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• Discovery that there really is life in Hell.

• Need to study biology under high pressure.
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Paradigm Shift

In 1962 Thomas Kuhn wrote “The 

Structure of Scientific Revolutions”: 

Science proceeds by paradigm shifts.

We are in the midst of a paradigm shift 

about where much of life on earth exists, 

what is required to sustain life, and how

life evolved. 
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1871: Charles Darwin letter to J.D. Hooker
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“But if (& oh what a big if) we could 

conceive in some warm little pond with 

all sorts of ammonia & phosphoric 

salts,—light, heat, electricity &c 

present, that a protein compound was 

chemically formed, ready to undergo 

still more complex changes…”
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1920s: Oparin & Haldane

“Primaeval Soup”
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1953: Stanley Miller & Harold Urey* 
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Recipe for Life

1. Start with reducing atmosphere

2. Expose atmosphere to energy - heat, 

UV, lightning

3. Monomers form – “primordial soup”

4. Leading to the large polymers of life: 

lipids, nucleic acids & proteins. *Miller, Science, 117 (1953) 528. 

See also Garrisson et al., Science, 

114 (1951) 416 

H2O, 

H2, 

NH3, 

CH4

Credit: Ned Shaw, Indiana University
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What is the Biosphere?

– Up to about 3 decades ago oceans, lakes and 

land surface were assumed to be the 

“Biosphere”.

– The deep Earth crust was assumed to be 

sterile:

• Without the sun, there is no energy source.

• The deep crust is a hostile Hi-P, Hi-T place.
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Interest In Deep Life Is Not New
Detailed chronology, see Tullis Onstott, Deep Life, (Princeton Univ. Press, 2017)

1793    Alexander von Humboldt examines fungi in 

Fichtel Mountains gold mines.

1911 Galle grows microbes from coal mine 

samples, in search of methanogens.

1926 Bastin grows sulfate reducing microbes 

from Illinois & California oil field water.
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Reports dismissed by concerns of 

contamination by surface microbes.
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1977: Discovery of deep sea hydrothermal 

vents (a.k.a Black Smokers)

Source: MBARI

(Black Smokers)

Microbes consume H2S, 

CO2, H2O, … to produce 

organic molecules.

No solar dependence!

(Surface) 

Photosynthethic

organisms use sunlight 

to produce organic 

molecules.

Base of food chain:

NOAA
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How About in Deep Rock?
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Need broad, sustained, systematic studies.

$$$$$

Nuclear Waste to the Rescue!!

1986 Frank Wobber’s DOE Subsurface Science 

Program (SSP) funded systematic tool 

development and studies of deep life.

Other Deep Lab programs start in  

Belgium, Canada, Sweden….
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Challenge: Do microbiota live in the deep crust? 
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• Don’t assume. Sample & analyze.

• But to sample, either tunnel or drill –

neither is  sterile. Coring tools.

• Tracers. Perfluocarbon to the rescue!

• How to find a few cells in a kilogram of 

rock? Especially if they won’t grow in 

culture.

• Polymerase Chain Reaction (PCR) & 

genetic advances to the rescue!
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What’s the Energy Source?

• Earth is not yet in full thermodynamic 

equilibrium. There are reactive minerals, 

primordial heat, and energy influx of 

radioactive decay.

• 1992: An anaerobic, thermophilic bacterium, 

dubbed Bacillus infernus isolated from a 

deep coring site. 

• 1993, International Symposium on 

Subsurface Microbiology (Bath, England): 

Radiolysis of water  => H2, which directly 

feeds Bacillus infernus. 
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Estimates: from a few percent to a 

majority of Earth’s biomass!

How much biomass is down there?

McMahon & Parnell, JGS, 175 (2018) 716.
Bar-On et al., PNAS 115 (2018) 6508
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How much biomass is down there?

Bar-On et al., PNAS 115 (2018) 6508



HIAS hi-P Bio DESY high school 2023-02-13

Cornell University

Hamburg Institute for Advance Study

Grand Challenge Questions

NOTE

• Answers will be years in the making.

• Data and papers coming at a rapid rate.

• Snapshot in time of progress.
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Grand Challenge Questions

• Did life start in Hell, e.g., deep down at Hi-P, Hi-T?
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Life Itself May Have Originated Under Pressure

22
Oregon State University / CC BY-

SA 2.0.

Conclusions
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Need Energy Gradients & Host Catalysts

Wikipedia: “Hydrothermal Vents”

See:
• Branscomb, Biancalani, Goldenfeld & Russell, Physics Reports, 677 (2017) 1

• Branscomb & Russell, BioEssays, 40 (2018) 1700182

• Duval et al., Interface Focus 9 (2019) 20190063
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Hydrothermal Vent Fossils?
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Hydrothermal Vent Fossils?
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Grand Challenge Questions

• Did life start in Hell, e.g., deep down at Hi-P, Hi-T?

• When did life start? What does it take to sterilize 

the Earth?

27
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Earth’s 

Chronology
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4.54 Ga:   

Solar system 

& Earth form. 

Impact forms 

moon soon 

after.

~4.4 Ga:  Earth 

covered by 

oceans.

< 4 Ga: DNA 

based life on 

Earth.

4.1 – 3.9 Ga  

Late heavy 

bombardment.

Wikipedia: History of Earth



HIAS hi-P Bio DESY high school 2023-02-13

Cornell University

Hamburg Institute for Advance Study

Late Heavy Bombardment

(~ 4.1 to 3.9 Ga)
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• >22,000 impact craters 

with diameters >20 km

• ~40 impact basins with 

diameters about 1,000 

km

• several impact basins 

with diameters about 

5,000 km

LHB impacts on Earth
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Sterilizing the Earth

30



HIAS hi-P Bio DESY high school 2023-02-13

Cornell University

Hamburg Institute for Advance Study

Sterilizing the Earth
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Grand Challenge Questions

• Did life start in Hell, e.g., deep down at Hi-P, Hi-T?

• When did life start? What does it take to sterilize 

the Earth?

• How long is a microorganism viable? How long 

can a cell go before it reproduces? 

32
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E9206–E9215 | PNAS | Published online October 3, 2017

• 20M year old coal, 2 km below sea floor

• Contained living microbes

• 16S rRNA phylogenic marker genes were 

from forest, not marine cells

• Living slowly – Incubation time estimates 

were a few months to hundreds of years

Microbial Life is Incredibly Robust
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…Really, Really Robust!
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…Really, Really, Really, Really Robust!
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…Really, Really, Really, Really Robust!

But take these results with a grain of salt. The authors 

admit they have yet to extract and attempt to culture the 

microorganisms, so we don’t yet know if they are viable.
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Grand Challenge Questions

• Did life start in Hell, deep down at Hi-P, Hi-T?

• When did life start? 

• How long is a microorganism viable? How 

long before it reproduces? 

• What are pressure and temperature limits of 

life? 
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If it did, how would we 

know it?
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• How do extremophiles differ from surface 

organisms?

Grand Challenge Questions

A. Cario, G.C. Oliver & Karyn L. Rogers, Exploring the Deep Marine 

Biosphere: Challenges, Innovations, and Opportunities, Frontiers in 

Earth Science, 7 (2019) 225.
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• How do extremophiles differ from surface 

organisms?

• What are the biophysics of biomolecules 

under Hi-P and Hi-T? 

Work has been done on Hi-T; relatively little 

on Hi-P molecular structure. 

Determination of changes in biomolecule 

structure with pressure is the subject of two 

other lectures. Here is a teaser….

Grand Challenge Questions
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You have had too much to drink and need 

to drive home.

Question: How can you quickly get sober?

Answer: Quickly pressurize your car to a 

few hundred atmospheres.

(1 atmosphere = 1 bar = 105 Pa = 105 N/m2)

43
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What’s Going on Here?

• Pressure reversal of anaesthesia has been 

known for most of a century. Still not 

understood.

• Understanding pressure effects at the 

whole organism level is too complicated.

• Better: Start by understanding pressure 

effects on biomolecular structure.
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Pressure Affects Biomacromolecules in 

Numerous Ways

• Pressure unfolding of proteins (Bridgman – 1914)

• Multimer association/disassociation

• Changes in ligand & small molecule binding

• Altered membrane ion transduction

• Changes in transcription of nucleic acids

• Large shifts in chemical kinetic constants

• Changes in conformational states

• Greatly decreased viral infectivity

…. i.e., much of the machinery of life.

These are the topics of other lectures.
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END OF LECTURE 
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Life Itself May Have Originated Under Pressure
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Oregon State University / CC BY-

SA 2.0.
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Life Itself May Have Originated Under Pressure
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Conclusions

Oregon State University / CC BY-

SA 2.0.
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Grand Challenge Questions

• Did life start in Hell, e.g., deep down at Hi-P, Hi-T?

• When did life start? What does it take to sterilize 

the Earth?

• How long is a microrganism viable? How long can 

a cell go before it reproduces? 

• What are pressure and temperature limits of life? 

How deeply into the earth can viable cells/spores 

exist? What are the interactions between deep 

biota and plate tectonics?
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