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A B S T R A C T

The formation of the Moon by a giant impact of an object called Theia onto proto-Earth marks the end of the 
main stage of Earth’s accretion. However, the timing of this event is controversial, with estimates ranging be
tween ~50 and ~220 million years (Ma) after solar system formation. The 87Rb-87Sr system has the potential to 
resolve this debate, as formation of the Moon resulted in strong fractionation of rubidium from strontium. To 
better determine the initial 87Sr/86Sr of the Moon, we obtained Rb-Sr isotope data for several lunar ferroan 
anorthosites, which define an initial 87Sr/86Sr of 0.6990608±0.0000005 (2 s.e.) at 4.360±0.003 Ga. Modeling 
the pre-giant impact Rb-Sr isotopic evolution of Theia and the proto-Earth reveals that while in the canonical 
giant impact model no Rb-Sr model age can be determined, all other current impact models yield a Moon for
mation age of 4.502±0.020 Ga, or 65±20 Ma after solar system formation. When compared to the chronology of 
lunar samples, this age implies that solidication of the lunar magma ocean took ~70 Ma, and that the Moon 
underwent a global re-melting event ~150 Ma after its formation.

1. Introduction

The Moon is thought to have formed as the result of a giant impact of 
an object called ‘Theia’ with proto-Earth near the end of Earth’s accre
tion (Canup and Asphaug, 2001). Despite its importance for determining 
the timescale of Earth’s formation, until now the age of the Moon has not 
been determined precisely, and current estimates range from ~4.52 to 
~4.35 billion years ago (Ga), or ~50 to ~220 million years (Ma) after 
solar system formation (Barboni et al., 2017; Borg et al., 2019, 2011; 
Bottke et al., 2015; Dauphas et al., 2025; Greer et al., 2023; Halliday, 
2008; Jacobson et al., 2014; Maurice et al., 2020; Nemchin et al., 2009; 
Woo et al., 2024). The most common approach to determine the Moon’s 
formation time is by dating the different rock types assumed to have 
crystallized from the lunar magma ocean (LMO), which had formed as a 
result of the energy released by the giant impact (Smith et al., 1970; 
Warren, 1985). Solidification of the LMO led to chemical differentiation 
of the Moon through the separation of dense mafic cumulates from 
buoyant plagioclase-rich cumulates, which formed the ferroan anor
thosites (FAN) that dominate the lunar crust (Elardo et al., 2011; Snyder 
et al., 1992; Warren, 1985; Wood et al., 1970). The end of LMO crys
tallization is commonly associated with the formation of a residual 

liquid referred to as KREEP [for potassium (K), rare earth elements 
(REE), and phosphorus(P); Warren and Wasson, 1979], and the crys
tallization of the Mg-suite, which represent melts intruded into the 
earlier-formed anorthositic crust (Borg and Carlson, 2023; Zhang et al., 
2021a).

Formation ages for early- and late-formed products of the LMO based 
on the analyses of lunar whole-rock samples consistently return ages of 
~4.35 Ga (see summary in Borg and Carlson, 2023); these include 
crystallization ages of FANs, which are thought to have formed soon 
after the Moon’s formation (Borg et al., 2011), and model ages for 
KREEP, which mark the end of LMO crystallization (Gaffney and Borg, 
2014). This consistency of ages has been interpreted to indicate rapid 
LMO crystallization at ~4.35 Ga, which in turn would imply that the 
Moon formed at around this time, i.e., ~220 Ma after solar system for
mation. However, the 176Lu-176Hf isotope systematics of lunar zircons 
have been used to determine an older KREEP source formation age of 
4.51±0.01 Ga (Barboni et al., 2017), which was recently revised to 
4.429±0.076 Ga (Dauphas et al., 2025). Although this age marginally 
overlaps with the aforementioned ~4.35 Ga age peak, there also are 
lunar zircons having crystallization ages of ~4.41–4.45 Ga (Grange 
et al., 2011; Greer et al., 2023; Meyer et al., 1996; Nemchin et al., 2009, 
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2008; Taylor et al., 2009; Zhang et al., 2021b), which together have 
been interpreted to indicate that the Moon formed earlier than ~4.45 
Ga. In this case, the aforementioned prevalence of ~4.35 Ga lunar 
whole-rock ages would have to record a large, potentially global sec
ondary magmatic event unrelated to the original crystallization of the 
LMO (Borg et al., 2015; Borg and Carlson, 2023; Gaffney and Borg, 
2014). It has been suggested that re-melting of large parts of the Moon is 
related to formation of the South-Pole Aitken basin (Barboni et al., 
2024) or to tidal heating during the Moon’s passage through the Laplace 
Plane Transition (Nimmo et al., 2024). Either way, the discrepancy 
between lunar whole-rock and zircon ages combined with the possibility 
that later re-melting of the Moon occurred highlight the difficulty in 
using ages of LMO products to determine the Moon’s formation time.

An alternative way of dating the formation of the Moon is to deter
mine the time of a major chemical fractionation in the Moon that is 
closely associated with the giant impact. The Moon is strongly depleted 
in moderately volatile elements [elements with condensation tempera
tures lower than Mg and Si but higher than FeS; Wolf and Anders 
(1980)], which has been attributed to incomplete condensation of the 
proto-Moon (Canup et al., 2015; Lock et al., 2018), volatile loss from the 
molten Moon (Charnoz et al., 2021), or mixing of volatile-poor and -rich 
materials during Moon formation (Mezger et al., 2021). All these in
terpretations imply that the Moon’s moderately volatile element 
depletion has been established during or soon after the Moon’s forma
tion. Consequently, because Rb is moderately volatile, while Sr is re
fractory, the 87Rb-87Sr isotope system has the potential to date the 
formation of the Moon (Halliday, 2008). To calculate a Rb-Sr age of the 
Moon, prior studies used Rb-Sr isotope data of a single FAN sample (FAN 
60025) to define the initial Sr isotope composition of the Moon and 
assumed that there was efficient post-giant impact isotopic equilibration 
between the Earth and the Moon, such that the initial Sr isotope 
composition of the Moon also reflects that of Earth (Halliday, 2008; 
Mezger et al., 2021; Yobregat et al., 2024). On this basis, Rb-Sr ages of 
4.48±0.02 Ga (Halliday, 2008), 4.507±0.015 Ga (Mezger et al., 2021), 
and >4.488 Ga (Yobregat et al., 2024) have been reported. There are, 
however, two major sources of uncertainty in these Rb-Sr ages. First, it is 
unclear as to whether a single sample accurately records the initial Sr 
isotopic composition of the Moon. For instance, some studies argued 
that FANs formed over an extended period of time (Michaut and Neu
feld, 2022), in which case different FANs may have different initial Sr 
isotopic compositions and FANs with less radiogenic Sr isotope com
positions than FAN 60025 may exist. Thus, the determination of the 
Moon’s initial Sr isotopic composition should rely on Rb-Sr data for a 
larger suite of FANs. Second, although Earth-Moon isotopic equilibra
tion is often invoked as an explanation for the indistinguishable isotopic 
compositions of the Earth and Moon (Pahlevan and Stevenson, 2007), it 
is unknown as to whether any Sr isotope heterogeneity between 
proto-Earth and Theia has been completely erased during or immedi
ately after the Moon’s formation (Borg et al., 2022). As such, it is 
important to assess under which circumstances the Rb-Sr system con
strains the age of the Moon without the assumption of Earth-Moon 
equilibration.

To more rigorously explore the utility of the Rb-Sr system to date the 
Moon, we obtained high-precision Rb-Sr data for several FANs to better 
define the initial Sr isotope composition of the Moon. We use the new 
data to model the Rb-Sr isotope evolution of the Earth-Moon system 
within the framework of current lunar formation models, including 
models that do not rely on Earth-Moon equilibration, and show that the 
Rb-Sr age constraints can help reconciling some of the existing dis
crepancies in lunar chronology.

2. Samples and methods

2.1. Samples and sample preparation

Eight FANs from the Apollo 15 and 16 missions were selected: 

15415, 60015, 60025, 61015, 62255, 65315, 65325, and 67075. Some 
of these samples have previously been investigated for their Rb-Sr sys
tematics (see Table S1 for references), but except for sample 60025, the 
precision of the Sr isotope data achievable at the time of these earlier 
studies was about one of order magnitude worse compared to current 
techniques. The sample selection was guided by (i) the presence of large 
anorthite crystals, which more readily allows separating intact mineral 
grains, (ii) low reported Rb concentrations, which is essential for pre
cisely determining a sample’s initial 87Sr/86Sr, and (iii) low reported 
87Sr/86Sr values and/or other evidence for old formation ages 
(Table S1). In total, 14 different fractions from these samples were 
analyzed: ten plagioclase separates (‘-p’), three bulk samples (‘-b’), one 
residue after hand picking (‘-r’), and one sieved fine fraction (‘-f’; <125 
μm).

Between 50 and 200 mg of FAN samples were crushed in an agate 
mortar and pure plagioclase grains were handpicked under a binocular. 
Where necessary, samples were passed through a 125 μm sieve to obtain 
intact grains. Relatively pure anorthites were identified as translucent 
grains with plain surfaces and no visible dark patches or inclusions 
(Fig. S1). Altogether, ten plagioclase separates (‘-p’), three bulk samples 
(‘-b’), one residue after hand picking (‘-r’), and one sieved fines fraction 
(‘-f’; > 125μm) were measured. After weighing, the samples were 
cleaned with Milli-Q water in an ultrasonic bath to remove any surface 
contamination. The use of any acid for washing was avoided, to not risk 
Rb-Sr fractionation through leaching. Analyses of the wash fractions 
show tens to hundreds of picograms Rb in some fractions, highlighting 
the importance of removing the surface contamination. While it is 
difficult to demonstrate that all surface Rb has been removed by this 
method, the good linear correlation of the data in the Rb-Sr isochron 
diagram and the observation that most samples define a common initial 
87Sr/86Sr (see below) provides strong evidence that any remaining Rb 
contamination was minor to absent.

2.2. Chemical separation

After washing, the samples were digested in pre-cleaned Teflon 
beakers using double distilled HF-HNO3 (2:1) at 140◦C for 2–3 days, 
followed by dissolution in aqua regia at 140◦C for 2 days. Subsequently, 
the samples were dried, redissolved in 0.5 ml 6 M HCl and dried again, 
and then re-dissolved in 2 ml 2.5 M HCl. Depending on the amount of 
sample available, some of the samples were split into two aliquots. One 
aliquot was spiked with a 85Rb-84Sr tracer for the determination of Rb 
and Sr concentrations by isotope dilution (ID-aliquot). The other aliquot 
(IC-aliquot) was used solely for measuring Sr isotopic compositions. This 
procedure allows direct comparison of the Sr isotope results for un- 
spiked and spiked samples (for which the spike was subtracted), 
which for all samples are in excellent agreement (Fig. S3). For samples 
for which less material was available, no IC-aliquot was taken, and the 
entire sample was mixed with an appropriate amount of the 85Rb-84Sr 
spike.

After aliquoting and spiking, samples were loaded onto quartz glass 
columns filled with 5 ml cation exchange resin (BioRad AG-50W-X2, 
200–400 mesh), and Rb and Sr were eluted sequentially using 2.5 M 
HCl (Nebel et al., 2005). The Rb and Sr cuts were dried, re-dissolved in 
concentrated HNO3, and diluted to 0.25 ml 5 M HNO3. These solutions 
were loaded onto homemade microcolumns filled with 100 µl Eichrom 
Sr-spec-B resin, and Rb was eluted using 1.2 ml 5 M HNO3, followed by 
Sr, which was eluted with 1.7 ml Milli-Q water. This procedure resulted 
in sufficiently clean Rb-ID, Sr-ID, and Sr-IC cuts for isotope 
measurements.

Given the low Rb but high Sr contents of the samples, any blank 
contribution is expected to be negligible for Sr, but can be substantial for 
Rb. Thus, Rb blanks were carefully monitored throughout this study, and 
for each sample a Rb blank was processed through the entire digestion 
and chemical procedure. Total procedural Rb blanks were between 3 
and 16 pg (n = 12, 3/4 < 10 pg), resulting in < 5 % Rb blank 
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contribution for most of the samples [except samples 65315-p (29 %) 
and 65325-p (8 %)]. Uncertainties introduced by the blank correction 
are propagated in the final uncertainty of the 87Rb/86Sr ratios reported 
in Table 1. Total procedural blanks for Sr were between 5 and 16 pg (n =
2) and were negligible.

2.3. Isotope measurements

All isotope measurements were performed using the Thermo Fisher 
Triton XT at the Max Plank Institute for Solar System Research (MPS). 
For the Rb-ID measurements, ~0.5 ng Rb was mixed with a Ta2O5 
activator, loaded onto outgassed Re filaments, and the measurements 
were performed at a filament temperature of 600–700◦C for 40 cycles in 
static mode. Interferences from 87Sr on 87Rb were monitored by also 
measuring the ion beam on 88Sr, but no 88Sr signal above baseline was 
observed. Instrumental mass fractionation was corrected using mea
surements of the NIST 984 Rb standard in the same session, and 
assuming a natural 87Rb/85Rb ratio of 0.38554 (Nebel et al. 2005). 
Repeated measurements of this standard yielded an external uncertainty 
on measured 87Rb/85Rb ratios of ±0.5 % (2 s.d.). Owing to the low Rb 
contents of the samples, the largest contributor to the uncertainty on the 
Rb concentrations is the Rb blank correction, which lead to final un
certainties on the 87Rb/86Sr ratios of up to ~5 % (2 s.d.). However, 
because of the low 87Rb/86Sr ratios of the samples of this study, this 
uncertainty is inconsequential for the interpretation of the Rb-Sr isotopic 
data.

The Sr isotope measurements of the Sr-IC and Sr-ID aliquots used a 
three-line multi-dynamic data acquisition scheme described previously 
(Hans et al., 2013; Schneider and Kleine, 2024). Each measurement 
typically consisted of 300–600 cycles and the final 87Sr/86Sr is obtained 
from the 87Sr/86Sr measured in each line corrected for mass fraction
ation relative to 86Sr/88Sr = 0.1194 using the exponential law and the 
88Sr/86Sr measured in two of the lines (for details see Schneider and 
Kleine, 2024). Repeated measurements of the NIST SRM987 Sr standard 
during the course of this study yielded 87Sr/86Sr = 0.710245±0.000005 
(2 s.d., n = 43). If possible, samples were measured multiple times and 
the errors are reported as 2s.e. for n ≥ 4 or twice the standard deviation 
(2 s.d.) of the standards measured within the same session for n < 4.

3. Results

The Rb-Sr results are summarized in Table 1 and plotted on Fig. 1. 
The plagioclase fractions have Rb contents below ~50 ppb and corre
spondingly low 87Rb/86Sr ratios smaller than 0.0009. Only plagioclase 
from sample 67075 has a slightly higher Rb content and due to its 
somewhat lower Sr content has the highest 87Rb/86Sr ratio of the 
plagioclase fractions analyzed in this study. All of the three bulk 

fractions and the fines fraction have higher 87Rb/86Sr ratios than the 
plagioclase fractions of the same samples, but two of the bulk fractions 
(from samples 65315 and 65325) have 87Rb/86Sr ratios within the 
overall range of values observed among the plagioclase fraction. These 
observations indicate that the Rb in these samples is predominantly 
located at grain boundaries between the plagioclase grains and in small 
melt patches. This highlights the importance of analyzing pure plagio
clase fractions for reliably determining the initial 87Sr/86Sr ratios of the 
samples. As we will show below, all but one of the analyzed plagioclase 
fractions have sufficiently low 87Rb/86Sr ratios that allow the reliable 
determination of their initial 87Sr/86Sr ratios.

The 87Sr/86Sr ratios of the FAN samples are broadly correlated with 
their 87Rb/86Sr, and the plagioclase fraction of six samples (60015, 
60025, 61015, 62255, 65325, 67075) plot on a single reference isochron 
(Fig. 1). Linear regression of the Rb-Sr data for these samples yields an 
age of 4.5±0.5 Ga (MSWD = 0.26) but a precise initial 87Sr/86Sr of 
0.6990590±0.0000038 (95 % conf.). The low precision of this age re
flects the limited spread in and overall low 87Rb/86Sr ratios among these 
samples, which in turn allow precise determination of their initial 
87Sr/86Sr ratios. The fines fraction of sample 61015 plots within un
certainty on the isochron, while the three bulk fractions and two 
plagioclase fractions (65315, 15415) plot above the isochron.

The only FAN of this study that has previously been analyzed for its 
Rb-Sr systematics is sample 60025 (Borg et al., 2011; Carlson and Lug
mair, 1988; Yobregat et al., 2024). The 87Rb/86Sr and 87Sr/86Sr ratios 
obtained for plagioclase fractions from 60025 in this study are in good 

Table 1 
Rb-Sr isotopic data for ferroan anorthosites.

Sample Typea Weight (mg) Rb (ppm) Sr (ppm) 87Rb/86Sra n 87Sr/86Sra

15415 Plag. 30.0 0.045±0.002 157±2 0.00083±4 2 0.699120±6
60015 Plag. 18.0 0.034±0.002 161±2 0.00062±3 1 0.699102±7
60025 Plag. 16.9 0.022±0.001 183±2 0.00035±2 5 0.699082±2
60025 Plag. 15.9 0.030±0.002 188±2 0.00047±2 3 0.699089±2
61015 Plag. 6.0 0.051±0.003 169±2 0.00090±5 1 0.699117±2
61015 Bulk rock 27.4 0.233±0.012 193±2 0.00350±18 4 0.699273±2
61015 Fines 29.3 0.103±0.005 185±2 0.00160±8 4 0.699163±2
62255 Plag. 15.2 0.032±0.002 157±2 0.00059±4 1 0.699098±2
62255 Plag. residue 16.0 0.033±0.002 157±2 0.00059±3 4 0.699098±1
65315 Plag. 6.2 0.009±0.001 140±1 0.00019±6 2 0.699081±3
65315 Bulk rock 19.5 0.030±0.002 123±1 0.00071±4 4 0.699141±3
65325 Plag. 9.4 0.010±0.001 184±2 0.00019±2 2 0.699071±5
65325 Bulk rock 24.8 0.015±0.001 166±2 0.00034±2 3 0.699089±5
67075 Plag. 13.5 0.067±0.003 125±1 0.00155±8 4 0.699161±2

a Uncertainties on 87Rb/86Sr and 87Sr/86Sr refer to the last significant digits and for 87Sr/86Sr are given as 2 s.e. for n ≥ 4 or as the 2 s.d. of the SRM 987 measurements 
within the same session for n < 4. 87Sr/86Sr are normalized to 87Sr/86Sr = 0.710245 for SRM 987.

Fig. 1. Rb-Sr isochron diagram for FANs of this study. Reference isochrons for 
4.36 Ga and 4.5 Ga are calculated using a bulk lunar 87Rb/86Sr = 0.018, and 
assuming the initial 87Sr/86Sr of FAN 60025 at its age of 4.36 Ga.
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agreement with the results of these prior studies (Fig. S2). In detail our 
results are more precise than those of two older studies on 60025 (Borg 
et al., 2011; Carlson and Lugmair, 1988), and similarly precise as the 
results of a recent study (Yobregat et al., 2024), reflecting the improved 
precision achievable with current mass spectrometric techniques.

4. Discussion

4.1. The initial Sr isotope composition of the Moon

The low 87Rb/86Sr of FANs allow precise measurements of their 
initial 87Sr/86Sr, which owing to the low 87Rb/86Sr of the bulk Moon can 
then be used to determine the initial 87Sr/86Sr of the Moon itself. The 
observation that some of the samples of this study plot above the 
isochron defined by most of the plagioclase fractions provides evidence 
for some level of disturbance of the Rb-Sr system in these samples, which 
is most likely related to post-crystallization impact metamorphism 
during the intense bombardment of the lunar surface until ~3.8 Ga, the 
time of the late heavy bombardment (Tera et al., 1974; Wetherill, 1975). 
As such, the reliable determination of the initial 87Sr/86Sr ratios of FANs 
requires the analyses of samples with sufficiently low 87Rb/86Sr ratios 
such that the correction of measured 87Sr/86Sr for radiogenic ingrowth is 
independent of the assumed age of a sample. Considering an age dif
ference of between 4.36 and 3.8 Ga (i.e., the difference between the 
crystallization age of FAN 60025 and the time of the late heavy bom
bardement) yields a ~10 ppm difference in age-corrected initial 
87Sr/86Sr ratios for a 87Rb/86Sr ratio of 0.001. Thus, given an external 
reproducibility of ±5 ppm of the 87Sr/86Sr measurements, the initial 
87Sr/86Sr of a sample can be determined reliably (i.e., independent of its 
assumed age) for samples having 87Rb/86Sr ≤ 0.001. This condition is 
met by all but one (sample 67075) of the plagioclase fractions analyzed 
in this study (Table 1, Fig. 1). This approach relies on the assumption 
that there had been no change in the 87Rb/86Sr ratios of the analyzed 
plagioclase fractions after 3.8 Ga. This assumption is reasonable because 
any post-crystallization change of the 87Rb/86Sr likely occurred during 
impact metamorphism (e.g., by volatilization of Rb) and, as such, should 
largely have happened before or during the late heavy bombardment at 
3.8 Ga.

Among the FANs with sufficiently low 87Rb/86Sr is sample 60025, for 
which a precise absolute age of 4.360±0.003 Ga has been determined 
(Borg et al., 2011). Thus, for the age correction of measured 87Sr/86Sr 
ratios of the plagioclase fractions we use the age of FAN 60025, although 
as noted above, using a different age does not change the results. The 
initial 87Sr/86Sr ratios calculated in this manner agree with each other 
and define a mean initial 87Sr/86Sr = 0.6990608±0.0000005 (2s.e., n =
7) (Table 2, Fig. 2), indistinguishable from the initial 87Sr/86Sr =
0.6990590±0.0000038 (2s.e., n = 7) obtained from the isochron 
regression of these samples (Fig. 1). Two other FANs investigated in this 

study (65315, 15415) plot slightly above the reference isochron defined 
by the other samples and are, therefore, characterized by higher inferred 
initial 87Sr/86Sr ratios (Fig. 1). Thus, these samples either formed later 
than the other five FANs or their Rb-Sr systematics have been disturbed 
by post-crystallization processes such as for instance impact 
metamorphism.

The initial 87Sr/86Sr of FANs determined in this study is indistin
guishable from that of FAN 60025 reported in prior studies, but is now 
more reliably determined based on several samples. More importantly, 
none of the samples of this study shows evidence for a less radiogenic 
initial 87Sr/86Sr, which, given the relatively young age of FAN 60025 of 
~4.36 Ga may be expected to exist. Below we first use the new Rb-Sr 
data to evaluate the age of the Moon and then discuss the significance 
of the Rb-Sr systematics of FANs in the context of lunar chronology.

4.2. Rb-Sr age of the Moon

Until now, a Rb-Sr age for the Moon has been determined by 
assuming efficient post-giant impact Earth-Moon equilibration, in which 
case the initial 87Sr/86Sr of the Moon determined based on FANs would 
also be the immediate post-giant impact initial 87Sr/86Sr of the Earth. 
However, the extent to which Earth-Moon isotopic equilibration 
occurred is debated (Borg and Carlson, 2023; Canup et al., 2023). This 
raises the question of whether a Rb-Sr model age can still be determined 
even when Earth-Moon equilibration did not occur. To assess under 
which conditions this is possible, we calculated the Rb-Sr isotopic evo
lution of proto-Earth and the Moon-forming impactor Theia in current 
formation models for the Moon. We distinguish between four different 
impact scenarios (for a summary see Canup et al., 2023): (i) the ca
nonical impact model (Cameron and Ward, 1976; Hartmann and Davis, 
1975), in which the Moon predominantly consists of material from 
Theia; (ii) models that invoke Earth-Moon isotopic equilibration (e.g., 
Lock et al., 2018); (iii) models in which the Earth and the Moon consist 
of similar mixtures of proto-Earth and Theia [e.g., the half Earth model 
(Canup, 2012)]; and (iv) models in which the Moon is formed mainly 
from proto-Earth’s mantle [e.g., the fast-spinning Earth model (Cuk and 
Stewart, 2012)]. The last three of these models account for both the 
physical properties of the Moon (i.e., mass, angular momentum) and the 
Earth-Moon isotopic similarity, but they do so in different ways. In the 
half-Earth and fast-spinning Earth models, the Earth-Moon isotopic 
similarity results from the physical transport of material to the lunar 
accretion disk, while the equilibriation model assumes post-giant iso
topic equilibration. Importantly, while such equilibration may have also 
occurred in the canonical scenario (Pahlevan and Stevenson, 2007), we 
here consider the original canonical model without equilibration to 
assess the disparate effects of equilibration versus non-equilibration on 
the Rb-Sr systematics.

Table 2 
Initial 87Sr/86Sr for five FANs of this study and their corresponding model ages 
relative to FAN 60025.

Sample Type 87Sr/86Srinitial
a,b (± 2s.e.) Rb-Sr model agec

60015 Plag. 0.699064±7 4345±26
60025 Plag. #1 0.699060±2 4359±17
60025 Plag. #2 0.699060±2 4361±8
61015 Plag. 0.699061±2 4356±6
62255 Plag. 0.699061±1 4355±4
62255 Plag. residue 0.699061±1 4357±5
65325 Plag. 0.699059±5 4362±18

Average 0.6990608±5 4356±4

a Normalized to 0.710245
b Error refers to last digit, and were propagated through calculation of the 

initial
c Model age assuming a bulk lunar 87Rb/86Sr = 0.018±0.006 and 87Sr/86Sr =

0.699060 at 4360 Ma

Fig. 2. Initial 87Sr/86Sr ratios and corresponding model ages for five FANs of 
this study. These samples are used to define the initial 87Sr/86Sr of the Moon at 
4.36 Ga (Table 2).
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4.2.1. Equilibrium case
Of the four aforementioned models, we start with the equilibration 

model because this is the model that has been used in prior Rb-Sr studies 
on the Moon (Halliday, 2008; Mezger et al., 2021; Yobregat et al., 2024). 
With the assumption of Earth-Moon isotopic equilibration, a Rb-Sr 
model age of the Moon can be determined by calculating the time at 
which a reservoir characterized by the BSE’s 87Rb/86Sr ratio has evolved 
to the lunar 87Sr/86Sr as follows (Supplementary Information): 

tMoon ≈
bλtCAI − dλtFAN + a − c

(b − d)λ 

where the parameters are defined as follows: 

a =

(87Sr
86Sr

)

SSI
, b =

(87Rb
86Sr

)

BSE
, c =

(87Sr
86Sr

)

FAN,t
, d =

(87Rb
86Sr

)

Moon 

Current best estimates for parameters a, b, and d are summarized in 
Table S2. Of these parameters, the initial 87Sr/86Sr of the solar system is 
the most uncertain and the two most recent studies (Mezger et al., 2021; 
Yobregat et al., 2024) have used the value determined based on angrites, 
extremely volatile-depleted differentiated achondrites whose initial 
87Sr/86Sr is precisely determined (Hans et al., 2013). However, these 
angrites formed ~4 Ma after solar system formation (Amelin, 2008; 
Kleine et al., 2012; Tissot et al., 2017), and so depending on when Rb 
loss from the angrite parent body occurred, their initial 87Sr/86Sr does 
not necessarily reflect the solar system initial value. This value may 
more directly be determined using Ca-Al-rich inclusions (CAIs), which 
are the oldest dated solids of the solar system. However, CAIs carry 

nucleosynthetic Sr isotope anomalies, as manifested in variations in the 
84Sr/86Sr ratio (internally normalized to a fixed 88Sr/86Sr) (Hans et al., 
2013; Moynier et al., 2012; Papanastassiou and Wasserburg, 1978). 
Depending on whether the Sr isotope anomalies reflect the heteroge
neous distribution of Sr from the p- (proton-capture), s- (slow neutron 
capture), or r-processes (rapid neutron capture), the effects on 87Sr/86Sr 
vary and, as such, impact the estimate of a sample’s initial 87Sr/86Sr. 
Hans et al. (2013) assumed that the 84Sr anomalies in CAIs are due to 
variations in r-process Sr because the same CAIs they analyzed display 
r-process Mo isotope variations (Burkhardt et al., 2011). In this case the 
initial 87Sr/86Sr of CAIs requires an upward correction from the 
measured value of 0.698930 (re-normalized to 0.710245 for the NIST 
SRM 987 standard) to a value of 0.698970 (Hans et al., 2013). This 
higher value happens to be indistinguishable from the initial 87Sr/86Sr 
measured for angrite and eucrite meteorites (Hans et al., 2013), both of 
which show no nucleosynthetic Sr isotope anomalies (Hans et al., 2013; 
Schneider et al., 2023). In this case the initial 87Sr/86Sr of the angrites 
may indeed represent the solar system value. However, it has also been 
shown that some CAIs exhibit large internal 84Sr/86Sr variations 
accompanied by more subdued variations in 87Sr/86Sr, indicating that at 
least some of the nucleosynthetic Sr isotope anomalies in CAIs reflect 
heterogeneities solely in the p-process nuclide 84Sr (Charlier et al., 
2021). These variations do not require any correction of the 87Sr/86Sr 
ratio, and so the upward correction of the measured initial 87Sr/86Sr of 
CAIs assuming that the Sr isotope anomalies solely reflect r-process 
heterogeneity may be too large. To account for this uncertainty, we use a 
solar system initial 87Sr/86Sr = 0.698950±0.000020 (Figs. S4-S6), 
which covers the entire range of possible initial values from 0.698930 (i. 

Fig. 3. Rb-Sr model ages for the time of Moon formation calculated for four different impact scenarios. No discrete peak is obtained for the canonical impact 
scenario, but all other scenarios provide a consistent Moon formation age of 4.502±0.020 Ga, or 65±20 Ma after solar system formation. Ages and associated errors 
were determined by the full-width-at-half-maximum of the peaks. The minimum age for formation of the Moon was set to 4.537 Ga, which is the earliest time possible 
for Moon formation as defined by the two-stage Hf-W model age of terrestrial core formation (Kleine et al., 2002; Nimmo and Kleine, 2015); the maximum age was 
set to 4.360±0.003 Ga as defined by the age of FAN 60025 (Borg et al., 2011).
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e., the measured value which would represent the solar system initial 
provided the 84Sr anomalies in CAIs entirely reflect p-process variations) 
to 0.698970 (i.e., the corrected CAI initial assuming that the 84Sr 
anomalies in CAIs reflect only r-process variations). As shown below, the 
particular choice of the solar system initial 87Sr/86Sr is important for 
determining a Rb-Sr age of the Moon.

By randomly varying the four parameters a, b, c, and d in equation 
(1) within their respective error bounds (Table S2), we calculate an age 
of 4.502±0.021 Ga, or 65±21 Ma after solar system formation (Fig. 3). 
This age is broadly consistent with Rb-Sr ages of between ~50 and 90 
Ma (Halliday, 2008; Mezger et al., 2021; Yobregat et al., 2024) reported 
in prior studies, but this consistency is partly coincidence, for two rea
sons (Fig. 4). First, unlike in two of these prior studies (Halliday, 2008; 
Mezger et al., 2021), our approach considers the Sr isotopic evolution 
within the Moon prior to crystallization of FANs, which results in Moon 
formation ages that are ~30 Ma older than the ages calculated without 
correcting the FAN’s initial 87Sr/86Sr for radiogenic ingrowth within the 
Moon. This, together with the new and more precise 87Sr/86Sr deter
mined in this study, accounts for the difference of our Rb-Sr age 
compared to the 87±13 Ma estimate from an earlier study (Halliday, 
2008). Second, the choice of the initial 87Sr/86Sr ratio of the solar system 
has a similarly large effect on the calculated age (see Fig. S4-S6). Using 
the initial 87Sr/86Sr derived from angrite meteorites results in Rb-Sr 
model ages that are ~30–40 Ma older compared to ages calculated 
relative to the initial 87Sr/86Sr determined based on CAIs. As such, the 
good agreement of our Rb-Sr age compared to the 60±15 Ma age from 
Mezger et al. (2021) reflects that this former age should be ~30 Ma 
younger because the Sr isotope evolution within the Moon was not 
considered, but should also be ~25 Ma older because a different, higher 
solar system initial 87Sr/86Sr was used. A more recent study also used 
this higher initial 87Sr/86Sr and found a maximum Rb-Sr age of 79 or 51 
Ma for the Moon, depending on the assumed 87Rb/86Sr ratio for the 
Moon (Yobregat et al., 2024; Fig. 4). Using the more conservative esti
mate for the solar system initial 87Sr/86Sr from the present study would 
make this age ~25 Ma younger, consistent with the Rb-Sr age of 65 ± 21 
Ma we calculate. Finally, the uncertainty of the Rb-Sr age of this study is 
somewhat larger than uncertainties reported in most of the earlier 
studies, because we use a more conservative uncertainty on the initial 
87Sr/86Sr of the solar system and include the Sr isotope evolution within 
the Moon.

4.2.2. Non-equilibrium models
Without the assumption of Earth-Moon equilibration, a Rb-Sr age 

cannot be calculated as outlined above, because we cannot assume a 
priori that the Earth and Moon had the same immediate post-giant 
impact 87Sr/86Sr. To assess if a Rb-Sr age can nevertheless be deter
mined, we calculate the 87Rb/86Sr of the Earth and the 87Sr/86Sr of the 
Moon (i.e., the two parameters that are well constrained) resulting from 

the particular mixture of proto-Earth and impactor (i.e., Theia) mate
rials predicted in different Moon formation scenarios (Table S3). In these 
models, the 87Rb/86Sr ratios of proto-Earth and Theia are not known and 
are, therefore, assumed to be within the range of compositions observed 
among meteorite parent bodies (Supplementary Materials). Their cor
responding 87Sr/86Sr ratios at the time of Moon formation are deter
mined by calculating the radiogenic ingrowth since the time of solar 
system formation until the time of the Moon-forming impact, and using 
the respective 87Rb/86Sr of each body. In reality, neither proto-Earth nor 
Theia are expected to have evolved with a single 87Rb/86Sr until the 
giant impact, but since we consider the full range of plausible 87Rb/86Sr 
ratios for both objects, all possible Rb-Sr isotopic evolution of these 
bodies should be covered in these calculations (≥5×105 models for each 
scenario). The resulting 87Rb/86Sr of the bulk silicate Earth (BSE) and 
87Sr/86Sr of the Moon can then be calculated by mass balance (Supple
mentary Materials). We ran Rb-Sr evolution calculations for different 
Moon formation scenarios, where the input parameters (87Rb/86Sr ratios 
of Theia and proto-Earth, size of Theia, and mass fraction of Theia in the 
Moon) are varied randomly according to the respective impact scenario, 
and the time of the giant impact is a free parameter. Models are 
considered successful when 87Rb/86SrBSE = 0.08±0.01 and 
87Sr/86SrMoon at time t = 4.360±0.003 Ga matches the observed 
87Sr/86Sr FAN = 0.6990608±0.0000005. Thus, unlike in prior studies 
(Halliday, 2008; Mezger et al., 2021; Yobregat et al., 2024), these cal
culations do not start with the assumption of identical initial 87Sr/86Sr 
ratios for the Earth and Moon.

Our model age results are presented in Fig. 3 for the four afore
mentioned impact models and show that only for the canonical impact 
no Rb-Sr age is obtained. This is consistent with results from an earlier 
study (Borg et al., 2022) and stems from the fact that in the canonical 
model the Moon predominantly consists of impactor material (Canup 
and Asphaug, 2001) and that, therefore, the initial Sr isotope composi
tions of the Earth and Moon are in most cases quite different. By 
contrast, in both the fast-spinning Earth (Cuk and Stewart, 2012) and the 
half Earths models (Canup, 2012), the 87Rb/86Sr of the BSE and the 
initial 87Sr/86Sr of the Moon are reproduced only for a relatively narrow 
range of Moon formation ages of 4.503±0.020 Ga (or 64±20 Ma after 
solar system formation) and 4.502±0.020 Ga (or 65±20 Ma after solar 
system formation), respectively. This is because in the fast-spinning 
Earth scenario, the Moon predominantly consists of proto-Earth mate
rial (Cuk and Stewart, 2012). Therefore, the initial Sr isotopic compo
sition of the Moon provides a good proxy for that of the proto-Earth at 
the time of the impact, which, because Theia is quite small in this sce
nario, in turn is approximately the initial 87Sr/86Sr of Earth. Conversely, 
in the half Earths model (Canup, 2012), the Moon and Earth are pro
duced from approximately the same mixtures of Theia and proto-Earth 
material, such that again the initial Sr isotopic composition of the 
Moon is essentially that of the Earth. Consequently, although these two 
giant impact models do not assume isotopic equilibration between the 
Earth and the Moon, they nevertheless predict very similar (but not 
necessarily identical) initial Sr isotopic compositions for the Earth and 
the Moon.

4.2.3. How well does the Rb-Sr system date the Moon?
Our calculations show that only the canonical impact model does not 

allow to determine a Rb-Sr model age for the formation of the Moon. To 
account for the Earth-Moon isotopic similarity, this impact scenario 
requires proto-Earth and Theia to have had the same nucleosynthetic 
isotope compositions, implying that both formed from the same pre
cursor materials. However, dynamical models of planet formation pre
dict that Earth accreted material from different areas of the accretion 
disk, and so, given the range of isotopic compositions observed among 
meteorites and planets, it appears unlikely that proto-Earth and Theia 
had exactly the same isotopic compositions (e.g., Canup et al., 2023; 
Pahlevan and Stevenson, 2007), although this possibility is difficult to 
exclude entirely (e.g., Dauphas et al., 2014). Another argument that is 

Fig. 4. Comparison of Rb-Sr model ages from different studies. Note that all 
prior studies assumed post-giant impact Earth-Moon equilibration, whereas this 
study also considered Moon formation models without equilibration (for details 
see text). The good agreement among the Rb-Sr ages is partly coincidence, as 
discussed in the main text.
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often cited in favor of post-giant impact Earth-Moon equilibration is the 
similarity of the 182W isotope signatures of the BSE and the Moon 
(Kruijer et al., 2015; Kruijer and Kleine, 2017), which is unexpected 
given that 182W variations record the accretion and core formation 
histories of Theia and the proto-Earth, which were likely different 
(Fischer et al., 2021; Kruijer and Kleine, 2017). Although the Moon 
carries a small 182W excess relative to the present-day BSE (Kruijer et al., 
2015; Touboul et al., 2015), this 182W excess can partly or wholly be 
accounted for by late accretion (i.e. post-core formation addition of 
material to the mantles of the Earth and Moon), and appears to be 
smaller than the 182W excess expected in the canonical model of lunar 
origin (Fischer et al., 2021; Kruijer and Kleine, 2017). As such, the ca
nonical model appears to provide the least realistic scenario to account 
for the isotopic similarity of the Earth and Moon and, as such, also not 
for the Rb-Sr isotope evolution of the Earth-Moon system. By contrast, 
other giant impact models that more readily account for the isotopic 
similarity of the Earth and Moon provide a consistent Rb-Sr model age 
for the formation of the Moon, suggesting the Moon formed at 4.502 
±0.020 Ga, or 65±20 Ma after solar system formation.

This Moon formation age is consistent with the occurrence of lunar 
zircons with crystallization ages of ~4.45–4.42 Ga (Grange et al., 2011; 
Greer et al., 2023; Meyer et al., 1996; Nemchin et al., 2009, 2008; Taylor 
et al., 2009; Zhang et al., 2021b) and a Lu-Hf zircon model age for 
KREEP formation of ~4.43 Ga (Dauphas et al., 2025), all of which are 
younger than the Rb-Sr age of the Moon. This Moon formation age is also 
consistent with predictions of recent dynamical models of terrestrial 
planet formation. While the timing of the last giant impact in these 
models varies [e.g., from 20 to 180 Ma (Woo et al., 2024)], there is an 
inverse correlation between the time of the last giant impact and the 
mass of late-accreted material added to the Earth afterwards (i.e. the late 
veneer). Since the mass of the late veneer on Earth is known from the 
abundances of highly siderophile elements in Earth’s mantle (Walker, 
2009), the correlation of giant impact time with the late-accreted mass 
can be used to infer the predicted time of the Moon-forming impact for a 
given set of planet formation simulations. This approach was first used 
by Jacobson et al. (2014), who inferred an age of the Moon 95±32 Ma 
after solar system formation, based on a series of ’Grand Tack’ simula
tions. Using the same approach, more recent planet formation models, in 
which terrestrial planet formation started from a ring of planetesimals at 
~1 AU, infer a Moon formation time of ~30–80 Ma after solar system 
formation (Woo et al., 2024). Thus, the Rb-Sr age for Moon formation 65 
±20 Ma after solar system formation is consistent with predictions from 
the late-accreted mass on Earth and the dynamics of terrestrial planet 

formation (Fig. 5).

4.3. Ages of FANs and their link to the lunar magma ocean

Although the Rb-Sr data of this study provide no precise absolute 
ages for the investigated FANs, the common initial 87Sr/86Sr ratios of the 
five aforementioned FANs can nevertheless be used to assess a maximum 
age difference among them. The initial 87Sr/86Sr ratios of these five 
FANs vary by no more than ±4.8 ppm (as given by the 2 s.d. of their 
mean 87Sr/86Sr), which in a reservoir characterized by the bulk lunar 
87Rb/86Sr of 0.018 corresponds to a time difference of ~14 Ma. 
Consequently, provided these FANs crystallized from a melt with the 
bulk lunar 87Rb/86Sr, their common initial 87Sr/86Sr indicates they 
formed within at most ~28 Ma of each other at ~4.36 Ga (the age of 
FAN 60025). Since this FAN age is ~150 Ma younger than the Moon’s 
formation age inferred in this study, it does not seem to date the original 
crystallization of the FANs, which is thought to have started soon after 
the Moon’s formation. As pointed out earlier, the ~4.36 Ga age overlaps 
with model ages for the mare basalt and KREEP sources, indicating that 
at this time large parts of the Moon had been in isotopic equilibrium (e. 
g., Borg et al., 2019; Borg and Carlson, 2023). Consequently, the ~4.36 
Ga of FANs is unlikely to reflect unrepresentative sampling or contin
uous recycling of earlier-formed crust in a long-lived magma ocean. 
Instead, it more likely reflects a global event, which based on the results 
of this study, occurred ~150 Ma after the Moon’s formation. Based on a 
prominent ~4.33 Ga age peak among lunar zircons, Barboni et al. 
(2024) proposed that large-scale re-melting of the Moon occurred at 
about this time and was likely related to formation of the South-Pole 
Aitken basin. However, Nimmo et al. (2024) showed that this event is 
unlikely to have led to the observed global resetting of lunar ages. These 
authors instead proposed that tidal heating during the Moon’s passage 
through the Laplace plane transition led to a short period of global 
re-melting at ~4.35 Ga, which reset most lunar ages except those of a 
few zircons. These authors also showed that heating caused by the 
continuous intrusion of melt into the pre-existing anorthositic crust led 
to resetting of ages recorded in crustal materials, consistent with our 
observation of homogeneous ages among the FANs.

4.4. An emerging chronology of the early Moon

The results of this study, together with those of three recent studies 
(Barboni et al., 2024; Dauphas et al., 2025; Nimmo et al., 2024), lead to 
an emerging chronology of the early Moon as follows (Fig. 6). A giant 
impact formed the Moon at 65±20 Ma, as evident from the consistent 
Rb-Sr model ages presented here and the relation of late-accreted mass 
with recent dynamical models (Woo et al., 2024, Fig. 5). This was fol
lowed by formation and crystallization of the LMO, which, as is evident 
from the ages and Lu-Hf systematics of the oldest lunar zircons, reached 
near-complete solidification ~70 Ma after the Moon’s formation 
(Dauphas et al., 2025). Another ~80 Ma later the Moon underwent a 
global re-melting event, which was likely triggered by tidal heating and 
reset all lunar whole-rock ages (Nimmo et al., 2024).

5. Conclusions

New Rb-Sr isotopic data for five lunar ferroan anorthosites provide 
an initial 87Sr/86Sr of 0.6990608±0.0000005 (2s.e.) for the Moon at 
4.360±0.003 Ga. To assess under which circumstances this lunar initial 
87Sr/86Sr can be used to determine the Moon’s formation time, we 
modeled the Rb-Sr isotopic evolution of the proto-Earth and Theia. For 
models in which the isotopic homogeneity of the Earth and Moon re
flects either (i) post-giant impact equilibration, (ii) a Moon consisting 
predominantly of proto-Earth material, or (iii) similar proportions of 
Theia and proto-Earth materials in the Earth and Moon, we consistenly 
find a Rb-Sr age of 4.502 ± 0.020 Ga, or 65 ± 20 Ma after solar system 
formation. By contrast, no Rb-Sr age for the Moon’s formation can be 

Fig. 5. Time of the last giant impact versus late-accreted mass from dynamical 
simulations of planet formation. The model results are taken from Woo et al. 
(2024). The horizontal bar indicates the late-accreted mass on Earth as inferred 
from the abundances of highly siderophile elements in the Bulk Silicate Earth 
(Walker, 2009). The vertical bar indicates the Rb-Sr model age of this study and 
shows excellent agreement with the model predictions.
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determined in the canonical model. Formation of the Moon at ~4.5 Ga is 
consistent with predictions of recent models of terrestrial planet for
mation, with the occurrence of lunar zircons having crystallization ages 
of ~4.45–4.42 Ga, and with the most recent Lu-Hf model age of ~4.43 
Ga for the end of lunar magma ocean crystallization. From these age 
constraints a consistent chronology of distinct events in early lunar 
evolution starts to emerge, suggesting that the lunar magma ocean was 
near-completely solidified ~70 Ma after the Moon’s formation, while a 
global re-melting event, possibly related to tidal heating, occurred ~80 
Ma later and reset all lunar whole-rock ages to ~4.35 Ga, including the 
FANs of this study.
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