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Abstract:

Determining the age of the Moon, which is commonly considered as the termination of Earth
accretion has been a complex challenge for geochronology. A number of methods have been used
to delineate the age of the Moon based either on absolute chronology of lunar rocks or have relied
on more indirect methods using short-lived nuclides such as ®Hf that was present in the early
history of the Solar System. Model ages usually require some assumptions that are sometimes
controversial or harder to verify.

In this study, new high precision Sr isotope data (2.4 ppm, 2SD) were obtained for a well-dated
lunar anorthosite (60025) in order to better constrain the initial 8Sr/%Sr of the bulk silicate Moon.
This new data is then used to model the Sr isotope evolution of the Earth-Moon starting from the
beginning of the Solar System. To comply with the Hf-W and stable isotope constraints, we then
assume that the Earth and Moon were equilibrated at the time of Moon formation. By investigating
systematically all the sources of uncertainties in our model, we show that compared with previous
work on anorthosite, one can tighten the constraints on the youngest age of Moon formation to no
more than 79 Ma after the beginning of the Solar System, i.e. the Moon cannot be younger than
4488 Ma.

Highlights:
e New high precision Sr isotope data yields a constraint on Moon formation.
e The youngest age of the Moon is 79 Ma after the beginning of the Solar System.

e This model age includes all sources of uncertainties using MonteCarlo simulations.

1. Introduction
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The Moon is thought to have formed after the collision of a large planetary object with the
proto-Earth, yielding a disk of vapor and liquid that later accreted the Moon. Obtaining a reliable
constraint on the age of this event has proven difficult, due to the absence of lunar rocks or minerals
directly recording this event. An indirect approach based on the ®Hf-182W isotope system
(Touboul et al., 2007) was used to argue that the Moon should have formed at least 45 Ma after
the beginning of the Solar System based on the observation that the 82w abundance in the Moon
and the Earth were almost identical, despite having a difference between Hf/W ratios in lunar and
terrestrial rocks. This approach was questioned by Konig et al. (2011) and (Minker, 2010) who
argued that the Moon and Earth had almost identical Hf/W ratios, which implies that no 2w
difference would be expected between the Moon and the Earth, if they initially formed from the
same material. Subsequently, the studies of Touboul et al. (2015) and (Kruijer et al. (2015) have
shown that there was a small (=15 ppm) but resolvable difference between Moon and Earth in 182w
abundances. However, this difference was ascribed to different proportions of late accreted
material between Moon and Earth. More recently, Thiemens et al. (2019) have shown that reliable
Hf/W ratios for the bulk Silicate Moon can only be obtained using low-Ti basalts, as high-Ti
basalts have saturated metal and Ti-rich phases, which makes an estimate of their Hf/W source
difficult. On this basis, the observed Hf/W ratios of low-Ti basalts ranging between 30-48 was
used to infer the Hf/W ratio of the bulk silicate Moon (BSM), which proved significantly higher
than that of the BSE (26); this difference between the Moon and the bulk silicate Earth was then
used to determine an 82Hf-182\ age for the Moon formation of 50 Ma based on the observed small
15 ppm difference in 82w abundance between Moon and Earth (Kruijer et al., 2015; Touboul et
al., 2015). In that study, however, it was considered that the excess 82W was not related to late
accretion. The small difference in *82W abundance between present-day Earth and Moon was then
interpreted as reflecting in-growth of *82W in the Bulk Silicate Moon (BSM) relative to the BSE
and a range of Moon formation ages between 45 and 60 Ma was inferred (Thiemens et al., 2019).
However, this age determination was questioned by Kruijer et al. (2021) who showed that if one
takes into account the possible difference between HSE budget between Earth and Moon, then
there is no longer a difference in ¥2W abundance between Earth and Moon, which means that the
Hf-W constraints on the age of the Moon indicates that it must have formed later than ~50 Ma
(upper limit), as originally inferred in Touboul et al. (2007), even though the constraints on the
Hf/W ratio in the BSM and BSE are admittedly not very tight.
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Using a very different approach, Jacobson et al. (2014) demonstrated that the mass of
material accreted to the Earth after the Moon-forming impact, the so-called ‘late veneer’ was a
function of the time at which the Moon formed. This is simply because the mass of objects in the
protoplanetary disk available to accrete to Earth is decaying with time. Thus, by measuring the
abundance of highly siderophile elements in the Earth’s mantle, which is a proxy for the mass of
late accreted material, it is possible to constrain an age for the Moon formation to be 95+32 Ma at
the earliest after the beginning of the Solar System. This approach has been reasserted by recent
work showing the unfractionated and homogeneous HSE pattern in mantle derived rocks (e.g.
Paquet et al. 2023) that is consistent with late accretion, rather than intra-mantle processes (see
also Righter et al. 2023). Using a completely different method, Barboni et al. (2017) have argued
that Hf isotope data for lunar zircons suggest that the Moon was already differentiated 58+20 Ma
after the start of the Solar System and that the Moon must have formed before that time. However,
this age determination has been questioned in the study of Borg and Carlson (2023) who argued
that this data set was not consistent with earlier work on whole rocks (Gaffney and Borg 2014;
Sprung et al. 2013) or with earlier Lu-Hf data on zircons (Taylor et al. 2009).

Based on internal isochrons obtained for ferroanorthosite rock 60025, Borg et al. (2011)
obtained a consistent 1*6Sm-142Nd, **Nd-14’Sm and U-Pb age for ferroanorthosite rock 60025. If
there had been a magma ocean in the history of the Moon, this age would indicate that the
formation of anorthositic crust of the Moon lasted at least until 200 Myr after the beginning of the
Solar System (see also Borg et al., 2020, 2019, 2011). Whether these anorthosite ages accurately
represent the age of the Moon is a matter of debate. At the very least, the anorthosites that represent
the oldest rocks found on the Moon give the youngest bound for the age of Moon formation. If one
argues furthermore that the magma ocean was short-lived (at most 10 Ma, according to Elkins-
Tanton et al., 2011), this age would indicate that the Moon would have formed only shortly before
that. To reconcile this young age for the Moon with the relatively older sets of ages, several models
for a long duration of the lunar magma ocean (LMO) have been proposed, with the latest version
proposing a preferred model where the magma ocean crystallization stopped 170 Myr after
accretion (Maurice et al., 2020). This study combining a thermal model with geochronological
constraints concludes that the age of the Moon should be 143+25 Myr after the start of the Solar
System. A more recent study has found that zircons from Apollo 17 impact melt breccia yielded

U-Pb ages as old as 4460+31 Ma (Zhang et al., 2021), which yields an age of Moon formation at
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107 Ma or earlier. Last, Connelly and Bizzarro (2016) have used the Pb isotope composition of
the bulk silicate Earth to constrain the time of the Moon-forming impact indirectly and obtained a
Pb model age as young as 4424-4417 Ma or 144-151 Ma after the beginning of the Solar System.
Thus, there is a strong debate, that is still open, regarding the age of the Moon with some
proponents for an ‘Old Moon’ based on Hf-W-HSE budgets, while the Sm-Nd/Lu-Hf U-Pb
chronology of lunar rocks and thermal models would rather argue for a “Young Moon’.

By assuming that the Sr initial isotope composition of the Solar System is known and that
the Rb/Sr ratio of the Earth-Moon system is identical to that of the bulk Silicate Earth, Halliday
(2008) calculated an age for the formation of the Moon that ranged between 50 and 100 Ma, if one
considers the total uncertainties in Rb/Sr and &Sr/2®Sr ratios. Using a similar approach based on a
two-component model for the Earth, Mezger et al. (2021) reported an age range between 45 and
75 Myr. More recently, Borg et al. (2022) used published Rb-Sr data on lunar rocks to derive
constraints on both the age of the Moon and the volatile evolution of Earth and Moon building
blocks. Their conclusions were that Theia (i.e. the Moon-forming impactor) and the proto-Earth
must have formed from precursors that were already depleted in moderately volatile elements such
as Rb. In their scenario, the Moon could have formed from 90% of a highly Rb-depleted precursor
mixed with 10% of proto-Earth material. By assuming that proto-Earth and Theia did not
equilibrate isotopically at the time of the impact, the age of the Moon can be as late as 137 Ma
after the beginning of the Solar System (e.g. Table S1, Model 6). These conclusions relied on the
hypothesis that Theia and proto-Earth were made of isotopically similar materials in terms of Ti,
Cr and O isotopes (as in Dauphas et al., 2014), arguing that these bodies must have both come
from the same reservoirs in the inner Solar System.

Here, we have measured precisely the initial 8Sr/®Sr of ferroanorthosite 60025 and
revisited these interpretations, thereby providing a new view on Rb-Sr systematics of the Earth-
Moon system. In this study, all the ages (unless specified) are reported relative to the beginning of
the Solar System represented by the age of Calcium-Aluminium rich inclusions (CAI) dated at
4567 Ma (Amelin et al., 2010; Connelly et al. 2012) with the U-Pb method.

2. Methods

2.1 Sample preparation and Sr separation
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The 60025 rock is a pristine coarse-grained ferroan anorthosite from the lunar highlands sampled
during the Apollo 16 mission. This sample is a breccia that is thought to come from ejecta from
surrounding large impact basins. Thus, FAN 60025 represents a plutonic rock cooled at depth that
must have been brought to the surface from a depth possibly as large as 50 km (e.g. Spudis et al.
1989). The fragment analyzed in this study is nearly composed of pure plagioclase with only a few
percent of mafic minerals. The sample was first coarsely crushed in an agate mortar, then mafic
minerals, olivines, pyroxenes and oxides were handpicked under a binocular microscope. The
plagioclase fraction (281.4 mg) was crushed into a fine powder and dissolved in a Savillex PFA
beaker using an HF: HNOs mixture. The sample was then dried down and dissolved several times
in concentrated HCI to remove fluorides.

The solution was loaded in 6 M HCI on a column filled with AG1 X8 (100-200 mesh size) anionic
resin to remove Fe, which was retained in the column, while Sr was directly eluted. The sample
was converted to nitrate form, then loaded in 3 M HNO3 on 0.5 ml of Eichrom Sr-resin™. Matrix
elements, including Rb, were eluted in 2.5 ml of 3 M HNOg, then Ba was stripped from the resin
with 6.5 ml of 7.5 M HNOgz and finally Sr was collected with 10 ml of 0.05 M HNOs. The Sr
fraction was evaporated and redissolved in aqua regia several times to remove traces of organic
material released from the Sr-resin. The whole procedure yielded Sr blanks less than 30 = 5 pg and
Rb blanks <45 pg (representing less than 10% of the Rb present in the aliquot used for measuring
Rb). The Rb and Sr concentrations were measured on a ~20 mg aliquot using a Thermo Element
high-resolution ICP-MS. This instrument has very low detection level (~20 ppt) required to

measure the very low Rb content of ferroan anorthosites.

2.2 Mass spectrometric measurements of Sr isotope ratios

The 87Sr/%°Sr ratios were measured on a Thermo Triton plus thermal ionization mass spectrometer
following the methodology described in Yobregat et al. (2017). Approximately 1 pg of Sr was
loaded onto single outgassed zone-refined Re filaments with a TaCls activator. Intensities of
10x10 A for ®Sr were maintained for at least 8 hours. Measurements were done in a
multidynamic mode with the following Faraday cup configuration: Rb (Axial), 8Sr (H1), 8'Sr
(H2), 88sr (H3) for line 1, ®Rb (L1), %Sr (Axial), &’Sr (H1), 8Sr (H2) for line 2 and ®Rb (L2),
83y (L1), 8'Sr (Axial), 88Sr (H1) for line 3. One run consisted of ~800 cycles with an 8 s integration
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time for each line separated by a 5 s idle time. Amplifier rotation was used to improve uncertainties
in final isotope ratios.

The NIST SRM 987 standard was measured over the course of this study and yielded a value of
0.7102487 + 0.0000044 (0.6 ppm, 2 S.E., n = 15). It is common practice to use the 2SD reported
for the standard values to determine the external reproducibility equal to 2.4 ppm (Table S1). The
87Sr/85Sr multidynamic ratios and 8’Rb/%Sr ratios for 60025 are listed in Table S2 and the data of
Carlson and Lugmair (1988) for the same sample is reported for reference. The external
reproducibility of 2.4 ppm (2 S.D.) achieved for the 8/Sr/%Sr ratio is about an order of magnitude
better than the uncertainty of ~30 ppm previously reported for the same sample (Carlson and
Lugmair, 1988) and a factor of 5 compared with the uncertainty reported in Borg et al. (2022) for
the same sample. For the calculations, we have used the external reproducibility (2SD) obtained
on the NIST 987 standard equal to 2.4 ppm. The ICP-MS measurement of Rb and Sr concentrations
used in this study is less precise than the conventional isotope dilution method, but the values are
identical within error (5 %) to the isotope dilution concentrations given by Carlson and Lugmair
(1988).

3. Sr isotope evolution of ferroanorthosite 60025 and the initial 8Sr/%Sr ratio of the bulk
silicate Moon

As shown in Table S2, we measured with high precision the 8Sr/®Sr ratio of ferroanorthosite
(FAN) 60025 that has been well characterized in previous studies (Borg et al., 2011; Carlson and
Lugmair, 1988) and obtained a mean value of 0.6990812 + 0.0000009 (2 S.D., n = 3, Table S2)
using the analytical technique developed in Yobregat et al. (2017). If one uses the external
reproducibility derived by NIST 987 measurements, the relative uncertainty obtained for the
plagioclase fraction was thus equal to 2.4 ppm (2 S.D.). In comparison the measured &'Sr/Sr of
the plagioclase fractions measured by Carlson and Lugmair (1988) was equal to 0.699096 and had
a relative uncertainty of 28 ppm. If corrected for the difference in NIST 987 standard reported in
Carlson and Lugmair (1988), this value is equal to 0.699085. The initial 8Sr/®Sr ratio of FAN
60025 at the time of its formation taken to be equal to 4.360 Ga (Borg et al., 2011) was calculated
to be 0.699063+0.0000019, using error propagation and assuming a 5% uncertainty on the Rb
concentration (the 8'Rb decay correction increases the uncertainty from 2.4 to 2.8 ppm). Note that

the age of Borg et al. (2011) was chosen rather than that of Carlson and Lugmair (1988) as it was
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consistent for three chronometers and also consistent with the age of other FANs (e.g. Borg and
Carlson 2023). All these methods yielded consistent isochron ages with a preferred value of
4360+3 Ma, which can be used to pin down the 87Sr/2®Sr of the FAN 60025 at the time this rock
formed. It is thus possible to calculate the initial 8Sr/%®Sr ratios of the mantle reservoir from which
this rock was derived at the time of the Rb-Sr system closure (4360 Ma):
87 ¢\ [ FAN 87 ¢\ foday 87
() ()™ () ey w
FAN

60025 60025

where Tean is the age of formation of FAN 60025, and 2 is the decay constant of 8’Rb equal to
1.3971x10™ yr (Rothenberg et al. 2012). More complex scenarios that we consider unlikely are

discussed in the Supplement.

Table 1. 87Sr/%Sr ratios and elemental Rb and Sr concentrations for FAN 60025

87Sr/86Sr 2s.e. Rb (ppm)  Sr (ppm) 87Rb/85Sr
This study NIST 987 (+2S.D.)  0.7102487 0.0000004
60025 plagioclase* 0.6990809 0.0000011 0.020 196.2 2.95x10*
0.6990809 0.0000010
0.6990817 0.0000013
Mean (£ 2S.D.) 0.6990812 0.0000009
Carlson and Lugmair (1988) 60025 plagioclase 0.699102  0.000020  0.0192 196.5 2.83x10*
0.699090  0.000022
60025 mafic minerals 0.699151 ~ 0.000040  0.0017  4.976 9.89x10°

Data are normalized to 8Sr/%8Sr = 0.1194. The data of Carlson and Lugmair (1988) was renormalized to the same
value of the NIST987 standard reported in Table S1. The mass of plagioclase separates used for the three aliquots was
281.4 mg.

4. A model for the earliest age of the Moon based on Rb-Sr systematics
4. 1 Input parameters
4.1.1 The initial 8’Sr/Sr ratio of the Solar System

It has been shown that the nucleosynthetic composition of Sr in planetary materials is not
identical throughout the Solar System (Hans et al., 2013; Moynier et al., 2012). Most notably,
carbonaceous chondrites and calcium-aluminium rich inclusions (CAI) show significant anomalies
expressed as p*Sr (Charlier et al., 2021; Kleine et al., 2012; Moynier et al., 2012). These

anomalies were initially attributed to either a p-component excess in 8Sr or and alternatively it
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could be due to an r-process component excess in Sr and 8Sr that would translate to an 84Sr
anomaly after mass fractionation correction using the #Sr/®Sr ratios as is commonly done.
However, Charlier et al. (2021) have argued that it is unlikely to be an r-process component as this
would yield large 8’Sr anomalies in the Allende leachates analyzed in that study. Thus, the
preferred interpretation of Charlier et al. (2021) is that these anomalies are caused by an excess of
p-process nuclide 84Sr. The presence of these anomalies reveals that the early Solar System was
not fully homogenized with respect to Sr isotopes, unlike what had been argued in earlier studies
(Palme, 2000). This observation for Sr isotopes is fully consistent with other observations made
on refractory elements (Cr, Ti, Mo) that show a clear dichotomy between planetary materials from
the inner solar system (e.g. Trinquier, 2007; Warren 2011; Kleine et al. 2020) and a second
reservoir that could be the outer solar system (i.e. beyond Jupiter). The observed heterogeneity at
the scale of a few astronomical units, indicates that the planetary dust was not well mixed within

the early Solar System.

Thus, it has become questionable to use 87Sr/%®Sr measured in CAl as a reliable initial for
the inner Solar System. One evidence for this comes from measurements in angrites and eucrites,
both classified as non-carbonaceous materials, (e.g., Kleine et al., 2020) that give similar initial
87Sr/%5Sr ratios (Hans et al. 2013). The initial &Sr/®°Sr ratio of angrites and eucrites is difficult to
reconcile with the 8Sr/%Sr inferred from CAI, since the nucleosynthetic anomalies in ®Sr are
solely due to an excess of p-process nuclide. As shown in Hans et al. (2013), if one use the CAl
D7 that has the lowest 8Sr/®Sr ratio ever found as the initial Sr isotope ratio of the Solar System
(Papanastassiou and Wasserburg, 1978) to calculate the age of Rb depletion of angrites, it gives
an age of 7.1+£1.6 Ma, while it yields 4.6x£1.5 Ma with CAI E38 (note that we used the Rb/Sr ratio
from Barrat et al. (2012) for calculating the Rb depletion age). This means that Rb loss would
postdate the age of accretion of angrites and would correspond to the time when the first crustal
angrite formed. Altogether, these ages are not consistent with those inferred with Hf-W systematics
(Kleine et al., 2012) and with U-Pb and 26Al-?Mg systematics (Schiller et al. 2015). It is thus more
reasonable to consider that the initial 8'Sr/%°Sr inferred for angrites and eucrites better represents
the initial ratio of the inner solar system, as assumed in recent studies (Mezger et al. 2021 or Borg

et al., 2022) without considering that the CAI could represent the appropriate initial for Sr isotopes.
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In brief, it is legitimate to use the angrite initial 8’Sr/®Sr (Hans et al. 2013) as an anchor for the

estimation of the age of the Moon, in what follows.

4.1.2 Rb/Sr ratio in the bulk silicate Earth and bulk silicate Moon.

The 8Rb/®Sr ratio of the bulk Silicate Earth (BSE) has been determined in previous studies
(Hofmann and White, 1983; McDonough et al., 1992). For the sake of this study, we redetermined
a new value of the 8’Rb/®%Sr ratio of the bulk silicate Earth using the more recent Ba/Sr ratio
determined in the Orgueil Cl chondrite (Barrat et al., 2012). This Ba/Sr value for chondrites (0.318)
is also consistent with the Ba/Sr ratio found in the comprehensive study of Allende (Stracke et al.,
2012; Ba/Sr=0.302) or the study of Barrat et al. (2014) for enstatite chondrites yielding an average
Ba/Sr equal to 0.318 (excluding EL6 which are heavily metamorphosed, Stracke et al., 2012). We
then assume that the Ba/Sr ratio of the BSE is chondritic as both elements are refractory and
lithophile. Since Rb and Ba are both highly incompatible in magmatic processes, it is then possible

to use the constant Rb/Ba ratios measured in terrestrial rocks to infer the 8’Rb/®Sr ratio of the

BSE:
St BSE Ba BSE St chondrite

The calculated 8’Rb/®Sr ratio is equal to 0.079. The 8’Rb/®°Sr value obtained with EH chondrites
is equal to 0.0792, which is marginally different. However, this ratio may not be representative of
the Rb/Sr of the Earth at the time of the Moon formation since this event predates late accretion
(also called late veneer), which is generally assumed to consist of volatile-rich materials. For this
reason, one can also correct the 8’Rb/®Sr ratio of the bulk Earth for the effect of the late veneer.
The 8’Rb/®Sr of the Earth prior to the addition of the late veneer is simply inferred by subtracting
a mass fraction of 0.5 % of CI chondrites to the present-day Earth (Day et al., 2007; Walker, 2009).
By subtracting the late veneer contribution, the 8’Rb/®Sr ratio of the BSE shifts from 0.079 to
0.077. Since CI chondrites represent the most Rb-rich material, this calculation provides a
minimum value for the Rb/Sr ratio for the Earth, as long as the percentage of Earth’s mass added
by the late veneer does not exceed 0.5%. If the late veneer materials did not consist of Cl chondrites
and were depleted in volatile elements compared to CI chondrites (as suggested by Ru isotope
observations, Fisher-Godde et al. 2017), the Rb/Sr ratio of the Earth before the addition of the late
veneer would be comprised between the value calculated above (0.077) and the ratio of the present-
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day BSE. In the calculations that follow we have considered that the 8’Rb/®Sr could range between
this minimum value (0.077) and the maximum value taken by Borg et al. (2022) equal to 0.089.

For the bulk Silicate Moon (BSM), a similar approach was used. The mean Rb/Ba ratio estimated
by McDonough et al. (1992) is 0.017, this yields a value of 8’Rb/®Sr equal to 0.015 for the bulk
silicate Moon. A new estimate of this value was calculated using a compilation of Rb/Ba ratios in
thirty-four lunar rocks using only isotope dilution data (Murthy et al., 1971; Philpotts et al., 1972;
Philpotts and Schnetzler, 1970; Schnetzler and Nava, 1971) and we obtained a value of
0.0154+0.0028 (2 S.D.). This translates into a new estimate of the 8’Rb/®Sr for the bulk silicate
Moon equal to 0.0135+0.0024 (2 S.D.). Our calculated 8’Rb/®Sr for the BSM is significantly lower
than the 8’Rb/%Sr suggested in previous publications for FAN 60025 (e.g., Carlson et al. 2014;
Carlson and Lugmair, 1988). However, in order to be conservative, we have considered in our

calculations a broader range from 2.7x10** (assuming it is equal to the Rb/Sr of FAN) to 0.022.

4.2 Determination of the age of the Moon

A striking observation is the similarity in the isotope composition of refractory elements in the
Moon and Earth such as Si, Ca, Mg, Cr, Ti, O (Armytage et al., 2012; Fitoussi and Bourdon, 2012;
Mougel et al., 2018; Schiller et al., 2018; Sedaghatpour et al., 2013; Young et al., 2016; Zhang et
al., 2012). Understanding these observations has been a challenging task over the years. The quasi-
coincidence in isotope signatures between Moon and Earth had initially been used to infer that the
Moon and the bulk silicate Earth have equilibrated with each other at the time of the impact
(Armytage et al., 2012; Fitoussi and Bourdon, 2012; Young et al., 2016). A mean of alleviating
this constraint could be that Theia and the proto-Earth contributed to equal proportions in the Moon
and the Earth resulting in homogeneous isotope composition (Canup 2012). As an alternative,
Dauphas et al. (2014) have hypothesized that the Earth and Theia came from similar regions in the
inner Solar System and had in fact similar O, Cr and Ti isotope compositions. This interpretation
would no longer require an equilibration process as described in various studies (Lock et al., 2018;
Lock and Stewart, 2017; Pahlevan and Stevenson, 2007). Borg et al. (2022) went further by stating
that this hypothesis was also consistent with Rb/Sr ratios lower than that of chondrites, both in
Theia and the proto-Earth, indicating a global volatile element depletion that pre-dated the Giant

Impact. However, this interpretation conflicts with the Hf-W (Kruijer and Kleine 2017; Fischer et

10
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al. 2021) and Si isotope evidence (Armytage et al., 2012; Fitoussi and Bourdon, 2012). Since Theia
and the proto-Earth were unlikely to have had the same evolution in terms of core formation (Hf/W
ratio and age of core formation), it is very unlikely that they had similar W abundances in their
silicate mantles. This was even shown quantitatively by Kruijer and Kleine (2017) who
demonstrated that the probability that Moon and Earth initially shared the same £'82W is less than
5%. Thus, in other words, the similarity in 82W/*84W ratios for Earth and Moon is not just a
coincidence, it must have resulted from a homogeneization process following the giant impact.

A similar argument can be made based on Si, Ca, Mg and Fe stable isotope signatures (e.g.,
Armytage et al., 2012; Fitoussi and Bourdon, 2012; Fu et al. 2023). The Si isotope data show
identical 5°°Si in the Moon and the BSE, while they are distinct from all other planetary materials.
Si isotopes can be affected by the processes of planetary accretion (Hin et al., 2017; Kadlag et al.
2021) and core differentiation (Hin et al., 2014; Shahar et al. 2011). There is no particular reason
to believe that Theia would have inherited the same §°°Si as the proto-Earth, even though it might
have carried the same nucleosynthetic anomalies. Thus, if the Moon consisted mainly of material
derived from Theia as argued in Borg et al. (2022), it would have inherited a silicon isotope
signature distinct from that of the Earth. Fu et al. (2023) further emphasized that in the context of
the traditional impact models, one does not expect an equilibration between BSE and BSM simply
because the Moon stems mostly from the Theia and the energy associated with the impact is
insufficient to produce thorough mixing. This is another argument for an isotope equilibration
between the Moon and the bulk silicate Earth following the giant impact. As an additional
argument, we have calculated the condensation temperatures of Sr, Ca and W in the conditions of
the Moon formation. The results (Figure 1) show that Sr was volatile in the early stages of the
proto-lunar disk evolution and that its volatility is similar to that of Ca and W. Thus, this is a direct
new argument for Sr isotope equilibration, since there is direct evidence for equilibration of Ca
and W isotopes between Moon and Earth, this must be the case for Sr as well.
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Figure 1

Condensation temperature (50%) for Ca, Sr and W calculated using the approach described in
Ivanov et al. (2022) as a function of pressure as described in the Supplementary materials. The
results show that Sr is of similar volatility to Ca and W, which are both elements that have
equilibrated isotopically between the Moon and bulk silicate Earth, following the Moon forming

impact.

In this study, similarly to Halliday (2008) and Mezger et al. (2021), we have considered that the
proto-Earth and Theia have equilibrated and therefore considered that the 8’Sr/®Sr of the Moon
and the Earth were identical at the time of the Moon-forming impact due to efficient mixing, which
is consistent with a high energy structure, as that described in Lock et al. (2018). Reaching such a
high energy structure stems directly from the models of Cuk and Stewart (2012) or Canup (2012),
where the final thermal structure of the proto-lunar disk or synestia directly depends on the

parameters of the collision between proto-Earth and Theia (e.g. Nakajima et al. 2014).

With this hypothesis, it is possible to determine the 87Sr/8Sr ratio of the Bulk Silicate Moon as a
function of the time of Moon formation (see details below). By further assuming that the proto-
Earth started evolving at To with an 8Rb/%Sr equal to that of the BSE+Moon system, it is then
possible to calculate the age of the Moon by stating that at that time, the 8/Sr/®Sr ratio in Moon
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and Earth were equal (See Figure 2). As shown in Figure 2, if Tmoon is shifted to a younger value,
this requires that the initial 'Sr/®%Sr ratio of the inner Solar System has to be below the observed
value. Thus, the calculated age corresponds to the youngest possible age for the Moon. In what
follows, this approach is explained in more details.

v"“-

S?S r}ﬁﬁsr

SS initial
composition ™~

Present

Figure 2. Schematic view of the 8Sr/®Sr temporal evolution for the bulk system (Proto-
Earth+Theia) and the Moon illustrating the principle used for calculating the youngest age of the
Moon. The initial 8’Sr/®Sr of FAN 60025 is calculated at 4.360 Ga (dark green line). This ratio is
then used to calculate the 8'Sr/%°Sr of the Moon at Tmoon the age of its formation (light green line).
Assuming that the bulk system evolved from initial 8Sr/%®Sr of the Solar System ‘SS” at To= 4.567
Ga to a common composition at Tmeon, it is possible to calculate the age that matches this
constraint (intersect of red and light green lines). If the age of Moon formation is shifted to a
younger age T?moon, the initial 8’Sr/%Sr of the Solar System has to be below the observed value.

This defines a youngest age for the Moon.

If one assumes that the initial 8’Sr/%8Sr ratio in the inner Solar System is indeed that defined based
on angrites and eucrites (Hans et al. 2013; Mezger et al. 2021; Borg et al. 2022), it is possible to
estimate the 8Sr/®°Sr of the bulk system (proto-Earth+Theia) by assuming that it evolved as a

closed system until the Moon formed (Figure 2).
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where E+M designates the bulk system (Earth+Moon), To, the age of the beginning of the Solar
System as defined by CAIl and Twmoon IS the age of Moon formation. The bulk system consists of
the proto-Earth and Theia, both of which have an unknown composition. However, if we assume
mass conservation, then the composition of the bulk system is equal to the composition of the
Earth+Moon system. In recent models for the Moon formation, the volatile elements that may have
been lost from the Moon are reaccreted onto the Earth (Charnoz and Michaut 2015; Lock et al.
2018; Charnoz et al. 2021). The 8'Rb/2éSr of the bulk system can thus be calculated as:

87Rb 87Rb 87Rb

— — Xsr 4+ —
86 86 BSE T 8g
SrE+M SrBSE SrBSM

(1 - X3%g

where X5%:is the mass fraction of 8Sr from the bulk silicate Earth in the E+M system (=0.982)
assuming a lunar core representing 1% of the lunar mass. If we then assume that the Moon and the
Earth had identical 8Sr/®Sr ratios at the time of the giant impact, it is possible to estimate the age
of the Moon-forming impact by calculating the time at which the compositions of the bulk system
87Sr/%Sr and of the Moon 8Sr/®Sr coincided, as shown in an 8'Sr/®Sr (t) versus time diagram
(Figure 2). The intersection of evolution line of the bulk system and that of the bulk silicate Moon
composition defines the age of the Moon (Figure 2). The parameters used for this calculation are
given in Table S3. The assumption that the Earth and the Moon had similar Sr isotope compositions
at the time the Moon formed is written as:

876y TMmoon 876y Tmoon

<86Sr> - <86ST> )

Moon E+M

Fortunately, it is also possible to determine independently the 87Sr/2®Sr ratio of the bulk silicate
Moon at the time of Moon formation, Tmoon based on lunar rock data. The revised crystallization
age for FAN 60025 equal to 4.360 + 0.003 Ga obtained by Borg et al. (2011) implies that the initial
87Sr/%Sr ratio of FAN 60025 cannot be taken as representative of the Moon initial 8 Sr/®°Sr ratio
as assumed in Halliday (2008) and Halliday and Porcelli, (2001), unless the age of anorthosite is
equal to the age of Moon. This is an important difference with these previous studies. Anorthosites
such as FAN 60025 are thought to have formed in the last 70-80% of the lunar magma ocean
crystallization by plagioclase flotation. Based on their history, it is possible to consider two

possibilities. As a first possibility (Model A, Figure S1), one can assume that the mantle source of
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anorthosites is similar to that of the bulk silicate Moon with an 8’Rb/®Sr=0.014-0.019 (Halliday
and Porcelli, 2001; Ringwood and Kesson, 1977; Borg et al. 2022) (Model A, see Figure S1). This
makes the implicit assumption that the preceding stages of the lunar magma ocean crystallization
induced little variation in the Rb/Sr ratio. Given that phases crystallizing prior to anorthosite have
been shown to be olivine and orthopyroxene (Elardo et al., 2011; Elkins-Tanton et al., 2011), this
is a reasonable assumption because these phases should not greatly fractionate the Rb/Sr ratio. A
second possibility (Model B) is to assume that the mantle reservoir producing the FAN was as
depleted in Rb as the anorthosite itself (Model B, Rb/Srean=Rb/Sr ssm, see Figure S1) since the
time of Moon formation. This second option implicitly assumes that the anorthosite reservoir
would have formed rapidly after lunar accretion, a hypothesis that would imply a rapid
crystallization of the magma ocean (Elkins-Tanton et al., 2011) and that this reservoir evolved as
a closed system until formation of the anorthosite itself. In this case, the late Sm-Nd and U-Pb age
of FAN 60025 could be attributed to thermal resetting or remelting of existing anorthosite-rich
material.

We first consider that the Sr isotope composition of 60025 was that of the bulk silicate Moon
between the time of Moon formation until the time of the anorthosite formation Tran, (Model A)
and using a standard equation for radioactive decay in a closed system, the 8’Sr/%Sr ratio for the
Moon when the Moon formed can be deduced from the following equation:

87 TFaAN 87 Tmoon 87
ST _ (5 L (_RP (eXTmoon — eATran)  (4)
865,’,. 865,',. 865,',.

BSM

60025 Moon

where Tran is the age of formation of the ferro-anorthosite. Alternatively, in the case of Model B,
we can also assume that the ’Rb/8Sr of this sample is equal to that of FAN 60025 rather than that
of the BSM from Twmoon t0 Tran. The Sr isotope composition of FAN 60025 at the time of its
formation Tean can be deduced from the measured value (Table S2) using equation (4) shown

above. Combining equations (1)-(4), it is then possible to calculate the age of the Moon:

Tymoon =

toda; T
875\ 2 (87Rp (eXTran—1) 87sr\ ©  (®Rb gy (R Ty
e - e —1)—|ge— + e - e
865y 865y 865y 86gy 865y

60025 FAN E+M BSM E+M

(5)

1
=Iln
2

865y

87 87
The equation for Model B is identical, except that we replace (TRb> by (—Rb> .
ST/ Bsm FAN
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423 The age of the Moon was calculated using equation (5) and the results are plotted in Figures 3 and
424 4 for various values of the input parameters. In these calculations, the most sensitive parameter is
425  the 8"Rb/8Sr of the bulk Silicate Moon, which is used as the x-axis for plotting the results.
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429  Figure 3 (a) Forward model for the calculation of the age of the Moon based on Rb-Sr isotope
430  systematics showing the sensitivity of the age determination to 8’Rb/®®Sr ratio of the bulk Silicate
431 Moon (BSM) and to the uncertainty to the 8Rb/®Sr ratio of the Bulk Silicate Earth with the values

432 labeled on the curves. (b) Forward model for the calculation of the age of the Moon based on Rb-
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Sr isotope systematics showing the sensitivity of the age determination to 8 Rb/2Sr ratio of the
bulk Silicate Moon (BSM) and to the uncertainty on the initial Sr/®Sr ratio of the inner Solar
System (Hans et al. 2013). The blue curve corresponds to the mean value p=0.698978, while the

yellow and grey curves corresponds to pu+2c and p-2c, respectively with 26=0.000004.

If we assume that Model A is correct, the age of the Moon is equal to 45 Ma for an 8’Rb/®Sr ratio
in the BSE equal to 0.079. If we now assume that Model B is correct, then the age of the Moon is
73.9 + 0.8 Ma for an 8’Rb/®Sr ratio in the BSE equal to 0.079 (the quoted uncertainty takes only
into account the uncertainty on the measurements of FAN 60025, corresponding to fixed 8’Rb/®°Sr
values in the BSM and BSE. For the sake of comparison, if one uses the analytical uncertainties
on the measured 87Sr/éSr ratio for FAN 60025, reported by Carlson and Lugmair (1988), with the
same values of 8’Rb/®Sr ratios in the Moon and Earth, then the maximum age of the Moon would
range between 24.7 and 68.2 Ma with Model A and between 58.0 and 93.7 Ma with Model B
(Figure 4). Thus, the improvement in analytical uncertainty of FAN 60025 is critical for improving

the age uncertainty (see also below for a detailed assessment).
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Figure 4 Forward model for the calculation of the age of the Moon based on Rb-Sr isotope
systematics showing the sensitivity of the age determination to the initial 8’Sr/%Sr ratio of the
ferro-anorthosite 60025 (a) uncertainties are those reported in Carlson and Lugmair (1988) which
is approximately 28 ppm. (b) uncertainties are those reported in Table S2, this study. There is a

clear reduction of uncertainty on the age determination based on the new data.

A further refinement is that one can consider the existence of late accretion that could have

modified the Rb/Sr ratio of the BSE and this late accretion was not identical for Moon and Earth
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(Kruijer et al., 2015; Touboul et al., 2015). If we substract the contribution of late accreted material
to the BSE assuming that this contribution consisted of chondrites, then the estimated age of the
Moon becomes 46.4 Ma instead of 45.0 Ma (Model A). This indicates that if we combine the
results obtained from Model A and B, the youngest possible age of the Moon is 79.4 Ma after the
beginning of the Solar System. In Figures 3 and 4, we have investigated the sensitivity of the Moon
age on possible input parameters, namely 8’Rb/®Sr of BSE, 8’Rb/%®Sr of BSM, initial &’Sr/2®Sr of
the Solar System, initial 8’Sr/%Sr of FAN 60025. One of the most sensitive parameters is the
8’Rb/®Sresm: as shown in Figure 3-4, the youngest age (79.4 Ma) is obtained for a low 8’Rb/2éSr
in the BSM while an older age (17.6 Ma) corresponds to the highest ’Rb/2®Srgsm value (0.022).
As mentioned above, the calculated age is also very sensitive to the uncertainty on the initial
87Sr/8Sr of FAN 60025. If one takes the uncertainty of 28 ppm on 8/Sr/®%Sr reported in Carlson
and Lugmair (1988) then the youngest age becomes 94 Ma with the lowest bound being 0 Ma
(Figure 4a). In contrast, if one uses the newly determined 8'Sr/®Sr with an uncertainty of 2.4 ppm,
then this range becomes 75.8-79.4 Ma (Figure 4b). The least sensitive parameter is 8’Rb/®Srgse,
given a reasonable range of input values from 0.077 to 0.089 as shown in Figure 3. Similarly, the
uncertainty on the initial 8’Sr/%Sr of inner Solar System also has a limited impact on the calculated

Moon age (Figure 3b).
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Figure 5

87Sr/8°Sr versus time diagram to illustrate the differences between (a) the model of Borg et al.
(2022) and (b) the model presented in this study. The model of Borg et al. (2022) shown here was
redrawn based on the parameters given in their Table S1 (Model 6). During the first stage, the

system evolves as a closed system with 8’Rb/%¢Sr = 0.832 (CI chondrites). After 2 Ma, proto-Earth
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and Theia form and evolve as closed systems until the time of the impact. The time evolution of
the bulk system (Theia + proto-Earth) was recalculated and is shown as a red line. Note that it is
very similar to the evolution of the BSE after the impact. This model clearly shows that the
composition of the bulk silicate Earth is more radiogenic than that of the Moon, which consists
mainly of Theia. The time of the impact is fixed arbitrarily to match the composition of the Moon
using plausible mixing proportions. (b) in this study, the 87Sr/%éSr of the bulk system (recalculated
based on the Moon + BSE mass balance) evolves as a closed system, until the time of the impact
when Earth and Moon equilibrated isotopically. The time of the impact is fixed such that the

87Sr/85Sr ratio of the Moon is equal to that of the bulk system.

Our results clear differ from those of Borg et al. (2022) and for the sake of clarity, we have
reproduced their calculations using their model 6 (Table S1 in Borg et al. 2022). The results are
plotted in Figure 5a and directly compared with one of our models (Figure 5b) using the same
scale in X and Y. The obvious difference is that they do not assume that Earth and Moon had
similar 8'Sr/®Sr due to isotope equilibration after the giant impact, hence the 8/Sr/®Sr of the post
impact Earth is significantly more radiogenic than that of the Moon. We have calculated in addition
the 8’Rb/®®Sr ratio of the bulk system and it is in fact very close to that of the bulk silicate Earth
after the impact. This diagram also illustrates the closed system evolution of Theia and proto-Earth
in the stage preceding the impact with a Rb loss taking place 2 Ma after the beginning of the Solar
System. In what follows, we propose a model where the Rb loss is not necessarily linked with a

unique event of Rb loss, which is strongly restrictive.

5. MonteCarlo simulations of the age of Moon formation.

The model presented in the previous sections illustrates conceptually the method for
calculating the age of the Moon but it is not fully satisfactory from a conceptual viewpoint. In the
previous scenario (similarly to all published models), we have made some simple assumptions
about the 8’Rb/8®Sr evolution of the system by stating that proto-Earth+Theia system had the
87Rb/®8Sr ratio of the BSE (+Moon) since the beginning of the Solar System and that it remained
a closed system since then. However, this scenario is rather restrictive. By essence, the accretion
process does not fulfil the conditions of a closed system and it is known that planetary bodies of

the inner Solar System do not share a common 8’Rb/8éSr value, with values ranging between that
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of angrites (5x10%) up to the maximum &Rb/2éSr found in CI chondrites (0.8-0.9). Thus, it is more
realistic to consider a model where the 8'Rb/éSr of the accreting Earth constantly evolves due to
contribution of bodies with variable Rb-Sr history.
In what follows, we describe a MonteCarlo approach that includes all sources of uncertainties and
considers a more realistic Rb-Sr evolution prior to the Moon formation. The evolution starting
from the beginning of the Solar System is described by N steps of equal duration (At) until the
time of Moon formation (Tmoon). At each step, a fraction of Sr, fi. is added to the growing Earth
whose initial mass of Sr is assumed to be Mo. The new 8/Sr/®Sr at step i is thus:

8757, o 8757, i 8757’

@init o @i—l ' (1 ) @in
A similar equation can be written for 8Rb/®Sr. At each time step, an object with a random mass
was accreted and the 8’Rb-87Sr characteristics of this object were determined according to the
following rules: the 87Sr/8Sr ratio of accreted objects was assumed to evolve starting from the
initial of the Solar System defined by angrites, until it is accreted with an 8Rb/®Sr ratio that is
allowed to take a random value between 0 (~angrites) and 0.832 (CI chondrites). In addition, the
accretionary process could randomly lower this ratio upon accretion, mimicking the effect of
volatile element depletion after a giant impact or any other thermal process. Although this process
is not well constrained, the volatile loss could be due to the impact itself or to the generation of a
magma ocean that would lose its volatile (e.g. Hin et al., 2017). A decay equation is then used to

calculate the in-grown &’Sr:
8757,, 87

; ; 87S,r 87Rb
@i = for @1—1 +(1-15) @in + Kgp

8657.

(eATi—l _ e)‘Ti)

The proto-Earth, is then assumed to grow until it reaches a mass fraction of Sr equal to 1
corresponding to a full accretion. The parameter f. represents the mass fraction of Sr added at
each time step and kj,, is a coefficient ranging between 0 and 1 representing a random Rb loss
linked with accretion. Since Sr is a refractory element, we assume that its concentration is constant
in the accreted material. In this case, the differential equation describing the evolution of &Sr/2Sr
in the silicate mantle can be written as:
d*7sr/%°sr _ 1dM[CLChe c,?]l oy Ic,?fe B 1]
dt M dt [CR5 C5e CBe|  CRe|Cse
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where the subscripts m and me represent the mantle of Earth and the mantle of accreted material,
respectively and C} denotes the concentration of isotope i in reservoir k (i.e. me or m). Since €3¢, =
€88, the above equation can be simplified to:

d®¥sr/%sr  1dM[CR, CY

dt M dt|c8 (B¢

If this equation is discretized over a time step At; it becomes:

8sr  ¥sr 1dM  |%'sr 87sr
Sosr. Sesr_ - Mt ‘ [86Srme - 86Srl,_1]
In this expression, one can recognize that:
1dM

=———A

If this equation is discretized, the accreted mass at time iAt can be calculated as a function of f¢.
defined at step i:
1 AM;

f& = E(Mi —M;_,) = i,

In other words, £ represent a relative incremental mass accreted at time step i. The accretion of
the proto-Earth was assumed to take place over N time steps (N=120) until the Earth reached its
present mass. If we assume that the size of Mg can vary between a 1 km to 1000 km object, then a
large range of growth curves can be constructed (Figure 6). In order to generate growth curves that
are similar to the growth curves of planetary embryos (e.g., Thommes et al., 2003), we used the
following function for the accreted mass:
AM; = rand’
where rand is a random number between 0 and 1 and i represents the time step. For each trial, a

new random value of £{.is calculated at each time step.
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Figure 6 Sample of random growth curves for the Earth generated in the MonteCarlo simulations
mimicking typical accretion curves produced in numerical simulations (e.g., Thommes et al. 2003)

A value of 1 indicates 100% accretion.

Table S2 shows the range of a priori input parameters used in the MonteCarlo simulation. Figure
7 shows examples of 8’Rb/%Sr evolution in the proto-Earth as a function of time for various
simulations.
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575
576 Figure 7 8’Rb/®Sr in the accreting proto-Earth as a function of time produced in MonteCarlo
577  simulation for solutions that match the criteria described in the main text. Only the final values of
578 8’Rb/®®Sr in the bulk silicate Earth range between 0.077 and 0.089.

579

580  This model does not assume that the average ®'Rb/%Sr of the growing Earth is equal to the
581 8'Rb/®Sr of the BSE. Rather, the 8’Rb/%Sr can evolve partly independently of the 87Sr/%Sr ratio
582 in the proto-Earth due to the lack of a closed-system assumption. The only constraint being that at
583  the time of the Moon formation, Sr isotopes in the Moon and bulk Silicate Earth equilibrate and
584 the 8’Rb/®®Sr ratio of the final Earth is equal to that of the BSE, as shown in Figure 7 that represents
585  the 8’Rb/®Sr ratio of the accreting Earth as a function of time. In Figure 8, we also show the mean
586 S’Rb/®Sr ratio of the final Earth obtained for a series of successful models.

587

588
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Figure 8 Histogram of mean 8Rb/®Sr ratios (over time) for the Earth that are solutions of the
MonteCarlo model (section 4.). These ratios range between 0.0137 and 0.260 are both below and
above the value 8'Rb/%®Srgse (0.077-0.089). This illustrates the open-system behavior of the

accretion model.

This model clearly illustrates that our open system model no longer has the constraint that the
mean 8’Rb/%Sr is equal to 8’Rb/®Srgse. Thus, this model simulates more reliably the Earth
accretion than previously existing model that make assumptions about the building blocks (Mezger
et al. 2021), or use two component models where the two components evolve as closed system (no
Rb loss is allowed during accretion; Borg et al. 2022) or assume an 8’Rb/®Sr ratio equal to that of
the BSE (Halliday 2008).

As there are significant uncertainties in the 8’Rb/®Sr ratios of the bulk silicate Moon and bulk
silicate Earth, we assumed a range for these parameters (see discussion above). An evolutionary
path was considered a successful solution if the 8/Sr/®Sr ratios of the proto-Earth at the time of
Moon formation was equal to that of the Moon within error. The most significant source of
uncertainty in this calculation is the assumed value of the Rb/Sr ratio of the BSM. To investigate
the influence of this ratio, the age determination was directly calculated for various &’Rb/éSr

values for the Bulk Silicate Moon ranging between that of FAN 60025 (similar to the scenario of
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Model B) and 0.022 (Model A). This model was also run for the whole range of 8Rb/®°Sr in the
bulk silicate Earth (0.077-0.089).

The results of the MonteCarlo calculation are plotted in Figure 9 and show that the age of Moon
formation ranges between 18 and 79 Ma after CAl for the large range in Rb/Sr assumed for the
BSM and BSE. For 8Rb/®®Srgsm equal to 0.0135+0.0024, as estimated in the Supplementary

materials based on isotope dilution data, the minimum age of lunar formation is 50.4+6.0 Ma.
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Figure 9 Determination of the maximum age of Moon formation as a function of the 8’Rb/®Sr
ratio of the bulk Silicate Moon using a MonteCarlo simulation for the 8Sr/8®Sr ratio of the proto-
Earth as a function of time (see description in section 5.). This simulation takes into account the
joint variability of the parameters shown in Figures 3-4 and the possibly complex open-system Rb-
Sr evolution of the proto-Earth until the Moon forming impact. The blue band marks the preferred
87Rb/%Srgsm value calculated in this study (0.0135+24).

The results of MonteCarlo simulations in Figure 9 shows that considering all sources of
uncertainties (including 8’Rb/®Srgsm, 8’Rb/8Srase, 87Sr/28Srean and 87Sr/Srss), the youngest age
of the Moon should range between 18 and 79 Ma after CAIl, depending on the value of
8"Rb/%Srgsm. To illustrate how the improvement in uncertainties affects the calculated results, A
3-D diagram (Figures S2 and S3; Supplementary materials) showing the solutions obtained with
our new data for FAN 60025 can be compared with the solutions obtained with the uncertainties
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reported in Carlson and Lugmair (1988). The range of solutions is clearly broader with the
uncertainties from Carlson and Lugmair (1988).

This approach provides a robust bound on the youngest age of the Moon, independently of
the exact Sr isotope evolution of the proto-Earth, which is currently unknown. Note that our
simulation shows that the Rb/Sr ratio of the BSE has rather small leverage on the calculated age
(see Figure 3) as also demonstrated in section 4.

Incidentally, the 60025 FAN anorthosite used for this study with a chronometric age of
4.360 Ga (or 200 Ma after CAI) was used for determining a new Rb-Sr age for the Moon. If there
had been a resetting the Sm-Nd or U-Pb ages, this had probably little effect on the 8’Sr/%Sr value
of anorthite of FAN 60025, since this mineral phase contains more than 99.95% of Sr in the whole
rock, as this mineral represents 98% of the rock with 40 times more Sr than in the mafic minerals
(Table S2). Thus, our approach that considers the FAN evolution starting from the time of the giant
impact until 4.36 Ga (Model B) does in fact consider implicitly the effect of resetting and our

estimate of 8Sr/%°Sr at the time of Moon formation depends only on the assumed 8’Rb/2éSr ratios.

6. Implications

Our high precision Sr data on lunar rocks implies that the Moon has to have formed earlier
than 79 Ma after the beginning of the Solar System. If we use the preferred value for the 8’Rb/28Sr
(=0.0135) of the Bulk Silicate Moon, this value falls to 51 Ma. This age is remarkably close to the
most recent estimate for the earliest age of Moon formation given by Hf-W constraints (Kruijer
and Kleine 2017), assuming again that Earth and Moon were isotopically equilibrated (as evidence
by their similar 82w abundances, after accounting for differences in the late accreted material).
Using the most recent data for Hf/W ratios in the BSM and BSE, this maximum age is 48 Ma to
obtain a difference between BSM and BSE that does not exceed 15 ppm (Kruijer and Kleine 2017).
These conclusions are clearly at odds with those of Borg et al. (2022) based on the Rb-Sr system.
The difference in our conclusions can be understood as Borg et al. (2022) have not made the
hypothesis that 8 Sr/8Srmeon="Sr/%®Srgse at the time of Moon formation. With this hypothesis, it
is possible for the bulk silicate Earth to evolve to a higher 8Sr/®Sr than that of the Moon (see
Figure 5a), and this allows the possibility of delaying the time of Moon formation. Owing to
relaxing the hypothesis of isotope equilibration between Earth and Moon, it is then possible to

obtain younger ages for the Moon. For example, in the Models 6 of (Borg et al., 2022) (see their
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Table S1 for details) the 8 Sr/%®Srgse at the time of Moon formation (=0.699168) can be higher than
that of the BSM (=0.699005), which means that the 8’Sr/%®Sr can evolve longer than in the case of
our model. This salient feature of the Borg et al. (2022) model is illustrated in Figure 5a to better
explicit the implications of their hypothesis regarding the absence of Moon-Earth equilibration.
However, as mentioned above this hypothesis is not consistent with the Hf-W and stable isotope
observations (e.g. Fu et al. 2023) and was shown to be very unlikely (Kruijer et al. 2021). This
question was also investigated by Fischer et al. (2021) who also concluded that Earth and Moon
should have equilibrated isotopically after the giant impact.

An advantage of our model that differs from that of Borg et al. (2022) is that we consider
a realistic Rb-Sr evolution of the proto-Earth, as it is being accreted. In contrast, Borg et al. (2022)
have assumed a single-stage ‘closed system’ from 1-2 Ma until the time of Moon formation for
both Theia and the proto-Earth. To be more specific, the two components in their model evolve
separately as closed system (after an initial loss of Rb at the beginning of the Solar System). This
means that the accretion process implies no further loss of Rb. This is a strong hypothesis that does
not fit with the idea that the accretion process of the Earth is by essence an open system where
numerous accreting objects of variable Rb/Sr ratios are being added. Such a complex process is
not well described by a single stage evolution.

Interestingly, the results of our model are similar to those reported in Mezger et al. (2021)
who reported a formation age for the Moon of 60£15 Myr. A notable difference is that our age for
Moon formation represents a minimum age for the Moon, i.e. the Moon did not form later than 79
Ma. It should be mentioned also that the study of Mezger et al. (2021) made strong assumptions
about the proportions and composition of components, one component being volatile-rich (15%)
while the second one was volatile-depleted (85%). However, by considering the trace element data
used to defined these components, one notes that the proportions are not better constrained than
5% (as opposed to the quoted uncertainty of 1%). If one takes these uncertainties into account the
range of ages becomes 60+£30 Myr. Furthermore, if one uses the mixing proportions (85-15%), to
calculate the 8’Rb/®®Sr of the BSE, one obtains a value of 0.16, which is well above the observed
value (=0.08), which makes the reliability of the results problematic. Another issue is that the
history of the FAN 60025 used to derive an age was considered as a fixed value of the initial
87Sr/®®Sr was considered. As explained in our study, one must also account for the poorly

constrained value of the 8’Rb/8®Sr ratio of the bulk Silicate Moon. If this constraint had been
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included, the Moon age derived by Mezger et al. (2021) would have been a maximum as in this
study.

Our new results are also consistent with the conclusions of Jacobson et al. (2014) who
inferred that the Moon must have formed before at 95 + 32 Ma after the beginning of the Solar
System.

The new Rb-Sr age constraint we propose also puts tighter constraints on the youngest age
of Moon formation and these results may appear inconsistent with a very young age for the Moon
based on recent work on lunar anorthosites or with the model age for Moon accretion given in
Maurice et al. (2020). For example, Borg et al. (2011), measured internal isochrons for the FAN
60025 using the Pb-Pb and Sm-Nd isotope systems and obtained a mean age for this rock of 4.360
+ 0.003 Ga (or 208 Ma after CAIl). As mentioned above, these authors further argued that if the
lifetime of the magma ocean was short (as calculated in Elkins-Tanton et al., 2011), then the age
of anorthosites would approximately represent the age of Moon formation. This conclusion was
reemphasized based on more age determinations of anorthosites (Boyet et al., 2015). However,
this interpretation has been questioned because it must be ascertained first that the ages of FAN
really record magma ocean crystallization and there is the possibility of resetting the anorthosite
age by a later event (Asphaug, 2014; McLeod et al., 2014). There is also petrological evidence for
a complex history for the anorthosite lunar crust, indicating multiple events associated with
anorthosite formation (Gross et al., 2014).

By considering a larger data set, Borg and Carlson (2023) have argued that the concordance
of ages recorded for FAN, urKREEP, Mg-suite rocks as well as the Sm-Nd model age of mare
basalts (Gaffney and Borg 2014) fall within a relatively narrow range between 4.33-4.36 Ga. Given
that the cooling of the magma ocean must be relatively fast, this range of ages for samples from
far distant sites (Borg et al. 2019) cannot be coincidental and must be closely related to the age of
the formation of the Moon. However, given the uncertainties in the ages, the possible range of ages
is actually 4.29-4.38 Ga, which span approximately 100 Ma. This first suggest that the duration of
magmatism presumably associated with the formation of a magma ocean is considerably longer
than assumed by the proponents of a young age for the Moon. The cooling of the lunar magma is
probably extremely fast in its first stages because it is highly convective, so it is unlikely to have
started 100 Ma after the accretion of the Moon. Nevertheless, the formation of a plagioclase lid,

which is unavoidable, will take place after 70% crystallization (Schmidt and Kraettli 2022) and
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this will considerably slow down the cooling of the lunar mantle. Thermal models that includes
this process show that the formation of the KREEP and FAN reservoirs will take place late
(Maurice et al. 2020). As aresult, it is expected that the age of ferro-anorthosites (that start forming
after 70% crystallization) will yield a range of ages reflecting the accumulation of anorthite at the
base of the crust. As shown in Maurice et al. (2020) the duration of the last stages of crystallization
could last up to 200 Ma, due in part to the low thermal conductivity of plagioclase. The recent
ages of KREEP, FAN and the Mg-suite could just reflect this late stage of crystallization.
Furthermore, although the 60025 rock was found at the lunar surface, its breccia texture indicates
that it was excavated from depth by a crater forming impact. The depth of excavation could be
tens of km (e.g. Spudis et al. 1989) which is consistent with its plutonic texture. This means that
anorthosites such as 60025 could have recorded delayed cooling at depth in the lunar crust.
Alternatively, it has been shown that the survival of a slushy magma ocean (Michaut and
Neufeld 2022) could lead to a delay in anorthosite crust formation. This model considers first the
formation of a stagnant lid, while the sedimentation of crystals does not take place due to the low
gravity of the Moon and an on-going convection of the slushy and viscous magma ocean. Within
the framework of this scenario, the cooling of the LMO is slowed down and the formation of an
anorthositic crust is delayed by several hundreds of Ma. In brief, both thermal models have the
potential to reconcile the young age of FAN (i.e. ~200 Ma after CAI; Borg et al. 2011; Boyet et

al. 2015) with an older age for the Moon, in agreement with our inference based on Rb-Sr.

Our Rb-Sr age for the Moon can also be compared with estimates of the Moon accretion
based on U-Pb systematics (Connelly and Bizzarro, 2016; Halliday, 2004). For example, Connelly
and Bizzarro (2016) interpreted the U-Pb fractionation observed between the Earth and its
precursor materials (i.e., chondrites) as reflecting a large-scale event of Pb volatilization during
the Moon-forming impact, thereby dating the age of the Moon with ages ranging between 4.426
and 4.417 Ga, or 141-151 Ma after the beginning of the Solar System, which would seem to
contradict our interpretation of the Rb-Sr record. However, as shown in Rudge et al. (2010),
depending on the conditions of metal-silicate equilibration, on the Pb partitioning in the core
(Wood and Halliday, 2010), or on the choice of U/Pb ratio for representing the bulk silicate Earth
(Halliday, 2004), the constraints provided by U-Pb do not necessarily disagree with our Rb-Sr age.
The U-Pb age constraints were recently reevaluated by Maltese and Mezger (2020). Similar to
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Ballhaus et al. (2013), these authors showed that the Pb isotope systematics were mostly controlled
by late accretion of volatile rich material that evolved with a high U/Pb ratio due to Pb
incorporation into the Earth core as sulphide (Wood and Halliday, 2010) and this yielded a
preferred age of 69+10 Ma, which seems in agreement with our Rb-Sr constraints. Overall, the
interpretation of U-Pb for the Earth-Moon system are possibly consistent with the Rb/Sr
constraints and is obviously a matter of debate.

In summary, our more precise Rb-Sr data for lunar anorthosite 60025 combined with a
model that explores widely various sources of uncertainties and a more realistic accretion model
provides new constraints on the age of the Moon. The main source of uncertainty is now the
8"Rb/®Sr of the bulk Silicate Moon but based on existing data (compiled in this study), the
youngest age of the Moon would be ~51 Ma after the beginning of the Solar System.
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Supplementary materials

1. Radioactive correction in FAN 60025 for deriving the initial 8Sr/%Sr at 4.36 Ga
2. Calculation of the condensation temperature of Sr and W in the conditions of Moon
formation

3. Additional figures

1.Radioactive correction in FAN 60025 for deriving the initial 8Sr/%Sr at 4.360 Ga

One question that arises is whether this sample has remained a closed system since its formation
dated at 4.360+3 Ga using the Sm-Nd and U-Pb systems (Borg et al. 2011). As shown in Borg et
al. (2011) and Carlson and Lugmair (1988), the mineral separates analyzed in this sample plot on
an isochron that are indicative of a closed-system behavior for the Sm/Nd and U/Pb systems.
Nevertheless, it is worth investigating whether a more complex history for Rb-Sr systematics in
this rock is possible. To explore the maximum possible uncertainties, we consider two extreme
scenarios.

First, one could consider that the Rb contained in the sample was added late and to obtain the
maximum effect, it would have to be added at the last minute (no in-growth of 87Sr). In this case,
the measured 8'Sr/®Sr ratio would have evolved with Rb/Sr = 0. The age of the Moon was
recalculated and the results are plotted in Figure S4.

Second, in this case, we consider that the FAN 60025 has evolved with a higher Rb that was
recently lost. The maximum RDb/Sr ratio that one could consider is that it was equal to
8"Rb/%%Srgsm=0.014-0.022. In this case the calculated initial 8’Sr/®°Sr at 4.36Ga ranges between
0.69820217 and 0.69769987, which is below the value of the initial 8’Sr/®Sr for the inner Solar

System. Thus, this second scenario is considered even more unlikely.

2. Calculation of the condensation temperature of Sr and W in the conditions of Moon
formation

In order to provide further arguments for the isotope equilibration between the Moon and the bulk
Silicate Earth after the giant impact, the 50% condensation temperatures of Ca, Sr and W were
calculated using the formalism described in Ivanov et al. (2022) using the FactSage™ software.

The composition of the bulk Silicate Earth given in Ivanov et al. (2022) was used. Fegley et al.
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(2023) have assumed that the activity coefficient of Sr was equal to 1. However, the software used
here (FactSage™) includes in its data base a comprehensive data set especially developed for Sr,
based on the PhD work of Shukla (2012) who has studied several binary and ternary compositions
including Sr yielding an activity coefficient different from 1.

The 50% condensation temperature was calculated for various pressures ranging between 10 bar
and 0.001 bar, corresponding to the conditions in the proto-lunar (or synestia) disk as described in
Lock et al. (2018). The results are depicted in Figure 1 and clearly show that the condensation
temperatures for the three elements are relatively close to each other. Thus, if there has been Ca
and W isotope equilibration between the Moon and the bulk Silicate Earth, this must have been

the case for Sr as well.
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Table S1. 87Sr/86Sr ratios in NIST SRM 987

Standards 87Sr/85Sr 2 SE 2SE (ppm) N blocks
std 1 0.7102485 0.0000014 2.0 986
std 2 0.7102487 0.0000015 2.2 957
std 3 0.7102501 0.0000012 1.7 616
std 4 0.7102477 0.0000013 1.8 564
std 5 0.7102478 0.0000013 1.8 417
std 6 0.7102504 0.0000010 1.5 971
std 7 0.7102483 0.0000011 1.6 798
std 8 0.7102482 0.0000012 1.7 1021
std 9 0.7102491 0.0000013 1.8 594
std 10 0.7102491 0.0000012 1.7 558
std 11 0.7102486 0.0000011 1.6 697
std 12 0.7102498 0.0000011 1.5 991
std 13 0.7102476 0.0000014 1.9 767
std 14 0.7102490 0.0000012 1.7 983
std 15 0.7102482 0.0000012 1.6 552

25D 2SD (ppm)
Mean 0.7102487 0.0000017 2.4 15
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1086  Table S2 Values of input parameters in MonteCarlo simulations

Input parameter Description Range
Mo Initial mass of protoEarth 1-1000 km
radius
fi Relative incremental mass 0-1
accreted at stage i
8"Rb/®8Sr sm Parent daugther ratio bulk silicate 0.00027-0.022
Moon
8"Rb/®8Sr gse Parent daugther ratio bulk silicate 0.077-0.089
Earth
87Sr/85Srsotar Initial ratio of Solar System 0.698978
System measured in CAI
TMoon Age of Moon formation 0-200 Ma
1087
1088
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Figure S1

Evolution of the 8/Sr/®°Sr ratios for ferroanorthosite 60025 as a function of time for Model A and
Model B compared with a single stage evolution starting from the beginning of the Solar System
at To as described in Carlson et al., (2014) and Carlson and Lugmair, (1988). Model A and Model
B both assume that the Moon and bulk Silicate Earth had similar 8’Sr/®®Sr at the time of Moon
formation (T4, and T5,,,,) Which is not the case of the single stage model. The 8’Rb/®Sr of the
bulk silicate Moon or the FAN 60025 (given by the slope of the evolution lines) are much lower
than in the single stage model. The first stage of 8’Sr/®Sr evolution had a chondritic 8’ Rb/Sr
(green line), the second stage had a 8’Rb/®Sr=0.014 for model A (red line) and 8’Rb/2®Sr=2.8x10"

4 for model B (flat green line).
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Figure S2 MonteCarlo solutions obtained for the age of the Moon versus 8Rb/%Sr in the bulk silicate Moon. The
vertical axis represents the number of solutions. In this calculation, the uncertainty in the 8Sr/®Sr ratio of FAN 60025

is that measured obtained by Carlson and Lugmair (1988) i.e. 28 ppm.

X
aa 0.00 &9

Figure S3 MonteCarlo solutions obtained for the age of the Moon versus 8Rb/%Sr in the bulk silicate Moon. The
vertical axis represents the number of solutions. In this calculation, the uncertainty in the &Sr/%Sr ratio of FAN 60025
is that measured in this study (2.4 ppm). The age range of solutions is far more restricted in this second case, which

illustrates the benefit of the more precise measurement in constraining the age of the Moon.
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Figure S4 Forward model for the calculation of the age of the Moon based on Rb-Sr isotope
systematics assuming that the Rb in FAN 60025 was not indigenous (i.e. added at the last minute).
We consider this hypothesis unlikely as FAN 60025 shows isochrons for three isotope systems
and the 60025 plagioclase falls on a Rb-Sr isochron defined with other FANSs (Shih et al. 2005).
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