
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10040-023-02601-0

PAPER

Hydrogeological origin of the  CO2‑rich mineral water of Vilajuïga 
in the Eastern Pyrenees (NE Catalonia, Spain)

Josep Mas‑Pla1,2  · David Brusi1  · Carles Roqué1  · David Soler1  · Anna Menció1  · Josep M Costa1 · 
Manuel Zamorano1  · Warren Meredith1 

Received: 24 May 2022 / Accepted: 18 January 2023 
© The Author(s) 2023

Abstract
The mineral water of Vilajuïga village in Alt Empordà (NE Catalonia, Spain) owes its uniqueness to an emanation of geogenic 
 CO2 that modifies groundwater hydrochemistry to produce a differentiated  HCO3–Na- and  CO2-rich groundwater among the 
usual Ca–HCO3 type found in this region. A hydrogeological conceptual model attributes its occurrence to the intersection 
of two faults: La Valleta and Garriguella-Roses. The former provides a thrust of metamorphic over igneous rocks, formed 
during the Paleozoic, over a layer of ampelitic shale that, from a hydrogeological perspective, acts as a confining layer. The 
Garriguella-Roses normal fault, which originated during the Neogene, permits the degassing of geogenic  CO2 that is attrib-
uted to volcanic activity occurring in the Neogene. Groundwater mixing from the metamorphic and igneous rock units plus 
the local occurrence of  CO2 creates a  HCO3–Na water that still holds free-CO2 in solution. Interaction with the gas phase is 
restricted at the intersection of the two faults. Radiocarbon dating, after correcting for geogenic dead carbon, estimates an age 
of 8,000 years BP. The low tritium content (0.7 TU) indicates that Vilajuïga water is a mix of “older” groundwater recharged 
in the metamorphic rocks of the Albera range and “younger” groundwater from the igneous rocks of the Rodes range, over 
a recharge area of 45  km2 and a maximum elevation of 600 m. Given its origin as rare groundwater in the southern slope of 
the Eastern Pyrenees, purposeful monitoring is necessary to evaluate the groundwater vulnerability and anticipate impacts 
from nearby wells and climate-change effects.
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Introduction

Groundwater springs have traditionally been places of inter-
est, whether for bathing or drinking, based on the assumed 
therapeutic benefits supported by their richness in rare, 
unusual or even radioactive properties. Most of them have 
undergone economic consideration in terms of bottled water 
for drinking, medicinal use or mineral exploitation, or they 
have been developed as spas throughout history (LaMoreaux 
and Tanner 2001). The terms “mineral water” or “mineral 

spring water” can be widely defined as a source for water 
which has one or more chemical characteristics different 
from normal potable water used for public use (Kresic and 
Stevanovic 2010). Indeed, the chemical composition of 
spring waters reflects the interaction of groundwater with 
the aquifer host rock as well as with any other chemical com-
ponent, including gases such as carbon dioxide, and in some 
places the effect of temperature which, in the end, controls 
all geochemical processes.

From a hydrogeological perspective, the occurrence of 
singular springs provides an opportunity to unveil the hydro-
geological processes that, firstly, determine their discharge 
at that specific location and, secondly, identify the hydro-
chemical origin of its composition (Tweed et al. 2004). Such 
effort usually relies on previous knowledge of the geologi-
cal setting that determines the local outcropping conditions; 
however, it is also common to use the chemistry of the min-
eral spring water to decipher groundwater flow paths, unob-
served water–rock interactions, and mixing of water from 
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distinct recharge areas. Numerous case studies of spring 
waters around the world (e.g., Pauwels et al. 1997; Cerón 
et al. 2000; Marqués et al. 2001; Cartwright et al. 2002; 
Carreira et al. 2014) are considered as examples to describe 
the specificities of groundwater flow under particular condi-
tions, usually in complex tectonic environments, or to test 
the goodness of particular hydrogeochemical approaches to 
reveal the governing hydrogeological processes in detail. 
Moreover, both location and specific water quality have pres-
ently acquired historical relevance and assigned a heritage 
value to these springs (e.g., Gray 2013)

The Vilajuïga mineral water is one of these special 
examples of “distinct” water with an actual heritage value 
due to its chemical composition. It is a sodium-rich bicar-
bonate water, with a sparkling taste derived from its high 
partial pressure of carbon dioxide at the surface, and 
noticeable concentrations of lithium, as promoted by early 
medical advertisements. Originally, this water occurred in 
a few shallow wells in the small municipality of Vilajuïga 
(Alt Empordà, NE Catalonia, Spain; Fig. 1). In 1902, after 
a chemical analysis that defined its chemical composi-
tion and described its medicinal properties, the discharge 
obtained from a shallow exploitation well was commer-
cialized and continues to be so at present through deeper 
wells with the same hydrochemical characteristics. Its 
unique discharge location with no other currently exist-
ing source, spring or well nearby with a similar chemi-
cal composition, represents a puzzling occurrence that, 
despite being geologically studied just after its unearth-
ing (Font i Sagué, Memoria y descripción geológica 
de las aguas líticas de Vilajuïga [Memoir and geologi-
cal description of the lithic waters of Vilajuïga]. Report 
funded by the Society “Martí Badosa i Cía”, unpublished, 
1909), has not further been considered in hydrogeological 
literature. In this sense, the source of the Vilajuïga min-
eral water provides an opportunity to explore the influ-
ences of geology and tectonics in the groundwater flow 
and, correspondingly, to determine such influences using 
geochemical and isotopic tools, including the effect of 
geogenic produced carbon dioxide.

Groundwater flow in these spring systems is usually 
driven by faults, which is the reason for their movement 
upwards and their outcropping at the surface (e.g., Bense 
et al. 2013; Folch and Mas-Pla 2008). Vilajuïga is located 
on the main distensive fault line (the Garriguella-Roses 
fault) that separates the Empordà basin from the most east-
ward part of the Pyrenees Axial zone (Fig. 1). Moreover, its 
location coincides with an intersection of this fault with an 
ancient thrust (La Valleta Fault) affecting the rocks of the 
Axial zone. This study addresses the potential role of both 
tectonic structures in the regional flow field, the combined 
hydrogeological behavior of the diverse metamorphic and 
igneous rocks of the Pyrenees, and the sedimentary infilling 

of the Empordà basin, as well as the reasons why a  CO2-rich 
mineral water appears at this specific geological setting.

The aim of this study is to describe the singular hydro-
geological system of the Vilajuïga  CO2-rich mineral water, 
using hydrogeological and hydrochemical information to 
discern the groundwater flow path. Since the hydrogeo-
logical case of the Vilajuïga mineral water is unique in this 
region, such knowledge of its functioning can contribute 
to a better understanding of similar hydrogeological envi-
ronments and their protection (Carreira et al. 2014; Choi 
et al. 2014; Do et al. 2020; Evans et al. 2002; Schofield and 
Jankowski 2004). Therefore, determining the processes that 
control their occurrence and quality is essential for effective 
management and protection of a water resource (Foster and 
Garduño 2012), specifically in an area where the physical 
hydrogeology is complex and pressures from other ground-
water uses, and even climate change, can eventually alter its 
hydrochemical composition and affect its exploitation rate 
and its heritage value.

Brief history of the Vilajuïga mineral water

As explained by Masanés (2021), the Vilajuïga water was 
known from ancient times, yet the first documents regarding 
its occurrence in a few shallow wells within the municipal-
ity date from the 19th century. By 1902, a private owner 
began the exploitation of the well Margineda and, after the 
analyses that defined its composition and therapeutic prop-
erties, the mineral water was legally accepted for public 
use and commercialization. A new open well was drilled in 
1909—Well Escaire; Fig. SM1 in the electronic supplemen-
tary material (ESM)—to supply the demand. The Vilajuïga 
water became popular and the village developed a tourist 
sector from the early 1920s until the Spanish Civil War 
(1936–1939). Despite the poverty and the change of social 
habits that followed the war, the exploitation of the Vilajuïga 
water continued. In fact, its popularity increased along with 
its production, and even the surrealist painter Salvador Dalí, 
who was born in the nearby town of Figueres, was a usual 
consumer of Vilajuïga water. Daily production increased by 
1980 and a second well (well Nou) was drilled to meet such 
a large demand.

The arrival of international brands to the bottled water 
market had an impact on small producers, and the Vilajuïga 
water firm had to close in 2009. However, Group Grifols, a 
global pharmaceutical company settled in Barcelona (Spain) 
and, concerned about the heritage value of this mineral 
water, took over the business in 2017. The company drilled 
a new borehole (well Grifols), modernized the bottling plant, 
and brought the water back to the market. Currently, wells 
Escaire and Grifols are the only sources of Vilajuïga water, 
both with identical chemical composition, with the latter 
dedicated to production (Fig. SM1 in the ESM).
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General geological setting

Vilajuïga and the complete study area lie on the geological 
contact between the Pyrenees and the Empordà basin. The 
Empordà basin is a tectonic graben defined by a NW–SE-
trending fault system, surrounded by the Pyrenees Axial 
zone in the north, the South Pyrenean Zone and the Trans-
verse Range in the west, and the Gavarres Range in the south 
(e.g., Pujadas et al. 1989; Saula et al. 1996). Its origin is 
associated to the Mediterranean Sea development during the 
Neogene (e.g., Lewis et al. 2000). The geologic framework 
for the study area (Soler et al. 2014; Fig. 1) is as follows: 

1. The Pyrenees Axial zone formed in its easternmost area 
by the Albera and Rodes ranges with their extension 
to Cap de Creus consisting of Paleozoic igneous and 
metamorphic rocks, affected by Variscan and Alpine 
orogenesis. In particular, the Axial zone is affected by 
diverse tectonic elements (faults, thrusts) that provide 
preferential groundwater flow paths.

2. The Pre-Pyrenean Zone and Transversal Range are 
mainly composed of Paleogene sedimentary rocks, but 
also of some Mesozoic deposits linked to thrust-fault 
structures. None of these units are in the study area.

3. The Empordà basin was developed during the Neogene 
as a graben structure limited by normal faults, which act 
as boundaries with the surrounding geological units. The 
following geological formations of interest are distin-
guished within the Empordà basin:

• The Neogene deposits appear in areas close to ranges 
foothills and in the basin basement. They include a 
wide range of sedimentary environments from allu-
vial fans in the inland areas to marine facies near the 
coast (Fleta et al. 1991). Within these formations, 
aquifers are laterally discontinuous, and located in 
the coarser materials (mainly gravels and sands). 
They constitute the southern limit of the study area.

• The Quaternary f luvio-deltaic formations are 
related to the recent evolution (late Pleistocene-
Holocene) of the Muga, Fluvià and Ter Rivers. 
These formations were developed due to recent eus-
tatic changes and cover all the previous units with 
an unconformity contact. In this area, Quaternary 
formations present unconfined aquifers as well as 
leaky aquifers in the lowest strata (Bach 1986; Mas-
Pla et al. 1999a, b; Montaner 2010). Even though 
not included in the study area, the fluvio-deltaic 
deposits of the Muga River receive groundwater 
discharge of the regional hydrogeological system 
that includes the Vilajuïga mineral water.

• A thin layer of Quaternary alluvium and colluvium, 
with a maximum thickness of 10–15 m is devel-

oped at the foothills of Albera and Rodes ranges, 
specifically in the Vilajuïga area, and covers the 
hanging wall block of the northernmost fault that 
defines the Empordà basin.

As mentioned before, the tectonic structure of the 
Empordà basin graben is defined by a set of fault zones 
(Fig. 1). The most northern one, named the Garriguella-
Roses fault, is the one linked to the Vilajuïga water source. 
Nevertheless, the hanging block wall of this fault is only 
covered by the Quaternary alluvium and colluvium that lay 
upon the igneous and metamorphic rocks of the Pyrenees. 
The Neogene basin begins at the block located SW of the 
Delfià-Marzà fault, where the sedimentary formation crops 
out. In the northern part of the Empordà basin, the maxi-
mum thickness of the Neogene deposits reaches near 2 km 
between the Sant Climent and La Jonquera faults (Fig. 1). 
Specifically, the geology of the main study area covers 
the southern slope of the Pyrenees Axial zone, formed 
by the Albera and Rodes ranges including the Quaternary 
deposits formed at the foothills, and ends at the limit set 
by the Delfià-Marzà fault. Since both regional faults are 
potentially related to the overall flow system, samples from 
springs and deep wells (60–80 m depth approx.) located in 
the vicinity of the Sant Climent and La Jonquera faults are 
also included in the study for reference. Moreover, since 
the groundwater natural discharge to the Mediterranean 
Sea takes place through the fluvio-deltaic formation of the 
Muga River, data from three wells located on its lower lay-
ers are also incorporated into the dataset of the study area.

Another tectonic element of relevance is a thrust fault, 
called La Valleta fault (Fig. 1), that displaced the meta-
morphic rocks of the Albera range over the igneous and 
metamorphic rocks of the Rodes range during the Variscan 
orogeny (late Paleozoic). Vilajuïga is located upon the 
intersection of this thrust line and the Garriguella-Roses 
fault, indicating that the occurrence of the  CO2-rich Vila-
juïga water at this location may be related to the crossing 
of both structures.

Previous studies

No previous references exist on the hydrogeological sys-
tem that produce Vilajuïga mineral water. Font i Sagué 
(Memoria y descripción geológica de las aguas líticas de 
Vilajuïga [Memoir and geological description of the lithic 
waters of Vilajuïga]. Report funded by the Society “Martí 
Badosa i Cía”, unpublished, 1909) wrote the first descrip-
tion of the geology at the vicinity of the source, indicating 
that it discharges in the contact between igneous and meta-
morphic rocks (La Valleta fault) near a major normal fault 
(Garriguella-Roses fault) and identified the role of both 
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Fig. 1  Regional geological setting of the Vilajuïga area in the context of the Eastern Pyrenees and the Empordà basin. Identified fault names:  
1 Garriguella-Roses; 2 Delfià-Marzà; 3 Sant Climent; 4 La Jonquera; 5 La Valleta. Modified after ICGC (2022)
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regional fractures in the groundwater flow towards the 
surface. This work also acknowledged a layer of ampelitic 
black shale as a confining layer and recognized its effect 
on the local occurrence of the spring. Moreover, the work 
attributed the high  CO2 content as being of volcanic origin 
given the outcrop of volcanic rocks in nearby areas and the 
regional tectonic setting.

No other scientific reports had been published until 
the 1990’s, when the bottling company commissioned 
hydrogeological studies to support the drilling of new 
wells. Among the most relevant, Geoconsulting (Estudios 
geológicos. Análisis bacteriológicos/Físico-Químicos 
[Geological studies: bacteriological/physical-chemical 
analysis]. Aigües de Vilajuïga, unpublished, 1994) pro-
vides a detailed geological map of the area and the bore-
hole characteristics of well Nou (60 m depth) drilled in 
mainly granite rocks. In its shallow parts, the borehole 
penetrates the ampelitic shale (3–6 m thick) overlying a 
strained and fractured granodiorite with veins of diorite 
all along the borehole depth. Another report of relevance 
relates to the drilling of well Grifols (121 m depth; Oficina 
Técnica Minera, Estudi hidroquímic de la nova captació 
d’Aigües de Vilajuïga per a l’ampliació del reconeixement 
com a aigua mineral natural [Hydrochemical study of the 
new Aigües de Vilajuïga well for the extension of recog-
nition as natural mineral water], unpublished, 2018). Its 
well log is similar to well Nou (the wells are within 50 m 
of each other), yet the ampelitic shale has a larger appar-
ent thickness (30 m). The rest of the borehole was drilled 
in granitoid (probably granodiorite; 30–80 m depth) and 
granitoid with mafic minerals (probably granodiorite with 
diorite xenoliths; 80–121 m depth). The most productive 
part is between 40 and 80 m depth, and its resources have 
identical chemical composition to those of the previous 
wells, indicating that, despite lithological differences in 
the borehole record attributed to local tectonic details, all 
of them exploit the same groundwater system.

Methodology

Regional information was obtained from 1:25,000 geologi-
cal maps (ICGC 2001, 2013), refined by field observations, 
and summarized to identify the main lithologies that control 
the groundwater geochemistry. Cross-sections were drawn 
according to field data.

Four electrical resistivity tomography (ERT) profiles 
were conducted in the surroundings of the source loca-
tion to define the subsurface structure in its vicinity, and 
to establish the position of the main faults and the type 
of materials in each block. Measurements were carried 
out with a multi-electrode ABEM Terrameter LS2 by 

Guideline Geo, connected to 4 multicore cable reels linked 
in series, which in turn were nailed to the ground with 
evenly spaced stainless steel electrodes (0.5 m ERT-01; 
1 m ERT-02; 10 m ERT-03; and 3 m ERT-04). Apparent 
resistivity data acquisition was conducted using the non-
conventional multiple gradient array electrode configura-
tion (Dahlin and Zhou 2006). The gradient array increases 
speed of data acquisition in the field and provides higher-
density datasets compared to other conventional protocols. 
Length of ERT profiles ranged between 42 and 710 m, 
and the maximum depth of investigation was 7–120 m, 
respectively. Commercial Res2DInv package (Geotomo 
Software) was used for data processing and representation 
(Loke and Barker 1996). Iterative least squares inversion 
and finite-element forward modelling provided the final 
two-dimensional (2D) resistivity sections, which have low 
values of bulk root mean square error (RMS = 1.1–5.1%).

A sampling campaign, including 15 wells and 2 
springs, was performed in November and December 
2021 (Fig. SM2 in the ESM). Data were also used from 
seven additional groundwater samples from the Albera 
range and its fault zones (3 wells and 1 spring) and from 
the deeper layers of the Muga fluvio-deltaic deposits 
(3 wells), representing potential recharge and discharge 
areas, respectively, of the hydrogeological system that 
includes the Vilajuïga water (Soler et al. 2014; Mas-Pla 
et al. 2016a). Well depths are usually larger than 40 m, 
and most of them reach 100–120 m from the surface (refer 
to Table SM1 in the ESM), with the exception of well 
GAR05 (460 m depth).

Physico-chemical parameters (pH, Eh, electrical con-
ductivity (EC), dissolved oxygen (DO), and temperature) 
were measured in situ with a flow cell to avoid contact 
with the atmosphere. Samples were stored at 4 °C in a 
dark environment for subsequent analyses of the hydro-
chemical parameters in the laboratory. Hydrochemical 
and isotope data were analysed by external laborato-
ries using certified standard methods (Laboratori Dr. 
Oliver Rodés; SIDI-Universidad Autónoma de Madrid; 
Servei de Datació per Triti, Universitat Autònoma de 
Barcelona; Beta Analytic, Inc.). Isotopic data (δ18O and 
δD) of water samples are expressed in terms of the per 
mille deviation of the isotope ratio of the sample rela-
tive to that of the V-SMOW standard. δ13C data are also 
expressed in terms of per mille deviation of the isotope 
ratio of the sample relative to VPDB standard. Radio-
carbon results were obtained on the dissolved inorganic 
carbon (DIC) and are reported as percent modern car-
bon (pMC).  CO2 partial pressure and saturation indices 
were calculated using PHREEQC (Parkhurst and Appelo 
2013). The entire hydrochemical and isotopic dataset is 
provided as ESM.
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Results

Main hydrogeological units: lithologies 
and structural features

Based on the geological maps from ICGC (2001, 2013; 
redrawn in Fig. 2), the hydrogeological units related to the 
hydrogeological system associated to the Vilajuïga water 
are as follows:

– Hydrogeological unit in metamorphic rocks. Mainly located 
in the Albera range and in the northern slope of the Rodes 
range. At the Albera range, west of La Valleta fault, the met-
amorphic sequence is dominated by Cambro-Ordovician 
and/or Neoproterorozoic greywackes, pelites and arenites 
with small intercalations of calcareous and volcanic rocks. 
Metasedimentary lithologies (schists, shales and marbles) 
are fairly uniform throughout the whole region. The meta-
sedimentary sequence preserves a continuous low-pressure, 
high-temperature prograde metamorphism from SE to NW. 
From low to high metamorphic grade, the chlorite-musco-
vite, biotite, andalusite-cordierite, sillimanite and migmatite 
zones can be progressively distinguished (Vilà et al. 2007). 
At the Rodes range, east of La Valleta fault, the sequence 
of metasedimentary rocks is interrupted by leucocratic 
pegmatites in the form of dykes or irregular masses with 
dimensions to tens to hundreds of meters. Major minerals in 
the pegmatites are quartz, K-feldspar, albite, muscovite, gar-
net, tourmaline, beryl, Li-phosphate, and apatite (Alfonso 
and Melgarejo 2008). From a hydrogeological perspective, 
these rocks are of low hydraulic permeability with a poros-
ity related to schistosity and the multiple sets of fractures 
associated with these high deformation areas. Furthermore, 
the lithological heterogeneity of this unit and its complex 
structure determine areas of distinct hydrogeological behav-
iour that may result in some confinement at depth. Due to 
the difficulty of tracing its internal structure, it is hydrauli-
cally considered as a continuous, rather homogeneous unit, 
at regional scale. Its recharge is mainly attributed to rainfall 
with no lateral flows from nearby units.

– Hydrogeological unit in igneous rocks. The Paleozoic 
sedimentary sequence was intruded during the Carbon-
iferous-Permian periods by a large mass of granodiorite 
with quartz, plagioclase (oligoclase), K-feldspar with 
biotite and hornblende, that are cross-cut by dikes with 
associated sulfide mineralization. Oligoclase constitutes 
42% of the granodiorite and has a Na/Ca molar propor-
tion between 9/1 and 7/3 (ITGE 1994b). It forms the 
southern slope of the Rodes range and is overlain by the 
metasedimentary sequence by La Valleta thrust fault. 
Several bands of schists, linked to the intrusion process, 
appear within the granodiorites. Being low permeabil-

ity rocks, porosity is given by the fracture network that 
produces some flow priority directions as indicated by 
several permanent springs at Pau (PAU06) and Palau-
Saverdera (PSV01). Similarly, rainfall is the main origin 
of its recharge.

– Hydrogeological units in recent sedimentary formations. 
Minor units constituted by alluvial and colluvial deposits 
originated at the Albera and Rodes ranges and cover the 
hanging wall block of the Garriguella-Roses fault. Their 
maximum thickness is estimated to be 10–12 m. They are 
unconfined aquifers with medium-high hydraulic con-
ductivity that recharge mainly from rainfall and stream 
flow, yet  they may receive some upward recharge from 
its basement. Laterally, these sedimentary formations 
connect to the present wetland areas of the Aiguamolls 
de l’Empordà Natural Park near the Mediterranean coast-
line. Alluvial and colluvial deposits are of low hydro-
geological relevance at the regional scale and they may 
become dry during the summer months. They neither 
interfere with nor contribute to the hydrogeological sys-
tem linked to the Vilajuïga water.

Tectonic structures are relevant to the groundwater flow 
in the entire system. On one hand, the normal Garriguella-
Roses fault stands as the limit between the Pyrennes and the 
Empordà basin, and its hydrogeological relevance lies in the 
fact that both blocks have metamorphic and igneous rocks, 
so the whole regional flux takes place in these two hydrogeo-
logical units. On the other hand, La Valleta fault continues 
along the plain as indicated by the outcrops of metamorphic 
and igneous rocks among the Quaternary sedimentary for-
mations (Figs. 2 and 3). More importantly, the thrust plane 
of La Valleta fault, with an estimated dip of 5–7°, developed 
over a layer of ampelitic shale which is assumed to be con-
tinuous along the thrust line, as it can be observed in the 
vicinity of Vilajuïga and in well logs.

The  few available wells, especially in the mountainous 
area, do not permit drawing a potentiometric map. As a gen-
eral report, most of the productive wells in the basin area are 
drilled to a depth between 40 and 120 m, the most produc-
tive levels being between 40 and 80 m in depth. Potentiomet-
ric levels usually rise up to 2–5 m below the terrain surface 
according to their owners; moreover, a presently closed well 
was reported to be flowing for a few months after drilling 
with high mineralized water. Boreholes in the igneous rocks 
located in the basin area are mostly unproductive, pointing 
out the occurrence of unweathered rock blocks among the 
fracture network in this hydrogeological unit. Furthermore, 
two wells near the Garriguella-Roses fault in the western 
part of the study area (sampling points GAR05, GAR06; 
Fig. SM2 in the ESM and Fig. 2) exploit water with a high 
hydrogen sulfide gas content similar to the natural  H2S-rich 
spring of Sant Climent Sescebes (SCS32). Well GAR05 has 
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Fig. 2  Geological map of the study area, modified after ICGC (2022)
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been continuously flowing since its drilling in 2005. Finally, 
the potentiometric level at well Grifols (VIL01) was reported 
at 10 m below the surface after the borehole drilling—i.e., 
at 22 m above sea level (asl).

This short summary of the hydrogeological features of the 
area indicates the confined character of the productive zones, 
the occurrence of productive layers at a distinct depth as a 
result of the complex geological structure of the metamor-
phic and igneous rock units, and the relevance of fractures 
in the flow system, specifically in igneous rocks. Regarding 
the role of the Garriguella-Roses fault, (1) wells near it in 
the NW part of the study area produce  H2S-rich waters, (2) 
at the intersection of the Garriguella-Roses and La Valleta 
faults in Vilajuïga,  CO2-rich waters occur, and (3) moving 
in the SE direction, just a few hundred of meters away from 
Vilajuïga, wells and springs located in the igneous rock unit 
close to the fault show no traces of either hydrogen sulfide 
or carbonic acid in their composition.

Local geological features using ERT

Four ERT profiles provide a local view of the geology 
around the Vilajuïga exploitation wells, especially regarding 

the location and structure of the main faults associated with 
its occurrence (Fig. SM1 in the ESM and Fig. 4). ERT-01 
was conducted between the two exploitation wells, Escaire 
and Grifols, and it shows an upper layer formed by colluvial 
deposits (silty sand and gravel; 15–150 Ωm) down to 5–6 
m depth overlying a 7-m-thick layer of a dark sandy clay 
and ampelitic black shale with a high water content (25–60 
Ωm), as described by nearby well logs and directly observed 
in a trench. In the same trench, this shale overlays a drier, 
compact shale unit with a mylonite-like texture. In well Gri-
fols, the ampelitic shales show a maximum apparent thick-
ness of nearly 30 m overlying igneous rocks (granodiorite). 
A detailed observation of a hand sample of the ampelitic 
shale shows fragments of highly crushed black schist with 
fragments as much as 8 mm in size, and secondary gyp-
sum precipitation as a result of pyrite oxidation, which has 
been observed to be unweathered in the trench. This shale is 
included in the Cambro-Ordovician stratigraphic series of 
the Albera range.

The complementary ERT-02, conducted in an E–W direc-
tion just north of well Grifols, identifies the geological con-
tact between the igneous (granite in the eastern part; 40–300 
Ωm) and the metamorphic (schists and slates in the western 

Fig. 3  Geological cross-sections 
of the study area. Locations and 
legend are indicated in Fig. 2
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part; 4–30 Ωm) rocks. Granites are fractured and weathered, 
and the shales present an inner discontinuity with larger 
resistivity (100–200 Ωm). These data are supported by log 
observations from a nearby private shallow well, the water 
of which is slightly sparkling according to its owner, yet the 
well gets dry in summer, due to the recharge seasonality and 
the effect of declining water levels caused by the Vilajuïga 
water exploitation wells. The geological contact, attributed 
to La Valleta fault, has a strong vertical component in this 
shallow ERT profile, which is understood as a local detail. 
ERT-03 identifies the trace of La Valleta fault as a subhori-
zontal geological contact between two lithologies of distinct 
resistivity: schists and shales on the top (25–60 Ωm) and 
granite at the bottom (200–1,200 Ωm). This regional thrust 

plane is continuously identified at 90 m below the soil sur-
face and with a dip between 20 and 40°.

Finally, ERT-04, SE of Vilajuïga, clearly identifies the 
trace of the Garriguella-Roses fault with igneous rocks: 
granite (80–500 Ωm) and its weathering at the surface 
(30–80 Ωm) on the footwall block on the NNE side. Layered 
colluvial deposits (<60 Ωm), undefined on a high-resistivity 
unit attributed to igneous or metamorphic rocks (80–100 
Ωm), appear in the hanging wall block. The fault has a dip of 
60–70° and shows a wide damage zone also identified in the 
ERT profile by a lower resistivity contact. On the footwall 
block, a basaltic dyke (>8,000 Ωm), unknown to date, was 
identified and recognized in the field. The observation that 
the Quaternary colluvial materials present the same inner 

Fig. 4  Electrical resistivity 
tomography (ERT) profiles 
performed in the vicinity of 
Vilajuïga village and close to 
the Vilajuïga water exploitation 
wells. Locations are plotted in 
SM1 in the ESM
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resistance discontinuities suggests a potential deformation 
and a recent minor activity of the Garriguella-Roses fault.

Hydrochemical and isotopic results

The scope of using hydrochemical and isotopic data is two-
fold: firstly, to determine the recharge origin, based on the 
water–rock interaction processes (plus their interaction with 
 CO2) and on stable isotope information; secondly, to esti-
mate the water transit time which, together with the quality 
of the groundwater, may provide some indication about the 
system’s vulnerability to potential changes, whether from 
an intense exploitation by nearby wells or due to climate 
change. The Vilajuïga water sample (code: VIL01), which is 
within the main scope of this study, gets special attention in 
this analysis. Groundwater samples are plotted according to 
the hydrogeological unit to which they belong, with sample 
VIL01 highlighted for clarity.

Groundwater hydrochemistry

The EC value for VIL01 is 2,140 μS/cm, which is twice as 
much as the EC of all samples with values ranging from 207 
to 1,084 μS/cm, except sample GAR02 with an EC of 1,967 
μS/cm, which is closer to VIL01. Nevertheless, while VIL01 
has the largest  HCO3

–,  Na+ and  K+ concentrations, GAR02 
is richer in  Cl– and  Ca2+ (Fig. 5; Table SM2 in the ESM). 
Nitrate content is especially low, usually below 25 mg/L (0.4 
meq/L), except for two samples.

The hydrochemical facies are diverse (Fig. 6). A main 
group of samples (group I) are in the mixed anion area, with 
a major percentage of  HCO3

–,  SO4
2– and  Cl– as well as in 

the mixed area with a variable dominance of  Ca2+,  Mg2+ 
and  Na++K+. Group II has a major  HCO3

– content with a 
significant fraction of  SO4

2–, and a dominant  Na+ content. 
Sample VIL01, with a clear  HCO3

––Na+ facies, jointly with 
samples from the Albera range plus GAR01 and GAR05, is 
close to group II. Sample VIL01 facies, jointly with its high 
EC, neatly reflects the influence of the  CO2 contribution. 
All other samples located in the plain surrounding Vilajuïga 
belong to group I, independently of whether sampling wells 
are drilled in metamorphic or igneous rocks.

Finally, samples from the fluvio-deltaic aquifer plot near 
group I, except sample CST25 which has a Cl–Na facies, yet 
low sulfate and magnesium contents indicate that seawater 
contribution does not fully explain its geochemical features. 
Its closeness to the Delfià-Marzà fault, its depth (72 m), 
and the smell of hydrogen sulfide in the well (also observed 
in samples GAR05, GAR06 and SCS32) suggest that deep 
groundwater fluxes from the basement are recharging this 
sedimentary unit.

A high partial pressure of  CO2 governs the chemistry 
of Vilajuïga water. Considering the  CO2–H2O–CaCO3 

system (Fig. 7), samples cover a wide range of pH values 
(6.44–8.75), with VIL01 being the one with the lowest 
pH (6.44) and the highest free  CO2 (440 mg/L) and, con-
sequently, the highest  CO2 partial pressure (PCO2 = 0.38 
atm; Tables SM2 and SM3 in the ESM). Figure 7 shows 
that most of the samples from wells drilled in igneous 
rocks are unsaturated with respect to calcite, which is 
consistent with the composition of rock-forming min-
erals, among them oligoclase. Consistently, they show 
low  Ca2+ and  HCO3

– concentrations. Unsaturation and 
consistently large PCO2 (0.01 atm) values suggest local-
scale fluxes originated in the nearby Rodes range. Con-
versely, samples from wells located in metamorphic ter-
rains show calcite-saturated conditions and a wide range 
of  HCO3

– values. The occurrence of marble layers and 
veins of reprecipitated calcite are potential sources of 
calcium, and dissolved  CO2 evolution takes place accord-
ing to closed system conditions. Samples from the Albera 
range, sampled in 2014 (Table SM1 in the ESM), plot 
jointly with those from metamorphic rocks in the study 
area, pointing out that they belong to regional flow paths 
that permit soil  CO2 removal, due to longer water–rock 
interaction. pH values larger than 8.0 also reflect acid 
consumption by silicate weathering. Equilibrium is 
rarely attained (Table SM3 in the ESM). VIL01 sample 
is clearly differentiated from the rest of the data as the 
only  CO2-rich water in the dataset. Its high PCO2, above 
usual soil values, indicates its geogenic origin, yet the 
lack of noble gas isotope data does not allow determin-
ing its precise origin, whether mantle or crustal (e.g., 
Ascione et al. 2018; Gilfillan et al. 2019; Karolyté et al. 
2019; Defourny et al. 2022). This high partial pressure 
results in low pH and, therefore, in a high weathering 
capacity under open system conditions.

The Piper plot in Fig. 6 shows that groundwater from 
metamorphic as well as igneous rocks has high  Mg2+ and 
 Na++K+ proportions that restrict  Ca2+ below 50% of the 
cation content. Calcium origin in metamorphic rocks is 
attributed to the occurrence of marbles and calcite veins, 
while in the igneous rocks it is attributed to the oligoclase 
composition (7/3 < Na/Ca < 9/1; ITGE 1994b), although 
cationic exchange with clays may also offset the propor-
tion between these two cations (Fig. 7). The Ca:Na ratio 
for VIL01 is similar to that of two groundwater samples 
from metamorphic terrains—GAR01 and GAR05, the 
latter a very deep (460 m) artesian flowing well—and 
CST25 from the fluvio-deltaic formation, previously 
highlighted because of its potential relation with large-
scale regional flow systems. Magnesium origin is linked 
to the weathering of biotite and hornblende; moreover, 
VIL01 also has an unusual  K+ content (25 mg/L; Table 
SM2 in the ESM) attributed to the K-feldspar, biotite, and 
hornblende weathering in a highly acidic environment.
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Trace elements

The most frequent trace elements of major geochemical rele-
vance detected in groundwater are  B–,  F–,  Li+,  Sr2+ and  Ba2+ 
(Fig. 8; Tables SM4 and SM5 in the ESM), yet arsenic has 
also been detected in six samples with concentrations above 
1 μg/L, but always below the World Health Organization 
threshold limit of 10 μg/L. Indeed, VIL01 has the highest 
values on  B–,  Li+, and  Ba2+ as well as high concentrations of 
 F–, and  Sr2+. According to Hem (1985), fluoride, lithium and 
boron are common elements in pegmatitic rocks, which crop 
out in the area within the metamorphic rock hydrogeological 
unit. It is then relevant that sample VIL01 shows some of the 
highest concentrations of these elements.

Water isotope hydrogeology

Most of the samples from the study region are grouped in a 
small range of stable water isotopic values (Fig. 9), properly 

aligned with the Global Meteoric Water Line (GMWL), and 
VIL01 appears in the lighter limit of this range. The d-excess 
values show deviations from the GMWL, yet there is some 
uniformity around 10‰, consistent with local and present 
rainfall isotopic composition. Data from groundwater in 
igneous-rock wells show higher regularity (only PSV01 
breaks this stability), while those from metamorphic rocks 
have larger variability. VIL01 shows a high d-excess value 
(11.24‰). Interestingly, data from the western part of the 
Albera range from the 2014 survey (DAR11, SCS32 and 
CAN02) show lighter isotopic ratios and larger d-excess val-
ues than samples from the Vilajuïga area, while those from 
the fluvio-deltaic aquifer are also lighter (except CST30) but 
with low d-excess values.

Altitudinal estimations of the samples’ recharge areas 
are based on the altitude-isotopic line determined in the 
nearby Salines range, also located in the Eastern Pyrenees 
about 30 km westward from the study area (Brusi et al. 
2011): Alt (m) = (–2663±191) – (481±30) δ18O, with 

Fig. 5  Relationship between 
electrical conductivity and 
distinct major hydrochemical 
components and a Chloride, 
b Bicarbonate, c Sulphate, 
d Nitrate, e Calcium, and f 
Sodium
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r2 = 0.952. This indicates that most of the recharge takes 
place at altitudes between sea level and 400 m asl. Assum-
ing the sampled wells in the study area have a depth of 
between 40 and 120 m, it can be assumed that they inter-
cept large-scale regional flows that may originate at some 
even higher altitudes, consistent with the nearby orogra-
phy which reaches up to 600 m asl. Conversely, samples 
SCS32 and CAN02 show recharge areas higher than 600 m 
asl, suggesting that their recharge may occur in the west-
ernmost parts of the Albera range where higher altitudes 
are reached (Puig Neulós peak: 1,257 m asl). Samples 
obtained from the fluvio-deltaic aquifer are consistent with 
the recharge altitudes estimated for the study area around 
Vilajuïga: the Albera and Rodes ranges.

With regards to d-excess values, those above 12‰ are 
consistent with re-evaporated water and a certain conti-
nentality effect, which may correspond with the rainfall 
fronts originating in the Atlantic Ocean and that affect 
the Pyrenees, especially in its northern slopes. Con-
versely, samples without high d-excess values are related 
to local Mediterranean rainfall events, or a mixing of 
both with a larger local component. Low d-excess values 
shown by samples from the fluvio-deltaic aquifer layers 
could be associated with paleo-recharge under thermal 
and continental conditions distinct from the present ones 
(Gat 2010; IAEA 2013).

Tritium data from sampled groundwater were compared 
to the rainfall tritium content from 1961. The data were 
taken from the observatories of Avignon (France), Barce-
lona and Girona-Costa Brava Airport (which is located just 
45 km south of the study area) to cover for the entire period 
1961–2015 (GNIP database; IAEA/WMO 2021). Present 
annual tritium content from past precipitation was then esti-
mated using a piston flow method (Fig. 10). Since details of 
the flow system are unknown, and therefore more exhaus-
tive models (e.g., Małoszewski and Zuber 1982) are not 
possible, the piston flow approach is considered appropri-
ate for the Vilajuïga hydrogeological system. Groundwater 
tritium content between 0.1 and 2.5 TU would be related to a 
recharge that occurred after 1980. Nevertheless, while sam-
ples with tritium values below ≈1 TU, among them VIL01, 
can be attributed to a recharge before 1960, no more pre-
cise information could be obtained for samples with higher 
tritium content as they can result from a variety of mixtures 
between pre-modern and modern waters. Obviously, the 
lower the tritium content, the “older” the recharge; yet a 
mixing between “modern” (after 1960) and “old” (before 
1960) water can also be assumed. Finally, tritium was not 
detected in two samples from wells located in the metamor-
phic unit (GAR001, RAB01) and in the wells from the deep-
est accessible layers of the fluvio-deltaic aquifer (CST24 
CST25, CST30).

Fig. 6  Piper plot of the ground-
water samples, differentiating 
those from the distinct hydro-
geological units
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Carbon isotopes on DIC

Inorganic carbon stable isotopic data (δ13C) from eight sam-
ples, selected by their lower tritium content, offer a large 
range of results distributed along the usual groundwater 
range of –16 and –12‰ δ13C values and increasing with 
their  HCO3

– content, with the VIL01 sample having the 
heaviest δ13C and the highest alkalinity (Fig. 11; Table SM6 
in the ESM). In this case, hosting rocks are mainly formed 
by silicate minerals, and these δ13C values will later be dis-
cussed in terms of geochemical processes. Sample VIL01, 
the only one that portrays the influence of a high PCO2 in its 
composition, shows a δ13C value of –3.3‰, pointing out a 
geogenic carbon contribution set at δ13C values between –8 
and –2‰ (Clark and Fritz 1997; Carreira et al. 2008).

Radiocarbon activity,  A14C, of these selected samples 
show low values (mean 19.5±6.2 pmC), and many of them 
lower than 10 pMC (Fig. 11; Table SM6 in the ESM), 

indicating that the samples are mainly “old” groundwater. 
Uncorrected ages are in most cases meaningless, as pro-
cesses affecting the initial radiocarbon activity  (Ao

14C), 
such as fractionation, calcite dissolution or geogenic 
carbon addition, influence most of these samples. These 
considerations are addressed in detail in the ‘Discussion’ 
section.

Geothermometry

Attempts to estimate subsurface temperatures involve the use 
of several geothermometers—based on the assumption that 
waters are in equilibrium with certain minerals at the point 
of capture, that groundwater preserves its chemical char-
acteristics during the ascent to the surface, and that minor 
or null mixing of groundwater from distinct origins occurs 
during sampling. Among the different existing geochemical 
relations for estimating temperature in origin, those based on 

Fig. 7  Plots of the  CO2–H2O–
CaCO3 hydrochemical system. 
Although calcite is not a major 
mineral in the study area, these 
plots identify the effect of 
degassing  CO2 in the Vilajuïga 
water compared to other areas 
without the gas influence, and 
its effect on silicate dissolution 
(mainly plagioclase); a pH–
Bicarbonate, b pH–Calcium, c 
log  CO2 Partial Pressure–Cal-
cium, and d pH–log  CO2 Partial 
Pressure
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the Na/K and K/Mg ratios (Giggenbach 1988) are the ones 
used in this study (Fig. SM3 and Table SM7 in the ESM).

Groundwater temperatures around 15 and 118 °C were 
estimated by the K/Mg geothermometer, with VIL01 

showing a temperature of 14.7 °C (Table SM7 in the ESM). 
On the opposite end, calculated temperatures by the Na/K 
ratio were extremely high and variable, with temperature 
in samples from metamorphic rocks varying between 

Fig. 8  Trace element concen-
trations in the groundwater 
samples: a Bromide, b Fluoride, 
c Lithium, d Barium, and e 
Strontium, expressed as their 
relationship with Chloride

Fig. 9  Stable water isotopes 
data: a δ18O-δ2H in reference to 
the global meteoric water line 
(GWML), b the d-excess value 
vs. δ18O, and c the estimated 
recharge altitude after the alti-
tudinal isotopic line vs δ18O as 
defined by Brusi et al. (2011)
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70–130 °C, reaching higher values of 160–220 °C for sam-
ples in igneous lithologies. Using both, VIL01 got tempera-
tures of 14.6 and 187.6 °C, respectively. In the Giggenbach 
ternary plot (Fig. SM3 in the ESM), all samples lay within 
the field of immature waters, below the arbitrary line cor-
responding to a maturity index of 2.0, which indicates a low 
degree of rock–water equilibrium in the reservoir (Romano 
and Liotta 2020). Such discrepancies are likely to be attrib-
uted to uncertainties of geothermometers in natural water, 
where equilibrium has not been attained and additional pro-
cesses such as mixing or, for instance, cation exchange, do 

not meet the assumptions of the approach. Moreover, the 
lack of water-stable-isotope data right of the GMWL (δ18O 
enrichment) suggests that water–rock interaction has not 
occurred, neither in the context of a geothermal system nor 
at high temperatures (Fig. 9; Gat 2010). Low pmC values 
and detectable tritium also support the idea of the mixing of 
distinct waters within this system.

Since no thermal activity has been identified in the area, 
the lowest range of values given by the K/Mg ratio with a 
mean temperature of 56.7±5.8 °C was taken as the most 
appropriate. Using a geothermal gradient of 32  °C/km 

Fig. 10  a Tritium content in 
groundwater samples compared 
to the atmospheric tritium 
content since 1960 (GNIP 
database; IAEA/WMO 2021), 
and its actual concentration in 
2020 according to a piston flow 
model. b Plot provides a large 
detail of the 2010–2020 period 
when sampling was conducted

Fig. 11  Radiocarbon activity 
 (A14C), δ13C values and  HCO3

– 
concentration using the plotting 
guidelines by Han et al. (2012) 
to evaluate predominant geo-
chemical processes occurring in 
groundwater systems for radio-
carbon dating: a 1/[HCO3

–] vs 
δ13C, b δ13C vs  A14C, and c 1/
[HCO3

–] vs  A14C
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(ICGC 2022), an increment between a mean atmospheric 
temperature of 15 °C and an estimate of 50 °C, the likely 
depth attained by the groundwater flux, was less than 1 km 
below the surface.

Discussion

Recharge zone and groundwater flow paths

According to the orography and geology of the area, a 
recharge zone that contributes to the Vilajuïga spring is 
limited to the Albera and Rodes ranges, and its altitude is 
defined by the stable water isotope content below 600 m 
asl. The recharge zone mapped in Fig. 12 covers an area 
of 45  km2 and it is consistent with the regional geomor-
phology providing a plausible interpretation of the flowing 
well GAR05 and other high-potentiometric-level boreholes 
drilled in the study area. This implies that infiltration reaches 
deep parts of the hydrogeological system that behave as con-
fined aquifers. Its limits are defined by the complex structure 

of the metamorphic rocks, as well as the distinct sets of frac-
tures in both the metamorphic and igneous formations. The 
maximum depth attained by such flow lines is difficult to 
determine due to the geothermometry returning uncertain 
results, but it is hypothesized that it could likely reach a 
few hundred meters. The estimated depth of 1 km based on 
temperature data is considered as the highest potential depth 
given the regional geological framework.

Such proposed groundwater flow paths must consider the 
role of the two main fractures of the zone and explain their 
influence in the overall flow field, as well as on the singular 
occurrence of the Vilajuïga water in particular. The geologi-
cal sequence of the present tectonic setting is described in 
Fig. 13, which points out that the crossing of both structural 
elements creates an intense fractured spot that ends up cre-
ating a zone of larger hydraulic conductivity. Indeed, the 
damage zone along the Garriguella-Roses fault plane has 
a vertical displacement of several hundred meters. There-
fore, the igneous rocks in the footwall block (on the Pyr-
enees side) will be in contact with the metamorphic rocks 
of the hanging wall block (on Empordà basin side), along 

Fig. 12  Main flow lines from 
the Albera and Rodes ranges 
and estimated recharge area for 
the Vilajuïga water (VIL01). 
General geological information 
can be obtained from Fig. 1
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a wide strip as depicted by Fig. 13e. The contrast between 
the mechanical properties of both lithologies enhances the 
intensity of the fractures along the plane, with hydrogeo-
logical consequences. In particular, it connects the surface 
with confined aquifer zones existing at depth, as revealed by 
field observations of flowing artesian wells and high poten-
tiometric levels. With regards to La Valleta thrust, the role 
of the ampelitic shale layer that acts as the plastic décolle-
ment material is relevant, as it defines a lithological ramp 
of low permeability that controls the regional flow field as 
described later in this section.

Considering the Garriguella-Roses fault, the high 
hydraulic permeability zone that develops along its fault 
plane, permits the discharge of  H2S-rich waters in its NW 
reach, and  CO2-rich waters in Vilajuïga. The main pro-
cesses of hydrogen sulfide formation are assumed to be 
bacterial sulfate reduction. Bacterial sulfate reduction uti-
lizes  SO4

2– present in waters from pyrite oxidation. Sulfate 
reduction takes place in the presence of organic matter, 
producing  HCO3

– and  H2S. The process of bacterial sulfate 
reduction occurs at a lower temperature range: 60–80 °C. 
In general, this process does not apply to those gases 
where the hydrogen sulfide content exceeds 5% (Appelo 

and Postma 2005; Matyasik et al. 2018). Indeed, meta-
morphic rocks, with the reported occurrence of sulfides 
(pyrite, chalcopyrite, arsenopyrite, etc.; ITGE 1994a, b) 
and the ampelitic shales that contribute along with organic 
matter are appropriate hosts for  H2S-rich springs (SCS32) 
or wells (GAR05, GAR06). Conversely,  CO2-rich water 
only outcrops at Vilajuïga, indicating a deep gas source 
that feeds groundwater at a single point or in a small area 
around Vilajuïga. It is hypothesized that the intersection 
of the two main faults (La Valleta and Garriguella-Roses) 
provides the necessary damage intensity in the fault plane 
to let the gas flow reach near-surface levels (Barros et al. 
2021). This crossing also separates the NW part of this 
fault with the necessary conditions for  H2S-rich ground-
water from the SE reach, mainly composed of igneous 
terrains, where feldspar dissolution will dominate and no 
evidence of  CO2-enriched geochemistry is found. At the 
crossing of both structures,  CO2 emanations highly alters 
the original groundwater composition.

The geochemistry of the Vilajuïga water (VIL01) is a 
mix of hydrogeological facies consistent with the weathering 
of metamorphic rocks (Fig. 6), with features correspond-
ing to igneous rocks and pegmatitic bodies (Figs. 6 and 8). 

Fig. 13  Block diagrams of the 
evolution since the Variscan 
orogeny of the structural setting 
of the Vilajuïga area in four 
steps (a–d). Diagram (e) rep-
resents the different lithologies 
on each side of the Garriguella-
Roses fault that, because of their 
distinct mechanical behaviour, 
create a particular zone of 
intense damage along the fault 
plane that facilitates  CO2 degas-
sing and the emergence of the 
Vilajuïga water
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Nevertheless, high PCO2 increases the alteration rates and, 
therefore, modifies VIL01 hydrochemical characteristics 
in comparison with nearby samples. A proposed concep-
tual model for the Vilajuïga water flow field is portrayed in 
Fig. 14, which distinguishes two groundwater contributions 
with the first being that of the metamorphic rocks, recharged 
at the Albera range (blue arrows in Fig. 12), which move 
upwards according to the ramp formed by the ampelitic 
shales. This layer has an apparent thickness of up to 30 m, as 
reported by well logs, and is of very low hydraulic conduc-
tivity, as observed in the outcrops of a large-diameter exca-
vation (Espai Misteri; Fig. SM1 in the ESM) in the vicinity 
of the Vilajuïga water producing wells. A second contribu-
tion originated in the Rodes range, consisting of igneous 
rocks (orange arrows in Fig. 12) which move towards the 
Garriguella-Roses fault and flow below La Valleta thrust. At 

depth, both flows mix and are affected by  CO2, modifying 
its geochemical features at the specific location where gas 
moves towards the surface. This conceptual model consid-
ers that the damage zone creates an area of higher hydraulic 
conductivity that allows for deep groundwater flow, prob-
ably in confined aquifers, and reaches the surface, similar 
to a piezometer. The Garriguella-Roses fault is not seen as 
a barrier that forces an upward groundwater flow from the 
mountain range, impeding its continuity to the basin block. 
Indeed, the coexistence of two lithologies on each side of 
the fault in its upper part (Fig. 13) increases the connectiv-
ity, and the occurrence of igneous rocks on both sides of its 
lower part does not impede groundwater flowing through it.

Main cultivations (2,805 ha of total crop area; IDESCAT 
2021) are cereals and forage (49.8%), vineyards (33.0%), 
olive groves (15.9%) and others (1.3%), which means that 

Fig. 14  Hydrogeological conceptual model of groundwater mixing in the vicinity of Vilajuïga considering the intersection of the two major 
tectonic elements: La Valleta and Garriguella-Roses faults. The distinct flow paths within the metamorphic and igneous rock aquifers are shown.
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intensive fertilizer use (manure) only applies to half of the 
cultivated area. This is the reason why nitrate content is 
especially low, usually below 25 mg/L (0.4 meq/L), except 
for two samples. It also suggests that groundwater flow from 
recharge areas, located in the Albera and Rodes ranges with 
no agricultural land, is dominant in most wells, and in par-
ticular, it does not present a hazard for the Vilajuïga water 
quality. Nevertheless, low Eh values (Table SM2 in the 
ESM) in some wells is associated with nil nitrate values, 
indicating that potential denitrification environments may 
delete any trace of nitrogen inputs from the land surface.

Governing geochemical processes

At first glance, the sodium-bicarbonate hydrochemical facies 
of Vilajuïga water (Fig. 6) indicates the dominant role of the 
high PCO2 with its high alkalinity. With regards to sodium, 
oligoclase dissolution in igneous rocks would offer such high 
 Na+ content. However, stability diagrams point out that soil 
samples from metamorphic and igneous rocks lie on the 
boundary between Na-montmorillonite and kaolinite, sug-
gesting that sodium richness is somehow characteristic of 
both of them and that their dissolved  SiO2 content is similar, 
as a result of silicate weathering (Fig. 15). Therefore, min-
eral-forming metamorphic rocks also produce  Na+ ions dur-
ing weathering under closed system conditions (Railsback 
1993), indicating that recharge takes place in both terrains, 
as postulated by the flow conceptual model. Furthermore, 
magnesium richness of about 30% of the cation molar mass 
(Fig. 6) is attributed to the dissolution of biotite and horn-
blende in igneous rocks, as well as of biotite, hornblende, 
muscovite and chlorite in metamorphic rocks, supporting the 
fact that groundwater samples from either hydrogeological 
unit have a similar hydrochemical facies.

Finally, local  CO2 geogenic contribution in Vilajuïga 
alters the whole hydrochemical composition of the mixing 
between groundwater from both recharge areas. It produces 
a re-equilibrium of the existing dissolved species, plus a 
higher weathering action due to a low pH in expected open 
system conditions (VIL01 pH = 6.44; Fig. 7). This higher 
capacity will mainly affect Na-feldspar (oligoclase), as 
pointed out by the large  Na+ content in solution.

The most frequently identified trace elements are  B–,  F–, 
 Li+,  Sr2+ and  Ba2+, represented in Fig. 8 in relation to chlo-
ride as a conservative ion. The VIL01 sample has the highest 
values of boron, lithium and barium ions, as well as high 
values of fluoride and strontium in relation to the whole 
set of samples. Fluoride, lithium and boron are abundant 
in pegmatitic rocks (Hem 1985). In pegmatites, minerals 
such as hornblende, micas and apatite may have  F–-replacing 
hydroxyl groups. Boron is associated with tourmaline and 
biotite, and minerals that contain lithium are also common in 
pegmatites, although at trace concentrations, and it usually 

remains in dissolution after the alteration of the mineral. It 
is therefore illustrative that the abundant elements in the 
VIL01 sample are associated with pegmatites and that, 
except in the case of GAR01, they do not appear with high 
concentrations at any other sampling point in the study area. 
Pegmatites present relevant intruded bodies in the metamor-
phic rocks cropping out on the northern slope of the Rodes 
range (Fig. 2), yet their distribution in depth is unknown. 
Nevertheless, the abundance of lithium and boron permits 
tracing the groundwater flow exploited by well VIL01 back 
to these pegmatitic masses, extending the recharge zone 
beyond the hydrographic divide (Fig. 12) and, because of 
their occurrence in well GAR01 as well, supporting that the 
Garriguella-Roses fault does not act as a barrier for ground-
water fluxes towards the Empordà basin.

The presence of another trace element,  Ba2+ is generally 
controlled by the dissolution of barite  (BaSO4), which is 
usually found in medium- and low-temperature hydrother-
mal dykes with accompanying metal sulfides, as is found in 
the Les Gavarres range (Roqué and Pallí 1994). Barium also 
appears in small amounts in the feldspar structure replacing 
potassium, calcium or sodium. Again, VIL01 and GAR01 
show similar  Ba2+ concentrations, as much as four times 
the usual value, pointing out that despite being located in 
distinct hydrogeological units, the Garriguella-Roses fault 
permits groundwater flow through it. Strontium usually 
replaces calcium or potassium in minerals of felsic igneous 
rocks (e.g., granodiorites); although, in the study samples, 
the highest concentrations of strontium, including that of 
VIL01, are associated with samples of wells drilled in meta-
morphic rocks. This is attributable to the cation exchange 
capacity of smectites, such as montmorillonite (a product of 
silicate minerals weathering), with strontium ions available 
(Deer et al. 2013). With regards to strontium, VIL01 relates 
more to samples in the metamorphic rock unit than to those 

Fig. 15  Na-stability diagram of silicate weathering
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in the igneous rock unit, sustaining the mixing described by 
the conceptual model for the Vilajuïga water.

Dating Vilajuïga groundwater

Tritium content indicates that samples with TU < 1, including 
VIL01, represent a mixing of groundwater recharged during the 
prebomb era (i.e., before 1960) with some contributions from 
most recent recharge inputs. Otherwise, samples with TU > 1 
were recharged any time after 1960 or they are a mixture of 
flow lines with distinct transit times (Fig. 10). This interpreta-
tion is consistent with the proposed conceptual model. Moreo-
ver, the fact that some samples are tritium free (0.0 TU), espe-
cially those located at the fluvio-deltaic formation, representing 
the regional discharge of the hydrogeological system, indicates 
the large magnitude of the overall hydrogeological system and 
that other dating methods, such as radiocarbon, are needed to 
estimate Vilajuïga groundwater age.

Within silicate hosting rocks, groundwater carbon sources 
in all samples, except VIL01, derive from soil  CO2, so the 
biogenic pole (δ13CCO2 = approx. –23‰) dominates. Since 
no major contributions of calcite dissolution are expected, as 
reflected by the low  Ca2+ content for most of the analysed sam-
ples (Fig. 7), the recharging dissolved inorganic carbon stable 
signature (δ13CREC) will be close to that of the soil  CO2 under 
closed system silicate weathering conditions (Clark 2015). 
Nevertheless, some decrease of the δ13C content is observed, 
which is attributed to different feasible processes: isotopic frac-
tionation under early open system stages, dissolution of calcite 
re-precipitated in veins or from the marble units embedded in 
the metamorphic rock series, or to both processes concurrently. 
Accepting that calcite contribution will take place at depth, 
recharge δ13C will be close to the initial δ13CCO2. Therefore, 
the dilution estimation factor, q, was defined by Pearson (1965) 
and Pearson and Hanshaw (1970), as

(1)q =

δ
13Csample − δ

13Ccal

δ13CREC − δ13Ccal

and this can be applied using δ13CREC  =  –23‰, 
δ13Ccal = +2‰. Isotopic C values and dilution factors are 
listed in Table 1. For the VIL01 sample, with a geogenic 
carbon contribution, δ13Crock is substituted by the δ13C value 
resulting from the contributions of magmatic  CO2 and cal-
cite dissolution. Assuming a geogenic gas contribution frac-
tion of 0.65 (δ13Cgeo= –3‰) and a calcite fraction of 0.35, 
a δ13C value of –1.25‰ will be used in place of the mineral 
pole, while recognizing that groundwater dates in cases with 
a high geogenic carbon contribution must be cautiously con-
sidered (Clark 2015).

Figure 11 is drawn following the guidelines given by Han 
et al. (2012) as a means to evaluate geochemical processes 
involved in groundwater radiocarbon dating. In detail, PAU1 
represents a sample that preserves a δ13C value close to the 
atmospheric  CO2, a low  HCO3

– content and relatively mod-
ern water  (A14C = 54 pmC) consistent with water infiltrating 
in igneous rock terrains. All other samples can be grouped: 
(1) wells GAR005 and SCS32 (blue squares) are the result of 
a low contribution of mineral carbon (i.e., from calcite dis-
solution), and their low  HCO3

– content shows consistently 
low PCO2 values (Fig. 7) and large residence times; and (2) 
wells GAR01 and GAR02 from metamorphic terrains lie in 
the areas of the Han diagrams corresponding to the effect of 
weathering of silicates; therefore, there are no reactions with 
carbonates, nor radiocarbon decay. Finally, sample VIL01 
lies near the line that represents a mixing between two inor-
ganic carbon sources, namely soil  CO2 and geogenic  CO2, 
plus radioactive decay of the former.

Corrected radiocarbon ages distinguish two groups after 
the use of the dilution factor q (Table 1),

1. Groundwater samples with ages older than 10 ka years 
BP, especially GAR01 and GAR05, also including sam-
ples with no tritium content from the regional discharge 
area—CST24, CST25 and SCS32. The latter, with a 
very low tritium value, points out some minimum mix-
ing with recent recharge. GAR05 belongs to the deepest 
well in the area (460 m) and it clearly represents a deep 

Table 1  Tritium and carbon 
isotopic values for groundwater 
dating

a Tritium values have a precision of ±0.1 TU, even for those values reported as 0.0 TU by the lab

Code Tritium A14C Error (±) δ13C Factor q Corrected age
(TU)a (pMC) (pMC) (‰) (%) (Years BP)

GAR01 0.2 5.94 0.06 –15.6 70.40 20,439
GAR02 0.1 35.50 0.13 –12.1 56.40 3,827
GAR05 0.0 9.30 0.1 –19.6 86.40 18,426
PAU01 0.3 53.97 0.2 –16.2 72.80 2,474
VIL01 0.7 3.61 0.05 –3.3 9.43 7,933
CST24 0.0 16.70 0.1 –14.3 65.20 11,260
CST25 0.0 7.80 0.1 –13.0 60.00 16,866
SCS32 0.05 23.10 0.1 –18.9 83.60 10,633
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part of the hydrogeological system. GAR01, on the other 
hand, is the oldest water sampled, only at 60 m depth, 
and takes advantage of the ramp created by La Valleta 
thrust which brings deep groundwater recharged in the 
Albera range along flow paths upward to the surface 
(Fig. 12).

2. Groundwater samples with ages younger than 10,000 
years BP, among them VIL01. Samples GAR02 and 
PAU01 also indicate the same mixing from the recent 
recharge. GAR02, located in a similar geological set-
ting as GAR01, captures more surficial, and therefore 
modern flow lines. PAU01, hosted in igneous rock, rep-
resents the recharge in the Rodes range with a shorter 
pathway and, consequently, a younger age. Vilajuïga 
water (VIL01) has an approximate age of 8,000 years 
BP. Because of its tritium content (0.7 TU), it is inter-
preted as a mixing between the deep flow lines inter-
cepted by well GAR01 and the recharge from the Rodes 
range identified at well PAU01. Such mixing is consist-
ent with the previous hydrogeological analysis and sup-
ports the idea that VIL01 is indeed a combination of 
recharge areas, whose hydrochemistry has been altered 
by the input of geogenic  CO2. The VIL01 radiocarbon 
age is a midvalue between older (GAR01) and younger 
(PAU01) recharges, which is consistent with the concep-
tual model. In this context, the dilution factor estimated 
for this sample looks reasonable despite the assump-
tions, yet the absolute age value must be taken with pru-
dence.

Resilience and vulnerability of the Vilajuïga 
hydrogeological system

The singularity of a hydrogeological system, such as the 
Vilajuïga water, reflects a natural dynamic that may be 
affected by several human and environmental pressures or 
perturbations that modify the flow rate, the chemical com-
position of the resource, or its economic and heritage values. 
Up to now, periodic analysis of the Vilajuïga water hydro-
chemistry does not show any alteration of its original quality. 
Nevertheless, under the new scenario of water scarcity due 
to climate change in the Mediterranean regions (MedECC 
2020), it is worth rethinking the effect of potential distur-
bances on this system. In this exercise, resilience is under-
stood as the capacity of a system to respond to a pressure 
by resisting damage and recovering quickly; in other words, 
resilience refers to the chances that a system in a state of 
failure will return to a nonfailure state. Vulnerability is a 
term used to represent the natural ground characteristics that 
determine the ease with which a groundwater system may be 
altered by human activities, and it provides measures regard-
ing the likelihood of failure due to such pressures (Rodak 
et al. 2013).

According to MedECC (2020), aquifer recharge will be 
strongly impacted by climate warming and reduced rain-
fall. Overexploitation of groundwater is likely to develop, 
having a greater impact on decreasing groundwater levels 
than climate change. Impacts on water resources of global 
warming levels higher than 1.5–2 °C by the end of the 21st 
century will be significantly stronger, substantially increas-
ing the probability of more extreme and frequent droughts. 
An evaluation of climatic conditions in the Catalan coast 
foresees an increment of 1.4 °C of temperature and a rain-
fall decrease of 8.3% by 2050 (Calbó et al. 2016). Based on 
these predictions, Mas-Pla et al. (2016b) estimated the avail-
able water resources for each basin in Catalonia for Horizon 
2050, based on a mass balance approach. For the Albera 
and Rodes ranges’ watersheds, the ratio between available 
resources and predicted rainfall is presently 0.218, and it will 
be 0.173 by 2050. Considering that the present mean rainfall 
is 531 mm (2000–2015), foreseen rainfall will decrease to 
487 mm, and resources will be at 73% of the present ones, 
with a loss of 31 L/m2 of available resources, including both 
surface water and groundwater.

Based on this estimation, and assuming that recharge var-
iation will be of the same order of the overall predicted water 
resources decrease, one is dealing with a hydrogeological 
system at a regional scale with a fractured porosity network 
and a long transit time (ca. 8,000 years). The time constant 
τc for an aquifer is defined as the time necessary for the 
effects of a change, such as a modification of the recharge, 
to achieve a permanent or balanced regime (Domenico and 
Schwartz 1998), and expressed by τc = Ss L2/K, where Ss is 
the storage coefficient, L the length of the domain, and K is 
the hydraulic conductivity. For the Vilajuïga water hydro-
geological system with K =  10–6 m/s, Ss = 5 ×  10–4, and L 
between 6 and 8 km, the time constant value is 600–1,000 
years, depending on the value of L. This means that a dimin-
ishing recharge will permanently influence potentiometric 
heads at the discharge area after several centuries. Therefore, 
no significant modifications of the regional flow field, and 
eventually to its water geochemistry, are envisaged because 
of environmental changes, compared to those derived from 
new climatic scenarios. In this sense, the system behaves as 
resilient and of low vulnerability in the face of these pres-
sures. Nevertheless, an increase in groundwater withdrawal 
rates or pollution in nearby areas within the radius of influ-
ence of the production wells will threaten its vulnerability. 
To date, current exploitation rates do not present any threat 
to the quality of the Vilajuïga water since its hydrochem-
istry has remained uniform for the last 100 years. Further 
development within the delineated recharge area should 
prevent potential damage and restrict itself from affecting 
the economic, as well as the patrimonial values of this sin-
gular groundwater source. Despite the possible variance in 
vulnerability, it is postulated that the deep nature of the flow 
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field, the fact that it develops at a large scale under con-
fined conditions, and the geogenic nature of  CO2 safeguard 
the dynamics of the system and keep its resilience within 
acceptable levels. The time constant value for a pressure 
occurring at a distance of 1 km from the production well is 
nearly 20 years, which means that a progressive decline of 
the potentiometric head due to intense pumping (assuming 
that the cone of depression is smaller than this distance) will 
take almost two decades to be noticed at the well; yet, if the 
impact occurs, it will take a similar time to recover after the 
pressure has been removed. Each pressure, of course, will 
need its own risk assessment, but the time factor provides 
an initial measure of the magnitude of the tragedy. Given 
the aforementioned economic and heritage value, continu-
ous monitoring is necessary to track changes and anticipate 
impacts in spite of the system’s tolerable resilience.

Conclusions

The hydrogeological conceptual model of the  CO2-rich 
natural water of Vilajuïga (NE Catalonia, Spain) relates the 
water’s occurrence and unique quality to (1) a peculiar tec-
tonic environment characterized by the intersection of two 
distinct structures, and (2) the upward flow of geogenic  CO2 
at this specific location that determines the final geochemis-
try of the Vilajuïga water.

In synthesis, the origin of the Vilajuïga water reflects the 
sum of diverse geological factors. The La Valleta thrust fault, 
developed after a layer of ampelitic shales, allows an upward 
groundwater flow within the metamorphic rock hydrogeo-
logical unit with the recharge area located on the Albera 
range. Such discharge meets another groundwater flow gen-
erated at the igneous-rock aquifer formation of the Rodes 
range in the vicinity of the Garriguella-Roses fault, where 
both mix and interfere with the occurrence of geogenic  CO2. 
The conceptual model proposes that the distinct mechanical 
behaviour of the existing lithologies in each block of the 
Garriguella-Roses fault produces a major damage zone in 
the intersection with La Valleta fault that explains the lim-
ited spatial occurrence of the Vilajuïga water. The overall 
recharge area extends along the Albera and Rodes ranges at 
elevations below 600 m asl.

Despite both hydrogeological units having distinct 
lithologies, their hydrochemical facies do not differ as 
dominant silicate minerals are similar. Indeed, ground-
water samples show a varied composition with different 
percentages of anions  (HCO3 >  SO4 > Cl) and cations 
(Na > Ca ≈ Mg). Noticeably, the effect of degassing  CO2 
only affects the Vilajuïga water, as no other groundwater 
samples show such a clear  HCO3–Na facies, which is an 
indicator of the extremely localized occurrence of  CO2 
across the study area. Trace elements (B, F, Li), resulting 

from the dissolution of pegmatitic rocks, differentiate 
Vilajuïga water from the rest of samples and it points 
towards its relationship with deep flow paths (<< 1 km) 
within the hydrogeological units. Nevertheless, the Garri-
guella-Roses fault does not act as a barrier that facilitates 
an upward groundwater flow. Conversely, its damage zone 
acts like a borehole (i.e., a narrow zone of high hydraulic 
conductivity) that permits the flowlines of deep ground-
water to be captured by the exploitation wells.

Radiocarbon dating of Vilajuïga water requires some 
geochemical considerations due to the occurrence of geo-
genic carbon. After correction, a plausible age of 8,000 
years BP is estimated. Tritium content in the Vilajuïga 
water sample indicates mixing between older water, as that 
in well GAR01, and younger contributions originated in 
the Rodes range.

The availability of the hydrogeological conceptual 
model facilitates the evaluation of the vulnerability and 
resilience of this specific  CO2-rich natural groundwater 
that is potentially confronted with climate change or con-
flicts with increasing groundwater exploitation in the area. 
In this sense, the large spatial (also in depth) and temporal 
scales involved in the occurrence of the Vilajuïga water 
makes it resilient to a recharge decrease due to future cli-
matic scenarios and low vulnerability to intensive pumping 
occurring at distances larger than 1 km from the exploita-
tion well. Given its heritage value as rare groundwater in 
the southern slope of the Eastern Pyrenees, purposeful 
monitoring is thus necessary to track changes, anticipate 
impacts, and avoid risk.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10040- 023- 02601-0.
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