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LIFE!
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O2 is very rare in the universe 



One of the most 

dissatisfied molecules

O2 is a powerful and very reactive oxidant

Some of the more 

satisfied molecules



- Photosynthesis – biotic – major

- Radiolysis of water – abiotic – minute

- Electrolysis of water, e.g. via lightning – abiotic - minute 

- Light-independent dismutation of nitric oxide or chlorite – biotic - 

minute

Few natural sources of O2 on Earth (and in the universe?!)

! NEW !
Est. 1996

Ruff et al, FEMS Microbiol Ecol 2024



O2 – and thus strict aerobes - are only abundant in environments that are sunlit, or well-mixed 

and in direct exchange with a sunlit environment

Environments that are permanently dark and isolated from surface processes are devoid of 

oxygen and organisms that require O2

Distribution of O2 on Earth 



Strictly aerobic methanotrophs are abundant in subsurface

Ruff et al, Nature Communications  2023
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Dissolved oxygen in ancient groundwaters

Ruff et al, Nature Communications  2023
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A source of isotopically light oxygen in groundwater!!!

Scott Wankel
WHOI

Ruff et al, Nature Communications  2023



In situ production of O2 is common in groundwater 

Ruff et al, FEMS Microbiol Ecol 2024

Jordon Hemingway



Pathways of microbial “dark oxygen” production

Ruff et al, FEMS Microbiol Ecol 2024
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Cld_tree_update

Chlorite dismutases are widespread in the tree of life

25 phyla have the genetic capability to 
perform chlorite dismutation
 9 were added by this analysis

Organisms capable of chlorite 
dismutation are widespread in nature

Meso- and thermophilic spore formers 
isolated from underground gas storage

Murali, Vidal et al unpublished
Balk et al. 2008 Appl Environ Microbiol
Balk et al. 2010 Appl Microbiol Biotechnol
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Oxygen anomalies and DOP are widespread in nature

Ruff et al, FEMS Microbiol Ecol 2024
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Crust

2-6 ✕ 1029

Seafloor

3-8 ✕ 1029

Oceans

1 ✕ 1029

Soil

2-4 ✕ 1029Kallmeyer et al. PNAS 2012

Magnabosco et al. Nat Geosci 2018

Implications for the 
origins and limits of life

Microbial cells on Earth:

~1,000,000,000,000,000,000,000,000,000,000

50 – 80% of Earth’s microbes live in 
subsurface environments 



15Huang et al. Sci Chin Earth Sci 2021 (modified)

Implications for the origins and limits of life

O2 is essential for the evolution 

of macroscopic organisms

Atmospheric oxygen concentration vs 

organismal complexity
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O2 is essential for the evolution of complex multicellular life

Stamati et al. J Tissue Eng 2011

Implications for the origins and limits of life

Atmospheric oxygen concentration vs organismal complexity



Example of a Mars subsurface analog site
Burj Khalifa

- 2.9 km deep sampling site inside 

Moab Khotsong gold mine

- South African Witwatersrand Basin

- Brines were isolated from surface 

processes for ~1.2 Ga

- Active microbes are present

- Dissolved oxygen is present likely 

from radiolysis

- Genomic capabilities for aerobic 

metabolisms

Foto: Taro Kido

Lin et al. 2005 Geochem Geophys Geosys
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Nisson et al. 2024 ISME Comms



Implications for Mars exploration and protection
Burj Khalifa- Perchlorate - precursor for chlorite dismutation - is abundant on Mars

- O2 generation for habitation via microbial chlorite dismutation is a 

potential source of forward contamination

- H2O extraction for human habitation via drilling is a potential source of 

contamination

- Microbial communities could be sustained by radiolysis

- Liquid water in the Martian mid crust could sustain life

- Microbes might have been (or still be) present only in subsurface

- Accessing past or present life might require sophisticated drilling and 

sample preservation

- Risk of backward contamination

Image: NASA
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Nothing in the Ruff lab makes sense except in the light of …
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