
598 | Nature | Vol 636 | 19/26 December 2024

Article

Tidally driven remelting around 4.35 billion 
years ago indicates the Moon is old

Francis Nimmo1 ✉, Thorsten Kleine2 & Alessandro Morbidelli3,4

The last giant impact on Earth is thought to have formed the Moon1. The timing of this 
event can be determined by dating the different rocks assumed to have crystallized 
from the lunar magma ocean (LMO). This has led to a wide range of estimates for the 
age of the Moon between 4.35 and 4.51 billion years ago (Ga), depending on whether 
ages for lunar whole-rock samples2–4 or individual zircon grains5–7 are used. Here  
we argue that the frequent occurrence of approximately 4.35-Ga ages among lunar 
rocks and a spike in zircon ages at about the same time8 is indicative of a remelting 
event driven by the Moon’s orbital evolution rather than the original crystallization of 
the LMO. We show that during passage through the Laplace plane transition9, the Moon 
experienced sufficient tidal heating and melting to reset the formation ages of most 
lunar samples, while retaining an earlier frozen-in shape10 and rare, earlier-formed 
zircons. This paradigm reconciles existing discrepancies in estimates for the 
crystallization time of the LMO, and permits formation of the Moon within a few tens 
of million years of Solar System formation, consistent with dynamical models of 
terrestrial planet formation11. Remelting of the Moon also explains the lower number 
of lunar impact basins than expected12,13, and allows metal from planetesimals 
accreted to the Moon after its formation to be removed to the lunar core, explaining 
the apparent deficit of such materials in the Moon compared with Earth14.

An age for the Moon can be determined by dating a process that results 
in chemical fractionation of parent and daughter elements of a suitable 
radionuclide chronometer and that can be closely linked to formation 
of the Moon itself. One such process is the crystallization of the lunar 
magma ocean (LMO), which led to density-driven separation of early 
mafic cumulates that sank to the bottom from buoyant plagioclase-rich 
cumulates that floated to the top of the LMO, forming the ferroan 
anorthosites (FANs) that dominate the lunar crust15. Crystallization 
of the LMO produced a residual liquid referred to as KREEP (for strong 
enrichments in potassium, rare earth elements and phosphorus), the 
formation of which is frequently used to mark the end of the LMO’s 
solidification15. Ages for the distinct early- and late-formed products 
of the LMO are remarkably consistent and all give an age of approxi-
mately 4.35 billion years ago (Ga), including (1) the most reliable crys-
tallization ages of FANs, (2) the 147Sm–143Nd and 176Lu–176Hf model ages 
of KREEP, (3) a whole-rock 146Sm–142Nd isochron of FANs, mare basalts 
(which formed by remelting of the LMO’s mafic cumulates) and KREEP, 
and (4) crystallization ages of the magnesian suite (Mg suite; which 
represent melts intruded into the earlier-formed anorthositic crust) 
(see summary of ages in ref. 16). These ages have been interpreted to 
reflect rapid crystallization of the LMO and late formation of the Moon 
at approximately 4.35 Ga (refs. 2,4,16). However, thermal evolution 
models predict a more protracted LMO solidification, and interpreting 
the aforementioned ages within the framework of such models leads 
to an estimated earlier Moon formation at 4.425 ± 0.025 Ga (ref. 17). 

Either way, these young proposed ages are problematic for two reasons. 
First, they are late compared with the predictions of most dynamical 
models of planet formation11,18. Second, they are inconsistent with the 
occurrence of rare lunar zircons with older ages5,7 and hafnium isotopic 
compositions indicative of derivation from a KREEP source that may 
have formed as early as about 4.5 Ga (ref. 6), implying that the Moon 
would have formed even earlier. Early Moon formation ages have been 
proposed based on an approximately 4.51-Ga rubidium–strontium 
model for volatile loss from the Moon19 and an approximately 4.52 Ga 
hafnium–tungsten (Hf–W) model age for lunar core formation20, but 
the veracity of both ages is debated21,22. Nevertheless, if the Moon did 
form early, then the clustering of approximately 4.35-Ga lunar ages 
must record a major magmatic event unrelated to the LMO16; one such 
possible event is a large impact, for instance, the one that formed the 
South Pole–Aitken (SPA) Basin8.

Here we argue that the approximately 4.35-Ga age records an episode 
of tidal heating, and is not directly tied to either the formation of the 
Moon or the crystallization of the original post-impact magma ocean. 
Tidal heating has previously been proposed as an explanation for some 
of the Moon’s long-wavelength crustal features23. The tidally heated 
Moon was a ‘heat pipe’ body similar to Jupiter’s moon Io, in which heat 
is advected by hot melt intruding or erupting at the surface, rather than 
being conducted24,25. In this picture, partial melt percolates rapidly 
through the lunar mantle, causing widespread isotopic re-equilibration. 
The continued eruption of material prevents the development of a 

https://doi.org/10.1038/s41586-024-08231-0

Received: 17 April 2024

Accepted: 16 October 2024

Published online: 18 December 2024

Open access

 Check for updates

1Department of Earth and Planetary Sciences, University of California Santa Cruz, Santa Cruz, CA, USA. 2Max Planck Institute for Solar System Research, Göttingen, Germany. 3Collège de France, 
CNRS, PSL University, Sorbonne University, Paris, France. 4Laboratoire Lagrange, Université Cote d’Azur, CNRS, Observatoire de la Côte d’Azur, Boulevard de l’Observatoire, Nice, France. 
✉e-mail: fnimmo@ucsc.edu

https://doi.org/10.1038/s41586-024-08231-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-08231-0&domain=pdf
mailto:fnimmo@ucsc.edu


Nature | Vol 636 | 19/26 December 2024 | 599

true magma ocean26 and results in rapid burial and/or reheating of 
the crust. As shown below, these processes should generally result 
in thermal resetting of the isotopic systems frequently used to date 
lunar samples, perhaps apart from those in some near-surface zircons.  
As such, a tidally driven remelting event at about 4.35 Ga resolves exist-
ing lunar chronological paradoxes and provides information on how 
tidal dissipation in the Earth has varied over time. Figure 1 summarizes 
our predicted timeline of events.

Remelting during the Laplace plane transition at  
4.35 Ga
Three possible episodes of tidal heating of the Moon can be identified: 
the evection resonance, at approximately 8 Earth radii (RE)27–29; the 
Laplace plane transition (LPT), at 16–22 RE (ref. 9) and the associated 
inner and outer 3:2 resonances30; and the Cassini state transition, at 
30–34 RE (ref. 31). These resonances occur, respectively: when the 
Moon’s orbit precession period equals one year; when the effects of  
the Sun and Earth on the Moon’s orbital precession are equal; and when 
the lunar spin and orbit precession periods are equal. Of these tran-
sitions, the Cassini state transition occurs at the largest semi-major 
axis and thus the magnitude of tidal heating is low. Typical values are 
less than 0.1 W m−2 (ref. 32), which are unlikely to trigger widespread 
melting of the Moon. For reasons explained below, the Moon’s passage 
through the evection resonance is unlikely to be the main driver for 
remelting, simply because, to occur at 4.35 Ga, it would require the 
early Earth to be very non-dissipative, even less so than Jupiter, which 
is implausible. For these reasons, we focus here on the LPT, which was 
originally proposed to explain the high inclination of the Moon’s orbit9.

The peak tidal heating rate during the LPT is estimated to be 1014–
1015 W (3–30 W m−2) for a few to several tens of million years9,30,33. The 
primary reason for the large energy release is that a high orbital eccen-
tricity leads to strong tidal heating and a rapid decrease in the lunar 
semi-major axis. The heat flux range during the LPT may be compared 
with the present-day tidal heat production rate in Io of about 2.5 W m−2 
(ref. 34), indicating that the Moon experienced Io-like or larger heat 
fluxes during the LPT.

These high heat fluxes imply prodigious mantle melting and volcan-
ism. Assuming that the tidally generated heat is removed from the 
mantle via advection of melt, we can calculate how long it takes for 
the entire mantle to be fluxed through the melting region (Methods). 
Figure 2 shows that for the estimated LPT heat fluxes, this timescale is 
of order a few million years, depending on the melt fraction. Thus, over 
the duration of the LPT heating event9,30, we expect the entire mantle to 
be partially remelted a few times. However, because of the rapid melt 
removal, we do not expect an actual magma ocean to form26.

Crustal recycling and zircon resetting
Melt produced during the LPT may be either primarily erupted at the 
surface or intruded within the crust; different regions of the Moon 
will be dominated by intrusion or extrusion depending on the local 
density contrast between melt and crust35. Pre-existing anorthositic 
crustal blocks, being low density, are likely to be intrusion dominated.

For end-member cases where all melts are erupted to the surface, 
crustal material is continually buried and advected downwards by 
erupting lavas. Sufficiently deep burial will result in thermal resetting 
and, eventually, remelting. The characteristic timescale to reset the 
entire crust to is simply to = hc/u, where hc is the crustal thickness and u 
is the areally averaged vertical melt velocity. Figure 2 plots the crustal 
recycling time as a function of the heat flux and shows that for the LPT 
range of 3–30 W m−2, this time is about 0.1–1 Myr (Methods). Given 
the likely LPT duration of a few to tens of million years9,30,33, complete 
recycling is expected, so that the final crustal ages recorded in these 
regions will simply be the time at which the LPT-driven recycling ceased.

For areas that experience intrusive rather than extrusive volcanism, 
we created a simple conductive thermal evolution model to study the 
effects of multiple intrusions, and track how these intrusions reset 
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of LMO crystallization and are then transported upwards during eruptions. The 
Moon probably formed at around 5 RE (ref. 53) and its shape froze-in at about 
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about 19 RE. However, the intense volcanism and reheating and/or burial 
associated with this event reset all crustal chronometers except for relict 
zircons, and erased pre-existing impact basins. Here time in million years (Myr) 
is counted forwards from the formation of the Solar System at 4,568 Myr before 
present.
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Fig. 2 | Recycling and melting timescales and elastic thickness as a function 
of heat flux. The shaded box denotes the inferred tidal heat flux during the LPT9. 
A heat-pipe Moon can retain a thick elastic layer while recycling the entire crust 
and remelting the entire mantle in a time short compared with the few to tens of 
million years duration of a tidal heating event. The crustal thickness is taken to 
be 40 km and ϕ is the mean mantle melt fraction. Further details can be found 
in Methods.
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the ages recorded by rocks and zircons (Methods). Figure 3a shows 
snapshots from an example model. The crust heats up while intrusions 
(green crosses) are added over a period of 3.5 Myr appropriate for the 
LPT (red lines), and then subsequently cools (grey and black lines). 
Zircons (red circles) record a lead–lead (Pb–Pb) closure time (relative 
to the model start time) depending on their cooling history. Some 
near-surface zircons (negative ages) are never reset because they cool 
too fast; deep-seated zircons cool slowly and thus record a wide range of 
closure times. In between, there is a pile-up of ages around 3–5 Myr (near 
the time heating ends in this particular model), because this region 
cools rapidly once the heating episode ends. Figure 3b plots a histogram 
of model zircon Pb–Pb closure times using 30 realizations, similar to 
Fig. 3a. We find that there is a peak in the distribution at 3–5 Myr, and 
a small fraction (about 12%) of zircons are not reset at all. These model 
results—a narrow peak8 and a few ancient zircons5,7—strongly resemble 
the characteristics of actual lunar zircons.

Apart from the zircons, tidal heating during the LPT resolves other 
paradoxes in the chronology of the Moon. First, mare basalts, FANs and 
KREEP-rich samples plot along a single 146Sm–142Nd isochron4,36, which 
has been interpreted to indicate that these samples were in isotopic 
equilibrium at approximately 4.35 Ga. These samples originate from 
various depths within the Moon, ranging from the first tens of kilome-
tres down to a few hundreds to 1,000 km (refs. 37,38). Consequently, 
attaining isotopic equilibrium for such a significant volume of the 
Moon is only possible by large-scale advection of melt. This, combined 
with the widespread occurrence of approximately 4.35-Ga ages among 
lunar samples, has until now been ascribed to a late formation of the 
Moon and rapid solidification of the LMO4,16. However, thermal models 
suggest a longer-lived LMO, which should have produced crystalliza-
tion products with distinct ages17. A tidal heating event explains both 
the preponderance of approximately 4.35-Ga lunar ages16 and isotopic 
equilibrium across large portions of the Moon4, given that this event 
was short-lived (a few tens of million years at most9,30,33) with respect 
to the uncertainties of the lunar ages.

Second, the lunar Mg suite appears to derive from distinct reservoirs 
of the LMO, including mafic cumulates from the early stages of LMO 

solidification, plagioclase-rich cumulates similar to FANs, and KREEP. 
Thus, the Mg suite must have formed by remelting after initial LMO crys-
tallization37. Crystallization ages of Mg-suite rocks also cluster around 
approximately 4.35 Ga, which so far has been explained by remelting 
due to cumulate overturn immediately after rapid LMO solidification16. 
However, tidal remelting of the Moon will result in intrusion of melt 
into any pre-existing crust, naturally explaining the close temporal link 
between the Mg-suite rocks and the earlier-formed FANs. Our models 
show that these intrusions result in resetting of ages for nearby FANs 
(Extended Data Fig. 1), consistent with the indistinguishable ages of 
FANs and Mg-suite rocks. Moreover, this scenario permits the preser-
vation of older ages for those FANs that remained more distant from 
any intrusion, although the current evidence for such rocks is weak39.

Although in principle the SPA Basin8 or the older, predicted Procel-
larum Basin40 could have caused the resetting event recorded in the 
approximately 4.35-Ga lunar ages, recent models and analysis docu-
mented in Methods do not provide strong support for these ideas. In 
our model, the SPA Basin should be younger than 4.35 Ga, because 
otherwise it would have been erased.

Implications for the early evolution of the Moon
A tidally induced remelting of the Moon at approximately 4.35 Ga is 
consistent with several prominent features of the Moon, including the 
survival of the Moon’s fossil bulge, the absence of ancient impact basins, 
and the disparate late accretionary histories of Earth and the Moon. The 
Moon appears to have ‘frozen in’ its shape at some earlier epoch when 
it was closer to the Earth and had different orbital or rotational char-
acteristics10,41. Although the details are controversial, freezing in this 
fossil bulge requires the development of a rigid elastic layer, which must 
not be disrupted by a later tidal heating event. Importantly, one of the 
characteristics of an extrusive heat-pipe body is that the bulk of crust 
at any time is cool and rigid24, thus allowing a fossil bulge to persist.

A previous study10 found that the fossil bulge can be explained if a 
12.8-km-thick elastic layer developed when the Moon was at a distance 
of 13 RE, whereas an elastic thickness Te of 25 km requires a semi-major 
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axis of 16 RE. Thus, the fossil figure was probably established before 
the LPT. If Te had decreased below these values subsequently, the fos-
sil bulge would have been reduced. However, Fig. 2 shows that the Te 
inferred for an extrusive heat-pipe Moon during the LPT (solid red line) 
can be up to 40 km and thus permit fossil-bulge survival. Intrusions 
would reduce this value but still permit a cold, rigid layer to persist25.

Although the Moon is canonically cratered, with about 50 impact 
basins, dynamical models suggest that it should host more12. One 
recent study suggested that all basins and craters forming before 
4.35–4.41 Ga were erased13. Some ancient impacts may have gone 
unrecorded because they occurred while a subsurface magma ocean 
was present42. But remelting in the mantle and the massive volcanism 
and resurfacing associated with the approximately 4.35-Ga tidal heat-
ing event provides an alternative way of erasing the Moon’s earlier 
bombardment history and explaining the observed basin and crater  
population.

Finally, a puzzle concerning the Moon is the much lower concentra-
tion of highly siderophile elements (HSEs) in its mantle compared with 
Earth14. Previous explanations for this feature include disproportional 
late accretion of large objects to Earth43 and late HSE removal from the 
lunar mantle during slow magma ocean crystallization terminated by 
mantle overturn12. Our remelting model offers an alternative, as fol-
lows. After the original magma ocean crystallized, subsequent impacts 
will have stranded metal in the lunar mantle44. A later remelting of the 
mantle will have remobilized this metal, which would scavenge HSEs 
as they descend to the lunar core. If the lunar mantle lost all the HSEs 
accumulated before 4.35 Ga, the model lunar HSE concentrations 
delivered by subsequent impacts match those measured, assuming 
30% retention of impact material on the Moon45. It is striking that this 
argument, based solely on dynamical simulations, yields an onset time 
for HSE retention of approximately 4.35 Ga (refs. 12,13,45), consistent 
with our remelting hypothesis.

Implications for the age of the Moon
Interpretation of the approximately 4.35-Ga lunar ages as a result of 
tidal heating rather than original LMO crystallization implies that the 
Moon formed earlier. As the LPT occurs at a particular semi-major 
axis (16–22 RE)9, by tying it to a remelting event at 4.35 Ga we can make 
inferences about the Moon’s early orbital evolution. The primary driver 
of lunar migration is tidal dissipation in Earth, parameterized by the 
dissipation factor QE. Early migration was rapid and probably on a 
timescale comparable to that on which Earth was evolving during its 
recovery from the Moon-forming impact. Consequently, predicting 
QE from first principles is challenging and depends on poorly known 
factors such as the timescale for Earth’s magma ocean crystallization 
and the thickness and duration of any early atmosphere46,47.

Nonetheless, we can deduce an average QE applicable to this period 
of lunar evolution (Methods). The red line in Fig. 4 shows the trade-off 
between the time the Moon formed and the mean QE required for it 
to reach 19 RE at 4.35 Ga. The uncertainty in the LPT distance (±3 RE) 
is indicated by the red shading. An early formation time allows a less 
dissipative Earth (higher QE). The Moon may have stalled at the LPT 
for some tens of million years9,30,34, but Fig. 4 shows that this has very 
little effect on QE except if the Moon formed late (which is ruled out by 
the zircon ages; see below). The QE values derived are generally much 
higher (less dissipative) than the present-day solid Earth, for which 
QE ≈ 300 (ref. 48). However, they are lower than the Q of Jupiter, which 
has been measured to be roughly 3 × 104 using astrometry49. One would 
not expect a solid silicate body, even if fully molten, to be less dissipa-
tive than a gas giant like Jupiter50, and so the Q of Jupiter can be taken 
as strict upper limit for QE.

Figure 4 shows that the time interval between the formation of the 
Moon and the onset of the LPT is uncertain; it could be as much as about 
200 Myr or as short as about 10 Myr. The latter interval is consistent 

with long-term orbital evolution models51, where the Moon reaches 
20 RE about 10 Myr after formation. However, also shown in Fig. 4 are the 
ages of the oldest lunar zircons as well as the Lu–Hf model age of KREEP 
formation as determined on lunar zircons. As these zircons formed after 
substantial differentiation of the Moon6, the Moon must have formed 
before these zircons crystallized at approximately 4.43 Ga, that is, at 
least approximately 80 Myr before the LPT. Conversely, a lower limit for 
the time of Moon formation is provided by the two-stage Hf–W model 
of core formation in Earth of 4.533 Ga, which provides the earliest time 
at which core formation can have ceased52. As the last core formation 
event on Earth is thought to have been triggered by the Moon-forming 
impact, this model age also provides the earliest time at which the Moon 
can have formed, which is about 180 Myr before the LPT.

Although the poor knowledge of QE limits our ability to precisely 
date the formation of the Moon using the time of the LPT, our model 
strongly suggests that the Moon formed much earlier than 4.35 Ga, 
probably in the range of 4.43–4.53 Ga. Dynamical models show that 
terrestrial planet formation is sufficiently stochastic to allow for a 
Moon-forming event as late as about 200 Myr, even starting from 
a concentrated distribution of material around 1 AU (ref. 11). How-
ever, such a protracted phase of terrestrial planet formation typically 
leads to systems that are dynamically overexcited, and the amount of 
material accreted by Earth after formation of the Moon is too small to 
account for the abundances of HSEs in Earth’s mantle11,18. Formation 
of the Moon at approximately 4.5 Ga would solve these problems, but 
in this case the Moon would have accumulated many more impact 
basins and more late-accreted material than observed12,13. Thus, our 
proposal of an early Moon formation followed by a late, tidally driven 
remelting appears a likely way of reconciling these apparently contra-
dictory observations.
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Methods

Heat-pipe Moon
The advection–diffusion equation in a two-dimensional Cartesian 
geometry with no internal heating is written24
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where T is temperature, κ is the thermal diffusivity, u is the downwards 
velocity of the crust due to burial and z is positive downwards. In steady 
state, the solution is
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where Ts is the surface temperature and Tb is the temperature at the 
base of the crust (thickness hc). It is noted that this expression reduces 
to the standard conduction equation in the limit that u is small. The 
conductive heat flux at the base of the crust is F = (Tb − Ts)u/κ, which 
can be rewritten as ρCpu(Tb − Ts), the advective heat flux (the two must 
balance in steady state). Here ρ is the density and Cp is the specific heat 
capacity, modified to include a latent heat effect (that is, we augment 
the usual specific heat capacity with a term L/(Tb − Ts) where L is the 
latent heat).

The isotherm defining the base of the elastic layer in oceanic mantle 
material on Earth is at about 720 K (ref. 54). We use this isotherm and 
equation (1) to determine the elastic thickness as a function of the heat 
flux. For a specified heat flux F, we can also solve for u and thus derive 
the overturn time tc/u. Thus, if F = 10 W m−2, we obtain u = 0.06 m yr−1 
and a crustal overturn time of 0.67 Myr.

The mantle melting timescale may be derived as follows. The surface 
flow rate of material is 4πRM

2 u, and if the melt fraction is ϕ then the 
rate at which mantle material is fluxed through the melting zone is 
4πRM

2 u/ϕ, where RM is the lunar radius (1,740 km). The total volume 
of the mantle is approximately that of the whole Moon, 4/3πRM

3 . Thus, 
the timescale to flux the whole mantle through the melting zone is 
RMϕ/3u. If ϕ = 0.1 and u = 0.1 m yr−1, then the timescale is 0.58 Myr, 
comparable to the crustal overturn timescale.

The parameters adopted are as follows: ρ = 2,600 kg m−3, 
k = 2 W m−1 K−1 (ref. 17), L = 450 kJ kg−1, Cp = 1,200 J kg−1 K−1, Ts = 220 K 
and Tb = 1,500 K. In our baseline models, we take hc = 40 km (ref. 55). 
It has been suggested previously that the early Moon was a heat-pipe 
body56, but not in the context of a tidal heating event.

Intrusive resetting
We solve a simple static one-dimensional finite-difference heat- 
conduction equation in which intrusions are added at intervals. To 
take into account the random nature of intrusive behaviour, we assign 
a probability distribution for the height above the base of the crust z′ 
at which the intrusion occurs, where the probability is proportional 
to exp(−z′/δ), with δ an user-specified scale height. A low value of δ 
means that intrusions are concentrated towards the base of the crust. 
For simplicity, we assume a single characteristic intrusion thickness 
Δd (an integer multiple of the grid spacing Δz) and a characteristic 
time interval between intrusions Δt. Once Δd is specified, Δt is then 
determined by the requirement that Δd/Δt = u, where u is calculated 
as described above.

At intervals Δt, we intrude an intrusion of thickness Δd at a randomly 
chosen grid point in the crust. The intruded material is given an initial 
temperature of Tm and the surface temperature Ts is kept constant. 
The basal heat flux Fb is also kept constant at a value appropriate for 
the Moon before the heating event; the assumption is that tidal heat 
produced in the mantle is being transported by advection (melt ascent) 
rather than conduction. As intrusions proceed, the basal temperature 

will increase. Tidal heating starts at model time zero, ends after 3.5 Myr 
and we then continue the model up to 55 Myr. The finite-difference 
timestep is set to be 0.3Δz2/κ to satisfy the Courant criterion, with 
Δz = 0.5 km. The thermal parameters are the same as for the heat-pipe 
model (above); other nominal parameter values are: Tm = 1,550 °C, 
Fb = 50 mW m−2 and Δd = 2 km.

We use the same model to investigate the extent to which heating by 
the intrusions results in resetting of Pb–Pb zircon ages. Here we imple-
ment a simple model for diffusion to track the time at which diffusive 
loss effectively ceases; this time will give the age recorded.

For a zircon with constant diffusivity D, the time τ it takes for diffusive 
loss to penetrate a distance p into the crystal is given by p = (π2Dτ)1/2, 
where π2 is a factor appropriate for our (assumed spherical) crystal57. 
In reality, D is temperature dependent. We therefore differentiate the 
constant-D relationship to obtain
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Here Δp is the change in penetration distance over a time interval 
Δt. As long as D is changing slowly, we can use this expression to deter-
mine how p(t) increases with time. Once p(t) equals half the radius of 
the crystal, 7/8 of the crystal volume will have experienced Pb loss, 
resetting is assumed to have occurred and in the next timestep we 
restart the calculation setting p = 0 and t = Δt (to avoid a singularity 
at the origin). In this manner, we can track when Pb loss effectively 
ceases. We assume that the diffusivity is given by D0exp(−Q/RT), 
where for Pb D0 = 0.11 m2 s−1 and Q = 550 kJ mol−1 (ref. 58) and R is  
the gas constant. Application of this approach with a cooling rate 
of 10 °C Myr−1 yields closure temperatures of 968 °C and 877 °C with 
zircon radii of 100 μm and 10 μm, respectively. These values com-
pare favourably to the values of about 990 °C and 895 °C shown in 
Fig. 13 of ref. 58. In our nominal model, we assume a zircon radius  
of 50 μm.

For a given depth within the Moon, we know how the temperature 
is evolving with time and can therefore calculate D(t) and the time 
at which the last resetting takes place for any zircons present at that 
depth. This approach is the basis of the zircon ages shown in Fig. 3, 
where a uniform initial distribution of zircons with depth is assumed. 
The results change minimally (<1%) if we double or halve the zircon 
radius. If the intrusions are more concentrated towards the base of 
the crust, the fraction of zircons not undergoing resetting increases, 
as expected (Extended Data Fig. 2). The same analysis for Hf (which 
diffuses more slowly) shows that around 30% of zircons are not reset 
for our nominal model parameters. Longer-duration heating events 
result in more rock resetting (Extended Data Fig. 3).

Lunar orbital evolution
Dissipation in the Earth drives outwards evolution of the Moon, whereas 
dissipation in the Moon circularizes the Moon’s orbit and can also drive 
inwards orbital evolution59. Below we assume that dissipation in the 
Earth dominates. The semi-major axis evolution of the Moon a is then 
given by60:
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Here k2E and QE are the tidal Love number and dissipation factor of the 
Earth, m and M are the mass of the Moon and Earth, respectively, RE is 
the radius of the Earth and n is the mean motion of the lunar orbit. We 
take M = 6 × 1024 kg, m = 7.4 × 1022 kg, RE = 6,400 km and k2E = 0.97. The 
latter value is that appropriate for a strengthless (for example, molten) 
Earth, rather than taking the present-day value of 0.299, which is due 
to the rigidity of the present-day mantle59. A limitation of all existing 
models of the LPT9,30,34 is that they assume constant Q and k2 values; we 



Article
anticipate that incorporating thermal–orbital feedbacks will shorten 
the period of tidal heating.

The role of ancient impacts
We consider whether it is possible that a large impact that formed  
the SPA Basin or the older, predicted Procellarum Basin40 caused the 
resetting event recorded in the approximately 4.35-Ga lunar ages. 
Regarding the SPA Basin, there are three possibilities. The first is 
that ejecta from the SPA impact itself polluted the Apollo region, but 
models show that this does not take place61. Second, SPA melt-sheet 
material may have been redistributed by subsequent impacts8, but 
we find that the fraction of such material at the Apollo sites was only 
around 2% (see below). Third, the SPA Basin might have triggered 
mantle convection and melting62, but a potential problem with this 
model is that the volcanism it produces is long-lived and would not 
obviously generate the spike in ages that a short period of tidal heat-
ing does, and that is observed among the lunar ages. This model also 
implies melting focused on one hemisphere, whereas ours argues 
for global melting. Of note, the lunar meteorite Kalahari 009 shows 
a Pb–Pb age of 4.369 ± 0.007 Ga and based on chemical grounds is 
thought to derive from the lunar farside, consistent with our model 
of a global remelting event at around 4.35 Ga (ref. 63). As this event 
will probably have erased any pre-existing basins, we predict that the 
SPA Basin itself is younger than 4.35 Ga.

Finally, models of the impact that formed the putative Procellarum 
Basin45 show that the resulting impact melt is localized and would not 
be sufficient to cause the kind of global mixing and resetting that the 
lunar samples appear to require. Thus, current models do not support 
the idea of impacts being responsible for the resetting event.

Redistribution of material from the SPA Basin
The Apollo sites will have received material originating from the 
SPA melt sheet and redistributed by subsequent impacts8. They will 
also have received material ejected from other regions of the Moon. 
We wish to compare the relative masses of these two contributions. 
The key factor is that the fraction of ejecta travelling with a particu-
lar velocity decreases as that velocity increases64; thus more distant 
impacts supply a lower fraction of ejecta material compared with 
nearer impacts.

Using the simple Maxwell model65,66, we can show that the volume 
of material Vs ejected at a radial velocity exceeding a specified value us 
ratioed to the total volume of material V ejected is given by
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where g is the surface gravity, Rt is the transient crater diameter and 
Z is a constant. A larger transient crater produces a greater fraction 
of high-velocity material, but the sensitivity is weak64. The minimum 
radial velocity us required for a particle to travel a distance s is given 
by (gs/2)1/2.

We need to deduce the transient crater radius Rt from the observed 
crater radius Rf. To do so, we use the scaling used in ref. 67 where

R R R= ( ) (4)ξ ξ
t c f

1/(1+ )

Here Rc is the simple-complex crater transition radius (9 km for the 
Moon) and ξ is a constant.

We use a catalogue of all impact craters exceeding 1–2 km diameter  
on the Moon68, a total of 1,296,795 excluding the SPA Basin itself.  
To calculate the volume of material ejected from a particular region by 
subsequent impacts, we use the following algorithm for each impact 
crater. (1) Determine whether the centre of the impact crater falls within 
the specified region (for example, the SPA melt sheet). (2) If it does, 
determine the great-circle distance s from the centre of the impact 

crater to the target location. (3) Calculate the minimum horizontal 
speed us required to achieve this distance. (4) Calculate the transient 
crater radius Rt associated with the measured final radius of the crater 
Rf using equation (4). (5) Use us, Rt and equation (3) to calculate the 
volume of material ejected at a speed exceeding us compared with the 
total volume of material ejected.

This algorithm can be repeated for each crater observed to deter-
mine the total mass ejected from the specified region capable of reach-
ing the target site. We perform this algorithm twice, once for craters 
within the SPA melt sheet and once for craters elsewhere. The ratio of 
the two answers gives a measure of what fraction of all material accu-
mulating at the target site is derived from the SPA melt sheet. For our 
nominal parameter values, we find a value of 1.7%.

We follow ref. 66 and take Z = 2.71. Equation (3) then yields an expo-
nent of 0.55, slightly lower than the range of 0.6–0.85 advocated by 
ref. 64. A higher value yields a lower value of Z and results in a smaller 
contribution from the SPA basin. For instance, if we take Z = 2.2, then the 
volume fraction is reduced to 1.4% compared with 1.7% for the nominal 
model. We use ξ = 0.22 to reproduce the relationship between the tran-
sient and final crater diameter derived by ref. 69. Using a lower value of 
ξ = 0.13 causes a slight reduction in the volume fraction deriving from 
the SPA Basin (1.3% compared with 1.7%). We take g = 1.6 m s−2 and use 
the location (0°, 0°) as an appropriate average of the Apollo site loca-
tions. Variations in longitude or latitude by ±10° change the volume 
fraction answer by less than 0.1%.
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Extended Data Fig. 1 | Result of intrusion model on Sm-Nd ages.  
a) A realization of the same thermal model as in Fig. 3 but with δ = 4 km 
(intrusions concentrated towards the base of the crust). The red line shows  
the maximum temperature experienced at each depth. The green boxes show 
where intrusions are added. The mid-crust has regions that are reset (maximum 

temperature exceeds Sm-Nd blocking temperature) but are not actually 
intruded. The blocking temperature of the Sm-Nd system in plagioclase is  
from ref. 70. b) Fraction of crust reset but not intruded as a function of scale 
height δ and basal heat flux Fb.



Extended Data Fig. 2 | Sensitivity of zircon results to parameter variations. 
a) Fraction of zircons with Pb-Pb ages 3-6 Myr (i.e. as the heating episode ends) 
(red line) and fraction with Pb-Pb ages that are not reset (black line) as a function 
of the intrusion scale height δ, based on 30 realizations with Fb = 50 mWm−2 and 
Δd = 2 km. The peak in ages between 3-6 Myr becomes more pronounced as 

intrusions become more widely distributed throughout the crust (larger δ).  
b) As for a) but exploring the zircon fraction as a function of basal heat flux Fb 
and intrusion thickness Δd. Here δ = 20 km. Calculation techniques are 
described in Methods.
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Extended Data Fig. 3 | Sensitivity of thermally reset crust to duration of 
heating event. Sensitivity of fraction of crust reset (in terms of Sm-Nd ages) 
and not intruded, as a function of the duration of the heating event. The 
parameter δ is the scale height of the intrusions (small δ means intrusions  
are more clustered towards the base of the crust).
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