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Cometary impacts an unlikely
pathway towards the origins of life
on Earth

Richard J. Anslow!™, Catriona H. McDonald?, Amy Bonsor’, Paul B. Rimmer? &
Auriol S. P. Rae?

An early period of cometary bombardment has long been speculated to provide an important

source of prebiotic feedstock molecules, required for the origins of life on Earth. In support of this
interpretation, comets boast a rich diversity of volatile organic molecules, with many thought to be
limiting for prebiotic chemistry. Modelling studies suggest, however, that a significant proportion of
these molecules will be destroyed during hypervelocity impact. Here, we revisit the ability of comets
to deliver prebiotic feedstock molecules in the high concentrations required for prebiotic chemistry,
leveraging recent advances in cometary impact simulations, comet-atmosphere interactions, and
dynamical modelling of short-period comets’ origin and evolution. Taken together, the rapid decline
in Earth’s cometary impact bombardment and the efficient destruction of fragile cometary organics
indicate that the successful delivery of prebiotic feedstock molecules was an exceedingly rare event.
Our results therefore challenge the long-held assumption that cometary impacts played an important
role in the origins of life on Earth.

The origin of life on Earth presumably resulted from prebiotic chemistry, the synthesis of key molecular building
blocks from an initial reservoir of reactive bioessential feedstock molecules!. Hydrogen cyanide (HCN) has
emerged as a key feedstock molecule, with its high-energy triple (C = N) bond able to thermodynamically
drive subsequent chemistry, and assumes a central role in several prebiotic syntheses?*. Recent experimental
studies demonstrate that high concentrations (~ 10 mM) of HCN can synthesise many of the building blocks of
life, including lipids, sugars, nucleobases, and nucleotides®6. Yet, the source of such a concentrated reservoir of
feedstock molecules, such as HCN, on the early Earth is still debated.

Sources of HCN (and other C, H, N, and O molecules) have been historically divided into two categories:
endogenous synthesis in the early terrestrial atmosphere, and exogenous delivery in the form of comets, asteroids,
and interplanetary dust particles (IDPs)”. The former, endogenous synthesis, is particularly sensitive to the
geological context of prebiotic chemistry, with the yield of HCN production substantially higher in more reducing
atmospheres®®. There is, however, substantial geological evidence against a reducing early atmosphere!®!!.
Although geological processes such as serpentinization may help reduce an initially oxidised atmosphere'?, even
in the transiently reducing atmospheres afforded by the late accretion of large iron-rich planetesimals, rain-out
yields steady-state HCN concentrations orders of magnitude lower than used in prebiotic experiment'*'. Such
planet-scale events will deliver photochemically synthesised HCN to all exposed land on the early Earth, yet
will require the subsequent stockpiling and concentration of cyanide (perhaps as ferrocyanide complexes) for
subsequent utility in prebiotic chemistry™®.

In contrast, an exogenous source of Earth’s prebiotic inventory—a suggestion now more than a century
o0ld!>16—naturally bypasses any dependence on atmospheric oxidation state, and has the potential to deliver
feedstock molecules in high concentration to local environments. Chyba & Sagan” demonstrated, using analytical
fits to the lunar cratering record, that the exogenous delivery of carbon would be dominated by IDPs, with the
cometary delivery of organic carbon insignificant on a global scale. The carbon and nitrogen content of IDPs is,
however, dominated by insoluble complex aromatic hydrocarbons!’, rendering IDPs a highly unlikely source of
the reactive organic precursors (such as HCN) required for synthetic prebiotic chemistry. The same is not true
for comets, which exhibit a rich diversity of volatile organic molecules, including most significantly HCN at the
~ 0.1 % level relative to water'8, Comets therefore have the potential to deliver as much as ~ 30 mM HCN to
local environments, a concentration of immediate relevance for prebiotic chemistry, and have accordingly been
the subject of significant attention in origins of life research!*-24,
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Two key lines of evidence suggest that, despite not appearing in all prebiotic chemical networks, the intact
delivery of HCN represents an end-member case for the cometary delivery of prebiotic feedstock molecules. First,
HCN is the only feedstock molecule observed in Solar System comets in prebiotically relevant concentrations!;
other key feedstock molecules such as cyanoacetylene (HC;N) and cyanogen (NCCN) are found to be orders
of magnitude less abundant'®?. Second, the triple (nitrile) bond in HCN is expected to confer much greater
durability to impact pyrolysis in comparison to other (more complex) prebiotic feedstock molecules®. If it
transpires that comets were unable to deliver a prebiotically relevant concentration of HCN, we expect the same
to be true for other prebiotic feedstock molecules.

To assess the relative importance of cometary impacts as a source of concentrated feedstock molecules, it
is therefore crucial to accurately determine the ability of comets to deliver their HCN intact to the surface of
the early Earth. Therein lies the crux of long-standing objections to cometary delivery, which relate to both the
destruction of comets during atmospheric passage”?’, and the thermal destruction of fragile organic species
during hypervelocity impact?"?2. Recent modelling efforts demonstrate that only comets larger than ~ 100 m
will survive passage through the early Earth’s atmosphere?®, and that the survival of HCN during hypervelocity
impact has been historically overestimated®. It is thus prudent to quantitively re-examine the cometary delivery
of prebiotic feedstock molecules, given that multiple lines of evidence suggest its efficacy may have been
historically overestimated.

The present study uses the results of N-body simulation of short-period comet formation and evolution
reassess the potential role of cometary delivery in the origins of life on Earth. We leverage recent methodological
advances in the modelling of cometary atmospheric entry®® and the destruction of HCN during hypervelocity
impact® to quantify the number of comets able to deliver key bioessential feedstock molecules in prebiotically
relevant concentration. We find that constraints on comet size, velocity, and angle—necessary for the intact
survival of comets and their HCN during hypervelocity impact—preclude a robust cometary source of
concentrated prebiotic feedstock molecules. Thus, despite the rich diversity in volatile organic species observed
in Solar System comets, our results challenge the hypothesis that comets played an important role in the origins
of life on Earth.

27,28 to

Results

Earth’s early cometary bombardment

Here, we use Earth’s cometary bombardment chronology®” as derived from the Nesvorny et al.?® model of
short-period comet formation and evolution. This model, following the long-term evolution of one million
primordial cometesimals originating in a disk exterior to Neptune, is calibrated against several key observational
constraints from the outer Solar System?’~?°. This approach diverges from previous modelling efforts, which
instead use the lunar crater record as an indirect proxy for Earth’s early cometary bombardment [e.g.,”2*?!]. This
represents an important methodological distinction, given that it is now clear that the lunar crater record neither
unambiguously constrains impactor composition®, nor provides a reliable record of the Moon’s bombardment
history pre-3.9 Gya®!. Indeed, since the lunar crater record is consistent with an asteroidal origin®?, it appears
unlikely that it will accurately constrain Earth’s early cometary bombardment. We note that we focus specifically
on short-period comets, whose characteristic impact velocities are substantially lower than those of long-period
comets®, given that the survival of prebiotic feedstock molecules depends sensitively on impact velocity?!~2
(see®* for further discussion).

To reproduce the observed distribution of modern short-period comets, such dynamical models require some
mechanism to limit the physical lifetime of small comets as they are scattered into the inner Solar System?%%.
This requirement is consistent with modern Jupiter-family comets (JFCs), which are observed to frequently
undergo spontaneous fragmentation®*-*%, and have physical lifetimes an order of magnitude shorter than their
dynamical lifetimes®.

Numerical models were used to determine the effects of rotational instability on the size-frequency distribution
(SFD) of comets scattered into the inner Solar System>® . The preferential disruption of small comets, due to the
strong size-dependence of anisotropic outgassing torques, is found to drive order of magnitude reduction in
the number of comets accreted by the early Earth (which we verify in the Supplementary Text is robust to this
specific fragmentation model). This significant decrease in Earth’s overall cometary impact flux is reflected in the
substantial decrease in the slope of short-period comets’ SFD at small radii (Fig. 1).

The atmospheric destruction of small and oblique comets

The low density (i.e., high porosity) and weak mechanical strength of comets*' combine such that comets are
particularly vulnerable to destruction during atmospheric passage—a consequence of the rapid, and violent
transfer of comets’ momentum to the surrounding atmosphere?®#2. This is expected to be most significant for
small and oblique comets, which must survive passage through comparatively massive atmospheric columns,
leading to the destruction of even km-scale comets®. Earth’s atmosphere therefore acts as a filter—preferentially
destroying small and oblique comets—and thus, biasing the population of comets able to deliver prebiotic
feedstock molecules to local surficial environments.

To determine the effects of atmospheric entry on the cometary impact flux reaching Earth’s surface, we use
the ATMOSENTRY code?® to model the deceleration and fragmentation of comets during passage through Earth’s
atmosphere. As discussed in Anslow et al.?, a key environmental parameter controlling the survival of comets
is atmospheric surface pressure. Geological constraints on the Hadean atmosphere are, however, scarce and
remain subject to debate®’. We therefore adopt a 1 bar atmosphere, which we expect to present a best-case
scenario for cometary survival®%,

As anticipated, the effects of atmospheric entry are most pronounced, on a population level, for small comets
with initially oblique entry angles (Fig. 2). Comets smaller than ~ 100 m, regardless of impact angle, are found
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Fig. 1. Cumulative size-frequency distribution (SFD) of comets entering the inner Solar System subject to
disruption via rotational instability. The slopes of the input (gray) and output (green) SFDs are annotated next
to the curves for the size ranges 0.1-1 km, 1-50 km, and 50-150 km. The strong size-dependence of rotational
spin-up? drives the preferential disruption of small comets, causing a significant decrease in the power-law
slope at small radii.
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Fig. 2. The influence of atmospheric entry on short-period comets’ size, impact angle and impact velocity
distributions. The gray shaded histograms show the initial size (A), angle (B), and velocity (C) distributions of
comets incident at the top of Earth’s atmosphere. The corresponding distributions following atmospheric entry
are shown for modern-day terrestrial (green), Martian (blue) and Venusian (yellow) atmospheres.
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to catastrophically fragment in explosive airbursts at high altitude, distributing their feedstock molecules over a
large surface area. This represents a critical challenge for the successful delivery of prebiotic feedstock molecules,
given that atmospheric entry biases the surviving population of comets against oblique impacts—the small
subset of comets able to deliver their prebiotic feedstock molecules, in high concentration, to Earth’s surface?!23,
Conversely, a by-product of atmospheric aerobraking is the production of a low velocity tail in the comets’ impact
velocity distribution, which is found to extend significantly below Earth’s escape velocity. This, in contrast, will
promote the intact delivery of fragile cometary organics??>. Atmospheric entry thus not only limits the total
number, but also significantly biases the distribution of comets reaching Earth’s surface intact, with significant
implications for the subsequent survival of prebiotic feedstock molecules during hypervelocity impact.

The inefficient delivery of prebiotic feedstock molecules to the early Earth

To assess the ability of comets to deliver, intact, prebiotic feedstock molecules to Earth’s surface, we employ
Monte Carlo simulation, leveraging the recent advances in short-period comet formation and evolution, and
modelling of cometary atmospheric entry described thus far.

We discretise Earth’s cometary bombardment into 1 Myr time bins, generating the population of comets
incident at the top-of-atmosphere from a Poisson distribution with mean number anchored to the Nesvorny
et al.”” impact chronology [see* for more details]. The population of comets (and fragments thereof) reaching
Earth’s surface intact, surviving atmospheric entry, is determined using the numerical model ATMOSENTRY as
described above. For each comet reaching the surface, the amount of HCN surviving the high-temperature
conditions associated with hypervelocity impact is finally calculated following McDonald et al.>.

Our simulations record the total mass accretion of (2.63 + 0.19) x 10'® kg, which is consistent with constraints
on total cometary accretion from noble gas isotopic ratios [~ 10'® kg;***°], lending independent support to
our parametrised model of Earth’s cometary bombardment. Yet, stringent constraints on comet size and entry
angle—required for the survival of comets during atmospheric entry—are largely in tension with the survival of
HCN during cometary impact?>26. The successful delivery of HCN is accordingly limited to a very narrow region
of parameter space (Supplementary Text), which as we show below, renders comets an insignificant source of
concentrated HCN on both global and local scales.

On a global scale we find, in agreement with the results of Todd & Oberg??, that comets are unable to deliver
a prebiotically relevant concentration of HCN to the early Earth. Cumulative, intact, HCN delivery is limited
to only 2.65 x 10'* kg. Diluted in 1 terrestrial ocean of water— totally neglecting the subsequent hydrolysis
and degradation of HCN—this corresponds to a maximum concentration of ~ 0.75 uM, which is orders of
magnitude below that used in prebiotic experiment. Alternatively, assuming a 1 bar N,-dominated atmosphere,
this corresponds to a maximum HCN mixing ratio of order 10~®—several orders of magnitude below that
possible via photochemistry in both neutral® and transiently reducing!®!* atmospheres.

The potential role of comets in the origins of life on Earth is therefore restricted to the delivery of HCN, in
high concentration, to local subaerial environments. During our Monte Carlo simulations of Earth’s cometary
bombardment, we thus record the maximum concentration of HCN delivered per cometary impact—under
the assumption of dilution in only the comet’s water ice. We assume a minimum HCN concentration of 10 mM
is required for subsequent prebiotic chemistry, based on recent laboratory experiment [e.g,.’], however note
our conclusions are robust to this choice (Supplementary Text). In any case, we expect this to represent a
significant upper limit on actual HCN concentration—and thus best-case scenario for subsequent prebiotic
chemistry—given that several environmental processes will act, quickly, to dilute cometary HCN. In addition
to precipitation, the thermobaric phase of impact cratering will unavoidably disrupt the local hydrosphere (or
cryosphere)?S. A salient outcome of high-velocity cometary impacts, irrespective of the delivery of HCN, is thus
the rapid influx of local groundwater into the newly-formed crater-lake, rapidly diluting surviving cometary
HCN below prebiotically relevant concentrations.

To obtain meaningful results, given uncertainty in the extent of subaerial land on the early Earth*’, we adopt
the McCulloch & Bennett*® model of continental growth as a proxy for exposed landmass (following*’), noting
that our results are insensitive to this choice (Supplementary Text). This is likely a significant overestimate of
exposed landmass on the Hadean Earth, given the non-monotonic history of ocean volume®. Indeed, it is
plausible that all continental crust will have been submarine during the early Hadean—during which period
Earth’s cometary bombardment was most intense—limiting exposed landmass to hotspot oceanic islands*”*!.
This is not a problem for the purposes of this work: by adopting an optimistic model of continental growth, and
analogously by recording the maximum HCN concentration post-impact, we ensure our results constitute a
best-case scenario for cometary delivery.

Despite representing a best-case scenario for cometary delivery, our Monte Carlo simulations of Earth’s
early cometary bombardment record, on average, zero cometary impacts delivering a prebiotically relevant
concentration of HCN (> 10 mM). This reflects significant inefficiency in the delivery of HCN, given that Earth
accreted more than 10° (D > 100 m) comets during this early period of intense impact bombardment. This
inefficiency is driven primarily by the high characteristic impact velocity of short-period comets?, which is
found to restrict the successful delivery of HCN to only highly-oblique impacts at the low-velocity tail of the
comets’ impact velocity distribution (Supplementary Text). This corresponds to a very small region of parameter
space, which is only sampled at very early times when the cometary impact flux is highest (Fig. 3)—a conclusion
we find to be robust to the assumed dynamical model of Earth’s cometary bombardment (Supplementary Text).
Consequently, the most probable timing of successful cometary impact is in the early Hadean, 4.41333% Gya,
more than 100 Myr earlier than the estimated emergence of the last universal common ancestor (LUCA) at
~ 4.2 Gya®.

The inability of comets to robustly deliver HCN in high concentration is further compounded by the
coincidence of Earth’s most intense cometary bombardment with the limited availability of exposed subaerial
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Fig. 3. Results from 100,000 Monte Carlo realisations of Earth’s cometary bombardment history. The
number of comets delivering a prebiotically relevant concentration (> 10 mM) of HCN per 1 Myr time-bin,
following the Nesvorny et al.?” impact chronology, is shown in blue. We consider only cometary impacts onto
exposed subaerial land and use the McCulloch & Bennett*® model of continental growth [see®!], and assume
optimistically that surviving HCN is diluted in only the comet’s water ice. The median number of successful
cometary impacts per Monte Carlo realisation is 0, with 54 % of our simulations recording no successful
cometary impact. Successful cometary impacts are overwhelmingly likely to occur early in Earth’s history
(shown in red), with less than 5 % of our simulations recording the delivery of > 10 mM HCN later than

4.03 Gya. The most probable timing of successful cometary impact is 4.41%3-35 Gya—more than 100 Myr earlier
than the first, indirect evidence of life on Earth at ~ 4.2 Gya (4.09 — 4.33 Gya; orange shaded region)>2. Error
bars report the 16th-84th percentile range of the last successful impact, for simulations recording at least one
successful cometary impact.

land during the early Hadean*”-*°. Owing to the near absence of continental crust during the early Hadean*’, our
simulations record a significant number of low-velocity cometary impacts onto Earth’s early oceans. Any surviving
HCN from these impacts will have been quickly diluted and lost to hydrolysis, unable to trigger subsequent
prebiotic chemistry. Taken together, our results demonstrate that restrictions on comet size, velocity, and angle—
imposed by constraints on the survival of comets and their HCN during impact with Earth—combine such that
the successful delivery of prebiotic feedstock molecules was an exceedingly rare event, with the majority of our
Monte Carlo simulations—even in this best-case scenario—recording zero successful cometary impacts.

Comparative analysis of inner solar system cometary bombardment

Despite lacking any evidence of life, the dynamical simulations of Nesvorny et al.?” allow us to also consider the
prebiotic implications of this early period of cometary bombardment for Mars and Venus, our closest planetary
neighbours. Given sparse paleoenvironmental constraints for both Mars and Venus, we adopt modern-day
environmental parameters to enable direct comparison with Earth. Critically, despite abundant geological
evidence of fluvial processes on Mars®***, the nature and evolution of surficial water on Mars remain subject
to debate, while more fundamental uncertainty remains regarding the existence of liquid-water oceans on
Venus®>~’. Accordingly, we make no assumption regarding the extent of subaerial landmass, and focus only on
the cometary flux surviving atmospheric entry, and HCN surviving hypervelocity impact.

We find that cometary delivery is far more effective onto Mars (Fig. 4). Despite an overall impact flux ~ 5%
lower than on Earth and Venus?’, Mars receives 744 + 27 impacts delivering > 10 mM HCN, compared with
87 +9 for Earth (ignoring the extent of subaerial landmass) and 24 + 5 for Venus. This efficiency is driven
primarily by lower cometary impact velocities—a consequence of Mars’ lower escape velocity and larger semi-
major axis’>—and Mars’ tenuous atmosphere. These combine such that almost all D > 100 m comets are able
to survive atmospheric entry (Fig. 2), with a much larger fraction of these comets delivering their HCN intact.
Even if Mars’ early atmospheric surface pressure approached 1 bar, to facilitate stable surface liquid water®, the
number of successful impacts (448 + 21) remains more than five times greater than on Earth. In stark contrast,
Venus dense atmosphere destroys the majority of incident comets—even those several kilometres in diameter—
making the successful delivery of HCN substantially more challenging than onto Earth.

This simple comparison between the Solar System’s terrestrial planets suggests that, all else being equal, Mars
would have been the more favourable target for the cometary delivery of prebiotic feedstock molecules, and
if cometary delivery is an important prerequisite step for prebiotic chemistry, strengthens the possibility that
life could have emerged on Mars. We caution, however, that this analysis is agnostic to global environmental
conditions, including most importantly the availability of subaerial land, and thus reiterate that these results
represent a best case scenario for subsequent prebiotic chemistry. Indeed, the dearth of exposed land on the
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Fig. 4. Results from Monte Carlo simulations of the early cometary bombardment of Mars (blue), Earth
(green) and Venus (yellow). The number of cometary impacts delivering a prebiotically relevant concentration
(> 10 mM) of HCN as a function of time, in bins of 1 Myr, averaged over 10°> Monte Carlo realisations of the
Nesvorny?” impact chronology. These results represent an upper limit on the number of environments able to
support subsequent prebiotic chemistry, making no assumption about the availability of subaerial landmass.

Hadean Earth decreases the median number of successful impacts from 87 to 0. Clearly, a similar reduction
might also be realised in the case of a warm and wet (pre-)Noachian Mars, harbouring a globally significant
reservoir of surficial water.

Discussion

Implications for the origins of life on Earth

Although Solar System comets boast a rich diversity of volatile organic species—including crucially many
prebiotic feedstock molecules in high concentration'®—we have shown via Monte Carlo simulation of Earth's
cometary bombardment that these comets were, on the whole, unable to deliver these fragile organic molecules
to Earth’s surface intact. Our results demonstrate that, on both global and local scales, cometary impacts provided
an insignificant source of the concentrated feedstock molecules required for prebiotic chemistry, challenging the
long-held hypothesis that comets played an important role in the origins of life on Earth!>1619-21,

Onaglobal scale, the intact delivery of HCN is orders of magnitude below what can be produced endogenously
in even the most unfavourable (i.e., oxidising) atmospheric conditions. On a local scale, we find that in the
best-case scenario in which surviving HCN is diluted within only the comet’s water ice, the median number of
impacts delivering a prebiotically relevant concentration of HCN is zero (Fig. 3). Among the 46 % of simulations
that record at least one successful impact, the most probable timing of the last successful impact is 4.413333 Gya.
These results reflect the rapid decline in Earth’s cometary bombardment?’, the limited availability of subaerial
land?’, and the exceedingly small region of parameter space in which HCN can survive hypervelocity impact®.

Multiple lines of evidence suggest that these results represent a best-case scenario for the cometary delivery
of HCN, and indeed other prebiotic feedstock molecules. Most significantly, whenever faced with loosely
constrained environmental parameters throughout our analysis—such as atmospheric surface pressure or the
extent of subaerial land on the Hadean Earth—we have adopted values (within plausible limits) to maximise the
number of successful cometary impacts. Moreover, it is likely that we significantly overestimate HCN survival
during cometary impacts. We adopt a parametrised model of HCN survival directly from McDonald et al.?,
which is based on idealised simulations that include only one destruction pathway for HCN, and crucially,
neglect comets” internal strength and porosity—both of which are expected to increase peak temperatures
during hypervelocity impact. While the destruction of HCN will produce a variety of reactive intermediates—
with the impact-driven synthesis of nucleobases and sugars demonstrated in highly reducing atmospheres®—
the primary decomposition products of HCN in the presence of water are CO and CO,°!, which are not of
particular prebiotic significance. We expect this picture to be significantly worse for more complex prebiotic
feedstock molecules: HCN is not only the only feedstock molecule found in comets at prebiotically relevant
concentrations!®, but is, by virtue of its nitrile bond, expected to be significantly more resistant to thermal
destruction during impact than other feedstock molecules®.

It is therefore overwhelmingly likely, based on the results of our Monte Carlo simulations, that in practice no
comets delivered a prebiotically relevant concentration of HCN, in tension with the long-held hypothesis that
cometary impacts may have played an important role in the origins of life on Earth!>1%19-21, Nonetheless, we
cannot discount the possibility—in the spirit of Clark!—that during the early Hadean, the fortuitous collision
of a low-velocity, highly oblique comet may have delivered almost all of its HCN intact. It is therefore critical
to address the additional environmental barriers that subsequent prebiotic chemistry would face in the event of
such a stochastic, successful cometary impact.

The most immediate and decisive threat to subsequent prebiotic chemistry is the environmental dilution of
cometary HCN. During hypervelocity impact, a comet’s kinetic energy is rapidly transferred to the Earth, with
peak pressures of order 10-100 GPa driving the shock metamorphism (fracture, deformation and melting) of
target rocks®2. A significant outcome of this initial and violent ‘thermobaric’ phase of impact cratering is the
disruption of the local hydrosphere (or cryosphere)*. While the subsequent evolution of post-impact crater
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environments is enormously diverse—sensitive to crater size, target lithology, and local environment6—the
influx of groundwater (if present), coupled with routine precipitation and surficial runoff, will act to rapidly
dilute cometary HCN on a timescale of only days to weeks. Further compounded by the subsequent hydrolysis of
HCN into formamide??, even an initially prebiotically competitive concentration of HCN will be quickly driven
below functional levels.

Subsequent prebiotic chemistry must therefore succeed on short timescale, while cometary HCN remains
at a prebiotically functional concentration. We now demonstrate, via a heuristic toy model, that this places
strict—and, we argue, implausible—constraints on the efficiency of prebiotic chemistry, challenging the long-
held suggestion that comets played an important role in the origins of life on Earth.

To place this on a more quantitative footing, we make the simplifying assumption that a successful cometary
impact is a necessary prerequisite step for the origins of life. Given that a single cometary impact will never
deliver the full complement of bioessential feedstock molecules required for any prebiotic chemical network, we
further assume there is some (unknown) probability of abiogenesis per unit time, p,;,. If prebiotic chemistry
can only occur within tycy of successful cometary impact—i.e., the time window during which HCN remains
in sufficiently high concentration—then the probability this chemistry succeeds following a single cometary
impact is thus

Psuc = 1- exp (_pabioTHCN) =2 Dabio THCN> (1)

assuming p,uioTaen <K 1.

Given that our Monte Carlo simulations reveal that the successful cometary delivery of HCN was an
exceedingly rare event, we are able to estimate the likelihood of prebiotic chemistry succeeding on the early
Earth. Specifically, we derive a heuristic origins of life timescale, 7, representing the expected time required for
prebiotic chemistry to succeed given both the rarity of successful cometary impact, and the rapid environmental
dilution of cometary HCN. If this timescale is significantly longer than the duration of Earth’s intense cometary
bombardment, this would quantitatively encode how unlikely it is that cometary impacts played an important
role in the origins of life on Earth.

The results of our Monte Carlo simulations demonstrate—if they occurred at all—that successful cometary
impacts are overwhelmingly likely to have occurred early in Earth’s history, with less than 5% of simulations
recording the successful delivery of HCN later than 4.03 Gya (Fig. 3). To first order, the number of successful

impacts can be modelled as Bernoulli distributed with constant rate ri,, = Ti_mlp ~2x1073 Myr_l, where

Timp =~ 500 Myr is the approximate duration of Earth’ intense cometary bombardment. This heuristic origins of
life timescale is thus given by

T.
~ -1 ~ imp
Tool == /lsuc - s (2)
PabioTHCN

which is shown in Fig. 5 across a wide range of p,;, — Tcn parameter space. In the following paragraphs, we
constrain plausible bounds for Tycy and p.,, thereby allowing this illustrative calculation to quantitatively
assess the potential role of cometary impacts in the origins of life on Earth.

As already discussed, there are several competing environmental and chemical processes that, together, will
control the productive lifetime of a cometary crater-lake, Tycy. Of these, we expect the environmental dilution
of cometary HCN to play the most decisive role, operating on a timescale of days to weeks following cometary
impact*. If, however, supportive environmental conditions prevent the rapid dilution of HCN, the residence time
of the crater-lake—the average time water remains in the lake—would instead be the more appropriate timescale
to consider. Through analogy with modern lakes, whose residence times span several orders of magnitude, we
expect this timescale to be of the order 1-10 year®. Thus, while the hydrolysis of HCN into formamide will
occur over much longer timescales (= kyr), dependent on both temperature and pH®, it is highly unlikely that
appreciable cometary HCN will survive long enough for this to represent a dominant loss process.

Under the assumption that a successful cometary impact is a necessary prerequisite step for the origins of
life, we identify the abiogenesis rate adopted and discussed in®> as a plausible, order-of-magnitude estimate
for p.yi.- These Bayesian analyses, conditioned upon the early emergence of life on Earth, support an abiogenesis
rate in the approximate range 10~3 < p,;, < 10 Gyr_165'66. This would imply an origins of life timescale in
excess of the age of the Universe for the plausible values of tycy considered above (Fig. 5). It is clear that we are
fundamentally limited by our ignorance regarding most inputs required to determine such a quantity; this is
particularly true of p,,, where we draw attention to the significant transfer of scale from planet-scale Bayesian
analysis to local crater-lake environments. Nonetheless, reliance on a single cometary impact, and the short
time-window available for prebiotic chemistry, combine such that the results of this heuristic exercise are robust
to significant uncertainty in the abiogenesis rate, p,p;.

It is therefore apparent, through Monte Carlo simulation of Earth’s cometary bombardment, that synthetic
prebiotic chemistry was exceedingly unlikely to succeed following cometary impact. While cometary HCN could,
in principle, be subsequently concentrated and stored in ferrocyanide salts!, it is non-trivial to subsequently
release this cyanide in a reactive form®’. This would likely require the thermal transformation of ferrocyanide
salts via volcanism or lightning, introducing an additional reliance on supportive local environmental conditions
to what is already a quantitatively implausible scenario. Moreover, this would remove the principal advantage
attributed to cometary delivery—the immediate delivery of a prebiotically relevant concentration of key
feedstock molecules—and so confers little benefit relative to an endogenous source of these molecules. Despite
not reaching concentrations immediately comparable to that used in prebiotic experiment!*!*%, an endogenous

Scientific Reports |

(2026) 16:31688 | https://doi.org/10.1038/s41598-026-74214-y nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

10* ¢
i 10!
— 10°E
O l 2 - [}
£ Q
N r N
2 10k E 100 2
z | - E
g 100k =
> =
S 0 ©
5 107" ¢ 10! é
E ED
— S
O 10 ‘F Tresidence @)
1000 X Tgitution
1 -3 Lol Lol Lol Ll Ll PR
1073 1072 107! 10° 10! 10? 10°

Abiogenesis probability [Gyr ']

Fig. 5. The origins-of-life timescale is in excess of the age of the Solar System for plausible values of
abiogenesis probability and cometary HCN lifetime. A heuristic origins-of-life timescale, 7, is calculated
under the assumption that a successful cometary impact is a necessary prerequisite for the origins of life.
Bayesian analyses, conditioned on the early emergence of life on Earth, support an abiogenesis probability
in the range 1073 < py;o < 103 Gyr 656, The lifetime of cometary HCN is expected to be determined by
either the timescale of environmental dilution®, red horizontal band], or the residence time of the crater-
lake®, orange horizontal band]. The hydrolysis lifetime of HCN in aqueous solution at 0°C and 25°C%, black
dashed lines] represent significant upper limits. In all cases, this heuristic origins-of-life timescale is orders
of magnitude larger than the duration of Earth’s intense cometary bombardment: prebiotic chemistry was
exceedingly unlikely to succeed following successful cometary impact.

source would by contrast deliver these key feedstock molecules, in quasi steady-state, to all exposed subaerial
land.

To summarise, our results demonstrate that Earth’s cometary bombardment was unable to provide the
concentrated reservoir of bioessential feedstock molecules required for synthetic prebiotic chemistry, challenging
the long-held suggestion that cometary impacts may plausibly have played an important role in the origins of life
on Earth. While we cannot formally exclude the possibility that a single fortuitous cometary impact delivered
a prebiotically plausible concentration of HCN, we have demonstrated this would impose strict—and, we
argue, implausible—constraints on the efficiency of subsequent prebiotic chemistry. Prebiotic chemistry would
be required to succeed on short timescales, before the rapid environmental dilution of exogenous feedstock
molecules, in the handful of local environments afforded by a single cometary impact.

Prospects for cometary delivery beyond Earth
While our results demonstrate that cometary impacts were exceedingly unlikely to have played an important role
in the origins of life on Earth—the only known instance of life—we find that cometary impacts will more readily
deliver HCN, in high concentration, to Mars. Farther afield, many exoplanetary systems harbour large outer
reservoirs of icy planetesimals in debris disks analogous to the Kuiper belt—with many inferred to have masses
6 orders of magnitude larger®. Our results therefore clearly cannot preclude the possibility that, in favourable
planetary contexts, cometary delivery may provide a robust source of concentrated prebiotic feedstock molecules.
Here, we discuss the implications of our results for the prospects of cometary delivery beyond Earth.

Comparison of the end-member cases of Mars and Venus, enabled by their shared dynamical origins,
highlights several key planetary and planetary system requirements that control the efficiency, and thus
importance, of cometary delivery in a general exoplanetary context. The significant differences between Mars and
Venus are driven by atmospheric surface density, and the impact velocity distribution of short-period comets.
The destruction of almost all comets smaller than 2 km during descent through Venus’ dense atmosphere,
compounded by an average cometary impact velocity greater than 36 kms™ 7, restricts successful cometary
delivery to an extremely small region of impact parameter space?’, Supplementary Text]. Mars, in contrast,
benefits from its tenuous atmosphere that is expected to allow almost all (D < 100 m) comets to reach the surface
intact?® with an average impact velocity of only 19.7 km s~ 27, which together supports the successful delivery of
HCN in a much larger fraction of cometary impacts.

Given that the detailed atmospheric characterisation of terrestrial exoplanets remains elusive [e.g.,”’], the
key observationally accessible planetary property controlling the efficiency of cometary delivery is thus planet
size. Current observational biases skew the present-day exoplanet population preferentially towards larger
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planets, such that well-characterised escape velocities are consistently, and substantially higher than of Earth
(Supplementary Text). For this reason alone, we would expect cometary delivery to be significantly more
challenging for the majority of terrestrial exoplanets discovered to-date.

Constraints on the efficiency of cometary delivery at the planetary system level are less straightforward, given
the large number of (relevant) free parameters that would need to be considered on a system-by-system basis.
Nevertheless, a minimum prerequisite is that the inner planetary system must experience a period of intense
cometary bombardment in order to overcome the very low collision probability of highly-eccentric comets onto
terrestrial planets with small semi-major axis [e.g.,””!]. Such a period of intense cometary bombardment is not,
however, guaranteed in a general exoplanetary context, with the dynamical influence of exterior planets able to
prevent, in the extreme case, the inwards transport of comets through the planetary system’2 Crucially, this is
most pronounced for low-mass stars around which even Earth-mass planets have the capacity to form effective
dynamical barriers’2.

We finally note that planetary system architecture and stellar mass both also play a significant role in
determining the impact velocity distribution of comets onto terrestrial exoplanets. This is, again, most challenging
around low-mass stars for which the minimum impact velocity of short-period comets is significantly higher
than around Solar-type stars®®. This represents a significant, additional problem for cometary delivery given that
the majority of Earth-like planets amenable to detailed atmospheric characterisation in the coming decades orbit
low-mass M-dwarf stars—the so-called “M-dwarf opportunity””>.

It therefore appears overwhelmingly likely that cometary delivery will be substantially more challenging in a
general exoplanetary context than onto Earth, driven by much higher characteristic cometary impact velocities
and the efficient destruction of fragile prebiotic feedstock molecules. Taken together with our central result—
that Earth’s cometary bombardment was unable to provide the concentrated reservoir of prebiotic feedstock
molecules required for the origins of life—we expect the same to be true in a general exoplanetary context,
challenging the long-held hypothesis that cometary impacts are likely to play an important role in the origins
of life.

Methods

The size-frequency distribution of Earth-crossing comets

The dynamical simulations of Nesvorny et al.?® require some physical mechanism to limit the number of
perihelion passages of small comets to match the observed modern-day population of ecliptic comets. Given
that the physical lifetimes of modern JFCs are an order of magnitude shorted than their dynamical lifetimes, and
that observations demonstrate the frequent disruption of comets®*-3%, this is primarily attributed to cometary
fragmentation?.

While the precise cause(s) of cometary fragmentation remain debated, asymmetric outgassing has recently
emerged as a leading mechanism through which cometary nuclei can be spun-up to their rotational disruption
limits*®74-76, Indirect evidence supporting the dominant role of rotational disruption is provided, on a
population level, by modern JFCs, which exhibit a ‘spin-barrier’ in their radius-rotation period distribution,
indicative of a population strongly sculpted by the effects of rotational instability®”47”. This is further supported
by the observed break-up of Comet 332P/Ikeya-Murakami*® and Comet 157P/Tritton’®, both consistent with
rotational spin-up to the point of rotational instability. Finally, we note that the timescale of rotational spin-up
is highly size-dependent*’; see also Supplementary Text], satisfying the requirement for smaller comets to have
shorter physical lifetimes?®3>.

We follow a similar procedure to Rigley & Wyatt’® in numerically determining the size-frequency distribution
(SFD) of Earth-crossing comets subject to rotational instability. We consider comets in the size range 0.1-
1000 km, divided into 80 logarithmically spaced bins, with initial SFD as they’re scattered into the inner Solar
System represented by a broken power-law distribution, defined such that the number of comets of radius R is
given by

t78

n(R)dR = KR™%dR. (3)

The power law indices a are derived from available constraints from JFCs and the Kuiper belt (summarised in
Table 1), while the constants of proportionality K in each size-range are constrained via the continuity of the
size distribution.

Comets are added from the source region every 12000 yr—the physical lifetime of modern JFCs*—with the
number of comets added to each size bin sampled randomly from a Poisson distribution with mean value given
by the input SFD (Table 1). The probability a comet fragments per time-step (5t) is given by

5
S® = . @
where
2
74(R) = 100 (%) yr (5)

is the (size-dependent) timescale of rotational instability [Jewitt'’; see Supplementary Text]. If fragmentation
occurs, determined by sampling a random number in the range [0, 1], it is assumed that two equal-mass child
fragments are produced, distributed into the corresponding radius bin.
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Size range [km] | o

01<R<1 2.25

1<R<50 3.0

50 <R <150 6.0

150 < R <1000 | 3.5

Table 1. Slopes of the differential size-frequency distribution (SFD) of Jupiter-family nuclei. This
observationally motivated distribution is used in our numerical model as the SFD of comets input into the
inner Solar System. The slope of the cumulative size distribution, often quoted in the literature is y = o — 1.

This population of comets, subject to losses via rotational instability, is integrated for 10 Myr (with a timestep
8t = 1yr) until the SFD reaches a steady-state; which we ensure is insensitive to the choice of timestep. The strong
dependence of physical lifetime on comet radius is evident, with the slope of the SFD significantly shallower than
the source population at small sizes. For 0.1-1 km comets, the slope of the cumulative SFD decreases from —1.25
to —0.78, and for 1-50 km comets, the slope decreases from —2.0 to —1.34. The SFD at larger sizes is relatively
unaltered, with the slope decreasing from —5.0 to —4.78 for comets in the size range 50-150 km.

We note that the resulting steady-state SFD is reassuringly insensitive to the assumed mechanism of comet
fragmentation. Adopting instead the Di Sisto et al.>> model of comet fragmentation—which is agnostic of
physical break-up mechanism—we recover a SFD with slopes —0.78, —1.34 and —4.74 respectively. This is in
surprising agreement with the Jewitt* model, and crucially, also implies a dramatic reduction in the number of
small comets on Earth-crossing orbits.

Earth’s cometary impact chronology

Given the inability of the lunar crater record to constrain both the bombardment history of the Earth-Moon

system pre-3.92 Gya®' and impactor composition®’, we instead leverage Earth’s cometary bombardment

chronology as derived from numerical N-body modelling of short-period comet formation and evolution*”-,
We anchor Earth’s cometary bombardment to the flux of D > 10 km comets reported in Nesvorny et al.?’,

given this subset of comets is least vulnerable to rotational instability. The cumulative flux of D > 10 km comets

is distributed in time according to

F(D > 10km, 1) = % [Fl exp {— (Ti)al} +Fyexp {— (Ti)az} + F3 (4570 — t)], )

1 2

where F; = F, = 5.6 X103, 7, = 7Myr, a; = 1,7, = 13 Myr, a, = 0.44, and F5 = 4 x 1073,
The impact flux of smaller comets is constrained by the steady-state SFD of Earth-crossing comets, and the
continuity of the SFD at D = 10 km,

K(D)
F(D,t) = F(D > 10km, ) { ———%—— | 7
(D, D) = F( m ){K(D>10km)} @)
where
Dy Do3
K(D) =Djj~* / D~%1dD + / D~%2dD+
0.2 Dy,
D34 2000 ®)
D33~ % / D=%dD + D3~ % / D~%dD,
1523 D34
and
Dy3 D3y 2000
K(D > 10km) = / D~%2dD + D33~ % / D~%dD + D3y~ % / D~%dD. 9)
10 Dy3 D3y

Here, we have defined the transition diameters D;, = 2 km, D,; = 100 km, D3, = 300 km, which relate to the
power-law indices oty = 1.78, a, = 2.34, a3 = 5.78, a4 = 3.5 respectively.

The impact velocity distribution of short-period comets
To quantify the cometary delivery of prebiotic feedstock molecules, we must specify the velocity distribution
of incident comets, given this largely controls the survival of fragile feedstock molecules during hypervelocity
impact?!:33,

Nesvorny et al.”’ record the mean impact vlelocities of comets, using an Opik-like algorithm, onto the
terrestrial planets, finding [19.7,28.2,36.8] kms = onto Mars, Earth and Venus respectively. Motivated by the
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impact velocity distribution of meteoroids onto the modern Earth”%80

normal distribution,

, we sample impact velocities from a log-

dF (Vimp; 4, 0) =

(10 Vi — 102
- )dvimpa (10)

1
exp | —
OVimp V2T p( 202

where u is the mean, and o the standard deviation of In vy, respectively (not the arithmetic mean and standard
deviation of the impact velocity itself).

Nesvorny et al.>’ do not record the standard deviation of comet impact velocities; motivated by the results
of alternative dynamical simulations of Earth’s cometary bombardment”!, and the modern velocity distribution
of both short-period comets** and small meteoroids®’, we adopt an arithmetic velocity standard deviation of
s, = 5kms™!. The corresponding parameters of the log-normal distribution are therefore calculated as

o2 = ln[l +(%€)2], (1)

= In(o) - %2 (12)

where 0 = 28.2 kms™! and s, = 5 kms™%, such that the resulting distribution therefore has an arithmetic mean

and standard deviation of 28.2 and 5kms™, respectively. For comparison, long-period comets have mean
impact velocities in excess of 50 kms ~ 3—substantially higher than that of short-period comets—motivating
our focus on the latter throughout the manuscript.

The entry angle distribution of comets
Comets are assumed to arrive at the top of the atmosphere with a range of entry angles (defined relative to the
horizontal) distributed according to the canonical Shoemaker®! distribution,

dF(6) = sin 26d6. (13)

This distribution accounts for the gravitational focussing of comets by Earth, and corresponds to a most probable
entry angle of 45°. Half of all cometary impacts will have entry angle in the range 30-60, while less than 7% of
comets will arrive with entry angle shallower than 15° or steeper than 75°.

The effects of atmospheric entry on Earth’s cometary impact flux

Given the low density and weak mechanical strength of cometary nuclei!, even relatively large comets will be
significantly decelerated during atmospheric passage, while small comets will catastrophically fragment at high
altitudes?®#282. A direct consequence of atmospheric entry is that the distribution of comets reaching Earth’s
surface will differ significantly from the population incident at the top of the atmosphere.

We use the ATMOSENTRY code?® to model the interaction of comets with the atmosphere, and record the size,
velocity, and angle of comets directly before hypervelocity impact. This numerical model, described in detail
in Anslow et al.?%, includes semi-analytical parametrisations for the ablation, deformation and fragmentation
of comets during atmospheric entry. Key model parameters, consistent with previous literature [e.g.,2**%?] are
described below.

Although geological constraints on the Hadean atmosphere are scarce and the details of its evolution remain
debated, modelling suggests that it was initially very dense (~ 100 bar) following the degassing of Earth’s magma
ocean®. A relatively quick transition is then expected to < 1.1 bar during the Archean®. In the interests of
simplicity, we thus assume an isothermal atmospheric with density profile

Pan(@ = purexp (- 1) (14)

with scale height H = 7.2 km and surface density p,; = 1.225 kg m”, roughly consistent with Earth’s modern
atmosphere. We assume a cometary bulk density of 0.6 gcm™37” and tensile strength 10* Pa*!. These are both
upper limits, ensuring our results will present a best-case scenario for the cometary delivery of prebiotic feedstock
molecules. In particular, sensitivity tests reported in?® demonstrate that lower bulk densities would reduce the
minimum comet size able to survive atmospheric entry.

Exposed land on the early Earth

The dilution of prebiotic feedstock molecules during cometary impacts into global oceans presents a major
concern, with only impacts onto subaerial land able to deliver a prebiotically plausible concentration of HCN.
The extent of exposed land on the early Earth remains, however, highly uncertain®’. Moreover, while there exist
many models of continental growth, these are crucially not direct proxies for exposed landmass given the non-
monotonic history of ocean volume*’; see Supplementary Text for further discussion].

For simplicity, given the significant uncertainty in estimates of exposed land on the early Earth, we adopt the
McCulloch & Bennett*® model of continental growth as a proxy for exposed landmass (following*®). As noted in
Bada & Korenaga®, this is likely a large overestimate, which guarantees that our results represent an upper limit
on the number of successful cometary impacts onto the early Earth. In this model, crustal surface area increases
linearly from 0 to 12.8% of the present-day crustal surface area between 4.5 and 3.7 Gya, such that the fraction
of exposed land is given by
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foo =0.0656 ¢, (15)

where t is in Gyr.

While there remains significant debate regarding the growth of continental crust, there exists consensus with
respect to the limited extent of continental crust during the early Hadean. Indeed, it is plausible that exposed
land was limited to hotspot oceanic islands*”*’. Given the rapid decline in Earth’s cometary bombardment?’,
the divergence of these models at later times has very little influence on our results; adopting instead a model
that favours much quicker crustal formation®, the number of successful impacts onto Earth increases by only a
factor of 3 (Supplementary Text).

Monte Carlo simulation of Earth’s cometary bombardment

To quantitatively investigate the successful cometary delivery of prebiotic feedstock molecules we employ
Monte Carlo simulation, discretising Earth’s cometary impact flux into 1 Myr timesteps. At each timestep, ¢;, the
expected number of cometary impacts onto exposed land, N, is given by

N; =[F(D > 100 m, t;) — F(D > 100 m, £;,1)] fc.(t:), (16)

where, recall, F(D > 100 m, t;) is the cumulative number of D > 100 m cometary impacts at t;, and f..(t;) is
the available exposed landmass. This is, generally, not an integer; the number of cometary impacts, N, at each
timestep is thus sampled from a Poisson distribution with mean value N;. We note that D < 100 m comets will
catastrophically airburst at high altitude?, which allows us to limit the number of number of comets sampled,
and thereby greatly decrease the computational cost of these simulations.

At each timestep we generate comets’ radii, velocities, and entry angles at the top-of-atmosphere from the
analytical distributions described previously. The effects of atmospheric entry are then calculated for each comet,
determining the final distribution of radii, velocities, and angles at the surface. Not all comets will survive
atmospheric entry, depending primarily on their initial size and entry angle; the number of comets reaching the
surface will therefore be less than N;.

For the subset of comets surviving atmospheric entry, we finally determine the fraction of HCN surviving
hypervelocity impact. Comets are assumed to have an initial HCN concentration of 0.1 % level relative to water,
consistent with Solar System comets'®, and we use the parametrisation presented in McDonald et al.>* (Eqgs. 14-
15), assuming equilibrium chemistry. As the HCN survival parametrisation presented in McDonald et al.* does
not extend to comets smaller than 100 m, or to impact angles shallower than 15° (relative to the horizontal), we
discard any comets, or surviving fragments, meeting these criteria.

This corresponds to an extremely small region of parameter space; less than 7% of comets arrive with entry
angle less than 15°, with only much larger (roughly km-scale) comets able to survive atmospheric entry due
to the increased atmospheric path?®. Moreover, atmospheric entry acts to increase impact angles towards the
normal (see Fig. 2); this restriction therefore affects only km-scale comets with entry angles less than 15°.
Finally, as discussed in?, only a small subset of comets will generate D < 100 m fragments that reach Earth’s
surface; these fragments are expected to be highly thermally processed, and thus constitute an unlikely source
of concentrated HCN. We therefore do not expect this exclusion to materially affect our key conclusions, given
that successful delivery of HCN would in any case require a low-velocity impact, further reducing this subset
of comets. Nonetheless, we note that it remains possible in principle for a highly oblique, low-velocity comet to
deliver a prebiotically relevant concentration of HCN. We address this possibility via a heuristic toy model in the
Discussion (see Fig. 2), and note that some fraction of our simulations do, regardless, record a small number of
successful cometary impacts delivering > 10 mM HCN.

To account for the inherent stochasticity when sampling from the respective distributions, we repeat this
procedure 10° times, recording the number of successful cometary impacts as a function of time.

Data availability
No new data were generated for this work. Scripts used to generate the figures presented in this work will be
made publicly available at https://github.com/richard17a/comet_delivery_hcn.
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