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Introduction:  Enceladus, a moon of Saturn, har-

bors a subsurface ocean that erupts in spectacular 

plumes [1]. The ocean and plumes are sustained by 

tidal forces that heat Enceladus’ interior and fracture 

the crust at the south pole [1,2], where the plume activ-

ity occurs. Although many ocean worlds are present in 

our solar system and beyond, Enceladus is particularly 

interesting because the interior ocean is made accessi-

ble by the plume activity, and can be reasonably sam-

pled by spacecraft.  

Analyses of the plume gases and solid grains by the 

Cassini spacecraft during multiple flybys indicate an 

alkaline ocean rich in NaCl/NaHCO3 salts [3], as well 

as CO2, CH4, H2, NH3, and Ar gases [4]. Ar, CH4, and 

H2 components suggest water-rock interactions with a 

rocky core, which could supply redox gradients useful 

for life. The plume also contains an array of light and 

heavy organics [5], which could be evidence for life 

processes. These results suggest a habitable ocean, 

similar to productive hydrothermal vent environments 

on Earth, making Enceladus one of the most promising 

sites for extraterrestrial life in our solar system. 

The plume composition is our best window for un-

derstanding Enceladus’ ocean composition; however, a 

key issue is that spacecraft measurements of the plume 

will not directly reflect the ocean composition because 

of fractionation processes during plume eruption. The 

focus of our research is to experimentally measure 

plume fractionation processes, and then apply predic-

tive models. Our goal is to place constraints on the 

ocean chemistry using past and future plume analyses. 

Plume Fractionation:  Fractionation occurs when 

some oceanic components preferentially erupt over 

others, leading to plume chemical/isotopic enrichment 

or depletion. Given that the plume eruption is a dynam-

ic process, kinetic fractionation processes will predom-

inate over equilibrium fractionation, resulting in ex-

treme plume chemical alteration. We have identified 

three key locations where fractionation occurs during 

plume eruption: (1) the ocean interior, (2) the ocean 

surface, and (3) in ice cracks (Fig. 1). 

The most extreme fractionation effects occur at the 

ocean surface, where oceanic water evaporates and 

dissolved gases rapidly exsolve into a near vacuum. 

This is because water evaporates rapidly into a vacu-

um, whereas dissolved gases exolve much more slowly 

in the relative order NH3 ⨠ CO2 > CH4 = H2 = Ar. By 

accounting for kinetic fractionation of the plume, we 

predict up to 107 differences compared to equilibrium 

fractionation (Table 1). 

 Extreme fractionation also occurs as the plume 

transits through icy cracks to the surface. Because of 

colder surface temperatures, water preferentially con-

denses, enriching the gas in non-H2O components. Fi-

nally, fractionation in the plume will be controlled by 

mixing between the interior and surface ocean, with 

greater mixing resulting in greater plume fractionation. 

The return of fractionated surface ocean material to the 

deep ocean also implies a long-term evolution of the 

interior ocean because of plume activity. 

Summary: Measurements of Enceladus’ plume are 

a window into the interior ocean, but we need to ac-

count for plume fractionation to infer the ocean com-

position. This is critical for interpreting past measure-

ments by Cassini, as well as future missions. 
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Fig. 1. (A) The internal and plume structure of Encela-

dus’ ocean. (B) A working model of plume fractiona-

tion processes. 

Table 1. Measured gases in the plume by Cassini, and 

modeled concentrations in the surface ocean based on 

equilibrium and kinetic fractionation. 

Gas Cassini (%) Equilibrium (atm) Kinetic (atm) 

CH4 0.2 3.28E-09 4.02E-02 

H2 0.9 1.47E-08 1.83E-01 

Ar 0.031 5.08E-10 9.86E-03 

CO2 0.6 9.83E-09 4.71E-03 

NH3 0.9 1.47E-08 1.65E-06 

H2O 98 5.73E-03 6.03E-03 
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