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Serpentinization
(Mg,Fe)2SiO4 + H2O + C = Mg3Si2O5(OH)4 + Mg(OH)2 +Fe3O4 + H2 +CH4 + C2-C5

olivine + water + carbon = serpentine + high pH + energy + food
Olivine

Serpentine

Potential for supporting high-pH, non-photosynthetic ecosystems,
but many challenges to living in this extreme environment.

The discovery of hydrothermal
vents revealed that volcanic
activity, in addition to sunlight,
can provide energy to support life.

The discovery of Lost City suggests that
serpentinization might be another potential
source of life-supporting energy.

Serpentinization beyond Earth

Porco et al. (2014) Astronomical Journal

Serpentinization beyond Earth

NASA JPL

A New Kind of
Hydrothermal Ecosystem
The Lost City Hydrothermal Field,
located 15 km from the Mid-Atlantic
Ridge, was discovered in 2000.
It is located on a 5,300 m seafloor
mountain called the Atlantis Massif.
It is not a volcano.

Kelley et al. (2007)
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Abstract

Habitability is a widely used word in the geoscience, planetary science, and astrobiology literature, but what
does it mean? In this review on habitability, we define it as the ability of an environment to support the activity
of at least one known organism. We adopt a binary definition of ‘‘habitability’’ and a ‘‘habitable environment.’’
An environment either can or cannot sustain a given organism. However, environments such as entire planets
might be capable of supporting more or less species diversity or biomass compared with that of Earth. A clarity
in understanding habitability can be obtained by defining instantaneous habitability as the conditions at any
given time in a given environment required to sustain the activity of at least one known organism, and
continuous planetary habitability as the capacity of a planetary body to sustain habitable conditions on some
areas of its surface or within its interior over geological timescales. We also distinguish between surface liquid
water worlds (such as Earth) that can sustain liquid water on their surfaces and interior liquid water worlds,
such as icy moons and terrestrial-type rocky planets with liquid water only in their interiors. This distinction is
important since, while the former can potentially sustain habitable conditions for oxygenic photosynthesis that
leads to the rise of atmospheric oxygen and potentially complex multicellularity and intelligence over geological timescales, the latter are unlikely to. Habitable environments do not need to contain life. Although the
decoupling of habitability and the presence of life may be rare on Earth, it may be important for understanding
the habitability of other planetary bodies. Key Words: Habitability—Exoplanets—Habitat—Niche—Mars—
Exoplanets. Astrobiology 16, 89–117.
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Known
boundaries of
life in green

2. physicochemical conditions
3. energy
4. major elements needed for life (CHNOPS)

Conditions of LC
fluids in orange

5. additional elements, such as trace metals

Warm but not boiling: 20 – 100º C
Very alkaline: pH 9-11
No thermophilic alkaliphiles in culture!
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limitation of pH + temp unknown
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but dependent on circulation of sulfate?
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Data from Proskurowski et al., 2006; 2008; Lang et al., 2010, 2013, Reeves et al., 2014
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Bizarro Carbon Cycle of Lost City
Organic carbon is abundant.
Inorganic carbon (ΣCO2) is rare.
The pH is 9-11.
No known organisms are active at high
pH and high temperature.
Hypothesis:
The combinations of high temperature,
high pH, and the scarcity of ΣCO2 in
serpentinization systems are key
biological limitations that can be
overcome by the metabolic activity of
one or a few foundation species.
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Deeply-sourced formate
fuels sulfate reducers but not
methanogens at Lost City
hydrothermal field
Susan Q. Lang1,2, Gretchen L. Früh-Green2, Stefano M. Bernasconi
Matthew O. Schrenk4 & Julia M. McGonigle3

2

, William J. Brazelton3,

Hydrogen produced during water-rock serpentinization reactions can drive the synthesis of organic
compounds both biotically and abiotically. We investigated abiotic carbon production and microbial
metabolic pathways at the high energy but low diversity serpentinite-hosted Lost City hydrothermal
field. Compound-specific 14C data demonstrates that formate is mantle-derived and abiotic in some
locations and has an additional, seawater-derived component in others. Lipids produced by the
dominant member of the archaeal community, the Lost City Methanosarcinales, largely lack 14C,
but metagenomic evidence suggests they cannot use formate for methanogenesis. Instead, sulfatereducing bacteria may be the primary consumers of formate in Lost City chimneys. Paradoxically,
the archaeal phylotype that numerically dominates the chimney microbial communities appears ill
suited to live in pure hydrothermal fluids without the co-occurrence of organisms that can liberate CO2.
Considering the lack of dissolved inorganic carbon in such systems, the ability to utilize formate may be
a key trait for survival in pristine serpentinite-hosted environments.

Lang et al. (2018)

Deep sea hydrothermal systems have long been recognized as important zones of biological activity in the anoxic
subsurface, and as potential locations for the evolution of early life on Earth1,2. Alkaline serpentinization environments have been proposed as promising locations for the emergence of early life, in part because the high
concentrations of H2 that are a natural outcome of water-rock reactions can promote the non-biological synthesis
of some organic molecules3. These environments are widespread in oceanic and continental settings4, may have
been even more extensive prior to ~3 billion years ago5, and may be active on other planetary bodies such as
Saturn’s moon Enceledus6. While the chemical energy for the synthesis of organic compounds is abundant in serpentinization systems, the relative importance of abiotic vs. biotic processes is unknown. We carried out studies
at an alkaline serpentinization system to investigate the abiotic production of organic molecules and to identify
how present-day microbial communities interact with these geologically-driven reactions.
The reaction of ultramafic rocks with water results in high concentrations of hydrogen that can provide the
geochemical fuel for both biotic and abiotic organic synthesis. Resulting fluids contain high concentrations of
reduced carbon compounds such as methane, short chain n-alkanes, and formate that have been proposed to
form abiotically based on thermodynamic calculations, laboratory experiments, and geochemical and isotopic
measurements7–15. Pure hydrothermal fluids can support anaerobic metabolisms such as methanogenesis and
sulfate reduction in the absence of mixing with seawater16–18.
The oxidized carbon species CO2 or its other forms (HCO3−, CO3−2) are typically presumed to be the starting material for the abiogenic formation of organic molecules and for primary production. However, oceanic
low-temperature alkaline serpentinization environments such as the Lost City Hydrothermal Field, or analogous
land-based environments in Oman, California, and Italy, are characterized by extremely low concentrations of
dissolved inorganic carbon due to its reduction to hydrocarbons and the rapid precipitation of calcium carbonate
at pH above ~97,13,19–23. Thus, the availability of oxidized carbon may be a limiting factor for both abiogenic

Julia McGonigle
conducting 13C-labeled activity
experiments with Lost City fluids
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Physiological Differentiation within a
Single-Species Biofilm Fueled by
Serpentinization

1. a solvent
2. physicochemical conditions

William J. Brazelton, Mausmi P. Mehta, Deborah S. Kelley,
et al.
2011. Physiological Differentiation within a Single-Species
Biofilm Fueled by Serpentinization . mBio 2(4): .
doi:10.1128/mBio.00127-11.

3. energy
4. major elements needed for life (CHNOPS)
5. additional elements, such as trace metals

Lost City
biofilms are capable of N2 fixation
Updated information and services can be found at:
http://mbio.asm.org/content/2/4/e00127-11.full.html
Brazelton et al. (2011)
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And yet...
chimneys are
full of biofilms

Metals are
not soluble
at high pH

Rocks have lots of metals
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but probably requires living on a rock
Lost City is the best case scenario
for serpentinization-supported life.
What about less ideal examples of
serpentinization?

Serpentinization on Land
Does serpentinization support life for
millions of years after the rocks leave the ocean?

Serpentinization on Land:
Continental Springs

Tablelands, Newfoundland

pH 10-12 fluids with H2, CH4 gas

Voltri Massif, Italy

pH 10-12 fluids with H2, CH4 gas

Serpentinization on Land:
Groundwater Wells
Collection of rock cores

Access to groundwater pH 9 - 12.6

Coast Range Microbial Observatory (CROMO), California
Several wells drilled into serpentinite bedrock

Serpentinization on Land
Does serpentinization support life for
millions of years after the rocks leave the ocean?
Bacterial diversity of springs and
groundwater decreases with pH

Springs with pH >12
are nearly sterile

Voltri Massif, Italy
pH 12.3 springs
103 cells per mL
<100 pg DNA per L
Brazelton et al. (2017) PeerJ

Serpentinization on Land
Does serpentinization support life for
millions of years after the rocks leave the ocean?
Bacterial diversity of springs and
groundwater decreases with pH

Springs with pH >12
are nearly sterile

pH is too high?
no CO2?
not enough oxidant (e.g. sulfate?)
holding on too tight and not flushing out?

Voltri Massif, Italy
pH 12.3 springs
103 cells per mL
<100 pg DNA per L
Brazelton et al. (2017) PeerJ

Serpentinization beyond Earth

1. a solvent
2. physicochemical conditions
3. energy

Is there a moderate pH + temp zone?

Plenty of H2, but is there a sustainable source of oxidants?

4. major elements needed for life (CHNOPS)
5. additional elements, such as trace metals

Phosphorus is a mystery even on Earth.
But probably requires living on a rock.
NASA JPL

Serpentinization beyond Earth

More broadly:
Is there an active hydrothermal system with a globally circulating ocean?
Is the water continually exposed to enough rock for billions of years?
1. a solvent
2. physicochemical conditions
3. energy

Is there a moderate pH + temp zone?

Plenty of H2, but is there a sustainable source of oxidants?

4. major elements needed for life (CHNOPS)
5. additional elements, such as trace metals

Phosphorus is a mystery even on Earth.
But probably requires living
a rock.
NASAon
JPL
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