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Abstract

Chemical and isotopic characteristics of natural gas and thermal water discharges from the western back-arc
Tyrrhenian Sea across the Apennine thrust-belt to the Po Valley and Adriatic coast foredeep basins in the Northern
Apennines (central-northern Italy) reveal a large-scale fluid motion in the upper crust, both vertically and horizontally.
On the basis of gas compositions, two different domains of rising fluids have been distinguished: (1) CO,-rich,
He-poor, *He/*He-high domain in the western peri-Tyrrhenian extensional sector; (2) CH,-rich, He-rich, *He/*He-
low domain in the eastern Adriatic compressional sector. Such gases, rising from various depths, are crossed by a
huge lateral N,-rich water flow, in the peri-Tyrrhenian sector, of Ca—SO,(HCOj;) meteoric-derived waters that move
in a regional wide aquifer hosted in a quite thick Mesozoic carbonate series.

Morphologically, the CO, vents consist of mud basins with high gas-rate emission, where the rising fluids move
upwards through diatremes. On the other hand, CH, emissions seep out from typical mud volcanoes with a reduced
gas flow-rate, where the fluid motion is likely related to saline diapir extrusions, and the methane is mostly carried to
the surface by the associated mud. The two rising mechanisms described locate southwest and northeast of the
Apennine watershed respectively.

From a seismic point of view the CH, domain in the thrust-belt and foredeep areas is characterized by a large
number of earthquakes, indirectly pointing to a different rheological behavior of the terrains with respect to the more
internal peri-Tyrrhenian area. Owing to the quite high thermal gradient of the latter, the boundary of the brittle—
ductile crust in the peri-Tyrrhenian sector can be located at a <10 km shallow depth.

Although the presence of several post-orogenic basins would suggest widespread extensional tectonics in all areas
west of the Apennine watershed, those located in the easternmost part display gas vents with typical crustal *He/*He
ratios. As this ratio is very sensitive to deep fluids rising from the mantle, we hypothesize that such basins at the foot
of the Apennines are not due to tensive stress, as suggested by their morphological shape. They are piggy-back
(thrust-top) basins developed and evolved in a still acting compressive tectonic regime. © 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Fluids in the crust are important in driving deep
and shallow seismic, tectonic, petrogenetic and
minerogenetic processes. Their circulation is par-
ticularly active at plate boundaries, where subduc-
tion of lithospheric slabs and associated pore
fluids, and rising of mantle material causes shallow
thermal perturbations with consequent increase of
fluid motion in the shallow crust (Barnes et al.,
1978; Oliver, 1986, 1992; Reynolds and Lister,
1987; Sverjensky and Garven, 1992).

Deep juvenile, metamorphic and geothermal
vertical-moving fluids mix with lateral gradients in
(water table) topographically driven meteoric-
derived fluids, producing water-rock interaction
processes that lead to several types of fluid dis-
charge at the surface. Such mechanisms are investi-
gated in a complex tectonic environment such as
the Northern Apennines.

The Northern Apennines is a typical arcuated
compressional system formed after the Cenozoic
collision between the Corso-Sardinian block and
the westwards subducting Adriatic plate
(Boccaletti and Guazzone, 1974). Consequent
eastwards folding and thrusting of several internal
west-deposited nappes, one onto an other, caused
the formation of areas of back-arc in the
Tyrrhenian Sea, thrust-belt in the main Apennines
and foredeep-basins in the Po Valley and the
Adriatic Sea (Fig. 1) (Royden et al., 1987).

Adjoining areas along the Tyrrhenian coast are
characterized by the occurrence of thermal anoma-
lies (Mouton, 1969), geothermal fields (Carella
et al, 1985), Plio-Quaternary volcanism
(Peccerillo and Manetti, 1985), ore deposition
(Tanelli, 1983) and active CO, degassing (Chiodini
et al., 1995; Minissale et al., 1997a). The Po Valley
and the Adriatic Sea are mostly affected by the
presence of fast sedimentation foredeep-basins
with associated hydrocarbon reservoirs (Mattavelli
et al., 1983; Mattavelli and Novelli 1987).

The two areas, located on opposite sides of the
main Apennine thrust-belt, from a fluid chemistry
standpoint, have often been dealt with separately:
one pertaining to the field of petroleum geologists
and the other to the geothermal and mineral
prospectors. In this paper we present new chemical

and isotopic data on the natural gas emissions and
associated waters in the thrust-belt and foredeep
methane domains, discuss sources and evolution
of the internal and external types of gas and
relationships between fluids and present active
tectonics. Finally, the significance of a quasi-con-
tinuous permeable horizon hosted in Mesozoic
limestone formations, acting as a sink for both
vertical and lateral fluid motions on the crustal-
scale hydrogeology of the Northern Apennines, is
investigated.

2. Geological background

The building up of the compressional Apenninic
system (Fig. 1) started in the Cretaceous with the
main compressional phase, leading to the present
structure, occurring in the Miocene. Tortonian
eastwards obduction of ophiolite-bearing flyschoid
units deposited in the Ligurian-Piedmont Ocean
(Ligurian Units) above more carbonate sequences
(Tuscan—Umbrian Unit) was followed by the east-
wards thrusting of both of them above autochtho-
nous foredeep pelagic units (Umbro-Romagnan
and Marchean-Adriatic Units) (Abbate et al.,
1970; Kligfield, 1979). Eastward migration of the
deformational front towards the Adriatic Sea was
driven by the counterclockwise rotation of the
Corso-Sardinian microplate and westwards sub-
duction of the Adriatic lithospheric crust, and was
accompanied by lithospheric extension over pre-
viously compressive domains in the Tyrrhenian
coastal areas (Malinverno and Ryan, 1986).
Extensive tectonics related to the opening of the
Tyrrhenian basin caused several deformational
events, migrating eastward in time, such as:

(1) melting and rising of crustal and mantle
magmas (Serri, 1990);

(2) establishment of shallow thermal anomalies;

(3) formation of several NW-SE (Apenninic)
trending intramontane and marine basins in the
inner sector of the chain (Boccaletti and Sani,
1998).

A simplified stratigraphy of the area studied
discerned from the top is as follows:

(1) post-orogenic continental and marine Mio-
Quaternary sediments filling the several basins



A. Minissale et al. | Tectonophysics 319 (2000) 199-222 201

A COg gas vent

O No gas vent

v CH4 mud cone
Quaternary volcano
% CHy gas field

Mesozoic
limestones

Sabatini Mts
Alban Hills  Ventotene
Roccamonfing
.7 "~ Phlegrean

Pad \ Fields

. 1

Pantelleria
AA

e «  Vesuvius
A . \
Magnaghi N
1
| . V::'ilov \| Palinuro
\\ \300011] AAlciones
p abissal \A\ A
-~ -~ . N A '
\\ Plam Marsili) LA sino
. N Marsil
Tyrrhenian Sea tica Sapmbol g
A
Analise Filicu:i AAVulca.no 5
)
o o
5
Q

Fig. 1. Schematic map of Italy with Quaternary volcanoes, geothermal fields, gas vents, Mesozoic carbonate outcrops and thrust-

ing fronts.

along the Tyrrhenian coast and the foredeep
Adriatic areas (Po Valley);

(2) syn-orogenic turbidites deriving from the
weathering of the flysch sequences;

(3) poorly permeable allochthonous Cretaceous—
Eocene flysch units (Ligurids) discontinuously
outcropping from the Tyrrhenian to the Adriatic
coasts;

(4) highly permeable allochthonous Mesozoic
limestones covered by impermeable Cretaceous

shales and thick permeable Oligo-Miocene turbid-
ites (Tuscanids); and

(5) Paleozoic schists, micaschists and gneisses
belonging to the Tuscan crystalline basement,
whose limited outcrops are confined to the peri-
Tyrrhenian sector of Italy.

Small but significant outcrops of both intrusive
and effusive magmatics (4.9-2.2 Ma) of crustal
and mantle signature are present in the coastal
Tyrrhenian areas (Serri, 1990), or have been
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crossed by wells in the Larderello-Travale geother-
mal area (Manzella et al., 1998). This inner sector
is also characterized by a structural feature (‘serie
ridotta’) that brought the Ligurian units above
either the lowermost formation of the Tuscan
sequence (‘Burano’ evaporites) or directly above
the crystalline basement.

The older westernmost Neogene post-orogenic
basins host a complex sequence made up of
Miocene continental sediments, Messinian evapo-
rites and thick Pliocene marine clay sequences. On

the contrary, the more recent easternmost basins
(such as the Mugello and Casentino basins in
Fig.2) are much younger and filled only by
Quaternary intramontane continental sediments.

3. Fluids discharged at surface
Apart from the Larderello-Travale area, host-

ing the longest living geothermal field in the world
(Minissale, 1991a), with its spectacular steam vents
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Fig. 2. Schematic map of the Northern Apennines and location of gas vents and associated waters. (1) Dry CO, vents; (2)
CH,-rich mud volcanoes; (3) thermal springs with associated N,-rich gas; (4) thermal springs emerging at the boundaries of the
Mesozoic carbonate series with a CO,-rich gas phase; (5) steam condensates sampled in the Larderello geothermal field; (6) cold
springs with a CO,-rich associated gas phase; (7) cold or thermal springs where *He/*He ratio has been determined from stripped
gas; (8) outcrops of the Mesozoic limestones or crystalline basement; (9) Apennine formations lying above the Mesozoic limestones
or the crystalline basement where limestones are missing; (10) sediments of the Po Valley. The figure also shows the Apennine
watershed, as well as the main post-orogenic (or piggy-back) basins formed during and after the main Tortonian tectonic phase.
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and mud boiling pools, the area located south of
Florence and the Arno river in Fig. 2 (southern
Tuscany) displays a large number of thermal
springs (Bencini et al., 1977; Minissale and Duchi,
1988) and CO, gas emissions (Minissale et al.,
1997a). Thermal springs are generally located at
the boundaries of the Mesozoic carbonate forma-
tion outcrops in the Tuscan series, representing
the main regional aquifer. They are generally
Ca-SO, in composition due to the presence of
tectonically laminated (up to 600 m) anhydrite
layers (‘Burano’ evaporites) between the carbonate
series and the crystalline basement (Trevisan,
1951). When they are associated with CO, emis-
sions (close to the geothermal areas), large traver-
tine deposition may occur. More often the CO,
emissions are dry and/or associated with cold
springs and rainy waters, vigorously bubbling in
gas pools formed by the alteration of soil around
the orifices (Duchi and Minissale, 1995).

North of the Arno river (Fig. 2) CO, emissions
are lacking. There are still thermal springs
(Arrigoni et al., 1982; Bencini and Duchi, 1981),
some of which still emerge close to the carbonate
outcrops (east of Pisa and the Garfagnana basin
in Fig. 2), but the associated gas phase is chemi-
cally characterized by ecither gently bubbling N,
or CH,. Dry methane gas emissions along the
Apennine watershed, some of which are exploited
for local gas stations, and mud volcanoes along
the boundary area between the Apennine outcrops
and the Po Valley sediments (Fig. 2) are the main
natural features of this area. Mud volcanoes are
typical manifestations of accretionary complexes
along continental margins, where compression
favors fluid expulsion from the shallower parts of
the crust (Le Pichon et al., 1990; Davisson et al.,
1994).

4. Sampling and analytical procedures

The location of gas and water samples is
reported in Fig. 2. The emergence temperature, pH
and HCO; concentration of spring waters and
mud volcanoes were measured in the field, whereas
the other components were determined in the
laboratory using procedures described in Duchi

et al. (1986). The gas sampling was carried out
following the procedure of Giggenbach (1975) by
means of two 100 cm® pre-evacuated glass tubes,
one containing 50 cm® of 4 N NaOH to concen-
trate the non-reactive components. The in situ
radon measurement was done using an EDA
RDA-200 portable detector according to the
Washington and Rose (1992) counting method for
fission tracks.

Gas components were determined in the labora-
tory by gas-chromatography using a thermal con-
ductivity detector for CO,, N,, O,, H,S, He, Ar
and H, and a flame ionization detector for CH,
and CO. Air was used as a standard. Analytical
precision was <1% for major gas species and
< 5% for minor and trace compounds.

The “He, 2°Ne and **Ne and, after separation,
“°Ar and *®Ar were measured in a static way using
a Spectrolab 200 VG-Micromass quadrupole mass
spectrometer (Magro and Pennisi, 1991). *He/*He
ratios were determined with a Map 215-50 mag-
netic mass spectrometer, equipped with an ion
counting device. Resolution was close to 600 amu
for HD—He at 5% of the peak. Pipetted atmo-
spheric noble gases were used to estimate the
sensitivity of the two mass-spectrometers. No
blank corrections were applied to the He measure-
ments owing to its concentration, which was gen-
erally several orders of magnitude higher than that
of the extraction line and the instrumental static
background. Overall analytical errors were esti-
mated to be less than 10% for abundances and
less than 5% for ratios.

After separating CO, and CH, in the gas phase
in a vacuum line using standard procedures,
3C/12C isotopic ratios in CO, and CH,, in samples
where their concentration was > 1%, were ana-
lyzed by using a Finningan MAT 251 mass spec-
trometer.  Several internationally  accepted
standards (such as Iceland spar) were used, with a
typical error of +0.05%0 (PDB).

5. Chemistry of waters
All water samples considered in the present

survey are characterized by having an associated
gas phase. Chemical and isotopic analyses of ther-
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Chemical composition (mg/kg) of waters from the Northern Apennines

No. Sampling site Type® T pH Na K Ca Mg HCO; SO, ClI  SiO, H3BO; NH, Li 580 oD
(°C)

5 Acqua Borra® ts 36 6.40 3864 277.0 628 142 3560 1075 5183 30 340.0 37.8 1230 —54 —40.1
57 Palagio® ts 22 630 97 7.0 480 814 3965 1152 50 90 4.4 1.6 031 nd* nd
69 Bagni Freddi® ts 27  6.29 276 38.0 638 180 2178 830 248 25 55.0 1.7 073 —-7.5 —44.1
103 S. G. d’Asso® ts 27  6.10 74 16.0 700 204 1220 1584 78 16 7.3 02 020 —7.7 nd
117 Doccio® ts 34 585 460 37.0 680 132 976 1680 674 35 46.0 0.2 2,60 —6.0 —40.8
215 Bagno Romagna® ts 43 8.50 300 4.7 3 0.8 793 50 27 24 nd nd nd —8.6 —54.3
149 Porretta’ ts 35 7.35 1909 70.0 26 8.2 854 2.0 2627 29 161.0 nd 370 —-79 —51.1
148 Equi Terme! ts 24 7.10 1196 27.0 280 63 244 624 1952 16 46 nd 0.70 —7.5 —49.0
37 Lago® sV 95  8.60 1 1.1 <02 <0.1 207 <0.5 4 <1 390 468 002 =nd nd
44  Le Prata 1# sV 95 844 <0.02 <0.02 <02 <0.1 622 61 1 23 0.6 196.2 <0.01 nd nd
77  Sasso Pisano® bp 98  5.80 0.05 25 94 18 47 499 5 248 116.0 90.0 0.04 nd nd
94 Vagliagli 1 gp 17  5.66 85 23 175 19 265 409 41 36 46 <02 0.01 nd nd
99  Montemiccioli gp 15 490 40 10.5 485 54 98 1610 27 65 4.0 0.7 0.04 nd nd
100 Borboi gp 13 588 35 3.1 723 57 915 1405 237 11 <0.03 14 001 nd nd
102 Montespertoli® ep 22 620 62 2.7 360 146 1708 39 92 21 nd nd nd nd nd
101 Gambassi® cs 20 520 39 3.5 520 120 nd 1824 46 49 09 nd 0.05 nd nd
110 Piersanti cs 16  6.09 312 7.0 619 134 2745 34 356 36 6.3 04 024 nd nd
128 Cinciano cs 18  6.16 90 2.3 367 42 1299 96 56 22 36.6 0.6  0.03 nd nd
139 Torre mc 29  8.70 3542 16.0 82 84 1238 92 5390 nd nd nd 0.80 1.3 —15.8
140 Rivalta mc 31 8.55 5490 16.0 100 226 1202 88 8545 nd nd nd 0.80 5.7 10.1
141 Regnano mc 28 8.76 5731 20.0 40 57 1769 244 8190 nd nd nd 090 36 -—22
142 Nirano mc 27 8.34 4053 27.0 126 197 641 200 6335 nd nd nd 090 5.5 4.0
143 Ospitaletto mc 30 8.40 5106 20.0 160 125 793 164 8190 nd nd nd 070 59 9.1

? nd: not determined.

b ts=thermal spring; sv =steam vent; bp =boiling pool; cs=cold spring; mc=mud cone.

¢ Data after Duchi et al. (1992a).

4 Data after Bencini et al. (1977).

¢ Data after Arrigoni et al. (1982).
fData after Bencini and Duchi (1981).
& Data after Duchi et al. (1992b).

h Data after Bencini et al. (1979).

mal springs south of the Arno River and steam
condensates from the Larderello area are taken
from the literature. Literature and new data on
fluid samples from cold springs and waters associ-
ated with the thermal springs in the thrust belt
and mud volcanoes in the foredeep areas are
reported in Table 1.

As already stated, there is very well-developed
deep circulation of thermal waters within the
Mesozoic limestone formations in the peri-
Tyrrhenian sector of Italy. This may be the result
of:

(1) anomalous heat-flow in and around the
confined geothermal fields that have been little
affected by cold meteoric inflows from outcrops;

(2) deep convective circulation in areas of thick-

ening of the carbonate succession (tectonic wedges
or thrust fronts; locally >3000m; Buonasorte
et al., 1991); and

(3) a contribution of both processes.

The Langelier-Ludwig diagram in Fig. 3 dis-
plays the general composition of the waters investi-
gated. Thermal springs in central Italy generally
have a Ca—SO, composition (typically sample 103
in Fig. 3) due to the dissolution of anhydrite layers
below the Mesozoic limestones (Lotti, 1910;
Trevisan, 1951). They may turn out to be either
Ca-HCO;4(SO,4) close to the geothermal areas
(samples 57 and 69) after CO, solubilization
(Duchi et al., 1987), or Na-HCOj; after Ca—Na
ion exchange (sample 215) due to the contempo-
rary presence of CO, and clay material (Duchi
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Fig. 3. Langelier—Ludwig diagram for the samples investigated.

et al., 1992a). Eventually, they may turn out to be
Na-Cl (sample 5) whether they mix with local
connate waters or if they dissolve halite layers
(Sestini, 1970a) embedded in the Mio-Pliocene
post-orogenic sediments in the shallow parts of
their flowing path (Francalanci, 1956). All these
processes in the same carbonate reservoir may
explain the relatively widespread distribution of
the thermal water samples in the diagram, not
constrained by a prevalent water-rock interaction
process at depth.

Having a much shallower circuit, cold springs
and waters associated with the gas vents should
have the common Ca-HCO; composition of
ground- and stream-waters in temperate regions
(samples 102, 110 and 128) but, since they may
circulate in the same formations of thermal springs
above the Mesozoic limestones, they are also scat-
tered all over the diagram. Moreover, solubiliza-
tion of gypsum layers present inside the Miocene
evaporites and local subaereal oxidation of H,S of
the associated gas phase may contribute to the
shifting of some of them toward the Ca-SO,
corner (samples 94, 99, 100 and 101).

Even the three fumarole steam condensate
samples from Larderello [data from Duchi et al.
(1992b)] have completely different compositions

caused by different solubilization of components
of the associated gas phase. Sample 37 is
NH,~HCO; in composition (Table 1) due to the
solubilization of NH; and CO,; sample 77 from a
boiling pool has a Ca(H)-SO, acidic composition
after H,S oxidation to SO, and subsequent solubi-
lization; sample 44 is similar to sample 37 but can
be regarded as distilled water (Table 1) and ideally
can be located in the Ca(Na)-HCOj; sector of the
diagram.

Although scattered in a large area north of the
Apennine watershed, more uniform Na—Cl com-
position is shown by the waters associated with
the CH ,-rich mud volcanoes, suggesting a common
source aquifer (brackish connate type solutions).
Sample 215 in Fig. 3, although associated with a
CH,-rich gas phase, differs from the other mud
cone waters since it is a thermal spring emerging
along an important NE-SW tectonic line (Arrigoni
et al., 1982). Its composition (Na-HCO,) is possi-
bly due to the fact that water and gas phases have
different pathways (sources), sharing only the
emergence orifice.

6. Isotopic composition of waters

Original data for waters from mud volcanoes,
together with the ocean (SMOW: Standard Mean
Ocean Water) and the Mediterranean Sea, are
reported in Table 1. They have been plotted in the
6D-0'80 diagram of Fig. 4, which also includes
data from wells in the Po Valley aquifers [data
from Martinelli et al. (1998)] and other thermal
springs in the Apennines [data from Minissale
(1991b)]; this shows that most spring waters and
groundwaters lie between the Global (Craig,
1963a) and the Mediterrancan (Gatt and Carmi,
1970) Meteoric Water Lines. Samples 5 and 117,
from south of Siena, show a small but significant
180-shift likely due to the presence of undiscovered
geothermal fluids in the Siena basin (Minissale
et al., 1997b) whilst the mud cone waters suffered
surface evaporation, as corroborated by the 6D—
Cl (Fig. 5) and 6'®0-Cl (not shown) diagrams.
The evaporation process in open air in the mud
volcanoes is even more likely if we consider that
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the sampling campaign was carried out in July
when the external temperature was >35°C.

If we consider that in the Langelier—Ludwig
diagram (Fig. 3) the waters from the mud volca-

20

SMOwW
*

3D (in °/,, SMOW)

thermal spring
cold spring
mud cone
seawater

Po valley
groundwater

Apennine spring

O + %< 00

0 100 200 300 40 500 600
Cl (megq./L)

Fig. 5. 6D-Cl diagram for most of the waters investigated.

noes locate in the Na—Cl sector (Na/Cl ratio near
1.0), whereas in Figs. 4 and 5 they are not aligned
along the Global Meteoric Water Line and the
seawater—groundwater mixing line (lower CI and
higher 6'80 ratio with respect to seawater), we
have to suppose that their chloride compositions
do not derive from connate waters. It is likely due
to the dissolution of halite layers embedded in the
Miocene clay sediments.

As shown in Fig. 4, steam produced in the
Larderello field has a clear meteoric signature,
with highly shifted 680 values but 5D values
similar to the dD of local rainfall (Craig, 1963b;
Panichi et al., 1974).

7. Chemistry of gases

The chemical composition of gas samples dis-
charging in the Northern Apennines is reported in
Table 2 and the main components are plotted in
the CO,—~CH,—N, ternary diagram of Fig. 6. The
CO,-rich samples pertain to the peri-Tyrrhenian
belt, whereas the CH,-rich samples emerge from
the thrust-belt and foredeep areas. Three samples
(105, 146 and 148), located northwest of the study
area (Apuan Alps, Fig. 2), have relatively high
N, contents. By plotting samples in the genetically
more useful N,-He-Ar diagram [Fig.7, after
Giggenbach et al. (1983)], modified by replacing
the original ‘andesitic’ endmember with a more
realistic, in non-active volcanic areas, ‘metamor-
phic’ endmember (Minissale et al., 1997a), rela-
tionships between gas compositions and potential
sources are more evident. All the CH,-rich samples
are relatively enriched in total He, suggesting large
production of crustal radiogenic “He and long-
time residence of gases underground. On the con-
trary, gases associated with the thermal springs
and the Larderello fumaroles have lower relative
He contents, suggesting both a stronger contribu-
tion by air in their source and a lower residence
time underground. This agrees well with the genetic
interpretation of thermal waters whose isotopic
signature suggests that they originate in the
Mesozoic outcropping areas driving underground
air-rich (low He content) rainfall in karstic circuits
(Minissale et al., 1997a).
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&3 42
213 139 145

N> CHy4

Fig. 6. CH,~CO,-N, ternary diagram for the gas samples
investigated.

Most cold CO, emissions, with respect to the
CH,rich gases, although showing a low He
content similar to the gases associated with the
thermal springs, have high N,/Ar ratios (200-—
2000, Table 3), much higher than that in the air

N,/100

metamorphism

Fig. 7. N,-Ar—He ternary diagram for the gas samples investi-
gated. The figure shows the general increase in the total helium
concentration in the crust, particularly evident for the
CH ,-rich samples.

and air-saturated water (83 and 38 respectively,
Fig. 8). This would suggest for N, a partly different
source with respect to the atmosphere. As the
excess nitrogen shown by samples in Fig. 8 is
correlated with positive 6'°N values (Table 1),
N,-producing metamorphic processes inside the
Paleozoic basement from Central Italy have been
invoked (Minissale et al., 1997a) for these cold
emissions. In places where gas sources are little
affected by air-saturated water (ASW) driven at
depth through the outcrops of the carbonates, they
do not retain the air N,/Ar ratio.

8. Isotopic composition of gases

Isotope gas compositions for samples south of
the Arno River are from Minissale et al. (1997a).
Literature and new data are reported in Table 3.

As 6'3C values in CO, have been measured only
on those samples where CO, is > 1% (by volume),
the data available are mostly concentrated in the
peri-Tyrrhenian part. They vary from —0.26%o in
the Larderello area to —10.3%0 (PDB) north of
Larderello, with a large number of samples in the
range —4.0 to —7.0%0. The 6'°C values in the
Larderello geothermal area reflect production of
CO, from hydrolysis and metamorphic reaction of
limestones (—2<6'3C<2) in the hydrothermal
reservoir. In the remaining areas they have been
interpreted as either primary CO, rising from the
mantle (Marini and Chiodini, 1994) or mixing of
isotopically heavy CO, formed in the geothermal
reservoir and isotopically light organic CO, pro-
duced inside the Neogene basins (Minissale
et al., 1997a).

The 6'3C values in CH, (measured in samples
where CH,>1%) varies from —22.6 to about
—30.0%0 (PDB) south of the Arno river and from
< —30.0 to —69.7%o in the CH,-rich samples in
the thrust belt and the Po Valley. The distribution
pattern of more negative values roughly follows
the boundary of the outcrops of the Apennine
formations (Fig. 9). Values south of the Arno river
are clearly in the range of thermogenic methane
(6"3C < —30.0%o), whereas north of the Apennine
watershed, mixing of thermogenic and biogenic
methane is likely to occur (Schoell, 1988).
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Table 3

Isotopic and chemical ratios of gas samples from the Northern Apennines

No. Name Type Latitude  Longitude Elevation
5 Acqua Borra ts 431828 N 112541 E 200
69  Bagni Freddi ts 431758N 113610E 290
57  Palagio ts 432951 N 105218E 248
103 S.G. d’Asso ts 430755N 113716E 309
117  Doccio ts 430926 N 111710E 170
215 Bagno Romagna ts 434906 N 115738 E 495
148 Equi Terme ts 441008 N 100940E nd
110 Piersanti cs 433406 N 102512E 30
128 Cinciano cs 433006 N 111712E 195
105  Asciano cs 434332N 102918 E 2
26  Castelletto gp 431058 N 110637E 330
58  Palazzo Piano gp 4316 10N 110856 E 330
94 Vagliagli gp 432533N 112128E 370
99  Montemiccioli gp 432318 N 110037E 280
100 Borboi gp 432634 N 104303 E 215
101  Gambassi gp 433130N 105759E 140
102 Montespertoli gp 433953N 110439E 305
104 Caprese 1 gp nd nd nd
108 Baccanella gp 433553N 104247E 40
127 Pergine gp 4328 52N 114120E 246
130 Micciano gp 431628 N 115216 E 340
131 Torrite di Siena  gp 431058 N 114301 E 370
216 Umbertide gp nd nd nd
139  Torre mc 443712N 102017E nd
140 Rivalta mc 443744N 101934E nd
141 Regnano mc  443325N 103434E nd
142 Nirano mc  443047N 104923 E nd
143 Ospitaletto mc 442610N 105252E nd
144 Dragone mc nd nd nd
145 Bergullo mc 441829N 114413E nd
146 Portico mc nd nd nd
149  Porretta mc 440904N 115801E nd
213 Pietramala mc nd nd nd
214 Fanano mc nd nd nd
37 Lago fu 430832N 104855E 200
44  Le Prata 1 fu 4311 11N 105027E 280
77  Sasso Pisano fu 431018 N 105128 E 475
150 Riccione® S nd nd nd
151  Fratta® s nd nd nd
74 B.gni Galleraie* ts 431123N 110122E 340
152 Ciciano® ts nd nd nd
153  Bagnolo® ts 4309 10N 105020E 350

T, 6%Cin 6%Cin 6"Nin 3He/ °3He/ “°Ar/ He/Ne N,/Ar
(°C) CO, CH, N, ‘“He “*He(c) 3°Ar

37 —595 nd nd 029 0.17 295 20 123
27 —7.54 nd nd 043 0.13 nd 0.8 49
22 —1030 nd —0.51 233 279 295 1.1 42
27 —6.66 nd nd nd nd nd nd 48
34 —6.26 nd nd nd nd nd nd 52
43 nd —56.2 nd 0.03 002 nd 48.6 65
24 nd nd nd 005 004 nd 544 202
16 —6.71 nd nd 0.16 0.14 295 13.3 62
18 —590 nd 0.60 nd nd nd nd 1525
24 —10.31 nd nd 0.09 0.09 297 nd 64
10 —431 —-236 5.44 1.31  1.31 295 729 264
11 —4.66 —22.6 5.51 144 144 295 50.1 217
17 —5.18 nd 1.27 0.13  0.08 330 55 473
18 —7.26 —27.8 6.72 129 129 323 136.0 1417
12 —-9.31 —29.6 5.53 0.07 0.07 370 232.0 422
22 —4.12 nd 538 nd nd nd nd 2380
14 —6.58 nd 1.80 0.03 0.02 295 64.1 629
nd —4.21 -385 0.84 0.03 0.03 378 2812.0 2626
16 —7.00 nd nd 0.05 004 nd 39.0 26
11 —6.93 nd —1.29 0.04 004 328 333.0 2853
15 —6.06 —26.5 4.90 123 1.23 295 152 149
12 —3.87 —30.8 6.13 0.11 0.11 295 64.7 660
nd —3.57 —=26.7 2.61 0.02 002 nd 2485.0 1677
25 nd —39.1 nd 1.10 1.10 370 80.1 54
28 nd nd nd nd nd nd nd 9
29 nd —449 nd 023 021 295 13.7 67
26 nd —46.0 nd 0.04 0.03 326 35.5 66
27 nd nd nd nd nd nd nd 143
29 nd —438 nd nd nd nd nd 41
29 nd —69.7 nd 045 042 328 4.9 42
28 nd —-38.1 —0.69 030 030 nd 2623.0 600
35 nd —30.5 nd 0.04 004 nd 375.7 90
nd nd —36.6 nd 0.02 002 nd 800.0 106
nd nd —30.5 nd 0.09 007 nd 20.9 66
98 —0.26 nd nd 1.87 283 nd 0.6 50
98 —340 nd nd 1.73> 2.53b nd 0.6 71
98 —3.83 237 6.65 2.32° 2320 nd nd 219
nd - - - 0.07°  0.004° - 43 -
nd - - - 0.05¢  0.03 - 11.3 -
27 - - - 1.31° 1.34° - 35 -
21 - - - 1.63> 2.12° - 0.7 -
37 - - - 1.80° 2.28° - 0.8 -

T,: emergence temperature; *He/*He as R/R,; *He/*He(c): corrected for air contamination on the basis of He/Ne ratio according to

Craig et al. (1978).
* Gas stripped from water.
® Data from Hooker et al. (1985).
¢ Data from Marty et al. (1992).

In samples where the N,/Ar ratio is greater
than the air ratio (83) 6N measurements in N,
have been performed. As already pointed out, such
high N,/Ar ratios (excess nitrogen) are found in

the CO,-rich gas samples (south of the Arno river),
generally not associated with the thermal spring
gas. 6N values vary from —1.3 to +6.72%0
(NBS), with most values generally greater than
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Fig. 8. N,~Ar diagram for the gas samples investigated. Most
CO,-rich emissions not associated with liquid phases (both hot
and cold) show some ‘excess nitrogen’ with respect to N, stricly
deriving from air or air-saturated water (ASW; see text).

zero, and have been interpreted as due to the
production of N, from NH,-rich K-feldspars and
micas inside the Paleozoic metamorphic basement
(Minissale et al., 1997a).

3He/*He ratios as R/R, (where R=3He/*He in
the sample and R, is 3He/*He in the air is
1.34 x 10~% Mamyrin and Tolstikhin, 1984), cor-
rected for air contamination on the basis of the
He/Ne ratio (Craig et al., 1978) vary, in both the
free gas vents and gases stripped from thermal
waters, from typical crustal values (0.02) in a large
part of the study area, to values up to 2.32 at
Larderello and nearby areas (Fig. 10). By con-
sidering a mantle R/R, value of 8.0 (Craig et al.,
1978), in this area Hooker et al. (1985) have
suggested the presence of 30% mantle component
in the gas phase, which may achieve up to 40%
when the European lithospheric mantle
(R/R,=6.1-6.7; Dunai and Baur, 1995) is
considered.

9. The Larderello area

The geothermal gradient at Larderello is really
very high, reaching locally 250°C/km, due to the
presence of convective circulation of steam shallow
in the crust. The origin and evolution in time of
fluids in such a high thermal area have extensively
been stressed in the geothermal literature (Goguel,
1953; Sestini, 1970b; D’Amore and Truesdell, 1979;
Minissale, 1991a; Manzella et al., 1998 and refer-

Po Valley

Fig. 9. Map showing curves of §'3C isoconcentration in CH,
(see text). Same symbology as in Fig. 2 apart from color (iso-
contour lines are white when in dark background).

¢ : Po Valley
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0.1 Sea
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Fig. 10. Map showing isoconcentration curves of *He/*He ratio
(as R/R,) in the gas phase (see text). Same symbology as in
Fig. 2.
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ences cited therein). Based on the relative concen-
tration of minor components in the gas phase,
several gas geothermometers have been gauged in
this area (D’Amore and Panichi, 1980; Bertrami
et al., 1985; Giggenbach 1991). Among the many
peculiarities that characterize the field, it is worth
remembering that it produces, at present, 300 t/h
of highly depressurized dry steam with 5 to 10%
of CO,-rich gas phase of total fluid production.
The total amount of minor components (such as
H,, H,S, CH,, N,, Ar) quite often exceeds 10% of
total gas whether the gas discharges from the
producing wells or from the natural ground steam
emissions (Duchi et al., 1992b).

By moving away from Larderello there is an
abrupt decrease in the less soluble components
(particularly H,) in the gas vents not associated
with steam, even if they are located in the area
where deeper marginal producing geothermal wells
are still present (i.e. samples 130 and 26 in Fig. 2).
This suggests that H,, H,S and CH, are mostly
produced inside the geothermal reservoir through
gas—gas reactions whose kinetics are favored by
the presence of the vapor phase (i.e. Fischer—
Tropsch-type reactions; D’Amore and Nuti, 1977;
Chiodini and Marini, 1998). They can reach the
surface as natural components only where the cap
rock over the carbonate reservoir is reduced in
thickness, as in the center of the field itself.

As already stated, the Larderello fluid is also
characterized by a clear mantle signature in the
gas phase as seen from the relatively high *He/
“He ratio. With respect to H, and the other minor
gas components, that do not overcome the steam
discharging area, the more conservative *He/*He
ratio has a much larger areal extension in the gas
vents outside the field with respect to the field
itself (Fig. 10). This suggests that not only the
Larderello field but a large part of southern
Tuscany is actually affected by an upwelling of the
mantle. In fact, the Moho depth in a large sector
of southern Tuscany is as low as 20-25km
(Calcagnile and Panza, 1979).

Another typical feature of the Larderello gas,
with respect to the rest of the study area, is
represented by the isotopic composition of carbon
in the CO, (Fig. 11). In a regional panorama with
markedly < —4.0 values, likely caused by either

oo Do Valley
”sbo‘”m’y\kolngnu N ﬁ

\ Adriatic
A\ Sea

Fig. 11. Map showing isoconcentration curves of §3C in CO,
(see text). Same symbology as in Fig. 2 apart from color (white
when in dark background).

the presence of isotopically light organic-derived
CO, inside the Neogene basins (Minissale et al.,
1997a) and the Po Valley (Mattavelli and Novelli,
1987) or mantle-derived CO,, 5C values at
Larderello have less negative values. They are well
in the range of CO, produced through the hydro-
thermal alteration of marine limestones. If we
consider the presence of 30 to 40% mantle gas at
Larderello as suggested by the *He/*He ratio, we
would have expected a more negative mantle-type
value (—3.0/—8.0; Rollison, 1993), or at least
values similar to the rest of the study area. The
reason for such relatively less negative values may
have to be related to the presence of huge quanti-
ties of metamorphic CO, produced inside the main
carbonate reservoir and the underlying metamor-
phic basement, following water-rock reactions
such as those proposed by Gianelli (1985) and
Gianelli and Calore (1996).

10. Origin of N,, CO, and CH, in the gas phase

Isocontour maps of N,, CH, and CO, in the
gas phase in the study area are shown in Fig. 12
(top, center and bottom respectively). The main
distinguishing feature of the cross-comparison of
such maps is the clear separation existing between
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the CH, domain in the foredeep areas compared
with both the CO, domain in the peri-Tyrrhenian
Bologna 0 internal sector and the N,-rich realm centered on
NS the massive, thick marble range of the Apuan
10F A dratic Alps. The Apennine watershed seems to mark a
boundary limit of the emergence of natural
CO,-rich gas vents, whose northernmost and east-
ernmost discharges are clearly related to the more
external post-orogenic basins (samples 110, 108,
102, 127, 104 and 216 in Fig. 2). Methane domi-
nates both emergences along the thrust belt area
(samples 149, 213, 214 and 215), as well as in the
gas vents emerging at the boundary limit between
the Apennine outcrops and the Neogene material
N> (%) in the Po Valley (samples 139, 140143, 145 and
151). Moreover, several gas fields were discovered
and exploited after the Second World War in both
olozna g7 v the Po Valley and the Adriatic Sea (Fig. 1).
2= By focusing the attention firstly on the origin
of nitrogen (Fig. 8), it is very likely that the main
source of this component is atmospheric in origin.
In fact, all the CH,-rich samples in Fig. 8, the gas
samples associated with the thermal springs, the
Larderello fumaroles and some of the cold

Po Valley

Lardereilo
»

Tyrrhenian )
Sea

A yoprence CO,-rich gas emissions associated with cold
1 25 springs have a N,/Ar ratio similar to those in the
© 2 . 1 air or ASW. This could be due to the fact that
o q \‘ \ the carbonate formations host a powerful regional
\. s . o . .
= : Lardergllo p aquifer that gathers huge quantities of rainfall in
Dyerheniany J \-%‘;: - ¥ CHy (%) their outcrop areas, generally coinciding with the

Po Valley

s
€ boyp,
i
A Bologna
v

as water leaking from the overlying Oligocene
i turbiditic formations. This is also true even at
Adriatic Larderello, which, although having a clear sub-
Jeg magmatic thermal origin (Goguel, 1953; Sestini,
1970b; D’Amore and Bolognesi, 1994), is mostly
supplied by meteoric waters (Craig, 1963b; Calore
et al., 1982),

If the production (and/or rise) of either CH,
or CO, are prevailing over the exsolution of N,
from recharge ASW, as happens in most parts of
the study area, N, remains a minor diluted compo-

\ main mountains in central-southern Italy, as well

Tyrrhenian
Sea

Fig. 12. Isodistribution maps of N,, CH, and CO, (in percen-
tage of the total gas phase) in the gas phase (see text). Same
symbology as in Fig. 2 apart from color (isocontour lines are
white when in dark background).
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nent. On the contrary, when active sources of
CH, (both biogenic and thermogenic) and CO,
(both geothermal and metamorphic) are of second-
ary importance, as in the Apuan Alps (one of the
rainiest areas in Italy), N, becomes the main
residual component. This kind of N,-rich emission
(sample 148), emerging as gentle intermittent bub-
bles associated with cold or hot waters, is wide-
spread all over the world (e.g. Jenden et al., 1988;
Minissale et al., 1988, 1999a; Toutain and
Baubron, 1998; Casiglia et al., 1999) and in several
places of Italy (e.g. Minissale et al., 1997a, 1998).
Generally speaking, in central-northern Italy they
reflect either the presence of air along the shallower
levels of the gas rising pathways (cold spring) or
a deep circulation of meteoric-derived waters (ther-
mal spring) in those sectors where geothermal
CO,-rich fluids are confined.

As far as the origin of CO, in the peri-
Tyrrhenian area is concerned, it is clear that, apart
from a relatively small quantity derived from the
hydrolysis of carbonates inside the Mesozoic lime-
stones (Kissin and Pakhomov, 1967; Panichi and
Tongiorgi, 1976), the largest part is both from
mantle degassing (Minissale 1991b; Marini and
Chiodini, 1994) and thermometamorphic reactions
involving the formations of authigenic calcium
silicate veins in the crystalline basement (Gianelli,
1985).

Since limestones may act, when buried, as a
huge regional trap for fluids, both descending N,
and rising CO, tend to be accumulated inside the
Mesozoic carbonate unit because of its very high
secondary permeability. Their relative proportions
in the gas vents at the surface is a function of
either the quantity of CO, produced at depth in
the geothermal fields or N,-rich meteoric waters
flowing down from the carbonate outcrops. As
with what happens for the gas phase, the composi-
tion of the associated thermal waters may also
change from Ca-SO, (stronger meteoric compo-
nent: samples 103 and 117 in Fig.3) to
Ca(Na)-HCO; (stronger geothermal CO,-rich
component: samples 57 and 69 in Fig. 3)
(Minissale and Duchi, 1988).

A quantitative assessment made on producing
wells in the Po Valley, Adriatic coast and offshore
gas fields (group 1) indicates that 80% of methane
produced in the Apennine foredeep-basins is gener-

ated through bacterial activity, whereas the
remaining 20% is from thermal degradation of
organic matter (Mattavelli and Novelli, 1987). On
the contrary, in the peri-Tyrrhenian belt (group 2)
most CH, is thermogenically originated, whereas
bacterial methane is produced inside the Neogene
basins only to a very minor extent (Minissale et al.,
1997a). The isodistribution map of §'*C in CH,
(Fig. 9) clearly shows that there is a progressive
increase in isotopically light biogenic methane
towards the Po Valley.

Although the §13C values suggest a mixed char-
acter due to the presence of deep rising thermo-
genic methane (6°C in CH,> —40%o), all the
methane-rich samples from shallow seeps that dis-
charge at the boundary limit of the Apennine
outcrop formations (samples 139, 140, 142, 143
and 145) belong to group 1. The associated liquid-
phase composition, i.e. saline Na—Cl composition
and heavy hydrogen and 80 signature, for which
an origin from marine waters entrapped inside the
thrusted Mio-Pliocene sediments that border the
Northern Apennines is claimed, also stresses their
quite shallow origin.

The remaining samples located in the main
thrust belt area (samples 214, 149, 213 and 146)
have a more thermogenic character (—36.0 <43
C < —38.0%0; Table 3). The increased maturity of
methane in this southern area with respect to the
group 1 of gases is due to the fact that producing
reservoirs are prevalently associated with the
underlying Oligo-Miocene sandstones (Borgia
et al., 1988). These formations (upper part of the
Tuscan Unit), which represented the foredeep sedi-
ments during the first Tortonian compressive
phases (Costa et al., 1998), now translated towards
east by the compressive wave, have, in places, been
buried by the allochthonous Ligurian nappes. They
likely underwent higher Tortonian thermal gradi-
ents compared with the Po Valley sediments.
Although speculative, such local anomalous
Miocene thermal gradients can be envisaged in
some Miocene andesites crossed by a deep well
(from 3858 m downwards) in the thrust belt area
below the Mesozoic sequence (Anelli et al., 1994).
Such andesites, completely missing at the surface
in the Northern Apennines, have been thrusted by
the Tuscan sequence during the main compressive
Tortonian phase.



214 A. Minissale et al. | Tectonophysics 319 (2000) 199-222

-10

-151 -7 -

- _ —— “thermogenic _ _
ena membper-~

813C in CH,

1317
thrust belt __ ——
trend — —~

6 4
813Cin CO,

Fig. 13. 63C in CO,-6'3C in CH, binary diagram. Two
different trends are evident for samples in the peri-Tyrrhenian
sector and samples located in the thrust belt area.

11. Relation between CH, and CO,

As discussed by Minissale et al. (1997a), in the
peri-Tyrrhenian sector of Italy CO, may be pro-
duced from: (1) the lithospheric mantle; (2) the
crystalline basement; (3) the Mesozoic limestones;
(4) the Neogene basins. Mantle should produce
S13C values in CO, between —8.0 and —3.0%o;
those from the crystalline basement and the car-
bonate rocks should vary from —2.0 to 2.0%o,
whereas the alteration of organic material in the
Neogene basin would produce CO, with much
more negative (< —20%o) values (i.e. samples 57
and 100 in Table 3). Based on such different genetic
environments, CO, vents with variable §13C in this
area are probably to be expected. On the other
hand, with the heat-flow of the peri-Tyrrhenian
sector being distinctively anomalous with respect
to the main thrust belt and foredeep areas, one
might expect a more uniform thermogenic §3C
distribution in CH, with respect to the foredeep
area. Such considerations seem to be confirmed by
plotting 6'3C values in CH, versus 5:*C in CO,
[Fig. 13, after Giggenbach (1982)]. Two distinct
trends can be recognized. The first lies on the
350°C isotherm and refers to gases located in the

peri-Tyrrhenian and Larderello sectors (samples
100, 99, 130, 26, 58 and 77, Table 2), characterized
by a narrow range of 6*C values in CH, and
highly variable §'*C in the CO,. The second (lower
equilibration temperature) includes samples from
the easternmost basins of the peri-Tyrrhenian area
(samples 104, 131 and 216, Table 2), characterized
by fairly constant 513C values in CO, and relatively
variable 613C in CH,. Both trends seem to point
to a common pure thermogenic endmember that,
in flowing to the surface, mixes with CO, deriving
from shallower sources in the peri-Tyrrhenian
sector and shallower CH, in the thrust-belt and
foredeep basins.

12. He isotopes and active compression in the
Northern Apennines

Both the shallow Moho depth in the peri-
Tyrrhenian sector and the somehow ‘ambiguous’
S13C values in CO, (Fig. 11) may suggest that this
inner sector of the Apennines is the result of
discharge of fluids from the mantle. A much more
reliable isotopic ratio, able to detect unequivocally
even small mantle degassing components in surface
fluids inside the continental crust, is the *He/*He
ratio (O’Nions and Oxburgh, 1988). In particular,
if for crustal production of “He by U and Th
decay the R/R, ratio is within the range 0.005—
0.02 (Andrews, 1985), for R/R,>0.2 the presence
of mantle *He is generally accepted (Marty et al.,
1992). Apart from the area centered on the
Larderello geothermal field, where intrusive mag-
matics have recently been crossed by deep wells
(Villa et al., 1987), and a smaller area north of it,
centered on sample 57, in coincidence with the
presence of two small Pliocene volcanic outcrops
of orendite rocks (Conticelli et al., 1992), the
isocontour map of R/R, (Fig.10) suggests that
the remaining larger part of the study area shows
near-crustal values. This is in spite of the fact that
several well-developed Neogene basins, e.g. Siena,
Chiana, Tevere, Upper Arno basins, in the inner
part of the Apennine thrust belt should favor the
rising of deep fluids along their boundary fault
systems. These basins have been considered as the
result of tensive tectonics that characterized the
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inner part of the Appennines after the Tortonian
compressive phase, consequent to the opening of
the Tyrrhenian Sea as a back-arc basin (Boccaletti
and Guazzone, 1974).

As a matter of fact, the presence of mantle-
derived *He fluid discharges has been reported in
several extensional areas of Europe (Martel et al.,
1989; Griesshaber et al., 1992) in relation to the
escape to the surface of mantle fluids. Since the
anomalous emission of *He in the study area is
strictly related to the presence of magmatic rocks,
at both depth and at the surface, even if as old as
2-3 Ma, we believe that basins in the peri-
Tyrrhenian belt of the Apennines north and east
of Larderello do not have to be considered as
back-arc-related basins. On the contrary, with the
3He/*He ratio of samples located in the Tevere
(samples 104 and 216), upper Arno (sample 127),
Era (samples 100 and 108), Elsa (sample 102) and
Fine basins (sample 110) in the range 0.02-0.16,
such basins have to be regarded as piggy-back (or
thrust-top) basins. They are not deeply rooted in
the crust and have developed and evolved in a
compressive tectonic regime. Furthermore, most
of these basins show intense compressive Plio-
Quaternary structural features (Boccaletti et al.,
1992; Bonini et al., 1999).

As expected, the *He/*He ratios from gases in
the main thrust belt of the Apennines (in an area
characterized by high seismicity, compression and
thicker crust) show typical crustal values, with the
exception of sample 139 which shows an anoma-
lous R/R,=1.1 value. Since this sample is very
little affected by air contamination during sam-
pling (R/R,=1 in the air), we must suppose that
this northwesternmost sample might reflect a local
situation where extension prevails over compres-
sion, thus allowing *He to rise.

13. Relation between seismicity, tectonics and fluids

The eastward migration of extensional-com-
pressional post-Miocene phases of the Northern
Apennines towards the rigid block represented by
the Adriatic plate has caused the formation of
several progressively younger thrust fronts. Some
of these fronts are buried below the sediments in

the Po Valley (Fig. 14). As already marked by the
limit between the CH, and CO, domains, the
Apennine watershed, coinciding with the first
Tortonian thrust front, also marks a limit of
seismicity. The distribution of earthquakes with
M>2.6 in the period 1988-1995 (Fig. 14; Frepoli
and Amato, 1997) shows that the number of
earthquakes in the inner CO,-producing peri-
Tyrrhenian sector dramatically decreases com-
pared with that in the CH,-producing thrust belt
and foredeep arecas. The seismic belt along and
north of the Apennine watershed more or less
coincides with the abrupt limit between the CO,
and the CH, domains. This limit also marks the
boundary limit of the Adriatic plate below the
Apennines (Calcagnile and Panza, 1982). The
Adriatic plate, whose subduction after the
Tortonian caused the formation of the Apennine
chain, is made up of continental lithosphere with
thickness increasing from 70 km in southern Italy
to more than 110 km in the Northern Apennines.
It acts, at present, as a rigid block surrounded by
50-80 km seismically active belts (Frepoli and
Amato, 1997). Seismic energy release at the west-
ern boundary of the Adriatic plate has recently
been found to be correlated with the topographic
top of the Apennine Range (De Rubeis et al. 1992;
Selvaggi et al., 1997).

At the CO,—~CH, geochemical boundary along
the Apennine watershed, a subcrustal seismic activ-
ity has recently been evidenced by Selvaggi and
Amato (1992). Such deep seismic activity suggests
that the Adriatic lithosphere is probably still sub-
ducting beneath the Northern Apennines.
Thermometamorphic CO, discharging in the
internal tensive belt of the Northern Apennines
could be interpreted as the geochemical signature
of subductive processes involving limestones
(Amato et al., 1993), with contemporary injection
of mantle-derived magmas. Although several
mantle magmatics were sporadically emitted in the
Pliocene in Tuscany (Conticelli et al., 1992), at
present still-degassing mantle-derived magmas
may be hypothesized to be present at depth only
in the Larderello geothermal area.

Metamorphic processes and circulation of two-
or three-phase fluids, both descending and ascend-
ing, are likely to be the cause of the limited number
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Fig. 14. Map showing the main compressive fronts in the foredeep area and location of earthquakes with magnitude >2.6 in the

period 1988-1995 [after Frepoli and Amato (1997)].

of earthquakes in the peri-Tyrrhenian belt. Such
circulation probably contributes to the removal of
stress from potentially active seismic structures,
strongly reducing the ratio between high- and low-
magnitude earthquakes. It is noteworthy also to
observe that the great majority of earthquakes in
the western peri-Tyrrhenian sector (Fig. 14) is
concentrated in the Larderello area, with epicenters
rarely exceeding 8 km (Batini et al., 1995). If we
consider that: (1) the shallow thermal gradient in
some places at Larderello is >250°C/km (Celati
et al., 1976); (2) temperatures >400°C have been
measured at <3000 m depth (Batini et al., 1983)
with an average thermal gradient in the shallow
crust >130°C/km; (3) the anomalous heat flow at

Larderello suggests a physical transition from a
fragile to ductile regime at <8 km in depth (Cameli
et al., 1993); and (4) the *He/*He isotopic signa-
ture of fluids points to the presence of melted
mantle-derived magma intruded in the crust, then
earthquakes at Larderello can be related to the
top of a mantle-contaminated melted crust, repre-
senting the main heat source of the Larderello
geothermal area.

Crustal contamination of mantle gas is caused
by the likely low speed of ascent of the gas from
the mantle and the high concentration of U in the
crust, which allows “He accumulation on the way.
This may account for a *He/*He ratio measured
at Larderello well below the typical mantle value.
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14. Discussion

Several different types of both natural fluid
emission and chemical composition of liquid
phases, either associated or not with gas phases,
occur in the Northern Apennines. Methane-rich
mud volcanoes are located in the compressed part
of the Apennine orogene, where mud diapirs are
the likely gas carriers. Such rising of mud, gas and
associated Na—Cl brackish waters is clearly con-
nected to the recent sedimentary cycle of the Po
Valley and the Adriatic foredeep deposits. Similar
enrichments in CH, are possibly present in the
flysch formations and the underlying Oligo-
Miocene sandstones and Cretaceous shales that
discharge CH, along the Apennine watershed. On
the contrary, in the inner part of the Apennines,
where extension has caused the intrusion of several
magma bodies, e.g. Larderello area, CO, prevails
over CH,. This does not mean that the peri-
Tyrrhenian belt is not a CH4-producing area. The
Larderello field itself produces about 3000 t/h of
dry steam with approximately 5% gas, of which
about 5% is CH,, and, thus, discharges about
150 t/day of hydrocarbons into the atmosphere. In
the peri-Tyrrhenian sector, methane is simply
diluted by the huge quantity of CO, dispersed in
the shallower parts of the crust and produced in
several stratified layers in the deeper crust
(Minissale et al., 1997a). A similar consideration
can be made for the relative total amount of
helium discharged at the surface, which is less
abundant in the Tyrrhenian sector with respect to
the N,- and CH,-rich vents located N and NE of
Larderello, simply because of dilution with CO,
(Table 2).

Even from a morphological point of view, the
CO,-rich gas vents are different from the CH,
emissions. The former have, indeed, a ‘mud basin
shape’ formed by the alteration of surface soil
around the orifice, whereas the latter show the
typical mud volcano morphology. This also reflects
in the different rate of gas emission in the two
areas. Mud volcanoes generally have low gas emis-
sion, where the liquid phase and the mud produce
a dense mixture slowly bubbling from the orifice,
whereas mud basins are related to high gas flux
without any expulsion of solid particles. As

described by Brown (1990), mud basins, such as
the ‘Lagoni’ (‘big ponds’) at Larderello, are the
surface expression of gas rising at high pressure in
a diatreme way. Being diatremes, the structural
shape of the crust is affected by the presence of
overloaded fluids at depth.

Apart from vertical fluid motion in both ‘geo-
thermal’ and ‘mud volcano’ areas, it is also very
likely that the Apennines undergo large lateral
fluid motion. In orogenic areas such lateral fluid
migration has been conceptually summarized by
Person and Baumgartner (1995 and references
cited therein). In the Apennines, lateral fluid
motion from the central backbone to the
Tyrrhenian Sea is driven mostly by: (1) the pres-
ence of relatively high rainfall affecting the
Apennine belt that longitudinally ridges Italy,
mostly constituted by permeable Mesozoic lime-
stones and Oligo-Miocene sandstones; (2) hydrau-
lic continuity of the Mesozoic limestones, as
described in much of the geological literature of
central Italy (e.g. Minissale and Duchi, 1988); (3)
high secondary permeability of the Mesozoic lime-
stones, the latter acting as a sink not only for
rising deep fluid but also for lateral fluids flowing
from the main Apennines.

Both vertical and lateral fluid motions across
the northern Apennines as a function of the main
hydrogeological units, surface emergence of fluids
and underground temperatures are schematized in
the block diagram and the SW-NE cross-section
across Italy of Fig. 15. The diagram shows the
relationship between extension and compression
areas, waters and gas compositions in the main
hydrogeological units, as well as the surface mor-
phological means of fluid discharge to the surface.
The Mesozoic limestones, at least in the peri-
Tyrrhenian sector, play a key role in both their
buried confined and shallow unconfined conditions
in driving fluid motion along preferential sub-
surface paths. In particular, where limestones are
buried under an impermeable caprock made by
either the flysch Ligurids or the Neogene material
and which are affected by geothermal temperature
(>250°C as at Larderello), they can be regarded
as a gas-producing and a gas-accumulation reser-
voir. This depends on: (1) sealing phenomena at
the boundary of the geothermal systems; (2)
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hydraulic continuity inside the carbonate forma-
tions between outcrop and buried areas; (3) local
fluid overloading in geological structures where
the limestones behave as a fluid trap (buried
structural top). In such as the latter structural
condition, especially where the Mesozoic lime-
stones are not connected to their outcrop areas,
ore deposition may occur inside the limestones,
and all southern Tuscany hosts several pyrite and
Pb—Cu-Zn sulfide deposits.

The foredeep areas are much less affected by
fluid motion than the peri-Tyrrhenian sector for
several reasons:

(1) a deeper Moho depth, and consequently
lower thermal gradients and lower fluid
production;

(2) the rising fluid from depth is greatly blocked
on its way due to the compressive wave;

(3) the presence of quite thick impermeable
formations, such as the flysch units and Neogene
sediments;

(4) the absence of shallow formations acting as
a sink for fluids, like the Mesozoic limestones do
in the peri-Tyrrhenian sector.

Methane is the only fluid discharged at the
surface and is likely to be generated at shallow
depth.

15. Concluding remarks

There seems to be a clear relation between fluid
occurrence and morphology, as well as of chemical
and isotopic composition, for both waters and
gases expelled across an active orogenic system
such as the Northern Apennines. Among the many
parameters investigated, the main composition of
waters and their isotopic signature (5'%0 and 5D),
as well as the 6'3C in CO, and CH, and the
3He/*He ratio of gases, have proved to be the best
parameters to understand their source origin. In
particular, the distribution pattern of *He/*He
ratios seems to suggest the presence of still-degass-
ing mantle-derived magmas in the western peri-
Tyrrhenian sector (extension), as well as the shal-
lowness of the structures in the more external areas
of the Northern Apennines, still undergoing a
strong stress regime (compression).

The comparison between the situation in
different active orogenic areas (Toutain and
Baubron, 1998 and references cited therein;
Kennedy et al., 1997, Minissale et al., 1999a,b)
will contribute to a better understanding of global-
scale fluid motion triggered by active tectonics.
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