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Article summary

The present paper describes the complex geologic history of the Rashid-1 rover landing site, Atlas
crater, inferred from a combination of orbital data analyses, telescopic spectropolarimetry and
rheologic modelling.

Abstract

Located at 46.7°N, 44.5°E, Atlas is a well-known floor-fractured impact crater which records a complex
volcanic history. Emplaced ~3.82 Gy ago within the lunar highlands, the 87 km diameter crater is
characterized by the presence of collapsed walls, a rough and undulated floor marked with fractures, a
~ 1 km central peak complex, and two pyroclastic deposits. The evolution of Atlas crater is related to
those of a nearby ~ 1.1 km high unnamed dome and of the Hercules impact crater, dated at 3.71 Gy.
Cratering equations and rheological models were used to specify some aspects of the crater’s geologic
history. Atlas crater tapped into a pluton at a depth <13.5 km, dominated by mixed plagioclase,
pyroxene and spinel VNIR signatures, and was later intruded by magma that stalled at ~ 2 km depth.
Atlas crater lies in the center of a regional thermophysical anomaly measured in Diviner dataset,
suggesting compositional or textural anomalies in the subsurface. The unnamed dome, emplaced by
lavas as viscous as those forming known lunar silicic domes, could provide clues to this anomaly, as it
may evidence the presence of more evolved alkalic or silicic rocks in the area. In addition, telescopic
photometry and spectropolarimetry highlight the presence of more densely packed and either larger
and/or rougher regolith grains in the pyroclastic deposits. Because of its high scientific value, Atlas was
selected as the prime landing site of the Emirates Lunar Mission Rashid-1 rover, which made a hard
landing on the Moon in April 2023.
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Figure 1 | (a) Location of Atlas and Hercules craters on the nearside of the Moon (LROC WAC global mosaic, ortho-
graphic projection centered at 0°N, 0°E). (b) Close-up on the Atlas region, bordered by Lacus Mortis to the west,
Lacus Temporis to the east, and Lacus Somniorum to the south. The contours of the mare units from the LROC team
are shown in green (mosaic of Kaguya TC orthoimages at 7.4 m/px, custom orthographic projection centered on the
Emirates Lunar Mission Rashid-1 (R1) rover landing ellipse, i.e., at 47,52°N, 44,43°E (Flahaut et al., 2024)).

1 Introduction

Impact cratering and volcanism are two major geological processes shaping the surface of the Moon.
Located southeast of Mare Frigoris, in the northeast lunar quadrant, the 87 km-wide Atlas crater (46.7°N,
44.5°E) evidences both processes. Atlas is a well-known floor-fractured impact crater (FFC), with a rough
and undulated interior and concentric and radial fractures, which were interpreted as evidence for post-
impact magmatic intrusions at depth (e.g., Schultz, 1976; Losiak et al., 2009; Jozwiak et al., 2012, 2015).
Two dark patches are observed along floor fractures and were previously interpreted as dark mantling
deposits (DMD) also referred to as pyroclastic deposits (e.g., Gaddis et al., 2003, 2012; Pathak et al., 2021).
The crater topography is also marked by the presence of numerous blocks derived from a central uplift,
as well as slumped, terraced walls (Figure 1). To the west of Atlas lies the 69 km-wide crater Hercules
(46.8°N, 39.1°E), filled with mare deposits during the Eratosthenian (Grolier, 1974). About 100 km east
of Atlas, an unnamed dome feature is observed (46.97°N, 49.50°E), possibly associated with anomalous
rock compositions. The broader area, encompassing the unnamed dome and both Atlas and Hercules
craters, was reported to display anomalously low nighttime temperatures and distinct thermophysical
properties in Diviner data, consistent with so-called “cold spot regions” (Hayne et al., 2017; Cahill et al.,
2019).

The geologic diversity of the Atlas-Hercules region made it an appealing landing site for the Emirates
Lunar Mission (ELM) Rashid-1 rover. Launched in December 2022, Rashid-1 aimed to study the prop-
erties of lunar regolith, plasma interactions at the lunar surface, and, more generally, to advance our
understanding of the Moon’s formation and evolution. To achieve this goal, the 10 kg ELM rover was
equipped with two wide angle cameras provided by the French space agency CNES (CAM-1 and CAM-2),
a microscopic imager (CAM-M), a thermal camera (CAM-T), four Langmuir probes (LNG), and a materials
adhesion experiment (MAD) on its four wheels (Almarzooqi & S. AlMaeeni, 2021; Els et al., 2021). Four
candidate landing sites were initially selected on the lunar nearside at 45°N latitude (+ 7.5°) and were
ranked based on their terrain characteristics and scientific value (Flahaut et al., 2024; Joulaud et al.,
2024). Based on its geological diversity and strong scientific potential, an 8 km-diameter landing area
located at ~ 47.52°N, 44.43°E within Atlas crater was selected as the prime landing site of the mission.
Unfortunately, the commercial lander carrying the Rashid-1 rover failed to achieve a soft landing on the
floor of Atlas on April 25th 2023, and the rover was therefore unable to complete its in situ investigation
(Flahaut et al., 2024; Els et al., 2021).

The present paper describes the complex geological history of Atlas crater, as inferred from remote
sensing data analyses, that led to its selection as the Rashid-1 rover prime landing site.

2 Dataset and method

A range of techniques, including remote sensing analyses of lunar orbiters data (Sections 2.1 to 2.3)
and telescopic, spectropolarimetric observations (Section 2.5) were combined with rheologic modeling
(Section 2.4) to infer the geologic and magmatic history of the area.
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2.1 Available Dataset

Available remote sensing datasets from past and ongoing lunar missions were downloaded from the
NASA Planetary Data System and JAXA's Selene Archive, processed and integrated into a Geographic
Information System (GIS). The data collection includes: Kaguya Terrain Camera (TC) panchromatic im-
ages and associated Digital Terrain Model (DTM) (Haruyama et al., 2008), assembled as mosaics at 7.4
m/px, Lunar Reconnaissance Orbiter (LRO) Wide Angle Camera (WAC, 100 m/px) and Narrow Angle Cam-
era (NAC, <1 m/px) imagery and DTM (Robinson et al., 2010), Lunar Orbiter Laser Altimeter (LOLA) global
Digital Elevation Model (DEM, resolution 118 m/px) (Smith et al., 2017), Lunar Prospector Gamma Ray
Spectrometer (GRS) chemical maps at ~15 to 150 km/px (Lawrence et al., 1998), the Moon Mineralogy
Mapper (M3) VNIR spectroscopic data (Pieters et al., 2009), Diviner rock abundance (Bandfield et al.,
2011) and Christiansen Feature (CF) maps at ~240 m/px (Lucey et al., 2021), Miniature Radio Frequency
(mini-RF) instrument circular polarization ratio (CPR) maps at ~240 m/px (Cabhill et al., 2014) and the
Clementine UV-VIS color ratio mineral (e.g., Heather & Dunkin, 2002) as well as Clementine-derived FeO
and TiO, maps (e.g., Lucey et al., 2000).

2.2 Geologic mapping and dating

Using the available imagery and the previous geologic maps from Fortezzo et al. (2020) and Pathak
et al. (2021), contours of the different geomorphologic units were drawn. Kaguya TC data were further
used to derive surface ages by mapping impact craters on the rims and ejectas of both Hercules and
Altas craters. Planetary surface dating is commonly performed through crater size frequency distribution
(CSFD) measurements. This technique relies on the assumption that older surfaces have been exposed
to impacts for longer and therefore accumulate more craters (e.g., Michael & Neukum, 2010; Michael
etal., 2016). Crater sizes as well as the mapped crater-counted surface areas were compared to cratering
models (Neukum et al., 2001), using Poisson statistics (as in Michael et al., 2016) and kernel estimators
over binning or best-fit approaches (as in Robbins et al., 2018) to estimate the minimum model ages of
both impact craters, using the routine of Breton et al. (2022). The resulting ages are then expressed as
likelihood functions with associated intrinsic uncertainties (Breton et al., 2022).

2.3 VNIR spectroscopic analyses with M3

M3 VNIR spectroscopic data were processed following the method of Martinot et al. (2018) to derive
mineralogical information across the study area. M3 spectroscopic data ranges from 430 to 3000 nm
with 85 spectral channels and are available with a spatial resolution of ~ 140 to 280 m / pixel (Pieters
et al., 2009). This study uses geometrically, photometrically, radiometrically and thermally corrected
M3-Level 2 data (Boardman et al., 2011; Clark et al.,2011; Green et al., 2011; Besse et al., 2013) from the
OP1B, OP2C1 and OP2C3 optical periods, which provide full coverage of Atlas crater. Mineral signatures
are searched for in the 500-2700 nm range using spectral parameters (e.g., Mustard et al., 2011; Martinot
et al,, 2018). Selected pixel spectra are then compared with reference spectra from existing reference
libraries (Kokaly et al., 2017; Pieters et al., 2004).

2.4 Rheologic modeling

Floor-fractured craters are evidence of a magmatic intrusion at depth. The resulting, uplifted crater
topography can be used to infer the dimensions and depth of the intrusion, as well as to quantify its ef-
fects on the overlying crust. In the model of Jozwiak et al. (2012), a magma rises within the anorthositic
crust until halted by a density boundary when reaching the brecciated lens that typically occurs beneath
animpact crater. As magma reaches the brecciated lens low density zone, the intrusion stalls and propa-
gates laterally, forming a laccolith (Figure 2). Using the crater topography (wm, a) and material constants
(k, sm, Bm), Jozwiak et al. (2012) established an equation to calculate a theoretical driving pressure (Pd,
in Pa) for the magma, in order to provide a quantitative assessment of the magmatic intrusion model:

Pd = wm x ((2k/a) + m) (1)
with:

wm = intrusion thickness, assimilated to the difference between the crater’s theoretical unmodified
depth (dt), and the current depth of the crater (dc), in meters,

a = axisymmetric radius of the intrusion, in meters,
k = magma yield strength (= 10* N/m?2, material constant derived by Johnson and Pollard, 1973),

sm = unit magma weight (= 4700 kg/m?/s2, material constant derived by Johnson and Pollard, 1973,
assuming a magma density pm = 2900 kg/m?* and a lunar gravitational acceleration g = 1.62 m/s?),
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Figure 2 | Schematic representation of crater modification as a result of laccolith formation. Df is the crater floor
diameter, used to represent the intrusion extent, and marked by either an uplifted region or the cohesive smooth
crater floor unit. Wm is the thickness of the intrusion, taken to be the difference of the observed floor-fractured
crater depth from the theoretical depth of an unmodified crater of the same size (Pike, 1980). hc is the length of the
crustal magma column and ds is the length of the column past the Moho, although neither parameter was used in
the calculation of magma overpressure (adapted from Wichman & Schultz, 1995).

Bm = elastic modulus of the country rock (= 7.47 x 10%° Pa, material constant derived by Johnson and
Pollard, 1973).

The crater theoretical depth, dt (in km), can be calculated using Pike (1980)’s equation:

dt = 1.044 x p0301 (2)

with: D = crater final diameter (in km).
From the driving pressure, Johnson and Pollard (1973) derived Equation (3) to further estimate the
flexural thickness (Te, in km) of the overlying crust (or roof):

(5.33 x wm x Bm x Te?)
7 (3)

Pd =
a

We also performed modeling on the dome-like structure to assess the physical properties of the feed-
ing lava flows, using equations from Wilson and Head (2003), Wohler et al., (2007) and Schnuriger et al.,
(2020). Dome eruption can be considered as the extrusion of a Bingham fluid (the cooling magma), char-
acterized by a yield strength T (Equation (4)) and a plastic viscosity n (Equation (5)).

The yield strength T (expressed in Pa) is given by:

T=(0.323 x h? x pd x g)/(Dd [2) (4)
with:

pd = magma density (variable in the literature, from 2000 kg/m? for foamy, rhyolitic magmas (Wilson &
Head, 2003) to 2900 for kg/m? basaltic magmas (Wohler et al., 2007),

Dd = average diameter of the dome in meters,

h = average height of the dome in meters.
The plastic viscosity n (expressed in Pa.s) is then given by:
n=6x10%x724, (5)
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2.5 Telescopic photometry and spectropolarimetry

We used telescopic photometry (i.e., variations in brightness as a function of the geometry of ac-
quisition) and spectropolarimetric imaging (i.e., measurements of the polarization state of the light as
a function of wavelength) to visualize variations in the structural regolith properties across the region
under study. Image data of the Atlas region at four different phase angles between 38° and 85° were ac-
quired between February and April 2023 using a telescope of 200 mm aperture located near Dortmund,
Germany, using an industrial-grade grayscale polarization camera combined with standard astronomi-
cal BVRI Johnson-Cousins broadband filters centered around visible and near-infrared wavelengths of
430, 520, 632, and 890 nm (Wohler et al., 2024). Additional observations were conducted at four different
phase angles between 4° and 30° in February 2024 with a telescope of 430 mm aperture at Mount Abu
Observatory in Rajasthan, India, equipped with the same polarization camera and photometric filters.

To analyze the strength of the opposition effect (Hapke, 2012), we computed a phase ratio image
(e.g., Shkuratov et al., 2010) of Atlas crater from our data acquired at small phase angles. The strength
of the opposition effect is known to increase with increasing porosity of the regolith (Hapke, 2002). We
thus computed the ratio between the I-band reflectances at phase angles of 4° and 9°.

The overall broad phase angle interval covered by our observations allows for a simultaneous estima-
tion of polarimetric parameters at small and large phase angles. The typical dependence of the degree
of linear polarization (DoLP) P on the phase angle a is depicted in Figure 3. It is commonly described by

C
the empirical function P(a) = A (sin a)® (cos (%)) sin (a-a;,,) (Equation 6, Goidet-Devel et al., 1995). The
parameters A, B, C, and a;,, can be fitted easily to a set of observations using standard nonlinear opti-
mization techniques.

The parameter a;,,, denotes the phase angle at which the DoLP phase curve has a zero crossing. As
apparent from Figure 3, five further intuitive polarization parameters can be inferred from a fitted DoLP
phase curve:

« maximum DoLP P,,,>0 typically occurring at phase angles around 90°,
+ phase angle a,, at which P,,, occurs,

« minimum DoLP P,,;,<0 occurring at phase angles between 0° and a;,,,
+ phase angle a,;, at which P;, occurs,

+ slope h of P(a) at a=a,,,.

These parameters have been suggested to characterize lunar surface terrains at both small (Shkura-
tov et al.,, 1992) and large phase angles (Shkuratov & Opanasenko, 1992). The polarization parameters
Prmins ®mins %iny @nd h, which depend on the DoLP behavior at small phase angles, have also been mea-
sured for a large set of asteroids (e.g., Bendjoya et al., 2022). Determining the parameters Py, and .«
requires observations at large phase angles, which are not available for many asteroids due to geometric
constraints. They have been obtained for several comets, though (e.g., Kiselev et al., 2015), but despite
the observed similar DoLP phase curves, observations of cometary dust are not directly comparable to
observations of lunar and asteroid regolith as the latter material has a much higher packing density.

An important relation needed for the polarimetric analysis is the Umov law (e.g., Shkuratov and
Opanasenko, 1992), stating that the maximum DoLP P, decreases with increasing albedo of the sur-
face material. The commonly accepted explanation for this effect is that the light reflected by the regolith
becomes increasingly dominated by light scattered multiply between several regolith grains when the
albedo increases, where each scattering process leads to a partial depolarization. As a proxy for the sur-
face albedo, we used the spectral reflectance measured by the M3 instrument at 890 nm wavelength (M3
channel 16). The reflectance data were resampled to a resolution of 1.5 km/pixel, corrected for topogra-
phy, and normalized to 30° incidence angle and 0° emission angle (Wohler et al., 2014, 2017; Wohlfarth
et al, 2023). The relation between P,,,, and reflectance can be described by a power law (Shkuratov &
Opanasenko, 1992; Wohler et al., 2024).

The Umov law does not describe the P, vs. reflectance relation perfectly, as positive and nega-
tive deviations of P, are clearly apparent. Their classical interpretation according to Shkuratov and
Opanasenko (1992) is in the way that a positive deviation (“excess”) of P, indicates a larger-than-
average and a negative deviation a smaller-than-average regolith grain size, respectively. An empirical
calibration of the P, deviation with respect to grain size was provided by Shkuratov and Opanasenko
(1992).

Laboratory studies of returned lunar samples have shown that typical regolith grain sizes correspond
to several tens of micrometers (e.g., Dollfus, 1998), which is about two orders of magnitude larger than
the wavelengths of visible light. Theoretical studies have shown that smooth particles in that size range
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Figure 3 | Typical DoLP phase curve according to the empirical function introduced by Goidet-Devel et al. (1995).
The inferred polarization parameters are indicated.

hardly have an effect on the polarization of scattered light in the visible domain, but that the main contri-
bution to the observed polarization is generated by structures of about 0.1-1 um size (Zubko et al., 2020).
Asthe lunar regolith is not dominated by such small grains, a physically plausible source of the observed
deviations from the Umov law may be the roughness of the regolith grain surfaces on sub-micrometer
scales.

Our telescopic observations allow for a pixel-wise determination of a set of six polarization param-
eters in four spectral bands, i.e., 24 parameters altogether. We applied a principal component analysis
(PCA) (e.g., Marsland, 2015) to our data set and constructed an RGB composite of the scores on the first
two principal components, which visualizes differences in the spectropolarimetric properties of the re-
golith in a compact way. Clustering this three-dimensional dataset with the self-organizing map (SOM)
method (e.g., Marsland, 2015) yields an unsupervised subdivision of the study area into nine classes
that clearly correspond to different terrain types, such as mare, highland, pyroclastic deposits and fresh
crater materials. The clustering procedure also yields a set of prototypes representing the average spec-
tropolarimetric parameters of these classes.

3 Results
3.1 Geologic mapping and dating

Atlas crater lies within the Geminus quadrangle of the Moon, where mature highlands have been
mantled by nearly continuous blankets of ejecta from the Serenitatis, Crisium, Humboldtianum, and
Imbrium basins, which lie southwest, southeast, and west of the quadrangle, respectively. Early strati-
graphic mapping placed the formation of large craters (Franklin, Atlas, Cepheus, Geminus and Hercules,
inthat order) and the emplacement of mare unit between the early Imbrian to Eratosthenian time (Grolier,
1974).

Atlas is a prominent complex impact crater with a final rim-to-rim diameter of 87 km and an aver-
age depth of 3.4 km. The floor of Atlas crater is characterized by the presence of both concentric and
radial fractures, a ~ 1 km high semicircular-shaped central peak complex, and two pyroclastic deposits
covering ~ 420 km? (North) and 260 km? (South) (surface areas estimated from the M3 spectral param-
eters map) (Figure4a). Possible feeding vents are recognized in wider segments of floor fractures, with
a local concentration of the lowest reflectance material. Dislodging of material from the crater walls by
gravity has produced slumped walls and extended terraces all along the crater rim. The terrace zones
form linear features parallel to the crater walls which give a staircase-like appearance and likely corre-
spond to normal faults. Most of the central part of the crater is made of hummocky terrains, collapsed
pits, and fractures. At a smaller scale, the crater floor is smoother with gentling rolling plains, relatively
devoid of impact craters, as observed within the Rashid-1 landing ellipse (Flahaut et al., 2024; Joulaud
et al., 2024). M3 data suggest that the eastern part of the crater is partially blanketed by the ejecta of the
nearby Hercules crater. CSFD measurements yield an age of 3.82 + 0.03 Gyr (Early Imbrian) and 3.71 +
0.03 Gyr (Late Imbrian) for Atlas and Hercules craters, respectively (Fig. 4b,c and Fig. 5b).

About 100 km east of Atlas crater, the presence of a~1100 m high, 15 km wide viscous dome (centered
at46.97°N, 49.50°E) is evidenced by optical, spectral, and topographic data. The dome appears of higher
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Figure 4| (a) Geomorphological sketch map of Atlas crater, overlain (semi-transparently) on Kaguya TC orthoimages.
(b) Crater size-frequency distribution for Atlas crater (blue curve). The green curve represents the best-fit isochron
using the model of Neukum et al. (2001), and the orange curve gives the most likely model age and its associated
uncertainty. (c) Dating Hercules crater using the same approach.

Figure 5 | (a) Topographic map of the study area from Kaguya TC. The red lines indicate the location of the topo-
graphic profiles shown in Figure 7. (b) Clementine color ratio mineral map displaying yellow/orange hues in mare
areas (black outlines), red/purple hues in mature highland areas, and cyan around fresh impact craters and the
unnamed dome (arrow). (c) Crater counts used for the dating of Atlas and Hercules craters. (d) Diviner CF map dis-
playing lower values for the unnamed dome (arrow) and fresh impact craters and higher values in mare areas (Lucey
etal, 2021).
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Figure 6 | (a) Kaguya TC evening image of the unnamed dome. The black box indicates the location of panel (b).
(b) Close-up view of the 3 km diameter crater at the southern end of the dome (NAC image M1414880576). Dark
splashes of melt are visible on the crater wall and extend well beyond its rim, onto the dome surface, where they
form dark superposed lobes. The black box indicates the location of panel (c). (c) Close-up view of a ~200 m wide
impact melt pond at the bottom of the simple crater (NAC image M141932532).

albedo on the WAC and Kaguya panchromatic images, as do two fresh impact craters located at (44.36°N,
48.71°E) and (44.43°N, 47.63°E) southeast of Atlas crater (Figure 5). The dome itself is overprinted by
a relatively fresh, 3 km-diameter Copernican crater and is largely covered by its ejecta and secondary
craters, making it difficult to assess whether the dome is intrusive or extrusive. NAC imagery of the fresh
crater reveals the presence of relatively light-toned rocks in the crater walls, covered by darker splashes
and boulders, likely originating from the impact crater’s melt itself (Figure 6). Both darker, boulder-rich
patches and lighter-toned rocks crop out along the walls of the 22 km-diameter Atlas A. crater (45.32°N,
49.57°E), suggesting a complex subsurface layering.

3.2 Rheologic modeling

Using Equation (2) and a final crater diameter of D = 87 km, the theoretical depth of Atlas is dt =
4.0 km, while topographic data suggests a present depth dc = 3.42 km (Figure 7a); the thickness of the
intrusion in Atlas is therefore wm = 600 m. With a measured intrusion radius of a =29 km (Figure 7a), the
magmatic driving pressure Pd and the effective flexural thickness Te are estimated at 2.8 x10° Pa and
2.0 km, respectively.

Using Equations (4) and (5) with an average dome height of 1100 m and an average dome diameter
of 15 km (Figure 7b), the yield strength and viscosity of the feeding flow are estimated at T=1.7 x10° Pa
and n=2.1x10° Pa.s for a magma density pd = 2000 kg/m? (value previously used in models of Wilson &
Head, 2003) assuming a foamy, silica-rich magma) and t = 2.4 x10° Pa and n = 5.1 x10° Pa.s for a typical
basaltic magma density pd = 2900 kg/m?.

3.3 Spectroscopic analyses

Clementine color ratio mineral maps (red/purple hues, except for cyan around fresh impacts) and
Diviner CF values (8.15 pum on average) suggest the presence of dirty and/or mature highland material
on the floor of Atlas crater (Fig. 5b,d). M3 spectra of the crater floor and walls are usually relatively fea-
tureless (e.g., showing no absorption features across the 600 to 2700 nm range investigated). Locally,
spectra with two absorption bands centered at ~930 nm and 1940 nm, diagnostic of low-calcium pyrox-
enes (LCP), are observed. Plagioclase signatures, evidenced by a broad 1310 nm spectral feature, are
also present around fresh craters in both the northern and eastern parts of the crater floor.

Both pyroclastic deposits show similar spectra, with broad features centered at 970 and 1900 nm,
consistent with LCP and/or green glass (Fig. 8e,g). Diviner CF values of 8.2 within the DMD suggest the
presence of mafic components.

The central peak of Atlas crater shows diverse mineral signatures with spectra of LCP (bands at 910
+ 1980 nm), pigeonite (bands at 950 + 2057 nm), high calcium pyroxene (HCP) and/or spinel (band at
970 nm + deeper band at 2140 nm), and mixed plagioclase + pyroxene (with composite features located
around 950, 1310, 2000 nm) (Fig. 8e).
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Figure 7 | (a) Topographic profiles of Atlas crater and the unnamed dome from Kaguya TC DTM (see Fig. 4 for cross-
section locations). Measured morphometric parameters are: dc = current depth of the crater (3.42 km); a = axisym-
metric radius of the intrusion, in meters (29 000 m); Dd = average diameter of the dome in meters (15000 m); h =
average height of the dome in meters (1100 m).

Clementine color ratio mineral maps show light blue tones, and Diviner data indicate low CF values
(down to 7.7 um) in the southern half of the dome and around the two fresh impact craters southeast
of Atlas (Fig. 5b,d). M3 spectra over the dome summit display two broad absorption bands centered
around 930 and 1938 nm, consistent with LCP, as do the dome surrounding terrains. Distinct spectra
with broad features centered at 910 and 2217 nm are observed over the darker melt deposit of the 3 km
diameter Copernican crater, whereas the brighter wall rocks display a weak, broad feature centered at
2097 nm, possible indicative of spinel. The impact crater located at 44.36°N, 48.71°E, south of the dome,
is characterized by the presence of absorption bands centered at 950 and 2057 nm in its fresh ejecta
blanket, consistent with an intermediate pyroxene composition such as pigeonite (Fig. 8f).

3.4 Photometric and spectropolarimetric analyses

The constructed I-band phase ratio image obtained from the intensity data at phase angles of 4° and
9°is shown in Figure S2. Both pyroclastic deposits within Atlas crater stand out as negative phase ratio
anomalies, whereas the small fresh crater to the west of the northern deposit appears as a small positive
anomaly. Maps of the M3 spectral reflectance at 890 nm and the maximum DoLP P, in the | band are
shownin Figure 9 panels (a) and (b), respectively. The power law fitted to the log;(R) vs. logo(Pax) data
pointsisshownin Figure 9c. Inthe map of the deviation of P, ,, from the fitted Umov law (Fig. 9d), most of
theflat floor of Atlas crater does not appear to differ from the surrounding highland terrain. The southern
pyroclastic deposit stands out as a strong positive anomaly, whereas the northern pyroclastic deposit is
less conspicuous. The dark mare fill in the northern part of the floor of Hercules crater corresponds to a
moderate positive anomaly.

Our clustering analysis reveals the typical wavelength-dependent behavior of the inferred polariza-
tion parameters (Figure 11). To our knowledge, this is the first lunar regional high-resolution multispec-
tral polarization study of this kind. For all derived clusters, the parameter P,,,, is highest in the B band,
lowestintheVband, and increases slightly again in the Rand | bands. The phase angle a,,,,, of maximum
polarization lies between 80° and 100° in the B,V and R bands but decreases to 75°-80° in the | band. The
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All reference spectra were downloaded from the RELAB spectral library and were acquired on lunar (Apollo) samples, except for the terrestrial
chromite spectrum that originates from the USGS library.

negative polarization is weakest in the V and R bands (|Pmin| between 0.012 and 0.016) and strongest in
the I band (|Pyyin| >0.02). The behavior of h follows that of [Py, |, and the phase angle ay;, of minimum
polarization decreases from ~13°in the B band to ~9°in the I band. Similarly, the phase angle of inversion
0;,, decreases from ~28° in the B band to ~23° in the I band.

The RGB color composite in Figure 10a depicts the scores on the first three principal components
derived from the pixel-wise spectropolarimetric parameters. The cluster index map (Figure 10b) shows
a clear distinction of the pyroclastic deposits from the surrounding crater floor material. Both deposits
belong to cluster 6 (yellow), and the center of the southern deposit to cluster 3 (medium blue), corre-
sponding to the highest levels of P, and |Pmm| (Figure 11). Mare areas to the west and southwest of
Atlas crater are also assigned to cluster 6. The ejecta blanket of the small crater to the west of the north-
ern depositis assigned to clusters 1 (dark blue) and 4 (cyan); the latter stands out by its particularly weak
negative polarization |Pmin|. Highland-like areas in the northern part of the crater floor and to the east

10 PLANETARY RESEARCH | volume 1|2026



PLANETARY RESEARCH | ARTICLE | Geology of Atlas crater

0.2 0.16
— 49 o - 49 0.15
[0) L]
[0 - j]
?’J 48 25; 48 0.14
Z. 47 0.1 L. a7 0.13
@ @
ER . 3 46 0.12
£ 45 £ 45 0.11
0 0.1
38 40 42 44 46 38 40 42 44 46
longitude [degrees] longitude [degrees]
(a) (b)
07
-0.75 |
= 08Ff 0.3
E—E — 49 0.2
=} L]
S L 48 0.1
L2 0851 2 :
S 47 0
S
o9k g 46 | -01
= 45 b -0.2
. -0.3

43 a2 - -1 09 08 07 38 40 42 44 46
log1o(R) longitude [degrees]

(c) (d)

Figure 9 | (a) M3 spectral reflectance (890 nm, channel 16) corrected for topography and normalized to 30° incidence angle and 0° emission angle
(Wohlfarth et al., 2023). (b) Maximum DoLP P,,,,. (c) Double-logarithmic diagram of P, vs. reflectance with best-fit power law. (d) Deviation of
P...x from power law, converted to decadal logarithmic relative grain size (Wohler et al., 2024), using the calibration by Shkuratov and Opanasenko
(1992).

48 43
‘o ‘o
5 8
5 47 £ 42
o) o)
kel kel
) @
5 46 g 41
I S

45 40

42 43 44 45 46 47 42 43 44 45 46 47
longitude [degrees] longitude [degrees]

(a) (b)

Figure 10 | (a) RGB composite of the scores on the first two principal components inferred from the distribution of the 24 spectropolarimetric
parameters. (b) Cluster index map obtained by self-organizing map clustering of the scores on the first two principal components.

of the crater belong to clusters 1, 4, and 7 (orange). Clusters 5 (light green), 8 (red), and 9 (brown) de-
note materials with intermediate polarimetric properties, corresponding to mixed mare and highland
materials.
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Figure 11 | Cluster prototypes of the PCA+SOM analysis of the spectropolarimetric parameters. The curve colors
correspond to those in the cluster index map of Figure 10. The letters denote typical R-band polarimetric parameter
values observed for asteroids of classes S (iron/nickel mixed with silicates), M (iron/nickel) and C (carbonaceous
chondrites). Data from Bendjoya et al. (2022), asteroid classes from Prasad and Das (2024).

4 Discussion

4.1 Intrusive magmatic activity at Atlas crater

The region of Atlas crater records a complex volcanic history, as indicated by the composition of the
crater’s central peak, the uplifted and fractured floor (both suggestive of intrusive volcanism), and sur-
face expressions of mare volcanism in nearby Hercules crater and the surrounding plains, thought to be
associated with both fire-fountains and viscous, dome-forming, eruptions.

Rheologic modeling of the floor-fractured crater suggests the presence of a shallow magmatic intru-
sion at a depth of ~ 2 km, with a thickness of ~ 600 m, that we approximate as a lens-shaped body with
a radius of ~ 29 km. Results from our rheologic modeling are within the range reported for other floor-
fractured craters: for example, Taruntius (D =59 km, wm =880 m, Te=0.92 km) and Gassendi (D =110 km,
wm=1970 m, Te =4.2 km) (Jozwiak et al., 2012).

Diverse mineralogical compositions (mixed pyroxene and plagioclase, and possible spinel inferred
from VNIR spectroscopy) in the central peak complex of Atlas also suggest the presence of an underlying
pluton. While previous analyses by Pathak et al. (2021) reported the presence of olivine in shadowed
areas of the central peak, olivine is not detected with certainty here. These authors also argued for the
presence of hydration features associated to the central peak mafic minerals. However, their thermal
correction of the M3 dataset does not follow the PDS standard (Clark et al., 2011) and remains debated
(e.g., Wohler et al., 2017; Wohlfarth et al., 2023). As there is currently no consensus on the removal of
thermal effects at longer wavelengths, the M3 channels > 2700 nm are purposely not analyzed in our
study.

Using equations from Cintala and Grieve (1998), the minimum depth of origin of the material in the
central peak can be approximated as equal to the depth of melting (e.g., Flahaut et al., 2012), which in
Atlas crater would be ~ 13.5 km. Hence, there is evidence for at least two volcanic intrusions beneath
Atlas crater: (1) a pluton with spinel-bearing lithologies at depths < 13.5 km, already present at the time
of the impact, 3.82 Gy ago, (2) a shallow intrusion at a depth of ~ 2 km which post-dates the crater’s
emplacement and uplifted its floor.

Another important implication of FFC formation by magmatic intrusion is the subsequent cooling,
evolution, and degassing of the laccolithic magma which can be associated with venting and pyroclastic
eruptions (e.g., Head & Wilson, 1979; Jozwiak et al., 2015; Wilson and Head, 2017). Volatile accumula-
tions exceeded the tensile strength of the overlying crater floor would result in localized explosive, vulca-
nian eruptions emplacing both fine-grained juvenile and non-juvenile material. Previous studies predict
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that associated pyroclastic deposits will be localized along fractures, specifically near the periphery of
the crater floor, where subsidiary diking from the intrusion is most likely to occur (Jozwiak et al., 2015).

Despite previous evidence for multiple laccoliths beneath Atlas crater, GRAIL Bouguer anomalies and
gravity maps only display regional variations, mainly related to the presence of the mare units of Lacus
Mortis to the west and Lacus Temporis to the east. Crustal thickness models return values of ~ 30 km,
close to the average thickness of the lunar crust (e.g., Wieczorek et al., 2013).

4.2 DMD formation by vulcanian eruptions

Spectral analyses of lunar DMD at a global scale have uncovered a wide compositional diversity
among deposits (e.g., Gaddis et al., 2000, 2003; Besse et al., 2014; Misra et al., 2026) which evidence
varying modes of emplacements (e.g., Head and Wilson, 2017). Whereas regional DMD have been ar-
gued to form as the result of either strombolian or hawaiian eruptions, localized DMD such as the ones
in Alphonsus crater have been interpreted as evidence for vulcanian eruptions (Head and Wilson, 1979,
2017; Gaddis et al., 2003). In the latter, the explosion of a solid, near-surface plug of wall-rock material
at the top of a dike would result in proximal accumulation of coarse clasts with limited dispersion of fine
ash material (Head and Wilson, 2017; Keske et al., 2020).

DMD in Atlas crater were previously described as small-scale pyroclastic deposits, with a highland
component mixed with fragmental basalt and a low glass content (Gaddis et al., 2003, 2012). Our spec-
tral analysis of both deposits is consistent with VNIR signatures of LCP and/or green glass, although the
north and south pyroclastics show different albedos and TiO, contents. Diviner CF values are slightly
more elevated than those of the crater floor, and could be consistent with mixed bedrock and juvenile
(i.e., inherited from the eruption magma, glass or crystalline basalt) material. Hence Atlas pyroclastic
deposits could be, as in Alphonsus crater, products of a vulcanian eruption. Analyses of both photomet-
ric and spectropolarimetric data confirm that the pyroclastic deposits differ from mare basalts, with a
distinct porosity, grain size or roughness, and/or glass content (see next section).

The phase ratioimage (Fig. S2) shows that both pyroclastic deposits on the floor of Atlas crater exhibit
a weaker opposition effect than the surrounding crater floor material, implying a less porous and more
compact regolith. This behavior indicates a peculiar fine structure of the pyroclastic material that differs
from the mare material to the west and southwest of the crater, which were presumably emplaced by
lava effusion rather than explosive eruption. In contrast, the high phase ratio value of the small bright
crater to the west of the northern deposit suggests a higher-than-average regolith porosity. This is likely
due to recent formation of the crater, such that the regolith has not yet been significantly compacted by
impact gardening.

According to the classical interpretation of the deviations of P,,, from the fitted Umov law, the ob-
served behavior shown in Figure 9d would indicate regolith grains that are larger than those in the sur-
rounding terrain by a factor of ~2 in in the southern and by a factor of ~1.3 in the northern pyroclastic
deposit. Alternatively, an interpretation in terms of grain-surface roughness would imply the regolith
grains of the pyroclastic deposits have rough, angular surfaces, thus providing many scatterers on sub-
micrometer scales and producing the observed polarization signature. Both interpretations are consis-
tent with an exceptionally high mechanical strength of the pyroclastic material, especially in the south-
ern deposit, preventing extensive grinding of large regolith grains or smoothening of the grain surfaces
by micrometeoroid impact gardening. These unusual mechanical properties are likely the consequence
of the high content of non-juvenile (i.e., inherited wall rock) material in the pyroclastic material, akin to
its emplacement as a vulcanian eruption.

4.3 The Atlas region - a unique cold spot feature

Spectropolarimetric data do not show any difference between the floor of Atlas crater and the sur-
rounding terrains, but they were not acquired at a scale large enough to allow comparison to other re-
gions of the lunar surface. Previous remote sensing investigations have shown that Atlas crater is the
center of a large-scale, unexplained, low thermal inertia pattern referred to as a “cold-spot”, indicating
it could be an atypical lunar terrain. Most lunar cold spots correspond to very fresh (Copernican) im-
pact craters, which have modified the surrounding regolith out to distances of ~ 10-100 crater radii, in-
creasing rock abundance and thermal insulation and thus producing colder nighttime temperature (e.g.,
Bandfield et al., 2014; Hayne et al., 2017). A few cold spot anomalies are also reported in association to
low rock abundance and fined-grained, glassy material of Aristarchus pyroclastic deposits (Hayne et al.,
2017). However, the Atlas region does not belong to any of the pervasive pyroclastic deposits or young
impact categories, which could explain the thermophysical anomaly. The thermophysical anomaly also
extends overamuch larger scale than otherreported cold spots and suggests a low density or high poros-
ity (fluffy) regolith over an area > 500 km x 300 km (Cahill et al., 2019).

Previous analyses of the regolith properties at the Rashid-1 landing site within Atlas crater by Joulaud
et al. (2024) yielded a relatively low regolith thickness estimate (~1.2 m on average within the landing
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ellipse), well below the average values for lunar highlands, with a peculiar regolith texture: few craters
are visible at the NAC scale, but boulders are frequent both on the crater floor, and within the fractures
(Gaddis et al., 2012). High rock abundance is also observed in the walls of smaller craters south of Atlas
and could indeed confirm the presence of a shallow bedrock or coarser regolith.

Additional clues to the origin of this peculiar cold spot signature may come from the complex volcanic
history of Atlas crater. In addition to experiencing multiple intrusions, the region could be associated
with anomalously evolved rock compositions, as described in the next section.

4.4 Potential evidence for evolved rock compositions

With an estimated viscosity on the order of 10° Pa.s, the lava feeding the unnamed dome east of Atlas
crater is as viscous as the ones that erupted at both the Gruithuisen (Wilson & Head, 2003) and Mairan
(Wohler et al., 2007) domes, and 3-5 orders of magnitude more viscous than lavas that form typical mare
domes (e.g., Schnuriger et al., 2020). Both the Gruithuisen and Mairan domes have been identified as
high-silica features based on their relatively low CF values in the Diviner TIR data (e.g., Greenhagen et al.,
2010; Glotch et al., 2010). The dome identified east of Atlas also displays CF values lower than its sur-
roundings, althoughiits surface is contaminated by the ejecta and secondary impacts derived from a3 km
diameter fresh impact crater occurring at its southern end (Figs. 5, 6c¢), which complicate the interpre-
tation of the Diviner signal. Although the CF is sensitive to the average silica polymerization, and hence
seems particularly well-suited for investigating feldspar compositions and quartz occurrences, it has un-
expectedly been found to be affected by space weathering (an effect that was not anticipated before the
LRO/Diviner mission, e.g., Greenhagen et al., 2010; Lucey et al., 2021). Hence, despite advanced correc-
tions of the soil maturity effect using the OMAT index calculated from VNIR data, fresh impact craters may
in some cases still display lower CF values that more mature, surrounding terrains (Lucey et al., 2021).

Low CF values of ~8.0 (below the typical highland value of 8.15) are observed around three fresh
impact craters east and south of Atlas crater and correspond to cyan colors on the Clementine color
ratio mineral map, lower FeO abundances and higher albedo material on the Clementine, M3 750 nm
band and LROC WAC images (Figs. 4, 5). Coupled with the presence of a highly viscous extrusive dome,
itis tempting to interpret these signatures as possible evidence for distinct mineralogical compositions,
either with more alkaline feldspar / alkali-rich anorthosites or silicic rocks. However, the CF position is
also known to be affected by the intensity of the subsurface thermal gradient (Lucey et al., 2021), which
seems to differ from the rest of the lunar surface in the Atlas region. Hence, the CF value cannot uniquely
confirm the presence of silica or evolved feldspathic composition.

Investigations of additional datasets probing other ranges of the electromagnetic spectrum could be
used to test the presence of evolved composition, for instance in viscous domes, in the near future. Using
far ultra-violet data from the LRO Lyman Alpha Mapping Project (LAMP) instrument, Czajka et al. (2023)
reported the presence of Off/On-band ratios consistent with shocked and possibly alkalic plagioclase
feldspars in the central peak and high albedo ejecta of the Aristarchus Crater. Microwave emission maps
from the Chang’E-2 mission were also used for the first time to infer the presence of a granitic batholith
in the Compton-Belkovich farside area, based on its elevated geothermal heat flux (Siegler et al., 2023).
Elemental abundances maps (e.g., Th, Al, Fe) derived from GRS and Clementine maps provide limited
additional constraints, due to the location of Atlas on the very edge of the Procellarum KREEP terrane
(PKT). Indeed, the region is characterized by typicalintermediate values between the PKT mare units and
the farside highland units. Evidence for both higher albedo rocks, and dark, boulder-rich (pyroclastic?)
material is presentin the walls of small craters and the Atlas A crater south of the unnamed dome, but has
yet to be further investigated with LROC NAC imagery acquired under variable illumination conditions.

Notably, granites are rare on the Moon, and suggest re-melting of basaltic intrusive bodies (e.g.,
Hagerty et al., 2006; Seddio et al., 2013), although alternative formation mechanisms have been pro-
posed, such as liquid-silicate immiscibility (e.g., Rutherford et al., 1976) or in situ differentiation of mafic
magmas (e.g., Neal and Taylor, 1989). Whether the central peak of Atlas crater could be sampling a
granitic pluton is difficult to assess, as the spatial resolution of the Diviner instrument is limited to 240
m/px, and the CF calculation is known to be affected by slope (e.g., Greenhagen et al., 2010). How-
ever, the central peak of Atlas does not show anomalous CF values. Minerals identified from VNIR spec-
troscopy in the central peak may indicate the presence of spinel-bearing anorthosite, or more mafic
rocks, as well as lunar felsites (which are, based on Apollo sample analyses, dominated by plagioclase
feldspars + silica + LCP and/or HCP; e.g., Seddio et al., 2013). In any case, Atlas crater records multiple
stages of intrusion, which could have led to (partial) re-melting of basaltic material and/or crustal assim-
ilation episodes.

4.5 Additional considerations on spectropolarimetric observations

The spectropolarimetric results (Figs. 10, 11) cannot be interpreted in a straightforward way because,
unlike for cometary dust, no sufficiently detailed multiple-scattering based physical model currently ex-
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ists to relate the inferred polarimetric parameters and their wavelength dependencies to specific physi-
cal or compositional properties of densely packed regolith grains. Nevertheless, our spectropolarimetric
analysis is able to differentiate between various terrain types, where different cluster assignments are
likely due to variations in regolith grain properties.

Over the past decades, a large amount of polarimetric data has been acquired for a wide range of as-
teroids (e.g., Bendjoya et al., 2022). Since asteroids also host regolith surfaces, it is insightful to compare
their polarimetric properties to those obtained in this study for the Atlas region. Typical R band values
of the polarimetric parameters inferred at small phase angles for asteroids of the classes S (iron/nickel
mixed with silicates), M (iron/nickel) and C (carbonaceous chondrites) are indicated in Figure 11. Aster-
oid of the M and C classes have compositions that are markedly different from that of the Moon, but they
exhibit P, 0min @nd h values similar to those found in the Atlas region; only their typical a;,, values are
lower by several degrees. S-class asteroids, which are compositionally most similar to the Moon, strongly
differin P,;, and h from the lunar terrains. Furthermore, their P,,,, and o, valuesin the V band typically
correspond to 0.075 and 105°, respectively (Petrov and Kiselev, 2018), well outside the ranges encoun-
tered for the examined lunar terrains. Overall, we conclude that no asteroid class matches any of the
examined lunar terrain types in all spectropolarimetric parameters, which hints at systematic structural
differences between the regolith surfaces of lunar terrains and asteroids.

5 Conclusions

Remote sensing data over Atlas crater, the prime landing site of the ELM Rashid-1 mission, were in-
vestigated to decipherits geological context. CSFD measurements were conducted to estimate the crater
formation age with highland materials, yielding an age of 3.82 Gy. M3 observations indicate that Atlasis a
complex crater which tapped into a pluton dominated by mixed plagioclase, pyroxene, and spinel signa-
tures. After its emplacement, the western portion of the crater was partially blanketed by the ejecta from
the nearby Hercule impact at 3.71 Gy, and was later intruded by magma, causing uplift of the crater floor.
Eruption of pyroclastic material from two vents in the northern and southern parts of the crater may
have been contemporaneous to this intrusive episode and/or to mare basalt emplacement within the
broader region. Eruption of pyroclastic deposits along two vents in the north and south of the crater may
be contemporaneous to this intrusive episode, and/or to mare basalt emplacement within the greater
region (although spectropolarimetry evidence suggests distinct properties and likely, distinct mode of
emplacement). East of the crater, an unnamed dome formed by highly viscous flows, akin to those ob-
served in the Gruithuisen and Mairan regions, hints at the possible presence of evolved lithologies. The
thermophysical anomaly in the Diviner datasets remains unexplained and calls for further investigations
of this peculiar region of high scientific potential. Atlas crater’s complex volcanic history, coupled with
its well-preserved record of impact processes, makes it an ideal target for addressing outstanding lunar
science questions with future exploration missions (e.g., NRC, 2007; Flahaut et al., 2023).
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Supplemental figures

From: Flahaut, J., et al. (2026). Geology of Atlas crater, the prime landing site of the Emirates Lunar Mission Rashid-1 rover. Plane-
tary Research, 1(1), 274. https://doi.org/10.53480/4e7a-4y94
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Figure S1 | M3 spectra collected over regions of interest within Atlas crater (a) and in the surroundings of the un-
named dome (b). Vertical bars were added at 1000, 1300 and 2000 nm to help locate the main absorption bands of
pyroxenes and plagioclase feldspars. Corresponding continuum-removed spectra are presented in Figure 8.
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Figure S2 | Phase ratio image of Atlas crater obtained by dividing the I-band intensity data at 4° phase angle by
those at 9° phase angle, depicted in decadal logarithmic scale. Due to the lack of absolute reflectance calibration,
the phase ratios were normalized to a mean value of 1.
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