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DEEP RESERVOIR TEMPERATURES
OF LOW-ENTHALPY GEOTHERMAL SYSTEMS IN TUNISIA:
NEW CONSTRAINTS FROM CHEMISTRY OF THERMAL WATERS
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ABSTRACT

Tunisia is characterized by hot and warm groundwaters (temperature up to 75 °C) which represent the surface manifestation of ge-
othermal systems hosted in carbonate-evaporite rock sequences. The T-conditions of Tunisia deep thermal reservoirs are here eval-
uated for the first time at the regional scale. The results here shown clearly highlight the limitations inherent in the application of
common geothermometric methods in the estimation of equilibrium temperatures in sedimentary environments. The modeling ap-
proach proposed by Chiodini et alii (1995), which makes use of the ratios between dissolved HCO;, SO, and F, provides the most re-
liable results, and allows us to derive equilibrium temperatures up to 200 °C for the Tunisian thermal reservoirs. Very high equilibri-
um pCO, (100 bar) values are also estimated, likely indicative of the confined aquifer conditions.

Keyworps: Tunisia, Thermal groundwaters, Chemical geothermometers, Sedimentary environment

1. INTRODUCTION

UNISIA, located in the Northern African margin, is

known for the numerous thermo-mineral springs,
widely dispersed throughout the entire country, and
used as thermal baths since the Roman domination.
Currently, hot and warm waters feed the thermal infra-
structures called Hammam in which they are exploited
for recreation purposes.

Thanks to the relatively important number of petro-
leum exploration wells, drilled in the whole Tunisian
area, geothermal gradients ranging from 23° to 49
°C/km have been measured (Ben Dhia 1987), and even
higher values, up to 90 °C/km, have been supposed to
exist in Northern Tunisia (Ben Dhia and Bouri 1995).
Structural and gravimetric data evidence a strict rela-
tion between the geothermal gradient trend and the
main structural directions (Ben Dhia 1987), suggesting
that anomalous heat flow in tectonically active Tunisian
sectors is related to the presence of faults which allow
ascent and surface discharge of deep fluids.

A number of studies (Edmunds et alii 2003, Yermani
et alii 2003, Trabelsi et alii 2007) have put the focus on
the chemical features of springs belonging to specific
sectors of Tunisia. More recently, Fourre et alii (2011)

have presented a detailed geochemical analysis of ther-
mal groundwaters at the scale of the entire country.
The chemical features of thermal waters (springs and
wells) were interpreted to result from water-rock in-
teraction processes, taking place in different geologic
environments (evaporitic deposits, limestone or sand-
stone formations), depending on the area in which the
discharges are located. The same authors also reported
on the first systematic characterization of dissolved
helium and CO, (carbon) isotopic composition. They
suggest that Tunisian geothermal aquifers are fed by
deep-rising volatile phase characterized by a prevalent-
ly radiogenic helium (*He/“He in the range 0.02 Ra-0.4
Ra) associated with thermo-metamorphic CO,
(8"*Cp, from 0 to + 4%o vs v-PDB).

While the Tunisian aquifer systems were thoroughly
investigated from a chemical and geological view
points, information about the temperatures of deep
geothermal reservoir/s, feeding the shallow manifes-
tations, is still undetermined. Such deep tempera-
tures estimations, if available, would contribute to
implement/refine our current knowledge of the
geothermal potentials of Tunisia. Indeed, apart from
exploitation of geothermal resources for hammams,
tourism (hotels and pools) and washing, the current

* Corresponding Author: R. Di Napoli: rossella.dinapoli@unipa.it
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orientation of Tunisian government policy (since 1980)
is directed to the development of new oasis sectors in
which thermal waters would be used for irrigation
(Mohamed 2002).

In this context, we first attempt in this note the appli-
cation of geothermometric techniques to the Tunisian
groundwaters. We make use of our recently published
(Fourré et alii 2011) chemical dataset (concentrations of
major and minor dissolved ions) of Tunisian ground-
waters, with the aim to improve and deepen the present
information about the T-conditions of Tunisian geot-
hermal deep reservoirs.

2. THE STUDY AREA

Tunisia is the northernmost country in Africa, located
in the Maghreb area between Algeria, to the west, and
Libya, to the Southeast. Mediterranean Sea laps the
northern and eastern Tunisia’s shores, while the South
of the country hosts the Sahara desert.

The structural evolution of Tunisia was related to the
tectonic movements involving, since the Late Permian,
African and European plates.

Three main structural domains (F1G. 1) are distin-
guished from the North to the South of Tunisia (Mar-
tinez and Truillet 1987): Atlasic, Eastern/Sahel and
Saharan domains. The Atlasic domain includes the
northern and the central-westernsectors of the Tunisian
region. Triassic basal series (shallow marine sandstones,
shales, dolomites and thick evaporite and salt deposits-
Bedir et alii 2000) are generally overlain by a thick Creta-
ceous cover; in the «diapir zone» (F1G. 1), however, the
Triassic evaporites (Perthuisot 1978, Mlayah et alii 2009)
outcrop as ~1000m thick extrusions (NE-sw trending) of
gypsum, anhydrite, dolomite and abundant halite. The
nappes of Numidian Flysch (Tellian domain; Ben Ferjani
et alii 1990) extend along the northern coast of Tunisia.
They formed during the Late Miocene major orogeny
and are composed of thick (3,000-4,000 m) Oligo-
Miocene series of sandstones and shales (Rouvier 1977).

The N-s Axis, a regionally significant thrust fault
system (Coiffait 1974), separates the Atlasic and the
Eastern/Sahel domains (F1G. 1). In the latter, Mesozoic
deep marine carbonate are overlain by Quaternary
Pleistocene and Holocene sandstones (Bedir et alii 1996,
1998, 2000).

The «Grand Accident sud atlasique» (Russo and Rus-
50 1934) (or North Saharan Flexure - Gabtni et alii 2005)
represents the tectonic boundary between the folded
Atlasic domain and the un-deformed Saharan domain.
The stable Saharan platform, which characterizes the
latter domain, is located in the southernmost part of
Tunisia, and is made up of a strongly deformed Pre-
cambrian basement (Laaridhi-Ouazaa 1994), covered by
a thin and relatively un-deformed sequence of Paleo-
zoic sandstones and carbonates, and Mesozoic evapor-
ites (Ben Ferjani et alii 1990).

3. RESULTS AND DISCUSSION

In this study, we use a subset of the original data set of
Fourre et alii (2011) (45 water samples; wells and springs)
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to investigate the hydrothermal properties of the
Tunisian thermal manifestations (FiG. 1).

3.1. Main hydrogeochemical Features
of Tunisian Groundwaters

Figure 1 shows that hot and warm groundwaters (T >
25 °C) emerge through the entire Tunisian region; the
highest temperatures, from 55 to 75 °C, are observed in
the Atlasic and Saharan domains.

From a geochemical viewpoint, the Tunisian ground-
waters belong to all water-types identified by Langelier-
Ludwig diagram (see Fourre et alii 2011): chloride-sul-
phate waters (both Na- or Ca-dominated) are the most
abundant, while bicarbonate-dominated compositions
are observed in a group of thermal groundwaters
emerging in a zone stretching along the northern
Tunisian coast (Fourre et alii 2011). According to Fourré
et alii (2011), the extensive occurrence of evaporitic de-
posits, (mainly dated Triassic), both outcropping (di-
apiric zone) and in the subsurface (cfr. section 2), is a
major control factor on the chemical compositions of
Tunisia thermal waters. As displayed by Figure 2a, hot
and warm discharges, belonging to all of three Tunisian
domains, while being systematically under-saturated
relative to halite, generally have Na/Cl molar ratio ~ 1;
since seawater contribution to the aquifer systems can
be ruled out based on 8D-8'#O water systematics (Four-
ré et alii 2011), these Na-Cl compositions can be taken as
evidence thatleaching of halite is buffering thermal wa-
ter composition to a large extent. A few of samples, dis-
playing Na/Cl molar ratio > 1, could reflect the occur-
rence of cation exchange processes, during which
preferential Na-release to weathering solutions, at the
expense of other cation species, is expected (Edmunds
et alii 2003, Yermani et alii 2003, Fehdi et alii 2009, Four-
re et alii 2011).

In addition to chloride (which concentrations range
from 0.6 to 800 mmol/l; Fourre et alii 2011), sulphate
(from 1 to 158 mmol/]; Fourré et alii 2011) is the second
most abundant anion species in Tunisia thermal
groundwaters. There is no supporting evidence for any
sulfur contribution from oxidation of S-bearing mag-
matic gases (a process which would hardly fit the non-
volcanic character of Tunisia); this leaves leaching of
anhydrite/gypsum (from Triassic evaporate series) as
only potential source of sulphate ions (Edmunds et alii
2003, Fourre et alii 2011). Not surprisingly then, Ca and
SO, are in 1:1 molar proportion in groundwaters, and
Saturation Indexes approach unity (attainment of
chemical equilibrium) for both gypsum (FiG. 2b) and
anhydrite (not displayed) in most cases.

The prevailingly lower bicarbonate contents (from
0.1 to 26 mmol/1-Fourre et alii 2011) in Tunisia ground-
waters (relative to chlorine and sulphate) reflect the mi-
nor leaching aptitude of calcite, relative to more solu-
ble evaporitic minerals (halite, anhydrite and gypsum).
Indeed, in spite carbonate formations are widespread all
over Tunisia (Triassic evaporitic sequences and Creta-
ceous to Cenozoic limestones), only a few Tunisian
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F16. 1. Classed post map showing the spatial distribution of discharge temperatures in Tunisia thermal waters. The numbers indica-
tive of thermal waters samples are taken from Fourre et alii (2011). The structural setting is modified from Fourre et alii 2011.

samples are bicarbonate-type waters: these have  lar ratio). All water samples are somewhat affected by
Ca/HCO; molar ratios of ~ 0.5 (the typical calcite mo- calcite dissolution, however, as demonstrated by Satu-
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Fic. 2. Binary plots of (a) SI halite vs Na/Cl, (b) SI gypsum vs
[Ca-(HCO;/2)]/SO, and (c) SI calcite vs Ca/HCO;. These bina-
ry plots suggest that leaching of soluble mineralogical phases
(halite, gypsum and/or anhydrite, and calcite) making up the
reservoir rocks, is the main process determining the chemical
composition of Tunisia thermal waters. Samples from Atlasic
domain are represented by white circles, dark-grey diamonds in-
dicate thermal waters in Eastern/Sahel domain, and grey
squares are for samples from the Saharan domain. Data are tak-
en from the Fourre et alii 2011 database.

ration Indexes for calcite being recurrently ~ 0 (F1G. 2¢).
It follows then that carbonate mineral leaching by
groundwaters, while widespread in Tunisia, is in most
conditions masked by dissolution of more soluble
species (as evaporitic minerals); only where these min-
erals are absent, bicarbonate waters are left free to
form.

3.2. Geothermometric Evaluation
of Tunisian deep Reservoir Temperatures

Geothermometric techniques based on the composi-
tional features of hydrothermal fluids represent the
most viable way to obtain information on deep reser-
voir temperatures (at least where no direct deep well
measurements are available), and so they represent one
a most important geochemical tool in geothermal ex-
ploration, and for exploitation of resources (D’Amore
and Arnorsson 2000). The use of geochemical geother-
mometers stands on the assumption that fluids dis-
charged at the surface carry with them imprints of their
deeper histories (Giggenbach 1991). A fundamental as-
sumption is made that the hydrothermal reactions
achieve equilibrium at T-P reservoir conditions, and
that no re-equilibration (e.g., lower-T water-rock reac-
tions with wall-rocks) affects thermal fluids upon their
migration from the deep reservoir to the surface.

Among the ion solute geothermometers, the Na-K-
Mg geothermal indicator is based on combination of
the two following temperature-dependent exchange
reactions (Giggenbach 1988):

K-fedspar + Na* = Na-feldspar + K+ 1
2.8 K-fedspar + 1.6 water + Mgt = 0.8 K-mica +
0.2 chlorite + 5.4 silica + 2K* 2)

Giggenbach (1988) presented a simple graphical proce-
dure to verify the extent to which water samples attain
the above-described equilibrium conditions at reservoir
T. The application of such a technique to Tunisian
groundwater samples is shown in the ternary plot of
Figure 3. The diagram shows that the majority of ther-
mal discharges, belonging to three Tunisian domains
(Atlasic, Eastern and Saharan), fall in the field of «im-
mature waters» (Giggenbach 1988). In light of their Mg-
rich compositions, these waters are thought either not
to have attained high-T equilibrium with deep reservoir
rocks (because of their fast and shallow hydrothermal
flow), or to have suffered extensive re-equilibration at
near-surface conditions (after a deep equilibration peri-
od). Whatever the case, these water samples are un-
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F1G. 3. Na/1000-K/100-Mg°~ triangular diagram, modified from
Giggenbach (1988). Curves describe the compositions of
thermal waters at full (upper curve) or partial (bottom curve)
equilibrium with reservoir rocks in a range of temperatures
(Giggenbach 1988). Labeled T values on the full-equilibrium line
represent equilibrium temperatures calculated by Na-K-Mg
geothermometer. Samples are as in Figure 2.

suitable to derive the deep temperature estimations.
Only a few Tunisian thermal waters (from the Atlasic
domain), plot over, or just below, the full equilibrium
curve of Figure 3, where «mature», fully equilibrated,
reservoir fluids typically cluster (Giggenbach 1988).
Only for these water samples, the application of the Na-
K-Mg ionic geoindicator can be thought to provide
meaningful results: they indicate geothermal reservoir
equilibration temperatures ranging from ~ 70 to ~ 90
°C. Somewhat more variable temperature estimates
(T from ~ 70 to ~ 160 °C) are obtained, instead, for
partially mature waters (F1g. 3). It should be noted,
however, that even for the «mature» fluids the above es-
timated temperatures might be somewhat untrustwor-
thy: in a sedimentary environment such as Tunisia,
while feldspars are probably commonly available for re-
actions 1-2 to take place (e.g., in the Numidian Flysch of
the Tellian nappes, or in the recurrent volcanic forma-
tions interbedded with sedimentary rocks; Ben Ferjani
et alii 1990), the significant Na contribution deriving
from leaching of halite (F1G. 2a) may exercise a more
decisive control factor on Na/K ratios than cation ex-
change processes.

An alternative estimation of subsurface reservoir
temperatures can be obtained by taking advantage of
silica content in thermal water discharges, and the tem-
perature-dependent solubilities of individual silica min-
erals (Fournier 1973). As shown by Figure 4, however,
approximately all of Tunisia thermal waters plot along
the chalcedony equilibrium curve, at the sampling
temperature conditions. This most probably suggests
that the SiO,-contents in Tunisia thermal waters are
buffered by chalcedony solubility at near-discharge con-
ditions, and that no deep water SiO, geothermometric
estimation can therefore be derived from these shallow
manifestations. In spite of this, for the sake of illustra-

100

F1G. 4. Dissolved silica contents vs measured temperature at
discharge conditions for Tunisian thermal waters. Curves corre-
spond to theoretical solubility curves for different silica miner-
als: amorphous silica, cristobalite (3, cristobalite «, chalcedony
and quartz (Fournier 1973, 1991). Samples as in Figure 2.

tion only, the equilibrium temperatures which would
be obtained using the quartz geothermometer (Four-
nier 1973): range from ~ 40 to ~ 100 °C. These values
would be realistic only in the (unlike) case that quartz is
controlling silica contents at depth, and that no precip-
itation occurs upon migration of waters from deep
reservoir to surface.

As previously shown, the challenges in applying the
most commonly used geothermometric techniques
(Na-K-Mg and the SiO, contents) to the Tunisian ther-
mal waters is to be ascribed to the mineralogy of the
host rocks (dominated by carbonatic, terrigenous and
evaporitic successions, rather than silicates) and to the
prevailingly low subsurface temperatures, which lead
to slow kinetics of water-rock reactions (and ultimate-
ly preventing equilibrium conditions to be achieved). In
this context, a typical mineralogical assemblage, com-
posed by calcite, dolomite, anhydrite, fluorite and
(more marginally) SiO,-bearing minerals, is thought
(Marini et alii 1986) to fix, at equilibrium conditions, ac-
tivities of dissolved species in thermal springs in sedi-
mentary environments. More recently, Chiodini et alii
(1995) implemented the model previously introduced
by Marini et alii (1986), and proposed a set of geo-indi-
cators suitable for application to thermal waters issuing
from medium- to low-temperature hydrothermal sys-
tems, hosted in carbonate-evaporite reservoirs. These
indicators are based on theoretically derived (Chiodini
et alii 1995) relations, fixing the dependences of total
concentrations of some dissolved chemical species in
thermal fluids on independent variables such tempera-
ture (1/T), log pCO,, and total ionic salinity (2eq). In
their study, Chiodini et alii (1995) proposed that con-
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HCO3 SO4

F1G. 5. HCO;-SO,4-100F ternary diagram (modified from Chio-
dini et alii 1995). T-pCO, grids are represented. The isotherms
and isobars are calculated for Zeq of 0.01 and 0.1 eq/1, which rep-
resent the minimum and maximum values of total ionic salinity
of Tunisia thermal waters (CI contents from 0.6 to 200 mmol/1).
Water samples as in Figure 2.

centrations of dissolved Ca, Mg, SO, and F are those
most sensible to temperature, making them (along
with SO,/F* and Ca/Mg ratios) potentially valuable
geothermometers. On the contrary, the (HCO;)*/SO,
ratio was shown to be a most suitable geo-barometer
(being controlled by pCO,), while the HCO;/F ratio
and the HCO; content were identified as geo-indicators
for both pCO, and T (Chiodini et alii 1995).

In Figure 5, we show the application of Chiodini’s et
alii (1995) «sedimentary» geothermometers to the
Tunisian thermal manifestations. In the ternary HCO;-
F-SO, diagram of Figure 5, we report a selection of the
Fourre’s et alii (2011) samples, which range (as for their
composition) from Na-Cl, to Ca-SO, and Na,Ca-HCO;
thermal waters. These samples are characterized by Cl
contents ranging from 0.6 to 200 mmol/1 (Fourre et alii
2011) and F from 0.008 to 0.241 mmol/]; the most saline
water samples (Cl > 23 mmol/1, and up to 800 mmol/1)
from the original Fourré’s et alii (2011) database are not
considered here, since they show unusually F-depleted
compositions (F < 0.002 mmol/l), and are therefore un-
suitable for our estimations. These very low fluorine
concentrations may partially reflect the large analytical
uncertainties associated with F detection by ion chro-
matography in high-Cl waters.

Figure 5 shows that water samples collected in the At-
lasic and Eastern domains display a spread of equilibri-
um temperatures, from 50 to 250 °C, and equilibrium
CO,, partial pressure of ~ 100 bar. This latter features is
suggestive for that our sampled thermal manifestations
are the surface expression of fluids rising from deep
confined aquifers, where pCO; is controlled by the hy-
drostatic conditions (Chiodini et allii, 1995, Frondini
2008) and CO, production is fueled by thermo-meta-
morphic reactions in the crust (Fourre et alii 2011). No
samples from the Saharan domain are available here;
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however two water samples (samples 41 and 42 in Four-
reé et alii 2011) collected in the southernmost part of the
Eastern domain, near the boundary between Eastern
and Saharan domains, could be used to deduce infor-
mation about T conditions in Southern of Tunisia.
They allow estimating lower temperatures (~ 75) and
pCO, values (~ 0.1 bar), at least relative to North-
Central Tunisia waters, suggesting a lower geothermal
gradient and a minor CO, production by thermo-meta-
morphic reactions in this tectonically stable sector of
the Tunisian crustal sector (Fourré et alii 2011).

4. CONCLUSIONS

Thermal waters with discharge temperatures from 35 to
75 °C are widespread throughout Tunisia. These ther-
mal manifestations represent the surface expression of
hydrothermal reservoirs, which reflect the anomalously
high heat flow and the significant network of active geo-
logic faults in the country (Ben Dhia 1987).

In this short note, we have attempted at a first re-
gional-scale assessment of deep-reservoir T conditions
in Tunisia geothermal systems, making use of different
geothermometric techniques. We conclude that, due to
the prevalent sedimentary nature of host rocks in the
country (with mineralogical assemblage dominated by
calcite, dolomite, anhydrite, and fluorite), the conven-
tional geothermometric techniques provide unreliable
(Na-K-Mg) or poorly significant (SiO,) information on
deep subsurface hydrothermal temperatures. In con-
trast, we confirm that, in geothermal systems charac-
terized by medium-low temperatures and hosted in
carbonate-evaporite rocks, such as those prevailing in
Tunisia, (Fourre et alii 2011), the geothermometric
methodology proposed by Chiodini et alii (1995) seems
to provide the most reliable assessment of deep reser-
voir temperatures. From this, we conclude that the tec-
tonically active Atlasic and Eastern domains host ther-
mal aquifers characterized by relatively medium to high
temperatures (up to 250 °C), and very high equilibrium
pCO; (~ 100 bar). The latter are probably indicative of
deep confined conditions of the thermal aquifers. Low-
er temperatures, and less significant CO,-producing
thermo-metamorphic reactions, are associated with the
tectonically stable Saharan domain.

REFERENCES

Bédir M., Tlig S., Bobier C., Zargouni F. and Aissaoui N. (1996). Se-
quence stratigraphy, basin dynamics and petroleum geology of
Miocene from the eastern Tunisia. «<Am. Assoc. Petr. Geol.», B, 80,
63-81.

Bédir M., Bobier, C. and El Manaa S. (1998): Subsurface Neogene clay
diapirs in northern Tunisia: basin structuration and petroleum
implications. In: Actes des 6th Tunisian Petroleum Exploration and
Production Conference, Tunis, 29-34.

Bédir M., Soussi M. and Abbes C. (2000). Paleozoic to Cenozoic crustal
and basin structuring of the Tunisian north African margin («CIEsM
Workshop Series», 13), 47-48.

Ben Dhia H. (1987). The geothermal gradient map of Central Tunisia:
Comparison with structural, gravimetric and petroleum data.
«Tectonophysics», 142, 99-109.

Ben Dhia H. and Bouri S. (1995). Overview of geothermal activities in
Tunisia, Ecole Nationale d’Ingenieurs de Sfax, Tunisia, 6 pp.



Ben Ferjani A., Burollet P. E and Mejri E (1990). Petroleum Geology of
Tunisia, Tunis, Enterprise Tunisienne d’Activités Pétroliéres, 194 pp.

Chiodini G., Frondini F and Marini L. (1995). Theoretical geother-
mometers and P, indicators for aqueous solutions coming from
hydrothermal systems of medium-low temperature hosted in car-
bonate-evaporite rocks. Applications to the thermal springs of the
Etruscan Swell, Italy. «Appl. Geochem.», 10, 337-346.

Coiffait P. (1974). Etude géologique de I'Atlas tunisien I'ouest de Kai-
rouan, Tunisie central, thesis, University P. and M. Curie, Paris, 132
pp-

D’Amore E and Arnorsson S. (2000). Geothermometry. In: S. Arnorsson
(ed.), Isotopic and chemical techniques in geothermal exploration,
development and use, Vienna, International Atomic Energy Agency,
152-199.

Edmunds W. M., Guendouz A. H., Mamou A., Moula A., Shand P. and
Zouari K. (2003). Groundwater evolution in the Continental Inter-
calaire aquifer of southern Algeria and Tunisia: trace element and
isotopic indicators. «Appl. Geochem.», 18, 805-822.

Fehdi Ch., Rouabhia Aek, Baali F, Boudoukha A. (2009). The hydro-
geochemical characterization of Morsott-El Aouinet aquifer, North-
eastern Algeria. «Environ. Geology», 58, 1611-1620.

Frondini E (2008). Geochemistry of regional aquifer systems hosted by
carbonate-evaporite formations in Umbria and southern Tuscany
(central Italy). «Appl. Geochem.», 23, 2091-2104.

Fournier R. O. (1973). Silica in thermal waters: Laboratory and field in-
vestigations. In: Proceedings International Symposium on Hydroge-
ology and Biogeochemistry, Tokyo, 122-139.

Fournier R. O. (1991). The transition from hydrostatic to greater than hy-
drostatic fluid pressures in presently active continental hydrothermal
systems in crystalline rock. «Geophys. Res. Lett.», 18, 955-988.

Fourré E., Di Napoli R., Aiuppa A., Parello F.,, Gaubi E., Jean-Baptiste P,
Allard P, Calabrese S. and Ben Mamou A. (2011). Regional variations
in the chemical and helium—carbon isotope composition of geother-
mal fluids across Tunisia. «Chem. Geol.», 288, 67-85.

Gabtni H., Jallouli C., Mickus K., Zouari H. and Turki M. M. (2005).
Geophysical constraints on the location and nature of the North

Geothermal survey of Tunisia

Saharan Flexure in Southern Tunisia. «Pure Appl. Geophys.», 162,
2051-2069.

Giggenbach W. E. (1988). Geothermal solute equilibria. Derivation of
Na-K-Mg-Ca geoindicators. «Geochim. Cosmochim. Actay, 52, 2749-
2765.

Giggenbach W. (1991). Chemical techniques in geothermal exploration.
In: E D’Amore (ed.), Application of geochemistry in geothermal
reservoir development, UNITAR, 253-273.

Laaridhi-Ouazaa N. (1994). Etude minéralogique et géochimique des
episodes magmatiques mésozoiques et miocénes de la Tunisie, Ph.D.
thesis, University of Tunis 11, Tunisia, 466 pp.

Marini L., Chiodini G. and Cioni R. (1986). New geothermometers for
carbonate-evaporite geothermal reservoirs. «Geothermics», 15, 77-86.

Martinez C. and Truillet R. (1987). Evolution structurale et paleogeo-
graphie de la Tunisie. «<Mem. Soc. Geol. It.», 38, 35-45.

Mlayah A., Ferreira da Silva E., Rocha E, Ben Hamza Ch., Charef A. and
Noronha F. (2009). The Oued Mellegue: Mining activity, stream sed-
iments and dispersion of base metals in natural environments,
North-western Tunisia. «J. Geochem. Exploration», 102, 27-36.

Mohamed M. B. (2002). Geothermal Utilization in Agriculture in Kebili
Region, Southern Tunisia. «Geo-Heat Center’s Quarterly Bulletin»,
23, 27-32.

Perthuisot V. (1978). Dynamique et pétrogenése des extrusions tria-
siques en Tunisie septentrionale, Ph.D. thesis, Ecole Normale Supé-
rieure, Paris, 312 pp.

Rouvier H. (1977). Géologie de I'extréme Nord-tunisien: tectoniques et
paléogéographies superposées a I'extrémité orientale de la chaine
Nord-Maghrébine, Ph.D. thesis, University P. and M. Curie, Paris,
1000 pp.

Russo P. H. and Russo L. (1934). Le Grand Accident Sud-Atlasien. «Bull.
Soc. Geol. Fr.», 4, 375-384.

Trabelsi R., Zairi M. and Ben Dhia H. (2007). Groundwater salinization
of the Sfax superficial aquifer, Tunisia. «<Hydrogeol. J.», 15, 1341-1355.

Yermani M., Zouari K., Michelot]. L., Mamou A. and Moumni L. (2003).
Geochemical approach to the functioning of the Gafsa North deep
aquifer (central Tunisia). «Hydrol. Sci. J.», 48, 95-108.

49






Proprieta riservata - All rights reserved
© Copyright 2012 by Fabrigio Serra editore®, Pisa - Roma.
Fabrizio Serra editore incorporates the Imprints Accademia editoriale,
Edigioni dell’Ateneo, Fabrigio Serra editore, Giardini editori e stampatori in Pisa,
Gruppo editoriale internagionale and Istituti editoriali e poligrafici internagionali.

www.libraweb.net
Stampato in Italia - Printed in Italy

ISSN 1121-9114
ISSN ELETTRONICO 1724-0425



CONTENTS

ORLANDO VASELLI, BRUNO CapAaccioNI, Foreword

ANTONIO CAPPONI, DANILO M. PALLADINO, JaCcOPO TADDEUCCI, PIERGIORGIO SCARLATO, Parameteriging
the dynamics of Strombolian eruptions through high-speed video analysis

Maurizio MuLas, FiLippo MunbuLa, RaFraELLO CIONI, Stratigraphy of the rheomorphic, densely welded,
Monte Ulmus Ignimbrite (sw Sardinia, Italy)

CHIARA B. CANNATA, RosaNNA DE Rosa, BRuce HouGHTON, Paora DoNATO, ANDREA NUDO, Pele’s hair:
case studies from Kilauea Volcano and Vulcanello (Aeolian Islands)

Rosar1o RAFFAELE, LuciaNoO ScARFI, MARTINE SAPIN, MIREILLE LAIGLE, PHILIPPE CHARVIS, JORDI Diaz,
SEBASTIANO IMPOSA, Seismic activity in Central Lesser Antilles subduction gone from a combined on-/offshore net-
work

MARIANTONIETTA LONGOBARDI, Luca D’Auria, ANTONIETTA MARIA EsposiTo, Relative location of hybrid
events At Stromboli Volcano, Italy

RosseLLA D1 NaroLl, ALESSANDRO A1UPPA, ELISE FOURRE, PHILIPPE JEAN-BAPTISTE, FRANCESCO PAREL-
LO, PATRICK ALLARD, SERGIO CALABRESE, ELYES GAUBI, ABDALLAH BEN MAMOU, MARIANO VALENZA,
Deep reservoir temperatures of low-enthalpy geothermal systems in Tunisia: new constraints from chemistry of ther-
mal waters

Marco Doveri, BARBARA Nisi, ANDREA CERRINA FERONI, ALESSANDRO ELLERO, MATIA MENICHINI,
MatTEO LELLI, GIuLIO MASETTI, SIMONE DA PraTO, CLAUDIA PRINCIPE, BRUNELLA Raco, Geological,
hydrodynamic and geochemical features of the volcanic aquifer of Mt. Amiata (Tuscany, Central Italy): an overview

ORrRLANDO VASELLI, BARBARA Nisi, FRaNco Tassi, DaANIELE RappuoLl, VALERIA PancioLi, StMoNE Uc-
CIERO, LuciaNo GIANNINI, CO, hagard vs touristic attraction at the Mt. Amiata Volcano (Italy)

SEBASTIAN VOGEL, GIS-based geomorphometric analysis of Somma-Vesuvius volcanic complex: estimating the altitude
of Mt. Somma stratovolcano before its caldera-forming explosive activity

Conferences and Symposia

11

17

27

35

39

43

51

73

81

89





