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SPACE

OCEAN

EARTH

there are exactly three unexplored frontiers



1. Extract 
products

Our relationship with the 
subsurface is simple:



2. ???

1. Inject 
reactants 3. Extract 

products

Our relationship with the 
subsurface is simple:



4 H2 + CO2 → CH4 + 2 H2O

e- source

e- sink



Surface Chemistry:
● oxidizing, aerobic
● e- sources are limiting

Subsurface Chemistry:
● reducing, anaerobic
● e- sinks are limiting

4 H2 + CO2 → CH4 + 2 H2O

e- source

e- sink



`

injectate microbial activity

1. Inject 
reactants

2. Biogeochemistry!pressure

temperature

reducing 
environment

3. Extract 
products

commodity chemicals

♺ Renewable fuels (CnH2n+2)
n=1-3

♺ Plastic monomers (CnH2n)
n=2-4

♺ Clean fertilizers (NH3, NO3
-)

♺ Electron carriers (HCOO-)

♺ Waste gases (CO2, N2, O2)
♺ Water (H2O)



The tradeoff for industrial biochemistry is slow kinetics

simple

t/d kt/d Mt/d → 

total 
productivity

ton / yr

unit 
productivity
ton / (m3 · yr)

size
m3

thermo-
chemical 

reactor
~102 ~ 4 ~102 100 ~ 2

bioreactor ~10-1 ~ 2 ~10-1 100 ~ 3

[1] Biotechnol. Prog. 2016, 33, 867. doi:10.1002/btpr.2415.

≈   ×

≈   ×

complex 

https://dx.doi.org/10.1002/btpr.2415


Biogeoreactors make up for slow kinetics with volume

t/d kt/d Mt/d → 

total 
productivity

ton / yr

unit 
productivity
ton / (m3 · yr)

size
m3

thermo-
chemical 

reactor
~102 ~ 4 ~102 100 ~ 2

bioreactor ~10-1 ~ 2 ~10-1 100 ~ 3

biogeo-
reactor ~102 ~ 4 ~10-6 108 ~ 10

[1] Nature 2021, 600, 670. doi:10.1038/s41586-021-04153-3; [2] ChemRxiv 2020. doi:10.26434/chemrxiv.13238996.v1; 
[3] Biofuels Bioprod. Bioref. 2017, 11, 798. doi:10.1002/bbb.1786.

≈   ×

≈   ×

≈   ×

complex 

simple

https://dx.doi.org/10.1038/s41586-021-04153-3
https://dx.doi.org/10.26434/chemrxiv.13238996.v1
https://dx.doi.org/10.1002/bbb.1786


   The biggest bioreactors on the planet 
are IN the planet

t/d kt/d Mt/d → 

complex 

simple

total 
productivity

ton / yr

unit 
productivity
ton / (m3 · yr)

size
m3

thermo-
chemical 

reactor
~102 ~ 4 ~102 100 ~ 2

bioreactor ~10-1 ~ 2 ~10-1 100 ~ 3

biogeo-
reactor ~102 ~ 4 ~10-6 108 ~ 10

[1] Nature 2021, 600, 670. doi:10.1038/s41586-021-04153-3; [2] ChemRxiv 2020. doi:10.26434/chemrxiv.13238996.v1; 
[3] Biofuels Bioprod. Bioref. 2017, 11, 798. doi:10.1002/bbb.1786.

≈   ×

≈   ×

≈   ×

1 km3 = 109 m3

https://dx.doi.org/10.1038/s41586-021-04153-3
https://dx.doi.org/10.26434/chemrxiv.13238996.v1
https://dx.doi.org/10.1002/bbb.1786


1. Reactive 
(minimal predictive power)

2. Fossil-centric 
(siloed in legacy oil & gas)

3. Ripe for revolution 
(new industries & recent techniques)

4. Diverse in impact 
(chemicals, GHGs, biotech, remediation)

Our knowledge of biogeochemistry is:

[1] ISME, 2024, 18, wrae091. doi:10.1093/ismejo/wrae091;
[2] Antonie Van Leeuwenhoek, 2000, 77, 103. doi:10.1023/A:1002434330514.

t/d kt/d Mt/d → 

complex 

simple

https://academic.oup.com/ismej/article/18/1/wrae091/7680289
https://dx.doi.org/10.1023/A:1002434330514


Core beliefs
➢ The subsurface has been the 

primary source of materials and 
energy for all modern history

➢ Our knowledge of the subsurface 
has always been secondary to our 
ability to extract from it

➢ The better we understand our 
natural world, the more 
harmoniously we can live with it

we still don’t understand the subsurface

understanding 
deep subsurface 

biology

engineering 
subsurface 

reactors

measuring 
biogeochemical 
contributions to 

O&G GHGs

role of viruses, 
eukaryotes in 
microbiomes

possibility for 
responsible 

gene editing 
(?)

in situ 
groundwater 
remediation

unintended 
consequences of 
anthropogenic 

incursions

discovering 
subsurface 

extremophiles

astrobiological 
implications 
for alien life
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