FROM QUARKS TO CONSCIOUSNESS | YOUTH EDITION

QTC COMPANION VOLUME

From Quarks to Consciousness
Youth Edition

Twenty-seven evidence-led questions for readers aged 13 to 17

Juan Segurola
Version v1.0 | 5 September 2026

DOI: 10.5281/zen0do0.22337834
© 2026 Juan Segurola. All Rights Reserved.

Juan Segurola | v1.0 | 10.5281/zenodo.22337834 | Page 1



FROM QUARKS TO CONSCIOUSNESS | YOUTH EDITION

How to read this volume

Science does not grow by collecting final answers. It grows by asking questions that can be connected to
evidence, testing the links, and stating clearly where an explanation stops. The 27 chapters in this volume
follow that pattern across physics, astronomy, chemistry and biology.

Each chapter has five parts. The question identifies the puzzle. The core idea gives the shortest defensible
answer. Evidence and reasoning shows how observations, experiments and models support it. The
investigation prompt asks you to test the logic rather than merely remember it. The boundary states what
the chapter does not establish.

Some results are direct measurements; others are reconstructions or inferences. A model is not a guess: it is
a structured account that must agree with observations and remain open to correction. At the same time, a
successful model should not be stretched beyond the evidence that supports it. When a problem remains
unresolved, the chapter says so.

These chapters are independent adaptations of the canonical QTC scientific articles. They preserve the
scientific claims and uncertainties while using a structure intended for readers aged 13-17. You can read
them in order or begin with any question that catches your attention. In either case, keep asking three things:
What was observed? What reasoning connects it to the conclusion? What evidence could change that

conclusion?
Contents
QTC Question / Pregunta
QTC-001 Why is an astronomical image not a picture of one moment?
QTC-002 What does the dark night sky rule out?
QTC-003 What makes a surface resist your hand?
QTC-004 Which part of us comes from the early Universe, and which from stars?
QTC-005 How can light tell us what a star is made of when nobody can take a sample?
QTC-006 How do astronomers measure distances that no tape measure could reach?
QTC-007 How did Earth become billions of years old in science rather than merely unimaginably old?
QTC-008 Why do living cells spend so much effort maintaining differences across membranes?
QTC-009 What does science mean when it calls something alive?
QTC-010 How can evolution be both random and non-random?
QTC-011 What is the oldest light that a telescope can observe?
QTC-012 If the Big Bang was not a bomb, what does the phrase actually describe?
QTC-013 How can scientists reconstruct an era that no telescope can photograph?
QTC-014 If matter and antimatter can be made in pairs, why is there a small excess of matter around us?
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QTC Question / Pregunta

QTC-015 How can astronomers study the first stars when no individual metal-free star has been confirmed?
QTC-016 Is a planet built by one recipe, or by many processes that can take different routes?

QTC-017 What does a radiometric date date: a rock, a mineral, or an event?

QTC-018 What changed continental drift from a striking idea into plate tectonics?

QTC-019 Does Earth regulate its climate like a thermostat, and if so, why can climate still change so dramatically?
QTC-020 Did life need one perfect birthplace, or a planet running many experiments at once?

QTC-021 When does chemistry stop repeating itself and start improving?

QTC-022 Why is there no fossil of the first cell, and what has to take its place?

QTC-023 How do you reconstruct an ancestor that nobody ever dug up?

QTC-024 If microbes run the planet, why does Earth look like forests and animals?

QTC-025 How can a rock tell you what the air was like before anyone could breathe it?

QTC-026 How can a cell still hold the record of a partnership from more than a billion years ago?

QTC-027 If genes can move sideways, does the tree of life still mean anything?
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QTC-001 | Why is an astronomical image not a picture of one moment?
Canonical basis: QTC-001 - Everything You See Is the Past

Question. A telescope can record the Moon, a nearby star and a galaxy in one exposure. Does the
photograph show those objects as they existed at the same time?

Core idea. No. The detector receives the photons together, but those photons began their journeys at very
different times. This makes astronomy a science of signals and reconstruction: an image records arrivals at

the telescope, while a description of the source requires a model of where the signal came from and how it
travelled.

Evidence and reasoning. In the seventeenth century, Ole Rgmer noticed that eclipses of Jupiter's moon lo
appeared early or late as Earth's position changed. The timing pattern was evidence for a changing light path,
not a direct measurement of light speed by itself. A distance scale was needed to convert the delay into a
speed, and James Bradley later reached the same conclusion through stellar aberration. Independent routes
matter because they can expose an explanation that merely fits one observation by chance.

Investigation prompt. Imagine that three news reports arrive on your phone at the same minute, although
they were written one second, eight minutes and two million years ago. Which facts could you report directly
from the messages? Which claims about the present would require a prediction rather than an observation?

Boundary of the claim. Travel delay can be calculated and corrected in many measurements. It does not
create a single universal present for distant places. At cosmological distances, lookback time, distance and
the time coordinate assigned to an event are distinct quantities.
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QTC-002 | What does the dark night sky rule out?

Canonical basis: QTC-002 - Why Is the Night Sky Dark?

Question. Why does darkness become a cosmological observation rather than merely the absence of visible
light?

Core idea. A dark sky conflicts with a simple model in which stars have shone forever in an unchanging,
uniformly populated universe. In that model, more distant shells contain more stars, and the accumulated
light would not fade away simply because individual sources are farther off. The observed darkness therefore
tells us that at least one premise of the model fails.

Evidence and reasoning. The decisive issue is not an infinite mathematical brightness. Real stars have finite,
opaque surfaces, so in a sufficiently old universe enduring stars would cover almost every line of sight with
stellar photospheres. Dust cannot rescue the old model: it absorbs radiation, warms up and re-emits energy
at other wavelengths. Modern cosmology provides the needed missing condition: stars and galaxies have a
finite luminous history. Expansion and redshift further alter the background, especially in selected
wavelength bands, but they are not the whole explanation.

Investigation prompt. Write down the assumptions behind the classical puzzle: an eternal past, a roughly
uniform distribution of enduring sources, and enough time for their radiation to arrive. Then remove one
assumption at a time. Which change addresses the observation, and which merely changes the wording of
the question?

Boundary of the claim. Visible darkness does not mean that the Universe contains no radiation, nor does it
prove that space has an edge. Microwave instruments, for example, detect radiation arriving from every
direction. The claim concerns the optical sky and the finite history of luminous sources.
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QTC-003 | What makes a surface resist your hand?

Canonical basis: QTC-003 - Why Are Solid Things Solid?

Question. If atoms contain a tiny nucleus and extended electron states, why does a table stop a hand instead
of allowing it to pass through?

Core idea. Ordinary contact is not a collision between hard microscopic shells. As two materials are pressed
together, their electronic arrangements, electric interactions and allowed quantum states change in a way
that raises the total energy. The force we feel is the large-scale result of that steep energy change and of
small deformations in both materials.

Evidence and reasoning. Physics separates two related problems. Quantum mechanics explains why an
electron in an atom has a stable finite state rather than collapsing into the nucleus. For bulk matter, electrons
are fermions, so they cannot all occupy one low-energy state when matter is crowded together. That
statistical restriction is not an extra force called “Pauli repulsion”; it is a restriction on quantum states with
mechanical consequences. White dwarfs provide a striking test because their measured mass-radius relation
follows the same degeneracy physics at stellar scale.

Investigation prompt. Compare a spring, a rubber band and a block of wood. Each pushes back differently.
Which observation tells you about the material's response, and which would merely repeat the everyday
label “solid”? Then ask what microscopic energy change could underlie a restoring force.

Boundary of the claim. “Atoms are mostly empty space” is a scale statement, not a complete physical
picture. The atom's apparent size is set by an extended quantum state, and neither contact nor material
stability is explained by one isolated ingredient.
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QTC-004 | Which part of us comes from the early Universe, and which from
stars?

Canonical basis: QTC-004 - Where Were the Atoms in Your Body Made?

Question. Is “we are made of stardust” true, false, or incomplete once we distinguish the number of atoms
from the mass of a body?

Core idea. Both the Big Bang and later stars are part of the answer. Hydrogen nuclei were made mainly in the
early Universe, while much of the carbon and oxygen that dominate body mass was assembled later through
stellar processes. The result depends on what is counted: hydrogen is numerous, whereas oxygen and carbon
weigh much more.

Evidence and reasoning. Nuclear reactions, astronomical spectra, meteorites and models of chemical
evolution all point to a mixed Galactic inheritance. The first minutes produced mostly hydrogen and helium,
not the whole periodic table. Stars build many heavier nuclei, but different stellar lives and deaths contribute
differently. Neutron capture, compact-object mergers and cosmic-ray spallation add further routes, so an
element can inherit several production channels, and there is no honest periodic table in which every
element has one birthplace. The agreement between predicted and observed primordial deuterium is
especially important; the unresolved lithium problem shows that a successful framework can still contain a
real anomaly.

Investigation prompt. Take two descriptions of the same body: one lists how many atoms of each element it
contains, and the other lists mass fractions. Explain why both can be correct while leading to different
headlines about cosmic origin. What information would you need before assigning a nucleus to one specific
star?

Boundary of the claim. Individual nuclei usually cannot be traced to one ancestral explosion. The Solar
System formed from material mixed across many generations, and the relative contributions of some heavy-
element processes remain under active investigation.

Juan Segurola | v1.0 | 10.5281/zenodo.22337834 | Page 7



FROM QUARKS TO CONSCIOUSNESS | YOUTH EDITION

QTC-005 | How can light tell us what a star is made of when nobody can take a
sample?

Canonical basis: QTC-005 - How Do We Know What Stars Are Made Of?

Question. How can light tell us what a star is made of when nobody can take a sample?

Core idea. A star's spectrum is evidence left by atoms and ions interacting with light. Its pattern can identify
chemical species, but it does not report their amounts automatically.

Evidence and reasoning. Laboratory measurements establish which wavelengths particular transitions can
produce. Astronomers then compare several compatible lines with a model of the star's atmosphere.
Temperature, pressure, ionization, atomic excitation and line blending all alter a line's appearance. This is
why Cecilia Payne's use of ionization physics was decisive: it showed that different-looking spectra do not
necessarily mean stars have completely different bulk compositions. Hydrogen and helium dominate ordinary
stellar atmospheres even though their visible lines change strongly with conditions.

Investigation prompt. Why is a laboratory line match necessary but insufficient for estimating an abundance
in astar?

Boundary of the claim. Spectroscopy provides a constrained inference, not a vial of stellar gas. Modern
analyses still depend on atomic data and atmospheric models, and even the Sun retains high-precision
disagreements between some abundance estimates and helioseismology.
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QTC-006 | How do astronomers measure distances that no tape measure could
reach?

Canonical basis: QTC-006 - How Far Away Is the Universe? The Cosmic Distance Ladder
Question. How do astronomers measure distances that no tape measure could reach?

Core idea. Cosmic distance is built from connected measurements, not from one universal ruler. Geometry
calibrates nearby objects, which calibrate brighter indicators farther away.

Evidence and reasoning. Parallax measures the tiny apparent shift of a nearby star as Earth changes position
in its orbit. Geometric distances to eclipsing binaries in the Large Magellanic Cloud and water masers in NGC
4258 help calibrate Cepheid variable stars. Cepheids then calibrate Type la supernovae, visible across much
larger distances. These links overlap, so astronomers compare their uncertainties and shared sources of error
rather than treating each step as independent. At large scales, redshift contributes information about
expansion, but it is not itself a distance.

Investigation prompt. Why would it be misleading to call the modern distance ladder a row of perfectly
separate steps?

Boundary of the claim. The Hubble tension is a measured disagreement between late-universe distance
results and values inferred from early-universe data within base Lambda-CDM. It is not yet proof either of a
hidden systematic mistake or of new physics.
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QTC-007 | How did Earth become billions of years old in science rather than
merely unimaginably old?

Canonical basis: QTC-007 - Deep Time

Question. How did Earth become billions of years old in science rather than merely unimaginably old?

Core idea. Geology learned two different things: first the order of events, then their numerical ages. Neither
task came from one decisive rock or experiment.

Evidence and reasoning. Layers, cross-cutting intrusions, unconformities and fossil succession establish
relative order. Attempts to turn that order into years produced competing answers because cooling, erosion
and heat-transport models contained different assumptions. Radioactive decay supplied durable clocks, but
contamination and the choice of material had to be controlled. Meteorites and lead-isotope measurements
provide especially important evidence because Earth has repeatedly recycled much of its oldest material.
Together, geological history, physical models and isotopic clocks converge on an age near 4.54 billion years.

Investigation prompt. Why is a wrong result from a serious model more informative than a guess that
happens to be wrong?

Boundary of the claim. Carbon-14 is useful mainly for relatively recent material that was once living, not for
the age of the planet. The accepted age is a convergent reconstruction with uncertainty, not a number read
directly from Earth's oldest surviving rock.
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QTC-008 | Why do living cells spend so much effort maintaining differences
across membranes?

Canonical basis: QTC-008 - Life Runs on Gradients
Question. Why do living cells spend so much effort maintaining differences across membranes?

Core idea. Cells use differences in ion concentration and electrical charge as controlled sources of useful
change. A membrane makes that difference available without being perfectly sealed.

Evidence and reasoning. Electron transport, light-driven reactions and other processes can pump ions across
selective membranes. The resulting electrochemical gradient includes both concentration and voltage. ATP
synthase gives ions a controlled way back and couples their movement to ATP production. Peter Mitchell
proposed this membrane-based account in 1961, replacing the expectation of a shared high-energy chemical
intermediate. Its acceptance depended on converging experiments, followed by structural work and direct
observations of molecular rotation. Some systems use sodium rather than protons, and ATP can also be made
directly during metabolism.

Investigation prompt. What is gained by treating a membrane as part of a mechanism rather than as a
container around reactions?

Boundary of the claim. A gradient is a source of free energy, not a living system by itself. Natural gradients
may matter for origin-of-life research, but they do not yet provide a complete account of how life began.
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QTC-009 | What does science mean when it calls something alive?
Canonical basis: QTC-009 - What Do We Actually Mean by Life?

Question. Why has biology not settled on one short definition that classifies every familiar and unfamiliar
case as alive or non-living?

Core idea. The word life is asked to do several jobs. A classification rule sorts cases such as viruses or
synthetic systems. A theory explains how living organization is maintained. An operational rule tells an
instrument what to seek. Those tasks overlap, but a definition that works for one does not automatically
work for the others.

Evidence and reasoning. Familiar checklists immediately expose a problem of level. A sterile person, mule or
worker ant is alive although the individual does not reproduce; evolutionary change belongs to a reproducing
lineage. Dormant spores may show extremely reduced activity yet remain viable. Viruses evolve but require
cells to reproduce, while viroids and prions complicate the boundary differently. Frameworks therefore
emphasize different combinations of metabolism, boundary, self-production, heredity and open-ended
evolution. None has been accepted as a universal solution, partly because all known cellular organisms on
Earth share deep ancestry: a feature common to all of them may be necessary, or may reflect one successful
historical lineage.

Investigation prompt. Choose one purpose: classify a virus in a textbook, design a spacecraft measurement,
or explain a self-maintaining cell. Write one criterion useful for that purpose. Then test it on a sterile
organism, a dormant spore and a virus. Which failure is a defect, and which signals that the criterion was
designed for a different task?

Boundary of the claim. The absence of one universal definition does not make the question arbitrary. State
the unit, purpose and criteria before examining a case, then seek evidence that separates a living system
from credible non-living alternatives. Organic molecules, habitability or one unusual signal alone do not
establish life.
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QTC-010 | How can evolution be both random and non-random?
Canonical basis: QTC-010 - Random Variation and a Filter

Question. If mutations are random, why do populations sometimes become well adapted to their
environment?

Core idea. In evolution, random means that a mutation does not occur because it would be useful. It does
not mean that molecular events lack causes or that every change is equally likely. Natural selection is non-
random sorting: variants that leave different numbers of descendants in a specified environment can change
in frequency. Neither process has foresight.

Evidence and reasoning. Molecular chemistry, DNA sequence and repair processes bias which mutations
arise, yet those biases do not predict future benefit. Experiments with bacterial resistance made the
sequence visible: resistant variants existed before the challenge, and the challenge changed their relative
success afterward. Darwin and Wallace described selection before genes and DNA were known; modern
genetics explains transmission but does not turn selection into a plan. Drift, migration, recombination,
developmental constraint and historical order also shape outcomes. Fitness is always relative to a particular
environment, not a universal ranking of organisms.

Investigation prompt. Consider a bacterial population before an antibiotic is added. Write two stories: one in
which cells change because they need resistance, and one in which rare variants already differ and the
antibiotic changes which descendants remain. What observation about timing could distinguish the stories?

Boundary of the claim. Natural selection can produce striking adaptation without producing perfection,
inevitable complexity or moral progress. Evolutionary histories retain trade-offs, repurposed structures and
paths that depend on which changes arrived first.
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QTC-011 | What is the oldest light that a telescope can observe?
Canonical basis: QTC-011 - The Oldest Light We Can See
Question. Does the cosmic microwave background show us the beginning of the Universe?

Core idea. It shows the earliest electromagnetic radiation that reaches us from all directions, not the first
moment of the cosmos. For about 380,000 years after the hot early phase, free electrons scattered photons
so frequently that ordinary light could not travel freely. Once atoms formed, most photons decoupled and
later expanded into the microwave radiation observed today.

Evidence and reasoning. A hot expanding universe predicted relic radiation before Penzias and Wilson found
an unexplained antenna excess in 1965. That measurement at one frequency was evidence worth testing, not
a complete spectrum. COBE later measured the near-perfect blackbody form expected from thermal
radiation. COBE, WMAP and Planck mapped tiny temperature variations and polarization, and Planck added
gravitational lensing. Those patterns retain information about the earlier photon-baryon plasma. Published
maps are nonetheless reconstructions: detector behaviour, calibration, foreground emission, masking and
statistical methods all affect the inference.

Investigation prompt. Compare a photograph through frosted glass with a record of light released after the
glass clears. Which events can the later light show directly, and which can only be inferred from patterns
imprinted on it? How would you test whether an apparent pattern belongs to the source rather than the
glass or camera?

Boundary of the claim. The last-scattering surface is not a physical shell centred on Earth, and it has finite
thickness rather than one exact moment. The CMB can constrain earlier conditions through their
consequences, but it does not directly image time zero or eliminate cosmological model dependence.
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QTC-012 | If the Big Bang was not a bomb, what does the phrase actually
describe?

Canonical basis: QTC-012 - What Do We Really Mean by the Big Bang?
Question. If the Big Bang was not a bomb, what does the phrase actually describe?

Core idea. The reliable claim is that the observable Universe was once hotter, denser and expanding. It does
not require an explosion from one point into pre-existing empty space.

Evidence and reasoning. Several lines of evidence reach this history from different directions: galaxy redshifts
and distance relations, the cosmic microwave background, light-element abundances and large-scale
structure. They do not all measure the same event. Light nuclei formed mainly in the early minutes, while the
microwave background was released much later, when atoms could form and light could travel freely.
Cosmological models connect these traces, but the evidence for a hot past is broader than any single model
component.

Investigation prompt. Which parts of a cosmological explanation are directly measured, and which are the
framework used to connect measurements?

Boundary of the claim. Running classical equations backward reaches conditions where classical general
relativity is no longer reliable. That boundary is not a photograph of creation, and neither a quantum
beginning nor a cosmic bounce has been confirmed.
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QTC-013 | How can scientists reconstruct an era that no telescope can
photograph?

Canonical basis: QTC-013 - Before Atoms

Question. How can scientists reconstruct an era that no telescope can photograph?

Core idea. Before neutral atoms allowed light to travel freely, the Universe was opaque to ordinary
electromagnetic observation. Earlier conditions are inferred from later relics and tested physics.

Evidence and reasoning. The cosmic microwave background marks the oldest electromagnetic surface we
can observe, not the beginning of cosmic history. Particle and nuclear measurements, primordial element
abundances, neutrino effects, cosmic expansion and lattice calculations constrain earlier stages. When
reactions become slower than expansion, they fall out of equilibrium gradually, leaving observable
consequences. Heavy-ion collisions test relevant strongly interacting matter, but they create small short-lived
systems rather than a miniature early Universe.

Investigation prompt. Why is it useful to describe confidence in the early Universe as a gradient rather than a
yes-or-no choice?

Boundary of the claim. The Standard Model predicts smooth crossovers in the tested QCD and electroweak
regimes under early-universe conditions. Named GUT and Planck epochs remain proposals, not observed
scenes.
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QTC-014 | If matter and antimatter can be made in pairs, why is there a small
excess of matter around us?

Canonical basis: QTC-014 - Matter, Antimatter and an Unsolved Imbalance
Question. If matter and antimatter can be made in pairs, why is there a small excess of matter around us?

Core idea. The puzzle is not that antimatter is imaginary or has vanished into nothing. The puzzle is how the
early Universe acquired or preserved a tiny excess of matter before matched pairs annihilated.

Evidence and reasoning. Cosmology measures the leftover very precisely, and primordial nucleosynthesis
and the microwave background agree on it. Sakharov identified conditions a dynamical explanation generally
needs: processes that change baryon number, asymmetries involving charge and CP, and departure from
equilibrium, unless the underlying assumptions fail. The known weak interaction has CP violation, but the
minimal Standard Model does not generate the observed excess. Candidate ideas include leptogenesis and
extended electroweak mechanisms; experiments test their ingredients through neutrinos, dipole moments,
proton decay and other searches.

Investigation prompt. Why does reproducing a measured final number not establish that a proposed
mechanism actually occurred?

Boundary of the claim. No candidate mechanism has been confirmed as the historical origin of the cosmic
matter excess. The question is scientifically specific and experimentally structured, but remains open.
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QTC-015 | How can astronomers study the first stars when no individual metal-
free star has been confirmed?

Canonical basis: QTC-015 - The Stars We Have Never Seen
Question. How can astronomers study the first stars when no individual metal-free star has been confirmed?

Core idea. Population Il stars are inferred from the nearly pristine hydrogen and helium of the early
Universe, but candidate systems, primitive gas and an individually identified zero-metal star are different
levels of evidence.

Evidence and reasoning. Molecular hydrogen cooled primordial gas imperfectly, which simulations suggest
favoured rapid growth and a population weighted toward high masses. The prediction is not a universal
mass: disks, binaries and lower-mass fragments also occur in modern calculations. Researchers combine
simulations, chemical patterns preserved in ancient stars, spectra from remote primitive systems and
gravitational lensing. JWST observations have substantially strengthened the field, including very low
metallicity systems, but a low-metal signature or helium emission alone cannot prove that an individual
Population Il star has been seen.

Investigation prompt. Why is a conjunction of several clues more persuasive here than the most dramatic
single clue?

Boundary of the claim. The first stars are no longer beyond evidence, but no individual star has yet been
spectroscopically identified as truly metal-free.
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QTC-016 | Is a planet built by one recipe, or by many processes that can take
different routes?

Canonical basis: QTC-016 - How to Build a Planet
Question. Is a planet built by one recipe, or by many processes that can take different routes?

Core idea. Planets emerge from disks of gas and solid material through condensation, collisions,
concentration, gravity, heating and migration. The broad physics is established; Earth's exact itinerary is
reconstructed.

Evidence and reasoning. Telescope images show disks around young stars, meteorites preserve very early
Solar System solids, isotope systems order events, and computer models test possible dynamics. Dust cannot
simply grow without difficulty: bouncing, fragmentation and drift can halt growth. Concentration mechanisms
and later pebble accretion offer routes past those barriers. Impacts and radioactive heating differentiated
some bodies into metal cores and silicate mantles. The Moon strongly suggests a giant impact, but several
models address different constraints.

Investigation prompt. Why can a precise isotopic date record an event in a planet's history without being the
planet's birthday?

Boundary of the claim. A disk ring or gap does not by itself prove a planet, and no single meteorite, model or
observation preserves the complete formation sequence of Earth.
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QTC-017 | What does a radiometric date date: a rock, a mineral, or an event?
Canonical basis: QTC-017 - How We Learned to Date the Past
Question. What does a radiometric date date: a rock, a mineral, or an event?

Core idea. A radiometric measurement belongs to an isotope system in a specific sample. Geological
reasoning identifies which event it recorded.

Evidence and reasoning. Parent isotopes transform into daughter isotopes at characteristic rates, but a
useful clock also needs known starting conditions and limited later exchange. Crystallization, cooling,
eruption and metamorphism can set different clocks. Mass spectrometry, standards, clean laboratories and
uncertainty analysis matter because a small contaminant can change a small sample. U-Pb is especially
powerful because two uranium decay chains provide an internal test. Discordant dates can reveal lead loss or
multiple episodes rather than merely bad work.

Investigation prompt. How can disagreement between two clocks become geological evidence rather than a
reason to discard both?

Boundary of the claim. A straight isochron is not automatically an age, and carbon-14 follows recent carbon
exchange rather than the formation of a planet.
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QTC-018 | What changed continental drift from a striking idea into plate
tectonics?

Canonical basis: QTC-018 - The Planet That Moves

Question. What changed continental drift from a striking idea into plate tectonics?

Core idea. Matching continental shapes was suggestive, not proof. Plate tectonics became persuasive when
independent observations described one global, testable mechanism.

Evidence and reasoning. Wegener combined continental fit with fossils, rock belts and ancient climate, but
his proposed driving forces could not move continents through oceanic crust. Ocean exploration changed the
case. Echo sounding revealed ridges and trenches; Marie Tharp mapped the Mid-Atlantic rift; magnetic
stripes recorded seafloor spreading and field reversals; transform earthquakes and deep earthquake zones
completed the geometry. Later, space geodesy measured present plate motion directly.

Investigation prompt. Why can scientific resistance be reasonable when an observation is suggestive but its
mechanism and decisive tests are missing?

Boundary of the claim. Plates are usefully treated as nearly rigid, but broad boundary zones show that this is
an approximation, not a literal description of every part of Earth.
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QTC-019 | Does Earth regulate its climate like a thermostat, and if so, why can
climate still change so dramatically?

Canonical basis: QTC-019 - Earth's Thermostat

Question. Does Earth regulate its climate like a thermostat, and if so, why can climate still change so
dramatically?

Core idea. Over long geological times, warming can strengthen silicate weathering and transfer carbon into
rock, while cooling can weaken that sink. This is a negative feedback, not a fixed temperature setting.

Evidence and reasoning. Rain and soil water react with silicate minerals; rivers deliver dissolved products to
the ocean; carbonate burial stores carbon over long intervals. Volcanic and metamorphic processes return
carbon dioxide to the atmosphere. The feedback depends on fresh rock, runoff, lithology, mountains, biology
and ocean-crust reactions, so its strength changes. Near-global ice can interrupt continental weathering and
allow carbon dioxide to build up before deglaciation.

Investigation prompt. How can one feedback be real while still being too slow or too weak to control every
climate change?

Boundary of the claim. Weathering operates on roughly hundreds-of-thousands-of-years scales. It cannot
promptly cancel modern human emissions or guarantee one preferred climate state.
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QTC-020 | Did life need one perfect birthplace, or a planet running many
experiments at once?

Canonical basis: QTC-020 - Before Life: A Planet Full of Chemistry

Question. An experiment makes a molecule that living things use. What has it shown about the Earth of four
billion years ago?

Core idea. Chemistry without biology can build many of life's components. What nobody has shown is one
early setting that supplied ingredients, energy, concentration and protection at once, and for long enough to
matter.

Evidence and reasoning. Sparks through selected gas mixtures make amino acids, and a sulfur-rich sample
kept from 1958 later yielded 23 amino acids and four amines. Carbon-rich meteorites contain amino acids,
sugar-related compounds and ribose, showing that potential organic inputs were not confined to chemistry
on Earth. Ultraviolet light does more than warm a mixture: its photochemistry can steer reactions toward
sugars, and toward precursors shared by RNA, amino acids and lipids. The same energy also destroys what it
makes. At pH 7, ribose has a half-life near 73 minutes at 100 °C and near 44 years at 0 °C. Drying pools,
mineral surfaces, hydrothermal vents and microscopic pores can concentrate or join molecules, but each
proposed setting also has specific limits, including exposure, degradation, incompatible conditions or dilution.

Investigation prompt. Why can a reaction be perfectly real in a flask and still be irrelevant to history if its
product vanishes faster than the planet resupplies it?

Boundary of the claim. A laboratory result shows what chemistry can do under chosen conditions, but it does
not locate where life began. No experiment has yet carried geologically supplied material all the way to
inherited change.
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QTC-021 | When does chemistry stop repeating itself and start improving?
Canonical basis: QTC-021 - When Chemistry Began to Evolve

Question. What has to happen to a chemical difference before it can build on itself, instead of vanishing at
the end of every cycle?

Core idea. Copying, growing and self-maintaining are not the same as evolving. Chemistry evolves only when
a difference reaches descendants and changes how well they do.

Evidence and reasoning. RNA repeatedly transferred into fresh mixtures containing a viral replicase adapted
across transfers, because inherited sequence differences changed how well it was copied. The stripped-down
variants that came to dominate were better suited to that particular tube, not better at living. Manfred Eigen
then made the cost of error precise. The longer a sequence grows, the more accurate copying must be for
selection to hold on to it. RNA can also serve as record and catalyst at once, a possibility that became
experimental when catalytic RNA was described in 1982 and 1983. Meanwhile reaction networks can
maintain themselves, and compartments can grow and divide, without necessarily preserving which variant
worked better.

Investigation prompt. Why does listing what an experiment supplied — enzymes, fragments, activated
substrates, timing — tell you more than the result on its own?

Boundary of the claim. Every laboratory system that evolves starts from evolved catalysts, prepared
substrates or managed cycles. None has begun with bounded geochemical inputs and then sustained open-
ended adaptation by itself.
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QTC-022 | Why is there no fossil of the first cell, and what has to take its place?

Canonical basis: QTC-022 - The First Cells We Never Saw

Question. The oldest convincing rocks already show whole microbial communities. What evidence is left for
the step that produced cells in the first place?

Core idea. Cellularization left no specimen. It is investigated by building each required function separately,
then finding out which of them can be made to work together.

Evidence and reasoning. At Strelley Pool in Western Australia, layered structures around 3.43 billion years
old spread over kilometres, and are read as an established microbial ecology already far past a first boundary.
The older Isua claim remains disputed because deformation can imitate biological shapes; Nuvvuagittuq
claims are disputed over age, association and biogenicity. Laboratory compartments come at the gap from
the other side. Fatty-acid vesicles assemble in water, let activated nucleotides in, and allow a template to
lengthen inside, while citrate can shield such a membrane during magnesium-dependent copying. A nucleic
acid trapped inside raises osmotic pressure and pulls membrane material from slacker neighbours. Bacteria
and archaea then build membranes from contrasting chemistry, so no living cell can simply be stripped back
to the first one.

Investigation prompt. Why does an engineered cell with a mixed bacterial and archaeal membrane tell us
what was possible without telling us what happened?

Boundary of the claim. Every laboratory protocell starts from materials or operating conditions supplied by
researchers, and reduced genomes come from a parent that had already evolved. LUCA belongs later in the
story: a reconstructed ancestor, not the first cell.
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QTC-023 | How do you reconstruct an ancestor that nobody ever dug up?
Canonical basis: QTC-023 - LUCA: The Ancestor We Reconstructed
Question. LUCA left no fossil. So what exactly is being reconstructed, and out of what material?

Core idea. LUCA names the most recent point at which the ancestry of every cell alive today converges. It is a
population inferred from the molecules of its descendants, not an organism anyone has seen. Common
ancestry is robust; the portrait is layered interpretation.

Evidence and reasoning. Ribosomal RNA showed that methanogens do not belong among ordinary bacteria
at all, but form a deep and separate line of descent, splitting cellular life more profoundly than appearance
suggested. The comparison gives relationships without direction, because no living cell stands outside all
living cells. Genes that duplicated before the split solved that problem, since each copy can act as an
outgroup for its partner. A strict list of genes present in every sequenced cell then turns out to be small and
heavily dominated by translation, because metabolic genes are lost and exchanged far more easily. Methods
that model gain, loss and transfer restore metabolism, and pay for that completeness with extra
assumptions.

Investigation prompt. Why can a horizontal transfer, which breaks one gene's family tree, still become
evidence about the order in which branches existed?

Boundary of the claim. The word "last" is doing work. Earlier life could have existed, exchanged genes and
left no independent descendants, so LUCA is neither the first cell nor a single individual.
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QTC-024 | If microbes run the planet, why does Earth look like forests and
animals?

Canonical basis: QTC-024 - The Microbial Planet

Question. What changes when the history of life is measured by duration, cell numbers and chemical work,
instead of by what is large enough to see?

Core idea. Earth is microbial by duration of occupancy, abundance, metabolic range and biogeochemical
work. It is not microbial by weight, because the standing biomass carbon belongs mostly to plants.

Evidence and reasoning. Ribosomal RNA separated bacteria from archaea as two profoundly distinct
lineages, so "microbe" names a way of living rather than a branch of the tree. A 1998 estimate put
prokaryotic cells at 4-6 x 10730. Later work lowered major compartments, among them subseafloor
sediment, put at about 2.9 x 10”29 cells. Those totals rest on samples, on estimated habitat volumes and on
extrapolations, so a downward revision means a better constrained map. Microbes fix and release carbon,
make atmospheric nitrogen available, move sulfur, and both produce and consume methane. A modest stock
still performs enormous work when the same atoms pass through it again and again.

Investigation prompt. Why is "how many cells" a different question from "how much carbon", and both
different from "how fast the chemistry runs"?

Boundary of the claim. Cultures held under high pressure have grown at 121 °C, and at 122 °C. That shows
what life tolerates under a stated recipe. It does not show that early life resembled those cells, that they are
abundant, or that life has been found elsewhere.
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QTC-025 | How can a rock tell you what the air was like before anyone could
breathe it?

Canonical basis: QTC-025 - How to Read an Atmosphere from a Rock

Question. No continuous sample of ancient air survives. What is actually being measured when a study
reports oxygen levels billions of years ago?

Core idea. Rocks preserve the products of reactions that took place in air, soil and water. Every oxygen
estimate is a chain that runs from a measurement to a reaction, an environment, a date and a planetary
reservoir.

Evidence and reasoning. Grains of pyrite and uraninite that survived transport point to weathering with very
little oxygen, once provenance and abrasion have been controlled, since both oxidize readily at the surface
today. Sulfur isotopes reach further upstream. Archean sediments carry anomalies that ordinary mass-
dependent reactions do not produce. Ultraviolet chemistry among airborne sulfur gases can produce them.
Once oxygen and ozone change how ultraviolet light penetrates, those anomalies stop being made and
preserved in the same way. Metals such as molybdenum and chromium record oxidation on land followed by
removal at sea. A restricted basin can therefore imitate a change across the whole planet.

Investigation prompt. Why could oxygen be produced in shallow coastal water for a very long time without
the atmosphere as a whole becoming oxygenated?

Boundary of the claim. The oxygen threshold usually quoted for the sulfur signal comes from a
photochemical model, not from a reading of ancient air. Atmospheric oxygenation did not mean that deep
ocean water was oxygenated too.
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QTC-026 | How can a cell still hold the record of a partnership from more than a
billion years ago?
Canonical basis: QTC-026 - The Cell Within the Cell

Question. Why say that a mitochondrion descends from a bacterium, rather than being simply another part
of the cell?

Core idea. Mitochondria, and the plastids found in plants and algae, are integrated descendants of bacteria
within a host lineage related to archaea. Their endosymbiotic ancestry is established, while the order of steps
that produced the first eukaryotic cell is still being reconstructed.

Evidence and reasoning. The case is a package, not a single clue. Organelle genomes are reduced and
rearranged, yet their conserved genes group with bacteria, and plastid genes with cyanobacteria. Two
surrounding membranes fit an internal origin, and the division machinery holds components of bacterial
descent that now work under host control. Most organelle proteins are now encoded in the nucleus and
imported through translocation complexes. Taken alone, each observation has other explanations, since
transferred DNA, double membranes and fission all occur elsewhere. Their agreement is exactly what
endosymbiosis predicts. Some mitochondria shrank so far, into hydrogenosomes and mitosomes, that they
were first treated as absences.

Investigation prompt. If one lineage lost its mitochondrial organelle completely, why does that strengthen
rather than weaken the case for a single ancient merger?

Boundary of the claim. The evidence places the mitochondrial ancestor among relatives of
Alphaproteobacteria, without naming any living bacterium as its parent. The host's exact lineage, and how
complex it already was, remain open.
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QTC-027 | If genes can move sideways, does the tree of life still mean anything?

Canonical basis: QTC-027 - From Information to Inheritance: Tree, Web and Viruses

Question. How can inheritance produce real branching histories while genes also cross between lineages that
are not parent and offspring?

Core idea. Vertical copying supplies a branching scaffold. Transfers add connections on top of it that can be
traced, and sometimes dated. The result is a tree carrying grafts, not a tree replaced by a web.

Evidence and reasoning. Copying itself was shown to be material. Bacteria grown with heavy nitrogen and
shifted to light nitrogen produced DNA whose density matched a simple rule, semiconservative copying:
every new double helix keeps one old strand together with one freshly built strand. Accuracy is then built in
layers. Nucleotides are selected, mismatched ends are removed, and repair systems inspect the new DNA
afterwards. Errors that survive all three layers become inherited differences. Genes also move by three
routes established in the laboratory: uptake of material from the surroundings, transfer between cells in
contact, and packaging of host DNA inside phage particles. One 2024 reconciliation across 8,790 prokaryotic
species detected millions of putative transfers; the recent ones were concentrated in accessory functions
rather than spread evenly, while some older transfers had become widespread metabolic genes.

Investigation prompt. Why can a gene that ruins one species tree still fix the order in which two branches
existed?

Boundary of the claim. No gene is known to do for viruses what conserved translation genes do for cells.
Viral origins may be multiple, and no single universal viral family tree is currently available.

Juan Segurola | v1.0 | 10.5281/zenodo.22337834 | Page 30



