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ARTICLE INFO ABSTRACT

Editor: Marco Fiorentini The physicochemical signatures of fluid-rock interaction, recorded in fluid inclusions, represent fundamental
proxies for understanding the interplay between rock deformation, fluid migration, and ore deposit formation in

Keywords: the Earth’s crust. Although fluid-rock interaction can take place simultaneously or sequentially both in the

Fluid Inclusions basement and the cover of collisional orogens, these two scenarios are generally investigated separately, thus

LA-ICP-MS

precluding an integrated understanding of the processes involved. Here, we present a comprehensive study of the
Fluid-rock interaction fluid evolution in the basement and cover rocks of the Pyrenees (SW Europe) by means of Geographic Infor-
Halogen fractionation mation System (GIS)-assisted petrography, microthermometry, Electron Backscatter Diffraction (EBSD), Raman
Fluid evolution micro-spectroscopy, and Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) micro-
Pyrenees analysis of individual fluid inclusions. The investigated fluids are sampled from giant quartz veins, which are tens
of meters wide and up to several kilometres long. Two-phase aqueous fluid inclusions hosted in the basement
(Canigé and Cap de Creus massifs) and cover rocks (Roc de Frausa massif) show significant variations regarding
their homogenization temperature (Ty), salinity, and chemical composition. Basement-hosted Hy0-NaCl-CaCly
fluids have Ty, and salinity ranging between 190 and 220 °C and 12-16 wt% equivalent (eq.) NaCl in the Canigd
massif, and between 190 and 260 °C and 16-20 wt% eq. NaCl in the Cap de Creus massif. Conversely, Ty, of
180-240 °C and salinity of 4-7 wt% eq. NaCl were obtained for H,0-NaCl cover rock-hosted fluids in the Roc de
Frausa massif. Fluid salinity, cation concentrations, and halogen ratios suggest that basement-hosted fluids
represent residual basinal brines that originated from seawater which underwent variable degrees of evaporation
and organic matter interaction. In contrast, cover rock-hosted fluids represent seawater-like precursor fluids that
record strong organic matter interaction without significant evaporative halogen fractionation. The data suggest
that neither basement- nor cover-hosted fluids were released at depth from magmatic or metamorphic fluids,
which agrees with geological constraints of the investigated areas. However, fluids from both basement and
cover rocks infiltrated deep into the subsurface, as revealed by their variable metal and halogen concentration
suggesting compositionally stratified fluid compositions at depth. Our data and conclusions differ from fluid
inclusion studies reported for other giant quartz vein systems worldwide, suggesting that different fluid origins
and evolution histories may drive the formation of these large quartz accumulations. Moreover, the large vari-
ations of the Br/Cl, I/Cl, and Br/I ratios show that halogen ratios should be used with caution: they are excellent
tracers of the fluid evolution history, but may not provide a straightforward fluid origin classification.
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1. Introduction

Understanding the origin of geological fluids, and the mechanisms
driving their flow and evolution through space and time, is crucial for
determining the processes involved before, during, and after the for-
mation of collisional mountain belts (e.g., Koons and Craw, 1991; Mullis
etal., 1994; Yardley, 1997; Goldfarb et al., 2001; MacKenzie et al., 2008;
Goldfarb and Groves, 2015). Orogens are favourable environments for
the coexistence of fluids originating from various sources, because
orogenesis often involves coexisting magmatism, regional meta-
morphism, and the development and progressive deformation of fore-
land and intramontane sedimentary basins (Bonin, 1990; Brown, 1995;
DeCelles and Giles, 1996). From the fluid infiltration down to significant
depths, or from fluid release via metamorphic devolatilization reactions
or magma reservoirs at depth, marine, meteoric, metamorphic, and
magmatic fluids (and their mixing products) may interact with sub-
surface rocks as they migrate (e.g., Yardley, 2005; Wagner et al.,
2010). During these fluid-rock interaction processes, fluids and rocks
react chemically and exchange major and trace elements. This causes
mineralogical changes in the rocks and results in essentially rock-
buffered fluid compositions (e.g., Marsala et al., 2013; Miron et al.,
2013; Marsala and Wagner, 2016; Rauchenstein-Martinek et al., 2016)
depending on the type of rock (or melt) that has hosted the fluid,
sometimes overprinting the compositional features that are diagnostic of
the fluids source (e.g., Kendrick et al., 2001; Yardley, 2005; Pettke et al.,
2012; Fusswinkel et al., 2018). The most direct samples (often the only
ones accessible) of the fluids that have circulated at some stage in the
geological evolution of rocks are fluid inclusions (e.g., Sorby, 1858;
Roedder, 1984; Goldstein and Reynolds, 1994). Therefore, establishing
the temperature, pressure, and composition of the fluids trapped in such
inclusions may reveal not only the fluid sources but also the rocks with
which fluids have interacted along their migration pathways, providing
valuable insights into the crustal element fluxes, the dynamics of stress
redistribution at seismogenic depths, and the formation mechanisms of
ore deposits, among other aspects (e.g., Ridley and Diamond, 2000; Cox,
2005; Bons et al., 2014).

Although fluids derived from different sources coexist in orogenic
settings, their evolution is often investigated separately in two distinct
environments, the basement (e.g., Cardellach et al., 1992; Pettke et al.,
2010; Tang et al., 2021; Yang et al., 2022; Bongiovanni et al., 2024) and
the cover (e.g., Banks et al., 1991; Vandeginste et al., 2012). Therefore,
even if mixing between fluids from different sources is recognized in
fluid inclusions from a given area (Klemm et al., 2004; Fusswinkel et al.,
2013; Walter et al., 2018), there is a lack of integrative approaches
addressing the evolution of fluids that simultaneously or sequentially
interact with, and lie within, the basement and the cover rocks of
orogenic belts (Gleeson et al., 2000; Cathelineau et al., 2012). Moreover,
interpretations on fluid mixing that infer both downward and upward
fluid-flow trajectories converging at the mixing site have been suggested
to be hydrodynamically unrealistic scenarios, since they would imply a
concentric hydraulic head field and a fluid sink at the (central) zone of
lowest hydraulic potential (Bons et al., 2012, 2014; de Riese et al.,
2020).

Combined microthermometry, Raman micro-spectroscopy, and
Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS) microanalysis of individual fluid inclusions is increasingly recog-
nized as a robust approach to elucidate fluid sources and fluid evolution
(Audétat et al., 2008; Pettke et al., 2012; Bons et al., 2014; Wagner et al.,
2016; Bons and Gomez-Rivas, 2020; Scharrer et al., 2021; Fusswinkel
etal., 2022). In contrast to analysis of fluids extracted from bulk samples
(e.g., crush-leach ion chromatography or solution ICP-MS), which may
result in averaged compositions and mixed concentration estimates
when different fluid types exist in a sample, in-situ LA-ICP-MS analysis
allows consideration of petrographic constraints on fluid composition
(Heinrich et al., 2003; Wilkinson, 2014; Wagner et al., 2016). Therefore,
the elemental concentrations of groups of fluid inclusions that were
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trapped at the same time (i.e., Fluid Inclusion Assemblages; FIAs;
Goldstein and Reynolds, 1994) can be differentiated in a sample by
obtaining single-inclusion compositions and then averaging the results
using only textural constraints. Recent analytical advances have,
furthermore, allowed the quantification of triple halogen compositions
(Cl, Br, and I) in fluid inclusions (Fusswinkel et al., 2018). Since frac-
tionation of these halogens during fluid-rock interaction is generally
limited, processes such as evaporation, evaporite dissolution, and
organic matter interaction commonly result in characteristic Cl, Br, and I
signatures of crustal fluids even in cases where they migrate along
protracted flow paths. Accordingly, halogen ratios are excellent fluid
provenance tracers (Fu et al., 2012; Kendrick, 2018; Pirajno, 2018), and
their quantification through LA-ICP-MS is very useful for comparative
appraisals of the fluid sources and their evolution in the basement and
cover rocks of collisional belts (Fusswinkel et al., 2018, 2022; Scharrer
et al., 2023).

The Pyrenees (Fig. 1) represents an outstanding natural laboratory
for the study of fluid evolution in orogenic belts due to the excellent
outcrop conditions and the well-known structural and stratigraphical
evolution of its basement and cover rocks (Burbank et al., 1992; Munoz,
1992; Casas et al., 2010; Ford and Vergés, 2021; Liesa et al., 2021;
Cruset et al., 2023; Gonzalez-Esvertit et al., 2025). Insight into cover
rock fluid evolution in the southern Pyrenees has been obtained through
813¢, 8180, 87Sr/%%sr analyses and clumped isotope thermometry on
calcite cements (Lacroix et al., 2018; Nardini et al., 2019; Munoz-Lopez
et al., 2022). Fluids in the basement rocks of the Axial zone have been
studied through fluid inclusion microthermometry and crush-leach
analysis (Ayora and Casas, 1983; McCaig et al., 1990; Banks et al.,
1991; McCaig et al., 2000; Gonzalez-Esvertit et al., 2020). Therefore, the
fluid inclusion compositions in this region have only been evaluated for
the basement rocks and these studies were restricted to analytical
techniques that lack the space-time resolution of LA-ICP-MS micro-
analysis. There is, therefore, a missing link between fluid evolution
histories recorded in both the cover and the basement rocks of the
Pyrenees, although mixing processes between surface-derived and
deep-sourced fluids are present in this region (Wickham and Taylor,
1987; McCaig et al., 2000; Lacroix et al., 2014).

Here we present the results of a comparative fluid inclusion study
across the Eastern Pyrenees (Fig. 1). Research has been carried out in
quartz samples from veins up to tens of metres wide and several kilo-
metres long (i.e., Giant Quartz Veins; GQVs), which are hosted both in
the basement and cover rocks of the orogen (hereafter “orogenic set-
tings”) and are evidence for large-scale paleofluid flow systems.
Recently, these structures have been interpreted as products of fluid-
driven Si-metasomatism where the original fabrics and features of pre-
cursor rocks were overprinted during coupled deformation and fluid
migration (e.g., Gonzalez-Esvertit et al., 2024). The overreaching aim of
this work is to elucidate the differences and similarities of the sources
and evolution history of fluids within the basement and the cover rocks
of the Pyrenees, and whether or not the fluid properties varied as a
function of trapping depth. Moreover, we assess if the concentrations of
halogens, base metals and other cation ratios may unravel distinct host
rock lithologies involved in fluid-rock interaction. Texturally con-
strained elemental analysis through LA-ICP-MS (including halogens) of
individual fluid inclusions, coupled with fluid temperature, and salinity
determinations, allow assessment and comparison of sources and evo-
lution of fluids in three different sectors (hereafter “study areas™) rep-
resenting both basement (Canigé and Cap de Creus areas) and cover
(Roc de Frausa area) orogenic settings. Essential fluid inclusion
petrography is recorded through a novel Geographic Information Sys-
tem (GIS)-based thin section mapping workflow that facilitates subse-
quent analytical work and data quality assessment. The reliability of
fluid inclusion data is further evaluated using Electron Backscatter
Diffraction (EBSD) as a pilot test, since this method may allow the
identification of crystal zones with low or high intracrystalline defor-
mation and thus reveal the reliability of different FIAs. The results of this
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Fig. 1. Geological sketch map of the Central-Eastern Pyrenees showing the spatial distribution of giant quartz veins within the basement and the cover rocks, as well

as the location of the study areas.

study contribute to understanding the physicochemical signatures of
fluid-rock interaction during fluid flow, rock deformation, and ore de-
posit formation, along with the fluid evolution history at the Iberian-
Eurasian plate boundary.

2. Geological setting

The Pyrenees is an asymmetric, doubly verging, E-W trending Alpine
fold-and-thrust belt that formed from the Late Cretaceous to Miocene
after the collision between the Iberian and Eurasian plates (e.g., Munoz,
1992; Vergés et al., 2019). The Alpine deformation resulted in the for-
mation of a central antiformal stack with three main thrust sheets, which
exhumed pre-Alpine basement rocks: late Neo-
proterozoic-to—Carboniferous metasediments, Variscan orthogneisses
derived from late Neoproterozoic and Ordovician intrusives, and late-
Variscan granitoids (Fig. 1). These rocks record Cadomian, Ordovician
and Variscan magmatism, Sardic (Ordovician), Variscan and Alpine
deformation phases, and a Variscan regional metamorphism (Santanach,
1972; Munoz, 1992; Casas, 2010; Navidad et al., 2018; Padel et al.,
2018; Liesa et al., 2021). Thrust sheets forming the central antiformal
stack are part of the southern orogenic wedge (Munoz, 1992), and
comprise Mesozoic evaporite and carbonate successions and mostly
detrital Cenozoic rocks (Puigdefabregas et al., 1992; Munoz et al., 2013;
Munoz et al., 2018; Gonzalez-Esvertit et al., 2023).

Investigations on fluid flow and fluid evolution in the Pyrenees have
been mostly focused on mineral veins, cements, and hydrothermal
dolomitization occurring within the cover orogenic setting of the

southern and northern parts of the chain (e.g., Canals et al., 1999; Travé
et al., 2007; Lacroix et al., 2014; Quesnel et al., 2019; Sun et al., 2022).
By contrast, few investigations within the basement rocks (Fig. 1) are
focused on high-temperature magmatic and metamorphic fluids related
to skarn mineralization (e.g., Cardellach et al., 1992; Delgado and Soler,
2010), as well as on fluid migration along Variscan and Alpine faults
(McCaig et al., 1990; McCaig et al., 2000; Munoz-Lopez et al., 2020).

Hundreds of quartz veins up to tens of metres wide and up to several
kilometres long (i.e., Giant Quartz Veins; GQVs) are hosted in rocks of
different ages and composition in the Pyrenees (Gonzalez-Esvertit et al.,
2022a). Most of these structures crop out along the Axial Zone (Figs. 2,
3), although some of them also occur in the cover rocks of the North
Pyrenean and South Pyrenean areas (Figs. 1, 4; Gonzalez-Esvertit et al.,
2022b). The age of these structures is under discussion. They have
classically been attributed to the Variscan Orogeny, i.e., postdating the
late-Variscan magmatic rocks where they are hosted (Figs. 1-3),
although a post-Variscan age may be inferred from the age of other
Mesozoic host rocks (Fig. 4).

The GQVs of the Pyrenees (Fig. 5a-c) show two main quartz growth
stages independently of their location and host rock types (Ayora and
Casas, 1983; Ayora et al., 1984; Casas, 1984; Gonzalez-Esvertit et al.,
2022b; Gonzalez-Esvertit et al., 2022a). The first stage occurs as a
deformed quartz mass that makes up most of the exposed areas of the
GQVs (Type-1 quartz) (Fig. 5d). It records protocataclastic to ultra-
mylonitic deformation and is associated to symmetric silicification
haloes with replacement textures affecting the adjacent host rocks. The
second quartz growth stage (Type-2 quartz) is characterized by euhedral
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quartz crystals that are present in cavities postdating the main GQV
(Fig. 5e-g). The study of Ayora and Casas (1983) is the only one that
focused on the fluid evolution recorded within these GQVs, where
quartz-hosted fluid inclusions from the Canigé massif (Fig. 3) are
characterized by microthermometry and crush-leach dissolved solutes
extraction and absorption spectroscopy analysis. Here we provide a
comparative fluid inclusion appraisal of GQV quartz from basement and
cover orogenic settings (Figs. 2-4). Accordingly, geological summaries
of the study areas are provided below.

2.1. Geological setting of basement-hosted fluids

Fluid evolution within the basement rocks of the Pyrenees is inves-
tigated in the Cap de Creus (Figs. 1, 2, 5b) and Canigé (Figs. 1, 3, 5a)
massifs. The Cap de Creus massif study area (Figs. 1, 2) exposes a late
Neoproterozoic-early Cambrian siliciclastic metasedimentary sequence
of metagreywackes and biotite schists (+ cordierite and sillimanite).
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They record a Variscan low-pressure high-temperature metamorphism,
with a metmaorphic grade increasing nowadays towards the NW, from
greenschist facies up to migmatite occurrence (Druguet, 1997; Carreras,
2001; Castineiras et al., 2008). Successive deformation episodes are
registered by fold superposition, three cleavage generations, and
regional-scale ductile shear zones that crosscut the rest of the Variscan
macrostructure (Druguet, 1997; Llorens et al., 2013; Vissers et al., 2017;
Druguet and Carreras, 2019). The investigated GQV in the Cap de Creus
massif postdates the three main cleavages, the biotite and hornblende
Roses granodiorite (290.8 + 2.9 Ma; Druguet et al., 2014), and its
contact metamorphic aureole (Gonzalez-Esvertit et al., 2022b). The
GQV (Figs. 2, 5b, e) is defined by several NW-SE-trending aligned
discontinuous quartz bodies, which are sometimes affected by NW-SE-
oriented mylonitic bands (Gonzalez-Esvertit et al., 2022b; Fig. 2).

The Canig6 massif study area (Figs. 1, 3) is a W-E-trending antiformal
structure. It exposes a 3000 m-thick package of Variscan granitic
orthogneisses (Guitard, 1965, 1970; Casas, 1984) derived from
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Fig. 4. Simplified geological map of the study area for cover-hosted fluids in the southern slope of the Roc de Frausa massif, with the location of the studied samples

(see detailed version with structural data in Gonzalez-Esvertit et al., 2022b).
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Fig. 2. Simplified geological map of the study area for basement-hosted fluids in the Cap de Creus massif, with the location of the studied samples (see detailed

version with structural data in Gonzalez-Esvertit et al., 2022b).

Ordovician intrusives (457-464 4+ 2 Ma; Navidad et al., 2018) interca-
lated in a ca. 4000 m-thick pre-Upper Ordovician metasedimentary
sequence (Laumonier et al., 2015; Casas et al., 2010; Padel et al., 2018).
In the core of the massif, a late-Variscan peraluminous biotite-bearing
monzogranite (285.4 + 2.2 Ma and 302 + 4 Ma; Laumonier et al.,
2015) postdates the polyphase Variscan deformation and regional
metamorphism (Guitard, 1970; Casas, 1984). GQVs in the Canigd massif
(Figs. 3, 5a, d, f) crop out as discontinuous quartz bodies of tens of
meters wide and hundreds to thousands of meters long that postdate all
the aforementioned rock units (Casas, 1984; Laumonier et al., 2015).
The Type-1 GQV quartz records a heterogeneously-developed E-W-
trending mylonitic foliation.

2.2. Geological setting of cover-hosted fluids

Fluid evolution within the cover rocks of the Pyrenees is investigated
in the southern slope of the Roc de Frausa massif (Fig. 4). This study area
is located at the southeasternmost limit of a Variscan E-W-oriented

biotite and hornblende rich granodiorite (311 + 1; Aguilar et al., 2014)
that is crosscut by leucogranite and granite porphyry dykes (Liesa, 1988;
Vila et al., 2005; Liesa et al., 2021). Three main synform-shaped Alpine
structures formed by Mesozoic and Cenozoic sedimentary rocks un-
conformably overlie this granodiorite (Cirés et al., 1994;
Gonzalez-Esvertit et al., 2022b). The sedimentary sequence within the
Vilarnadal-Masarac SW-NE-oriented syncline consists of claystones and
sandstones of the Lower Triassic Buntsandstein facies, and laminated
limestones, marly limestones, and minor dolostones of the Mid Triassic
lower Muschelkalk facies. Triassic rocks are unconformably overlain by
Upper Cretaceous sandstones and siltstones with minor intercalations of
limestones, marlstones, and conglomerates. Mesozoic-Cenozoic rocks
(upper Cretaceous-Palaeocene Garumnian facies) are formed by clay-
stones, greyish limestones, and sandstone intercalations. All these rocks
exhibit an Alpine fold interference pattern; a major SW-NE-oriented
syncline that is further folded by minor NW-SE-oriented anti-
cline-syncline pairs. GQVs in this area (Fig. 5c, g) are hosted in the
granodiorite and in the Upper Cretaceous sedimentary rocks, following
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Fig. 3. Simplified geological map of the study area for basement-hosted

the main trend of a conglomerate level. They generally follow the fold
limbs of the major SW-NE-oriented syncline (Fig. 4) and show incipient
mylonitic foliation in the Type-1 quartz.

3. Materials and methods
3.1. Sampling

Type-1 (deformed; Fig. 5d) and Type-2 (euhedral; Fig. 5e-g) quartz
crystals found within GQVs were sampled at 36 localities from the Cap
de Creus (Fig. 2), Canig6 (Fig. 3), and Roc de Frausa (Fig. 4) areas in the
Eastern Pyrenees. After careful hand-specimen description, 16 samples
were selected for further petrographic and fluid inclusion character-
ization (Figs. 2-4). Doubly polished, 300 pm-thick sections were pre-
pared for those samples containing well-exposed growth features to
carry out the petrographic characterization of fluid inclusions. Standard
30 pm-thick sections from the same samples were also used to assess the
quartz textures and microstructures using optical microscopy, Scanning
Electron Microscopy (SEM), and EBSD. The most representative samples
in terms of geographical distribution, host rock types, and fluid inclusion
modes of occurrence were subsequently examined in detail. The meta-
data of the investigated samples are provided in the Supplementary
Material 1 (SM1).

3.2. Electron Backscatter Diffraction (EBSD)

EBSD analyses were carried out at the ACEMAC Facility (University
of Aberdeen) using a Nordlys Nano EBSD detector coupled to a Carl Zeiss
GeminiSEM 300 High Resolution Field Emission SEM. Type-1 and Type-
2 quartz crystals from the Canigé massif were selected for SEM-EBSD
analyses on the basis of the occurrence or absence of deformation mi-
crostructures to evaluate and compare the reliability of fluid inclusion

Basemap: ESRI® Hillashade | Topography: Copernicus Land Monitoring Service

fluids in the Canig6 massif, with the location of the studied samples.

analyses. These were: (i) a deformed quartz sample with dynamically
recrystallized areas through subgrain rotation recrystallization (Type-1)
and (ii) a chiefly undeformed sample showing euhedral quartz crystals
with growth bands containing primary fluid inclusions (Type-2). Pol-
ished carbon-coated thin sections of both samples were tilted 70° and
scanned with the EBSD detector under high vacuum using an acceler-
ating voltage of 20 kV, at working distances between 14 and 20 mm.
Step size was set between 5 and 8 pm depending on sample grain size.
EBSD pattern indexing and data curation processes were carried out
using the AZtecHKL, AZtecOne, and AZtecCrystal software suites (Ox-
ford Instruments®).

3.3. Fluid inclusion GIS-based petrography and microthermometry

Petrography of fluid inclusions was carried out using the Fluid In-
clusion Assemblage (FIA) approach (Diamond, 1990; Goldstein and
Reynolds, 1994; Goldstein, 2001). Accordingly, 50 FIAs were identified
and classified as primary, pseudosecondary, and secondary assemblages
according to their origin and relative timing relationships (e.g., Gold-
stein and Reynolds, 1994). Assuming homogeneous trapping and similar
phase ratios were used as criteria for ensuring that the studied inclusions
indeed belong to distinct FIAs (Roedder, 1984; Bodnar, 2003). Only FIAs
showing a clear petrographic relationship with the growth of their host
quartz crystal were classified as primary. The petrographic features of
each FIA are provided in the SM1.

Individual fluid inclusions belonging to FIAs were mapped following
a GIS-based approach. High-resolution thin section scans were obtained
using a commercial film scanner and subsequently imported into a GIS
environment. Thin section scans were used as a base map where either
focus-stacked or standard microphotographs taken at increasing mag-
nifications were manually georeferenced. The superposed thin section
scans and microphotographs from each investigated thin section were
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Fig. 5. Field features of the investigated giant quartz veins in the Pyrenees. (a-c) Unmanned aerial vehicle images of giant quartz vein outcrops in the Canigé (a), Cap
de Creus (b), and Roc de Frausa (c) massifs; red arrows point to scale elements: a mountain shelter (a), three geologists (b), and two 4WD cars (c). (d) Detail of Type-
1, deformed quartz with ENE-WSW-trending sub-vertical mylonitic bands defining a continuous foliation. (e-g) Detail of Type-2, undeformed quartz with euhedral
milky to semi-transparent crystals occurring in the Cap de Creus (a), Canigé (b), and Roc de Frausa (c) massifs; note that some crystals in (e) show variable c-axis
directions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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merged in single raster “XYZ” tiles (MBTiles format) using Python al-
gorithms integrated in the QGIS software. This file format can be easily
opened and interoperated (zooming in and out while preserving the
desired image resolution) in many commercial and open-source GIS-
based software. Furthermore, it can be uploaded to any cloud hosting
service for data sharing and interactive discussion purposes. Following
thin section base map creation, 1986 individual fluid inclusions were
mapped as polygons and digitalized using vector based ESRI® Shapefile
files. Topology rules were applied, when necessary, to some vector
layers to detect and fix overlaps between polygons. Using the attribute
table of the Shapefiles, a unique identification number was assigned to
each polygon representing a single fluid inclusion within a categorized
FIA. Information about each fluid inclusion, including their shape, phase
types, phase ratios, size, FIA to which they belong, and relative timing of
entrapment was recorded in a separate spreadsheet. These data were
subsequently linked to the attribute table of the polygons mapped in the
Shapefile, using the unique identification number of each inclusion. This
GIS-based thin section mapping workflow provides a detailed record of
petrographic observations and interpretations on fluid inclusions,
allowing review of the original sample properties following destructive
methods such as fluid inclusion wafer preparation, single inclusion LA-
ICP-MS microanalysis, or crush-leach analysis.

Following sample mapping and fluid inclusion petrography, sample
sections were cut into rectangular wafers to fit into the sample cells of
the microthermometry and LA-ICP-MS systems. Heating and freezing
experiments were carried out using Linkam THMSG-600 heating-
freezing stages mounted on petrographic microscopes at the University
of Barcelona and at RWTH Aachen University. Calibration of the stage
was regularly checked using the following synthetic fluid inclusion
standards: Hy0-CO;y (CO eutectic temperature: —56.6 °C), HyO-NaCl
(eutectic temperature: —21.2 °C), and H30 (ice eutectic temperature:
0.0 °C; critical point: 374.1 °C). For determining the final ice melting
temperature (Tpy(ce)), final hydrohalite melting temperature (Tm(hh)),
and apparent eutectic temperature (Te*), fluid inclusions were cooled
down until freezing and then progressively heated up at decreasing
heating rates, up to room temperature. Cyclic heating and freezing runs
were required in some cases to observe the melting temperature of
hydrohalite crystals. The determination of homogenization tempera-
tures (Ty) was carried out subsequently to the Raman micro-
spectroscopy and LA-ICP-MS analysis on the smallest (but measurable)
inclusions of each FIA. Fluid inclusions were heated at different rates
until phase homogenization. Phase transitions during freezing and
heating experiments were videorecorded to ensure accuracy and in-
crease the number of measurements during each round. The reproduc-
ibility of microthermometric experiments is estimated as 0.1 °C for Ty,
(ice)» Tm(hh), and Te* measurements, and as 2 °C for T, measurements.

Bulk fluid inclusion density and salinity of H,O-NaCl fluid inclusions
were calculated with the BULK software from the FLUIDS package
(Bakker, 2003). For HoO-NaCl-CaCl, fluid inclusions where H-O ice was
the final solid to melt, Tp(ice) and Tmhn) values were used to calculate the
weight fraction of NaCl relative to NaCl + CaCly (@) and salinity using
the equations from Naden (1996) modified by Steele-MacInnis et al.
(2011). In some fluid inclusions, whose Tmpmny values were not
measurable due to their small size, a ® value of 0.5 was assumed as it
represents the average value from those other inclusions of the FIA with
a known [wt% NaCl] / [wt% NaCl + wt% CaCl,] ratio. Variations of the
resulting salinity as a function of the @ value were addressed by
comparing the results with neighbouring primary and pseudosecondary
FIAs.

3.4. Raman micro-spectroscopy

The composition of vapor phases was evaluated in all FIAs by ana-
lysing representative fluid inclusions using Raman micro-spectroscopy
(see main peaks and associated components in SM1). Between two
and six Raman analyses of vapor phases for each FIA were carried out at
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RWTH Aachen University using a Renishaw InVia confocal Raman
micro-spectrometer equipped with a Renishaw Centrus 2MYA11l de-
tector mounted on a Leica DM2700P. Atmospheric contributions of Ny
were carefully monitored and found to be minor compared to the Ny
signals found in some of the analyzed inclusions and when comparing
these to measurements of the quartz host. Calibration and laser beam
accuracy was carried out daily using a silica standard. Room tempera-
ture was maintained constant at 19 °C. Spectra were collected from 100
to 4300 cm ™! over acquisition times of 10 s. A 488 nm edge laser at 100
% power with single accumulations was used. Acquisition setup pa-
rameters were set to extended (step scan) grating scan type, multipli-
cative matching, and high confocality.

3.5. LA-ICP-MS microanalysis and data reduction

The largest (i.e., > ~20 pm) fluid inclusions located at suitable
depths (i.e., > ~40 pm) below the sample surface from primary and
pseudosecondary FIAs were analyzed by LA-ICP-MS at RWTH Aachen
University. LA-ICP-MS analyses were carried out after low-temperature
microthermometry but before total homogenization temperature mea-
surement to avoid decrepitation of fluid inclusions during heating ex-
periments. Both inclusions previously analyzed by Raman micro-
spectroscopy and those not analyzed were subsequently measured
using LA-ICP-MS, showing no significant differences within individual
FIAs. The analytical work was carried out using a Coherent GeolasHD
193 nm laser ablation system coupled to an Agilent 7900 quadrupole
mass spectrometer with high sensitivity s-lens ion lens configuration and
operated with Pt skimmer and sampler cones. No trace N3 was added
during measurements. Instrument accuracy was monitored daily by
measuring the NIST SRM612 reference material as a quality control
external standard against NIST SRM610, and comparing the concen-
trations of 36 elements across the entire mass range with those reported
as reference values (Jochum et al., 2011). The instrument was tuned
daily to optimize sensitivities, ensure low oxide (ThO/Th < 0.4 %) and
doubly charged interference production rates (Ca%*/Ca < 0.3 %) as well
as stable ablation, transport, and ionization conditions (U/Th = 1.00 +
0.02). Fluid inclusion wafers were loaded into a small volume (1 cm®)
fast-washout ablation cell based on a design from ETH Zurich that en-
sures high sensitivities and low detection limits. Prior to individual fluid
inclusion ablation, cone-shaped holes were made at the wafer surface
above the targeted inclusion by laser pre-drilling at low repetition rates
(1-5 Hz) to reduce cracking and fragmentation of the quartz host and
fluid inclusion leaking during the ablation. For fluid inclusion ablation,
laser fluence was set at 12 J/cm? at a 10 Hz repetition rate. The depth-to-
diameter ratio of all ablations was systematically kept below 2 to avoid
depth-dependent fractionation effects (Guillong and Pettke, 2012).
Accordingly, the laser beam diameter was set between 44 and 90 pm
depending on the size and depth of the targeted fluid inclusion. Ablation
of the host quartz and the targeted inclusion was monitored through the
real-time video images of the ablation cell and the real-time (uncor-
rected) signals provided by the mass spectrometer for all the analyzed
elements. The fluid inclusion measurements were bracketed by three
analyses of two standard reference materials in order to correct for in-
strument drift (six standard analyses before and after every 8-12 fluid
inclusion ablations). The external reference material NIST SRM610 was
used for the quantification of all elements except halogens (Jochum
et al., 2011). Scapolite Scal7 external standard was used for halogen
quantification (Seo et al., 2011; Fusswinkel et al., 2018). Quality control
tests on other halogen bearing reference materials (BB1, Kendrick,
2012) are also routinely carried out in the LA-ICP-MS laboratory. Na
concentrations obtained from microthermometry were used for internal
standardization.

Quantification of LA-ICP-MS results (concentrations of Li’, B!, Na23,
Mg, A1, i, s34, CI%5, K39, Ca™, Ti?7, Mn®®, Fe”, Cu®3, Zn%, As7®,
BrSl, RbSS, 518, Agl®7, Sb12L, 1127, G513, Bal®7, W82, Au!%’, and Pb2°%)
was carried out using the SILLS data reduction software (Guillong et al.,
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2008). This software uses the deconvolution of mineral host and fluid
inclusion signals defined by the user to convert element ratios measured
by LA-ICP-MS into absolute concentrations, by using the aforemen-
tioned external and internal standards. The fluid inclusion LA-ICP-MS
signals were corrected for quartz host element contributions (assumed
to be pure SiOy) by bracketing each fluid inclusion signal intervals
within two intervals for host correction (Fig. 6). Only fluid inclusion
signals showing regular shapes, stable ablations, and synchronous
elemental concentration peaks for different elements were considered
(e.g., Fig. 6a-c) (e.g., Wagner et al., 2016; Fusswinkel et al., 2017; Berni
et al., 2020; Tang et al., 2021). Fluid inclusion signals showing evidence
for leakage (Fig. 6 d, e) or fragmentation (Fig. 6¢, d, f) were not
considered for element quantification (see details in Subsection 3.6).
Absolute concentration values were calculated by internal standardiza-
tion against salt concentrations present in the fluid phase, determined by
microthermometry. Accordingly, mass balance calculations for each
fluid inclusion element signal were carried out considering the FIA
salinity (NaCl equivalent) and Na concentration through the common
salt correction method (Allan et al., 2005). Detection limits of each
analyzed element were determined using the equation from Pettke et al.
(2012), yielding element concentrations at the 95 % confidence level.
Charge balance calculations based on the sum of total anions and cations
for each fluid inclusion element concentrations were further used after
data reduction to assess the reliability of LA-ICP-MS analysis and the
accuracy of fluid inclusion and background signals selection during data
reduction procedures.

3.6. Data quality assessment

The microthermometric properties and elemental concentrations
presented below are average values of FIAs, following the approach used
during the petrographic characterization of the samples (SM1). Note
that, in some cases, following this approach involves that the averaged
concentrations for a given element (e.g., I for FIA IDs #3, 18, 19, 22, 30,
31, and 46) are below the averaged detection limit in the fluid inclusion
dataset. For this reason, LA-ICP-MS analysis of individual fluid in-
clusions are also provided in the SM1. To assess the reliability of fluid
inclusion data, temperatures of phase transitions obtained during
microthermometry were evaluated individually and scored according to
visibility conditions within the heating-freezing stage, depth, shape, and
size of the inclusion, and width of the fluid inclusion boundary. During
LA-ICP-MS microanalysis, scores evaluating the quality of ablations
were further assigned to each analysis based on qualitative observations
made in real-time video images of the ablation cell and signals provided
by the mass spectrometer.

The reliability of LA-ICP-MS analyses was further evaluated during
the data reduction process (Fig. 6) (Pettke, 2008; Fusswinkel et al.,
2017). Ablations were considered successful when the ablation of the
host mineral before and after the inclusion provided relatively stable
and steady signals (Fig. 6a-c, g). Signals related to fluid inclusion
leakage (i.e., fracture formation at the bottom of the ablation pit and
non-instantaneous release of the inclusion content; Fig. 6e, f) or frag-
mentation (i.e., uncontrolled opening of the inclusion cavity and
explosive fluid release; Fig. 6d, f) were not considered for elemental
quantification, since both may produce a biased sampling of inclusion
contents in the mass spectrometer. Analysis of individual fluid inclusions
with inconsistent element/Na ratios when compared to values from
other inclusions within the same FIA were also assumed as resulting
from leakage or fragmentation processes, or non-representative sam-
pling upon inclusion breach (Heinrich et al., 2003), and thus not
considered. Charge balance calculations between cations and anions
after element quantification with the mass balance approach (Allan
et al., 2005) were also used to corroborate charge neutrality of the LA-
ICP-MS results. Sometimes, two or more fluid inclusion signals were
obtained during a single ablation (Fig. 6d, e, g, h). For these cases, before
considering all signals during data reduction in the SILLS software, the
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ablated area was examined in the GIS-based thin section maps to
determine if all the fluid inclusion signals obtained during the ablation
belong to the same FIA (Fig. 6d, e) or not (Fig. 6h). The occurrence of
several of the aforementioned signal types within a single ablation
sometimes made the data reduction process a demanding task in terms
of spike elimination and fluid inclusion and host quartz signal selection
(Fig. 6d, e). lodine signal during fluid inclusion ablation was sometimes
absent or very weak (Fig. 6e), whilst in other cases was clearly above the
background signal (Fig. 6g). The resulting dataset (see SM1) includes
petrographic descriptions, averaged microthermometry results, Raman
peaks of 50 FIAs, and the reliable elemental compositions obtained from
LA-ICP-MS microanalysis of 36 primary and pseudosecondary FIAs.
Scores assigned during either microthermometry or LA-ICP-MS micro-
analysis were subsequently used to evaluate outliers.

4. Results
4.1. Fluid inclusions systematics

In the three studied massifs (Figs. 1-4), fluid inclusions have been
identified in the Type-1 deformed quartz and in the Type-2 euhedral
quartz crystals that are present in cavities. GIS-based fluid inclusion
petrography coupled with EBSD analyses reveal that those inclusions
present in theType-1 deformed quartz (Fig. 5d) are mostly affected by
post-entrapment modification such as leaking and partial to complete
decrepitation (Fig. 7a) (e.g., Bodnar, 2003). This is further confirmed by
inconsistent, highly variable phase proportions within the same FIAs.
Quartz deformation in the Type-1 samples mainly occurred by disloca-
tion creep (subgrain rotation regime) and, accordingly, stretching may
be envisaged as the dominant mechanism of fluid inclusion post-
entrapment modification (Fig. 7a) (e.g., Vityk et al., 2000). Addition-
ally, diffusion creep microstructures, such as those resulting from
pressure-solution of quartz grains and cataclastic grain-size reduction
bands, are present in the Type-1 quartz and are associated with fluid
inclusions modification. These processes have been observed in all
measurable inclusions within the Type-1 quartz, independently of their
size (Fig. 7a). Therefore, petrography, microthermometry, and LA-ICP-
MS analyses have been focused on the FIAs present in the undeformed
Type-2 host quartz (Figs. 5e-g, 7b). This quartz assemblage shows
significantly less intra-granular crystal-plastic deformation and, there-
fore, more reliable FIAs (see EBSD maps of Grain Reference Orientation
Deviation (GROD) angles, where areas with high intracrystalline
deformation appear in red-yellow colours; Fig. 7).

FIAs identified within the cover- and basement-hosted Type-2
euhedral quartz show relatively similar petrographic features in the
three study areas (Figs. 1-4, 8). The host quartz is always milky to semi-
transparent and shows growth bands defined by primary fluid inclusions
(Fig. 8). Quartz crystals cut normal to the c-axis direction show in-
clusions often clustering in the core and outer growth bands (Fig. 8a).
Between the core and the outer growth bands, only pseudosecondary
fluid inclusion trails are present (Fig. 8a). Most inclusions are liquid-rich
and aligned in parallel to sub-parallel growth bands (Fig. 8b-g), some-
times associated with the position of particular growth faces (Fig. 8g). In
sections cut parallel to the c-axis direction, primary fluid inclusions in a
particular growth face are always arranged following the same direc-
tion, which can be semi-parallel (Fig. 8b) or at high angle (Fig. 8d, f) to
pseudosecondary trails formed by smaller inclusions. These pseudose-
condary FIAs do not cut across all growth bands of the crystal and are
always truncated by alignments of primary inclusions at the growth zone
boundaries (Fig. 8b, d, f). Sometimes, fluid inclusions within growth
bands show growth spurs with flat bases and tapering tips, narrowing
towards the direction of crystal growth, or they are elongated along the
direction of crystal growth (Fig. 8f). Secondary fluid inclusions are
found in linear arrays that cut across all growth zones of a crystal,
following intragranular, or more often transgranular healed fractures
(Fig. 8e). In most cases, the angle between the directions of primary and
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Fig. 6. Selected examples of time-resolved fluid inclusion LA-ICP-MS signals. Annotations correspond to gas background, laser on/off, and time windows for host
rock correction and fluid inclusion quantification used during data reduction. (a, b) Successful ablations of large (> 30 pm) fluid inclusions at ca. 80 s; host rock
signals are relatively stable; individual element signals are synchronous with the Na peak used for internal standardization; small fluid inclusions located above the
target were hit by the laser providing low-quality signals. (c, d) A first unstable bell-shaped signal with spiky patterns reflects fragmentation and leakage processes in
near-surface fluid inclusions hit at the very beginning of the ablation; later on, during the ablation, host signals become stable; the target inclusion is hit at ca. 100 s in
(c); two reliable signals from the same FIA are obtained in (d). (e) Successful ablation with a high-intensity signal at the beginning of the ablation (ca. 53 s),
subsequently followed by two bell-shaped spiky signals related to the leaking of small fluid inclusions; a second reliable signal is obtained just before the end of the
ablation; the red box indicates the (weak) Iodine signal obtained from this inclusion. (f) Unsuccessful ablation due to crack formation that produced leakage and
fragmentation, giving rise to a stepwise release of the inclusion content with unstable long-lasting signals. (g) Zoom into the 110-140 s time interval of a successful
ablation of two fluid inclusions; Iodine (red boxes) yield a significant signal above background for both signals. (h) Low-intensity but well-defined signals of small (>
30 pm) fluid inclusions hit at the very beginning of the ablation; according to GIS-based fluid inclusion petrography, these inclusions do not belong to the target FIA
and were thus not considered; subsequently, the target inclusion is hit at ca. 90 s providing a reliable signal. For clarity purposes, only selected elements are shown in
1111 panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Comparative qualitative evaluation of fluid inclusion reliability depending on the type of host quartz where they occur. (a) Type-1 host quartz has expe-
rienced significant ductile deformation and shows evidence of dynamic recrystallization through subgrain rotation in the crossed-polars microphotograph (top);
Grain Reference Orientation Distribution (GROD) maps, obtained through Electron Backscatter Diffraction, reveal areas with significant intracrystalline deformation
(high angles, reddish-yellowish colours) respect to the average angle of each grain (middle); Fluid inclusions in these areas show reequilibration evidence and,
accordingly, are interpreted as unreliable for any fluid inclusion study (bottom). (b) Type-2 host quartz shows euhedral crystals without significant deformation
evidence under crossed-polars (top); GROD maps reveal very low intracrystalline deformation (low angles, blueish colours) throughout the investigated area (centre);
Fluid inclusions in this scenario (bottom) show regular shapes, consistent phase proportions without evidence of reequilibration, being thus considered as reliable for
further investigations.
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Fig. 8. Representative focus-stacked microphotographs of Primary (P), Pseudo-secondary (PS) and Secondary (S) aqueous two-phase fluid inclusion assemblages
within the investigated samples (plane-polarized light). (a-d) Crystal growth bands show alignments of primary fluid inclusions that often represent the end areas of
pseudosecondary fluid inclusion trails. (e) Intra-granular and trans-granular secondary fluid inclusion trails cut across all growth zones of the crystal. (f) Primary fluid
inclusions are often elongated following the crystal growth direction. (g, h) Largest (ca. 60-100 pm) primary fluid inclusions often occur in specific crystal growth
faces; white arrow indicates a trapped solid phase within a large inclusion.
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Fig. 9. Representative Raman micro-spectroscopy signals of the vapor phases in fluid inclusions from the Cap de Creus (a, b), Canigé (c), and Roc de Frausa massifs.
Minor amounts of N», CO,, and CH,4 gaseous phases are obtained for the HyO-dominated fluid inclusions within the basement-hosted Type-2 quartz (a-c). CHy is the
main gaseous phase in fluid inclusions within the cover-hosted Type-2 quartz (d).

secondary FIAs is high (> 40°) and, therefore, the origin and relative
timing relationships of both are clearly distinguishable by petrography.
Rarely, crystals show an apparently random three-dimensional
arrangement of fluid inclusions when examined along the z direction
and, therefore, the relative timing relationships of fluid inclusions
cannot be determined.

Fluid inclusion sizes are variable within each FIA (e.g., Fig. 8e). The
largest inclusions (e.g., Fig. 8g, h) located at suitable depths below the
sample surface were pre-selected during petrographic descriptions to be
employed for freezing experiments and LA-ICP-MS microanalysis. All
FIAs in the three study areas (Figs. 1-4) are composed of two-phase LV-
type aqueous fluid inclusions with regular shapes. Most of them have
sizes of 20-45 pm and a vapor phase proportion of ca. 10 vol% (L10V) at
room temperature (Fig. 8). The phase proportions are always consistent
within the same FIA (e.g., Fig. 8e, h). Rarely, trapped solid phases are
present within some of the largest inclusions (Fig. 8h).

4.2. Fluid inclusions microthermometry and Raman micro-spectroscopy

Raman micro-spectroscopy and heating-freezing experiments were
carried out respectively in 138 and 909 representative primary and
pseudosecondary fluid inclusions (Figs. 9, 10). Despite being
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petrographically similar, FIAs representing basement- and cover-hosted
fluids within the Type-2 quartz show significant variations in their fluid
systems, composition of vapor phases, and salinities, which are
described below.

In the basement-hosted Type-2 quartz from the Cap de Creus (FIA IDs
#1-33; SM1) and Canigé (FIA IDs #40-50; SM1) massifs (Figs. 2, 3), all
FIAs are formed by a liquid phase dominated by H,0-NaCl-CaCly fluids.
This is indicated by the occurrence of the first visible liquid phase
(apparent eutectic temperature, Te*) between —40 and —36 °C. Raman
micro-spectroscopy measurements reveal that vapor phases of basement-
hosted inclusions are mostly formed by HoO(g) (Fig. 9a-c) and, some-
times, minor proportions (with weaker Raman shift intensities) of CO2(g)
(Fermi doublet peaks at 1285 and 1388 em™! ; Fig. 9a, b), CHy4(g) (peak at
2917 cm’l; Fig. 9a-c), and Ny(g) (peak at 2331 cm’l; Fig. 9a, b). During
heating of frozen inclusions, ice is the most common phase observable.
Hydrohalite crystals were sometimes indistinguishable upon initial
observation, but exhibited noticeable enlargement following temperature
cycling. Hydrohalite was always the first phase to melt during heating,
yielding Trmmn) between —28 and —24 °C. Ice was the last phase to melt
and yield Tpce) between —19 and —11 °C in samples from the Cap de
Creus massif (Fig. 10a). Significantly higher Tpce) values, between —13
and —7 °C, were obtained from samples of the Canigé massif (Fig. 10b).
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Fig. 10. Histograms and Kernel Distribution Estimates of (a-c) Ice Melting Temperatures (Tmce)) and (d-f) Homogenization Temperatures (T}) of two-phase aqueous
fluid inclusions within the basement- (Cap de Creus and Canigd massifs) and cover-hosted (Roc de Frausa massif) Type-2 quartz. Individual FIA averages and their

corresponding 1o standard deviations are provided the Supplementary Material

These phase transition temperatures correspond to salinities from 15.7 to
19.1 wt% NaClegy for the Cap de Creus massif and from 12.7 to 15.6 wt%
NaClegy for the Canigd massif (Fig. 11). Fluid inclusions from the Cap de
Creus massif homogenize into the liquid phase (LV — L) at temperatures
of 180-280 °C (Fig. 10d). Homogenization temperatures (LV — L) in
samples from the Canigd massif are within those values obtained for the
Cap de Creus massif, but significantly clustered in a narrower interval
between 180 and 230 °C (Fig. 10e).

Fluid inclusions in the cover-hosted Type-2 quartz from the Roc de
Frausa massif (FIA IDs #34-39) (Fig. 4) are liquid-vapor inclusions
dominated by H,0-NaCl liquid, as indicated by Te* values from —20 to
—12 °C. The vapor phase contains dominantly CH4(g) (Raman peaks at
2917, 3020, and 3066 cm ™) (Fig. 9d). Since CH4 was only found within
the gas phase and no clathrates occurred during freezing experiments,
the density of the carbonic phase was assumed to be negligible and thus
ignored for salinity calculations. Ice was the only phase observable
during the heating of frozen inclusions and yield Tpice) values from —1
to —5.9 °C with a maximum in the frequency distribution around —5 to
—3 °C (Fig. 10c). The measured phase transition temperatures corre-
spond to salinity values from 4.8 to 7.2 wt% NaCleqy (Fig. 11). Cover-
hosted fluid inclusions also homogenize into the liquid phase (LV — L)
at temperatures ranging from 180 to 240 °C with a maximum in the
frequency distribution at ca. 210 °C (Fig. 10f).

1.

14

In all cases, measured FIAs from each study area define symmetric or
partially skewed unimodal distributions of Ty, and Tm(cey When consid-
ered altogether (Fig. 10). Moreover, all analyzed fluid inclusions within
a given FIA show consistent values whose variation is < +11 °C for the
Ty, values and < £1.5 °C for either Tp(jce) and Tmhny values. FIA averages
and 1o standard deviations of microthermometric data are provided in
the SM1. A graphical summary with more than 200 photomicrographs at
different stages of the freezing rounds for each studied FIA is provided in
the SM2.

4.3. LA-ICP-MS fluid inclusion microanalysis

The reconstructed fluid compositions after microthermometry,
Raman spectroscopy, and LA-ICP-MS fluid inclusion microanalysis are
summarized in Table 1. Average elemental concentrations of the
investigated FIAs are provided in Figs. 12 and 13 and in the SM1. Most
FIAs have consistent average concentrations of all analyzed elements, as
indicated by small 1o standard deviations. Exceptions are only shown
for Fe, Cu, S, and I concentration averages of a few (< 5) basement-
hosted FIAs (Figs. 12, 13). When comparing different FIAs from the
same study area, element concentrations show values within the stan-
dard deviation or one order of magnitude. Although the entire dataset is
very consistent, few outlying data are present. For example,
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Fig. 11. Homogenization Temperatures (T},) vs. Salinity plot of primary and
pseudosecondary fluid inclusion assemblages (FIAs) from the basement- (Cap
de Creus and Canigé massifs) and cover-hosted (Roc de Frausa massif) Type-2
quartz. Data points are FIA averages representing between 8 and 15 measure-
ments of individual fluid inclusions. The standard deviation of the salinity for
each FIA is smaller than the symbol size. Individual FIA averages and their
corresponding 1o standard deviations are provided the Supplementary Material
1. A Kernel Distribution Estimate for the T}, average values is included for
clarity in the right-side of the diagram. Data points labelled with ‘** represent
FIAs that yielded unreliable LA-ICP-MS signals and were not considered for
elemental concentration quantification (see data quality constraints in Sec-
tion 3.6).

concentrations of Al, Ag, Ti, and Mg of the FIA ID#26 are much higher
than those of other FIAs of the same sample (Fig. 13). Furthermore, FIA
ID#28 has lower Cu values (Fig. 12) and FIA ID#45 higher Li concen-
trations (Fig. 13). All these outlying data met the data quality criteria
defined in Subsection 3.6 and were thus considered. These variations are
therefore assumed to represent true variations of the fluid trace metal
concentrations depending on the relative timing of entrapment of FIAs.

Systematic variations in the average elemental concentrations of
FIAs can be identified when comparing the different study areas (Cap de
Creus, Canigd, and Roc de Frausa; Fig. 1) and their orogenic setting
(basement and cover rocks; Figs. 2-4). Major elements showing highest
concentrations (> 10* ug/g) in the three areas are Cl, Ca, Na, K, and S.
Sometimes, Ca contents inferred from microthermometry are slightly
higher (and Na/Ca ratios are thus lower) when compared with those
derived from LA-ICP-MS data (see SM1). This discrepancy may stem
from uncertainties in determining phase transitions during micro-
thermometry (e.g., hydrohalite melting temperatures). It could also be
related to the presence of additional cations (e.g., K as revealed by FIA
concentrations), since the experimental data on freezing point depres-
sion in multisolute systems is only available for binary (e.g., HoO-NaCl)

Table 1
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or ternary (e.g., HoO-NaCl-KCl, HyO-NaCl-CaCl,) systems. Overall, we
base our interpretations on the more robust LA-ICP-MS results for dis-
cussing below the fluid evolution.

Basement-hosted fluids show systematically higher concentrations of
K, Ca, Cl, Cs, Sr, and Br, whereas cover-hosted fluids are characterized
by an enrichment in B, Cu, Sb, Li, Pb, Zn, Ti, Ba, Mg, Rb, and I (Table 1).
By contrast, the average concentrations of Au, W, Fe, Mn, and S do not
show systematic enrichment/depletion patterns as a function of the
structural setting. Within the basement-hosted fluids, concentration
variations depending on the study area are also present. Fluids from the
Canigé massif generally show higher Al, Mg, W, and Cu concentrations
and are vaguely depleted in Sr, Cs, and K, when compared with Cap de
Creus massif fluids (Figs. 12, 13).

Many transition metals, as well as alkali and alkaline earth metals,
form strong chloride complexes in aqueous solution. Therefore, Cl-
normalized element mass ratio bivariate plots (Figs. 14, 15a-c) are
best suited to remove the effects of chlorinity, allowing the evaluation of
the relationship between metal concentrations (e.g., Yardley, 2005).
Element mass ratio diagrams as a function of FIA salinity (Fig. 14) show
that the low-salinity cover-hosted fluids are systematically enriched in
highly and moderately fluid-compatible base metals such as Fe
(Fig. 14a), Cu (Fig. 14b), Pb and Zn (Fig. 14c), as well as in Mg
(Fig. 14d), when compared to basement-hosted fluids. This enrichment
is up to one order of magnitude for the Cu/Cl (Fig. 14b) and Pb/Cl + Zn/
Cl (Fig. 14c) mass ratios but is significantly lower for Fe/Cl (Fig. 14a)
and Mg/Cl (Fig. 14d). By contrast, cover-hosted fluids are depleted with
respect to basement-hosted fluids in some alkali and alkaline earth
metals such as Sr (Fig. 14e), Cs (Fig. 12), and K (Fig. 12), as well as in Br
(Fig. 14f). Both basement- and cover-hosted fluids show significant
variations in their mass ratios even when comparing samples within the
same study area. Variations in Cu/Cl and Mg/Cl for the Cap de Creus are,
for example, in the range of two orders of magnitude. Cover- and
basement-hosted fluids fall in a rather narrow range in Fig. 14d, e,
indicating essentially constant mass ratios of Mg/Cl for the cover-hosted
and of Sr/Cl for the basement-hosted fluids.

The Rb/Cl vs. Li/Cl diagram (Fig. 15a) shows that basement-hosted
fluids form a uniform cluster and thus have constant alkaline metal
concentrations, which are significantly lower than those in the cover-
hosted fluids that show also a wider variability. No systematic differ-
ences in ore metal concentrations have been identified for cover- and
basement-hosted fluids. This can be clearly seen by the wide distribution
of data points (spanning two to three orders of magnitude) in the Sb/Cl
vs. W/Cl (Fig. 15b) and Au/Cl vs. Ag/Cl (Fig. 15¢c) diagrams. However,
with some exceptions, the cover-hosted fluids appear to have higher Sb,
W, Au, and Ag contents (Fig. 15b, c). Substantial amounts of B have also
been analyzed in samples from the three studied sectors, with the cover-
hosted fluids showing the highest concentrations (Fig. 15d), and will be
discussed below.

Summary of the reconstructed fluid compositions from the three investigated areas. Major and relevant trace elements indicated are those representing the main fluid
composition and thus used for discussion on fluid evolution. Other trace elements disregarded do not show noteworthy systematic variations as a function of the
structural setting; see Figs. 12 and 13 for complete concentration summaries and Supplementary Material 1 for raw data.

Orogenic Setting Salinity Th Gas phase Major Relevant trace elements 1/C1 Br/Cl Br/I
(Area) (Wt% eq. Q) components elements (molar) (molar) (molar)
NaCl)

Basement (C. de 1.10E-05 - 2.89E-03 -

Creus) 16-20 190-260 H,0(g) Na, Ca, K (Mg, o S Br 3.14E-04 L11E-02 2.48E+01-4.98E+02
Basement Fe) T 1.91E-05 - 4.50E-03 -

(Canigd) 12-16 190-220 H,0(g) 4.28E-04 8.79E-03 1.41E4+01-2.73E+02
Cover (R. de Na (Ca, K, Mg, Cu, Sb, Pb, Zn, Ti, Rb, B, 1.07E-04 - 1.84E-03 -

= 180-2 H; H. .76E —1.73E401
Frausa) 7 80-240 H:0(g), [CHi®N Ba, Rb, Li, I 4.28E-04 3.69E-03 7-76E+00-1.73E+0

15



E. Gongzalez-Esvertit et al.

Concentration (ug/g) Concentration (ug/g)

Concentration (ug/g)

Basement-hosted fluids

Chemical Geology 674 (2025) 122578

Cover-hosted fluids

17
R. de Frausa

Cap de Creus massif Canig6 massif massif
1 2 3 7 9 1112141518 19 20 22 23 24 25 26 27 28 29 30 31 32|40 41 43 44 45 46 47 48 49|34 35 36 38
35C|
105_lllllllllll.l.llllllll...-.-....
44(:a o I
0] 90 ,000%°%°¢0000 00000 °g0°, %0000 |
(€]
] aAAAAAAALAAL4 440000414, ? °© "o
88
S
10? * r \V4 L 4 444444444 A 4
E ¢ #®
v \V/ 24
10—vvvvv YYYYY vvvvvvvvvvvv Vﬁvyviv $4$
® L ¢ ® v
et et T *
IIIII?I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | I—
10_DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
104_’000‘0..0000.,.0‘000000 BBgf
K OOO....QQ @
10° 204‘
1
AARADALAARN L 00000 ,048, . s A
W—vvg**vv*'**¥v,v******vvvevegexgé vV
Rb
10 - 1 4 ¢ YQ ¢
* o ?0 o ©°
i ¢
4 ¢ oo
197
1071_ I?IAuI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | —
10* 5 O "
Tile 58 o, 8o i
: RSN EH A0
10° i O?QB é $ T 8
7 ? oo ¢ 0 o = *le
o °F @
102—‘ ZN % YN N ZN
208py ZN PN 8I‘Q0$4
@ ® ¢
104 ¢~ Cu ” ’0¢* ‘0 ¢ ¢ A @
° 1 4
1 - ’
%éé%g 1I1 1I2 1I4 1I5 1I8 1I9 2I0 2I2 2I3 2I4 2I5 2I6 2I7 2I8 2I9 3IO 31 3IZ 4I0 4I1 4IS 44 45 4I6 4I7 4I8 4I9 3I4 3I5 3I6 3I8

FIA ID#

Fig. 12. Summary of the elemental concentrations of Cl, Ca, Sr, Cs, W, Na, K, B, Rb, Au, S, Fe, Pb, and Cu obtained through LA-ICP-MS microanalysis of individual
fluid inclusions from the basement- (Cap de Creus and Canigé massifs) and cover-hosted (Roc de Frausa massif) Type-2 quartz. Data points are fluid inclusion
assemblage (FIA) averages representing between 2 and 20 analysis of individual fluid inclusions. The final number of measurements has depended on sample and FIA
characteristics, ablation conditions, and LA-ICP-MS data reduction constraints (see text for explanation). Individual FIA averages and their corresponding 1c standard
deviations are provided the Supplementary Material 1.
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Fig. 13. Summary of the elemental concentrations of Br, Al, Sb, Ag, Ba, Mn, As, Mg, Li, Zn, Ti, and I obtained through LA-ICP-MS microanalysis of individual fluid
inclusions from the basement- (Cap de Creus and Canigd massifs) and cover-hosted (Roc de Frausa massif) Type-2 quartz. Data points are fluid inclusion assemblage
(FIA) averages representing between 2 and 20 analysis of individual fluid inclusions. The final number of measurements has depended on sample and FIA char-
acteristics, ablation conditions, and LA-ICP-MS data reduction constraints (see text for explanation). Individual FIA averages and their corresponding 1c standard
deviations are provided the Supplementary Material 1.
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5. Discussion
5.1. Triple-halogen data: usefulness and significance

Halogen fractionation in natural systems is limited to specific pro-
cesses such as evaporation (passively increasing the Bromine and, to a
lesser extent, the Iodine content in the residual fluid), evaporite disso-
lution (selectively increasing the Chlorine content), and organic matter
interaction (where the organic matter loses Bromine and Iodine to the
fluid) (Richard et al., 2014; Wilkinson, 2014; Kendrick, 2018; Pirajno,
2018). Conversely, fluid-rock interaction does not generally alter Cl, Br,
and I concentrations and their ratios. Exceptions have been only re-
ported during fluid-rock interaction in meta-gabbros (Kendrick et al.,
2005) or eclogite-facies metamorphism of granulites (Svensen et al.,
1999), following preferential incorporation of Cl into amphibole under
low water-rock ratios. These rocks are, however, absent in the three
investigated areas. Therefore, triple-halogen (Cl, Br, and I) concentra-
tions can be considered as excellent fluid provenance tracers (Ridley and
Diamond, 2000; Fu et al., 2012; Kendrick, 2018; Pirajno, 2018). Past
studies of halogen compositions of different fluid types have mostly been
based on bulk sample methods such as combined noble gas and halogen
analyses, crush-leach ion chromatography or solution ICP-MS (e.g.,
Kendrick and Burnard, 2013). Since these bulk sample methods do not
permit a petrographic control of the analyzed FIAs, they may result in
averaged compositions skewed towards the fluid inclusion types con-
taining high concentrations of any given element. By contrast,
LA-ICP-MS fluid inclusion microanalysis provides full petrographic
control of the sampled fluids, making it possible to resolve composi-
tionally distinct fluid characteristics on the sample scale (e.g. Wagner
et al., 2016), and can also be used for quantification of halogen con-
centrations for Cl, Br, and I (Fusswinkel et al., 2018).

The dataset reported in this paper, obtained for both basement- and
cover-hosted fluids in a well-studied area, shows that halogen signatures
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of fluids that formed Pyrenean GQVs vary significantly within an
apparently homogeneous environment (Fig. 16). The most significant
halogen concentration variations are found in the I/Cl ratios of the
basement-hosted fluids at Cap de Creus and Canigd massifs (Fig. 16a).
Their halogen data is consistent with residual basinal brines originating
from seawater and having undergone some degree of evaporation and
subsequent organic matter interaction (Kendrick et al., 2005; Scharrer
et al., 2023). A key data observation is the variation in Br/I ratios (di-
agonal lines in Fig. 16) within Cap de Creus and Canig6 massifs FIAs
along a compositional trend. The observed variation is well outside the
range of analytical uncertainty and we interpret it as being consistent
with mixing between two fluid endmembers, one of which underwent a
higher degree of organic matter interaction prior to mixing and quartz
vein formation. FIAs with IDs #22 and 24 (Fig. 16; SM1), which belong
to the same sample but show substantially different Br/I ratios, are good
indicators of this possibility. The trajectory of the data array and the
increase in the Br/Cl ratio relative to seawater indicates that both fluids
would have originally been residual evaporite fluids after a moderate
degree of evaporation, and that they may thus share a common source. It
is well established that basinal brines readily infiltrate deep into base-
ment lithologies. Fluid signatures within the basement can then become
compositionally stratified as overlying sedimentary environments
change over time and lead to infiltration of various basinal fluid types
(Bons and Gomez-Rivas, 2013, 2020; Bons et al., 2014; Fusswinkel et al.,
2014; Scharrer et al., 2021). Seismic events causing fault activation and
fluid flow can then lead to tapping of these compositionally distinct
fluids in mixing zones within the basement, without invoking hydro-
logically impossible scenarios such as simultaneous upwards and
downwards flow (see Bons et al., 2014). The halogen compositional
trend observed in Cap de Creus and Canig6 fluids could thus be inter-
preted as mixing of compositionally distinct fluid endmembers tapped
from different sources within the basement, agreeing with the relatively
large variation of fluid inclusion homogenization temperatures,



E. Gongzalez-Esvertit et al.

Chemical Geology 674 (2025) 122578

a b c
( ) FIA averages: ( ) - = ( ) .
10°%{ Cover-hosted fluids: = 1075
R @ Roc de Frausa massif = 10°4 _
-f—.’ Basement-hosted fluids: -2 m -.9.. =
© . © EE ©
= m Cap de Creus massif [} = = ;
2 . . = @ a @ m =
© Canigé massif ® © =
E E “ . E 10 .
—_ — = m —_
o o 104 B 3]
) L alg] ) ng @ = 3 = =
4 = I m 7] =} <
m m u =
5] =
=
: : 10° : . T 10° T T :
10 10" 10° 10° 10* 10° 10 10°
(d) Li/Cl (mass ratio) WICI (mass ratio) Ag/Cl (mass ratio)
10°
Bingham Canyon
10*4 Cover-hosted g USA 4
: (USA) N
fluids Alpine veins
Switzerlana) .
. 10°4 E' Basement-hosted f ) Sailauf Fe-Mn
g. l$| fluids Cryo-Genie $} %] (Germany)
2 102 pegmatite
@ (USA) Mole Granite Rhenish Massif
I G
o (Australia) El Teniente (Germany)
E (Chile)
Schwarzwald Pb-Zn
14 (Germany)
Barren giant quartz veins Granite-hosted Porphyry copper Metamorphic veins Unconformity-related
(Pyrenees, this work) veins and pegmatites deposits Pb-Zn and Fe-Mn veins

Fig. 15. Representative binary variation diagrams of Cl-normalised fluid inclusion assemblage (FIA) average element concentrations (mass ratios): (a) Alkali metals,
Rb/Cl vs. Li/Cl; and ore metals, (b) Sb/Cl vs. W/Cl and (c) Au/Cl vs. Ag/Cl. (d) Boron concentrations in the basement- (Cap de Creus and Canigé massifs) and cover-
hosted (Roc de Frausa massif) Type-2 quartz, and their comparison with reported Boron concentrations in magmatic, metamorphic, and sedimentary fluids from:
Cryo-Genie pegmatite (Sirbescu et al., 2013), Mole granite (Audétat et al., 2000), Bingham Canyon (Landtwing et al., 2005, 2010), El Teniente (Klemm et al., 2007),
Alpine quartz veins (Miron et al., 2013), Rhenish massif quartz veins (Marsala et al., 2013), Sailauf Fe-Mn veins (Fusswinkel et al., 2014), and Schwartzwald Pb-Zn
veins (Fusswinkel et al., 2013); compilation after Wagner et al. (2016). Individual FIA averages of elemental concentrations and their corresponding 1c standard

deviations are provided Figs. 12 and 13 and in the Supplementary Material 1.

especially at the Cap de Creus GQVs (Fig. 11). This possibility will be
discussed below within the Pyrenean setting.

Three FIAs from the Cap de Creus fluids (IDs #31, 9, and 19; Fig. 16)
lie outside this compositional trend and define a cluster with signifi-
cantly higher Br/Cl and moderate I/Cl ratios. These fluids show halogen
ratios compatible with higher degrees of evaporation and resemble
those of true basinal bittern brines (e.g., Richard et al., 2014; Yardley
and Bodnar, 2014; Munoz et al., 2016). Petrographically, these FIAs are
located in the outermost growth bands of two different samples.
Therefore, they may be attributed to a more restricted, possibly late and
more local circulation event of highly evolved residual evaporite fluids
that previously underwent low degrees of organic matter interaction
(Fig. 16b).

The halogen compositions of cover-hosted fluids are noteworthily
different from those of the basement-hosted fluids (Fig. 16a). Cover-
hosted fluids show I/Cl signatures similar to those that have most
strongly interacted with organic matter at Cap de Creus and Canigd
study areas, but significantly lower Br/Cl ratios. As these halogen sig-
natures fall within the hypothetical seawater-organic matter interaction
envelope shown in Fig. 16, they would also be compatible with variable
degrees of organic matter interaction but involving a less strongly
evaporated precursor fluid, compositionally closer to seawater. As this is
the same process that is thought to control the tight compositional array
found in metamorphic fluids (Bohlke and Irwin, 1992; Kendrick et al.,
2001; Fusswinkel et al., 2022), the Roc de Frausa fluids are indistin-
guishable from metamorphic fluids on the basis of their halogen signa-
tures alone. Furthermore, the fluids also partially overlap the halogen
compositional range observed in magmatic-hydrothermal fluid systems
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from S-type granites (Lecumberri-Sanchez and Bodnar, 2018; Fusswin-
kel et al., 2022, and the references therof).

Fluids may reflect a source distinct to the location where they are
presently found (Yardley, 2005). However, strong geological evidence
suggest that, in the case of this study, the fluid source is not magmatic
nor metamorphic. The cover rocks hosting the quartz veins were formed
more than 200 Ma after the Variscan regional metamorphism and late-
Variscan magmatism (Fig. 4) (Gonzdlez-Esvertit et al., 2022a), which
are the youngest metamorphic and magmatic events recorded in the
Eastern Pyrenees. There are no younger magmatic nor metamorphic
events recorded in the Eastern Pyrenees that could represent a source for
these fluids, and COy-rich fluid inclusions typical of metamorphic set-
tings are conspicuously absent in the GQVs. The major element
composition of these fluids also excludes magmatic sources, which
generally produce Na-K-Fe-rich fluids such as those related to
porphyry-forming brines (Bodnar et al., 2014). This is inferred because
Fe does not show high concentrations typical of magmatic fluids and,
overall, Na/Fe ratios are noteworthy lower (and Fe concentrations are
thus higher; Fig. 14a) in cover-hosted fluids, where no magmatic host
rocks are present, than in basement-hosted fluids, where host rocks are
granitic rocks. Moreover, magmatic fluids typically have higher forma-
tion temperatures than those reported for either the studied GQVs
(Fig. 10d-f) or other GQVs in the Pyrenees (Ayora and Casas, 1983;
Ayora et al., 1984; Fonseca et al., 2015; Gonzalez-Esvertit et al., 2024).
Accordingly, the cover-hosted fluids at Roc de Frausa were not derived
from magmatic or metamorphic sources at depth, and the most likely
cause of the observed halogen signatures remains organic matter
interaction with seawater-like precursor fluids that did not undergo
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Fig. 16. (a) Halogen ratios of the investigated samples plotted together with halogen signatures of selected solid phases, the modern Seawater Evaporation Tra-
jectory (SET), and the seawater-marine organic matter interaction mixing array inferred from marine pore fluids (light grey, Br/I = 0.5-23; dark grey, Br/I =
0.5-2.5); data labels are FIA IDs (see Figs. 12 and 13) (b) Potential Br/Cl and I/Cl halogen fractionation trajectories related to evaporation, halite dissolution, and
interaction with organic matter (top), and data comparison with halogen signatures of crustal fluids known hitherto (bottom). Comparative diagrams in (b) after
Fusswinkel et al. (2022). Since sedimentary pore waters evolve continuously into metamorphic pore fluids (Yardley, 1997; Yardley and Graham, 2002), all possible
mixing proportions and halogen ratios of (Phanerozoic) metamorphic fluids plot within the grey mixing array envelope; but not all fluids within the grey envelope are
necessarily metamorphic. Note that the data included for comparison in (b) is based on the (scarce) triple-halogen datasets that have been published hitherto; the true
compositional variability of each crustal fluid type is likely much wider. See text for further discussion on why the halogen ratios plot should not be used as a fluid
classification plot. Data sources: Krauskopf (1979), Fusswinkel et al. (2022), Scharrer et al. (2023) and the references therein.

significant evaporative halogen fractionation, which is also consistent
with the lower salinities observed in the Roc de Frausa fluids and their
CH4(g) contents (Fig. 9d, Table 1). This non-magmatic origin for fluids
that (apparently) show a magmatic halogen signature (Fig. 16b) high-
lights that the halogen ratios should not be used as a fluid classification
tool, but rather for the qualitative assessment of the processes that
operate during fluid evolution. Therefore, fluid source determination
through the halogen ratios is not straightforward, and care must be
taken when interpreting halogen data located in parts of the Cl-Br-I
space where reference data overlap (Fig. 16).

5.2. Fluid sources and evolution history in the Pyrenean setting

The investigated basement- and cover-hosted fluids within the Type-
2 GQV quartz show a wide range of features indicating that they were
not released from metamorphic devolatilization reactions or magma
reservoirs at depth. These include, among others, their moderate-high
salinity values (Figs. 10, 11), the fluid systems inferred from micro-
thermometry, and the triple-halogen ratios discussed above (cf. Klemm
et al., 2007; Audétat et al., 2008; Seo et al., 2017; Fusswinkel et al.,
2022). The stratigraphical and structural configuration of the study
areas and the absence of metamorphic and magmatic events of similar
age in the region further support this interpretation (Figs. 1-4). Ac-
cording to surface and subsurface data, metasedimentary basement
rocks, Jurassic-Cretaceous carbonate successions, and the Eocene suc-
cession (evaporites, siltstones-marls, sandstones, and limestones) are the
main rock units with which the fluids could have interacted (e.g., Car-
rillo et al., 2014; Tavani et al., 2018), whilst magmatic-metamorphic
events are not recorded. Therefore, infiltration into the basement of
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surface or close-to surface fluids that underwent different degrees of
evaporation (i.e., residual bittern brines) and fluid-rock interaction must
be invoked as the initial chief processes in the evolution history of the
investigated fluids.

The possible sources of these fluids may be attributed to Triassic or
Eocene evaporation events that produced residual brines. Several
evaporite horizons of these ages have widely been recognized in the
Pyrenees, extensively cropping out and buried in the South-Central
Pyrenees (Santolaria et al., 2017; Cofrade et al., 2023; Ramirez-Perez
et al., 2023), but also in the subsurface of the South-Eastern Pyrenean
basin (Serrat-1 and Vallfogona-1 wells; Orti et al., 1987; Carrillo et al.,
2014). However, the Triassic succession in the southern Roc de Frausa
has been interpreted as a siliciclastic and carbonate sequence without
presence of evaporite levels (Pujadas et al., 1989; Casas and Torrades,
2008). As halogen ratios indicating halite dissolution processes are not
present in the investigated FIAs (Scharrer et al., 2023) (Fig. 16), this
suggests that these fluids were sourced via the infiltration of residual
evaporite brines into the basement, but prior to formation of later halite
dissolution fluids in the sedimentary evaporite sequences. Salinity data
(< 20 wt% NaCleg ; Fig. 12) suggest that these bittern brines were mixed
with meteoric fluids at some stage, yielding to salinities below halite
saturation but still retaining Br/Cl ratios typical of bittern brines (Kesler
et al., 1996; Stoffell et al., 2008).

A noteworthy exception from the general compositional features are
the Boron concentrations of the investigated fluids, which apparently
are in disagreement with the aforementioned evidence that indicate a
surface source. Generally, B in crustal fluids shows rather limited vari-
ations because it is commonly rock-buffered by minerals such as tour-
maline or B-bearing muscovite and clay minerals (e.g., Wagner et al.,
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2016). Processes such as dehydration of muscovite-bearing metasedi-
ments may produce a B enrichment in fluids released at depth and,
therefore, the B content is often used to determine fluid sources (e.g.,
Sievers et al., 2017; Cheng et al., 2021). However, B concentrations
within the analyzed FIAs (Fig. 15d) suggest that using this element as a
fluid source proxy is not as straightforward as sometimes inferred. The B
concentrations lie in a rather narrow range within each of the studied
areas, although the full range of compositions overlap with values of
magmatic and metamorphic fluids reported for different hydrothermal
ore deposit types (Audétat et al., 2000; Landtwing et al., 2005, 2010;
Klemm et al., 2007; Fusswinkel et al., 2013, 2014; Marsala et al., 2013;
Miron et al., 2013; Sirbescu et al., 2013). Therefore, high or low B
concentrations are not necessarily indicative of magmatic-hydrothermal
or unconformity-related hydrothermal fluids, respectively (Fig. 15d).

During the infiltration to a certain depth into the basement of
surface-derived fluids, metals such as Pb, Zn, and Cu may provide in-
sights into fluid-rock interactions. These metals are typically transported
as Cl-complexes and, therefore, medium to high salinity (chlorinity) and
high temperature fluids often show high metal contents (Yardley, 2005).
However, this does not apply to this case study, since the low-salinity
fluids from the Roc de Frausa FIAs (Fig. 11) are those that show
higher concentrations of Pb + Zn (Pb/Cl + Zn/Cl of ca. 102 in the cover
vs. ca. 103 in the basement) and Cu (Cu/Cl of ca. 102 in the cover vs.
ca. 1073-107° in the basement) (Fig. 14b, c), with Ty values similar to
those of the other study areas (Fig. 10). This indicates that cover-hosted
fluids have been circulating in the basement and that they have either
infiltrated deeper and/or earlier than the basement-hosted fluids, in
agreement with the aforementioned fluid stratification scenario, or may
also reflect interaction with different rock types depending on the study
area. Albeit not very high, base metal concentrations found in the
studied FIAs are similar to other basinal systems, and noteworthy to
some where basinal fluids originated MVT deposits (e.g., Fig. 6 in
Stoffell et al., 2008). Pb and Zn concentrations are also similar to those
found in Pb-Zn mineralization westwards the studied areas, in the
Central Pyrenees (Cugerone et al., 2024). However, Mg concentrations
were not detected during LA-ICP-MS measurements by these authors,
which can be attributed to the absence of carbonate host rocks in the
studied veins. Moreover, concentrations of most elements are also
similar to other scenarios were basinal bittern brines infiltrate the
basement (e.g., Scharrer et al., 2021). The observed halogen signatures
that we obtained indeed indicate variable degrees of fluid-rock inter-
action (Fig. 16), which could have taken place within either the cover or
the basement as suggested by high Mg (Figs. 13, 14d) and high Zn and
Cu (Figs. 12, 13, 14b, c) concentrations, respectively. Organic matter
abundantly present in carbonate successions within the cover rocks of
the Southern Pyrenees (Puigdefabregas et al., 1992; Carrillo et al.,
2014), as well as in the low-grade metasedimentary basement rocks
(Martin-Closas et al., 2018; Padel et al., 2018; Casas et al., 2019), may be
responsible for the high I/Cl values observed in all three study areas.
Fluid rock interaction with carbonate rocks may also be responsible for
higher Mg contents in the Canigé and Roc de Frausa areas (Figs. 12, 13),
where early Cambrian marble and Cretaceous limestone levels are pre-
sent, respectively (Figs. 3, 4). One reasonable explanation for the cation
concentrations and halogen ratios determined for the basement is a
mixing process, since the intrinsic variations of I/Cl values are excep-
tionally large, with differences up to three orders of magnitude (Fig. 16).
Since there is no possible scenario where fluids may migrate both up-
wards and downwards at the same time, unless a fluid sink at the mixing
site is invoked (Bons et al., 2012, 2014), these settings would imply a
basinal brine with a strong base metal leaching potential (e.g., Warren,
1996; Richard et al., 2016; Sosnicka et al., 2023) infiltrating deeper
and/or first and then mixing, during ascent, with other fluids at shal-
lower levels that have possibly infiltrated the crust at a later time.

Au concentrations measured in both basement- and cover-hosted
fluids are also noteworthy (Fig. 12). They range from ca. 107! to 10
ng/g in both orogenic settings, although they have been found below the
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detection limit in some FIAs, mostly from the Cap de Creus massif. Some
of the mechanisms originating gold-transporting fluids are crystalliza-
tion of gold-rich shoshonitic lamprophyre magmas, devolatilization of
felsic magmas, mantle fluids inducing granulite facies metamorphism,
or devolatilization during prograde metamorphism (see a summary in
Ridley and Diamond, 2000). However, as discussed above, magmatic or
metamorphic fluid sources are unlikely for the investigated fluids based
on their element concentrations, gas contents, halogen signatures,
regional geologic setting, and relative age. One possible explanation for
the obtained Au concentrations is the gold scavenging during fluid
infiltration, which reinforces the idea that both cover- and basement-
hosted fluids were infiltrated to significant depth. This agrees with
some works relating surface-derived basinal fluids in gold transport and
deposition in sediment-hosted ‘orogenic’ gold deposits (e.g. Large et al.,
2009; Thomas et al., 2011). However, the fluid-rock interaction mech-
anisms, which perhaps involved gold-rich pyrite in the metasediments
or areas with high gold concentrations present in the subsurface, as well
as the relationship between Au contents and S concentration and
speciation, remain unclear and may benefit from future studies.

The results obtained for the fluids investigated in this work show
significant similarities and differences in terms of fluid properties,
composition and sources when compared to fluid inclusion data re-
ported for other GQVs elsewhere. Vein formation temperatures inferred
from Th data (< 300 °C) agree with temperature constraints from
chlorite thermometry obtained in other GQVs from the Pyrenees
(Gonzalez-Esvertit et al., 2024), but apparently clash with the classical
assumption that these structures are formed by hot (300-450 °C) fluids
(e.g., Kerrich and Feng, 1992; Tannock et al., 2020). Moreover, In the
Central Alps (the Aar massif and Penninic nappes), Rauchenstein-Mar-
tinek et al. (2016) investigated the chemical evolution of fluids in the
Alpine fissure veins and concluded that they record metamorphic fluids
released during prograde devolatilization reactions. The fluids had
interacted with organic matter or graphite after being trapped under
rock-buffered conditions. Conversely, Rout et al. (2022) studied the 20
major reefs forming the “Bundelkhand giant quartz reef system” in
Central India. They obtained a wide range in salinity (0-29 wt%
NaCleqy) and Th (58-385 °C) values and, based on the composition of
fluids and crystals trapped within the fluid inclusions, proposed mixing
processes between meteoric and magmatic fluids. These contrasting
fluid source interpretations responsible for GQV formation, coupled
with the data reported here, suggest that the specific chemical con-
straints for the formation of GQVs still need to be fully constrained. Until
fluid inclusion datasets similar to those reported here are made available
for different GQV systems worldwide, the most reliable interpretation is
that different scenarios of fluid origin and evolution may eventually lead
to similar quartz accumulations within either basement or cover rocks,
as long as there is an abundant source of silica, an efficient transport
mechanism for mobilising that silica, and a sufficient time span for its
transport and precipitation.

6. Concluding remarks

This study demonstrates that petrographically-constrained elemental
concentration analysis of individual fluid inclusions, combined with the
determination of fluid density, temperature, and salinity, represent a
powerful approach for assessing the sources and evolution of fluids
responsible for mineral reactions in the Earth’s crust. Moreover, EBSD
analysis may also help assessing the reliability of fluid inclusion data in
sample areas with signs of post-entrapment modifications of fluid in-
clusions. Overall, such multi-method fluid inclusion studies often
involve a progressive loss of data as different techniques are applied.
These are often related to material loss during wafer cutting, inclusion
decrepitation during microthermometric analysis, or out of control ab-
lations resulting in fluid inclusion leakage or fragmentation. For
example, the total number of fluid inclusion signals obtained from LA-
ICP-MS microanalyses was 357, out of which 199 met the data quality
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criteria (see Sub-section 3.6). Some of these reliable analyses have
shown anomalous element concentrations when compared to the ma-
jority of FIA concentration averages, and would have averaged the fluid
inclusion compositions resulting in “apparent” concentration values far
from reality if bulk crush-leach analysis was performed in this work (e.
g., Wilkinson, 2014; see a graphical example in Fig. 7 from Walter et al.,
2018). Moreover, the progressive data loss during the multi-method
approach implies that obtaining a reliable fluid inclusion signal was
not possible for some FIAs that were already investigated through
microthermometry and Raman micro-spectroscopy. This fact highlights
the importance of preserving a detailed record of petrographic obser-
vations with workflows similar to the GIS-based petrography approach
presented here, allowing a virtual revisit of samples following destruc-
tive analysis, as well as of using strict data quality constrains that ensure
that the results, despite sometimes scarce or incomplete, are reliable.
Collisional mountain belts are exceptional natural laboratories for
the comparative assessment of fluid-rock interaction recorded in fluids
within the cover and the basement rocks. This study shows that fluids
may reflect a source and evolution history that is distinct from that of
their sampling location. Both basement- and cover-hosted fluids inves-
tigated were sourced from surface or near-surface environments and
have subsequently infiltrated the continental crust to significant depths.
However, their contrasting fluid compositions and evolution histories
underscore the importance of considering both basement and cover
environments when evaluating fluid systems in orogenic settings.
Anomalous element concentrations in few specific FIAs further highlight
the robustness of LA-ICP-MS microanalysis of individual fluid inclusions
compared to bulk methods. The large variations of the Br/Cl, I/Cl, and
Br/I ratios observed call for caution when using halogen ratios as proxies
for fluid sources. The halogen data may allow a qualitative assessment of
processes involving halogen fractionation during fluid evolution history
rather than providing a straightforward fingerprint of the fluid origin.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemgeo0.2024.122578.
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