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Abstract. Recent advancements in astrobiology have positioned Saturn’s moon, Enceladus, as a prime 
target in the search for extraterrestrial life. This review synthesizes current findings related to 
Enceladus's subsurface ocean, its geochemical properties, and the implications for potential habitability. 
Data from the Cassini mission have confirmed ongoing hydrothermal activity and the presence of 
biologically relevant compounds such as salts, methane, phosphates, and organic molecules. The 
physical and chemical parameters of the ocean — such as temperature, pH, and salinity — indicate that 
conditions may support microbial life, particularly methanogenic ecosystems. This paper further explores 
the thermodynamic modeling of biomass productivity in such systems and highlights upcoming mission 
concepts aimed at in situ biosignature detection. Enceladus continues to be a compelling astrobiological 
case study for understanding life’s possible existence beyond Earth. 
Key Words: biosignatures, extraterrestrial life, hydrothermal activity, icy moons, methanogenesis, 
planetary habitability, plume analysis, subsurface ocean. 

 

 

Introduction. Recent advancements in astrobiology have led to notable insights into the 

habitability of celestial bodies within our solar system, particularly Saturn's moon, 

Enceladus. Known for its intriguing subsurface ocean and active plumes, Enceladus has 

emerged as one of the leading candidates in the search for extraterrestrial life (Botha et 

al 2018). This review synthesizes recent scientific findings that enhance our 

understanding of Enceladus's potential to harbor life, focusing on its unique 

geochemistry, biological implications, and future exploration narratives. 

 

Enceladus as a Habitable World. The presence of a global subsurface ocean beneath 

Enceladus's icy crust has been confirmed through data obtained from NASA's Cassini 

mission. Evidence suggests that hydrothermal activity occurs at the ocean's seafloor, 

potentially providing the necessary conditions for life (Cable et al 2021; Roche et al 

2023). This hypothesis is supported by findings indicating that the ocean is rich in salts 

and organic compounds, which are essential building blocks for life (Affholder et al 2022; 

Souček et al 2023). Hydration processes and the dynamics in these subsurface oceans 

have captured increasing interest as researchers aim to understand potential habitability 

on other icy bodies across the solar system (Escudero & Amils 2023) (Figure 1). 

 The parameters presented in Table 1 highlight the complex and potentially 

habitable environment present on Enceladus. They suggest that favorable conditions 

exist for biological processes akin to those seen on Earth, particularly due to the interplay 

between hydrothermal activity and the ocean's chemistry. This reinforces the notion that 

Enceladus remains a vital focus for astrobiological exploration. 
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Figure 1. Proposed model in which H2 is the main energy source for primary productivity 

in the deep subsurface; figure from Pedersen (1997), modified by Escudero & Amils 

(2023). 

 

Methanogenic Biospheres and Ecosystem Modeling. Significant attention has been 

directed towards understanding the potential for a methanogenic biosphere within 

Enceladus's deep ocean. The atmosphere of Enceladus contains 1.7% methane (Waite et 

al 2006; Petrescu-Mag et al 2011). Modeling studies suggest that ecological 

thermodynamics can further hypothesize the presence of hydrogenotrophic 

methanogenic ecosystems in hydrothermal vents (Affholder et al 2022). These 

ecosystems have implications for the detection of biosignatures through plume analysis 

(Higgins et al 2024). The quantification of biomass stock and the productivity of such 

methanogenic communities enhance the overall understanding of life detection strategies 

on extraterrestrial bodies. 

 

The Role of Intriguing Geochemical Processes. The geochemical interactions 

between water and rock in the Enceladus ocean are pivotal. The ocean's composition and 

the interaction of its elements, particularly those that may facilitate life, underscore the 

idea that this moon has the capacity to sustain biochemical cycles akin to those found on 

Earth (Cable et al 2021; Souček et al 2023). The presence of phosphates and organic 

material recovered from the plumes indicates that complex organic chemistry is plausible 

in its subsurface environment (Klenner 2025). 

 

Future Exploration Missions. Looking towards future explorations, several mission 

concepts aim to capitalize on the findings from the Cassini mission. One proposed 

project, SILENUS, aims to deploy multiple landers to explore the surface and subsurface 

of Enceladus thoroughly (Nathan et al 2022). These missions could enable direct 

sampling of the ice plumes, allowing scientists to analyze the chemical and biological 
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components in situ. Such explorations promise to define the habitable limits of ocean 

worlds, offering insights into the broader implications of life's existence beyond Earth. 

 

Table 1 

The most relevant physical and chemical parameters of the environment on Enceladus 

along with corresponding references 

 

Parameter Value Description Reference 

Ocean depth ~10 km 
Estimated thickness of 
the subsurface ocean 
beneath an ice crust. 

Hsu et al (2015) 

Ice shell thickness 30 - 40 km 
Thickness of the icy 
outer shell over the 

subsurface ocean. 

Hsu et al (2015) 

Ocean temperature ~0°C - 90°C 

Estimated temperature 
range of the 

subsurface ocean, with 
maximum heating 

likely occurring due to 

hydrothermal activity. 

Sekine et al (2015) 

Ocean pH ~9 

Estimated pH value, 
indicating basic 

conditions conducive 
to life. 

Glein et al (2015) 

Salinity ~0.5 - 4% 

Salt concentration in 
the ocean, suggesting 

ocean chemistry 
similar to seawater. 

Glein & Waite (2020) 

Organic compounds Varied 

Presence of aliphatic 

organics, phosphates, 
and other 

biochemicals; possible 
precursors for life. 

Steel et al (2017); 
Postberg et al (2023) 

Hydrothermal activity Ongoing 
Current hydrothermal 
systems influencing 

nutrient availability. 

Hsu et al (2015); 
Nathan et al (2022)  

Gas composition CO2, H2, CH4 

Key gases indicative of 
potential 

methanogenic 
processes. 

Higgins et al (2021) 

Trace nutrients Available 

Essential nutrients for 
life processes, 

including phosphorus 
and nitrogen. 

 
Tan (2025) 

 

Electrical conductivity Contextual 

Variability in 

conductivity influenced 
by dust and gas 

densities in the plume. 

Yaroshenko & Lühr 
(2016) 

Note: these parameters encompass characteristics essential for understanding the moon's habitability and 
geochemical dynamics. 

 

Conclusion. In summary, discoveries regarding Enceladus's geochemistry, potential 

biological systems, and proposed exploration strategies underscore the moon as a 

compelling candidate in the ongoing search for extraterrestrial life. Its subsurface ocean, 

coupled with evidence of geochemical activity, provides a vibrant scenario for 

astrobiological research. Continuous investigations are essential, as they could offer 

pivotal proofs of either life or prebiotic processes akin to those that might have 

contributed to life's origins on Earth. 
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