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ert in January 2016 and 20 additional plugs of similar size at [ISOR
with Sigurdur Sveinn Jénsson in July 2016 Three additional plugs
were prepared by Benoit Gibert in September 2018 In order to obtain
cylinders, the extremities of the 91 plugs were sawed and polished by
Benoit at Géosciences Montpellier. The remaining parts were kept for
thin sections and powders.

Polished thin sections were prepared from one lateral face of each
plug by Christophe Nevado and Doriane Delmas at Géosciences Mont-
pellier and by Khaled Oubellouch and Damien Deldicque at Ecole
Normale Supérieure (ENS, Paris). For some samples, two thin sec-
tions were prepared, where the second one was taken from the host
core sample. | milled the remaining parts of the lateral faces at ISOR
and Géosciences Montpellier, to obtain powders for X-Ray Diffraction
and Cation Exchange Capacity measurements.

The host rock of the cores varies from basaltic glass of hyaloclastite
type, to crystalline basalt of dolerite type. The dominant primary
minerals from magmatic crystallization are plagioclases, pyroxenes
and iron-titanium-oxides (e.g. titano-magnetite). The alteration level
varies from fully altered glassy samples, where clay minerals dom-
inate, often accompanied by zeolites, quartz and calcite, to almost
fresh crystalline samples, with an abundance of unaltered plagioclase
phenocrysts. For electrical measurements, the plugs were saturated
with water containing six distinct NaCl concentrations, resulting in
uid conductivities ranging from  0.02to 11 S/m.

1.2.2 Cation Exchange Capacity (CEC)

In the period August-December 2015 before the of cial beginning of
the PhD, | was hired at iISOR to measure the CEC of drill-cuttings
from borehole KJ-18 at Kra a. The protocol | used for CEC measure-
ments was originally developed for high-CEC rocks (Meier and Kahr,
1999, so that the proportion of reactants suggested by the original
protocol was not always optimal for our altered volcanic samples,
some of them having a low CEC. Therefore, | analyzed the differ-
ent sources of uncertainty in the CEC measurements and presented a
modi ed protocol in a technical report (Lévy et al., 2016. | used this
new protocol to carry out more than 400 CEC measurements dur-
ing the PhD, on powder samples from the plugs, at ISOR. The CEC
measurements were further used to determine the smectite weight
fraction in each sample, as explained in details in Chapter 6.

1.2.3 General petrophysics

All the measurements presented here were carried out at Géosciences
Montpellier in January 2016and January 2017 with help from Benoit
Gibert, Nicolas Marino, Didier Loggia and Franck Nono. After drying
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the plugs in an oven at 60 C, | measured their dry weight and length.
| determined the solid volume of each plug, using the so-called "He-
lium porosimetry” method, relying on isothermal decompression of
helium in two well-known volumes, and calculated the total volume
from length and diameter measurements. From there, | determined
dry bulk porosity and density, as well as density of the solid matrix.
Then, | saturated the plugs with low-salinity degassed water (uid
conductivity of about 100 S/cm), after evacuating air- lled pores
in a vacuum chamber. | determined the wet porosity and density by
the triple weighting method, where the sample weight is measured
in dry, saturated and immersed conditions (e.g. Pezard, 1990. | mea-
sured elastic velocities at 500 kHz both on dry and wet samples, us-
ing a digital oscilloscope, a pulse generator and coupled piezoelectric
transducers. A coupling gel was used for P-waves and honey for S-
waves. Elastic velocities measurements were nally not used in the
PhD project but the data are available (see section1.2.7 on data avail-
ability).

1.2.4 Electrical impedance spectroscopy

I measured electrical impedance on plugs over a large spectrum of fre-
qguencies (from 1-10mHz to 1 MHz), using a Solartron 1260impedance-
meter at Géosciences Montpellier. More than half of the impedance
measurements were carried out by Benoit Gibert, due to the spatial
complexity of the PhD project and the extended periods of time be-
tween saturations of the samples at different salinities. Two differ-
ent set-ups were used and compared: a2-electrode set-up, where the
sample is sandwiched between two metallic electrodes acting as cur-
rent and voltage electrodes, and a 4-electrode set-up, where voltage
and current electrodes are separated, which limits polarization at the
measuring electrodes and allows more accurate measurements at fre-
quency lower than 1 kHz. The sample holder for the 4-electrode mea-
surements was built by Nicolas Marino and Benoit Gibert, following
the design of Vinegar and Waxman (1984); it is shown in Paper 1.

In Paper 1, the dependence of the in-phase conductivity at 1 kHz
upon salinity, CEC and porosity is analyzed for the 88 samples avail-
able in 2016 with several existing models. A phenomenological model
is also tted to the data. In Paper 2, the frequency-dependence of elec-
trical impedance is analyzed for a subset of 30samples, which contain
signi cant volumes of pyrite or iron-oxides. The impedance spectra
are tted with a Cole-Cole model (Cole and Cole, 1941 Pelton et al.,
1978, using the LEVMW software (Macdonald, 2000, but in the end,
the ts are not used because the natural heterogeneity in these sam-
ples makes the interpretation of tted parameters ambiguous. Fitting
results are nevertheless presented in Supporting Information of Paper
2 and further analyzed in Chapter 7.
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Electrical impedance of rhyolitic and basaltic glass from Kra a up
to melting conditions ( 80-120MPa con ning pressure and 4001260 C)
was also measured by Benoit Gibert at Géosciences Montpellier in
2017, using the same impedance-meter as above but a more sophis-
ticated set-up involving a Paterson Press (see protocol presented by
Nono et al. (2018). Before these measurements, | melted the basaltic
sample at 1400 C with Annelise Faivre at the Charles Coulomb lab-
oratory in University of Montpellier, to obtain glassy, bubble-free
samples after air-quenching. Results from these experiments are pre-
sented in Chapter 7. This side-project was a follow-up of experiments
carried out at Nysképunarmidstsd islands (Innovation Center of Ice-
land) in collaboration with ISOR, in which | have been involved. The
goal was to measure the conductivity of melted lava from the 2014
2015eruption at Holuhraun in Northeastern Iceland.

1.25 Mineralogy

In February 2016 Benoit Gibert acquired a rst run of X-Ray diffrac-
tion (XRD) scans, on the 68 roughly grained powders available at that
time, at the Charles Gerhardt Institute in University of Montpellier,
using a Philips X'Pert Pro Multi-Purpose Diffractometer. In March
2016 the 68 XRD scans were analyzed by Sigurdur Sveinn Jénsson at
[SOR to determine a qualitative mineral content in each sample. In
January, March and May 2017, | acquired a second run of XRD scans
at the Charles Gerhardt institute, with the help of Bernard Fraisse,
on the 88 powders. For this second run, | had milled the powders to
a smaller grain size and loaded them onto the sample holder with
particular care to create a at surface and avoid preferred orientation.
The angular range investigated was also increased and the step-angle
decreased, so that the scans could be analyzed quantitatively. | ac-
quired this second run following a one-week course at University of
Poitiers in January 2017 by Bruno Lanson and Eric Ferrage, about
XRD quantitative analysis. Between January and May 2017, | quanti-
ed the mineral content of the 88 samples, using the software BGMN
and the Profex graphical interface (Taut et al., 1998 Doebelin and
Kleeberg, 2019, based on the Rietveld-re nements method. | was
very much helped by Bruno Lanson and Nathanaél Findling at the
University Joseph Fourier (Grenoble, France) for this quanti cation.
XRD scans of ne fractions (which isolate clay minerals) were also
recorded for part of the samples, rst at ISOR by Sigurdur Sveinn
Jonsson and then at at the University Joseph Fourier by Nathanaél
Findling.

| carried out petrographic observations on thin sections, rst at
[SOR using a binocular microscope, under the supervision of Helga
Margrét Helgad®éttir in March-August 2016 and then at ENS using
a Scanning Electron Microscope (SEM) ZEISS ZIGMA (15 kV, 1-9
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nA, 9 mm working distance), with Damien Deldicque in 20172018
| estimated the volume content of metallic particles (sulphides and
iron-oxides) by analyzing the SEM photographs, using the ImageJ
software (Abramoff et al., 2004).

| performed chemical analyses of minerals on polished thin sec-
tions at Géosciences Montpellier, using a CAMECA SX100 electron
microprobe (22 keV, 10 nA), under the supervision of Jacinthe Cail-
laud in March and May 2017 (clay minerals) and Fleurice Parat in
November 2017and June 2018(sulphides and iron-oxides).

1.2.6 Geo-electrical eld measurements

Together with Jean Vandemeuleurbouck at ISTerre-Chambéry and
Freysteinn Sigmundsson at University of Iceland, | organized eld
geoelectrical measurements at Kra a in August-September 2017, in
order to be able to compare laboratory results to eld data. Elec-
trical Resistivity Tomography (ERT) and Time-Domain Induced Po-
larization (TDIP) measurements were performed along thirteen 1.24
km-long pro les, at three different sites around the eastern Kra a
caldera. An ABEM Terrameter LS instrument was used to inject a
square-wave current in the ground, using 50 cm-long steel electrodes.
Measurements were recorded using different current-on times, in the
range 0.4-4 s and current-off times, in the range 1-8 s. The acqui-
sition protocol was designed by Svetlana Byrdina and André Revil
(ISTerre-Chambéry). The cables, connectors and electrodes were bor-
rowed from University of Clermont-Ferrand (France). In addition to
the above-mentioned participants, the eld work has bene ted from
the help of Damien Deldicque and Marine Roger at ENS, Daniel
Juncu, Vincent Drouin and Sveinbjérn Steinporsson at University of
Iceland, Tullio Ricci at INGV (ltaly) and Knatur Arnason at ISOR.
The power company Landsvirkjun and University of Montpellier im-
portantly contributed to the nancial aspects, thanks to the support,
in particular, of Sigurdur Markisson and Benoit Gibert, respectively.

| wrote a proposal with Jean Vandemeulebrouck to obtain fund-
ing and permissions from INSU-CNRS and ISTerre. | coordinated lo-
gistics matters for the eld campaign: housing and food at Kra a,
with Edda Hardardéttir from  Landsvirkjun and Steindér and Anna
from Steind6r and Anna ehfbatteries gathered and tested by Stefan
Audunn Stefansson at ISOR and other material needed for the exper-
iments (in particular bentonite made available by Pétur from Jardbo-
ranir and 50 kg of salt bought at a retail shop by my friend Johann
Pétur, who saved me this day!). My personal car and another car
from University of Iceland were made available for transportation of
people and equipment from Reykjavik to Kraa and on-site move-
ments. Jean Vandemeulebrouck and Freysteinn Sigmundsson coordi-
nated the transportation of equipment from Clermont-Ferrand and
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Chambéry to Kra a (and back), as well as custom issues, helped by
Svetlana Byrdina (ISTerre-Chambéry), Anthony Finizola (University
of La Réunion, French oversea territories), Renault Trinquier (Uni-
versity of Montpellier), Sveinbjorn Steinpoérsson, Vincent Drouin and

Anna Kristin Arnadéttir (University of Iceland).

Three videos for outreach about my PhD, geothermal exploration
and the eld experiments were directed by Margaux Dzuilka from
the Institut Pratique de Journalisme (IPJ) at Paris-Dauphine, with -
nancial and technical support from Julie lem, Caroline Hodak, Jéréme
Lesieur and Milica Damjanovic at Paris Sciences et Lettres (PSL) and
Pierre Briole at ENS. A link to the videos and newsletter article is
given in A.

For the inversions of ERT/TDIP data, | used the 2D inversion code
Aarhusinv developed by Fiandaca et al. (2013 and Auken et al. (2014).
This code incorporates the possibility of taking into account the wave-
form of the transmitted current, as well as of retrieving the spectral
content of the IP signal from time-domain data sets by modeling the
full voltage decay. Pradip Maurya from the Hydrogeophysics group
at Aarhus University (Denmark) post-processed the full waveform
datasets to obtain the longest decay curves possible, while removing
noise. | ltered the processed data with the software Aarhus Work-
bench thanks to a free temporary license granted by the company
Aarhus GeoSoftware, to remove outliers in DC resistivity and TDIP
decay curves and prepare a clean dataset for inversion. | inverted
all the datasets (combining recordings using different on-times to-
gether) and plotted the results thanks to a Matlab routine, devel-
oped at Aarhus University. Collaboration with Pradip Maurya, as
well as Svetlana Byrdina, Jean Vandemeuleubrouck and Knatur Ar-
nason, have been essential to the processing, inversion and interpre-
tation of the eld data. Results are presented in Chapter 5.

1.2.7 Data availability

The Spectral Induced Polarization (SIP) and petrophysical data re-
lated to this PhD work are available on-demand and on the collab-
orative platform sip-archiv. A Matlab code for automatic tting of
the salinity variations of electrical conductivity using different mod-
els is available on demand. The eld data related to this PhD work
are available on-demand.

1.3 organization of the thesis

Chapter 2 gives the reader background information to understand the
main results of the PhD and their implications. Since the results ad-
dress the electrical properties of hydrothermally altered rocks, both in
laboratory and in the eld, with a long-term application to geother-
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mal exploration and a particular focus on the Kra a volcano, it is
organized as follows:

1.

Presentation of geothermal elds in the world and the place of
geothermal energy in the low-carbon energy landscape.

Description of the structure of active continental hydrothermal
systems and resulting hydrothermal alteration and its use in the
mapping of geothermal reservoirs.

Introduction to the crystallo-chemical properties responsible for
cation exchange capacity in clay minerals and zeolites.

Review of models describing the frequency-dependent electri-
cal behavior of saturated rocks, including both conduction and
polarization, with a focus on the in uence of porosity, salinity,
clay minerals and metallic minerals.

Presentation of geo-electrical methods used in the eld for the
geophysical investigation of the Earth, with a focus on Electri-
cal Resistivity Tomography (ERT) and Time-Domain Induced
Polarization (TDIP).

Outline of the geology at the Kra a volcano, in the context of
the geology of Iceland, and geothermal exploration at Kra a.

The main results are presented as follows:

Paper 1, published at Geophysical Journal International

Paper 2, under review at Journal of Geophysical Research -
Solid Earth

Paper 3, under review at Geophysical Journal International

Paper 4, manuscript in progress, intended for submission to
Geothermics

A two-page summary is presented in Chapter 3 to Chapter 6 for Pa-
pers 1 to 4, respectively and the full versions are available in Ap-

pendix B. Chapter 7 includes additional unpublished results, obtained

as part of the PhD but not intended for publication elsewhere. Chap-

ter 8 describes on-going projects, which are not considered as part
of the PhD but were launched as further developments of the PhD

work. Chapter 9 is a two-page overall conclusion, combining all re-
sults in Chapter 3 to Chapter 7. Finally, A lists the contributions to

conferences and public outreach.
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2.1 geothermal reservoirs and energy
2.1.1 Geothermal reservoirs in the world

Geothermal elds are geological structures that enable the heat stored
in the Earth's crust to be dissipated (Meunier, 2005. Geothermal
reservoirs can be classied into high- or low-enthalpy, depending
on whether the uid enthalpy is greater than 800 kJ/kg (Axelsson,
2008. Alternatively, they can be classi ed into high-, medium- or low-
temperature, if the temperature is > 200 C, in the range 100200 C or
6 200 C at 1 km depth, respectively. The overall distribution of high-
temperature geothermal reservoirs in the world is dictated by the
presence of hot spots and plate boundaries, responsible for volcanic
and/or tectonic activity (Figure 1 and Figure 2). In these systems,
temperatures may reach up to 350 C at exploitable depths (< 2.5 km)
(Henley and Ellis, 1983. From these reservoirs, both hot water and
steam can be extracted. While hot water (up to 80-90 C) can be di-
rectly transferred to district heating networks through pipelines (e.g.
in Reykjavik, Iceland and in Paris Basin, France), steam is separated
and used for electricity production by triggering a rotational move-
ment of turbines, which is then turned into a magnetic and electrical
elds (similarly to the effect of wind on windmills).

Figure 1. Schematic view of worldwide zones where very high enthalpy
could exist at drillable depths. Re-drawn based on information
from Elders et al. (2014).
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