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Abstract Located within the extensive dark terrain of Marius Regio, in the anti-Jovian trailing quadrant of
Ganymede, Antum crater is marked by dark-rayed ejecta that obscure older features and reshape the surrounding
landscape. This study investigates Antum and its geological context using optical and infrared data from the
Voyager and Galileo missions, complemented by numerical simulations. The terrain around Antum can be
divided into three facies based on albedo and texture, reflecting a complex history shaped by impact and
resurfacing. Galileo/NIMS spectra reveal sharp contrasts between the crater interior and its ejecta: the interior
shows deeper water ice absorption bands, while the ejecta appear darker and more contaminated. Spectral
features also indicate salts, complexed CO,, and hydrated sulfuric acid, pointing to subsurface alteration and
cumulative space weathering. Numerical simulations of the cratering process with the iSALE-2D code highlight
the influence of impact velocity, thermal gradients, and surface cohesion on crater formation. Under plausible
impact conditions, the modeled crater dimension and morphology closely match observations, offering insight
into the processes controlling cratering on icy surfaces. By integrating geological mapping, Galileo/NIMS
spectral analysis, and impact modeling, this study refines our understanding of Ganymede's geological
evolution. The results suggest past or present subsurface liquid activity and highlight the mechanisms that shape
icy moons. Antum thus represents a key case study with broader implications for planetary science and the
evolution of outer Solar System bodies, and its investigation is also relevant for upcoming missions such as
JUICE and Europa Clipper.

Plain Language Summary This study explores the Antum Crater on Ganymede, Jupiter's largest
moon, and its surrounding landscape. Data from past space missions, along with modern techniques, were used
to understand how the crater and its region formed and evolved. The dark debris from the crater has covered
older surface features, showing how powerful impacts can reshape the moon's landscape. The surrounding area
is divided into different zones based on texture and brightness, which tell the story of Ganymede's geological
history. One of the main findings is that the interior of the crater has more water ice, while the debris thrown out
by the impact contains dark, mixed materials, including salts, carbon dioxide, and sulfuric acid. These materials
suggest that subsurface processes may have occurred, and that the region has been exposed to environmental
changes over time. Computer simulations of the crater's formation also help explain how impacts shape these
terrains. This research offers new insights into the history and potential activity of icy moons such as Ganymede.
It helps improve understanding not only of Ganymede's evolution, but also of the broader processes that might
shape other icy moons in the outer Solar System.

1. Introduction

Ganymede, Jupiter's largest moon, features an icy crust that contains a rich array of geological formations, each
providing insight into its long and complex history. Among the most fascinating and enigmatic geological fea-
tures on Ganymede's surface are the Dark Ray Craters (DRCs), namely craters with a low-albedo ejecta blanket.
The Near Infrared Mapping Spectrometer (NIMS) aboard NASA's Galileo mission (Carlson et al., 1992) acquired
data for the DRCs Kittu, Mir, and Antum at comparable spatial resolutions: approximately 3.0, 3.4, and 2.1 km/
pixel, respectively. NIMS data demonstrated that DRCs are not a uniform compositional group, with many
resulting from the excavation of darker Ganymede hydrate material, in some cases mixed with a less hydrated,
non-ice material that may represent a remnant of the impactor body (Hibbitts, 2023; Stephan et al., 2025). The
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dark rays in these craters may also indicate interactions between the ice and chemical components from the outer
Solar System, potentially delivered by comets or carbonaceous asteroids. Space weathering could significantly
influence the compositional evolution of these craters. Unlike Europa and Callisto, Ganymede's surface preserves
these craters and rays over extended geological timescales, due to its intrinsic magnetic field.

This study aims to understand the formation and evolution of Antum Crater, focusing on its geological, spectral,
and impact dynamics. Antum, located at ~5.1°N, 218.9°W (141.1°E) in Marius Regio on Ganymede's anti-
Jovian, trailing quadrant, is an impact crater ~15 km in diameter as measured from its inner dark ring (our
study will explore a revised value based on an accurate geologic mapping and comparison with NIMS data).
Unfortunately, unlike the Kittu crater, high-resolution Galileo optical images of Antum are unavailable. The most
relevant contextual images are those obtained from the Voyager mission. The interior and rim of the crater are
predominantly bright although the low resolution prevents definitive identification of whether the crater has a
peak or a pit. These dark rays are believed to be discontinuous ejecta, forming a thin overlay of dark material upon
the underlying terrain of Marius Regio.

The Voyager mission first captured images of Antum with a resolution of about 2 km per pixel, and it was
subsequently observed at the same resolution by the Galileo/NIMS instrument, which is exceptionally high for the
NIMS data set and serves as the foundation of this study. The prominent morphological features and albedo
variations observed in the images suggest that Antum is a relatively young impact crater. This is corroborated by
the band depth map of water ice absorption at 1.5 pm derived from NIMS data, which shows an enrichment of
water ice in the crater and dark non-ice material in the surrounding rays (Baby et al., 2024). The distribution of
concentrated dark non-ice material corresponds to the dark rays seen in the camera images. Bright and dark
terrains in the Antum area indicate water ice grain sizes ranging from 1 to 2 mm (Baby et al., 2024), which
correlate with global variations in grain size as a function of Ganymede's surface temperature, as described by
Stephan et al. (2020). The primary geological features of Antum include a distinct crater floor and rim, continuous
bright ejecta, and extensive dark rays. Unlike Kittu and Mir, no correlation between water ice and CO, abundance
is observed in Antum (Hibbitts et al., 2003). According to a spectral unmixing model, the dark ejecta associated
with Antum may comprise one of the highest concentrations of dark material (approximately 50%) on Ganymede,
with near-infrared reflectance approaching 20% (Hibbitts, 2023) and mostly represent redistributed dark terrain
material (Baby et al., 2024). Impact modeling suggests that the maximum excavation depth in Antum may range
between 1.2 and 2.3 km (Baby et al., 2024).

Section 2 presents a detailed geological mapping of the Antum crater region. Using a controlled Ganymede
mosaic as a basemap, we identify and classify terrain units based on albedo and texture. The crater rim is mapped
at a diameter of 25 km, rather than the previously reported 15 km. The study indicates that the impact event that
created Antum significantly altered the surrounding landscape, with asymmetric ejecta suggesting an impact
direction from south-southeast to north-northwest.

Section 3 presents a comprehensive reanalysis of Galileo/NIMS data to enhance our understanding of the surface
composition in the impact region. We use various spectral indices to map the contributions of water ice and non-
ice contaminants. Additionally, we applied both linear and non-linear spectral unmixing models to identify the
most likely spectral endmembers and determine their abundances.

The impact that formed Antum has distinctly modified the region, generating unique ejecta layers and post-impact
alterations in the landscape. Section 4 highlights iISALE-2D simulations of the Antum crater on Ganymede,
testing different impact velocities (20—10 km/s) and projectile sizes (600-750 m). These simulations yield a crater
diameter of ~25 km, with no prominent central peak and distinct ejecta patterns. The role of thermal gradients and
surface cohesion is also investigated, revealing that both smaller thermal gradients and higher cohesion result in a
deeper craters.

Research into DRCs is set to remain a key focus, especially with upcoming space missions to Ganymede like
JUICE (Stephan, Roatsch, et al., 2021). This case study provides valuable insights for the future planning of
Antum observations by all remote sensing instruments aboard JUICE, which may help elucidate the origin of the
crater and its relationship to both the subsurface and other DRCs.
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Figure 1. (a) Antum Crater Region (ACR) on Ganymede and (b) overview of the Antum crater and contour of NIMS data
covering this region. The optical basemap is from Kersten et al. (2021).

2. Geological Framework of the Antum Crater Region
2.1. Description

The Antum Crater area spans longitudes 135.3°E to 146.7°E and latitudes 9.8°N to 0.5°N (Figure 1). It lies within
the western part of Marius Regio, directly west of Tiamat Sulcus. This region closely resembles Marius Regio in
its general appearance, yet it is predominantly characterized by the dark-rayed ejecta of Antum crater, which
largely obscure older geological features typical of the area, such as ancient concentric rings. Antum crater, being
the largest dark-rayed crater in the region with sufficient basemap detail, serves as the focal point of this study. In
the following section, we refer to this area as the “Antum Crater Region (ACR).”

Previous studies have conducted geological analyses of the region using either Voyager imagery, achieving a
pixel resolution of ~2 km (Figure 2a, Croft et al., 1994; Guest et al., 1988) or a combination of Voyager/Galileo
imagery (Figures 2b, Collins et al., 2013; Patterson et al., 2010). Geological mapping based on Voyager data
comprises a series of quadrangle maps at a 1:5,000,000 scale. The ACR analyzed here is situated at the boundary
between two quadrangles: (a) the Tiamat Sulcus quadrangle (Jg-9, Croft et al., 1994), and (b) the Uruk Sulcus
quadrangle (Jg-8, Guest et al., 1988). These maps provide a high level of detail, allowing the identification of
craters as small as 20 km in diameter, with Antum being the smallest identified crater. They also exhibit a strong
correspondence in contacts and geological units across quadrangle boundaries (Figure 2a). In contrast, the global
geological map of Ganymede, created using Voyager and Galileo data (Collins et al., 2013; Patterson et al., 2010),

138°E 140°E 144°E 146°E 136°E 138°E 140°E 142°E 144°E

136°E 138°E 142°E 144°E 146°E 136°E 138°E 140°E 142°E 144°E

Figure 2. Geological maps of ACR: (a) Reprojected quadrangles from the Voyager-based geological mapping campaigns of
Jg-9 (left, Croft et al., 1994) and Jg-8 (right, Guest et al., 1988). (b) Voyager/Galileo-based global geological map of
Ganymede (Collins et al., 2013).
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provides a more regional, 1:15,000,000-scale view of the area, but lacks the finer detail needed to identify smaller
features, such as Antum crater (Figure 2b).

While Baby et al. (2024) offer additional details on Antum crater itself, information on the surrounding geological
context remains sparse. To fully understand the evolution of Antum crater, we propose a comprehensive
geological study that integrates all prior geological maps and synthesizes interpretations from various works,
including those by Guest et al. (1988), Croft et al. (1994), Patterson et al. (2010), Collins et al. (2013), and Baby
et al. (2024). This approach provides a more coherent stratigraphic framework for the dark-rayed ejecta of Antum
crater and allows for direct comparison with the NIMS data, which precisely targets the crater floor and its
proximal ejecta.

2.2. Data and Methods

We use the controlled global Ganymede mosaic at 359 m/pixel from Voyager and Galileo images as the primary
basemap reference (Kersten et al., 2021). Such a “controlled mosaic” is an image mosaic in which individual
frames are geometrically aligned to each other and tied to a planetary coordinate system through ground control
points, ensuring accurate spatial referencing for geological mapping. Due to the absence of higher-resolution
Galileo Solid-State Imaging (SSI) frames in this region, we maximized the stretch of the available basemap to
enhance spatial detail.

Following USGS planetary mapping guidelines (Skinner et al., 2018), we employ symbology recommended by
the Federal Geographic Data Committee (FGDC) for planetary geological maps. The linework was created at a
scale of approximately 1:1,000,000, which is consistent with an output scale of 1:5,000,000, comparable to the
Voyager geological maps (Croft et al., 1994; Guest et al., 1988).

Our geological investigation follows a morpho-stratigraphic approach, classifying geological units based on their
albedo and texture. Undivided crater materials are grouped into three degradation classes (c/ to ¢3), ranging from
the most degraded to the freshest craters, in line with previous studies. We utilize two types of geological contacts
(certain and approximate) and include various linear features to represent prominent morphological character-
istics. Notably, troughs within the sulci are delineated where they are most prominent.

2.3. Geological Mapping

The geological map presented in Figure 3 outlines various terrain units, sulcus units, and crater materials in the
ACR. The oldest unit is represented by dark, rough terrains of Marius Regio, which are further divided into three
facies based on albedo and texture. The first facies (7¢/) is characterized by a dark albedo with denser lineaments
and fracturing compared to the surrounding terrain. The second facies (£2) exhibits a slightly brighter albedo with
sparser lineaments, though the texture remains similar to that of rt1. The third facies (r£3) features an even brighter
albedo although it is present only in discontinuous patches. Sulcus units, mainly associated with Tiamat Sulcus,
were identified based on their morphology, albedo, and groove systematicity. The primary sulcus unit (s7') is
moderately bright, smooth, and systematically grooved. The peripheral parts of Tiamat Sulcus (s77) lack sys-
tematic grooves but can be distinguished from the surrounding terrain by their smooth morphology and brighter
albedo. The groove systematicity persists beyond Tiamat Sulcus on the rtl facies.

For Antum, we mapped the rim crest at the boundary of maximum albedo contrast between its ejecta and the inner
floor. This leads to a rim extent of 25 km, in contrast to previous estimates which suggested a rim of 15 km based
on the inner dark ring. However, we mapped a rim unit (Ar) that could encompass the rim crest across its extent to
account for uncertainties due to the resolution limits of the basemap. The inner structure of Antum displays a
bright circular feature at its center (Ac), possibly (but not necessarily) indicating a central dome. Surrounding this
is a darker unit interpreted as the original crater floor (Af). An extreme stretch of the basemap allowed the
distinction of three dark ejecta facies based on albedo (Ae! to Ae3, from the darkest and proximal to the least dark
and distal), which may facilitate comparisons with NIMS data. For stratigraphic correlation, the distal portion of
the Tammuz dark ejecta rays (Te) was mapped, which appear to be older than the Antum dark rays, despite
resolution limitations.

Finally, the mapping area includes two palimpsest-like features (pc), one of which is classified as uncertain (pcu)
due to insufficient resolution and its overlap with the sT1 bright unit. In the geological map by Collins
et al. (2013), the confirmed palimpsest-like feature (pc) was identified as a cl crater (i.e., the oldest class of
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Figure 3. Geological map of the Antum Crater Region. Units are blended in overlay-mode over the Ganymede controlled
basemap (Kersten et al., 2021) to enhance transparency of the basemap albedo contrasts.

craters). However, our previous mapping experience with palimpsest features suggests that subdued morphology
alone is not sufficient to infer an ancient origin for these structures (see the case of Epigeus in Tosi et al., 2023).

3. Spectroscopic Analysis
3.1. Spectral Indices

We now focus on one hyperspectral image obtained by Galileo/NIMS on the Antum crater region (hyperspectral
image G2ZGNANTUM_01A. The data set represents the highest spatial resolution ever achieved by NIMS on
Ganymede (~2 km/pixel), and one of the highest resolutions ever obtained for the icy Galilean moons. The data,
calibrated in units of I/F, was photometrically corrected using the Akimov disk function (Shkuratov et al., 1999)
and smoothed with a Savitzky-Golay filter to reduce spurious effects such as radiation-induced spikes or high-
energy particle noise. Figure 4 presents the average spectral profile for this hyperspectral image, along with
the data's dispersion.

To gain a preliminary understanding of contaminant distribution and water ice grain size, we calculated spectral
indices based on the reflectance spectra (see Text S1 in Supporting Information S1). Specifically, we computed
band depth values for water ice features at 1.25, 1.50 and 2.00 pm, and for the carbon dioxide feature at 4.25 pm
(Figure 5). The band depth for the 2-pm feature was calculated considering the wavelength position of the band
center (Figure 6¢). Analysis of the band depths for water ice (Figures 5a—5c¢) reveals a spatial distribution typical
of DRCs. Reduced water ice band depth values in dark ejecta indicate a higher concentration of contaminants such
as hydrated salts (Stephan et al., 2020), or alternatively, smaller water ice grains compared to the crater floor.
Additionally, the crater floor is compositionally distinct in two areas: one with higher band depth values,
designated Crater Floor 1 (CF1), and another with lower values, labeled Crater Floor 2 (CF2). Another sig-
nificant absorption feature is observed at 4.25 pm (Figure 5d), associated with complexed CO,. At a regional
scale, this signature is stronger at low latitudes than at high latitudes (Bockelée-Morvan et al., 2024).

The average value of the 4.25-pm band depth is approximately 0.22, consistent with previous studies (Bockelée-
Morvan et al., 2024). However, specific locations within the image show larger 4.25-um band depth values,
possibly related to a higher concentration of complexed CO,. To further investigate the distribution of con-
taminants and water ice grain size, we calculated additional spectral indices based on previous work on icy
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Figure 4. Mean and median spectra of the Antum Crater Region, after applying the Akimov disk function and smoothing.
Grey bars represent the 1-c dispersion of the data within the G2ZGNANTUM_O01A hyperspectral image. Instrumental
uncertainties are smaller than the data dispersion (see Supporting Information S1). The close similarity between the mean
and median spectra indicates that the data distribution is largely symmetric. Absorption bands are marked by vertical dashed
lines. We do not discuss the 1.05 and 2.87 pm bands due to calibration residuals near the 1-pm region and challenges in
identifying the right shoulder of the 2.87-um water band, respectively.

satellites (Filacchione et al., 2012; Tosi et al., 2023, see Text S1 in Supporting Information S1). First, we derived a
spectral slope between 1.10 and 2.24 pm (Figure 6a). Small absolute values of this spectral slope suggest fine
water ice grains, while large values indicate coarser grains. The 3.60/1.82 pm reflectance ratio also serves as an
indicator of water ice grain size, with smaller values of the ratio indicative of larger grains. This confirms the
presence of large water ice grains in the crater floor and fine grains in the dark ejecta (Figure 6b).

To further explore the distribution of darkening agents in the ACR, we evaluated the center and asymmetry of the
2-pm water ice absorption band, following Scipioni et al. (2017) (see Supporting Information S1). Our findings
indicate that dark ejecta exhibit a shift of the 2-pm band to slightly shorter wavelengths (Figure 6c¢), with
asymmetry parameter values exceeding unity (Figure 6d). This shift could result from the presence of either
hydrated salts (Stephan et al., 2020) or amorphous ice (Mastrapa et al., 2008). Given Ganymede's intrinsic
magnetic field, which preserves crystalline water ice from radiation at low latitudes (Liuzzo et al., 2020),
combined with typical daytime surface temperatures at low latitudes (Ligier et al., 2019; Orton et al., 1996), we
rule out amorphous ice as a potential explanation.

By comparing spectral indices with our geological map (Figure 7), we find that the units along the Antum crater
rim (primarily corresponding to CF1) align with an area depleted in contaminants, displaying a deeper 2-um water
ice absorption band (Figure 5b). This supports the hypothesis that the actual size of the excavated crater is closer
to 25 km rather than the 15-km value reported in the IAU database. Additionally, an obvious spatial correlation
exists between the Ael crater unit and the magenta areas in Figure 7b, indicating dark terrain units characterized
by a shallower 2-pm water ice absorption band and smaller ice grain sizes. This correspondence aligns with
expectations for a region influenced by material redistribution following the impact, with a slight extension of the
ejecta toward the north-northwest.

Based on the morphology and spectral variability revealed by the maps in Figures 5 and 6, six regions of interest
(ROIs) were selected within the NIMS G2GNANTUM_01A image (Figure 8). These include CF1 and CF2 in the
crater floor, DE1 and DE2 (Dark Ejecta 1 and Dark Ejecta 2) in distinct areas of the dark ejecta, and OR1 and OR2
(Other Region 1 and Other Region 2), which are far enough away from the impact site to be considered marginally
affected by post-impact material redistribution. With regard to the ROIs located on the crater floor, CF1 and CF2
were delineated based on observed variability in water-ice abundance and grain size. This variability, highlighted
by the differences in band depths shown in Figures 5a—5c, suggests a relatively higher abundance of water ice and/
or the presence of coarser grains in CF1 compared to CF2. In addition, DE1 and DE2 were defined to assess
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Figure 5. Band depth values obtained for different spectral features in the NIMS hyperspectral image G2ZGNANTUM_0O1A:
(a) 1.25 pm, (b) 1.50 pm, (c) 2.00 pm, and (d) 4.25 pm. The spatial distribution of these indices reveals compositional
differences among three main regions: the crater floor, dark ejecta, and outer regions. To facilitate comparison, the geological
units mapped in Figure 3 are overlaid with dashed grey contours.

potential variations in salt content along different directions, taking into account the distribution of ejecta
illustrated in Figure 7a.

To further investigate water ice grain size in these ROIs, we computed specific band depth ratios (BDR) (Stephan
et al., 2020): BDR1 (2.00/1.50 pm), BDR2 (2.00/1.25 pm), and BDR3 (1.50/1.25 pm) (Table 1). These ratios
were compared to those predicted for water ice and a linear mixture of water ice and epsomite (MgSO,-7H,0), a
hydrated mineral salt with spectral characteristics similar to those of water ice.

Figure 9 aids in estimating the water ice grain size in the presence of hydrated non-ice contaminants. BDR1 values
ranging from 0.77 to 0.86 suggest that grain sizes within the Antum crater may reach up to one mm or more,
consistent with previous investigation of Antum by Baby et al. (2024) and broader studies on spatial grain size
distribution on Ganymede (King & Fletcher, 2022; Stephan et al., 2020). BDR?2 indicates that grain sizes in the
dark ejecta are smaller than 1 mm, with diameters decreasing to approximately 200 pm. BDR3 displays
considerable variation in grain sizes, ranging from a few hundred microns to a few thousand microns. Overall,
water ice grain sizes in the ACR vary between 50 and 3,000 pm, with notable differences between the crater floor
and the surrounding regions. This variation implies that, even within the dark ejecta, water ice grains may reach up
to one mm, although they are generally smaller than those found on the crater floor. This distinction is expected,
as dark ejecta predominantly consist of surface materials redistributed by impact, possibly including hydrated
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Figure 6. (a) Spectral slope (1.10-2.24 pm), (b) reflectance ratio (3.60/1.82 pm), (c) band center (2-pm), and (d) asymmetry
parameter at 2 pm. These indices provide insight into water ice grain size and non-ice contaminant distribution. Dark ejecta
are expected to have higher abundances of hydrated salts, suggested by a shift toward shorter wavelengths in the 2-pm band,
as shown in panels (c, d). To facilitate comparison, the geological units mapped in Figure 3 are overlaid with dashed grey
contours.

salts and other contaminants, whereas the crater floor exposes a subsurface layer. Protected from space weath-
ering and sublimation, this subsurface layer has allowed for the growth of larger ice grains over time. The impact
event likely caused partial sublimation of surface ice grains due to the thermal energy released, resulting in
smaller ice grains in the dark ejecta compared to those in deeper subsurface layers.

When interpreting water ice grain sizes, the distribution of carbon dioxide in the region can be examined through
spectral index analysis. The depth of the 4.25-pm band (Figure 5d) and the RGB color composite map (Figure 8c)
indicate the presence of carbon dioxide in the area; however, no direct correlation is observed with the various
terrain types, suggesting that the abundance of CO, in the Antum crater is similar to that of the nearby terrain
(Hibbitts et al., 2003).

3.2. Linear Spectral Unmixing: FCLS and MCMC

We employed linear spectral unmixing using two methods: Fully Constrained Least Squares (FCLS) (Bioucas-
Dias & Figueiredo, 2010) and Markov Chain Monte Carlo (MCMC) (Speagle, 2020). FCLS applies a least
squares approach to combine spectral endmembers linearly, with coefficients indicative of their relative abun-
dances. This method is computationally efficient, allowing its application on a pixel-by-pixel basis across the
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Figure 7. (a) Portion of the geological map from Figure 3 (refer to the legend); (b) RGB color composite from spectral indices (R = spectral slope 1.10-2.24 pum,
G = band depth at 2 pm, B = reflectance ratio 3.60/1.82 pm) and (c) RGB color composite from reflectance values (R = 4.25 pm, G = 2.00 pm, B = 1.25 pm).

entire study area and the generation of spatially resolved maps. However, its uncertainty estimates are less
rigorous than those obtained with alternative approaches, since they are based on bootstrap resampling and would
require an exceedingly large number of iterations to yield statistically robust confidence intervals. In contrast,
MCMC directly samples the posterior parameter distribution, progressively refining the estimates and providing
more rigorous and robust uncertainty quantification. Nevertheless, the substantial computational demands of
MCMC limited its application in this study to the six selected ROIs, precluding its use on the full NIMS image as
done with FCLS. Despite these differences, the combined application of the two methods has been successfully
employed in previous studies of Ganymede's surface composition, enabling the detection of specific compounds
such as salts and organics (e.g., Tosi, Mura, et al., 2024).

Initially, FCLS and MCMC were applied to analyze the distribution of water ice grain sizes across the ACR, using
laboratory-measured spectral profiles of water ice at various grain sizes, alongside two synthetic spectra, labeled
“black” and “white,” with constant values of 0.0 and 1.0, respectively. These flat spectra account for differences
in reflectance values between the NIMS data and laboratory spectra. Given that the main goal was to assess water
ice grain size, we focused on the 1.0-2.5 um spectral range, where the diagnostic absorption bands of water ice do
not saturate in the laboratory data (Stephan, Ciarniello, et al., 2021). Both methods identified two primary

a) b)

138.5°E  139°E  139.5°E 140°E 140.5°E 141°E  1415°E 142°E

125 um
2024m
2

1.0 — CF1
A — CcR2
DE1
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OR2
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Reflectance (normalized at 0.8 micron)
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Figure 8. Spectral index analysis of the G2ZGNANTUM_O1A data set. (a) Spatial distribution of the identified regions of
interest (ROIs), overlaid on a 2.0-pm background image that highlights the contrast between water-ice-rich and salt-rich
terrains. (b) Average spectral profiles of the ROIs (normalized at 0.8 um), colored by type: CF1 (green), CF2 (burgundy),
DEI1 (aqua), DE2 (midnight blue), OR1 (red), and OR2 (orange). Diagnostic absorption bands are indicated at ~1.25, ~1.50,
and ~2.00 pm (water ice) and ~4.25 pm (complexed CO,).
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Table 1

Average Band Depth Ratios Computed for Each Regions of Interest

BDR CF1 CF2 DEl1 DE2

1 0.86 + 0.01 0.83 £ 0.01 0.78 £ 0.01 0.77 £ 0.01 0.81 £ 0.01 0.80 £ 0.01
2 2.89 £ 0.01 2.84 £ 0.01 2.35 £ 0.01 245 £ 0.01 291 £ 0.01 2.83 £0.01
3 3.38 £ 0.01 3.43 £ 0.01 3.01 £ 0.01 3.18 £ 0.01 3.58 £0.01 3.52 £ 0.01

Note. BDR1 (2.00 pm/1.50 pm), BDR2 (2.00 pm/1.25 pm) and BDR3 (1.50 pm/1.25 pm) are showed respectively in the first,
second, and third row of the table. For each ROI, these values are compared to the trends presented in Figure 9.

endmembers, water ice with grain sizes of 70 and 1,360 pum, as key contributors to reconstructing the average
spectral profile for each ROIL.

The distribution of water ice grains obtained via FCLS indicates that the Antum crater corresponds to a depletion
of fine grains and an enrichment of coarse grains (Figures 10a and 10d). This sharp contrast in grain size may be
linked to the physical properties of the subsurface layer excavated by the impact. Additionally, intermediate grain
sizes, notably 200 and 300 pm, are also observed in the ACR (Figures 10b and 10c), suggesting post-impact
processes such as mass wasting or deeper excavation in certain areas. The water ice grain maps also suggest
that dark ejecta are best represented by a combination of 70-pm and 200-um grains, indicating fine material,
which aligns with our previous findings based on spectral indices (Figure 6). On the other hand, water ice grains at
680 and 1,060 pm provide no statistically meaningful contribution in the linear combination.

Relying on the spectral library presented in Table S1 of Supporting Information S1, besides water ice, the optimal
endmembers identified for various compound categories include: ammonia ice (NH;, among volatiles), bloedite
(Na,Mg(S0,),-4H,0, among sulfates), hydrohalite (NaCl-2H,0, among chlorides), burkeite (Nag(CO5)(SO,),,
among carbonates), ammonium nitrate (NH,NO,, among nitrates), and asphaltite (among organics). This does not
imply the presence of ammonia ice, burkeite, ammonium nitrate, or asphaltite (furthermore, ammonia ice could
not survive the surface temperatures typical of Ganymede); but indicates that, within each category, these end-
members are the most suitable for modeling the spectral profiles observed by NIMS.

Both the FCLS and MCMC methods fail to identify carbon dioxide as the primary endmember for volatiles other
than water, despite its presence on Ganymede being well-established by previous spectroscopic studies (e.g.,
Bockelée-Morvan et al., 2024; Hibbitts et al., 2003) and by our own preliminary spectral analysis (Figures 5d and
7¢). This may be due to the use of CO, ice in our spectral library, whereas on Ganymede, CO, is primarily
complexed with water ice in the uppermost surface layer, which alters its spectral shape. Furthermore, the limited
number of points identifying the 4.25-pm band and the broad spectral range used in the simulations constrain the
method's ability to efficiently model the signature of this compound. Exogenous compounds and phosphates show
negligible contributions in the linear combination, as their associated scalar coefficients are comparable to sta-
tistical noise. These results were cross-checked using both FCLS and MCMC methods across the six ROIs. While
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Figure 9. Band depth ratios (BDR) values computed for regions of interest identified in the Antum Crater Region, compared to the BDR versus water ice grain size as
found in Figure 6 (panels d—f) of Stephan et al. (2020). Each panel illustrates a specific BDR as a function of water ice grain size, assuming either pure water ice (solid
black line) or a linear combination of water ice and epsomite (colored squares). (a) BDR1, (b) BDR2, (c) BDR3. The colored arrows pointing to the y-axis of each plot
indicate the specific BDR value obtained for the ROIs: CF1 (green), CF2 (burgundy), DE1 (aqua), DE2 (midnight blue), OR1 (red) and OR2 (orange).
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Figure 10. Spatial distribution of water-ice grain sizes and flat, featureless spectra in the ACR: (a) 70-pm, (b) 200-pm,
(c) 300-pm, and (d) 1360-pum grain sizes. In each panel, the color bar indicates the scalar coefficient value derived from Fully
Constrained Least Squares spectral unmixing, which reflects the relative abundance of the corresponding water-ice
endmember. To facilitate comparison, the geological units mapped in Figure 3 are overlaid with dashed grey contours.

the results of both models are consistent within their respective uncertainties, FCLS enables pixel-by-pixel
mapping of endmember contributions across the entire ACR. This spatial coverage facilitates the identification
of potential correlations with underlying geological units (see the geological unit boundaries overlaid onto the
spectral maps in Figures 5, 6, 10 and 11). While MCMC could, in principle, support a similar analysis, sampling
the posterior distribution with multiple chains leads to slow numerical convergence and prohibitively high
computation times for each pixel, making it impractical for full-scene mapping. Moreover, the MCMC model
tends to systematically overestimate the contribution of asphaltite compared to FCLS (Tables 2 and 3), producing
results that are inconsistent with the observed spectral characteristics. Therefore, despite providing less rigorous
uncertainty quantification than a fully statistical approach such as MCMC, FCLS emerges as the more reliable
and computationally efficient solution for linear unmixing in this study.

For the subsequent simulation, we considered a mixture of the best endmembers identified within each category,
plus water ice with grain sizes of 70 and 1360 pm, and the two flat “black” and “white” spectra, and carried out the
simulation over the 1.00-4.75 pm spectral range.

Our results show that the contribution of water ice in the crater floor is significantly greater than that in the dark
ejecta (Tables 2 and 3). Additionally, the contribution of coarse-grained water ice is higher in CF1 than in CF2,
reinforcing previous findings from spectral indices. Conversely, a generally larger contribution of salts is
observed in the dark ejecta, likely due to the redistribution of surface materials following the impact event. For
example, hydrohalite may be compatible with liquid extrusion from subsurface slush. Non-negligible coefficients
for ammonium nitrate may be linked to the possible presence of ammoniated salts. The high coefficient values
found for asphaltite in all ROIs may be an artifact due to the featureless profile of asphaltite at short wavelengths,
with organic compounds displaying their diagnostic signatures between 3 and 4 pm in the near infrared.
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Figure 11. Distribution of ammonium nitrate (a), asphaltite (b), hydrohalite (c), and ammonia ice (d) in the Antum Crater
Region using the Fully Constrained Least Squares method. The scalar coefficients associated with these compounds suggest

a smaller contribution of contaminants in the crater floor, consistent with the spectral indices shown in Figure 6. To facilitate

comparison, the geological units mapped in Figure 3 are overlaid with dashed grey contours.

We then extended the FCLS method to all pixels in order to map the distribution of contaminants in the ACR.
These maps show the distinctive distribution of specific endmembers, such as ammonium nitrate, asphaltite,
hydrohalite, and ammonia ice (Figures 11a—11d). The application of linear spectral unmixing to NIMS data

gjablizerZCDeﬂicients of the Linear Combination Estimated With the FCLS Algorithm for Each Regions of Interest
Endmember CF1 CF2 DEI1 DE2
Water ice 70-um 102 £ 1.4 97+13 64 +14 6.1 £1.5 9.1 1.6 85+ 1.6
Water ice 1,360-um 8204 79 £04 52+03 50£03 7005 6.4 £ 0.6
Burkeite 26+29 2629 3129 2527 28 £2.7 35+£28
Ammonia ice 1.1x24 1.1x24 2125 2227 1.5+26 1.8 £26
Asphaltite 74 +0.8 7.5+ 0.6 93 +0.7 8.6 £0.8 7.8 +£0.7 8.7+0.7
Ammonium nitrate 46+24 45+25 50+£28 44 +27 4.8 £2.7 57+26
Hydrohalite 21+£05 21+£05 22+0.6 1.8 £ 0.6 2.7+0.6 35+05
Bloedite 6.1 £2.1 6022 42+£20 3820 34+£22 59+24
Black 534 £11.1 540 £ 11.3 55.0 £ 11.1 589 £ 11.5 546 £11.9 50.6 £ 12.0
White 03 £11.0 03£113 04 £11.0 04 £ 11.6 03+114 03118
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Table 4

Carbonaceous Chondrites Considered in This Study to Account for the
Potential Contribution of Impactor Material in the Antum Spectra

Table 3
Estimated Scalar Coefficients With the MCMC Algorithm for Each Regions of Interest

Endmember CF1 CF2 DEI1 10)2%)

95+15
7.0 £0.7
47+£28
1.1 £2.7
11.0+£ 1.0
33+23
29+£0.7
02+20
60.4 + 12.1
0.0 £ 12.0

89+ 1.6
6.9 + 0.7
48 £2.8
2.1+28
10.8 = 1.1
33+28
29+£07
02+20
61.2 £ 12.3
0.0 = 12.0

48+ 1.6
5205
53+£29
2232
124 £ 12
43 +£28
5.8+ 0.6
00+£20
599 £ 122
0.0 £12.0

38+14
54+£05
4.6 £2.7
22+£29
112 £ 1.1
41=x28
52+£05
0.0£20
63.5 £ 125
0.0 £12.0

79+18
6.3 +0.6
48 £2.7
1.5+£27
109 = 1.1
3727
3.6 +0.7
0.0 £2.0
61.3 £ 12.0
0.0 = 12.0

8015
6.0 £ 0.6
6.0 £2.6
1.8 £28
126 £ 1.3
43+£28
49+0.7
0.0£20
56.4 £ 12.0
0.0 £12.0

Water ice 70-um
Water ice 1,360-um
Burkeite

Ammonia ice
Asphaltite
Ammonium nitrate
Hydrohalite
Bloedite

Black

White

presents several challenges, such as the difficulty of identifying carbon dioxide, the inability to detect exogenous
compounds above the noise level, and the unreasonably large contribution of asphaltite.

3.3. Potential Primitive Impactor Remnant?

Hibbitts (2023) suggested that some DRCs on Ganymede, including Antum, might display a composition
consistent with a mixture of water ice, hydrated non-ice material endemic to Ganymede, and a less hydrated non-
ice component characterized by a 3-pm absorption band. The spectral characteristics of this secondary non-ice
component suggest that it could be hydrated carbonaceous material, possibly linked to a primitive impactor or
the excavation of ancient non-ice material from Ganymede.

To test this hypothesis, we subtracted the previously modeled spectra for each ROI from the original NIMS data
and applied linear spectral unmixing in the 1.00-4.75 pm range to the residual spectra. We considered a small
spectral library of carbonaceous chondrite meteorites (Table 4), which are representative of the potential
contribution of a C-type asteroid.

Our modeling identifies the Alais CI1 meteorite as the best endmember; however, absorption bands at 1.25, 1.50,
and 2 pm in the residual spectra suggest that hydrates are still present. Adding the Alais meteorite endmember to
the previous model, along with water ice and salts, and “black” and “white” synthetic spectra (organics are
excluded to avoid overlap with the meteorite's spectral signature beyond 3 pm), does not significantly improve the
results, except for a decrease in the relative weight of the “black” spectrum, with its scalar coefficient in the dark
ejecta settling around 20%. This may be due to the relatively flat spectrum of the Alais meteorite (except for the
3-pum band) or it could indicate the presence of exogenous carbonaceous material.

In summary, linear spectral unmixing cannot rule out the presence of residual
impactor material, but it cannot quantify its contribution either. However, an
upper limit for the contribution of carbonaceous exogenous material in this
area may be set at around 20%.

Name Type RELAB spectrum ID

3.4. Non-Linear Spectral Unmixing
Orgueil CIl1 bmrimt191
Alais CIl birlmt264 To address the limitations of linear spectral unmixing, we employed a non-
Murchison M2 birlmb064d1 linear spectral unml)flng approach b.ased on Hapke's the.ory (see Text S1 in

) ) Supporting Information S1 for details). To ensure consistency between the

Tagish Lake C2-ung birlmt025b . . - .

linear and non-linear methods, we utilized the same optimal spectral end-
METO01070 CM1 birlmt218

members previously identified through FCLS and MCMC, excluding

Note. The first column lists the meteorite names, the second column iden-
tifies their types, and the third column provides the corresponding RELAB
spectrum ID (https://pds-speclib.rsl.wustl.edu/).

ammonia ice, which was found to be a negligible contributor in the linear
model. Burkeite, on the other hand, is included because it exhibits negligible
abundance with the FCLS method but not with MCMC (Tables 2 and 3).
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Table 5 Additionally, we incorporated carbon dioxide (CO,) and hydrated sulfuric
Estimated Abundances in Regions of Interest Covering the Antum Crater acid (H,S0O,-8H,0), whose refractive indices are available in the literature or
Region Using Non-Linear Hapke Modeling can be retrieved.

CFl Je@ DEL I The non-linear spectral unmixing approach corroborates the distribution of
Water ice 409 376 209 253 333 356 water ice observed via spectral indices and linear unmixing methods, with the
Criom aheils 26 19 11 18 11 12 highest abundances located in the crater floor region (Table 5). Specifically,
Burkeite 07 05 18 0.6 24 19 CFl' i:xhlb1ts higher water ice abundance compared to CF?. Dark ejecta

. exhibit the lowest water ice abundance, whereas areas outside the Antum
Asphaltite 0.4 0.3 45 0.3 0.6 0.3 . .
crater show water ice levels comparable to those expected at equatorial lat-
Ammonium nitrate 71 6.1 6.1 6.8 73 8.6 itudes on Ganymede's trailing hemisphere (King & Fletcher, 2022).
Hydrohalite 255 229 320 315 258 364 . o . o .
. Among salts, hydrohalite exhibits the highest abundance, which is consistent
Bloedite 0.8 0.8 0.4 1.1 1.2 0.4 . . . .
with recent observations of local-scale regions of Ganymede (Tosi, Mura,
Hydrated sulfuric acid 0.8 0.6 23 15 12 12 et al., 2024), supporting the hypothesis of subsurface liquid extrusion
Black 208 291 299 262 272 13.0 following crater formation. The detection of ammonium nitrate suggests the
White 0.8 0.2 0.3 0.6 0.3 0.3 possible presence of ammoniated salts, although further analysis is needed to

Note. The associated uncertainties, derived from the MCMC corner plots,
are detailed in Table S3 of Supporting Information S1.

Table 6

Grain Sizes (in um) for Each Endmember as a Result of Non-Linear Spectral

Unmixing

confirm this hypothesis. Unlike the linear unmixing approach, non-linear
unmixing identifies carbon dioxide, as anticipated by spectral index anal-
ysis (Figures 5d and 7c¢). The resulting abundances are similar throughout the
different ROIs, confirming the lack of clear evidence for correlation with the
different terrain types (Hibbitts et al., 2003). Hydrated sulfuric acid is relevant in dark ejecta and distant regions,
suggesting that the terrain where Antum formed was exposed to exogenic influences long before the impact event.
The abundances of hydrated sulfuric acid in OR1 and OR2 are comparable to those reported in recent studies for
similar latitudes in Ganymede's trailing hemisphere (King & Fletcher, 2022). Furthermore, the abundances of
asphaltite, representing organic compounds, are lower compared to those obtained with the linear approach.

The estimated water ice grain sizes (Table 6) reveal notable differences between the crater floor and surrounding
regions. In CF1 and CF2, the grain sizes are larger than those in DE1 and DE2, which aligns with expected
distributions. Water ice grain sizes in CF1 and CF2 are approximately 2.5 mm, while in dark ejecta, the sizes are
slightly smaller (~1.7 mm). Other regions exhibit water ice grain sizes consistent with those expected for
equatorial latitudes on Ganymede (~2.2 mm) (King & Fletcher, 2022; Stephan et al., 2020).

In all ROISs, the grain sizes of CO, and hydrated sulfuric acid are much smaller than those of other endmembers
(Table 6). The small grain size of CO, may be attributed to the optical constants used in the simulations. Spe-
cifically, the refractive index for CO, ice (Soderblom et al., 2009) does not accurately represent its complexed
form on Ganymede, leading the model to minimize the grain size to best fit the observed 4.25-pm absorption
band. This effect is tied to the single-scattering albedo model for CO, ice, which reduces the characteristic double
minima of the CO, band at 4.27 pm for smaller grain sizes, thus aligning more
closely with the observed 4.25-pm band. A smaller grain size, on the order of
tens of microns, corresponds to a narrower absorption bandwidth, which
matches the observed spectral features. In contrast, larger grain sizes lead to a
broader absorption bandwidth and stronger double minima, resulting in sig-

Endmember

CF1 e DEl _ nificant deviation from the observed data (Figures 4 and 6). Hydrated sulfuric

Water ice

Carbon dioxide
Burkeite

Ammonium nitrate
Hydrohalite

Bloedite

Hydrated sulfuric acid

2,587
28
1,785
1,636
292
1,075
62

2,574
20
1,801
1,896
372
1,036
51

1,773 1,710 2,193 2,190 acid exhibits comparable behavior, likely reflecting the slow formation rate of
o1 17 17 2 exogenous compounds at equatorial latitudes (Ding et al., 2013). In all ROIs,
hydrohalite exhibits comparable grain sizes. Bloedite displays millimeter-

2,195 1299 1,644 1,850 .. . . Lo ..
scale grain sizes, except in ORI. Further investigation of the remaining

2475 753 1891 1,636 compounds is necessary, as their optical constants were modeled rather than

288 188 343 353 directly measured (Shkuratov et al., 1999).
1,395 1,374 471 1,140

Macroscopic surface roughness, modeled via Hapke's shadowing function
56 50 54 54

(Hapke, 1984), in principle could be linked to topographic relief. However, the

Note. Uncertainties are derived from corner plots and are provided in Table  Jarge uncertainties associated with these values, stemming from less infor-
S4 of Supporting Information S1.

mative priors, prevent any conclusions regarding topographic variability.
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4. Impact Modeling

We conducted a series of numerical simulations to model the bulk characteristics of the Antum crater on
Ganymede. These simulations were performed using the iSALE-2D shock physics code (Dellen version), orig-
inally developed by Amsden et al. (1980) and subsequently enhanced by several authors to simulate collisional
processes (e.g., Collins, 2014; Collins et al., 2004; Ivanov et al., 1997; Melosh et al., 1992; Wiinnemann
et al., 2006; Wiinnemann & Ivanov, 2003). iSALE has been extensively tested against laboratory experiments at
both low and high strain rates (Wiinnemann et al., 2006) and validated through comparisons with other
hydrocodes (Luther et al., 2022; Pierazzo et al., 2008; Stickle et al., 2020).

We ran multiple simulations to best reproduce the 25-km Antum impact structure, varying the projectile radius,
impact velocity, and target surface properties. Detailed descriptions of the iISALE-2D code and model setup are
provided in the Supporting Information S1, Text S2.

The impactor was assumed to have a bulk density of water ice (910 kg/m®). Based on impactor flux data within the
Jovian system, an average impact velocity of 20 km/s was adopted for Ganymede (McKinnon & Schenk, 1995;
Nesvorny et al., 2023; Zahnle, 1992, 2003). Additionally, two lower impact velocities were considered—15 km/s,
commonly used in previous numerical studies (e.g., Bjonnes et al., 2022; Bray et al., 2008; Silber & John-
son, 2017), and 10 km/s, to account for a potential slower impactor hitting Ganymede's trailing hemisphere, as
suggested by Hibbitts (2023) for DRCs.

The best-fit results were obtained with projectile radii of 600, 700, and 750 m for impact velocities of 20, 15, and
10 km/s, respectively, assuming a thermal gradient of 10 K/km. We also evaluated the effects of lower and higher
thermal gradients, consistent with the estimated range of surface heat flux from the formation of Ganymede's most
ancient terrains (60—80 mW/m?) to present-day values (~3—4 mW/m?) (Bjonnes et al., 2022).

Figure 12 presents a series of snapshots comparing crater formation at three different impact velocities. Figures
12a—12c show the initial configuration at O s. The transient cavity reaches its maximum volume at approximately
42, 43, and 37 s after impact for the 20, 15, and 10 km/s cases, respectively (Figures 12d—12f). These time steps
mark the end of the excavation phase. Following this, material ejected on ballistic trajectories is deposited around
the cavity, while the central part of the crater begins to uplift. The central uplift reaches its maximum height in
Figures 12g—12i, with the smallest elevation occurring in the 10 km/s case, and it then collapses. Oscillations of
the crater floor are evident from the deformation of the overlaid Lagrangian mesh.

The final crater morphologies are shown in Figures 12j—121. All three craters exhibit a subdued central peak and a
rim elevated approximately 0.5 km above the pre-impact surface for the 20 and 15 km/s cases. The rim is
significantly lower in the 10 km/s scenario.

As summarized in Table 7, the final crater diameters are approximately 25 km across all tests we carried out with
different combinations of projectile size and impact velocity. The crater depth reaches about 2.6 km at 20 km/s
and 15 km/s, decreasing to ~2.0 km at 10 km/s, yielding a depth-to-diameter ratio of ~0.08-0.10. The simulation
with 10 km/s also shows a modest region of elevated post-impact temperatures near the crater center, consistent
with findings by Bjonnes et al. (2022).

To account for differences in impact velocity and kinetic energy, we compared these cases using dimensionless
scaling parameters. Following established -group scaling approaches (see Supporting Information S1, Text S2),
we analyzed the relationship between crater dimensions and impact conditions using parameters that capture the
effects of gravity and material properties. A power-law fit to our data yields scaling constants that differ from
previous studies, likely due to variations in modeling approaches and thermal assumptions. Full definitions,
equations, and fitting details are provided in the Supporting Information S1, Text S2.

A more pronounced effect on cavity formation and final crater morphology was observed when varying the
thermal gradient, as shown in Figure 13. Holding impact velocity (20 km/s) and projectile radius (600 m) con-
stant, we tested models with thermal gradients of 5, 10, and 15 K/km. At the end of the excavation phase
(Figures 13d—13f), the transient cavity is larger for higher thermal gradients. The uplift of the crater floor is also
strongly influenced by this parameter. In the 5 and 10 K/km models (Figures 13g and 13h), the central peak fails to
reach the surface before collapsing. In contrast, the 15 K/km model (Figure 13i) shows a substantially larger
uplift, reaching approximately 1.5 km above the pre-impact surface.
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Figure 12. Snapshots from the Antum crater simulations, assuming impact velocities of 20 km/s (left column), 15 km/s (center column), and 10 km/s (right column). The
corresponding projectile radii are 600, 700, and 750 m. Each row represents a distinct stage of the impact process: (a—c) initial contact; (d—f) transient cavity formation;
(g-1) ejecta emplacement and peak uplift of the crater floor; and (j-1) final crater morphology. All panels display the temperature distribution during cavity formation. A

Lagrangian mesh is superimposed on the models.

Table 7
Summary of Best-Fit Simulation Results for Varying Impact Velocities

Best fit values

Symbol Definition 20 km/s 15 km/s 10 km/s
R, Projectile radius [m] 600 700 750

D, Crater diameter [km] 25.20 £ 0.95 25.34 £ 0.97 24.60 = 1.08
d, Crater depth [km] 2.61 £0.12 2.58 £0.14 1.95 £ 0.15
d/D Depth-to-diameter ratio 0.10 £ 0.01 0.10 = 0.01 0.08 = 0.01
H, Central peak height [km] 0.07 £ 0.12 0.00 = 0.14 0.07 £ 0.15

Note. Projectile radii range from 600 to 750 m for impact velocities decreasing from 20 to 10 km/s, respectively. All models

assume a thermal gradient of 10 K/km.
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Figure 13. Snapshots from the Antum crater simulation using an impact velocity of 20 km/s and a projectile radius of 600 m illustrate the influence of the thermal
gradient on the impact process. The three columns correspond to thermal gradients of 5 K/km, 10 K/km, and 15 K/km, respectively. Each row shows the same impact
stage: (a—c) initial contact; (d—f) transient cavity formation; (g—i) ejecta emplacement and initial uplift of the crater floor; and (j-1) final crater morphology. All panels
display the temperature distribution during cavity formation. A Lagrangian mesh is superimposed on the models.

The final crater morphologies (Figures 13j—131), shown after several hundred seconds and without ac-
counting for post-impact viscous relaxation, reveal no fully developed central peak in any case. Similar
results were reported by Bjonnes et al. (2022) for 25 km-scale craters, suggesting that this crater size lies
near the morphological transition where peak formation becomes suppressed. The absence of a prominent
central peak may be explained by the fact that the Antum crater lies near the so-called “Transition II”
regime, where an inverse trend in depth-to-diameter ratio occurs with increasing crater size (Bjonnes et al.,
2022; Schenk, 2002).

As also noted by Bjonnes et al. (2022), the final structure formed in the model with a 15 K/km gradient is notably
shallower than those with lower gradients. The depth-to-diameter ratio trends, summarized in Figure 14, show a
clear inverse correlation with thermal gradient: crater depth decreases as the thermal gradient increases (from blue
to red in Figure 14).

We next investigated the influence of target layering on the final crater morphology. Figure 15 shows four
simulations with varying thicknesses of an upper porous ice layer (yellow), overlying a non-porous substrate (pale
blue). To isolate the effects of layering, all other parameters were held constant: projectile radius of 600 m, impact
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Figure 14. Depth-to-diameter ratios as a function of crater diameter for different impact velocities. Colors indicate the
thermal gradients used in the simulations: blue for 5 K/km, green for 10 K/km, and red for 15 K/km.
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Figure 15. Snapshots of crater formation under varying upper porous layer thicknesses (02 km), with fixed impact velocity (20 km/s), projectile radius (600 m), and
thermal gradient (10 K/km). Yellow indicates porous ice (upper layer); pale blue indicates non-porous ice (lower layer). Each column represents a different layer
thickness. Each row corresponds to a stage in the cratering process: (a—d) initial contact; (e-h) transient cavity formation; (i-1) ejecta deposition and maximum central

uplift; and (m—p) final crater morphology. A Lagrangian grid is overlaid on the models.
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Figure 16. Depth-to-diameter ratios as a function of crater diameter for layered target models. Colors indicate the thermal
gradients used: blue for 5 K/km, green for 10 K/km, and red for 15 K/km.

velocity of 20 km/s, and a thermal gradient of 10 K/km. These settings correspond to the best-fit conditions for the
homogeneous case (0 km porous layer) shown in the first column of Figure 15.

Crater evolution remains generally consistent across the four cases, with the most noticeable differences arising in
the ejecta distribution. For thinner porous layers (0.5 and 1 km; Figures 15j and 15k), the non-porous basement
contributes significantly to the ejecta, which blankets the porous surface layer. In contrast, thicker porous layers
result in a two-component ejecta curtain: non-porous material becomes increasingly confined to the inner crater
and rim areas (Figure 15p), while the porous ice dominates the ejecta beyond the rim.

The presence of an upper porous layer produces at most a ~10% variation in the final crater diameter. The depth-
to-diameter ratio changes by approximately two percentage points and follows the same general trend observed
with varying thermal gradients (Figure 16): deeper craters form under lower thermal gradients, while higher
gradients result in shallower final structures.

Finally, we examined the role of surface cohesion in crater development. Figure 17 compares the final crater
topographies for different cohesion values. In stronger targets (cohesion Y, = 500 kPa, see Supporting Infor-
mation S1, Text S2), craters are deeper and exhibit a bowl-shaped morphology, with no central peak formation
except in the case of high thermal gradients (red dashed line in Figure 17).

Crater Depth [km]

A B VT=5Kkm ~— —— Y,=10 kPa
A=z ====g=Ze- mm vT=10 K/km === Y4=500 kPa
. yT=15 K/km

0 5 10 15 20
Crater Radius [km]

Figure 17. Comparison of final crater topographies for simulations with different thermal gradients and surface cohesion
values. All cases used a projectile with a radius of 600 m and an impact velocity of 20 km/s.
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5. Discussion

The study of Antum crater on Ganymede unveils a multifaceted narrative of impact dynamics, compositional
evolution, and geological interplay, rooted in the synthesis of high-resolution spectral data, numerical simula-
tions, and stratigraphic mapping. At its core, the crater's formation—modeled through iSALE-2D simulations as
the result of a hypervelocity impact by a 600—750 m water ice projectile traveling at 20—10 km/s—highlights the
unique rheology of Ganymede's ice-dominated crust. The presence of a porous upper layer (0-2 km thick)
critically controls crater morphology and ejecta characteristics: thinner layers allow excavation of denser, non-
porous substrates, while thicker layers produce ejecta dominated by disaggregated porous ice. The shallow
morphology (depth/diameter ~0.10) and the absence of a prominent central peak reflect the “Transition II”
between complex and anomalous craters (Schenk, 2002) in the case of low-cohesion targets like Ganymede,
likely comprising a mixture of water ice and unconsolidated regolith. This porous structure, inferred from both
simulations and spectral data, explains the finer grains observed in the dark ejecta, which originated from the
mechanical breakdown of the friable upper layer during impact.

Geologic mapping reveals an asymmetric ejecta distribution, with dark-rayed material extending northwestward,
indicative of a southeast-to-northwest impact trajectory. This directional bias aligns with spectral detections of
non-ice contaminants in specific regions, materials likely scavenged from Ganymede's pre-impact surface and
redistributed during the ballistic emplacement phase. The porous layer's role as a reservoir for volatiles is evident
in the retention of complexed CO, and hydrated salts within the ejecta, shielded from sublimation by the over-
lying regolith until excavated. The contrast between the crater floor's pristine, coarse-grained ice (1-3 mm) and
the ejecta’s fine-grained, contaminant-rich material underscores the crater's role as a geological window: impacts
excavate shielded subsurface volatiles while scattering and mixing surface contaminants, creating a composi-
tional dichotomy that encodes both the target's internal structure and its surface history.

The spectral data from Galileo/NIMS provided detailed insights into the post-impact processes on Antum's floor
and ejecta. The crater floor's deeper 2-pm water ice absorption bands and minimal contaminants signal the
exposure of ancient, radiolytically shielded ice, preserved by Ganymede's intrinsic magnetic field. In contrast, the
dark ejecta's subdued ice bands and hydrated salt signatures—coupled with a 2-pm band shift to shorter
wavelengths—imply contamination by pre-existing surface materials, including hydrated carbonaceous com-
pounds and endogenous salts. These salts, such as hydrohalite (NaCl-2H,0), may originate from brines mobilized
by impact-induced heating of the porous layer, suggesting transient aqueous activity in the crater's aftermath. The
detection of complexed CO, and hydrated sulfuric acid in distal regions further points to a volatile-rich subsurface
environment, where impacts act as catalysts for both exposing and altering chemical inventories. In ejecta, the
spectral similarity of ammonium nitrate introduces intriguing questions about the presence of ammoniated
compounds on Ganymede and their source. Residual measured-minus-modeled spectra do not rule out the
presence of carbonaceous material, which could represent a remnant of the impactor body. However, an alter-
native possibility is that this material was already present in the dark terrain, concentrated in the uppermost
surface lag due to prolonged micrometeoritic bombardment (Hibbitts, 2023; Stephan et al., 2025), particularly
given that Antum is located within the dark, ancient Marius Regio. The persistence of water absorption bands
suggests the continued presence of hydrated phases, implying an upper limit of ~20% for any exogenous,
carbonaceous contribution.

Geologically, Antum's formation is superimposed on a terrain shaped by tectonic resurfacing and prior impacts.
The Tiamat Sulcus, with its grooved (sT) and smoother peripheral units (sT1), represents a pre-existing tectonic
framework that influenced ejecta deposition patterns. The dark ejecta blanket obscures ancient concentric rings
and palimpsest-like features, suggesting that Antum's event reset the regional geological record, while in-
teractions with the sulcus's topography hint at syn-impact stress redistribution or post-impact readjustment. The
discontinuous bright patches (rt3 facies) within the ejecta may represent localized frost deposition or volatile
retention, offering clues to microenvironments where transient sublimation-condensation cycles persist. This
dynamic resurfacing narrative is further complicated by the detection of hydrated sulfuric acid (H,SO,-8H,0) in
distal regions, a compound typically linked to exogenic radiolysis of sulfur implanted by Jovian magnetospheric
particles. Its presence in ejecta implies that Antum's impact occurred on terrain already processed by Ganymede's
radiation environment, with the event itself redistributing and possibly modifying these exogenous compounds.

The broader implications of this study extend beyond Ganymede, offering a template for understanding impact
processes on ocean worlds. The composition and physical characteristics of the ejecta are consistent with a two-
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layer structure, in which the upper layer is porous, influencing the crater morphology and the distribution of the
ejected material. The excavation of subsurface ice and the mobilization of brines at Antum mirror hypothesized
processes on Europa and Enceladus, where impacts could breach icy shells to release subsurface materials. The
dark-rayed ejecta's compositional signature parallels impact features on other icy bodies, suggesting universal
mechanisms of impact-driven surface alteration. Furthermore, the detection of chloride and potentially ammo-
nium salts in ejecta raises astrobiological questions: could impact-induced heating create transient habitable
niches by mobilizing brines, or facilitate redox chemistry through the introduction of reactive nitrogen species?
While speculative, these are hypotheses for the JUICE mission to test, and underscore the need to view impacts
not merely as destructive events but as potential enablers of chemical complexity.

Methodologically, the study's integration of spectral unmixing with impact modeling exemplifies the power of
interdisciplinary approaches. The FCLS and MCMC linear unmixing models, while effective in identifying
hydrated salts and organics, struggle to resolve complexed CO,—a limitation overcome by Hapke's radiative
transfer model, which accounts for intimate mixing of ices and contaminants. This methodological synergy not
only refined the detection of CO, but also highlighted the pitfalls of assuming linear mixing in icy regoliths, where
scattering effects dominate. Similarly, the numerical simulations' reliance on m-group scaling laws revealed
discrepancies with prior Ganymede models, emphasizing the need to recalibrate scaling parameters for icy targets
with variable porosity and thermal gradients.

The scientific case of the Antum crater epitomizes the dual nature of impacts on icy moons: destructive yet
revelatory, chaotic yet systematic. By excavating pristine subsurface ice, redistributing surface contaminants, and
potentially mobilizing brines, Antum's formation encapsulates the dynamic processes that shape icy world sur-
faces. This study offers a comprehensive understanding of how both the physical and chemical properties of
Ganymede's surface were modified during and after the impact event that formed the Antum crater. Our approach
connects the observable compositional diversity—such as the differences in water ice and the presence of salts
and hydrated compounds—to the impact processes and their aftermath. By synthesizing geological, spectral, and
modeling data, this work underscores the complexity of the processes that shaped Ganymede's surface and its
geological history, contributing to a deeper understanding of the icy moons of the outer Solar System.

6. Future Implications for JUICE

The exploration of Antum Crater by JUICE's suite of remote sensing instruments—JANUS, MAJIS, UVS, RIME,
GALA, and SWI—will unlock a transformative understanding of this complex impact feature, revealing the
interplay between surface morphology, subsurface structure, and chemical evolution on Ganymede. Each in-
strument brings unique capabilities, but their true power lies in their synergies, enabling a multi-layered, inter-
disciplinary approach to studying Antum.

JANUS, the high-resolution optical camera (Palumbo et al., 2025), will map the crater's rim, walls, floor, and
asymmetric ejecta blanket at resolutions better than 10 m/pixel, providing the foundational context for all other
observations. Further ROIs, such as bright patches within the ejecta, could be revealed, which may represent
localized frost deposition or volatile retention. These high-resolution images will also allow deriving Digital
Elevation Models (DEMs) essential for correcting surface clutter in RIME's radar data, ensuring accurate sub-
surface profiling. By overlapping its spectral range with MAJIS's hyperspectral capabilities, JANUS will enable
the identification of compositional units at finer spatial scales, linking surface materials to their geological
context. For example, the contrast between the pristine ice on the crater floor and the contaminant-rich ejecta can
be mapped in detail, revealing how it impacts redistribute and mix materials on Ganymede's surface.

MAIIS, the visible and infrared imaging spectrometer (Poulet et al., 2024), will decode the compositional
complexity of Antum's floor and ejecta, detecting hydrated salts (e.g., hydrohalite, bloedite), complexed CO,,
sulfuric acid hydrate, and possibly ammoniated salts. Its hyperspectral data will complement JANUS's imagery by
mapping these compounds at sub-100 m scales, particularly in regions where dark ejecta's spectral signatures
correlate with fractures or bright patches observed by JANUS. MAIJIS's potential detection of ammoniated salts
could raise astrobiological questions: are these compounds a relic of impact-driven brine chemistry, or do they
hint at endogenous nitrogen cycling? To answer this question, MAJIS will work in tandem with UVS, the JUICE
Ultraviolet Spectrograph nearly twin of its counterpart on Europa Clipper (Retherford et al., 2024), which can
detect radiolytically altered compounds like H,SO, and O5. UVS's far-UV spectra could help map the distribution
of sulfur and ammoniated species across the crater. If Antum's floor shows less H,SO, than ejecta, it implies the
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impact exposed ancient, radiolytically shielded ice—supporting the hypothesis that Ganymede's magnetic field
preserves subsurface chemistry. UVS's observations will also complement PEP's neutral gas measurements (Fohn
et al., 2021), revealing whether Antum's ejecta contributes to Ganymede's tenuous atmosphere.

RIME, the radar instrument (Bruzzone & Croci, 2019), will penetrate Ganymede's ice shell to depths of a few km,
providing a unique view of Antum's subsurface structure. Its radargrams will reveal the stratigraphy beneath the
crater, including layers of porous ice, fractured regions, or brine pockets mobilized by the impact. Notably,
Antum's location on the anti-Jovian side of Ganymede at low latitudes favors shielding from Jupiter's intense
radio noise, improving the signal-to-noise ratio for RIME observations. However, RIME's success in Antum's
rough terrain also depends on high-resolution topographic data from JANUS and GALA to correct for surface
clutter and isolate subsurface signals. If MAJIS detects surface salts linked to brines, RIME could target those
regions to seek dielectric anomalies, potentially confirming Antum's impact as a conduit for subsurface-ocean
material. This synergy between surface composition (MAJIS) and subsurface structure (RIME) will test the
hypothesis that impacts mobilize Ganymede's subsurface ocean, creating transient habitable niches.

GALA, the laser altimeter (Hussmann et al., 2025), will provide precise topographic measurements of Antum
Crater and its surroundings, generating high-resolution DEMs that enhance the interpretation of JANUS's images
and RIME's radar data. By studying the relationship between Antum's ejecta and pre-existing tectonic features
such as Tiamat Sulcus, GALA will clarify how the impact interacted with Ganymede's crust. Its global mapping
of Ganymede will also place Antum in a broader geological context, aiding in the understanding of regional
resurfacing processes and the moon's thermal evolution. The resolution of GALA's terrain models, influenced by
profile spacing, ranges from a few hundred meters at the poles to several kilometers at the equator, affecting the
DEM detail (Tosi, Roatsch, et al., 2024). GALA's ice shell thickness estimates, derived from tidal flexure models,
will contextualize RIME's subsurface profiles, revealing whether Antum's shallow depth is anomalous or part of a
broader pattern linked to Ganymede's porous crust.

SWI, the Submillimeter Wave Instrument (Hartogh & SWI Team, 2023), will measure surface temperatures on
Ganymede to depths of a few millimeters, providing valuable data on thermal inertia and surface composition. By
observing in both 600 and 1,200 GHz channels, SWI will offer insights into the vertical variation of thermal
properties, helping to distinguish between surface materials such as ice, salts, and other compounds. These
measurements will also enable the estimation of the surface's emissivity, which is crucial for understanding
properties such as porosity and grain size. Combined with temperature data, SWI will clarify how temperature
influences the deposition and retention of volatiles such as water ice and CO,, and reveal structural characteristics
of the surface. Additionally, SWI's data will complement JANUS and MAIJIS observations, enhancing our un-
derstanding of surface composition and supporting the interpretation of subsurface structures observed by RIME.

The combined use of these instruments will enable a multi-sensor approach to studying the Antum Crater,
transforming isolated data sets into a cohesive narrative of impact-driven surface-subsurface exchange. This
interdisciplinary approach will not only advance our understanding of Antum Crater but also provide a template
for studying other ROI on Ganymede and beyond. Indeed, by integrating data from JANUS, MAIJIS, UVS, RIME,
GALA, and SWI, JUICE will ultimately reveal the connections between surface features, subsurface processes,
and chemical evolution on icy moons, ultimately contributing to the mission's overarching goal of assessing the
habitability of Ganymede and other ocean worlds. Through this synergistic exploration, Antum Crater will serve
as a microcosm of the dynamic processes that shape icy moons, offering insights into impact mechanics, brine
mobilization, and the potential for life beyond Earth.
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Erratum

The originally published version of this article omitted the notes from Tables 5 and 6. The following note has
been added at the end of Table 5: “The associated uncertainties, derived from the MCMC corner plots, are
detailed in Table S3 of Supporting Information S1.” The following note has been added at the end of Table 6:
“Uncertainties are derived from corner plots and are provided in Table S4 of Supporting Information S1.”
This may be considered the authoritative version of record.
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