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Abstract

Keywords:  Geothermal exploration, gravimetry, fault zone porosity
assessment, computer progradorward modeling, density inversion, Sankt
Gallen geothermaroject, Eclépens geothermal project

In Switzerland and neighboring countries, most deep geothermal projects
target deep aquifers associated with major fault zones. The objective of this
thesis is to develop and test a methodology for the estimatidoealzation

of such high porosity rock volumes in the underground using gravity data and
3D geological modeling.

To reach that aim, the computer program GINGERGravimetry for
Geothermal ExploRationwas developed. It allows to compute rapidly and
efficiently the intensity of the gravity field in surface from 3D geological
models. Then the user can compare the calculated response with measured
gravity data and strip the effect of geological structures that are not relevant
for the project. One of the nmaoriginality of GINGER is that it permits to
directly assess the porosity of fault damage zones when providing their
geometry. The software is also endowed with a graphical user interface and
density inversion capabilities to be user friendly. In addjtior sensitivity
analysis, an independesistersoftware named GINGERSP, based on the same
principles allowto compute the gravity effeciof simple geometrical shapes
which can be superposed to a given geological model. This tool is particularly
desigred for rapid sensitivity analysis.
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The twocomputer programand the underlying methodology were tested on
two ongoing geothermal projects in Switzerland, the projects of Sankt Gallen
and Eclépens. Both projects are targeting deep aquifers associatethyeith
faults zones affecting the Mesozoic sediments under the Swiss Molasse Basin.

In both case studies, a preliminary step was to conduct a sensitivity analysis
to determine the prerequisites allowing the assessment of faults damage zone
porosity. This wa done in 2D for the case study of Sankt Gallen and it
appeared that, if the geometry of the fault zone is constrained eribtigh
damage zone of the fault represent a sufficient volanegkthe error on gravity
measurement is kept as small as possipecally under 0.InGal It should

be possible to assess the porosiyuced bythe damage zonef the fault

using gravity datand that even if the induced porosity is rather small, under
1-2 % if the affected volume is big enough.

In Sankt Gallen, th8D geological model was established using 3D seismic
data. Comparing the gravity effect of this model with gravity data specifically
acquired, we were able to make a first estimation of fracture porosity that
compared well with later measurements obtainech drilling. However, the
presence of a Pern@arboniferous graben in the vicinity of the fault zone
prevents us from removing all ambiguities on the result.

In Eclépens, the 3D geological model was established using only 2D seismic
data and oil explotaon wells. As no accurate geometry of the different fault
zones exist, it was not possible to assess precisely the porosity of the damage
zones. However, using gravity measurements, acquired during this study, and
the twocomputer programssInGER and GIGERSP, it was possible to make

a sensitivity analysis, compare the possible effects of the various fault zones
porosity and highlight the most suitable targets. This demonstrates how a user
could use these two tools for any case study. Note also, thatdhisalso
revealed that a major Perr@arboniferous graben of regional extent likely
crosses the northern part of the model. This could, to a certain extent, explain
the high geothermal gradient found in the Eclégensl prospection well
which is locatd in the central part of the targeted area of the geothermal
project.

For these two case studies, the application of the proposed methodology and
the combined use of 3D modelling, gravity data, GInGER, and GINnGERSP
allowed to bring new and useful infornmaifor the geothermal projects.
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1.1 Motivation

The growing concernbmut fossil fuel, nuclear energy and global warming
meansthat the debate on energy supplies is part of our everydayHiéat

from the Earthis an almost inexhaustible source of energy used since ancient
times for thermal applicationsl oday, geothermaénergy is frequently part of

a mixed slutionto the energy problem

Fundamentally a projeaiming attherecoveryof heatat depth should extract
fluid from an undergroundeservoirin a manner thaensurests econonic
viability. In this respectevenif the nature of geothermal reservoirs is diverse,
two main parametersare fundamental: theéemperature which is mainly
related to depth and to the geothermal grademdtransmissivity whichis
related to porositypermeabilityand thicknes®of the gelogical formation
bearing the reservoir

In recent years, most of tdeepgeothermal projects developed in Switzerland
and neighbaing regions targeted the exploitation of qaifers. More
specifically,a majority ofthese projects targeted major fault esraffecting
deep aquiferaisfaults can, locally, increagbe open porosityand thus may
enhance reservoir transmissivifiyhe detection and assessment of porosity at
depth is a challenge for most geophysical methods. However, the local
increase of pordty is correlated with alecreasef the rock bulk density and
cantherefore be measurable by gravity measurement.

The aim of this work is, thus, to investigate the possibility that fracture
porosity can, to a certain extent, be inferred by gravity datarijunction

with accurate3D geological models based on seismic data. In this respect, a
methodology anda computerprogramwere developed and tested on two
ongoing geothermal projects in Switzerland: the projects of Sankt Gallen (SG)
and Eclépens (VD).

1.2 Structure of the thesis

The structure of the thesis is briefly presented here&ftapter 2 describes

the fundamentals of deep geothermal energy before presenting the general
geological settingf the Swiss Molasse basand the basics of the gravity
exploration method. Concerning deep geothermal energy, the different
geothermal systems and resources as well as their possible uses are presented
ona worldwide scale before focusing on Switzerland. This focus is carried out

by presenting the history of deggothermal energy in Switzerland before
explainingthe present day situation. A state of the geothermal exploration is
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also presented as well as the diffemegionalstudiesshowingthe geothermal
potential of Switzerland.

The geological formations ohé Swiss Molasse Basinwhere our two case
studies are locate@regivenin the geological settings. Thedrpgeology of
these formations and the geothermal conditiawithin this basin are also
presented.

Finally the bases of gravity exploration altescibed through the histyg of

the methodand its basigrinciples. A section is also dedicated to the density
of the rocks present in the Swiss Molasse Basin as it is the driving factor of
the gravity method.

Chapter 3first developghe different methodsna toolscreatedor this study.

It starts with a description of the different techniques used for the treatment of
the gravity data. The second section presents the fdsciples used for the
gravity modelingas well as the first tool used for 2D fawd modeling in the
early stage of this thesis and its validation.

The main tool developed for this work is a computer progwittma Graphical
User Interface (GUI)named GInGER, Gravimetry for Geothermal
ExploRation. Its maitfieatureis to calculate thayravity effect of the different
elements of a 3D geological modeldto allow inversion on densities. These
different features are presented in sec8ah

A tool allowing the forward modeling of gravity usirggmple geometrical
shapes was also developed. This tool name GINGERSP (GInGERetynt
Profile) can be used either @@mbination with GINGER oas a staralone
tool. Its different features are presented in secBi@n

Chapter 4 describes how our methodology was applied far geothermal
project of Sankt Gallerindeed, this projeatffered a rare opportunity to test
our methodology and tools on an ongoing project for whictetailed3D
geological model based on 3D seisrdatawereavailable. This study was
conducted in two phases: firatsensitivity analysis made on synthetic profiles
(sectiond.3) allowedusto confirm that our methodology was applicable. This
sensitivity angysis alsopermittedusto obtain a first estimate of the extension
of the gravity anomalies linked with the different geological structures and to
betterdesignour gravity survey.

The second part of this case studyrelated to the gravity survey thatw
conducted in the vicinity of Sankt Gallen. These data allavetd applythe
proposednethodology and tools resulting in testimation of the dimensisn
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of thePermaCarboniferous graben and in a first assessment of the fault zone
porosity, whichwasthe main target dhis geothermal project.

Chapter 5 presents the use of our methodology on the geothermal project of
Eclépens (VD).This ongoinggeothermal projectwhichis the second case
study of this work, also targets a deep fault. The region ofépeins was
exploredbytheoi | i ndustry in the 19806s and i
well known The main aim of this case study, beside the use of our
methodology and tools,sito detect andto size a suspected Permo
Carboniferougraben and to gk a first qualitative estimation of the porosity

of the different fault zorg In this respect, we used the 3D geological model
of the geothermal project to carry out a preliminary stsaygtfon5.3) using
existing gravity datan order tobetter size our gravity campaighhe detai

of the gravity survews well aghe results are presented in the sesttodand

5.5 respectively. Thevalidity of the results as well as their significance are
thendiscussedh section5.8and5.9.

The final conclusions are presentedcimapter 6 together with ageneral
discussion on the significaa of this work regarding geothermal exploration.
In this chapter walso presentwhich further worksshouldbe conducted to
improve the methodology aritie tools. The applicability on other topics is
also explored in this chapter.

Some sectiorof this wak are adapted from:

Altwegg, P., Renard, P., Schill, E., Radogna;VR. 2015. GInGER
(Gravimetry for Geothermal ExploRation): A New Tool for Geothermal
Exploration Using Gravity and 3D Modelling Software, in: Proceedings
World Geothermal Congress 20F50oc. World Geothermal Congress 2015,
Melbourne, Australia.

Altwegg, P., Schill, E., Abdelfettah, Y., Radogna\R, Mauri, G., submto
Geothermics Towards fracture porosity assessment by gravity forward
modelling for geothermal explorati (Sankt GallenSwitzerland).

Altwegg, P., Schill, E., Radogna,-F., Abdelfettah, Y., Mauri, G., 2011.
Geothermal project St. Gallen: Joint interpretation of 3D seismic and gravity
data. Laboratoire de géothermi@REGE, report for Sankt Galler Staatrke,
Neuchatel Switzerland.
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2.1 Deep geothermal energy

By definition, geothermatesourcesare present everywhere on earth as it
represents the heat naturadfioredunderground. A geothermagservoir is

thus a volume of rockom which heat can be #acted for specific useand

a geot her maty regignally lecalized geoldgical setting where

naturally occurring portions othe Earttb s t her mall energy atr
close enough tthe Earttb s sur face by <circul ating s
readily harnessed for ug¢Williams et al., 2011)A geothermal system is

thus made of three main elements: a heat source, a reservoir and a fluid
(Dickson and Bnelli, 2003) It impliesthat temperature and permeability are

the two predominarghysical parameteis thegeothermal reservoir.

This leads to different classifications of the geothermal resources depending
onthe parametersonsideredln general, ey are classified according to their
enthalpy level which is a measurement of the energy of the system, and is
determined by the temperature of their reserftate, 2001) Therefore a limit

is fixed to distinguish the poss$ibusesand the fluid that will b@resenin the
geothermal installation, liquidominatel for low enthalpy and vaper
dominated or liquiesdominated for higkenthalpy resources. Some authors
also add a third class of medium enthal@ble2.1). The main reasofor
choosing temperature for tlokassification is that itontrolsthe use that can

be made with the energy and therefore if power production is possible and
under which conditions.

Table2.1: Classification of geothermal systems basecwutthalpy of geothermal fluidérom

Dickson and Fanelli, 2003 emperatures are expressed in °C.Nuffler and Cataldi, 1978
[2] Hochstein, 19903] Benderitter and Cormy, 199(4] Nicholson, 1993[5] Axelsson and
Gunnlaugsson, 2000

Reference [1] 2] [3] [4] [5]
>, Low <90 <125 < 100 O 15 019
e

f_'f Medium 907 150 1257 225 1007 200 - -
[

L

High > 150 > 225 > 200 > 150 >190

The emperaturef a geothermal resource is strongly related t@#wogical

and tectonicontext of the region and is dependent on the geothermal gradient
which expesses the increase of temperature with depth. The mean value of
t his gr adi é&forttheiugper 8rlist bk & Ankicin higher in regions
such as active volcanic areas.



10 Fundamentals

Permeability is the second drivingarametercharacterizinggeothermal
reservoirsindeed, it controls the amount of geothermal fluid that roane
through a given geothermal reservoir and thus has a major impact on the
amount of heat that can be extracted. Geothermal resewcaitaining a
naturalaquifer are called hydrothermal reseiks (hydrothermal or natural
systems) Unlike temperature, reservoipermeability can be artificially
enhanced by differentheans like hydraulic and chemical stimulati@n It is

even possible to artificially create a reservoir from a very low permaabilit

host rock. This enhancement thie originalpermeability leads to different
geothermal systems called Enhanced (or Engineered) Geothermal Systems
(EGS) which are defined by MIT2006)a sengdineered reservoirs that have

been created to extract economical amounts of heat from low permeability

and/or porosity geothermal resources

EGS projectgliffer from projects targeting hydrothermal systémsoncept.

Indeed, as expressed by Rybd2010) the EGS principle isfi i n

subsurface where temperatures are high enough for power generation (150

t he

200 °C) an extended fracture netwois created and/or enlarged to act as

new fluid pathways andctat t he same ti me Ewmif a
theprinciple is the samether terms referring to the type of reservoir are used:

Hot Dry Rock or petrothermalystemwhen the formatiomdoes not contain

sufficient fluid volume for heat extraction; Hot Wet Rock or Hot Fractured

Rock (Breede et al., 2013; Moeck, 201Nevertheless, hydrothermal and
petrothermal reservoirs atleetwo endmemberghat allow the classification
of the geotkrmal reservoirs regarding permeability as presentédure 2.1

and all the cases-inetween areonsideredEGS.

Hydrothermal reservoirs Petrothermal reservoirs
Commerciality proven Potentially commercial

Productive | Enhanced | Created systems
systems Geothermal Systems (EGS) Hot DryRock (HDR)

Suitable fo
Enhancem

High Very low

Natural Permeability

*hydrofracturing, targeted injection, chemical stimulation, directional drilling, etc.

Figure 2.1: lllustration of the permability range for different types of geothermal systems.

deeg

heat
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2.1.1 Power production

Presentlymore than 904 of theworld's geothermal power production comes
from high enthalpy resources at high pressure located at shallow depth like in
volcanic regiongBertani, 2012) In such favorable conditions, power can be
generated by using geothermal steam under pressure. Howhese
conditions are rare worldwide and thus other systems atsisbe used for
power production. When geothermal fluid tengiare is below 150 °C the
most commonly used systems are binary Organic Rankine Cycle (ORC) units
(DiPippo, 2004) The bak principle is to use a heat exchangetramsferthe

heat of the gothermal fluid to a closed loop containing a working fluid. This
fluid is typically composed of an organic fluid such as isobutene or isopentane
which will be vaporized at a lower temperature than water. This vapor will
then pass through a turbine couplgith an alternatothat generatepower.

The working fluid will then be cooled to begin a new cycle. Typical cooling
devices are air or water coolsr A similar but more complexystem is the
Kalina cycle the powerunitsfunction on the same principlas ORC, except

that the working fluid is a mixture of water and ammonia. With such sgstem
(ORC and Kalina) power production is possible wémperaturgas low as

75 °C (Erkan et al., 2008put 110°C is generally considered as the Ieve
temperature to ensure the econowidbility. Binary cycle units are generally

of smaller size and capacity-25 MW) compared to the power plants installed
on high enthalpy resourcesth anaverage between 316 MW depending on

the system use@ertani, 2012)

2.1.2 Direct use

Power generatiois not the only use that can be made of geothermal energy.
This is especially true concerning low enthalpy resoufeds0 °C)for which

the conversion efficiencyor powergenerationis low, between 6.5 and 2%

with ORC plantsfor fluid temperature betaen 90 and 150C (DiPippo,
2004) This conversion rate depends the mineralization of the geothermal
fluid andonthe use of the fluid. Indeed, the conversion rate will be higher if
powerproduction is the only purpose of the project than if the heat is also uses
i.e. for district heatingTherefore, lots of geothermal projedtased on low
enthalpy geothermal resources use likat for differentpurposessuch as
thermal bathing, districtdating, snow melting arariousindustrial processes

as presented ifigure 2.2. This can also be achieved after power production
asgeothermal fluid is still hoat theheat exchanger
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Figure2.2: Uses of geothermal energy for low enthalpy resource at different temperatures (left)
and temperature range of different uses (right).

2.1.3 Deep geothermal energy in Switzerland
In Switzerland three types of geothetmesources can be distinguished:

- Shallow depth lowenthalpy resources coupled with heat pumps.
- Resources in Alpine regions.
- Deep geothermal resources in the Swiss Molasse Basin.

The depth at which the distinction between shallow and deep geothermal
resources is made in Switzerland may diffetweenauthorsbut usually
rangeshetweer800 and 500 nfe.g. Rybach and Signorelli, 2010; Vuataz and
Fehr, 2000)However as the resouss targeted fahetwo case studiesf the
present workare much deepgthey areconsidered deep aquifefBhesecase
studiesbeinglocated in the Swiss Molasse Basin, the following geothermal
resources and their associated installations will be presente
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- Deep aquiferslow to medium enthalpy hydrothermal reservoirs
(figure 2.3, A heat only andC heat and power productipn

- Enhanced Geothermal SysterfiSGS: medium to high enthalpy
petrothermateservois figure 2.3, B).

The principle of geothermal projeston deep aquifers is to pump the
geothermal fluid naturally present in the permeable rock at depth and to use it
for district heating and/or powergauction. With this aim, generally two
boreholes are drilledne to pump the geothernfalid (production well and
another(injection well)to push it back into the formatiqffigure 2.3). This
schemes mainly carried outfor two reasonsFirstly, it avoids the treatment

of the brine. The Federal Office for Environment (FOEN) recommends a
doublet system if the total mineralization of the geothermal #xickeds?

g A(FOEN, 1998) Secondly, pushing back the fluid into the aquifer allows
keeping the hydraulic pressure kit the aquifer unchanged and thus avoids
an increase of pumping costith time The distance between the two
boreholes at depth is calculatedetaludean importanthermalbreakthrough
(cooling of the production well)during the economic lifetime of the
installation.

History of geothermal energy in Switzerland

The modernuse of geothermal energy for heat production in Switzerland

beganin the mid1970s. According to Vuataz and FgR000) before this

period geothermal energy exploration and exploitationlwaed tovery few
specialistsand projectsandthe mainusewasfor spas. Major mileéenes of

the geothermal development in Switzerland are summarizedbie 2.2.

During the 1970s the first oil crisis occurdeddingthe Swiss Federal Office

of Energy (SFOE) to begin dancentive and promotingolicy for renewable

energy. Concerning geothermal energy this went mainly through the creation

of the fAFederal Commission for Geother
(KGS) in 1975. Its task was to clarify scientific, technical and economic
aspects concerningegthermal energy and to promote and develop this
knowledge (Vuataz and Fehr, 2000he KGS was involved in various

national and international projects and published maimyies such as

i Geot her mi sche Dat gRybaghetah,d38E der Schwe

However, concerning deep geothermal energy,interested communities
and investorsvere not able to sustain the high costs and geological risks of
deep boreholes. Therefore to hegvelopgeothermal energyndeep aquifers

the Swiss federal government decided to creatsurance called
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Figure 2.3 (previous page)Possibilities of deep geothermal energy exploitation on the Swiss
Molasse Plateau. A. Deep aquifer exploitation for therrsal B. Enhanced Geothermal system
for heat and power production. C. Heat and power production from deep aquifer. 1. Enhanced
Geothermal Reservoir; 2. Production and injection boreholes; 3. Heat exchangers; 4.
Electricity production: ORC turbine and genewgt 5. Air cooler; 6. District heating. The
geological profile isnodified afte{Sommaruga et al., 2012)

Afgeollogii sk c atengeardugpionstarftinyg m 1988Vuataz and
Fehr, 2000)This risk insurancevas available under the recommendation of
the KGS and, in case of partial or total failure of the projesuficientflow
rate), up to 5@ of the drilling and testing costs where refunded. Moreover
an incentive measure covering Ztof these costs was also implemented later.
The consequence wasfirst small boom in the exploration and exploitation
of hydrothermal resources with the drilling of 14 deep boreholest42600

m) from 19§ to the end of the risk coverage in 1998. Fitwese boreholes,
sevenare commercially exploited but only four were considered as fully
successfuffigure 2.4). The first geothermal doublet system in Switzerland in
Riehen was one of these. The extension of its disgteating to Lérrachcross

the border with Germanyeven made this project the first trarsional
geothermal utilization.
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Figure 2.4: Results of the deep geothermal boreholes drilled from 1980 tq 4988aluated
by the experts of the geological risk coveraeviss Coordinates are used, border and
background relief courtesy of Swisstopo.
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In the beginning of the 2000s the growing concern of global warming linked
with the extensive use dbssil fuels led the SFOE to start a new 4@ar
promotional program called SwissEnergy. Its main objective wdedease
fossil fuel consumption, to reduce the growth of electricity demand and to
increase electricity production from renewable sourths. basic stratggof

the program was to employ voluntary meastire@ avoi d new ficomm
control maCGOs tax (Rytsachand Gorhan, 2005 his, together
with the end of thgeologicakisk coveragged to the situation wherreo deep
drilling occurred in Switzerland farearlyten years with the exception of the
Deep Heat Mining (DHM) project of Basélleverthelessfromthe 1970s to

the start of the 2000Switzerland became one of tleadersfor geothermal
heat production, although most of it was produced by viemsy enthalpy
resourcesand shallow geothermal installations, mainly borehole heat
exchangersor family hougs

In 1996, theEGS Deep Heat Mining project started fBwitzerland Its
objective was to artificially create a reservoir at 5 km depth for power
generatiorand to supply heat to district heatiigom a selection of ten sites,
two were selected for pilgirojects: Basel and Geneva. The DHM project of
Basel was the first to start and led to the successful drilling of a 5000 m
borehole in 2006. However during the stimulation of the reserseireral
seismic evers up to a magnitude of 3fdightened thedcal population and
caused some damage to buildingsisTed the projecbeng halted. A seismic

risk assessment was then commissioned and the project was definitely stopped
in 2009.The DHM project of Genevavhich followed the samglanningthan

the prgect of Basel with a postponement of 2 yeavas also stopped due to
this event.
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Table 2.2: Summary of major daseand everg concerning deep geothermal energy in
Switzerland until 209.

Date Event

Activity of the Federal Commission for

19751 1994 Geothermics and Underground Heat Storage
1978 Creation of theesearch group Geothermics anc
Radiometricsaat ETH Zirich
1987 Start of geological risk guarantee
Foundation of the Swiss Society for Geothiessnm
1990 . .
(presently Géothermie.ch)
1994 First operational doubléor district heatingat

Riehen

Deep Heat Mining project in Basel; project stopp
19961 2006 after induced seismic event durihgdraulic
stimulationin 2006

1998 End of geological risk guantee
Extension of district heating of Riehen to Lérrac
1999
(Germany)
2001 Initiation of SwissEnergy program
2004 Creation of the CREGE associatif@@entre de

Recherche en Géothermie, Neuchatel)

Start of the chair on geothermjageation of a
2009 Master in hydrogeology and geothermatshe
University of Neuchatel
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Present situation of deep geothermal energy in Switzerland

The context for deep geothermal projects has changed since 290G
electricity gap was expected in tltolowing 5 to 10years(Wyss and Rybach,
2010) Thus a feedn tariff for renewable energy and a new risk guarantee
were introduced. This guaranteegaflogicalrisk will refund a maximum of

50 % of the drilling and testing costs if the objectives are not fulfilled.
However, only projects with at least B electricity production may apply.
This measure combined with the regional geothermal potettidies that
were availablehascreated an incentive context for the realization of deep
geothermal projects, hydrothermal and petrothermal, targeting combined
power and heat productiotabple2.3).

This cntext was reinforced on May 23011, when the Swiss Federal

Assembly decideto get stepwise back out of nuclear energy and to enhance

power production by renewable enend@ynk et al., 2013) To that purpose,

the SFOE establishedasetofmeasus cal | ed StirSavti s gy E2@®@5 @
In this strategy, due to its important potential, geothermal power production is
expectedo supply 4400GWh until 2050. In order to achieve this ambitious

goal the main following measures are planned (Link e2@l3):

- Increase bthe risk guaranteto 60 %, covering other costs such as
explorationandincreasing of risk guarantee funds.

- Maintenancef the feedin tariff.

- Create fund$or applied research.

- Make available to the public @nformation system abouhe deep
underground.

- Intensify public relations.

This new energy law is planned ¢omeinto effectin January 2015 but a
major legal flaw remains. This concerns the deep geothermal consdssion
exploitation and for exploration, whichave no specific égal framework.
Separately, several cantons have recesitiytedto modify their miningaws
and to include geothermal resourceghiem
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Table 2.3: Recent deep geothermal projects in Switzerland targepiogyer production
(modified after Link et al., 2013Jhe two case studies of this work are highlighted in gray; [a]
EGS projects; [b] Drilling stopped due to an induced seismic evenbtitatred on June 26
2014. This seismic event is likétybelinked with actions taken after the detection of a natural
gas flow in the boreholiraly et d., 2014)

Project Project developers Phase
LaveylesBains Severalmunicipalities Drilling in
(VD) andelectric utilities preparation

Arbon, Romanshorn,
Amriswil (TG)

Avenches (VDY

HauteSorne (JUF

Eclépens(VD)

Etzwilen (TQ®

Sankt Gallen (SG)

HerisauGossau (SG)

Several sites north of]
Luzern (LU

Electric power
company of canton
Thurgau EKT, Axpo
Power AG

GeoEnergie Suisse
AG

GeoEnergie Suisse
AG

BKW / SolE Suisse
AG and others

GeoEnergie Suisse
AG

Sankt Galle
Stadtwerke

Axpo Power AG,
Sankt Galle
Stadtwerke, St.
Gallisch
Appenzellische
Kraftwerke AG

GeoEnergie Suisse
AG

Preliminary studies,
presently halted

Planning phase,
public relations

Planning phase,
detailed project,
public relations

Planning phase

Planning phase,
public relations

Drilling ended,
projecthalted”

Preliminary stuiks,
feasibility study in
preparation

Planning phase,
public relations
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Geothermal exploration and potentigtudies

The deep underground of Switzerland is not well known as thafm@stno
exploitation of deep natural resources like oil or mineral ditee nain
information comes from oil exploration thatcured from the 1960s to the
1990s with the drilling of deep boreholes amgmerousseismicsurveysn the
Swiss Molasse Basin (see sent2.2 for detail). However these datxe
mostly proprietary andre notreadily available as every canton has its own
legislation. The recent publication of the Seismic Atlas of the Swiss Molasse
Basin (Sommaruga et al., 2012y the Swiss Commission of Geophysics
(SGPK) improved thissituation by interpreting hundreds of theseismic
lines and by making 14 transects and horizon depth naapdableto the
public and to the geothermal projects

Itisalsoimportant 0 menti on that the fANational
of Radioactive Vil s t e 0 ( BhAaGiRe&ngive exploration in the north of
Switzerland to find a suitable site for nuclear waste disposal. As NAGRA is a
public institutionlots of these data are availabkven published

As mentioned, dring thevery early2000s no deegeothermal boreholes were
drilled with the exception of the DHNBaselproject. However interest was
still presentand during this period several studies assessing the regional
geothermal potential were carried out usiegsentially, existing data. A
selection of these studies is presentedtable 2.4. Since 2009, four deep
geothermal boreholgsave beerrilled in Triemli (ZH, 2009), Schlattingen
(TG, 2011 and 2013) and in Sankt Gallen (SG, 2013).

Table2.4 (next pages)Selection of geothermal potential studies carried out in Switzerland.
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2.2 Geological setting

Our two case studies, Sankt Gallen and Eclépams)ocated in the Swiss
Molasse Basin (SMB), which extends from the Jura to the Prealps and from
Geneva td_ake Constancdfigure 2.5). The Swiss Molasse Basin is part of
the North Apine Foreland Basithat runs paralleto the Alpinechainand
extends from the region of Savoy (France) in the West to Linz (Austria) in the
East(Kuhlemann and Kempf, 2002Actually, the Western part is a wedge
top basin and the Eastepart aflexural basin.Four major formations occur

at depth(e.g. Kempf and Pfiffner, 2004; Kuhlemann and Kempf, 2002;
Mazurek et al 2006) the crystalline basement s.l. (including the Permo
carboniferousften introughg, its sedimentary cover composed of Mesozoic,
Tertiaryand Quaternary sediments. €6k units whosepresent dayettings
areclosely linked to the different evoiohary stages of the basin, are briefly
described in the followingpagesfrom bottom to top and can be viewed in
figure 2.6, with the exception of Quaternary deposits.

The crystalline basement originafesm the Variscan orogeny and waging
and prior to itaffectedby intensive metamorphism and lwydrothermal
alteration(Mazurek et al., 2006)Top basemendips gentlyfrom the Vosges
and Black Fored¥lassiswhere it outcrops towards the Alps. In the final stage
of the Variscan orogeny, during Per@arboriferous time, the region was
affected by a strikslip dominatedextensional regime which resulted in the
formation of 520 km wide graben systems filled wifluvial clastic and
lacustrine sediments, as well as partly with dead. Marchant et al., 2005;
Mazurek et al., 2006)The thickness of tilse deposits is highlyariablebut
can reach several hundreds of metershe troughs(<1500 m, McCann,
2008)

1 This section is modified aftéAltwegg et al., subm. to Geothermics)
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North-Alpine foreland Molasse basin
Cenozoic sediments of the Bresse-
and Rhine Grabens Plateau Molasse (PM)
Autochthonous Mesozoic sediments Folded Molasse (FM)
Pre-Triassic basement rocks Subalpine Molasse (SAM)

Cenozoic sediments (Jura Molasse)

Mesozoic sediments (Folded Jura) Penninic nappe system

Penninic cover nappes

_

Helvetic nappe system

Helvetic cover nappes Austroalpine nappe system

Helvetic massifs Austroalpine cover nappes

Figure 2.5: (previous page)Main tectonic units of thev8ss Molasse Basin and surrounding
areas(after Sommaruga et al., 201Reddots represerthe geothermal projects of Eclépens
and Sankt Galler.egend here above.

In Northern Switzerland, these graben structures are generalbi]NBSW
WSW-ENE oriented, . the NorthSwiss troughi{Diebold and Noack, 1997)
This graben is relatively well defined even in its geometry by 2D seismics
(NAGRA, 2008; Sommaruga et al., 201dthers are comparably difficult to
identify, since seismic evidence is providedaifew internal reflectors only
(Marchant et al., 2005T he most complete compilation of these structures in
northern Switzerland is givan atechnical report of Nagrf@dNAGRA, 2008)
More regionalinterpretatios are also availablen McCann (2008) and
Ustazewsk{2004) However, the definition of the trough is slightly diffate

in the two interpretations. Ifigure 2.7 (NAGRA), the troughs are identified

at places wher€arboniferous sediments were found in wells. In the other
studies a trough is only considered when theneggd thickness of the Permo
Carboniferous sediments is greater than @50stazewski, 2004)

In the vicinity of Sankt Gallen and Eclépens only uncertain |catidia of
PermeCarboniferous graberstructures areindicated from 2D seismic
(Sommaruga et al., 2012pue to difficult identification, the crystalline
basement and the Perf@arboniferous grabens are often regrouped under the
name fibasement s. | . o0.
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Cenozoic Mesozoic sediments
Volcanic rocks of
- the Hegau region Cretaceous ———  Fault/thrust
Plateau and Folded Malm == = == Décollement zone
Molasse
Lias-Dogger
Subalpine Molasse
Triassic 0 10km
E:E:EI
Helvetic nappe system Paleozoic basement
. Permo-Carboniferous
- Helvetic cover nappes sediments
Penninic nappe system Crystalline basement

I:l Penninic cover nappes

Figure 2.6 (previouspage) a) Crosssection of the northeasterf®wiss Molasse Basin. b)
Crosssection of the souttvestern basin. Profile location séigure 2.5 (Sommaruga et al.,
2012)

Wichtige Storungen:

BIH Baden-Irchel-Herdern-
Lineament

E Eggberg-Stérung

N Neuhausen-Stérung

Ra Randen-Stérung

Rh  Rheintal-Flexur

Vorwald-Stérung

Wehra-Zeiningen-Stérung

- Nordschweizer

Permokarbontrog

- Weitere PK-Troge
vermutet (Leu 2008)

l]]]] Schaffhausen-Trog
(Marchant et al. 2005)

[ ] Perm direkt auf Kristallin

:] Sockel im Allgemeinen,
Permokarbon méglich

[[7] «ristallin-Hoch

Bohrungen mit

+ sl [ Kistallin-Aufschluss
#.iPemm casieias Wichﬁge Stérungszonen
© Perm + Kristallin im Soclltel

Geologische Profile
e Perm+Karbon "7 (Belil. 5.2-7 bis 5.2-26)

Figure 2.7: Late Paleozoic troughs and highs in the southernmost URpare Graben and
adjacent areagNAGRA, 2008)
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Concerning the geometry of the trough, based on the Marths Graben,
they seemto be highly asymmetrical withordersof different geometry as
illustrated infigure 2.8. Moreover, the thicknss of the deposits/aries

considerably

from

not hing

a few

kilometersatthe thickest parfl he faults linked with these structures are likely
of variable geometry and importance but can be of high interestdtingr mal
exploration as they can allows fluids convection. Sommaruga €2GiR)
mention that in the western SMB the Per@arboniferous grabens seems to
bearathernarrowsized flat ramp with steep borders.

Altitude (km.a.s.l)

[y
o

+ Crystalline basement

+ +

+

+

L

L

Tertiary formations.

Permo-Carboniferous
sediments

(I's'e"wny) apmuy

-1

o

T T

5

15 20 25

Distance (km)

Figure 2.8: Schematic illustration of a Perm@arboniferous graben in thBwiss Molasse
Basin.Red lines represeffaults.

On top of the crystalline basement s.l., continental sandstones of the
Buntsandstein formation underlay the Triassic marine sediments of the
Muschelkalk formationChevalier et al., 2010During this period mainly
dolomite, clays, marls, sandstone and limestone were deposited in-an epi
continental seaNAGRA, 2008) Evaporites were also deposited idgr
Triassic; however this concerns mainly the area north of the LauZainicé-
Munich line and therefore will be treated in matetailfor the case study of
Eclépens. The collision of the European and the Adriatic plate cdhsed
bending andulging ofthe European plate and this ledthe exhumation of

the Mesozoi@and Cretaceou®rmations.

Thus, fart of these sediments was exposed to weathering and karstification
especially in the eastern part of the ba@itazurek et al., 2006; Pfiffner,
2010) This together withdifferencesin deposition thickness leads &
diminution factor of fouregardinghe thickness of the Mesozoic layers from
Lake Geneva to Lake Constan¢@ommaruga et al., 2012k furthermore
caused the erosion of most of the Cretaceous depdigisg2.5) and part of

the Malm formations.

me t
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During the Tertiary, the Swiss Molasse Basin was filled during two cycles
with detrital sediments resulting from the eowsiof the Alps and shallow
marine deposits during sea ingression. These sediments are mainly composed
of turbiditic seriessandstonesandy marls and conglomerates and divided
into four successive depositional groufBerger et al., 2005a, 2005b;
Burkhard, 1990; Homewood et al., 1986; Kempf et al., 1999; Kempf and
Pfiffner, 2004; Kuhlemann and Kempf, 2002; Mazurek et al., 2006; Pfiffner,
1986a) In axending stratigraphic ordeheseare: Lower Marine Molasse
(UMM); Lower Freshwater Molasse (USM); Upper Marine Molasse (OMM);
UpperFreshwater Molasse (OSM). In terms of structural units, three types can
be distinguished: the well bedded, erected, anditkieline of the suAlpine
molassegBerger et al.2005a, 2005b; Burkhard, 1990)

In the Swiss Molasse Basin, Quaternary deposits are linked with glaciers and
hydrology. In the region of our tweasestudies heir extension is typically
relatively small and locallhey will thereforebe presented in dat for each

of thecasestudies

2.2.1 Hydrogeology

Hydrogeological properties of the different geological lapéthe SMBhave
bee studied for different reasonsuclear waste disposal by NAGRA.g.
NAGRA, 2008) CG; storage(Chevalier et al., 2010)Their potential for
geothermal exploitatiorftable 2.4) has been evaluated byBaujard ¢ al.
(2007) Signorelli and Koh{2006) andRybach(1992) They also have been
studiedon a more local scale fohe geothermal potentiatudies(table2.4):
Bern Fribourg Geneva Neuchatel Thurgay Vaud and Zurich Table 2.5
presers the differentpotentialaquifer formations of the SMB together with
the commonlyadmittedname of the aquifete.g. Clevalier et al., 2010)
which is used in this workTheseformationsare presentedn table2.5 and
figure 2.9 from the youngest to tha@dest
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Table 2.5: Potential aquifer formations of the SMB from the youngest to the oldest. The
commonladmitteda q u i f e r @igen fordunther usesn the text

Geological formation Aqui ferods
Sandstone of the OMM (Early Miocene) OMM
Limestores and dolomites of the lower Cretaceous
Cretaceous
Limestones of th&pper Malm Malm
Limestones of the Dogger Dogger
Limestones and dolomites of thipper
Muschelkalk Muschekalk
Sandstone of the Buntsandstein Bunsandstein
Altered and/or fracturednte-Triassic ,

: Crystalline basement
crystalline rocks of the basement

OMM

This formation is a welknown porous potential aquifer in the East of
Switzerland where it is exploited for drinking watandsometimedor heat

An example of itcombineduse can b found in Seon (AG), where water is
pumped at 300 m with a temperature of 19.5 °C from a single borehole. Water
is then cooled to 1TC by a heapumgp thisallows heatingf several buildings
before being used as drinking water. However in most caseBetttiary unit

is quite shallow and therefore einot represent a target for major geothermal
projecs, even if the quality of the water allows its exploitation from a single
borehole without reinjection

Cretaceous

In the Jura Mountainsthe lower Cretaceouslimestoneis a weltknown,
essentially karstic, aquifdrut is often not considered for geothermal projects
for the following reasonsFirstly, as show on figure 2.5 the Cretaceous
formation is only present in sanpars of the basin. Secondly, the karst and
fractures can be filled with depositesulting from its erosionr secondary
mineral transferred by fluid flowas itis the case in the Thénex (canton of
Geneva) boreholélenny et al.,, 1995)inally this formationis often too
shallow to be exploited without heat pumpsen if it can still be interesting
for low to medium depthprojects.

Figure 2.9 (next page) Generalized stratigraphic column (not to scale) of the Swiss Molasse
Basin and the adjacent Folded Jura with aquifer properties. Aquifers are blue, aquitards
orange, from Chevalier et 2010)
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Chrono- Lithology Formation/ | Stratigr. column| Variation
stratigraphy Group — in thickness
[m]
c|g[n Ms [N Is |
U. Miocene  Conglomerate, S| - —
channel sandstone, S 5 _
OSM e 27 E 7554 0 - 1500
3| & EE
oMM Sandstone, silt ) i g
S o 0 - 1000
¢}
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Upper Malm

The name Upper Malm is often given to tpetential aquifer of the
Kimmeridgian and Portlandian formations. These formations are composed of
limestones and doloites (Portlandian only) and can be an aquifgpecially
when affected by fractas and/or karstification.This represents the main
aquifer for drinking water all along the Jura range. Moreowds, formation
reveals aquifer mperties to considerable dbp greater thar83300 m in
Germany and Austrige.g. Schellschmidt et al., 2010n Switzerland an
important number of wells were drilled in the Malf@.g. Muralt, 1999)
especially near the foot of the Jura range for different reasons: water
prospection, oil exploration or geothermal prospectidhis leads to a
relatively good knowledge of its aquifer profes. Due to its important
thickness and to the major infiltrating area in the Jura Mountains,dhifea

has been the main targdtseveral geothermal projects in Switzerland.

Dogger

TheDoggerseries aralsoa welkknown aquifer in the Jura Mountainwhere
they havebeen drilled for drinking water e.g. at Muriageanton of Jura,
Hessenauer et al.,, 200B8everalformationsof the Doggerseriesrepresent
potentialaquifess, but the onlyonesthat can be of regional importanarethe
iDal | e (Gadlavianpand thei Hauptrogensteino
Bathonian figure 2.9). Howeve there are significant and rapid facies changes
in these formations, resulting inonsiderable spatial variatisnof the
hydrogeological parametersior example, at YverdonlesBains, the
geothermal well F5 reached the Bajodiarmations whichwascompsed of

a micritic limestone, whereas at 3 km in the oil exploration well of
Treycovagnes it was an oolithic limestof\duataz et al., 1999)Therefore
Dogger formations are not commonly consideredaasajor and regional
targeta geothermal project.

of
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Muschelkalk

The Muschekalk is a wellknown aquifer in thaorth-eastern Jurawhere it

was the target of three geothermal projects, two of which were successful.
This aquifer is hosted by limestones and dolomites of the Upper Muschelkalk
represening generally a total thicknesof more than 70 ngBurger and
Gorhan, 1986)This aquifer is often considered as the main target for deep
geothermal projedte.g. Baujard et al., 2007; Signorelli and Kohl, 2006¢

to the relativeevennessf it characteristicssuch as thickness and aquifer
properties In Riehen (canton of Basel Stadt)hias beerused for district
heating since 1994 and in Schinznach Bad (canton of Agrtp@ulesource is
used for thermal bathirgndspace heatinSonney and Vuataz, 2008)

Buntsandstein and crystalline basement

Buntsandstein represents the most basal formation of the Mesozoic. It is a
sandstone formed by the alteration of the basement and was recognized as an
aquifereastof Geneva in Frandee. in theCharmontl well (PGG, 2011xand

in northern Switzerland. Schmassmann e{l#192)established that there is a
hydraulic connection between the altered basement aquifer and the
Buntsandstein. Therefore where Buntsandstein overlies crystalline basement
theyformtogethera single aquifer, but where it overlies Per@arboriferous
sediments Buntsandstein alone must be considered. The aquifer parameters
of the altered crystalline basement have been studied by NAGRA in northern
Switzerland, where it shows considerable permeability heterogeneity
(Pearson et al., 1991; Schmassmann et al., 1992; Signorelli and Kohl, 2006)
but could be an iteresting aquifer for geothermal projeit several regions

of Switzerland although information abouthis formationis quite limited
(Baujard et al., 2007)

2.2.2 Geothermal condition under the SMB
In the Sviss Molasse Basin the geothermal gradient is considered mostly

normal (30 °C-km?), with regional or local values ranging from 25 to
40°C-km* (figures2.10 and2.11).
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2.3 Gravity exploration

The gravity methodis based on accuratmeasurment of the vertical
component ofthe Earthgravity field and their interpretatiorio detect
underground vaations of density. This method has a variety of applicagjon
which are principally geodesy, determination of deep earth strachnc
geophysical explorationt was historically firdy used for geodesy.

2.3.1 History

The history of gravity methods most dten divided into four broad and
overlapping periodgHinze et al., 2013)which are strongly related to
technologicalnnovation. It is not the purpose of this work to give a complete
review of the gravitymethodhistory, but to pesent itbriefly in order to give
context to the proposed methodology.

First period: Renaissancé end of the 19 century

The interest in gravity measuremehbeganin ancient Greece whefristotle

made the distinction between heavy (i.e., stones) agitt hodies (i.e.,
feather). Thingsemaired almost the same until the end of thé" t@&ntury
when Galileo Galilei wrote his theory of the falling lmbdies Legend says

that he let heavy and light objects fall from the tower of Pisa and then
measured théime of the fall. In fact, heperformedthis experiment on an
inclined plane. Nevertheless,gtallowedhim to conclude that the time was
the same for every object regardless of its weight and was thus the first
approach of the effect tiie Eartlgravityfield. It isthereforeghe datemarking

the beginning of the firslevelopmenof the gravity method development.

A century later in 1687, Sir Isaac Newton published his farftilesophiae
Naturalis Pricipis Mathematicaln this work, Newton explained fahe first
time the law of universal gravitatipwhich allows the calculation of the force
of attraction between twioodies

Nevertheless hie founding father of gravity measurements is Pierre Bouguer
(16981758) a French mathematician. In 1735, uraletook a scientific
expeditionto Peru with Charles Marie La Condemine, Louis Godin and
Joseph de Jussieu to measure a degree of the meridian arc near the equator.
This expedition allowed Bouguer to establish many of the basic gravitational
relationshipg including the “free air correction”, "plate correction" (often
called Bouguer plate) and also the masshefEarth He also succeeddad
measuringgravity at several points. Bouguer also tried to measure the
attraction of a single mountain in Chimborazot bet made sommiistakes in



36 Fundamentals

his calculationswhich led him to failure (Goguel, 1984). Tlsperimentvas
made by measuring the deviation of the vertical in two far away points near
the mountain with a pendulum.

Second period 8007 1950

The first gravimegr was the Kater's pendulum introduced in 1817 by the
physicistand Captain Henry Kater. The center of gravity and the center of
oscillation were not fixed this allowed more precision in gravity
measurements. Then in 1890, Baron Roland von EG6tvds, a kHamga
physicist developed a torsion balanoghich allowed the measurement of
differencesin gravity between two points rather than the total value of gravity.
Before theinvention of modern gravimeters in 194@umerousgravity
measurements were made gsimoth systems but the difference between
absolute and differential gravimeter remained.

The availability of more portable instruments and their increased precision
allowed, in the first years of the 1900s, to use gravity measurements for
subsurface stués. This led to an important increase of gravity measurements
and the torsion balance was used for oil exploration from the end of World
War I. According to Nabighian et.g005)it was used over a salt dome in
Germany in 1918 and the instrument was then bought as war reparation and
usedin the USA. In 1922, this led to the firgtil discovery by geophysical
method in America when it was used over the Nash dome in Tdikaze et

al., 2013)

During the first half on the 20century gravity was thus extensively dsa

oil exploration, wich allowedthe establishment of the concepts of mapping
geology with gravity anthe basic principle dfravity dataprocessingDuring

this period, international standard data reduction for pendulum and gravimeter
were internatioally accepted and th@al was accepted as the CGgstem
(Centimeter Gram Second systemmjt for acceleration. The next steptire
developmentof the gravity methodwas done througlthe works of L. L.
Nettleton(1939, 1940, 19429nd of S. Hamme1939, 1945, 1950)hich are
critical in gravity exploration and fodensity determination. During this
period instruments were also improved with the discovery of the zero length
spring of L. J. B. La CostEl934)which malethe relative gravimeter easier

to use ando calibrate(Nabighian et al., 2005)

Third period: 19508 1980

The development of gyrostabilized gravity platfernm 1960 allowed
extensive measamens on moving platforrasuch as planes and shiptnze
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et al., 2013)Nevertheless, this period is mainly marked by the rapid increase
in digital computatioal capacity and speethis led toimprovement in the
processing andhodeling of gravity data. Thiesulted inthe development of
algorithms for the computation of the gravity effect of 2D and 3D arbitrary
shapes(e.g. Talwani et al., 1959gand thus allowd forward and inverse
calculation. The increase of computer capacity gisomittedthe use of
Fourier transfoms for potential field analysisFrom the 1970s the use of
geographic information systems (Gl&)lowed beter representation and
understanding ahe multiple geological and geophysical data.

Fourth period: 19809 today

As this period is still ongoing, thpresentmethodology used in gravity
exploration will be presented in the next sections of this work. Mexvere
must highlight some of the major changes thate occurred during this
period. Firstly the availability of cheaper workstasamd personal computer
allowed migrating computer software to these platforms (Unix and Windows).
The emergence of theersonal computer and thfeinternetresulted irbetter
access to previous gravity data sets (commerciatientific and to Digital
Elevation Models (DEM)which are becoming far more accurate (see section
3.2.1dedicated d terrain correction). Thiasalso resulted irfaster data
processing and interpretation

Finally, theinstrumentatiotnasevolvedandgravity can now be acquired with
high precision digital gravimeterusing a quartz sensor with partially
automated leving such as the relative gravimeter &3rom Scintrex Ltd
used during this studyith an accuracy of 5 pGaPositioningof the gravity
measurements statiohasalso evolved with the discontinuing degradation of
the GPS signal in 2000 vdh allows hidr-accuracysurveys. Presently the
use ofreattime correctiongivesan almost instar@neousprecisionto a few
centimeters in thredimensions

Regarding geothermal exploration, gravigsalsobeenused in combination
with magnetotelluric methods to petlentify deep geothermalquifers linked

with faults (Tulinius et al., 2008)and in the Alps(Guglielmeti, 2012;
Guglielmetti et al., 2013Filtering of gravity data was also use by Abdelfettah
et al. (2014)in order to characterize geothermally relevant structure in the
crystalline basement in Switzerland. Finally, Bailleux et (2D13) used
gravity data in order to localize temperatamomaliesin the Upper Rhein
Graben.
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2.3.2 Theory

The theory of gravity measurements is presented extensively in litefafgire
Hinze et al., 2013; Kearey et al., 2009; Reynolds, 1997; Telford and Sheriff,
1990) In the folowing section we will summarize some important
considerations in order to better explain the methodology used in the present
work.

Physical basis
Basically the gravity force betweentwodiesi s expr essed by New

of Universal Gravitation preseed hereafter:

"0 O—— (2.2)

with F: the attraction forceén k g A“n@: she universal gravitation constant
6 . 6 7"AnRMgbs% M, M the repective mass of the two bodies in ki;
the distane between the center of the bodres.

The acceleration implied by a force is expresseNlgywt ondés Second L
Motion:

Lo fe (2.2)

whereF is the force acting on a body kng Ak the mass otthe bodyin

kg; a: the acceleration im A%sln the case of a point mass at the surfadhef
Earth equation2.1 and 2.2 can be combined in order to calculate the
acceleration induced ke Earth(g in equation2.3):

— o o D
o) O?O(OQOQO,Y— (2.3

with F: attraction forcein k g Ain@:sthe universal gravitation constant
6.674 At m°Akg'A% M., m the mass ofthe Earthand of the body
respectivelyin kg; g: the acceleratiom m A?sR: the radius ofhe Earthin m,

Equation2.3s h o ws t haaceleragi@n iis intlependent from the mafss
the body and is proportional the Earthmass and radius. €acceleration of
gravity is a conservative vector fielthich implies that the workeeded by
a particle to go from point A tpoint B is independent from its route and is
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the product of tb force of gravity by the displacement. With this
consideration, we are able to calculate the gravitational potential of a punctual
body everywhere in the gravitational fieltt allows us to plot equipotential
curves. These equipotential curves connektpaints in space where the
gravitational potential of a body of constant mass is the same and is called an
equipotential surface. In the case of a motionless and spherical (or with
layered densities) earth, this surface is a sphere. Howhedtartirotates on

itself and thishas two main effects concernitige measurement @gfravity:

the rotation implies a centripetal acceleratibatwill be opposed to gravity

and will beat itsmaximum athe equator and null at the poldggre 2.12).

The rotation also defornmibe Earthwhich is therefore more an ellipsoid than

a perfect sphere. This induced radius difference is 21 km between the poles
and the equator.

ellipsoid

sphere

Figure 2.12: Difference between sphericghrth and ellipsoid and its consequences on gravity
(not to scale); g: gravity neglecting effect of rotation; €entrifugal force.
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Standard gravity and units

Thepreviousconsiderations allowed the determiion of a standard formula

for the theoretical value of gravity at any point of the ellipsoid. This was done
in 1930 when the International Union of Geodesy and Geophysics adopted the
International Gravity Formulde.g. Reynolds, 1997, p. 3Whosegeneral

form is given hereatfter:

" Qp [si% i Q% (2.4)

whereg.: gravity acceleration at latitude go: gravity at the equatotj, b: are
constants discussed hereunder.

This commission also decided to use tBal asthe unit for gravity
measurement This name was chosen to honor Galileo Galilei fis
pioneeing work on theplanets motionat the end of thel6" century. Even
thoughit was adoptedtthe beginning of the J0century and thus in the CGS
system it is still in use today, seable2.6 for equivalence between CGS and
Sl units. The C& gravimeter from Scintrex Ltdisedin this studycan make
measuremestwith an accuracy of 0.005 mGal or 5 pGal

Table2.6: Equivalence of CG8entimeter Gram Second systaeanyl Sl unitgInternational
System of Unitdpr gravity.

CGS Sl

Gal 102 mA®s
mGal 10° mA%s
uGal 108 mA%s

In 1967, the increasing comatioral capabilities of computeras well as
better value forearth paraneters given by satellitmeasurements allowed
scientistgo refine the parameters efjuation2.4 to define the new standard
The International Graty Formula(lUGG, 1967) presentetiere(2.5) allows
the determination of the theoretical valuegobn the ellipsoid at a given
latitude €):

Q wxymotpp 0. 0052 7%B8BOSTMG 0 (2.5

Even if a more refined and precise formula was adopted in (860tz,
1980) differences are very smakthnd most gravity data available in
Switzerland were determined usireguation2.5 (Olivier et al., 2010)



Fundamentals 41

Therefore we also used this equation for the determination of the theoretical
value ofg.

Gravity models and variations

In geophysicsgravity measwments @ony) are compared to a modeled value
of g (gmod)- The difference between these values is called the gravity anomaly
(p @ This anomaly can therefore be positive or negatgdt is related to a
model and noto an absolute measement of the gravity intensity:

3Q Qps Q (2.6)

However the amplitude onomalies studied in geophysical exploration are
very small, typically a few mGal, and thagquation2.5 cannot be used alone
as modeland several other effects affectiggnust be taken into account.

Firstly, the value fromequation2.5 gives the acceleration induced thye

Earth but g is influenced by other astral bodies, mainlySine and thé/ioon.

This effect f ol luiversal atttactionh and 8 thus llinked o f
with the mass of the body and the squardhefdistance. The concretffect

of this variation orkEarthis represented bthe tides (marine and terrestrial)

and this gravity effect can reach 0.3 mGal in amplitude. Howéwelatteris

not constant due to astral movement. It is thus related tooiton and the

time of the observation. Neverthelesg,recent gravimetarsuch as the CG

5, this effect is directly calculated and subtracted to the measurements.

Secondlythe commonly used instruments for geophysical survey are unstable
gravimetersTheir null reading will change with timmainly due to the aging

of the spring. Howeverwhen surveys are short enough this drift can be
considered as linear. To calculate this drift correction the measurements
always begin andndon a station callethe basestationand which idocated
where the measurement shouldgeeturted aslittle aspossible. So the drift
correction is consideraabthe difference between the readindhastart and
attheend of the measuremenihis isthe reason why gravity @easurements
are always made in so called ficycl esbo.

Thirdly, the measurements are rarely made on the ellipsoid and this must be
taken into accountorthat purpose most land surgayse what is called the
Bouguer Anomaly BA). It is presented hereunder ftwitits classical
corrections ¢quation2.7), with gmod model value for the Bouguer Anomaly
and classical correctiongi: theoretical value of gpg: freeair correction;
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pg: plateau correctionpg terrain correction. gecific adaptation or
methods used in this workeadescribed in the neghapter

Q QRn 3@, 3Q  30Q (2.7)

Replacinggmed In equation2.6 by equatior?2.7 gives the formula of what is
generally referretb as the complete Bougemamaly:

3Q Qps @n 3R, 3Q 3Q (2.8)

As previously mentioned gravity measurenseate rarely made on the
ellipsoid and this altitude difference must thus be corrected. This is called the
free-air correction ¢quation2.9, gpg) and is calculeed with the following
formula

3Q @ T U0FQ (2.9)

with pg: freeair correction in mGalgph height difference between the
measirement and thellipsoid in m However, the freair correction does not
take into account that this height difference is filled witatter(in the case

of land survey). The effect of this mass is taken into account by the plateau
(or Bouguer) correctiongfg) and consts in calculating the effect of an
infinite slab with given density.

30 ¢ YQ mrT pdYQ (2.10)

whereqg: the plateau correction mG&: theuniversal gravitation constant
6. 6 7AnRAR A s J : dleqA dphthe elipsoidal height in m

The last classical correction is the terrain correctipg (Its valuerepreserg
the gravity effect of masses present above and under the measurement station
and which were not taken intecount by the plateau correctidigure 2.13).
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Figure 2.13: Effect of mass excess (in greemgdgand mass deficiency (bluengyon g at a
measuremenstation (blak dot ) compared with the plateau
component of mass difference effeed).(ds presented on this figure this correction is always

opposed to gravity.

Historically this correction was made by applying a template made of sector
of annular ring on topographic mapdigure 2.14). The mean elevation of
every sector was then determined and the effect on gravity calculatedusing
datatable determined by Hammgt939) With the emergence of DEM this
correction is often made numerically using different methods. Nevertheless
the basic principle remains the same and the exact method used will be
presented in thehapterdedicated to methodology.

gathes
N

Figure 2.14: Typical template (not to scale) used for topographic correction from Hamme
(1939, in Kearey et al., 2009)

P
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Data processing

The Bouguer Anomaly is consideredpreserdtive the effect of density
change in the subsurface which is linked with geology. It thus represents the
sum of all of the anomalies induced by the geioklgstructures at all scales
from structures of Earth scale to very local structuresveverthis is rarely

the aim of a surwe Therefore it must be refined in order to highlight the
anomalies linkedto the targeted geological structures atd allow its
interpretation.

The most common casetise removal othe anomaly induced by very deep
structurs, such asmountainroots reaulting in a residual anomalyvhich is

only affected by local structureigure 2.15). The methods used in order to
determine the regional effect or regional anomaly vedely, sinceit is also
linked with the target of the study: common methods range from graphical to
spectral filteringe.g Hinze et al., 2013T herefore only the basic principle is
presented here, the method used in this study willrbgepted in the next
chapter

10 —

gravity (mGal)

Measured
————— Regional
Residual

-10

I

0 2000 4000 6000 8000 10000
distance (m)

Figure 2.15: Schematic gravity anomaly with a regional trend and two local anomalies. The
regional effect is removed in order to obtain the residual which highlights localaiesm
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Gravity anomaly interpretation

Interpretation of gravity anomalies can be madavo ways, directly or by
building a gravity model. Concernitigelatter, the gravity anomaly generated
by the model will be compared with the measured gravity.llnases the
nature of the gravity makes its interpretation ambiguassseveral different
bodies can induce the same anomaly as presenfiglie 2.16. Therefore
gravity is often used in combinatiorittvothergeophysical methods to avoid
or decrease the ambiguity.

107
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Figure 2.16: Ambiguity in geological models, all three bod®ducethe sameanomaly

presented at the top. The lesisaped bodies havegaavity anomaly identical to that of a sphere
withitscentemat P of radi us 600m a r.dorhettat \@snatizatioy contr a
the thickness of the bodies is exaggerated by a factor 3. Adapted from Griffiths a(tioRihy

In gravity modeling, there are two main components: the medsgravity

and the modeled gravity. Measured gravity can be a Bouguer Anomaly or,

more often, a residual anomalyhich was corrected from unwanted eftect

The modeled gravitycan be obtained by two methodsyersion or forward

modeling which are alseommon in other geophysical methods. This can be

done either in 2D or in 3D. Inversion consisfsid et er mi ni ng t he
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and physical propert i eqTelwdand Sheriffsour c e
1990) Due to the abovenentioned ambiguity aroruniqueness of the gravity
interpretation constraims must be set to allow the resolutiohthis inverse
problem. This is typically done by giving some prior information on physical
parameterssuch as density distribution, on geometry and/or by giving
constrais to the model. In the direct or forward method, the model is first
produced andts gravity effect calculated and compared to the measured
value. Thanodel is then modified biyial-and-erroruntil a best fit is reached.
This is classically done either by usimgimpleshap€dor idealized body) such
asasphereaslab, etc.or by canputing the effect of a geological modehe
latter is, in mostase, done bysuldividing the model into simple elements.
The resulting model anomaly is the sum of the gravity effect of all these
elements.

2.3.3 Density

As mentioned above, gravity measurememitsdetect the lateral change of

density in the subsurfacecks. Commonly the density of rocks represents its
volumetric mass density ovfandwitstheoul k d
symbol j. However when used in gravity exploratiodensity is often
expressed i n?a ®Sthewraviy iself. gMrcexpressed in

CGS unitsi t is equal to its Arelative den
expresses the ratio & body's density to the density ofwater which is

1g A éan20 °C The densities of most common regkesentn the Swiss

Molasse Bagi and nearby areas are presentdijirre 2.17, together with the

effect of local conditios(table2.7). A map of the density of the outcropping
formations of Switzerland is presentedfigure 2.18 based on Zappone et al.

(20112)
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Figure 2.17: Density of most common rocks present in the Swiss Molasse Basin and nearby
areas. Bars represents worldwide datagesfrom textbookgKearey et al., 2009; Milsom,
2003; Reynolds, 1997; Telford and Sheriff, 198@) diamond are the commonly used average
values. Blue bars represent datmgesfor Switzerland(Altwegg et al., 2013; Wagner et al.,
1999)

Table2.7: Effect of different physical facteon rock densityReynolds, 1997)

Approximate percentage
Factor change in densit{o)
Composition 35
Cementation 10
Age and depth of burial 25
Tecnic processes 10
Porosity and pore fluids 10
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Figure 2.18 Density of outcropping rocks in Switzerland affappone et al2011) The area

around the two casstudies of this worlvhere zoomed in the tvilmserts
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Porosity assessment

As previously discussed (sectioR.1), the dominant hydrogeological
parameter for the economic viability of a geothermal project is the
transmissivityof the reservoir The latter is relatedto the thickness and
porosity of thehostgeological formation through hydraulic conductivity and
permeability.

Gravity data were largely used for porosity determination inshbféfre
exploration surveyf8Cochran et al., 1999; Gilbert and Johnson, 1999; Holmes
and Johnson, 1993; Johnson et al., 2000; Korenaga et al., 2001; Luyendyk,
1984; Pruis andlohnson, 1998; Stevenson et al., 1994; Yamamoto et al.,
1989) In these surveys the densifgtermined by gravity measuremefur

the upper seafloof] med is consideredasthe resultant of the density of the
grain matrix of the rock(} marix) and of theseawate(} nuia) present in primary

and secondary porosity «). It canthus be expressed by a simple linear
mixing equation with two components(McCuloh, 1967 in Murty and
Raghavan, 2002; Pruis and Johnson, 1998)

" P % O %o O (2.11)

Porosity can also be directly expresg@ilbert and Johnsqri999)

%o - . (2.12)

Theseformulaswere used orshore for hydrogeological exploratigMurty
and Raghavan, 2002kor geothermal reservoirs manageméhllis et al.,
2000; Atkinsonand Pederseen, 1988)dfor understanding of hydrothermal
systens (Suharno et al., 2005)As porosity determination by gravity
measurement is a central topic of this work, it is treated in rdetail in
section3.4.3 p. 78.
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3.1 Introduction

As presented in the previoakaptetthere are two main geological parameters
controllingthe success ajeothermaprojects temperature and flow rate. If
the first onecan be relatively well estimated the subsurface, it is not the
case of flow ratewhich is relatedto porosity and permeability Thus, the
major aim of the present work is to develop methodokgy toolsallowing
usto determine areas of high porosity andjuantify it by the combinedse
of gravity anddetailed3D geological modelsstablished with a high density
of datg i.e. made withseismic measurements, such as 3D seisiaia The
principleis to use seismidatato determine th&D geological structuse(as

it is far more prede than gravityor this purposgand then to calculate the
gravity effect of this modelo compare it withgravity measurements. If the
model isaccurateenough itis possible tadetermire the porosity and in all
case to bring qualitative informatiorabaut the model.The general steps of
our methodologyrethe following

1. A sensitivity studyis carried outo determine the shape, extent and
intensity of thegravity anomaies linked tothe differentgeological
structures of the target ardais allowsusto determindo whatextent
a gravity survey can bring information, to detect if there is
inconsistency in the data and to better size the survey itself i.e. by
determining theoffset between the measuremeaiations.For that
purposeexisting gravity datavith low spatial density andrange of
densites takenfrom literature can be use®epending on the data
available, this study can be carried out on an existing 3D model
(second case studghapter % or ona syntletic model (first case
study,chapter 4.

2. A gravity surveyis carried outo obtaina precise Bouguer Anomaly
of the regiorof investigation Thedifferentmethods used in this work
in order to increase accuracy aresented in sectidh 2 Also, when
possible, sampte from outcropping geological formatiors were
collected in order tdetermine their densityf.he main aim of tis step
is to decreastheerror on gravity measuremeras mub as possible.

3. The regional anomalylinked with lithospheric scalestructuresis
determined andhen subtractedfrom the Bouguer anomaly. The
resultingresidual anomalis thus consideret beonly influenced by
local geological structurgsection3.2.J).
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4. The differentgeological structuresre modelled in 3Dand their
respectivegravity effectis calculatedforward modeling section3.3
and3.4). This stegs alsoused to precisely determine the density of
the different formations by a joint use of thesults of the sensitivity
study, the measured rock densitgnd the inversion methods
developed in this worksection3.4.4).

5. The final $ep is the strippingf all the known gravity effects so that
the final residual (or misfit) highlights the gravity variation associated
to the targeted structurds.s also possible here to use our inversion
method as it will indicate the uncertaintidsked with the different
densities.
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3.2 Gravity data treatment

Gravity data sets were acquired following the standard cycle methods using a
CG-5 Autograv relative gravimeter (Scintrex, Canada), which has an accuracy
of +5 pGal. Geographic coordinates dfiet measurement stations were
acquired using a Leica differential GPS (DGPS) GS 15 with an accuraey of 1
3 cm (real time correction). The Bouguer Anomaly was then calculated using
the standard corrections. However in order to combine accuracy anrd time
efficiency, a new approacateasdeveloped to calculate both plateau and terrain
correction.

3.2.1 Terrain effect

The availability of precise DEMg#&described laterpllows us to develop a
different methodologgompared to the one presented in the previous chapter
(sedion 2.3.2. Firstly, this methodologyllows usto merge the plata and
terrain correction intavhat is called by Hinz&013)the terrain effectDoing

so, the final corrections on the gravity measuremantsmore accurate as
there is no need to first calculate the gravity effect of a plateau before
correcting it by the effect of topography. Secondly, the use of precise DEMs
avoids the use of templats such as the one proposed by Ham@&?39,
Figure 2.10) Indeed as these templates were created toozipmate the
topography this approximation automatically indwtean error on the
corrections

The effect of topographig considered tdetheclassical distance of 167 km
which is equal t@anarc of 1.5° onthe Earth This distance is also chosen to
beconsistent with the existing regional data from the Swiss Atlas of Gravity
(Olivier et al., 2010)that were used, i.e. to calculate regional effect (see
below). As the gravity effect decreases with the square of the distance, we
used three different DEMs of different résttions to calculate this effect:

1. From the station tthe distance d200 m a high resolution DEM with
a grid size o2 m and avertical accuracy of £0.10 §BwissALTI3D,
Swisstopg 2010a)

2. From 200 m to 20 kpra DEM with a grid size of 25 m and a vertical
accuracy < 2 mand < 5 m in mountainous ##dM?25, Swisstopo,
2010b)

3. From 20 km to 167 kypra DEM with a grid size of alost 400 m and
averticalaccuracy < 15 niSRTM from ASTER GDEM METI and
NASA, 2009)
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Figure 3.1: Schematic representation of theeuof DEMs with different cell size for terrain
effect (not to scale).

The terrain effect is then the sum of the gravity effect the neasurement
station of each ceppresent within the respectivange of the different DEM
(figure 3.1). This effect is calculated using the algoritifBlakely (1996)
which has beenoded inC++ and built into a dedicatemputer prograrrit

is presented in more detail later in thihapter Nevertheless, before
calculating the effect of the DEMs, sommre consiceration must be taken
into account.
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Correction of the lnildings gravity effect

The first consideration is that geothel plantsare likely to belocated in
urban areasrThus the effect of surroundirtoyildings must be considerebo

that purpose a compar program using the above mentioned algorithm was
created to calculate the effect of a single prism repriesemtbuilding.Each
caseused intable3.1 and infigure 3.3 is described herbelowandits name

is specified The example of Nowe(lL999)was first modeled to valate the
program (building 1, figure 3.2). However in Switzerland most of the
buildings are much smaller than ttadl building in thatstudyand thus other
cases wergeneratedT he first case is a sioor building (building 2) and the
otheroneis a small househpuse)(see detad in table3.1). Density of the
whol e buil di ng “®comsisfertlkwatidNowe{198% 0 kg A m

The gravity effect of the different buildings and thesspective basements
thatwere taken into consideration are presentdibiure 3.3 (case basement

3 m and basement 6.9 nThis effect wagsomputed by considering a density
contr ast “ofdrthebasementkiythAisiigure it can be noticed that,
especiallyfor small buildings, the dominant gravity effect does not come from
the building itself but from its basement as it has also sleewn in the work

of Radogna et a{2004)andAltwegg (2006)

Table3.1: Dimensions of prism&ken into account to calculate the gravity effect of a building
presented ifigure 3.3. “building size based on the study of Nowell (1999).

Width x length  Height above Basement

Case (m) ground (m) height (m)
Building T 27 x 27 100 6.9
Building 2 27 x 27 18 6.9

House 15x15 7 3

Basement 6.9 m 27 x 27 0 6.9

Basement 3 m 15 x 15 0 3
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Figure3.2: Gravity effect of a 27 x 27 m square building of 10Gemihg ht wi t h basement
of 6.9 m and an a vaspesgeateddndNovs(l 999y Botom lefd dffect k g A m

of the basement of a small house (basement 3 m casablef3.1) density contrast

2 6 7 0 SIScalk imthe same for the two presented cases.

This gravity éfect of the buildingsdecreases quickly with distance aagidly
becoms negligible €igure 3.3). Even if this effect seemtrivial, in urban
environmens gravity statiors will not be influenced by a sgle building but
by several anthe sum of these smadffects can reach sevetahtts of uGal

Thereforeat should beaken into account.

For the abovenentioned reasorsnly the effect of building basements will
be considerecand it can be directly cmputed with terrain correction.
However, inthe high accuracy DEM of Switzerlan@wisstopo, 2010a)
terrain is continuedtraightthroughbuildings and thusbasemerst are not
consideredf{gure 3.4, left). We thus corrected the DEM by removing a height
of 2.5 m to the minimum altitude of every building, whishlocatedat a
distanceof lessthan 200 mfrom each gravity statiorfiure 3.4, right) before
calculating the terrain correction.
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gravity effect (mGal)
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distance (m)

Figure 3.3: Gravity effect of the cases presentedable 3.1. The dashed line representse

measurement uncertainty limit of 0.01 mGal that can be considered for-& @2&/imeter.
Distances are given from tloaiter limit of the buildings.
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Figure 3.4, left: SwissAlti3D(Swisstopo, 2010&m DEM in the north of the city Sankt Gallen
with gravity statios (green dots) angosition ofthe buildings from land registry. RighbhEM
used for terrain correctionbuilding basements were corrected (see text for explanations)

Curvature correction

The classical terrain correction removes the effect of the plateau, also called
Bouguer plate. Howevegthe calculationrepresents the gravity effect of a flat

di sk and thus does not take eamet hds c
through the curvature or Bullai#l correction, which gives a correction value

i n mGal for every sector of(Hbhzeaemer 6s
al., 2013; Nowell, 1999)However, as we want to calculate the terrain effect

directly, so to say without using the Bouguer plate,aalculate the altitude

di fference i nduc e figurd3b) befare dalbutating tbeu r vat u

effect of a prism.
s

Ah

Figure 3.5, left: Altitude diffeence between a flat plane and earth. Right: lllustration of the
effect of earth curvature on a DEM (not to scale). S: Measurement stafi@grth average
radi us; d: di stance to measurement station; ol
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If earth is considered as a perfect sphere with its radius eqtls ©artlé s
average radius of 63/Km, the height difference can be calculated using the
following simpe formula:

ya i i Q (3.1)

whereephisthelei ght di fference i;misthelarttby ear
average radiuandd, thedistance to measurement stati@onsistent units
between the parameters must be used.

Theuseofthe Eartld s a v e r @ ggeatiorlddusesa maximum error

of 7.4 m at 167 km and therefore can be neglected. The effect on height is
plotted onfigure 3.6 together with an example of the curvature effect on

terrain correction. For this latter, the difference on the gravity effect induced

by earthés curvatur e wa statioreatanaltitudet ed f r
of 500 m,for aprism of 5x 5 km, a height of 4 km ané bottomaltitude of

om.

Ag (mGal)

0 50 100 150
distance (km)

Figure 3.6: Height difference induced by earth curvaturglative to the distance to the
measurement statiotalculated using equatioB.1 (blue line) and dferenceon the gravity
effectof a prismi nduced by e dedtliheh Parameter of dhe prisra: base,
5 x 5knt height, 4km, bottom is a&n altitude of O mlts gravity effectvas calculated from 5
to 167 knfor statiors at an altitude of 500 m.
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Uncertainties linked with the terrain effect

In order to quantify the uncertainty induced by the terrain correction, we
calculated the terrain correctianthe station of the first case study with DEM

of decreasingell size and for a density @fg-cm®. This density is chosen as

it, afterwards, allows us to quantify the uncertainty for any density. In this
respect we only have to multiply the uncertainty obtained for the dendlity of
g-cm® by the desired density g-cm®.

The absolute difference between the calculated values is considered to
representhe increase of uncertainty due to the increase of the cell size. For
the inner zone, we used the 2 m DEM as reference and then resampled it to a
cell size of 5, 1025, 50 and 100 m. Concerning the latt®o, we also
resampled the DEM used for the intermediate zone to the same cell size. We
then plotted the average and maximum values for each cell size on a graph
and used a power function regression consideringatE¥=M with a cell size

of 0 m will induce no errorfigure 3.7). Using these functions we can thus
determine the maximum and average value of the uncertainty for a DEM with
a 2 m cell size. However thimumber must still be multiplied by the chosen
density for the Bouguer anomaly to obtain a usable value.

0.6 —
y=233107x"% ~ g
- -
-
—
-
-
. ~
© _ -
[} — -~
E’O.-'-‘l . _-
t -~
£ -7
@ -~
E 7 -
I -~
= -
e -
i ~
= -
G 0.2 -
b=t 7
o P
s
Ve y=3.61.10" x**
[ 4 -
4 v + = +
v =
/ -
/ =
_—_—
0 —= _!' I T T T T T I T |
0 20 40 60 80 100

cell size (m)
Figure 3.7: Maximum (blue dots) and average (green crosses) error in terrain effect induced
by an incease of the cell size of the DEMs used for terrain effect determination. Regression
using power functions (dashed line) was used in order to determine the value for the DEM with
2 m cell size used for the two case studies.
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We also wanted to quantify theeaage and maximum effect of the building

on the terrain effect and therefore calculated the terrain effect before and after
its modification as presented previously. The absolute difference on the terrain
effect value is thus induced by buildings and bamuantified. The value of

the error on terrain effect linked with the cell size of the DEM as well as the
effect of the buildings basements are presentegbie 3.2. These values
allowed us to determe that for a DEM with a cell size of &h, an uncertainty

of 0.1 mGal is realisticand that the effect of the buildings can reach several
tenths of pGals.

Table3.2: Maximum and average error in terrain affgin mGal) induced by an increase of

the cell size of the DEMs used for terrain effect determination for three different densities. The
effect of the buildings on the terrain effect was also determined. The cell size @ 2 m
highlighted as it represesithe cell size of the DEM used in our case studies.

_ ] ) = 2.97, = 2.97
DI:EI\IAZ } U_nitarl P Case study: Case study:
ce(ms) € y Sankt Gallen Eclépens
avg. max. avg. max. avg. max.

0.5 0.000 | 0.015 | 0.000 | 0.037 | 0.000 | 0.039

1 0.000 | 0.023 | 0.001 | 0.060 | 0.001 | 0.062
2 0.001 | 0.037 | 0.002 | 0.096 | 0.003 | 0.100
5 0.003 | 0.070 | 0.008 | 0.179 | 0.008 | 0.186
10 0.007 | 0.112 | 0.019 | 0.287 | 0.020 | 0.298
25 0.024 | 0.208 | 0.061 | 0.534 | 0.064 | 0.555
50 0.058 | 0.333 | 0.148 | 0.856 | 0.154 | 0.890

100 0.139 | 0.534 | 0.356 1.372 | 0.370 | 1.425

Building 0.002 | 0.013 | 0.006 | 0.033 | 0.006 | 0.034
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3.2.2 Regonali residual determination

Bouguer anomaly over the Swiss Molasse Basin shows a clear trend towards
the Alps {igure 3.8). This trend is well knowr(e.g. Kahle et al., 1976;
Klingelé, 2006)and represents the effectl@hospheric scalstructures that

are irrelevant for geothermal exploration. Therefore a regional anomaly was
calculated by sing the gravity stations from the Swiss Atlas of Gravity
(Olivier et al., 2010}hat are located within enaximumdistance of 50 km

from the limis of the case studies surveéyitting a plane by polynomial
regressiorthen generated the regional anomdllyis method is uskto ensure

that no gravity effect linked with local or regional structures is removed.

600000

150000

IS~
¥ < /I 600000
500000

Figure 3.8: Bouguer Anomaly over the Swiss Molasse Bealoulatedfrom the data of the )
Swiss Atlas of GravitfOlivier et al., 2010f or a d e n s i®tValues df the2afiomaly k g Am
are given in mGal, the rdihesrepresent the survey areas of both case studies.
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3.3 Gravity modeling

In this section we will present the different tools that were developed to follow
the methodologypresented previouslyTwo newcomputer programesreated
and tested during this woegke presentebdelow

- GInGER- Gravimetry for Geothermal ExploRatiothis is the main
softwarefor 3D forward modeling and porosity determination.

-  GInGERSP - GInGER Synthetic ®file: this is a standalone
application which can be linked with GInGERr simple shapes
modeling.

They are botlwritten in C++ using the Qt framewo(Pigia plc., 2013)and
Qwti Qt widget fo Technical ApplicatiorfRathmann and Wilgen, 2018y
efficient computation and a usgiendly Graphical User Interface (GUI). The
dedicated sections for these tools are strongly modified after Altwegg et al.
(2015)

3.3.1 Base principles

When using Newtonds Law 0Z3.2p.89theer s al
mass of the considered body is concentrated at its mass €igoter3.9, left).
However, this simplification is only possible when the considered body is far
from the meaurement point and this is not the case in gravity exploration. It
is not possible to simply calculate the gravity effect of a complaoky.
Therefore its shape must be approximated by much simpler formiradiow
easier calculation. In this studywe use retangular prisms for forward
modeling and thus the gravity effect of a body will be the sum of all the gravity
effects of each prism made to approximate its shfigeré 3.9, right). The
error induced byhe approximation will decrease as the size of prisms become
smaller. As the algorithm used in this work is from Blakd|$996) the
following theoreticakonsideration aralso adapted from this author.

(
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P(x,%,2)
X °

Figure 3.9: Modding of a complexodyusing prismgBlakely, 1996)Approximation is made

using rectangular prisms small enough to render the shape and volume of the initial complex
corpse. Coordinate systemsiCartesian x, y axes are righanded and z axis is positive
downward.

The gravityattraction due ta body ofa given volume and desity (} ) at point
Pis:

Q "0 " —QU (3.2)

where r is the distance fron to an element of the bodyv and G is the
gravitational constant 6 . 6 % 4nAr*Rg'A?). However, gravimeters
measure the vertical component of gravity. The vertical effect of the
considered body at poift in a Cartesianystem with X, y axes in a right
handed system and z direction downwdrereafter denoted gds:

Q O s QR E (3.3)

where:

i ® e ® » 4 o (3.4)

The gravity effecof the body is the sum of the effedteachrectangulaprism
at pointP (figure 3.9). The effect ofa single prisms obtained through the
integration of equatioB.3 within its limits x1 O X 2, YOO xya@ 29 z
O 2)Z
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Oee
Qo ‘ Qe (35)
e o Oee

Equation3.5 can be simplified by moving the observation point to the arigin
Then the following derivation can be obtaingBlouff, 1976; in Blakely,
1996)

A . W
Q O ‘ a OA|l—

* a'yY

ol T o oll" ®
¢ ¢ (3.6)

Y 0w W a

where:
‘ p p Y

Thus, equation3.6 allows for the calculation of the contribution of a
rectangular prism from any given point in space. It is thus possible to calculate

the effect of evey prisms offigure 3.9 (right) and sum them to obtain the

effect of the complex bodyfiot hat pur pose, we used th
based on this equation and presented in Bla{€l96)translated into C++/Qt.

The C++ version is given iAppendix Aas it is the core algolitn that allows

the computation of model és gravity ef
with the placement of the observation point. Indeed as it can be noticed in
eguatior.6, if the observation point is equal to orfdatte vertex othe prism

there § no solution.

3.3.2 2D forward modehg

The tool developedor 2D forward modeling was used both to make the
synthetic case study of the Sankt Gallen case stiidpter 4 and to validate

the algorithm pesented before. It is also important to mention that this tool is
the predecessonf the 3D forward modeling tool which uses the same
algorithm and base principle. Thus, tveidation of the 2D toolvill also
validatesthe implementation of the algorithim the tool developed for 3D
forward modeling (sectioB.4).
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The 2D forward mod#ng follows the workflowpresented here lmei.

Creation of a synthetic vector model

Setting of densities for every polygon

Conversion to rasterrigl

Calculation of model 6s gravity eff

PwbNE

This process is repeated from point thé& model must be changed or from
point 2 if onlythedensities must be changed.

The synthetic vector model is created using Arc@ESRI, 2011)with a

polygon shapefile, which covers all the model extension. A density value is

then given asan attribute to gery polygon This vector model is then

converted into a raster grid. Indeed, a raster grid isddohcells, in our case,

of constant dimensionshatsimplifyt he use of the above p
algorithm(Blakely, 1996, appendix A)

In this purpose, each cell of the grid is considered to be angalar prém of
infinite lengthperpendicular to the profiland its density is the valistored

in the grid. The effect of the model is thus obtained by summing the gravity
effect of each prism at the different chosen point along the profile.

Tool validation

In order to validate thémplementationo f the Agboxd algori
computer program, we compared the gravity effect from simple bodies
calculated with our application with the one calculated using a commercial
application figure 3.10 and 3.11). We usedthe lab version of GMSYS,
Gravity/Magnetic Modeling Softwarégv. 4.8.43, Northwest Geophysical
Association, 2002)which is based on the work dfalwani et al.(1959)and

Won and Bevig1987) Thesetwo latter works allow the calculation of the

gravity effect of polygonal shaped bodibsit as the modeling concept of the

two applications are not the same expect ame little differences

The firststep of the validation consisits modeling a body with a rectangular
cross section ad given density in the two progranBigure3.10). This shape
was chosen mainly to quantify the differenceplied by the use of the
different algorithmsand to minimize the error linked with the approximation
of the model into a grid.
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Figure 3.10: Gravity effect of an infinite, horizontal and rectangular prisnixf km, the top
of the prismbeingat a depth of 4 km. This gravity effect was calculated once witf5@S!
(Northwest Geophysical Association, 20@&d diamond) and once with our 2D forward
modéding tool (blue line).

For the second model we wanted to test if the multiplication optisens
their depth their sizeor the use of multiple densities has an effdicufe
3.11). For this purpose we added two bodies squarecross section to the
model of figure 3.10. A smaller prism with the same density contrast
(compared with the first model) at a depthri shallower and a prism dfi¢
same size but with a lower densityntrastclose to the surface.
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Figure 3.11: Gravity effect of three infinite, horizontal and rectangular prisms. This gravity
effect was calculated once with GB¥S(Northwest Geophysical Association, 20@&)d
diamonda) and once with our 2D forward modelitapl (blue line). Parametexfor the prisms
from left to right,andthe given depthepresentghe top of the prism: 0.5x0.5 km and 3 km
deep; 1xXkm and 4 km deep; 1x1 km and 1km deep.

Given that the standard error of a &@ravimeter is 5 pGal, we can see in
table3.3 that theobservd difference between the two prograimsat least 20
times under the measurement eraod,is probably due to the difference of
algorithm used for the calculus. As it can be noticefigures3.10and3.11
the number of observation points for GBXS is limited to a maximum of 35
pointsfor the lab versionThis is not the case for our prograand may thus
also be a source of these differences.
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Table3.3: Difference between the gravity effects calculated with K8 and the 2D forward
modeling program for the two cases with prisms.

Case Mean difference | Maximum difference
(MGal) (MGal)
1 prism 0.017 0.036
3 prisms 0.17 0.25

Therefore we chose to make test cae closer in scale to a real case

synthetic model of the Rie Graberniocated betweesouthwesternGermany

and north-easternFrance.For thiscase, the gravity effedf the modelwas

calculated usinghe two programsn evey virtual observation poinffigure

3.12). These points were placed every 100 m along the 60 km of the profile

and a simple topography walsoconsidered. As for thereviousmodels the

observed diffenece between the two programs is very small: the maximum
difference is 1 pGal and the mean difference is|@3&l. This implies that

with an anomaly range of almost29 m@alt r epr esents | ess t
a exactly) and casmegligifeus be consi der ed
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Figure 3.12: Gravity effectof a synthetic model of the iRk Graben. This gravity effect was
calculated with GMSYS(Northwest Geophysical Association, 2002d line) and with our
2D forwardmodeling software (blue line).
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3.4 GInGER: Gravimetry for Geothermal ExploRation

The main aim of GInGER is to provide a usgendly tool for computation
of the graity effect of a 3D geological model on the topography.

The main simplified workflow is presented figure 3.13. The different key

elements are described in thidgchapterfollowing the order of this workflow

The firg section(3.4.1) describs how the different geological layers are

loaded, discretized and handled in the applicafitve next section3(4.2) is

ded cated to the cal cufagdravity effecddfthevhat i s
modeland how the finbgravity effect is calculated.

As previously mentioned, fault zones are often targeted by geothermal
projecs as they maypresent arincreaseof porosity which could be an
indicator of better permeabilitysection3.4.3 describs how fault zones are
implemented and handled in GINGER as well as how their linked increase of
porosity is calculated.

The setting of the densifpr each geologicaélementof the model is central

as it directly contros the gravity effect of the model. In this respect, in
GInGER, twoapproacheare possiblefigure3.13). The densities can directly

be set by the user and refined using a-tiiederrormethod (forwardnethod)

or densities can be determined using inversion. We would like also to point
out that this lattepption allows determiimg the uncertainty linked with the
different densities. SectioB.4.4 describs how inversion on énsities is
carried out and also preseittsvalidation.

Tobeusesf ri endl vy, we want ed atbbealdefto t he p
be used through a Graphical User Interf@@&ll). To this purpose weaised

the Qt framework(Digia plc., 2013) which has the advantage to be cross
platfornms (Unix, Windows, MacOs, Android, iOS). In additiowe used the

Qwt i Qt widget for Technical Applicatio(Rathmann and Wilgen, 2013)

because itllows the use afraphics and the representation of georeferenced

raster and grid€inally section3.4.5presers the elementsf the GUI| for a

more precis@escription of every elemenitsheckthe user manughAltwegg,

2015)
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Setting of model's
base parameters

Loading of
geological limits

Ordering of the limits

Computation of unitary
gravity effect

[

Loading of
faults

Faults to add ?

Computation of unitary
gravity effect

A

Setting of densities

Measured gravity effect of the model

T
I

I

I

I

|

Calculation of the gravity }
I

I

I

I

I

1

. - Measured Yes Density inversion
Calculation of misfit ——== .
values? (optional)
»
1
No !

Y

Satisfying results?

xport of the results

Figure 3.13: Simplified general workflow of GINGER. Orange shapes represent external files;

green shapes calculation; blue shapes user actamyellow shapes are logical tests. Dashed
lines represent optional actions.
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3.4.1 Geological model

In GINGER the geological model is defined as a stack of geological layers. It
is limited atits top by the topography amdthe bottom by an altitude chosen

by the user. A geological layer is determined as the volume contained between
its top and bottom geological limit$his is donen order toredue as much

as possible the number of prisrfa, which gravity effect must be calculated,
without losing accuracynithe z directionEach layeris also considered to

have a constamtensity.

/to pography

fﬂ
[
Y
]
]
]
f

[
[

geological layer &

bottom < J .
of the model\

Figure 3.14: Conceptual 2D profile presenting how the geological layers (colored areas) are
created from the geological limitsdghed lines). The gray rectangles represent the different
prisms from the input grids.

The geological limits are definday at least one grid containing its altitude

within the extent of the model.wo cell sizes are possibfer the gridsand

wilberefe r ed as fAfineo and ficoarseo. Thes
loading the topographic grids, which happens when creating a new project.

The fine cell size is used to allow a precise calculation of the gravity effect of

the topography and of neaurfae limits in the vicinity of the points where

gravity is calculated.

However these two cell sizes must be compatible, namely the coarse cell size
must be a multiple of the fine cell size and all the grids must have thexsame

y extent. The accepted grfdrmats are the ESRI ASCII grid (.txt or .asc)
presented in thenanual(Altwegg, 2015) the ESRI binary grid format (.ovr)

and GInGER binary grid (.gbg) specifichinary format developed specially

for our programBinary format were added in order to speed up the loading
time, which can becomequite long for large ASCII file, i.e. the fine
topogmaphic grid.

The user has the possibility to change the order of thesiimtite stratigraphic
pile. The number of layers is determined by the number of limits. The top and
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bottom limits of each layer are determined by the stratigraphic Figere

3.15 presents the geological dockable window containing the geological
information. Geological limits are on the left, the number is the stratigraphic
positionthatis followed by the name of the limit. The three étdircles give
information on which grids are contained (green) or not (red) by the limit: The
first circle is for the fine grid which is not mandatory except for topography;
the second is for the coarse grid and the third is for the unitary gravity effect
grid (see next section for detail). On the right the geological layeshown

with their name, density and the color used on the geological profile (see
section dedicated to the GUI for details).

Geology Q
loaded elements color
Limits : Geological layers : p,,,ck code
0 MNT 2m i l
. >  Quaternary 2.4000
1 top Molasse
> Molasse 2.5500
2 top Mesozoic
. > Mesozoic 2.6700
3 top PermoCarboni
> PCgraben 26400 @
4 top Basement
> Crustal rock 2.7300

Figure 3.15. Geological informationcontained in thelockable widow of GINnGER, see text
for detailed description.
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3.4.2 Calculation of gravity effect

The gravity effect of the model is obtained by calculating and summing the
gravity effect of every layer at virtuabservation points located at the center

of each cell of the coarse topographic grid. As the grid determining the top

and bottom of each layer has the same extent and cell size, prisms geometry
determination is straightforward. The gravity effect of gaiéim can then be

cal cul at ed us i n gBlakdyelods qatpendidAPrasenged r i t h m
previously. Moreover, this calculation has been parallelized using the
QtConcurrent API to speed up calculation.

To avoid unwanted effects due to approximation of the geological limits
which are close to the virtual measorent station, we use the same principle
asfor topographic correction: the effect close to the station is calculated with
a finer grid compared to the rest of the modigufe 3.16).

Figure 3.16: Calculation of the gravity effect of the geological model (blue square) at a virtual
observation station (s) located at the center of a cell (yellow square). A finer grid (orange
square) is used to a distancésae text for explanation) to the station to awaidragingerrors

due to coarse size.
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Forthat purposethec el | s of the coarse grid near
the fine grid. This is the reason why the two cell sizes must be compatible: to
avoidthe creation of holer that the gravity effect of part of the model is
considered twice. The number of cells of the coarse grid that must be removed

is calculated usingquation3.7, and 200 m was chosen as a limit to be
coherent witherrain correction

\ Cmm
A 3.7
& = P (3.7)

with n: the number of cell (in orangeand yellowin figure 3.16) that are
replaced by the fine gridndc: thecoarse cell size.

Equation3.6, is used for the calculation on the gravity effect of a single prism,

showst hat t he dens sumgatignThisobservatiorsdllave t h e
optimization ofthe code using what we called unitary gravity feect (i.e.

figure 3.13). Indeed, instead of multiplying the effect of the prism by the

| ayerd6s density, it is multiplied by
has the same extent and cell sig¢he coarse fwographic grid. All the values

of this grid are then omywwheanhngededilesd by t |
unitary gravity calculation implies that when the user wantchange the

density of a layeronly this multiplication must be made again and thet

whole gravity model calculation. This allows the user to see the effect of a

|l ayerds dens-imey change in real
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3.4.3 Faults management

By definition a fault isiApproximately plane surface of fracture in a rock
body caused by brittle failure, and al®p which observable relative

di spl acement has occur r gAllabyb 2013y e e n
Available data from the seismic interpretation larear single fault sections
indicated by offset in the reflectors. 8$etracesare therused to interpolate
thefault plane but as these planes have no volume, the only gravity effect will
be the effect induced by the possible shift of the geological layers. Nonetheless
i éfaults are not simple planar features but highlyngolex zones within
which displacement and strain are concentrated onto one or several discrete
slip surfaces or zones of intense shearing, enclosing variably strained rock
volume (Childs et al., 2009)Due to this complexity nomenclature of the
differert components of a fault vari¢s.g. Chester and Logan, 198&ilds

et al., 2009, figure 3.1@nd it is not the aim of this work to make a comparison
between the different proposed terminologies. Therefore we will use the term
of fault zone as used by Child et @009, figure 3.17 leftyvhich is the zone
where most of the slip has occurradd which includes fault planes, fault
gouge and cataclasis.

Relay zone

Fault rock or
u Fault core

large
subsidiary,

_ ~fault

undeformed |
host-rock ./

damaged \ J,‘
zones ) e

main gouge
Damage zone zone

7&‘

Fault zone

Figure 3.17: Different block diagram used for faultmponents nomenclature. Left: schematic
diagram comparing the terms fault rock, fault zone and relay @fter Childs et al., 2009)
Right: dock diagrans with structuratmechanical units of an idealized brittle fault zofadter
Chester and Logan, 1986)

! This section is modified aftékitwegg et al., subm.

ad
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Faultzones aralso surrounded by a damage zone which is an associated zone
of fracture(Kim et al., 2004; Shipton et al., 2008oth, the damage zone and

the fault zone are of critical importance as, if the fractures are not filled with
mineralization, they will locally increase rock porosity which mesults in a

local increase of permeability. Therefore lots of attention has redestly

given to damageonesas they are of critical importance for fluid flow in the
crust (Faulkner et al., 2011 Another point is fi this fracture porosity stays
open and is filled with flid (e.g gas water), his will decrease the rock bulk
density and thus have an effect on gravity.

The effect of the shift of thgeologicallayers is included in the calculation of
the effect of the geological model. However, in order to calculate tivéygra
effect of fracture porosity, we have to create volumes, which are considered
to be affected by the faulin GINGER this volume of different density is
represered by an upper and a lower grithese gridsan either belirectly
loaded or generateith GINGER. Thesimplified workflow is presented in
figure 3.19. The determination of the damage zone of a fault zone is still
debated agdts size will depend orots of factors such as rock type, type of
fault, constraintetc. (e.g. Shipton et al., 2006yVe however present as
example the proposition of Faulkner et(@D11)who suggest that the damage
zone width is correlated with the displacement of the fault Haomere 3.18).

1000
e Halo zone width ® @
c 100 || @ Damage zone width
= ®
i
= 10
[
c
@]
N 1 °
o ®
® .‘,:'a'
£ ° o
© 0.1 F ‘. @
()]
&° Range of data from Savage
™ and Brodsky (2009)
0.01 T T T T T
0.01 0.1 1 10 100 1000 10000

Displacement (m)

Figure 3.18 Compilation of data for damage zone width versus displaceffantkner et al.,
2011)
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Loading of
fault planes

Choice of normal distance

Determination of
triangular prisms

Loading of

Choice of grid cell size
fault envelope

Creation of fault envelope Verification of grids

Managment of fault's
intersection

Calculation of intersection
with layers and faults

Setting of densities

Calculation of gravity effect

Figure 3.19: Simplified wakflow for faults management in GInGER. Orange shapes represent
external files; green shapes calculation and blue shapes user actions.



Methodologyand tools 81

Determinationof the damage zone

In the casaevherethe affected volume cannot be directly loaded by the user, it

is pcssible to generate it using GINGER. This section presém
methodology used to generate the damage zone (volume) using fault planes.
Oncegenerated,his volume is approximated by an upper and a lower grid
representing the envelope or outer limit of teenage zone. These two grids
have the same extent and the same cell tzallow the calculation othe
gravity effect in GINGERThe basic principlef the generation of the damage
zone presented irfigure 3.20 on a profile, is to translate the fault plane
perpendicularlypn both sidesby a distancéd) chosen by the user.

envelope
\ damaged zone

fault Plane

Figure 3.20: Principle for the determination of the damage zone (orange area) using a fault
plane (red line) and its envelope (black ametenlines). The envelope approximated by an
upper (black line) and lowerg(eenline) grid. d is the distance by which the fault plane is

translated perpendicularly.

However, me of the most common ways to repent 3D surfaces in
geological moddéhg programs igo usetriangulated surfaseas presented in
figure 3.21. To load the fault plane in GINnGER,evuse the ASCII drawing
exchange format (.dxfas it isa common export option of modeling software
like GeoModelle(Intrepid Geophysics, 20135OCAD(Paradigm Software,
2011) as well asn mapping and GIS application i.e. ArcGIESRI, 2011)

It also allowsrepresentingcomplexor curvedstructures ashown onfigure

3.21
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Figure 3.21: Exampleof triangulated surface of two fault planes in GOCAD.

In this respect, the generation of the damage zone follows the following steps
described in mordetailfurther in this section

1. Every triangle of the surface is transformed into a volume, in our case
a prism with a triangular crossection.

2. The envelope of the damage zone is computed and is defined as the
outer limit of the volume formed by all of the generated prisms.

3. The envelope of the damage zone is approximated by an upper and a
lower grid.

Creation of the prisms

Given thatthe system is orthonormal and is defined by

ne nm p e (3.8)

c
4343
4370
47° 4
© 4543

The plane passing lilie threeverticesof a triangleA, B and Cis defined by
the Ba nd®vectors the dip anglel) is equal to the angle formed lifie
line of steepest slope with the horizonglne and is equal to the angle formed
by theverticalvector® a né&l normalvectorto the plandfigure 3.22):
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R ;>
@ 0B 0BadAIIO —t®© (3.9
FEDE
M is the centroid of the A, B and C triangle:

o gi}@ 68 0B (3.10)

B

Figure 3.22: Triangle with base parameters used for the calculus in GINGER. A,\&rtizes
of the triangl e; M ¢ e nt e @drtidal vector;& rorenal vectora n g | e ;
to the plane passing by A, B andT®e blue plane is horizontal.

In order to simplify the calculus of the conversion betwealnmeandgrid
and to reducéheinducedapproximatioras much as possibiee project the
triangle either on a vertical or a horizontal plafikis projection is, aturally,
only carried out ithe planas notalreadyvertical or horizontalThe dip angle

( Us)used to determinen which plane it will be projectethdeed, f the dip
angle is above or equal to 45° the trianglprojected on a vertical plane, if
not it is projected on a horizontal plan€he proof of this projection, given
here below is ien for the vertical projection but is equally valid for the
prgection on the horizontal plar{eefer tofigure 3.23 for the naming
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The vertical plane (") on which the pi
vertical line passing by Mwith '@ for directorvector,figure 3.22 and3.23),

&, the projection ofoon the horizontal plane (blue plarigure 3.22) and®,
perpendicular to the normal

£ te
D ¢ Naus ® e (3.11)
T T

, assdefined previously, a vertical plane perpendiculan tand passing
by M. Thus a point P will be belong t«

0 0® _® '@ (3.12)

The projection on is made bycomputingthe intersection betweénand the
lines passing by the vertex of the triangtel withépas directorProjection of
A, B, C ¢,y G the projedted poits:

/® | b - PERR
/® | B - DtRAR (3.13
/% |/ ® - BIRR

These points are ¢h translatedby vector® A T 48 this vector isequal tok
times the normalized normal vector of the initial plarie9.(Thus:

v

[} o
N a H 3.14
y an b (3.19

wherek is the distage chosen by the user. We can thus olitarsix verices
of the prism Ap, By, C,, Ay, By, C, of Figure3.23).

0B 0B O 0B 08
0B 0B H 0B 08
0B (B D 0B 08 H

o ©

(3.15)
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Figure 3.23: Transformation of a triangle (A, B, C) into a triangular prism with vertical top
and botom, see text for detailed description.

We can therefore define thiee containing the edgéa, &, a) and the
planebearing theectangulasides {i, f, f3) of the prism:

e 08 “Ip

b : ) OgPp B U8B _b

e 6B _— b OB 08 _by (3.16)
o6 6 z o OPd 08 _by
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Damage zone envelope

Aspreviously mentioned, in order to calculate the gravity effect of the damage
zoneinduced bya fault, we use grid of fixed cell sizeThe damage zone is
the volume formed by all prismsomputed using the previously presented
method. The envelopés thus the outer limit of this volume and we
approximate it usingn upper and a lower grifigure 3.20).

In this respect two empty grids of the same size are created. The dimensions
of the grids are optimized using the maxim and minimum value of the
envelope which was determined during the generation of the differensprism
The cell size is fixed by the uséro reduce the number of cells to be tested,
the Xmin, Xmax Ymin, Ymax Of €ach prism are calculated frow,, By, C,,

Ay, By, Cp, which is straightforwardlhus a prism will only be tested if:

9
QN 0 @ AldA Qo (3.17)
9

Where G is the point located in the center of thewbithis testedIn order
to set the value of a cell, we createatical line (v) passing byG, whose
definition is:

0P8 (B _e (319
If the conditions of equatioB.17 are fulfilled we calculate the intersection
point () of the linev with theplanes (f1, f2, f3) bearing the sidesf the prisms
defined in equatioB.16. Theproof given below is made for tHeplane, but
is equallytrue for £ and § using thé respectivadefinitions of equation

3.16.

0
00 N0 & Q (3.19)
0

The distance betwedrand thea; side is:

68 b
O a0 §B B amm (320)
1 O o By a ghyE
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Similarly itsdistance t@, andto " is:
1 O 0B By (3.21)
1 O 0B A (3.22

Using equatios 3.20, 3.21 and3.22, we can thus define thawill belong to
the AB side of the prismsnly if:

T Oy 1 O 0 6P anmd® Q (3.23)

Wherek is the distance chosen by the user for the determination of the prism

(see previous section) a”gB; is the segment between pofgtand pointB,
(figure 3.23).

Once the different parameseof | are determined and if the conditions of
equation3.23 are metthe value of the grids can be sehenthe value of the
upper grid will be set tds if 15 is bigger to the actual valuer if there is no
value. Similarly, for the lowegrid, the value will be set th if I3 is smaller
than the actual value or if there is no valliee workflowused for the creation
of the grids is presentéd figure 3.24.
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Creation of upper
and lower grid (empty)

L

Determination of
triangular prisms

Choice of grid cell size

Selection of next selection of next
(or first) prism (or first) cell

last cell of the grid?

cell center within
Xmin,xmax, ymin, ymax
of the prism?

Yes

Exit

intersection
belong to a face?

Calculation of intesection
with prism's faces

Yes

height above
current grid value

height under
current grid value

Setting new cell Setting new cell
value to lower grid value to upper grid

Figure 3.24: Simplified workflow for the fault envelope creation in GINGER. Purple shapes
represent internal data; green shapes calculation; blue shapes user actions and yellow shapes
are logical tests.

Nevertheless creating the res@rnwusing the normal of every triangle may not
always be the best way for creating a volume, namelydatentialgeothermal
reservoir.For this reasorthe user can also directly load the upper and lower
grid of a fault envelope, which thugscreated byther ways.

In all cases, once the enveldpéeterminegdwe compute its intersection first
with the existing fault. If suchanintersection existthe user must choose if
this intersection between two faults will be part of the existing fault (and thus
subtractedrom the newons, if it will be part of the new volume (and thus be
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subtractedrom the existing fault)or if this volume will be part of the fault
envelops of both fauls.

Finally the intersection of the envelope with the geological layesnigputed

and the envelope is divided in fault compartmeriigufe 3.25). Every
compartment represents the damage zone of the fault zone for a given
geological layerThen one camandle each compartment separatelythar
porosity assessmeraspresented in the next section.

1
1 initial fault plane

fault compartments

altitude (km a.s.l.)

2 3 4
profile distance (km)

Figure 3.25. Envelope of the damage zone compwt@tt GInGERfor an initial fault plane
(dashed black line)This envelopés dividedin fault canpartments, one for each geological
layer, represented bglifferentcolors.

Porosity assessment

As presented previous(gection2.3.3 p. 49), themeasurediensity of a rock
(1 me9 can be expressed as a simple mixing equétdtweerthe density of the
rock matrix(} marix) andthe total porosity of the rock &) filled with a fluid
of a givendensity(} uid).

’ P % O %o O (2.11)

However neither the rock porosity nor tldensityof the matrixaregenerally
known.In GINGER geological layers are considered to have a constant density
except when they are affected by a fault. Tihws can be idetified by gravity
measuremesiand corresporsto the density ofhe intact rockj(oc), namely

a rock which is not affected by fracturibgt retains it§ormation porosityin

this respectequatiorn2.11 can be adapted to the case ¢dat zone affecting

a rock of knowndensity(equation3.24). Indeed,in this casethe observed
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density} mes Of @ given volume is the result of thieear mixof the previously
presentedntact rock of densityjrock, With a fluid of density Juia. @ is

representthepart of the volume occupied by the fluid and correspondise
increasingporosity induced by fracturingnd or dissolutioijconsidered null
outside of fracture zone).hlisequation2.11 bemmes:

" p Y% O Y% (3.24)

or Y% ——— (3.25)

Concerningthe fluid, the hypothesis of a single monophasic fluid at early
stage of exploratioseemgeasonablas, in most cases, only few information
about fluid at depth are availabldowever it is also possible to considérat

the fluid density ighe resulof the mixing ofthe differentfluid types using a
linear mixing equation. Thereforgwia of equation3.24 and 3.25 can be
expressed as:

(3.26)

where: P

Withyit he f | ui ds;the #uid satutatiomfeactiarirhid distinction
can be made at any momentitadoes notaffect porosityor J nuia but wasnot
implemented in GInGER.

Equation3.24 and3.25are used in GINGER, the usatn choose eithéo fix

the porosity orthedensity in thepartdedicated to fault zosén the geology
panel(dashed red rectangligure 3.26). This part is composed of a tab for
every fault zone present in the modg&lach of these tabs contains the
following main elements in form of columns (from left to right): name of the
affected geological layer; initial density of the geological lagesck, in

g A ©);mamount of fracturingep , in %); fluid density {fuis, g A €);ran arrow
indicating the direction of thealculus: fracturing density(equation3.24)

or density- fracturing(equation3.25); the firal density for the fault volume
(Jmes ing A E).m
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Geology \ﬂ‘
Limits : Geological layers : prack
0 MNT_2m l
~ > Quaternary 2.4000
1 _Unit_top_Molasse
. > Molasse 2.5500
2 Init_top_Mesozoic
. > Mesozoic 2.6700
3 rmoCarboniferous
. > PCgraben 26400 @
4 rystalineBasement
> Crustal rock 27300 @9
________________________ =
| NESw1®@ | nesw2® | nw-sE1® | nw-sE2 |
Quaternary 2400 50 |5 [waterigiems ~|-> [233: @ |
|
Molasse 2550 5.0 |3 [waterig/em3 v|-> [247 1| @ |
|
Mesozoic 2670 50 [= |[waterig/em3 ~|-> 250 2 @ |
‘ |
PC graben 2640 50 [3f [waterig/om3 ~|-> 256 : @ |
- — |
Crustal rock 2730 5.0 [3] [waterig/em3 v|-> |24 2 .I
t f f f |
prack A¢ pﬂund pmes I

Figure 3.26: Geological informatiorcontained in thelockable window of GINGER with a part
dedicated to faudt (dashed red rectangleseetext for detaileddescription), the different
elements of equatier®.24 and 3.25 are indicated in blue.

3.4.4 Density inversion

The gravity effect of the geological modgh,) is calculated by summing the

unitary gravity effect (calculatedfo a

d e n s idtofeach fgeoldgicad A ¢ m

feature (layers and faujtag) multiplied by their respective densitigs) and
it should correspond to the measured grawiiy:

(3.27)

In our case, each geological element (layer or fault part) is represented by a n
columns by m rows grid, which is its value matrix containing the unitary
gravity effect of each cell. To be able to conduct inversion this value matrix is
transformed into a single column matrix with n x m rows (k values). Equation

3.27 thus beomes:
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Q O
0% 07 3 0Qp " Qp
H 0% 0 T 0QR anT A & QR oA
A é E € anv€xn A _€ & 3.28
0 "GOy 0"Q 3 0Q whh = Q v ( )

whereug;, is thep™ value of the unitary gravity effect grid of layiey ; is the
density of geological layer; gmespis thep™ value of the measured gravity
grid; k = n x m with n and m: the number of columns and rows of the grids
respectively.Equation3.28 is an over determined linear systems long as
there are more measurements than the number of geolzyieed. The aim

of the inversion is to identify the densiti€s) that minimize the misfit )
between the measured valged) and the modelg):

B 0 "Q (3.29
Minimizing B allowsidentifying thesedensities
” ‘00 00 30Q (3.30

Nevertheless, we wartb include prior informationas it will reduce final
uncertainty and constrain inversidro this aim we followed thenethodology
described by Taranto[2005) Consequentlythe posterioprobability, "

must be Gaussian araksthe misfit function (equatio.29) is quadratic, the

prior information must also be considered as Gaussian. We therefore add to
equation3.30 the covariance matrix of thprior densites (C,), the prior
densities Jprior) @and the covariance matrix of tiheeasurementfCmey. The
average of the posterior densities thus bedafer Tarantola, 2005)

v "06 O 6 "6 QO (3.31)
and the posterior covariance matrix is:

6§ 06 O 6 (3.32)



Methodologyand tools 93

In our case we consideaxll parameters independent atitls the prior
covariance matrix is a diagonal matrixfvthe variance of each density, thus:

(3.33

(@]

D
Thmp Mk

D>

with ,  the variance of each prior dens# Thesevariances aredetermined

by the user using a dedicated user interface preskitzdh this sectionin
our caseas we only have one measured param#terdetermination of the
measurementsovariance maix is also straightforward

0 ol (3.39

Thus, thdinal (posterior) misfit by:

B 0 0 O 0 (3.35)

ard the final variance on the posterior densities is:

. B
— 3.36
6 a0 (3.36)
With k the number of measurements anthe number of densities that are

determined through the inversion pess.0 canthenbe used to express the
variance for each posterior density

, o, O (3.37)

To be able to make matrix algebra in GINGER we usebldvemat 11 libray
(Davies, 2008)compiled directly with Qt. The simplified workflow is
presented hereund@figure3.27):
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elements
unitary
g effect

Yes

<fixed densities?

determination
of prior

No Removing fixed
layer g effect

running inversion

Results

Figure 3.27: Simplified workflow for density inversion iBINGER. Purple shapes represent
internal data; green shapes calculation; blue shapes user actions and yellow shapes are logical
tests.

The base prior values of each geological element are deteromiregl the
geology panel of the GUI(figure 3.26) and are presented in a dedicated
window (figure 3.28). To help the user,hese values can be modified by
clicking the buton on the right, which will cause new windows to ogfequ(e
3.28). The user can also choose to fix a densitthe model by checking a
box; in this case the gravity effect of this element is removethfthe
measuredalues before running the inversion.
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Figure 3.28: Inversion setp dialog with prior informationGeological layes are in the top
part, and fault compartments in the lower pafthe two laslines are used to determine the
variance of the modekquation3.36). Thesquarebuttors on the rightgivesaccess to a new
window to determine the parametefigiire 3.29).
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