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Preface

Carbon Capture and Storage (CCS) technology is presented as a major solution to
the problem caused by the increase of anthropogenic emissions of carbon dioxide (CO,) to
the atmosphere. Geological storage of CO, constitutes the last part of the CCS chain and
implies the disposal of CO, in deep geological formations. The Hontomin site is a
Technological Development Plant (TDP) for CO, geological storage in a deep saline
aquifer. The facility is established in the framework of the OXYCFB300 Compostilla Project

of the European Energy Programme for Recovery.

This thesis focuses on the magnetotelluric characterisation and monitoring of the Hontomin
site. The major aim of the research reported in this thesis is to obtain the three-dimensional
(3D) geoelectrical baseline model of the TDP to be used for future time-lapse
electromagnetic monitoring experiments of the site. The thesis also pursues evaluation of
the monitoring capabilities of the MT method. An innovative methodology is developed to
enhance the resolution of MT responses to resistivity variations produced in the reservoir

due to the CO, injection.

The work is organised into five chapters, with Chapter 3 (Magnetotelluric characterisation)

and Chapter 4 (Magnetotelluric monitoring) being the core of the thesis.

Chapter 1 provides an introduction and overview. The chapter begins with the problem
caused by the increase of concentrations of greenhouse gases in the atmosphere, and
presents CCS technology as a bridging solution towards a sustainable green energy system.
Focusing on the geological storage of CO,, the chapter reports how physical properties of
the reservoir rock change after the gas injection and how is possible to monitor the
evolution of the injected gas, studying the evolution of these properties through time. The
chapter highlights the importance of electromagnetic methods in these kinds of projects,
underlying the abilities of the magnetotelluric method to characterise a storage site. Finally,
the Hontomin underground research laboratory is introduced and the aims and objectives of

the thesis are enumerated.
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Chapter 2 summarises both the geological and geophysical setting of the study area. In this
chapter, one-dimensional (1D) resistivity models are derived from the resistivity log data of
the existing wells. These 1D models constitute the point of departure of the magnetotelluric

characterisation presented in the following chapter.

Chapter 3 describes in detail the two magnetotelluric surveys carried out at the Hontomin
site: the 2D survey undertaken in Spring 2010 and the 3D survey undertaken in Autumn
2010. Each description of them is basically structured into logical time sequence: data
processing and dimensionality analysis, inversion and modelling process, interpretation and
discussion of the preferred models and final conclusions of the survey. To complete the
chapter, the resistivity log data of the injection and monitoring wells, drilled at the end of
2013, are compared to the electrical resistivity structure provided by the 3D model.
Likewise, the geoelectrical baseline model of the Hontomin site is correlated with other

geophysical data acquired in the study area (3D reflection seismics and microgravimetry).

Chapter 4 explores the monitoring capabilities of the magnetotelluric method. In this
chapter, an approach is developed to enhance the resolution of surface magnetotelluric
responses to small resistivity changes: a layer stripping approach. This innovative
methodology is validated through synthetic studies, and theoretically tested using the

geoelectrical baseline model of the Hontomin site.

Chapter 5 presents conclusions and future work. Although the conclusions drawn in the
thesis are presented at the end of the different sections, this final chapter summarises all
major results of the work from a more general point of view. Moreover, this chapter

enumerates some perspectives of advance.

The latest sections that complete the thesis are References and Supplementary Figures.
Supplementary figures plot the MT data and the 3D model responses at all sites, as well as

the misfits of all profiles.
The research presented here has resulted in the following publications:

" Ogaya, X., Ledo, J., Queralt, P., Marcuello, A., Quinta, A., 2013. First

geoelectrical image of the subsurface of the Hontomin site (Spain) for CO,
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geological storage: A magnetotelluric 2D characterization. International Journal of
Greenhouse Gas Control 13, 168-179, doi: 10.1016/j.ijggc.2012.12.023.

* Ogaya, X., Queralt, P., Ledo, J., Marcuello, A., Jones, A.G., 2012. Preliminary
results of the 3-D magnetotelluric characterization of the subsurface of the
Technology Demonstration Plant of Hontomin (Burgos, Spain) for geological
storage of CO,, In: Zurutuza, J. (Ed.) 7AHPGG: Proceedings. Portuguese-Spanish
Assembly of Geodesy and Geophysics, pp. 703-708, ISBN: 978-84-941323-1-5.

" Ogaya, X., Queralt, P., Ledo, J., Marcuello, A., Jones, A.G., 2014. Geoelectrical
baseline model of the subsurface of the Hontomin site (Spain) for CO, geological
storage in a deep saline aquifer: a 3D magnetotelluric characterisation. International
Journal of Greenhouse Gas Control 27,120-138, doi: 10.1016/j.ijggc.2014.04.030.

At the end of the thesis, a copy of the PEER reviewed papers (Ogaya et al., 2013 and Ogaya

ctal., 2014) is included.

Since the thesis is presented in the Universitat de Barcelona, a summary in Spanish

(Resumen) is attached.
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Resumen

La captura y almacenamiento geologico de dioxido de carbono (CO,) constituye
una de las soluciones tecnologicas propuestas en la actualidad para reducir las emisiones de
este gas a la atmosfera. El objetivo de esta tecnologia es capturar y transportar el gas desde
los grandes focos emisores hasta los lugares seleccionados como almacenes geologicos,
donde es inyectado. Esta tesis se centra en la Planta de Desarrollo Tecnologico (PDT) de
Hontomin (Espafa), donde el almacenamiento geologico se llevara a cabo en un acuifero
salino profundo. La PDT se enmarca en el proyecto Compostilla OXYCFB300, dentro del
Programa Energetico Europeo para la Recuperacion (European Energy Programme for

Recovery).

La mayoria de las propiedades fisicas de la roca almacén, en especial la resistividad
electrica, variaran tras la inyeccion de CO,. El fluido salino conductor contenido en el
poro sera sustituido por el gas, de caracter mas resistivo, reduciendo el volumen de agua
disponible para la conduccion ionica. Por ello, los métodos electromagnéticos, sensibles a
la resistividad eléctrica, son especialmente interesantes para este tipo de proyectos ya que

permiten estudiar la evolucion del gas inyectado y estimar la saturacion de CO, en el poro.

Esta tesis tiene por objetivo la caracterizacion, control y seguimiento de la PDT de
Hontomin mediante el método magnetotelarico. El objetivo principal es la obtencion de
un modelo geoeléctrico tridimensional (3D) de referencia, que permita caracterizar la
zona en la situacion de preinyeccion y sirva de modelo base para los posteriores estudios
de seguimiento con métodos electromagneticos de fuente controlada. Asimismo, esta tesis
persigue evaluar la capacidad de control y seguimiento del metodo magnetotelarico. Con
este proposito, se ha desarrollado una nueva metodologia para mejorar la resolucion de las
respuestas magnetoteltricas superficiales a cambios de resistividad producidos en el

reservorio (metodologia denominada Iayer stripping).

La caracterizacion de la PDT de Hontomin se ha llevado a cabo en dos etapas. En la

primera etapa se adquiri6 un perfil magnetotelﬁrico de orientacion NS. Este primer
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estudio demostro la idoneidad del meétodo para caracterizar la zona de estudio y
proporciono un modelo geoelectrico bidimensional (2D) de la misma. En la segunda etapa
se completo la adquisicion de los datos, lo que permiti6 la obtencion del modelo
geoelectrico 3D de la PDT. Esta tesis presenta ambos estudios de caracterizacion. Cada
uno de ellos es justificado por un analisis previo de dimensionalidad de los datos y detalla

la metodologl'a de inversion empleada para alcanzar resultados validos y apropiados.

El modelo 2D obtenido previamente ha sido validado por el modelo 3D, el cual se
correlaciona satisfactoriamente con datos hidrogeoquimicos, sismicos, gravimétricos y
datos de pozos, entre otros. Este modelo 3D constituye el modelo geoelectrico de
referencia de la PDT, siendo la principal contribucion de esta tesis. El modelo muestra la
estructura de domo de Hontomin y los principales conjuntos de fallas. Permite asi
identificar las posibles zonas de fuga y definir las necesidades de control y seguimiento de

la PDT.

De este modo, esta tesis supone una importante contribucion a los proyectos de
caracterizacion de almacenes de CO, en acuiferos salinos profundos. El método
magnetotelarico ha demostrado ser una técnica electromagnética apropiada para
caracterizar el area de estudio. Los resultados obtenidos son significativos y ponen de
manifiesto la importancia de establecer un modelo geoelectrico de la situacion de
preinyeccion a fin de caracterizar la estructura, concretar las necesidades de control de la
planta y definir el modelo de referencia para los posteriores estudios de seguimiento. Los
estudios electromagneticos son complementarios a estudios de caracterizacion sismicos y
dada su sensibilidad a la conductividad eléctrica, se establecen como meétodos de
resolucion superior para determinados aspectos de interés en el almacenamiento de CO, y

su seguimiento a largo plazo.
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Introduction and overview

Carbon Capture and Storage (CCS) technology aims to prevent the release of large
quantities of carbon dioxide (CO,) to the atmosphere. Geological storage of CO, involves
the injection and permanent disposal of CO, in deep geological formations. The injection of
the CO, gas into the porous reservoir formation will result in the variation of the physical
properties of the host rock. Thus, by studying the evolution of these properties through
time it is possible to monitor the injected CO,. Since electrical resistivity is more sensitive
to CO, saturation than other physical properties, electromagnetic methods are presented as
suitable monitoring techniques. In this context, the natural source electromagnetic
technique called magnetotellurics could be especially useful for characterisation and
monitoring purposes. This chapter contextualise the thesis and presents a brief introduction
to all the above mentioned basic concepts. Finally, the Hontomin site (case study of this

thesis) is introduced and the aims and objectives of the research work are presented.

1.1. CO, problem and CCS technology as a short term solution

Since the industrial revolution of the early part of the 19* century, concentrations of
greenhouse gases (GHG) in the atmosphere have increased hugely and exponentially,
perturbing the equilibrium of the natural greenhouse effect of the Earth and leading to a
climate warming (Bryant, 1997). One of the major contributors to the greenhouse effect is
the carbon dioxide (CO,) (Bryant, 1997; Bachu, 2000). Svante Arrhenius was the first to
show how changes in the atmospheric CO, levels could significantly alter the temperature at

the Earth’s surface (Arrhenius, 1896). More recent studies have also documented the effects
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of anthropogenic emissions on the Earth’s climate and the increase in Earth’s surface

temperature (IPCC, 2005) (Fig. 1.1).
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Fig. 1.1. Global CO, atmospheric concentrations and temperature (from Global CCS Institute, 2011).

On a sectorial basis, the major contribution to GHG comes from the energy sector (around
45%) (Bachu, 2000). Fossil fuels account for over 80 % of world’s energy supply, being by
far the major contributor to the GHG emissions (IEA, 2012). Thus, there is a large
dependence on fossil fuels and an energy system solely based on renewable energies is not
currently feasibly. Therefore, Carbon Capture and Storage (CCS) is presented as an
essential bridge towards a truly sustainable green energy system. Wide implementation of
CCS is estimated to be able to reduce CO, emissions by 54 % in European Union (EU) and

33 % globally in 2050 compared to emissions levels in 2007 (Stangeland, 2007).

According to Bachu (2003), the meaning of CCS is ‘the removal of CO, directly from
anthropogenic sources (capture) and its disposal in geological media, either permanently
(sequestration), or for significant time periods (storage)’. CCS technology is based on the
fact that naturally, the Earth’s subsurface is the largest carbon reservoir. The greatest part of
the Earth’s carbon is found in coals, oils, gas organic-rich shales and carbonate rocks (IPCC,
2005). Thereby, CO, sinks are part of the Earth’s carbon cycle (e.g., soils, vegetation and
oceans) and the geological storage of CO, is a natural process within this cycle (IPCC, 2005)
(Fig. 1.2). However, as natural terrestrial sinks are not sufficient to absorb current

emissions of CO, to the atmosphere (NETL, 2009), CCS is one of the approaches suggested

2
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to both reduce GHG emissions and enhance GHG sinks (Turkenburg, 1997). The method is
considered safe and environmentally friendly, as CO, is only problematic at very high
concentrations and any leakage from the CO, storage is estimated to be in much lower
concentration. Possible leaks are not expected to raise local concentrations much above
normal atmospheric levels because geological formations will diffuse the gas making the

massive leakage extremely unlikely.

The Kyoto Protocol (an international agreement linked to the United Nations Framework
Convention on Climate Change, adopted in December 1997 and entered into force in
February 2005) sets internationally binding GHG emission reduction targets'. In Europe,
since around 11% of the GHG emitted globally each year come from the EU, the EU
established a political agenda to reduce its own emissions under the Kyoto Protocol for
2020°. The EU’s energy and environment policy ‘20/20/20° (adopted by the European
Parliament in December 2008) laid down the following targets: i) reduce by 20 % the GHG
emissions comparing with 1990 level; ii) increase to 20 % the share of renewables in the
final energy consumption and up to 10 % the share of biofuels in transport fuels; and iii)
achieve an improvement of 20 % in energy efficiency, which means a 20 % reduction in

energy consumption (Streimikiene, 2012).

To address these issues, in 2009 the European Commission set up the European Energy
Programme for Recovery (EEPR). It aimed to co-finance different projects designed to
make energy supplies more reliable, help reduce greenhouse emissions and stimulate
Europe’s economic recoveryB. The projects include: 44 gas and electricity infrastructures
projects, 9 offshore wind projects and 6 CCS projects. In this way, the EU is encouraging its
member countries to implement CCS technology as one of the vehicles used to reach these

targets (Directive 2009/31/EC).

The Spanish OXYCFB300 Compostilla Project4 is one of these 6 CCS projects. The main

target of the project is to validate a flexible and competitive CCS technology at industrial

" http://unfcce.int/kyoto_protocol/items/2830.php (visited April 2014).

? http: //ec.europa.eu/clima/policies/g-gas/index _en.htm (visited April 2014).
* http://ec.europa.eu/energy/eepr/ (visited April 2014).

* http://www.compostillaproject.es/ent (visited April 2014).
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level. The project is led by Endesa, and Fundacion Ciudad de la Energfa’ (CIUDEN) is one
of the partners. The first phase of the OXYCFB300 Compostilla Project is called
‘Technological Development’ and aims to construct and operate three Technological
Development Plants (TDPs) for CO, capture, transport and storage at pilot scale. The CO,
capture plant is located in Compostilla (Leon, Spain) (Lupion et al., 2011a; Lupion et al.,
2011b) and the TDP for CO, geological storage is located in Hontomin (Burgos, Spain).
This work will be focus on the TDP at Hontomin for CO, geological storage in a deep saline

aquifer.

The EU and the Spanish Government have set the legal framework for the geological storage
of CO, in Europe and Spain (Directive 2009/31/EC and Law 40/2010, respectively).
Within this framework, research-aimed projects (such as the Hontomin project) are allowed

to store a maximum of 100 kilotons of CO,.
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Fig. 1.2. Global carbon cycle (source: CO2CRC®)

® www.ciuden.es (visited April 2014).
¢ www.co2crc.com.au/imagelibrary (visited April 2014).
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1.2. Geological storage of CO,

CCS technology aims to capture the CO, after combustion in large stationary emission
sources and transport it to suitable storage sites enabling power plants and a wide range of
other industries to reduce their emissions to the atmosphere. In the storage site, the CO, is
stored into the pores of a permeable formation (reservoir) which is capped by another
impermeable formation (seal) that prevents it from migration to the surface (IPCC, 2005).
It is based on the natural trapping mechanism that has kept huge volumes of oil and gas
underground for millions of years. Several rock formations are considered suitable for CO,
storage (IPCC, 2005) (Fig. 1.3): depleted oil and gas reservoirs, deep saline aquifers and
unminable (uneconomic) coal beds. Moreover, other scenarios, such as sedimentary
formations, caverns, basalt and organic-rich shales, are being contemplated. The injection of
CO, has been undertaken for years for enhanced oil recovery (EOR), enhanced gas recovery
(EGR) and enhanced coal bed methane recovery (ECBMR) (Bachu, 2003). According to the
IPCC (2005), there is a large global capacity: depleted oil and gas reservoirs are estimated
to have 675-900 Gigatons of CO, of storage capacity; deep saline formations, at least 1000
Gigatons (some studies suggest an order of magnitude greater than this), and unminable coal
formations, between 3 and 200 Gigatons. Thus, saline aquifers are thought to be the most
promising type of geological storage in terms of total potential volume. To put these storage
capacities into context, it is interesting to bear in mind that the global emissions of CO,
coming from the use of fossil-fuel was about 23.5 Gigatons in the year 2000, and close to

60% was attributed to large stationary emission sources (IPCC, 2005).

To date, geological storage of CO, is being carried out offshore and onshore and both at
pilot and industrial-scale (Global CCS Institute, 2011). The CO, gas is injected at depths
below 800 m, where reaches supercritical conditions (T, = 31.1 °C and P,= 7.38 MPa). At
these conditions, CO, behaves still like a gas filling all the available volume, but with a
liquid-like density. With the same volume, at supercritical state it is able to store a greater
quantity of CO, because the density is higher (Fig. 1.4); e.g., 100 m’ of CO, at the surface
is estimated to occupy 0.28 m’ at 1500 m depth. Thereby, by increasing the density, the
storage of CO, in the pore space is more efficient and becomes safer since buoyancy forces

decrease (Bachu, 2003).
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Geological Storage Options for CO,

Depleted oil and gas reservoirs

Use of CO, in enhanced oil recovery

Deep unused saline water-saturated reservoir rocks
Deep unmineable coal seams

Use of CO, in enhanced coal bed methane recovery
Other suggested options (basalts, oil shales, cavities)
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Fig. 1.3. Geological options for CO, storage (from CO2CRC, 2008).

Once the CO, is pumped into the pores of the geological formation, the geological storage
itself is essentially a combination of four physical and chemical trapping mechanisms (IPCC,
2005): structural and stratigraphic (Fig. 1.5a), residual (Fig. 1.5b), solubility (Fig. 1.5c) and
mineral. Physical trapping mechanisms are immediate; since the injected CO, is less dense
than water, it rises up through the reservoir rock until it reaches the seal (structural and
stratigraphic trapping) (Fig. 1.5a). During the migration of the injected CO,, some of the
gas can be retained by capillarity action in the porous space (residual trapping) (Fig. 1.5b).
Chemical trapping mechanisms require longer time, but entail an increase of the storage
security (Fig. 1.6). The injected CO, interacts with the rock and the water contained in the
porous media, and as a consequence, geochemical reactions take place in the reservoir. The
CO, is dissolved into the salty water (solubility trapping) (Fig. 1.5¢) and, as water with CO,
is denser than water without CO,, the solution sinks. This generates a convective flow that

favours the mixing of the rest of the CO, with water. The CO, dissolved in the salty water
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becomes slightly acidic and starts to chemically react with minerals. The interaction

between the different ionic species might result in stable carbonate minerals (mineral

trapping) .

100

< Ground level

] : C0O,asagas
] 3 ) 1.4
’ W
] e i R |4 Critical depth
E | “ \ 0 0.32 P
3 4 C0,asa
< ] supercritical fluid
o i
8 15 \ o 0.28
] 0.27
2 ¢
J 0.27
25 1 1 1 1
0 200 400 600 800 1000
Density of CO, (kg/m?)
© CO2CRC

Fig. 1.4. Variation of CO, density with depth for hydrostatic pressure and a geothermal gradient of
25°C/km from 15°C at the surface. The volumetric relationship is indicated by blue numbers.
Above the critical depth (above 800 m depth), the CO, is in gas state (displayed by balloons) and
below the critical depth (below 800 m), the CO, is in liquid-like state (displayed by drops). At
depth below 1500 m, the volume is nearly constant (from CO2CRC, 2008).
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a)Structural and stratigraphic trapping b) Residual trapping c) Solubility trapping

Top seal

Free phase CO,

Flow of CO, a3

Fig. 1.5. Different trapping mechanisms. a) Structural and stratigraphic trapping at four different scenarios:
(i) fault trapping, (ii) anticline or stratigraphic trapping, (iii) facies change trapping and (iv)
unconformity trapping. b) Residual trapping. ¢) Solubility trapping and residual trapping around the
injection well. When the CO, is dissolved in water, the water becomes denser and begins to sink

downwards, this generates a convective flow that favours the mixing of water and injected CO,
(modified from CO2CRC").
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Fig. 1.6. Trapping contribution versus time since injection stops. In the first moment, the major trapping
contribution comes from the physical processes (structural, stratigraphic and residual trapping) and
over time, the contribution of chemical process (solubility and mineral trapping) increases,
enhancing the storage security (from IPCC, 2005).

7 www.co2crc.com.au/imagelibrary (visited April 2014).
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1.3. From CO, saturation to electrical resistivity

The electrical resistivity of Earth materials (also commonly defined in terms of its inverse,
electrical conductivity) is essentially a transport property of the medium, compared to the
propagation velocity of elastic waves which is a property that is associated to the
transmission of mechanical (vibrational) energy. The electrical resistivity of Earth materials
ranges over more than 10 orders of magnitude (Palacky, 1987) (Fig. 1.7) whereas seismic

velocity varies at most by a factor of 10, and rock density by at very most factor of 3

(Bedrosian, 2007).
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Fig. 1.7. Electrical resistivity and conductivity range of variation of some common Earth materials (modified
from Miensopust, 2010).

Electrical resistivity is a physical property sensitive to the nature of the rock constituents
(mineralogy composition of the rock) but also to the characteristics of the pore space. The

electrical resistivity depends on fluid salinity, temperature, porosity, pore connectivity,
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saturation and pressure (Bedrosian, 2007). Archie’s law (Archie, 1942), defined initially for
sandstones but more generally applicable, describes reasonably well the bulk electrical

resistivity of the rock as a function of these parameters:

Pw
=a-°:—— 1.1
where py, is the water resistivity; Sy, the water saturation; ¢ the rock porosity; m the

cementation factor; 7 the saturation exponent and @ a proportionality constant.

Accordingly, Archie’s law is useful to estimate the resistivity changes produced due to the
CO, injection when the conductivity is dominated by the electrolytic conduction of brine
ions (Bourgeois and Girard, 2010; Kiessling et al., 2010; Nakatsuka et al., 2010; Wirianto
et al., 2010; Hagrey, 2011; Carrigan et al., 2013). The law is not valid in the presence of
clays because they tend to enhance the path for electric currents and results in a lower
resistivity (Samouélian et al., 2005; Nakatsuka et al., 2010). In the specific case of CO,
storage in saline aquifers, Archie’s law is very suitable because the injected CO, replaces the
saline fluid contain within the porous of the reservoir rock. This fact reduces the volume of
saline brine contained in the pore space, obstructing the ionic transport and increasing the

resistivity significantly.

Although there are more advanced formulations of the Archie’s law (e.g., Glover et al.,
2000), to adopt just two fluid phases within the reservoir formation is reasonable: the initial
brine and the injected CO, (Sy, + S¢o, = 100 %) (Bourgeois and Girard, 2010; Nakatsuka
etal., 2010; Hagrey, 2011). Assuming that the CO, does not interact with the rock and that
porosity remains constant (neither dissolution nor precipitation occurs), pre-injection

resistivity (Do) and post-injection resistivity (0) of the bulk rock can be related in a simple

manner:

i = (1 - SCOZ)—n (12)

For a saturation exponent 1 equal to 2 (clean sand), a significant increase of the resistivity is
observed when the CO, saturation increases (Fig. 1.8). The approach shown in Eq. (1.2) is

a first estimation to assess the resistivity variation in the reservoir when the physical trapping

10
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dominates (Fig. 1.6). An increasing amount of literature is reporting on laboratory-scale
experiments that investigate the electrical characteristics of the injection process and the
impact of the injected CO, on the pore water conductivity (Myer, 2001; Nakatsuka et al.,
2010; Breen et al., 2012; Liu and Moysey, 2012; Borner et al., 2013; Vialle et al., 2014).
Some laboratory-scale studies also explore how to detect fresh water salinization produced
by the displacement of formation native saline water due to the injected CO, (Wagner et

al., 2013).

As well as electrical resistivity, most physical properties of the rock change when the fluid
within the pores changes from water to CO, (Magee, 1991; Batzle and Wang, 1992; Wang
et al., 1998; Myer, 2001; Blanchard, 2011; Rutqvist, 2012; Vialle et al., 2014). Thus,
through studying the evolution of these properties through time it is possible to monitor the
geological storage process (IPCC, 2005). Geophysical techniques are presented as the most
suitable tool to characterise and monitor the reservoir complex and the seal and reservoir
integrities. Integration of different techniques make it possible to locate the gas plume and
understand the CO, migration (Hoversten and Gasperikova, 2005; IPCC, 2005; Giese et
al., 2009; NETL, 2009; JafarGandomi and Curtis, 2011; Sato et al., 2011; Bergmann et al.,
2014). Traditionally, the petroleum industry has used seismic methods far more often than
electromagnetic (EM) methods. This is because of the resolution of conventional EM data is
lower than seismic resolution due to the fact that EM energy propagates diffusively (Wright
et al., 2002). However, laboratory-scale studies and field experiments show that electrical
resistivity is generally far more sensitive to CO, saturation than seismic velocity (Lumley,
2010; Nakatsuka et al., 2010; Alemu et al., 2011; Hagrey, 2011; MacGregor, 2012) (Fig.
1.9).
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Fig. 1.8. Ratio between the resistivity of a rock flooded with CO, and the resistivity of the same rock
saturated with water, as a function of the CO, saturation. The relation was obtained using Eq. 1.2
for a saturation exponent n equal to 2 (clean sand). Three different saturations, and their
corresponding resistivity variation, are indicated: a CO, saturation of 55 % corresponds to a
resistivity variation of 5; a CO, saturation of 70 % corresponds to a resistivity variation of 11 and a
CO, saturation of 80 % corresponds to a resistivity variation of 25. Thereby, the CO, saturation can
be estimated from the ratio between the monitored resistivity and the pre-injection resistivity (from

Bourgeois and Girard, 2010).
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1.4. Monitoring with electromagnetic methods

Monitoring of CO, storage sites permits control of gas injection and storage operations,
detection of possible leakage, and support of the required safety conditions (IPCC, 2005;
NETL, 2009). Different geophysical techniques are presented as suitable for monitoring
purposes, and a number of multidisciplinary monitoring schemes have been designed to
study and control the evolution of the injected CO, plume (Hoversten and Gasperikova,
2005; IPCC, 2005; Giese et al., 2009; NETL, 2009; JafarGandomi and Curtis, 2011; Sato
et al., 2011). Hydrocarbon exploration activity has provided significant experience in this
field (Hoversten et al., 2003; Harris and MacGregor, 2006; Harris et al., 2009).
Electromagnetic methods are presented as valuable since they constrain the electrical
conductivity of the storage complex and are sensitive to the contrast of physical properties
(saline aquifer reservoir/conductor and injected CO,/resistive). Moreover, they offer a
high degree of complementarity between their different techniques for studying the
different scales and depths of interest in a storage site (Kiessling et al., 2010; Streich et al.,

2010; Girard et al., 2011; Bergmann et al., 2012; Vilamajo et al., 2013) (Fig. 1.10).

10000 -

Fig. 1.10. Different electromagnetic techniques and their penetration depth: electromagnetic induction
(EM-I); electrical resistivity tomography (ERT); time domain electromagnetics (TDEM);
controlled-source  audiomagnetotellurics  (CSAMT);  audiomagnetotellurics  (AMT)  and
magnetotellurics (MT).
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In the last few years, many EM studies for monitoring CO, storage sites are being carried
out using: electrical resistivity tomography (ERT) or its extensions, cross-hole and surface-
downhole ERT; controlled-source electromagnetics (CSEM), magnetotellurics (MT) and

controlled-source magnetotellurics (CSMT).

The applicability of cross-hole ERT and surface-downhole ERT has been evaluated through
synthetic studies (e.g. Ramirez et al., 2003; Christensen et al., 2006; Carrigan et al., 2009;
Hagrey, 2011) and the method has provided interesting results in the field (Bergmann et al.,
2010; Kiessling et al., 2010; Bergmann et al., 2012; Carrigan et al., 2013; Hagrey et al.,
2013).

CSEM is presented as an important technique for monitoring purposes because the presence
of a controlled-source makes it possible to control and minimise the effects of the man-
made EM noise. Interesting reviews on the method are Constable (1990), Boerner (1992),
Edwards (2005), Constable and Srnka (2007), Constable (2010), Key (2012) and
Ziolkowski and Wright (2012). During the last decades, the method has been used in the
marine context to monitor hydrocarbon extraction and injection (Lien and Mannseth, 2008;
Black and Zhdanov, 2009; Orange et al., 2009; Andreis and MacGregor, 2011; Berre et al.,
2011; JafarGandomi and Curtis, 2011; Kang et al., 2012; Bhuyian et al., 2012), but more
recently, the method has been introduced to terrestrial contexts (Bourgeois and Girard,
2010; Wirianto et al., 2010; Schamper et al., 2011; Zhdanov et al., 2013). Some of the
CSEM experiments undertaken at the Ketzin site (Germany) are reported in Becken et al.

(2010), Kiessling et al. (2010) and Girard et al. (2011).

In reference to CSMT, some synthetic works exploring and evaluating the possibilities of
the method for monitoring have also been presented (Streich et al., 2010). The MT method
is typically used to characterise structures at regional and crustal scale (further explanation
of the method in section 1.5); however, in the recent years, some attempts have been done
to use the method as a monitoring technique (Aizawa et al., 2010; Aizawa et al., 2011;

Peacock et al., 2012a). A more extended explanation about MT monitoring is presented in

Chapter 4.
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For most techniques, monitoring is based on repeated time-lapse studies: the changes
produced by the injection of CO, are identified and quantified carrying out a comparative
analysis with the reference pre-injection state. For that reason, a thorough characterisation
must be taken first (before the injection) to define a high-resolution baseline model of the
storage site subsurface. Site characterisation aims to establish the geological conditions and
the range of geological parameters that are relevant for the project (depth, geometry,
internal architecture, lithology, porosity, permeability, degree of fracturing and overall
integrity among others). Site characterisation using EM methods will provide a full
description (image) of the subsurface in terms of electrical resistivity. Likewise, the
characterisation of the site will help to design the proper monitoring setup and the

appropriate injection strategy.

1.5. Magnetotelluric method

The MT method is well-established as an EM characterisation technique. The method has
been used in both regional (e.g., Rosell et al., 2011) and local (e.g., Ogaya et al., 2013)
characterisation work since it is the only EM technique with a penetration depth ranging
from tens of metres to hundreds of kilometres (Fig. 1.10). Moreover, its tensorial character
(explained below) enables determination of the dominant directionality of geological

structures and thereby aid inferring subsurface processes, and their variation with depth.

The MT method infers the electrical conductivity structure of the subsurface using the
naturally occurring time variation of the EM field. The method is based on the simultaneous
measurement of the natural EM field fluctuations at the Earth’s surface. The origins of the
MT for geophysical exploration are attributed to Tikhonov (1950), Rikitake (1951) and
Cagniard (1953) who established the theoretical bases. Some fundamentals aspects of the
method are going to be introduced in this work; for an extended explanation, see e.g.,
Simpson and Bahr (2005), Berdichevsky and Dmitriev (2008), and Chave and Jones (2012)

or the review papers presented at the EM Induction workshops (available on MTNet®).

® www.mtnet.info (visited April 2014).
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The propagation of the EM field is governed by Maxwell’s equation. In MT, the incident
EM field is treated as a plane wave propagating downwards. The EM waves propagate

diffusively through the conducting Earth, and their penetration depends on its oscillation
frequency wand the electrical conductivity of the penetrated medium o (inverse of the

electrical resistivity, p). The skin depth § is a reasonable estimate of the inductive scale

length:

=,/2/uocw (1.3),

where [ is the magnetic permeability, typically assumed equal to its free space value .

Using Sl units, Eq. (1.3) may be simplified to

§ = 503,/pT (1.4)

where & has units of metres, T is the period in seconds and p is the electrical resistivity in
Qm. The skin depth is the distance over which EM fields are attenuated to 1/e of their
amplitudes at the Earth’s surface in a uniform medium. Thereby, the longer the period, the

deeper is the penetration depth.

The orthogonal electric and magnetic field variations recorded at the Earth’s surface are

related to each other through the impedance tensor Z;; (w), a complex second-rank tensor

function of frequency. The impedance tensor contains the amplitude and phase relations

— —
between the measured horizontal components of the electric (E') and magnetic (H =

B/, fields,

[Ex] B [Zxx(w) ny(w)] [Hx] (0.5)
Ey Zyx((’o) Zyy((’o) Hy o
From each element of the impedance tensor are derived the MT response functions:

apparent resistivity (Oq ij)’

Payy(@) = =|Zy@)[" (t6),

and phase (¢;;),

— an—1 |MZij(@)
@;j(w) = tan [R 2, (w)] (1.7).
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Different methods are used for the impedance tensor estimation (Egbert and Booker, 1986;
Jones et al., 1989; Vozoff, 1991; Simpson and Bahr, 2005; Chave, 2012). The remote
reference (RR) technique is normally applied to improve the quality of the acquired data in
areas with a non-contemptible level of EM noise. The RR method was introduced into
magnetotellurics by Gamble et al. (1979) and consists in the simultaneous recording of local
and remote magnetic fields. The method aims to eliminate uncorrelated noise in the
recorded fields assuming that the uncontaminated (natural) part of the induced field is
expected to be coherent over large distances whereas noise is generally random and

incoherent.

The form of the impedance tensor is related to the dimensionality of geoelectrical
structures. For that reason, a thorough dimensionality analysis of the MT data is necessary to
determine which approach is more adequate: one-dimensional (1D), two-dimensional (2D)
or three-dimensional (3D). Ina 1D Earth, the electrical conductivity only varies with depth

and the form of the impedance tensor is

0 Z
Zp = ) s
1D 7 0 (1.8)
In a 2D Earth, electrical conductivity varies along one lateral direction and with depth.
Thereby, a strike direction is defined along which electrical conductivity remains constant.
In the 2D case, electric and magnetic fields are mutually orthogonal and the equivalent
impedance tensor can be decoupled into two independent modes,

Z Z Ry, . 0 Z
P ( xx xy) sze)( TE) 1.9),
2D Zyx Zyy ZTM 0 ( )

as Maxwell’s Equations decouple into two independent modes in the 2D case. One of these
modes is referred to as the transverse electric, TE mode, and describes the response of the
electric currents flowing along the strike of the 2D structure (Eq. 1.9). The other mode is
known as the transverse magnetic, TM mode, and describes the responses for the currents
flowing perpendicular to the strike of the structure. In this way, the TM and TE modes
satisfy the principle of complementary information and reliable and comprehensive
information on the Earth’s conductivity can be obtained by means of joint TM and TE mode

modelling, inversion and interpretation.
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Finally, in a 3D Earth, the electrical conductivity varies along the two lateral directions and

with depth and the form of the impedance tensor is

Zxx ny

ZSD = (Z Zyy

) (1.10).

yx

In practise, the EM response of the studied structures can be masked by distortions
produced by local or regional effects that are out of the scope of the study. Distortion
effects constitute a major issue in magnetotellurics as they can lead to erroneous data
interpretations. Consequently, the effects of distortions have been extensively studied
(Berdichevsky et al., 1973; Berdichevsky and Dimitriev, 1976a; Jones, 1983b; Bahr, 1988;
Jiracek, 1990; Chave and Jones, 1997; Jones, 2012). Berdichevsky et al. (1973) divided
distortion effects into galvanic effects and inductive effects. The first ones are due to
distributions of charges that generate electric fields, and the second ones are because of
distributions of currents that generate magnetic fields. In regional MT surveys, galvanic
distortion is the most problematic (Berdichevsky and Dmitriev, 1976b). This type of
distortion may be produced by small-scale geological inhomogeneities near the surface. In a
1D or 2D Earth with axis oriented along and across the strike direction, galvanic distortion
results in a vertical displacement of the apparent resistivity curves (static shift).
Nevertheless, in a 3D Earth, or 2D Earth with axis not oriented along and across the strike

direction, the distortion depends on the frequency which is more difficult to correct as is

discussed in Jones (2011).

Dimensionality analysis yields information about the geoelectric strike direction and makes
it possible to correct the MT data by detecting, identifying and removing most of the
possible galvanic distortion effects. A description and comparison of the different existing
methodologies is given in Jones (2012). In this work, three different approaches were
applied on the MT data: (i) Groom-Bailey (GB) distortion decomposition method for a
regionally 2D geoelectrical subsurface (Groom and Bailey, 1989); (ii) analysis of the set of
rotational invariants of the impedance tensor presented by Weaver et al. (2000), and (iii)
the study of the phase tensor which relates the real and imaginary parts of the impedance

tensor (Caldwell et al., 2004). A brief description of each of them is given below.
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(i) The impedance tensor of a 2D Earth affected by galvanic distortion (£ ) can be
described by the equation

Zobs = R(B)CZZDRT(B) (1'11),

where R(8) is the rotation matrix, € is the distortion matrix (real frequency independent
matrix) and Z,p, is the 2D impedance tensor, not affected by galvanic distortion, in the
regional 2D strike coordinates. The GB distortion decomposition method consists of

decomposing the € matrix by

C=gTSA (1.12),

where ¢ is the gain parameter (which accounts for the static shift), T is the twist tensor, §
is the shear tensor and A4 is the anisotropy tensor (Groom and Bailey, 1989). Neither g nor
A can be resolved separately (although A can be inferred from the short periods asymptotes
of the TE and TM mode apparent resistivity curves after correction for twist and shear);
consequently, GB decomposition cannot remove the static shift. The accuracy of the GB
distortion model is given by the misfit between the observed data and the modelled data.

The method is implemented in the multi-site, multi-frequency STRIKE code of McNeice

and Jones (2001).

(i) Weaver et al. (2000) presented a dimensionality study based on a set of eight
rotational invariants of the impedance tensor: seven independent (14, I, I3, I, Is, I¢, I7)
and one dependent ( Q). Each of them has a physical interpretation related to the
geoelectrical dimensionality. In particular, there is a criterion to determine the
dimensionality and identify galvanic distortion according to the vanishing of invariants I3- I,
and Q (Weaver et al., 2000; Marti et al., 2009). However, the invariant values for real data
are in general never zero due to the presence of noise. Consequently, a threshold value is

introduced for each of them, below which the invariants are taken to be zero. This

methodology is implemented in the WALDIM code of Marti et al. (2009).

(iii) Finally, the phase tensor is a real magnitude defined by

®=X1Y (1.13),
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where X is the real part and ¥, the imaginary part of the impedance tensor (Caldwell et al.,
2004). The phase tensor is independent of galvanic distortion and can be characterised by
three invariants: @5, ®pnin and B (skew angle). It is commonly represent by an ellipse

where @4, and @i, are the principal axis (semi-major and semi-minor axes,
respectively). The orientation of the major axes depends on the skew angle and on the
dimensionality. The azimuth of the semi-major axes (dependent on the coordinate system)
corresponds to the strike direction and the difference between the length of the semi-major
and semi-minor axis gives an estimate of the dimensionality complexity of the geoelectrical

structure.

The MT inverse problem (Rodi and Mackie, 2012) has been addressed in 1D (detailed
review in Whittall and Oldenburg, 1992), 2D (e.g. de Groot-Hedlin and Constable, 1990;
Siripunvaraporn and Egbert, 2000; Rodi and Mackie, 2001 -code used for the 2D modelling
of Hontomin) and 3D. In 3D, different MT inversion algorithms have been developed in the
last years. However, 3D inversion requires further development and understanding of the
advantages and limitations. Recently, Miensopust et al. (2013) presented a test and
comparison of the current available 3D codes. In this Hontomin work, three different 3D
inversion codes were used: the code described by Mackie and Madden (1993) subsequently
developed and implemented by Geosystem (called Geosystem code hereafter);
WSINV3DMT (Siripunvaraporn et al., 2005) and ModEM (Egbert and Kelbert, 2012). The
first one is a commercial code and uses a truncated non-linear conjugate gradient approach.
The second, WSINV3DMT, is based on a data-space variant of the Occam’s approach.
Finally, ModEM, is a modular system of computer codes for different EM problems and the
inversion algorithm is also based on a non-linear conjugate gradient scheme. For a
comprehensive explanation about 3D inversion and modelling, see the following reviews:

Avdeev (2005), Bérner (2010) and Siripunvaraporn (2012).

In the past years, thanks to the progress made in 3D MT inversion algorithms (Avdeev,
2005; Siripunvaraporn, 2012), a number of MT studies have been undertaken in 3D in
order to overcome the limitations of 2D interpretation (Ledo et al., 2002; Ledo, 2006;
Becken et al., 2008). Some of the MT investigations were focussed on near surface

structures demonstrating the suitability of the method in a variety of contexts: mineral
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exploration (Tuncer et al., 2006; Farquharson and Craven, 2009; Xiao et al., 2010); waste
site characterisation (Newman et al., 2003); volcano and geothermal studies (Heise et al.,
2008; Newman et al., 2008; Ingham et al., 2009; Ghaedrahmati et al., 2013; Pifia-Varas et
al., 2014) and hydrocarbon exploration (He et al., 2010; Zhdanov et al., 2011).

1.6. Case study: the Hontomin CO, storage site

In Spain, the Centro de Investigaciones Energéticas, Medioambientales y Tecnologicas
(CIEMAT) and the Instituto Geologico y Minero de Espana (IGME) in 2004 launched a
study to select the most suitable geological formations for geological storage of CO, in the
country (Ruiz et al., 2007; Prado et al. 2008; Pérez-Estatn et al., 2009; Garcia Lobon et
al., 2011) (Fig. 1.11). Saline aquifers were concluded to be the most suitable storage
scenario in Spain (Pérez-Estan et al., 2009). Accordingly, CIUDEN, on behalf of the
Spanish  Government, established a TDP for CO, storage in a deep saline aquifer in
Hontomin (Spain) (Fig. 1.11), in the framework of the EEPR-funded OXYCFB300

Compostilla project.

The Hontomin site is an underground research laboratory (URL) that aims to generate the
knowledge and experience needed for geological storage of CO,. One of the main
objectives of the Hontomin project is to promote the development of new technologies,
techniques and methodologies to better understand the behaviour of the injected CO, in the
subsurface, identifying the most suitable and efficient ones for monitoring at industrial scale.
With this aim, large number of multidisciplinary experiments are being undertaken to
characterise the subsurface and monitor the evolution of the expected CO, plume (e.g.,
Rubio et al., 2011; Benjumea et al., 2012; Buil et al., 2012; Ogaya et al., 2012; Alcalde et
al., 2013a; Alcalde et al., 2013b; Canal et al., 2013; Elio, 2013; Elio et al., 2013; Garcia-
Rios et al., 2013; Metcalf et al., 2013; Nisi et al., 2013; Ogaya et al., 2013; Quinta, 2013;
Ugalde et al., 2013; Vilamajo et al., 2013; Alcalde et al., 2014; Ogaya et al., 2014). This
thesis presents a component of this on-going project: the magnetotelluric characterisation

and monitoring of the Hontomin CO, storage site, Spain.
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Fig. 1.11. Geological map of the Iberian Peninsula indicating the location of the main Mesozoic and
Cenozoic sedimentary basins. The theoretical storage capacity of the basins is also indicated. Black
star marks the location of the Hontomin site for CO, geological storage in a deep saline aquifer
(modified from Pérez-Estatin et al., 2009).

1.7. Aims and objectives

The aim of this thesis is to describe efforts to characterise and monitor the subsurface of
Hontomin URL for CO, geological storage in a deep saline aquifer using the
magnetotelluric method. Thus, this work will explore to what extent the magnetotelluric
method can contribute to the geoelectrical characterisation and monitoring of onshore CO,

geological storage sites.

This thesis constitutes the first 3D MT characterisation survey of a CO, geological storage
site. To obtain a high-resolution 3D resistivity model of the pre-injection state was the
major challenge of the research undertaken. Despite the recent advances in 3D MT

inversion codes, a better understanding of the 3D inverse problem is still required. Man-

22



Introduction and overview

made EM noise, depth of study (between 800 and 2000 m) and resolution of the data are

other challenges of this work.
The aim of the thesis is pursued through the following objectives:
A) Related to the geoelectrical characterisation of the Hontomin site,

1. Investigate the viability of the MT method in the study area, minimising the effect of the
existing man-made EM noise on the data.
2. Obtain the 3D resistivity model of the Hontomin URL in order to:
2.1. Characterise the study area.
2.2. Define the geoelectrical monitoring requirements of the site.
2.3. Provide the 3D geoelectrical baseline model of the site, to be used in the future

time-lapse EM monitoring experiments.
B) In reference to the geoelectrical monitoring of the Hontomin site,

3. Investigate the monitoring possibilities of the MT method at the Hontomin URL by
carrying out different synthetic studies and sensitivity tests.

4. Develop new methodologies to enhance the resolution of surface MT responses.
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Geological and geophysical setting

Exploration activities have provided geological and geophysical information of the
study area since the nineteen-sixties. This chapter presents both the geological and
geophysical setting of the Hontomin site, reporting the main characteristics of the primary
reservoir. A first idea of the geoelectrical structure of the site is derived from the available

resistivity log data.

2.1. Introduction

The Hontomin site is located in the south-western sector of the Basque-Cantabrian Basin
(Western Pyrenees, north Spain) and belongs to the North-Castilian Platform (Serrano and
Martinez del Olmo, 1990; Tavani, 2012) (Fig. 2.1a). The boundaries of the Hontomin
structure are the Ubierna Fault and the Duero Foreland Basin to the south and west, the
Poza de la Sal diapir to the north-east and the Rojas-Buezo Anticlines and Ebro Foreland

Basin to the east (Tavani et al. 2011; Quinta et al., 2012) (Fig. 2.1b).

The south-western sector of the Basque-Cantabrian Basin has attracted the attention of oil
companies since 1920 (Quesada et al., 1993; Alvarez, 1994; Merten, 2006; Beroiz and
Permanyer, 2011; Permanyer et al., 2013). In Ayoluengo (Fig. 2.1a), there is an onshore
productive oilfield discovered in 1964 (Alvarez de Buergo and Garcia, 1996; Merten, 2006)
and in Hontomin, there has also existed hydrocarbon exploration activity since the
nineteen-sixties. This prior exploration activity provided vintage 2D seismic profiles and
well-log data of the study area that helped to construct a first impression of the Hontomin
structure. These geological and geophysical data have been complemented with recent
studies including 3D reflection seismics (Alcalde et al., 2013a; Alcalde et al., 2013b;

Alcalde et al., 2014), gravimetry (Rubio et al., 2011), microgravimetry (Implemental
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Systems, 2011) and magnetotellurics (Ogaya et al., 2012; Ogaya et al., 2013; Ogaya et al.,
2014).
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Fig. 2.1. Geological maps of the study area: (a) Geological map of the Basque-Cantabrian Basin indicating the
North-Castilian Platform and the location of the study area (modified from Munoz, 2002); (b)
Geological map of the Hontomin surrounding area indicating the location of the Hontomin
structure; (c) Red and blue dots show the locations of the broadband MT (BBMT) and long period
MT (LMT) sites, respectively. Also indicated are the acronym of the various profiles (MTA-MTE)
(Chapter 3) and the locations of the wells HI-H4, GW1-GW3 and Hi-Ha (section 2.3) (from
Ogaya ctal., 2014).
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2.2, Geological setting
2.2.1. Regional geological setting

The regional evolution of the study area during Mesozoic and Cenozoic times was defined
by three major regional events (Fig. 2.2) (Beroiz and Permanyer, 2011): a Permian-Triassic
extensional stage, a Late Jurassic-Early Cretaceous extensional stage and a Cenozoic

contractional stage.

Firstly, the Permian-Triassic extensional stage took place as a consequence of an early
continental rifting, previous to the spreading of the sea-floor in the Central Atlantic. This
stage resulted in the development of WNW-ESE and E-W faults (Ziegler, 1988; Garcia-
Mondéjar, 1996).

Secondly, a Late Jurassic-Early Cretaceous major extensional stage occurred related with
the opening of North and Central Atlantic and Gulf of Biscay (Le Pichon and Sibuet, 1971;
Montadert et al., 1979; Ziegler, 1988; Ziegler, 1989; Vera, 2004; Roca et al., 2011). The
Basque-Cantabrian Basin developed during this extensional stage. The basin covers an
extensive offshore and onshore area of the northern part of Iberia (Fig. 2.1a). The
extensional event reactivated Permian-Triassic WNW-ESE faults and generated NNE-SSW
transverse extensional faults (Tavani and Mufioz, 2012; Tavani et al., 2013). The event
originated a synformal domain filled with a thick sequence of sediments (Pujalte et al.,
2004; Robles et al., 2004; Quesada et al., 2005; Quinta and Tavani, 2012). The Upper
Triassic (Keuper) evaporitic sediments acted as a regional ductile level decoupling the
deformation of the cover sequence from the basement (Tavani et al., 2011; Carola et al.,
2013; Tavani et al., 2013). The forced folding of the cover above a basement fault triggered

the migration of the salt (Tavani et al., 2013).

Finally, during the Cenozoic a contractional stage, related with the collision between
Eurasian and Iberian tectonic plates, resulted in the subduction of the latter and led to the
development of the doubly-vergent Pyrenean orogen (Boillot and Capdevila, 1977; Boillot
and Malod, 1988; Roest and Srivastava, 1991; Mufioz, 1992). During this period, previous

Mesozoic basins were inverted and incorporated into the Pyrenean orogen (Tavani et al.,
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2011; Quinta and Tavani, 2012; Tavani et al., 2013). This stage reactivated the

development of evaporitic structures as the one of Hontomin.

2.2.2. Structure and stratigraphy of the site

Geological and geophysical data indicate that the Hontomin site is a smooth Jurassic domed

anticline structure with an overall lateral extent of 3x5 km” (Quinta, 2013; Tavani et al.,

2013).

In reference to the stratigraphy of the study area (Fig. 2.2), Upper Triassic evaporitic
sediments (Keuper facies) overlie Palacozoic to Lower Triassic metamorphic and siliciclastic
basement rocks and constitute the core of the Jurassic dome. The Upper Triassic sediments
act as a decoupling layer that separates the deformation of the sedimentary cover from the
deformation of the basement. Overlying the Keuper facies and an Anhydrite unit (Fig. 2.2),
the Jurassic succession is grouped in two main depositional systems: a shallow marine
carbonate ramp (Puerto Palombera Fm., Sopefia Fm. and Rio Polla Fm.) (Quinta, 2013)
(Fig. 2.2) and a hemipelagic ramp (Puerto Pozazal Fm., Camino Fm., Castillo Pedroso Fm.
and the carbonatic Dogger) (Quinta, 2013) (Fig. 2.2). The shallow marine carbonate ramp
system is constituted of evaporites, dolostones, limestones and siliciclastic sediments. The
hemipelagic ramp system is formed by alternations of marls and marly limestones,
limestones and shales. The Jurassic succession is divided in four units that, from bottom to
top, are: carbonatic Lias, marly Lias, Pelletic Lias and carbonatic Dogger (Pujalte et al.,
1988; Robles et al., 1989; Quesada et al., 1991; Quesada et al., 1993; Pujalte et al., 2004;
Robles et al., 2004; Quesada et al., 2005; Rosales et al., 2006; Quinta, 2013) (Fig. 2.2).
Purbeck facies lay over the Jurassic marine sediments; they have a marine-continental
transitional origin and are composed of clays, sandstones and carbonatic rocks, depending
on the structural position inside the basin (Fig. 2.2). The continental succession of the
Lower Cretaceous sediments is completed (from bottom to top) by Weald facies, Escucha
Fm. and Utrillas Fm. (Pujalte et al., 2004; Quinta, 2013) (Fig. 2.2). They are formed by
siliciclastic sediments that contained fluvial facies alternating sandstones from channel filling

and clays from flood plains. The stratigraphic sequence in Hontomin is completed by Upper
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Cretaceous limestones and marls, and Cenozoic lacustrine and detritic sediments (Quinta,

2013) (Fig. 2.2).
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Fig. 2.2. Stratigraphic column of the study area. In general, colours indicated different units and formations
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2.2.3. Reservoir and seal units

The stratigraphic sequence shows several reservoir and seal units of different ages (Beroiz
and Permanyer, 2011; Quinta, 2013). On one hand, exploration activity in Hontomin
revealed the existence of a hydrocarbon reservoir in Jurassic limestones sealed by Jurassic
marls (Beroiz and Permanyer, 2011; Permanyer et al., 2013). On the other hand, in
Ayoluengo oilfield, the hydrocarbon extraction is from Lower Cretaceous sandstones
comprising the Purbeck paleochannels. The reservoir is sealed by Purbeck and Weald facies
clays (Beroiz and Permanyer, 2011; Permanyer et al., 2013). There also exist more
reservoir levels, such as Utrillas Fm. and other Upper Cretaceous limestone levels (Quinta,
2013). However, in Hontomin they are located at shallow depths and are not suitable for

CO, geological storage purposes.

According to the depths required for CO, geological storage (section 1.2), the injection in
the Hontomin site is projected to occur in the basal part of the Lower Jurassic carbonates at
about 1500 m TVD (True Vertical Depth). The primary reservoir is constituted by a
dolostone unit (upper part of Puerto Palombera Fm.) and an oolitic limestone unit (Sopena
Fm.) (Fig. 2.2). The reservoir has a thickness of more than 100 m and hosts a saline aquifer.
The primary seal comprises four black-shale levels interbedded in Lower Jurassic marls
(Camino Fm.) (Fig. 2.2). Upwards, the intercalations of sandstones, shales and
conglomerates from the Purbeck and Weald facies (Upper Jurassic-Lower Cretaceous) (Fig.
2.2) represent a suitable secondary reservoir-seal system. They may act as appropriate

stratigraphic trap ensuring against the CO, upwards migration.

2.2.4. Primary reservoir - saline aquifer

The primary reservoir rock is mainly constituted of calcite (around 97 %) and dolomite
(around 1 %) and the porosity estimate, according to vintage well logs, ranges from 0 % to
18 % (Marquez and Jurado, 2011). A porosity value between 9 % and 17 % was derived
from the 2D resistivity model of the study area (Ogaya et al., 2013) and a porosity of 8.5 %
was reported in the 3D seismic studies (Alcalde et al., 2014). In reference to the saline

aquifer, the salinity of the brine is over 20 g/1 and the pH has a median value of 7.3 (Buil et
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al., 2012). The average electrical conductivity is 47 mS/cm which equates to a resistivity of
0.22 Qm (Buil et al., 2012). For characteristics of the oil in Hontomin, see Permanyer et

al. (2013).

2.3. Geophysical setting

In the study area, there exist vintage 2D reflection seismics and well-log data since
nineteen-sixties because of the previous hydrocarbon exploration activity. New geophysical
data have been collected lately in the framework of the URL; five more wells have been
drilled and a variety of characterisation surveys have been carried out. These recent studies
include, among others, regional gravimetry (Rubio et al., 2011), microgravimetry
(Implemental Systems, 2011), 3D reflection seismics (Alcalde et al., 2013a) and

magnetotellurics (Ogaya et al., 2012; Ogaya et al., 2013; Ogaya et al., 2014).

Focusing on the EM studies undertaken at the Hontomin site, diverse EM techniques are
being assessed for different purposes according to their resolution and penetration depth
(Fig. 1.10). The area was characterise by means of the MT method (work presented in this
thesis) (Ogaya et al., 2012; Ogaya et al., 2013; Ogaya et al., 2014) and CSEM were used to
evaluate monitoring strategies (Vilamajo et al., 2013), as well as to analyse and characterise

the EM noise in the region (Escalas et al., 2013).

In the Hontomin site, there are currently nine drilled wells (Fig. 2.3). The H1, H2, H3 and
H4 wells (displayed in yellow in Fig. 2.3) were drilled for oil exploration purposes (H1 and
H2 in the late nineteen-sixties; H3 in 1991 and H4 in 2007) and their depths range up to
1769 m TVD. GW1, GW2 and GW3 are hydrogeological boreholes (displayed in blue in
Fig. 2.3), and were drilled in 2012 to carry out groundwater studies. Their depths range
between 150 m and 405 m TVD (Benjumea et al., 2012). Finally, in 2013, two wells were
drilled in the framework of the CO, storage facility (displayed in red in Fig. 2.3): the
injection well (Hi) and the monitoring well (Ha). Their depths are up to 1580 m TVD. The
Hi and Ha wells are located on the crest of the Jurassic dome; their positions were

established according to the geological interpretation derived from the available well—log

data and the seismic studies (Quinta, 2013; Alcalde et al., 2014).
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2.3.1. 1D geoelectrical models

One-dimensional resistivity models were derived for each well with the aim of: (i)
composing a general idea of the geoelectrical structure of the Hontomin site subsurface
(which would help in the design of the fieldwork); (ii) correlating different lithologies to
electrical properties, and (iii) describing the electrical behaviour of the primary reservoir,

the primary seal and the secondary reservoir-seal system.

The resistivity log data of each well were smoothed into the minimum number of layers
required to describe the subsurface and an equivalent 1D resistivity model was sought for
each of the existing wells. These 1D models produce the same MT responses at the surface
as those ones obtained from forward modelling using the logged resistivities (to within
experimental error of the highest possible quality MT data). For the H-wells, the Deep
Induction Standard Processed Resistivity (ILD) measure was used, deriving the average
medium with the Deep induction Standard Processed Conductivity (CILD) measure when it
was possible. Since the H4 well with a depth of 1610 m (TVD) lacked resistivity log data, its
1D resistivity model was inferred using the H2-well data to correlate the different
lithologies to electrical properties. That constituted a good approximation, as the two wells
are located in the centre of the dome and, consequently, they are expected to show a similar
pattern. The distance between the two wells is 707 m. For the GW wells, the long DUIN
measure was used. Figures 2.4-2.10 show the resistivity log data and the derived 1D models
of all wells: H1, H2, H3, H4, GW1, GW2 and GW3, respectively. The drilling of Hi and
Ha wells was finished in the end of 2013, after obtaining the 3D geoelectrical baseline
model of the site. Consequently, the resistivity log data of both wells were correlated

directly with the final 3D model without deriving equivalent 1D models (section 3.5.1).

In the earliest stage of the project, H2 was the only well with resistivity log data available
that crossed the crest of the target dome. For that reason, the H2 well was used to estimate
the skin depth of the study area, defining the range of periods that should be recorded in the
fieldwork. From the correlation of both its resistivity log data and its lithological
information (Fig. 2.11), it was determined that the main reservoir-seal system is mainly
imaged in the period range of 0.5 to 0.8 s by a relative minimum in the apparent resistivity

curve (Fig. 2.5). The primary reservoir-seal system can be detected at shorter periods in the
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phases, as is displayed by a maximum in the range of 0.1 to 0.6 s. The end of the well is
reached at approximately 0.9 s which corresponds to 1500 m TVD according to the skin
depth equation (Eq. 1.4) and assuming a homogenous Earth of 10 Qm (resistivity of the

most conductive layer of the well). Thus, it was advisable to record periods up to 10 s in the

fieldwork.

Figure 2.11 shows the correlation between the 1D resistivity models and the stratigraphic
column for all wells. The correlation made it possible to link the stratigraphy of the study
area to the electrical properties of the different lithologies and formations. Thus, the
primary reservoir, which hosts the saline aquifer, corresponds to the most conductive unit
of the models (10 Qm in H2 well). The primary seal also has a conductive behaviour,

whereas the secondary reservoir-seal system is resistive.

The expected increase in reservoir resistivity due to the CO, injection was estimated using
Archie’s law (Eq. 1.1). The approach is valid for the Hontomin case study because the
resistivity of the brine and the clay content are both low. Thus, according to Eq. 1.2, for an
n value equal to 2 (clean sand) and assuming a homogenous saturation of 50 %, the
expected post-injection resistivity is four times the pre-injection reservoir resistivity.

Accordingly, the primary reservoir resistivity is estimated to change from 10 Qm (value in

H2 well) to 40 Qm, for a CO, saturation of 50 %.

The volume occupied by the injected CO, at the reservoir depth was also evaluated. The
volume was estimated according to the variation of CO, density with depth, for hydrostatic
pressure and a geothermal gradient of 25°C/km from 15 at the surface (Fig. 1.4). The
Hontomin site is a non-commercial project and the injection is limited to 100 kilotons by
regulation (see section 1.1). However, a maximum of 20 kilotons is planned to be injected
which is expected to correspond to an approximate volume of 135x135x25 m’ at 1500 m

TVD.
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Magnetotelluric characterisation 3

The MT characterisation of the Hontomin site comprised a 2D survey and a 3D
survey. The initial 2D survey provided the first 2D geoelectrical model of the site’s
subsurface proving the validity of the method to supply a high resolution 3D resistivity
model. Accordingly, a 3D survey was subsequently carried out that resulted in the 3D
geoelectrical baseline model of the Hontomin URL. This chapter presents both MT
characterisation surveys and the correlation of the final 3D model with results provided by
other geophysical techniques. The 2D survey is published in Ogaya et al. (2013), the 3D
survey in Ogaya et al. (2014), and the dimensionality analysis of the MT data in Ogaya et al.
(2012). These previously published PEER reviewed papers are attached to the thesis.

3.1. Introduction

The EM characterisation of the Hontomin site took place in two stages: a 2D MT data
acquisition carried out in Spring 2010 and a 3D MT data acquisition undertaken in Autumn

2010. The objectives pursued in each survey are detailed below.

[1] The first 2D survey aimed to study the viability of the method in the study area as

well as to obtain the first geoelectrical image of the URL subsurface.

[2] The 3D survey addressed the extension of the MT characterisation carried out in
the previous 2D survey. It aimed to compute the 3D geoelectrical baseline model of the site
to be used for the planned future time-lapse EM monitoring experiments at the Hontomin
URL. In agreement with results of the dimensionality analysis of the MT data, the goal was
to undertake a 3D inversion of the data in order to overcome the limitations of 2D

interpretation. Different 3D inversion codes were employed to invert the data.
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3.2. MT data

In the study area, a total grid of 109 closely-spaced BBMT sites was collected covering an
arcal extent of 3x5 km’. In the first fieldwork (2D survey-Spring 2010), 22 BBMT sites
(indicated in red in Fig. 3.1) were acquired. These data were named MTx (MT1, MT2...)
in the 2D survey but were renamed to MTDx (MTD1, MTD2...) in the following 3D
survey to facilitate the compilation. In the second fieldwork (3D survey-Autumn 2010), 87
new BBMT sites (indicated in yellow in Fig. 3.1) were acquired to complement the 22

acquired in the first fieldwork.

The BBMT data were mainly organised along five NS profiles (Fig. 3.1): MTA, MTB, MTC,
MTD (profile collected in the 2D survey) and MTE. To refine the grid in the injection area
(Hi region), two smaller NS profiles were acquired: MTBC and MTCD (indicated with
yellow dotted lines in Fig. 3.1). All profiles were perpendicular to the EW trend of
geological structures and crossed the EW anticline shown in Fig. 3.1. The length of each
profile was around 4 km and the average distance between them was approx. 500 m. The

stations were distributed at 200 m intervals along the profiles.

The instrumentation consisted of Metronix ADUO06, Metronix ADUO7 and Phoenix V8
recorders with induction coil magnetometers and NaCl-type electrodes with a typical
electrode line length of 70 m in an X-configuration. The x-axis was oriented in the magnetic
NS direction with the positive direction pointing to the north, and the y-axis in the EW
direction pointing to the east. The data were acquired in the period range of 0.001 to 100 s
(1000 — 0.01 Hz frequency range). Assuming a homogenous Earth of 50 Qm, as was
derived from H2 resistivity log data (Fig. 2.5), according to the skin depth equation (Eq.
1.4) this period range allowed characterisation of structures at depths between 112 m and
11 km. In the most conservative case of a homogenous Earth of 10 £m (average H2
resistivity log data at the reservoir depth), the penetration depth ranged from 5 m to 5 km.

Thus, this period range allowed full characterisation of the target depth.

During 2D acquisition the EM noise was dealt with both long time series (to minimise its

effects by statistics) and RR acquisition methods (to remove the incoherent part of the
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signal). Thereby, the data were recorded during 48 hours and a permanent RR station was

placed 20 km away from the H2 well to improve the quality of the longest periods.

During 3D acquisition, the processing and quality control of the new data were the same as
that used in the 2D survey. However, the data were recorded during 24 hours because in
the previous survey was found that 48 hours of recording did not noticeably improve the
quality of the data compared to 24 hours of recording. The permanent RR station was
placed in the same location for the 3D survey as for the 2D survey. Moreover, BBMT
acquisition was designed in a manner that at least four stations were recording at the same
time; this facilitated minimising the effects of the EM noise using also local multiple RR
techniques. Moreover, an additional single long period MT (LMT) data set was acquired to
obtain information about the deeper structures (green dot in Fig. 3.1). The LMT data were
acquired in the period range of 16 to 20000 s using a LEMI-417 system (Lviv Center of

Institute of Space Research).
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3.3.2D survey

The 2D characterisation presented here was undertaken using the 22 BBMT sites acquired in
Spring 2010 (red dots in Fig 3.1). We remind the reader that in this work sites were named
MTx (MT1, MT2...) and the term profile makes reference to which would be the MTD

profile in the 3D survey.

3.3.1. Data processing and dimensionality analysis

Different robust processing codes using remote reference methods (Gamble et al., 1979 and
Egbert and Booker, 1986) were tested and used at all stations of the profile to derive
optimal MT responses (Fig. 3.2 exemplified the processing of the data at site MT16). Due
to the important presence of wind turbines, DC power-supply lines and other electrical-
noise sources in the area, the RR technique was essential to improve the quality of the MT
data between 0.5 and 10 s (Fig. 3.2a and Fig.3.2b). At periods exceeding 10 s, the analysis
of the MT responses highlights the presence of noise with phases decreasing to 0° and
apparent resistivities showing slopes of 45° (Fig. 3.2), which is a clear signal of a nearby
noise source that dominates the time series. Consequently, all the following studies were

undertaken in the period range of 0.001 to 10 s.

The MT data acquired at site MT10 (located close to H2 well) was compared to the H2 well
resistivity log data for periods shorter than 0.9 s (Fig. 3.3). The apparent resistivity and

phase responses were observed to present similar behaviour.

Prior to any geophysical interpretation of the MT responses, the MT dimensionality of the
acquired data was computed using the distortion decomposition method of Groom and
Bailey (1989) (GB), which is implemented in the STRIKE code of McNeice and Jones
(2001). This method facilitates the estimation of the regional impedance tensor by detecting
and removing most of the effects caused by local near-surface heterogeneities. The strike
direction ambiguity of 90° was fixed considering the orientation of the main geological units
of the zone. The best geoelectrical strike direction obtained for each site is shown in Fig.

3.4. All sites of the profile display misfits to the GB distortion model with an RMS (root
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mean square) less than 2.0. Thus, responses along the profile are consistent with the 2D
assumption and therefore, suitable for the 2D modelling. The best-fit average multi-site,
multi-frequency GB regional strike is N86°E, which represents a dominant EW strike
direction consistent with the pre-existing geological and geophysical information of the area.

Consequently, the data were rotated 4°W (Fig. 3.2c).

In this study, static shift was corrected using the resistivity log data provided by well H2.
The resistivity log data fixed the resistivity values at shallow depth, defining the reference
level for the apparent resistivity curves. As the first metres of the Earth can be assumed to
be mainly 1D, both polarisations asymptote together at short periods. In all the BBMT sites

the correction was smaller than a decade (Fig. 3.2c).

Finally, the physical consistency of the data through the D" model solutions (Parker, 1980;
Parker and Whaler, 1981) was studied. The method consists of analysing the physical
validity of the MT responses finding the 1D Earth that best fits both apparent resistivity and
phase curves. This technique has demonstrated to be valid for most 2D cases and for some
3D cases (Beamish and Travassos, 1992). Using an estimated error of 10 % in the apparent
resistivity and in the phase, the D" solution allowed the detection and removal of the
outliers and noisy points whose apparent resistivity and phase values show an inconsistent
behaviour. In this way, the D" solution provided the smoothing of the data. In total, around
25 % of the MT data were discarded (this percentage includes MT data in the period range

of 10 to 100 s-noisy region, coloured by lighter colours in Fig. 3.2c).
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does not exist an appreciable change in the apparent resistivity and phase curves (from Ogaya et al.,

2013).
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3.3.2. 2D inversion

According to the results of the dimensionality analysis, which demonstrated that 2D
modelling of the data was valid and appropriate, a joint 2D inversion of the smoothed TE
and TM apparent resistivity and phase data was undertaken after rotating the impedance
tensor to the strike direction. All the 22 BBMT sites of the profile were considered for the
inversion. The TE mode was identified with the YX polarisation and TM mode with the XY
polarisation. The 2D inversion code used is the one described by Rodi and Mackie (2001).
The algorithm searches for the model that trades off the lowest overall RMS misfit with the
smallest lateral and vertical conductivity gradients in a regularised manner. The starting
model was the 1D model derived from the resistivity log data of well H2 (Fig. 2.5), since
the well is placed around 100 m away from the profile (Fig. 3.4). The cells of the model
associated to this well were fixed during the inversion and modelling processes. The

topography on the profile was also taken into consideration.

On average, the model fits the smoothed data with an acceptable RMS misfit of 1.29. The
error floor for the phases was set to 1.45 degrees, and 5 % for the apparent resistivities. The
final model, together with the 1D model derived from the H2 well resistivity log (an 11-
layer simplification), are shown in Fig. 3.5. Comparisons between the data and model
responses for the apparent resistivities and phases of both modes are shown in Fig. 3.6 (TE
mode) and Fig. 3.7 (TM mode). As is illustrated, the residuals between the observed data
and the model responses are random and small, and no strong feature in the data is

unexplained. Thus the fit between the data and model responses is highly satisfactory.
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3.3.3. 2D model: interpretation and discussion

The MT data were inverted in the period range of 0.001 to 10 s and produced a reliable
resistivity image from the near-surface to over 1800 m TVD imaging the primary reservoir
(saline aquifer) and the primary seal, as well as the secondary reservoir-seal system. All
depths are given in terms of sea level since the topography has been taken into account
(m.a.s.l.) (Fig. 3.5). The resistivity distribution is composed of four main layers (from
bottom to top): 1) a resistive layer (region R1) present below -600 m.a.s.l. (bottom of the
model); 2) a very conductive layer (area C1) imaged below -200 m.a.s.l. with a thickness
up to 400 m; 3) a resistive middle layer, between +700 m.a.s.l. and -200 m.a.s.l.
corresponding to region R2; 4) a conductive top layer (C2) with more resistive and
conductive scattered small bodies evident from surface to +700 m.a.s.l.. The H2 well made

it possible to link these electrical properties to the different lithologies.

The resistive layer at the bottom of the model (R1) is required by the increase of the
apparent resistivity observed at around 1 s and coincides with the resistive Upper Triassic
unit (Keuper facies and Anhydrite unit) (Fig. 2.11). This is an impermeable and resistive

unit which may constitute an interesting bottom seal (below the main reservoir).

The C1 layer mainly corresponds to the data in the period range of 0.1 to 1 s. The deep
saline aquifer (primary reservoir) and the primary seal are located within the conductive
unit C1. The resistivity values of these structures are very similar and cannot be separately
resolved only from surface MT measurements. The data from the H2 well log facilitated
superior association of the small changes of electrical resistivity values within C1 to the
different lithological units. The C1 layer is divided in two regions (labelled Cla and C1b to
facilitate the comprehension of the following discussion) (Fig. 3.5) by a more resistive area
beneath sites MT14 and MT15. At -450 m.a.s.l., inside region Cla, a more conductive area
(9-11 Qm) is imaged. This anomaly is probably associated to the Lower Jurassic (Lias)
rocks, corresponding to the target reservoir units. Above the primary reservoir, the primary
seal would be imaged as a layer with resistivity values of 18-23 Qm, due to the presence of
thin layers of black shales belonging to the Camino Fm. The top of C1 could represent the

lower part of the Dogger, formed of marly limestones.
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The region R2 is the thickest of the model and contains the secondary reservoir-seal system
(Early Cretaceous). This system is formed by sandstones, conglomerates and shales from
Purbeck facies. The boundary between the R2 and C2 regions is located in the upper part of
the Lower Cretaceous materials and could mark the top of the Utrillas Fm. (Fig. 2.11). In
the southern part of the model, within sites MT16 and MT21, region R2 is disrupted by a
near vertical low resistivity structure indicated by an ‘F’ in Fig. 3.5. This F structure could
be related to the Ubierna Fault (Fig. 2.1), as was later imaged in the 3D seismic studies
(Alcalde et al., 2013b; Alcalde et al., 2014). The resistivity distribution suggests an
important conductive fluid circulation along the fracture region, since the conductive
signature is too powerful to be generated by a thin accumulation of clays along the fault.
Further studies have attempted to evaluate if the presence of this fault could suggest a
possible leakage pathway. Elio et al. (2013), after determining the baseline of CO, flux in
the soil-atmosphere interface, concluded with affirming that the flow gas in the fault region
was as low as in other regions without fractures. However, some of the surface water
samples in the eastern part of the fault acquired by Buil et al. (2012) contained a higher
content of sulphates and chlorides and higher electrical conductivity, suggesting its mixing
with deeper waters. In any case, due to the research character of the project, no more than
20 kilotons are planned to be injected. This represents an approximate injection volume of
135x135x25 m’ at the reservoir depth, assuming a homogenous saturation of 50 % (section
2.3.1). As the injection is planned in the Cla region, the probability of the injected gas
reaching the C1b region, and consequently the fault, is improbable. Moreover, beneath sites
MT14 and MT15 the connection between Cla and C1b seems to be sealed, as inferred from

the resistive area.

Finally, the C2 region could correspond to Upper Cretaceous limestones and marls that

dominate the surface of the study area.

An overall view of the model shows a very smooth dome-shape structure, with the axis of
the dome located close to H2 well (MT11 site). As it is also observed in the preliminary 3D
seismic images of the Hontomin site (Alcalde et al., 2014) the flanks of the dome structure

dip at lower angle than was interpreted from the vintage seismic data.
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The primary reservoir is imaged as the most conductive region inside Cla. The saline
aquifer is linked to the lowest resistivity values of the model, as reported by the resistivity
log data provided by well H2. Thanks to the well log constraint, the position of the units
and their resistivity values are well determined. In order to check whether the upper and
lower resistivity limits of the saline aquifer are compatible with the measured surface data,
non-linear sensitivity tests were computed, following those described by Ledo and Jones
(2005). Thus, a homogeneous structure with constant resistivity at the reservoir depth was
assumed (Fig. 3.5). The electrical resistivity of this structure was increased and decreased
from the original value until the difference between the responses of the final model and the
modified model reached a value of 5 % for the apparent resistivities and/or 1.45 degrees in
the phases. Thereby, this resolution study concluded that the electrical resistivity of the
primary reservoir ranges between 8 and 25 £m (Fig. 3.8). This result makes it possible to
estimate the reservoir porosity using the Archie’s law (Eq. 1.1): assuming 100 % water
saturation (S, = 1), m = 2 and a = 1, the porosity of the main reservoir was derived to
be comprised between 9 % and 17 %. This porosity range agrees with the first estimation
obtained by Marquez and Jurado (2011) from the vintage well logs of the area (from 0 % to
18 %).
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Fig. 3.8. Non-lincar sensitivity tests to find the precision in determining the reservoir resistivity. The figure
displays the difference between the responses of the final model and the modified assuming a
homogenous structure of 8 £2m (a) and 25 Qm (b) at the reservoir depth. Apparent resistivity of
TM mode reaches in both cases (A and B) a value of 5 % of difference which means that the main
reservoir electrical resistivity ranges between 8 and 25 £2m. Periods are displayed on a logarithmic
scale (from Ogaya et al., 2013).
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3.3.4. Conclusions of the 2D survey

The MT method was demonstrated to be an appropriate technique for characterising the
study area and providing a high resolution geoelectrical baseline model. The 2D resistivity
model highlighted the viability of the method in the Hontomin site, and was performed in
spite of the EM noise, which was successfully minimised and removed from the acquired
MT data. Facing the second stage of the geoelectrical characterisation, this work suggested
some strategies for dealing with this EM noise and underlined the importance of using RR
techniques as a way to eliminate uncorrelated signal from the acquired data. On the analysis
of both the MT data and the H2 resistivity log data, the primary system (primary reservoir
and seal) was observed to be approximately imaged in the period decade of 0.1 to 1 s,

whereas dominant EM noise in the area appeared at periods longer than 10 s.

The obtained 2D resistivity model constituted the first geoelectrical image of the Hontomin
site. Thus, it contributed to understanding the geoelectrical structure of the area and made
it possible to correlate the different lithologies and formations to electrical resistivities. The
model confirmed a clear contrast between electrical properties of the primary reservoir-seal
system, more conductive as it contained the saline aquifer, and the more resistive character
of the secondary reservoir-seal system. The electrical resistivity of the primary reservoir

ranged between 8 and 25 Qm which means, according to Archie’s law, a porosity of

between 9 % and 17 %.

The model imaged an EW fault in the southern part associated to the Ubierna Fault and
linked it to a probable important fluid circulation. However, this fault is not expected to
constitute an important leakage pathway, since the injection well is located close to the H2
well (centre of the dome), rather far from the fault region. One the other hand, no more
than 20 kilotons of CO, are planned to be injected at the Hontomin site, which implies a
small plume of 135x135x25 m’ given the pressure and temperature conditions at the

reservoir depth (assuming a homogenous saturation of 50 %).

The constrained 2D inversion carried out using the H2 well log data provided a high quality

geoelectrical model and motivate the subsequent 3D survey.
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3.4.3D survey

For the 3D characterisation of the Hontomin URL, the total grid of 109 BBMT site and the
LMT site (Fig. 3.1) were taken into account. Data acquired in Spring 2010 were renamed

to MTD (MTD1, MTD?2...), to facilitate ease of assignment, as mentioned above.

3.4.1. Data processing and dimensionality analysis

Robust processing codes employed to derive the BBMT responses were the ones that
demonstrated their validity in the previous 2D survey (Egbert and Booker, 1986). The RR
technique (Gamble et al., 1979) was used at all stations to improve the quality of the BBMT
data between 0.5 and 10 s. The implementation of the local RR technique was crucial for
improving the data collected near the wind turbine region (Fig. 3.1) and consisted of
undertaking RR with sites located in the southern part of the study region (less noisy area).
At periods exceeding 10 s, ambient noise dominated the natural signal and consequently,
the studies were undertaken in the period range of 0.001-10 s (1000 to 0.1 Hz). The LMT

data were processed using Birrp.5 (Chave and Thomson, 2004).

The dimensionality analysis of the acquired MT data was evaluated using (i) the WALDIM
code of Marti et al. (2009) based on the Weaver impedance invariants (Weaver et al.,
2000), and (ii) studying the phase tensor (Caldwell et al., 2004). Figure 3.9 shows the
results obtained using the WALDIM code at each site for four different period ranges:
0.001-0.01 s, 0.01-0.1 s, 0.1-1 s and 1-10 s. The assigned error level in the impedance
components was of 5 % and the threshold set for the invariants were: T=0.19 for invariants

I;-1; and 73 =0.10 for invariant Q. For short periods (shallow depths), the results indicate
1D/2D conductivity, being mainly 1D in the F region (in the south). On the contrary,
when increasing the period (equivalent to increasing the depth of penetration), geoelectrical
structures become more complex and present a 3D behaviour. The strike direction obtained
for the MTD profile using the WALDIM code agrees with the strike direction obtained
using the multi-frequency STRIKE code (N86°E) (Ogaya et al., 2013). In this way, the

results supported the validity of the previous 2D modelling since the main reservoir and seal
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units (sensed within the period band 0.1-1 s) (Ogaya et al., 2013) present a predominantly

2D behaviour.

Figure 3.10 plots the phase tensor at each site for four different periods: 0.003 s, 0.03 s, 0.3
and 3 s. As the phase tensor is independent of the electric effects of galvanic distortion, this
analysis aimed to determine if there existed an important galvanic distortion in the
WALDIM results and, in this way, to estimate to what extent this distortion was perturbing
the data. Results indicate that the geoelectrical structure becomes more complex, i.e.,
higher dimensionality, with increasing the period, as showed for the WALDIM analysis.
Once again, the validity of 2D modelling of the MTD profile was confirmed given the
predominant 2D behaviour of those sites. The strike directions agree with the results

provided by the previous studies.

Thereby, the dimensionality analysis corroborated that a 3D inversion of all the BBMT data
set was necessary to avoid misinterpretation of the geoelectrical structure of the Hontomin
URL at periods longer than 0.1 s (Ogaya et al., 2012). Moreover, it was concluded that
galvanic distortion in the study area was small, since results of the phase tensor study were

consistent with the ones obtained using the WALDIM code.

As in the 2D survey, the internal self-consistency of the XY and YX BBMT data apparent
resistivity and phase curves was analysed through D* model solutions (Parker, 1980; Parker
and Whaler, 1981) in order to detect and remove outliers and noisy points by analysing the
physical validity of the MT responses. Thus, using an estimated data error of 10 % for the
apparent resistivity and phase, some 30 % of the BBMT data was discarded. This fraction
included data from all sites in the range of 10 s to 100 s — the noisy region. Seven BBMT
sites were excluded from the inversion because they were considered too noisy with a high
and linearly polarised signal (Escalas et al., 2013). Almost all of them were near the wind
turbine region. Figure 3.11 summarises the quality of the BBMT data, indicating: complete
period bands (white); period bands with gaps (grey); empty period bands (black) and
excluded sites (blue). Most of the grey cases correspond to curves with shortest periods
longer than 0.001 s and/or longest periods shorter than 10 s. This defines the data set for

the 3D inversion.
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For the data set for the 3D inversion, the minor static effects of galvanic distortion were
dealt with prior to the inversion using the available resistivity log data to fix the resistivity
values at shallow depths. In general terms, the static shift corrections were smaller than a
logarithmic decade and did not illustrate any spatial consistency (Fig. 3.12 shows raw
responses at some sites along the north-border of the F fault region). Static shift correction
could imply a loss of information but related to near surface structures that are not the
target of this study. In other works as Heise et al. (2008) and Newman et al. (2008), who
also report on shallow characterisation surveys (approx. 5 km) with a dense grid of sites,

static shift was similarly corrected prior to the inversion, thereby obtaining accurate results.

Giving the predominant 3D behaviour of the geoelectrical structures for periods longer than
0.1 s, the diagonal components of the impedance tensor, Z,, and Zyy, were considered for
the inversion. The importance of including the diagonal components in 3D inversion was
recently emphasised by Kiyan et al. (2014). For the shortest periods, the amplitude of the
apparent resistivity of the diagonal components at most sites is two to three decades smaller
than the off-diagonal components. However, for the longest periods, the difference of
amplitude between the diagonal and off-diagonal components is less than a decade. In
general, the diagonal component data are of reasonable quality and their apparent resistivity
and phase curves are not scattered; their amount of error is relatively low (see

supplementary figures Fig. S1-517).
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Fig. 3.9. Map of dimensionality analysis using the WALDIM code for four different period ranges: 0.001-
0.01 s, 0.01-0.1 s, 0.1-1 s (primary reservoir-seal system) and 1-10 s. White dots infer 1D
geoelectrical structures. Green dots group all inferred 2D cases: purely 2D case, 3D/2D general
case with 2D structures affected by galvanic distortion and indistinguishable cases 3D/2D and
3D/1D, where the galvanic distortion makes impossible to determine the strike direction. Red dots
designate the inferred 3D cases. Geoelectric strike is indicated by black lines of length inversely
proportional to its error. The white dotted line shows the approximate north border of the F
region. The location of Hontomin village is indicated (from Ogaya et al., 2012).
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Fig. 3.10. Phase tensor at cach site for four different periods: 0.003 s, 0.03 s, 0.3 and 3 s. The azimuth of
the semi-major axis corresponds to the strike direction and the difference between the length of the
semi-major and semi-minor axis gives an estimate of the dimensional complexity of the geoelectrical
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the approximate north border of the F region. The location of Hontomin village is indicated (from

Ogaya etal., 2012).
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area, are indicated (from Ogaya et al., 2014).
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Fig. 3.12. Raw BBMT data at some sites along the north-border of the F fault region. The static shift in the data does not display any spatial consistency.
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3.4.2. 3D inversion
3.4.2.1. General aspects (setup)

The work flow for 3D inversion consisted in improving a preliminary model provided by
Geosystem (Mackie and Madden, 1993) (model O hereafter) (Fig. 3.13) using the ModEM
code (Egbert and Kelbert, 2012). The WSINV3DMT of Siripunvaraporn et al. (2005) was

also used to undertake some testing and to study the consistency of the models.

The topography of the study area is relatively gentle: elevations of the sites range from 919
to 1040 m.a.s.l. with the highest ones to the NW area (wind turbine region). As the target
regions are located at depths below the surface no greater than 1800 m TVD, it was
considered important to incorporate topography in the model. To avoid sharp boundaries
between the air and earth cells, a smooth topography was implemented. The mesh was a
73x114x113-layer grid including topography for Geosystem and ModEM’s cases
(approximate model extension of 61x63x54 km’). For WSINV3DMT’s test cases, the mesh
was a 52x68x60-layer grid but excluded topography (approximate model extension of

70x72x52 km3).

Table 3.1. Specifications of the computers used.

Computer used Specifications

Stokes (ICHEC) SGI Altix ICE 8200EX, 320 compute nodes. Each
compute node has two Intel (Westmere) Xeon E5650
hex-core processors and 24GB of RAM'.

Mallet (DIAS) Linux (CentOS), 64-bit, 2x6-core 3.33 GHz Intel (R)
Xeon (R) X5680 (HT) processors, 48 GB memory

Lehmann (DIAS) Linux (CentOS), 64-bit, 2x6-core 2.67 GHz Intel (R)
Xeon (R) X5650 (HT) processors, 96 GB memory

" http://www.ichec.ie/infrastructure/stokes (visited August 2013).
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The final inversions were undertaken using up to 29 periods of the full impedance tensor for
the 102 BBMT sites in the range of 0.001 to 10 s. The error floor set was 5 % for the off-
diagonal components (2.865 degrees for the phases and 10 % for apparent resistivity) and
10 % for the diagonal components (5.73 degrees and 20 % for the apparent resistivity).
Missing data periods were interpolated and included, to avoid issues related to data set

inhomogeneity, but had assigned large error bars.

The models were run on the Stokes cluster of the Irish Centre for High-End Computing
(ICHEC) and on the Mallet and Lehmann clusters from Dublin Institute for Advanced
Studies (DIAS) (see details in Table 3.1). The main aspects of the inversion process are

detailed below.

3.4.2.2. Initial 3D inversion

Some initial inversions were run using ModEM and WSINV3DMT codes to validate the
initial model © used and to assess its geological consistency. The initial model was for both
cases a halfspace of 50 £m (as for Geosystem’s inversion) which agrees with the average
resistivity value of the H2 well log data (Fig. 2.5, Fig. 3.3). The inversions were undertaken
using the full impedance tensor. However, in order to assure the convergence of these
initial models, first iterations were undertaken using only 50 sites uniformly distributed and
covering all the area, and the off-diagonal components only. Once the main structures were
defined, more sites and components were included in the inversion. The greater was the
amount of data incorporated to the inversion, the greater was the definition and resolution
of the imaged structures. As was also seen in Ingham et al. (2009), the resistivity structure
obtained from the first inversions with only a small number of sites was basically the same as
that obtained with the whole data set, i.e., the existence of conductivity structures is a
robust first-order feature in the data set. The data fit was superior doing a correction of the

static shift prior to the inversion.

Figure 3.13 shows a section of the 3D model coincident with the MTD 2D profile modelled

in Ogaya et al. (2013), for each of the three initial inversions from a uniform half space: (a)

model @, (b) ModEM and (c¢) WSINV3DMT. The 3D models fit the data with an RMS
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misfit of 1.36, 2.25 and 2.05, respectively. Despite the discrepancies related to topography,
as it is included in (a) and (b) cases and not included in (c) case, the results from the initial
3D inversions confirmed that the three models are equivalent in the sense that all of them
recovered the same main resistivity features. Moreover, the obtained electrical resistivity
distribution resembles the one imaged in the previous 2D model (Ogaya et al., 2013) (Fig.
3.5), proving the geological consistence of the models. Thus, it was considered appropriate
to define the model O as the initial model for the subsequent inversions with the ModEM

code.

Nevertheless, comparing the obtained models to both the 2D model (Ogaya et al., 2013)
(Fig. 3.5) and the resistivity well logs existing in the area (Fig. 2.11), it was noticed that
none of the inversions recovered the resistive structure located at 1600 m TVD (R1 in Fig.
3.5). The models only imaged a slight increase in the resistivity at around 2200 m TVD (at -
1200 m.a.s.l. for models with topography). This depth is indicated by a black dashed line in
Fig. 3.13. Therefore, the fitting of the deepest part needed to be improved.

To address this issue, several inversions using the ModEM code were carried out for
different period bands: the shortest periods were fit first and then the longest periods were
inverted fixing the upper part of the model. The fit of the shortest periods was improved
but improvement did not occur in the same manner with the longest ones. Through 3D
synthetic studies it was corroborated that the primary system (primary reservoir and seal)
MT responses were principally in the range of 0.1 to 1 s, as was previously affirmed in the
2D survey (Ogaya et al., 2013). In this way, the data collected at the Hontomin site were
imaging the deepest resistive layer R1 but a non-constrained 3D inversion was unable to
recover the layer. The inversion needed to be better constrained at depth in order to

resolve the bottom of the main reservoir and recover the R1 layer.
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Fig. 3.13. Equivalent section to the MTD profile modelled in Ogaya et al. (2013) for cach of the three initial inversions from a uniform 50 £m half space: (a) model @, (b)
ModEM and (c) WSINV3DMT. The black dashed line indicates the approximate depth at which the resistivity increase is observed (depths are given in terms of
m.a.s.l. in (a) and (b) cases, and in terms of TVD in (c) case). The white dashed line indicates the bottom of the 2D model shown in Fig. 3.5. Superimposed appears
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3.4.2.3. Final 3D resistivity model

For the final model, a more constrained inversion was carried out incorporating new
information for the initial model. As has been discussed in other publications (e.g., Piha-
Varas et al., 2013), an appropriate selection of the initial model is sometimes necessary to
produce a meaningful model from a geological point of view. Thus, according to the
existing resistivity-log data and the geoelectrical structure imaged in Ogaya et al. (2013)
(Fig. 3.5), included in the initial model was a 25 £m conductive layer at approximately -
220 m.a.s.l. and a resistive layer of 200 m between -600 and -2000 m.a.s.l.. Data from
the single LMT site were incorporated to the inversion (period range of 10 to 340 s) (see

supplementary figure Fig. S12).

The final 3D model fits the data with an RMS misfit of 1.71 (Fig. 3.14). Figure 3.15 plots
the responses of model @ and the final model at site MTD7 showing the improvement of
the fit at the longest periods and also for the diagonal components. The data and model
responses at all sites are plotted in supplementary figures Figs. S1-S17. Comparisons
between data and final model responses for the off-diagonal components are shown in Fig.
3.16 for the MTB profile and in Fig. 3.17 for the MTD profile (approximate limits of the
URL). The misfits of the other profiles are shown in supplementary figures Figs. S18-S22.
As is illustrated, the fit is satisfactory and the residuals are random and small; no significant

feature in the data is unexplained.

The geoelectrical structure from near surface to -900 m.a.s.l. is an alternation of conductive
and resistive layers (from bottom to top) (Fig. 3.14 and Fig. 3.18): R1, C1, R2 and C2. The
location of the tops and bottoms of the layers, as well as their thicknesses, vary along each
profile and between profiles. The southern part of the model (F region) is mostly
conductive, being much more conductive in the eastern part than in the western part (Fig.
3.14 and Fig. 3.18). Through non-linear-sensitivity tests (e.g., Ledo and Jones, 2005) the
most conductive eastern part of the F fault region (region 1 in Fig. 3.18b) and the continuity
of the R2 layer in the southern part of the model (region 2 in Fig. 3.18b) were both
evaluated. The tests consisted of replacing the resistivity values of these regions by their
surrounding resistivity value: 30 Qm for region 1 and 200 Qm for region 2. In both cases,

the difference between the responses of the final model and the modified one was greater
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than the error floor imposed in the MT data for the inversion (results for region 1 in Fig.
3.19 and results for region 2 in Fig. 3.20). In this way, that conductive region 1 is required
by sites located in the southern part of the model, mainly the ones in the MTD and MTE
profiles, was corroborated. This conductive feature was also imaged in the 2D model (Fig.
3.18a). Results from region 2 indicate that there is no continuity of the R1 layer in the

southern region of the model.
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Fig. 3.18. (a) 2D model of the MTD profile (Fig. 3.5) (Ogaya et al., 2013) and (b) its equivalent section of

the final 3D model. The same resistivity colour scale is used for both models. The main resistivity
layers (R1, C1, R2 and C2) and the F region are indicated. The 1D model provided by the
resistivity-log data of the H2 well is superimposed and some BBMT sites are marked by black
triangles. The differences in topography are apparent because it was defined on a smoother surface
for the 3D model. Black dotted lines indicate the two more conductive regions studied through
non-linear-sensitivity tests: region 1 (Fig. 3.19) and region 2 (Fig. 3.20). Depths are given in terms
of m.a.s.l. (from Ogaya etal., 2014).
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3.18). (a) YX responses at site MTE20 of the final model (black) and the modified one (red) derived
by replacing the resistivity values of the region 1 by 30 Qm. (b) Difference between the YX
apparent resistivity and phase responses. The differences are greater than the error floor imposed in
the MT data for the inversion (10 % for the YX apparent resistivity and 2.865 degrees for the YX
phases). Thus the more conductive region 1 is required by sites located in the southern region of the
model, mainly the ones in the MTD and MTE profiles (from Ogaya et al., 2014).
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by replacing the resistivity values of the region 2 by 200 Qm. (b) Difference between the YX
apparent resistivity and phase responses. The differences are greater than the error floor imposed in
the MT data for the inversion (10 % for the YX apparent resistivity and 2.865 degrees for the YX
phases). Thereby, the results indicate that there is not a continuity of the R1 layer in the southern
region of the model (from Ogaya et al., 2014).
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3.4.3. Comparison with other EM studies
3.4.3.1. 2D model —-MTD profile

Figure 3.18 shows the 2D model (Fig. 3.18a) and its equivalent section from the final 3D
model (Fig. 3.18b). The topography of the two models is slightly different because of the
smoothing of the 3D topography. The models are consistent and only relatively minor
differences are apparent. In the 3D model: (i) R1 layer is more resistive under sites
MTD14-MTD15 sites and does not extend under sites MTD21-MTD24; (ii) the most
conductive portion of C1 layer is located in the north and there is no clear discontinuity of
the layer because of a more resistive area under sites MTD14-MTD15; (iii) in general
terms, R2 range of resistivity values is narrower, and (iv) C2 layer contains less scattered
bodies. Regarding the F region, its structure is less well defined. In none of the models

(neither the 2D nor the 3D) does the F fault seem to outcrop.

The major discrepancies are observed in the deepest structures (R1 and C1 layers). These
structures are located in the period range of 0.1 to 10 s (Ogaya et al., 2013), which is the
band where the data are not purely 2D and some 3D effects are observed (Ogaya et al.,
2012) (Fig. 3.9 and Fig. 3.10). The observed differences are therefore concluded to be
mainly because of two reasons: the greater smoothness of the 3D models, primarily due to

larger cell sizes, and the possible influence of 3D structures in the previous 2D inversion.

3.4.3.2. Correlation with resistivity log data

Figure 3.21 shows three sections (profiles I, II and III) that cut the resulting 3D model by
the existing H1-H4 wells. The simplified resistivity-log data of each well correlate well with
the 3D model. The main differences are noticed for the H4 well, which is reasonable since
its 1D resistivity model was derived from the H2 well log data and the H2 well is located
707 m away. Likewise, the structure of the upper part of the model agrees with the 1D

model derived from the GW wells (section 2.3.1).
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Correlation of the final 3D model with the resistivity log data show that discrepancies are
not significant, neither for the H wells nor for the GW wells. Thus, for this case study, the

correction of the static shift prior to the inversion provided accurate results.

3.4.4. 3D geoelectrical baseline model: interpretation and discussion
Resistive layer R1

R1 is the deepest layer imaged in the 3D model. Synthetic studies showed it was mainly
sensed at periods around 1 s. The top of this layer is shallowest (-552 m.a.s.1.) in the centre-
eastern part of the model under profiles MTC, MTD and MTE (Fig. 3.22h). The layer is
also more resistive in that region (up to 1000 £m) (Fig. 3.21). There is not a continuity of

this layer in the southern region of the model (Fig. 3.18).

The R1 layer is interpreted as the Upper Triassic unit (Anhydrite unit and Keuper facies)
(Fig. 2.2). This unit is comprised of a succession of dolomites, anhydrites, and salt, which
could explain its high resistivity. It is an impermeable layer that may constitute a suitable

bottom seal for the main reservoir.

Conductive layer C1

The C1 layer is sensed in the period range of 0.1 to 1 s. The top of the layer is
approximately at -216 m.a.s.l. (Fig. 3.22f). It has a dome-like structure with its axis
situated in the injection area. The slope of the north flank is less steep and the dome seems
to be elongated to the NW (Fig. 3.22f-g). The extension of the dome crest in this layer is

about 1x1 km?.

The C1 layer contains Jurassic rocks according to the well log data. The main reservoir and
seal units are interpreted to be located within it. The saline aquifer (main reservoir), is
linked to the most conductive region inside C1, a 7-14 Qm region labelled as Cla in Fig.
3.22g. The top of this most conductive layer is located around -400 m.a.s.l.. The overlying
primary seal also features a conductive behaviour, probably because of its marly composition

(marlstones and black shales).
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Resistive layer R2

R2 is the thickest layer within the model. The top of this layer is shallower in the NW part
of the model, where is located at approximately 700 m.a.s.1. (Fig. 3.22b). R2 is interpreted
as the upper part of the Jurassic succession (upper part of the Dogger) and Upper
Cretaceous (Weald and Purbeck facies and Escucha Fm.) units. The secondary reservoir-seal

system would be contained within the R2 layer.

Analysing the layer from bottom to top, one can deduce the possible evolution of the dome

structure.

(i) The bottom of the R2 layer is defined by a more resistive sub-layer of up to 130 Qm
and approximately 100 m thickness (Fig. 3.21 and Fig. 3.22e). According to the
lithological information provided by the different wells, this increase in resistivity
may be explained by a slightly increase on limestone content. In Fig. 3.22e is
observed a less resistive region (below 100 Qm) in the centre of R2 around the

locations of the wells, which agrees with the dome-shape observed for the C1 layer.

(ii) Upwards, there exists a displacement of the dome crest to the east. At around 177
m.a.s.l. (Fig. 3.22d), the crest of the dome seems to be located in the surroundings

of the H2 well.

(iii) In the overlying layers (Fig. 3.22c) the resistive dome (resistivity values up to 220
(2m) migrates to the NW of the model. Consequently, at around 700 m.a.s.l. (Fig.

3.22b), the crest of the dome appears to be imaged in the NW region.

The R2 layer seems to be more conductive in the NW part of the model, but this aspect
may not be due to a geological explanation. As the quality of the data was lower in that
region (wind turbine region; see Fig. 3.11), the error bars were larger, thus resolution is
poorer and naturally the smoothness constraint drives resistive regions to the lowest

possible values they can take.
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Conductive layer C2

The C2 layer is the surficial part of the model, i.e., the topmost layer. According to the well
log data, it contains the Upper Cretaceous and Cenozoic materials that dominate the surface
of the study area. The clear limit between the R2 and C2 layers (Fig. 3.18 and Fig. 3.21) is
marked by the top of the Utrillas Fm.. The R2 layer emerges in C2 (EW resistive body in

Fig. 3.22a) due to the presence of the F region.

Sets of faults

The 3D model shows the EW prolongation of the main fault F imaged in the previous 2D
model (Fig. 3.5). The F fault region is associated to the strike-slip movement of the Ubierna
fault (Tavani et al., 2011; Quinta, 2013). The EW white dashed line in Fig. 3.22 indicates
the approximate north-border of that region. The F fault affects all layers of the model,
although it does not outcrop at surface and its top is observed at C2 layer’s depth (Fig.
3.22a). It is characterised by a conductive behaviour, and the resistivity distribution suggests
conductive fluid circulation along the fracture region. It is more conductive in the eastern
part of the study area (Fig. 3.18), whereas in the western part it is less conductive and
seems to be imaged as different faults (Fig. 3.23). These branches of the F fault are also
observable in some sections of the seismic volume (Alcalde et al., 2013b). Consequently,
the western part seems to be more sealed than the eastern part. As was mentioned in the
interpretation of the 2D model, hydrogeochemical studies of surface and spring waters in
the surroundings of the Hontomin URL (Buil et al., 2012; Nisi et al., 2013) found that
water samples acquired in the eastern part of the F fault region could be indicative of mixing
processes between deep and shallow aquifers. However, Elio et al. (2013) investigated the
CO, flux baseline in the soil-atmosphere interface at the Hontomin site, and those authors

did not find any anomaly in the F region, neither in the western nor in the eastern part.

In the eastern part of the model (under sites on the MTE profile) a more resistive behaviour
of the R2 layer is observed (resistivity values up to 300 £m) (see II and III profiles in Fig.
3.21). It could be due to a set of NS faults located in the east (called EF hereafter and

indicated in Fig. 3.21) (Quinta, 2013; Alcalde et al., 2014). The EF faults are located
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outside the modelled region, but their presence could explain the increase of the R2 layer
thickness and resistivity in the eastern part of the model. The 1D resistivity model of the H3

well may differ from the others, because is affected by F and EF sets of faults.

Small resistivity variations (more conductive areas) observed within the R2 layer could be
associated with a set of minor faults in the Dogger and Purbeck units (Quinta, 2013; Alcalde
et al., 2014). Some of these faults are indicated by FR2 in Fig. 3.21 and Fig. 3.23. In Fig.

3.21 are also shown the faults that cross the H wells according to well data (Quinta, 2013).

Injection area

Figure 3.23 shows a NS and an EW section that cuts the 3D model by the injection well Hi.
The smooth dome-like structure of the C1 and R2 layers with Hi located close to the axis is
observed. The expected volume of CO, in the Hontomin URL (20 kilotons) is shown by a
white square in Fig. 3.23. Since that the amount of CO, injection is small, none of the
geoelectrical structures would appear to constitute a likely leakage pathway. However,
according to the model, special attention should be paid to the possible FR2 faults
neighbouring the Hi well and to the F fault (especially in the eastern part) during the

monitoring of the URL.
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3.4.5. Conclusions of the 3D survey

The obtained 3D resistivity model constitutes the geoelectrical baseline model of the
Hontomin URL. It defines the subsurface structure in the pre-injection state and allows the
detection of changes due to the CO, injection. It will be the reference model for the future

EM monitoring experiments.

The thorough dimensionality analysis of the data revealed a predominant 3D behaviour of
geoelectrical structures at periods 1onger than 0.1 s and showed that galvanic distortion in
the study area is small (Ogaya et al., 2012). Accordingly, a 3D inversion of all BBMT data

set was carried out so as not to misinterpret the geoelectrical structure of the site.

The multiple 3D inversions of the MT data combining different codes greatly enriched the
inversion process. The 3D inversion made possible modelling the different 3D effects and
improving the previous 2D model (Ogaya et al., 2013). The resistive layer located at
approximately 1600 m TVD (under the conductive main reservoir-seal system) was only
imaged when it was introduced into the initial model. Otherwise, the smoothness
regularisation excluded exploration of that part of model space. The removal of static shifts
in the data was effective within the 3D inversion process. Correlation with other
geophysical data demonstrated that static shift correction did not imply a significant loss of

information.

The final model contributes to a better understanding of the subsurface at the Hontomin
site. In general, the electrical responses of each formation coincide with the ones imaged in
the previous 2D model. However, the 3D model provides an important 3D spatial
characterisation of the different units as well as images the prolongation of the main fault F.
In this way, it is possible to determine the possible leakage pathway and design the
monitoring setup according to the site requirements. Special attention needs to be paid to
the possible FR2 faults neighbouring the Hi well, and to the eastern part of the F fault since
the resistivity distribution there suggests conductive fluid circulation along this part of the

fault.
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3.5. Correlation with other geophysical data
3.5.1. Hi and Ha Wells

The drilling of Hi and Ha wells was completed at the end of 2013. The resistivity log data of
both wells were correlated with the 3D geoelectrical model of the Hontomin URL. The log
data used combined the following measures: Deep Induction Standard Processed Resistivity
(ILD), Long Normal Resistivity (LNR) and Normal Resistivity with electrode spacing of 64
inches (R64).

Figure 3.24 shows the location of Hi and Ha wells in the 3D mesh. The log data of each well
were compared to the 1D model provided by the column of the 3D geoelectrical model
located at the position of the well. In this way, Hi well resistivity log data were spatially
related to the 1D model obtained at position 1 (Fig. 3.25). Since Ha well is located between
two cells, its resistivity log data were related to the 1D models obtained at positions 2 and 3
(Fig. 3.26). The three 1D models (Fig. 3.25 and Fig. 3.26) are quite similar because they
belonged to adjacent cells of the 3D mesh (Fig. 3.24). For the Ha well (Fig. 3.26), the
geoelectrical model at position 3 (red model) shows a superior fit of the upper layers than
that at position 2 (blue model). For depths above 500 m TVD, both models are similar and

almost overlap each other.

The resistivity log data of the Hi and Ha wells (Fig. 3.25 and Fig. 3.26) show comparable
geoelectrical patterns and agree with the 1D models provided by the geoelectrical baseline
model of the site. The MT responses at surface are similar, and only small differences are
observed. Thus, the resistivity structure of both wells is well recovered by the 3D model.
These results constitute a first approximated correlation. The deviation of the wells (no
more than 3 degrees in Hi well and around 12 degrees in Ha well) should also be taken into

account in order to carry out a more accurate comparison.
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column of the geoelectrical model in green dotted line.
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Fig. .3.26. Ha well. (a) In black, Ha resistivity log data; in blue, geoelectrical model at position 2 (1D model

provided by the column of the 3D geoelectrical model at position 2), and in red, geoelectrical
model at position 3 (1D model provided by the column of the 3D geoelectrical model at position
3). (b) Apparent resistivity and (c) phase responses on the surface for the three models: Hi
resistivity log data in black, 1D column of the geoelectrical model at position 2 in blue dotted line
and 1D column of the geoelectrical model at position 3 in red dotted line. The geoelectrical model
at position 3 (red model) offers a better fit of the upper layers than the geoelectrical model at
position 2 (blue model). For depths above 500 m TVD, both models almost overlap each other.
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3.5.2. 3D seismics

Three-dimensional reflection seismic data were acquired at the Hontomin URL in Summer
2010 (Alcalde et al., 2013a). The survey characterised 36 km” of the study area, including

part of the area covered by the MT 3D survey.

The seismic results were correlated with the 3D geoelectrical model of the site in order to
compare the observed structures and the different sets of faults. With this aim, two clear
surfaces were evaluated: the top of the Anhydrite unit, which represents the bottom of the
primary reservoir (Fig. 2.2), and the top of the Weald, which is the top of the secondary

reservoir-seal system (Fig. 2.2). Two sections of the structural model interpreted from

seismics (0L and P profiles in Alcalde et al., 2014) coincident with profiles I and III of the 3D

resistivity model (Fig. 3.21) were also compared.

The seismic images included in this section contain an interpretation of the tops of the main
units and faults (Alcalde et al., 2014). The eight horizons mapped through-out the seismic
volume are: top Utrillas (KU5); top Escucha (KE2); top Weald (KW3); top Purbeck
(JKP2); top Dogger (JD4); top Marly Lias (Seal) (LM5); top Carbonatic Lias (Reservoir)
(LC4) and top Anhydrite unit (UA). Likewise, the four sets of faults indicated are: (i) set X
faults, active during the sedimentation of the Lower Lias; (ii) set N faults, active during the
sedimentation of the Dogger and Purbeck units; and the major (iii) set E and (iv) set S faults,

reactivated during the Alpine compressional stage and associated with the Ubierna Fault.

In the 3D geoelectrical model, the resistive layer R1 is interpreted as the Upper Triassic
Unit (Fig. 2.2), since the succession of dolomites, anhydrites and salt might explain the
observed resistivity increase. Accordingly, the z-slice of the geoelectrical model located at -
552 to -627 m.a.s.l. (Fig. 3.22h) was likened with a time slice from the migrated seismic
volume at 1000 ms (one of the time slices where the Anhydrite unit top surface is mapped)
(Fig. 3.27). Similarly, Fig. 3.28 shows the correlation of the z-slice with the depth map of
the top of the Anhydrite unit. Both figures displayed superimposed the features of the
geoelectrical model highlighted in Fig. 3.22h: the limits of the more resistive layer R1 at -
552 to -627 m.a.s.l. and the north-border of the F fault region. The results proved that the

top of the resistive layer R1 is coherent with the depth map of the Anhydrite unit top (Fig.
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3.28). The 3D inversion of the MT data demonstrated good recover of the bottom resistive
layer without constraining the inversion using seismic data. In general, the morphology
described by the seismic horizons interpreted in Fig. 3.27 is consistent with the observed
resistivity distribution (Fig. 3.22), even taking into account that the seismic image is in
time. In reference to the fault sets, the F fault region match with set S faults (Fig. 3.27 and

Fig. 3.28).

The dome structure imaged in the 3D geoelectrical model (Fig. 3.22) was also compared
with the structural model interpreted from seismics (Quinta, 2013; Alcalde et al., 2014).
The correlation with the top of the Weald (top of the secondary reservoir-seal system) is
shown in Fig. 3.29. In this figure, the features of the geoelectrical model highlighted in Fig.
3.22d appear superimposed: the limits of the more resistive region of layer R2 at 177 to 136
m.a.s.l. (identified as the dome crest at that depth), and the north-border of the F fault
region. The results demonstrated that the resistivity distribution imaged in Fig. 3.22d is
consistent with the depth map of the top Weald surface, and that the F fault region is

coincident with S-faults.

Finally, profile I and profile Il (Fig. 3.21), that cut the 3D geoelectrical model by the
existing wells, were compared with their equivalents in the structural model interpreted
from the seismic volume. Figure 3.30 and Fig. 3.31 display the two geoelectrical sections
with the top of the different units and the main fault sets superimposed. Sets S, E and N
faults can be correlated to F, EF and FR2 fault regions in the 3D geoelectrical model,
respectively. In the geoelectrical model, the western part of the F fault region is less
conductive than the eastern part, and seems to be imaged as different faults (Fig. 3.23). The

seismic data image the F fault region as a system of fractures (set S) (Fig. 3.27-3.30).

In general, the top of the layers, as well as the interpreted sets of faults, are explained
reasonably well by the obtained geoelectrical structure. The presence of the F fault (with a
conductive fluid circulation probably associated) is observed to highly alter the geoelectrical

behaviour of the different units.
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Fig. 3.27. Time slice from the migrated seismic volume at 1000 ms with the main horizons (continuous
lines) and fault sets (dashed lines) interpreted. Superimposed in white and dark blue, the features of
the geoelectrical model highlighted in Fig. 3.22h are indicated: the limits of the top of the more
resistive layer R1 at -552 to -627 m.a.s.1. and the north-border of the F fault region (modified from
Alcalde et al., 2014).
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Fig. 3.28. Depth map of the top of the Anhydrite unit (UA) according to the seismic volume interpretation.
Dashed lines represent the interpreted E-fault and S-fault sets. Superimposed in white, the features
of the geoelectrical model highlighted in Fig. 3.22h are indicated: the limits of the top of the more
resistive layer R1 at -552 to -627 m.a.s.l. and the north-border of the F fault region. The depth
range at which the R1 top is observed, is indicated (modified from Alcalde et al., 2014).
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Fig. 3.29. Depth map of the top of the Weald (KW3) according to the seismic volume interpretation.
Dashed lines represent interpreted E-fault and S-fault sets. Superimposed in white, the features of
the geoelectrical model highlighted in Fig. 3.22d are indicated: the limits of the dome image at 177
to 136 m (within the R2 layer) and the north-border of the F fault region (modified from Alcalde et
al., 2014).
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3.5.3.3D Microgravimetry

A microgravimetric survey was carried out in August-December 2010 at the Hontomin
URL (Implemental Systems, 2011). It characterised 4 x 4 km” of the site, covering an area

similar to that covered by the MT 3D survey.

The results provided by the microgravimetric modelling were correlated with the 3D
geoelectrical baseline model. Figure 3.32 shows the Bouguer anomaly map for a density
reduction of 2.4 g/cm’ (Implemental Systems, 2011). The more positive anomalies (red
colours) occur in areas with average density greater than the Bouguer reduction density of
2.4 g/cm’, whereas the more negative anomalies (blue colours) occur in areas of lower
density. In this way, the map highlights a large minimum located in the centre-northern part
of the study area. In the north, the minimum is limited by a smoother gradient, whereas in
the south, it is limited by a strong gradient with an increase of more than 5 mGal in the

Bouguer anomaly value. This strong gradient presents a clear ENE-WSW orientation.

In order to correlate the results provided by both geophysical techniques, the features of the
3D geoelectrical model pointed out in Fig. 3.22b were superimposed in Fig. 3.32.
Therefore, dashed white lines indicate (i) the more resistive area imaged in the NW region
of the model, at around 700 m.a.s.l. (interpreted as the dome crest at that level) and the (ii)
the approximate north-border of the F region (EW line). The more resistive region located
at 700 m.a.s.l. is observed to agree with the location of the Bouguer anomaly minimum
(Fig. 3.32). Likewise, the north-border of the F fault region matches with a strong gradient
of the Bouguer anomaly (Fig. 3.32). Thus, the results provided by both techniques are

consistent.
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Fig. 3.32. Bouguer anomaly map for a density reduction of 2.4 g/ cm’. Small black dots are
microgravimetric stations and red triangles, the gravimetric bases. Superimposed are displayed the
wells and the BBMT sites considered for the 3D inversion (black triangles). White dashed lines
represent the geoelectrical features interpreted in Fig. 3.22b: the circle located in the NW portion,
delimitates the more resistive region imaged in the 3D geoclectrical model at around 700 m.a.s.1.
and the EW line indicates the approximate north-border of the F fault region (modified from
Implemental Systems, 2011).
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3.5.4. Conclusions of the correlation with other geophysical data

The 3D geoelectrical baseline model of the Hontomin site is supported by a variety of
geophysical data, which demonstrates its accuracy and reliability. In this section, the model
was correlated with results provided by other characterisation surveys undertaken at the
URL. Resistivity logs of Hi and Ha wells proved that the 3D geoelectrical baseline model
predicted the resistivity structure of both wells, satisfactory reproducing their geoelectrical
behaviour. The modelled dome structure was observed in both reflection seismic and
microgravimetric results. The north-border of the F fault region matches with set S faults
interpreted in the seismic volume and with a strong gradient of the Bouguer anomaly in the

microgravimetry.

The structural model obtained from the seismic interpretation correlates reasonably well
with the obtained geoelectrical structure. The correlation of the depth map of the anhydrite
unit top with the top of the bottom resistive layer R1 demonstrates the coherence of the
final resistivity model. The F fault region is observed to alter the geoelectrical behaviour of
the different units. Accordingly, the comparison between seismic and magnetotelluric
results underscores the importance of combining both techniques in characterisation

surveys, especially to better describe faults.

The seismic results show a set of faults in the eastern part of the study area, out of the
region modelled by the MT (E-faults). Likewise, the Bouguer anomaly seems to present an
orientation similar to the one given by the E-faults in that region. Hence, it would be
interesting to acquire a new MT profile in this eastern area in order to study the
geoelectrical behaviour of the fault set. Although the profile is outside the URL, it would

complete the MT characterisation of the Hontomin site.

In view of these correlation results, an interesting task to face in the future would be to
carry out a joint inversion using all the available geophysical data. In order to combine the
existing data, a relationship between the different physical parameters should be established.
Two possible approaches (Gallardo and Meju, 2011; Moorkamp et al., 2011) involve: (i) to
specify a functional relation between the physical parameters (Jegen et al., 2009) or (ii) to

impose a structural constrain in order to force similarity between the different properties
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distribution (cross-gradient) (Gallardo and Meju, 2003). Joint inversion will improve the
resolution of the MT images and enhance the geological model of the URL. Although the
correlation of seismic and microgravimetric results is out of the scope of this work, it is

worth to point out that could be an interesting task to undertake in the near future.
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It has been amply demonstrated that MT is well-established as an EM
characterisation technique. However, in reference to monitoring studies, it has been
underused compared to other EM methods. In this chapter a new approach is developed to
carry out EM monitoring using surface MT: a layer stripping approach. It is an innovative

contribution to enhance the resolution of the surface MT data to small resistivity changes.

4.1. Introduction

EM monitoring studies are usually carried out by means of direct-current (DC) (e.g.
Kiessling et al., 2010; Bergmann et al., 2012) and CSEM methods (e.g. Becken et al., 2010;
Girard et al., 2011; Vilamajo et al., 2013). The MT method is less used for these kinds of
surveys mainly because of its natural-source dependence, i.e., uncontrolled and non-
repeatable source. However, in recent years some attempts have been undertaken in the
following contexts: (i) searching for earthquake precursory resistivity changes (Park, 1996;
Svetov et al., 1997; Sholpo, 2006; Hanekop and Simpson, 2006; Park et al., 2007; Kappler
et al., 2010) and (ii) in geothermal projects, for both studying the movement of fluids and
exploration purposes (Aizawa et al., 2011; Peacock et al., 2012a; Peacock et al., 2012b;
Aizawa et al., 2013). In volcanic areas MT monitoring has also been used to investigate the
relationship between EM pulses and type of eruption (Aizawa et al., 2010). In all these

cases, MT monitoring has been applied either analysing temporal variations in the
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magnetotelluric spectra or studying the evolution through time of the impedance tensor

Z;j(w), the phase tensor, or directly, the MT responses (section 1.5).

Unfortunately, the above mentioned works show that resistivity variations are subtle and
can sometimes be hardly detected and quantified using surface MT data because of the
resolution of the method. For that reason, in this chapter is proposed a methodology based
on the analytical solution of the 1D MT problem. Giving a well-known geoelectrical
structure (baseline model), the aim is to remove the effect of the upper, unchanging,
structures in order to obtain the MT responses at the target depth. In this way, this
technique (called layer stripping hereafter) can enhance the resolution at the target depth

making possible to monitor small resistivity variations due to changes in the reservoir.

The layer stripping concept was already used in Baba and Chave (2005) to eliminate the 3D
topographic effects from the seafloor MT data. Similarly, in Queralt et al. (2007) it was
used to remove the responses of known 3D structures from the observed down-mine AMT
responses and in this way, to enhance the resolution of below-mine ore bodies. In both

cases, layer stripping was shown to be a useful tool to obtain approximate responses in 3D.

In this chapter is presented the layer stripping method as a MT monitoring technique. The
structure of the chapter is as follows: firstly, the method is introduced and validated for CO,
injection in 1D; then, the methodology is applied to a 1D Earth where the CO, injection is
simulated by a 3D plume, and finally, the method is tested in a real case study using the
geoelectrical baseline model of the Hontomin site (Fig. 3.14) (Ogaya et al., 2014). The
methodology is validated through synthetic studies using ModEM (Egbert and Kelbert,

2012), which provided responses on the surface and at depth.

4.2. The method: layer stripping

The methodology proposed (layer stripping) is based on the analytical solution of the 1D
MT problem. In a layer-earth (1D Earth), the MT responses are derived using a well-known

recursive relation (Srivastava, 1965; Kaufman and Keller, 1981; Ward and Hohmann,

1988; Grandis et al., 1999). The impedance tensor of a given interface z, is deduced from
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the impedance tensor of the next deeper interface Zy, 1 using an expression involving the
frequency (w, EM field characteristic) and the thickness and resistivity of the n-layer (h,

and Py, respectively) (Fig. 4.1), where magnetic permeability is assumed to be the same for
cach layer (and take the free space value), and the electric permittivity of each layer (i.e.,

the effects of displacement currents) is ignored. First is determined the impedance tensor at

the top of the underlying homogenous halfspace (Zy) (Fig. 4.1), viz.,
Zy ==L ..
N
Moving upwards, it is possible to compute the impedance tensor at the top of each layer,

Z,= (:—:coth [coth‘1 (k”j—’:“l) + ihnkn] (4.2),

where k,; is the layer propagation constant within each layer and is given by

k, = _;“’” (4.3).

n

In this way, the impedance tensor Z; on the surface of the Earth (at z = 0) is calculated.
The algorithm used (Eq. 4.2) is based on the one presented in Srivastava (1965) and Grandis
etal. (1999).

For the layer stripping methodology, a formulation is proposed founded on Eq. 4.2.

Rewriting the equation, it is possible to obtain the inverse recursive relation (move
downwards) and calculate responses at the top of the n-layer from responses at the top of

the (n — 1) -layer. Thereby, the formulation for the layer stripping technique can be

expressed as

Z, ==X coth [coth‘1 (M) —ih,_1k,_4 4.4).

n-1 wy
Accordingly, using the thickness and the resistivity of each layer, it is possible to calculate

Z, fromZ,.

This technique would increase the resolution of surface MT responses to resistivity

variations produced at (1 + [)-layer (layer in grey in Fig. 4.1) removing the effect of the
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unchanging upper layers (Fig. 4.1). Therefore, this new methodology is presented as
especially useful for monitoring areas where the geoelectrical baseline model of the site is

well-known.

It has been seen that in the 1D case the MT responses at depth only depend on the
structures located at and below the observation point (i.e., they are independent of any
layers located above it)(Kaufman and Keller, 1981). However, in 2D and 3D cases the MT
problem is more complex because currents may flow above and below the observation
point; this is discussed and shown in detail in Queralt et al. (2007). Consequently, for
multidimensional scenarios the layer stripping solution is not as exact as in 1D, but can

constitute a useful tool to estimate approximate responses.

Depth (z) v Z,
h., p;
h,, p,
Bots P vy &
h., P,
ety Pres

hn+l1 Pos —>P’n+|

Pn

Fig. 4.1. N-layered 1D structure. Z is the MT response on the surface of the Earth and Z;,, the MT
response at top of the n-layer. Each layer has a h,, thickness and a p,, resistivity. Resistivity changes
from Py 4 to P4 are located at (n + [)-layer (grey layer). The stack of layers continues down to
layer N which is a halfspace of resistivity py.
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4.3. Synthetic data examples

In this section, the layer stripping methodology is validated through two synthetic studies
simulating CO, injection in 1D and in 3D. The process consisted of applying the layer
stripping technique (Eq. 4.4) to surface MT responses provided by ModEM. In the 1D case,
results obtained at the top of each layer were compared to those supplied by the 1D
analytical solution (Eq. 4.1-Eq. 4.3). In this way, the effects of the gridding in ModEM
responses were also evaluated (Appendix 4.1). In the 3D case, stripping results were

compared to responses provided by ModEM at depth.

In the synthetic data examples, the 1D model derived from the H2 resistivity log data (Fig.
4.2) (see section 2.3.1) was used as the baseline model of the pre-injection state. The
numerical solution was obtained using a mesh of 58x59x81-layer grid with an approximate
model extension of 83x83x86 km’. Due to the discretisation of the model, there existed
some small differences between the 1D analytical solution and the ModEM responses. Those

differences were eliminated by applying a correction term (see Appendix 4.1).
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Fig. 4.2. 1D resistivity model derived from H2 resistivity log data (section 2.3.1). In order to simulated a
CO, injection in 1D, the resistivity of the 10th-layer (reservoir layer) was modified from 10 Qm to
40 Qm, as was estimated in section 2.3.1 for a CO, saturation of 50 %. Black triangles indicate the
position of the MT measurements shown in Fig. 4.3.
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4.3.1. 1D injection of CO,

The reservoir resistivity (layer number 10) (Fig. 4.2) was modified from 10 Qm to 40 Qm
to simulate a homogeneous CO, saturation of 50 % after injection (see section 2.3.1).
Figure 4.3 shows the layer stripping solutions at three different depths. Differences between
the pre-injection and the post-injection state (resolution to resistivity changes) increase with
the depth at which the data are acquired. Table 4.1 summarizes the maximum apparent
resistivity and phase variations observed at the top of each layer of the 1D model. In
principle, these are the maximum variations that might be expected since the CO, layer is
infinite in a 1D case. Therefore, these variations may be greater than in any other 2D or 3D

case, since the edge effects of the plume will probably not result in such large changes.

The results demonstrate that the layer stripping methodology is valid for a 1D model. Only

small discrepancies due to numerical instabilities are observed in the shorter periods for the

deepest layers.

Table 4.1. Maximum apparent resistivity and phase variations between pre-injection and post-injection
state, at the top of each layer of the 1D model (Fig. 4.2). Variations were calculated using the 1D
analytical solution (Eq. 4.1-Eq. 4.3). Layer number 10 corresponds to the CO, reservoir.

Layer (depth in m) App. Res. Diff. (%) | Phase Diff. (decgres)
1(0) 28,3 4,9
2 (100) 30,3 5,1
3 (200) 34,0 5,6
4 (400) 40,7 6,3
5 (920) 65,7 9,4
6 (1000) 74,4 10,3
7 (1100) 83,0 11,4
8 (1200) 118,6 14,2
9 (1280) 2584 18,8
10 (1353) 547,6 14,3
11 (1470) 0 0
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4.3.2. 3D injection of CO,

The layer stripping methodology was then applied to a 1D model with a 3D plume. Since an
infinite layer of CO, does not represent a real CO, injection, 3D plume of CO, was
simulated. Accordingly, a 40 Qm plume was placed within the reservoir (layer number 10)

as is shown in Fig. 4.4.

The minimum volume of CO, detectable from surface MT data was determined by carrying
out several numerical tests. Table 4.2 summarizes the volumes of the studied plumes and
Fig. 4.5 shows the apparent resistivity and phase variations observed at the centre of the
plume (position A in Fig. 4.6) for each volume. These variations must be larger than the
experimental error assumed in the acquired MT data in order to be detected. In this work,
an error floor of 10 % for the apparent resistivity and of 2.865 degrees for the phases was
adopted. This error floor was imposed on the off-diagonal components of the Hontomin

MT data set for the 3D inversion.

Volume V; corresponds to 25 Megatons of CO, and involves differences in the surface MT
responses larger than the assumed experimental error (Fig. 4.5). It gives an approximate
idea of the volume required to detect a resistivity change of the order of the one studied
here (from 10 m to 40 Qm), using surface MT data. Two real examples of injections with
a similar amount of CO, are: Snohvit in Norway (offshore deep saline aquifer), with a
planned maximum injection of 31-40 Megatons' and Sleipner, also in Norway (offshore
deep saline formation), with a planned maximum injection of 17 Megatonsz. In In-Salah, in
Algeria, (onshore deep saline formation) about 17 Megatons were planned to be injected
during the whole life of the project (Haddadji, 2006), but at present the injection is
suspended’. Another example but for Enhanced Oil Recovery (EOR) purposes, is The
Rangely Oil Field in USA where a total of approximately 23-25 Megatons of CO, has been

injected since 1986,

"http://www. globalccsinstitute.com/project/sn%C3%B8hvit-co2-injection (visited February 2014).

? http://www. globalccsinstitute.com/project/sleipner%C2%A0co2-injection (visited February 2014).
* http://www. globalccsinstitute.com/project/salah-co2-storage (visited February 2014).

* http:// www.globalcesinstitute.com/project/shute-creek-gas-processing-facility (visited February 2014).
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Fig. 4.4. 1D resistivity model derived from H2 resistivity log data (section 2.3.1) and 3D plume of 40 Qm
within the reservoir (it represents a homogenecous CO, saturation of 50 %).

Table. 4.2. Simulated CO, plumes.

Plume dimensions (km®)

Stored CO, (Megatons)

A% 0.200 x 0.200 x0.117 0.2
A% 0.600 x 0.600x 0.117 1.8
V, 1.000 x 1.000x 0.117 5.1
V, 1.800x 1.800x 0.117 16.6
vV 2.200x 2.200x 0.117 25.0

113



Chapter 4

14 -4
~ 12 - -
O\o T 9 Q:)-
........... N
t- 1 | [ & | :
5 - ....ip ---- o
G E&
3 e [z 3
q) 1 3
CK_ . ¥ = 8
o ’
Q_ d 1 L v ' é
< 2 | | m
...... "‘“ --.....n........ | O 5
: e e @ —
. @ |

Fig. 4.5. Differences observed in apparent resistivity (blue) and phase (red) responses between the pre-
injection 1D model and the post-injection model, for each of the CO, volumes shown in Table 4.2.
A homogeneous saturation of 50 % was assumed, which results in a post-injection resistivity of 40
Qm. The MT responses were obtained at the centre of the plume (position A in Fig. 4.6);
consequently, both XY and YX polarisations are equal for symmetry arguments. The grey line
indicates the assumed experimental error in the data (10 % for the apparent resistivity and 2.865
degrees for the phases). Volume Vs, which corresponds to 25 Megatons of CO,, is the only volume
that produces differences larger than the assumed experimental error.
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Fig. 4.6. MT responses were calculated at four different positions: A, B, C and D. The plume shown
corresponds to volume V in Table 4.2.
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For volume V,, the variation observed in the surface MT responses is very small and layer
stripping does not noticeably improve the resolution to changes produced in the reservoir
(Fig. 4.7). Differences obtained at the reservoir depth are above 4 % for the apparent
resistivity and 0.65 degrees for the phases (values below the imposed error floor). Thus the
resistivity variation produced in such small volumes of CO, is practically undetectable for
surface MT and also, difficult to observe with the layer stripping methodology. On the
contrary, for volume V,, which means a variation at surface of 1.6 % for the apparent
resistivity and of 0.3 degrees for the phases, the layer stripping at the reservoir depth shows

variations greater than 35 % for apparent resistivity and 5 degrees for phases (Fig. 4.8).

In the case of plume V;, MT responses were calculated at four different positions: A, B, C
and D (see Fig. 4.6). Figures 4.9- 4.12 illustrate, at each of these positions, the ModEM
responses and the layer stripping solutions on the surface and at the top of the reservoir for
both XY and YX polarisations. The results show slight discrepancies between the ModEM
responses and layer stripping solutions at the reservoir depth, with the differences being
more significant in the phases than in the apparent resistivities. For apparent resistivity,
layer stripping recovers reasonably well the ModEM responses at depth. At the B and C
positions (Fig. 4. 10 and Fig. 4.11), the YX apparent resistivities show larger differences
because edge effects are more important in that mode. In general, the layer stripping
solutions are more accurate at the longest periods where they tend to agree with the

responses provided by ModEM.

Although the methodology does not recover exactly the responses expected at the reservoir
depth, it does make possible enhanced resolution with apparent resistivity and phase
variations far greater than the ones observed on the surface. The evolution of the responses
along the different sites (A, B, C and D positions) facilitates location of the plume and
approximate delineation of its limits. Moreover, by studying the variations at more than one
single site it may be possible to distinguish true resistivity variations from EM noise,

allowing one to monitor smaller volumes of CO,.

115



>
<

3.5

25

15

0.5

Log App. Res. (Qm)

-0.5
-1

|

Phase (degrees)

-35-3-25-2-15-1-05 0 05 1 15

Log Period (s)

3.5
Z1o s
25
2
15
1
0.5
0
-0.5
-1

Log App. Res. (Qm)

-35-3-25-2-15-1-05 0 05 1 15

Log Period (s)

©
o

w A O OO N @
o O O O ©o O

20

0
-35-3-25-2-15-1-05 0 05 1 15

Log Period (s)

*x

Phase (degrees)

0
-356-3-25-2-15-1-05 0 05 1 15

Log Period (s)

= Pre-injection ModEM response
m—  Post-injection MOdEM response

<
X

3.5 90
3 80 Z1
25 70
§ ° MM Fi
“n.’ 1.5 gSO
€ 1 <
a o 40
2 05 &
2 T 30
@ 0
-0.5 20
-1 10
0
-35-3-25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15
Log Period (s) Log Period (s)
3.5 90
3
80 Z10
25 70
E 2 7 60
"; 15 gSO
< 1 s *x
a o 40
g 05 §
_g” 0 @ 30
0.5 20
] 10
0
-35 -3 -25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15

k%  Pre-injection layer stripping solution
Post-injection layer stripping solution

Fededek

Log Period (s)

Log Period (s)

Fig. 4.7. Layer stripping for volume V,. Both MT responses on the surface (Z7) and at the top of 10-layer (above the reservoir, Z;¢) are shown. In black are displayed the
responses of the pre-injection model and in red, the responses of post-injection model. ModEM responses are plotted with continuous lines whereas the layer
stripping solutions are plotted with small stars. XY and YX polarisations are similar since the MT responses were obtained at the centre of the plume.



35
25
2
15
1
05
0
0.5

Log App. Res. (Qm)

-1

-35 -3 -25 -2 -1.5 -1

-05 0 05 1
Log Period (s)

1.5

35
Z1o g
2.5
2
15
1
0.5
0
-0.5

Log App. Res. (Qm)

-1

S i

-35 -3 25 -2 <15 -1

05 0 05 1
Log Period (s)

1.5

Phase (degrees)

90

]
-35 -3 -25 -2 15 1

05 0 05 1 15
Log Period (s)

80

Phase (degrees)
N W A O N
o o o o o o

10

ey ¥

0
-3.5 -3 -25 -2 1.5 1

05 0 05 1 15
Log Period (s)

= Pre-injection ModEM response
= Post-injection ModEM response

Log App. Res. (Qm)

Log App. Res. (Qm)

YX

35 90
3 80 Z1
25 70
= W g 60
1.5 .
2 50
1 -
o 40
0.5 8
0 o 30
-0.5 20
1 10
0
-365 -3 -25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15
Log Period (s) Log Period (s)
35 90
3 80 Z1o
25 70
2 / 2 60
15 g -
1 ¥ s >
o 40
0.5 ﬁ
0 o 30
-0.5 20
-1 10
0
-356 -3 -25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15

Log Period (s)

*xx%  Pre-injection layer stripping solution
#*¥x% Post-injection layer stripping solution

Log Period (s)

Fig. 4.8. Layer stripping for volume V,. Both MT responses on the surface (Z;) and at the top of 10-layer (above the reservoir, Z1() are shown. In black are displayed the
responses of the pre-injection model and in red, the responses of the post-injection model. ModEM responses are plotted with continuous lines whereas the layer
stripping solutions are plotted with small stars. XY and YX polarisations are similar since the MT responses were obtained at the centre of the plume.



XY

35 90
3
Z1 80
25 70
§ ° M B 60
“; 1.5 %50
€ 1 S
a o 40
2 05 @
2 T 30
g o *
05 20
-1 10
0
-35-3-25-2-15-1-05 0 05 1 15 -356-3-256-2-15-1-05 0 05 1 1.
Log Period (s) Log Period (s)
3.5 90
3
Z10 80
25 70
Tt 2 s
& - 2 60
“; 1:5 gSO
€ 1 S
a o 40
2 05 @
2 T 30
g o *
05 20
| 10
0
-35-3-25-2-15-1-05 0 05 1 15 -35 -3 -25-2-15-1-05 0 05 1

Log Period (s)

Log Period (s)

= Pre-injection ModEM response

Post-injection ModEM response

15

YX

35 90
3 80 Z1
25 70
E‘ . W 2160
: 1.5 96)>50
€ 1 s
a o 40
¥ 05 E
j=2)
8 o o 30
05 20
-1 10
0
-35 -3 -25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15
Log Period (s) Log Period (s)
3.5 90
3 80 Z10
25 70
E 2 o
o] R REE 2 60
; 15 g) 50
€ 1 <
g g 40
2 o5 &
[=)
k: 0 o 30
05 20
-1 10
0
-356 -3 -25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15
Log Period (s) Log Period (s)

*¥xx  Pre-injection layer stripping solution
**x% Post-injection layer stripping solution

*>

it

Fig 4.9. Layer stripping for volume Vj at position A (Fig. 4.6). Both MT responses on the surface (Z;) and at the top of 10-layer (above the reservoir, Z;¢) are shown. In

black are displayed the responses of the pre-injection model and in red, the responses of the post-injection model. ModEM responses are plotted with continuous lines
whereas the layer stripping solutions are plotted with small stars. XY and YX polarisations are similar since the MT responses were obtained at the centre of the

plume.



| XY | | YX |

35 90 3.5 90
3 3
Z1 80 80 Z1
2.5 70 2.5 70
§ *? MM g 60 § ° M g e
; 1.5 % 50 : 1.5 96’) 50
Z 1 s Z 1 3
o o 40 a o 40
g 05 8 2 05 &
j=2} j=2)
S o o 30 8 0 o 30
0.5 20 05 20
-1 10 -1 10
0 0
-35-3-25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15
Log Period (s) Log Period (s) Log Period (s) Log Period (s)
3.5 90 3.5 90

Z10 3 80 3 80 Z10

25 70 =8 / 70
E 2 2 § 2 7
S <3 g 60 S et 2 60
- 15 =13y o = 145 PR 3
g g 50 4 g %0
o 1 o *x 4 1 52
& 0.5 g4 & 0.5 g4
< 2 Ex < g
§’ 0 o 30 L §a N & 30
05 20 05 20
| 10 -1 10
0 0
-35-3-25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15 35-3-25-2-15-1-05 0 05 1 15 35-3-25-2-15-1-05 0 05 1 15
Log Period (s) Log Period (s) Log Period (s) Log Period (s)
= Pre-injection ModEM response *¥xx  Pre-injection layer stripping solution 5 Camm
Post-injection ModEM response *¥k%x Post-injection layer stripping solution
it
X

Fig. 4.10. Layer stripping for volume V; at position B (Fig. 4.6). Both MT responses on the surface (Z7) and at the top of 10-layer (above the reservoir, Z1() are shown. In
black are displayed the responses of the pre-injection model and in red, the responses of the post-injection model. ModEM responses are plotted with continuous lines

whereas the layer stripping results are plotted with small stars.



XY

YX

35 90 35 90
3 3
Z1 80 80 Z1
2.5 70 2.5 70
B A g o N TS g
; 1.5 g 50 : 1.5 96)) 50
Z 1 s Z 1 3
o o 40 a o 40
g 05 8 2 05 &
j=2} j=2)
S o o 30 ? o o 30
0.5 20 05 20
-1 10 -1 10
0 0
-35-3-25-2-15-1-05 0 05 1 15 -356-3-256-2-15-1-05 0 05 1 15 -35 -3 -25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15
Log Period (s) Log Period (s) Log Period (s) Log Period (s)
3.5 90 3.5 90
3 3
Z10 80 80 Z10
25 70 25 70
§ ? ge & . e
=~ 95 ° ~ 15 ARRE 9
g g 50 g sos® g 50
o 1 T *x 4 1 T *x
8 g 40 & g 4
2 05 8 2 05 & L
§’ 0 o 30 Kk g" 0 o 30 ¥k
05 20 05 20
| 10 -1 10
0 0
-35-3-25-2-15-1-05 0 05 1 15 -35 -3 -25-2-15-1-05 0 05 1 15 -356 -3 -25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15

Log Period (s)

Log Period (s)

Pre-injection ModEM response
Post-injection ModEM response

Log Period (s)

*¥xx  Pre-injection layer stripping solution
**x% Post-injection layer stripping solution

Log Period (s)

*0

it

Fig. 4.11. Layer stripping for volume V; at position C (Fig. 4.6). Both MT responses on the surface (Z) and at the top of 10-layer (above the reservoir, Z1() are shown. In
black are displayed the responses of the pre-injection model and in red, the responses of the post-injection model. ModEM responses are plotted with continuous lines

whereas the layer stripping results are plotted with small stars.



XY

YX

35 90 35 90
3 3
Z1 80 80 Z1
2.5 70 2.5 70
§ - WM g 60 § ’ W g e
“; 1.5 g 50 : 1.5 96’) 50
Z 1 s Z 1 3
o o 40 a o 40
2 05 8 2 05 &
j=2} j=2)
S o o 30 ? o o 30
0.5 20 05 20
-1 10 -1 10
0 0
-35-3-25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15 -35 -3 -25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15
Log Period (s) Log Period (s) Log Period (s) Log Period (s)
3.5 90 3.5 90
3 3
Z10 80 80 Z10
25 70 25 70
§ ? ge & . e
Z 1 g *x € 1 2 *x
G ® 40 o ® 40 X
g 05 8 ® g 05 8 2
j=d * (=]
g 0 o 30 X g 0 o 30 *.
05 20 05 20
| 10 -1 10
0 0
-35-3-25-2-15-1-05 0 05 1 15 -35 -3 -25-2-15-1-05 0 05 1 15 -356 -3 -25-2-15-1-05 0 05 1 15 -35-3-25-2-15-1-05 0 05 1 15

Log Period (s)

Log Period (s)

Pre-injection ModEM response
Post-injection ModEM response

Log Period (s)

*¥xx  Pre-injection layer stripping solution
**x% Post-injection layer stripping solution

Log Period (s)

it

*0

Fig. 4.12. Layer stripping for volume V; at position D (Fig. 4.6). Both MT responses on the surface (1) and at the top of 10-layer (above the reservoir, Z1() are shown. In
black are displayed the responses of the pre-injection model and in red, the responses of the post-injection model. ModEM responses are plotted with continuous lines

whereas the layer stripping results are plotted with small stars.



Chapter 4

4.4. Case study: the Hontomin CO, storage site

To study the feasibility of the layer stripping methodology in a real case study, the volume
V; of CO, (Table 4.2) was considered as the injection volume at the Hontomin URL. As the
structure of the Hontomin facility is well-known, layer stripping was applied taking into
account the geoelectrical baseline model of the site (Fig. 3.14) (Ogaya et al., 2014). For this

study, the MT responses were calculated using ModEM.

The influence of the medium above the level of data acquisition was evaluated through a test
that consisted of replacing all layers located above the reservoir by air-layers. Model A (Fig.
4.13) is the baseline model of the Hontomin site and model B (Fig. 4.13) is the baseline
model with air-layers overlying the reservoir. The bottom of the air layers is at -408
m.a.s.l.. Figure 4.13 compares the responses of both models inside the reservoir (-478
m.a.s.l.) at the Hi well location (for description of well location see section 2.3). In
Hontomin, the main reservoir-seal system is located in the period range of 0.1 to 1 seconds
(section 2.3.1) (Ogaya et al., 2013). From dimensionality analysis of the MT data (section
3.4.1) (Ogaya et al., 2012), it was concluded that the responses at those periods were
mainly 3D. However, Fig 4.13 shows that the overlying air-layers do not affect responses
inside the reservoir significantly. Consequently, it is acceptable to perform a 1D assumption

for the layer stripping at the Hontomin site.

The 1D model that best fitted the surface responses of the baseline model at Hi well position
was sought. With this aim, first was considered the 1D model provided by the column of
the 3D baseline model located at Hi well position (model called Hi model hereafter)
(presented in section 3.5.1, Fig. 3.25). In Fig. 4.14 are displayed in black the responses of
the 3D baseline model, and in grey the responses of the Hi model (Fig. 4.15). It is observed
that both responses are not equivalent. Thus, more suitable 1D models were pursued for
each polarisation using the Hi model as a starting model. Figure 4.15 shows the Hi model in
grey and the 1D models that best fit the XY and YX polarisations of the 3D baseline model
responses in blue and in red, respectively. The responses of the blue and red models are
illustrated in Fig. 4.14. It is observed that their responses are coincident with the baseline

model ones. Hence layer stripping was applied using these XY and YX 1D models.
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Then an injection of a volume V; of CO, at the Hontomin site was simulated. The MT
responses at Hi well position were calculated at two different depths: at surface Zg, and in
the reservoir Zp (at -478 m.a.s.l., which means 1448 m TVD). Both positions are indicated
in Fig. 4.15. The effect of the upper layers was removed from the surface MT responses

using the 1D models obtained for each polarisation (Fig. 4.14); Fig. 4.16 shows the results.

Post-injection layer stripping solutions (red stars in Fig. 4.16) are scattered for some short
periods whereas for the longest ones they tend to overlap the pre-injection layer stripping
solution (black stars) and agree with the ModEM responses. The results for the YX
polarisation are better than the ones obtained for the XY polarisation. This fact could be due
to the 1D model used in each case. In general, responses provided by ModEM in the
reservoir are not recovered by the layer stripping method. However, this simulation
highlights the improvement observed in the resolution of the MT responses to the resistivity

Changes produced in the reservoir.
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Fig. 4.16. Layer stripping for a simulated injection of CO, of a volume V; at the Hontomin site. Both MT responses on the surface (Zs) and in the reservoir (Zg) are shown.
ModEM responses are plotted with continuous lines whereas the layer stripping results are plotted with small stars. In black are displayed the responses of the baseline
model and in red, the responses with volume V; of CO, (Table 4.2).
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4.5. Discussion

The magnetotelluric method allows monitoring huge volumes of CO, injection using surface
data. However, the method can be insensitive to changes produced by small fluid volumes.
For that reason, a new methodology is proposed, namely layer stripping. This approach
aims to remove the effect of the upper layers from surface MT responses and enhance the

resolution to resistivity changes produced in the reservoir.

Layer stripping is based on the recursive relation for deriving MT responses in a 1D Earth
(Eq. 4.4). For monitoring purposes, this formulation has allowed obtaining more accurate
results than other formulations, since the effect of the upper layers, not affected by the fluid
injection, is removed. In Baba and Chave (2005) the stripping concept was applied to
climinate the topographic effects from the observed MT responses assuming the theoretical

relationship
Z=2.7Z, 4.)5),

where Z was the seafloor MT response which included the influence of the topography,
Z, was tensor describing the topographic effect, and Z,, was the responses without

topography. If Eq. 4.5 is applied for monitoring resistivity changes located at (n + [)-layer

(Fig. 4.1), the impedance tensor on the surface would be approached by
Z, =27Z,Z, (4.6),

where Z 1, would include the MT responses of the layers comprised between the surface
and the n-layer, and Z}; would be the MT response on the top of the n-layer. Then, both
Z,, and Z,)would be affected by resistivity variations produced at (n + [)-layer according

to Eq. 4.2. Thus, whereas the stripping of Z;,, (Eq. 4.6) would also remove part of the
effect of the fluid injection, with the formulation used in this work (Eq. 4.4) is possible to

totally recover, to within experimental error, the effect of the injected fluid in 1D.

In 3D, layer stripping was demonstrated to work well and provide good approximate

responses. Despite solutions that differed from the ones provided by ModEM (basically at
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short periods), an important increase of the resolution with depth was observed, suggesting

the suitability of the method for monitoring purposes.

Apart from the ability of monitoring smaller volumes of CO,, the layer stripping
methodology offers the advantage of avoiding repetition of complete 3D MT acquisition
surveys. To have an overall control of the area, only a precise 3D baseline model of the
study region is required. Once the baseline model is determined, the acquisition can be
reduced to those sites most sensitive to the expected resistivity changes. However, special
care should be taken when secking equivalent 1D models to apply the layer stripping to the
surface data. The conductance estimation (electrical conductivity and thickness product) can
be inaccurate, placing the changes at incorrect depths (Peacock et al., 2012a). Thus, it is
important to take into account the baseline model of the site to properly define the

corresponding 1D models.

Synthetic MT responses calculated at depth show an important enhancement of the
resolution compared to surface responses. This fact exhibits the potential of the Vertical
Gradient Magnetometry (VGM). The method was already proposed some decades ago
(Jones, 1983a; Spitzer 1993; Patella and Siniscalchi, 1994; Vellante, 1997; Schmucker et
al., 2009) but has not been applied. Moreover, this method could offer the advantage of

being affected by a lower EM noise level because the measure is acquired at depth.

At the Hontomin URL, it was estimated that the minimum volume of CO, detectable from
surface MT data corresponds to 25 Megatons, since the involved differences in the MT
surface responses are larger than the assumed experimental error (10 % for the apparent
resistivity and 2.865 degrees for the phases). This constitutes the minimum volume required
to detect resistivity variations from 10 Qm to 40 Qm (for an homogeneous CO, saturation
of 50 %). Nevertheless, it was demonstrated that layer stripping would enhance the
resolution of surface responses allowing monitoring of smaller volumes down to the order
of 1.8 Megatons. Applying the layer stripping methodology to more than a single site may
be possible to distinguish small resistivity variations from EM noise. Unfortunately, the
layer stripping method could not enhance the resolution to those really small variations not

detectable from surface data (CO, volumes on the order of 0.2 Megatons). Thereby, the
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expected volume of CO, at the Hontomin site (no more than 0.02 Megatons) should be

monitored using CSEM or other EM techniques.

Facing a real MT monitoring survey, it is advisable to have good control of the EM noise in
order to obtain high-quality data. In the light of the experience acquired in the
characterisation surveys of the Hontomin URL, it will be essential to use remote reference
techniques (Ogaya et al., 2013). In addition, integration with other monitoring techniques
could help to understand data variations. The In-SAR studies to control the ground
deformation may help to link deformations to changes in the MT measurements. Aizawa et
al. (2011) observed that a deformation of the ground can lead to a tilt of the coils, and as a
consequence, to a variation of the impedance tensor. It could be also interesting to compare
MT data to micro-seismicity results since micro fractures can produce changes in pore
connectivity which may invoke changes in the rock resistivity. On the other hand, seasonal
and diurnal weather conditions (e.g., rainfall and temperature changes) can also have small

effects on the data (Aizawa et al., 2011; Aizawa et al., 2013).

4.6. Conclusions

Layer stripping is presented as an innovative methodology based on the analytical solution of
the 1D MT problem. It aims to remove the effect of the well-known overlying structures in
order to enhance the resolution at a giving depth. The method has been validated through
synthetic studies for a 1D and 3D CO, plumes and tested in the Hontomin URL using the
geoelectrical baseline model of the site. Obtained results demonstrate that the method can
theoretically be applied in real monitoring surveys. In 3D, layer stripping does not recover
the response predict by ModEM at depth but provides valuable approximate responses. The
results suggest that layer stripping may improve the resolution of surface MT response being
able to detect smaller resistivity changes. To analyse data from more than a single site will
help to both (i) distinguish noise from true resistivity variation in those cases located in the
detectability limit and (ii) locate the resistivity variations in space. Layer stripping

methodology will simplify monitoring surveys avoiding carrying out periodic 3D
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acquisitions. Additionally, synthetic MT responses at depth demonstrate the potential of

borehole MT measurements and suggest the VGM method as a monitoring technique.

In the Hontomin URL, the minimum volume of CO, detectable from surface data
corresponds to 25 Megatons, assuming a resistivity variations from 10 Qm to 40 Qm
(homogeneous CO, saturation of 50 %). Nevertheless, using the layer stripping
methodology it is possible to monitor smaller injection volumes on the order of 1.8
Megatons. For variations undetectable from surface data (e.g. the one expected at the
Hontomin site), geoelectrical monitoring should be carry out using CSEM techniques. The

development of the VGM is suggested.

Appendix 4.1. Correction term

It was found that there existed some small differences between the 1D analytical solution
(Eq. 4.1-4.3) and ModEM responses. The observed discrepancies decreased with finer
gridding. Thereby, those differences were attributed to the discretisation of the model. For
the 58x59x81-layer grid (one of the meshes used in this work), the apparent resistivity and
phase curves seem visually to overlap each other. However, when the difference between
both of them was calculated, discrepancies smaller than 0.5 % for the apparent resistivity
and 0.45 degrees for the phases were observed. Those differences were taken into account
before applying the layer stripping to the surface data. Otherwise, the MT responses would

not have been corresponded to the model that was actually being stripped away.

Accordingly, a correction term was applied to the ModEM responses that consisted of
calculating the difference between the response of the code and its corresponding 1D
analytical solution, for each of the 1D pre-injection model (baseline model). The same
correction term was then applied to both the pre-injection model (without CO,) and the

post-injection model (with CO,).
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Conclusions and future work

In this thesis, the magnetotelluric method was used to characterise and monitor a
geological reservoir of CO,. Specifically, it was applied at the Hontomin site (Spain) where
the CO, injection is planned to be into a deep saline aquifer. In agreement with the
structure of the thesis, and according to the proposed objectives (section 1.7), the
conclusions are organised in two sections. The first part is related to the magnetotelluric
characterisation of the Hontomin site (main body of the thesis) and the second part, to the
magnetotelluric monitoring. As is detailed below, the aims and objectives outlined at the
beginning of the work have been achieved. Furthermore, some perspectives for future work

are enumerated at the end of the chapter.

Magnetotelluric characterisation

The 3D geoelectrical baseline model of the Hontomin site is the major contribution of this
thesis. The MT method has been demonstrated to be an appropriate geophysical technique

to characterise the study area and to provide a 3D resistivity model of the URL.

The 1D analysis of all existing wells’ resistivity log data allowed forming a general idea of
the Hontomin structure, correlating different lithologies to electrical properties, and
describing the electrical behaviour of the reservoir and seal units. The results showed that
the primary reservoir-seal system was sensed in the period range of 0.1 to 1 s. Thereby, 1D
resistivity models helped to design the fieldwork according to the characteristics of the study
area and provided indispensable information for the modelling and inversion of the MT

data.
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The EM characterisation of the Hontomin site was divided into two stages: a 2D MT data
acquisition carried out in Spring 2010 (MTD profile, modelled in Ogaya et al., 2013) and a
3D MT data acquisition undertaken in Autumn 2010 (Ogaya et al., 2012; Ogaya et al.,
2014). The first 2D survey demonstrated the validity of the MT method to characterise the
study area, showed the importance of using remote reference techniques to derive optimal
MT responses, and provided a 2D geoelectrical model of the URL. The subsequent 3D
survey completed the MT characterisation of the site and supplied the 3D geoelectrical

baseline model of the URL.

The 2D resistivity model imaged a geoelectrical structure composed of four main layers: a
resistive bottom layer (below -600 m.a.s.l.) linked to Keuper facies and to the Anhydrite
unit; a conductive layer (below -200 m.a.s.l. and thickness up to 400 m) containing the
primary reservoir and seal units; a resistive middle layer (between +700 m.a.s.l. and -200
m.a.s.l.) containing the secondary reservoir-seal system, and a conductive top layer (above
+700 m.a.s.1.) linked to Upper Cretaceous sequences. In the southern part of the model, a
fault region (F region) was imaged related to the Ubierna Fault. The F structure revealed an
important conductive fluid circulation along the fracture region, unknown prior to the MT
survey. The electrical resistivity obtained for the primary reservoir ranges between 8 and 25

Qm, which means a porosity of between 9 % and 17 % according to Archie’s law.

In general, the electrical responses of each formation in the 3D resistivity model coincide
with the ones imaged in the previous 2D model. However, the 3D model provides the 3D
spatial characterisation of the different units, showing the dome-like structure of the
Hontomin site. The model images different fracture regions as well as the EW prolongation
of the F fault. The F fault region affects all the layers of the model but does not outcrop at
surface. A more conductive behaviour of the F fault is imaged in the eastern part of the
study area that, according to hydrogeochemical studies (Buil et al., 2012; Nisi et al., 2013),
could be indicative of a mixing process between deep and shallow aquifer waters. On the
contrary, the western part of the fault is less conductive and seems to be imaged by a set of

faults.

The 3D resistivity model is supported by a variety of multidisciplinary data. The resistivity

structure of the Hi and Ha wells are reasonably well predicted by the model. The observed
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dome structure is coherent with the structure observed in both microgravimetric
(Implemental Systems, 2011) and 3D seismic results (Alcalde et al., 2013b; Alcalde et al.,
2014). Likewise, the northern border of the F fault region spatially correlates with a set of
faults interpreted in the 3D seismic volume and with a strong gradient of the Bouguer
anomaly in the microgravimetry data. Thus, independent data sets were proven to provide

coherent and reliable information.

During the monitoring of the URL, special attention should be paid to possible faults imaged
in the secondary reservoir-seal system, neighbouring Hi well, and to the eastern part of the
F fault region. Nevertheless, it is important to highlight that the volume of CO, expected in
the Hontomin site is going to be small (less than 20 kilotons), which means that none of the

above mentioned geoelectrical structures likely constitute an important leakage pathway.

The detailed geoelectrical characterisation presented here is an important contribution to
CO, geological storage projects for two main reasons: (i) it demonstrates the valuable
information that a 3D geoelectrical baseline model can provide, and (ii) it shows the
importance of a high-resolution reference model to define the monitoring requirements.
Three-dimensional magnetotelluric surveys are complementary to other 3D characterisation
studies, such as reflection seismics and gravimetrics, and, due to electrical conductivity’s
sensitivity to fluid flow, makes for a method with superior resolution to particular aspects of

interest and importance for CO, storage and long-term monitoring.

Magnetotelluric monitoring

In this thesis, the MT method has also been evaluated as a monitoring technique, carrying
out different synthetic studies and sensitivity tests. Synthetic studies showed that differences
between the pre-injection and the post-injection state (resolution to resistivity changes)
increase with the depth at which data are acquired. Accordingly, an innovative methodology
was developed, called layer stripping, based on the analytical solution of the 1D MT
problem. The approach consists of enhancing the resolution of surface MT responses to
resistivity variations produced at a given depth, removing the effect of the time-invariant

upper layers of the structure. The geoelectrical structure of the study area has to be well
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known to apply the proposed methodology; thus, an accurate geoelectrical baseline model

of the study area is required.

The methodology was validated through synthetic studies and tested theoretically at the
Hontomin URL. In 3D, layer stripping solutions did not recover exactly the MT responses
expected at depth but provided valuable approximate responses. The method made possible
enhanced resolution with apparent resistivity and phase variations far greater than the ones
observed on the surface. Facing a real case study, to analyse data from more than a single
site will help to distinguish noise from small resistivity variation and to locate the resistivity

variations in the space.

Theoretically, in the Hontomin URL, the minimum volume of CO, detectable from surface
data corresponds to 25 Megatons, assuming resistivity variations from 10 Qm to 40 Qm
(homogeneous CO, saturation of 50 %). Nevertheless, using the layer stripping
methodology it will be possible to monitor smaller injection volumes on the order of 1.8

Me gatons.

Future work

Finally, some perspectives of future work are enumerated. In reference to the
characterisation work, the acquisition of a new MT profile in the eastern part of the
modelled region is proposed to study the geoelectrical behaviour of the fault set located in
the east. Although the fault set is outside the limits of the URL, the new profile would

complete the MT characterisation of the Hontomin site.

According to the encouraging results obtained in the correlation of the 3D model with the
other geophysical data acquired at the URL, an attractive, but challenging, task to face in the
future would be to carry out a joint inversion of all the available geophysical data. In
particular, joint inversion combining magnetotelluric and seismic data will be interesting to
better describe the different fault sets. In addition, it would be interesting to study to what
extent 3D density and 3D velocity models can be derived from the 3D resistivity model

using the available log data.



Conclusions and future work

On the other hand, the development of the Vertical Gradient Magnetometry (VGM) is
suggested. Not only to be applied as a monitoring technique, but also as a high-resolution

characterisation technique.

In reference to the layer stripping approach, to test the technique with real post-injection

data would be fundamental in order to further develop the rnethodology.
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Fig. S1. Observed data and model responses at sites MTAT, MTA2, MTA4, MTAS5, MTA6 and MTA7.



MTAS MTAS MTA10
2 L : 2 2 L 2 b : 2
—_ . —_ —_ e —_ _ m —_
= = . = = = =
8 g b 8 4 . v g 8 o
® 0 g et ® 0 = g "'wh'-v}; L © 0 P ¥
g § e g § bom § |3 P
< - . ¥ ‘/'_} < 4 i Bt < A o it
g g e g g g g1 4y
x 2 > 2 P x -2 > -2 x - g -
; -3 g 3 _/’r{* ] k ; 3 E 3 E 3 % 3
- ] - .
3 2 4 0 1 2 3 -2 1 0 1 2 3 2 14 0 1 3 2 1 0 1 2 3 -2 1 0 1 3 -2 4 0 1 2
Log Period (s) Log Period (s) Log Period (s) Log Period (s) Log Period () Log Periad (s}
180 180 180 180 180 180
T ¥
. 135 . 135 . 135 _ 135 . 135 _ 135
@ I m
& @ § 90 & Ed‘ 90 B 90 § 90
g 45| vy psmen 2T g 45 - g 451 e, g 45 g A5F e ettt g
§ 0 g 0 g i ] g 0 ]
pu } £ 2 =
[T ] T 45 1 [t i 45 T .45 T
¥ S ¥ X X S
5 -0 s 90 = 90 = 90 £ -90 2 -
RE ) IR N * 135 435 | ey e " 35 G| TN e, .
-180 -180 -180 -180 -180
-3 -2 -1 i} 1 2 -2 -1 o 1 2 -2 -1 (1] 1 - 2 -3 -2 -1 ) 1 2
Log Period {s) Log Period (s) Log Peried (s) Log Period (s)
MTA11 MTA12 MTA13
- 2 : - 2 - 2 ;. - 2 - 2 gt —
E T € E R T & E W‘T E
S 1 SR = 1 = 1 = 1 =
@ ai : @ i & 3 : : @
o -] - o O I L]
“ o0 “ o0 E © o0 o0 o0 ©
o a i f‘ a a -3 =
o a =} a o [=%
< 4 < 4 g R < 4 < <
g g y g g g g
= 2 2 = 2 r 2 x -2 >
= 5 = z = 5
% 3 = 3 % -3 % -3 % -3 =
3 -2 1 0 1 2 3 -2 -1 0 1 2 3 -2 -1 0 1 3 2 1 0 1 2 3 2 1 0 1 3 02 1 0 1 2
Log Period (s) Lag Period (s) Lag Period (s) Log Period (s) Log Period (z) Log Periad (s)
180 180 180 180 180 180
_. 135 _ 135 5 13 . 135 : _ 138 _ 135
@ I r @ )
g ) 2 w0 L % a0 _ g a0 . 1 g 0 . _{ 2 @
i " §
& 4 Ses pragsrer s g 4 B £ 45 ""-\.,...s.,;r-?*? g 4 - - S # B oasl et g s
3 0 § o 2 2 3 o0 * § oot 5 o ' § o
4 . : #
g 45 T 45 7 é 45 & 45 T 45 & 45
= > i = > T = >
= g0 z A = 90 = 90 1 = .90 Z -0
% x £ | b % | %
= 435 Sty ppatet S = 135 N,,,#"“ K435 T * 135 -&p'ﬂéﬂ’ ! : -135 QLS -135
- - -1 El - E -180 -
R ST 0 1 2 S S R R S R O 3 02 4 0 1 2
Log Period (s) Log Pericd (s) Log Pericd {s) Log Period (s) Log Period (s) Log Period (s)

Fig. S2. Observed data and model responses at sites MTA8, MTA9, MTA10, MTA11, MTA12 and MTA13.
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Fig. S3. Observed data and model responses at sites MTA14, MTA15, MTA16, MTA17, MTA18 and MTA19.
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Fig. S4. Observed data and model responses at sites MTA20, MTB2, MTB5, MTB6, MTB7 and MTBS.




MTB9 MTB10 MTB11
- 2 3 : - 2 - 2 . - 2 - 2 : : - 2
£ m———13ta, E £ e ol £ E A 5
€ 5 g g S gy i £
4 : : H 8 g i ;
L L : ¢ € 0 € 9 o0 § 0
g / g B
2 2 al < <z < z
fs: 2 § 2 * g 2 § 2 g 2 3 2
g _ 1 g g g E
; -3 g 3 ; 3 E 3 E 3 % -3
3 2 4 0 1 2 3 2 a4 0 1 2 3 02 4 0 1 2 3 2 4 0 1 2 3 2 4 0 1 2 3 2 4 0 1 2
Log Period (s) Log Period (s) Log Period (s) Log Period (s) Log Period (s) Log Period (s)
180 180 180 180 ¥ 180 180 .
.
. 135 _ 135 . 135 _ 135 1 H 135 _ 135
& 90 § 90 & i § 90 h } 90 § 90
& a5 Tt g sl 4 o & a5 M g asp ll g s e et g s
§ 0 g o #» § 0 g o { + % 0 8 o0
L
£ 45 £ 45 : { £ 45 § 45 v £ 45 g s .
g-go %-90 :;f f‘*:,-go z 90 SR z - - - g-go A
R * 135 '4;,*-*3.2...,.. _},p 535 [ et * 135 Tmﬁﬁ* =135 St panaert 435 _
) Ly .. 3
-180 -180 - -180 180 - -180 -180 i
3 -2 4 1} 1 2 3 2 41 o 1 2 3 2 41 o 1 2 3 2 41 1] 1 2 3 2 41 o 1 2 3 -2 1 [} 1 2
Log Pericd {s) Lag Period (s) Lag Period (s) Log Period (s) Log Period (s) Log Period (s}
MTB13 MTB14 MTB15
B Y il g ? g ? i g ? g ? i g ?
a 0 i e TR
=) 1 <) 1 ‘s,_:,.‘«"’ 2 1 < 1 < 1 - 2 1
F} g e 4 g 4 ]
£ g £ g - ﬂ;‘}w‘?{ £ g £ g L £ 9
o a = (-8 a o [-%
o a =} a o =%
‘é, -1 ‘; El ‘é, 1 ‘é‘ -1 ‘é, - ‘;, -
- ) - ) ) '}
x 2 = 2 x 2 > 2 x -2 > 2
3 -2 a1 0 12 3 -2 4 0 1 2 3 -2 4 0 1 2 3 2 1 0 1 2 3 2 1 0 1 2 3 -2 4 0 1 2
Log Period (s) Lag Period (s) Lag Period (s) Log Period (s) Log Period (s) Log Periad {s)
180 180 180 180 180 180
. 135 135 _ 135 __ 135 _ 135 _ 135
g g g g g g
8 a0 8 90 8 @0 £ 90 £ o0 g @0
g -t g g L 7 T -t g
B 45| emspes g 5], ass s 4 Siasane samsenn s £ 45 8 45 Sren gasense 8 45 PPy
g 0 § 0 E 0 g 0 g 0 § 0
o 45 T 45 T 45 I 45 T 45 I 45 i
> > { > > > > *
Z 90 z %0 z 90 z o0 z @0 Z 90 !
#
TG | g s S T %mam{’ ; T35 |ty S *a3s =135 B =135 M'V
A A R - - - - -180
O STe o 0 1 2 e I 0T 0 1 2 a0 1 2 T a1 2 a3 2 4 0 1 2
Log Pericd (s) Log Pericd (s) Log Pericd (s) Log Period (s) Log Period (s) Log Period (5}

Fig. S5. Observed data and model responses at sites MTB9, MTB10, MTB11, MTB13, MTB14 and MTBI5.
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Fig. S6. Observed data and model responses at sites MTB16, MTB17, MTB18, MTB19, MTBC67 and MTBC89.
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Fig. S7. Observed data and model responses at sites MTBC1011, MTBC12, MTC1, MTC2, MTC3 and MTCS5.
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Fig. 88. Observed data and model responses at sites MTC6, MTC7, MTC8, MTC9, MTC10 and MTC11.




MTC12 MTC13 MTC14
21 eI e - 2 . - 2 R & - 2 - 2 . . - 2 . . .
iie E D'-'%ﬂ:s E £ Sy, E
& § 3 a <] <] ¥ =]
— i - 1 T - — 1 — 1 — 1 - 1
@ i e @ @
€ g 5’& / € § 0 L § ] q ﬂ
g 2 i g 2 ¢ 2 /
< 4 - Fagh ;’ - - | R
g g g g g g
x 2 = 2 = 2 = 2 x -2 2
g g z 3 R
% % s £ s 2 4 S . % 4
3 2 4 0 1 2 3 -2 1 0 1 2 3 2 4 0 1 2 3 2 1 0 1 2 3 -2 1 0 1 2 3 -2 4 0 1
Log Period (s) Log Period (s) Log Period (s) Log Period (s) Log Period () Log Periad (s}
180 180 T 180 180 180 180
. 135 . 135 . 135 _ 135 . 135 _ 135
g g g g g g ¢
3 90 . 8 90 { g 90 B 90 80 g 90
§ ET ] S e g 45 g A5 pmesnngaity g 45 g 45 Soenssmnanes 20884 g 45 ¥ L.
g0 I i o0 3 o0 g oo I {/
pu £ =
L 45 £ a5 [ L a5 T .45 T 45
Ed b x b b .) .f
z 90 : : z w0 z 90 $ o0 [ £ 90 g-so J [ ¥
* 435 "'*-mf*h; = 135 T35 | Bt " 35 I H 135 PN 435 o l(
-180 -180 -180 -180 - -180 -180 -
-3 -2 -1 i} 1 2 -4 2 A4 1 2 -3 -2 -1 1 2 -3 -2 -1 1] 1 2 -3 -2 -1 ) 1 2 -3 -2 -
Log Period {s) Lag Perlod (s) Lag Psnod {s) Leg Period (s) Log Period (s) Log Period {s}
MTC15 MTC16 MTC17
£’ e g ? g’ ' g ? g’ : £’
& e § E . g g : o E
= 1 . s = 1 = 1 - = 1 b ] = 1
T g g i g g : g
L | g £ q g T 0 €
=% e a a o =%
o a =} a o [=%
< 4 < 4 < 4 < 4 < < ;4
g g g g g g
g 2 g 2 g 2 z 2 ¥ 2 § 2
; ] *x 3 ; -3 § -3 ; ] = .3
3 -2 1 0 1 2 2 3 -2 -1 0 1 2 3 2 1 0 1 2 4 -2 0 1 2
Log Period (s) Lag Period (s) Log Period (s) Log Period (z)
180 180 180 180 180 180 "
i
_. 135 __ 135 & 138 _ 135 ] _ 135 . 135 Fﬁ
@ I r @ ) 5
8 o0 g w0 g 90 £ o0 £ 90 g o0 ,{ l
H o =3
§ 45| Hemssmg ety g‘ 45 g 4 SRR é‘ 45 B 45l tepesnruseen n"’".. §' 45 ‘ |f’ "
z . = 2 o = =2 ) .
0 0 0 0 g 0 0 =
§45 §45 é_qs g-ﬁ L 45 §45 H’!
= = é r § = - | A
z 40 Z %0 z 90 z 90 .-] 3‘(-90 2-90 |
R * 135 35 | mmasmsmeasen sty S T35 35 | Hrmmnsnn et 35 | l } /
" " +
A - - -1 -1 180
& 3 02 4 0 1 2 0 E [} 2 8 3 2 4 0 1 2 80 & a2 0 12 3 2 a4 0 1
Log Period (s) Log Pericd (s) Log Pericd {s) Lug Perlod [s: Log Period (s) Log Period (s)

Fig. §9. Observed data and model responses at sites MTC12, MTC13, MTC14, MTC15, MTC16 and MTC17.
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Fig. $10. Observed data and model responses at sites MTC18, MTC31, MTCD7, MTCD9, MTCD10 and MTCD12.
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Fig. S11. Observed data and model responses at sites MTD1, MTD2, MTD3, MTD4, MTD5 and MTD6.
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Fig. S12. Observed data and model responses at sites MTD7, MTD8, MTD9, MTD10, MTD11 (includes LMT data in the period range of 10 to 340 s) and MTD12.
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Fig. S13. Observed data and model responses at sites MTD13, MTD14, MTD15, MTD16, MTD17 and MTD21.
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Fig. S14. Observed data and model responses at sites MTD22, MTD23, MTD24, MTE1, MTE2 and MTE3.
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Fig. S15. Observed data and model responses at sites MTE4, MTE5, MTE6, MTE7, MTES and MTE9.
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Fig. S16. Observed data and model responses at sites MTE10, MTE11, MTE12, MTE13, MTE14 and MTE15.
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Fig. S§17. Observed data and model responses at sites MTE16, MTE17, MTE18, MTE19, MTE20 and MTE21.
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Fig. S18. Pscudosections of MTA profile: Apparent resistivity and phase for observed data and model
responses. The position of the BBMT sites is marked as black triangles.
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Fig. S19. Pscudosections of MTC profile: Apparent resistivity and phase for observed data and model

responses. The position of the BBMT sites is marked as black triangles.
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Fig. S20. Pseudosections of MTE profile: Apparent resistivity and phase for observed data and model
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Magnetotelluric (MT) data provided a two-dimensional (2-D) resistivity model of the subsurface of the
Technology Demonstration Plant (TDP) located in Hontomin (Burgos, Spain) for geological storage of CO,
in a deep saline aquifer. A first north-south profile of 22 broadband MT soundings was acquired to study
the viability of the method to characterize the TDP subsurface. Stations were deployed at approximately
200-m intervals and the data were recorded in the period range of 0.001-100s. The dimensionality
analysis proved the validity of the 2-D assumption, and therefore a joint 2-D inversion of the TE and TM
modes was undertaken constraining the modelling process according to a vintage resistivity log acquired
for oil exploration. The 2-D model provides the first geoelectrical image of the structure and links the
different lithologies to electrical properties. Results locate the main reservoir and seal units in the period
range of 0.1-1 s. Thereby it is proved the validity of the method to supply a high resolution baseline model

able to fully image the geoelectrical structure of the Hontomin site in the pre-injection state.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Currently, carbon capture and storage (CCS) is considered a
potential mitigation technique for climate change. It aims to trap
and transport the carbon dioxide (CO,) emitted from large point
sources to suitable storage sites. There, the CO, is stored into the
porous of a permeable formation (reservoir) which is capped by
another impermeable formation (seal) that prevents it from migra-
tion to the surface (IPCC, 2005). The gas is injected at depths below
800 m, where CO, reaches supercritical conditions (T. =31.1°Cand
P.=7.38 MPa). At these conditions, CO, behaves still like a gas fill-
ing all the available volume, but with a liquid-like density. With the
same volume, at supercritical state it is able to store more quantity
of CO, because the density is higher. Thereby increasing the density,
the storage of CO, in the pore space is more efficient and becomes
safer since buoyancy forces decrease (Bachu, 2003).

In Spain, saline aquifers offer the most suitable scenario for
CO, geological storage (Pérez-Estatn et al., 2009). For this reason,
the Fundacién Ciudad de la Energia — CIUDEN has established a
Technology Demonstration Plant (TDP) for CO, storage in a deep
saline aquifer. The project is partly funded by the Spanish Gov-
ernment and co-financed by the European Union through the

* Corresponding author at: Facultat de Geologia, Dept. Geodinamica i Geofisica,
C/Marti i Franqués s/n, 08028 Barcelona, Spain. Tel.: +34 934034028;
fax: +34 934021340.
E-mail address: xeniaogaya@ub.edu (X. Ogaya).

1750-5836/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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European Energy Programme for Recovery. The Research Labo-
ratory is located in Hontomin (Spain) and this work presents a
component of the on-going project.

To date, geological storage of CO, is being carried out offshore
and onshore and both at pilot - an industrial-scale (Global CCS
Institute, 2011). Monitoring the whole process is essential in order
to image the migration of the CO, plume within the reservoir
during and after the injection and detect any possible leak. It is
a valuable tool to support the required safety conditions provid-
ing information about the evolution of the injected gas. As the
migration takes place at various scales, there is no single technique
able to fully characterize the CO, plume together with reservoir
and seal behaviours. For this reason, a huge number of methods
are being implemented in a complementary manner in order to
resolve ambiguities and overcome the existing gaps (Giese et al.,
2009; Sato et al., 2011; JafarGandomi and Curtis, 2011). The hydro-
carbon exploration activity has provided experience on this field
(Hoversten et al., 2003; Harris and MacGregor, 2006; Harris et al.,
2009).

Geophysical techniques are presented as the most useful tool
to characterize and monitor the reservoir complex and the seal
and reservoir integrities. Among them, electrical and electromag-
netic methods are very suitable for monitoring purposes since they
offer a high degree of complementarity to study the different scales
of interest in reservoirs and are sensitive to electrical conductiv-
ity. In aqueous fluids (saline aquifers), the electrical conductivity
is strongly dependent on fluid salinity, temperature, porosity,
pore connectivity, saturation and, to some extent, on pressure
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(Bedrosian, 2007). In the specific case of CO, storage in a
saline aquifer, these relationships are even more relevant since
the presence of the gas inside the pore replaces a fraction of
saline fluid reducing the effective volume available for ionic
transport (Bourgeois and Girard, 2010; Nakatsuka et al., 2010).
As a consequence, the bulk electrical resistivity of the rock is
expected to increase strongly enabling to properly detect the CO,
saturation in the porous of the formation by electrical and elec-
tromagnetic (EM) methods (Nakatsuka et al., 2010; MacGregor,
2012).

At present, many studies about the viability of monitor-
ing by EM methods are being carried out using: electrical
resistivity tomography (ERT) or its extension, cross-hole ERT;
control-source electromagnetic (CSEM) and control-source mag-
netotellurics (CSMT). The applicability of cross-hole ERT has been
evaluated through synthetic studies (e.g. Ramirez et al., 2003;
Christensen et al., 2006; Carrigan et al., 2009; Hagrey, 2011) and it
has provided interesting results at Ketzin pilot site (Kiessling et al.,
2010) since the electrodes distribution along wells allows to reach
deeper penetration. Moreover, CSEM is getting growing attention
in the monitoring process because the incorporation of the source
to the method makes possible to control and minimize the man-
made EM noise. During last decades, the method has been used
in marine context to monitor hydrocarbon extraction and injection
and working in this line, some viability studies have been presented
(Lien and Mannseth, 2008; Black and Zhdanov, 2009; Orange et al.,
2009). Recently, the method has been introduced to terrestrial con-
texts. Some synthetic studies analysing the propagation of EM fields
and evaluating different configurations of sources and receivers
are Bourgeois and Girard (2010) and Wirianto et al. (2010). Some
of the experiments undertaken in Ketzin are reported in Becken
et al. (2010) and Girard et al. (2011). Regarding to CSMT, some
synthetic works exploring and evaluating the possibilities of the
method in monitoring processes have also been presented (Streich
etal., 2010). The MT method is typically used to characterize struc-
tures at regional and crustal scale (e.g. Bedrosian, 2007). However,
its main drawback s its dependence to a natural-source. Thus CSMT
technique is presented as a solution allowing a major control of the
EM noise.

Effectiveness of any monitoring technique must be assessed on
site-by-site basis. All works agree on highlighting the importance of
a previous characterization of the area to assure the success of the
monitoring process. To perceive and quantify any change owing to
the CO, injection will be essential to know in detail the structure
in the pre-injection state. Hence a reliable and realistic baseline
geoelectrical model is imperative to design a proper monitoring
set up.

This work will focus on the first stage of the geoelectrical
characterization of the Spanish TDP for CO, geological storage in
Hontomin. The characterization work will be carried out by means
of the magnetotelluric method since it is the only EM method that
can provide an image of the electrical resistivity distribution at the
required depths. Nevertheless, as the study area is surrounded by
wind turbines and DC power-supply lines together with other EM-
noise sources, further considerations have to be taken. Thus, prior to
carry out a full three-dimensional (3-D) survey, a two-dimensional
(2-D) MT survey has been undertaken and presented in this work.
The aim is to study the viability of the method in the area as well
as to obtain a first geoelectrical image of the subsurface of the
Hontomin TDP.

2. Geological setting

The study area is located in Hontomin, in the southern sector
of the Basque-Cantabrian Basin (Western Pyrenees, north Spain),

between the Sierra de Cantabria Frontal Thrust and the Ubierna
Fault (Fig. 1). Basque-Cantabrian Basin is an Upper Jurassic-Lower
Cretaceous extensional basin related with the opening of North
Atlantic and Gulf of Biscay (Le Pichon and Sibuet, 1971; Montadert
et al,, 1979; Ziegler, 1988; Vera, 2004). This basin was filled with
a thick sequence of Mesozoic sediments, which overlays a package
of Upper-Triassic evaporites. From late Cretaceous, the opening of
south Atlantic produces the convergence and collision of Iberian
and Eurasian tectonic plates, which generates the Pyrenean oro-
gen (Boillot and Capdevila, 1977; Boillot and Malod, 1988; Roest
and Srivastava, 1991; Mufioz, 1992). During this period, previous
Mesozoic basins were inverted and incorporated to the Pyrenean
orogen.

Exploration activities have provided geological and geophysi-
cal information of the study area since early 60s. Vintage seismics
and well logs neighbouring the Hontomin structure show that
is a dome anticline structure cored by Upper Triassic evaporates
(Keuper facies), which folds the overlying Mesozoic and Cenozoic
sequence. Concretely, it is constituted by Jurassic carbonates (dolo-
stones, limestones and marls), Lower Cretaceous sandstones, shales
and conglomerates, Upper Cretaceous limestones and marls, and
finally, Cenozoic detritic materials (conglomerates, sandstones and
shales).

The stratigraphic sequence shows several reservoir and seal
units at different ages. On one hand, exploration activity in
Hontomin reveals the existence of a hydrocarbon reservoir in Juras-
sic limestones sealed by Jurassic marls. On the other hand, in
Ayoluengo oil field, there is hydrocarbon extraction from Lower
Cretaceous sandstones composing the Purbeck paleochannels. The
seal is constituted by clays from Purbeck and Weald formations.
Moreover, there exist more reservoir levels such as Utrillas for-
mation and other Upper Cretaceous limestone levels; however, in
Hontomin, they are located at shallow depths.

Thereby, in Hontomin, the injection is planned to be in the
basal part of the carbonate reservoir system, which is located about
1500 m depth. Consequently, the saline aquifer constituted by more
than 100-m-thick sequence of Lower Jurassic limestones (Sopefia
Formation and the upper part of the Puerto de la Palombera For-
mation, underneath it) will act as a primary reservoir. In this way,
four black-shale levels interbedded in the Lower Jurassic marls
(Camino Formation) will offer a primary seal. Upwards, Purbeck
and Weald facies (Upper Jurassic-Lower Cretaceous) constituted
by intercalations of conglomerates, sandstones and shales will rep-
resent a feasibly secondary reservoir-seal system. They may act as
suitable stratigraphic trap ensuring the stop of the CO, upwards
migration.

For this survey, it is worth to point out well Hontomin-2 (H2)
drilled in 1968 for the mentioned oil exploration purposes. The well
crosses the centre of the dome and is placed around 100 m away
from the acquired MT profile (Fig. 1). Its resistivity log data provided
a one-dimensional (1-D) model that supplied a starting resistivity
model and helped to constrain the MT data inversion process. More-
over, it made possible to link the stratigraphy of the study area to
the electrical properties of the different lithologies and formations

(Fig. 2).

3. Main reservoir: the saline aquifer

The primary reservoir rock is mainly constituted of calcite
(around 97%) and dolomite (around 1%) and the porosity estima-
tion obtained from the vintage well logs of the area ranges from
0% to 18% (Marquez and Jurado, 2011). The salinity is over 20 g/l.
CIEMAT - Centro de Investigaciones Energéticas, Medioambientales y
Tecnolégicas - carried out a survey to describe the subsurface waters
in the Hontomin area (Buil et al., 2012). In order to characterize the
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saline aquifer, several samples were acquired in H2 well at 1355 m
depth. The results of this study reveal that the pH of the brine has
a median value of 7.3 and the average electrical conductivity is
47 mS/cm which means a resistivity of 0.22 2 m. Approximately,
the chemical composition of the acquired samples is: 17,390 mg/1
of chlorides (Cl~); 244 mg/1 of bicarbonates (HCO3;~); 1782 mg/1 of
sulphates (SO4~); 8832 mg/l of Na; 431 mg/l of K; 773 mg/1 of Mg
and 1676 mg/1 of Ca.

Since the saline aquifer of Hontomin is characterized by low
resistivity brine (0.22 2 m) and low clay content, the Archie’s law
(Archie, 1942) is useful to first estimate the resistivity change
due to the CO; injection. It describes the resistivity behaviour of

sedimentary porous rocks as a function of the most significant vari-
ables (Eq. (1)):

Pw
p:a~m, (1)

water resistivity (ow ), water saturation (Sy ) and rock porosity (¢).
m is the cementation factor; n, the saturation exponent and a, a
proportionality constant. This law describes reasonably well the
conductivity when this is dominated by the electrolytic conduction
due to brine ions; as a consequence, it is not valid in the presence
of clays.
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Assuming just two fluid phases (the initial brine and the injected
CO,)within the reservoir formation and that the CO, does not inter-
act with therock (no dissolution, no precipitation; porosity remains
constant), the pre-injection and post-injection resistivities of the
bulk rock can be related in a simpler manner (Eq. (2)):

P -n
o (1—-5w) (2)
For the particular case of the Hontomin site, it is assumed an
n value equal to 2 (clean sand). In this way, a homogenous sat-
uration of 50% results in an expected post-injection resistivity
equal to 4 times the pre-injection reservoir resistivity. As it is a
non-commercial project the injection is limited to 100,000 tonnes.
In fact, no more than 20,000 tonnes are planned to be injected
in the Hontomin site which will correspond to a volume of
135m x 135m x 25 m given the pressure and temperature condi-
tions at the reservoir depth.

4. MT method

The MT method is a natural-source electromagnetic technique
able to infer the electrical conductivity distribution of the subsur-
face. It is based on the simultaneous measurement of the natural
EM field variations at the Earth’s surface. The origins of the method
for geophysical exploration are attributed to Tikhonov (1950) and
Cagniard (1953) who established the theoretical bases. Some fun-
damentals aspects of the method are going to be introduced in this
work; for an extended explanation, see review papers on MTNet —
www.mtnet.info.

In magnetotellurics, the incident EM field is treated as plane
waves propagating downwards. In the conducting Earth, EM waves
propagate diffusively and their penetration depends on both its
oscillation frequency (w) and the conductivity (o) of the penetrated
medium. The skin-depth (§; Eq. (3)) is a reasonable measure of the
inductive scale length which is the depth at which EM fields are
attenuated to e of their amplitudes at the Earth’s surface:

0=\ 3)

M is the magnetic permeability typically assumed equal to its
free space value . Thus high-frequency waves penetrate shallow
depth while low-frequency waves are able to reach the mantle.

The field variations measured at the Earth’s surface are then
transformed to the frequency domain. The impedance tensor Z(w)
is a complex second-rank tensor function of frequency. It contains
the amplitude and phase relations between the measured horizon-
tal components of the electric (E) and magnetic (H = B/ ) fields
(Eq. (4)),

Ex Zx(w)  Zyy(w) Hy 4)
E | | Zxo) Zyw) | |Hy

From each element of the impedance tensor can be derived the
MT response functions, apparent resistivity (04;) and phase (¢;),
defined as it is shown in Eqgs. (5) and (6), respectively:

pai®) = 1 |Z(@)] (5)
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The form of the impedance tensor is related to the dimension-
ality of geoelectrical structures. In a 2-D earth, conductivity varies
along one lateral direction and in depth. Thereby, it is defined a
strike direction along which electrical conductivity remains con-
stant. In this particularly case, electric and magnetic fields are
mutually orthogonal and the equivalent impedance tensor can
be decoupled into two independent modes. One of these modes
is referred to as the transverse electric TE mode and describes
the response of the electric currents flowing along the structure.
The other mode is known as the transverse magnetic TM mode
and describes the responses for the currents flowing across the
structure. In this way, TM and TE modes satisfy the principle of
complementary information and reliable and comprehensive infor-
mation on the earth’s conductivity can be obtained by means of
joint TM and TE mode interpretations.

Regarding to the processing of the data, the remote reference
(RR) technique helps in the improvement of the acquired data qual-
ity in areas with a non-contemptible level of EM noise. The RR
method was introduced by Gamble et al. (1979) and consists on
the simultaneous recording of local and remote magnetic fields. It
aims to eliminate uncorrelated noise in the recorded fields assum-
ing that the uncontaminated (natural) part of the induced field
is expected to be coherent over large distances whereas noise is
generally random and incoherent.

5. Previous geoelectrical information

Due to a former hydrocarbon exploration activity in the study
area, there existed some a priori information that helped to con-
struct an initial idea of the geoelectrical structure of Hontomin
(Fig. 2). H2 well was chosen over the other wells because of its
emplacement in reference to the MT profile. Consequently, its Deep
Induction Standard Processed Resistivity (resistivity log data) was
used to derive a 1-D model.

Taking into account the MT response at the surface, H2 resisti-
vity log data was simplified to an 11-layer earth model. Fig. 3 shows
that apparent resistivity and phase present the same behaviour in
both cases. The end of the well is reached at approximately 0.9 s
which corresponds to a depth of 1500 m according to the skin depth
equation - Eq. (3) - and assuming a homogenous earth of 10 2 m
(resistivity of the most conductive layer of the well). In agreement
with the available information (Fig. 2), the main reservoir-seal sys-
tem is imaged in the range of 0.5-0.8 s by a relative minimum in the

apparent resistivity curve. It can be detected earlier in the phases
as is displayed by a maximum in the range of 0.1-0.6s. Thus this
study provided a 1-D model that helped to estimate the skin-depth
of the study area and consequently, defined the range of periods
that should be recorded in the field work.

6. Magnetotelluric data and 2-D inversion

In spring 2010, the first stage of the geoelectrical charac-
terization of Hontomin was carried out. In total, 22 broadband
magnetotelluric (BBMT) soundings (named MT1, MT2, ...) were
acquired along a north-south profile taking into account the rather
constant E-W trend of geological structures and crossing the main
faults and folds. The total length of the profile was around 4 km
and the stations were deployed at approximately 200-m intervals
(Fig. 4). The data was recorded in the period range of 0.001-100s:
assuming a homogenous earth of 50 Q2m as it is derived from
H2 resistivity log data (Fig. 3), and according to the skin depth
equation (Eq. (3)), this period range allows characterizing depths
between 112m and 11km. In the most conservative case of a
homogenous earth of 10 2 m (average H2 resistivity log data at
the reservoir depth), the penetration depth ranges from 5m to
5 km. Consequently, this period range fully characterizes the tar-
get region. The instrumentation consisted of Metronix ADUO6,
Metronix ADUO7 and Phoenix V8. The x-axis was oriented in the
magnetic north-south (N-S) direction pointing the north, and y-
axis in the east-west (E-W) direction pointing the east. The EM
noise was dealt with both, long time series (to minimize its effects
by statistics) and RR acquisition methods and robust processing
algorithm (to remove the incoherent part of the signal). Thereby
the data was recorded during 48 h and a RR station was placed
around 20 km away from the middle of the profile.

Different robust processing codes (Gamble et al., 1979; Egbert
and Booker, 1986) using remote reference methods were tested
and used at all stations of the profile to derive optimal MT
responses (such as apparent resistivity and phase). Due to the
important presence of wind turbines, DC power-supply lines and
other electrical-noise sources in the area, the RR technique was
essential to improve the quality of the MT data between 0.5 and
10s. Fig. 5 summarizes the processing of the data; subfigures a and
b show the improvement provided by the RR technique. Fig. 3 com-
pares the MT data acquired at site MT10 (located close to H2 well) to
the H2 well log data for periods shorter than 0.9 s. It is observed that
the apparent resistivity and phase present the same behaviour as
the resistivity log. At periods exceeding 10, the analysis of the MT
responses highlights the presence of noise with phases decreasing
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multi-frequency GB regional strike is N86°E. The location of the four wells drilled in the past is also indicated.

to 0° and apparent resistivities showing slopes of 45° (Fig. 5). Con-
sequently, all the following studies were undertaken in the period
range of 0.001-10s.

Prior to any geophysical interpretation of the MT responses,
the MT dimensionality of the acquired data was computed using
the distortion decomposition method of Groom and Bailey (1989;
GB), which is implemented in the STRIKE code of McNeice and
Jones (2001). This method facilitates the estimation of the regional
impedance tensor by detecting and removing most of the effects
caused by local near-surface heterogeneities. The strike direction
ambiguity of 90° was fixed considering the orientation of the main
geological units of the zone. Fig. 4 displays the best geoelectrical
strike direction determined from the data at each site for the period
range of 0.001-10s with an error floor of 5% on the impedance ten-
sor components. The arrows indicate the strike direction of each site
and their length is associated with the compatibility of the data with
the 2-D assumption. It can be seen that all sites of the profile display
misfits to the GB distortion model with an RMS (root mean square)
less than 2.0. Thus responses along the profile are consistent with
the 2-D assumption and therefore, suitable for the 2-D modelling.
The best-fit average multi-site, multi-frequency GB regional strike
is N86°E, which represents a dominant East-West strike direc-
tion consistent with the pre-existing geological and geophysical

information of the area. Consequently, the data was rotated —4°N
as it is observed in Fig. 5c.

Small-scale geological inhomogeneities near the surface may
produce galvanic distortion (Chave and Jones, 2012) resulting, for
a 2-D case with axis oriented along and across the strike direction,
in a vertical displacement of the apparent resistivity data. In our
survey, this was overcome using the resistivity log data provided
by well H2. The resistivity log data fixed the resistivity values at
shallow depth defining the reference level for the apparent resis-
tivity curves. As the first meters of the earth are mainly 1-D, both
polarizations flow together at short periods. In all the BBMT sound-
ings the correction was smaller than a cycle. Fig. 5¢c shows the static
shift correction at site MT16.

Finally, it was studied the physical consistency of the data
through the D* model solutions (Parker, 1980; Parker and Whaler,
1981). The method consists of analysing the physical validity of
the MT responses finding the 1-D earth which best fits both appar-
ent resistivity and phase curves. This technique has demonstrated
to be valid for most 2-D cases and for some 3-D cases (Beamish
and Travassos, 1992). Using an estimated error data of 10% in
the apparent resistivity and in the phase, the D* solution allowed
the detection and removal of the outliers and noisy points whose
apparent resistivity and phase values did not show a coherent
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behaviour. In this way, the D* solution provided the smoothing of
the data shown in Fig. 5c. In total, around 25% of the MT data was
discarded (this percentage includes 10 to 100-s MT data — noisy
region).

According to the results of the dimensionality analysis, which
prove that the 2-D model is valid and appropriate, a joint 2-D inver-
sion of the smoothed TE and TM apparent resistivity and phase data
along the profile was undertaken rotating the z. The TE mode was
identified with yx polarization and TM mode, with xy polarization.
The 2-D inversion code used is that of Rodi and Mackie (2001). The
algorithm searches for the model that trades off the lowest overall
RMS misfit with the smallest lateral and vertical conductivity gra-
dientsin aregularized manner. The starting model was the 11-layer
earth based on the simplification of the resistivity log provided by
well H2. According to this imposition, cells of the model associ-
ated to this well were fixed during the inversion and modelling
processes. The topography on the profile was also considered.

On average, the model fits the smoothed data with an RMS
misfit of 1.29. The error floor for the phases was 1.45°, and 5%
for the apparent resistivity. The final model together with the

11-layer simplification of H2 well resistivity log is shown in Fig. 6.
Comparisons between data and model responses for the apparent
resistivities and phases of both modes are shown in Fig. 7 (TE mode)
and in Fig. 8 (TM mode). As is illustrated, the residuals between the
observed data and the model responses are random and small, and
no strong feature in the data is unexplained. Thus the fit between
the data and model responses is highly satisfactory.

7. Interpretation and discussion

The magnetotelluric data inverted in the period range of
0.001-10s produce a reliable resistivity image from near-surface
to over 1800-m depth imaging the main reservoir (saline aquifer)
and the main seal, as well as the secondary reservoir-seal system.
All depths are given in terms of sea level since the topography has
been taken into account (see Fig. 6). The resistivity distribution is
composed by four main layers (from bottom to top): (1) a resistive
layer (region R1) present below —600 m (bottom of the model); (2)a
very conductive layer (area C1) imaged below —200 m with a thick-
ness up to 400 m; (3) a resistive middle layer, between +700 m and
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—200 m corresponding to region R2; (4) a conductive top layer (C2)
with more resistive and conductive scattered small bodies evident
from surface to +700-m horizon. H2 well makes possible to link
these electrical properties to the different lithologies.

The resistive layer at the bottom of the model (R1) is required by
the increase of the apparent resistivity data at around 1 s and coin-
cides with the resistive Upper Triassic unit (Keuper facies) (Fig. 2).
This is an impermeable and resistive unit which may constitute an
interesting bottom seal (below the main reservoir).

The deep saline aquifer (primary reservoir) and the main seal are
located within the conductive unit C1. The resistivity value of these
structures is very similar and cannot be separately resolved only
from surface MT measurements. Data from the H2 well log allows
to better associate the small changes of electrical resistivity values
within C1 to the different lithological units. This layer is divided
into two regions (labelled C1a and C1b to facilitate the comprehen-
sion of the following discussion) by a more resistive area beneath
sites MT14 and MT15. At —450m, inside region Cla, it is imaged
a more conductive area (9-11 2 m) associated to Lower Jurassic
(Lias) rocks that corresponds to the main reservoir. Above the main
reservoir, the primary seal is imaged as a layer with resistivity val-
ues of 18-23 2 m, due to the presence of thin layers of black shales
belonging to the Camino Fm. The top of C1 is composed by the lower
part of the Dogger marly limestones. This C1 layer corresponds to
the period range of 0.1-1s.

Region R2 is the thickest of the model and contains the sec-
ondary reservoir-seal system (Early Cretaceous). This system is
formed by sandstones, conglomerates and shales from Purbeck
facies. The limit between region R2 and C2 is situated on the upper

part of the Lower Cretaceous materials and marks the top of the
Utrillas Fm (Fig. 2). In the southern part of the model, within sites
MT16 and MT21, region R2 is disrupted by a near vertical low resis-
tivity structure indicated by an ‘F’ in Fig. 6. F constitutes a fault
associated with the Ubierna Fault (Fig. 1) as it is also imaged by
subsequent 3-D seismic studies (Alcalde et al., 2012). The resisti-
vity distribution suggests an important conductive fluid circulation
along the fracture region since the signal is too powerful to be
generated by a thin accumulation of clays along the fault. Fur-
ther studies have been undertaken to evaluate if the presence of
this fault could suggest a possible leakage pathway. Mazadiego
et al. (2012) after determining the baseline of CO, flux in the
soil-atmosphere interface concluded affirming that the flow gas in
the faultregionis as low as in other regions without fractures. How-
ever, Buil et al. (2012) acquired some surface water samples in the
eastern part of the fault with a higher content of sulphates and chlo-
rides and higher electrical conductivity suggesting its mixing with
deeper waters. In any case, due to the non-commercial character
of the project, no more than 20 kilotons are planned to be injected.
This represents an approximate volume of 130m x 130 m x 25m
at the reservoir depth assuming a homogenous saturation of
50%. As the injection is planned in Cla region, the probability
of the injected gas reaching the C1b region and consequently
the fault is low. Moreover, underneath MT14 and MT15 sites the
connection between Cla and Clb seems to be sealed (resistive
area).

Finally C2 region are Cenomanian and Coniacian limestones and
marls (Upper Cretaceous) which dominates the surface of the study
area.
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An overall view of the model shows a very smooth dome-shape
structure with the axis of the anticline located close to H2 well
(MT11 sounding). As it is also observed in the preliminary 3-D seis-
mic images of the Hontomin site (Alcalde et al., 2012), the anticlinal
structure is softer than it was expected from vintage seismics and
exploration wells.

The primary reservoir is imaged as the most conductive region
inside Cla. The saline aquifer is linked to the lowest resistivity val-
ues of the model as reported by the resistivity log data provided by
well H2; thanks to the well constraint, the position of the units and
their resistivity values are well determined. In order to check the
upper and lower resistivity limits of the saline aquifer compatible
with the measured surface data, non linear sensitivity tests (Ledo
and Jones, 2005) were computed. Thus it was assumed a homo-
geneous structure (indicated in Fig. 8) with constant resistivity at
the reservoir depth. The electrical resistivity of this structure was
increased and decreased from the original value till the difference
between the responses of the final model and the modified one
reached a value of 5% for the apparent resistivities and/or 1.45°
in the phases. Thereby it was concluded that the primary reser-
voir electrical resistivity ranges between 8 and 25 2 m (see Fig. 9).
This result made possible to estimate the reservoir porosity using
the Archie’s law (Eq. (1)): assuming 100% water saturation (Syy=1),
m=2 and a=1, the porosity of the main reservoir is comprised
between 9% and 17%. This porosity range agrees with the first esti-
mation obtained by Marquez and Jurado (2011) from the vintage
well logs of the area (from 0% to 18%).

Feasibility of monitoring the CO, plume by means of the MT
method was also performed using non-linear sensitivity tests.
Archie’s law predicts that in the unfavourable case of just 50%
of saturation, the post-injection resistivity will increase 4 times
(Eq. (2)). If it is assumed 10 2 m as the resistivity of the reservoir,

the post-injection resistivity is 40 2 m. Consequently, in agree-
ment with the results obtained in this 2-D study, large amount
of CO, can be monitored using the MT method. However, in the
particular case of the Hontomin TDP, the plume will be too small
(130m x 130m x 25 m at the reservoir temperature and pressure
conditions) to be detected. To determine properly the minimum
detectable size of the plume further studies in 3-D will be needed.

8. Conclusions

The magnetotelluric (MT) method has shown to be an appro-
priate technique to characterize the study area and provide a high
resolution geoelectrical baseline model. The 2-D resistivity model
highlights the viability of the method in the Hontomin site in
spite of the EM noise, which has been successfully minimized and
removed from the acquired MT data. Facing the second stage of
the geoelectrical characterization, this work suggests some man-
ners to deal with this EM noise and underlines the importance of
using remote reference techniques as a way to eliminate uncor-
related signal from the acquired data. On the analysis of both the
acquired MT data and H2 resistivity log data is observed that the
primary system (primary reservoir and seal) is imaged in the range
of 0.1-1s whereas EM noise in the area appears in periods longer
than 10s.

The 2-D resistivity model presented in this work constitutes
the first geoelectrical image of the Hontomin site. Thus it con-
tributes to understand the geoelectrical structure of the area and
makes possible to correlate the different lithologies and forma-
tions to electrical resistivities. It confirms a clear contrast between
electrical properties of the primary reservoir-seal system, more
conductive as it contains the saline aquifer, and the more resis-
tive character of the secondary reservoir-seal system. The electrical
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resistivity of the primary reservoir ranges between 8 and 25 2 m
which means, according to Archie’s law, a porosity between 9%
and 17%. The model images an EW fault in the southern part asso-
ciated to the Ubierna Fault and probably linked to an important
fluid circulation. However, it is expected that this fault does not
constitute an important leakage pathway. On one hand, the injec-
tion well is projected close to H2 well (centre of the dome) which
means far from the fault region. One the other hand, no more than
20,000 CO, tonnes are planned to be injected which implies a small
plume of 130m x 130 m x 25 m given the pressure and tempera-
ture conditions at the reservoir depth and assuming a homogenous
saturation of 50%.

The constrained inversion carried out using well log data pro-
vided a high quality geoelectrical model. An interesting task to face
in the future will be to improve the resolution of the MT images also
taking into account the 3-D seismic acquired in the area. Thus the
surfaces of the main formations could be placed on the resistivity
model to enhance the inversion.
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The magnetotelluric (MT) method was used to characterise the underground research laboratory (URL)
for CO, storage in a deep saline aquifer at Hontomin (Spain). A total grid of 109 closely-spaced broadband
MT sites was acquired in the study area covering an areal extent of 3 x 5 km?. Different three-dimensional
(3D) inversion codes were employed to invert the MT data in the period range of 0.001-10s (frequency
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electrical resistivity model of the site that will be used for the future time-lapse electromagnetic (EM)
monitoring experiments of the URL. The 3D resistivity distribution shows the dome-like structure of
the saline aquifer and images fracture regions, thus identifying the most likely leakage pathways and

Keywords:

CO, storage

Geoelectrical baseline model
Geophysical imaging

3D modelling
Magnetotellurics

Electrical resistivity

consequently, the monitoring requirements of the Hontomin site.
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1. Introduction

Monitoring of CO, storage sites permits control of gas injection
and storage operations, detection of possible leakage, and sup-
port of the required safety conditions (IPCC, 2005; NETL, 2009).
Different geophysical techniques are presented as suitable for mon-
itoring purposes and a number of multidisciplinary monitoring
schemes have been designed to study and control the evolution of
the injected CO, plume (Hoversten and Gasperikova, 2005; IPCC,
2005; Giese et al., 2009; NETL, 2009; JafarGandomi and Curtis,
2011; Sato et al., 2011). Electric and electromagnetic (EM) methods
have been demonstrated to be valuable as they constrain the elec-
trical conductivity of the storage complex and offer a high degree of
complementarity between their different techniques to study the
different scales and depths of interest in a storage site (Kiessling
etal., 2010; Streich et al., 2010; Girard et al., 2011; Bergmann et al.,
2012; Vilamajo et al., 2013). The electrical conductivity of the Earth
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materials (also commonly defined in terms of its inverse, electri-
cal resistivity) is essentially a transport property of the medium,
compared to the propagation velocity of elastic waves which is
a property that is associated to the transmission of mechanical
energy. It has a far wider range of variation than seismic velocity or
rock density (Bedrosian, 2007) and is more sensitive to CO, satu-
ration compared to other techniques (Lumley, 2010; MacGregor,
2012). Electrical conductivity is a physical property sensitive to
the nature of the rock constituents (mineralogy composition of the
rock) but also to the characteristics of the pore space; it depends
on fluid salinity, temperature, porosity, pore connectivity, satura-
tion and pressure (Bedrosian, 2007). Archie’s law (Archie, 1942)
describes reasonably well the bulk electrical conductivity of the
rock as a function of these parameters. In the context of CO, mon-
itoring, the estimation of some of these parameters is critical to
locate the gas plume and understand CO, migration (Bourgeois and
Girard, 2010; Nakatsuka et al.,2010; Alemu et al.,2011; MacGregor,
2012; Borner et al., 2013).

For most techniques, the changes produced by the injection of
the CO, are identified and quantified carrying out a comparative
analysis with the reference pre-injection state (monitoring based
on repeated time-lapse studies). For that reason, a thorough char-
acterisation must be taken first to define a high-resolution baseline
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model of the storage site subsurface. In the underground research
laboratory (URL) for CO, storage in a deep saline aquifer of Hon-
tomin (Spain; described below), alarge number of multidisciplinary
experiments are being undertaken to characterise the subsurface in
order to be able to monitor the expected CO, plume evolution (e.g.,
Rubio et al., 2011; Buil et al.,, 2012; Benjumea et al., 2012; Ogaya
et al,, 2012; Alcalde et al., 2013a,b; Canal et al., 2013; Elio et al,,
2013; Nisi et al., 2013; Ogaya et al., 2013; Quinta, 2013; Ugalde
etal., 2013; Vilamajo et al., 2013). Since the applicability and sensi-
tivity of monitoring techniques depends on the site characteristics,
diverse EM techniques are being assessed for different purposes
according to their resolution and penetration depth.

The magnetotelluric (MT) method has demonstrated its validity
to characterise the subsurface of the Hontomin site providing the
first two-dimensional (2D) geoelectrical model of the URL (Ogaya
et al,, 2013). Controlled-source EM (CSEM) techniques have indi-
cated their feasibility to monitor the Hontomin site and detect small
volumes of CO, (Vilamajo et al., 2013). Moreover, the EM noise of
the study area has been analysed and characterised (Escalas et al.,
2013) in order to design strategies to deal with it.

This work addresses the extension of the MT characterisa-
tion presented in Ogaya et al. (2013). In general, the MT method
has been used in both regional (e.g., Rosell et al, 2011) and
local (e.g., Ogaya et al., 2013) characterisation work since it is
the only EM technique with a penetration depth ranging from
tens of metres to hundreds of kilometres. Moreover, its tensorial
character enables determination of the dominant directionality of
geological structures and subsurface processes, and their varia-
tion with depth. In the past years, thanks to the progress made
in 3D MT inversion algorithms (Avdeev, 2005; Siripunvaraporn,
2012), a number of MT studies have been undertaken in 3D in
order to overcome the limitations of 2D interpretation (Ledo et al.,
2002). Some of these investigations were focussed on near sur-
face structures demonstrating the suitability of the method in
a variety of contexts: mineral exploration (Tuncer et al., 2006;
Farquharson and Craven, 2009; Xiao et al., 2010); waste site charac-
terisation (Newman et al., 2003); volcano and geothermal studies
(Heise et al., 2008; Newman et al., 2008; Ingham et al., 2009;
Ghaedrahmati et al., 2013) and hydrocarbon exploration (He et al.,
2010; Zhdanov et al., 2011). In CO, geological storage contexts,
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this work constitutes the first 3D MT characterisation survey of an
URL.

In agreement with the results of the dimensionality analysis pre-
sented in Ogaya et al. (2012), 3D inversion and forward modelling
of the complete MT data set was undertaken, combining the inverse
code described by Mackie and Madden (1993) subsequently devel-
oped and implemented by Geosystem, and the ModEM inverse code
presented by Egbert and Kelbert (2012). The process was also cor-
roborated using the WSINV3DMT inverse code (Siripunvaraporn
et al., 2005). The final 3D model defines the geoelectrical baseline
model of the Hontomin URL subsurface that will establish the point
of comparison for subsequent EM monitoring surveys of the site.

2. The Hontomin site

The Hontomin URL is a Technological Development Plant (TDP)
for CO, storage in a deep saline aquifer; the project is led by the
Fundacién Ciudad de la Energia - CIUDEN. The Hontomin site is a
non-commercial project and the injection is limited to 100 kilo-
tons by regulation. However, no more than 20 kilotons are planned
to be injected which corresponds to an approximate volume of
135 x 135 x 25 m> at 1500 m TVD (true vertical depth). The volume
was estimated according to the variation of CO, density with depth,
for hydrostatic pressure and a geothermal gradient of 25°C/km
from 15° at the surface (Fig. 5.2 in IPCC, 2005)

The URL is located in the southern sector of the Basque-
Cantabrian Basin (Western Pyrenees, Spain; Fig. 1). The boundaries

of the Hontomin structure are the Ubierna Fault to the south (Tavani
et al., 2011), the Ebro basin to the east and the Duero basin to the
west (Fig. 1). The geological setting of the study area pertinent to
EM studies was described in detail in Ogaya et al. (2013) and will
be summarised below.

Former hydrocarbon exploration activity in the region provided
2D seismic profiles and well-log data (H1, H2, H3 and H4; Fig. 1c).
These geological and geophysical data, as well as recent studies
including 3D reflection seismics (Alcalde et al., 2013a,b), gravime-
try (Rubio et al., 2011) and magnetotellurics (Ogaya et al., 2013),
indicate that the Hontomin site is a smooth Jurassic domed anti-
cline structure cored by Upper Triassic evaporites (Keuper facies;
Quinta, 2013; Fig. 2). The overall lateral extent of the structure is
3 x 5kmZ.

Two wells are planned in the URL (Fig. 1c): the injection well
(Hi) and the monitoring well (Ha). They will be placed on the crest
of the Jurassic dome according to the geological interpretation
derived from the available well-log data and the seismic studies
(Alcalde et al., 2013a,b; Quinta, 2013). The injection is projected
to occur in the basal part of the Lower Jurassic carbonates at about
1500m TVD (Fig. 2). The primary reservoir is constituted by a
dolostone unit (upper part of Puerto de la Palombera Fm.) and
an oolitic limestone unit (Sopefia Fm., Fig. 2). The reservoir has a
thickness of more than 100 m and the porosity estimate, according
to vintage well logs, ranges from 0% to 18% (Marquez and Jurado,
2011). From the 2D resistivity model a porosity value of between
9% and 17% was derived using Archie’s Law (Ogaya et al., 2013).
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The primary seal comprises four black-shale levels interbedded
in Lower Jurassic marls (Camino Fm., Fig. 2). A suitable secondary
reservoir-seal system is represented by the intercalations of con-
glomerates, sandstones and shales from the Purbeck and Weald
facies (Upper Jurassic-Lower Cretaceous).

The electrical behaviour of the different units is shown in Fig. 2
(inferred from the H2 well data; Ogaya et al., 2013). The primary
reservoir is a saline aquifer and corresponds to the most conduc-
tive unit (10 2m in H2 well). The average electrical conductivity of
the saline water is 47 mS/cm (a resistivity of 0.22 Qm; Buil et al.,
2012). The primary seal also has a conductive behaviour, whereas
the secondary reservoir-seal system is resistive.

2.1. 1D models from the resistivity log-data

Fig. 1c shows the location of all drilled wells. H1, H2, H3 and H4
were drilled for oil exploration purposes (H1 and H2 in the late
nineteen-sixties; H3 in 1991 and H4 in 2007) and their depths
range up to 1769 m TVD. GW1, GW2 and GW3 are hydrogeo-
logical boreholes and were drilled recently (2012) to carry out
groundwater studies; their depths range between 150 m and 405 m
TVD (Benjumea et al.,, 2012). Following the procedures used in
Ogaya et al. (2013) for the H2 well, where the resistivity log data
were smoothed into the minimum number of layers required to
describe the subsurface, an equivalent one-dimensional (1D) resis-
tivity model was sought for each of the existing wells. These 1D
models produce the same MTresponses at the surface, as those ones
obtained from forward modelling using the logged resistivities.
Since the H4 well (drilled to a depth of 1610 m TVD) lacked resisti-
vity log data, its 1D resistivity model was inferred using the H2-well
data to correlate the different lithologies to electrical properties. It
constitutes a good approximation as the two wells are located in the

centre of the dome and, consequently, they are expected to show a
similar pattern. The distance between the two wells is 707 m.

2.2. 2D resistivity model

The previous 2D resistivity model from the MTD profile in Fig. 1c
(Ogaya et al., 2013) imaged a resistivity structure composed of four
main layers (Fig. 3; all depths are given in terms of metres above
sealevel, m.a.s.L.): (i) R1 resistive bottom layer (below —600 m.a.s.l.)
linked to Keuper facies; (ii) C1 conductive layer (below —200 m.a.s.l.
and thickness up to 400 m) containing the primary reservoir and
seal units; (iii) R2 resistive middle layer (between +700 m.a.s.l. and
—200m.a.s.l.) containing the secondary reservoir-seal system, and
(iv) C2 conductive top layer (above +700 m.a.s.l.) linked to Upper
Cretaceous materials. In the southern part of the model a fault
region (labelled as F) was imaged that is related to the Ubierna Fault.
The F structure revealed an important conductive fluid circulation
along the fracture region.

3. Magnetotelluric method

A description of the MT method was given in Ogaya et al. (2013)
and here is only briefly summarised. The MT method infers the elec-
trical conductivity structure of the subsurface using the naturally
occurring time variation of the EM field. EM waves propagate diffu-
sively through the conducting Earth and their penetration depends
on its period (T) and the electrical resistivity of the penetrated
medium (p). The skin-depth (6 = 5034/ T in SI units) is a reason-
able estimate of the inductive scale length: the distance over which
EM fields are attenuated to 1/e of their amplitudes at the Earth’s
surface in a uniform medium. Thereby, the longer the period, the
deeper is the penetration depth.
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The orthogonal electric and magnetic field variations recorded
at the Earth’s surface are related to each other through the
impedance tensor Z(w), function of oscillation frequency . From
the impedance tensor are derived the MT response functions:
apparent resistivity (0q;) and phase (¢;;). The form of this complex
second-rank tensor is related to the dimensionality of geoelectrical
structures. For that reason, a thorough dimensionality analysis of
the MT data is necessary to determine which approach is more ade-
quate: 1D, 2D or 3D. The dimensionality analysis yields information
about the direction along which the electrical resistivity remains
constant (geoelectric strike direction) and makes it possible to
correct the MT data by detecting and removing most of the pos-
sible galvanic distortion effects. Nowadays, different approaches
are commonly used: (i) Groom-Bailey distortion decomposition
method for a regionally 2D geoelectrical subsurface (Groom and
Bailey, 1989); (ii) analysis of the set of rotational invariants of the
impedance tensor presented by Weaver et al. (2000), and (iii) the
study of the phase tensor which relates the real and imaginary parts
of the impedance tensor (Caldwell et al., 2004). For an extended
description and comparison of the different existing methologies,
see Jones (2012) in the recent book on MT by Chave and Jones
(2012).

Different 3D MT inversion algorithms have been developed in
the last years although 3D inversion requires further development
and understanding of the advantages and limitations. For a test

and comparison of the current available codes see the compilation
of Miensopust et al. (2013). In this Hontomin work, three differ-
ent 3D inversion codes were used: the code described by Mackie
and Madden (1993) subsequently developed and implemented
by Geosystem (called Geosystem code hereafter); WSINV3DMT
(Siripunvaraporn et al., 2005) and ModEM (Egbert and Kelbert,
2012). The first one is a commercial code and uses a truncated
non-linear conjugate gradient approach. The second, WSINV3DMT,
is based on a data-space variant of the Occam’s approach. Finally,
ModEM, is a modular system of computer codes for different EM
problems and the inversion algorithm is also based on a non-linear
conjugate gradient scheme. For a comprehensive explanation about
3D inversion and modelling, see the following reviews: Avdeev
(2005), Borner (2010) and Siripunvaraporn (2012).

4. Magnetotelluric data and dimensionality analysis

The EM characterisation of the Hontomin site was divided
into two stages: first, a 2D acquisition was carried out in Spring
2010 (profile presented in Ogaya et al., 2013 and renamed to MTD
in this work; red dots in Fig. 4), and then, a 3D acquisition was
undertaken in Autumn 2010 (yellow dots in Fig. 4). Eighty-seven
new broadband magnetotelluric (BBMT) sites were acquired in
the second fieldwork to complement the 22 made in the first
fieldwork, making a total of 109 BBMT sites on a grid covering



X. Ogaya et al. / International Journal of Greenhouse Gas Control 27 (2014) 120-138 125

0.001-0.01s

444000 445000 446000 447000 448000 449040

4715000 4716000 47170

4714000

o
=3
S
@
4
~
<
o
=3
=
©®
-
~
S
444000 445000 446000 447000 448000
01-1s
444000 445000 446000 449040

447000 448000

& W

4717090

4716000

4715000

o
=3
=]
5
-
~
<

4713000 4713000

444000 445000 446000 447000 448000

Undetermined
1-D

2-D
3-D/2-D general
3-D/2-D or 3-D/1-D indistinguishable

3-D

®@ © Oe

0.01-0.1s

444000 445000 446000 447000 448000

449040

4714000 4715000 4716000 47170

4713000 4713000

444000 445000 446000 447000 448000

1-10s

444000 445000 446000 447000 448000 449040

4716000 47170Q0

4715000

4714000

4713000 4713000

444000 445000 446000 447000 448000

Strike error (degrees)

- <1
— -2
—_— 23

e 3-3.7
ol 3.7-5
- 5-10

* Hontomin

Fig. 5. Map of dimensionality analysis using the WALDIM code for four different period ranges: 0.001-0.01s, 0.01-0.1s, 0.1-1 s (primary reservoir-seal system) and 1-10s.
White dots infer 1D geoelectrical structures. Green dots group all inferred 2D cases: purely 2D case, 3D/2D general case with 2D structures affected by galvanic distortion
and indistinguishable cases 3D/2D and 3D/1D, where the galvanic distortion makes impossible to determine the strike direction. Red dots designate the inferred 3D cases.
Geoelectric strike is indicated by black lines of length inversely proportional to its error. The white dotted line shows the approximate north-border of the F region. The
location of Hontomin village is indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

an approximately extent of 3 x5km?2. The data were mainly
organised along five NS profiles: MTA, MTB, MTC, MTD and MTE
(Figs. 1c and 4). To refine the grid in the injection area (Hi region),
two smaller NS profiles were acquired: MTBC and MTCD (indicated
with yellow dotted lines in Fig. 4). All profiles were perpendicular
to the EW trend of geological structures and crossed the EW fault
imaged in the previous 2D resistivity model (F fault, Fig. 3). The
length of each profile was around 4 km and the average distance
between them was approx. 500 m. The stations were distributed on
200 m intervals along the profiles. The instrumentation consisted

of Metronix ADUO6, Metronix ADUO7 and Phoenix V8 recorders
with induction coil magnetometers and NaCl-type electrodes with
a typical electrode line length of 70 m. The x-axis was oriented
in the magnetic NS direction with the positive direction pointing
to the north, and the y-axis in the EW direction pointing to the
east. The data were acquired in the period range of 0.001-100s
(1000-0.01 Hz frequency range). The processing and quality con-
trol of the new data was the same as the one described in Ogaya
et al. (2013). The data were recorded during 24 h and a permanent
remote reference (RR) station was placed 20 km away from the H2
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well to improve the quality of the longest periods (same location as
in Ogaya et al., 2013). Moreover, BBMT acquisition was designed in
a manner that at least 4 stations were recording at the same time
to minimise the effects of the EM noise using also local multiple RR
techniques. During a third phase of fieldwork acquisition, a single
long period magnetotelluric (LMT) data set was collected to obtain
information about the deeper structures (green dot in Fig. 4). The
LMT data were acquired in the period range of 16-20000 s using a
LEMI system (Lviv Centre of Institute of Space Research).

Robust processing codes employed to derive the BBMT
responses were the ones that demonstrated their validity in the
previous 2D survey (Egbert and Booker, 1986). The RR technique
(Gamble et al., 1979) was used at all stations to improve the qual-
ity of the BBMT data between 0.5 and 10 s. The implementation of
the local RR technique was crucial for improving the data collected

near the wind turbine region (shown on Fig. 4) and consisted of
undertaking RR with sites located in the southern part of the study
region (less noisy area). At periods exceeding 10s, ambient noise
dominated the natural signal and consequently, the studies were
undertaken in the period range of 0.001-10s (1000-0.1 Hz). The
LMT data were processed using Birrp.5 (Chave and Thomson, 2004).

The dimensionality analysis of the acquired MT data was eval-
uated using (i) the WALDIM code of Marti et al. (2009) based on
the Weaver impedance invariants (Weaver et al., 2000), and (ii)
studying the phase tensor (Caldwell et al., 2004). Fig. 5 shows the
results obtained using the WALDIM code at each site for four dif-
ferent period ranges: 0.001-0.01s, 0.01-0.1s, 0.1-1s and 1-10s.
The assigned error level in the impedance components was of 5%
and the thresholds set for the invariants were: t=0.19 for invari-
ants I3-I7 and 74 =0.10 for invariant Q. For short periods (shallow
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depths), the results indicate 1D/2D conductivity, being mainly 1D
in the F region (in the south). On the contrary, when increasing the
period (equivalent to increasing the depth of penetration), geoelec-
trical structures become more complex and present a 3D behaviour.

Fig. 6 plots the phase tensor at each site for four different
periods: 0.003s, 0.03s, 0.3 and 3s. As the phase tensor is inde-
pendent of the electric effects of galvanic distortion, this analysis
aimed to determine if there existed an important galvanic distor-
tion in the WALDIM results and, in this way, to estimate to what
extent this distortion was perturbing the data. Results indicate that
the geoelectrical structure becomes more complex with increasing
the period, as showed for the WALDIM analysis.

Thereby, the dimensionality analysis corroborated that a 3D
inversion of all the BBMT data set was necessary to avoid misin-
terpretation of the geoelectrical structure of the Hontomin URL at
periods longer than 0.1 s (Ogaya et al., 2012). Moreover, it was con-
cluded that galvanic distortion in the study area was small, since
results of the phase tensor study were consistent with the ones
obtained using the WALDIM code.

The internal self-consistency of the XY and YX BBMT data appar-
ent resistivity and phase curves was analysed through D* model
solutions (Parker, 1980; Parker and Whaler, 1981). This method
facilitates detecting and removing outliers and noisy points by
analysing the physical validity of the MT responses. Thus, using
an estimated data error of 10% for the apparent resistivity and
phase, less than 30% of the BBMT data was discarded. This frac-
tion included data from all sites in the range of 10-100 s - the noisy
region. Seven BBMT sites were excluded from the inversion because
they were considered too noisy with a high and linearly polarised
signal (Escalas et al., 2013). Almost all of them were near the wind
turbine region. Fig. 7 summarises the quality of the BBMT data,
indicating: complete period bands (white); period bands with gaps
(grey); empty period bands (black) and excluded sites (blue). Most
of the grey cases correspond to curves with shortest periods longer
than 0.001 s and/or longest periods shorter than 10s. This defines
the data set for the 3D inversion.

For the data set for the inversion, the minor static effects of gal-
vanic distortion were dealt prior to the inversion using the available
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resistivity log data to fix the resistivity values at shallow depths.
In general terms, the static shift corrections were smaller than a
logarithmic decade. Static shift correction could imply a loss of
information but related to near surface structures that are not the
target of this study.

Giving the predominant 3D behaviour of the geoelectrical struc-
tures for periods longer than 0.1 s, the diagonal components of the
impedance tensor were considered for the inversion. The impor-
tance of including the diagonal components in 3D inversion was
recently emphasised by Kiyan et al. (2014). For the shortest periods,
the amplitude of the apparent resistivity of the diagonal com-
ponents at most sites is two to three decades smaller than the
off-diagonal components. However, for the longest periods, the
difference of amplitude between the diagonal and off-diagonal
components is less than a decade. In general, the diagonal com-
ponent data are of reasonable quality and their apparent resistivity
and phase curves are not scattered; their amount of error is rela-
tively low (see supplementary Figs. S1-S17).
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Supplementary material related to this article can be found, in
the online version, at doi:10.1016/j.ijggc.2014.04.030.

5. 3D inversion of the MT data
5.1. General aspects (setup)

The work flow for 3D inversion consisted in improving a prelim-
inary model provided by Geosystem (Mackie and Madden, 1993;
model @ hereafter; Fig. 8a) using the ModEM code (Egbert and
Kelbert, 2012). WSINV3DMT (Siripunvaraporn et al., 2005) was also
used to undertake some testing and to study the consistency of the
models.

The topography of the study area is relatively gentle: eleva-
tions range from 919 to 1040 m.a.s.l. with the highest ones to the
NW area (wind turbine region). As the target regions are located
at depths below the surface no greater than 1800 m TVD, it was
considered important to incorporate topography in the model. To

LEGEND
Resistivity (Qm)

w0661

A ‘33 K

Fig. 9. Final 3D resistivity model of the Hontomin URL subsurface with a cutout (red dotted lines indicate the location of the NS and EW cuts). The geological map of the
study area is shown and the positions of the wells and BBMT sites are marked. The F region and the main resistivity layers (R1, C1, R2 and C2) are also indicated. Depths are
given in terms of m.a.s.l. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Responses of the model @ and the final 3D model at site MTD7.

avoid sharp boundaries between the air and earth cells, a smooth
topography was implemented. The mesh was a 73 x 114 x 113-
layer grid including topography for Geosystem and ModEM'’s
cases (an approximate model extension of 61 x 63 x 54km?3). For
WSINV3DMT's test cases, the mesh was a 52 x 68 x 60-layer grid
but excluded topography (an approximate model extension of
70 x 72 x 52 km?3).

The final inversions were undertaken using up to 29 periods of
the full impedance tensor for the 102 BBMT sites in the range of
0.001-10s. The error floor set was 5% for the off-diagonal compo-
nents (2.865 degrees for the phases and 10% for apparent resistivity)
and 10% for the diagonal components (5.73 degrees and 20% for the
apparent resistivity). Missing data periods were interpolated and
included but had assigned large error bars.

The models were run on the Stokes cluster of the Irish Centre for
High-End Computing (ICHEC) and on the Mallet and Lehmann clus-
ters from Dublin Institute for Advanced Studies (DIAS). The main
aspects of the inversion process are detailed below.

5.2. Initial 3D inversions

Some initial inversions were run using ModEM and
WSINV3DMT codes to validate the initial model @ used and
to assess its geological consistency. The initial model was for
both cases a halfspace of 50 2m (as for Geosystem'’s inversion)
which agrees with the average resistivity value of the H2 well
log data (Fig. 2). The inversions were undertaken using the full
impedance tensor. However, in order to assure the convergence of
these initial models, first iterations were undertaken using only
50 sites uniformly distributed and covering all the area, and the
off-diagonal components. Once the main structures were defined,

more sites and components were included in the inversion. The
greater was the amount of data incorporated to the inversion, the
greater was the definition and resolution of the imaged structures.
As was also seen in Ingham et al. (2009), the resistivity structure
obtained from the first inversions with only a small number of sites
was basically the same as that obtained with the whole data set,
i.e., the existence of conductivity structures is a robust first-order
feature in the data set. The data fit was better doing a correction of
the static shift prior to the inversion.

Fig. 8 shows a section of the 3D model coincident with the MTD
2D profile modelled in Ogaya et al. (2013), for each of the three ini-
tial inversions from a uniform halfspace: (a) model @, (b) ModEM
and (c) WSINV3DMT. The 3D models fit the data with an RMS mis-
fit of 1.36, 2.25 and 2.05, respectively. Despite the discrepancies
related to topography, as it is included in (a) and (b) cases and
not included in (c) case, the results from the initial 3D inversions
confirmed that the three models are equivalent in the sense that
all of them recovered the same main resistivity features. More-
over, the obtained electrical resistivity distribution resembles the
one imaged in the previous 2D model (Ogaya et al., 2013; Fig. 3),
proving the geological consistence of the models. Thus, it was con-
sidered appropriate to define the model @ as the initial model for
the subsequent inversions with the ModEM code.

Nevertheless, comparing the obtained models to both the 2D
model (Ogaya et al., 2013; Fig. 3) and the resistivity well logs exist-
ing in the area, it was noticed that none of the inversions recovered
the resistive structure located at 1600 m TVD (R1 in Fig. 3). The
models only imaged a slight increase in the resistivity at around
2200m TVD (at —1200 m.a.s.l. for models with topography). This
depth is indicated by a black dashed line in Fig. 8. Therefore, the
fitting of the deepest part needed to be improved.
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Fig. 11. Pseudosections of MTB profile: apparent resistivity and phase for observed data and model responses. The positions of the BBMT sites are marked by black triangles.

To address this issue, several inversions using the ModEM code
were carried out for different period bands: the shortest periods
were fitted first and then, the longest periods were inverted fix-
ing the upper part of the model. The fit of the shortest periods
was improved but improvement did not occur in the same man-
ner with the longest ones. Through 3D synthetic studies it was
corroborated that the primary system (primary reservoir and seal)
MT responses were principally in the range of 0.1 to 1s, as was
previously affirmed by Ogaya et al. (2013). In this way, the data
collected at the Hontomin site were imaging the deepest resistive
layer R1 but a non-constrained 3D inversion was unable to recover
the layer. The inversion needed to be better constrained at depth in
order to resolve the bottom of the main reservoir and recover the
R1 layer.

5.3. Final 3D resistivity model

For the final model, a more constrained inversion was carried
outincorporating new information for the initial model. As has been
discussed in other publications (e.g., Pifia-Varas et al., 2013), an
appropriate selection of the initial model is sometimes necessary to

produce a meaningful model from a geological point of view. Thus,
according to the existing resistivity-log data and the geoelectrical
structure imaged in Ogayaetal.(2013),included in the initial model
was a 25 Qm conductive layer at approximately —220 m.a.s.l. and
a resistive layer of 200 2m between —600 and —2000 m.a.s.l. Data
from the single LMT site were incorporated to the inversion (period
range of 10-340s; see supplementary Fig. S12).

The final 3D model fits the data with an RMS misfit of 1.71
(Fig. 9). Fig. 10 plots the responses of model @ and the final model
at site MTD7 showing the improvement of the fit at the longest
periods and also for the diagonal components. The data and model
responses at all sites are plotted in supplementary Figs. S1-S17.
Comparisons between data and final model responses for the off-
diagonal components are shown in Fig. 11 for the MTB profile and
in Fig. 12 for the MTD profile (approximate limits of the URL).
The misfits of the other profiles are shown in supplementary Figs.
S18-S22. As is illustrated, the fit is satisfactory and the residuals
are random and small; no significant feature in the data is unex-
plained.

Supplementary material related to this article can be found, in
the online version, at doi:10.1016/j.ijggc.2014.04.030.


http://dx.doi.org/10.1016/j.ijggc.2014.04.030

X. Ogaya et al. / International Journal of Greenhouse Gas Control 27 (2014) 120-138 131
OBSERVED CALCULATED
Resistivity
(Qm
102 10" 2 142
; 90
s % z =0
8 ot o1 1071
Q T ° 37
[ ] 2
5§ ; 2
2 100 3 1 100 15
9
10! 6
Phase
(degrees)
102 102 90
80
%z i r 70
g -810’ 10 60
g5 50
o &1()0 10° gg
20
101 10! 10
0 5 1,0 1,5 2,0 25 3,0 35 4,0 0 5 1,0 1,5 2,0 2,5 3,0 35 4,0
Distance (Km) Distance (Km)
Resistivity
& 145
1 -2 1 2
> 0 0 100
>.. = 69
& = -1 47
1 10
&’ § 32
: o) 22
g
o & 100 15
< 11
7
10 10’ 5
Phase
(degrees)
102 10?2 102 90
80
Xz, z 70
o oll o 10 10° 60
o 9 2
&5 5 50
o o 40
o 0 0
10 10° 10 30
20
10

=N

0 )

1,0 1,5 2,0 2,5

Distance (Km)

3,0 35 4,0

10’

=
S,

,0 5

1.0 1,5 2,0 2,5

Distance (Km)

3,0 3,5 4,0

Fig. 12. Pseudosections of MTD profile: apparent resistivity and phase for observed data and model responses. Differences with pseudosections shown in Ogaya et al. (2013)
are because the MT data were not rotated in this work. In Ogaya et al. (2013) the data were rotated 4° W; the transverse magnetic (TM) mode was identified with XY
polarisation and the transverse electric (TE) mode, with YX polarisation. The positions of the BBMT sites are marked by black triangles.

The geoelectrical structure from near surface to —900 m.a.s.l.
is an alternation of conductive and resistive layers (from bottom
to top; Figs. 13-16): R1, C1, R2 and C2. The location of the tops
and bottoms of the layers, as well as their thicknesses, vary along
each profile and between profiles. The southern part of the model
(F region) is mostly conductive, being much more conductive in
the eastern part than in the western part. Through non-linear-
sensitivity tests (e.g., Ledo and Jones, 2005) the most conductive
eastern part of the F fault region (region 1 in Fig. 13b) and the con-
tinuity of the R2 layer in the southern part of the model (region 2 in
Fig. 13b) were both evaluated. The tests consisted of replacing the
resistivity values of these regions by their surrounding resistivity
value: 30 2m for region 1 and 200 2m for region 2. In both cases,
the difference between the responses of the final model and the
modified one was greater than the error floor imposed in the MT
data for the inversion (results for region 1 in Fig. 17 and results for
region 2 in Fig. 18). In this way, that conductive region 1 is required
by sites located in the southern part of the model, mainly the ones
in the MTD and MTE profiles, was corroborated. This conductive

feature was also imaged in the 2D model (Fig. 13a). Results from
region 2 indicate that there is no continuity of the R1 layer in the
southern region of the model (Fig. 18).

6. Comparison with other EM studies
6.1. MTD profile

Fig. 13 shows (a) the 2D model and (b) its equivalent section
from the final 3D model. The topography of the two models is
slightly different because of the smoothing of the 3D topography.
The models are consistent and only relatively minor differences are
apparent. In the 3D model: (i) R1 layer is more resistive under sites
MTD14-MTD15 and does not extend under sites MTD21-MTD24;
(ii) the most conductive portion of C1 layer is located in the north
and there is not a clear discontinuity of the layer because of a more
resistive area under sites MTD14-MTD15; (iii) in general terms, R2
range of resistivity values is narrower, and (iv) C2 layer contains
less scattered bodies. Regarding the F region, its structure is less
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well defined. In none of the models (neither the 2D nor the 3D)
does the F fault seem to outcrop.

The major discrepancies are observed in the deepest structures
(R1 and C1 layers). These structures are located in the period range
0of 0.1-10s (Ogaya et al., 2013) which is the band where the data are
not purely 2D and some 3D effects are observed (Figs. 5 and 6). The
observed differences are therefore concluded to be mainly because
of two reasons: the greater smoothness of the 3D models, primarily
due to larger cell sizes, and the possible influence of 3D structures
in the previous 2D inversion.

6.2. Correlation with resistivity log data

Fig. 14 shows three sections (profiles I, Il and III) that cut the
resulting 3D model by the existing H1-H4 wells. The simplified
resistivity-log data of each well correlate well with the 3D model.
The main differences are noticed for the H4 well which is reasonable
since its 1D resistivity model was derived from the H2 well log data
and the H2 well is located 707 m away. Likewise, the structure of
the upper part of the model agrees with the 1D model derived from
the GW wells.

Correlation of the final 3D model with the resistivity log data
show that discrepancies are not significant, neither for the H wells
nor for the GW wells. Thus, it was seen that for this case study, the

correction of the static shift prior to the inversion provided accurate
results.

7. Interpretation: 3D geoelectrical baseline model
Resistive layer R1

R1isthe deepestlayerimaged in the 3D model. Synthetic studies
showed it was mainly sensed at periods around 1 s. The top of this
layer is shallowest (—552 m.a.s.l.) in the centre-eastern part of the
model under profiles MTC, MTD and MTE (Fig. 15 h). The layer is
also more resistive in that region (up to 1000 2m; Fig. 14). There
is not a continuity of this layer in the southern region of the model
(Fig. 13).

The R1 layer is interpreted as the Upper Triassic unit (Keuper
facies). This unit is constituted by a succession of dolomites, anhy-
drites, and salt, which could explain its high resistivity. It is an
impermeable layer that may constitute a suitable bottom seal for
the main reservoir.

Conductive layer C1

The C1 layer is sensed in the period range of 0.1-1s. The top
of the layer is approximately at —216 m.a.s.l. (Fig. 15f). It has a
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dome-like structure with its axis situated in the injection area. The
slope of the north flank is less steep and the dome seems to be elon-
gated to the NW (Fig. 15f and g). The extension of the dome crest
in this layer is about 1 x 1 km?.

The C1 layer contains Jurassic rocks according to the well log
data. The main reservoir and seal units are interpreted to be located
within it. The saline aquifer (main reservoir), is linked to the most
conductive region inside C1, a 7-14 2m region labelled as Cla in
Fig. 15g. The top of this most conductive layer is located around
—400 m.a.s.l. The overlying primary seal also features a conductive
behaviour, probably because of its marly composition (marlstones
and black shales).

Resistive layer R2

R2 is the thickest layer within the model. The top of this layer is
shallower in the NW part of the model, where is located at approx-
imately 700 m.a.s.l. (Fig. 15b). R2 is interpreted as the upper part of
Jurassic (upper part of the Dogger) and Early Cretaceous (Weald and
Purbeck facies and Escucha Fm.) units. The secondary reservoir-seal
system would be contained within the R2 layer.

Analysing the layer from bottom to top, one can deduce the
possible evolution of the dome structure.

(i) The bottom of the R2 layer is defined by a more resistive sub-
layer of up to 130 2m and approximately 100 m thickness
(Figs. 14 and 15e). According to the lithological information
provided by the different wells, this increase in resistivity may
be explained by a slightly increase on limestone content. In

Fig. 15e is observed a less resistive region (below 100 2m) in
the centre of R2, around the locations of the wells, which agrees
with the dome-shape observed for the C1 layer.

(ii) Upwards, there exists a displacement of the dome crest to the
east. At 177 m.a.s.l. (Fig. 15d), the crest of the dome seems to
be located in the surroundings of the H2 well.

(iii) In the overlying layers (Fig. 15c) the resistive dome (resistivity
values up to 220 2m) moves to the NW of the model. Conse-
quently, at around 700 m.a.s.l. (Fig. 15b), the crest of the dome
appears to be imaged in the NW region.

The R2 layer seems to be more conductive in the NW part of
the model but this aspect may not be due to a geological expla-
nation. As the quality of the data was lower in that region (wind
turbine region; see Fig. 7), the error bars were larger. Thus res-
olution is poorer and naturally the smoothness constraint drives
resistive regions to the lowest possible values they can take.

Conductive layer C2

The C2 layer is the surficial part of the model, i.e., the topmost
layer. According to the well log data, it contains the Upper Creta-
ceous and Cenozoic materials that dominate the surface of the study
area. The clear limit between the R2 and C2 layers (Figs. 13 and 14)
is marked by the top of the Utrillas Fm. The R2 layer emerges in C2
(EW resistive body in Fig. 15a) due to the presence of the F region.
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Sets of faults

The 3D model shows the EW prolongation of the main fault F
imaged in the previous 2D model (Fig. 6 in Ogaya et al., 2013). The F
faultregion is associated to the strike-slip movement of the Ubierna
fault (Tavani et al., 2011; Quinta, 2013). The EW white dashed line
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The F fault affects all layers of the model, although it does not out-
crop at surface and its top is observed at C2 layer’s depth (Fig. 15a).
It is characterised by a conductive behaviour, and the resistivity
distribution suggests conductive fluid circulation along the frac-
ture region. It is more conductive in the eastern part of the study
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area (Fig. 13) whereas in the western part it is less conductive and
seems to be imaged as different faults (Fig. 16). These branches of
the F fault are also observable in some sections of the seismic cube
(Alcalde et al., 2013b). Consequently, the western part seems to
be more sealed than the eastern part. Hydrogeochemical studies
of surface and spring waters in the surroundings of the Hontomin
URL (Buil et al., 2012; Nisi et al., 2013) found that water samples
acquired in the eastern part of the F fault region could be indicative
of mixing processes between deep and shallow aquifers. However,
Elio et al. (2013) investigated the CO, flux baseline in the soil-
atmosphere interface at the Hontomin site, and those authors did
not find any anomaly in the F region, neither in the western nor in
the eastern part.

In the eastern part of the model (under sites on the MTE profile)
a more resistive behaviour of the R2 layer is observed (resistivity
values up to 300 2m; see II and III profiles in Fig. 14). It could be
due to a set of NS faults located in the east (Quinta, 2013; called EF
hereafter and indicated in Fig. 14). The EF faults are located outside
the modelled region, but their presence could explain the increase
of the R2 layer thickness and resistivity in the eastern part of the
model. The 1D resistivity model of the H3 well may differ from the
others because is affected by F and EF sets of faults.

Small resistivity variations (more conductive areas) observed
within the R2 layer could be associated with a set of minor faults in
the Dogger and Purbeck units (Quinta, 2013). Some of these faults
are indicated by FR2 in Figs. 14 and 16. In Fig. 14 are also shown the
faults that cross the H wells according to well data (Quinta, 2013).

Injection area

Fig. 16 shows a NS and an EW section that cuts the 3D model
by the injection well (Hi). Observed is the smooth dome-like struc-
ture of the C1 and R2 layers with Hi located close to the axis. The
expected volume of CO, (20 kilotons, see above) is shown by a white
square in Fig. 16. Since that the amount of CO, injection is small,
none of the geoelectrical structures would appear to constitute a
likely leakage pathway. However, according to the model, special
attention should be paid to the possible FR2 faults neighbouring
the Hi well and to the F fault (especially in the eastern part) during
the monitoring of the URL.

8. Conclusions

The 3D resistivity model presented in this paper constitutes the
geoelectrical baseline model of the Hontomin URL. It defines the
subsurface structure in the pre-injection state and allows the detec-
tion of changes due to the CO, injection. It will be the reference
model for the future EM monitoring experiments planned for the
end of 2013.

The 3D inversion of the MT data combining different codes
greatly enriched the inversion process. The 3D inversion made
possible modelling the different 3D effects and improving the pre-
vious 2D model (Ogaya et al., 2013). The resistive layer located at
approximately 1600 m TVD (under the conductive main reservoir-
seal system) was only imaged when it was introduced into the
initial model. Otherwise, the smoothness regularisation excluded
exploration of that part of model space.

The final model contributes to a better understanding of the sub-
surface at the Hontomin site. In general, the electrical responses of
each formation coincide with the ones imaged in the previous 2D
model. However, the 3D model provides an important 3D spatial
characterisation of the different units as well as images the prolon-
gation of the main fault F. In this way, it is possible to determine the
possible leakage pathway and design the monitoring setup accord-
ing to the site requirements. Special attention needs to be paid to

the possible FR2 faults neighbouring the Hi well, and to the eastern
part of the F fault since the resistivity distribution there suggests
conductive fluid circulation along this part of the fault.

The detailed geoelectrical characterisation presented here is an
important contribution to CO, geological storage projects mainly
for two reasons: (i) it demonstrates the valuable information that
a 3D geoelectrical baseline model can provide and (ii) it shows the
importance of a high-resolution reference model to define the mon-
itoring requirements. Three-dimensional magnetotelluric surveys
are complementary to other 3D reflection seismic and gravimetric
characterisation studies, and, due to electrical conductivity’s sensi-
tivity to fluid flow, makes for a method with superior resolution of
particular aspects of interest and importance for CO, storage and
long-term monitoring.

Acknowledgements

This project has been partly financed by funds coming from
the Spanish Ministry of Industry, Tourism and Trade, through the
CIUDEN-UB Geomodels agreement related to the Development
and Adaptation of Electromagnetic techniques: Characterisation
of Storage Sites. This project is co-financed by the European
Union through the Technological Development Plant of Com-
postilla OXYCFB300 Project (European Energy Programme for
Recovery). This work was also developed in the framework of the
Spanish MCI project PIER-CO, (CGL2009-07604). It is a contribu-
tion of the Research Group of Geodynamics and Basin Analysis
(2009SGR1198) of the Generalitat de Catalunya and the Research
Institute GEOMODELS. Xénia Ogaya was supported by the Fun-
dacién Ciudad de la Energia (CIUDEN) research training programme
and by the Universitat de Barcelona (UB) through the Ajut per a Per-
sonal Investigador en Formacié (APIF). EXES-UB group is thanked
for their help in the MT data acquisition. The authors also want to
thank Gary Egbert and Anna Kelbert for providing the ModEM code;
Weerachai Siripunvaraporn for providing WSINV3DMT code; the
Irish Centre for High-End Computing (ICHEC) for availing the Stokes
cluster to carry out the numerical computations and Jan Vozar for
his advice on the 3D inversion process. The authors sincerely thank
the Associate Editor Charles Jenkins and the anonymous reviewers
for their useful comments on the manuscript. Last, but not least,
Modesto Montoto and Andrés Pérez-Estatin are thanked for their
continuous support.

References

Alcalde, J., Marti, D., Calahorrano, A., Marzdn, ., Ayarza, P., Carbonell, R., Juhlin, C,,
Pérez-Estaiin, A.,2013a. Active seismic characterization experiments of the Hon-
tomin research facility for geological storage of CO,, Spain. Int. ]. Greenhouse Gas
Control 19, 785-795, http://dx.doi.org/10.1016/].ijggc.2013.01.039.

Alcalde, J., Marti, D., Juhlin, C., Malehmir, A., Sopher, D., Saura, E., Marzan, L., Ayarza,
P., Calahorrano, A., Pérez-Estatn, A., Carbonell, R., 2013b. 3-D reflection seismic
imaging of the Hontomin structure in the Basque-Cantabrian basin (Spain). Solid
Earth 4, 481-496, http://dx.doi.org/10.5194/se-4-481-2013.

Alemu, B.L., Aker, E., Soldal, M., Johnsen, @., Aagaard, P., 2011. Influence of CO,
on rock physics properties in typical reservoir rock: a CO; flooding experi-
ment of brine saturated sandstone in a CT-scanner. Energy Proc. 4, 4379-4386,
http://dx.doi.org/10.1016/j.egypro.2011.02.390.

Archie, G.E., 1942. The electrical resistivity log as an aid in determining some reser-
voir characteristics. Trans. AIME 146, 54-67.

Avdeev, D.B., 2005. Three-dimensional electromagnetic modelling and inver-
sion from theory to application. Surveys Geophys. 26 (6), 767-799,
http://dx.doi.org/10.1007/s10712-005-1836-2.

Bedrosian, P.A., 2007. MT+, integrating magnetotellurics to determine earth
structure, physical state, and processes. Surveys Geophys. 28, 121-167,
http://dx.doi.org/10.1007/s10712-007-9019-6.

Benjumea, B., Macau, A, Figueres, S., Gabas, S., Sendra, R., Marzan, I., 2012, Testifi-
cacion geofisica de los sondeos de investigacién hidrogeoldgica de Hontomin
(Burgos). IGC - Institut Geologic de Catalunya Technical Report, GA-002/12.
Generalitat de Catalunya, pp. 36.

Bergmann, P., Schmidt-Hattenberger, C., Kiessling, D., Riicker, C., Labitzke, T., Hen-
ninges, J., Baumann, G., Schiitt, H., 2012. Surface-downhole electrical resistivity


dx.doi.org/10.1016/j.ijggc.2013.01.039
dx.doi.org/10.5194/se-4-481-2013
dx.doi.org/10.1016/j.egypro.2011.02.390
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0020
dx.doi.org/10.1007/s10712-005-1836-2
dx.doi.org/10.1007/s10712-007-9019-6
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0035

X. Ogaya et al. / International Journal of Greenhouse Gas Control 27 (2014) 120-138 137

tomography applied to monitoring of CO, storage at Ketzin, Germany. Geo-
physics 77, B253-B267, http://dx.doi.org/10.1190/ge02011-0515.1.

Borner, R.U., 2010. Numerical modelling in geo-electromagnetics: advances
and challenges. Surv. Geophys. 31 (2), 225-245, http://dx.doi.org/10.1007/
s10712-009-9087-x.

Borner, J.H., Herdengen, V., Repke, J.U., Spitzer, K., 2013. The impact of CO, on the
electrical properties of water bearing porous madia-laboratory experiments
with respect to carbon capture and storage. Geophys. Prospect. 61 (Suppl. 1),
446-460, http://dx.doi.org/10.1111/j.1365-2478.2012.01129.x.

Bourgeois, B., Girard, J.F., 2010. First modelling results of the EM response of a
CO, storage in the Paris basin. Oil Gas Sci. Technol. Rev. - IFP 65 (4), 597-614,
http://dx.doi.org/10.2516/0gst/2009076.

Buil, B., Gbmez, P., Peiia, J., Garralén, A., Galarza, C., Durén, J.M., Dominguez, R.,
Escribano, A., Turrero, M.J., Robredo, L.M., Sanchez, L., 2012. Caracterizacion
y monitorizacién hidrogeoquimica de los acuiferos superiores a la formaciéon
almacenamiento de CO2 (Hontomin, Burgos) y actualizacién de la caracteri-
zacion de aguas superficiales. Technical report CIEMAT/DMA/2G010/1/2012.

Caldwell, T.G., Bibby, H.M., Brown, C., 2004. The magnetotelluric phase tensor. Geo-
phys.].Int. 158,457-469, http://dx.doi.org/10.1111/j.1365-246X.2004.02281.x.

Canal, J., Delgado, J., Falcén, I, Yang, Q., Juncosa, R., Barrientos, V., 2013. Injection of
CO,-saturated water through a siliceous sandstone plug from the Hontomin Test
Site (Spain): experiments and modeling. Environ. Sci. Technol. 47 (1), 159-167,
http://dx.doi.org/10.1021/es3012222.

Chave, A.D., Jones, A.G., 2012. The Magnetotelluric Method: Theory and Practice.
Cambridge University Press, Cambridge (UK), ISBN 978-0-521-81927-5.

Chave, A.D., Thomson, D.J., 2004. Bounded influence magnetotelluric response
function estimation. Geophys. J. Int. 157, 988-1006, http://dx.doi.org/10.
1111/j.1365-246X. 2004.02203 X.

Egbert, G.D., Booker, J.R., 1986. Robust estimation of Geomagnetic transfer functions.
Geophys. J. R. Astronom. Soc. 87, 173-194.

Egbert, G.D., Kelbert, A., 2012. Computational recipes for EM inverse prob-
lems. Geophys. ]J. Int. 189 (1), 251-267, http://dx.doi.org/10.1111/j.1365-
246X.2011.05347 x.

Elio, J., Nisi, B., Ortega, M.F., Mazadiego, L.F., Vaselli, O., Grandia, F., 2013. CO,
soil flux baseline at the technological development plant for CO, injection
at Hontomin (Burgos, Spain). Int. ]. Greenhouse Gas Control 18, 224-236,
http://dx.doi.org/10.1016/j.ijggc.2013.07.013.

Escalas, M., Queralt, P., Ledo, J., Marcuello, A., 2013. Polarisation analysis of magne-
totelluric time series using a wavelet-based scheme: a method for detection and
characterisation of cultural noise sources. Phys. Earth Planet. Inter. 218, 31-50,
http://dx.doi.org/10.1016/j.pepi.2013.02.006.

Farquharson, C.G., Craven, J.A., 2009. Three-dimensional inversion of magnetotel-
luric data for mineral exploration: an example from the McArthur River
uranium deposit, Saskatchewan, Canada. J. Appl. Geophys. 68 (4), 450-458,
http://dx.doi.org/10.1016/j.jappgeo.2008.02.002.

Gamble, T.D., Goubau, W.M., Clarke, J., 1979. Magnetotellurics with a remote mag-
netic reference. Geophysics 44, 53-68.

Giese, R., Henninges, ]., Liith, S., Morozova, D., Schmidt-Hattenberger, C., Wiirde-
mann, H., Zimmer, M., Cosma, C., Juhlin, C., CO2SINK Group, 2009. Monitoring at
the CO,SINK site: a concept integrating geophysics. Geochem. Microbiol. Energy
Proc. 1, 2251-2259, http://dx.doi.org/10.1016/j.egypro.2009.01.293.

Ghaedrahmati, R., Moradzadeh, A., Fathianpour, N., Lee, S.K., Porkhial, S., 2013. 3-D
inversion of MT data from the Sabalan geothermal field, Ardabil, Iran. J. Appl.
Geophys. 93, 12-24, http://dx.doi.org/10.1016/j.jappgeo.2013.03.006.

Girard, J.F.,, Coppo, N., Rohmer, ]., Bourgeois, B., Naudet, V., Schmidt-Hattenberger,
C., 2011. Time-lapse CSEM monitoring at Ketzin (Germany) CO, injection using
2XMAM configuration. Energy Proc. 4, 3322-3329.

Groom, R.W., Bailey, R.C., 1989. Decomposition of magnetotelluric impedance tensor
in the presence of local three-dimensional galvanic distortion. . Geophys. Res.
94, 1913-1925.

He, Z., Hu, Z., Luo, W., Wang, C., 2010. Mapping reservoirs based on resistivity
and induced polarization derived from continuous 3D magnetotelluric pro-
filing: case study from Qaidim basin, China. Geophysics 75 (1), B25-B33,
http://dx.doi.org/10.1190/1.3279125.

Heise, W., Caldwell, T.G., Bibby, H.M., Bannister, S.C., 2008. Three-dimensional
modeling of the magnetotelluric data from the Rotakawa geothermal
field, Taupo Volcanic Zone, New Zeland. Geophys. ]. Int. 173, 740-750,
http://dx.doi.org/10.1111/j.1365-246X.2008.03737 .x.

Hoversten, G.M., Gasperikova, E., 2005. Non-seismic geophysical approaches to
monitoring. In: Thomas, D.C., Benson, S.M. (Eds.), Carbon Dioxide Capture for
Storage in Deep Geologic Formations, vol. 2. Elsevier Ltd., Oxford, UK, pp.
1071-1112.

Ingham, M.R., Bibby, H.M. Heise, W., Jones, KA. Cairns, P., Dravitzki, S.,
Bennie, S.L, Caldwell, T.G., Ogawa, Y. 2009. A magnetotelluric study of
Mount Ruapehu volcano, New Zealand. Geophys. ]. Int. 179 (2), 887-904,
http://dx.doi.org/10.1111/j.1365-246X.2009.04317.x.

IPCC - Intergovernmental Panel on Climate Change, 2005. In: Metz, B., Davidson,
0., de Coninck, H.C., Loos, M., Meyer, L.A. (Eds.), IPCC Special Report on Carbon
Dioxide Capture and Storage. Prepared by Wozzrking Group III of the Intergov-
ernmental Panel on Climate Change. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA.

JafarGandomi, A., Curtis, A., 2011. Detectability of petrophysical properties of sub-
surface CO,-saturated aquifer reservoirs using surface geophysical methods.
Lead. Edge 30 (10), 1112-1121.

Jones, A.G., 2012. Distortion of magnetotelluric data: its identification and removal.
In: Chave, AD., Jones, A.G. (Eds.), The Magnetotelluric Method: Theory and

Practice. Cambridge University Press, Cambridge (UK), ISBN 978-0-521-81927-
5.

Kiessling, D., Schmidt-Hattenberger, C., Schuett, H., Schilling, F., Krueger, K.,
Schoebel, B., Danckwardt, E., Kummerow, J.,, CO2SINK Group, 2010. Geo-
electrical methods for monitoring geological CO, storage: first results from
cross-hole and surface-downhole measurements from the CO2SINK test
site at Ketzin (Germany). Int. ]J. Greenhouse Gas Control 4 (5), 816-826,
http://dx.doi.org/10.1016/j.ijggc.2010.05.001.

Kiyan, D., Jones, A.G., Vozar, ]., 2014. The inability of magnetotelluric off-diagonal
impedance tensor elements to sense oblique conductors in 3-D inversion. Geo-
phys. J. Int. 196, 1351-1364, http://dx.doi.org/10.1093/gji/ggt470.

Ledo, J., Jones, A.G., 2005. Upper mantle temperature determined from com-
bining mineral composition, electrical conductivity laboratory studies and
magnetotelluric field observations: application to the intermontane belt, North-
ern Canadian Cordillera. Earth Sci. Lett. 236, 258-268, http://dx.doi.org/10.
1016/j.epsl.2005.01.044.

Ledo, J., Queralt, P, Marti, A, Jones, A.G., 2002. Two-dimensional interpreta-
tion of three-dimensional magnetotelluric data: an example of limitations
and resolution. Geophys. J. Int. 150 (1), 127-139, http://dx.doi.org/10.1046/
j.1365-246X.2002.01705.X.

Lumley, D., 2010. 4D seismic monitoring of CO2 sequestrattion. Lead. Edge 29 (2),
150-155, http://dx.doi.org/10.1190/1.3304817.

MacGregor, L., 2012. Integrating seismic, CSEM, and well log data for reservoir char-
acterization. Lead. Edge 31 (3), 268-277.

Mackie, R.L., Madden, T.R., 1993. Three dimensional magnetotelluric inversion using
conjugate gradients. Geophys. J. Int. 115, 215-229, http://dx.doi.org/10.1111/j.
1365-246X.1993.tb05600.x.

Marquez, M., Jurado, M.J., 2011. Petrophysical characterization of a CO, storage
reservoir using well logs. Geophys. Res. Abstr. 13, EGU2011-6891-3. EGU General
Assembly 2011.

Marti, A., Queralt, P., Ledo, ]J., 2009. WALDIM: A code for the dimensionality
analysis of magnetotelluric data using rotational invariants of the magne-
totelluric tensor. Comput. Geosci. 35 (12), 2295-2303, http://dx.doi.org/10.
1016/j.cageo.2009.03.004.

Miensopust, M.P., Queralt, P., Jones, A.G., the 3D MT modellers, 2013. Magnetotel-
luric 3D inversion - a recapitulation of two successful workshops on forward
and inversion code testing and comparison. Geophys. J. Int. 193 (3), 1216-1238,
http://dx.doi.org/10.1093/gji/ggt066.

Muiioz, J.A., 2002. The Pyrenees. In: Gibbons, W., Moreno, T. (Eds.), The Geology of
Spain. Geological Society, London, pp. 370-385.

Nakatsuka, Y., Xue, Z., Garcia, H., Matsuoka, T. 2010. Experimental study
on CO, monitoring and quantification of stored CO, in saline formations
using resistivity measurements. Int. J. Greenhouse Gas Control 4, 209-216,
http://dx.doi.org/10.1016/j.ijggc.2010.01.001.

NETL-National Energy Technology Laboratory, U.S. Department of Energy, 2009.
Monitoring, Verification, and Accounting of CO2 Stored in Deep Geologic Forma-
tions. DOE Document: DOE/NETL-311/081508, Accessed October, 2013. http://
www.netl.doe.gov/technologies/carbon_seq/refshelf/MVA_Document.pdf

Newman, G.A. Gasperikova, E., Hoversten, G.M. Wannamaker, P.E., 2008.
Three-dimensional magnetotelluric characterization of the Coso geother-
mal field. Geothermics 37, 369-399, http://dx.doi.org/10.1016/j.geothermics.
2008.02.006.

Newman, G.A. Recher, S., Tezkan, B., Neubauer, M., 2003. 3D inversion of a
scalar radio magnetotelluric field data set. Geophysics 68 (3), 791-802,
http://dx.doi.org/10.1190/1.1581032.

Nisi, B., Vaselli, O., Tassi, F., Elio, ]., Delgado Huertas, A., Mazadiego, L.P., Ortega, M.F.,
2013. Hydrogeochemistry of surface and spring waters in the surroundings of
the CO, injection site at Hontomin-Huermeces (Burgos Spain). Int. J. Greenhouse
Gas Control 14, 151-168, http://dx.doi.org/10.1016/].ijggc.2013.01.012.

Ogaya, X., Ledo, ]., Queralt, P., Marcuello, A., Quinta, A., 2013. First geoelectrical image
of the subsurface of the Hontomin site (Spain) for CO, geological storage: a
magnetotelluric 2D characterization. Int.]. Greenhouse Gas Control 13, 168-179,
http://dx.doi.org/10.1016/j.ijggc.2012.12.023.

Ogaya, X., Queralt, P., Ledo, ], Marcuello, A., Jones, A.G., 2012. Preliminary
results of the 3-D magnetotelluric characterization of the subsurface of the
Technology Demonstration Plant of Hontomin (Burgos, Spain) for geological
storage of CO,. In: Zurutuza, ]. (Ed.), 7AHPGG: Proceedings. Portuguese-
Spanish Assembly of Geodesy and Geophysics. , ISBN 978-84-941323-1-5,
pp. 703-708.

Parker, R.L., 1980. The inverse problem of electromagnetic induction: existence and
construction of solutions based on incomplete data. J. Geophys. Res. 85 (B8),
4421-4428, http://dx.doi.org/10.1029/JB085iB08p04421.

Parker, R.L, Whaler, K.A., 1981. Numerical methods for establishing solutions to
the inverse problem of electromagnetic induction. ]J. Geophys. Res. 86 (B10),
9574-9584, http://dx.doi.org/10.1029/]B086iB10p09574.

Pifia-Varas, P., Ledo, J., Queralt, P., Roca, E., Garcia-Lobé6n, ].L., Ibarra, P.,
Biete, C., 2013. Two-dimensional magnetotelluric characterization of the
El Hito Anticline (Loranca Basin, Spain). J. Appl. Geophys. 95, 121-134,
http://dx.doi.org/10.1016/j.jappgeo.2013.06.002.

Quinta, A., (Ph.D. Thesis) 2013. El patron de fracturacion alpina en el sector suroc-
cidental de los Pirineos Vascos. Universitat de Barcelona, Barcelona, Spain, pp.
153.

Rosell, O., Marti, A., Marcuello, A., Ledo, ], Queralt, P., Campanya, ], 2011.
Deep electrical resistivity structure of the northern Gibraltar Arc (western
mediterranean): evidence of lithospheric slab break-off. Terra Nova 23 (3),
179-186, http://dx.doi.org/10.1111/j.1365-3121.2011.00996.x.


dx.doi.org/10.1190/geo2011-0515.1
dx.doi.org/10.1007/s10712-009-9087-x
dx.doi.org/10.1007/s10712-009-9087-x
dx.doi.org/10.1111/j.1365-2478.2012.01129.x
dx.doi.org/10.2516/ogst/2009076
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0060
dx.doi.org/10.1111/j.1365-246X.2004.02281.x
dx.doi.org/10.1021/es3012222
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0075
dx.doi.org/10.1111/j.1365-246X. 2004.02203.x
dx.doi.org/10.1111/j.1365-246X. 2004.02203.x
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0085
dx.doi.org/10.1111/j.1365-246X.2011.05347.x
dx.doi.org/10.1111/j.1365-246X.2011.05347.x
dx.doi.org/10.1016/j.ijggc.2013.07.013
dx.doi.org/10.1016/j.pepi.2013.02.006
dx.doi.org/10.1016/j.jappgeo.2008.02.002
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0110
dx.doi.org/10.1016/j.egypro.2009.01.293
dx.doi.org/10.1016/j.jappgeo.2013.03.006
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0125
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0130
dx.doi.org/10.1190/1.3279125
dx.doi.org/10.1111/j.1365-246X.2008.03737.x
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0145
dx.doi.org/10.1111/j.1365-246X.2009.04317.x
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0155
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0160
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0165
dx.doi.org/10.1016/j.ijggc.2010.05.001
dx.doi.org/10.1093/gji/ggt470
dx.doi.org/10.1016/j.epsl.2005.01.044
dx.doi.org/10.1016/j.epsl.2005.01.044
dx.doi.org/10.1046/j.1365-246X.2002.01705.x
dx.doi.org/10.1046/j.1365-246X.2002.01705.x
dx.doi.org/10.1190/1.3304817
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0195
dx.doi.org/10.1111/j.1365-246X.1993.tb05600.x
dx.doi.org/10.1111/j.1365-246X.1993.tb05600.x
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0205
dx.doi.org/10.1016/j.cageo.2009.03.004
dx.doi.org/10.1016/j.cageo.2009.03.004
dx.doi.org/10.1093/gji/ggt066
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0220
dx.doi.org/10.1016/j.ijggc.2010.01.001
http://www.netl.doe.gov/technologies/carbon_seq/refshelf/MVA_Document.pdf
http://www.netl.doe.gov/technologies/carbon_seq/refshelf/MVA_Document.pdf
dx.doi.org/10.1016/j.geothermics.2008.02.006
dx.doi.org/10.1016/j.geothermics.2008.02.006
dx.doi.org/10.1190/1.1581032
dx.doi.org/10.1016/j.ijggc.2013.01.012
dx.doi.org/10.1016/j.ijggc.2012.12.023
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0255
dx.doi.org/10.1029/JB085iB08p04421
dx.doi.org/10.1029/JB086iB10p09574
dx.doi.org/10.1016/j.jappgeo.2013.06.002
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0275
dx.doi.org/10.1111/j.1365-3121.2011.00996.x

138 X. Ogaya et al. / International Journal of Greenhouse Gas Control 27 (2014) 120-138

Rubio, F.M., Ayala, C., Gumiel, J.C., Rey, C., 2011. Caracterizacién mediante campo
potencial y teledeteccion de la estructura geolégica seleccionada para planta
de desarrollo tecnoldgico de almacenamiento geolégico de CO2 en Hontomin
(Burgos). IGME-Instituto Geol6gico y Minero de Espafia Technical Report, pp.
182.

Sato, K., Mito, S., Horie, T., Ohkuma, H., Saito, H., Watanabe, ]., Yoshimura, T.,
2011. Monitoring and simulation studies for assessing macro- and meso-
scale migration of CO, sequestered in an onshore aquifer: experiences from
the Nagaoka pilot site, Japan. Int. ]. Greenhouse Gas Control 5, 125-137,
http://dx.doi.org/10.1016/].ijggc.2010.03.003.

Siripunvaraporn, W., 2012. Three-dimensional magnetotelluric inversion: an
introductory guide for developers and users. Surv. Geophys. 33 (1), 5-27,
http://dx.doi.org/10.1007/s10712-011-9122-6.

Siripunvaraporn, W., Egbert, G., Lenbury, Y., Uyeshima, M., 2005. Three-dimensional
magnetotelluric inversion: data-space method. Phys. Earth Planet. Inter. 150,
3-14, http://dx.doi.org/10.1016/j.pepi.2004.08.023.

Streich, R., Becken, M., Ritter, 0., 2010. Imaging of CO, storage sites,
geothermal reservoirs, and gas shales using controlled-source mag-
netotellurics: modeling studies. Chem. Erde-Geochem. 70 (3), 63-75,
http://dx.doi.org/10.1016/j.chemer.2010.05.004.

Tavani, S., Quinta, A., Granado, P., 2011. Cenozoic right-lateral wrench tectonics in
the Western Pyrenees (Spain): the Ubierna Fault System. Tectonophysics 509,
238-253, http://dx.doi.org/10.1016/j.tecto.2011.06.013.

Tuncer, V., Unsworth, M.J,, Siripunvaraporn, W., Craven, J.A., 2006. Exploration for
unconformity-type uranium deposits with audiomagnetotellurics data: a case
study from the McArthur River mine, Saskatchewan, Canada. Geophysics 71 (6),
B201-B209, http://dx.doi.org/10.1190/1.2348780.

Ugalde, A., Villasefior, A., Gaite, B., Casquero, S., Marti, D., Calahorrano, A., Marzan, L.,
Carbonell, R, Estatin, A.P., 2013. Passive seismic monitoring of an experimental
CO,, geological storage site in Hontomin (Northern Spain). Seismol. Res. Lett. 84
(1), 75-84, http://dx.doi.org/10.1785/0220110137.

Vilamaj6, E., Queralt, P., Ledo, J., Marcuello, A., 2013. Feasibility of monitoring the
Hontomin (Burgos Spain) CO, storage site using deep EM source. Surv. Geophys.
34, 441-461, http://dx.doi.org/10.1007/s10712-013-9238-y.

Weaver, ]J.T., Agarwal, AK, Lilley, F.E.M., 2000. Characterisation of the magneto-
telluric tensor in terms of its invariants. Geophys. ]J. Int. 141 (2), 321-336,
http://dx.doi.org/10.1046/j.1365-246X.2000.00089.x.

Xiao, Q., Cai, X., Xu, X,, Liang, G., Zhang, B., 2010. Application of the 3D magnetotel-
luric inversion code in a geologically complex area. Geophys. Prospect. 58 (6),
1177-1192, http://dx.doi.org/10.1111/j.1365-2478.2010.00896 x.

Zhdanov, M.S., Wan, L., Gribenko, A., Cuma, M., Key, K., Constable, S., 2011.
Large-scale 3D inversion of marine magnetotelluric data: Case study
from the Gemini prospect, Gulf of Mexico. Geophysics 76 (1), F77-F87,
http://dx.doi.org/10.1190/1.3526299.


http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
http://refhub.elsevier.com/S1750-5836(14)00123-6/sbref0285
dx.doi.org/10.1016/j.ijggc.2010.03.003
dx.doi.org/10.1007/s10712-011-9122-6
dx.doi.org/10.1016/j.pepi.2004.08.023
dx.doi.org/10.1016/j.chemer.2010.05.004
dx.doi.org/10.1016/j.tecto.2011.06.013
dx.doi.org/10.1190/1.2348780
dx.doi.org/10.1785/0220110137
dx.doi.org/10.1007/s10712-013-9238-y
dx.doi.org/10.1046/j.1365-246X.2000.00089.x
dx.doi.org/10.1111/j.1365-2478.2010.00896.x
dx.doi.org/10.1190/1.3526299

	Magnetotelluric characterisation and monitoring of the Hontomín CO2 storage site, Spain

	Acknowledgments
	Contents
	List of f
igures/ List of tables
	Preface
	Resumen
	Introduction and overview
	Geological and geophysical setting
	Magnetotelluric characterisation
	Magnetotelluric monitoring
	Conclusions and future work
	References

	Supplementary figures

	PEER reviewed papers
	Ogaya et al., 2013
	
Ogaya et al., 2013
	First geoelectrical image of the subsurface of the Hontomín site (Spain) for CO2 geological storage: A magnetotelluric 2D ...
	1 Introduction
	2 Geological setting
	3 Main reservoir: the saline aquifer
	4 MT method
	5 Previous geoelectrical information
	6 Magnetotelluric data and 2-D inversion
	7 Interpretation and discussion
	8 Conclusions
	Acknowledgements
	References


	Ogaya et al., 2014
	Ogaya et al., 2014
	Geoelectrical baseline model of the subsurface of the Hontomín site (Spain) for CO2 geological storage in a deep saline aq...
	1 Introduction
	2 The Hontomín site
	2.1 1D models from the resistivity log-data
	2.2 2D resistivity model

	3 Magnetotelluric method
	4 Magnetotelluric data and dimensionality analysis
	5 3D inversion of the MT data
	5.1 General aspects (setup)
	5.2 Initial 3D inversions
	5.3 Final 3D resistivity model

	6 Comparison with other EM studies
	6.1 MTD profile
	6.2 Correlation with resistivity log data

	7 Interpretation: 3D geoelectrical baseline model
	Resistive layer R1
	Conductive layer C1
	Resistive layer R2
	Conductive layer C2
	Sets of faults
	Injection area

	8 Conclusions
	Acknowledgements
	References


	Portada_PhD Thesis_Xenia Ogaya.pdf
	Page 1




