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Analytical protocol
Whole-rock geochemistry

Samples were crushed to obtain adequate powder fractions using an agate mill.
Geochemical analyses were performed by the Service d’Analyses des Roches et
Minéraux (SARM, CRPG-CNRS, Vandoeuvre-Lés-Nancy, France) using
inductively coupled plasma atomic emission spectroscopy (AES) for major
elements, inductively coupled plasma mass spectrometry (ICP-MS) for trace
elements, absorptiometry for B, flame atomic absorption spectrometry (AAS) for
Li and potentiometry for F (Carignan et al., 2001). All data along with sample GPS
coordinates are provided in the Supplementary Tables.

Mineral separation

Zircon were concentrated using facilities available at GeoRessources laboratory
of the University of Lorraine (Vandoeuvre-Les-Nancy, France). Rocks were
crushed and only the fraction with a diameter <250 pm was kept. Heavy minerals
were mostly concentrated using panning, although heavy liquids were used for

one sample with low amount of zircon (ECH22-02). Zircon grains were



handpicked under a binocular microscope and embedded in epoxy mounts before

being hand-grounded and polished on a lap wheel.

Mineral imaging

Mineral imaging on thin sections, thick sections or grains mounts, was dominantly

performed at the GeoRessources laboratory.

Micro-X-Ray Fluorescence (1-XRF) analyses of thick sections were carried
out with a Bruker M4 Tornado p-XRF benchtop spectrometer. X-ray maps were
acquired with a dwell time of 12 ms per pixel and a spacing of 25 pm between each

point.

Cathodoluminescence (CL) imaging of zircon was performed on a NewTec
scientific Cathodyne connected to a Leica DM2700 M optical microscope to reveal
the distinct micro-textural domains which were further analyzed. CL study of
apatite was performed using either an OPEA Cathodyne connected to a Nikon
Eclipse LV100 microscope at GeoRessources or a Tescan Vega4 scanning electron
microscope (SEM) at Géosciences Environnement Toulouse (GET). The CL images
of cassiterite were obtained using a Tescan Vega4d SEM at GeoRessources.
Wolframite grains were imaged using backscattered electron (BSE) microscopy
and qualitative energy-dispersive X-ray (EDX) mapping with a Tescan Vega4 SEM.

U-Pb geochronology

U-Pb dating was conducted on the LA-ICP-MS platform at GeoRessources.
Cassiterite, wolframite, and apatite U-Pb analyses were performed using an ESI
NWR193UC excimer laser equipped with a two-volume ablation chamber coupled
to a Nu Instruments AttoM™ ES sector field ICP-MS. Zircon U-Pb and trace
element analyses were performed using the same laser ablation system; however,
analyses conducted between May and mid-June 2023 employed an Agilent 8900
quadrupole ICP-MS, while subsequent U-Pb analyses (from mid-June 2023 to
September 2024) utilized the AttoM™ ES. Details of the laser and ICP-MS
systems, as well as their operating conditions, are provided in the Supplementary

Tables, along with U-Pb data for samples and reference materials.

For all minerals, the ablated material was transported in a helium carrier
gas (flow rate 0.65-0.75 L/min), then mixed with nitrogen (0.003 L/min) and argon
(0.4 L/min for the AttoM™ ES and 0.9 L/min for the Agilent 8900) before being



injected into the plasma source. Gas flow rates, including the Ar(-N.) plasma
make-up gas, and ion lens parameters were optimized on the NIST SRM612 glass
standard to maximize sensitivity, maintain low oxide levels (ThO/Th < 0.05%), and

minimize Th/U fractionation (typically 0.94-0.99).

Wolframite was analysed directly on a thin section using a laser spot size of

90 um, a fluence of ~5 J.cm? over 40 s with a repetition rate of 7 Hz. Cassiterite
was analysed in thin sections or on grain mounts (i.e. Beauvoir RMG cassiterite).
Laser operating conditions consisted of an 80 pm spot size, a repetition rate of 7
Hz and an energy density between 4.0 and 7.0 J.cm?over 40 s. Analyses followed
the protocols of Carr et al. (2021) for wolframite and Carr et al. (2023) for
cassiterite. The following isotopes were measured (with integration time in
parentheses): ?“*Hg (10 ms), *°*Pb (10 ms), 2°°Pb (10 ms), °’Pb (50 ms), 2°*Pb (10
ms), 2%*Th (10 ms), ?*°U (10 ms), and ?%®U (10 ms). Measured U-Pb and Pb-Pb
isotopic ratios were corrected for instrument mass fractionation (IMF) in Iolite4
(Paton et al., 2010) using the VizualComPbine DRS (Petrus and Kamber, 2012),
with either the homemade wolframite reference material 14-MP-28 (158.14 =+
1.95 Ma) or the Yankee cassiterite (246.48 = 0.51 Ma; Carr et al., 2020) used as
the primary reference material for U/Pb ratios, along with NIST SRM614 for
Pb/Pb ratios (Woodhead and Hergt, 2000). During the analytical sessions, the
PO-10-2 wolframite (324.63 £ 2.07 Ma) and Jian-1 cassiterite (154.969 = 0.082
Ma; Tapster and Bright, 2020), yielded lower intercept ages of 332.5 *+ 8.4 Ma and
154.63 £+ 3.1 Ma, respectively. Both ages are consistent with their recommended
values, considering the long-term reproducibility precision of the cassiterite
control material, estimated at 1.9% (Carr et al.,, 2023) that was propagated in

quadrature to the unknowns for both cassiterite and wolframite.

Laser ablations of apatite were carried out with a spot size of 30 um,
repetition rate of 7 Hz, laser energy density of ca. 2 J.cm?, and a sampling period
of 30 s, following the analytical protocol described in Rocher et al. (2024). The
analysed isotopes (and their integration times) were the same as those used for
wolframite and cassiterite, and the U-Pb data reduction was performed with Iolite
and the “U-Pb Geochronology” data reduction scheme (Paton et al., 2010).
207Ph/295Ph and #*8U/?°°Pb ratios were first normalised to the NIST SRM 610 glass in
Iolite (Jochum et al., 2011; Woodhead and Hergt, 2000). ?3U/?°°Pb ratios were
then corrected for the apatite-glass matrix effect in Excel by applying an average

correction factor determined based on the offset between measured and



reference lower intercept dates of matrix-matched reference materials: the
Madagascar apatite (assumed age of 479 Ma; the mid-point between the two ages
reported in Thomson et al., 2012), the McClure Mountain apatite (U-Pb age of
523.51 = 2.09; Schoene and Bowring, 2006) and the Duluth apatite (U-Pb age
1099.1 = 0.5 Ma; Schmitz et al., 2003). The Madagascar, McClure and Duluth
apatite yielded lower intercept ages of 490.9 = 5.5 Ma, 512.3 = 10.5 Ma and
1087.0 = 23.7 Ma, respectively. The long-term reproducibility precision of the
apatite reference materials, estimated at 1.0% (Rocher et al., 2024), was

propagated to the calculated ages.

Zircon grains were ablated using a spot size of 30 ym, a repetition rate of 5
Hz and an energy density between 3 and 4 J.cm™?. When utilizing the 8900 ICP-MS,
the following isotopes were measured (integration time in parentheses): 7Li (10
ms), Al (10ms), **Si (10 ms), **Ca (10 ms), **Ti (25 ms), 2°Y (10 ms), *'Zr (10 ms),
Nb (10 ms), '*®Sn (10 ms), **La (10 ms), *°Ce (10 ms), **Nd (10 ms), **’Sm (10
ms), *>*Eu (10 ms), **’Gd (10 ms), **°Tb (10 ms), '**Dy(10 ms), "®Hf (10 ms), '*'Ta
(10 ms), 82W (10 ms), ***Hg (10 ms), 2**Pb (10 ms), ?°°Pb (10 ms), **’Pb (50 ms),
208Ph (10 ms), 22Th (10 ms), and 2*¥U (10 ms). When using the AttoM™ ES ICP-MS,
the same isotopes and integration times were employed as for cassiterite,
wolframite, and apatite. U-Pb data reduction was performed in Iolite using the
“U-Pb Geochronology” data reduction scheme, with a primary zircon reference
material used to correct both U/Pb and Pb/Pb ratios. During the analytical
sessions performed in 2023, the 91500 zircon (1062.4 Ma; Wiedenbeck et al.,
1995) was used as the primary reference material, whereas the RAK-17 zircon
(295.56 = 0.21 Ma; Webb et al., 2020) was adopted in 2024 due to improved
analytical reproducibility. The control materials used to monitor the accuracy of
data correction included the Temora-2 (Black et al., 2004), Peng-16 (159.27 =
0.07 Ma; G-Chron-3), 91500, Mud Tank (Gain et al., 2019), Kara-18 (Webb et al.,
2021) and/or Rak-17 zircon. The long-term reproducibility precision (calculated
from Temora-2, 91500, Peng-16 and Rak-17 zircon) ranged from 0.6% to 1.5%
(Fig. S1). A conservative value of 1.5% was propagated in quadrature to the

calculated sample ages.

Trace element data reduction was done in Iolite 4, using NIST SRM610
(Jochum et al., 2011) as the primary reference material and stoichiometric SiO; of

zircon used as the internal standard. The accuracy and reproducibility of the



corrections were monitored using the NIST612 glass, with deviations from

reference values generally below 5%, except for Ti (= 14 %) and Zr (= 30%).
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different LA-ICP-MS analytical sessions using the Agilent 8900 (green) and Nu

Instruments AttoM ES (red) systems at GeoRessources. The zircon primary reference
material was changed from 91500 (Wiedenbeck et al., 1995) in 2023 (a-b) to RAK-17
(Webb et al., 2020) in 2024 (c-d). The recommended age of Temora-2 (Black et al., 2004),
RAK-17, Peng-16 (G-Chron3) and 91500 are shown in blue, while calculated mean U-Pb

ages are shown in grey. The excess variance in U-Pb ages determined across all analytical

sessions ranges from 0.6% for 91500 (d) to 1.5% for Temora-2 (a).
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Fig. S2: Interpretative cross section of the Beauvoir rare-metal granite of the Echassieres

complex (Cuney et al., 1992; Rocher et al., 2024) showing location of analyzed samples.
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Fig. S3: Supplementary photographs of samples from the Sioule region investigated
during this study. (a-b) Metasedimentary rock samples collected for detrital zircon U-Pb
geochronology within the paragneiss unit: (a) Quartzite interlayered with migmatitic
paragneiss; (b) biotite-sillimanite paragneiss. (c-d) Cambrian metatexitic monzogranitic
gneiss and diatexitic leucogranitic gneiss. (e) Fine-grained leucogranite from the Saint-
Gervais Massif deformed along the Sainte-Christine shear zone. (f) Trachy-dacitic tuff
from the Manzat Formation. (g) Trachy-dacitic tuff from the Chateauneuf Formation. (h)
Microphotograph of a cordierite crystal almost entirely replaced by white and black micas

in the devitrified matrix of a rhyolitic dyke from the Echassieres Complex.
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Fig. S5: Representative cathodoluminescence images of zircon grains from Sioule
(meta)igneous rocks. Locations of LA-ICP-MS analytical spots are shown, along with their
corresponding analysis numbers and associated ?*Pb/?*U dates (or 2°’Pb/?°Pb dates for

purple analyses). Date uncertainties are reported at the 20 level.
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Fig. S6: Representative cathodoluminescence images of apatite grains from the Colettes
granites and Beauvoir microgranite enclave that were analyzed for their U-Pb isotopic

compositions.
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mica schist (a) and paragneiss (b-c) units of the Sioule Series. Inset diagrams show either
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youngest detrital zircon dates and corresponding maximum depositional ages. Diagram
(1) in panel (c) displays a close-up of the main Paleoproterozoic zircon population
identified in sample ECH23-101, along with calculated intercept dates in a Wetherill
concordia plot. Ellipses, error bars, and dates are reported at 2o0. Empty ellipses
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Fig. S8: Topographic profiles across the transition between the volcanic-sedimentary
rocks of the Chateauneuf and Manzat Formations, constructed using Google Earth and
1:50,000 BRGM geological maps (Hottin et al., 1989). The profiles consistently show the
Chateauneuf Formation overlying the Manzat Formation, supporting the interpretation
of an older age for the latter.
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