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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

et
ho

do
lo

gy

integration of data

conceptual model on the relationships 
between geothermal resources and geological 

structures 
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which is the most favorable tectonic setting and why?

how to identify the field area?
 which structures to be studied and how?

HOW CHOOSING A GEOTHERMAL AREA TO BE INVESTIGATED ?
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INDEX

generalities: favorable tectonic environments  

fluids and fractures  

structural geology: faults

associated fractures

kinematic indicators

relationships with the fluid flow

parameters
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main
 geothermal resourcesHottest continental  areas

TECTONIC SETTING

A geothermal area needs heat flow > ≈45-50 mW/m2
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Data from: Muffler and Duffield, 1995;
 Aquater, 1995; Best, 1982
            

< 1Ma  magmatic bodies
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TECTONIC SETTING
EXTENSIONAL TECTONICS

Extensional tectonics favor the 
uprising of the astenosphere, 
that is a necessary but not 
sufficient condition to gain 

high geothermal gradient....

fast

slow

fast

s-1

s-1

...STRAIN RATE...
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slow strain rate

fast strain rate

TECTONIC SETTING

heat flow and 
magmatism are favored
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ANNUAL RAINFALL

TECTONIC SETTING
extension, heat flow, fast strain rate and ....
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WHY FRACTURES AND FLUID FLOW 
ARE EACH OTHER RELATED? 

FLUIDS AND FRACTURES

effects of pore fluid pressure 
tensile strength of rocksD
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increasing fluid pressure 
brittle deformation is 

favored

(1) PORE FLUID PRESSURE

λ ～ 0.4 hydrostatic

0.4 < λ < 1 suprahydrostatic

λ = 1 lithostatic

Andersonian relation

λ = Pf∕ρgz

λ ～ 0,8 is a reasonable 

number for the Thyrrenian 
geothermal provinces
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FLUIDS AND FRACTURES
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TRACTIVE FIELD 
(σ3 ≤ 0)

EXTENSIONAL 
FRACTURES 

HYBRID EXT. -
SHEAR FRACTURES SHEAR FRACTURES 

COMPRESSIONAL 

EXTENSIONAL 
FRACTURES 

HYBRID EXT. 
SHEAR

FRACTURES 

COMPRESSIONAL 
SHEAR

FRACTURES 
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WHY FRACTURES AND FLUID FLOW 
ARE EACH OTHER RELATED? 

effects of pore fluid pressure
 tensile strength of rocksD
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(3) ROCK PROPERTIES

mineralogy, texture, structure and rheological parameters, P and T conditions

T = TENSILE STRENGTH

EXTENSIONAL 
FRACTURES 

HYBRID EXT. -
SHEAR FRACTURES SHEAR FRACTURES 

COMPRESSIONAL 

T between 1 and 10 MPa for sedimentary rocks

T between 10 and 20 MPa for crystalline rocks

(σ1 - σ3) < 4T 4T<(σ1 - σ3) < 5.66T (σ1 - σ3) > 5.66T
from Sibson, 2000D
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WHY FRACTURES AND FLUID FLOW 
ARE EACH OTHER RELATED? 

fractures enhance 
permeability

pore pressure favors fractures, particularly 
if a tractive stress field is active
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WHICH IS THE FALLOUT ON THE 
RELATIONSHIPS BETWEEN GEOLOGICAL 

STRUCTURES AND GEOTHERMAL RESOURCES?

extensional and ext.shear fractures are the most suitable to develop

pore pressure favors fracturing

pore pressure, if gas is present, increases with temperature

extensional and transtensional tectonic environments are the most suitable to gain 
permeability

rain falling environments 

heat flow and magmatism
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we need 
geothermal 

manifestation, 
such as 

gas emission in the forest ....
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field mapping and structural stations along the 
main fault systems
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FAULTS

from Ramsay and Huber, 1980

σ2
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FAULTS
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by courtesy A.Brogi, 2011
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by courtesy A.Brogi, 2011

FAULTS
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Protolith
FAULTS

by courtesy A.Brogi, 2011
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PITCH
174°

100/84

slickenline 
on rock
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PITCH
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DIP AZIMUTH DIP PITCH

65 40 100

135 75 55

15 74 125

10 70 117

80 45 78

Equal Angle

e2

X ≈σ3

EXAMPLE

Y≈σ2

Z≈σ1

ORIENTATION OF THE INTERMEDIATE AXIS: ≈348/22

cataclastic flow  and 
kinematic compatibility
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http://www.geo.cornell.edu/geology/faculty/RWA/
Rick Allmendinger’s home page
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check in the 
field “your” 
kinematic 

compatibility

215/61

68

NORTHD
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FAULTS

224/59/73
221/57/75
249/57/54

..........

YES!

NO!
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joint fabrics
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by courtesy A.Brogi, 2011
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joint fabrics at tip zone (Mode II)
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tip zone

damage zone

Extensional jogs
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Brogi	  and	  
Fabbrini,	  2010

tip zone
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Mode I Mode II

wing structure synthetic branch faults

tip zone
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damage zone

t1

t2t1
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tip zone
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“old” tip zone
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 ASSOCIATED FRACTURES

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



t1

t2

3 cm
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extensional jogs wing crack
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How to represent the fracture network?

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

length and orientation

length and orientation
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scan - box method
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pre-existing fractures
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undeformed bedrock deformed bedrock

interference with pre-existing fracture network

reactivation of old fracturesnew fractures
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fractured area = 12.3%

1 m

fractured area = 9.7%
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on CONCLUSIONS

which is the most favorable tectonic setting and why?

how to identify the field area and how?

 which sites are the most favorable in the chosen area?

extensional tectonics with high strain rate in a rainfall environment

geothermal manifestations, field mapping of faults and 
associated structures

tip and linkage areas in fault zones. Possibility to quantify 
relationships between fractures and the intensity of fractured mass
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