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ABSTRACT

We investigate the spectral behavior of nine Titan impact craters in order to constrain their composition. Past studies that have examined
the chemical composition of impact craters on Titan have either used qualitative comparisons between craters or combined all craters
into a single unit, rather than separating them by geographic location and/or degradation state. Here, we use Visual and Infrared
Mapping Spectrometer (VIMS) data and a radiative transfer code to estimate the atmospheric contribution to the data, extract the
surface albedos of the impact craters, and constrain their composition by using a library of candidate Titan materials, including
essentially water ice, tholin, a dark component, and other possible ices at different grain sizes. Following a general characterization of
the impact craters, we study two impact crater subunits, the “crater floor” and the “ejecta blanket”. The results show that the equatorial
dune craters — Selk, Ksa, Guabonito, and the crater on Santorini Facula — appear to be purely composed of organic material (mainly an
unknown dark component). Titan’s midlatitude plain craters — Afekan, Soi, and Forseti — along with Menrva and Sinlap, are enriched
in water ice within an organic-based mixture. This follows the geographic pattern observed in our previous work with VIMS data,
where the uppermost layers of the midlatitude alluvial fans, undifferentiated plains, and labyrinth terrains were found to consist of a
mixture of organics and water ice, while the equatorial plains, hummocky terrains, and dunes were found to consist of a mixture of
dark material and tholins. Furthermore, we found that the addition of some form of ice improves the fit in the ejecta spectra of Afekan
and Sinlap craters. We find no indication for the presence of either NH; or CO, ice. Our main results agree with an existing Titan
surface evolution scenario, wherein the impact cratering process produces a mixture of organic material and water ice, which is later
“cleaned” through fluvial erosion in the midlatitude plains. This cleaning process does not appear to operate in the equatorial regions,
which are quickly covered by a thin layer of sand sediment (with the exception of the freshest crater on Titan, Sinlap). Thus, it appears
that active processes are working to shape the surface of Titan, and it remains a dynamic world in the present day.

Key words. planets and satellites: composition — planets and satellites: dynamical evolution and stability — radiative transfer —
planets and satellites: surfaces — planets and satellites: general — techniques: imaging spectroscopy

1. Introduction

After 13 years of exploration by the Cassini-Huygens mission,
Saturn’s moon Titan was shown to possess unique properties,
such as its Earth-like atmospheric structure and composition, in
addition to its surface geology. Geomorphological features com-
monly found on Earth, such as mountains, drainage networks,
dunes, and lakes, were observed on Titan by the Cassini space-
craft and the Huygens probe (e.g., Tomasko et al. 2005; Lopes
et al. 2019, 2020). One additional similarity with Earth’s geology
is the limited number of impact craters on Titan’s surface, unlike
the heavily cratered surfaces of the other Saturnian satellites.

Article published by EDP Sciences

It is thought that erosional processes similar to those on Earth
have obscured the majority of impact craters that have hit the
surface in the past (Neish et al. 2013, 2016), especially in the
polar regions (Neish & Lorenz 2014), leaving only 90 potential
features that could be craters (Lorenz et al. 2007; Wood et al.
2010; Buratti et al. 2012; Neish & Lorenz 2012; Hedgepeth et al.
2020).

Understanding the compositional nature of impact craters
informs us both about Titan’s interior and the atmospheric influ-
ence on its surface. Indeed, impact craters are one of the few
geologic features that expose material from the interior, provid-
ing a rare opportunity to understand the subsurface composition
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of Titan. In comparison, the Cassini RADAR instrument was
only capable of penetrating a meter into the organic sediments
that blanket much of Titan’s surface (Janssen et al. 2016). Impact
craters also give us a unique opportunity to study weathering on
the surface of Titan. We can quantify how craters erode over time
by calculating their depths, and comparing them to unweathered
impact craters from similarly sized icy satellites like Ganymede
(Neish et al. 2013; Hedgepeth et al. 2020). Erosional processes
on Titan are likely to differ across its surface, with more aeo-
lian modification near the equator and more fluvial modification
near the poles. By examining the compositional and morpho-
logic differences between the craters, we can determine if and
how the craters’ evolution depends on their geographic location
on Titan. In this study, we examine nine Titan impact craters by
combining Visual and Infrared Mapping Spectrometer (VIMS)
data and Titan Radar Mapper (RADAR) data and by applying
a radiative transfer (RT) code (e.g., Hirtzig et al. 2013) to infer
their composition.

A study by Werynski et al. (2019) provided a compositional
analysis of Titan’s impact craters using qualitative comparisons
between simple Cassini VIMS Red Green Blue (RGB) compos-
ites and microwave emissivity data from the Cassini RADAR
instrument (Janssen et al. 2016). This provided a sense of the first
order compositional differences between Titan’s impact craters.
Here, we extend that work by quantifying the atmospheric con-
tributions present in the VIMS data, extracting the craters’ actual
surface albedos, and providing compositional fits to the data
assuming basic Titan materials, such as organic aerosols, water
ice, a dark material that is expected to be organic (Solomonidou
et al. 2018), and other ices. The aim of this work is to con-
strain the spectral behavior and composition of impact craters
in different geographic locations on Titan. From this new infor-
mation, we look for evidence to constrain existing scenarios for
the evolution of Titan’s surface.

2. Data and observations

The crater selection was performed based on VIMS data avail-
ability, as well as data parameter criteria such as observational
geometry conditions and spatial resolution. Past studies that have
looked at the chemical composition of impact craters have either
used qualitative comparisons between craters (e.g., Neish et al.
2015; Werynski et al. 2019) or combined all craters into a sin-
gle unit, rather than separating them by geographic location or
degradation state (Solomonidou et al. 2018). Here, we used the
RT model to first estimate the atmospheric contribution to the
data, then extracted the surface albedos of the impact crater
subunits, and finally, constrained their composition by using a
library of reflectance spectra candidate Titan materials. Similar
information has been obtained in the past but only for a subset
of impact craters on Titan (Selk, Sinlap, Soi, Afekan, Forseti,
and Menrva) and only for their ejecta blankets (Solomonidou
et al. 2018). Here, we expand on that initial study, utilizing a
larger number of craters, determining the composition of both
the craters’ ejecta blankets and their interiors (including new
information on nine crater floors and three additional ejecta blan-
kets), and separating them by geographic units. We define two
impact crater subunits: the “crater floor” (which refers to the bot-
tom of a crater depression) and the “ejecta blanket” (which is
the material ejected from the transient crater during an impact
event) (e.g., Melosh 1989; Lorenz et al. 2007; Malaska et al.
2016; Neish et al. 2016).

From the 90 potential impact craters on Titan, only 38 are
labeled as “certain” or “nearly certain” (Hedgepeth et al. 2020),
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while the rest are labeled as “probable” or “possible.” According
to Wood et al. (2010) and Hedgepeth et al. (2020), the character-
ization of craters as certain, nearly certain, probable, or possible
is based on how many lines of evidence there are to support
the feature’s identification as an impact crater (e.g., circularity,
ejecta blanket, rims, and dark crater floors). For instance, a cir-
cular feature with the presence of an ejecta blanket, a rim, and
dark floors, is considered a certain Titan impact crater. A circular
feature with no clear rim or ejecta blanket is considered a prob-
able or possible impact crater. From the nine certain or nearly
certain impact craters we have selected for this study, six of them
are found in the equatorial dunes fields (up to 20°N-S) and three
of them are found in the midlatitude plains (>20°N-S) (Fig. 1).
We call the former “dune craters” and the latter “plain craters”.
We note that Titan is dominated by plain (65%) and dune fields
(17%) (Lopes et al. 2020), with the vast majority of craters con-
centrated in the equatorial dunes and midlatitude plains (only 8%
of certain or nearly certain impact craters are located poleward of
50°) (Neish & Lorenz 2014; Hedgepeth et al. 2020). Our selected
craters are presented in Table 1 and shown in Figs. 1 and 2.

Figure 1 includes maps of the different views of Titan’s sur-
face taken from different instruments at different wavelengths,
with the locations of the nine craters we analyzed in this study
marked. Panel a shows a VIMS RGB color map (R: 1.59/1.27 yum,
G:2.03/1.27 um, B: 1.27/1.08 um), with the selected crater floors
and the ejecta blankets. In this image, brown areas are rep-
resentative of sand dunes, bright areas are representative of
plains, and blue areas are thought to be enriched in water ice.
The rest of the panels show: (b) the map of Synthetic Aper-
ture Radar (SAR) swaths, (c) the emissivity map that is used
to constrain the composition of the various craters (Janssen et al.
2016), and (d) the craters as shown on Titan’s major geomor-
phological map (Lopes et al. 2020). On Titan, lower emissivity
values are thought to indicate an enrichment in water ice, while
higher emissivity values are consistent with an organic-rich
layer. Figure 2 shows the VIMS datacubes in RGB mode (R:
5.00 um, G: 2.03 um, B: 1.27 um) that were used in the selection
of pixels for the crater floor and ejecta blanket units. The method
with which the regions of interest were selected is described in
Sect. 3.

3. Method of analysis

Our ultimate goal is to examine two different geologic subunits
for impact craters on Titan (i.e., crater floors and ejecta blan-
kets) present in two different geographic regions (i.e., dunes and
plains). For this work, we use VIMS data, an RT code, and a
library of candidate Titan constituents. This library has been
shown to offer good constraints on the chemical composition of
Titan’s surface regions (e.g., Solomonidou et al. 2018). In this
section, we describe the methods we used is our data analysis.

3.1. VIMS pixel selection

The pixel selections shown in Fig. 2 were made using overlap-
ping images of SAR and VIMS data, which helped in locating
the pixels corresponding to the specific crater floor and ejecta
blanket areas. The method of VIMS-SAR superposition and
pixel selection we used is described in detail in Solomonidou
et al. (2014, 2018, 2020). The applications and tools used are
provided by the US Geological Survey’s (USGS) Integrated
Software for Imagers and Spectrometers 3 (ISIS3) program’.

I https://isis.astrogeology.usgs.gov
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Fig. 1. Dune and plain impact craters on Titan’s surface with (a) VIMS RGB color map background (R:1.59/1.27, G: 2.03/1.27, and B: 1.27/1.08 um
ratios) (Le Mouélic et al. 2019); (b) SAR background (NASA/JPL/Cassini RADAR team); (c) Microwave emissivity map background (Janssen
et al. 2016); (d) Titan’s major geomorphological units (Lopes et al. 2020). For (a) and (b), yellow selections correspond to the crater floor, and red
selections to the ejecta blanket. The black dashed rectangle in (a) corresponds to the zoomed areas shown in b, ¢, and d. The Huygens landing site
is marked with a white box.
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Table 1. Observational details of the nine craters examined in this work.

Name VIMS RADAR Crater floor Ejecta blanket
(flyby-date) (flyby-date) Coordinates Coordinates
Geometry-Resolution ~ Geometry-Resolution
(i,e,a,res) (i,e,a,res)
Dune craters
Ksa T125 (11/2016)  T77 (06/2011) 14.2°N-65.4°W 15°N-64.9°W
41°/41°/68°/22 km 41°/41°/68°/22 km
Selk T40 (01/2008)  T36 (10/2007) 6.7°N-160.7°W 7.5°N-161.7°W
T95 (10/2013) 34°/12°/40°/04 km 35°/12°/39°/04 km
Santorini T113 (09/2015)  T56 (06/2009) 2°N-157.2°W 1.4°N-146°W
T44 (05/2008) 56°/02°/57°/14 km 55°/02°/57°/14 km
Guabonito T113 (09/2015)  T13 (04/2006) 11.4°N-151.8°W 12.1°N-152.1°W
T48 (12/2008) 65°/14°/53°/10 km 65°/16°/53°/10km
Menrva T114 (11/2015) T3 (02/2005) 20.5°N-86.4°W 17.7°N-83.1°W
T77 (06/2011) 46°/36°/60°/08 km 43°/33°/60°/08 km
Sinlap T110 (03/2015) T3 (02/2005) 11.5°N-15.7°W 10.9°N-17.2°W

Plain craters
Forseti

Afekan

Soi

Titan Units

Undifferentiated plain
(NE of Soi crater)

Dunes
(Belet field)

T13 (04/2016)

T38 (12/2007)

T12 (03/2016)

TO8 (10/2005)

T65 (01/2010)

T17 (09/2006)
T108 (01/2015)

T23 (01/2007)
T84 (06/2012)
T113 (09/2015)

T43 (05/2008)
T83 (05/2012)

T16 (07/2006)
T55 (05/2009)
T56 (06/2009)

T55 (05/2009)

T92 (07/2013)

28°/07°/35°/09 km

25.7°N-11.1°W
51°/27°/37°/10 km

25.6°N-200°W
44°/24°/42°/16 km

24.2°N-141.2°W
44°/26°/23°/46 km

Centroid Coordinates

30.4°N-133.3°W

5°N-237°W

30°/05°/34°/09 km

25.6°N-10.9°W
51°/27°/37°/10 km

25.3°N-201°W
44°/24°/42°/16 km

24.6°N-142.2°W
44°/26°/23°/46 km

VIMS

(i,e,a,res)
51°/34°/23°/75 km

43°/23°/43°/91 km

Notes. In addition, we have included two typical Titan regions (i.e., an undifferentiated plain and a dune field) from Solomonidou et al. (2016,
2018) for context purposes. Here we report the related Flybys (“T” stands for Cassini Flybys of Titan) and dates for the VIMS and RADAR data
used in this work, the center coordinates of the two units of interest (crater floors and ejecta blankets), and geometry details (angles of Incidence
(i), Emission (e), Phase (@), and Spatial Resolution (res)) of the VIMS cubes. "Menrva straddles the dune and the plain regions.

These include tools for importing the data into ISIS3 and map
projecting them. In the latter step, we upsampled the original
VIMS image at 2.03 um (a process of artificially increasing the
resolution by resizing the image). In addition, in order to match
the map projection and spatial resolution of VIMS images to
the SAR images, we projected the original VIMS images at
2.03 um using a cubic convolution interpolation. Figure 3 shows
an example for the Sinlap crater floor and ejecta blanket pixel
selections.

3.2. VIMS analysis

VIMS has 256 infrared (IR) bands, but there are only seven
“methane windows” in Titan’s atmosphere where the methane
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absorption is minimal, and thus the surface can be observed.
These windows are centered at 0.93, 1.08, 1.27, 1.59, 2.03, 2.69—
2.79, and 5.00um (e.g., Sotin et al. 2005; Soderblom et al.
2007). At these wavelengths, the methane absorption is weaker
but still present (Hirtzig et al. 2013) and scattering by haze par-
ticles is not negligible, especially at the shortest wavelengths.
Hence, extracting information about the lower atmosphere and
the surface of Titan from near-IR spectra requires a good
understanding of the methane and haze contributions to the
opacity. For this reason, we use a RT code whose character-
istics, methodology, and several applications on VIMS data
are presented in Hirtzig et al. (2013), Lopes et al. (2016),
Malaska et al. (2020) and Solomonidou et al. (2014, 2016, 2018,
2020).
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Santorini

Crater floor (f)
|:| Ejecta blanket (e)

Forseti

Afekan

Fig. 2. Detailed view of impact craters studied in this work and associated pixel selections on VIMS datacubes for (a) Ksa, (b) Selk, (c¢) Santorini,
(d) Guabonito, (e) Sinlap, (f) Menrva, (g) Soi, (h) Forseti, and (i) Afekan (R: 5.00 um, G: 2.03 um, B: 1.27 um). Yellow rectangles correspond to

the crater floor, red rectangles to the ejecta blanket.

We can estimate the atmospheric contribution to the VIMS
data and extract meaningful surface information by using
Huygens and Cassini inputs and other parameters, such as
laboratory data, that simulate Titan’s conditions. Our plane-
parallel code is based on a Spherical Harmonic Discrete Ordi-
nate Method solver (SHDOMPP; Evans 2007). The inputs
include: (a) the vertical profiles of temperature and pressure pro-
vided by the Huygens Atmospheric Structure Instrument (HASI;
Fulchignoni et al. 2005); (b) the methane vertical mixing ratio
from Huygens’ Gas Chromatograph Mass Spectrometer (GCMS;
Niemann et al. 2010); (c) lines from isotopologs (e.g., *CHy,
3CH,, "CH3D, CO); (d) collision-induced absorption (CIA)
coefficients for N»-N, and N,-H, (McKellar 1989; Lafferty et al.
1996; de Kok et al. 2007); (e) measurements from the Compos-
ite Infrared Spectrometer (CIRS) of a uniform CO mole fraction

equal to 4.5 x 103 (de Kok et al. 2007); and (f) recent methane
absorption coefficients from various sources (e.g., Boudon et al.
2006; Campargue et al. 2012, 2015; Rey et al. 2018) (HITRAN,
GEISA).

When the aforementioned components are included, the code
produces simulations of the surface albedo with various haze
opacities for different locations. The results are calibrated with
respect to the albedo derived by the Descent Imager/Spectral
Radiometer (DISR) at the Huygens landing site (used as a ref-
erence as in our previous papers). By iteration on the best
possible fit, the code derives the haze contribution included in
the VIMS data. Finally, the code extracts the surface albedos
in the windows for the various regions of interest. This result
is extracted at full spectral resolution (i.e., surface albedos at
all wavelengths contained within the windows) and also in the
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Fig. 3. Example process for identifying regions of interest in the crater floor and ejecta blanket of Sinlap crater: (a) A SAR image of Sinlap from
Cassini RADAR; (b) a VIMS image of Sinlap at 2.03 um, map projected to match the SAR data; and (c) pixel selection (yellow squares for the
crater floor and white squares for the ejecta blanket) using VIMS over SAR (R: 2.03 um, G: SAR, B: SAR).

form of a weighted average over each window’s wavelength
range (Fig. 5). The weighted averages correspond to single
points of surface albedo within the methane windows with larger
weights for channels with higher transmittance around the cen-
ter (Tomasko et al. 2008; Hirtzig et al. 2013). There are three
points between 0.92-0.96 ym, 1.05-1.09 ym, and 1.27-1.30 um;
six points between 1.53 and 1.61 um; nine points between 1.89
and 2.11 um; eight points between 2.68 and 2.80 um; and lastly
fourteen points between 4.89 and 5.13 um. The full width at
half maximum (FWHM, i.e., spectral resolution) is 13 nm below
2.0 um, increases up to 22 nm at 4.2 ym, and decreases to 18 nm
at 4.8 um (Brown et al. 2004).

The code takes into account a number of uncertainties calcu-
lated and summed at the 30 level including the aerosol phase
function, the aerosol vertical distribution, the aerosol forced
single scattering albedo, the error due to the CHy vertical con-
centration profile, the CHy linelist, and the CH, far wings profile.
In this study, we performed intercomparisons and therefore esti-
mate only relative error bars as indicated in Solomonidou et al.
(2016), such as errors in the existing spectral lines profiles,
the haze extinction fit, the data intrinsic noise, and the phase
function uncertainty. The haze contribution is inverted with an
absolute accuracy of +5%, and the surface albedos with rela-
tive errors of 35%, 35%, 26%, 21%, 26%, 50%, 50%, and 43%
for the 0.94, 1.08, 1.28, 1.58, 2.03, 2.69, 2.79, and 5.00 um win-
dows, respectively. At the very short wavelengths of 0.94 and
1.08 um updated CHy4 linelists are not available, thus the error
bars are higher compared to 1.28-2.03 um, while at the longer
wavelengths of 2.69-5 um the uncertainties are larger due to the
lower signal to noise ratio (S/N).

3.3. Compositional constraints

We use the extracted surface albedos (shown in Sect. 4, Fig. 5) to
examine the compositional properties of the craters in our study.
We specifically looked for differences between the crater floors
and ejecta blankets, as well as differences based on geographic
location and degradation state. In order to constrain the com-
position of the craters using VIMS data, we tested their spectral
properties against a spectral library of various constituents: water
ice (H,O) at 15 grain sizes (10, 20, 30, 40, 50, 75, 100, 150,
200, 250, 300, 400, 500, 750, and 1,000 um), laboratory tholins
produced at 6 different grain sizes (1, 2, 5, 10, 30, and 100 um)
and dark materials such as bitumens (kerite, asphaltite, different

A16, page 6 of 14

types of anthraxolite), and amorphous carbon (aC) at three dif-
ferent grain sizes (10, 200, and 500 um) (Fig. 4). These dark
materials have been suggested to be similar to materials capable
of lowering the total surface albedo in many regions on Titan
(Lellouch 2006). In addition, we have included in our model
simulations carbon dioxide ice (CO,), ammonia ice (NH3) and
a methane-like ice, also at 15 grain sizes. Due to the massive
atmospheric thermal inertia, methane ice will not be stable on
the surface of Titan, therefore the spectra we use for the CHy-like
ice represent the solid form of an organic molecule containing
methyl (CH3), methylene (CHj), or methinyl (CH C-H) bonds.
Hereafter we refer to this component as CHy-like ice.

As in our previous studies (Solomonidou et al. 2014, 2018)
all spectra, (including the hydrocarbon CHy-like, CO,, and NHj3
spectra that are used for the first time in this study) were obtained
from the GhoSST database” (including work by Bernard et al.
2006; Lellouch 2006; Brassé et al. 2015). Taking into account
the different grain sizes and different types of dark material
considered, in total we looked at 75 different spectra. We used
a method that extracts the major constituents in the regions
of interest and is fully described in Solomonidou et al. (2014,
2018).

4. Results and interpretations

We present an example of the results produced by the RT code
in Fig. 5, which is a comparison between two typical units on
Titan (Table 1), adapted from previously analyzed VIMS data in
Solomonidou et al. (2016, 2018) and Lopes et al. (2016). This
comparison is used in order to show the differences in albedo
between the two major units studied in this work.

Figure 5 also illustrates the differences in haze contribution
included in the data of these units. The dunes are very close to
the DISR measurements of the haze above the Huygens landing
site (HLS) (98%). The plains have about 17% more haze than the
HLS. The 19% difference between the dunes and the plains is
attributable to the differences in location and year of data acqui-
sition. There is also a notable difference in the surface albedo
between the dunes and the undifferentiated plains of the mid-
latitudes, the two areas on Titan where we apply the RT code.
The surface terrains with craters that we examined in this work
have the following characteristics: the dunes are particularly dark

2 http://ghosst.osug.fr
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Fig. 4. Candidate components of Titan’s surface examined in this work: (a) NH; in shades of red; (b) CHy-like organic in shades of light green;
(c) CO; in shades of turquoise; (d) H,O in shades of blue; (e) laboratory tholins in yellow-orange; (f) bitumens in gray, and amorphous carbon in
shades of green. These spectra are plotted in the spectral range of VIMS at different grain sizes (Bernard et al. 2006; Brassé et al. 2015; GhoSST

database, http://ghosst.osug. fr).

with low surface albedo values and an almost flat shape in their
spectral response, while the undifferentiated plains of the north-
ern midlatitudes are significantly brighter in albedo. As shown
in Solomonidou et al. (2018), they are one of the brightest units
on Titan.

We use the aforementioned albedos from the dunes and
the undifferentiated plains for context purposes, as we did in
Solomonidou et al. (2014, 2016, 2018, 2020). In those works,
we analyzed VIMS data with RT that included all major Titan
surface units and observations from different flybys, acquired
at different times. The results showed the variability in spec-
tral response from Titan’s surface, indicative of diverse chemical
compositions and origins. Furthermore, the results showed the
adequacy of comparing extracted albedos with RT from different
datacubes with different observational geometries and differ-
ent spatial resolution. These are properties that the RT code
takes into account when estimating the haze contribution and
extracting the surface albedo from the VIMS data.

Focusing now on the analyses of the craters, we have
extracted the percentages of the haze contributions to the data,

ratioed to Huygens’ DISR measurements and the surface albe-
dos. The results are shown in Fig. 6 along with the surface albedo
retrievals. We find that the haze contributions are about 100—
120% with respect to DISR (consistent with what is expected at
these latitudes). We find that the haze contributions in the craters
can be significantly different even when comparing units located
close to one another geographically (for instance between Ksa
and Santorini, two equatorial dune craters, we have up to 19%
of haze difference and even nearby craters like Afekan and Selk
have up to 11% haze difference). This demonstrates the neces-
sity for atmospheric treatment of the VIMS data even within
the methane windows where the atmospheric contributions are
relatively low with respect to the wings of the methane band.

In Fig. 6, two albedo groups are significantly distinct for the
crater floors: one for the plain craters with higher albedo values
at all wavelengths and one for the dune craters, which are darker
than the plain craters at all wavelengths. For the ejecta blankets,
the same distinction is obvious at 1.27, 1.59, and 2.03 um and
could also apply to the double window at 2.69 and 2.79 um and
at 5.00 um, but we cannot confirm that given the uncertainties.
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Fig. 5. Weighted surface albedo of the undifferentiated plains NE of
Soi crater (133°W, 30°N) (red triangles) and the dunes of the Belet sand
sea (237°W, 5°N) (black triangles). This figure shows results from the
data analysis presented in Solomonidou et al. (2016, 2018) and Lopes
et al. (2016), provided as context for the present work. The percentages
next to the names in the labels correspond to the haze contributions to
the data with respect to Huygens’ Descent Imager/Spectral Radiometer
(DISR) measurements.

In Figs. 7a and b, we show an in-depth example of one plain
and one dune crater (Afekan and Selk) from Fig. 6. In addition,
we show the special cases of Menrva and Sinlap. The surface
albedos for Menrva and Sinlap (Figs. 7 ¢ and d), are signifi-
cantly different in values and spectral responses from those of
the dune and plain crater groups, and thus both craters are treated
as “special cases”. This is consistent with past studies that show
the unique nature of both craters (e.g., Le Mouélic et al. 2008;
Neish et al. 2013; Crosta et al. 2019). Menrva is by far the largest
impact crater on Titan. It has a diameter of ~425 km, roughly
three times larger than the next largest crater, Forseti, with a
diameter of ~140 km (Hedgepeth et al. 2020). Due to its size,
Menrva also straddles the equatorial dunes and the midlatitude
plains on Titan, making it difficult to categorize geographically.
Sinlap is very likely the youngest and/or best-preserved impact
crater on Titan (Le Mouélic et al. 2008; Neish et al. 2015, 2016;
Werynski et al. 2019).

In Fig. 7, we show the results for the retrieval of the major
constituents for the ejecta blankets and the crater floors of
Afekan, Selk, Menrva, and Sinlap. We use linear mixtures of
H,0, CHy-like organic, CO,, and NHj ices, dark material, and
tholin components. The simulations provide the best possible
fit for all the windows simultaneously, minimizing the residu-
als. As expected, and already discussed in Solomonidou et al.
(2018), the fits between the simulated materials and the sur-
face albedos are not perfect, but they provide very good insight
into Titan’s surface composition. Indeed, in Solomonidou et al.
(2018), we evaluated to what extent the available observations
can be classified spectrally in terms of mixtures rich in a spe-
cific major component. In that work, we found that it was
particularly difficult to reproduce the 0.94, 1.08, and 2.03 um
albedo values. In this present study, however, we have added
more components in our simulations, increasing the number of
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spectroscopic data available for possible matches in our library
from 30 to 75, when taking into account the grain sizes. As
discussed in Solomonidou et al. (2018), the library of compo-
nents corresponding to “tholin-like” materials may differ from
the aerosols produced in Titan’s atmosphere and then processed
at the surface by fluvial/pluvial/aeolian activity, since they are
produced in the laboratory. In addition, when the code extracts
the abundance of water ice from a region, it is consistent with
any OH-bearing constituents, not uniquely H,O. Hence, we have
now obtained good matches for five out of the eight wavelengths
in all craters: 0.94, 1.08, 1.59, 2.69, and 5 um (for the last wave-
length, the only exception is Sinlap crater). As discussed in
Sect. 3.2, the matches for the double window (2.69 and 2.79 um),
the very short wavelengths, and the very long wavelengths are
more difficult to achieve. We also have a good match at 1.28 yum
in all regions except for Selk crater, the Afekan floor, and the
Menrva ejecta. There is no match (or there is a very marginal
match) at 2.03 and 2.79 um at all regions except for Sinlap crater
where we have a good fit. The x? values for all eight areas are
low, ranging from 0.15 to 1.68, which means that there is a
high correlation between the albedo data and the composition
simulations.

Titan’s surface is likely to be far more complex than a mix-
ture of six materials, and we acknowledge that this is a simplistic
assumption. However, it is important to test the limits that we
can reach given the type of data provided by Cassini and the cur-
rent knowledge of Titan’s surface composition. With all these
caveats in mind, we use these data to infer the constraints on the
composition of the units we examined.

By analyzing Figs. 6 and 7, it is obvious that regardless of
what material was exposed through the cratering process, both
dune and plain craters have been altered compositionally, with
different results depending on the geographic region in which
they are located. The plain craters of Soi, Forseti, and Afekan
seem to have significantly higher albedos compared to the dune
craters of Ksa, Selk, Guabonito, and Santorini for both the crater
floors and ejecta blankets (especially at shorter wavelengths:
1.27, 1.59, and 2.03 um). The difference at these specific wave-
lengths is similar to the differences in albedo observed for typical
undifferentiated plains and dunes regions (Fig. 5).

In an effort to make this crater compositional study as thor-
ough as possible, we then added the emissivity information for
all nine craters as provided by Werynski et al. (2019) from
RADAR radiometry data (Table 2). We also included relative
age estimates where available from Neish et al. (2018) (Table 2).
These are based on the relative depths of the craters as compared
to undegraded craters of similar size on Ganymede; shallower
craters are assumed to be more infilled and thus older Neish
et al. (2013, 2018); Hedgepeth et al. (2020). It is important
to note that microwave emissivity measurements probe greater
depths (tens of centimeters) than VIMS measurements (tens of
microns). Thus, emissivity represents the subsurface composi-
tional nature of an area, while the VIMS data captures the very
thin layer that covers the surface. Lower emissivity values are
related to strong volume subsurface scattering and suggest that
regions are enriched in icy material, while higher emissivity val-
ues correspond to more organic-rich regions. Hence, when the
RADAR emissivity values interpretation agrees with the VIMS
compositional analysis, it provides a glimpse at the overall com-
positional nature of the crater deposits in the top decimeter of the
regolith. If emissivity and VIMS compositional interpretations
differ, then erosion and weathering have likely altered the super-
ficial layer of the crater and/or caused infilling of the subsurface
by organic materials.
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Fig. 6. Weighted surface albedos (symbols) in

the methane windows extracted from VIMS
using radiative transfer analysis for crater floors
(upper) and the ejecta blankets (lower) of the
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next to the names in the labels correspond to
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to Huygens’ DISR measurements. The dashed
magenta lines are drawn to show the distinc-
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Figure 8 shows that the dune crater floors and the dune ejecta
blankets are separated compositionally from the plain crater
floors and plain crater ejecta in a ternary diagram. Special case
Menrva presents the same composition for the crater floor and
the ejecta blanket, appearing most similar to a degraded plain
crater (Soi). From our compositional analysis, we find that the
dune crater floors are rich in the dark unknown material (~70 —
—90%), followed by the tholin-like constituent (~10-30%), with
an absence of any ice constituent. The ejecta blankets have less
dark material (up to ~55—-65% abundance) and more tholin-
like material (up to ~35-45% abundance) than the crater floors,
which explains their brighter appearance in the infrared. Again,
ices are absent at the surface of all ejecta blankets in the dunes
region (apart from Sinlap, which we discuss below). In contrast,
the crater floors in the plains consist mainly of tholin-like mate-
rial (~55—-80%), dark components (~0-25%), and water ice
(~15-20%). In contrast to the dune craters, where the ejecta
blanket composition is significantly different from the crater
floor composition, there is little difference in the composi-
tion of the floors and the ejecta blankets of the plain craters.
The plain crater ejecta blankets consist mainly of tholin-like
material (~45—-85%), dark material (~0—-40%), and water ice
(~10-30%). Hence, the plain craters consist of a mixture of ice

included in this figure, but are treated as spe-
cial cases later in the manuscript. HLS stands
for Huygens Landing Site.

(water ice and a small amount of methane ice) and organic mate-
rial, while the dune craters are consistent with a purely organic
nature (the unknown dark material is expected to be organic (e.g.,
Solomonidou et al. 2018). In addition to tholins, the dark organic
material, and H,O, ice we have tested other ices in different
grain sizes such as CHy-like, CO,, and NH;. We find that adding
other organic molecules such as those containing CHjz, CHp,
and CH C-H bonds significantly improves the fit of the ejecta
of Sinlap and Afekan at all short wavelengths (0.94-2.03 um),
whereas adding CO, and NHj3 in the mixtures does not offer any
improvement in the fits. Hence, the ‘total organic’ percentages
that correspond to the expected presence of organics (tholins,
unknown dark organic material, and CHy-like) in the mixture is
100% for the dune craters, and ranges between 70 and 88% for
the plains and special case craters.

Interestingly, the dark material is absent from the mixtures
of Soi in both units. This is something that was also observed in
Menrva, which we treat as a special case due to its size and geo-
graphic location, in addition to being the crater with the brightest
albedo. For Menrva, the ejecta blanket and the crater floor seem
to consist of the same mixture in similar abundances, since
Menvra is enormously large in size (425 + 25km) and seems
to straddle the dunes and the plains. It is important to note here
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Fig. 7. Inferred compositional constraints for four different craters (as an example) and their subunits. The diamond symbols correspond to the
extracted surface albedos as shown in Fig. 6, and the full lines to the compositional simulations, which are produced by the code using the best fit
attained between the laboratory spectra and the albedos. Panel a shows the surface albedo results of one typical plains crater (Afekan -in turquoise
for the ejecta blanket and blue for the crater floor); panel b shows the results for one typical dunes crater (Selk -in orange for the ejecta blanket and
red for the crater floor); panels c and d show the results from the two special cases (Sinlap — in green for the ejecta blanket and light green for the
crater floor, and Menrva — in magenta for the ejecta blanket and light blue for the crater floor). From (a) and (b) we infer that Afekan is enriched in
water ice and Selk has an organic-rich nature with no obvious water ice. Panels ¢ and d (we note the change in scale) present two craters that differ
from the rest on Titan. Both Sinlap and Menrva have strong signatures of water ice in their mixtures. The 30 error bars are inferred by the code
during the extraction of the surface albedos. The y? values for all eight areas range from 0.15 to 1.68, which means that there is a high correlation

between the albedo data and the composition simulations.

that the units of “crater floor” and “ejecta blanket” are less mean-
ingful for a crater of this size, since extremely large craters have
different morphologies than a typical complex crater. The other
special case crater is Sinlap, which may be the best-preserved
crater on Titan (Neish et al. 2018). Even though Sinlap is located
in the equatorial dunes, we were unable to classify it in one of the
two groups, possibly because of its very young age. In both the
ejecta blanket and the crater floor, areas of water ice are present
at ~15-20% abundance. The crater floor of Sinlap seems more
consistent with the dune craters group, while the ejecta, which
seems to be enriched in ice containing organic molecules with
features similar to methane ice (10%) pairs better with the plain
craters (Table 2). We note that evidence of dune materials are
obvious in high-resolution VIMS RGB images of Sinlap (Neish
et al. 2015), supporting the idea that there is more dune mate-
rial on the floor of Sinlap than in its continuous ejecta blanket
(although the ejecta unit defined here is surrounded to the north,
west, and south by sand dunes).

5. Discussion and implications
5.1. Impact crater evolution on Titan

In this work, we obtained compositional data from Titan’s impact
craters, derived from their extracted albedos, and compared them
with the microwave emissivity values obtained by Werynski
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et al. (2019). Now, we compare our results to the scenario of
impact crater evolution proposed by Werynski et al. (2019).
Werynski et al. (2019), suggest that the dunes regions that
host craters are covered by a thick layer of sand (10s of meters;
Neish et al. 2010) over a water ice substrate. After impact, the
water ice and sand are intimately mixed in the ejecta blanket,
with low emissivity values resulting from fractures in the water
ice. Following this, the substrate fractures are filled in with
organic material and the emissivity increases accordingly. For
the plains regions that host craters, Werynski et al. (2019) suggest
a similar scenario. However, in this case the top organic layer
is thinner and thus the resulting mixture is enriched in water
ice, making water ice more obvious in the spectral responses.
Based on emissivity data, the study suggest that well-preserved
craters have a subsurface enriched with water ice compared to
older (more degraded) craters. The differences in the VIMS data
were attributed by Werynski et al. (2019) to active exogenic pro-
cesses that clear off the surficial layers, making the equatorial
dune craters appear more enriched in organic material (due to
the mixture of ice and organics that occurred during impact),
while the midlatitude plain craters appear more water ice rich.
Our study agrees in many aspects with the scenario presented
in Werynski et al. (2019). For example, the plain craters appear to
be more enriched in water ice compared to the dune craters, sug-
gesting either a thinner organic covering there, or less exogenic
(aeolian in particular) activity. However, there is no evidence
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Table 2. Compositional constraints for the crater floors (f) and ejecta blankets (e) of the dune and plain craters given by percentages of the six main
constituents (H,O, NH;, CO,, CH,-like, tholin-like, and dark material).

Dune craters

Unit

Tholin

Dark material

Ksa
f e
16% 47%
(+4%) (x13%)
84% 53%

(£7%) (£15%)

Selk
f e
21% 36%
(£x6%) (£13%)
79% 64%

(£8%) (x15%)

Santorini
f e
30% 42%
(£5%) (x11%)
70% 58%

Guabonito
f e
13% 40%
(£3%) (x11%)
87% 60%

(£8%) (x13%) (x10%) (+15%)

H,O
CHy-like - - - - - - - -
NH; - - - - - - - -
CO, - - - - - - - -
Emissivity 0.92 0.93 0.93 0.85 1 0.95 0.98 0.95
Degradation state well-preserved intermediate degraded degraded
Plain craters Forseti Afekan Soi
Unit f e f e f e
Tholin 53% 46% 54% 50% 80% 82%
(£17%) (£15%) (£15%) (£13%) (x16%) (x15%)
Dark material 27% 24% 31% 30% - -
(x8%) (£7T%) (£7%) (x10%)
H,0 20% 30% 15% 12% 20% 18%
(£5%)  (£5%) (£3%) (£3%) (£5%) (£5%)
CHy-like - - - 8% - -
(+2%)
NH; - - - - - -
CO, - - - - - -
Emissivity 0.93 0.83 0.95 0.93 0.93 0.90
Degradation state intermediate intermediate degraded
Special cases Menrva Sinlap
Unit f e f e
Tholin 82% 83% 15% 22%
(x19%) (x18%) (+x4%) (£5%)
Dark material - - 65% 53%
(£6%) (+13%)
H,O 18% 17% 20% 15%
(£5%)  (£4%) (£5%) (£5%)
CHs-like - - - 10%
(£3%)
NH; - - - —
CO, - - - -
Emissivity 0.90 0.87 0.84 0.85

Degradation state

well-preserved

well-preserved

Notes. The associated error under each percentage corresponds to the uncertainty of the abundances of the component within the mixtures. The
microwave emissivity measurements from the Cassini RADAR radiometry data set are provided in Werynski et al. (2019) and shown in Fig. 1c. As
in Werynski et al. (2019), we interpret the low emissivity values (<0.90) to be consistent with an enrichment in water ice and the high emissivity
values (>0.95) with an enrichment in organic materials in the top decimeter of the regolith. The relative degradation state is taken from information
in Neish et al. (2013, 2018), and Werynski et al. (2019).
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for the presence of water ice in the dune craters, as was pre-
dicted by Werynski et al. (2019), except in the case of Sinlap.
Our interpretation suggests that the original composition of the
crater was a mix of organics and water ice, but there is a very fast
exogenic process covering the dune craters with organic mate-
rial, not clearing the top surface as suggested in Werynski et al.
(2019).

Thus, we have shown that the use of an RT code that esti-
mates the atmospheric contribution to the VIMS data for the
different craters, and the use of the library of candidate Titan
components in the VIMS wavelength range, provides more infor-
mation about the spectral nature of the crater floors and ejecta
blankets of Titan’s impact craters than simple RGB composites
alone. The results are based on a fusion of information that
includes the estimated abundances of the major constituents in
the surface material mixtures of the craters (both crater floor
and ejecta blanket), their spectral responses and albedo values,
their emissivity values, and the relative degradation states of the
craters.

5.2. The special cases of Menrva and Sinlap

The special cases of Menvra and Sinlap have retrieved albedos
that differ markedly from the albedos retrieved from the dune
and plain craters. Specifically, for Menrva the 1.27 and 1.59 um
albedo is significantly higher than any other crater for both the
floor and the ejecta blanket. The same applies for Sinlap, but only
for the ejecta blanket, which also appears to be enriched in CHy-
like ice. This suggests that the mixture of materials that covers
these two craters is different than the mixture covering the oth-
ers, in nature or in grain size. The water ice abundance for the
two craters is roughly the same, although the dark material and
tholin components differ significantly. Menrva has no detectable
dark material in either the crater floor or ejecta blanket, simi-
lar to the (relatively degraded) plains crater Soi. Sinlap has a
significant amount of dark material in its crater floor and ejecta
blanket. This difference may be the result of the location of the
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o0 sent the crater floors and the triangles the ejecta
,\é> blankets. The brownish-red color corresponds to
- the dune craters, the blue to the plain craters, the
~ magenta to Menrva, and the pink to Sinlap. We
Q note the close overlap between the symbols for

the composition of Soi and Menrva subunits.

two craters. Sinlap is located within the dune field of Fensal and
the interaction of dune material with the crater is likely to heavily
influence its composition. Menrva, located on the boundary of
the plains and the dunes, appears spectrally most like a degraded
plains crater. However, its emissivity is similar to that of Sinlap,
suggesting that both craters are a mixture of organics and water
ice.

The presence of water ice in Sinlap’s floor and ejecta blan-
ket suggests that the top layer of this structure has not been long
exposed, supporting previous work that suggests a youthful age.
No other crater in the dunes fields has any recognizable water
ice signature in its spectra, even Ksa, which morphologically
appears to be quite fresh (Neish et al. 2013). It is possible that
the small size of Ksa (40km diameter vs. 80 km diameter of
Sinlap) is responsible for its complete coverage by organic dune
material and the complete absence of the water ice component,
despite its youthful age. Smaller craters expose materials from
shallower regions in the crust, and will be more quickly covered
by exogenic deposits. Still, Sinlap seems to represent how a very
young —if not the youngest- impact crater within a dune sea might
look.

5.3. The dune craters

The other dune craters present more degraded examples
of impact craters in Titan’s sand seas. Both Santorini and
Guabonito have no recognizable water ice in the top layer, and
are covered entirely by tholin and dark material. This is con-
sistent with the emissivity values (0.95-1), which indicate an
organic composition in the near subsurface as well (Janssen
et al. 2016; Werynski et al. 2019). Both craters appear morpho-
logically degraded, and are shallower than most of the other
craters, which fits well with their apparent organic-rich nature.
The final dunes crater in this study is Selk, which in terms
of spectral response seems similar to Santorini and Guabonito,
though it presents large differences in albedo values at 1.08 and
1.59 um. This could be due to differences in the grain sizes of
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the mixture components and/or could be related to the age dif-
ference between Selk and Santorini/Guabonito. Selk appears to
be of intermediate degradation state according to its depth (Neish
et al. 2018) and emissivity (Werynski et al. 2019).

There is a marked difference in the component abundances
in the surface mixtures between the crater floors and the ejecta
blankets in the dune craters, as shown from the VIMS analy-
sis. This is not consistent with the emissivity values, which are
similar for both units, except for Selk crater for the reasons dis-
cussed above. For Ksa, Santorini, and Guabonito, the albedo
and emissivity values of the crater floors point to an organic
nature in the top and near surface composition, suggesting infill-
ing by an organic component such as sand or liquids (Werynski
et al. 2019). The dark material is prominent in the craters floors
in contrast to the ejecta blankets, which are richer in tholins,
suggesting more dune material is being deposited on the crater
floors. The presence of tholins in the ejecta blankets could be due
to the chaotic mixing that takes place during the impact process,
and/or more atmospheric depositions in the ejecta blankets due
to topography.

5.4. The plain craters

The plain craters are classified as intermediate (Forseti, Afekan)
or old (Soi) in age based on their relative depths (Neish et al.
2018). Unlike most of the dune craters, they have water ice in
their mixtures, with ~15-20% in their craters floors and ~10—
30% in their ejecta blankets. This suggests a mixture of water
ice and organics is being exposed by the craters, and kept rel-
atively “clean” of sediment in the topmost layer of the surface.
The emissivity values from both floor and ejecta units agree with
this interpretation, and suggest subsequent infill by organic-rich
sediments as the craters become more degraded. Forseti’s ejecta
blanket has an emissivity value of 0.83, suggesting water ice
enrichment, while its floor has an emissivity value of 0.93,
consistent with a mixture of organics and water ice. The more
degraded craters — Afekan and Soi — have higher emissivity val-
ues in both their ejecta and floors, suggesting subsequent infill
by organics.

As we describe above, the composition of the crater floors
and ejecta blankets differs for the dune craters, but are gener-
ally the same for the plain craters. The dune craters have more
dark material in their crater floors, likely consistent with infill by
dark organic sand sediment through aeolian processes. The plain
craters, in contrast, have similar component abundances in both
their floors and ejecta blankets. It is possible there is less ero-
sion and weathering occurring in the plains, and the plain craters
represent what less degraded craters on Titan should look like,
explaining the similarity in the spectral response of the ejecta
and floors. However, the shallow depths of the craters suggest
that erosion is occurring, and the emissivity results suggest that
organic infill is occurring in the subsurface. Thus, we specu-
late (as in Werynski et al. 2019), that some process (possibly
fluvial in nature) is causing the surfaces of the plain craters to
be periodically “cleaned” of any surficial material over time.
This is supported by the range of relative depths of the craters in
the plains, suggesting different degrees of fluvial erosion (Neish
et al. 2016; Hedgepeth et al. 2020). It is also possible that the
organics covering the plains are not the same in composition or
in size as the ones covering the dunes.

5.5. Proposed scenario for landscape evolution on Titan

Our results are partially in agreement with the results presented
in Werynski et al. (2019). We see similar compositions between

the crater floors and ejecta blankets in the plains, consistent with
the hypothesis by Werynski et al. (2019) that an active process
(like fluvial erosion) is “cleaning” the surfaces of the craters of
atmospheric deposits of organic materials. However, in our RT
and compositional analysis, there is no evidence of water ice in
the dune craters, with the exception of Sinlap. This suggests that
the “cleaning” process does not operate in the dunes, but rather
there is a complete resurfacing of the craters due to aeolian pro-
cesses, at least in the very top layers of the surface. This process
appears to occur quite rapidly, with even morphologically fresh
craters, like Ksa and Selk, apparently covered by a thin layer of
organic material. This suggests the dunes (or other mobile mate-
rials such as dusts of finer particles) are presently active, and not
fossilized from an earlier time in Titan’s history.

As mentioned above, the plain craters are more enriched in
water ice than the dune craters. The presence of water ice may
suggest that these craters formed in a region with less organ-
ics than the dunes, as suggested in Werynski et al. (2019), or it
may point to the rapid resurfacing of the dune craters by organic
sand. We favor the latter explanation, because Sinlap has a sim-
ilar composition to the plain craters, despite being located in
the Fensal sand sea. The Sinlap blanket ejecta is the only unit
that appears to be enriched in some long-chain organic ice like
CHy, similarly to the Afekan crater ejecta, which is a typical
plains crater. In this way, Sinlap presents an example of a “fresh”
crater, originally composed of a mixture of water ice and organ-
ics, while the other dune craters demonstrate what happens to
these craters as they age, most likely building a thin layer of
sand on the ejecta while the crater floors also fill up with sand.
The plain craters, on the other hand, retain their “fresh” spec-
tral response due to fluvial erosion or slow aeolian sediment
transport.

The observed enrichment in organics in the dune craters and
the enrichment in water ice in the plain craters also agrees with
the results by Solomonidou et al. (2018). In that work, it was
proposed that there is a compositional latitudinal dependence on
Titan. In that study, the undifferentiated plains of the midlati-
tudes were found to be enriched in water ice, while the equatorial
ones are abundant in organics. The craters that are close to 30°N
and the midlatitudes such as Afekan, Soi, Menrva, and Forseti
(Fig. 1) seem to represent one regime as they share similar com-
positional as well as emissivity characteristics (0.83-0.95). Their
main constituent is the tholin-like organic material, while there
is also a significant abundance of water ice and less of the dark
material compared to the dune craters. The craters in the equa-
torial dunes seas such as Ksa, Selk, Santorini, and Guabonito
have compositions which appear purely organic for both floor
and ejecta units, except for Selk’s ejecta blanket. Lastly, Sinlap
seems to have a unique “identity.” Its very young age makes
it compositionally different than expected from its geographic
location. Over time, we speculate that Sinlap will appear more
similar to the other dune craters, as sand covers over its origi-
nal composition, which was generated during the impact itself.
Hence, both erosion and geographic location appear to play a
role in the composition of the craters.

6. Conclusions

In this work, we suggest that there are two classes of impact
craters on Titan: those found in the equatorial dunes, and those
found in the midlatitude plains. The results show that the equa-
torial dune craters appear to be purely composed of organic
material (mainly an unknown dark material). The midlatitude
plain craters, on the other hand, in addition to the special cases of
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Menrva and Sinlap, are enriched in water ice, within an organic-
based mixture, along with a small amount of ice containing
other organic molecules with CH3, CH,, and CH C-H bonds in
some cases. This follows the pattern seen in Solomonidou et al.
(2018), where midlatitude alluvial fans, undifferentiated plains,
and labyrinths were found to consist of a tholin-like and water
ice mixture, while the equatorial undifferentiated plains, hum-
mocky terrains, dunes, and variable plains were found to consist
of a dark material and tholin-like mixture in their very top layers.
We found no indication for the presence of either NH; or CO,
ice in the craters, but in future we need to include other organic
molecules in the spectral mixing models, such as those contain-
ing CH3, CH,, and CH C-H bonds with carbon in sp®, sp?, and
sp hybridization states, to explore their presence on Titan.
These observations agree with the evolution scenario pro-
posed by Werynski et al. (2019), wherein the impact cratering
process produces a mixture of organic material and water ice,
which is later “cleaned” through fluvial erosion in the mid-
latitude plains. However, the cleaning process does not appear
to operate in the equatorial dunes; rather, the dune craters are
quickly covered by a thin layer of sand sediment. This scenario
agrees with other works that suggest that atmospheric deposition
is similar in the low-latitudes and midlatitudes on Titan, but with
more rain falling onto the higher latitudes causing additional
processing of materials in those regions (Neish & Lorenz 2014;
Neish et al. 2016; Solomonidou et al. 2018). In either case, it
appears that active processes are working to shape the surface of
Titan, and it remains a dynamic world in the present day. This is
a hypothesis that will be tested by the Dragonfly mission, which
aims to investigate the crater Selk during its prime mission, and
identify the products of interaction between water (which was
liquid at the time of impact) and organics (Turtle et al. 2020).
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