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__________________________________________________________________________ 
Ocean world habitability and the origin of life 

Geologically-ac�ve icy moons around Jupiter and Saturn, such as Europa and Enceladus, are 
known to possess subsurface oceans beneath the icy crust. According to the in-situ chemical 
analysis of plume materials erup�ng from Enceladus’ subsurface ocean, the Cassini 
spacecra� has revealed water chemistry of the ocean – that is, seawater pH is alkaline (pH ~ 
10) and Na-Cl-carbonate-rich composi�on. Planetary habitability can be defined as a
planetary-scale system that can develop and sustain ingredients of life—liquid water,
bioessen�al elements, and energy—over geological �me. In this regard, Enceladus possesses
a habitable world beneath the icy shell. This moon has a global subsurface interac�ng with a
rocky core, shere a wide variety of organic mater and chemical energy supported by
hydrothermal ac�vi�es are available. Among the major bioessen�al elements for Earth’s life,
phosphorus (P) is usually the least abundant in natural aqueous systems and has been a
limi�ng nutrient of primary produc�vity over Earth’s history. In ocean worlds, such as
Enceladus, in the outer Solar System, there may be a more dras�c deple�on of P than Earth
due to lack of surface lands, possibly limi�ng the emergence and ac�vity of life similar to the
form of Earth’s life.

Here we report the discovery of two phosphate-bearing minerals in ice grains emited by 
Enceladus based on the analysis by Cassini’s Cosmic Dust Analyser. Our observa�onal results 
are evidence that phosphorus is readily available in Enceladus' ocean, with anomalously high 
concentra�ons–at least 100 �mes higher than Earth's oceans. To understand the causa�ve 
mechanism of the enrichment of phosphate in Enceladus' seawater, we performed 
hydrothermal reac�on experiments and geochemical modeling. We find that alkaline (pH 
~10) and carbonate-rich aqueous environments are essen�al for the phosphate enrichment, 
where calcium phosphate minerals are thermodynamically unstable compared to calcium 
carbonate minerals, releasing phosphate into liquid phase. Such alkaline carbonate-rich 
aqueous environments are commonly achieved in icy ocean worlds beyond the CO2 
snowline of the Solar System. Phosphate could have been also enriched in similar alkaline 
carbonate-rich aqueous environments on early Earth, where earliest life on Earth might have 
u�lized phosphorus as components of its building materials.
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