THE UNIVERSE AND ITS OBSERVERS

The Hadean Earth System

CHO-009 - Cosmic History and Its Observers
A Chronological Scientific History from the Early Universe to the Present

Identifier: CHO-009 - Version: v1.0 - Author: Juan Segurola
Language: English
Article role: Overlay
Article window: [SO7, 4.000 Ga ago)
Event cutoff: 11 September 2026 - Literature-search cutoff: 12 September 2026
Document type: Scholarly synthesis; not primary research and not peer reviewed

Structured abstract

Context. The Hadean Earth was assembled, differentiated, bombarded, cooled, remelted, outgassed, and
altered by water. Its surviving archive is fragmentary and strongly filtered.

Question. What can mineral grains, isotope systems, impact models, and comparative planetary physics
establish about Earth between Solar-System formation and 4.000 Ga ago?

Evidence and method. The synthesis distinguishes direct measurements of zircons and isotope ratios from
reconstructions of crust, oceans, atmosphere, impacts, and tectonic regimes. It incorporates results available
through the edition cutoff, including 2025 and 2026 zircon studies.

Result. Earth did not remain uniformly molten. Zircons approaching 4.4 Ga preserve evidence interpreted as
differentiated crust and interaction with low-temperature water. Magmatic redox proxies constrain, but do not
uniquely specify, atmospheric composition. Impacts repeatedly heated, excavated, mixed, and buried crust
without proving a single terminal cataclysm. Tectonic behaviour was probably spatially and temporally
heterogeneous rather than globally identical to the modern plate system.

Conclusion. The Hadean supplied persistent water-rock-atmosphere interfaces and strong energy gradients,
but habitability was patchy and origin-of-life mechanisms remain the exclusive domain of CHO-010. Observer
status is NO.
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1. A history reconstructed from survivors

CHO-009 overlaps CHO-008 from S07 to 4.000 Ga ago but owns only the evolving Hadean Earth system after initial
planetary assembly. It does not re-own accretion or Moon formation, and it does not explain prebiotic reaction net-
works.

The archive is biased. Later melting, metamorphism, erosion, sedimentation, subduction, and impacts destroyed or
transformed most early materials. Zircon is unusually valuable because it can retain U-Pb ages and chemical in-
formation through later geological cycles. A detrital grain, however, is separated from its original rock and setting.
Every global reconstruction therefore contains inference.

2. Cooling after accretion and giant impacts

Accretion and the Moon-forming event generated extensive melting and vaporisation. A magma ocean loses heat
through an atmosphere whose opacity, composition, clouds, and escape rate affect cooling. Crystallisation separates
minerals and melt, while core-mantle differentiation and overturn redistribute heat and elements.

The phrase “magma-ocean Earth” describes episodes and models, not the entire Hadean. A zircon with an intern-
ally validated age near 4.4 Ga must have crystallised in differentiated silicate material after at least local cooling.
Atom-probe tomography has confirmed ancient age domains in a Jack Hills zircon while also revealing later
nanoscale redistribution [3]. Preservation and alteration coexist in the same object.
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3. Crust before the surviving rock record

Detrital Jack Hills zircons supplied evidence for evolved source rocks by about 4.4 Ga [1]. Their trace elements,
hafnium isotopes, oxygen isotopes, inclusions, and crystallisation temperatures have been used to infer crustal
differentiation and recycling.

These signals do not require continents with modern size, thickness, or tectonic setting. “Continental crust” can
refer to compositionally evolved material, not a mapped landmass. Source melts may have formed through several
processes, and later alteration can affect inclusions or isotopic domains.

Hopkins and colleagues inferred relatively low heat flow and underthrust-like conditions for a subset of inclusion-
bearing zircons [5]. The comparison with modern convergent margins is suggestive, but local pressure-temperature
conditions do not establish global plate tectonics.

4. Evidence for an early hydrosphere

Oxygen-isotope measurements in ancient zircons have been interpreted to require source rocks altered by liquid
water at low surface temperatures before remelting [2]. Together with evolved zircon compositions, this supports
hydrological cycling much earlier than the oldest extensive rock record.

The inference is one step removed from an ocean. Zircons do not contain a global sea-level gauge. Liquid water
could occupy oceans, lakes, hydrothermal systems, pore spaces, or transient surface reservoirs. Atmospheric
pressure, land fraction, ocean volume, and temperature distributions remain weakly constrained.

Water persistence also need not mean uniform habitability. Large impacts can vaporise regional or global surface
reservoirs, while condensation and subsurface circulation restore liquid environments. The relevant history is a
changing distribution of niches, not a binary switch between sterile lava and a modern ocean.

5. Atmosphere and redox state

The earliest atmosphere combined material released from melts, delivered by impactors, exchanged with oceans
and crust, and lost to space. Ultraviolet radiation and impact chemistry altered molecular inventories. No direct
Hadean air sample survives.

Cerium behaviour in zircon has been calibrated as a proxy for magma oxygen fugacity. Trail and colleagues in-
ferred Hadean melts near a redox state comparable to the fayalite-magnetite-quartz buffer and argued that later
Hadean outgassing need not have produced a strongly reducing atmosphere [4]. The inference depends on calibra-
tion, source-melt identification, temperature, and how volcanic gases equilibrated during ascent.

A mantle redox proxy does not determine atmospheric composition alone. Pressure, volatile inventory, ocean ex-
change, photochemistry, escape, and impact inputs also matter. CHO therefore rejects both a uniformly methane-
ammonia atmosphere and a claim that modern atmospheric conditions already existed.

6. Impacts as destruction and transformation

Residual planetesimals continued to strike Earth and Moon. Impacts excavated and melted crust, generated hydro-
thermal systems, altered atmosphere, redistributed volatiles, and sometimes sterilised exposed regions. Their ef-
fects depended on projectile size, velocity, angle, ocean depth, and the state of the atmosphere and crust.

Numerical work indicates that impacts could repeatedly mix and bury early crust [6]. This helps explain the poor
Hadean rock record but is model-dependent. Impact heating can destroy surface habitats while creating long-lived
subsurface circulation and chemical gradients after cooling.

Lunar sample ages once supported a concentrated “late heavy bombardment” near 3.9 Ga. Statistical analysis of age
distributions and sampling biases weakens the inference of a unique Solar-System-wide spike [7]. The impact flux
certainly changed; its exact curve and whether it contained a narrow cataclysm remain unsettled.

7. Tectonic regimes without a false binary

Modern plate tectonics involves rigid plates, spreading, subduction, transform motion, and global recycling. The
hotter, thinner, repeatedly impacted Hadean lithosphere need not have operated identically. Proposed alternatives
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include stagnant lids, episodic overturn, local subduction, drip-like recycling, plume-dominated regimes, and
mobile-lid behaviour.

A 2026 zircon study concluded that mobile- and stagnant-lid regimes could have existed contemporaneously on
Hadean Earth [9]. This is a better working model than demanding one global start date for plate tectonics. It also
accords with a heterogeneous planet on which local thermal, compositional, and impact histories differed.

Hopkins and colleagues inferred low heat flow and underthrust-like interactions from mineral inclusions and trace-
element thermometry in zircons older than 4 Ga [5]. Houchin and colleagues used uranium X-ray absorption near-
edge structure to argue for near-modern magma redox conditions by about 4.15 Ga and mobile-lid behaviour by the
early Archean [10]. Both are local, proxy-based reconstructions. Neither alone demonstrates that the modern global
plate network already operated.

Kirkland and colleagues proposed a transition near 3.9 Ga from crustal magmatism strongly affected by impacts to
dominantly internal driving [8]. The result marks a modelled population-level transition, not an instantaneous
worldwide cessation of impact influence.

8. Energy and chemical gradients

The Hadean offered sunlight, ultraviolet radiation, impact heating, radioactive heat, volcanism, hydrothermal cir-
culation, wet-dry cycles, mineral surfaces, redox contrasts, and pH gradients. These are potential drivers of
chemistry. Listing them does not establish which pathway led to life.

Environmental compatibility must be assessed jointly. A reaction demonstrated under one laboratory condition
may require feedstocks or concentrations unavailable in the same natural setting. Conversely, a globally harsh
average can coexist with local, intermittent environments suitable for complex chemistry.

9. Evidence classes

Class CHO-009 use

E1 measured Zircon ages, isotope ratios, trace elements, inclusions

E2 reconstructed Source rocks, water interaction, impact histories

E3 model-dependent Atmosphere, magma-ocean cooling, tectonic regimes

E4 contested Global onset of plate tectonics, narrow late cataclysm

E5 speculative Unique global surface state or unobserved biological claims

10. Observer status and non-teleology

Observer status is NO. Minerals preserve physical states, but preservation is not observation by an agent. Later sci-
entists select the rare grains that survived and reconstruct the missing planet through calibrated instruments and
models.

Water, carbon chemistry, and energy gradients did not guarantee life. The Hadean is relevant because later
observers descended from life on Earth, not because the planet was physically directed toward them.

11. Closing state and handoff

At 4.000 Ga ago, Earth cannot be represented by one global scene. It possessed differentiated crustal reservoirs,
liquid-water interaction, atmosphere-ocean-rock exchange, continued impacts, and heterogeneous tectonic and
thermal behaviour. The record is sparse but incompatible with an uninterrupted global magma ocean.

CHO-010 overlays 4.400-3.500 Ga ago and asks how non-living geochemistry could generate compartments, inherit-
ance, catalysis, and evolution. CHO-011 separately tests claims for the earliest evidence of actual life. CHO-012
resumes the chronological spine at 4.000 Ga ago.
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