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Abstract We investigate Titan’s low-latitude and midlatitude surface using spectro-imaging near-infrared
data from Cassini/Visual and Infrared Mapping Spectrometer. We use a radiative transfer code to first
evaluate atmospheric contributions and then extract the haze and the surface albedo values of major
geomorphological units identified in Cassini Synthetic Aperture Radar data, which exhibit quite similar
spectral response to the Visual and Infrared Mapping Spectrometer data. We have identified three main
categories of albedo values and spectral shapes, indicating significant differences in the composition among
the various areas. We compare with linear mixtures of three components (water ice, tholin-like, and a dark
material) at different grain sizes. Due to the limited spectral information available, we use a simplified model,
with which we find that each albedo category of regions of interest can be approximately fitted with
simulations composed essentially by one of the three surface candidates. Our fits of the data are overall
successful, except in some cases at 0.94, 2.03, and 2.79 μm, indicative of the limitations of our simplistic
compositional model and the need for additional components to reproduce Titan’s complex surface. Our
results show a latitudinal dependence of Titan’s surface composition, with water ice being the major
constituent at latitudes beyond 30°N and 30°S, while Titan’s equatorial region appears to be dominated partly
by a tholin-like or by a very dark unknownmaterial. The albedo differences and similarities among the various
geomorphological units give insights on the geological processes affecting Titan’s surface and, by
implication, its interior. We discuss our results in terms of origin and evolution theories.

Plain Language Summary Titan, Saturn’s moon, has been investigated by the Cassini mission for
almost 13 years, unveiling an exotic world with many features similar to Earth. One of the mysteries that
still has not been resolved even after that many years of exploration is the nature of its surface composition.
Titan is a very complex world with multivariable geology and a very thick and hazy atmosphere that shields
the surface from remote sensing observations, prohibiting direct evaluation of its composition. In our
study we analyze spectro-imaging data from the Cassini visual and infrared spectrometer. We first infer the
atmospheric contribution and then extract true surface properties. We study major geomorphological
regions on Titan, which include among other mountains, plains, craters, and dunes. We derive their surface
albedo values and shapes that reveal the brightness of the surface and compare them with materials that
we expect to find on Titan’s surface, such as water ice, tholins (atmospheric products), and a very dark
unknown component. The results from this analysis show that Titan presents a pattern in its surface
composition distribution with its equator being dominated by organic materials from the atmosphere and a
very dark unknown material, while higher latitudes contain more water ice.
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1. Context and Observations

In order to constrain the geologic history of Titan, it is important to determine the morphology and composi-
tion of the different geomorphological units (i.e., surface terrains with various geological characteristics) that
may indicate surficial activity and/or deposits. Due to Titan’s extended, dense, and hazy methane-laden
atmosphere, direct observation of the surface is only possible using radar, and spectroscopic imaging at a
few specific frequencies in the near-infrared, where the methane absorption is weak (Sotin et al., 2005;
Tomasko et al., 2005). The presence of methane is at the heart of several atmospheric and surface processes
that forge the satellite’s surface morphology and composition. One of the mysteries in Titan’s studies is that,
given the preservation limit of methane of 10–30 Myr (Atreya, 2010), subsurface reservoir(s) and mechanisms
for resupplying the atmosphere are required but remain to be identified (Sohl et al., 2014; Tobie et al., 2006). If
the source is located in the interior of the satellite, then possible mechanisms to bring it to the atmosphere
through the surface have been proposed, including cryovolcanism (e.g., Lopes et al., 2007, 2013; Tobie et al.,
2006), methane evaporation from the lakes (Mitri et al., 2007), and exchange with a clathrate reservoir
(Choukroun & Sotin, 2012). Thus, the atmosphere, surface, and interior are interlinked, and in order to under-
stand the origin and evolution of Titan, it is necessary to study its surface geology as it can bring new insights
into the nature of the interior-surface-atmosphere exchanges.

We use data from two Cassini spacecraft instruments: the Visual and Infrared Mapping Spectrometer (VIMS)
and the Titan Radar Mapper (RADAR) in its Synthetic Aperture Radar (SAR) mode (Brown et al., 2004; Elachi
et al., 2004). We use data acquired during the 2004–2014 period and apply new analysis techniques, such
as data superposition and updated radiative transfer (RT) analysis, in order to optimize the extracted informa-
tion. During this period of time, VIMS obtained spectro-imaging data of Titan’s surface and lower atmosphere
in the 0.89–5.2 μm range during 98 Cassini flybys of Titan. The surface contribution to the VIMS recorded
spectra was obtained in seven atmospheric spectral “windows” where the methane absorption is weak, cen-
tered at 0.94, 1.08, 1.28, 1.59, 2.03, 2.69–2.79, and 5 μm. In our analysis, the atmospheric scattering and
absorption are evaluated prior to extracting the contribution from the surface. Hirtzig et al. (2013) and
Solomonidou et al. (2014, 2016) describe the details of the method and the model applied here, but a brief
description is also provided in section 2. As in our previous studies, the selection of regions of interest (RoIs)
included in this study is based on the scientific significance that a region or feature offers and the availability
of VIMS data compatible with our RT plane-parallel geometry.

RADAR data were also used in this study. The RADAR instrument operates at a frequency of 13.78 GHz (2.2 cm
wavelength, Ku-band) and in four modes: SAR, altimetry, scatterometry, and radiometry. The SAR mode pro-
vides images at resolutions of ~300m to 1.5 km (Elachi et al., 2004). The backscatter intensity of the SAR images
is governed by the slope, roughness, volume scattering, and composition of the surface (Janssen et al., 2011).
We use the SAR data to accurately select the VIMS pixels that correspond to the areas of geologic interest.

Previous studies have identified several major surface units on Titan. In early studies from VIMS data, themajor
spectral units identified from color composites (red, green, and blue-RGB) were the so-called “bright” units
that were found to generally correspond to mountains and elevated areas in radar, the “brown” units that
were found to correspond to dune materials (Rodriguez et al., 2014), and the “blue” units found at boundary
(dark-bright) areas (Barnes et al., 2007; Jaumann et al., 2009; Le Mouélic et al., 2008; Soderblom, Tomasko,
et al., 2007). Lopes et al. (2010) used RADAR data to distinguish three major geologic units on Titan’s globe:
(i) geomorphologic units (cryovolcanic, hummocky/mountainous, and impact craters), (ii) surficial units
(dunes, fluvial channels, and lakes), and (iii) units of uncertain origin (crateriform structures and plains such
as undifferentiated and mottled). More recently, detailed geomorphological mapping using SAR data by
Lopes et al. (2016) andMalaska et al. (2016) described terrains in six broad classes: labyrinth units, crater units,
hummocky/mountainous units, plain units, dune units, and lakes. In turn, these classes are composed of addi-
tional units. For example, several plain units exist, such as undifferentiated, streak-like, variable-featured, and
scalloped terrains (i.e., irregular medium-bright patches of lobate to cuspate morphology) (see Table 1 for
more descriptions). Even though some suggestions have been put forward about the surface composition
of Titan by a number of studies (e.g., water ice, Coustenis et al., 1995; Griffith et al., 2003; McCord et al.,
2006; carbon dioxide, Hartung et al., 2006; McCord et al., 2008; trace detection of solid and liquid hydrocar-
bons, Clark et al., 2010; and acetylene ice, Singh et al., 2016), the precise chemical composition of the different
geomorphological units on Titan’s surface has not been defined to date.
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Here we focus on constraining the compositions of the surface units at low-latitude and midlatitude from
60°S to 60°N as described in Table 1. The geomorphologic units are hummocky/mountainous (hh) and labyr-
inth (lb) terrains; the undifferentiated (pul), variable (pfv), the scalloped (psv), and streak-like plains (psh); the
dunes (ds); the alluvial fans (af); and the crater ejecta units (ceh). The different surface units we examine here
are described in Table 1. Their various precise locations within the midlatitudes are summarized in Table 2
and shown in Figure 1.

Furthermore, we use the Huygens landing site (HLS) as a reference area, providing ground truth. Our HLS
pixel selection is part of a VIMS datacube with 15 km resolution. The HLS is a dune-free region with bright
and dark features as identified on Descent Imager/Spectral Radiometer (DISR) and VIMS images (e.g.,
Rodriguez et al., 2006; Soderblom, Tomasko, et al., 2007; Soderblom, Kirk, et al., 2007).

Lopes et al. (2016), using Cassini/RADAR data, showed that the undifferentiated plain units cover ~17% of
Titan’s mapped surface, confirming the conclusion by Lopes et al. (2010) that the undifferentiated plains
are the most widespread unit on Titan. The second most common unit on Titan—as seen by Cassini’s
SAR—is the dune unit, with estimated coverage ranging from 14 to 18% (Le Corre et al., 2008).
Hummocky/mountainous terrains are also widespread on Titan, covering ~13% of the surface (Lopes et al.,
2016). Other units mapped by Lopes et al. (2010, 2016) were significantly smaller in area; for example,
labyrinth terrains cover ~3% of the total mapped surface.

In this paper, we investigate two regions of undifferentiated plains, following the work in Lopes et al. (2016),
who found differences in the VIMS-determined albedos between plains in Caladan Planitia (close to equator)
and undifferentiated plains located further away from the equator. The albedos of the Caladan Planitia RoIs
showed a spectral shape similar to that found in the other undifferentiated plains, but with much lower
surface albedo values, which we interpreted as due to dune material contamination. Therefore, here we
group together the plains located at higher latitudes (those close to the NE Soi crater, those at Poritrin
Planitia, and those close to Richese labyrinth) and call them “undifferentiated plains 1.” The undifferentiated
plains located closer to the equator in the Caladan Planitia area are referred to as “undifferentiated plains 2”
(Table 2 and Figure 1).

In Solomonidou et al. (2014) and Hirtzig et al. (2013) we attempted to constrain spectroscopic properties for a
small number of Titan regions by performing comparisons between retrieved albedos for these regions and
laboratory reflectance spectra of some possible pure chemical candidates for Titan’s surface composition. In
addition, we provided implications for the undifferentiated plains’ (pul1 and pul2) possible composition in
Lopes et al. (2016), where we proposed tholin-like material to be the major constituent. Furthermore, the

Table 1
Various Surface Units

Geomorphological unit Description References

Undifferentiated plains (pul) Low-backscatter regions with very few features
present on SAR images

Lopes et al. (2010, 2016); Malaska et al. (2016)

Variable plains (pfv) Diverse units that range from medium- to low-backscatter
regions and consist of various internal textures

Malaska et al. (2016)

Streak-like plains (psh) Diffuse- textured high-backscatter elongated regions with sharp to diffuse
extended linear to curvilinear boundaries

Malaska et al. (2016)

Scalloped plains (psv) Unit composed of irregular medium-bright patches of lobate to cuspate
morphology set in low- to medium-backscatter terrain.

Malaska et al. (2016)

Hummocky terrains (hh)/ High-backscatter regions with isolated patches of radar-bright
material (hummocky) and radar-bright mountain chains (mountains)

Radebaugh et al. (2007); Lopes et al. (2010);
Malaska et al. (2016)

Labyrinth terrains (lb) Locally high-backscatter units and largely dissected features Malaska et al. (2016)
Dunes (dl) Featureless sand sheets with lower backscatter

than the undifferentiated plain units
Radebaugh et al. (2008); Lopes et al. (2010); Le Gall
et al. (2014); Mastroguiseppe et al. (2014);
Rodriguez et al. (2014)

Crater ejecta (ceh) Rough-, high-, to medium-backscatter terrains that grade
radially outward from an impact crater rim unit

Lorenz et al. (2007); Wood et al. (2010); Malaska et al.
(2016); Neish et al. (2016)

Alluvial fans (af) Fan-shaped mass of alluvium deposits Lorenz et al. (2008); Radebaugh et al. (2016)

Note. Terrain unit code for the geomorphological units from Malaska et al. (2016); we added a codename (af) for the alluvial fans.
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temporal variations of the undifferentiated plains and the dunes were studied in Solomonidou et al. (2016),
who found that the dunes (from 2005 to 2012) and the undifferentiated plains (from 2010 to 2012) did not
present any change in albedo with time.

In this study, we extend our investigation of the spectral nature of the major geomorphological units of
Titan’s low-latitude andmidlatitude regions by characterizing the units based on the shape and value of their
surface albedos. We then test the surface albedos against a database of Titan candidate ice and organic
constituents and provide some constraints on the possible major material present in every geomorphological
unit. We use a new updated material library based on Bernard et al. (2006), Brassé et al. (2015), and the

Table 2
Names of Geomorphological Units and Target Regions, Related Flybys (“T” Stands for Cassini Flybys of Titan) and Dates for VIMS and SAR Swaths of the Study Regions, and
Center of Coordinates for the Regions of Interest, Angles of Incidence (i), Emission (e), Phase (α), and Spatial Resolution (res) of the VIMS Cubes

Name Date (Flyby) for VIMS Date (Flyby) for RADAR Centroid Coordinates VIMS i/e/α/Res

Undifferentiated plains 1 (pul1)
NE Soi 10/2005 (T8) 5/2009 (T55) 30.4°N, 133.3°W 51°/34°/23°/75 km
Poritrin Planitia 8/2005 (T6) 6/2010 (T69) 50°N, 41.9°W 60°/40°/52°/42 km
Near Richese 6/2010 (T70) 5/2012 (T83) 43.5°N, 203°W 49°/51°/32°/17 km
Undifferentiated plains 2 (pul2)
Caladan Planitia 1 2/2011 (T74) 6/2012 (T84) 17.5°N, 216.5°W 27°/22°/33°/83 km
Caladan Planitia 2 2/2011 (T74) 12/2009 (T64) 22.8°N, 219.5°W 26°/26°/33°/83 km
Variable Plains (pfv)
N-S Dilmun 5/2007 (T31) 10/2005–02/2008 (T8/T41) 12.3°N, 193.2°W 12°/31°/25°/58 km
Adiri 12/2009 (T64) 2/2008 (T41) 19.75°S, 183.4°W 58°/29°/43°/43 km
Streak-like plains (psh)
Winia Fluctus 8/2005 (T6) 12/2004–06/2010 (T0/T69) 47.8°N, 45.5°W 60°/42°/52°/42 km
Tishtrya Virgae 12/2011 (T79) 12/2009 (Τ64) 22.5°N, 179°W 41°/38°/16°/65 km
Scalloped plains (psv)
N Afekan 9/2013 (T94) 10/2006 (T19) 59°N, 148.7°W 45°/54°/84°/54 km
NE Soi 2/2007 (T25) 7/2006–10/2006 (Τ16/Τ19) 54.3°N, 144.5°W 58°/21°/69°/70 km
Huygens landing site (HLS)
HLS 12/2004 (Tb) 10/2005 (T8) 10°S, 192°W 36°/34°/18°/15 km
Hummocky/mountainous terrain (hh)
Gandalf Colles 6/2010 (T70) 6/2012 (T84) 14.6°N, 209.8°W 29°/19°/31°/15 km
Unnamed Feature Near Belet 9/2010 (T72) 7/2013 (T92) 0.7°N, 245.7°W 11°/30°/23°/15 km
Angmar Montes 4/2007 (T29) 10/2005 (T8) 10.1°S, 221°W 26°/13°/37°/74 km
Echoriath Montes 4/2007 (T29) 10/2005 (T8) 7.6°S, 215°W 20°/17°/37°/74 km
Mindolluin Montes 3/2007 (T26) 8/2009 (T61) 2.5°S, 210°W 09°/51°/60°/63 km
Labyrinth Terrain (lb)
Junction 9/2010 (T71) 12/2007 (T39) 47°S, 213.9°W 58°/45°/34°/65 km
Tleilax 4/2005 (T5) 9/2005 (T7) 48.1°S, 15.9°W 53°/56°/56°/28 km
Richese 6/2010 (T70) 5/2012 (T83) 41.7°N, 199.7°W 50°/50°/31°/17 km
Dune field (dl)
W Shangri-la 10/2005 (T8) 4/2006 (Τ13) 5°S, 145°W 45°/40°/20°/86 km
NE Shangri-la 2/2005 (T3) 7/2009 (T58) 7.5°S, 172°W 22°/13°/19°/96 km
Belet 1/2010 (T65) 7/2013 (T92) 5°N, 237°W 43°/23°/43°/91 km
Crater Ejecta (ceh)
Selk 1/2008 (T40) 2/2014 (T98) 7°N, 199°W 34°/14°/34°/3 km
Sinlap 12/2005 (T9) 2/2005 (T3) 11.6°N, 15.4°W 43°/13°/40°/13.5 km
Soi 12/2004 (Tb) 7/2006–05/2009 (Τ16/Τ55) 24.3°N, 141°W 48°/38°/14°/40 km
Afekan 3/2007 (T26) 5/2008 (T43) 25.8°N, 200.3°W 40°/34°/60°/63 km
Forseti 4/2006 (T13) 1/2007 (T23) 25.5°N, 10.4°W 50°/19°/37°/11 km
Menrva 12/2008 (T48) 2/2005 (T3) 20.1°N, 87.2°W 59°/59°/71°/11 km
Alluvial Fans (af)
Out Xanadu 12/2008 (T48) 6/2011 (T77) 20°S, 118°W 33°/38°/71°/62 km
Xanadu #1 12/2008 (T49) 6/2011 (T77) 17°S, 124°W 25°/46°/71°/62 km
Xanadu #2 5/2008 (T44) 2/2008 (T41) 32.8°S, 93.5°W 56°/27°/93°/15 km
Xanadu #3 11/2008 (T47) 5/2008 (T43) 25°S, 90.1°W 60°/20°/81°/45 km
Elivagar Flumina 12/2008 (T49) 10/2006 (T19) 21°N, 77°W 60°/20°/20°/68 km

Note. We use the terrain unit code as defined in Malaska et al. (2016) for the geomorphologic units. We added a codename (af) for the alluvial fans.
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GhoSST database (http://ghosst.osug.fr). Due to the complexity of the presence of the thick atmosphere that
does not allow us to retrieve full surface spectra and of the difficulty of inferring material characteristics on a
surface as complex as that of Titan’s, we cannot provide actual compositions but rather insights on the
possible major constituents for each geomorphological unit.

Below we analyze at least two representative examples of each of the above mentioned nine geomorpholo-
gical units (Table 1), 34 different areas in total, to determine the characteristics of the units using VIMS and
RADAR/SAR data, when available (Table 2 and Figure 1). We limit our VIMS datacube selection to the low-
latitude and midlatitude regions due to our RT code limitations at high latitudes and extreme geometries
(Solomonidou et al., 2014, summarized below). We then test five individual undifferentiated plains (pul), five
hummocky/mountainous terrains (hh), three labyrinths (lb), two variable plains (pfv), three dune fields (dl),
two scalloped plains (psv), two streak-like plains (psh), six crater ejecta (ceh), and five alluvial fans (af) (see
Table 1 and Lopes et al. (2016), Malaska et al. (2016), and Radebaugh et al. (2016) for the full descriptions). In
Figure 1 we show Caladan Planitia 1 and 2 (two distinct regions of undifferentiated plains) in a single rectan-
gular box called “Caladan Planitia” in addition to three more regions of undifferentiated plains. We also
analyze the same HLS datacube selection from the Tb flyby as used for calibration and reference area in
Solomonidou et al. (2014, 2016) and Lopes et al. (2016).

2. Process and Method of Analysis
2.1. VIMS and SAR Overlapping

The aforementioned geomorphological units are characterized based on their appearance on the SAR
images (Lopes et al., 2010, 2016; Malaska et al., 2016). The scope of our study is to spectrally analyze

Figure 1. Selected regions of interest extracted from the major geomorphological units on Titan shown on a Cassini Visual and Infrared Mapping Spectrometer
mosaic map at 2.03 μm. The characterization of the regions is based on morphological characteristics from studies by Lopes et al. (2010, 2016), Malaska et al.
(2011, 2016), Neish et al. (2015), and Radebaugh et al. (2016). The basemap corresponds to a 2.03 μm global map of Ta to T114 flybys (Le Mouélic et al., 2012, 2016).
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these regions using VIMS data. However, because of the large differences in terms of spatial resolution
that both types of data present (average spatial resolution for SAR: ~175 m, for VIMS: ~50 km, in the
present analysis) and in order to ensure that we analyze the same region from VIMS and SAR data, we
superimpose SAR on VIMS spectro-images. To do that, we employ a number of tools provided in the
U.S. Geological Survey (USGS) Integrated Software for Imagers and Spectrometers 3 (ISIS3). In Figure 2,
there are four columns that present our major RoIs as examples for the undifferentiated, the variable,
and the streak-like plains, the dunes, the hummocky, and labyrinth terrains, as shown in individual VIMS
and SAR images and in overlaps between both data sets. Following this, we ensure that the VIMS pixel
selection includes the geomorphological units of interest. The HLS RoI datacube and pixel selections are
described in Solomonidou et al. (2014).

2.2. VIMS Analysis

Before the compositional properties of the surface can be extracted, we evaluate the atmospheric contribu-
tion included in the spectral (VIMS) data. As in our previous work, we apply to the data a plane-parallel RT
code (RT, Hirtzig et al., 2013). Our code is based on the plane-parallel version of the Spherical Harmonic
Discrete Ordinate Method solver (SHDOMPP; Evans, 2007). Titan’s atmosphere is divided into 70 layers, and
the calculations for each layer are based on the vertical profiles of pressure and temperature measured by
the Huygens probe’s Atmospheric Structure Instrument (Fulchignoni et al., 2005), the methane vertical
mixing ratio from the Huygens Gas Chromatograph Mass Spectrometer (Niemann et al., 2010), and on a
uniform CO mole fraction equal to 4.5 × 10�5 based on Cassini Composite Infrared Spectrometer measure-
ments (de Kok et al., 2007). Updates of the code and improvements on our method for albedo retrievals in
the RoIs were implemented and described in detail in Solomonidou et al. (2014, 2016), Bonnefoy et al.
(2016), and Lopes et al. (2016).

The updates include improvement on the inference of the opacity frommethane and its isotopologues using
theoretical calculations, laboratory measurements, and empirical models from recent molecular line data-
base upgrades such as included in HITRAN (Rothman et al., 2013) and in GEISA (Jacquinet-Husson et al.,
2011) as described in Boudon et al. (2006), also from Campargue et al. (2012, 2013, and private communica-
tion), Nikitin et al. (2013), and Rey et al. (2018), and references therein. These recent methane line lists were
installed in our RT model as a set of correlated-k absorption coefficients, applied here to the pressure and
temperature conditions of Titan in the VIMS range (0.89–5.2 μm). In order to be completely operational up
to 5 μm, and to include the Huygens in situ aerosol data, our code slightly adjusts and extrapolates beyond
1.6 μm the single scattering albedo given by Tomasko et al. (2008), based on the work of de Bergh et al. (2012)
and Campargue et al. (2012, 2013), and references therein. It then interpolates in wavelengths and altitudes
the opacities with the formula given in Tomasko et al. (2008), and the tabulated phase functions therein. The
single scattering albedo is thus adjusted as shown in Figure 3b of Hirtzig et al. (2013). The total opacity is the
multiplicative factor applied to the DISR vertical extinction profile. Finally, in our code, the surface is consid-
ered as Lambertian, which is compatible at first order with previous estimations of the general photometric
behavior of Titan’s surface (Le Mouélic et al., 2012; Schröder & Keller, 2008). A recent addition to the code that
helps with our compositional analysis is an extensive library of possible Titan materials for the surface
provided mainly in the GhoSST database (http://ghosst.osug.fr). A more detailed description of the library
can be found in section 3.3.

Uncertainties at the 3σ level are also estimated by the code for the haze opacity and the surface albedo
(Hirtzig et al., 2013; Solomonidou et al., 2014, 2016), taking into account on the one hand the aerosol forced
single scattering albedo, the aerosol phase function, the aerosol vertical distribution, and the inverted aerosol
total opacity. On the other hand, we also include the error bars due to the CH4 linelist, the CH4 far wing profile,
and the CH4 vertical concentration profile. The signal-to-noise ratio is enhanced by averaging multiple
spectra, which leads to an increase in the pixel-to-pixel I/F variability, but not so much as to affect the average
gain in signal.

Our whole data set of RoIs (34 in total; see Table 2) represents nine different geomorphological units (Table 1).
All VIMS datacubes we analyze here have geometry conditions compatible with our plane-parallel code, and
this leads to adequate resolution for the appropriate region selection. The pixel selection wasmade very care-
fully and included only the RoIs as described in section 2.1.
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Figure 2. Regions of interest and pixel selection from top to bottom: undifferentiated plain (pul2—Caladan Planitia 1), variable plain (pfv—N-S Dilmun), streak-like
plain (psh—Winia Fluctus), hummocky terrain (hh—Gandalf Colles), labyrinth terrain (lb—Richese), and dunes (dl—NE Shangri-La). The first column shows the SAR
image that includes the region of interest. The second column shows the full Visual and Infrared Mapping Spectrometer (VIMS) datacube (R: 5.00 μm, G: 2.03 μm, and
B: 1.28 μm) with observation geometries adequate for a plane-parallel approximation and good enough resolution (the red box surrounds the image shown in the
third column). The third column shows a zoom-in of the region of interest with VIMS at 2.03 μm based on the equivalent SAR resolution that is showed in the first
column using U.S. Geological Survey (USGS) Intergrated Software for Imagers and Spectrometers 3 (ISIS3) VIMS2ISIS method; the red dot represents the center of the
area of interest. The fourth column is a combination of the figures showed in the first and third columns (R: 2.03 μm/1.28 μm, G: SAR, and B: SAR).
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3. Results: Characteristics of the Various Surface Units

After setting all the variables and inputs mentioned above, our code solves the RT equation to infer the
characteristics of Titan’s atmosphere and surface from the best possible fit to the VIMS spectrum (Figure 3)
for each geomorphological unit.

3.1. Haze Contribution and Surface Albedos Retrieved From the VIMS Data Analysis

As a first step, we run RT code simulations with various haze opacities and after the best fit is obtained
between the data and the simulations we derive the haze opacity for each data set with an uncertainty of
about 15%. The method and code are described in detail in Hirtzig et al. (2013) and in Solomonidou et al.
(2014, 2016).

For an easier reading of the findings, we compare these haze values after calibrating them with the DISR
value inferred at the HLS (the HLS haze is then set to 100%).

The nominal haze contributions to the VIMS spectra we study here vary roughly from �30% to +20% of the
“ground truth” DISR haze value at the HLS (Figure 4). Within error bars, Tiellax, Sotra Patera, Sangri-La, and
Near Richese are compatible with the HLS measurements. On the other hand, the values differ from the
HLS measurements with lower haze inferred in regions such as the Caladan Planitia undifferentiated plains,
the Gandalf Colles hummocky terrain, the alluvial fans of Elivagar Flumina, the Adiri variable plain, and the
Winia Fluctus while slightly higher haze content is found for the scalloped pains NE of the Soi crater and
the Sinlap crater. This is indicative of variations in the atmospheric haze above these regions, which can be
due to different atmospheric and meteorological causes, although we do not observe an obvious
latitudinal pattern.

Following the estimation of the haze contribution to the VIMS data, the code infers full surface albedos for
each wavelength (Figure 5, black curves) and then calculates weighted averages (Figure 5, blue points). By
looking at the haze distribution, we find that for regions around low-latitude and midlatitude that we inves-
tigate here, there do not appear to be very large differences in haze contributions. In any event, any such
differences are taken into account by the RT code in estimating the atmospheric contribution, which is then
subtracted to infer the dynamical range of the albedos without atmospheric effects.

Figure 5 shows an example of full resolution surface albedo retrieval from which, for clarity purposes, we
calculate single points of weighted averages of the surface albedo within the windows (Figure 5, blue points),
with larger weights for channels with higher transmittance around the center. The spectral resolution (Full
Width at Half Maximum, FWHM) is about 13 nm below 2.0 μm, increases up to 22 nm at 4.2 μm, and decreases
to 18 nm at 4.8 μm (Brown et al., 2004). In this paper, we essentially use the albedo averages as shown in the
example of Figure 5 (blue points) but calculated for all units to compare with potential surface material
candidates and infer composition that reproduces the spectral shape and values.

3.2. Surface Albedo Classification

After applying our method to all VIMS datacubes from the selected RoIs, we confirm that the low-latitude and
midlatitude areas precategorized as a single unit (e.g., hummocky/mountainous and variable plains) based
on their morphological characteristics (Lopes et al., 2016; Malaska et al., 2016) have similar spectral responses
as well. They have indeed the same or very similar (within error bars) surface albedos, as shown in Figure 6,
where the surface albedos of all labyrinth and dune examples are presented. This means that the RADAR and
the VIMS spectro-imaging interpretations coincide. The only exceptions are the very extensive undifferen-
tiated plains, as discussed in Lopes et al. (2016) and hereafter, that show latitudinal variations.

In Figure 7 we show the weighted averages of the surface albedo, using one example of RoI from each unit
even though in our analysis we use two to six different datacubes from each one of them.

The albedo also generally shows a more or less steep decrease from 2.03 to 5 μm. In terms of brightness, we
distinguish three main types of surface albedo responses, which are high, medium, and low, and correspond
to Categories 1, 2, and 3, respectively (Figure 8). In decreasing order, the brightest regions (Category 1) are the
scalloped plains, the undifferentiated plains 1, the labyrinths, and the streak-like plains; the intermediate in
brightness (Category 2) are the alluvial fans, the crater ejecta, and the undifferentiated plains 2; the ones with
lowest albedos (Category 3) are the HLS, the variable plains, the hummocky terrains, and the dunes (Figure 8).
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From Figure 8 (bottom), we find an important albedo similarity within the lowest albedo category between
the HLS and the variable plains, with almost the same albedo values and shape. Indeed, the albedo values
of the variable plain in Adiri (Table 2) are compatible within error bars with the albedo values at the HLS.
This would be consistent with the variable plains and the HLS having similar chemical composition.

Figure 3. Best radiative transfer fits of the spectra for some of the geomorphological units such as the Huygens landing site (HLS), the two groups of undifferentiated
plains, hummocky terrain (Belet), labyrinth terrain (Richese), and streak-like plain (Winia Fluctus). The haze contribution with respect to Descent Imager/Spectral
Radiometer (DISR) that our radiative transfer code yields is given on each panel.

Figure 4. Estimated haze contributions in the Visual and Infrared Mapping Spectrometer data obtained from our radiative transfer simulations with respect to the
Huygens/Descent Imager/Spectral Radiometer measurement using one example from each geomorphological unit and indicating locations and year of observation.
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We also find that we can confirm the results presented in Lopes et al. (2016) concerning examples of labyrinth
terrains and dunes and also showing that the northern undifferentiated plains (Category 1) are significantly
brighter than the undifferentiated plains that are close to the equator (Category 2).

The categorization of the results in Figure 8 reflects not only albedo values ranges but also several important
common aspects in the spectral response behavior of each category that we highlight hereafter.

For Category 1, the 0.94 and 1.08 μm albedo (0.1–0.4) is about 2 times lower than the albedo from 1.28 to
2.69–2.79 μm (in the 0.2–0.65 range), which is rather flat at high
values. There is then an abrupt drop toward 5 μm (at 0.05–0.2) by
factors of up to 3.

For Category 2, similar to Category 1, there is an increase from 0.94 to
1.08 μm to the albedo at 1.28 μm (up to ~0.4) being distinctly the
highest, but followed by a sharp drop afterward and toward
2.69–2.79 μm, and then showing a continuous decrease down to
5 μm by factors of up to 4.

For Category 3, the 0.94–1.28 μm range exhibits the highest albedo
response (0.15–0.35), followed by a continuous slowly descending
slope from 1.59 to 5 μm (by factors of 2–3).

This indicates different regimes in the spectral response of the various
regional categories, essentially identifying the presence of composi-
tion and/or physical processes variances. The general trends are for
rather dark regions when looking at longer wavelengths beyond
2 μm rather than at shorter ones except 0.94 and 1.08 μm. The
5 μm albedo is always the darkest. We indicate here also with some
specific characteristics rising mainly from differences in the compo-
nents influencing the 1.59-2.69-2.79 μm region.

3.3. Compositional Tests With Some Potential
Major Constituents

In order to provide insights on the composition of the geomorpholo-
gical units studied here, we test the extracted albedos of the various
units against three major constituents that are expected to be present
in some form or other on Titan’s surface. We do this by introducing
into our RT code laboratory spectra produced in Titan conditions in

Figure 5. Full resolution surface albedo spectrum in the 0.89–5.2 μm Visual and Infrared Mapping Spectrometer range of the streak-like plain (Tishtrya Virgae) (black
curves) that is used as an example here. The black dots correspond to the error bars envelopes. Weighted averages of the surface albedos in the methane windows
(blue points).

Figure 6. Weighted averages of the surface albedo (i.e., averages of the Visual and
Infrared Mapping Spectrometer channels within the methane window, as for the
example shown in Figure 5) for units described in Table 2: the various labyrinth
terrains (red, orange, and yellow) and the dune terrains (light–dark blue). These
are calibrated with respect to the HLS surface albedo (given in Figure 7). Within
error bars, all labyrinth and also all dune terrains examined share the same albedo
values and shape.
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the VIMS range (0.89–5.2 μm). We thus have included (i) water ice, (ii)
laboratory tholins, and (iii) bitumen and amorphous carbon (from the
GhoSST database, http://ghosst.osug.fr, and from Bernard et al., 2006;
Brassé et al., 2015; and Lellouch, 2006).

Our own database of reflectance spectra covering the VIMS spectral range
at the VIMS resolution was thus calculated for each constituent. For H2O
ice it was calculated for a series of 15 grain sizes from 10 μm to 1 mm
(10, 20, 30, 40, 50, 75, 100, 150, 200, 250, 300, 400, 500, 750, and
1,000 μm). We used the SPECTRIMAG radiative transfer code (Douté &
Schmitt, 1998) that allows to calculate the bidirectional reflectance factor
of a granular surface with a certain grain size and illuminated under an
incidence angle i and observed under an emergence angle e. We assumed
an isotropic particle scattering function for all ices as we have no a priori
knowledge of what this is on Titan. The optical constants of crystalline
H2O ice were derived from several experiments performed at the Institut
de Planétologie et d’Astrophysique de Grenoble (France) in the near-
infrared (IR) and mid-IR (Trotta & Schmitt, 1996; Grundy & Schmitt, 1998;
Schmitt et al., 1998). The closest temperature to Titan’s conditions of the
data set available in both the near-IR and mid-IR is 145 K, but we consider
this to be adequate for our simulations in view of the relatively low spectral
resolution of the VIMS data compared to the rate of temperature band
shifts of the ice (Grundy & Schmitt, 1998). The laboratory tholins are pro-
duced at six different grain sizes (1, 2, 5, 10, 30, and 100 μm) (Figure 9).
The dark materials are asphalite, kerite, different types of anthraxolite,
and amorphous carbon at three different grain sizes (10, 200, and

500 μm), which have been suggested as being similar to materials capable of lowering the total surface
albedo in many Titan areas (Solomonidou et al., 2014, 2016) (Figure 9).

In this paper, we try to fit the Titan albedos using only these three constituents and linear mixtures thereof.
We acknowledge that this is a simplistic assumption, as Titan’s surface is likely to be far more complex than
made solely of spatial distributions of the above types of compounds. We do not expect perfect fits to the
data; we simply test to what extent we can match the available observations that we classified spectrally in
Figure 8 in terms of absolute values and general spectral shape with these basic constituents. Figure 10
shows the extracted mixtures that best match the suite of surface albedo averaged points of the three differ-
ent categories as defined in Figure 8.

Figure 10 shows the results of our calculations for inferring the major constituent in different geomorpholo-
gical categories as described in Figure 8. Our simulations provide the best possible fit for all the windows
simultaneously, minimizing the residuals. We could not obtain a perfect match to any of the surface albedo
spectra, as is expected by the use of only three basic components in the mixtures (water ice, tholins, and dark
constituents). We find it particularly difficult to reproduce the 0.94 and 1.08 μmalbedo, especially for the high
albedo values. The absence of a fit at those two wavelengths for most if not all regions points to the lack of a
component that is very dark at these smaller wavelengths, while bitumen-like and amorphous carbon spectra
(Figure 9) alone do not work. Perhaps a constituent with a strong absorption at these wavelengths would be
required. Furthermore, the 1.08 μm strong absorption (in 10 out of 11 cases presented in Figure 10 the
0.94 μm surface albedo is higher than at 1.08 μm) could be indicative of a nonmolecular in nature surface
component. Hence, a material compatible to silicates, such as orthopyroxene, could be a good fit to those
short wavelength strong absorptions. However, such constituents are not compatible with current models
of Titan’s internal structure and do not constitute good candidates for the surface. We also do not find solu-
tions with this basic composition for the 2 μm methane window albedo values, again probably identifying
the need for an absorbent at these wavelengths. With these caveats in mind, we do obtain fits within error
bars for the other five out of eight methane windows and we find that the regional categories distinguished
in Figure 8 can be matched with the same major constituent on their surfaces for each one of them, except
for the unit of undifferentiated plains that are close to the equator. Thus, the categories in Figure 8 enter the

Figure 7. Weighted averages of the surface albedos in the methane win-
dows of the various geomorphological units using one example from each
unit. For clarity purposes, we have connected the points with dashed lines
that do not represent a real physical spectral behavior but help to identify
more easily the spectral shape for each unit over the whole wavelength
range.
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same compositional groups (CGs) in Figure 10, which is explained by their
surface spectral characteristics corresponding to those of the
spectroscopic parameters for one of the components used in
our simulations.

Figure 10 (top) corresponds to compositional group 1 (CG 1) and shows
the simulations that best match the VIMS data in units with the highest
surface albedos in the methane windows between 1.28 and
2.69–2.79 μmand the spectral behavior of Category 1 (Figure 8). Our calcu-
lations show that these albedo spectra are best reproduced with water ice
as the major constituent in any mixture of the three components we use
here (at rates of 45–85%). The simulated mixture for the scalloped plains
is even more dominated by the water feature (Figure 9) and therefore
has too high albedo at 0.94 and 1.08 μm preventing us from matching
the low albedo in these two methane windows, even with the addition
of a dark component. The rest of the spectra in this CG 1 can be fit reason-
ably well except for 2.03 and 2.79 μm. The streak-like plains seem to have
an intermediary behavior between the categories of surface albedos that
are compatible with both H2O ice (CG 1) and tholin-like material (CG 2)
as major constituents. Our findings here strongly indicate that water ice
alone, even if dominant in a region cannot be pure and requires more than
one additional component with dark features and/or a strong absorption
at 0.94 and 1.08 μm and a less absorbent component for 2.03 and 2.79 μm.

Figure 10 (middle) shows the alluvial fans and the crater ejecta to have
materials with a spectral response similar to laboratory tholins dominating
their mixtures (by 50–55%). In this compositional group 2 (CG 2), the allu-
vial fans present a general good fit within error bars or close enough
between the mixtures and the major constituent except at 1.28 and
2.03 μm, indicative that the tholin-like material is really dominating in
these regions with need for a minor component to complete the
composition. On the contrary, for the crater ejecta, the fit is very difficult
everywhere and in particular at 0.94, 1.08, 2.03, and 5 μm. We have placed
the crater ejecta in this group because fits with other major constituents
are even worse, but we recognize that in this case, several other compo-
nents are required besides the three used here to match the observations.
This could be due to the different epochs, impact objects, and processes
related to their formation.

For compositional group 3 (CG 3; Figure 10, bottom), corresponding to
units from Category 3 in Figure 10 (including pul2), a very dark material
(that we attempt to simulate with bitumens and amorphous carbon from
our database) appears to be the predominant constituent (by 50–80%) of
the variable plains, the HLS, the dunes, the hummocky terrains, and the
undifferentiated plains that are close to the equator. There is a good fit
between the mixtures and the surface albedos for all units except
strikingly at 1.08 (except for pul2), 2.03, and 2.79 μm, as well as at
1.28 μm for the undifferentiated plains.

Looking at the regional distribution of our results and at secondary
components, the spectral response of the northern undifferentiated plains
(such as Poritrin Planitia, the plains near Richese labyrinth, and the plains
NE of Soi crater) appears to be compatible with a combination of a water

ice-like component with materials similar to laboratory tholins. In contrast, the Caladan Planitia plains, which
are closer to the equator and the Belet sand sea, appear to be compositionally dominated by a very dark
material as a major constituent, possibly due to contamination by a dark albedo material from the

Figure 8. (top) This figure groups different geomorphological units as a
function of surface albedo values and shapes. Surface albedo weighted
averages are given for three different categories. Note the change in scale.
See text for details.
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equatorial dunes. In our previous study (Lopes et al., 2016), we used the Grundy and Schmitt (1998) H2O ice
library to compare with the undifferentiated plains and labyrinth albedos and we argued that the northern
undifferentiated plains and the labyrinths consist mainly of a material with a spectral response similar to
that of laboratory tholins. In the current study, we used the same five different locations of
undifferentiated plains as in Lopes et al. (2016), but applied the updated RT code as described in
section 2.2 and the new H2O ice spectra from the GhoSST database (Figure 9). This update provided us
with an improved fit between the albedos and the mixtures. Compared to that previous study, we find
that both the northern undifferentiated plains and the labyrinth terrains are rich in a water ice-like material.

In this paper, we examined various geomorphologic units such as different types of plains (undifferentiated,
variable, streak-like, and scalloped), crater ejecta, dunes, alluvial fans, hummocky, and labyrinth terrains. Our
analysis begins by first evaluating the contribution of the atmosphere and then inferring the surface albedos
by use of a RT code to extract the spectral behavior of the surface properties. We have categorized the differ-
ent units according to their characteristics of their surface albedo spectra (Categories 1–3; Figure 8).

The albedo differences among the various surface units that we report here may correspond (at least partly)
to compositional variations, as previously suggested by (among other) Soderblom, Kirk, et al. (2007),
Solomonidou et al. (2014), and Lopes et al. (2016). In addition, different studies have suggested interpreta-
tions for the nature of the various units and their probable origin mainly either using RADAR data (e.g.,

Figure 9. Spectra of Titan’s surface and major candidate components in the Visual and Infrared Mapping Spectrometer range at different grain sizes (Bernard et al.,
2006; Brassé et al., 2015; GhoSST database, http://ghosst.osug.fr).
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Janssen et al., 2016; Malaska et al., 2016) or using VIMS or a combination of
both data sets (e.g., Barnes et al., 2005, 2007; Lopes et al., 2016; Malaska
et al., 2016; Soderblom, Kirk, et al., 2007; Solomonidou et al., 2014).

In this study we compare our regional categories to linear mixtures of a
few possible surface main candidates (water ice, tholin-like material, and
dark components) from laboratory work and derive some insights on the
major constituent(s) present at each unit’s surface (Figure 10).

We have shown that the fit between the extracted surface albedo from the
units and the possible mixtures is not optimal for all cases (there is, in
particular, rarely a fit at very short wavelengths), which is indicative of a
more complex surface than supposed in our simulations. Indeed, the code
produces simulations with a number of different materials and grain size
combinations from the three basic components (H2O ice, tholins, and dark
components) in order to obtain the best possible fit. The code generally
finds a reasonable fit at 1.28, 1.59, 2.69, and 5 μm for all the units.
However, we can mostly not reproduce the lower surface albedos at 0.94
or 1.08 μm in several cases, possibly due to lacking a component to com-
pensate for the remaining absorption observed at these wavelengths. We
also have a concern for 2.03 and 2.79 μm, where our mixtures produce too
much absorption. Nevertheless, the code finds a match for at least one of
the units in each group in all the methane windows in the VIMS range
except systematically at 2.03 and 2.79 μm and occasionally at 0.94 μm.
The fact that we were able to fit some of the units in each group and
not all the same way points at small but significant differences in the
composition within each group, so we should not consider each category
as having generally the same composition everywhere.

Even if we consider RoIs in the undifferentiated plains (i.e., same geomor-
phological unit based on RADAR data), we would not have expected iden-
tical spectral behavior and, by extrapolation, chemical composition. Where
composition is concerned, the differences can be due to the material (mix-
tures) and/or grain sizes. The problem is intricate and complex but, as a
first step, we can focus on the spectral characteristics of the major consti-
tuent that we find to be dominating the surface albedo of regions that are
of the same geomorphological unit (Figure 11).

Bearing in mind the limitations described above and by analyzing nine of
the major geomorphological units from low-latitude up to midlatitude, we
suggest that Titan’s equator is dominated by a very dark unknown (most
likely organic) component in a mixture with tholin-like materials, while
extensive regions at midlatitudes seem to be rich in materials with a
spectral response similar to water ice.

Our results indicate three groups of composition mixtures (CG) to be
present on Titan’s low-latitude and midlatitude surface region. In
Figure 11 we plot the regions on an Imaging Science Subsystem global
map, and hereafter we compare with previous work and additional
insights from geological aspects.

Units with a spectral response similar to water ice: The presence of water ice
on the surface of Titan has been a controversial issue. A study by Clark et al.
(2010) refuted the presence of exposed water ice due to the high absor-
bance at 2.8 μm compared to the 2.7 μm one. Other studies report the
presence of water ice on the surface of Titan by both telescopic (Griffith
et al., 2003) and VIMS studies (McCord et al., 2006). The McCord et al.

Figure 10. Inferred major constituents for all the geomorphological units
categorized in Figure 8 using mixtures of water ice, tholins, and dark com-
ponents. Note the change in scale. The point symbols correspond to the
extracted surface albedos as shown in Figure 8, 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. The 3σ error bars
are shown on the simulations and are inferred by the code during the
extraction of the surface albedos (detailed description of the 3σ error bars
can be found in section 2.2). For compositional group 1 with the highest
surface albedo in the methane windows between 1.28 and 2.69–2.79 μm, we
find the major constituent to be water ice (by percentages of about 45–85%,
with grain sizes mostly of 10 and 75 μm); for compositional group 2 we
find tholin-like materials to be dominant (by 50–55%, with grain sizes mostly
of 100 μm); and dark constituents (with 50–80%, mostly amorphous carbon
of 200 μm grain size) better satisfy the lower-albedo surface spectra of
compositional group 3.
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(2006) study discussed the presence of two compositional classes associated with regions of low and high
albedos. The areas low in surface albedo were suggested to be composed by water ice contaminated with
dark material, while the high albedo areas seemed water ice-free. Hence, our study agrees with that of
McCord et al. (2006) on the presence of water ice on the surface of Titan, which seems to be present and
exposed on the surface, but not on where it is concentrated. According to Malaska et al. (2016), the streak-
like plains are a combination of fluvial-aeolian processes in origin and consistent with the presence of
water-icy material, while the scalloped plains are composed of either organic materials or extensively
eroded hummocky materials. Furthermore, according to Malaska et al. (2016) and Lopes et al. (2016), the
labyrinth terrains are interpreted to be dissected plateaux of organic materials based on SAR and
radiometry data. Our results showed that these three units belong to the same compositional family,
having a material compatible with water ice as the major constituent (~45–85%) on the surface. Moore
et al. (2014) suggested sedimentation as the dominant geological process that forms the undifferentiated
plains. Janssen et al. (2016), Lopes et al. (2016), and Malaska et al. (2016) agree on the nonwater ice nature
of the undifferentiated plains and their probable aeolian-sedimentary origin. Here after testing a number
of regions in the undifferentiated plains, we report two distinct spectral groups, confirming the results by
Lopes et al. (2016), and suggesting the presence of mixtures containing tholin-like material and water
ice-like material. The latter one is a new result coming from the present analysis. The undifferentiated
plains with abundant water ice-like material in their mixtures are located in high (over 30°N and lower
than 30°S) latitudes.

Tholin-like rich units: The alluvial fans and the crater ejecta units are shown to contain mainly tholin-like
materials (50–55%). However, it is important to note that due to the limited spatial extension of these two
units compared to the others, and the average low resolution of the VIMS data, their results could be subject
to mixture with another unit within the same VIMS pixel, for instance, the inevitable mixing of the spectra of
the rim and the interior of the crater. Nevertheless, we have tried to overcome that issue, as well as possible,
by using the VIMS/SAR overlapping described in sections 2.1.

Units covered with an unknown dark constituent: Τhe hummocky/mountainous terrains, according to Lopes
et al. (2016) and Malaska et al. (2016), are consistent with fractured water ice mixed with organic materials,
based on microwave emissivity data (Janssen et al., 2009, 2016). Τhe variable plains appear to have been

Figure 11. Implications on the major constituents of Titan regions of interest. The Imaging Science Subsystem global map (National Aeronautics and Space
Administration/Jet Propulsion Laboratory-California Institute of Technology/Space Science Institute-PIA14908) is placed under the SAR swaths for context. The
blue-colored regions correspond to regions where the major constituent in the mixture is an OH-bearing constituent, the magenta is an unknown dark material, and
the orange is a tholin-like material.
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produced from the erosional breakdown of the hummocky and mountainous units due to fluvial processes,
and their primary surficial material, according to VIMS analysis, appears to be tholin-like rather than water
ice-like (e.g., Moore et al., 2014). Furthermore, many studies have described the composition of the dune
regions as organic material grains of aeolian origin (Barnes et al., 2008; Janssen et al., 2009, 2016; Le Gall
et al., 2011; Lopes et al., 2016; Rodriguez et al., 2014; Soderblom, Kirk, et al., 2007; Solomonidou et al., 2016;
Williams et al., 2011). Here for the two different examples of hummocky terrains that we tested, it seems that
the major constituent is a very dark unknown material (~70%). Similarly, the variable plains, the dunes, and
the HLS that also present very low albedo values are consistent with a dark material as major constituent
(50–80%) (Figure 11).

For the specific units that we tested, we showed that RoIs with the same geomorphological unit classification
also share the same or very similar spectral characteristics (examples shown in Figure 6). Exceptions are
several regions of undifferentiated plains at different latitudes, which share the same morphological charac-
teristics but differ in terms of the spectral values depending on latitude (but not in the overall spectral
response). Hence, regardless of the location on Titan, the regions that are classified based on their morpho-
logical characteristics using SAR data by Lopes et al. (2016), Malaska et al. (2016), and Radebaugh et al. (2016)
as members of the same geomorphological unit (e.g., variable plains, labyrinth terrains, and alluvial fans),
have the same spectral characteristics in VIMS data and the RT analysis shows them to have at least the same
major constituent. In conclusion, there is a profoundly good correlation in the classification between VIMS
and SAR and the VIMS data validate the mapping of SAR.

In addition, the HLS and the variable plains share many albedo characteristics (Figure 8) suggesting that HLS
is part of this unit and has an organic origin or is at least coated with organic materials. The same applies to
the hummocky terrains and the dunes that are also compatible with an organic surficial composition
(Figure 10). The alluvial fans and the crater ejecta units are covered by tholin-like material and seem to be
dominated by atmospheric deposits that mask their underlying material. The areas with major constituents
spectrally compatible with water ice seem to follow a geographical pattern as all four (northern undifferen-
tiated plains, labyrinths, scalloped plains, and streak-like plains) are located at northern or southern midlati-
tudes, close to 30°–60°N and 60°S (Figure 11). Hence, Titan’s surface composition has a significant
latitudinal dependence.

4. Discussion: Implications and Interpretations

Taking into consideration our results, we discuss hereafter some possible interpretations.

Our results suggest the presence of a material compatible with water ice in the areas around high latitudes.
However, radiometry data have shown that water ice in large quantities is not expected in these regions
given the absence of the detection of a high dielectric constant compatible with water ice 1 (Janssen et al.,
2016). Based on that, we can provide a hypothesis for the presence of a low-dielectric (likely organic) material
that has the same or similar infrared absorbance as water ice that can be deposited (or processed easily) from
the atmosphere. However, VIMS probes only the thin top layer covering the surface and not the deeper parts
that radiometry is measuring; hence, the presence of a thin coating of water ice or of a material with the spec-
tral response similar to water ice covering a layer with organic material of low-dielectric constant is possible. If
this hypothesis is true, it means that more dark material is being deposited from the atmosphere onto the
equatorial regions compared to the higher and polar regions. In addition, the crater ejecta units (which we
found consistent with 55% laboratory tholin, 25% water ice) that are concentrated between 30°S and 30°N,
may have penetrated the surficial organic layers after impact and reached into the water ice crust exposing
it. Atmospheric material may have subsequently covered them again. This would provide a spectral coating
consistent with a mixture of organic materials and water ice in impact craters, as suggested by Neish et al.
(2015). Below this covering, the emissivity is consistent with water ice materials (Janssen et al., 2016;
Malaska et al., 2016). Furthermore, the alluvial fans seem to be a mixture of materials that are carried by
Titan’s methane rivers (e.g., Lorenz et al., 2008). In the case of hummocky and mountainous materials, radio-
metry suggests a composition more compatible with water ice. The VIMS results presented here indicate a
surficial composition compatible with organics. This difference in results could again be due to differences
in depth sampled by the two instruments and be complementary instead of contradictory. This could also
indicate the same latitudinal dependence described earlier for the case of impact craters. Finally, the

Journal of Geophysical Research: Planets 10.1002/2017JE005477

SOLOMONIDOU ET AL. 504



results agree with the sedimentary nature of the undifferentiated plains, but at higher latitudes their coating
seems to be thinner (less aeolian deposition), and therefore, our results could indicate a mixture of icy crust
and aeolian materials.

In an alternative interpretation, we assume that atmospheric deposition is similar in the low-latitude and
midlatitude on Titan, but with more rain falling onto the higher latitudes causing additional processing of
materials in those regions. For example, the dark unknown material component closer to the poles could
be either washed away by rain or processed by rain so that it is no longer detectable. In this scenario, the
exposed old crust is expected to be rich in a material compatible with water ice (e.g., Griffith et al., 2003;
McCord et al., 2006; Rodriguez et al., 2006; Soderblom, Tomasko, et al., 2007). Terrains closer to the equator
are overlain and contaminated by the dark albedo dune material, probably wind-blown, and its spectral
signature becomes similar to the darker undifferentiated plain regions like those in Caladan Planitia. This is
consistent with the observedmaterial transport directions as presented inMalaska et al. (2016). We then posit
that the disappearance of the tholin-like materials at higher latitudes is due to their removal by pluvial or
fluvial processes, leaving behind a material that is spectrally compatible with water ice and that is more resis-
tant to rain. The origin of the materials covering the crater ejecta units and the alluvial fans remains the same
as in our interpretation 1.

The current analysis cannot distinguish between these two plausible hypotheses (there could be more inter-
pretations) or provide full compositional interpretations due to the limited spectral information available and
the possible presence of more complex materials that the ones considered in this study. However, we show
that Titan’s surface composition, at the depths detected by VIMS, has significant latitudinal dependence even
within themidlatitudes. The data that would lead to the full interpretation of the geological evolution of Titan
are hidden in the secondary, tertiary, etc., constituents of the mixtures, and in better understanding of the
origin and evolution processes.
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