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            Cryovolcanism on Titan: New results from Cassini RADAR and VIMS R. M. C. Lopes, 1 R. L. Kirk, 2 K. L. Mitchell, 1 A. LeGall, 3 J. W. Barnes, 4 A. Hayes, 5 J. Kargel, 6 L. Wye, 7 J. Radebaugh, 8 E. R. Stofan, 9 M. A. Janssen, 1 C. D. Neish, 10 S. D. Wall, 1 C. A. Wood, 11,12 J. I. Lunine, 5 and M. J. Malaska 1 Received 20 August 2012; revised 28 January 2013; accepted 8 February 2013; published 19 March 2013. [1] The existence of cryovolcanic features on Titan has been the subject of some controversy. Here we use observations from the Cassini RADAR, including Synthetic Aperture Radar (SAR) imaging, radiometry, and topographic data as well as compositional data from the Visible and Infrared Mapping Spectrometer (VIMS) to reexamine several putative cryovolcanic features on Titan in terms of likely processes of origin (ﬂuvial, cryovolcanic, or other). We present evidence to support the cryovolcanic origin of features in the region formerly known as Sotra Facula, which includes the deepest pit so far found on Titan (now known as Sotra Patera), ﬂow-like features (Mohini Fluctus), and some of the highest mountains on Titan (Doom and Erebor Montes). We interpret this region to be a cryovolcanic complex of multiple cones, craters, and ﬂows. However, we ﬁnd that some other previously supposed cryovolcanic features were likely formed by other processes. Cryovolcanism is still a possible formation mechanism for several features, including the ﬂow-like units in Hotei Regio. We discuss implications for eruption style and composition of cryovolcanism on Titan. Our analysis shows the great value of combining data sets when interpreting Titan’s geology and in particular stresses the value of RADAR stereogrammetry when combined with SAR imaging and VIMS. Citation: Lopes, R. M. C., et al. (2013), Cryovolcanism on Titan: New results from Cassini RADAR and VIMS, J. Geophys. Res. Planets, 118, 416–435, doi:10.1002/jgre.20062. 1. Introduction [2] Data from the Cassini mission have revealed that Titan is a complex world in which interior, surface, and atmospheric processes interact to create and modify geologic features. In terms of active or recent surface-shaping processes, Titan is one of the most earthlike worlds in the solar system, often being referred to as the Earth of the outer solar system. Among the varied surface features observed by Cassini instruments are vast dune ﬁelds [e.g., Radebaugh et al., 2008], lakes [e.g., Stofan et al., 2006], ﬂuvial channels [e.g., Lorenz et al., 2008], mountains [e.g., Radebaugh et al., 2007], and features that have been interpreted as volcanic [e.g., Lopes et al., 2007]. Alternate, exogenic interpretations for some putative volcanic features have been suggested [Moore and Pappalardo, 2011; Moore and Howard, 2010], particularly as new data have shown that Ganesa Macula, observed in Synthetic Aperture Radar (SAR) data and interpreted as a volcanic dome [Elachi et al., 2005; Lopes et al., 2007], does not have the topographic characteristics of a pristine dome [Kirk et al., 2008, 2009; Lopes et al., 2010a]. These new data have motivated the reexamination of possible volcanic features on Titan using data from the Cassini RADAR and Visible and Infrared Mapping Spectrometer (VIMS) instru- ments. In particular, new topographic information obtained from radargrammetry [Kirk et al., 2010] and SARTopo [Stiles et al., 2009] are used to reassess interpretations of volcanic features. [3] Planetary volcanism has been deﬁned by Lopes et al. [2010b] as an eruption from an opening on a planetary surface from which magma, deﬁned for that body as a partial melt product of mantle or crustal material, is erupted. 1 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA. 2 Astrogeology Science Center, United States Geological Survey, Flagstaff, Arizona, USA. 3 Laboratoire Atmospheres, Milieux, Observations Spatiales (LATMOS), Universite Versailles Saint Quentin, Guyancourt, France. 4 Department of Physics, University of Idaho, Moscow, Idaho, USA. 5 Astronomy Department, Cornell University, Ithaca, New York, USA. 6 Department of Hydrology and Water Resources, University of Arizona, Tucson, Arizona, USA. 7 Department of Geophysics and Department of Electrical Engineering, Stanford University, Stanford, California, USA. 8 Department of Geological Sciences, Brigham Young University, Provo, Utah, USA. 9 Proxemy Research, Laytonsville, Maryland, USA. 10 NASA Goddard Space Flight Center, Greenbelt, Maryland, USA. 11 Planetary Science Institute, Tucson, Arizona, USA. 12 Center for Educational Technologies, Wheeling Jesuit University, Wheeling, West Virginia, USA. Corresponding author: R. M. C. Lopes, Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA. ([email protected]) ©2013. American Geophysical Union. All Rights Reserved. 2169-9097/13/10.1002/jgre.20062 416 JOURNAL OF GEOPHYSICAL RESEARCH: PLANETS, VOL. 118, 416–435, doi:10.1002/jgre.20062, 2013 
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Cryovolcanism on Titan: New results from Cassini RADARand VIMS
 R. M. C. Lopes,1 R. L. Kirk,2 K. L. Mitchell,1 A. LeGall,3 J. W. Barnes,4 A. Hayes,5
 J. Kargel,6 L. Wye,7 J. Radebaugh,8 E. R. Stofan,9 M. A. Janssen,1 C. D. Neish,10
 S. D. Wall,1 C. A. Wood,11,12 J. I. Lunine,5 and M. J. Malaska1
 Received 20 August 2012; revised 28 January 2013; accepted 8 February 2013; published 19 March 2013.
 [1] The existence of cryovolcanic features on Titan has been the subject of somecontroversy. Here we use observations from the Cassini RADAR, including SyntheticAperture Radar (SAR) imaging, radiometry, and topographic data as well as compositionaldata from the Visible and Infrared Mapping Spectrometer (VIMS) to reexamine severalputative cryovolcanic features on Titan in terms of likely processes of origin (fluvial,cryovolcanic, or other). We present evidence to support the cryovolcanic origin of featuresin the region formerly known as Sotra Facula, which includes the deepest pit so far foundon Titan (now known as Sotra Patera), flow-like features (Mohini Fluctus), and some of thehighest mountains on Titan (Doom and Erebor Montes). We interpret this region to be acryovolcanic complex of multiple cones, craters, and flows. However, we find that someother previously supposed cryovolcanic features were likely formed by other processes.Cryovolcanism is still a possible formation mechanism for several features, including theflow-like units in Hotei Regio. We discuss implications for eruption style and compositionof cryovolcanism on Titan. Our analysis shows the great value of combining data sets wheninterpreting Titan’s geology and in particular stresses the value of RADARstereogrammetry when combined with SAR imaging and VIMS.
 Citation: Lopes, R.M. C., et al. (2013), Cryovolcanism on Titan: New results fromCassini RADAR and VIMS, J. Geophys.Res. Planets, 118, 416–435, doi:10.1002/jgre.20062.
 1. Introduction
 [2] Data from the Cassini mission have revealed that Titanis a complex world in which interior, surface, and atmosphericprocesses interact to create and modify geologic features.
 In terms of active or recent surface-shaping processes, Titanis one of the most earthlike worlds in the solar system, oftenbeing referred to as the Earth of the outer solar system. Amongthe varied surface features observed by Cassini instrumentsare vast dune fields [e.g., Radebaugh et al., 2008], lakes[e.g., Stofan et al., 2006], fluvial channels [e.g., Lorenzet al., 2008], mountains [e.g., Radebaugh et al., 2007],and features that have been interpreted as volcanic [e.g., Lopeset al., 2007]. Alternate, exogenic interpretations for someputative volcanic features have been suggested [Moore andPappalardo, 2011; Moore and Howard, 2010], particularlyas new data have shown that Ganesa Macula, observed inSynthetic Aperture Radar (SAR) data and interpreted as avolcanic dome [Elachi et al., 2005; Lopes et al., 2007], doesnot have the topographic characteristics of a pristine dome[Kirk et al., 2008, 2009; Lopes et al., 2010a]. These new datahave motivated the reexamination of possible volcanicfeatures on Titan using data from the Cassini RADAR andVisible and Infrared Mapping Spectrometer (VIMS) instru-ments. In particular, new topographic information obtainedfrom radargrammetry [Kirk et al., 2010] and SARTopo[Stiles et al., 2009] are used to reassess interpretations ofvolcanic features.[3] Planetary volcanism has been defined by Lopes et al.
 [2010b] as an eruption from an opening on a planetarysurface from which magma, defined for that body as a partialmelt product of mantle or crustal material, is erupted.
 1Jet Propulsion Laboratory, California Institute of Technology,Pasadena, California, USA.
 2Astrogeology Science Center, United States Geological Survey,Flagstaff, Arizona, USA.
 3Laboratoire Atmospheres, Milieux, Observations Spatiales (LATMOS),Universite Versailles Saint Quentin, Guyancourt, France.
 4Department of Physics, University of Idaho, Moscow, Idaho, USA.5Astronomy Department, Cornell University, Ithaca, New York, USA.6Department of Hydrology and Water Resources, University of Arizona,
 Tucson, Arizona, USA.7Department of Geophysics and Department of Electrical Engineering,
 Stanford University, Stanford, California, USA.8Department of Geological Sciences, Brigham Young University,
 Provo, Utah, USA.9Proxemy Research, Laytonsville, Maryland, USA.10NASA Goddard Space Flight Center, Greenbelt, Maryland, USA.11Planetary Science Institute, Tucson, Arizona, USA.12Center for Educational Technologies, Wheeling Jesuit University,
 Wheeling, West Virginia, USA.
 Corresponding author: R. M. C. Lopes, Jet Propulsion Laboratory,California Institute of Technology, Pasadena, CA 91109, USA.([email protected])
 ©2013. American Geophysical Union. All Rights Reserved.2169-9097/13/10.1002/jgre.20062
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Volcanism that occurs on the outer solar system’s satel-lites, sometimes known as cryovolcanism, is primarilythe eruption of aqueous or nonpolar molecular solu-tions or partly crystallized slurries derived from partialmelting of ice-bearing materials [Kargel, 1995]. Weconsider the eruption of water-melts from the interiorsof icy satellites onto their surfaces as examples of volca-nism, analogous to the familiar terrestrial process despitethe lack of direct terrestrial material analogs on Earth[Croft et al., 1988].[4] Early evidence for cryovolcanism was provided by
 Voyager 2 images of cratered rifts and smooth floors of filleddepressions on Neptune’s moon Triton, likely solidifiedwater or methane ice melts [e.g., Croft et al., 1995]. Featureson Europa and Ganymede may also have been formed bycryovolcanic activity [e.g., Prockter, 2004]. Cassini hasrevealed active plumes at Enceladus [e.g., Porco et al.,2006] emitted from fractures near the south pole that arewarmer than their surroundings [Spencer et al., 2006],showing that Enceladus is presently active, although nofeatures have been detected that indicate cryomagmas havecome to the surface. Putative cryovolcanic features on Titanhave been discussed using both RADAR data [e.g., Elachiet al., 2005, 2006; Lopes et al., 2007; Stofan et al., 2006;Wall et al., 2009; Mitri et al., 2008; Lopes et al., 2010a]and VIMS data [Sotin et al., 2005; Le Corre et al., 2009;Soderblom et al., 2009]. The possibility that cryovolcanism,or at least outgassing, is still active on Titan has beenproposed by Nelson et al. [2009a, 2009b]; however,Soderblom et al. [2009] have argued that the brightnessvariations reported by Nelson et al. are not indicative ofsurface activity.[5] Favorable conditions for cryovolcanism on Titan
 (summarized by Lopes et al. [2007]) include the likelyexistence of a liquid layer in Titan’s interior, with somemodels placing it at 50–100 km depth [e.g., Stevenson,1992; Grasset and Sotin, 1996; Grasset et al., 2000; Tobieet al., 2005, Mitri et al., 2008; Nimmo and Bills, 2010].Recent results from Cassini radio science observations[Iess et al., 2012] show large crustal tides on Titan thatcan be explained in whole or in part by the presence ofa global liquid ocean under the surface, most plausiblyprimarily of water.[6] Thermal convection can occur in the stagnant lid
 regime in Titan’s ice-I shell [McKinnon, 2006; Mitri andShowman, 2005; Mitri et al., 2008] while it is floating onan ammonia-water ocean [Grasset and Sotin, 1996; Grassetet al., 2000; Tobie et al., 2005;Mitri et al., 2008].Mitri et al.[2008] showed that ammonia-water mixtures may eruptfrom a subsurface ocean on Titan through the ice shell,leading to cryovolcanism. They proposed that cryovolcanismmay be related to fracturing in the ice crust overlying theocean, which together with convection may lead to upwardtransport of ammonia-water fluid to the quiescent near-surface crust, where it refreezes and primes the crust forlater episodes of volcanism. Mitri et al. [2008] also arguedthat, rather than steady state volcanism over the history ofthe solar system, cryovolcanism on Titan may have beenconfined to a late onset of convection in a cooling shell,and Tobie et al. [2005] proposed that it is episodicallyassociated with fluctuations of heat flow associated withthe evolution of the deep interior.
 [7] Even if melting occurs, however, the eruption ofammonia-water would require a particular range of possiblecompositions that are not assured [Kargel, 1992]. If it doesoccur, ammonia-water cryovolcanism would likely behavemuch as basaltic volcanism does on Earth, with comparableconstruction of low-profile volcanic shields and otherconstructional volcanoes and flow fields [Kargel, 1992].The potential for explosive cryovolcanism, as inferred andmodeled for Triton [Kargel and Strom, 1990], is notclear for Titan; due to Titan’s high atmospheric pressure,explosive events might be less common or less vigorousthan in the case of basaltic volcanism on Earth [Lorenz,1996]. On Titan, other cryolava compositions are possible,including saltwater solutions [Kargel, 1992], methanol-water [Kargel, 1992], and hydrocarbons [Kargel et al.,2010]. In this paper, we use morphological evidence to inferthe origin of features. However, we recognize that caution isneeded in interpretations, given the known differencesbetween properties of familiar silicate and exotic cryovolcanicmagmas [Kargel et al., 1991, 2010; Kargel, 1995; Zhonget al., 2009] and between Titan’s and Earth’s surface andcrustal conditions and tectonic environments.[8] The presence of methane (~5% at the surface) in
 Titan’s atmosphere requires continued replenishment if itsexistence has persisted longer than about 10 million years[Yung et al., 1984], consistent with a methane-ventingcryovolcanic process. The gas chromatograph mass spec-trometer instrument on the Huygens probe detected theradiogenic isotope 40Ar in Titan’s atmosphere [Niemannet al., 2005, 2010]. This isotope is the product of 40Kdecay (half-life 1.28Gyr), and its presence, at a molar con-centration in the atmosphere of 33.7 ppm [Niemann et al.,2010], equivalent to 48.5 ppm by mass, requires that this iso-tope has been vented from a reservoir containing the parentatom. However, McKinnon [2010] finds that the amount ofdegassing from the interior may be modest, and Mooreand Pappalardo [2011] argue that alternative scenarios forTitan’s atmospheric evolution are possibly viable. We agreethat Titan’s atmosphere contains only a small percentage ofthe satellite’s global production of 40Ar over geologictime, and therefore storage of degassed 40Ar in clathratesor other surface or internal reservoirs (very likely), incom-plete degassing (possible), or recent catastrophic atmo-spheric loss (improbable) are the possibilities. Regardlessof argon’s detailed history on Titan, cryovolcanism wouldbe one means by which argon and methane might be broughtto the surface.[9] Moore and Pappalardo [2011] argued that Titan has
 a relatively inactive interior and that the surface featurespreviously interpreted as cryovolcanic could be alternativelyinterpreted as being caused by fluvial or erosional processes.Considering available evidence, the question of whethercryovolcanism has taken place on Titan is still open. There-fore, we examine our data without using a priori assumptionsabout either the likelihood or improbability of cryovolcanismon Titan or about what its composition would be, if eruptionshave taken place. Therefore, features currently seen onthe surface could be interpreted as having a cryovolcanic,noncryovolcanic, or ambiguous origin. We examine thefeatures that have been attributed to cryovolcanism and forwhich new data are available. In particular, the existenceof topographic data and compositional maps from VIMS
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can help to determine which class of processes (cryovolcanicor noncryovolcanic) is most likely to have produced thesefeatures. The identification of volcanism is based on anassumption that the eruptive emplacement of melts and partialmelts onto the surface involves either formation of identifiableflow fields or positive relief constructs associated with vents(which can be point sources, line sources, or other simplegeometries occurring either in isolation or in simpleclusters), or eruption pits caused by explosive clearing ofthe vent area or subsidence related to cessation of volcanism.Keys to production of identifiable landforms, according tothe definition of cryovolcanism, are of course that eruptionsof fluids (with or without entrained solids and gases) occurand that the eruptive products produce solid deposits uponcooling. The processes and landforms are not necessarilyexactly those produced by volcanism on Earth or otherbodies, but the basic physical eruption physics and lavacooling/solidification provides reasonable constraints onthe subjective identification process and understanding ofwhat to look for.
 2. Cassini Data Sets
 2.1. Cassini RADAR: SAR Imaging and Topography
 [10] Cassini carries a multimode Ku-band (13.78GHz,l= 2.17 cm) radar instrument [Elachi et al., 2005b] designedto map the surface of Titan and to observe other targets inthe Saturn system in four operating modes—SAR, altimetry,scatterometry, and radiometry. Here we use Titan dataobtained in the SAR mode, which is used at altitudes under~4,000 km, resulting in resolutions ranging from ~350m to>1 km (although the images are gridded uniformly at175m/pixel to preserve their resolving power even in theareas near closest approach where this is best). Images areacquired either left or right of nadir using two to sevenlooks. At each Titan encounter used by the RADAR, a swath120–450 km wide and ranging from 1000 to 5000 km inlength is created from five antenna beams, with coveragelargely determined by spacecraft range and orbital geometry.Swaths are commonly referred to by the Titan flyby desig-nation, starting with Ta (the first flybys were given letterdesignations) and continuing from T3 through T77 for thedata used in this paper. Topographic data can be obtainedfrom single SAR swaths or overlapping pairs by a varietyof methods including radarclinometry (shape-from-shading,e.g., Kirk et al. [2005]), monopulse “SARTopo” pro-cessing [Stiles et al., 2009], and radar stereogrammetry[Kirk et al., 2008].[11] Radar backscatter variations in SAR images can be
 interpreted in terms of variations of surface slope at the pixelscale, near-surface roughness at the wavelength scale, andnear-surface dielectric properties (see discussion in Stofanet al. [2006]; Lopes et al. [2010a]). On Titan, the candidatesurface materials include water ice, water-ammonia ice,and other ice mixtures, hydrocarbons, and nitriles and otherC, N, H-bearing organics [e.g., Soderblom et al., 2007].These are different from the rocky surfaces more usuallyimaged with radars; in particular, volume scattering at Titanmay be particularly significant compared to rocky surfacesbecause of the much lower loss of the likely surfacematerials at Titan temperatures [e.g., Janssen et al., 2009].Interpretation of SAR images and use of them as a basis
 for geological mapping is not straightforward; this has beendiscussed by Stofan et al. [2006] and Lopes et al. [2010a]specifically for Cassini SAR data. Therefore, we can expectthat preliminary interpretations may have to be revised asmore data (e.g., from different look angles or another typeof data) become available. In particular, topographic datagreatly help geologic interpretations.[12] The SAR data of Titan used in this study (up to
 flyby T77, June 2011) comprise a rich data set that covers48% of Titan’s surface (excluding overlap), well distributedin latitude and longitude [Lopes et al., 2011]. Despite theCassini RADAR having an altimetric mode, the total globalcoverage of altimetry data is sparse and generally notspatially correlated with SAR imagery. Stiles et al. [2009]devised a technique, based upon amplitude monopulsecomparison [Chen and Hensley, 2005], that enables theextraction of additional topographic data that are notmodel-dependent or reliant on overlap between SAR swaths.The method estimates surface heights by comparing thecalibration of overlapping Titan SAR imagery obtained fromdifferent antenna feeds of the RADAR instrument onboardthe Cassini spacecraft, and as such is cospatial with theimage data, yielding one to three profiles in each SAR passthat are ~9 km wide by thousands of kilometers long,extending along most of the long dimension of the SARimage strips. This technique has been validated by comparisonwith overlapping nadir-pointing radar altimetry. Thecomparison yielded an absolute bias of the height of 150m[Stiles et al., 2009], and vertical resolution is ≤75m. Becausewe obtain colocated SAR topography (henceforth referred toas SARTopo) along each SAR pass rather than only inregions with overlapping observations, the new techniqueextends the area of colocated topography and SAR imageryby an order of magnitude compared with stereo and nadir-pointing altimetry.[13] Some overlapping images can be used for radar
 stereogrammetry as described by Kirk and Howington-Kraus [2008] and Kirk et al. [2008]. This method providesdigital topographic models or DTMs with relatively highresolution (several kilometers horizontally and ~100mvertically) over extended areas that are coregistered to theSAR image data. The areal coverage of DTM data permitsthree-dimensional visualization of the surface and hence greatlyfacilitates geologic interpretation. Radar stereogrammetryhas the additional advantage of being based on rigorousgeometric calculations rather than assumptions about thebehavior of the surface at radar wavelengths, such as isnecessary for radarclinometry [Kirk et al., 2005; Radebaughet al., 2007; Neish et al., 2010]. From a geological point ofview, it is particularly useful to have a DTM coregisteredwith SAR images. However, the overlapping image cover-age required for stereo mapping is presently restricted to afew percent of Titan’s surface. SARTopo has the advantageof providing topographic profiles across all SAR swaths.In this paper, we use both radar stereogrammetry andSARTopo results, where available, and combine topographicresults with imaging from SAR to interpret the likely originof candidate cryovolcanic features.
 2.2. Cassini Radiometry Data
 [14] The Cassini Radar can operate in a passive mode thatprovides unique insight into surface properties such as
 LOPES ET AL.: CRYOVOLCANISM ON TITAN
 418

Page 4
                        
                        

overall composition, structure, and physical temperature.Radiometry data are acquired concurrently with activemeasurements or separately when the spacecraft is furtherthan ~40,000 km away from Titan. Since the beginning ofthe Cassini mission, the radiometer has mapped the 2.2 cmthermal emission from almost the whole surface of Titanwith resolution ranging from 5 to 500 km. The maps consistof global mosaics of the effective dielectric constant andequivalent brightness temperature at normal incidence. Thecalibration and mapping of the radiometry observations aredescribed by Janssen et al. [2009]. The uncertainty on thedielectric constant is ~0.2. The brightness temperatures ofTitan’s surface are obtained with a relative precision of~1K and an absolute error of ~2K.[15] If there is active cryovolcanism on Titan, the
 “smoking gun” would be provided by the identification ofa hot spot in the Cassini RADAR radiometry data (and,possibly, in VIMS data if temperatures were sufficientlyhigh). Indeed, in the microwave domain (Rayleigh-Jeansregime), the brightness temperature Tb measured by theradiometer is related to the surface physical temperatureTphys through
 Tb ¼ eTphys (1)
 where e is the emissivity of the surface, i.e., its ability toradiate absorbed energy. The emissivity depends on bothphysical and chemical properties of the surface and near-surface. By definition, a black body under thermal equilibriumhas an emissivity of 1, while a realistic surface has anemissivity lower than 1. The thermal emission from anysurface is related to the radar reflectivity throughKirchhoff’s law of thermal radiation: at thermal equilib-rium, emissivity equals 1 minus the reflectivity. Using theradar active observations acquired concurrently with thepassive measurements, we can thus compare the brightnesstemperature of a region to its reflectivity [Janssen et al.,2011b] and reveal a potential thermal anomaly. Equation(1) assumes that the propagation of the diurnal or seasonalthermal waves below the surface is negligible, i.e., that the
 physical temperature down to the depth sensed by theradiometer is that of the ground. This is due to the factthat only 10% of the solar flux reaches the surface of Titanthrough its thick atmosphere. The low solar fluxes and thehuge thermal inertia of the atmosphere make unlikely thepresence of diurnal temperature changes of much morethan ~1K [e.g., Lorenz et al., 2003; Janssen et al.,2009]. The physical ground temperature of Titan’s surfaceis well known from Cassini’s Composite Spectrometer(CIRS) observations [Jennings et al., 2009; Cottini et al.,2012] and the Huygens probe landing site measurements[Fulchignoni et al., 2005]: it is ~93.7 K at the Equatorand decreases toward the poles by ~2–3K. As illustratedby Figure 1, a hot spot would be a region characterizedby a high brightness temperature (owing to a high physicalground temperature) that is either higher than the nominalphysical temperature or inconsistent with the reflectivity.Several hot spots occurring in the same region would suggesta local thermal activity.[16] To date, no hot spot has been unambiguously identified.
 However, the radiometry and scatterometry behaviors of thelargest proposed cryovolcanic features listed in this paper havenot been thoroughly investigated yet and will be addressed in[Janssen et al., 2011a]. Here, we highlight that the detectionof thermal activity at Titan’s surface using radiometry datais not straightforward for a number of reasons, includingthe following:[17] (1) Cryovolcanic features may be sparse. As discussed
 below, only a few candidates have been proposed so far.[18] (2) The radiometer resolution is at best 5 km, while
 the activity suggested by Nelson et al. [2009a, 2009b] isattributed to outgassing from fumarolic vents that are likelyto be much smaller in area. Averaged on the radiometerfootprint, the thermal signature of a hot spot could gounnoticed.[19] (3) Water-rich cryolava on the surface of Titan would
 cool rapidly compared to the interval between Cassini obser-vations, let alone in comparison to geologic time. The rate ofcooling depends on the physical and thermal properties of
 Figure 1. Scatter plot of brightness temperature versus normalized radar cross-section for selectedregions on Titan, including the core of Xanadu, hummocky terrains, radar-gray plains, and dunes. Theseregions show different behaviors, Xanadu and the hummocky terrains being especially bright relative totheir emissivity [Janssen et al., 2011b]. The shaded areas indicate where to search for putative hot spots.If Tb is larger than ~95K, there is a definite thermal anomaly (dark gray shaded area). Otherwise, theconsistency between Tb and s0 must be investigated (light gray shaded area). This figure is adapted fromJanssen et al. [2011b].
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the lava flow and the surface crust material and the propertiesof the atmosphere (density, temperature, and composition). OnTitan, cooling is much faster than on airless icy moons;Davieset al. [2010] estimate that the surface temperature drops by~50%within ~1 day of emplacement. Therefore, fresh cryolavaflows may be difficult to detect unless an active eruption isdirectly observed.[20] (4) Even if radiometry observations coincided with an
 active cryolava eruption, aqueous cryolavas [e.g., Kargel,1995; Lorenz, 1996; Nelson et al., 2009a] would exhibit a highdielectric constant that would decrease the emissivity and offseta locally higher physical temperature, thus moderating theeffect of a potential thermal event.
 [21] Therefore, unambiguous detection of active volca-nism might require the observation of surface change; nonehave been detected so far.
 2.3. Cassini VIMS Data
 [22] It is also possible to see the surface through Titan’shaze at shorter wavelengths. Cassini’s VIMS [Brown et al.,2004] maps the surface of Titan within eight near-infraredwindows with wavelengths between 0.9 and 5.2 mm.Whereas this results in a discontinuous spectrum due toabsorption by atmospheric methane between the spectralwindows, the resulting data can identify variations in thenature of the surface across Titan and can help to constrainits composition [Rodriguez et al., 2006; McCord et al.,2008; Clark et al., 2010].[23] VIMS data have been used to identify candidate
 cryovolcanic features Tortola Facula [Sotin et al., 2005]and Tui and Hotei Regios [Barnes et al., 2005; Barneset al., 2006; Nelson et al., 2009a]. VIMS data were also usedto complement other identifications like those in northernFensal [Le Corre et al., 2009] and western Xanadu[Wall et al., 2009].[24] Here we use VIMS observations from the T9 Cassini
 flyby of Titan to help evaluate the possibility that the regionformerly known as Sotra Facula is the result of cryovolcanicprocesses (see Barnes et al. [2009] for a description of theVIMS Titan data set). We processed the data using the stan-dard VIMS pipeline as outlined in Barnes et al. [2007a].Lacking an effective atmospheric correction at present, weuse calibrated I/F (specific intensity/solar flux) images tocompare spectra of various surface units and limit our atten-tion to observations with relatively small (<30�) emissionangles. In particular, the greatest degree of surface variationis seen when using color maps in which the 5.0 mm band ismapped to red, 2.0 mm to green, and 1.28 mm to blue.
 3. Candidate Cryovolcanic Features: New Dataand Interpretations
 [25] Topographic data acquired and analyzed since thefirst interpretations were made of putative cryovolcanicfeatures are, we find, critical for the reinterpretation of thesefeatures. Three types of features on Titan have previouslybeen interpreted as cryovolcanic in origin:[26] (1) Apparent volcanic constructs associated with flow-
 like features, such as Ganesa Macula [Elachi et al., 2005;Lopes et al., 2007]; Tortola Facula [Sotin et al., 2005];
 and the region formerly known as Sotra Facula [Lopeset al., 2010a].[27] (2) Flow-like features not associated with a specific
 construct or candidate vent area. These include Rohe, Winia,and Ara Fluctus [Lopes et al., 2007]; a flow in the T3 SARswath [Lopes et al., 2007; Le Corre et al., 2009]; and flowdeposits in Tui Regio [Barnes et al., 2006], Hotei Regio[Nelson et al., 2009b, Wall et al., 2009; Soderblom et al.,2009], Western Xanadu [Wall et al., 2009], and flowdeposits similar in morphology to these in T7 SAR andsouthern terrain SAR images.[28] (3) Depressions that appear similar to calderas or pits,
 sometimes associated with flow-like features, such as MohiniFluctus (in the region formerly known as Sotra Facula), andthose associated with Rohe Fluctus and Ara Fluctus [Lopeset al., 2007].[29] We discuss these features in light of both new data
 and suggested alternative interpretations, such as thefluvial hypothesis put forward by Moore and Pappalardo[2011]. Many of the latter features are flow-like, such asthose found in Hotei or Tui. The origin of flow-likefeatures is particularly difficult to ascertain, as suchfeatures could be fluvial or caused by mass movementand be morphologically similar. In particular, some sedi-mentary deposits (especially mass flows) and cryovolcanicflows are likely to have many geomorphologic similarities,including lobate boundaries, rough or variable backscattersurfaces, and multiple, overlapping deposits. Given thatboth are deposits produced by the flow of material, whatcriteria can be developed to distinguish their mode oforigin?[30] Source type. Channels can be produced by
 cryovolcanic, fluvial, and mass wasting processes; however,analysis of channel characteristics (lack of association withother volcanic features such as edifices, apparent drainagefrom higher standing terrain) can help to constrain channelorigin. In addition, both sedimentary and volcanic processescan be active in a single region, either contemporaneouslyor not, resulting in the presence of fluvial or debris(mass wasting) channels near or within a lava flow field.Therefore, careful analysis of the relationship between flowunits and channels is required. If flow features emergedirectly from a channel that has sourced from a mountainousregion, it is likely these are debris flows from fluvial runoff.If the flow originates from a fissure or circular feature(such as proposed for Rohe Fluctus [Lopes et al., 2007]),a cryovolcanic origin is more likely. If there are no channelsor other fluvial features apparent in the region, a fluvialorigin is not likely.[31] The ability to distinguish fluvial from volcanic
 channels depends largely on spatial resolution (assuming thatthe geologic setting makes both types plausible). Examplesof volcanic, fluvial, and debris channels are shown in Figure 2.Volcanic channels do not show dendritic patterns that arecommon on fluvial channels; however, these patterns maynot be distinguishable in our data due to limited spatialresolution.[32] Topography. Sedimentary and cryovolcanic deposits
 are most likely to be located in topographic lows and exhibitembayment relations with higher ground, but both may alsooccupy topographic highs and trend downslope. Subsequentto deposition, sedimentary deposits and volcanic flows can
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be affected by erosion and be left standing as percheddeposits and inverted landscapes [e.g., Pain et al., 2007;Burr et al., 2010]. Thickness of a volcanic flow can be adiscriminator; the work of Kargel et al. [1991] showed thatmixtures such as ammonia-water and ammonia-water-methanolcan exhibit a range of rheologies that overlaps the range forsilicate flows. In contrast, fluvial sedimentary depositsgenerally only have significant thickness if they pond in adepression or aggrade in thick alluvial fans or form thickdebris flows [e.g., Nichols, 2009]. Debris flows and volcanicflows in particular can be geomorphologically similar, as bothmay be leveed.[33] Below we reexamine the major features and areas
 previously identified as cryovolcanic using new topographicdata and assessing whether a fluvial or other origin is likely,given, for example, the presence or absence of channels.
 3.1. Ganesa Macula
 [34] This radar-dark feature with some bright edgescentered at 87.3�W, 50.0�N has a circular appearance inSAR data and was originally interpreted as a cryovolcanicdome or shield, perhaps similar to steep-sided domes onVenus [Elachi et al., 2005; Lopes et al., 2007]. The existenceof steep-sided (“pancake”) domes on Titan had been predicted[Lorenz and Mitton, 2002] on the basis that the likelypercentage of methane as volatile dissolved in cryomagmaswould not be sufficient at Titan’s atmospheric pressure toproduce explosive eruptions [Lorenz, 1996]. The similarappearance of Ganesa and Venus domes in SAR data(see Fig. 3 in Lopes et al. [2007]) together with the favorableconditions for their formation on Titan led to the initialinterpretation of Ganesa’s origin. However, profilesobtained by Stiles et al. [2009] using SARTopo did notshow Ganesa’s topographic profile to be that of a dome orshield. Once data from flyby T23 were acquired, providingthe needed overlap with the swath from flyby Ta forRADAR stereogrammetry, a DTM was obtained [Kirket al., 2008, 2009].[35] Figure 3 shows topography in the Ganesa Macula area.
 The area appears to be heavily dissected and eroded and,although it is still possible that it was a site of cryovolcanismin the past, there is no clear evidence at present of features thatare cryovolcanic in origin. There are lobate deposits adjacentto Ganesa on the east side, and the two most distinct flowfeatures in the area, known collectively as Leilah Fluctus, aretwo radar-bright flow features farther to the east of Ganesa.These flows are interpreted as fluvial in origin [Paganelliet al., 2005; LeGall et al., 2010] as they are clearly connectedto narrow, sinuous fluvial channels that the topographic datareveal to be deeply incised. Based on these data, our interpre-tation is that Ganesa Macula and its environs are notcryovolcanic in origin but rather a heavily dissected anderoded region of Titan, with some areas possibly tectonic in or-igin, particularly those in the western boundary (see Figure 3).
 3.2. Sotra Patera Region
 [36] A much stronger case for cryovolcanism can be madefor the Sotra Patera region, which hosts Titan’s highest knownmountain (Doom Mons, 40.4�W, 14.7�S) and deepest knownpit (Sotra Patera, 40.0�W, 14.5�S) and a well-organizedassemblage of other mountains, pits, and flow-like radar-bright lobes. The Sotra Patera region was initially identified
 Figure 2. Morphological differences in lava, debris, andfluvial channels are apparent. (a) Basaltic lava flows fromKilauea volcano, Hawaii. Rough ‘a’a (dark) and smoothpahoehoe (gray) surfaces are created from lavas of roughlysimilar composition. Note lobate flow margins and levees.Trees indicate scale; the image is about 300m across. Aerialphoto from Jani Radebaugh. (b) Avire Crater debris flowdeposits, Mars. The flows producing these deposits areprobably slightly less viscous than the basaltic lavas inFigure 2a. Note the levees. Courtesy of NASA/Universityof Arizona, MRO HiRISE image ESP_023322_1390.(c) Braided fluvial channels in glacial outwash plain belowEyjafjallajökull, Iceland. Eruptions released glacial wateronto the plain below in a large outflow. Image is about5 km across. Photo by Marco Fulle, 2010.
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as a bright region at near-infrared wavelengths and wasobserved in SAR mode in the T25 and T28 flybys (Figure 4).The initial interpretation [Lopes et al., 2010a] was of acryovolcanic edifice consisting of a partial caldera ~30 km in
 diameter, adjacent to a relatively steep-sided mountain ordome ~40 km across. Lopes et al. [2010a] also described abright-edged lobate unit interpreted as a flow ~180km long,extending to the north of the edifice.
 Figure 3. Two views showing results of topographic mapping over the Ganesa Macula region inEquirectangular projection with north at top. Top image shows the SAR image color-coded according toelevation; bottom image shows the color coding without the image. Ganesa (87.3�W, 50.0�N) is the apparentlycircular feature on the left-hand side of the swath in the upper image. The lower image shows that the northernand eastern parts of Ganesa are elevated relative to the southern andwestern sides. Flow deposits can be seen inthe center of the upper image (Leilah Fluctus; 77.8�W, 50.5�N); they are connected to sinuous fluvial channels.These flow deposits are interpreted as fluvial. Topographic data provide no evidence for a cryovolcanic originfor any features in this area. The DTM (lower image) shows some linear features (minima and steep breaks inelevation, indicated bywhite lines) mainly aroundGanesa itself in the western half of the DTM, suggesting thattectonics played a part in the formation of this feature. However, note that the linear “features” over shortdistances seen mainly at the east end of the DTM (gray lines) are not real topographic features but artifactsof the mapping process resulting from interpolating a very sparse set of elevation points in this area.
 Figure 4. The region formerly known as Sotra Facula (centered at 39.8�W, 12.5�S) was thus namedbecause it appears bright at visible wavelengths. Images from two RADAR SAR swaths, T25 and T28,are superposed on the VIMS global map and show that the region is also bright at radar wavelengths.Dune fields appear as patches of linear, radar-dark features in the middle of the image. See Figure 8 forVIMS data over SAR.
 LOPES ET AL.: CRYOVOLCANISM ON TITAN
 422

Page 8
                        
                        

[37] RADAR stereogrammetry [Kirk et al., 2010]obtained from the crossover flyby swaths T25 and T28allowed detailed analysis of the whole region. Figure 5shows the SAR swaths covering the Sotra Patera region,and Figure 6 shows the detailed topography of the area. Atthe southern end of the region is what appears to be thesource region. The detailed topography of the source regionis shown in Figure 6c. Doom Mons (which may be a volca-nic shield or dome) is ~70 km in diameter and 1.45� 0.2 kmhigh. Sotra Patera, the depression adjacent to Doom Monson the eastern side, which we interpret as a caldera or pit,is 1.7� 0.2 km deep and so far the deepest local depressionidentified on Titan. Sotra Patera is oval rather than circular(therefore unlikely to be of impact origin, see discussion be-low). On the western side of Doom Mons is an indentationabout 500–600m deep and a small roughly circular depres-sion about 400m deep, possibly another pit, small caldera,or depression formed by an erosional, explosive, or drainageprocess.[38] A distinctive radar and topographic pattern defines
 what we interpret as flow deposits (collectively namedMohini Fluctus, centered at 38.5�W, 11.8�S), which appearto emerge out of Doom Mons. We suggest that Doom Monsis its likely source; however, it is unclear if it comes out ofthe larger depression or if it flows down the western sideof the mountain where the indentation and smaller depres-sion are. Another lobate unit next to the putative source re-gion is narrow (~20 km) but then widens, possibly reflectinga decrease in slope of the underlying ground topography atthe time of flow. Similar morphology may be found on flowfields on Earth [e.g., Lopes and Kilburn, 1990].[39] The lobate features (Mohini Fluctus) lack discernible
 topography near the source area (Figure 6a) and extend tothe north/northeast. They are partially covered by dunes,again indicating that they are thin and did not form an obsta-cle to the deposition of aeolian material (dunes on Titan arecommonly diverted by topographic highs; see Radebaughet al. [2008]). However, the lobate morphology suggests thatin most places the dunes are deposited around the flow lobesand only locally overlap them. This relationship suggeststhat the flow lobes are perhaps tens of meters thick—not
 Figure 5. Results of SAR stereo over the Sotra region. The image on the left-hand side is SAR. The cen-tral image shows a color-coded DTM; the white lines show where three profiles were obtained from (seeFigure 6 for profiles). The SAR and DTM are merged on the right-hand side image.
 Figure 6. Topographic profiles of features in the Sotraregion. Refer to Figure 5 for locations. (a) Topography of thenorthern region, showing Erebor Mons and surrounding area.Note that the mountain is not apparent from SAR or VIMSdata alone, but the DTM shows the feature clearly. (b) Topog-raphy of part of the Mohini Fluctus region showing two peaks(possibly from the same original mountain) and an ovaldepression, possibly remnants of a collapse feature. (c) Topog-raphy of the source region. The base level of the region istaken to be �300m, on the extreme right of the profile line,just NE of the pit. This base elevation is found to be typicalof the elevation of the surrounding terrain to the NW and SEof the region. The depth of the Sotra Patera pit from this baselevel is 1700m. The highest point on Doom Mons has anelevation 1150m, which is 1450m above the chosen baselevel. The indentation on the NW flank of Doom Mons, notshown on the profile but visible in Figure 5, is about 500 to600m deep, and the small pit in this area is about 400m deep.
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enough to be detected clearly in radar topography butenough to partly divert sand dunes whose amplitudes arecomparable to flow thickness. The nearest patch of dunematerial to the source region is located ~20 km away, andthe dune band is only ~15 km wide at this location. The flowfield is then exposed again and continues between two topo-graphic highs (Figure 6b) that reach ~800m and appear tochannel the flow field. It is possible that these hills formtwo sides of a ~40 by 70 km oval feature whose middlehas collapsed and now forms a depression. Mohini Fluctusextends north/northeast and west until it becomes coveredby a swath of dunes, ~200 km from the source area. Theswath of dunes is ~180 km wide. The fact that MohiniFluctus is partially covered by dunes indicates that the dunesare younger, agreeing with the general age relationshipsidentified in Lopes et al. [2010a].[40] To the north of the dune field is a topographically el-
 evated area, which appears mottled in SAR images and isvery similar in morphology to the area in western Xanaduidentified by Wall et al. [2009] and Nelson et al. [2009b]as possibly consisting of cryovolcanic flows. This area iselevated above the surrounding dune fields, with a mountain~40 km in diameter, Erebor Mons (36.2�W, 5.0�S), whichstands at an elevation more than 1000m above the dunes(Figure 6a). This is a good example of a feature not beingreadily apparent from SAR images (Figure 5) but easily dis-cernible in the topographic data. This northern area aroundErebor Mons also shows lobate deposits, which extend tothe north/northeast up to another dune field at the very endof the overlapping region between the two SAR swaths,and extends >200 km to the east in the nonstereo imagecoverage (Figure 4). As in Mohini Fluctus (Figure 6b), littlelocal relief correlated with the bright and dark mottling canbe identified in the topographic model here, so the lobatedeposits are probably less than 100m thick.[41] The three areas in the Sotra Patera region of highest
 elevations are aligned in a NNE trend, to which the long axisof the middle ovoid is roughly parallel. This may suggest anunderlying tectonic control in the region. The depressions inthe region are all ovoid rather than circular, indicating thatthey are unlikely to be of impact origin. The best defined de-pression is at the southern end (Figure 6c). We have com-pared the depth-diameter ratio for this depression to thosefor known impact craters on Ganymede, a moon with similargravity and crustal composition, from Schenk [2002] inFigure 7. Six craters with known depths on Titan are plottedfor comparison [Neish et al., 2013]. In general, the depths ofTitan’s craters are within the range of crater depths observedon Ganymede but several hundreds of meters shallower thanthe average depth for Ganymede craters. In contrast, SotraPatera is a 18� 30 km elliptical depression which is abouttwice as deep (1.7� 0.2 km) and deeper than any knowncrater on Ganymede [Bray et al., 2012], strongly supportingthe conclusion that it is not an impact crater.[42] Data fromVIMS are superposed on data from RADAR
 in Figure 8, showing compositional differences between thedune field (which appears bluish) and the mountains (Doomand Erebor) and Mohini Fluctus, which are part of the equato-rial bright spectral unit, as specified in Barnes et al. [2007a].The majority of Titan’s tropics belong to this spectral unit,including all of the near-infrared bright material exceptfor Xanadu (which shows a unique and distinct spectral
 character). Specifically, the highlands next to the Huygenslanding site [Rodriguez et al., 2006], Tortola Facula [Sotinet al., 2005], and the ejecta blankets of Sinlap [Le Mouelicet al., 2008] and Selk [Soderblom et al., 2010] craters havespectra that match that of Sotra Patera, Erebor and DoomMontes, and Mohini Fluctus regions and also fall into theirequatorial bright spectral unit. Analysis by Soderblom et al.[2007] indicates that the equatorial bright unit probably doesnot represent crustal bedrock. Instead, its spectral characterimplies that it is covered by a relatively thin coating composedof organic atmospheric fallout.[43] Thus, the spectrum of the Montes and Mohini
 Fluctus, as measured by VIMS, likely does not constrainthe composition of the putative materials. Instead, the exis-tence of this thin coating indicates that these features havebeen on Titan’s surface sufficiently long for a thin coatingto be deposited from the atmosphere, probably more than afew tens of thousands of years. This lower limit comes frompredicted rates of atmospheric fallout [Toon et al., 1980;Rannou et al., 2002]. The spectral similarity between theoverall Sotra region and Tortola Facula (discussed below)do not necessarily imply similar formation mechanisms orsimilar bedrock compositions. This likely results from bothage and topography, however formed.[44] Equatorial bright spectral units mapped so far all
 seem to stand topographically higher than surroundingdarker units. While this correlation may not always hold, itis true at the Huygens landing site [Rodriguez et al., 2006],Chusuk Planitia [Jaumann et al., 2008], and Sinlap [LeMouelic et al., 2008] and Selk [Soderblom et al., 2009] cra-ters. The correlation holds at the Sotra Patera and Doom andErebor Montes region. One hypothesis for the correlationbetween the equatorial bright spectral unit and relativelyhigh topography is that lower areas have both aeolian andfluvial deposition processes that operate faster than atmo-spheric fallout, whereas organic haze coating high-altitudeareas has no depositional competition or significant erosion[Barnes et al., 2007b].[45] Brightness variations at the Sotra Patera and Doom
 and Erebor Montes region are consistent with this
 Figure 7. Crater depth for Titan’s craters (diamonds) arecompared to data from the Sotra Patera ovoid depression(triangles represent the semi-major and semi-minor axes ofthe ovoid) as well as to the average depth to diameter trendfor Ganymede craters determined by Schenk [2002].
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hypothesis, too. The reason why the region is readily dis-cernible in near-infrared imaging is that it is surrounded bylower-lying terrain of different spectral signatures. To thenorth and south of the region, the lowlands are covered inaeolian dune material (described as the Dark Brown spectralunit by Soderblom et al. [2007] and Barnes et al. [2007a]).East and west of the region are Dark Blue terrains, similarto that at the precise location where Huygens set down.Rodriguez et al. [2006] showed that the spectrum of DarkBlue terrain is consistent with a local increase in the fractionof water ice; this material may represent eroded materialtransported down from neighboring highlands by fluvial pro-cesses [Barnes et al., 2007b]. Cryovolcanic processes thatoccur within Titan’s highlands might be much harder toidentify in near-infrared imaging because they will havelower contrast with their surroundings.[46] The topography, combined with SAR imaging and
 VIMS data, strongly suggests that the Sotra Patera, MohiniFluctus, and Doom and Erebor Montes region is an area ofmultiple cryovolcanic features: two volcanic mountains(Doom and Erebor Montes), a deep noncircular depression(Sotra Patera) which we interpret to be a collapse feature, aflow (Mohini Fluctus) that appears to emerge from DoomMons, other noncircular depressions interpreted as collapsefeatures between the two montes, and a series of flows
 surrounding Erebor Mons. Of particular interest is the factthat the area is totally devoid of fluvial channels, making afluvial origin for the flows unlikely. Moreover, the dune fieldthat lies between Doom and Erebor Montes indicates thatthis is a dry region. The fact that the depressions, includingSotra Patera, are not circular makes an impact origin un-likely for these features; furthermore, there is no evidenceof any impact ejecta blanket surrounding the depressions.Furthermore, the occurrence of Titan’s deepest known de-pression and several lesser depressions in such close proxim-ity to some of the most substantial mountains on Titan makeit unlikely that impacts—so rare elsewhere on Titan—couldexplain these features. We conclude that Sotra Patera, Doomand Erebor Montes, and Mohini Fluctus were likely formedby cryovolcanic processes.
 3.3. Tortola Facula
 [47] The first feature on Titan interpreted as having apossible cryovolcanic origin was Tortola Facula, imagedby VIMS at high resolution in October 2004. Tortola Facula(Figure 9) is ~30 km in diameter and located at 143.1�W,8.8�N. Sotin et al. [2005] argued that the feature, whichappeared snail-shaped in the VIMS data, was a cryovolcanicdome or thick cryolava flow. Indeed, the feature as seen byVIMS data appeared morphologically similar to high-silica
 Figure 8. SAR and VIMS data for the Sotra Patera region (images are centered at approximately38.5�W, 11.8�S). North is at the top. The left-hand side image shows SAR data over VIMS background.The right-hand side image shows VIMS data over SAR showing the dune fields in blue and the candidatecryovolcanic features in shades of green and brown.
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lava flows or coulees on Earth, such as the Chao dacite inChile [Hayes et al., 2008a].[48] SAR data obtained in May 2008 (T43 flyby) did not
 show evidence that Tortola Facula is cryovolcanic in origin[Hayes et al., 2008a;Moore and Pappalardo, 2011]. Specif-ically, the higher resolution imagery failed to reveal featuressuch as flow fronts and festoons that would be diagnostic ofa highly viscous flow. Instead, the terrain revealed by SARat this location (Figure 9) is morphologically similar toterrain observed in many scattered patches on Titan, includingXanadu, which were mapped as hummocky and mountainousterrain by Lopes et al. [2010a]. Hayes et al. [2008a] findthat, from a scattering analysis of the bright terrain in Tortula,
 this terrain is diffusely scattering, similar to Xanadu terrains,likely consisting of a powdery or rough surface layer thatdiffusively absorbs and reflects incoming 2 cm radiation. Thiswas also suggested by Sotin et al. [2010] from a comparison ofthe VIMS and SAR images of this area. Although specificdetails in the radar and optical images correlate well, the shapeof the feature looks different, and the “snail-like” brightnesspattern seen in the VIMS image is not visible in radar. There-fore, the pattern observed in VIMS data must be distincteither compositionally or in particle size, or both, relative tosurrounding terrain.[49] Topographic data do not support a cryovolcanic
 origin for Tortola Facula, although the data (from SARTopo)
 Figure 9. Top: Tortola Facula data from VIMS [after Sotin et al., 2005] and RADAR SAR. TortolaFacula (143.1�W, 8.8�N) is the bright, “snail-like” feature on the VIMS image. Below: Topography(from SARTopo method) over the region shows that Tortola Facula is not significantly elevated overthe surrounding terrain and dune fields.
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indicate that the feature is elevated ~100m relative to thesurrounding terrains which contain dune fields. Tortola,however, is not higher than the tops of the dunes. In summary,Tortola Facula is now interpreted as an exposed patch ofmountainous and hummocky terrain, similar to many othersscattered across Titan.
 3.4. Hotei Regio
 [50] This candidate cryovolcanic region, centered at~78�W, 26�S, has been proposed as one of two possiblyactive areas on Titan [Nelson et al., 2009a] on the basis ofspectral changes in VIMS data, attributed to changes in theamount of ammonia frost. The existence of these changeshas been contested by Soderblom et al. [2009]. However,their work also interpreted the region as cryovolcanic, withmultiple overlapping flow lobes, and suggested that twolarge, roughly circular areas apparent in VIMS images couldbe calderas.[51] Hotei Regio is unusually bright at 5mm [Barnes et al.,
 2005], similar to Tui Regio (see next section). SAR imagesrevealed lobate features that form radar-bright and radar-darkpatterns.Wall et al. [2009] interpreted the radar-bright featuresas likely cryovolcanic in origin. However, when topographicdata obtained from the overlap between SAR swaths(T41 and T43) enabled stereo determination of elevations[Kirk et al., 2008; 2009], results revealed topographically highlobate areas, with heights of ~200m (Figures 10a and 10b)above the base level at which the channels are found. This ismore consistent with a cryovolcanic than fluvial origin, as itimplies a complex rheology, such as might be expectedfor ammonia-water-methanol mixtures [Kargel et al., 1991;see also analysis in Lopes et al., 2007].[52] Moore and Howard [2010] argued that the radar-
 bright, topographically low regions in both Hotei and TuiRegios are clusters of paleolakes, similar to those seen athigh latitudes in the SAR data. Moore and Pappalardo
 [2011] argued that the presence of many radar-brightvalleys, likely fluvial in origin, running onto the radar-brightmaterials suggest that these bright materials result fromfluvial erosion and downcutting of channels, as observed insediment-filled valleys on Earth. This interpretationdisagrees with that of Soderblom et al. [2009], whosuggested that the deposits associated with the fluvialchannels are limited to small basal VIMS “Dark Blue” unitsaround the edges of the thick lobate features.[53] Barnes et al. [2011] argued that the similarities between
 spectra of the dry lakebeds at Titan’s poles, interpreted asevaporitic deposits, and the 5mm-bright Tui and Hotei Regios,although not definitive, allows for the possibility of a commonorigin. However, Barnes et al. [2011] pointed out that sincethe radar-dark, lobate deposits seen in SAR images do notshow the spectral signature of evaporites, they are notinconsistent with a cryovolcanic origin.[54] Given the presence of channels associated with
 mountainous terrains, there is no question that fluvialprocesses have operated in the Hotei Regio area. Barneset al. [2011] suggest that Hotei is a dry lakebed that hasbeen filled with liquid in geologically recent times butpoint out that cryovolcanism could have taken place as well.However, we argue that the thickness of the flows points tocryovolcanism as the most likely origin of these features.Figure 10b shows a topographic profile across one of theradar-dark flows showing it to be ~200m high. The thickerparts of the flows are as high as the nearer parts of themountains out of which the fluvial channels emanate. Thetops of the flows are substantially higher than these fluvialchannels. Topography also shows that there is no discernibleelevation change along the channels (between head andmouth of channels), but the flows are 100 to 200m higherin elevation than the channels. It seems unlikely that thechannels we see today could account for the formation ofthese thick flows. It is possible that the topographically
 Figure 10. (a) Perspective view of the Hotei Regio area from a DTM, with a vertical exaggeration of 40.The white line indicates the location of the profile in Figure 10b. On the right-hand side are the mountainsforming Hotei Arcus, and a few channels are seen coming down from the mountains. High areas thoughtto be flows are shown in green (see profile in Figure 10b) and are about 200m high. Low intraflow areasare shown in purple. There is no clear connection between the channels and putative flows, and theinferred flow adjacent to a channel is topographically higher than the channel. (b) Elevation profile ofHotei Regio area from a DTM. See Figure 10a for location of profile. Putative flows are about 200m high.
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low, radar-bright areas may be paleolakes as suggested byMoore and Howard [2010], but this does not conflict withthe interpretation that the radar-dark, topographically highareas were formed by cryovolcanism.[55] Backscatter analysis of the putative cryovolcanic
 terrains on Titan, mostly based on Hotei Regio and TuiRegio, indicate a surface that is distinct from other Titanterrains [Wye, 2011]. Most notably, these surfaces have avery large diffuse exponent (a value of the cosine powerlaw exponent approaching 3), indicating the presence of avery focused diffuse scattering mechanism that is not veryefficient at large incidence angles. Indeed, the diffusecomponent falls off much more steeply with incidence anglethan is otherwise common on Titan (Figure 11). Furthermore,the measured diffuse echo is only 70% of the total echo power,in contrast to the >82% diffuse fractions observed elsewhere[Wye, 2011]. The diffuse scattering behavior described byWye [2011] suggests that volume scattering is not as prevalentin these putative cryovolcanic terrains, either because themedium is more radar-absorptive or an insufficient numberof scattering centers exist in the volume. It is also possiblethat the diffuse scattering mechanism is different altogether.In addition to exhibiting unique diffuse scattering behavior,these putative cryovolcanic terrains suggest a higher dielectricconstant than any other terrain on Titan observed andmodeled with RADAR. Composite backscatter modelresults indicate a dielectric constant greater than 3.5, adielectric constant that is consistent with (although doesnot prove) the presence of ammonia-water ice [Wye, 2011].If ammonia is a component of the cryovolcanic material, thismay also explain the poorer diffuse scattering levels, as thehigher absorptive properties of water-ammonia ice reduce
 the strength of the radar echo within the volume of thematerial. For example, Ostro et al. [2006] noted how thehemispheric asymmetry of Iapetus lessens with increasingwavelength, suggesting a possible increase in contaminationwith depth, and offered ammonia as a candidate for thiscontamination due to its absorptive properties.[56] In summary, we conclude that cryovolcanism is
 a likely origin for the radar-dark flows in Hotei Regio,although other features in the region could have been formedby fluvial or lacustrine processes.
 3.5. Tui Regio
 [57] The western part of Tui Regio (~125�W, 24�S) isa large (>3� 104 km2) region that is bright at 5 mm[Barnes et al., 2006]. Numerous lobate deposits are apparentin VIMS data, and Barnes et al. [2006] interpreted it as afield of cryovolcanic flows. These lobate deposits are alsoapparent in SAR data [Stofan et al., 2009]. There aremorphological similarities between Tui and Hotei that areapparent in SAR data: bright and dark lobate features(although not as well defined as in Hotei), fluvial channels,and nearby mountains.[58] Although multiple RADAR images of Tui Regio
 have some overlap, they have relatively low resolution andhave not been analyzed stereogrammetrically. We havetherefore obtained limited topographic information usingthe SARTopo technique (Figure 12). There is no correlationbetween lobate deposits (which here appear radar-bright)and higher elevations; in fact, the lobate deposits appearto be depressions. However, we caution that the SARTopodata for Tui are of relatively low quality given that Tui islocated at the end of the swath, where the signal-to-noiseratio is poor.[59] The topographic results do not support a cryovolcanic
 origin for the lobate features but, given the limited extentand relatively low quality of the data—in particular, thedifficulty of interpreting complex three-dimensional structuresfrom elevation profiles—we hesitate to form definiteconclusions. Backscatter analysis by Wye [2011], asdiscussed above, suggests that Tui and Hotei are similarterrains, possibly having ammonia as a component, andthese regions differ from other terrains on Titan. Theseanomalous backscatter results are consistent with but donot uniquely support a cryovolcanic origin. Other recentresults suggest that Tui is likely a lacustrine environment.Moore and Howard [2010] argue that the features in Tuiare clusters of paleolakes. Barnes et al. [2011] support theinterpretation that the Tui Region area has evaporiticdeposits, indicating fluvial deposition has also been impor-tant in this region, although this does not rule out thatcryovolcanism took place as well. Clearly, Tui is distinctfrom most other terrains on Titan, but its origin is still some-what unclear, so we classify it as “possibly cryovolcanic.”
 3.6. Winia Fluctus
 [60] This large radar-bright region centered at ~30�W,45�W (Figure 13), first seen in the SAR data from Cassini’sTa flyby, was interpreted as a likely cryovolcanic flowfield by Elachi et al. [2005] and Lopes et al. [2007],although a fluvial origin was also considered possible. Datafrom the T23 flyby showed that the extent of the putativeflow field was larger than 90,000 km2 [Lopes et al.,
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2010a], the largest of its type on Titan. Winia Fluctus con-sists of a series of lobate bright deposits that all appear toflow towards the south and east. This is consistent with thedirection of the nearby Rohe Fluctus and also the slope ofthe altimetry track obtained east-southeast of the Ta swath[Kirk et al., 2005].[61] Data from SARTopo are, however, not consistent with
 the interpretation of these apparent lobate features beingflow deposits, whether cryovolcanic or fluvial. Figure 13shows the SARTopo data superposed on the SAR imagefrom the Ta flyby. Specifically, the features interpreted to belobate flow deposits appear to be depressed features. Inaddition, dune-like features observed on the floors of Winiain the T23 scene are difficult to account for on top of lavaflows. Dunes at high local topographic elevations are rare[LeGall et al., 2012], but it is conceivable that a valley-like
 morphology would focus winds, creating local conditionssuitable for dune formation. Based on these new data, ourcurrent interpretation of Winia Fluctus is that it is likely afluvially carved valley system.
 3.7. Western Xanadu Region
 [62] Candidate cryovolcanic flows are seen in SAR dataon the western part of Xanadu (centered at ~140�W, 10�S),coinciding with a region that Nelson et al. [2009b] reportedhad photometric changes similar to those of Hotei Regio.Wall et al. [2009] noted the morphological similarity in theSAR data between Hotei and Western Xanadu, interpretingthese as regions of overlapping cryovolcanic flows. Althoughno new SAR data are available for Western Xanadu since thestudy of Wall et al. [2009], we note here the morphological
 Figure 12. SARTopo data over Tui Regio (~125�W, 24�S) from T48 data. North is at the top. SARTopotracks near the end of the T48 swath are limited due to poor signal-to-noise ratio, but show what appearsto be an inconsistent correlation between RADAR bright patches and elevation. Radar-bright mountains tothe east (right-hand side) are topographically high as expected. However, radar-bright features initiallyinterpreted as flows appear to be, in most cases, depressions consistent with lakebeds [Mitchell andMalaska, 2011], similar to those seen in the north polar region [Hayes et al., 2008b].
 Figure 13. Winia Fluctus: SARTopo tracks show that apparent radar-bright lobate flows at WiniaFluctus are topographically negative, rather than positive. On the basis of topography, we favor an originas a fluvially carved valley system.
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similarity between the Western Xanadu area and the northErebor Mons area, as displayed in Figure 14. These regionsshow a pattern of lobate features that appear to be overlappingflows. With the aid of topographic data, we interpretedthe northern Sotra region as a likely cryovolcanic region(see section 3.2). Topographic data for the Western Xanaduregion are too sparse to be diagnostic, and VIMS data areof insufficient resolution, but on the basis of the morpho-logical similarity in SAR data to those of both northernSotra and Hotei, we classify this region as possiblycryovolcanic.
 3.8. Other Candidate Features
 [63] Candidate cryovolcanic features on Titan other thanthe ones above were discussed by Lopes et al. [2007].Considering new mapping efforts and examination of a
 larger data set, features associated with Ganesa Macula andWinia Fluctus are unlikely to be cryovolcanic. We considerthree of the features discussed by Lopes et al. [2007, 2010a]to be candidate cryovolcanic features: a flow-like featurein the T3 SAR swath (~70�W, 20�N), a depression andadjacent flow named Rohe Fluctus (37.8�W, 47.3�N), anda noncircular depression which may contain a flow, AraFluctus (118.4�W, 39.8�N). VIMS data are availablefor the flow-like feature in T3, and this was discussed byLe Corre et al. [2009], who found compositional differencesbetween the flow and the surrounding terrain and agreedwith the cryovolcanic interpretation for this feature. Nohigh-resolution VIMS data are currently available for theother features. SARTopo or new SAR data are also notavailable for these features except for the flow-like featurein T3. However, the SARTopo data for this feature are toosparse to be diagnostic, although it is consistent with the
 Figure 14. Western Xanadu (left, image centered at 146�W, 12�S) comparison with the Erebor Monsregion (right, image centered at 33.3�W, 7.0�S). Open arrows indicate SAR illumination direction andincidence angle. Western Xanadu was interpreted as a region containing cryovolcanic flows by Wallet al. [2009]. Both Western Xanadu and the Erebor Mons region show a pattern of lobate featuresthat appear to be overlapping flows. Topographic data (Figure 6) revealed the existence of Erebor Mons(in the upper right of the SAR image on right) and strengthened the cryovolcanic interpretation for theregion. The available topographic data (SARTopo) for Western Xanadu are too sparse to be diagnostic.
 Figure 15. Flow-like feature (~70�W, 47�N) seen in T3 data and interpreted as cryovolcanic by Lopeset al. [2007] from radar data and by Le Corre et al. [2009] from VIMS data. Although the SARTopo datashown here are too sparse to be diagnostic, it is consistent with a feature flowing downhill.
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feature flowing downhill (Figure 15). All the mentionedfeatures are too small in areal extent to be distinguishedin radiometry or scatterometry data. In the absence ofnew data, we keep the interpretation of these features aspossibly cryovolcanic.[64] While the majority of Titan’s polar depressions are
 noncircular and have been associated with dissolution-basedformation mechanisms [e.g., Hayes et al. 2008b, 2011],some of the more circular depressions have been associatedwith flow-like features surrounding bright deposits that, insome cases, contain lakes in their floors [Wood, 2011].Although other origins have been suggested for thesecircular features, Wood [2011] argues that the interpretationas volcanic calderas or maars is most consistent with themorphological evidence.
 4. Conclusions
 4.1. Summary of Results
 [65] We have reexamined candidate cryovolcanic featuresin light of new data, particularly topographic data fromboth radargrammetry and SARTopo. We have found thattopographic data derived from RADAR are invaluable forgeologic interpretation of features on Titan. Unlike mostother solid bodies in the solar system examined by space-craft, Titan’s haze generally prevents the derivation oftopographic data from imaging data. In addition, geologicinterpretation of features is hindered by the limitations ofthe currently available data, particularly spatial resolution.[66] In previous studies, SAR and VIMS data were used to
 identify the features named in Table 1, all of which couldreasonably be interpreted as cryovolcanic in origin on thebasis of those data. However, new information, particularlytopographic data, has provided the key to differentiatebetween the “not cryovolcanic” and “strongest candidates”categories in the table. Ganesa was classified as notcryovolcanic on the basis of radargrammetry that provideda DTM over the region. For Tortola Facula, a combinationof SAR and SARTopo data also showed the cryovolcanicinterpretation to be unlikely. Although the SARTopo datafor Winia Fluctus are limited in areal extent, they weresufficient in this case to show that the feature is not a flowas previously thought.[67] Most of the “possibly cryovolcanic” features are
 those for which no new data, particularly no topographicdata, are available, and interpretations are made on the basisof morphology from SAR. In the case of Tui Regio, newSARTopo data, VIMS interpretations [Barnes et al., 2011],and scatterometry results are not yet sufficient to make a
 definite interpretation, but the case for a cryovolcanic originis weak.[68] Topographic data, and DTMs from stereogrammetry
 in particular, have revealed that two candidate cryovolcanicregions, Hotei Regio and the region of Sotra Patera, MohiniFluctus, and Doom and Erebor Montes, are indeed likely tohave been formed by cryovolcanism. Hotei Regio had beeninterpreted as an area of cryovolcanic flows [Wall et al.,2009; Soderblom et al., 2009] and even the site of possibleactivity or degassing [Nelson et al., 2009a, 2009b]. Mooreand Pappalardo [2011] argue that the flow-like featureswere likely depositional features associated with fluvialchannels. Topographic results show that the tops of the flowdeposits are substantially higher than the fluvial channels,and therefore that interpretation is unlikely. Also, flowdeposits are thick (~200m), a characteristic more consistentwith the complex rheology of cryovolcanic flows thansedimentary deposits. Our conclusion is that the Hotei flowsare more likely cryovolcanic than fluvial in origin.[69] We find the Sotra Patera region to host the most
 compelling candidate cryovolcanic features on Titan onthe basis of the combination of SAR imaging, VIMSdata, and, in particular, topographic data from RADARstereogrammetry. We interpret the region as a complex ofmultiple cryovolcanic features dominated by two mountains,Doom Mons and Erebor Mons. The southernmost mountain,Doom Mons, is adjacent to Sotra Patera, a noncircular pitthat is, to date, topographically the deepest known localdepression on Titan. We note that the northernmost moun-tain, Erebor Mons, was not apparent in SAR data and wasonly discovered in the topographic data. Although topo-graphic data have proven to be a key factor in this study,the findings are limited by the available resolution. Featureswith subtle topographic differences, such as deposits fromhighly fluid volcanic flows, would be particularly difficultto distinguish from features of fluvial or mass wastingorigins, so the interpretation of flow-like features relies onthe geologic context. In this whole region, no fluvialchannels or mass wasting scars are seen, making thesemodes of origin unlikely for the flow deposits.[70] Due to the small number of features in Table 1
 considered to be either strong candidates for cryovolcanismor possible candidates, it is not possible to come to conclu-sions about their distribution on the surface, but we note thatall are located between 30�W–150�W and 30�S–60�N. Thenorthern high latitudes of Titan have multiple caldera-likefeatures [Wood, 2011], but these are not discussed in thispaper as no relevant topographic data or VIMS data areavailable for them. Of the candidate features in Table 1,
 Table 1. Candidate Cryovolcanic Features on Titan Discussed in This Paper, Center Latitude and Longitude of Feature or Area, andInterpretation
 Not Cryovolcanic Possibly Cryovolcanic Strongest Candidates
 Ganesa Macula (87.3�W, 50.0�N) and associated flow features Ara Fluctus (118.4�W, 39.8�N) Sotra Patera (40.0�W, 14.5�S)Doom Mons (40.4�W, 14.7�S)Mohini Fluctus (38.5�W, 11.8�S)Erebor Mons (36.2�W, 5.0�S)
 Tortola Facula (143.1�W, 8.8�N) Western Xanadu flows (~140�W, 10�S) Hotei Regio flows (~78�W, 26�S)Winia Fluctus and associated flow features (~30�W, 45�N) Rohe Fluctus (37.8�W, 47.3�N)
 “T3” flow (~70�W, 20�N)Tui Regio flows (~125�W, 24�S)
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we note that four are located near the edges of Xanadu[Lopes et al., 2010a, 2010b]. It has been suggestedthat faulting along the boundaries of Xanadu may haveprovided conduits for magmas to reach the surface[Radebaugh et al., 2010].[71] The likely existence of different types of volcanic
 landforms—tall mountains, a large caldera-like depression,lengthy flows, and other possibly collapse features—impliesthat Titan has experienced a variety of types of volcanismin different locations. It is quite possible that manyother volcanic landforms occur but that erosion has weak-ened their morphologic signatures or that Cassini data areeither not available or of insufficient resolution for identifi-cation of features to be possible.
 4.2. Implications
 [72] The data presented in this paper indicate thatcryovolcanism likely happened on Titan, but, as previousstudies show [e.g., Lopes et al., 2010a, 2010b], it is notthe dominant resurfacing process, with exogenic processes(aeolian, fluvial, and atmospheric deposition) accountingfor most of the observed surface geology. If cryovolcanismoccurred on Titan and was responsible for the formation offeatures such as the flows at Hotei and the flows of MohiniFluctus, deep pit (Sotra Patera), and mountains (Doom andErebor Montes), what are the implications for eruptionstyle and composition?[73] The fact that aqueous cryomagmas are negatively
 buoyant makes the use of ascent models based on terrestrial(and silicate) models problematic, in particular those thatinvolve formation of a diapir or mantle plume at the baseof the icy shell, but several studies have proposed ways toovercome the cryomagma ascent problem. One mechanismcalls for inducing positive buoyancy through exsolution ofvolatiles following decompression, and the subsequentascent along fluid-filled fractures (analogous to dykes) fromthe base of the ice shell [Crawford and Stevenson, 1988;Lorenz, 1996], or explosive eruption of sprays [Fagentset al., 2000]. Effusive eruptions have been hypothesized tooccur by pressurization of discrete liquid chambers[Fagents, 2003; Showman et al., 2004] or an entire oceanduring freezing and volume changes [Manga and Wang,2007]. Mitri and Showman [2008] and Tobie et al. [2008]argue that partial melting of the ice shell by tidal dissipationfacilitates the formation of near-surface reservoirs withoutbuoyancy requirements. After Voyager observations ofTriton, Croft et al. [1988] proposed that denser silicatematerial could be incorporated in the ice shell due to incom-plete differentiation of meteoritic infall, and this rockcomponent might have a large enough effect on the crustaldensity to make melt buoyancy possible. Some cryolavasmay have the low densities needed to ascend through awater-ice-dominated crust. Lastly, solid-state convection inthe ice shell can advect heat and possibly chemicals upwardand mobilize near-surface pockets of salt- or ammonia-richices [Head and Pappalardo, 1999; Mitri et al., 2008;Choukroun et al., 2010]. While it is beyond the scope of thispaper to try to distinguish among these models, we note thatthese studies argue that, theoretically at least, cryovolcanismis possible on icy satellites including Titan.[74] The composition of cryomagma is an important factor
 not only in terms of the ascent mechanism but also for the
 landforms that can result. The basic interpretation thatcryovolcanism produced or contributed to the observedlandforms does not in itself provide any tight constraint oncomposition. It is reasonable to assume that the cryovolcanicsubstance is a mobile material able to exist as a liquid in thesubsurface, to rise buoyantly to the surface, and then tosolidify on the surface. In principle, cryomagmas may becomposed of liquids plus solids and gases, and the combina-tion is what must be less dense than the average crustaldensity from the partial melting zone to the surface.[75] Aqueous cryolavas make up one class of potential
 eruptive materials, because ice is known to be a majormineral constituent of the surfaces, crusts, and interiors oficy satellites, and Titan should be no exception. Partial meltingof ice admixed with other materials produces aqueoussolutions. Other substances known to be present on Titanand other icy moons can melt at temperatures lower thanthe range over which ice can melt, and some of these couldbe more likely to occur if interior temperatures are very lowdue either to a low energy budget or due to low-temperaturesolid-state convection [e.g., Mitri and Showman, 2008;Choukroun et al., 2010]. We may consider the collectivesuite of materials identified to date in the Saturn systemas a list of possible solvents or solutes. This list of candidatematerials includes H2O, NH3, CO2, methanol, and a varietyof other hydrocarbon and organic substances. Even the twoprimary constituents of Titan’s atmosphere, CH4 and N2,could exist as dissolved solutes, an exsolving gas phase, orguest species in clathrates comprising part of the frozencryolavas. Ethane and propane (surface liquids) as well asacetylene (a possible surface material) can also participate inclathrate formation [Consani and Pimentel, 1987; Kirchneret al., 2004]. Water as a solvent may be expected to containpolar molecular solutes, such as methanol or ammonia, orionically bonded salts. If ammonia is present in aqueoussolution, ammonium salts are also possible [Kargel, 1992;Marion et al., 2012].[76] While the morphology of the putative cryovolcanic fea-
 tures does not place hard constraints on specific compositions,materials forming thick flows such as those at Hotei either (1)are not brines (which have low viscosities when totally liquid)and are instead flows of ammonia-water-ice slurries [Kargelet al., 1991] or ammonia-water-methanol as proposed forRohe Fluctus [Lopes et al., 2007]; or (2) are brines butflowed with large amounts of suspended ice and so behavedlike brine-ice slurry flows.[77] The scale and morphology of the Sotra Patera
 complex, in particular the size of Doom and Erebor Montesand the deep pit, Sotra Patera, are more consistent with large-scale processes rather than a local heat source remelting mate-rials such as hydrocarbons. Sotra Patera’s pit morphologicallyresembles calderas and other volcanic pits such as maars andpit craters, but it is very deep. Possible explanations for SotraPatera and its great depth include collapse due to removal ofmaterial from the subsurface by either explosive or effusiveeruptions, with either case implying the presence of a volumi-nous magma chamber and possibly vesiculating cryolavas inthe upper ice shell. On Titan, the presence of a thick 1.5 baratmosphere (0.15MPa)may act to suppress explosive eruptions,relative to effusive volcanism [Lorenz, 1996], but high vesicularporosity and low magma density is possible; thus, Strombolian-type explosive activity could occur.
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[78] It is difficult to account for the existence of a voluminousmagma chamber, the presence of which in nonplate tectonicsilicate rock settings is the result of mantle plumes risingbuoyantly in the crust and stalling. However, unlike on rockyworlds, where unvesiculated liquid magma tends to be lessdense than heavily compacted country rock, any cryomagmason Titan are likely to be composed primarily of water, whichhas the opposite density relation. Although nonwater compo-nents may be less dense, we have not identified any plausiblecompositions that would be sufficiently positively buoyantin an ice-rich crust. Even peritectic ammonia hydrates, asproposed by Kargel et al., [1991], have a density in excess ofthat of Ice-I. However, neutral buoyancy and massiveintracrustal intrusion [Head and Wilson, 1992] by ammonia-water cryomagmas might be readily achieved with just a fewpercent vesicles [Croft et al., 1988] if there were a way to super-saturate the cryomagma at source.[79] An alternative to water-rich cryomagmas are crust-
 derived melts, making activity akin to mud volcanism orgeysers on Earth. A local source of methane clathratesundergoing heating or depressurization could result in desta-bilization of trapped volatiles, resulting in a type of volca-nism, most likely explosive [Prockter, 2004]. Further workon the physical properties of various candidate materials isneeded before these possibilities can be assessed.[80] Caldera-like features—“smooth-floored, walled depres-
 sions”—are also seen on Neptune’s moon Triton, but theyare very different from Sotra Patera in that Triton’s arerelatively shallow and very wide. However, Triton hasmany other landforms that resemble terrestrial volcanicfeatures—pitted cones and pit paterae—and have beeninterpreted as cryovolcanic [Croft et al., 1995], and someof these, including a chain of depressions arranged along arift, are quite similar to but smaller than Sotra Patera.Another type of landform on Triton is the pitted cone. Pittedcones are roughly conical hills with summit pits. It is inter-esting that these pits often breach one side of the cones, likemany terrestrial cinder cones. Sotra Patera on Titan breachesone side of the main edifice (Doom Mons), although interms of scale Sotra Patera is much larger than the Tritonfeatures, where the pits are typically 4 to 7 km in diameter.The pit feature on Triton that is closest in dimensions toSotra Patera is Kibu, which is ~10� 15 km in extent and~500m deep or less. In comparison, Sotra Patera is18� 30 km and 1700m deep, making it significantly largerthan the most prominent pit patera known on Triton anddeeper than any on Earth. Also, Triton does not have anytopographically high features that are comparable to Doomor Erebor Montes; linear ridges about 300m high are themost prominent topographically positive features on Triton.It is possible that differences in scales of magmatism andatmospheric pressure could account for the differences,but the key point to note is that both Titan and Triton, icymoons where cryovolcanism may have taken place, havepit features that may be cryovolcanic in origin. Explainingthe formation of these pits remains problematic in terms ofmagma ascent, but it is possible that the same processesapply to both bodies.[81] The features in the Sotra Patera region (Sotra Patera,
 Mohini Fluctus, Doom and Erebor Montes) and the thickflows at Hotei Regio are the most compelling cryovolcaniclandforms revealed so far by Cassini data, providing evidence
 that cryovolcanism has played a role in Titan’s geologichistory and at least a limited role in its methane cycle. It isclear, however, that if the style of cryovolcanism in the SotraPatera region was a major contributor to Titan’s resurfacingand relatively young age, edifices like Doom and Erebormontes should be much more common on Titan’s surface thanhas been observed. If cryovolcanism played an important rolein Titan resurfacing, the paucity of features similar to themontes and the patera points to another style of volcanismbeing far more common, possibly effusive volcanism formingthin flows that may have been partly buried or totally buried bythe accumulation of photolysis products created in the upperatmosphere or wind-blown materials.[82] The “smoking gun” for active cryovolcanism on Titan,
 in the form of an enhanced thermal signature, active plumes, orsurface changes, has not yet been detected. Given that featuresinterpreted as cryovolcanic do not appear to be young, it ispossible that cryovolcanism is no longer taking place on Titan.In this case, greater coverage of the surface by Cassini andinterpretation of geologic features using several data sets aspresented in this paper will provide us the best opportunityto delve into Titan’s possible cryovolcanic past.
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