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A B S T R A C T

GRAIL observations have been used to derive an updated catalog of lunar impact basins with dia-
meters≥ 450 km. In this study, we assess the age and relaxation state of these basins and find that the 13–15
stratigraphically younger basins are significantly less relaxed than the 8–16 identifiable older basins. The change
in relaxation state is most likely a signature of the cooling of the base of the lunar crust below 1300–1400 K,
which we infer happened between 4.21–4.45 Ga based on geochronological measurements. We compare the
predicted number of basins before and after this reference point with several different modeled lunar cratering
chronologies. While these models are sensitive to the ratio of 1km:450 km craters, we conclude that a model with
a broad period of late heavy bombardment (a “sawtooth”) is more likely to fit both the number of relaxed and
unrelaxed basins, and the mass of material delivered as a late veneer.

1. Introduction

The early bombardment history of the Moon provides fundamental
constraints on the final stages of planetary accretion. The total mass
delivered, the duration of delivery, and the size-distribution of the
impactors have all been used to distinguish between different accretion
scenarios (Stöffler et al., 2006; Bottke and Norman, 2017). In parti-
cular, the idea that the Moon experienced a late increase in bombard-
ment rate around 3.9–4.1 Ga, originally proposed on geochronological
grounds (Tera et al., 1974; Wetherill, 1975; Cohen et al., 2000), has
been used to argue for a dramatic reorganization in solar system ar-
chitecture at that time (Tsiganis et al., 2005; Walsh and Morbidelli,
2011; Marchi et al., 2012; Bottke et al., 2012). While the strength,
duration, and existence of this increase have been called into question
(Michael et al., 2018), the idea of a late heavy bombardment (LHB) has
remained a significant hypothesis in the field (Bottke and
Norman, 2017).

Interpreting the lunar bombardment history as recorded by the
largest impact basins has proven to be complicated, for two main rea-
sons. First, while relative ages of the basins can be established using
cross-cutting relationships or crater counts, absolute age estimates
based on sample geochronology are only available for a few of the
younger basins, and these age estimates are contentious (Stöffler et al.,
2006; Michael et al., 2018). Second, definitive recognition of ancient

basins is difficult because their surface expressions tend to be subtler
than younger basins.

Recently, however, both problems have been partially mitigated.
For the first point, Kamata et al. (2015) suggested that the extent that
basins have viscously relaxed could be used to infer their absolute age.
Only basins that formed around the solidification of the magma ocean
and relatively shortly thereafter should show relaxation and still be
observable. That solidification time can be determined using geo-
chemical and geophysical models, allowing us to link the onset of un-
relaxed basins to an absolute age. This was done previously on the basis
of the topographic expression of the basin floors and rims
(Baldwin, 1987), but with improved crustal thickness models
(Wieczorek et al., 2013) and computational advances we now have a
more complete picture of basin relaxation. We will also comment on the
fate of basins produced by impacts before any observable feature can be
preserved. For the second point, Neumann et al. (2015) used gravity
data from the GRAIL mission (Zuber et al., 2013) to identify ancient
basins based on inferred mantle uplift, thus avoiding some of the pre-
vious identification challenges based on image and topography data
alone.

Kamata et al. (2015) did not have access to the updated basin cat-
alog provided by Neumann et al. (2015). In this study, we expand the
Kamata et al. relaxation analysis by making use of Neumann et al.’s
results. This requires that we calculate the age of these newly identified
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lunar basins using a relative age system. Below we detail our changes to
the basin catalog used in Kamata et al. (2015). Although we find that
the transition from relaxed to unrelaxed basins is not as clear as in
Kamata et al., we argue that it is more robust due to the fact that our
basin catalog is more complete. We also use our results to investigate
which of several proposed lunar cratering chronologies are most con-
sistent with the basin constraints.

The structure of the rest of this paper is as follows. We first discuss
how the basin catalog used by Kamata et al. is modified in the light of
the GRAIL results and provide crater size-frequency data (relative ages)
for some newly-identified basins. This is a different emphasis from the
Kamata et al. study that focuses more on relaxation calculations and not
on basin detection and age determination. We then discuss the im-
plications of the ages assigned to these structures given their relaxation
state. Specifically, we focus on tying together lunar magma ocean
(LMO) solidification models to lunar cratering chronologies in order to
determine how various chronology styles (such as those described in
Bottke and Norman (2017) and Morbidelli et al. (2018)) are sensitive to
the geophysical constraints we describe in this study. We then discuss
the implications of these results for the number and fate of basins on the
Moon.

2. Basin catalog updates in light of GRAIL data

2.1. Basin identification

For our study, we begin with the basin catalog compiled by
Neumann et al. (2015). Prior to that work, basin identification pri-
marily used morphology and/or topography data (Wilhelms, 1987;
Cook et al., 2002; Frey et al., 2011). This made ancient basins–subject
to subsequent burial or overprinting – hard to recognize. GRAIL maps of
the Bouguer gravity anomaly revealed that some of these hypothesized
ancient basins were also characterized by an uplifted mantle, making
their impact origin much more secure (Neumann et al., 2015). Con-
versely, some proposed ancient basins, like many in Frey et al. (2011),
showed no signs of mantle uplift. While absence of uplift does not rule
out an impact origin – the basin could have undergone complete re-
laxation – it does place constraints on the thermal state of the crust at
the time of formation. We discuss this issue further below.

Table 1 provides an updated catalog of basins with dia-
meters≥ 450 km, making use of GRAIL data. This table may be com-
pared directly with that of Kamata et al. (2015). There are three prin-
cipal differences. First, we have added six additional basins (Fitzgerald-
Jackson, Australe North, Mutus Vlacq, Asperitatis, Moscoviense-North,
and Topo-22) based on the GRAIL results discussed above – these are
marked in bold. For these proposed basins we find relative age as-
signments, discussed in more detail in the subsequent sections.

Second, we regard several of the basins used by Kamata et al. (2015)
(marked with brackets) as being of uncertain origin, because of the
absence of Bouguer anomalies. These features are mostly circular,
visible depressions cataloged in Wilhelms (1987) (e.g. Werner-Airy,
Marginis, etc) as possible or doubtful impact basins. We chose not to
exclude these features completely, but make note of where our results
are significantly changed by their inclusion. The stance we take on
these doubtful basins is that they are unlikely to lose this doubtful
status and will more than likely fall out of future crater catalogs. The
primary reason we include them in our catalog is so that we can
compare our results with Kamata et al. (2015) (see below). From the
table we can see that there are 30 total possible basins, with dia-
meter≥ 450 km, with 22 having strong Bouguer anomalies indicative
of impact origin.

Third, we check for basins where their published properties have
been updated using LOLA and GRAIL data. This only adds the basin
Dirichlet-Jackson, which was confirmed using LOLA topography
(Head et al., 2010), but its crater rim is degraded, and its diameter was
assigned as< 450 km. Neumann et al. (2015), using GRAIL gravity

data, found a diameter of 452 km and that qualifies it for our catalog.
However, we should note that diameter estimates from GRAIL data
inherit some amount of uncertainty. This does not change any results in
this study, but may change future studies that focus on a broader dia-
meter range of basins.

More complicated sub-surface structure has been recognized at the
location of some previously proposed impact basins in GRAIL data. One
such structure is found under Mare Insularum, which was previously
identified as an impact basin based on circular patterns of “terra is-
lands” poking out of the maria (Wilhelms and McCauley, 1971).
However, a set of three medium-sized circular positive gravity
anomalies - instead of one large anomaly - were observed in GRAIL
data. Neumann et al. (2015) identified these as possible buried impact
structures (Copernicus-H, Aestuum, and Medii) and their rims could
explain the “terra islands”. Given that current evidence supports mul-
tiple impact events forming this region's gravitational signature we
chose not to include Insularum in our study.

We make other minor changes to the Kamata catalog. For instance,
we now use GRAIL or altimetry data, rather than images, as the primary
determination of basin diameter. An example of this is Mutus-Vlacq,
which was reported in Wilhelms (1987) to have a diameter of 700 km,
but the same basin was found by Neumann et al. (2015) to have a
diameter of 450 km. The centers of basins also are modified by this new
evidence. An example of this is Australe, whose center was reported
previously as 94.5°E, 51.5°S (Wilhelms, 1987), but GRAIL data revealed
that the true center of the positive gravity anomaly associated with the
basin is to the north: 96°E, 35.5°S. Therefore, Neumann et al. (2015)
decided to rename the structure Australe-North to separate the impact
basin from Mare Australe. There are also basins we exclude from our
study due to a reduction in the diameter (D<450 km) that had pre-
viously been included in Kamata et al. (2015). Balmer-Kapteyn's dia-
meter was previously defined as 550 km (Wilhelms, 1987) using the
size of the depression southeast of Mare Fecunditatis. However, with
GRAIL data, the size of the positive gravity anomaly signals a basin
diameter of 265 km.

2.1.1. Crater counting technique
For four of the six newly identified basins in Table 1, we determined

an approximate stratigraphic age by using crater counting, specifically
the buffered technique (Fassett and Head, 2008; Fassett et al., 2012).
This technique applies a correction based on craters that are centered
outside of the counting region, but have edges intersecting the region.
We mapped the preserved basin-related materials and facies, at-
tempting to focus on areas reset by the proposed basin impact ejecta.
Three of these features have had areas mapped for crater counting in
previous studies: Fitzgerald-Jackson (Fassett et al., 2012), Australe-
North (as Australe) (Wilhelms, 1987) and Mutus-Vlacq
(Wilhelms, 1987). However, the counting areas in those studies were
based primarily on imaging and/or topography rather than gravity.
Because these basins are old, our choice of area is affected by having to
avoid deposits from nearby younger features, and gravity helps de-
termine an appropriate counting area. An example of this is how we
chose the area for the proposed basin Fitzgerald-Jackson (Fig. 1) by
specifically avoiding basin material from the nearby younger basins
Freundlich-Sharanov and Dirichlet-Jackson.

We use a catalog of lunar craters≥ 20 km in diameter from LOLA
data (Head et al., 2010; Kadish et al., 2011) to assist in identifying and
counting craters in our mapped areas. The catalog and specific details
are found online at http://www.planetary.brown.edu/html_pages/
LOLAcraters.html. Although the catalog is extensive, it is not com-
plete and there are craters that were missed. We examined the counting
area of each basin to find and include the missing craters; in our areas,
we found ∼5% of craters≥ 20 km were missed by the catalog. This
value is smaller than the ∼12% found by Fassett et al. (2012), and we
attribute our smaller value to a combination of differences in identifi-
cation of degraded craters and randomness from using different
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counting areas. We do compare craters where counting areas in the
Fassett et al. (2012) study and this study overlap, and we find no
substantial difference beyond the measured diameter of some craters.

To analyze the counting areas, we use the LOLA digital elevation
model (DEM; updated 2017) at a 128 pixel per degree (ppd) resolution.
This is equivalent to about 235m/px at the equator. For counting we
use the CraterTools extension to ArcMap (Kneissl et al., 2011), which
appropriately corrects diameter measurements that occur due to
changing the local projection (we use an equal area map projection)
and includes the ability to do a buffered count correction (Kniessl et al.,
2015).

2.1.2. Results
Table 2 displays the superimposed crater densities and relative ages

determined for the proposed basins in Fig. 1. In the table, we provide N
(20) and N(60) metrics. By convention, N(X) is the cumulative number
of craters of size greater than or equal to diameter X normalized to an
area of 106 km2. Using N(20), N(60), and the shape of the cumulative
size frequency distribution and R-plot a relative age can be found as
described below.

Fig. 2 illustrates our relative age period assignment system, which is
based on the system designed by Wilhelms (1987). We use the same
principles as laid out in that study, but with updated data (Fassett et al.,
2012). Individual periods are divided into sub-periods based on the
internal stratigraphic super-positioning and crater density comparisons.
Pre-Nectarian 1 (PN1) contains the oldest known basin, South Pole-
Aitken, and is purely determined by stratigraphy (see Wilhelms (1987)
for a further discussion of SPA). As the sub-period gets younger, the
number counts up (PN4 is younger than PN3). The exact numerical
extent of each of these periods and sub-periods is based on crater
densities derived for basins with clear stratigraphic relationships. As-
signment of individual basins to these sub-periods is necessarily pro-
visional, however, given the uncertainty in the crater statistics of in-
dividual basins.

One of the major discoveries from the LOLA lunar topographic da-
taset found by Fassett et al. (2012) is that crater densities of lunar
surfaces are generally higher than previously derived. They show that
this increase is especially apparent on Nectarian and Pre-Nectarian
surfaces, with an increase in N(20) of 50–70 above the Wilhelms (1987)
values being standard on those surfaces. This increase is particularly

Table 1
Properties of impact basins≥ 450 km analyzed in this study.

Namea Center Diameter (km) Relative Ageb Regioni Surrounding crustal thickness (km)c Crustal thickness ratioc

This study Kamata et al. (2015) This study Kamata et al. (2015)

1 South Pole-Aitkend 190°E, 54°S 2050 PN1 SPA 37.9 ± 9.7 37.5 ± 1.7 0.45 ± 0.12 0.41 ± 0.02
2 Dirichlet-Jacksonf 201.8°E, 13.4°N 452 PN2 FHT 51.6 ± 7.2 N/A 0.72 ± 0.09 N/A
3 (Werner-Airye) 12°E, 24°S 500 PN2 FHT 30.4 ± 5.8 30.3 ± 1.6 0.89 ± 0.12 1.00 ± 0.05
4 Fitzgerald-Jacksond 190.5°E, 25.1°N 564 PN2 FHT 47.6 ± 8.6 N/A 0.63 ± 0.11 N/A
5 (Flamsteed-Billye) 315°E, 7.5°S 570 PN2 PKT 30.0 ± 6.7 29.9 ± 1.7 0.90 ± 0.17 0.79 ± 0.05
6 (Marginise) 84°E, 20°N 580 PN2 FHT 28.8 ± 4.5 28.7 ± 1.0 0.90 ± 0.12 1.00 ± 0.03
7 (Al-Khwarizmi-Kinge) 11°E, 21°N 590 PN2 FHT 35.0 ± 5.2 34.9 ± 0.7 0.92 ± 0.11 1.00 ± 0.02
8 (Tsiolkovsky-Starke) 128°E, 15°S 700 PN2 FHT 36.1 ± 5.8 36.4 ± 0.9 0.94 ± 0.12 1.00 ± 0.03
9 Australe Northg 96°E, 35.5°S 880 PN2 FHT 33.1 ± 6.3 N/A 0.70 ± 0.12 N/A
10 Mutus Vlacqg 24°E, 53.5°S 450 PN3 FHT 34.5 ± 5.6 N/A 0.63 ± 0.10 N/A
11 Topo-22h, g 179°E, 49.9°N 500 PN3 FHT 41.1 ± 7.2 N/A 0.61 ± 0.11 N/A
12 (Lomonosov-Fleminge) 105°E, 19°N 620 PN3 FHT 33.8 ± 5.3 33.9 ± 0.5 0.84 ± 0.12 0.95 ± 0.01
13 (Tranquillitatise) 40°E, 7°N 800 PN3 FHT 30.7 ± 5.7 31.0 ± 0.9 0.94 ± 0.13 0.95 ± 0.03
14 Nubiumd 344.6°E, 18.6°S 690 PN3 PKT 32.1 ± 6.5 32.1 ± 0.6 0.76 ± 0.14 0.75 ± 0.01
15 Fecunditatise 52°E, 4°S 690 PN3 FHT 30.3 ± 6.4 30.3 ± 0.6 0.41 ± 0.07 0.42 ± 0.01
16 (Keeler-Heavisidee) 162°E, 10°S 780 PN4 FHT 37.2 ± 6.8 38.1 ± 0.6 0.84 ± 0.12 0.98 ± 0.02
17 Coulomb-Sartone 237°E, 52°N 672 PN5 FHT 38.9 ± 7.8 40.4 ± 0.5 0.48 ± 0.10 0.44 ± 0.01
18 Smythiid 86.6°E, 1.83°S 887 PN5 FHT 31.7 ± 6.7 31.9 ± 1.1 0.21 ± 0.04 0.20 ± 0.01
19 Freunlich-Sharonovd 175°E, 18.3°N 582 PN8 FHT 45.2 ± 8.4 45.3 ± 0.2 0.28 ± 0.05 0.27 ± 0.001
20 Moscoviensed 149°E, 27.5°N 640 (421g) N1 FHT 39.0 ± 7.2 39.0 ± 0.7 0.20 ± 0.04 0.16 ± 0.003
21 Mendel-Rydbergd 266.3°E, 50°S 650 N1 FHT 31.6 ± 7.3 33.6 ± 0.9 0.36 ± 0.07 0.34 ± 0.01
22 Nectarisd 34.7°E, 14.5°S 885 N1 FHT 29.4 ± 6.2 29.4 ± 1.9 0.26 ± 0.05 0.25 ± 0.02
23 Hertzsprungd 231°E, 2.02°N 571 N2 FHT 50.1 ± 8.1 50.1 ± 0.7 0.38 ± 0.06 0.38 ± 0.01
24 Humboltdtianumd 82°E, 57.2°N 618 N2 FHT 30.3 ± 4.2 30.2 ± 0.3 0.17 ± 0.03 0.15 ± 0.001
25 Serenitatise 19.2°E, 26.5°N 923 N2 PKT 27.2 ± 7.5 28.2 ± 1.0 0.28 ± 0.11 0.25 ± 0.01
26 Humorume 320.5°E, 24°S 816 N2 PKT 32.1 ± 5.8 32.0 ± 1.0 0.28 ± 0.05 0.24 ± 0.01
27 Crisiumd 59.8°E, 17°N 1076 N2 FHT 29.3 ± 6.4 29.9 ± 2.5 0.12 ± 0.03 0.07 ± 0.01
28 Orientaled 265.4°E, 19.7°S 937 I FHT 37.9 ± 9.9 38.2 ± 1.7 0.20 ± 0.05 0.20 ± 0.01
29 Imbriumd 17.4°E, 33.5°N 1321 I PKT 28.8 ± 5.2 29.2 ± 1.1 0.32 ± 0.05 0.36 ± 0.01
30 Asperitatis 26.8°E, 7.7°S 730 Unknown FHT 33.2 ± 6.7 N/A 0.47 ± 0.09 N/A
31 Moscoviense-North 148.8°E, 27.3°N 640 Unknown FHT 39.0 ± 7.2 N/A 0.20 ± 0.04 N/A

a Names are from their respective sources. Bold signals the new prospective basins with properties mainly sourced from Neumann et al., 2015. Brackets denote
doubtful ancient basins, identified in Wilhelms 1987.

b PN, N, and I indicate Pre-Nectarian, Nectarian, and Imbrian ages respectively. Non-bold ages from Wilhelms 1987 or are based on other crater counting studies
(Fassett et al., 2012). The number refers to the subperiod, with 1 identifying the oldest in a period and counting up decreases the age. (i.e. PN1 is old like SPA and
PN9 is the end of the Pre-Nectarian, although no basins are of that subperiod)

c A GRAIL based, 34 km average crustal thickness model was used.
d Head et al. (2010).
e Wilhelms (1987).
f Cook et al. (2002).
g Neumann et al. (2015).
h Frey et al. (2011).
i PKT, FHT, and SPA indicate the region of the basin location. Procellarum KREEP Terrane, Feldspathic Highlands Terrane, and South Pole-Aitken respectively

(Jolliff et al., 2000).
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apparent at lower crater diameters. As such, we cannot directly use
Wilhelms (1987) crater count data to construct our relative age period
curves. To use the new LOLA-derived crater data we shift the scale of
the CSFD used by Wilhelms (1987) (Figure 7.16) upwards by 60 craters
/ 106 km2 at 20 km for Nectarian and Pre-Nectarian age ranges. This
increase is relatively less pronounced at larger diameters, implying a
larger ratio between craters in the 1–20 km range compared with larger
complex and basin-scale impacts. This quantifiable increase at 20 km
allows us to use the period boundaries as defined in Wilhelms (1987),
but with crater densities derived from modern data sets, such as
Fassett et al. (2012). We also pin the Nectarian boundary to the Nectaris
data obtained by Fassett et al. (2012) (with N(20) ∼ 135) and for the
Pre-Nectarian 2 boundary we used counts for the basin Dirichlet-
Jackson from the same paper, which showed high crater densities (with
N(20) ∼ 266) across all crater bins.

By comparing our crater counts with the revised cumulative plots,
we assign ages to 4 of the newly-proposed basins (Fig. 2). For example,
we find that the proposed basin Fitzgerald-Jackson should be in the Pre-
Nectarian period with the sub-period assignment of PN2. Another
proposed basin, Mutus-Vlacq, has a CSFD curve with lower values for
nearly every bin and as such is a younger feature. However, the dif-
ference in crater densities is relatively small and gives Mutus-Vlacq a
relative age of PN3. Another one of our proposed basins, Australe-
North, has a CSFD curve showing a gradual increase with increasing
diameter in the relative crater densities compared to what would be
expected from the N(20) value. This is similar behavior to SPA, which
shows a lack of craters in the 20–60 km range compared to the densities
above that range. The explanation given by Fassett et al. (2012) is that a
resurfacing event preferentially removed smaller craters. We assume
that the same explanation applies for the proposed basin Australe-North
basin, which also shows moderate volcanic activity, and as such assign
it the relative age of PN2 implied by the larger craters in the counting
area. All of our proposed basins with uncompromised crater counts
place in the early pre-Nectarian relative age range (PN2-4). The exact
age assignment is not crucial to the arguments we develop below, if all
these basins are PN4 or older.

Two of the proposed basins with diameters≥ 450 km have relative
ages that are elusive, due to mare and other basin material that su-
perimpose their surfaces. These proposed impact basins are Asperitatis
and Fecunditatis, named for the sinus and mare at their locations, re-
spectively. Asperitatis has been under scrutiny as a possible impact
basin for a few decades, but until the advent of high quality GRAIL
gravity data there was no convincing evidence for its impact origin.
Asperitatis also has a clear stratigraphic relationship with Nectaris,
which directly superimposes it and puts the proposed basin in the pre-
Nectarian system by definition. Choosing a large enough area where the
surface material is primarily Asperitatis basin material, rather than
Nectaris or mare material, is impossible. Fecunditatis was previously

considered an impact basin (Wilhelms 1987), but no clear rings were
found with altimeter data and it was removed from subsequent studies
of lunar impact basins (Fassett et al., 2012). However, with GRAIL data,
the quasi-circular gravity anomaly associated with impact basins can be
observed and its properties can be better determined (Neumann et al.,
2015). We temporarily use the assigned relative age of PN3 from
Wilhelms (1987) in future sections, but we want to stress that the
Wilhelms (1987) assignment is uncertain in the context of modern data.
Neumann et al. (2015) found that the Bouguer anomaly for the pro-
posed basin Fecunditatis has roughly the same center, but is about 2/
3rd the previous radius (and thus about half the previous area). A
smaller radius makes the area to the southeast (the area
Wilhelms (1987) used) unlikely to be Fecunditatis ejecta. Areas to the
southwest, which could be related, are more likely to have originated in
the Nectaris impact or are covered in mare basalts. Based on results and
discussion presented later in this study (Table 1, Section 3.1, and
Section 5.5), there is evidence to support a late pre-Nectarian formation
age range for both of these impacts.

Secondary cratering is a phenomenon that affects the crater density
of counting areas, increasing the overall crater density, but it pushes the
CSFD away from the source population (Wilhelms et al., 1978; McEwen
and Bierhaus, 2006). One potential uncertainty in our results is the
formation of secondary craters, particularly due to large basins, which
have the potential to pollute our measured results. However, even for
the largest, younger basins such as Imbrium and Orientale, the number
of secondaries larger than 20 km that were produced is relatively
minimal (Wilhelms et al., 1978). The size-frequency distribution of
secondary craters is steep, with a clear majority being smaller than
20 km (McEwen and Bierhaus, 2006). Since we start counting craters at
20 km, secondaries should not be a systematic problem with our results.

3. A basin relaxation transition

3.1. Measuring relaxation

Older geological features are often more relaxed due to viscous flow
of the mantle and crust. Since viscous relaxation of silicates is highly
temperature dependent (Karato, 2012), the relaxation of large-scale
structures such as the thinned crust under lunar impact basins
(Neumann et al., 1996) is expected to have occurred rapidly when the
lunar crustal temperature was high and effectively shut off when the
crust passed below a critical temperature. Recent numerical models
(e.g., Balcerski et al., 2010; Melosh et al., 2013; Dombard et al., 2013;
Freed et al., 2014) show that the formation of a large mantle uplift,
resulting in a basin interior crust that is about 20–30% the thickness of
the surrounding crust, should be standard for lunar basin-class impacts.
Lateral flow of crustal material will slowly erase the thinned area, at a
rate dependent on the crustal thickness and temperature (Kamata et al.,

Fig. 1. Crater counts, cumulative size frequency distribution, and R-plots for four proposed basins.
From left to right for each basin: maps of the basin count areas with craters in red and the counting areas in black or blue, and the two types of crater size frequency
plots: cumulative distribution (CSFD) and relative plot (R-plot) (see Crater Analysis Techiques Working Group (1979)). The axis dimensions of the CSFD and R-plot
graphs are the same for ease of comparison. On each plot, the error bars are based on counting statistics only (√n errors, for n craters in each bin). When bins within
the distribution have zero craters we extinguish the empty bin and extend the diameter range of the surrounding bins. This has a larger effect on the R-plot
distribution due to the noncumulative calculation of the value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Crater counting results for proposed impact structures.

Name Center Diameter (km) N(20) N(60) Relative Age Notes

Fitzgerald-Jackson 190.5°E, 25.1°N 564 258 ± 45 47 ± 20 PN2 Possible artificial high density
Australe North 96°E, 35.5°S 880 173 ± 26 29 ± 9 PN2 Large and small craters have different ages
Mutus Vlacq 24°E, 53.5°S 450 211 ± 20 25 ± 11 PN3
Topo-22 179°E, 49.9°N 500 233 ± 26 45 ± 18 PN3 R-plot displays younger age
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2015). Inferring the modern crustal thickness of the impact basin re-
lative to the surrounding region allows for a determination of the
current relaxation state separate from surface/morphological evidence.
The current relaxation state of impact basins serves as evidence of the
lunar thermal history since their formation.

We have decided to use a slight variation of the method used by
Kamata et al. (2015) to quantify basin relaxation. They used a method
where crustal thickness profiles were calculated for every basin by
azimuthally averaging the crustal thickness in the region surrounding
the basin. From the profile, they found the mean and standard deviation
in the range from 2 to 3 basin radii. Our method utilizes a gridded data
set (with 0.25-degree resolution) where we averaged the crustal
thickness from 2 to 3 basin radii in an annulus around the basin. Our
analysis also excludes regions inside the central topographic depres-
sions of other basins, on the basis that they do not represent the sur-
rounding crust. The values obtained using either method are within
error of the other, but our grid method allows for the calculation of the
crustal thickness variance. This variance represents the range of crustal
thickness values surrounding the basin and is reported as the un-
certainty in Table 1. We use GRAIL-derived crustal thickness values for
the Moon from Wieczorek et al. (2013), specifically the model assuming
a 34 km average crustal thickness. Other crustal thickness models from
the same study display would not lead to significant differences for our
results (< 10% difference).

For the interior crustal thickness, we used the crustal thickness at
the geographical center, rather than the mean or median value of the
entire basin interior, to stay consistent with Kamata et al. (2015). Both
alternatives are more susceptible to interference from overlying craters.

Once the interior and surrounding crustal thicknesses are found, we
can quantify basin relaxation through the crustal thickness ratio. The
crustal thickness ratio is the interior crustal thickness divided by the
average surrounding crustal thickness, calculated by the method above.
A value near one signals that the basin is relaxed, while a value near
zero signals the opposite. This value serves to determine whether a
basin is relaxed or unrelaxed and is relatively insensitive to modifica-
tion of surface topography (Head et al., 2010; Fassett and Thomson,
2014; Hirabayashi et al., 2017).

3.2. Results

Fig. 3 shows the relaxation state of basins as a function of their
relative age. Overall, the behavior is similar to that seen by
Kamata et al. (2015), in that more ancient basins show larger degrees of
relaxation, while younger basins are generally less relaxed. No basin of
age PN5 or younger shows relaxation of> 60%, while for basins of PN4
or older nearly all basins are about 50% or more relaxed. There are two

anomalous basins in our study, Fecunditatis and South Pole-Aitken,
which appear less relaxed compared to similarly aged basins. We dis-
cussed the possible misidentification of the age of Fecunditatis in
Section 2.2.2 above on the basis of counting areas, while SPA is likely
anomalous due to its size. This is due to the nature of viscous relaxation,
where when the wavelength of the feature is much larger than the
flowing layer (i.e. the crust) the relaxation timescale goes as
(McKenzie et al., 2000):

∼τ
ηλ
ρgδΔ

2

3 (1)

Here τ is the relaxation timescale, η is the viscosity, λ is the wa-
velength of the feature, Δρ is the crust-mantle density contrast, g is the
surface gravity, and δ is the thickness of the flowing layer. Since wa-
velength is the major differing variable when considering basins of
approximately the same age, we can compare the relaxation of SPA and
Australe-North (a more relaxed basin of around the same relative age)
for example. The ratio of the relaxation timescales should go as the ratio
of the wavelengths squared (λ1/λ2)2. SPA is around 2.5 to 3 times the
size of Australe-North, which would imply that the timescale for SPA is
an order of magnitude longer than Australe-North. This strong wave-
length dependence helps explain why SPA is anomalous in terms of its
relaxation state.

In Fig. 3, basins with a square symbol represent features of un-
certain origin, shown with brackets in Table 1 (see Section 2.1). Al-
though these features may be highly relaxed impact features, there are
established basins in the PN2 age range that are less relaxed (crustal
thickness ratios near ∼60–70%). The spread in relaxation state could
be real and might result from differences in local thermal state
(Miljkovic et al. 2016) or impact conditions. However, we do not ob-
serve any correlation in relaxation state with either longitude or basin
diameter; such a correlation would be expected if this kind of ex-
planation were correct (see also Section 5.2 below). We also do not see
a strong trend between the relaxation state and local thermal variation
for nearside basins. This result is also evident in Fig. 3, where there is
no systematic difference between the relaxation state of nearside basins
inside or outside the PKT and farside basins. Also, this result is apparent
in Supplementary Fig. 2, which shows the lack of relationship between
relaxation state and diameter.

Fig. 3 shows a relatively sharp transition in behavior between PN4
and PN5 similar to that identified by Kamata et al. (2015). These au-
thors argued that this transition is associated with cooling of the Moho
below a temperature of 1300–1400 K, beyond the point where viscous
relaxation is no longer effective. We use the term Moho in the same
manner as Kamata et al. (2015) to refer to the base of the crust. Since
we care about this boundary only after the LMO has solidified, we

Fig. 2. Crater counting data and relative model age curves.
Panels show the cumulative frequency distribution for each of the four proposed basins with crater counts. For derivation of the model crater chronology curves, see
text.
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consider the location of the Moho to remain constant. Fig. 3 indicates
that only 13 basins formed after this temperature transition (i.e. during
or after PN5), or 15 if two additional basins (Fecunditatis and Asper-
itatis) are included. Moscoviense-North can also be added with Mos-
coviense, but then the inner ring of the dual basin structure is assumed
to be the diameter of Moscoviense (Neumann et al., 2015) and the
diameter of Moscoviense drops below 450 km. Conversely, somewhere
between 8 and 16 basins of age PN4 or older can be identified. These
observations will allow us to distinguish between different lunar cra-
tering chronology scenarios, as we discuss below.

Notably our results do not differ much from Kamata et al. (2015)
except for larger error bars and slight differences in the ratio values.
The larger error bars arise from a difference in our analysis where we
take the mean and standard deviation of the surrounding crustal

thickness rather than the mean of the average crustal thickness profile
radially around the basin (see above). This means that the error bars
describe the range in crustal thickness ratios surrounding the basin. The
range of surrounding crustal thicknesses for older basins is far larger
than that of younger basins, a possible consequence of younger events
disrupting the thickness of the crust. Additionally, if we take the stance
that these doubtful impact structures are not formed by impacts then
the relatively sharp transition that Kamata et al. (2015) found becomes
slightly muted and the trend through relative time shows a less pro-
nounced transition between relaxed and unrelaxed basins. We still
place the switchover at PN4 in this case, but this interpretation of the
mean relaxation state transition would imply that our relaxed set of
basins formed shortly before the Moho cooled to the critical tempera-
ture.

Fig. 3. Crustal thickness ratios for ba-
sins> 450 km as a function of relative age.
High crustal thickness ratios signify relaxed
basins, while low values are unrelaxed. Older
basins are to the left. Symbols are colored by
diameter and the shape represents the catalog
(or catalogs) the basin's properties are sourced.
Basins with transparent symbols have doubtful
impact origins and weak Bouguer gravity sig-
nals (Section 2.1). Basins with an inset P are
located within the Procellarum KREEP Terrane
on the nearside, and those with an inset N are
located on the nearside, but not within the
PKT. There is a significant switch from relaxed
to unrelaxed between PN4 and PN5, with a few
explainable outliers.

Fig. 4. A comparison of five lunar cratering
chronologies assuming a scaling value of
b=2.25 (blue, red, green, and cyan curves),
the observed range of the cumulative number
of basins that formed after PN4 (black solid
lines), the cumulative total number of basins
(black dashed lines), and the range of LMO
solidification and cooling models (grey box,
Section 4.2). Chronologies are scaled up from
N(1) or N(20) (per km2) to N(450) for the
whole Moon. The observed number of ba-
sins≥ 450 km, after PN4 is 13–15 and before
that time is 8–16 (see Section 5.3). Top Panel A
– “terminal cataclysm” an extrapolated sce-
nario based on Robbins (2014). Middle Panel B
– “declining bombardment” scenario based on
Neukum et al. (2001) (red) and “accretion tail”
scenario based on Morbidelli et al. (2018)
(cyan). Bottom Panel C – two “sawtooth” sce-
narios based on Morbidelli et al. (2012) (Solid)
and Morbidelli et al. (2018) (Dash). Successful
chronologies intersect the solid black lines
within the grey box. We include two variations
with different b values for the supplementary
figures 3 and 4. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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A notable continuation from the Kamata et al. (2015) results, ne-
glecting the “doubtful” basins, is that the Pre-Nectarian 2 and 3 basins
have the same approximate relaxation level. This could imply either
that these two sub-periods take place over a short absolute time
window or that relaxation stalls at some characteristic (highly) relaxed
state. Kamata et al. (2015) argue against the latter, as basins can reach
relaxation states where they are indistinguishable from the surrounding
crustal thickness variations when the Moho is initially above 1400 K. It
is more likely that the PN2-3 basins formed in a relatively short time-
frame and sample the Moho temperature around 1400 K. We discuss the
implications of this clustering in the next and discussion sections.

4. The early lunar bombardment timescale

4.1. Scenarios for the lunar bombardment history

Based on a combination of Apollo-era absolute geochronology and
impact crater counts, several models of the lunar cratering chronology
have been proposed (Wilhelms, 1987; Hartmann et al., 2000; Neukum
et al., 2001; Stöffler et al., 2006, Robbins, 2014). As we explain below,
five representative chronologies are shown in Fig. 4, which plots the
cumulative number of impact basins≥ 450 km in diameter recorded on
the whole Moon as a function of time. These example chronologies can
then be compared with the geophysical inferences discussed above to
provide further constraints on which scenarios are permissible.

Lunar cratering chronologies are typically reported as densities per
area of craters greater than a particular diameter, e.g N(1) or N(20) as a
function of time. We use the N(1) version as the starting point for our
rescaled chronologies, which required some additional scaling for the
chronology based on Morbidelli et al. (2012). These authors used a ratio
(∼1400:1) scaling between 20 km and 1 km that we also used. Since we
are interested in basins, we need to scale the flux curves appropriately
based on an assumed impact size-frequency distribution. The general
form of the scaling is a power law, e.g.:

= −N k X b (2)

Here N is the N(X) value for diameter X (where X is the minimum
diameter for the cumulative density), k is the scaling constant and b is
the power law exponent that describes the scaling between numbers of
different crater sizes. When scaling between the expected frequencies N
at different diameter X, k drops out and the ratio will give:

⎜ ⎟= ⎛
⎝

⎞
⎠

−

N N X
X

b

1 2
1

2 (3)

where the subscripts describe the two diameters chosen. Another way of
expressing this concept is that the (X1/X2)−b value is the ratio of the
number of craters at each diameter.

The ratio of 1 km to 450 km craters is important to interpret the
geophysical implications of each chronology. For the rest of the paper b
specifically refers to the power of the ratio from 1 km to 450 km. We use
a wide range of b values to show the implications for the impact history
of the Moon at high and low crater number scaling ratios. We de-
termined this range of ratio values through analysis of various crater
distributions and other analytical studies.

The range of crater number scaling values we use is b=2.0, 2.25,
and 2.5. Results for each are shown in supplementary figure 3, figure 4,
and supplementary figure 4 respectively. These b values applied to
crater diameters of≥ 1 km and≥ 450 km produce ratios of
∼2.03×105:1, ∼9.33×105:1, and ∼4.30×106:1, for b=2, 2.25,
and 2.5 respectively.

The low b value (b=2 / supplementary figure 3) was primarily
obtained from a Neukum et al. (2001) study, but the use of the value is
common because it generates a horizontal line in Relative plots (e.g.
supplementary figure 1). We also use a higher b value (b=2.5 / sup-
plementary figure 4) based on the results of Minton et al. (2015). These

authors used a Cratered Terrain Evolution Model (CTEM) to model the
topographic evolution of a heavily cratered surface (like the lunar
farside). They found that a number ratio of N>5.5 km/N>70 km ∼ 630 fits
the lunar farside better than the modern main asteroid belt. This ratio
implies a b value for that set of crater diameters of ∼2.5. We assume
that this b value will hold at higher diameters, even though the ap-
proximate measured shape of the cratering distribution (across most
studies, e.g. Neukum et al. (2001) and Werner (2014)) shows that the
curve diverges from a simple power law distribution before 450 km.
Finally, we also adopt an intermediate value of b=2.25. This value is
supported by the Hartmann production function (HPF)
(Hartmann, 1999) which uses b=2.2 for the power law slope at high
crater diameters. After the N(450) values are found, we apply an ad-
ditional scaling to go from per km2 to the whole lunar surface, which
allows us to calculate the predicted number of craters of a given size
forming on the Moon since a given time. The results of the chronology
scaling for b=2.25 are presented in Fig. 4.

Some issues exist with scaling from N(1) to N(450), including that
large impacts are rare, stochastic events, and as such can deviate from
probabilistic expectations due to small number statistics. Moreover, the
shape of the size-frequency distribution may not have been constant
with time (Strom et al., 2005; Head et al., 2010) leading to variations in
this N(1) to N(450) ratio. Therefore, although an error of ∼ N is as-
sumed, the combination of the stochastic, systematic, and observations
errors may be large – at least tens of millions of years. In general,
however, neither this level of uncertainty nor the uncertainty in which
b-value to adopt significantly affects our conclusions (see below).

The curves shown in Fig. 4 are primarily based on recent LHB re-
view by Bottke and Norman (2017) in addition to a study by Morbidelli
et al. (2018). They represent five examples of proposed lunar cratering
chronologies and are unconstrained past 3.91 Ga. The aim of the cur-
rent study is to use geophysical inferences to provide additional con-
straints on the proposed chronologies.

The top curve in Fig. 4 (panel A/blue curve) is an extrapolation of
the study performed by Robbins (2014) where he remapped areas
previously mapped by Neukum et al. (1975). Robbins based his new
counts on images from the Lunar Reconnaissance Orbiter (LRO) Wide
Angle Camera (WAC) and found higher crater densities than de-
termined in earlier studies. The higher crater densities obtained by
Robbins (2014) imply that the impactor flux was higher in the period
shortly after mare emplacement than originally assumed by Neukum.
The Robbins chronology is undefined past 3.91 Ga, but we extrapolate
out to 4.5 Ga, as was done in Bottke and Norman (2017) to show the
effects of assuming a monotonically declining chronology with a higher
impactor flux at ∼3.9 Ga. We use the term “terminal cataclysm” to
describe this chronology based on Robbins (2014), as Bottke and
Norman (2017) did in their review of the LHB, although we note that
the original Robbins (2014) chronology is unrelated to the LHB “cata-
clysm” .

Neukum et al. (2001) (panel B/ red curve) is a widely applied
standard for the “declining bombardment” scenario where the impactor
population for the inner solar system is assumed to be sourced from one
population. The shape of the curve is constrained by coupling isotopic
dating of samples to observed crater densities (normalized to N(1)) of
surfaces sampled by the Apollo and Luna missions. It should be noted
that, as the attribution of particular samples to particular surfaces are
widely disputed prior to ∼3.9 Ga, so all of these models are poorly
constrained before that time. The disagreement over whether we have a
sample that constrains the absolute age of Nectaris is one of the major
sources of this dispute. The N(1) densities were also calculated before
modern mapping missions of the Moon.

The next chronology we analyze is based on a study by Morbidelli
et al. (2018). The “accretion tail” chronology is a smooth chronology
based on dynamical models, similar to the “sawtooth” style chron-
ologies (Morbidelli et al. (2012, 2018)). However, in this chronology, a
giant planet instability occurs at 4.5 Ga (not 3.95 Ga or 4.1 Ga). As a
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result, the shape is closer to the chronology based on
Neukum et al. (2001) and is included in panel B (cyan curve). This
chronology has a lower N(450) value in the timeframe where the
geophysical constraints apply.

With development of dynamical models such as the Nice model
(Tsiganis et al., 2005; Morbidelli et al., 2005; Gomes et al., 2005) the
idea of a single impactor source population has been questioned.
Morbidelli et al. (2012) (Panel C/ Green Curve) designed a lunar cra-
tering chronology based on dynamical models (Morbidelli et al., 2010),
where the cratering rate spikes at 4.1 Ga due to a giant planet in-
stability. For ages younger than 4.1 Ga the model matches the
Neukum et al. (2001) model (panel B), but for older ages the model has
a lower flux and hence lower crater density at a given age. The dif-
ferential (as opposed to cumulative) chronology function (the impact
flux) has a shape like a sawtooth, with a sharp uptick at ∼4.1 Ga.
Though this model is consistent (by design) with the Neukum chron-
ology for younger ages, prior to ∼4.1 Ga it is not very well constrained
by observations, a gap this study helps to close.

We note that the shape of the Morbidelli et al. (2012) curve was
updated in a newer study (Morbidelli et al., 2018). The major change
for their sawtooth style chronology in this study is the retiming of the
impact spike to 3.95 Ga, whereas in this Morbidelli et al. (2012) the
spike occurs at 4.1 Ga. However, the fluxes from the two models nearly
match in the interval from 4.5 to 4.1 Ga (which we show in Fig. 4, panel
C) and only greatly differ at younger epochs. As a result, our analysis is
unchanged irrespective of which of these two models we use is treated
when considering a “sawtooth” style chronology.

4.2. Absolute timing using LMO thermal models and lunar cratering
chronologies

Fig. 3 shows an abrupt transition at the PN4-PN5 boundary between
relaxed and unrelaxed basins. Kamata et al. (2015) argued that this
transition indicates the time when the lunar Moho drops below
1300–1400 K, which we refer to as tcool. They further argued that
thermal evolution models constrained this point in time to 50–100Myr
after the solidification of the magma ocean, tsolid. This argument allows
us to make a link between the relative timescale, established with crater
counts, and an absolute timescale, constrained by flux models and
geochronology.

Models for the solidification of the lunar magma ocean depend on
the assumed chemical composition and heat input. Both control the
time when a floating lid forms, causing the system to behave as a
conductive body rather than radiating directly to space, and the rate
that the lid grows. We have decided to use a range of tsolid of
10–200Myr after Moon formation based on the work of Elkins-
Tanton et al. (2011) and Meyer et al. (2010), where the former is a
model where the LMO solidifies rapidly due to an early mantle overturn
inhibiting early crustal lid growth. The latter is a model with tidal
heating included in the lid. As a result, the magma ocean must cool
through conduction with a warm lid. This results in prolonged cooling
of the lid and slowed solidification of the underlying LMO.

To tie model time ranges to an absolute age, we need an estimate for
the formation time of the Moon, which comes from isotopic analysis.
The primary system used is 182Hf-182W due to the half-life (∼8.9 Myrs)
being comparable to the timescales of interest, and the elements having
different partitioning behavior (hafnium is a lithophile element, while
tungsten is a siderophile element). Kruijer and Kleine (2017) used this
system with a suite of lunar samples to determine that the Moon dif-
ferentiated at least 70 Myrs after solar system formation. This inferred
age just barely overlaps with the Barboni et al. (2017) lunar zircons
study, which places the formation of the Moon at prior to ∼60 Myrs
after Solar System formation. We therefore take the formation of the
Moon to have happened at 4.51 Ga, like Elkins-Tanton et al. (2011). We
note that the range of solidification and cooling would be shifted earlier
or younger linearly based on the formation time assumed. To

summarize, if Moon forms at ∼ 4.51 Ga, tsolid is then at ∼ 4.5–4.31 Ga.
We then subtract an additional 50–100Myr for the Moho to cool past
∼1300–1400 K (Kamata et al., 2015) to get tcool=4.45–4.21 Ga.

Fig. 2 shows that ∼13 lunar basins> 450 km in diameter have
formed since tcool. Uncertainties in this number are low because the
basins are unrelaxed and thus easy to identify. A maximum of 15 basins
can be considered to have formed after PN4. In the interval PN2-PN4,
8–16 basins≥ 450 km formed, yielding a total of 21–31; this is more
uncertain due to difficulties in identifying the most ancient of basins
(see Section 2 and below).

As outlined in our previous section the lunar cratering chronologies
that we used (Fig. 4) can be described as “terminal cataclysm” (panel
A), “declining bombardment” (panel B/red) or “accretion tail” (panel
B/cyan), and two “hybrid” or “sawtooth” models (panel C/green and
cyan). These chronologies represent a range of impactor flux models,
including single population models (panel A+ panel B/red) and multi-
population models (panel C+panel B/cyan). With extremely high (A)
and low (C) overall impactor numbers, the observed basin population
(and their properties) should allow us to discriminate between the
different models. Fig. 4 does this comparison graphically; successful
cratering chronologies should intersect the solid horizontal lines (re-
presenting the unrelaxed basins) in the time window (tcool) represented
by the gray box. Table 3 shows the timing for the intersection of the
chronologies with basin observations.

The “terminal bombardment” scenario (Fig. 4 panel A) would re-
quire not only the post PN4 basins, but all observed basins to have
formed after 4.11 Ga in the b=2.25 scenario. For the observed post
PN4 basins and a b value of 2.25, this model gives an age for the
transition tcool of 4.06 - 4.07 Ga, which is inconsistent with our geo-
chronological-derived range of 4.21–4.45 Ga. This idea of a high impact
rate around 3.9 - 4.1 Ga has been studied (e.g. Ryder, 2002), but re-
quires every basin to have formed in a brief timeframe, including SPA,
and that no basin formed prior to 4.1 Ga was recorded (either because
they did not form or were subsequently obliterated). It also requires
that basins switch from being relaxed to unrelaxed over a very brief
time interval, about 20Myr. Such a short interval is inconsistent with
thermal models indicating progressively decreasing lunar relaxation
(Kamata et al., 2015). Varying the assumed value of b does not affect
our conclusions regarding this scenario, until the point that b reaches
unreasonable values. This chronology shows the issues created by
monotonically extrapolating past 3.91 Ga for the Robbins (2014) data.

Neukum et al. (2001)’s standard “declining bombardment” (Fig. 4
panel B/red) requires high b values to reconcile with the observations.
Assuming a b value of 2.25, this chronology gives an age for the PN4
relaxation switchover of 4.23–4.25 Ga, which just crosses the age range
set by LMO solidification and cooling models. If a larger b value of 2.5 is
assumed, then tcool has a range of 4.45–4.46 Ga, which is just barely
within the inferred switchover time. This would require the shorter
timescale for LMO solidification (Elkins-Tanton et al., 2011) and
cooling (Kamata et al., 2015). For a b value of 2.25, the onset of basin
preservation is at 4.30–4.35 Ga, implying a prolonged interval
(∼150–200Myr) after Moon formation when no basins were preserved
to the present. Because we find it more likely that there are 6, rather
than 16, relaxed basins, the younger end of the onset of preservation is
more likely as well. In this model, the total number of basins formed
after 4.5 Ga but not recorded is then ∼50–60. We also find that the
Neukum et al. (2001) chronology fails to have enough basin-class im-
pacts at high b values. This might not be a large problem due to the
stochastic nature of large impacts. We further discuss the implications
of hiding so many basin-class impacts in Section 5.3.

Of the five chronologies, the “sawtooth” models from Morbidelli
et al. (2012; 2018) match the geophysical observations across a broad
range of low to intermediate b values. For a b value of 2.25, the re-
laxation transition happens at the younger edge of ∼4.42 - 4.44 Ga,
consistent with the geochronology of a rapidly solidifying LMO and
cooling crust. Looking at the other b values, 2 and 2.5, it is evident that
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this type of chronology is highly sensitive to the ratio of 1 km and
450 km craters. With a b value of 2, the time range for the cooling of the
Moho is 4.00 - 4.02 Ga for the 2012 sawtooth and 3.90–3.91 Ga for the
2018 sawtooth, outside the chronological constraints and more im-
portantly implying that impact basins with a wide range of relaxation
states formed during the same timeframe. This is an unlikely scenario
(e.g. Kamata et al. (2015)). Chronologies with scaled by a higher b
value (2.5) fail to produce enough basin-class impacts, preserved or
otherwise. For the b value of 2.25, the number of unrecorded basins is
∼0–10 which would imply that nearly all basin-class impacts since 4.5
Ga are preserved and observed.

The last chronology we will discuss is the accretion tail model from
Morbidelli et al. (2018). The shape of this model is similar to the
Neukum et al. (2001) declining bombardment and matches the slope
(though not the values) of that chronology at times younger than 4.25
Ga. At b=2.25 the chronology predicts the timing of the relaxation
crossover to be 4.29 – 4.30 Ga, which fits inside the geophysical con-
straints and allows for prolonged LMO solidification (e.g.
Meyer et al. (2010)). At lower b values, this chronology has the same
problems as the Neukum et al. (2001) chronology but works across a
larger range of intermediate to higher b values than the
Neukum et al. (2001) chronology and all other chronologies presented

in this study. The lowest b value the Moon can have for this chronology
to work (outside of the inclusion of stochastic errors) is 2.15.

Typically, there is a range of b values that allows an individual
chronology to fit the constraints we set earlier in this study. Low b
values tend to have geochronological events occur late and produce a
large number of unrecorded basins (Section 5.3). High b values fail to
produce enough basin-class impacts or have events occur early. For the
sawtooth-style chronologies lower to intermediate b values (∼2.1 -
2.25) allow these chronologies to fit the constraints laid out previously.
For the more continuous-style chronologies (e.g. the Morbidelli et al.
(2018) accretion tail model) a wider range of b values can fit the con-
straints. To distinguish between the individual chronologies further, we
will below consider the effects of the “late veneer”.

5. Discussion

5.1. Summary

Fig. 5 summarizes the timeline discussed in previous sections. The
Moon forms at 4.51 Ga and at some time between 4.5–4.31 Ga the lunar
magma ocean (LMO) solidifies. Basins start to be preserved either right
before or at some point after the LMO solidifies (see Section 5.4 below).

Table 3
Timing of lunar geophysical events. The columns tcool and tsolid are the times after the 13–15 unrelaxed basins and 21–31 total basins form, based on different model
impactor fluxes (Fig. 4). For the tcool column, times in bold agree with the inferred constraint of 4.45–4.21 Ga. We put heavier significance on the younger ages for the
tsolid column due to the doubtful nature of the some of the ancient basins (Section 2.1). The column N(450)tot is the total number of basins expected to have formed
after 4.5 Ga. The late veneer mass estimate is derived from this N(450)tot value and may be compared with the geochemically-estimated value of 1.47×1019 kg
(Section 5.3). Values in bold fall within a factor of 2 of the estimated value.

tcool N(450)cool = 13–15 tsolid (± 20 Ma) N(450)max= 21–31 N(450)tot at t= 4.5 Ga Late veneer mass estimate (kg)

Geochronology: 4.21–4.45 Ga n/a
b=2.00 Cratering Chronology:
Robbins (2014) 3.97–3.98 4.00–4.02 8.6× 104 2.8× 1022

Neukum et al. (2001) 4.00–4.02 4.07–4.13 400 1.4× 1020

Morbidelli et al. (2012) 4.00–4.02 4.02–4.22 140 5.2× 1019

Morbidelli et al. (2018):
Sawtooth 3.90–3.91 3.90–3.91 140 5.2× 1019

Accretion Tail 4.08–4.10 4.16–4.21 1060 3.6× 1020

b=2.25 Cratering Chronology:
Robbins (2014) 4.06–4.07 4.09–4.11 1.9× 104 6.3× 1021

Neukum et al. (2001) 4.23–4.25 4.30–4.35 86 3.4×1019

Morbidelli et al. (2012) 4.415–4.44 4.48–4.5 30 1.6×1019

Morbidelli et al. (2018):
Sawtooth 4.425–4.445 4.48–4.5 30 1.6×1019

Accretion Tail 4.29–4.30 4.34–4.38 230 8.2× 1019

b=2.50 Cratering Chronology:
Robbins (2014) 4.15–4.16 4.18–4.21 4080 1.4× 1021

Neukum et al. (2001) 4.45–4.46 N/A 19 1.2×1019

Morbidelli et al. (2012) N/A N/A 7 8.0×1018

Morbidelli et al. (2018):
Sawtooth N/A N/A 7 8.0×1018

Accretion Tail 4.43–4.44 4.46–4.48 50 2.2×1019

Fig. 5. Timeline of geophysical events pre-
sented in this study. A graphical representation
of Table 3 in conjunction with LMO solidifi-
cation age range models (ref. 1: Elkins-
Tanton et al., 2011, and ref. 2: Meyer et al.,
2010) and Moho cooling models (ref. 3:
Kamata et al., 2015). Chronologies ages for the
number of unrelaxed basins are shown relative
to their coloring in Fig. 4 (ref. 4:
Robbins, 2014; ref. 5: Neukum et al., 2001;
ref. 6: Morbidelli et al., 2012, and ref. 7:
Morbidelli et al., 2018). Chronologies have to
exist within the gray box to match geophysical
observations. For example, the Sawtooth
chronologies exhibits a high sensitivity to the

value of b, and only fits at intermediate to lower b values for the values used in this study.
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Once the Moho cools below 1400 K, significant basin relaxation ends.
Based on thermal evolution models this cooling happens between
50–100Myr after the LMO solidifies, and is identifiable in the basin
record (Fig. 3).

Of the five lunar cratering chronologies presented in Section 4, all
but one can explain the observed number of unrelaxed basins and the
inferred relaxation transition timing. The sawtooth style chronologies
from Morbidelli et al. (2012, 2018) tend to fit the observations at lower
b values than the smoother declining bombardment (Neukum et al.,
2001) and accretion tail (Morbidelli et al., 2018) style chronologies
(which prefer intermediate to higher b values). There are minor dif-
ferences between the two sawtooth-style chronologies in the period set
by our constraints. Between the two smooth chronologies, the
Morbidelli et al. (2018) accretion tail model predicts younger ages for
events compared to the declining bombardment unless high end-
member b values are assumed.

5.2. Hemispherical/Latitudinal variations

Hemispherical variations in many lunar characteristics have been
noted previously, including diameter of basins (Miljkovic et al. 2013)
and thorium and uranium concentrations (Korotev, 2000). These fac-
tors may be related to the asymmetrical thermal evolution of the Moon
(Laneuville et al., 2013), with the nearside having a higher temperature
crust. Miljkovic et al. (2013) showed that an impactor creates a larger
final basin if a KREEP layer exists under the crust.

We observe the same hemispherical difference in diameter as seen
in Miljkovic et al. (2013) (Sup. Fig. 2), but we do not observe any other
significant dichotomies between hemispheres or regions. This ob-
servation may be contrasted with the substantial change in the mean
relaxation state around PN4. We also do not see any difference in the
crustal thickness ratio between nearside basins inside and outside the
PKT, despite the expectation that higher heat fluxes would increase the
rate of viscoelastic relaxation (Solomon et al., 1982; Kamata et al.,
2013). One possible explanation for this lack of variation could be that
there is a tradeoff: a higher heat flux could offset the effect of a thinner
crust on the channel thickness δ (Eq. (1)) and thus the relaxation
timescale.

5.3. HSEs and the maximum number of basins

Our analysis (Table 3) implies that, at a minimum, tens of basin-
forming impactors struck the Moon without leaving any visible record
in an interval from 4.5 Ga to the start of basin preservation. Proposed
basins like Topo-22 are only marginally identifiable; basins that formed
earlier are likely to be unidentifiable at the present day. Numerical
models that simulate large impacts into the growing lunar crust over-
lying a magma ocean (Miljkovic et al., 2017) confirm that such basins
are unlikely to be identifiable. These basins start in a relaxed state and
can easily relax further due to the high crustal temperatures
(Kamata et al., 2015).

Fortunately, these impacts also produce geochemical imprints that
can be detected and allow the number of “missing” basins to be
quantified. To do so, we use inferences of the “late veneer” (the extra
mass accreted by a planet after core formation ceases) (Day et al., 2007;
Bottke et al., 2010; Day and Walker, 2015). A similar approach was
used by Morbidelli et al. (2018) to compare various chronological
models produced from numerical N-body simulations.

We estimate the amount of mass that was delivered to the surface by
the known set of basin-class impacts and compare it to studies (Day and
Walker, 2015) that derived the total mass delivered during the “late
veneer”. Day and Walker (2015) obtained a value for the late-accreted
mass of ∼ 1.47×1019 kg by looking at concentrations of highly side-
rophile elements (HSEs) in Apollo samples. Lunar core formation is
presumed to have scavenged all pre-existing HSEs from the mantle;
since core formation probably took place immediately after Moon

formation, the impacts we are considering should all have contributed
to the present-day mantle HSE budget. We can assume this because
even under the shortest case of LMO solidification and crustal cooling,
50Myr should have elapsed. Rubie et al. (2016) looked at FeS segre-
gation as the primary mode for HSEs sequestration into the core. They
found that FeS segregation ends at 50–70% of LMO solidification. Both
of the end-member LMO solidification models we use in this study have
∼80% of solidification within ∼105 years; as a result, all the impacts
we are interested in should post-date the end of core formation.

Now we have to make a set of assumptions to derive the amount of
mass delivered. We assume (1) that ∼50% of the projectile escapes
from the system – either through evaporation or ejection
(Artemieva and Shuvalov, 2008), (2) the mean impactor density is
∼2.5× 103 kg m−3, (3) that accreted material is well-mixed into the
mantle, (4) that the material is CI chondritic. We also tested two dif-
ferent projectile-crater scaling laws, including a simple 10:1 projectile-
to-final-crater diameter ratio, and a scaling equation from
Johnson et al. (2016). Additionally, we focus on the 21+ SPA basin set
with GRAIL Bouguer gravity evidence (Neumann et al., 2015) instead of
the total 31 basin set. If we use the 22 (21 plus SPA) basin set, the mass
delivered by the impactors forming the set of observed basins has of
values of 8.21×1018 kg for the 10:1 scaling and 9.87× 1018 kg for the
Johnson et al. (2016) scaling. While the number of≥ 450 km basins in
this scenario drops by about a third compared to the 31 basin case, the
mass estimate is only ∼20% lower. This is an effect of the GRAIL-de-
rived basin distribution having a relatively higher number density at
larger diameters. We note that the late veneer mass we obtain from
both scaling equations is dominated by the largest basin impacts. This is
true for all cases where the b value is< 3. For the Moon, SPA dominates
the mass. Our impactor diameters for SPA are 205 km and 235 km for
the 10:1 and Johnson et al. (2016) scaling respectively and we get
∼50–60% of the total mass represented being delivered by SPA. These
diameters are both larger than the 170 km derived from
Potter et al. (2012)’s best-fit iSALE hydrocode models. The source of
this discrepancy is likely that the scaling equations overestimate the
size of impactors for basins whose formation is greatly affected by the
curvature of the body. To be conservative, below we will use the 10:1
scaling, but note that a large amount of uncertainty exists regarding the
size of the SPA impactor.

We wish to calculate the total mass delivered after Moon formation
for the different scenarios summarized in Table 3. To do this we need to
make a few assumptions, mainly concerning the shape of the CSFD and
the anomaly of SPA. We assume the CSFD takes the form of a simple
power law function and that b (the power law slope) is constant in time,
so that the size-distribution of basins has stayed constant. This implies
that the mass accreted is linearly related to the total number of impacts.
Strictly speaking, this is true only in the limit of a large number of
impacts, so there is a stochastic component; however, since we are
mostly interested in order-of-magnitude scale effects, this simplification
should not matter. One factor that has a minor effect on the estimated
mass is the question of whether SPA is an anomalous basin or is a part
of the size frequency distribution. The inclusion of SPA-class impacts in
the distribution increases the total mass by 30–50% when the number
of basins is increased to ∼60 total basins. Yet, without concrete evi-
dence of another SPA-class basin in topographic or gravity data, we do
not include SPA in the CSFD for our mass estimates in Table 3 and add
in the mass from SPA as an additional step. It is currently unknown if
SPA-class impacts would necessarily leave geophysical or morpholo-
gical evidence if they occur at ages older than SPA (e.g. Jutzi and
Asphaug (2011)). We display our total mass estimates in Table 3 for
each chronology for various b values. It is evident that the extrapolated
Robbins (2014) curve delivers far too much mass to be consistent with
the estimated late veneer.

Based on the inferred late veneer mass, the total number of basins
expected to have formed after ∼4.5 Ga is in the range 30–80. This may
be compared with the predicted numbers of basins formed for the
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various scenarios shown in Table 3. The extrapolated Robbins (2014)
based chronology predicts on the order of 104 basins≥ 450 km in
diameter, which is far above the 30 – 80 basins predicted by HSEs. The
other chronologies we use in this study tend to underproduce basins at
higher values of b while overproducing at lower values relative to the
estimated number.

The sawtooth style chronologies (Morbidelli et al. (2012, 2018)) at
b=2.25 match the lower end of our estimation (∼30). This fits well
with the geochronological constraints that imply that this style of
chronology favors lower values of b (∼2.1–2.25). The smoother styles
of chronologies prefer intermediate to high values of b. The chron-
ologies based on Neukum et al. (2001) and Morbidelli et al. (2018)
continue to fit at the maximum value of b (2.5) used in this study.

This late veneer analysis places limits on how many “missing” ba-
sins there could be. However, it is important to understand how sen-
sitive the results are to the assumptions we made. For example, we
assumed that the accreted material is well-mixed into the mantle. While
this is a solid assumption for smaller, undifferentiated asteroids, it may
not hold for larger, differentiated bodies (Marchi et al., 2018). SPA, the
only basin in our catalog that was formed by a projectile with a ra-
dius> 100 km, is the most likely candidate to have been formed by a
differentiated impactor; smaller impactors are unlikely to have been
heated by 26Al sufficiently to cause differentiation (McCoy et al., 2006).
With the largest impacts causing less of an effect on HSE concentrations
in the mantle than we assume, this would allow an extra SPA-sized
projectile to accrete without violating the observational constraints.

When and at what scale impacts fail to mix their mass into the lunar
mantle is a possible additional complication. Bottke et al. (2010) place
the end of late accretion when the lunar crust has formed, which is
within the tens of million years after core formation. They argue that
most of the HSEs in both the terrestrial and lunar mantles must have
arrived before this time. Although this may be too strict an assumption,
especially in the case of a tidal-heat-prolonged LMO (Meyer et al.,
2010), the youngest basins in our catalog might not be able to mix their
mass as efficiently into the mantle as we assume earlier. This would
further push the total number of possible basin-class impacts upwards.

Another issue that we do not pursue is the fact that the same im-
pactor will produce a larger basin on the (warmer) nearside than the
(cooler) farside (Miljkovic et al. 2013). Miljkovic et al. (2013) find an
increase in diameter of around 60% comparing simulations of impacts
into nearside versus farside crust. This would imply that the simple
basin to impactor diameter scaling for the nearside in and around the
PKT terrain is 16:1. This would make a difference of around 50% to the
mass for the non-SPA basins (3.7× 1018 kg delivered without SPA).
Such a difference would result in a total delivered mass of 50–75% of
the non-SPA mass we calculate above.

5.4. Timing for basin retention

In our survey of the Bouguer gravity map produced by the GRAIL
mission, we failed to find any new circular positive gravity anomalies
compared to Neumann et al. (2015). Any feature above ∼80% relaxed
is undiscernible given background variations in the Bouguer gravity
field, such as those caused by cryptovolcanic features (Sori et al., 2016).
Since the Neukum et al. (2001) model coupled with our geophysical
calculations predicts an interval of ∼150 Myrs when no basins are
retained, it is important to investigate further how basin retention
works.

We use the term basin retention to refer to the time when signals of
basin-size impact craters can be preserved to modern day. Basins
formed prior to this time will relax past ∼80% and blend in with the
background crustal thickness variations. That time likely begins before
tsolid, but the exact timing is currently not well defined. Hydrocode
models have recently been constructed to replicate an asteroid impact
into an early crust overlying a layer of partially or completely molten
material (Miljkovic et al., 2017). They find that as this molten layer

shrinks (solidifies) there exists a critical melt thickness (∼10–15 km);
below that thickness the initial basin morphology is unrelaxed, and the
impacts are unaffected by the remaining melt. Basins formed at or after
this point would be expected to survive, albeit in a relaxed and partly
obscured form.

We can estimate the timeframe for the last 10–15 km of solidifica-
tion (when the crust thickens from 30 km to 45 km) using the Stefan
solution, which solves for the propagation of a phase boundary. The
Stefan problem is outlined in Turcotte and Schubert (2014) and takes
the form:

=
−

t
d d

λ κ4
f i

2 2

2 (4)

Here t is the time it takes for the phase boundary to propagate from
the initial crustal thickness di to the final thickness df given a non-di-
mensional constant, λ, and the thermal diffusivity of the upper layer, κ.
The non-dimensional constant, λ, depends on the temperature differ-
ence over the solid layer, the latent heat of fusion, and the specific
entropy. For the final solidifying layer, we use λ≈ 0.88 and κ≈ 10−6

m2 s−1. We find that solidifying the last 10–15 km of melt should take
∼10Myr, which when combined with the ∼50–100Myr needed for
the crust to cool past the critical relaxation temperature (Kamata et al.,
2015) gives ∼60–110Myr as the likely interval between the onset of
recorded (but relaxed) basins, and the onset of unrelaxed basins. We
call this interval ΔtEPN, where EPN stands for Early Pre-Nectarian.

This predicted interval can be compared with the results predicted
from the different chronology curves (Fig. 4). In Table 3, the time when
the onset of recorded basins occurs is given in the N(450)max column
and the onset time of unrelaxed basins in the N(450)cool column. The
difference between these two columns is ΔtEPN. The shorter end of the
timeframe is set by the maximum number of basins formed after PN4
and the minimum total number (i.e. excluding the transparent squares
in Fig. 2) and the longer end is set by including all basins in Table 2. We
give higher weight to the likelihood of a shorter timeframe because the
stronger set of basins excludes the doubtful group with no Bouguer
gravity signal, implying a later preservation starting date for impact
basins.

The chronology based on an extrapolation of Robbins (2014) gives
ΔtEPN ∼ 20–50 Ma, a brief time for all the preserved early Pre-Nec-
tarian basins to have formed compared with our Stefan solution. The
chronology based on Neukum et al. (2001) predicts a ΔtEPN ∼ 50–120
Ma. The accretion tail model (Morbidelli et al., 2018) has a similar
ΔtEPN, ∼ 40–90 Ma. Both ranges fit within the Stefan solution frame-
work. If these epochs were long, it would imply that either the cooling
period was prolonged (e.g. by tidal heating) or that basins could survive
to the present even when formed on thin crusts.
Morbidelli et al. (2012)’s sawtooth model gives a range of ∼ 40–85 Ma
for ΔtEPN, which is on the low end of our Stefan timescale. The
Morbidelli et al. (2018) sawtooth model gives a similar timeframe of
∼35–75 Ma. This is driven by the high initial slope of the sawtooth
models. On the other hand, the sawtooth models do not require a
prolonged epoch before the onset of basin preservation, and also readily
explains the relative abundances of unrelaxed (post-PN4) and relaxed
(PN4 or older) basins.

5.5. Elusive ages for Asperitatis and Fecunditatis

With the change in the mean relaxation state that divides the early
pre-Nectarian from younger basins, we have another rough check to
determine the approximate age of large lunar features. By combining
the crustal thickness ratio with stratigraphy, we can constrain the ages
of proposed basins to within a range of a few relative age units. The
crustal thickness ratio for Asperitatis is 0.47 ± 0.09. This value would
place it within the unrelaxed group (ratio< 0.6) and would imply that
the impact occurred shortly after the LMO solidified and the Moho
cooled past 1400 K. This combined with the stratigraphic evidence
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would place Asperitatis as forming in the late Pre-Nectarian over earlier
in the same period. We include Asperitatis in the upper range of basins
that formed during or after the late pre-Nectarian in our previous sec-
tions. Fecunditatis has the lowest crustal thickness ratio in the early
pre-Nectarian group (#15 in Table 1/Fig. 3). The basin's relative age
remains elusive, but the relaxation state of the feature implies that it
may be younger than previously thought. This technique may provide a
tool for studying the age of large-scale features on terrestrial bodies
where we understand the evolution of the thermal state. On the Moon,
this could be useful due to the unconstrained nature of the early eras of
the lunar surface.

6. Conclusions

GRAIL gravity data have revealed and characterized new lunar
impact basins. We have applied crater counting techniques in order to
find relative ages for these ancient proposed basins. The proposed ba-
sins based on gravity data (Neumann et al., 2015) for which we
achieved crater counts are all older than PN4.

Using a variation on the methodology used in Kamata et al. (2015),
we characterized the relaxation state of all basins≥ 450 km. We ob-
served the same trend of decreasing relaxation with decreasing age,
with a notable change in the mean relaxation state around PN4 (Fig. 3).
This implies that the thermal state of the Moho passed a critical tem-
perature (1300–1400 K) around PN4.

We then compared the number of unrelaxed basins to estimates
based on magma ocean solidification timescales (from geochronology)
and different impactor flux models (Section 4.2, Fig. 5). Of the five
chronologies we used, the Morbidelli et al. (2012, 2018) sawtooth
chronology fits best when we assume a smaller ratio of 1km:450 km
craters for the lunar surface (b=2.25). The Neukum et al. (2001) and
the Morbidelli et al. (2018) accretion tail chronologies also fit our
constraints, especially when assuming a larger ratio of 1km:450 km
craters for the lunar surface (b=2.5). Both the Neukum/accretion tail
and sawtooth chronologies match tcool. If the actual value of b is be-
tween 2.15 and 2.25, then the sawtooth chronologies provide the best
fit to the estimated “late veneer” mass; the Neukum and accretion tail
chronologies produce too massive a “late veneer” (Section 5.2, Table 3).
Future lunar crater chronologies will have to take the limited number of
basins that formed after PN4 and the mean relaxation state of these
basins into account.
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