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Cambridge Impact Simulations Challenge the Theory That
Comets Kick-Started Life on Earth

Astrobiology * Abiogenesis * Comets

For more than six decades -- since Joan Or proposed in 1961 that volatile-rich

comets could have delivered the carbon and nitrogen feedstocks needed to assemble
thefirst nucleic acids -- planetary scientists have frequently cast comets as early
Earth's primary prebiotic couriers. Space missions including the European Space
Agency's Rosetta orbiter at Comet 67P/Churyumov-Gerasimenko have confirmed that
cometary nuclei are rich in hydrogen cyanide (HCN), glycine, and phosphorus -bearing
minerals. Y et a new quantitative study published on October 28, 2026, in Scientific
Reports by astrophysicist Dr. Richard J. Anslow and colleagues at the University of
Cambridge's Institute of Astronomy reveals a severe physical bottleneck: while
comets carry abundant organic precursors through interplanetary space, the mechanics
of atmospheric entry and hypervelocity impact destroy or disperse amost all of that
cargo before it can accumulate in surface waters on an Earth-mass planet.

1. The Prebiotic Feedstock Bottleneck: Why Hydrogen Cyanide Requires
Intact, Concentrated Delivery

In contemporary origin-of-life chemistry, hydrogen cyanide (HCN) occupies a centra
mechanistic role. Under ultraviolet irradiation in the presence of

dissolvedbisulfite and copper or ironcyanide catalysts -- the cyanosulfidic
protometabolic network elucidated by John Sutherland and colleagues -- concentrated
aqueous HCN drives the divergent, high-yield synthesis of canonical ribonucleotides,
amino acids, and lipid precursors. However, these bimolecular condensation reactions
are strictly concentration-dependent: laboratory syntheses typically require local

pond or evaporative lagoon concentrations of at least 1 to 100 millimolar (mM) HCN
before competitive hydrolysis converts HCN into formamide and ammonium formate.

For a comet to jump-start cyanosulfidic chemistry on the Hadean Earth (approximately
4.3 to 3.8 hillion years ago), two physical conditions must be satisfied

simultaneously. First, the comet must traverse the atmosphere and strike exposed
continental crust or a shallow subaerial basin rather than diluting its payload into

the global Hadean ocean. Second, the impact velocity must be low enough that shock
heating does not thermally dissociate the C N triple bond into equilibrium gases (N
2,CO,CO2,andH 20).

| Impactor Class/ Radius | | Entry Velocity (v entry ) | | Atmospheric & Shock
Regime | | Peak Shock Temp | | Intact HCN Pond Delivery |

| Small Comets (R < 100 m) || 15 - 55 km/s | | Stratospheric pancake airburst &
ablation | | 1,200 - 2,800 K | | Global atmospheric dilution (no local pond) |

| Typical Comets (R=0.5-5km) || 20 - 70 km/s | | Unbraked hypervelocity
cratering shock | | > 3,500 - 6,000 K | | < 0.01% surviva (complete pyrolysis) |

| Low-Velocity Taill Comets (R~ 0.2- 1km) || 11.2 - 14.5 km/s| | Aerobraked
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fragment train / oblique impact | | 900 - 1,500 K | | O copiesin 54% of 100,000
Earth histories |

| Carbonaceous Asteroids (C-type) || 11.2 - 17.0 km/s | | Higher tensile strength +
lower orbital eccentricity | | 800 - 1,800 K | | Order-of-magnitude higher intact
survival |

2. The Atmospheric Catch-22: Stratospheric Airbursts vs.
Hypervelocity Shock Pyrolysis

To test whether cometary bombardment could reliably seed Hadean ponds, Anslow, Amy
Bonsor, and Todd A. Thompson coupled adynamical orbital population model of
scattered-disk and Jupiter-family comets with a semi-analytical pancake

fragmentation model of atmospheric entry and a shock- thermodynamics survival
parameterization. Their calculations expose afundamental physical catch-22 governed

by Earth's gravitational escape velocity ( v esc = 11.2 km/s) and the low structural
strength of porous cometary ice (~10[3] to 10 [4] Pa):

* Aerodynamic Disruption of Small Nuclei: Comets smaller than roughly 100 to 200
metersin radius experience ram pressures ( Pram = atmv [2] ) in the upper
atmosphere that exceed their bulk tensile strength by several orders of magnitude.
Instead of decelerating intact to terminal velocity, these nuclei flatten and

detonate in high-altitude airbursts. Even if afraction of their HCN survives the
radiative fireball, it is dispersed across the stratosphere rather than concentrated

into asingle warm little pond.

* Shock Pyrolysis of Kilometre-Scale Nuclei: Comets larger than ~500 metersin

radius possess enough column mass to punch through a 1- to 10-bar Hadean atmosphere
with negligible aerodynamic decel eration. Because comets originate on
high-eccentricity, high-inclination orbits from the outer Solar System , their

typical Earth-crossing entry speeds cluster between 20 and 50 km/s. At impact
velocities above ~15 km/s, the peak shock pressure exceeds 50 gigapascals (GPa) and
post-shock temperatures climb above 3,000 to 5,000 K, thermally decomposing more
than 99.99% of cometary HCN.

3. 100,000 Simulated Bombardment Histories: Why Cometary Seeding Is
a Statistical Fluke

Because only the extreme low-vel ocity tail of the cometary impact distribution (v
imp < 14 to 15 km/s) can deliver intact HCN without catastrophic vaporization, the
Cambridge team ran 100,000 Monte Carlo realizations of early Earth's cometary
bombardment history. They accounted for the total cometary mass flux during the
Hadean eon alongside geological estimates that exposed subaerial land covered only
1% to 10% of early Earth's surface prior to widespread cratonic continent formation.

In 54% of the 100,000 simulated Earth histories, not a single comet successfully
delivered an intact, concentrated payload of HCN onto subaerial land . Evenin the
remaining simulations where one or two low-velocity, oblique cometary impacts
occurred over hundreds of millions of years, the authors note that relying on a
solitary stochastic impact into an ephemeral crater lake represents a " one-off

fluke" rather than a planetary mechanism capable of sustaining multi-step prebiotic
evolution .
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4. Implications for Endogenous Geochemistry, Asteroids, and
Exoplanetary Biosignatures

Rather than leaving prebiotic chemistry without a feedstock source, the Cambridge
findings sharpen focus on three far more robust pathways for Hadean and exoplanetary
abiogenesis:

* Carbonaceous Chondrite Asteroids and Interplanetary Dust Particles (IDPs):
Main-belt C-type asteroids (such as the parent bodies of the Murchison meteorite and
asteroid 101955 Bennu, sampled by NASA's OSIRIS-REx mission) orbit on
lower-eccentricity paths that intersect Earth at significantly lower average speeds
(12 to 17 km/s) and possess higher mechanical strength than cometary snowballs,
allowing carbonaceous meteorites and micrometeorites to deliver intact amino acids,
nucleobases, and soluble phosphate at a steady background flux.

* |mpact-Generated Reducing Atmospheres. Even when alarge iron -rich asteroid or
comet vaporizes completely on impact, its metallic iron core reduces oceanic water

to molecular hydrogen (H 2), creating atransient H 2 -CH 4 -NH 3 atmospherein

which solar UV photolysis and lightning discharge synthesize HCN endogenously across
the globe, followed by rainout into continental basins.

* Rocky Exoplanets in Compact Systems: In tightly packed multi-planet systems such
as TRAPPIST-1 -- where higher orbital velocities around low-mass M-dwarf stars make
intact cometary delivery even less probable -- Anslow and colleagues emphasi ze that
endogenous geochemistry and low-velocity planetesimal accretion provide a much more
reliable foundation for prebiotic chemistry than outer-system cometary scattering.
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