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Abstract

The Mt. Amiata volcano in central Italy is intimately related to the post-orogenic magmatic activity which started in
Pliocene times. Major, trace elements, and isotopic composition of thermal and cold spring waters and gas manifestations
indicate the occurrence of three main reservoir of the thermal and cold waters in the Mt. Amiata region. The deepest one is
located in an extensive carbonate reservoir buried by thick sequences of low-permeability allochthonous and neo-auto-
chthonous formations. Thermal spring waters discharging from this aquifer have a neutral Ca-SO composition due to the4

presence of anhydrite layers at the base of the carbonate series and, possibly, to absorption of deep-derived H S with2
2y Ž .subsequent oxidation to SO in a system where pH is buffered by the calcite–anhydrite pair Marini and Chiodini, 1994 .4

Isotopic signature of these springs and N -rich composition of associated gas phases suggest a clear local meteoric origin of2

the feeding waters, and atmospheric O may be responsible for the oxidation of H S. The two shallower aquifers have2 2

different chemical features. One is Ca-HCO in composition and located in several sedimentary formations above the3

Mesozoic carbonates. The other one has a Na-Cl composition and is hosted in marine sediments filling many post-orogenic
NW–SE-trending basins. Strontium, Ba, F, and Br contents have been used to group waters associated with each aquifer.
Although circulating to some extent in the same carbonate reservoir, the deep geothermal fluids at Latera and Mt. Amiata
and thermal springs discharging from their outcropping areas have different composition: Na-Cl and Ca-SO type,4

respectively. Considering the high permeability of the reservoir rock, the meteoric origin of thermal springs and the two
different composition of the thermal waters, self-sealed barriers must be present at the boundaries of the geothermal systems.
The complex hydrology of the reservoir rocks greatly affects the reliability of geothermometers in liquid phase, which
understimate the real temperatures of the discovered geothermal fields. More reliable temperatures are envisaged by using
gas composition-based geothermometers. Bulk composition of the 67 gas samples studied seems to be the result of a
continuous mixing between a N -rich component of meteoric origin related to the Ca-SO aquifer and a deep CO -rich2 4 2

component rising largely along the boundaries of the geothermal systems. Nitrogen-rich gas samples have nearly
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Ž . 15 14 Ž . 15atmospheric N rAr s83 and Nr N ds0‰ ratios whereas CO -rich samples show anomalously high d N values2 2
Ž .up to q6.13 ‰ , likely related to N from metamorphic schists lying below the carbonate formations. On the basis of2

13 12 Ž 13 .average Cr C isotopic ratio d C around 0‰ , CO seems to originate mainly from thermometamorphic reactions in the2

carbonate reservoir andror in carbonate layers embedded in the underlying metamorphic basement. Distribution of
3Her4He isotopic ratios indicates a radiogenic origin of helium in a tectonic environment that, in spite of the presence of
many post-orogenic basins and mantle-derived magmatics, can presently be considered in a compressive phase. q 1997
Elsevier Science B.V.
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1. Introduction

Post-orogenic magmatic activity occurred in the
Ž .northern Apennines central Italy during Pliocene to

ŽQuaternary times and produced hybrid crustal anate-
ctic—upper mantle; Poli et al., 1984; Giraud et al.,

. Ž1986; Peccerillo et al., 1987 , anatectic Barberi et
.al., 1971 and subcrustal primary K-rich silica-under-

saturated magmas in Tuscany and Lazio, respectively
Ž .Peccerillo et al., 1987 . These magmatic activities
are associated with geothermal anomalies which may

Žhave persisted for relatively long periods 2–3 Myr;
.Calore et al., 1981 and been generally more

widespread than the volcanic areas on surface. This
Žis particularly evident at Larderello the most impor-

.tant geothermal field in Italy , where volcanic out-
crops are only found 25 km away from the geother-
mal field itself, and drill holes have encountered only
small 3.8 Ma microgranitic dikes at )3000 m depth
Ž .Villa et al., 1987 .

Deep geothermal wells in the peri-Tyrrhenian belt
show relatively uniform temperatures of 300–4008C

Ž .at depths of 3–4 km CEE, 1988 . At greater depths,
Ž .high heat flow is due to deep-seated 6 to 10 km

Ž .masses close to their melting point Puxeddu, 1984 .
Heat is transferred to shallow depth by conduction
and by convection in a regional aquifer hosted in

Ž .Mesozoic limestone formations ‘Tuscan’ series ,
Žsometimes piled up in accretional prism Pandeli et

.al., 1991 . This aquifer plays an important role in
increasing shallow thermal gradients, so that in those
areas, where the aquifer is confined and self-sealed
Ž .Travale, Mt. Amiata, Latera and Bolsena, Fig. 1 ,

Žreservoirs at )2008C form at -1 km depth Carella
.et al., 1985 .

At the margins of such geothermal fields, a large
number of Ca-SO thermal springs, generally associ-4

ated with gas emissions, are found, that may indicate

the widespread convective thermal anomaly. Lotti
Ž .1910 interpreted these thermal springs as the result
of a low-temperature hydrothermal residual activity
related to the final stages of the Apenninic post-oro-

Ž . Ž .genic magmatism. Trevisan 1951 , Tonani 1957
Ž .and Bencini et al. 1977 suggested that the thermal

Ca-SO character of these waters could imply the4

exothermic hydration process of anhydrite strata
Ž .‘Burano formation’ which occur at the base of the
Mesozoic limestones. Deep drill holes, at both

ŽLarderello, Travale and Mt. Amiata Batini et al.,
.1995 and in some Pb–Cu–Zn mining areas in

Ž .southern Tuscany Vighi, 1958, 1966 indicate the
occurrence of gypsum where temperature at depth is
-1508C.

Ž .More recently, Baldi et al. 1973 , Ceccarelli et
Ž . Ž .al. 1987a , Minissale and Duchi 1988 suggested

that the central Italy geothermal anomaly is mostly
related to a deep circulation of meteoric waters in an

Žarea of high regional heat-flow Calamai et al.,
.1976b . This circulation occurs primarily in a thick

Ž .up to 3.5 km; Buonasorte et al., 1991 sequence of
carbonate rocks which also host high salinity
geothermal systems. However, interaction between
the geothermal fluids and the thermal spring waters

Žmay be restricted by self-sealing processes Facca
.and Tonani, 1967 .

Thermal spring waters discharging in the areas of
Žlimestone outcrops in central Italy Duchi et al.,

1985, 1987a,b, 1992; Chiodini et al., 1991; Celati et
.al., 1991 show the following chemical and isotopic

features:
Ž .1 constant flow rate and chemical and isotopic

composition;
Ž . 18 162 Or O and DrH isotopic ratios suggesting

a meteoric origin;
Ž .3 low tritium values suggesting a relatively long

Ž .residence time underground )40 years .
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As mentioned before, most of the thermal springs
have a Ca-SO composition although a limited num-4

ber of saline Na-Cl springs are also present. The
latter have been interpreted as due to either mixing
between Ca-SO thermal waters and descending cold4

fossil seawater trapped in the Neogene sediments
Ž .Francalanci, 1959; Duchi et al., 1992 or to water

Žcirculation in the Paleozoic basement Panichi et al.,
.1974; Panichi, 1982 . The latter, although lying be-

low the Mesozoic limestones, may occur adjacent to
the limestones in areas of folded terraines. Since
occurrence of saline Na-Cl type fluids is closely
related to the geothermal systems in central Italy at

Ž . ŽLarderello Panichi et al., 1974 , Mt. Amiata Scan-
. Ždiffio, pers. commun. , Latera Gianelli and Scandif-

. Ž .fio, 1989 , Torre Alfina Buonasorte et al., 1988 and
Ž .Cesano Calamai et al., 1976a , leakage of these

fluids into the regional Ca-SO acquifer cannot be4

ruled out.
Continental margins are characterised by high

Ž .CO emissions Barnes et al., 1978, 1984 and CO2 2
Žvents are very common in central Italy Duchi and

.Minissale, 1995 . Their origin has been related to
either hydrolysis of limestone in the Mesozoic for-

Ž .mations Kissin and Pakhomov, 1967 or to ther-
mometamorphic processes in the Paleozoic basement
Ž .Gianelli, 1985; Duchi et al., 1992 . Regardless the
origin, rising CO may strongly affect the chemical2

composition of the aquifers through ion exchange
processes as well as calcite andror gypsum precipi-

Žtation in response to P variations Marini andCO 2

.Chiodini, 1994 . The precipitation is likely to occur
at the margins of the geothermal fields where ther-
mal conditions may change dramatically in short

Ž .distances Cavarretta et al., 1985 .
This paper presents some published data and a

Žlarge set of unpublished by courtesy of ENEL Ital-
.ian Electricity Agency chemical and isotopic data

on thermal and cold waters and associated gases
obtained in four prospecting campaigns in central

Ž .Italy Ceccarelli et al., 1987b, 1988, 1989, 1991 , as
well as data for deep fluids from the Travale–Mt.
Amiata–Latera geothermal areas. The main goals of
this study are:

Ž .1 to assess the origin of waters which supply
both the springs and the deep geothermal fluids;

Ž .2 to assess the origin of the gas components and
discuss their interaction with shallow aquifers;

Ž .3 to evaluate the trace element distribution in
waters and their usefulness in the reconstruction of
circulation paths;

Ž .4 to correlate the chemical and isotopic data of
thermal waters and gases with recent neotectonic
studies;

Ž .5 to delineate as yet undiscoverd areas of high-
enthalpy waters.

2. Geological setting of the Travale, Mt. Amiata
and Latera geothermal fields

The area under study is morphologically charac-
Ž .terised by the Mt. Cetona ridge 1078 m a.s.l. , the

Ž .Mt. Amiata 1770 m a.s.l. linear silicic complex
Ž .Ferrari et al., 1996 , the Bolsena caldera and the
Quaternary K-rich and high-K volcanics of Vulsini

Ž .Mts. and Cimini Mts. Fig. 1 . The Mt. Amiata,
Vulsini Mts. and Cimini Mts. volcanic products,
characterized by high permeabitily in the lavas and
very low permeability in the pyroclastics, are under-
lain by sedimentary and metamorphic units with the

Ž .following sequence from the bottom to the top: 1
low-to-medium permeability Paleozoic metamorphic

Ž .basement; 2 high-permeability Mesozoic limestone
Ž . Ž .formations ‘Tuscanids’ ; 3 low-permeability al-

Ž . Ž .lochthonous flysch formations ‘Ligurids’ ; and 4
low-permeability Mio-Quaternary continental and

Ž .marine post-orogenic sediments Abbate et al., 1970 .
The Mesozoic limestones are the main reservoir for
the production of the geothermal fluids, whereas the
overlying tectonic units act as an impermeable cap-
rock. This area has also been affected by NW–SE-
oriented tensive tectonics which caused the forma-

Žtion of many Neogene basins e.g. the Siena and
.Radicofani basins in Fig. 1 whose sediments have

been uplifted to 1000 m a.s.l. in the surrounding
Ž .areas of Mt. Amiata Sestini, 1932 . Gianelli et al.

Ž .1988 interpreted this uprising as the result of the
emplacement of a large intrusive granite body at a

Ž .relatively shallow level in the crust 5–6 km .
The Travale geothermal field is situated at 15 km

Ž .east of the Larderello field Fig. 1 and electrical
power plants producing a total of 90 MW have been
installed there. It is a steam-dominated system with
maximum temperature of production of 2708C. The
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Fig. 1. Sketch map of the study area with locations of the water and gas sampling points. Sites without numbers refer to manifestations not
sampled in this study.

geothermal reservoir is located in both the Mesozoic
carbonatic horizon and the Paleozoic metamorphic

Ž .basement at 600–1500 m depth Barelli et al., 1995 .

The Mt. Amiata geothermal area locates at 60 km
southeast of Travale. The two Bagnore and Pi-
ancastagnaio fields produce a two-phase fluid origi-
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nating from two separate horizons of production. The
shallower is at 500–1000 m depth in the carbonates
and produces a 200–2308C fluid whereas the deeper

Ž .one )3000 m is in the Paleozoic basement where
Žtemperature ranges from 300 to 3508C Calamai et

.al., 1970; Gianelli et al., 1988 .
Moving to the south, the Latera geothermal field

produces a few megawatts from a liquid-dominated
Ž .reservoir 800–1000 m deep containing Na-Cl water

Ž .at 200–2308C Bertrami et al., 1984 . Wells at Torre
Ž .Alfina 600–1000 m deep have encountered a liq-

uid-dominated system with Na-Cl waters at 1508C
Ž .Cataldi and Rendina, 1973; Buonasorte et al., 1988 .
There, the low reservoir temperatures limit the pro-
ductive extraction of the geothermal energy.

3. Analytical methods

ŽSeventy-nine water samples 24 thermal, 51 cold
.and 4 stream waters , 8 samples from the Mt. Amiata

geothermal wells and 67 surface gas samples have
been analysed for major, trace and isotopic composi-
tion. Temperature, electrical conductivity, pH, Eh,
Rn concentration and flow rate have been measured
in the field. Isotopic composition of oxygen and
hydrogen in water and 13Cr12 C in CO , 15Nr14 N in2

N , 40Arr36Ar and 3Her4 He ratios have been mea-2

sured in selected thermal waters and gases.
In order to determine heavy metals, water samples

Ž .were treated in the field as follows: 1 filtered with
Ž . Ž .45 mm filter; 2 acified with HNO ; and 3 diluted3

Ž .1:10 for silica determination. Analytical methods
are as follows; HCO by titration with HCl; SiO by3 2

colorimetry; Ca, Mg, Sr and Fe by atomic absorption
Ž .spectrophotometry AAS ; Na, K, Li, Rb and Cs by

emission spectrophotometry; Cl, SO , I and Br by4

ion chromatography; B, As, Sb, Ba, Zn and Al byŽtot.
graphite furnace AAS; NH and F by potentiometry.4

Gas samples were collected in two pre-evacuated
100 cm3 bottles, one of which contains 50 ml of 4M
NaOH to concentrate the non reactive components
Ž .Giggenbach, 1975 . CO , N , H S and O qAr2 2 2 2

were determined by gaschromatography using a ther-
mal conductivity detector, while H , CO, CH and2 4

C H were analyzed with a He ioniser detector. He2 6

contents were determined with a Du Pont 120-SSA
spectrometer; HerNe and 40Arr36Ar ratios were

measured with a quadrupole Spectralab 200 VG-Mi-
cromass spectrometer; 3Her4 He ratio was measured
with a magnetic MAP 215-50 mass spectrometer.
Some of the 13Cr12 C in CO and all the 15Nr14 N2

Ž .isotopic ratios Minissale et al., 1995 were deter-
mined with a Finnigan MAT 251 spectrometer.

4. Chemical composition

4.1. Major elements in waters

Results are listed in Tables 1–5 and the classifica-
tion of water samples according to the Langelier and

Ž .Ludwig 1942 diagram is shown in Fig. 2.
Most of thermal spring waters are in the Ca-SO4

field with the exception of four samples in the Siena
Ž .basin a33, a35, a36, a47 and sample a72 lo-

cated along the Tyrrhenian shoreline that plot in the
Na-Cl sector. The saline geothermal fluids from the
Latera and Mt. Amiata wells also lie in the Na-Cl

Ž .sector Fig. 2 . Owing to the low solubility of Ca-SO4

and Mg co-precipitation in clay minerals at high
Ž .temperature Ellis, 1971 , these geothermal fluid

Ž .samples fall along the CaqMg s0 axis, but they
have a higher HCO content with respect to seawater3
Ž .sw .

Although plots of cold water samples scatter all
over the Langelier–Ludwig diagram, most of them
have a groundwater Ca-HCO composition. Low-pH3

samples are SO -rich waters, which is likely due to4

the oxidation of H S to SO in subaerial environ-2 4
Ž .ment, and are indicated as ‘acidic waters’ Fig. 2 .

These waters plot along the HCO s0 axis since at3

pH-4.3 the bicarbonate ion is completely trans-
formed into CO . A few cold springs have a Na-Cl2

composition. They emerge in the outcrop areas of the
Neogene formations and are likely related to fossil

Žseawater trapped inside the sediments Duchi et al.,
.1992 .

Most of the samples could be interpreted as a
Ž .mixture of the following three endmembers: 1 sea-

Ž . Ž .water or fossil seawater ; 2 Ca-HCO groundwa-3
Ž .ter; and 3 Ca-SO thermal water. The so-called4

‘CO -interaction’ lines are others possible evolution-2

ary paths for waters with any original composition
because CO is extremely ubiquitous at shallow2

Žlevel in the crust in central Italy Panichi and Ton-
.giorgi, 1976 . High CO concentration causes ionic2
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Ž .exchange of Ca ions in the solutions with Na K
ions contained in clay mineral lattice. Since clay
minerals are abundant in both the ‘Ligurids’ and the
post-orogenic clastic formations, addition of CO2

may modify the chemical compositions of waters in
confined aquifers to a Na-HCO chemical composi-3

Ž .tion Drever, 1982 .

4.2. Trace elements in water samples

Abundances of Cs, Rb, As, I, Sb and Zn, in both
Ž .cold and thermal spring waters Tables 3 and 4 are

low and below their instrumental detection limits in
most of samples. Al and Fe have shown highŽtot.

Ž .concentration up to 44 and 390 ppm, respectively
only in the relatively low-pH waters, indicating that
their content is mainly controlled by dissolution of
country rocks with acid fluids formed through H S2

oxidation.
In contrast, Sr proved to be positively correlated

Ž .with emerging temperatures of springs Fig. 3 , and
Ž .plots of Sr against F Fig. 4 can be used to delineate

Ž .Fig. 2. Langelier and Ludwig 1942 diagram for spring water
samples and some geothermal fluids of wells from Latera and Mt.
Amiata.

Ž .Fig. 3. Strontium vs. emergence temperature 8C diagram. Tem-
peratures for geothermal wells are measured at the bottom.

springs whose waters circulate through the regional
Ca-SO aquifer. The high Sr contents are easily4

explained in thermal springs, because this element
intimately associates with Ca and hence is enriched
in the Ca-SO samples. Fluorine concentration may4

be controlled by equilibration with secondary anhy-
drite and fluorite inside the Mesozoic carbonates

Fig. 4. Strontium vs. F diagram.
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Ž .Marini et al., 1986 . Although circulating in the
same geological formations, most geothermal fluids

Ž .have a lower Sr content -7 mgrkg with respect to
Ž .the thermal springs generally )10 mgrkg, Fig. 3 .

This is due to the fact that Sr tends to coprecipitate
with Ca during gypsum and calcite precipitation at
high temperature in response to variations of CO2

Ž .partial pressure Marini and Chiodini, 1994 .
Barium, which crystallochemically behaves like

Sr, has a higher content in the cold shallow springs
than in the thermal waters and this can be explained
with the precipitation of barite inside the Mesozoic
formations, due to the large concentration of SO4

ions in the thermal waters from the dissolution of
anhydrite. This agrees well with the saturation in-
dexes calculated for relevant minerals using WA-

Ž .TEQ 4F Ball and Nordstrom, 1991 program, indi-
cating that most of thermal samples are barite satu-
rated. Moreover, dispersed barite ore deposits occur
in the Mesozoic limestone in several areas of south-

Ž .ern Tuscany Tanelli, 1983; Ceccarelli et al., 1989 .
Bromine is geochemically correlated with Cl and

Ž .a Br vs. Cl diagram Fig. 5 can be used to determine
if those Cl-rich thermal samples emerging at the
boundaries of the carbonate reservoir formation are
genetically related to recent unmodified marine

Fig. 5. Bromine vs. Cl diagram. Dilution lines with fresh seawater
Ž . Ž .ClrBrs290 and springs from the Siena basin ClrBrs750

Ž .and geothermal fluids from Mt. Amiata ClrBrs500 and Latera
Ž .ClrBrs2000 are shown.

Ž .Fig. 6. Silica vs. sampling temperature 8C diagram.

Ž .ClrBrs290 waters, to modified fossil waters, or
Ž .to high salinity Cl-rich magmatic? fluids. Only

sample a72 emerging close to the Tyrrhyenian
shoreline, a few cold waters close to sample a72
Ž .a73, a78, a79 , and sample a5 in the Siena basin
have ClrBr ratio close to that of seawater. In con-
trast, thermal spring waters a33, a35, a36 and a47

Žand cold sample a59 all emerging in the Siena
.basin, Fig. 1 have the ClrBr ratio ranging from 500

to 750, suggesting a marine end-member mixed with
geothermal fluids. High ClrBr ratios are measured
for the geothermal fluids from deep wells at Mt.
Amiata and Latera, having ClrBr ratios as high as

Ž .500 and 2000, respectively Fig. 5 .
The concentration of silica in thermal springs

Ž . Ž20–50 mgrkg and in most cold springs 5–15
.mgrkg suggests that this compound is equilibrated

Ž .at depth with chalcedony Fournier, 1973 at temper-
Žatures close to those measured at the emergence Fig.

. Ž6 . This implies long circulation underground Duchi
.et al., 1987a, 1992 , that is also confirmed by the

Žabsence of radiogenic tritium in these springs Celati
.et al., 1991; Battaglia et al., 1992 . As observed in

other volcanic products, silica content in cold waters
circulating within the Mt. Amiata volcanic edifice
plot along with the amorphous silica solubility curve
Ž .Fournier, 1973 , whereas geothermal well waters



( )A. Minissale et al.rJournal of Volcanology and Geothermal Research 79 1997 223–251 235

T
ab

le
4

M
in

or
,

tr
ac

e,
an

d
is

ot
op

ic
da

ta
in

th
er

m
al

sp
ri

ng
s

em
er

gi
ng

fr
om

th
e

ca
rb

on
at

e
re

se
rv

oi
r

18
Ž
.

Ž
.

N
o.

N
am

e
N

H
L

i
F

R
b

C
s

B
a

S
r

B
r

I
A

s
A

l
t

F
e

S
b

Z
n

A
l

m
H

S
d

O
d

D
4

2

a
1

B
ag

na
cc

io
S

.G
.A

ss
o

0.
45

0.
2

1.
5

0.
04

-
0.

2
0.

01
4

12
.1

0.
13

0.
2

-
0.

00
5

0.
02

0.
14

0.
00

8
0.

02
1

-
0.

02
nd

7.
7

nd
6

C
av

a
S

ol
et

0.
14

0.
24

1.
8

0.
05

-
0.

2
0.

01
1

12
.3

0.
14

-
0.

2
-

0.
00

5
0.

03
-

0.
01

-
0.

01
-

0.
00

2
-

0.
02

nd
nd

nd
a

7
B

ag
no

V
ig

no
ni

0.
56

0.
25

1.
6

-
0.

04
-

0.
2

0.
01

2
12

.4
0.

13
-

0.
2

-
0.

00
5

0.
03

0.
17

-
0.

01
-

0.
00

2
nd

nd
7.

9
nd

a
a

18
B

ag
ni

S
.F

il
ip

po
2.

6
0.

23
0.

94
-

0.
04

-
0.

2
0.

01
9

14
.0

-
0.

1
-

0.
2

0.
04

7
0.

22
-

0.
01

0.
01

8
-

0.
00

2
0.

22
2.

2
8.

2
53

.2
19

P
as

sa
nt

e
S

.F
il

ip
po

0.
12

0.
11

1.
5

-
0.

04
-

0.
2

0.
02

11
.3

-
0.

1
-

0.
2

0.
01

5
-

0.
02

-
0.

01
0.

01
2

-
0.

00
2

-
0.

02
nd

nd
nd

20
F

os
so

bi
an

co
1.

6
0.

2
1.

3
-

0.
04

-
0.

2
0.

01
9

11
.5

-
0.

1
-

0.
2

0.
03

4
0.

03
-

0.
01

-
0.

01
-

0.
00

2
nd

1.
5

nd
nd

33
D

oc
ci

o
bi

s
10

.0
2.

9
1.

8
0.

24
0.

25
0.

32
13

.3
1.

7
-

0.
2

0.
61

0
0.

04
0.

1
-

0.
01

0.
00

4
0.

15
8.

5
6.

0
40

.8
34

B
ag

no
lo

di
M

on
ti

si
3.

9
1.

4
1.

4
0.

13
-

0.
2

0.
01

4
10

.2
0.

7
-

0.
2

0.
10

0
0.

01
0.

23
0.

01
7

-
0.

00
2

-
0.

02
9.

0
6.

5
42

.3
35

M
or

ta
io

ne
88

.8
18

.8
1.

7
2.

1
1.

70
9.

8
13

.1
4.

2
0.

4
0.

01
0

0.
04

0.
01

-
0.

01
-

0.
00

2
-

0.
02

-
0.

02
2.

1
42

.8
36

A
cq

ua
B

or
ra

28
.4

19
.7

1.
2

0.
81

0.
71

0.
04

7
11

.6
5.

7
1.

1
0.

01
0.

46
9.

6
-

0.
01

-
0.

00
2

0.
05

-
0.

02
5.

3
44

.7
37

C
al

da
ne

ll
e

0.
12

0.
04

1.
6

-
0.

04
-

0.
2

0.
02

2
10

.3
-

0.
1

-
0.

2
0.

01
0

0.
4

0.
04

0.
19

-
0.

00
2

-
0.

02
1.

3
6.

7
41

.0
38

M
ol

in
de

l
T

if
o

-
0.

1
0.

02
1.

4
-

0.
04

-
0.

2
0.

01
1

8.
5

-
0.

1
-

0.
2

0.
01

0
-

0.
02

-
0.

01
-

0.
01

-
0.

00
2

-
0.

02
-

0.
02

6.
4

39
.1

39
P

et
ri

ol
o

4.
4

1.
1

1.
2

0.
14

-
0.

2
0.

02
4

12
.3

0.
3

-
0.

2
-

0.
00

5
0.

07
0.

03
-

0.
01

-
0.

00
2

-
0.

02
17

.5
6.

4
38

.6
40

M
ac

er
et

o
0.

3
0.

11
0.

7
-

0.
04

-
0.

2
0.

02
3

5.
1

-
0.

1
-

0.
2

-
0.

00
5

0.
02

-
0.

01
-

0.
01

-
0.

00
2

nd
1.

5
nd

nd
47

G
ua

do
di

P
ie

tr
af

es
sa

71
.8

17
.7

1.
2

1.
8

1.
50

1.
6

3.
1

3.
8

0.
4

-
0.

00
5

0.
06

2.
1

-
0.

01
-

0.
00

2
nd

nd
3.

0
41

.1
52

P
od

er
e

P
ra

te
ll

a
1.

4
0.

21
1.

4
-

0.
04

-
0.

2
0.

42
10

.3
0.

12
-

0.
2

0.
02

0
0.

16
0.

55
-

0.
01

-
0.

00
2

nd
-

0.
02

nd
nd

60
A

lb
er

es
e

0.
24

0.
24

1.
1

-
0.

04
-

0.
2

0.
02

3
6.

8
1.

1
-

0.
2

-
0.

00
5

0.
02

0.
17

0.
00

3
-

0.
00

2
-

0.
02

1.
5

6.
3

40
.8

61
B

ag
ni

di
S

at
ur

ni
a

30
.7

0.
53

2.
0

0.
04

0.
04

0.
02

2
11

.3
0.

16
-

0.
2

0.
03

0
0.

02
-

0.
01

-
0.

01
-

0.
00

2
-

0.
02

9.
0

6.
9

41
.5

62
P

oz
zo

Ir
ri

gu
o

2.
6

0.
66

1.
2

0.
08

-
0.

2
0.

03
2

8.
5

0.
18

-
0.

2
0.

08
0

-
0.

02
74

.6
0.

00
3

0.
03

-
0.

02
1.

3
6.

9
41

.8
64

P
og

gi
o

C
av

al
lu

cc
ia

ro
0.

22
0.

02
1.

7
-

0.
04

-
0.

2
0.

01
1

9.
1

0.
26

-
0.

2
0.

02
0

-
0.

02
-

0.
01

0.
00

4
-

0.
00

2
nd

6.
1

nd
nd

65
L

as
co

de
ll

e
V

en
e

0.
11

-
0.

01
1.

4
-

0.
04

-
0.

2
0.

01
2

6.
5

0.
22

-
0.

2
0.

02
-

0.
02

-
0.

01
0.

05
0.

03
nd

nd
nd

nd
66

S
ca

rc
et

a
1.

1
0.

02
2.

2
-

0.
04

-
0.

2
-

0.
01

11
.4

0.
1

-
0.

2
0.

03
0

-
0.

02
0.

24
0.

00
2

-
0.

00
2

-
0.

02
3.

0
6.

5
nd

67
L

e
C

al
di

ne
32

.1
0.

62
2.

1
0.

05
-

0.
2

0.
01

7
10

.1
0.

18
-

0.
2

0.
03

2
0.

02
0.

09
-

0.
01

-
0.

00
2

-
0.

02
2.

2
nd

nd
71

G
al

le
ri

a
M

or
on

e
0.

16
0.

02
1.

1
-

0.
04

-
0.

2
-

0.
01

5.
8

-
0.

1
-

0.
2

0.
01

0
0.

03
-

0.
01

0.
00

4
-

0.
00

2
nd

1.
8

nd
nd

72
B

ag
ni

de
ll

’
O

sa
8.

4
0.

42
2.

2
0.

07
0.

27
0.

01
5

18
.5

30
.2

-
0.

2
0.

01
5

-
0.

02
0.

08
0.

00
2

-
0.

00
2

-
0.

02
12

.4
4.

1
22

.0
80

B
ag

ni
G

al
le

ra
ie

8.
3

0.
03

1.
56

-
0.

04
nd

0.
25

11
.7

5
-

0.
1

nd
0.

09
0.

09
0.

82
0.

00
1

-
0.

00
2

0.
05

nd
6.

4
40

.8
81

V
en

e
di

C
ic

ia
no

-
0.

1
0.

02
0.

88
-

0.
04

-
0.

2
0.

03
5.

3
-

0.
1

nd
-

0.
00

5
-

0.
02

-
0.

01
-

0.
01

0.
05

-
0.

02
nd

7.
2

47
.0

a
a

82
R

ap
ol

an
o

3.
3

1.
3

2.
09

0.
16

0.
07

0.
05

18
.0

4
0.

54
nd

-
0.

00
5

0.
02

0.
58

-
0.

01
-

0.
00

2
nd

2.
5

7.
5

44
.1

a
83

C
hi

an
ci

an
o

T
er

m
e

nd
0.

05
2.

85
-

0.
04

nd
nd

11
.8

8
-

0.
1

nd
nd

nd
nd

0.
01

6
nd

nd
nd

7.
7

nd
a

84
S

ar
te

an
o

-
0.

1
0.

02
1.

27
-

0.
04

nd
nd

7.
92

-
0.

1
nd

nd
nd

nd
nd

nd
nd

nd
7.

7
nd

a
85

S
.C

as
ci

an
a

B
ag

ni
0.

5
0.

07
1.

56
0.

01
0.

05
0.

04
11

.0
0.

13
nd

-
0.

00
5

-
0.

02
0.

08
-

0.
01

0.
00

2
nd

-
0.

02
7.

7
nd

86
P

it
ig

li
an

o
0.

36
0.

01
3.

04
-

0.
04

-
0.

2
0.

01
1

11
.1

-
0.

1
nd

-
0.

00
5

-
0.

02
0.

2
0.

01
1

-
0.

00
5

nd
nd

6.
7

b
40

.5
aa

b
a

87
C

an
in

o
0.

81
0.

37
2.

47
0.

12
-

0.
2

0.
03

13
.1

0.
1

nd
0.

11
-

0.
02

0.
03

-
0.

01
-

0.
00

5
nd

nd
7.

0
38

.2
88

B
ag

na
cc

io
0.

14
0.

13
3.

61
0.

13
0.

12
0.

04
12

.3
-

0.
1

nd
0.

18
0.

07
-

0.
01

-
0.

01
-

0.
00

5
nd

nd
6.

3
37

.0
89

R
os

el
le

0.
23

0.
04

1.
22

-
0.

04
-

0.
2

-
0.

01
11

.0
0.

1
nd

-
0.

00
5

-
0.

02
-

0.
01

-
0.

01
-

0.
00

2
-

0.
02

nd
5.

2
32

.6

A
ll

el
em

en
ts

in
m

gr
kg

.
Ž
.

Ž
.

A
l

t
s

T
ot

al
al

lu
m

in
iu

m
;

A
l

m
s

M
on

om
er

ic
al

lu
m

in
iu

m
.

d
18

O
an

d
d

D
in

pe
rm

il
vs

.
S

M
O

W
.

nd
s

no
t

de
te

rm
in

ed
.

a
Ž

.
da

ta
af

te
r

F
an

ce
ll

i
an

d
N

ut
i

19
75

.
b

Ž
.

da
ta

af
te

r
D

’A
m

or
e

et
al

.
19

79
.



(
)

A
.M

inissale
et

al.r
Journalof

V
olcanology

and
G

eotherm
alR

esearch
79

1997
223

–
251

236

Table 5
Chemical composition of fluids from geothermal wells

Name t pH TDS Ca Mg Na K HCO Cl SO B SiO NH F Ba Sr Br3 4 2 4

Latera 3d 238 5.91 9780 2.75 0.22 2740 500 1317 2890 1380 579 371 23.2 25 0.06 0.45 1.25
Latera 2 209 5.4 7477 17.3 1.2 2240 320 975 2940 360 262 362 25.5 10.3 0.2 1.4 3.1
Latera 4 200 5.84 6177 15.3 1.1 1760 285 1240 1840 585 194 257 54 15.3 nd 0.04 nd
Vulsini 2 120 5.36 6243 25.4 14.8 1698 342 1080 1531 1150 281 121 16.9 5.4 0.04 1.1 1.2
Latera SGH1 186 5.71 7092 23.6 3.5 2360 153 681 3315 157 126 273 42.6 6.5 0.13 5.1 1.65
Latera G2 187 5 6796 12 2.6 2120 286 636 3000 250 239 250 17.6 6.8 0.13 2.9 1.9
Latera 14 75 6.35 3217 614 77.5 74 94.5 1105 116 1010 27.6 99 33 nd 0.3 14.3 nd
Amiata 16b 351 6.78 21596 73.6 0.21 4660 1280 1831 8660 0.5 3932 1160 290 16.2 0.25 0.52 18.7
Amiata 26 330 6.94 8885 6 0.03 1530 292 604 2380 12.5 3128 933 79 7.3 0.028 0.1 4.5
Amiata 27 335 7.78 6317 2.4 0.02 1200 208 653 1840 3 1401 1010 95 4.9 0.01 0.03 3.1
Amiata 27b 349 8.23 3072 8.6 0.35 532 76.8 665 585 42 262 900 81 5.6 0.06 0.13 0.9
Amiata 33 344 6.78 12786 12.1 0.41 2870 420 1403 4420 18.7 3460 182 108 3.9 0.13 0.7 8.5
Amiata 33A 321 7.62 5056 3.6 0.19 575 106 560 1120 0.5 1632 1060 216 nd 0.02 0.03 2
Amiata 36 305 8.12 3466 7.2 0.45 564 92.3 495 894 30.6 508 875 110 5.8 0.02 0.06 1.8
Amiata 36b 340 8.31 3055 27.4 4 597 116 516 773 188 190.5 643 53 3 0.1 0.22 1.3

Ž . Ž .Temperature t in 8C; total dissolved solids TDS and all elements in mgrkg.
Ž .Data for Latera and Vulsini are from Gianelli and Scandiffio 1989 .

ndsnot determined.
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from Latera plot along the solubility curve for quartz
at bottom hole temperatures.

Ammonium and B have a large variability in both
Žthe thermal 0.1–88 and 1–800 mgrkg, respec-

. Žtively and cold 0.1–46 and 0.1–185 mgrkg, re-
.spectively springs. They are generally correlated

with Cl due to the presence of a marine-originated
endmember as already observed in other areas of

Ž .central Italy Bencini and Duchi, 1986 . Ammonium
and B show a positive correlation in both the thermal

Ž .spring waters and geothermal fluids Fig. 7 suggest-
ing their common origin, and that thermal springs

Ž .from the Siena basin a35, a36 and a47 might
leak from undiscovered geothermal fluids rich in B
and NH .4

4.3. Gas compositions

Major and minor components of gases from ther-
mal and cold springs as well as dry vents are re-
ported in Table 6. Carbon dioxide is the main com-
ponent among the gases in the cold springs andror

Ž .dry vents )85–90% , while N is generally very2
Ž .abundant )50% in the gas phase associated with

Ž .the thermal springs Duchi and Minissale, 1995 .

Fig. 7. Boron vs. NH diagram. Spring waters emerging in the4
Ž .Siena basin, which have a relevant shift in oxygen-18 Fig. 9 ,

have similar NH and B concentrations with those of fluids4

discharging from geothermal wells.

Fig. 8. Hydrogen vs. CO diagram in the sampled gases.

The gases from dry vents, generally emerging
from the cap-rock formations, are rich in CH with a4

Ž .maximum of 13% by vol. sample ah , whereas it is
-2.2% in the gases associated with cold water and
generally -0.6% in the gases associated with the
thermal springs emerging at the boundary of the
carbonate reservoir rocks. This suggests that CH 4

prevalently forms at shallow level underground above
the Mesozoic limestone formations, andror, if de-
rived from inside or below the reservoir, it solubi-
lizes at a higher H Orgas ratio when associated2

with the regional thermal aquifer.
The maximum H S concentration in the gases is2

1.2%, but a clear discrimination between those in
‘cold’ and ‘thermal’ gases has not been observed.
Thus, similar origin of H S might be suggested for2

Žboth the two groups e.g. alteration of pyrite, sul-
.phate reduction, bacteria activity . . . , etc. . How-

ever, when considering the high reactivity and solu-
bility of H S in shallow aquifers, it is unlikely that2

the measured concentration at surface would reflect
the real H S content at depth.2

Concentration of H and CO, whose high values2

are good indicators of high temperature at depth
ŽTonani, 1973; Giggenbach, 1980; Bertrami et al.,

.1985 , are low in most of gases including the high-
temperature samples from Travale, Mt. Amiata and
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Latera geothermal fields. They show a positive corre-
Ž .lation in both thermal and cold gases Fig. 8 . The

only samples which plot off the general trend are
some of those in the Mt. Amiata area where H is2

Ž .about 200 mgrkg samples a16, ad, ar; Table 6 .
Reservoir temperatures of 200–2508C are calculated
for these samples with the H –H S–CH –CO2 2 4 2
Ž . ŽD’Amore and Panichi, 1980 and H rAr Giggen-2

.bach, 1991 geothermometers.

5. Stable isotopic composition

5.1. Thermal waters and geothermal well fluids

Measurements of the oxygen and hydrogen iso-
topic compositions have mainly been made on the
Ca-SO thermal samples associated with the Meso-4

zoic carbonates. Delta 18 O and d D original data and
data from the literature are included in Tables 3 and
4 and Fig. 9. Two samples from the Latera geother-

Ž .mal wells Battaglia et al., 1992 and the a35 and
a47 thermal springs located in the western margin

18 Žof the Siena basin have heavy d O values y2.11
.and y2.98‰ vs. SMOW, respectively . The remain-

ing cold and thermal waters fall between the global
Ž . Žmeteoric Craig, 1963 and the Mediterranean Gatt

. Ž .and Carmi, 1970 meteoric water lines Fig. 9 . If we

Fig. 9. d 18 O vs. d D diagram for some of the thermal and cold
springs analysed. Isotopic values from the two Latera geothermal

Ž .wells are from Battaglia et al. 1992 .

Fig. 10. d 18 O vs. emergence altitude for both thermal and cold
springs.

consider that all the thermal spring waters related to
the Italian geothermal andror volcanic areas display

Ž .a meteoric origin Minissale, 1991a , the two thermal
samples from the Siena basin must be considered a
good indication of the presence of a high-enthalpy
system at depth. On the basis of sample a35, Panichi
Ž .1982 hypothesized a boiling reservoir with temper-
atures between 150 and 2008C underneath the Siena
graben, far from any of the already discovered
geothermal fields.

In order to verify that waters recharging aquifers
are of local meteoric origin, d 18 O isotopic data are
plotted against the emergence altitude of springs in
Fig. 10. The figure shows that the altitude of recharge
areas is, in general, within the mean altitude of

Ž .mountains in the investigated area 200–1000 m ,
which morphologically coincide with the main out-
crops of the carbonate formations. The more positive
d 18 O values coincide with the topographically lower
areas close to the Tyrrenian sea, where the isotopic
fractionation of 18 O in rain is minimal. Similarly the
most fractionated d 18 O values have been measured
in springs emerging near the Cetona ridge in the
Apennines.

5.2. Isotope composition of gas samples

A detailed survey of the isotopic composition of
carbon in the CO gas vents in central-southern Italy2

was conducted in the early 70’s by Panichi and
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Ž .Tongiorgi 1976 . Data from the previous study as
well as those of the present study have been used to
draw the d 13C isoconcentration map in Fig. 11. Two

Ž .different zones can be recognised: 1 the central-
northern part where d 13C values range between y4.0

Ž . Ž .and y7.0‰ PBD ; and 2 the southern part where
d 13C values are high with maximum of q1.92‰
Ž . 13sample aad . The d C values from the southern
part have recently been reinterpreted by Marini and

Ž .Chiodini 1994 as the result of strong thermometa-
morphic processes in the Mesozoic formations with
typical values of limestones ranging from y1.0 to

Ž .q2.0‰ Faure, 1986 . In the central-northern part,
the d 13C values are close to those for primary

Ž .carbonatitic magmas about y5.0‰; Kyser, 1986
and they have been related to a high contribution of

ŽCO from the upper mantle Marini and Chiodini,2
.1994; Minissale et al., 1995 . This interpretation is
3 4 wsupported by the map of the Her He as RrR sA

Ž3 4 . Ž3 4 .xHer He r Her He distribution in Fig.Žsample. Žair.
12, where a slight enrichment of mantle 3He in

ŽCO -rich samples where RrR )0.2; Marty et al.,2 A
.1992 in most of the study area is evident, with a

13 ŽFig. 11. d C in CO isoconcentration map same area as in Fig.2
.1 . See text.

3 4 Ž . ŽFig. 12. Her He as RrR distribution map same area as inA
.Fig. 1 . Two samples in the Travale area show a remarkable

contribution of 3He from the mantle, probably a lateral leakage
Žfrom the nearby easten part of the Larderello field Hooker et al.,

.1985 .

Žmore pronounced enrichment in the Travale field up
.to RrR s1.81 in sample aak, Table 7 . SimilarA

high values have been interpreted in the nearby
Larderello area as due to a 20–30% contribution of

ŽHe from the mantle to the total He Hooker et al.,
.1985 .

Ž . 15N -rich )50% samples have a d N value2
Ž 15 .similar to the air d Ns0 whereas depleted N2

15 Ž .samples are strongly enriched in N Table 6 . Since
such isotopic enrichments are found for samples with

Ž .N r O qAr )100, they are presumably related to2 2

contributions of N from the Paleozoic metamorphic2

basement as reported from other areas of continental
Ž .margin Jenden et al., 1988 . Generally speaking,

occurrence of N indicates a meteoric origin, and2

N -rich gases are relatively common all over the2
Ž .world Jenden et al., 1988; Giggenbach et al., 1993 .

This origin is very likely for the gas phase associated
to the thermal springs where the mixing of cold
air-saturated rainwaters coming from the reservoir
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Table 7
Temperature evaluated with geothermometers in liquid phase

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .No. Name t e t calc t qtz t k-Mg t N-K-C t N-L t N-L 2 t N-K

1 B.S.G.Asso 29.5 35 67 39 165 158 217 282
6 Cava Solet 48 47 79 46 178 156 216 306

18 B.S.Filippo 51 62 93 35 183 259 295 385
33 Doccio bis 49 76 106 77 143 138 201 201
35 Mortaione 36 62 93 135 228 255 292 254
36 A. Borra 37 39 71 121 198 190 243 163
39 Petriolo 45 38 70 54 165 240 281 248
60 Alberese 29 35 67 40 121 97 166 143
61 B. Saturnia 37 36 68 39 149 225 269 226
72 Bagni Osa 32 32 64 88 159 -0 56 119
80 Galleraie 32 29 62 15 142 155 215 300
82 Rapolano 38 47 79 72 178 144 206 234
83 Chianciano 36 45 77 26 162 133 197 319
84 Sarteano 24 13 45 14 150 142 204 318
85 S.C.Bagni 42 33 66 15 92 79 150 111
86 Pitigliano 36 32 64 74 377 91 160 )1000
87 Canino 40 65 96 66 191 144 206 305
88 Bagnaccio 65 71 101 64 253 163 222 616
89 Roselle 36 50 81 23 136 93 162 229

Ž . Ž . Ž Ž . Ž . Ž .t e semergence temperature; t calc schalcedony Fournier, 1973; t qtz squartz Fournier and Rowe, 1966 ; t K-Mg sKrMg
Ž . Ž . Ž . Ž . Ž .Giggenbach et al., 1983 ; t N-K-C sNa–K–Ca Fournier and Truesdell, 1973 ; t N-L sNarLi Fouillac and Michard, 1981 ;
Ž . Ž . Ž . Žt N-L 2sNarLi Kharaka et al., 1982 ; t N-K sKrNa Truesdell, 1976; Tonani, 1980; Arnorsson, 1983; Fournier, 1979; Giggenbach et

.al., 1983; Nieva and Nieva, 1987 .

outcrops with thermal waters favours the enrichment
Ž .in atmospheric nitrogen. Minissale et al. 1995 have

pointed that N in central Italy is also generated2

from the Paleozoic metamorphic formations by the
oxidation of NH , which is common both in feldspar4

Ž .and mica Honma and Itihara, 1981 . Thus, two
different N source zones can be identified: atmo-2

spheric and metamorphic. The d 15 N areal distribu-
tion does not show the two different sectors observed
for the d 13C and 3Her4 He data, probably because
the high concentration of atmospheric-originated N2

dilutes possible small contributions of the 15N-en-
riched deep components.

40Arr36Ar isotopic ratios are very similar to that
Ž40 36 .of the air Arr Ars295 . Despite the large varia-

Ž .tion in the N r O qAr ratio, no differences in2 2
40Arr36Ar have been observed for N -rich and N -2 2

poor gases. If 40Arr36Ar ratios similar to that of the
air are plausible for the N -rich gases, air contamina-2

tion during sampling may also be invoked for the
N -poor gases. Since the Ar content in the air is high2
Ž .about 0.9% , even a small contamination can mask
the actual contribution of radiogenic 40Ar from the

Ž .depth if: 1 the residence time of the gas phase
Ž .underground is short; 2 the concentration of K is

Ž .low; 3 the rate of water–rock interaction is poor.
Moreover, since in central Italy several deep and
shallow aquifers occur, a rising gas phase may en-
counter at least one meteoric-originated aquifer be-
fore emerging, and this, similarly to what happen to
15N, would dilute possible radiogenic 40Ar.

6. Discussion

6.1. Relationships among different fluids in the
Mesozoic carbonate reserÕoir

As reported in previous studies, geothermal fields
in central Italy produce Na-Cl type fluids with high

Ž .NH and B contents Table 5 . At Latera, geother-4

mal fluids are produced from fractures in the carbon-
Ž .atic reservoir Bertrami et al., 1984 , whereas those

at Mt. Amiata are mainly hosted in the Paleozoic
Ž .metamorphic basement Bertini et al., 1995 . Salinity

and chemical composition at both sites strongly dif-
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fer from the mean chemical composition of the
springs related to circulation in the same geological
formations. As mentioned above, some of the ther-

Ž .mal and cold springs a33, a35, a36, a47 , al-
though located far from the discovered geothermal
fields, have a Na-Cl composition which may suggest
a leakage of the geothermal fluids in their circuits.
Thermal spring a72 and a few of the nearby saline
cold waters which locate near the coast, lie along the
ClrBrs290 dilution line of unmodified seawater
Ž .Fig. 5 . In contrast, thermal waters from the Siena
basin fall along the line of ClrBrs750 suggesting a
different deep saline endmember. Geothermal fluids
from Mt. Amiata are along the line of ClrBrs500

and differ from those of Latera, since the latter have
Ž .higher ClrBr ratios 1000–2000 . Setting aside the

Latera geothermal samples that are scattered in the
diagram, all the other groups have a parallel trend
with respect to that of ‘fresh’ seawater in the Cl–Br
diagram in Fig. 5. The excess of Cl with respect to
the ClrBrs290 line can be explained as the result
of HCl addition to the solutions after hydrolisis of

Ž .Na-Cl Fournier and Thompson, 1993 from brines
located in deep portions of the crust characterized by
extremely low permeability. Similar HCl enrich-
ments have already been reported for the Larderello

Žgeothermal field Truesdell et al., 1989; Duchi and
.Minissale, 1993 , where residual magmatic brines

ŽFig. 13. Activity diagrams for K, Na, Ca, Mg vs. silica on both thermal spring samples and geothermal liquid phases Nesbitt and Cramer,
.1993 .
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have been suggested to be present under the vapor
Ž .producing zone D’Amore and Bolognesi, 1994 .

Thus, it seems reasonable to hypothesize the pres-
ence of residual magmatic brines with high ClrBr
ratio at Latera and Mt. Amiata, and possibly the
Siena basin.

The majority of thermal springs are calcite-, arag-
onite-, dolomite- and quartz-saturated and all these
minerals are well represented in veins in the Meso-

Žzoic limestone formations Bertini et al., 1985;
.Cavarretta et al., 1985 . Although these waters have

mainly a Ca-SO composition, none of them is anhy-4

drite saturated. This is due to the CO release at their2

exit, that causes precipitation of travertine substract-
ing Ca ions from the solution resulting the undersat-
uration of gypsum or anhydrite.

Those thermal springs where Al is )0.02Žtot.
Ž .mgrkg i.e. above the instrumental detection limit

are also saturated in several silicate minerals such as
kaolinite, illite, smectite, etc. As these minerals are
present at very low percentages in the Mesozoic
limestone formations, both as primary and hydrother-
mal minerals, it is possible that they are derived from

Ž .dissolution of argillitic alteration zones -1508C
Ž .overlying the reservoir Cavarretta et al., 1985 . In

Ž .contrast, Gianelli and Scandiffio 1989 have calcu-
Žlated using the EQ3r6 software package Wolery,

.1979 that the geothermal fluids at Latera and the
reservoir rock are in a thermodynamic equilibrium
with primary feldspars. By plotting values in the

Žactivity diagram for the main cations Na, K, Ca and
. Ž .Mg vs. SiO Fig. 13 , it is shown that the Mt.2

Amiata fluids fall effectively in the field of stability
Ž .of primary minerals feldspars , while the thermal

springs fall in the stability field of kaolinite repre-
senting lower temperature supergenic conditions.

6.2. Geothermometry

Temperatures at the top of the carbonate reservoir
Žare relatively well known in the study area Fig. 14;

.C.N.R., 1982 . Their distribution has been drawn
using temperatures measured at the geothermal wells
at Travale, Latera and Mt. Amiata and temperatures
calculated from shallow holes drilled for thermal
gradient prospections in areas where the carbonate
top is known through geophysical surveys. In the
reservoir outcropping areas temperatures are those of

Ž .Fig. 14. Estimated temperatures 8C at the top of the Mesozoic
Žcarbonate formations same area as in Fig. 1; redrawn after

.C.N.R., 1982 .

Ž .thermal springs generally -508C , whereas in the
Ž .remaining areas mainly along the Tyrrhenian coast

they derive from the application of the silica geother-
mometer to the thermal springs discharging in the

Ž .area C.N.R., 1982 . Such waters commonly dis-
charge at a high flow rate, thus, it is likely that silica
concentrations are not reset during ascent from the
reservoir to the land surface and, hence, the silica-
based geothermometers provide accurate indications
of reservoir temperatures near the top of the carbon-
ate aquifer.

By applying geothermometers to these springs
and by considering the hydrogeochemical features of
both spring waters, natural gases and geothermal
fluids as described so far, some insights can be
derived for temperature estimates at depth in those
areas affected by the presence of the regional Ca-SO4

aquifer. Results of geothermometric calculations are
reported in Tab. 7. For most samples, two types of

Ž .temperatures are calculated: 1 a low-temperature
Ž . Ž-1008C calculated with the chalcedony Fournier,
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. Ž . 21973 , quartz Fournier and Rowe, 1966 and K rMg
Ž . Ž .Giggenbach et al., 1983 geothermometers; and 2

Ž .higher temperature ranging from 150 to 3008C
Žcalculated with the NarK, Na–K–Ca Fournier and

. ŽTruesdell, 1973 and NarLi Fouillac and Michard,
.1981; Kharaka et al., 1982 geothermometers. Since

thermal water discharge and recharge areas are very
close, the springs might locate at the basal level of
karstic circulation in a large unconfined aquifer char-
acterized by a deep convective circuit in limestones
Ž .Minissale and Duchi, 1988 , whose thickness in the

Žarea is potentially more than 3 km Buonasorte et al.,
.1991 . In spite of this, addition of Cl-rich brines to

the Ca-SO aquifer is plausible while it is highly4

likely in the Siena basin. By applying the geothermo-
Ž .metric technique proposed by Giggenbach 1986

and reported in the Na–K–Mg ternary diagram in
Fig. 15, additions of cations from such brines are
partly responsible for the observed trend between the

immature Mg corner and the equilibrium line, the
latter being the result of the isochemical re-crystalli-
zation of a primary rock into a secondary mineral

Ž .assemblage Giggenbach, 1988 . Although this is
relatively clear for the Siena basin samples, most of
the remaining thermal springs are close to the Mg
corner, suggesting that their temperatures at depth
are -1008C.

Another estimation of deep reservoir temperatures
can be obtained with geothermometers based on the
gas composition. Although some gas components
may partly solubilize in waters and suffer re-equi-
libration processes at low temperature, their less

Ž .reactive components H , CH , N are likely to2 4 2

reflect their deep chemical equilibration temperature.
Among the many diagrams proposed by Giggenbach
Ž .1991, 1993 ; Giggenbach and Soto, 1992; Giggen-

.bach and Glover, 1992; Giggenbach et al., 1994 , we
focused our attention to the CH rCO vs. COrCO4 2 2

1r2 Ž .Fig. 15. Kr100–Nar1000–Mg ternary diagram Giggenbach, 1988 . See text.
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Ž .diagram Fig. 16 . This diagram is based on the
assumption that the gas phase, equilibrated either in
vapor or liquid phases, is constrained by the FeO–
FeO pair, which is believed to be the main miner-1.5

alogical buffer in a relatively wide interval of hy-
Ž .drothermal temperatures Giggenbach, 1987 . Simi-

larly to Fig. 15, where geothermal waters from pro-
ductive wells in the Mt. Amiata area were close to
the full equilibrium line at bottom hole temperatures,
geothermal gases in Fig. 16 are in the inner part of

Žthe liquid–vapour equilibrium boundaries two
.phases at temperatures comparable with those that

Ž .occur in the reservoir 250–3008C . On the other
hand, most of the natural gases associated with the

Ž .springs especially the N -rich ‘thermal’ samples , in2

spite of showing evidence of disequilibrium compo-
sition in Fig. 16, indicate high reservoir tempera-
tures. If non referred to deep reservoirs below the
carbonate reservoir inside the metamorphic basement
Žwhich is likely for those gases emerging at the

.boundary of limestones , these higher temperatures
apply to the confined geothermal zones of the car-
bonate reservoir, from which the Cl-rich brines leak
up into the Ca-SO aquifer.4

6.3. Geothermal gradients, hydrogeology and deep
circulation

The distribution pattern of deep temperatures in
Ž .central Italy CEE, 1988 shows that, in response to

Žan upper-mantle rising at 20–25 km depth Calcag-
.nile and Panza, 1979 with consequent higher ther-

mal gradients, the isotherms tend to flatten in the
upper part of the crust along the peri-tyrrhenian
margin. The mean geothermal gradient is about 80–
1008Crkm leading to temperatures of 250–4008C at
3–4 km depth in those areas where the limestones
are relatively thin and not affected by the circulation
of meteoric waters. These deep temperatures agree
well with those directly observed in the geothermal
fields, even where the very shallow thermal gradient

Žis as high as 5008Crkm Larderello, Cataldi et al.,
. Ž .1963 . In contrast low gradients up to 408Crkm

have been measured in those areas where thick
ŽMesozoic limestone formations occur e.g. Torre

.Alfina; Buonasorte et al., 1991 . The lower gradients
can be explained by different Moho depth, however,
the contrast in the thickness of Mesozoic limestones

Ž . Ž . ŽFig. 16. Log CH rCO vs. log COrCO diagram Giggen-4 2 2
.bach, 1991 . See text.

suggests that the permeability of the limestone is
high and cold meteoric water circulation occur in the
formation, causing a decrease in the geothermal gra-
dient locally, and dilution of both the deep-seated
waters and gases.

Confined thermal Cl-rich brines possibly leaking
from the geothermal reservoirs may mix with the
Ca-SO waters while the associated gas components,4

Ž .especially the more soluble CO , H S , may be2 2

absorbed in these waters in the carbonate aquifer.
Other possible processes related to this mixing are:

Ž .1 mobilization and re-deposition of sulphides
Ž .Tuscany Metallogenic Province, Tanelli, 1983 ;

Ž .2 alteration of primary silicates and re-deposi-
Žtion in hydrothermal veins Cavarretta et al., 1982,

.1985 ;
Ž .3 dissolution andror deposition of anhydrite

andror calcite at the boundaries of the geothermal
Ž .systems Marini and Chiodini, 1994 ;

Ž .4 modification of the water chemistry to HCO –3

SO chemical compositions through the dissolution4

of CO and H S which are likely components in2 2

geothermal fluids;
Ž .5 changing the composition of gases associated

to the springs, from CO -rich to N -rich, as a func-2 2

tion of the meteoric waterrdeep fluid ratio.
Since these processes are enhanced in areas of

large thermal gradients and large permeability, they
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are most developed both at the top of the convective
circuits at the boundaries of the low-permeability
flysch formations and at the bottom of the convec-
tive cells which usually coincides with the base of
the Mesozoic limestones. In the Paleozoic basement
and the lateral margins of the carbonate outcrops
close to the geothermal systems, the hydrologic and
thermodynamic conditions may change dramatically
over short distances, leading to self-sealed low pres-
sure zones typically described for the Larderello–

ŽTravale geothermal fields Facca and Tonani, 1967;
.Minissale, 1991b . These zones, generally not di-

rectly connected with the overlying unconfined
Ž .aquifer s , may be underlain by deeper high-enthalpy

reservoirs in the Paleozoic metamorphic basement.
Such deep reservoirs are found in both the Mt.

Ž . ŽAmiata Bertini et al., 1995 and Travale Barelli et
.al., 1995 fields, where fluids with different tempera-

ture are produced from the main carbonate reservoir
at 200–2508C and the basement at temperature rang-
ing from 300 to 3508C.

Geodynamic implications are suggested by the
regional 3Her4 He isotopic distribution in the gas

Ž .manifestations Fig. 12 . Central Italy has generally
been considered to be in an extensional phase, which
would favor the intrusion of crustal and subcrustal
magmas as in the Mt. Amiata and Mts. Vulsini

Ž .volcanic areas Conticelli and Peccerillo, 1992 .
However, recent tectonic interpretations of the post-
orogenic structures imply that the Northern Apen-
nines might be in a compressive phase, where basins
are not the result of structures crossing the crust, but
formed by folding and trusting in a compressive

Žtectonic regime in shallow environment ‘piggy-back
.ore pearced type basins’; Boccaletti et al., 1995 .

The 3Her4 He isotopic ratios in the sampled gases
reported as RrR areal distribution in Fig. 12 sug-A

gest significant gas contributions from the mantle
only at Travale, which is not far from the already
reported 3He-anomaly area of the Larderello field
Ž .Hooker et al., 1985 . In the remaining areas, espe-
cially in the Siena–Radicofani basin, the 3Her4 He
ratio is low, indicating little mantle contribution to
the area andror high production of radiogenic 4 He
in the shallow crust, which is consistent with the
recent hypothesis suggested by Boccaletti et al.
Ž .1995 . Since the volcanic activity at Mt. Amiata and

ŽMts. Vulsini is quite recent -0.2 Ma; Fornaseri,

.1985 , the occurrence of the described large thermal
anomalies in the study area would have to be consid-
ered a residual phase of a regional mantle activity
preceding the present compressive regime.

7. Summary and conclusions

The flow systems for both thermal and cold
springs in a large sector of central Italy are fed by
waters of meteoric origin. Although contributions
into the carbonate reservoir of saline waters driven
down from aquifers in the Neogene series andror
residual Cl-rich magmatic brines leaking from con-
fined self-sealed geothermal systems are very likely
in the Mt. Amiata, Siena basin and Latera, respec-
tively, the regional aquifer maintains a general Ca-
SO character all over the area. This is due to the4

large convective circulation of meteoric-originated
waters in high permeable limestones that buffers the
input of fluids of different composition. The convec-
tive circulation in the limestone dramatically lowers
the thermal gradient where the limestones are tecton-
ically thickened as happens at Torre Alfina, where
temperatures -2008C are measured at 4.5 km depth
Ž .Buonasorte et al., 1991 .

The behavior of the gas phase is, in some ways,
similar to that of thermal waters. The huge amount
of CO produced andror accumulated inside the2

confined geothermal fields in the carbonates and the
basement rises and dissolves in the colder upper
parts of the regional aquifer in those zones where it
is unconfined. In those areas where the gas flow is
higher, or the permeability of the carbonates is re-

Ž .duced high gasrwater ratio , the chemical composi-
tion of the gas phase may be only slightly modified
by contamination of N driven down in the reservoir2

by rainwater. By contrast, the higher the amount of
the meteoric gas component involved near the
recharge areas, the higher the N content. As a2

consequence, the gas composition present at depth is
not always the same as at the surface.

Reservoir temperature estimates based on geother-
mometric calculations for thermal springs and gases
can be considered unreliable in the absence of drill
hole measurements or knowledge of the process that
affects the chemistry of the surficial features. The
application of fast re-equilibrating geothermometers
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Ž .such as SiO to the springs discharging in the Mt.2

Amiata, Latera and Travale areas would have not
suggested the presence of the geothermal systems,
but only revealed the convective circulation in the
unconfined upper parts of the carbonate reservoir.
Nevertheless, it can reasonably be hypothesized that
the d 18 O shift observed in the two Na-Cl type

Žthermal waters from the Siena basin samples a35
.and a47 and the high H content in the gas sample2

Ž .from Selvena sample ar situated at about 10–15
km southwest of Mt. Amiata, derive from two ther-
mally anomalous areas not yet discovered by drilling.

3Her4 He isotopic ratios from the 26 gas samples
Ž .investigated excluding Travale suggest little contri-

bution of 3He from upper mantle. This is not consis-
tent with the occurrence of the Neogene post-oro-
genic basins and the Quaternary primary undersatu-
rated magmas at Mts. Vulsini, where large 3He
degassing from active mantle-related structures would
be expected. Thus, the existing thermal anomalies in
the Mt. Amiata–Vulsini region would have to be
related to preceding Pliocene tensive phases.
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