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Introduction: “Ocean planets” are a class of H2O-

rich exoplanets [1-7] roughly resembling larger ver-
sions of the satellites in our outer solar system [2-3, 8-
9]. Geophysical processes operating on these cold, low 
density worlds may therefore be similar to processes 
operating on our solar system’s icy moons. Explosive 
cryovolcanism has been observed on several of our 
solar system’s icy moons [10-14] (Fig. 1). Cryovolcan-
ic activity on icy satellites may indicate the presence of 
a subsurface fluid reservoir, possibly, an internal 
ocean.  

By analogy, surface venting on cold ocean planets 
could be indicative of fluid reservoirs within. Given 
the limits of current instrumentation, spectroscopic 
detection of H2O and other molecules that are explo-
sively vented onto planetary surfaces may be the the 
only way to infer the presence of subsurface oceans in 
these bodies and indirectly assess their habitability. 
Detections of cryovolcanism on cold, H2O-rich worlds 
could therefore be used as a proxy to constrain their 
habitability. Here, we discuss the prospects for detect-
ing these dynamic processes using next-generation 
telescopes.  Our results suggest that a search for plume 
activity on icy exoplanets should be a priority in the 
coming decades.  

Approach: To determine whether geyser-like 
plumes would be detectable in exoplanetary systems, 
we apply the physics underlying ballistic eruptions 
[15-17] to frozen ocean planets to estimate possible 
plume characteristics. We consider a low-density (𝜌 =
	2 g/cm3), 2.5 Earth-mass planet with a 270 K surface 
temperature orbiting an M-dwarf star.  We assume the 
planet has a negligible atmosphere, so that temporary 
excesses in H2O vapor, CO2, and other molecules asso-
ciated with explosive cryovolcanism [13,18] can be 
easily detected. 

We estimate plume particle eruption velocities, 
plume height, width, and particle number densities, 
under the assumption that water vapor, CO2, and SO2 
serve as the volatiles driving the eruptions. Water va-
por and CO2 have been detected in plumes on Encela-
dus [18].  Water vapor is also the primary plume con-
stituent on Europa [13], but CO2 and SO2 have been 
detected on the surface [19]. We follow the approaches 
of Fagents et al., [16] and Quick et al. [17] to estimate 
plume parameters, assuming an initial eruption tem-
perature T = 273 K. The eruption velocity, V, of the 
plume particles is:   

                   𝑉 = 	 2𝑛𝑅(𝑇𝜅/𝑚(𝜅 − 1)                     (1) 
where 𝑛 is the mass percentage of gas in the plume, 𝑅(  
is the gas constant, κ  is the ratio of specific heats of 
the entrained gas, and 𝑚 is the molar mass of the en-
trained gas in kg/mol. The maximum height that a 
plume with a 45º ejection angle will extend above the 
surface of the planet, 𝐻 = 𝑉2/2g. Here, g = 6.95 m/s2

 

is the acceleration due to gravity. The plume’s particle 
number density is: 
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where according to [17], Rp = R/2 = H sin(2𝜃), 𝜃 = 
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 is the volume of the cone-
shaped region of the plume that will be observed by 
telescopes (Fig. 2). The quantity Vparticle is the volume  
of a spherical icy particle with radius rp = 0.5𝜇 [17].  

Results: Plumes with H2O as the primary volatile 
constituent will reach higher above the planet’s surface 
than plumes composed of CO2 or SO2, and may there-
fore be more easily detected by space telescopes. For 
example, plumes consisting of ~ 90 wt% H2O will ex-

 
Figure 2. The central, densest portion of a plume has been modeled 
as an inverted cone.  Figure from Quick et al., 2013 [17].  

 
Figure 1. Explosive cryovolcanism in the outer solar system. Left: 
Geyser-like plumes erupting from the south pole of Enceladus (Credit: 
NASA/JPL-Caltech/SSI). Right: HST UV observations of putative 
plumes at Europa’s south pole from [13].  
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tend approximately 54 km above the surface, while 
those consisting of CO2 and SO2 in the same propor-
tions will extend only 30 and 20 km above the surface, 
respectively (Fig. 3). The estimated particle number 
density, PN, of a plume containing 90 wt % H2O vapor 
is 4 x 1021 N/m2, while PN = 2.2 x 1021 N/m2, is a factor 
of two lower, for a plume containing 90 wt% CO2.  
The particle number density, PN = 1.5 x 1021 N/m2

, for 
a plume containing 90 wt% SO2. In the next iteration 
of this model, we will explore detection limits for 
plumes erupting on cold ocean planets with masses 
between 0.5	and 5 Earth masses.   

Detection Possibilities: Direct detection of explosive 
cryovolcanism during transit may be possible with a 
next-generation, 10-meter class, Kepler-like space tele-
scope. Plumes that are concentrated in one hemisphere 
on a planet with no atmosphere (e.g., Fig. 1) would 
block extra starlight during the ingress or egress of the 
planetary transit. Of order a hundred geyser-like 
plumes may be currently erupting at Enceladus’ south 
pole [20]. For similar conditions on an ocean planet, if 
each plume is at least 40 km high by 50 km wide, with 
an opacity = 1, then 100 plumes would cause an extra 
decrease of 0.5 ppm in the integrated transit light 
curve. For reference, the smallest transit detected by 
the Kepler telescope is 12 ppm deep. Conversely, if 
H2O and CO2 are the dominant plume constituents 
[e.g., 18], resolving the transit with spectroscopy will 
lead to higher signals and easier detectability if we 
observe H2O and CO2 emission lines. In near-infrared 
wavelengths, JWST has been estimated to be barely 
able to detect H2O and CO2 features of 2-6 ppm when 
transits are binned over a 5 year period [21].   

Exoplanet Interiors: Each of the icy bodies in 
our solar system that exhibit explosive cryovolcanism 
are thought to harbor subsurface liquid. Europa likely 
has a subsurface ocean six times the volume of Earth’s 
ocean beneath an ice shell tens of kilometers thick 
[22].  Enceladus also contains substantial internal liq-

uid reservoirs, which may or may not form a single, 
globally interconnected ocean [23]. The balance be-
tween radiogenic heating and convective/conductive 
heat transport also permits an ocean on Triton [24]. 
Similar to the bodies in our Solar System, it is likely 
that 2.5 Earth mass, water-rich superearths that have 
geyser-like plumes will also have subsurface liquid 
water oceans and perhaps even ice tectonics [25]. If 
plume activity were detected at a cold ocean planet, it 
would therefore provide strong support for the pres-
ence of subsurface pockets of liquid water.  

Each of our Solar System’s cryovolcanically ac-
tive bodies has also experienced an episode of tidal 
heating, during which their orbital energy has been 
dissipated in their interiors as heat [26]. In addition to 
providing a source of energy, tidal forces also provide 
a means of opening vents for explosive eruptions: 
Plume eruptions on Enceladus correspond to times in 
its orbit where vent source regions experience exten-
sional stresses [e.g., 27].  For exoplanets that are close 
to their parent stars and harbor liquid oceans, tidal 
heating can generate TW heat flows, comparable to the 
present-day heat flow of the Earth [28].  The potential 
powered by radiogenic heating alone in the absence of 
tidal forces has not yet been addressed for ocean plan-
ets; this is a subject for future work. 
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Figure 3. Plume height as a function of mass percentage of gas for 
H2O vapor, CO2, and SO2.  
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