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ARTICLE INFO ABSTRACT

Associate editor: Fred Jourdan Several decades of research into the tectonics, metamorphic petrology, and geochronology of the Agly Massif and
adjacent areas, eastern Pyrenees (France) have revealed a complex tectono-metamorphic history including
Variscan magmatism, Cretaceous tectono-metamorphic overprinting, and subsequent Alpine uplift and exhu-
mation during the Cenozoic. However, the timescale and episodicity of fluid mobility in the area remain poorly
constrained. In this study, we present stepwise crushing *“’Ar/>’Ar data from quartz-rich veins and high-grade
rock samples, and fluid inclusion analyses that reveal the presence of brines (ca. 25-26 wt% NaCl equivalent
(NaCleg)).

The stepwise crushing analysis was performed to liberate fluid from inclusions and evaluate its association
with tectono-metamorphic processes. This approach allows to resolve distinct reservoirs of fluids, which can be
identified chemically and isotopically using three-isotope correlation diagrams. The inverse isochron diagrams
further facilitate the distinction between primary and secondary isotopic alignments. The results indicate the
occurrence of several fluid pulses that produced new quartz veins at ~140 Ma, ~120-90 Ma, and ~80-60 Ma,
while also affecting both earlier formed quartz-rich veins and high-grade rocks. These specific age groups relate
to separate phases of fluid mobility induced by Cretaceous crustal extension and later exhumation during
Paleogene convergence. Our findings put published maximum apparent ages into the context of episodic
deformation and fluid activity and testify to the pervasive nature of fluid-rock interaction in the area.
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1. Introduction

Fluids play a critical role in determining the thermal and chemical
evolution of the continental crust and significantly affect the interpre-
tation of radioisotopic ages. Fluid-rock interactions can partially or
entirely reset isotopic systems, complicating the distinction between
crystallization ages, thermal overprints, and cooling histories. The
eastern Pyrenees exhibits such complexity, with a multiphase tecto-
no-metamorphic and fluid evolution documented by several isotope
systems. High-temperature geochronometers such as U-Th-Pb define
the chronology of Variscan metamorphism and magmatism (Vanardois
et al., 2022), whereas “°Ar/2°Ar dating of muscovite and biotite yields
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Cretaceous ages of ~120 to ~90 Ma, interpreted as progressive resetting
and recrystallization during post-Variscan overprinting (Aumar et al.,
2022). Cretaceous albitization has been dated to ~117 Ma by Oar/39Ar
analysis of muscovite, and to 110 + 8 Ma and 98 + 2 Ma, through
U-Th-Pb dating of monazite, reflecting pervasive fluid-rock interaction
locally (Poujol et al., 2010). Thermochronological data applying apatite
fission-track and apatite (U-Th)/He analyses reveal a late-stage, final
uplift since the mid-Miocene (Yelland, 1990; Ternois et al., 2019).

In the Cretaceous, the reactivation of the Variscan basement units in
response to extensional tectonics resulted in the formation of a system of
shear zones, which acted as pathways for hydrothermal fluid flow. These
fluids may have originated from devolatilization reactions of their wall
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rocks, the infiltration of externally derived fluids, or a combination of
both (Yardley, 1983; Bons, 2001; Philpotts and Ague, 2009). Repeated
episodes of fracturing and fluid infiltration in the Axial Zone of the
Pyrenees resulted in syn- and post-metamorphic fluid-rock interactions
(Abd Elmola et al., 2018; Fig. 1).

Most geochronological studies in the Agly Massif have focused on
minerals formed during metamorphic events and granitic intrusions
(Vauchez et al., 2013; Guille et al., 2019; Odlum and Stockli, 2019;
Ternois et al., 2019; Poitrenaud et al., 2020; Siron et al., 2020; Aumar
et al., 2022). In contrast, the timing of fluid mobility as potentially
recorded by *°Ar/3Ar dating of fluid inclusions in vein-hosted quartz
remains poorly constrained. Although the quartz crystal lattice does not
incorporate structural potassium, hydrous fluids trapped within fluid
inclusions may contain significant amounts of potassium (Rauchenstein-
Martinek, 2014; Bai et al., 2022; Xiao et al., 2022b). The *°Ar/*Ar
stepwise crushing technique therefore represents a powerful means for
dating fluids trapped in fluid inclusions of vein minerals and can be used
to constrain the timing of fluid mobility (Di Vincenzo et al., 2004; Qiu
et al., 2011; Shi et al., 2018; Hu et al., 2022; Monié et al., 2023).

Our study provides maximum apparent age information on the major
phases of fluid mobility and their relationship to the tecto-
no-metamorphic events in the formation of quartz veins and other high-
grade rocks, based on *°Ar/*°Ar analyses of quartz by stepwise crushing.
These results provide new constraints on a protracted, regional-scale
pulsed fluid circulation that influenced isotopic mobility, contributed
to tectonic reactivation, and facilitated thermal overprinting of the

Geochimica et Cosmochimica Acta 410 (2025) 250-265
Variscan basement rocks.
2. Geological background and sample selection

The rock basement of the Agly Massif originally formed during
convergence along the margins of the Eurasian Plate during the Devo-
nian and Carboniferous, and subsequently experienced crustal extension
during the opening of the Gulf of Biscay in the Early to Late Cretaceous
(Odlum and Stockli, 2019; Vanardois et al., 2022). Renewed conver-
gence and concomitant uplift started in the Cretaceous to Late Cenozoic
(Olivetti et al., 2020). Several key geologic events can be grouped into
three principal periods that have impacted the region:

1. The Variscan orogenic belt was formed during a period of conver-
gence approximately 370 to 290 Ma (Olivier et al., 2008; Poujol
et al.,, 2010; Cochelin et al., 2017; Tournaire et al., 2018), and
affected Late Proterozoic to Carboniferous sediments, as well as
Ordovician granitoids, and, locally, Cadomian basement. The
Variscan orogeny also led to high- temperature/low-pressure meta-
morphism up to anatexis and a significant volume of magmatic in-
trusions (Zwart, 1979). Granulite-facies rocks such as charnockite
intrusives are only exposed in the northern Pyrenees, including the
southern border of the Agly Massif (Vielzeuf and Kornprobst, 1984;
Odlum and Stockli, 2019). Late-orogenic collapse (Permian) of the
hot orogen is well documented (e.g., Van den Eeckhout and Zwart,
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Fig. 1. Geological map of the Agly Massif and adjacent areas in the eastern Pyrenees, showing maximum apparent ages derived from stepwise crushing *’Ar/>°Ar
dating. Those without age labels correspond to inconclusive samples. Red outline boxes lacking sample numbers indicate zircon U-Pb ages of granite, orthogneiss,
charnockite, and granodiorite as reported by Guille et al. (2019), whereas blue outlines represent “°Ar/3°Ar ages from Aumar et al. (2022). Map source: https://www.

brgm.fr.
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1988; Vissers 1992), and together with erosion led to an unconfor-
mity overlain by Mesozoic sediments.

2. The Late Jurassic to the Paleocene (from ca. 150 to 60 Ma) was first

marked by an extensional regime caused by rifting coevally with the
opening of the Gulf of Biscay. In the Early to Late Cretaceous (~125
Ma to 83 Ma; Ogg et al., 2004), collision between the Iberian and
European tectonic plates began, leading to severe thermal over-
printing, significant uplift and reactivation of fault zones during the
early stages of the Pyrenean orogenesis (Denele et al., 2009, 2014;
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Mezger and Gerdes, 2014; Lagabrielle et al., 2016; Poujol et al.,
2017).

. The Paleogene to Neogene period (from ca. 56 to 23 Ma) was char-

acterized by a series of extensional tectonic and depositional events
that significantly influenced the formation of faults and the topo-
graphic growth reaching elevations of ~1000 to over 3000 m in the
Pyrenees region (Burbank et al., 1992; Rosenbaum et al., 2002;
Whitchurch et al., 2011; Ford et al., 2016; Honegger et al., 2021).
Finally, the period from the early Miocene to the present has been
studied by apatite fission-track and apatite helium dating

L.32A Lansac

L.21A Caramany
b)

L.58A Souanyes
c)

syn- to late-tectonic
leucosome
in deformed migmatite

L.38D Retenue de Vinga

e)

Deformed granitic vein

L.17A Bélesta

L.39A Retenue de Vinga

L.2A Forca Real
h)

3

Deformed metagranodiorite

Migmatite

Fig. 2. Example of quartz-rich veins and high-grade rocks indicating fluid mobility in different geological formations. (a) L.32A — deformed granitic vein interpreted
as a leucosome with a mylonitic groundmass. (b) L.21A - syn- to late-tectonic leucosome in deformed migmatite forms an altered white layer predominantly
composed of quartz, feldspar, and micas, with some garnet. (¢) L.58A — syn-tectonic vein filled with quartz and micas. (d) L.38C — deformed aplite vein within a
ductile shear zone exhibiting a pale blueish colouration on its surface. (e) L.38D — deformed granitic vein exhibiting a distinct cross-cutting vein with a black,
tourmaline-rich core, and quartz-feldspar assemblages along the margins. (f) L.17A - syn-tectonic vein with chlorite and mica group. (g) L.39A - pegmatite vein that
consists of quartz, feldspar, and micas. (h) L.2A - syn-tectonic vein composed entirely of quartz. (i) L.45A — deformed metagranodiorite. (j) L.22F — migmatite

consisting of feldspar, biotite, cordierite, and garnet. (k) L.24A - charnockite comprises quartz, biotite, feldspar, orthopyroxene, and garnet.
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techniques, revealing geological processes related to tectonic activ-
ity, erosion, and topographic changes (e.g., Maurel et al., 2008;
Barbarand et al., 2018).

The sampling area is located in the Agly Massif and the adjacent
domains situated in southern France, near the town of Prades (Fig. 1),
and cover approximately 1,500 km?. While the rocks reveal a range of
metamorphic conditions between greenschist facies and granulite facies,
the collected vein samples show evidence for new vein formation and
overprinting of older veins under greenschist to lower amphibolite facies
conditions. The veins are composed primarily of quartz and varying
amounts of feldspar, mica, and chlorite-group minerals with accessory
ilmenite, titanite, and apatite.

3. Methods
3.1. Materials and sample preparation

Our fieldwork revealed a variety of geological structures, including
quartz boudins, parallel quartz veins, crosscutting quartz veins, and syn-
deformational quartz veins that we attributed to the Cretaceous exten-
sional tectonics described by earlier studies (e.g., Clerc and Lagabrielle,
2014; Abd Elmola et al., 2018; Siron et al., 2020). These structural
characteristics suggested multiple episodes of fluid mobility. We
collected three main types of quartz-bearing material: (i) proper quartz
veins with low abundance of other minerals (n = 4, of which 2 veins may
be of Late Variscan origin); (ii) quartz-rich melt veins (leucosomes in
migmatites; aplites; pegmatites) of probable Variscan origin (n = 4); (iii)
quartz-bearing high-grade rocks (n = 3). The first two types are grouped
as quartz-rich veins throughout this manuscript. The veins and high-
grade rocks exhibit distinct mineral compositions, which were initially
evaluated during field observations (Fig. 2), and further examined with
petrographic and quantitative geochemical techniques. Some vein
samples yielded inconclusive results and are available in Supplementary
Text Table S1 and Supplementary Data Table S4.

For the stepwise crushing of *°Ar/3°Ar, all samples were crushed,
washed, sieved, and subjected to standard heavy liquid separation and
Frantz isodynamic magnetic separator techniques to obtain pure quartz.
In order to separate pure quartz mineral grains with densities of 2.63 g/
cm® and 2.65 g/cm®, heavy liquid densities of 2.62 g/cm?, 2.64 g/cm5,
and 2.66 g/cm® were used. Further purification was required due to the
presence of small magnetic minerals. The Frantz isodynamic magnetic
separator was set at an electric current of 2 ampere (A) with side slopes
of 10°, 5°, 3° and 0°. We used the 2.63 g/cm® and 2.65 g/cm® fractions in
a final hand-picking step under a binocular microscope. A quantity of 50
mg of quartz mineral grains from each sample, within the size range of
400-500 um was enclosed in aluminum foil and dispatched to OSU
TRIGA reactor for a 12-hour irradiation in the CLICIT facility. Most
samples were irradiated with the in-house Drachenfels DRA-2 standard,
while the high-grade rocks L.22F (migmatite) and L.24A (charnockite)
were irradiated using GA1550 biotite as a standard. For these standards,
we applied an intercalibration following Renne et al. (1998) and Kuiper
et al. (2008) (for details see Section 3.4.2).

3.2. Fluid inclusion analyses

Fluid inclusion microthermometric measurements undertaken on
250 pm thick sections were performed on an Olympus microscope fitted
with a Linkam THMS600 heating-freezing stage and a x100 objective
lens at the Department of Earth Sciences, University of Torino. The
Linkam stage had an accuracy of + 0.1 °C for ambient, lower, and higher
temperature measurements. Calibration was conducted using pure COy
and HyO fluid inclusions. The salinity, expressed as equivalent weight
percent of NaCl, and the density of the fluid inclusions were determined
using the FLUID software packages (Bakker, 2003).

Raman analysis of fluid inclusions was carried out with the confocal
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LABRAM HR800 (Horiba Jobin Yvon Instruments) at the Department of
Earth Sciences, University of Torino. The spectra were collected using an
Olympus BX41 microscope and a x100 objective lens. The operating
conditions were as follows: emission power of 80 mW, a confocal hole of
200 pm, a slit width of 300 um, a grating of 600 grooves/mm, and 3-10
accumulations with exposure times of 1-60 seconds each. The calibra-
tion was performed using the bands of Si (522 cm’l), of diamond (1332
cm 1) and/or of air N5 (2331 c¢m ™). The identification of fluid and solid
phases was based on database of reference spectra (Frezzotti et al.,
2012). The quantitative composition of the gaseous mixture is expressed
in mol% using the method reported by Burke (2001).

3.3. Electron micro probe analyses (EMPA)

The quantitative composition of the mineral chemistry in the vein
assemblages, was determined using the JEOL JXA 8530F Hyperprobe at
Utrecht University. The operating conditions during analyses were set to
an accelerating voltage of 15 kV, a beam current of 10nA, with a beam
spot size of 10 um. The mineral standardization was done by utilizing a
suite of reference materials (e.g., synthetic KTiPOs, natural diopside and
jadeite). Samples L.17A and L.58A were prepared as polished thin sec-
tions, followed by a comprehensive mineralogical observation to
ascertain the identification of the minerals before the analysis.

3.4. Analysis of *°Ar/*°Ar data from stepwise crushing

3.4.1. “Ar/*Ar geochronology

Irradiated samples were measured on a ThermoFisher Helix MC plus
mass spectrometer in the Geochronology laboratory at the VUA (Vrije
Universiteit Amsterdam). Single grains of the DRA-2 or GA1550 stan-
dard were loaded in a copper tray with 3 mm depth holes and heated
under high vacuum to 250 °C overnight to clean them from any volatile
contamination. A second overnight heating step was performed at 120
°C including the sample chamber, extraction line, and getters to further
clean the system from any air contamination. A transparent ZnS cover
glass covers the sample holder. A focused ca. 5 W laser beam delivered
by a water cooled 50 W Synrad CO, laser was used for flux monitor
single grain total fusion analyses to derive J values for the crushing
experiments ranging from 0.003217 to 0.003490. The purification of the
released gas was achieved using a cold trap at —70 °C, a Ti getter (400
°C) and hot ST172 and NP10 getters that retain all reactive volatiles and
allow only clean argon gas to enter the spectrometer. Argon isotopes of
the standards were measured on the H2-L2 collectors where for H2 (m/
e40) and H1 (m/e39) Faraday cups 10'%.0hm amplifiers are used and for
AX (m/e38), L1 (m/e37) and L2 (m/e36) compact discrete dynode
amplifiers (CDDs) are used. Line blanks were measured every two to four
unknowns and were subtracted from succeeding sample data.

About 25-30 mg of quartz is loaded in the crusher tube, the pestle is
added carefully with the tube in horizontal position. The crusher is then
connected to the extraction line, pumped, and baked overnight at 250
°C. Flexible tubing, valves that connect the crusher to the extraction line
are baked at 120 °C. The samples are then crushed by repeatedly lifting
and dropping the pestle using an external electromagnet with a fre-
quency of one time per second (1 Hz) controlled by an adjustable power
supply and pulse generator. Additional details regarding instrument
settings, background corrections, and blank measurements are provided
in the Supplementary Texts Al and A2.

3.4.2. Data processing

Mass discrimination, neutron interference, decay and gain correc-
tions to both samples and standards were applied. Gain calibration is
done by correcting for gain relative to the beam intensity as measured on
the AX-CDD, using measurements of ~50 fA (m/e 40 ion beam) pipettes
of air on each cup and mass discrimination corrections were done
measuring a series ~400 fA air pipettes roughly every 12 h. Raw data
were processed using the ArArCALC software (Koppers, 2002). For more



I. Chalid et al.

in-depth data evaluation, the data processing and visualization software
package WebArAr (https://github.com/wuyangchn/webarar, coded by
Yang Wu) was used. The apparent ages of vein samples were calculated
relative to Drachenfels sanidine (25.552 + 0.078 Ma; Wijbrans et al.,
1995), recalibrated relative with the Fish Canyon Tuff age of 28.201 +
0.023 Ma (Kuiper et al., 2008). Quartz from high-grade rock samples
L.22F and L.24A used GA1550 biotite as standard with an age of 99.44
+ 0.13 Ma, recalculated relative to Kuiper et al. (2008) in combination
with the (*°Ar*/*°Ar)gasso/(*°Ar*/3°Arrc from Renne et al. (1998).

Decay constants recommended by Min et al. (2000) are used. Sample
intensities are normalized to an atmospheric “°Ar/*°Ar ratio of 298.56
+ 0.31 (Lee et al., 2006) using a discrimination factor that is derived
from repeated measurement of aliquots of air argon obtained from a
reservoir containing precleaned air argon. All errors in the age results
are quoted at the 2¢ level and include all the analytical errors.

4. Results
4.1. Mineral compositions in quartz veins

Here we only report mineral compositions from quartz vein samples
L.17A and L.58A, which were used for fluid inclusion studies. The rock
types and mineral assemblages of all samples are provided in Table 1.
Vein L.17A (Fig. 3a & b; Fig. 4a) consists of quartz, Fe-chlorite (cha-
mosite), Fe-biotite, muscovite, and minor apatite. By contrast, the vein
sample L.58A (Fig. 3a; Fig. 4b) only contains quartz and Fe-chlorite
(chamosite). Representative analytical data for mineral chemistry re-
sults are available in the Supplementary Data Table S2.

The XMg ratios, i.e., Mg / (Mg + Fe), of Fe-chlorite in sample L.17A
vary from 0.31 to 0.48, with an average of 0.41 (n = 28). In comparison,
sample L.58A shows XMg values ranging from 0.37 to 0.49 (n = 2).

In sample L.17A, mica-group minerals exhibit variations in XMg
ratios: muscovite ranges from 0.21 to 0.41 (average of 0.33; n = 35), and
biotite from 0.34 to 0.41 (average of 0.39; n = 33). All mica analyses
show TiO5 contents below 1 wt%.
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4.2. Intracrystalline deformation and fluid infiltration of the high-grade
rocks

Quartz in some samples that record Variscan metamorphism shows
more complex textures. The quartz in the migmatite L.22F (Fig. 5a)
occurs as elongated ribbons with lobate grain boundaries. The quartz
ribbons are crosscut by fractures that developed during cooling. These
fractures partially healed, resulting in the formation of secondary in-
clusion trails (Roedder, 1984). The charnockite sample L.24A (Fig. 5b)
contains quartz crystals with irregular checkerboard extinction patterns.
Quartz grains in the charnockite are crosscut by secondary fluid inclu-
sion trails, pointing towards fluid infiltration after the melts had fully
crystallized. Finally, the metagranodiorite sample L.45A (Fig. 5c¢) ex-
hibits elongated quartz ribbons that have experienced significant
recrystallization via sub-grain rotation (SGR).

4.3. Characteristics of fluid inclusions

Samples L.17A (Bélesta) and L.58A (Souanyes) were selected for
fluid inclusion microthermometry and Raman analysis for molecular
composition of the volatiles in the fluid inclusions. The fluid inclusions
in quartz of L.17A are aqueous-carbonic multi-phase inclusions (Fig. 6a)
showing evidence for a primary distribution (Roedder, 1984). These
inclusions are characterized by their small size (<12 um in diameter)
and consist of liquid water + gaseous phase + a cubic salt + carbonates
such as calcite and siderite, as determined by their Raman spectra
(Fig. 7a & b), e.g., by their peaks at 285 and 1085 cm ™! and at 194, 301,
736, and 1090 em respectively (e.g, Frezzotti et al., 2012). These
fluid inclusions displayed metastable behavior (e.g, lacking salt re-
nucleation after melting) or underwent post-trapping modifications (e.
g, salt precipitation after cooling) during microthermometric mea-
surements. These phenomena hinder the possibility to acquire an ac-
curate estimate of both the final melting temperatures of hydrohalite
and the total homogenization temperatures. Additionally, the lack of
freezing of the gaseous phase during cooling provides evidence for the
presence of a contaminant gas admixture (specifically N, as identified
by the Raman peak at 2330 cm’l) within the CO5 (identified by the
Fermi doublet at 1285 and 1388 cm™1). The molar fractions of N, and

Table 1
Paragenetic and textural information based on petrographic observations for samples.
Sample Rock type (Vein/ Lithology Paragenesis Textural information Notes
number Host)
L.32A Deformed granite Qtz, Bt, Ms, Chl, Kfs Magmatic origin, Bt and Ms crystallized Deformed granitic vein, Qtz shows dynamic
vein (perthitic), Plg late in the magmatic sequence retrograde mylonite recrystallization, strain localized
(inclusions) during retrogression
L.21A Mylonitized Qtz, Grt, Kfs, Plg, Ms, Qtz, Kfs, Plg crystallized from melt but Syn- to late-tectonic migmatitic Crystallization from melt during
leucosome Chl later experienced ductile deformation vein (leucosome) migmatization
L.58A(I) Qtz-rich vein Qtz, Chl Hydrothermal fluid infiltration Lack of deformation Chl suggests fluid overpint
L.38C Mylonitized aplite Qtz, Akfs, Plg, Ms Qtz underwent dynamic Ductile deformation, greenschist ~ Quartz dynamically recrystallized
vein recrystallization into fine-grained facies
aggregates
L.38D Qtz-Tur-rich vein Qtz, Tur (dravite- Qtz-Tur-rich vein crosscuts the Crosscuts vein; undeformed Qtz-rich vein with black core, post-
schorl), Plg, Ms, Apt, deformed granite indicating it is deformation
Bt, Epi younger and undeformed
L.17A Qtz-rich vein Qtz, Bt, Ms, Chl Recrystallized during early deformation  Recrystallization in zones of Ductile grain-size reduction and
intense deformation later brittle fractures
L.39A Pegmatite vein Akfs (perthitic), Plg Interstitial Qtz, Ms, green Bt, Late-stage eutectic melt products ~ Late-stage crystallization in a low
(zoned), Qtz, Ms, green  crystallized from residual eutectic melt deformation setting
Bt
L.2A(ID) Qtz-rich vein Qtz, Bt, Opq Quartz underwent post-crystallization Recrystallization during -
strain moderate greenschist facies
deformation
L.45A Metagranodiorite Fsp Qtz, Epi, Amph, High-temperature recrystallization Strongly deformed and Scapolite porphyroclasts
Apt, Scap, Ms retrogressed
L.22F Migmatite Qtz, Kfs, Crd, Sil, Bt Qtz and Sil crystallized during high- Fractures crosscutting quartz Fe-(oxy) hydroxides indicate late-
temperature metamorphism with Fe-clays stage fluid infiltration
L.24A Charnockite Qtz, Kfs, Bt, Opx, Grt Interstitial Qtz and Bt, late High-temperature crystal plastic Brittle fractures in Grt and Qtz —

crystallization from a melt

deformation

post crystallization strain
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has not been measured and is assumed to be 0.

CO; (Fig. 7c¢ & d) were determined to be 0.27 and 0.73, respectively.
Analytical data for Raman analysis are available in the Supplementary
Data Table S3.

By contrast, sample L.58A (Souanyes) contains primary two-phase
aqueous fluid inclusions (2 to 10 ym in diameter) (Fig. 6b). During
microthermometric measurements (Fig. 6¢ & d), the first liquid phase is
visible at temperatures (Tfy,) ranging from —46 °C to —26 °C, with a
peak around —35 °C. This occurrence is attributed to the very small
dimension of some fluid inclusions, which prevents the precise deter-
mination of the eutectic temperature. Hydrohalite is the last phase to
undergo melting at temperatures (Tpyn) ranging from —7.0 °C to —0.8
°C. Homogenization always occurs into the liquid phase at temperatures
(Thr) from 204.5 °C to 367.7 °C. The bimodal distribution of the
asymmetric Ty, histogram for sample L.58A (Fig. 6d) reveals the coex-
istence of modified and preserved fluid inclusions which respectively
define a main peak at around 260 °C and a minor peak at around 340 °C.
Our data show that the fluid is a brine with a salinity of 25.7 wt% NaCle,.

4.4. Geochronology by stepwise crushing

Neutron-produced 37ArCa, 38Arc;1 and 39ArK can be used as proxies for
the chemical concentrations of Ca, Cl and K, respectively, while the 40y
and 2®Ar components shed light on the sources of non-radiogenic argon.
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Here we used classic inverse isochrons (e.g., Roddick et al., 1980), for
age calculation and three isotope correlation diagrams to document
chemical variation in terms of 37 Arc,, *®Arq and *°Ar.

The total measured “°Ar consists of atmospheric argon (*°Aratm),
radiogenic 4Opr (40ArR) derived from in-situ “°K radioactive decay, 40ArK
produced by neutron activation of K and potential excess argon (*CArg)
including inherited argon. Lanphere and Dalrymple (1976) were among
the first in reporting the presence *°Ary; revealed by the *°Ar/*°Ar age
spectrum diagrams. It is identified when initial *°Ar/3Ar ratios in in-
verse isochrons exceed the atmospheric standard of 298.56 (Lee et al.,
2006).

Clarifying these definitions is crucial for interpreting *“’Ar/*°Ar data.
Excess argon (4°ArE) is incorporated into a mineral or rock from external
sources, such as entrapped mantle or crustal fluids and is separated from
its parent *°K either by high-temperature diffusion or mineral re-
equilibration processes (external from system). Inherited argon refers
to “°Ar that is introduced into a rock or mineral through physical
contamination from older materials or incompletely reset domains in
metamorphic rocks (e.g., internal from system; McDougall and Harrison,
1999; Kelley, 2002).

Initial “°Ar/3CAr ratios were derived from inverse isochron plots
(®%Ar/*Ar vs. °Ar/*CAr) using isochemical and consecutive step data.
For plots with negative slopes and initial “°Ar/3°Ar values higher than
the atmospheric ratio, these values were used to correct the apparent
ages of the corresponding segments from which they were derived.

In cases, where the regression produced an initial “°Ar/*°Ar ratio of
less than 298.56, this likely indicates mixing of isotopic contributions.
Such mixing can occur between radiogenic argon components from
different generation of fluid or solid phases and atmospheric argon,
either entrapped in the sample or introduced during stepwise crushing.
This scenario aligns with the conceptual model provided by Bai et al.
(2013, 2018), demonstrating that stepwise crushing liberates gas from
several fluid inclusion generations with partial overlap that can lead to
isotopic mixing resulting in reduced the initial “°Ar/3Ar ratios.

Bai et al. (2018) demonstrated that even if mixing reduces the initial
40Ar/30Ar intercept ratios below 298.56, the maximum apparent ages
obtained by the inverse isochron plots can remain geologically signifi-
cant. Their study showed that mixed gas from primary and secondary
fluid inclusions in quartz yielded ages that correspond to apparent ages
of coexisting K-feldspar, sericite, and muscovite, while the initial
“OAr/30Ar ratio was lower than that of the modern atmosphere. This
offers scientific proof for the hypothesis that the apparent ages, under
such conditions, still date geological events.

The age spectra, inverse isochrons, release patterns, and three
isotope correlation diagrams are used for the data interpretation
(Fig. 8a—c; Supplementary Figs. S1-1 & S1-2). All relevant analytical
data for age calculations can be found in Table 2.

The release pattern of “OArp, %0Aram, “CArg, *°Ark, and ¥7Arc,
(Fig. 8c) in the stepwise crushing shows the following characteristics: 1)
substantial amounts of “CArg, 3Ar,m, °Arg, in the fluid during the
initial steps. 2) the intermediate stages of crushing exhibit a reduced
presence of these gases in comparison to significant concentrations of
39Arg and ¥Arc,. 3) in the final steps, all signals dropped and are
distributed evenly (discussed in Section 5.3).

Two quartz-rich melt vein samples (L.32A and L.21A), along with
one high-grade metamorphic rock sample from a metagranodiorite
L.45A reveal evidence for two distinct episodes of fluid mobility. Based
on origin of the quartz-bearing samples, we classify the maximum
apparent ages from the final crushing steps into three distinct groups:

4.4.1. Geochronology of quartz-rich veins

The quartz exhibits decreasing apparent ages to a value around
~114 Ma (L.58A(D); Souanyes), ~107 Ma, (L.2A(II); Forca Real), ~62
Ma (L.17A; Bélesta), and ~60 Ma (L.38D; Retenue de Vinga). The in-
verse isochrons for the final crushing steps of L.58A(I), L.2A(II), L.17A,
and L.38D are interpreted as maximum apparent ages of 118 + 8 Ma
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Fig. 4. (a) Sample L.17A showing recrystallisation of quartz indicative of multiple episodes of fluid infiltration and deformation, with microcrystalline mica (cross-
polarized light) and a chlorite crystal (plane-polarized light). (b) Quartz in L.58A exhibiting primary growth textures, suggesting minimal deformation.

(“°Ar/3%Ar = 300 =+ 7), 101 =+ 8 Ma (*°Ar/3CAr ratio = 303 £ 8), 140 +
11 Ma (*°Ar/36Ar = 293 + 8), and 60.3 + 1.2 Ma (*°Ar/%CAr = 302 + 4).
The maximum apparent ages correspond to the inverse isochron plots, as
shown in the age spectra: 118 + 5 Ma (L.58A(I); MSWD = 6.1; mean
square of weighted deviates), 101 + 2 Ma (L.2A(I); MSWD = 0.5), 139
+ 6 Ma (L.17A; MSWD = 1.3), and 60.1 + 0.7 Ma (L.38D; MSWD = 3.0).

4.4.2. Geochronology of quartz-rich melt veins

Samples L.39A (Retenue de Vinga), L.21A (Caramany), L.32A (Lan-
sac), and L.38C (Retenue de Vinca) show similar decreasing apparent
ages of ~94 Ma, ~87 Ma, ~85 Ma, and ~71 Ma, respectively, in the
final crushing steps. Samples L.39A, L.21A, L.32A, and L.38C have in-
verse isochrons that yield maximum apparent ages of 124 + 4 Ma
(*OAr/36Ar = 265 + 7), 96 + 3 Ma (**Ar/30Ar = 272 + 14), 144 + 5 Ma
(*OAr/36Ar = 248 + 8), and 70 + 6 Ma (*°Ar/3°Ar = 305 + 3), respec-
tively. The maximum apparent ages identified from the age spectra are
124 + 2 Ma (L.39A; MSWD = 1.0), 97 + 2 Ma (L.21A; MSWD = 4.3),
143 + 2 Ma (L.32A; MSWD = 2.9), and 69 + 3 Ma (L.38C; MSWD = 2.5).

Additionally, L.32A and L.21A show a secondary line segment in the
inverse isochron plot, which yields maximum apparent ages of 81 + 17
Ma (*°Ar/*®Ar = 870 + 76) and 72 + 5 Ma (**Ar/*Ar = 762 + 34),
respectively. The maximum apparent ages of L.32A and L.21A were
recalculated as 81 + 6 Ma (MSWD = 1.4) and 72 4+ 3 Ma (MSWD = 4.9),
respectively.

4.4.3. Geochronology of high-grade rocks

Quartz minerals from metagranodiorite (L.45A; Chateau de Cuxous),
charnockite (L.24A; Ansignan), and migmatite (L.22F; Caramany)
exhibit excess *°Ar dominated apparent ages in the initial crushing steps,
which decrease toward ~110 Ma, ~57 Ma, and ~54 Ma. The final
crushing steps in the inverse isochron plot for samples L.45A, L.24A, and
L.22F correspond to maximum apparent ages of 119 + 2 Ma (*OAr/30Ar
ratio = 305 + 11), 61 + 5 Ma (**Ar/*Ar ratio = 297 + 4), and 55 + 3
Ma (*°Ar/3Ar ratio = 300 + 4). The age spectra for the samples L.45A,
L.24A, and L.22F in these crushing steps yield maximum apparent ages
of 119 + 1 Ma (MSWD =1.2), 61 £+ 1 Ma (MSWD = 0.6), and 54 + 1 Ma
(MSWD = 0.8), respectively.

In addition, the inverse isochron diagram of L.45A in Chateau de
Cuxous shows a secondary line segment that yields a maximum apparent
age of 58 11 Ma with a *Ar/2®Ar ratio of 1910 = 118. Recalculation
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of this segment yields a maximum apparent age of 58 + 4 Ma (MSWD =
0.7).

5. Discussion
5.1. Fluid composition of the veins

The chemical compositions and temperatures of the trapped fluids
can be determined through fluid inclusion analyses. Phase transitions of
solids and liquids in fluid inclusions during heating-freezing experi-
ments provide information on the fluid chemistry. Hydrohalite melting
observed in quartz vein fluid inclusions in sample L.58A suggests that
the brine primarily contains Na® and Cl" as the dominant dissolved
cations and anions (Fontes and Matray, 1993; Hanor, 1994). The tem-
perature of first melting (Tgy,) of approximately —40 °C suggests the
additional presence of dissolved Ca®" ions and the peak melting tem-
peratures around —35 °C may be associated with the presence of addi-
tional Fe®* ions (and potentially Mg2+) (Roedder, 1984). The presence
of Fe-chlorite and siderite mineral inclusions in the quartz veins, pro-
vides additional evidence that the fluids forming the quartz veins con-
tained Fe, Al, and Si species along with H0. Similarly, the occurrence of
K-Fe phyllosilicates and apatite in the vein mineral assemblages of L.17A
indicates the presence of dissolved K*, Fe?*, and Ca®" cations as well as
silicic acid and phosphates anions in the fluid.

The post-trapping evolution of the fluid inclusions is recorded in
sample L.58A. The prominent lower-temperature peak (Fig. 6d) suggests
that most fluid inclusions experienced post-trapping modifications,
leading to a moderate density increase (ca. 1.0 g/cm®). This increase is
likely due to re-equilibration through volume reduction (e.g, plastic
deformation or necking down), consistent with isobaric cooling (Bodnar,
2003). In contrast, the peak at higher Ty, (340 °C) indicates a significant
number of fluid inclusions have preserved their original density (ca. 0.9
g/cm®) and remain unmodified. The P-T evolution of the host rock is
characterized by isobaric cooling, as indicated by the post-trapping
modification of some fluid inclusions. Nonetheless, this process did
not entirely re-equilibrate all inclusions, since many continue to exhibit
their original density.

A fluid salinity of 25.7 wt% NaCleq obtained from fluid inclusion
analysis in L.58A suggests a brine-derived fluid source. Similarly, in
sample L.17A, the preservation of cubic salt crystals in the fluid
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Fig. 5. (al) Migmatite in L.22F, quartz comprises large ribbon-like grains (200-600 um). The grains show undulose extinction and are crosscut by fractures. Many
fractures contain clays and Fe-(oxy)hydroxides, which give them a yellowish to brownish colour. The yellow alteration associated with cordierite is pinite. Cordierite
also commonly contains sillimanite inclusions. (a2) Secondary fluid inclusion trails and occasionally accompanied by chlorite. (b1) Charnockite in L.24A contains a
large ribbon of quartz (150-400 pym). Some of the grain boundary migration (GBM) fronts are not smooth but serrated, due to the presence of fine grains (<10 pm)
along these boundaries. The serrated texture of GBM and the presence of fine grains suggest overprinting by bulging (BLG) or subgrain rotation recrystallization
(SGR), indicating a shift from higher- to lower-temperature deformation conditions. Undulose extinction is also present, suggesting that the quartz experienced
subsequent deformation, likely associated with dislocation glide after GBM. (b2) Planar structures with secondary fluid inclusions that formed in healed fractures in
sample L.24A. (c1) Scapolite in L.45A from metagranodiorite appears as large, broken crystals, associated with quartz grains (20-300 pum). The quartz shows subgrain
development by SGR. The broken appearance of scapolite suggests it was affected by brittle deformation after crystallization, likely during a later stage of defor-
mation. (c2) Decrepitation textures in quartz from L.45A suggest partial fluid loss, resulting in a lower-density remnant of the original fluid.

inclusions implies a salinity higher than the peritectic composition of the
H»0-NaCl system (i.e., >26.3 wt% NaCley). Direct measurements of K
concentrations in these inclusions are unavailable. Therefore, we eval-
uated whether such high-salinity fluids could plausibly transport
quantifiable potassium. Assuming a minimum K/Na ratio based on
referenced studies for brines, this would imply the amount of potassium
to account for the observed “°Ar* release (discussed in Section 5.2). The
interpretation is supported by the three-isotope correlation diagrams
(Supplementary Fig. S1-2; 37ArCa/ 39ArK and 38Arcl/ 37Ar(;a) and the two-
dimensional projection plots (Supplementary Fig. S1-3; apparent age vs.
%8Arq/%Arg), which suggest that potassium-bearing fluids were
involved during entrapment, and that variations in argon source reser-
voirs are linked to those apparent ages. The implications of these ratios
are discussed in more detail in Section 5.3.
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The potassium-bearing fluid likely originated from seawater (e.g,
Wickham and Taylor, 1985; Duretz et al., 2019) and became entrapped
in marine sediments during early diagenesis. During deep burial and
prograde metamorphism, these fluids experienced significant in-
teractions with the surrounding rock and extended thermal alteration,
facilitating the decomposition of potassium bearing minerals and the
mobilization of dissolved ions. Subsequently, during Early Cretaceous
rifting, lithospheric weakening and fault reactivation developed exten-
sional cracks that facilitated the seawater infiltration several kilometres
into the crust. The infiltrating seawater mixed with pre-existing meta-
morphic fluids and interacted with adjacent rocks, resulting in brines
richer in CI, Nat, Ca®*, Mg?*, K*, Fe?*, sO%, and Zn (Barnes, 1979).
These brines subsequently migrated into faults and fractures, leading to
quartz vein precipitation.
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Fig. 6. (a) Photomicrographs showing typical fluid inclusion assemblages in the quartz vein of L.17A (Bélesta), consisting of liquid water + gaseous phase + a cubic
salt + carbonates, with elongated negative crystal shapes and mostly greenish in color. (b) Fluid inclusions in L.58A (Souanyes) show more isolated and clustered
primary fluid inclusions and are highly transparent. (c¢) Histograms of microthermometric measurements in fluid inclusions from L.58A showing widely dispersed
first melting (Tfy,) temperatures from —46 °C to —26 °C and the hydrohalite melting temperatures (Tp,) ranging between —7 °C to —0.8 °C with a prominent peak at
—4 °C. (d) Homogenization temperatures into the liquid phase (T}.), measured in fluid inclusions from L.58A, exhibit a bimodal distribution with an asymmetric
histogram, suggesting the coexistence of re-equilibrated and preserved fluid inclusions.

5.2. Possible reservoirs of potassium

The potassium content of the quartz in the stepwise crushing analysis
is thought to originate predominantly from fluid inclusions (Shi et al.,
2018; Hu et al., 2022; Xiao et al., 2022b). Quartz does not accommodate
alkali and alkali earth elements such as Na™, K™, Mg2+, and Ca?*, into its
crystal lattice (Kendrick et al., 2001). Consequently, any detectable
amounts of these elements in quartz are attributed to fluid inclusions,
which serve as substantial reservoir for such cations (Rossman et al,
1987; Gotze et al., 2021). Inherited muscovite inclusions trapped in
quartz potentially may influence the potassium budget during stepwise
crushing if there is a large age difference between the inherited
muscovite and the fluid inclusions. However, the Agly muscovite in the
host rock was completely reset during Cretaceous overprinting (Hoo-
gendoorn, 2024). Assuming equal amounts of potassium contents and
ages differing by ~50-100 Ma (see Hoogendoorn, 2024 for argon dating
of mica; cf. Rauchenstein-Martinek et al., 2016), the resulting observed
age would be ~75 Ma and thus would not significantly distort the age
spectra as found by the stepwise crushing. Furthermore, the K/Cl release
patterns (Supplementary Figs. S1-2 & S1-7) in our data suggest that the
observed Ar signal is predominantly influenced by fluid inclusions.
Importantly, partition coefficients between minerals and hydrous fluids
are extremely low in K-low minerals (ca. D =~ 10 Kelley, 2002),
resulting in fluid inclusions frequently dominating the radiogenic argon
budget. Potassium-bearing fluid inclusions in quartz grains thus repre-
sent a potential source for potassium, leading to elevated concentrations
of 4°K, 40Ar* and 39ArK (Shi et al., 2018), while the trace muscovite
inclusions in quartz crystals do not undermine the interpretation of
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fluid-derived Ar. Furthermore, we estimated the recoil losses of °Ar for
our inclusions ranging from 2 to 12 um in diameter, using recoil dis-
tances ca. 30 to 50 nm (e.g, Jourdan et al., 2007). These estimations
indicate that losses are negligible (<15% for 2 um inclusions, <6% for 5
um inclusions, and <3% for >10 um inclusions; see the Supplementary
Text Table S2).

This hypothesis is supported by the coexistence of quartz and K-
bearing minerals such as mica and feldspar in some of the observed
quartz veins, which are thought to have recrystallized in the presence of
infiltrating, possibly potassium-rich fluid. Although an earlier magmatic
fluid may have contributed the potassium content through feldspar
breakdown near the solidus, the potassium bearing phases were likely
influenced by subsequent deformation and hydrothermal fluid-rock
interaction promoting partial recrystallization during Cretaceous rifting.
Furthermore, hydrothermal fluids in potassium-rich rocks may account
for “°Ar/3%Ar ratios over 100,000 through the incorporation of radio-
genic argon from the previous decay of “°K and released from minerals
during fluid-rock interaction at elevated temperature (Snee, 2002; dis-
cussed in Section 5.4.1). In addition, the high solubility of the argon in
aqueous fluids may increase the “°Ar concentration in these fluids
(Kelley, 2002). The potential potassium concentration could be esti-
mated based on fluid inclusion analysis. Assuming p = 0.9 g/cm® and K/
Na ratio of 0.01 as the lowest ratio for brines (Sosnicka et al., 2023; Yu
etal., 2023), the potassium concentration in the fluid for sample L.58A is
calculated to be > ~2.95 g/L.
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Fig. 7. Raman spectra of the fluid inclusion within the quartz in L.17A (Bélesta) containing (a-b) carbonate minerals such as calcite and siderite, and (c-d) N, and

CO, + carbonates.

5.3. Fluid chemistry from argon isotopes

The composition of gas released during stepwise crushing in terms of
40ArR, 30Araim, S8Arq, P°Ark, and ¥ Arc, provides constraints on possible
fluid sources and the evolution of these fluids during crystallization and/
or recrystallization of quartz. In the release pattern (Fig. 8c), a sub-
stantial presence of 40ArR, 30Aram, PArg in the initial crushing steps
suggests that the early gas release from the samples is caused by the
existence of a gas reservoir with excess “°Ar, as previously discussed
(Harrison and McDougall 1980, 1981; Kelley, 2002; Xiao et al., 2019).
Such excess “°Ar may have been isolated from its parent “°K by diffusion
at high temperatures (Snee, 2002; Bai et al., 2013) or through mineral
re-equilibration.

In the intermediate crushing steps (approximately steps ~17-25;
Fig. 8a & b; blue segment), samples L.32A, L.21A, and L.45A demon-
strate a significant increase in 3°Arg and 3”Arc, accompanied by 38Arq
signals. The co-release of 39ArK, 37ArCa, and 3SArcl suggests that K, Ca,
and Cl were primarily sourced from Cl-rich secondary fluid inclusions
that formed during a later stage of fluid activity (Qiu and Wijbrans,
2006). This geochemical signature indicates the involvement of Cl-
bearing hydrothermal fluids, in which CI" served as dominant com-
plexing ligand that facilitates the transport of cations including Ca®* and
K" during extended hydrothermal alterations and metamorphic pro-
cesses (Helgeson and Kirkham, 1976; Stefansson and Seward, 2004).
These fluids may have altered the original K content of the host rocks by
dissolving K-bearing phases (Rusk et al, 2004).

During the last stages of crushing (about steps ~45-69; Fig. 8a & b;
red segments; see also Supplementary Fig. S1-1) in all samples, the
decrease in 3Arg, along with a continued release of 37 Arca and *°Arg
indicates a shift from a predominance fluid inclusion to increasing
contributions from mineral inclusions. However, the continued, albeit
reduced presence of 3®Arc;, suggests that Cl-bearing fluid inclusions are
still present and continue to contribute to the gas release. This pattern
suggests that many reservoirs, including both fluid inclusions and min-
eral inclusions, may release gas during the final crushing steps, leading

259

to a mixed release signature (Jiang et al., 2012; Bai et., 2013, 2018; Xiao
et al., 2019, 2022a).

A comparative abundance of K, Ca, and Cl concentrations demon-
strates differential mixing patterns between different argon components,
as shown in Supplementary Fig. S1-2: 1) the K-rich, Cl-poor phase (Fig.
S1-2; blue color; Ca/K < 1.0 and CI/K < 1.0) is defined by compara-
tively small amounts of Ca and Cl in relation to K. This results in
decreased %7 Arc,/?°Arg and *8Arc/*7 Arc, ratios, indicating a K-bearing
fluid with little concentrations of Cl and Ca. 2) Cl-rich, K-poor phase
(Fig. S1-2; red color; CI/K > 1.0, irrespective of Ca/K ratios) implies a
substantial Cl-bearing fluid component. This results in elevated
38Arc1/¥ Arca and ¥ Arca/3°Ar ratios, indicative of Cl- and Ca-rich fluids
and limited contributions of K-bearing phases. 3) Ca-rich, K-poor phase
(Fig. S1-2; orange color; Ca/K > 0.1 and Cl/K < 1.0): this phase is
characterized by increased Ca in relation to K, accompanied by low
chloride concentrations. The elevated 3’ Arc,/3°Ary ratio and decreased
38A1'(;1/37A1‘Ca ratio indicate a Ca-rich source with minimal chloride
impact, potentially suggesting fluid-rock interaction of Ca-rich silicates.

Considering these geochemical characteristics, the correlation be-
tween apparent ages and 38Arq/*°Arg offers further distinction
regarding argon source reservoirs and argon mobility paths. The graphic
presented in Supplementary Fig. S1-3 may facilitate the identification of
three primary types of argon reservoirs, based on interpretations from
prior studies (Qiu and Jiang, 2007; Qiu and Wijbrans, 2008; Bai et al.,
2013, 2018 and 2022): 1) excess argon resulting from deep degassing
after the formation of SFIs (secondary fluid inclusions) is often associ-
ated with significant scatter data points. 2) excess “OAr hosted in healed
microcracks suggests the redistribution of argon during recrystallization
or deformation possibly influenced by variable contributions of Cl-rich
fluids. 3) mixtures of SFIs, PFIs (primary fluid inclusions) and solid
phases, if present. This indicates overlapping release argon and partial
degassing from multiple reservoirs.
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Fig. 8. (a) The *°Ar/3°Ar age spectra, (b) inverse isochron plots, and (c) release patterns for the quartz minerals in the Agly Massif and eastern Pyrenees. The dataset
comprises quartz-rich vein and high-grade rock samples (L.32A, L.21A, L.45A, L.17A, L.24A, and L.22F). The maximum apparent ages of ~140-90 Ma correspond to
partial argon resetting during the peak of Cretaceous tectono-metamorphic activity while apparent ages of ~80-50 Ma are interpreted to indicate fluid infiltration
during later stages of exhumation and deformation. More information on the quartz-rich vein samples is provided in the Supplementary Material Fig. S1-1; For

detailed data interpretation, see the Discussion section.

5.4. Geochronology by stepwise crushing

The “°Ar/*°Ar crushing technique yields characteristic gas release
patterns that might be related to primary and secondary fluid inclusions
(Qiu and Jiang, 2007; Jiang et al., 2012). Generally, it is assumed that
argon released from larger, more easily crushed secondary fluid in-
clusions is measured in the intermediate steps of the crushing experi-
ment, whereas argon derived from smaller, more dispersed primary fluid
inclusions is obtained in the final crushing steps (Qiu and Wijbrans,
2006; Xiao et al., 2019, 2022b). Here, given the substantial amounts of
excess “°Ar that we consistently observe, we choose to interpret the
primary and secondary ages as maximum apparent ages in the context of
the regional geological history. The complexity of the system, due to
argon being preserved in fluid and solid phases, prevents the determi-
nation of plateau and isochron ages which is generally expected for
extrusive rocks. Although parameters such as MSWD and the percentage
of gas released in the stepwise crushing may be applicable, they are not
used to determine accurate crystallization ages. Instead, they provide
semi-quantitative information, such as constraining maximum apparent
ages and converging sections in the spectra.

5.4.1. Constraints from maximum apparent vein ages
The stepwise crushing *°Ar/3?Ar analyses of vein quartz from the

Agly Massif and surrounding eastern Pyrenees offer new insights into the
timing of overprinting processes documented in the quartz veins.
Maximum apparent ages of fluid inclusions trapped in quartz veins,
derived from the converging sections of stepwise crushing experiments
cluster into three groups: ca. 140 Ma, 120-90 Ma, and 80-60 Ma. This
points to pulsed fluid activity during the inferred peak of the Early
Cretaceous tectonic overprinting and subsequent uplift and tectonic
unroofing during Late Cretaceous and Paleocene.

Two leucosome samples from Variscan migmatites, L.21A and L.32A,
show a negative slope in the inverse isochron plots of the middle
crushing steps, suggesting the presence of *°Ar excess component.
Correction for this excess argon component lowers the apparent ages
from 127 Ma and 205 Ma to 72 Ma and 81 Ma, respectively. These
corrected maximum apparent ages point to an association with a period
of secondary fluid activity that occurred subsequent to the main phase of
quartz crystallization. The high initial *°Ar/36Ar ratios (ca. 762 + 34 for
L.21A and 870 + 76 for L.32A) indicate that the late Cretaceous fluids
inherited their argon from older reservoirs, either within pre-existing
Variscan rocks or from Early Cretaceous lithologies. This argon was
probably remobilized through fault reactivation during the Early
Cretaceous (Cochelin et al., 2017). Hydrothermal fluid migration along
these pathways has been well documented elsewhere in similar meta-
morphic-deformation tectonic settings (Turner and Wang, 1992; Allaz
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Fig. 8. (continued).
Table 2
Summary of maximum apparent ages obtained by *°Ar/3°Ar stepwise crushing in the Agly Massif and eastern Pyrenees.
Sample Locality Area Number % 3Ar Age spectra (Ma)* Inverse isochron age (Ma)
number Grain size of steps released Primary age of Secondary age of Primary age of Secondary age of
of quartz primary age mineralization mineralization mineralization mineralization
(um)
L.32A 42°45/39.54'N Lansac 150 - 500 57 23.3 143 £2 8l1+6 144 £5 81 +£17
2°34'49.04'E
L.21A 42°44'6.82'N Caramany 200 - 500 55 40.9 97 £2 72+3 96 + 3 72+5
2°34'6.67'E
L.58A(I) 42°33'0.51'N Souanyes 400 - 800 49 75.8 118 £ 5 N/A 118 £ 8 N/A
2°16'1.44'E
L.38C 42°39'2.82'N Retenue de 300 - 600 73 19.2 69 + 3 N/A 70 £ 6 N/A
2°30'45.87'E Vinga
L.38D 42°39'4.51'N Retenue de 50 - 200 77 29.1 60.1 + 0.7 N/A 60.3 £1.2 N/A
2°30'47.21'E Vinga
L.17A 42°4320.32'N Bélesta 50 - 300 66 31.7 139+ 6 N/A 140 £11 N/A
2°35'26.55'E
L.39A 42°39'16.99'N Retenue de 300 - 700 67 14.2 124 £ 2 N/A 124 + 4 N/A
2°31'37.63'E Vinga
L.2A(ID 42°43'40.51'N Forca Real 200 - 800 122 12.7 101 £ 2 N/A 101 £8 N/A
2°41'49.27'E
L.45A 42°45'8.33'N Chateau de 20 - 300 67 29.3 119+1 58+ 4 119+ 2 58 +£11
2°38'9.49'E Cuxous
L.22F 42°44'29.46'N Caramany 200 - 600 84 64.9 541 N/A 55+3 N/A
2°34'40.71'E
L.24A 42°45'11.60'N Ansignan 150 - 400 91 43.3 61 +1 N/A 61 £5 N/A
2°29'47.28'E

N/A indicates the data were not available; *The maximum apparent ages in the age spectra were calculated using the non-radiogenic *°Ar/®Ar intercept ratio of the
isochron regression as the appropriate value for the non-radiogenic end member of the gas mixture.
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et al., 2011; Xiao et al., 2019; Hu et al., 2022; Monié et al., 2023).
Alternatively, the elevated *’Ar/2Ar ratios may indicate the excess
radiogenic argon released during the late-Variscan stage, when the
crystallization of leucosomes in migmatites near the solidus released
hydrous fluids. These fluids may have delivered argon into the system
prior to the Cretaceous overprinting.

5.4.2. Maximum apparent ages of the high-grade rocks

Previous dating studies in the Agly Massif (Siron et al., 2020) using
U-Th-Pb geochronology have established the following ages (cf. Fig. 9):
~305 Ma for the Ansignan charnockites; ~308 Ma for the Tournefort
granodiorite; and ~296-300 Ma for monazites, all indicative of Variscan
magmatic processes. In addition, Aumar et al. (2022) reported syn-rift
Th-U/Pb ages, providing further constraints on the chronology of post-
Variscan tectono-metamorphic events. However, “°Ar/3°Ar and Rb-Sr
data on micas and feldspar from the host rocks indicate Cretaceous to
late Eocene ages (Albarede et al., 1978; Abd Elmola et al., 2018; Aumar
et al., 2022). These findings indicate that the intrusions experienced
high-temperature thermal resetting in the Cretaceous Period (ca.
92-104 Ma in the east, and 85 Ma in the west), which overprinted the
original Variscan U-Pb age signals (ca. 296-308 Ma) in these minerals.
The resetting is interpreted to have occurred during a Late Mesozoic
rifting phase, most likely involving thermal and/or fluid-rock

tep-heating “Ar/*Ar
f biotite
Rb-Sr whole rocl
U-Pb monazite
U-Pb rutile
U-Pb apatite

Step-heating

hing
t ages

Ar/*Ar on quartz

40

by stepwise crus!
- maximum apparen

300

350 400 450 500 Ma

Fig. 9. Summary of the geochronological data from the Agly Massif and eastern
Pyrenees, illustrating key thermal and tectonic events from the Neoproterozoic
to the Eocene. U-Pb zircon and monazite data constrain the timing of pre-
Variscan (e.g, Guille et al., 2019; Odlum and Stockli, 2019; Aumar et al.,
2022) and peak Variscan metamorphism and magmatism (ca. 305-290 Ma;
Respaut and Lancelot, 1983; Olivier et al., 2004, 2008; Poujol et al., 2010;
Guille, 2017; Guille et al., 2019; Odlum and Stockli, 2019; Siron et al., 2020;
Aumar et al., 2022; Vanardois et al., 2022). Cretaceous tectono-metamorphic
overprinting (ca. 143-90 Ma; Roubault et al., 1963; Albarede and Michard-
Vitrac, 1975; Michard-Vitrac and Allegre, 1975; Odlum and Stockli, 2019;
Ternois et al., 2019; Aumar et al., 2022) is recorded by U-Pb apatite, rutile, and
monazite, as well as by “°Ar/*°Ar biotite and whole rock Rb-Sr systems. Our
stepwise crushing *°Ar/3°Ar on quartz further supports this overprint, yielding
maximum apparent ages between ~143-90 Ma. Final exhumation during the
Paleocene (ca. 75-70 Ma) is marked by zircon (U-Th)/He and apatite fis-
sion-track ages (Yelland, 1990; Gunnell et al., 2009; Ternois et al., 2019), while
stepwise crushing of quartz shows a broader range of apparent ages between
~80-50 Ma. The yellow area shows the results of this study. For samples where
the age vector is very short, it overlaps with the datapoint.
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interactions  such metasomatism and deformation-related
recrystallization.

Our stepwise crushing “°Ar/3°Ar data from fluids trapped in quartz
from the high-grade rocks show a wider range of apparent ages from
~120 Ma to ~60-50 Ma. This is consistent with the dataset obtained
from biotite crystals of the host rocks using in-situ laser probe analysis
for a single sample that yielded 120-90 Ma (Hoogendoorn, 2024). The
age spectra and inverse isochron diagrams obtained by stepwise crush-
ing of rock-hosted quartz containing fluid inclusions point to secondary
fluid activity during the Early Cretaceous overprinting for sample L.45A
and subsequent overprinting in the Early Paleogene for L.22F and L.24A.
As an example in L.45A, the final crushing steps (red segment; Fig. 8a &
b) yield a maximum apparent age of ca. 120 Ma, which points to fluid
activity during the Cretaceous high-temperature overprinting. In
contrast, the middle crushing steps (~60 Ma; blue segment, Fig. 8a & b)
suggest a later phase of secondary fluid infiltration and likely represent
post-crystallization processes such as late-stage cooling or isotopic
resetting associated with Cenozoic convergence during the Alpine
orogeny.

Further evidence for these postulated late pulses of fluid overprinting
is provided by petrographic observations on the quartz in the high-grade
rocks (Fig. 5a—c). The presence of the textures of lobate grain boundaries
in L.22F, as well as pinning, intergranular openings, and dragging mi-
crostructures (Fig. 5a), suggest that recrystallization occurred through
grain boundary migration recrystallization (GBM) at temperatures
above 500 °C. The petrographic features of the charnockite sample
L.24A suggest that deformation in quartz crystals took place at tem-
peratures above 500 °C. The interstitial position of quartz grains
(Fig. 5b) indicates that they crystalized directly from the charnockitic
melt. The crystallization age of the charnockite is approximately
310-300 Ma based on U-Pb geochronology (Vanardois et al., 2022),
whereas in metagranodiorite sample L.45A, recrystallization via sub-
grain rotation (SGR), points to deformation at temperatures between
400-500 °C. Complete recrystallization to ribbon quartz requires tem-
peratures above 500 °C (e.g, Mainprice et al., 1986; Hirth and Tullis,
1992; Stipp et al., 2002; Bestmann and Prior, 2003; Passchier and
Trouw, 2005). Two key implications have been considered:

as

1. quartz deformation textures indicate solid-state deformation during
high-temperature metamorphism and tectonic activity.

2. fluid infiltration occurred after peak deformation and may represent
a subsequent hydrothermal overprinting associated with tectonic
reactivation.

5.5. Implications for maximum apparent ages by stepwise crushing
“ar/*Ar

The maximum apparent ages using ‘°Ar/2°Ar stepwise crushing of
vein quartz and quartz from high-grade rocks suggest the fluid release
occurred in pulses, likely associated with discrete geological events,
rather than as a continuous process. These maximum apparent ages are
interpreted to reflect the chronology of fluid entrapment. This entrap-
ment could coincide with primary quartz crystallization, recrystalliza-
tion during Cretaceous tectono-metamorphic overprinting or partial
retention of argon during progressive cooling.

The concept of closure temperature for argon diffusion (Dodson,
1973) is not applicable to complex geological systems. In recrystallized
quartz, argon retention is influenced not only by diffusion kinetics but
also by episodic recrystallization, deformation, and fluid-rock in-
teractions that can reset or disturb the isotopic system (e.g., Verschure
et al., 1980; Di Vincenzo et al., 2004; Augier et al., 2005; Beltrando
etal., 2009; Villa et al., 2014; Nteme et al., 2023). Moreover, argon loss
can occur in an open system, where chemical potential gradients facil-
itate directed argon flows into these escape pathways including grain
boundaries and microcracks.

The apparent ages of ca. 140-90 Ma correspond with the peak of the
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Cretaceous tectono-metamorphic event linked to the Caladroy shear
zone, interpreted as part of the extensive crustal reworking associated
with Early Cretaceous rifting in the Pyrenees region. This rifting phase,
documented by extensional structures, metamorphic complexes, and
syn-rift sedimentation, is thought to have facilitated fluid circulation and
increased temperatures, leading to partial argon resetting in quartz-
bearing rocks. In contrast, the apparent ages of ca. 80-50 Ma are more
plausibly associated with episodic fluid infiltration during subsequent
phases of exhumation, deformation, and tectonic unroofing. These
maximum apparent ages point to intermittent fluid-rock interactions
during which the *CAr-rich fluids were mobilized and subsequently
trapped as the system cooled and experienced structural reworking of
the massif after the original peak Variscan metamorphism (McCaig
1986; Beaumont et al., 2000; Denele et al. 2008; Masini et al., 2011;
Mouthereau et al., 2014). A compilation of geochronology data, inte-
grating results from this study and previous studies, is shown in Fig. 9.

6. Conclusions

Fluid inclusion analyses and *°Ar/3°Ar stepwise crushing results of
fluid inclusions hosted in quartz from veins and high-grade rocks from
the eastern Pyrenees provide valuable insights into the tecto-
no-metamorphic history of the Agly Massif and adjacent areas:

1) The composition of brines in fluid inclusions for samples L.58A and
L.17A suggests a seawater-derived origin.

The observed %7Arc,/*°Arg and 38Arq/*°Arg ratios indicate that the
potassium in the fluid inclusions originated from fluids that had
previously leached potassium from K-bearing host rocks leading to
potassium enrichment relative to fluids initial composition.
Evidence from quartz in high-grade rocks, including grain boundary
migration and checkerboard extinction patterns, suggests high-
temperatures deformation above 500 °C associated with regional
metamorphism.

Quartz crystallization during rifting and exhumation (ca. 140-90 Ma
and 80-50 Ma) in veins, coeval recrystallization in older melt veins
and high-grade rocks likely resulted from hydrothermal fluid-rock
interactions, which promoted mineral growth and/or isotopic
resetting.

Fluid migration occurred episodically, in discrete pulses over a
period of ~90 million years (~140 to 50 Ma). This intermittent fluid
mobility, combined with elevated 40Ar/%0Ar ratios, indicates fault
reactivation throughout the tectonic evolution.

2)

3

=
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—
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—
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Appendix A. Supplementary material

Supplementary material Text A.1 includes instrument settings,
background corrections, and blank measurements; Text A.2 provides
correction factors for neutron interference; Table S1 presenting incon-
clusive age data of vein samples in the Agly Massif and eastern Pyrenees;
Table S2 showing 39Ar recoil loss (%) for fluid inclusions; Text B.1
presents petrographic description with additional information from
EMPA data; Figure S1-1 presents age spectra, inverse isochron plots, Ar
release spectra of conclusive samples; Figure S1-2 illustrates isotope
correlation diagram based on Ca/K and CI/K ratios of conclusive sam-
ples; Figure S1-3 depicts correlation diagram between apparent ages
and CI/K ratios; Figure S1-4 displays age spectra and inverse isochron
diagrams from inconclusive samples; Figure S1-5 shows K/Ca incon-
clusive samples; Figure S1-6 presents K/Cl inconclusive samples; Figure
S1-7 exhibits the release spectra of K/Ca and K/Cl ratios of conclusive
samples. Supplementary material to this article can be found online at
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