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Introduction:  Plumes erupting from Enceladus’ 

tiger stripe fissures deliver water vapor and gases from 

a subsurface ocean to the surface and space. The plume 

composition measured by the Cassini spacecraft 

informs our knowledge of Enceladus’ ocean chemistry. 

In particular, the abundances of various gases measured 

by the Ion and Neutral Mass Spectrometer (INMS) are 

crucial to understanding the dissolved gases, ions and 

pH in the ocean, and the ocean’s capacity to sustain life. 

The gases observed in the plume include hydrogen (H2), 

carbon dioxide (CO2), methane (CH4) and ammonia 

(NH3) [1].  

However, the relative abundances of gases in the 

plumes may not perfectly reflect the abundances in the 

ocean. Two fractionation processes occur during 

eruption: 1) exsolution of gases at species-specific rates, 

and 2) condensation of water vapor onto the icy walls of 

the plume conduit. Gas exsolution tends to enrich the 

plume in rapidly exsolving gases (in particular, water 

vapor), while condensation depletes the plume in water 

vapor because other gases (e.g. CO2, H2) do not 

condense out significantly [2].  

In this work, we present a model of chemical 

fractionation in the gas phase of Enceladus’ erupting 

plumes to estimate dissolved gas concentrations in the 

ocean. In addition, we use a model of equilibrium 

aqueous chemistry to estimate the ocean pH and 

concentrations of ammonium, carbonate and 

bicarbonate ions. We also consider the ocean’s capacity 

to sustain life in the form of hydrogenotrophic 

methanogens.  

How Plume Gases Determine Ocean Chemistry 

and Activity:  The gases measured in the plume by the 

INMS instrument (and crucially, their inferred 

concentrations in the ocean) provide a wealth of 

information about Enceladus’ chemistry, ongoing 

internal processes, and even the moon’s origin. 

Abundant CO2 would lower the pH of the ocean, due to 

the formation of carbonic acid (CO2 + H2O → H2CO3), 

which dissociates to provide free protons (H+). In turn, 

pH affects the dominant form of inorganic carbon in the 

ocean: at pH <~9.4, HCO3
- dominates; at higher pH, 

CO3
2- dominates [3]. Conversely to CO2, abundant NH3 

would tend to raise the pH because it acts as a weak 

base, i.e. a proton acceptor. Ocean pH will also 

determine whether NH3 dominates (pH > 9.25) or NH4
+ 

dominates (pH < 9.25), and the abundance of NH4
+ (a 

key ion in terrestrial metabolism).  

Other gases provide insight into geochemical and 

potential biological processes within the ocean. The 

presence of both H2 and CH4 has been taken as evidence 

for hydrothermal activity at the ocean floor [1]. H2 and 

CO2 together could provide a source of chemical energy 

as a redox pair that methanogens, if present, could use.  

Finally, better estimates for oceanic gas 

concentrations can help to constrain Enceladus’ 

formation history. The deuterium/hydrogen (D/H) ratio 

of water measured in the plume suggests that Enceladus 

formed from similar materials to comets [1]. 

Abundances of other volatiles (e.g. CO2, CH4, NH3) 

may therefore be present at cometary levels too.  

Condensation of Water Vapor onto Ice Walls:  As 

the plume travels upwards through the tiger stripe 

fissures, it will experience colder temperatures towards 

the surface. As a result, water vapor will tend to 

condense out of the plume, primarily onto the walls of 

the icy fissures, and secondarily onto ice grains carried 

by the plume gas [2]. However, other gases (CO2, CH4, 

NH3, H2) are unlikely to condense significantly given 

their volatility, so water vapor becomes depleted in the 

plume relative to other gases during its journey through 

the plume conduit.  Glein et al. [2] estimated the amount 

of condensation onto the ice walls by assuming that the 

plume water vapor remains in equilibrium with the ice 

wall. The wall temperature is defined by thermal 

equilibrium with the ocean at the bottom of the fissure 

(~273 K), and by the observed temperature of the tiger 

stripes at the fissure outlet (197 ± 20 K) [4].  

In our work, we adopt a model of plume dynamics 

(including both evaporation at the surface of the ocean, 

and condensation of vapor in the plume conduit) 

developed by Nakajima and Ingersoll [5]. In this model, 

mass, energy and momentum are conserved in the 

ocean-plume-fissure system as the plume accelerates 

upward through the plume conduit and partially 

condenses onto the fissure walls. The upper boundary 

condition is set by the plume velocity at the outlet, 

which we set to either the escape velocity (a lower limit) 

or the speed of sound (an upper limit). The lower 

boundary condition is defined by an evaporation flux 

driven by a pressure difference between the saturation 

vapor pressure of the ocean and the partial pressure of 

water vapor directly above the ocean surface. We 

iteratively pick this pressure difference using the 

‘shooting method’ until one of the velocity conditions at 

the outlet is matched. We also vary the diameter and 

depth of the plume conduit across different models. As 
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in Nakajima and Ingersoll [5], we use the mass output 

of the eruption to constrain the fissure geometry, and 

only select those fissure geometries that accurately 

reproduce observed eruption rates.  

Gas Exsolution from the Ocean Surface:  Just as 

a pressure difference across the ocean-plume boundary 

drives water evaporation, low partial pressures directly 

above the ocean drive exsolution of other dissolved 

gases (CO2, CH4, NH3, H2). We use a thin-film model 

of gas exsolution, where mass transfer is modeled via 

diffusion across a stagnant (non-convecting) thin film, 

with typical thickness of 0.1 mm for gases in water [6]. 

The exsolution flux is determined by the pressure 

difference between a hypothetical partial pressure in 

equilibrium with the dissolved concentration, and the 

actual partial pressure directly above the ocean surface. 

There is also a mass transfer coefficient, which is a 

function of the solubility and diffusion rate of the gas in 

water. We assume that the ratios of molar fluxes for 

each species across the ocean-plume boundary are equal 

to the ratios of their partial pressures in the plume, 

which allows us to derive each species’ concentration in 

the ocean.  

Equilibrium Aqueous Chemistry:  To calculate 

the ocean pH and concentrations of HCO3
-, CO3

2- and 

NH4
+ ions in the ocean, we use charge balance, the 

dissociation constants associated with these ions, and 

appropriate activity coefficients. We also include the 

measured concentrations of NaCl (0.05 - 0.2 mol kg-1) 

and NaHCO3 or Na2CO3 (0.01 - 0.1 mol kg-1) [7] in this 

calculation. 

Affinity for Methanogenesis:  Finally, we use the 

same method as Waite et al. [1] to determine the 

available energy for methanogenesis in the H2-CO2 

redox pair. We calculate this affinity via: 

A= 2.3026RT(logK - logQ)  

where R is the universal gas constant, T is the 

temperature, K is the equilibrium constant and Q is the 

reaction quotient, which depends on the concentrations 

of all species in the reaction (CO2 + 4H2 ⇌ CH4 + 

2H2O). If Q = K, then the system is at equilibrium, the 

affinity is zero, and methanogens would have no 

energetic incentive to perform the reaction.  

Results: In our modeling, we find that wider and/or 

shallower fissures tend to produce oceans with higher 

concentrations of gases because these models produce 

relatively smaller amounts of vapor condensation 

during eruption so the relative abundances in the plume 

more closely reflect the concentrations in the ocean. 

When limiting our results to models that reproduce 

observed plume eruption rates, we find relatively high 

concentrations of all dissolved gases, around 10-4 - 10-2 

mol kg-1 (Fig. 1) [10]. From equilibrium aqueous 

 
chemistry, we predict an ocean pH of ~7.9-8.5, which is 

less alkaline than recent estimates that range from 8.5-

13.5. This pH is also closer to terrestrial ocean pH than 

previous estimates, which may be encouraging in the 

search for Earth-like life on Enceladus, and for 

Enceladus-analog environments on Earth.   

We also predict high concentrations of ammonium 

ions (10-1-100 mol kg-1) and up to ~2 mol kg-1 of HCO3
- 

or CO3
2-. Consequently the total ammonium 

(∑NH3=[NH3]+[NH3
+]) and total inorganic carbon 

(∑CO2=[CO2]+ [HCO3
-]+[CO3

2-]) abundances that we 

predict for the bulk moon overlap with cometary 

abundances of these volatiles.  

Finally, we find ample energy in the H2-CO2 redox 

pair to support hydrogenotrophic methanogens, 

corresponding to ~120-140 kJ per mole of reaction. The 

presence of available energy could suggest that no life 

is present to harness it, but could also point to a small 

biosphere that only partially uses the available energy 

due to other nutrient limitations.  
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Figure 1: Calculated ranges for dissolved gas and ion 

concentrations from this work and previous studies [1], 

[2], [8], [9].  
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