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This paper reports on the analysis of the highest spatial resolution hyperspectral images acquired by the

Visual and Infrared Mapping Spectrometer (VIMS) onboard the Cassini spacecraft during its prime

mission. A bright area matches a flow-like feature coming out of a caldera-like feature observed in

Synthetic Aperture Radar (SAR) data recorded by the Cassini radar experiment [Lopes et al., 2007.

Cryovolcanic features on Titan’s surface as revealed by the Cassini Titan Radar Mapper. Icarus 186,

395–412, doi:10.1016/j.icarus.2006.09.006]. In this SAR image, the flow extends about 160 km east of the

caldera. The contrast in brightness between the flow and the surroundings progressively vanishes,

suggesting alteration or evolution of the composition of the cryolava during the lifetime of the

eruptions. Dunes seem to cover part of this flow on its eastern end. We analyze the different terrains

using the Spectral Mixing Analysis (SMA) approach of the Multiple-Endmember Linear Unmixing Model

(MELSUM, Combe et al., 2008). The study area can be fully modeled by using only two types of terrains.

Then, the VIMS spectra are compared with laboratory spectra of known materials in the relevant

atmospheric windows (from 1 to 2.78mm). We considered simple molecules that could be produced

during cryovolcanic events, including H2O, CO2 (using two different grain sizes), CH4 and NH3. We find

that the mean spectrum of the cryoflow-like feature is not consistent with pure water ice. It can be best

fitted by linear combinations of spectra of the candidate materials, showing that its composition is

compatible with a mixture of H2O, CH4 and CO2.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The joint NASA–ESA–ASI Cassini–Huygens mission reached the
Saturnian system on July 1st 2004. One of the primary targets
of the mission, Saturn’s giant moon Titan, is veiled by a dense and
hazy atmosphere. Since October 2004, Titan’s surface has been
imaged by the Cassini radar in Synthetic Aperture Radar (SAR)
mode (Elachi et al., 2004), the Cassini Imaging Science Subsystem
(ISS) camera (Porco et al., 2005) and the Visual and Infrared
Mapping Spectrometer (VIMS, Brown et al., 2004). Numerous
geological features have been discovered during the Cassini
ll rights reserved.
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nominal mission: dome-like volcanic edifices, flows, and sinuous
channels (Elachi et al., 2005), impact craters, networks of fluvial
channels and longitudinal dunes (Elachi et al., 2006), resurfacing
by cryovolcanism, fluvial erosion, aeolian erosion, and likely
atmospheric deposition of materials (Stofan et al., 2006). A
detailed review of previous observations is available in Radebaugh
et al. (2007). The wealth of geological features makes Titan an
Earth-like system with similar processes acting on different
materials.

As we report in this paper the joint analysis of VIMS and radar
SAR images, we will only describe here these two instruments.
The radar experiment can operate as Ku-band SAR at a wavelength
(2.7 cm) where Titan’s atmosphere is completely transparent.
Radar can image Titan’s surface with a spatial resolution of
approximately 300 m/pixel (Elachi et al., 2005). The radar (in SAR
mode) is mainly sensitive to surface roughness, subsurface
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structure, dielectric constant variations and topography. It can
also probe subsurface materials within 1 m to several meters of
the surface assuming a water ice bedrock (Paillou et al., 2006,
2008). VIMS can probe Titan’s surface through its dense atmo-
sphere in seven narrow infrared spectral windows (0.93, 1.08, 1.27,
1.59, 2.03, 2.7 and 5mm), where atmospheric methane absorp-
tions are the weakest. VIMS infrared images are sensitive to
composition and grain size, and only probe the first tens of
microns of the surface. It can observe Titan from global scale
at low to medium resolution (400–25 km/pixel), but it is also able
to acquire few spectro-images with a very high spatial resolution
when observing at closest approach (up to 500 m/pixel, e.g.,
Barnes et al., 2008 and this work).

Sotin et al. (2005) described the observations acquired by VIMS
of a possible volcanic edifice during the first close flyby of Titan
(designated as TA). Later in the mission, larger structures bright
at 5mm in VIMS images were also interpreted as young
cryovolcanic regions (Barnes et al., 2005, 2006; McCord et al.,
2006). Cryovolcanism (volcanism involving an icy, aqueous or
partly crystallized material) is thought to be common on giant
planets’ icy satellites (Kargel et al., 1991). It can play a major role
in their resurfacing, in addition to tectonic processes (Johnson,
2005). On Titan, cryovolcanism may have a significant impact for
the replenishment of methane in the atmosphere (Lorenz, 1996;
Sotin et al., 2005; Tobie et al., 2006). The detection of 40Ar in the
atmosphere and the isotopic ratios 13C/12C and 15N/14N strongly
suggest exchange processes between the interior and the atmo-
sphere (Tobie et al., 2006), which may include episodes of
cryovolcanism.

The Synthetic Aperture Radar has also observed possible
cryovolcanic features with associated flows and several calderas
during TA, T3, and T8 flybys (Lopes et al., 2007). Few areas have
been covered by both VIMS and radar at similar high spatial
resolutions, allowing joint studies (e.g., Soderblom et al., 2007a;
Barnes et al., 2007; Le Mouélic et al., 2008). Since these
instruments are complementary, simultaneous analysis of their
datasets can provide key constraints on both the morphology and
the composition of surface features.

We focus here on a specific region where a diffuse cryolava
flow and its caldera-like feature have been reported in the T3
(February 15, 2005) SAR dataset by Lopes et al. (2007). A fast
scanning mode (in the lateral direction, perpendicular to the
Cassini groundtrack) was used by VIMS during the T20 closest
approach (October 25, 2006) in order to cover a large area with a
resolution as high as 500 m/pixel. The T20 VIMS images overlap
the T3 flyby SAR swath, allowing the direct comparison between
infrared and microwave measurements. Moreover, for the cryo-
flow-like feature described in this study, both instruments have
similar spatial resolutions, with 760 m/pixel for the VIMS image
and about 300 m/pixel for the radar image.
2. Description of VIMS T20 observation

The nominal mode for VIMS operation is to acquire 64�64
pixels cubes using two scanning mirrors with 352 spectroscopic
channels covering the spectrum from 0.35 to 5.2mm (Brown et al.,
2004). Because VIMS was not initially designed to image the
surface of Titan, most of the planed observations of Titan’s surface
during the nominal mission are in a ride-along mode with the ISS
camera. These observations are usually taken at a few tens
of thousands of kilometers from Titan. With a field of view of
0.5 mrd/pixel, the resolution of these observations is often larger
than 20 km/pixel.

The best resolutions obtained before T20 were during the first
flyby (TA, 26 October 2004) with the imaging of a possible
cryovolcano (Sotin et al., 2005) at 1.7 km/pixel and during the T4
flyby (31 March 2005) with a resolution of 1.4 km/pixel. Since
VIMS has shown its capability in mapping Titan’s surface during
the first flybys, it was decided to use a few closest approach
opportunities to observe with VIMS. This new observing strategy
has been tested during T20 (25 October 2006), when VIMS was
operating for the first time during closest approach at 1030 km
from Titan’s surface. VIMS detectors took repeated single-line
cubes, moving the mirror only in the sample dimension. We
therefore relied on the spacecraft motion relative to the moon’s
surface to build up the second spatial dimension. It corresponds to
a fast scanning mode similar to a pushbroom technique. The time
exposure was set at its minimum value (13 ms/pixel), and the
swath width was varied, ranging from 10 to 24 pixels, in order to
obtain a continuous surface coverage over a total length of 1824
pixels (Fig. 1a). This new line mode provides a greater surface
coverage and higher spatial resolution than the nominal mode,
reaching a spatial resolution of 500 m/pixel at closest approach for
this observation.

The subset of the T20 VIMS image that is analyzed in the
present study extends from 65.9 to 85.51W in longitude and
from 17 to 24.51N in latitude (Fig. 1b). It crosses a boundary zone
between dark and bright terrains in the equatorial zone. The
phase angle varies between 46.11 and 64.91 during the acquisition
and the incidence angle ranges from 46.51 to 65.71. The Sun light
comes from the south-east with a sub-solar point located at
14.991S, 51.501W (Fig. 1a). For the T20 VIMS image presented in
Fig. 1b, the spatial resolution ranges from 665 m/pixel at the lower
right to 1.115 km/pixel at the upper left. The data radiometric
calibration was optimized using a modified dark frame correction
to remove a spurious line-by-line effect. Data have been divided
by the cosine of the incidence angle to normalize the lightning
geometry to an illumination normal to the surface of the ellipsoid.
The southern part of the T20 line mode, which contains numerous
dune fields was studied by Barnes et al. (2008).
3. Analysis of VIMS images

3.1. Spatial analysis and correlation with SAR imagery

Noise filtering is applied by performing a Minimum Noise
Fraction (MNF). The MNF (Green et al., 1988; Boardman and Kruse,
1994) decorrelates spatially coherent and non-coherent portions
of the data, assuming noise is mostly confined in the non-coherent
part and rescales the noise by its standard deviation so that its
power spectral density has equal power in any band, at any center
frequency (noise whitening). A subset of the most coherent MNF
bands contains the signal which is the least contaminated by
white noise. Finally, an inverse MNF transform reconstitutes data
into the space of radiance factor (I/F) and wavelengths. As a result,
filtered spectra are smoother, and spectral features are more likely
associated to real detection. The results of this MNF treatment
have been used primarily to improve the quality of the images in
order to clearly identify the boundaries between the different
spectral units (Le Mouélic et al., 2007). Maps of spectral criteria
have then been computed using bands ratios to minimize albedo
and illumination conditions effects. Finally, images were geor-
eferenced using a cylindrical projection (Fig. 1b).

The T20 image is laid over the T3 radar swath (Fig. 1b), which
has a spatial resolution ranging from 300 to 1.5 km/pixel (Stofan
et al., 2006). Elachi et al. (2006) and Stofan et al. (2006) have
described a double ring impact basin (Menvra) and a complex
drainage channels pattern (Elivagar Flumina), which appear
readily in the left part of Fig. 1b. The T3 radar image also contains
a quasi-circular feature with bright rims (feature ‘‘A’’ in Fig. 1b and
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Fig. 1. (a) Orthographic map of Titan centered at 101N and 701W, with the illumination conditions during the closest approach of T20 flyby. The VIMS T20 narrow strip is

located in the red rectangle. A mosaic of VIMS T8, T9, T13 flybys images is used as background (coded with red as 5mm, green as 2mm, blue as 1.27mm), overlapped by radar

SAR images from TA to T19 flybys. (b) VIMS T20 data and VIMS T4 image overlaid on the SAR T3 swath with an ISS background in simple cylindrical geographic projection.

The VIMS IR image is a RGB color composite of band ratios with a linear stretch (R ¼ 1.59/1.27mm, G ¼ 2.03/1.27mm, B ¼ 1.27/1.08mm). This color composite emphasizes

spectral differences. Channels are seen in the T20 infrared image (zoom no. 1), suggesting that fluvial erosion processes occur on IR-bright material, identified as elevated

terrains relative to IR dark terrains. A bright feature (B) is visible on the T3 radar swath, and is also present in the VIMS T20 image. A circular feature (A) located at 201N

701W (close up view in the zoom no. 2) seems to be the source of the flow (B) (Lopes et al., 2007). C is another bright feature. The T4 VIMS image clearly shows dunes

(Barnes et al., 2008) in the dark regions and distinct bright areas.
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the zoom no. 2 showing the caldera), about 8 km in diameter. The
inner part of this circular feature is darker than the surroundings
in the radar image. This could indicate either a change in surface
roughness (smooth at centimeters scale relative to the surround-
ings) or in composition (with a different dielectric constant of the
subsurface). A higher backscattering unit with lobate boundaries
(brighter in the radar image) seems to flow out of this feature
(Stofan et al., 2006; Lopes et al., 2007). It can be easily seen in the
upper image of the Fig. 2, with only the SAR data.

The high-resolution VIMS image has been displayed according
to a red–green–blue (RGB) color composite of band ratios (1.59/1.27,
2.03/1.27 and 1.27/1.08mm ratios, respectively—see Fig. 1b).
The different surface spectral units are better distinguished with
this color composite (Le Mouélic et al., 2008). The strip starts in
the northwest with an infrared (IR) bright area, which is possibly
related to Menvra crater seen in the SAR swath. Going in the
southeastward direction on the VIMS strip image, a second bright
terrain is found. On this IR-bright region, dark lineaments and
sinuous patterns appear when the contrast of the image is
enhanced (zoom no. 1 in Fig. 1b captioned as channels). These
lineaments are probably related to the large channels network
systems at the edges of a very bright feature seen in the
underlying radar swath. These images do not allow the clear
identification of the complete channels network, but considering
the limits in spatial resolution, it seems plausible that we are
seeing the main tributaries of a more complex drainage system,
such as the ones studied with VIMS by Barnes et al. (2007)
and Jaumann et al. (2008), or the ones seen by the Huygens
probe (Soderblom et al., 2007b). Further away, the VIMS T20 strip
crosses a radar dark region (which has a decreasing reflectance
toward the south-east) until a radar bright cryoflow feature is
reached. The VIMS IR-bright flow (B) has very sharp boundaries,
which are found exactly at the same location than the cryoflow
seen in the SAR image (Fig. 2). The IR-bright region B has also
a very sharp contrast with the IR dark brown unit. Its width is
12 km. Finally, the strip ends on dunes covering dark ground and
bright substrate (Barnes et al., 2008). Dark terrains present two
kinds of spectral characteristics, with either brownish or bluish
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Fig. 2. Close-up view of the caldera and its flow (see the white rectangle in the

lower image of Fig. 1b). Top: subset of T3 radar image. Bottom: VIMS T20 and T4

images over the SAR background. The most recognizable dark dunes are

underlined with red segments.
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tones in our composite images. The dune fields seem to start at
the transition between these bluish and brownish tones, at the
southeastern end of the strip shown in Fig. 1b. Soderblom et al.
(2007a) have been the first to describe that the dunes seen in
radar images match the brown and the dark blue IR units at the
Huygens landing site. To summarize, by using spectral criteria on
the VIMS images and by comparing with SAR image, a good
correlation can be found in both datasets between an IR-bright
terrain and a cryovolcanic-like radar feature.
Fig. 3. Comparison between mean spectra of bright and dark areas imaged during

T20 flyby with mean spectra of proposed cryovolcanic areas: Tui Regio (Barnes et

al., 2006) and Hotei Regio (Nelson et al., 2009). Spectra have been divided by the

cosine of the incidence angle to normalize the viewing geometry. With high signal

in all atmospheric windows, Tui Regio and Hotei Regio mean spectra are quite

different from T20 spectra. The T20 dark terrains (corresponding to dune fields)

have the lowest reflectance level at all wavelengths relative to other Titan’s units

(Barnes et al., 2008). The 59 spectral channels used in the MELSUM model are

highlighted in grey color.
3.2. Statistical analysis: search for a specific unit in the cryoflow-like

feature with the MELSUM model

The Multiple-Endmember Linear Spectral Unmixing Model
(MELSUM) described in Combe et al. (2008) is a Spectral Mixing
Analysis (SMA) that uses selected endmember spectra or library
spectra to retrieve the distribution of components in an
hyperspectral image. This model was first developed to analyze
OMEGA Martian data and then applied to Titan VIMS data
(McCord et al., 2008). The model is applied here on the calibrated
T20 image by selecting 59 channels in atmospheric windows,
from 1 to 2.78mm. In addition to three artificial constant
endmembers, we used as inputs two endmembers in order to
run MELSUM on our T20 subset: an average of pixels in dark
terrains and another one on bright terrains (see location in Fig. 1b
and green and red spectra in Fig. 3). We found that the RMS image
of the residuals between the model and the data does not show
any spatial coherence, which indicates that, at first order, only
two different types of terrains are sufficient to account for
the information contained in the infrared image (Fig. 4). This
suggests that the cryoflow area is very similar to the bright terrain
and the regions observed here by VIMS are, to first order,
homogeneous.

Fig. 3 shows a comparison between mean spectra of dark and
bright terrains and the cryoflow at T20 (location in Fig. 1) with
mean spectra of possible cryovolcanic provinces such as Hotei
Regio (Nelson et al., 2009) and Tui Regio (Barnes et al., 2006).
These cryovolcanic regions have spectra that are quite different
from those of T20, with high signal in all atmospheric windows.
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Fig. 4. Images of the results of the MELSUM model applied on the cryoflow region

using as input an endmember in the bright terrain and a second on the dark terrain

(see its location in Fig. 1b with two red lines indicating the start and the end of this

part of the T20 strip image). (a) Mixing coefficient for the dark terrain endmember.

(b) Mixing coefficient for the bright terrain endmember. (c) RMS. No spatial feature

is seen in the RMS image, which shows that the two endmembers selected are

sufficient to account for the observed variability in this T20 image.
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3.3. Spectral analysis and comparison with modeled spectra of ices

3.3.1. Comparison with spectra of pure ices

Fig. 5 shows a set of averaged spectra representative of the
main units (same selected regions than in Fig. 3, see Fig. 1b for
location). Due to the very short integration time, spectra in this
particular sequence contain high instrumental noise, especially
affecting wavelengths greater than 3mm where the signal is very
low (few DN). To improve the signal-to-noise ratio, we average
spectra over selected regions (Fig. 1b): 174 spectra over a bright
terrain, 84 spectra over the cryoflow-like feature (B), and 185
spectra over the dark terrain. The spectra do not cross each other
in the seven methane windows, suggesting that the bright unit,
the cryoflow and the dark background do not differ markedly in
their superficial composition. However, the relative brightness
varies in each of the seven infrared windows: the dark material
displays a steeper negative spectral slope between 1.59 and
2.03mm windows and the bright terrains have a positive spectral
slope between 2.7 and 2.8mm compared to a relatively similar
brightness at 2.7 and 2.8mm for the dark terrains. The
quantification of spectral differences using the Spectral Angle
Mapper (SAM) procedure of ENVI (Kruse, 1993) in 59 selected
spectral channels in the methane windows, demonstrates that the
cryoflow mean spectrum is closer to the bright unit mean
spectrum than the dark unit mean spectrum (with an angular
distance of 0.032 and 0.148 rad, respectively). Therefore, the dark
terrains may contain a chemical component that darkens their
spectra in the 2.03mm spectral window and in the 2.69–2.78mm
range.

The comparison between VIMS spectra and spectra of plausible
ice candidates in the most discriminative atmospheric spectral
windows (at 1.59, 2.03 and 2.7mm) brings some clues about the
chemical composition. We calculated several spectra of pure
candidate ices in order to attempt to match the general shape of
the VIMS spectra. These ice components have been suggested in
previous spectral studies from ground-based telescopes or Cassini
instruments. Pure CO2 ice or CO2 ice mixed with H2O ice have
been put forward by interpreting the positive spectral slope across
the double atmospheric window at 2.73 and 2.77mm (Coustenis
et al., 2006; McCord et al., 2008), the high reflectance in the 5mm
spectral window (Barnes et al., 2005; McCord et al., 2008), an
absorption band at 4.92mm (McCord et al., 2008) and small
absorption features at 1.55 and 1.62mm (Rodriguez et al., 2006).
H2O ice (or relative enrichment in H2O ice) was also suggested
when arguing for the relative reflectance at 1.3, 1.6 and 2.0mm
(Coustenis et al., 1995; Griffith et al., 2003; Rodriguez et al., 2006;
Soderblom et al., 2007a; McCord et al., 2006, 2008; Buratti et al.,
2007) and was detected with DISR instrument (Tomasko et al.,
2005). NH3 can be also responsible for the relative reflectance at
1.3, 1.6 and 2.0mm (Griffith et al., 2003; Soderblom et al., 2007a;
Fortes et al., 2007; Nelson et al., 2009).

Fig. 5 (top left) shows reflectance spectra computed for
candidate compounds using optical constants of pure ices
calculated with the method described in Lucey (1998). It relies
on approximations of the radiative transfer theory (Chandrase-
khar, 1960) by Hapke (1993). This method was originally
developed for computing optical constants of minerals (olivine
and pyroxene) with the assumptions that the internal scattering
coefficient is set to zero. This model does not take into account the
property of multiple scattering for ices, which could modify
the spectral contrast. The multiple scattering decreases globally
the reflectance of a surface. We can compensate this drawback by
using larger grain size in order to reduce the contrast in the
modeled spectra. A larger grain size used in our model set of
parameters permits to increase the effect of absorptions in the
spectra, which is nearly equivalent at first order to a multiple
scattering effect by reducing the overall contrast. We focus here
on the shape of the spectra rather than trying to retrieve the grain
size of the materials. Optical constants from Grundy et al. (2002)
for CH4 at 40 K, from Quirico and Schmitt (1997) for CO2 at 30 K,
and from Schmitt et al. (1998) for NH3 at 40 K and from Grundy
and Schmitt (1998) and Schmitt et al. (1998) for H2O at 40–60 K
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Fig. 5. Right: subset of T20 inbound swath in simple cylindrical projection, (1): 2.03/1.27mm ratio, (2): 2.69/2.78mm ratio, (3): 1.90mm channel. The lack of coherent

feature at 1.9mm demonstrates that the observed features are not related to tropospheric clouds. The two bright features in strip (1) correspond to features (B) and (C) in

Fig. 1b. The red segments indicate geometrically interpolated data. Top left: infrared spectra of four candidate molecules for Titan solid surface, modeled for a grain size of

100 and 500mm, resampled at VIMS resolution. In order to complete the ammonia spectrum for short wavelengths, we computed a second spectrum with refractive index

at �80 K obtained using the dataset described in Martonchik et al. (1984). The grey dashed lines indicate the central wavelengths of the spectral windows relevant to the

discussion. Bottom left: averaged spectra of flow ‘‘B’’, bright terrain and dark terrain (see Fig. 1b to locate each unit). No significant spectral variations are observed.

However, there is a difference in slope between the 2.69 and 2.78mm windows between bright and dark terrains. None of the pure ice candidates gives a reasonable fit to

the observed Titan spectra.
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(depending on the wavelength range), were used to calculate
single scattering albedo for a given grain size. The single
scattering albedo was converted into reflectance spectra assuming
a viewing geometry similar to the T20 data conditions (with
a mean phase angle of 551 calculated using ancillary data over
the strip) and an isotropic single scattering phase function. The
synthetic spectra can slightly differ depending on the theoretical
model used to retrieve the reflectance and the chosen optical
constants, which can be substantially modified according to the
film thickness or temperature range used for the measurements
(Schmitt et al., 1998). Even if we do not take into account the
multiple scattering in our model, the spectra are consistent with
spectra found in the literature (Langevin et al., 2005; Rodriguez
et al., 2006).

Spectra of ices with grain sizes of 100 and 500mm are
displayed in Fig. 5. A NH3 spectrum derived from Martonchik
et al. (1984) has been added to cover the 1.0 to 1.8mm wavelength
range. All spectra were resampled at VIMS spectral resolution.
Titan surface’s temperature is �94 K (Fulchignoni et al., 2005) and
temperatures used in laboratory data to derive the optical
constant of pure ice spectra are 40, 30, and 60 K. In the spectral
range of our study, these experimental measurements are the
closest to Titan’s surface temperature that are currently available
in the published literature.
3.3.2. Discussion using image ratios

It is possible to rule out atmospheric effects such as the
presence of tropospheric clouds (above �30 km) by scanning
the wings of the 2mm methane window (Griffith et al., 2006).
The lack of coherent feature at 1.9mm (strip number 3 in Fig. 5)
demonstrates that the observed features are not related to
tropospheric clouds and are therefore directly linked to the
surface.

Several conclusions can be drawn by comparing data from 2.69
and 2.78mm windows with the modeled spectra of pure
candidates ices presented in the previous section. Dark terrains
display almost equal reflectance levels at these wavelengths,
whereas bright regions display rather a positive slope between
these two wavelengths. It must be noted that the absorption
feature seen at 2.75mm is probably related to the atmosphere
(may be due to absorption by aerosols or gas other than methane),
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as the same feature can be detected in clouds’ spectra. Pure water
ice has a negative slope in this spectral region. Titan spectra are
therefore not consistent with pure water ice spectra as demon-
strated by Rodriguez et al. (2006) and McCord et al. (2006). This is
also confirmed on false colors images. Indeed, the image ratio of
2.69/2.78 in Fig. 5 (right) displays the darkest tones for the zones
B and C. Pure water ice exposures would show up as bright
terrains due to the negative spectral slope between these two
spectral channels. The same argument cannot be definitive for
solid methane, which has a 2.69/2.78 ratio around 1. CO2 can
account for the observed positive slope considering 100mm grain
size. Previously, McCord et al. (2008) suggested CO2 ice with
10mm grain size to fit the contrast between the 2.69 and 2.78mm
windows. For a grain size equal to 500mm, the signal is very low
and the ratio is close to 1. Ammonia has a positive spectral slope in
this wavelength range, which makes it also a good candidate if
this criterion is used alone.

Other spectral properties may be evaluated to provide
additional constraints on the surface composition. The 1.59/1.27,
2.03/1.27, and 1.27/1.08mm ratios are displayed in red, green and
blue, respectively, in Figs. 1 and 3. Water ice absorbs at 1.59 and
2.03mm, but not at 1.27mm, which leads to link the blue color to a
possible enrichment in water ice, as argued by Rodriguez et al.
(2006). Therefore, the material building up the cryoflow is not
consistent with pure water ice as also discussed previously. Since
ammonia absorbs at 2.03mm, its presence should give a violet
color, which is not seen in the bright flow, ruling out ammonia as
being present as pure ice in the flow feature.
3.3.3. Comparison with modeled spectra of mixtures of ices in the

Titan viewing conditions

As none of the pure ices gives a reasonable fit to the observed
spectra, we then considered mixtures of ices. Since the absorption
by the atmospheric methane gas is the prevailing effect on the
VIMS spectra, our synthetic mixture spectra have also been
multiplied by a simulated transmission of a quantity of methane
gas corresponding to the VIMS viewing conditions of the cryoflow
during T20 flyby (with an incidence angle of 52.131 and an
emergence angle of 1.821), using the total opacity of methane gas
in Titan’s atmosphere (P. Rannou, private communication).

Two other atmospheric components can contribute to the
shape of the spectra seen by VIMS: N2 and CO. A N2 wide
absorption is present as the consequence of the collision-induced
phenomenon in the �3.84–4.76mm range (Shaw, 1970), within
the methane and CO absorption ranges that already absorb the
reflectance signal. A second absorption occurs between 2.05 and
2.45mm, on the right wing of the 2.03mm window, and is
absorbing the signal more than the methane (Negrão, 2007, see
Fig. 5.9). CO affects the 5mm atmospheric window of the VIMS
spectra, especially the wing of the window by absorbing in the
range �4.48–4.88mm (Shaw, 1970).

An additive component must be added in order to take into
account the scattering by atmospheric particles. The empirical
approach suggested by Rodriguez et al. (2006) cannot be applied
here because there is no signal in the 5mm window due to the
short integration time (�0.5 DN). An alternative model, also
presented in Rodriguez et al. (2006), computes the value of the
backscattering coefficient in a given spectral channel taking into
account the geometry of observation. In this calculation, the layer
of aerosols is considered as a homogeneous layer of 0.15mm radius
particles with a 100 cm�3 density and a thickness of 200 km. The
mean curve of the additive component on the cryoflow feature
is computed and then added for each 256 wavelengths of the
synthetic spectra. This must be done before multiplying the
modeled spectra by the transmission function of atmospheric
methane. Finally, a normalization factor is applied to the modeled
spectra to scale them to the VIMS reflectance level.

Synthetic spectra of ices mixtures are computed with grain
sizes of 500mm for H2O, CH4 and NH3 and two different grain
sizes of 500 and 100mm for CO2. As discussed previously, this kind
of model overestimates grain sizes. The calculation gives several
mixtures of ices attributing to each ice a different proportion
coefficient from 0 to 0.75 with a step value of 0.25 to limit the
number of synthetic spectra. A systematic comparison between
modeled spectra and the VIMS mean spectrum of the cryoflow is
performed in order to select the most relevant synthetic spectra of
mixture of ices. The SAM was used to select the spectra that best
fit the mean spectrum of the cryoflow. Considering that for
ammonia we only have access to optical constants between 1.9
and 5mm, we performed the SAM method for mixtures without
ammonia between 1 and 2.82mm (51 spectral channels), and for
mixtures containing ammonia and without ammonia: between
1.9 and 2.82mm (19 spectral channels). We selected spectral
channels within the methane windows and the 3–5.11mm range
was not considered since the signal-to-noise ratio is too low. The
first analysis including 51 bands gave angle values from 0.52 to
0.74 rad. The reflectance at short wavelengths (in the 1.08 and
1.27mm windows) has a high value relative to VIMS T20 spectra
for all selected mixtures of ices. That could be due to absorption
by another dark component on the surface of Titan that we did not
consider. Alternatively, in our synthetic spectra, there may be an
overestimate of the transmission or of the reflectance of ices.
There may exist an additional component that absorbs in the left
wings of the 1.59mm window, as we do not reproduce well its
shape. For the 2.03mm window, the mixtures computed here have
a general good agreement, except that the right part of this
window is affected in VIMS data by the N2 absorption, which is
not considered in our model. The shape of the 2.69 and 2.78mm
windows are well fitted by the mixtures proposed in Fig. 6a. Then,
we considered the SAM analysis with 19 channels to see whether
or not ice mixtures containing NH3 could fit better this part of the
1.9–2.82mm range of the cryoflow mean spectrum. This analysis
calculated angles from 0.39 to 1.08 rad. In this case, the lower
angles are found (from 0.39 to 0.53 rad) for mixtures containing
CH4 plus CO2 or H2O, CH4, and CO2. The best mixture containing
ammonia has an angle of 0.51 rad, and this value increases until
1.08 when the proportion of ammonia increases. Therefore, we
can rule out ammonia mixtures as a principal component in our
selection of spectra. Taking into account the 51 bands, the first 9
spectra were selected (Fig. 6a and b) to further analysis (with a
angle ranging from 0.519 to 0.534 rad). The final selection is then
performed by using the RMS calculation of the residuals found
between each synthetic spectrum and the mean cryoflow
spectrum with the same selection of 51 bands (Fig. 6c). The RMS
ranges from 0.0242 to 0.0247 for the selection of the Fig. 6a.
Among this selection, we ruled out a spectrum which presents a
negative slope in the 2.69–2.78mm range, since the cryoflow
feature has a positive slope in this wavelength range. The two
most relevant mixtures are either (25% H2O; 25% CO2 (500mm);
50% CH4) or (25% H2O; 50% CO2 (100mm); 25% CH4) (Fig. 6d).

The conclusion of this first-order analysis dealing with four
simple molecules that are thought to be present on Titan is that
mixtures containing H2O, CH4, and CO2 are a possibility to account
for the shape of the VIMS spectra of the cryoflow feature.
4. Implications for Titan’s geology

The bright lobate feature seen in Fig. 1 has been interpreted as
a cryovolcanic flow with a caldera-like feature located to the East
of T20 image (Lopes et al., 2007). According to the radar data, it
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Fig. 6. Comparison between the mean spectrum of the T20 cryoflow with modeled spectra of several ices mixtures with addition of the additive backscattering coefficient

derived using Rodriguez et al. (2006) model, convolved by the atmospheric methane transmission in the T20 viewing condition. Spectra have been normalized for

comparison. When calculated with a fraction of ammonia, synthetic spectra begin at 2mm because optical constants are missing in the range 1–2mm at 40 K. The graphic (a)

presents the preliminary selection of mixtures of ices (we added also an example of ice mixture containing ammonia, that does not fit the 2mm window). The second

graphic (b) presents an offset with the same spectra. The grey color indicates the spectral ranges used for the selection. The residuals between the cryoflow mean spectrum

and each synthetic spectra (calculated within the atmospheric windows) are shown in (c). The two most relevant spectra are selected in (d). Whereas it does not give a

perfect match, the best fit is obtained by the two mixtures: (25% H2O; 25% CO2 (500mm); 50% CH4) or (25% H2O; 50% CO2 (100mm); 25% CH4).
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seems to have flown over a distance of 160 km, which implies that
the corresponding cryolava must have a low viscosity. The flow
originating from this caldera is globally oriented in the northeast
direction is 12–80 km wide. The whole structure covers an area of
about �5500 km2. There is a strong correlation in location and
brightness between the radar data and the optical image. It could
imply either that (i) the surface roughness is high at 2 cm and that
surface here is highly reflective in the infrared windows, or (ii) the
cryolava has a different chemical composition as the surrounding
terrain, or (iii) there is an unaccounted topographic effect.
Compared to other areas which are bright in the optical
wavelengths and dark in radar (Soderblom et al., 2007a), this
correlation might indicate that the flow has not yet been degraded
by erosion or weathering processes. Towards the eastern end of
the flow, it is covered by longitudinal dunes in the radar dark
region in Fig. 2 and appears dark in the composite image. Thus,
the flow is to be considered as relatively old if we look at the part
covered up by dunes; but not so old because the proximal area
near the putative vent, shows strong VIMS/radar correlation,
perhaps implying a more youthful feature.

The present analysis suggests that the flow is composed of a
mixture of different ices. In addition, this kind of flow may release
methane in the atmosphere if this compound is present at depth
(Tobie et al., 2006). Such a structure is compatible with the
presence of an upwelling plume that would trigger the destabi-
lization of clathrate hydrates at a few kilometers depth. However,
the amount of methane that can be released by this process is
several orders of magnitude smaller than the amount existing in
the atmosphere, considering the fact that only few small features
have been found so far. However, VIMS has imaged only �2% of
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Titan’s surface at a resolution low enough to detect such features.
But they should have been seen by the radar, unless their
degradation hides them from remote sensing observations,
making only the most recent ones being observable. It is worth
noting that VIMS observed large 5mm bright structures like Tui or
Hotei Regio, which are thought to have a cryovolcanic origin. The
cryovolcanic origin of Hotei Regio is also supported by radar SAR
observations that show lobate flow features (Wall et al., 2009).
The destabilization of methane clathrates and CO2 ices in the crust
below one of the large 5mm bright structures could provide
enough methane to permit the recycling of the atmosphere over
Titan’s history. It has also been proposed that the lakes may
provide enough ethane and methane (Mitri et al., 2007). However,
estimates by Lorenz et al. (2008) suggest that the evaporation of
these reservoirs is not sufficient to replenish the amount of
methane gas in the atmosphere over geologic timescales.
5. Conclusion

The VIMS data acquired during the T20 flyby with a spatial
resolution of 500 m/pixel show a bright area with very sharp
boundaries that is spatially correlated with a bright feature
previously observed by the radar during the T3 flyby, interpreted
as cryovolcanic flow originating from a small circular feature seen
nearby in SAR data (Lopes et al., 2007). While the exact chemical
composition of the corresponding materials cannot be identified
using present laboratory information, some constraints can be
placed on the material composition. The infrared reflectance of
the flow is inconsistent with pure H2O, CH4, CO2 and NH3 ices.
Even if two different grain size ranges are used, none of the
candidates completely fulfils all criteria. It seems that the regions
observed in the T20 flyby are covered by a material that makes the
spectral signatures of all the terrains quite similar to each other,
except for the overall level of the spectra. It might be consistent
with the idea of an air fall deposit of aerosols, which make up the
bright terrains; whereas the dunes and the IR dark terrains would
contain a more evolved form of this air fall deposit (Soderblom
et al., 2007a). According to this hypothesis, IR-bright terrain
should be transparent to radar, whereas a bright cryoflow (as in
our study) would show up rather bright in radar images. As for the
modeled spectra of mixtures of ices, we found a better match for
mixtures containing H2O, CO2 and CH4 ices. Spectra with two
different grain sizes for CO2 ice are also a way to explain the shape
of VIMS spectra (as suggested by McCord et al. 2008). None-
theless, it is necessary to improve the atmospheric correction
(haze scattering, methane absorption) using a more accurate
radiative transfer code to interpret the subtle variability in the
spectral signatures. Different kinds of hydrocarbons and nitriles
are also expected to be present at the surface (Atreya et al., 2006).
The recent laboratory measurements of hydrocarbons by Clark
et al. (2009) will be very useful to improve the identification of
the materials building up the surface of Titan. More VIMS T20-like
high-resolution images in the forthcoming flybys merged on the
radar background would provide strong constraints for under-
standing the composition and morphology of geological features,
as well as the cryovolcanic processes.
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Kirk, R., Kramm, R., Küppers, M., Lanagan, P., Lellouch, E., Lemmon, M., Lunine,
J., McFarlane, E., Moores, J., Prout, G.M., Rizk, B., Rosiek, M., Rueffer, P., Schröder,
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