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Abstract In a database of lunar fractured boulders (Riisch & Bickel, 2023, https://doi.org/10.3847/psj/
acdlef), we found boulders with reflectance features dissimilar to previously known morphologies. We
performed a photo-geologic investigation and determined that the features correspond to a dust mantling on
top of boulders with a unique photometric behavior. We next performed a photometric model inversion on the
dust mantling using Bayesian inference sampling. Modeling indicates that the dust photometric anomaly is
most likely due to a reduced opposition effect, whereas the single scattering albedo is not significantly different
from that of the nearby background regolith. This implies a different structure of the dust mantling relative to
the normal regolith. We identified and discussed several potential processes to explain the development of such
soil. None of these mechanisms can entirely explain the multitude of observational constraints unless evoking
anomalous boulder properties. Further study of these boulders can shed light on the workings of a natural dust
sorting process potentially involving dust dynamics, a magnetic field, and electrostatic dust transport. The
presence of these boulders appears to be limited to the Reiner K crater near the Reiner Gamma magnetic and
photometric anomaly. This close spatial relationship further highlights that poorly understood processes occur
in this specific region of the Moon.

Plain Language Summary The study of rocks on the surface of the Moon is important to
understand the processes forming and modifying the lunar crust as well as the processes modifying rocks after
their formation. The lunar rocks resting on the surface can be studied by imaging them with an orbital camera
and analyzing their shape and reflectance. Here we report on the finding of a new type of brightness feature

on rocks. This finding was made possible by scrutinizing a catalog of split lunar rocks. The brightness feature
is found to be unique because of its rare occurrence, localization limited to near the Rainer Gamma magnetic
anomaly, and association with some but not all rocks of the crater Reiner K. The feature is a dust deposit with a
potentially uncommon physical structure.

1. Introduction

The surface of the Moon is littered with boulders (>25.6 cm, Dutro et al., 1989) and smaller rock fragments.
In contrast to the comminuted, fine-grained and highly mixed regolith, the intact multi-crystals rocks preserve
the minerals and components in their pristine size and spatial configuration, that is, the lithology formed by the
magmatic, impact and impact-related sedimentary processes. These processes inform the properties and evolu-
tion of the Moon crust and mantle. Importantly, these rocks may have recorded the environmental conditions,
such as the magnetic field, during their formation. Therefore, questions addressing the Moon core property and
its dynamo can be addressed (e.g., Cisowski et al., 1983; Lawrence et al., 2008; Tarduno et al., 2021; Tikoo
etal., 2017).

A large fraction of lunar boulders are emplaced as impact ejecta blocks (e.g., Bandfield et al., 2011; Melosh, 1989)
and, after an exposure time of several millions to several tens of millions of years (e.g., Riisch et al., 2022), are
shattered by impacts and reduced to regolith (e.g., Horz & Cintala, 1997). During the period on the surface,
exposure to the space environment can modify their surface and near sub-surface. Space weathered rocks develop
patinas of impact glass (e.g., Keller et al., 1997; Wentworth et al., 1999), and a fine layer of dust on their surfaces
(e.g., Johnson et al., 2014; Sun & Lucey, 2022). The latter will itself be subject to space weathering (e.g., Pieters
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Table 1 & Noble, 2016). Three processes likely contribute to the development of

Images Used in This Study With Their Respective Incidence Angle, Assuming the dust layer: (a) accumulation of ballistic ejecta particles produced by
a Flat Surface at the Center Pixel, Phase Angle at the Center Pixel, and impacts, (b) particle production by the rock itself due to micrometeoroid

Nominal Resolution

bombardment (e.g., Horz et al., 1974; Riisch & Wohler, 2022) and to ther-

Image ID

Incidence angle
(RE) [deg]

Phase angle Nominal resolution mal fatigue (Patzek & Riisch, 2022), and (c) deposition of electrostatically
(RE) [deg] (RE) [m] lofted dust particles (e.g., Rennilson & Criswell, 1973; Wang et al., 2016;

M109589691RE/LE

M1134551181RE/LE
M1200481033RE/LE
M1269886133RE/LE
M1285164183RE/LE
M1315723777RE/LE
M132003371RE/LE

M1374450022RE/LE

10.84
16.44
71.23

7.30

9.89
15.61
84.80
12.33

10.40 0.51 Yan et al., 2019).

15.55 0.92 In a recent effort to understand lunar boulders using optical images from
70.08 0.91 orbit, a catalog of boulders with specific (fragmentation) morphologies has
736 0.92 been produced for the latitude range +60° (Riisch & Bickel, 2023). The cata-

9.89 0.90 log was constructed from LROC/NAC images (Robinson et al., 2010) using a

14.76 0.72
83.67 0.87

convolutional neural network architecture purposely trained on a wide range
of degradation morphologies. As a result, detections in the catalog span a
considerable range of morphologies not limited to stages of rock fragmenta-
11.73 0.70 tion. About a third of the catalog (n~40,000) was visually inspected in Riisch

Note. The angles and resolution are given for the right image, respectively. and Bickel (2023). Besides the expected morphologies, the survey revealed

one surprising fragmented boulder with unique characteristics, most impor-

tantly a very dark area at the center of fragments, unlike any known lunar
boulder morphologies (reported in e.g., Muelhberger et al., 1972; Florensky et al., 1978; Krishna & Kumar, 2016;
Ruesch et al., 2020). We found only one such peculiar-looking boulder in the catalog, and we found its location to
be at the impact crater Reiner K. These peculiarities motivated a detailed photo-geologic and photometric study.
The detailed photo-geologic study focused on the Reiner K crater, and three large regions were scrutinized to
search for additional occurrences. Here we report the outcomes of the analysis and discuss the implications for
a new dust sorting process. Throughout this manuscript, we refer to the discovered feature as a photometrically
anomalous dusty boulder (PADB).

2. Methods
2.1. Data Processing and Photo-Geology

The two Narrow Angle Cameras (NACs) onboard the Lunar Reconnaissance Orbiter (LRO) image the lunar
surface under a variety of illumination conditions at a high resolution of 0.5 m/pixel at a nominal altitude of
50 km (Robinson, et al., 2010). To study the PADBs at the Reiner K crater, the images listed in Table 1 were used.
These images were radiometrically calibrated with the Integrated Software for Imagers (ISIS) (Laura et al., 2022).
Subsequently, the images were map projected with a common resolution of 1 m/pixel to the region of interest
(8.02°N-8.17°N latitude and 305.93°E-306.08°E longitude) using ISIS, and the left (L) and right (R) images of
the two cameras were combined in a mosaicking step.

All images were then manually co-registered to the reference image M109589691. These images were used for
photo-geological characterization based on visual inspection by experts. The visual inspection encompassed the
characterization of the overall distribution of PADBs and normal boulders of the spatial extent of the dark area on
PADB and the spatial relationship of the dark area to the shape of the underlying boulders.

To determine whether PADBs occur at locations other than Reiner K crater, we performed a visual search at and
near the high reflectance region of Reiner Gamma, at and near the swirl Mare Ingenii, and at and near the swirl
Gerasimovich using the swirl map of Denevi et al. (2016). In these three regions, the search task first encom-
passed the identification of craters not smaller than Reiner K (3 km), and as young as Reiner K, in order to ensure
the formation of sufficiently large ejecta boulders and their presence in high abundance, respectively. The relative
age between craters was based on morphological criteria (e.g., well-defined rim, presence of rays). Subsequently,
low incidence angle images (<30°) were used to search for relatively dark spots on boulders and moderate inci-
dence angle images (40-80°) were used to verify a background brightness at the same locations.

The photometric investigation focused on the Reiner K crater. There, several types of features were identified, that
is, PADBs, dark regolith, bright regolith (partly containing unresolved rock fragments), and normal boulders (with
and without dust). For photometrical investigation, it was necessary to further refine the image co-registration
in order to reach alignment at the pixel level over the entire region. Therefore, for each of the four feature types,
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six representative locations were manually selected, and in each image, the corresponding pixel locations were
refined and saved. Subsequently, for each selected pixel in each image, and for each location, the mean over the
local neighborhood of 3 x 3 pixels was calculated. Additionally, for each location, the sub spacecraft and subsolar
point, the spacecraft altitude and the solar distance were obtained using ISIS (Laura, et al., 2022). With this infor-
mation and the longitude and latitude of that specific pixel the vector pointing to the sun () and to the spacecraft
(D') were calculated. Based on this information, a photometric model was applied. Because the 3D-reconstruction
of boulders is particularly challenging due to their albedo and topography, no Digital Terrain Model (DTM) was
used. Instead, the inclination along the illumination direction (East-West) was considered as a parameter of the
model and fitted for each location individually.

2.2. Photometric Model Inversion

The basis of the photometric modeling approach used in this work is the isotropic multiple scattering approxima-
tion (IMSA) of the Hapke (2012) model as outlined by Sato et al. (2014):
w Ho.e

r(i,e,g) = —

rrm—— [p(8)Bsi(8) + H(ue)H (o) — 1] S e, y). n

Here, w denotes the single scattering albedo, which describes how much light is scattered compared to how much
light is absorbed. The incidence angle (i) and the emission angle (e) are corrected for the effects of roughness to
obtain the effective angles (i .e,) and their respective cosines (k,, = cos i,, y, = cos e,) as well as the correction
factor S(i,e,y), which also depends on the azimuth angle y. For a detailed description of the roughness correction,
see Hapke (2012) and Sato et al. (2014). The photometric roughness angle is set to 11° as derived as a global aver-
age by Warell (2004) because the effects of roughness are comparatively pronounced at large phase angles, while
the observed variations occur mainly at small phase angles. The single particle phase function (p(g)) depends on
the phase angle g and the two-material-specific parameters b, and c,. In this work, the double Henyey Greenstein
formulation is used.

_l+a 1 — by’ Lo 1 — by*
2 2)3/2 2 2
(1= 2by cos(g) + bx*) (14 2bx cos (g) + bn

)3/2 @

The parameters b, and c;, are strongly correlated (Hapke, 2012) according to the hockey-stick relation given by:

b}

en = 3.29(7174%) — 0.908, A3)

which is used in this work to calculate ¢, for any given b, value.

Multiple scattering within the medium is modeled with the Chandrasekhar H-functions using the approximation
introduced by Hapke (2002). The opposition effects of shadow hiding, responsible for an increased brightness
under small phase angles, and coherent backscattering are combined in the correction factor for shadow hiding
By, which comprises a width (k) and an amplitude (By).
Bsu(g)=1+B 1 4
su(8 SO T ¥ tan (g/2)/ Iy @)
The amplitude of the effect is strongly correlated with the albedo. To account for this correlation, we used the
relationship empirically estimated by Sato et al. (2014) for the LRO Wide Angle Camera (WAC) channels. The
relationship determines the predicted value for a given albedo and parameters of the phase function:

sw+t 5
wp(0)” )

S0,p =

By dividing the estimated value by the predicted value, a corrected value By, . was obtained that is independent of
the albedo, and which can give insight into whether the opposition effect is stronger or weaker than usually found
on the Moon. For example, a soil that has a By, . value larger than one would have a stronger opposition effect
compared to the average value for the given albedo and vice versa.

Given the photometric model and observations of the same location from different viewing and illumination
conditions, the Hapke model needed to be inverted to obtain the parameters of the model. However, the inversion
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might not have a unique solution (e.g., Hess et al., 2023; Schmidt & Fernando, 2015). To account for multiple
equally likely solutions, we used Bayesian inference sampling (Bishop & Nasrabadi, 2006; Gelman et al., 1995)
similar to Hess et al., 2023. In the Bayesian sense, all parameters of the model are described by probability distri-
butions and are sampled from the so-called posterior distribution to obtain the most likely solution as well as the
uncertainties. Solutions that fit similarly well are also accepted.

For each feature type, N locations were selected with similar visual properties. For each location, M images for
different phase angles were acquired by the NAC. For each location a surface normal 7 had to be determined. To
reduce the degree of freedom without losing the important information for the reflectance model we varied the
inclination angle (®) only along the East-West direction so that 7 becomes:

7 = (sin ©,0,cos ©) (6)

The modeled values were then calculated with varying inclination angles for the N locations but with the same
parameters for all locations of a feature type.

Reen = [7i(w, Bso, b, cn, ©1), ..., 7N (w, Bso, bn, cs, O)] @)

with every 7;(w, Bso, bn, cn, ®;) being a M x 1 vector. The N vectors 7; for each location were then concatenated
to form the vector ﬁ,en, which then has the length NM X 1. Additionally, to better separate the effects of albedo
and parameters which change the phase curve, phase ratio information was used. The vector for location i then
becomes

;:phuse.i = logl() (71(2 .. M)/ﬁ(l)) (8)

and has the dimension (M — 1) X 1. Concatenating these vectors to the end of the 72}3(1 vector resulted in a
(2M — 1)N X 1 sized vector denoted ﬁmodel. The likelihood function in the Bayesian model represents the qual-
ity of the fit between the modeled and measured (ﬁmeas) values given a set of parameters. It was subsequently
marginalized:

@M-1)N
P(W, BSO, bh7 Ch, G’ Orefls Gphasc) ~ H N <Rmcas,k | U= Rmodcl,k, O = Olh,k ) (9)

k=1
where o}, , was chosen as o, or 6, depending on whether R ., is a reflectance value or phase ratio informa-

tion. The variance of the likelihood function is a parameter of the model, and because the phase ratio and reflec-
tance values differ by several orders of magnitude, it is sensible to use two different parameters respectively. The
priors were defined as listed in Appendix A. The sampling algorithm used was the No U-turn Sampler (NUTS)
(Hoffman & Gelman, 2014) implementation in pymc3 (Salvatier et al., 2016), which is very efficient even for
highly correlated parameters and high dimensional parameter spaces. For each feature type 20,000 samples were
drawn, and 5,000 additional samples were created for tuning.

3. Results
3.1. Geology

On the basis of reflectance alone, at the Reiner K crater, we identified 23 occurrences of 5-20 m large photomet-
rically anomalous areas and ~200 smaller occurrences of <4 m in size (Figure 1). Each large photometrically
anomalous area is spatially associated with one, and only one, boulder. When viewed at high incidence angle
images, the area corresponds to a dust coverage on a boulder (Figures 2f-2i). We therefore refer to photomet-
rically anomalous dusty boulders (PADB). In moderate to high incidence angle images, boulders with these
features are similar to classical dust-covered boulders (Figures 2e—2j), that is, boulders whose top surface is
partially covered by very finely grained regolith (e.g., Wolfe et al., 1981). This is probably the reason why these
features have not been reported before in photo-geological studies that use moderate to high incidence angle
images. PADBs are visually indistinguishable from non-PAD boulders, that is, they do not differ in terms of size
(width, height) or shape. They neither show a preferential orientation of their shape or major axis with respect
to the absolute selenographic orientation nor with respect to the source crater. PADBs are located at varying
distances and azimuths from the crater center, with a concentration in the northwestern quadrant of the lunar
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59°W 55°W

Reiner K

54°4'W 54°2'W 54°W 53°58'W 53°56'W

Figure 1. Upper panel: Context of the photometrically anomalous dusty boulders (PADB) near the magnetic anomaly of
Reiner Gamma, visible as a bright swirl west of Reiner K. Lower panel: Locations used for the different feature types are
overlaid on top of reference image M109589691. Large PADBs are marked in yellow, bright regolith in blue, dark regolith in
black, and normal boulders in red.

nearside. Notably, the PADB spatial distribution around the crater mimics that of non-PADBs, although PADBs
have a lower abundance compared with non-PADBs. In the northwestern quadrant (Figure 3), some PADBs are
aligned with a radial orientation centered on the crater, typical for boulders formed as ejecta blocks. PADBs are
not found at the crater floor. For all large PADBs, we observe that (a) the boundary of the photometrically anom-
alous area is very sharp (abrupt reflectance dropoff), (b) the shape of the area has no preferential pattern and (c)
in some instances it can follow the boulder outline in planar view, (d) the size of the area increases with increasing
size of the hosting boulder, and (e) ranges from one third to the almost complete boulder area in planar view.
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Figure 2. Photometrically anomalous dusty boulders (a—d and f-i) and a normal dusty boulder (e, j), shown twice at low (upper row) and high (lower row) incidence
angle. Arrows point to the dust mantling. Reflectance value 0.06—0.11 in upper row and 0.0-0.03 in lower row. Panel (b) is the only detection in the catalog of Riisch
and Bickel (2023). Location numbers in Figure 1 are (a, f) location 4; (b, g) location 3; (c, h) location 2; (d, j) location 25. LROC NAC images M1285164183 and
M1200481033. Scale bar in (a) applies to all panels.

Figure 3. The northwestern area of the rim of Reiner K crater was imaged with an incidence angle of 9.9° and displayed with
a 0.06-0.11 reflectance range (image M1285164183). The darkest features represent the photometrically anomalous dusty
boulders (PADBs). Note trains of bright boulders radial to the crater rim (lower right). The spatial distribution of PADBs
follows that of brighter non-PADBs.

RUSCH ET AL. 6 of 19

85USD | SUOWILIOD BAIEa1D) 3|qeo!jdde aup Aq pausenoh a1 S9o1Le YO ‘SN JO S3jNJ 10} A%eIq 1T 8UIUO AB]IM UO (SUORIPUOD-PUe-SWULSY/WO0™A8 | IMAleIq)1 U1 UO//SAHU) SUORIPUOD PUe SWB L 34} 89S *[7202/60/S2] U0 Aiqiauliuo A8 |IM ‘uRg BysieAlun Ad 0T6L0030E202/620T OT/I0p/L0D A | im ARl putjuo'sgndnbe//sdiy wo. papeojumod ‘T ‘#202 ‘00T669T2



AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2023JE007910

Figure 4. Three regions where the search for additional photometrically anomalous dusty boulders was performed. The regions correspond to the switls of Reiner
Gamma (left), Mare Ingenii (center) and Gerasimovich (right). Yellow dots indicate the location of impact craters that host boulders with size larger than a few meters.

The small photometrically anomalous areas are only a few pixels wide and thus too small to clearly identify their
shape and association with other boulders: They are not considered further in the analysis.

For large PADBSs, the association between the photometrically anomalous area and the hosting boulder can
be grouped into two types depending on the position of the area relative to the boulder: “on top” or “on the
side.” There are few instances of intermediate morphology suggesting that a continuum exists between the two
end-members. The “on top” type is characterized by areas most often at the center of large (~10-20 m) boulders
with sharp boundaries to the surrounding rock surface (Figures 2a—2f and 2b, 2g). Nearby boulders of the same
size and similar reflectance can lack the photometrically anomalous area. In this type, we observe one instance
(Figures 2b and 2g) with an impact fragmentation morphology resulting from the fragmentation of a parent boul-
der into several large fragments (e.g., Durda, 2023; Ruesch et al., 2020). Noteworthy, few of the fragments have
their own photometric anomalous area on top. Even if the rock material of the fragments is the same (common
parent boulder), the area extent is not shared between the fragments but is split into distinct features. It is reason-
able to assume that the parent boulder of the fragments in Figures 2b and 2g had an anomalous dust area as
well. Therefore, this example suggests that the property generating the anomalous dust is preserved even after
a rock is split. The “side” type is characterized by a photometrically anomalous area extending from the center
or flank of the hosting boulder until the background terrain, and not by a spatial extent limited to the boulder
center (Figures 2c, 2h and 2d, 2i). There is no clear indication that areas extend onto the nearby regolith because
shadows often obscure part of the scene and the boundary of the boulder cannot be seen everywhere. However,
we cannot exclude the possibility that areas reach the adjacent regolith and get spatially mixed with it (Figure 2c).
In any case, large photometrically anomalous areas lying only on regolith ground without being juxtaposed to
a boulder are not present (whether this occurs for smaller areas is uncertain because of the limited resolution).

On the southeastern crater wall of Reiner K, mass wasting and outcrop material display similarly low reflectances
at low incidence angles. Here, the material presents a diffuse boundary downslope. This site is in shadow at high
incidence angle images and can therefore not be studied in detail. For completeness, we note that a rille and a
flat-floored depression of volcanic origin, typical of mare units (e.g., Wilhelms et al., 1987), are located a few
kilometers away from the crater rim in the southern and eastern directions, respectively (Figure 1).

At and near the investigated swirls, including Reiner Gamma, there are only a few craters meeting the search
criteria: 6 craters for Reiner Gamma, 10 for Mare Ingenii, 7 for Gerasimovich (Figure 4). In none of these addi-
tional craters, PADBs were identified.

3.2. Photometry

To further quantify the photometric behavior, the Hapke model was inverted to obtain the parameters w, b,, c,,
and By, for one feature type and the inclination angle (®) for each of the six locations for one feature type. The
selected locations around the crater Reiner K are displayed in Figure 1 and color-coded for the different feature
types. The selected features were chosen to have image information from all available phase angle images and to
not lie in the shadow in one of the images. This ruled out some PADB locations in the western area, which are not
covered by all images, and the crater slopes, which are shadowed in the large phase angle images. The estimated
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Table 2 mean inclination angles and their associated uncertainties are listed for all
Estimated Inclination Angles for All Locations for the Four Feature Types selected locations in Table 2. The uncertainties of the inclination angles are

Inclination generally small but usually larger for the two boulder feature types relative to

the non-boulder feature types.

Feature type Location Inclination mean [deg]  Stddev [deg]
PADB 1 -3.95 0.15 In Figure 5, the locations selected for the PADB feature type from image
2 —0.27 0.54 M109589691 are displayed. The PADBs appear dark in the small phase angle
3 29.93 437 image, and the pixels are selected in the center of these dark areas (marked in
yellow). The Bayesian inference results for the PADBs are shown in Figure 6,
4 8.76 1.50 and the corresponding means are listed in Table 3. Notably, the parameters
3 4.00 1.01 of the phase function cannot be determined reliably. Acceptable solutions to
6 17.37 2.63 the inversion are backscattering (¢, > 0) but also forward scattering (c, < 0).
Bright Regolith 7 10.32 1.27 To effectively constrain the parameters of the phase function, even when
8 127 0.49 they are coupled using the hockey stick relation, data for phase angles larger
9 277 0.62 than 90°, or at least between 20 and 70° are required to gain information
about the shape of the phase curve where the influence of the opposition
10 12.40 144 effect is comparatively small. As no NAC observations are available for such
11 0.26 0.41 phase angles, all solutions in this broad range can be seen as acceptable. To
12 13.90 1.58 sample the entire space of suitable solutions, however, it is reasonable to
Dark Regolith 13 7.83 0.89 keep the parameters in the model as long as the other parameters can still
14 797 0.89 be determined reliably, as is the case here because several observations at
15 250 0.18 similar phase angles are available. The PADB albedo is small but similar to
the albedo of the normal regolith background pixels (see Table 3). The poste-
16 7.09 0.86 . C -
rior distribution of B, shows that the values are almost normally distributed
L ol Ll around the mean 0.957 with a standard deviation of 0.222 and, accounting for
18 —-1.28 0.28 the correlation with the albedo, the corrected value becomes 0.565.
Normal Boulder 19 2721 4.00 . . . . . .
20 - 3 The bright regolith and dark regolith locations were selected in the proxim-
ity of the PADB locations to investigate whether the regolith and the dust
21 29.17 4.17 emplaced on the boulders show similar photometric behavior (Figure 5).
22 22.60 3.39 The resulting posterior distributions of the Hapke parameters are shown
23 11.09 1.85 in Figures 7 and 8 for dark and bright regolith, respectively. The albedo of
24 33.52 3.98 bright regolith (mean 0.272) is larger compared to the values of the PADB

Note. Means of the posterior distributions and uncertainties of the inclination
angle in units of standard deviation in degrees.

and dark regolith. The opposition effect is more pronounced for the back-
ground regolith locations with 1.202 and 1.446 for the bright and dark rego-
lith, respectively. As expected, according to the general correlation between
albedo and opposition effect strength by Sato et al. (2014), the opposition
effect is stronger for the darker regolith compared to the bright regolith.
When the correlation is accounted for and the corrected values are calculated, the regolith pixels, bright or dark,
show slightly reduced opposition effect strength compared to the average lunar regolith (see Table 3), that is,
the values are below one. However, these regolith values are still higher compared to those of the PADB feature
type. The posterior distribution of the phase function parameters again covers the entire range and cannot be
constrained with the available data.

Overall, the uncertainties for the normal boulder feature type are larger compared to the other feature types. In
part, this uncertainty stems from the more uncertain inclination angle determination, and the overall fit is worse,
as can be seen in the likelihood function standard deviation, which is higher compared to the other feature types.
This can also be attributed to stronger photometric variations within the selected locations. The boulders repre-
sent the highest albedo material with 0.353 (Figure 9). However, even though the albedo is very high, the opposi-
tion effect strength is still higher compared to the PADB feature type, contrary to the typical trend observed on the
Moon. Figure 10 shows the distribution of the By . parameter for all feature types. For each sample in the Markov
Chain Monte Carlo simulation, the value of By, is calculated based on the albedo and By, of that specific sample.

The mean values listed in Table 3 show that the smallest value corresponds to the PADB feature type. This
confirms the finding that the dark areas appear only comparatively dark in the small phase angle images, but the
contrast gets diminished in the large phase angle (and large incidence angle) images. The photometrical differ-
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(a) Location 1 (b) Location 2 (c) Location 3 (d) Location 4
. . I/F
L]
20 m

0.14

(e) Location 5 (f) Location 6 (g) Location 7 (h) Location 8
L]

. .

0.12
(i) Location 9 (j) Location 10 (k) Location 11 ) Location 12
(m) Location 13 (n) Location 14 (o) Location 15 (p) Location 16 0.10

L]

(g) Location 17 (r) Location 18 (s) Location 19 (t) Location 20 0.08
(u) Location 21 (v) Location 22 (w) Location 23 (x) Location 24

0.06
Figure 5. The pixels selected for the photometric modeling are marked in yellow in the reference image M109589691RE/
LE. Locations 1-6 in subfigures a—f represent the PADB feature type. Locations 7-12 in subfigures g1 represent the
bright regolith feature type. Locations 13—18 in subfigures m-r represent the dark regolith feature type. Locations 19-24 in
subfigures s—x represent the normal boulder feature type.
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Figure 6. Posterior distributions of photometric and Bayesian model parameters, given the data for the locations (1-6) representing the PADB feature type.

Table 3

Estimated Mean Parameters for All Four Feature Types

Mean w b, c, By, B S0, G 0,
PADB 0202 0.193 0.829 0.957 0.565 0.0056 0.036
Bright Regolith  0.272 0.201 0.735 1.202 0.743 0.0056 0.025
Dark Regolith 0.199 0.195 0.799 1.446 0.854 0.0027 0.022
Normal Boulder 0.353 0.213 0.618 1.031 0.657 0.0084 0.037

Note. By, . denotes the corrected B, with the influence of the albedo removed.

ence between the PADB locations and the dark regolith feature type is mainly
due to differences in opposition effect strength and not because of albedo
differences as it would appear from small phase angle images alone. The
opposition effect is excessively small for the PADB dark area even compared
to normal boulders.

4. Discussion

Here we explain how the results of this study suggest that (i) PADB are not
the direct result of a known impact crater process-like impact melt deposition
(ii) PADBS are intrinsically related to the material composing some, but not
all, boulders, and (iii) the material composing the PADB boulders differs
from that of non-PADBs in terms of still unclear properties.
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Figure 7. Posterior distributions of photometric and Bayesian model parameters, given the data for the locations (7-12) representing the bright regolith feature type.

4.1. Incompatibility With Direct Formation by Ejecta Processes

Since the dark areas are located on crater ejecta, and ejecta emplacement is known to involve several complex
mechanisms (e.g., Kenkmann et al., 2018; Melosh, 1989), one might expect that the formation of these features
occurred as part of the ejecta emplacement process. However, their unique association with boulders argues
against a formation as impact melt veneer (e.g., Bray et al., 2010; Denevi et al., 2012; Plescia & Spudis, 2014).
Instead, since their morphological characteristics are identical to classical dust on boulders and they differ only
in terms of the photometric behavior at a low incidence angle, the areas are likely to correspond to a dust cover-
age. It is evident that because the areas occur only on boulders while not all boulders host them, the process
responsible for their formation is likely highly dependent on the boulder material, and thus not directly related
to the ejecta emplacement process. Therefore, processes that photometrically affect ubiquitously large areas of
an ejecta blanket, such as high-velocity jetted vapor (e.g., Speyerer et al., 2016) or impact shock (and associated
melt) into boulders at the time of their excavation (Marshal et al., 2023), can be excluded. Vapor jetted soils (e.g.,
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Figure 8. Posterior distributions of photometric and Bayesian model parameters, given the data for the locations (13-18) representing the dark regolith feature type.

Robinson et al., 2015; Speyerer et al., 2016) and impact shocked boulder fields (e.g., Marshal et al., 2023) can
have an asymmetric distribution around the impact crater and do not display a spatial heterogeneity at the scale of
single boulders. Another argument indicating an origin not directly related to the ejecta is the potential presence
of photometrically anomalous dust on the inner wall of Reiner K near outcrops. However, as mentioned earlier,
photometric data at a large phase angle for this area of the crater wall is incomplete and a clear identification as
photometrically anomalous is not possible, that is, an effect based on albedo alone cannot be disregarded.

4.2. Role of the Material Composing the Boulders

The northwestern concentration and alignment of boulders is typical for the deposition of a block-rich ejecta fila-
ment (e.g., Krishna & Kumar, 2016) and reflects a proximity in the target material, for example, from a common
compositional unit, before the impact (e.g., Kadono et al., 2019). This pattern in the northwest thus implies that
the dark areas are on boulders that are compositionally similar or identical to each other, again suggesting that the
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Figure 9. Posterior distributions of photometric and Bayesian model parameters, given the data for the locations 19-24 representing the normal boulder feature type
without any dark areas.

material composing the boulder plays a key role. In other words, the peculiarity of the boulders is related to the
peculiarity of the target from which these ejecta blocks were excavated. We thus seek a process able to affect the
layer of dust particles on some, but not all, boulders such that the opposition effect is reduced while an albedo
similar to a dark background regolith is maintained.

4.3. Chemical and Roughness Properties

Let us first consider two scenarios based on the difference in terms of chemistry and surface roughness between
PADBs and non-PADBs. The first scenario foresees the development of a particular dust deposit due to thermal
fatigue. It is known that boulders subjected to diurnal temperature variations develop thermal stresses (Molaro
etal., 2017) and if composed of regolith breccia can develop micro-flakes (Patzek & Riisch, 2022). The formation
and accumulation of micro-fragments could lead to the development of a boulder surface with unique proper-
ties, such as a surface preferentially covered by micro-flakes with a particular size and packing density. This
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Figure 10. Posterior distributions of the B, corrected for the influence of the estimated albedo. Each sample in the chain is
converted to By, . using the albedo of that specific sample.
surface could in principle display particular photometric properties. This scenario bears some resemblances to
one evoked for dust ponds around boulders on asteroid 433 Eros (Dombard et al., 2010) and in fact some PADB
properties (i.e., dust deposit with sharp boundary with adjacent areas) are reminiscent of ponds. For lunar boul-
ders, production of micro-flaking by thermal fatigue occurs for plagioclase and glass-rich petrologies like rego-
lith breccia (Patzek & Riisch, 2022). These types of boulders are present throughout the Moon, in particular
in the highlands, and thus cannot explain the observation of a highly localized occurrence. Another scenario
considers the possibility that a peculiar composition and roughness lead to differences in photoelectron yield and
local electric field (e.g., Dove et al., 2018; Feuerbacher et al., 1972; Xu et al., 2020) and thus variation in the dust
charging and lofting. These variations could be particularly important at topographic reliefs (e.g., boulders) due
to the formation of illuminated and shadowed regions (e.g., Berg, 1978; Farrell et al., 2007; Lee, 1996; Piquette
& Horanyi, 2017; Poppe et al., 2012). On boulders, differences in lofting could develop dust soil of different prop-
erties, for example, packing densities, and thus different photometric properties. Future studies should consider
which specific differences in composition and/or roughness between PADBs and non-PADBs would be required.
In this scenario, it remains unclear why these properties are so unique that they are not observed elsewhere on
the Moon.
RUSCH ET AL. 14 of 19
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4.4. Magnetic Properties

‘We now turn to the peculiarities of the Reiner K crater and its location. It is a simple crater of 3 km diameter, and
its ejecta boulders have been excavated from a depth of about 600 m, reasonably assuming a simple crater excava-
tion mode (Melosh, 1989). The impact occurred about 70 km away from the magnetic anomaly of Reiner Gamma,
where a magnetic flux density of >100 nT at the surface level has been derived from orbital measurements (e.g.,
Tsunakawa et al., 2015). The source of the magnetic field is potentially a magnetized body, for example, a melt
sheet of impact ejecta from a large basin that incorporated highly magnetic projectile material (e.g., Wieczorek
et al., 2012). Several estimates of the properties of this body have been made. Overall, models approximate the
shape of the body as an ellipsoid several tens of kilometers in width, located within a few kilometers below the
surface, with a magnetization in the range of 1-100 A/m (e.g., Garrick-Bethell & Kelley, 2019; Hemingway &
Garrick-Bethell, 2012; Nicholas et al., 2007). It might be possible that the actual horizontal extent of this body is
greater than these estimates, so that it reaches the location of the Reiner K crater, and that it is regionally located
at a shallower depth. Alternatively, at the periphery of this body, similar but much smaller and shallower melt
sheets could have formed, whose sizes are too small to be resolved by orbital measurements (e.g., Zimmerman
et al., 2015). If this is the case, the Reiner K impact might have excavated material from a magnetized body
associated with Reiner Gamma and brought up to the surface body fragments with magnetization in the form of
ejecta boulders. Additional boulders would have been ejected by Reiner K from the non-magnetized section of the
target, such as, for example, volcanic units superposing the magnetized body. The heterogeneity of the target (e.g.,
Figure 13 in Mustard et al., 2011) would thus explain the spatial distribution of PADBs and non-PADBs. It is
unlikely that dust grains containing submicroscopic iron particles (e.g., Oder, 1991; Taylor et al., 2005) could be
attracted directly by a boulder's magnetic force, and thus, preferential dust movement/deposition occurs. In fact,
considering a typical weight fraction of Fe® in dust grains of ~1wt.%, the gradient of the magnetic flux density
of putative magnetic boulders would need to be very high (0.1-1 T/m) for the attraction to be of the same order
of magnitude or even higher than the Moon's surface gravity. However, it might be conceivable that the magnetic
field plays an indirect role. For example, the charge separation by a magnetic field causes electric fields that in
turn influence the motion of dust (e.g., Garrick-Bethell et al., 2011) and therefore modify or prevent the formation
of normal soil structure, leading to an anomalous photometry. Additionally, lofted dust dynamics and soil devel-
opment indirectly influenced by a magnetic field have been experimentally performed by Yeo et al. (2022). That
study shows that while the magnetic field does not directly influence the dust motion, it controls the movement
of electrons, creating regions of active and inactive lofting. However, while the physical parameters in the Yeo
et al. (2022) laboratory experiment (e.g., the magnetic flux density) are chosen to scale with a lunar magnetic
anomaly, they are not fully representative, in particular concerning the strength of the magnetic field relative
to the near-surface electric field. The hypotheses related to electric fields formed by charge separation above a
magnetized PADB or active and inactive regions of lofting at a magnetized PADB, have been proposed previously
on a spatial scale of kilometers. We thus encourage further modeling studies to investigate these effects on the
spatial scale of individual boulders. These latter scenarios assume a prolonged and continuous soil modification
and anomalous soil development. An additional scenario considers the formation of the anomalous features to be
restricted to the final phases of crater development. During impact and crater development, transient magnetic
fields develop, whose strength can be a few orders of magnitude higher than during post-crater development (e.g.,
Cisowski et al., 1977; Crawford, 2020). Such conditions, coupled with the potential preexisting magnetic proper-
ties of some of the exposed material, might have been favorable for the formation of the observed abnormal dust
soil. It remains unclear why no additional PADBs were observed elsewhere near or in other swirls. Possibly, the
reason lies in the rarity of the appropriate conditions for the development of PADBs. In fact, near swirls fresh and
sufficiently large craters are rare, and within swirls, it is likely that the anomalous photometric behavior does not
occur exactly as outside the swirl because of their peculiar surficial conditions (e.g., Blewett et al., 2011; Hess
et al., 2020; Hood & Schubert, 1980; Kaydash et al., 2009; Kreslavsky & Shkuratov, 2003; Pinet et al., 2000).

5. Conclusion

We investigated boulders with peculiar features visible in optical images acquired by the LRO NAC camera. The
boulders likely are ejecta blocks from the crater Reiner K, and the features represent a dust mantling covering
the top and/or sides of the boulders. The dust mantling has an uncommon photometric behavior that leads to
a particularly dark appearance in images acquired at low incidence angles. This photometric behavior is only
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present in some but not all dust-covered boulders around Reiner K. Apart from the anomalous photometrical
behavior, these dust-covered boulders show no further difference with respect to other boulders. The photo-
metric anomaly is most likely due to a reduced opposition effect associated with a more compact dust structure
different from the normal regolith. A number of processes presented in the literature and their combination can
be invoked to explain the multitude of observational constraints. Such processes involve dust and soil dynamics
influenced by local topography, rock microstructure, rock chemical properties, as well as electrostatic levitation
and magnetic fields. It is nevertheless unclear how such a potential interplay may work, and therefore the details
of the mechanism responsible for the anomalies remain elusive. The spatial proximity to Reiner Gamma suggests
that similar processes and/or similar anomalous properties might occur at both locations. We suggest that the
Lunar Vertex mission (Blewett et al., 2022) should pay particular attention to the photometric behavior of dust
on and near boulders and smaller rocks, as some of these might modify the canonical regolith structure and the
associated photometrical behavior.

Appendix A
Al. Prior Distributions

In Bayesian inference, prior knowledge about the likely distribution of parameters can be incorporated with the
so-called prior distributions. For each parameter of the model, a distribution can be defined, which together with
the likelihood function constitutes the posterior density.

The albedo (w) is physically only plausible in the interval between zero and one, but we do not include any further
prior knowledge so that the prior is equally distributed in that interval:

p(w) ~Beta(w |a =1, =1) (A1)

The phase function parameter b, on the Moon has, according to Sato et al. (2014), an average approximate value
of 0.24 in the visible range and, according to Warell (2004), a global average value of 0.21. It is also limited to
the interval [0, 1] so that a Beta distribution is suitable. We set the mean to approximately 0.225 so that the prior
becomes

p(by) ~ Beta(b, | @ = 10, f = 34.85) (A2)

The shadow hiding opposition effect amplitude prior is given by a lognormal distribution with a mode at approx-
imately 1.5 according to:

p(Bso) ~ LogNormal(Bso | u =0.4,6 = 1) (A3)

We selected pixel locations of relatively flat pixels at the visible resolution. Therefore, we assumed that the incli-
nation angle is equally likely between +40° tilt when compared to a flat surface.

N
p(@)NHBeta(Gg(;m la=1,p= 1) (A4)
i=1

For the Bayesian model, the standard deviation of the likelihood function is commonly set to a half - normal
distribution. Consequently, we define

p(orer1) ~ HalfNormal(orer1 | 0 = 1), (A5)
and
P(6phase) ~ HalfNormal (6pnase | 6 = 1) (A6)

for the reflectance and phase ratio parts of the model, respectively.
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