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Fig. S1: False colour EDS element maps of section 12013,9. Colour scheme: Mg=green,
Al=white, Si=blue, K=cyan, Ca = yellow, Ti = pink and Fe = red



S1. Rb/Sr and Pb-Pb secondary standards
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Fig S2: In situ Rb-Sr isotope data for basaltic glass BCR-2G across multiple analytical
sessions. Black line represents the average value (dashed black line represents the 2sd
uncertainties), and the red line represents the literature values (from the GeoReM database).

Data are reported in Table S6.
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Fig S3: In situ Rb-Sr isotope data for feldspar pressed pellet FK-N across multiple analytical
sessions. Black line represents the average value (dashed black line represents the 2sd
uncertainties), and the red line represents the literature values (from Beranoaguirre et al.,

2019). Data are reported in Table S6.
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Fig S4: In situ Rb-Sr isotope data for feldspar pressed pellet NBS-70A across multiple
analytical sessions. Black line represents the average value (dashed black line represents the
2sd uncertainties), and the red line represents the literature values (from Nebel and Mezger

2006). Data are reported in Table S6.
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Fig. S5: In situ Pb isotope compositions measured by SIMS for basaltic glass BCR-2G
during the analytical campaign. Black line represents the average value (dashed black line

represents the 1sd uncertainties). Data in Table S8.



S2. Rb/Sr dating protocol validation

To validate the method for determining in situ Rb/Sr ages as described in section 3.2 of the
main text, we analysed plagioclase and K-feldspar grains from four terrestrial granites as
‘unknowns’. These samples all have well-established ages. All sample chips were mounted in
epoxy and polished to produce a flat surface. The resulting in sifu ages and initial ’Sr/%Sr

(37Sr/36Sry), together with published TIMS values are summarised in Fig. S6. All errors are 2se.
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Fig. S6: a-b) Summary of in situ Rb-Sr ages (blue symbols) and published whole-rock Rb-Sr
ages (red symbols) for the Cobo (Adams, 1976), Portsoy (Pankhurst, 1974), Wiborg (R4dmo et
al., 2014), and Molesti (Oliveira et al., 2025) granites. ¢) Summary of the initial 8’Sr/%¢Sr
values for the in situ (blue symbols) and published whole rock (red symbols) Rb-Sr

1sochrons.



S2.1 Cobo Granite, Guernsey

This pluton has a reported whole rock Rb/Sr age of 570 = 15 Ma and an initial ¥’Sr/*Sr of
0.70535 £0.00017 (Adams 1976). Two samples (M4312 and M4851) were acquired from the
Manchester Museum geological collection. Using the in situ Rb/Sr protocol reported here, we

obtained ages of 582 + 35 Ma and 589 + 11 Ma, respectively (Fig. S7 and Table S7).
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Fig. S7: Plagioclase and K-feldspar Rb-Sr isochrons for 2 samples (M4312 and M4851) from

the Cobo granite. Blue ellipses represent 2se errors.

S2.2 Portsoy Granite, Scotland

This pluton has a reported whole rock Rb/Sr age of 667 = 17 Ma and an initial ¥’Sr/*Sr of
0.7170 £+ 0.0020 (Pankhurst, 1974). Sample M4687 was acquired from the Manchester
Museum geological collection. We determined an in situ age of 699 + 72 Ma (Fig. S8 and
Table S7). The large error in our reported age reflects the small range of 3’Rb/*®Sr values

measured from the single section analysed.

S2.3 Wiborg Granite, Finland

This pluton has a reported whole rock Rb/Sr age of 1632 + 10 Ma and an initial 8’Sr/%¢Sr of
0.70470 £ 0.00005 (Ramo et al., 2014). Sample M5889 was acquired from the Manchester



Museum geological collection. We obtained an in situ age of 1620 + 24 Ma (Fig. S8 and Table
S7).
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Fig. S8: a) Plagioclase and K-feldspar Rb-Sr isochron for sample M4687 from the Portsoy
Granite. Blue ellipses represent 2se errors. b) Plagioclase and K-feldspar Rb-Sr isochron for

sample M5889 from the Wiborg Granite. Blue ellipses represent 2se errors.

S2.4 Molesti Pluton, Zimbabwe

Solution ICP-MS and TIMS analyses (for Rb and Sr abundances, and ’Sr/%¢Sr values,
respectively) were measured on plagioclase and K-feldspar mineral separates from a sub-
sample of SWASA-144 on loan to the University of Manchester. These analyses yielded an
age of 2262 + 56 Ma, with an initial 3’Sr/3Sr ratio 0of 0.70930 + 0.00035 (Oliveira et al., 2025).
From the same sub-sample, we mounted and polished a chip in epoxy for in situ analysis.
Across 3 sessions our in situ Rb-Sr isotopes analyses of plagioclase and K-feldspar yields an
age of 2151 + 65 Ma (Fig. S10a and Table S7). Individual ages for each session are plotted in

Fig. S10b. Our average date across these sessions are consistent with published TIMS ages.

Notably, the Molesti pluton has a complex thermal history which is reflected by the range of
ages reported for this pluton in the literature. Reported U-Pb zircon ages from this pluton
indicate a crystallisation age of ~2.69 Ga (Laurent et al., 2013). By contrast, a biotite-whole
rock Rb-Sr from this pluton reported by Barton and Van Reenen (1992) yields an age of 2128

+ 15 Ma. This younger age is consistent with to other biotite-while rock Rb-Sr ages from



plutons within the central and southern marginal zones of the Limpopo Belt and has been linked

to a period of thermal disturbance due to regional crustal uplift (Barton and Van Reenen, 1992).

a) in situ Rb Sr (all data)

1.2

— O
B =
2
S~
S
Y o
© o' ~
® |
(=}
age: 2151+ 65 Ma (n=100)
S Sr/%Sr, = 07129 + 18
MSWD =13
| | | |
0 5 10 15

8Rb/%eSr

age (Ma)

2250

2200

2150

2100

2050

2000

1950

Molesti Rb-Sr ages

in situ ages

average

session 1

®
session 2

session 3

TIMS plag- kspar |
age

¢

TIMS biotite-wr |
age

Fig. S10: a) Plagioclase and K-feldspar Rb-Sr isochron for sample SWASA-144 from the

Molesti pluton. Data plotted is from three separate analytical sessions. Blue ellipses represent

2se errors. b) Summary of in situ Rb-Sr ages (blue symbols) and published TIMS Rb-Sr ages
(red symbols). The TIMS plagioclase/K-feldspar age is from Oliveira et al. (2025) and the
TIMS biotite-whole rock age is from Barton and Van Reenen (1992).
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Fig. S11: Average background corrected Raman spectra of silica from Apollo granites (full
data set reported in Table S9). Vertical black line highlights the identifying peak for 463 cm’!
and 418 cm! for quartz and cristobalite, respectively. Only in one sample, 14305,111, was

cristobalite observed.
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Fig. S12: a) Reported bulk-rock SiO> vs. bulk-rock TiO> (wt. %) for Apollo granites (data from
Papike et al. (2008) and references therein). This correlation was used to estimate the bulk SiO»
abundances using reported TiO; abundances. To test the accuracy of this method, directly

measured SiO; values are plotted against our calculated SiO; values in (b) using the linear
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Fig. S13: Dates (Ma) for Si-K-rich glass isochrons. Blue symbols represent dates calculated
using a regression that does not have the initial 3’Sr/3¢Sr anchored to a fixed value. The red
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S3: Partial melt modelling

To help constrain how trace elements fractionate during the of melting of phosphate-bearing
and phosphate-free source lithologies, we calculate the composition of partial melts using the

batch partial melting equation of Shaw (1979):
CrL/Co=1/[Do + F(1 - Do]

Where CL and Cop are the concentration of a trace element in the melt and source respectively,
F is the weight fraction of the melt produced, and Dy is the bulk distribution coefficient. Dy is
calculated from Do = [D1* di] + [D2 * d2] + [D3 * d3] + ... where D1, D>, D3 are mineral-melt
partition coefficient and di, d, d3 are the weight fraction of the mineral (i.e. mineral mode) in

the source lithology.

The modelling presented here considers a Si-rich source lithology (representing the
crystallized product of a Si-rich immiscible fraction during the formation of urKREEP) and a
KREEP-rich mafic lithology representing an appropriate source lithology for the basaltic

underplating model (see section 4.4 for more details).

For the Si-rich lithologies we use stating composition of 24 ppm Sm and 11 ppm Th (using
terrestrial Drelig/si-liq Values; Veksler et al., 2006) and 12 ppm Sm and 5 ppm Th (using
estimated lunar Dre-iig/si-liq values; Neal and Taylor 1989). For a mafic lithologies we use the

composition of KREEP basalt 15386; that has 37 ppm Sm and 14 ppm Th (Hubbard 1974).

Few mineral-melt partition coefficients (D-values) have been reported that are appropriate for
felsic systems under lunar conditions (i.e., low fO,) for, as such we use terrestrial reported
mineral-melt D-values (sourced from the GERM partition coefficient database
(https://kdd.earthref.org/KdD). For mineral melt D-values in a mafic system we use the D-
values reported by Dygert et al. (2020). The table below summarizes the mineral-melt D-
values and weight fraction (dx) in the source lithologies used for our calculations. Note that
whereas Bea et al. (1994) report apatite D values of 1105 and 41 for Sm and Th respectively
for granitic systems, the GERM database indicates that Dsm can extends to much lower
values (84; Nagasawa (1970). No Dti were reported by this study, however based on the
range of Drn, reported by the GERM database, Dty are typically an order of magnitude lower



than Dsm, therefore we estimate a lower D of 4. Mafic dx values are a typical basalt mineral
mode (e.g., Warner et al 1975; Cousin et al., 2012). Felsic dx values reflect the mineral modes

observed in the evolved lithologies studied here.

Table S14: Mineral-melt D values and dx fractions used in the partial melt modelling

presented here.

Dsm Drn Reference dx

Felsic melts
Plagioclase 0.11 to 0.23 0.03 to 0.08 | Nash and Crecraft (1985) 0.450
K-feldspar 0.02t00.04 | 0.02to 0.03 | Nash and Crecraft (1985) 0.400
Si0O, <0.0001 <0.0001 No values reported 0.145
Mafic Melts
Olivine 0.0002 0.0001 Dygert et al. (2020) 0.250
Pyroxene 0.04 0.0011 Dygert et al. (2020) 0.600
Plagioclase 0.001 0.01 Dygert et al. (2020) 0.145
Phosphates 0.005
Apatite 84 to 1105 ~4 to 41 Bea et al. (1994)
Merrillite 26 1.4 Ludberg et al., (1990);

Benjamin et al. (1978)




S4: High Precision Ti in silica:

Using the silicate EPMA routine detailed in section 3.2 of the main text, the detection limits
for Ti in silica are~ 300 ppm. For silica grains in NWA 4472, we also them using a Cameca
SX100 EPMA at the University of Manchester following the method outlined by Donovan et
al. (2011). This method achieved detection limits of 2.4 ppm.

Analyses were carried out using a 25 kV accelerating voltage, a 60 nA beam current, and a
defocused 5 um beam size. Measurements were made using LPET and PET spectrometers.
Rutile was used to identify the position of the TiO» peak and backgrounds positions.

Spectrosil glass (pure SiO) was used a Ti-free reference material. Counting times for each

spectrometer was 480 s on peak and 480 s off peak. All data is reported in Table S13.
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