SCUOLADIDOTTTORATO
UNIVERSITA DEGLI STUDI DI MILANO -BICOCCA

. DEGLI STUDI

<
&
7
=<
=
=
&
B

== ONVIIIN

ICOCC

Department of
Earth and Environmental Sciences

PhD program in Chemical, Geological, and Environmental Sciences
XXX Cycle

Geological Sciences Curriculum

Numerical modelling of fluids related thermal
anomalies

Volpi Giorgio

Number: 720974

Tutor: Prof. Crosta Giovanni Battista

Coordinator: Prof. Maria Luce Frezzotti

ACADEMIC YEARO017/2018



Table of Contents

LIST Of FIQUIES ... e e e e e e e e e eee s 1
LISt Of TABIES....ceiiieeeii et a e e e e e 5
Y 0111 T T TP P PP PPPPPPPPP 6
L. INTRODUCGCTION. ...t e e e e e e e e e e e e e e enes 9
1.1 The energy problem and the geothermal solutian.............cccocevvvvvvviiiiviniiniinnnne. 10
1.2 Numerical modelling in the context @éothermal resources...........cccccceeeeiiinnnns 14
1.3 SEIECIEU SILES....eiiiiiiiiiii ettt 16

2. THESIS OUTLINE . ...ttt e e et e e et e e eees 18
3. THE GEOTHERMAL ENERGY. ...t 23
od®M hNARIAY 2F. . 9LNIKQA. . .KSL.O. . FLf.24. . ... 24
3.2 Thermal rEgIMES ... ot 27
3.3 Geothermal flUIdS..........ooo i 30
3.4 GEOtNEIMAI FESEIVOIL.......ueiiiiiiiiiie ettt e e 34
3.5 Hydrogeothermal ENergy USE..........oooiiiiiiiiiiieiieeeeeeeeiiiiiiieeeee e A4
3.6 Reservoiexploration teChNIQUES.........ccooeeiiiiiiiiei e, 49

4. HEAT TRANSPORT NUMERICAL MQDEL.....cccuiiiiiiiiiieeii e 55
4.1 Defining the objectives of the numerical model..............ccccccoiiii e 58
4.2 The conceptual MOUEL...........uurerii e 58
4.2.1 Conceptual MOl tYPES.....ccociiiiieieee e 60

4.2.1 Model bOUNAArY tYPES......covviiiieieiieeeeeesreein e e e e e e e aeeead 64

4.2.1 MOdel PArameterS... ...t 65

4.3 Numericaformulation of the conceptual model.............cccveeiiiiiiiniiiiii 66
4.3.1 Numerical model tyPeS......cooviiiiiiie e 67

4.3.2 Adopted NUMENICAl COUBS........cooiiiiiiiiiiiiieee e 69

4.4 Calibration of the numerical model.............ccccoiiiiiiieeeeeeeen A L
4.5 Model validation and Sensitivity analySiS...........ccuuieeririiiniiiiiiiiieee e 72

4.6 MOAEI USE AN MISUSE ... ettt e e e e e e e e e e eeneens 73



5. THE BORMIO HYDROTHERMAL SYSTEM......coiiiiiiiiiiiiiiimees 75

5.1 INEFOAUCTION.....eiiiiiiieie ettt e e e e e e e e es 76
5.2 Geological and hydrogeological Settings. ............cccceeiiiiiiiiiiiiiiie e 79
5.2.1 Geological SELING.......ccviiviiiiiiiieiiiiieeieieiter 79
5.2.2 HydrogeologiCal SETUNG ........ooiuiiiiiiieeeee e e e 81
5.2.3 Thermal SPriNgS.......ccooiiiiiiiiiiieeeeeeeeeeeee e 81

5.3 Geochemical @NaAlYSES........couviiiiiiiiiiiiiiiiiiiiiiiiiiii s 82
5.3. 1 MEINOAS ...t 82
5.3.2 Cations and ANIONS A@NAIYSES.........uuuiiiiiiiiiiirieee e e e e e e eaaaeaaaaeaes 83
5.3.3 SeaSONAMANALIONS......ciiiiiiiiiiii e 84
5.3.4 GEOtNEIMOMELELS......ciiiiiiiiie ettt a e 84
5.3.5 ISOOPIC TALA. ....evveeeiieieeeeii et e e e e e 86

5.4 Conceptual MOUEL.........ooooiiiiiiiiieeeee s 87
5.5 Numerical MOdelliNg.........ccouiiiiiiiiiiiee e 90
5.5.1 Numerical formulation of the conceptual model.............cccoovvvvrveiiiiiiinnnn. 90
5.5.2 Modelling @pProach............couuiiiiiiiiiiiiiieeee e 91
5.5.3 BoUNAry CONAITIONS.......ccciiiiiiiiiiiiiiiiiiee e 93

5.6 HydrodynamiC MOEIS............covviiiiiiiiiiiiiiiiiie e 95
5.6.1 Model defiNItioN..........oeeiiiiiiiiiiii e 95
5.6.2 Calibration reSUILS..........cooiiiiiie e 96

5.7 Heattransfer MOUEIS.......oeeiiiiiii e 99
5.7.1 Model definition...........coiiiiiiiiiiiiiee e 99
5.7.2 Purely conductive MOAeL.........cooiiiiiiiiiiiiiiiiiieeeeee e 100
5.7.3 Thermehydraulic MOdEL............oovviiriiiiiiii 100

5.8 DISCUSSION. ...ttt ittt e ettt e e e e e e e ettt e e e e e e e e et b b e neeeeeeeeaeananns 103
LI IS0 [ 0] 1 0= T PP 107
6. THE CASTEL GIORGIORRE ALFINA GEOTHERMAL EIELD...........ccovviiieenn. 109
LG I [ o1 (oo [F od 1 o] o VPP PP PPTPPPPPPRPPPP 110
6.2 Reservoir CharaCterization................eeeiiieeiiiiii e 113
6.2.1 Regional geological and structural Setting............ccccovvvieiviiiinieeeeeennnnns 113



6.2.2 The Castel Giorgidorre Alfina geothermal field...............cccccvviviinnnns 116

6.3 Conceptual MOUEL.........ooviiiiiiiiieeeeee e e 118
6.4 Numerical MOdelliNg.........coouiiiiiiiii s 121
6.4.1 Numerical formulation of the conceptual model...................ccovveerieee. 121
6.4.2 Modelling @apProacCh...........oooiiiiiiiiiie e 121
6.4.3 Boundary CONAItIONS.......cccoeeiiieiiiei e 122
6.4.4 INItIal CONAITIONS ......oiiiiiie e 124

6.5 Natural state SIMUIALION............uuiiiiiiiee e 125
6.5.1 Model defiNItION........cooiiiiiiii e 125
6.5.2 Results of the natural state simulation............ccccoecveeiiinii e 126

6.6 Exploitation process SIMUIation................ooovviiiiiiiiiiiiiiiie s 129
6.6.1 MOdel definitioN.........ccoiiiiiiiiiie e 129
6.6.2 Field eXPIOItatiON.............ceeviiieiiiiieiiie s e e e e e e e e aeaeeas 130

6.7 DISCUSSION. ...ttt e e e e e e ettt e e e e e e e e e e e e e e e e e e e e et b b e b re e e e e eeeeeesnanns 133
OIS RS0 [0 011 4T oY ST 138
7. THE TIBERIAN BASIN GEOTHERMAL.FIELD.........ooiiiiiii e 140
4% N [ g1 (oo [F ox 1 o] o VPP PPPTTPPPPPPRPPPPN 141
7.2 Hydrothermal setting of the Tiberian Basin............cccooiiiiiiiiieee e 144
7.2.1Regional hydrogeological and structural setting...........ccccccccovvviiiivnennee. 144
7.2.2 Thermal SELHNG .......oooiiiiiie e 146

7.3 Conceptual MOUEL.........oooiiiiiiiiieeeeeee e e e e e e e 148
7.4 Numerical MOdelliNg.........coouiiiiiiii s 150
7.4.1 Modelling approach............ccooooiiiiiiiii e 151
7.4.2 Boundary and initial CONAItIONS...........cc.uuviiiiiiiiieee e 152

7.5 ReSUIS @nd iSCUSSION......cciiiiiiiieiiiii ettt e e 155
7.5.1 Hydrodynamic flomnodel calibration............ccccccoviiiiiiiiiiiiiee 155
7.5.2 Copled hydrothermal reSUltS...........coooeiiiiiiii e 159

706 SUMIMIAIY oottt 162
8. CONCLUDING COMMENTS..... e e e 164
8.1 Synthesis of the studied geothermal systems...........ccccoeeeeiiiiiiiiiieeeeeee, 165



8.1.1 The Bormio hydrothermal systems..............coooiiiiiiiiiiiiiiiiieieeeeiiies 165

8.1.2 The Castel Giorgidl orre Alfina geothermalystem.........................oeeee 166

8.1.3 The Tiberian Basin geothermal field.............ccccooiiiie 167

8.2 Concluding remarks on simulated thermal processes............ccccccevvveevieennennn. 168
8.3 Concluding remarks on applied modelling approach and cades..................... 170

9. BIBLIOGRAPHLY. ... e e e e e e e e 173



List of Figures

1.1 Global annual emissions of anthropogenic GHGs from 1970 to 2004, with different sectors

responsible for SUCh EMISSIONS..........uuiiiiiiie e 11
1.2 CQemissions (in kg of G®WWh) for different power generating technologies................ 11

1.3 Categories of geothermal applications worldwide in 2015, distributed by percentage of the total

INSTAIEA CAPACILY. ....eeee et e e e e e e s s r e e e e e neeaeeas 13

3.1 Internal structure of the Eartte).9 I NII KQa KSIF G Ft2¢ OFINAIGA2ya NB

mantle crust INterfac&b) ............oooi i 25
3.2 Worldwide heat flow in continental and oceanic crust tyfas Qeanic crust agé)........... 26
3.3 Pressureenthalpytemperature relationship for pure water under hydrostatic conditians31

3.4 Pressureenthalpy diagram for pure water showing selectednperature isotherms and with

different cooling paths of ascending fluidS.................cccc 33

35 9 NIIKQa RA & dandlavdziihklgyygeotheFmalkrdsalfces). Gothermal gradient

data with corresponding depthi®) ... 35
3.6 Classification of geothermal reSErVOIrS. ...........ocuiiiiiie i 37
3.7 Schematic conceptual model of dynamic, higmperature geothermal systesa................ 40

3.8 Conceptual model with characteristic features of vapdaminated geothermal systems.. 41
3.9 Conceptual model of liquid dominated geothermal systems in high raieanic terrain.....41

3.10 Conceptual model of groundwater circulation in dynamic low temperature or sediment hosted

SV (<] PP 43
3.11 Larcerello 1904, first apparatus converting geothermal to electrical energy................... 46
312 DS2GKSNXIFf L2 6SNI LAY y[UrOMRSNELS. A.5.02.2.....46
3.13 Worldwide geothermal installed capacity in 2015...........uueiieiiiiiiiiiiieie e, 48

3.14 Example of application of Forward Looking Infrared Radiometry (FLIR) for thegatiestiof

JEONEIMAI FESEIVOIIS. ... . eeee et e e e e e e e e e s e e e e e e e e e e e e aeab e e e eeeeeees 50

3.15 Fumaroles and boiling muds at the Namafjall ttvgeothermal field, Iceland.................... 51



odPmc L &2 {2 LIRQ@) foAwdtedd@nygéothérmd ardas/.R....L.....c.ccoceevevreennnne, 52

3.17 Example of magnetotelluric survey for the invgation of geothermal reservoirs.............. 53
4.1  Workflow for groundwger and heat transfer modelling.........cccvvvvevvveiiiiii, 57
4.2 Construction of a regional groundwater and heat transport conceptual madel.............. 59
4.3 Representation of porous and fractured porous Mmedium...........ccceeeeeeeeeeiieeieeen e d 61
4.4 Schematic representation of the Dual Continuum ApPProach...........ccccccvvveeeeeiiiiiinnneen. 62
4.5 Threedimensional stochastic fracture netwogenerated with a DFN approach............... 63
4.6 Schematization of a regional model developed with FEflOW®.............cevveeiiiiiiiiiineeenne 70
4.7 Schematization of a regional model developed with OpenGeaSys..........ccccvvvvveeerinnnnee. 71

4.8 Example of calibration of a regional model uging automatic PEST calibration taal........ 72

5.1 Geological settings of Upper Valtellina Valley, with main tectonicttras andithological units
(a). Thermal springs location for the Bormio hydrothermal systé). Cross section (c)

illustrating the geological structure of the area with majaults and kinematics................ 80

5.2 Geochemical analyses: Schoeller diagram (a); Giggenbach triangle (b); Piper di@gram
discharge, temperature and electric conductivity (d); geothermometers analyses with calculated

I VoL o g Lo = LU (=Y () TP 85

5.3 IsotopicanalysesDual isotope pbt for spring water samples (a)esults of isotopic analyses and

caculated recharge elevation (1)............oeeioriiii e 87

5.4 Threedimensional geological conceptual model for the Bormio hydrothermal system with
internal subdivision according to thlain hydrogeological units (a). Cross sectien @ LJ- a a A y 3

through the thermal outflow area ()..........ccvviieiiiiiii e 89

5.5 Threedimensional hydrodynamic flow model for the Bormio hydrothermal field, with applied

hydraulic boundary conditions (a). Enlargementtaf thermal outflow area (b).................. 92

5.6 Threedimensional coupled hydrthermal model for the Bormio system, with applied thermal

BouNdary CONAITIONS.......ooiiiie et e e e e e e e e e aeaens 94

5.7 Hydraulic head distribution and watéable trace for the calibrated hydrodynamic model of the
Bormio hydrothermé system. Three cross sections with calibrated hydraulic conductivities

values and hydraulic head ISOlNES...........ooiriiic e e 97



5.8 Conductive temperature distribution along the sides of the Bormio mode(dja)Perspective

view of the conductive temperature isolines arftet37 °C isosurface (€).........cccceeeee... 101

5.9 Time evolution of simulated water discharge temperatures for the coupled hydnonal

transient model at 10 observation points correspling to Bormio thermal springs.......... 102
5.10 Evolution with time of water temperature fohe coypled-hydro-thermal Bormio model... 104

5.11 Flow trajectories for the calibrated hydrodynamic Bormio model, showing areas contributing to
the thermal springs. Particle tracking from ten selected nodes (a). Zoom of the forward tracking

analysis in the termal outflow area (D) ..o 106

6.1 Geographical setting of the Castel Giorgi@rre Alfina geothermal field (a). Enlargement of the

South East area of the reservoir (). 112

6.2 Stratigraphic columns and correlation section between RAIOL, Alfina004, Alfinafd4
Alfina015 wells drilled in the Castel Giorgitorre Alfina geothermdleld........................ 115

6.3 Temperature vertical profiles along Alfina002, Alfina015 and RAIO1 exploration wells in the

Castel Giorgie Torre Alfina geothermal field.............cccc e, 117

6.4 Threedimensionalgeological conceptual model of the Castel Giokgiorre Alfina geothermal

6.5 Threedimensional thermehydraulic model of the Castel Giorgidorre Alfina geothermal field,
with model elevations, structure ohe reservoir producing unitgressure and temperature

boundary and initial CONAItIONS..........ccccoueiiiiiiiiieer e 123

6.6 Temperature field of the Castel Giorgidorre Alfina geothermal systems, resulting from the

transient Natural State SIMUIATION. ......c..iie e e aenas 127

6.7 Results of the natural state simulation of the Casébrgio- Torre Alfina field. Beditting
OpenGeoSys, Feflow® computed temperature profiles and available real thermometric data in

Alfina002, AIfina015 and RAIOL WEIIS.......oeeeeeee e 128

6.8 Evolution of well pressures during the exploitation process simulation déldamrgio- Torre

Alfina field at CG2 and CG3 production wells and@14A and CG14B injection wells...130

6.9 Evolution of well temperatures during the exploitation process simulation of Castel Giorgio

Torre Alfina field at CG2 and CG1A productionsaatid at CG14 and CG14C injection wells



6.10

6.11

6.12

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

Perspective view of the temperature field and of the 80°C isosurface at the end of the 50 years
exploitation stage of the Castel Giorgid@orre Alfina geothermal field (a). Evaluation of the

influence areaf the injection Wells (D)..........cooo oo, 133

Analysis of the temperature distribution at the best fitting time as from the OGS model of the

natural state snulation of the Castel Giorgidrorre Alfina geothermal field..................... 135

Comparison between temperature and pressur®©penGeoSys and the Feflow® model results

for the exploitation process simulation of Castel Giorgiorre Alfina field...................... 137

Geographical setting of the Tiberian Basin, including the main topographic ésatund the
administrative national boundaries (a). Enlargement of the Tiberian Basin, including model area,

topography, major faults, main rivers and cluster of thermal springs.()...................... 145

Threedimensional geological conceptual model of the Tiberian Bagiowing the internal

subdivision according to the 10 hydrogeological UNitS............cevevvieiiieiiiiiiiiiiieieeeeeeee, 149

Model surface discretization and applied hydraulic boundary conditions for the superficial
aquifer of the Tiberian Basin geothermal field (a). Tkaaeensional hydraulianodel with

model elevation and hydraulic boundary conditions for the second regional aquifer.(k)52

Threedimensional coupled thermtiydraulic model for the Tiberian Basin, with initial

conductive temperature distribution and apetl thermal boundargonditions.................. 14

Scatter plot from PEST calibration process of the Tiberian Basin model, showing the difference

between measured and computed hydraulic heads..............cccceiiiiiiiiiie 157

Threedimensional calibrated hydraulic head distribution for the Tiberian Basin m(@del
Calibrated hydraulic head distribution for the superficial aquifer (b) and for the second regional
2T |01 (=] (o) PP PPPPPPPPPRN 158

Temperature distribution of the coupled hydtbermal model of the Tiberian Basin at
topographic surface (a). 3D evolution of teemptures in the coupled hydrthermal model

along two vertical Cross SECHONS (D) ......ccooieiieiiii e e e e e e e e e 160

Flow trajectories for the coupled hydrothermal model of the Tiberian Basin, extracted for 4
selected nodes. Flow paths for the second regional aquifer (a) and dodeBpest regional
=T (U111 o (o) U 161



List of Tables

11

3.1

5.1

5.2

5.3

6.1

7.1

7.2

Worldwide geothermal power generation in early 2005............cccccooviiiinieeee e 14
Typical radiogenic heat production for selected rocks..........cccccccuvivviiiiiiiiiiiiiiieeeeeeeen, 27
Bormio thermal spring water CharacteristiCs......... ... 82

Calibrated values for thehydraulic parameters adopted in the construction of the

hydrodynamic numerical model of the Bormio hgtlrermal system.............c..ccccvveeeenn. 98

Calibrated values of thermal material parameters for the lithologic units of the-tnaasfer

model ofthe Bormio hydrothermal SIEM..........cccooiiiiiie e 99

Hydraulic and thermal parameters of the litostratigraphic units involved in the natural state

simulation of the Castel Giorgidorre Alfina geothermal system............cccccvvvvvvvrenneee. 126

Model wells, with station name, belonging aquifer and measured water lawsd in

calibratian process of the Tiberian Basin..............ccccco oo, 153

Summary of the Tiberian Basin model conceptualization, including model zones, ages and
hydrological imprint. Initial and calibrated hydraulic parameters applied in the purely
hydrodynamic model, anchodel thermal parameters used in both steashate and transient

coupled hydrethermal SIMUIAtIONS.........uuveiiiiiiiiiiie e 156



Abstract

Among the renewable and sustainable energy sources, geothermal enerdyas been
NBEO23ayAT SR |da aiGKS OKekdtridiy ddemdnd, ecordidally @idS ¥ dzi
environmentally speakinglts ubiquitous occurrence anids low environmental impact in
terms of CQemissionsprompt present day governments toward a more efficient, large scale
utilization of these energy sourcesHowever, its utilization isstill inconsistent with the
enormous amount of energy available underneath the surface of the Earth.

The increasing threat of a worldwide energy creml the growing interest in geothermal
systemsrequire further development and application of advanced software and numerical
modelling approaches to facilitate geothermal exploration and exploitatidimese
sophisticated, statef-the-art tools provide crucial knowledgé characterize the thermal
anomaly, & well as its connection with groundwatepdl and heat transfer mechanisms,
therefore limiting failures that may occur in subsurface and deep geothermal prospection.
Due to the high costs of any geothermal related operation, a good knowledge of theexkplor
site is required. fl this regard, the present studis aimed toperform accurate three
dimensional simulations of three high to leemthalpy type geothermal systems, for which no
model was previously available.

The three selected sites ard) the Bornio hydrothermal system and ii) the Castel Giorgio
Torre Alfina geothermal reservoir in Italy, and iii) the Tiberian Basin in the Jordan Riff valley
between Israel, Jordan and Syrighese study cases are characterized by substantial
differences regardig both the geological setting and the active thermal regime, while they
are pooled by the presence of fluids in the reservoir, which may be used for electricity

generation or for other indirect types of application, such as the heating of spas.

The historcal Italian thermal site of Bormio (Central Italian Alpsa itypical alpine low
enthalpy geothermal site, whose waters are currently exploiteg two thermal
establishmentsThermal waters from ten springs are hedtat a temperature of about 4C
in deep circulation systems and ascend vigorously from dolostones located close to the

regional permeable Zebru thrush hydrochemical characterization of the discharged thermal
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waters has been performetb validate the assumptions formulated in the numeticaodel

built with the finite element code Feflo® Heat and fluid transport is explored taking into
account thedelayedeffects of the last glaciation, which in the study area was recognized to
end around 11,00€12,000 years ago. The fthree-dimensionaregional model (ca. 700 kin
suggests a reactivation of the system following the end of the Last Glacial Maximum. Results
correctly simulate the observed discharge rate of ca. 2400 I/min and the spring temperatures
after ca. 13,000 years from deglaciatjand show a complete cooling of the aquifer within a
period of approximately 50,000 years. Groundwater flow and temperature patterns suggest
that thermal water flows through a deep system crossing both sedimentary and metamorphic

lithotypes along a fracire network associated with the thrust system.

TheCastel Giorgie Torre Alfina geothermal field>éntral Italy)isa promising, early explored
and so far not exploited medium enthalpy reservdihe involved fluidgpressurized water

and gas, mainly GQCare hosted in a carbonate formation arhperatures ranging between
120210 °CDetailed hydregeothermal data recognized a strong thermal anomaly associated
with a vigorous convective regime, making that field suitable for electricity generation through
geothermal methodsThethree-dimensional reservoiscale numerical modeté. 293 krf)

has been developedria theopen source finite element code OpenGeo&Y&S)to simulate

the undisturbed natural geothermal field and investigate the impacts of the exploitation
process. The commercial softwareflew®is also used as additional numerical constraint. The
flow field displays mukcellular convective patterns thatover the entire geothermal
reservoir, andhe resulting thermal plumes protrude vertically ov@km at Darcy velocity of
about 7*10® m/s. The analysis of thexploitation process demonstratahe sustainability of

a geothermal doublet for the developmeof a 5 MW pilot plant. The buoyant circulation
within the geothermal system allows the reservoir to sustain a 50 years production at a flow
rate of 1050 t/h. Theesteddistance of 2 km, between the production andirgection wells,

is sufficient to pevent any thermal breakthrough within the estimated operational lifetime.
OGS and dflow®results are qualitatively very similar witbnly smalldifferences in peak
velocities and temperatures. The case study provalésoroughunderstanding of the Castel
Giorgio¢ Torre Alfina purely convective reservoir, and valuable guidelines to the optimal

reservoir management and sustainable utilization.



The last case study is the Tiberian Basicated within in the Jordan Rift Valley at the border
between lIsrael Jordan and Syrialhe selected area lies on the eastern side of the Lake
Tiberias, the main frestater resource of the entire Midd East. The sustainability of this
resource is endangered by the occurrence of clusters of{teotperatures in the range 2€

60 °Chand salty springs, aligned along the lake shore and the Lower Yarmuk Gorge. This deep
depressionwhich lies on theeastern margin of the lower Jordan Rift Valley, is supposed to
act as the mixing zonef different flow paths responsible for theseent ofthermal waters
Moreover, the shallow heat anomaly, recognized in the northern Israel and Jordan territories,
makes that field a potential site for production of electricity through geothermal methods,
thus promoting the need of detailed numerigalestigationsin this regard, lte first regional
three-dimensionalmodel of the entire Tiberian Basin, ca. 565%khas been developedith

the commercial finite element software Fefl@&The model,accounting for major aquifers,
aquicludesand deepcutting faults, combinesthe knowledge from existing geological,
hydrogeological and thermal surveys, as well as from previously numerical simulations
Available water levels for wellst different depths, allowed the correct calibration of the
groundwater fow model.From a thermal point of view, resulshow that the discharge of
thermal waters is tied tthe coexistence diree convection ipermeableunits, and additional
advective flow fields induced by topography gradiegen though these simulatioase not

able to reproduce the correct temperature ranges for the thermal spring clusters, they provide
reasonable explanation of groundwater flow behaviour associated to the anomalous
geothermal gradient, and identify the mixed convection as the dominasatt flow process
driving thermal waters below the Lower Yarmuk Gorge. Therefore, these first results can be
considered as a valuable starting point for further numerical simulations aimed to a precise

calibration of springs temperature values.

The understading gained through this study about groundwater flow and heat transfer
mechanisms in fluids related geothermal systems can be applied to other basins around the
world in a wide variety of environments and not necessarily associated with convective heat
flow. It improvesalsoreservoirs knowledge for long term sustainable development in areas

where an electricity generation exploitation project is planned or currenthgoimg.



1. INTRODUCTION



1.1 THEENERGY PROBLERMI THE GEOTHERMAERGSBOLUTION

From the bginning of the third millenniunthe world is facinghe scO |  &nSrgy prioblerd
(Bundschuh2010. Thisdilemmais based on two main assumptign) accessibility to water
and energy in sufficient quantity and quality agesential for human developmen(UNER
2009, and ii)oetween 1999 and 2020 K S ¢ 2 NX Rr@d@mptoryvéllNig &y aboait 56

due to the increase of populatiogspecially in rapid developirapuntries(Energy Information
Administration 2001). Therefore,if society will keep relying on the traditional fossdsed
energies,in the very near futurewe will have limited oil supply coupled wiihcreasing
demand This situation will lead to the raise of the oil prices together with global pollution and
a sevee environmental impact from continuous emissions of greenhouse g&HESs, Fig.
1.1). Dealng with this seriousenergy problem is a primary task of thes2dentury. It has
recently entered public awareness that finding the supply to mtbet increasing energy
demand mustlsotake into account the need to mitigate Earth climate charassatisfying
thedf 20 f y S S Rséstahable WayFischédk ey’ g2000 Change, 2007Recent
studies clearly showed how the conventional sms of energy (i.e. oil, gas, coal and nuclear)
will be depleted irretrievably within a few hundred years of human exploitation, since they
resdore over timescales inconsistent with present day economic sys(&iihn 2004 Stober

and Bucher2013. At the same time,asthe existing energyelated infrastructures arestill
designed for fossil fuels, the world will continuehteavilyrely on hydrocarbo combustion in

the mediumlongterm. Not only hese conventional engiesare the principal sourceof air
pollution andGHG(see Fig. Land Fig. 1.® but alsomost countries regire importing fossil
fuels from politically volatile regions of the worldChange, 20G7Solomon et al.2007).
Therefore we shouldnot ignoreits longterm impacts on environmental quality and political
stability.

In the light of that, many governments are trying to reduce their dependence on traditional
non-renewable energy sources and to encourage utilization of sustainable and renewable
systemsRenewable describes a property of the energy source, whereas sustainable describes
how the resource igxploited A renewable energgourceis characterized by reconditiong

processes that are fastt human timescalesSustainable resource means that the rate of

10
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Figurel.2: CQ emissions (in kg of GMMWh) for different power generatin
technologiesData fromSlack (2009).

consumption is equal or smaller thahe rate of the restoring process€Stober and Bucher
2013. These alternativenergies includegeothermal hydroelectric, windand several forms
of solar energy, such as bamergy (biefuel), photovoltaic and solathermal energy.This

neededradicalenergychange is a slow procesicethe markets perceive renewable systems
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as technically and financially risky, due to theigh capital costs and to thapplied
technologies still irman optimization stagéBaldwin 2002).

Geothermal energy is represented by tB&rth heat losses entieéd at the surface of the crust.
Amongalternative energy resourceft, has the advantage to balmostubiquitousand with

very low environmental impact(Fig. 1.2;Slack 2009; Sonney 2010 AlKhoury 2011).
Ascending hot magmatic rocks, the local thinning of the crust as well asahaadioactive
decay of rockadiogenic isotopes are at the origin of geothermal anomalies around the world
(Romijn 1985; Pruess 2002. Cataldi et al.(1999) present an extensive overview on the
world's hydro-geothermal energy use since the Paleolithic erarcheologyproves that
prehistoric humans used geothermal water from naturabfsoand hot springs for cooking,
bathing and keeping themselves warfior more than 10,000 yearg\fter the Second World

War, technological advances leaded to the precise awarenesstlieenergy potatial of
geothermal systemsould provide electricity, heand process hedbr industries with lower
environmental impactand higher economic competitivenesompared with other forms of
energy Kuhn 2004 Al-Khoury 2017).

It has been estimated that, considering a low range glalvarage temperature gradient of
62dzi Hwpc/ kl1YX GKS KSFd aG2NBR Ay GKS dzLJLISN.
adzZFFAOASY (G G2 adzlllld @ GKS ¢ 2MNatRND13SyenaAe O2 Yy 3
Bucher 2013; Bertani 2005, 2016; Toth and Bobak2016). The generation of an efficient
hydraulic subsurface heat exchanger system is crucial for economic production of electricity
and heat from geothermal systembidring et al., 2008 If the circulation of water through
natural discontinuities is at too low flow rates, a hydraulic stimulation to improve the hydraulic
properties of the naturally fractured hot rock mass is required (i.e. Enhanced Geothermal
Systems or EGS). This is achidaenhjecting fluid under higipressure into a boreholesmith,

1983; Brown et al., 20)2Terefore, although considered as an attractive environigandly
energy source, these specific applications are currently limited due to induced seismicity (e.g.
Majer et al., 2007; Giardini, 20D9The termination of the Basel EGS project, Switzerland
(Terakawa et al., 2012; Mignan et al., 2Q0End of the SoultsousForéts EGS projedtrance
(e.g.Charléty et al., 2007; Majer et al., 200&re two clear exampteof the possible risks

triggered by the operation of geothermal plants.
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Figure 13: Categories of geothermal applications worldwide in 2015, distributed by percentage of the total ir
capacity from Lund et al., 2016

Others minor issuesrelated to this energy sourcecould be for example the minerals
precipitation from the involved fluids in wells and pipelines, which may affects the exploitation
of the reservoir and even contains dangerous radioactive mateZiapto, 1999; Nicholson,
2012.

Figure 13 shows the categories @feothermal application in 201®lectricity generation (i.e.
direct use) is the most important form of utilization of meditngh temperature geothermal
resourcesl(undet al.,2016; Kiihn 2004). In cuntries having thgreatest runninggeothermal
capacities(i.e. USA, Philippines, Mexico, Italy, Indonesia, Japan, New Zealand, Iceland and
countries of the Central Americaee Table 1)1these geothermal resourcesre linked to
volcanicenvironmentand to extremely higlsuperficialheat flux anomalieslella Vedova et

al., 2001, 2008; Sonne2010. Medium to low temperature resourcesisually not associated

to volcanic or active tectonic environmentse suitable for many other types of application,
like small districheating networks or for the heating of several spas (i.e. indirect (Laa)d

et al,, 2016). Therefore direct or indirect use afhe geothermal option habeen recognized

as the optimalchoice, economically and environmentalipeaking to meet the future
electricity demand and guarantee energy security and independembeth developing and
developed countriessge Table 1; Chandrasekharam and Bundsch@B02, 2008 Aaheim

and Bundschut2002 Bundschuh et 312002, 2007Bundschuh ad Coviellp2002).
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Table 11: Worldwide geothermal power generation in early 20@®i Bertani, 2005a,p

Country Installed Running Annual energy  Number Percent of
capacity — capacity produced  of units national
(MW, (MW.) (GWh/vear) energy
Australia 0.2 0.1 0.5 1 Negligible
Austria 1.2 1.1 3.2 2 Negligible
China 28 19 96 13 30% of Tibet
Costa Rica 163 163 1145 5 15
El Salvador 151 119 967 5 22
Ethiopia 7.3 7.3 0 2 n/a
France (Guadeloupe) 15 15 102 2 9
Germany 0.2 0.2 1.5 1 Negligible
Guatemala 33 29 212 8 3
Iceland 202 202 1483 19 17.2
Indonesia TaT7 838 G085 15 6.7
Italy T91 699 5340 32 1.9
Japan 535 530 3467 19 0.3
Kenya 129 129 1088 9 19.2
Mexico 953 953 6282 36 3.1
New Zeland 435 103 2774 33 7.1
Nicaragua 77 38 271 3 9.8
Papua New Guinea (Lihir island) ] ] 17 1 n/a
Philippines 1930 1838 9253 57 19.1
Portugal (Sao Miguel island) 16 13 90 5 n/a
Russia 790 79 85 11 Negligible
Thailand 0.3 0.3 1.8 1 Negligible
Turkey 20 18 105 1 Negligible
USA 2564 1935 17917 209 0.5
Total 8933 B035 56°T86 490

In 2009 = 10°000

1.2NUMERICAL MODHENG IN THE CONTEXF GEOTHERMAL RESOURCES

The highly diversified geological and hydrogeological environments, possibly hosting a
geothermal resource, require to draw up a detailed exploration program before starting a
geothermal exploitation plan. Different methods can be employed and combineetheg

(e.g. geological, hydrogeological, geophysical, geochemical, isotopic and numerical
investigationsitargetingthe characterizatiorof the underlying thermal anomalyrhe time

and the financial resources availability are the two main faghianiting quality and quantity

of investigations required to decipher the characteristics of shedied systemgAl-Khoury,

2011).

Over the last 50 years, due to the complex nature of the geothermal related scientific
problems, the mathematical computdrased simwtion method has found more and more
applications in reservoir exploration and management. Various mathematical methods have

been employed: analytical methodsnaloguemodels angdmost recently, numerical models
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(Bundschuh2010. Theyhavefound applicatiors at different stages of a geothermal project,

for example in helping the understanding of reservoibnehaviour, optimal reservoir
management and sustainable utilization,ioplanning of new investigations, well drilling and
designing of expltation steps aimed to the usage of geothermal energy. In addigeen if

they require lot of data to provide reliable resulteir cost is considerably loweavhen

compared to any otheexplorationtechnique. This relatively recent development gradually
changed the traditional geoscience from a descriptitiminated empirical discipline into a
computer simulatioddominated scientific discipline Zbao et al. 2008. The rapid
improvement of computer technologies allows actualodelling of complex coupled
subsurface processes, which was not possible a few yearsrageefore even if numerical
modelling applied to geothermal systems is still not implemented to its optimal caparcity,

the last yearst has becomea standard practice in the designing andtive management of

the geothermal fieldsi( Q { dzf 200K ZBlogher et 12010. Only i the last 2@25 years,

various numericamodels have been set up for more than 150 geothermal fields worldwide

(¢ yidzyST SiG FfdX wmdodpdnI O0dkpbHemaho 19924, df Akelssdh ghd S G |
Bjornsson1993; Pham et al., 1993, 1996; Bertani and Cappetti, 1995; Antics, D@4Z;

Vedova et al., 2008; Romagnoli et al., 2010; Fulignati et al.,)2014

Mathematical models and associated numerical coaleshelpful toolsbecausei) they can

combine andverify several complex hypleeses and test them against obsetwons ii) they

cantest the most critical operation conditond YR AAA 0 (GKS& KI @S NBt AL
WYNBAQRA2Y QQ dd)tHelr aliolv tha gbantiatie gsRnSation of futubehaviours

that are yet to be observed, as well as the estimation of processes that are no longer observed,
but that were antecedento the current phenomenonBundschuh2010).

Nowadays, many differentypes of numerical codes are available on the market, suitable for
solving almost all the range of geothermal related problems depending on the needed level

of complexity to be simulatedAdvancedy dzY SNA OF f Y2 RSt a Fff2¢g G2
design, frature paths, extraction rates, temperature of injected and produced thermal
waters, to interpret hydraulic tests or stimulation processes, and to predict reservoir
behaviourduring geothermal power production. Therefore, they are mandatory to optimize

the productive capacity and the thermal breakthrough occurrer@®lper and Bucher, 2013;
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Li et al., 201 Moreover, mathematical modelling of a geothermal reservoir allows
reconstructingnot onlythe deep natural fluid circulation, but also thhysical/chemical fluid
characteristics. This can be of interest at geothermal sites where high temperatures and
strong corrosion, caused by very acidic involved fluids, occur. In some cases, the fluids may
react chemically with the hosting rocks, precgiihg minerals that diminish reservoir
permeability by pores and fractures obstructidBaputq 1999. These phenomena creaa
spatially variable patterof mineralization and permeability, thus affecting the exploitation of
the reservoir Caputqg 1999; Ncholson 2012.

The principal difficulty in establishing an accurate numerical model is due to the often very
limited availability of spa&il and chronological field dat&uch lack of input data could be
overcome by indirect estimation of needed valuts, example through focused geophysical

or geochemical surveyanother obsta@ to a reliable numericahodellingis that thermal

and hydraulic parameters are often spatsalaledependent and timedependent Sonney and
Vuataz 2009; Welch and Aller014). Therefore a single constant value does not often
adequately capture what we measurein the field or wish to predictnumerically Many
different modellingapproaches, described in Chapter 4, account forabeeptable degree of
simplification from the omplex realworld system to its virtual representation in the
numerical modelsin the light of that, a good understanding of the limitations of the data and
modelling tools is vital for the numerical models intelligent applica{iBondschuh2010

Ander®sn et al. 201%

1.3SELECTED SITES

Because of thgrowinginterest in geothermal systems, further developmentaafvanced
software and numerical modelling approaches to facilitate geothermal exploration and
exploitationis required.

Aimingto characterizehe thermal anomalyas well as its connection with groundwater flow
and heat transfer mechanisms lmgh to lowenthalpytype geothermal systes) the present
study will perform accurate thredimensional simulations of three caswidies for whichno

model was previously available
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The three selected sites are:tije Bormio hydrothermal system ang the Castel Giorgiq

Torre Alfira geothermal reservoir in Italgndiii) the Tiberian Basin in the Jordan Rift valley
(betweenlsrael Jordarand Syria

Herein we summarize the main characteristics that make the selected sites suitable for our
analyses. As regard the Bormio hydrothermal system, they are: 1) historical Italian thermal
site not yet numerically investigated, 2) thermal waterspleked by two thermal
establishments, 3) deep flow system from the basement in normal-fieat conditions, 4)
complex geological settisgnd hydraulic behavia related to the regional Zebru thrust and

5) availability of recent geochemical investigagprused to validate the assumptions
formulated in the numerical model.

TheCastel Giorgie Torre Alfina site was selected for:ifig extensive studiebut unexploited
medium enthalpy deep geothermal syste@) no numerical investigatioyet performed, 3
availabledatafor modelcalibration and validation, 4) complex geologistalictural setting,

5) recognized strong thermal anomaly and associated conveb@aviour, 6) recently
planned geothermal exploitation project.

Finally the Tiberian Basin gélwermal field was selectetlecause af1) Tiberian Lakes the

main freshwater resource of the entire Middle East, 2) hot and salty spring occurrence, 3)
availabledata(i.e. borehole and chemical analysis on deep and superficial watersykbalt
emplacement and strong thermal anomaly, 5) groundwdtew, heat and salinity coupled
problem (mixed convection), 6) thermuydraulic behaviour related to complex fragile

structures (i.e. fractures and faults networks), 7) published 2D simulations
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The present thesis is structured as follows: the first part describes the generalities about
geothermal energy, with focus on the different types of geothermal reservoirs, the thermal
regimes responsible for the heatansfer mechanisms and typical reservoirs investigation
techniques. In the second part, the procedure for the elaboration of a coupled groundwater
flow heattransfer numerical model is developed. The other parts deal each with results
obtained from invespations on each hydrgeothermal site: Bormio, Castel Giorgidorre

Alfina and lastly the Tiberian Basin. For each case study, beside the regional and local
geological and hydrogeological settings, also the hydrochemical investigations, when
available,are described together with the applied numerical methods. The thesis ends with
general conclusions, with the aim to analyse the work that has been done and suggesting
possible future developments.

In detail,Chapter 3f NI YSa TANRG O &tSurfach@vilenges, efreséhfinglthek Q a
positive thermal anomalies underlying the geothermal reservoirs. The following section
highlights the active hearansfer mechanisms in rock/fluid systems providing the internal
energy of all the geothermal reservsirThe focus is on mechanisms playing an effective role
in hydrogeothermal systems, namely conduction and convection, both free, forced and mixed
(Zhao et al., 2008; Bundschuh, 2016KAbury, 2011 This chapter presents a classification

of the geothermal systems as a combination of the work by Nicholson (1993), Pirajno (1992)
and Heiken (1982). Geothermal reservoirs are subdivided between naturals emiada sub
systems, following a classification based on their intrinsic hydraulic conditidmsh are tied
tightly to the active heat transfer mechanism (i.e. static or conductive systems and dynamic
or convective systems). Both static and dynamic geothermal systems are further classified
depending on reservoir temperature, with low and high tesmgtures strictly related to the
hosting rock type (i.e. sediment hosted and magmatic hosted). It follows a short summary of
the history of geothermal energy, from the first uses to the industrial explosion, including an
overview of present day and shomhg term forecasts in terms of worldwide geothermal
installed capacityGataldi, 1999; Bertani, 2013, 201&\ short overview of the indirect/direct
techniques (i.e. remote sensing techniques, field surveys as geolbgubadgeological

studies, geochemid¢and geophysical surveys), used to identify a geothermal reservoir and to
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estimate physical/chemical characteristics needed to construct a reliable numerical model
(e.g. rocks and fluids parameters), is presented.

Chapter 4is fully committed to the procgure of a coupled groundwatdtow heattransfer
numerical model elaboration. This provides a solid structure for an accurate mathematical
representation of the complex reality associated to hydemthermal systems. Based on the
work of Kresic (2006)Burdschuh (2010and Anderson (2015)the processing of the large
amount of information is subdivided in six steps: (1) definition of the model objectives, (2)
development of the conceptual model, (3) numerical formulation of the conceptual model
(i.e. mathenatically defined boundary conditions and model properties, discretize model
spatial extent, choice of an adequate software and mesh), (4) calibration and (5) validation of
the numerical model, and (6) sensitivity analysis. All these steps will be thoyodggdribed,
together with an overview of the main features of the codes adopted in the numerical
simulations of the three selected study cases.

Chapter 5is based orthe papers ofVolpi et al. 20170 YGrodndwaterdriven temperature
changes at thermal gmgs in response to recent glaciation: Bormio hydrothermal system,

/| SY G NI f L fubliShedoy the! Hydrdgeolagy Journal; and ®lpi et al.(2016):
MDS20KSYAOFE OKIFNIOGSNATIFGAZ2Y 2F GKS o2 N)YA?2
the Rendiconti Online Societa Geologica Italiana. This case study analyses the thermal
circulation and outflows of the Bormio area (Upper Valtellina Valley, Central Alps, Italy). Here,
a hot spring system discharges water with temperatures in thé@3C rangérom dolostones

along the regional Zebru thrust. This area represents a typical alpine low enthalpy geothermal
system in normal healow condition, where high temperatures result from the rapid
upwelling of water from deep flow systems through permealalalts or subvertical strata
(Vuataz, 198; Bianchetti et al., 1992; Sonney and Vuataz, 2008e aim is to build the first
three-dimensional numerical model of heat and fluid transport in the Bormio area, using the
commercial finite element software FeWl® (Diersch, 201¥ to assess quantitatively the
source area of hot waters and to investigate the behaviour of the system following the end of
Last Glacial Maximum (LGM). The study tests the hypothesis that other thermal processes,
such as heat convectiomight occur within the faults of this hydrothermal system, as

observed in other basing&yans and Raffensperger, 1992; Bodri and Rybach, 1998; Baietto et
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al., 200§. Moreover, the availability of recent geochemical investigatiMafi et al., 2018
isused to validate the assumptions formulated in the numerical model. Besides providing a
numerical framework to simulate complex fractured systems accounting for the interaction
between superficial hydrography and regional groundwater levels, this exampigadps
insights into the influence of glaciations on groundwater circulation that control the
development of many low enthalpy geothermal systems, not necessarily associated with
convective heat flow.

Chapter @s largely based otihe paper ofVolpi et al (2017) Madelling highly buoyant flows

in the Castel Giorgig¢ 2 NNB ! £ FAYl RS S LjuBishedorkod Baofluids NB & S N
Journal.The Castel GiorgieTorre Alfina geothermal field (EGA, northern Latium), is an
example of an early explored and so far not exploited, medium enthalpy deep geothermal
system Cataldi and Rendina, 1973; Buonasorte et al., 1J988tailed hydregeothermd data,
available for the selected area since early 70s, show that th&@ A£G a potential geothermal
reservoir with medium thermal characteristics (120220°C) whose fluids (pressurized water
and gas, mainly CO2) are hosted in a fractured carbonateaion Buonasorte et al., 1988,
Barberi et al., 1994; Chiarabba et al., 1995; Chiodini et al., 1995; Doveri et al., 2010; Carapezza
et al., 201). These features, coupled with observed strong convection phenomena
(Buonasorte et al., 1991make it suitake for future exploitation through a new generation 5
MWe geothermal pilot power plant. The aim consists in building a numerical model of the
deep, mediurmenthalpy CGTA reservoir, through the finite element opaource simulator
OpenGeoSy«Kplditz et al. 2012, and the commercial software Feflowidrsch, 2014 was

also used as additional numerical constraint. Models were run to reproduce the highly
convective undisturbed presemtay natural state of the reservoir. These results, validated
against thepressures and temperatures measured in geothermal wells, are used to investigate
the feasibility of a geothermal power production configuration (i.e. injection and production
wells). The simulations, besides sustaining the possible future exploitatiomeofie¢ld,
improved the understanding of reservoir behaviour and the prediction of the-teng
reservoir characteristics during geothermal power production. Such an understanding is

critical to optimal reservoir management and sustainable utilization.
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Chapter 7 refers to the Tiberian Basin located within in the Jordan Rift Valley (JRV) at the
border between Israel, Jordan and Syria. The area is crossed by the Lower Yarmuk Gorge (LYG),
which lies on the eastern margin of the lower JRV, separating the bamadted Golan Heights

to the north from the carbonaceous Ajlun Plateau to the south. The LYG allows the outflow of
the Yarmouk drainage basin and flow into the Jordan River, a few kilometres south of Lake
Tiberiasthe main freshwater resource of the MitilEast. We hypothesize that the gorge acts

as the mixing zone of two crossing flow pathwayss Mom the Hermon Mountains and from

the Ajun Plateau, and-®/ from the Hwran Plateau. As a result, several spring cluster can be
found within the gorge, posg a threat to the future sustainability of the lake freshwater
resource. Thermal springs are characterized by widespread temperatures60C) which
indicate that, beside the complex regional flow, also ascending thermal waters control the
hydrologicbehaviour of the LYG. Previous simulations based on a conceptual 2D and simplified
3D models Magri et al.,, 2015, 2006showed that crossing flow paths result from the
coexistence of convection, along {88V oriented faults or in permeable aquifers, and a
regional flow induced by the-S topographic gradient.

The aim of this study is the construction the first 3D hydrogeological model of the entire LYG
including structural features based on actual logs and interpreted seismic lines from both
Israeli and Jatanian territories hbar et al, 2018. The model, built with commercial finite
element software Feflow@D{ersch, 201} tests the occurrence of complex transboundary
flow paths across faults as observed in the idealized 3D modelNtagri et al. (2016)Ten

units from upper Eocene to the Permian basement, accounting for major aquifers, aquicludes
and deepcutting faults, have been considered. Model calibration was achieved through
inverse procedure (PEST) againstasured water levels at 22 welisferred to the two main
aquifers characterizing in the area. The model reveals that two different mechanisms of basin
scale groundwater motion influence the transfer of heat: a topogragtiyen and a
buoyancydriven flow. Their occurrence is strongly condigohby formation hydraulic
properties controlling the location of discharge areas, while the anomalous spring
temperatures are not necessarily linked to the presence of fault convection. Local
permeability anisotropy due to aquifers folding or facies changee features sufficient to

control the rising of hot fluids.
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3. THE GEOTHERMAL ENERGY
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to define thermal anomalies underlying present day geothermal reservoirs. The presence of a
geothermal reservoir is conditioned by thermal regime in the surroogsli and thus by the

thermal boundary conditions affecting the crust. Consequently, it is worth to understand and
assess the whole range of thermal constraints on crustal rocks in order to figure out how
different heat transfer mechanisms could lead to geation of such geothermal systems.

The average temperature at the Earth ground surface is 14 °C, at thenzorde boundary

the temperature is about 3,000 °C. The strong temperature difference between the surface

and the interior is the primary drivinfprce for the secalled heat flow. To balance this
difference heat is continuously transported from the hot interior to the surface (Fig. 3.1;
Stober and Butcher, 2003® ¢ KS YSIy O2y RdzOGA GBS KSIG Ft26 Y
is approximately 70 my¥n? (Chapman and Pollack, 1975Correction for the effects of
hydrothermal circulation in the oceanic crust increases to 87 mt\the mean global heat

flux (Pollack et al., 1993 Integration of this value over the surface of the globe, leads to an

9 | NIhdatioss of more than 3W. The sources of this heat are not yet completely resolved,
cooling of an originally hot Earth, together with isotopic radioactive decay, are certainly the

most significant contributions.

9 NI KQa KSIF G f fid doreanhichNdleasesshial d the bade iofithe antle
through distinct mechanisms: inneore crystallization, secular cooling, chemical separation

of the innercore, and possibly radiogenic heat generation within the core itdelfigart,

Labrosse, anlareschal, 200y Different authors calculate the values for the heat sources

YR KSFG f 23aasaLahressei2R02; Rebertd i)l Caldeawodi, 2603;

Jaupart, Labrosse and Mareschal, 2D0lotal heat loss from the mantle is larger thaeat

input from the core and heat generation within it, the remaining heat content stands for
YIEYyGftS 022t Ay 3 ( Kedd® ded Rrottier, 20JD K& éforeK o the2chi® to ¢

GKS YIydftSs FYR FTNRBY GKS Y visidisSpatddxontinkodsly2 @S NI
in the atmosphere. Globally, the range of observed variation in crustal heat flow is very wide,

i.e. from 20mW/m? to more than 500mW/m? (Davies, 2018 The intensity of the heat flux

depends, among other things, on the underlying lithology and on the variations of the mantle
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Figure 31: (a) Internal structure of the EarthStober an
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age, type of crust (i.e. oceanic or continental) and mz
crust interface $tober and Butcher, 2013

crust interface (Fig. 3.1b). On a global scale, there is a reasonably good correlation between
GKS 138 2F GKS 9 NIKQa ONgetiitseh gtRl., 9SS | f K S
relation is much clearer in the oceanic crust than in the contiakntust. Heat flow in the
oceanic crust derives from its age, and thus distance from theawéén ridge axesS¢later
et al., 1980; Seton et al., 201 Dldest (ca. 200 Ma) oceanic crust is characterized by average
heat flow values of about 50 mW/nwhile very young crust, therefore near the midean
ridges, is marked by a heat flow of over 300 m\/(iFig. 3.2bPollack et al., 1993 The age
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heat flow relation is much less defined on the continental crust, due to its enrichment in
radioactive elementsnd its varied tectonic historyp@vies,1980. Nevertheless, on a global
scale, it is still possible to establish a relationship between the timing of the most recent
tectonic activity and associated heat floBdater et al., 1980 Mean continental heatiow
ranges from about 40 mW/fon the stable cratons to about 70 mW#nn active tectonic
provinces Fig. 3.2aWilliams et Von Herzen, 1974; Jaupart et al., 2007

The measured surface heat flow density has several contributions. Only a small part of it is
related to the heat flow from core and mantle dsscribed above (about 30%). The remaining
70% derives by heat generated from the decay of radioactive elements in the crust, mostly in

(KS O2yiAySyiStbercamiBitchdr, 20dé ONHzA G 0

Final Estimate of Heat Flow (mW m”-2) (Area-weighted Median)
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Figure 32: (a)Worldwide heat flow (mW/rf) incontinental and oceanic crust typed4dvies, 20183 (b) Oceani
crust age (Ma)Seton et al., 2012
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Table 31: Typical radiogenic heat production for selected rodkappelmeyer and Haenel, 1974; Ryb

1976

Rock type Heat Production [ s l'm ':I
Granite 300(=1-T)
Gabbro 046
Cranodiorite 1.5 (0.8-2.1)
Diorite 1.1

Gneiss 4.0 (<1-T)
Amphibolite 0.5 (0.1-1.3)
Serpentinite 0.01
Sandstone 1.5 (0.2-2.3)
Shale 1.5

All rocks contain a certameasurable amount of radioactive elements (Table 3.1). The energy
generated by the decay of unstable nuclei is given oféaing radiation and then absorbed

and transformed to heatRybach, 1976 The only significant contributions are Uraniti##,

23), Thorium 32Th) and Potassiunf®K) Kappelmeyer and Haenel, 1974Jranium and
Thorium occur in accessory minerals,intya zircon and monazite, in common rocks such as
granite and gneiss, while Potassium is a major element in common rocks which are rich, for
example, in Keldspar and mica. Therefore, heat production of crustal rocks differs over a
wide range because crugs a nonhomogeneous shell: continental crust is typically thicker,
granitic and rich in radioactive elements, whereas oceanic crust is thinner, basaltic and
impoverished in radioactive elements (Table 3.1). A portion of these radioactive elements can
be mobilized by wategrock interaction and dissolved in hydrothermal fluids. Therefore, some
thermal waters may contain a considerable amount of radioactive components and be

considered as radioactiv&{ober and Butcher, 2013

3.2THERMAL REGIMES

Heattransport is the transfer of thermal energy from an object with high temperature to one
with lower temperature Bundschuh, 2010; Diersch, 201Heat transport in rock/fluid
systems always originates from different temperatures existing between two regods
persists until they reach the same temperature, a state known as thermal equilibAlm (

Khoury, 2011 The study of the heat transfer mechanisms in hygeothermal systems is
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fundamental for understanding global geodynamics, as well as the bas@ugaocks
thermodynamic.

Generally, heat energy may be transferred through the following three mechanisms: i)
conduction which is the energy transferred by molecular vibration through a rock or fluid; ii)

free or forced convectior(i.e. natural convectio, buoyancy/thermallydriven convection or

gravity/pressuredriven convection), which is the energy transferred by the fluid in motion
and occurs through both diffusion and advection, andragiation, which is the energy
transferred through electromagrie waves Zhao et al., 20088undschuh, 2010; Alhoury,
2011). Heat transfer in physical systems often occurs as a combination of these three
mechanisms, nevertheless in hydgeothermal systems radiation plays no effective role, and
therefore will not ke treated in this work.

Between the above mentioned heat transfer mechanisms, the main active and permanent
phenomenon at the scale of the continental crustanduction In conduction, heat moves
through the material from a hotter to a cooler zone withomaterial transport (i.e. fluid
movement). This mechanism provides the internal energy of all the geothermal reservoirs
worldwide, as it takes place within the impervious bedrock beneath them (permeability in the
range 10 -10%° m?). When it is the only process active in the system, conduction does not
allow development of hydrothermal sources. The feasibility and intensity of such transfer is
directly linked to the thermal properties of the rock, mainly the thermal conductivityg, tan

the heat flow [edru and Frottier, 20Q0As continental crust is made by superposition of
layers with different conductivity properties, originating a thermally heterogeneous shell,
crustal conduction processes cannot be considered homogenous.

Heat onvectionis the second important heat transfer mechanism, associated with a fluid flow

transporting heat in the direction of motiorAFKhoury, 2011 We can distinguish between

two mechanisms of convectiofree convectior(also known as natural conveati, buoyancy

or thermallydriven convection) andorced convection(also named gravityor pressure

driven convection, advectionXfao et al., 1997, 1999a, 2001, 2008

In afree convectiorregime, temperature related variations in the fluid density induipping

and raising of cold and hot fluids, respectively, under the effect of buoyancy forces. Free

convection phenomena lead to anisotropic diffusion of heat since fluid circulates in form of
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rolls and sharp inherent gradients may develop. The movenoéritot fluids is controlled
mainly by the intensity of the heat flux and by the permeability of the formations. Pure free
convection systems are not so common in nature, typically they can be recognized in
correspondence of micean ridges where stron@mperature variations induce sewater
circulation, without involving a pressure gradieAn@erson et al., 197%9In principle, when
fluid-saturated high permeability faults (8- 101t m?) or porous sedimentary layers are
subjected to normal geothermagradients (25°C/km or higher), free convection will
spontaneously arise. Involved high permeability implies high Darcy velocities, therefore
transfer of fluid and heat is fast, allowing the formation of convective cells confined along the
fault planes o inside the permeable formations. When high heat flux is invoked, thermal
perturbations are usually induced by intrusive igneous bodiston and Knight, 19737 In

their pioneering studied,6pez and Smitf1995)demonstrated that increasing of the hefix
allows the widening of the convective domain. The free convective regime is responsible for
the formation of the hottest hydrothermal sources around the glolbkeKenna and Blackwell,
2004).

Inforced convectiomegime (gravityor pressuredriven cawvection) heat is transported with

the fluid that moves as result of a pressure gradient. Forced convection is &neglh
phenomenon, observed at large and small basins throughout the wadth( 1978; Deming

et al., 1992; Musgrove and Banner, 1993;98a et al., 1996 Pressurariven flow arises from

the uneven topography of a basin, as well as from pore fluid squeezed out of a sedimentary
formation by the shortening of the upper crughao et al., 2008 This phenomenon, unlike

the previously desdbed free convection regime, is not confined to only very high permeability
systems. Sedimentary basins and fault systems, with permeability values in the rangé-of 10
10“m?and 104101t m?, respectively, may host a presstatdven convectiopphenomenon.

This thermal regime allows the development of hydrothermal sources with low to high
discharged water temperatures, and widening of the convective domain was observed when
increase in the height of the reliefs occuk®pez and Smith, 1995

In natural systems, free and forced convection usually coexist. Therefore, when thermally
driven convection interacts with regional gravdyiven flow, imposed for example by the

topography of the basin, the resulting regime is referred as mixed convedhitixed
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convectionis invoked as the main active process when shallow heat anomaly is coupled with
permeable faults or fractures channeling the groundwater fliMcKibbin andO'Sullivan,
1981;Raffensperger and Vlassopoul®899; Magri et al., 2015

In a @mplex environment represented by a hydgeothermal system, all the above
mentioned heat transfer mechanisms may coexist. Onset of convection can be evaluated using

the Rayleigh numberepresenting the ratio of "buoyant” forces, that drive convectivedilui

flow, to the viscous forces inhibiting fluid movemeitofton and Rogers, 1945; Lapwood,
1948. The free convection threshold, based on a critical valpé) @ the Rayleigh number,

is directly attained from classical theories about convective flowonops medial{ield, 1968;
Bories and Combarnous, 1973; Caltagirone, 1975; Phillips, 1991; Zhao et al., 1997, 1998a, b,
1999a, b, 2000, 200Nield and Bejar006).

Several authors studied the driving mechanisms of both conductive and convective heat
transfer processes, with the aim to establish a relation between thgang thermal process

and the geological setting, the presence of fragile or ductile structurd<tza occurrence of
hydrothermal manifestations. For exampRjorlykke et al(1988)studied the onset of free
convection in a heterogeneous system, concluding that even small (< 1 apelomeability
layers could effectively split the system and inhifsée convection phenomenaMuffler
(1985)and Wood and Hewet(1982)studied the free convection occurrence in a wide variety

of sedimentary basins at regional scale. All these studies identified combinations of specific
conditions which are suitable fohé onset of free convention. Among them, there is a very
high basal heat flux coupled with an unusually thick and permeable formaBimnlykke et

al., 1988,Raffenspergeand Garven, 1995a,)pbor with the proximity of igneous intrusions

(Norton and Knigt, 1977 or of salt domesHanor, 1987; Evans and Nunn, 1989

3.3GEOTHERMAL FLUIDS

The fluid involved in the majority of the worldwide geothermal systems and constituting the

heat carrier, can originate from: meteoric water: surface water permeating up to several

kilometres from the ground surface, fgrmation/connate water originally contained in the

sediments and buried inside the hosting formations,mgtamorphic water resulting from
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metamorphic reactions, and iNuvenile waterreleased from cooling magmasli¢holson

2012).
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Ellis and Mahon, 1964, 1967; Mahon, 19@&monstrated that the geothermal fluids were

dominantlymeteoric with a very small percentage 19 %) of magmatic origin, and the solutes

deriving from reactions between groundwater and hosting lithologies (i.e. -watker

interactions). Although the mixing with the magmatic brine is limited, this would gignify

affect the chemistry of the final geothermal fluid. In fact, when small pulses of juvenile waters

enter the geothermal convection cell, they are at temperatures of more than°@é@nd rich

in Cl, S@and CQ, contributing the most to the fluid sote composition licholson2012.

Following this scheme, geothermal fluids evolution starts from meteoric waters penetrating

the crust and circulating to depths of more thafv &km. Deepening waters get heated, react

with the host rock, and then may start the upward migration by convection. At temperature

of ca. 350°C, deep waters are the primary geothermal chloride fluids containing 15000

10,000 mg/kg of CI. This soluble element is the first to be leached from the host rocksgny wat
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therefore all other types of geothermal fluids derive directly or indirectly from these chloride
waters, following specific temperatu@ependent reactions. When the chloride fluids leave

the permeable horizon forming the reservoir and ascend to thdase, the hydrostatic

pressure imposed upon them by the overlying water column will decrease. If the pressure
drops down to a critical value, the dissolved gases and steam separate from the liquid phase
OCAID odPoUO P ¢ KAA LIKI aabditis®hdloftde indstdnyportari profdssy SR a
controlling the chemistry of geothermal fluids discharges. The residual chloride water can
discharge at the surface in hot springs or travel laterally to finally emerge many kilometres

from the upflow zone. The@apours, separated from the boiling zone, may migrate to the
surface, independently from the liquid phase, and discharge as fumaroles or may condensate

in the cooler ground to form steatheated, acid sulphate and/or bicarbonate waters
(Nicholson1993.

The relationship between boiling point and depth, describedHbgps (1971)is ilustrated for

pure water in Figur8.3 as a pressurenthalpytemperature graph. As shown in this diagram,

a combination of pressure, temperature and associated enthalpy ¥FalulR STAY Sa GKS ¢
LRAYyGED ¢CKAA A& GKS LRAYyG Fd ¢gKAOK GKS LKI a
above this value distinct liquid and gas phases do not coexist. In pure water, the critical point
occurs at around 374C and 22.12 MPa (seegFi3.3). As water approaches critical
temperature, the properties of its gas and liquid phases converge, resulting in only one phase

at the critical point: a homogeneous superheated steam. From the curves in Fig. 3.3 it is
possible to define the maximum neperature a fluid can attain at any given pressure (or

depth), as well as the depth at which a reservoir fluid at a given temperature will start boiling.

From this depth, the two phase zone (steam + liquid) can extend upward toward the surface.

The boilingpoint ¢ depth relationship in Fig. 3.3 is for pure water under hydrostatic
conditions, but this ideal condition rarely occurs in natural geothermal syst&mast et al.

(1982) and Henley (1985)demonstrated that hydrodynamic pressures, deriving from
buoyancy effects, exist at depth in geothermal systems, and are about tlé @Dthe above
hydrostatic contribution. This means that higher temperatures can be found at shallower
depths compared to the behaviour predicted by the curves in Fig. 3.3, and theték phase

separation will occur at shallower depths too. On the other hand, for a fluid at a given
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temperature, increases in salinity and gas content have opposite effects on the hawimyg

¢ depth profile: increasing the salinity prevents the fluid boiling until shallower depths are
attained, while increasing the gas content allows the fluid to étagreater depthsSutton and
McNabb (19775emonstrated that an increase in the salinity lowers the vapour pressure of
water, thus raising the curves and preventing boiling. On the contrary, the presence of high
percentage of gas in the fluid, increagbe vapour pressure of water, due to the additional

pressure of the dissolved gases, thus requiring greater confining pressure to prevent gases
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Figure 34: Pressureenthalpy diagram for pure water showing selected temperature isothefrhs. shaded are
showing the onditions under which steam and liquid water-egist is bounded on the left by the boiling pc
curve and to the right by the dew point curve. The arrows show adiabatic (vertical) and partly cor
(decreasing enthalpy with decreasing depth) diffarenoling paths of ascending fluids. See text for discus
Modified afterFournier (1999).
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loss from the solution. This means that the boiling zones in vadoarinated systems (see

Section 3.4) will apgar at greater depths than for liquidominated systems (see Section 3.4),

which follow the relationship for pure water as in Fig. 3.3. It is worth to point out that
increasing the salinity has only a slight effect on the boiling profile, while relatveifl

increases in the gas content of the fluid significantly alter the bodegth relationship

(Nicholson 1993.

Figure 3.4 shows the pressueathalpy-depth for pure water, with various different cooling

paths of ascending fluids=@urnier, 1999 The starting point (i.ePoint Ain Fig. 3.4) is
represented by a supercritical fluid at 500 bars (2 km lithostatic pressure) and a high enthalpy
(2,000 kJ/kg). From this situation, the fluid can ascend along several Prdssuperature

paths. If the fluidhscends without cooling (i.e. constant enthalpy), it can cross the critical point
PointBAY CA3IPdP odnvI ao02AfAyITé 200dzNE RoMitRE A G &S
andDin Fig. 3.4, respectively). If the same starting fluid undergoes auotind cooling during

KAd |aoSyidz Ad OFry NBIFIOK akKlItft2gSN RSLIIKaE &)
Point Lin Fig. 3.4). This is typical in geothermal systems where the circulating fluids thermally
interacts with the surrounding rocks, ndting global heat loss prevents phase separation.

Point Hin Fig. 3.4 is another starting point represented by a higher temperature supercritical

fluid, as could happen in vapedominated geothermal systems. If this fluid ascends without

heat loss, it careachthetwelLJK I & S 062 dzy Rl NBE | y R (HOBtNE Fig N5 @0
3.4). The last extreme example is the case of a superheatedRaidt(Fn Fig. 3.4), for which

the enthalpy decrease by conduction during the ascent is insufficient to ghlbase

separation and the fluid reaches the surface as superheated stBamt(Gin Fig. 3.4).

3.4GEOTHERMAL RESERVOIRS

Geothermal energy is a form of thermal energy generated within the high temperature

L2 NI A2Y 2F (KS 9 NIQuenitaticeNXzessian ofvitte feirdstBal Hegf R O 2 N
flow is the geothermal gradient, that is the increase in temperature with depth in the Earth's

crust. Down to depths accessible by drilling with modern technology, the average geothermal

gradient is about 2.8 °C/100 m Kuhn, 2001 However, there are vast areas in which the
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geothermal gradient idefinitely lower or higher than this average value (e-.°&/100 m in

active volcanic regions). In correspondence of these positive thermal anomalous areas (Fig.
3.5), geothermal fields have been initially recognized, by the help of surface manifastatio
such as geysers, fumaroles, or boiling apoohds Toth and Bobok, 20)6Apart from active

volcanic regions and regions around tectonic plate margins, promising geothermal fields can
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be found in regions with normal geothermal gradients and coupled withide variety of

geological settings (Fig. 3.8lihn, 2001 Such ubiquitous occurrence makes geothermal
SYSNH& LI NIAOdzZ F NI & AyiSNBadGAy3a 6KSy aLISH1a
sustainable future.

When not purely conductive, a geothermallfiecan be described schematically as a system

of waters circulating laterally and vertically, at various temperatures and pressures, in the
upper crust of the Earth and transferring heat from a heat source to a heat sink, usually the
surface Hochstein, 190). In terrestrial geothermal systems the circulation of waters can

reach depths of approximately 5 km, lasting from thousands up to millions of yieaagnp,

1992. A typical geothermal system is made up of three main elementdigatisourceii) a

fluid, which is the heat carrier, and iiiyaservoir(Giggenbach, 1997; Hayba and Ingebritsen,

1997; Dzikowski et al., 2016, Volpi et al., 201Different heat sources have already been
described in the previous Section 3.1. The geothermal (heat caftied is water, in the

majority of cases of meteoric origin, in liquid or vapour phase depending on its temperature

and pressure (see Fig. 3.3). Geothermal fluids can discharge at the surface in the form of
geysers, fumaroles, boiling mymbnds or hot prings. The reservoir is a volume of permeable
NEOla FTNRY ¢6KAOK GKS FASEtRQaA AYOISNYylrf SySNH
native or maninjected reservoir circulating fluid (i.e. steam, hot water, or a mixture of both).

At first sight, geotermal reservoirs could be subdivided in two clasg@suralor manmade

sub-systems (Fig. 3.6). From the classificatiomath and Bobok2016) a natural geothermal
reservoir is an extended, poroasd permeable formation saturated with hot water or ata,

and characterized by both a sufficiently large heat supply and a reliable recharge mechanism.
The most productive geothermal reservoirs are hosted in a fractured rock mass with high
vertical permeability, allowing the onset of thermal convection pheeam Thanks to new
technologies, nowadays it is possible to create artificial reservoirs in Hot Dry Rocks (HDR o
EGS; Fig. 3.6), which are characterized by a strong heating source from below, but no water
nor pore/fracturetype permeability are presentHirschberg et al., 2024 In this case, the
fracture system is artificially induced by hydraulic fracturing, and then water is recirculated

through a doublet system made by an injection and a production well. The injected water is
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Figure 36: Classification of geothermal reservoirs, adapted and merged &fteinolson (1993), Pirajno (1992)nc

Heiken (1982).
heated as it flows deep through the fracture system, and then delivered to the surface via the
productionwell.
Beside this early stage classification proposed bth and Bobok2016) for the most part,
geothermal reservoirs have been classified according to the dominant heat transfer
mechanism occurring between the geothermal fluid and the reservoir rockugh which it
moves. In fact, whether the geothermal system is natural or /imaade, heat transfer might
occurs partly through conduction and partly through convection (free or forced), as the heat
bearing fluid flows up to the surface.
Nevertheless, alear and unique classification of geothermal systems has not been accepted
worldwide since geothermal systems occur in a variety of geological, physical, chemical and

thermodynamic conditions, which are reflected in the fluid properties and its potential
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applications. In the past, many authors proposed several classifications of geothermal systems
and resources, based on different characteristics, mainly temperature, geological setting,
mineral deposit or fluid typeMuffler, 1979; Heiken, 1982; Pirajnb992; Nicholson, 1993;
Sanyal et al., 2005; Moeck et al., 2014; Santilano et al.,)2015

By merging the work of different authors, in the present study a classification of the
geothermal systems is presented (Fig. 3.6) as a combination of contributioNgchglson
(1993) Pirajno(1992)and Heiken(1982) The geothermal reservoirs will be classified in the
first stage based on their intrinsic hydraulic conditions, which are tied tightly to the active heat

transfer mechanism. The geothermal reservoirs aienprily divided intodynamicand static

systems (Fig. 3.6). &atic geothermal reservonioes not involve fluid movement, therefore
conductive heaf f 26 Aa 2yfé& | OQGABS® ¢KS | @SBknmdS 9 N
results in a relatively moderateonductive heat flux of about 55.6 mW#mAlthough such an
SYGANRYYSYylU Aa dzyadzaidlrofS FT2NJ NBO2@OSNIoftS K
energy can still be extracted by means of geothermal heat pumps (GSHP o GotiHénd

Bobok 2016). Dynamiageothermal systemarise where input of heat (usually magmatic heat)

at depths of a few kilometres, sets deep groundwater in motion. Therefmat is transferred

by convection. Since a high geothermal gradient is necessary to trigger thermal convection,
YEAYFGAO AyiUNMzAA2Yya NBLINBaASyld (GKS az2dz2NOS 27
temperature (>150°C) geothermal systems. However, few kigmperature systems occur

also in areas of little or no apparent volcanic activity. This is the case afisigle@r meteoric

water deepening through faults or permeable strata in areas of alao¥age conductive

heat flow (e.g. The Beowawe geysers, Nevalfhjte, 1992. Typical dynamic geothermal
reservoir fluids are of meteoric origin but in some systens® aleep fossil marine or other
saline waters may be present (connate waters). Systems near the coast can be fed by both
meteoric water and seawateNjcholson, 1993

Both the static and dynamic geothermal systems can be further divided depending on the

temperature, withlow temperatureand high temperaturereservoirs strictly related to the

hosting rock type (i.esediment hostechnd magmatic hostegsee Fig. 3.6).

Static low temperatureor sediment hosted reservoirare found in deep sedimentary basins

where fluids are represented by waters trapped within the thick sedimentary sequences.
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Usually to develop this kind of reservoir, a very low vertical permeability within the formations
is needed, as a consequence waters remain trapped at depth until ezl@dastonically or by
drilling. These systems are also named low temperature reservoirs, because the involved
fluids reach maximum temperatures around-I80°C at depths of-2 km due to conductive

heat flow only. Low waters temperatures and formationgrpeability allow this sediment
hosted geothermal system to be exploited only for direct energy use (e.g. through geothermal
heat pumps) and not for power production. They are of greatest importance for countries with
no strong positive thermal anomalies,here they remain the only geothermal resource
currently under exploitation (e.gNorth and Eastern EuropeKiihn, 2004 Static high

temperatureor magmatic hosted reservoirare found in areas with shallow or despated

granitic bodies emplacementn these cases, the magmatic intrusion is set at the boundary
between hard and plastic rocks, crystallized at depths between 5 to 15 km, which normally do
not vent at the surfaceRirajno, 1992 Above the intrusion, through the crystalline bedrock

of good thermal conductivity but low permeability, a very intensive terrestrial Héat may
develops. This system can be characterized by the presence of hydrothermal fluids, which are
assumed to be generated entirely within the cooling magma body and rectafined in a
closed system.

Dynamic high temperatureor magmatic hosted reservoirare the most common and

exploited geothermal systems. They are found in areas with anomalous high geothermal
gradient and rock temperatures of several hundred degrees @3edgiexploitable depths, i.e.
between 1 and 3 km. These geothermal reservoirs are worldwide widespread and are
characterized by an active time span ranging frormtb010° years Henley and Ellis, 1983
which makes them particularly suitable for eledtygproduction. The occurrence of dynamic,
high temperature, magmatic hosted geothermal fields is always tectonically determined,
indeed they are recognized in block faulting, grabens, rifting and collapsed caldera areas.
These structures characterize agtiplate margins such as subduction zones (e.g. Pacific Rim),
spreading ridges (e.g. Miltlantic), rift zones (e.g. East Africa) and within orogenic belts (e.qg.
Mediterranean, Himalaya).

In the majority of the cases, the heat flow is provided by inteisnasses (Fig. 3.7), thus such

hightemperature systems are termesolcanogenic However, alscnon-volcanogenicor

39



T[°C]
100 200 300 400 500 600 700

0 b, -
T ( Cold Water ,
E impermeable caprock ;‘j ]ﬁ/

1 - ‘h"--.h_

2 -
Convective
flux

3l Fractured reservoir rock .

/[ "
4L Cristalline bedrock
A
Conductive
5| heat flux
\
£
+ \
. 5T : 't.
M \
[km] t [
?- + +++ + ++++ ++ 1
Y

Figure 37: Schematic conceptual model of a dynamic, Higimperature geothermal system. Dast
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tectonic_hightemperature systemsnay develop (e.g. in areas with tectonic uplift of hot

basement rocks), even if they are less commiditijolson, 1998 In the typical conceptual
model of the volcanogenic geothermal field (Fig. 3.7), when magma did not reach to the
surface, the intrusiomemains at depth of &5 km triggering an intense heéflow in the highly
conductive crystalline bedrock above. A weak conductivity porous or fissured aquifer is
emplaced over the bedrock. This layer cannot transfer the intense subsurface heat but the
reservoir fluid allows for thermal convection. Further up, a low permeability rock layer, also
called cap rock, may overlay the aquifer causing substantial overpressures in case of steam
producing reservoirToth and Bobok, 20)6Although a high hedtow ispresent, a very low

temperature gradient is recorded inside the aquifer due to the convective circulation. Here
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the temperature change is very small and a thermal inversion can be observed; the
temperature gradient is large between the top of the resenand the surface, and between

the bottom of the reservoir and the magmatic intrusiseéFig. 3.7).

The high temperaturegnagmatic hosted reservoirs can be further distinguished between

vapour and liquid-dominated systen(Fig. 3.6)Vampur-dominatedor dry-steam reservoirs

fumaroles and steaming ground surface
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Figure 3.8Conceptual model with characteristic features of vapdominated geothermal syster
(Nicholson1993.
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Figure 3.9Conceptual model dfquid dominated geothermal systems in a high relief, typical of an anc
volcanic terrainlenley and Ellis 1983
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(Fig. 3.8) occur in areas that are tectonically active, but with no active volcanism, and
characterized by peculiar surface expressions, such as fumaroles, steaming ground and acid
sulphate waters from hot springs (Fig.8; Nicholson, 1998 The reservoir fractured rock
matrix is filled with superheated steam at a relatively constant temperature of abouf@36
which is the temperature of maximum enthalpy of saturated steam (see FigH3a3;et al.,

1984). The steanitself contains norcondensable gasses, but no hot watéoth and Bobok,
2016. Due to the high temperatures, the vapedominated systems are extensively
exploited, although the undisturbed states are poorly known since deep drillings often do not
penetrate the vapour zoneKihn, 2003 The lateral boundaries of this type of reservoir must

be impermeable, or liquid water would flood sideways into the stddled region and
collapse the superheatesteam reservoir. Convection in these systems is origohaly the up
flowing of the hot steam from the deepest portion of the reservoir, and by the lateral flowing
along the base of the loywermeability caprock. Here the steam cools as it flows, and
eventually condenses and recirculates into the deep resei®bcholson, 1998 These high
temperature systems are not very common, at present only three vapoutinated site have

been well characterised: The Geysers (California, USA), Larderello (Italy), and Kawah Kamojang
(Indonesia).

Liguiddominatedreservoirs(Fig. 3.9) are more widespread than vapo@minated systems,

and they can be associated with high relief or low relief active volcanic environment. The deep
geothermal fluid may appear at the surface, often close to thdloy area, by fumaras and
steam heated aquifers. The actual formation temperatures are substantially lower than the
saturation temperatures determined by the boiling curve (see Fig. 3.3), thus the water remains
in liquid state in the reservoirg ¢th and Bobok, 20)6Examms of these systems are found

in Indonesia, Taiwan, Japan, and the Philippihkshplson, 19983

Dynamic low temperaturer sediment hosted reservoir@dig. 3.10) are represented by deep

groundwater systems that can occur in a variety of geological gsttcharacterized by

elevated or normal heat flow conditions. They are also caleddnthalpy geothermal

systemsand are widespread compared to the previously described high temperature
reservoirs. They are found throughout Europe and Asia, and along aosas of Tertiary

volcanism in the PacifitbN{cholson, 1998 The development of such lei@mperature system
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sediment hosted systenK(ihn, 2004
is not related tospecific volcanic or magmatic activity at depth, and therefore, given the varied
origins of this type of system, no idealized model can be developed. These reservoirs are
usually associated to natural deep flow systems mostly of meteoric water originlating in
areas where the complex geological setting is made by folded permeable strata, fault
intersections and thrust faults, putting in contact various types of roSksfey, 2010, Volpi
et al., 2017. These deep flow systems are heated by the teictauplift of hotter rocks from
depth, by residual heat from intruded plutons or by the local heat fiby et al., 199).
According toBowen (1989), dynamic low temperature, sediment hosted reservoirs are
defined as convective geothermal systems with high porosity, high permeability, and with
deep natural circulation of the heat carrier fluid (meteoric water).
Lowenthalpy geothermal systemsually discharge thermal waters througbt springs with
0 S Y LIS NI (i dzNB %5 °C. NRedggotherrial water chemistry depends on the mineral
composition of the hosting rocks and often on the relative contribution of the inherent

formation water, the ugflowing geothermal water, and the recharging meteoric watdit{n,
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2004). The Alps mountain range, with a high concentration of geothermal sites known and
exploited, is one of the areas in Europe where many deep circulation systems occur as thermal

springs.

3.5HYDROGEOTHERMAL ENERGY USE

C2NJ GKS SIFENIe Yly GKS 9IFINIKQa AYyOGSNylrft KSI
connotation meaning, they were the places of the God or endowed with divine po®eiser

and Bucher, 2013 Cataldi(1999)resumes the history of geothermal energy use, claiming

from the nonwritten history that natural heat of volcanoes and other geothermal sources

began to be used in the remote Paleolithic era. The most ancient data on the presence of
people in geothermal r@as only dates from 8,000 to 10,000 years ago. During that time,
humans learned more about the different manifestations of terrestrial heat. The first uses

were, of course, the most naturals and immediate: taking hot baths, cooking and practicing

basic ttE NI LJSdzi A Oad ¢KS LISNA2R 0SG6SSy KdzYlyQa
LIKSY2YSyYyl |yR (KS (G4AYS 6KSyYy GKS aAyYL) Sad dza:
known, has been named théear Zero of Geothermi@Sataldi, 1999 The uses of natural hot

water for bathing, and the exploitation of hydrothermal products for a wide range of practical
applications, extended to the boundaries of ancient Rome, achieving maximum use during the
3408y (i dzNE | ©5 X (i K Eataldkarid Blirgessy, LIpBESIOsihe hundéréus 6

private baths, installed in almost every villa and in many private buildings, there were over

1,000 public baths in Rome: about one for every 1,000 inhabitditsi@nelli, 1969. With

the fall of Roman empire, in thé"&entury, geothemal exploitation also declined throughout

Southern Europe, this dark period lasted until the beginning of the second millenfiiotm (

and Bobok, 2016 There are evidences that geothermal resources were still being exploited
around the world in the centues that followed. For example in China, where about 2,000

years ago, bathing and treatment centres were erected at the hot springs Huaquingchi and
Ziaotangshan near Beijingifang, 199% Cataldi et al.(1999)02f f SOUSR It (K
geothermal heritge sites, showing that non only Romans and Chinbsé also Turkish

(Ozgiler and Kasap, 199QapaneseSekioka, 1999 RussiansSyvalova, 1999 Icelandic

(Fridleifson, 1999 FrenchesGibert and Jaudin, 1999and Maori people in New Zealand
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(Severnel999 have used geothermal resources, even if probably on a more limited scale and
rudimental form.

On the global scale, the first advantages derived from geothermal resources have been mainly
limited to the direct use of local Earth's surface manifesias (i.e. fumaroles, geysers, mud
ponds and hot springs). Later on, with the opening of the second millennium, thanks to
technical progress and to a better knowledge of the subsoil, many countries started to be
attracted by the potentiality of geothermanergy and its use began to be industrlad (ous,
2017). Allegrini et al. (1992) identified three main periods of geothermal industrial
exploitation: i) hydrothermal fluids as raw material, ii) hydrothermal fluids as source of
thermal energy for the prduction cycle of boric acid, and iii) hydrothermal fluids as source
for thermal energy and for electrical power production. The development of geothermal
power generation, i.e. the second period Aflegrini et al.(1992) classification, is clearly
associted with the Larderello area of Tuscany in central It@iwéri and Ghosal, 2005

From 1,000 A.D. a faeaching cultural reawakening over all Italy led to relaunching many old
enterprises and beginning many new ones. This occurred in all commerciamneuig
activities, including the exploitation of hydrothermal sourcedurgassi, 1999 In the
Larderello region, in 1818, Francois de Larderel (138) made the history first commercial
exploitation of the geothermal energy. Thanks to his efforts geahal water was first used

for boric acid production in 182D@randDelga et al., 2001; Dickson and Fanelli, 20B8ric

acid production was an Italian monopoly in Europe, and became asaaie industry process

in the middle of the 19 century Tothand Bobok, 2016 In the twentieth century, following

the increasing global energy needs and the growing interest in renewable energies,
geothermal power generation took off, and Larderello site is once again the cradle of a bold
invention (e Lous, 20)37Indeed here, for the first time in the world, it was experimentally
demonstrated the conversion of geothermal energy into electrical energy: on Yulo04,
prince Ginori Conti (1865939), husband of a grearanddaughter of Francois de Larderel,
symbolically lights five bulbs with a dry steam engine (Fig. 3/atet et al., 2004; Stober and
Bucher, 2018
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Figure 3.111L ardarello 1904: The picture shows Principe Piero Gonii with his apparatus that converted geotherme
electrical energyfor the first time in history. The installation had the power to light fife light bulbs (Photogrdplone
Geotermica Italiana 2090

! 4 4 _, . 3 . = '..{“_'7\_7‘_ ey A
Figure 3.12DS2 G KSNX I f L2 GgSNJ LX Fyd axFf€tS {S0O2ft 2Unionk WGeotermit
Italiana 2010.
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In 1913 the first geothermal power plant in the world was in operation with the name of

G [ F NR S MNEAini, 20120 e industrial exploitation of geothermal energy for large scale
electricity production would then develop more sighiOl y it 8 Ay FIF OG o6&
installed geothermoelectric capacity reached 127,650 kWe (Fig. 3.12). Several countries soon
T2t 26SR LGLFt&Qa SEIYLIESY Ay mdmd G§KS FANAID
(Allis and Yusa, 193and in 1921, several geothermal wells were drilled at the Geysers field,
California Thomas, 1986 Between the two World Wars, oil prospectors found huge
geothermal reservoirs all over the world, usually by chance. In 1958, based on exploration
dataand a® NJ SEGSyaAr @St e YILWAYy3I (KS GFNAFIGAZ2Y A
Ft26> GKS 1 dzy3FENRFY YAYyAy3d SyaiaAySSNI .2t RAT at
map @oldizsar, 196/ In the same year, a small geothermal power plant began ojmerat

New Zealand, another started in 1959 in Mexico, and in the United States in TO60and

Bobok, 201k

With current technologies, only higlemperature geothermal resources (>180) are suitable

to generate electricity through the production efeam, while medium to low temperature
resources find a more locatale application (e.g. urban district heating, fish farming, and
greenhouse heating). We refer to the worklohdal (1973jor an exhaustive classification of
industrial and other applidéns of low to medium temperature geothermal energy systems.

At the beginning of the third millennium, the application of geothermal heat for direct
utilization was reviewed byund and Freeston (200fgr 60 countries worldwide, among

these 55 reported @me form of geothermal direct utilization. The authors updated the
previous survey carried out in 199Bréeston 1999 Lund and Freestof2001)estimated the

installed thermal power at the beginning of 2000 as 15,145 MWt, showing a strong positive
trend compared to the 8,664 MWi registered in 1995. More receriflgrtani(2016)analysed

the major activities carried out for geothermal electricity generation since the Word
Geothermal Congress of 200M¥GC201 As in 2015, 78 countries reported direct uéitinn

of geothermal energy, a significant increasing trend was observed from the 28 of 1995, to the
58 of 2000, and the 72 of 2005. In terms of installed capacity, this led to an increase of about
1,8 GW in the five year term 2042015 (about 17%).
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Figure 3.13:Worldwide Geothermal installed capacity in 2015 [12.6 G\Be}tani, 2018.

The calculated growing rate of 350 MW/year shows evident increment from the average value
of about 200 MW/year recorded in the precedent 2@Q005 period Bertani, 2005a,b, 2006,
2007, 2010, 2012ZAnticset al., 2013. The top five countries for installed capacity in 2015 were
USA, Philippines, Indonesia, Mexico and New Zealand, while Italy was ohiydsition (see

Fig. 3.13Bertani, 201%. The same &hor calculate the 2016 worldwide installed capacity
value being around 12.7 GW and confirming the positive trend started in 2010. This was
achieved mainly due to both, the increase in the mediom temperature development
projects through binary plantgnd the strong combined effort in realizing all the economically
viable projects worldwide. With an eye to the futuigertani(2013, 2016provides installed
capacity shortand longterm forecasts, for 2020 and 2050 respectively. The predicted values
are 21 GWe in 2020 and 140 GW in 2050, hoping on the transformation of all the-paper
projects in real plants and considering the development of the promising EGS (Enhanced
Geothermal System) fields. If this target will be reached, it would be possible tagadtbm
geothermal sources up to the 898 of total world electricity production, serving % of world
population. Moreover, 40 countries (located mostly in Africa, Central/South America, Pacific)

could be 10®6 geothermal suppliedértani, 201%.
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3.6 RESERVOIR EXPLORATION TECHNIQUES

Geothermal systems occur in nature in a variety of geological, physical, chemical and
thermodynamic conditions, this makes their identification not an easy task. Moreover,
developing a geothermal exploitation plan requiresemarkable effort in both time and
financial resources. For this reasons, a detailed characterization of the system coupled with
an appropriate numerical modelling of the involved heat and fluid transfer processes, aiming
to investigate the feasibility ofa geothermal power production, is always strongly
recommended $tober and Bucher, 2013; Li et al., 2016

As common practice, in the early exploration stage of the reservoir, the first applied
techniques are the indirect investigation methods, due to thewer costs. They include
remote sensing and a branch of field surveys techniques, such as geclogioadjeological
studies, geochemical and superficial geophysical surveys. These are useful preliminary
methods to identify promising areas where laterore detailed and sophisticated exploration
techniques (e.g. borehole geophysical tests, borehole injection tests and geothermal tracer
tests), may confirm or not the presence of an exploitable hygkothermal system.
Moreover, all these the reservoir elgpation techniques allow to estimate geological and
hydrogeological parameters needed to construct a reliable numerical model of the field, which
chronologically represent the last step in a geothermal exploration and exploitation plan.
Remote sensing témologiesinclude a wide variety of techniques (e.g. aerial photography,

multi-spectral, and hyped LISOU NI f aF Sttt AGS AYF3ISNBUOL dzaSR

surface and its characteristics (e.g. land cover, geological structures, temperaiviaski
(1998)highlights the importance of defining surface characteristics related to groundwater
movement and storage (i.e. land morphology, soils, faults, fractures, shear zones, recharge
and discharge zones, vegetation, and drainage patterns) mgusmote sensing images.
Airborne investigations have obtained increased importance in the last few years for the
investigation of geothermal reservoirs too. New technologies, such as the Forward Looking
Infrared Radiometry (FLIR), allow to compile kigbolution temperature maps coupled with

the geologic structures (Fig. 3.1Mpngillo, 1992; Yourownpower, 2007; Haselwimmer et al.,
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Figure 3.14Example of application of Forward Looking Infrared Radiometry (feLth®) case study from Pilgrim Hot Sprir
Alaska idaselwimmer et al., 203}3

2013. Usually, big scale features are difficult to recognize from the surface, therefore remote
sensing has become a fundamental tool to compile detailed regional geologaa, nvhich
include stratigraphic units and inner structures. These information are fundamental to
recognize a possible geothermal reservoir, because fluid flow and discharges are structurally
controlled in the majority of geothermal systems.

Field surveytechniques group geological, hydrogeological, geophysical and geochemical
survey methods, with both surface and subsurface application. They are cheap, efficient and
widespread tools to assess particular properties of geothermal reservoirs. A thorough
literature is available about this kind of surveys and their fields of applicatMight and
Sonderegger, 2001; Singhal and Gupta, 2010; Moore, 2011; Brassingtoh, 2017

Geological and hydrogeological surface and subsurface studies geomorphological

investigations, groundwater vulnerability mapping, measurements of surface and
groundwater levels, discharges of springs and rivers, rainfall, estimation of infiltration, and

location of surface and groundwater divides) provide the geological maps of theoérea
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interest and the identification of tectonic elements, such as active and inactive faults, fracture
zones or caldera structures, and of geothermal surfaemifestations, such as hot springs or
fumaroles (Fig. 3.15). Therefore, they are mandatory for the identification of a promising
geothermal field and for the selection of suitable sites for the production and injection wells.

Hydro-geochemicalsurveys repesent another indirect exploration technique extensively

applied in the early reservoir investigation stage. Hydrochemical data comprises @hysic
chemical parameters, major ions, inorganic minor elements, inorganic trace elements,
isotopes and organic cgmounds WNicholson, 201 They provide useful data for planning
more detailed explorations, and their costs are definitely lower compared to other techniques,

as for example the geophysical surveys. Geochemical analyses can be applied to both the rocks
andthe involved fluids or gases (i.e. water, gas-ga#f, mineralogical and rock surveys). Each
different type of geothermal system has distinct characteristics, mainly reflected in the
chemistry of its geothermal fluids (see Fig. 3.16). Therefore, theseeys are applied to
determine whether the geothermal system is water vapourdominated, to evaluate the

expected composition and variability of the reservoir fluids, to obtain information on the
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sources of water and heat, to locate the recharge area and to estimate the respective recharge
rate. These information are needed to simulate tlesponse of the reservoir to exploitation

and also to identify potential pollution, waste disposal and corrosion problétarf et al.,

2001; Kuhn, 2004 Geothermometers enable the temperature of the reservoir fluid to be
estimated from the chemical conogition of waters and gases. They are therefore valuable
tools in the evaluation of new fields, and in monitoring the hydrology of systems on
production Chandrasekharam and Bundschuh, 2008; Nicholson,)2012

Geophysical surveysan be used to provide, fro the surface or from depth close to the

surface, a threalimensional map of subsurface structures (i.e. shape, size and depth of
geological layers), as well as hydraulic properties and other characteristics of the geothermal
reservoir (e.g. faults, fractes and temperatures). Geophysical methods and their application
are described in detail iRepsold et al. (1989Manzella (1999)and Ernstsonand Kirsch
(2006) These methods can be divided into two groups: surface and borehole geophysics.

Nevertheless,well logging equipment is generally unsuitable for the high temperatures
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recorded in geothermal reservoirs. These measurementeles#romagnetic fields or waves,
acoustic waves, neutron scattering, gamnag radiation, nuclear magnetic resonance,
infrared spectroscopy, and pressure and temperature sensors. There is no single technique
adequate to define the structure and the propes of a whole reservoir and, in such complex
systems, the interpretation of the data is often quite difficidiihn, 2004; Santilano, 20117
Surface geophysical surveys include: electrical and electromagnetic methods, magnetic,
seismic, gravimetric andvermal surveys (example of surface geophysical survey in Fig. 3.17)
Theselast are fundamental as they allow the determination of the geothermal gradient and
the terrestrial heat flow, which provide with good approximation the temperature of the
geothermad reservoir units. While seismic, gravity, and magnetic methods can give
information on the geometry of the deep structures of a geothermal reservoir (Fig. 3.17), they
do not provide information about the presence of geothermal fluids in the consider&t fie

As the presence of water decreases the electrical resistivity, only electrical and
electromagnetic surveys allow the detection of geothermal fluids.

Once the result of all the above mentioned indirect surveys identified a promising geothermal

field, exploratory wellsare drilled and the second step in the reservoir exploration plan can

began. A completely new branch of various tests, performed in such drillings, is now available

NW Possible flow paths SE

Mangakino Kaingaroa
caldera plateau Qm
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Figure 3.7: Example ofnagnetotelluric survey conducted in the Wairakei Valley, New Zealand. The low resistivity r
a depth of about 20 km is interpreted to be a magma yaotihe white crosses indicate sites of microseismic events
locations of possible fluid flow paths at depths of less than 10 km are indicated by the arrows. Modifiddeiseret a
(2007).
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for a more detailed characterization of the different aspects of the syst€hese include
borehole geophysical tests, steady state or transient injection tests and geothermal tracer
tests. The last two are mainly used to characterize hydraulic properties of fractured rocks or
of large scale fracture system, which may host tlevfwhen the production wells are
exploited. On the contrary, borehole geophysical methods allow to collect direct measured
properties (e.g. stratigraphy, permeability, fluid characteristics and temperature distributions)
to compare with the results fromllethe other indirect investigation techniques. Nevertheless,
their application in geothermal reservoir exploration is limited due to high temperatures and

strong corrosion caused by very acidic involved fluids.
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4.

HEATTRANSPORT
NUMERICAL MODEL
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Nowadays numerical modelling is considered a reliable tool, which should be implemented
for the improved integral management of geothermal resourc&aderson et al., 2035
Therefore, a stefby-step procedure for thesetting up of an accurate and reliable heat
transfer numerical model is presented. A numerical model is a mathematical representation
of a natural systemKresic, 2006 Establishing a numerical model of a complex system, as the
one associated to the geotinmal reservoirs, requires the processing of a large amount of data
regarding the domain area (e.g. geological setting, geometrical properties, hydraulic and
thermal parameters, fluid propertiedoundary conditions). All thes#ata, collected in the
conceptual mode| describe the natural system without using numerical algorithms. The
quality of the simulation results depends mostly on the preparation of such conceptual model,
tied tightly to the knowledge of the geological situation, the hydrogeologicdiggochemical
parameters and the initial and boundary values.

Bundschuh (20103 entified sixdifferent steps (Fig. 4.1) required for the development of an
accurate numerical model simulating groundwater flow and heat transport mechanisms,
namely:

(1) definingthe objectives of the model;

(2) developing the conceptual model of the geothermal reservoir that includes all
available geological, physical and chemical information relevant for framing the
problem;

(3) numerical formulation of the conceptual model, that meatranslating all the
information of the conceptual model into a set of mathematical expressions (i.e.
boundary conditions and model properties), discretizing model spatial extent and
choosing the adequate software and mesh;

(4) calibration of the numerical modethrough optimization of the model parameters
(numerical and physical) in order to obtain a good fit between simulated and measured
field data;

(5) validation of the numerical model, to determine the degree to which a model is an
accurate representation dhe real system;

(6) sensitivity analysis, to determine the degree to which the most important parameters

are affecting the behaviour of the system.
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Figure 41: Workflow for groundwater and heat transfer modelling. As presentied workflow assumes the objective of 1
model is a forecast but the workflow can be adapted for other modeling purposes, as described in the text. Althc
shown in the figure, field data are critical for the workflow, especially conceptual modigrdand the calibration proces

For an optimal numerical elaboration of the geothermal problem, all these steps must be
developed and solved with care. As mentioned above, the principal difficulty in establishing
an accurate numerical model is due to tWery limited availability of spatial and chronological

field data. This leads to the formulation of assumptions based on incomplete information.
Therefore, such necessary approximations, may affect the quality of the simulation and the

possibility to preisely develop all the above mentioned steps.
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4.1 DEFINING THE OBJECTIVE OF THE NUMERICAL MODEL

Defining the objective of the numerical model is a fundamental step, preceding the proper
natural system simulation. Numerical models are used to Wettonstruct processes which
200dZNNBR Ay GKS LIaidz YR G2 F2NBOIFad LINROSaA
YR GRNIBGIINER2 y ¢  OF LI OAGASa0 Ay O2YLX SE NBILt a
reservoirs. They can found their applicati@t different stages of a geothermal project,

helping the understanding of reservoir behaviour, optimal reservoir management and
sustainable utilization, or planning of new investigations, well drilling and the designing of
exploitation steps aimed to thesage of geothermal energy. The objectives of the simulation

are strictly related to the type of the constructed simulation model. Due to the wide range of
possible applications, the performed model can be very different, even for similar situations,
depending on the specific characteristics of the problem and addressed questions. In any case,

the accuracy and reliability of the answers from the simulation results depend on the level of
knowledge available and on the complexity of the modelled system.

In his work, Bundschuh (201Q)rovides an updated overview on principal applications of
numerical groundwater and heat transport models. This list desstiwde reviewed before

starting up the construction of any fluitow or heattransfer related numericainodel.

4.2THE CONCEPTUAL MODEL

An accurate conceptual model is the key for a reliable-aigdlity numerical simulation. It can

be defined as a simplified and systematized Hieyrel virtual representation of the geologic
system, containing all the fund@ntals assumptions, such as the governing processes related
to groundwater and heat transfer, transport at the boundaries of the domain, dimensionality
of the problem, hydrostratigraphy, flow directionality, material properties and heterogeneity
patterns(Fig. 4.2Anderson et al., 20)5Therefore, the idea behind the conceptual model is

that it constitutes the best understanding of the processes that naturally occur in the aquifer
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Figure 42: Construction of a regional gnodwater and heat transport conceptual mod@) Integration of all the surfact

defining the geological formationgb) Assumptions about material properties and heterogeneiti@. Definition o
boundary conditions for both fluid and heat flow proceéd) Set up of model initial conditions for fluid and heat f
processModified afterBundschuh (201@ndAnderson et al2015).

or in the geothermal system. All the availabledielata, as well as the available time frame
should also be taken into account, together with the determination of the adequate computer
codesthat will be usedfor the simulations

If the conceptual model is not an accurate representation of the-waald system, the

numerical model will make incorrect and/or meaningless predictions. An oversimplification
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may resuls in inaccurate simulation results, while an unesmplification mg lead to
unreasonable demands for computer resources, and/or field data collection. After the
preliminary simulations, the assumptions of the original conceptual model may be re
examined, changed, extended or improved. For this reason, working witlonalgonceptual
model could not be sufficientand different conceptual models need to be set up befare
proper calibration is obtained. This is especially true if the tagglet systems are complex or

if the initial field data are poor.

4.2.1 Conceptual modetypes
The acceptable degree of simplificatidnom the complex reaWorld system to its virtual
representation in the mathematical and numerical mogetsthe mainissuethat must be
solved by the conceptual model. The choice of a proper model islgtradated to the need
of representing the essential points of interest and solving the tasks according to the defined
objectives.

Generally for the conceptual model of a porous reservoir rock,cii@inuum approachs

used Bear, 1972 On the contraryas numerical models of he@tansfer processes found
applications mostly in problems associated to geothermal and petroleum reservoir
exploration and exploitation, the applied conceptual approaches are about fractured rocks
numerical implementations.

A vaiety of conceptual models have been developed according to different requirements for
solving fluid and heat flow problems in fractured systems at different scales (see Fig. 4.3). In
the following sections, we will give a short overview of the principateptual models used

to describe fracture flow. For further details we refer to the worksBefar et al. (1993)
National Research Council (199Binghal and Gupta (199®ietrich et al. (2005and Krasny

and Sharp (2007)

Theequivalent porous mediurfEPM)approachis the simplest conceptual model to describe

fluid flow andheattransport in fractured porous medialescribingthe fractured bedrock as
an homogenous region. Therefore, no distinction in hydraulic and thermal properties between
the intact rock and the fracture is made, and permeability can be approximated by an

equivalent permeability that considers the flow throughout the fracture ahd porous
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Figure 43: Representation of porous and fractur@drous mediumDiersch, 2014

mediamatrix. Due to its simplicity, this approach has been widely used for a description of
regional flow systems in fractured rocks, but becomes unsuitable when fracture spacing

too large, flow velocities too higloy the permeability of the rock matrix too lowPfuess et al.,
1990a,b; Diersch, 20)4

Dual and multiple continuum approaeh (Fig. 4.4) aralefintelt more powerful methods

where features and properties of fracture and rock matrix are represented as two separate
interconnected domains. The unfractured rock masses (rock matrix)dbigh storage and
alow permeability (i.e. slow fluid flow), while fractures hatew storage capacity, buthigh
permeability (i.e. fast fluid flow)Qjiodato, 1994 The use of multiple or dual continuum
models, averagingthe transient hydraulic behaviour of rock matrix and fractures, are
appropriate for describing large fractured rock units. For these reasons, they can be
considered the most widely used models tesdribe fractured groundwater, geothermal and

petroleum systems. However, they often fail to describe lstalle features.

61



\

:

¢

)
NI

17

\

Matrix Fractures
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Unfractured rock matrix and fractures are treated as twcembnnecte(
domains Grant, 1982.

The explicit discretefracture approachhas the significant advantage of incorporating

fractures (or karst conduits) as explicit discrete elements, therefore allows the reliable
representation of hydraulic head gradierdad fluxes between fractures and rock matrix. On
the other hand, it requires a great amount of information on all single fractures in the model
domain (i.e. location, geometry, fracture matrix, hydraulic properties). This approach
demands much more compuianal effort compared to the dual continuum method, and
found useful application at fault zone, here represented as a sitigl@etefracture. In fact,

data describing faults are more easily obtained than data describing smaller fractures, whose
collection becomes especially difficult and troensuming when the number is highdan
when fractures are not planar

Thediscretefracture network (DFNapproach(Fig. 4.5) does not consider the porausdium

(rock matrix), and all processes are confinathin the fractures. The model describes fluid
flow and heat transport coupling multiple duebntinuum models, where each fracture is
treated as a continuous medium surrounded by an impervious matrix (see example in Fig. 4.5).
Therefore, compared to the previously described models, the DFN approach significantly

reduces the model complexity and the high computational resources needed fdr suc
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Figure 45: Example of a threelimensional stochastic fracture network, geners
within a 100m cube with a DFN approaétaf et al., 2010

sophisticated numerical simulations. The description of each single fracture in the model
domain requires a hge volume of empirical data and may results in high computational effort.
For this reasona simplification of the fracture network (i.e. lines irddmensional models or
planes in dimensional models) should always be considered.

As already mentionedhe chosen conceptual model must be the simplest possible but still
allowing a reliable represeation of the realworld system All the previously described types

of conceptual model applied to fractured aquifers, involve different degrees of simphincati

of the complex target addressed by this kind of models. Nevertheless, in many aEsas

for a further level of simplification is possibkg.using 2dimensional horizontal models to
describe 2dimensional groundwater flow and heat transport problerthisstratagemhas
significant advantages because it requires much less field data, less time, and fewer efforts in
constructing the model, but it can be applied only under the assumption that groundwater

flow is purely horizontal (i.e. flow horizontaélocities much larger than vertical velocities).
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This situations commorwhen the horizontal extension of the aquifer or geothermal reservoir

is much larger thathe vertical extension.

4.2.2 Model boundaries types
Once the adequate conceptual model has baemtified, hydrogeological constrairiaternal
and on model boundarynust be defined. They are the natural limits of regional groundwater
flow and heat transport, such as large faults, zones of lithological changes, anticlinorium axes,
large/small rives, seashore, springs, drains and pumping/injection wells.
From a mathematical point of view, they are classified in three syfiest order (Dirichlet
type), second order (Neuman type) and third order (Cauchy type) boundaries, the last being a
combinationof the first two, and althesemay be functiorof the time (Kresic, 2006

First orderor Dirichlet typeboundaries are assigned to model portganhere hydraulic head

or temperature values are known. This situation is realized when rivers and lakes are in
complete hydraulic contact with the groundwater body or at spring locations, modelled as
points with fixed hydraulic head, corresponding to tlepdographic height of the spring outlet

in the field. At first order boundariesvith prescribed hydraulic head or temperature, the
assignedralues are kept fixed athangedn a known way, during the simulation.

Second orderor Neumann typeboundaries areassigned to model margins which are

characterized by a known flug.g. groundwater or heafiow. Contacts of the aquifer with
impermeable rock units, groundwater flow lines diverging areas (e.g. at ridges) or basal heat
flow in geothermal reservoir, ardné most importantapplicationsof this type of boundary.
Imperviousboundaries are a special case within this group. Similarly to what is observed for
the first order boundariesthe prescribed fluwalues can be fixed or evolvedth time in a
known way.

Third _order or Cauchy typeboundaries can be appliedlong rivers, lakes and lateral

boundaries in order to account for surfaweater/groundwater interaction This kind of

boundary condition, named alsfiuid-transfer boundary conditionapplies a predefined

reference head, as the value for the boundary condition, combined with a conductance

parameter (transfer rate or leakage coefficient), set separately as a material property. Usually,

64



in the case of fluid flow models, the reference deaassumed equal to elevation and imposed
where the water table intersecthe topography.

Sources and sinks within the model area are inserted in the conceptual model following the
above described boundary conion classes Theygroup the wide range ofall steady and
transient in and out fluxes of water, solutes, and hedhat may occur within the modelled
area and on its inner boundaries. This group involves: groundwater recharge/discharge
through pumping/injection wells, groundwater discharge atrisgs, areal groundwater
recharge by rainfall or irrigation, groundwater recharge/discharge by infiltration/exfiltration
from surface water bodies (rivers, lakes, canals), heat inputs, heat storage/withdrawal or

solutes inputs/outputs.

4.2.3 Model parameters
Before switching from the conceptual model to the mathematical and numerical models, fluid
and solid parameters must be determined. For a reliable simulation, they must be evaluated
together with their spatial variations, homogeneity or heterogeneity, anotrapy or
anisotropy in both horizontal and vertical directions. Spatial variation as well as heterogeneity
can be considered by establishing zones with same uniform vebees,(2012 In the case of
fractured aquifer, information on location, geometgperture, filling and hydraulic properties
of the fractures need to be determined¢ar et al., 1993; National Research Council, 1996;
Singhal and Gupta, 1999; Krasny and Sharp, 2007
The techniques to collect hydrogeological parameter needed to cortsthec conceptual
model of groundwater systems or geothermal reservoae: (1) remote sensing, (2) field
investigations and (3) laboratory tests and experiments. A detailed review of all these methods
is outside of the scope of this thesend as these techniques are used also in #ely
exploration stage of the geothermal reservoir to evaluate the potentiality of the area, they
have been already degbed in the previous sectidB.6 Reservoir exploratiotechniques
It is important to pointout that, sincethe values obtained through experimental methods are
discrete measurements taken irh@terogeneous and often anisotropic medium, they do not
represent the real distribution of the parameter. Therefotiee values determined from the

three methods above, often do not correspond to the best values needed to construct and to
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calibrate the model. The experimental evaluated parameters are used as starting values to
restrict the value ranges that indeed can vary between many orders of magn(ride
hydraulic or thermal conductivity)They need to be refined until a good match between
observed and calculated values for parameters, such as hydraulic heads or discharge
temperatures, is achieved. Several techniques can be adopted to adjust madehgtars,
including manual testing of reasonable values or inverse modelling technique,, tirmingh

an automatic calibration procesdetermine parameter's spatial distributions.

4.3NUMERICAL FORMULATION OF THE CONCEPTUAL MODEL

Once the suitable conpeual model has been identified and all the information regarding
parameters and boundary conditions have been included, it needs to be converted into a set
of mathematical expressions. After that, the numerical model is constructed by discretizing
these mathematical equations in space and in time.

Several numerical methods are used to solve differential equations and algorithms for
modelling hydrogeological or geothermal problems. This thesis is not supposed to give a
complete compilation of all modellinigchniques, sincéhis field of study is extremelwide

and detailed mathematical derivations are described in by specialized literebunéh (1985)
Kinzelbach (1987Bear and Verruijt (1987Bear and Bachmat (199@ienkiewicz and Taylor
(1991, 2000) Katsikadelis (2002)Pruess (2006)Fish and Belytschko (20Q0@ontain full
descriptions, including practical examples, of the different classical numerical methods.
Nevertheless, lithe numerical methods for the solution of flow/transport equat®require

the discretization of the model area or volume through teecalled mesh defined as a
network of intersecting lines embedded within the domain.

The region within the intersecting lines is callelément while the intersecting points are
denaed asnodes Elements in two dimensions can bEtriangular, rectangular or polygonal
shape, and in three dimensiomd tetrahedral, quadrilateral or prismatishape Volumetric
guantities such as temperature or pressure are defined at the centroidseatlements. Wells

and drains should be located in centres of grid cells or at nodéee ofiesh. For high accuracy,

the mesh must be refined around important wells oroither areas where larggradiensin

hydraulic heads, temperature, concentration,rock properties are observed.
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Before running any numerical simulation, in order to avoid unrealistic values, a suitable
distribution of hydraulic heads, and/or temperature nile set for the entire modeds initial
condition. These values should be asma&apossible to the expected real values. This become
more important when dealing with transient simulatiorisr this reasornis common practice

to use the results of the respective stationary model as a suitable initial condition.

4.3.1 Numerical model types
The selection of the code is a crucial step that must be evaluated with care before running the
numerical simulations. The objectives, the questions to be solved and the nature and quantity
of field data are the keypoints to take into consideration whefacing the choice of the
numerical model code.
A large number of programare already available and numerous new programs are under
development, includinga@ammercial and opefsource codes. erefore it is impossible to
provide a full description of all esting public and commercial modelling programs.
Periodically, updated overview of the most used commercial and soemce modelling
software can be found in the USGHnited States Geological Suryegnd IGWMC
(International Groundwater Modelling Cenjreatalogues.
From a very general point of view, model types can be classified according to three criteria:

(1) the numerical algorithmsused for discretizing the mathematical equations, (2) their

physicalchemical optionsand (3) theidimensionality

Thefirst criterion deals with the techniques adopted by the software to substitute partial
differential equations by a system of algebraic equations or by an ordinary differential
eguations that can be solved by means of different algorithms. This evoivdifferent
numerical methods such as: tHenite Difference Method (FDM;Smith, 198% the FHnite
Hement Method (FEM;Zienkiewicz and Taylor, 1991he Fnite Volume Method (FVM;
Narasimhan and Witherspoon, 197énd theBoundary Hement Method (BEMCruse and

Rizzo, 197b

The physicathemical criterion indicates the aquifer properties that can be simulated with the
selected code. This classification indicates (1) whether a system can be modelled as a porous

or fractured aquifer, or a combination doth, (2) whether fluid density and viscosity show
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dependency on temperature and/or salinity values or if they can be approximated by constant
values, (3) whether the compressibility of the fluid and the solid structure must be considered
or not, (4) whetler the modelled processes include only groundwater flow or additionally
transport of solutes and heat, and (5) whether flow and transport is in one or several phases
of fluid (water, steam).

The last criterion is about how many dimensions can be handlgdebselected software (i.e.

1, 2 or 3 dimensions). Most of the codes for groundwater flow, solute and/or heat transport
modelling allow the construction of 1, 2 orddmensional models, thus the choice is usually
caused bythe problem geometry and charaatstics, time and financial resources, as well as
data availability.

Onedimensional modelare used to reproduce laboratory experiments and very sstdle

cases in general (e.g. tracer test). Their ressaite suitable for initial assessment of a large
model or to define a field data collection campaign. The utilization ofdimeensional models

is definitely more spread in thermal and fractured aquifer modelling, compared to the mono
dimensional case. They often approach the real problem with suiticeecuracy and
moreover, are much easier to construct and require much less data compared to- three

dimensional models. In this category, two types can be distinguisiveokdimensional

horizontal modelaandtwo-dimensional vertical models

Horizontal modés are most useful for describing the regional groundwater flow if the vertical

extension of the aquifer is much smaller compared to the horizontal extension of the model
domain, and if only one principal aquifer is present. As fluid density must be eoedids
constant, these models are not frequently adopted for transport problems. On the other hand,
avertical modelis mandatory when various aquifers are present, and therefore vertical flow
components cannot be neglected. This is the case also whergekan hydraulic heads and
aquifer properties along the horizontal direction are low, so that the model plane is parallel
to groundwater flow lines.

The combination of horizontal and vertical twdimensional models, can be a uskfu

preliminary step for tle fullthree-dimensional models. Cleariiree dimensional modelare

the most complex type and result in the more accurate representatmmnthe reatworld

situation. They require a full understanding of the hydrogeological conditions of the model
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doman and they must be developed espedgiaflregional groundwater modghith multiple
aquifers need to be constructed, and in situatiomghere the vertical groundwater flow

component is significant or variable density flovinigoked

4.3.2 Adopted numericakodes
The codes applied to model the three hyelyeothermal sites analysed in this thesis are: the
commercial software Feflow@iersch, 2014and the opersource simulator OpenGeoSys
(Kolditz et al., 2012 In this section, they will be described accoghinto the threecriteria
presented above, together with a short overview of the main features that make them suitable
for our analysis.
Regarding the firgtriterion, both codes respond to the finite element method (FEM), the most
used numerical techniqui® solve approximately mathematical models expressed as patrtial
differential equations. Finite element methods can be adapted to problems of great
complexity and unusual geometryh@y are an extremely powerful tool for the solution of
important problemsin heat transfer, fluid mechanicand mechanical system¥§Vgisstein,
2002.
About physicathemical options that can be simulated with the selected codes, both Feflow
and OpenGeoSys can handle htransfer fractured aquifer simulations using tequivalet
porous mediumapproach. Fluid density and viscosity can be set as temperature dependent
values, and the compressibility of the fluid aoitthe solid structureare also considered.
Regarding the dimensionality, as most of the codes for groundwater flolute and/or heat
transportmodelling Feflow®and OpenGeoSys can model 1, 2 @iBensional problems.
FEFLOWs an advancedrnite Hement subsurfacd=LOWand transport modelling system
under development since 1979 by the Institute for Water Resources Planning and Systems
Research Inc.WASY GmbHof Berlin, Germany. The code supports an extensive list of

functionalities (Fig. 4.6), including variably sated flow, variable fluid density mass and heat
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1D DFE

Figure 46: Schematization of a regional model developed with Fefov combination of 1D and 2D discrete feature
coupled with 3D volume discretization. 1D features are used to model rivers, chaamglsvells, while 2D featur
approximate infiltration or runoff surface, and fault systems. 3D elements, representing the basic discretization of tk
domain, are used to identify the aquifer/aquiclude systems as well as the saturated/unsaturatesi @gersch, 2014

transport, and multispecies reactive transport. Since this modelling tool is known and popular
in the field, is well documenteth terms of both reviewed papers in the scientific literature

and set of manuals.élow®supports multiple data import and export filters, it can also reads
and reconstructs simulation files from SWS (Surface Water Modelling System) and GMS
(Groundwater Modelling System). For spatial meshing and griddeftpw®can import a

wide range of fomats including AutoCAD DXF, ESRI shapefiles plus a variety of simple ASCII
formats, and many bitmap formats for gridding and georeferencing operations.
OpenGeoSygode is an opesource flexible finite element simulator developed by the
Helmholtz Centredr Environmental Resear¢FZ)n Leipzig since the migighties. The basic
concept of OGS is to provide a flexible platform for solving multifield problems in porous and
fractured media for applications in geoscience and hydrology.

OpenGeoSys includesheoad spectrum of interfaces for prand postprocessing purposes,

for example, for geometrical modelling, meshing, and visualization (Fig. 4.7). The idea behind
OGS is to provide an open platform to the community, outfitted with professional software
engneering toolssuch as platformndependent compiling. Already published comprehensive
benchmark books have proven to be a valuable tool for cooperation between different

developer teamsin terms ofcode comparison and validation purposes.
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Figure 47: Schematization of a regional model developed with OpenGe@&)aD surface model data including the 1D
2D discrete features identifying topography, rivers and wéliy.Subsurface 3D model with layers interpolated base
borehole data. Differeninformation is displayed for each geological layer. Modified é8@chse et al. (2015).

4.4 CALIBRATION OF THE NUMERICAL MODEL

Once the suitable code has been selected and the conceptual model has been converted into
the numerical model, the reaimulation steps can began. It is common practice to run initial
simulations in order to compare model results against benchmark numerical simulations or
known field data, such as measured water levels or temperatures. These preliminary
simulations are namd model calibration and model validation, and are mandatory to verify if
model is producing simulation results that suit to readrld conditions Anderson et al., 2035

The calibration or parameter value estimation in a numerical groundwater flow andport

model is performed by varying the values of one or more of the model parameters and
optimizing them, until agreement between simulation results and values measured in the field
is obtained with acceptable precisioHi(l and Tiedemann, 2006

Deperding on model type (e.g. flow, heat transport, hyehermal, hydrethermo-chemical,
hydrothermo-chemomechanical, steady or transient), the number of parameters that must
be estimated can vary considerably. Therefore, the calibration process can benpedfo
manually by varying a specific parameter (taald-error method), or using automatic
calibration tools provided by some of the existing modelling programs (e.g. UCODE or PEST;
Doherty, 1994; Poeter and Hill, 199Fhese automatic calibration toolsjll run simulations

in a batch mode through an inverse modelling routine, continuously adjusting input
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Figure 48: Example of calibration of the regional model of the Milan metropolitan area (ltaly) BenCaro et al. (201
Calibration pocess is achieved on a database of monitoring wells, on the right side the scatter plot from PEST
plotting observed versus simulated groundwater levels. In red the 1:1Hiethe absolute error RMSis the Root Mea
Square erroand s is thestandard deviation

parametersuntil simulated and observed field data match within a specified tolerance range
(see example in Fig. 4.8).

The calibration involves estimation of different parameters, i.e. hydraulic conductivity,
groundwater recharge and bodary fluxes for stationary groundwater model, and
additionally the storage coefficient for the transient ones. While for coupled groundwater flow
and heat transport problems, firstly the pure groundwater flow parameters should be
calibrated, then the trangort ones, i.e. effective porosity and heat sources. The quality of the
calibration, and therefore the accuracy of the model, is expressed by plotting observed versus
simulated results. In these smlled scatter plots (Fig. 4.8), the closer the valud®fathe 1:1

straight line, the better is the model performance.

4.5MODEL VALIDATION AND SENSITIVITY ANALYSIS

Since different combinations of parameter values can lead to a calibrated model matching
observed and simulated results, no unique solution e parameterestimation problem
exists. Therefore, when accurate filed data are available, the calibrated model can be validated

by history matching.
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Through this process the model is tested for some period in the past to prove whether the
simulation resuk reproduce well the known time series (i.e. aquifer responses to pumping
tests, changes of flow conditions, hydraulic heads, solute concentrations, or temperatures).
To perform this, an extensive time series is required, such that the model is calilomated

first part of this time series, whereas the second part is used for validation (prediction mode).
Once successfully validated the model, a sensitivity analysis can be accomplished. The
sensitivity analysis is performed when an extensive set of fieli is available, since it
consists of changing parameters values and evaluate their influence on modelling results. The
possible ranges in the parameters variation derive from prior knowledge of the behaviour of
the parameter in the real world, thus tlyeare linked to the uncertainty of the parameter
observed in the field. The sensitivity analysis pinpoints the most influencing model variables
(e.g. hydraulic conductivity, permeability, porosity, heat conductivity and capacity) so those

variable which cases largest changes in the model results for a small change in their value.

4.6 MODEL USE AND MISUSE

Once all the previous steps are completed, the model is ready to simulate the real world
system. However, even the most accurate models are a sintpdi@scription of the real field
situation, including numerous simplifying approximations and assumptions. The quality and
thus the reliability of predictions depends mainly on the detail and comprehensiveness of
available information (e.g. permeability, psity, characteristic curves, initial and boundary
conditions). The needed discretization of space and time into fsi#e intervals introduces
Ayl OOdzNI OASas (1y26y |a aalLl OS FyR GAYS i NXHzy
when discretizations refined Pruess, 2002 The model domain boundaries are a source of
uncertainties too, as their position and type may shift and change through time at the same
location.

Mercer and Faust (198andMercer (1991)grouped into 4 classes all tpessible error and
misuses for numerical simulations: (1) not enough accurate or wrong conceptual model, (2)
unsuitable modelling code, (3) improper model application, and (4) misinterpretation of

model results.
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The first group is the most spread sourceeafor and of unreliable results. It is due not only

to a wrong delimitation of the model domain area or to a wrong assumption regarding
homogeneity, isotropy and hydraulic parameters of the aquifer, but also to an unsuitable
selection of dimensionality.df this reason, different approaches have been developed to
account for this issue. It is recommended to evaluate the conceptual model reliability in
predictive results by performing simulations with the different models available and
estimating the rangef predictions obtained for the distinct modelsiédina and Carrera,
1996).

The second group of errors occurs when the user forces simulation into a highly sophisticated
code, even when the problem complexity does not require it or not enough data ardalateai

to support it.

The third class groups all the situations when improper input data are used, the mesh or grid
size and the intervals of the time steps are not properly selected or when the chosen code is
not compatible with the tested conceptual moderhe model calibration step can also
generate errors, if for example unsuitable calibration parameters or calibration periods are
selected. These errors can lead to wrong results and incorrect interpretation of the modelling

results.
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5. THE BORMIO
HYDROTHERMAL SYSTEM
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The chapters largdy based on the published pagsaf Volpi et al. (2017)Groundwaterdriven
temperature changes at thermal springs in response to recent glaciation: Bormio hydrothermal
system, Central Italian Alpsn Hydrogeology Journal; and @blpi et al. (2016)Geochemical
characterization of the Bormio hydrothermal st (central Italian Alps)pon Rendiconti

Online Societa Geologica Italiana.

5.1INTRODUCTION

Lowenthalpy geothermal systems are widespread in the European Alps compared to the high
enthalpy fields. These reservoirs are usually associated to naturalflde@epystems in normal
heatflow conditions and lead to the discharge of dhiermal or thermal springs, with
temperatures respectively 15 °C or higher. In Switzerland more than 82 geothermal sites
and 203 hot springs and boreholes are known and exgdoi/uataz, 1983; Sonney and
Vuataz, 2007, 2008ltalian alpine and Apennine regions are also rich in thermal springs, which
have been used for bathing since Roman tinMmissale, 1991

Generally, a classic hydrothermal system is formed by three coemgena heat source, a
thermal pathway, and a fluid, which in 90 % of continental systems is of meteoric origin
(Giggenbach, 1997; Hayba and Ingebritsen, 1997; Dzikowski et al.). 20 ®nrmagmatic
continental hydrothermal systems, the heat source mayathigh geothermal gradient and/or
significant heat flow anomaly (>150 mW#r(Rybach et al., 1987; Sonney and Vuataz, 2008

In many alpine hydrothermal siteghermal water occurrences could be related to the
weathered and fractured zone betweanystalline basement and sedimentary cover. In such
settings, high temperature is not necessarily associated with a heat flow anomaly but results
from the rapid upwelling of water from deep flow systems through permeable faults or
subvertical strata\(uataz, 198; Bianchetti et al., 1992; Sonney and Vuataz, 2008ny
studies have been performed to better understand water circulation in mountainous terrains
(Toth, 1963; Forster and Smith, 1988; Gleeson and Manning, 2008; Welch and Allen, 2012,
2014), and b model coupled heat and fluid transport processes driving deep fluids from the
reservoir to the springs or welldvercer and Faust, 1979; Lopez and Smith, 1995, 1996;
Gallino, 2007;Thiébaud, 2008; Sonney and Vuataz, 2009; Sonney, 2010; Dzikowski et al.,

2016).
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The complex geometry and hydraulic behaviour of individual or multiple faults and thrust
systemsstrongly affect the patterns and rate of fluid and thermal floeémans, 1983;
Sibson, 1987; Henley and Adams, 1992; Barton et al., 1995, Hickmari 898} Benoit, 1999
Firstly, in an indirect way, faults can connect units with strongly different hydraulic
conductivity, thus forcing water to upwell along the contact zone and to flow through the
more permeable unit. Secondly, in a direct way, theaing of rocks along the fault plane
can lead to damage zones of high or low hydraulic conductivity, channelling or preventing hot
water flows, depending on the geological setting, the host rocks, the state of stress and the
temporal evolution of the fatlzone Emith et al., 1990; Scholz and Anders, 1994; Lopez and
Smith, 1998 Quantitative assessment of thermal flow systems requires an accurate
conceptual model of the fault zone structure coupled to data regarding the thdmyavaulic
properties of the aquifers (e.g. hydraulic conductivity, porosity, storativity, thermal
conductivity of solid and fluidgvans et al., 1997; Barton et al., 1995; Caine et al., 1996; Parry,
1998; Sibson, 2001; Baietto et al., 2D08owever, in the majority of hydrothermaystems,
these parameters are difficult to assess because of their spatial and temporal variability and
the scarcity of direct measurementSrqith, 1980; Sibson, 1904

Results of chemical and isotopic analyses are often used to highlight the charazteoisti
deep flow system, such as the study of mixing processes, watkr interaction, mean
elevation of the recharge zone, reservoir temperature and groundwater residencetiieme, (
1985; Drever, 1997; Langmuir, 1997; Mazor, 2003; Appelo and Postma, Idiabblson,
2012. The chemical composition and the concentration of dissolved species allows
deciphering the geological origin of the host rocks. While hydrochemical parameters act as
natural tracers to gain insight into the origin of water and the padlw/ along which it has
migrated. Geothermometers constitute one of the most important geochemical tool for the
exploration and development of geothermal resourcasnGrsson, 2000; Sonney and Vuataz,
2010. Many different chemical and isotopic reactionsyides geochemical thermometers to
estimate reservoir temperature=ournier, 1981

The thermal behaviour of alpine groundwater systems has evolved over time in relation to
main paleoclimatic events. Quaternary glaciations have influenced thermal systems i

temperate regions up to the present dayléréchal et al., 1999; Kohl et al., 2001; Gallino et
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al., 2009; Thiébaud et al., 2010; Dzikowski et al., 20Afpine glaciers extended down to
elevations lower than 1,000 m a.s.l., whereas the present lowet &ngrages 4,000 m a.s.l.
(Bini et al., 2009, Scotti et al., 2014 is widely accepted that glaciations significantly reduced

or completely blocked aquifer inflows and outflows due to continuous permafrost conditions
and the deposition of compacted amehpermeable subglacial tills on both valley bottom and
flanks Chapron, 1999; Thieébaud et al., 2010

This study refers to the thermal outflow of the Bormio area (Fig. 5.1), located in the Upper
Valtellina Valley (Central Alps, Italy), where a hot sprirgjesn emerges along the regional
Zebru thrust with temperatures in the range 380 °C. The observed topographic difference
between recharge and emergence area (Bormio springs are located at 1300 m a.s.l. and
adjoining summits reach 3905 m a.s.l. at Mo@rtles), suggests that discharge of hot fluids

is primarily due to topographicalgriven advective flow. However, the structures controlling
infiltration and deep circulation of meteoric and snowmelt water into the thermal system, as
well as the nature btheir circulation patterns, remain largely unknown.

Aiming to gain new insights into the flow patterns of water and the interactions between
groundwater and surface water, a hydrochemical characterization of the discharged waters
have been performed. War samples were collected during four campaigns in different
seasons (June 2012, October 2012, May 2013 and September 2013) and analyzed for major
ions and stable isotopes. Geothermometers analysis has been performed to estimate
reservoir temperature. Theeasonal variations in water temperature, electric conductivity
and discharge rates were also examined.

The aim of this study is to build the first numerical model of heat and fluid transport in the
Bormio area, to assess quantitatively the source arehadfwaters and to investigate the
behaviour of the system following the end of Last Glacial Maximum (LGM). Moreover, the
study also tests the hypothesis that other thermal processes, such as heat convection, might
occur within the faults of this hydrotheral systems, as observed in other basigans and
Raffensperger, 1992; Bodri and Rybach, 1998; Baietto et al.).2008

The chapter is structured as follows. First, the geological and hydrogeological settings of the
model domain are presented, with partiar emphasis on the thermal outflow area. In the

following the description of the performed hydrochemical characterization of the discharged
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waters is reported. Then, the numerical framework used to simulate coupled thermo
hydraulic processes is illusteat. Finally, the analyses and relative results are presented and

discussed.

5.2GEOLOGICAL AND HYDROGEOLOGICAL SETTINGS

5.2.1 Geological setting
The Bormio area (Fig. 5.1a) is located within the Penninic and AAlgnoe sectors of the
Alps, and consists of@mplex sequence of sedimentary, volcanic and mainly metamorphic
rocks of Paleozoic and Mesozoic ayedtaz, 1983; Froitzheim et al., 2Q08lpine orogeny
severely deformed these rocksgsulting inlarge and complicated overthrusts. A thorough
descripton of the tectonic and metamorphic settings of this area is reporte@onti (1994)
andFroitzheim et al. (1996, 1997he geological units of the area belong to five main nappes
(Quattervals, Ortles, CampoCharl and UmbraiChavalatsch), and thenajor regional
structures are the TrupchuBraulio thrust and the Zebru thrust (Fig. 5.1a and Fig. 5.1c). This
last separates the Campo Nappe to the south (low/medium metamorphic unit, phyllites and
micaschists) from the overlying Ortles sedimentary caoehe north (Triassic carbonate unit,
Dolomia Principale)Jonti, 1994; Pena Reyes et al., 2015
The Zebru thrust is characterized by thick mylonitic/cataclastic layers at the contact between
younger sedimentary permeable rocks (above) and olderpgesmeable metamorphic rocks
(Berra, 1994.
The geomorphological setting of the area is strongly influenced by Quaternary glaciations. The
beginning of widespread deglaciation after LGM in the European Mp©¢hs et al., 2006,
2008; Hormes et al., 20p8vas commonly fixed between 19,000 and 16,000 years BP.
However,1%Be (beryllium) exposure age calculations, performed on two moraine boulders

belonging to LGM (Viola Valley, 15 km WSW of Bormio village) revealed an age of 11,000
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12,000 yearsHormes et al.2008). Therefore, this timing is assumed as the beginning of the

LGM deglaciation in the area and it is used for the analysis of the model results.
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Figure 51 : (a) Geological settings of Upper Valtellina Valley, withmrtattonic structures (red line), lithological units
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5.2.2 Hydrogeologicaketting
The area includes three main watersheds (Spol, Adda and Adige rivers) and three big artificial
lakes for hydropower energy generation (Cancano, San Giacomo di Fraele and Livigno lakes).
The primary aquifers in this region are represented by the sedimentaiis (Triassic
carbonate unit, Dolomia Principale) and the underlying fractured zones primarily associated
with major regional thrusts and faults (Zebru and TrupciBuwaulio thrusts, Glorenza fault).
Annual precipitation ranges between 790 and 1490 nsmreeasured since 1881 at Bormio
meteorological station{( SNI@AT A2 LRNBINI FA02 S al NB2aANI FAC
ARPA Lombardia, Database Qf.Regione Lombardia D.G.S.P.U., Scotti et al., )2@46
groundwater recharge of 400 mm/year (i.e. 40%reean annual precipitation) is obtained by
analysing the baseflow from the available discharge reco®lsiss Federal Office of
Environment, FOEN 201adf the Rom stream (Val Mustair, Fig. 5.1a) which drains about 35%
of the study area. This value is catent with infiltration rates, ranging between 200 and 800
mm/year, computed for alpine environments with similar mean annual precipitation
(Maréchal, 1998; Gallino, 2007; Baietto et al., 2008; Thiébaud,)200&st of this recharge
exits as seepage torsams and cold/hot springs.
Most of the aquifers in the area present hydraulic conductivities controlled by epikarst
development and by fracture systems generated from unloading and weathering processes
during the Alpine orogenyPgna Reyes et al., 2015-ield observations and Lugeon
permeability tests carried out along the foundation of the Cane&m@iacomo di Fraele dam
(Fig. 5.1a), indicate a superficial epikarstic and strongly fractured rock mass with hydraulic

conductivities ranging between x50°and5x107 m/s (Clerici and Sfratato, 2008

5.2.3 Thermal springs
The ten geothermal springs of Bormio (Fig. 5.1b), described in the first century A.D. by the
VIEGdzNT £ Aad at f Nafualis HiktGriaef cRi@itlE expoifed guodhermal
establishments: the oldemamedBagni Vecchi (1450 m a.g.built since Roman colonization
of the Valtellina valleyand a more recenvne, theBagni Nuovi334m a.s.l) exploited since
1820 A.DHot waters are directly collected, mainlpim Cassiodora spring, in the Bagni Vecchi
area; the discharge is pip&ach nighto the Bagni Nuovi spa, while water of Cinglaccia spring

is piped to the public swimming pool in Bormio. At present, water flowing from other springs
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(Nibelunghi, OstrogotiRliniana, Arciduchessa, San Carlo, Palestra and Zampillo dei Bambini)
is unexploited due to low or discontinuous discharge (see Table 5.1). All ten thermal outflows
are concentrated into a narrow zone with a vertical extent of ab200 meters and a
horizantal extension of 500 meter§&uch spatial distribution is controlled by WNY$E and
NNWSSE trending fractures directly related to the Zebru thr@sinti, 1994, Froitzheim et al.,
1996). Outflow temperatures range between 18 °C and 43 °C, while meangsgischarge

rates vary over several orders of magnitude, from 1 I/min (San Carlo spring) to 1200 I/min

(Cinglaccia spring), for a total average discharge of about 2400 I/min (see Table 5.1).

Table 5.1Bormio thermal spring water characteristics. Teéerence number is as in Fig. 5.1b.

# Elevation Temperature | Discharge rate|
Spring Name

[mas.l] [°C] [I/min]
1 | Arciduchessa 1406 36-39 400
2 | Zampillo dei Bambini 1395 35-38 150
3 | Cassiodora 1414 3943 250
4 | Cinglaccia 1280 37 1200
5 | Nibelunghi 1330 3537 40
6 | Ostrogoti 1340 34-35 30
7 | Palestra 1420 1819 4
8 | Pliniana 1340 36-38 100
9 | San Carlo 1370 1819 4
10| San Martino 1421 3940 250

5.3GEOCHEMICAL ANALYSES

5.3.1 Methods
Annual data of water quality for the thermal springs were mad®ilable by the Bagni di
Bormio Spa Resort and from the Regional Health Agency (ASL) for the period 1999 to 2011.
Data organized in a database have been interpreted through GIS and Aquacbaim®ach,

1997 modelling tools. Additional season samplings were performed on June 2012, October
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2012, May 2013, and September 2013. Moreover, available continuous daily measurements
were used to compare the seasonal variations in water temperature, electric condyetid
discharge. Determination of main cations (Ca, Mg, K, Na, Fe, AswagXarried out through

a ICPMS Plasma, while anions (Cl,4sS8Q) were analysed by a ion chromatographer.
Therefore, cations were analysed twice and discrepancies lower tandie observedena
Reyes et al., 20)5The alkalinity (expressed as mg/L of CA@@s calculated by titration,
according toHarris (2010)the ionic balance for the samples was less than 5%. In addition
isotopic analyses?f, tritium and*®0) for sixthermal and one cold water samples were
performed by laser spectroscopy in order to estimate the age and the recharge altitude, both

useful to define the general circulation in the hydrothermal circuit.

5.3.2 Cations and Anions analyses

The dominant water typesiCaMg-SQ, with some variations towards the @4g-HCQ type,
probably due to mixing with superficial waters. This reflects the dolomitic and carbonatic
composition of the host rocks, almost entirely forming the Ortles and UmBitzdlvalatsch
Nappes. Fro{f OK2Sf f SND&a RAFINIY 2F (GKS /I aairz2R2NI}
during the years 199§ 2011, in the water facies from @4g-SQ to CaSQ-HCQ, support a
geochemical stability within the thermal source (Fig. 5.2a). High concentrationsafo8(d
originate from water circulation in metamorphic rocks belonging to Campo Nappe, such as
phyllites and micaschists. Moreover, contact between thermal waters and rocks belonging to
the Campo Nappe is suggested by the detection of dissolved Fe, Sis §#ehA Reyes et al.,
2015. Elevated concentration in Fe, from pyrite and chalcopyrite mineralizations, can cause
reddish concretions (deposits) at spring outcrops as observed at the San Carlo and Palestra
springs. Here, mixing warm waters with shallowldcand oxygesrich waters probably causes
an oversaturation in Fe oxides, with resulting deposition.
az2zald 2F GKS GKSNXIf &aLINAy3da FFNB f20FGSR @SN
diagram (e.g. Cassiodora spring in Fig. 5.2b). This suggestsimadb sulphate water type
typical of deep thermal waters, higlemperature processes and few connections with
superficial waters.
{ftAIKG OKIy3aSa Ay GKS 61 GSNI OKSYA&AGUNER | NB 2¢
data from Cassiodora spring dlog years 1999 2011 are plotted. Water type plots at top the
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diamonds, suggesting a high Calcium, Magnesium and Sulphates composition. This diagram
also reveals extremely small concentrations of chlorine (usually <0.3 e Reyes et al.,
2019. In conclusion, major ions geochemical analyses show tthatcomposition of the
waters is quite homogeneous, with the exception of the Palestra and San Carlo spiings
areenriched in iron and colder (mean temperature of about 1§ T@ble 5.1) duea stronger

dilution by surface water. Moreover, theglso confirm that the highly mineralized Bormio
thermal discharges originate from deep circulation of meteoric and snowmelt weteyagh

both sedimentary and metamorphic rocks.

5.3.3 Seasonal variations
The seasonal behaviour of thermal springs was analysed using geochemical data,
temperature, discharge and electrical conductivity, of the constantly monitored Cassiodora
spring (elevation: 1380 m a.s.hverage discharge: 250 I/min). Concentrations in ncations
and anions of Cassiodora spring remained stable, with only minor oscillations during the last
10 years, supporting the idea of meditterm stable conditions inside thermal reservoir
(Vuataz, 1983
Analysis of data from mulparametric probes, lcated at the Cassiodora spring in 2011 and
2012 (Fig. 5.2d), shows some seasonal oscillations, particularly in spring when snowmelt
abruptly feeds superficial watersheds at higher elevations. Shallow cold water mixes with
thermal deep enedmember during theupflow resulting in temperatures-8°C lower than
winter mean, when shallow systems are supposed to be frozen. In response twaiad
inflow, discharge reaches the annual maximum.
The influence of intense precipitation on thermal spring regime ocaitls an average time

lag of 34 days from the meteoric events.

5.3.4 Geothermometers
Geothermometers are used to estimate subsurface or aquifer temperatures from
geochemical properties of water. A basic assumption in using these instruments is that

temperaturedependent chemical or isotopic equilibria prevail in the source reservoir. The
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Figure 52: Geochemical analyse@) Schoeller diagram for Cassiodora spring from 1999 to 2B} Giggenbach triangle f

the Cassiodora spring from 1999 to 20it) Piper diagram for Cassiodora spring from 1999 to 2} discharge
temperature, electric conductivity (EC) and rain for the Cassiodora spring in @)1@sults of geothermometersralyse:

with calculated reservoir temperature.

most important water geothermometers are based on silica (quartz and chalcedony), Na/K
and (NaK)/Ca ratios. For the analysis of Bormio thermal waters, we used a winter sample, in
which dilution due to mixingvith shallow groundwater is supposed to be negligible.

LaAy 3 (KS QévteMdom&aEvarnier, AdTyfor adiabatic and conductive flow,
temperatures around 6-75°C were obtained for the thermal reservoir (Fig. 5.2e), which are
consistent with the observed conditions at the thermal springs, particularly Cassiodora,
Pliniana and Cinglaccia. Due to thehhi¢a concentrations, a correction has been necessary to
account for dissolution of dolomitic rocks. According ©2 dzNJ A SNIBH O M@PT T
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geothermometer for Ne&K-CaMg, temperatures of 569°C were obtained for the Pliniana,
Cassiodora and Cinglaccia springs

¢KS DAIIASYyol OKQa 3IS2GKSNXY2YSGSNI 0NBO2YYSYRSH
useful when Na and Ca are not in equilibrium between rock and fRighenbach, 1988The

obtained results indicate temperatures between 53 °C and 69°C.

5.3.5 Isotopic data
3202LIAO LFylfteasSa 6SNB OFNNASR 2dzi F2NJ aAE
scattered across the research area, on samples collected on January 2012 and July 2012, when
alsotritum@l 0 gl a ylfe@aSRod ¢HKS | NERfoktle Analysadrsprings 6 S (1 & S
Ad LIX20GSR Ay CATd pdol & ¢ KIS HfYoehld)IpEAS G S2 NR
20080 T F YR GKS Db2NIK LOGFEfALFYd ftROr 0 ¥®H0342 NRA O 6
(Longinelli and Selmo, 20P&re also shown. It can be sdrved that the sampled springs fall
slightly above or mainly below the GMWL. Springs in the upper right corner of Fig. 5.3a
indicate waters enriched with heavier isotopes, probably recharged from precipitation
occurring at lower elevations, while sprinfgeated on opposite corner of Fig. 5.3a show
lighter isotopic contents, indicating a probable recharge from higher elevatPeisal Reyes
et al., 2015. Comparing January 2012 and June 2012 samples for Pliniana thermal spring, it is
possible to observe ah Yy ONB 1214 S y2RF I+ & f A 3& in wiRk& OitdBegpacbto 2 T 1
summer. This could indicate the presence of mixing between superficial water within the
GKSNXYFf ALINAYy3IEA RdAZNAY3I adzYYSNIP . | a8Rougdy GKS
in Pana Reyes et al. (2015)e observe that the recharge elevations of thermal springs are
higher than 2000 m a.s.l. indicating recharge from areas located in Switzerland or in the Trafoi
valley (South Tyrol, Italy). The only exception is Palestra springevehstrong mixing with
cold water is observed, thus altering the isotopic composition, as we can see from Fig. 5.3b.
Tritium was used to reveal the age of spring water through comparison with a reference
tritium atmospheric time curvelAEA, 200 The Phiana and Cassiodora thermal springs
show the smallest values of tritium Units, 3.9 and 2.3, respectively. These correspond to the
longer circulation time between 5 and 10 yeaPe(a Reyes et al., 2015uch long residence

time is inconsistent with a dee karstic system, whereas supports the hypothesis of a
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superficial epikarstic and strongly fractured rock mass, accordingly to the field observations

and Lugeon permeability tests previously mentioned.

-14.0 136 132 128 124 -12.0
(a &
, v,
Ve ®Palesfra
, 7
, Ve
® 4 7
-90.0 < 4 --90.0
7 7
LWL, ” e
i 7
- 7 - GMWL
X 9504 ! ‘ 4 +-95.0
~ : @Cinglaccia, ~ 7 .
T >3
2/0 7 ’ b
ts Ve
L7 7 P % ,San Carlo
1000 4 P 7 ®Pliniana L 100.0
’ . n Jul 2012
% s .Cassmd.ora o Jan 2012
& Bocche d'Adda - — LWL
i ®Pliniana — — GMWL
105.0 L ; i : . . 105.0
140 136 132 128 124 -12.0
8"0 (%o)
( ) Calculat
ie] &2H AcH Spring ed
Spring Date  (%¢) (V- (%o} (V- TU) elevation  recharge
SMOW)  SMOW) - (masl) elevation
(masl)
- Jul
Pliniana 2012 -13.49 -103.2 2.3 1340 2122
: Jul
Cassiodora 2012 -13.61 -101.5 39 1414 2185
Bocche Jul
D'Adda 2012 -13.36 -102.0 6.5 1510 2052
- Jan
Pliniana 2012 -13.42 -99.50 1340 2027
SanCaro " 13.34 98.92 1370 1997
2012 o e
Palestra Jan 4505 8733 1420 1582
2012 i i
Cinglaccia 2" 13.97 95.36 1280 2236
9 2012 % el

Figure 5.3: Isotopic analysedqa) dual isotope plot for spring wat
samples taken in January 2012 (red dots) and July 2012 (black
LWL (local meteoric water line for North Italy), GMWL (global met
water line); (b) results of isotopic analyses and eddted recharg
elevation for seven thermal springs sampled on January and July

5.4CONCEPTUAL MODEL

The model spatial extent is of extreme relevance in the reconstruction of deep circulation
systems. An overly restricted scenario hampers a complete representation of groundwater
flow and heat exchange processes, whereas a very large one results in excessi
computational loading and more complex and uncertain geological reconstruction. Due to the
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large extent of the supposed contributing area and its intrinsic geological complexity, a review
of the existing literature on the study area was performdeoZzi 1990; Berra, 1994;
Froitzheim et al., 1997, Geologische Karte der Sch2@d5; Foglio CARG 1:50,000 N. 024,
2009. Based on regional structural studi€sofiti, 1994; Froitzheim et al., 199éhe model

was extended north of Bormio to include entirelget SCharl Nappe, where a transition
between Triassic sedimentary cover and metamorphic basement occurs (Fig. 5.1a and Fig.
5.1c). This results in a very large regional groundwater flow and heat transport model covering
about 700 krd and embracing the Ligno lake, Piz Sesvenna, Val Mustair, M.te Ortles, Forni
glacier and St. Caterina Valfurva (Fig. 5.1a). Elevations range from the M.te Ortles summit
(3905 m a.s.l.) to thenunicipality of Glorenza (850 m a.s.®ys a common practice, limits of

the model mach with valley bottom, principal rivers and mountain watersheds, thus allowing
an easier attribution of hydraulic boundary conditions.

The geological model was based on several deep geological cross sectioBsifyster (1971)

Pozzi (19653nd Conti (B94) By reconstructing a fence diagram connecting the neighbouring
sections, interpolated surfaces were created. Major attention was devoted to representing
the Zebru thrust and the Glorenza fault at the contact between sedimentary cover and
metamorphic lasement. The base of the model is located;4/500 m a.s.l., and the upper

limit is defined by topography derived from a 40 x 40 meter DEM, resulting in a maximum
thickness of abou8.5 kilometres (see Fig. 5.4). The lower limit of ¥a& 6 NHzQ { KeNXHza i
zone is located approximately at +500 m a.s.l. forming the top surface of the metamorphic
basement. As a result, the structural model includes a 5 km thick -gaasirvious unit (i.e.
metamorphicbasement) below the central portion of the model (cross section in Figure 5.4).
This unit acts as a buffer for applying thermal boundary conditions at the bottom of the model.
The highly fractured roeknass of the deformation band, associated with thd&Zethrust -
Glorenza fault system, is assumed to constitute a preferred path for deep groundwater
circulation as well as a conduit for rapid ascent in Bormio thermal area. This has been
described in other geothermal systems of the Alps (¢uataz, 198; Rybach, 1995; Perello

et al., 2001; Pastorelli et al., 1999; Baietto et al., 2008e dolostone/carbonate rock mass is

refined by subdividing it into two different discrete zones (Fig. 5.4): (i) a superficial unit, often
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Figure 54: (a) Threedimensional geological conceptual model showing the internal subdivision according to the fou
hydrogeological units and the present day permafrost areas (orange). Recharge in the uplands is limited below the p
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The white line {100 m a.s.l.) marks the base of the pure hydrodynamic model. For the conductive and the couple
thermal models the computational domain is extend#alvn to-4,500 m a.s.l.

referred as the decompressed zongafknier, 1975; Raven, 1977; Cruchet, }98®hich
represents the more permeable layers due to weathering processes, intense fracturing and
epikarstic characteristics, and (ii)) a deeper unit withvéo permeability simulating the
underlying non karstic, unweathered and less fractured sedimentary r@fker¢linger, 2001,

Welch and Allen, 20}4
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In summary, the conceptual model consists of four hydrogeological units: (1) a superficial
decompressed zam with a medium thickness around 400 meters and representing the
epikarstic aquifer where the infiltration from meteoric waters occurs; (2) a lower- less
fractured nonkarstic isotropic rock mass; (3) a higarmeability 100m thick damage zone
associatedg A i K G KS NI 3 A 2¢/ Gldrenzé: SoltNsys@em éanid N&zEhd low

permeability metamorphic basement (Fig. 5.4).

5.5NUMERICAL MODELLING

5.5.1 Numerical formulation of the conceptual model
A threedimensional thermehydraulic model was built teimulate the deep and complex
regional groundwater flow systeniThe commercial éflow® groundwater finiteelement
simulator Diersch, 2014 was used to solve the differential equations governing density
driven flows. The mathematical and numerical formulation of the problem can be found in
Diersch (2014)

Feflown®solves the following set of governing equations in saturated porous media:

Flud mass conservation: "Y— AEI n % I
51 NDeQa I gVl € COAA — % IR
Energy balance equation:

TT_O‘*’ o - HTY AEGHY AEIQOAR T % Ko

In the equation of fluid mass conservatidaqg( J, Sis the specific storage, is the hydraulic

head andj is the Darcy velocity defining the specific discharge of the fluid.

Ly GKS 5EqQNJBE& Beéhydraulié conductivity tensanthe gravitational unit vector
and ——"1 is the buoyancy force induced by density variation {s the rderence value of
the fluid density’ ).

In the energy balance equation for the fluid and the porous mediEm 8, ® and & denote
the heat capacity of the fluid and the solid, respectivélys the temperature anc is the

thermal conductivity of the saturated porous medium.
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The flow and transport equation€(. 2and 3) are nonlinear and strongly coupled since
temperature controls the hydraulic conductivity tensir the fluid density and dynamic
viscosity, as expssed by the following constitutive and phenomenological relation:
0
© ORY
In Eq. 4 K is the hydraulic conductivity tensok is the permeability tensorg is the

% &

gravitational acceleration and 6RY takes into account the fluid viscosity effects due to
temperature and concentration variations.

Feflow®fully implements an extended Equation of State (EOS) in order to reproduce a variable
fluid density and viscosity for a wide range of temperaturel0K o p @and préssurefsar

HpoK  MvPa).

The EOS (Equation Of State) for the fluid density i$emrds:

o e TP Y YO TP R %R
The fluid density in the single liquid phasexpressed in terms of reference values for density,
temperature and pressure” FYAT i\ 8f ["¥n is the coefficient of thermal expansion

and [ YA is the coefficient of compressibility. The polynomial expressions used to fit the
coefficients in a wide range of temperature Y > o p and préssurefsaXXp XX MUPA)

are given in Magri et al. (2009) and ensure an accurate estimate of fluid density and viscosity
as a function of pressure and temperature.

The fluid viscosity is calculated with the following function as showdASYGmbH (2002)

‘ : pp n&ﬂ;i:[p??r 1::: uljjcct? m Yp?T:)THj Yp 212“ o8

This allows for modelling heat transfer in hydrothermal reservoirs where high temperatures

and pressures occur.

5.5.2 Modelling approach
Based on the conceptual configtian presented above, two numerical models were built to
investigate the different processes involved in the area. In the pure hydrodynamic flow model
(no heat transport), the bottom is set at an elevation-d®0 m a.s.l. within the metamorphic

basement(maximum thickness of ca. 4 km; Fig. 5A)e coupledhermo-hydraulicmodel,
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Figure 55: (@) Threedimensional hydrodynamic flow model (48 slices with 84,044 triangles for each slice and ¢
prismatic elements), with applied hydraulic boundary conditions. Alow boundary condition is set to the bottom
the model (100 m a.s.l.)(b) Enargement of thermal outflow area as detailed in Fig. 5.1b, with location of th
springs (blue dots). The 48 slices are visible along the lateral model boundary.

which includes the whole thickness of the lpermeability metamorphic units-4,500 m

a.sl.), leads to anaximum thickness of ca. 8.5 km (Figure 5.4).

The model surface was discretized into a triangular fislEments mesh using the software

Midas GTS N{2014) The mesh quality is very high with only 2.4 % of triangles with obtuse
angles MHncO FyYyR nodm 22 2F (GNARIFy 3t Sa radding fvdsii A y 3
applied to ensure good quality simulations: elements sieereases gradually from 300
meters to 30 metersvhere the largest hydraulic head gradient and water flux dynaoucsir,

such as near the thermal springs outflow area, lakes and main rivers. This discretization
produced a surface mesh made of 42,682 nodes and 84,044 elements (Fig. 5.5 and Fig. 5.6).

Finer mesh did not affect the calculated patterns.
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The 2D surface mbaswas imported into &flow®using a Matla®script Guide, 1998 The
volume between the topographic surface and the bottom of the model is discretized with 48,
for the hydrodynamic model, and 90, for the coupled thermaraulic model, variably thick
sliees,ranging from 100 meters at the bottom to a minimum of 4 meters near the topographic
surface. In total, the 3D meshes consist of more than 4 million prismatic elements for the
hydrodynamic flow model and of more than 7.5 million prismatic elementsHerdoupled
thermo-hydraulic model (Fig. 5.5 and Fig. 5.6).

The 3D mesh and reconstructed geological surfaces were imported in Fraddéware
(Dershowitz et al., 19980 assign material properties to each 3D element. Using a specific
plugin (DHIWASY @bH, ImportMatPorp.dll) the assigned material properties were
imported back to Eflow®and linked with the previously created threimensional elevation
model. In this way, a high quality refined mesh has been attained without structural internal
subdivisonsand including zones that exhibit different hydraulic and thermal behaviour.
Calculations of both purely hydrodynamic and couptgdundwater flow¢ heattransfer
processesvere performed in Eflow® All the tested models were calibrated against available

measured discharge rates and outflow spring temperatures.

5.5.3 Boundary conditions
Groundwater flow boundary conditions were defined based on the geological and
hydrogeological conceptual model. A congtdread (i.e. Dirichlet type) corresponding to
elevation of Bormio thermal springs was imposed at ten superficial nodes (Fig. 5.5). Along the
main rivers, lakes and lateral boundaries, a fluiahsfer boundary condition (i.e. Cauchy type)
was applied (Fich.5) in order to account for surfasgater/groundwater interaction Such a
transfer boundary condition applies a pdefined reference head, as the value for the
boundary condition, combined with a conductance parameter (transfer rate or leakage
coefficiant), set separately as a material property. In the models, the reference head is
assumed equal to elevation and imposed where the water table intersects topography. This is
the case for Livigno, Cancano and San Giacomo di Fraele lakes, the main rivek (ateda,
Adige, Braulio, Viola and Frodolfo rivers) and the bottom of Val Mustair (Rom stream) and Val
Venosta (see Figs. 5.1a and 5.5). All the remaining lateral boundaries of the model, coincident

with valley bottom and mountain watershed, were consiggias no flow boundaries.
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In the purely hydrodynamic model, to simulate effective recharge due to snowmelt and rain,
an inflow value equal td0% of mean annual precipitation (i400 mm/year) was assigned to
surface elements belonging to permeable seeitary units. Br areas located above 2,650

m a.s.l. (see Fig. 5.4), where in a typical alpine environment permafrost strongly limits
infiltration (Guglielmin et al., 2001; Boeckili et al., 2Dkhe effective recharge was set equal

to 0.

Regarding the transient coupled therainydraulic models, a sadystate heatconductive
solution of the problem is used as initial conditiofduidflow boundary conditions are those

of the previously described groundwater flow problem. A keahsfer boundary condition

(i.e. Cauchy typegontrolled by a heatrainsmission coefficient, was imposed at all superficial
nodes with the exception of those representing thermal springs. This allows discharge
temperatures to be different from land surface prescribed temperature. Likehfdraulic
equivalent, a heatrandfer boundary condition applies a paefined reference temperature,

equal to the annual means for different altitude intervals (values ranging from 8 °C to 0 °C)

Temperature|['C|

150
8

Figure 56: Threedimensional coupled hydrthermal model (90 slices with 84,044 triangles for each slice and 7.5 1
prismatic elements), with applied thermal boundary conditions. Reference temperature on ground surface for ¢
elevation intervals (Cauchy type) and fixed temperature of 150 °C (Dirichlet type) at the model betfsd0 (m a.s.l.). TI
90 slices are visible along the lateratmeat-flow model boundary.
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(Fig. 5.6). Moreover, the lateral boundaries are no flow for both heat and groundwater flow,
in particular because no heat is advected across such boundaries, it is assumed that heat
conduction is vertical, i.e., no heat crosses.

The coupled thermédnydraulic simulations, taking into consideration the whole thickness of
the conceptual model (ca. 8/&n), allow to apply a fixed temperature (i.e. Dirichlet type) as
boundary condition at the model base4(500 meters a.s.l. Assuminga mean geothermal
gradient of 35°C/km,evaluated for the Central Alp€lark et al., 19584ledici and Rybach,
1995 aconstant temperature of 150 °C was set (Fig. 96js allows the computation of the
heat flow through the metamorphic bedrock underlying the major aquiéerd facilitates the
modelling of basirscale processes that influence the temperature field avéme interval of

less than a million of yea(kin et al., 200D

In the following transient simulations the fluitux recharge boundary condition (Neumann
type) is set as timelependent. This allows modelling the gradual reactivation of the
subsurfaceflow, in response to the slow melting of the Last Glacial Maximum (LGM) ice
masses, and the presence of permafrost blocking infiltration through the valley side after
glacier retreat i(ebrouc et al., 20)3Transient infiltration increases from 0% to ttedibrated

final value, equal to the 40% of annual precipitation (i.e. 400 mm/year), as discussed further
Ay { SThdaimioeg § R NI dzf ATOe otier Ry@iaulic and thermal boundary conditions

were considered constant over time.

5.6 HYDRODYNAMIC MODELS

5.6.1 Model definition

Groundwater flow simulations represent a preliminary step in the development of the
regional thermehydraulic numerical model. All the models were run assuming phreatic
unconfined aquifer conditions under steadtate regime. Models wereatibrated comparing
numerical outputs with monitored average flow rates for the thermal springs (i.e. 2400 I/min)
and with the mean discharge rate of Rom stream in Val Mustair (i.e. 177 ,80@ynSwiss
Federal Office of Environment, FOEN, 2017

Hydraulic conductivity is the main parameter controlling groundwater flux: a calibration

process based on literature data both at global and local s@&dar(ey, 2010; Clerici and
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Sfratato, 2008, was carried out to estimate equivalent regtass continuunparameters. A
clear distinction exists between carbonatic and metamorphic lithologies, these last
characterized by a lower estimated hydraulic conductivity. Therefore, a one order of
magnitude difference in hydraulic conductivity values was imposed betwezse units (Fig.

5.7). To the highly fractured deformation band, associated with the Zebru tiqrGdorenza

fault system, has been assigned half an order of magnitude larger hydraulic conductivity with
respect to basement units (Table 5.2). Anisotrdpidraulic conductivity is introduced in the
vertical direction Kz>Ky,y, followingOfterdinger, 200L

The transfer rate parameter, defined as the ratio between the hydraulic conductivity and the
thickness of a layer forming the river bed (clogging layleas been also calibrated. Starting
values were defined assuming the same hydraulic conductivity as for the underlying geological

unit and a layer thickness of 5 meters.

5.6.2 Calibration results
Some parameters (e.g. hydraulic conductivity) strongly influence the model results, while
others (e.g. transfer rate) have minor effect on computed outflow rates. Multiple values of
both hydraulic conductivity and transfer rate have been tested considéatig isotropic and
anisotropic conditions.
The transfer rate has a minor control on water table elevation and discharge rates, but
controls the interaction between rivers and aquifers. Three orders of magnitude variation in
hydraulic conductivities of # clogging layer have been tested. The final calibrated values
resulted in a correct hydrologic behaviour, i.e. main rivers and lakes feed the aquifer when
they are located above groundwater level and drain it when they are located below the
groundwater level (see Fig. 5.7). This calibrated transfer rate avoids the formation of
unrealistic "bubble" saturation fronts, observed where rivers are higher than the main water

table.
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To calibrate the hydraulic conductivity values, a groundwater level map was extracted and
edited in a geographic information system (GIS) environment for each simulation, and
simulated outflow rates for both thermal springs and Rom stream were compared with the
measured values. A range of two orders in magnitude of hydraulic conductivity wed fes

each unit. Simulated values ranged from’16 10° m/s for the decompressed zone and from
108 to 10° for the deep portions of the dolostone/carbonate reservoir. Hydraulic
conductivities from 16 to 10*m/s and from 16 to 107 m/s were usedor the Zebru thrust
Glorenza fault damage zone and for underlying metamorphic units, respectively. Calibrated
hydraulic conductivity values (Fig. 5.7) were still consistent with literature d&ianey and
Vuataz, 2009; Sonney, 2010; Welch and Allebdp@alculated peak discharges of 2500 I/min
and 180,000 rfiday, similar to the monitored ones of 2400 I/min and 177,008day, were
attained at Bormio thermal spring nodes and at the catchment closure of the Rom stream.
The calibrated steady state hyattynamic model exhibits a realistic hydraulic head
distribution typical of the alpine environment where recharge / discharge areas occur in the
highland and lowlands, respectively (Fig. 586dri and Rybach, 1998, Welch and Allen, 2014
This trend is snilar to the one observed in neighbouring areas where excavated tunnels
provide additional information regarding deep water pressure distribution (e.g. Fig. 3.19 and
Fig. 3.20 irDfterdinger, 2001

Table 5.2:Calibrated values for the hydraulic parameters adopted in the construction of the hydrodynamic

numerical model.

D i f . N
eep portion o Metamorphic Zebru thrustg
Parameter Decompressed zonédolostone/carbonate
. basement Glorenza fault
reservoir
K=K 2 (m/s) 1.25x1¢ 1.25x1¢ 1x108 2.5x10°
K (m/s) 1.25x10° 1.25x10/ 1x10’ 2.5x10°
In/Out transfer 1.25x10° 1.25x10° 1x10° 2.5x10°
rate (1/s)
In/Out flow on 400 ) i 400
top (mm/yr)

a Ky and Ky represent the hydraulic conductivity in x and y direction (horizontal plane)

b K, represents the hydraulic conductivity adirection (vertical plane)

98




5.7HEATTRANSFER MODELS

5.7.1 Model definition
Following the example of other simulations of heat and fluid transport procedgas¢hal
et al., 1999Baietto et al., 2008; Gallino et al., 2009; Thiébaud et al., 2010; Dzikowski et al.,
2016, thermal modelling was performed in two steps: firstly, simulations were carried out as
a pure heatconduction problem under steadstate regime; then, the resultseve taken as
initial conditions for a coupled fluid flow and heat transport simulation in both steady and
transient regimes.
Hydraulic material properties were assigned from the previously calibrated hydrodynamic
model. Initial rock thermal conductivityf .33 W/m/K and effective porosity of 0.025 % were
assigned to all sedimentary subdomaarsd values of 2.5V/m/K and 0.01 % were assigned
to the metamorphic units of the model, consistently with literature da®olpertson, 1988;
Sonney and Vuataz, 2008¢nney, 2010 The heat transmission coefficient (i.e. transfer rate)
was calculated as the heat conductivity of the material divided by the representative element
height Magri et al., 201%. Feflon®default values were used for thermal conductivity oftera

(0.65 W/m/K), heat capacity of solid (2.52 M3¥K) and water (4.2 MJ/AiK) (Table 5.3).

Table 5.3:Calibrated values of thermal material parameters for the four lithologic units of the-tneasfer

model. Calibration is performed assuming hydrodyi@parameters as in Table 5.2.

Decompressed Deep portion of Metamorphic Zebru thrustg
Parameter dolostone/carbonate
zone : basement Glorenza fault
reservoir
Porosity (%) 0.025 0.025 0.01 0.1
Thermal conductivity 133 133 o5 133
of solid (W/m/K) ' ' ' '
In/Out transfer rate
(heat) (JIn/s/K) 0.0866 0.0866 0.1766 0.0866
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5.7.2  Purely conductive model
The initial glacial condition, in which the local geothermal gradient was almost undisturbed by
groundwater flow, has been modelled as a pure conduction problem ustkadystate
regime. Thermal boundary conditions and material properties were as presented above.
However, becauseeflow®does not allow neflow simulations, a very low and homogeneous
value of hydraulic conductivity (£0m/s) was assigned to all modelements.
As expected, the resulting conductive temperature distribution (Fig. 5.8) is characterized by
anomalies in the temperature isosurfaces mainly coinciding with the main valleys or the
different thermal properties assigned to model elements. Thislislarbed geothermal
temperature field has been used as initial internal condition for the following transient

simulations.

5.7.3 Thermohydraulic model
Transient simulations have been performed using the conductive heat flow model
temperature distribution as iitial conditions, and a starting time equivalent to LGM
conditions realized 11,0002,000 years ago. Similar thermal and timing configurations have
been used byother authors Maréchal, 1998; Gallino et al., 2009; Thiébaud et al., 2010;
Dzikowski et al.2016) to simulate the reactivation of infiltration and water circulation,
following theregional glacial retreat of LGM ice masses.
Steadystate simulations were performed to determine whether the present day temperature
of Bormio thermal waters is comphate with thermal equilibrium between cold infiltrating
water and host rocksAt steadystate the simulated temperatures (mean calculated value of
8 °C) at Bormio thermal springs are considerably lower than either the conductive or
monitored ones, thus sug@gting a thermal disequilibrium (monitored values ranging from 35
to 43 °C; Table 5.1).
Additionally, based on the work @feming (1993)the time length necessary for the coupled
heat/fluid flow system to attain steady state conditions has been calcdlai¥éith a model
thickness of about 8 km, the system would require -B0® million years to equilibrate,
depending on the chosen parameter setting (porosity and thermal conductivity) used to

calculate the thermal diffusivity.

100



Negative thermal anomaly

T TEE] M E— . STETN Cm—— km
Temperature |l 150 120 Bl %0 B
- Continuous - B8 140 110 | 80 =

888
288

() Temperature _ S ['C] 120
- Isosurfaces - 5 . TN
C)
37

\.,-u@ ;{7

Figure 58: (a)(d) Conductive temperature distribution along the sides of the mo¢®lview from north,(b) from south,(c)
from west and(d) from east.(e) Perspective view of the model with purely conductive temperature isolines and the
isosurface (i.e. mean present day thermal springs temperature). Negative thermal anomalies are present below |
ridges, thus preventing the 37 °C isosurface frmaching the ground surface around the thermal outflow area
enlargement).
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Therefore, these results fully support the hypothesis that long tgoale transient simulations

are required to model the thermal evolution of Bormio system between the (HAatial
Maximum (ca. 1112,000 years B.P.) and the present day.

Computed temperatures at 10 observation points corresponding to Bormio thermal springs
(Fig. 5.9) confirm the general lotgrm cooling evolution of the system.&8ting from purely
conductive thermal state (Fig. 5.10; 0 yrs), the temperature at Bormio springs increases to a
maximum value of about 57 °C, reached after ca. 6,000 years in the simulation, due to the
activation of topographicaligriven circulation sygm that drives deep water to the surface
along the Zebru thrust. After this peak, outflow temperature gradually decreases due to
increased infiltration of cold water from superficial recharge and snowmelt. The present day
average measured value of 37 °@eiached after ca. 13,000 years in the simulation (Fig. 5.10;
13,000 yrs). The model shovascomplete cooling of the aquifefter a period of ca. 50,000
years (Fig. 5.10; 50,000 yrs) with an average final simulated temperature of 10 °C. Additional

simulaions have been performed applying a constant superficial recharge value, all over the
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Figure 59: Time evolution of simulated water discharge temperatures for the coupled hganonal transient model at 1
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simulation time, and equal to the minimum (5%, i.e. 50 mm/year) and to the maximum (40%,
i.e. 400 mm/year) of the transient timstep values (Fig. 5.9).

As the resultingemporal evolution of discharge temperatures does not show a substantial
difference from simulation with transient recharge (see Fig. 5.9), it is possible to conclude that
Bormio springs temperature evolution is mainly controlled by the thermal and hjidrau
property distributions of the model rather than by cold water infiltration rates. However, the
adopted timedependent values (Fig. 5.9) represent the gradual reactivation of subsurface

flow, following the melting of LGM ice masses, more realistically.

5.8 DISCUSSION

The aim of this study was to simulate the hydrodynamic and thermal behaviour of the complex
Bormio alpine fractured system since the LGBtcause of the size (ca. 700 %nand
complexity of the studied area, numerous simplifications hlaen made in the geometry of

the model (e.g. a constant thickness for the damage zone associated with regional Zebru
thrust). Such simplifications, coupled with the loosely constrained hydraulic and thermal
parametersjnduce some uncertainties in the rdt Nevertheless, a calibration process was
performed and all the models were tested against available data such as measured river and
spring discharge rates and outlet spring temperatures.

As in many other geothermal systenf(ster and Smith, 1988, 198 6pez and Smith, 1995,
1996; Baietto et al., 2008; Dzikowski et al., 201®% tectonic structure, in this case the
relatively thin and permeable damage zone of the Zebru thquStorenza fault system (light
green in Fig. 5.4 and Fig. 5.7), rapidly smaits groundwater from great depth to the springs.
Groundwater flow towards the regional tectonic feature depends on the capability of both
the fault zone and the sedimentary rock to transmit fluids, and of the relative contrast in
permeability with the baement rocks. The simulated groundwater flows converge to the
Adda valley and Bagni Vecchi, the lowest points of the model, where the contact between
permeable sedimentary covers and underlying impermeable metamorphic units crops out
(Fig. 5.7).
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Figure5.10: Evolution with time of water temperature for the coupleaydro-thermal model. Resul
are presented at three time steps (0 yrs, 13,000 yrs and 50,000 yrs since LGM) along three cros
(see traces in Fig. 5.7). Positive (i.e. upwelling) and negdgrenal anomalies are shown. Negal
anomalies progressively enlarge and deepen with time, while upwelling zones become more
Isotherm values are in °C ahgldrogeological units are as in Figures 5.4 and 5.7.
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The high dip angle of Zebru thru8t§0°) forces groundwater to upflow and discharge at the
observed flow rates (ca. 2400 I/min). Fweighted pathlines, providing a visual indication of
groundwater flow and relative flux rates, clearly show the role of Zebru tly@brenza fault
systemin the regional flow and highlight the areas where cold waters preferentially recharge
the system. The forward tracking analysis (Fig. 5.11) shows that thermal hot water originates
from a verylarge area, includinghe Swiss portion of the model, where neetric and
snowmelt waters infiltrate in the Ortles and@Gharl nappe.

Regarding heat transfer models the system is initially assumed to be dominated by
conduction. This is based on the hypothesis that permafrost and glaciers present down to an
elevation ofca. 1,000 meters a.s.l. during the last glaciation prevented significant groundwater
recharge.The absence of fluid circulation in the steady state/conductive model generates a
condition globally warmer than the present day one. At the same time it pitsvaot
temperatures to be reached at Bormio thermal spring nodes (see FigTsaisient coupled
hydro-thermal simulations use as starting date the age of significant glacial retreat (LGM)
estimated byHormes et al. (200&8round 11,00012,000 years ago.

The time dependent thermal evolution of the model (Fig. 5.10) shows how groundwater flow
affects the thermal gradient in the study area by advective heat flow cooling. The model
predicts increasing temperature at the spring nodes till a progressive lemg tooling.
Topographicalhdriven advective flow creates a thermal upwelling along the valley talweg (i.e
valley floors) and at outflow areas. Negative thermal anomalies (Fig. 5.10) progressively
deepen throughout the simulation time below areas wheftective recharge (i.esnowmelt

and rain) is assigned (i.e. permeable sedimentary units below the permafrost limit of 2,650
meters a.s.l.).

A similar distribution of positive and negative thermal anomalies has been observed for
mountain groundwater flowsrad thermal regimesKorster and Smith, 1988, 1989; Deming,
1993; Bodri and Rybach, 1998; Gallino et al., 2009; Thiébaud et al., 2010; Burns et al., 2015;
Dzikowski et al., 2036This distribution, observed also in the Bormio model, demonstrates
that basaheat flow can be strongly reduced by cold groundwater deepening within mountain

systems.
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Figure 511: Flow trajectories for the calibrated hydrodynamic model, showing areas contributing to the Bormio t
springs:(a) Particle tracking from ten selected nodes of the calibrated hydrodynamic méHetmal hot water originate
from a very large area, including the Swiss portion of the model, where meteoric and snowmelt waters infiltrat
sedimentary nappes (Ortlesad SCharl) Hydraulic head isosurfaces every 100 m are also presefiidoom of the forwar
tracking analysis in the thermal outflow area. Flow directions are highlighted with black arrows and show the steej
path followed by rising deep thermhbt water in proximity of Bormio.

The transient thermal analyses show that present day temperatures (i.e. 2120000 years
since LGM) of Bormio thermal waters can only be explained by taking into consideration both
progressive heating during deep itrfiition and the temporal evolution of the system. As said
above, the restored circulation within the aquifer since the end of the last glaciation causes

gradual heating of the discharged waters, followed by a progressive cooling. The computed
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temperaturesapproach the recorded preseitay values at the spring points around 13,000
years after LGM (see Fig. 5.9). This is observed at three springs (#1, 8 and 9 in Fig. 5.1b and
Table 5.1) which fall exactly along the outcropping fault trace in the model. Tineet@ture
mismatch for the other springs (Fig. 5.9) is ascribed to the local geometry of the fault zone
deformation band, which is clearly simplified in the numerical model, not taking into account
splays and other local effects in the vicinity of the grdwsurface.

As for the role of the Zebru thrustGlorenza fault system on fluid flow and heat transfer, the
modelling approactallows fluids to enter or leave the fracture zone at any point along its
length. Due to the marked difference between calibrategiraulic and thermal parameters

of intact/damaged carbonate and metamorphic lithologies, the contact zone acts as a
preferential pathway for hot fluid migration, in particular during initial heating of the model
(Fig. 5.10). Perhaps due to the compleretadimensional structure, the simulations do not
show a proper convective circulation established within the fault zasdpundby Lopez and

Smith (1995)n their simplified3D mountain single fault model. Nevertheless, hot ascending
plumes show in themodelling results of Figure 5.10, indicating that hrghef surface
topography can cause lateral variations in the thermal regime. Figure 5.10 shows a progressive
enlargement and deepening of the negative thermal anomalies below the mountain massif

and the sharpening of the positive anomalies (i.e. upwelling).

5.9SUMMARY

The influences of groundwater recharge, glaciation and deglaciation, permafrost distribution
and hydraulic properties on the development of fluid and heat flow in a typical alpine setting
were examined.

The conceptual model was built based on hydrochehaoalysis previously performed in the
Bormio area. From those preliminary simulations, some typical aquifer conditions can be
traced for the Bormio thermal system: 1) water types are dominated by dissolution of the
main ion groups GaMg and S@;HCQ, with seasonal variations for the second end members;

2) dominant oxidizing conditions for the thermal springs; 3) dominant sulphate water type
typical of deep and higkemperature processes, suggesting that Bormio thermal waters are

not well mixed with shallowwaters, with exception of seasonal mixing; 4) low CI
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concentrations, with poor correlations between Cl and other major ions; 5) relatively stable
hydrochemical conditions for most of the major ions such as Ca, Mg, K, Na,sC) SO
geothermometer resultsndicate thermal reservoir temperatures of about-66°C, reached

at the interface between impermeable metamorphic units and more permeable sedimentary
covers; 7) circulation times obtained from isotopic data of approximatdl® $ears.

Steady state hydrdynamic simulations are used to define the water table geometry and to
calibrate model properties against measured outflow rates at Bormio thermal springs and
stream discharge. The model results in a realistic hydraulic head distribution mimicking the
mountain massif topography as reported for other alpine environments.

Thermehydraulic simulations suggest that an unsteady thermal regime is needed to explain
the current spring water temperatures. In particular, the model shows that hyideomal

flow in the Bormio area mainly occurs along the regional Zebru thy@brenza fault system

and that convection plays a minor role compared to topographic advective heat flow. Rainfall
infiltration values (40% of the mean annual precipitation), providing théaege of the
system, strongly control Bormio springs outflow rates. The hydraulic and thermal structures
of the model constrain the thermal behaviour of the simulations. Positive anomalies evolve
with time below the discharge zone and the topographic lolMse modelled time spans
50,000 years since the Last Glacial Maximum. Average monitored spring discharge
temperature of 37 °C is reached after ca 13,000 years of simulation (close to the end of the
LGM in the area defined at 11,000 to 12,000 yrs BP), wbiteplete cooling of the aquifer
occurs within approximately 50,000 years. Thus, contrary to the impression given by -human
timescale observations, the Bormio hydrothermal system is not thermally stable.

A large contributing domain, highly elevated reliegmplex subsurface structure and high
regional heat flow make the Bormio hydrothermal system an interesting case study. The
adopted numerical framework proves to be suitable for such complex modelling issue and
yields satisfactory hydrothermal results terms of both flow rate and water temperature.
However, rather large uncertainties still exist in the rest of the model domain, mainly due to

lack of deep and superficial information.
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6. THE CASTEL GIORGIO
TORRE ALFINA GEOTHERMAL
FIELD
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The chapters largely based on the article \@blpi et al. (2017Modeling highly buoyant flows
in the Castel Giorgie Torre Alfina deep geothermal reservgimyblishedon on Geofluids

Journal.

6.1INTRODUCTION

Dynamic high enthalpy reservoirs dtee most worldwide spread and exploited geothermal
systems. The high temperatures recorded at the exploitable depths in the range of 1 to 3 km,
is usually due to intrusive masses which induce an intense-ft@at triggering free
convection heat transfer chanisms when a porous aquifer is emplaced abdirehplson,
2012. The occurrence of dynamic high temperature geothermal fields is often tectonically
determined, and mainly associated with volcanic active areas or active plate margins.
Important examplesire the geothermal areas of Yellowstorigafon et al., 1975, Morgan et

al., 1977; Lucchitta, 1990northern CaliforniaYounker et al., 1982 the Pannonic Basin
(Ravnik et al., 1995and the Rhine Grabekerner and Kahle, 1980; Brun et al., 1992 ;aBell

et al., 2004. Electricity production is the most important form of utilization of such high
temperature geothermal system&{hn, 2004

Italy strongly contributes to the development of geothermal power generation. In 1904, the
world first electricapower was produced from a geothermal energy source in the Larderello
site (Tuscany, central Italgarelli et al., 1995a,b,c, 2000; Batini et al., 2003; Tiwari and Ghosal
2005; Romagnoli et al., 2010; Stober and Bucher, 2013

Beyond the world famous Lardslo system, fossil and active hydrothermal manifestations
are distributed all along the prAppennine belt of central Italy, facing the Tyrrhenian coast.
This area has undergone to both lithospheric extension and upper mantle doming. Such
processes havbeen active since the Miocen€&rmignani et al., 1994; Brunet et al., 2D00
and are likely sustained by mass and heat fluxes from the upper mantle. This is suggested by
the intense tectonic and volcanic activity associated to extremely high and vasalisce

heat flux anomaliesOella Vedova et al., 2001, 2008All these processes document a
predominant heat transfer mechanism by vertical mass flow, which accumulates large amount
of geothermal resources at accessible depths in the upper crust. Twbegewl fields in the

area, characterized by heat flow values of up to 1000 m¥Mlnarderello system) and 600
110



mW/m? (Mt. Amiata system)Rellani et al., 2004 are currently exploited for the production

of electricity.

Recently, various projects were sep wn a regional basis to investigate the geothermal
potential of the Italian Tyrrhenian facing areas. Moreover, research and development of new
exploitable geothermal fieldsave been encouraged by the approval of specific decrees of law
(i.e. LegislativeDecree of 11 February 2010, n. 2a2dified byLegislative Decree of 3 March
2011, n. 28 and Article 28 of Decree of Law of 18 October 2012, n. 179).

Among the identified promising areas, the Castel Giorgiorre Alfina field (CGA, northern
Latium, Fj. 6.1) is an example of an early explored and so far not exploited, medium enthalpy
geothermal system Gataldi and Rendina, 1973; Buonasorte et al.,, 1988; Colucci and
Guandalini, 2014 Detailed hydregeothermal data, available for the selected area sieady

70s, show that the GGA is a potential geothermal reservoir with medium thermal
characteristics (120°@210°C) whose fluids (pressurized water and gas, mairndyat&hosted

in a fractured carbonate formatiorB(onasorte et al., 1988, Barberiat, 1994; Chiarabba et

al., 1995; Chiodini et al., 1995; Doveri et al., 2010; Carapezza et al), P2it& fromthe
deepest geothermal drilling in the area (Alfina015 well, max depiB26 m a.s.l., see Fig. 6.1
for location)show a highly variable tengpature gradient ranging between 0.2&/10m and
2.1°C/10m Buonasorte et al., 1991Such a strong variation likely indicates the presence of
highly convective flow within the reservoir rocks. This finding makes théAC&ea suitable

for future explotation through a new generation 5 MWe geothermal pilot power plant.
Following the guidelines of the above mentioned Italian legislative decrees, this exploitation
project is characterized by no gas emission to the atmosphere and total reinjection of the
geothermal fluid in the same producing geological formation (i.e. geothermal well doublet
system).

Planning of such challenging geothermal field exploitation projects requires an appropriate

numerical modelling of the involved heat and fluid transfer proesssThese numerical

Y2RSfa ftt2g (2 RSTAYS ¢SftfQa aeadsSy RSaAdys:

injected and produced thermal waters, to interpret hydraulic tests or stimulation processes,

and to predict reservoir behaviour during geothsal power production. Therefore, they are
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Figure 61: (a)Geographical setting of the €A geothermal field (red dashed line). The geothermal producing reservc
shaded area), the cross section trac® Aand the existing geothermal wells drilled in the area are shown (where in the
A stands for Alfia, G for Gradoli, GC for Grotte di Castro, B for Bolsena and Ba for Bagndbydiojargement of the ¢
area of the reservoir with location of the 5 production wells (CG1, CG1A, CG2, CG3 and CG3A) and the 4 injection \
CG14A, CG14B and CG14sed in the simulation of the SMW field exploitation.

mandatory to optimize the productive capacity and the thermal breakthrough occurrence
(Stober and Bucher, 2013; Li et al., 2016

The aim of the present study is to build the first 3D numerical mofighe deep, medium
enthalpy C&TA reservoir to reproduce the highly convective undisturbed predagtnatural

state of the reservoir. These results, validated against the pressures and temperatures
measured in geothermal wells, are afterward used to stigate the feasibility of a
geothermal power production configuration (i.e. injection and production wells). The analysis
is performed on a hypothetical 50 years operational life cycle adopting a well doublet system
at a 1,050 t/h flow rate ITW and LKW2013. The finite element open source code
OpenGeoSy¥Kplditz et al., 201¢is used to build the hydrthermal (HT) model. As additional
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numerical constraint, the results are compared against those obtained with the commercial
finite element code Feflo®Diersch, 2014

First, the hydregeothermal data derived from geophysical investigations and from
geothermal wells are described and used to build a conceptual and numerical model of the
CGTA reservoir. Then, the numerical approach based on the Open&so8ware is given.
Results are obtained both at short (i.e. operational) and long term (i.e. full reservoir recovery)
time scale. Besides providing valuable guidelines for future exploitation of tREACdRep
geothermal reservoir, this study highlighttse importance of field data constraints for the

interpretation of numerical results of fluid processes in resergoale systems.

6.2RESERVOIR CHARACTERIZATION

6.2.1 Regional geological and structural setting
The occurrence of mediunand highenthalpy geohermal fields in central Italy is localized
along the Tyrrhenian margin of the Apennines (i.e. southern Tuscé#ity. 6.1). Here the
geodynamic setting and the magmatic activity produce a huge geothermal anomaly with
maximum peaks centred in the Lardecetind Mt. Amiata areas, where heat flow vadue
almost double the continental averagBdldi et al., 1994
From a geothermal point of view, southern Tuscany represémé most productive and
exploited site ofall Italy. Therefore, its complex geologi@and tectonic setting has been
extensively studied by several authoBeandia et al., 1998; Liotta et al., 1998; Brogi et al.,
2003, 2005; Brogi, 2006 and many alternative models were proposed to describe the
tectonic evolution ofthe inner Northern Apenine Carmignani et al., 1994; Boccaletti et al.,
1997; Jolivet et al., 1998; Bonini and Sani, 2002
The southern Tuscany is characterized by a shallow Moho discontinuis(B® depth)and
a reduced lithosphere thickness due to uprising asthenosplerd the delamination of
crustal lithosphereGianelli, 2008 The presentlay structural setting of the Tyrrhenian coast
facing regions represents the heritage of two main deformation processes thankaghe
Oligocene (i.e. 30 Ma BP) with the Alpispennine orogenesi€@arminati and Doglioni, 2005
Firstly a compressive phase resuliadhe formation of foldand-thrust-belts and associated

piggyback basins with NNESW oriented trendBuonasorte et al., 1987 and 19%%¢tracchini
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et al., 2019. Then, a postollisional extensional tectonics eastward migratiaffectedthe
inner part of the orogenic belt since at least Early Mioceviaissale, 1991; Rossetti et al.,
1999. Extension, due to the Tyrrhenian beaakc opening resulted in the famation of NV,
SE tectonic basins and in crustal thinning, with consequent upwelling of magma bodies and
increased heat flonfella Vedova et al., 2001, 2008; Romagnoli et al., p@Ech widespread
Late MioceneQuaternary magmatismwasderived from mixingf crustal and mantle sources
(Serri et al., 1998 Since the Middle Pliocene, southern Tuscany has been affected by rapid
surface uplift Dallmeyer and Liotta, 1998in contrast with the coeval thermal subsidence
affecting the nearby northern Tyrrhenidasin Bartole, 1995.
From late Miocene to late Plioceneg8land NWCSE trending normal faults were active in
southern Tuscany, bordering several extensional baSlasqucci et al., 1999; Montone et al.,
2012 in a nonrotational setting Mattei et al.,1996. Normal faulting within the Apennines
and its perThyrrenian foundered thrust belt lead tan increase irvertical permeability,
connectivity and fluid mixing in progressively larger and interconnected sectors of the
stretched crust Ghisetti and ¥zzani, 2002 The continuity of adjacent basins throughout
southern Tuscany is interrupted by Quaternary¢S® strikeslip faults and stejpver zones
controlling the magma emplacement in the inner Northern Apennkeotella et al., 2006
Due to the inerplay of all these phenomena, the geologic and structural settings of the area
are quite complex and involve many different lithostratigraphic units. The main and most
widespread complexes, from the shallower to the deeper omNagdi et al., 1977; Cosanb
et al., 2010; Romagnoli et al., 2010; Colucci and Guandalini £@3.45.2) are, namely:
- Volcanic complexXPliocenePleistocene volcanic products found in the neetastern border
of the large volcanic complex of Vulsini caldera (Fig. 6.1). Itdeslduff, lavas and
pyroclastic rocks, characterized by variable thickness, with a maximum of 200 meters;
- Neoautochthonous complegkomposed by Miocene to Quaternary deposits, mainly related
to marine, lacustrine and to continental environments. It épresented by clays, with
limited sand content, conglomerates, marls, evaporates and detrital limestones in a

discontinuous layer 50 to 160 meters thick;
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Figure 62: Stratigraphic columns and correlation section (see trace in Fig. 6.1) compare
the WNW( SSE cross section Byonasorte et al. (1988)RAI01, Alfina004 and Alfina014 w
belong to the first drilling campaign (194B72), while the deepest AlfinaBwell was drille
on 19871988. The Castel GiorgioTorre Alfina geothermal reservoir is hosted in a struc
high (i.e. horst structure) of fractured Mesozoic limestones belonging to Tuscan and
Nappe complex (light and dark blue units).

- Liguian/sub-Ligurian complexThe genesis is related to the convergence tectonics that
caused the closure of the Liguri@edmont Ocean since Late Cretaceous. The main
lithologies areJurassi€Eocene clayeynarly units in flysch facies, sandstones, marly
limestones and ophiolites. They are characterized by a highly variable thickness ranging
from 500 to 1,800 meter (RAIOL well, see Fig. Rdrdi et al., 197,
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- Tuscan and Umbria Nappe complegpresents a sedimentary succession deposited since
Triassic ® Miocene on the continental paleomargin of the Adria Plate. It is composed by
TriassieLower Miocene arenaceous and clayegrly formations, calcareousliceous
rocks, dolostone and anhydrites. The upper portion of this formation is characterized
mainlyby marlyf A YSaG2yS | yR &kl t S&Seaglia iprRatidead NIEKBS NN
Tuscan and Umbria Nappe carbonatic formation reaches a thickness of about 3,700 meter

(Alfina015 well, see Fig. 6 Ruonasorte et al., 1991

6.2.2 The Castel GiorgioTorreAlfina geothermal field
The CGTA geothermal field (Fig. 6.1) is located to the north of the Vulsini calBexnasorte
et al., 1988, at the boundary between the Tuscany, Umbria and Latium regions (central Italy).
The Torre Alfina reservoir was exter$sit @ SELX 2NBR 0SG6SSy GKS morT
refer to the works ofCataldi and Rendina (1978)d ofBuonasorte et al. (1988, 199y the
detailed description of the geothermal explorations carried out in the area. These
investigations culminated ih the drilling of eight geothermal wells, with depths ranging from
563 to 2,710 m, and more recently, with the drilling of a very deep geothermal well (Alfina015
¢ Fig. 6.2) reaching the depth of 4,826 m.
The integration between stratigraphic borehdiags, geophysicaBlionasorte et al., 1988;
1991) and seismicChiarabba et al., 199%lata identified the C& A geothermal reservoir as
hosted in a structural high (i.e. horst structure highlighted in the correlation section of Figure
6.2) of fractured Msozoic limestones, belonging to the Tuscan and Umbria Nappe complex,
and marked by positive geothermal and magnetic anomaligg@aroli et al., 2013 Structural
investigations performed in the area Buonasorte et al. (198@nd Piscopoet al. (2009)
provide a detailed description of the-8 striking posbrogenic extensional faults bounding
this horst structure and an analysis of the geometry, orientation, and kinematics of all the
other tectonic features occurring in the Torre Alfina geothermal system.
The first geothermal drilling campaign performed in the Tfield (19741972), was aimed
to reach and cross the argillaceous and shaly terrains of the Ligurian afddsuian complex.
These investigations not only allowed a detailed stratigraphic nsiraction, but also the
definition of the basic characteristics of the geothermal reservoir fluids (e.g. pressurized hot

water with average temperature of 140°C) and the detection of a gas cap made by 2% of
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Figure 63: Temperature vertical profiles along 3 exploration wells accordir@gtiald

and Rendina (1973), Buonasorte et al. (1988, 19949ations of the selected wells

reported in Fig. 6.1. The inversion of the Alfina015 well temperature profile ar

values detected at the top and at the bottom of the reservoir (120 at-1,050 meter

b.g.l.- 207 °C at4,000 meters b.g.l.), prove the highly convective behaviour o

system.
dissolved C® This 100 meter thick cap, recognized only in the central paefield, was
extensively exploited until few years ago for:G@rage by the well Alfina013 (Fig 6.1).
The target of the more recent campaign (198988) was the deeper and hotter geothermal
reservoir, hosted in the metamorphic rocks lying undernetth calcareous formations.
Though the exploration did not reach the metamorphic basement, it demonstrated the
presence of a single very thick carbonatic reservoir (>3,700 m thick), within which a highly
variable temperature gradient of 0.15 °C/10h45°C10m was recordedBuonasorte et al.,

1991). These exploration wells resulted in multiple pressure and temperature vertical profiles
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within the geothermal field, three of which are illustrated in Figure 6.3. The available data
stands in different depth rarep: Alfina002 well, the shallower one, with measured
temperature data reachingp00 m a.s.l.; the second well (RAIO1) react2@00 m a.s.l., while

the last and most recently drilled Alfina015 well provided a full temperature profile up to a
depth of-4000 m a.s.l.. The shallower Alfina002 and RAIO1 wells, reaching only the top of the
reservoir units, registered a linearly increasing temperature with a high geothermal gradient
in the range of 1.@2.1°C/10m Buonasorte et al., 1988 This suggests a mairdgnductive

heat transfer mechanism associated to the cap rock impermeable units. A similar trend was
observed in the shallower portion (up to ca. 1000 m depth) of the deep Alfina015 well (Fig.
6.3). At about 1000 m a knigloint and a thermal inversion ar@bserved along the profile.

The geothermal gradient below this depth ranges between 0.15°C/10m and 0.45°C/10m. Such
a strong variation, coupled with measured top and bottom nearly constant temperatures of
the reservoir fluids (i.e. 140°C and 207°C at Q,05 and 4,000n depth, respectively;
Buonasorte et al., 1991point toward an intense, largecale convective flow confined in the
area of the buried structural high.

In summary, the CGA area is an example of a promising, early explored and yet to be
developed geothermal filed. Despite the extremely favourable conditions for exploitation
(Cataldi and Rendina, 19Y3ts industrial development was not promoted till 2011. A new
geothermal research permit was requested for the Torre Alfina area, aimedhéo t
development of 2 new generation 5 MWe pilot doublet plants, with reduced gas emission

(ITW and LKW, 20i8arapezza et al., 2015

6.3CONCEPTUAL MODEL

The spatial extent of the model is fundamental for a reliable simulation of the complex
processes involved in a geothermal reservoir. An overly restricted scenario hampers a
complete representation of the circulation into the field, whereas a very largeresults in a

more uncertain geological reconstruction and excessive computational loading. The model
area, covering about 293 Kn(Fig. 6.4), is located north of the Vulsini calderas and it is
bordered by the MesdCenozoic ridge of the Mount Cetona, teetnorth and by the Bolsena

caldera structure, to the south (Fig. 6.1). The extent is large enough for the imposed boundary
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conditions not to interfere with the phenomena occurring inside the geothermal field. This is
guaranteed by an horizontal distancettween lateral model boundaries and the geothermal
field of 7.5 km in the &V direction and of 2.5 km in the-8 direction (Fig. 6.4). Due to the
large extent of the geothermal reservoir and its intrinsic geological complexity, a complete
review of the exsting data and literature was require@€#taldi and Rendina, 1973; Nardi et

al., 1977;Costantini et al., 1984Buonasorte et al., 1991, 199%ignaroli et al., 2013;
Carapezza et al., 2015; Colucci and Guandalini,)2014

The geological model was based @&ep geological cross sectiorSostantini et al., 1984;
Nardi et al., 1977; Buonasorte et al., 19&hd contour line maps of the contact surfaces
between geological formation8(onasorte et al., 1988; Colucci and Guandalini, \4jor
attention wasdevoted in representing changes inside and outside the geothermal reservoir.
The base of the model was located @,500 m a.s.l., within fractured limestone reservoir
units. The upper limit was defined by a rather flat topography derived from a 20 x & me
DEM derived topography. This resulted in a maximum model thickness of aldaometres

(from +600 m a.s.l. te4,500 m a.s.l.; see Fig. 6.4).

The reservoir units are composed, from bottom to top, of evaporites, limestones, marls and
radiolarites (Tscan and Umbria series sCpstantini et al., 1984 Such reservoir units are
buried by the sealing units, and crop out at San Casciano dei Bagni village. The sealing units
consist of an allochthonous flystype sequence composed of arenaceous turbislite
intercalated with layers of shales, marls, and limestones, overlaid by an ophiolitic sequence
(siliceous shales and sandstones including blocks of gabbro and serpentinite) (Ligurian units
s.l.;Carmignani and Lazzarotto, 2004

As previously mentionedhe area has undergone a strong pasbgenic deformation phase,
resulting in strikeslip and subordinate normal fault systems (with associated fracture
network) cutting and dislocating the internal architecture of the reservdigiaroli et al.,
2013. No anomalous soil GAlux was recorded by the detailed investigations performed by
Carapezza et al. (2015)his indicates the effectiveness of the impervious behaviour of both
the sealing units, which are continuous all over the reservoir area with a thickness of no less

than 400 meters, and the fault system connecting the geothermal reservoir with the surfac
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Figure 64: Threedimensional geological conceptual model cut along the same WNSGE cross section realizec
Buonasorte et al. (198&see Fig. 6.2). The same cross section as in Fig. 6.1 is used to slide theModdE(ca. 293 ki)
internal subdivision shows the seven adopted hydrogeological units, named as reported in Table 6.1. Reservoir un
complex, Tuscan nappe complex and Umbria nappe complex) have been distinguished between formations statia
geothermal reservoir (unit name in) and those falling outside the producing area (unit nagreut). Distances betwee
reservoir area and lateral model boundaries are shown (7.5 km aléiglEection and 2.5 km along-8l direction).

In summary, the conceptual model consists of seven hydrogeological units (Fig. 6.4), of which
the upper three form the sealing cap and the remaining comprise the reservoildlbanic
complex1) is the youngest one and it outcrops only in the southexrt pf the model domain.

This formationtends tothin towards the North where it is in contact with the other sealing
units, represented by theNeoautochthonous comple§2) and theLigurian/subLigurian
complex(3). The shallower geothermal reservoir uisiteferred as th&caglia formatior{4),

a tiny layer mainly consisting of argillites. Below this, the fractured limestone rocks of the
Tuscan limestonformation (5) and the deepddmbria limestondormation (6) are emplaced.
The Scaglia Tuscanand Umbria complexunits (# 4, 5 and 6) were additionally subdivided
between formations stacked into the proper geothermal reservoir (i.e. the real portion
affected by convection phenomena, with an extent of ca. 73)kand those falling outside

the producing ara. The model includes also a{SE/ trending subverticdhult (7), with a

surface trace of about one kilometre, a vertical extent of 1.5 km and impervious behaviour.
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6.4NUMERICAL MODELLING

6.4.1 Numerical formulation of the conceptual model
Based on the conceptual model, a refined resergasile threedimensional thermenhydraulic
(TH) model was built to investigate the different processes involved in thREACgEothermal
reservoir.
The opensource finiteelement simulator OpenGeoSys (O&Sditz et al., 201Pwas used to
solve the differential equations governing densilgven flows. The mathematical and
numerical formulation of the problem and the strongly coupled system of equations can be
found inKolditz et al. (2012)
As a flexible an-commercial numerical software code for hydrological and hydrogeological
modelling, OGS fully implements all the basic equations governing groundwater flow and heat
GNJF YaLR2NIG Ay al Gdz2Ny GSR LIR2NRdza YSRAI lagedI o T
equation and Fourier law). Moreover, several equations of state (EOS) have been
implemented in the code in order to reproduce temperature and pressure dependent fluid
density and viscosity. Here we used the polynomial fittings introducddduyri etal. (2015)
that are valid for a wide range of temperaturesX{I> o p and préssurespatpX M n
MPa). Therefore allow for modelling heat transfer in deep geothermal reservoirs where high

temperatures and pressures occur.

6.4.2 Modelling approach
The nodel surface (293 ki) was discretizethto 17,768triangular finite elementssatisfying
GKS 5Sft | dzy | & @iag tHe GEMSIsSIMAreRISI, 200§. Mesh refinement was
applied to ensure simulation robustness: elements digereases gradually fno 500 meters,
at model lateral boundaries, to 10 metetkose to the fault zone and around the geothermal
wells (Fig. 6.5)We verified that a finer mesh did not affect the calculated patterns.
The 2D surface grid was extruded verticalyng a fully unstructured tetrahedral 3D mesh.
The total volume of the model was discretized with 35 layers ranging in thickness from 250
meters, at the model bottom, to a minimum of 10 meters, near the topographic surface. In
total the 3D mesh consistsf d,720,774 tetrahedral elements (Fig. 6that preserves all

outcropping and internal pinching of the geologic formations.
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The two modelling challenges are:r@greate the presentlay, highly convective, unexploited,

natural state of the CGA geothermal system, and (ii) perform the predictive analysis of the
industrial exploitation process of the field. Two scenarios are therefore preseG@ddcci and
Guandalini, 2014 ® o6 M0 ¢KS TFTANBRI 2y NaurdBaeSNNGich >KSy O0S
reproduces the thermehydraulic dynamic conditions of the geothermal reservoir, without
extraction or injection of fluid. Pressure and temperature values measured in the three
geothermal wells drilled in the area (Fig. 6.3) were used to constrain the numeriaglbrég)

Once a qualitatively satisfactory match between calculated and observed patterns in these
three geothermal wells was obtained, the calculated temperature and pressure fields were

used to initialize the second simulation step. The latter inclutthesoperating conditions

based on a reasonable configuration of injection and production wiliis. scenario, referred

| &Exploitation process simulatiorz | f 42 | aaSaasSa GKS AYLI Oda 2
the longterm (i.e. up to 10,000 years)atural geothermal flow of the reservoir after the
production stage.

The same modelling framework (i.e. boundary conditions, initial conditions, equations of

state, spatial and temporal discretization) is applied to the finite element commercial software
Feflow®

6.4.3 Boundary conditions
Temperature and pressure boundary conditions are summarized in Figure 6.5. In both
scenarios, temperature and pressure distributions at the top were assumed to be time
invariant. A fixed value of 15°C (i.e. Dirichlet type), gponding to the average annual
temperature of the area, and an atmospheric pressure value of 1 bar (i.e. Dirichlet type) were
set. The implicit assumption is that the groundwater table and the ground surface coincide
(Cataldi and Rendina, 1973; Buonasatal., 1988. Outside the reservoir area, temperature
and pressure at the bottom boundary nodes were fixed too (i.e. Dirichlet type). The chosen
values were calculated according to the average geothermal and pressure gradients of
0.3°C/10m and 1bar/10m, respectivdllyig. 6.5). On the other hand, given the anomalous
geothermal gradient (142.1 °C/10 m;Buonasorte et al., 1988n the area of the buried
structural high, an incoming he#lux of 0.256 W/m (i.e. Neumann type) was applied at the

nodes on bottom boundarielow the reservoir area (Fig. 6.5).
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A nomass flow condition was imposed over all the lateral boundaries (i.e. adiabatic and
impermeable boundaries). As said above, the large distance between the grid boundaries and
the reservoir area guarantees that dmul boundary conditions do not affect the field
behaviour.

¢ K Natural state simulatiod ¢+ & LISNF2NYSR (2 -daySdsSwWiv A y S
condition, without any flul extraction/injection scenarios. To let the system reach the
presentday anomalous temperature field, the simulation covers a period of 1 million years.

¢ 2 S NRaful stat&sBnulatiod = G KS AL GAFf RAAGNAOdzIAZ2Y

Injection wells site

Production wells site

Model bottom
Dirichlet type BC
ca. 160°C - ca. 491bar

Reservoir area
Neumann type BC - 0.256 W/m®

Elevation (m)
& -4500 -4000 -3000 -2000 -1000 0 670
—
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Figure 65: Threedimensional thermehydraulic model consisting of 35 slices with 17,768 triangles for each slic
1,720,774 tetrahedral elements. The 35 sliaes visible along the left model boundary. Model elevation ranges from €
-4500m a.s.l. (see colour bar), while the 2D mesh is exploded below the model-diime@sional structure of the reserv
producing units (i.e. Scaglia complex, Tuscan napp®tex and Umbria nappe complex), confined in the area of the b
structural high, is shown in the central portion of the modelled domain (colour scale according to Fig. 6.4). Appliee
and temperature boundary conditions, at the top and the loott of the model (i.e. Dirichlet type and Neumann type), as
as the initial condition of the pressure and temperature earth gradients, are shown-flawdoundary condition is set
the lateral boundaries of the model. The tested configuration ofghmduction and injection sites (separated horizontall
a distance of ca. 2 km) is highlighted by the refinement in the dimeensional mesh.
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was canpared with the measured thermometric vertical profiles in correspondence of 3
geothermal wells (Alfina002, Alfina015 and RAIO1; see Fig. 6.1).

To simulate field production and to predict the future system evolution, pressure and
temperature boundary condiA 2y & NB Yl Ay SR (iNatPral Statd sinduliitidgaSpPR T 2 N.
A reasonable configuration of 5 production and 4 injection wells, separated horizontally by a
distance of ca. 2 knB(ionasorte et al., 1988 g | & Ay & S NEx@dratidnyrocéss S Ay
simulatord Y2 RSt 0aSS CA3Id codm YR CAITDd codpud | f
time span, with a flow rate of 1050 t/h, was chosen followBwpnasorte et al. (1983Warini

et al. (1993andColucci and Guandalini (201&tarting fronthis production scenario, a flow

rate of 210 t/h for each production well was applied. At each injection well, a constant
injection temperature (i.e. Dirichlet type boundary condition) of 80°C and a 262.5 t/h injection

rate were applied ITW and LKW, 20)13These boundary conditions, distributed over the

nodes of the active length of the production/injection wells (ca. 300 meters discretized with

12 nodes), were set as tirdependent. At the end of the 50 years simulation run, the wells
boundary conditionsvere removed and the simulation ran for an additional 10,000 years to
investigate the recovery time and to test the technical sustainability of geothermal power

production.

6.4.4 Initial conditions
In preparation for the dynamic reservoir simulation, initial@eir conditions have to be
determined. These initial conditions include both the geothermal gradient and the fluid
pressure gradient (i.e. when advection/convection is not involved). For this purpose, this
initialization phase of the natural state was delled as a steady state condition without the
incoming heatflux at the bottom of the reservoir. The temperature and pressure boundary
conditions and model internal partitioning were set as described above. In this steady state
initialization, temperatureand pressure effects on fluid density and viscosity were neglected.
The values of the petrophysical parameters of the involved litostratigraphic units (Table 6.
were derived from available data for the arg@ataldi and Rendina, 1973; Nardi et al., 197
Costantini et al., 1984uonasorte et al. 1988, 1991, 1995; Cosentino et al., ZBibdgdano et
al., 201Q Vignaroli et al., 2013 arapezza et al., 2015; Colucci and Guandalini,)2D¥&ault

values for thermal conductivity of water (0.65 W/m/K) ahdat capacity of water (4.2
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MJ/m3K) were used. This initialization resulted in a temperature field with values ranging
from 15°C to 160°C, at the ground surface and the bottom boundary, respectively (Fig. 6.6a).

Fluid pressure ranges from 1 bar, at thegnd surface, to 491 bar at the model bottom.

6.5NATURAL STATE SIMULATION

6.5.1 Model definition
The natural state simulation aimed to define the preseay, unexploited thermdluid
dynamic conditions inside the geothermal reservoir includingatieective/convective fluid
motion. Simulation started by applying initial conditions defined as above. As common
practice, the natural state simulations of geothermal fields require a long simulation time so
as to attain pressure and temperature stabilipat in the reservoir Forraset al., 2007;
Romagnoli et al., 201Qlanos et al., 2015; Magri et al., 2013 herefore, a 1 Ma simulation
time has been chosen, neglecting effects of past climate change or transient effects in the
rocks, and representing generic geologic period. The performed transient simulation
adopted a maximum timstep size of 500 years. This time step coincides with the one used
to update the fluid density and viscosity values as a function of calculated pressure and
temperature. Apfied boundary conditions remained the same presented above.
Regarding the assignment of required petrophysical parameters, the reservoir units were
distinguished between those falling inside and outside the proper geothermal reservoir (see
Fig. 6.4). Theatter, were initialized with a value of permeability equal to 1.5*1@?% while
the remaining reservoir units preserved their typical fractured limestone permeability values,
derived from the literature works and ranging frortiG*4to 101> m? (Table 6 1). A very low
permeability value of 1% m? adopted for the overlaying sealing units allowed modelling their
impervious behaviour. A compressibility value oflf4Pa?, slightly lower compared the one
used for the reservoir units (i.e. 2.5 * 10%° Pal; Table 6. 1), was assigned to these
formations. This reduced compressibility allows maintaining the fluid pressure as simulated in
the previous stationary system initialization phase, avoiding a fluid pressure rise due to
temperature increase. The owlete set of applied hydraulic and thermal parameters is given

in Table 6. 1.
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Table 61: Hydraulic and thermal parameters of the litostratigraphic units involved in the natural state
simulation.Values are taken from literatur€gtaldi and Rendind973; Nardi et al., 1977; Costantini et al., 1984;
Buonasorte et al. 1988, 1991, 1995; Cosentino et al., 2010; Giordano et al., 2010; Vignaroli et al., 2013; Carapezza
et al., 2015; Colucci and Guandalini, 20Fbr the unit name the added specificatiein and -out are used for

formations stacked into (# 4b, 5b and 6b) or outside (# 4a, 5a and 6a) the proper geothermal reservoir,

respectively.

# Unit Density | Porosity [ Permeabilityl Compressibility Th. Conductivity Specific Heg

- - kg/m?® % m? Pa’ W/m°C Jlkg°C
1 |Volcanic 2200 5 1*10*° 1*10*° 2 1000

Neoautochthonousg 2400 30 1*108 1*10%° 2.4 1000

3 |Ligurian 2400 0.55 1*10"° 1*10*° 2.4 833
4a |Scaglia - out 2400 1 1.5*10% 1.2*10%° 2.1 1000
4b |Scaglia - in 2400 1 1*10™° 1.2*10%° 2.1 1000
5a |Tuscan nappe - out 2660 6 1.5*10% 2.5210%° 2.4 836
5b |Tuscan nappe -in| 2660 6 1*10™ 2.5210%° 2.4 836
6a |Umbria nappe - out 2660 6 1.5*10% 2.5210%° 2.4 836
6b |Umbria nappe - in| 2660 6 1.98+*10% 25210 2.4 836
7 |Fault 2660 1.5 1*1018 1*¥101° 2 1000

6.5.2 Results of the natural state simulation

Results of the 3D convective flows are shown in Fig. 6.6 for threeafiffsimulation times

(i.e. 0, 20,000 and 125,000 years). From the initial conductive temperature field, equal to the
average geothermal gradient of 0.3°C/10m (Fig. 6.6a), a very efficient convective circulation
develops only into the geothermal reservainits (# 4b, 5b and 6b, as listed in Table 6. 1). This
resulted in a gradual increase of temperature values in this area, while outside the producing
units the pressure and temperature fields showed a full correspondence to those obtained at
the end of theprevious stationary system initialization. Fluid circulates in form of rolls and
exhibits multicellular convective patterns, which start oscillating after ca. 20,000 years of
simulation time (Fig. 6.6b). This implies sharper inherent gradients and oonsncreation

and disappearance of convective plumes patterns. Within the producing area, three elongated
convective cells stretched over the entire geothermal reservoir (Fig. 6.6b). The observed
cellular motion consists of multiple central dilows, witha fluid velocity in the range of-2

4*10® m/s, and associated lateral dowffows. The strong convective behaviour allows cold
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Figure 66: Temperature field resulting from the transient natural state simula
The three wells (RAIO1, Alfina015 and AlfinaQG2e also Fig. 6.1), for which
available temperature logs were used to identify the reservoir prestayt therma
state, are shownThree different simulation times are presentdd) O years, initi
temperature field equal to the average earth gradient of 0.3°C/1(o);20,00(
years, beginning of the oscillating medtllular convective regime confined in
reservoir units;(c) 125,000 years, best fitting timstep resulting in a good mat
between simulated and real thermometric data for the 3 evaluated wells (se
6.7).

infiltrating groundwater to reach basement depths where it gets heated before starting its
upward migraton to the top of the geothermal reservoir. Comparing the results of the natural
state simulation along 1D profiles with real surveyed thermal profiles, it is possible to identify

the time instant for which the model fits the real reservoir conditions. idemtification of
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the best fitting simulated temperature profiles was performed through an iterative manual
process by comparing computed 1D profiles against temperature profiles at 3 geothermal
wells (Alfina002, RAIO1 and Alfina015; see Figs. 6.1 andT®&)attained best fitting occurs

at the 125,000 year simulation time (Fig. 6.6c) for all the three geothermal wells. At that time,
the pattern of the three elongated convective cells is highlighted by a sharp difference in
temperature between raising andinking fluids. Velocity of the modelled convective cells
raises to ca. 7*1®m/s, while maximum fluid temperature reaches 263°C.

The sigmoidal shape of the temperature profiles suggests the occurrence of the highly
convective flow (Fig. 6.7). In faall the three simulated profiles exhibit a clear thermal
inversion as soon as the reservoir depth is reached-%#. m a.s.l. for the Alfina002 well, ca.
-1000 m a.s.l. for the Alfina015 well and €2000 m a.s.l. for the RAIO1 well). In the upper 2
km of the temperature profiles (T < 150°C, conductive regime), the difference between

simulated and measured values is at maximum 10°C (see Fig. 6.7). A comparison between
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Figure 67: Results of the natural state simulation. Comparison between -figgtg OpenGeoSys comput
temperature profiles (125,000 years of simulatiergreen curves), beditting Feflon® computed temperatur:
profiles (230,000 years of simulatiedlue curves) and available real thermometric data (red curves, see Fi
Location of the selected wells is reported in Fig. 6.1 and Fig. 6.6. In the plotted thermal logs, the depteséhai
top is highlighted. A clear thermal inversion can be seen as soon as the reservoir units are cross@0rti.e.s.
for Alfina002 well;1,050m a.s.l. for Alfina015 well anr®,000m a.s.l. for RAIO1 well). This agree with the ste
shape othe measured deep temperature profile of Alfina015 well and supports the hypothesis of a highly cor
behaviour of the reservoir.
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simulated and measured deep reservoir temperature values (T > 150°C, convective)regim
was possible only for the Alfina015 well, representative of almost the entire thickness of the
model. The computed profile, in correspondence of the Alfina015 well position, shows-a well
developed trend with an almost constant temperature down to ab@,500 m a.s.l.. This can
only be associated to the presence of a convective cell. A good fitting of the Alfina015 profile
temperature was obtained by slightly shifting the sampling profile location of a few meters so
that it hits upward buoyant flow. Fefw®and OGS models exhibit similar temperatalepth
profiles in all wells, but at different simulation time (125,000 vs 230,000 year, see discussion).
Differences in temperature values are observed at maximum depth, where convection is
dominant and contrts the thermal evolution of the system (Fig. 6.7).

The computed besfitting natural state temperature field formed the initial condition for the

following dynamic reservoir simulations of the effects induced by the production process.

6.6 EXPLOITATIONRPCESS SIMULATION

6.6.1 Model definition
Once accomplished a satisfactory match for the natural state, a realistic scenario was set up
for the future exploitation of the CGA geothermal field through a 5 MWe pilot doublet
power plant.
To achieve this, the choseconfiguration (see Figs. 6.1 and @bionasorte et al., 198&f 5
production wells (CG1, CG1A, CG2, CG3, CG3A) and 4 injection wells (CG14, CG14A, CG14B,
CG14C) was inserted in the model. The production wells extract the geothermal fluids from
the uppamost portion (from-300 to-700 m a.s.l.) of the reservoir units. The extraction depth
range depends on the well position relatively to the top of the producing area. The injection
of the 80°C fluid, at the above described rate, was designed at a depgingabetween1,350
and-1,550 m a.s.l.. For both production and injection sites, the well active length was fixed at
300 meters.
Pressure and temperature boundary conditions were those described foE#moitation
process simulatior(see Boundary conditionsFig. 6.5). Initial conditions, mimicking the
presentday distribution of both temperature and pressure field, were imported from the

calculated besfitting time-step (i.e. 125,000 years of simulation time) of the previously
129



performedNatural state simulationThe exploitation time lasted 50 years and total simulation

time 10,000 years, so as to evaluate the field kegn effects induced by production process.

6.6.2 Field exploitation

The evolution of well pressure over time, computed atae with depth close to the well
bottom, showed that the maximum differences, relatively to the initial pressure field, were
reached at the end of the production time (i.e. after 50 years of simulation). In more detail, as
shown in Figure 6.8a for well3G2 and CG3, the production wells realized a depressurization
in the 1517 bar range, at the end of the first year of simulation, and then stabilized to an
averaged value of 19 bar at the end of the production time. This pressure variation
corresponds to pproximately 1214% of the initial pressure values (from 120 to 150 bar
depending on the considered well) in the production wells. At the end of the exploitation of
the geothermal field (i.e. after 50 years), no further fluid extraction occurred and the

production wells exhibited a fast recovery. The monitored pressures raised back to the initial

values in less than 100 years fbe whole production site (see Fig. 6.8c for the wells CG2 and

CG3).
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Figure 68: Evolution of well pressures during the expldide process simulation at 2 selected production (CG2 and CC
Fig. 6.1) and 2 injection (CG14A and CG14B, see Fig. 6.1jayaltst (b) refer to the 50 years simulation time, arfd) and
(d) to the 10,000 years recovering time. The initial 500 years are shown in the full simulation timécpeotsl (d) as ful
recovery is reached. This allows better visualization of the transition between the field exploitation and th
reestablishmenbf the initial undisturbed pressures.
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On the other hand, at the injection site, injected water resulted in strong overpressures raising
quickly in the first years (i.e. around-14 bar) to stabilize to an average value26fbar after

50 years of simulation (see Fig. 6.8b for wells CG14A and CG14B). These overpressures
correspond to approximately-I0% of the initial pressure field (from 225 to 240 bar, for all
the wells) recorded in the injection wells. At the end of theguction time, in the same way

as for the production wells, pressure values recovered quickly to the initial undisturbed ones
(see Fig. 6.8d). Therefore, comparing model pressure distribution at the beginning (Natural
state) and at the end of the simulan (i.e. after 10,000 years) no significant variations could
be observed.

The evolution of temperature over time for both production and injection wells is plotted in
Figure 6.9. During system exploitation, the recorded temperature at the production wells
exhibited a progressive increase over time (see Fig. 6.9a for wells CG2 and CG1A). The
difference between onset and end of production (i.e. after 50 years) temperatures varies from
2.5°C for CG2 well to a maximum value of 9.5°C for CG1 well. This inoréasgerature
resulted from the direct extraction of fluids from within a very strong convective system in the
inner portion of the reservoir. Hence, from a thermal point of view, this analysis showed no
interference effects between injection and produanti sites.

At the end of the phase of exploitation (Fig. 6.9c), the recorded temperatures at production
wells exhibited two different behaviours depending on the position of the well relatively to
the generated convective cells. For example, in the CG1A tivel simulated temperature
slowly decreased after the first 50 years of simulation time and recovered the initial
undisturbed values in about 1,000 years. By contrast, the recorded temperature in the CG2
well, firstly decreased to the initial value anften followed a gently increasing trend (ca. 2°C

at the end of 10,000 years simulation, see Fig. 6.9¢c). To investigate further this behaviour
simulation time was extended to 30,000 years (Fig. 6.9e). It turned out that, for wells located
close to the convdove cell (e.g. CG2 well), the recorded temperature exhibited strong

convective oscillations, starting after 5,000 years from end of production, and preventing the
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Figure 69: Evolution of well temperatures during the exploitation process simulation at 2 selected production (C

CG1A, see Fig. 6.1) and 2 injection (CG14 and CG14C, see Fig. 6(d) aradih) 50 years of exploitation process, a(g

and(d) the following 10,000 years of recoverin@) Temperature evolution at the production wells (CG2 and CG1A) ov
extended simulation time of 30,000 years.

stabilizationto the initial temperature values (see Fig. 6.9e). This behaviour was related to the
evolution of the convectin regime and to the pattern of multiple positive thermal anomalies.
Fluid temperature in the injection area slowly decreased over time, reaching the injected value
of 80 °C at the end of the production time (see Fig. 6.9b for wells CG14 and CG14€). At th
end of exploitation, after 50 years of simulation time, temperatures in the surrounding of the
injected wells recovered the initial values after ca. 2;30000 years (see Fig. 6.9c).

To evaluate the thermal response of the -C& reservoir to the produin process, the

AY Tt dzSyOS || NBIHG SNE (TKNR y@O2d4IRA Ay @Saidaal G§SR
production time, the 80°C isosurface around the four injection wells, covered a subspherical

volume with ca. 1 km in diameter (Fig. 6.10b). Thereftre,tested horizontal distance of
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about 2 km, between the production and injection sites, fully excluded the hypothesis of a

thermal breakthrough.

Figure 610: (a) Perspective view of the temperature field and of the 80°C isosurface (iiejected fluid temperature
at the end of the 50 years exploitation stage. Location and depth of the production and the injection wells are
(b) Evaluation of the influence NSI 2F (GKS Aya2S0OlAazy ¢Stta -2abiBN¥FS
isosurface) around the injection wells at the end of the 50 years field exploitation.

6.7 DISCUSSION

Within the present work, an accurate hydtieermal modelwas setup to recreate the highly
convective behaviour of the CTA reservoir and then simulate the exploitation of this
undeveloped geothermal field. A general procedure for model calibration was applied
hQ{dzZA t AGlIY>X mMpypT . 2ROFNBRaz2y Si It mpycT
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