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GEOLOGIC SURVEY 
FOR GEOTHERMAL EXPLORATION: 
FRACTURES AND STRUCTURAL 
CHANNELS FOR FLUID FLOW

FIELD GEOLOGY

1
THE CONTRIBUTE OF 
REGIONAL GEOLOGY:
FOSSIL VS . ACTIVE 
GEOTHERMAL SYSTEMS 
IN SOUTHERN TUSCANY

2
m
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integration of data

conceptual model on the relationships 
between geothermal resources and geological 

structures 
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Larderello

Monte Amiata
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on Precipitazione annua media

195

Località Latitudine Piogge

Trento 46°29’ 725

Bolzano 46°29’ 855

Trieste 45°39’ 977

Milano 45°28’ 988

Venezia 45°26’ 766

Bologna 44°30’ 633

Piacenza 45°03’ 834

Torino 45°02’ 887

Genova 44°25’ 1320

Rimini 44°03’ 697

Località Latitudine Piogge

Ancona 43°37’ 664

Perugia 43°07’ 900

L’Aquila 42°21’ 722

Foggia 41°28’ 446

Sassari 40°44’ 600

Napoli 40°49’ 1047

Crotone 39°06’ 644

Palermo 38°07’ 635

Siracusa 37°05’ 611

Cagliari 39°13’ 426

minore di 600 mm/a

da 501 a 800 mm/a

da 801 a 1000 mm/a

da 1001 a 1500 mm/a

da 1501 a 2000 mm/a

oltre 2000 mm/a

TERRITORIO NAZIONALE

Pioggia annua: 300 miliardi di m3

41% Italia Settentrionale

22% Italia Centrale

24% Italia Meridionale

13% Italia Insulare

heat flow map (mW/m2) average annual rainfall
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fossil geothermal systems (mineralizations)

Alpine collision (Cretaceous-Oligocene)

post-collisional extensional tectonics (MIOCENE)

paleogeography

extension and magmatism (Pliocene - Present)

tectonic evolution of southern Tuscany

active geothermal systems (Larderello and 
Monte Amiata)

Conceptual model
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AMIATA MT

LARDERELLO
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F. delle Argille a Palombini 
Aptian -Cenomanian

Oceanic crust - 
Ligurian Domain

Unità Monteverdi-Lanciaia: 
F. di Lanciaia

Early- Middle Eocene

Unità Monteverdi-Lanciaia: 
F. di Monteverdi M.mo

Campanian - Maastrichtian

magmatic rocks 
and related 
sedimentary 

cover
Jurassic - Cretaceous

pillow basalts
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F. delle Argille e calcari - 
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Oligocene
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SUBLIGURIAN UNITS

COLLISION
D

. L
io

tt
a 

- 
in

te
rn

at
io

na
l s

ch
oo

l o
n 

ge
ot

he
rm

al
 e

xp
lo

ra
ti

on

mercoledì 30 novembre 2011



F. Del Macigno - Late Oligocene Early Miocene

F.della Scaglia Toscana: Cretaceous - Oligocene

inner Tuscan 
Domain

CONTINENTAL CRUST - 
Tuscan Domain

quartz-
arenaceous 

flysch

pelitic 
sequence

Late Oligocene-
Early Miocene

Cretaceous - Oligocene
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Inner Tuscan Domain

Rosso ammonitico, Calcare Massiccio, Calcari a 
Rhaet. Contorta: Late Trias-  Middle Lias

carbonate platform
Late Trias - Jurassic
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F. Di Burano  - Late Trias 

evaporite environment
Late Trias 

F. anidritica di Burano: Late Trias

Inner Tuscan DomainTUSCAN NAPPE COLLISION
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Outer Tuscan Domain

metamorphic rocks (green schists facies)

age of metamorphism: 
Late Oligocene - Early Miocene
M
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continental 
environment

 Trias Verrucano Group

Basement

Micaschist and 
gneiss

phyllite- Carboniferous
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Verrucano 

Paleozoic Phyllite

evaporite
Tuscan rocks
Ligurides less competent

competent

less competent

competent

less competent
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n

EXTENSION

Extension determined a tectonic 
omission of about 20 km, at 

least and exhumation of deeper 
structural levels

D
. L

io
tt

a 
- 

in
te

rn
at

io
na

l s
ch

oo
l o

n 
ge

ot
he

rm
al

 e
xp

lo
ra

ti
on

mercoledì 30 novembre 2011



exposed Tuscan Nappe

unexposed Tuscan 
Nappe, underneath 
the Ligurian Units

Ligurian units over evaporites 
and/or basement

STRUCTURAL SKETCH MAP ILLUSTRATING THE AREAS 
WHERE THE LIGURIAN UNITS LYE DIRECTLY ON THE 

LATE TRIASSIC EVAPORITES AND/OR BASEMENT
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substratum 

miocene sediments
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normal fault

Pliocene clay and sand

PLIOCENE RADICOFANI BASIN
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Bally, 1981

Lazzarotto et al. 1983

Liotta,1990

extension have 
been migrating
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Magmatic younging 
direction

14 Ma - 0.2 Ma

DINI et al. 2008D
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MAIN TRAVERTINE 
OUTCROPS

DINI et al. 2008D
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Crust thickness is about 25 km
in southern Tuscany

Lithosphere thickness is about 40 km 
in southern Tuscany

Nicolich, 1988
Panza et al, 1992
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FIELD AREAS

Della Vedova et al. 2001

LARDERELLO

MT. AMIATA
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LARDERELLO

MT. AMIATA
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LARDERELLO structural information 
from boreholes, 

geophysics, field geology

D
. L

io
tt

a 
- 

in
te

rn
at

io
na

l s
ch

oo
l o

n 
ge

ot
he

rm
al

 e
xp

lo
ra

ti
on

mercoledì 30 novembre 2011



D
. L

io
tt

a 
- 

in
te

rn
at

io
na

l s
ch

oo
l o

n 
ge

ot
he

rm
al

 e
xp

lo
ra

ti
on

amplitude

tim
e 

(s
ec

)

mercoledì 30 novembre 2011



D
. L

io
tt

a 
- 

in
te

rn
at

io
na

l s
ch

oo
l o

n 
ge

ot
he

rm
al

 e
xp

lo
ra

ti
on

mercoledì 30 novembre 2011



SSW

SSW NNE

NNE

K-horizon

K-horizon

2 s

0 s

2 s

0 s
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Local epicentres are mostly concentrated at the K-horizon depth 

Estimated temperature is 
400-450°C at the K-horizon depth 

Rheological predictions D
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isotherms at 
depth

from borehole 
data

impervious cover

200°C

250°C

300°C

Temperature (°C)

K-horizon
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BOCCHEGGIANO MINE DISTRICT (PYRITE)

comparison with a fossil geothermal system

Larderello
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quartz and pyrite (post 2.3 Ma)

mine activity was 
at depth, located in 
the damage zone of 

the normal fault 
hangingwallD
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FAULT ARCHITECTURE

DISTRIBUTION, 
TEXTURE AND 

STRUCTURE OF VEINS

PATTERN OF 
FRACTURES

FLUID 
INCLUSIONS IN 

QUARTZ
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1 m

0.5 cm

1 mm

vertical throw: 930 m

horizontal throw: 520 m

FAULT ARCHITECTURE
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PATTERN AND DISTRIBUTION OF FRACTURES

 Fa = 
0,98
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Campione F5 Campione F9

4 m

DISTRIBUTION OF VEINS
%

 o
f m

in
er

al
is

ed
 v

ei
n

D
. L

io
tt

a 
- 

in
te

rn
at

io
na

l s
ch

oo
l o

n 
ge

ot
he

rm
al

 e
xp

lo
ra

ti
on

mercoledì 30 novembre 2011



STRUCTURE AND TEXTURE 
OF VEINS

4 m

%
 o
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in

er
al

is
ed

 v
ei

n

1 cm
1 mm1 mm
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courtesy G. Ruggieri
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increasing depth, 
Th is higher

SAMPLES FOR 
FLUID 

INCLUSIONS

Present meteoric 
water 

interaction of meteoric water with 

rocks and/or magmatic and/or 

metamorphic fluids

δ18O

El
ev

at
io

n 
(m

)
El

ev
at

io
n 

(m
)

El
ev

at
io

n 
(m

)

Th (°C)

Type 1A 

Type 1B 

(L+V) - liquid rich inclusions - common
     - vapour rich inclusions - rare 
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LARDERELLO

MT. AMIATA
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MIDDLE PLEISTOCENE VOLCANO

NW

NW

SE

MT. AMIATA 
GEOTHERMAL AREA

eruption centers

1700 m a.s.l. 
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LIGURIAN UNITS
TUSCAN 
NAPPE

Travertines
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LAVAS
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center
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Brogi	
  and	
  
Fabbrini,	
  2010
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evaporiti

Liguridi
Calcari retici

Brogi e Fabbrini, 2010
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Brogi & Fabbrini, 2010

D
. L

io
tt

a 
- 

in
te

rn
at

io
na

l s
ch

oo
l o

n 
ge

ot
he

rm
al

 e
xp

lo
ra

ti
on

mercoledì 30 novembre 2011



D
. L

io
tt

a 
- 

in
te

rn
at

io
na

l s
ch

oo
l o

n 
ge

ot
he

rm
al

 e
xp

lo
ra

ti
on

mercoledì 30 novembre 2011



D
. L

io
tt

a 
- 

in
te

rn
at

io
na

l s
ch

oo
l o

n 
ge

ot
he

rm
al

 e
xp

lo
ra

ti
on

mercoledì 30 novembre 2011



D
. L

io
tt

a 
- 

in
te

rn
at

io
na

l s
ch

oo
l o

n 
ge

ot
he

rm
al

 e
xp

lo
ra

ti
on

mercoledì 30 novembre 2011



LIGURIAN UNITS
TUSCAN 
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orizzontale
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SELVENA MINE DISTRICT (CYNNABAR)
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MINE (AT DEPTH)

OCCURENCE 
OF Hg IN THE 
SOIL (1953)
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SienaLarderello

CR
O

P 18A
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LARDERELLO 
geothermal fields

deep reflection seismic lines  CROsta Profonda Project

Mt. AMIATA
geothermal field

CROP 3
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15 km

CROP 3

SW NE
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4 s

K - horizon
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Larderello (projected)
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CROP 18 B – Mt. Amiata area
intersection with other seismic profiles  sismici 
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Doll et al., 1996 - Geology

Stern and McBride et al., 1998 - Tectonophysics

s

Nuova Zelanda

Typical feature of crustal 
strike-slip tectonic 

environments
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BASE OF THE CRUST

Bagnore geothermal field

D
. L

io
tt

a 
- 

in
te

rn
at

io
na

l s
ch

oo
l o

n 
ge

ot
he

rm
al

 e
xp

lo
ra

ti
on

mercoledì 30 novembre 2011



SSW

SSW NNE

CONCLUSIONS

studying the Past to understand the Present

normal and transtensive faults are the most 
favourable to channel fluids flow

multidisciplinary approach
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