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Abstract. Hydrothermic features in Galicia (northwest  Galicia has vast thermal groundwater resources with ther-
Spain) have been used since ancient times for therapeutiapeutic uses in its subsoil, as there are more than three hun-
purposes. A characterization of these thermal waters wasred sources registered, of which twenty are used by spas
carried out in order to understand their behaviour based oriDireccibn Xeral de Industria, Enelx e Minas, 2003; Re-
inorganic pattern and water-rock interaction mechanisms. Irgional Government of Galicia, 2011). The use of thermal
this way 15 thermal water samples were collected in the samevaters in Galicia, for therapeutic means, dates back to Ro-
hydrographical system. The selected thermal water samplesian times. During the nineteenth century the thermal baths
were classified using principal component analysis (PCA)experienced a golden age, with several spas, but at the end
and partial least squares (PLS) regression analysis in twof this century a long crisis began. At present more empha-
groups according to their chemical composition: group | with sis is being placed on their recreational and aesthetic aspects
the young water samples and group Il with the samples withthan on their curative potential. Recently, Ourense was des-
longest water-rock contact time. This classification agreedgnated by the Galician Regional Parliament as the Thermal
with the results obtained by the use of geothermometers an@apital of Galicia due to their therapeutic hot springs, rep-
hydrogeochemical modelling, where the samples were clasresenting the second highest position in thermal water of the
sified into two categories according their residence time inlberian Peninsula.
the reservoir and their water-rock interaction. Most of these sources reach the highest water tempera-
tures in Spain of about 7. The abundance of these springs
in Galicia is associated with the lithologic type and the
1 Introduction soil fracturation.

The chemistry of thermal waters has attracted the atten-
Galicia, in northwest Spain and with an area of 29574 km tion of numerous studies to understand the processes that in-
is bordered by Portugal to the south, the Spanish regions offuence the aquifer recharge to estimate its resource impor-
Castile and Lén and Asturias to the east, the Atlantic Ocean tance and potential exploitation. In this way, some studies
to the west, and the Bay of Biscay to the north. Galicia washave been developed with the thermal waters of the area of
affected by the hercynian orogeny and in this region, mate-Ourense city, the Thermal Capital of Galicia due to their ther-
rials of Proterozoic and the Palaeozoic outcrops are affecte@peutic hot springs (Goakez-Barreiro et al., 2009; Delgado-
by major faults. This Hesperian massif has emerged sincéuteiriioet al., 2009).
the end of the Paleozoic and erosion has exposed important
granite batholites.
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Fig. 1. Geological map with the sampling sites.

Carballfio is a municipality in the Spanish province 2 Experimental set-up
of Ourense and has an area of 5&kmIlt has famous
thermal spas together with multiple streams that bathe2.1 Geochemical and hydrogeological setting
the countryside.

With the renewed interest in thermomineral waters, theFrom the geological point of view, Carbdib is situated on a
principal aim of this study was to characterize the chemi-granite crystalline substrate, which could be divided into two
cal equilibrium state of waters from Carbélti, as well as ~ Study areas, Northeast and Southwest (Fig. 1). The North
the thermodynamic conditions influencing water-rock inter- Eastern part consists of schist with granitic injections and
action. As a secondary line of interest, this study aims totwo-mica granite rocks of adamellites, in which several in-

determine the temperature of the water within the reservoir. trusions of gneiss and schist are present. It is in this area
where 10 of the 15 selected thermal waters (1-2-3-9-10-11-

12-13-14-15) are located. Upwelling of these waters would
occur in areas of contact between granite rocks and metamor-
phic materials (schists). This granitic material is closely as-
sociated with metamorphism and migamtization. The granite
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Table 1. Sampling sites, and in-site (pH,and C) and laboratory measurements of the 15 thermal water samples.

Locality UT™ UTM  Height pH T Cc Nat Lit K+ Rbt  cat? Mgt2  srt2 Fet2  zpt2 B WH

(sample no) (H29) X  (H29)Y (m) °c uSem® mgll mglt! mgl! mgll! mglt mgl! mgll! mgl? mgll mgl?t

A Rafioa (1) 580734 4696805 352 872 21 163 40 0.15 0.94 0.080 6.4 0.21 0.10 0.020 0.070 0.26 26
Ponterriza (2) 572372 4697055 345 80 17 185 43 0.15 1.2 0.050 5.0 0.58 0.090 0.030 0.42 0.38 20
Brues (3) 569378 4699511 342 8.28 27 196 43 0.26 1.4 0.030 9.2 0.52 0.14 0.020 0.090 0.23 31
Prexigueiro | (4) 568802 4678390 122 872 44 363 56 0.57 3.0 0.080 4.0 0.25 n.d. n.d. 0.18 0.63 14
Prexigueiro 11 (5) 568794 4678375 122 844 29 367 65 0.66 35 0.070 34 0.17 0.060 0.020 0.21 0.91 11
Prexigueiro 11l (6) 568800 4678388 122 830 30 369 72 0.77 3.6 0.070 3.4 0.060 n.d. 0.040 0.25 0.70 12
Cortegada Bios (7) 568265 4672622 92 9.27 40 456 73 1.1 35 0.070 3.2 0.050 n.d. 0.040 0.25 1.5 14
Beran Balneario (8) 570892 4688652 161 7.73 27 279 58 n.d. 1.0 n.d. 5.0 n.d. n.d. 0.50 n.d. n.d. 13
Partovia | (9) 576648 4695756 335 942 37 175 46 0.17 1.0 0.060 3.2 n.d. 0.10 n.d. 0.19 0.33 13
Partovia Il (10) 576648 4695764 335 928 31 179 45 0.17 1.0 0.080 34 n.d. 0.10 n.d. 0.080 0.24 14
Partovia Ill (11) 576660 4695739 335 919 22 195 45 0.18 1.1 0.11 3.2 0.030 0.10 n.d. 0.11 0.36 16
Gran Balneario (12) 575615 4698320 412 9.15 26 258 52 0.47 2.8 0.11 3.9 n.d. 0.070 0.010 0.090 0.71 31
Arcos Carbaliifio (13) 576354 4699769 545 9.01 17 254 54 0.48 2.3 0.060 2.2 0.040 0.080 0.060 0.070 0.23 16
O Xardn (14) 575070 4698131 380 7.19 13 137 51 n.d. 1.2 n.d. 14 11 n.d. 0.020 0.010 0.11 24
Laias Balneario (15) 579921 4686739 95 7.99 46 629 97 0.96 6.6 0.13 6.2 0.38 0.090 n.d. 0.32 0.75 20

UTM: Universal Transverse Mercator coordinates; WH: Water hardness; DR: Dry resiude; C: electrical conductivity.

Table 1. Continued.

Locality UTM  UTM  C- NHY - cop S s2 cop- cst A2 sg2  NOg  NO; PG DR
(sample no) (H29)X  (H29)Y mgt mgll mgll mgl! mgl? mgr! mglr! mgl! mgit! mgi! mgl! mglt! mgit?!

A Rahoa (1) 580734 4696805 9.5 0.78 58 10 26 0.23 60 11 49 8.0 0.13 n.d. 0.24 162
Ponterriza (2) 572372 4697055 11 1.4 8.3 14 n.d. n.d. 60 19 35 7.0 0.91 n.d. 0.79 100
Brues (3) 569378 4699511 14 1.6 7.0 14 33 1.3 57 28 18 16 0.43 n.d. 0.22 176
Prexigueiro | (4) 568802 4678390 23 2.9 n.d. 33 54 0.71 73 49 60 16 0.37 0.035 0.21 288
Prexigueiro 1l (5) 568794 4678375 25 2.8 15 31 44 n.d. 112 83 44 38 0.61 0.012 0.080 352
Prexigueiro Ill (6) 568800 4678388 25 4.1 16 30 50 0.40 100 50 52 24 0.55 0.025 0.15 300
Cortegada Bios (7) 568265 4672622 29 5.7 15 57 42 0.25 116 64 74 16 n.d. n.d. 0.56 376
Beran Balneario (8) 570892 4688652 16 0.16 n.d. n.d. n.d. n.d. 89 n.d. n.d. 19 n.d. n.d. 0.16 240
Partovia | (9) 576648 4695756 11 14 5.9 36 31 0.080 47 13 98 10 n.d. n.d. 0.33 169
Partovia Il (10) 576648 4695764 11 1.6 55 21 32 0.13 56 16 49 10 n.d. n.d. 0.39 173
Partovia Ill (11) 576660 4695739 12 15 5.3 23 25 0.10 57 8,6 39 11 0.050 n.d. 0.18 170
Gran Balneario (12) 575615 4698320 13 3.6 11 47 41 0.25 62 23 34 13 n.d. n.d. 0.090 219
Arcos Carballiio (13) 576354 4699769 15 3.6 9.9 32 36 0.040 66 28 46 11 n.d. n.d. 0.40 238
O Xardn (14) 575070 4698131 9.3 n.d. 4.2 11 21 2.1 51 n.d. n.d. 9.2 0.21 n.d. 0.18 24
Laias Balneario (15) 579921 4686739 24 1.2 12 n.d. 51 0.16 366 49 70 4.0 0.070 n.d. 0.64 543

rocks of adamellites should be formed by anatexis in deepetary to the first one within the same effort, but those are ex-
areas, when the main Hercynian metamorphism reached thi&nsional in nature, favoring percolation, circulation and de-
maximum temperature. livery of water. For this work we have analyzed only springs
g\nd therefore, no data are available about some parameters

The most abundant rock material in the Southwest are such as hydraulic conductivity, groundwater level, because
is one of the most common facies of granite, medium- to; y ¥: 9 '

coarse-grained porphyritic granodiorite, which is composedmhthe sttuc.iytlareath?ef dare no.water vt\\;:/allskto det?rr]m||r_19 tht(_)se
of quartz, feldspar, plagioclase, muscovite and biotitic. Onlyc aracteristics. The Adense river network uses the fineation

one of the 15 thermal waters is located here, Beran Spa (8)c’)fthese structures, as well as does tha@dfiver and its trib-

with a temperature of 27C (Table 1). The rest of the se- utaries. For this reason, the thermal circuit is determined by
tfwe intense subsoil fracture network, causing the rise of the

lected thermal waters are related with the schistose materiah t sori th h ing in the Earth ¢ Th
found in this area (4-5-6-7) with the highest temperatures ot springs through an opening in the Lartn's surace. fhe

(>40°C). water appears on the surface when they reach the piezometric
level; specifically in this area a contact between the granitic

The macro-fracturation of this area is represented by twoand metamorphic substrates takes places. They are also the

large families of fractures that interact with each other. Thesdowest altitude levels in the study area.

families correspond to fracture N2@&/ and N130W.

These two families of fractures even within the same struc-2.2 Sampling procedure in thermal water sites

tural system, have a different behavior. The first one

(N 20° W) consists in major fractures in terms of size and In this study 15 thermal water samples were collected in

scope, and affects mainly the territory, acting as tear fractureg\pril 2008 (Table 1).Water samples were collected by im-

(translations). The second family N13W, is complemen-  mersing amber glass bottles at the points of emission. All

www.hydrol-earth-syst-sci.net/16/157/2012/ Hydrol. Earth Syst. Sci., 16, 15766, 2012
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100

Table 2. Some ionic ratios (in meqt) of interest in the selected
thermal waters.

S04 +Cl ,Ca+Mg Cl=/  ClI7/ (CIm+SQ;2)
/ _2 . —
SO, HCGO; HCO;
/ A Rafoa (1) 3.2 0.27 0.36
Na+K O ¢, 0 CO3+HCO3 Ponterriza (2) 4.3 0.32 0.39
x > Brues (3) 2.3 0.42 0.59
Prexigueiro | (4) 3.9 0.54 0.68
Prexigueiro 11 (5) 1.8 0.38 0.60
Prexigueiro Il (6) 2.3 0.40 0.61
Cortegada B#os (7) 4.8 0.42 0.51
Beran Balneario (8) 2.3 0.31 0.44
Partovia | (9) 2.8 0.38 0.52
v 3 VAVAS 0 Partovia Il (10) 29 0.33 0.44
400 G 0 . 2 100 Partovia Il (11) 2.8 0.35 0.47
CATIONS ANIONS Gran Balneario (12) 2.7 0.36 0.49
Arcos Carballifio (13) 3.6 0.38 0.49
® A Rafioa (1) * Ponterriza (2) A Brues (3) O Xardn (14) 2.7 0.31 0.43
Laias Balneario (15) 3.2 0.32 0.45
Prexigueiro | (4) X Prexigueiro 11 (5) + Prexigueiro Il (6)
Cortegada Bafics (7) Beran Balneario (8) Partovia | (9)
Partoviall (10) Partovialll (11) Gran Balneario (12) 2.4 Thermal water chemistry
. 2 _ _
, Arcos Carbalifio (13) O Xardin (14) A Laias Balneario (15) The combined use of CISG;%, CI7/HCO; and

(CI*+SC§2)/HCO§ and the Hill-Piper diagram (Piper,

1944) led to an improved classification of the thermal water

Fig. 2. Hill-Piper diagram of the 15 selected waters from Car- samples.

ballifio. The_analyncal _data repre_sented in the diagram correspond The statistical methods used for data analysis of the sam-

to the sampling campaign on April 2008. L . .
ples were principal component analysis (PCA) and partial

least squares regression (PLS-regressiorpéz-Chicano

samples were filtered (0.45 micron) and placed in a portablét @l 2001, Cruz and Franca., 2006; @reet al., 1999).
cooler, with ice, immediately after collection to prevent bio The PC model was calculated on the auto scaled (namely,

alteration; in the laboratory, they were transferred and store§°lUmns were mean-centred and scaled to unit variance) data.
at 4°C until analysis within the next 24 h. Per site, two sam- | 1S Was done to focus the analysis on in-between sample

ples were collected: one for the analysis of cations (acidified’@/1ations and unify the importance of each variable inde-
with HNO; to pH lower than (2), and the other for anions. pendently of the concentration levels. The model was fur-
ther validated by cross-validation, visual inspection of load-

2.3 Chemical analysis ings, and chemical interpretation to ascertain the presence of
a meaningful interpretation for the PCA. The method of re-
Temperature, pH and electrical conductivity of waters weregression by PLS has been used extensively in chemometrics,
measured in the field. Aluminium, boron, caesium, strontiumwhere they have found a wide field of application. To attach
and zinc were determined by Inductively Coupled Plasmaa weighting to each variable, the data obtained were divided
Mass Spectrometry (Thermo X series Il ICP-MS). Calcium, by the standard deviation of each series and later processed
iron, magnesium and manganese were measured by atomity means of PLS2 algorithm of the Unscrambler program,
absorption spectrophotometry (Varian SpectrAA-250 Plus).utilizing the method of “cross validation”. “Leverage cor-
Lithium, sodium and potassium were analysed by atomicrection” validation method may result in over-optimistic val-
emission spectrophotometry (Varian SpectrAA-250 Plus).idation results. Statistical analysis was carried out using the
Chloride, fluoride, sulphur, nitrite, nitrate, ammonium, phos- following statistical programmes: Unscrambler version 9.1
phate and sulphate anions were determined by capillary eledCamo Process AS, 2004) and Statgraphics version 5.1 both
trophoresis (Thermo Capillary Electrophoresis using UV/Vis for Windows.
detector Cristal 100). Bicarbonate was determined by acidi-
metric titration. Analytical errors are generalyb % for the
main components.

Hydrol. Earth Syst. Sci., 16, 157466, 2012 www.hydrol-earth-syst-sci.net/16/157/2012/
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Fig. 3. Prinicpal component analysis on the selected thermal waters. Cluster I, samples with the shortest water-rock contact time, lowest
equilibrium temperatures and under-saturated with respect to calcite. Cluster Il, samples with longest water-rock contact time, highest
equilibrium temperature and super-saturated with respect to calcite.

2.5 Geothermometers and hydrogeochemical
modelling

was affected by the hercynian orogeny and these water types
occur in the internal areas of post-orogenic fracture zones.
Moreover, a PCA was carried out to reduce the structure of

Silica Geothermometers were used to obtain the most prethe data set to two dimensions. The total variance explained
cise data possible about the theoretical reservoir temperaby these two components accounts for 69 % (42 % PC1 and
ture of our system and it was carried out using the ther-27% PC2) of the variability of the data (Fig. 3).The third
modynamic database WATEQA4F.dat (Ball and Nordstrom,principal component accounts for 12 % of the variability and
2001) included in the PHREEQC package (Parkhurst etalthough it could also be used to explain our model, we use
al., 1980). The PHREEQC package was also used for thenly two principal components because they are placed along

geothermometric modelling.

3 Results and discussion

3.1 Chemical composition of waters and ionic ratios

directions of maximum variance. It means that these two PCs
give the clearest break point in the total residual variance plot
and we do not include more PCs because their small vari-
ances could correspond to noise. The two clusters (Fig. 3)
are explained by various factors (chemical and physical wa-
ter properties). Cluster | is clearly distinct from the other,
mainly by their higher C&2, Mg*?, Fe*2, water hardness

The measurements taken on thermal waters are reporteghd altitude. The sequence Ga-Mg*2 >Nat is similar
in Table 1. Values of pH range from 7.2 to 9.4, indicat- to the general depth sequence for groundwater composition

ing alkaline thermal waters (Delgado-OutBaiet al., 2009;

outlined by Chebotarev (1955). When ta-Mg*2 >Na"

Lopez-Chicano et al., 2001). Anions are mostly representeg means that young/surface water is present. A young frac-

by COsH™ (47-366mgt?l), followed by CGQ? (n.d.—
57mglY), CI- (9.3-29mgt?), SO, ? (4.0-38 mgt?), F-
(n.d.-16 mgt!) and NG (n.d.-0.91mgtl). Among the
cations, N& is the main dissolved species (40-97 mb)|
followed mainly by Ca? (2.2-14mgt?1) and K+ (0.94—
6.6 mgl1). Temperature varies between 3 and 46C.
The electrical conductivity ranges from 137 to 629 uSém

tion in a confined aquifer suggests possible modern recharge,
continuity with surface/shallow waters, or mixing of young
and old water. The cluster Il contains the water samples that
are distinguished due to their temperature?,SSO;z, Si,
Li, Na™ and dry residue contents. In this cluster, the springs
belong to Prexigueiro I, Il, 111, Cortegada and Laias.

Several ratios between different elements were also inves-

A general analysis of the inorganic pattern of the selectedigated and thg most interesting results were observed be-
waters reveals in the distinction of only one type of wa- tween CI/SQ,“, CI7/HCO; and (CI+SQ, ©)/HCO; (Ta-
ters as Fig. 2 shows: sodium-bicarbonated waters. Galicidle 2). The CT/SO;zratio shows the interaction between

www.hydrol-earth-syst-sci.net/16/157/2012/
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Fig. 4. Partial Least-squares regression plots for the selected samples, showing the X loading weights and the Y loadings for Li and B.
Regression coefficient of 0.9988 and 0.8996 for Li and B are obtained. Two clusters are also distinguised depending on Li and B contents.

water and rock (bpez-Chicano et al.,, 2001); a higher  The elevated mobility of Lithium is related to tempera-
ratio value would indicate that this water remained overture (Chan et al., 1994). It is found in high concentrations
a much longer period in the ground and therefore inter-in thermal waters, and for this reason it is a good tracer for
acted with the rock. The same conclusion could be drawngeochemical investigations of hydrothermal systems (Brondi
with respect to the spatial evolution of the @HCO; and et al., 1973, 1983). The concentration of Lithium in wa-
(cl- +s@42)/|-|cog ratios (Lopez-Chicano et al., 2001). ter depends also on the water-rock contact time (Fidelibus
and Tulipano, 1990) and, therefore, Lithium content could

Hydrol. Earth Syst. Sci., 16, 157466, 2012 www.hydrol-earth-syst-sci.net/16/157/2012/
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Table 3. Quartz, chalcedony, kaolinite and k-mika equilibrium temperatiut€$ @sing the thermodynamic database (Ball and Nordstrom,
2001). Equilibrium temperatureg| for the geothermometers of Si@uartz and chalcedony are also shown.

Samples (samplén Quartz Chalcedony Kaolinite K-mica T-Sjaquartz T- SiQ-chalcedony  Group

A Rafoa (1) 73 41 41 73 41 I
Ponterriza (2) 73 58 60 97 80 49 |
Brues (3) 82 52 83 52 |
Prexegueiro | (4) 101 65 56 82 95 65 Il
Prexigueiro Il (5) 97 67 58 85 92 62 Il
Prexigueiro 11l (6) 103 70 55 94 95 62 Il
Cortegada (7) 82 70 70 72 92 64 Il
Beran (8) 70 40 63 81 72 40 I
Partovia | (9) 63 42 35 65 70 48 I
Partovia Il (10) 75 45 40 70 72 50 |
Partovia Ill (11) 64 35 35 64 75 40 I
Gran Balneario (12) 101 73 45 78 98 71 Il
Arcos (13) 85 54 45 75 87 56 I
O Xardn (14) 65 40 65 73 65 33 I
Laias(15) 100 75 85 110 102 72 I

Table 4. Values of the saturation index for various mineral species using the PHREEQE (Parkust et al., 1980) code.

Sample No 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Chalcedony  0.220 0.340 0.260 0.320 0.650 0.240 0.030 0.080.100 0.060 0.110 0.400 0.340 0.240 0.250
Quartz 0.660 0.800 0.680 0.710 0.760 0.620 0.420 0.510 0.290 0.470 0.540 0.820 0.800 0.710 0.620
Calcite —-1.04 -257 -1.48 0.220 -0.240 -0.350 0.510 —-0.600 0.280 0.230 0.060 -0.110 -0.130 -1.48 -0.530
Kaolite 8.94 3.58 8.85 0.640 2.27 0.850-0.440 291 -0.380 0.630 1.01 1.46 2.20 3.42 3.45
k-mica 15.7 6.39 152  4.60 6.40 4.56 3.31 6.43 292 422 463 5.51 6.65 6.10 7.36

be used as an indicator of the residence time (Edmunds an@ihe obtained results show a clear separation, based on the
Smedley, 2000; & chez-Martoset al., 2004). Moreover, first two principal components, between clusters | and Il. In
Leemanand Sisson (1996) found boron in very different geo-cluster | the samples 1, 2, 3, 8, 9, 10, 11, 13 and 14 with
logical environments, associated with the presence of volHower Li and B content were grouping. In cluster Il the sam-
canic rocks, geothermal processes, and with materials deples 4, 5, 6, 7 and 15 with higher Li and B content were
posited in very saline environments. Because it is highly sol-grouped. The same clusters were determined by PCA with
uble, it tends to concentrate in environments that have a limthe same distribution and therefore, the same results were
ited water circulation, like in evaporites or brines of marine found for both analysis. It was proven that samples of cluster
or continental origin (Uhlman, 1991). Other authors con- | were the youngest ones or water samples of diverse origin
sider that the elevated boron concentration in some connatthat could be mixed successively. Nevertheless, the samples
waters is directly related to the content of K, Li, Mg, Sr and with longest water-rock contact time were found in cluster II.

I (Macpherson and Land., 1989). The high values recorded

in thermal waters may be due to the alteration of volcanic3 5  Geothermometer results

rocks and hydrothermal activity (Risacher, 1984; Risacher

and Fritz, 1991). In this respect the influence of temperature

on its liberation has been noted (Arnorsson and Andresdotpne of the most important applications of geochemistry for

tir., 1995). In order to find relationships between a set of theg_eothermal resources ?S using chemica_l geothermom_eters o
main compositional variables (variabla§ and Li or B (¥ give valuable information about what is happening in the

variable) for data obtained from the selected water samplesgzz(aergoérr'] t-w: :SCSC&J;&?{O?L& _?_Egtgzglo;if;agglrzcgt'&r;tlsa
PLS-R was chosen. The selected algorithm was able to cor: b ) b

relate a block of¥ variables with Li, giving an-2 of 0.9988 temperature-dependent equilibrium is attained between fluid

for a e wih o prinipl components and 08556 wih & TS T e eseriof, L b, s i
B variable. Figure 4 shows partial squares regression plots; P y .
the upflow of geothermal system zones where cooling occurs
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Fig. 5. Result of the geothermometric simulatioifa) quartz saturation index for the samples with equilibrium temperature between 85—
110°C, (b) Quartz saturation index for the samples with equilibrium temperatures between®8385Chalcedony saturation index for the
samples with equilibrium temperatures between 45€85d) Chalcedony saturation index for the samples with equilibrium temperatures
between 35-65C.

(Wei, 2006). Various geothermometers have been developediuded the samples 1, 2, 3, 8, 9, 10, 11, 13 and 14. The
to predict reservoir temperatures in the geothermal systensecond group formed by the thermal waters 4, 5, 6, 7, 12
(Tole et al., 1993). Geothermometers that have provided betand 15, that reached the equilibrium at highest temperatures
ter results for these alkaline systems were those based oftbetween 92—102 for the quartz the geothermometer and be-
dissolved silica (Si@-chalcedony or Si@quartz) and Na- tween 62—72C for the chalcedony geothermometer). All of

K. These two techniques reflect the state of thermal equithese results agree with the previous obtained by PCA and
librium solutions of these systems with respect to quartz-PLSR, where also two groups were found. In group | the
chalcedony-albite, and potassium felspar, respectively. In theselected water samples could be in contact with surface wa-
present work, a silica geothermometer was chosen due to theers and therefore, the residence time in the reservoir and the
geochemical setting of Galicia. water-rock interaction would be less important than for the

Table 3 shows the equilibrium temperatures for quartz,thermal waters of group II.
chalcedony, kaolinite and k-mica. The chalcedony and/or
guartz equilibrium temperatures are also presented for com3.3 Hydrogeochemical modelling
parison. As can be shown, the calculated temperatures for
the silicaquartz and chalcedony geothermometers are in thgeothermometers are based on the assumption that spe-
range from 65 to 102C and from 33 to 72C, respectively.  cific temperature-dependent mineral-solution equilibria are
It could be deduced from these results that quartz is the minattained in the geothermal reservoir. Nevertheless, it is also
eral phase, which rules the equilibrium state of the silica, asadvisable to study the fluid saturation equilibrium with the
it was previously reported by Michard (1990), when he stud-hydrothermal minerals in the reservoir (Reed and Spycher,
ied the behaviour of several elements in deep hot waters fromgga4). In order to know the state of this equilibrium, satu-
granitic areas of Europe. ration index (Sl) was used and is the logarithm of the ratio
Two groups could be distinguished through the results ob{at each temperature) between the solubility product of a cer-
tained for both geothermometers. The first group would betain mineral by hydrolytical reaction) and its equilibrium
integrated by the thermal waters, which reached the equiconstant K). In this way, the inter-relationship between the
librium at lowest temperatures (between 70287for the lithologies encountered around the waters and their chemical
quartz geothermometer and between 332&@or the chal-  composition could also be explained. All minerals in equilib-
cedony geothermometer) and can be shown in Table 3 infium at the same temperature converge to Sl =0z 8lfor
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an undersaturated solution, and>SD for a supersaturated agreed with the findings from the previous analyses and
solution. In the present work, chalcedony, quartz, calcite,also revealed two groups. A first group formed by thermal
kaolinite and k-mica were selected to calculate the equilib-waters that reach the equilibrium at highest temperatures
rium state for the selected thermal waters. Table 4 presentéhetween 85 and 11 for quartz IS and between 92 and
the Sl for the selected minerals, calculated at the pH and tem102°C for the quartz geothermometer, and between 45 and
perature measured in the field. The studied waters are sat85°C for chalcedony IS, and between 62 and®T2for the
rated with respect to quartz, k-mica, chalcedony and kaoli-chalcedony geothermometer), which are under-saturated
nite, with the exception of Cortegada f8& and Partovia with respect to calcite. The second group of thermal
I. Other authors (bpez-Chicano et al., 2001) have also ob- waters would reach the equilibrium at lowest temperatures
served super-saturation with respect to quartz in geothermgbetween 63 and 8% for quartz IS and 70 and 8T
fluids in Southern Spain. The lower saturation indices ob-for the quartz geothermometer, and between 33&G%or
served for chalcedony could be explained by the lower waterchalcedony IS and, between 33-9%5 for the chalcedony
solubility. The thermal waters 1, 2, 3, 5, 6, 8, 12, 13, 14 andgeothermometer) and are super-saturated with respect to
15 are under-saturated with respect to calcite whereas thealcite. Comparable results were obtained for equilibrium
samples 4, 7, 9, 10 and 11 are super-saturated with respetg@mperatures obtained through modelling of the equilibrium
to the same mineral, which is probably due to the cationicstates and by geothermometers with an error baadlef C.
change of these thermal waters (D’Amore et al., 1987). In-
stead, the highest saturation index for kaolinite and K-micaggited by: L. Pfister
could only be the result of a preferential circulation through
felspar and mica.

In Fig. 5 shows the variation of saturation indices SI
with temperature for quartz and chalcedony and kaoliniteReferences
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