regions with high ice concentrations and showed
no detections when ice content is low but widespread, which re-
sulted in the biased impression of patchiness. Nevertheless, it raises
questions about whether the lunar PSRs accumulate water ice as ex-
tensively as previously anticipated (2, 3).

To understand the disparity of surficial water ice between the
Moon and other bodies like Mercury, previous studies investigated
potential factors that could affect ice accumulation and preservation.
Slight differences in volatile delivery, such as water-rich impacts and
solar wind contributions, are insufficient to account for the disparity
in ice content between the Moon and Mercury. The impact flux of
water-rich comets and carbonaceous chondrites on Mercury is esti-
mated to be a few times to around 20 times higher than that on the
Moon (see Methods) [e.g., (36)]. However, the higher impact veloc-
ity on Mercury is suggested to generate 20 times more vapor and,
thus, more water loss than those on the Moon (37). Thus, the im-
pact delivery of water to Mercury and the Moon may be similar (see
Methods). Although it is suggested that solar wind may induce 10s to
~100 times more H,O on the Mercury surface than the lunar surface
because of the much higher temperatures of the former (38, 39), H,O
has much shorter lifetime and, thus, much less chance to migrate to
cold traps on Mercury than the Moon [e.g., (40)]. Unlike Mercury and
the Moon, Ceres PSRs receive extensive water supplies from subsur-
face sources that vary seasonally (41), which explains the widespread
water ice deposits observed in these regions (12, 14). In contrast, the
PSRs on the Moon and Mercury lack comparable supplies.
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Destruction processes may influence the distribution and abun-
dance of lunar ice. The lack of a global magnetic field on the Moon
exposes its surface directly to solar wind sputtering and ultravio-
let and cosmic radiations, which can erode surface ice over time
[e.g., (42)]. However, similar sputtering and radiation destruction
processes also operate on Mercury where its tenuous magnetic field
cannot completely block the solar wind. Studies suggest that the flux
of solar wind reaching Mercury is comparable to that on the Moon
(43). Alternatively, enhanced bombardment by larger meteoroids
(1 cm to 100 m in size range) on the Moon may have intensified impact
gardening, which may disrupt surface ice and increase sublimation
rates (44-46). However, the higher impact velocity on Mercury was
suggested to generate 20 times more vapor than on the Moon (37),
which may cause the higher water loss of the former. Thus, impact
destruction of water ice on Mercury and the Moon may not be sub-
stantially different. Other minor factors such as vertical migration
of water molecules driven by thermal pumping operate similarly in
PSRs on the Moon, Mercury, and possibly other airless bodies, and
they contribute limited effects on the distribution and abundance of
water ice (47).

Given that the Moon may receive comparable or slightly less wa-
ter supplies and similar destruction processes compared to Mercury,
it is expected to see widespread but lower ice contents in lunar PSRs
than Mercury’s (3). However, the sparse ice detections in lunar PSRs
suggest that the current hypothesis concerning water cold trapping
(2, 3) needs to be refined; otherwise, those ice detections should be
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challenged. All previous data cannot resolve whether the observed
patchiness of lunar water ice, such as by LAMP and M?, is a true
representation of its distribution or an artifact resulting from limita-
tions in low SNRs of data and coverage. Higher spatial resolution
and SNR data than current datasets such as LAMP and M’ are es-
sential to determine whether the lunar PSRs accumulate water ice
as extensively as current hypotheses predict. The visible wavelength
images recently acquired by ShadowCam, onboard the Korea Path-
finder Lunar Orbiter (KPLO), with its <2-m pixel scale and high
SNR (50 to 100 in most PSRs), provide an unprecedented opportu-
nity to perform such assessments. We present results of searching
for surficial water ice in lunar PSRs with ShadowCam observations
to advance our understanding of cold trapping processes of water on
the Moon.

Overview of method

We examined two diagnostic optical properties of water ice to search
for its surficial distribution in lunar PSRs. Water ice is known for
notably higher visible reflectance (9) and stronger forward scat-
tering than typical lunar regolith (Fig. 1, A and B) (48, 49). Orbital
observations demonstrated that water ice deposits in PSRs on
Mercury and Ceres exhibit around two times higher reflectance than
their surroundings in visible-wavelength images (9, 10, 12, 14). How-
ever, similar detections on the Moon remain elusive (25, 27) because
of limitations in previous datasets (50). We conducted laboratory ex-
periments and radiative transfer models to determine the detection

——Global average, b = 0.3, ¢ = 0.2, Sato et al. (49), 2014
—Fresh ejecta, b =0.2, ¢ = 0.7, Sato et al. (49), 2014
= Martian ice cap, b = 0.5, ¢ = -0.6, P et al. (48), 2022
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Fig. 1. Reflectance and scattering properties of water ice and lunar regolith. (A) Reflectance spectra (410 to 780 nm) of pure ice derived from (76) and global lunar
surface derived from M3 (34). (B) Phase curves of the global lunar surface, fresh ejecta on the Moon, and the Martian ice cap (48, 49). (C) Modeled reflectance enhancement
at 700 nm as a function of ice content at two phase angles (see Methods). The minimum reflectance contrast sensed by ShadowCam is from (54). (D) Modeled reflectance

enhancement as a function of phase angle for multiple ice contents.
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limits for using the two optical properties of water ice. Our findings
indicated that the detection limit with visible reflectance enhancement
is ~20 to 30 wt % ice, which varies with phase angle (Fig. 1C). The
detection limit of water ice decreases from around 30 wt % at a 30°
phase angle to around 20 wt % at a 100° phase angle (Fig. 1C). This is
in general agreement with previous laboratory experiments (51, 52),
although the laboratory experiment using mare regolith simulant sug-
gested a slightly higher detection limit at around 35 wt % (52).

Our radiative transfer modeling results suggest that the ice-
regolith mixtures become more forward scattering with increasing
ice content. We find that forward-scattering analysis offers a more
sensitive detection capability, with a detection limit of around 5 wt %
water ice (Fig. 1D) resulting from the accurate absolute radiomet-
ric calibration of ShadowCam data (5% uncertainty) (see Methods)
(53). However, the detection limit of water ice based on its forward-
scattering nature is around 20 to 30 wt % in previous laboratory ex-
periments (51, 52). The simulants used in those experiments show
slightly forward scattering (51, 52) rather than backscattering as real
lunar regolith (49), which resulted in reduced scattering contrast and,
thus, elevated detection limit of water ice. The two approaches enable
an accurate evaluation of the surface ice distribution in lunar PSRs.

RESULTS
We found that the reflectance of boulders, bedrock, fresh craters, and
ejecta can be around 10% to more than 100% higher (i.e., higher
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radiance values) than the surrounding regolith in ShadowCam data
in lunar PSRs. Figure 2 shows examples seen in PSRs near the south
and north poles, and their location information is listed in table S1
(see Methods for details of data preparation). The increased bright-
ness is likely due to their relatively less weathered surfaces or be-
cause they are tilted toward the reflected light sources, resulting in
lower incidence angles and, thus, higher radiance. To verify that
these brightness patterns are not unique to polar regions, we ex-
amined ShadowCam images of temporarily shaded regions at low
latitudes where ice is not stable. We observed similar brightness
variations in these regions. For instance, the Sundman V crater
located near 11.9°N and 93.6°W was imaged by ShadowCam and
LROC NAC when it was in temporary shadow (Fig. 3A) and sunlit
(Fig. 3B), respectively. We observed that rocks, boulders, fresh cra-
ters, and ejecta are much brighter than their surrounding regolith in
both the ShadowCam and NAC images (Fig. 3). Similar cases were
seen in many other ShadowCam and NAC images taken at PSR
analogs in temporary shadow and sunlight, respectively (e.g., Aris-
tarchus crater in fig. S1) (54). Together, it confirms that such bright
patterns are not necessarily indicative of ice.

Regions that are brighter than their surroundings but lack iden-
tifiable boulders, fresh impact craters, or any other recent exposures
such as landslides are intriguing. We define these regions as high-
reflectance anomalies. These areas are candidates for the presence
of surface ice. We identified several small areas in PSRs with elevat-
ed reflectance that are not associated with resolved boulders, fresh

c R-;str,'boulders inl. D Rocks, boulders of a fresh
2 crater, Sverdrup PSR
Bl v =

.

0 430 860 m)

' H Rocks, boulders of a fresh
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Fig. 2. Examples of bright exposures (pointed by red arrows) commonly seen in lunar PSRs. (A) Recent mass wasting on a small crater wall inside Haworth PSR.
(B) A few small fresh craters and their bright ejecta inside the Shoemaker PSR. (C) Bright boulders seen on the Shackleton PSR crater floor. (D) Exposures of bright boulders
in and out of a small crater inside the Sverdrup PSR. (E) Bright bedrocks and boulders seen in the Rozhdestvenskiy K PSR. (F) Fresh craters and their bright ejecta in the
Rozhdestvenskiy U PSR. (G) Bright rocks and boulders seen in the Nansen PSR. (H) Bright rocks and boulders near a fresh crater in the Sylvester PSR. These examples were
from regional mosaics of ShadowCam images (see Methods), and individual ShadowCam image IDs were not tracked.
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craters, ejecta, or other fresh exposures (Fig. 4 and fig. S2). Figure 4
shows one of these examples within the de Gerlache PSR. There is
no resolvable shadow near the bright spot under multiple lighting
conditions, recognizing that they do not change much. It is note-
worthy that craters smaller than the bright spot shown in Fig. 4 can
be well resolved by ShadowCam images (fig. S3), which rules out the
possibility of the bright spot being a fresh crater. The size and loca-
tion of the bright spot exhibit no measurable change under various
illumination conditions, which suggests that the elevated reflectance
at this spot is not introduced by local topography and reflects the
intrinsic albedo of the surface material. ShadowCam images indi-
cate that the bright spot in Fig. 4 has 50 to 60% higher reflectance
than the immediate surroundings. Possible candidate materials are
freshly exposed regolith (e.g., anorthosite) and water ice, both of
which are known to have higher reflectance than the surface mature
regolith on the Moon (Fig. 1) [e.g., (55)]. Thus, bright spots similar
to that in Fig. 4 are candidates for surficial water ice or other types of
volatile ice and materials with high reflectance in the visible region.
However, we found that the vast majority of lunar PSRs showed no
significant reflectance variations other than those associated with

A Sundman V crater in shadow,
ShadowCam image

B Sundman V crater in solar
illumination, NAC image

Fig. 3. Boulders, fresh craters and ejecta, and recent mass wasting (pointed
by red arrows) are notably brighter than their surroundings. ShadowCam
(M040154858SE) and NAC (M1106524331) images at Sundman V crater (11.960°N,
266.441°E) when it was in temporal shadow (A) and direct solar illumination
(B), respectively.

bedrock, boulders, fresh craters, or recent exposures like landslides
(Fig. 2, A to H). This suggests that most lunar PSRs either lack sur-
face ice or contain ice at concentrations below the detection limit of
ShadowCam (20 to 30 wt % ice, Fig. 1C).

We analyzed ShadowCam stereo observations acquired at differ-
ent phase angles to search for regions exhibiting forward-scattering
anomalies (see Methods). We found that the ratio of ShadowCam-
measured radiances between the lower phase (LP) and higher phase
(HP) angles in each pair of stereo observations was typically greater
than one, suggesting a decrease in reflectance as phase angles in-
creases because of backward-scattering behavior (fig. S4). Bedrock,
boulders, fresh craters and ejecta, and other fresh exposures exhib-
ited even higher ratios than mature regolith, which is consistent
with the backward-scattering nature of the lunar surface observed
by the LROC WAC and NAC (49, 56, 57). On the floor of Hermite
A crater within the PSR (Fig. 5, A and B), we observed that fresh
craters and ejecta, boulders, bedrock, and recent mass wasting all
exhibited high ratio values (>1). We observed similar scattering pat-
terns in temporarily shadowed areas near the equator where ice is
unstable. In Fig. 5 (C to E), we show a small area in Sundman V
crater where ShadowCam stereo images were acquired while it was
in temporary shadow. We then also examined a pair of overlapping
NAC images obtained at two different phase angles when the crater
was illuminated by the Sun, which resemble the illumination in the
ShadowCam stereo observations. The fresh craters, ejecta, and boul-
ders in this area exhibited much higher values than the surrounding
background regolith when ratioing LP/HP angle ShadowCam im-
ages, and similar trends were seen in the similarly ratioed NAC im-
ages (Fig. 5, D and E). The paired observations of ShadowCam and
LROC indicated that the backward-scattering behavior of the back-
ground regolith is common across the lunar surface and fresh
exposures such as craters and ejecta, bedrock, boulders, and land-
slides are even more strongly backward scattering than the regolith
(49, 54, 56-58). Such materials would provide a strong background
contrast with water ice, which exhibits strong forward scattering.

We identified areas within PSRs that exhibit relatively strong
forward scattering (e.g., Hapke’s phase function parameter ¢ < 0)
within ShadowCam stereo images. We identified an example of
the forward-scattering anomaly nearby a small crater (49.7281°W,
84.8041°S) within the Cabeus PSR (Fig. 6). Regions of interest (ROIs)
1, 2, and 3 in Fig. 6B are two or three times brighter than the im-
mediate surroundings. However, ROI 1 showed much lower values
(~0.8) in the ratio map (Fig. 6C) that we derived by dividing Shad-
owCam images acquired at an LP angle by those acquired at an HP

X R wpade
R e
M029653659S
0 90
[ 1]

Fig. 4. Possible high-reflectance anomaly seen at de Gerlache PSR. (A to D) Same bright spot (red arrows) (88.5352°S, 97.4007°W) imaged by ShadowCam under dif-
ferent scattered light conditions. Yellow arrows approximately mark the dominant light sources in each image.
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Fig. 5. Bedrock, boulders, fresh crater and ejecta, and recent mass wasting (red and black arrows) exhibit stronger backward scattering than their surroundings.
(A) ShadowCam observation at Hermite A PSR (M029268387SE). (B) Ratio map of low- to high-phase-angle observations. (C) NAC images (M1106524331) at Sundman V
crater near the equator. (D and E) Ratio maps of low- to high-phase-angle observations of NAC (under solar illumination) and ShadowCam (in shadow), respectively. Note

that shaded regions (low data quality) were not masked in radiance ratios.

angle (LP/HP). This observation implied that reflectance increases
at HP angles, consistent with a forward-scattering behavior (fig. S4).
In contrast, the reference bright spots 2 and 3 (ROIs 2 and 3) and the
surrounding background show values greater than 1 (~1.1 to 1.2)
in the phase ratio map (Fig. 6C), indicating a decrease in reflectance
with increasing phase angles and a backward-scattering behavior.
To assess whether the observed differences in ratio values at spots
1 to 3 resulted from local topography, we examined a surface slope
map (6 m/pixel) derived from ShadowCam stereo data. We found
no abrupt slope changes at these spots compared with their immedi-
ate surroundings, with most variations being less than 2° (Fig. 6D),
which indicated that the observed radiance and ratio variations could
not be attributed to local topographic effects. It is noteworthy that
slope changes at spots 1 and 2 (~5 by 5 pixels in the slope map) may
not be well resolved in the slope map, which normally requires
~10 pixels or a larger size. The forward-scattering anomaly at spot
1 may be indicative of water ice bearing. The annual maximum tem-
perature derived from Diviner at spot 1 (2 Diviner pixels) is around
92 K (59), which is low enough to preserve water ice over geological
timescales (4). We performed forward Hapke radiative transfer mod-
eling of lunar regolith and water ice (see Methods). The results
showed that mixing a few wt % of ice into regolith can increase both
the brightness and the forward-scattering properties of the mixture
(fig. S4). To further assess the scattering properties in this region, we

Lietal, Sci. Adv. 12, eaec8211 (2026) 18 March 2026

modeled the radiance ratios of typical lunar regolith, fresh highland
impact ejecta, and water ice using Hapke’s radiative transfer model
under the ShadowCam viewing angles (see Methods). Our modeling
results suggested that ROIs 2 and 3 mimic the backscattering be-
havior of fresh highland impact ejecta, while ROI 1 exhibits simi-
lar forward scattering to water ice (Fig. 7). The incidence, emittance,
and phase angles were derived from ray tracing models under the
ShadowCam image observation conditions (see Methods). Similar
forward-scattering anomalies were also seen in Hermite A and
Faustini PSRs (figs. S2 and S7). However, we only examined six
pairs of ShadowCam stereo observations in this work. They were
located at Faustini, Slater, Cabeus, and Wiechert ] PSRs near the
south pole, Hermite A and Mouchez L PSRs near the north pole.
We expect to see more similar forward-scattering anomalies when
ShadowCam will obtain more stereo observations during the KPLO
extended mission.

DISCUSSION

Scattering properties of the lunar surface inferred from the ShadowCam
stereo observations are helpful to discriminate dry boulders from
ice-bearing ones. It is known that dry lunar boulders exhibit back-
ward scattering (49, 56), while mixing a small amount of ice can
make them more forward scattering and brighter (fig. S4). In many
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A A fresh crater in Cabeus PSR

C Radiance ratios of low- to high-phase-angle
ShadowCam images

B ROI outlined by the red box in (A)

Fig. 6. Forward-scattering anomaly seen nearby a fresh crater in the Cabeus PSR. (A) ShadowCam image (M042280830SE) at a fresh crater (380-m diameter) in the
Cabeus PSR. (B) Zoomed-in view of the red box in (A). ROls 1 and 2 are spots ~3x and ~2x brighter than the background, respectively. The oval outlines bright boulders
(ROI 3). (€) Ratio map of ShadowCam stereo observations of the region in (B). Note that doubly shaded regions that have very low SNRs (low radiance) are masked. (D) The
slope map derived from the ShadowCam stereo observations at the same region in (B). Note that the spatial resolution in (A) to (C) is around 1.8 m/pixel, while that in (D)

is 6 m/pixel.

locations, including temporarily shadowed regions at low latitudes,
we observed that boulders are brighter than the surrounding rego-
lith (Figs. 2 and 3 and fig. S1). This suggests that the bright boulders
seen in cold traps are not necessarily associated with ice. However,
we cannot rule out the possibility that some boulders in PSRs may
contain ice, because ice-bearing boulders would also display high re-
flectance in ShadowCam observations. A full coverage of lunar PSRs
with ShadowCam observations at complementary phase angles (e.g.,
separated by >~20°) can help identify forward-scattering anomalies
that might be indicative of water ice.

Determining the absolute phase angles of scattered light in PSRs
remains a substantial challenge. However, because the two Shadow-
Cam stereo images were acquired only around 2 hours apart, we
can assume similar incidence angles for scattered light. Multiple light
sources scattered into PSRs make it challenging to compute incidence
angles and, thus, phase angles (60-62). We used a ray tracing model
to estimate the scattered incidence, emittance, and phase angles un-
der ShadowCam observation conditions (see Methods). The derived

Lietal, Sci. Adv. 12, eaec8211 (2026) 18 March 2026

median incidence angles of the two ShadowCam images in paired
stereo observations show <2° difference (fig. S8). However, the
ray tracing modeling work is computationally consuming and was
only performed at a low spatial resolution scale of 60 m/pixel
(e.g., fig. S8). The viewing angles at the ShadowCam observation scale
(1.8 m/pixel) may vary strongly because of the presence of boulders,
which needs to be further examined in future studies.

The interpretation of high-reflectance anomalies such as those
shown in Fig. 4 and fig. S2A may not be unique. Those bright spots
are around 10 to 20 m in size. Across multiple observations with
varying illumination conditions, the pixels corresponding to the
bright spot in Fig. 4 consistently maintained radiance values about 50
to 60% higher than the immediate surroundings. Such reflectance
contrast is commonly seen in boulders, fresh craters and ejecta, recent
landslides, and their surroundings (Fig. 2). Although craters in the
10- to 20-m diameter range can be well resolved in ShadowCam im-
ages (e.g., fig. S3) and we can also rule out the possibilities of boul-
ders, landslides, and bedrocks from the ShadowCam images under
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Fig. 7. Radiance ratios of ShadowCam stereo observations at LP and HP angles
(LP/HP) at ROIs 1 to 3 compared with model results. Ratio values and standard
deviations of ROIs 1 to 3 were from Fig. 6C. Median incidence angles and their stan-
dard deviations of ROIs 1 to 3 were modeled at 60 m/pixel (fig. S8). The LH/HP radi-
ance ratios were modeled using Hapke's radiative transfer model with parameters
derived from previous studies (see Methods). Error bars in the model results are
10% uncertainty sourced from the Hapke model (57).

multiple illumination conditions at those bright spots (Fig. 4 and
fig. S3), it is unclear whether they are outcrops or deposits of high-
reflectance materials such as immature anorthosite rather than water
ice. We also observed abnormally bright wall materials at small craters
in PSRs similar to those in fig. S6. Although these craters do not ex-
hibit bright ejecta, indicating that they are not fresh impacts (fig. S6),
the bright wall materials could be fresh exposures of regolith or bed-
rock exposed by recent mass wasting. Another possibility is the
presence of water ice. Stereo observations at the Hermite A bright
spot confirm that it is less backscattering than other high-reflectance
regions nearby (fig. S2B), which is indicative of the presence of high-
reflectance and forward-scattering materials similar to water ice.
Future observations at varying phase angles of the de Gerlache bright
spot (Fig. 4) and many other high-reflectance materials (fig. S6)
can reveal the scattering properties and help to determine whether
they show similar forward-scattering properties to water ice.

It is possible that factors such as regolith porosity and grain size
also influence scattering behaviors. However, we have not seen
reports suggesting that the porosity and grain size of lunar surface
regolith can change its scattering properties markedly, such as
from backscattering to forward scattering. In addition, the forward-
scattering anomaly regions observed in Fig. 6 and figs. S2 and S7 are
only slightly larger than the spatial resolution of the digital elevation
models constructed from stereo images and used to georeference
them [see Methods and (63)]. This proximity to the resolution
limit introduces uncertainties in the ratios of stereo observations
obtained for these areas. The small size (a few tens of meters) of
these high-reflectance and forward-scattering anomalies also limits
cross examinations from other datasets such as M> (280 m/pixel),
LOLA albedo (500 m/pixel), and LAMP (240 m/pixel). Therefore,
additional observations, particularly at varying phase angles, are
necessary to determine whether these high-reflectance and forward-
scattering anomaly regions are related to the presence of ice or result
from other factors.

Lietal, Sci. Adv. 12, eaec8211 (2026) 18 March 2026

Our manual examination of ShadowCam radiance images that
cover all lunar PSRs suggests either that most of the lunar PSRs lack
surface ice exposures or that their ice concentration is below the
detection limit, approximately 20 to 30 wt % on the basis of the
visible reflectance enhancement (Fig. 1C), which aligns well with
previous ShadowCam findings (58). Only a few candidate high-
reflectance anomalies were seen (Fig. 4 and figs. S2A and S6), which,
if they are water ice, is consistent with previous sparse detections
of lunar surface water ice (30, 33-35). We also examined six pairs of
ShadowCam stereo images at Faustini, Slater, Cabeus, Wiechert J,
Hermite A, and Mouchez L PSRs. Despite the small number of ste-
reo images examined in this study, we found multiple spots (~20 to
50 m) showing high-reflectance and forward-scattering properties
(e.g., the Hapke phase function parameter ¢ < 0) (Fig. 6 and fig. S7),
which is consistent with the optical properties of water ice, although
other possibilities cannot be ruled out. We expect to see more simi-
lar exposures with both high reflectance and forward scattering
to that in Fig. 6 in the future when more stereo images are acquired
and calibrated during the KPLO extended mission. The higher num-
ber of exposures with high reflectance and forward scattering sug-
gests the following: (i) Surficial water ice may be more widespread
with low content rather than high content, considering that the
detection limit based on scattering anomalies is lower than that as-
sessed from high-reflectance anomalies (<10 wt % versus 20 to
30 wt %, Fig. 1, C and D); (ii) forward-scattering anomalies are com-
monly associated with boulders near fresh craters (Fig. 6 and fig. S7),
which may suggest that buried water ice was excavated to the sur-
face by impacts. This seems consistent with an independent study
that systematically and statistically analyzed ShadowCam radiance
variations at pixels with water ice detections from M? data as well
as across PSRs with and without any M? ice detections (64). They
found that radiance enhancements were observed exclusively when
comparing “icy” PSRs (with M? ice detections) to “dry” ones (no M’
ice detections) near the north pole, and such enhancements could
not be explained by differences in illumination conditions, suggesting
the wide presence of water ice (64). However, PSRs containing M
ice detections near the south pole did not exhibit such radiance en-
hancements compared to “dry” PSRs, aligning with the findings of
sparse and low-abundance ice (30, 33-35). Future missions that have
a much lower detection limit of water ice (<1 wt %) than ShadowCam
can help to verify and push further our findings and better map the
distribution of surficial water ice in lunar PSRs.

METHODS

Estimation of impact-delivered water to the lunar and
mercurian surface

The delivery of water to the surfaces of the Moon and Mercury
through impacts is influenced by differences in impact flux, impac-
tor size distribution, and impact velocities. Mercury experiences a sig-
nificantly higher total flux of impactors smaller than 100 m, ~20 times
greater than that on the Moon. This estimate was derived from the
combination of a micrometeoroid flux (particles less than 100 pm)
on Mercury, which is around 39 times higher than the Moon’s, at
60x10 g cm™s' on Mercury versus 1.54 X 10716 g ecm™?s7 on
the Moon (65), and a flux of larger meteoroids (1 cm to 100 m) that
is around 10% of the Moons, corresponding to ~4.9 x 107** g cm™s™!
on Mercury and ~4.9 x 107'® g cm™* s™! on the Moon (44, 66).
Higher impact velocities on Mercury were suggested to result in
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20 times more vaporization per impact than on the Moon (37). Al-
though Mercury’s greater flux and higher gravitational retention
velocity could increase water delivery, its higher vaporization rates
may cause proportionally greater water loss during impact. In con-
trast, the Moon may preserve a higher fraction of water from its
impacts because of lower vaporization despite its lower overall flux
and gravitational retention. Assuming similar water content in im-
pactors, the net delivery of water to the surfaces of the Moon and
Mercury may thus be comparable. Our estimates underscore the
balance among impact flux, gravitational retention, and vaporization
in governing water delivery to planetary surfaces, with potential re-
finements achievable through future studies incorporating retention
efficiencies and secondary effects.

ShadowCam image preparation

ShadowCam onboard KPLO offers unprecedented imaging capa-
bilities of lunar PSRs, providing small pixel scales (1.5 to 2.0 m) and
high SNR (>100 for radiance >0.1 W m™* sr™" pm™") in the visible
region (50, 53). In our analysis, we used the calibrated radiance im-
ages (53). The exact illumination for each ShadowCam pixel is com-
plex because of scattering of a broad range of light rays reflected
from nearby topographic facets. The uncertainty in calculating the
exact intensity of the scattered incoming light on individual pixels
makes it difficult to derive accurate reflectance from ShadowCam
images. However, the PSRs investigated here have relatively smooth
crater floors. Therefore, we assumed that lighting conditions were
uniform within each PSR, particularly at ROIs and their immediate
surroundings. We then treated the acquired radiance data as a proxy
for surface reflectance and compare pixels within individual PSRs,
which allowed us to detect subtle variations that may indicate the
presence of water ice.

We used ISIS3 software (67) modified by the ShadowCam team
to prepare mosaics of ShadowCam images. We first searched all
ShadowCam images in PSRs of interest using these criteria: emit-
tance angles <1°, spatial resolutions better than 1.8 m/pixel, and
subsolar latitudes >1.3° (north pole summer) or <—1.3° (south pole
summer) depending on the pole. If there is more than one Shadow-
Cam image in a given region, we will manually pick the one with the
highest radiance (strongest signal) for mosaicking. We focused on
all PSRs in both ~80° to 90° polar caps. The selected ShadowCam
images were then mosaicked at their intrinsic spatial resolution.
We then manually examined the mosaicked ShadowCam images
using ArcGIS. The regions with M ice detections (34) were main-
ly checked for signs of ice, but other regions in individual PSRs
were also carefully examined at the pixel scale to search for high-
reflectance anomalies.

ShadowCam stereo image preparation

More than one observation would be needed at the same region
but from different phase angles to assess the possible presence of
forward-scattering materials on the lunar surface. We used Shadow-
Cam stereo pairs that are acquired at two different phase angles.
ShadowCam has been obtaining stereo observations by slewing the
spacecraft ~22° since late 2023 (fig. S5) (63). The stereo images were
acquired with only a 2-hour time difference and, thus, almost iden-
tical lighting conditions and incidence angles (e.g., fig. S8) but with
different emissions and, thus, phase angles (fig. S5), which could
provide a first look at the change in reflectance as a function of
phase angle. We assumed that the lighting conditions remained
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the same between two stereo observations and compared the ra-
diance measurements directly. By taking the ratio of radiance val-
ues at different phase angles, we can assess how surface scattering
varies spatially.

The ShadowCam team creates digital terrain models (DTMs) from
specially targeted geometric stereo observations using US Geologi-
cal Survey ISIS (Integrated Software for Imagers and Spectrometers)
and SOCET SET from BAE Systems (63). The images are aligned by
bundle-adjusting a set of “tie points” that are chosen by matching
pixels between the images. Between 20 and 300 tie points are used
for each stereo set, depending on the size of the PSR, the number
of images used, and the complexity of the topography. SOCET SET
reports the root mean square error (RMSE) of all the tie point re-
siduals included in the bundle adjustment; this RMSE is considered
acceptable when it is less than 0.5 pixels. The ShadowCam DTMs
have RMSE errors <0.5 pixels, and all DTMs used in this study ex-
cept for Hermite A had RMSE <0.28 pixels, indicating tight align-
ment between the images. The DTMs used in this work had tie point
residuals <1 pixel, except for Hermite A, whose tie points had re-
siduals <2.1 pixels.

The ShadowCam DTM:s are created at a 3X native image resolu-
tion (3 to 7 m/pixel) and are controlled to the most accurate LOLA
point data available at the time the DTM was created, with average
offsets from LOLA of <5.2 m horizontally and < 1.0 m in elevation.
The ShadowCam team produces orthophotos by reprojecting the
stereo images against the DTM, removing distortion resulting from
camera obliquity to create map products at the images’ native pixel
scale. The RMSE values and tie point residuals, as well as qualitative
examination, indicate that the orthophotos used in this work are
aligned to the input DTM and to each other with offsets of less than
2 pixels. We manually examined the offsets of our studied regions at
Hermite A (fig. S2), Faustini (fig. S7), and Cabeus (Fig. 6) and con-
firmed that their possible offsets are about a pixel or less.

We loaded the stereo images into ArcGIS and produced ratios of
each pair of images. The relative change of phase angles in each ste-
reo pair was computed on the basis of the positions of the sun, local
topography highs where the sunlight was scattered into PSRs, and
the spacecraft before and after slewing (figs. S5 and S8). We ratioed
the ShadowCam image with the LP angle to the one with the HP
angle (LP/HP) in each pair of stereo observations.

lllumination model to derive viewing angles of scattered
lightin PSRs

We performed complex illumination modeling calculations to un-
derstand the secondary lighting geometry in lunar PSRs. We used
IumNG software, which has scattering computation capabilities as
described in (68). Photometric interactions at the surface of shad-
owed terrain are made complicated because there is no single light-
ing source like the Sun on sunlit terrain but rather an extended,
nonuniform, ever-changing source landscape. Instead of a single set
of incidence, emission, and phase angles, there is continuum, origi-
nating from all visible sunlit locations with their own radiance. We
can attempt to use effective incidence, emission, and phase angles to
be used in photometric analysis. Following (54) and (69), for each
pixel, we compute the weighted median of these angles, with the im-
portance of any sunlit pixel weighted by the radiance observed by
ShadowCam that it contributes. Thus, we account for the photo-
metric effects of both the first (sunlit) and second (shadowed)
bounces to obtain the most representative angles. For our raytracing
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computations, we use the updated topography models from (70),
at a resolution of 60 m/pixel to balance the computational cost of
scattering simulations. First, we determine the direct illumination
from an extended Sun (accurately modeling partial solar visibility
and the resulting soft shadows). Then, the double bounces from all
elements of the mesh visible from all evaluated points are mod-
eled photometrically, i.e., we do not limit the number of ele-
ments or rays to consider [Monte Carlo approaches are sometimes to
speed up computations in large-scale simulations; e.g., (19)].
In this work, the evaluated pixels had typically 40,000 to 100,000
scattering elements.

Radiative transfer modeling of the ShadowCam

radiance ratio

Reflectance under the scattered light condition in lunar PSRs may
be more relevant to hemispherical-directional reflectance by defini-
tion. However, because of the fact that most PSRs are formed in cra-
ters and the scattered light is mostly from one side of the illuminated
wall, which limits the spread of light sources, most scattered light
could be only from a narrow-illuminated belt on the crater wall
(62, 71). So, even though the light scattered into those ShadowCam
pixels is not collimated, the incidence angles of those scattered light
are within in a narrow range with standard deviations mostly <3°
(fig. S8, C and D). Thus, we assume that the light source is quasi-
collimated and thus use the bidirectional reflectance equation of
Hapke’s model.

We used Hapke’s radiative transfer model (72) and the parameters
derived in previous remote observations to model the radiance ratios
of ShadowCam stereo observations. In the Hapke model, reflectance
R or I/F (I: radiance; F: irradiance) can be described as a function of
single scattering albedo o and effects from viewing geometry, back
surging [B(g, ¢)], phase function [P(g)], two-stream multiple scatter-
ing function (H), and macro surface roughness (S) (72, 73).

R:l:g Ho
Foodp+y,

{[1+B(g)] P(g) + H(py ®) H(, ®) = 1}S (i, €, g, 0)

(1)
where i, is the cosine of the incidence angle (i), p is the cosine of the
emergence angle (e), g is the phase angle, ¢ is the porosity, and 0
is the surface slope. We used a two-term Henyey-Greenstein (HG)
polynomial as the phase function (57, 73). We assume that I; and
I, are the ShadowCam radiance acquired at the LP and HP angles
in each pair of stereo observations, respectively. Given that the two

images were acquired only around 2 Earth hours apart (the lunar day
length is around 350 Earth hours), we can assume that the change of
incident scattered light intensity (F; and F) in the same region is
negligible and F; = F,. The ratio of reflectance between LP and HP
can then be modeled as

St [0+ Blg)| P(1) + H (o ) H (11, 0) =1} (i1, 1,0)

I, /F; _ At
L/F, %ﬁ{[l+B(g2)]P(g2)+H(p0,m)H(p2,w)—I}S(i,ez,gz,é)

2

then we can get

11, = i+ {1+ B(g1)| P(g1) + H(ko» o) H(py,0) =1} S(ire;, g1,0)
VT {14+ B(g,)] P(g,) + H (1o 0) H (o 0) =1} S(i,ez,gz,(é))
3

We can then model the radiance ratio to let the incidence angle
vary from 0° to 90° and at two emittance angles of images in each
pair of ShadowCam stereo observations. From our image selection,
the two emittance angles are ~0° (nadir observations) and 20°
(slewed observations). The phase angle g can be easily derived
from the incidence, emittance, and azimuth angles of ShadowCam
observations. We also need the parameter values for w, 6, and co-
efficients (b and c) for the phase function. We used the values of
o, 0, b, and c for the lunar surface derived from the LROC WAC
data (Table 1) (49). We used the water ice values of o, 0, b, and ¢
derived from the Martian polar ice cap (Table 1) (48). For the lunar
surface material, we modeled two end-members, one of which is
the global lunar regolith, while the other is fresh highland im-
pact ejecta. The lunar polar region is suggested to be dominat-
ed by anorthosite, like the highlands. Fresh highland impact ejecta
shows the strongest backscattering (49) and thus was chosen for
modeling (Table 1).

Determining the detection limit of water ice

The detection limits of water ice that can be determined by using the
reflectance enhancement and scattering properties were based on the
performance of the ShadowCam instrument. To search for surficial
water ice via reflectance enhancement, we assessed how much the
reflectance of a region is elevated compared with its surroundings.
Studies suggested that ShadowCam is able to resolve reflectance
contrasts higher than around 20% in lunar PSRs (54). Although the
exact phase angles of ShadowCam observations are unknown, mod-
eling work suggests that most of the phase angles of ShadowCam
observations are between 30° and 100° (61, 62). We modeled how

Table 1. Parameters of our radiative transfer model. Parameter values and their sources used to model the radiance ratio of ShadowCam stereo images.

Global regolith

Fresh highland ejecta

Pure water ice References

(48, 49)
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the reflectance of water ice and lunar regolith mixtures varies with
the water ice content at phase angles of 30° and 100° (Fig. 1C). The
intersections of the 20% reflectance enhancement with the two trend
lines of reflectance enhancement at different ice contents defined
the detection limits of water ice by ShadowCam, which are 30 and
20 wt % at 30° and 100° phase angles, respectively (Fig. 1C). Search-
ing for water ice by assessing the scattering property, we ratio the
ShadowCam radiance of the same region at different phase angles.
Therefore, the detection limit of water ice would depend on the ra-
diometric calibration of ShadowCam. The uncertainty of the radio-
metric calibration of the ShadowCam radiance data is around 5%
(53). We modeled the reflectance enhancement of water ice and
lunar regolith mixtures at different phase angles for four ice content
cases of 1, 5, 10, and 20 wt %. Reflectance enhancements are notably
stronger at HP angles, which is attributed to the forward scattering
of water ice. We found that the reflectance enhancement is high-
er than 5% for mixtures with ice contents greater than 5 wt % at
phase angles between 30° and 100° (Fig. 1D). It should be noted
that the above reflectance enhancements were based on compari-
son with dry regolith. If the regolith in the studied regions con-
tains water ice, the detection limits would be higher than 20 to
30 wt % and 5 wt % if examining the reflectance contrast and scat-
tering properties, respectively.

We used the Hapke radiative transfer model (Eq. 1) to derive how
the visible reflectance changes with phase angle when the lunar
regolith is mixed with water ice. To model the reflectance of water
ice and lunar regolith mixtures, we first calculated the average o, of
the binary mixtures (73)

ave m—_y (4)

piD;

where m;, ®;, p;, and D; are the mass fraction, single scattering albedo,
density, and grain size of water ice, respectively; m,, ®,, p,,and D,
are the mass fraction, single scattering albedo, density, and grain
size of lunar regolith, respectively. We tested the mass fractions of
water ice at 1, 5, 10, and 20 wt %, and the respective mass fractions
of lunar regolith are 99, 95, 90, and 80 wt %. The ®; and ®, were de-
rived using Eq. 1 as well as the reflectance of water ice and the glob-
al average M” spectrum at 700 nm in Fig. 1. The densities of water
ice and lunar regolith are set to 0.9 and 1.8 g/cm” (74), respectively.
The grain size of water ice and lunar regolith is set to 15 pm because
a previous study suggested that the 10- to 20-pum grain size group of
lunar regolith dominated the visible reflectance feature of the bulk
regolith (75).

We also computed the phase function of the binary mixtures. The
average phase function can be calculated as (73)

m,m;P; + m.o,P,

p — p;D; p,D,

ave ;0; + m,o,
piD p.D,

©)

i T

The two new parameters P; and P, in Eq. 5 compared with Eq. 4
are the phase function of water ice and lunar regolith, respectively.
The b and ¢ parameters for the HG phase function of water ice are
set to 0.5 and —0.6, respectively, which are derived from the Martian
ice cap (48). The b and c values of the HG phase function of lunar
regolith are set to 0.3 and 0.2, respectively, which are derived from
the LROC WAC data (49).
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