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1. The Invisible Architects

How Microbes Built the World

This book began as a stack of handwritten notes in a graduate student
office at the University of Waterloo. I was trying to understand how
microbes in sediments and groundwater make a living — what they eat,
how they breathe, why they arrange themselves in predictable layers, and
what happens when you disturb those arrangements. The notes were dense
with equations, short on narrative, and comprehensible mainly to me.

Years later, I realized that the story hiding inside those notes was bigger
than any single research problem. It was the story of how invisible organ-
isms — too small to see, too numerous to count, too ancient to fully trace
— engineered the planet we live on. Not as a metaphor. As a measurable,
quantifiable, physically constrained process that has been running for four
and a half billion years and shows no sign of stopping.

That is the story this book tells.

The approach is chronological and technical, but story-driven. Every equa-
tion earns its place by answering a question that the narrative raises. If a
formula appears, it is because the words ran out of precision and the math
picked up where they left off. The source material spans geomicrobiology,
biogeochemistry, thermodynamics, quantum physics, and environmental
science — fields that rarely share a bookshelf but that describe different
views of the same system.



1. The Invisible Architects

The book is organized in five parts.

Part I: The Rules of the Game establishes the thermodynamic and
quantum constraints — using organisms as entry points to the physics. Free
energy, electron transfer, kinetics, and the costs of staying alive — these
are the rules that every microbe on Earth must obey, and they set the
stage for everything that follows.

Part II: The First Society introduces the earliest metabolisms, the first
microbial communities, and the catastrophe that changed the atmosphere
forever: the rise of oxygen. Here the emphasis shifts from physics to
history, though the physics never leaves.

Part III: The Great Mergers traces how competition and coopera-
tion among microbes produced the cellular architectures and metabolic
partnerships that dominate life today. Syntrophy — organisms surviving
together on reactions that neither could manage alone — turns out to be
not an exception but a rule.

Part IV: The Equation builds the mathematical machinery: the con-
servation equation, transport operators, and rate expressions that unify
the biology into a single quantitative framework.

Part V: The Hidden World and the Future brings the story to the
present. The deep biosphere, groundwater redox, water treatment, and
the open questions that define the frontier of the field. The book ends
not with answers but with an honest accounting of what we still do not
know.

Throughout, Deep Dive sidebars offer the mathematical machinery for
readers who want to see the derivations, check the units, and run their
own back-of-the-envelope estimates. You can skip them without losing the
narrative thread, or read them exclusively if equations are your preferred
language. Five appendices — an energy toolkit, a model toolkit, a reaction
gallery, a math refresher, and a field guide to the organisms — provide the
full reference set.



This book is not a textbook, though it can be used as one. It is not a
popular science book, though I hope it is readable. It is an attempt to tell
a true story about the planet in a way that respects both the science and
the reader.

My hope is simple: that by the last page, you will look at the ground be-
neath your feet and see not dirt, but a reactor. Not silence, but metabolism.
Not emptiness, but the invisible architects, still at work.






Part |I.

Part I: The Rules of the Game






2. The Budget of the Universe

Three kilometers below the surface of South Africa, in rock sealed from
sunlight for perhaps twenty million years, a bacterium called Candidatus
Desulforudis audaxviator may divide as rarely as once per century. Its
energy source is hydrogen gas, produced atom by atom as uranium in
the surrounding rock decays. Its electron acceptor is sulfate, trapped in
mineral inclusions since the Archean. The reaction releases just enough
free energy to synthesize a handful of ATP molecules—just barely enough
to copy a genome, repair a membrane, and divide.!

This organism runs on one of the thinnest energy budgets yet measured in
the biosphere. To understand how it survives—how any microbe survives—
you need to understand what “energy budget” means. That requires
physics. Not all of physics. Just the rules that govern what reactions
can happen, how much energy they release, and why some reactions pro-
ceed while others, equally favorable on paper, sit frozen until the right
catalyst arrives.

In February 1943, a physicist who had already changed the world once
sat down to give a series of lectures at Trinity College, Dublin. Erwin
Schrodinger was fifty-five, exiled from Austria, and restless. He had won

Li-Hung Lin et al., “Long-Term Sustainability of a High-Energy, Low-Diversity
Crustal Biome,” Science 314 (2006): 479-482. (Lin et al. 2006)



2. The Budget of the Universe

the Nobel Prize a decade earlier for an equation that described how mat-
ter behaves at atomic scales. Now he wanted to ask a question that no
physicist had any business asking;:

What is life?

Not what life is made of—biochemists were sorting that out. Not where
life came from—that was still anyone’s guess. Schrédinger wanted to know
what physical rules a living system must obey simply to persist. He looked
at biology and saw thermodynamics. The lectures became a slim book,
published in 1944, and the book became one of the most influential scien-
tific texts of the twentieth century.??

Schrodinger’s argument was almost unsettling in its clarity. Living sys-
tems maintain internal order—precise molecular arrangements, concen-
tration gradients, structured membranes—in a universe that relentlessly
erases differences. The Second Law of Thermodynamics says that the total
disorder of a closed system can only increase. So how does a bacterium, a
fern, or a physicist stay organized?

Not by violating the Second Law. By obeying it creatively. A living
organism maintains its internal order by exporting disorder—entropy—
to the surroundings. It takes in structured energy (food, sunlight) and
releases degraded energy (heat, waste). The organism stays organized;
the universe, on balance, becomes more disordered. The accounting always
works out.

Schrodinger also made a second, remarkably prescient prediction. He
argued that the genetic material—whatever it was—must be a stable,
information-bearing structure. He called it an “aperiodic crystal”: not a

2Erwin Schrédinger, What Is Life? The Physical Aspect of the Living Cell (Cambridge
University Press, 1944). (Schrodinger 1944)

3The three lectures were delivered 5, 12, and 19 February 1943 at Trinity College
Dublin. See Erwin Schrodinger, What Is Life? (Cambridge University Press, 1944),
preface. (Schrodinger 1944)



2.1. Energy in packets

repeating lattice like salt or diamond, but an irregular arrangement capa-
ble of encoding instructions. Nine years later, Watson and Crick described
the double helix of DNA.* It was, almost exactly, Schrédinger’s aperiodic
crystal.

But this chapter is not about DNA. It is about the first half of
Schrodinger’s insight: the energy rules. Before there was life, before there
was an ocean, before there was a planet with liquid water, there were the
laws of thermodynamics and quantum mechanics. These laws—discovered
in European laboratories with hydrogen atoms, metal plates, and vacuum
tubes—constrain every chemical reaction, every metabolic pathway, and
every living organism.

They are the budget of the universe—the same rules that keep D. au-
dazviator alive three kilometers underground, harvesting hydrogen atoms
released one at a time by radioactive decay.

2.1. Energy in packets

The story begins in 1900, with a problem about light.

Physicists at the time understood that hot objects glow. Heat a piece of
iron and it radiates: first a dull red, then orange, then white. The spec-
trum of this radiation—how much energy comes out at each wavelength—
had been measured precisely. But no one could explain it. The best theo-
retical predictions diverged from the data at short wavelengths, predicting
infinite energy where experiments showed almost none. This embarrass-
ment became known as the “ultraviolet catastrophe.”®

4James D. Watson and Francis H. C. Crick, “Molecular Structure of Nucleic Acids: A
Structure for Deoxyribose Nucleic Acid,” Nature 171 (1953): 737-738. (J. D. Watson
and Crick 1953)

5Max Planck, “Ueber das Gesetz der Energieverteilung im Normalspectrum,” Annalen
der Physik 309, no. 3 (1901): 553-563. (Planck 1901)



2. The Budget of the Universe

Max Planck found the fix by making an assumption he didn’t entirely
believe. He proposed that energy is not emitted continuously, like wa-
ter from a hose, but in discrete packets—quanta—whose size depends on
frequency:

E=hv

Here v is the frequency of the radiation and h is a new constant of nature,
now called Planck’s constant (h ~ 6.626 x 1073% J.s).° The constant is
extraordinarily small, which is why the graininess of energy is invisible in
everyday life. But at atomic and molecular scales, it is everything.

A chlorophyll molecule absorbs red light at around 680 nm because the
energy of a red photon (E = hv = hc/)) matches a specific electronic
transition in chlorophyll.” A photon of slightly lower energy, in the in-
frared, cannot make that jump. A photon of much higher energy, in the
ultraviolet, would overshoot and cause damage. The quantization of en-
ergy is why biology runs on specific wavelengths and not on a continuous
smear. Cyanobacteria—the microbes that invented oxygenic photosynthe-
sis roughly 2.5 billion years ago—exploit exactly this specificity. Their
chlorophyll absorbs red photons at 680 nm because that is where the elec-
tronic transition sits; a few nanometers in either direction and the reaction
center would be blind.

Five years after Planck’s proposal, Albert Einstein pushed the idea further.
He showed that light itself behaves as a stream of particles—photons—each
carrying exactly one quantum of energy E = hr. His evidence came from
the photoelectric effect: when light strikes a metal surface, it can knock
electrons free, but only if each individual photon carries enough energy to

5Fundamental constants from Eite Tiesinga et al., “CODATA Recommended Values of
the Fundamental Physical Constants: 2018,” Reviews of Modern Physics 93 (2021):
025010. (Tiesinga et al. 2021)

7680 nm refers to the P680 reaction center of Photosystem II; chlorophyll @ in solution
absorbs maximally at ~664 nm. See Robert E. Blankenship, “Early Evolution of
Photosynthesis,” Plant Physiology 154 (2010): 434-438. (Blankenship 2010)

10



2.2. The hydrogen-chlorine cannon

overcome the binding force that holds the electron in the metal.® Below
a threshold frequency, nothing happens—mno matter how bright the light.
Above it, electrons fly out immediately. The energy of the ejected electrons
increases linearly with the frequency of the incoming light, exactly as
FE = hv predicts. Einstein received the Nobel Prize for this work in 1921,
not for relativity.

Chemical bonds have specific energies. Breaking them requires a mini-
mum energy input. Forming new bonds releases specific amounts of energy.
None of this would work if energy were continuous. In anoxic sediments,
methanogens harvest dissolved hydrogen to reduce CO, to methane—a re-
action whose standard free-energy yield is modest and whose actual yield
depends sharply on local hydrogen concentration. Four molecules of H,
enter the reaction, so the energy available scales with the fourth power of
hydrogen activity. At the nanomolar concentrations typical of real sedi-
ment, the margin between a viable metabolism and a thermodynamic dead
end is vanishingly thin.

2.2. The hydrogen-chlorine cannon

To see what quantized energy means in practice, consider a demonstra-
tion that could have come from a nineteenth-century lecture hall—and
occasionally did, with spectacular results.

Mix hydrogen gas and chlorine gas in a sealed tube. At room temperature,
nothing happens. The molecules drift past each other, colliding but not
reacting. The reaction Hy 4+ Cl, — 2HCI is thermodynamically favorable;
the products are lower in energy than the reactants. But “favorable” and
“spontaneous” are not the same thing. There is a barrier in the way.

8Albert Einstein, “Concerning an Heuristic Point of View Toward the Emission and
Transformation of Light” (1905). (Einstein 1905)

11



2. The Budget of the Universe

The barrier is the Cl-Cl bond. Before hydrogen and chlorine atoms can
rearrange into HCI, the chlorine molecule must first be broken apart. That
costs energy. How much? The bond dissociation energy of Cl, is 242
kJ/mol. The H-H bond is stronger: 436 kJ/mol. Each new H-Cl bond
that forms releases 431 kJ/mol.”

The overall energy balance:

AH = (436 +242) — 2 x 431 = —184 kJ/mol
N ~—
bonds broken bonds formed

The reaction releases 184 kJ of heat for every mole of H, consumed. It is
exothermic—it releases energy that can do useful work.

But to get started, someone has to pay the activation cost: breaking that
first C1-Cl bond. Convert to the energy per single bond:

242 x 103

_ e 4 02% 10719 ]
bond = 57055 5 1023 %

Now ask: what wavelength of light carries exactly this much energy per
photon?

he  (6.626 x 10734)(3.0 x 10%) 104
= — = ~ nm

A E 4.02 x 10~19

That is blue light. Shine a red lamp at the mixture and nothing happens—
each photon is too feeble to snap a Cl-Cl bond. Shine a blue or violet lamp
and the reaction ignites. Once a few CI-Cl bonds break, the released
chlorine atoms attack H, molecules, which starts a chain reaction. The
temperature in the tube can soar by thousands of kelvins; the pressure
can spike above 20 atmospheres. The tube becomes a cannon.

9Bond dissociation energies from William M. Haynes, ed., CRC Handbook of Chemistry
and Physics, 93rd ed. (CRC Press, 2012). (Haynes 2012)

12



2.3. The budget: Gibbs free energy

This is quantization in action. The reaction is favorable, the reactants are
mixed, and yet nothing happens until a photon of the right energy arrives
to pay the activation cost. Red light is too cheap. Blue light is expensive
enough. The threshold is absolute — below it, nothing happens.

Every reaction in biochemistry follows the same logic. Enzymes do not
change whether a reaction is favorable; they lower the activation barrier
so that the reaction can proceed at body temperature. They are, in effect,
a substitute for the blue lamp—a way to start the cannon without the
explosion.

D. audaxviator carries hydrogenase enzymes that lower the barrier for
oxidizing H, with sulfate. Without those enzymes, the reaction would
be thermodynamically favorable but kinetically frozen, like a hydrogen-
chlorine mixture sitting in the dark. The enzyme is the lamp.

2.3. The budget: Gibbs free energy

In a marine sediment, a sulfate reducer and a methanogen may both have
access to the same pool of dissolved hydrogen—but only the organism
whose reaction yields usable energy under local conditions gets to grow.
The hydrogen-chlorine cannon illustrates the distinction that decides the
winner: the difference between energy that is released and energy that is
available to do work. Not all released energy is useful. Some of it dissipates
as disordered heat. Some of it goes into rearranging the surroundings in
ways you cannot harness. To understand what a reaction can actually
accomplish—whether it can build a molecule, pump an ion across a mem-
brane, or power a flagellar motor—you need a sharper accounting tool.

That tool was invented by Josiah Willard Gibbs in the 1870s, and it is the
equation that appears more often than any other in this book.!°

0Willard Gibbs, “A Method of Geometrical Representation of the Thermodynamic
Properties of Substances by Means of Surfaces” (1873). (Gibbs 1873)

13
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dissipated as heat

R/ membrane
TAS /\/
entropy tax N\
AH ,\_ ion ion
AG drives \ /
>
usable work low high
conc. conc.

Figure 2.1.: Not all energy is equal. Gibbs free energy is the fraction that
can do work.

14



2.3. The budget: Gibbs free energy

G=H-TS

Read it as a budget. H is enthalpy—roughly, the total energy content
of the system (heat plus pressure-volume work). 7T is temperature. S is
entropy—a measure of disorder, or more precisely, the number of micro-
scopic arrangements consistent with the macroscopic state. The product
TS is the energy that has been “claimed” by disorder: energy that is spread
out so evenly it can no longer drive anything in a particular direction.

G, the Gibbs free energy, is what remains. It is what you can actually
spend.

When a reaction occurs, the change in Gibbs free energy tells you the
direction:

e« If AG < 0: the reaction can proceed spontaneously. It releases
usable energy.

e If AG > 0: the reaction requires an input of energy. It will not
happen on its own.

e If AG = 0: the system is at equilibrium. No net change occurs.

Think of enthalpy as gross income and T'S as the tax the universe collects;
G is what remains to spend on maintenance, growth, or reproduction.

Microbes do not optimize. They cover costs. A bacterium in a sediment
pore does not search for the reaction with the largest AG; it runs whatever
reaction its existing enzymes can catalyze, provided the return exceeds
the minimum cost of staying alive. In the language of decision theory, mi-
crobes satisfice: they find strategies that are good enough, not strategies
that are best.!! This distinction — between optimizing and satisficing —
explains a pattern visible in every marine sediment core: the redox zones
overlap instead of forming sharp boundaries, and supposedly outcompeted

HHerbert A. Simon, “Rational Choice and the Structure of the Environment,” Psy-
chological Review 63 (1956): 129-138. The satisficing framework: organisms find
strategies that are good enough, not optimal. (Simon 1956)
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2. The Budget of the Universe

metabolisms persist in the “wrong” zone. Optimization models predict
sharp exclusion. Satisficing models predict the fuzzy coexistence and ap-
parent inefficiency that field measurements consistently show. The physics
sets the menu. The microbes choose what they can afford, not what is
cheapest.

2.3.1. Real conditions, not standard ones

The standard Gibbs energy AG® is a reference point, measured under a
specific set of conditions (typically 1 mol/L concentrations, 1 atm pres-
sure, 25°C). Real environments are nothing like this. A bacterium in a
sediment pore faces concentrations that are orders of magnitude different
from standard conditions. To know the actual energy available, you need
the master equation:

AG = AG° + RTInQ

Here R is the gas constant (8.314 J mol~! K—1), T is absolute temperature,
and () is the reaction quotient—the ratio of product activities to reac-
tant activities, each raised to the power of its stoichiometric coefficient.

The reaction quotient captures how concentrations shift the energy bal-
ance. When products accumulate, @ increases, and AG becomes less
negative: less energy is available. When reactants are abundant, @ is
small, and there is more energy to harvest. At equilibrium, @) equals the

equilibrium constant K, and AG = 0:

AG" = —RTInK,,

This is not a separate equation. It is a special case of the one above,
evaluated at the point where the reaction has no net tendency to move in
either direction.
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2.3. The budget: Gibbs free energy

For biochemical reactions, a modified convention is often used: AG®,
where the prime indicates standard conditions at pH 7 rather than the
chemist’s convention of pH 0. Since most biology operates near neutral
pH, this keeps the reference point close to reality.'?

1 Equation Corner — The hydrogen threshold

Two guilds compete for dissolved H, in marine sediment: sulfate
reducers and methanogens. Their net reactions:
Sulfate reduction:

4H, + SOF +2H" — H,S +4H,0  AG* ~ —152 kJ/mol

Hydrogenotrophic methanogenesis:

4H, + CO, — CH, + 2H,0  AG” ~ —131 kJ/mol

Both are exergonic at standard conditions, but in real sediment @)
does the work. As microbes consume H,, its concentration drops and
@ rises, making AG less negative. Each guild has a minimum energy
yield—roughly —10 to —20 kJ/mol, the cost of pumping a single
ion across a membrane—below which it cannot sustain its energy-
conserving machinery.!3

Because the methanogen’s AG® is smaller to begin with, its AG
crosses the viability threshold at a higher H, concentration. Field
measurements confirm the prediction: sulfate reducers draw H, down
to roughly 1-1.5 nM; methanogens stall at roughly 7-10 nM.'* Where
sulfate is available, sulfate reducers pull H, below the methanogen’s
threshold and win by default. Methanogens dominate only where
sulfate is exhausted and no one else is pulling H, lower.

This is not a hand-waving story. Plug the concentrations into AG =

2Gerald Karp, Cell and Molecular Biology: Concepts and Ezperiments, Tth ed. (Karp
2008)
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AG” + RT In @, and the guild boundaries fall out of the arithmetic.

d IEI? ]u sl(s redicts the zc na \tion; llﬁw microbes confirm it.
1 Equation Corner — Oxidation state as an energy proxy

A powerful shortcut for estimating how much free energy an organic
molecule contains: look at the average oxidation state of its
carbon atoms.

Methane (CH,) is the most reduced single-carbon compound. Each
carbon is surrounded by hydrogen; the oxidation state is —4. Carbon
dioxide (CO,) is fully oxidized: oxidation state +4. When an organ-
ism oxidizes methane all the way to CO,, it extracts the maximum
possible energy from that carbon atom.

Most organic molecules fall between these extremes. Glucose
(C¢H,504) has an average carbon oxidation state of 0. Fatty acids,
with their long hydrocarbon chains, are more reduced (roughly —2
per carbon) and carry more energy per carbon. Carboxylic acids are
more oxidized and carry less.

The insight is practical: the oxidation state of the carbon atoms
in an organic molecule provides a direct measure of its free-
energy content.!”> You do not need to look up AG5 for every
compound. A quick glance at the molecular formula tells you whether
the molecule is energy-rich or energy-poor.

14Tori M. Hoehler, “Biological Energy Requirements as Quantitative Boundary Con-

ditions for Life in the Subsurface,” Geobiology 2 (2004): 205-215. The minimum
biological energy quantum—the smallest energy yield that can drive ion transloca-
tion across a membrane—is approximately —20 kJ/mol (Schink 1997), though field
measurements suggest methanogens can operate at yields as small as —10 kJ/mol.
(Hoehler 2004)

4Derek R. Lovley and Steve Goodwin, “Hydrogen Concentrations as an Indicator of
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the Predominant Terminal Electron-Accepting Reactions in Aquatic Sediments,”
Geochimica et Cosmochimica Acta 52 (1988): 2993-3003. (Lovley and Goodwin
1988)



2.4. Why energy levels are discrete

In any sediment core, the reactivity of organic carbon drops with
depth—a pattern that is, at bottom, an oxidation-state story. The
“freshness” of buried organic material tracks its average oxidation
state.

2.4. Why energy levels are discrete

The discreteness of energy levels—why atoms have specific orbitals and
bonds have specific strengths—traces back to the wave nature of matter.
Particles themselves behave as waves, confirmed experimentally in the
1920s and formalized by the Schrédinger equation. Electrons confined to
an atom cannot have arbitrary energies, for the same reason a guitar string
cannot vibrate at arbitrary frequencies: the boundary conditions select
only certain standing-wave patterns, and each pattern corresponds to a
specific energy. The full derivation, along with the hierarchy of electronic,
vibrational, rotational, and translational energy modes in molecules, is
developed in Appendix D.

2.5. Chemical equilibrium and the reaction quotient

We have assembled the pieces: energy comes in quanta, bonds have specific
energies, and the Gibbs free energy tracks how much usable work a reaction
can deliver. Now we can formalize chemical equilibrium.

Every chemical species in a mixture has a chemical potential p,—a
measure of how much the system’s free energy would change if you added
one more mole of that species. For an ideal system:

15The oxidation-state framework for organic carbon is developed in Werner Stumm and
James J. Morgan, Aquatic Chemistry, 3rd ed. (Wiley, 1996), ch. 8. (Stumm and
Morgan 1996)
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2. The Budget of the Universe

i = pi + BT na;

where p; is the standard chemical potential and a; is the activity of species
i (roughly, its effective concentration, corrected for non-ideal behavior).
When activities are moderate and solutions are dilute, activities are often
approximated by concentrations, which is what we will do in most of this
book. The appendix on the Energy Toolkit discusses when and why that

approximation breaks down.!'®

The reaction quotient @) for a general reaction aA + bB = ¢C + dD is:

at, - al
__ C D
Q= b

a
ap -ag

Plugging the chemical potentials into the Gibbs energy expression gives
us back the master equation:

AG = AG° + RTInQ

At equilibrium, AG = 0. The system has no net tendency to shift in
either direction. The reaction quotient at this point equals the equilibrium
constant:

Qeq = K,

and therefore:

AG" = —RTInK,,

16Peter Atkins and Loretta Jones, Chemical Principles: The Quest for Insight (2010).
(Atkins and Jones 2010)

20



2.6. The rules before the game

This equation bridges thermodynamic tables and observable chemistry. It
connects the standard free energy change (which you can look up in tables
or calculate from bond energies) to the equilibrium constant (which tells
you how far a reaction will go before it stops). A large negative AG®
means a large K, : the reaction strongly favors products. A AG® near
zero means the reaction is easily reversible and sensitive to conditions.

For microbial metabolism, the critical quantity is rarely AG°. It is AG—
the energy available right here, right now, at the actual concentrations
in the local environment. Two identical reactions can have completely
different AG values in different environments, because () depends on what
has been consumed and what has accumulated. A reaction that yields
energy near the sediment surface, where oxygen is present, may cost energy
a centimeter deeper, where oxygen has been depleted.

The concentration profiles in a sediment column—oxygen dropping to zero,
sulfate declining, methane appearing—are the visible signatures of ) shift-
ing through space, dragging AG with it. Each zone is dominated by a
different microbial guild: aerobic heterotrophs at the top, sulfate reducers
in the middle, methanogens at the bottom. The physics sets the order.
The microbes fill the niches.

2.6. The rules before the game

Planck showed that energy comes in packets. Einstein showed that light
carries these packets as particles. The wave nature of matter — confirmed
experimentally in the 1920s and formalized by the Schrédinger equation —
explains why atoms and molecules have discrete energy levels. From those
energy levels come bond energies, activation barriers, and the electronic
transitions that make photosynthesis and respiration possible.

Gibbs, working half a century before quantum mechanics, already had
the thermodynamic framework: enthalpy minus the entropy term gives
you the free energy. With the reaction quotient @) adjusting for local
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conditions, you can calculate the energy available from any reaction in
any environment.

The rules they uncovered—quantized energy, Gibbs free energy, chemical
equilibrium—are the same rules that govern every metabolic reaction in
every living cell that has ever existed. They governed the first autocat-
alytic cycles in hydrothermal vents 4 billion years ago.'” They govern
the sulfate-reducing bacteria 3 kilometers underground in a South African
gold mine today.'® Evolution operates within the Second Law, not out-
side it. Natural selection can explore an enormous space of molecular
strategies, but every strategy must close the Gibbs ledger: find a reaction
with AG < 0 under local conditions, harvest that energy, and export the
resulting entropy.

D. audazviator, three kilometers underground, obeys every rule in this
chapter. So does every other organism we will meet. The rules were set
before the first cell divided.

2.7. Takeaway

o Energy comes in discrete packets (E = hv), which is why specific
photons break specific bonds and why photosynthesis requires spe-
cific wavelengths.

e The Gibbs free energy G = H — T'S is the universal constraint:
enthalpy minus the entropy cost gives the energy available to do

work.

e Under real conditions, AG = AG° + RT In ) adjusts for actual con-
centrations. At equilibrium, AG = 0 and the reaction quotient
equals K.

1"William Martin and Michael J. Russell, “On the Origins of Cells,” Philosophical Trans-
actions of the Royal Society B 358 (2003): 59-85. (Martin and Russell 2003)

18Li-Hung Lin et al., “Long-Term Sustainability of a High-Energy, Low-Diversity
Crustal Biome,” Science 314 (2006): 479-482. (Lin et al. 2006)
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2.7. Takeaway

o Wave-particle duality (Appendix D) explains why energy levels are
discrete and why bonds have the strengths they do. Molecules store
energy in electronic, vibrational, rotational, and translational modes.

e These rules—discovered with hydrogen atoms and metal plates—are
the same rules that will govern every bacterium, every enzyme, every
metabolic pathway for the next 4.5 billion years of Earth’s history.
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3. The Stage

Three planets formed from the same cloud of dust.

They orbited the same young star, caught roughly the same rain of water
and carbon, and obeyed identical physics. If you had visited the inner
solar system 4.5 billion years ago, you would have had trouble telling them
apart: three balls of molten rock, each venting steam into a thin, violent
atmosphere, each bombarded by leftover debris. The raw materials were
almost identical. The thermodynamic rules—established in the previous
chapter—were exactly the same.

And yet, within a billion years, one of those planets was alive, another was
a furnace, and the third was a frozen desert.

Look at the uncertainty bars. Earth is the best-known case: three inde-
pendent proxies—rock structures,1 mineral isotopes,2 and reconstructed
ancient enzymes®—converge on a surface temperature near 25°C. Venus
and Mars are far less constrained. Deuterium ratios prove Venus lost its

IAbigail C. Allwood et al., “Stromatolite Reef from the Early Archaean Era of Aus-
tralia,” Nature 441 (2006): 714-718. Evidence of microbial communities at 3.43 Ga.
(Allwood et al. 2006)

2Simon A. Wilde et al., “Evidence from Detrital Zircons for the Existence of Conti-
nental Crust and Oceans on the Earth 4.4 Gyr Ago,” Nature 409 (2001): 175-178.
Jack Hills zircons dated to 4.4 Ga with oxygen isotope signatures suggesting liquid
water interaction. (Wilde et al. 2001)

3Eric A. Gaucher et al., “Palaeotemperature Trend for Precambrian Life Inferred from
Resurrected Proteins,” Nature 451 (2008): 704-707. Ancestral protein reconstruc-
tion suggests early Archean organisms preferred 60-70°C. (Gaucher, Govindarajan,
and Ganesh 2008)
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Figure 3.1.: Three planets, one outcome. Temperature and atmospheric
evolution of Venus, Earth, and Mars from formation to ~3.5
billion years ago. Uncertainty bars reflect the state of knowl-
edge: Farth is well constrained; Venus and Mars are not.
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3.1. The violence that built the world

water,® but when?> Mars’s crustal magnetism proves an early dynamo,’

but warm-wet or cold-episodic?” Same raw materials, same physics, three
different outcomes.

What sequence of physical accidents turned one ordinary rocky planet into
the one place where non-equilibrium chemistry could build a biosphere?
The answer is not a single miracle. It is a chain of contingencies—each one
physical, each one measurable, and each one specific enough to test.

3.1. The violence that built the world

The solar system did not assemble gently. It condensed from a disk of
gas and dust around a young star, and the condensation was competitive.
Small grains stuck together into pebbles, pebbles into boulders, boulders
into planetesimals tens of kilometers across. Those planetesimals collided,
shattered, reformed, and collided again. The inner solar system, where
temperatures were too high for ices to survive, produced rocky bodies:
Mercury, Venus, Earth, Mars, and a great deal of rubble that didn’t make
it into a planet at all.

4Thomas M. Donahue et al., “Venus Was Wet: A Measurement of the Ratio of Deu-
terium to Hydrogen,” Science 216 (1982): 630-633. The D/H ratio in Venus’s atmo-
sphere is ~150x Earth’s, indicating catastrophic water loss. (Donahue et al. 1982)

5Michael J. Way et al., “Was Venus the First Habitable World of Our Solar System?”
Geophysical Research Letters 43 (2016): 8376-8383. Models suggest Venus may have
had surface liquid water until 715 Ma. (Way et al. 2016)

6Mario H. Acufia et al., “Global Distribution of Crustal Magnetization Discovered
by the Mars Global Surveyor MAG/ER Experiment,” Science 284 (1999): 790-793.
Crustal magnetic remnants indicate Mars lost its global dynamo early. (Acuifia et al.
1999)

7James W. Head III and Bethany L. Carr, “The Noachian Epoch on Mars,” Journal of
Geophysical Research 115 (2010): E03005 (Carr and Head 2010); Robin Wordsworth
et al., “Comparison of ‘Warm and Wet’ and ‘Cold and Icy’ Scenarios for Early Mars
in a 3-D Climate Model,” Journal of Geophysical Research 120 (2015): 1201-1219.
(Wordsworth 2016)
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The process was not orderly. It was a series of collisions in which the
survivors were simply the bodies that absorbed the most impacts without
fragmenting. Earth accreted over tens of millions of years, each impact
delivering kinetic energy that converted to heat on arrival. The growing
planet was partly or entirely molten for much of this period—a magma
ocean hundreds of kilometers deep, with an atmosphere of rock vapor and
steam above it.

Venus and Mars went through the same process. So did a number of
other bodies that no longer exist as independent planets, because they
were absorbed or ejected. The starting chemistry was not special. All
three surviving inner planets received water vapor, carbon dioxide, nitro-
gen, sulfur compounds, and a grab-bag of metals delivered by the same
population of impactors. The differences that would later matter—the dif-
ferences between a dead world and a living one—were not written into the
ingredients. They emerged from the physics of what happened next.

The first 700 to 800 million years of Earth’s history left almost no direct
record in the crust. The oldest surviving minerals—tiny crystals of zir-
con from Western Australia—are about 4.4 billion years old. Everything
before that was recycled: melted, subducted, destroyed by impacts, or
simply overwritten by the planet’s own geological activity. This period,
the Hadean eon, is named after the Greek underworld, and the name is
apt. We know the Earth existed. We know it was hot. We know it was
hit, repeatedly, by objects large enough to re-melt the surface. But we
have almost no rocks from that time to read.®

What we do have is physics. And physics, combined with isotope geochem-
istry and careful modeling, lets us reconstruct quite a lot from very little
direct evidence.

8Simon A. Wilde et al., “Evidence from Detrital Zircons for the Existence of Conti-
nental Crust and Oceans on the Earth 4.4 Gyr Ago,” Nature 409 (2001): 175-178.
(Wilde et al. 2001)
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3.2. The blow that made the Moon

3.2. The blow that made the Moon

Sometime during the first hundred million years, Earth was struck by
another planet.

Not a small asteroid. Not a glancing blow. A body roughly the size
of Mars—or possibly larger—collided with the young Earth in an impact
so violent that it partially vaporized both objects. The debris from this
collision—a disk of molten and vaporized rock orbiting what remained of
Earth—coalesced — perhaps within centuries, perhaps faster — into a new
body: the Moon.?

The evidence for this is not speculative. The Moon’s bulk composition
is strikingly similar to Earth’s mantle (not to the average solar system),
which means it formed from Earth material. The Moon is depleted in
volatile elements, consistent with formation from a superheated debris
disk. The angular momentum of the Earth-Moon system is consistent
with a giant impact. And the Moon is large relative to its planet—unusually
large—which is hard to explain by capture but straightforward if it was born
from the planet itself.

What did this catastrophe give us?

First, it gave Earth a fast spin. The impact transferred enormous angular
momentum, and the young Earth may have rotated with a day as short as
five or six hours. Over billions of years, tidal interaction with the Moon has
slowed this rotation to our current 24-hour day. But the important thing
is that the day-night cycle existed from the start: a rhythm of heating and
cooling, light and dark, that would later become one of the fundamental
environmental oscillations driving biological evolution.

Second, it stabilized Earth’s axial tilt. Without the Moon’s gravitational
influence, Earth’s obliquity would wander chaotically over millions of years,

9Robin M. Canup and Erik Asphaug, “Origin of the Moon in a Giant Impact Near the
End of the Earth’s Formation,” Nature 412 (2001): 708-712. (Canup and Asphaug
2001)
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driven by gravitational perturbations from Jupiter and the other planets.
Mars, which has no large moon, shows exactly this behavior: its axial tilt
has varied between roughly 10 and 60 degrees over geological time. Earth’s
tilt, pinned near 23.5 degrees by the Moon, gives us stable, predictable
seasons. This matters less for the origin of life and more for its long-
term persistence—a world with wildly swinging seasons is a harder place
to sustain complex biogeochemical cycles.

Third—and perhaps most importantly—the giant impact stripped away
much of Earth’s original atmosphere and resurfaced the planet. Whatever
primordial atmosphere the young Earth had accumulated was largely
blown off. The atmosphere that grew back was secondary: outgassed
from the interior through volcanism and delivered by later impacts. This
secondary atmosphere was dominated by carbon dioxide, nitrogen, and
water vapor—the same gases that, under the right conditions, would
become the feedstock for life.

3.3. The divergence: Venus, Earth, and Mars

“Same starting materials, different outcomes” is a slogan until you pin
numbers to it.

3.3.1. Venus: the greenhouse that ate itself

Venus today is uninhabitable. Surface temperature: 460 degrees Celsius.
Surface pressure: 92 atmospheres—equivalent to being 900 meters underwa-
ter on Earth. The atmosphere is 96.5 percent carbon dioxide, with clouds
of sulfuric acid. No liquid water exists on the surface or anywhere in the
atmosphere where it could persist.

And yet Venus is nearly Earth’s twin in size and mass. It formed from
the same part of the solar nebula. It almost certainly received similar
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3.3. The divergence: Venus, Earth, and Mars

amounts of water. There is even suggestive evidence that Venus may have
had surface oceans early in its history.

So what happened?

The answer is written in isotopes. When planetary scientists compare
the nitrogen, carbon, and oxygen isotope ratios of Venus’s atmosphere to
Earth’s, they find striking similarities—consistent with both planets start-
ing from the same mix of volatiles. But one ratio is dramatically different:
the deuterium-to-hydrogen ratio (D/H). Venus’s atmosphere has a D/H
ratio roughly 100 to 150 times higher than Earth’s.

That ratio records catastrophic water loss. Deuterium (D, or 2H) is the
heavy isotope of hydrogen. It is chemically almost identical to ordinary
hydrogen (*H) but twice as massive. When water molecules are broken
apart in the upper atmosphere by ultraviolet radiation, the lighter 'H
escapes to space more easily than the heavier D. Over time, preferential
loss of light hydrogen enriches the remaining hydrogen in deuterium. The
more water you lose, the higher the D/H ratio climbs.

Venus’s extreme D/H ratio means it lost nearly all of its hydrogen—and
therefore nearly all of its water—to space.

The mechanism is a runaway greenhouse, and it proceeds in steps that are
individually straightforward but collectively devastating:

1. Venus is closer to the Sun than Earth (0.72 AU versus 1.00 AU).
By the inverse-square law, it receives about 2,600 W/m? of solar
flux compared to Earth’s 1,361 W /m2—mnearly twice as much energy
per unit area. At some point in its early history—perhaps when the
Sun was slightly brighter, or when some other perturbation tipped
the balance—surface temperatures likely crossed a critical threshold—
models place it in the range of 70 to 80 degrees Celsius, though the
exact value remains debated.

2. Above that threshold, the oceans began to evaporate massively. Wa-
ter moved from the surface into the atmosphere:
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3. The Stage

H,0(¢) — H,0(g)

3. Water vapor is a powerful greenhouse gas. More water in the atmo-
sphere trapped more infrared radiation, which raised surface tem-
peratures further, which evaporated more water. This is a positive
feedback loop—a thermal runaway.

4. With the oceans now in the atmosphere, solar ultraviolet radiation
could reach the water vapor. The net result of UV photolysis was
the decomposition of water:

2H,0(g) — 2Hy(g) + Os(g)

(This is the net stoichiometry; the actual mechanism proceeds through OH
and H radicals in multiple steps.)

5. The liberated hydrogen, being the lightest gas, escaped from the
top of the atmosphere into space. The oxygen was consumed by
reactions with surface rocks and volcanic gases.

6. With the hydrogen gone, there was no way to reconstitute water.
The loss was irreversible.

The entire process may have taken as little as a few hundred million years.
By the time it was over, Venus had no water, no ocean, no possibility of the
liquid-phase chemistry that life requires. The carbon dioxide that would
have dissolved into oceans on a cooler planet remained in the atmosphere
instead, thickening the greenhouse blanket further. Venus became what it
is today: a cautionary tale written in isotope ratios.
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3.3.2. Why Earth kept its water

Earth sits only about 38 percent farther from the Sun than Venus. That
modest difference in orbital distance was enough—but just barely—to pre-
vent the same runaway.

The key is what atmospheric scientists call the cold trap. On Earth, the
tropopause (roughly 12 km altitude) is very cold: around minus 60 degrees
Celsius. At that temperature the saturation vapor pressure of water is only
about 1 Pa—orders of magnitude lower than at the surface. Water vapor
rising from below condenses and falls back as rain long before it reaches the
altitudes where ultraviolet radiation could break it apart. The tropopause
acts as a cold lid, trapping water in the lower atmosphere where it is
shielded from photolysis.

On Venus, the greater solar flux pushed temperatures high enough that no
cold trap could form. Water vapor mixed freely into the upper atmosphere,
where UV radiation destroyed it molecule by molecule.

This is a knife-edge. Earth’s cold trap works today, and has worked for
most of Earth’s history, but it is not guaranteed by any deep principle. It
is a consequence of Earth’s specific distance from the Sun, its atmospheric
composition, and its surface temperature. Move Earth 10 to 15 percent
closer to the Sun, and models suggest the cold trap fails, the runaway
begins, and we join Venus.

Same physics. Same starting materials. A difference of a few tens of
millions of kilometers—less than a third of the distance from the Earth to
the Sun—and the outcome is a lifeless furnace versus a habitable world.

3.3.3. Mars: the planet that lost its shield

Mars tells the opposite cautionary tale. Where Venus got too hot and lost
its water upward, Mars got too cold and lost its atmosphere outward.
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Mars is smaller than FEarth—-about half the diameter, roughly one-tenth
the mass. Its lower mass meant lower internal heat, which meant its core
cooled faster, which meant it lost its global magnetic field earlier. Without
a magnetic field, the solar wind—a stream of charged particles from the
Sun—could interact directly with the upper atmosphere, stripping it away
molecule by molecule over hundreds of millions of years.

As the atmosphere thinned, surface pressure dropped. Mars’s present-
day surface pressure is about 610 Pa—~0.6 percent of Earth’s. Models
suggest it may have started with 0.5 to 1 bar or more; the loss unfolded
over hundreds of millions of years as the dynamo faded. Below a certain
pressure, liquid water cannot exist regardless of temperature: it either
freezes or sublimes directly to vapor. Mars crossed that threshold and its
surface water was lost—some to space, some frozen into the regolith and
polar caps, some perhaps trapped in subsurface reservoirs that remain
liquid (under pressure, in contact with salts) even today.

But here is the tantalizing part: early Mars may have been habitable.

During the Hadean eon—the same period when Earth was being pummeled
by giant impacts and was arguably less hospitable than it would later
become-Mars may have had a thicker atmosphere, warmer surface temper-
atures, and liquid water flowing on its surface. The evidence is geological:
river valleys, lake beds, and mineral deposits that require sustained liquid
water to form. Some of these features date to 4.0 to 3.7 billion years ago.

The implication is startling. During the window when life first appeared
on Earth (somewhere between 4.0 and 3.5 billion years ago), Mars may
have been an equally plausible—perhaps even safer—cradle for life. Mars
had liquid water. It had the same basic chemistry. And it may have been
less violent than Earth, which was still being heavily bombarded.

This raises a possibility that planetary scientists take seriously: that life
may have originated on Mars and been transported to Earth inside mete-
orites blasted off the Martian surface by impacts. We know that Martian
meteorites reach Earth—we have them in our collections. We know that
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3.4. The first ocean

some bacteria can survive the conditions of ejection, transit through space,
and atmospheric entry. The hypothesis is unproven, but it is not fringe
science. It is a direct consequence of the fact that the same chemistry was
available on two neighboring planets during the same time window.!°

3.4. The first ocean

Wherever life originated, it needed liquid water. Not as a decorative fea-
ture, but as a physical requirement: water is the solvent in which biochem-
ical reactions occur, the medium through which reactants diffuse to meet
each other, and a participant in countless hydrolysis and condensation re-
actions. Without liquid water, the thermodynamic rules from Chapter 1
are real but irrelevant—there is no medium in which to run the chemistry.

The evidence that Earth’s hydrosphere appeared very early comes from
those ancient zircon crystals mentioned above. Zircons (zirconium sili-
cate, ZrSi0,) are extraordinarily durable minerals. They resist weather-
ing, metamorphism, and even partial melting of the rocks that contain
them. Some zircon crystals from the Jack Hills of Western Australia have
been dated to 4.4 billion years ago—only about 150 million years after the
Earth formed.!

The structure and oxygen isotope composition of these zircons suggest
that they crystallized from magma that had interacted with liquid water.
Specifically, the oxygen isotope ratios (6'%0 values) are higher than what
you would expect from a purely magmatic origin, consistent with the in-
corporation of water-altered material into the melt. This is not proof of

10The hypothesis of panspermia from Mars to Earth is discussed in Alexandr Markov,
Birth of Complexity: Evolutionary Biology Today: Unexpected Discoveries and New
Questions (2010). Experimental work on bacterial survival in space bolsters the
plausibility. (Markov 2010)

1Simon A. Wilde et al., “Evidence from Detrital Zircons for the Existence of Conti-
nental Crust and Oceans on the Earth 4.4 Gyr Ago,” Nature 409 (2001): 175-178.
(Wilde et al. 2001)
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a surface ocean—but it is strong evidence that liquid water was present on
or near the Earth’s surface within the first few hundred million years.

If the ocean existed that early, then the stage for life was set far sooner
than the violent Hadean imagery might suggest. Even while the planet was
still being bombarded, even while the surface may have been repeatedly
sterilized by large impacts, water was there—cycling between the surface
and the interior, dissolving minerals, and accumulating the dissolved in-
ventory that would become the raw material for biochemistry.

3.4.1. An exotic soup

The early ocean was not like the modern ocean. It was hotter—perhaps 60
to 80 degrees Celsius according to isotope proxies, though estimates vary.
It was more acidic, with a lower pH driven by dissolved carbon dioxide.
And it was chemically richer in ways that matter for biology.

The ancient ocean was laden with dissolved metals that are rare in today’s
seawater: tungsten, molybdenum, vanadium, nickel, cobalt, iron in soluble
form. These are not arbitrary trace elements. They are the metals that
sit at the active sites of the oldest enzymes—the metalloprotein cofactors
that catalyze the most fundamental biochemical reactions.'?

This is not a coincidence. It is a fossil written in protein structure. Many
of the enzymes that drive the most ancient metabolisms—nitrogen fixation,
hydrogen metabolism, carbon fixation in methanogens and acetogens—use
metal cofactors that seem oddly exotic by the standards of modern sea-
water chemistry. Molybdenum in nitrogenase. Tungsten in some archaeal
enzymes. Nickel in methyl-coenzyme M reductase. Iron-sulfur clusters in
nearly everything ancient.

12Christophe L. Dupont et al., “History of Biological Metal Utilization Inferred through
Phylogenomic Analysis of Protein Structures,” Proceedings of the National Academy
of Sciences 107 (2010): 10567-10572. (Dupont et al. 2010)
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The explanation is straightforward: life’s earliest enzymes evolved in an
ocean where these metals were available. As the ocean chemistry changed
over billions of years—as oxygen accumulated and changed the solubility of
various metals, as sulfide precipitation removed others—the enzymes kept
their original metal requirements. Proteins are conservative. They do
not easily swap one metal for another, because the entire geometry of
the active site is built around a specific ion. The result is that modern
organisms still require trace amounts of metals that were abundant in the
Hadean ocean but are scarce today. Biology remembers what geology has
forgotten.

3.5. The first signatures of life

When did life actually appear? The honest answer is: we are not certain,
because the earliest evidence is indirect and debated. But the best current
evidence points to life being present on Earth by at least 3.8 billion years
ago, and possibly earlier.

The evidence comes from Greenland. In the Isua supracrustal belt of
southwestern Greenland, rocks dating to approximately 3.8 billion years
old contain grains of apatite (calcium phosphate) with tiny inclusions of
graphite. That graphite has a carbon isotope composition that is difficult
to explain without biology.'?

Here is how the argument works. Carbon has two stable isotopes: 2C
(six protons, six neutrons, about 98.9 percent of all carbon) and 3C (six
protons, seven neutrons, about 1.1 percent). When organisms fix car-
bon dioxide into organic matter-when they build biomass from CO,-the
enzymes involved (particularly RuBisCO in modern autotrophs) prefer-
entially incorporate the lighter isotope, 2C. This is not a choice; it is a
consequence of the slightly lower activation energy for reactions involving

3Manfred Schidlowski, “A 3,800-Million-Year Isotopic Record of Life from Carbon in
Sedimentary Rocks,” Nature 333 (1988): 313-318. (Schidlowski 1988)
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the lighter isotope. The result is that biogenic organic matter is enriched
in 12C relative to the CO, it came from, and the residual inorganic carbon
(in carbonates, for instance) is correspondingly enriched in 3C.

The graphite inclusions in the Isua apatite grains show exactly this sig-
nature: an enrichment in '2C consistent with biological carbon fixation.
The magnitude of the enrichment-typically expressed as §'3C values of
roughly $-$20 to $-$30 per mil relative to a standard-falls squarely within
the range produced by autotrophic organisms.'

This is not the only possible interpretation. Abiotic processes can also
fractionate carbon isotopes, although typically not to the same degree or
with the same consistency. The debate continues.!'® But the Isua signa-
ture, combined with similar findings from other early Archean localities,
forms a coherent picture: by 3.8 billion years ago, something on Earth
was fixing carbon from CO, into organic matter, using the same isotopic
discrimination that biological enzymes produce today.

If life was already fixing carbon by 3.8 billion years ago, then the origin of
life must have occurred even earlier—during the Hadean, during the bom-
bardment, during the period from which we have almost no rock record.
The stage was set, and the actors appeared almost as soon as the stage
was habitable. The geological time scale that frames this story has been
refined over decades of stratigraphic and geochronologic work.'6

The 13C values of —20 to —30%o in Isua graphite are consistent with RuBisCO-
mediated carbon fixation. Manfred Schidlowski, “A 3,800-Million-Year Isotopic
Record of Life from Carbon in Sedimentary Rocks,” Nature 333 (1988): 313-318.
(Schidlowski 1988)

15The Isua biosignature interpretation remains contested. See Aivo Lepland et al.,
“Questioning the Evidence for Earth’s Earliest Life—Akilia Revisited,” Geology 33
(2005): 77-79 (Lepland et al. 2005); and Mark A. van Zuilen, Aivo Lepland, and
Gustaf Arrhenius, “Reassessing the Evidence for the Earliest Traces of Life,” Nature
418 (2002): 627-630. (Zuilen, Lepland, and Arrhenius 2002)

16Felix M. Gradstein et al., A Geologic Time Scale 2004 (Cambridge University Press,
2004). (Gradstein et al. 2004)
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3.6. The cooling planet

Life did not appear on a world like ours. It appeared on a world that
was significantly hotter, and it has been adapting to a cooling planet ever
since.

The most striking evidence for this comes from an ingenious approach:
resurrecting ancient proteins. Eric Gaucher and colleagues reconstructed
the likely amino acid sequences of ancestral elongation factors—proteins
involved in translation, the process by which ribosomes read messenger
RNA and build proteins. Because elongation factors are universal (present
in all domains of life) and essential (you cannot live without them), their
phylogenetic tree extends deep into evolutionary history.!”

By reconstructing these ancestral proteins in the laboratory and measuring
their thermal stability, Gaucher’s team inferred the temperatures at which
the organisms carrying those proteins likely lived. The results trace a clear
cooling trend:

o The earliest common ancestors, dating to the early Archean (roughly
3.5 billion years ago), appear to have preferred temperatures of ap-
proximately 60 to 70 degrees Celsius—solidly thermophilic.

o By the late Proterozoic (roughly 500 million years ago), the pre-
ferred temperatures had dropped to approximately 35 to 37 degrees
Celsius—close to the body temperature of modern mammals.

This 30-degree cooling over three billion years is independently supported
by oxygen isotope records from marine sediments, which show a similar
trend.!'8

17Eric A. Gaucher et al., “Palacotemperature Trend for Precambrian Life Inferred from
Resurrected Proteins,” Nature 451 (2008): 704-707. (Gaucher, Govindarajan, and
Ganesh 2008)

8The cooling trend is supported by multiple independent proxies. Eric A. Gaucher
et al., “Palaeotemperature Trend for Precambrian Life Inferred from Resurrected
Proteins,” Nature 451 (2008): 704-707. (Gaucher, Govindarajan, and Ganesh 2008)
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The implication for our story is this: the earliest life was not just tolerant
of heat. It was adapted to heat, because the planet was hot. The first
microbes were thermophiles or even hyperthermophiles—organisms whose
enzymes worked best at temperatures that would cook most modern life.
As the planet cooled, life followed the temperature downward, adapting
its proteins step by step to progressively cooler conditions.

This illustrates the non-equilibrium theme from Chapter 1. Life does not
set the temperature. The planet sets the temperature, and life adapts its
machinery to harvest energy within whatever temperature regime it finds.
The thermodynamic rules do not change-AG is AG whether the water
is 70 degrees or 35 degrees—but the kinetic landscape changes profoundly,
and with it the strategies that pay off.

1 Sidebar: Reading Earth’s diary — isotope proxies

How do we know the temperature of an ocean that evaporated three
billion years ago? How do we detect the breath of organisms that
left no fossils? The answer, in almost every case, is isotopes.
Different physical and biological processes fractionate isotopes—
preferring lighter or heavier versions of the same element—in pre-
dictable ways. By measuring isotope ratios in ancient minerals, we
can reconstruct conditions that no instrument ever recorded.
Carbon isotopes and the signature of life. The carbon iso-
tope ratio §'3C is the workhorse proxy for ancient biological activity.
Autotrophic organisms preferentially fix 2C from CO,, leaving the
residual inorganic carbon pool enriched in *C. A persistent offset
between carbonate §'3C and organic carbon §'3C in the sedimentary
record—maintained for over 3.5 billion years—is one of the strongest
lines of evidence that life has been continuously active on Earth since
the early Archean.!?

Oxygen isotopes as a thermometer. When organisms build cal-
cium carbonate shells (or when carbonate precipitates abiotically),
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the 180/'°0 ratio of the mineral depends on temperature. Colder
water produces carbonate with higher §'0. This relationship has
been calibrated in modern organisms and applied, with appropriate
caution, to ancient carbonates to reconstruct ocean temperatures
spanning hundreds of millions of years.

Trace element ratios in biominerals. Beyond isotopes, the chem-
ical composition of biogenic minerals carries environmental informa-
tion:

o Sr/Ca ratios in mollusk shells have been used as proxies for
El Nino events, because Sr incorporation into aragonite varies
with temperature and growth rate.?’

o« Mg/Ca ratios in foraminiferal calcite serve as temperature
proxies, though the relationship is complicated by biologi-
cal controls on biomineralization. Recent work has devel-
oped new models for how trace elements are incorporated into
foraminiferal tests.?!

o Shell nanostructure: the ultrastructure of nacre (mother-of-
pearl) in mollusk shells correlates with the temperature and
pressure conditions during growth, providing yet another inde-
pendent environmental record.??

Goethite and ancient CO,. One of the more remarkable proxy
systems involves goethite (a-FeOOH), an iron oxyhydroxide mineral
that forms during weathering. Carbon from atmospheric CO, is in-
corporated into goethite during its formation, and the carbon isotope
composition of this trapped carbon reflects the CO, concentration of
the atmosphere at the time of mineral formation.

Yapp and colleagues established a quantitative relationship between
the carbon isotope composition of goethite-hosted carbonate and the
mole fraction X of CO, in soil gas:?3

0.0162

S13C = —20.1
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This relationship, with a correlation coefficient of » = 0.98, has been
validated against independent measurements.?* Combined with the
relationship between soil CO, mole fraction and atmospheric partial

pressure:25

1570

and an independent estimate of paleotemperature (from oxygen iso-
topes, for instance), one can estimate the atmospheric CO, concen-
tration at the time the goethite formed. This approach has provided
some of the best constraints on Phanerozoic CO, levels.

The common thread across all these proxies is the same: physical
and chemical processes leave isotopic fingerprints, and those finger-
prints are preserved in minerals that survive for billions of years.
The diary is not easy to read—each proxy has assumptions, calibra-
tion uncertainties, and potential for alteration after deposition. But
taken together, these proxies give us a remarkably detailed picture of
conditions on a planet that left almost no other record of its youth.
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3.7. The inventory, assembled

By roughly 4 billion years ago—perhaps earlier-the Earth had assembled a
remarkable inventory. Consider what was in place:

Liquid water, cycling between ocean, atmosphere, and crust, providing
the solvent and reaction medium that aqueous chemistry requires.

An atmosphere rich in carbon dioxide and nitrogen, with trace amounts
of methane, ammonia, hydrogen sulfide, and other reduced gases from vol-
canic outgassing. This atmosphere was not oxidizing (there was virtually

25Manfred Schidlowski, “A 3,800-Million-Year Isotopic Record of Life from Carbon in
Sedimentary Rocks,” Nature 333 (1988): 313-318. The persistent 25-30%o offset
between organic and inorganic carbon through 3.5+ billion years of the sedimentary
record is one of the most robust biosignatures. (Schidlowski 1988)

25Alberto Pérez-Huerta et al., “El Nifio Impact on Mollusk Biomineralization—
Implications for Trace Element Proxy Reconstructions and the Paleo-Archaeological
Record,” PLoS ONE 8 (2013): e54274. (Pérez-Huerta et al. 2013)

25Gernot Nehrke et al., “A New Model for Biomineralization and Trace-Element Sig-
natures of Foraminifera Tests,” Biogeosciences 10 (2013): 6759-6767. (Nehrke et al.
2013)

25Tan C. Olson et al., “Mollusk Shell Nacre Ultrastructure Correlates with Environ-
mental Temperature and Pressure,” Journal of the American Chemical Society 134
(2012): 7351-7358. (I. C. Olson et al. 2012)

25Crayton J. Yapp and Harald Poths, “Ancient Atmospheric CO Pressures Inferred
from Natural Goethites,” Nature 355 (1992): 342-344 (Yapp and Poths 1992); Cray-
ton J. Yapp, “The Abundance of Fe(CO )OH in Goethite,” Geochimica et Cos-
mochimica Acta 60 (1996): 4905-4916 (Yapp 1996); Crayton J. Yapp and Harald
Poths, “Carbon Isotopes in Continental Weathering Environments and Variations
in Ancient Atmospheric CO Pressure,” FEarth and Planetary Science Letters 137
(1996): 71-82. (Yapp and Poths 1996)

25Paul A. Schroeder and Nathan D. Melear, “Stable Carbon Isotope Signatures Pre-
served in Authigenic Gibbsite from a Forested Granitic Regolith: Panola Mt., Geor-
gia, USA,” Geoderma 91 (1999): 59-76. (Schroeder and Melear 1999)

25Crayton J. Yapp, “Oxygen and Hydrogen Isotope Variations among Goethites ( -
FeOOH) and the Determination of Paleotemperatures,” Geochimica et Cosmochim-
ica Acta 51 (1987): 355-364. (Yapp 1987)
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no free oxygen), which is important because many of the chemical reac-
tions that build biological molecules are more favorable under reducing
conditions.

Dissolved metals—iron, nickel, molybdenum, tungsten, cobalt, man-
ganese, vanadium-available in the ocean at concentrations far higher than
today. These would become the catalytic hearts of the first enzymes.

Energy sources: sunlight (ultraviolet radiation was particularly intense,
since there was no ozone layer to block it), geothermal heat from a planet
still cooling from accretion, chemical energy from the interaction of water
with freshly exposed rock (serpentinization reactions that produce hydro-
gen gas), and electrical energy from lightning.

Temperature: hot by modern standards (perhaps 60 to 80 degrees Cel-
sius in the ocean according to isotope proxies, likely higher near hydrother-
mal vents), but within the range where organic chemistry can proceed and
where proteins, once they exist, can fold and function.

A day-night cycle and seasons, courtesy of the Moon-forming impact,
providing environmental oscillations that drive mixing, temperature cy-
cling, and periodic changes in light availability.

Geological recycling: plate tectonics (or some proto-tectonic process)
cycling material between the surface and the interior, preventing the planet
from reaching a static chemical equilibrium. This is critical. A planet that
stops recycling its crust eventually reaches a surface chemistry equilibrium
and becomes geochemically dead. Earth’s tectonics have kept the surface
out of equilibrium for over four billion years—providing a continuous supply
of reduced material from the mantle to the oxidized surface.

Every item on this list is physical. Every one is measurable. And every one
distinguishes Earth from its two nearest neighbors: Venus lost its water,
Mars lost its atmosphere, and neither maintained the geological recycling
that keeps the chemical gradients fresh.
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3.8. Same rules, one stage

The laws of thermodynamics operate everywhere. The quantum mechanics
that determines bond energies and reaction rates is the same on Venus,
Earth, and Mars. Gibbs free energy is Gibbs free energy whether you
calculate it for a reaction in Earth’s ocean or in a hypothetical Martian
puddle.

But laws alone do not produce outcomes. You also need conditions: the
right temperature range, the right solvent, the right inventory of elements
in accessible forms, the right energy sources, and—crucially—enough time
for the slow, improbable process of chemical evolution to produce self-
replicating systems.

Earth provided all of these. Not because it was designed to, and not
because rocky planets commonly do. Earth provided them because of a
specific sequence of physical accidents: the right distance from the Sun
(preserving the cold trap), a giant impact (giving it a stabilizing moon
and a secondary atmosphere), the right mass (retaining atmosphere but
allowing tectonic recycling), and an ocean that appeared early and per-
sisted.

Venus shows what happens when the distance is wrong. Mars shows what
happens when the mass is wrong. Both had water. Both had carbon. Both
had the same thermodynamic rules. Neither became a living world.

The stage is set: a warm, wet, metal-rich, geologically active planet bathed
in energy, with the thermodynamic rules of Chapter 1 operating in every
drop of its ancient ocean.

And at the bottom of that ocean, hydrothermal vents are already pump-
ing hydrogen gas and carbon monoxide into warm, metal-rich water—an
environment saturated with the electron donors and carbon sources that
will underwrite the first microbial metabolisms. If thermodynamic models
and recent vent-fluid analyses are right, trace hydrogen cyanide is in the
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mix as well.? The thermodynamics are favorable. The raw materials are
abundant. The planet has time. What it does not yet have is a molecule
that can copy itself.

3.9. Takeaways

Earth, Venus, and Mars formed from the same solar nebula with
similar starting chemistry. The divergence in their fates was driven
by physical parameters: orbital distance, planetary mass, and the
presence or absence of a large moon.

Venus lost its water through a runaway greenhouse, recorded in its ex-
treme deuterium-to-hydrogen ratio. Earth’s cold trap—a consequence
of its greater distance from the Sun—prevented the same catastrophe.
Mars lost its atmosphere to solar wind stripping after its magnetic
field died, a consequence of its smaller mass and faster core cooling.
Earth’s ocean appeared within the first few hundred million years,
as recorded by 4.4-billion-year-old zircon crystals from Western Aus-
tralia.

The early ocean was rich in dissolved metals (tungsten, molybdenum,
nickel, iron) that became the catalytic cores of the first enzymes-a
chemical memory preserved in modern protein structures.

The earliest isotopic evidence of life (carbon isotope fractionation in
3.8-billion-year-old graphite from Greenland) indicates that biologi-
cal carbon fixation was occurring by the early Archean.
Resurrected ancestral proteins indicate that the earliest organisms
preferred temperatures of 60 to 70 degrees Celsius; the planet has

26H, and CO in vent fluids are well established. HCN at vents is thermodynami-
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cally predicted and has been detected in some fluid analyses; see Niklas G. Holm
and Astrid Neubeck, “Reduction of Nitrogen Compounds in Oceanic Basement and
Tts Implications for HCN Formation and Abiotic Organic Synthesis,” Geochemical
Transactions 10 (2009): 9 (Holm and Neubeck 2009); for prebiotic chemistry context,
John D. Sutherland, “The Origin of Life—Out of the Blue,” Angewandte Chemie In-
ternational Edition 55 (2016): 104-121. (Sutherland 2016)



3.9. Takeaways

been cooling, and life has been adapting, for over three billion years.
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4. Spark

Imagine you find a book.

Not an ordinary book — this one is written in a language you have never
seen, and the ink is a protein that degrades unless it is continuously re-
copied by a machine. The machine, in turn, is built from instructions
contained in the book. Without the machine, the book decays. Without
the book, the machine cannot be assembled. Each depends entirely on the
other, and neither can exist first.

This is the central paradox of the origin of life, and for decades it stopped
the conversation cold.

In modern cells, the division of labor is clean. DNA stores the instructions.
Proteins do the work — catalyzing reactions, building structures, transport-
ing molecules across membranes. But proteins cannot copy themselves;
they need DNA’s blueprint. And DNA cannot do anything useful without
the proteins that read it, unwind it, and replicate it. Which came first?
The question is not rhetorical. It is a genuine engineering bottleneck: you
cannot bootstrap a system that requires two specialized components if
each component depends on the other for its existence.

The answer, when it arrived, came from an unexpected direction. It came
from the molecule that everyone had dismissed as a mere intermediary.
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Figure 4.1.: The chicken-and-egg problem, resolved. Left panel: DNA and

92

proteins in a circular dependency (DNA needs proteins to
replicate, proteins need DNA for instructions — arrows form a
closed loop with a question mark). Right panel: RNA sitting
at the center, with arrows pointing both to “stores informa-
tion” and “catalyzes reactions.” RNA broke the deadlock by
doing both jobs.
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4.1. The middleman steps forward

RNA sits between DNA and proteins in every modern cell. It carries the
genetic message from the archive (DNA) to the factory floor (ribosomes,
which are themselves largely made of RNA). For most of the twentieth
century, RNA appeared to be a passive carrier — important, but not the
molecule doing the work.

Then, in the early 1980s, Thomas Cech and Sidney Altman independently
discovered that certain RNA molecules could catalyze chemical reactions.!
They were not just carrying information; they were doing chemistry. These
catalytic RNAs were named ribozymes, and their discovery earned Cech
and Altman the Nobel Prize in 1989.2

The implications were enormous. If RNA can both store information and
catalyze reactions, then you do not need two separate systems to get life
started. You need one. A single type of molecule that reads itself and
copies itself — an autocatalytic loop of replicating RNA, ribozymes cat-
alyzing the synthesis of copies of themselves.?

This is the RNA world hypothesis: the proposal that the earliest life on
Earth was not built from DNA and proteins, but from RNA alone — or-
ganisms without the division of labor that modern cells take for granted.

!'Thomas R. Cech, “A Model for the RNA-Catalyzed Replication of RNA,” Proceedings
of the National Academy of Sciences 83 (1986): 4360-4363. Discovery that RNA can
catalyze reactions without protein enzymes. (Cech 1986)

2The 1989 Nobel Prize in Chemistry was awarded jointly to Sidney Altman and
Thomas Cech “for their discovery of catalytic properties of RNA.” This discovery
resolved the chicken-and-egg problem of the origin of life by showing that RNA
could both store information and catalyze reactions. (Cech 1986)

3Kruger et al., Self-splicing RNA: autoexcision and autocyclization of the ribosomal
RNA intervening sequence of Tetrahymena (1982); Gilbert, Origin of life: The RNA
world (1986). The first prototype of the future RNA-organism could be the autocat-
alytic loop formed by replicating RNA molecules — ribozymes, capable of catalyzing
the synthesis of copies of themselves. (Kruger et al. 1982; Gilbert 1986)
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The chicken-and-egg paradox dissolves, because RNA is both the chicken
and the egg.

The standard RNA alphabet is small: four nucleotides — adenosine (A),
guanosine (G), cytidine (C), and uridine (U) — plus a handful of modified
variants like inosine.*> With just these letters, RNA can fold into elaborate
three-dimensional shapes, creating pockets and surfaces that behave like
primitive enzymes. Not as efficient as proteins, not as stable as DNA, but
enough. Enough to get the process started.

4.2. Where it happened

Where did RNA chemistry first ignite? Two settings are plausible, and
they are not mutually exclusive. Ice can concentrate dilute reactants into
tiny liquid pockets between crystals, bringing RNA precursors together at
effective concentrations far higher than open water — and many ribozymes
work best at low temperatures.® Hydrothermal vents, meanwhile, provide
a continuous supply of reduced gases (CO, Hy, HCN) and metal catalysts
(iron, nickel) at temperatures where abiotic organic synthesis proceeds

Markov (2010). A, G, C, U — the standard nucleotides: adenosine, guanosine, cytidine
and uridine; other letters mark nonstandard (modified) nucleotides, including inosine.
(Markov 2010)

5The four standard RNA nucleotides (A, G, C, U) differ from DNA only in the sugar
backbone (ribose vs. deoxyribose) and the substitution of uracil for thymine. This
simpler chemistry may reflect RNA’s evolutionary priority over DNA. (Alberts et al.
2015)

SAttwater et al., In-ice evolution of RNA polymerase ribozyme activity (2013). Many
ribozymes work best at low temperatures, sometimes below the freezing point of
water. Ice creates tiny cavities with high reactant concentrations, enabling RNA
polymerase ribozyme activity at temperatures as low as -19 C. (Attwater, Wochner,
and Holliger 2013)
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readily.”® The cold scenario is strong on the first spark — concentrating
molecules for the initial assembly of self-copying RNA — but weak on sus-
tained supply. The hot scenario is strong on raw materials but weak on
the delicate chemistry of RNA folding. It is possible that different steps
happened in different settings: building blocks synthesized at vents, trans-
ported by currents to colder environments where replication proceeded
more efficiently. The planet is large, and chemistry does not respect the
boundaries of human narratives.

4.3. The phosphorus problem

Before RNA can copy itself, RNA must exist. And building RNA from
scratch requires something that the early Earth did not obviously have in
abundance: phosphorus.

RNA’s backbone is not made of the nucleotide bases themselves. The bases
are the informational part — the letters. The backbone, the structural
spine that holds the letters in order, is a chain of sugar molecules linked
by phosphate bridges. Without phosphate, there is no polymer. Without
a polymer, there is no information storage. The RNA world hypothesis
requires an early habitat rich in reactive phosphorus.’

“Adam P. Johnson et al., “The Miller Volcanic Spark Discharge Experiment,” Sci-
ence 322 (2008): 404. Reanalysis of Stanley Miller’s original 1950s volcanic spark
discharge samples revealed a wider variety of amino acids and hydroxylated com-
pounds than reported in Miller’s classic 1953 paper, demonstrating that volcanic
lightning conditions could produce diverse organic building blocks. (Johnson et al.
2008)

8Stanley L. Miller, “A Production of Amino Acids Under Possible Primitive Earth
Conditions,” Science 117 (1953): 528-529. Miller’s famous experiment demonstrated
that organic compounds including amino acids could form spontaneously from simple
gases (methane, ammonia, hydrogen, water vapor) subjected to electrical discharge,
providing early experimental support for abiotic organic synthesis. (S. L. Miller
1953)

9Leslie E. Orgel, “Prebiotic Chemistry and the Origin of the RNA World,” Critical Re-
views in Biochemistry and Molecular Biology (2004). Orgel outlined the major steps
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Where did it come from? In 2005, Matthew Pasek and Dante Lauretta
proposed a striking answer: iron meteorites.'®

The early Earth was under heavy bombardment.!! Meteorites arrived
constantly, and among them were iron-rich bodies containing the mineral
schreibersite — an iron-nickel phosphide.'?> When schreibersite corrodes in
water, it releases reactive phosphorus compounds. Not the stable, locked-
up phosphorus of terrestrial rocks, but forms that can participate in or-
ganic chemistry. Pasek and Lauretta showed that this corrosion proceeds
readily in aqueous conditions, providing a “highly reactive source of pre-
biotic phosphorus on the surface of the early Earth.'3

The chemistry of life did not arise in isolation from geology. Meteorites
provided phosphorus. Minerals provided surfaces. The ocean provided the
solvent. Life did not invent its raw materials; it inherited them from the
planet’s early bombardment.

required to establish an RNA world: sugar synthesis, nucleoside synthesis, phos-
phorylation, formation of long polynucleotides, and separating and copying double-
stranded polynucleotides. (Leslie E 2004)

10Matthew A. Pasek and Dante S. Lauretta, “Aqueous Corrosion of Phosphide Minerals
from Iron Meteorites: A Highly Reactive Source of Prebiotic Phosphorus on the
Surface of the Early Earth,” Astrobiology (2005). (Pasek and Lauretta 2005)

The Late Heavy Bombardment (approximately 4.1-3.8 Ga) represents a period of in-
tense meteorite impacts on the inner solar system. This bombardment delivered
substantial quantities of volatiles, organics, and reactive minerals including phos-
phides to the early Earth’s surface. (Pater and Lissauer 2015)

12Gchreibersite (Fe,Ni) P is a rare terrestrial mineral but common in iron meteorites.
Its corrosion in water produces a range of reduced phosphorus compounds including
phosphite and hypophosphite, which are far more reactive in prebiotic chemistry
than oxidized phosphate minerals. (Pasek and Lauretta 2005)

I3Matthew A. Pasek and Dante S. Lauretta, “Aqueous Corrosion of Phosphide Minerals
from Iron Meteorites: A Highly Reactive Source of Prebiotic Phosphorus on the
Surface of the Early Earth,” Astrobiology (2005). (Pasek and Lauretta 2005)
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4.4. An ocean laced with metal

The ancient ocean was a different solvent than the one we know. It was
richer in dissolved heavy metals — not just iron, which was abundant in a
world without free oxygen to rust it out of solution, but also more exotic

elements: tungsten, molybdenum, vanadium.415

This matters because many of the enzymes that drive modern biochemistry
are not pure protein. They are metalloproteins — protein molecules with
metal ions at their active sites, performing the actual catalytic work.'6
The protein provides the scaffold; the metal does the chemistry. Strip the
iron from a cytochrome, the molybdenum from a nitrogenase, the nickel
from a urease, and you have a beautifully folded but catalytically dead
molecule.

Why would proteins evolve to depend on metals? One compelling answer
is that they did not “choose” metals — they inherited them. In the earliest
stages of chemical evolution, before proteins existed, the catalysts were
the metals themselves. Iron-sulfur clusters, nickel surfaces, molybdenum
compounds — these inorganic materials can catalyze many of the same
reactions that enzymes catalyze today, just less efficiently.!”

M“Dupont et al., History of biological metal utilization inferred through phylogenomic
analysis of protein structures (2010). The ancient ocean contained far more dissolved
heavy metals than today, including tungsten, molybdenum, and vanadium. Many
protein enzymes use metal ions as essential components (metalloproteins). (Dupont
et al. 2010)

15The Archean ocean’s metal content reflected the anoxic atmosphere and reduced state
of surface minerals. Without photosynthetic oxygen production, iron remained sol-
uble as Fe? rather than precipitating as Fe3 oxides, creating dissolved iron concen-
trations orders of magnitude higher than modern oceans. (Dupont et al. 2010)

16 Approximately one-third of all known enzymes require metal cofactors for catalytic
activity. The most common are iron, zinc, magnesium, and copper, but molybde-
num, tungsten, nickel, and vanadium also play essential roles in specific metabolic
pathways. (Dupont et al. 2010)

7Giinter Wachtershiuser, “Before Enzymes and Templates: Theory of Surface
Metabolism,” Microbiological Reviews 52 (1988): 452-484. The iron-sulfur world
hypothesis proposes that life originated on charged mineral surfaces of iron sulfide,
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The transition from mineral catalyst to protein catalyst was gradual.'®

The first proteins, clumsy and short, would have naturally incorporated
iron atoms from their iron-rich environment. Those that happened to fold
around a metal ion in a useful way gained a catalytic advantage. Over time,
proteins became better scaffolds for the metals, and the metals became
more precisely positioned within the proteins. But the metals came first.
The proteins grew around them like a house built around a hearth.!®

At least one modern organism may preserve this ancient iron-dependent
metabolism almost unchanged. Ferroplasma acidiphilum, discovered in
2000 in a metallurgical bioreactor in Tula, Russia, powers itself entirely
by oxidizing ferrous iron — its proteins are unusually iron-rich, and its
lifestyle closely matches the conditions of the early Earth’s iron-rich,
anoxic ocean.?’ 2! (See Appendix E for more on Ferroplasma.)

One useful tool for thinking about energy content is the Nominal Oxi-
dation State of Carbon (NOSC) — a single number that estimates how
much energy is locked in an organic molecule, from fully reduced (methane,
NOSC = —4) to fully oxidized (CO4, NOSC = +4). The full framework,

where the oxidation of FeS to FeS (pyrite) provided energy for carbon fixation.
(Wéachtershauser 1988)

18William Martin and Michael J. Russell, “On the Origins of Cells,” Philosophical Trans-
actions of the Royal Society B 358 (2003): 59-85. Mineral surfaces, particularly iron-
sulfur minerals, can catalyze many of the core reactions of metabolism including
carbon fixation and peptide synthesis. (Martin and Russell 2003)

¥Dupont et al. (2010). The earliest forms of life actively used simple inorganic catalysts
— especially iron and sulfur compounds. Phylogenomic analysis of protein structures
shows that the earliest metal-binding domains preferentially bound metals abundant
in the Archean ocean, with proteins evolving around pre-existing mineral catalysts.
(Dupont et al. 2010)

200lga V. Golyshina et al., “Ferroplasma acidiphilum gen. nov., sp. nov.,” Interna-
tional Journal of Systematic and Evolutionary Microbiology (2000). Discovered in a
bioreactor at a metallurgical plant in Tula, Russia. (Golyshina et al. 2000)

21Manuel Ferrer et al., “The cellular machinery of Ferroplasma acidiphilum,” Nature
(2007). Proposed that Ferroplasma’s iron-rich cellular machinery represents acciden-
tally preserved remnants of ancient life stages. (Ferrer et al. 2007)
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developed by LaRowe and Van Cappellen,?? is in Appendix A.

4.5. In the beginning, there was the community

Now we arrive at the most important idea in this chapter. It is also the
most counterintuitive.

We have been telling the origin story as if it were about a single lineage:
first RNA, then proteins, then DNA, then cells. A lonely molecule in a
puddle, gradually becoming more complex. This is the popular version,
and it captures something real. But it misses the deepest constraint.

Consider what a living system actually does. It takes in raw materials,
transforms them, and produces waste. If it is the only living system around,
it will eventually exhaust its raw materials or drown in its own waste. This
is not a biological problem; it is a thermodynamic one. A single organism,
running a single metabolic strategy, cannot sustain itself indefinitely in a
closed environment. It would be, as Markov puts it, “as impossible as a
perpetual motion machine.”?

The stable existence of any biosphere — even the most primitive one — re-
quires relatively closed biogeochemical cycles. Resources must be recycled.
One organism’s waste must become another organism’s food. The carbon
that is fixed must eventually be re-oxidized. The sulfate that is reduced
must eventually be re-oxidized. The cycle must close, or the system runs
down.

A single type of organism cannot close these cycles alone.

22L,aRowe and Van Cappellen (2011) show that comparing catabolic yields on a per-
electron basis provides a thermodynamically consistent framework for understanding
microbial energetics across diverse metabolisms. (Douglas E. LaRowe and Van Cap-
pellen 2011)

23Markov (2010). “An organism capable alone to close a cycle is not possible, just as a
perpetual motion machine.” Stable biosphere requires relatively closed biogeochemi-
cal cycles, which a single organism cannot provide. (Markov 2010)
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There is one narrow theoretical exception: an organism that happens to
catalyze reactions that are already part of established geochemical cycles.
Such a creature would not need a partner, because the planet itself would
serve as its recycling system — food trickling in from geological sources,
waste absorbed back into geological sinks. This is plausible only for the
simplest metabolisms, and even then, it works only if the organism’s de-
mands are modest enough to be met by geological supply.?*

But for anything more ambitious — for life that grows, diversifies, and
reshapes its environment — cooperation is not an optional add-on. It is a
structural requirement from the very beginning.

This is a radical departure from the popular narrative. In the standard
story, life begins as a solitary replicator and only later learns to coop-
erate. The biogeochemical argument reverses the order: the community
came first, not because cooperation is noble, but because thermodynamics
demands it. A single metabolic strategy, running alone, is a dead end.
Multiple strategies, running together and recycling each other’s waste, are
a cycle. And cycles can persist.

The earliest communities may have been simple. Perhaps methanogenic
archaea reduced CO, to CH, using hydrogen, while other organisms ox-
idized the methane or consumed other waste products. Perhaps sulfate
reducers and sulfur oxidizers formed the first recycling pair. The details
are debated and may never be fully resolved. But the principle is clear:
life’s first achievement was not the individual cell. It was the network.

4.6. The circuit redrawn

We can see this through the lens we built in the first two chapters. Think
of the earliest biosphere as a primitive electrical circuit.

24Markov (2010). “An organism capable alone to close a cycle is not possible, just as a
perpetual motion machine.” Stable biosphere requires relatively closed biogeochemi-
cal cycles, which a single organism cannot provide. (Markov 2010)
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4.7. From spark to city

Each metabolic type is a different wire connecting a different pair of termi-
nals. Methanogens connect the CO,/CH, couple. Sulfate reducers connect
the SO3~/H,S couple. Iron oxidizers connect the Fe?"/Fe3* couple. No
single wire carries enough current to matter for long. But wire them to-
gether — let the products of one reaction become the reactants of another
— and you get a circuit with multiple loops. Current flows continuously,
because every product has somewhere to go.

This is what “community” means in thermodynamic terms. It is not a
word about feelings or altruism (though those will come later). It is a
word about closing circuits. About making sure that the electrons, once
moved, have a path back to the beginning.

And this is why, when we eventually find the oldest unambiguous traces
of life in the rock record — the layered structures called stromatolites,
dating back more than 3.4 billion years?® — we do not find evidence of
a single organism. We find evidence of a community.?® A layered, multi-
species mat of cooperating microbes, each occupying a different niche, each
performing a different metabolic trick, and each depending on the others
to keep the cycles turning.

4.7. From spark to city

The chapter began with a paradox: the chicken and the egg, information
and machinery, locked in mutual dependence. RNA resolved that para-

25 Abigail C. Allwood et al., “Stromatolite reef from the Early Archaean era of Australia,”
Nature 441 (2006): 714-718. The oldest well-preserved stromatolites from the Strelley
Pool Formation in Western Australia date to 3.43 Ga and provide morphological
and geochemical evidence for photosynthetic microbial communities. (Allwood et al.
2006)

26J. William Schopf, “Fossil Evidence of Archaean Life,” Philosophical Transactions of
the Royal Society B 361 (2006): 869-885. Stromatolites represent fossilized microbial
mats — layered communities of bacteria and archaea organized by metabolic function,
with photosynthesizers near the surface and anaerobic metabolizers below. (Schopf
2006)
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dox by being both at once. But RNA alone does not make a biosphere.
A biosphere requires energy capture, waste recycling, and the closing of
biogeochemical cycles — and that requires a community.

The next question is: what did those first communities look like? How
did they organize themselves physically? And how did their organization
shape the planet?

The answer lies in the most successful architecture in the history of life: the
microbial mat. Layered cities of cooperating microbes, stacked by function,
connected by chemistry, that ruled the Earth for billions of years before
anything with a nucleus existed.

The spark has caught. Now it builds.

4.8. Takeaway

o The chicken-and-egg paradox (DNA needs proteins, proteins need
DNA) is resolved by RNA, which can store information and catalyze
reactions.

o Life may have started cold (ice concentrating reactants), hot (hy-
drothermal vents providing building blocks), or both in sequence.

¢ Reactive phosphorus for RNA backbones likely came from iron me-
teorites corroding in early water.

e Ancient ocean metals (iron, nickel, tungsten, molybdenum) served
as the first catalysts; proteins evolved around them.

e Life could not have begun as a single organism running a single
metabolism.  Biogeochemical cycles require multiple metabolic
strategies recycling each other’s waste. The community came first.
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5. The First City

What is the minimum community that can sustain itself?

Not a single cell — we established that in the last chapter. One organism,
one metabolism, and the waste piles up until the system chokes. You need
at least two metabolic strategies to close even the simplest biogeochemical
cycle. But two is also not enough, because real environments have more
than one energy source and more than one waste product. So: what is the
minimum?

The answer, preserved in rocks 3.5 billion years old and still visible today
in Shark Bay, Australia, is a bacterial mat.! A few millimeters thick,
slippery, unremarkable to the eye. Green on top. Pink beneath. Dark
below. Three layers, three metabolic guilds, and a nearly closed material
cycle that required no external input beyond sunlight and seawater.

Bacterial mats were the dominant expression of life on this planet for
over two billion years.? They were not a rough draft. They were the
dominant form of life for their era: self-sustaining communities so stable

!Living stromatolites in Shark Bay, Western Australia, provide modern analogs of
ancient mat communities. The hypersaline conditions exclude grazing metazoans
that would otherwise consume the mats. See David J. Des Marais, “Biogeochem-
istry of Hypersaline Microbial Mats Illustrates the Dynamics of Modern Microbial
Ecosystems and the Early Evolution of the Biosphere,” Biological Bulletin 204 (2003):
160-167. (Des Marais 2003)

2Bacterial mats were the dominant form of life from at least 3.5 billion years ago
through much of the Proterozoic (ending ~540 million years ago), a span exceeding
2 billion years. See David J. Des Marais, “Microbial Mats and the Early Evolution
of Life,” Trends in Ecology and Evolution 5 (1990): 140-144. (Des Marais 1990)
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that the basic design persisted from the Archean into the Proterozoic
and, in diminished form, persists today. They built the stromatolites
whose layered fossils record one of the longest continuous biological records
on Earth.® They invented metabolic partnerships that would later be
repurposed inside the cells of every plant and animal alive. And they
did all this without a nucleus, without organelles, without anything you’d
recognize as coordination — just chemistry, gradients, and the relentless
pressure of thermodynamics selecting for communities that could close
their own loops.

5.1. Three neighborhoods

A bacterial mat is not a uniform film. It is layered, and the layering is
not accidental — it is imposed by physics. Light attenuates with depth.
Chemical gradients steepen. Each layer creates the boundary conditions
for the layer below it, the way a city’s infrastructure determines what can
be built on each block.

The analogy to a city is more than decorative. A city works because differ-
ent neighborhoods specialize: one district generates power, another pro-
cesses waste, a third manufactures goods. The neighborhoods depend on
each other. Remove one and the others degrade. A bacterial mat operates
on the same principle, except the “districts” are defined by wavelength,
chemistry, and metabolic strategy rather than zoning laws.

[FIGURE: Cross-section of an idealized bacterial mat, drawn to scale (~5
mm thick). Four layers are shaded: (1) green canopy at top — anoxygenic
phototrophs using H2S, labeled with “visible light in, organic carbon out”;
(2) pink layer below — purple bacteria using longer wavelengths; (3) pale

3Stromatolites provide one of the longest continuous records of biological activity on
Earth, with morphological and geochemical signatures spanning from the Archean to
the present. See J. William Schopf, “Fossil Evidence of Archaean Life,” Philosophical
Transactions of the Royal Society B 361 (2006): 869-885. (Schopf 2006)
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layer — heterotrophs and fermenters, consuming dead organic matter; (4)
dark layer at bottom — sulfate reducers, converting sulfate back to H2S.
Arrows show the sulfur cycle closing: H2S rises from bottom, is oxidized
at top, sulfate sinks back down. Caption: “Four metabolisms, one closed
loop. The mat recycles its own waste.”]

5.1.1. The green canopy

The top layer is green, and the green is functional. Here live anoxygenic
photosynthetic bacteria — ancestors of the cyanobacteria that would later
learn the far more aggressive trick of splitting water. But we are still in
the early Archean, and that revolution is hundreds of millions of years
away.?

These surface-dwellers harvest sunlight across the visible spectrum, but
their electron source is not water. It is hydrogen sulfide, H,S — the same
gas that gives rotten eggs their smell.> The overall logic is straightforward:
capture photons, use their energy to strip electrons from H,S, and feed
those electrons into carbon fixation. The waste products are elemental
sulfur or sulfate, depending on the species and conditions.

This is a good deal, thermodynamically. Sunlight provides abundant en-
ergy, and H,S is plentiful in the anoxic early ocean, venting from hy-
drothermal systems and recycled from deeper in the mat itself. The top
layer is the city’s power plant: it captures the primary energy input and
converts it into organic carbon that the rest of the community will even-
tually consume.

4Anoxygenic photosynthesis (using electron donors such as H,S, Fe?", or H, rather
than water) predates oxygenic photosynthesis. Robert E. Blankenship, “Early Evolu-
tion of Photosynthesis,” Plant Physiology 154 (2010): 434-438. (Blankenship 2010)

5Green sulfur bacteria (Chlorobiaceae) and purple sulfur bacteria (Chromatiaceae) ox-
idize hydrogen sulfide during anoxygenic photosynthesis, depositing elemental sulfur
either externally or internally depending on the lineage. See Alexandr Markov, Birth
of Complexity: Evolutionary Biology Today (2010). (Markov 2010)
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But there is a constraint that matters. The green layer absorbs the short-
wavelength, high-energy photons — the blues and greens. By doing so, it
casts a shadow. Not total darkness, but a filtered light, depleted in the
wavelengths the top layer already harvested. Whatever lives below must
make do with what passes through.

5.1.2. The pink middle

Below the green canopy, the light is different. The short wavelengths are
largely gone, absorbed or scattered by the layer above. What remains is
longer-wavelength light — reds and near-infrared — and it is in this filtered
glow that the second layer thrives.

These are alpha-proteobacteria, ancestors of the purple bacteria that still
inhabit microbial mats today.® They carry different photosynthetic pig-
ments, tuned to the wavelengths the green layer rejected. This is not
coincidence; it is niche partitioning driven by the physics of light absorp-
tion.” If you tried to put another green-pigmented organism here, it would
starve — the photons it needs are already consumed. The pink layer sur-
vives precisely because it uses a different part of the spectrum.

The metabolic logic is similar to the top layer: capture photons, fix carbon,
grow. But the energy input per photon is smaller (longer wavelength
means lower energy per photon), and the flux is reduced. The pink layer
operates on thinner margins. It is the city’s secondary industry — still
productive, but working with what the primary sector leaves behind.

SPurple bacteria, including members of the Proteobacteria, use bacteriochlorophylls
with absorption maxima in the near-infrared (800900 nm), allowing them to har-
vest light at wavelengths not absorbed by overlying green-pigmented phototrophs.
(Markov 2010)

"Spectral niche partitioning in microbial mats is driven by the wavelength-dependent
attenuation of light through successive photosynthetic layers. Each layer absorbs
photons matching its pigment absorption spectra, creating distinct light environ-
ments at different depths. See David J. Des Marais, “Microbial Mats and the Early
Evolution of Life” (1990). (Des Marais 1990)
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This arrangement — spectral stratification dictated by pigment absorption
—is one of the oldest examples of resource partitioning in the history of life.®
It works because physics makes different wavelengths available at different
depths, and evolution filled each niche with organisms tuned to exploit
whatever light remained. The principle is the same one that structures a
forest canopy, except the “trees” here are single cells and the “forest” is a
few millimeters tall.

5.1.3. The dark basement

Below the pink layer, the light is effectively gone. Whatever survives
here must live without photons entirely. This is the mat’s basement — its
recycling district — and it runs on chemistry alone.

Several guilds coexist in this dark zone, and their interactions form the
critical loop that makes the whole community self-sustaining.

Fermenters break down the organic matter that rains from above — dead
cells, exudates, structural polymers. Fermentation does not require an
external electron acceptor; it reshuffles the carbon and hydrogen within
organic molecules, producing a mix of small organic acids, alcohols, CO,,
and molecular hydrogen (H,). The energy yield per molecule is modest,
but the substrates are abundant.

Sulfate reducers pick up where the fermenters leave off.” They use
the H, that fermentation produces as an electron donor and reduce the

8Resource partitioning by wavelength was likely one of the earliest forms of ecological
niche differentiation, allowing multiple photosynthetic guilds to coexist within mil-
limeters of vertical space. This principle operates in modern microbial mats and was
likely present in Archean mat communities. (Des Marais 2003)

9Sulfate reduction is thermodynamically favorable under anoxic conditions and is cat-
alyzed by dissimilatory sulfate reducers. Bo Barker Jgrgensen, “Mineralization of
Organic Matter in the Sea Bed—the Role of Sulphate Reduction,” Nature 296 (1982):
643-645. (Jprgensen 1982)
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sulfate (SO27) that was generated as waste by the photosynthetic top
layer, converting it back to hydrogen sulfide:

4H, +SO; +2H'" — H,S + 4H,0

Read that equation carefully. The sulfate reducers are completing a cycle:
the top layer oxidized H,S to sulfate; the bottom layer reduces sulfate
back to HyS. The “fuel” for the top layer is regenerated in the basement.
The city recycles its own waste into raw material.

Methanogens run a parallel operation. They too consume the H,
from fermentation, but instead of reducing sulfate, they reduce CO4 to
methane:

4H, + CO, — CH, + 2H,0

Methanogens and sulfate reducers compete for the same electron donor —
H, — and the outcome of that competition depends on local concentrations
and thermodynamics.!® Where sulfate is abundant, sulfate reducers tend
to win (their reaction yields more energy per mole of H,). Where sulfate
is scarce, methanogens dominate. This is an early example of a principle
we will formalize later: the redox ladder is not a rigid law, but a tendency
shaped by local supply.

Methanogens today live almost everywhere that lacks oxygen and has fer-
menters to supply them — in wetland sediments, in rice paddies, in landfills,

10The competition between sulfate reducers and methanogens for H, is determined
by the Gibbs free energy yields of the respective reactions under local conditions.
Sulfate reduction yields more energy per mole of H, oxidized, giving sulfate reducers
a thermodynamic advantage where sulfate is available. See Rudolf K. Thauer et al.,
“Energy Conservation in Chemotrophic Anaerobic Bacteria,” Bacteriological Reviews
41 (1977): 809. (Thauer et al. 1977)
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and in the intestines of animals, including ours.!! Their persistence across
such different environments is a testament to how general and robust the
methanogenic niche is. If there is organic carbon and no strong oxidant,
someone will eventually make methane.

5.2. The beauty of the closed cycle

Step back and look at the whole mat as a single system. What you see is
a community that has nearly closed its own material loops.

The top layer fixes CO, into organic carbon using sunlight and H,S. It
releases sulfate as waste. The middle layer does the same at longer wave-
lengths, adding to the pool of organic matter. The bottom layer ferments
the organic matter, producing H, and small molecules. Sulfate reducers
use that H, to convert sulfate back to H,S — which rises back to the top
layer as fuel. Methanogens convert CO, to methane, some of which es-
capes, some of which is oxidized anaerobically if the right partners are
present.

The only net inputs the community needs are sunlight and whatever dis-
solved gases and minerals the ocean provides. The only net outputs are
heat (entropy export, as Chapter 1 described) and whatever metabolic
byproducts escape into the water column.

This is why the design was so stable. A community that recycles its own
key substrates is buffered against fluctuations in external supply. If the
ocean delivers less H,S from hydrothermal vents, the mat’s internal sulfur
cycle can partially compensate. If organic carbon accumulates too fast for
the fermenters, the surplus gets buried and incorporated into the growing
stromatolite structure.

' Methanogens (domain Archaea) inhabit diverse anoxic environments including sed-
iments, wetlands, animal digestive tracts, and deep subsurface habitats. Their
metabolic versatility and reliance on simple substrates (H,/CO,, acetate, methy-
lated compounds) make them globally distributed. (Thauer et al. 1977)
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The community was quite stable in this form and could persist for hundreds
of millions of years.!? Not because individual cells were immortal, but
because the architecture was self-reinforcing. Each metabolic guild created
the conditions that sustained the others. Remove the fermenters and the
sulfate reducers starve for H,. Remove the sulfate reducers and the top
layer runs out of HyS. Remove the phototrophs and the entire carbon and
energy input disappears. The community is the ecosystem.

5.3. Stromatolites: the fossil cities

If bacterial mats were the living cities, stromatolites are their ruins.

A stromatolite is a layered rock structure, often dome-shaped or colum-
nar, built by the gradual accumulation of mineral and organic layers.!?
The mechanism is simple in principle: the mat grows on a surface, trap-
ping and binding sediment grains. Calcium carbonate precipitates from
the surrounding water — partly through abiotic chemistry (CO, consump-
tion during photosynthesis shifts the local carbonate equilibrium), partly
through direct microbial activity. A thin mineral crust forms over the liv-
ing mat. The mat grows upward through the crust, re-establishing itself at
the surface. Another layer of sediment and mineral accumulates. Repeat
for millions of years.

The result is a laminated structure that records the rhythm of growth —
sometimes seasonal, sometimes driven by other environmental cycles. The
oldest convincing stromatolites date to about 3.5 billion years ago, from the

12The architectural stability of bacterial mat communities arises from metabolic inter-
dependence: each guild generates substrates or removes wastes for others, creating
self-reinforcing feedback loops. See Alexandr Markov, Birth of Complexity (2010).
(Markov 2010)

13Stromatolite formation involves microbial trapping and binding of sediment particles
combined with precipitation of calcium carbonate, often induced by photosynthetic
CO, consumption that raises local pH and shifts carbonate equilibrium. (Des Marais
2003)

70



5.3. Stromatolites: the fossil cities

Pilbara region of Western Australia and the Barberton Greenstone Belt in
South Africa.'* Whether the very oldest structures are truly biological or
purely chemical remains debated, but by 3.0 billion years ago the evidence
is strong: these layered formations carry isotopic and structural signatures
that are difficult to explain without biology.!?

You can still visit living stromatolites today. In Shark Bay, Western Aus-
tralia, hypersaline conditions exclude the grazing animals that would oth-
erwise eat microbial mats, and stromatolites grow in shallow pools much as
they might have in the Archean.'® They are not relics in the museum sense
— they are working communities, still running the same basic metabolic ar-
chitecture, still layered, still cycling sulfur and carbon internally.

The difference is context. In the Archean, bacterial mats and their stroma-
tolite constructions were the only game in town. They dominated every
shallow-water environment on the planet. Today they survive only in eco-
logical refuges where competition and predation are reduced. The design
hasn’t failed; it has been outcompeted in most habitats by the organisms
that its own metabolic innovations eventually made possible.

The oldest widely accepted stromatolites are from the ~3.48 Ga Dresser Formation
(Pilbara, Western Australia). Abigail C. Allwood et al., “Stromatolite Reef from
the Early Archaean Era of Australia,” Nature 441 (2006): 714-718. (Allwood et al.
2006)

15Biosignatures in ancient stromatolites include lamination patterns consistent with
photosynthetic growth cycles, carbon isotope fractionation indicative of autotrophy,
and morphologies difficult to produce abiotically. (Schopf 2006)

6Modern stromatolites in Shark Bay’s Hamelin Pool demonstrate that microbial mat
communities can build carbonate structures under conditions analogous to those of
the Precambrian, when grazing metazoans were absent or rare. (Des Marais 2003)
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5.4. Reading the isotopes: fingerprints of ancient
metabolism

How do we know these communities were autotrophic — that they were fix-
ing carbon from CO, rather than simply rearranging pre-existing organic
molecules?

The answer is written in carbon isotopes. Carbon has two stable isotopes:
12C (six protons, six neutrons) and 3C (six protons, seven neutrons). The
heavier isotope behaves slightly differently in chemical reactions — it forms
slightly stronger bonds, reacts slightly more slowly, and is slightly less
likely to be incorporated into products during enzymatic reactions.

The enzyme that matters most here is RuBisCO - ribulose-1,5-
bisphosphate carboxylase/oxygenase — the enzyme responsible for
the first step of the Calvin cycle, where CO, is fixed into organic
carbon.'” RuBisCO has a measurable preference for 2C over *C. When
it grabs a CO, molecule from the environment, it is slightly more likely
to grab the lighter isotope.'® The result: organic carbon produced by
autotrophs is enriched in 12C relative to the CO, they consumed.

This isotopic fingerprint survives geological time. In Greenland, graphite
inclusions within apatite crystals dated to 3.8 billion years ago show a car-
bon isotope ratio shifted toward light carbon — the signature of autotrophic

1"RuBisCO (ribulose-1,5-bisphosphate carboxylase/oxygenase) catalyzes the carboxy-
lation of ribulose-1,5-bisphosphate, the first committed step of the Calvin-Benson-
Bassham cycle. It is the most abundant enzyme on Earth. See Gerald Karp, Cell
and Molecular Biology: Concepts and Experiments, Tth ed. (2008). (Karp 2008)

¥Enzymatic carbon isotope fractionation during autotrophic CO, fixation produces or-
ganic matter depleted in *C by ~20-30 per mil relative to source CO,. Graham D.
Farquhar et al., “Carbon Isotope Discrimination and Photosynthesis,” Annual Re-
view of Plant Physiology and Plant Molecular Biology 40 (1989): 503-537. (Farquhar,
Ehleringer, and Hubick 1989)
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carbon fixation.'” The organisms that made this carbon are long gone, but
their isotopic preferences are preserved in rock.

A similar story plays out with nitrogen. The enzyme nitrogenase, which
fixes atmospheric N, into biologically usable ammonia (NHj), also dis-
criminates between isotopes.?’ Together, RuBisCO and nitrogenase are
the key enzymes by which inorganic substances enter the biosphere — the
gatekeepers between the mineral world and the living one.

The quantitative framework for isotope fractionation — the §'3C scale,
its measurement, and its limitations as a biosignature — is detailed in
Appendix A.

5.5. Microbes as geological agents

Microbial mats did not merely inhabit the early Earth — they reshaped it.
Photosynthesis raises local pH and drives carbonate precipitation; sulfate
reduction generates sulfide minerals; iron-oxidizing bacteria leave behind
iron oxides. The sedimentary rock record is, to a remarkable degree, a
record of microbial metabolism.?! The relationship between life and geol-

9Graphite inclusions in 3.8 Ga apatite from the Isua supracrustal belt (Greenland)
show '3C depletion consistent with biological carbon fixation, providing the oldest
putative isotopic biosignature. Manfred Schidlowski, “A 3,800-Million-Year Isotopic
Record of Life from Carbon in Sedimentary Rocks,” Nature (1988). (Schidlowski
1988)

2ONitrogenase catalyzes the reduction of atmospheric N, to NH;, the only biological
pathway for nitrogen fixation. The enzyme also fractionates nitrogen isotopes, prefer-
entially incorporating *N. James B. Howard and Douglas C. Rees, “Structural Basis
of Biological Nitrogen Fixation,” Chemical Reviews 96 (1996): 2965-2982. (Howard
and Rees 1996)

21Microbial metabolism drives mineral precipitation, dissolution, and transformation.
Photosynthesis alters pH and carbonate chemistry; sulfate reduction generates sul-
fide minerals; iron oxidation produces iron oxides. John W. Moreau et al., “Extra-
cellular Proteins Limit the Dispersal of Biogenic Nanoparticles,” Science 316 (2006):
1600-1603. (Moreau et al. 2006)
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ogy is bidirectional: the planet shaped the first communities, and those
communities shaped the planet back.

5.6. The first metabolisms

The earliest metabolisms were likely chemoautotrophic. Phylogenetic re-
construction places methanogenesis - CO, + 4 H, — CH, + 2 H,0 -
among the most ancient archaeal metabolisms, though its exact position
in the tree remains debated.?? Both substrates were abundant on the
early Earth, produced abiotically by volcanic outgassing and water-rock
reactions. No light required. No complex organic substrates. Just two
simple gases and enzymes sophisticated enough to catalyze the reaction at
biologically useful rates.

5.7. The speed limit of life: why enzymes matter

We have been describing metabolisms — reactions that microbes catalyze
to earn a living. But there is a question we have deferred since Chapter 1:
why do these reactions need catalysis at all?

The thermodynamic answer is clear enough. Many of the reactions that life
depends on are spontaneous — they have negative AG under environmental
conditions. Hydrogen and CO, “want” to become methane in the same
way that a ball at the top of a hill “wants” to roll down. The free energy
is there.

But spontaneity says nothing about speed. A reaction can be thermo-
dynamically favorable and yet proceed so slowly that it might as well not

22Methanogenesis is phylogenetically deep within the Archaea, suggesting it is among
the most ancient metabolisms. Eric Bapteste et al., “Higher-Level Classification of
the Archaea: Evolution of Methanogenesis and Methanogens,” Archaea 1 (2005):
353-363. (Bapteste, Brochier, and Boucher 2005)
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happen. Methane formation from CO, and H, at room temperature, with-
out a catalyst, would take longer than the age of the universe to produce
a detectable quantity.?> The energy is available. The rate is not.

This is why enzymes exist. They are the difference between a reaction
that is possible in principle and a reaction that is fast enough to sustain
a living cell.

5.8. What enzymes actually do

Enzymes are protein catalysts that accelerate specific chemical reactions
by factors of 10® to 107 without being consumed.?* Three properties de-
fine them: they are needed in small amounts (one molecule can process
thousands of substrates per second); they emerge from each reaction cycle
unchanged; and they have no effect on thermodynamics — an enzyme can-
not make an unfavorable reaction favorable, it can only speed the approach
to equilibrium.

That last point matters. Enzymes do not push reactions in one direction.
They accelerate both forward and reverse reactions equally. The net di-
rection is still dictated by AG. The enzyme just ensures that the system
reaches its thermodynamic destiny faster.

Catalysis happens at the active site — a pocket whose shape and charge
complement the substrate. The enzyme accelerates the reaction by orient-

23Uncatalyzed biochemical reactions can have half-lives ranging from seconds to billions
of years. Without enzymes, reactions essential for life (e.g., peptide bond hydroly-
sis, phosphate ester cleavage) would proceed far too slowly to sustain metabolism.
Richard Wolfenden and Mark J. Snider, “The Depth of Chemical Time and the
Power of Enzymes as Catalysts,” Accounts of Chemical Research 34 (2001): 938-
945. (Wolfenden and Snider 2001)

24Enzymes accelerate reaction rates by factors typically ranging from 102 to 107, with
some enzymes (e.g., orotidine 5-monophosphate decarboxylase) achieving rate en-
hancements exceeding 1022, Gerald Karp, Cell and Molecular Biology (2008). (Karp
2008)
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ing reactive groups, stabilizing the transition state electrostatically, and
in some cases physically straining the bonds that need to break. Many
enzymes also require cofactors — metal ions (iron, zinc, molybdenum) or
organic molecules (NADT, FAD, coenzyme A) that participate directly in
catalysis. The deep dependence of modern biochemistry on iron cofactors
is likely a molecular fossil of life’s origin in an iron-rich, anoxic ocean. The
details of active-site mechanisms, cofactor roles, and inhibition types are
in Appendix A.

5.9. Michaelis-Menten kinetics: the speed limit

The rate at which an enzyme works depends on substrate supply. Michaelis
and Menten (1913) formalized the relationship:?> V =V, [S]/([S]+ K,,,),
where V.. is the maximum rate at full saturation and K, is the substrate
concentration at which the rate is half-maximal.

At low substrate ([S] < K,,), the rate scales linearly with supply — the
enzyme has idle time between encounters. At high substrate ([S] > K,,),
the rate plateaus at V., — every enzyme molecule is busy. In a bacterial
mat, substrate concentrations are set not by a lab technician but by the
balance between production, consumption, and diffusion. An enzyme with
K, below the local substrate concentration runs near V. ; one with K,

max’
above it tracks every fluctuation in supply.

This hyperbolic curve is the speed limit of life. Metabolism is never
infinitely fast, even when energy is abundant. Appendix A covers the
Lineweaver-Burk graphical method, enzyme inhibition types, and temper-
ature/pH dependencies.

25Leonor Michaelis and Maud L. Menten, “Die Kinetik der Invertinwirkung,” Bio-
chemische Zeitschrift 49 (1913): 333-369. The Michaelis-Menten equation describes
enzyme kinetics under steady-state assumptions. (Michaelis and Menten 1913)
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5.10. The mat as a metabolic circuit

Now we can put the pieces together. The bacterial mat is not just a
community of organisms sharing space. It is a metabolic circuit — a system
in which the waste of each guild becomes the substrate of another, and
the kinetics of each enzyme determines the rate at which that handoff
occurs.

The phototrophs at the top fix carbon at a rate governed by light intensity
and their carbon-fixation enzymes (including, eventually, RuBisCO). The
fermenters in the dark layer process the organic carbon at rates governed
by their hydrolytic and fermentative enzymes. The sulfate reducers con-
sume H, at rates dictated by their hydrogenases and dissimilatory sulfite
reductases. And the methanogens compete for the same H, using their
own enzymatic machinery.

At every step, Michaelis-Menten kinetics applies. At every step, the rate
depends on local substrate concentration, which depends on the rates of
the reactions that produce that substrate, which depend on their sub-
strate concentrations, and so on. The entire mat is a system of coupled
hyperbolas — each enzyme’s rate feeding into the next enzyme’s supply.

This is why the mat can be stable for hundreds of millions of years. It is
a system of feedback loops. If the top layer produces more organic matter
than the fermenters can process, organic carbon accumulates, fermenta-
tion rates increase (moving rightward along the Michaelis-Menten curve),
and the excess is eventually consumed. If sulfate becomes scarce, sulfate
reduction slows, H, accumulates, and methanogens gain an advantage.
The system self-regulates — not through any central control, but through
the thermodynamics and kinetics of coupled chemical reactions.

Notice what the mat is not doing. It is not optimizing. No guild is maxi-
mizing its growth rate, its energy yield, or its share of the electron budget.
Each guild is running the reactions its enzymes can catalyze, at rates set
by local substrate concentrations, and the steady state that emerges is
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a consequence of constraints — not a solution to any optimization prob-
lem. The mat satisfices. It finds a configuration that covers every guild’s
maintenance costs and happens to close the material loops, not because
the community “wants” to close them, but because any configuration that
fails to recycle a key substrate eventually starves the guild that depends
on it and collapses.

This matters for modeling. If you assume optimization — that sulfate re-
ducers outcompete methanogens everywhere sulfate is present, that redox
zones are sharp, that one reaction dominates per depth interval — you get a
model that is elegant and wrong. Real mats show overlap, coexistence, and
zones where “losing” reactions persist at low rates. The satisficing view
explains this: organisms do not compete to extinction when both can cover
their costs. They coexist in the fuzzy margin where AG is negative for
both, and the boundary between them is not a line but a gradient.

5.11. What we sacrificed

A word about what we have simplified.

The three-layer model described in this chapter is a useful idealization,
but real bacterial mats are messier. Gradients are not sharp boundaries;
they are continuous. Species are not neatly confined to one layer; many
are motile and migrate with the light cycle. The chemistry is not limited
to sulfur and carbon; nitrogen, phosphorus, iron, and trace metals all play
roles that we have omitted here.

We also treated enzymes as isolated catalysts following simple Michaelis-
Menten kinetics. In reality, enzymes inside cells are organized into path-
ways and complexes, subject to allosteric regulation, product inhibition,
and competition for shared cofactors. The Michaelis-Menten equation de-
scribes one enzyme acting on one substrate in a well-mixed solution. Inside
a cell — let alone inside a millimeter-thick mat with steep gradients — the
conditions for that equation are only approximately met.
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These simplifications are not errors. They are deliberate trades: we sacri-
fice realism for a framework that can be interrogated quantitatively. The
Michaelis-Menten curve, the closed sulfur cycle, the three-layered archi-
tecture — these are models, not photographs. Their value is that they let
you ask, “What would change if I doubled the sulfate supply?” or “What
happens to the mat if light intensity drops?” and get a directional answer.
We will build on them, adding complexity where it earns its keep.

5.12. Takeaway

e Bacterial mats were the dominant life form on Earth for over two bil-
lion years: layered, self-sustaining communities with closed material
cycles.

o The three-layer architecture (phototrophs, secondary phototrophs,
dark-zone recyclers) was dictated by physics — light attenuation,
chemical gradients, and thermodynamic competition.

e Stromatolites are the fossil record of these communities, preserved
in layered carbonate structures dating to 3.5 billion years ago.

e Carbon isotope fractionation by RuBisCO provides a durable biosig-
nature, detectable in rocks 3.8 billion years old.

« Enzymes accelerate reactions by 108 to 10'7-fold; Michaelis-Menten

kinetics (V' = V.. [S]/([S] + K,,,)) describes the speed-versus-supply
tradeoff governing every metabolic reaction in the mat.

o The mat satisfices: it finds a steady state dictated by constraints,
not optimization. Competing metabolisms coexist wherever both
can cover maintenance costs.
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For hundreds of millions of years, the mat communities thrived.

Picture Earth around 2.8 billion years ago.! The atmosphere is a haze of
nitrogen, carbon dioxide, methane, and water vapor. There is no ozone
layer because there is nothing to make ozone from. Ultraviolet light ham-
mers the surface unfiltered. The oceans are warm, slightly green from
dissolved iron, and utterly without free oxygen. None at all.

In this world, the bacterial mats we met in the last chapter have built some-
thing remarkable: layered communities with stable energy cycles, closed
chemical loops, a functioning economy. Sulfate reducers hand off waste
to sulfur oxidizers. Methanogens scavenge hydrogen that fermenters dis-
card. Electrons flow between guilds, waste is recycled, and the system is
stable.

Then one lineage — the cyanobacteria — evolved a metabolism whose waste
product was toxic to nearly every other organism on Earth.?

They learned to split water.

!The Archean atmosphere (3.8-2.5 Ga) was reducing, dominated by N,, CO,, CH,,
and H,O vapor, with negligible free oxygen. The absence of ozone allowed intense
UV radiation to reach the surface. See Kasting (1993) for atmospheric evolution
models. (Kasting 1993)

2Cyanobacteria evolved oxygenic photosynthesis between 2.7 and 3.0 Ga, though the
exact timing remains debated. Buick (2008) reviews the geological and geochemical
evidence for the origin of oxygenic photosynthesis. (Buick 2008)
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6.1. The world before the catastrophe

To understand why this was catastrophic, you have to understand what
oxygen meant to early life. Not what it means to us — fuel for our mito-
chondria, the gas we can’t live five minutes without — but what it meant
to them.

For all ancient forms of life on Earth — all, without exception — oxygen was
a dangerous poison.® It ripped electrons off proteins. It mangled DNA.
It generated reactive molecules (what chemists now call “reactive oxygen
species”) that shredded cell membranes.? In a world that had evolved
without it, oxygen was not a gift. It was a weapon.

Even the cyanobacteria themselves were not comfortable in their own
waste. They had invented the machinery to crack water molecules, but
they had not yet invented good defenses against the byproduct. Imagine
a factory that produces a spectacular new fuel but vents a corrosive gas
into its own workshop. That was the cyanobacterial situation.

So why did they do it?

Because the prize was independence. Before oxygenic photosynthesis, ev-
ery phototroph on Earth depended on a limited menu of electron donors —
hydrogen sulfide, hydrogen gas, ferrous iron — to feed their light-harvesting
machinery. These donors were not everywhere. They were concentrated
near volcanic vents, hydrothermal systems, and specific chemical interfaces.
A phototroph tethered to hydrogen sulfide was a phototroph tethered to

geography.

3Molecular oxygen generates reactive oxygen species (superoxide, hydrogen peroxide)
that damage proteins, DNA, and cell membranes. For a comprehensive review of
oxidative damage pathways, see Imlay (2003). (Imlay 2003)

4Reactive oxygen species (ROS) include superoxide (O3), hydrogen peroxide (H,O,),
and hydroxyl radicals (OH-). These molecules oxidize iron-sulfur clusters in proteins,
abstract hydrogen atoms from lipids, and damage nucleic acids. The chemistry of
ROS in biological systems is reviewed in Imlay (2003). (Imlay 2003)
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Water, on the other hand, was everywhere.

The opportunity to finally break free from hydrogen sulfide dependence
outweighed all other considerations.® The result was ecologically devas-
tating. Cyanobacteria flooded the environment with a molecule toxic to
nearly every other organism — not out of malice, but because the energy
payoff was enormous. But in the long run, oxygen opened an entirely new
energy regime. Without them, Earth would still be a planet of microbes —
and nothing more.

6.2. The ladder of electron donors

The transition from ancient photosynthesis to the water-splitting kind did
not happen in a single leap. It happened in stages, and each stage was a
revolution in its own right. To see why, we need to look at photosynthesis
not as a single process but as a family of strategies, all built on the same
chassis but plugged into different fuel lines.

The chassis is simple in concept: capture a photon of light, use its energy to
boost an electron to a higher energy state, then pass that excited electron
through a chain of proteins to do useful work. The question is: where does
that electron come from in the first place?

In the earliest phototrophs, the electron donors were the easiest molecules
to crack open:

[FIGURE: The electron donor ladder. A vertical scale showing standard
reduction potential (EQ’) on the y-axis, with electron donors arranged from
easiest to oxidize (top: H2, Fe2+, H2S) to hardest (bottom: H20). Each
donor is labeled with the number of electrons it yields. An arrow at the

5Cyanobacteria acted extremely selfishly — for their own independence they poisoned
nearly every living thing on the planet, but in the end they turned out to be useful
for the biosphere. Without them, Earth would still remain a planet of microbes.”
Markov, Birth of Complezity. (Markov 2010)
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bottom marks the “water barrier” — the energy threshold that required two
linked photosystems to breach. Caption: “The history of photosynthesis
is the history of climbing this ladder. Water was the last rung.”|

Hydrogen gas. The simplest donor. One molecule of H, yields two
protons and two electrons:

H, — 2H" +2¢~

Hydrogen is easy to oxidize — the electrons practically fall off — but it
is scarce in most environments. A metabolism built on hydrogen works
beautifully near volcanic vents and poorly everywhere else.

Hydrogen sulfide. The workhorse of early photosynthesis. Sulfur bac-
teria — the purple and green sulfur clans — built vast communities around
this donor:

H,S — SO2™ + 8¢~

More electrons per molecule, and sulfide was abundant in the early oceans.
But it was still a local resource, concentrated where volcanic gases met
seawater.

Elemental sulfur. Some organisms could strip electrons from sulfur
deposits directly:

S — SOF +6e~

Organic compounds. A few phototrophs could even oxidize simple or-
ganics like formaldehyde:

CH,0 —» CO, + de™
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All of these share a common limitation. The electron donor is something
the organism must find — a molecule delivered by geology, not biology.
The phototroph is a tenant paying rent with whatever the environment
provides. And in evolutionary terms, a tenant is always vulnerable to
eviction.

6.2.1. The missing link: nitrogen photosynthesis

In 1970, the biochemist John Olson published a theoretical model propos-
ing that the transition from anoxygenic to oxygenic photosynthesis did
not happen directly. There should have been an intermediate stage, he
argued, in which organisms used nitrogen compounds — specifically nitrite
— as electron donors.®

It was an elegant prediction. Nitrite sits between sulfide and water on the
thermodynamic ladder of oxidation difficulty: harder to crack than sulfide,
easier than water. An intermediate step through nitrogen would be the
evolutionary equivalent of building a smaller bridge before attempting the
big one.

But for thirty-seven years, no one could find the organism.

The prediction sat in the literature, cited occasionally, regarded as plau-
sible but unconfirmed. Then, in 2007, at the University of Konstanz
in Germany, a team of microbiologists ran a patient experiment. They
grew photosynthetic bacteria under strictly anoxic conditions — no oxy-
gen, no sulfide — and fed them nitrite (NO3 ) as the only available electron

6J. M. Olson, “The Evolution of Photosynthesis,” Science 168 (1970): 438-446. Olson
proposed that nitrogen compounds served as intermediate electron donors in the
evolutionary transition from anoxygenic to oxygenic photosynthesis. (J. M. Olson
1970)
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donor.”

For weeks, nothing obvious happened. Then a faint pink color appeared
in the culture. Pink is the signature of anoxygenic photosynthesis — the
pigments of purple bacteria absorbing light. And when they measured the
chemistry, they found exactly what Olson had predicted: nitrite was being
oxidized to nitrate (NO3), and the energy was powering photosynthetic
growth.

NO, —s NOj + 2¢~

Thirty-seven years from prediction to confirmation. The organism had
been there all along, doing what Olson said it should, in some quiet cor-
ner of the microbial world. It just needed someone to design the right
experiment.

6.2.2. The final step: splitting water

With the nitrogen intermediate in place, the full progression becomes vis-
ible:

Hy, — HyS — N compounds — H,O

Fach step to the right means cracking a tougher molecule. Each step
requires more sophisticated molecular machinery — a stronger oxidant at
the heart of the photosystem. And each step liberates the organism from
a scarcer resource and connects it to a more abundant one.

The final step — water — was the hardest and the most consequential:

"B. M. Griffin, J. Schott, and B. Schink, “Nitrite, an Electron Donor for Anoxygenic
Photosynthesis,” Science 316 (2007): 1870. The first demonstration that anoxygenic

phototrophs can use nitrite as their sole electron donor, confirming Olson’s 37-year-
old prediction. (B. M. Griffin, Schott, and Schink 2007)
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2H,0 — 4H" + O, + 4e~

Water is everywhere. An organism that can use water as its electron source
is an organism that can photosynthesize anywhere there is light and water.
It has no geographic constraint. It has no chemical dependency.?

It is also an organism that produces oxygen as waste.

6.3. How photosynthesis actually works (told briefly)

The molecular story is worth a paragraph, because it reveals something
beautiful about the machinery — and something that will matter enor-
mously when we get to respiration.

A quantum of light strikes a chlorophyll molecule. The photon’s energy
kicks an electron in the chlorophyll to an excited state — a higher energy
orbital, unstable and eager to fall. But instead of falling back and re-
emitting the light (as a fluorescent dye would), the excited electron is
caught by a neighboring protein and handed off to the next one in a chain.
Each handoff drops the electron to a slightly lower energy level. Each drop
releases a small packet of energy. That energy is used to pump protons
across a membrane, building the electrochemical gradient that drives ATP
synthesis.

At the end of the chain, the electron has lost most of its borrowed energy.
It needs a home. In the simplest (cyclic) version of photosynthesis, the
electron returns to the same chlorophyll molecule that launched it, and
the cycle repeats. In the more elaborate version — the one cyanobacteria
invented — two photosystems work in series, and the electron ends up
reducing CO, to organic carbon. The carbon in CO, starts at an oxidation

8The evolution of oxygenic photosynthesis required linking two photosystems in series
to generate sufficient reduction potential to split water. Blankenship (2010) provides
a comprehensive review of photosynthetic evolution. (Blankenship 2010)

87



6. The Poisoning

state of +4; by the time it is incorporated into sugar, it has been reduced.
The electron has done real chemical work.

But there is a catch. If the electron departs chlorophyll and travels down
the chain to reduce carbon, it does not come back. The chlorophyll is left
with a hole — an electron vacancy. Something must refill it.

In anoxygenic phototrophs, the refill comes from sulfide, or hydrogen, or
one of the other donors we listed. In cyanobacteria, the refill comes from
water. And when you rip an electron from water, the leftovers are protons
and molecular oxygen.

That is the entire invention. The rest is consequences.

6.4. The Great Oxidation Event

The consequences took time to arrive. Cyanobacteria probably evolved
oxygenic photosynthesis somewhere between 2.7 and 3.0 billion years ago
— the exact date is debated, and the geological evidence is maddeningly
ambiguous.’ But for hundreds of millions of years after the invention, free
oxygen did not accumulate in the atmosphere. It was consumed as fast
as it was produced, mopped up by a planet full of reduced minerals and
dissolved iron that reacted with oxygen instantly.'®

Think of it as a bathtub with the drain open. The faucet is running —
cyanobacteria are producing oxygen — but the drain is bigger. Reduced
iron in the oceans, sulfide in volcanic gases, reduced minerals on land: all

9Molecular clock estimates and biomarker evidence suggest cyanobacteria evolved be-
tween 2.7 and 3.0 Ga, but free oxygen did not accumulate until ~2.4 Ga. The timing
and environmental context are reviewed in Buick (2008) and Lyons et al. (2014).
(Buick 2008; Lyons, Reinhard, and Planavsky 2014)

10Before atmospheric oxygen accumulation, O, produced by cyanobacteria was con-
sumed by reduced minerals (particularly dissolved Fe?t), volcanic gases (H,, H,S),
and organic matter. Holland (2006) quantifies these oxygen sinks. (Holland 2006)
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of these were oxygen sinks, chemical sponges that soaked up every molecule
of O, before it could accumulate.

Slowly, over hundreds of millions of years, the sinks filled. The reduced
iron precipitated out as iron oxides — the banded iron formations that
today form some of the world’s richest ore deposits.!! The sulfide was
oxidized. The easily reacted minerals were used up. The bathtub drain
narrowed.

And then, around 2.4 billion years ago, the faucet won.!?

Oxygen began to accumulate in the atmosphere. Not much by modern
standards — perhaps 1 to 2 percent of present levels at first — but enough to
fundamentally reshape the chemistry of the planet’s surface.'® This is the
Great Oxidation Event, and it was, in the precise language of geochemistry,
a catastrophe.

For the anaerobic communities that had built the living world, free oxygen
was lethal. Organisms that had never encountered this molecule — had
never needed defenses against it — suddenly found their enzymes damaged,
their membranes compromised, their DNA under attack. The world’s first
mass extinction was not caused by an asteroid or a volcanic eruption. It
was caused by a microbe’s waste product.

The survivors retreated. They found refuge in the places oxygen could
not reach: deep sediments, waterlogged soils, the interiors of organic-rich

"Banded iron formations (BIFs) are sedimentary deposits consisting of alternating
layers of iron oxides and silica, formed when dissolved Fe?* was oxidized and precip-
itated. BIFs peaked around 2.5 Ga and represent a major oxygen sink. Klein (2005)
reviews BIF formation and distribution. (Klein 2005)

12The Great Oxidation Event occurred ~2.4 Ga, marked by the disappearance of mass-
independent sulfur isotope fractionation and the appearance of red beds (oxidized
continental sediments). Holland (2006) and Lyons et al. (2014) provide detailed
reviews. (Holland 2006; Lyons, Reinhard, and Planavsky 2014)

13Post-GOE atmospheric oxygen levels were initially 1-10% of present atmospheric level
(PAL), far below modern 21%. Oxygen rose in stages, reaching near-modern levels
only in the late Neoproterozoic. See Lyons et al. (2014) and Catling and Claire
(2005). (Lyons, Reinhard, and Planavsky 2014; Catling and Claire 2005)
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deposits, the guts of other organisms. Many of the anaerobic metabolisms
we study today — sulfate reduction, methanogenesis, iron reduction — are
practiced by lineages whose ancestors were driven underground by the
Great Oxidation Event. They are survivors of the poisoning, confined to
anoxic refugia for 2.4 billion years.

6.5. The invention of respiration

Here is where the story takes its most ironic turn.

The same molecular machinery that made oxygen deadly also made oxygen
useful. And the organisms that figured this out first were, almost certainly,
the cyanobacteria themselves — or their close relatives.

The logic is startlingly simple once you see it. Photosynthesis works by
passing excited electrons down a chain of protein complexes, harvesting
energy at each step. The electron starts at chlorophyll (boosted by light)
and ends at a carbon compound (reducing CO,).

Now imagine a small modification. Instead of starting the electron at
chlorophyll, start it at an organic molecule — say, pyruvate, a common
product of fermentation. And instead of ending the chain at CO,, end it at
oxygen. The electron still passes through the same protein complexes. The
energy is still harvested in the same way — proton pumping, ATP synthesis,
the whole apparatus. But now the process runs in reverse conceptual
direction: instead of using light to push electrons uphill and fix carbon, it
lets electrons roll downhill from organic carbon to oxygen, and captures
the energy released.!#

14 Aerobic respiration likely evolved in bacteria closely related to cyanobacteria, repur-
posing components of the photosynthetic electron transport chain. Lane (2005)
discusses the energetic advantages and evolutionary origins of aerobic respiration.
(Lane 2005)
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This is aerobic respiration. And its invention solved two problems at
once: it neutralized the dangerous poison (oxygen receives electrons and
is converted to harmless water) and it stored enormous amounts of energy
in the process.’

The deep irony is that respiration is carried out by the same protein com-
plexes as photosynthesis. The cytochrome chains, the proton-pumping
machinery, the ATP synthase — all of it is shared, or at least derived from
the same ancestral toolkit. In modern cyanobacteria, photosynthesis and
respiration use overlapping components to such an extent that there is a
kind of competition between the two processes for the right to use the
same proteins.'6

This is not an accident. It is a record of evolutionary history. Respiration
was not invented from scratch. It was photosynthesis repurposed — the
machinery of light-harvesting retooled to run on chemical fuel, with oxygen
as the terminal electron acceptor instead of chlorophyll as the starting
electron donor.

Purple bacteria, close relatives of the cyanobacteria, found the same solu-
tion with what some researchers argue was even greater efficiency. The
molecular details differ, but the principle is identical: use the existing
electron transport chain, swap the electron source and sink, and suddenly
you have a metabolism that thrives on the very poison that was killing
everything else.

15Castresana and Moreira (1999) demonstrated that respiratory chains share deep evo-
lutionary ancestry with photosynthetic electron transport, supporting the view that
aerobic respiration was repurposed from the photosynthetic machinery. (Castresana
and Moreira 1999)

6In modern cyanobacteria, the respiratory and photosynthetic electron transport
chains share several protein complexes, including the cytochrome bgf complex and
the plastoquinone pool. For a review, see Blankenship (2010). (Blankenship 2010)
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1 Sidebar — Electron transfer energetics and the thermodynamic fac-
tor

When comparing different metabolisms — iron reduction versus sul-
fate reduction, say, or aerobic versus anaerobic respiration — the
temptation is to compare energy yields per mole of reaction. This
can be misleading, because different reactions transfer different num-
bers of electrons. The fair comparison is energy yield per electron
transferred.!”

This matters practically because microbial rate laws in reactive trans-
port models need to respect thermodynamics. A reaction that is
thermodynamically favorable on paper may stall if local concentra-
tions push it close to equilibrium. The thermodynamic factor F
captures this:

1

exp( AGT;; AT ) i1

where AG, is the in-situ Gibbs energy of the reaction and F AV
accounts for any membrane potential.'81920

Read Fj as a smooth switch. Far from equilibrium (AG,. is large
and negative), Fp ~ 1 and the reaction proceeds at its full kinetic
rate. Near equilibrium (AG, — 0), F;; — 0 and the reaction grinds
to a halt. There is no sharp cutoff — just a gradual throttle, which is
exactly how real microbial communities behave.

Temperature also matters. The Arrhenius relation gives the temper-
ature dependence of the rate constant:

FT:

E(T)=A exp(—%)

where E, is the apparent activation energy.?! A caveat: the Arrhe-
nius equation was derived for elementary reactions. When applied
to complex microbial processes, the fitted E, values are “apparent”
— empirical summaries of many underlying steps. Arrhenius strictly
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relates the rate constant k to temperature, not the rate itself; the
rate also depends on substrate concentrations, biomass, and other
factors.??

6.6. The day shift and the night shift

Oxygen created another problem, one that reveals just how clever micro-
bial solutions can be.

Nitrogen fixation — the conversion of atmospheric N, into biologically us-
able ammonia — is one of the most important reactions in the biosphere.
Without it, life would be perpetually starved for nitrogen, the element
needed for every protein and every nucleic acid. The enzyme that per-
forms this reaction, nitrogenase, is ancient, elaborate, and spectacularly

22LaRowe and Van Cappellen (2011) show that comparing catabolic yields on a per-
electron basis provides a thermodynamically consistent framework for understanding
microbial energetics across diverse metabolisms. (Douglas E. LaRowe and Van Cap-
pellen 2011)

22Qusheng Jin and Craig M. Bethke, “Predicting the Rate of Microbial Respiration in
Geochemical Environments,” Geochimica et Cosmochimica Acta 69 (2005): 1133-
1143. (Jin and Bethke 2005)

22Dale et al. (2006) applied thermodynamic inhibition functions to model organic mat-
ter degradation in marine sediments, showing how near-equilibrium conditions slow
microbial rates. (A. W. Dale, Regnier, and Cappellen 2006)

22Regnier et al. (2011) provide a comprehensive review of biogeochemical reaction net-
works in aquatic sediments, emphasizing the role of thermodynamic controls on
microbial metabolism. (Regnier et al. 2011)

22Middelburg et al. (1996) compiled apparent activation energies for organic matter
mineralization in marine sediments, finding values typically between 40-100 kJ/mol.
(Middelburg et al. 1996)

22Sandra Arndt et al., “Quantifying the Degradation of Organic Matter in Marine
Sediments: A Review and Synthesis,” Earth-Science Reviews 123 (2013): 53-86. The
mechanistic understanding of organic matter degradation remains a major challenge
for RTMs. (Arndt et al. 2013)
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sensitive. It cannot work in the presence of oxygen.?3

For anaerobic organisms, this was never a problem. But for cyanobacteria
— organisms that produce oxygen as a byproduct of their core metabolism
— it was an existential dilemma. How do you fix nitrogen when your own
photosynthesis is flooding the cell with the one substance that destroys
the nitrogen-fixing enzyme?

Many cyanobacteria solved this with specialized cells called heterocysts:
thick-walled compartments that exclude oxygen and dedicate themselves
entirely to nitrogen fixation while neighboring cells handle photosynthesis
— a spatial solution to a chemical incompatibility.?*

But some cyanobacteria had a more elegant solution, and it took until
2006 to discover it.

In the hot springs of Yellowstone National Park, microbial mats domi-
nated by the cyanobacterium Synechococcus had long puzzled researchers.
These mats thrive at temperatures above 50 degrees Celsius — too hot for
the filamentous cyanobacteria that typically fix nitrogen in mat communi-
ties. And yet the mats clearly were not nitrogen-starved. Where was the
nitrogen coming from?

The answer turned out to be time.?®

Synechococcus runs photosynthesis during the day and nitrogen fixation at
night. During daylight hours, the cells photosynthesize normally, produc-
ing oxygen and fixing carbon. As the sun sets, photosynthesis slows, then

23The nitrogenase enzyme, responsible for biological nitrogen fixation, is irreversibly
inactivated by molecular oxygen. For structural and mechanistic details, see Howard
and Rees (1996). (Howard and Rees 1996)

24Heterocysts are specialized cells in filamentous cyanobacteria that provide an anoxic
microenvironment for nitrogen fixation. They have thickened cell walls to limit
oxygen diffusion and lack photosystem II. Adams (2000) reviews heterocyst structure
and function. (Adams 2000)

25A.-S. Steunou et al., “In situ analysis of nitrogen fixation and metabolic switching in
unicellular thermophilic cyanobacteria inhabiting hot spring microbial mats,” PNAS
103 (2006): 2398-2403. (Steunou et al. 2006)
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stops. Oxygen concentrations in the mat plummet — consumed by respi-
ration and no longer replenished by photosynthesis. And in the darkness,
with oxygen safely absent, the cells switch on their nitrogenase genes and
begin fixing nitrogen.

By dawn, they switch back.

This is not a crude on-off toggle. The researchers found a precisely chore-
ographed sequence of gene expression: photosynthesis genes ramping down
in the evening, fermentation genes ramping up (to provide the ATP needed
for nitrogen fixation in the absence of light), nitrogenase genes peaking in
the dark hours, and then the whole program reversing at sunrise. A single
cell, running two incompatible metabolisms, separated not by walls but
by the clock.

The discovery explained something that had bothered microbiologists for
years. Scientists had believed that combining photosynthesis and nitrogen
fixation in the same cell — without heterocysts — was impossible. Syne-
chococcus proved that impossibility is sometimes just a failure of imagina-
tion. Time is a compartment too.

6.7. Houses for cyanobacteria

There is a line, sometimes repeated among biologists with a taste for provo-
cation, that goes like this: plants are just comfortable houses built for the

convenience of cyanobacteria.?6

It sounds like a joke. It is not.

Every plant cell that photosynthesizes does so using organelles called
chloroplasts. Chloroplasts have their own DNA. They have their own
ribosomes. They divide independently of the host cell. Their genome is

26«<Some biologists say, using metaphorical language, that plants are just comfortable
houses for the living of cyanobacteria.” Markov, Birth of Complezity. (Markov 2010)
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unmistakably cyanobacterial — not “similar to” cyanobacteria in the way
that a cousin resembles a cousin, but derived from cyanobacteria in the
way that a captured soldier becomes a citizen of the conquering nation.

Sometime between 1.0 and 1.5 billion years ago, a eukaryotic cell engulfed
a cyanobacterium and did not digest it.?” Instead, over vast stretches of
time, the two organisms merged. The cyanobacterium lost most of its
genes to the host’s nucleus — stripped of its independence, reduced to an
organelle. But it kept the one thing that mattered: the photosynthetic ma-
chinery. The water-splitting, oxygen-producing, carbon-fixing apparatus
that cyanobacteria had invented a billion years earlier.

Every leaf on every tree, every blade of grass, every strand of kelp in the
ocean — all of them are running cyanobacterial software on cyanobacterial
hardware, housed inside eukaryotic cells that provide structure, protection,
and logistical support.

The cyanobacteria poisoned the world. Then they moved indoors.

6.8. The nitrogen bargain

The poisoning had one more consequence worth telling, because it created
one of the most important symbioses in the living world — and one that
still shapes human civilization.

Plants need nitrogen. They need it for amino acids, for nucleotides, for
chlorophyll itself. But most plants cannot fix nitrogen. The triple bond in
N, is one of the strongest in chemistry,?® and nitrogenase — the only enzyme

27Chloroplasts originated from the endosymbiosis of a cyanobacterium by a eukaryotic
host ~1.5 Ga. Keeling (2010) reviews the molecular and genomic evidence for plastid
origins. (Keeling 2010)

28The N N triple bond has a bond dissociation energy of 945 kJ/mol, one of the strongest
in chemistry. Breaking this bond requires the complex nitrogenase enzyme system.
Howard and Rees (1996) describe the structural basis of nitrogen fixation. (Howard
and Rees 1996)
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that can break it — belongs to bacteria, not to plants. In most terrestrial
ecosystems, the lack of available nitrogen is the main factor limiting plant
growth. Remove that limitation and productivity explodes.?

Evolution’s answer was partnership. Across many lineages, plants entered
into symbioses with nitrogen-fixing bacteria: cyanobacteria in some cases,
actinobacteria in others, and most famously, alpha-proteobacteria of the
genus Rhizobium in the legumes.?® The arrangement is always the same
in principle. The plant builds a specialized structure (a root nodule, a
leaf cavity, a thickened stem) that provides a low-oxygen environment —
because nitrogenase still cannot tolerate oxygen, even 2.4 billion years
after the poisoning. The bacterium moves in, fixes nitrogen, and shares
ammonia with the host. In return, the plant feeds the bacterium sugars
produced by photosynthesis.

This is the deal that makes agriculture possible. Every soybean field, every
clover pasture, every acacia tree in the savanna is running on a partnership
between a plant and a bacterium that figured out how to fix nitrogen in a
world full of the gas that destroys the enzyme needed to do it. The entire
arrangement is a workaround for the consequences of the Great Oxidation
Event. The root nodule is, in essence, a shelter from a poison released 2.4
billion years ago.

6.9. The energetics of a new world

The Great Oxidation Event did not merely change the atmosphere. It
rewrote the energy budget of the biosphere.

29Nitrogen limits net primary production in most terrestrial biomes and many marine
ecosystems. Vitousek and Howarth (1991) provide a comprehensive analysis of why
nitrogen limitation is so pervasive. (Vitousek and Howarth 1991)

30Legumes form root nodules housing nitrogen-fixing rhizobia. The plant provides
sugars and maintains low oxygen concentrations; the bacteria fix N, and supply
ammonia. This symbiosis is reviewed in Margulis (1998) and Knoll (2003). (Margulis
1998; Knoll 2003)
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Consider the numbers. Anaerobic metabolisms — fermentation, sulfate re-
duction, methanogenesis — extract energy from organic molecules, but they
leave much of the potential energy locked in the products. Fermentation
of glucose to ethanol, for instance, captures only a fraction of the total
energy available in the glucose molecule. The ethanol still has electrons
to give; the organism simply cannot access them without a more powerful
electron acceptor.

Oxygen changes this calculation entirely. As a terminal electron acceptor,
oxygen sits at the bottom of the thermodynamic hill — one of the strongest
oxidants in the biological world. An organism that can pass electrons
all the way from organic carbon to oxygen extracts far more energy per
molecule of food than any anaerobic metabolism can. Roughly 15 to 16
times more ATP per glucose molecule, depending on the organism and the
pathway.3!

This is not a subtle difference. It is the difference between subsistence and
surplus. Anaerobic organisms survive; aerobic organisms thrive. They
grow faster, maintain larger cells, and can afford the energetic overhead of
complex internal structures. It is no coincidence that the evolution of large,
complex eukaryotic cells — and eventually multicellular life — followed the
Great Oxidation Event. The energy to build complex life was simply not
available until oxygen made aerobic respiration possible.

The irony is inescapable. The greatest environmental catastrophe in
Earth’s history — a mass poisoning that drove most of the biosphere into
hiding — was also the event that made complex life possible. Without
oxygenic photosynthesis, there would be no animals, no fungi, no plants.
The bacterial mat communities would still be the pinnacle of biological
organization, cycling sulfur and methane in their closed loops, stable and
productive and utterly unable to build anything larger than a film of
slime.

31 Aerobic respiration of one glucose molecule yields ~30-32 ATP via glycolysis, the
citric acid cycle, and oxidative phosphorylation. Fermentation yields only 2 ATP
per glucose. The energetic basis is discussed in Lane (2005). (Lane 2005)
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6.10. The long aftermath

The transition was not clean. The Great Oxidation Event was followed by
hundreds of millions of years of fluctuation — periods when oxygen rose,
crashed, and rose again. The “Boring Billion,” as some geologists call
the period from roughly 1.8 to 0.8 billion years ago, saw oxygen levels
stabilize at a fraction of modern values — enough to sustain aerobic life
in surface waters, not enough to oxygenate the deep ocean.?> The deep
waters remained anoxic, or at best “ferruginous” (iron-rich and oxygen-
free), for most of this interval.

This means that for over a billion years, Earth was chemically partitioned.
The surface was a new world — oxygenated, dangerous to anaerobes, open
to aerobic innovation. The deep ocean and the sediments remained an
old world — anoxic, sulfidic or ferruginous, still running on the ancient
metabolisms. The two worlds coexisted, separated by a chemical boundary
that shifted with the seasons, the currents, and the slow rhythms of plate
tectonics.

That boundary is still with us. In every stratified lake, every oxygen-
minimum zone in the ocean, every waterlogged soil, there is a depth where
oxygen disappears and the old metabolisms take over. The sulfate reduc-
ers, the methanogens, the iron reducers — they never left. They were just
pushed into the margins by a gas that their ancestors never evolved to
handle.

Modern Earth is not an oxygen planet that happens to contain some
anaerobic pockets. It is a planet where two worlds — one oxidized, one
reduced — have coexisted since the Great Oxidation Event, separated by
gradients that microbes both create and exploit. The porewater profiles

32The Mesoproterozoic “Boring Billion” (1.8-0.8 Ga) was characterized by low, stable
atmospheric oxygen levels, muted tectonic activity, and limited biological innovation.
Holland (2006) and Lyons et al. (2014) discuss this interval. (Holland 2006; Lyons,
Reinhard, and Planavsky 2014)
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that geochemists measure in sediments today are the living record of that
2.4-billion-year-old partition.

6.11. The ledger

Here is what the cyanobacteria set in motion.

They cracked water, liberating electrons that had been locked in the most
abundant molecule on the planet’s surface. In doing so, they produced a
toxic waste product that drove the majority of existing life into exile.

The same molecular machinery that produced the poison was then repur-
posed — by the cyanobacteria themselves, or by their neighbors — into a
mechanism for consuming it. Respiration turned the poison into the most
efficient electron acceptor biology had ever used.

The enzyme that fixes nitrogen — ancient, essential, irreplaceable — could
not tolerate the new atmosphere. So organisms compartmentalized: some
in space (heterocysts), some in time (the day-night switch of Synechococ-
cus). Later, plants built shelters for nitrogen-fixing bacteria in their roots,
recreating pockets of the pre-oxygen world inside their own tissues.

The cyanobacteria themselves were eventually captured, domesticated,
and converted into the chloroplasts of every photosynthetic eukaryote on
Earth. Their descendants now live inside plant cells, still splitting water,
still producing oxygen, still running the same ancient machinery — but
housed, fed, and protected by the organisms that evolved in the world
they created.

And the energy surplus that oxygen provided — the fifteen-fold increase
in ATP yield per molecule of food — made possible the construction of
large, complex cells, and eventually large, complex organisms. Every an-
imal alive today runs on aerobic respiration. Every breath you take is a
transaction with cyanobacterial legacy.
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The Great Oxidation Event killed much of what lived and confined the
survivors to anoxic refugia. Over billions of years, the new redox landscape
enabled cells to extract far more energy from their food — enough to build
complexity.

The molecule that was once the deadliest waste product became the most
efficient electron acceptor in biology. And the cyanobacteria that produced
it became, as chloroplasts, the photosynthetic engines inside every plant
cell on Earth.
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7. Cannibals and Voters

A population of Bacillus subtilis is starving. Nutrients have been declining
for hours. The cells have tried everything: ramping up scavenging enzymes,
slowing growth, adjusting metabolism. Nothing has worked. Starvation is
now severe.

Then a transcription factor called SpoOA tips past a threshold in roughly
half the cells — and those cells begin secreting a toxin called SdpC. The
other half, lacking immunity, are killed. Their contents — proteins, lipids,
nucleic acids — spill into the medium. The killers eat the dead.

This is not a laboratory curiosity. It is a population-level survival strategy,
encoded in the genome of one of the most studied bacteria on Earth. The
molecular machinery has been identified, cloned, knocked out, and put
back in. Cannibalism in B. subtilis is one of the best-documented social
behaviors in microbiology.

And it is far from the only one. Bacteria vote, using quorum-sensing
molecules as ballots. They hunt in packs, secreting lytic enzymes coopera-
tively. They commit suicide for the good of their community. The social
life of microbes is not speculation. It is one of the most active fields in
modern biology.

This chapter is about that social life. It opens a new part of the book,
because we are leaving the physics of energy and electrons behind (tem-
porarily) and asking a different question: once cells exist and compete,
what kinds of relationships do they build?
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The answer matters for everything that comes later. Eukaryotic cells—the
kind that eventually built animals, plants, and fungi—did not arise from
a single lucky mutation. They arose from mergers, and mergers require a
prior social infrastructure: communication, cooperation, exploitation, and
occasionally, negotiated truces between former enemies. Before we can tell
that story (the next chapter), we need to understand the social world that
made it possible.

7.1. The birth of altruism

At the earliest stages of life’s development, microbes had to cooperate with
each other, unite in complex groups, and jointly solve biochemical tasks
that no single cell could manage alone.! This is not a theoretical inference
drawn from some abstract model of early evolution. It is written in the
behavior of modern bacteria, which still carry the molecular toolkits of
that ancient social world.

The foundation of microbial social life is chemical communication. Bac-
teria secrete small molecules into their environment—signals that diffuse
outward and are detected by neighboring cells. Through this chemical “di-
alogue,” microorganisms report their condition and influence their neigh-
bors’ behavior.? The signals are not noise. They encode information: I
am starving. I am dividing. There are many of us here. There are few.

And from these signals, a pattern emerged that looks, functionally, like
altruism—the ability to sacrifice one’s own interests for the good of the
community.3

1For a review of social evolution theory applied to microorganisms — including cooper-
ation, altruism, and public goods — see West et al. (2006). (West et al. 2006)

2For a review of social evolution theory applied to microorganisms — including cooper-
ation, altruism, and public goods — see West et al. (2006). (West et al. 2006)

3For a review of social evolution theory applied to microorganisms — including cooper-
ation, altruism, and public goods — see West et al. (2006). (West et al. 2006)
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That word—altruism—makes biologists nervous when applied to bacteria,
and rightly so. A bacterium does not “decide” to be generous. It carries
genetic circuits that, under certain conditions, cause it to produce costly
public goods, or to die so that its neighbors may feed. The altruism is
encoded, not chosen. But the functional outcome is the same: individual
cells pay a fitness cost so that the group benefits. And the evolutionary
logic that maintains these behaviors is surprisingly sophisticated.

To see how sophisticated, consider a single species that can grow flagella
and swim, assemble into packs, communicate by quorum sensing, share
public goods, build spore-forming fortresses, and—when all else fails—
murder half its own population. That species is Bacillus subtilis, and it
may be the most versatile social organism on the planet.

7.2. Bacillus subtilis: the bacterium that does
everything

Bacillus subtilis is a soil bacterium, a gram-positive rod that has been
studied in laboratories for over a century. It was one of the first bacteria
to have its genome sequenced.* It is the workhorse of bacterial genetics,
the E. coli of the gram-positive world. And yet, for decades, most of that
research was done on well-fed cells growing in shaking flasks—conditions
under which B. subtilis behaves like the simple, solitary creature of the
textbook picture.

Take it out of the flask. Put it in soil, on a root surface, in a biofilm,
or in a colony on an agar plate where nutrients are running low. Now it
transforms.

4The complete genome sequence of Bacillus subtilis (4.2 Mb, ~4,100 genes) was pub-
lished by Kunst et al. (1997), making it one of the first gram-positive bacteria to be
fully sequenced. (Kunst et al. 1997)
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When conditions demand it, B. subtilis can grow flagella and acquire motil-
ity, swimming toward nutrients or away from toxins. It can collect into
organized “packs” with consistent, coordinated movement. It can secrete
enzymes that break down complex molecules in the environment—a costly
investment that benefits all nearby cells, not just the producer. It can
form biofilms: dense, structured communities encased in a self-produced
matrix of proteins and polysaccharides.® And it can make “decisions”—or
more precisely, its genetic circuits can be triggered into discrete, stable
states—based on chemical signals received from relatives.®

The mechanism that coordinates many of these transitions is quorum
sensing: a kind of chemical voting, in which bacteria secrete small signal-
ing molecules (autoinducers) into the surrounding medium and simultane-
ously detect them.” Each cell casts a “vote” by producing signal. Each
cell “counts” votes by measuring the local concentration. When a certain
critical number of votes accumulates—when the quorum is reached—the
behavior of the entire population shifts.

o . .
1 Sidebar — How quorum sensing works

Quorum sensing is not a single system. Different bacterial species
use different signal molecules, different receptors, and different down-
stream circuits. But the basic logic is shared:

1. Signal production: Each cell constitutively produces a small

5The biofilm matrix is composed of extracellular polysaccharides, proteins, and DNA
that encases cells in a self-produced structure; see Flemming and Wingender (2010)
for a comprehensive review. (Flemming and Wingender 2010)

SFor a review of social evolution theory applied to microorganisms — including cooper-
ation, altruism, and public goods — see West et al. (2006). (West et al. 2006)

"For a comprehensive review of quorum-sensing architectures and their role in coor-
dinating population-level behavior, see Waters and Bassler (2005). (Waters and
Bassler 2005)

8Bassler and Losick (2006) provide an accessible overview of bacterial cell-cell commu-
nication systems, including quorum sensing and its role in coordinating collective
behavior. (Bassler and Losick 2006)
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signaling molecule (an autoinducer) at a low basal rate.

2. Signal accumulation: The autoinducer diffuses into the envi-
ronment. At low cell density, the molecule diffuses away faster
than it accumulates. At high cell density, it builds up.

3. Threshold detection: When the local concentration exceeds
a threshold, receptor proteins inside (or on the surface of) each
cell become activated.

4. Coordinated response: The activated receptors trigger a
transcriptional program that changes the cell’s behavior—
biofilm formation, toxin production, sporulation, or dozens of
other responses.

The elegance is in the coupling: because each cell both produces and
detects the signal, the system functions as a distributed sensor for
population density. No central authority is needed. The “decision”
emerges from the sum of individual contributions, like an election
where every ballot is also a ballot counter.

Through quorum sensing and other regulatory circuits, B. subtilis popula-
tions can assemble into multicellular aggregates approaching the complex-
ity of true multicellular organisms. Biofilms have internal architecture:
channels for nutrient transport, differentiated cell types (some produce
matrix, some produce enzymes, some are motile scouts), and spatial orga-
nization that is not random but functionally structured.

But the most dramatic social behavior of B. subtilis is not cooperation. It
is cannibalism.

7.3. The cannibalism strategy

Imagine a population of B. subtilis in soil. Nutrients have been declining
for hours. The cells have already tried the obvious responses: ramping
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up enzyme secretion to scavenge what remains, adjusting their metabolic
pathways, slowing growth. Nothing has worked. Starvation is now se-
vere.

The cell has one remaining option that guarantees survival: sporulation.
A B. subtilis spore is one of nature’s most resilient structures—resistant to
heat, desiccation, UV radiation, and chemical assault.” A spore can wait
for decades, even centuries, and germinate when conditions improve.

But sporulation is not free. It is, in fact, enormously expensive.

The decision to commit to spore formation is not taken lightly.'® Sporula-
tion requires the coordinated activation of approximately 500 genes over a
period of 6 to 8 hours.!! The process involves a complete reorganization of
the cell: an asymmetric division that produces a smaller forespore and a
larger mother cell, followed by engulfment of the forespore by the mother
cell, assembly of a multi-layered protective coat, and finally, programmed
death of the mother cell to release the mature spore. The commitment
becomes irreversible after roughly 2 hours—once the cell passes that point,
it will sporulate or it will die trying.'2

Given this enormous investment of time and energy, it should not surprise
us that B. subtilis treats sporulation as a last resort. Before committing,
the cell exhausts every alternative. It searches for new nutrients. It adjusts
its metabolism. It waits.

9Bacillus subtilis endospores exhibit extreme resistance to heat (surviving 100°C for
hours), radiation (withstanding UV and gamma rays at doses lethal to vegetative
cells), and chemical assault (including oxidizers, aldehydes, and detergents); see
Setlow (2006). (Setlow 2006)

10The molecular mechanism of B. subtilis cannibalism, including the SdpC/Sdpl/SdpR
signaling pathway, is detailed in Ellermeier et al. (2006). (Ellermeier et al. 2006)

HS8porulation in B. subtilis is controlled by a cascade of sigma factors activating roughly
500 genes in a tightly regulated temporal sequence; see Stragier and Losick (1996).
(Stragier and Losick 1996)

12The molecular mechanism of B. subtilis cannibalism, including the SdpC/Sdpl/SdpR
signaling pathway, is detailed in Ellermeier et al. (2006). (Ellermeier et al. 2006)
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And then, as a penultimate measure—the step just before the final, irre-
versible commitment to spore formation—it turns to cannibalism.

[FIGURE: The B. subtilis cannibalism decision tree. A population of iden-
tical cells (shown as uniform rods) encounters starvation. SpoOA phospho-
relay activates stochastically: roughly half the cells cross the threshold
(shaded dark, labeled “high SpoOA~P — toxin producers”) and half do not
(shaded light, labeled “low SpoOA~P — victims”). Dark cells secrete SdpC
toxin (small dots). Light cells lyse, releasing nutrients (shown as a cloud).
Dark cells consume the nutrients and delay sporulation. Caption: “Same
genome, same signal, two fates. The stochastic switch is the strategy.”]

Here is how it works.!?

When starvation activates the master sporulation regulator, a transcrip-
tion factor called Spo0A, something unexpected happens: SpoOA does not
activate uniformly across the population. Instead, due to stochastic fluctu-
ations in gene expression and positive feedback loops in the phosphorelay
that activates Spo0A, the population splits. Roughly half the cells accu-
mulate high levels of active SpoOA (SpoOA~P). The other half remain with
low levels.

The high-SpoOA cells begin producing a secreted protein called SdpC—a
toxin. SdpC is exported into the environment, where it attacks and kills
the cells that have not activated SpoOA. The low-SpoOA cells, lacking the
immunity machinery, are lysed. Their cellular contents—proteins, nucleic
acids, lipids, all the organic matter that a starving cell desperately needs—
spill into the medium.

The killers eat the dead.

This is not a metaphor. The nutrients released by the lysed cells are taken
up by the surviving, toxin-producing population. Fed by the remains of

3The molecular mechanism of B. subtilis cannibalism, including the SdpC/Sdpl/SdpR
signaling pathway, is detailed in Ellermeier et al. (2006). (Ellermeier et al. 2006)
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their siblings, the cannibals can delay sporulation—sometimes avoiding it
altogether if the influx of nutrients is sufficient to restart growth.

The cannibalism system requires a precise answer to a lethal question:
how does a toxin-producing cell avoid killing itself? The answer is a
three-protein signaling pathway that couples toxin production to immu-
nity. SdpC is the toxic protein, exported by cells with high SpoOA~P.
Sdpl is the immunity protein, a polytopic membrane protein that protects
the cell from SdpC. And SdpR is an autorepressor that, in the absence of
SdpC, blocks transcription of the immunity gene — keeping defenses low
when no threat is present.!'*

The elegant twist: Sdpl is not only an immunity protein but also a signal-
transduction protein. When SdpC contacts Sdpl in the membrane, Sdpl
sequesters SApR — pulling the repressor away from the DNA and trapping
it at the membrane. With SdpR removed, the cell ramps up production
of more immunity protein. The result is a self-reinforcing circuit: toxin
in the environment stimulates production of immunity. Cells making the
toxin automatically induce their own protection. Cells not making the
toxin do not induce immunity fast enough and are killed.

The cannibalism strategy only works at high population density—which
makes sense, because it depends on the toxin reaching enough victims
to release enough nutrients to matter. At low density, the few cells that
lyse would not provide enough food to justify the energetic cost of toxin
production. Quorum sensing, again, sets the stage: the population must
be dense enough that cannibalism pays.

The population-level accounting is stark. The population invests in a
toxic public good (SdpC), splits itself into killers and victims through a
stochastic switch, and recycles roughly half its members. The survivors
gain time. If new nutrients arrive during that borrowed time, the entire
surviving population benefits. If they do not, the survivors proceed to

14The molecular mechanism of B. subtilis cannibalism, including the SdpC/Sdpl/SdpR
signaling pathway, is detailed in Ellermeier et al. (2006). (Ellermeier et al. 2006)
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sporulation—but now with a head start, having fed on the remains of
their kin.

7.4. Myxococcus xanthus: the social predators

Bacillus subtilis eats its own. Myzococcus ranthus eats everyone else—and
it does so cooperatively.

Myzococcus xanthus is the best-characterized species of soil-dwelling
myxobacteria, a group distinguished by two remarkable properties:
cooperative predation and social development.!®'6 Where most predatory
bacteria act alone—a single cell encountering a single prey—M. zanthus
hunts in packs.

Predation is accomplished by swarming groups of cells that secrete toxic
and lytic metabolites—antibiotics, enzymes, and other compounds that
kill and degrade prey organisms.!”'® The killing agents diffuse outward
from the swarm, creating a zone of destruction around the advancing pack.
The prey cells lyse, and their contents form an extracellular public pool
of nutrients that the entire swarm shares. No individual M. zanthus cell
could produce enough antibiotics or lytic enzymes to kill prey efficiently on
its own. The predatory strategy works only because the costs are shared
and the benefits are pooled.

5Fiegna et al. (2006) characterize M. zanthus as distinguished by cooperative predation
and social development, with competition for sporulation slots as a major fitness
component. (Fiegna et al. 2006)

6For an overview of the social evolution and developmental biology of myxobacteria,
including experimental evolution studies of cooperation and cheating, see Velicer and
Vos (2009). (Velicer and Vos 2009)

"Fiegna et al. (2006) characterize M. Tanthus as distinguished by cooperative predation
and social development, with competition for sporulation slots as a major fitness
component. (Fiegna et al. 2006)

8 Myzococcus zanthus produces a cocktail of secondary metabolites including antibiotics,
bacteriolytic enzymes, and biosurfactants that collectively kill and lyse prey cells; see
Berleman and Kirby (2009). (Berleman and Kirby 2009)
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This is cooperative predation in the truest sense: a hunting behavior that
depends on group size, coordinated movement, and the production of ex-
tracellular public goods.

But the social life of M. zanthus does not end with feeding. When
amino acids become scarce—when the hunting has failed or the prey is
exhausted—M. zanthus enters its most dramatic phase: the construction
of fruiting bodies.?

Upon amino-acid deprivation, individual cells begin to aggregate. They
stream toward central collection points, piling up into mounds that grow
into elaborate, species-specific structures: the fruiting bodies. A typi-
cal M. zanthus fruiting body contains roughly 100,000 cells, assembled
through coordinated movement and the exchange of intercellular chemical
signals.202!

Inside the fruiting body, a fraction of the cells differentiate into stress-
resistant spores—the myxobacterial equivalent of the B. subtilis endospore.
But here is the grim arithmetic: only a minority of cells survive
development. The majority die during the construction process, their
cellular contents presumably fueling the differentiation of the survivors.

Competition for the limited sporulation “slots” inside a fruiting body is
a major component of fitness in M. zanthus populations.?? If you are a
cell entering a fruiting body, your odds of becoming a spore depend on

19Fruiting body formation in M. zanthus involves aggregation of up to 1075 cells into
macroscopic structures; see Kaiser (2004) for a review of the developmental program.
(Kaiser 2004)

29Fjegna et al. (2006) characterize M. zanthus as distinguished by cooperative predation
and social development, with competition for sporulation slots as a major fitness
component. (Fiegna et al. 2006)

21The C-signal is a surface-associated protein that requires direct cell-cell contact and co-
ordinates aggregation and sporulation during fruiting body development; see Kroos
et al. (1986). (Kroos, Kuspa, and Kaiser 1986)

22Fiegna et al. (2006) characterize M. zanthus as distinguished by cooperative predation
and social development, with competition for sporulation slots as a major fitness
component. (Fiegna et al. 2006)
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your genotype, your position, your signaling interactions with neighbors,
and the social composition of the aggregate. Cheaters—mutant cells that
contribute less to the public good but sporulate at higher rates—are a
constant evolutionary threat. And yet, cooperation persists.

1 Sidebar — The cheater problem and evolutionary stability

The existence of cooperative behaviors in microbes raises a classic
evolutionary puzzle: why don’t cheaters take over? A cheater mutant
that enjoys the benefits of group predation (shared nutrients) without
paying the costs (producing expensive lytic enzymes) should, in the
short term, outcompete cooperators.

And indeed, cheater mutants have been isolated in M. zanthus. They
arise readily, they exploit cooperators, and they can spread within
populations.

The resolution involves several mechanisms:

o Kin selection: in structured environments (soil, biofilms),
cells tend to interact with close relatives. Helping relatives
indirectly promotes copies of one’s own genes.?3%4

¢ Population structure: cheaters that destroy the cooperative
group they depend on ultimately destroy themselves. In spa-
tially structured environments, cooperative groups can outcom-
pete or outlast cheater-dominated groups.?®

¢ Policing mechanisms: some cooperative systems include
enforcement. In B. subtilis cannibalism, for instance, non-
cooperators (low-Spo0OA cells) are not merely disadvantaged—
they are actively killed.26

The upshot is that microbial cooperation is not naive. It is enforced,
policed, and maintained by mechanisms that punish free riders. The
“altruism” is real, but it is not unconditional.
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The parallels between M. zanthus and B. subtilis are instructive. Both
species use quorum sensing to coordinate group behavior. Both form com-
plex multicellular structures under stress. Both sacrifice a fraction of their
population so that the rest may survive. And both face—and have solved,
at least partially—the problem of cheaters.

But the parallels extend further than any two species. These social be-
haviors are not oddities confined to a few laboratory favorites. Chemical
signaling, quorum sensing, biofilm formation, and programmed cell death
have been documented in hundreds of bacterial species across nearly every
major lineage.2’?® The social life of microbes is not an exception. It is the
rule.

7.5. How cells “decide”: the metabolic logic

To understand microbial social behavior, we need to understand how a
single cell makes a “decision.” Not a conscious decision—a physical one.

26Hamilton’s rule (rB > C) formalizes kin selection: altruistic behavior is favored when
the benefit to relatives (B), weighted by relatedness (r), exceeds the cost to the actor
(C); see Hamilton (1964). (Hamilton 1964a, 1964b)

26West et al. (2007) review the application of kin selection theory to microbial systems,
showing that relatedness structure in biofilms and colonies can maintain cooperation.
(West et al. 2007)

26Griffin et al. (2004) demonstrate experimentally that spatial structure (limited disper-
sal) maintains cooperation in Pseudomonas aeruginosa by ensuring that cooperators
interact preferentially with other cooperators. (A. S. Griffin, West, and Buckling
2004)

26Travisano and Velicer (2004) review policing mechanisms in microbial populations,
including toxin-immunity systems that eliminate non-cooperators. (Travisano and
Velicer 2004)

27Quorum sensing has been identified in more than 150 bacterial species across diverse
phylogenetic groups; see Miller and Bassler (2001). (M. B. Miller and Bassler 2001)

28Nadell et al. (2016) review the ecological and evolutionary dynamics of biofilm for-
mation across bacterial taxa, emphasizing the prevalence of matrix production as a
cooperative trait. (Nadell, Drescher, and Foster 2016)
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A cell does not deliberate. It integrates chemical signals through molecular
circuits and arrives at a discrete output state: divide or stop, swim or stick,
cooperate or defect, sporulate or eat.

The machinery that enables these decisions begins with the most funda-
mental currency of cellular life: ATP.

The ATP supply in a typical bacterial cell is approximately one million
molecules, and the half-life of that pool is only a second or two.?? This
is a breathtaking turnover rate. A cell does not “have” energy the way a
battery has charge. The pool is in dynamic equilibrium: every individual
molecule is consumed and regenerated on a timescale of seconds, but the
total count remains roughly constant because synthesis and consumption
are matched.

Because ATP turnover is so fast, bacteria do not store energy as ATP.
They store it as polysaccharides and fats—stable, dense, slowly mobilized
reserves that can be converted back into ATP when needed. The regula-
tion of this conversion is the metabolic foundation on which all “decision-
making” rests.

When ATP levels fall, the cell activates reactions that increase ATP pro-
duction at the expense of storage reserves. When ATP is abundant, ATP-
producing reactions are inhibited. This feedback runs through several
layers of molecular control.

Covalent modification is the first layer. An enzyme that sits idle in
the cell can be activated by the addition of a phosphate group, donated
from ATP itself. Protein kinases—enzymes that transfer phosphate groups
from ATP to target proteins—are the molecular switches that flip inactive
enzymes to their active forms. The work of Edwin Fischer and Edwin
Krebs, who discovered this mechanism, earned them a Nobel Prize and
revealed a principle that runs through all of cell biology: energy currency
doubles as signaling currency.

29Gerald Karp, Cell and Molecular Biology (2008). (Karp 2008)
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Allosteric modulation is the second layer. Many enzymes have two bind-
ing sites: the active site, where the reaction happens, and an allosteric site
(from the Greek allos, “other,” and stereos, “solid”), where a regulatory
molecule can bind.?*3! When an inhibitor or stimulator binds the allosteric
site, it changes the enzyme’s shape and alters its activity—without com-
peting for the active site. This allows the cell to tune enzyme activity
in response to signals that have nothing to do with the enzyme’s own
substrate.

Feedback inhibition is the third layer. In many metabolic pathways,
the end product of the pathway inhibits the first enzyme in the sequence.
When enough of the product has accumulated, the pathway shuts itself
down. This is the simplest form of homeostatic regulation: the output
controls the input.

Together, these mechanisms create a cell that is constantly adjusting its
metabolic state in response to internal and external signals. The key ar-
chitectural principle is the separation of catabolic and anabolic pathways:
pathways that break things down (catabolism, producing ATP) and path-
ways that build things up (anabolism, consuming ATP) are regulated by
different key enzymes that respond to different signals.

When AMP levels are high—which means ATP levels are low, because
AMP accumulates when ATP is consumed faster than it is regenerated—
catabolic enzymes are activated and the cell ramps up energy production.
When ATP levels are high, catabolism is inhibited. The cell reads its
own energy state through the ratio of ATP to AMP, and adjusts accord-
ingly.3?

30The concept of allosteric regulation was formalized by Monod, Changeux, and Jacob
(1963), describing how regulatory molecules binding at sites distinct from the active
site can modulate enzyme activity. (Monod, Changeux, and Jacob 1963)

31Changeux and Edelstein (2005) provide a historical and mechanistic overview of al-
losteric regulation, from initial models to structural biology. (Changeux and Edel-
stein 2005)

32 AMP-activated protein kinase (AMPK) is the master regulator of energy homeostasis
in eukaryotes, activated by rising AMP/ATP ratios; the bacterial equivalent involves
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Why AMP and not ATP? Because AMP is a more sensitive indicator of en-
ergy stress. In a cell where the total adenine nucleotide pool (ATP + ADP
+ AMP) is roughly constant, a small decrease in ATP causes a proportion-
ally larger increase in AMP, amplified by the adenylate kinase reaction
(2ADP = ATP + AMP).3 A 10% drop in ATP can produce a several-
fold increase in AMP. Enzymes that respond to AMP are responding to a
magnified version of the cell’s energy deficit.

This metabolic regulation is not “decision-making” in the way we usually
mean the phrase. It is feedback control—the same logic that governs a
thermostat. But when you layer multiple feedback loops on top of each
other, wire them to external signals (like quorum-sensing molecules), and
allow them to interact through shared intermediates, the system can pro-
duce something more interesting than gradual adjustment.

It can produce switches.

7.6. Bistability: the molecular basis of commitment

Some cellular decisions are not graded. They are all-or-none.

Cell division is either happening or it is not. Apoptosis (programmed cell
death) is either triggered or it is not. Sporulation is either committed or
it is not. These are not analog dials that can be set to any intermediate
position. They are binary switches that snap between discrete states.?*

direct AMP binding to metabolic enzymes; see Hardie (2007). (Hardie 2007)

33The “energy charge” concept, defined as ([ATP] + 0.5[ADP]) / ([ATP] + [ADP]
+ [AMP]), was introduced by Atkinson (1968) to describe cellular energy status;
AMP is a sensitive indicator because adenylate kinase amplifies small ATP changes.
(Atkinson 1968)

34 James Ferrell (2002) describes bistability as the basis for all-or-none cellular decisions,
including cell division and apoptosis. (Ferrell 2002)

119



7. Cannibals and Voters

The molecular circuits that produce this switch-like behavior are called
bistable systems, and their logic has been worked out in considerable
detail.

A bistable system has two stable steady states and an unstable threshold
between them. Push the system gently, and it snaps back to whichever
state it was in. Push it past the threshold, and it snaps to the other
state—and stays there. The transition is sharp, and the new state is self-
maintaining: even if the original push is removed, the system remains in
its new configuration.

Two basic circuit architectures can produce bistable switching. The first
is positive feedback: a molecule promotes its own production; once
production exceeds a threshold it accelerates, driving the system to a
high-expression state, while below the threshold production cannot sustain
itself.3> The second is double-negative feedback (mutual inhibition):
two regulators each repress the other, creating two stable states (A-on/B-
off and A-off/B-on) with no intermediate.?¢

Both architectures share two properties. First, persistence: once the
switch flips, it stays flipped, even after the triggering signal is removed
— a transient pulse of starvation can produce a permanent change in cell
fate. Second, an all-or-none response: cells do not end up “half-sporulated”
or “partially committed.”

In B. subtilis sporulation, the SpoOA phosphorelay exhibits exactly this
kind of bistable behavior. Stochastic variation in SpoOA~P levels, ampli-
fied by positive feedback, pushes individual cells past the threshold — or
not. The result is a mixed population: some cells with high SpoOA~P

35Becskei, Seraphin, and Serrano (2001) showed that positive feedback in eukaryotic
gene networks converts graded inputs to binary (all-or-none) responses. (Becskei,
Séraphin, and Serrano 2001)

36Gardner, Cantor, and Collins (2000) constructed a synthetic genetic toggle switch
in E. coli, demonstrating that double-negative feedback is sufficient for bistability.
(Gardner, Cantor, and Collins 2000)
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(headed for sporulation or cannibalism) and some with low SpoOA~P (des-
tined to be victims or to resume growth if conditions improve).

Bistability explains something that would otherwise be deeply puzzling
about the B. subtilis cannibalism system. Why does only half the
population produce toxin? If starvation is the signal, and all cells are
equally starved, why doesn’t the entire population activate SpoOA and
start killing?

The answer is that the SpoOA circuit is bistable. Small, random differ-
ences in Spo0A~P concentration among individual cells are amplified by
positive feedback until the population splits into two distinct subpopu-
lations. This is not a failure of regulation. It is the whole point. The
system is designed—evolved—to produce a mixed population in response
to a uniform signal, because a mixed population hedges its bets. If con-
ditions improve, the non-sporulating half can resume growth immediately.
If conditions worsen, the sporulating half has a head start on spore forma-
tion.

Bistability shows up far beyond sporulation. It underlies genetic compe-
tence (the ability to take up foreign DNA), biofilm formation, motility
transitions, and many other developmental switches in bacteria. At a
deeper level, it underlies some of the most fundamental decisions in all of
biology: the choice between cell division and cell death, the commitment
to a particular cell fate during development, the activation of immune

responses.®’

And the principle extends to even richer dynamics. Phosphorylation
processes—the same covalent modifications we discussed in metabolic
regulation—can serve as multistable systems, supporting not just two
but potentially unlimited numbers of stable states.®® A protein with

37 James Ferrell (2002) describes bistability as the basis for all-or-none cellular decisions,
including cell division and apoptosis. (Ferrell 2002)

38Thomson and Gunawardena (2009) demonstrated that multisite phosphorylation sys-
tems can support unlimited numbers of stable steady states. (Thomson and Gu-
nawardena 2009)
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multiple phosphorylation sites can exist in many distinct configurations,
each with different activity. The number of stable states a system can
support grows with the number of modification sites, creating a molecular
memory that is far richer than a simple on/off switch.

7.7. The ecology of decision

The pieces fit together.

A single bacterial cell contains metabolic feedback loops that adjust its
energy state in real time. Layered on top of these are bistable genetic cir-
cuits that can snap the cell between discrete states—growing, sporulating,
producing toxin, becoming competent, building biofilm matrix. And these
circuits are wired to external inputs: quorum-sensing signals that report
population density, nutrient signals that report environmental conditions,
and direct cell-cell contacts that report the physical neighborhood.

The result is not a collection of isolated automata bumping through liquid.
It is an ecology of decision-makers, each one integrating local information
and producing behaviors that depend on what their neighbors are doing.

Consider the sequence of events when a B. subtilis population faces star-
vation:

1. Individual cells detect declining nutrients through metabolic feed-
back (falling ATP, rising AMP).

2. Spo0A is gradually activated through the phosphorelay, but activa-
tion is noisy—some cells cross the bistable threshold before others.

3. Quorum-sensing molecules report that population density is high.

4. The high-Spo0A subpopulation begins producing SdpC toxin. The
low-Spo0A subpopulation is killed. Nutrients are released.

5. If the nutrient pulse is sufficient, the surviving cells delay sporulation
and resume growth. If not, they proceed to sporulate.
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Every step involves feedback. Every step depends on population-level
information. And the outcome—who lives, who dies, who sporulates—
is not determined by any single cell but by the collective state of the
population.

The outcome resembles a vote: each cell contributes a chemical signal, and
the population-level response integrates them all. No central authority
dictates the outcome. It emerges from the distributed computation of
thousands of cells, each following the same molecular rules.

7.8. The ancient social contract

The implication is older than it looks.

Altruism, cooperation, voting, and organized social behavior are not hu-
man inventions. They are not even animal inventions. They are microbial
inventions, and they are old—three billion years old, perhaps older.

When we watch a colony of B. subtilis split into killers and victims, we
are watching a social contract enforced by chemistry: a population-level
strategy in which individual sacrifice produces collective survival. When
we watch M. zanthus swarms hunt prey and build fruiting bodies, we
are watching cooperative predation and division of labor—behaviors we
associate with wolves and ants, not with single-celled organisms.>’

The molecular details differ from anything in the animal world. There
are no neurons, no hormones, no immune cells in the mammalian sense.
But the functional logic—the game theory, the evolutionary pressures, the
tension between cooperation and cheating—is identical. Natural selection
does not care whether a social contract is executed by neurons or by tran-
scription factors. It cares only whether the strategy persists.

39Crespi (2001) draws explicit parallels between microbial social behaviors (quorum
sensing, cooperative predation, altruistic cell death) and the eusocial insects, arguing
that similar selective pressures produce convergent social strategies. (Crespi 2001)
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And these strategies have persisted. The quorum-sensing circuits, the
bistable switches, the toxin-immunity systems, the programmed cell death
pathways—all of them have been maintained by selection for billions of
years, diversified across thousands of lineages, and elaborated into the
astonishing variety of microbial social behaviors we observe today.

This has a practical consequence for the rest of the book. When we reach
the great mergers described in the next chapter—the endosymbiotic events
that produced mitochondria and chloroplasts, the construction of the eu-
karyotic cell from archaeal and bacterial partners—we will not be describ-
ing a sudden, miraculous leap from solitude to cooperation. We will be
describing the latest chapter in a social history that was already ancient.

The bacteria had been voting, cooperating, and eating each other for a
billion years before the first eukaryote stirred.

7.9. Where we go next

In the next chapter, we turn from social strategies to the most consequen-
tial social event in the history of life: the merger. One cell swallowing
another and, instead of digesting it, keeping it alive. The birth of the eu-
karyotic cell was not an invention. It was an alliance—forged by organisms
that already knew how to cooperate, compete, and kill.

7.10. Takeaway

e Bacteria are social organisms: they communicate, cooperate, com-
pete, and make collective “decisions” through chemical signaling.

e Quorum sensing functions as a distributed voting system, allowing
populations to coordinate behavior based on density.
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Bacillus subtilis cannibalism is a population-level survival strategy:
bistable circuits split the population, toxin-producing cells kill and
consume non-producing siblings, buying time before sporulation.
Myzococcus zanthus hunts cooperatively and builds multicellular
fruiting bodies, with most cells sacrificing themselves so a minority
can sporulate.

Cellular “decisions” arise from metabolic feedback (ATP/AMP sens-
ing), covalent modification, allosteric regulation, and bistable genetic
circuits.

Altruism, cooperation, and social behavior are not animal
inventions—they are at least three billion years old.
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Imagine you are a chemist, and you have exactly one test tube.

Not one test tube on the bench while your equipment cupboard holds
dozens more. One test tube — that’s it. Every reaction you run has
to happen in that single vessel. Acid and base, oxidation and reduction,
synthesis and degradation — all dumped together in the same pot, all at the
same time. Whatever you make is immediately exposed to whatever else
is in there. If one reaction produces something fragile, the next reaction
may destroy it before you can use it.

That is the prokaryotic cell. For roughly two billion years, bacteria and
archaea ran the planet’s chemistry inside a single compartment: the cyto-
plasm. To be fair, they had a second compartment too — the periplasmic
space, the thin zone between the inner membrane and the outer cell wall.
So call it two test tubes. “But two tubes is certainly not enough for a
good chemical laboratory!”?

And yet prokaryotes thrived. They invented photosynthesis, nitrogen fix-
ation, sulfur cycling, methanogenesis. They reshaped the atmosphere and
the ocean floor. They did extraordinary chemistry with minimal architec-
ture.

But there were things they could not do. They could not run an oxygen-
consuming reaction in one room while running an oxygen-sensitive reaction
next door. They could not isolate their DNA behind a membrane and

!Markov (2010) notes that prokaryotic cells are limited to one or two compartments
(cytoplasm and periplasmic space), constraining the complexity of chemistry they
can perform simultaneously. (Markov 2010)
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control who got access. They could not build a body made of trillions of
differentiated cells, because differentiation requires compartments within
compartments — a bureaucracy of nested enclosures, each with its own
chemistry, its own imports and exports, its own protected interior.

For that, you need more test tubes. Many more.

The question is: how do you get them?

8.1. The compartment problem

The answer that evolution found is so strange it took biologists a century
to accept it. You do not evolve compartments from scratch. You swallow
another cell and keep it alive inside you.

This is the story of the eukaryotic cell — the kind of cell that makes up
every animal, plant, fungus, and protist on Earth. It is the story of the
most consequential merger in the history of life. And it began not with a
mutual agreement but with one cell engulfing another.

Before we get to the meal, though, we need to understand what the eu-
karyotic cell actually solved. The word “eukaryote” means “true kernel” —
a reference to the nucleus, the membrane-bound compartment where the
genome lives. But the nucleus is only the most visible upgrade. Look inside
a eukaryotic cell under an electron microscope and you find a landscape
of internal membranes: the endoplasmic reticulum folded into sheets and
tubes, the Golgi apparatus stacking its cisternae, lysosomes loaded with
digestive enzymes, peroxisomes handling dangerous oxidation reactions,
and — most crucially for our story — mitochondria and, in photosynthetic
lineages, chloroplasts.

Each of these is a separate reaction chamber. Each maintains its own
internal chemistry, buffered from the rest of the cell by a lipid bilayer.
The endoplasmic reticulum can fold proteins under conditions that would
wreck the cytoplasm’s redox balance. Lysosomes can run acid hydrolysis
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at pH 5 while the cytoplasm holds steady at pH 7. Mitochondria can
maintain a proton gradient across their inner membrane precisely because
that membrane is sealed — a private reservoir of electrochemical potential,
insulated from the larger cell.

This is what compartmentalization buys you: the ability to run in-
compatible processes simultaneously. Not by compromising, not by
time-sharing, but by physical separation. The chemist’s dream: a labora-
tory with as many test tubes as you need.

The prokaryotic cell had none of this internal architecture. It was the open-
plan office of biology — everything in one room, everyone hearing everyone
else’s conversations. Efficient, in a way. Fast, certainly. But fundamentally
limited in the complexity of chemistry it could orchestrate.

8.2. A bridge between worlds

For a long time, the origin of eukaryotes was a black box. Prokaryotes on
one side, eukaryotes on the other, and a vast gulf of cellular complexity
between them. Then, in 2015, a team of researchers pulled something
remarkable out of the Arctic Ocean.

The samples came from deep-sea sediments near a hydrothermal vent
field called Loki’s Castle, on the Mid-Atlantic Ridge between Norway and
Greenland, at a depth of 3,283 meters.? The organisms they found were
not eukaryotes. They were archaea — prokaryotes, single-celled, lacking nu-
clei and internal membranes. But their gene set told a different story.

2Spang et al. (2015) reported the discovery of Lokiarchaeota from deep-sea sediments
at Loki’s Castle hydrothermal vent field; the genome revealed eukaryotic signature
proteins (ESPs) including actin homologs, suggesting phagocytic capacity. (Spang
et al. 2015)
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These archaea, dubbed Lokiarchaeota, carried genes that no one expected
to find in a prokaryote.> Genes for actin-like cytoskeletal proteins — the
molecular scaffolding that eukaryotic cells use to change shape, crawl, and
engulf particles. Genes suggesting the capacity for membrane remodeling.
Genes hinting at the ability to do something that was supposed to be a eu-
karyotic monopoly: phagocytosis, the act of wrapping your cell membrane
around another object and pulling it inside.

Lokiarchaeota did not have a nucleus. They did not have mitochondria.
But they had the genetic toolkit that could, in principle, lead to both.
They were closer to eukaryotes than any other prokaryote ever found — a
bridge between the two great domains of cellular life.

1 The Asgard archaea

Lokiarchaeota was the first discovered member of what is now called
the Asgard superphylum — a group of archaea named after figures
from Norse mythology (Loki, Thor, Odin, Heimdall).* Phylogenetic
analyses consistently place eukaryotes within the Asgard archaea, not
as their sister group.® This means that eukaryotes did not diverge
from archaea; they emerged from within them. The “three domains
of life” model (Bacteria, Archaea, Eukarya) may need to be revised to
a “two domains” model, with eukaryotes as a highly derived branch
of the Archaea. The discovery did not answer every question about
eukaryotic origins, but it narrowed the search space dramatically.

3Spang et al. (2015) reported the discovery of Lokiarchaeota from deep-sea sediments
at Loki’s Castle hydrothermal vent field; the genome revealed eukaryotic signature
proteins (ESPs) including actin homologs, suggesting phagocytic capacity. (Spang
et al. 2015)

5The Asgard superphylum includes Lokiarchaeota, Thorarchaeota, Odinarchaeota, and
Heimdallarchaeota, all named after Norse deities; see Zaremba-Niedzwiedzka et
al. (2017). (Zaremba-Niedzwiedzka et al. 2017)

5Eme et al. (2017) review phylogenetic evidence placing eukaryotes within the Asgard
archaea, supporting a two-domain tree of life (Bacteria and Archaea, with eukaryotes
as derived archaea). (Eme et al. 2017)
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The picture that emerges is this: somewhere around 1.8 to 2.2 billion years
ago, an archaeal cell — perhaps something like Lokiarchaeota, perhaps a
close relative — took a step that prokaryotes had been building toward
for billions of years.5” It had already evolved the cytoskeletal machinery
to reshape its membrane. It had already developed some capacity for
engulfing particles. And at some point, it engulfed a bacterium and did
not digest it.

That bacterium was an alpha-proteobacterium — an aerobic organism that
could use oxygen to burn organic molecules with extraordinary efficiency.
Inside the archaeal host, the swallowed bacterium kept breathing. It kept
producing ATP. And over time, what started as a captured meal became
something else entirely: a permanent resident, a co-dependent partner,
and eventually an organelle.

That organelle is the mitochondrion. Every mitochondrion in every eukary-
otic cell on Earth descends from that single, ancient engulfment event.

8.3. The spectrum of integration

The transformation from free-living bacterium to mitochondrion did not
happen overnight. It was a long, slow slide from partnership to dependence
to irreversible fusion — a process that took hundreds of millions of years
and that we can still watch happening today, frozen at different stages in
different organisms.

[FIGURE: The integration spectrum. A horizontal arrow labeled “Inde-
pendence” on the left and “Organelle” on the right. Four organisms are
placed along the spectrum at increasing integration: (1) Ruthia magnifica
— full genome, complete metabolic independence, inside a clam; (2) Elysia

6Molecular clock estimates for the origin of eukaryotes range from 1.6 to 2.7 Ga, with
most analyses converging on ~2.0 Ga; see Parfrey et al. (2011). (Parfrey et al. 2011)

"Betts et al. (2018) estimate the last eukaryotic common ancestor (LECA) at 1.84 Ga
using a calibrated molecular clock. (Betts et al. 2018)
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chlorotica — stolen chloroplasts, temporary, non-heritable; (3) Carsonella
ruddii — 160 kb genome, cannot replicate alone; (4) Mitochondrion — ~16
kb genome, fully integrated organelle. Caption: “The path from symbiont
to organelle is a one-way ratchet. Every lost gene tightens the bond.”]

Think of it as a spectrum. At one end, a bacterium lives inside a host
cell but retains its full genetic and metabolic independence: it could, in
principle, be extracted and grown on its own. At the other end, the
bacterium has lost so many genes that it is no longer an organism at
all — it is an organelle, a part of the host, unable to exist independently.
Between these extremes lies every shade of partnership, dependence, and
dissolution.

The living world is full of symbioses caught at different points on this
spectrum. They are windows into the past — snapshots of the process that
produced mitochondria and chloroplasts, still unfolding in real time.

8.3.1. The chemist in the dark: Ruthia magnifica

The ocean floor, several kilometers below the surface, is usually a desert.
No light penetrates. There is no photosynthesis. The only food drifting
down from the productive surface waters is a thin, unreliable drizzle of
organic particles — “marine snow” — barely enough to sustain the sparse
communities of the abyssal plain.

But where the Earth’s crust is cracked, where hydrothermal fluids seep up-
ward carrying hydrogen sulfide and methane, the desert blooms. Around
these vents and seeps, life is dense, improbable, and vivid: tube worms
with blood-red plumes, ghostly white shrimp, and clusters of giant clams
pressing their tissues against the chemical-rich water.

The giant clam Calyptogena magnifica is one of these vent animals. It
lives along the edges of hydrothermal vents on the ocean floor, and its
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secret is inside its gill cells.® There, packed into specialized host cells
called bacteriocytes, lives Ruthia magnifica — a gamma-proteobacterium
that has traded the open ocean for a captive existence inside an animal.

Ruthia is a chemoautotroph. It fixes carbon from CO, via the Calvin
cycle, just as a plant does, but it does not use sunlight as its energy
source. Instead, it oxidizes sulfur compounds. Hydrogen sulfide flows
in from the vent fluid; Ruthia strips electrons from it, storing elemental
sulfur in intracellular granules, then oxidizing the sulfur further to sulfite
and sulfate, extracting energy at each step. That energy drives carbon
fixation, and the organic molecules Ruthia produces feed the clam.

The clam, in turn, provides Ruthia with a stable physical environment,
a supply of oxygen (delivered via the clam’s blood), and access to the
hydrogen sulfide welling up from below. It is a partnership: the bacterium
is the chemist, the clam is the house.

What makes Ruthia remarkable is what its genome reveals: it has retained
a complete set of genes for chemoautotrophic life.? It can still, in principle,
do everything a free-living sulfur-oxidizing bacterium can do. Its genome
has not yet suffered the erosion that afflicts more deeply integrated sym-
bionts. It is still biochemically independent, still carrying the full toolkit
of an autonomous organism.

Ruthia magnifica is early on the spectrum. It is an intracellular symbiont,
yes — committed to life inside a host — but it has not yet traveled far down
what we might call the path of inevitable degradation. It is a captured
bacterium whose genome still encodes the full machinery for independent
life.

8Newton et al. (2007) sequenced the Ruthia magnifica genome (1.16 Mb) and found it
encodes a complete sulfur oxidation pathway and Calvin cycle, indicating metabolic
autonomy. (Newton et al. 2007)

9Newton et al. (2007) sequenced the Ruthia magnifica genome (1.16 Mb) and found it
encodes a complete sulfur oxidation pathway and Calvin cycle, indicating metabolic
autonomy. (Newton et al. 2007)
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8.3.2. The shrinking genome: Carsonella ruddii

Now move to the other end of the spectrum.

Psyllids are small, sap-sucking insects — relatives of aphids — that feed on
the phloem of plants. Plant sap is a poor diet. It is rich in sugars but
deficient in essential amino acids, the building blocks that animals need
to construct proteins but cannot synthesize on their own. Any insect that
commits to a sap-only diet faces a nutritional crisis.

Psyllids solved this problem the way many insects have: they enlisted a
bacterium. Inside specialized cells in the psyllid’s body lives Candidatus
Carsonella ruddii, a gamma-proteobacterium that synthesizes the amino
acids missing from the plant sap. The partnership is ancient and obligate
— neither the insect nor the bacterium can survive without the other. “Suc-
cessful symbiosis was the decisive factor allowing psyllids to feed only on
plant sap.”10

But look at Carsonella’s genome, and you see something startling. At
just 160 kilobases, it is among the smallest genomes of any known cellular
organism — smaller than many viruses. It has lost genes for DNA repair,
for the synthesis of its own cell wall, for most regulatory functions. It
cannot make its own nucleotides. It cannot replicate without help from
the host. Gene after gene has been shed, discarded as redundant once the
host cell could supply the missing function.

Carsonella is so reduced that some biologists have questioned whether it
should still be called a living organism. It is closer to an organelle — a
piece of cellular machinery, maintained by the host, performing a specific
biochemical task, unable to exist in any other context.

10Nakabachi et al. (2006) reported the 160-kb genome of Carsonella ruddii, the smallest
bacterial genome known at the time, lacking genes for DNA repair, cell wall synthesis,
and most regulatory functions. (Nakabachi et al. 2006)
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1 How small can a genome get?

The trajectory from symbiont to organelle is a one-way street driven
by a simple evolutionary logic. Once a function is reliably supplied
by the host, the symbiont’s gene for that function is no longer un-
der selection. Mutations accumulate. The gene degrades, shrinks,
and eventually disappears. Each lost gene makes the symbiont more
dependent on the host, which in turn makes further gene loss more
likely. The result is a ratchet: integration deepens with every dele-
tion, and there is no going back. Carsonella’s 160-kilobase genome
represents a late stage of this process. Mitochondria, with their even
smaller genomes (typically 15-20 kilobases in animals), represent a
still later stage. The endpoint is complete gene transfer to the host
nucleus, at which point the distinction between “symbiont” and “or-
ganelle” dissolves entirely.

8.3.3. The borrowed factory: Elysia chlorotica

Between the deep-sea vent and the psyllid gut, there are stranger partner-
ships. Consider the sea slug Elysia chlorotica, a small, leaf-shaped mollusk
that grazes on algae in the tidal marshes and shallow coastal waters of
eastern North America.

When E. chlorotica feeds, it does something unusual. It punctures algal
cells and sucks out the contents, digesting most of the cellular material.
But it does not digest the chloroplasts — the photosynthetic organelles. In-
stead, it captures them intact and incorporates them into the cells lining
its own digestive tract. There, surrounded by animal tissue, the stolen
chloroplasts continue to function. They absorb light, split water, fix car-
bon. The sea slug photosynthesizes.!!

HRumpho et al. (2008) describe kleptoplasty in Elysia chlorotica, where stolen chloro-
plasts remain photosynthetically active for months; nuclear-encoded algal genes have
been transferred to the slug genome to support chloroplast maintenance. (Rumpho
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The chloroplasts are not inherited. They do not reproduce inside the slug.
Each generation of E. chlorotica must acquire them anew by feeding on
algae. This is not a permanent merger but a temporary theft — kleptoplasty
— that hints at how the permanent acquisition of photosynthesis might
have begun, billions of years ago, when an ancient eukaryote engulfed a
cyanobacterium and never let go.

E. chlorotica is a living thought experiment: what does the early stage of
chloroplast acquisition look like? Perhaps something like this — a predator
that learns to keep its prey’s machinery running, harvesting the products,
and gradually becoming dependent on them.

8.3.4. The perfect commune: the three-way lichen

If Ruthia is the early stage and Carsonella is the late stage, then lichens
represent something else: the fully realized partnership, stable and suc-
cessful, maintained not by genomic erosion but by ecological complemen-
tarity.

A lichen is not a single organism. It is a composite: a fungus (the myco-
biont) that provides the structural scaffold, intertwined with one or more
photosynthetic partners. In the simplest lichens, the partner is a green
alga that performs photosynthesis, converting light and CO, into organic
carbon that feeds the fungus. But in the most sophisticated lichens, there
is a third partner: a cyanobacterium that fixes atmospheric nitrogen, sup-
plying the nutrient that neither the fungus nor the alga can obtain on its
own.!'?

Three organisms, three metabolic capabilities, woven into a single body.
The fungus cannot photosynthesize. The alga cannot fix nitrogen. The
cyanobacterium cannot build the protective, water-retaining structure that

et al. 2008)
12Nash (2008) provides a comprehensive treatment of lichen biology, including tripartite
lichens with fungal, algal, and cyanobacterial partners. (Nash III 2008)
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allows the whole consortium to survive on bare rock, on tree bark, in
deserts, in the Arctic. Together, they form an organism so self-sufficient
that lichens are among the first colonizers of newly exposed surfaces — lava
flows, glacial till, concrete.

This is what Markov calls “the greatest perfection of the system” — not the
deepest integration, but the most balanced.'?'* Each partner retains its
own genome, its own cellular identity, its own metabolic autonomy. The
lichen persists not because its members have lost the ability to live alone,
but because the partnership is so productive that breaking it apart would
be a catastrophic downgrade for everyone involved.

The symbiotic rabbit hole goes deeper than three partners. In Yellowstone
National Park, a fungal endophyte (Curvularia protuberata) lives inside
a panic grass (Dichanthelium lanuginosum), conferring tolerance to the
extreme soil temperatures near geothermal vents — but only when the
fungus itself is infected by a specific virus (CThTV). Remove the virus,
and the thermal tolerance disappears. Three-way symbiosis: a virus in a
fungus in a plant, all three needed for survival at the thermal limit.!®

8.4. Oases in the dark

The story of Ruthia and Calyptogena is not an isolated curiosity. It is one
example of a phenomenon that rewrites our understanding of what powers
life on Earth.

3Markov (2010) notes that prokaryotic cells are limited to one or two compartments
(cytoplasm and periplasmic space), constraining the complexity of chemistry they
can perform simultaneously. (Markov 2010)

14Nash (2008) provides a comprehensive treatment of lichen biology, including tripartite
lichens with fungal, algal, and cyanobacterial partners. (Nash III 2008)

5M4rquez et al. (2007) demonstrated that thermal tolerance in Dichanthelium lanugi-
nosum requires both a fungal endophyte (Curvularia protuberata) and a mycovirus
(CThTV) infecting the fungus. (Marquez et al. 2007)
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Hydrothermal vents and cold seeps are cracks in the ocean floor where
reduced chemicals — hydrogen sulfide, methane, hydrogen — leak upward
from the Earth’s interior. In the surrounding darkness, where photosyn-
thesis is impossible, these chemicals are treasure. They are electron donors,
fuel for chemoautotrophic bacteria that can oxidize HyS or CH, using dis-
solved oxygen (or, in its absence, sulfate or nitrate) and use the energy to
fix carbon from CO,.

These bacteria are the primary producers of the deep sea. They are the
base of the food web in every vent and seep ecosystem, just as photosyn-
thetic organisms are the base of the food web at the surface. But the
relationship between the chemoautotrophs and the animals that depend
on them is far more intimate than the usual predator-prey story.

Consider the tube worm Riftia pachyptila, one of the iconic animals of
the hydrothermal vent community. Riftia has no mouth, no gut, and no
anus.' It cannot eat. Instead, its body is packed with a specialized organ
called the trophosome, which is filled with chemoautotrophic bacteria. The
worm absorbs hydrogen sulfide and oxygen from the vent water through
its blood-red gill plume and delivers both to the bacteria via a specialized
hemoglobin that can bind HyS and O, simultaneously.!” The bacteria
oxidize the sulfide and fix carbon. The worm lives on the surplus.

Other vent animals filter chemoautotrophic bacteria from the water. Oth-
ers host them on their body surfaces. The giant clam Calyptogena hosts
Ruthia inside its gill cells. In every case, the pattern is the same: animals
at the vent do not live by catching food from above. They live by partner-
ing with bacteria that can harvest the chemical energy pouring out of the
Earth.!8

16 Riftia pachyptila lacks a mouth, gut, and anus; all nutrition is supplied by endosym-
biotic sulfur-oxidizing bacteria in the trophosome; see Childress et al. (1987). (Chil-
dress and Fisher 1987)

17 Riftia hemoglobin has separate binding sites for O and H S, allowing simultaneous
transport of both; see Arp et al. (1987). (Arp, Childress, and Vetter 1987)

¥Dubilier et al. (2008) review chemosynthetic symbioses in marine animals, empha-
sizing that vent and seep ecosystems are powered by bacterial primary production
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Symbioses of autotrophs and heterotrophs play a huge role in the biosphere

—and nowhere is this role more visible than in the deep sea, where the entire
ecosystem is built on partnership between organisms that can make food
from chemicals and organisms that cannot.'?

8.5. The pattern

A pattern runs through every example in this chapter. It is the same at
every scale, in every environment, repeated across billions of years:

Partnership forms. Integration deepens. Independence erodes.
What was once a relationship between two organisms becomes
a single organism with a complex interior.

Ruthia still has a complete genome. Carsonella has lost most of hers. Mi-
tochondria have transferred the vast majority of their genes to the host
nucleus and retained only a handful — just enough to build the core ma-
chinery of the electron transport chain, the very apparatus that made the
partnership worthwhile in the first place. Chloroplasts tell the same story:
once free-living cyanobacteria, now organelles with shrunken genomes, de-
pendent on the host for most of their proteins.

The trajectory is always the same. A free-living organism enters a host —
by predation, by accident, by mutual convenience. If the partnership is
beneficial, both partners persist. Over time, the symbiont loses genes it
no longer needs, because the host supplies the missing functions. Fach
lost gene tightens the bond. The symbiont becomes dependent. The
host reorganizes around the symbiont’s contributions. Eventually, the line
between “two organisms” and “one organism with internal compartments”
blurs and then vanishes.

rather than photosynthesis. (Dubilier, Bergin, and Lott 2008)

Dubilier et al. (2008) review chemosynthetic symbioses in marine animals, empha-
sizing that vent and seep ecosystems are powered by bacterial primary production
rather than photosynthesis. (Dubilier, Bergin, and Lott 2008)
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The trajectory is a mechanism, not an analogy. And it is the mechanism
that built the eukaryotic cell.

8.6. The merger itself

We can now reconstruct the event — or rather, the long process — that
created the eukaryotic cell.

An archaeal cell, perhaps a member of the Asgard lineage, had already
evolved the rudiments of a cytoskeleton and the capacity for membrane
remodeling. It could reshape its surface, extend projections, and wrap
itself around objects. At some point — roughly 1.8 to 2.7 billion years ago
based on molecular clock estimates, with most analyses favoring about 2
billion years ago — this archaeal cell engulfed an alpha-proteobacterium.

The bacterium survived. Perhaps it was resistant to digestion. Perhaps
the archaeal cell’s degradation machinery was incomplete. Whatever the
reason, the bacterium persisted inside the host, and the two organisms
began a relationship that would transform both of them beyond recogni-
tion.

The alpha-proteobacterium brought a gift: aerobic respiration. It could
use oxygen — by then increasingly available in Earth’s atmosphere, thanks
to billions of years of cyanobacterial photosynthesis — to completely oxidize
organic molecules, extracting far more energy per glucose molecule than
any anaerobic pathway could provide. The archaeal host gained access to
an energy supply of unprecedented efficiency.

In return, the host provided the bacterium with a stable environment and
a steady supply of organic substrates. The partnership was metabolically
complementary: the host could do things the symbiont could not, and vice
versa.

Over time, the two genomes began to merge. Genes moved from the
symbiont to the host nucleus — a process called endosymbiotic gene transfer
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that continues to this day in some lineages.?’ The symbiont shed genes
for functions that the host could supply. The host evolved new systems
for importing proteins into the symbiont, targeting gene products across
the double membrane that still marks the mitochondrion as a descendant
of a gram-negative bacterium.

The prokaryotic cells had taken another step towards further strength-
ening of integration. They merged into a single body, abandoned cellu-
lar individuality, and combined their chromosomes into one coordinated

genome.?!

The result was a new kind of cell. A cell with internal membranes. A cell
with a nucleus. A cell with a dedicated energy-producing organelle. A cell
that could grow large, because the mitochondria distributed throughout
its cytoplasm provided ATP wherever it was needed, breaking the surface-
area-to-volume constraint that keeps prokaryotic cells small.

This was the birth of the eukaryotic cell.

Why did this matter for cell size? Prokaryotic cells generate ATP at
their cell membrane. As a cell grows larger, its volume (which determines
energy demand) increases as the cube of its radius, while its membrane sur-
face area (which determines ATP supply) increases only as the square.??
Large prokaryotic cells face an energy crisis: demand outpaces supply.
Mitochondria solve this by internalizing the energy-producing membranes.
A eukaryotic cell can increase its volume and simply add more mitochon-
dria, each with its own chemiosmotic membrane. The internal membrane
surface area scales with volume, not with the cell’s external surface. The

29Endosymbiotic gene transfer (EGT) moves genes from organellar genomes to the
nucleus; thousands of genes have been transferred from the mitochondrial ancestor
to the eukaryotic nucleus; see Timmis et al. (2004). (Timmis et al. 2004)

21T ane and Martin (2010) argue that the energetic advantage of mitochondria—
internalized ATP-producing membranes—explains the 200,000-fold genome size dif-
ference between prokaryotes and eukaryotes. (Lane and Martin 2010)

22Lane and Martin (2010) argue that the energetic advantage of mitochondria—
internalized ATP-producing membranes—explains the 200,000-fold genome size dif-
ference between prokaryotes and eukaryotes. (Lane and Martin 2010)
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merger did not just add a metabolic capability. It removed a fundamental
architectural constraint.??

And then it happened again.

A eukaryotic cell — already carrying its mitochondrial passengers — engulfed
a cyanobacterium. The cyanobacterium was not digested. It persisted,
still photosynthesizing, still fixing carbon from CO, using sunlight. Over
time, it too lost genes, transferred others to the host nucleus, and became
an organelle: the chloroplast.?*

This second merger gave rise to the photosynthetic eukaryotes: the green
algae that would eventually crawl onto land and become plants. Every
leaf on every tree, every blade of grass, every strand of kelp carries the
descendants of that engulfed cyanobacterium — a free-living organism that
became a permanent component of another cell, billions of years ago.?®

8.7. The architecture of consequences

What did the merger make possible?

In the short term: larger cells with more energy, more internal organiza-
tion, and the capacity to run complex biochemistry in separated compart-
ments.

In the medium term: multicellularity. Once you have a cell with a nucleus
and mitochondria, you have a cell that can specialize. You can devote
some cells to digestion, others to locomotion, others to reproduction. You

23Lane (2005) provides an accessible account of mitochondrial bioenergetics and the
surface-area-to-volume constraint on prokaryotic cell size. (Lane 2005)

24Keeling (2010) reviews the origin and diversification of plastids via primary and sec-
ondary endosymbiosis; primary plastids arose once from a cyanobacterial ancestor.
(Keeling 2010)

25 Archibald (2009) traces the evolutionary history of plastids, including multiple inde-
pendent secondary endosymbiotic events in diverse eukaryotic lineages. (Archibald
2009)
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can build tissues, organs, bodies. The step from single-celled eukaryote
to multicellular organism is not trivial, but it is a step that has been
taken independently dozens of times in evolutionary history — always by
eukaryotes for complex, tissue-level multicellularity — prokaryotes have
evolved only rudimentary forms (filamentous cyanobacteria, myxobacterial
fruiting bodies).?® The compartmentalized architecture of the eukaryotic
cell is the necessary precondition for the kind of multicellularity that builds
bodies.

In the long term: everything you see when you look around. Every animal,
every plant, every fungus, every protist. The forests. The coral reefs. The
grasslands. The humans. All built from eukaryotic cells. All carrying mi-
tochondria. All descended from that ancient merger between an archaeon
and a bacterium.

For roughly two billion years, life was prokaryotic: single-celled, small,
metabolically brilliant, but architecturally constrained. The merger
changed the boundary conditions. It did not violate any physical law. It
did not require any new chemistry. It simply reorganized existing capa-
bilities — archaeal information processing, bacterial energy metabolism —
into a new configuration that could do things neither partner could do
alone.

8.8. What competition could not build

There is a standard story about evolution that emphasizes competition:
organisms fight for resources, the fittest survive, the losers go extinct. It
is not wrong, but it is radically incomplete.

Competition can sharpen. It can optimize. It can hone a blade to a finer
edge. But competition did not build the eukaryotic cell. Competition did

26Grosberg and Strathmann (2007) document that complex multicellularity evolved
independently at least 25 times, always in eukaryotes; prokaryotic multicellularity is
limited to simple forms. (Grosberg and Strathmann 2007)
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not invent photosynthetic animals or nitrogen-fixing lichens or the entire
kingdom of plants.

Partnership did.

The merger that produced the eukaryotic cell was not a competitive vic-
tory. It was an act of integration — two lineages that had been separate
for perhaps a billion years, combining their capabilities into something
neither could achieve alone. The alpha-proteobacterium did not “win” by
becoming a mitochondrion. The archaeal host did not “conquer” its sym-
biont. Both gave up their independence. Both were transformed. And
the result was not a compromise but an escalation — a cell more powerful,
more versatile, and more architecturally complex than anything that had
come before.

The same logic runs through every example in this chapter. The tube worm
and its chemosynthetic bacteria. The psyllid and Carsonella. The sea slug
and its stolen chloroplasts. The lichen’s three-way commune. In each case,
the partnership creates capabilities that no single organism possesses. In
each case, integration — not competition — is the creative force.

This is not to say that competition is unimportant. Symbiotic partner-
ships must still compete with other organisms and other partnerships for
resources and space. Selection still acts. But the raw material that se-
lection acts on — the new forms, the new metabolic capabilities, the new
body plans — comes disproportionately from mergers.

Lynn Margulis, who spent decades championing the endosymbiotic theory
against fierce resistance from the biological establishment, put it simply:
“Life did not take over the globe by combat, but by networking.”

8.9. The deep continuity

There is one more thing to notice. The merger between the archaeon and
the alpha-proteobacterium was not a break in the pattern we have traced
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through this book. It was a continuation.

In earlier chapters, we watched prokaryotes cooperate: sharing electrons
across species boundaries, forming syntrophic partnerships where one or-
ganism’s waste is another’s fuel, building biofilms where metabolic labor
is divided among specialists. The logic of symbiosis — the advantage of
metabolic complementarity — was already ancient when the eukaryotic
merger happened.

What changed was the intimacy. In a biofilm, partners live side by side.
In syntrophy, they exchange metabolites across a shared boundary. In
the eukaryotic merger, one partner moved inside the other. The mem-
brane that once separated two organisms became the double membrane
of the mitochondrion — a fossil boundary, still visible under the electron
microscope after two billion years.

The step from syntrophy to endosymbiosis is not a conceptual leap. It
is a change in distance: from micrometers apart to nanometers apart to
zero distance, to full enclosure. The driving force is the same: metabolic
partnership is more efficient when transport distances are short. The closer
the partners, the faster the exchange, the less energy lost to diffusion.
Endosymbiosis is syntrophy taken to its logical extreme.

And the step from endosymbiosis to organelle is not a conceptual leap
either. It is a change in commitment: from a partnership that could
in principle be dissolved to one that cannot. Gene transfer cements the
bond. Genomic erosion makes it irreversible. What was once a relationship
becomes an anatomy.

8.10. You are a community

Every cell in your body contains hundreds of mitochondria. Each mi-
tochondrion carries its own small circular genome — a remnant of the
alpha-proteobacterial chromosome that has been shrinking for two billion
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years. That genome still encodes a few essential components of the electron
transport chain, the molecular machinery that performs aerobic respira-
tion. The rest of the mitochondrion’s proteins are encoded in your nuclear
genome and imported across the double membrane after synthesis.

Your mitochondria replicate independently of your cell’s division cycle.
They have their own DNA polymerase, their own ribosomes (which are
bacterial-type ribosomes, not eukaryotic-type), their own translation ma-
chinery. When a cell divides, the mitochondria are parceled out to the
daughter cells, not constructed from scratch. They are inherited, in an
unbroken line of descent, from the mitochondria of the previous genera-
tion — all the way back, across billions of cell divisions, to the original
engulfed bacterium.

If you eat a salad, the chloroplasts in the lettuce leaves tell the same story
from a different chapter. They too carry their own circular DNA. They
too have bacterial ribosomes. They too descend, in an unbroken line, from
a cyanobacterium that was swallowed and never released.

You are, quite literally, a community. Not a metaphorical community — an
actual one. Your cells are chimeras: archaeal information systems running
on bacterial power plants, enclosed in membranes whose lipid chemistry
reflects both lineages. The merger is not something that happened to a
distant ancestor. It is something that is still happening, right now, in every
cell, in the continuous conversation between your nuclear genome and your
mitochondrial genome, in the import of proteins across the mitochondrial
membranes, in the division of mitochondria within your cells.

Two billion years ago, two prokaryotes merged. They abandoned cellular
individuality. They combined their capabilities into a single body. And
from that body came everything that followed: the algae, the plants, the
fungi, the worms, the clams, the insects, the fish, the mammals, and —
eventually, improbably — the chemist who now has all the test tubes she
needs.
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But the prokaryotic world that made the merger possible did not disap-
pear. It continued — and continues — to run the planet’s chemistry. The
syntrophic partnerships, the closed biogeochemical cycles, the layered com-
munities we traced in earlier chapters are still at work in every sediment,
every aquifer, every water column on Earth. The next chapter asks: can
we write down the equation that describes what they do?

8.11. Takeaway

o Prokaryotic cells are limited by having essentially one or two internal
compartments; eukaryotic cells solve this with internal membranes
that create many separate reaction chambers.

o The eukaryotic cell arose from a merger: an archaeal host (likely
related to the Asgard archaea) engulfed an alpha-proteobacterium
that became the mitochondrion; chloroplasts arose from a later en-
gulfment of a cyanobacterium.

o Living symbioses — from Ruthia (early, genome intact) to Carsonella
(late, genome nearly gone) — show snapshots of the same trajectory
that produced organelles: partnership, gene loss, irreversible depen-
dence.

e Hydrothermal vent ecosystems demonstrate that symbiosis between
autotrophs and heterotrophs can sustain entire communities in the
absence of sunlight.

e The creative force behind the most consequential innovations in the
history of life — eukaryotic cells, photosynthetic eukaryotes, multi-
cellularity — was not competition but integration.
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Part IV: The Equation
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Here is a curve.

[FIGURE: A porewater profile showing oxygen concentration dropping to
zero within the top few centimeters, sulfate declining steadily over the
next meter, and methane rising from below. The x-axis is concentration;
the y-axis is depth, increasing downward. Three zones are shaded: an
oxygen zone (pale blue), a sulfate zone (pale yellow), and a methane zone
(pale green). The sulfate-methane transition zone is marked where the two
curves Cross.]

The x-axis is concentration. The y-axis is depth below the sediment-water
interface, increasing downward. The three curves are oxygen, sulfate, and
methane, measured in the porewater of a marine sediment core somewhere
on a continental margin.

Oxygen drops from near-saturation at the interface to zero within the
first few centimeters. Sulfate holds steady through the oxygen zone, then
declines — gradually at first, then steeply — over the next meter. Methane is
absent at the top, barely detectable through the sulfate zone, and then rises
sharply from below, increasing with depth until it reaches concentrations
limited only by solubility and pressure.

Where the sulfate curve and the methane curve cross, there is a narrow
band — a few centimeters wide — where both are present at low concen-
trations. This is the sulfate-methane transition zone, and it is one of the
most studied features in marine geochemistry. Something is consuming
both sulfate and methane at this depth. Something is pulling both curves
toward zero at the same horizon.
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That something is biology. A consortium of anaerobic methanotrophic ar-
chaea and sulfate-reducing bacteria, working together, oxidizing methane
with sulfate in a reaction that is thermodynamically marginal and kineti-
cally slow:

CH, +SO; — HCO; + HS™ + H,0O

The organisms are real. The reaction is real. But the shape of the curves
— why oxygen drops fast and sulfate drops slowly, why methane rises from
below, why the transition zone sits where it does and not somewhere else
— cannot be explained by biology alone. It requires an equation.

One equation. The same equation. Applied three times — once for each
species — with different parameters.

This chapter builds that equation.

9.1. Conservation: the only law you need

Every model in this book — every profile, every flux, every prediction — rests
on a single principle: mass is conserved.! Whatever enters a volume of
sediment must either leave it, react within it, or accumulate. There are
no other options.

Write this as an equation. Consider a thin slab of sediment at some depth
x, with thickness Az. Let C be the bulk concentration of a chemical
species — the amount per unit volume of sediment (not per unit volume
of porewater; that distinction matters and we will get to it). The rate of
change of C in that slab is:

'Robert A. Berner, Farly Diagenesis: A Theoretical Approach (Princeton University
Press, 1980). The conservation equation framework for sediment geochemistry. (R.
A. Berner 1980)
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oC OF
= on TR

Three terms. Each one does exactly one job.

The left side (9C/dt) is the rate of accumulation. If the concentration
in the slab is increasing, this term is positive. If it is decreasing, this term
is negative. At steady state — when the profile is not changing with time
— this term is zero.

The first term on the right (—0F/0x) is the divergence of flux. F is
the flux of the species — the amount moving through a unit area per unit
time. If more stuff flows into the slab from above than flows out below,
the concentration increases. If more flows out than in, it decreases. The
minus sign and the derivative handle the bookkeeping automatically.

The second term () R,) is the sum of all reactions that produce or
consume the species. A reaction that produces the species contributes a
positive ;. A reaction that consumes it contributes a negative R;. If there
are multiple reactions acting on the same species — which there always are
— you add them all up.

That is the entire equation. It says: the rate of change equals what comes
in minus what goes out, plus what is produced minus what is consumed.
It is an accounting identity, nothing more, nothing less.

Everything else is details. Important details — but details.

9.2. What moves: transport

The flux F has two components in most sediment and groundwater set-
tings: diffusion and advection.

Molecular diffusion moves dissolved species down their concentration
gradients. The flux is:
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oC
Fdiff——éf)'Ds'(fT:U

where ¢ is porosity (the fraction of the sediment that is porewater), D,
is the effective diffusion coefficient in the sediment (smaller than in free
water, because the pore network is tortuous), and C'is the porewater con-
centration. The minus sign means stuff moves from high concentration
to low. This is Fick’s first law, applied to a porous medium.? The rela-
tionship between the sediment diffusion coefficient and the free-solution
value involves both porosity and tortuosity — a geometric correction that
accounts for the increased path length molecules must travel through the
pore network.?

A useful intuition: the timescale for diffusion to operate over a distance L
is:

L2
Taiff ™ D

S

For D, ~ 107° cm?/s (a typical value for ions in sediment*) and L = 1 cm,
T ~ 10° seconds — about a day. For L = 1 m, 7 ~ 10° seconds — about 30
years. Diffusion is fast over millimeters and geological over meters. This
single scaling explains why most of the action in a sediment profile happens
in the top meter: below that, diffusion is too slow to deliver reactants from
the interface.

2Adolf Fick, “Ueber Diffusion,” Annalen der Physik 170 (1855): 59-86. (Fick 1855)

3Bernard P. Boudreau, Diagenetic Models and Their Implementation (Springer, 1997).
The definitive reference on implementing reaction-transport models for sediment dia-
genesis, including detailed treatment of tortuosity corrections, boundary conditions,
and numerical solution methods. (Boudreau 1997)

4Diffusion coefficients for major ions in seawater and sediment: Yuan-Hui Li and San-
dra Gregory, “Diffusion of Ions in Sea Water and in Deep-Sea Sediments,” Geochim-
ica et Cosmochimica Acta 38 (1974): 703-714. (Li and Gregory 1974)
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9.2. What moves: transport

Advection moves material with the flowing medium. For dissolved
species, the flux is:

where u is the porewater velocity. For solid species (organic particles,
minerals, biomass), the corresponding flux uses the solid-phase velocity w
and the solid fraction (1—¢).5 The distinction between porewater and solid
velocities is critical in compacting sediments, where the solid framework
moves downward faster than the interstitial fluid.

In a typical marine sediment, advection is burial: the continuous rain of
particles from the water column buries the sediment column downward,
carrying porewater and solid phases with it. In groundwater systems,
advection is groundwater flow, driven by hydraulic gradients.

The total flux combines both:

F:f¢.Ds.@+¢.u.C
ox

Plug this into the conservation equation and you get:

2(6C) B ac\  9(éuC)
ot :a?(‘wsa?)_ et

This is the reaction-transport equation for a dissolved species in a porous
medium. It looks intimidating, but every term is doing something you
already understand: diffusion spreading things out, advection carrying
things along, reactions creating or destroying.

SRobert A. Berner, Early Diagenesis: A Theoretical Approach (Princeton University
Press, 1980). The conservation equation framework for sediment geochemistry. (R.
A. Berner 1980)
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9.3. What reacts: rate expressions

The reaction terms IR, are where the biology enters the equation. In a
sediment, the major reactions are microbially mediated: aerobic respira-
tion, denitrification, manganese reduction, iron reduction, sulfate reduc-
tion, methanogenesis. Each one oxidizes organic matter (or hydrogen, or
methane) using a different terminal electron acceptor.

We built the kinetic framework for these reactions in earlier chapters. The
key expressions are:

Michaelis-Menten kinetics® for a single-substrate reaction:

_ [S]
B Ve TR,

Dual-Monod kinetics for respiration limited by both electron donor and
acceptor:

[TED] [TEA]

max [ ] :
* [TED] + K,, rgp  [TEA] + K, Tpa

R=k

where [B] is biomass concentration, and both electron donor (TED) and
acceptor (TEA) act as independent rate-limiting factors.”

The thermodynamic factor F, which throttles the reaction as it ap-
proaches equilibrium:

6Leonor Michaelis and Maud Menten, “Die Kinetik der Invertinwirkung,” Biochemis-
che Zeitschrift 49 (1913): 333-369. (Michaelis and Menten 1913)

"Martin Thullner, Pierre Regnier, and Philippe Van Cappellen, “Modeling Microbially
Induced Carbon Degradation in Redox-Stratified Subsurface Environments: Con-
cepts and Open Questions,” Geomicrobiology Journal 24 (2007): 139-155. (Thullner,
Regnier, and Van Cappellen 2007)
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1

When AG, is large and negative (far from equilibrium), Fp ~ 1 and
the reaction runs at its full kinetic rate.® As AG, — 0 (approaching
equilibrium), F;, — 0 and the reaction stalls. This is how thermodynamics
and kinetics meet: kinetics sets the maximum speed; thermodynamics sets
the boundary beyond which the reaction cannot proceed.

The full rate expression for a microbially mediated reaction is then:

[TED] [TEA]

—k _.[B. ) )
R = b 1B [TED] + K,, rpgp  [TEA] + K, Tpa

Er

Kinetics times thermodynamics. Supply times demand times feasibility.

9.4. Coupling: one organism’s waste is another’s
substrate

Now here is where it gets interesting. In a real sediment, there are not
three independent species obeying three independent equations. There are
dozens of species, linked by shared reactions.

When aerobic respiration consumes oxygen and organic carbon, it produces
CO, and water. The CO, affects pH, which affects carbonate equilibria,
which affects calcium concentrations. When sulfate reduction consumes
sulfate and organic carbon, it produces sulfide. The sulfide reacts with
dissolved iron to precipitate iron sulfide minerals. The iron came from the

8The thermodynamic factor F. and its coupling with Monod kinetics: Qusheng Jin
and Craig M. Bethke, “Predicting the Rate of Microbial Respiration in Geochemical
Environments,” Geochimica et Cosmochimica Acta 69 (2005): 1133-1143. (Jin and
Bethke 2005)
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dissolution of iron oxides, which was mediated by iron-reducing bacteria,
which were competing with sulfate reducers for the same organic carbon.

Every reaction feeds into every other reaction through the shared pool of
chemical species. This coupling is what makes a sediment column behave
like an ecosystem rather than a collection of independent reactions.

In the conservation equation, coupling appears naturally. Each species
has its own equation, with its own transport terms and its own reaction
terms. But the reaction terms for different species share parameters: the
rate of sulfate consumption appears (with a stoichiometric coefficient) in
both the sulfate equation and the sulfide equation. The rate of organic
matter oxidation appears in the equations for oxygen, sulfate, methane,
DIC, alkalinity, and ammonium. The equations are not independent. They
are a coupled system, and they must be solved simultaneously.

This is what reaction-transport models do.” They solve the coupled sys-
tem — all the conservation equations, all the transport terms, all the rate
expressions — simultaneously, in space and time. The output is a set of
profiles: concentration as a function of depth (and time, if the system is
not at steady state).

9.5. The porewater profile, explained

Return to the profile that opened this chapter. We can now read it.

Oxygen drops steeply because aerobic respiration is fast (high k.,
high yield) and the organic matter supply at the sediment surface is abun-
dant. The rate of oxygen consumption exceeds the rate of oxygen diffusion

9Carl I. Steefel, Donald J. DePaolo, and Peter C. Lichtner, “Reactive Transport Mod-
eling: An Essential Tool and a New Research Approach for the Earth Sciences,”
Earth and Planetary Science Letters 240 (2005): 539-558. (Steefel, DePaolo, and
Lichtner 2005)

158
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from the overlying water within the first few centimeters. The oxygen pen-
etration depth is set by the balance between diffusive supply from above
and microbial consumption below. Where consumption wins, oxygen goes
to zero.

Sulfate declines gradually because sulfate reduction is slower than aer-
obic respiration (lower k. ) and because sulfate is present at much higher
initial concentrations (~28 mM in seawater) than oxygen (~0.2 mM).10 Tt
takes a longer distance — and a longer time — for biological consumption to
draw sulfate down. The concavity of the sulfate curve tells you the rate:
a more concave curve means faster consumption at that depth.!!

Methane rises from below because methanogenesis occurs in the deep,
sulfate-depleted zone. Methane diffuses upward, toward lower concentra-
tions. At the sulfate-methane transition zone, it meets the descending
sulfate, and the anaerobic oxidation of methane (AOM) consortium con-
sumes both.'? The sharpness of the transition tells you the rate of AOM:
a sharper crossing means faster reaction. The AOM consortium itself
represents one of the most remarkable syntrophic partnerships in nature —
archaea and bacteria working in obligate association to catalyze a reaction
with vanishingly small energy yields.'?

Every feature of this profile — every bend, every slope change, every cross-
ing — is the visible signature of the conservation equation doing its work.

10Geawater concentrations from Frank J. Millero, Chemical Oceanography, 4th ed. (CRC
Press, 2013). (Millero 2013)

HRobert A. Berner, Early Diagenesis: A Theoretical Approach (Princeton University
Press, 1980). The conservation equation framework for sediment geochemistry. (R.
A. Berner 1980)

2Katrin Knittel and Antje Boetius, “Anaerobic Oxidation of Methane: Progress with
an Unknown Process,” Annual Review of Microbiology 63 (2009): 311-334. The
energetics of AOM at the sulfate-methane transition demonstrate life operating at
the thermodynamic edge. (Knittel and Boetius 2009)

13Katrin Knittel and Antje Boetius, “Anaerobic Oxidation of Methane: Progress with
an Unknown Process,” Annual Review of Microbiology 63 (2009): 311-334. The
energetics of AOM at the sulfate-methane transition demonstrate life operating at
the thermodynamic edge. (Knittel and Boetius 2009)
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Transport sets the gradients. Reactions bend the curves. The profile is
not a photograph of a static system. It is a solution to a set of differential
equations, written in chemistry.

9.6. One equation, all scales

This is the second claim of this book, and it needs to be stated without
hedging: the conservation equation does not change with scale.

The same equation that describes oxygen diffusing into a millimeter-thick
surface layer of sediment describes sulfate declining over a meter of ma-
rine mud. The same equation, with different transport terms (advection-
dominated flow instead of diffusion-dominated), describes nitrate atten-
uation in a kilometer-scale aquifer plume. The same equation, with yet
different transport terms (wind-driven mixing instead of molecular diffu-
sion), describes CO, uptake by the global ocean.

aC  OF

— = R,
o= o TR

The F' changes. The R, changes. The parameters change. The equation

does not.

This is not analogy. It is not “the ocean is like a sediment column.” It
is mathematical identity: the same conservation law, applied to the same
physical quantities, producing the same class of solutions. A model that
reproduces the sulfate profile in a sediment core and a model that repro-
duces the CO, drawdown in the Southern Ocean are solving the same
equation. The organisms differ. The minerals differ. The timescales differ
by factors of millions. The equation is the same.

Why? Because conservation of mass is not a biological principle, or a
geological principle, or a chemical principle. It is a physical principle. It
does not care whether the reacting species is sulfate in a pore or CO,
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in the atmosphere. It does not care whether the transport mechanism
is molecular diffusion or ocean circulation. It cares only that matter is
neither created nor destroyed, and that the accounting balances.

This identity is the reason that reaction-transport models are portable. A
model calibrated on one fjord’s sediment can make useful predictions for
another fjord'* — not because the organisms are identical, but because the
equation is identical and the parameters are constrained by the same ther-
modynamic and kinetic principles. A model built for early diagenesis can
be adapted for groundwater contamination, because the coupling between
transport and reaction works the same way in both settings.

The portability is not infinite. Parameters must be recalibrated. Biol-
ogy adapts. New reactions become important at new scales. But the
framework — the conservation equation, the transport operators, the rate
expressions — carries across. It is the scaffold on which all the site-specific
details hang.

0.7. What we sacrificed

The equation we have built is powerful. It is also wrong — in the precise,
useful sense that all models are wrong.

Here is what we assumed and what we set aside:

Steady-state biology. The rate expressions treat the microbial com-
munity as a fixed catalyst: a set of rate constants and half-saturation
constants that do not change with time. Real communities adapt. They
shift their gene expression, change their community composition, and en-
ter dormancy. For systems near steady state — which includes most marine

4Bernard P. Boudreau, Diagenetic Models and Their Implementation (Springer, 1997).
The definitive reference on implementing reaction-transport models for sediment dia-
genesis, including detailed treatment of tortuosity corrections, boundary conditions,
and numerical solution methods. (Boudreau 1997)
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sediments — the assumption is defensible. For perturbed systems — a con-
taminated aquifer receiving a fresh plume, a sediment exposed to a sudden
change in overlying water chemistry — it is not. Modeling the lag phase
and community adaptation remains an open problem.

Effective rate constants. The £k ,, and K,, values in our rate ex-
pressions are not fundamental properties of individual enzymes. They are
effective parameters that lump together the effects of enzyme kinetics, cell
physiology, community composition, and pore-scale transport. They are
fit to data, not derived from first principles. This means they work in the
conditions where they were calibrated and may not transfer to new con-
ditions. A truly predictive model would derive its rate parameters from

thermodynamics and enzyme kinetics alone. We are not there yet.

No pore-scale heterogeneity. The conservation equation treats the sed-
iment as a continuum: smooth gradients, averaged concentrations, repre-
sentative elementary volumes. Real sediments have hot spots — microzones
of intense activity around organic particles, biofilms on grain surfaces,
channels and burrows that short-circuit diffusion. These features matter
at the pore scale, and they are invisible to the continuum equation.

One dimension. The equation as written is one-dimensional: depth
only. Real sediments have lateral variability. Real aquifers have three-
dimensional flow fields. The extension to multiple dimensions is math-
ematically straightforward (replace d/0x with V) but computationally
expensive and data-hungry.

These are real limitations, and we state them here so that the equation
earns no undeserved trust. But the limitations are not fatal. They define
the frontier — the place where the current framework runs out of answers
and new science is needed. The equation is the best tool we have. It is
also the starting point for whatever replaces it.
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9.8. Takeaway
Takeaway

The conservation equation C /0t = —OF /0x + 3. R, is the single
equation on which all reaction-transport models rest. It says: accu-
mulation = transport + reaction.

Transport has two components: molecular diffusion (Fick’s law, F'
—D0C/0z) and advection (F' o« w - (). The diffusion timescale
7 ~ L?/D explains why most chemical action in sediments occurs in
the top meter.

Reaction terms combine Michaelis-Menten kinetics (supply limita-
tion), dual-Monod kinetics (donor + acceptor limitation), and the
thermodynamic factor F7, (equilibrium limitation).

Coupling between species arises naturally: shared reaction terms
link the equations for oxygen, sulfate, methane, iron, and all other
species into a system that must be solved simultaneously.

The conservation equation is scale-invariant: the same mathematical
object describes a sediment pore, an aquifer, and the global ocean
— mathematical identity, not analogy — and it is why reaction-
transport models are portable across settings.

The model assumes steady-state biology, effective rate constants,
continuum averaging, and one-dimensionality. These assumptions
define the current frontier; relaxing them is the work of the next
generation of models.
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Part V.

Part V: The Hidden World
and the Future

165






10. Cities Without Sunlight

Somewhere in the Earth’s crust, a cell divides once per century. Its energy
source is hydrogen gas, produced by the radioactive decay of uranium in
the surrounding rock. Its electron acceptor is sulfate, trapped in mineral
inclusions since the Archean. No photon has reached it in at least twenty
million years. It has no genes for oxygen use, no genes for oxygen defense.
By every measure that laboratory microbiologists use to define “alive,” it
barely qualifies — and yet it persists, and it reproduces, on a timescale
measured in centuries.

The organism is Candidatus Desulforudis audaxviator. It was discovered
in 2006, when a drilling crew at the Mponeng gold mine in South Africa
punched through rock at 2.8 kilometers below the surface and hit water.

The water was hot — slightly above 60 degrees Celsius — alkaline, and sat-
urated with a cocktail of dissolved chemicals: sulfate, molecular hydrogen,
methane, carbon dioxide, and a scattering of simple organic molecules like
formate and acetate. The rock enclosing it was basalt, part of a formation
2.7 billion years old. The water had been sealed down there for millions
of years, in the dark, under crushing pressure, with no connection to the
surface.

And it was alive.

Not teeming — not a jungle. But when Li-Hung Lin and colleagues ana-
lyzed the microbial community in that fracture water, they found some-
thing startling: a functioning ecosystem, dominated by a single bacterial
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species, running on chemistry that the rock itself provided.! Most of the
organic matter in the water had an abiogenic origin — produced not by
photosynthesis or any biological process, but by geological reactions be-
tween water and minerals deep in the crust. The hydrogen came from
radiolysis of water by uranium decay in the surrounding rock. The sulfate
came from ancient seawater trapped in mineral inclusions.

Life, in this place, was not borrowing from the sun. It was borrowing from
the Earth’s interior.

10.1. The brave wanderer

The organism that dominated that fracture water — comprising over 99.9
percent of the community — received one of the more literary names in
microbiology: Candidatus Desulforudis audaxviator. The name comes
from a Latin phrase in Jules Verne’s Journey to the Center of the Farth:
“Descende, audax viator, et terrestre centrum attinges” — “Descend, brave
traveler, and you will reach the center of the Earth”.?

The name was earned. When Dylan Chivian and colleagues reconstructed
the organism’s genome from metagenomic data, they found a cell prepared
for total independence. D. audaxviator carries a complete genetic toolkit
for life in extreme isolation: it fixes its own carbon from CO,, fixes atmo-
spheric nitrogen (there is no “atmosphere” down there, but trace dissolved
N, suffices), and harvests energy by reducing sulfate with molecular hydro-
gen. Thermodynamic calculations confirm that under the conditions of the
Mponeng fracture water — the specific concentrations of H,, sulfate, and

!Li-Hung Lin et al., “Long-Term Sustainability of a High-Energy, Low-Diversity
Crustal Biome,” Science 314 (2006): 479-482. (Lin et al. 2006)

2Dylan Chivian et al., “Environmental Genomics Reveals a Single-Species Ecosystem
Deep Within Earth,” Science 322 (2008): 275-278. (Chivian et al. 2008)
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products present — this metabolism is the most energetically favorable op-
tion available.?> The calculated Gibbs energy yield is just barely sufficient
to support ATP synthesis, placing this organism at the thermodynamic
edge of life.*

What the genome does not contain is equally telling. There are zero genes
for oxygen use. Minimal genes for oxygen defense — a lone superoxide
dismutase but no catalase, no peroxidase, little of the protective machinery
that aerobic or even facultatively anaerobic organisms carry as insurance.
This organism has not dealt with oxygen for a very long time.’

Alongside D. audaxviator, the community includes roughly 25 other
species, among them four methanogenic archaea. But the brave wanderer
is the keystone — the organism that, more than any other, demonstrates
that a living system can persist for geological time without any connection
to the surface biosphere. Lin and colleagues called it “the first proven
case of autonomous long existence of living organisms in the bowels of

the earth, without any connection with the big biosphere”.%

The fracture water community made its journey underground millions of
years ago — noble gas dating suggests residence times of 3 to 25 million
years, depending on the fracture system. Since then, it has survived on
the thin trickle of chemical energy that radioactive decay and water-rock
reactions provide. No sunlight. No organic rain from above. No seasonal
pulse of nutrients. Just rock, water, heat, and the patient rearrangement
of electrons.

3Li-Hung Lin et al.,, “Long-Term Sustainability of a High-Energy, Low-Diversity
Crustal Biome,” Science 314 (2006): 479-482. (Lin et al. 2006)

4Dylan Chivian et al., “Environmental Genomics Reveals a Single-Species Ecosystem
Deep Within Earth,” Science 322 (2008): 275-278. (Chivian et al. 2008)

5Dylan Chivian et al., “Environmental Genomics Reveals a Single-Species Ecosystem
Deep Within Earth,” Science 322 (2008): 275-278. (Chivian et al. 2008)

6Li-Hung Lin et al., “Long-Term Sustainability of a High-Energy, Low-Diversity
Crustal Biome,” Science 314 (2006): 479-482. (Lin et al. 2006)
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10.2. What counts as “deep”

The Mponeng discovery is dramatic, but it is not an isolated curiosity. By
the mid-1990s, evidence was accumulating that microbial life extends far
deeper into the Earth’s crust than anyone had assumed. The question was
how to think about it systematically.

Derek Lovley and Francis Chapelle proposed a framework that remains
useful today.” The key insight is that “deep” should not be defined by
depth alone. A sample from 500 meters in one geological setting might
be more connected to the surface than a sample from 50 meters in an-
other. What matters is the hydrology — how water moves through the
subsurface.

Lovley and Chapelle described three scales of groundwater flow:

o Local flow systems: high recharge from the surface (1-30 cm/yr),
relatively rapid groundwater movement (1-100 m/yr). These are the
shallow aquifers, the wells, the springs. Surface influence is strong.

¢ Intermediate flow systems: less connected to the surface.
Recharge rates drop to 0.01-1 cm/yr. Water ages increase from
years to centuries.

¢ Regional flow systems: recharge occurs only at the topographic
divide. Flow is sluggish. Water may be thousands or millions of
years old. These are the domains where life, if it exists, must be
self-sustaining.

The “deep subsurface,” in Lovley and Chapelle’s definition, should be
restricted to intermediate and regional flow systems — environments where
surface-derived inputs are minimal and microorganisms must work with
whatever chemistry the geology provides. This is a functional definition,
not a geometric one. It is about isolation, not depth.

"Derek R. Lovley and Francis H. Chapelle, “Deep Subsurface Microbial Processes,”
Reviews of Geophysics 33 (1995): 365-381. (Lovley and Chapelle 1995)
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One constraint is universal across all these settings: “Microorganisms are
the only life forms that can inhabit most deep subsurface environments
because typical pore spaces are too small for other types of life”® A
bacterium fits through a pore throat that would stop a nematode, let alone
anything with a circulatory system. In the deep subsurface, smallness is

not a limitation. It is the entry ticket.

And one absence is absolute: “Light is not available in the deep sub-
surface”.? No photosynthesis. Every calorie of energy must come from
chemical reactions — from the oxidation of organic matter buried with
the sediment, from reduced compounds like Fe(II), Mn(II), ammonia, or
sulfide carried in by recharge water, or from geological processes like ser-
pentinization and radiolysis that generate fresh electron donors in situ.'"

10.3. The terminal electron acceptor hierarchy

Without sunlight, the deep subsurface runs on the same fundamental prin-
ciple as the redox ladder we met in earlier chapters — but stripped to its
essentials. Organisms oxidize electron donors (organic carbon, hydrogen,
reduced metals) and pass the electrons to whatever acceptor is available.
The most common terminal electron acceptors, in order of the energy they
typically yield, are:

0, > NO; > Mn(IV) > Fe(IlI) > SO; > CO,

8Derek R. Lovley and Francis H. Chapelle, “Deep Subsurface Microbial Processes,”
Reviews of Geophysics 33 (1995): 365-381. (Lovley and Chapelle 1995)

9Derek R. Lovley and Francis H. Chapelle, “Deep Subsurface Microbial Processes,”
Reviews of Geophysics 33 (1995): 365-381. (Lovley and Chapelle 1995)

10Serpentinization — the hydration of ultramafic rocks — produces molecular hydro-
gen abiotically and has been recognized as a key energy source for deep subsurface
chemosynthetic ecosystems. (Lovley and Chapelle 1995)
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[FIGURE: The terminal electron acceptor hierarchy shown as a vertical
column. Depth increases downward. At the top, O2 is consumed first
(narrow zone). Below it, NO3- disappears. Then Mn(IV) and Fe(III)
reduction zones. Then a broad SO4-2 reduction zone. At the bottom,
CO2 reduction (methanogenesis). Each zone is labeled with the dominant
metabolism and the Gibbs energy yield per mole of electron donor. The
energy yield decreases with depth. Caption: “The redox ladder, expressed
in sediment. Each zone represents the cheapest electron acceptor still
available.”|

Each acceptor supports a distinct metabolic community: aerobic respir-
ers, denitrifiers, manganese reducers, iron reducers, sulfate reducers,
methanogens. These are the Terminal Electron Accepting Processes,
or TEAPs, and in an idealized system they appear in sequence as the
more energetically favorable acceptors are exhausted.!! Iron and sulfate
reducers typically conserve four to five times more energy per mole
of electron donor than methanogens — a difference that has profound
implications for community structure and biomass yields.?

In practice, the deep subsurface is messier. Lovley and Chapelle noted
a tendency in geochemistry to treat microorganisms as “black boxes that
may facilitate thermodynamically favorable reactions” — as if the bugs
are just catalysts that speed up whatever chemistry the Gibbs energy
landscape demands.!® This shorthand works surprisingly often, but it
fails in important cases.

The reason is that thermodynamic favorability is necessary but not suffi-
cient. A reaction can be favorable on paper and still not happen because
no organism present carries the right enzymes. A reaction can be favorable

1Derek R. Lovley and Francis H. Chapelle, “Deep Subsurface Microbial Processes,”
Reviews of Geophysics 33 (1995): 365-381. (Lovley and Chapelle 1995)

12Craig M. Bethke et al., “The thermodynamic ladder in geomicrobiology,” American
Journal of Science 311 (2011): 183-210. (Bethke et al. 2011)

3Derek R. Lovley and Francis H. Chapelle, “Deep Subsurface Microbial Processes,”
Reviews of Geophysics 33 (1995): 365-381. (Lovley and Chapelle 1995)
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and fast in a beaker but starved in a pore because transport cannot sup-
ply reactants. As Lovley and Chapelle put it: “It is becoming increasingly
apparent that even in ancient, relatively nondynamic subsurface environ-
ments, simplified nonbiological models do not accurately describe impor-

tant geochemical processes”.'

The practical consequence is stark: “Most redox reactions do not take
place spontaneously but require microorganisms to catalyze them”.'> In
the deep subsurface, the biology is not a detail layered on top of the
chemistry. The biology s the chemistry, or at least the part of it that
actually happens on observable timescales.

10.4. Respiration in equations

To model these communities, we need a mathematical expression for res-
piration rate. The standard approach uses a dual-Monod kinetic form:

[TED] [TEA]

R IRl .
resp 1] [TED] + K,, rgp  [TEA] + K, Tpa

k

resp

where [B] is biomass concentration, [TED| and [TEA]| are the concentra-
tions of the terminal electron donor and acceptor, K,, values are half-

saturation constants, and kg, is the maximum specific rate.1017

MDerek R. Lovley and Francis H. Chapelle, “Deep Subsurface Microbial Processes,”
Reviews of Geophysics 33 (1995): 365-381. (Lovley and Chapelle 1995)

B Derek R. Lovley and Francis H. Chapelle, “Deep Subsurface Microbial Processes,”
Reviews of Geophysics 33 (1995): 365-381. (Lovley and Chapelle 1995)

16Qusheng Jin and Craig M. Bethke, “Predicting the Rate of Microbial Respiration in
Geochemical Environments,” Geochimica et Cosmochimica Acta 69 (2005): 1133-
1143. (Jin and Bethke 2005)

1"Martin Thullner, Pierre Regnier, and Philippe Van Cappellen, “Modeling Microbially
Induced Carbon Degradation in Redox-Stratified Subsurface Environments: Con-
cepts and Open Questions,” Geomicrobiology Journal 24 (2007): 139-155. (Thullner,
Regnier, and Van Cappellen 2007)
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The dual-Monod form captures something important: respiration slows
when either the donor or the acceptor becomes scarce. A sulfate reducer
with plenty of hydrogen but vanishing sulfate will slow down just as surely
as one with plenty of sulfate but no hydrogen. The two Monod terms act
as independent throttles.

In shallow, oxygenated environments, aerobic respiration dominates so
thoroughly that it accounts for 90-95 percent of all degraded organic car-
bon.'® But the deep subsurface is almost never oxygenated. In anoxic,
nitrate-depleted settings, a division of labor emerges: fermentative mi-
croorganisms first break complex organic molecules into simpler ones —
acetate, formate, hydrogen — and then respiring bacteria use those simpler
compounds as electron donors, passing the electrons to whatever termi-
nal acceptor remains.'® The fermenters and the respirers are partners,
not competitors, linked by the small molecules that one produces and the
other consumes.

No single organism can do everything. That constraint — the inability
of any one species to completely oxidize complex organic matter using a
given terminal electron acceptor — is what forces the community to be a
community. Even in the Mponeng fracture, where D. audazviator domi-
nates, those 25 other species are not bystanders. They fill niches that the
brave wanderer cannot.

10.5. Life at the thermodynamic edge

The deep subsurface pushes microbial life to its energetic limits. How slow
can metabolism get before it ceases to be metabolism?

18C. Rabouille and J.-F. Gaillard, “A coupled model representing the deep-sea organic
carbon mineralization and oxygen consumption in surficial sediments,” Journal of
Geophysical Research 96 (1991): 2761-2776. (Rabouille and Gaillard 1991)

¥Derek R. Lovley and Francis H. Chapelle, “Deep Subsurface Microbial Processes,”
Reviews of Geophysics 33 (1995): 365-381. (Lovley and Chapelle 1995)
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The answer, it turns out, is extraordinarily slow. Douglas LaRowe and
Jan Amend compiled data on microbial turnover times across a range of
natural settings and found that in aquifers, sedimentary rocks, marine sed-
iments, and ice cores, biomass turnover times can exceed 1,000 years.?’ In
Antarctic photosynthetic communities — admittedly a surface environment,
but one where conditions are extreme — biomass turnover times reach up
to 19,000 years.

Consider what that means. A cell that turns over its biomass once every
thousand years is not dormant. It is metabolically active, but so slowly
that its existence plays out on a geological timescale.

The range of metabolic rates across Earth’s biosphere is staggering.
LaRowe and Amend found that catabolic rates vary over twelve orders
of magnitude, from approximately 6 x 107 to 6.66 x 10> nmol cm™3
day—!.2! Twelve orders of magnitude. The fastest microbial communities
metabolize a trillion times faster than the slowest. And yet the slowest
are still alive.

This raises a fundamental question about maintenance energy — the mini-
mum energy flux a cell needs just to stay alive without growing. In labora-
tory cultures, maintenance energy can be measured: you starve a culture,
track its decline, and calculate the energy cost of keeping the lights on.
But in deep subsurface settings, per-cell energy fluxes are “several orders
of magnitude lower than maintenance energies predicted from laboratory

cultures”.??

29Douglas E. LaRowe and Jan P. Amend, “Catabolic Rates, Population Sizes and Dou-
bling/Replacement Times of Microorganisms in Natural Settings,” American Jour-
nal of Science 315 (2015): 167-203. Maintenance energy varies over twelve orders of
magnitude across Earth’s biosphere. (D. E. LaRowe and Amend 2015)

21Douglas E. LaRowe and Jan P. Amend, “Catabolic Rates, Population Sizes and Dou-
bling/Replacement Times of Microorganisms in Natural Settings,” American Jour-
nal of Science 315 (2015): 167—-203. Maintenance energy varies over twelve orders of
magnitude across Earth’s biosphere. (D. E. LaRowe and Amend 2015)

22Douglas E. LaRowe and Jan P. Amend, “Catabolic Rates, Population Sizes and Dou-
bling/Replacement Times of Microorganisms in Natural Settings,” American Jour-
nal of Science 315 (2015): 167-203. Maintenance energy varies over twelve orders of
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Either the cells are dying (but they aren’t — they persist for millions of
years), or our laboratory-derived maintenance estimates are wrong for
these conditions. LaRowe and Amend argue for the latter: maintenance
energy is not a constant. It depends on growth conditions, temperature,
community structure, and the specific stresses a cell faces. It should be
treated as a variable, not a parameter.??

The implication reshapes how we model deep life. A cell in a laboratory
flask, bathed in rich media at 37 degrees, has a “maintenance bill” that
includes the cost of dealing with rapid environmental fluctuations, repair-
ing damage from reactive oxygen species, and competing with neighbors.
A cell in a fracture at 2.8 kilometers depth, in stable, anoxic water that
changes on geological timescales, has shed most of those costs. It has
not optimized for speed or yield. It has satisficed — found the minimal
metabolic strategy that covers the minimal maintenance cost under its
specific constraints, and held that position for geological time.

This is the satisficing principle at its purest. D. audaxviator does not
maximize anything. It persists. It runs sulfate reduction with hydrogen
not because that reaction yields the most energy per electron (it doesn’t
— aerobic respiration would yield far more, if oxygen were available), but
because it is the reaction its enzymes can catalyze with the substrates its
environment provides. The “choice” is not a choice at all. It is the in-
tersection of thermodynamic possibility and enzymatic capability, filtered
through billions of years of genome erosion in which every unnecessary
gene was lost. What remains is the minimal toolkit for the minimal strat-
egy that covers the minimal cost. Optimization would imply that the
organism surveyed its options and selected the best one. Satisficing means
it kept the one that worked and discarded the rest.

magnitude across Earth’s biosphere. (D. E. LaRowe and Amend 2015)

23Douglas E. LaRowe and Jan P. Amend, “Catabolic Rates, Population Sizes and Dou-
bling/Replacement Times of Microorganisms in Natural Settings,” American Jour-
nal of Science 315 (2015): 167-203. Maintenance energy varies over twelve orders of
magnitude across Earth’s biosphere. (D. E. LaRowe and Amend 2015)
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1 Sidebar — The diagenetic equation

The mathematical framework for describing how chemical species
change in sediments and subsurface environments rests on a conser-
vation law first formalized by Robert Berner and later refined by
Bernard Boudreau (R. A. Berner 1980; Boudreau 1997).

The starting point is a bulk concentration: an average taken over
a volume element that is larger than individual grain diameters but
smaller than the scale of macroscopic gradients. This averaging
smooths out the pore-scale chaos while preserving the gradients we
care about.

The reference frame is Cartesian and moves with the accumulating
sediment — a choice that simplifies the math for systems where ma-
terial is continuously buried.

At steady state, the time derivative vanishes (0C/0t = 0), and the
substantial derivative reduces to:

bCc  oC
Dt~ Yoz
where w is the burial velocity.
The general conservation equation is:

oc _ _oF +) R,
ot ox

The left side is the rate of change of bulk concentration C. The right
side balances two terms: the divergence of the flux F' (how much stuff
moves in and out of a volume element) and the sum of all reactions
R, (how much stuff is created or destroyed).

For solutes (dissolved species), the bulk concentration is C= ¢-C,
where ¢ is porosity and C' is the porewater concentration.

For solids (minerals, organic particles, biomass), the bulk concentra-
tion is C' = (1—¢) - B, where B is the concentration per unit volume

of solid.
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This equation is the bookkeeping device that makes reaction-
transport models possible. Everything else — the specific rate laws,
the transport terms, the boundary conditions — plugs into this frame.

10.6. The dark photosynthesizer

In 2016, a group of American chemists reported something that
sounded like science fiction. They took Moorella thermoacetica, a
non-photosynthetic, anaerobic bacterium — a species that has never, in
its evolutionary history, used light for energy — and turned it into a kind
of solar cell.

The trick was cadmium sulfide nanoparticles. The researchers dissolved
cadmium and sulfide precursors in the growth medium. The bacterium,
doing what Moorella does naturally, precipitated cadmium sulfide crys-
tals on its own cell surface. These nanoparticles acted as light-harvesting
antennae: when illuminated, they generated excited electrons that the
bacterium captured and used to reduce CO, into acetic acid and other
organic molecules.

The bacterium built its own solar panels.

This is remarkable not because it is natural — it is thoroughly artificial
— but because it reveals the metabolic flexibility hiding inside organisms
we thought we understood. Moorella thermoacetica can grow as a het-
erotroph (eating organic carbon), as a chemoautotroph (fixing CO, using
hydrogen), and even as an “electrotroph” — fed electrons directly from an
electrode. Adding nanoparticle-mediated photosynthesis to its repertoire
did not require genetic engineering. It required only the right chemistry
in the right place.

For our story, the lesson is about potential. The deep subsurface harbors
organisms whose metabolic capabilities are far broader than their current
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environment demands. D. audazviator fixes carbon, fixes nitrogen, and
reduces sulfate — but its genome also contains genes for flagellar motility,
chemotaxis, and sporulation. These are capabilities it may not have used
for millions of years. They are evolutionary memories, carried forward
because the cost of keeping them is lower than the cost of losing them and
needing them later.

1 Sidebar — How stuff moves: transport in sediments

In the deep subsurface and in sediments generally, chemistry means
nothing without transport. A reaction can be thermodynamically fa-
vorable and enzymatically possible, but if the reactants cannot reach
the organisms, nothing happens.

Advective flux for solutes (dissolved species carried by flowing pore-
water):

where ¢ is porosity, u is the porewater velocity, and C' is concentra-
tion.

Advective flux for solids (particles, minerals, biomass carried by
sediment burial):

Fy=(1-¢) - w-B

where w is the burial velocity and B is the solid-phase concentration.
Compaction creates a subtlety that trips up newcomers. As sed-
iment is buried and compressed, porosity decreases. Porewater is
squeezed upward relative to the grains — but it still moves downward
relative to the sediment-water interface. The porewater velocity u
and the solid velocity w are generally not equal, and their difference
is what drives compaction-related porewater flow.

Darcy flow through porous media:
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B k  op

e = b p Ox
where k is permeability, p is dynamic viscosity, and dp’/dx is the
pressure gradient driving flow.
There is also a biological conveyor belt: head-down deposit feed-
ers (worms, in shallow marine settings) that ingest sediment at depth
and excrete it at the surface, effectively pumping particles upward.
This “bioturbation” can dominate transport in the upper few cen-
timeters of marine sediment. In the deep subsurface, where such
organisms cannot live, this term disappears — and transport becomes
purely physical: advection, diffusion, and pressure-driven flow.

10.7. Competing or cooperating?

One of the persistent questions in deep subsurface microbiology is whether
organisms in these communities are competing for scarce resources or some-
how cooperating to optimize the overall energy harvest. The answer mat-
ters for modeling, because competition and cooperation lead to different
predictions about which organisms persist and at what rates.

Craig Bethke and colleagues examined this question through the lens of
the thermodynamic ladder.?* They noted an apparent paradox: iron re-
ducers and sulfate reducers conserve four to five times more energy in
their ATP pools per mole of electron donor consumed than methanogens
do. If competition were purely about energy yield, methanogens should
be consistently outcompeted wherever iron or sulfate is available. Yet in
many natural environments, all three groups coexist, sometimes operating
at similar overall rates.

24Craig M. Bethke et al., “The thermodynamic ladder in geomicrobiology,” American
Journal of Science 311 (2011): 183-210. (Bethke et al. 2011)
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One possible resolution is that the organisms are not simply maximizing
their own energy harvest. Perhaps the community as a whole tends toward
a state that maximizes the total usable energy extracted from all available
reactions — a kind of collective optimization.?> Under this view, the com-
munity composition is not determined solely by pairwise competition but
by a global optimization problem: given the available electron donors and
acceptors, what combination of metabolisms extracts the most energy?

But there is a third possibility, and it is the one most consistent with
the data we have seen throughout this book: neither individual optimiza-
tion nor collective optimization, but satisficing. Each organism runs the
metabolism its enzymes permit, at the rate the local concentrations sup-
port, without reference to any global objective. The community structure
that results is not optimal in any formal sense — it is merely viable. Every
guild covers its maintenance costs. No guild is excluded unless its reaction
is thermodynamically impossible under local conditions. The coexistence
of iron reducers, sulfate reducers, and methanogens in the same aquifer is
not paradoxical under this view. It is expected: all three can cover costs,
so all three persist. The boundaries are fuzzy because the constraints are
fuzzy.

This is an active area of research, and the models are not yet settled. But
the satisficing view has a practical advantage over both the competitive-
exclusion and collective-optimization views: it predicts the messy coexis-
tence that field data actually show, without requiring mechanisms (altru-
ism, group selection, global coordination) for which there is no evidence
in prokaryotic communities. Over geological time, communities may con-
verge toward configurations where relatively little energy is wasted — not
because any organism optimizes, and not because the community opti-
mizes, but because evolution in a closed system eliminates strategies that
cannot cover maintenance. What survives is what works, not what is
best.

25Craig M. Bethke et al., “The thermodynamic ladder in geomicrobiology,” American
Journal of Science 311 (2011): 183-210. (Bethke et al. 2011)
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10.8. Growth, decay, and the meaning of yield

To connect all of this to quantitative models, we need an equation for
biomass. The standard form is deceptively simple:

d[B]

2 _v.Rr

dt resp — Mdec * [B]

Biomass grows in proportion to the respiration rate (scaled by the yield
coefficient Y') and decays at a rate proportional to the current biomass
(scaled by the decay constant gy, ).26%"

The yield coefficient Y is the fraction of energy from respiration that gets
converted into new biomass. It is the efficiency of the organism as a
machine: how much of the fuel becomes structure rather than heat?

Several approaches exist for estimating Y. Theoretical frameworks, such
as those developed by Rittmann and McCarty or by Heijnen and Van
Dijken, derive yield from thermodynamic first principles — partitioning
the Gibbs energy of the catabolic reaction between the energy needed for
biosynthesis and the energy dissipated.?®?° Empirical approaches fit yield
to experimental data and find relationships that scale with the available

26Martin Thullner, Pierre Regnier, and Philippe Van Cappellen, “Modeling Microbially
Induced Carbon Degradation in Redox-Stratified Subsurface Environments: Con-
cepts and Open Questions,” Geomicrobiology Journal 24 (2007): 139-155. (Thullner,
Regnier, and Van Cappellen 2007)

27A. W. Dale et al., “Pathways and regulation of carbon, sulfur and energy transfer
in marine sediments overlying methane gas hydrates on the Opouawe Bank (New
Zealand),” Geochimica et Cosmochimica Acta 74 (2010): 5763-5784. (A. W. Dale
et al. 2010)

28Bruce E. Rittmann and Perry L. McCarty, Environmental Biotechnology: Principles
and Applications (McGraw-Hill, 2001). (Rittmann and McCarty 2001)

29J. J. Heijnen and J. P. Van Dijken, “In search of a thermodynamic description of
biomass yields for the chemotrophic growth of microorganisms,” Biotechnology and
Bioengineering 39 (1992): 833-858. (Heijnen and Van Dijken 1992)
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Gibbs energy.?® The more energy available per mole of reaction, the higher
the yield — but the relationship is shallow. Even large changes in available
energy produce only modest changes in yield, because biosynthesis has
irreducible costs.

For the standard Monod growth model, the rate of biomass production
is:

S
TX:Nmax‘m'X

where pi,,. is the maximum specific growth rate, S is the limiting sub-
strate, K is the half-saturation constant, and X is biomass. This is the
workhorse of microbial ecology modeling. It captures the essential behav-
ior: growth accelerates with substrate availability, saturates when sub-
strate is abundant, and scales with the amount of biomass present.

But in the deep subsurface, growth is only half the story. Much of the
biomass at any given time may be dormant — alive but metabolically inac-
tive, waiting for conditions to improve. Stolpovsky and colleagues devel-
oped models that explicitly track dormant and active cell fractions, show-
ing that the transition between states can dramatically affect community
dynamics and the apparent rates of geochemical processes.?!

Three approaches to estimating yield deserve comparison. Rittmann and
McCarty partition catabolic energy into a growth fraction and a dissipated
fraction, based on the energetics of biosynthesis from available carbon and

30Douglas E. LaRowe and Philippe Van Cappellen, “Degradation of natural organic
matter: A thermodynamic analysis,” Geochimica et Cosmochimica Acta 75 (2011):
2030-2042. Thermodynamic framework for predicting organic matter reactivity and
microbial yield. (Douglas E. LaRowe and Van Cappellen 2011)

31Konstantin Stolpovsky et al., “Incorporating dormancy in dynamic microbial com-
munity models,” Ecological Modelling 222 (2011): 3092-3102. (Stolpovsky et al.
2011)
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nitrogen sources.?? Heijnen and Van Dijken use a correlation between the
Gibbs energy dissipated per C-mol of biomass produced and the degree
of reduction of the substrate.?> Empirical approaches fit yield directly to
experimental data across a range of metabolic types and environmental
conditions.?

A deeper issue: cells do not respond instantaneously to environmental
changes. There is a lag phase — a delay between a change in conditions
and the metabolic response.®® Simple unstructured models assume quasi-
steady state. For stable deep subsurface settings, this may be acceptable.
For perturbed systems — aquifers receiving a pulse of contaminant, sedi-
ments exposed to sudden changes — “simple unstructured models are not
adequate descriptors”.3® Additional complications arise from substrate and
product inhibition, and from activity coefficient corrections in high-ionic-
strength porewaters.37

The honest summary: yield and growth rate are not constants. They are
functions of thermodynamics, environment, and history. Models that treat
them as fixed parameters work in narrow conditions; models that let them

32Bruce E. Rittmann and Perry L. McCarty, Environmental Biotechnology: Principles
and Applications (McGraw-Hill, 2001). (Rittmann and McCarty 2001)

33J. J. Heijnen and J. P. Van Dijken, “In search of a thermodynamic description of
biomass yields for the chemotrophic growth of microorganisms,” Biotechnology and
Bioengineering 39 (1992): 833-858. (Heijnen and Van Dijken 1992)

34Douglas E. LaRowe and Philippe Van Cappellen, “Degradation of natural organic
matter: A thermodynamic analysis,” Geochimica et Cosmochimica Acta 75 (2011):
2030—2042. Thermodynamic framework for predicting organic matter reactivity and
microbial yield. (Douglas E. LaRowe and Van Cappellen 2011)

35Harvey W. Blanch, “Invited Review: Microbial Growth Kinetics,” Biotechnology and
Bioengineering 23 (1981): 1691-1722. Lag phase dynamics and the limitations of
unstructured models in microbial kinetics. (Blanch 1981)

36Harvey W. Blanch, “Invited Review: Microbial Growth Kinetics,” Biotechnology and
Bioengineering 23 (1981): 1691-1722. Lag phase dynamics and the limitations of
unstructured models in microbial kinetics. (Blanch 1981)

3"Harvey W. Blanch, “Invited Review: Microbial Growth Kinetics,” Biotechnology and
Bioengineering 23 (1981): 1691-1722. Lag phase dynamics and the limitations of
unstructured models in microbial kinetics. (Blanch 1981)
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vary work more broadly, at the cost of more parameters to constrain.

10.9. The scale of the hidden world

How much life is down there? The estimates have grown with every decade
of exploration. Current assessments suggest that the deep subsurface — the
rock, the sediments, the aquifers below the reach of sunlight — may harbor
a significant fraction of Earth’s total microbial biomass. The numbers are
uncertain, but even conservative estimates place billions of tons of carbon
in subsurface microorganisms.

This is not life as we encounter it in a forest or a coral reef. It is life dis-
tributed through rock at vanishingly low densities — perhaps a few thou-
sand cells per cubic centimeter of rock, compared to billions per cubic
centimeter in surface soil. But the volume of habitable rock is enormous,
and thin populations summed over vast volumes become significant.

The deep biosphere also represents a different mode of existence. Surface
life runs on solar energy, recycled rapidly through food webs that turn
over on timescales of days to decades. Deep life runs on geological energy,
recycled so slowly that individual cells may divide once per century or once
per millennium. The surface biosphere is a fast, bright, noisy economy.
The deep biosphere is a slow, dark, quiet one. But both are economies,
and both follow the same rules: energy must flow, electrons must move,
and the books must balance.

10.10. What the brave wanderer teaches

Return, for a moment, to the Mponeng fracture. A single species, in water
sealed from the surface for millions of years, in rock billions of years old,
at 60 degrees Celsius and 2.8 kilometers down. No sunlight, no organic
rain, no seasonal cycle. Just hydrogen from radiolysis, sulfate from ancient
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inclusions, and the patient machinery of a genome honed for exactly these
conditions.

Desulforudis audazviator is, in a sense, the purest test of the non-
equilibrium trick we introduced at the beginning of this book. It
maintains its internal order not by drawing on the sun’s energy, not
by consuming the products of photosynthesis, but by harvesting the
thin chemical gradients that geology provides. Its existence proves
that the minimum requirements for life are astonishingly modest: a
thermodynamic gradient, however small; a catalytic machinery, however
slow; and time.

The mathematics of this chapter — the Monod kinetics, the yield coeffi-
cients, the diagenetic equations — are not decorations. They are the tools
that let us ask quantitative questions about this alien world. How fast can
D. audaxviator grow on the hydrogen flux available? What yield does its
sulfate reduction support? How does the community partition the avail-
able energy? What happens when the hydrogen flux changes on geological
timescales?

These are answerable questions. The models exist. The parameters are
being measured. And the answers, when they come, will tell us something
profound not just about life in the deep Earth, but about life anywhere
that chemistry and thermodynamics permit it — including, perhaps, the
subsurface oceans of Europa or the ancient aquifers of Mars.

The brave wanderer descended into the dark and found a way to live there.
The equations are our way of following it down.

10.11. Takeaway

e The deep biosphere hosts microbial communities that survive with-
out any connection to photosynthesis, powered instead by geological
energy sources like radiolysis and water-rock reactions.
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“Deep” is defined by hydrological isolation, not depth: intermediate
and regional flow systems where surface inputs are negligible.

The terminal electron acceptor hierarchy governs energy metabolism
in the subsurface, but biology is not a passive catalyst — organisms
determine which thermodynamically favorable reactions actually oc-
cur.

Life at the thermodynamic edge operates over twelve orders of mag-
nitude in metabolic rate, with turnover times exceeding thousands
of years and maintenance energies far below laboratory predictions.
Quantitative models (dual-Monod kinetics, biomass growth-decay
equations, yield coefficients) connect the biology to measurable geo-
chemical processes — but parameters like yield and maintenance en-
ergy must be treated as variables, not constants.
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11. The Water Planet

Roughly 90% of Chinese cities face some degree of groundwater contamina-
tion.! In a country where 70% of drinking water comes from groundwater,
that number translates to a public health emergency measured in hundreds
of millions of people.?

The planet has the same amount of water it has always had. What we are
running out of is clean water — water whose chemistry is compatible with
human life, agriculture, and the ecosystems we depend on. Philippe Van
Cappellen, an ecohydrologist at the University of Waterloo who has spent
decades studying how water moves through landscapes and what happens
to contaminants along the way, puts it plainly: “Degradation of water
quality is probably the most pervasive, global threat to human health and
human prosperity.”

And the irony, for a book that has spent nine chapters describing how
microbes built and continue to operate the planet’s chemical cycles, is

!Chunmiao Zheng et al., “Towards Integrated Groundwater Management in China,” in
Integrated Groundwater Management: Concepts, Approaches and Challenges, ed. A.
J. Jakeman et al. (Springer, 2016), 455-475. Groundwater quality surveys by China’s
Ministry of Land and Resources documented contamination across the majority of
monitored cities. (Zheng et al. 2016)

2The scale of China’s groundwater crisis reflects both rapid industrialization and a
regulatory framework that has historically prioritized economic growth over envi-
ronmental protection. Recent reforms aim to reverse this trajectory, but legacy
contamination persists.

3Philippe Van Cappellen, interview with Research2Reality, “Clean Water Knows No
Boundaries” (2016). All Van Cappellen quotes in this chapter are from this interview
and related public lectures at the University of Waterloo. (Van Cappellen 2016)
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this: the same microbial processes that shaped the atmosphere, cycled
carbon through sediments, and maintained the redox structure of the deep
subsurface are precisely the processes that can clean water. Or fail to, if
we overwhelm them. Microbes collectively process more carbon annually
than all human industrial activity combined.*

This final chapter is about that connection. Not as an abstraction, but as
the most practical consequence of everything we have discussed.

11.1. The scale of the crisis

The problem is not confined to places with obvious industrial pressure.
Canada, a country that most people associate with pristine wilderness
and unlimited fresh water, carries its own version of the disease. Van Cap-
pellen is blunt about this: there is a “perception that there is so much
fresh water we don’t need to worry.”® The perception is wrong. Canada
holds roughly 20 percent of the world’s fresh surface water, but much of
it is not renewable or accessible on human timescales.® Southern Ontario,
Saskatchewan, and Southern Alberta all face measurable groundwater con-
tamination — from agriculture, from resource extraction, from the slow
accumulation of nutrients and chemicals that seep downward through soil
that was never designed to filter them at the rates we impose. Even Lake
Erie — the most studied body of fresh water on the continent — harbors a
surprise: the phosphorus fueling its algal blooms does not come only from
rivers. Coastal bluffs erode into the lake, and decades-old sediments keep

4Bernhard Wehrli, “Biogeochemistry: Conduits of the carbon cycle,” Nature 503
(2013): 346-347. (Wehrli 2013)

5Philippe Van Cappellen, interview with Research2Reality, “Clean Water Knows No
Boundaries” (2016). All Van Cappellen quotes in this chapter are from this interview
and related public lectures at the University of Waterloo. (Van Cappellen 2016)

6Canada’s vast water resources are unevenly distributed — much of the accessible fresh
water is in the north, while most population and agricultural demand is in the south.
Climate change is altering both availability and quality across the country.
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releasing phosphorus back into the water column. Together, these in-lake
sources account for roughly a quarter of the total phosphorus budget.”

The field that studies these problems has a name: ecohydrology. And it
has undergone its own quiet revolution. Where it once focused on natu-
ral ecosystems — how water moves through forests, wetlands, and pristine
aquifers — it has shifted to what Van Cappellen calls “socio-ecological sys-
tems where humans are an integral part.” The pristine system is increas-
ingly a fiction. Humans are not an external perturbation to the water
cycle. We are in it, at every scale, from the nitrogen we spread on fields
to the pharmaceuticals that pass through our bodies and into the sewage
stream and on into rivers and groundwater.

11.2. What microbes have to do with it

Here is where the book circles back on itself.

In Chapter 1, we described life as a non-equilibrium trick: organisms main-
tain chemical gradients by spending energy, continuously. In Chapters 2
through 5, we built the currency system — electrons falling from donors
to acceptors, priced in Gibbs energy, organized into a redox ladder that
emerges wherever transport is limited and biology is present. In Chapter
8, we turned that biology into equations: conservation laws, transport op-
erators, rate expressions. In Chapter 9, we asked how microbes “choose”
among available reactions and showed that competition, thermodynamic
constraints, and yield considerations produce predictable community struc-
tures.

7S. A. Bocaniov, D. Scavia, and P. Van Cappellen, “Long-Term Phosphorus Mass-
Balance of Lake Erie (Canada-USA) Reveals a Major Contribution of In-Lake Phos-
phorus Loading,” Ecological Informatics (2023). (Bocaniov, Scavia, and Van Cap-
pellen 2023)
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All of that machinery — every equation, every sidebar, every porewater
profile — describes what happens when organic matter and oxidants meet
in the presence of microbial communities.

Water treatment is, at its core, exactly the same problem.

A contaminated aquifer is a reactor. The contaminants are electron donors
or acceptors (or both). The indigenous microbial community is the cata-
lyst. The question “Will this aquifer clean itself?” is the same question
we have been asking about sediments since Chapter 8: What reactions
are thermodynamically favorable? Are they kinetically accessible? Can
transport deliver reactants and remove products fast enough to sustain the
process? The same logic extends to the coast, where groundwater seeping
through sediments into the ocean carries nutrient loads that in some re-
gions rival what rivers deliver — a hidden flux, underground and invisible,
governed by the same redox reactions we have been studying throughout
this book.® Submarine groundwater discharge can contribute as much ni-
trogen and phosphorus to coastal zones as all riverine inputs combined in
some regions.”

Van Cappellen sees this clearly: “Gaining understanding at a fundamental
level on how natural processes eliminate contaminants from the environ-
ment can lead to development of new green technologies or engineered
environments for water treatment and conservation.”

The key phrase is “at a fundamental level.” And here is the book’s third
claim, stated plainly: water quality is a geomicrobiology problem,

8C. P. Slomp and P. Van Cappellen, “Nutrient Inputs to the Coastal Ocean through
Submarine Groundwater Discharge: Controls and Potential Impact,” Journal of
Hydrology (2004). (Slomp and Van Cappellen 2004)

9Caroline P. Slomp and Philippe Van Cappellen, “Nutrient inputs to the coastal ocean
through submarine groundwater discharge: Controls and potential impact,” Journal
of Hydrology 295 (2004): 64-86. Submarine groundwater discharge is now recog-
nized as a major, previously underappreciated pathway for delivering nutrients and
contaminants to coastal waters. (Slomp and Van Cappellen 2004)
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and we underperform because we treat it as a pure engineering
problem.

The engineering approach to water treatment works like this: characterize
the contaminant, design a treatment system, specify operating parameters,
build it, run it. The parameters are fixed. The biology is a black box —
you know bacteria are doing something in your bioreactor, but you do
not model them as adaptive organisms with thermodynamic constraints.
You model them as rate constants. When conditions change — a new
contaminant arrives, the temperature shifts, the redox environment evolves
— the model breaks, because the rate constants were calibrated for the old
conditions and the black box has reorganized itself inside.

The geomicrobiology approach starts from the other end. It asks: what
organisms are present? What reactions are thermodynamically favorable
under local conditions? What are the kinetic constraints? How does the
community adapt when conditions change? The biology is not a black
box. It is the mechanism. And because the mechanism is understood
— because it rests on the same thermodynamic and kinetic principles we
have been developing throughout this book — the model can generalize. A
model calibrated on one aquifer can make useful predictions for another,
not because the organisms are the same, but because the constraints are
the same.

This is not an academic distinction. It determines whether your model
works when you need it most: when conditions are changing, when the
system is perturbed, when prediction matters.

And the payoff is not merely academic: “If we can increase the availability
of clean water, we can automatically generate economic prosperity.” This is
the observation that water scarcity is a binding constraint on development
in much of the world, and that relaxing that constraint has cascading
effects on agriculture, industry, health, and political stability.

Canada, Van Cappellen argues, is uniquely positioned. It has both the
water resources and the research community — the people who understand
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the fundamental science — to become a frontrunner in water technology.
Whether it will is a different question, and one that depends on whether
the science gets translated into engineering practice.

11.3. Trees, rocks, and the long carbon cycle

To understand why water quality and atmospheric chemistry are connected
— and why microbes sit at the center of both — we need to step back to a
puzzle that occupied geochemists for decades.

Beginning in the late Silurian and accelerating through the Devonian,
roughly 430 to 360 million years ago, something remarkable happened on
land: vascular plants appeared and spread.'® They were the first organ-
isms to develop true root systems, the first to build rigid stems with lignin,
the first to anchor themselves in soil rather than simply sitting on it. The
earliest forests — dominated by tree-sized lycophytes and progymnosperms
— appeared around 400 million years ago.!!

Gregory Retallack recognized that this created a paradox.'? Plants, by
anchoring clay-rich soil with their roots, dramatically retarded physical
erosion. You might expect this to slow chemical weathering as well — after
all, if nothing is being carried away, how can fresh mineral surfaces be
exposed?

10The Devonian emergence of forests with deep roots fundamentally altered the ter-
restrial carbon cycle and weathering regime. Gregory J. Retallack, “Early Forest
Soils and Their Role in Devonian Global Change,” Science 276 (1997): 583-585.
(Retallack 1997)

1The Devonian emergence of forests with deep roots fundamentally altered the ter-
restrial carbon cycle and weathering regime. Gregory J. Retallack, “Early Forest
Soils and Their Role in Devonian Global Change,” Science 276 (1997): 583-585.
(Retallack 1997)

12G. J. Retallack, “Early Forest Soils and Their Role in Devonian Global Change,”
Science (1997). (Retallack 1997)
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But Retallack showed the opposite. Plants enhanced chemical weather-
ing even as they retarded erosion. The mechanism is beautifully physi-
cal: roots hold soil in place, allowing water to percolate slowly through a
thick, stable regolith. That long contact time between water and minerals
increases the extent of chemical reaction. The clay-rich soil acts like a
chromatography column — water moves through slowly, reacting as it goes.
Enhanced weathering, but nothing washed away.'3

The consequence for the atmosphere was profound. Chemical weathering
of silicate minerals consumes COj:

CaSiO3 + COz — Ca.CO?) + SIO2

More weathering means more CO, drawn out of the atmosphere. So the
rise of vascular plants should have been a massive carbon sink. And it
was. But this raises the obvious question: if plants accelerated CO, con-
sumption, why didn’t atmospheric CO, drop to zero?

The answer is a set of feedbacks — negative feedbacks that stabilize the
system, and they operate on both the sink side and the source side.

On the sink side: lower CO, leads to lower temperatures (less green-
house warming), which leads to less precipitation and less river runoff,
which slows weathering. If the temperature drop is large enough, glacia-
tion sets in, vegetation dies back or goes dormant, and CO, consumption
plummets. The sink weakens precisely when it is most “successful.”

On the source side: the weathering of ancient organic-matter-rich rocks
and degassing from deep sedimentary formations tends to restore CO,.
These sources are not biological in the usual sense — they are geological,
operating on tectonic timescales — but they provide a floor below which
atmospheric CO, cannot easily fall.

13G. J. Retallack, “Early Forest Soils and Their Role in Devonian Global Change,”
Science (1997). (Retallack 1997)
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The Carboniferous period, which followed the Devonian, illustrates the
interplay. Enhanced weathering was still operating, pulling CO, down.
But simultaneously, vast swamp forests were burying organic matter before
it could be fully decomposed — removing carbon from the active cycle not
by weathering but by sequestration. The result was a double drawdown:
weathering consumed CO,, at the surface, and burial locked organic carbon
away in what would eventually become coal.'* This massive burial of
organic carbon during the Carboniferous created the coal deposits that
fueled the Industrial Revolution — a geological savings account from 300
million years ago that we have been withdrawing from for the past two

centuries.!®

This is the long carbon cycle. And the point, for our purposes, is that
it is not a purely geological story. Biology — first microbial, then plant-
microbial — has been modulating atmospheric CO, for hundreds of millions
of years. The feedbacks are physical, but the actors are alive.

11.4. The atmosphere as a balance sheet

The long carbon cycle operates over millions of years. But the atmosphere
also has a short-term budget, and understanding it requires the same
source-and-sink thinking applied to much faster processes.

Consider the major greenhouse gases and their atmospheric budgets as
assessed in the early 1990s, a snapshot that remains instructive even as
the numbers have been updated.'6

14G. J. Retallack, “Early Forest Soils and Their Role in Devonian Global Change,”
Science (1997). (Retallack 1997)

15Robert A. Berner, Antonio C. Lasaga, and Robert M. Garrels, “The Carbonate-
Silicate Geochemical Cycle and Its Effect on Atmospheric Carbon Dioxide over the
Past 100 Million Years,” American Journal of Science 283 (1983): 641-683. (Robert
A. Berner, Lasaga, and Garrels 1983)

16R. T. Watson et al., “Greenhouse Gases: Sources and Sinks,” in Climate Change
1992: The Supplementary Report to the IPCC Scientific Assessment (1992). (R. T.
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Carbon dioxide. Sources include fossil fuel combustion and land-use
change (deforestation, agriculture). Sinks include ocean uptake and the
terrestrial biosphere (plant growth and soil storage). The net imbalance —
what accumulates in the atmosphere each year — was estimated at 3.94+1.4
Gt C/yr. That imbalance is small compared to the gross fluxes, which
means the system is nearly balanced. “Nearly” is doing a lot of work
in that sentence; it is the small residual that drives the entire climate
problem.”

Methane. Sources are a revealing mix: fossil carbon (natural gas leaks,
coal mining), wetlands, rice paddies, and animal waste. The biological
sources dominate. Sinks include the hydroxyl radical (OH) in the tropo-
sphere — the atmosphere’s main oxidizing agent — photochemical removal
in the stratosphere, and microbial oxidation in soils. Source and sink fluxes
are roughly 381 and 394 Tg C/yr, respectively — close to balanced, but the
source mix has shifted dramatically since the industrial revolution.'®

Nitrous oxide. Sources include soils (both natural and fertilized), forests,
and combustion. Sinks are dominated by photodissociation in the strato-
sphere. Soil microbial processes show up on both sides of the ledger —
as both producers and consumers of N,O — which is a recurring theme:
microbes are not unidirectional. They are opportunistic, and the same
community can be a net source or net sink depending on local redox con-
ditions.

Ozone. A gas that is simultaneously essential (in the stratosphere, where
it blocks UV radiation) and harmful (in the troposphere, where it damages
lungs and crops). Its budget involves photochemical production, transport

Watson et al. 1992)

I7R. T. Watson et al., “Greenhouse Gases: Sources and Sinks,” in Climate Change
1992: The Supplementary Report to the IPCC Scientific Assessment (1992). (R. T.
Watson et al. 1992)

8R. T. Watson et al., “Greenhouse Gases: Sources and Sinks,” in Climate Change
1992: The Supplementary Report to the IPCC Scientific Assessment (1992). (R. T.
Watson et al. 1992)
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between stratosphere and troposphere, and destruction by chlorine and
bromine radicals released from industrial chemicals.

CFCs. Entirely anthropogenic in origin — from aluminum production,
electrical equipment, refrigerants. Their only significant sink is photolysis
in the stratosphere, which is why they persist for decades and why their
regulation under the Montreal Protocol was so consequential.! The Mon-
treal Protocol (1987) stands as one of the most successful international
environmental agreements, phasing out ozone-depleting substances and
allowing the stratospheric ozone layer to begin recovery.?’

The pattern across all of these is the same: sources and sinks, rates and
residence times, feedbacks and imbalances. The atmosphere is a reactor,
just like a sediment column — only the transport is faster (wind instead of
diffusion) and the spatial scale is planetary.

1 Box models for atmospheric chemistry

The simplest useful model for any atmospheric constituent treats the
atmosphere as a single well-mixed box. Let n be the total amount
of the species (in moles or mass), a be the source rate, and k be the
first-order removal rate constant. The governing equation is:

dn

— =a—kn, n(0)=n

b (0) = g

This is a linear ODE with constant coefficients. Its solution is:

a

ot (—g) e

19The Montreal Protocol on Substances that Deplete the Ozone Layer (1987) demon-
strated that international cooperation can successfully address global atmospheric
chemistry problems when the science is clear and the economic alternatives are vi-
able.

20Recovery of the stratospheric ozone layer is now well-documented, with the Antarc-
tic ozone hole projected to close by mid-century — a rare success story in global
environmental management.

n(t) =
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At steady state (t — 00), the exponential dies and we get:

N = —

SS
k
Sources balance sinks. The amount in the box adjusts until removal
exactly matches input. The residence time is:

1
T=—

k

which tells you how long, on average, a molecule stays in the atmo-
sphere before being removed.

For CO,, 7 is on the order of centuries (removal is slow). For methane,
7 ~ 10 years (OH is relatively efficient). For CFCs, 7 can exceed 100
years (photolysis in the stratosphere is the only exit).

The policy implication is immediate: reducing emissions of a short-
lived species (methane) produces atmospheric benefits within a
decade. Reducing emissions of a long-lived species (CO,, CFCs)
takes much longer to register. The box model, for all its simplic-
ity, captures this asymmetry exactly.

11.5. The modeling challenge

Atmospheric box models work because the atmosphere is, to a first approx-
imation, well-mixed. Sediments and aquifers are not. And that is where
reaction-transport models — RT'Ms — become essential.

We built the mathematical machinery for RTMs in Chapter 8. The con-
servation equation, the transport operators, the rate expressions — all of
that was preparation for this. And water quality is perhaps the most
consequential application of all.

The theoretical foundations were laid in the 1990s, when Van Cappellen
and Wang showed that the full suite of redox reactions in surface sedi-
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ments — carbon, oxygen, nitrogen, sulfur, iron, manganese, all coupled —
could be captured in a single mathematical framework and used to repro-
duce the porewater profiles that geochemists actually measured.?! This
breakthrough demonstrated that a mechanistic understanding of micro-
bial metabolism, when embedded in a transport framework, could predict
geochemical observations without fitting a separate rate constant for ev-
ery measured profile.?? Sandra Arndt and colleagues later put the case
precisely: “RTMs are ideal diagnostic tools for diagenetic dynamics, as
they explicitly represent coupling and interactions of processes.”?®> The
key word is “coupling.” In a real sediment or aquifer, nothing happens
in isolation. Organic matter degradation produces CO, and consumes
oxygen. When oxygen runs out, nitrate reduction begins, which produces
N, and alters the pH. Sulfate reduction produces sulfide, which precipi-
tates iron, which changes the availability of phosphorus. Every reaction
is connected to every other reaction through the shared pool of chemical
species.

[FIGURE: Schematic of a contaminated aquifer modeled with an RTM.
A cross-section shows a hydrocarbon plume (dark shading) in a sandy
aquifer. Groundwater flows left to right. Around the plume edges, con-
centric redox zones form: an aerobic fringe (blue) where O2 is consumed,
a nitrate-reducing zone (green), an iron-reducing zone (orange), and a
sulfate-reducing /methanogenic core (grey). Arrows show dissolved species

21P. Van Cappellen and Y. Wang, “Cycling of Iron and Manganese in Surface Sediments:
A General Theory for the Coupled Transport and Reaction of Carbon, Oxygen,
Nitrogen, Sulfur, Iron, and Manganese,” American Journal of Science (1996). (Van
Cappellen and Wang 1996)

22Philippe Van Cappellen and Yifeng Wang, “Cycling of iron and manganese in surface
sediments: A general theory for the coupled transport and reaction of carbon, oxygen,
nitrogen, sulfur, iron, and manganese,” American Journal of Science 296 (1996):
197-243. This paper established the template for mechanistic reaction-transport
modeling of early diagenesis. (Van Cappellen and Wang 1996)

23Sandra Arndt et al., “Quantifying the Degradation of Organic Matter in Marine
Sediments: A Review and Synthesis,” Earth-Science Reviews 123 (2013): 53-86. The
mechanistic understanding of organic matter degradation remains a major challenge
for RTMs. (Arndt et al. 2013)
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moving in (02, NO3-, SO42-) and out (Fe2+, CH4, HCO3-). Caption:
“The same redox ladder from sediments, replayed in an aquifer. The con-
servation equation reads both.”]

RTMs handle this coupling naturally. They solve the conservation equa-
tion for each species simultaneously, with transport (diffusion, advection,
dispersion) and reaction (kinetic rate laws, thermodynamic constraints)
woven together. The output is not a single number but a profile — concen-
tration as a function of space and time — which can be compared directly
to measurements.

This is what makes RTMs powerful as diagnostic tools. Given a measured
porewater profile, an RTM can extract the biogeochemical reaction rates
that produced it.

But Arndt and colleagues are equally candid about the limitations: “The
lack of mechanistic understanding of organic matter degradation is re-
flected in mathematical formulations used in RTMs.”?* We know that or-
ganic matter is consumed. We can measure how fast. But the molecular-
level mechanisms — which enzymes attack which bonds, how microbial
communities partition the work, what controls the apparent reactivity of
organic matter as it ages — remain incompletely understood. The rate laws
we use in RTMs are effective descriptions, not fundamental ones.?

“Incorporating the complex interplay of different factors and proposing
a consistent predictive algorithm represents a major challenge for future
generations of RTMs.”?6 That sentence captures both the achievement

24Sandra Arndt et al., “Quantifying the Degradation of Organic Matter in Marine
Sediments: A Review and Synthesis,” Earth-Science Reviews 123 (2013): 53-86. The
mechanistic understanding of organic matter degradation remains a major challenge
for RTMs. (Arndt et al. 2013)

25Sandra Arndt et al., “Quantifying the Degradation of Organic Matter in Marine
Sediments: A Review and Synthesis,” Earth-Science Reviews 123 (2013): 53-86.
Comprehensive review of organic matter degradation kinetics and the challenges of
parameterizing reactivity in sediment models. (Arndt et al. 2013)

26Sandra Arndt et al., “Quantifying the Degradation of Organic Matter in Marine
Sediments: A Review and Synthesis,” Earth-Science Reviews 123 (2013): 53-86. The
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and the gap. The tools exist. The framework is sound. What is needed is
better mechanistic understanding — the kind that comes from integrating
microbiology, geochemistry, and transport physics at a level that current
models only approximate.

The need, in practical terms, is for better quantification of past, present,
and future benthic carbon turnover. “Benthic” means “at the bottom” —
the sediment-water interface, the place where organic matter arrives and is
processed. Getting the rates right at this interface determines whether we
predict accurate fluxes of CO, and methane to the atmosphere, accurate
nutrient recycling to the water column, and accurate contaminant attenu-
ation in groundwater systems. The stakes are as high as the modeling is
difficult.

11.6. Fast reactions and slow reactions: the partial
equilibrium trick

One of the practical challenges in building RTMs for water chemistry is the
enormous range of reaction timescales. Aqueous reactions — proton trans-
fers, ion pairing, complexation — happen in microseconds. Mineral disso-
lution and precipitation happen over days to years. Microbial metabolic
reactions fall somewhere in between.

This spread of timescales creates a computational nightmare. If you try
to solve all reactions kinetically — writing an ODE for every species and
every reaction — you end up with a “stiff” system: some equations want
to change on microsecond timescales while others evolve over years. Nu-
merical solvers hate this. They either take absurdly small time steps (to

mechanistic understanding of organic matter degradation remains a major challenge
for RTMs. (Arndt et al. 2013)
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resolve the fast reactions) or blow up (because the fast reactions are too
stiff for the chosen step size).?"

The solution is an idea borrowed from classical geochemistry: partial equi-
librium.?®

The core insight is simple. If some reactions are so fast that they reach
equilibrium almost instantaneously, then we don’t need to track their ki-
netics. We can replace their ODEs with algebraic constraints — equilibrium
expressions — and solve only the slow reactions kinetically.

The mathematical details of the partial equilibrium approach — the rate
laws, the algebraic constraints, and the geochemical codes that implement
them — are collected in Appendix B (Section B.5). The intellectual lin-
eage traces back to Helgeson (1968); modern codes including PHREEQC,
EQ6, and the Geochemist’s Workbench all exploit this same separation of
timescales.?”

The partial equilibrium approach is not just a computational convenience.
It reflects a physical truth: the aqueous environment really does equili-
brate much faster than the mineral surfaces that dissolve into it. The
approximation works because the physics works.

For water treatment applications, this matters directly. When we model
a treatment wetland, a permeable reactive barrier, or the natural attenua-
tion of a contaminant plume, we need to get the aqueous chemistry right
(pH, speciation, complexation) while tracking the slow reactions (mineral
dissolution, microbial metabolism) that actually control contaminant fate.

27Allan M. M. Leal, Martin J. Blunt, and Tara C. LaForce, “A chemical kinetics algo-
rithm for geochemical modelling,” Applied Geochemistry 55 (2015): 46-61. (Leal,
Blunt, and LaForce 2015)

28A. M. M. Leal, M. J. Blunt, and T. C. LaForce, “A Chemical Kinetics Algorithm for
Geochemical Modelling,” Applied Geochemistry (2015). (Leal, Blunt, and LaForce
2015)

29A. M. M. Leal, M. J. Blunt, and T. C. LaForce, “A Chemical Kinetics Algorithm for
Geochemical Modelling,” Applied Geochemistry (2015). (Leal, Blunt, and LaForce
2015)

203



11. The Water Planet

Partial equilibrium lets us do both without drowning in computational
expense.

11.7. Reading the past through rust

There is a beautiful connection between the geochemistry of water quality
and the geochemistry of ancient atmospheres, and it runs through one of
the most common minerals on Earth: goethite.

Goethite (a-FeOOH) is an iron oxyhydroxide — the mineral that gives rust
its color. It forms wherever iron meets oxygen and water, which is to say,
almost everywhere on Earth’s surface. And it has a remarkable property:
when goethite forms, it incorporates trace amounts of carbonate into its
crystal structure, and the carbon isotope ratio of that carbonate (613C)
reflects the isotopic composition of the CO, in the soil gas at the time of
formation.

Crayton Yapp recognized that this creates a proxy for ancient atmo-
spheric CO,.>° The relationship between the carbon isotope composition
of goethite carbonate and the mole fraction of CO, in soil gas (X) is:

1
§13C = 0.0162 - <§> —20.1 (r=0.98)

This is an empirical calibration, but the correlation is striking.?!3? And
the mole fraction X can be related to the partial pressure of atmospheric

30C. J. Yapp and H. Poths, “Ancient Atmospheric CO, Pressures Inferred from Natural
Goethites,” Nature (1992). (Yapp and Poths 1992)

31C. J. Yapp and H. Poths, “Ancient Atmospheric CO, Pressures Inferred from Natural
Goethites,” Nature (1992). (Yapp and Poths 1992)

32C. J. Yapp, “The Abundance of Fe(CO5)OH in Goethite and a Possible Constraint on
Minimum Atmospheric Oxygen Partial Pressures in the Phanerozoic,” Geochimica
et Cosmochimica Acta (1996). (Yapp 1996)
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CO, through a second relationship involving temperature:®3

1570
log Peo, = log(X) + 6.04 — T

where T is the temperature in Kelvin.

If you know the ancient temperature — which you can estimate from oxygen
isotope ratios in the same goethite samples — then you can back-calculate
the atmospheric CO, concentration at the time the goethite formed. The
mineral becomes a recording device, a chemical memory of the atmosphere
preserved in rust.

This is relevant to the water story because it illustrates a principle that
recurs throughout this book: the same geochemical processes that operate
in modern aquifers and soils — mineral formation, isotope fractionation,
microbially mediated redox reactions — also operated in the deep past. The
tools we build to understand modern water quality are, with appropriate
modifications, the same tools we use to reconstruct Earth’s atmospheric
history. The science is one science, applied at different timescales.

11.8. The Devonian puzzle, revisited

With these tools in hand, we can return to the Devonian CO, puzzle and
see it more completely.

Retallack’s insight about vascular plants was a piece of the story: enhanced
weathering drawing down CO,. But the goethite proxy gives us actual
numbers — estimates of how much CO, was in the atmosphere at different
points in Earth’s history. And the box model thinking we introduced for

33C. J. Yapp, “Oxygen and Hydrogen Isotope Variations among Goethites and the
Determination of Paleotemperatures,” Geochimica et Cosmochimica Acta (1987).
(Yapp 1987)
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atmospheric chemistry gives us the framework to ask: given measured
sources and sinks, does the budget close?

The answer, as with most interesting questions in Earth science, is “al-
most.” The long-term carbon cycle involves sources and sinks that are dif-
ficult to measure independently — volcanic degassing, metamorphic release,
organic carbon burial, silicate weathering. Each has its own timescale, its
own dependence on temperature and biology, its own spatial heterogene-
ity. The box model gives us the scaffolding. The RTM gives us the spatial
resolution. The isotope proxies give us the calibration points. And the
microbiology — the organisms that mediate weathering, that decompose
organic matter, that produce and consume methane — gives us the mech-
anism.

No single approach is sufficient. But taken together, they form a coherent
picture: the atmosphere is a managed system, managed not by intent but
by the coupled operation of physical, chemical, and biological processes
that have been running for billions of years.

11.9. The water-energy-carbon nexus

This is where the chapter’s threads converge.

Water quality is not a standalone problem. It is entangled with energy (be-
cause energy extraction contaminates water and water treatment requires
energy), with carbon (because organic carbon is both the contaminant in
many water systems and the electron donor that drives microbial reme-
diation), and with climate (because changing precipitation patterns alter
both the delivery of contaminants and the capacity of natural systems to
process them).

The atmospheric budgets we reviewed — CO,, methane, nitrous oxide — are
all connected to water. Wetlands are methane sources. Agricultural runoff
is a nitrous oxide source. The ocean is the largest CO, sink. And all of
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these fluxes are mediated, at the molecular level, by microbial metabolism
operating on the same thermodynamic and kinetic principles we have been
developing throughout this book.

An RTM for a contaminated aquifer and a global carbon cycle model
are not different kinds of science. They are the same science at different
scales. The conservation equation is the same. The rate expressions are
conceptually the same (though parameterized differently). The challenge
of coupling fast and slow processes is the same. The role of biology as
the catalyst that makes thermodynamically favorable reactions actually
happen — the same.

This is the payoff of the physics-first approach we have taken. By ground-
ing everything in energy, transport, and kinetics, we have built a frame-
work that is portable. It works in a sediment core. It works in a treatment
wetland. It works in a global climate model. The microbes change, the
minerals change, the timescales change — but the principles do not.

11.10. What the microbes are still doing

It would be easy, at this point, to treat microbes as abstract reaction
catalysts — black boxes that convert inputs to outputs according to rate
laws. We have spent considerable effort in this book arguing against that
reduction, and it is worth restating why.

Microbes are not passive. They respond to their environment. They regu-
late gene expression, adjust their metabolic machinery, form communities
with complementary capabilities, and compete for shared resources. The
“choices” they make — which we showed in the preceding chapters are bet-
ter described as emergent consequences of thermodynamic and kinetic con-
straints — determine which reactions dominate in a given environment.

In a contaminated aquifer, this means that the microbial community is
not a fixed parameter. It adapts. Introduce a new electron donor (a
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hydrocarbon plume, for instance), and the community restructures around
it. Remove the donor, and the community shifts again. The timescale of
this restructuring — days to months for metabolic switching, months to
years for community composition changes —is comparable to the timescales
of contaminant transport, which means biology and transport are coupled,
not independent.

This coupling is what makes prediction hard and what makes understand-
ing essential. A model that treats the microbial community as fixed will
get the short-term dynamics right (maybe) but miss the long-term tra-
jectory. A model that allows the community to adapt — that includes
the thermodynamic and kinetic constraints on microbial metabolism we
developed in the preceding chapters — has a chance of capturing both.

We are not there yet. As Arndt and colleagues noted, the mechanistic
understanding is incomplete. But the direction is clear, and the stakes are
high.

11.11. Canada’s opportunity

Van Cappellen’s argument about Canada is worth pausing on, because it
illustrates how basic science connects to practical outcomes.

Canada has roughly 20% of the world’s fresh surface water (though a
smaller fraction is actually renewable and accessible). It has a large and
active water research community — universities, government laboratories,
environmental consultancies. And it faces water quality challenges that,
while less dramatic than China’s in scale, are serious and growing: agricul-
tural contamination in the prairies, legacy industrial contamination in the
Great Lakes basin, emerging contaminants (pharmaceuticals, microplas-
tics, PFAS) everywhere.

The scientific tools to address these challenges exist. RTMs can predict
contaminant fate. Microbial ecology can identify the organisms doing the
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work. Geochemistry can characterize the reactions. Isotope proxies can
track the sources.

What is often missing is the integration — the step from understanding in-
dividual processes to predicting whole-system behavior. That integration
is exactly what RTMs are designed to provide, and it is exactly what this
book has been building toward.

“If we can increase the availability of clean water, we can automatically gen-
erate economic prosperity.” Van Cappellen’s statement is simple, but the
science behind it is not. It requires understanding microbial metabolism
(Chapters 3-5), formulating it mathematically (Chapter 8), predicting
community behavior (Chapter 9), and applying the models to real systems
(this chapter). The chain from fundamental science to societal benefit is
long, but every link is necessary.

11.12. The 4.5-billion-year operating manual

We began this book with a sealed jar of mud. We said that left alone, it
would confess what it really is: a non-equilibrium system, maintained by
microbial metabolism, visible as gradients in chemistry and color.

Since then, we have traveled from the quantum-mechanical basis of redox
reactions to the planetary-scale cycling of carbon, nitrogen, and sulfur. We
have built a mathematical framework — conservation equations, transport
operators, rate laws, thermodynamic constraints — that can describe what
happens in a porewater profile, a treatment wetland, or the global ocean.
We have met the organisms that do the work: methanogens in the deep
subsurface, sulfate reducers at the sulfate-methane transition, iron reduc-
ers in aquifer sediments, nitrifiers and denitrifiers in soils and treatment
systems.
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The story has a single through-line: life is a way of harvesting chem-
ical gradients, and the harvesting reshapes the gradients, which
reshapes the opportunities for life.

That feedback loop has been running for at least 3.8 billion years. It
oxygenated the atmosphere. It drew down CO, when vascular plants
enhanced weathering and drew it back up through degassing and organic
matter oxidation. It created the redox structure of sediments and soils.
It continues to operate, right now, in every aquifer, every ocean margin,
every wetland, every wastewater treatment plant.

The 4.5-billion-year story we have told is not just history. It is the oper-
ating manual for the planet we live on.

The microbes that built this world are still running it. They process
more carbon, cycle more nitrogen, reduce more sulfate, and produce more
methane than all human industry combined.?* The deep subsurface bio-
sphere alone may contain biomass comparable to all surface life — a hidden
world operating on geological timescales.?> They operate in the dark, in
the cold, in conditions that would kill anything larger. And they respond
to thermodynamic and kinetic constraints with a precision that, once you
learn to read it, looks almost like engineering.

Understanding them is not optional. It is not a curiosity for specialists.
It is essential — for predicting climate, for managing water, for designing
treatment systems that work with biology rather than against it.

The jar of mud is still sitting on the shelf. It is still confessing. The
question is whether we are listening.

34Bernhard Wehrli, “Biogeochemistry: Conduits of the carbon cycle,” Nature 503
(2013): 346-347. (Wehrli 2013)

35Estimates of deep subsurface biomass remain uncertain, but compilations suggest it
rivals the total biomass of all plants, or all animals, on Earth’s surface — a staggering
reservoir of slow-living microbial life in rock pores and fractures.
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11.13. Takeaway

e Degradation of water quality is among the most pervasive global
threats to human health and prosperity, affecting both developing
nations (China’s groundwater crisis) and wealthy ones (Canada’s
complacency about contamination).

e The same microbial processes that shaped Earth’s atmosphere and
sediment chemistry over billions of years are the processes that can
clean contaminated water — if we understand them well enough.

o The long carbon cycle (plant-enhanced weathering, organic matter
burial, degassing feedbacks) and the short-term atmospheric budget
(source-sink balances for CO,, CH,, N,O) are both governed by the
principles developed throughout this book: thermodynamics, kinet-
ics, transport, and microbial metabolism.

e Reaction-transport models bridge the gap between mechanistic un-
derstanding and system-level prediction, but require better integra-
tion of microbial ecology and organic matter chemistry to fulfill their
potential.

e The partial equilibrium approach — treating fast aqueous reactions as
algebraic constraints while solving slow mineral reactions kinetically
— is a practical computational strategy with deep physical justifica-
tion.
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12. What Is Life?

In 1944, a physicist who had never cultured a bacterium or cored a sed-
iment sat down in Dublin and asked a question that biologists had been
circling for centuries: What is life?

Erwin Schrodinger’s little book did not answer its own title. What it did
was more lasting. It reframed the question in the language of physics —
order, entropy, free energy, information — and insisted that the answer,
whatever it turned out to be, must not violate the laws that govern every-
thing else.!

We opened this book with his question. Now, having traveled four and
a half billion years from the first chemical reactions on a cooling planet
to microbial communities persisting three kilometers underground on en-
ergy budgets thinner than a candle flame, we can attempt something
Schrédinger could not: an answer grounded in evidence, calibrated in
AG, and tested against the porewater profiles of real sediments.

12.1. Three definitions, all correct

Throughout this journey, three definitions of life have kept surfacing. Each
one captures something essential. None is complete alone.

Erwin Schrédinger, What Is Life? The Physical Aspect of the Living Cell (Cambridge
University Press, 1944). (Schrodinger 1944)
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Life is the process of maintaining non-equilibrium conditions by
extracting energy from the environment.?

In Chapter 1, this was a refrigerator metaphor and a formula: AG =
AG° 4+ RTIn Q. By the time we reached the deep biosphere, it was some-
thing you could measure with an electrode and a gas chromatograph. The
Gibbs budget that seemed abstract in the opening pages became the ac-
counting system for every metabolism we encountered — from aerobic res-
piration’s generous payoff to the razor-thin margins of anaerobic methane
oxidation.? We learned that “maintaining non-equilibrium” is not a poetic
description. It is a quantitative claim. It means spending maintenance en-
ergy, continuously, just to keep enzymes folded, membranes intact, and
gradients from collapsing. Maintenance energy is not an abstraction. It is
the first law of microbial existence.*

Life is inseparable from the concept of the organism — discrete
units that reproduce.®

This definition is the one that keeps biology from dissolving into pure chem-
istry. A fire also maintains a non-equilibrium state, consumes fuel, and
exports entropy. But a fire does not reproduce with variation. It does not
evolve. The discreteness of organisms — bounded, self-replicating, subject
to selection — is what makes microbial communities more than reaction net-
works. We saw this most clearly when we traced how organisms emerged
from communities and communities from chemistry: the transition from

2Pier Luigi Luisi, “About Various Definitions of Life,” Origins of Life and Evolution
of the Biosphere 28 (1998): 613—622. (Luisi 1998)

3Katrin Knittel and Antje Boetius, “Anaerobic Oxidation of Methane: Progress with
an Unknown Process,” Annual Review of Microbiology 63 (2009): 311-334. The
energetics of AOM at the sulfate-methane transition demonstrate life operating at
the thermodynamic edge. (Knittel and Boetius 2009)

4Douglas E. LaRowe and Jan P. Amend, “Catabolic Rates, Population Sizes and Dou-
bling/Replacement Times of Microorganisms in Natural Settings,” American Jour-
nal of Science 315 (2015): 167-203. Maintenance energy varies over twelve orders of
magnitude across Earth’s biosphere. (D. E. LaRowe and Amend 2015)

5Carol Cleland and Christopher Chyba, “Defining ‘Life’,” Origins of Life and Evolution
of the Biosphere 32 (2002): 387-393. (Cleland and Chyba 2002)
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an abiotic world of mineral-catalyzed reactions to cells with membranes,
genomes, and metabolic strategies. That transition remains one of the
great unsolved problems in science, but the direction is clear. Somewhere
between geochemistry and biology, information began to matter.

Life is the ability of a replicator to copy itself using resources
from the environment.%

This is the information definition, and it is the one Schrédinger antici-
pated most clearly with his “aperiodic crystal.” We traced it from the RNA
world hypothesis through the emergence of DNA-based heredity to the full
metabolic machinery of modern cells. The replicator definition captures
something the other two miss: the arrow of evolution. Non-equilibrium
maintenance is necessary but not sufficient. Discrete organisms are nec-
essary but not sufficient. What makes life life — what distinguishes it
from a cleverly maintained chemical gradient — is that the system carries
instructions for its own reproduction, and those instructions can change.

12.2. Two irreducible properties

Strip away the details — the metabolisms, the redox ladders, the transport
equations — and you are left with two things that cannot be removed
without losing the phenomenon entirely:”

1. Genetic information (DNA, or whatever preceded it). A stable,
copyable record of how to build and maintain the system.

2. Active implementation of self-maintenance and reproduc-
tion, powered by energy extracted from the environment (proteins,
or whatever preceded them).

6Gerald Joyce, “Foreword,” in Origins of Life: The Central Concepts, ed. David
Deamer and Gail Fleischaker (Jones and Bartlett, 1994). This formulation became
the NASA working definition of life. (Joyce 1994)

"Eors Szathmary and John Maynard Smith, The Major Transitions in Evolution (Free-
man, 1995). (Szathmdary and Maynard Smith 1995)
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Information without work is a library with no readers. Work without
information is a fire. Life is both: a system that reads its own instructions
and pays the energy cost of following them.

12.3. The arc of the book

This book began with quantum mechanics and ended with planetary en-
gineering. That sounds like a leap. It isn’t — the same physics operates
at every scale.

The same AG that governs electron transfer in a hydrogen atom governs
whether a bacterial community three kilometers underground will thrive
or slowly starve. The same Michaelis-Menten kinetics that describe the
saturation curve of a single purified enzyme describe the metabolism of
entire ecosystems when you aggregate billions of cells. The same conser-
vation equation that tracks a solute diffusing through a sediment column
tracks carbon moving through the global ocean.

The rules do not change. Only the scale changes.

This is not a simplification. It is an empirical observation, and it is the
reason that reaction-transport models work at all. If the physics changed
with scale — if microbial communities invented new thermodynamics — then
every model we built would be an ad hoc curve fit. The fact that they
are not, that a model calibrated on porewater sulfate in one fjord can
make useful predictions in another, is evidence that the non-equilibrium
framework is not just a metaphor. It is the actual mechanism.

We moved through that framework in five stages:

Part I: The Rules of the Game established the physics: free energy, electron
transfer, kinetics, and the costs that every living system must pay. The
planetary stage on which that physics played out - three planets with the
same starting materials; only one outcome well constrained. The point was
to show that the constraints come first, and biology responds to them.

216



12.4. What we still do not know

Part II: The First Society introduced the organisms, but in their most
ancient and minimal forms: the first metabolisms, the first communities,
the first catastrophic success (oxygen). Here the emphasis was on how
life does not merely inhabit environments but reshapes them — sometimes
constructively, sometimes catastrophically.

Part III: The Great Mergers traced how competition, cooperation, and en-
dosymbiosis produced the cellular architectures we see today. Syntrophy
turned out to be not an exotic curiosity but a dominant strategy: organ-
isms that cannot survive alone thriving in partnerships where one’s waste
is another’s fuel.

Part IV: The Equation built the mathematical machinery: the conserva-
tion equation, the transport operators, the rate expressions. One equation,
applied at every scale from a sediment pore to the global ocean — the same
mathematical object, with only the parameters changing.

Part V: The Hidden World and the Future brought the story to the present:
the deep biosphere, groundwater redox, water treatment, and the open
questions that define the frontier of the field.

12.4. What we still do not know

A book that pretends to have all the answers is not science. It is adver-
tising. Here are some of the questions that remain genuinely open, drawn
from the same source literature that informed every chapter:

How did the transition from inorganic catalysts to protein en-
zymes occur? We know that mineral surfaces can catalyze many of the
reactions that enzymes perform today.® We know that ribozymes can cat-

8Giinter Wéchtershiuser, “Before Enzymes and Templates: Theory of Surface
Metabolism,” Microbiological Reviews 52 (1988): 452-484. The iron-sulfur world hy-
pothesis posits that mineral surfaces catalyzed the first metabolic cycles. (Wachter-
shiuser 1988)
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alyze a subset of reactions using RNA alone.” But the mechanistic path
from mineral-catalyzed chemistry to the protein-dominated metabolism of
modern cells remains sketchy. The gap is not just historical curiosity — it
determines how we think about the likelihood of life elsewhere.

How far does satisficing take us? This book has argued that microbial
communities satisfice rather than optimize — covering maintenance costs
under local constraints rather than maximizing growth or yield.!® The
framework explains fuzzy redox boundaries and the coexistence of “losing”
metabolisms. But the limits of this view remain untested. Can satisficing
predict community response to novel perturbations — a sudden pulse of
nitrate, a temperature shift, an introduced species? Or will we need richer
theory that accounts for gene regulation, lag phases, and evolutionary
dynamics on ecological timescales?

How do we model the lag phase? Every microbiologist knows that
cells do not respond instantaneously to a new substrate or a new envi-
ronment. There is a lag — sometimes minutes, sometimes weeks — during
which gene expression shifts, enzymes are synthesized, and the population
adjusts.!! Most reaction-transport models ignore this entirely. Whether
that matters depends on the timescale you care about, but for predicting
transient responses to environmental change, the lag phase may be the
largest unmodeled source of error.

What is the mechanistic basis of organic matter degradation? We
model organic matter breakdown with rate constants and reactivity distri-

9Thomas R. Cech, “A Model for the RNA-Catalyzed Replication of RNA,” Proceedings
of the National Academy of Sciences 83 (1986): 4360—4363. Discovery that RNA can
catalyze reactions without protein enzymes. (Cech 1986)

10Herbert A. Simon, “Rational Choice and the Structure of the Environment,” Psy-
chological Review 63 (1956): 129-138. The satisficing framework: organisms find
strategies that are good enough, not optimal. (Simon 1956)

HHarvey W. Blanch, “Invited Review: Microbial Growth Kinetics,” Biotechnology and
Bioengineering 23 (1981): 1691-1722. Lag phase dynamics and the limitations of
unstructured models in microbial kinetics. (Blanch 1981)
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butions, and those models work surprisingly well.'? But the actual mech-
anism — the sequence of enzymatic attacks, the role of mineral protection,
the feedback between microbial community composition and degradation
rate — remains poorly understood at a mechanistic level. The “reactive
continuum” is a powerful abstraction, but it is an abstraction.

Can we build predictive reaction-transport models that work
across all environmental conditions? Current RTMs are good at re-
producing observations in the environments where they were calibrated.!?
Transferring them to new settings — different temperatures, different or-
ganic matter sources, different mineral assemblages — often requires recal-
ibration. A truly predictive RTM would derive its parameters from first
principles: thermodynamics, enzyme kinetics, and transport physics. We
are not there yet, but the framework in this book is designed to move in
that direction.

What is the relationship between energy supply, energy demand,
and microbially catalyzed processes in the deep subsurface? The
organisms living kilometers below the surface exist on maintenance en-
ergy budgets so thin that the distinction between “alive” and “dormant”
becomes blurred. Understanding how these communities persist — and
whether they are truly at steady state or slowly running down — is a ques-
tion that connects microbiology to geology on timescales of millions of
years.

These are not footnotes. They are the frontier.

2Gandra Arndt et al., “Quantifying the Degradation of Organic Matter in Marine
Sediments: A Review and Synthesis,” Earth-Science Reviews 123 (2013): 53-86. The
mechanistic understanding of organic matter degradation remains a major challenge
for RTMs. (Arndt et al. 2013)

13Carl I. Steefel, Donald J. DePaolo, and Peter C. Lichtner, “Reactive Transport Mod-
eling: An Essential Tool and a New Research Approach for the Earth Sciences,”
Earth and Planetary Science Letters 240 (2005): 539-558. (Steefel, DePaolo, and
Lichtner 2005)
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12.5. The invisible architects, still at work

The title of this book is a statement of fact. Microbes built the oxygen
atmosphere. They regulate the carbon cycle. They mediate the trans-
formation of minerals, the cycling of nitrogen, the fate of sulfur. They
created the chemical conditions that made complex life possible, and they
continue to maintain those conditions today.

But “invisible architects” is also an invitation to shift perspective. We
tend to think of the living world as the part we can see: forests, animals,
coral reefs. The actual biological engine of the planet is invisible. It lives
in sediment pores, in deep aquifers, in the fractures of basalt kilometers
below the seafloor, in the thin films of water coating soil grains. By some
estimates, the subsurface biomass rivals the surface biomass.'* These or-
ganisms are not waiting to be discovered as curiosities. They are running
the geochemistry that makes the surface habitable.'?

12.6. Three claims

This book has made three claims, nested from the microscopic to the
planetary.

First: microbial communities satisfice. They do not optimize growth rate,
energy yield, or community structure. They find strategies that cover
maintenance costs under local thermodynamic and kinetic constraints, and
they hold those strategies until the constraints change. This is why redox
zones are fuzzy, why “losing” metabolisms coexist with “winning” ones,

14Cara Magnabosco et al., “The Biomass and Biodiversity of the Continental Subsur-
face,” Nature Geoscience 11 (2018): 707-717. Subsurface biomass may rival surface
biomass globally. (Magnabosco et al. 2018)

15Paul G. Falkowski, Tom Fenchel, and Edward F. Delong, “The Microbial Engines That
Drive Earth’s Biogeochemical Cycles,” Science 320 (2008): 1034-1039. Microbes
process more carbon than all human industry combined. (Falkowski, Fenchel, and
Delong 2008)
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and why laboratory rate constants consistently overpredict field rates. The
organisms are not underperforming. They are doing exactly what satisfic-
ing predicts: the minimum that works.

Second: the conservation equation is scale-invariant. The same mathe-
matical object — 0C' /0t = —0F /0x + ¥R, — describes a sediment pore, a
treatment wetland, a regional aquifer, and the global ocean. This is not
analogy. The equation is identical at every scale; only the parameters
change. Reaction-transport models work precisely because the physics
does not reinvent itself at new scales. There is no “ecosystem thermody-
namics” separate from “molecular thermodynamics.” There is only ther-
modynamics.

Third: water quality is a geomicrobiology problem. The same organisms,
reactions, and constraints that oxygenated the Archean atmosphere, that
cycle sulfur through sediments, that maintain the deep biosphere on main-
tenance energy alone — these are the organisms and reactions that clean
contaminated groundwater. We fail at prediction not because the science
is missing, but because we treat the biology as a black box with fixed
parameters instead of as an adaptive community under thermodynamic
constraints. The fix is not more data. It is better theory — the kind of
theory this book has tried to provide.

These three claims are not separate arguments. They are one argument
at three scales. Satisficing explains the biology. Scale invariance explains
the math. And the water crisis is what happens when we ignore both.

The invisible architects have not retired. They are still at work — in every
grain of sediment, every drop of groundwater, every square centimeter of
your skin. They preceded oxygen, eukaryotes, animals, and thought —
and they will outlast us.

The question is whether we will make the effort to understand them.
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A. Appendix A — Energy Toolkit

This appendix collects two sets of tools referenced throughout the book.
Sections A.1-A.5 cover enzyme kinetics: the graphical methods, inhibition
types, and environmental dependencies that extend the Michaelis-Menten
framework introduced in Chapter 4. Sections A.6-A.7 cover geochemi-
cal estimation tools: methods for assessing the energy content of organic
matter and detecting ancient metabolism in the rock record.
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B. Enzyme Kinetics and Regulation

B.1. A.1 Linearizing the Michaelis-Menten curve:
Lineweaver-Burk

The Michaelis-Menten equation is a hyperbola, which can be awkward to
fit by eye. In 1934, Hans Lineweaver and Dean Burk showed that taking
the reciprocal of both sides converts it to a straight line:

1K, 1,1
V B max [S] Vm

Plot 1/V against 1/[S] and you get a line with:

o y-intercept = 1/V,_
o x-intercept = —1/K,,
o slope = K,,/V, .«
This is the Lineweaver-Burk (or double-reciprocal) plot. It was historically
important because it allowed K, and V,_,. to be extracted from experi-
mental data using a ruler and graph paper. Modern curve-fitting software
has made the graphical method less necessary, but the plot remains a pow-
erful diagnostic tool because different types of inhibition produce visually
distinct patterns.
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B.2. A.2 Competitive inhibition

A competitive inhibitor is a molecule that resembles the substrate closely
enough to bind the active site but cannot be catalyzed. While the inhibitor
occupies the active site, the substrate is locked out. The effect: the en-
zyme appears to have a higher K, (it needs more substrate to reach
half-saturation) but V.. is unchanged — if you add enough substrate, you
can always outcompete the inhibitor.

On a Lineweaver-Burk plot, competitive inhibition changes the slope and
x-intercept but leaves the y-intercept (1/V, ) unchanged. The lines pivot
around the y-axis.

B.3. A.3 Non-competitive inhibition

A non-competitive inhibitor binds at a site other than the active site (an
allosteric site), distorting the enzyme’s shape so that catalysis is impaired
whether or not substrate is bound. The effect: V. decreases (fewer
functional enzyme molecules) but K, is unchanged.

The inhibitor dissociation constant is:

For the simplest case of pure non-competitive inhibition (where K; = K,
meaning the inhibitor binds the free enzyme and the enzyme-substrate
complex with equal affinity), the rate equation becomes:

VmaX[S] KI

V:Km+[S]'KI+[I]
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B.4. A.4 Irreversible inhibition

The second factor is a simple scaling term: it multiplies the uninhibited
rate by the fraction of enzyme molecules not bound to inhibitor.

On a Lineweaver-Burk plot, non-competitive inhibition changes the slope
and y-intercept but leaves the x-intercept (—1/K,,,) unchanged. The lines
pivot around the x-axis.

B.4. A.4 Irreversible inhibition

Some inhibitors form covalent bonds with the enzyme, permanently in-
activating it. These are not governed by equilibrium binding constants;
the effect is time-dependent and cumulative. Many toxins and pharma-
ceutical drugs work this way — aspirin, for instance, irreversibly acetylates
cyclooxygenase.

B.5. A.5 pH and temperature optima

Every enzyme has a pH and temperature at which it works best. Deviate
too far in either direction and the rate drops, often sharply.

e Temperature: increasing temperature raises the kinetic energy
of molecules, generally speeding reactions. But proteins are only
marginally stable. Beyond the optimum, the enzyme begins to de-
nature — its three-dimensional structure unfolds, and the active site
geometry is lost. The rate curve rises, peaks, then crashes. For
most mesophilic enzymes the peak is near 35—40 degrees C. For ther-
mophilic enzymes from hot-spring archaea, the peak can exceed 80
degrees C.

o pH: active-site residues have ionizable groups (histidine, glutamate,
lysine) that must be in the correct protonation state for catalysis.
Shifting the pH protonates or deprotonates these groups, disrupting
substrate binding or transition-state stabilization. Most intracellular
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enzymes are optimized near pH 7, but enzymes in extreme environ-
ments (stomach acid, soda lakes) have shifted optima.

These optima are not arbitrary. They are the result of evolutionary tuning
to the conditions the organism actually encounters. The thermal record
preserved in reconstructed ancestral proteins — 60-70 degrees C for the
earliest life, cooling to 35-37 degrees C for modern mesophiles — is precisely
the evolutionary shift in temperature optimum, tracked across billions of
years.
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C. Geochemical Estimation Tools

C.1. A.6 The NOSC: a simple proxy for energy
content

In 2011, Douglas LaRowe and Philippe Van Cappellen showed that the
energetic content of organic compounds scales, to a useful approximation,
with a single number: the Nominal Oxidation State of Carbon (NOSC).

The empirical relation is:

AGY, = 60.3 — 28.5 x NOSC

where AGOCOX is the standard Gibbs energy of the oxidation half reaction
in kJ per mole of carbon.

The general oxidation half reaction for organic matter is:

C,H,N,0,P.S{ + (3a+de — d) H,0 —
aHCO; + ¢NH, + eHPO; + fHS™

+(5a+b—4dc—2d+Te— fYH +(—Z+4a+b—3c—2d+5e—2f)e”

where Z is the net charge of the organic compound, and a,b,c,d, e, f are
the stoichiometric coefficients of C, H, N, O, P, and S.
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The NOSC spectrum runs from fully reduced (methane, CH,, NOSC =
—4) to fully oxidized (carbon dioxide, CO5, NOSC = +4). A molecule
with a low NOSC is energy-rich: it has many electrons to give away. A
molecule with a high NOSC is energy-spent: its carbon has already been
stripped.

As Arndt et al. noted: “NOSC has the advantage that it does not require
structural information to estimate energetic potential of complex natural
organic matter.” This makes it particularly useful for the complex, hetero-
geneous mixtures of natural organic matter found in sediments and soils,
where detailed structural characterization is often impossible.

C.2. A.7 Isotope fractionation as a biosignature

Isotope ratios are among the most durable biosignatures available to geol-
ogists. The logic is simple:

1. Enzymes discriminate between isotopes because lighter atoms vi-
brate faster and are slightly easier to incorporate.

2. This discrimination produces a measurable offset (62C, §'°N) be-
tween the substrate pool and the biological product.

3. The offset is preserved in minerals long after the organisms have
decomposed.

For carbon, the standard measure is §'3C, reported in parts per thousand
(per mil) relative to a standard:

(13c/120) )
S13C = —F= 1 1000
((130/12C)standard *

Typical autotrophic biomass has §'3C values around —20 to —35 per mil,
while inorganic marine carbonate sits near 0 per mil. A graphite inclusion
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at —28 per mil in a 3.8-billion-year-old rock is hard to explain without
biology.

The catch: some abiotic processes (like Fischer-Tropsch synthesis in hy-
drothermal systems) can also fractionate carbon. The isotope signal is
suggestive, not proof. Context matters — and so does finding the signal
preserved in the right mineral host, at the right age, in rocks that haven’t
been cooked beyond recognition.
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D. Appendix B — Model Toolkit

This appendix collects the mathematical machinery behind the reaction—
transport models discussed in Chapters 8 and 9. Readers who skipped the
Deep Dive sidebars can find the full framework here; readers who followed
every sidebar can use this as a concise reference.

D.1. B.1 The diagenetic equation

The conservation (balance) equation for any species in one-dimensional
sediment is Berner’s diagenetic equation (R. A. Berner 1980):

oC OF
R TR

where C is the bulk concentration (averaged over a volume larger than

several grain diameters but smaller than the macroscopic gradient), F' is
the flux, and > R is the net source or sink from all reactions.

For a solute in porewater:

C=pC

where ¢ is porosity and C' is concentration per unit volume of porewater.

For a solid species:
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C=(1—¢)B

where B is the amount per unit volume of solids (Boudreau 1997).

D.1.1. Steady state

At steady state relative to the sediment—water interface (8@ /ot = 0),
changes are observed only when following a layer downward:

pc _ oc
Dt ox

where w is the burial velocity of solids.

D.2. B.2 Transport terms

D.2.1. Advection

Solute advective flux:

Fy=9puC

Solid advective flux:

Fy=(0-¢)wB

where u is porewater velocity and w is solid burial velocity.
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D.3. B.3 Reaction rate expressions

D.2.2. Compaction

During compaction, porewater moves upward relative to sediment grains
but usually still moves downward in the interface-anchored reference frame
— appearing slower than the solids.

D.2.3. Externally impressed flow (Darcy)

_ ko
pu Oz

Uy

where k is permeability, x4 is dynamic viscosity, and p’ is the reduced
pressure (Boudreau 1997).

D.3. B.3 Reaction rate expressions

D.3.1. Respiration (dual-Monod)

. [TED] [TEA]

Rresp — Mresp * [ ] : [TED] + K;LED ’ [TEA] + K;LEA

where TED = terminal electron donor, TEA = terminal electron acceptor
(Jin and Bethke 2005; Thullner, Regnier, and Van Cappellen 2007).

D.3.2. Hydrolysis (Michaelis—Menten)

[POM]
[POM] + KFOM

Rhydr = kcat ’ [E] :

where k., is the turnover number, [E] is enzyme concentration, and POM
is particulate organic matter (A. W. Dale, Regnier, and Cappellen 2006;
Thullner, Regnier, and Van Cappellen 2007).

235



D. Appendix B — Model Toolkit

D.3.3. Thermodynamic factor

1

exp ( AG,.E;‘ AT ) 1

FT:

This factor smoothly transitions from 1 (far from equilibrium) to 0 (at equi-
librium), preventing reactions from proceeding past their thermodynamic
limit (Jin and Bethke 2005; Regnier et al. 2011).

D.3.4. Temperature dependence (Arrhenius)

E, (1 1
b=k exp [_R (T B 298.15)]

Note: The Arrhenius equation is semi-empirical, derived for elementary
reactions. Apparent F, values are generally calculated from rate measure-
ments (Arndt et al. 2013; Leal, Blunt, and LaForce 2015).

D.4. B.4 Growth, yield, and decay

Standard biomass model (Thullner, Regnier, and Van Cappellen 2007; A.
W. Dale et al. 2010):

9[B]
W =Y. Rresp — Hdec * [B]

Yield coefficient approaches:

Approach Reference Notes

Theoretical (energy-based) Rittmann and McCarty (2001) R?=0.9
Theoretical (Gibbs dissipation) Heijnen and Van Dijken (1992) R? = 0.9
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Approach Reference Notes
Empirical Roden and Jin (2011) Y =0.2840.0211 - (—AG")

Monod growth kinetics:

S
TX::U‘maxm'X

D.5. B.5 Partial equilibrium

When aqueous reactions are much faster than mineral reactions, the partial
equilibrium assumption replaces stiff differential equations with algebraic
constraints for the fast reactions (Leal, Blunt, and LaForce 2015):

r==k-a; <1—g>

With possible adjustments near equilibrium:

D.6. B.6 Software and tools

Several geochemical modeling codes implement the frameworks described
above:

« PHREEQC (Parkhurst and Appelo, 1999, 2013)
o The Geochemist’s Workbench (Bethke, 2007)
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o EQ6 (Wolery and Daveler, 1992)
o CHESS (van der Lee and Windt, 2002)

For readers who want to build and run their own reaction—transport sim-
ulations of the processes described in this book, the open-source Porous-
MediaLab provides a Python-based framework for modeling biogeochem-
ical reactions in porous media. It implements many of the rate expressions
and transport equations presented here, and can serve as a hands-on com-
panion to the mathematical theory.
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E. Appendix C — Reaction Gallery

This appendix collects the key biogeochemical reactions referenced
throughout the book. Reactions are organized by the redox ladder — from
the most energetically favorable electron acceptors to the least — followed
by chemolithotrophic metabolisms, photosynthesis, and abiotic reference
reactions. All AG® values are for standard conditions (25°C, 1 atm, unit
activities) unless noted. Under environmental conditions, actual AG
values differ according to AG = AG® + RT In @ (Chapter 1).

The organic matter in heterotrophic reactions is represented as CH,O
(formaldehyde), the simplest reduced carbon compound. Real organic
matter has variable composition and oxidation state; the NOSC frame-
work (Appendix A) provides a way to estimate energy content for arbitrary
organic molecules.

E.1. C.1 Aerobic Respiration

The most energetically favorable heterotrophic metabolism. Dominates
wherever oxygen is available.

CH,O + 0, — CO, + H,0

AG° = —475 kJ/mol

Yields 15-18 times more ATP per glucose molecule than any anaerobic
pathway (Chapter 5). In sediments, aerobic respiration consumes oxygen
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within the top millimeters to centimeters, creating the anoxic zone below
(Chapter 8).

E.2. C.2 Denitrification

Nitrate as terminal electron acceptor. First anaerobic metabolism in the
redox sequence.

5CH,0 + 4NO; + 4H" — 5CO, + 2N, + 7H,0

AG° = —453 kJ/mol (per mol CH,0)

Produces dinitrogen gas (N,), removing bioavailable nitrogen from the sys-
tem. Environmentally significant in groundwater remediation and wastew-
ater treatment (Chapter 10).

E.3. C.3 Manganese Reduction

Manganese(IV) oxides as terminal electron acceptor.

CH,O + 2MnO, + 4H" — CO, + 2Mn*" + 3H,0

AG® = —349 kJ/mol
Often quantitatively minor in marine sediments because MnO, concentra-

tions are low, but important in specific environments (Chapter 8, Chapter
9).
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E.4. C.4 Iron Reduction

Ferric iron as terminal electron acceptor.

CH,O + 4Fe(OH), + 8H" — CO, + 4Fe”" + 11H,0

AG° = —114 kJ/mol

Iron reducers yield 4-5 times more energy per electron than methanogens,
giving them a competitive advantage where ferric iron is available (Chapter
9). The released Fe?" can precipitate as pyrite (FeS,) or siderite (FeCOs),
linking the iron and sulfur cycles.

E.5. C.5 Sulfate Reduction

Sulfate as terminal electron acceptor.
With organic matter as electron donor:
2CH,O + SO> + 2H" — 2C0, + H,S + 2H,0
AG® = —77 kJ/mol (per mol CH,O0)
With hydrogen as electron donor (Chapter 4):
4H, + SO7” 4+ 2H" — H,S + 4H,0

AG® = —152 kJ/mol

Sulfate reducers dominated the deep biosphere before the Great Oxidation
Event and remain major players in marine sediments, where sulfate is
abundant (~28 mM in seawater). The sulfate-methane transition zone,
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where sulfate reduction meets methanogenesis, is one of the most studied
features in porewater geochemistry (Chapter 8).

E.6. C.6 Methanogenesis

Carbon dioxide as terminal electron acceptor — the bottom of the redox
ladder for heterotrophic respiration.

Hydrogenotrophic methanogenesis (Chapter 4):

4H2 + COQ — CH4 + 2H2O

AG° = —131 kJ/mol

Acetoclastic methanogenesis:

CH,COOH — CH, + CO,

AG°® = —36 kJ/mol

Methanogens operate on the thinnest energy margins of any heterotrophic
metabolism. They lose the competition for hydrogen and acetate wherever
sulfate is available, which is why methanogenesis dominates only below the
sulfate depletion zone (Chapter 9).

E.7. C.7 Anaerobic Methane Oxidation (AOM)

Sulfate-driven anaerobic methane oxidation, carried out by consortia of
anaerobic methanotrophic archaea and sulfate-reducing bacteria (Chapter
8):
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CH, +SO; — HCO3 +HS™ + H,0

AG° = —17 kJ/mol

Among the least energetically favorable reactions in the microbial reper-
toire. AOM consumes an estimated 90% of the methane produced in
marine sediments before it can reach the water column, making it one of
the most important biological filters on Earth’s greenhouse gas budget.

E.8. C.8 Nitrification

A two-step chemolithotrophic process: ammonia oxidation followed by
nitrite oxidation.

Step 1 — Ammonia oxidation:

NH; + 20, — NO, +2H" + H,0
AG® = —275 kJ/mol
Step 2 — Nitrite oxidation (Chapter 5):
NO, + 10, — NOg

AG° = —76 kJ/mol

Nitrification links the reduced and oxidized ends of the nitrogen cycle. It
is strictly aerobic, which is why nitrate production ceases at the oxygen
boundary in sediments.
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E.9. C.9 Anammox

Anaerobic ammonium oxidation — ammonium oxidized with nitrite as the
electron acceptor.

NH,; +NO, — N, + 2H,0

AG° = —358 kJ/mol

Discovered in the 1990s, anammox removes bioavailable nitrogen without
requiring oxygen. Significant in oxygen-minimum zones of the ocean and
in wastewater treatment.

E.10. C.10 lron Oxidation

Chemolithotrophic oxidation of ferrous iron.

4Fe®" + 0, + 10H,0 — 4Fe(OH), + 8H"

AG°® = —44 kJ/mol (per mol Fe, at pH 7)

Ferroplasma acidiphilum (Chapter 3, Appendix E) represents a modern
organism that may preserve an ancient iron-dependent metabolism. In
acidic environments the abiotic rate is slow, giving iron-oxidizing bacteria
a kinetic window.
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E.11. C.11 Sulfide Oxidation

Chemolithotrophic oxidation of hydrogen sulfide.

H,S + 20, — SO3 +2H"

AG° = —798 kJ/mol

Energetically generous. Sulfide-oxidizing bacteria thrive at redox inter-
faces where H,S from below meets O, from above — the same interface
that defines the boundary between the sulfate and oxygen zones in sedi-
ment profiles.

E.12. C.12 Photosynthesis

E.12.1. Oxygenic photosynthesis
Water-splitting reaction (Chapter 5):

AG® = +2870 kJ/mol (endergonic; driven by light energy)

The reaction that oxygenated the atmosphere. The electron donor is water;
the waste product is molecular oxygen (Chapter 5).

245



E. Appendix C — Reaction Gallery

E.12.2. Anoxygenic photosynthesis

Using hydrogen sulfide as electron donor (Chapter 4):

CO, + 2H,S + light — CH,O + 28° + H,0

Preceded oxygenic photosynthesis by at least several hundred million years.
No oxygen is produced; elemental sulfur is the waste product.

E.13. C.13 Abiotic Reference Reactions

E.13.1. Silicate weathering

The long-term thermostat of Earth’s climate (Chapter 10):

CaSiO, + CO, — CaCO4 + SiO,

Consumes CO,; rate enhanced by plant roots and microbial activity in
soils.

E.13.2. Hydrogen-chlorine reaction

The non-equilibrium demonstration from Chapter 1:

H, + Cl, — 2HCI

AG® = —191 kJ/mol

A mixture of H, and Cl, can sit indefinitely at room temperature (kinet-
ically inhibited), but a single photon of the right wavelength triggers an
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explosive chain reaction. Thermodynamics says “yes”; kinetics says “not
yet.”

E.13.3. Radiolytic hydrogen production
The energy source for the deep biosphere (Chapter 9):

radiation

Uranium and thorium decay in crustal rocks splits water molecules, produc-
ing H, that sustains microbial communities kilometers below the surface
— independent of photosynthesis.

E.14. C.14 The Redox Ladder (Summary)

The terminal electron acceptor sequence, ordered by decreasing energy
yield per electron transferred from organic matter:

Electron AG° (kJ/mol

Acceptor Product CH,0) Chapter
O, H,0 —475 5,8
NO3 N, —453 8, 10
MnO, Mn2+ —349 8,9
Fe(OH)4 Fe?" —114 8,9
SO%~ H,S =77 4,8
Co, CH, —36 4,8

This is the sequence that produces the layered porewater profiles in Chap-
ter 8 and the predictable community structures in Chapter 9. It emerges
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wherever transport is limited and biology is present — in sediments, in
aquifers, and in contaminated groundwater (Chapter 10).
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F. Appendix D — Math Without
Pain

This appendix collects the quantum-mechanical derivations and detailed
mathematical treatments that support the main text. Readers who want
the full machinery will find it here; readers who skipped the Deep Dives
can return to these sections when curiosity strikes.

F.1. D.1 The Schréodinger equation: from waves to
energy levels

Planck and Einstein showed that light carries energy in packets. But the
discreteness runs deeper. Particles themselves behave as waves—a fact
confirmed experimentally in the 1920s! and formalized by the Schrodinger
equation. Electrons confined to an atom cannot have arbitrary energies,
for the same reason a guitar string cannot vibrate at arbitrary frequen-
cies: the boundary conditions select only certain standing-wave patterns,
and each pattern corresponds to a specific energy. From these discrete en-
ergy levels come all bond energies, activation barriers, and spectroscopic
signatures that appear throughout this book.

The machinery that connects wave-particle duality to energy quantization
is the Schrédinger equation. Before we derive it, the experimental evidence
that demands it.

IClinton Davisson and Lester Germer, “Diffraction of Electrons by a Crystal of Nickel,”
Physical Review 30 (1927): 705-740. (Davisson and Germer 1927)
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In 1924, Louis de Broglie proposed that every particle has an associated
wavelength:

A= —
muv

where m is the particle’s mass and v its velocity. For a baseball, A is far
smaller than an atomic nucleus and wave behavior is undetectable. For
an electron, A is comparable to the spacing between atoms in a crystal,
and wave behavior dominates. Three years later, Clinton Davisson and
Lester Germer at Bell Labs fired electrons at a nickel crystal and observed
a diffraction pattern — the unmistakable signature of wave interference.
Electrons were not tiny billiard balls; they were also waves. The wave-
particle duality that had startled physicists with light now extended to all
matter.

Now the derivation, compressed but honest.

Step 1: Start from a wave. A free particle moving in one dimension
can be described by a wave function:

‘IJ(SU, t) — ei(kmfwt)

where k is the wave number (related to momentum by de Broglie: p = hik,
with & = h/27) and w is the angular frequency (related to energy by
Planck: E = hw).

Step 2: Extract momentum. Differentiate twice with respect to posi-
tion:

oz = MY
Since p = hk, this means p?¥ = —h? %1%-
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Step 3: Write the energy condition. Total energy is kinetic plus
2
potential: £ = 2 + V. Substituting:

h? 92U
FV=——0— 1+ VU
2m Ox? +

This is the time-independent Schrodinger equation (TISE). It says:
the allowed energies of a quantum system are those values FE for which
this equation has well-behaved solutions.

Step 4: Add time. From F = fiw and ¥ o e~ differentiate once with
respect to time:

o
h— = E W
ot

Combining with the TISE gives the time-dependent Schrédinger
equation:

2 92
ML
ot 2m Ox?

What we sacrificed in this presentation: rigor. The argument above
is a plausibility construction, not a derivation from first principles. The
Schrodinger equation is a postulate—it cannot be derived from classical
mechanics any more than Newton’s second law can be derived from kine-
matics. Its justification is that it works: every prediction it makes matches
experiment.

What we kept: the direct connection between de Broglie’s wavelength,
Planck’s energy quantization, and the equation that governs all of chem-
istry. The TISE is the equation that produces the energy levels of hydro-
gen, the shapes of molecular orbitals, and the bond energies that appear
in every reaction in this book.
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The probability interpretation matters too. |¥|? gives the probability of
finding the particle at a given location. Before measurement, the electron
does not have a definite position; it has a probability distribution. As
physicists learned to say: in the absence of a measurement, there is no
single trajectory—only a spread of possibilities weighted by |¥|2.

F.2. D.2 How molecules store energy: the hierarchy

Molecules store energy in four quantized modes, forming a hierarchy by
the size of their energy gaps:

AE‘electronic > AE‘viblrafcional > AElrotational > AEtranslational

F.2.1. Electronic energy

Electrons in atoms and molecules occupy discrete orbitals, and the energy
gaps between orbitals are large—typically on the order of electron-volts
(hundreds of kJ/mol). Transitions between electronic states are what make
photosynthesis and the photoelectric effect work. These are the most
energetic transitions in chemistry.

F.2.2. Vibrational energy

Atoms in a molecule vibrate around their equilibrium positions like masses
connected by springs. Quantum mechanics says these vibrations are quan-
tized: a bond can vibrate with 0, 1, 2, ... quanta of vibrational energy, but
nothing in between. The energy levels of a quantum harmonic oscillator
are:

E,=(n+3%)hrg n=012,..
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The Shv,;, term—the zero-point energy—means that even at absolute
zero, a bond is never perfectly still. Infrared spectroscopy probes these
transitions; the specific wavelengths absorbed are fingerprints of molecular
structure.

F.2.3. Rotational energy

Molecules rotate, and the rotation is quantized. For a rigid rotator (a
reasonable approximation for small molecules), the allowed energies are:

h2

EJ_E

JJ+1) J=01,2,..

where I is the moment of inertia. Rotational energy gaps are much smaller
than vibrational ones, which is why rotational transitions show up in the
microwave region of the spectrum.

F.2.4. Translational energy

Even the simple motion of a molecule through space is quantized when
the molecule is confined. For a particle in a one-dimensional box of length
a:

n2h?

E =
8ma?

n=123,..

n

For a macroscopic container, the energy gaps between translational levels
are fantastically small, and the quantization is undetectable—translation
looks continuous. But the mathematical framework still applies and is
essential for statistical mechanics.
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F.2.5. Thermal population and the partition function

At room temperature (kg7 &~ 2.5 kJ/mol ~ 0.026 V), translational and
rotational modes are fully excited—the thermal energy is much larger than
the gaps, so many quantum states are populated. Most vibrational modes
are only partially excited (their gaps are comparable to kgT"), and elec-
tronic transitions are essentially frozen out (the gaps are far above kgT).

This hierarchy explains, for instance, why heating a gas increases its pres-
sure (translational energy changes easily) long before it changes color (elec-
tronic transitions require much more energy).

In three dimensions, translational states can be degenerate: different
combinations of quantum numbers (n,,n,,n,) can give the same total
energy. Degeneracy matters for statistical mechanics—it determines how
many microstates correspond to a given macrostate, which feeds directly
into entropy.

The full partition function of a molecule is a product of contributions from
each mode:

Gtotal = Gtrans * Grot ~ Qvib * Gelec

From this partition function, all thermodynamic quantities—internal en-
ergy, entropy, heat capacity, and ultimately AG—can be calculated. Sta-
tistical mechanics is the bridge between the quantum mechanics of indi-
vidual molecules and the thermodynamics of bulk matter.
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A field guide to the organisms that appear in this book.

Ferroplasma acidiphilum - Habitat: Acidic, iron-rich environments;
originally discovered in a bioreactor at a metallurgical plant in Tula, Rus-
sia - Metabolism: Iron oxidation (Fe?* to Fe3"); no cell wall, just a mem-
brane - Claim to fame: May represent an accidentally preserved remnant
of Earth’s earliest iron-based metabolism. Its proteins are unusually iron-
rich, its metabolic pathways simple and centered on iron chemistry, and its
lifestyle closely matches conditions in the microcavities of pyrite crystals
on the early Earth. The metallurgical plant in Tula accidentally recreated
iron-age conditions — and Ferroplasma was still there, running the same
ancient chemistry. - Key citation: Golyshina et al. (2000) (Golyshina et
al. 2000); Ferrer et al. (2007) (Ferrer et al. 2007) - Appears in: Chapter
3

Candidatus Desulforudis audaxviator - Habitat: Fracture water in
deep gold mines, South Africa, 2.8 km below the surface - Metabolism:
Sulfate reduction with H, (from radiolysis); fixes CO, and N, - Claim to
fame: The most isolated organism known — dominant member of a single-
species ecosystem sealed from the surface for at least 20 million years. Has
no genes for oxygen use or defense. - Key citation: Chivian et al. (2008),
Science (Chivian et al. 2008) - Appears in: Chapter 9
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Synechococcus (and cyanobacteria generally) - Habitat: Oceans,
freshwater, soil, hot springs — nearly everywhere light reaches -
Metabolism:  Oxygenic photosynthesis (H,O as electron donor,
CO, fixation via Calvin cycle) - Claim to fame: Ancestors of all
cyanobacteria caused the Great Oxidation Event ~2.4 Ga, the largest at-
mospheric transformation in Earth’s history. Every chloroplast descends
from a captured cyanobacterium. - Key citation: Blankenship (2010),
Plant Physiology (Blankenship 2010) - Appears in: Chapters 4, 5, 7

Bacillus subtilis - Habitat: Soil, plant roots, biofilms - Metabolism:
Aerobic heterotroph (versatile; also ferments) - Claim to fame: The most
socially complex bacterium documented. Communicates via quorum sens-
ing, forms biofilms, and under starvation activates a cannibalism circuit
(SdpC toxin) that kills half the population to feed the survivors, delay-
ing sporulation. - Key citation: Ellermeier et al. (2006), Journal of
Bacteriology (Ellermeier et al. 2006) - Appears in: Chapter 6

Muyxococcus xanthus - Habitat: Soil - Metabolism: Aerobic het-
erotroph (predatory) - Claim to fame: Hunts cooperatively in swarms,
secreting lytic enzymes that kill prey. Under starvation, aggregates into
multicellular fruiting bodies where most cells sacrifice themselves so a mi-
nority can sporulate. The most wolf-like bacterium known. - Key cita-
tion: Fiegna et al. (2006) (Fiegna et al. 2006) - Appears in: Chapter
6
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Ruthia magnifica - Habitat: Gill cells of the giant clam Calyptogena
magnifica, at hydrothermal vents - Metabolism: Chemoautotrophy — ox-
idizes H,S, fixes CO4 via Calvin cycle - Claim to fame: An intracellular
symbiont that still retains a complete genome for independent chemoau-
totrophic life. Represents an early stage on the spectrum from free-living
bacterium to organelle. - Key citation: Newton et al. (2007), Science
(Newton et al. 2007) - Appears in: Chapter 7

Candidatus Carsonella ruddii - Habitat: Specialized cells (bacterio-
cytes) inside psyllid insects - Metabolism: Amino acid biosynthesis for
the host (cannot replicate independently) - Claim to fame: Possesses
the smallest genome of any known cellular organism (160 kb) — so reduced
that some biologists question whether it is still a living organism or has
become an organelle. Represents a late stage of symbiont-to-organelle evo-
lution. - Key citation: Nakabachi et al. (2006), Science (Nakabachi et
al. 2006) - Appears in: Chapter 7

Lokiarchaeota (Asgard archaea) - Habitat: Deep-sea sediments near
Loki’s Castle hydrothermal vent field, Mid-Atlantic Ridge, 3,283 m depth
- Metabolism: Not yet cultured; predicted from genomic data - Claim
to fame: The closest known prokaryotic relative of eukaryotes. Carries
genes for actin-like cytoskeletal proteins and membrane remodeling — capa-
bilities once thought exclusive to eukaryotes. Phylogenetic evidence places
eukaryotes within the Asgard archaea, not as their sister group. - Key
citation: Spang et al. (2015), Nature (Spang et al. 2015) - Appears in:
Chapter 7
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Riftia pachyptila - Habitat: Hydrothermal vents, East Pacific Rise -
Metabolism: Entirely dependent on chemoautotrophic endosymbionts
(has no mouth, gut, or anus) - Claim to fame: The iconic tube worm
of deep-sea vents. Its trophosome organ is packed with sulfur-oxidizing
bacteria that fix carbon, fed by a specialized hemoglobin that transports
both Oy and H,S simultaneously. - Key citation: Discussed in multiple
vent ecology reviews - Appears in: Chapter 7

Elysia viridis - Habitat: Shallow coastal waters of Europe; feeds on
algae - Metabolism: Steals functional chloroplasts from algae and in-
corporates them into its own digestive cells — a temporary, non-heritable
photosynthesis - Claim to fame: A living thought experiment for how
chloroplast acquisition might have begun. Each generation must acquire
chloroplasts anew by feeding. Demonstrates that the boundary between
predation and symbiosis can be crossed in a single meal. - Key citation:
Provorov & Dolgikh (2005) (Provorov and Dolgikh 2005) - Appears in:
Chapter 7

258



	The Invisible Architects
	Part I: The Rules of the Game
	The Budget of the Universe
	Energy in packets
	The hydrogen-chlorine cannon
	The budget: Gibbs free energy
	Real conditions, not standard ones

	Why energy levels are discrete
	Chemical equilibrium and the reaction quotient
	The rules before the game
	Takeaway

	The Stage
	The violence that built the world
	The blow that made the Moon
	The divergence: Venus, Earth, and Mars
	Venus: the greenhouse that ate itself
	Why Earth kept its water
	Mars: the planet that lost its shield

	The first ocean
	An exotic soup

	The first signatures of life
	The cooling planet
	The inventory, assembled
	Same rules, one stage
	Takeaways


	Part II: The First Society
	Spark
	The middleman steps forward
	Where it happened
	The phosphorus problem
	An ocean laced with metal
	In the beginning, there was the community
	The circuit redrawn
	From spark to city
	Takeaway

	The First City
	Three neighborhoods
	The green canopy
	The pink middle
	The dark basement

	The beauty of the closed cycle
	Stromatolites: the fossil cities
	Reading the isotopes: fingerprints of ancient metabolism
	Microbes as geological agents
	The first metabolisms
	The speed limit of life: why enzymes matter
	What enzymes actually do
	Michaelis-Menten kinetics: the speed limit
	The mat as a metabolic circuit
	What we sacrificed
	Takeaway

	The Poisoning
	The world before the catastrophe
	The ladder of electron donors
	The missing link: nitrogen photosynthesis
	The final step: splitting water

	How photosynthesis actually works (told briefly)
	The Great Oxidation Event
	The invention of respiration
	The day shift and the night shift
	Houses for cyanobacteria
	The nitrogen bargain
	The energetics of a new world
	The long aftermath
	The ledger


	Part III: The Great Mergers
	Cannibals and Voters
	The birth of altruism
	Bacillus subtilis: the bacterium that does everything
	The cannibalism strategy
	Myxococcus xanthus: the social predators
	How cells ``decide'': the metabolic logic
	Bistability: the molecular basis of commitment
	The ecology of decision
	The ancient social contract
	Where we go next
	Takeaway

	The Merger
	The compartment problem
	A bridge between worlds
	The spectrum of integration
	The chemist in the dark: Ruthia magnifica
	The shrinking genome: Carsonella ruddii
	The borrowed factory: Elysia chlorotica
	The perfect commune: the three-way lichen

	Oases in the dark
	The pattern
	The merger itself
	The architecture of consequences
	What competition could not build
	The deep continuity
	You are a community
	Takeaway


	Part IV: The Equation
	The Equation
	Conservation: the only law you need
	What moves: transport
	What reacts: rate expressions
	Coupling: one organism's waste is another's substrate
	The porewater profile, explained
	One equation, all scales
	What we sacrificed
	Takeaway


	Part V: The Hidden World and the Future
	Cities Without Sunlight
	The brave wanderer
	What counts as ``deep''
	The terminal electron acceptor hierarchy
	Respiration in equations
	Life at the thermodynamic edge
	The dark photosynthesizer
	Competing or cooperating?
	Growth, decay, and the meaning of yield
	The scale of the hidden world
	What the brave wanderer teaches
	Takeaway

	The Water Planet
	The scale of the crisis
	What microbes have to do with it
	Trees, rocks, and the long carbon cycle
	The atmosphere as a balance sheet
	The modeling challenge
	Fast reactions and slow reactions: the partial equilibrium trick
	Reading the past through rust
	The Devonian puzzle, revisited
	The water-energy-carbon nexus
	What the microbes are still doing
	Canada's opportunity
	The 4.5-billion-year operating manual
	Takeaway

	What Is Life?
	Three definitions, all correct
	Two irreducible properties
	The arc of the book
	What we still do not know
	The invisible architects, still at work
	Three claims


	Appendices
	Appendix A — Energy Toolkit
	Enzyme Kinetics and Regulation
	A.1 Linearizing the Michaelis-Menten curve: Lineweaver-Burk
	A.2 Competitive inhibition
	A.3 Non-competitive inhibition
	A.4 Irreversible inhibition
	A.5 pH and temperature optima

	Geochemical Estimation Tools
	A.6 The NOSC: a simple proxy for energy content
	A.7 Isotope fractionation as a biosignature

	Appendix B — Model Toolkit
	B.1 The diagenetic equation
	Steady state

	B.2 Transport terms
	Advection
	Compaction
	Externally impressed flow (Darcy)

	B.3 Reaction rate expressions
	Respiration (dual-Monod)
	Hydrolysis (Michaelis–Menten)
	Thermodynamic factor
	Temperature dependence (Arrhenius)

	B.4 Growth, yield, and decay
	B.5 Partial equilibrium
	B.6 Software and tools

	Appendix C — Reaction Gallery
	C.1 Aerobic Respiration
	C.2 Denitrification
	C.3 Manganese Reduction
	C.4 Iron Reduction
	C.5 Sulfate Reduction
	C.6 Methanogenesis
	C.7 Anaerobic Methane Oxidation (AOM)
	C.8 Nitrification
	C.9 Anammox
	C.10 Iron Oxidation
	C.11 Sulfide Oxidation
	C.12 Photosynthesis
	Oxygenic photosynthesis
	Anoxygenic photosynthesis

	C.13 Abiotic Reference Reactions
	Silicate weathering
	Hydrogen-chlorine reaction
	Radiolytic hydrogen production

	C.14 The Redox Ladder (Summary)

	Appendix D — Math Without Pain
	D.1 The Schrödinger equation: from waves to energy levels
	D.2 How molecules store energy: the hierarchy
	Electronic energy
	Vibrational energy
	Rotational energy
	Translational energy
	Thermal population and the partition function


	Appendix E: Dramatis Personae


