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Basin formation ages for Moon, Mars and Mercury are determined by cratering statistics, compared
and evaluated with respect to their maximum surface ages and available isotope ages, and two
possible Solar System evolution models. Both Mars and Mercury appear to have undergone significant
resurfacing, so that at least the first 200-400 million years are not recorded on their surfaces.
Basin frequency and crater frequencies below 150 km indicate that the Moon has the oldest surface,
Mercury has an intermediate age, and Mars has the youngest preserved terrain. An offset between

Keywords: the basin size-frequency distribution, the smaller crater size-frequency distribution and the main belt
Mars asteroid size-frequency distribution is observed in all three cases, suggesting an age difference of
Moon about 150 Ma between basin and smaller crater distribution-based ages. I interpreted this in terms
Mercury of lack of understanding of the basin formation process, and suggest that one possible explanation

basin formation ages

for the apparently under-representative basin frequency could be a different (lower) average impact
earliest planetary evolution

velocity compatible with the ‘Nice’ flux model. The basin formation pattern derived with the standard
monotonically decaying or the sawtooth-like Nice-model flux does not reveal a coherent picture according
to the late heavy bombardment idea. This is here attributed to an incomplete understanding of the
cratering rate ratios between the planetary bodies considered here. Because of the Moon's unique
formation history, I also suggest that it is questionable whether the Moon is a suitable analogue for
the formation, evolution and cratering record of the other terrestrial bodies.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction Moon, and compare their record of large impact basins, considered

to have formed only during the earliest phase of planetary evolu-
How old is the oldest surface on each of the terrestrial plan- tion.

ets? This is one of the key issues of investigating the earli- Some information of this earliest phase of planetary formation
est phase (f)f lntens'e planetiljryd bombﬁrdmerllt, because ;he high- and transition to planetary evolution can be derived from mete-
est crater frequencies recorded on these planetary surfaces can orite isotope ages and lunar returned samples (summarized for
be used to calculate their absolute model ages. When the sur- ; ,

example by Elkins-Tanton et al.,, 2011 for the Moon). The Earth’s,
face of a planetary body becomes stable enough to accumulate . f fter .
remnants of its bombardment in the form of craters, then mix- Moon is suggested to have formed only 50-100 IYIa d ter. ormation
ing and redistribution of material is limited to its surface and of the Solar System and to mark the end of Earth’s accretion (Wood

and Halliday, 2010). Such core segregation/formation ages do not

upper crust. This stage could mark the transition from plane-
tary formation (accretion) to planetary differentiation and crustal ~ necessarily date the formation of the first andjor last solid sur-

evolution, and subsequent geological evolution (Albarede, 2009;
Wood and Halliday, 2010). In the cases of Earth (due to plate
tectonics) and Venus (due to recent resurfacing, for example by
continuous global volcanism and/or global crustal overturn), the
surface record of the earliest bombardment has been erased, and
only isotopic data allow estimates of early-Earth’s evolutionary
stages. Therefore, [ will examine here only Mercury, Mars and the
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face of these bodies. Planetary bodies were further bombarded in
their accretion phase (Albarede, 2009; Wood and Halliday, 2010),
but their surfaces may remain unable to record the bombardment
in the form of crater and basin morphology. However, composi-
tional differences may remain. Only a few lunar meteorites have
been found, which date as early as 4.35+0.15 Ga. As an example,
the crystallization age of possible cryptomaria basalt of Kalahari
009 suggested by U-Pb dating of phosphates (Terada et al., 2007;
Shih et al., 2008) falls within this period. The oldest crystallization
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age determined for returned material from the Moon is about
4.46 +0.04 Ga (Norman et al., 2003; Nyquist et al., 2006).

The timing of the transition between early accretion and plan-
etary evolution is related to the rate of internal heat loss, and is
expected to be quicker on smaller bodies, but even the smallest
of our bodies of interest, the Moon, show an extended period of
magmatism (Shearer and Floss, 2000). The earliest phase of bom-
bardment is often cited to have eliminated the earliest rocks, and
with it the chronological information on the early differentiation
(Basaltic Volcanism Study Project, 1981).

2. Concepts of the early bombardment phase

A correct time-frame for the formation phase of our Solar Sys-
tem based on impact flux data would provide a detailed and
temporally-calibrated description of the early planetary geological
evolution of all terrestrial bodies. This principle was first proposed
by Opik (1960). There exist different interpretations about the ear-
liest bombardment history. One is based on crater counts of lu-
nar surface units of known absolute isotope ages, from which the
flux is then extrapolated into the more distant past, implying a
static orbital evolution model for the planets since their forma-
tion. An alternative concept suggests a dynamic orbital evolution
of the Solar System, and is termed the ‘Nice’ model. This orbital
evolution model describes early orbital changes for the gaseous
giant planets that have strong implications for orbital changes of
the surviving planetesimals (Gomes et al., 2005; Tsiganis et al.,
2005). This model has been suggested as a self-consistent ex-
planation for the so-called Late Heavy Bombardment of the ter-
restrial planets, a spike in the inner-planets’ bombardment rate
originally proposed to occur at about 3.9 billions of years (Ga)
ago, and originally postulated from isotope analysis of returned
lunar samples (Tera et al, 1973, 1974). The Nice model chal-
lenges the assumption of monotonic cratering rate decay for the
period following planetary formation, which has commonly been
used for cratering-statistics based planetary surface-age determina-
tion (e.g., Shoemaker et al., 1963; Baldwin, 1971; Hartmann, 1972;
Neukum et al., 1975). Recent updates modified the numerical Nice
model to include observational constraints (Bottke et al., 2012;
Morbidelli et al., 2012): the bombardment history of the Moon
derived from the static and the dynamic model now concurs for
times of about 4.1 Ga and younger, the period which is best con-
strained in the relation of crater frequency versus age. That implies
that the original flux spike at ca. 3.9 Ga (Tera et al., 1973, 1974)
has a much broader peak than hitherto recognized (Fassett and
Minton, 2013), and both models have now similar flux decay for
projectiles forming craters larger than 20 km. The extrapolation of
the Nice model to smaller craters differs from the standard model
by a factor of 2 to 4, depending on which shape of the crater size-
frequency distribution is assumed. Prior to 4.1 Ga, some differences
between these two concepts remain, but fewer observational con-
straints exist. How these two views influence our interpretation of
the earliest geological evolution of the planets is discussed here,
deduced from the cratering records of Mars, Moon and Mercury.

2.1. Constraints from isotope geochemistry and resultant ages

Dauphas and Pourmand (2011) suggested that Mars could have
formed within only 2-4 Ma of the origin of the Solar System. Their
results imply that Mars grew before dissipation of the nebular
gas, when planetesimals (such as the parent bodies of chondrites)
were still being formed. Other age information (e.g. Debaille et al.,
2007, and for a review see Mezger et al., 2013) available for Mars
suggests that Mars is slightly younger than the period between
4.54 to 4.46 Ga (Weirich et al., 2010; Bogard and Garrison, 2009;

Bogard, 2011), in which frequent collisions among the planetes-
imal parent bodies occurred. Whether Mars is a left-over plane-
tary embryo (including magma ocean crystallization and cumulate
overturn) or has undergone a more extended accretion process re-
mains unclear from the numerical models (Brasser, 2013; Mezger
et al., 2013). However, no felsic (anorthosite) crust seems to be
preserved on Mars. The oldest rock linked to Mars was thought
to be the meteorite ALH84001, which has been recently re-dated
to have crystallized only about 4.1 Ga ago (Lapen et al., 2010;
Bouvier et al., 2009), but earlier estimates were closer to the for-
mation age of the Solar System (e.g. Nyquist et al., 1995). Although
debated, Pb-Pb ages derived by Bouvier et al. (2008, 2013) imply
that the group of depleted shergottites now represents the oldest
material known from Mars with an age of about 4.3 Ga, and the
group of ‘enriched’ and intermediate shergottites are of the same
age as the meteorite ALH84001, and about 4.1 Ga old. The appar-
ently younger crystallization ages for the class of shergottites are
more commonly accepted, and range between 173-596 Ma (Mars
Meteorite Compendium), with the oldest age found for Tissint
(Brennecka et al., 2012). The recently discovered Martian meteorite
NWA7533 contains zircon grains, which could have formed as early
as 4.428 + 25 Ga ago (Humayun et al., 2013). The first in situ age
determination on Mars revealed an age of 4.21 4+ 0.35 Ga for the
mixed detrital and authigenic components of a mudstone (Farley et
al., 2013). Both ages indicate that Mars probably had a solid crust
earlier than current cratering statistics allow determining.

The Moon is the most accessible and best studied terrestrial
body beyond Earth, and potentially preserves a surface-geological
record for nearly the entire 4.56 billion years of Solar System his-
tory. Studying the record of large impact basins and modelling
their formation ages allows the description of the heavy bombard-
ment period on three different bodies, Moon, Mercury and Mars,
which are considered to show surfaces that witness the possible
latest phase of planetary formation. Planetary formation models
suggest that the terrestrial planets formed more or less at their
current orbits from a narrow mass annulus (Hansen, 2009), in
agreement with the Nice model (Walsh et al., 2011). It is thereby
assumed that at least the inner Solar System bodies have experi-
enced similar bombardment histories since planetary formation. As
a first order assumption, I will make use of a cratering chronology
concept that considers monotonic cratering rate decay, by extrap-
olation of crater counts of lunar surfaces of known isotope ages
into the more distant past based on an implicitly presumed quasi-
static orbital evolution model. This model has been shown to suc-
cessfully describe both the static orbital evolution model and the
dynamic evolution due to the migration of the gaseous planets
for a period of about 4.1 Ga and younger (Werner et al., 2011;
Morbidelli et al., 2012).

The cratering-rate ratio used to transfer the cratering chronol-
ogy of Moon to other inner Solar System bodies has been de-
rived from the observed set of planetesimals found in the aster-
oidal main belt and the population that has developed to planet-
crossing orbits and potentially to projectiles that could impact
the Earth-Moon system, Mercury or Mars today (Ivanov, 2001,
2006; Neukum et al., 2001b). The assumption is made that this
cratering-rate ratio of today is applicable in the past and is well-
determined. It has repeatedly been suggested that with time
both the impact population has changed (e.g., Strom et al., 2005;
Fassett et al., 2012a), and the dynamic orbital evolution of the So-
lar System has modified the orbits of the projectile population.
This implies different source regions and different impact veloc-
ities (Tsiganis et al., 2005; Gomes et al., 2005; Morbidelli et al.,
2005), or a combination of these. Little is known of the first few
hundred million years after formation of the Solar System, and
both planetary evolution models have been debated in favour of
one or the other (e.g., Hartmann, 1975, 2003; Cohen et al., 2000;
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Stoffler and Ryder, 2001; Chapman et al.,, 2007; Hartmann et al.,
2007).

In this paper, I compare the formation ages of the large im-
pact basins of the Moon, Mercury and Mars, either determined
here or derived from previous publications. The set of produc-
tion functions and chronology models used here primarily implies
that the bombardment rate has monotonically declined during the
heavy bombardment period, and the projectile population was the
same for Mars, the Earth-Moon system and Mercury. In addition it
is assumed that the shape of the time-averaged crater-production
distribution has not changed over time, with the exception of
basin-forming projectiles, and the cratering-rate ratio has been sta-
ble throughout time. The applicability of such an approach will be
discussed, with respect to the following questions. How old are the
oldest surfaces of the Moon, Mars and Mercury? What evidence
remains of a (late) heavy bombardment on the planetary surfaces?
Did the period(s) of heavy bombardment happen synchronously?

3. Characteristics of the basin formation age distribution of
Mars, the Moon, and Mercury

Determination of basin formation ages is based on superposed
impact crater populations. These age distributions and the basin
populations themselves are used here to address the question of
whether the bombardment history on the three bodies was syn-
chronous, and whether the surviving surface represents similarly
old phases of planetary evolution. For all three bodies, the ages of
impact structures with diameters roughly larger than 250 km in
diameter have been determined. For brevity, these structures will
be called basins. The spatial distribution of all basins of Mars, the
Moon and Mercury evaluated in this study are shown in Fig. 1. The
datasets shown in Fig. 1 are not necessarily complete, but the se-
lection criteria are similar. The formation ages of these basins are
based on the statistics of superposed craters counted on the ejecta
blanket units (or equivalent), and the crater sizes used for the age
determination are at least above 50 km in diameter. The basin age
distributions are given with respect to absolute model ages, addi-
tional scales in cumulative crater frequencies at different reference
diameters (e.g. 300 km, 50 km, and 1 km) are given as well. Using
these reference diameters already imply some assumptions of the
behaviour of the size-frequency distribution used for the extrapo-
lation beyond 50 km towards smaller crater diameters, i.e. 1 km.

3.1. Martian basins

The formation ages of martian basins have been investigated
by Werner (2005, 2008) and extended for this paper. Frey (2006,
2008) postulated a number of basins with subdued topographic ex-
pressions (quasi-circular depressions, QCDs) and concluded, based
on crater statistics, that they are older than the ones still topo-
graphically well exposed on the Martian surface. Fig. 2 shows a
summary of age-frequency relations of visible (after Werner, 2008,
ages are recalculated based on Ivanov’s, 2001 chronology model),
subdued basins (after Frey, 2008), and basins additionally dated in
this work. For comparison purposes, the cumulative frequency for
craters equal to and larger than 300 km (N¢ym (300 km)) reported
by Frey (2008) is recalculated here with the set of equations for
the chronology model and the crater production function as sug-
gested by Ivanov (2001). These recalculated ages are different from
those that Frey (2008) derived.

The formation ages of the basins Hellas, Argyre, Isidis, and
Chryse are used from the Werner compilation, while ages for Aci-
dalia and Utopia are adopted from Frey’s data set. Recalculated
age values for Hellas, Argyre, Isidis, and Chryse based on the Frey
(2008) data are significantly older compared to ages derived by

A

Fig. 1. The spatial distribution of basins used in this study for (A) Mars plotted over
MOLA topography data, (B) Moon plotted over Clementine image data and (C) Mer-
cury plotted over the Messenger image mosaic.

Werner (2008) and ages reported for Hellas, Argyre and Isidis
(e.g., Fassett and Head, 2011). The ages determined by the latter
two studies are almost identical after adopting the absolute model
ages (Werner, 2008) by the chronology model of Ivanov (2001).
Therefore, ages derived after Frey (2008) for Acidalia and Utopia
(and other QCDs) may be significantly overestimated, and given
the fact that they are devoid of long-wavelength magnetic anoma-
lies, younger ages may be more reasonable as discussed by Werner
(2008). Fig. 2 shows the entire compilation of the basin formation
age distribution for Mars. There is no overlap of the formation-age
ranges between the visible (morphologically defined) basins and
the ones recognized with subdued topography, and this may cast
doubt on the reliability of QCDs detection and their ages.

3.2. Lunar basins

Data used to investigate the temporal distribution of lunar
basins are derived from Wilhelms (1987) and Neukum (1983) and
are compared with the most recent results of Fassett et al. (2012a).
The latter results are based on counts on the annular ejecta blan-
ket units of basins larger than about 250 km. All ages are either
refitted or recalculated for modern crater size-frequency distribu-
tion functions (as demonstrated in Werner, 2008) or new fits were
performed on the original size-frequency measurements provided
by Fassett et al. (2012a). For the latter I used only craters larger
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Fig. 2. The age distribution of Martian basins larger than about 250 km, according
to work by Werner (2008), Frey (2008) and a few additional basins measured in
this work. The cumulative crater frequency value N (300 km, 50 km, and 1 km)
scale is given in accordance with the cratering chronology model and the crater
size-frequency distribution from Ivanov (2001).

than 50 km in diameter. Fassett et al. (2012a) used the LOLA-
based spatial crater data set, which was first published by Head
et al. (2010). As demonstrated in Fig. 3, this data set appears in-
sufficiently accurate. This is probably due to the resolution limit
related to the track density and cross-track interpolation. Fassett
et al. (2012a) updated the LOLA data set for their study, and con-
firmed that the crater diameter range below 50 km appears to
show strong signs of resurfacing activity (Fassett et al., 2012a;
Hartmann, 1995). This is judged by the shape of the crater size-
frequency distribution and evaluation of image data. However,
Fassett et al. (2012a) convincingly show that the observed crater
density of superposed craters is higher than that from the data col-
lected by Wilhelms (1987). In cases when measured by both, the
results by Fassett et al. (2012a) are in agreement with measure-
ments reported by Neukum (1983), and also for the diameter range
above 50 km (Fig. 3). Frey (2012) detected a substantial num-
ber of subdued lunar basins, using both topographic and gravity
data. A similar study by Featherstone et al. (2013) confirms a great
number of these basin candidates, suggesting 66 distinct basins,
including the named ones. However, the latest data collected by
the GRAIL mission confirms only Wilhelms' (1987) list of basins
(Neumann et al., 2013). For the four data sets used in this lunar
compilation, all absolute model ages are (re)calculated for a homo-
geneous comparison using the equations by Ivanov (2001). Fig. 4
shows three combinations of the resulting lunar basin formation
age distributions.

3.3. Mercurian basins

For Mercury, I undertook new crater size-frequency measure-
ments for 37 basins. The spatial distribution of these basins is
shown in Fig. 1c. I have recognized similar basins as Fassett et al.
(2012b). Their number of total basins is slightly higher; my in-
dependent mapping here confirms their certain basin candidates
but disagrees on some of their probable candidates. Generally,
the morphology of the basins (Fassett et al., 2012b) marked as
probable candidates is very subdued, and reliable constraints will
require the aid of detailed topographic or gravity data, which is
not yet available globally. For the counts, I have prepared a global

10° T
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A after Head et al. (2010) L I

! L

= Werner (this work)

107"

Relative Crater Frequency

102 I 1
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Diameter [km]

Fig. 3. Comparison of the crater size-frequency measurements by Ronca et al.
(1981), Head et al. (2010) and my own measurements of an area photographed
by the Zond 8 satellite. The region on the far-side of the Moon stretches between
170° E-140° W (in total 50°) and between 10°-30° S. My measurements are based
on Kaguya and LOLA topographic data complemented by Clementine image data.
The distribution scatters largely for craters larger than 100 km, but Ronca et al.
(1981) and my measurements agree down to 15 km, while observations by Head
et al. (2010) significantly underestimate crater frequencies below 50 km diameters.
The solid line represents the lunar crater production function by Ivanov (2001).

crater database, using a 250 m/pxl global mosaic (version 6 from
http://messenger.jhuapl.edu/the_mission/mosaics.html.) The crater
database is extended compared to that used by Herrick et al.
(2011), mainly due to better image resolution with respect to the
diameter range (here down to 1.5 km, with the smallest craters
around 600 m in diameter), but also because of extended coverage
compared to the flyby-mosaic used in their study. (The database
can be provided upon request.) The units outlined for counting and
basin formation age determination cover roughly an annulus of the
width of up to one basin radius around the basin, because continu-
ous ejecta blankets extend about one crater radius from the crater
rim (Moore et al., 1974), and they are sufficiently thick to cover
earlier formed craters. Therefore, the ejecta blanket is appropriate
for dating the impact event itself. The same approach has been
used in many other studies (e.g., Fassett et al., 2012a, or Werner,
2008). However, a clear outline of the ejecta blankets cannot al-
ways be provided. At first, all craters within the ejecta annulus
were extracted from the database for each basin, and were subse-
quently verified visually as to whether these craters superpose or
are buried by the ejecta blanket. Ages are determined mostly at
diameter ranges larger than about 50 km in diameter, because at
smaller crater diameters, resurfacing processes have modified the
crater size-frequency distribution on the ejecta blankets. Detailed
data can be requested from the author or see Appendix A, Fig. A.
Fig. 5 summarizes the formation age distribution for Mercury.

3.4. The basin formation age distributions of Mars, the Moon and
Mercury

Here I compare the temporal distribution of basins of the
three investigated bodies, and focus on the flux estimates for the
largest basin-forming bodies and the superposed craters of diam-
eters larger than about 50 km. Although it is unclear whether
the lunar basins were formed as a result of a spiking or rapidly
declining bombardment rate, and whether this observation is re-
stricted to the Earth-Moon system or is observable throughout
the inner Solar System, I first assume that Solar System bodies
have undergone similar impact histories since planetary formation,
and the cratering rate has monotonically declined. The last basins
formed represent a temporal marker-horizon, as first suggested by
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Fig. 4. (A) Basin formation ages for the Moon compiled from Neukum (1983),
Wilhelms (1987), Fassett et al. (2012a) and named basins after Frey (2012). Only the
three latter sets cover all named basins. (B) Formation ages derived from Fassett et
al. (2012a) and all possible basins as detected by Frey (2012). (C) Detailed compila-
tion of all different categories of basin candidates detected by Frey (2012). All basin
formation ages are given for the combination of the crater size-frequency distribu-
tion of Ivanov (2001) and the chronology model of Neukum et al. (2001a), originally
published by Neukum (1983).

Wetherill (1975). The same set of equations has been adopted for
these three bodies (Ivanov, 2001, 2006; Neukum et al., 2001b) to
present crater densities and absolute model ages for all three bod-
ies, and the results are discussed here:

Martian basins formed between 3.5 and 4.15 Ga when consid-
ering only topographically and morphologically well constrained
basins (Fig. 2). These ages, however, will need revision in the fu-
ture according to Werner et al. (2014), which will shift the ab-
solute basin age distribution some 100-200 million years towards
older ages. The age distribution of these 28 basins appears to peak
around 4.0 Ga. Including basin candidates (additionally 15) as sug-
gested by Frey (2008), the formation age range is extended to as
early as 4.4 Ga, and with a period of quiescence between 4.15
and 4.3 Ga when no basins formed. Werner (2008) pointed out
that for some basins such as Flaugergues or Ladon (compare basin
list by Tanaka et al., 1992, and not discussed by Frey, 2006), reli-
able ages cannot be determined due to substantial resurfacing pro-
cesses. These basins are situated in the heavily cratered highlands
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Fig. 5. The basin formation age distribution of Mercury. All ages are given for the
combination of the crater size-frequency distribution and the chronology model of
Neukum et al. (2001b).

with an average age of about 4.15 Ga (Werner, 2008), and could
be as old as the highland units themselves (about 4.15 Ga). How-
ever, the formation gap probably relates to the different methods
of how the basins and superposed craters are recognized, rather
than being a real observation. For further discussions, I will ex-
clude the basins proposed by Frey (2008) with the exception of
the Acidalia, Utopia, Flaugergues and Ladon basins. The compari-
son between the Moon, Mars and Mercury, for the Martian surface,
will rely on 30 basins, but four have no well defined ages making
up the four oldest basins in these statistics.

Lunar basins are the best studied among basin distributions.
Formation ages are compiled from Neukum (1983), Wilhelms
(1987), Fassett et al. (2012a), and named basins are after Frey
(2012). Only the three latter sets are complete with respect to
the number of named basins. All sets jointly suggest that the lunar
basins formed between 3.65 and 4.35 Ga (Fig. 4a), while the ages
calculated after Fassett et al. spread over the largest period. For-
mation of basins after Wilhelms (1987), who found systematically
lower crater densities superposing the ejecta blankets documented
by Fassett et al. (2012a), cover only a period between 3.7 and
4.1 Ga. Frey (2012) has not only analysed crater densities super-
posing named basins, but also studied topographic and gravity
data for subdued basin structures and suggests about 60 additional
basin candidates, including their stratigraphic relationship derived
from cratering statistics. The formation ages for these structures
and the named basins are shown in Fig. 4c. Comparing the age
distribution of the named basins (Fig. 4c), there are two peaks:
one at 4.05 Ga and one at around 4.2 Ga. This observation re-
lies only on 30 basins, and considering the basin candidates (Frey,
2012), this gap almost disappears (Fig. 4b). For further compari-
son, I will use the ages determined using the cumulative crater
frequency data set derived by Fassett et al. (2012a) only, because
these ages I determined directly from the measurements.

Mercurian basin ages for 37 basins were determined in this
work. They appear to have formed between 3.8 and 4.2 Ga. The
distribution demonstrates one peak at around 4.05 Ga (Fig. 5). The
inferred absolute ages differ especially for Mercury in the differ-
ent approaches (e.g. Neukum et al., 2001b; Massironi et al., 2009;
Marchi et al.,, 2013). Chronology transfers based on de-biased flux
estimates (after Bottke et al., 2002) result in lower absolute ages
than determined here.
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largest basins (Caloris, South Pole-Aitken, and for Mars Hellas, Utopia, and Acidalia)
are indicated by their names.

3.5. Age-diameter relations and basin size-frequency distributions

For further evaluation of the recorded early bombardment his-
tory on Mars, the Moon, and Mercury, I compare the three bodies
in greater detail. First, I examine if the largest basin is the oldest
or might be related to the late heavy bombardment period (e.g.,
Cadogan, 1974; Pieters and Head, 2001; Tera et al., 1973, 1974;
Wetherill, 1975; Bottke et al., 2013). Fig. 6 summarizes the age-
diameter relations for all three bodies. Diameters for the lunar
basins were extracted from the Head et al. (2010) global crater
database; I derived mercurian basin diameters from the global im-
age mosaic, while martian basin diameters were derived from to-
pographic data. For all three, the trend is that the larger basins are
older, but in detail this correlation appears not well established. On
Mars, however, both extremes, Lyot (smallest and youngest) and
Utopia (largest and oldest) fulfil the postulated relation. On Mer-
cury, the youngest basin is also the largest (Caloris basin). On the
Moon, the youngest basin is the Orientale basin, and considering
the outer most escarpments it is one of the largest basins. Quite
a few basins have multiple rings, and it is unclear which of these
escarpments actually form the basin’s outer boundary, and which
are tectonic deformations related to the basin formation. Therefore,
this age-diameter relation may be obscured, as the outer escarp-
ments may already be eroded. The largest basin diameter range is
covered by martian basins, but size effects due to different gravity
and impact velocities are not taken into account here.

The second obvious comparison is the basin size-frequency dis-
tribution itself. Fig. 7 shows the size-frequency distribution of
basins larger than 250 km in diameter for the Moon, Mars, and
Mercury. Both the Moon and Mercury record remarkably simi-
lar distribution patterns (as discussed also by Fassett et al., 2011,
2012b; Marchi et al., 2013), while on Mars a distinct drop is ob-
served for basins smaller than about 850 km in diameter, assum-
ing the entire basin population to be globally representative. For
the Moon and Mercury, the basins can be considered to repre-
sent a global distribution, while for Mars part of the distribution
is recorded only on highlands units, and thus the highland unit
area size is considered for determining the basin density for basins
smaller than 850 km as well. In Fig. 7, when treating only the
larger diameter range representative for a martian global distribu-
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Fig. 7. Size-frequency distribution of basins larger than about 250 km in diameter
of Moon, Mars and Mercury. Martian basin frequencies are represented normalized
to the area of global Mars (solid symbol), and additionally, frequencies of basins
between 850 and 250 km in diameter are normalized for highland area only (empty
symbol), the unit, in which they are found.

tion, and calculated the frequency for basins smaller than 850 km
with respect to the highland area (roughly half of the total mar-
tian surface) only, the basin size-frequency distribution appears
more smooth. However, the martian basin size-frequency distri-
bution appears to be differently shaped at diameters larger than
850 km compared with the Moon and Mercury.

Third, the total basin spatial density, for example given as a cu-
mulative density for impact basins larger than 250 km diameter, is
consistent with the inference that Moon has the oldest preserved
crust, Mars the youngest and Mercury is intermediate (Fig. 7).

4. Discussion

This paper started out to address the questions of the maxi-
mum age of preserved surfaces of the Moon, Mars and Mercury, of
evidence of a (late) heavy bombardment, and of a synchronous be-
haviour of the basin-forming projectile flux on these three bodies
(given the current sets of models).

The derived absolute values of surface ages indisputably depend
on the set of chronology models and crater-production functions
used. The results may vary significantly. Werner and Ivanov (2007)
outlined the uncertainties in the chronology model when different
crater-production functions are used to calibrate the lunar chronol-
ogy model, and these uncertainties increase after transfer to the
other bodies. Significant absolute model age variations due to cur-
rently used crater statistics schemes may occur, e.g., as discussed
for Mars (Werner and Tanaka, 2011). Cratering rate ratio uncertain-
ties make the absolute age calibration beyond Moon challenging
(e.g., Le Feuvre and Wieczorek, 2011). Here, I discuss the maxi-
mum surface age estimates based on a specific set of equations as
outlined in the different sections. Thus, even the absolute age val-
ues only indicate a qualitative description. Therefore, all diagrams
are plotted also with relative crater frequencies at the cumulative
crater frequency values of Neym (1 km) and Neym (50 km).
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Fig. 8. Cumulative crater size-frequency distributions for Mars, Moon, and Mercury.
Data for the basins as shown in Fig. 7, but in comparison with simple scaling of the
Main Belt asteroid size-frequency distribution according to Bottke et al. (2005) and
one example measurement of one of the oldest basins for each of the three bodies.

Fig. 8 shows the observed global basin size-frequency distribu-
tion for the Moon, Mercury and Mars, and for the latter the basins
below 850 km in diameter are plotted proportionally to the high-
land area size, while all others are plotted with respect to the total
global surface area. In addition to the size-frequency distributions
of basins, one measurement example for one of the oldest surfaces
units of each body is shown. Basin distribution and the measure-
ments typical for the oldest surfaces are plotted together with
main belt asteroid size-frequency distribution curves as suggested
by Bottke et al. (2005), but scaled to the specific body. The main
belt asteroid distribution is suggested (e.g., Strom et al., 2005) to
best represent projectile population for the time period investi-
gated here.

At least from the spatial number density of basins, the Moon
has the oldest surface, while Mercury and Mars are younger. Based
on current cratering chronology models that are derived from
crater ranges below about 150 km in diameter, the maximum sur-
face age for the Moon is about 4.3 +0.05 Ga (calculated here from
crater density data by Fassett et al., 2012a), and 4.1 £ 0.05 Ga for
Mars (Werner, 2008). The maximum surface age for Mercury is de-
termined in this paper to about 4.1 + 0.1 Ga (see also Marchi et
al., 2013, but they use both a different cratering chronology model
and crater production function). This is similar to Mars, but with
larger statistical uncertainties.

The strongest resurfacing activity, however, is observed for
Mercury, whose intermediate crater size-frequency distribution
is modified significantly at ranges smaller than typically 75 km

(Fig. 8). The resurfacing for Mercury appears to be of global ex-
tent (Marchi et al.,, 2013). On the martian highland units, craters
smaller than about 50 km show signs of resurfacing, and craters
below 15 km are significantly affected (Tanaka et al., 1992). Craters
on the martian lowland units and volcanic provinces are affected
across the entire crater diameter range. Interestingly, the cumula-
tive frequencies of the basin distribution, however, result in fitted
absolute surface model ages about 150 million years younger than
the maximum surface age found with smaller crater diameters,
with Mars being the youngest (Fig. 8).

Using a standard chronology, e.g., Neukum et al. (2001a), re-
quires more than a doubling of the observed crater densities to
overcome the difference of 4.3 Ga and the isotope age of 4.46 Ga
for the lunar case. This apparent upper age limit could be due
to the combination of the exponential nature of the early bom-
bardment flux and crater-size related saturation, and net accumu-
lation may be undetermined (e.g., Gault, 1970; Hartmann, 1984;
Richardson, 2009), but a simple recalibration of the lunar crater-
ing chronology model (Werner and Ivanov, 2007) could change the
maximum surface age for the Moon, Mercury and Mars. Differ-
ent flux evolution in concordance with the Nice model suggests
a lower flux before 4.1 Ga than the standard cratering chronol-
ogy model (e.g., Morbidelli et al., 2012). The Nice model requires
a changing orbital configuration for the gaseous planets before
4.1 Ga, and yet lower crater densities are required to result in older
surface ages. However, for this period no direct constraints on the
absolute age-crater density link are available. This leads to the
second question, as to whether the basin formation pattern sug-
gests a basin-forming projectile flux that occurs on all three bodies
synchronously. Keeping the uncertainties of the applied cratering
chronology models in mind, the range of basin formation ages on
all three bodies varies (Fig. 9), and apparent peaks occur at differ-
ent times. Mars and Mercury show one peak each, although they
are offset towards younger ages for Mars. The martian age peak,
as well as the total range are broader in comparison to Mercury.
The lunar basin age range is similar to Mars’, but peaks at about
4,05 Ga (similar to Mercury) and again at 4.2 Ga, unlike any of the
other two bodies. This second peak was interpreted by Fassett et
al. (2012a, 2012b) as artificial due to impact saturation, because
basin formation before 4.2 Ga was in a stage of equilibrium, thus,
apparently erasing the earliest basin-superposing cratering record
used for age determination here.

The spatial abundance of basins with time (Fig. 9b) roughly
suggests similar basin-forming flux for all bodies for the period
younger than about 4.0 Ga, when impact rate ratios according
to Ivanov (2001) and Neukum et al. (2001b) are used. Different
cratering rate ratios, such as those based on the de-biased planet-
crossing asteroid model of Bottke et al. (2002), result in younger
ages for Mercury, but the double peak for the Moon would not
disappear.

To evaluate the differences to the results of the two chronology
models, I recalculated the basin ages using the Nice model for the
Moon and Mercury (Morbidelli et al., 2012; Marchi et al,, 2013).
The different chronology models are defined at N¢ym (1 km) and
Ncum (20 km), respectively, I determined the ratio between Ncym
(1 km) and Neym (20 km) using the crater production function ac-
cording to Neukum (1983), and the updated version of Neukum
et al. (2001a, 2001b). The latter is used to illustrate the uncer-
tainties inferred by the use of different production functions. It is
important to note that the result depends on which crater pro-
duction function is used and suggests a degree of caution. The
comparison between the basin age distribution according to the
standard chronology and the Nice chronology for the Moon and
Mercury is shown in Fig. 10. With the two selected crater produc-
tion functions, there is no synchronous behaviour observed using
the Nice model. The cratering rate ratios of the utilised set of stan-
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Fig. 9. Comparison of the basin formation age distribution of Moon, Mars and Mercury in absolute numbers (A) and scaled per 10° km? (B).

dard model equations differ from the Nice model, and it has been
previously demonstrated to produce divergent results (e.g., Le Feu-
vre and Wieczorek, 2011).

Improved determination of the cratering rate ratios derived
from observed asteroid catalogues, or N-body simulations of as-
teroids, may allow for shifts, although small-number statistics may
prevent a more certain interpretation, and in the current setting,
synchronicity cannot confidently be confirmed for either model ap-
proach.

5. Conclusion

In this study, basin formation-age ranges, the implied basin
forming projectile flux, and the basin size-frequency distribution
itself have been compared for the Moon, Mars and Mercury. The
Moon appears to hold the oldest surface record. Mars and Mercury
have undergone more intensive global resurfacing than the Moon,
unless the cratering rate ratios used to calibrate the chronology
models of Mercury and Mars are off by a factor of two to three. To
overcome the age difference would require an order of magnitude
of more craters on the surface of Mercury or Mars. Nevertheless,
the smaller crater size-range modification and image interpretation
indicates that Mercury globally underwent more intense resurfac-
ing than the highland units of Mars, as also suggested by Strom et
al. (2005) and Fassett et al. (2011). On Mars, however, widespread
volcanic activity and the formation of the lowlands erased the
entire crater record in these units, while resurfacing on Mercury
appears to be a more global, and less important event (compare
Marchi et al., 2013).

With the current chronology models and crater production
functions for these bodies, basin formation appears at a simi-

lar time frame, if the standard model is used, but the detailed
flux behaviour suggests that they occurred at different intensities
(Fig. 9b). The differing cratering rate ratio of the Nice model flux
for Mercury (Marchi et al., 2013) results in a shift of the basin
formation age distribution for Moon and Mercury, such that no
coinciding flux pattern is observed. One striking observation is
that the maximum surface age derived from the basin distribu-
tion itself and that from the crater distribution of most densely
cratered surface units at smaller crater diameters appears younger
by about 150 million years for all bodies (Fig. 8). There is rel-
atively good agreement of the directly observable size-frequency
distribution for the main belt asteroids and the size-frequency dis-
tribution of basins (Fig. 8). Several studies suggest that the large
crater distribution also resembles the main belt population, at least
for the old surfaces (e.g., Strom et al., 2005). However, using sim-
ple continuous crater-projectile scaling, the observed frequencies
of basins and craters are not coherent, as implied by the deviat-
ing size-frequency distributions of basins and large craters. Either
the scaling relations for basins are not well understood, or this is
the most important indication that the average impact velocity has
changed during the basin forming period. (The large number of un-
studied subdued basin features detected in gravity and topographic
data may reduce the discrepancy. The recognition of circular de-
pressions, however, is not limited to the basin range. However, for
the Moon, latest gravity data collected by GRAIL could not confirm
most of the QCDs.)

Evaluating the role of velocity variations requires improved de-
scriptions of the crater size-frequency distributions, and target
properties (e.g. presence of ice in the regolith) for crater scal-
ing law adjustments. As demonstrated here, modified crater size-
frequency distribution, but also new age estimates based on iso-



62 S.C. Werner / Earth and Planetary Science Letters 400 (2014) 54-65

16 :
14 Moon

Frequency

37 38 39 4

Il CM Neukum 1983/lvanov 2001, PF Ivanov 2001
[ cM Morbidelli et al. 201 2, PF Neukum 1983
10+ D CM Morbidelli et al. 2012, PF Ivanov 2001

I [ |r| I ]
41 42 43 4

4 45 NaN

T I T
10 Mercury

Frequency

Il CM Neukum et al. 2001, PF Neukum et al.2001 |
[ CM Morbidelli et al. 2012, PF Neukum 1983
[]CM Morbidelli et al. 2012, PF Neukum et al. 2001

T T T I

B i

H!lzﬂ H;ﬁﬂ Hl |

44 45

Age [Ga]
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tope geochemistry, significantly changes the chronology models,
and influences the synchronicity aspect, which also depends on the
utilised cratering rate ratios. Dynamical planetary system evolution
models imply additional variations in the average impact velocities
with time. The relative importance of these uncertainties can only
be unravelled by either sample return or the development of feasi-
ble in-situ age dating, and applied, for example, to Mars. This will
provide an additional age calibration point beyond the Earth—-Moon
system.

6. Speculative epilogue

Absolute model ages derived from Hf-W-chronometry (e.g.,
Kleine et al., 2009; Dauphas and Pourmand, 2011) suggest that
the Moon was delayed in its evolution by about 50 to 100 million
years compared to Mars. Corresponding geochemical constraints
are not available for Mercury due to the lack of samples. Surface
absolute model ages based on cratering statistics, however, sug-
gest that the lunar surface is the most ancient. With the Nice
model flux behaviour, the maximum lunar crater density could
be interpreted as equivalent to the maximum isotope ages de-
rived for the Moon and lunar surface rocks (Werner et al., 2011;
Morbidelli et al., 2012). In spite of the uncertainties in crater-
ing rates, the maximum absolute surface model ages for Mer-
cury and Mars are younger than for the Moon, and these plan-
ets experienced global resurfacing in their earliest history, indi-
cated by different crustal composition (e.g., Nittler et al., 2011;
Bandfield et al., 2000).

If Mars formed as early as 2-4 million years after the forma-
tion of the calcium- and aluminium-rich inclusions (CAls, defining
the zero age of our Solar System) that date the formation of the
Solar System (Dauphas and Pourmand, 2011), no surface record of

the first 400 million years (if ages are derived by the standard cra-
tering chronology) or about 250 million years (according to Nice
model fluxes) is preserved on Mars. A delayed global surface so-
lidification and a different magma ocean evolution could provide
an explanation, which may also have prevented the formation of
a primary anorthositic crust on Mars and Mercury in favour of
a more basaltic composition. Obviously, composition (Mg, Fe, Si),
oxygen fugacity, as well as the size (inferred pressure and temper-
ature range) of the body may play significant roles (Elkins-Tanton,
2012). However, an anorthositic crust has not been detected on
Vesta (e.g., Thangjam et al., 2013), which is considered to have
surfaces of at least 4.5 Ga as testified by ages found for howardite-
eucrite-diagonite (HED) classes of meteorites (e.g., Kennedy et al.,
2013). Therefore, the presence or lack of an anorthositic crust is
not an indication of the absolute surface antiquity.

Perhaps the Moon'’s extraordinary formation (born from a bat-
tered mother Earth) makes its evolution and cratering record dis-
similar from the evolution and cratering record to the other terres-
trial bodies.
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