JGR Planets

RESEARCH ARTICLE
10.1029/2023JE007836

Key Points:

e We focus on the Nippur Sulcus region
on Ganymede to perform a detailed
geological and compositional analysis
of this region

e Nippur's grooves have a composition
similar to that of small fresh craters
and may penetrate 125-135 km into
the icy crust

e To reveal potential links between the
surface and subsurface liquid pockets,
clutter-induced noise must be treated
adequately in radar data

Correspondence to:

F. Tosi,
federico.tosi @inaf.it

Citation:

Tosi, F., Galluzzi, V., Lucchetti, A.,
Orosei, R., Filacchione, G., Zambon, F.,
et al. (2023). Multidisciplinary analysis of
the Nippur Sulcus region on Ganymede.
Journal of Geophysical Research:
Planets, 128, €2023JE007836. https://doi.
org/10.1029/2023JE007836

Received 22 MAR 2023
Accepted 11 JUL 2023
Corrected 4 AUG 2023 and 31 JUL 2024

This article was corrected on 4 AUG
2023 and 31 JUL 2024. See the end of the
full text for details.

Author Contributions:

Conceptualization: Federico Tosi
Formal analysis: Valentina Galluzzi,
Alice Lucchetti, Roberto Orosei, Gianrico
Filacchione, Francesca Zambon

Funding acquisition: Federico Tosi
Investigation: Valentina Galluzzi, Alice
Lucchetti, Roberto Orosei, Gianrico
Filacchione, Francesca Zambon
Methodology: Federico Tosi, Valentina
Galluzzi, Alice Lucchetti, Roberto Orosei,
Gianrico Filacchione, Francesca Zambon
Project Administration: Federico Tosi
Software: Roberto Orosei

Supervision: Federico Tosi

© 2023 The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

ok

Multidisciplinary Analysis of the Nippur Sulcus Region on
Ganymede

, Roberto Orosei® (),
, Gabriele Cremonese? (), Pasquale Palumbo!

Federico Tosi' (), Valentina Galluzzi' ', Alice Lucchetti?
Gianrico Filacchione! (), Francesca Zambon!
Giuseppe Piccioni!

,and

'INAF-IAPS, Roma, Italy, 2INAF-OAPd, Padova, Italy, JSINAF-IRA, Bologna, Italy

Abstract oOnJ upiter's largest moon Ganymede, we focus on the southern region of Nippur Sulcus,
including the Epigeus palimpsest crater. This region displays geologically recent terrains and has good coverage
of optical and near infrared remote sensing data, primarily returned by the NASA Galileo mission. We first use
high-resolution optical imagery to carry out a detailed geological mapping. We combine hyperspectral data

to infer the surface composition of this area. We then apply two theoretical models. The first is a self-similar
clustering that uses the mapping of the grooves present in this region to infer the thickness of the ice shell. A
second model is used to estimate the radar clutter noise induced by the estimated local topography, which is key
for constraining future radar measurements. Based on all findings, we provide a possible evolutionary history
of the Nippur Sulcus and Epigeus areas. This exercise shows the potential of an interdisciplinary data analysis
combining wide-ranging scientific objectives such as geology, surface composition, and geophysics in view of
the future close exploration that will be conducted on Ganymede by the JUICE spacecraft. Our work combines
multiple analysis techniques that could be applied to other regions of interest and will prove crucial when
JUICE data become available.

Plain Language Summary On Jupiter's largest moon Ganymede, we focus on the region of Nippur
Sulcus, including the Epigeus palimpsest crater covered by optical and near infrared remote sensing data
acquired in the past by the NASA Galileo mission, to carry out a detailed geological and compositional analysis
of this region. We then apply two theoretical models focusing on the estimation of the grooves' depth and on
the radar clutter noise induced by the local topography to show how an in-depth analysis combining geology,
surface composition, and geophysics could achieve a broader understanding of a given region of interest.

For high-priority regions of interest to be studied by JUICE in detail, such a multidisciplinary analysis could
ultimately reveal connections between the surface and fluid subsurface.

1. Introduction

We present a study aimed at emphasizing the combination of data returned by multiple remote sensing instru-
ments. The study we conduct here uses both the best data currently available for Ganymede, that is, those returned
by the NASA Galileo mission (Johnson et al., 1992) that operated in the Jupiter system in the period 1995-2003,
and simulations of the interior of the satellite, which are still unexplored. We focus on the Nippur Sulcus region of
Ganymede for the following four reasons: (a) it was well covered by optical and near infrared remote sensing data
from the Galileo mission, (b) it displays different terrain categories, including those representative of geologically
recent areas, (c) it is located at low-to-moderate latitudes and as such it should be quite shielded by the intrinsic
magnetic field of Ganymede against exogenous effects on the observed composition, and (d) it is located in the
anti-Jovian hemisphere, which is optimal for future direct observation by ice penetrating radars.

In Section 2, we discuss the geologic context of the Nippur Sulcus region based on past geological mapping
and show the current coverage of optical and infrared remote sensing data returned by the Galileo mission. In
Section 3, we discuss the surface composition of the Nippur region as inferred by infrared reflectance spec-
troscopy. In this regard, the resolution of spectroscopic data acquired by the Galileo mission can highlight the
abundance of water ice versus non-ice material and characterize the grain size of water ice, although it is insuf-
ficient to unambiguously discriminate non-ice compounds and organic compounds, a goal which is left to future
exploration. In Section 4, we model the Nippur region from a geophysical point of view, using a relationship that
links the length and depth of the extensional faults (“grooves”), which are typical features on Ganymede, with
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the aim of quantitatively estimating the thickness of brittle ice in the outer crust and the depth at which the ocean
might be found. In Section 5, we focus on modeling the distortion (“clutter”) in the signal measured by an ice
penetrating radar like Radar for Icy Moon Exploration (RIME) onboard JUICE. To this end, since there are no
topographic models derived from stereo pairs in the Nippur Sulcus region, we first create a synthetic topographic
model starting from the available high-resolution optical imagery and then we simulate the defraction of radar
waves due to the rough surface, a technique which was already successfully tested on Mars. Finally, in Section 6
we comment on the results as a whole and in Section 7 we discuss the potential implications of a joint analysis
of the remote sensing data that the ESA JUICE mission may obtain in the future on specific regions of interest
of Ganymede such as this one.

2. Geological Setting
2.1. ROI Description

The Region Of Interest (ROI) between 167.4°-193.5°E and 16.8°-38.2°N (Figure 1) is dominated by the south-
ern part of NNW-SSE trending Nippur Sulcus that separates the Galileo Regio to the east from the northern part
of Marius Regio. The southern central area of the ROI is characterized by the 350-km-wide Epigeus palimpsest
crater that marks the transition between Nippur Sulcus and the northern 500-km-wide part of Uruk Sulcus to the
south. Uruk Sulcus further branches to the west with the 150-km-wide NW-SE trending Mashu sulcus, which in
turn separates the northwestern dark terrain area from Marius Regio to the southwest.

Previous studies propose geological analyses of the area based either on Voyager imagery (Figure 2a, Guest
et al,, 1988; Murchie & Head, 1989; Underwood et al., 1997) or Voyager/Galileo imagery (Figure 2b,
Collins et al., 2013; Patterson et al., 2010). The Voyager-based geological mapping campaign consists of a
1:5,000,000-scale quadrangle geological map series. The ROI here analyzed is located at the boundary of three
different quadrangles: (a) the Uruk Sulcus quadrangle (Jg-8, Guest et al., 1988); (b) the Philus Sulcus quadran-
gle (Jg-4, Murchie & Head, 1989); and (c) the Galileo Regio quadrangle (Jg-3, Underwood et al., 1997). These
maps offer high mapping detail of craters with diameters as small as 10 km and, although released in a time span
of almost 10 years, show a good match of contacts and units between the quadrangle boundaries (Figure 2a).
Conversely, the Voyager/Galileo-based global geological map of Ganymede (Collins et al., 2013; Patterson
et al., 2010) offers a uniform 1:15,000,000-scale regional view of the area and high facies detail within the sulci,
although less detail is present for other features such as craters (Figure 2b).

These maps show that the Epigeus crater palimpsest overlaps and mantles the surrounding terrains (see also
Jones et al. (2003)), thus being the youngest feature of its size in this area that will be hereafter referred to as the
“Epigeus ROL.”

To fully characterize the Epigeus ROI, we conduct a new geological investigation of the area that considers the
previous geological maps and unifies the geological interpretation from separate works (Collins et al., 2013;
Guest et al., 1988; Jones et al., 2003; Murchie & Head, 1989; Patterson et al., 2010; Underwood et al., 1997).

2.2. Data and Methods

We use the controlled global Ganymede mosaic at 359 m/pixel from Voyager and Galileo images as the main
reference basemap (Kersten et al., 2021) and higher resolution Galileo Solid-State Imaging (SSI) frames (Belton
etal., 1992). SSI frames were processed with the planetary image processing Integrated Software for Imagers and
Spectrometers v3 (ISIS3) of the United States Geological Survey (USGS). These map-projected frames were then
further georeferenced manually with the ArcMap software to precisely match the reference basemap (which is
slightly offset with respect to the previous basemaps) at the pixel scale (Figure 1). The image frames have a spatial
resolution of 90 m/pixel (5481r-5521r), 189 m/pixel (2400r), and 935 m/pixel (7800r). The lowest resolution
frame has been included because it offers slightly different illumination conditions that favor the morphological
interpretation of the terrains (i.e., SSI frame 7800r has higher solar incidence angles with respect to the basemap).

We follow the USGS planetary mapping guidelines (Skinner et al., 2018) and use the Federal Geographic Data
Committee recommended symbology for planetary geologic maps. The linework is done at a mapping scale
of about 1:1,000,000 to be consistent with a readable output scale at 1:5,000,000, which is comparable with
the Voyager geological maps that hitherto offer the highest map-scale available (Guest et al., 1988; Murchie &
Head, 1989; Underwood et al., 1997).

TOSIET AL.

20f24

95UB017 SUOLULLIOD AR 3(ed! (dde au) Aq pauA0B 812 Sao 1L YO 9SN JO SaIN1 10} AT BUIIUO AB]IAA UO (SUONIPUOD-PUE-SWLB) LY AB | IM" Afeq1Bu1|uO//SANY) SUONIPUOD PUe SWe 1 84} 88S * [#202/0T/ST] Uo ARiqiauliuo AS(IM ', IBP €ZUSIS 1p 0IMIS| |1 dNOXSD ¥ND Ad 988/0030E202/620T 0T/10p/w0d A8 M Aseiq1puljuo'sgndnBe//sdiy woly pepeojumoq ‘2 ‘€202 ‘00T669TZ



Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2023JE007836

170°E

T170°E 175°E

w2 S 20
180° 175°W 170°W

Figure 1. (a) Controlled global Ganymede mosaic (Kersten et al., 2021) showing the Epigeus Region Of Interest (ROI) location and (b) overview of Epigeus ROI
main features and available data set (basemap in panel (a)) is shown with 50% transparency. The colored outlines indicate the location of available Solid-State Imaging
footprints (magenta) and Near Infrared Mapping Spectrometer footprint (green).

In our geological investigation, we adopt a pure morpho-stratigraphic method by identifying geological units
based on their brightness/color and texture (what is sharper and brighter is generally younger than what is darker
and has no sharp edges). Following this approach, we classify crater materials into three degradation classes (c/
to ¢3, from most degraded to freshest craters), consistent with all previous studies. Crater palimpsest units were
treated separately to enhance their stratigraphic position with respect to other crater materials, which is consist-
ent with previous studies. We adopt three kinds of geological contacts (certain, approximate, and concealed)
and several linear features describing the apparent morphological features. Troughs and ridges within the sulci
were only drawn where these are more prominent, avoiding cluttering the figure by drawing every single groove
visible in the basemaps. A more detailed structural mapping of Nippur Sulcus grooves is treated separately in
Section 4.

-170°W

Figure 2. Geological maps of the Epigeus Region Of Interest: (a) Reprojected quadrangles of the Voyager-based geological mapping campaign of Jg-4 (left, Murchie
& Head, 1989), Jg-3 (right, Underwood et al., 1997), and Jg-8 (bottom, Guest et al., 1988); (b) Voyager/Galileo-based global geological map of Ganymede (Collins

etal., 2013).
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Geological Map of the Epigeus ROI

Legend
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Figure 3. Geological map of the Epigeus Region Of Interest in an equidistant cylindrical projection centered at 0°N and 180°E (see the scalebar for distance variability
across latitudes). Units are shown with 40% transparency over the Ganymede controlled basemap (Kersten et al., 2021).

2.3. Geological Mapping

The geological map in Figure 3 displays crater materials and three kinds of geological units divided into sulcus
units, palimpsest units, and terrain units. The oldest units are represented by dark terrains (df), often characterized
by subdued concentric ring structures (dtr). Where the ring structures are more prominent (i.e., Galileo Regio),
these are indicated by a separate unit (7). A small portion of dark terrain encompassed between narrow grooved
bands is characterized by several systematic fractures and was distinguished as a separate unit (dzf). Sulcus units
were located on the basis of their morphology, color, and groove direction. The oldest part of the sulci present
in the area appears bright yet subdued and poorly grooved (sd). The sulcus branches propagating in dark terrains
with dark and narrow grooved bands were considered as a separate unit (sdg). Sulcus portions showing irreg-
ular patterns of grooves were divided into separate facies depending on their location and relative age. In fact,
the irregularly grooved Uruk facies (sigU) appear morphologically older than the corresponding Nippur facies
(sigN). Sulcus portions that appear more systematically grooved (i.e., sets of parallel grooves that propagate for
large distances) were also divided into facies based on their location and morphological relative age appearance.
The systematically grooved Uruk facies (ssgU) is older than the Nippur facies (ssgN) that looks in turn older than
the Mashu facies (ssgM). The portions of the sulci where grooves are rarer, less prominent, isolated, or absent,
yet appear morphologically smooth and fresh, were mapped as a separate unit (ss).

The mapping area encompasses two palimpsests, one of which is very old and subdued; therefore, it is considered
as a “pI” palimpsest crater. This is characterized by slightly lighter inner plains (p,i) and outer concentrically
fractured plains (p,0) that blend over the dif unit. The second and youngest palimpsest is Epigeus that, at this
mapping scale, could be distinguished into fractured central plain facies (pEc), inner plain facies (pEi), ringed
facies (pEr), and proximal deposit facies (pEp), where “facies” indicate further subdivision of what past works
considered as a single unit. Differences between this classification and the high-resolution classification by Jones
et al. (2003) mostly depend on the chosen mapping scale that had to be coherent throughout the mapped ROI,
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Figure 4. Comparison between Galileo/Near Infrared Mapping Spectrometer (NIMS) data and the geological units. (a) Galileo NIMS g7g009ci image rendered with
colors R: 4.26 pm (corresponding to the strongest signature of trapped/complexed CO,); G: 2.02 pm (corresponding to a strong signature of water ice); B: 1.21 um
(near IR continuum) georeferenced onto the reference basemap by Kersten et al. (2021) with overlapped contacts from the geological map in Figure 3; (b) portion of the
geological map in Figure 3 (refer to the same figure for the legend).

although we also considered the 90 m/pixel 5481r to 5521r SSI frames partially covering the palimpsest to locate
the pEc facies. Moreover, different from the past geological maps, here we highlight the young stratigraphic
position of Epigeus by mapping also the distal deposit unit characterized by numerous secondary craters (pEd)
mantling the underlying sulcus units.

3. Comparison With Galileo/NIMS Data and Spectral Analysis

We compared our geological map with the Galileo Near Infrared Mapping Spectrometer (NIMS) (Carlson
et al., 1992) hyperspectral image gg009ci, calibrated in units of radiance factor (I/F) and spanning the spectral
range from 0.7 to 5.2 pm, with an average spectral sampling of 25 nm at wavelengths longward of 1 um. This
image covers the southern region of Nippur Sulcus including part of the Epigeus crater at a spatial resolution of
6.7 km/pixel, which is much coarser than the optical basemap. In this hyperspectral image, we first set up a color
composite using wavelengths diagnostic of specific compounds (R: trapped/complexed CO, at 4.26 pm, G: H,0
ice at 2.02 um, and B: spectral continuum at 1.21 pm). We observe that the dark terrain units (dt, dtr) correspond
to redder colors, while sulcus units correspond to dark blue to purple colors (see Figure 4). Small craters such as
the ¢2 crater to the northeast also correspond to bluer colors, hence exhuming an ice phase more similar to the
sulcus units. The palimpsest inner and outer facies (pEc, pEi, pEr, pEp) correspond to cyan-to-green hues that
are well distinguishable from pEd, which, in the NIMS data, are noisier and more mixed with the underlying
unit colors. The concealed contact with the east, indicating the boundary between Nippur Sulcus and the darker
terrains to the west, is covered by a thin layer of pEd. NIMS data highlight this contact by showing orange colors
to the west of it, also likely due to the overlap of pEd on plo. The young c3 crater to the south corresponds to a
bright blue area. The crater excavates the palimpsest center that in turn lies on top of Nippur Sulcus. This is hence
a heavily fractured and highly permeable zone where the NIMS data likely highlight a water-rich phase area. By
comparison with the dark blue c2 crater to the northeast, being this ¢3 crater the youngest feature in the area, we
can assess that bright blue colors correspond to fresher water-rich areas than the dark-blue ones.

Using the whole spectral range of this hyperspectral image, we carried out a spectroscopic analysis aimed at
determining the surface composition and some physical properties of the material which makes up the surface
regolith. To do so, we first rely on indicators widely used to study the composition and physical properties of
water ice-rich surfaces (Filacchione et al., 2012):

¢ IR slope: computed as the best fit line on the spectral continuum between 1.11 and 2.25 pm, it is mainly corre-
lated with water ice grain size and amount of nonice material.
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Table 1 e 2-pm water ice band depth (BD): derived according to Clark (1999), it is
IR Slope and IR Ratio for Pure Granular Water Ice as a Function of Grain the main indicator of water ice abundance with dependence on grain size
Size (Table 3 From Filacchione et al. (2012)) distribution and phase angle. However, the hydrated nature of the nonice
St S . 1/F(3.6 um) material can contribute to the depth of the 2-pm band as well.
rain diameter (wn) Lu1-22s (W) [/F1&2um o The IR ratio between I/F measured at 3.6 and I/F measured at 1.82 pm is
10 -0.125 0.406 a marker for water ice grain size.
30 —0.191 0232 For pure granular water ice, the IR slope and IR ratio values as a function of
o —0.225 0.164 the grain size distribution are known quantities (Table 1).
80 -0.257 0.116 5 s b Ny - - |
ecause this erspectral image was acquired at a given phase angle, we
100 —-0.191 0.096 persp & d g P &

-0.40

-0.35 -0.30
IR slope (1/micron)

-0.25

applied no photometric correction, while normalized spectra are sufficient to
minimize illumination effects due to local morphology/topography. Individ-
ual spectra were then normalized at 0.8 pm before computing spectral indi-
cator values. The results obtained using this method are shown in Figure 5.

The IR slope (Figure 5a) is always negative, running in the —0.45 to —0.21/pm range. The minimum value of
the slope is remarkably lower than the values reported in Table 1 probably due to the presence of contaminant
species. The IR slope distribution appears anticorrelated with the albedo features, reaching maximum values in
the dark terrain units to the east and minimum ones in the bright ¢3 crater material overlapped to the Epigeus
palimpsest as well as in ¢2 crater material to the west.

Different from the IR slope, the 2-pm BD distribution (Figure 5b) is strongly correlated with albedo, resulting in
higher values in bright material and lower in the dark terrain. This may be due to larger amounts of water ice in
the bright areas.

An indication of the distribution of the water ice-rich grains in the surface regolith can be derived by means of
the IR ratio (Figure 5c): the lowest values of this ratio (~0.10, black color) found in the bright ¢3 crater material
and other smaller spots in its neighborhood correspond to grains as large as 100 pm, while the highest values of
the IR ratio (~0.20, white color), correlated with dark terrain units, indicate finer grains.

The three spectral indicators can be merged into a single color composite image with the IR slope rendered in
red color, the 2-pm BD in green, and the IR ratio in blue (Figure 6). In this color scheme, and in the hypothesis
of a water ice-dominated surface, areas in green are characterized by a high albedo, large regolith grains (100s
pm), and stronger water ice band, whereas areas in magenta are associated with dark terrain units where the 2-pm
water ice band is shallower and the ice grain size is smaller (10s of pm). The different grain sizes in the same area,
undergoing similar space weathering effects, could be explained by the fact that grooved terrains and dark terrains
have substantially different ages. The blue color is associated with the center of the ¢2 crater material, where the
IR slope is remarkably lower and the 2-pm BD is higher than the nearby ejecta field.

Figure 7 shows the average I/F spectral profiles for the main compositional units found in the NIMS hyperspectral
image g/g009ci. All classes show the diagnostic absorptions of water ice at 1.05, 1.25, 1.5, 2.05, and 3.0 pm.
The 1.65-pm feature, observed in all spectra, is a strong indicator of crystalline water ice. A small band centered

b C

012 014 0.16 018 020 022

0.26 0.28 0.30 0.32 0.34 0.36 0.38 . (
2 micron band depth 3.6/1.8 micron ratio

Figure 5. Spectral indicators computed based on the Near Infrared Mapping Spectrometer hyperspectral image g/g009ci covering the southern region of Nippur
Sulcus: IR slope (panel (a)), 2-pum water ice band depth (panel (b)), and IR ratio (panel (c)). Data are projected using the Albers equal-area projection.
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Figure 6. Color composite map of the spectral indicators (R: IR slope,
G: 2-pm water band depth, B: IR ratio) computed on the Near Infrared
Mapping Spectrometer hyperspectral image g/g009ci and covering the
southern region of Nippur Sulcus.

between 3.2 and 3.3 pm is also evident, potentially due to organic compounds
(McCord et al., 1997). The trapped/complexed CO, feature at 4.26 pm shows
up both in the ¢2 and ¢3 impact craters and in the dark terrain, but it is very
weak, preventing a mapping of the strength of this spectral signature.

Modeling of near-infrared spectra is a complicated task because the mixing
of volatile ices (mostly water and carbon dioxide) with non-ice materials such
as hydrated salt minerals, sulfuric acid hydrate, organics, and possibly phyl-
losilicates, whose existence on the surface of Ganymede was suggested by
previous literature, is a strongly nonlinear process. As demonstrated by labo-
ratory experiments, the mixing processes occurring in water and hydrated salt
solutions at cryogenic temperatures are characterized by a complex chemical
and regolith phenomenology, where new bonds and absorption features may
arise as a function of the temperature (Fulvio et al., 2023).

A safe identification of non-ice species in NIMS spectroscopic data is chal-
lenged by several concurring effects: (a) the spatial resolution of NIMS data
is quite coarse in absolute terms; (b) the spectral sampling of NIMS data is
low and does not allow one to resolve the narrowest spectral signatures of
several non-ice compounds; (c) the optical constants of some non-ice mate-

rials are not yet available; and (d) the surface of Ganymede is altered by the interaction with magnetospheric
particles and by thermal evolution of the regolith grains.

Given the complexity of the chemistry, several authors have based their analyses on pure water ice properties

for a first investigation of high albedo units, such as young impact craters (e.g., Lucchetti et al., 2023). For low

albedo units, several attempts have been made to model Ganymede's reflectance spectra by adopting a linear
mixing of water ice and non-ice species (e.g., King & Fletcher, 2022; Ligier et al., 2019; Stephan et al., 2020). In
this way, new spectral indicators can be qualitatively defined for several linear mixtures as a function of the rela-
tive abundances and grain size. As an example, Stephan et al. (2020) derived the trends of the 2.0/1.5, 2.0/1.25,
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Figure 7. Average spectral profiles of the geologic features ¢3 (black), c2 (blue), ssgN (green), and dtr (red) derived from the
Near Infrared Mapping Spectrometer (NIMS) hyperspectral image g1g009ci. Each spectral profile result from the average of
4 (2 x 2) pixels centered on the geologic feature of interest. The labels on the top axis respectively identify Water Ice, Water
Ice in Crystalline form, water ice Fresnel Peak, Organic Compounds, and Carbon Dioxide. A boxcar smoothing function X3
was applied to cancel or reduce noise-induced features (spikes). Spectra were normalized at 0.8 pm to minimize photometric
effects and allow comparisons. A rough evaluation of the signal-to-noise ratio of NIMS data is provided by Greeley

et al. (2009), who reported a value of 5-50. The instrumental noise varies along the spectral range and depends both on
instrumental parameters (e.g., integration time, operating temperatures) and external circumstances (illumination and viewing
geometries) that change from one observation to another (Carlson et al., 1992).
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Figure 8. Top: theoretical trends of water ice and epsomite mixtures (Figures 6d—6f from Stephan et al., 2020) from which the grain radius can be derived. The solid
black line corresponds to the theoretical band depth ratios (BDR) trends for pure granular water ice as a function of the grain radius. The colored arrows on the left edge
of the ordinate axis indicate the value of the BDR-values estimated for ¢3 (black), c2 (blue), ssgN (green), and dtr (red) units, respectively. Bottom: table summarizing
the band depth and BDR-values measured on the ¢3, c2, ssgN, and dtr units.

and 1.5/1.25 pm band depth ratios (BDR) for several mixtures of water ice plus carbon (C), magnetite (Fe,0,),
pyrrhotite (FeS), serpentinite and epsomite (MgSO,-7H,0), with grain sizes between 1 pm and 1 cm. Except
for epsomite, a hydrated magnesium sulfate salt whose presence had originally been suggested on Ganymede's
surface, all simulated mixtures show a general departure of the above ratios from the case of pure granular water
ice. This departure is a function of both the abundance of the contaminant and the grain size.

The trends are more complicated for epsomite, given its hydrated nature: when the epsomite concentration is
small (10%), the BDR values are almost unperturbed compared to pure water ice, whereas at higher concentra-
tions the values of the ratios become significantly higher for grain sizes larger than 20 pm and lower for grain
sizes smaller than 10 pm. In Figure 8 we report the values of the BD for the water ice absorption bands centered
at 1.25, 1.5, and 2.0 pm, and the 2.0/1.5, 2.0/1.25, and 1.5/1.25 pm BDRs, computed on the spectra of the ROIs
tagged ¢3, c2, ssgN, and dtr, respectively. In the same figure, we show BDR values with respect to the similar
quantities computed for a mixture of water ice and epsomite at different grain sizes from Stephan et al. (2020).

The 2.0/1.5 pm BDR for ssgN and c¢2 spectra is compatible with any grain size between 1 pm and 1 cm and
30%—-60% epsomite abundance. We note a degeneration of the theoretical curves at ~10 pm grain size. The ¢3 and
dtr spectra are compatible with grains larger than 500 pm and with <30% abundances of epsomite.

The 2.0/1.25 and 1.5/1.25 pm BDR values group together the c3—c2 and ssgN-dtr spectra: the former are compat-
ible with 5-20 pm grains with an epsomite abundance of about 30%—60%, while the latter are compatible with
grains smaller than 50-100 pm and abundances of about 50%—60%. Given the similar nature of the craters, the
consistency between the ¢3 and c¢2 spectral indicators is reasonable. On the other hand, from a geologic and
photometric perspective, the similarity of the spectral indicators on the Nippur facies (ssg/N) and the dark terrain
unit (dtr) is hard to explain.

These results demonstrate how complicated it is to find convergent solutions with spectral indicators based only on
a few specific spectral features: as an example, the ¢3 and dfr ROIs are compatible with very large grains (>500 pm)
from their 2.0/1.5 pm BDR value, whereas their 2.0/1.25 and 1.5/1.25 pm BDR values are consistent with much
smaller grains (<5-20 pm). These apparent inconsistencies can be resolved only through the application of a thor-
ough spectral modeling on high-spatial- and high-spectral-resolution data, which is a task for future close exploration.

4. Nippur Sulcus Grooves' Analysis

The tectonic activity characterizing Ganymede's evolution is largely inferred from the presence of grooves
on the surface of the icy satellite. Indeed, grooves are regional scale morphotectonic structures, from linear
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Figure 9. Nippur Sulcus area just north of the Epigeus Region Of Interest (ROI) as shown in the controlled Ganymede basemap by Kersten et al. (2021). (a) Mapping
area extent and location of the Epigeus ROI (Figure 3); (b) Mapped grooves updated from Rossi et al. (2020) and georeferenced onto the controlled basemap.

to curvilinear, expressing the brittle deformation of the light terrain (Bianchi et al., 1986; Lucchitta, 1980;
Pappalardo & Greeley, 1995; Pappalardo et al., 1998, 2004). In addition, grooves may have acted as conduits in
the possible connection between the surface and subsurface ocean (Head et al., 2002). The investigation of the
main properties of fault populations on icy satellites allowed to constrain the depth at which fractures penetrate
within the icy layer, such as in the Enceladus and Ganymede cases (Lucchetti et al., 2017, 2021). Here, we study
the trend of the groove length and spatial distribution (Bonnet et al., 2001; Bour & Davy, 1999; Bour et al., 2002;
Gudmundsson et al., 2013) of the Nippur Sulcus region to estimate the potential thickness of the icy crust. The
Nippur Sulcus area is centered at 40°N and 170°E and displays tectonic deformation due to both extensional and
strike-slip regimes (Cameron et al., 2018). This area, located north of the ROI, provides adequate grooves to
estimate the potential thickness of the icy crust intersected by groove penetration near the Epigeus palimpsest,
considering that at least 50 fractures are needed for a good statistic.

We improved the regional scale groove mapping of Rossi et al. (2020), where grooves were identified as topo-
graphic expression of trough structures whose bottom is identified by a contrast in brightness depending on the
illumination conditions (Figure 9). First, the grooves detected by Rossi et al. (2020) were mapped on the global
image mosaic of Ganymede with a resolution of 1 km, assembled by the USGS Astrogeology Science Centre
(Becker et al., 2001). The selected grooves from this data set and located in the Nippur Sulcus area were updated,
improved and georeferenced to the new controlled 359 m/pixel global Ganymede mosaic from Voyager and Gali-
leo images by Kersten et al. (2021), allowing the detection of a larger number of features. Ganymede's grooves
were mapped on different types of light material units: light irregular material, light subdued material, light
grooved material, and undivided light material, following the nomenclature of the latest Ganymede geological
map (Collins et al., 2013). The total number of grooves mapped in this work is about 200 (Figure 9).

On this data set, we applied both a length distribution and a self-similar clustering analysis to give new insight
into the vertical propagation within the Ganymede icy shell. Fault size and spatial distribution can be statistically
investigated, in terms of length and clustering, to provide new insights into deformation rates, stress transmis-
sion modes, rheology of the medium, and mechanical layering (Benedicto et al., 2003; Gudmundsson, 2012;
Gudmundsson et al., 2010, 2013; Schultz et al., 2010; Soliva & Schultz, 2008). The length distribution anal-
ysis describes the propagation and confinement of a groove system. Indeed, the vertical dimension of a fault
(height), which is proportional to fault length, is governed by the mechanical layering of the crust (e.g., Benedicto
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et al., 2003; Gudmundsson et al., 2010; Soliva & Schultz, 2008). In this context, faults' length analysis foresees
two endmembers (e.g., Schultz et al., 2010; Soliva & Schultz, 2008): (a) fault populations characterized by a
negative exponential length distribution, which are regularly spaced and confined in depth (e.g., Ackermann
et al., 2001; Cowie et al., 1994) and (b) fault populations characterized by a power law length distribution, which
presents few large, separated faults cutting the whole crust.

In the Nippur Sulcus area, the length distribution analysis displays both behaviors (exponential and power law)
reflecting the presence of both fault populations. Grooves with a length smaller than 152 km (about 130 grooves)
are well modeled by an exponential distribution, while grooves with a length larger than 152 km (about 70
grooves) are best fitted by a power-law distribution (Figure 10). The exponential fit model well represents the
beginning phase of fracture propagation, when the nucleation of new faults takes place and mechanical layering
is negligible (Ackermann et al., 2001; Cowie et al., 1994; Schultz et al., 2010), while the power law model well
illustrates the grooves' interaction and the following linkage/growth process (Cowie et al., 1994).

We then applied the self-similar clustering analysis (Bonnet et al., 2001; Mazzarini, 2004) on the Nippur Sulcus
grooves to determine how fractures fill space (i.e., fracture spatial distribution). In this way, we determine the
vertical propagation of the fracture network and evaluate the scaling properties of the system (Mazzarini &
Isola, 2010). We applied the self-similar clustering analysis considering the two-point correlation function
method to measure the fractal dimension of the fracture population for an interval of lengths (the size range)

falling between a lower and an upper cutoff (L, and U, respectively, see Lucchetti et al. (2021) for details on

co’
method explanation). While L_ is not reliable due to data noise, U, reflects the vertical maximum propagation
of the fracture network (Mazzarini & Isola, 2010; Mazzarini et al., 2013); hence, it depends on the mechanical
layering of the medium. Our findings determine that the vertical extension for the Nippur Sulcus region ranges
between 125 and 135 km, suggesting that this limit might be the probable thickness of the icy crust located above
the ocean (Figure 11). This result is in good agreement with previous Ganymede results that found an icy crustal
thickness of 100-130 km in the equatorial regions of the satellite (Lucchetti et al., 2021), and in addition, it is
similar to what was previously found from independent analysis (icy shell thickness from 80 to 150 km, Kivelson

et al., 2002; Saur et al., 2015; Schenk, 2002).

Although we cannot retrieve the time evolution of faults, we can suggest the following formation scenario: at
the beginning, the crust underwent deformation by large faults that cut across the entire icy crust down to the
ocean interface. Then, over time, minor deformations contributed to the development of faults following an
exponential distribution and cutting the crust down to the brittle-ductile interface (Lucchetti et al., 2021). This
interpretation may suggest that the groove development originated from synchronous extension and strike-slip

b) Nippur Sulcus
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Figure 10. (a) frequency histogram of all grooves identified in Figure 9. The main statistical properties of the right-skewed distribution are also indicated in the figure.
(b) Cumulative length distribution of the data set, where the vertical error bars indicate the root of the cumulative number of counting fractures. The fitting models of
cumulative length distribution are shown on the graph: grooves shorter than the threshold length Lzh (black dashed vertical line, in this specific case Lth = 152 km) are
fitted by exponential distributions (orange curve), while grooves longer than Lth are fitted by a power-law distribution (blue curve).
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Figure 11. Self-similar clustering investigation for Nippur Sulcus. Here, we report the log plot of the correlation function
versus groove length (C(/) vs. [, black points) and the local slope (Alog(C(l))/Alog(l)) versus Log(/) plot (green dots). The
length interval of interconnected grooves is represented by the plateau stage of the local slope curve (green dots). The gray
stripe displays the U, interval defining the length interval of the fractal distribution. The slope of the curve (black dots) is
the fractal exponent D (equal to 1.6) calculated in the length interval L, — U_,. The fractal distribution endsi when the local
slope curve (green dots) breaks. The breaking point corresponds to a Log(/) value (U,,) that reflects the potential thickness
of the icy shell above the subsurface ocean required for the development of densely populated features at the surface (i.e., the
grooves).

deformation through time, even though a structural analysis at a higher spatial resolution is pivotal to provide a
proper explanation.

5. Simulations of the Clutter Noise Expected in Nippur Sulcus

Operating at a central frequency of 9 MHz and transmitting either a 3 or 1-MHz bandwidth (corresponding to a
range resolution in water ice of about 30 and 90 m respectively), the RIME (Bruzzone & Croci, 2019) is tasked
to explore the subsurface of Ganymede, Europa and Callisto down to a depth of few kilometers (Bruzzone &
Croci, 2019; Bruzzone et al., 2011). The potential for the identification of liquid water, and thus of a potential
habitat, beneath the crust of the Galilean icy satellites, makes RIME one of the key experiments of JUICE. Orbital
subsurface sounding radars (radar sounders) such as RIME have been successfully flown to the Moon (Ono
et al., 2009; Phillips et al., 1973) and Mars (Fan et al., 2021; Picardi et al., 2005; Seu et al., 2007). They work by
transmitting electromagnetic pulses at frequencies in the MF, HF, and VHF ranges of the radio spectrum into the
surface of a planet or satellite to detect reflected signals from subsurface structural or compositional interfaces.

The electromagnetic pulse can also be scattered by rough topography. Topographic roughness of the surface of a
body illuminated by the radar produces secondary echoes in addition to the one caused by the surface closest to
the radar. These echoes are produced by portions of an irregular surface that are oriented so as to have near-normal
incidence with respect to the direction pointing to the spacecraft. As these echoes originate away from the ground
track of the spacecraft, they reach the radar after the primary nadir reflection, and can be mistaken for subsurface
echoes, thus complicating the interpretation. This phenomenon is dubbed “clutter.”

To validate the detection of subsurface interfaces, numerical electromagnetic models of surface scattering
have been used to produce simulations of surface echoes (e.g., Ilyushin et al., 2017; Nouvel et al., 2004; Russo
et al., 2008; Spagnuolo et al., 2011) that are then compared to real echoes detected by the radar to distinguish
between surface clutter, which should be present both in real data and simulations, and genuine subsurface
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Figure 12. Comparison between (a) real and (b) simulated radargrams for MARSIS orbit 4011 (see text for details). The
simulation reproduces echoes from topography only, while real data contain both surface and subsurface echoes. The arrow
highlights a weak subsurface reflection (from Orosei et al. (2017)).

reflections, which show up only in actual measurements. This procedure is illustrated in Figure 12, comparing
areal and a simulated radargram for the MARSIS radar sounder at Mars (Picardi et al., 2004) during orbit 4011
of the ESA Mars Express spacecraft (Chicarro, 2002). A radargram is a visualization of radar signals recorded
in succession as the sensor moves along its trajectory. The along-track distance is represented by the x-axis,
while the y-axis records the round-trip delay of an echo sample and the power of the signal is represented by the
brightness of the pixel.

Information available on the topography of Ganymede, as well as on other Galilean satellites, is based on stereo
processing of Voyager and Galileo images (e.g., Berquin et al., 2013; Leonard et al., 2020; Lesage et al., 2021;
Schenk, 2009; Steinbriigge et al., 2020; Zubarev et al., 2017). Unfortunately, the availability of stereo pairs for
Ganymede is limited, and the resolution of the resulting digital elevation models (DEMs) is of the order of a few
to several hundred meters or more. None of the available stereo DEMs covers the Nippur Sulcus region, so we
had to build a synthetic topographic model based on a single high-resolution image of an area centered at 30°N,
174°E (Galileo/SSI image 2400r, 189 m/pixel).

We started from the assumption that in a relatively small portion of the Ganymede surface and at a given local
daytime, differences in the observed reflectance are largely due to differences in topographic reliefs rather than
differences in albedo, that is, chiaroscuro is dominated by topography rather than by the intrinsic reflectivity of
the surface. Using ISIS3, we then modeled shadings as observed in calibrated images to simulate pixel-by-pixel
reliefs using the formula:

D = (L_F % R*/1000) — R )

where I_F is the radiance factor I/F, and R = 2,631.2 km is the equatorial radius of Ganymede.
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After calculating D, to prepare the synthetic topographic model (hereafter DEM, for simplicity), we applied the
following steps:

1. Application of “algebra” function to scale the simulated reliefs to the Ganymede radius:
D, =(A* D)+C @)

where A and C are two constants (in this specific case, A = 1 and C = R = 2,631.2).

2. The application of “demprep” function is necessary for the preparation of a DEM file so that it can be used
as a shape model.

3. The application of “shade” function to create a shaded-relief cube from a topographic cube.

4. Application of cam2map to project the synthetic topographic model in an equirectangular projection.

In the present work, we use a numerical code based on the model by Nouvel et al. (2004), together with this
synthetic DEM, to compute the size and orientation of the discretized topography modeled as a set of rectangular
facets that are smooth rectangular areas representing the surface of the planet between four adjacent points in the
DEM, coherently scattering toward the radar. Although such a representation of topography is a highly idealized
one, it has been shown that it is adequate to model surface scattering provided that the height deviation of the
real topography from the smooth facet is about half a wavelength (Nouvel et al., 2004), which for RIME ranges
between approximately 30 and 40 m. A full three-dimensional model of propagation in the subsurface of Gany-
mede, such as the one presented in Heggy et al. (2017), is outside the scope of this work. The present approach,
although simpler and narrower in scope, aims at providing a direct assessment of surface clutter in different areas
of Ganymede, and at producing synthetic radar data on which clutter reduction schemes can be tested.

The model by Nouvel et al. (2004) is just one of many representations of the scattering from a discrete, regular
surface element found in the literature, but it has proven its value in several applications related to the interpreta-
tion of radar sounder data (see e.g., Mouginot et al., 2009, 2010, 2012). The assumption at the base of the model
is that scattering of electromagnetic waves takes place predominantly at the surface. However, Earth-based radar
observations of the icy Galilean satellites at centimetric wavelengths yield values of the radar cross section exceed-
ing unity, with high polarization ratios and a diffuse scattering law that are unlike the quasi-specular reflections
observed in terrestrial planets and the Moon (Black, Campbell, & Nicholson, 2001). These characteristics were
interpreted by Black, Campbell, and Ostro (2001) as due to coherent backscatter from scatterers embedded in the
weakly absorbing water ice rather than single scattering from the vacuum—surface interface. Their model was able
to reproduce the data for a distribution of scatterer size following a power law with an exponent between —3.5 and
—4, and a maximum size of scatterers of about 1 m or less. However, such embedded scatterers are at least one
order of magnitude smaller than the wavelength of RIME, and thus have minimal influence on the propagation of
radar waves at RIME frequencies (e.g., Stratton, 1941). For this reason, we model scattering from the surface of
Ganymede as caused by reflections at the vacuum—surface interface. More recently, an alternative explanation for
the unusual radar properties of Europa has been proposed by Hobley et al. (2018) who modeled the sublimation
of ice at the surface to find that it could produce the formation of vertical blades of ice up to several meters high.
The occurrence of such formations is determined by the relative speed of ice sublimation and diffusion processes
smoothing ice topography and can thus be specific for the conditions of Europa. We note however that if such a
surface morphology was present on Ganymede, a different surface scattering model, presumably a non-coherent
one, would be required.

In the present study, the resolution of the DEM employed in the simulations is approximately 190 m, and the
ratio of DEM resolution to RIME wavelength is between five and six, in the same range as the ratio between
the MARSIS wavelength and the MOLA global topographic data set (Smith et al., 2001) used to simulate
scattering from the Martian surface (Nouvel et al., 2004). The statistical properties of the DEM employed in
scattering simulations are shown in Figures 13a—13c. While the range of topographic heights is in line with what
is expected for Ganymede (e.g., Zubarev et al., 2017), slopes appear to be much steeper than in previous studies
(a median slope of 23° for a 190 m baseline compared to values well below 10° for a baseline of 630 m in Berquin
et al. (2013)). As this characteristic may be an artifact of our synthetic DEM processing, we decided to also
perform simulations for the same DEM in which topographic heights are scaled to 1/3 of their original values:
the resulting median slope is about 8° for a 190 m baseline, while the corresponding histograms of heights and
slopes are also shown in Figures 13d—13f.
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Figure 13. Properties of the synthetic digital elevation model (DEM) used in the simulation of surface scattering at Radar for Icy Moon Exploration frequencies. (a)
Gray-scale relief representation of the DEM resulting from the processing described in the text, with the ground track of the simulated spacecraft trajectory shown in
white. (b) Histogram of topographic heights of the DEM in panel (a). (c) Histogram of bidirectional slopes of the DEM in panel (a). (d) Same as (a) but topographic
heights have been reduced by a factor of 3 (see text for details). (e) Histogram of topographic heights of the DEM in panel (b). (f) Histogram of bidirectional slopes of

the DEM in panel (d).

The discrepancy between statistical properties of topography in the present work and that of studies such as
Berquin et al. (2013) can result from many factors, not the least of which is the method used to derive topography
from images. A comparison between DEMs of different areas obtained through different methods would require
a test to verify that the same images processed in different ways produce DEMs with similar properties. Such a
comparison would certainly provide useful insight into the limitations of simulations in predicting surface scat-
tering at RIME frequencies, but it is a complex task deserving perhaps a dedicated work in itself.

Surface scattering simulations have been run for 200 pulses along the ground track shown in Figures 13a and 13d.
The resulting radargrams are plotted in Figure 14. Because of the limited size of the DEM, simulated echoes end
abruptly between 90 and 200 ps after the beginning. For this reason, radargrams have been cropped to show only
the first 70 ps, corresponding to the two-way travel time of an electromagnetic wave in ice to a depth of 6 km.
A qualitative comparison with Figure 12, neglecting the difference in frequency between MARSIS and RIME,
reveals that surface clutter decays much more slowly for a Ganymede-like topography. This is presumably due
to its higher roughness, producing a distribution of orientations for the discrete facets modeling the topogra-
phy in which a significant fraction of them can scatter nearly specularly toward the radar for a wide range of
distances from the nadir. Further examination of Figure 14 also shows that clutter on Ganymede appears to be a
nearly random process, exhibiting no recognizable feature related to the surface morphology producing it (see
Figures 13a and 13d). Qualitatively, there appears to be no difference between simulations run for the original
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Figure 14. Radargrams of simulated surface echoes produced using the digital elevation models (DEMs) are shown in Figure 13. The time delay of echoes has been
converted to the depth in water ice from which a radar echo would have the same time delay. Echoes have been filtered using a Hamming window to reduce sidelobes.
The radargrams have been cropped to show only the part of the echoes that is not affected by the finite size of the DEMs. (a) Radargram for a 3 MHz bandwidth

pulse for the DEM in Figure 13a. (b) Radargram for a 3 MHz bandwidth pulse for the DEM in Figure 13d. (c) Radargram for a 1 MHz bandwidth pulse for the DEM

in Figure 13a. (d) Radargram for a 1 MHz bandwidth pulse for the DEM in Figure 13d. In all four radargrams, surface echoes have a diffuse appearance without
recognizable features connected to topography, both for the original version of the DEM and for the one in which heights have been scaled down to 1/3, and irrespective

of bandwidth.

version of the DEM and the one in which heights have been scaled down to 1/3, and neither pulse bandwidth
seems to influence clutter characteristics.

The trend of clutter noise as a function of the depth of a potential subsurface echo can be observed in Figure 15,
which shows plots of the median surface echo for different versions of the DEM and different bandwidths. The
plots are normalized to the power of the echo from a flat surface for reference. All echoes have been filtered by
means of a Hamming window, as it is done in MARSIS and SHARAD data processing, to suppress sidelobes
(Harris, 1978). As it could already be gleaned from Figure 14, the rate of decay of clutter noise with depth is low,
although the power of the diffuse echo is 15-20 dB below that of a specular reflection. As expected, the decay
rate of clutter for the scaled DEM is greater than that for the original DEM (about 3 vs. 1 dB/km), but the power
of clutter for the smoother DEM is also higher. The clutter power curves for the two DEMs intersect towards the
end of the depth interval considered in the analysis of results. It is reasonable to assume that for depths greater
than the 6 km covered in this study, clutter noise from the rougher original DEM will be higher than the one
from the smoother re-scaled version. As the goal of the RIME experiment is to probe the subsurface of Galilean
satellites down to a maximum depth of 9 km (Bruzzone & Croci, 2019; Heggy et al., 2017), clutter from rougher
terrains will affect the detectability of deeper, weaker reflections from the subsurface. It can be seen in Figure 14
that clutter for a 1-MHz-bandwidth pulse is greater than the one for the 3-MHz bandwidth, when compared to a
specular reflection. This effect is due to a greater decrease in echo power for a coherent echo than for a diffuse
one when bandwidth is narrowed. Decreasing the bandwidth of a specular reflection from 3 to 1 MHz decreases
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Figure 15. Median power of simulated radar echoes normalized to the power of the echo from a flat surface. (a) Echoes for a 3 MHz bandwidth pulse for the digital
elevation models (DEMs) in Figures 13a and 13d. (b) Echoes for a 1 MHz bandwidth pulse for the DEMs in Figures 13a and 13d.

the echo power by 9.54 dB, that is, by a factor of 3 due to the elimination of two thirds of its Fourier spectrum
and the in-phase summation of such spectral components in producing the coherent echo. Conversely, as the
phase of spectral components in the diffuse echo spectrum is nearly random, suppressing two-thirds of its Fourier
spectrum reduces the diffuse echo power by 4.5-5 dB, close to the square root of three. In practical terms, this
means that reducing signal bandwidth is only partially effective in reducing clutter noise when the surface is so
rough that scattering can be considered nearly incoherent.

Three-dimensional simulations of clutter effects on both surface and subsurface echo power have been presented
by Heggy et al. (2017) and Gerekos et al. (2020). Clutter power decay rates obtained by Heggy et al. (2017)
approach 50 dB/km highlighting the extent of the uncertainty in the modeling of radar scattering from the surface
of Ganymede. The topography model in Heggy et al. (2017) was not based on any actual DEM but included
fractures in brittle ice that affect propagation in the near subsurface and produce volume scattering appearing as
clutter. Better terrain models with higher spatial sampling are a key factor in improving the quality and reliability
of simulation results, but the resolution of existing images for stereo processing does not leave much room for
possible improvement in this respect.

An alternative approach could be the one explored by Gerekos et al. (2021), who characterized the statistical
properties of available topographic data sets for Ganymede and then considered higher resolution DEMs of
Mars with similar values of statistical parameters to model the expected surface radar response. The greater
potential source of inaccuracy, however, could be the structure of the surface at scales from meters to tens of
meters, which are well below the possible resolution of any methodology used to produce DEMs of Ganymede
before JUICE reaches the Jovian system. If topography at those scales is similar to what has been proposed for
Europa by Hobley et al. (2018), then the coherent model of surface scattering employed in the present work will
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be inadequate to study clutter, and predictions of its strength and decay rates will be based on models of incoher-
ent scattering from random rough surfaces (e.g., Ogilvy, 1991). Furthermore, the unusual geometry of surface
morphologies hypothesized by Hobley et al. (2018) would likely result in strong sensitivity of radar scattering to
the angle between the azimuth direction of the spacecraft and the horizontal direction along which the vertical
blades of ice are aligned. Despite these uncertainties, we still consider it worthwhile to extend the present study
to other areas of Ganymede for which stereo-derived DEMs are available, improving the electromagnetic model
of surface scattering for greater accuracy (see e.g., Gerekos et al., 2020; Heggy et al., 2017) and to compute
simulated echoes that approach as closely as possible the expected altitude, ground track and spatial sampling
rate expected for the real experiment.

Compared to simulations presented in Sbalchiero et al. (2022), the present work does not account for small-scale
roughness superimposed on the discretized surface, nor employs a finite-difference time-domain (FDTD) tech-
nique to fully compute the scattered field, but it considers the full radar footprint in computing the resulting echo
(limited only by the size of the DEM), and accounts for pulse-to-pulse phase variation of echoes from individual
scatterers. For this reason, insofar as the facet method can be considered acceptable in simulating the radar echo,
as discussed above, the simulator presented in this work can produce data that could be processed by testing
different algorithms such as those presented in Sbalchiero et al. (2022).

The diffuse scattering in Figure 14, due to the random rough nature of the topography of Ganymede, is qualita-
tively different from simulations presented in Sbalchiero et al. (2022), who employed Martian and Venusian topo-
graphic analogs, but also a DEM of Ganymede complemented by subsurface features for FDTD computations.
Although we suspect that the main reason for the difference is the value of statistical parameters such as r.m.s.
height and r.m.s. slope in different DEMs, other factors such as DEM resolution and different computational
methods may have an influence on results. We would certainly be interested in a comparison between results
presented in both papers, but more important still would be a test of the effect of the processing scheme presented
in Sbalchiero et al. (2022) in reducing or suppressing the diffuse echo in Figure 14.

More recently, Sbalchiero et al. (2023) published scattering simulation results that appear qualitatively similar to
synthetic radargrams in Figure 14 (see Figure 5 in their work). Interestingly, they also applied a facet method and
employed a synthetic DEM meant to represent grooved terrain on Ganymede. Although Sbalchiero et al. (2023)
do not report explicitly the statistical properties of the synthetic DEM, their Table 2 can be used to reproduce it
and estimate its statistics. Because of the way in which the synthetic topographic profile is defined, the distribu-
tion of slopes is markedly different from the one shown in Figure 13, but the median value is above 70°. Thus,
insofar as median slopes of topography are of the order of several tens of degrees, surface echoes will diffuse
with a slow decay rate with time, thus potentially masking subsurface echoes over a range of depths of several
kilometers.

6. Discussion

In the case of the Nippur Sulcus region studied here, the combination of optical images, near infrared spectro-
scopic data and modeling, highlights the following points:

1. The grooves in the Epigeus ROI are pervasive, partially crosscutting or following the putative rim of an old
palimpsest (p1) (Figure 3). The Epigeus palimpsest is confirmed to be the youngest feature of its size in the
area since it is uncut by the grooves and its secondaries overlay the sulci (see also Jones et al. (2003)).

2. All terrain units show evidence of crystalline water ice (Figure 4, Figure 7). The ¢2 crater showing up in the
dark terrain has a composition similar to that of the young fresh crater within the palimpsest Epigeus, reveal-
ing that the dark material is not extended at great depths but rather limited to a superficial cortex. The pres-
ence of signatures of non-ice materials such as trapped/complexed CO, and organics in these “fresh” profiles
reveals that these compounds may have an endogenous rather than exogenous origin. In turn, the grooves have
a composition similar to that of small fresh craters, potentially indicative of material exchange between liquid
interior and surface.

3. The vertical maximum extension of the connected groove network estimated in Nippur Sulcus, 125-135 km
(Figure 11), potentially represents the thickness of the outer ice crust in that region. The distribution of the
grooves suggests that their development may have occurred in two steps, with the largest grooves that could
have cut the entire outer crust and the smaller grooves that could have developed at a later stage.
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Figure 16. Temporal scheme (a—f) of the geological evolution of the Epigeus Region Of Interest (ROI) based on the chronostratigraphic interpretation of the region as
inferred from the geological map in Figure 3. Features are not to scale and represent a hypothetical and simplified NE-SW cross-section of the ROI. Colors refer to the
legend in Figure 3. Where fractures (dashed lines) are present, colors represent highly fractured fault zones.

By considering these findings together, the Epigeus ROI reveals an intriguing sequence of geological events that
we schematically summarize in Figure 16.

The area is characterized by furrows encompassed in dark terrains (mapped as ring structures in Figure 3).
These are the oldest known feature on Ganymede (Passey & Shoemaker, 1982) and are the surface expres-
sion of the concentric structures of a large multiring basin known as the Galileo-Marius furrow system (e.g.,
Schenk & McKinnon, 1987). Thus, an early scenario of the ROI is characterized by an intensely fractured
crust with faults systematically dipping toward the old multiring basin center (Figure 16a). Further fracturing
occurs at a later stage, when the main sulci started to form due to extensional tectonism (e.g., Pappalardo
et al., 2004) and warmer ice possibly started to form along these fault zones due to local oblique friction
(Figure 16b).

Overall, we observe that the sulci system gets older toward the east. While the eastern sulci facies are darker and
more degraded, the western facies are brighter and fresher in morphology. Thus, melt resurfacing might have
stopped earlier in the eastern groves (e.g., dark blue structures in Figure 16c). Some groove systems west of the
Nippur sulcus seem to be interrupted by the presence of p/ and run concentrically around it at the same time.
This could be proof of a sin-tectonic p/ impact, such that while the sulcus formation was developing from east to
west, pl formed (Figure 16c). The major development of the western part of the sulcus must have happened after
pl. In particular, the Mashu sulcus facies to the west is clearly the youngest branch of this sulci system since it
neatly cuts p/ (Figure 16d). There is not much evidence whether ¢/ cratering happened at this stage or the previ-
ous stages, but the overall brightness and morphology of ¢/ craters let us infer that they are older than the Mashu
sulcus formation. Hence, the Epigeus crater palimpsest emplaced on top of this already complicated and densely
fractured setting (Figure 16e). The Epigeus impact may also have favored the ascent of warm ice in its central
fractured area. Palimpsest deposits are likely “fluid-rich continuous ejecta deposits resulting from an impact into
an ice-rich target” (Jones et al., 2003). Hence, the Epigeus impact caused melting and mixing of the pre-impact
crust, which was in turn already deeply fractured by the sulcus. The compounds brought up to the surface by the
sulcus' fractures were thus likely spread out by the palimpsest impact. No groove crosscuts Epigeus, hinting at
the fact that the tectonic activity in this area has stopped soon after the Epigeus impact. Finally, c¢2 and ¢3 craters
formed just after this stage, disturbing and mixing only the superficial cortex (Figure 16f). Unfortunately, there
is no unit that can help us constrain further stratigraphic detail occurring between c2- and c3-type cratering. In
fact, these two crater classes are more distinct because of their albedo rather than because of their morphology.
Hence, it is likely that these two classes are coeval at geological timescales and are only different because of the
superficial cortex material that they excavated. For comparison, the c¢3 crater on top of Epigeus centered at 180°E
mixed the compounds of the ringed palimpsest facies, while the c2 crater centered at 175°W caused the mixing
of the ringed dark terrain materials (see Figure 4b), in both cases acting at very shallow depths.
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Opverall, given the numerous events that stressed the crust in this region, it is possible that large negatively buoy-
ant lenses of melt remain seated below this area. Some open questions then arise: what is the surface composition
of the grooves at a smaller local scale? Is the surface of Ganymede still connected to the ocean at the grooves,
or was it only in the past, and if so, how long ago? Is it possible that the grooves also act as an escape route for
underground liquid pockets located closer to the surface?

Future investigations of Ganymede's surface-subsurface interactions will require finer-scale multidisciplinary
approaches to study ROIs such as this one.

7. Future Implications for JUICE

The JUpiter Icy Moons Explorer (JUICE) was selected in 2012 as the first large-class mission within the ESA
Cosmic Vision program, with the primary goal of investigating the conditions of habitability and potential habit-
ability existing in the system of Jupiter's icy Galilean moons. JUICE was designed to provide answers to the
numerous questions left open by the previous close explorations of the Galilean satellites (Grasset et al., 2013).
JUICE will be the first ever spacecraft to enter orbit around an icy satellite, Ganymede, ultimately allowing
unprecedented analysis of its surface, interior and tenuous atmosphere. JUICE has a comprehensive suite of
remote sensing instruments, covering the vast electromagnetic range from far ultraviolet to high frequency radio
waves. The achievement of interdisciplinary objectives for a large-class space mission such as JUICE must neces-
sarily start from well-developed scientific objectives that can be achieved in the various mission phases, consid-
ering the system resources and the performances of the individual payload instruments.

The Jovis, Amorum ac Natorum Undique Scrutator (JANUS) framing camera (Della Corte et al., 2019), sensitive
in the spectral range 0.34-1.08 pm, is equipped with a panchromatic filter and 12 additional filters with both
wide and narrow spectral bands, optimized to perform an in-depth study of satellites' surfaces and exospheres.
At Ganymede, JANUS is expected to achieve global coverage with its panchromatic filter at a maximum ground
sampling of 77 m/pixel and global color coverage (RGB filters) at 308 m/pixel. As many regions of interest as
possible, among those identified in Stephan et al. (2021), will later be investigated at a ground sampling <10 m/
pixel.

The Moons And Jupiter Imaging Spectrometer (MAJIS) (Piccioni et al., 2019) has both a wider spectral range
(0.49-5.56 pm, sampled in about 1,000 channels) and a higher spectral sampling than similar instruments flown
onboard past planetary spacecrafts (3.7 nm in the 0.49-2.36 um range and 6.5 nm in the 2.27-5.56 pm range).
Its main objective is to determine and map the surface composition of the satellites, with particular emphasis
on non-water-ice materials such as hydrated minerals, volatile compounds, and organic compounds. MAIJIS is
committed to achieving nearly global coverage at a spatial resolution between 1 and 5 km/pixel (3 km/pixel on
average), but several regions of interest will later be observed with a ground sampling <80 m/pixel.

Radio Echo Sounding is a geophysical technique used to detect the underground stratigraphy of a planetary
body, such as the possible presence of liquid water under the polar caps of Mars with the MARSIS instrument
onboard the ESA Mars Express spacecraft (Lauro et al., 2021; Orosei et al., 2018; Picardi et al., 2005). Similar
to MARSIS, the RIME (Bruzzone & Croci, 2019) is a synthetic aperture radar onboard JUICE, operating at a
central frequency of 9 MHz selected to allow exploration of the ice crusts up to a maximum depth of 9 km (Heggy
et al., 2017). The main objective of this instrument is to characterize the geology and geophysics of the icy
moons' subsurfaces, understand the formation of the geological features visible on the surface, the regional and
global tectonics, look for traces of past and present activities, and identify the potential presence of underground
liquid water. RIME will operate especially during the Ganymede low altitude circular orbit phase, focusing on
the anti-Jovian side to limit the interference caused by Jupiter's radio emission and increase the SNR. JANUS,
MAIIS, and RIME will be able to provide an unprecedented amount of data for Jupiter's icy moons system, with
particular emphasis on Ganymede.

While MAIJIS will shed new light on the nature of the non-ice material in terms of salts and organics, a
combination of imaging spectroscopy data acquired by MAJIS and optical imagery of specific regions of
interest returned by JANUS with a ground sampling 10 times higher is a natural evolution in data analysis
and is aimed at the localization of homogeneous spectral units possibly connected to the subsurface. In the
hypothesis that the surface composition is the result of a linear combination of spectral endmembers, one
major complementarity between JANUS multispectral (color) data and hyperspectral images acquired by
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MAIIS concerns the inference of the composition at spatial scales that will be inaccessible to MAJIS. In other
words, by degrading the spatial resolution of the JANUS data to that of MAIJIS, a given slope of the spectral
continuum or color obtained through a JANUS RGB composite image should ideally correspond to the same
spectral slope or color as measured by MAJIS in the spectral range 0.5-1.0 pm where the sensitivity ranges
of these two instruments overlap, within the limits imposed by the bandwidth of the filters and by the instru-
mental noise (once in orbit around Ganymede, in certain cases it will be possible to simultaneously observe
the same region at the highest spatial resolution both with JANUS and MAIJIS, thus ensuring homogeneous
solar illumination conditions). In these cases, JANUS multispectral data could ideally be used to infer and
map the surface composition of local-scale geological features at ground sampling (<70 m/pixel) inaccessible
to the spectrometers.

The radar is a direct and powerful technique to investigate the upper few kilometers of the conductive ice shell
of Ganymede, including potential underground liquid pockets showing a strong dielectric contrast with respect
to the surrounding icy crust. However, one practical issue that RIME will have to face is the diffusion of the
surface echo from directions other than the nadir, called “clutter,” which must be appropriately treated in the data
analysis to effectively achieve the scientific objective of measuring the underground stratigraphy and revealing
any subsurface liquid reservoirs. Ganymede is generally rougher than Europa. In Nippur Sulcus, for which no
stereo-derived DTMs are available, our analysis shows that with a synthetic but reasonable topography derived
from a single high-resolution optical image, the clutter-induced noise is substantial. This requires a good knowl-
edge of the topography itself, to be derived in the future with direct JUICE measurements, in order to correctly
extract the signal coming from any real subsurface structures.

The example investigation proposed here falls within the top-level goal that the JUICE mission aims to achieve,
namely assessing the potential habitability of Ganymede. The JUICE mission, launched on 14 April 2023, will
have the possibility of obtaining much better data than those available so far regarding the geology and surface
composition of Ganymede, and completely new data regarding the subsurface. The combination of multi- and
hyperspectral data obtained from JANUS and MAIJIS, respectively, with the radargrams obtained from RIME will
be fundamental to allow a direct correlation between the surface and subsurface. In turn, this correlation is key
to revealing those regions where the exchange of material between the surface and the subsurface has been more
intense and frequent in Ganymede's recent past, ultimately providing a 3D view of the physical processes that
shaped its surface and are representative of peculiar phases of its evolution.

The correlation between wide-ranging scientific objectives such as geology, surface composition and geophys-
ics, usually addressed by a single instrument or by a single category of instruments, is crucial for evaluating the
potential habitability of icy satellites. The main strength deriving from the joint use of diverse remote sensing
data is the characterization of specific regions of interest observed by both the camera and the spectrometer(s)
at an unprecedented spatial resolution, complemented by a first time ever subsurface investigation which could
ultimately provide a 3D view revealing connections between the surface and the subsurface.

Preparing as of now case studies such as that of Nippur Sulcus has the advantage of emphasizing the potential
of a future combination of data obtained from the JANUS, MAIJIS, and RIME instruments onboard JUICE
on specific regions of interest observed at high spatial resolution and with adequate SNR. Such a multisensor
data analysis could benefit and broaden even more by the addition of further results from other JUICE instru-
ments, such as the Ultraviolet Spectrograph, which will acquire spectra of Ganymede in the far ultraviolet range
50-204 nm at spatial scales ranging from several km/pixel to <1 km/pixel, the GALA laser altimeter, which will
obtain global-scale topography of Ganymede (to be compared with much smaller optical stereo coverage) (Enya
et al., 2022), the 3GM radio science experiment, which could provide a connection with the mass distribution
existing at depths substantially greater than those probed by RIME (De Marchi et al., 2021), and the plasma and
particles package PEP, whose mass spectrometer NIM sensor (Fohn et al., 2021) could reveal sources and sinks
of neutral atoms connecting Ganymede's tenuous atmosphere to its surface.

In the future, our analysis could be expanded to other regions of interest on Ganymede for which adequate cover-
age is available.
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Erratum

In the originally published version of this article, the unit of measure “pm” was incorrectly omitted after the
value 2.36 in the first sentence of the third paragraph of Section 7. The sentence should read: 3.7 nm in the
0.49-2.36 pm range.” In addition, In the caption for figure 4, “(g) 2.02 pm” should be changed to “G: 2.02 pm,”
and “(b) 1.21 pm” should be changed to “B: 1.21 pm.” In the caption for figure 6, “(g) 2-pm” should be changed
to “G: 2-um,” and “(b) IR ratio” should be changed to “B: IR ratio.” The errors have been corrected, and this may
be considered the authoritative version of record.
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