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RESUMEN:

En la década de 1970, un grupo de investigadores estim¢ la edad de las rocas lunares
traidas por la mision Apollo, encontrando muy pocas de ellas con edades anteriores
a 4.2 Ga. Para explicar esto, se propuso que en las etapas tempranas, tras la
formacioén del sistema solar, hubo un aumento en la tasa de impactos de tal manera
que se destruyeron las rocas mas antiguas. Este evento hipotético fue llamado
originalmente “Cataclismo lunar terminal” y renombrado posteriormente como “Gran
Bombardeo tardio” (LHB, Late Heavy Bombardment, por sus siglas en inglés). Con el
tiempo se han dado argumentos y contraargumentos para sostener, o no, esta

hipotesis. En este trabajo, se emple6 un modelo para estimar el area cubierta por los
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crateres de impacto y sus eyectas continuas considerando que la tasa de impacto
decae exponencialmente entre 4.1 y 3.8 Ga sin la presencia de un aumento subito en
la produccion de crateres, es decir, sin considerar un escenario tipo LHB. Para
estimar el area afectada por la formacion de un crater de impacto, consideramos tres
escenarios en los cuales las extensiones de sus eyectas fueron de 0.5 Rc, 1 Rcy 1.5
Rc, donde Rc es el radio del crater. El area de la superficie de la Luna cubierta en
cada caso fue de 83 %, 95.7 % y 99.2 %, respectivamente. Esto indica que un LHB
no es necesario para explicar la carencia de rocas con edades mayores a 4.2 Ga. Si
bien estos resultados no son por si mismos suficientes para rechazar la hipétesis del
LHB, contribuyen en la discusién de este tema.

Palabras clave: Gran Bombardeo Tardio, Hipétesis del muro de piedra

ABSTRACT:

The lack of lunar sample rock ages before 4.2 Ga, found by some authors, was
explained because of a more intense bombardment than the expected for that time.
This hypothetical event was initially named the “Terminal Lunar Cataclysm” and later
renamed as the Late Heavy Bombardment (LHB). Over time, arguments and
counterarguments have been given to support or not this hypothesis. In this work, a
model was used to estimate the covered area by impact craters and their ejecta
considering an exponentially declining impact rate for the period between 4.2 and 3.8
Ga without taking into account an LHB-type event. To estimate the area affected by
the formation of an impact crater, we considered three scenarios in which the extent
of the ejecta was 0.5 Rc, 1 Rc, and 1.5 Rc, where Rc is the radius of the crater. The
area of the Moon's surface covered in each case was 83%, 95.7%, and 99.2%,

respectively.This indicates that an LHB is not needed to explain the lack of lunar rocks
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with ages older than 4.2 Ga. Even though these results are not enough, by themselves,
to refute the LHB, they can contribute to the discussion around it.

Keywords: Late Heavy Bombardment, Stone wall hypothesis

1. Introduction

The Late Heavy Bombardment (LHB from now on) is a term that has been used in
diverse ways by some authors (e.g. Frey, 2016; Lowe & Byerly, 2018; Morbidelli et al.,
2012, 2018). In recent years, the LHB refers mainly to either a period at the end of
terrestrial planet formation in which the impact rate declined slowly or an abrupt and
short duration period when a sudden increase in the impact rate occurred, as a
cataclysmic event (Cartwright et al. 2022). In this study, we consider the LHB as the
second one, and it is defined as an important rise in the impact rates on the surface of
the Moon 4.2 Ga followed by a decrease by 3.8 Ga; independently from the origin of
the impactors or the mechanism involved in such a rise of the impact rates.

Even though the LHB is still under discussion, in some scenarios it is commonly
referred to as a fact (Mainly in lectures regarding the formation of the solar system).
The “stone wall” effect hypothesis is an important counterargument to the LHB and
suggests that the “natural” impact flux in the Moon’s surface must have been
responsible for the lack of rocks older than 4.2 Ga, “evidence” used to propose the
LHB (Tera et al., 1974). In this work, the “stone wall” hypothesis was modelled
employing a method to assess the surface area covered by impacts during the LHB

temporalities under a simple declining impact flux.

1.1. Arguments in favour

1.1.1. Geochemical arguments
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The first proposal leading to the Late Heavy Bombardment hypothesis was the
then-called “Terminal Lunar Cataclysm” (Tera et al., 1974), to explain why the
radiometric dates of the Apollo and Luna mission’s samples presented a concentration
at around 3.9 Ga and a lack of older rocks. Later, a similar finding was described by
Cohen (2000) and Cohen et al. (2000) from 40Ar-39Ar dates on lunar meteorites.

An abstract presented by Day & Neal (2024) describes relationships between
several impactors and lunar impact melt samples suggesting that they formed on a

short time span consistent with that of the LHB.

1.1.2. Dynamical arguments

A year after the proposal of the LHB, Monte-Carlo simulations showed that it is
dynamically possible for orbital disturbances to have occurred in the early solar system
so the impact flux in the inner solar system would have risen at ~3.9 Ga (Wetherill,
1975).

Gomes et al. (2005) proposed the delay of a mean-motion resonance (MMR)
of 1:2, between the orbits of Jupiter and Saturn, so that the resulting instability would
have promoted the LHB. Such a model, better known as the Nice model, considers
the entrance of material coming from the outer regions of the solar system and the
dominance of cometary impactors.

According to Kring and Cohen (2002), asteroidal impacts may have dominated
during the LHB temporalities. This led to the proposal of an extended asteroid belt (E-
belt) to take into account a larger number of asteroids as the impactor population,
according to dynamic models. The resulting model, the Sawtooth model, suggests that
the LHB timeline has a “sawtooth-like” profile with an uptick at ~4.1 Ga (Morbidelli et

al., 2012). This profile is in agreement with: a) the lack of rocks with ages older than
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~4.2 Ga (Tera et al., 1974), b) the impact records on icy bodies originated from the
instability of the cometary orbits according to the model described in Gomes et al.
(2005), and c) the geochemical constraints for ages older to ~4.1 Ga (studies of
platinum-group elements on lunar samples from Cohen, 2000, and Cohen et al., 2000
and Kring & Cohen 2002). This model is also considered as a refined version of the
Nice model. Throughout the years, the model has undergone a series of modifications
resulting in the derivation of new Nice-like models describing similar migrations and

instabilities of the Gas Giants (Hartmann, 2019).

1.1.3. Other arguments

Some other arguments include: 1) Based on LOLA data, Frey et al. (2016)
carried out a correlation between the topography and the Bouguer anomaly of
probable quasi-circular structures found on the lunar surface. According to this
correlation, older basins have lower relief and Bouguer gravity contrasts than younger
basins implying that the first basins formed under different crustal conditions, i.e.,
when deformation in the crust due to basin formation was more easily compensated.
According to this study, there were actually two periods of intense bombardment, an
Early Heavy Bombardment about 4.2 Ga ago and the LHB about 4 Ga ago, the former
being more intense than the latter. 2) The inference of big impacts on Earth’s surface
from extra-terrestrial Ir and Cr abundances measured in spherulites from 8 layers of
the Barberton’s Green Rock Belt, resulting in the proposal of two heavy bombardment
periods in the solar system: the first between 3.47 and 3.22 Ga and the second one
between 2.63 and 2.49 Ga (Lowe & Byerly, 2018). This could be weak evidence that,
throughout its history, Earth could have had episodes with an increase in the impact

flux, so this could have also happened 4.2 Ga ago, and 3) the finding of stellar systems
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that appear to be experiencing a LHB of their own, such as n Corvi and KIC 8462852,
where, from Near-Infrared studies, a copious amount of dust was detected in the
Kuiper Belts of these systems which were interpreted to be dynamically excited. The
explanation is that a planetary migration triggered collisions that produced the
exceeding dust (Lisse et al., 2012, 2016).

Fournier et al. (2022), using a molecular clock, show that the last common
ancestor of Bacteria existed shortly after 3.8 Ga. According to this result, they
commented that this is consistent with the LHB impact bottleneck hypothesis in that
life could only emerge after the impact rate decreases enough to avoid sterilisation by
huge impacts. This approach does not permit to say how the impact rate was before

3.8 Ga.

1.2. Arguments against
1.2.1. Dynamical arguments

In the context of dynamics and solar system orbital evolution, the LHB seems
to no longer be a variable to consider (Raymond, 2024). In the field, the discussion
has now been shifted towards the timing of a Giant Planet instability like the one on
the Nice model. The trend so far favours the early instability scenario (t<100) rather
than the late instability one (consistent and/or similar to the Nice model and the LHB)
(e.g. Clement et al. 2023, Nesvorny et al. 2023, Izidoro et al. 2024). However, in the
planet formation context it is considered to still be relevant or at least a factor to be

considered (Mordasini & Burn, 2024).

1.2.2. Geochemical arguments
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As time went by, an open system behaviour was found on most of the Ar-Ar
plateau ages from Apollo missions’ samples (Boehnke & Harrison, 2016; Harrison et
al., 2018). This represents a problem for the reliability of the ages from which the LHB
was inferred. These studies also invoked and tested the effect described in Hartung
(1974) and later cited by Wetherill (1975) where the age distributions used to describe
the LHB could be reproduced taking into account the production and destruction from
a “natural” declining impact rate.

The use of Ru and Mo isotopes has been used to distinguish the origin of the
impactors related to two moon meteorites and three melt samples from Apollo 16; the
possible origins being nebular carbonaceous or non-carbonaceous reservoirs;
representing outer and inner regions of the protoplanetary disk (regarding Jupiter’s
orbit), respectively. These works have shown that all the impactors studied come from
the inner solar system and that it is unlikely that an LHB had occurred as the result of
an instability of the protoplanetary disk. In such a case, a part of the impactor
population should have originated from regions outside of Jupiter’s orbit. They state
that in case a LHB could have occurred, this would have been produced by impactors
late to accrete (Worsham & Kleine, 2020, 2021).

Melt ages have also been used to compare different scenarios: the tail-end
(Neukum et al. 2001), the sawtooth model (Morbidelli et al. 2012), and the terminal
cataclysm (being the tail-end scenario but with a peak at 3.9 Ga as described in Tera
et al. 1974). As a result of this comparison, Liu et al. (2023) conclude that the least
consistent model with their simulations and melt ages is the terminal cataclysm

scenario and the most favourable one is the tail-end one.
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In the field of geochemistry there are still publications showing more cases of
planetary materials presenting no evidence for a LHB in the inner solar system (e.g.

Walton et al. 2023, White et al. 2024).

1.2.3. Geophysical arguments

Baldwin (2006) analyses three previous interpretations, based on Apollo
missions’ data, which led to the formulation of the Terminal Lunar Cataclysm. The first
of them being that there were no rocks with ages much older than the Imbrium basin.
However, Baldwin notes that Imbrium’s ejecta is abundant enough in the regions of
the six landing sites of the Apollo missions, and that most of the samples show
Imbrium’s age. The second interpretation is that the samples from Apollo 16 were
related to the formation of the Nectaris basin, simply because of its landing site being
closer to Nectaris basin than to Imbrium; but the evidence shows that the ejecta
produced by the formation of the Imbrium basin reached the floor of Nectaris and
beyond, making clear that Nectaris is older than Imbrium and already disproving the
first interpretation. The third interpretation is that during an extended period, before
the formation of Imbrium, no basins were formed. Using a viscosity model (which
estimates the age of the basins based on its isostatic subsidence) and taking into
account the Crater Retention Ages (CRAs) and the morphology of the crater rims, the
study determined that at least Crisium, Nectaris, Humorum and Werner-Airy were
formed prior to Imbrium, with Werner Airy dating back to 4.3 Ga. Baldwin argues that
before the formation of these basins a great amount of craters were formed so there
was crater saturation, meaning that the CRAs for small craters are not as reliable
because of the erasing of them due to ulterior formation of craters. With this analysis,

Baldwin separates the formation of these basins enough to a point where they are not
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being formed in a short enough period of time to justify a Cataclysmic event and refutes
the assumptions that support the Terminal Lunar Cataclysm.

Kamata et al. (2015) calculated the thermal evolution and the viscoelastic
deformation of multiple basins following the solidification of the Lunar Magma Ocean
(LMO). Amongst their results they present that for a viscous relaxation of the
topography of the craters that allows the current state of the Prenectaric basins to
happen, the lunar Moho temperature must have been higher than 1300 K at the
moment of the basins formation. Such temperature can only be maintained for about
50 My after the LMO solidification (which would require a crust of at least 43 km deep),
basin degradation of craters allegedly formed in such a window is not consistent with
an LHB scenario in which most of these craters were formed around 3.9 Ga as the
ages derived from the model places nearly half of the basins formation ages before or
around 4.2 Ga.

Analyzing the regolith thickness at several points on the lunar surface, Xie et
al. (2021) concluded that lunar impacts decayed monotonically and that their results

do not support an LHB.

1.2.4. Hartmann'’s stone-wall

Hartmann (1975) mentions that amongst the observations that led to the
conception of the LHB (back then the Terminal Lunar Cataclysm): “A sharp cut-off in
crystallization ages at 4.0 Ga [meaning that] well-preserved older rocks are rare or
absent. This has usually been the main observation evoked.”, but he argues that it is
the consequence of an early heavy bombardment in the lunar history and, therefore,

of the formation in a short period of time of what the author calls “mega-regolith

capable of covering most of the prior record without the need for a cataclysmic event
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(mega-regolith being non-consolidated materials produced in a large scale because
of crater formation).

To Hartmann, this early heavy bombardment is due to the high impact rates
during the solar system formation and their gradual decrease as the material accreted
into planetary embryos and planets. According to this author, this impact flux was
enough to produce a number of craters (and ejecta) capable of covering most of the
record prior to 4.1 Ga; thus, it is not necessary to consider a cataclysmic event like the
LHB. This scenario is referred to as the “stone-wall effect’” because “as we probe back
in time, we strike a ‘stone wall’ beyond which we cannot get information” (Hartmann,
1975).

Grinspoon (1989) implemented a probability-based model for the age resetting
of lunar rocks to assess the generation of lunar age histograms. Using an exponential
decline in the crater formation rate on the lunar surface such that “destroying old rocks
on the Lunar surface and creating new ones would create a clustering of rock ages at
some critical flux level, where the impact rate dropped far enough to let most rocks
survive from this time.”, he finds out that it is possible to generate age histograms like
those used to propose the LHB hypothesis. In concordance with the stone-wall
hypothesis, Grinspoon concludes that a spike in the lunar rock age distribution is a
natural consequence of an exponentially declining impact rate. Adding to the fact that
there are no other convincing arguments for a Terminal Lunar cataclysm in the
literature contemporary to the study.

This model was criticised because of the lack of consideration for the mega-
regolith mechanics in the production of dust and clasts present in dated samples that

had an important role in the obtention of impact ages (Chapman et al., 2007).
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1.2.5. Other arguments

Chapman et al. (2007) examined geochronological evidence both in favour and
against an LHB. Concluding that by then, there were no robust enough arguments on
both sides of the debate and discusses major biases in the sampling of Moon
materials. Regolith dynamics are invoked as a key to understand the impact record of
the Moon.

Zellner (2017) made a compilation of new observations about orbital data, lunar
meteorites, terrestrial and impact samples ages, and dynamical models. From this
information, he concludes that there was not an LHB, but a prolonged bombardment
from aprox. 4.2 Ga to 3.5 Ga.

More recently, Hartmann (2019) in an extensive review article where not only
the main arguments are revised but also the history of the paradigm. The author
discusses the epistemologic problems of the paradigm and how it led to its
prolongation. Within many conclusions, the term LHB is suggested to be as initially

conceived, and thus making it, not consistent with the observations.

1.3. Remarks on the LHB

As shown in the summary presented in Table 1, it is still difficult to state with certainty
if the LHB occurred or not. There is a lack of observational evidence to support the
dynamic arguments and some deficiencies in the geochemical ones. Most arguments
against the occurrence of an LHB (with their respective limitations and discussions)
hold up to a point in which the LHB has still to be treated as an open discussion. For
the time being, dynamicists seem to have stopped using the LHB as a constraint for
the newer models describing the early dynamics of the Solar System but areas like

astrobiology and geology seem to still favour the hypothesis as it may complete other

11
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hypothesis like those related to the first records of life on Earth (e.g. Von Hegner,

2023).

Table 1. Main arguments for or against the LHB described throughout section 1. It is
important to note that the arguments are not shown as arguments paired to their
counterargument but rather just as a listing.

In favour

Against

Rock ages showing a concentration around
3.9 Ga and a lack of rocks with older ages
(Teraetal., 1974; Cohen, 2000; Cohen et al.,
2000).

Open system behaviour on Ar-Ar ages of
lunar samples (Boehnke & Harrison, 2016;
Harrison et al.,, 2018) and early ideas
suggesting age saturation (Hartung, 1974;
Wetherill, 1975).

Nice-like models suggest that Ilate
instabilities could have enabled a LHB (e. g.
Gomes et al., 2005; Morbidelli et al., 2012).

Current dynamical models favour an early
instability scenario (e.g. Clement et al. 2023,
Nesvorny et al. 2023, Izidoro et al. 2024).

Proposal of 2 periods of intense
bombardment on Earth from impact
spherulites (Lowe & Byerly, 2018).

Stone-wall hypothesis (Hartmann, 1975).

Finding of LHB-like behaviours on other
stellar systems (Lisse et al., 2012, 2016)

Dating of planetary materials showing no
evidence of a LHB (e.g. Walton et al. 2023,
White et al. 2024).

Tracing of the last ancestor of bacteria being
consistent with the LHB temporality (Fournier
et al., 2022).

Age estimation of basins based on their
isostatic subsidence and stratigraphic
analysis (Baldwin, 2006).

Inference of a LHB and an Early Heavy
Bombardment from LOLA data (Frey et al.,
2016).

Discrepancy between thermal evolution of
the LMO and observed viscous relaxation of
multiple basins related to the LHB (Kamata
et al., 2015).

2. Methodology

The goal of this study is to model the stone-wall effect to contribute to the discussion
on the LHB and the dynamics of the early solar system. To do so it is necessary to: a)
estimate the number of impacts occurred on the surface of the Moon from 4.1 to 3.8
Ga, as well as the size distribution of the impact craters formed (sections 2.1 and 2.2),

b) generate randomly a set of coordinates to simulate the places of crater formation

12
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(section 2.3), and c) determine the percentage of the Moon surface area covered by
the craters and their continuous ejecta considering not the sum of individual crater
areas but the calculation of the total area of the overlapping craters (section 2.4).
Figure 1 shows the details of the methodology which will be set forth through the

following sections.

ﬁstlmatlon of the ampum Generation of \ Estimation of the totam
of craters and their sizes georeferenced data area of influence
* Computation of the total of * Generation of random coordi- ¢ Rasterization of crater geome-
craters formed between 4.1 nates uniformly distributed on tries onto a binary mask (1 km
and 3.8 Ga. the lunar sphere. pixel resolution).
* Adegquation of the cumulative * Assignation of the area of * Union of overlapping craters
size distribution from Neukum influence for each crater. using logical OR operations.
et al. (2001).
* Creation of geodetic circles for * Area calculation from occupied
* Obtention of the size each crater in lon/lat coordinates pixels in Mollweide projection.
distribution of the crater (80 vertices).
sample. * Export of results as GeoTIFF
* Proyection to equal.area files.
Mollweide coordinate system

» Clipping geometries to Mollweide
elliptical boundary.

Figure 1. Workflow employed.

2.1. Number of craters formed between 4.1 and 3.8 Ga

To model the stone-wall hypothesis, first it is necessary to estimate the total
number of impact craters formed on the Moon’s surface between 4.1 and 3.8 Ga. Here,
it is important to make clear a point: in the Introduction, we mentioned that the LHB
period is between 4.2 and 3.8 Ga, but we did calculations from 4.1 Ga to 3.8 Ga
because one of the equations that we used (eqg. 1), is not valid for ages greater than
4.1 Ga (Schmedemann et al., 2014), then our results represent a lower limit. The
function employed was proposed by Neukum et al. (2001) which relates the number
of craters per square kilometre, N, with a diameter D equal or greater to 1 km with the
crater accumulation time T in Ga. According to these authors, it is expressed as

shown:
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N(D > 1km,T) = 5.44 x 10714 (9T —1) + (838 x 10™4) T. (1)
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Subtracting the result of equation (1) for T = 3.8 Ga from the result for T = 4.1
Ga and multiplying by the surface area of the Moon (37,932,328.1 km?), we obtained
the total number of impact craters with diameters greater or equal than 1 km formed
between 4.1 and 3.8 Ga:
Nyoe = 37,932,328.1 km? X N(D = 1km,41> T > 3.8) = (2)
3.8 x 107km? x [N(D = 1km,4.1) — N(D > 1km,3.8)].
Thus, yielding 3,955,909 craters formed on the lunar surface during the LHB

temporality. Note the rounding of the result as there is no such thing as crater fractions.

2.2, Size distribution of the craters

To derive the size distribution for the craters formed between 4.1 and 3.8 Ga,
we used the 11" degree polynomial proposed by Neukum et al. (2001) to describe the
number of craters with a diameter greater than D formed per square kilometre for a
period of 1 Gyr. This function has the property of preserving its general form at any
given time:

logio[N(>D)] = Xjloa; % [logio(D) ) 3)

where D is the diameter in kilometers and q; are coefficients with a time dependency.
This function is valid for craters from 100 m to 200 km in diameter, thus in this work,
we only considered those with a diameter greater than 1 km and less than 200 km to
maintain concordance between the domains of equations (1) and (3).

To assess the size distribution function for the LHB temporalities, the function was
discretized by generating intervals in a similar way to the HPF (Hartmann Production

Function) (Neukum et al., 2001) so that:

Dup = Dlo\/i! (4)
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where Dy, is the lower limit and D,,,, the upper limit of each interval. The minimum value
for Dy, is 1 km and the highest value for D,,,, must be lower than 200 km. The midpoint
of each interval is calculated and used in equation (4) to assign this value to the whole
interval. This gives a discrete function for a 1 Gyr period. To adjust the function in time
for 4.1 to 3.8 Ga, it is necessary to normalise the data. To do this, the calculated value
of each interval must be divided by that of the first bin (16,925 craters). The normalised
values obtained are multiplied by the total number of craters formed during the LHB
temporality (3,955,909 craters). The result is a cumulative discrete function for the

sizes of the craters formed from 4.1 to 3.8 Ga (Fig. 2).
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Figure 2. Cumulative crater distribution adequate to the LHB temporality as described
in Section 2.2.
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To obtain the number of impact craters in each size interval, formed between 4.1 and
3.8 Ga, we subtracted to each value in the cumulative distribution in Figure 2, the value
of the next interval. Resulting in the distribution shown in Figure 3. Note that the total
number of craters shown in Figure 3 is 3,955,842 which is less than 3,955,909
because there are 67 craters with diameters greater than 181 km, and we did not
consider greater craters because the next interval (181, 256) contains craters with

diameters that are outside the domain of equation (3).
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101'5

100 101 102
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Figure 3. Final crater size distribution employed. Each bar shows the number of
impact craters with sizes between Dlo and Dup, formed between 4.1 Ga and 3.8 Ga.

Stoffler and Ryder (2001) reevaluate the impact lunar flux by means of a
detailed study of lunar stratigraphy, and relative and absolute age dating. To assess
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our proposal for the cumulative crater distribution adequate to the LHB temporality, we
digitized some curves from the figure 5 in the cited paper and compared them with the
data represented by red bars on figure 2. To do so, it was necessary to multiply the
digitized data times the lunar area (figure 4). The blue curve represents the cumulative
number of craters obtained as described a few paragraphs above. According to
Stoffler and Ryder (2001), the pre-Nectarian period span between the Moon formation
and 3.92 Ga approximately, then the orange curve shows the cumulative impact
craters that characterizes lands of this age. The blue curve shows a greater number
of impact craters smaller than 50 km and less craters above said size than the orange
curve. However, they are similar, then we can say that our cumulative size distribution
function is a reasonable approach to the impact craters formed between 4.1 Ga and

3.8 Ga.
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Figure 4. Comparison between the cumulative number of craters formed between 4.1
and 3.8 Ga (figure 2) and the data derived from the figure 5 in Stoffler and Ryder
(2001) (S&R in this plot).

2.3. Scattering the craters on the moon’s surface

Crater positions were distributed uniformly over the lunar sphere using
spherical coordinate sampling. To avoid polar clustering that would result from direct
uniform sampling in latitude and longitude, a corrected sampling method was
employed: latitude was derived from a uniform distribution of sin(lat) in the interval [-
1, 1], while longitude was sampled uniformly in the range [0°, 360°]. This
transformation ensures an equal-area distribution of crater centers across the entire
lunar surface, consistent with the assumption of spatially homogeneous

bombardment.

2.4, Buffer area of the craters

The buffer area or area of influence of an impact is given by the crater and its
continuous ejecta. For simplicity, we assumed that the craters are circular, and their
continuous ejecta is emplaced radially and uniformly in a similar shape. An
approximation made by Melosh (1989) suggests that the extension of the continuous
ejecta blanket is about 1 crater radius, but to assess the sensitivity of our results to the
ejecta extent assumption, we performed additional analyses with alternative ejecta
extension of 0.5 Rc and 1.5 Rc, then the buffer area of each crater as circles whose

radius, Ry, is given by:

Rpur = Rc+ €Rc (5)
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where Rc is the crater radius; and the product, € Rc, represents the ejecta’s extension

so that in the sensitivity test we used & values of 0.5, 1.0 and 1.5. The main results

presented in this study correspond to € = 1.

Since the formation of craters on the Moon is considered to be random, to
assess the coverage consistency throughout different uniform spatial distributions, ten
different sets of 3,955,842 randomly generated coordinates on the lunar sphere were
created. To each of these points, a radius Rc was assigned according to the size

distribution function calculated in section 2.2 and R_buf was calculated for each

according to equation (5). These ten sets were only done for € = 1.

Additionally, to analyze the temporal evolution of crater coverage, the
bombardment period from 4.1 to 3.8 Ga was divided into successive intervals of 0.01
Ga (10 million years). For each interval (4.1 Ga, T), crater populations were generated,
representing all impacts that occurred between time T and the reference time 4.1 Ga.
This incremental approach allowed tracking how the lunar surface coverage evolved
throughout the Late Heavy Bombardment temporalities, with 30 time steps covering

the entire period. This complete temporal analysis was performed independently for

each of the three buffer radius scenarios described above (€ = 0.5, 1.0, and 1.5).

To estimate the area covered by lunar craters and their ejectas, a geospatial
methodology was developed based on geodesic geometry on a spherical model of the
Moon (Figure 1, middle and right boxes). Since the Moon can be approximated as a
perfect sphere, a selenographic coordinate reference system (CRS) with a constant

radius of 1,737.4 km was defined. This system allowed working directly on angular
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coordinates adapted to the Ilunar geometry. Based on this CRS, polygonal
representations of each crater were generated by constructing geodetic circles
centered on the coordinates of each crater and their respective radius. These circles
were approximated by sampling 80 equiangular points along the geodesic boundary.

A systematic accuracy analysis was performed using the largest basin from the
26 major impacts considered in this study (Imbrium basin, D = 1,160 km) (Table 2),
demonstrating that 80 vertices yield a relative error of only 0.12% compared to the
theoretical spherical cap area (equation 6), while configurations with fewer vertices

(e.g., 10-40) produced errors exceeding 0.5 - 7%.

Area = 2mR,,* (1 —cos (Rs—uf) ), (6)
M

where Ry, is the radius of the Moon (1737.4 km).

Special attention was given to craters crossing the antimeridian (£180°
longitude), which were automatically split into two separate polygons to avoid
topological errors during projection.

The generated geometries were reprojected to an equal-area Mollweide
projection centered on the Moon. This reprojection is essential to ensure that the area
calculations are faithful to the actual proportions on the spherical surface of the Moon.

Area calculation was performed through rasterization to handle the massive
number of overlapping craters efficiently. Each crater polygon was rasterized onto a
binary mask with a 1 km pixel resolution using the center-point method, where a pixel
is considered covered (value = 1) only if its center falls within the crater polygon
boundary. Precision testing across multiple pixel resolutions (100 m to 5 km) using the

Imbrium basin showed that pixel sizes between 100 m and 2 km produce nearly
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identical relative errors (< 0.13%). The 1 km resolution was selected as it offers the
optimal trade-off between accuracy (< 0.12% error) and computational performance
(processing time reduced by 50% compared to 100 m resolution), while coarser
resolutions (5 km) may underestimate small crater contributions.

Individual masks were combined using logical OR operations, ensuring that
pixels covered by any crater are marked. The final union area was computed by
counting occupied pixels and multiplying by the pixel area (1 km?). This raster-based
approach allows accurate estimation of total covered area while accounting for
overlapping craters, avoiding the memory limitations of vector-based spatial

dissolution.

3. Results

From the 10 runs, the resulting average percentage of the Moon’s surface
area covered by the craters and their continuous ejecta was equal to 95.7%, with a
standard deviation of 0.08 % (from the average percentage). This last data indicates
that the ten runs give very similar results.

To explain this consistency, an estimation of the area affected by the total of
craters formed between 4.1 and 3.8 Ga without considering overlapping was made.
For each diameter associated with each bin, the area of influence was calculated
using the area of a circle on the surface of a sphere whose radius is that of the
Moon. In this case the area of the circles is given by equation (6).

Figure 5 shows the normalised cumulative distribution function for the areas
covered by the craters employed. Here it is observed that 51.6% of the affected area
is due to craters greater than 38 km (5, 696 craters) which represents 0.14% of the

total craters. This means that the area covered by craters greater than 38 km is
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meaningfully greater than that covered by craters with a lower diameter. On the other
hand, the total buffer area of the crater population was calculated without considering
the overlapping giving as a result a coverage area of 119,798,529.5 km?which is close
to thrice that of the Moon’s surface. Thus, this shows that our model is more

representative of the “stone-wall” effect than the sole sum of the areas.

Mormalized cumulative area covered

T T T
0 20 40 &0 80 100 120 140
Buffer radius [km]

Figure 5. Comparison of the cumulative area of circles on a sphere with the Moon’s

radius for € =1. The vertical red line corresponds to a Rbuff of 38 km, and the
horizontal red line indicates a normalized cumulative area of ~50 %.

Figure 6 shows the number of craters with diameter D equal or greater to 1 km
and less than 200 km formed on the lunar surface from 4.1 Ga to 3.8 Ga according to
equation (1). These values were used to assess the area covered by the impact craters
for each of the 30 time steps mentioned in section 2.4.
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Figure 6. Number of impact craters formed on the lunar surface from 4.1 Ga to 3.8 Ga.

3.80

The temporal evolution analysis described in section 2.4 allowed us to better observe

the change in the coverage and overlapping efficiency. In the nominal case of this study (€ =

1), represented in figure 7, it is possible to observe a converging behaviour towards near the

surface area of the Moon as shown in figure 8. Whilst the overlapping efficiency tends to drop

as the surface reaches saturation (Figure 9). Note that in this study the overlapping efficiency

is the comparison between the total area of the craters and the total area covered when taking

into account the effect of the overlapping.
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Figure 7. Evolution of formation of impact craters on the Moon. This figure shows only

four stages from the 30 time steps described in section 2.4, when € = 1. Impact craters
formed between 4.1 Ga and: a) 4.05 Ga, b) 4.0 Ga, c) 3.9 Ga, and d) 3.8 Ga.
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Figure 8. Area covered by impact craters and their continuous ejecta with and without
considering their overlapping. Circles show the values of the area covered without
considering overlapping while triangles show the results with overlapping. The color
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Figure 9. Overlapping efficiency vs surface coverage for € = 1. Read the text for more
details. The bar at the right has the same meaning of the bar in the figure 8.

For the cases where € = 0.5 and 1.5, represented in figures 10 and 11, the rate

at which the surface gets covered is then affected as shown in figure 12. At € = 1.5,

full coverage of the surface area of the Moon is almost reached within the LHB

temporalities. For lower € values, full coverage is not reached but similar behaviours

are expected as time increases under the same bombardment regime. Comparing the

results for the full period (4.1 Ga - 3.8 Ga), the covered area was 83 % for € = 0.5,

95.7 % for € = 1.0 and 99.2 % for € = 1.5.

25

Articiilao an nranca/Article in Nnraac



533
534  Figure 10. Evolution of formation of impact craters on the Moon. This figure shows only four
535 stages from the 30 time steps described in section 2.4, when & = 0.5. Impact craters formed
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Figure 12. Area covered by impact craters and their continuous ejectas considering three
possible ejecta’s extension: 0.5 Rc, 1.0 Rc, and 1.5 Rc. The bar at the right has the same

meaning of the bar in the figure 8.

On the other hand, we estimated the area affected by the 26 major basins formed

between 4.2 Ga and 3.8 Ga (Table 2). Basins of these sizes were not considered in our model

because they are out of the domain of equations (1) and (3) . When we made a new run

considering only these 26 basins in their current locations, the coverage is ~50 % of the

surface area of the Moon (Fig. 13). This further highlights the fact that larger craters are the

main factor behind the resurfacing of the Moon.
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Table 2. Twenty-six basins formed between 4.2 and 3.8 Gy.

Basin?

Diameter [km]

Coulomb-Sarton®
Dirichlet-dackson®
Cruger-Sirsalis'
Smythii¢
Schiller-Zucchius®
Amundsen-Ganswindt®
Nubium?®
Poincaré®
Lorentz®

Birkhoff®

Ingenii"
Serenitatis?
Apollo®

Nectaris?

Koroleve
Mendeleev®
Hertzprung®
Grimaldi®

Planck®
Moscoviense"
Crisium?
Humorum?
Humboldtanium"
Imbriums9
Schrédinger®
Orientale?

530
470
475
840
325
335
690
319
312
345
282
740
537
860
437
313
591
430
314
275.57
1060
825
230.78
1160
312
930

aBasins ordered stratigraphically (oldest to newest) according to Fassett et al.

(2012).

Basin diameters according to: PAndersson & Whitaker (1982); cCook et al. (2000);
dHady et al. (2016); ®McDowell (2007); 'Singh et al. (2022); 9Wilhelms et al. (1987);

hUSGS (n.d.).

28

Articiilao an nranca/Article in Nnraac



570
571

572
573
574
575

576

577

578

579

580

581

582

583

584

585

586

587

588

Figure 13. Resulting map of the 26 basins formed between 4.2 and 3.8 Ga.

4. Discussion

It was observed that the craters with a diameter equal to or greater than 38 km
had the most influence over the area covered, even though the number of smaller
craters is much greater. Using craters with a diameter equal to or greater than 1 km,
due to the validity of the equations employed, could be a limitation of our model
because smaller craters could increase the area covered even in a barely significant
scale, supporting our results as a lower limit. Additionally, it was found that the 26
basins formed during the alleged LHB temporality affected ~50 % of the surface area
of the Moon.

Given that the erosive factors of the impact record of the Moon is mainly driven
by large impacts, most of this record is said to be well preserved all the way to ~4 Ga.
Other factors such as space weathering and small impact erosion whilst being
important at certain scales, when looking at a global picture of the problem such

sources become negligible.
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Another factor that can be brought up can be the uniform distribution of the
craters on the Moon’s surface used in our model. Gravitational asymmetries are not
thought to be mentioned in the literature as factors shaping the distribution. Although,
tidal locking does seem to produce an “apex-antapex” effect where the leading
hemisphere presents up to 2.68 times more craters of diameters 1-20 km (Zhao et al.,
2024). This effect seems to affect smaller craters, but no information is given for larger
craters. Due to the behaviour of larger craters on the surface coverage discussed
already, such an effect is not likely to affect the results.

Regarding the approximation employed for the radius of the buffer area, even
though it is a valid one since it is based on observations (Melosh, 1989), assuming the
same factor for all crater sizes can be regarded as simplistic and future models should
aim to better approximate said radius. This could be done by obtaining data from
ballistic experiments and simulations for the different crater size ranges and shapes
to constrain in more detail the behaviour of ejecta and thus, the behaviour of the area
covered by it.

Another area of discussion is the relationship between the results obtained in
this study, concerning the LHB, the Nice Model, and the Grand Tack model. The Grand
Tack model was proposed as a solution to the “small Mars" problem, whilst the Nice
model was proposed as a mechanism to allow the occurrence of an LHB. Both models
have evolved in such a way that the final conditions of the first model are similar to the
initial conditions of the Nice model, making both models mutually compatible and thus
candidates as solutions for their respective problems (the small Mars and LHB). The
results of this study and the lack of observational evidence for both models mentioned,
opens up the possibility for new explanations for the small Mars problem, because our

results show that it is very possible that an LHB have not occurred, so the small Mars
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problem solution not necessarily has to be considered as a constraint and would have
to be consistent with current early instability scenarios rather than late instability ones

as discussed in Section 1.2, 1.3 and Table 1.

5. Conclusion

Even on a simple scenario in which the buffer area is comprised only by the crater
itself and its continuous ejecta, the model showed that without considering a rise on
the impact frequency as the one proposed by the LHB hypothesis, the formation of
craters between 4.1 and 3.8 Ga was able to affect most (83.0-99.2%) of the lunar
surface and thus its geologic record, lowering the odds of sampling rocks with ages
older than 4.1 Ga. An additional consideration is that the impact flux from 3.8 Ga to
the present day must have further affected the lunar surface.

This result and the lack of observational dynamic evidence in the solar system to
support an LHB, implies that a scenario like the one proposed by the Nice model is
not necessary to explain the Moon’s impact record and the final conditions of the
Grand Tack model are no longer attached to it, leaving room for new proposals to

explain the small Mars problem.
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