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Abstract. Zircon petrochronology is widely used to quantify the age and duration of magma emplacement
and differentiation. However, in highly differentiated magmas, such as those forming rare-metal granites, zir-
con may form at the magmatic—hydrothermal transition, and its primary crystallisation history, together with
its secondary hydrothermal overprint, needs to be resolved and clarified. To resolve zircon formation in such
evolved and mineralised granitic systems, we investigated heterogeneous zircons from the Beauvoir rare-metal
granite (Massif Central, France). Most of the Beauvoir zircons are characterised by the presence of two distinct
domains, designated as Zone 1 and Zone 2. Zone 1 occurs as rounded, Si- and Zr-rich domains, which are em-
bedded in the interconnected Si- and Zr-poor Zone 2 domains that are also extremely P-, U-, F-, Ca-, Fe- and
Mn-rich. Both of these zones are strongly damaged (metamict) by radioactive decay, mainly from their high
U concentrations. Textures and chemical composition strongly suggest that Zone 1 corresponds to magmatic
zircon that has been partly replaced by the Zone 2 material during the magmatic-hydrothermal transition. The
crystallisation of Zone 1 zircon is preceded by the crystallisation of U-rich cores ( ~ 6 wt % UO,) containing
UO; (uraninite) micro-inclusions, which are then surrounded by a Zone 1 homogeneous rim. These uraninite
micro-inclusions resulted from the uranium migration in the metamict and amorphous precursor zircon. U-Pb
dating of single zircon grains using chemical abrasion, isotope dilution thermal ionisation mass spectrometry
(CA-ID-TIMS) techniques yielded a well-defined discordia line with an upper intercept at 312 +2.9 (7.2) Ma
(20) and a near-zero-age lower intercept. The discordancy reflects the continuous loss of radiogenic lead from
a heavily damaged and aperiodic zircon lattice. On the other hand, ID-TIMS data from magmatic apatite of the
Beauvoir granite yielded an age of 313.440.2 (1.3) Ma (20), so far, the most accurate and precise crystallisation
age of the Beauvoir granite. Thus, we emphasise that although the study of zircon from highly differentiated sys-
tems provides strong insights into the magmatic—hydrothermal transition of these objects, their metamict nature
prevents their use to precisely and accurately date the emplacement of rare-metal granite.
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1 Introduction

Peraluminous rare-metal magmatism involving highly
evolved magmas is often considered to represent the ultimate
stage of magmatic differentiation (e.g. Cerny et al., 1985;
Cemy, 1992; Raimbault et al., 1995; Zoheir et al., 2020; Liu
et al., 2022). This magmatism occurs as either volcanics (e.g.
Pichavant et al., 1988; Raimbault and Burnol, 1998), peg-
matites (e.g. éern}'l et al., 1985; Van Lichtervelde et al., 2007;
London, 2018) or granites (e.g. Cuney et al., 1992; Michaud
et al., 2020; Lépez-Moro et al., 2024) and is of great sci-
entific and societal importance for being a source of several
critical and strategic metals (e.g. Li, Nb, Ta, Sn, W, U; see
Linnen et al., 2012). As these elements are mostly incom-
patible with respect to the main crystallising assemblage in
granitic magmas, their concentrations in highly differenti-
ated systems (e.g. rare-metal granites, pegmatites) are gov-
erned by the various magmatic and hydrothermal processes
that shape these magmatic reservoirs.

Zircon is a common mineral in granitic magmas, and it
has been widely shown that it can be used to precisely mon-
itor both the plutonic emplacement through its precise and
accurate dating (e.g. Leuthold et al., 2012; Schoene et al.,
2012; Barboni et al., 2013, 2015; Kryza et al., 2014; Large
et al., 2020) and the subsequent magma differentiation us-
ing its composition as a proxy (e.g. Claiborne et al., 2006;
Watson et al., 2006; Schoene et al., 2012; Chelle-Michou
et al., 2014; Large et al., 2020; Lu et al., 2023; Drabon et
al., 2024; Farina et al., 2024). In highly differentiated, per-
aluminous magmatic systems, zircon often exhibits textures
and compositions that may be attributed to crystallisation/al-
teration by deuteric (i.e. melt-exsolved) fluids during the
magmatic—hydrothermal transition (e.g. Cerny and Siivola,
1980; Geisler et al., 2007; Schaltegger, 2007; Van Lichter-
velde et al., 2009; Breiter and §koda, 2012; Alekseev et
al., 2014; Troch et al., 2018; Courtney-Davies et al., 2019;
Han et al., 2023; Jia et al., 2024). Such zircons can be par-
ticularly rich in Hf and U, reflecting substitution reactions
between zircon and its structural isomorphs (i.e. tetragonal
crystal lattice). These substitution reactions correspond to
the hafnon (Zr** < Hf**; Ramakrishnan et al., 1969; Speer
and Cooper, 1982) and the coffinite Zr*t - U**; Fuchs and
Gebert, 1958; Forster, 2000) substitutions, respectively. Zir-
con can also be enriched in P, reflecting the isomorphous
xenotime substitution with Si*t+ Zr** < P3T+ (REE, Sc,
Y)**+, where REE denotes rare-earth elements (e.g. Speer,
1980; Hoskin et al., 2000; Hanchar et al., 2001; Forster,
2006). Other elements such as Al and Ca can also be in-
corporated into zircon in addition to the xenotime substi-
tution, corresponding to the berlinite substitution with 2
Si*t < Pt APt (e.g. Breiter et al., 2006; Pérez-Soba et
al., 2014) and the brabantite substitution with 2 Si*t+2
Zr*t <2 P>t Ca*t 4+ (U, Th)** (e.g. Pérez-Soba et al.,
2014; René, 2014). The berlinite and brabantite substitutions
are not isomorphous with zircon.
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In addition to the lattice disordering induced by these vari-
ous substitutions, the zircon structure can experience signifi-
cant a-decay damage due to its U and/or Th decay, ultimately
leading to metamict and aperiodic zircon (Holland and Got-
tfried, 1955; Murakami et al., 1991; Nasdala et al., 1998,
2001; Geisler et al., 2003c) from which the radiogenic lead
(Pb*) can easily escape. Although the migration of these ex-
otic elements is enhanced by zircon a-decay damage (Cher-
niak et al., 1991; Geisler et al., 2003c, 2007), they can also in-
corporate fresh zircon (non-metamict) directly from the melt
or from hydrothermal fluids. Such early incorporation would
thus provide strong constraints on melt and/or fluid compo-
sition from which zircon has crystallised (e.g. Van Lichter-
velde et al., 2009; Courtney-Davies et al., 2019; Han et al.,
2023), which in turn can inform us about the processes re-
lated to mineralisation deposits.

To better understand these processes, we investigated the
composition and crystal lattice of zircon from the Beauvoir
rare-metal granite (Massif Central, France) through chemical
and isotopic analysis and micro-Raman spectroscopy. Based
on these new results, we show that primary magmatic zir-
con has been partially replaced during interactions with re-
active deuteric fluids that circulated during the Beauvoir hy-
drothermal activity. These replacements were accompanied
by changes in zircon texture and composition, which even-
tually led to their amorphisation. New U-Pb age determina-
tions by CA-ID-TIMS (chemical abrasion, isotope dilution
thermal ionisation mass spectrometry) reflect the advanced
state of lattice damage and continuous loss of radiogenic Pb,
yielding strongly discordant data with an upper intercept at
312+ 7.2Ma (20). Although our zircon data from the Beau-
voir rare-metal granite provide strong insights into the Beau-
voir magmatic—hydrothermal transition, we demonstrate that
ID-TIMS U-Pb geochronology of magmatic apatite can yield
an accurate estimation of rare-metal granite emplacement
dating, which corresponds to 313.4£0.2 (1.3)Ma for the
Beauvoir intrusion.

2 The Beauvoir granite

2.1 Geological setting

The Beauvoir rare-metal granite is located in the Sioule area
(Fig. 1), which corresponds to an inverted metamorphic se-
quence (Grolier, 1971) in the northern part of the Variscan
Massif Central (France). The Sioule area is bordered by two
major fault systems, the late Carboniferous Sillon Houiller
to the west and the Oligocene Ebreuil graben to the east.
From top to bottom, this metamorphic series is composed of
a cordierite migmatite overlying a biotite—sillimanite gneiss,
referred to as the Upper Gneiss Unit (UGU; Grolier, 1971;
Faure et al., 1993). A two-mica paragneiss is located struc-
turally below the UGU and corresponds to the Lower Gneiss
Unit (LGU), whereas a staurolite-bearing micaschist is lo-
cated at the base of this metamorphic series (Fig. 1; Grolier,
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Figure 1. Geological map of the Sioule area, modified from the 1/50000 geological map of Gannat (BRGM). The top-right insert shows
the location of the Sioule area within the French Massif Central. The location of the GPF-1 borehole from which the Beauvoir samples have
been collected is indicated by the open star. The location of the cross section in Fig. 2 is indicated.

1971; Faure et al., 1993). This micaschist corresponds to the
Para-Autochthonous Unit. The whole series experienced a
Barrovian-type metamorphism at ca. 365-350 Ma (Do Couto
et al., 2016) that has been linked to the collision between Ar-
morica and the Avalonia—Laurentia block following the clo-
sure of the Rheic Ocean (Faure et al., 2009).

The Beauvoir rare-metal granite together with the Colettes
leucogranite forms the Echassiéres granitic complex (Fig. 1).
Their intrusions into the micaschist series produced a contact
aureole overprinting the regional metamorphic assemblages
(Merceron et al., 1992). The Colettes leucogranite represents
the main body of the Echassiéres complex and was emplaced
at 317 + 8 Ma (Rb-Sr whole rock from Pin, 1991, recalcu-
lated by Carr et al., 2021). The Beauvoir rare-metal gran-
ite is thought to have subsequently intruded to the Colettes
leucogranite as the latter is affected by a metasomatic aure-
ole at the contact with the Beauvoir intrusion (Aubert, 1969;
Raimbault et al., 1995). Detailed studies on the Beauvoir
granite fluids inclusions document an emplacement pres-
sure of 80 MPa, corresponding to an emplacement depth of
~ 3km (Aissa et al., 1987; Cuney et al., 1992). Several stud-
ies have attempted to date the Beauvoir granite crystallisation
using various minerals and approaches. An age of 308 £2 Ma
has been proposed by Cheilletz et al. (1992) using “°Ar—3° Ar
dating on lepidolite, whereas Melleton et al. (2015) estimated
317 &+ 6 Ma via U-Pb on columbite—tantalite. These datings
are consistent with the new Beauvoir apatite age proposed by
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Rocher et al. (2024) at 314.6 4.7 Ma (U-Pb; LA-ICP MS).
A third magma body (La Bosse), inferred to be the source
of the wolframite-bearing La Bosse stockwork (Fig. 2), has
been dated by Carr et al. (2021) to 316.7 £ 3.3 Ma (U-Pb
on wolframite). The Sioule metamorphic series also hosts
other Variscan granitoids such as the Pouzol-Servant micro-
granite (ca. 330 Ma; Pin, 1991; Fig. 1), the Chantelle gran-
ite, the Champs granite and late Visean volcanic deposits
(ca. 330 Ma; Do Couto et al., 2016).

2.2 The Beauvoir rare-metal granite

The Beauvoir intrusion (Fig. 2) consists of a leucocratic
rare-metal granite. Its mineral assemblage is composed of
quartz, albite, K-feldspar, lepidolite (Li-mica), topaz and
amblygonite (Li-phosphate). Accessory minerals dissemi-
nated across the granite are in order of abundance: F-apatite,
cassiterite (SnO,), columbite—tantalite (Mn—Fe, Nb—Ta;Og),
zircon, microlite (Na—Cay—U, TapOg) and uraninite (UOy).
From bottom to top, the Beauvoir intrusion is characterised
by an increase in incompatible element contents (e.g. Be, Li,
P, F, Rb, Ta) and an overall decrease in compatible element
contents (e.g. Fe, Mn, Ti, Zn). Variations of these elements
are associated with a global increase in the Rb/K and the
Hf/Zr ratios, which are consistent with increasing magma
differentiation towards the top of the pluton (Raimbault et
al., 1995; Rossi et al., 1987). Based on bulk-rock chemistry,
Gagny (1987) showed that the Beauvoir intrusion resulted

Eur. J. Mineral., 37, 667—693, 2025
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from the stacking of numerous magmatic batches. A similar
conclusion has been recently drawn by Esteves et al. (2024a),
who showed that the Beauvoir intrusion was built through
the stacking of at least 18 crystal-poor sills (i.e. sub-units in
Fig. 2). Based on systematic changes in sill lepidolite com-
position, the authors showed that each of these sills repre-
sents residual magmas that were episodically extracted from
a deeper differentiating reservoir. Once injected within the
Beauvoir reservoir, the progressive crystallisation of these
sills has led to the formation of Na-, Al-, Li-, P- and F-rich
residual melts, which then percolated in channels through the
granitic mush before its ultimate solidification.

From melting and crystallisation experiments using Beau-
voir samples as starting materials, Pichavant (2022) esti-
mated a solidus temperature of around 560 °C. Such a low
solidus temperature is explained by the high volatile and
Li content that strongly reduce magma solidus temperature
(Wyllie and Tuttle, 1964; London, 1992; Scaillet et al., 1995).
At the end of the Beauvoir magmatic activity, a hydrothermal
activity occurred involving several different aqueous fluids
and chlorine-rich brine stages (Aissa et al., 1987; Fouillac et
al., 1987; Harlaux et al., 2017; Rocher et al., 2024). This pro-
tracted hydrothermal activity produced a geochemical halo in
rare metals in the micaschist around the Echassieres granitic
complex (Harlaux et al., 2025).

Zircon grains in the Beauvoir granite (size ~ 20-80 um)
crystallised as octahedral crystals, displaying a perfect bi-
pyramidal morphology (Fig. 3a—f). A second acicular group
has been locally observed in Beauvoir units 1 and 2 (Fig. 2).
Zircon is commonly enclosed in lepidolite and caused
pleochroic halos in the host minerals. Those zircons are Hf-
rich (up to 19.15 wt % HfOy), reflecting the hafnon substitu-
tion, and U-rich (up to 9.69 wt % UQO,), reflecting the coffi-
nite substitution (Breiter and Skoda, 2012). Although Bre-
iter and Skoda (2012) analysed 31 oxides including REE,
their analytical oxide sums ranged from ~ 92 % to 100 %.
They thus proposed that water might be present in these zir-
con grains. While metamict crystals have been ubiquitously
identified across the granite, potential zircon crystals with a
lower degree of a-decay damage were optically identified
at various depths by Rossi et al. (1987). Three distinct ap-
atite generations have been recognised in the Beauvoir in-
trusion (Rocher et al., 2024), all of them corresponding to
fluoro-apatite. The first generation (Apatite I) refers to early
and magmatic apatite. These prismatic grains (up to 0.5 mm)
are often included in or in close relation to topaz crystals
and are easily recognised with bluish colour in natural light.
This magmatic generation is characterised by a high amount
of manganese (up to 6.5 wt% MnO; Rocher et al., 2024),
which can enter the calcium site. The incorporation of Mn is
expected to explain its bluish colour (Ribeiro et al., 2005).
The second and third apatite generations (Apatite II and Ap-
atite III) crystallised during the early and late Beauvoir hy-
drothermal circulation events, respectively (Rocher et al.,
2024). They are colourless in natural light and are depleted
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in manganese compared to the first generation (Cuney and
Autran, 1988; Rocher et al., 2024).

3 Material and methods

Samples were collected from the 900 m GPF-1 borehole
stored at the Bureau de Recherches Géologiques et Minieres
(BRGM; Orléans, France). Sampling was conducted at spe-
cific depths, where Rossi et al. (1987) had observed the pres-
ence of “fresh” zircons (i.e. weakly damaged), leading to a
total of 12 samples (Fig. 2). Samples are labelled as “GPF-
depth” (for instance GPF-352.30 was collected at a depth of
352.3m). Zircon grain names in relation to their host sam-
ples are indicated in Table S1 in the Supplement. Rock sam-
ples were fragmented using the Selfrag Lab apparatus (i.e.
high-voltage pulse fragmentation technology from SELF-
RAG AG, Switzerland) installed at the GeoRessources lab-
oratory (Steval platform, Nancy, France). To efficiently al-
low the liberation of crystals along grain boundaries, this
fragmentation was done under 120kV, with a pulse rate of
5 Hz for a total of ~ 100 pulses. Heavy fractions of the ob-
tained sands, in which zircon and apatite are concentrated
(along with topaz, cassiterite, columbite—tantalite and micro-
lite), were separated from the rock light fractions (i.e. quartz,
feldspar and mica) using first a shaking table at the Cen-
tre de Recherches Pétrographiques et Géochimique (CRPG;
Nancy, France) and then heavy liquids (diiodomethane, den-
sity 3.32) at the Department of Earth Sciences at the Uni-
versity of Geneva (Switzerland). Zircon and bluish apatite
were then handpicked under a binocular microscope. Zir-
con crystals from GPF-680.60 and GPF-598.05 (Fig. 2) were
mounted in epoxy resin for micro-Raman and electron-probe
analyses.

3.1 Imaging, micro-Raman and composition analyses of
zircon

The backscattered electron (BSE) images were obtained us-
ing a JEOL JXA 8230 microprobe at the CRPG under 15kV
and 15 nA. Micro-Raman measurements were performed us-
ing a high-resolution LabRAM instrument (Jobin-Yvon®,
Horiba) coupled to a 50x optical microscope (Olympus®)
at GeoRessources laboratory (Nancy, France). Zircon spec-
tra were obtained using a neon laser (515nm) with a laser
power of 300 mW, resulting in an energy of 30 mW at the
sample surface. Slit width was 200 um. The energy band of
neon glow lamps was used for calibration. To evaluate the v3
(S8i04) zircon Raman internal vibration mode, spectra were
collected in the spectral interval between 843 and 1250 cm™!
with a spectral resolution of 2.5cm™!. Extended zircon Ra-
man spectra were also collected between 100 and 1200 cm™!.
The other internal modes (v1, v and v4) that are related to Si
and O vibrations within the SiO4 tetrahedron (Dawson et al.,
1971) were not analysed due to their low intensity. A spot
size of 1 um and a dwell time of 0.1 s were used to collect the

https://doi.org/10.5194/ejm-37-667-2025
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Figure 2. Schematic cross section of the Beauvoir rare-metal granite (localisation indicated in Fig. 1). Beauvoir samples from which zircon
and apatite grains have been dated are indicated. The locations of the 18 sills (grouped into four main units: Uy to Uy) identified by Esteves
et al. (2024a) based on lepidolite compositional variations throughout the borehole are indicated. The shape of the whole intrusion is from

Cuney et al. (1985) and redrawn by Esteves et al. (2024a).

micro-Raman maps, whereas individual micro-Raman anal-
yses were measured with an acquisition time of 1 s, accumu-
lated 10 times. All measurements were performed in one ses-
sion. All spectra were baseline-corrected using the Labspec®
software, from which the peak position and peak linewidth
were calculated. Linewidth was then corrected following the
equation given by Tanabe and Hiraishi (1980), which pro-
vides the real FWHM (full width at half maximum) of the
Raman peak:

§\2
=Tl - (E) 1,

where I' is the corrected linewidth, I'y, is the measured
linewidth from Labspec software and S the spectral resolu-
tion.

Following the micro-Raman measurements, both point
analyses and chemical maps have been performed on an elec-
tron probe using a CAMECA SXFIVE-Tactis at the Geo-
Ressources laboratory (Nancy, France). Each point analy-

ey
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sis was conducted under a 10nA current, 15kV accelerat-
ing voltage and 1 um diameter focused beam. Eleven ele-
ment oxides were calibrated using zircon (Si, Zr), corundum
(Al), MnTiO3 (Mn), Fe;O3 (Fe), wollastonite (Ca), apatite
(P), topaz (F), metallic Hf (Hf), thorium (Th) and uraninite
(U). Counting times were 10s on the peak and 5s on the
background for each element. Chemical X-ray maps were
acquired under a 40 nA current, 15kV accelerating voltage,
dwell time of 50 ms and pixel size of 0.25 um. X-ray maps
were cross-calibrated with quantitative point analyses to ob-
tain quantitative X-ray maps using XMapTools 4.2 (Lanari
et al., 2014, 2019). Although the investigated zircon grains
come from distinct samples, they will be treated together
as their compositional analyses are overlapping. The vari-
ous dark inclusions in zircon (Fig. 3a—f) have been identified
and analysed using a JEOL 6510 SEM (scanning electron
microscope) at the Centre de Recherches Pétrographiques et
Géochimiques (Nancy, France).

Eur. J. Mineral., 37, 667—693, 2025
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Figure 3. (a—c) Backscattered electron (BSE) images of representative Beauvoir zircon grains with their interpretative scheme. (d) Zoomed-
in view of panel (c) presenting the connection between the Al-, Si- and K-rich inclusions and cracks (white arrows). (e) BSE image of Zr-4,
where a small columbite—tantalite is included within an Al-, Si- and K-rich inclusion. (f) BSE image of Zr-5 containing a core rich in small
UO; inclusions. Note the remarkable difference with its homogeneous rim. Zr-1, Zr-2, Zr-3, Zr-4 and Zr-5 are the names of the studied

individual zircon grains.

From the U and Th concentrations, the « fluence (Dy)
corresponding to the number of emitted o particles per mil-
ligram of each analysed zircon was calculated following the
equation of Nasdala et al. (2001):

Cy x Np x 0.9928( 2238,
e _

Dy =8 x 1
* Mp3g X 10° )
7% Cuy x Np X 0.8072 (ekzsst _ 1)
M>35 x 10
C N,
+6x TSR (), ®)
M»>3r x 10

where Cy and Cy, correspond to the U and Th concentration
in ugg~!, N, is the Avogadro constant (6.022 x 10?%), and
M>33, Ma35 and M»3; are the molecular weight of 28y, 235y
and 232Th, respectively. 1238, 1235 and 1232 are their respec-
tive decay constants from Jaffey et al. (1971) and Le Roux
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and Glendenin (1963). ¢ is the zircon crystallisation age, here
313.4 Ma (see below).

3.2 U-Pb dating of zircon and apatite

Zircon and apatite U-Pb geochronology was conducted in
the Department of Earth Sciences at the University of
Geneva (Switzerland). Handpicked zircon crystals separated
for geochronological analyses were first annealed at 900 °C
for 48 h in an oven. This annealing step allows zircons to par-
tially recover their crystallographic structures. The annealed
zircons then underwent a first washing step using ethanol
before being washed a second and a third time with a 7N
HNO3 solution with a sonic bath. Each grain was placed
in Savillex microcapsules along with four drops of concen-
trated HF. These microcapsules were placed in a Parr bomb
vessel at 210 °C for 3 h. The objective of this partial disso-

https://doi.org/10.5194/ejm-37-667-2025
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lution step is to dissolve the more strongly decay-damaged
domains in the zircon that likely contain elevated contents
of common lead (Pb.). Although the optimal duration of this
partial dissolution step is estimated to be §—12h (Widmann
et al., 2019; McKanna et al., 2024), our zircon grains were
already completely dissolved after 3 h. Solutions of the sam-
ple GPF-598.05 (i.e. corresponding to fully dissolved zircon)
were dried before being spiked with one drop of the EARTH-
TIME 202pp-_205pp-233(J_235Q tracer solution (Condon et
al., 2015; McLean et al., 2015) together with three drops of
6 N HCI. Knowing that the Beauvoir zircons might not sur-
vive to reach the partial dissolution step, zircons from fur-
ther samples, GPF-352.30, GPF-447.60, GPF-784.73, GPF-
824.20 and GPF-860.25, were spiked before the dissolution
step using the EARTHTIME 2%Pb-233U-23U tracer solu-
tion (Condon et al., 2015; McLean et al., 2015). These so-
lutions were also dried before three drops of 6 N HCI were
added to their respective microcapsules. All samples were
dried again and re-dissolved in three drops of 3.1 N HCI. Ura-
nium and lead elution were isolated via an anion exchange
resin using HC1 and H,O. One drop of H3PO,4 was added to
the elution solution before evaporation on a hot plate.
Apatite was analysed as individual crystals or fragments,
having variable size ranging from ~ 50 to ~ 200 um. Indi-
vidual fragments were washed in 3 mL Savillex beakers in
an ultrasonic bath (four times, using de-ionised ultrapure wa-
ter). The fragments were then transferred into individual Sav-
illex microcapsules, along with two to three drops of 6 N HCl
and 4.8 to 17.8 mg of the EARTHTIME 2%Pb-233U-?33U
tracer solution (Condon et al., 2015; McLean et al., 2015),
before being completely dissolved at 210 °C in a Parr bomb
vessel for 24 h. After dissolution, samples were dried down
on a hot plate at 120 °C and re-dissolved in 1M HBr. U
and Pb were separated using a modified HBr-based single-
column anion exchange chemistry (Paul et al., 2021). U and
Pb for zircon and apatite chemistry were loaded separately
on outgassed, zone-refined single Re filaments with a silica-
gel / phosphoric acid emitter solution, modified after Ger-
stenberger and Haase (1997). The U and Pb isotopic com-
positions were measured on an Isotopx Phoenix TIMS (ther-
mal ionisation mass spectrometer) at the Radiogenic Isotopes
Laboratory, University of Geneva. Electronic baselines and
ATONA calibration were conducted for 12 h each at the be-
ginning of the analytical work. U was measured in static
mode using ATONA amplifiers, with U analysed as an ox-
ide. Pb was analysed in a mixed Faraday—Daly configuration,
with 29Pb measured using the Daly detector, in a one-jump
setup (real-time correction, 2%*Pb and 2%3Pb with the Daly
detector) or in peak jumping mode using only Daly detection.
Measured isotopic ratios were corrected for interferences of
28UBO0 on 2PU%0, using a '80/'°0 composition of
0.00205, based on repeat measurements of the U500 stan-
dard. Mass fractionation of U was corrected using a double-
isotope tracer with a 23>U/?33U ratio of 0.99506 4 0.005.
Mass fractionation of Pb was corrected using repeat analy-
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ses of the SRM 981 standard (« = 0.20 £0.02 % a.m.u.~!
410 abs.). Apatite Pb analyses were corrected for labora-
tory blanks, which were estimated to be 0.84 £0.23 pg, with
206pp /204Ph of 18.50 +0.74, 297Pb/24Pb of 15.58 4 0.31
and 208Pb/ 204ph of 38.17 & 1.14, based on repeat measure-
ments (n = 14) of total procedural blanks for HBr column
chemistry. Initial Pb in apatite was corrected using a 2%Pb-
based correction, with a model initial Pb isotopic composi-
tion equivalent to the Stacey and Kramers (1975) two-stage
model Pb-growth curve at 300 Ma. All data were processed
using the Tripoli, YourLab and Isoplot software/Excel pack-
ages (Ludwig, 1991; Bowring et al., 2011; McLean et al.,
2011; Schmitz and Schoene, 2007). Thorium abundances for
each apatite grain, and subsequently Th/Ujpagite, Were calcu-
lated using the abundance of 2°Pb within the crystal and the
206pp /238U age to calculate radiogenic in-growth (McLean
et al., 2011). Zircon and apatite U-Pb age uncertainties were
obtained with Isoplot software (Ludwig, 1998) and are re-
ported at the 2o level in the format A £+ X (Y), where A cor-
responds to the estimated age, X is analytical uncertainty as-
sociated with A and Y is the analytical uncertainty combined
with the data overdispersion (i.e. MSWD).

4 Results

4.1 Zircon texture

Under BSE imaging, the Beauvoir zircons exhibit heteroge-
neous textures consisting of bright and dark materials (i.e.
contrasting composition), identified as zircon Zones 1 and
2, respectively (Fig. 3a—c). Zircon inner parts present a mix-
ture of small rounded pieces (up to 5pum) of Zone 1 mate-
rial embedded in the interconnected, braided Zone 2 material
(Fig. 3a—). Around these cores, zircon alternates between
homogeneous dark material (Zone 2) and Zone 1 growth
zones (e.g. Fig. 3c). Zone 1 growth zones contain abun-
dant cracks (< 1 pm) that are filled by Zone 2 material. Zir-
con outer rims are similar to the core with the presence of
rounded Zone 1 material within the Zone 2 matrix. Beauvoir
zircons also contain numerous muscovite and quartz inclu-
sions (see Table S1 and Fig. S2 in the Supplement) that ap-
pear black in BSE images (e.g. Fig. 3b, c¢). These inclusions
are locally connected to cracks (Fig. 3d). Columbite—tantalite
is also present in one of these dark inclusions (Fig. 3e). An-
other zircon population represented by Zr-5 (Fig. 3f) has a
core containing numerous uraninite micro-inclusions (size
~ 1-2 um). The transition from core to rim is sharp as these
uraninite inclusions are absent in the Zr-5 rim. BSE intensity
indicates that the Zr-5 rim is composed of a denser material
than the one in the core. Zircons with typical oscillatory zon-
ing or inherited cores are absent in our sample set.
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Figure 4. Compositional diagrams in atoms per formula unit (apfu) for Beauvoir zircon. (a) P+ Al vs. Si. Note the correlation below the
berlinite substitution vector. (b) Al vs. P. Note that Zone 2 zircon contains more P than necessary for a berlinite substitution. (¢) Ca vs. Si.
The zircon data form a linear trend below the brabantite substitution vector. (d) Ca vs. P*, where P* =P — Al. P* represents the leftover P
after the berlinite substitution. Note the correlation along the brabantite substitution vector. (e) F vs. Si. Note the negative correlation along a
1: 1 trend. (f) Hf vs. Zr. Note that the data do not follow the hafnon substitution vector. (g) U vs. Zr. Note the negative correlation below the
coffinite substitution vector. (h) Fe 4+ Mn vs. Zr. The black arrow corresponds to the theoretical substitution 7t <2 (Fez++ Mn2+). In
general, note the compositional variations between Zones 1 and 2. Also note that except its higher U content, Zr-5 is compositionally similar
to Zone 1.
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Table 1. Representative chemical composition and structural formula of the Beauvoir zircons. Structural formulas are calculated on the basis
of two cations and four oxygens and are given in apfu (atoms per formula unit). Elements that are enriched in Zone 2 compared to Zone 1
are in bold. See the Supplement for the whole data set (Table S1) and for the location of each analysis (Fig. S1). 0.0 analyses are below the

detection limit.

Zone 1 (n =51)

Zone 2 (n =37) | Detection limits (DLs)

Mean Max Min SD ‘ Mean Max Min SD ‘ wt %
SiO; (wt %) 3041 3286 2558 1.69 | 23.23 31.58 16.56 4.43 0.13
Al,O3 0.16 1.61 0.00 0.27 1.25 2.69 0.00 0.68 0.11
FeO 0.22 1.72 0.00 0.40 0.78 2.10 0.00 0.57 0.13
MnO 0.08 0.47 0.00 0.10 0.47 1.08 0.00 0.26 0.13
CaO 0.20 1.26 0.00 0.26 1.73 3.69 0.00 1.04 0.06
P,05 0.40 1.83 0.00 042 3.69 10.06 0.11 3.13 0.33
71Oy 61.68 6583 5148 261 | 5198 64.84 39.05 5.80 0.25
HfO, 4.30 9.99 2.63 145 3.10 6.45 2.04 0.79 0.45
ThO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22
[8[0)) 0.97 5.44 0.00 1.19 331 7.80 045 1.93 0.25
F 0.40 1.51 0.00 0.39 1.81 3.58 0.19 091 0.73
Total 98.82 | 91.34 \
o doses (1010mg=1)  0.85 | 295 \
Number of ions on the basis of four oxygens
Four-coordinated cations (7" site)
Si (apfu) 0.96 1.01 0.85 0.04 0.78 0.98 0.54 0.13
Al 0.01 0.06 0.00 0.01 0.05 0.11 0.00 0.03
P 0.01 0.05 0.00 0.01 0.11 0.29 0.00 0.09
Sum 0.98 | 094
Eight-coordinated cations (A site)
Fe (apfu) 0.01 0.05 0.00 0.01 0.02 0.06 0.00 0.02
Mn 0.00 0.01 0.00 0.00 0.01 0.03 0.00 0.01
Ca 0.01 0.05 0.00 0.01 0.06 0.13 0.00 0.04
Zr 0.95 1.00 0.86 0.03 0.85 0.98 0.68 0.07
Hf 0.04 0.09 0.02 0.01 0.03 0.07 0.02 0.01
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
U 0.01 0.04 0.00 0.01 0.03 0.06 0.00 0.02
Sum 1.01 | 1.00 \
Anionic site
F 004 016 000 004 | 019 037 002 0.10 |

4.2 Zircon electron-probe and micro-Raman analyses

Representative compositions of the Beauvoir zircons are doc-
umented in Table 1, while compositional variations between
Zones 1 and 2 are represented in Fig. 4. Compositional vari-
ations of Zr-3 and Zr-1 are compared to their BSE images in
Figs. 5 and 6, respectively. From Zone 1 and 2 compositions,
several types of ionic substitution can be identified, allowing

the incorporation of various elements in these zircons.

1. “Berlinite” substitution [2 Sitt & PSt4 Al3+].
Zone 1 corresponding to the bright material in BSE im-
ages is enriched in Si compared to Zone 2, with an av-
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erage of 30.41 wt % and 23.23 wt % SiO», respectively
(Figs. 4a, 5a, b and 6a, b). Cracks are also depleted
in Si. For comparison, pure zircon (i.e. ZrSiO4) has
32.8 wt % SiOy (Hoskin and Schaltegger, 2003). Si in
the Zone 1 zircon T site decreases to 0.85apfu (i.e.
25.58 wt % Si0O;) and to 0.54 apfu Si (i.e. 16.56 wt %
Si0;) in Zone 2 (Fig. 4a; Table 1). Si negatively cor-
relates with P+ Al (Fig. 4a) and forms a linear trend
slightly below the berlinite substitution vector. This sub-
stitution is clearly visible in the chemical maps where
Si-rich materials (Zone 1) are depleted in P and vice
versa (Figs. 5b, f and 6b, f). The extent of berlinite sub-

Eur. J. Mineral., 37, 667-693, 2025



676 N. Esteves et al.: The magmatic—hydrothermal transition record in zircon

stitution is limited in Zone 1 compared to Zone 2, lead-
ing to a Zone 1 T site almost exclusively filled with Si,
while, on average, 0.05 apfu Al (1.25 wt % Al>,O3) and
0.11 apfu P (3.69 wt % P,0Os5) enter the Zone 2 T site.
As the berlinite substitution involves the incorporation
of 1 P5* and A3 instead of 2 Si**, the enrichment in
P over Al in the Beauvoir zircons (Fig. 4b) implies that
P>t was also incorporated by another substitution.

2. “Brabantite” substitution [2 Si*t +2 7K o CaPt+
(U*+) 42 P>T]. Ca in Beauvoir zircon negatively corre-
lates with Si, forming a linear trend below the brabantite
substitution vector (Fig. 4c). On average, Ca is enriched
in Zone 2 compared to Zone 1 (1.73 wt % vs. 0.20 wt %
CaO, respectively; Table 1). Zircon data are slightly
above the brabantite substituting vector when Ca is plot-
ted against P*, with P* =P — Al (apfu) represents the
extra P3* that needs to be charge-balanced after the
berlinite substitution (Fig. 4d).

3. Incorporation of F. Zone 2 is particularly rich in F
(Fig. 4e), with an average composition of 1.81 wt % F
and a maximum of 3.58 wt % F, whereas it is poorer in
Zone 1 (mean of 0.4 wt % F, where most of the analyses
are below the detection limit; Table 1). F negatively cor-
relates with Si, forming a linear trend with a 1 : 1 slope
in this chemical space (Fig. 4e).

4. Hafnon substitution. Zr, which is the main constituent
in zircon, is enriched in Zone 1 compared to Zone 2
(Figs. 4f-h, 5c and 6c¢). On average, Zone 1 contains
61.68 wt % ZrO; (0.95 Zr apfu), while Zone 2 contains
51.98 wt % ZrO; (0.85 apfu). Although Hf does not cor-
relate with Zr in Beauvoir zircon (Fig. 4f), the highest
Hf concentration has been found in Zone 1 (9.99 wt %
HfO,; Table 1). From zircon chemical maps, Hf-rich ar-
eas (e.g. arrow in Fig. 6d) are also enriched in Si and Zr.

5. Incorporation of U. U negatively correlates with Zr
(Fig. 4g) and is, on average, depleted in Zone 1 com-
pared to Zone 2 (0.97 wt % vs. 3.31 wt % UQOy; Table 1).
The U—Zr covariation is well below the coffinite substi-
tution vector (Zr**T <> U**, Fig. 4g). U strongly corre-
lates with P (Figs. Se, f and 6e, f), whereas it also nega-
tively correlates with Si (Figs. 5b, c, e and 6b, c, ). The
Th concentration in Beauvoir zircon is generally below
the detection limit (Table 1).

6. Incorporation of low-field-strength cations Mn and Fe.
Unusual elements for a zircon such as Fe and Mn are en-
riched in Zone 2 (0.78 wt % FeO and 0.47 wt % MnO,
respectively) compared to Zone 1, where most of the
analyses are below the detection limits (Table 1). For
zircon containing more than 0.90 apfu Zr, Mn + Fe neg-
atively correlates with Zr, in agreement with the theoret-
ical Zr*t <> Mn?* 4 Fe* substitution vector (Fig. 4h).
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For a Zr below 0.90 apfu, Mn + Fe does not correlate
with Zr (Fig. 4h).

The oxide sum is on average 98.82 in Zone 1, while it is
91.34 wt % in Zone 2 (Table 1). Although the zircon A site is
fully occupied in Zones 1 and 2, this Zone 2 low oxide sum
is notably explained by a cation deficiency in its T site (0.94
instead of 1 apfu). Such a low oxide sum in Beauvoir Zone 2
may indicate the non-dosage of various elements (such as
H»0). Zr-5, displayed in Fig. 3f, is texturally different from
the other Beauvoir zircons but is compositionally similar to
Zone 1.

These results are consistent with the previously published
Beauvoir zircon analyses by Cuney and Autran (1988) and
Breiter and Skoda (2012). A comparison between the Zr-1
micro-Raman signature of Zones 1 and 2 with its chemical
maps is presented in Fig. 6a—i. Although the Raman inten-
sity is rarely used as a discriminating parameter in Raman
spectroscopy (i.e. the intensity is often labelled in arbitrary
units), it strongly correlates with zircon SiO, and ZrO, con-
centrations (Fig. 6b, ¢ and g) and can thus be used to iden-
tify Zone 1 zircon. In other words, the decrease in Raman
intensity is correlated with the substitutional degree of the
analysed material. The v3 (SiO4) linewidth of Zr-1 is nega-
tively correlated with its v3 (SiOy4) intensity (Fig. 6g, h) as
well as with SiO,, ZrO, and HfO,. On the other hand, it
correlates with UO, and P>Os5 concentrations, leading to a
lower v3 (SiO4) linewidth for Zone 1 compared to Zone 2
(~ 15 to 25 vs. 30 to 40, respectively, Fig. 6h). The Beau-
voir zircons’ v3 (SiO4) linewidth negatively correlates with
their vz (SiO4) peak position (Fig. 7a). Analyses leading
to v3 (SiO4) linewidths below 25 cm™! exclusively refer to
Zone 1, whereas an overlap exists between Zones 1 and 2
above 25 cm™! (Fig. 7a). Although their v3 (SiO4) linewidth
correlates, in the first order, with the o decays mg ™! they ex-
perienced, two trends can be distinguished in the diagram
(Fig. 7b). Indeed, the slope of these trends significantly dif-
fers from Zone 1 to Zone 2, with a weaker one for Zone 1
(Fig. 7b). Thus, although Zones 1 and 2 can have a simi-
lar v3 (SiO4) linewidth, the « decays mg ™! that experienced
Zone 2 are 2 to 6 times higher than those that experienced
Zone 1 (Fig. 7b). Typical extended Beauvoir zircon Raman
spectra are displayed in Fig. 7c and can be compared with
the spectrum of a non-damaged zircon (RRUFF database;
Lafuente et al., 2015). Zircon spectra with the weaker v3
(SiO4) linewidth are those where the zircon Raman bands
are the best expressed (e.g. little disordered Zone 1; Fig. 7¢).
On the other hand, vy and v3 (SiO4) cannot be distinguished
on the Zone 2 metamict zircon spectrum (Fig. 7¢). During
this study, any micro-Raman analyses yielded to very well
ordered zircon with a v3 (SiO4) linewidth below 10cm™!.
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Figure 5. (a) BSE image of Zr-3. (b) SiO», (¢) ZrO;, (d) HfO,, (e) UO; and (f) P,O5 quantitative chemical maps of the same crystal in (a).
Note that the bright domains (Zone 1) in (a) are enriched in Si and Zr, whereas the dark domains in (a) are enriched in U and P.

4.3 Zircon and apatite geochronology

All analysed Beauvoir zircons are discordant and contain
variable amounts of common lead (Pb.), ranging from 0.74
to 82.8 pg (see Table S1 in the Supplement). Analyses with a
high uncertainty (i.e. large ellipse in Fig. 8a) are those with
a high Pb./Pb* ratio (greater than 1), whereas more precise
analyses are those with smaller ellipses and a low Pb./Pb*
ratio. Therefore, although the Beauvoir granite is composed
of several magmatic batches (Fig. 2; e.g. Gagny, 1987), all
analysed zircons have been grouped together because the
precision of each discordia regression line does not allow us
to distinguish different magma batches. Despite their discor-
dant nature, all zircons (except one grain) are aligned along a
single discordia line, which indicates an upper-intercept age
of 312.0£2.9 (7.2) Ma (20). The lower intercept of the dis-
cordia line is near the zero age at 4.1+ 1.4 (3.7) Ma (Fig. 8a).
Of the 37 grains analysed, none provided an age older than
the expected Variscan age of the Beauvoir granite.
Uranium-lead analyses of apatite yielded concordant
206pp /2381 ages, after initial Pb correction using a Stacey
and Kramers (1975) two-stage model Pb evolution curve
composition at 300 Ma, ranging from 362.7 0.6 to 295.7 £
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0.6Ma (Fig. 8b). Apatite grains are quite radiogenic
(*97Pb/206Ph < 0.2), making the choice of initial Pb compo-
sition less relevant to most analyses considering the uncer-
tainty in the individual dates calculated. One strongly discor-
dant apatite yielded a 2°°Pb/?33U age of 702 42 Ma, while
two other discordant apatite analyses yielded 2°°Pb/?33U
ages of 3135 and 166.0 £ 0.5Ma. These discordant ap-
atite analyses will not be further discussed in this contribu-
tion. In order to date the Beauvoir intrusion emplacement,
concordant apatite analyses yielding an age between 309 and
318 Ma were retained (the selected concordant apatite cluster
in Fig. 8b), as this time interval is consistent with the previ-
ous dating performed on the Beauvoir granite (Cheilletz et
al., 1992; Melleton et al., 2015; Rocher et al., 2024). These
selected concordant apatite grains give a concordia age of
313.44+0.2 (1.3) Ma (Fig. 8b). When plotted in the Tera—
Wasserburg space, these selected concordant apatite grains
(uncorrected for initial Pb) may give a date of 307.3+£6.2 Ma
(Supplement; Fig. S3), overlapping with the 2°°Pb /38U con-
cordia age. Therefore, the 2°°Pb/>38U age at 313.440.2
(1.3) Ma obtained from the selected and Pb.-corrected ap-
atite cluster will be preferred in this paper. As for the zircon
analyses, the apatite measurement accuracy is controlled by

Eur. J. Mineral., 37, 667—693, 2025



678 N. Esteves et al.: The magmatic—hydrothermal transition record in zircon

SiO, (wt.%) : Zr0, (wt.%)
- -
10 15 20 25 30 35 35 40 45 50 55 60 65 70

HfO, (wt.%) uo, wt.%) P,O,

e B e e
0 2 4 6 8 0123456789 024 6 8 1012141618

400 800 1200
Amplitude (counts) of the Linewidth (cm™) of the Peak position (cm™) of the
V, (SiO,) mode V, (SiO,) mode V, (SiO,) mode

Figure 6. (a) BSE image of Zr-1. (b) SiO», (¢) ZrO,, (d) HfO,, (e) UO; and (f) P,O5 quantitative chemical maps of the same crystal in (a).
(g, h, i) Raman contour maps of the area indicated by the dotted black circle in (a). (g) v3 (SiO4) intensity (counts), (h) v3 (SiO4) linewidth
(cm_l) and (i) v3 (SiOy4) peak position (cm_l). Note that the Si-, Zr-, and Hf-rich area indicated by the white arrow is characterised by a

higher v3 (SiO4) intensity and a lower v3 (SiO4) linewidth.

their Pb./Pb* ratio, where the more accurate analyses are 5 Discussion
those with a weak Pb./Pb* (Fig. 8b). Overall, the resulting

age is similar for zircon and apatite within the uncertainty. 5.1 Origin of the Beauvoir zircon

5.1.1 Zone 1: a magmatic origin

The Beauvoir zircon crystals are composed of two distinct
domains: Zone 1 is characterised by both rounded isolated
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metamict zircon. The very well ordered zircon spectrum is from the RRUFF database (Lafuente et al., 2015), whereas little and strongly
disordered spectra correspond to Zone 1 and the metamict spectrum corresponds to Zone 2. Note that the lattice ordering degree is strongly
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pieces within Zone 2, as well as continuous growth zones that
are eventually primary (e.g. Fig. 3c). The Zone 1 fourfold
site (T site) is almost exclusively occupied by Si, whereas
the eightfold site (A site) is filled by Zr together with mi-
nor Hf (Table 1). The hafnon substitution is commonly ob-
served in zircon from differentiated bodies (Neves et al.,
1974; Wark and Miller, 1993; Breiter et al., 2006; Claiborne
et al., 2006; Abdalla et al., 2009; Van Lichtervelde et al.,
2009; Wang et al., 2010; Breiter and Skoda, 2012). The rela-
tively high hafnium concentration and variations in the Zr/Hf
ratio in Zone 1 likely reflect the parental melt composition
or changes in crystallisation kinetics (e.g. dendritic growth;
Gillespie et al., 2024). From their experimental work, Lin-
nen and Keppler (2002) showed that Hf is less compatible
in zircon, leading to a decrease in the Zr/Hf of the resid-
ual melt and an increase in Hf concentration in zircon dur-
ing fractionation. Therefore, the relatively high hafnium con-
centration in Beauvoir zircon would be related to the highly
differentiated nature of the Beauvoir magmas, whereas the
Zr/Hf variations in each crystal would be the result of zircon
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growth from magmas at different degrees of differentiation
(e.g. Claiborne et al., 2006).

As U was also incorporated in significant amounts (on
average 0.97 wt % UQ;; Table 1) during zircon crystallisa-
tion, its protracted disintegration progressively damaged the
crystal structure of Zone 1 to form strongly disordered crys-
tals. Although the average o dose experienced by Zone 1
(8.5 x 10« decaysmg™!) is higher than the limit of 8 x
105« decays mg~! that defines a complete aperiodic crys-
tal (Murakami et al., 1991), the high v3 (SiO4) intensity and
relatively low v3 (SiO4) linewidth (< 20 cm™!; Figs. 6h and
7a—c) of some Zone 1 zircons strongly suggest that the crys-
tal lattice of these zircons is only weakly to moderately disor-
dered. On the other hand, Zone 1 zircon with high v3 (SiO4)
linewidth (above 25 cm™~!; Figs. 6h and 7a—c) eventually cor-
responds to metamict zircon. Thus, Zone 1 corresponds to
both weakly to moderately damaged zircon and metamic-
t/aperiodic zircon, an evolution that is represented by the lin-
ear trend in Fig. 7b. Taking Zone 1 zircon as a whole, we
would estimate an amorphous fraction of ~ 80 % for Zone 1
zircon from the relationship between the o dose experienced
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Figure 8. (a) Wetherill diagram showing the zircon analyses straddling a discordia line which intercepts the concordia at 312.0£2.9 (7.2) Ma
(20). (b) Concordia Wetherill diagram showing the apatite analyses, corrected for the initial Pb (Pb isotopic composition at 300 Ma; Stacey
and Kramers, 1975). The concordant apatite cluster between 309 and 318 Ma gives an age at 313.4 £0.2 (1.3) Ma (20). Coloured ellipses
represent the ratio of common to radiogenic lead (Pbc /Pb*) of each zircon and apatite analysis. The higher this ratio is, the higher the analysis
uncertainty is. Complete isotopic results can be found in the Supplement (Table S1).

by a zircon and its amorphous fraction published by Nasdala
et al. (2001).

5.1.2 Zone 2: a hydrothermal origin

Zone 2 is represented by a continuous and interconnected
matrix in which fragments of Zone 1 are embedded. The
Zone 2 T site is notably enriched in Al and P cations (0.05
and 0.11 apfu; Table 1), whereas the A site is characterised
by elevated Ca and U cations (0.06 and 0.03 apfu; Table 1).
This Si deficiency in the Zone 2 T site is partially linked to
the berlinite substitution: 2 Si*t <> P>* 4 AI3*. The leftover
P is incorporated into the zircon structure via the brabantite
substitution, 2 Si*T 42 Zr*+ < Ca%t+ (U*+) +2 P>t, which
also explains the Zr deficiency in the Zone 2 A site. If the in-
corporation of Al and P in Zone 2 zircon is fully explained
by the berlinite and berlinite/brabantite substitutions, excess
Ca must have been incorporated into Zone 2 in another way.
U incorporation into zircon can only be partly explained by
the coffinite substitution as zircon data plot below the 1: 1
substitution vector (Fig. 4g). As with Ca, additional U even-
tually entered the zircon crystal lattice through the brabantite
substitution. Incorporation of low-field-strength cations (e.g.
Fe and Mn) in zircon structure is more complex to assess.
Considering only the valence on these cations, they could
substitute Zr in the eightfold site (A site) via the coupled sub-
stitution Zr*t <> 2 (Mn>*+ Fe?*) (Fig. 4h). However, such
substitution seems to be impossible considering the Zr!3!
ionic radii (0.84 A; Shannon, 1976) and those of Mn2+8] and
Fe2 18] (0.96 and 0.92, respectively; Shannon, 1976). From
their study on similar zircons, Pérez-Soba et al. (2014) pro-
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posed that Fe>* 4] together with 0%~ [#! could enter the four-
coordinated interstitial (1.84 A; Finch et al., 2001) site as the
sum of their ionic radii is 2.01 A (Shannon, 1976). Mn could
substitute Zr in the zircon A site as also proposed by Pérez-
Soba et al. (2014). Fluorine is likely localised in the zircon
T site as F negatively correlates with Si (Fig. 4e), potentially
involving a substitution (Si04)*~ <> (F4)*~. This fluorine in-
corporation in the zircon T site was already experimentally
identified by Caruba et al. (1985), who synthesised hydrous
zircon with up to 0.8 (OH,F)4 apfu substituting the SiO4
group. Another way to incorporate anions (i.e. OH™, F~ and
C17) in zircon structure has for instance been proposed by
Courtney-Davies (2019) in their study on metasomatic zircon
in gold—copper granite deposits, where O>~ would be substi-
tuted by 2 (OH™, C17). In addition, it should be noted that the
substitutions that experienced these zircons have a “snowball
effect”. Indeed, the first substitution of P + Al in the T site
strongly disordered the early formed zircon crystal structure.
This lattice was eventually more disordered after the Ca and
U incorporation in the A site. Thus, it is also highly possi-
ble that other substituting elements (e.g. the Ca excess, water
or other trace elements) entered the highly disordered zircon
lattice in interstitial position apart from the main lattice sites
(e.g. Finch et al., 2001; Breiter and gkoda, 2012).

Caruba et al. (1985) also noticed that the v3 (SiO4) peak
position of hydrous zircon is shifted to higher wavelengths
when compared to pure zircon (1020 to 1045 cm~1). On the
other hand, the protracted « decay and zircon lattice dam-
age leading to a metamict state are associated with an overall
decrease in Raman band intensity as well as a shift towards
lower wavenumbers (e.g. Nasdala et al., 2001, and Fig. 7c).
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Thus, although Zone 2 corresponds to metamict zircon, the
fact that its v3 (S104) peak position is not that different from
the one characterising Zone 1 (Fig. 7a) could be explained
by the presence of water in the aperiodic Zone 2 structure.
However, a spectroscopic analysis (e.g. Raman) on a com-
plete aperiodic mineral should, by definition, lead to a flat
spectrum (i.e. without peak), which is not what we observe in
Zone 2 Raman spectra (Figs. 6g—i and 7a—c). A potential al-
ternative would be that the apparent v3 (SiO4) peak between
990 and 996 cm™! is actually related not only to the SiOy4
tetrahedra vibrations but also to the POy tetrahedra vibration.
Indeed, considering the important phosphorus concentration
in Zone 2 zircon and the fact that the Ag (PO4) vibrational
band typically ranges between 985 and 1000cm ™! (e.g. Sve-
covd et al., 2016), it is likely that the observed peak in Zone 2
spectra can account for both SiO4 and POy, tetrahedra vibra-
tions.

The textures and chemical composition of Zone 2 raise
the question of its origin (i.e. magmatic and/or hydrother-
mal). The incorporation of Al and P in the zircon T site
was proposed by Breiter et al. (2006) to be a primary mag-
matic feature reflecting zircon crystallisation from an Al-
and P-rich melt. A fully magmatic origin would imply that
Zone 2 zircon crystallised from a compositionally different
melt (or under very different physical conditions) than that
from which Zone 1 crystallised. Such a melt would have to
be strongly enriched in U, P, Al, F, Ca, Fe and Mn compared
to the parental melt of Zone 1. Although extreme magmatic
differentiation of the Beauvoir magmas has led to the for-
mation of P-, Al- and F-rich residual liquids, this differen-
tiation also induced melt depletion in Fe, Mn and Ca (Es-
teves et al., 2024a). Since Fe, Mn and Ca are positively cor-
related with P and F in Zone 2, these compositional varia-
tions cannot be linked to melt differentiation. Moreover, ex-
treme fractionation would also have led to the formation of
Hf-rich residual melt (Linnen and Keppler, 2002; Zaraisky
et al., 2008; Wang et al., 2010). This is not recorded by
Zone 2 zircon, which is on average less enriched in Hf com-
pared to Zone 1 zircon (Fig. 4d). Thus, a magmatic origin for
Zone 2 is inconsistent with the observed concentrations, and
other processes were likely at stake. It is well documented
that the Beauvoir rare-metal magmas experienced numer-
ous stages of fluid exsolution prior to their complete solid-
ification (~ 560 °C; Pichavant, 2022), as numerous fluid and
brine inclusions mainly in quartz and topaz have been re-
ported throughout the granite (Aissa et al., 1987; Fouillac et
al., 1987; Harlaux et al., 2017; Rocher et al., 2024). Based
on a fluid inclusion study, Harlaux et al. (2017) showed that
a first generation of exsolved brines (L1: 17 wt %28 wt %
NaCl eq.) from the Beauvoir silicate magma (i.e. deuteric
fluids) occurred during magma crystallisation (from > 600
to 500 °C). This first generation is enriched in Na, Li, K,
Al, Mn, Fe and F compared to the Beauvoir magmas (Aissa
et al., 1987; Harlaux et al., 2017). As hydrothermal apatite
also precipitated from these fluids (Rocher et al., 2024), they
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were also eventually enriched in Ca and P. A second brine
generation (L2: 32 wt %—48 wt % NaCl eq.) circulated below
the Beauvoir solidus (520-400 °C; Aissa et al., 1987). The
mixing of these L2 fluids with meteoric fluids has formed a
third fluid generation (L3: 2 wt %—5 wt % NaCl eq.) at 420-
330 °C (Fouillac et al., 1987; Harlaux et al., 2017). From the
dating of hydrothermal apatite, Rocher et al. (2024) showed
that late and low-temperature (< 250 °C) hydrothermal flu-
ids circulated throughout the Beauvoir granite at 268.3 +
20.4 and 148.5 +26.6 Ma. Based on zircon leaching experi-
ments, Geisler et al. (2002) demonstrated the capacity of low-
temperature (175 °C during 1340 h) chloride-bearing fluids
to leach metamict zircon containing an amorphous fraction
of 85 % (~0.59.10'%« decays mg~!, which is slightly more
than half of the actual Zone 1 zircon). Such interaction ef-
ficiently removed the Si** and Zr** cations from metam-
ict zircon with subsequent replacement by AI’* and Ca*.
Such replacement processes are a common feature in zir-
cons in highly differentiated systems that have experienced
hydrothermal alteration (e.g. Cerny and Siivola, 1980; Uher
and Cern)’/, 1998; Geisler et al., 2002, 2007; Van Lichter-
velde et al., 2009; Breiter and Skoda, 2012; Troch et al.,
2018; Courtney-Davies et al., 2019; Han et al., 2023; Jia et
al., 2024). Therefore, the continuous compositional trends
between Zones 1 and 2 (Fig. 4a—i) could potentially be ex-
plained by various replacement degrees of Zone 1 by Zone 2
material through reactions (i.e. dissolution—reprecipitation)
with reactive fluids. The timing of these replacements and
the nature of the involved fluids are discussed in the follow-
ing section.

Two distinct scenarios could explain the replacement of
Zone 1 by Zone 2 zircon: a replacement by late and low-
temperature reactive fluids or by reactive, early and high-
temperature fluids (i.e. deuteric and hydrothermal fluids).
During the hydrothermal fluid circulations that occurred
at ~268 and ~ 148 Ma (Rocher et al., 2024), Zone 1
zircon would have experienced ~ 1.2 x 10'> and ~ 4.5 x
105« decays mg ™!, respectively, corresponding to an amor-
phous fraction of ~ 5 % and ~ 40 % (Nasdala et al., 2001).
This Zone 1 damaged nature could have enhanced its replace-
ment by low-temperature fluids to form Zone 2 zircon (e.g.
Geisler et al., 2002, 2003a, b, 2007; Hoskin, 2005; Popov
et al., 2024). However, such replacements (notably involving
U) are known to reset, partially or totally, the zircon U-Pb
system (Nasdala et al., 1998; Mezger and Krogstad, 1997,
Geisler et al., 2003a, b; Popov et al., 2024). As the U-Pb
system of Beauvoir zircon has not been reset at ~ 268 or
~ 148 Ma (single discordia line in Fig. 8a), it is unlikely that
Zone 2 zircon formed during these late and low-temperature
hydrothermal events. The formation of Zone 2-like zircon
has also been attributed to zircon alteration under reactive
deuteric fluids (Troch et al., 2018; Courtney-Davies et al.,
2019; Han et al., 2023; Jia et al., 2024; Monnier et al., 2025).
As such deuteric fluids started to circulate at the magmatic—
hydrothermal transition, these fluids had to be able to dis-
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solve pristine zircon grains, given the time required for o-
decay-damaged zircon to form. As shown by the zircon in
Fig. 3c, some continuous Zone 1 growth zones have not been
replaced (e.g. the one containing cracks). This feature indi-
cates that the original zircon (i.e. before its partial replace-
ment) composed of Zone 1 material was not homogeneous
(Fig. 9a), and some growth zones were more prone than oth-
ers to being replaced (e.g. Cerny and Siivola, 1980; Geisler et
al., 2007; Van Lichtervelde et al., 2009). Such differences in
the original zircon likely correspond to compositional varia-
tions that are directly linked to lattice ordering (Finch et al.,
2001; Geisler et al., 2006) and so, to the resistance against re-
active fluids (Cern)’/ and Siivola, 1980; Geisler et al., 2007).
Indeed, in their study on high-U zircon that crystallised from
the Chernobyl “lavas”, Geisler et al. (2006) showed that high
uranium incorporation in zircon is the source of microscopic
strain within the zircon crystal structure. This strain is di-
rectly related to the size of U**, which is ~ 16 % larger
than Zr*t (Shannon, 1976). A similar conclusion was drawn
by Finch et al. (2001), who observed that xenotime substi-
tution in zircon (Zr** + Si*T <> REE*t+ P31) is associated
with an increase in lattice strain. Thus, primary enriched (e.g.
U- and/or trace element-rich) Zone 1 would have started to
be preferentially dissolved and replaced at the magmatic—
hydrothermal transition due to its more disordered crystal
structure. The growth zones that are poorer in U and/or in
trace elements, like the one in Fig. 9a, resisted these deuteric
fluids and acted as a shield for zircon cores (e.g. Fig. 3c).
Phosphorus-rich fractures that are contained in these growth
zones likely indicate that these fluids entered zircon cores
by fracturing these growth zones (Fig. 3a—e; Geisler et al.,
2002). As these fractures are also connected to muscovite
and quartz inclusions (Fig. 3d), it is most likely that these
hydrothermal minerals that are common in Beauvoir greisen
(Monnier et al., 2022; Cathelineau and Kahou, 2024; Rocher
et al., 2024) crystallised at the same time as Zone 2 was
formed (Fig. 9c).

Based on the compositional analyses of the Beauvoir L1
fluid inclusions (LA-ICP MS; Harlaux et al., 2017), hy-
drothermal fluids were 10 to 100 times more enriched in Fe
and Mn than the Beauvoir silicate magmas. The elevated in-
corporation of Fe and Mn cations in Zone 2 would be related
to these Fe- and Mn-rich fluids, a process also identified in
other metasomatic zircon by Courtney-Davies et al. (2019).
An external source of Fe>* and Mn>* via the meteoritic wa-
ter influx is possible as well, as they partially leached the
host micaschist before interacting with the Beauvoir mag-
mas (Charoy et al., 2003; Harlaux et al., 2017; Rocher et al.,
2024). Although P, Al, Ca and F concentrations in the Beau-
voir fluid inclusions are unknown, the ubiquitous presence of
hydrothermal apatite, topaz and fluorite in Beauvoir greisens
(Monnier et al., 2020; Rocher et al., 2024) supports the high
P, Al, Ca and F concentrations in these hydrothermal fluids.
Part of this Ca could derive either from the alteration of mag-
matic plagioclase or from the leaching of the host micaschist
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(Charoy et al., 2003). The leaching of uranium-bearing ox-
ides is often considered to explain the U-rich nature of hy-
drothermal fluids in leucogranites (e.g. Dolnicek et al., 2014;
Ballouard et al., 2017; Rocher et al., 2024). In the Beauvoir
granite, U could have been either derived from the break-
down of magmatic pyrochlore as it experienced a significant
U* removal during the Beauvoir magmatic—hydrothermal
transition (Ohnenstetter and Piantone, 1988) or derived from
the leaching of early formed uraninite (Cuney and Brouand,
1987).

Therefore, we propose that the formation of Zone 2 was
progressively achieved through strain-controlled replace-
ments (dissolution—reprecipitation) of Zone 1 under reactive
deuteric fluids (Fig. 9b) and subsequent hydrothermal flu-
ids (Fig. 9¢) during the Beauvoir hydrothermal activity. As
such, specific Zone 1 growth zones that were originally U-
and/or trace element-rich were preferentially replaced (com-
pared to the remaining and unreplaced Zone 1; Fig. 9a, b)
due to their more disordered crystal structure. These replace-
ments that started at the Beauvoir magmatic—hydrothermal
transition ceased once the hydrothermal activity ended (or
when these fluids were not reactive anymore relative to zir-
con grains; Fig. 9d). Then, the radionuclides (mostly U) con-
tained in Beauvoir zircon progressively damaged Zones 1
and 2 due to their prolonged disintegration, leading to an al-
most amorphous Zone 1 and a completely amorphous Zone 2
(Fig. 9d). Additional elements might have migrated into and
out of these amorphous and metamict zircon grains since at
least 300 Ma (Fig. 9d) as element diffusivity in amorphous
material is enhanced relative to that in pristine material (e.g.
Cherniak et al., 1991; Geisler et al., 2003c, 2007). Conse-
quently, the complex composition of Beauvoir zircon is a
combination of its alteration by deuteric/hydrothermal flu-
ids and by progressive element incorporation in relation to
its protracted amorphisation.

5.1.3 Origin of Zr-5

The zircon grain Zr-5 is texturally different from the other
Beauvoir zircon grains in that it does not present isolated
Zone 1 within interconnected Zone 2 material (Fig. 10a). The
Zr-5 core is characterised by a Si-rich zircon (Fig. 10b) con-
taining numerous uraninite micro-inclusions (Fig. 10a, c).
The distribution of these inclusions is not homogeneous as
they are absent in the P-rich domain (Fig. 10d). On the other
hand, the Zr-5 rim, which does not contain uraninite inclu-
sion, is zoned with a progressive decrease in its U content
(from ~ 5.5 wt % to 1 wt % UQO;; Fig. 10c) towards the crys-
tal rim. These U variations are not associated with Si or P
variations (Fig. 10b—d), suggesting that U was not incorpo-
rated through a brabantite substitution. On the other hand,
U in Zr-5 is negatively correlated with Zr, which supports a
U incorporation via the coffinite substitution (Fig. 4g). Al-
though the Zr-5 data do not strictly fall on the Zr*t <> U**
substitution vector, they are parallel to this vector at a lower
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Figure 9. Schematic drawing of the formation of Beauvoir zircons. (a) Crystallisation of Zone 1 zircon from the Beauvoir silicate melt.
Variations in melt composition through its differentiation formed compositionally distinct growth zones (notably in Hf and U). (b) Partial
replacement (dissolution—reprecipitation) of Zone 1 by reactive deuteric fluids during the magmatic—hydrothermal transition forming Zone 2
zircon. U-rich Zone 1 growth zones were preferentially replaced due to their disordered crystal lattice, while U-poor Zone 1 growth zones
were fractured. (¢) Continuous Zone 1 replacement and crystallisation of hydrothermal muscovite and quartz in the zircon voids from reactive
hydrothermal fluids. (d) End of the reactive hydrothermal circulation. The progressive alpha decay and lattice damage of Beauvoir zircon
resulting in a metamict state is accompanied by element migration into and out of the zircon, including Pb* loss and Pb. gain.

Zr value (Fig. 4g), reflecting another substitution involving
Zr such as the hafnon substitution as Zr-5 contains ~ 3 wt %
HfO, (Fig. 4f). Although Zr-5 zircon is unique, its outer rim
is compositionally similar to Zone 1 (Fig. 4e—i). Some lo-
cal domains are enriched in P and depleted in Si (Fig. 10b,
d), which eventually reflect the berlinite and brabantite sub-
stitution (Fig. 4a—d) during episodes of zircon alteration un-
der reactive fluids. These Zr-5 alteration episodes were how-
ever much more limited than for the other zircon grains pre-
senting the interconnected Zone 2 material. Thus, Zr-5 likely
represents a Beauvoir zircon that has not undergone intense
alteration by reactive fluids. An early zircon crystallisation
stage would have formed U-rich zircon, while magmatic dif-
ferentiation triggered U melt depletion, as evidenced by the
U-poor nature of Zr-5 rims (Fig. 10c). Following this pro-
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tracted magma crystallisation, Zr-5 experienced limited al-
teration from reactive fluids (Fig. 10f), leading to the forma-
tion of phosphorus-rich regions in replacement of the original
Zr-5.

The origin of the uraninite inclusions in Zr-5 is more dif-
ficult to assess. Three main hypotheses could explain the
presence of these inclusions: a contemporaneous uraninite
growth with the zircon, uraninite precipitation during zircon
dissolution—reprecipitation under reactive fluids (e.g. Geisler
et al., 2007; Troch et al., 2018) or secondary exsolution. Al-
though subhedral uraninite is present in the Beauvoir granite
(Cuney and Autran, 1988), the fact that it is absent from all
other studied zircons suggests that co-crystallisation prior to
its entrapment is highly unlikely. Moreover, most inclusions
have sigmoidal shape (Fig. 10a), in disagreement with the ex-
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Figure 10. (a) BSE image of Zr-5. (b) SiO», (¢) UO, and (d) P,O5 quantitative chemical maps of the same crystal in (a). Note the sharp
boundary between the crystal core, enriched in uraninite (UO;) micro-inclusions, and the U-rich rim without inclusions, indicated by the
dashed circle. Also note the spatial distribution pattern of muscovite and quartz inclusions that are spatially separated from the uraninite
inclusions. (e, f, g) Schematic drawing of the formation of Zr-5. (e) Crystallisation of Zr-5 from the Beauvoir silicate melt. Uranium is
progressively depleted in the melt leading to a UO, content decrease from core to rim. (f) Minor replacement and leaching of Zr-5 by
reactive residual melt and reactive hydrothermal fluids forming phosphorus-rich domains at the expense of the early crystallised magmatic
Zr-5. (g) Protracted Zr-5 o dose and lattice damage enhancing UO; exsolution via U migration through the amorphous zircon.

pected cubic shape if uraninite had crystallised from a melt.
The presence of such inclusions in spongy zircon has also
been proposed to be linked with dissolution—reprecipitation
processes with hydrothermal fluids (e.g. Hetherington and
Harlov, 2008, in xenotime and Troch et al., 2018, and Mon-
nier et al., 2025, in zircon). For instance, the presence of
rounded U-rich thorite, yttrialite and uraninite inclusions in
metamict and spongy zircon from Yellowstone rhyolites was
attributed by Troch et al. (2018) to (1) the dissolution of
metastable U- and Th-rich zircon and (2) the simultaneous
reprecipitation of these inclusions with a stable U- and Th-
poorer zircon. Although we showed that Beauvoir zircon
grains were replaced by reactive fluids forming Zone 2 zir-
con (Fig. 9b), these Zone 2 domains do not contain these
uraninite micro-inclusions. In addition, as the P-rich, altered
parts of Zr-5 are those that do not contain these uraninite
micro-inclusions (Fig. 10a, d), it is unlikely that these in-
clusions are associated with dissolution—reprecipitation pro-
cesses. We therefore favour the third hypothesis, whereby
uraninite formed by exsolution from a U-rich core, corre-
sponding to the early U-rich Zr-5 crystallisation (Fig. 10e).
Since Zr*t is ~ 16 % smaller than U*t (Shannon, 1976),
the coffinite substitution is not ideal, and a miscibility gap
exists between coffinite and zircon end-members (Ferriss

Eur. J. Mineral., 37, 667—693, 2025

et al., 2010). Based on solubility experiments, Ushakov et
al. (1999) determined that the maximum USiO4 solubility
in zircon is less than 6 % mol. at 1400-1500 °C, correspond-
ing to a concentration of ~ 8.9 wt% UO;,. This maximum
solubility is likely to decrease at lower crustal temperatures
(< 500 °C). This lack of exsolution texture in zircon might be
the result of slow U** diffusion in zircon (6.8 x 1072 m2 s~!
at 1100 °C; Cherniak et al., 1997), and therefore, U-rich zir-
cons (> 9wt % UO,) would correspond to metastable crys-
tals (Geisler et al., 2007; Ferriss et al., 2010; Troch et al.,
2018). However, it has been shown that the elemental dif-
fusivity in metamict zircon, in which a significant part of
the crystal is amorphous and material-depleted, is signifi-
cantly faster than in a crystalline zircon (Cherniak et al.,
1991; Geisler et al., 2003c, 2007). Thus, it seems possi-
ble that uranium mobility in amorphous material would ide-
ally create sites of exsolved U-bearing phases (uraninite or
coffinite). Following this, the Zr-5 uraninite micro-inclusions
(Fig. 10a) would have been formed via a U exsolution pro-
moted by the intense amorphisation of the Zr-5 crystal struc-
ture (Fig. 10g). Thus, the sharp boundary between the Zr-5
core and its rim (Fig. 10a—g) would potentially reflect the U
concentration threshold at which U exsolution occurred in
Beauvoir zircon grains (~ 6 wt % UO;; Fig. 10c). The ab-
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sence of these UO; exsolutions in the P-rich and replaced
Zr-5 core would thus be linked to dissolution—reprecipitation
processes (e.g. Troch et al., 2018) where U-poorer zircon
would have replaced the originally U-rich zircon. Using sim-
ple image processing, the Zr-5 core is composed of ~ 11 %
exsolved uraninite and ~ 89 % zircon. Considering a concen-
tration of 100 wt % UQ,; in uraninite and 6 wt % UQO; in zir-
con, the original composition of the Zr-5 core after crystalli-
sation would be ~ 16.3 wt % UQO,. Such a concentration is
far above that in Beauvoir Zone 1 zircons, thus indicating that
the Zr-5 core does not correspond to Zone 1 and must have
crystallised earlier as U behaves compatibly in such evolved
magmas (Friedrich et al., 1987). On the contrary, the Zr-5 rim
could correspond to the preserved Zone 1 zircon.

5.2 Beauvoir geochronology
5.2.1 Zircon lattice damage inducing lead loss

All but one of the Beauvoir analysed zircons form a discor-
dia line, whose upper intercept represents their crystallisa-
tion age (Fig. 8a). The fact that the origin of the discordia
is anchored at the origin of the Wetherill plot (Fig. 8a) in-
dicates that these zircons have experienced continuous lead
loss since their crystallisation as a result of their metamict
lattice state (Mezger and Krogstad, 1997; Fig. 9b—d). There-
fore, no effect of the late Permian and Jurassic hydrother-
mal circulations, which have been identified in Beauvoir ap-
atite (Rocher et al., 2024), is identified here. As mentioned
above, Zones 1 and 2 are highly damaged due to their high
uranium concentration. Based on molecular-dynamics sim-
ulations, Geisler et al. (2003c) showed that the accumula-
tion of radiation damage can form interconnected regions
of amorphous and depleted matter, which promotes element
diffusivity through these depleted regions. Two main thresh-
olds have been identified during a progressive zircon amor-
phisation (Salje et al., 1999; Geisler et al., 2003c). The first
threshold is reached when the amorphous domains are in-
terconnected (~ 30 % of amorphous domains). The second
threshold, corresponding to a higher degree of amorphisa-
tion (~ 70 %), is reached when the crystalline materials are
no longer connected and form isolated crystalline islands in
an amorphous environment. In order to quantify when these
thresholds were reached for Zones 1 and 2, we calculated
the number of o decays mg~! that these zircons have under-
gone since their crystallisation (Fig. 11a). To do so, the ini-
tial U concentration of Zones 1 and 2 has been calculated
based on its averaged present-day U concentration (Table 1).
The progressive a-decay events experienced by Zones 1 and
2 were then modelled based on the U radioactive decay of
Jaffey et al. (1971). Although simplistic, these models even-
tually simulate, in the first order, the evolution of the crys-
tal structure of Zones 1 and 2 through time (see Table S1
in the Supplement). At r =0 (i.e. ~ 313 Myr ago), radionu-
clide decay had just started, and thus, their structure was fully
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crystalline (Fig. 11a-b). The first threshold was reached after
~ 150 Ma for Zone 1, whereas it was attained after ~ 45 Ma
for Zone 2 (Fig. 11a). Such a difference is easily explained by
their different U concentrations (Table 1). The second thresh-
old, corresponding to isolated crystalline zircon within an
amorphous material, was reached after 285 Ma for Zone 1
and after 80 Ma for Zone 2 (Fig. 11a). At this point, most
of the crystal is amorphous, further enhancing the processes
of elemental mobility and lead loss. Such results imply that
analysed Beauvoir zircons that are composed predominantly
of Zone 2 material eventually experienced more radiogenic
lead loss than those composed predominantly of Zone 1 ma-
terial. These proportional differences would therefore be at
the origin of variations in the degree of discordance of the
Beauvoir zircons (Fig. 8a).

5.2.2 The apatite record and other dating methods

Concordant apatite ages spread from 362.7 £ 0.6 to 295.7 £
0.6Ma (Fig. 8b), potentially indicating that various apatite
populations crystallised during different magmatic episodes.
The main apatite population has 2°°Pb/?38U ages ranging
from 309.24+0.5 to 317.0+ 0.9 Ma with a concordant age of
313.4 4+ 0.2 (1.3) Ma, which likely corresponds to the Beau-
voir crystallisation age. This age is similar to the one ob-
tained with a larger uncertainty by Rocher et al. (2024) on
magmatic apatite (Apatite I) at 314.6 4.7 Ma, which is
also within the uncertainty of our ages from Beauvoir zir-
con —312.0+2.9 (7.2) Ma — and that obtained by Melleton
etal. (2015) at 317+6 Ma (U-Pb, columbite—tantalite). How-
ever, this apatite age is significantly younger than the zircon
age reported from Beauvoir microgranite (Zr,g: 323 =4 Ma
— U-Pb, LA-ICP MS; Monnier, 2018) and, conversely, sig-
nificantly older than the age obtained on Beauvoir lepidolite
(308 &2 Ma — Ar—Ar; Cheilletz et al., 1992). Four older con-
cordant apatite grains have crystallisation ages of 323.0+0.7,
328 £1,337.1£0.6 and 362.7 £ 0.6 Ma (Fig. 8b) and could
correspond either to an artefact linked to U mobility in these
apatite crystals (Popov et al., 2024) or to apatite antecryst-
s/xenocrysts (e.g. Popov et al., 2020; Barrie Clarke et al.,
2023). Although bluish (i.e. magmatic) apatite grains were
carefully handpicked, older apparent ages could be the result
of U mobility in the presence of hydrothermal fluids. More-
over, it has been shown that thermally activated volume dif-
fusion of Pb in apatite can locally create domains that are
apparently older than formation ages if U is zoned (Paul et
al., 2019; Popov and Spikings, 2021).

Therefore, as we may have analysed fragments of apatite
(i.e. due to the rock fragmentation) combined with the in-
tense hydrothermal activity that occurred at Beauvoir, it may
well be that U mobility between these apparent old apatite
grains and fluids is at the origin of these older dates, mak-
ing them geologically meaningless (Popov et al., 2024). In
addition, such partial opening of these apatite U-Pb iso-
topic systems would thus be at the origin of the scatter ob-
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served in the Tera—Wasserburg space when compared with
the selected concordant apatite population from which the
Beauvoir crystallisation age has been determined (Supple-
ment, Fig. S3). Nevertheless, we cannot conclude or exclude
whether such U mobility in these older apatite grains actually
occurred. Another explanation would be that the older ap-
atite ages represent antecrysts and/or xenocrysts. Indeed, the
early crystallisation of apatite in Beauvoir magmas, which
is attested by their inclusion in early formed topaz (Rocher
et al., 2024), indicates that Beauvoir melts were eventually
saturated in phosphorus at the time of their intrusion into
the Beauvoir reservoir. The uptake of apatite antecrysts and
xenocrysts by such phosphorus-saturated melts during their
ascent through the magmatic plumbery would thus theoreti-
cally prevent their dissolution (although it might slightly dis-
turb their U-Pb system). As such, the 323.0 Ma apatite could
have crystallised during the same magmatic episode as Zr,g,
while older apatite grains may be associated with previous
magmatic events that occurred within the Sioule area such as
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the Pouzol-Servant magmatism at ca. 330 Ma (Pin, 1991) as
well as with older gneisses belonging to the Upper Gneiss
Unit (ca. 350-360 Ma; Do Couto et al., 2016). However, it
is not possible to invoke a recycling process to account for
the presence of the 296 Ma concordant apatite. Such apatite
might have experienced localised late fluid circulation that
reopened its isotopic system and may be associated with the
late Permian hydrothermal fluid circulation event identified
by Rocher et al. (2024) at 268.3 4+ 20.4 Ma.

5.3 Implications for dating rare-metal granites

Although the use of U-Pb CA-ID-TIMS geochronology on
zircons is so far the most accurate technique to constrain
when and how long a plutonic assembly occurred (e.g.
Schoene et al., 2012; Schaltegger et al., 2021), its use in
highly differentiated systems such as rare-metal granites and
pegmatites is limited due to the high uranium concentration
of zircon, associated decay-related damage and ubiquitous
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lead loss. Moreover, as highlighted by the present study, hy-
drothermal activity, which is common in such differentiated
systems, strongly modifies original magmatic zircons and
disturbs their isotopic signature. For a moderately damaged
zircon grain without significant interaction with hydrother-
mal fluids, this issue can possibly be mitigated by chemi-
cal abrasion (e.g. McKanna et al., 2024; Schaltegger et al.,
2024). For the strongly metamict zircons of the Beauvoir
granite (~ 10"« dosesmg~"), the chemical abrasion step
cannot discriminate between more and less damaged zir-
con domains because the entire grain is beyond the second
threshold (> 70 % metamict domains; Fig. 11). Thus, the
use of high-precision zircon geochronology (CA-ID-TIMS)
in such strongly differentiated systems is highly limited and
restricted to the upper-intercept calculation of a lead loss dis-
cordia (Fig. 8a).

On the other hand, since apatite is a common magmatic
mineral in highly differentiated granites and pegmatites, and
combined with its closure temperature, the application of ap-
atite geochronology allows us to acquire the most accurate
Beauvoir emplacement age so far at 313.4+£0.2 (1.3)Ma
(Fig. 8b). For comparison, LA-ICP MS dating is associated
with a higher uncertainty as illustrated with the ages obtained
on the Beauvoir magmatic apatites, 314.6 == 4.7 Ma (Rocher
et al., 2024), and columbite—tantalites, 317 =6 Ma (Melleton
et al., 2015). Further developments on high-precision ID-
TIMS analyses of other U-bearing minerals such as cassi-
terite (e.g. Carr et al., 2020), wolframite (e.g. Romer and
Liiders, 2006; Carr et al., 2021) or columbite—tantalite (e.g.
Romer and Smeds, 1994; Yang et al., 2023) would likely in-
crease our understanding of the emplacement and mineral-
isation processes related to highly differentiated rare-metal
silicic melts.

6 Conclusions

Zircons from the Beauvoir rare-metal granite are mostly
composed of two distinct materials: Zones 1 and 2. Zone 1,
which is Si- and Zr-rich, directly crystallised from the Beau-
voir silicate melt. The P-, Al-, F-, Ca-, Fe-, Mn- and U-
rich Zone 2 zircon is attributed to partial replacement of
Zone 1 by reactive deuteric fluids during the Beauvoir hy-
drothermal activity. This partial replacement process has led
to isolated rounded Zone 1 material within the interconnected
Zone 2 material. Once the circulation of these fluids stopped,
it took ~ 105 and ~ 45 Ma for Zones 1 and 2, respectively,
to reach the point where amorphous domains are intercon-
nected, whereas the second threshold where crystalline is-
lands were isolated inside a metamict (i.e. amorphous) ma-
trix was reached after ~ 285 and ~ 80 Ma for Zones 1 and 2,
respectively. As a result, the entire volume of any Beauvoir
zircon is almost completely amorphous today. Another zir-
con population containing several uraninite micro-inclusions
likely documents, for the first time, uraninite exsolution in
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uranium-rich zircon. This uraninite exsolution was likely
triggered by the primary uranium-rich composition before
becoming oversaturated during the cooling of the Beauvoir
system. Uranium migration was then enhanced by the ad-
vanced degree of zircon lattice disordering, allowing U**
migration through the amorphous zircon.

Although we used the most accurate method for zircon
geochronology (CA-ID-TIMS), the Beauvoir zircons were
too damaged (i.e. metamict) to survive the chemical abra-
sion step. Analyses of the total dissolutions have led to a
well aligned discordia with an upper intercept of 312 +2.9
(7.2) Ma. This age, within the uncertainty of previous Beau-
voir dating, might reflect the end of the Beauvoir main re-
active magmatic—hydrothermal activity (before subsequent
reactivation at Permian and/or Jurassic times; Rocher et al.,
2024). The high degree of discordance is related to extensive
radiogenic lead loss since the zircon crystallisation. This ra-
diogenic lead (in addition to other elements) efficiently dif-
fused through zircon grains via elemental diffusion through
interconnected pathways in amorphous materials. Compared
to zircon geochronology, apatite U-Pb ID-TIMS analyses
yield a Beauvoir crystallisation age of 313.4£0.2 (1.3) Ma,
which is the most precise dating of the Beauvoir granite so
far.

Thus, although zircon texture and chemical composi-
tion can provide significant insights into the magmatic—
hydrothermal transition of highly differentiated systems such
as rare-metal granites, their use to accurately date these
systems is not the optimal approach. The combined pri-
mary U-rich nature inducing lattice damage and enhancing
lead migration, together with the partial replacement during
the magmatic—hydrothermal transition, strongly disturbs the
original U-Pb isotopic signature. We thus envision that al-
ternative high-precision ID-TIMS methods applied to other
accessory minerals such as apatite would be more appropri-
ate and appear to be a powerful tool for future studies aiming
at obtaining a better understanding of the emplacement and
mineralisation of such systems.
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