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Observations of Titan obtained by the Cassini Visual and Infrared Mapping Spectrometer (VIMS) have
revealed Selk crater, a geologically young, bright-rimmed, impact crater located �800 km north-
northwest of the Huygens landing site. The crater rim-crest diameter is �90 km; its floor diameter is
�60 km. A central pit/peak, 20–30 km in diameter, is seen; the ratio of the size of this feature to the crater
diameter is consistent with similarly sized craters on Ganymede and Callisto, all of which are dome cra-
ters. The VIMS data, unfortunately, are not of sufficient resolution to detect such a dome. The inner rim of
Selk crater is fluted, probably by eolian erosion, while the outer flank and presumed ejecta blanket appear
dissected by drainages (particularly to the east), likely the result of fluvial erosion. Terracing is observed
on the northern and western walls of Selk crater within a 10–15 km wide terrace zone identified in VIMS
data; the terrace zone is bright in SAR data, consistent with it being a rough surface. The terrace zone is
slightly wider than those observed on Ganymede and Callisto and may reflect differences in thermal
structure and/or composition of the lithosphere. The polygonal appearance of the crater likely results
from two preexisting planes of weakness (oriented at azimuths of 21� and 122� east of north). A unit
of generally bright terrain that exhibits similar infrared-color variation and contrast to Selk crater
extends east-southeast from the crater several hundred kilometers. We informally refer to this terrain
as the Selk ‘‘bench.” Both Selk and the bench are surrounded by the infrared-dark Belet dune field.
Hypotheses for the genesis of the optically bright terrain of the bench include: wind shadowing in the
lee of Selk crater preventing the encroachment of dunes, impact-induced cryovolcanism, flow of a
fluidized-ejecta blanket (similar to the bright crater outflows observed on Venus), and erosion of a
streamlined upland formed in the lee of Selk crater by fluid flow. Vestigial circular outlines in this feature
just east of Selk’s ejecta blanket suggest that this might be a remnant of an ancient, cratered crust. Evi-
dently the southern margin of the feature has sufficient relief to prevent the encroachment of dunes from
the Belet dune field. We conclude that this feature either represents a relatively high-viscosity, fluidized-
ejecta flow (a class intermediate to ejecta blankets and long venusian-style ejecta flows) or a streamlined
upland remnant that formed downstream from the crater by erosive fluid flow from the west-northwest.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Only a small number of impact craters on Titan’s surface have
been identified from observations by the Cassini Visual and Infra-
red Mapping Spectrometer (VIMS; Brown et al., 2004), Imaging Sci-
ence Subsystem (ISS; Porco et al., 2004), and Synthetic Aperture
ll rights reserved.

blom).
RADAR (SAR; Elachi et al., 2004) instruments (e.g., Lorenz et al.,
2007; Jaumann and Neukum, 2009). All of these are larger than
5 km (Jaumann and Neukum, 2009), consistent with models that
predict smaller bolides are unlikely to survive passage through Ti-
tan’s atmosphere (e.g., Korycansky and Zahnle, 2005). These in-
clude Sinlap crater, investigated by Elachi et al. (2006), Stofan
et al. (2006), Soderblom et al. (2007b), and Le Mouélic et al.
(2008), Menrva crater, discussed by Elachi et al. (2006) and Stofan
et al. (2006), Ksa crater, described in Lorenz et al. (2007), Afekan
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crater, located 25.8�N, 200.3�W (USGS/IAU Gazetteer of Planetary
Nomenclature, http://www.planetarynames.wr.usgs.gov), and a
few unnamed craters (cf. Porco et al., 2005; Lorenz et al., 2007;
Jaumann and Neukum, 2009; Wood et al., 2010). An additional
�40 candidate impact craters have been identified in Cassini
observations of Titan (Jaumann and Neukum, 2009; Wood et al.,
2010). From the observed crater population, Lorenz et al. (2007)
concluded Titan’s average surface is geologically young: �100 Ma
to 1 Ga.

The large impact structures thus far seen on Titan exhibit vary-
ing degrees of degradation by fluvial and eolian erosion and possi-
bly, viscous relaxation and burial by organics (Elachi et al., 2006;
Stofan et al., 2006; Soderblom et al., 2007b; Lorenz et al., 2007;
Le Mouélic et al., 2008), consistent with a broad range of ages. Sev-
eral larger craters reportedly exhibit unique morphologies, lacking
the central peaks or pits (Elachi et al., 2006; Stofan et al., 2006;
Wood et al., 2010) expected of complex craters on icy satellites
(e.g., Passey and Shoemaker, 1982; Schenk, 1991, 1993).

The transition from simple to complex craters results from
slumping of the crater walls when some strength threshold of
the crater wall is exceeded by the stress induced by gravitational
force (Melosh and Ivanov, 1999). The crater diameter at which this
transition occurs is inversely proportional to gravitational acceler-
ation (Pike, 1980). Target material strength, however, does play a
role as evidenced by the significant offset of this transition diame-
ter to smaller diameters for the icy satellites (Schenk, 1991; Schenk
et al., 2004). On Titan, the transition from simple to complex cra-
ters should occur at a crater diameter of �2–3 km (cf. Schenk,
2002, Fig. 2). Korycansky and Zahnle (2005) predict the smallest
craters that should be expected on Titan are �2 km in diameter;
it is therefore likely that few or no simple craters exist on Titan.

Selk, a bright-rimmed crater �90 km in diameter, located at
7.0�N, 199.0�W, �800 km north-northwest of the Huygens landing
site (cf. Fig. 1), was best observed in data acquired by Cassini VIMS
during the 35th, 38th, and 40th flybys of Titan (T35, T38, and T40).
The size of this impact structure places it well within the complex
crater regime for icy satellites (cf. Schenk, 2002). Wood et al.
Fig. 1. VIMS color mosaic (RGB = 2.0, 1.6, 1.3 lm) of the Selk crater region. The
‘‘bench,” the generally optically bright unit associated with Selk crater, extends
east-southeast from Selk crater several hundred kilometers. The Huygens landing
site (HLS) is located southeast of Selk crater (indicated with an X in the figure).
Infrared-dark material, inferred to be dunes, is seen to surround Selk crater and the
bench.
(2009) concluded from Cassini SAR observations that Selk crater
does not exhibit indications of collapse, but those data had low
and non-equant resolution, casting doubt on their interpretation.
A unit of mostly bright terrain mixed with dark-blue units (in
RGB = 2.0, 1.6, 1.3 lm VIMS color composite images) exhibiting
similar infrared color and contrast to Selk crater extends several
hundred kilometers east-southeast from the crater. We informally
refer to this unit as the Selk ‘‘bench” (cf. Fig. 1). Selk crater and the
bench are surrounded by the infrared-dark Belet dune fields, which
encroach from the southwest (Lorenz and Radebaugh, 2009).

This paper investigates the formation and evolution of the cra-
ter and surrounding regions. Cassini VIMS observations used in this
investigation are first described, including the use of a radiative-
transfer model to reduce these data to generate mosaics or maps
of relative albedo. Next, a model used to derive topographic pro-
files of the rim of Selk crater is presented. The morphology and
morphometry along with their implications for the formation
and evolution of Selk crater are then discussed. Finally several
hypotheses for the genesis of the generally bright terrain of the
bench are offered and explored.
2. Data reduction and analysis

The Cassini VIMS data presented in this paper were acquired
during three Titan flybys: T35 on 08/31/2007, T38 on 12/05/
2007, and T40 on 01/05/2008. Five image cubes from T35 were
assembled into the regional mosaic shown in Fig. 1. They have res-
olutions of 9.9–20.5 km/pixel and incidence and emission angles
that range from �0� to 50� and �0� to 40�, respectively (Table 1).
The VIMS mosaic shown in Fig. 2 was made from higher-resolution
VIMS data acquired on Titan flybys T38 and T40, with resolution,
incidence-angle, and emission-angle ranges of 2.5–12.9 km/pixel,
�24–44�, and �3–33�, respectively. Included are the two highest-
resolution VIMS views of Selk crater (from T40 with a resolution
of 2.5–4.4 km/pixel) that are further analyzed and discussed here
(e.g., Figs. 3 and 4). The SAR data shown in Fig. 2 were obtained
on Titan flybys T36, T39, T41, T44, and T48 (T39 and T48 were
high-altitude SAR data referred to as HiSAR). The SAR data that in-
clude Selk crater were acquired near the end of the T36 pass and
the resolution is quite low (compared to the best SAR images)
and highly non-equant (�3 � 10 km/pixel). Additional details
regarding the VIMS flybys are available in Barnes et al. (2009).

The VIMS data were first radiometrically calibrated to units of I/
F (where I is the observed radiance and pF is the incoming solar
irradiance) using the procedures described by Brown et al.
(2004). Because of the large variations in incidence, emission,
and phase angle across and between overlapping cubes (Table 1),
prior to mosaicking, the data were further processed to derive
model spectral albedo following the method described by Soderb-
lom et al. (2009). Briefly, this model employs the discrete ordinates
radiative transfer code, MODTRAN™ 5, developed by Air Force Re-
search Laboratory and Spectral Sciences, Inc. (cf. Berk et al., 2006).
This model makes uses of the correlated-k absorption coefficients
for CH4 of Irwin et al. (2006), collision-induced absorption of N2

and H2 from McKellar (1989), vertical aerosol haze profile and aer-
osol shape model presented by Tomasko et al. (2005), and optical
constants for laboratory tholins (cf. Sagan and Khare, 1979) re-
ported in Imanaka et al. (2004, 2005). The uniformity across the
mosaics in Figs. 1 and 2 demonstrates the success of this proce-
dure, at least in the atmospheric windows at 1.3 lm, 1.6 lm, and
2.0 lm that were used in the color composites shown in those
figures.

Inspection of the highest-resolution VIMS views (Figs. 2–4) re-
veals strong evidence of topographic shading across Selk crater.
This is most easily seen in Fig. 4 in the bright material on the east-
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Fig. 2. VIMS and RADAR coverage of Selk crater. Left: VIMS color mosaic (RGB = 2.0, 1.6, 1.3 lm) of the five cubes acquired during T38 and T40; the highest resolution
achieved was during the T40 observation centered on Selk crater, ranging in resolution from 2.5 to 4.4 km/pixel. Right: mosaic of SAR data acquired during T36, T39, T41, T43,
T44, and T48. Selk was observed during the T36 flyby; those data were acquired near the end of the pass and are non-equant and low resolution (�3 � 10 km/pixel).
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ern and southern parts of the crater rim. Topographic profiles
across the rim were derived from the VIMS data collected through
the 2-lm and 5-lm atmospheric windows (from 5 and 11 spectral
channels respectively) using a photoclinometric model (cf. Kirk
et al., 2003 and references therein) that assumes a Lambertian sur-
face. The two highest-resolution VIMS cubes of Selk crater were
map-projected (sinusoidal), co-registered, and averaged. They
were taken only minutes apart and have very similar viewing
geometries. Solar illumination was from the east (solar azimuth
�110�) and the incidence angle range was 30–35�. The accuracy
of topography estimated with photoclinometry relies on the
assumption that the surface has uniform albedo along the profile
Table 1
Geometry of VIMS spectral images of the Selk crater region used in this paper.

VIMS cube ID Titan
flyby

Resolution
(km)

Phase
angle (�)

Incidence
angle (�)

Emission
angle (�)

CM_1567239055 T35 9.9–10.5 29.7–32.0 0.1–14.1 18.7–39.9
CM_1567240241 T35 12.9–13.8 25.6–27.5 23.3–47.9 0.1–27.7
CM_1567241480 T35 16.4–16.8 27.0–28.9 0.1–30.2 4.5–39.4
CM_1567241662 T35 16.9–17.5 26.1–28.9 0.3–37.9 0.2–39.1
CM_1567242818 T35 19.9–20.5 25.3–27.8 10.2–49.8 0.2–24.5
CM_1575509158 T38 6.4–7.4 40.6–43.0 25.2–37.7 9.6–29.8
CM_1575509654 T38 7.7–8.7 40.8–43.0 25.4–38.6 3.3–21.6
CM_1578263152 T40 2.5–3.4 31.7–40.3 30.0–35.1 9.2–16.9
CM_1578263500 T40 3.4–4.4 38.4–44.5 29.2–35.5 7.4–19.6
CM_1578266417 T40 11.4–12.9 52.1–54.5 23.8–44.2 9.2–33.0
being integrated; thus, profiles were selected within the bright unit
in locations that appear spectrally uniform (cf. Figs. 3 and 4).

Scattering in Titan’s atmosphere, which dilutes topographic
contrast, further complicates the problem. To account for this,
the atmospheric radiative-transfer model described in the previous
section was used to estimate the diffuse component of the radi-
ance. The model predicts that the direct component is about 40%
of the radiance at 2 lm and >95% at 5 lm for a 10–20% reflective
surface; the diffuse component along the I/F profile was approxi-
mated as 40% and 0% of the average I/F for the 2-lm and 5-lm
channels, respectively. The modeled diffuse component was then
subtracted from the observed I/F along the profile, yielding the di-
rect component of radiance (unscattered on Sun-surface-S/C path)
along the profile (the average I/F (approximating a flat surface) was
used because the dark and bright slopes are diffusely lit about
equally). The direct component of radiance along the profile can
then be used to solve for the slope as follows:

I=Fdirectðx; kÞ ¼ C � ~n � Ŝ

and

I=Fdirect flat ¼ C � ~n � k

where ~n is the surface normal, Ŝ is the vector to the Sun, k is the lo-
cal vertical unit vector, and C is a constant that includes the surface
albedo and the atmospheric attenuation of the signal (the details
are not important as this factor is normalized out). Let a, h, and U
be the angles that define the slope and solar incidence and azimuth
and R(x, k) = I/Fdirect(x, k) � I/Fdirect_flat(k). Substituting the solutions



Fig. 3. Results from a photoclinometry model based on the two highest-resolution VIMS observations of Selk, map-projected (sinusoidal), co-registered, and averaged. The 2-
lm (left) and 5-lm (right) image data are shown in the top frame with the locations of the profile traces. The derived topographic profiles are plotted in the center frame and
the associated slopes are plotted in the bottom frame. It should be noted that absolute heights are poorly constrained by this photoclinometric model.
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for I/Fdirect(x, k) and I/Fdirect_flat into this equation, R(x) = {sin(a)sin(h)
cos(U) + cos(a) cos(h)}/cos(h). Solving for a gives,

a ¼ acos Rþ Cð1� R2 þ C2Þ1=2
n o.

ð1þ C2Þ
h i

; ð1Þ

where C = tan(h)cos(U); a > 0 if R < 1 and a < 0 if R > 1.
Fig. 3 shows topographic elevation and slope profiles across

three sections of the crater rim and outer flank derived using this
model for data from the atmospheric windows centered at 2 lm
and 5 lm. The free variable that was adjusted to level each profile
is the I/F(k) of a flat surface; a single value was used to level all pro-
files together. Hence the precise datum or level for the profiles is
not well constrained. While the 5-lm data are noisier than those
at 2 lm, atmospheric scattering is significantly reduced at 5 lm,
making the atmospheric corrections more reliable at that
wavelength.
3. Discussion of geomorphology and geology

3.1. Selk crater

Figs. 1 and 2 show regional and higher-resolution, color-com-
posite mosaics of VIMS images of Selk crater; Fig. 2 also shows a
mosaic of SAR images of the Selk region. Selk crater appears similar
in morphology to Afekan, Ksa, and other unnamed impact craters
identified in SAR (Elachi et al., 2006; Wood et al., 2010) and VIMS



Fig. 4. Geologic map of Selk crater (right) derived from a VIMS color mosaic (RGB = 2.0, 1.6, 1.3 lm) of the highest-resolution observations map-projected (sinusoidal), co-
registered, and averaged (left). Identified on this map are the central pit/peak ring, the crater floor, the terrace zone, the crater rim, several terraces, drainage channels, two
tentatively identified severely degraded impact craters, and the inferred planes of weakness (arrows).
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(Soderblom et al., 2007b; Le Mouélic et al., 2008) observations. A
geologic sketch map of Selk crater is shown in Fig. 4 and discussed
presently. The average image made from the highest-resolution
VIMS cubes shown in Figs. 3 and 4 allows for an accurate charac-
terization of the morphometry of this crater.

The rim-crest, as identified in the photoclinometry profiles, is
�90 km in diameter (Fig. 4). Assuming the sharp albedo boundary
apparent in the VIMS and SAR data corresponds to the edge of the
crater floor, the crater floor is �60 km in diameter (Fig. 4). The ter-
race zone averages 10–15 km wide horizontally and its slope is
nearly double that of the outer flanks of the crater rim (Fig. 3). Ter-
races on the western and southern walls are visible within the ter-
race zone (Fig. 4). The terrace zone inferred from the VIMS data
corresponds to a very bright halo just exterior to the crater floor
in the SAR data (cf. Fig. 2), consistent with this region being excep-
tionally rough. A central pit or peak, �20–30 km in diameter, is
also seen in the VIMS data (Fig. 4).

Among the icy satellites of the outer planets, Ganymede and
Callisto offer the most appropriate analog to Titan in terms of sur-
face gravity (Ganymede, 143 cm s�2; Callisto, 124 cm s�2; Titan,
135 cm s�2) and composition. Crater morphology has been exten-
sively studied for both of these satellites using both Voyager and
Galileo data (e.g., Passey and Shoemaker, 1982; Croft, 1983;
Schenk, 1991, 1993, 2002; Schenk et al., 2004). Complex impact
craters on these satellites are observed to transition from central
peaks to central pits at a crater diameter of �35 km and from cen-
tral pits to pits with domes at a diameter of �60 km (e.g., Passey
and Shoemaker, 1982; Croft, 1983; Schenk, 1993, 2002). If these
bodies serve as appropriate analogs, Selk crater should have a cen-
tral pit and dome. Unfortunately, the VIMS observations of Selk
crater are not sufficiently high enough in resolution to differentiate
between a pit and peak ring, nor to confirm or deny the presence of
a dome.

The ratio of the central-pit/peak-ring diameter to the rim-crest
diameter is �0.2–0.3, within the range of observed dome-pit-
to-crater diameter ratios (though on the low end of the observed
range) for similarly sized craters on Ganymede and Callisto (cf.
Schenk, 1993, Fig. 6a); this is consistent with Selk being a dome
crater. The presence of a well-defined rim suggests that Selk crater
is not an ‘‘anomalous dome” crater (Schenk, 2002; also referred to
as Type II penepalimpsests by Passey and Shoemaker (1982) and
large dome craters, Schenk (1993)). The crater diameter at which
the transition from dome craters to anomalous dome craters on
Ganymede has changed from �60 km early in the satellite’s history
(following the emplacement of the bright terrain) to �150 km
present day, and is interpreted as a reflection of the change in
the thermal profile of Ganymede over time (Passey and Shoemaker,
1982; Schenk, 2002). Because Selk, a 90-km crater, is clearly not an
anomalous dome crater, it follows that it must have formed when
Titan’s thermal structure was cooler than Ganymede’s in the period
following the emplacement of the Ganymede bright terrain.

The terrace zone observed at Selk crater is slightly wider than
the widest terrace zones observed on Ganymede and Callisto (cf.
Schenk, 1993, Fig. 4), suggesting rim slumping is more significant
on Titan than on Ganymede and Callisto. This is likely due to differ-
ences in lithospheric properties of these bodies (i.e., composition
or, more likely, thermal structure; cf. Schenk, 1991, 1993, 2002).
It is worth noting, however, that post-crater-formation eolian
and fluvial erosion may contribute to the apparent width of the ter-
race zone.

The rim of Selk crater appears polygonal; elements in the ter-
race zone are parallel to this form (cf. Fig. 4). When collapse occurs
during complex crater formation, any preexisting planes of weak-
ness, such as joints or faults in the target material, will result in
straight segments on the crater walls (Melosh, 1989). We submit
that the straight segments observed at Selk crater, oriented at azi-
muths of 21� and 122� east of north, are parallel planes of weak-
ness that existed in the crust prior to the formation of Selk crater
and have resulted in the observed polygonal appearance of the
crater.

The interior of Selk crater appears further modified by erosion
(cf. Fig. 4). The inner rim of the crater exhibits chutes in the
northern and eastern walls of the crater, giving it a scalloped
appearance; the orientation of the scallops is consistent with
erosion from a southwesterly wind. Lorenz and Radebaugh
(2009) report southwesterly winds for regions to the southwest
and north of Selk crater. Unfortunately, there is not yet high-
resolution Cassini SAR coverage in the immediate vicinity of Selk
crater from which dune orientations, and therefore winds more
local to Selk can be inferred.

The outer rim appears dissected by fluvial erosion. The highest-
resolution VIMS cubes reveal what appear to be numerous short
drainage valleys with at least 2nd and 3rd order dendritic drainage
networks on the eastern flank of the crater where the bench con-
tacts the crater (cf. Fig. 4). The morphology of these drainage net-
works is consistent with fluvial erosion resulting from methane
rain hypothesized to cause drainage networks observed elsewhere
on Titan (e.g., Tomasko et al., 2005; Soderblom et al., 2007a; Barnes
et al., 2007b; Jaumann et al., 2008; Lorenz et al., 2008). In contrast,
the valleys observed on the north, south and western flanks of the
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crater are rather straight with no higher-order branches observed,
consistent with fluvial erosion of relatively steep slopes (Phillips
and Schumm, 1987). In false-color composites of Selk crater shown
in Figs. 1 and 2 (RGB = 2.0, 1.6, 1.3 lm; constructed from five, four,
and two spectral channels respectively), the channels appear dark
blue relative to the bright terrain and terminate in dark-blue
patches. The infrared spectral signature of these blue units is con-
sistent with enrichment in water ice and they appear to be deltas
made of sediment transported by liquid methane (cf. Soderblom
et al., 2007b) deposited at the mouths of these channels, consistent
with the conclusions of Barnes et al. (2007b), Jaumann et al. (2008),
and Soderblom et al. (2009).

3.2. The ‘‘bench”

A unit of mostly bright terrain, to which we informally refer to
as the ‘‘bench,” that exhibits similar infrared-color variation and
contrast to Selk crater, extends east-southeast from the crater sev-
eral hundred kilometers (cf. Fig. 1). The proximity and similarity in
size and infrared color between the bench and Selk crater suggests
the origins of the two features are correlated.

One possibility is that Selk crater acts as a topographic obstacle
within the Belet dune field that creates a wind shadow, keeping a
region of the surface leeward of Selk crater free from dunes; such
features have been reported in SAR observations (Radebaugh
et al., 2008, 2009; Fig. 2). In the false-color composite (with
RGB = 2.0, 1.6, 1.3 lm) shown in Fig. 2, the entire region surround-
ing Selk crater and the bench is dark brown, a spectral character
that has been shown to strongly correlate with the dunes observed
in SAR images (Soderblom et al., 2007b; Barnes et al., 2007a).
Rather than being co-aligned with the long axis of the bench, how-
ever, the mean-peak wind direction inferred by Lorenz and
Radebaugh (2009) for two regions located �500 km southwest
and �500 km north of Selk crater (cf. Fig. 2) is offset by �45� from
this axis. For the bench to simply be a dune free area in the wind
shadow of Selk, winds local to Selk crater need to be locally offset
by �45� from the observed regional average winds.

If the wind directions reported by Lorenz and Radebaugh (2009)
for the regions southwest and north of Selk crater represent the
current average regional winds, and the dunes are approaching this
feature from the southwest, the southern margin of the bench
must have significant relief to stand off the dunes. If this interpre-
tation is correct, we should see the dunes approach the bench from
the southwest and divert to the east, paralleling the bench along its
southern margin near its eastern extent. In the VIMS data, the tran-
sition along the southern margin of this structure from the dark-
brown (i.e., dunes) unit to the bright unit is �40 km wide. Using
the relationships derived by Lorenz and Radebaugh (2009), who
examined the slopes of obstacles in Titan dune fields using SAR
images, the southern margin of the bench must have a height of
at least �200 m in order to divert the dunes. Similar relief is ob-
served in SAR stereogrammetry of other radar-bright dune-free
features in the region (Kirk et al., 2009).

Because bright features in the bench have some morphologic
similarities to flow features, a possible interpretation is that this
feature is the result of impact-induced cryovolcanism. In that mod-
el, underlying material is melted through decompression immedi-
ately following an impact event. The resultant magma then flows
up impact-induced fractures in the surface and erupts onto the sur-
face. The work of Ivanov and Melosh (2003), however, demon-
strates that such processes could only occur if a large impact
were to strike a preexisting hotspot, an event they conclude is
highly improbable.

A more likely process that could produce flow-like features
associated with an impact is a thermally fluidized-ejecta flow, sim-
ilar to the process suggested for the emplacement of the ‘‘bright
crater outflows” observed on Venus (e.g., Phillips et al., 1991;
Schaber et al., 1992). High surface gravity and impact velocities
at Venus, and to a lesser extent, high surface temperatures and
pressures, result in greater-than-average impact-melt fractions
associated with venusian craters (Vickery and Melosh, 1991). The
increased melt fraction and the high surface and atmospheric tem-
peratures result in ejecta outflows associated with many venusian
craters; these outflows are extended, low-viscosity flows (in one
case extending nearly seven crater diameters from the crater
rim), with no detectable relief at their margins (Phillips et al.,
1991; Schaber et al., 1992). While some research has suggested
that impacts into icy satellites might produce substantial impact
melt (e.g., Pierazzo et al., 1997), Lorenz (1997) predicts that, be-
cause the surface and atmospheric temperatures on Titan relative
to the melting point of its water ice crust are relatively lower than
equivalent temperatures on Venus, ejecta blankets will be more
likely than long, venusian-like ejecta flows (e.g., Sinlap crater;
Elachi et al., 2006). The bright, flow-like features across the bench
having relief sufficient to standoff the encroachment of the dunes
would not be consistent with the low viscosities implied for venu-
sian ejecta flows, but rather with flows of relatively higher
viscosity.

Another characteristic of the bright and dark materials on the
bench east of Selk is the presence of circular features similar in
appearance to remnants of ancient impact craters (cf. Fig. 4). This
could be a cluster of craters that resulted from atmospheric disrup-
tion of an impacting object (e.g., Venus; cf. Schaber et al., 1992),
but the probability of a crater field of such size (each crater being
on order 50–100 km in diameter) is quite low; Korycansky and
Zahnle (2005) predict <0.1 such events should occur per Ga. Addi-
tionally, the relatively pristine appearance of the Selk crater as
compared to the other tentatively identified craters suggests that
if these are impact craters, they are much older than Selk and could
be remnant of Titan’s early cratered highlands (as occur on most of
the icy satellites of the outer planets). This result does not preclude
the possibility that the bench represents a fluidized-ejecta flow; if
the flow is only moderately viscous, it will not necessarily mask the
underlying topography.

Turning attention to the large-scale structure of the bench, a
generally streamlined shape is apparent (cf. Fig. 1). It is possible
that Selk crater and the bench represent a streamlined upland.
Streamlined forms are common on Earth and Mars, and are inter-
preted to be erosive features associated with floods from large out-
flow channels (e.g., Masursky et al., 1977; Baker, 1978). They are
thought to form when a fluid flows around an obstacle, resulting
in the erosion of material downstream of the obstacle. It should
be noted, however, that this feature is several times larger than
the largest martian streamlined islands.

Baker (1979) suggested and Komar (1983) confirmed experi-
mentally, that the morphology of streamlined islands approximate
a minimum-drag form, with a length-to-width ratio (L/W) of �3–4
for landforms shaped by liquid water; the observed L/W for Selk
crater and the bench is only about �2.5. In studies of floods form-
ing elongated streamlined islands observed on Mars, Baker and
Kochel (1978) demonstrated empirically that L/W is directly
dependent on the Reynolds number (Re), which depends directly
on the density and velocity and inversely on the viscosity of the
flowing fluid. Methane rain on Titan’s surface will be �1/2 as dense
and �1/5 as viscous as water at STP (Lorenz et al., 2003) resulting
in a larger Re than liquid water at STP for a given velocity. The low-
er surface gravity on Titan, however, will result in slower flow
velocities for a given slope (e.g., Burr et al., 2006), decreasing Re;
the net result is that the characteristic L/W for streamlined forms
on Titan generated by flowing methane will be similar to terrestrial
and martian values: 3–4. If Selk crater and the bench formed as a
streamlined island, they likely formed in the presence of a more
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viscous fluid than pure methane. Liquids released from lakes on Ti-
tan (e.g., via a dam breach) will likely be composed of a mixture of
methane, ethane, and nitrogen (Lunine et al., 1983) and could have
much higher viscosities than pure methane; dissolved higher-
order hydrocarbons or suspended particulates would act to
increase viscosity further (cf. Lorenz et al., 2009); lower surface
temperatures, as might be experienced in an earlier geologic
epoch, would also result in higher viscosities (Lorenz et al., 2010).

The possibility that this landform is the result of large-scale
flooding from west-northwest to east-southeast is further sup-
ported by the work of Soderblom et al. (2007a), who suggest, from
Huygens Probe Descent Imager/Spectral Radiometer images, that
large-scale flooding from west-to-east has occurred across the
plains at the Huygens landing site, located �800 km south-south-
east of Selk.
4. Summary and conclusions

We conclude from our investigation of VIMS data that Selk cra-
ter, a bright-rimmed crater observed on Titan, is a fairly typical
complex impact crater on an icy satellite. The rim crest of Selk cra-
ter measures �90 km in diameter. Assuming the sharp albedo
boundary seen in the VIMS images defines the edge of the crater
floor, the floor is �60 km in diameter, and the terrace zone aver-
ages �10–15 km in width. A central pit/peak ring, approximately
�20–30 km in diameter, is evident in the VIMS observations.

The terrace zone is slightly wider than those observed on
Ganymede and Callisto (the most similar icy satellites in terms of
surface gravity) and may reflect differences in lithospheric thermal
structure and/or composition. Craters of this size on Ganymede
and Callisto exhibit central domes within the central pits. While
the VIMS data are not of sufficient resolution to identify such a fea-
ture, the ratio of the central-pit/peak-ring diameter to the rim-
crest diameter is consistent with craters of this size on Ganymede
and Callisto (cf. Schenk, 1993, Fig. 6a), all of which are dome craters
(Passey and Shoemaker, 1982). Selk crater does not exhibit any of
the morphologic signatures of an anomalous dome crater (Passey
and Shoemaker, 1982) and therefore must have formed when the
thermal structure of Titan was cooler than that of Ganymede early
in that satellite’s history (in the period following the emplacement
of the bright terrain on Ganymede).

The polygonal morphology of Selk crater is likely the result of
two nearly perpendicular planes of weakness at azimuths of 21�
and 112� east of north that existed in the crust prior to the forma-
tion of Selk crater and controlled collapse of the crater rim. The ter-
race zone identified in VIMS data appears very bright in SAR data,
consistent with the surface of the terrace zone being extremely
rough. The slope of the terrace zone is nearly double that of the
outer flanks of the crater rim. Terraces on the western and south-
ern walls are visible within this region. That Wood et al. (2009) re-
port that Selk crater lacks evidence of collapse does not contradict
our results because they based their conclusions on SAR images ac-
quired late in the T36 pass that are of lower resolution and quality
than SAR data acquired much closer to Titan.

The inner rim of Selk crater appears scalloped, with chutes cut
into the northern and eastern parts of the rim. This likely evidences
eolian erosion, resulting from a wind similar in direction to the
winds predicted by Lorenz and Radebaugh (2009) for regions sev-
eral hundred kilometers southwest and north of Selk crater. The
eastern flank of Selk crater appears dissected by numerous den-
dritic drainage networks, probably resulting from fluvial erosion
by methane rain. The channels appear dark blue relative to the
bright unit in VIMS color composites (RGB = 2.0, 1.6, 1.3 lm) and
the channel terminations are frequently associated with dark-blue
regions, the infrared spectral signature of which has been
suggested to be consistent with enrichment in water ice (e.g.,
Soderblom et al., 2007b). These units are interpreted to be deltas
of water–ice-rich sediment transported by liquid methane and
deposited at the mouths of these channels. Barnes et al. (2007b),
Jaumann et al. (2008), and Soderblom et al. (2009) drew similar
conclusions analyzing VIMS observations of other regions of Titan.

A generally optically bright landform (the ‘‘bench”), similar in
width and infrared-color variation and contrast to Selk crater, ex-
tends�200 km east from Selk crater. The large Belet dune field sur-
rounds both Selk and the bench; dunes are resolved in SAR images
acquired few hundred kilometers to the north and southwest,
while the region locally surrounding Selk crater and the bench is
dark brown in false-color composites (RGB = 2.0, 1.6, 1.3 lm) and
is therefore inferred to be dunes (cf. Soderblom et al., 2007b;
Barnes et al., 2007a). The bench must have sufficient relief along
its southern margin to obstruct dunes encroaching from the south-
west; a minimum height of �200 m is estimated for this feature
using the relationships reported by Lorenz and Radebaugh
(2009). Two possible ancient impact craters are identified on the
bench; if so, they evidence a remnant of ancient cratered crust.
Two working hypotheses for the origin of the elongated bench
seem reasonable: a fluidized-ejecta flow (a class intermediate to
ejecta blankets and bright crater outflows observed on Venus; cf.
Phillips et al., 1991; Schaber et al., 1992) or a streamlined upland
that formed as result of the flow of an erosive fluid from west to
east, similar to the martian streamlined islands associated with
large outflow channels, formed during catastrophic flooding (cf.
Baker, 1978, 1979) and subsequently dissected by fluvial erosion.
The erosive fluid must be higher in viscosity than pure methane
at current Titan temperatures. Neither of these precludes the pos-
sibility that the bench is a remnant of ancient cratered highland.
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