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ABSTRACT: Since 2004, investigations, measurements and data analysis by the Cassini-Huygens mission showed that Titan, Saturn’s largest satel-
lite, presents complex, dynamic and Earth-like geology. Endogenous, as well, as exogenous dynamic processes, have created diverse terrains with
extensive ridges and grooves, impact units, caldera-like structures, layered plains and liquid hydrocarbon lakes. Observations by the Cassini Visual
Infrared Spectrometer instrument (VIMS) have indicated possible cryovolcanic terrains in the areas called Tui Regio (20°S, 130°W) and Hotei Regio
(26°S, 78°W). In addition, Cassini’s investigation over another icy moon of Saturn, Enceladus, identified its cryovolcanic activity and partially re-
vealed its unique topography indicating several types of surface expressions. We present a comparative study of volcanic analogues from Earth and
Enceladus that derive insight on the origin of some of these features. In this work, we focus on the analysis of VIMS data using the Principal Com-
ponent Analysis technique in order to identify regions of altered chemical composition on Titan. The analysis of VIMS data suggests that possible
cryovolcanic activity formed both the Tui Regio and the Hotei Regio.
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MEPIAHWH: Maxoy06vieg £0euveg, pnetonoets nat ovalioels dedopévay amd tv ammootolt Cassini-Huygens oo to 2004, £deiEav 6t
o Twtdvag, o peyaritegog doQudpdog tov Kodvou, magovotdlel megimhoxn, duvauxi zou magopote. pe ) I'n yemioyia. Evdoyeveig, 6o
xau eEwyevelg duvapunrég dleQyaoies, £xovv ONuovEYNoeL wowiha yemloywd media pe extetapéves Qdyes non aOAOrES, ®QATNQES TQO-
oxrQovong, dopég nahdéoag, edddes e oTemUATmon ®adhg ko Aipveg vdoyovavlpdxwy. ITapatnenoels amod to Cassini Visual Infrared
Mapping Spectrometer (VIMS) 6oyavo, éxouv deiEel ubavég nouondaroteiarés extdoels otg meoroyés Tui Regio (20 ° N, 130 ° A) »ow Hotei
Regio (26°N, 78°A). Emumiéov, 1 éoevva tov Cassini 0tov taympévo dopudogo tov Kodvov, Eyrélado, emupefaimoe tnv ®ouondarotel-
oxt) TOV dQAOTNELOTNTA KoL ATTORGAVYPE HEQRMS T HOVAdLXY] TOV TOTOYQAPIN, TOQOVOLALoVTAS TOLRIAOUG TOTTOVS ETUPAVELARDY ELL-
davicewv. [TagovoldLovpe wa cuyrortixl) pehétn, delyvovtag noatotelond avéroyo g I'ng xor tov Eyréhadov, mov magéyovv
TANEOPOQIES Yo TN dINOVEYiC XATOLUWY OYNUOTIOUDY. e AUt T LELETY), ETUXEVTOMVOLAOTE 0TV avdivon dedopévwv VIMS, yonot-
pomotmvrag T pEfodo Avaivong Kiolmv Zuviotmomy oe meloyés pe diapopetint) ynuxi ovotaot. Ot avolioelg twv VIMS dedopévmv
TOV TQOUVOUPEQHEVTWV exTdoE®V delyvouy dTL TOo0 M eyt Tui Regio 6o naw 1 tegroy ) Hotei Regio mubavd oynuatiotnray amd wouon-
dalotelont] 00aoTNOLOTNTA.

AgEarg-nhewdrd: ITAavnuueny Fewloyia, ITaywuévor dopvpdgor, Titdvag, Eyxéladog, xovonpaioteidtnra, poaouatooxoria.

INTRODUCTION

Icy moons are small celestial bodies whose surfaces are par-
tially, if not principally, covered by ice, mostly water ice
(JoHNSON, 2004). The most remarkable icy moons around the
giant planets are Jupiter’s Ganymede, Neptune’s Triton,
Uranus’s Miranda and Saturn’s Titan and Enceladus in a va-
riety of sizes, composition and temperatures. It was thought
that due to the abundance of water ice, the large distance from
the Sun, the absence of internal energy sources and of an at-
mosphere in most cases, the geology of these bodies would
be simple, or rather simpler than the geology of Earth; how-
ever, subsequent images have shown complex surfaces with

several notable morphological formations. Furthermore, the
composition, as well as, the structure of the surfaces of the
icy moons depends on geological and geophysical factors
(JOHNSON, 2004).

Titan is the second largest moon in the Solar system after
Jupiter’s Ganymede, with a radius of 2,575 km (LINDAL et
al., 1983) and spherical geometry. Titan has a unique atmos-
phere, in that it is dense and consists mainly of N> (98.4%),
as on Earth. CHs (1.4%), H> (0.1%) and traces of argon,
ethane, acetylene, propane and more complex hydrocarbons
and nitriles, as well as condensates and organic aerosols
(CousTENIS & TAYLOR, 2008) constitute the rest of the at-
mosphere. The identification of such atmospheric compo-
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nents endorse theories suggesting that even though Titan is
far out of the habitable zone, it is one of the most likely
worlds in our solar system of astrobiological interest
(RAULIN, 2008). Except for the new atmospheric discoveries
such as the organic chemistry in the ionosphere, new com-
ponents in the neutral atmosphere and the properties of the
troposphere, Cassini-Huygens’ most surprising discovery
was Titan’s complex and Earth-like geology (COUSTENIS &
TAYLOR, 2008). As far as the surface is concerned, one of the
moon’s exceptional characteristics is the existence of surface
liquid bodies that resemble terrestrial lakes (STOFAN et al.,
2007). Other surface formations, were captured both by the
Cassini orbiter’s remote sensing instrumentation such as the
Synthetic Aperture Radar (SAR) (ELACHI et al., 2005); the
Visual and Infrared Mapping Spectrometer (VIMS) (BROWN
et al.,2004) and the Imaging Science System (ISS) (POrRCO
et al., 2004; McCoRD et al., 2006), as well as by the Huy-
gens probe’s in situ instruments i.e.: the Surface Science
Package (SSP) (ZARNECKI et al., 2005), the Descent Imager
and Spectral Radiometer (DISR) (TOMASKO et al.,2005) and
the Gas Chromatograph Mass Spectrometer (GCMS)
(FULCHIGNONI et al., 2005). The surface discoveries include
extensive mountains, ridges, dendritic networks, dunes,
lakes, channels, canyons and riverbeds. Of even higher im-
portance is the possible existence of active zones on the satel-
lite due to past or recent cryovolcanic and tectonic activity
(e.g. SODERBLOM et al., 2007; LORENZ et al., 2008;
SOLOMONIDOU et al., 2010). Caldera-like edifices character-
ized by radial faults, features resembling lava flows and other
possible volcanic structures and deposits, within large areas
of volcanic-like terrains, in addition to spectral data indica-
tions, suggest that Titan is a world that once suffered cryo-
volcanic activity which could possibly still be active. The
suggestion of an active cryovolcanic interior that supplies the
atmosphere with methane is compatible with the current level
of methane in Titan’s atmosphere. According to calculations,
the lifetime of atmospheric methane is limited to 10-100
Myrs (WILSON et al., 2004). If we assume that methane in
the atmosphere should be replenished, then Titan needs a
reservoir that would supply the atmosphere with enough
methane to maintain the atmospheric abundance. The re-
quirement of sufficient supplies of methane in combination
with the volcanic-like expressions did trigger the theory of
active cryovolcanism on Titan (TOBIE et al., 2006).

Other than Titan, the Cassini mission unveiled another
unique world among Saturn’s icy moons. Enceladus is a sig-
nificantly smaller satellite than Titan (500 km in diameter), it
presents however, extremely interesting surface features in-
cluding cratered as well as smooth terrains, extensive linear
cracks, scarps, troughs, belts of grooves in addition to the
spectacular phenomenon of volcanic geysers that Cassini in-
strumentation captured in 2005 in the south pole (PORCO et
al.,2006). High-resolution data from Cassini magnetometer
(MAG) (DOUGHERTY et al., 2006), ISS (Porco et al., 2006)
and the Ultraviolet Imaging Spectrograph (UVIS) (HANSEN et
al., 2006), reported cryovolcanic activity in the form of jets

in the southern Polar region, at the geological surface ex-
pressions called “Tiger stripes”. The accumulation of multi-
ple jets resulted in the formation of a massive fountain that
reached over 435 km in height (PORrRcoO et al., 2006).

Our work provides: i/ an overview of the geology of Titan
and Enceladus, ii/ terrestrial analogues and iii/ the results of
our data analysis regarding Titan’s potentially active regions.
This study implicates the presence of cryovolcanism on
Titan’s surface.

GEOLOGY AND CRYOVOLCANISM ON TITAN &
ENCELADUS

Cryovolcanism

Cryovolcanism is considered to be one of the principal geo-
logical processes that have shaped several of the icy moons*
surfaces. This activity can be described as ice-rich volcan-
ism, while the cryovolcanic ejecta are referred to as cry-
omagma. The cryomagma appears in the form of icy cold
liquid and, in some cases, as partially crystallised slurry
(KARGEL, 1994). The possibility of volcanic resurfacing on
icy moons was first noted by LEwIs (1971, 1972) and subse-
quently addressed by CONSOLMAGNO & LEwWIs (1978), but it
was not until after the Voyager flybys of Jupiter and Saturn
that evidence for past and present tectonic and volcanic ac-
tivity on moons such as Europa, Ganymede, and Enceladus
was brought to light. In our Solar system the only observed
recent eruptions are limited to Earth and three other locations:
1) To, moon of Jupiter; 2) Triton, moon of Neptune; and, 3)
Enceladus, moon of Saturn. Titan is also major candidate for
past and/or present cryovolcanic activity awaiting for a de-
finitive evidence.

Subsequent to the Cassini-Huygens findings, the term
‘cryovolcanism’ has been associated with Titan more than
any other Saturnian moon (SODERBLOM et al., 2009). Even
though, for the case of Enceladus the cryovolcanic origin of
the plume is now confirmed (Porco et al., 2006), the cryo-
volcanic activity on Titan presents a controversial scientific
issue within the scientific community. However, some facts
are in favor of such processes like the theory of cryomagma
being relevant to the formation of prebiotic compounds (e.g.
ForTES, 2000).

The composition of the material called cryomagma on
Titan’s surface is still unknown, due to the lack of in situ
measurements and in depth investigations, which may reveal
its properties. Cryovolcanic features on Titan’s surface are
believed to be a significant source of the methane present in
the atmosphere (LORENZ & MITTON, 2008). Considering this,
a model has been suggested regarding the evolution of Titan,
indicating that the methane supply may be trapped in a
methane-rich ice and episodically released by cryovolcanic
phenomena (TOBIE et al., 2006). However, the definite an-
swer of the composition of Titan’s cryomagma is still a sub-
ject of research.

According to TOBIE et al. (2006) the methane could have
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originated through three distinct episodes: the first following
the silicate core formation, accretion and differentiation pe-
riod; a second episode approximately 2000 million years ago
when convection commenced in the silicate core; and finally,
a geologically recent period, circa 500 million years ago,
where subsequent cooling and crystallization of the outer
layer occurred. FORTES et al. (2007) suggested that ammo-
nium sulphate is the possible origin of cryovolcanism. Titan’s
interior is broadly described by these authors, from the core
to the crust, in distinct layers: a serpentinite core, a high-pres-
sure ice VI mantle, where ice VI has a differentiated crys-
talline structure ordering and density than typical water ice,
a liquid layer of aqueous ammonium sulphate and an exter-
nally heterogeneous shell of methane clathrate with low-pres-
sure ice Th (similarly as ice VI) and solid ammonium sulphate
(FORTES et al.,2007).

The geological map below (Fig. 1) has been derived from
albedo and texture variations and indicates that the circular
feature shows signs of several series of flows, as shown by
the black lines (SOTIN et al., 2005). The black circle indicates
a caldera, similar to vents that appear above reservoirs of
molten material associated with volcanoes on Earth. The
colours of the map are representative of the brightness of the
features where yellow-green to light brown are the bright
patches; blue are the dark patches, red the mottled material
and finally the yellow area marks the location of the volcano
(SOTIN et al., 2005).

Enceladus

Cassini’s observations on Enceladus did reveal distinct geo-
logical features. The surface of Enceladus is covered by
smooth and cratered terrains, ridges, grooves, escarpments
and extensive linear fractures (JOHNSON, 2004). The most in-
teresting and youthful terrain seen on this moon called “Tiger
Stripes” and presents a very complex structure and evolu-
tion. The Tiger Stripes (Fig. 2) are tectonic structures con-
sisting of four sub-parallel, linear depressions located in the
south polar region (PORCO et al., 2006). In 2005 Cassini’s in-
strumentation and especially the ISS experiment provided
evidence of active cryovolcanism (Fig. 3), emanating from a
series of jets located within the Tiger Stripes (PORCO et al.,
2006).

The jets of water ice from the fractures of Tiger Stripes
produce a plume of gas and particles like NH3, Na, K salts
(WAITE et al., 2009). These tectonic fractures, discharge ma-
terial by endogenic dynamic and most probably hydrothermal
activity. The source of the jets is a controversial issue as ex-
tensive internal stratification as well as dynamic modeling, is
required for the source to be identified. The recent discovery
of salts in Saturn’s E-ring composition, which is fed from
Enceladus’ plumes (POSTBERG et al., 2009), suggests that the
source of jets is possibly a “chamber’’ of liquid water that
lies underneath the ice shell (TOBIE et al., 2008). Alterna-
tively, the material could derive from originally warm ice that
is heated and explodes by the dissociation of clathrate hy-
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Fig. 2. Tiger Stripes on Enceladus (NASA).

Fig. 3. Enceladus’ Plume from Cassini/ISS (Porco et al., 2006).
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drates (KIEFFER et al., 2006). The clathrate hydrates are crys-
talline water-based ices where the host molecule is water and
the trapped-guest molecule is typically a gas. The VIMS in-
strument detected simple organic compounds in the Tiger
Stripes. Such chemical composition which consists of liquid
water, ammonia, carbon dioxide, Na and K salts, benzene and
other hydrocarbons (WAITE et al., 2009), has not been found
in any other region on Enceladus (BROWN et al., 2006). The
presence of liquid water might also make it possible for Ence-
ladus to support life (LAMMER et al., 2009).

Recent data from Cassini reported pockets of heat that
appear along a fracture named Baghdad Sulcus (Fig. 15), one
of the Tiger Stripes that erupt with jets of water vapor and
ice particles (HURFORD et al, 2009). The temperature along
Baghdad Sulcus exceeds 180 Kelvin (WATITE et al., 2009). As
is the case for Titan’s Hotei Regio, Tiger Stripes on Ence-
ladus and in particular Baghdad Sulcus represent tectonic
zones of weakness from which the internal materials find
their way to the surface. The idea of a subsurface sea be-
comes all the more compelling since Enceladus’ south polar
region (Tiger Stripes area) is actually a half-kilometer deep
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basin distinguishing from the surrounding expressions
(CoLLINS & GOODMAN, 2007). Such figure, like the deep
basin in Tiger stripes, resembles Titan’s Hotei Regio which is
a basin lying one kilometer deeper than the surrounding area
(SODERBLOM et al., 2009). This basin could be the surface ex-
pression of a subsurface sea (COLLINS & GOODMAN, 2007).

Titan

Titan’s geology has been extensively studied using Cassini
image data. In this research, we investigate and process data
acquired from VIMS in order to identify areas of cryovol-
canic deposition.

The most intriguing problem in regard to the decoding of
Titan’s surface is the atmospheric veil that covers the surface.
This veil prevents any direct observation from Earth and
space-based telescopes. However, VIMS on board Cassini
has the ability to acquire partial surface images, taken within
the so-called “methane windows” centered at 0.93, 1.08,
1.27,1.59,2.03,2.8 and 5 pm, where the methane atmos-
pheric absorption is weak (MCCORD et al., 2008; COUSTENIS

Fig. 4. (a) Ridges and mountains on Titan’s surface. The radar bright features are part of the undifferentiated plains (LOPES et al., 2010). The proposed
processes that formed this terrain have possibly tectonic origin. (b) Dendritic networks as seen with SAR and morphological map (LORENZ e al., 2008).
The system is located at the western end of Xanadu close to our area of interest, Tui Regio. (¢) Sand dunes around the Belet sand sea on Titan. The dunes
are formed due to Aeolian processes. The bright figures are topographic obstacles that advance the formation of the dunes (RADEBAUGH et al., 2009).
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et al., 2005). In general, Titan’s surface appears to have
smooth and rough areas of various altitudes which include
extensive mountains and ridges (Fig. 4a) (LOPES et al.,2010),
longitudinal dunes (Fig. 4c) (RADEBAUGH et al., 2009), den-
dritic networks (Fig. 4b) (LORENZ et al., 2008), liquid lakes
(Fig. 6) (STOFAN et al., 2007) and impact craters that are in-
termittently filled by atmospheric precipitations (ELACHI et
al.,2005). RADEBAUGH et al. (2008) suggests that mountains
on Titan range from 200 m to 2000 m in height (Fig. 4a). Ero-
sional processes that operate at the area where mountains lie,
are probably the reason of the significant short height of the
mountains. However, there is also the assumption that the
mountains are built by material with properties that prevent
the altitudinal growth (RADEBAUGH et al., 2008). RADEBAUGH
et al. (2007) mentioned that the notably SAR bright features
on Titan’s surface most probably correspond to mountains
and tectonic ridges which represent mountain chains (Fig.
4a). In particular, the tectonic ridges could have suffered at-
mospheric precipitation (i.e. hydrocarbon rain) acquiring a
rough and fractured surface (SODERBLOM et al., 2007). Rivers
are common on Titan, while in some cases a few craters are
traversed by them (WoobD et al., 2009). The observation of
river systems with dendritic patterns (Fig. 4b) (LORENZ et al.,
2008), in addition to the observation of storm clouds (PORCO
et al., 2005), suggest that rainfall may be a continuing ero-
sional force erasing impact craters. Other surficial structures
observed on Titan are impact craters. Of particular impor-
tance is the small number of impact craters which has been
observed by the Cassini/Radar which suggests that the sur-
face of Titan is relatively young (i.e. WALL et al., 2009).
The consideration of Titan’s young surficial age indicates

Radar

dark
channels

50-km

the possible existence of
active regions among the
satellite. Contrary to im-
pact craters, surficial struc-
tures that are seen
commonly on Titan are the
dunes (Fig. 4¢). The dunes
are generally smooth sur-
faces that diverge around
topographic obstacles re-
sembling terrestrial dunes
(RADEBAUGH et al., 2009).
Moderately variable winds
that either follow one mean
direction or alternate be-
tween two different direc-
tions have formed the
observed longitudinal dunes
(LORENZ et al., 2006).

Our knowledge regard-
ing Titan’s surface deposits
is limited to the data ac-
quired from Huygens’ land-
ing site. The Huygens
captured image was that of a dark plain covered in pebbles
mainly composed of water ice (Fig. 5) (TOMASKO et al.,
2005). The size of pebbles is estimated to be roughly 10-15
cm. There is evidence of erosion at the base of the icy rocks,
indicating possible fluvial activity (TOMASKO et al., 2005).
The surface is darker than originally expected, consisting of
a mixture of water and hydrocarbon ice. It is believed that

Fig. 5. Titan’s surface from the
Huygens probe (ToMASKO et al.,
2005).

Depression
with

backscatter
similar to

Fig. 6. Lakes on Titan’s surface as recorded during the Cassini’s T16 flyby on July 22, 2006 (STOFAN ef al., 2007a).
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the visible ground “powder” in the image is possibly precip-
itation from the hydrocarbon haze above (TOMASKO et al.,
2005).

One of the moon’s exceptional characteristics is the exis-
tence of large liquid bodies described as lakes of surface lig-
uids (Fig. 6) (STOFAN et al., 2007). These features resemble
terrestrial lakes consitute a unique characteristic displayed
by the icy moons. Based on data provided by the
Cassini/Radar, the presence of hydrocarbon lakes on Titan’s
surface is now well established (Fig. 6) (LOPES et al.,2007a).

Candidates of cryovolcanic areas on Titan
Our study involves two major areas on Titan that are the most

significant, as well as, interesting cryovolcanic candidates.
These areas are Tui Regio and Hotei Regio (Fig. 7) lying

Fig. 7. The location of Tui Regio and Hotei Regio on Titan’s globe
(BARNES et al., 2006).

Distinct areas on Tui Regio
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Plot 1. Spectral plot of five distinct areas at the seven atmospheric spec-
tral windows.

within the bright region of Xanadu (100°N, 15°S). Tui Regio
is centered at 130°W, 20°S and presents relatively high 5 pm
reflectivity. Its size is 1,500 km long and 150 km wide. This
bright area has been identified as a surface feature and not as
the image capture of fog, due to the area‘s spectral behavior
at 2.7 mm (McCORD et al., 2006). Tui Regio is a massive
flow-like terrain, which resembles flow field volcanic areas
on Earth. Another area whose spectrum matches that of Tui
Regio is Xanadu’s Hotei Regio. Hotei Regio is centered at
78°W, 26°S and comprises a 700 km wide field that is prob-
ably volcanic in origin. VIMS images confirm the interpre-
tation that the area is a low basin surrounded by higher
terrains with possible calderas, fault structures and extensive
cryovolcanic flows (SODERBLOM et al., 2009).

Method and Data analysis

Both Tui Regio and Hotei Regio are suggested to be geolog-
ically young due to the fact that both present anomalously
bright and spectrally distinct areas that have not changed
from seasonal precipitation (BARNES et al., 2006).

In order to investigate geologically the regions of interest,
it is essential to study their chemical composition that lead to
the aforementioned brightness as well as their morphology
in order to derive the geological factors that led to their for-
mation.

We have processed spectral images acquired from VIMS,
for both areas in the seven narrow spectral windows centered
at 0.93,1.08, 1.27, 1.59, 2.03, 2.8 and 5 um for which ab-
sorption by atmospheric methane is minimal.

The main goal is to identify the composition as well as
the alterations of the components that compose the possible
cryovolcanic structures. We have used the principal compo-
nents (PCs) of the Principal Component Analysis (PCA)
method. The PCA method involves a mathematical proce-
dure that transforms a number of possibly correlated vari-
ables into a smaller number of uncorrelated ones called
principal components (JOLLIFFE, 2002). The PCA is well
adapted to our study, as our primary concern is to determine
the minimum number of factors that will account for the
maximum variance of the data we use in this particular mul-
tivariate analysis. The main goal of PCA is to reduce the di-
mensionality of a data set consisting of a large number of
interrelated variables, while retaining as much as possible of
the variation present in the data set. This is achieved by trans-
forming, the principal components (PCs) into a new set of
variables, which are uncorrelated, and which are ordered so
that the first few retain most of the variation present in all of
the original variables (JOLLIFFE, 2002).

PCA images for both Tui Regio and Hotei Regio allowed
us to isolate areas with distinct and diverse false coloring,
which imply areas of distinct and diverse spectral and chem-
ical composition (Fig, 9; 11). Such chemical diversity sug-
gests that endogenic and/or exogenic geodynamic processes
have formed these regions.
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Fig. 8. Reprojection of Tui Regio: (a) Gray scale 2.03 um, (b) RGB false colors R: 5 um, G: 2 pm, B: 1.08 pum, (¢) PCAR: 1%, G: 2™, B: 3¢
components, (d) PCAR: 3¢, G: 2", B: 1** components.

RESULTS

Tui Regio

We have isolated five distinct areas (Fig. 9) within Tui Regio.
The Principal Component Analysis projections (Fig. 8c, d)
showed areas of different colors and brightness suggesting
diversity in surface composition. The PCA method is com-
patible to gray scale (a) and RGB (b) projections of Tui
Regio. The visually brighter areas represent the highest I/F
values and the darker areas the lowest, where I stands for the
intensity of reflected light measured by the

instrument and F the plane-parallel flux of sunlight incident

ROI: Regions Of Interes

on the satellite normalized for Titan (THEKAEKARA, 1973;
BARNES er al., 2007; BROWN et al., 2004).

The plot (Plot 1) of “Bright cryolava field” terrain is dif-
ferent from the other plots, presenting higher I/F values. This
suggests that, additionally, this area is extremely brighter than
the rest of the region. The wavelengths at which this area
presents obvious alterations are the 2 um, 2.8 um and 5 pm.

Hotei Regio

We have also isolated five distinct areas within Hotei Regio’s
probable volcanic field (Fig. 11). The PCA projections (Fig.
10c, d) are presented in false colors areas of different spec-

Pl al DA B Fells e
Gray scale PCA ROI Colo

Dark area Green area Cyan
Bright “cryolava “Lava field” (Dark Green
field” area pink)
Semi-Bright area “Lava field Yellow

edges” (light pink)

= Semi-Dark area Bright Blue area Red
Gray area “Deposits” (pink- Blue
yellow mixture)

Fig. 9. Isolated areas with the use of visual colour alterations, which suggest areas of spectral difference.

Fig. 10. Reprojection of Hotei Regio: (a) Gray scale 2.03 pum, (b) RGB false colors R: 5 pm, G: 2 um, B: 1.08 um, (c) PCAR: 1%, G: 2", B: 3%
components, (d) PCAR: 3, G: 2", B: 1% components.
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ROI: Regions Of Interest

L Semi-Dark area Bright blue Red
™ Bright “Cryo” Area Dark Red Green
“Dark spots” “Yellow-Green Yellow
spots”
“Lava flows” “Lava flows” Blue

| Dark Area Light Green Area Cyan

Fig. 11. Isolated areas with the use of visual color alterations, which suggest areas of spectral difference.

tra and brightness, suggesting alterations in surface compo-
sition. Thus, the area suggested to be cryovolcanic is distin-
guished from the surroundings. The only compatible figures
with the surrounding area are the caldera-like structures
(pointed by green lines, [b]), which probably reveal the pri-
mal surficial material, before resurfacing (i.e the surrounding
area). The PCA images are compatible to gray scale (a) and
RGB (b) projections of Hotei Regio.

Hotei Regio’s spectral graph (Plot 2) indicates that the
“Bright Cryovolcanic area” presents the highest I/F values
and remains brighter than the other areas at all wavelengths.
In addition, the “Dark area” remains darker with low values
of I/F at all wavelengths. Surprisingly, the spectra from
caldera-like structures present medium I/F values, lying al-
most in the average between the brighter (“volcanic area’)
and the darker (“primal surface’’) at most wavelengths. This
is compatible with terrestrial caldera structures that consist
partially of primary surficial components on which the vol-
cano is being built, as well as new material coming from the
interior.

Distinct areas on Hotei Regio

|
A
/

Wavelength (um)

~O—Bright 'Cryo area

—#—Semi-Dark area

Plot 2. Spectral plot of five distinct areas at the seven atmospheric spec-
tral windows.

DISCUSSION

Whilst it offers a particularly interesting opportunity for re-
search, the existence of past or current cryovolcanic activity

on Titan’s surface, especially in areas with high reflectance,
as observed by Cassini’s VIMS instrument, is currently a
highly controversial subject. This study has focused on evi-
dence derived from Tui Regio and Hotei Regio, in order to
analyze and interpret the data gathered from the VIMS in-
strument. The spectrographic analysis of VIMS data shows
that the visually bright flow-like figure, seen in Tui Regio,
has the highest I/F value from its surroundings, especially in
the 2.03 pm, 2.8 um and 5 pum spectral windows (Plot 1),
suggests compositional variability in the material between
the dark and the bright spots. Furthermore, the dark area pres-
ents the lowest I/F values at all wavelengths of the seven
spectral windows. This suggests that the flow field has pos-
sibly been deposited over the initial (dark) material after sin-
gle or multiple diachronic eruptions. If Tui Regio is a massive
cryolava flow field, then it resembles the terrestrial Carrizozo
flow field in New Mexico. Hotei Regio’s field displays a low
basin with flow-like features lying in the basin interior and at
the margins. The flow field has higher I/F values at all wave-
lengths than the semi-dark and dark areas that either surround
the field or lie within it (Plot 2). The dark areas present sig-
nificantly lower I/F values. Even though the caldera-like
structures are seeing as dark as the surrounding areas at
VIMS images, they demonstrate medium I/F values suggest-
ing altered chemical composition. The medium I/F values
compared with the other areas, suggest that the calderas con-
sist of the initial substrate (dark) material and the cryomag-
matic (bright) new material. Such a combination could result
in the formation of rough surfaces with high textural vari-
ability. The VIMS analysis for the caldera-like structure of
Hotei Regio reinforces the theory that assumes the volcanic
origin of the area’s pattern. In addition, the area resembles
the terrestrial volcanic terrain, Harrat Khaybar as well Ence-
ladus’ volcanic-tectonic zone of weakness, Tiger Stripes.
Further investigation and comparison of similar features
from the three bodies, Titan-Enceladus-Earth, could provide
information regarding their formation and future develop-
ment. Titan, as described in detail hereabove, is perhaps one
of the most intriguing objects in our Solar system. The com-
bination of Titan’s nitrogen atmosphere and the geologically
complex and dynamic surface possesses the satellite as an
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Fig. 12. (left) Longitudinal Sand dunes in Saudi Arabia (NASA). (right) Longitudinal equatorial dunes on Titan (RADEBAUGH ef al., 2009).

Earth-like body (CousTENIS & TAYLOR, 2008). In addition,
many atmospheric aspects such as the climate and the mete-
orology, as Titan displays a ‘methanological’ weather cycle of
clouds, rainfall and evaporation that parallels the ‘hydrolog-
ical’ cycle of the Earth, as well as, its complex morphology,
make Titan an extremely important astrobiological place.
Specifically, cryovolcanism has important astrobiological im-
plications, as it provides a mechanism to expose Titan’s or-
ganics to liquid water, transforming hydrocarbons and nitriles
into more evolved and oxidized prebiotic species (NEISH et
al.,2006). Also it has been suggested that life could exist in
the lakes of liquid methane on Titan (McKAY & SMITH,
2005). The existence of liquid bodies identified as lakes ex-
posed on the surface (STOFAN et al., 2007), the equatorial
dunes (Fig. 4c), dendritic flows, potential tectonics and vol-
canism, enhance Titan’s resemblance to our own planet. Prior
to this discovery, such combination of surface features and
dense nitrogen atmosphere had only been identified on Earth.

All the aforementioned aspects, which mainly are the ni-
trogenic atmosphere, the liquid lakes, as well as the Earth-
like geological structures, suggest that Titan resembles Earth
more than any other body in the Solar System; despite the
huge differences in temperature and other environmental con-
ditions. Thus, an holistic understanding of Titan’s system will
help us better understand Earth’s evolution starting with its
primordial phase since early Earth probably looked much like
Titan looks today (OWEN, 2005). In general, the activity of
cryovolcanism might operate in analogy to terrestrial hydro-
volcanic eruptions (SOLOMONIDOU et al., 2010). Fig. 13

100 km

Fig. 13. (left) Supervolcano on Earth. Lake Toba (USGS). (right) Pos-
sible supervolcano on Titan. For both figures, the central part of calderas
is indicated by the white arrows (LOPES et al., 2007b).

shows the supervolcano of Lake Toba in North Sumatra, In-
donesia, which is 100 km long and 30 km wide, in compari-
son with the possible supervolcanic structure called Ganesa
Macula (50°N, 87°W) (LopEsS et al., 2007b). The Volcanic
Explosivity Index (VEI) for Lake Toba, which provides a rel-
ative measure of the explosiveness of volcanic eruptions
(scale 0-8), was set to be 8 values and the total amount of
erupted material volume of 2,800 km?. Taking into consider-
ation the amount of the erupted material, the size of the vol-
canic structure and the hazards that could affect the satellite,
we can assume that supervolcanoes could be hosted in Titan’s
geological history. The candidate cryovolcanic figures
Ganesa Macula, Tui Regio and Hotei Regio could resemble
the supervolcanic structures seen on Earth.

In this study, we focus on the volcanological structures
like the ones seen in Tui Regio and Hotei Regio that resem-
ble terrestrial volcanic terrains and characteristics. Tui Regio
is a massive (1,500 km)
flow field-like figure
that could possibly have
formed after accumula-
tion of cryolava flows
erupted at different
times, following the
area’s topography. On
Earth, a massive edifice
resembling Tui Regio,
emerges in the Tularosa
Basin in south-central
New Mexico, USA.
Carrizozo flow field
(Fig. 14) is 75 km long
and covers 328 km?. The
volume of eruptive ma-
terial was 4.3 km?®
(BLEACHER et al.,2008).
The field was probably
formed from periodic
deposition of eruptive
material spewing from a
source located 27 m

pr—

e -

F-L e il
Fig. 14. (up) Carrizozo flow field, New
Mexico, USA (USGS). (down) One of

the largest candidate cryovolcanic
flows on Titan, Tui Regio.
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Fig. 15. (up left) Harrat Khaybar volcanic terrains, North of Medina,
Saudi Arabia (NASA). (up right) Possible cryovolcanic terrain on Titan,
Hotei Regio (SODERBLOM et al., 2009). (down) Baghdad Sulcus, vol-
canic fracture on the south pole of Enceladus, Tiger Stripes (NASA).
Pockets of heat have been appeared along the fracture. The white ar-
rows indicate structures of tuffs, domes and calderas for Harrat Khay-
bar and possible dome and caldera formations for Hotei Regio.
Additionally, the red arrows indicate lava flows and possible cryovol-
canic flows within the volcanic terrain. The yellow dashed lines indicate
areas that are possibly tectonic zones of weakness from which internal
material may pass through.

high named Little Black Peak. The peak consists of three
nested cinder cones and a solidified lava pond. The Titanian
analogue (Fig. 14) is the possible cryovolcanic flow, Tui
Regio; one of the largest seen on Titan. It presents similar
shape as Carrizozo flow field (Fig. 14).

As indicated above, Hotei Regio is probably a massive
cryovolcanic terrain that consists of caldera-like figures and
depositional areas filled with lava flows. One terrestrial ter-
rain that resembles Hotei Regio is the Harrat Khaybar vol-
canic field (Fig. 15), which is located at North of Medina in
Saudi Arabia. The western half of the Arabian Peninsula con-
tains extensive lava fields known as haraat (PINT, 2006). One
such field is the 14,000 km? volcanic field that was formed by
eruptions along a 100 km N-S vent system over the past 5
million years. The area contains a wide range of volcanic
rock types, spectacular landforms and several generations of
dark fluid basalt lava flows (PINT, 2006). Jabal Abyad, in the
center of the image, was formed from more viscous, silica-
rich lava classified as a rhyolite. While the 322 m high Jabal
al Qidr exhibits stratovolcano, Jabal Abyad is a lava dome. To
the west (image top center) is the impressive Jabal Bayda.
This symmetric structure is a tuff cone, formed by eruption
of lava in the presence of water. The combination produces
wet, sticky pyroclastic deposits that can build a steep cone
structure, particularly if the deposits consolidate quickly
(PiNT, 2006). In Fig. 15, we present a comparison between
Earth’s, Titan’s and Enceladus’ possible volcanic terrains and
tectonic zones of weakness that consist the passage for in-
ternal material to deposit on the surfaces.
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