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A mantle source formed after the lunar
magma ocean crystallisation for the 3000

Ma-old lunar basalts
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There is no satisfactory model explaining the incompatible element-enriched chemical characteristics
observed in few ~3000 Ma-old, low-titanium lunar basalts. Using in situ Pb-Pb systematics by
Secondary lon Mass Spectrometry, we determined crystallisation ages and initial Pb isotope ratios of
the meteorites North West Africa (NWA) 4734, LaPaz Icefield (LAP) 02224, LAP 02205, Northeast
Africa 003 and newly found meteorite NWA 14178. We show that these samples form a unique
chemical and age group, distinct from any other chemical group known from the Moon. Pb isotope
ratios suggest these basalts originated from an enriched source distinct from the KREEP mantle
component identified in rocks from the Procellarum Terrane. Three-stage model-based Monte Carlo
simulations suggest a mantle source formed from a depleted mantle at 4260 Ma — that is, after the

solidification of the Lunar Magma Ocean. This mantle source may have acquired its chemical

characteristics as a result of deep crust-breaking impact.

Sequential crystallisation of the Lunar Magma Ocean (LMO) is the current
overarching model explaining the formation of basaltic magma sources in
the lunar mantle"”. This model is satisfactory to explain the occurrence of
the three main chemical groups of lunar basalts: the dominant group of low-
and very low titanium content (LTi Sensus Lato) basalts would originate
from the early, olivine-rich cumulates; the less abundant high-titanium
content (HTi) basalts would derive from ilmenite-rich cumulates formed
towards the end of the crystallisation of the LMO. Finally, the last dregs of
liquid, particularly enriched in incompatible elements, such as Potassium
(K), Rare Earth Elements (REE) and Phosphorus (P), would crystallise to
form the “KREEP” source component which strongly contribute to the
chemical characteristics of the so-called KREEP basalts"*”. As a con-
sequence, the LTi basalts are expected to be rather depleted in incompatible
elements then have Sr-Nd isotopic signatures consistent with the derivation
from a rather depleted mantle source. On the other hand, the KREEP basalts
are the most incompatible element-enriched type and compared to the low-
Ti basalts of the same age, have radiogenic Sr-Pb isotopic compositions and
unradiogenic Nd isotopic compositions**". The LTi basalts are, however,
far from homogenous in terms of chemical characteristics, displaying a wide
range of REE enrichment and Sr-Nd-Pb isotope ratios*”'"". These features
are usually interpreted as consistent with the identification of a variable
contribution from a KREEP-like component to the chemical characteristics
of many lunar basalts'*, added either to their sources or assimilated during

their ascent™*". This is further supported by the identification of a sys-
tematic decrease of the initial *”Pb/**Pb and **Pb/**Pb ratios observed
within the LTi basalts dated between 3400 Ma and approximately 3100 Ma
that has been interpreted as an increasing contribution of a KREEP-like
component in the chemical characteristics of the younger basalts'"*.

This evolutionary model for LTi basalts is, however, complicated by a
group of basalts erupted around 3000 Ma. This group of basalts includes
meteorites NWA 4734, LAP 02205 and LAP 02224”*'-*, All of these basaltic
rocks seem to show rather similar textural, petrological and geochemical
characteristics™* . The chemical characteristics, in particular the enrich-
ment in incompatible trace elements in these basalts, seem to indicate a
derivation from an enriched source. However, the origin of this enrichment
is not clear as it was first attributed to the assimilation of a KREEP
component”™. The higher Ti/Sm, lower (La/Yb), as well as the lower
Rb/*Sr and higher '“Sm/"*Nd source ratios compared to those in KREEP
basalts, seem to preclude the direct involvement of KREEP’. This might be
supported by the only initial Pb isotope ratios determined in NWA 4734,
which, unlike the majority of LTi basalts, does not fit a mixing model
between a KREEP-like component and low-u mantle source”. However,
this latter observation may not be robust as the Pb isotope ratios determined
in NWA 4734 might be underestimated”. Therefore, the origin of the
chemical characteristics of NWA 4734 and LAP samples is not well
understood.
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The lack of agreement concerning the ages of the LAP samples further
complicates the interpretation of the chemical data in terms of defining a
single chemical group formed at 3000 Ma. These samples have been dated
using “’Ar/*Ar, Rb-Sr, Sm-Nd and U-Pb techniques yielding dates between
3150 and 2889 Ma*"*****’. This age range partly overlaps the age of (1) the
Northeast Africa (NEA) 003 meteorite which has been dated through a four
point Sm-Nd isochron at 3089 Ma with a precision exceeding 2%, (2) the
NWA 773 clan ( ~3089-3017 Ma)*****', which has the strongest KREEP
affinity among the other LTi basalts'**’ and (3) a group of three samples
(NWA 032, its paired stone NWA 479 and NWA 14137) dated at
approximately 2950 Ma™*.

The goal of this investigation is to (1) determine whether NWA 4734,
the LAP meteorites and NEA 003 form a group of basalts with similar
chemical characteristics which crystallised at 3000 Ma and (2) decipher the
origin of the chemical characteristics of these samples, in particular the
involvement of a KREEP-like component. To achieve this, we have deter-
mined precise Pb-Pb ages and initial Pb isotopic composition for LAP
02205, LAP 02224 and NEA 003 using SIMS (Secondary Ion Mass Spec-
trometry). We have also re-investigated the sample NWA 4734 to better
constrain its initial Pb isotopic composition. Finally, we have determined
major and trace element contents (see supplementary information file), age
and initial Pb isotopic ratios of a newly-recovered meteorite, NWA 14178,
which also belongs to this chemical group.

Results

Images of the investigated samples, major and trace element composition of
NWA 14178, the full U-Pb dataset from the investigated samples, a sum-
mary of initial Pb isotope ratios and compilation of the published trace
element data for lunar basalts are provided in supplementary material (Figs.
S1-54 and Tables S1-54 in supplementary data file 1).

In NWA 14178, plagioclase, potassium feldspars, phosphates, sul-
phides and silica-rich phases were identified from the SEM images (Sup-
plementary Fig. S1) and fifty-five in-situ analyses of Pb isotope ratios were
made (Fig. la). After filtering for removing data suspected to be con-
taminated by terrestrial Pb, forty-two were used to construct a Pb-Pb iso-
chron which yielded an age of 2963+40Ma (95% confidence,
MSWD = 1.3, P =0.085; Fig. 1b).

The feldspar analysis at the extremity of the isochron had the highest
*7Pb/**Pb ratio of the dataset used to construct the isochron (analysis
Kfeld88: **Pb/**Pb =0.00216 + 0.00117; *“Pb/***Pb = 0.948 + 0.019, 20;
Fig. 1b). However, this analysis does not display the highest *”Pb/**Pb of the
entire dataset. One analysis of potassium feldspar yielded higher *”Pb/***Pb
and **Pb/**Pb and was rejected for the construction of the isochron. This
suggests that the initial Pb isotopic composition of the sample was not
measured in the investigated phases and the true initial *’Pb/**Pb should be
higher than those of the feldspar analysis plotting at the extremity of the
isochron. We therefore applied the approach outlined by Snape et al.”,
where the best estimate of the initial Pb isotopic composition is determined
by the intersection between the isochron and the regression formed by the
composition of modern terrestrial Pb represented by the composition of
Earth’s average crust™ and the data with the highest measured *”Pb/**Pb
ratio of the dataset (Fig. la). By applying this method, we obtained
204p} 29D, = 0,00244 + 0.00013 (26) and 27Pb/2*Pb = 0.968 + 0.020 (20).

In the basaltic clast identified in NEA 003 (Supplementary Fig. S2), 74
analyses were made in potassium feldspars, phosphates and sulphides (Fig. 1¢).
An isochron was obtained from fourteen data points (Fig. 1d). The isochron
yielded an age of 2995 + 17 Ma (95% confidence, MSWD = 1.6, P =0.083).
One sulphide at the unradiogenic end of the isochron yielded the highest
*Pb/*®Pb ratio of the entire set and is considered as representing the best
estimate of the initial Pb isotope composition: **Pb/***Pb = 0.00293 + 0.00085
(20) and 27Pb/"Pb = 0.9930 + 0.016 (20).

79 data points were acquired from the sample LAP 02224 (Fig. 2a)
among which 49 form a robust isochron after removing the data showing
terrestrial Pb contamination (Fig. 2b). The isochron yielded an age of
2977 + 13 Ma (95% confidence, MSWD =1.3, P=0.11). One sulphide

analysis displays the highest *’Pb/**Pb ratios of the entire dataset
(Fig. 2b) and is considered as the best estimate for the initial Pb
isotope  composition:  **Pb/**Pb =0.00244 + 0.00076  (206) and
*Pb/**Pb = 1.008 + 0.015 (20).

75 analyses were made in sample LAP 02205 (Fig. 2c¢). After filtering for
terrestrial contamination, the 63 remaining data form an isochron yielding an
age of 2993 + 9 Ma (95% confidence, MSWD = 0.95, P=0.59; Fig. 2d). One
analysis made in a potassium feldspar, located at the end of the isochron,
displays also the highest *”Pb/**Pb ratios of the whole dataset (Fig. 2d) and is
considered as possible proxy for the initial Pb isotope composition ***Pb/**Pb
ratios = 0.00245 + 0.00056 (20); *"Pb/*Pb = 0.955 + 0.024 (20).

72 analyses were made in sample NWA 4734. Combining these new data
with the 20 data published by Merle et al.”’, and filtering the new dataset for
terrestrial contamination (Fig. 2e), 73 remaining data form an isochron yielding
anage of 2979 + 12 Ma (95% confidence, MSWD = 0.89, P = 0.72, Fig. 2f). One
analysis of potassium feldspar yielded the highest *”Pb/**Pb ratio of the entire
dataset (**Pb/**Pb = 0.00267 + 0.00027; *”Pb/**Pb = 1.005 + 0.013). As this
analysis plots on the isochron, we consider it as the best estimate of the isotopic
ratio of the initial Pb for this sample. These ratios are higher than those
previously obtained by Merle et al.”* but similar within uncertainties to initial Pb
obtained from the other samples investigated in the present study.

Discussion

Our new ages for the five investigated samples overlap within their uncer-
tainties and yield an average age of 2986 + 6 Ma (20). The new ages overlap
with those previously obtained by other methods*****. The new ages for
LAP 02205 and NEA 003 are slightly younger than those previously
determined by the Pb-Pb and Sm-Nd methods’***** but are more precise
(Fig. 3a). Potential analytical and methodological issues have been docu-
mented for previously published dates for LAP 02205 and NEA 003. This
could explain the differences between new and previously published dates
rather than post-crystallisation, impact-related disturbance of the U-Pb
isotope system (see supplementary information file for extended discussion
on resetting of the U-Pb isotope system).

We note an apparent age overlap between the 2990 Ma-old meteorites,
the NWA 773 clan and the 2950 Ma-old basalts (Fig. 3). The overlap
between the 2990 Ma-old meteorites and the NWA 773 clan can be
attributed to the NEA 003 and LAP 02205 dates with potential methodo-
logical and analytical issues already mentioned and a three-point isochron
date obtained from sample NWA 773” which a cannot be considered as
robust”™. Once these data have been removed, the dates from NWA 773
clan and 2990 Ma-old meteorites form two distinct age peaks in a
probability density plot (Fig. 3b). We also note that the age of the NWA
4734-type basalts is distinct from the younger volcanic event at approxi-
mately 2950 Ma formed by the two samples, NWA 032 and NWA 14137
(Fig. 3b; ***). This confirms that NWA 4734, LAP 02205 and LAP 02224
belong to the same episode of lunar magmatism™”.

The major and trace element contents and the shape of the REE patterns
of NWA 14178 are similar to those of NWA 4734, LAP 02205 and LAP 02224
but distinct from those of the other lunar basalts (Fig. 4 and Supplementary
Fig. $4). The REE patterns of these samples also show a negative slope (La.,/
Smg, = 1.08-1.15; Supplementary Table S4), that requires an incompatible-
element enriched source as already suggested’. The REE pattern of the NEA003
clast investigated by Haloda et al.” is significantly different from those of the
other samples but the REE composition of NWA 4734 can be modelled by
fractional crystallisation of a mafic melt assuming a cumulate with the com-
position of NEA 003 (that is supported by the coarse-grained and cumulative
texture of this sample; see details in supplementary information, Supplemen-
tary Fig. S5 and Supplementary Table S5). This also supports the hypothesis
that the five investigated samples form a group of basalts with chemical features
distinct from other basalts as suggested by previous studies™”.

The **Pb/**Pb initial ratios of all five investigated samples overlap
within uncertainties (Fig. 5a) and a weighted average can be calculated using
these five ratios (***Pb/***Pb =0.00249 +0.00011; Fig. 5b). The *’Pb/**Pb
initial ratios of the investigated samples are higher than those determined

Communications Earth & Environment| (2026)7:140


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-03002-9

Article

NWA14178
1.2 data-point error crosses are 20 11 data-point error crosses are 2o
— Terrestrial Pb
/ lmt'al Pb composition
10 &

0.8
0.6

045

02!

Model 1 solution (£95%-conf.)
On 42 points

Age = 2963+ 40 Ma
MSWD = 1.3, Probability of fit = 0.085
(a) (b)
£0.0 : : : : — : ; : :
Q. 000 0.01 0.02 0.03 0.04 0.05 0.06 0.001 0.002 0.003 0.004 0.005
(=]
N
) NEA 003
o
~
12 , 1.2
[ Terrestrial Pb
10 | '—P composition 1.0+
08 | ; ° 08|
K
06 |/ 06|
ks
04 04r Model 1 solution (£95%-conf.)
! e On 14 points
I 02 g’” Age = 2995+ 17 Ma
0.2 r : MSWD = 1.6, Probability of fit = 0.083
(c) (d)
0.0 L L L L L L . | . 0.0 L n L s
0.00 0.01 0.02 0.03 0.04 0.05 0.06  0.000 0.001 0.002 0.003 0.004 0.005
204Pbl206Pb

Fig. 1|*”Pb/***Pb vs ***Pb/***Pb plot for NWA 14178 and NEA 003. The data were
plotted, the isochrons constructed and dates calculated using the Excel add-in
Isoplot4™. All data points are represented as error crosses (20 level). a,c black crosses
are data used for the isochron and light grey crosses are data rejected for the isochron
construction. Also shown, the composition of average modern terrestrial Pb from
Stacey and Kramers™'. The intersect between the isochron and the two-points

regression formed by the composition of modern terrestrial Pb and the analysis from
NWA 14178 with the highest measured *”’Pb/**Pb ratio, yields the best estimate of
the composition of the initial Pb composition. In (b) and (d), only data used to
construct the isochron are shown. Red crosses: phosphates; blue crosses: K-feldspars;
light blue crosses; plagioclases; black crosses: sulphides and green crosses: silica-rich
phases.

previously in NWA 4734 (Fig. 5a). They do not marginally overlap, pre-
cluding calculation of a reliable weighted average (Fig. 5¢). This suggests that
all the investigated samples may have the same Pb isotopic composition, but
some “”Pb/**Pb ratios are underestimated, possibly due to the presence of
trace U. Sample LAP 02224 displays data with *”Pb/**Pb ratios measured in
potassium feldspars and sulphides that are among the highest of the data set
(Supplementary Table S2). The uncalibrated **UO/**Pb ratio was analysed
in this sample to give a qualitative estimate of the amount of U present in the
minerals. This ratio is decreasing as the *”Pb/**Pb is increasing (Supple-
mentary Fig. S6). Therefore, Pb present in minerals with the lowest
*$UO/*™Pb and the highest *Pb/***Pb cannot be supported by in situ decay
of U and represents the best estimate for the isotope composition of initial Pb.
Three K-feldspar data out of four from sample LAP 02224 form a regression
(Supplementary Fig. S7) with an intersect with the X-axis (*”Pb/**Pb) at
1.004 £ 0.024 (20). This intercept is interpreted as representing the highest
possible *’Pb/**Pb value from a K-feldspar with no U content then the best

estimate for the initial Pb isotope composition. The SEM images of the
analysed K-feldspars made after the SIMS analytical session show that the
outlier data (analysis “K-feld 67”) was made close to cracks (Supplementary
Fig. S8). This could explain why this data does not fit the regression formed by
the other K-feldspars. Sulphides form a less robust two-point regression with
an intersect with the X-axis (1.017 £ 0.015, 20; Supplementary Fig. S7) that is
similar to those of the K-feldspar regression and the weighted average value of
the highest *”Pb/**Pb values determined in NEA 003, LAP 02224 and
NWA4734 (1.002 + 0.008, 20). Therefore, we consider the following values as
the best estimate of the initial Pb isotope composition for the samples
belonging to the NWA 4734-type basalts: **Pb/***Pb = 0.00249 + 0.00011
(26) and 2"Pb/*®Pb = 1.002 + 0.008 (20).

The initial Sr-Nd-Pb isotope ratios of the samples from the NWA 4734-
type basalts are clearly distinct from those of the other lunar basalts, in parti-
cular, the low-Ti basalts (Fig. 6). The differences, in particular, in terms of
*7Pb/**Pb ratios between the NW A 4734-type basalts and the other chemical
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Fig. 2 | *Pb/**Pb vs ***Pb/***Pb plot for LAP 02224, LAP 02205 and NWA 4734.
All data points are represented as error crosses (20 level). In (a,c,e), black crosses are
data used for the isochron and light grey crosses are data rejected for the isochron

construction. Also shown, the composition of average modern terrestrial Pb from™.

In (b,d,f), only data used to construct the isochron are shown. Red crosses: phos-
phates; blue crosses. K-feldspars. black crosses: sulphides; green crosses: phosphate-
K feldspar mixtures and yellow crosses: baddeleyites.
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Fig. 3 | Comparison of ages of lunar basalts dated
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groups, including the slightly older NWA 773 clan, are too large to be explained
by the addition of radiogenic Pb produced by in-situ decay of U and derivation
from a single source. The Sr-Nd-Pb isotopic characteristics of the majority of
thelow-Ti and high-Ti basalts have been explained by a binary mixing through
time of material from an enriched KREEP-like reservoir and a more depleted
source with a low p (**U/***Pb) ratio (Fig. 6)'"°. However, the newly determined
initial Pb isotope ratios in the investigated samples do not fit this binary mixing

as the average Pb isotope composition of these samples do not plot on the
mixing line at 3000 Ma between the KREEP reservoir and the low-pt source
(Fig. 6a). The previously published Sr-Nd isotope systematics obtained for
these samples also do not plot on the 3000 Ma mixing line (Fig. 6b) confirming
that these samples do not fit the mixing model. Initial Pb isotope ratios of
NWA 14137 are close to those of the NWA 4734-type basalts but the younger
age of this sample and lack of REE data preclude assignment of this sample to
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the NWA 4734 group. The initial Pb isotope composition of NWA 14137 plots
close to the mixing curve at 2900 Ma between KREEP and low-u mantle
components (Fig. 6a) suggesting that the model can be appropriate for this
sample so long the initial Pb isotope composition is correct. Therefore, the
NWA 4734-type basalts represent a specific magmatic event in the history of
the Moon and is characterised by unique chemistry.

The chemical characteristics of the NWA 4734-type basalts have been
interpreted as either (1) addition of enriched (KREEP) material through
assimilation by ascending magmas™ or (2) melting of an enriched source
formed at the end of the LMO crystallisation’. The observation that the Sr-
Nd-Pb isotopic characteristics of the NWA 4734-type basalts do not fit into
the KREEP low-p mixing model, supports the interpretation ruling out a
contribution of a KREEP component in the chemical characteristics of
NWA 4734-type basalts’.

The misfit of the mixing model implies that the source of the
NWA4734-type basalts must have been different and isolated from the
KREEP mantle component. The Procellarum KREEP terrane (PKT) from
which all the Apollo samples were collected, is strongly associated with the
KREEP chemical characteristics®® and LMO crystallisation sequence
model’. As the enriched chemical signature in the NW A 4734-type basalts is
likely not related to the presence of a KREEP component, this suggests that
(1) these 2990 Ma basalts might have originated from a volcanic unit geo-
graphically away from PKT and, (2) the presence of enriched domains in the
lunar mantle distinct from PKT.

To constrain the nature of the source of the lunar basalts, theoretical
curves describing the evolution of Pb isotopic composition proved to be a
useful tool'*"****". Our present approach relied on Monte Carlo simula-
tions to circumvent the limitation of several unconstrained parameters
needed for the calculations (see supplementary information for further
details and supplementary data 2 for results of the Monte Carlo simula-
tions) and derived from the model used by Merle et al.”’. This model does
not rely on assumptions about the age of the Moon or formation of lunar
mantle sources at the same time". The aim of the modelling was to
determine a pt value and age of formation for the source of the NWA 4734-
type basalts (see details in supplementary information). We have tested
two-stage models (basalt source directly derived from the LMO) then
three-stage models (basalt source derived from a mantle component
which was differentiated from LMO). Only the latter model yielded results
when the basalt source was differentiated from a low-p type mantle source.
We calculated a p value of 1115+58 and a source formation at
4261 + 20 Ma (Supplementary Fig. S9). Using these parameters, we have
constructed a theoretical evolution curve matching the composition of the
NWA 4734-type basalts in the ***Pb/***Pb vs *’Pb/**Pb plot (Fig. 6a). The
calculated p value is compatible with an enriched source which

differentiated around 4260 Ma that is shortly after the final solidification
of LMO estimated at 4336 Ma + 32 Ma'®*.

Possible processes able to promote mantle differentiation (e.g., melting
event) after its solidification include mantle overturn, convection, tidal
heating, radioactive decay and possibly deep-basin forming impacts. The
four first processes would require at least several tens to hundreds Myrs to
trigger melting-induced mantle differentiation making these processes
unsuitable to explain the formation of the source of the 3000 Ma old basalts.
Alternatively, large crust-breaking impacts would potentially reach the
mantle and lead to its chemical modification®. At least, two major impact
events are suspected to have occurred around 4300 Ma, the Nectaris and the
South-Pole Aitken (SPA) impact events"’. However, the ages of these events
are still not well constrained. Indeed, there are no robust is radio-
chronological data for Nectaris impact'’. A lunar meteorite (NWA 2995)
suspected to be originated from SPA yielded ages from 4331+ 3 Ma to
4217 + 12 Ma* while a crystallised impact melt collected by the Chang’e 6
mission in the Apollo crater in the SPA basin yielded a Pb-Pb age of
4247 +7 Ma*. We note that the latter is similar to our estimation of the age
of formation of the source of the NWA 4734-type basalts. Therefore, it is
plausible that the SPA impact might have triggered a differentiation process
within the depleted lunar mantle resulting in an enriched mantle source.

Conclusions

The five lunar basaltic meteorites investigated here form a single chemical
group of lunar basalts, the NWA 4734-type basalts, which erupted at
approximately 2990 Ma. The characteristics of these basalts, in particular
their initial Pb composition, are incompatible with a contribution from a
KREEP component as previously suggested. The mantle source of the NWA
4734-type basalts seems to have originated outside PKT, confirming the
presence of enriched domains in the lunar mantle outside this area. Our new
modelling suggests that this source was differentiated from a low-p
(depleted) mantle after the solidification of the LMO. The potential pro-
cesses that led to the formation of this source remain speculative. Impact-
related chemical modification of the mantle cannot be excluded.

Methods
Major and trace element contents
Rock chips were cut off the main fragment using a diamond wire saw.
Between 0.03 and 0.11 g of bulk rock were dissolved. The lunar meteorite
samples were washed twice with distilled ultra-pure water involving two
cycles of 30 s of ultrasonic bath and subsequent liquid removal.

Aliquots of USGS BHVO-2 and BCR-2 standards were processed and
analysed together with a fragment of NWA14178 to verify the accuracy of
concentrations.
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Fig. 5 | Initial Pb isotopic composition of the investigated lunar basalts.
a>’Pb/**Pb vs ***Pb/**Pb plot of initial Pb isotopic composition determined in the
investigated samples. b Weighted averages of ***Pb/**Pb ratios calculated using the
Isoplot algorithm. ¢ Weighted averages of *’Pb/**Pb ratios using Isoplot. Two data
have to be rejected to yield a robust average.

The samples and BHVO-2 fractions were placed in 3 ml Savillex bea-
kers with 1 ml of acid solution made of 3.5 ml 7 M HNO; and 10 ml con-
centrated HF (48%). The beakers were placed on hot plate at 135°C
overnight. The beakers were placed in ultrasonic bath 5 min twice then open
to check the efficiency of dissolution. The samples were discoloured and
partly broken apart indicating that dissolution has begun. The beakers were
placed on hot plate at 100 °C to evaporate the HNO; + HF solution until
almost dryness. After this step, 1 ml of solution made of 3.5ml 7M

HNO; + 10 ml concentrated HF was added to the samples. The beakers
were inserted into Parr bombs and placed in oven at 150 °C overnight then at
210 °C for 24 h. Afterward, the beakers were removed from Parr bombs and
open to check whether dissolution was effective. At this stage, the samples
looked like powder indicating that the dissolution was effective. The liquid
was removed and put in 15 ml Savillex beakers. 1 ml of 7 M HNO; + 10 ml
concentrated HF solution was added into the 3 ml Savillex beakers which
were placed again in Parr bombs at 150 °C overnight then at 210 °C for 24 h.
The 3 ml Savillex beakers were taken out of the oven and removed from the
Parr bomb. The liquid and residue were transferred into the 15 ml Savillex
beakers. The 3 ml Savillex beakers were rinsed twice with 1 ml 7 M HNO3
and each time, the liquid was transferred into the 15 ml Savillex beakers.
Afterward, the 15 ml Savillex beakers were put twice into ultrasonic bath
5 min. The 15 ml Savillex were put on hot plate at 105 °C to evaporate the
liquid. When the solution was close to dryness, 3 ml of 6 M HCl were added.
The beakers were closed and let on hot plate at 125 °C overnight. After this
step, the beakers were removed from the hot plate, then went into two cycles
of ultrasonic bath of 5min each. 3 ml of 7M HNO; were added to the
solution. The beakers were put on hot plate again at 115 °C then the tem-
perature was progressively increased to 125 °C for 4 h with sessions of 5 min
of ultrasonic bath every 30 mins. After this step, the beakers were opened to
check whether the dissolution was completed. As the dissolution was indeed
completed, the beakers were left on hot plate at 125°C overnight. The
following day, the beakers were opened and the acid solution was evaporated
to dryness at 105 °C on hot plate. 1 ml 7 M HNO; was added to the residue
then the beakers were left on hot plate at 100 °C overnight.

Major and trace element concentrations were determined using a
ThermoFisher quadrupole ICP-MS iCAP™ at the Centre for Star and
Planet Formation (StarPlan) of the National Museum of Natural History,
Copenhagen (Denmark). Samples were introduced into the plasma in a
mixture of 0.4 M HNO3 + 0.01 M HF to ensure that all elements remained
in solution during analysis. To minimise potential interferences, all element
concentrations were determined in KED mode. The elemental concentra-
tions of NWA14178 are presented in Table S1 together with data from
BHVO and BCR standards.

SEM imaging and SIMS measurements

Prior to SIMS analyses, the samples were mapped using SEM imaging. The
samples were mounted in epoxy resin, polished to flatness, cleaned with
analytical grade ethanol and coated with carbon. They were mapped using
Back-Scattered Electron (BSE) imaging and Energy Dispersive X-ray
Spectroscopy (EDS) using a Thermo-Fisher Quanta FEG 650 scanning
electron microscope (SEM) fitted with an Oxford Instruments INCA EDS
detector and housed at the Swedish Museum of Natural History (Stock-
holm). The SEM was operated with a 20kV acceleration voltage and a
working distance of 10 mm. Following SEM imaging, the carbon coating
was removed and the sample mounts were cleaned with deionised water
followed by analytical grade ethanol, dried down and finally coated with a
30 nm layer of gold.

The Pb-Pb measurements were made usinga CAMECA IMS 1280 at
the NordSIMS facility of the Swedish Museum of Natural History. Both
sstandards and targets were analysed with a —13 kV '°O,” primary beam
(10kV secondary beam) generated using a high-brightness Oregon
Physics H201 RF Plasma source operating in critically-focused (Gaussian)
tuning mode. Following pre-sputtering over an area larger than the field of
view to remove gold and further minimise surface contamination, a small
raster was retained for the analysis in order to homogenise the Gaussian
beam profile. High transmission secondary beam optics (field magnifi-
cation = 160x), and energy window of 45eV, a mass resolving power
(MRP) of 4830 M/AM and simultaneous detection of Pb isotopes in four
low-noise ( <0.003 cps) ion counting electron multipliers (Hamamatsu
R4146) were common to all analyses. Other analytical parameters varied
between the five analytical sessions reported herein, as documented in the
table below.
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As lunar samples contain low amounts of Pb, detector backgrounds
and gain drift can lead to significant bias on the measured isotopic ratios.
Therefore, background counts and detector gains were monitored on a very
regular basis following analytical protocols modified from Merle et al.”’ and
newly developed for this study.

Detector gains were determined using the BCR-2G basaltic glass
standard (US Geological Survey). The measured values of BCR-2G were
compared with the accepted values of this standard* and a correction factor
accounting for mass fractionation bias and inter-detector relative gain

calibration (see Standard data file in supplementary material) was calcu-
lated. Such a correction factor was calculated for each analytical session and
applied to the unknowns analysed during the same session. The average
values of BCR-2G individual measurements during each analytical session
as well as the calculated correction factors are provided in supplementary
material.

For backgrounds, several different methods were utilised across the
eight analytical sessions, as indicated in the table below. For the 2019 and
2020 sessions, the procedure involves a dedicated background analysis,
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Fig. 6 | ***Pb/***Pb vs *’Pb/***Pb and '’Nd/"**Nd vs Sr/**Sr plots showing the Pb-
Sr-Nd isotopic ratios of lunar basalts. a Initial Pb isotopic composition of lunar
basalts plotted as *”’Pb/**Pb vs***Pb/**Pb. Isotopic volution curves of KREEP
component and depleted (low-{t) mantle are represented in red and blue respec-
tively. The theoretical evolution curve of the KREEP was constructed using a

(£ =3800 + 500" and those of the depleted (low-y) mantle, using u =93 +9". Pb
isotopic compositions of these mantle components at a given time and calculated
according to these evolution curves are used as entry parameters for a binary mixing
model. Mixing curves at a given time are represented by dash lines between the
evolution curves. Details regarding the construction of the theoretical curves dis-
playing the isotopic evolution of KREEP and low-p mantle components and further
mixing parameters are given in Merle et al.””. Pb isotope data from Snape et al."**”
and Merle et al.”* and this work. The green curve showing the theoretical evolution

of the isotopic composition of the source of the NWA 4734-type basalts (see text for
details of construction parameters). b Initial "*Nd/***Nd vs ¥Sr/*Sr of lunar basalts.
Measured ratios were corrected for in situ decay using ages from Snape et al." for
Apollo samples and from Merle et al.””** and this work for lunar basaltic meteorites.
Evolution curves of KREEP component and depleted (low-p1) mantle are also
represented in red and blue. Dash lines between these evolution curves represent
mixing process at a given time. To construct the time-related evolution curve of the
depleted (low-p) mantle lunar mantle, we used ¥Rb/**Sr = 0.0121 + 0.0029 and
7Sm/'"™Nd = 0.3257 + 0.0407. For the KREEP-like mantle source, we

used: "Rb/*Sr,q uree = 0.1486 £ 0.0271 and "¥'Sm/™Nd,,yree = 0.1847 + 0.0403,
Details of the construction of evolution curves and mixing parameters are given in
Merle et al.”’. Compilation of Nd and Sr data and related references are in Merle
et al.” and included references.

Session date Dec 2019 Jan 2020 May 2020 Mar Mar 2022-2 May 2022 Nov 2023 May 2024 Sept 2024
2022 —1
Sample LAP 02224 LAP 02224 NEA 003 NWA NWA 14178 NWA 14178 NEA 003 NWA 4734 LAP 02205
LAP 02205 14178 LAP 02224
Phases K-fsp, K-fsp, K+Si- K-fsp, plag K-fsp, Si-rich,  K-fsp, phos K-fsp, K-fsp, phos, K-fsp,
analysed phos, sulph rich, phos, sulph  phos, sulph phos, sulph phos, sulph sulph, badd phos,
sulph
Primary (nA) 10/10 10/10 10/10 40/40 2/20 2/2 3/10 3/20 3/10
(targets/
stds)
Pre-sputter 10 10 10 40 2 2 3 10 40
(nA) sample
Presputter 120 120 120 60 50 80 90 90 60
time (s)
Presputter 25 25 25 30 15 20 20 20 20
raster (um)
Analysis 0 0 0 20 5 5 5 5 5
raster (um)
Field of view 25/25 20/20 20/20 32/32 10/10 10/10 10/10 8/8 18/18
(targets/
stds pm)
DTOS 0 0 0 100 100 0 0 0 0
gate %
Species (ct.  Pb multi (20) Pb multi (20) Pb multi (20) Pb multi Pb multi (20) Pb multi (20) Pb multi (20) Pb multi (20) Pb multi
time, sec) (30), (30), UO
bgd (2) (2), bgd (2)
Field control NMR reg. NMR reg. NMR reg. peak NMR reg. NMR reg. NMR reg. NMR reg. peak
jumping jumping
n cycles 80/40 80/40 80/40 40/40 72/24 80/40 60/40 40/40 40/20
(targets/ 50/20
stds)
Background separaterun,lp  separaterun,lp  separaterun,lp  in-runper in-run per in-run per in-run per in-run per in-run per
protocol blank method, blank method, blank method, cycle, HV  cycle, sec. cycle, sec. cycle, sec. cycle, sec. cycle, HV
20 cycles 20 cycles 20 cycles offset beam blanked beam blanked beam blanked beam blanked offset

which was interspersed between each unknown analysis, with the primary
beam blanked using motorised beam apertures and a + 200 eV energy offset
applied to further suppress any ion signal that might be present. For the peak
hopping sessions in 2022 and 2024, the detector background was measured
at an intermediate mass station ( + 0.25 Da) each cycle, accompanied by
a+ 100 eV energy offset on the secondary beam. For the other sessions, a
newly devised method was used in which 2s on-peak integration was
incorporated at every cycle (n = 60-80) during the analysis (both standards
and unknowns) between the 20 s signal measurements. For the background
measurement, the secondary ion beam was blanked using extreme values on
deflectors located both before and after the electrostatic analyser (DTFA2
and DC1 respectively) thus allowing the magnetic field to remain locked
under high-precision NMR regulation. The integrated means from each

analysis were incorporated into a running mean over five analyses, with the
centre value applied to the analysis. Two standards were analysed at the
beginning and the end of each analytical session and after every five
unknown measurements.

Summary of the analytical parameters used during the different ana-
lytical sessions.

Pb-Pb data processing

The Pb isotope ratios were calculated using an in-house Excel Add-In, based
on either an integrated mean ratios procedure based on total counts or on an
approach based on mean ratios based on counts for each scan®. The use of
either approach is dependant of number of counts on **Pb and ***Pb and is
detailed in Merle et al.*".
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The data processing and filtering procedure applied to the data

acquired for this study as well as construction of the isochrons and date
calculation are similar to those expressed in Snape et al.''" and Merle

et al.

19,20

Data availability

All the new data acquired during this investigation are provided in the
supplementary data file 1 and in the Astromat data depository (https://doi.
org/10.60520/TEDA/114213).

Code availability

The Matlab code used for the Monte Carlo simulations is provided in the
supplementary information. The results of the simulations are provided in
the supplementary data file 2.
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