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Abstract

The main geothermal reservoir of Acqui Terme-Visone hosts Na±Cl waters, which are in chemical equilibrium at
120±1308C with typical hydrothermal minerals including quartz, albite, K-feldspar, illite, chlorite (or smectite),
anhydrite, calcite and an unspeci®ed Ca-Al-silicate. In the Acqui Terme-Visone area, these geothermal waters ascend

along zones of high vertical permeability and discharge at the surface almost undiluted or mixed with cold, shallow
waters. To the SW of Acqui Terme, other ascending geothermal waters, either undiluted or mixed with low-salinity
waters, enter relatively shallow secondary reservoirs, where they reequilibrate at 65±708C.
Both chemical and isotopic data indicate that bacterial SO4 reduction a�ects all these waters, especially those

discharged by the secondary reservoirs. Therefore, geothermal waters must get in contact with oil, acquiring the
relatively oxidized organic substances needed by SO4-reducing bacteria. This oil±water interaction process deserves

further investigations, for potential economic implications. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The thermal waters of Acqui Terme and Visone
have been known and used therapeutically since
Roman times. This is testi®ed by the remnants of the

monumental aqueduct, which was built by consul Sta-
tilio Tauro during the empire of Augustus (27 B.C.±14
A.D.) to bring cold water to the spas.

In more recent times, the Acqui Terme-Visone area
was investigated by means of geological, geochemical

and geophysical (geoelectric and seismic methods) sur-
veys to assess its geothermal potential. In particular,
results of geochemical investigations have been

reported by Dominco et al. (1980) and Bortolami et al.
(1983, 1984). Following these surface exploration
e�orts, a deep geothermal well was drilled at the end
of the 1980s. It was a ®asco and brought about the

end of geothermal activities in the Acqui Terme-Visone
area. However, some shallow wells, which were drilled
afterwards for domestic uses, encountered thermal

waters, sometimes mixed with cold water.
After almost 10 a, this paper revisits the isotopic

and chemical characteristics of the waters discharged

at Acqui Terme, through the application of recent
geochemical techniques, and formulates an updated

Applied Geochemistry 15 (2000) 917±935

0883-2927/00/$ - see front matter 7 2000 Elsevier Science Ltd. All rights reserved.

PII: S0883-2927(99 )00094-3

www.elsevier.com/locate/apgeochem

* Corresponding author. Tel.: +39-10-353-8136; fax +39-

10-352-169.

E-mail address: luigi@ugo.dipteris.unige.it (L. Marini).



conceptual geochemical model. To achieve these

objectives over 50 samples of thermal and cold water

discharges were collected and analyzed both chemi-

cally and isotopically. The authors hope that these

new ®ndings may stimulate a new interest in the

evaluation and exploitation of the natural resources

of the study area.

A section of the paper discusses the chemical and

isotopic evidence supporting the occurrence of bac-

terial reduction of SO4 to sul®de, accompanied by oxi-

dation of organic substances to carbonate species. The

thermal waters of Acqui Terme and Visone provide a

clear example of this important process, which deserves

further attention for potential economic implications.
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Fig. 1. Locations of main thermal springs (triangles) in the western Alps (from Perello, 1997). PF � PennidicFront; JF � GiuraFront;

SCL � Simplon-CentovalliLine; RSL � Rhone-Simplon Line; EL � EngadinaLine; TL � TonaleLine; ARL � Aosta-RanzolaLine;

GL � GiudicarieLine:
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2. Geological framework

As recognized by Perello (1997, and references

therein) most thermal springs of the western Alps are

located external to the mountain chain and close to

two regional lithospheric discontinuities, which have

been tectonically active until present: (1) the Pennidic

Front, a ductile deformation zone reactivated by brittle

shearing during late Neogene, and (2) the Rhone-Sim-

plon shear zone (Fig. 1). The thermal area of Acqui

Terme-Visone is the only one located in the inner sec-

tor of the western Alps, but in a peculiar situation that

is comparatively close to the Alps±Apennines bound-

ary.

In a close-up view, the thermal area of Acqui

Terme-Visone is located in an E±W trending sector of

the Bormida valley, where the mainly marine sedimen-

tary rocks of the Tertiary Piemonte Basin (TPB for

short, Lower Oligocene±Lower Pliocene) outcrop. This

sequence includes the gypsum-bearing evaporites of

Messinian age that are exposed north of Acqui Terme.

To the south of Acqui Terme, the transgressing marine

sediments of the TPB unconformably overlie the inner

sector of the Ligurian Alpine edi®ce. The latter largely

consists of: (1) ophiolites (mainly serpentinites, gabbros

and ultrama®c rocks) and related marine metasedimen-

tary rocks (chie¯y calc-schists and quartz-schists) of

the Voltri Group (Chiesa et al., 1975; Capponi et al.,

1994) and (2) mainly carbonate rocks of Triassic±Jur-

assic age, including Upper Triassic evaporites, as

observed in the Sestri-Voltaggio area (Cortesogno and

Haccard, 1984). Locally, metamorphic and crystalline

rocks, such as those of the Valosio Massif (paragneiss,

orthogneiss, garnet-mica-schists, amphibolites, silicate-

bearing marbles; Cabella et al., 1991), also make up

the Ligurian Alpine edi®ce.

In the absence of direct observations, hints of the

rocks actually present below the marine sediments of

the TPB at Acqui Terme are provided by geophysical

data and regional geological models. According to

Cassano et al. (1986), an anomaly of high magnetic

susceptibility, possibly related to buried ophiolites, is

present in a wide sector of southern Piemonte includ-

ing Acqui Terme. Regional geological models indicate

that the ultrama®c rocks, serpentinites and metasedi-

ments of the Voltri Group as well as the carbonate

rocks of Triassic±Jurassic age (including Upper Trias-

sic evaporites) underlie Acqui Terme (Cassano et al.,

1986; Biella et al., 1988; Piana et al., 1997). The marine

sediments of the TPB, as a whole, represent an

impermeable sequence, whose thickness is approxi-

mately 2±3 km in the study area. Nevertheless this seal

is locally ine�cient and comparatively high ¯uxes of

ascending thermal waters go through it, such as in the

Acqui Terme-Visone area. The up¯ow of these thermal

waters is locally permitted by conditions of high verti-
cal permeability, which are governed by the NW- to

W-trending normal and strike±slip faults belonging to
the transtensive Bagni-Visone fault system (Piana et
al., 1997).

3. Field work, laboratory analyses and data presentation

Sample locations are shown in Fig. 2. Field charac-
teristics are given in Appendix A for the most import-
ant thermal and mineral springs and wells only.

In February 1997, 45 water samples were collected
from di�erent sites, comprising springs and shallow
wells. The main thermal manifestations and 5 new sites
(labelled 46 to 50) were sampled again in June 1997.

Repeated samples are identi®ed by the same codes of
the ®rst survey followed by the letter b.
Outlet temperature, pH, Eh, alkalinity (acidimetric

titration) and sul®de (methylene blue colorimetric
method) were determined in the ®eld. Raw, ®ltered
(0.45 mm) and ®ltered-acidi®ed (with HCl 1:1) samples

were collected and stored in polyethylene bottles, from
each sample-site, for the analysis of major dissolved
species, some minor constituents and the 2H/1H and
18O/16O isotope ratios. Water samples were chemically
analyzed in the laboratory of the Institute of Geochro-
nology and Isotope Geochemistry, CNR, Pisa, Italy as
follows:

. Li, Na, K, Mg, Ca by atomic absorption spectro-
photometry and/or atomic emission spectropho-
tometry,

. Cl, SO4, NO3 by ion chromatography,

. B, SiO2 by visible spectrophotometry,

. F by ionselective electrode.

The 2H/1H and 18O/16O isotope ratios of 24 selected
samples were determined at the Institut de MineÂ ralogie
et PeÂ trographie of Lausanne University, Switzerland

by means of a Finnigan MAT 251 mass spectrometer,
which is calibrated with an internal standard. This, in
turn, is calibrated against SMOW and SLAP inter-

national reference materials and GISP intercalibration
material following the recommendation of Coplen
(1988). Deviation of the intralaboratory INHOUSE
standard is21- for dD and20.05- for d18O.

All the analytical results are given in Table 1,
together with total carbonate and total ionic salinity.
Total carbonate (TC) represents the sum of the molal

concentrations of CO2,aq, HCO3
ÿ, CO3

2ÿ, and related
aqueous complexes and was computed through specia-
tion calculations carried out by means of SOLVEQ

(Reed and Spycher, 1984). These calculations are lar-
gely based on pH and titration (total) alkalinity and
take into account the contributions of inorganic acid
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anions (such as H3SiO4
ÿ, H2BO3

ÿ, etc.), but neglect the
contributions of organic acid anions (such as formate,

acetate, propanoate, oxalate, etc.). Therefore, total car-
bonate may be overestimated for waters rich in organic
acid anions, which is the case for some oil ®eld waters

(Wiley et al., 1975). Ionic salinity, Seq, is de®ned as
follows (Chiodini et al., 1991):

Seq � Sjzijmi, �1�
where zi and mi are the ionic charge and the molality
of the ith species, respectively.

The 34S/32S isotope ratio of dissolved SO4 was deter-

mined in 4 selected samples and of dissolved sul®de in

one sample at the laboratory of the Institute of Geo-

logical and Nuclear Sciences, Lower Hutt, New Zeal-

and. In the ®eld, 1 kg of water was acidi®ed to pH 1.5

with HCl and treated with CuCl2, to precipitate sul®de

as CuS. In the laboratory, solid CuS was separated

through ®ltration from the aqueous solution and the

latter was heated and treated with BaCl2, to precipitate

SO4 as BaSO4. An amount of CuS su�cient for the de-

termination of the 34S/32S isotope ratios was obtained

Fig. 2. Map of the study area showing the location of most samples collected in February and June 1997. (w) Na±Cl waters; (q)

Na-HCO3 waters; (r) Ca±HCO3 waters; (r) Mg±HCO3 waters. Also shown is the topographic relief (thin lines; contours every

100 m) and the stream network (heavy lines). Coordinates of outliers are as follows: Code 2: 44843 '440N8828 '080E; Code 3:

44849 '400N8852 '090E; Code 4: 44845 '520N8836 '050E; Code 9; 44842 '150N8834 '110E; Code 18: 44829 '570N8833 '450E; Code 50:

44821 '260N8826 '430E
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for sample 1b only. The reproducibility of 34S/32S iso-
tope ratios is 20.2-. Results are presented and dis-

cussed in the Section on bacterial SO4 reduction.
Tritium activity of sample 1b, 0.0 2 0.3 T.U., was

determined in the laboratory of the International Insti-

tute for Geothermal Research, CNR, Pisa, using a pro-
portional gas counter after eletrolytic enrichment and
conversion of H2 to C2H6.

4. Water composition and preliminary constraints on

origins

The chemical composition of the waters sampled in
the Acqui Terme-Visone area is described in terms of
relative Cl, SO4 and HCO3 concentrations (Fig. 3,

after Giggenbach, 1988) and relative Na+K, Ca and
Mg contents (Fig. 4). Previous data by Dominco et al.
(1980) and Bortolami et al. (1983, 1984) are also

shown in these diagrams. Inspection of these triangular
plots points to the occurrence of the following types of
waters.

4.1. Ca±HCO3 to Mg±HCO3 waters of low salinity

This group includes 34 samples, numbered 3, 4, 9 to
14, 16 to 30 and 32 to 42. All these waters are charac-
terized by low ionic salinities, 2±25 meq/kg. Chloride

contents are generally low, 3±12 mg/kg, although 5
samples have Cl concentrations of 16±36 mg/kg, poss-

ibly due to pollution. The springs of this group have
temperatures of 6±148C, which are close to the average
annual air temperature at the discharge elevation, indi-

cating that these waters come from shallow, short-lived
hydrogeological circuits. The chemical and physical
characteristics of these Ca±HCO3 to Mg±HCO3 waters

are typical of the ®rst stages of interaction between
meteoric waters and rocks (including soils). Compo-

sitional di�erences are due to interaction with di�erent
lithotypes.
Meteoric waters acquire saturation with calcite and

Ca±HCO3 composition in the initial stages of inter-
action with rocks containing even small amounts of
calcite (Freeze and Cherry, 1979). The reason for this

is that, at temperatures close to 258C, the dissolution
rate of calcite is 2 to 6 orders of magnitude higher

than that of Al-silicates, depending upon the pH
(Stumm and Morgan, 1996 and references therein).

Fig. 3. Relative Cl, SO4 and HCO3 concentrations, in equivalents, of the waters of the study area (adapted from Giggenbach,

1988). (w) Na±Cl waters; (q) Na±HCO3 waters; (r) Ca±HCO3 waters; (r) Mg±HCO3 waters; (p) Ca±SO4 waters; (�) samples of

Dominco et al. (1980) and Bortolami et al. (1983, 1984).
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Meteoric waters acquire Mg±HCO3 composition
through interaction with ultrama®c rocks (Barnes et

al., 1967, 1978; Barnes and O'Neil, 1971). The preva-
lence of Mg among the dissolved cations is consistent
with the chemical and mineralogical characteristics of

these rocks and with the high dissolution rates of the
minerals involved. Magnesium±HCO3 waters have
been encountered in the Polcevera valley, near Genova,

where the ophiolites of the Voltri Group outcrop
(Marini and Ottonello, 1997).
In the study area, Mg±HCO3 waters originate

through leaching of the ophiolites of the Voltri Group,
Ca±HCO3 waters form by interaction of meteoric
waters with calcite-bearing sedimentary rocks lacking
in ophiolitic clasts and Ca±Mg±HCO3 waters come

from interaction with either calcite-bearing sedimen-
tary rocks and ophiolites or the Molare Formation,
which includes conglomerates and sandstones with

clasts of ophiolites.

4.2. Na±HCO3 waters of low salinity

This group comprises samples 31, 45, 46 and 50,
which have ionic salinities of 10±30 meq/kg, i.e., com-
parable to those of cold Ca±HCO3 to Mg±HCO3

waters. However Cl concentrations of the Na±HCO3

waters (up to 81 mg/kg in sample 46) are higher than

those of Ca±HCO3 to Mg±HCO3 waters, except

sample 50, whose Cl concentration is only 11 mg/kg.

Samples 45 and 50 have detectable sul®de. The tem-

peratures of these two waters are close to the average

annual air temperature whereas temperatures of waters

31 and 46 (30.1 and 32.08C, respectively) are signi®-

cantly higher than average annual air temperature.

Simple Cl and enthalpy balances show that the anoma-

lous high temperatures of these two waters, which are

located close to zones of ascent and discharge of ther-

mal waters, cannot be explained by mixing of thermal

waters with cold Ca±HCO3 to Mg±HCO3 waters.

Therefore, they are heated by either input of hot gases

from below or, most likely, conductive heat transfer.

In high-enthalpy geothermal areas, Na±HCO3

waters originate through either absorption of CO2-

bearing gases or condensation of CO2-rich geothermal

steam in O2-free, low-salinity waters of shallow circula-

tion (e.g., Mahon et al., 1980; Giggenbach, 1988). As

the absence of O2 prevents oxidation of H2S to H2SO4,

the acidity of these waters is controlled by H2CO3.

These H2CO3-rich waters convert feldspars to clays,

thus evolving towards a Na±HCO3 composition. The

aqueous solution becomes rich in Na and HCO3 as Ca

and SO4 concentrations are limited by the low solubi-

lity of calcite and anhydrite, respectively, and K and

Mg are taken up in clays (Ellis and Mahon, 1977).

Fig. 4. Relative Na+K, Ca and Mg concentrations, in equivalents, of the waters of the study area. Symbols as in Fig. 3.
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Conversion of feldspars to clays probably controls
the chemistry of natural waters from the initial Ca±

HCO3 facies towards the ®nal Na±HCO3 composition
also in low-temperature systems. A necessary condition
for this evolution is the absence of SO4 and Cl sources,

mainly evaporites. Pastorelli (1999) simulated this pro-
cess by reacting a Ca±HCO3 water with a gneissic
rock, bearing both K-feldspar and plagioclase, at 258C
and variable PCO2

, by means of the EQ3NR-EQ6 Soft-
ware Package, version 7.2 (Wolery and Daveler, 1992;
Wolery, 1992). The PCO2

was decreased step-wise from

10ÿ2.76 bar, the value of the Ca±HCO3 water, to
10ÿ4.05 bar, the value of the Na±HCO3 water. The
simulation was carried out in reaction progress mode
following the titration model (Wolery and Daveler,

1992). Kaolinite, muscovite, K-feldspar, quartz, dolo-
mite and calcite were precipitated during water±rock
interaction. The analytical concentrations of Na, K,

Mg, Ca, C, S, Cl and F, and the pH of the Na±HCO3

water were reproduced within analytical uncertainties
for a reaction progress of 0.2 moles.

Based on these ®ndings it can be concluded that,
also in the study area, prolonged interaction of meteo-
ric waters with clastic rocks, bearing both K-feldspar

and plagioclase, is the process likely to control the ori-
gin of Na±HCO3 waters, whose times of circulation
and water±rock interaction are greater than those of
cold Ca±HCO3 to Mg±HCO3 waters, as suggested also

by the comparatively high Cl contents.
An alternative process producing Na±HCO3 waters

is the cation exchange of Na+ for Ca2+ from Ca±

HCO3 waters (e.g., Appelo, 1996 and references
therein). This mechanism was proposed to explain the
origin of the Na±HCO3 waters discharged by Tertiary

aquifers along the coast of western Europe and eastern
North America. In the study area it is di�cult to
establish the role of this process as the exchange prop-
erties of local rocks are poorly known.

4.3. Ca±SO4 waters of high salinity

The only Ca±SO4 water is sample 2, which is from a

shallow well, a few km north of Acqui Terme. This
sample has a high ionic salinity, 75 meq/kg, and a low
temperature, 14.68C, which is only slightly higher than
the average annual air temperature. This sample is

likely to be an example of the Ca±SO4 waters which
are relatively common in the Po plain. Their character-
istics are due to interaction with the gypsum-bearing

evaporites of Messinian age (Bortolami et al., 1984).
The high SO4 content (>100 mg/kg) of some Ca±

HCO3 waters in the study area (i.e., samples 9, 27, 32

and 33) is attributed to mixing of low-salinity, Ca±
HCO3 waters with small amounts of high-salinity Ca±
SO4 waters.

Fig. 5. (A): Na vs. Cl plot. (B): B vs. Cl plot. (C): Li vs. Cl

plot. Symbols as in Fig. 3.
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4.4. Na±Cl waters of high salinity

The only Na±Cl water of high salinity is from the

Cascina Corsina well, sample 43. It has a temperature
of 13.78C and a very high ionic salinity, 0500 meq/kg.
Chloride, with a concentration of 8895 mg/kg, is the

predominant anion, while Na, with a concentration of
4620 mg/kg, is the dominant cation. These waters,
which are not uncommon in the Po plain, have a mar-

ine origin (e.g., dilution of connate marine water or in-
teraction of groundwaters with the residues of
evaporated seawater, known as ``bitterns''), as pointed
out by Bortolami et al. (1984 and references therein).

Consistent with this origin, the Na/Cl wt ratio of
sample 43, 0.519, is only slightly lower than that of
seawater (0.556). Sample 43 is enriched in Ca, K, Li,

HCO3, B and SiO2 and depleted in Mg and SO4 with
respect to seawater, suggesting extensive seawater-rock
interaction and reduction of SO4.

4.5. Na±Cl waters of medium-high salinity

Medium to high salinity Na±Cl waters discharge

from Acqui Terme (samples 1, 6, 6b, 7, 7b, 8, 8b, 48
and 49) and Visone (5, 5b, 15, 15b, 44, 44b, 47) ther-
mal springs and shallow wells. Outlet temperatures are

generally signi®cantly higher than average annual air
temperature (except for 15, 15b and 49), reaching a
maximum of 69.58C at La Bollente spring (8, 8b).

Ionic salinities are 35±85 meq/kg. Silica, Li, K, B, SO4,
F, and Na and Cl are more abundant than in shallow,
cold waters. Magnesium and HCO3 are, on the other

hand, less abundant than in cold waters. Calcium is
present in comparable concentrations in the Na±Cl,
thermal waters and in the cold, Ca±HCO3 waters.
In the Na vs. Cl plot (Fig. 5A), sample 49 (Acqua

Marcia) lies at the saline extreme of an apparent di-
lution series with the other Na±Cl waters which appear
to be mixtures of a saline water with shallow, Cl-poor

waters. However, sample 49 has smaller Li and B con-
tents than expected on the basis of the Na±Cl plot,
suggesting the uptake of these constituents into sec-

ondary minerals (Fig. 5B and C). A similar distri-
bution of samples is also observed in the graphs of K
and SiO2 vs. Cl (Fig. 6A and B), although the samples
are more scattered around the dilution line, which in

turn is barely recognizable in the diagram of Mg vs. Cl
(Fig. 6C). In Fig. 6C, Mg was plotted on a log scale to
show the largely variable Mg contents in the Cl-rich

thermal waters. The most likely reasons for the scatter
of the K, SiO2, and especially the Mg data, are vari-
able concentrations of these species in cold, Ca±HCO3

waters and varying reequilibration of mixed Na±Cl
waters with rocks at decreasing temperatures (Marini
et al., 1998). Immediately after mixing, concentrations

Fig. 6. (A): K vs. Cl plot. (B): SiO2 vs. Cl plot. (C): Mg vs.

Cl plot. Symbols as in Fig. 3.
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of dissolved chemical constituents in the mixtures are
®xed by the mixing process and mixed waters are

expected to lie on binary mixing lines in Cl plots. In
general, the mixtures will not be in equilibrium with
respect to relevant minerals at the T, PCO2

, mCl con-

ditions ®xed by the mixing process, even though the
thermal endmember had equilibrium composition prior
to mixing. Therefore, the mixtures will react with the

enclosing rocks and the concentrations of compatible
chemical species will evolve towards the equilibrium
value at the T, PCO2

, mCl conditions ®xed by the mix-

ing process (Chiodini et al., 1991). Di�erent mineral-
solute subsystems will respond at variable rates to the
changes in T, PCO2

and mCl. However, given enough
time, the mixtures will ®nally reach the new equili-

brium compositions. Variable reequilibration of mixed
Na±Cl waters with rocks will therefore result in scat-
tered distributions of points in Cl plots.

5. Chemical geothermometry

According to Giggenbach (1988), possible attain-
ment of mineral-solution equilibrium can be identi®ed

on the basis of relative Na, K and Mg concentrations.

These are conveniently displayed in a Na±K±Mg1/2 tri-

angular plot (Fig. 7), also reporting two curves that

represent the relative Na, K and Mg contents of

geothermal waters in full equilibrium with a thermody-

namically stable mineral assemblage (comprising a

silica mineral, albite, K-feldspar, illite and chlorite)

having the composition of an average crustal rock.

Both curves are based on the K±Mg geothermometer

of Giggenbach (1988), but on di�erent formulations of

the Na±K geothermometer, proposed by Giggenbach

(1988, upper curve) and Fournier (1979, lower curve).

The samples from the springs of Acqui Terme that

contain the largest Cl concentrations (6, 6b, 7, 7b, 8,

8b, 48), except sample 49, plot between the two full

equilibrium curves at temperatures of 115±1358C
(Fig. 7). Samples 44 and 44b also plot between these

two curves but are shifted slightly towards lower tem-

peratures (105±1208C): they mimic a condition of full

equilibrium, owing to their anomalously low Mg con-

tents (Fig. 6C), which are likely to be controlled by in-

corporation of Mg in precipitating calcite (see below).

Among the other Na±Cl waters of medium±high sal-

inity, samples 5, 5b, 47, 15 and 15b plot along a trend

Fig. 7. Na±K±Mg1/2 triangular plot (adapted from Giggenbach, 1988). The full equilibrium lines comprise the compositions of

waters that have attained equilibrium with the thermodynamically stable mineral assemblage with the composition of an average

crustal rock. The solid curve is from Giggenbach (1988); the dashed curve is based on the K±Mg geothermometer of Giggenbach

(1988) and the Na±K geothermometer of Fournier (1979). Symbols as in Fig. 3.
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with Na/K ratios similar to those of previous samples,

but shifted towards the Mg1/2 vertex, apparently owing
to mixing with shallow waters and limited water±rock

reaction (reequilibration) after mixing. Samples 1, 1b

and 49 plot slightly above this trend towards higher
Na/K ratios; the discrepancy between their Na±K tem-

peratures (90±1108C) and the K±Mg temperatures

(0658C) could re¯ect the di�erent rates of readjust-
ment of these two geothermometers with decreasing

temperatures; as the K±Mg geothermometer responds

faster than the Na±K geothermometer (Giggenbach,
1988), the authors consider the temperature provided

by the former to be more representative. Also sample

46 (a Na±HCO3 water) and sample 43 (a Na±Cl water
of high salinity) are close to the low full-equilibrium

curve at temperatures of080 and 608C, respectively.
The quartz geothermometer (Fournier and Potter,

1982) provides other indications on the temperatures
of mineral-solution equilibrium. Apparent quartz-tem-

peratures are: (a) close to 100±1108C for the springs of

Acqui Terme that have the largest Cl concentrations
(6, 6b, 7, 7b, 8, 8b, 48), except sample 49; these tem-

peratures are somewhat lower than those suggested by
Fig. 7 as the quartz geothermometer is a�ected by di-

lution; (b) 0958C for samples 5, 5b, 47; (c) 70±808C
for samples 1, 1b, 15, 15b, 44, 44b and 49; (d) 0658C
for sample 46 and (e)0508C for sample 43.

Summing up, chemical geothermometers suggest the

presence, underneath Acqui Terme-Visone, of a main

geothermal reservoir at 120±1308C, containing waters
in chemical equilibrium with quartz, albite, K-feldspar,

illite and chlorite (or smectite). These waters feed most

Na±Cl thermal springs of medium±high salinity.
Samples 1, 1b and 49 are likely to be connected to sec-

ondary reservoirs where the water of the main reser-

voir, either undiluted or mixed with low-salinity
waters, reequilibrates at 65±708C. Sample 43 (a Na±Cl

water of high salinity) probably comes from a separate

stagnant aquifer where it spends a long time, su�cient
for attainment of mineral-solution equilibrium at 50±

608C. Also sample 46 (a Na±HCO3 water) comes from

a separate aquifer, whose temperature is close to 65±
808C.
Finally, it must be stressed that these equilibrium

temperature estimates for the main geothermal reser-
voir agree with those of Dominco et al. (1980), but are

much lower than the 2008C obtained by Bortolami et

Fig. 8. Plots of (A): Ca, (B): total carbonate and (C): SO4 vs.

Cl concentrations for the waters of the study area. Dashed

lines refer to the dilution lines of the Na±Cl waters of med-

ium±high salinity. They have been obtained through ®rst-

degree linear regression ®t for samples 5, 5b, 6, 6b, 7, 7b, 8,

8b, 15, 15b, 47 and 48. Symbols as in Fig. 3.
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al. (1983, 1984) through application of unrealistic mix-
ing models.

6. Bacterial sulfate reduction

6.1. Chemical evidence

Further indications of the processes occurring during

the ascent of the thermal, Na±Cl waters of medium±
high salinity towards the surface are given by the cor-
relation plots of Ca vs. Cl (Fig. 8A), total carbonate
vs. Cl (Fig. 8B) and SO4 vs. Cl (Fig. 8C).

In Fig. 8A, samples 5, 5b, 6, 6b, 7, 7b, 8, 8b, 15,
15b, 47 and 48 plot on the dilution line of the Na±Cl
thermal waters, which was identi®ed by means of the

Na vs. Cl plot (see above). Samples 1, 1b, 44, 44b and
49 plot below this dilution line, probably because of
precipitation of a Ca-bearing mineral, most likely cal-

cite. The saturation indexes of these 5 samples with
respect to calcite at outlet conditions, +0.2 to +0.4,
are consistent with the occurrence of calcite precipi-
tation.

However, in the total carbonate vs. Cl graph
(Fig. 8B), only samples 44 and 44b plot below the di-
lution line, as expected upon calcite precipitation,

whereas samples 1, 1b and 49 are found above this
line, indicating a process contributing carbonate, in
excess of that subtracted by calcite precipitation.

Finally in the SO4 vs. Cl graph (Fig. 8C), samples 44
and 44b plot on the dilution line (as they are a�ected
by calcite precipitation only), whereas samples 1, 1b

and 49 plot below it.
A process that causes a decrease of SO4 and a con-

current increase of total carbonate, as observed in
these 3 samples, is SO4 reduction, which results in a

corresponding increase in total sul®de, either H2S or
HSÿ or S2ÿ depending on pH. As a matter of fact, the
highest total sul®de concentrations (expressed as HSÿ)
were found in samples 1 (9 ppm), 1b (17 ppm) and 49
(31 ppm), whereas other thermal, Na±Cl waters of
medium±high salinity have total sul®de concentrations

of 0.01±2 ppm. Sulfate reduction can be either thermo-
chemical or, most likely, mediated by bacteria.
The thermochemical process is sluggish at tempera-

tures lower than 01408C (Aplin and Coleman, 1995).

Although the occurrence of this nonbiological process
is possible, the evidence in favor of bacterial mediation
has been growing in recent years. Thermophilic and

hyperthermophilic SO4-reducing bacteria have received
considerable attention, mainly because they generate
large amounts of H2S in oil production systems and in

oil reservoirs, thus contributing to reservoir souring
(e.g., Rosnes et al., 1991; Aplin and Coleman, 1995).
Recent studies (e.g., Genthner et al., 1994; Henry et

al., 1994; Beeder et al., 1995; Lien and Beeder, 1997)
lead to the identi®cation of new SO4-reducing bacteria

and the optimum conditions (temperature, pH, elec-
tron and C sources) for their growth. In laboratory ex-
periments, C and electron donors (e.g., formate,

acetate, butyrate, lactate, malate, fumarate, succinate,
pyruvate, . . .) are either totally oxidized to carbonate
or incompletely oxidized to intermediate products,

such as acetate.
In nature, it seems likely that C and electron donors

are fully converted to carbonate due to the action of

microbial consortia rather than single species. As
sampled waters were not analyzed for organic C
species, it is impossible to prove or reject this hypoth-
esis.

However, in all the thermal, Na±Cl waters of med-
ium±high salinity, formate, acetate and propanoate are
below detection limits, which are approximately 0.02,

0.02 and 0.03 mg/kg, respectively, in the working con-
ditions of the ion chromatograph used for the analysis
of anionic constituents. As the total alkalinity of the

sul®de-rich, SO4-poor samples 1, 1b and 49 ranges
from 4.05 to 4.21 meq/kg, the cumulative contribution
of formate, acetate and propanoate to titration alka-

linity is less than 1.7%, i.e., within analytical uncer-
tainties.
Based on these ®ndings, total conversion of organic

substances to carbonate upon bacterial reduction of

SO4 will be assumed in the following discussion.
Bacterial SO4 reduction has been generally described

by the reaction:

Fig. 9. Relationship between the formal, average oxidation

state of C in the organic compounds involved in bacterial SO4

reduction and the nSO4
/nTC ratio.
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SO2ÿ
4 � 2CH2O � 2HCOÿ3 � H2S, �2�

where decomposing organic matter has been schemati-

cally represented as CH2O (e.g., Berner and Berner,
1996; Stumm and Morgan, 1996). The formal oxi-
dation state of the C atom in CH2O is 0. However, if

this process involves organic compounds with nonzero
oxidation states of C, instead of CH2O, its stoichi-
ometry diverges from that of reaction (2). The relation-

ship between the formal oxidation state of C atoms
and reaction stoichiometry is (Fig. 9):

hCi � 4� 8 �nSO4
=nTC� �3�

This relationship holds true for any class of organic
compounds, and within any given class there is a pro-

gressive shift towards the CH4 point with increasing
length of the alkyl chain.
The stoichiometry of bacterial SO4 reduction in

samples 1, 1b and 49 was calculated, by means of
simple mass balances, on the basis of the shifts from
the dilution trends observed in Fig. 8, assuming that
calcite precipitation brings about changes in total car-

bonate molality which are either equal to the changes
in Ca molality (if the system is open to calcite but
closed to CO2) or twice the changes in Ca molality (if

the system is open to calcite and CO2). Calculated
nSO4/nTC ratios, ÿ0.16 to ÿ0.33, are signi®cantly
higher than the nSO4

/nTC value of ÿ0.5 implied by reac-

tion (2). It should be noted that if bacterial SO4 re-
duction does not involve total conversion of organic
substances to carbonate, as assumed in this discussion,

nSO4
/nTC ratios are higher than calculated.

Based on the relationship between the nSO4
/nTC ratio

and the formal oxidation state of C (Fig. 9), it can be
concluded that the stoichiometry of bacterial SO4 re-

duction in samples 1, 1b and 49 implies the involve-
ment of substantially oxidized organic substances, with
average oxidation state of C +1.4 to +2.8. In oil ®eld

waters, substantially oxidized organic compounds are
largely represented by carboxylate species, especially
acetate (up to 010,000 mg/kg), propanoate (up to

04400 mg/kg), malonate (up to 02500 mg/kg),
butanoate (up to 0700 mg/kg), and oxalate (up to
0500 mg/kg), (e.g., Dickey et al., 1972; Wiley et al.,
1975; Carothers and Kharaka, 1978; Hanor and Work-

man, 1986; Fisher, 1987; Means and Hubbard, 1987;
MacGowan and Surdam, 1990). They originate
through either thermal maturation of kerogen (e.g.,

Carothers and Kharaka, 1978) or hydrolytic bacterial
disproportionation of hydrocarbon at the oil±water
interface (Helgeson et al., 1993). Carboxylic acids and

carboxylate anions might be present also, at depth, in
the Acqui Terme-Visone geothermal system and be
involved in bacterial SO4 reduction.

6.2. Isotopic evidence

Samples 6b and 8b have virtually the same d34S of

dissolved SO4, at +38.9 and +38.8- vs CDT respect-
ively; a slightly lower value, +37.7-, has been found
in sample 44b, whereas sample 1b has a distinctly

higher value, +44.0-. The d34S of total dissolved sul-
®de in the latter sample is +19.4-. These data con-
trast with those obtained by Bortolami et al. (1983,

1984) for La Bollente spring (where we collected
sample 8b): d34SSO4

� �17:5-; d34SH2S � ÿ16:3-: As
the reason for such discrepancy is unknown, only the
present data will be discussed.

The d34SSO4
of all analyzed samples is remarkably

higher than that of any plausible SO4 source, the most
likely of which is Upper Triassic marine sulfate

(+14.6-, Nielsen et al., 1991) based on geological
considerations (see above). Again, a process that
causes an increase in the d34S value of residual SO4, as

observed in all the analyzed samples, is bacterial re-
duction of SO4 to sul®de, either H2S or HSÿ or S2ÿ,
depending on pH (Aplin and Coleman, 1995; Ohmoto
and Goldhaber, 1997). It must be stressed that this

process takes place not only in samples 1, 1b and 49,
as indicated by chemical evidence, but also in samples
6b, 8b, 44b and, most likely, in all the thermal waters

of the Acqui Terme-Visone system, as suggested by S
isotopes.
Assuming continuous separation of sul®de, through

either degassing or precipitation of sul®de minerals,
the theoretical evolution of d34SSO4

is described by this
relationship:

d34SSO4,f � d34SSO4,i � 1000 �F aÿ1 ÿ 1�, �4�
where subscripts f and i refer to the ®nal and initial
states, respectively, F is the fraction of SO4 remaining

in the system and a is the H2S-SO4 fractionation factor
(Valley, 1986).
This equation can be used to evaluate F, taking

d34SSO4,i
� �14:6-, the average isotopic composition

of Upper Triassic marine sulfate, and 1000ln a �
ÿ25-: This is a typical value for systems closed to

SO4 (Ohmoto and Rye, 1979) and is very close to the
D34SH2S-SO4

value for sample 1b, ÿ24.6-. For sample
8b (which has the highest outlet temperature and ¯ow
rate) F is 0.39 and the initial SO4 concentration, before

bacterial SO4 reduction sets in, is 564 mg/kg (analytical
SO4 220 mg/kg).

6.3. Discussion

The saturation index of sample 8b with respect to

anhydrite was calculated at varying temperatures by
means of the SOLVEQ code (Reed and Spycher,
1984). Sulfate concentration was restored to its initial
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value (564 mg/kg) to get rid of the e�ects of bacterial
SO4 reduction. Since this process brings about variable

production of total carbonate, depending on the com-
position of the organic substances involved as C and
electron donors, and this increase in total carbonate is

likely to cause precipitation of calcite, it is virtually im-
possible to recalculate the initial total carbonate and
Ca content. Therefore, initial total carbonate was

assumed to be ®xed by calcite saturation and initial Ca
was taken to be constrained by the electric charge bal-
ance when running SOLVEQ.

The saturation index with respect to anhydrite was
initially calculated at outlet temperature and measured

pH. Temperature was then changed iteratively, keeping
the aqueous solution saturated with calcite, and the
saturation index recomputed. It turns out that the aqu-

eous solution attains saturation with anhydrite at a
temperature of 1108C, which is in good agreement
with the equilibrium temperatures given by chemical

geothermometers.
The PCO2

value given by SOLVEQ, 0.0105 bar, is
very close to the full equilibrium value at 1108C,
0.0117 bar, which is obtained by means of the follow-
ing equation (Giggenbach, 1988; PCO2

in bar, t in 8C):

log PCO2
� 0:0168tÿ 3:78 �5�

According to Giggenbach (1988), Eq. (5) closely

describes the temperature dependence of the univariant
reaction:

Ca-Al-silicate� K±feldspar � CO2

� K±mica� calcite �6�

Therefore coexisting Ca-Al-silicate and calcite might
control PCO2

in the main geothermal reservoir of Aqui

Terme.
Summing up, it seems likely that the thermal end-

member of Acqui Terme equilibrates with anhydrite in

the main geothermal reservoir and bacterial SO4 re-
duction takes place within a system that is practically
closed to further addition of SO4 after the thermal
water leaves the geothermal reservoir.

Finally it should be noted that occurrence of sulfate
reduction in the Acqua Marcia spring (present sample
49) was recognized by Bortolami et al. (1983) on the

basis of its relatively high Cl/SO4 ratio. However it
seems unlikely that ``the associated generation of
reduced sulfur led to the lower pH values observed at

this spring with respect to those of the other water-
points''. As indicated by analytical data, sul®de is sep-
arated from the aqueous solution as either H2S gas or

mineral sul®des. The pH is instead governed by car-
bonate species (mainly HCO3), which are produced
through bacterial SO4 reduction and leave the system
through calcite precipitation (see above).

7. ddD and dd18O values of water

The dD values of Bortolami et al. (1983, 1984) are
higher than in the present study, probably due to an
error in standardization or to a systematic instrumen-

tal error. This analytical bias was removed by subtract-
ing 5- from the dD values of Bortolami et al. (1983,
1984).

Fig. 10. (A): dD vs. d18O diagram, showing the isotopic com-

position of waters sampled in the study area. Also shown is

the worldwide meteoric water line. (B): Plot of dD values vs.

Cl concentrations.
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In the dD vs. d18O plot (Fig. 10A) all the waters
sampled in the study area, apart from samples 43, 6b,

and 48, plot close to the worldwide meteoric water
line, indicating a meteoric origin. Sample 50 has an
unusually light isotopic composition, suggesting a dis-

tinct geographic provenance. This interpretation is
reasonable for this sul®de-bearing Na±HCO3 water,
which has a comparatively long circulation time indi-

cated by its chemical composition.
Sample 43, a Na±Cl water of high salinity, plots to

the right of the meteoric water line, that is in a pos-

ition which is typical of other Na±Cl brines of the Po
Valley (Bortolami et al., 1984 and references therein)
and, in general, of formation waters (e.g., Sheppard,
1986).

Samples 6b (Lago delle Sorgenti) and 48 (Vasca
Rotonda) come from two thermal springs discharging
Na±Cl waters of medium-high salinity. Both pools

have surface areas much larger than other pools,
which facilitate evaporation with a large kinetic, di�u-
sion-controlled component (Giggenbach and Stewart,

1982). These peculiar conditions of vapor±liquid separ-
ation, rather than dilution of a brine as hypothesized
by Bortolami et al. (1983, 1984), are considered to be

the cause of the enrichment in heavier isotopes.
Positive 18O-shifts, which are typical of high-tem-

perature, rock-dominated (stagnant) systems (Giggen-
bach, 1992), are not observed in the thermal waters of

Acqui Terme-Visone, in agreement with their prove-

nance from a dynamic, water-dominated system with a
rather high natural discharge of020 kg/s and tempera-

tures R120±1308C.
The spread of isotopic properties of the thermal

waters in Fig. 10A is also due to mixing of the deep,

thermal endmember with shallow, cold waters of di�er-
ent isotopic composition. This process is more evident
in the dD vs. Cl plot (Fig. 10B), where the points con-

verge as they approach the thermal endmember, rep-
resented by sample 49.
The dD vs. altitude diagram for the cold springs of

the study area (Fig. 11) shows that altitude and dD
value are strongly correlated. Since it is the discharge
altitude rather than the unknown in®ltration altitude
that is plotted in this diagram, an equation linking the

minimum altitude of in®ltration of local precipitation
(H, m asl) and the dD value can be obtained by draw-
ing a regression line through the points lying to the

extreme right, i.e., samples 18, 20, 38 and 39. Such an
equation is

dD � ÿ0:01507�Hÿ 49:57 �7�

This relationship is very close to that derived by Pas-
torelli et al. (1999), using the same approach, for the

Acquarossa area (Ticino, Switzerland):

dD � ÿ0:0167�Hÿ 48:9 �8�

This coincidence is probably fortuitous, at least con-
cerning the intercept. The same exercise leads to the

following equation for the springs of the Polcevera
Valley, which is located 020 to 30 km SE of the study
area, but on the southern slopes of the Ligurian Alps

(Marini and Ottonello, 1997):

dD � ÿ0:01649�Hÿ 31:25 �9�

The similarity of the slopes of Eqs. (7)±(9) is not for-
tuitous and strengthens the validity of this simple tech-
nique to link the minimum altitude of in®ltration of

meteoric waters with their isotopic composition.
Use of Eq. (7) suggests an average recharge altitude

of 1200 m asl for the geothermal system of Acqui

Terme-Visone, assuming that the thermal endmember
is represented by either sample 49 or 8b, whose dD
values di�er by only 0.1- (less than the analytical
uncertainty). This altitude value is much higher than

the 570±590 m asl proposed by Bortolami et al. (1983,
1984), who used a relationship derived by Bortolami et
al. (1979) for the Val Corsaglia, Maritime Alps. Both

in®ltration altitudes are consistent with the elevations
of the Ligurian Alps south of Acqui Terme. However,
the large di�erence between Eqs. (7) and (9), in spite

of the comparatively small distance separating these
two areas, suggests that the relationships linking the
altitude of in®ltration of meteoric waters and their iso-

Fig. 11. Plot of dD values vs. altitude of discharge for the

cold springs of the study area. Symbols as in Fig. 3. Also

shown are values for the cold springs of the Polcevera Valley

(Genoa, Italy, from Marini and Ottonello, 1997; crosses) and

the dD-altitude relationships for the study area, the Polcevera

Valley and the Acquarossa area (Ticino, Switzerland, from

Pastorelli et al., 1999; dashed line).
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topic composition have to be derived on a very local
scale. This is particularly important where orographic

barriers, such as the Ligurian Alps, are present. Here,
the clouds from the south prevail and experience a ®rst
condensation on the southern slopes of the Ligurian

Alps, producing comparatively heavy meteoric waters
(as in the Polcevera Valley), whereas the precipitations
discharging afterwards on the northern slopes of the

Ligurian Alps (as in the study area) are isotopically
lighter.

8. Tritium

As shown by Bortolami et al. (1983, 1984), 3H is not

detectable in the Na±Cl thermal waters of Acqui
Terme-Visone apart from some samples a�ected by
mixing with shallow, 3H-rich waters. Sample 1b is vir-
tually free of 3H also.

The mean residence time of 3H-free waters has been
estimated by Marini and Ottonello (1997) using the 3H
data for rain waters collected at the IAEA station of

Genoa and the two theoretical models of piston ¯ow
and perfect-mixing (Pearson and Truesdell, 1978). Tri-
tium-free waters have mean residence time >42 a

according to the ®rst model, and at least some 1000 a
based on the second model. These values are somewhat
di�erent from those proposed by Bortolami et al.

(1984), who presented a misleading log±log plot of 3H
vs. residence time.

9. Geochemical model of the Acqui Terme-Visone

geothermal system

The main reservoir of the Acqui Terme-Visone

geothermal system has a temperature of 120±1308C
and is probably located at a depth of03.5 km, assum-
ing a normal geothermal gradient of 338C/km. This

reservoir is fed by meteoric waters in®ltrating at an
average elevation of 01200 m asl in the Ligurian Alps,
some tens of km south of Acqui Terme-Visone. Meteo-

ric waters move northwards, essentially percolating
through and interacting with ophiolites and metasedi-
mentary rocks of the Voltri Group and Mesozoic car-
bonate-evaporite rocks. In particular, meteoric waters

acquire dissolved SO4 by leaching of Upper Triassic
evaporites.
Upon prolonged circulation into the main geother-

mal reservoir, these waters come to have Na±Cl com-
position and medium±high salinity and attain chemical
equilibrium at 120±1308C with typical hydrothermal

minerals including quartz, albite, K-feldspar, illite,
chlorite (or smectite), anhydrite, calcite and an unspe-
ci®ed Ca-Al-silicate.

After leaving the zones of the reservoir where Upper

Triassic evaporites are present, thermal waters come
into contact with oil, acquiring relatively oxidized or-
ganic substances, such as carboxylic acids and carbox-

ylate anions, through bacterial disproportionation of
hydrocarbons at the oil±water interface.

At this stage of their evolution, the thermal waters
are charged with all the substances needed to support
the life of SO4-reducing thermophilic bacteria. These

microorganisms reduce SO4 to sul®de and oxidize or-
ganic C to carbonate species, mainly HCO3, leading to
precipitation of calcite. Sul®de is continuously removed

from the waters as either gaseous H2S or mineral sul-
®des.

In the study area, the impermeable marine sequence
of the TPB extends from the surface to depths of 2±3
km, acting as a seal for the geothermal reservoir. In

the Acqui Terme-Visone area, this seal is locally wea-
kened by NW- to W-trending normal and strike-slip
faults belonging to the transtensive Bagni-Visone fault

system (Piana et al., 1997), which creates zones of high
vertical permeability. Some thermal waters ascend

along these zones and discharge at the surface almost
undiluted (e.g., La Bollente, Vasca Rotonda, Lago
delle Sorgenti) or mixed with cold, shallow waters

(e.g., Caldana di Visone).
To the SW of Acqui Terme, other ascending thermal

waters, either undiluted or mixed with low-salinity
waters, enter comparatively shallow secondary reser-
voirs (1.5 km-deep assuming a normal geothermal gra-

dient) and reequilibrate at temperatures of 065±708C
as indicated by chemical geothermometers. Further
bacterial SO4 reduction takes place in these waters,

probably upon addition of further organic matter.
Again, the carbonate species produced are partly incor-

porated into precipitating calcite. The waters escaping
from these secondary reservoirs along elements of the
transtensive Bagni-Visone fault system either discharge

at the surface (Acqua Marcia spring, sample 49) or are
tapped at shallow depth (Cassarogna well, samples 1,
1b).

The importance of the transtensive Bagni-Visone
fault system is also testi®ed by the presence, near

Acqui Terme, of: (1) sul®de-bearing Na±HCO3 thermal
waters, coming from a geothermal aquifer (tempera-
ture 70±808C) located at a depth of 02 km and (2)

Na±Cl brines (Cascina Corsina well) also coming from
a relatively hot (50±608C), deep (1.3 km) aquifer.
These waters can also ascend towards the surface

along zones of high vertical permeability created by
this fault system.

Finally, it must be stressed that, in addition to these
secondary occurrences, the Na±Cl thermal waters of
medium±high salinity represent, with a deep tempera-

ture of 120±1308C, outlet temperatures up to 0708C
and considerable natural discharge (020 kg/s), a very
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interesting geothermal resource, that could be exploited
not only therapeutically, as in Roman times, but also

for other direct uses. Moreover, the interaction of
these thermal waters with oil deserves further studies,
for potential economic implications.
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Appendix A. Field characteristics of main thermal and

mineral water-points

A.1. La Bollente spring (samples 8, 8b)

The most renowned spring of the Acqui Terme-
Visone area is called La Bollente (which is Italian for
``the boiling one''), although its outlet temperature is

only close to 708C and no gas bubbles are present.
However La Bollente is the hottest spring and has the
highest ¯owrate,09 kg/s (Dominco et al., 1980), of the

area. It discharges in the centre of Acqui Terme, at
160 m asl, from a neo-classical aedicule that was built
in the 19th century.

A.2. Lago delle Sorgenti (sample 6, 6b)

The name of this site is ``Lake of the Springs''. It is
an arti®cial pond of0400 m2, comprising several emer-

gences, located inside the Old Spas. Outlet temperature
reaches a maximum of 59.58C and total ¯owrate
ranges between 5 and 7 kg/s (Dominco et al., 1980).

Thermal water discharges are accompanied by gas
bubbling. Gas-chromatographic analysis of a sample
of this gas, which was collected in February 1997, indi-
cates that it is largely made up of N2 (98.7 vol%) with

some CH4 (0.56 vol%) and Ar+O2 (0.72 vol%)
(Roberto Cioni, personal communication).

A.3. Vasca Rotonda spring (sample 48)

This spring is also located inside the Old Spas and it
is bordered by a circular wall of bricks of 05 m diam-

eter (in Italian ``vasca'' is tub, and ``rotonda'' circular).
Flowrate is03 kg/s and outlet temperature is 42.58C.

A.4. Cassarogna well (samples 1, 1b)

This artesian well was drilled to a total depth of
147.5 m in 1990. The well head is located at 150 m asl

in the south-western outskirts of Acqui Terme. During
artesian ¯ow the well has an outlet temperature of
0268C and ¯owrate of 01.2 kg/s. Pumping tests have

shown that the outlet temperature reaches 029.68C for
a ¯owrate of 05 kg/s. A TV camera inspection of the
well has demonstrated that it is fed by an almost verti-

cal fracture, which is intersected between 126.8 and
128.6 m depths. The maximum width of the fracture is
a few cm.

A.5. Cascina Corsina well (sample 43)

This well is located in the alluvial plain of the Bor-
mida river. Its total depth is 65 m. The aqueous sol-
ution feeding this well has a temperature of 13.78C,
Na±Cl composition and a very high salinity. Similar
brines are not uncommon in these alluvia and were
used, especially in war times, to extract salt.
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