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[1] Images obtained by the Cassini Titan Radar Mapper
(RADAR) reveal lobate, flowlike features in the Hotei
Arcus region that embay and cover surrounding terrains and
channels. We conclude that they are cryovolcanic lava flows
younger than surrounding terrain, although we cannot reject
the sedimentary alternative. Their appearance is grossly
similar to another region in western Xanadu and unlike most
of the other volcanic regions on Titan. Both regions
correspond to those identified by Cassini’s Visual and
Infrared Mapping Spectrometer (VIMS) as having variable
infrared brightness, strengthening the case that these are
recent cryovolcanoes. Citation: Wall, S. D., et al. (2009),

Cassini RADAR images at Hotei Arcus and western Xanadu,

Titan: Evidence for geologically recent cryovolcanic activity,

Geophys. Res. Lett., 36, L04203, doi:10.1029/2008GL036415.

1. Introduction

[2] The presence of cryovolcanism on Titan, particularly
effusive features (cryoflows and domes), was proposed
before the Cassini mission [Lorenz, 1993, 1996]. Models
of Titan’s interior suggest that cryovolcanism can occur on
Titan [Tobie et al., 2006; Mitri and Showman, 2008; Mitri et
al., 2008]. Several surface features interpreted as cryovolcanic
in origin have been previously observed on Titan’s surface by
Cassini’s Ku-band (l = 2.17 cm) Titan Radar Mapper
(RADAR) [Elachi et al., 2005; Lopes et al., 2007] and by
the spacecraft’s Visible and Infrared Mapping Spectrometer
(VIMS) [Sotin et al., 2005; Barnes et al., 2007].
[3] At this writing, RADAR’s Synthetic Aperture (SAR)

mode has imaged >25% of Titan’s surface [Elachi et al.,
1991]. SAR resolution varies from �300 m to 1.5 km and
is obtained in swaths from 150 – 400 km wide and up to
5000 km long [Elachi et al., 2005]. In addition to specific
cryovolcanic features discussed below, these data show
Titan’s surface as geologically young, having a crater

retention age comparable with Earth or Venus (�500 Myr)
[Lorenz et al., 2007]).
[4] Most putative cryovolcanic features are located at mid

to high northern latitudes [Elachi et al., 2005; Lopes et al.,
2007]. They are characterized by lobate boundaries and
relatively uniform radar properties, with flow features
brighter than their surroundings. Cryovolcanic flows are
quite limited in area compared to the more extensive dune
fields [Radebaugh et al., 2008] or lakes [Hayes et al.,
2008]. Particularly striking is Ganesa Macula (50N, 87 W
[see Neish et al., 2006, 2008]), and various flows, some
emanating from craters. A large radar-bright flow or flow
field, Winia Fluctus (45N, 30W), is at least 90,000 km2 in
area [Lopes et al., 2007].
[5] Titan flyby T41 (22 February 2008) acquired a SAR

image of Hotei Arcus, a semi-circular albedo feature� 650 km
in arc-length centered at 26S 79W. A second image was
acquired May 12, 2008 on flyby T43 (Figures 1 and 2). The
two images have different incidence (24 and 21 degrees,
respectively) and azimuth angles (357 and 177 degrees). The
Cassini Imaging Science Subsystem (ISS, near-IR) and the
5-micron channel in VIMS see Hotei as one of the brightest
features on Titan [Barnes et al., 2005]. A portion of Hotei also
appears to have fluctuated in infrared brightness over the last
three years [Nelson et al., 2008, 2009a, 2009b]. A second area
in western Xanadu at 10S 140W, seen by VIMS and discussed
by Nelson et al. [2009b] as ‘‘region 2’’, is also reported as
variable. This regionwas imaged byRADARon flybyT13, on
Apr 30, 2006 (Figure 2d).

2. Discussion and Interpretation

[6] The T41 and T43 SAR images show Hotei (Figures
2a and 2b) as a complex region with several distinct units
having unusual morphology. At the east end of the T41
swath, along the southern edge (bottom of Figure 2a),
generally elongated bands of bright (rough) material inter-
mix with darker (smoother) material. Flowing northward
from dark regions between bright elongated mountain
ranges are six major fluvial channels similar to many others
documented by Lorenz et al. [2008] and believed to carry or
to have carried liquid methane. Hotei’s channels are among
the most SAR-bright features seen to date anywhere on
Titan.
[7] From the middle to the top of the T41 and T43 swaths

are many light gray areas apparently overlaid on a darker
substrate. These SAR-brighter units have lobate and well-
defined boundaries and some large patches apparently
consisting of overlapping units. We interpret these as multiple,
coalescing cryovolcanic lava flows where the SAR-brighter
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unit has flowed over the darker substrate. Like cryolava flows
previously observed on Titan, these are mostly uniform in
radar backscatter. Both terrestrial and Venusian flows show
similar lobate shape, texture, and brightness; and high radar
backscatter has been associated with roughness and hence
youth on terrestrial flows due to lack of erosion and infilling.
Two examples are shown in Figure 3 [Evans et al., 1997;
Campbell and Campbell, 1992; Campbell and Rogers, 1994;
Bridges and McGill, 2002].
[8] The Hotei and western Xanadu flows are distinctly

different from those previously identified by Lopes et al.
[2007]. The previously identified flows could, in most cases,
be traced to a source such as a caldera, were relatively
isolated from other flows, and appeared to have followed
topography and flowed in one direction. The flows at Hotei
appear to have multiple sources and have flowed in a
relatively flat area, resulting in coalescence of multiple flows.
[9] The distinct, uneroded appearance and the embay-

ment and apparent superposition of surrounding areas are
consistent with these flows being relatively young. The
arcuate shape of the SAR-defined cryolava flows also
suggests that only the southern edge of the basin floor is
covered with recent cryolavas. These flow units have no
superposed craters; however, the low density of impact
craters on Titan [Lorenz et al., 2007] does not allow us to
assign absolute ages to units. The channels coming from the
south disappear where they reach the flow units – they
appear to be covered by, hence older than, the flows. A
calculation based on Huygens’ site channels estimates that a
minimum of 103 methane rainstorms is required to cut them
(S. Hörst, manuscript in preparation, 2009); a similar
assumption at Hotei gives an upper limit of flow age of
106 years, determined by the available energy to rehumidify
the mid-latitude atmosphere with methane (see SI for details
[Lorenz et al., 2005]).
[10] Comparison of the T41 and T43 SAR, taken about

11 weeks apart, reveals no obvious temporal changes at

Hotei, although the instrument performance in the T43
image is poor because the image is taken from the extreme
end of the SAR swath. Relative brightening of features
common to the two are to be expected due to the incidence
and azimuth angle differences, and observed differences are
typical of such brightening [Blom, 1988]. Where overlap
occurs, and where noise effects do not dominate, feature
shapes and unit boundaries match, and observed differences
can be attributed to instrumental or geometric effects. We
conclude that there is no evidence for morphologic surface
changes at Hotei at the �1 km scale in this short time
interval. Of course, SAR is insensitive to many other types
of changes associated with volcanic activity, such as out-
gassing, that could occur on short timescales.
[11] The evidence provided here argues in favor of a

cryovolcanic origin for the Hotei area. Alternate origins for
the lobate deposits include sediments deposited by either
fluvial processes or mass movement. A mass-movement
origin is unlikely, given the apparent lack of topographic
relief in the region as demonstrated by the intertwined
appearance of the flows. Also, mass movement deposits
typically leave behind a characteristic scarp or ‘‘crown’’
region ([Sharpe, 1968], see also discussion by Lopes et al.
[2007]), which should be resolvable given the flow size and
is not seen. A cryovolcanic origin for the channels can be
ruled out from their dendritic nature and similarity to other
Titan channels that clearly drain large areas not associated
with volcanics [Lorenz et al., 2008]. Sedimentary deposits
originating from the channels that flow into this region
might create lobate flows. However, the deposits and the
channels do not have the kind of spatial relationship that
would be expected from a prograding or aggrading delta-
like deposit, and the resemblance of the deposits to lava
flow fields on Earth, Venus and other bodies, as mentioned
above, is strong. However, we cannot completely rule out a
sedimentary origin based on these data.

Figure 1. Location map on Titan globe, showing T13, T41 and T44 swaths and the two regions discussed in the text.
Background is ISS image mosaic (JPL PIA08346).
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[12] Independent of our interpretation of Hotei as cry-
ovolcanic is the question of whether this interpretation
supports the similarities to western Xanadu suggested by
VIMS data. The outlines on Figures 2a and 2b map the
boundary of the 5-micron variable ‘‘region 1’’ identified by
VIMS, using reconstructed spacecraft position and attitude
information for both instruments, and verified using a limb
fit for VIMS data [Nelson et al., 2009a, 2009b]. The edges
of the bright spot correspond well with the brightest of the
SAR-observed flows. Hotei is bright to VIMS in reflected
light at all wavelengths but especially at 5 mm, indicating
that materials there are of different composition from their
surroundings or are young [Barnes et al., 2005, 2006]. The
outline of ‘‘region 2’’ is similarly mapped in Figure 2d onto
the T13 SAR image, where the correspondence to inter-
fingered, lobate light and dark features in the SAR image is
also good. The flowlike features revealed in SAR images at
Hotei and western Xanadu are superficially similar, but
there are morphologic differences. In both areas the brighter
features appear to overlie the darker, but these are more
intertwined in Xanadu. Channels appear to be terminated by
the bright unit in Hotei, but in western Xanadu they have a
more complex relationship, and in some places channels cut
through bright lobate units. Circular voids or pits are present
in western Xanadu, with channels running through one, and
brighter features reminiscent of ridges are seen on the bright
unit, with no analog at Hotei. If the two regions are of
similar origin, the western Xanadu flows may be older and
more dissected and eroded. Based on the VIMS observa-
tions at Tui Regio [Barnes et al., 2006], we can speculate on
the relationship of the possible flows on Hotei and Tui to the
continent-sized Xanadu connecting them—perhaps the

flows in western Xanadu are also related. Xanadu is
centered near 15S, 110W and extends about 3000 km east
to west and 1700 km north to south. Hotei is at its
southeastern end, ‘‘region 2’’ at its western end, and Tui
Regio at its southwestern end. Xanadu is bright in near-IR,
at 5 microns, and at RADAR’s 2-cm wavelength, and is a
strong anomaly in both scatterometry and radiometry maps
[Wye et al., 2007; Janssen et al., 2008]. It has more impact
craters than any other area of Titan imaged by SAR, is cut
by major drainage networks, and appears to be being
disaggregated by a process that replaces mountainous ter-
rain with younger, darker material [Wood et al., 2007]. The
existence of possible recent volcanism along two parts of
Xanadu’s southern border suggests that Xanadu is bounded
by some type of tectonic margin that allowed cryomagma to
escape to the surface.

3. Conclusion

[13] We have examined SAR images from two regions on
Titan: Hotei Arcus and western Xanadu. Their bright
features (a) exhibit generally similar morphology that is
suggestive of volcanic flows; and (b) are in the same
locations previously reported to be temporally variable in
near-infrared VIMS data. Based on their general morphol-
ogy and lack of relationship to fluvial channels, we interpret
these features as young cryovolcanic flows. This interpre-
tation is consistent with previous predictions and interior
models, in particular with the Mitri et al. [2008] model that

Figure 2. (a) T41 SAR image of Hotei Arcus, centered at 26S 79W, with outline of the corresponding VIMS image of
‘‘region 1’’ shown (see text). Incidence angle is 24 deg, with illumination from top left. (b) T43 SAR image of Hotei
overlain on T41. Incidence angle is 14 deg, illumination from top right. (c) Western Xanadu from T13 SAR (centered at
10S, 140W), with outlines of VIMS ‘‘region 2’’. Incidence angle = 8 degrees, illumination from top. (d) Enlargement of
western side of Figure 2c. All images are oriented with north up. Digital images are available in the auxiliary material.1

1Auxiliary materials are available in the HTML. doi:10.1029/
2008GL036415.
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requires tectonically-generated routes for magma to reach
the surface.
[14] On Titan, the extrusion of liquid water from a

subsurface ocean is aided by the presence of an antifreezing
component, such as ammonia, to lower the melting point
and density of the liquid [Stevenson, 1991; Kargel, 1992;
Mitri et al., 2008]. Further, the observed features exhibit
flow-like morphologies comparable with terrestrial basaltic
lava flows (although the scales are typically different, e.g.,
Figure 3a), so the second component must produce a
viscosity much higher than that of pure liquid water.
Although the nature of this second component is not con-
strained by the SAR data, ammonia and/or methanol can
provide silicate-like viscosity to water-rich flows under
Titan gravity [Kargel et al., 1991]. Ammonia could also
be the source of the nitrogen in Titan’s atmosphere
[Niemann et al., 2005] and the agent that lowers the melting
point, density and mobility of liquid water [Lewis, 1971;
Stevenson, 1982]. The Mitri et al. [2008] model of resur-
facing by ammonia-water is consistent with the extent of the
interpreted flow fields described here.Lorenz [1996] noted that
expressing 10% of the heat released from a chondritic core as
latent heat of ammonia hydrate (roughly the fraction of
terrestrial heat flow expressed as the latent heat of eruptive
basalt) corresponds to a resurfacing rate of 2 mm/yr, or some
�100 km3/yr, so recent or active cryovolcanism on Titan is not
difficult from an energetics perspective.
[15] The flows at Hotei appear to be geologically young,

less than 106 years. Those in western Xanadu are of more
uncertain age and probably older and more degraded. On
shorter time scales, the SAR data cannot identify current
activity except through morphological changes seen in
repeat images, and on a time scale of tens of weeks no
morphological changes are observed with confidence. The
time baseline will be extended two terrestrial years in the
Cassini Equinox Mission, though repeat coverage will
remain sparse until a spacecraft is put in orbit around Titan.
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