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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 
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biology
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subsurface 

reactors

measuring 
biogeochemical 
contributions to 

O&G GHGs

role of viruses, 
eukaryotes in 
microbiomes

possibility for 
responsible 

gene editing 
(?)

in situ 
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unintended 
consequences of 
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incursions

discovering 
subsurface 

extremophiles

astrobiological 
implications 
for alien life



bio
en

er
ge

tic
 

en
gin

ee
rin

g
engineering

ecosystem resilience

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

scoping our planet

we still don’t understand the subsurface

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



4.6 billion 
years ago 

(b.y.a.)
earth 
forms

~3.4 b.y.a.
bacteria 
evolve

~2.2 b.y.a.
Eukarya 
evolves

~800 m.y.a.
plants!

~225 m.y.a.
mammals 

evolve

~300 k.y.a.
humans 
evolve

~5 k.y.a.
recorded 
history 
begins

~250 y.a.
Industrial 
Revolution

0 y.a.
present 

day

     a long, long time ago NOW
2~1 b.y.a.

“Boring Billion”
massive global anoxic ice age 

Universe formed: 13.8 b.y.a.

[1] Sci. Rep., 2018, 8, 4432. doi:10.1038/s41598-018-22695-x; [2] Phil. Trans. R. Soc. B: Bio. Sci. 2006, 361, 903. doi:10.1098/rstb.2006.1838; 
[3] J. Microbiol. 2023, 169, 001172. doi:10.1099/mic.0.001172

But first:  a brief history of Earth
~550 m.y.a.
Cambrian 
Explosion

~650 m.y.a.
Neoproterozoic 

oxygenation 
event

ANAEROBIC         (still mostly anaerobic)       AEROBIC

https://doi.org/10.1038%2Fs41598-018-22695-x
https://doi.org/10.1098/rstb.2006.1838
https://doi.org/10.1099/mic.0.001172


[1] Sci. Rep., 2018, 8, 4432. doi:10.1038/s41598-018-22695-x
[2] Proc. Natl. Acad. Sci, 2018, 115, 6506. doi:10.1073/pnas.1711842115

Microbes live in the deep subsurface by the gigaton
microbes outnumber 

animals 40:1 by 
mass

https://doi.org/10.1038%2Fs41598-018-22695-x
https://dx.doi.org/10.1073/pnas.1711842115


[1] Sci. Rep., 2018, 8, 4432. doi:10.1038/s41598-018-22695-x
[2] Proc. Natl. Acad. Sci, 2018, 115, 6506. doi:10.1073/pnas.1711842115

Microbes live in the deep subsurface by the gigaton
90% of microbes live 

in the deep 
subsurface

https://doi.org/10.1038%2Fs41598-018-22695-x
https://dx.doi.org/10.1073/pnas.1711842115


“The preserved metabolisms of an anaerobic world”

[1] Nat. Rev. Microbiol. 2019, 17, 247. doi:10.1038/s41579-019-0158-9; [2] J. Geol. Sci. 2018, 175, 716. doi:10.1144/jgs2018-061; [3] 
ISME, 2024, 18, wrae091. doi:10.1093/ismejo/wrae091; [4] Microbiol., 2023, 169, 001172. doi:10.1099/mic.0.001172; 

Hydrothermal 
vents

Anaerobic digesters 

Gut Flora & Rumen

Deep subsurface 

.Extensively studied. .Almost entirely unexplored

https://dx.doi.org/10.1038/s41579-019-0158-9
https://dx.doi.org/10.1144/jgs2018-061
https://academic.oup.com/ismej/article/18/1/wrae091/7680289
https://dx.doi.org/10.1099/mic.0.001172


Sulfate Reducers
H2SO4 + CH3COOH → 2 CO2 + H2S + 2 H2O

Methanogens
CO2 + 4 H2 → CH4 + 2 H2O

Methanotrophs
CH4 + 2 O2 → CO2 + 4 H2 

Rarer metabolisms
- microbes can make C2H6, 
C2H4, C3H8, MeOH, EtOH, …

Acetogens
2 CO2 + 4 H2 → CH3COOH + 2 H2O

Acetoclastic Methanogens
CH3COOH → CH4 + CO2

“The preserved metabolisms of an anaerobic world”

[1] Nat. Rev. Microbiol. 2019, 17, 247. doi:10.1038/s41579-019-0158-9; [2] J. Geol. Sci. 2018, 175, 716. doi:10.1144/jgs2018-061; [3] 
ISME, 2024, 18, wrae091. doi:10.1093/ismejo/wrae091; [4] Microbiol., 2023, 169, 001172. doi:10.1099/mic.0.001172; 

https://dx.doi.org/10.1038/s41579-019-0158-9
https://dx.doi.org/10.1144/jgs2018-061
https://academic.oup.com/ismej/article/18/1/wrae091/7680289
https://dx.doi.org/10.1099/mic.0.001172


“The preserved metabolisms of an anaerobic world”

[1] Front. Microbiol. 2014, 5, 1. doi:10.3389/fmicb.2014.00089; [2] Birkeland, N.-K. Sulfate-Reducing Bacteria and Archaea. In 
Petroleum Microbiology; John Wiley & Sons, Ltd, 2005; pp 35–54. doi:10.1128/9781555817589.ch3

Sulfate Reducers
H2SO4 + CH3COOH → 2 CO2 + H2S + 2 H2O

Sulfate-reducing microbes are 
the primary cause of fossil gas 
souring, which costs the global 
oil & gas industry >$60bn/yr.

https://dx.doi.org/10.3389/fmicb.2014.00089
https://dx.doi.org/10.1128/9781555817589.ch3


[1] New Biotechnol. 2019, 49, 1. doi:10.1016/j.nbt.2018.07.005; [2] Int. Biodeterior. Biodegradation 2025,197, 105958. doi:10.1016/j.ibiod.2024.105958; 
[3] Antonie van Leeuwenhoek, 2000, 77, 103. doi:10.1023/A:1002434330514; [4] Science, 2008, 322, 275. doi:10.1126/science.1155495

Microbes proliferate everywhere we drill & mine
depth T (°C)

~100m ambient

1 km 40-50

2 km 60-80

3 km 80-100

4 km 100-120

5 km 120-150

mesophiles 

therm
ophiles

hypertherm
ophiles

coal 
mines

oil wells 
(onshore)

oil wells 
(offshore)

Subsurface microbiomes 
are diverse
Microbes cooperate to eat 
(syntrophy) and form 
symbiotic consortia. 
20~80% of subsurface 
microbes live in biofilms. 

…or not

Candidatus desulforudis 
audaxviator: a naturally 
occurring monoculture 
comprising >99.9% of 
samples from a S. African 
gold mine at 2.8km depth

https://dx.doi.org/10.1016/j.nbt.2018.07.005
https://dx.doi.org/10.1016/j.ibiod.2024.105958
https://dx.doi.org/10.1023/A:1002434330514
https://dx.doi.org/10.1126/science.1155495


`

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)



“That will never happen.”

CO2-Enhanced Oil Recovery 
(CO2-EOR)

75%
% of all captured 
CO2 used for EOR



“That will never happen.” It’s already happening.

CO2-Enhanced Oil Recovery 
(CO2-EOR)

[1] Nature 2021, 600, 670. doi:10.1038/s41586-021-04153-3; [2] Environ. Sci. Technol. 2023, 57, 9459. doi:10.1021/acs.est.2c08652; 
[3] Appl. Geochem. 2014, 51, 155. doi:10.1016/j.apgeochem.2014.09.015; [4] Global Status of CCUS, 2021, Global CCS Institute.

75%
% of all captured 
CO2 used for EOR

83×
20yr GHG impact 

of CH4 vs CO2

no
what I will say if you 
ask if CH4 dissolves & 
mineralizes like CO2

zero
# of CCUS regulatory 
specs that consider 
microbial methane

https://dx.doi.org/10.1038/s41586-021-04153-3
https://dx.doi.org/10.1021/acs.est.2c08652
https://dx.doi.org/10.1016/j.apgeochem.2014.09.015


The 
Bottleneck

negotiate collective 
testbed access

(every performer gets access to 
every testbed site)

drilling boreholes is 
expensive 

(can cost >£10 million per borehole)

only oil & gas 
companies do it

(getting site access is onerous)

select diverse biogeochem 
R&D portfolio 

(interdisciplinary teams with cutting-edge 
meta-omics & geofluidics techniques)

The 
Solution

Funding Structure: Distributed Borehole 
Testbed Consortium

£50M ARIA programme

£35M £15M
direct nondilutive 

R&D funding
distributed borehole 
testbed consortium

● All-for-all consolidated testbed access
● Diverse industrial geologies 

○ (O&G, CCS, geoH2, geothermal, …)
● Communal baseline datasets
● Sterile pre-contamination controls
● Spatial and temporal sampling resolution 

£50M ARIA programme

£35M £15M
direct nondilutive 

R&D funding
distributed borehole 
testbed consortium
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they delved 
too greedily 
and too deep , 
and disturbed 
that from which 
they fled.”

"The Dwarves tell no 
tale; but even as 
mithril was the 
foundation of their 
wealth, so also it was 
their destruction:

Tolkien, J. R. R. The Fellowship of the Ring, 1954, p. 413.
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