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ABSTRACT

Geochemical and isotopic studies have been undertaken to assess the origin of CO,-rich waters issuing in the
northern part of Portugal. These solutions are hot (76°C) to cold (17°C) Na-HCOj; mineral waters. The 3*°H and
5'80 signatures of the mineral waters reflect the influence of altitude on meteoric recharge. The lack of an
"80-shift indicates there has been no high temperature water-rock interaction at depth, corroborating the results
of several chemical geothermometers (reservoir temperature of about 120°C). The low '*C activity (up to
9.9 pmC) measured in some of the cold CO,-rich mineral waters (total dissolved inorganic carbon) is incompat-
ible with the presence of *H (from 1.7 to 4.1 TU) in those waters, which indicates relatively short subsurface cir-
culation times. The 8"3C values of CO, gas and dissolved inorganic carbon range between —6%, and —19%, versus
Vienna-Peedee Belemnite, indicating that the total carbon in the recharge waters is being diluted by larger quan-
tities of CO, ("*C-free) introduced from deep-seated (upper mantle) sources, masking the '*C-dating values. The
differences in the &Sr/%6Sr ratios of the studied thermal and mineral waters seem to be caused by water—rock
interaction with different granitic rocks. Chlorine isotope signatures (-0.4%, < 6°’Cl < +0.4%, versus standard
mean ocean chloride) indicate that Cl in these waters could be derived from mixing of a small amount of igneous
Cl from leaching of granitic rocks.
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INTRODUCTION

In mainland Portugal about 50 natural low-temperature
geothermal springs occur all throughout the country. Most
of these thermal waters belong to the Na—HCOz—sulphu-
reous type and issue at temperatures between 20 and
69°C. Their geographical distribution is not uniform
throughout the country. Most sites are located in the nor-
thern part of the Portuguese mainland and are associated
with granitic rocks of Hercynian age.

However, thermal and mineral waters described in this
paper do not belong to the above-mentioned hydrogeo-
chemical facies. They are Na-HCO3;—-CO,-dominated ther-
mal and mineral waters (unusual in the Portuguese
mainland), and should be included in a very special water-
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type occurring at several places over the world, mainly rela-
ted to local and/or regional fault systems. Most CO, dis-
charges are associated with tectonic processes, being
located along zones of increased seismicity (Barnes et al.
1978). A lot of data exist on the present-day CO, emis-
sions from volcanoes, but this is not the case for nonvol-
canic CO, degassing in areas where high CO, fluxes
directly affect local/regional aquifers. Discussions about
the origin of CO,-dominated waters are still controversial,
mainly dealing with the influence of the uprising CO, on
the chemical properties of the circulating groundwaters
and the isotopic interaction between CO, and water (e.g.
Greber 1994; Chiodini ez al. 2004; Siegel et al. 2004).
The geohydrology of the Vilarelho da Raia—Pedras Salga-
das region (Fig. 1) has been the object of several studies
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(e.g. Aires-Barros ez al. 1995, 1998; Marques et al.
2001a,b; Andrade 2003) in order to understand the rela-
tions between the hot (Chaves, 76°C) and cold (Vilarelho
da Raia, Vidago, Pedras Salgadas, 17°C) Portuguese CO,-
rich mineral waters. The aim of this paper is to summarize
the geohydrological investigations performed at Vilarelho
da Raia—Pedras Salgadas region, based on a geochemical
and isotopic approach designed to answer the most com-
mon questions associated with these complex type of
waters, namely: (i) what is the origin of the waters? (ii)
what is the nature of CO,? (iii) what are the main water—
rock interactions occurring at depth?

Increasing knowledge on the local geohydrology is
extremely important to achieve the sustainable use of this
‘invisible’ georesource, contributing to the preservation of
valuable water resources and to the protection of recharge

Variscan granites
a y ;
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b) b) syn-tectonic

—g= Quariz veins
Fault lineaments

=— — Probable fault lineaments

:l Mineral spring
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Fig. 1. Schematic geological map of the Vil-
arelho da Raia-Pedras Salgadas region. After
Sousa Oliveira (1995).

areas. It should be stated that most of the studied CO,-
rich thermal and mineral waters are being utilized for spa
treatments since the Roman settlement in the Iberian Pen-
insula. At the moment they are used both as bottled waters
and recreational resources (spa facilities, tourism, etc.) and
at Chaves in a cascade concept for a swimming pool, and
for heating a hotel and greenhouses.

GEOLOGICAL BACKGROUND

The study area is located in the tectonic unit of Middle
Galicia/Trds-os-Montes sub-zone of the Central-Iberian
Zone of the Hesperic Massif. Sousa Oliveira & Portugal
Ferreira (1996) describe the main regional geological for-
mations: (i) Hercynian granites (syn-tectonic, 310 Ma;
post-tectonic, 290 Ma) and (ii) Silurian metasedimentary
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rocks of the Upper, Intermediate and Lower Peritrans-
montano Group, consisting of a sequence of quartzites,
phyllites and carbonaceous slates.

The youngest rocks are Miocene to Pleistocene graben
filling sediments that are thickest in the central axis of
Chaves Depression. The axis of this graben is oriented
NNE-SSW and is bounded on the east by the edge of
Padrela Mountain escarpment with a 400 m throw. The
western block boundary is formed by several grabens com-
ing from the Heights of Barroso towards the Chaves
Depression.

Thermal and mineral springs are located along a NNE-
SSW active fault system (Fig. 1), the so-called Régua-Verin
Fault Zone, which extends for 200 km and reaches 30 km
depth in the study area. Some authors pointed out that the
spring waters emerge in places where the NNE-SSW and
ENE-WSW subvertical fracture systems intersect (e.g. Bap-
tista ez al. 1993; Sousa Oliveira & Portugal Ferreira 1996).
The flow rate of these springs ranges from 0.25 to
20 m?® day™'. The exploitation flow rates of boreholes are
between 20 and 400 m?® day™'.

In the study area, Baptista et al. (1993) and Sousa
Oliveira & Portugal Ferreira (1996) stated that Chaves is
the only site where the mineral waters issue at high dis-
charge temperature (76°C) most probably because they
emerge within a wide graben (3 km width by 7 km length)
with a thickness of graben filling sediments greater than
250 m. On the other hand, Vidago and Pedras Salgadas
cold (17°C) mineral waters issue in places where the local
geologic structures (small grabens) do not exhibit such
important features. According to those authors, deeper
groundwater circulation is favoured at the Chaves area
because of (i) high relief (tectonic throw), (ii) deep fractur-
ing and (iii) thickness of graben filling sediments.

FIELD INVESTIGATIONS AND METHODS

Water samples for geochemical and isotopic analysis were
collected from rain, shallow cold dilute groundwaters
(spring waters) and from the Vilarelho da Raia, Chaves,
Vidago and Pedras Salgadas CO,-rich thermal and mineral
waters. Rock samples and mineral separates from local geo-
logic outcrops were also analysed for Sr concentrations and
878r /%6Sr ratios. Temperature (°C), pH, Eh (mV) and
electrical conductivity (uS cm™) of the waters were deter-
mined ‘sz sit’. Total alkalinity was measured a few hours
after collection. The following methods were applied for
chemical analyses performed at the Laboratério de Minera-
logia e Petrologia of Instituto Superior Técnico (LAM-
PIST): atomic absorption spectrometry for Ca and Mg;
emission spectrometry for Na, K, Li, Rb and Cs; colori-
metric methods for SiO,, Feoral, F and Al; ion chromatog-
raphy for SO4, NOj3 and Cl; potentiometry for alkalinity,
here referred to as HCO3. The data on free CO, content
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of the thermal and mineral waters were kindly supplied by
the Aguas de Carvalhelhos Company, the Municipality of
Chaves and Vidago-Melgaco & Pedras Salgadas Company.
The free CO, data were obtained through the carbonate
alkalinity, determined by the back acid-base titration
method. The free CO, of the samples was estimated by
means of a graphical technique, taking into consideration
the carbonate alkalinity, pH and ionic strength. A detailed
description of this method is given by Ellis & Mahon
(1977).

The 6*H and 6'®0 measurements [versus Vienna-stand-
ard mean ocean water (V-SMOW)] were performed by
mass spectrometry (SIRA 10-VG ISOGAS) at the Instituto
Tecnoldgico e Nuclear (ITN, Portugal) following the ana-
lytical methods of Epstein & Mayeda (1953) and Friedman
(1953), with an accuracy of £1.0%, for 6°H and +0.1%,
for 8'0. The *H water content (reported in Tritium
Units, TU) was also determined at ITN, using electrolytic
enrichment followed by the liquid scintillation counting
method (standard deviation varies between 0.9 and
+1.3 TU, depending on tritium activity). The 37Cl/3*Cl
ratios [versus standard mean ocean chloride (SMOC)] were
determined by mass spectrometry at the Geochemistry
Department of Utrecht University as described by Eggenk-
amp (1994). Standard deviation mean value is 0.17%,. The
813C values were measured, at ITN, on the total dissolved
inorganic carbon (TDIC) of groundwater, precipitated in
the field as BaCOj at a pH environment higher than 9.0.
The values are reported in 9%, to Vienna-Peedee Belemnite
(V-PDB) standard, with an accuracy of +0.1%,. The C
content was measured at the Physics Department of
Utrecht University through accelerator mass spectrometry
as described by Van der Borg er al. (1984, 1987). *C is
given in percentage of modern Carbon (pmC). The Sr
concentrations and Sr isotope ratios (*”Sr/%°Sr) were per-
formed at Geochron Laboratories-USA. The Sr concentra-
tions were determined by isotope mass dilution
spectrometry and %7Sr/3°Sr ratios have been performed by
mass spectrometry. All Sr data were normalized to
878r/86Sr = 0.1194 [long-term reproducibility of NBS-
987 at MIT: 0.710247 = 0.000014 (20 SD)].

RESULTS AND DISCUSSION

The geochemical approach

The tectonic and geomorphologic features of Chaves, Vid-
ago and Pedras Salgadas grabens and the geologic environ-
ment (dominated by granitic rocks) seem to be responsible
for the occurrence of the studied hot and cold
Na/HCO;/CO,-rich mineral waters (gas bubbles can be
directly observed in the springs). Recent hydrogeochemical
data (Andrade 2003) confirm the previous thermal and

mineral water classification (Aires-Barros et al. 1998;
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Marques et al. 1998) where two main groups of CO,-rich
mineral waters have been proposed.

Type A.

Chaves spring and borehole waters — presenting tempera-
tures ranging from 48 to 76°C, dry residuum (DR) of
about 1600-1850 mg 1™, and free CO, between 350 and
1100 mg I™%. The pH values are close to 7. The associated
gas phase issued from the CO,-rich springs is practically
pure CO, (other minor components are O, = 0.05%,
Ar = 0.02%, N, =0.28%, CHy = 0.009%, CyHs=
0.005%, H, = 0.005% and He = 0.01% — data from Alme-
ida 1982). In this group is also included the low tempera-
ture (approximately 17°C) Vilarelho da Raia cold spring
and borehole waters, with similar chemical composition
compared with Chaves hot waters (DR values are between
1790 and 2260 mgl™ and free CO, is of about
790 mg 1I™1).

Type B.

Vidago and Pedras Salgadas spring and borehole mineral
waters — showing low temperature (approximately 17°C)
and pH values (pH =~ 6) and are distinguished from Type
A thermal waters, by higher Ca, Mg and free CO, content
(CO, up to 2500 mg I™!). Within this group, Vidago
(AC18) borehole waters present the highest mineralization
(DR ~ 4300 mg 1™"). Physico-chemical data of the waters
from Vilarelho da Raia/Pedras Salgadas region are presen-
ted in Tables 1 and 2.

HCOj3, Na and Sr are plotted against a conservative ele-
ment such as Cl (Fig. 2) to assess the extent of water—rock
interaction. The mineral waters displaying the highest
HCOj; and Na concentrations are also those presenting the
highest CI values. The trend suggests that most Cl in the
mineral waters could be derived from granitic rocks by
leaching through acid hydrolysis of plagioclase and biotite
(e.g. Edmunds ez al. 1985).

The most mineralized waters in the area are cold waters
(Type B waters; see Fig. 2), due to the fact that, in
CO;-rich thermal and mineral waters, carbon dioxide
(more than temperature) is the most important specie
which influences the chemical and physical characteristics
of the fluids (Criaud & Fouillac 1986; Greber 1994). In
these types of waters the process of water—rock interaction
is improved by low temperatures as the solubility of CO,
in aqueous systems increases with decreasing temperature,
lowering the pH of the waters and consequently increasing
water—rock interaction. Stumm & Morgan (1981) stated
that the solubility of albite increases considerably with ris-
ing partial pressure of CO,. The calculated values of Pco,,
using the HIDSPEC hydrogeochemical model (Carvalho
& Almeida 1989), are high, between 0.16 atm in Chaves
and 1.20 atm in Vidago mineral waters (Aires-Barros et al.
1998).

In the diagrams of Fig. 2 the data from Chaves hot
waters plot in a cluster, which is a good indication of the
existence of a common reservoir for these waters. On the
other hand, Vidago and Pedras Salgadas cold CO,-rich
mineral waters (Type B waters) seem to represent surface
manifestations of distinct underground flow paths, because
the different water mineralization ascribed to different
CO, contents is responsible for pH decrease and diverse
degrees of water—gas—rock interaction. The relatively low
Sr (and HCO3;) found in the Chaves hot waters may be
caused by boiling whereas the relatively high Sr and HCO;
at Vidago and Pedras Salgadas cold mineral waters strongly
demonstrate the increasing solubility of divalent ions (also
for Ca and Mg, see Tables 1 and 2) with decreasing tem-
perature (Marques ez al. 2001a). As stated by Goft ez al.
(1991) the Sr concentration could decrease due to loss of
CO, during flashing by the reaction:

Sr?* 4+ 2HCO; — SrCO; + CO, + H,0

In the case of Chaves hot CO,-rich mineral waters (Type
A) the results of silica (quartz and chalcedony) and
K?/Mg geothermometers are in fair agreement indicating
water-rock interaction at temperatures around 120°C
(Marques et al. 1999). In the studied region, crustal geo-
thermal gradients are estimated to be 30°C km™' (Duque
et al. 1998) indicating a circulation depth for the Chaves
hot CO,-rich geofluids of about 3.5 km. This is in agree-
ment with the discharge temperatures (48-76°C) of
Chaves CO,-rich mineral waters.

The isotopic approach

Nature of the CO,-rich mineral waters.

The 6'°0 and 6°H values of the hot and cold CO,-rich
mineral waters (Table 3; Fig. 3) liec on or close to the
World  Meteoric Water Line (WMWL: ¢&*H =8
3'%0 + 10), defined by Craig (1961), excluding seawater
and/or magmatic waters as a source of salinity in these
mineral waters.

The local meteoric water line (LMWL:
PH=701=x074 680 +495+39) was calculated
(Fig. 4), based on "0 and 0*H values of shallow cold
dilute groundwater samples collected from springs located
at different altitude sites in the Vilarelho da Raia—Pedras
Salgadas region (Andrade 2003).

Data presented in Figs 3 and 4 indicate that both hot and
cold mineral waters and shallow cold dilute groundwaters
show a similar range in the isotopic composition (8*H and
8'80). The isotopic values indicate that both shallow cold
dilute groundwaters and mineral waters have been recharged
under similar climatic conditions, and that even the hot
CO,-rich mineral waters do not show evidences of a strong
water—rock isotopic exchange at elevated temperatures (con-
sistent with the results of the chemical geothermometry).
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Fig. 2. Cl versus HCO;, Cl versus Na and Cl versus Sr (mg|™") for the
waters from Vilarelho da Raia-Pedras Salgadas region. (¢ and (/) stands
for Type A waters; (@) and (M) stands for Type B waters. Modified from
Andrade (2003).

Nevertheless, in the case of CO,-rich fluids, the isotopic
influence of CO, on the 6'%0 value of the water should
not be excluded. In fact, the lack of an '¥O-shift could be
explained by oxygen isotope exchange between H,O(l)
and CO(g). Almeida (1982) presented 6'*0 values of
water and CO, related to Chaves thermal waters. The
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6'80 value of H,O(l) was —8.049%, versus SMOW and the
corresponding value in COjy(g) was +25.62%, versus
SMOW. Using this data, Marques et al. (1999) have calcu-
lated the additive fractionation factor éco,(g)-H>O (I).
The value obtained (+33.66%,) indicates that the equilib-
rium temperature (Friedman & O’Neil 1977) is close to
the measured temperature of 76°C at sampling. Concern-
ing oxygen isotopes, it seems that H,O(l) and CO,(g) are
in equilibrium.

The isotopic composition of shallow groundwaters gen-
erally matches the mean isotopic composition of precipita-
tion over a given recharge area (see JAEA 1981). Based on
this criterion, locally derived shallow groundwaters (cold
dilute spring waters) were collected to estimate the isotopic
altitude effect in the region. The selected springs were
located at different altitude sites, and show a *H content
up to 8.5 TU indicating local circulation. Rain water sam-
ples from Chaves, Vidago and Pedras Salgadas areas (col-
lected near the Spas) have been used as a local pattern.
The results obtained indicate a decrease in 680 of
—-0.229, per 100 m rise in elevation (Fig. 5). According to
Yurtsever & Gat (1981) the isotope gradients vary between
0.15 and 0.5%, 6'¥0 /100 m, pointing to an average rate
of depletion of —0.269, (calculations based on the isotopic
composition of precipitation water samples).

Based on this altitude gradient we can estimate the mean
recharge elevations for the studied CO;-rich thermal and
mineral waters (see Fig. 6). Approximate recharge eleva-
tions can be determined by (i) using the equation of the
local isotopic gradient (8'80 = —0.0023 Altitude — 5.38)
obtained from the shallow cold diluted groundwater and
precipitation, or (ii) extrapolating the isotopic composition
of the CO,-rich thermal waters to the regression line, and
then dropping a perpendicular to the abscissa. The
recharge elevations achieved from this methodology were:
1000 m a.s.] for Chaves and Vilarelho da Raia; 500-700 m
a.s.l. for Vidago and 800-1200 m a.s.l. for Pedras Salga-
das. According to the geomorphology of the region, the
recharge of the Chaves, Vidago and Pedras Salgadas CO,-
rich thermal and mineral waters seems to occur preferen-
tially on the Padrela Mountain (see Fig. 1). Concerning
Vilarelho da Raia cold CO,-rich mineral waters, the esti-
mated recharge altitudes are only realized on Larouco
Mountain, NW of Vilarelho da Raia springs.

The systematic presence of tritium (2—4.5 TU) measured
(Aires-Barros et al. 1995, 1998; Marques et al. 1998; And-
rade 2003) in some of the Vidago and Pedras Salgadas
cold CO;-rich mineral waters (AC16 and AC17 boreholes,
respectively) should not be attributed to a mixing process
with local shallow (cold dilute) groundwaters (*H content
between 3.6 and 8.2 TU). In a first approximation, the Cl
concentration of Vidago AC16 CO,-rich mineral waters
could be explained as a mixing signature between AC18 or
Areal 3 waters with local dilute waters (see Fig. 7), which
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Table 3 Isotopic ("0, ?H and 3H) data of the

Reference Local Altitude (m asl)  0'%0 (%) 0°H (%) PHOU%0)  aters from Vilarelho da Raia/Pedras Salgadas
First field work campaign (February 2000) region.
ACP1 (+) Vilarelho da Raia 370 -7.71 -53.2 1.7 +£1.0
CH1Ch. (*) Chaves 350 -5.83 -39.1 4.8 +1.0
Assureiras (x) Chaves 690 -7.52 -50.7 6.4 +1.1
Casteldes (x) Chaves 980 -7.72 -50.1 8210
Campo de futebol (x)  Chaves 360 -5.76 -385 7.0+1.0
AC2 (+) Chaves 350 -8.03 -55.9 n.d.
Nascente (+) Chaves 350 -7.96 -54.9 0.5+0.9
CH1 V. (*) Vidago 325 -6.00 -38.3 -
Baldio (x) Vidago 510 -6.73 -42.9 43+1.0
N3 (x) Vidago 480 -6.20 -40.8 36+14
N6 (x) Vidago 420 -6.42 -41.6 47 +1.0
N7 (x) Vidago 580 -6.73 -42.5 72+13
AC16 (+) Vidago 355 -6.63 -48.0 41 +1.0
AC18 (+) Vidago 325 -6.81 -44.5 n.d.
Areal 3 (+) Vidago 350 -7.12 -52.2 n.d.
CH1 P.S. (*) Pedras Salgadas 560 —-6.48 —-43.2 37+1.0
N1 (x) Pedras Salgadas 660 -6.53 -40.1 42 +1.0
N2 (x) Pedras Salgadas 1080 -6.79 -40.0 53+1.1
N5 (x) Pedras Salgadas 885 -7.20 -45.8 69+ 1.0
AC17 (+) Pedras Salgadas 580 -7.26 -47.3 22+1.0
AC25 (+) Pedras Salgadas 560 -7.70 -53.1 n.d.
AC22 (+) Pedras Salgadas 570 -8.27 -53.5 n.d.
Second field work campaign (July, 2000)
ACP1 (+) Vilarelho da Raia 370 -7.78 -51.3 0.8+1.0
Assureiras (x) Chaves 690 —-7.54 -47.5 57 +1.1
Casteldes (x) Chaves 980 -7.74 -46.5 54 +1.0
Campo de futebol (x)  Chaves 360 -5.80 -36.8 53+1.0
AC2 (+) Chaves 350 -8.03 -52.4 05+1.0
Nascente (+) Chaves 350 -7.99 -53.8 n.d.
Tresmundes (x) Chaves 780 -7.75 -49.4 7.8+1.0
Baldio (x) Vidago 510 —-6.67 -43.5 3.6+1.1
N6 (x) Vidago 420 -6.45 -41.6 5111
AC16 (+) Vidago 355 —6.62 -45.0 4011
AC18 (+) Vidago 325 -6.87 -42.1 15+1.0
Areal 3 (+) Vidago 350 -7.08 -43.4 0.1+0.9
N1 (x) Pedras Salgadas 660 -6.56 -40.9 58+ 1.1
N2 (x) Pedras Salgadas 1080 —-6.86 -41.3 72+1.1
N5 (x) Pedras Salgadas 885 -7.19 -46.5 6.1+1.0
AC17 (x) Pedras Salgadas 580 -7.22 -46.5 41+1.0
AC25 (x) Pedras Salgadas 560 —-7.64 -48.8 0.6+ 1.1
AC22 (x) Pedras Salgadas 570 -8.27 -54.2 03+1.0
(*) Rain waters; (x) shallow (cold dilute) groundwaters; (+) thermal and mineral waters; n.d., not detec-
ted (below detection limit).
-3 & Vilarelho da Raia Mineral Waters | .2
/\ Chaves mineral waters 8°H=T7.0120.7450+4.95£3.9 = ~
— _10] @ Vidago mineral waters -z
; [l Pedras salgadas mineral waters P
o —_— WMWL )~
= — —LMWL 2
B -45 ®
>
[
>
§ -50
>
I
Yo -55-
_60_9 -8.I5 _; _715 7 65 _é 55 Fig. 3. Plot of 3'®0 versus &°H (%, versus
18 V-SMOW) for the hot and cold CO,-rich mineral
(o) (°/oo vs V-SMOW) waters. Modified from Andrade (2003).
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Data from the Winter (February 2000) campaign.

is not consistent with the calculated Pco, values (around
1.20 atm, #m: Aires-Barros er al. 1998). On the other
hand, Pedras Salgadas AC25 CO,-rich mineral waters pre-
sent similar Cl contents to the AC17 CO,-rich mineral
waters (see Fig. 7), but low *H content (Table 3). So, the
*H concentrations determined in Vidago AC16 and Pedras
Salgadas AC17 COj-rich mineral waters seems to be
ascribed to shallow (and short) underground flow paths,
being the water mineralization strongly controlled by the
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CO, content. Furthermore, the tritium concentrations in
the regional precipitation (arithmetic mean of the weighted
annual mean) are in the order of 5 TU (Porto = 4.5 TU;
Vila Real = 6.36 TU, both meteorological stations from
the Portuguese Network for Isotopes in Precipitation initi-
ated in 1988, in collaboration with the International
Atomic Energy Agency). Considering (i) the half-life of
the 3H (12.32 yr in: Lucas & Unterweger 2000), (i) the
*H content measured in the cold AC16 and AC17 CO,-
rich mineral waters and (iii) the tritium input (precipitation
data) one can classify those cold CO,-rich mineral waters
as modern waters. The hot CO,-rich mineral waters dis-
playing the lowest *H content should be ascribed to oldest
underground flowpaths.

Origin of carbon and "*C dating.

Carbon dioxide in thermal and mineral waters can be
derived from many sources, including oxidation of organic
matter, interaction with sedimentary carbonates, meta-
morphic devolatilization, and magmatic degassing (Clark
& Fritz 1997). The 6'3C determinations carried out on
TDIC of the CO,-rich mineral waters range from —69, to
-19%, (Marques et al. 1998). These results corroborate the
o3C  values measured on CO, gas samples
(513CCO2 = —5.72%, versus PDB) for the Chaves hot min-
eral waters (Almeida 1982). The §'3C values are suggestive
of an inorganic source of CO,, but mantle degassing and
thermal decarbonation of limestone can produce CO, with
6'3C values in this range. On one hand, the 200 km long
NNE-SSW mega lineament (the Régua-Verin Fault Zone,
see Fig. 1), which reaches a depth of 30 km in the study
area (Baptista ef al. 1993), could act locally as a conduit
for deep CO, to rise to the surface. On the other hand,
some calcareous lenses (width of about 30 m and length of
about 1.5 km) have been reported by Brink (1960) in Vila
Real area (25 km to the south of our study area). Scher-
merhorn (1956) correlates these limestones of northern
Portugal (Trds-os-Montes, Douro region) with those
occurring in NW Spain (Galicia). However, the 3Sr/%Sr

-5
§'® 0=-0.0023xAltitude-5.38 & Vilarelho d.a Raia mineral waters
5.5 /\ Chaves mineral waters
[~ @ Vidago mineral waters
s -6- [l Pedras salgadas mineral waters
o 1st field campaign regression line
% 6.5 4 — — 2nd field campaign regression line
>
e 7 5'® 0=-0.0022xaltitude-5.55
o -7.5
R%
Fig. 6. Determination of recharge elevations of -8 - : A
the hot and cold CO,-rich mineral waters, fom | JHE "¢ v UV Y LA
the relationship between §'80 of the cold dilute -8.5 T T T T T
-9 400 600 800 1000 1200 1400

spring and rain waters of the region and eleva-
tion. Modified from Andrade (2003).
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data (forward discussed) suggests that the presence of car-
bonate rock levels at depth as a possible carbon contribu-
tor for the mineral waters should be considered rather
small. So, an alternative interpretation is that the 6'3C val-
ues of the CO, (of mantle origin) could be shifted to less
negative values as the result of fractionation at low tem-
perature. Fractionation could take place during the release
of dissolved CO, (Aires-Barros ez al. 1998).

In order to investigate the possible contribution of oxi-
dation from local carbonaceous slates as a source of the
CO, content in the thermal and mineral waters, 8'3C
measurements were performed. The values obtained
-26.99%, and —27.29%, versus V-PDB indicate a negligible
contribution from these rocks as a possible carbon source
(Marques et al. 1998).

Another hypothesis should consider the contribution of
vegetation and soil CO, into the §'3C signatures of the
thermal and mineral waters during recharge and associated
path through the soil zone. The CO, is formed in the soil
by decay of plant remains and by root respiration. In this
case, the 6'3C values should be centred around —25%, in
temperate climates where Calvin (C;) plants dominate
(Mook 2000), as in the regions in the surroundings of the
studied thermal and mineral springs. Some 6'3C determi-
nations performed on the local cold dilute groundwaters
(Marques et al. 1998) range from —249, to —229%, versus
V-PDB. These values, attributed to the decay of organic
matter, indicate that the cold dilute waters correspond to a
shallow underground flow path.

Pérez et al. (1996) described the *He/*He and
*He/*°Ne isotope characteristics of terrestrial fluids in the
Iberian Peninsula. According to them, the isotopic signa-
ture of helium in a fluid sample from Cabreiroa (Spain),
obtained from the same NNE-trending fault as the CO,-
rich thermal and mineral waters, is significantly higher than
typical crustal helium (*He/*He value of 0.69). They esti-
mated that, in the fluid sample from Cabreiroa, fractions
of helium from mantle, crustal and atmospheric reservoirs

1 Fig. 7. Cl versus 8'®0 for the waters from Vil-
arelho da Raia—Pedras Salgadas region. Adapted
from Andrade (2003).

were 8.35%, 91.62% and 0.02%, respectively. The relatively
high *He/*He found in Cabreiroa sample suggests the
potential of a small percentage of mantle carbon. Further
studies including the measurement of CO,/*He ratios may
be used to support the mantle origin for the CO, in these
thermal and mineral waters. These ratios could be used to
identify the migration direction from the source to the
most distal field in the CO, system (Sherwood Lollar ez al.
1997).

Among the radioactive isotopes with a half-life higher
than 10 years, carbon-14 (7 = 5730 years, in: Mook
2000) represents the most important tool in groundwater
dating. In the last decades, some attempts have been car-
ried out in hydrothermal systems, in order to use **C con-
tent as a dating tool (Wang & Pang 1995; Horvatincic
et al. 1996). Groundwater dating with '*C is complex due
to the geochemical reactions that can occur within the
aquifer. The radiometric age of the groundwater is that of
the dissolved carbon, which may not be that of the water.

In these waters the radiocarbon values (7.9-9.9 pmC),
presented by Aires-Barros et al. (1998), indicates that total
carbon in the recharge waters is being masked by larger
quantities of CO, (*C-free) introduced from deep-seated
(upper mantle) sources.

The carbon-14 age calculations were based upon the
assumption that the initial activity of the dating material is
100% modern CO; activity (100 pmC); the 6'3C of the
aquifer matrix is 1 + 1%; the 6**C for the CO, in the soil
zone is —25 29, the fractionation factor epco, is
8 + 0.5%,, and the error associated with the measurements
of the TDIC is 0.5%,. A closed system model was used
(Salem et al. 1980) to calculate the apparent carbon-14
age of the hot and cold mineral waters. The mathematical
model chosen includes mixture of soil CO, and carbonates
dissolution in the soil with isotopic differences. The appar-
ent groundwater ages of the COj-rich mineral waters
obtained using this model were: Vilarelho da Raia
4.97 £ 3.07 ka Bp; Pedras Salgadas 8.58 + 4.33 ka Bp and
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Chaves 13.29 + 2.65 ka Br (Carreira ¢t al. 2001). The sys-
tematic presence of tritium in the cold (17°C) CO,-rich
mineral waters from Pedras Salgadas indicates local circula-
tion systems with relatively short residence time. The
apparent '*C groundwater ages are close to 9 ka Bp, which
are not in agreement with *H content.

Water-rock interaction.

The scatter of the Sr data of local rain waters, shallow cold
dilute groundwaters and thermal and mineral waters
(Table 4), can be understood through the existence of
three end-members [(a) Vilarelho da Raia/Chaves, (b) Vid-
ago and (c) Pedras Salgadas] of a concentration trend,
from the rain waters towards the thermal and mineral
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waters (Fig. 8; Marques et al. 2001a). Following the Vil-
arclho da Raia/Chaves—Vidago—Pedras Salgadas suite of
fluids, one can observe a progressive depletion in radiogen-
ic strontium. This trend shows that these three groups of
thermal and mineral waters are ascribed to different under-
ground components of flow.

The %Sr/®%6Sr data of the different types of thermal
and mineral waters can be compared with their inferred
or known reservoir rocks. 87Sr/%Sr data are available
from several rock suites from the Vilarelho da Raia—
Chaves—Vidago and Pedras Salgadas region (Table 5).
Samples of granites, slates and quartzites from local out-
crops were collected at Vilarelho da Raia, Chaves, Vidago
and Pedras Salgadas areas. In addition, samples from gra-

Table 4 Sr data of the waters from Vilarelho

da Raia/Pedras Salgadas region. Ref. Local Sr (ppm) #St/%sr
First field work campaign (February 2000)
ACP1(+) Vilarelho da Raia 0.5827 0.728033
CH1Ch. (*) Chaves 0.0010 0.710599
Assureiras (X) Chaves 0.0242 0.729536
CastelGes (X) Chaves 0.0059 0.722967
Campo de futebol (X) Chaves 0.2942 0.723488
AC2 (+) Chaves 0.4349 0.727191
Nascente (+) Chaves 0.4181 0.727154
CH1 V. (*) Vidago 0.0015 0.710804
Baldio (X) Vidago 0.0254 0.717003
N3 (X) Vidago 0.0060 0.722858
N6 (X) Vidago 0.0089 0.719087
N7 (X) Vidago 0.0104 0.714352
AC16 (+) Vidago 0.3424 0.723194
AC18 (+) Vidago 1.3977 0.724280
Areal 3 (+) Vidago 1.2130 0.720622
CH1 P.S. (*) Pedras Salgadas 0.0013 0.711326
N1 (X) Pedras Salgadas 0.0075 0.715094
N2 (X) Pedras Salgadas 0.0018 0.730712
N5 (X) Pedras Salgadas 0.0098 0.731135
AC17 (+) Pedras Salgadas 0.7001 0.716969
AC25 (+) Pedras Salgadas 0.8195 0.717572
AC22 (+) Pedras Salgadas 1.3250 0.716754
Second field work campaign (July 2000)
ACP1 (+) Vilarelho da Raia 0.5470 0.728035
Assureiras (X) Chaves 0.0200 0.729496
CastelGes (X) Chaves 0.0050 0.723071
Campo de futebol (X) Chaves 0.2540 0.723485
AC2 (+) Chaves 0.3760 0.727181
Nascente (+) Chaves 0.3730 0.727171
Tresmundes (X) Chaves 0.0360 0.726818
Baldio (X) Vidago 0.0230 0.716821
N6 (X) Vidago 0.0090 0.719034
AC16 (+) Vidago 0.2920 0.723205
AC18 (+) Vidago 1.1560 0.724243
Areal 3 (+) Vidago 0.6050 0.720714
N1 (X) Pedras Salgadas 0.0070 0.714902
N2 (X) Pedras Salgadas 0.0020 0.731297
N5 (X) Pedras Salgadas 0.0080 0.731496
AC17 (+) Pedras Salgadas 0.6280 0.716936
AC25 (+) Pedras Salgadas 0.6790 0.717566
AC22 (+) Pedras Salgadas 1.1560 0.716713

(*) Rain waters; (x) shallow (cold dilute) groundwaters; (+) thermal and mineral waters.
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nitic cores were collected at the Vilarelho da Raia AC2
drill hole.

A comparison of %”Sr/%%Sr variations among the thermal
and mineral waters and the rocks from Vilarelho da Raia—
Pedras Salgadas area is shown in Fig. 9. The Sr isotopic
signatures shows a clear-cut picture for each type of rock
encountered (andalusitic slate, carbonaceous slate, quartz-
ite, limestones and granites). Sr isotope ratios of granitic
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Fig. 9. Plot of 1/Sr versus 8Sr/%¢Sr for the rocks, minerals and hot and
cold CO,-rich mineral waters. Srin mg I”". Modified from Andrade (2003).

rock samples collected at Vilarelho da Raia, Chaves and
Pedras Salgadas areas are far higher than the ratios of the
thermal and mineral waters (Fig. 9), indicating that fluids
and rocks are far from equilibrium with respect to Sr. Fig-
ure 9 shows that 3Sr/35Sr ratios in waters are dominated
by the dissolution of plagioclases from granitic rocks. The
low 87Sr /%Sy ratio in waters could be also interpreted as a

Table 5 Sr data of rocks (and mineral separates)

Reference Local Lithology Sr (ppm) ¥/St/%St from Vilarelho da Raia/Pedras Salgadas region.
Samples from outcrops
AM1* Vilarelho da Raia Granite 74.0 0.777260
AM60 Chaves Andaluzitic slate 63.5 0.777421
AM1164 Chaves Graphitic slate 14.4 0.737563
AM1163 Chaves Quartzite 16.8 0.726642
AM1149 Chaves Chaves Granite 87.6 0.753397
AM1150 Chaves Outeiro Seco Granite 99.5 0.757173
AM1160 Chaves Faides Granite 93.1 0.743689
AM1161 Chaves Faides Granite 975 0.735697
AM2* Vidago Vila Pouca de Aguiar Granite 98.0 0.735900
Pflum7 Vila Real Carbonates 2348 0.709485
Samples from drill cores
VR13 (53.0 m) Vilarelho da Raia Granite 20.1 0.942148
VR18 (70.5 m) Vilarelho da Raia Granite 58.8 0.789683
VR70 (195.30 m) Vilarelho da Raia Granite 58.7 0.765128
AC21a (14.8 m) Pedras Salgadas Vila Pouca de Aguiar Granite 59.91 0.763068
AC21e (106.35 m) Pedras Salgadas Vila Pouca de Aguiar Granite 35.99 0.784371
AC26a (25.15 m) Vidago Vila Pouca de Aguiar Granite 54.67 0.762890
AC26b (34 m) Vidago Vila Pouca de Aguiar Granite 57.63 0.761298
Mineral
Minerals
AM1* Vilarelho da Raia Microcline 152.0 0.76359
AM1T* Vilarelho da Raia Plagioclase 108.0 0.72087
AM1* Vilarelho da Raia Muscovite 26.0 0.84459
AM1* Vilarelho da Raia Biotite 11.0 4.18370
AM2* Vidago Microcline 101.0 0.75644
AM2* Vidago Plagioclase 75.0 0.71261
AM2* Vidago Muscovite 12.0 2.43938
AM2* Vidago Biotite 108.0 0.70948

(*) Data from Aires-Barros et al. (1998).
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result of the reduced contribution from K-feldspar, which
contains Sr with relatively high %7Sr/%°Sr ratios (see
Table 5).

As indicated by Stettler & Allegre (1978), the ¥ Sr/5°Sr
ratio of the waters is usually constrained by the relative
leaching stabilities of the different minerals (plagioclase
provides most of dissolved ions, whereas K-feldspars are
less soluble). This behaviour is consistent with the thermo-
dynamic-kinetic modelling of granite—water interaction
(Fritz et al. 1992).

The hypothesis of the existence of water-limestone inter-
action to explain the origin of CO, should be considered
rather limited, because the composition of the Sr and the
878r /8Sr ratio of local limestones (¥Sr/3Sr = 0.709485)
is rather different from the thermal and mineral waters.
This interpretation was also based on the fact that the
CO,-rich mineral waters displaying the less depleted 6'3C
value (Vidago AC18: —-1.09,, versus V-PDB) show a rather
high #7Sr/%%Sr ratio (¥Sr/3°Sr = 0.724280).

The 6%7Cl values of Chaves, Vilarelho da Raia, Vidago
and Pedras Salgadas thermal and mineral waters range
between —0.49, and +0.4%, versus SMOC (Table 6). This
range of values is rather similar to the chlorine isotopic sig-
natures of local rain waters and shallow cold dilute ground-
waters (Fig. 10). This trend seems to indicate that chloride
in these thermal and mineral waters could be derived from
mixing of a small amount of igneous Cl from leaching of
granitic rocks with meteoric water. A similar behaviour was
reported by Coleman (2004), where the 6*Cl data was
used to define the hydrodynamic stability of the sub-sur-
face waters associated with fractured granitic rocks at a
potential radioactive waste site.

The hypothesis of water-rock interaction as the main
source of Cl in these thermal and mineral waters is suppor-
ted by the similar isotopic composition reported by
Eggenkamp (1994) on the same waters (collected during
1985). This pattern points out that the §°”Cl values do
not change with time. In fact, although some of the stud-
ied mineral waters present slightly positive 63”Cl values,
which could be consistent with a deep-seated (mantle)
source for chloride, the dissolved salts in these waters are
believed to result from water-granite (mainly plagioclase)
interaction.

CONCLUDING REMARKS

The combined geochemical and isotopic data suggests that
the hot and cold CO,-rich mineral waters of Vilarelho
da Raia-Pedras Salgadas region derive from local meteoric
waters. Deuterium and oxygen-18 isotopic signatures indi-
cate recharge areas at different altitude sites. The §'3C
determinations of the CO,-rich mineral waters range from
-6%, to —19%,, indicating an inorganic source of CO,.
Therefore, a deep-seated (upper-mantle) origin for the
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Table 6 Cl isotopic data of the waters from Vilarelho da Raia/Pedras Salga-
das region.

Reference Local 5°7Cl (%)

First field work campaign (February 2000)

ACP1 (+) Vilarelho da Raia -0.31
Assureiras (x) Chaves 0.14
Casteldes (x) Chaves 0.43
Campo de futebol (x) Chaves -0.06
AC2 (+) Chaves 0.09
Nascente (+) Chaves 0.07
CH1 V. (*) Vidago 0.07
Baldio (x) Vidago -0.27
N3 (x) Vidago 0.13
N6 (x) Vidago 0.11
N7 (x) Vidago 0.18
AC16 (+) Vidago 0.07
AC18 (+) Vidago 0.00
Areal 3 (+) Vidago 0.24
CH1 P.S (*) Pedras Salgadas 0.94
N2 (x) Pedras Salgadas 0.49
N5 (x) Pedras Salgadas 0.15
AC17 (+) Pedras Salgadas 0.21
AC25 (+) Pedras Salgadas 0.15
AC22 (+) Pedras Salgadas 0.19
Second field work campaign (July 2000)

ACP1 (+) Vilarelho da Raia 0.12
Assureiras (x) Chaves 0.02
Casteldes (x) Chaves 0.12
Campo de futebol (x) Chaves -0.08
AC2 (+) Chaves -0.01
Nascente (+) Chaves -0.11
Tresmundes (x) Chaves -0.04
Baldio (x) Vidago -0.32
N6 (x) Vidago -0.16
AC16 (+) Vidago 0.22
AC18 (+) Vidago -0.10
Areal 3 (+) Vidago 0.04
N1 (x) Pedras Salgadas -0.23
N2 (x) Pedras Salgadas 0.08
N5 (x) Pedras Salgadas 0.37
AC17 (+) Pedras Salgadas 0.15
AC25 (+) Pedras Salgadas 0.31
AC22 (+) Pedras Salgadas 0.19

(*) Rain waters; (x) shallow (cold dilute) groundwaters; (+) thermal and
mineral waters.

CO, seems to be the most plausible hypothesis. However,
one has to consider the possibility of limestones dissolution
(ascribed to the observed calcareous lenses) which could
induce the shift of the 6'3C values in the mineral waters to
more enriched ones (e.g. 6'3C = -1%,). Nevertheless,
Sr isotopic signatures of the mineral waters indicate that
the hypothesis of the existence of water-limestone interac-
tion to explain the origin of CO, should be considered
rather limited. The relatively high *He/*He found in
Cabreiroa sample seems to support a mantle source for
most of the carbon present in the northern Portuguese
mineral waters. Calculation of CO,/*He ratios may reveal
similarities with other mantle sources. The systematic *H
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content of some of the cold CO,-rich mineral waters,
explained as a signature of a shallow (and short) under-
ground circulation path, is incompatible with the *C age
determinations. Probably the carbon is much older than
the water. Solutes such as Na and HCOj; originate from
the hydrolysis of plagioclase in different granitic bodies, as
indicated by the 7Sr/3Sr ratios, because these water—rock
interaction processes are favoured by the higher CO, con-
tent of the circulating waters.

Recently, a new project was launched (with a special
emphasis on the geochemistry of the gaseous phases associ-
ated with this group of thermomineral waters) to improve
basic knowledge on the origin of northern Portuguese
waters. To improve fundamental concepts on the origin of
chloride (mantle versus water-rock interaction) in these
waters, future studies on the 0°”Cl signatures of local gra-
nitic rocks are also foreseen.
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