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Abstract The MErcury Surface, Space ENvironment, GEochemistry and Ranging mission showed the
surface of Mercury with an accuracy never reached before. The morphological and spectral analyses
performed thanks to the data collected between 2008 and 2015 revealed that the Mercurian surface differs
from the surface of the Moon, although they look visually very similar. The surface of Mercury is
characterized by a high morphological and spectral variability, suggesting that its stratigraphy is also
heterogeneous. Here, we focused on the Shakespeare (H-03) quadrangle, which is located in the northern
hemisphere of Mercury. We produced an 8-color cube of this quadrangle at 450-m per pixel spatial
resolution and with a complete coverage. Various selected color maps based on this eight-color cube were
used to analyze the spectral properties of this region to define its compositional variability and identify
some clear units constrained by relevant spectral parameters: for example, we identified a higher
concentration of low reflectance material around three main craters of Shakespeare (Degas, Akutagawa,
and Sholem Aleichem) and in the area to the south of Sobkou Planitia delimited by 24.4°N to 28.4°N and
—140°W to —125°W. Moreover, we selected some regions of interest, which can be proposed as particularly
interesting targets for the Visual and Infrared Hyper-spectral Imager and Mercury Radiometer and
Thermal Imaging Spectrometer instruments onboard the BepiColombo spacecraft. This work can help for
the geological analysis of this quadrangle, by integrating information that are usually not derived with a
single morphostratigraphic analysis.

Plain Language Summary The MErcury Surface, Space ENvironment, GEochemistry

and Ranging mission showed Mercury's surface with an accuracy never reached before . The

analyses performed thanks to the data collected between 2008 and 2015 revealed that the Mercurian
surface differs from the surface of the Moon, although they look visually very similar. Mercury's surface
is characterized by a high variability in terms of shape and colors, suggesting that its subsurface is also
heterogeneous. Here, we focused on the region called Shakespeare, which is located in the north
hemisphere of Mercury. We produced a mosaic of images of this region for several colors at high resolution
and with a complete coverage. Various selected color maps based on this mosaic were used to analyze
the properties of this area to define its compositional variability: for example, we identified a higher
concentration of dark material around three craters of Shakespeare (Degas, Akutagawa, and Sholem
Aleichem) and in the south of the Sobkou basin. Moreover, we selected some interesting regions that can
be proposed as particularly interesting targets for instruments onboard the BepiColombo spacecraft. This
work can help for the geological analysis of this quadrangle, by adding information that are usually not
derived with a single analysis of landforms.

1. Introduction

One of the goals of the MErcury Surface, Space ENvironment, GEochemistry and Ranging (MESSENGER)
mission (Solomon et al., 2007) was to better understand its internal and surface composition. The very low
abundance in iron (ions and metallic) of the surface has been confirmed (McClintock et al., 2008; Weider
et al., 2012, 2014), and the volatile elements in high quantities (Nittler et al., 2011; Peplowski et al., 2011;
Weider et al., 2012, 2015) compared to the one of the Moon (Lucey et al., 1995) were unexpected. The Mer-
cury Dual Imaging System (MDIS) instrument, thanks to its accurate (see Table 1) Wide-Angle Camera
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Table 1
Comparison of the Spatial Resolution, Number of Colors, and Coverage of the Mariner 10
Television Science and the MESSENGER MDIS-WAC Instruments

Mariner 10

Instrumental parameter Television Science MESSENGER

(Davies et al., 1978) MDIS-WAC?
Spatial resolution 100 m to 10 km per pixel 8 m to 7 km per pixel

3 11
Number of colors (355, 475, and 575 nm) (433.2,479.9, 558.9, 628.8,
698.8, 748.7, 828.4, 898.8,
947.0, 996.2, and 1,012.6 nm)

Coverage 45% 100%

Note. The multifilters camera of MESSENGER provided a better spatial resolution, number
of colors and fully mapped the surface of Mercury. MESSENGER = MErcury Surface, Space
ENvironment, GEochemistry and Ranging.

aSee https://ode.rsl.wustl.edu/mercury/indexProductSearch.aspx https://pds-imaging.jpl.
nasa.gov/search/, and https://pdsimage2.wr.usgs.gov/data/mess-h-mdis-5-rdr-bdr-v1.0/
MSGRMDS_4001/EXTRAS/ websites.

(WAC) and Narrow-Angle Camera, revealed a very dark surface (Domingue et al., 2011, retrieved a bolo-
metric albedo of 0.081 over the wavelength range from 430 to 1010 nm), with high geological and spectral
variabilities. Spudis and Guest (1988) and Trask and Guest (1975) defined three main geological units based
on the morphology and the texture of the terrains: the young smooth plains (SP), the intermediate plains
(ImP), and the oldest intercrater plains (IcP). Besides, based on the spectral slope and the relative reflectance,
Denevi et al. (2009) identified three terrains that can be attributed to SP: the high-reflectance red plains
(HRP), the intermediate terrains (IT) and the low-reflectance blue plains (LBP). Furthermore, (Blewett et al.,
2009; Robinson et al., 2008) pointed out several minor color units: three types of red spots (RS), among
which pyroclastic deposits (PD), which have the reddest spectral slopes on Mercury, and bright crater floor
deposits (BCFD), composed of hollows which have bluer slopes (Blewett et al., 2011, 2013, 2016).

The space weathering of ferrous iron in minerals produces notably nanophase metallic iron, which dark-
ens the surface of Mercury (Blewett et al., 2009). However, this point associated to the low amount of iron
on Mercury can not fully explain the low albedo of Mercury. This led to the need to find a darkening agent
in addition to iron. A good candidate can be found in the low reflectance material (LRM) identified thanks
to the MESSENGER mission. The LRM has been investigated through MDIS (Klima et al., 2018; Murchie
et al., 2015; Thomas et al., 2016; Xiao et al., 2013) data, Mercury Atmosperic and Surface Composition Spec-
trometer data (Izenberg et al., 2014; Thomas et al., 2016; Trang et al., 2017), and Gamma Ray and Neutron
Spectrometer data (Peplowski et al., 2016). Thus, particular spectral properties of this material have been
raised: It consists of a dark (hence low reflectance) material, with one of the shallowest spectral slopes of
the Mercurian surface, which samples carbon-bearing deposits within the crust during impacts (Peplowski
et al., 2016; Vander Kaaden & McCubbin, 2015). This led to the hypothesis that carbon could be the darken-
ing agent. However, Blewett et al. (2013) suggested that microsized and nanosized particules of sulfides (e.g.,
FeS and CaS) can also be involved in the darkening agent responsible for the low reflectance of LRM terrains.
The concentration of hollows on LRM terrains (Blewett et al., 2011, 2013; Thomas et al., 2016) and the first
detection ever in hollows of a weak mineral absorption band at 600 nm attributed to sulfides (Vilas et al.,
2016) mixed with bedrock-forming minerals like pyroxenes including elements such as chromium, titanium,
and nickel (Lucchetti et al., 2018) strengthened this hypothesis. Moreover, the sublimation of the volatile
sulfides would be related to the formation of hollows (Blewett et al., 2013). Furthermore, the ejecta diver-
sity, bright in some areas (~40% brighter than the average terrains at 749 nm), dark in other regions (~20%
darker at 749 nm), is also indicative of a very complex Mercurian crust. Hence, a more closer investigation
of the lithology of the surface is required.

In this work, we focus on the Shakespeare (H-03) quadrangle. We compared the terrain units identi-
fied mainly on a morphological basis (see Guzzetta et al., 2017, and Figure 1) and the respective spectral
responses, in order to constrain the mapped units also from a compositional point of view and then
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Figure 1. The geological map of the Shakespeare quadrangle published in Guzzetta et al. (2017).

geological units, and help for a more accurate geological analysis of this quadrangle, integrating information
that are usually not derived with a single morphostratigraphic analysis.

An eight-color mosaic of the Shakespeare quadrangle was produced using the Integrated Software for
Imagers and Spectrometers software. Then, several spectral analyses were conducted in order to reconstruct
the lithology of the studied area. In section 2 are shortly described the data set and the methodology used
to obtain our eight-color mosaic of Shakespeare. Section 3 deals with the spectral analysis of our product,
and the results are exposed in section 4. Finally, in section 5, we discuss the results of the spectral analysis,
first at a global scale, then drawing our attention on two interesting regions, which can be considered as
some targets for the SIMBIO-SYS (Spectrometers and Imagers for Mercury Planetary Orbiter BepiColombo
Integrated Observatory SYStem) instrument onboard the BepiColombo spacecraft.

2. Data Set and Data Processing

We used the Experiment Data Record obtained by MDIS-WAC (Hawkins et al., 2007) composed of 12 filters,
observing Mercury in the visible and near-infrared range, from 433.2 to 1012.6 nm. The characteristics of
each filter is detailed in Table 2.

The Shakespeare quadrangle extends from 22.5°N to 65°N in latitude and from 180°E to 270°E in longitude
and covers an area of about 5 X 10% km?. The 1:3M-scale geological map of the quadrangle (Guzzetta et al.,
2017, and Figure 1) shows the distribution of the terrain units and of the impact craters in this region of the
planet. In particular, the main units occurring in Shakespeare are the SP and the IcP, whereas the ImP occur
only as small patches (Guzzetta et al., 2017; Spudis & Guest, 1988; Trask & Guest, 1975). The impact craters
are more abundant in the eastern part of the quadrangle, which thus seems to be older than the western
area, dominated by the Caloris ejecta (McCauley et al., 1981).

The final image mosaic product has been obtained in June 2018 with the version 3.5.2.0 (6 April 2018) of the
Integrated Software for Imagers and Spectrometers developed and provided by the U.S. Geological Survey
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Table 2
Basic Information on MDIS-WAC Filters (Hawkins et al., 2007)

Filter Wavelength (nm) Width (nm) # images
698.8 5.3 49
700 600.0 40
479.9 10.1 772
558.9 5.8 996
628.8 5.5 770
433.2 18.1 2300
748.7 51 6163
947.0 6.2 48
996.2 14.3 2305
898.8 5.1 759
1012.6 333 48
828.4 5.2 992

Ne=IITa"Hgogaw»

Note. The filters used to build the mosaic are marked in bold. Last column
is the number of images available for the Shakespeare quadrangle. MDIS
= Mercury Dual Imaging System; WAC = Wide-Angle Camera.

(Anderson et al., 2004; Gaddis et al., 1997; Torson & Becker, 1997). Our method is mainly based on the
method described in Denevi et al. (2018, section 8) to obtain the final products of the MESSENGER team.
Below are reminded the main steps of the two methods, and their differences are addressed.

The Planetary Data System (available in https://pds-imaging jpl.nasa.gov/Atlas/) images were first georef-
erenced using SPICE kernels integrated to the software and a shape model of Mercury. This geometric
calibration uses notably the last version of Planetary Constants Kernel as suggested in the comments on the
MESSENGER SPICE data archive. The shape model is a digital elevation model produced at DLR (Preusker
et al., 2017). This digital elevation model has a high vertical accuracy (30 m) and a better spatial resolution
(222 m per pixel) than the U.S. Geological Survey shape model (665 m/pixel spatial resolution). The distance
to the center of the planet varies from 2,435,706 to 2,442,822 m, that is, an elevation (RMmu,y = 2,439,400 m)
ranging from —3,694 to +3,422 m.

Then a radiometric calibration was applied, including the correction of the dark current, of the linearity, of
the smear, and of the flat field of the images. The use of the appropriate command called “mdiscal” performs
the same calibration routine than in the Calibrated Data Record catalog file available on the Orbital Data
Explorer. This includes in particular the empirical corrections for responsivity issues.

We selected only 8 filters among the 12 available for MDIS-WAC. Filters A, B, H, and K (698.8, 700.0, 947.0,
and 1012.6 nm) do not ensure a complete coverage of the quadrangle. Moreover, filter B (700 nm) was used
for the calibration operations. The images with too high illumination conditions (incidence angle i > 70°,
emission angle e > 70°) were discarded to avoid a too big difference between the illumination conditions
of two overlapped images. Without this filtering, the photometric correction is not fully efficient, that is,
some image footprints are visible in the final mosaic. Finally, we reduced the amount of data to improve the
processing time, as follows: first, we sorted our images by increasing spatial resolution. Then we considered
the footprint of each image, one by one: If the footprint of an image overlaps more than 90% of the already
present footprints, then this image was skipped. We considered 90% as a relevant threshold, because with a
smaller value, some holes appeared in the final product and with a higher one, too many images were kept,
and so the filtering was not efficient. With this filtering, the number of cubes used for the mosaic has been
reduced from 759 to 499 cubes, thus dividing by ~1.5 the total processing time.

We applied a Kaasalainen-Shkuratov model (Kaasalainen et al., 2001; Shkuratov & Helfenstein, 2001) to nor-
malize our images to the geometric conditions commonly used in laboratory experiments, that is, incidence
angle i = 30°, emission angle e = 0°, and phase angle « = 30°. This model gives a better global photometric
correction, in particular, for seams between images of different illumination conditions (Domingue et al.,
2016), than the Hapke model (Domingue et al., 2015; Hapke, 1981; Hapke et al., 2012).
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Two different projections were considered: an equirectangular projection to keep possible a comparison
with the eight-color mosaic produced by the MESSENGER team and a Lambert conformal conic projection,
which is the most conventional projection at these latitudes. The resolution of each image has been forced
to 450 m per pixel. This spatial resolution has been chosen for two reasons: first, to be consistent with the
resolution selected by (Zambon et al., 2017) for their own eight-color mosaics (Victoria and Hokusai quad-
rangles); then, because it is close to the average spatial resolution of the images used to produce our mosaic.
The projected images were then coregistered.

Finally, we produced the eight-color mosaic and we filtered it to remove the bad pixels still present (e.g.,
negative pixel values or greater than 1), which mainly come from the photometric correction. We did not
consider the scattered light issue as in Denevi et al. (2018) because of the small redundancy of our data set.
However, the problem should be reduced thanks to the final bad pixels filtering.

3. Spectral Analysis

To have a global view of the spectral and lithological properties of the surface of Mercury at a quadrangle
scale, we performed thresholds of different parameters highlighting variations in reflectance, spectral slope,
ratios, and spectral curvature. Moreover, we used red-green-blue (RGB) combinations to emphasize spectral
variations and we took into account the information obtained by a principal component analysis (PCA). PCA
is a statistical method that converts a data set of potentially correlated variables into a data set of uncorrelated
variables called principal components (PC). This method produces the least number of relevant parameters
to study the global spectral properties of the data set. It has been used several times to identify specific
terrains on Mercury (Denevi et al., 2009; Peplowski & Stockstill-Cahill, 2018; Robinson et al., 2008).

To find the PC of a data set, the basic method using PCA can be based on either a covariance matrix or a
correlation matrix. The correlation matrix is used if the variances of the individual variables differ signif-
icantly or if the variables have different units of measurement. Since the variables of our data set are of
the same physical quantity (reflectance) and have the same unit of measurement (dimensionless physical
quantity), we used the PCA which computes the covariance matrix for our analyses. In our context, applied
to our 8-color mosaic, the first PC (PC1) gives information on the reflectance variations, whereas the sec-
ond PC (PC2) shows spectral variations related to the physical state or chemistry of the material, that is,
predominant slope of the spectral continuum. We computed the PC of our eight-color mosaic with ENVI .

Combining the information described above from different analyses, we could highlight specific spectral
units to be associated to compositional information. In the following subsections, we describe the performed
analyses.

3.1. Classification Using Thresholding

We retained four spectral parameters for this analysis: PC2, reflectance at 749 nm, ratio 996/433 nm and
spectral curvature around 600 nm. Here we show the thresholding of the two first parameters, which are the
best to highlight the two main spectral properties of the Mercurian surface (for further details, see Murchie
et al., 2015, who used these parameters for their investigation of the color units of Mercury): the threshold-
ing of the reflectance at 749 nm emphasizes the brightness variations of the Mercurian surface, while the
thresholding of PC2 puts forward its global spectral slope variations. The two other spectral parameters were
considered to complete both the global information given by the thresholdings and the discussion. This way,
we aimed to identify units associated to specific terrains with probable differences in composition.

For each spectral parameter, we started considering the lowest significant values of this parameter, that is,
the values from which a specific terrain starts to appear. Then, we increased progressively the value of the
parameter till another well separated terrain clearly emerges. The value corresponding to that change of
terrain is taken as the upper limit of the threshold. We proceeded this way till the highest significant values
of the spectral parameter are reached. The thresholding method enables to identify some terrains at large
scale, although it is not possible to discriminate specific terrains when considering values of the parameter
close to the mean value. The terrains which cannot be separated are gathered in an unique, widespread
region labeled as “Other,” and can be considered as an intermediate region.

The ratio 996/433 nm is another manner to highlight the spectral slope variations. The ratio R of two bands
R, at A; nm and R, at 4, nm of the eight-color mosaic is linked to the spectral slope S by
R Ay — 4
R=ZL=1+2"lg M
RZ Rl
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Figure 2. Top: The spectral map of the Shakespeare quadrangle for the PC2. Bottom: Average spectra (normalized at
559 nm) of each spectral unit of the previous map. LRM = low reflectance material; IcP = intercrater plains; HRP =
high-reflectance red plains; PD = pyroclastic deposits.

It is important to notice here that the relationship between the ratio and the spectral slope is not linear since
the reflectance (R,) is involved. For the same spectral slope, a brighter terrain will have a lower ratio. Ratios
are thus also useful to enhance the bluest and brightest, so freshest material like ejecta and rays, what was
not possible with the spectral slope alone.

Vilas et al. (2016) and Lucchetti et al. (2018) showed that a weak, broadband around 600 nm can be detected
on the floor of some craters containing hollows, which contain fresh material according to (Blewett et al.,
2011). This band is expected to be associated to a material present in the darkest regions of Mercury, that
is, those that may contain LRM. Klima et al. (2018) used the spectral curvature this band creates to detect
LRM on the surface of Mercury. To do a finer analysis of this spectral curvature, we considered a spectral
parameter introduced by Murchie et al. (2015) and used recently by Klima et al. (2018) to compute the
spectral curvature at 600 nm (equation (2)).

(Rss9 + Rpg + Ryyg + Rypg) /4

SCepp=1—
00 (Rggg + Ryz0)/2

)

3.2. RGB Mapping

We combined several spectral parameters in one map by doing a RGB color mapping to find the right color
combinations to enhance the composition variations across the surface. This way, it is easier to identify
regions of interest and do a finer analysis or classification.
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Figure 3. Top: The spectral map of the Shakespeare quadrangle for the reflectance at 749 nm. Bottom: Average spectra
of each spectral unit of the previous map. LRM = low reflectance material; HD craters = heavily degraded craters; SP =
smooth plains; PD = pyroclastic deposits.

Two RGB maps were commonly used in the literature (Blewett et al., 2009; Denevi et al., 2009; Robinson
et al., 2008): The first combines the reflectance at 996, 749, and 433 nm, respectively; the second includes the
two first principal components (PC1 and PC2) and the ratio 433/996 nm. On the first map, only reflectance
can be directly visualized. Yet, as evidenced in section 3.1, the spectral slope is also essential to better con-
strain the lithology of a surface. To have an access to the spectral slope distribution across the quadrangle,
it is useful to do the ratio between two filters (e.g., 996/433 nm).

We also looked for the potential spectral signature of the surface of Mercury in the visible domain, that is,
the spectral curvature at 600 nm. To do so, we considered the parameter SCq, (defined in section 3.1) to
search for areas where this curvature is significant. As employed by Pieters et al. (1994) for their RGB map
to estimate the abundance of iron on the Moon, we decided to introduce the reciprocal of SCy,, to be more
sensible to the weak strength of this curvature.

Finally, we defined an RGB map similar to the one using PC2 and PC1 for the red and green channels,
respectively, but the spectral curvature at 600 nm for the blue channel.

3.3. K-Mean Clustering

We also performed a K-mean clustering on selected areas of the quadrangle, whose aim is to classify a vari-
able into k clusters. This classification method has been introduced by Tou and Gonzalez (1974). Here the
variable is the multicolor spectrum coming from a pixel of our eight-color mosaic. In addition, we used an
algorithm (Marzo et al., 2006, 2008, 2009) based on the calculation of the Calinski-Harabasz criterion (short-
ened CH criterion hereafter; Calinski & Harabasz, 1974) to determine if there is a clustering structure. If yes,
it will give the natural number of clusters for the data set considered, making the process fully unsupervised.
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Table 3
Thresholds of PC2 Used to Classify Shakespeare as Visible in Figure 2

Spectral parameter range

Threshold # Color on map Min Max Terrain/feature associated
1 Cyan —0.022 —0.01 Degas crater

2 Blue —0.01 —0.005 Rays, LRM

3 Black —0.005 —0.001 IcP

4 Green —0.001 0.0035 Other

5 Orange 0.0035 0.007 Caloris, HRP

6 Red 0.007 0.018 Pyroclastic deposits

Note. LRM = low reflectance material; HRP = high-reflectance red plains; IcP = intercrater
plains; PC = principal component.

A data set has a clustering structure if the CH criterion shows a local maximum. Thus, the region of inter-
est is separated into clusters. Each cluster is characterized by an average spectrum, revealing the spectral
variability of the region of interest.

This method is different from the PCA. Indeed, where PCA is a method of data reduction, so better used at
large scale to remove the less significant points of the data set, the K-mean clustering will only separate the
data set into several groups, making it more usable for data set with limited size.

4. Results

4.1. Using the Thresholding

Figures 2 and 3 show the maps obtained by thresholding PC2 and the reflectance at 749 nm, respectively.
Tables 3 and 4 detail these thresholdings. The mosaics of the four first PCs (PC1, PC2, PC3, and PC4) of the
Shakespeare quadrangle are shown in Appendix A.

The thresholding permits to identify geological terrains mapped by Guzzetta et al. (2017). Intercrater plains,
identified as Class 3 in Figure 2, are the most convincing example. Indeed, the terrains surrounding Sobkou
Planitia which have been mapped as IcP (see Guzzetta et al., 2017) are very well characterized by a PC2
ranging from —0.005 to —0.001, according to our map. LRM and the main Hokusai ray coming from the
eponymous crater (see section 5.3.2 for more information on this crater) are clearly distinguished through
Class 2. For clarity of what follows, since this ray is orthogonal to the Degas rays, we hereafter refer to it as
“orthogonal ray,” shortened OR. Some patches of Caloris smooth plains material and HRP are detected in
the far western of the Shakespeare quadrangle with Class 5. Furthermore, it is also possible to enhance more
local features. It appears that the material on the floor and in the close surroundings of Degas crater (37.1°N,
—127.3°W) is distinct from the rest of the quadrangle, in terms of PC2 values. Hence, we mapped this crater
as a separate class. Looking at the average spectrum of class 1, we can even claim that the material covering
the floor of Degas has the flattest spectrum of the Shakespeare quadrangle. Pyroclastic deposits (Besse et al.,
2015; Goudge et al., 2014; Head et al., 2008, 2009; Kerber et al., 2009, 2011) are another example of features
which constitute a separated class (class 6), but unlike Degas, they have the steepest spectral slope of the
Shakepeare region.

Table 4
Thresholds of Reflectance at 749 nm Used to Classify Shakespeare as Visible in Figure 3

Spectral parameter range

Threshold # Color on map Min Max Terrain/feature associated

1 Blue 0.035 0.058 LRM, heavily degraded craters
2 Green 0.058 0.069 Other

3 Orange 0.069 0.085 Caloris, weathered ejecta, SP

4 Red 0.085 0.102 ejecta, rays, pyroclastic deposits

Note. LRM = low reflectance material.
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Figure 4. (a) Ratio (996/433 nm) map of the Shakespeare quadrangle. The yellow arrows point the two unnamed Kuiperian craters discussed in sections 4.2
and 5.2. (b) Map showing the spectral curvature around 600 nm across the Shakespeare quadrangle. A stretching has been applied to keep values between 0%
and 5%. (c) RGB (R =996, G = 749, and B = 433 nm) map of the Shakespeare quadrangle. Red range: 0.06254-0.11021; green range: 0.04946-0.09450; blue
range: 0.02909-0.05932. (d) RGB (R = PC2, G = PC1, and B = 433/996 nm) map of the Shakespeare quadrangle. Red range: 0.03130-0.05270; green range:
0.13410-0.24909; blue range: 0.43716-0.56937. Annotations: PD = pyroclastic deposits; LRM = low reflectance material. (¢) RGB (R = SCygg, G = 996/433 nm,
and B = 1/SCq,) map of the Shakespeare quadrangle. Red range: 0.0003-0.03872; green range: 1.74883-2.27482; blue range: 20.03125-13331. The yellow arrows
point the two unnamed Kuiperian craters discussed in sections 4.2 and 5.2. (f) RGB (R = PC2, G = PC1, and B = SC¢,) map of the Shakespeare quadrangle.
Red range: 0.03134-0.05273; green range: 0.13435-0.24914; blue range: 0.0003-0.03872. RGB = red-green-blue.

Other terrains can be identified with the thresholding of the reflectance at 749 nm, like the heavily degraded
craters material, what we could not do with PC2. Those terrains are quite well characterized in the western
part of the quadrangle, where no bright features covered them. We also notice that the two main spots of
LRM in Shakespeare, close to Akutagawa (50.9°N, —90.5°W) and Sholem Aleichem (48.3°N, —141.1°W)
craters, are mapped in class 1 of reflectance (see Figure 3), whereas the LRM which circles the Degas crater
is not. Therefore, the LRM identified close to Akutagawa and Sholem Aleichem is brighter than the LRM
surrounding Degas. Besides, we can identify the two brightest rays coming from the Hokusai crater in our
quadrangle (circled in black in Figure 3; see Ernst et al., 2018; Figure 1 for the complete rays system of this
crater): one in the eastern part, which is very bright, so classified in class 4; and one in the western part, less
bright and classified in class 3.

Figure 4a shows the ratio between the reflectance at 996 nm and the reflectance at 433 nm. As mentioned
in section 3.1, a ratio map can be used as a proxy to put forward the global spectral slope variations, that is,
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Figure 5. (a) Crop of the geological map around the Degas crater presented in Figure 1 (Guzzetta et al., 2017). The
well-preserved crater material is in yellow (c3), the beige corresponds to the smooth crater floor material, and the black
dots texture the light colored ejecta. The floor of Degas is mapped by a single geological unit; (b) red-green-blue (996,
749, and 433 nm) of the same region of interest. Red range: 0.06062-0.11039; green range: 0.0489-0.09464; blue range:
0.02790-0.05954. The white and yellow arrows point the different terrains identified thanks to the K-mean
classification. (c) K-mean classification of our region of interest. (d) Calinski-Harabasz criterion as a function of the
number of K-mean clusters. The maximum is reached for six clusters. (e) Average spectra of each K-mean class (except
Class 6, which corresponds to the crater shadows).

on the full range of wavelengths covered by MDIS (visible and near infrared). According to equation (1), the
bright tones in Figure 4a highlight the terrains with a high global spectral slope (redder). Conversely,
the dark tones on Figure 4a are the terrains with a bluer spectral slope. It is not surprising to find once again
the pyroclastic deposits among the features with the reddest slopes of Shakespeare, neither to notice that the
LRM, the ejecta and the rays constitute the terrains with the shallowest slopes of this quadrangle.

Figure 4b aims to identify the areas where the spectral curvature at 600 nm is the strongest. Our map is
similar to the one obtained by Klima et al. (2018), with the highest values of SCy, around Degas, Akutagawa,
and Sholem Aleichem craters, and in the area located to the south of Sobkou Planitia as well (red circled).

4.2. Using the Color Combinations

With the reflectances at 996, 749, and 433 nm as a color combination (Figure 4c), we enhanced in particular
the pyroclastic deposits, bright yellow patches expressing their overall high level of reflectance, yet more pro-
nounced in the longer wavelengths than the average terrains; that is, they are spectrally red; the LRM, local
dark blue spots revealing spectral properties in contrast with the pyroclastic deposits, that is, low reflectance
and blue spectrum; and the ejecta and rays, white patches and lines, respectively, evidencing their bright-
ness and average spectral slope. IcP are also well visible, like those surrounding Sobkou Planitia. They define
a dark gray corona around these plains.

As the first RGB (Figure 4c) map, the RGB map that combines PC2, PC1, and the 433-nm/996-nm ratio
(Figure 4d) enhances the pyroclastic deposits (intense yellow); the LRM (intense dark blue); and the bright
ejecta and rays of fresh material (white or cyan according how much they are bright compared to how blue is
their spectrum) are here even more enhanced (see Figure 4d). The same spectral properties are highlighted
in both maps, yet in a clearer way. However, with this color combination, the hollows are also well evidenced
in cyan, indicating how bright and blue they are compared to the surrounded areas. Finally, the Caloris
smooth plains material is also highlighted with orange and greenish tones, characteristic of the moderate
brightness and high spectral slope of this region.

When using SCy,, the spectral parameter to investigate the presence of the spectral curvature at 600 nm, we
obtained the RGB (R = SCy,, G = 996/433 nm, and B = 1/SCy,,) map shown in Figure 4e. Three kinds of
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Figure 6. (a) Global view of the OR on the 749-nm (monochrome) map. The yellow oval circles the location where the
OR seems to stop. (b) Global view of the OR on the 996/433-nm map. (c) The three classes of the OR overplotted on a
RGB (996, 749, and 433 nm) map for the K-mean clustering applied on the eight-color cube. Red range:
0.06062-0.11039; green range: 0.0489-0.09464; blue range: 0.02790-0.05954. The dashed lines estimate roughly the
extension of IcP surrounding Sobkou bassin and Erté crater. (d) The three classes of the OR overploted on a RGB (996,
749, and 433 nm) map for the K-mean clustering applied on the ratio (996/433 nm) mosaic. Red range:
0.06062-0.11039; green range: 0.0489-0.09464; blue range: 0.02790-0.05954. (e) The average spectra of each class
identified for the K-mean clustering applied on the eight-color cube. (f) The average spectra of each class identified for
the K-mean clustering applied on the ratio (996/433 nm) mosaic. The error bars are within the points. OR = orthogonal
ray; RGB = red-green-blue.
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area can be identified: the green areas, which have a global high spectral slope (visible with near-infrared)
like pyroclastic deposits and HRP; the blue areas, where the curvature at 600 nm is low; and the red areas
with a likely high curvature at 600 nm. We note that the green areas are scattered over the whole quadrangle,
while the most evident blue areas are mainly located to the north of the quadrangle. In this sector of the
quadrangle, there are two unnamed Kuiperian craters centered at 62.9°N, —101.4°W and 64.5°N, —104.6°W
(yellow arrows on Figure 4e), whose ejecta appear particularly blue on this map. The Degas crater, the OR
and the terrains containing LRM appear instead as red areas.

After replacing the ratio 433/996 nm in the RGB map of Figure 4d by the parameter SCy,,, we obtained
a RGB map (Figure 4f) which is very similar. This is not completely surprising because the formula used
to calculate SC¢,, (equation 2) is a ratio of reflectances, like for the blue channel of Figure 4d. However,
using SCgy, We have a direct access to the strength of the spectral curvature across the quadrangle: as in
Figure 4b, the LRM (blue) seems to be essentially present around Degas, Akutagawa, and Sholem Aleichem
craters, and around Sobkou Planitia. However, Figure 4f is significantly different on the last point: indeed,
according to this map, LRM seems to be more or less all around Sobkou Planitia, whereas it was less evident
on Figure 4b where LRM appears to be concentrated in the south of Sobkou Planitia. Figure 4f is thus the
best map to identify the LRM: The LRM boundaries are well distinguishable while giving a direct access to
the spectral curvature at 600 nm, which is related to the amount of material present.

4.3. Using the K-Mean Clustering

We applied a K-mean clustering (see section 3.3 for more details on this method) to two subsets of the
eight-color cube of Shakespeare: the Degas crater and the OR. The reader is referred to section 5 for an
explanation of these choices.

The analysis of the crater Degas is summarized in Figure 5. We considered an eight-color cube centered on
Degas. Six clusters have been identified for this region of interest (see Figure 5d). Class 6, which corresponds
to the shadows, is not significant for our analysis. Almost all the floor of Degas is classified as class 1, whose
average spectrum is the shallowest and has the strongest spectral curvature (see Figure 5e). Thus, the main
material hosted by this crater is most probably the freshest of the studied area. Classes 2 and 3 identify the
LRM excaved by the impact.

Regarding the geology, it is also interesting to notice that the smooth crater floor material seems to be
isotropically distributed around the central peak (see Figure 5a), while the RGB map shows an anisotropic
distribution of this material (see Figure 5b). Our classification (see Figure 5c) confirms this observation and
shows that at least two kinds of material characterized by different spectral slopes, hence with probably dif-
ferent mineralogical compositions, cover the floor of Degas. Small hollows have been reported by Blewett
et al. (2013) and Thomas et al. (2014) on Degas crater floor but have neither been mapped from a geological
point of view (see Guzzetta et al., 2017, and Figure 5a) because they are too small structures, neither in our
color maps (e.g., Figure 5b) because of the still too limited spatial resolution. These observations made possi-
ble by the K-mean clustering analysis are complementary of the considerations raised with the thresholding
analysis, which were done at a quadrangle scale (see section 4.1).

The analysis of the OR is presented in Figures 6 and 7. A (partly supervised, i.e., without using the algorithm
of Marzo et al., 2006, because the probed area is too large) K-mean classification applied on this region of
interest (ROI hereafter) permits to identify three classes, separated from each other by 0.01 in reflectance
(Figures 6c and 6e). Looking only with the reflectance at 749 nm (Figure 6a), the OR seems to stop before the
location circled on the figure with the yellow oval, showing a global reflectance gradient from south to north.
However, if we consider the ratio 996/433-nm map (Figure 6b), it is obvious that the OR runs continuously
from north to south of the view, showing no peculiar trend for the spectral slope (Figures 6d and 6f). Yet, if
we look closer to Figure 6c¢, it seems that the OR becomes brighter at its very end (south). Moreover, the two
locations identified as Class 1 are likely due to Sobkou basin and/or Erté crater underlying IcP, since these
terrains perfectly overlap the red areas (see dashed lines on Figure 6¢).

Two different stretchings of the same RGB (996-749-433 nm) have been applied. On the top right of Figure 7;
the stretching highlights in particular the Hokusai ray, even the darkest part, which appears in dark blue. In
addition, five small ROIs have been selected at different locations alongside, but outside the OR: three are
on the SP and two on the IcP. The average spectra of these ROIs (bottom of Figure 7) clearly indicate that
the SP underlying the OR are 0.01 higher in reflectance than the IcP underlying the OR.
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Figure 7. Top: Two global views in Lambert conformal conic projection of the orthogonal ray (red arrows) on the same
red-green-blue (996-749-433 nm) map with different stretchings, together with five selected regions of interest (red,
blue, green, yellow, and cyan polygons). The blue arrow denotes the Degas crater. Top left: Red range: 0.06254-0.11021;
green range: 0.04946-0.09450; blue range: 0.02909-0.05932. Top right: Red range: 0.08820-0.11021; green range:
0.07464-0.09450; blue range: 0.04480-0.05932. Bottom: The average spectra of the regions of interest (ROI).

5. Discussion

The results obtained from the different approaches and described in section 4 permit to highlight spectral
variations that can be related to compositional variations at quadrangle scale, with two examples of ROIs.
In the following section, we summarize which units can be clearly separated. If not precise, the images
presented are subsets of maps in equirectangular projection.

5.1. LRM Alteration

Numerous laboratory experiments have been conducted to investigate the effects of space weathering on
the spectral properties of airless bodies of our solar system like asteroids. Most commonly, space weathering
produces a reddening and a darkening of the surface (Brunetto et al., 2015). However, it has been shown that
these effects are not systematic for every asteroid class but depends also on the initial albedo (Lantz et al.,
2015). Thus, the darkest C-type asteroids (the richest in carbon) can have the opposite spectral behavior
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with respect to space weathering, that is, bluing and brightening. Yet, these asteroids and their associated
meteorites have an albedo (e.g., ~5% at 550 nm for the Murchison meteorite; Lantz et al., 2015) lower than
the albedo of LRM on Mercury (~13% at 550 nm for the Degas crater, ~8% at 550 nm for the Basho crater,
which is surrounded by LRM darker than around Degas, like are Akutagawa and Sholem Aleichem craters;
Denevi & Robinson, 2008). The albedo of LRM is closer to the one of the Allende meteorite (~11% at 550 nm;
Brunetto et al., 2014) for which the space weathering weakly reddens and darkens the surface. Nevertheless,
LRM on Mercury probably contains carbon in higher quantity than in the carboneous meteorites (up to
~4% wt. for LRM; Klima et al., 2018, ~2% wt. for Murchison and ~0.3% wt. for Allende; Lantz et al., 2015).
Besides, the Tagish Lake meteorite, which is darker (albedo between ~2.0 and 3.5% at 550 nm); (Izawa et al.,
2015) and contains even more carbon than LRM (5.5% wt. (Lantz et al., 2015)), becomes brighter and bluer
after irradiation. Therefore, the LRM of Mercury is an intermediate case between the cases of Murchison
meteorite and Tagish Lake meteorite and thus can darken and redden when exposed to the space weathering.

The physical mechanisms that occur when LRM is exposed to space weathering could vary, depending on the
albedo of the LRM. According to Brunetto et al. (2015), for bright material like Allende meteorite (or brighter
LRM in our case), the mechanisms can be ordinary chondrites like, that is, the formation of nanosized par-
ticules of iron; for darker material such as Tagish Lake (or darker LRM in our case), the mechanisms may
be terrestrial bitumens-like, that is, the formation of C-H bonds and the increasing of aromaticity. Never-
theless, we can not exclude that the differences between Mercury and carboneous chondrites (FeO content,
mineralogical differences such as the presence of hydrated silicates and oxidized material, e.g., magnetite)
could also cause carboneous chondrites response to space weathering to differ from that of Mercury.

5.2. Global Lithology of Shakespeare

Looking at PC2 (Figure 2) and its Class 1 average spectrum, we can claim that Degas has the shallowest
spectrum of the Shakespeare quadrangle. Even if we can not exclude that the rocks composition plays a
significant role in this spectral property, it means above all that it is most probably the youngest feature of
the area. This would explain why its rays system is so well preserved. Moreover, on the same map, the three
main spots containing LRM fall in the same class (Class 2). However, Figure 3 allows us to see that the
LRM around Degas is brighter compared to the LRM associated with the Akutagawa and Sholeim Aleichem
craters. The explanation of this difference could be related to the age of the material involved. Indeed, to
explain the brightness variability of the hollows in the Dominici crater, Vilas et al. (2016) proposed that
these hollows could have different ages or could be at different evolution states, for example, could have
undergone space weathering processes for a different period of time.

Following the considerations addressed in section 5.1, LRM could darken while aging. This confirm that the
LRM around the Degas crater is the youngest of the three LRM spots. (Domingue et al., 2014) raised the pos-
sibility that (at least) the implantation of hydrogen ions in Mercury's soil can be at saturation level. Assuming
this hypothesis for the majority of the Mercurian surface, we can raise a constraint on the time scale of this
process on Mercury. Guzzetta et al. (2017) mapped the ejecta of the Akutagawa crater in the same unit than
the ejecta of the Degas crater (c3, well-preserved crater material; see Figure 1), while the ejecta of the Sholem
Aleichem crater were mapped in another unit (c2, degraded crater). According to the geological time scales
of Mercury (e.g., see the lower right corner of Figure 1), the Akutagawa crater could have formed during
the Mansurian or at the beginning of the Calorian, whereas the Sholem Aleichem crater probably formed
at the end of the Calorian or at the beginning of the Tolstojan. Yet, the Akutagawa and Sholem Aleichem
craters are in the same class of reflectance (see Figure 3). This means that the saturation in terms of space
weathering of the surface of Mercury should be reached in a relatively short geological time, that is, during
the Mansurian age (between —1 and —3.6 Gyr). This is in adequation with the definition of the beginning
of the Mansurian, from which craters have no visible rays system. Besides, it is interesting to notice that the
rate of optical maturation on Mercury has been estimated to be about four times faster than on the Moon
(Braden & Robinson, 2013), where large rayed craters reach optical maturity after ~800-1000 Myr (Hawke
et al., 2004). Mercury rays should thus reach maturity after only ~200-250 Myr, so much before the begin-
ning of the Mansurian. This difference between beginning of the Mansurian and estimated optical maturity
can be explained by the difference in mineralogy between Mercury and the Moon. Indeed, the Mercurian
crust is dominated by mafic minerals with low abundance in iron, whereas the lunar crust contains mainly
Fe-rich minerals. These minerals are structurally different, therefore they can have a different behavior
(e.g., lower efficiency, so acting at longer timescales) when exposed to space weathering. Notwithstand-
ing the above considerations, the hypothesis that LRM darkens when aging is not always consistent with
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observations on a global scale of the planet, as previously suggested by Murchie et al. (2015): The LRM is
darker in the younger craters, suggesting that it is gardened with age into the regolith and becomes less con-
centrated. In addition, Moroz et al. (2004) showed the irradiation of hydrocarbon materials tends to reduce
their high spectral slope and to slightly increase their reflectance in the visible. A difference in the content of
darkening agent seems thus the most plausible. This would indicate the presence underneath the surface of
anonhomogeneous graphite crust (Peplowski et al., 2016; Vander Kaaden & McCubbin, 2015) at each point.

Since Hokusai is a Kuiperian crater (Banks et al., 2017), its rays have not been weathered a lot and are thus
still fresh. As the common effects of the space weathering are the darkening and the reddening of a surface
(Domingue et al., 2014; Brunetto et al., 2015; Pieters & Noble, 2016), it is therefore reasonable to expect that
the OR in Shakespeare is characterized by a spectral slope bluer than the average terrains of Mercury. This
assumption is confirmed by the ratio 996-nm/433-nm map (Figure 4a), where the dark features, for example
the OR, have a shallower slope, so are expected to be fresher than the surrounding terrains. However, the
thresholding of the reflectance (Figure 3) permitted to identify a decrease in reflectance at the end of the OR.
This part of the quadrangle corresponds to the darkest part of the OR in our quadrangle (see section 5.3.2
and in particular Figure 6). This could suggest that the material excaved from the depth of Degas contained
LRM and has mixed with the fresh material of the OR, thus making it darker in this area.

Based on global studies of pyroclastic deposits, it has been hypothesized that their spectral characteristics
(high reflectance and high spectral slope) are due to compositional or physical properties, rather than age.
According to Kerber et al. (2011) who relied on the works of Lucey et al. (1995) for the Moon, the brightness
and redness of the Mercurian pyroclastic deposits can be explained by their low-iron content compared to the
surrounding terrains, which are already poor in iron compared to the Moon surface for example. Moreover,
the same authors put forward that the material which composes the pyroclastic deposits did not crystallize
a large amount of opaque minerals, e.g. sulfides. This is in agreement with Nittler et al. (2014) who showed
that the largest pyroclastic deposit of Mercury (Rachmaninoff) is sulfur depleted. Finally, Besse et al. (2015)
demonstrated that the grain size variability of the pyroclastic deposits material can impact their spectral
properties: the further from the pyroclastic vent, the smaller the grain size is, and the less red the pyroclas-
tic deposit (such considerations can be extended to craters ejecta like in D'Incecco et al., 2016). Our results
statements are consistent with these statements. Indeed, on the same map discussed above (Figure 4a), pyro-
clastic deposits have high values of ratio 996/433 nm, so have the highest spectral slope of the quadrangle.
The yellow color of the pyroclastic deposits in Figure 4d is also indicative of a bright material with a redder
spectral slope, since with high values for the green and red channels, respectively, get yellow pixels. Besides,
the cyan color of the OR is consistent with of a bright bluer material leading to high values to the green and
blue channels, respectively.

On the first RGB using SCy, (Figure 4e), we noticed that there are spectrally reddish (with high spectral
slope, i.e., with green tones on the map) terrains both on the eastern and the western parts of Shakespeare.
This spectral property can be due either to the terrains maturity or to a difference in composition. Looking
at the cratering rate of both parts (see Figure 1), the eastern part appears more craterized than the western
part. With the relation to the time of surface exposure to space weathering processes, we can thus consider
it composed of more mature terrains. However, more recent terrains outcrop in the western part. These
terrains are ejecta of the Caloris basin and smooth plains, which could be naturally redder than the average
of Mercury. Moreover, on the same map, we can see that the OR appears in red, so has a high spectral
curvature. Nevertheless, since this feature has a very high reflectance (see Figure 3), we cannot interpret the
high curvature to the presence of LRM. Looking at the formula of SCq, (equation (2)), it could be rather
a bias effect due to the global high level of reflectance of the OR. We can notice the same interpretation is
valid for the Degas rays. Finally, we pointed out that the ejecta of the two Kuiperian craters in the north of
the quadrangle (yellow arrows on Figure 4a) are blue in contrast to the Degas crater. This shows that these
ejecta have a very low spectral curvature, thus do not contain LRM. Therefore, the lithology of these two
unnamed craters is different from the lithology of Degas.

We saw in Figure 4b that the highest values of SC, are concentrated around the Degas, Akutagawa, and
Sholem Aleichem craters, and in the south of Sobkou Planitia. However, we can not conclude that all the
terrains highlighted on this map contain LRM. Indeed, according to the geological map of Guzzetta et al.
(2017), the terrains surrounding Sobkou Planitia are IcP and there is no reason for the presence of LRM only
(or more) concentrated in the south of Sobkou Planitia. This might be a hint of lithology heterogeneities for
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the IcP unit: the spectral properties of the IcP in the south of Sobkou Planitia seem different from the other
IcPin the quadrangle. The IcPs rich in LRM surrounding Sobkou Planitia could therefore represent a subunit
of the more widespread, strictly speaking IcP or their specific facies. Using SCq, as the spectral parameter for
the blue channel instead of the ratio 433/996 nm in Figure 4d, we have to qualify this statement, as it appears
that the LRM is mainly localized in the south of Sobkou Planitia, even if we cannot exclude the presence
of LRM in smaller quantity all around this basin. Hence, the color mapping can help solve such kind of
inconsistencies, and thus the precise lithological nature of rocks, which look similar in the first instance.

From what precedes, we can identify the following spectral units, characterized by specific spectral proper-
ties:

« The LRM spots, with a low reflectance (Figure 3), a bluer spectral slope than the average, that is, smaller
values of PC2 (Figure 2) but higher values of 433/996 nm (Figure 4d), and a high spectral curvature
(Figures 4b, 4e, and 4f).

« The OR, presenting a high reflectance (Figure 3) and a bluer spectral slope than the average (Figures 2
and 4a).

« The Degas crater, whose floor has a quite high reflectance (as high as the SPs of Sobkou Planitia; see
Figure 3) and the shallowest spectral slope of the quadrangle (Figures 2 and 4a).

« The IcP, mainly pointed out thanks to their quite low spectral slope (Figure 2), and to their high spectral
curvature for the ones which are rich in LRM (Figure 4b). They also have a low reflectance (Figure 3), but
higher than the LRM.

« The Caloris material on the western of the Shakespeare quadrangle, with a high (Odin formation) or very
high (Caloris plains) reflectance (Figure 3) and a spectral slope similar to the average terrains.

« Lastly, the terrains covered by the pyroclastic deposits, showing a very high reflectance (Figure 3) and a
very high spectral slope (Figure 2).

Furthermore, the central region of Shakespeare, encompassing Sobkou Planitia, the Degas crater and the
OR are probably relevant choices to probe the diversity of the global lithology of Mercury.

5.3. Local Lithology of Shakespeare: The Examples of Two Regions of Interest
5.3.1. The Degas Crater

The Degas crater (D ~ 53.5 km) located at 37.1°N, —137.2°W within Sobkou Planitia is also a very interesting
target for BepiColombo. It has been referred to the Kuiperian period (started nearly 280 + 60 Myr ago; see
Banks et al., 2017; Xiao et al., 2014), because this crater shows a well-preserved important system of bright
rays, well developed in length, and even clearly visible on monochomatic base maps. Further, whereas this
crater presents no specificity on the geological map of Guzzetta et al. (2017), it is very interesting from a
spectral point of view for two reasons: (1) Compared to the other craters in the quadrangle, its floor appears
in distinctive blue tones in the color-composite maps of Figures 4c, 4d, and 4f; (2) there is LRM visible on
the proximal ejecta surrounding the crater rim, thus giving a hint of the lithology of this area.

There can be two interpretations of the classification obtained (see section 4.3): either the material outside
the crater has not the same composition than the material which is on the floor or it is the same material
which underwent different processes, making it evolving differently (or both).

Moreover, two spectrally different terrains have been evidenced in the floor of Degas. The one which is very
blue on the RGB map (see white arrow in Figure 5b) could corresponds to a material with a high content
in fresh darkening agent excaved from depth during the impact. The second could be the same material
but mixed with an older material like the Sobkou Planitia smooth plains material, which would explain
the different spectral slope of the different terrains. Here, the K-mean clustering helped us to highlight the
lithological heterogeneities (two classes associated to two terrains) of Degas floor. This was not possible with
the thresholding analysis (only one class).

The blue color of the terrains classified as Class 1 in Figure 5c can be a reminder of some craters in the
Caloris basin, which also have a blue floor like Degas (Ernst et al., 2015; Potter & Head, 2017). However, the
floor of these craters are blue only with the color combination using PC2, PC1, and the ratio 433/996 nm.
In addition, with this color combination, the blue is sightly different for Degas floor on the one hand, and
for the LRM surrounding Degas and the floor of craters in Caloris on the other hand. Thus, there are three
specific cases: (1) it is the same material but in different quantities; (2) it is the same material which evolved
in different ways; (3) or they correspond to different materials. The most probable is the first case, as this
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would explain that Degas floor is brighter than the surroundings of the crater. Indeed, the thresholding of
the reflectance at 749 nm (Figure 3) separates the floor of the crater (class 2) and its surroundings (Class
3). Moreover, this would be consistent with the thresholding of PC2 (Figure 2) for which the floor and the
surroundings of Degas are in a unique class (Class 1). This way, the darker surroundings of Degas would
contain more LRM than the floor. The last case is also quite possible, since both areas could contain LRM
but more or less mixed with other materials which have different spectral properties (e.g., SP).

5.3.2. The Hokusai Ray

Another ROI can be the OR (see Figure 7, red arrows). This feature extends nearly from 33.3°N, —121.1°W
to 49.3°N, —112.2°W and is estimated to be ~750 km long. According to Xiao et al. (2016) and Ernst et al.
(2018), the OR comes from the Hokusai crater (57.8°N, 16.6°W). This big (diameter: 114 km) Kuiperian
crater has the most widespread system of rays on Mercury and is ~3,516 km far from the Degas crater. The
ray we are interested in is long (several thousand of kilometers) and particularly large (about 50-km width)
compared to the other rays of Hokusai (about 20-km width).

The K-mean classification of the OR has evidenced three well separated classes of reflectance, with the dark-
est part in the southern part of the ray but not at its very end (see section 4.3 and Figure 6). The 996/433-nm
ratio map shows that this darkest part can not correspond to a discontinuity of the ray. This statement is
confirmed if one stretches the RGB map (see top left of Figure 7): The darkest part of the OR appears in dark
blue. This can be interpreted as a difference in composition, probably resulting in the competition of two
effects:

1. A decrease of the amount of fresh material from north to south. This is consistent with the location from
where the ray originates, that is, the Hokusai crater, and passing close to the north pole. Thus, the more
southward we are, the less material there should be, and so the darker the ray appear. This would also
explain the global gradient in reflectance.

2. An influence of the reflectance of the underlying terrains. The IcP surrounding the Sobkou bassin and/or
the Erté crater centered on 27.4°N, —117.3°W, in the southeast of the ray (see dashed circles in Figure 6)
are much darker than the SP in the northern part of the OR. Thus, the much brighter material ejected from
the Hokusai crater may have mixed with the darker material around Sobkou and/or Erté, consistently
decreasing the reflectance of this part of the ray.

6. Conclusions

The use of high-resolution color maps spatially correlated with each other is essential to build a geological
map taking into account both the morphology and the composition of the Mercurian surface. In this paper,
we presented a high-resolution eight-color mosaic of the Shakespeare quadrangle. This product constitutes
a good starting point to study the general spectral and lithological properties of this region of the north
hemisphere of Mercury. Several examples have been given, among which the presence of high quantities of
LRM mainly around Degas, Akutagawa, and Sholem Aleichem, and in the south of Sobkou Planitia and the
highlighting of intrinsically redder material (HRP) in the western part of Shakespeare. Then, we focused
on some areas which could present a high interest for the future BepiColombo mission: the Degas crater
and the main Hokusai ray. What emerges from this analysis is that Mercury had a past—and may have an
ongoing—activity that brings to light the complexity of its crust, and more generally of its interior.

The main spectral units identified are the following, with their values for the spectral parameters (which will
be useful for future works like the integration of the spectral units to the geological map of the Shakespeare
quadrangle) summarized in Table 5:

« The LRM spots, with a low reflectance and a bluer spectral slope than the average (smaller values of PC2),
and for which we evidenced a higher concentration around Degas, since LRM (Murchie et al., 2015) and
more globally hydrocarbon materials (Moroz et al., 2004) slightly brighten when aging.

« The OR, presenting a high reflectance and a bluer spectral slope than the average. We showed this ray is
not homogeneous, at least in terms of reflectance, and that it may be a hint of the underlying lithology of
the surface, since the ray-forming material ejected from Hokusai has probably reworked the local material
and may also be affected by underlying IcP around Sobkou and/or Erté.

« The Degas crater itself, whose floor has a quite high reflectance (as high as the SP of Sobkou Planitia) and
the shallowest spectral slope of the quadrangle. Its ejecta contain LRM, which is bluer than the average
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Table 5
Values of the Spectral Parameters for Each Spectral Unit

R749 PC2 996/433 SCe00
Spectral unit Min Max Min Max Min Max Min Max
LRM 0.035 0.058 —0.01 —0.005 1.64 1.86 0.015 0.05
OR 0.085 0.102 —0.01 —0.005 1.64 1.86 <0.015
Degas X —0.022 —0.01 1.35 1.64 <0.015
IcP X —0.005 —0.001 X <0.015
Caloris 0.069 0.085 0.0035 0.007 X <0.015
PD 0.085 0.102 0.007 0.018 2.20 2.40 <0.015

Note. R749 = reflectance at 749 nm; PC2 = principal component 2; SC¢, = spectral curvature around
600 nm; LRM = low reflectance material; OR = Hokusai orthogonal ray; IcP = intercrater plains; Caloris
= Caloris material; PD = pyroclastic deposits. X = no value (not a separated unit).

terrains. This confirms that its own bluer color is not only due to its youth, but also to its composition. The
smooth plains floor also seems to be partly covered by LRM, but not completely.

« The IcP, pointed out thanks to their quite low spectral slope. They also have a low reflectance, but higher
than the LRM. However, we put forward that the spectral properties of the IcP in the south of Sobkou
Planitia are different from the other IcP in the quadrangle. These IcP are rich in LRM and could therefore
represent a subunit of the more widespread IcP in the strict sense of the term, or their specific facies. This
is a good indication in favor of a heterogeneous primary crust for Mercury, at least in this location, with a
bigger concentration of graphite in the south of Sobkou Planitia than in the north.

« The Caloris material on the western of Shakespeare, with a high (Odin formation) or very high (Caloris
plains) reflectance and a spectral slope similar to the average terrains.

« Lastly, the terrains covered by the pyroclastic deposits, showing a very high reflectance and a very high
spectral slope, consistent with their volcanic nature.

The analysis of our identified ROIs was based on an algorithm that computes the natural number of clus-
ters to classify them. We analyzed the spectral properties of the OR and the Degas crater. In particular,
we saw that the floor of Degas is covered by a bluish material, which is observed nowhere else, at least
in the Shakespeare quadrangle. However, (Guzzetta et al., 2017) mapped Degas with the same geological
unit than the surrounding craters (e.g., Erté) which do not present such kind of deposits on their floors.
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Figure A1l. Panel of maps showing the four first principal components of the Shakespeare quadrangle. (a) PC1;
(b) PC2; (c) PC3; (d) PC4.

BOTT ET AL.

2343



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets

10.1029/2019JE005932

Acknowledgments

This work was partly supported by the
Centre National d,Etudes Spatiales,
the Agenzia Spaziale Italiana, and the
SIMBIO-SYS project (ASI-INAF
2017-47-H.0). C. Carli and F. Zambon
were funded by the European Union's
Horizon 2020, research grant
agreement 776276-PLANMAP. D.
Perna received funding from the
European Union's Horizon 2020
research and innovation programm
under the Marie Sklodowska-Curie
grant agreement 664931. The authors
want to thank G. Marzo and T. Roush
for having kindly provided the tools for
the K-mean analysis. Lastly, the
authors thank two anonymous
reviewers for their careful and
constructive reviews. The PDS images
used in this work are available on
https://pds-imaging jpl.nasa.gov/
Atlas/ and were processed thanks to
ISIS, a software developed and
provided by USGS.

This discrepancy between the geological map of Guzzetta et al. (2017) and our color map can justify to
define a spectral (or lithological) subunit, to combine both morphological and compositional information
given by the two maps. In the same perspective, a closer study of the region in the south of Sokbou, which
seems to contain more LRM than in the north of this basin, can be highly interesting. This would require to
understand how Sobkou has been formed, so draw its chronology.

The final goal of the geological mapping campaign is to obtain a global series of 1:3M-scale geological maps
of Mercury in support to the ESA/JAXA BepiColombo mission (launched on 19 October 2018), in order to set
up the context for mission operations and help to redefine mission goals. Notably, these cartographic prod-
ucts will be useful for SIMBIO-SYS, one of the 11 instruments onboard Mercury Planetary Orbiter (under
the supervision of ESA), which will take high-resolution images of the surface of the planet.

Appendix A: The Four First Principal Components of the Shakespeare
Quadrangle

In Figure A1l are shown the mosaics of the four first PCs of the Shakespeare quadrangle. As a reminder, PC1
gives information on the brightness variations, while PC2 shows spectral variations mainly related to the
spectral slope of the continuum. PC3 and PC4 have no real physical meaning.
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