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Based on ages from Apollo and Luna samples of the maria 
where crater densities have been measured, the lunar impact 
flux >3.5 Gyr ago must have been at least two orders of mag-

nitude higher than in the past 3.5 Gyr1. These data have been used 
to develop a widely applied model for the lunar impact flux over 
time2,3. Along with demonstrating a higher early impact flux, how-
ever, careful analysis of the Apollo samples resulted in an addi-
tional, more surprising discovery. There were very few samples 
dating impacts before 4.0 Gyr ago4–6 and a widespread signature of 
isotopic disturbance in the samples of ~3.9 Gyr ago5. These find-
ings led to the interpretation that the impact rate must have been 
radically enhanced in a short period between 4.0 and 3.8 Gyr ago 
on the Moon. Three scenarios5 for the nature of this cataclysm are: 
(1) many, or most, of the main impacts on the Moon date to this 
very short period of time; (2) several of the chief impacts date to 
this period of time, but other large basins formed in the 500 Myr 
before 4.0 Gyr ago; or (3) the samples were universally affected by 
the formation of the Imbrium Basin ~3.9 Gyr ago and were radi-
cally altered by this last large event near the landing sites. 

There were objections raised against the cataclysm (or Late 
Heavy Bombardment) interpretation almost immediately7–9, espe-
cially in its most catastrophic form. First, the degradation state of 
lunar basins varies substantially, as does the number of younger cra-
ters superposed on these basins8. Second, there are clear reasons to 
suspect that the sample collection is biased towards the youngest 
basins, particularly Imbrium, which could have buried earlier basin 
materials8–10. Third, a suggested reason for the lack of an extensive 
rock record on the Moon earlier than 4.0 Gyr ago was rapid impact 
destruction of rocks during this period, rather than a lull in cra-
tering7,11. In this case, 4.0 Gyr ago might be the first point in time 
(a ‘stone wall’7,11) where numerous datable samples survived, rather 
than the beginning of a cataclysmic event. Fourth, for 20 yr after the 
cataclysm was first proposed, the dynamical scenarios invoked to 
explain it were ad hoc — it was not clear where in the Solar System 
the putative cataclysmic impactors could have originated or how 
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they were delivered to the Moon in an impulsive wave several hun-
dred million years after the birth of the Solar System.

Basin sequence and ages from samples
The magnitude of the Late Heavy Bombardment is directly related 
to the period of time over which the largest lunar impact basins 
formed, so constraining the age of these features is important. The 
relative sequence of many basins is known with reasonable confi-
dence from stratigraphic mapping and crater statistics. There is wide-
spread agreement, for example, that Orientale, Imbrium, Nectaris, 
Smythii and South Pole–Aitken are in sequence from youngest to 
oldest (Fig.  1). Linking this sequence to an absolute chronology 
requires accurately determining the connection of a sample to a par-
ticular basin and accurately measuring its age. This type of analysis 
has been presented as an additional strong line of evidence for an 
intense cataclysm2,12. However, the confident assignment of absolute 
ages to particular basins has proved to be fiendishly difficult. This is 
primarily owing to uncertainty in sample provenance, although the 
interpretation of different isotopic systems provides a further chal-
lenge. The result is that there is debate about virtually every basin 
age assignment13.

Where Nectaris, Serenitatis and Imbrium fit into this picture 
is of particular interest. At least six, but perhaps as many as 17, 
basins were formed between Orientale and Nectaris (inclusive)14,15. 
If Nectaris is 3.92 Gyr old, as has been interpreted on the basis of 
Apollo 16 samples16, an intense cataclysm is required (Fig. 2). But an 
older age of 4.1–4.2 Gyr for Nectaris is also possible9,17, consistent 
with a more extended, more modest bombardment. The ~3.9 Gyr 
ages that are indeed widespread in the Apollo 16 sample collection 
may be a result of the Imbrium Basin8–10,18.

In the case of Serenitatis, geologic mapping, stratigraphy and 
crater counting led most early workers to conclude that it pre-dated 
Nectaris19, although the proximity of Serenitatis to Imbrium makes 
it a particularly challenging feature to understand (Fig. 1d). Dating 
of Apollo  17 samples suggested to some authors that Serenitatis 

1Department of Astronomy, Mount Holyoke College, South Hadley, Massachusetts 01075, USA, 2Department of Earth, Atmospheric, and Planetary 
Sciences, Purdue University, West Lafayette, Indiana 47907, USA. *e-mail: cfassett@mtholyoke.edu

PROGRESS ARTICLE
PUBLISHED ONLINE: 23 JUNE 2013 | DOI: 10.1038/NGEO1841

© 2013 Macmillan Publishers Limited. All rights reserved

mailto: cfassett@mtholyoke.edu
http://www.nature.com/doifinder/10.1038/ngeo1841


NATURE GEOSCIENCE | VOL 6 | JULY 2013 | www.nature.com/naturegeoscience 521

had an age of 3.89 Gyr20, which is inconsistent with it being pre-
Nectarian. However, two recent studies have supported a return to 
the interpretation that Serenitatis is older than Nectaris. One study 
used the Lunar Reconnaissance Orbiter camera to re-examine the 
Sculptured Hills material surrounding the Apollo  17 site21. They 
make a strong case that this highlands material is of Imbrium ori-
gin, casting doubt on the provenance of the Apollo  17 samples. 
Analysis of Lunar Orbiter Laser Altimeter topography also suggests 
that sculptured ejecta from Nectaris is superposed on Serenitatis15. 
These two observations require that Serenitatis is pre-Nectarian; the 
simplest explanation of these data is that Imbrium is the source of 
~3.9 Gyr ages at the Apollo 17 site. 

These reinterpretations, if correct, clearly demonstrate the 
widespread influence of Imbrium at the Apollo sites. Zircons22,23 
in impact melt breccias rich in potassium, rare earth elements and 
phosphorus from the Apollo  12 mission and the lunar meteorite 
Sayh al Uhaymir 169 have recently been dated and provide precise 
Pb/Pb ages that imply Imbrium is ~3.90–3.93 Gyr old. An age this 
old would imply that many other sample or basin age assignments 
in the era around ~3.9 Gyr ago may reflect Imbrium instead.

A possible pathway for avoiding a bias towards Imbrium is analysis 
of lunar meteorites, which provide a more random sampling of the 
lunar crust24,25. These data, like the Apollo sample collection, show 
a dearth of impact melts with Ar/Ar ages >4.0  Gyr. This has been 
interpreted as favouring, or at least being consistent with, a cataclysm 
hypothesis. What is most surprising about these data, however, is the 

number of impact melt samples that have ages <3.5 Gyr11,24–26. Current 
models for the impact flux suggest approximately an order of magni-
tude fewer craters formed in the interval from 3.5 to 2.5 Gyr ago than 
from 3.9 to 3.5 Gyr ago3. As most impact events inferred from these 
samples date to the period from 3.5 to 2.5 Gyr ago, the impact melt 
ages derived from the lunar meteorites seem to be biased towards 
younger impacts that post-date the era of heavy bombardment. 

The arguments over the lunar sample collection, although 
important, do not radically affect the interpretation of the chro-
nology of the youngest large basins (Imbrium and Orientale). 
Samples, stratigraphy and crater statistics suggest that Imbrium 
and Orientale formed between 3.93 and 3.72 Gyr ago2,13; the much 
smaller Schrödinger Basin seems to date to this era as well15. A rea-
sonable assumption is that the source population of these late basin 
impactors was not impacting only the Moon, but possibly elsewhere 
in the inner Solar System too. On Mercury, the two best-preserved 
large basins, Caloris and Rembrandt, have superposed crater densi-
ties that imply that they formed in this time frame, as do Hellas, 
Isidis and Argyre on Mars. The extrapolation of the lunar cratering 
record to Mars and Mercury is uncertain, especially during their 
early history. Nonetheless, the lunar record suggests that all of the 
inner planets were subjected to a period of large-basin-forming 
impacts >500 Myr into Solar System history.

Basin formation and planet migration
The terrestrial planets formed from the accretion of smaller bodies, 
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Figure 1 | Lunar Orbiter Laser Altimeter topography of six lunar basins. a, Orientale. b, Imbrium. c, Nectaris. d, Serenitatis. e, Smythii. f, South Pole–
Aitken. These are in order of formation from youngest to oldest, with the most uncertainty surrounding the stratigraphic position of Serenitatis, which 
has been a long-standing subject of debate15,19–21. 
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so it is expected that the bombardment rate early in Solar System 
history was much higher than it is now, as the remnants of the 
planet-formation process were swept up by the young planets. An 
important question is whether these large basins can form this late 
in Solar System history if the only sources of impactors were these 
remnants of planet formation. One recent study addressed this 
problem on the Moon27. It was found that, regardless of the initial 
mass of the planet-formation remnant population, the likelihood 
of producing basins as large and young as those observed is quite 
low, primarily because collisional evolution of the planet-formation 
remnants is rapid. This is strong evidence that the late formation of 
Orientale and Imbrium requires a dynamical process besides slow, 
standard delivery of planet-formation leftovers.

Starting in the mid-1980s, studies focused on understanding the 
orbital architecture of the outer Solar System, and wholly unrelated 
to the impact history of the Moon, began to uncover evidence that 
the giant planets may have formed in a more compact configura-
tion and subsequently migrated into their present orbits28–31. This 
process was seen as a potential mechanism for producing a lunar 
cataclysm owing to the destabilization of not only the primordial 
Kuiper belt, but also the main asteroid belt.

Although giant-planet migration provides a mechanism for 
delivering impactors into the inner Solar System in a short time 
interval, there was no obvious reason why the giant planets should 
have stayed in a compact configuration for several hundred million 
years after Solar System formation before migrating. One sugges-
tion was that Uranus and Neptune simply took ~700 Myr to form32, 
although whether this is plausible remains uncertain. 

An alternative explanation for the late nature of planet migration 
was proposed in one33 of three papers33–35 collectively referred to as 
the Nice model (after the L’Observatoire de la Côte d’Azur in Nice, 
France, where the authors were working). In the Nice model, the 
giant planets can stay in a compact configuration for an arbitrary 

period of time, migrating very slowly owing to angular momentum 
exchange with an adjacent massive icy planetesimal disk. Migration 
becomes rapid only after Jupiter and Saturn cross a mean motion 
resonance with each other. This provides a plausible way to trig-
ger giant-planet migration and deliver impactors to the Moon as 
late as 3.9 Gyr ago in a relatively narrow spike. Although the exact 
timing of resonance crossing and the resulting bombardment was a 
free parameter of the original model, more recent work has better 
constrained its timescale to ~400–900 Myr36. This is consistent with 
a delay of ~600 Myr between planet formation and the onset of the 
Late Heavy Bombardment.

Observational evidence for the Nice model comes in part from 
the distribution of asteroids in the main asteroid belt, which is 
consistent with mass depletion caused by orbital excitation owing 
to the migration of giant-planet resonances through the belt well 
after its formation31,37. Furthermore, highland surfaces on the Moon 
have a distinct size–frequency distribution of impact craters from 
the maria, a distinction that is apparent on Mars and Mercury as 
well38. On these bodies, the oldest surfaces have a crater population 
consistent with impactors delivered in a size-independent manner 
owing to the destabilization of the main asteroid belt during planet 
migration, whereas younger surfaces are cratered primarily by near-
Earth asteroids, delivered in a size-selective manner owing to the 
Yarkovsky effect38. The transition between these two observed cra-
ter populations is the result of a change in the impactor population 
before and after the Late Heavy Bombardment, though the precise 
nature and timing of this transition is controversial15,39,40.

Remaining uncertainty of the causes of heavy bombardment
The migration of the giant planets provides a dynamical explanation 
for why the Moon and other terrestrial planets experienced a period 
of heavy bombardment well after their formation; however, uncer-
tainties remain. Here we will address some of the most significant 
existing challenges to the hypothesis that giant-planet migration 
was the proximate cause of the Late Heavy Bombardment. 

The consequences of giant-planet migration for the orbits of the 
terrestrial planets were not directly addressed in the Nice model or 
in earlier migration models for reasons of computational expedi-
ency. Recent work has revealed that late giant-planet migration has 
the potential to destabilize the terrestrial planets41,42. This is caused 
by the sweeping of a so-called secular resonance (the υ5 resonance) 
across the terrestrial planet region. The location of this secular reso-
nance is set by the orbital positions of Jupiter and Saturn and, as the 
giant planets migrated away from each other, the location of the υ5 
would have swept across the inner Solar System, exciting terrestrial 
planet eccentricities above their present values and potentially caus-
ing them to collide with one another. The fact that the terrestrial 
planets exist is an indication that something is amiss with the Nice 
model in its original form.

Another strong constraint on giant-planet migration models 
is the orbital element distribution of the main asteroid belt itself. 
During planet migration, two powerful secular resonances are 
thought to have swept across the main asteroid belt, the υ6, which 
excites eccentricities and the υ16, which excites inclinations. Under 
reasonable assumptions, the magnitude of the excitation in these 
orbital parameters is most strongly controlled by the speed at which 
Jupiter and Saturn were moving apart from each other. Therefore 
the present eccentricity and inclination distributions of the main 
belt may be used to as a tool to uncover the migration rate of the 
giant planets. Numerical simulations show that migration rates 
consistent with giant-planet migration by means of planetesimal 
scattering should have left the main belt with a significant high-
inclination population, which is not observed43. An analytical study 
of the eccentricity distribution of the main belt tells a similar story 
and limits the migration rate of the giant planet to speeds much 
higher than typically seen in planetesimal scattering models44. The 
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Figure 2 | Impact flux during the period of heavy bombardment on the 
Moon at various points in time, assuming different ages for Orientale (O), 
Imbrium (I) and Nectaris (N) and specific values for their superposed 
crater densities15. The required intensity of early bombardment is 
critically dependent on the age of Nectaris and Imbrium. The green curve 
is anchored by a young age for Nectaris (3.92 Gyr) and is an intense 
cataclysm2,12. The blue and red curves are two versions of a more modest 
cataclysm, with Nectaris 4.1–4.2 Gyr old9,17,49. D, crater diameter. The 
frequency N(20) is the inferred number of D>−20 km craters superposed on 
each basin, normalized to an area of 106 km2.
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semimajor axis distribution of the main belt is also well reproduced 
by a very rapid migration speed37.

Taken together, the constraints on the dynamical state (and 
existence) of the terrestrial planets and main asteroid belt all point 
towards a migration history of the giant planets that was far more 
rapid than expected from planetesimal scattering models, far earlier 
than would be expected to cause a late cataclysm. A solution has 
recently been proposed. In these simulations, dubbed the ‘jumping 
Jupiter scenario’, most of the migration history of Jupiter and Saturn 
occurs owing to close encounters with Uranus and Neptune41,42 in a 
process known to exoplanet researchers as planet–planet scattering. 
Planet–planet scattering occurs when planets approach each other 
so closely that their orbital motion is dominated by their mutual 
gravitational influence rather than that of the central star. A scatter-
ing event can lead to very large changes in the orbits of the planets 
and may result in the ejection of a planet out of the system entirely. 
However, the fraction of these simulations that undergo the kind of 
violent evolution needed to preserve the terrestrial planets is <10% 
(ref.  42). This probability may be increased if there had been an 
extra ice giant (or two) with a mass comparable to Uranus that was 
ejected from the Solar System by Jupiter45–47. The survival of the ter-
restrial planets against the sweeping of the υ5 resonance is one of the 
most limiting constraints on jumping Jupiter scenarios. It has been 
noted that this constraint is significantly relaxed if the Nice model 
scenario occurred in the first 30–100 Myr of Solar System forma-
tion, before the time when terrestrial planet accretion had mostly 
completed42. If so, giant-planet migration, although an important 
aspect of the early history of the Solar System, is not the explanation 
for the Late Heavy Bombardment.

A second challenge to the Nice model follows directly from 
the need for giant-planet migration to have been very rapid. Such 
a rapid evolution does not destabilize as many asteroids from the 
main belt as was originally estimated, such that only about 50% of 
the main belt is lost owing to resonance sweeping44 as opposed to 
>90% (ref. 33), which reduces the total number of impactors availa-
ble to make basins by at least a factor of five. This would not produce 
the number of lunar basins that the cataclysm would require. One 
recent suggestion to address this problem is that the asteroid belt 
might have once extended farther inwards towards Mars in what 
has been termed the E-belt48. This region is now mostly dynamically 
unstable owing to the presence of the powerful υ6 resonance, though 
an island of stability at high inclination is occupied by a popula-
tion of asteroids called the Hungarias. However, before giant-planet 
migration this region would have been much more stable because 
of the absence of the υ6. The E-belt’s proximity to the inner plan-
ets would give this population a higher impact probability than 
the main belt and requires less mass depletion to produce a given 
amount of cratering. The impact flux from this region has a slow 
decay, consistent with the decline in lunar cratering49, and may 
also reproduce an increase in the impactor velocity that has been 
hypothesized based on analysis of crater-size distributions of the 
lunar highlands40. This model predicts the formation of nine lunar 
basins from 4.1 to 3.7 Gyr ago (a few additional basins formed dur-
ing this time might come from the primordial main belt49). This is a 
modest cataclysm, as there are at least 31 basins on the Moon14,15 and 
may be many more14. These unaccounted-for lunar basins would 
have to come from a different process or source, yet retain the main-
belt-size distribution.

Finally, all giant-planet migration models imply a large flux of icy 
cometary impactors to the Moon, yet the signature of this popula-
tion is curiously absent both in the cratering record and geochem-
istry38. The absence of a non-asteroidal impactor population in the 
lunar cratering record is especially challenging for jumping-Jupiter-
type rapid migration models that can produce, at most, only about 
one-third of the observed ancient lunar basins. In such a model, 
cometary impactors should have dominated the pre-Nectarian 

cratering record43, unless a substantial number disintegrated before 
they reached the inner Solar System48,49.

Synthesis
There is no question that the terrestrial planets were cratered much 
more intensively during their first billion years1–3 (Fig.  3). The 
hypothesis dating back to analysis of the Apollo samples that most 
of the large basins on the Moon formed in a short period of time 
(100–200 Myr) remains possible, but some of the lines of evidence 
that motivated its original suggestion now seem less strong. In par-
ticular, the Apollo sample collection is plausibly dominated by the 
formation of the Imbrium Basin ~3.9 Gyr ago8–10. 

Nevertheless, a dynamical event is probably necessary27 to allow 
the relatively late formation of large basins such as Imbrium and 
Orientale on the Moon, Caloris and Rembrandt on Mercury, and 
Argyre, Hellas and Isidis on Mars. A giant-planet-migration sce-
nario is the best current hypothesis for how this might occur. The 
Late Heavy Bombardment that results may not be as cataclysmic 
or as short as once thought: it is plausible that only a third of lunar 
basins are attributed to the bombardment and it may have extended 
for >400 Myr11,48,49, rather than including all pre-Nectarian basins 
and lasting only 50–200 Myr as was once proposed4–6,12 (Fig. 2). The 
additional impact flux that results has a long tail, extending to later 
times for smaller impactors and effectively persisting for longer on 
planets with a higher impact probability, such as Earth48,50.

Further evaluation of both the timing and magnitude of the 
Late Heavy Bombardment will require additional lunar samples. 
Despite disagreements about ages determined from the existing 
sample collection, lunar sample return is a worthwhile endeavour. 
Future sampling strategies will be able to take advantage of the les-
sons learnt during the Apollo missions and of advances in robotic 
exploration and tools for remote and in situ characterization. The 
total time on the lunar surface during the Apollo missions was 
only 80 hr; it is unlikely that any equivalent amount of geologic 
fieldwork has answered more fundamental questions about the 
history of the Solar System. Obtaining additional dates for lunar 
basins will build on this legacy and help anchor our understanding 
of the Late Heavy Bombardment.
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the impact flux in the past 3.0 Gyr was a factor of ~50–100 times lower 
than at the time of the Imbrium impact. 

PROGRESS ARTICLENATURE GEOSCIENCE DOI: 10.1038/NGEO1841

© 2013 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/ngeo1841


524 NATURE GEOSCIENCE | VOL 6 | JULY 2013 | www.nature.com/naturegeoscience

Received 17 December 2012; accepted 7 May 2013;  
published online 23 June 2013

References
1. Hartmann, W. K. Secular changes in meteoritic flux through the history of the 

Solar System. Icarus 4, 207–213 (1965).
2. Stöffler, D. & Ryder, G. Stratigraphy and isotope ages of lunar geologic units: 

Chronological standard for the inner Solar System. Space Sci. Rev.  
96, 9–54 (2001).

3. Neukum, G., Ivanov, B. A. & Hartmann, W. K. Cratering records in the inner 
Solar System in relation to the lunar reference system. Space Sci. Rev.  
96, 55–86 (2001).

4. Tera, F., Papanastassiou, D. A. & Wasserburg, G. J. A lunar cataclysm at ~3.95 AE 
and the structure of the lunar crust. Lunar Planet. Sci. Conf. 4, 723–725 (1973).

5. Tera, F., Papanastassiou, D. A. & Wasserburg, G. J. Isotopic evidence for a 
terminal lunar cataclysm. Earth Planet. Sci. Lett. 22, 1–21 (1974).

6. Turner, G., Cadogan, P. H. & Yonge, C. J. Argon selenochronology. Proc. Lunar 
Sci. Conf. 4, 1889–1914 (1973).

7. Hartmann, W. K. Lunar ‘cataclysm’ – a misconception. Icarus 24, 181–187 (1975).
8. Baldwin, R. B. Was there a “terminal lunar cataclysm” 3.9–40×109 years ago? 

Icarus 23, 157–166 (1974).
9. Schaeffer, O. A. & Husain, L. Chronology of lunar basin formation. Proc. Lunar 

Sci. Conf. 5, 1541–1555 (1974).
10. Haskin, L. A., Korotev, R. L., Rockow, K. M. & Jolliff, B. L. The case for an 

Imbrium origin of the Apollo thorium rich impact-melt breccias. Meteor. Planet. 
Sci. 33, 959–975 (1998).

11. Hartmann, W. K. Megaregolith evolution and cratering cataclysm models—lunar 
cataclysm as a misconception (28 years later). Meteor. Planet. Sci.  
38, 579–593 (2003).

12. Ryder, G. Lunar samples, lunar accretion and the early bombardment of the 
Moon. Eos 71, 313–323 (1990).

13. Stöffler, D. et al. Cratering history and lunar chronology. Rev. Mineral Geochem. 
60, 519–596 (2006).

14. Wilhelms, D. E. The Geologic History of the Moon (USGS professional paper 
1348, 1987).

15. Fassett, C. I. et al. Lunar impact basins: Stratigraphy, sequence and ages from 
superposed impact crater populations measured from Lunar Orbiter Laser 
Altimeter (LOLA) data. J. Geophys. Res. 117, E00H06 (2012).

16. James, O. Petrologic and age relations of the Apollo 16 rocks - implications for 
subsurface geology and the age of the Nectaris Basin. Proc. Lunar Planet. Sci. 
12B, 209–233 (1981).

17. Reimold, W. U. et al. Isotope Analysis of crystalline impact melt rocks  
from Apollo 16 station 11 and 13, North Ray Crater. J. Geophys Res.  
90, C431–C448 (1985).

18. Norman, M. D., Duncan, R. A. & Huard, J. J. Imbrium provenance for the Apollo 
16 Descartes terrain: Argon ages and geochemistry of lunar breccias 67016 and 
67455. Geochim. Cosmochim. Acta 74, 763–783 (2010).

19. Stuart-Alexander, D. E. & Howard, K. A. Lunar maria and circular basins: A 
review. Icarus 12, 440–456 (1970).

20. Dalrymple, G. B. & Ryder, G. Ar40/Ar39 age spectra of Apollo 17 highlands breccia 
samples by laser step heating and the age of the Serenitatis Basin. J. Geophys. Res. 
101, 26069–26084 (1996).

21. Spudis, P. D., Wilhelms, D. E. & Robinson, M. S. The Sculptured Hills of 
the Taurus Highlands: Implications for the relative age of Serenitatis, basin 
chronologies and the cratering history of the Moon. J. Geophys. Res.  
116, E00H03 (2011).

22. Gnos, E. et al. Pinpointing the source of a lunar meteorite: Implications for the 
evolution of the Moon. Science 305, 657–659 (2004).

23. Liu, D. et al. Comparative zircon U–Pb geochronology of impact melt breccias 
from Apollo 12 and lunar meteorite SaU 169, and implications for the age of the 
Imbrium impact. Earth Planet. Sci. Lett. 319–320, 277–286 (2012).

24. Cohen, B. A., Swindle, T. D. & Kring, D. A. Support for the lunar  
cataclysm hypotheses from lunar meteorite impact melt ages. Science  
290, 1754–1756 (2000).

25. Cohen, B. A., Swindle, T. D. & Kring, D. A. Geochemistry and 40Ar-39Ar 
geochronology of impact-melt clasts in feldspathic lunar meteorites: Implications 
for lunar bombardment history. Meteor. Planet. Sci. 40, 755–777 (2005).

26. Chapman, C. R., Cohen, B. A. & Grinspoon, D. H. What are the real constraints 
on the existence and magnitude of the Late Heavy Bombardment? Icarus  
189, 233–245 (2007).

27. Bottke, W. F., Levison, H. F., Nesvorný, D. & Dones, L. Can planetesimals left over 
from terrestrial planet formation produce the lunar Late Heavy Bombardment? 
Icarus 190, 203–223 (2007).

28. Fernández, J. A. & Ip, W. H. Some dynamical aspects of the accretion of Uranus 
and Neptune: The exchange of orbital angular momentum with planetesimals. 
Icarus 58, 109–120 (1984).

29. Malhotra, R. The origin of Pluto’s peculiar orbit. Nature 365, 819–821 (1993).
30. Malhotra, R. The origin of Pluto’s orbit: Implications for the Solar System beyond 

Neptune. Astron. J. 110, 420–429 (1995).
31. Liou, J. C. & Malhotra, R. Depletion of the outer asteroid belt. Science  

275, 375–377 (1997).
32. Levison. et al. Could the lunar “Late Heavy Bombardment” have been triggered 

by the formation of Uranus and Neptune? Icarus 151, 286–306 (2001).
33. Gomes, R., Levison, H. F., Tsiganis, K. & Morbidelli, A. Origin of the  

cataclysmic Late Heavy Bombardment period of the terrestrial planets. Nature 
435, 466–469 (2005).

34. Tsiganis, K., Gomes, R., Morbidelli, A. & Levison, H. F. Origin of the orbital 
architecture of the giant planets of the Solar System, Nature 435, 459–461 (2005).

35. Morbidelli, A., Levison, H. F., Tsiganis, K. & Gomes, R. Chaotic capture of 
Jupiter’s Trojan asteroids in the early Solar System. Nature 435, 462–465 (2005).

36. Levison, H. F., Morbidelli, A., Tsiganis, K., Nesvorný, D. & Gomes, R. Late orbital 
instabilities in the outer planets induced by interaction with a self-gravitating 
planetesimal disk. Astron. J. 142, 152 (2011).

37. Minton, D. A. & Malhotra, R. A record of planet migration in the main asteroid 
belt. Nature 457, 1109–1111 (2009).

38. Strom, R. G., Malhotra, R., Ito, T., Yoshida, F. & Kring, D. A. The origin of 
planetary impactors in the inner Solar System. Science 309, 1847–1850 (2005).

39. Ćuk, M., Gladman, B. J. & Stewart, S. T. Constraints on the source of lunar 
cataclysm impactors. Icarus 207, 590–594 (2010).

40. Marchi, S., Bottke, W. F., Kring, D. A. & Morbidelli, A. The onset of the lunar 
cataclysm as recorded in its ancient crater populations. Earth Planet. Sci. Lett. 
325–326, 27–38 (2012).

41. Brasser, R., Morbidelli, A., Gomes, R., Tsiganis, K. & Levison, H. F. Constructing 
the secular archictecure of the Solar System II; the terrestrial planets. Astron. 
Astrophys. 507, 1053–1065 (2009).

42. Agnor, C. B. & Lin, D. N. C. On the migration of Jupiter and Saturn: Constraints 
from linear models of secular resonant coupling with the terrestrial planets. 
Astrophys. J. 745, 143 (2012).

43. Morbidelli, A. Brasser, R., Gomes, R., Levison, H. F. & Tsiganis, K. Evidence  
from the asteroid belt for a violent past evolution of Jupiter’s orbit. Astron. J.  
140, 1391 (2010).

44. Minton, D. A. & Malhotra, R. Secular resonance sweeping of the main asteroid 
belt during planet migration. Astrophys. J. 732, 53 (2011).

45. Nesvorný, D. Young Solar System’s fifth giant planet? Astrophys. J. 742, L22 
(2011).

46. Batygin, K., Brown, M. E. & Betts, H. Instability-driven dynamical  
evolution model of a primordially five-planet outer Solar System. Astrophys. J. 
744, L3 (2012).

47. Nesvorný, D. & Morbidelli, A. Statistical study of the early Solar System’s 
instability with four, five, and six giant planets. Astrophys. J. 144, 117–136 (2012).

48. Bottke, W. F. et al. An Archaean heavy bombardment from a destabilized 
extension of the asteroid belt. Nature 485, 78–81 (2012).

49. Morbidelli, A., Marchi, S., Bottke, W. F. & Kring, D. A sawtooth-like  
timeline for the first billion years of lunar bombardment. Earth Planet. Sci. Lett. 
355–356, 144–151 (2012).

50. Johnson, B. C. & Melosh, H. J. Impact spherules as a record of an ancient heavy 
bombardment of Earth. Nature 485, 75–77 (2012).

Acknowledgements
Reviews by W. K. Hartmann and A. Morbidelli improved the manuscript. We also 
acknowledge discussions with B. A. Cohen and J. W. Head III.

Additional information
Reprints and permissions information is available online at  
www.nature.com/reprints. Correspondence and requests for materials should be 
addressed to C.I.F. 

Competing financial interests
The authors declare no competing financial interests.

PROGRESS ARTICLE NATURE GEOSCIENCE DOI: 10.1038/NGEO1841

© 2013 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/reprints
http://www.nature.com/doifinder/10.1038/ngeo1841

	Impact bombardment of the terrestrial planets and the early history of the Solar System
	Basin sequence and ages from samples
	Basin formation and planet migration
	Figure 1 | Lunar Orbiter Laser Altimeter topography of six lunar basins. a, Orientale. b, Imbrium. c, Nectaris. d, Serenitatis. e, Smythii. f, South Pole–Aitken. These are in order of formation from youngest to oldest, with the most uncertainty surroundin
	Remaining uncertainty of the causes of heavy bombardment
	Figure 2 | Impact flux during the period of heavy bombardment on the Moon at various points in time, assuming different ages for Orientale (O), Imbrium (I) and Nectaris (N) and specific values for their superposed crater densities15. The required intensit
	Synthesis
	Figure 3 | Rectangles showing the range of impact flux required on the Moon at various points in time, assuming different ages and superposed crater densities for Orientale (O), Imbrium (I) and Nectaris (N) and various maria3,13. Regardless of the form of
	References
	Acknowledgements
	Additional information
	Competing financial interests



