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Executive Summary 

Studying cryovolcanism is critical to understanding the geologic history and activity of icy 
worlds in the Solar System and has the potential to enhance studies of habitability and 

enable detections of biosignatures. 
Cryovolcanism, the extrusion of cold, fluidized material from within a planetary body, is an 

enigmatic and important mechanism that can enable subsurface–surface material exchange on 
ice-covered ocean worlds (those with extant or relict oceans). This process, therefore, has 
implications for surface morphology formation, understanding movement of material through ice 
shells, the potential for providing near-surface access to biosignatures and signatures of 
habitability from a subsurface ocean, and may also be a source of plume activity. 

 
 
Background 
  Cryovolcanism is a term used to represent the mechanism that causes fluid/icy material in the 
subsurface of ice-covered ocean worlds to ascent towards and possibly erupt onto the surface. 
The fluid/icy material, herein called “cryomagma,” could be pure water, a salty fluid, and/or 
partially frozen material with additional chemical compounds. As described by Geissler1, 
cryovolcanism is “… the eruption of liquid or vapor phases (with or without entrained solids) of 
water or other volatiles that would be frozen solid at the normal temperature of the icy satellite's 
surface.” Cryovolcanic processes have important similarities and differences to those of silicate 
volcanism (⥉2Kerber et al. WP). Magma ascent and landform formation are in some ways 
qualitatively similar in both cases, but the different chemistry, density, and rheology of 
cryomagma and the surrounding layers’ composition demands that careful numerical and 
laboratory experiments be considered when interpreting potential cryovolcanic activity. For 
cases where the overlying crust is less dense than the cryomagma, it is theorized the cryomagma 
can move towards the surface driven by a pressure gradient from, e.g., a cooling and thickening 
ice shell or a cooling cryomagma chamber3, along with potential release of volatiles aiding the 
cryomagma’s rise4. 
 
Importance of Cryovolcanism 
A. Ocean/subsurface reservoir-to-surface exchange 
Subsurface 

  As a mechanism that potentially brings icy material to the surface from the ocean or 
subsurface reservoirs, cryovolcanism is extremely important in that it may enable the 
sampling of relatively young ocean/subsurface material. Numerous studies have investigated 
the potential of subsurface fracturing and pressure gradients that enable fluid to travel from an 
ocean or subsurface reservoir towards the surface. A cooling and thickening ice shell overlying 
an ocean may pressurize the ocean such that when a fracture opens due to internal stress5,6 or 
external mechanisms (e.g., impacts), the fluid can ascend towards the surface4,7, potentially 
assisted by the release of volatiles8-11 and/or by tidal forces acting on fractures12–14. Additionally, 

  

We recommend support of additional laboratory, modeling, and analog studies through R&A 
funding to increase understanding of cryovolcanic processes. We also suggest future 
missions should target regions of cryovolcanism to collect data on past and recent activity, to 
increase our understanding of ice-covered ocean worlds and the distribution of life in the 
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reservoirs that form within the icy crust7,15–17 can cool and start to pressurize causing 
cryomagmatic dikes to form and propagate towards the surface18–22. Recently, some attention has 
been paid to the separation of melt from solids (compaction or two-phase flow), which can lead 
to chemical fractionation, traces of which might be detectable at the surface23,24. However, even 
with these studies, the data needed to validate the models and experiments remain to be obtained. 
To fully understand cryovolcanism, we must send more missions to targets with likely 
cryovolcanic features, complemented by additional experiments and modeling. 

 
Geologic surface feature and morphology formation mechanisms 

  Because in situ observations from landed spacecraft on icy bodies are a rarity and have yet 
to access any icy subsurface (⥉25Schmidt et al. WP) we depend upon remote observations. 
Surface features become the lens through which we are able to interpret subsurface 
structures and processes. Features interpreted as manifestations of cryovolcanic activity have 
been identified on several bodies remotely from orbit or during flybys. Examples include 
grooved terrain and caldera-like features on Ganymede26,27; plumes of water and ice from 
Enceladus’ south polar fractured terrain28, plumes emanating from nitrogen-rich areas on 
Triton29, and putative water plumes on Europa30–32; flow features on moons like Ariel and 
Miranda33; flows, channels and other putative cryovolcanic constructs on Titan34–37; floor-
fractured crater morphologies and domed edifices on dwarf planet Ceres37; ridges, pits, domes, 
and chaos terrain across the surface of Europa15,39,40; and exotic annular massifs on Pluto41. Some 
of these are detailed below. 

  The broad range of planetary surfaces, the subsurfaces they hide, and such exemplary 
surface features highlight the fact that the geomorphology of landforms associated with putative 
cryovolcanic processes often represent some of the most striking features against their respective 
planetary surface backdrops, possibly developing from a variety of subsurface processes, 
activities, and structures. Some possible subsurface mechanisms involved are changing stress 
states (driven internally or externally), fracturing, flow of liquid water or other volatile material, 
freezing or state change of that material, and associated density differences in those materials 
that overcome (or not) the confining pressure in the near-surface. Surface features associated 
with cryovolcanism can occur not only at a variety of spatial scales, but also across a range of 
timescales, from instantaneous to hours to days (e.g., plumes) to years to thousands of years 
(e.g., mountain building). Because of the wide assortment of cryovolcanic processes/expressions 
and the time and spatial scales over which they operate, it is essential to collect both short- and 
long-term observations for a broad range of features and bodies to improve understanding of 
where, how, and why cryovolcanism occurs in our Solar System, and importantly, what it 
indicates is occurring/has occurred beneath the surface. 

 
Possible driver for plumes/re-surfacing activity 

  Atmospheric or above-surface events, such as constant or transient plumes, can also result 
from reservoir-surface fluid/gas exchange. Such processes that involve the near-surface and 
above-surface are influential in terms of resurfacing activity and, relatedly, our ability to 
determine not only surface age but also timescales of active processes. 

 
B. Heat flow processes and thermal history of body 

  Another way cryovolcanic features can reveal information about the interior of a body 
is by recording the thermal history and stress states at the time and location of feature 
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formation. To have mobile material, a material-dependent threshold thermal state and driving 
pressure gradient of some kind is assumed to be needed. If other information, such as the age of 
the features is available (e.g., estimated from the superposition of other features or from crater 
measurements), cryovolcanic features can help understand the local heat flux and stress state 
over time on that body. The variety of potential cryovolcanic features on different icy bodies (see 
below) requires that our field be creative about the conditions and materials that allow material 
movement on and within these bodies, as some of these features appear surprisingly young and 
may have formed even in thick ice shells.  

 
C. Access to biosignatures 

  Cryovolcanism may provide access to biosignatures that might otherwise be 
challenging to reach. Biosignatures are chemical or structural evidence of past or present life, 
and may include isotopes/molecules or their patterns (i.e., the ratio of amino acids relative to 
glycine), cells or cell motility, and active or fossilized microbial mats (e.g., stromatolites) or 
other biofilms/biominerals. Many of these biosignatures could be present in the subsurface 
reservoir of an ocean world, and through cryovolcanism be expressed onto the surface or into 
space via a plume (such as at Enceladus). More experimental and modeling work is needed to 
understand how such biosignatures may be processed or altered during the cryovolcanism 
process (via pressure, temperature, etc.). Additionally, some mechanisms42 (i.e., formation of 
briny pockets, or bubble scrubbing) might spatially concentrate biosignature molecules and thus 
improve the likelihood of detection at the surface by a lander or an orbiter. 
 
Potential Cryovolcanic Activity in the Solar System (selected features): 
Europa 

 Jupiter’s icy moon Europa is a compelling target for future habitability studies mainly 
because of its confirmed global, salty liquid water ocean43, which lies underneath a relatively 
thin44 (<30 km) ice shell. Europa’s surface geology is a direct manifestation of its subsurface 
activity, and therefore its ocean. Double ridges, the most ubiquitous landform on Europa, may 
originate as cryovolcanic fissure eruptions15. Europa displays a myriad of features with varying 
combinations of uplifts, pits, and chaotic-style fractures/breakup, all of which may be related to 
intrusions and/or extrusions onto the surface45. Certain domes and dome-like features on Europa 
have been included as evidence of cryovolcanism8, 46, along with discoloration on surface bands 
and ridges47. Microchaoses, and chaos terrain in general, may also be related to a more effusive 
type of cryovolcanism. Chaos terrain is thought to be formed by localized heating and melting of 
surface or near-surface ice, followed by a brief period where ice fragments are either completely 
melted or mobilized, and then “refreeze” into their present appearances16,48,49 (image of Murias 

Chaos at left). Often, but not always, chaos terrain is also 
associated with areas of low albedo50 and a higher concentration of 
salts51, suggesting a connection to the salty subsurface ocean. 
Thus, chaos terrain may be considered cryovolcanic because of its 
relationship to heat and material transport within Europa’s ice 
shell. Observations30-32 of possible plume activity may also point 
to cryovolcanic activity at Europa, although such activity has yet 
to be confirmed. Finally, “hybrid” features, showing a combination 
of topographic expressions, albedo patches, and various degrees of 
fracturing, may also be associated with cryovolcanism7,17. 
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Enceladus 
  Enceladus presents the best-known example of active 

cryovolcanism: individual jets of water vapor and salty ice crystals 
emanating from fractures (like the ones shown at right) at the south 
pole28. These jets provide samples of a subsurface ocean, which were 
analyzed in situ by the Cassini spacecraft52 and could in principle be 
captured and/or returned to Earth for further study (⥉53Neveu et al. 
WP). The jets merge to form a plume, which varies in strength over 
an individual orbital cycle54 and also on multi-year timescales55. This 
periodic diurnal behavior is almost certainly due to diurnal tidal 
stresses causing the opening and closing of fractures56; the 
mechanism for the longer-period behavior is still under investigation. 

  The material in the enceladan plumes likely represents the composition of the subsurface 
ocean with very little alteration as material is transported through its ice shell. As evidence to 
this fact, Cassini’s Cosmic Dust Analyzer instrument detected silica nanoparticles in the E-ring, 
which is sourced from Enceladus’ plumes; these particles are linked to ongoing, hydrothermal 
activity from Enceladus’ sub-surface ocean floor57. Indeed, models of tidal stresses on Enceladus 
conservatively estimate magnitudes of 100s of kPa, which can drive active fractures to depths of 
up to a few kilometers56. And estimates of ice shell thicknesses ranging from a few to 10s of km 
imply that subsurface ocean water can infiltrate to within a few kilometers of the surface, where 
tidally active fractures can interact with this material. Although Enceladus emits significant 
excess heat at the south pole58, little is advected by the erupting plume material: the majority of 
the heat transfer probably arises from the cooling of water in near-surface cracks, either by 
conduction or via condensation of vapor on the crack walls59.   

 
Titan 

  Cryovolcanic structures on Titan are still the subject of some controversy, which cannot be 
definitively resolved by the spatial resolution and coverage of Cassini data60. The concentration 
of Ar40 in Titan’s atmosphere detected by the Huygens probe suggests that the atmosphere 
communicates with a reservoir of the parent nuclide. If this reservoir is the subsurface ocean, 
then the ocean and atmosphere are in communication via the icy shell, and the upwelling of large 
cryovolcanic plumes may be releasing sufficient methane into Titan’s atmosphere to account for 
the present atmospheric composition61. Several flow-like surface features have been identified on 
the surface34 but a cryovolcanic origin has been 
disputed62. The strongest surface evidence of 
cryovolcanic activity is an equatorial region where 
Sotra Patera, a non-circular, >1 km deep pit, lies 
adjacent to a tall (> 1 km high) mountain, Doom Mons 
(perspective view at right), from which lobate flow-
like features emerge36. Spectral analysis63 suggests 
temporal variations in brightness in the Sotra Patera 
region. Cryovolcanism has also recently been suggested as a lake-basin forming mechanism at 
Titan’s north pole37. Furthermore, the transient liquid water environments created by extruded 
lava flows offer the unique opportunity to investigate the evolution of prebiotic chemistry on 
Titan’s surface64 and perhaps even the composition and habitability of the deep subsurface 
ocean. Determining whether Titan is or has been cryovolcanically active is an important, open 
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question, the answer to which has implications for the longevity of the atmosphere, the evolution 
of the surface, the likelihood of surface–subsurface exchange, and the timescales of prebiotic 
chemistry at Titan.  

 
Triton 

  Neptune’s moon Triton is thought to be a captured Kuiper 
belt object, and exhibits a young surface with a fascinating 
array of features, many of which appear to be unique to 
Triton65. Like other bodies discussed here, the origin of many 
of these features, the source of internal heat flux that caused 
resurfacing of Triton—and whether Triton has an extant 
ocean—is not well constrained; more data are needed. Smooth 
terrains with central structures reminiscent of calderas (image 
at left) may be indicative of low-viscosity icy lava extruding 
onto, and flooding, the surface. Large pit chains resemble 
volcanic collapse chains66. It is not known how the visually 
striking plumes on Triton are generated, with both subsurface 

greenhouse effects and possible cryovolcanic origins proposed29,67. The cantaloupe terrain may 
be generated by diapirism68, which, if extruded onto the surface, could be a solid-state (or 
potentially partially molten) material emplacement and resurfacing (⥉69Hansen et al.WP).  

 
Pluto, Charon 

  Possible volcanic landforms on Pluto are diverse. Wright (perspective view below) and 
Piccard Montes are two large annular massifs with hummocky flanks and few-to-no craters41,70. 
They appear to be constructional (rather than erosional remnants) and could involve large 
volumes of (likely viscous) material emplacement onto the surface. Other expressions of 
cryovolcanism on Pluto may include a much less viscous effusion and flow of a water–ammonia 
mix into extensional faults west of Sputnik Planitia, in which organic material has optical 
properties that may result from chemical processing inside Pluto71,72. On Pluto, magma extrusion 
by pressurizing an ocean is more difficult due to higher overburden pressure73,74. Cryovolcanism 
may have been facilitated by stress induced by the 
reorientation of Pluto75,76 and/or by surface loading 
from condensing N271 that may have opened fractures 
through which fluids ascended by a combination of 
pressurization and buoyancy. The latter process may 
be enhanced by the exsolution of dissolved gases, 
especially those that do not readily dissolve in H2O 
such as H2, N2, and CH4 11.  

  On Charon, the large, smooth plains of Vulcan Planitia suggest widespread resurfacing by 
flowing material, likely a water–ammonia mixture once more77. Within these plains, intriguing 
moated mountains may be embayed lithospheric blocksIbid. or the expression of subsequent 
volcanic effusion and flexure of a thin lithosphere above local liquid reservoirs undergoing 
freezing78, as has been postulated to occur on Ceres. Cryovolcanism on Charon likely arose from 
global expansion from secular cooling (whereby heat transport exceeded heat production by 
radioactivity, and early on by impacts and tidal dissipation).  Also see Holler et al.⥉79, Robbins et 
al.⥉80, Howett et al.⥉81, and Runyon et al.⥉82 WPs on Pluto-system and KBO exploration. 
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Ceres 
  Ceres, the largest object in the asteroid belt and most accessible ice-rich body in the Solar 

System, has been revealed by NASA’s Dawn mission83,⥉84 (Castillo-Rogez et al. WP) to likely be 
a cryovolcanic world. Dawn observations revealed three classes of surface features37 on its 
icy/salty/rocky crust that are plausibly formed by cryovolcanic extrusions: bright faculae within 
impact craters85, floor fractured craters, and isolated mountains that do not appear to be 
connected to impacts86.  

  Faculae are anomalously bright features, probably of evaporitic nature and derived from a 
subsurface brine source. They are composed mostly of carbonates and chlorides87,88, and some 
are young (~Myrs old) indicating geologically recent activity89. An endogenic source for these 
young brines is hypothesized to be the remnants of an ancient Cerean subsurface ocean rising 
through fractures21,90. 

  Isolated mountains across Ceres may also be cryovolcanic, analogous to extrusive lava 
domes. The most prominent example is Ahuna Mons (image at right), a 4-km-tall mountain that 
is geologically young (<100s of Myrs old) and hypothesized to result from extrusions sourced 
from a “muddy” mantle91. Other more subdued mountains may represent older, modified 
cryovolcanic edifices86, which have been used to estimate an average cryovolcanic eruption rate 
on Ceres of ~104 m3/yr. An alternative hypothesis to the cryovolcanic interpretation is that the 
mountains are instead formed by diapirism, analogous to salt tectonic processes on Earth92. 
High-resolution (<5 m/pix) visible and color imaging 
and gravity (<20 km half wavelength) data are required 
to test these two hypotheses and more fully 
characterize cryovolcanism on Ceres. 

  Lastly, several of the impact craters on Ceres 
display patterns of fractures on their floors, including 
Occator90, that appear similar to those on both the 
Moon and Mars. These features, referred to as “floor-
fractured craters” (FFCs), are thought to experience floor uplift due to magmatic intrusion below 
the crater93,94. Evaluation of the FFCs on Ceres showed that they are likely also undergoing 
fracturing because of the intrusion of a low-density material, likely cryomagma, below the 
craters90. 

 
Please note: We recommend that the decadal survey consider the critical role of team 
dynamics, equity, diversity, inclusion, and accessibility in planetary science. [Please see 
additional WPs on this topic incl. Rivera-Valentín et al.⥉95, Rathbun et al.⥉96, Milazzo et al.⥉97] 

Citations: Please note that there are many additional references we were not able to include due 
to space restrictions. Cryovolcanism is a growing field of interest and we encourage the reader to 
explore references cited within those stated here. ⥉ = 2020 Decadal Survey white paper  
1Geissler (2015), 10.1016/B978-0-12-385938-9.00044-4; ⥉2Kerber+ (2020), The Importance of 
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Cryovolcanism in the Solar System Workshop; 4Manga+ (2007), 10.1029/2007GL029297; 
5Nimmo (2004), 10.1029/2004JE002347; 6Mitri+ (2008), 10.1016/j.icarus.2008.02.024; 7Craft+ 
(2016), 10.1016/j.icarus.2016.01.023; 8Fagents (2003), 10.1029/2003JE002128; 9Crawford+ 
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