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The  magnetotelluric  (MT)  method  was  used  to characterise  the  underground  research  laboratory  (URL)
for  CO2 storage  in  a deep  saline  aquifer  at Hontomín  (Spain).  A  total  grid  of 109 closely-spaced  broadband
MT  sites  was  acquired  in  the  study  area  covering  an  areal  extent  of  3 ×  5  km2. Different  three-dimensional
(3D) inversion  codes  were  employed  to invert  the  MT data  in  the period  range  of 0.001–10  s (frequency
range  1000–0.1  Hz),  with  all of  them  giving  similar  results.  The  final  preferred  3D  model  validates  a
previously  published  two-dimensional  (2D)  MT  study  and is supported  by  a  variety  of multidisciplinary
eoelectrical baseline model
eophysical imaging
D modelling
agnetotellurics

lectrical resistivity

data  (e.g.,  well  log, 3D  seismic  and  hydrogeochemistry  data).  The  3D model  constitutes  the  baseline
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
consequently,  the  monitoring  requirements  of  the  Hontomín  site.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Monitoring of CO2 storage sites permits control of gas injection
nd storage operations, detection of possible leakage, and sup-
ort of the required safety conditions (IPCC, 2005; NETL, 2009).
ifferent geophysical techniques are presented as suitable for mon-

toring purposes and a number of multidisciplinary monitoring
chemes have been designed to study and control the evolution of
he injected CO2 plume (Hoversten and Gasperikova, 2005; IPCC,
005; Giese et al., 2009; NETL, 2009; JafarGandomi and Curtis,
011; Sato et al., 2011). Electric and electromagnetic (EM) methods
ave been demonstrated to be valuable as they constrain the elec-
rical conductivity of the storage complex and offer a high degree of
omplementarity between their different techniques to study the

ifferent scales and depths of interest in a storage site (Kiessling
t al., 2010; Streich et al., 2010; Girard et al., 2011; Bergmann et al.,
012; Vilamajó et al., 2013). The electrical conductivity of the Earth

∗ Corresponding author at: Facultat de Geologia, Dept. Geodinàmica i Geofísica,
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ttp://dx.doi.org/10.1016/j.ijggc.2014.04.030
750-5836/© 2014 Elsevier Ltd. All rights reserved.
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 CO2 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 CO2 mon-
itoring, the estimation of some of these parameters is critical to
locate the gas plume and understand CO2 migration (Bourgeois and
Girard, 2010; Nakatsuka et al., 2010; Alemu et al., 2011; MacGregor,
2012; Börner et al., 2013).

For most techniques, the changes produced by the injection of

the CO2 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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Fig. 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
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modified from Muñoz, 2002); (b) geological map  of the Hontomín surrounding a
ocation of the broadband MT  (BBMT) and long period MT (LMT) sites, respectively
he  wells H1–H4, GW1–GW3 and Hi-Ha. (For interpretation of the references to col

odel of the storage site subsurface. In the underground research
aboratory (URL) for CO2 storage in a deep saline aquifer of Hon-
omín (Spain; described below), a large number of multidisciplinary
xperiments are being undertaken to characterise the subsurface in
rder to be able to monitor the expected CO2 plume evolution (e.g.,
ubio et al., 2011; Buil et al., 2012; Benjumea et al., 2012; Ogaya
t al., 2012; Alcalde et al., 2013a,b; Canal et al., 2013; Elío et al.,
013; Nisi et al., 2013; Ogaya et al., 2013; Quintà, 2013; Ugalde
t al., 2013; Vilamajó et al., 2013). Since the applicability and sensi-
ivity of monitoring techniques depends on the site characteristics,
iverse EM techniques are being assessed for different purposes
ccording to their resolution and penetration depth.

The magnetotelluric (MT) method has demonstrated its validity
o characterise the subsurface of the Hontomín site providing the
rst two-dimensional (2D) geoelectrical model of the URL (Ogaya
t al., 2013). Controlled-source EM (CSEM) techniques have indi-

ated their feasibility to monitor the Hontomín site and detect small
olumes of CO2 (Vilamajó et al., 2013). Moreover, the EM noise of
he study area has been analysed and characterised (Escalas et al.,
013) in order to design strategies to deal with it.
dicating the location of the Hontomín structure; (c) red and blue dots show the
indicated are the acronyms of the various profiles (MTA-MTE) and the locations of

 this figure legend, the reader is referred to the web version of this article.)

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 CO2 geological storage contexts,
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ig. 2. Electrical resistivity of the different facies and formations: (a) in black, H2 r
b)  stratigraphic column of the Hontomín site at H2 well showing Triassic to Cretac
iven  in terms of true vertical depth (TVD).

his work constitutes the first 3D MT  characterisation survey of an
RL.

In agreement with the results of the dimensionality analysis pre-
ented in Ogaya et al. (2012), 3D inversion and forward modelling
f the complete MT  data set was undertaken, combining the inverse
ode described by Mackie and Madden (1993) subsequently devel-
ped and implemented by Geosystem, and the ModEM inverse code
resented by Egbert and Kelbert (2012). The process was also cor-
oborated using the WSINV3DMT inverse code (Siripunvaraporn
t al., 2005). The final 3D model defines the geoelectrical baseline
odel of the Hontomín URL subsurface that will establish the point

f comparison for subsequent EM monitoring surveys of the site.

. The Hontomín site

The Hontomín URL is a Technological Development Plant (TDP)
or CO2 storage in a deep saline aquifer; the project is led by the
undación Ciudad de la Energía – CIUDEN. The Hontomín site is a
on-commercial project and the injection is limited to 100 kilo-
ons by regulation. However, no more than 20 kilotons are planned
o be injected which corresponds to an approximate volume of
35 × 135 × 25 m3 at 1500 m TVD (true vertical depth). The volume
as estimated according to the variation of CO2 density with depth,
or hydrostatic pressure and a geothermal gradient of 25 ◦C/km
rom 15◦ at the surface (Fig. 5.2 in IPCC, 2005)

The URL is located in the southern sector of the Basque-
antabrian Basin (Western Pyrenees, Spain; Fig. 1). The boundaries
ity log data and in red, H2 one-dimensional resistivity model (Ogaya et al., 2013);
materials. Primary and secondary reservoir-seal systems are indicated. Depths are

of the Hontomín 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 Hontomín site is a smooth Jurassic domed anti-
cline structure cored by Upper Triassic evaporites (Keuper facies;
Quintà, 2013; Fig. 2). The overall lateral extent of the structure is
3 × 5 km2.

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; Quintà, 2013). The injection is projected
to occur in the basal part of the Lower Jurassic carbonates at about
1500 m 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 (Sopeña 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% (Márquez 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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ig. 3. 2D resistivity model of the MTD-profile data (reproduced from Ogaya et al.
1,  R2 and C2. F indicates the fault region located in the southern part of the mode
etres  above sea level (m.a.s.l.).

he primary seal comprises four black-shale levels interbedded
n Lower Jurassic marls (Camino Fm., Fig. 2). A suitable secondary
eservoir-seal system is represented by the intercalations of con-
lomerates, sandstones and shales from the Purbeck and Weald
acies (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
eservoir is a saline aquifer and corresponds to the most conduc-
ive unit (10 �m in H2 well). The average electrical conductivity of
he saline water is 47 mS/cm (a resistivity of 0.22 �m;  Buil et al.,
012). The primary seal also has a conductive behaviour, whereas
he secondary reservoir-seal system is resistive.

.1. 1D models from the resistivity log-data

Fig. 1c shows the location of all drilled wells. H1, H2, H3 and H4
ere drilled for oil exploration purposes (H1 and H2 in the late
ineteen-sixties; H3 in 1991 and H4 in 2007) and their depths
ange up to 1769 m TVD. GW1, GW2  and GW3  are hydrogeo-
ogical boreholes and were drilled recently (2012) to carry out
roundwater studies; their depths range between 150 m and 405 m
VD (Benjumea et al., 2012). Following the procedures used in
gaya et al. (2013) for the H2 well, where the resistivity log data
ere smoothed into the minimum number of layers required to
escribe the subsurface, an equivalent one-dimensional (1D) resis-
ivity model was sought for each of the existing wells. These 1D

odels produce the same MT  responses at the surface, as those ones
btained from forward modelling using the logged resistivities.

ince the H4 well (drilled to a depth of 1610 m TVD) lacked resisti-
ity log data, its 1D resistivity model was inferred using the H2-well
ata to correlate the different lithologies to electrical properties. It
onstitutes a good approximation as the two wells are located in the
). The four main layers of the resistivity distribution are (from bottom to top): R1,
erimposed is the 1D resistivity model of the H2 well. Depths are given in terms of

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
sea level, 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
−200 m.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 (�). The skin-depth (ı = 503

√
�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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Fig. 4. Locations of the BBMT and LMT  sites. In red, the BBMT sites collected in Spring 2010; in yellow, the BBMT sites collected in Autumn 2010 and in green, the single LMT
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ite  collected during a third phase of the fieldwork acquisition. Indicated are the acr
2013; Fig. 3). Small yellow dotted lines indicated MTBC and MTCD profiles. Also sh
tudy area). (For interpretation of the references to colour in this figure legend, the

The orthogonal electric and magnetic field variations recorded
t the Earth’s surface are related to each other through the
mpedance tensor Zij(ω), function of oscillation frequency ω. From
he impedance tensor are derived the MT  response functions:
pparent resistivity (�aij) and phase (ϕij). The form of this complex
econd-rank tensor is related to the dimensionality of geoelectrical
tructures. For that reason, a thorough dimensionality analysis of
he MT  data is necessary to determine which approach is more ade-
uate: 1D, 2D or 3D. The dimensionality analysis yields information
bout the direction along which the electrical resistivity remains
onstant (geoelectric strike direction) and makes it possible to
orrect the MT  data by detecting and removing most of the pos-
ible galvanic distortion effects. Nowadays, different approaches
re commonly used: (i) Groom-Bailey distortion decomposition
ethod for a regionally 2D geoelectrical subsurface (Groom and

ailey, 1989); (ii) analysis of the set of rotational invariants of the
mpedance tensor presented by Weaver et al. (2000), and (iii) the
tudy of the phase tensor which relates the real and imaginary parts
f the impedance tensor (Caldwell et al., 2004). For an extended
escription and comparison of the different existing methologies,
ee Jones (2012) in the recent book on MT  by Chave and Jones

2012).

Different 3D MT  inversion algorithms have been developed in
he last years although 3D inversion requires further development
nd understanding of the advantages and limitations. For a test
s of the profiles as well as the orientation of the 2D model presented in Ogaya et al.
re the positions of the wells and wind turbines (major EM noise source within the
r is referred to the web version of this article.)

and comparison of the current available codes see the compilation
of Miensopust et al. (2013). In this Hontomín 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), Börner (2010) and Siripunvaraporn (2012).

4. Magnetotelluric data and dimensionality analysis

The EM characterisation of the Hontomín 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
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Fig. 5. 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.
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eoelectric strike is indicated by black lines of length inversely proportional to its
ocation of Hontomín village is indicated. (For interpretation of the references to co

n approximately extent of 3 × 5 km2. The data were mainly
rganised along five NS profiles: MTA, MTB, MTC, MTD  and MTE
Figs. 1c and 4). To refine the grid in the injection area (Hi region),
wo smaller NS profiles were acquired: MTBC and MTCD (indicated
ith yellow dotted lines in Fig. 4). All profiles were perpendicular

o the EW trend of geological structures and crossed the EW fault

maged in the previous 2D resistivity model (F fault, Fig. 3). The
ength of each profile was around 4 km and the average distance
etween them was approx. 500 m.  The stations were distributed on
00 m intervals along the profiles. The instrumentation consisted
. The white dotted line shows the approximate north-border of the F region. The
 this figure legend, the reader is referred to the web  version of this article.)

of Metronix ADU06, Metronix ADU07 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 0.001–100 s

(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



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

Fig. 6. Phase tensor at each 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
b  dime
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etween the length of the semi-major and semi-minor axis gives an estimate of the
ase).  The colour of the ellipse shows the skew angle  ̌ which indicates the 3D cha
ingle  periods, some of the sites do not have data. The black dotted line shows the a

ell to improve the quality of the longest periods (same location as
n Ogaya et al., 2013). Moreover, BBMT acquisition was designed in

 manner that at least 4 stations were recording at the same time
o minimise the effects of the EM noise using also local multiple RR
echniques. During a third phase of fieldwork acquisition, a single
ong period magnetotelluric (LMT) data set was collected to obtain
nformation about the deeper structures (green dot in Fig. 4). The
MT data were acquired in the period range of 16–20000 s using a
EMI system (Lviv Centre of Institute of Space Research).

Robust processing codes employed to derive the BBMT
esponses were the ones that demonstrated their validity in the

revious 2D survey (Egbert and Booker, 1986). The RR technique
Gamble et al., 1979) was used at all stations to improve the qual-
ty of the BBMT data between 0.5 and 10 s. The implementation of
he local RR technique was crucial for improving the data collected
nsional complexity of the geoelectrical structure (i.e., a circle matches with the 1D
 of the resistivity distribution (  ̌ = 0 for a 2D case). As the plot corresponds to four
imate north-border of the F region. The location of Hontomín village is indicated.

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 10 s, ambient noise
dominated the natural signal and consequently, the studies were
undertaken in the period range of 0.001–10 s (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 Martí 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: 0.001–0.01 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 thresholds set for the invariants were: � = 0.19 for invari-
ants I3–I7 and �Q = 0.10 for invariant Q. For short periods (shallow
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Fig. 7. Quality of the BBMT data. White big dots indicate sites with information in the whole range of periods whereas large black dots indicate sites without any data in
the  range. Intermediate cases with gaps in the period range are indicated by grey dots. Small blue dots represent the excluded noisy sites. The positions of the wells and the
wind  turbines, main EM noise source of the study area, are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
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epths), the results indicate 1D/2D conductivity, being mainly 1D
n the F region (in the south). On the contrary, when increasing the
eriod (equivalent to increasing the depth of penetration), geoelec-
rical structures become more complex and present a 3D behaviour.

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

Thereby, the dimensionality analysis corroborated that a 3D
nversion of all the BBMT data set was necessary to avoid misin-
erpretation of the geoelectrical structure of the Hontomín URL at

eriods longer than 0.1 s (Ogaya et al., 2012). Moreover, it was  con-
luded that galvanic distortion in the study area was small, since
esults of the phase tensor study were consistent with the ones
btained 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 10 s. 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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Fig. 8. Equivalent section to the MTD  profile modelled in Ogaya et al. (2013) for each of the three initial inversions from a uniform 50 �m halfspace: (a) model Ø,  (b) ModEM
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nd  (c) WSINV3DMT. The black dashed line indicates the approximate depth at wh
ases,  and in terms of TVD in (c) case). The white dashed line indicates the bottom o
ell  (Fig. 2a). BBMT sites are marked by black triangles.

esistivity log data to fix the resistivity values at shallow depths.
n general terms, the static shift corrections were smaller than a
ogarithmic decade. Static shift correction could imply a loss of
nformation but related to near surface structures that are not the
arget of this study.

Giving the predominant 3D behaviour of the geoelectrical struc-
ures for periods longer than 0.1 s, the diagonal components of the
mpedance tensor were considered for the inversion. The impor-
ance of including the diagonal components in 3D inversion was
ecently emphasised by Kiyan et al. (2014). For the shortest periods,
he amplitude of the apparent resistivity of the diagonal com-
onents at most sites is two to three decades smaller than the
ff-diagonal components. However, for the longest periods, the
ifference of amplitude between the diagonal and off-diagonal

omponents is less than a decade. In general, the diagonal com-
onent data are of reasonable quality and their apparent resistivity
nd phase curves are not scattered; their amount of error is rela-
ively low (see supplementary Figs. S1–S17).

ig. 9. Final 3D resistivity model of the Hontomín URL subsurface with a cutout (red do
tudy  area is shown and the positions of the wells and BBMT sites are marked. The F regio
iven  in terms of m.a.s.l. (For interpretation of the references to colour in this figure legen
e resistivity increase is observed (depths are given in terms of m.a.s.l. in (a) and (b)
D model shown in Fig. 3. Superimposed appears the 1D resistivity model of the H2

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 Ø 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

tted lines indicate the location of the NS and EW cuts). The geological map  of the
n and the main resistivity layers (R1, C1, R2 and C2) are also indicated. Depths are
d, the reader is referred to the web version of this article.)

http://dx.doi.org/10.1016/j.ijggc.2014.04.030
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Fig. 10. Responses of the model Ø

void sharp boundaries between the air and earth cells, a smooth
opography was implemented. The mesh was a 73 × 114 × 113-
ayer grid including topography for Geosystem and ModEM’s
ases (an approximate model extension of 61 × 63 × 54 km3). For

SINV3DMT’s test cases, the mesh was a 52 × 68 × 60-layer grid
ut excluded topography (an approximate model extension of
0 × 72 × 52 km3).

The final inversions were undertaken using up to 29 periods of
he full impedance tensor for the 102 BBMT sites in the range of
.001–10 s. The error floor set was 5% for the off-diagonal compo-
ents (2.865 degrees for the phases and 10% for apparent resistivity)
nd 10% for the diagonal components (5.73 degrees and 20% for the
pparent resistivity). Missing data periods were interpolated and
ncluded but had assigned large error bars.

The models were run on the Stokes cluster of the Irish Centre for
igh-End Computing (ICHEC) and on the Mallet and Lehmann clus-

ers from Dublin Institute for Advanced Studies (DIAS). The main
spects of the inversion process are detailed below.

.2. Initial 3D inversions

Some initial inversions were run using ModEM and
SINV3DMT codes to validate the initial model Ø used and

o assess its geological consistency. The initial model was  for
oth cases a halfspace of 50 �m (as for Geosystem’s inversion)
hich agrees with the average resistivity value of the H2 well

og data (Fig. 2). The inversions were undertaken using the full

mpedance tensor. However, in order to assure the convergence of
hese initial models, first iterations were undertaken using only
0 sites uniformly distributed and covering all the area, and the
ff-diagonal components. Once the main structures were defined,
the final 3D model at site MTD7.

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 Ø, (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 Ø 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
2200 m 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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ig. 11. Pseudosections of MTB  profile: apparent resistivity and phase for observed

To address this issue, several inversions using the ModEM code
ere carried out for different period bands: the shortest periods
ere fitted first and then, the longest periods were inverted fix-

ng the upper part of the model. The fit of the shortest periods
as improved but improvement did not occur in the same man-
er with the longest ones. Through 3D synthetic studies it was
orroborated that the primary system (primary reservoir and seal)
T responses were principally in the range of 0.1 to 1 s, as was

reviously affirmed by Ogaya et al. (2013). In this way, the data
ollected at the Hontomín site were imaging the deepest resistive
ayer R1 but a non-constrained 3D inversion was unable to recover
he layer. The inversion needed to be better constrained at depth in
rder to resolve the bottom of the main reservoir and recover the
1 layer.

.3. Final 3D resistivity model
For the final model, a more constrained inversion was carried
ut incorporating new information for the initial model. As has been
iscussed in other publications (e.g., Piña-Varas et al., 2013), an
ppropriate selection of the initial model is sometimes necessary to
nd model responses. The positions of the BBMT sites are marked by black triangles.

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), 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 10–340 s; 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 Ø 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
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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
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olarisation and the transverse electric (TE) mode, with YX polarisation. The positio

The geoelectrical structure from near surface to −900 m.a.s.l.
s an alternation of conductive and resistive layers (from bottom
o top; Figs. 13–16): R1, C1, R2 and C2. The location of the tops
nd bottoms of the layers, as well as their thicknesses, vary along
ach profile and between profiles. The southern part of the model
F region) is mostly conductive, being much more conductive in
he eastern part than in the western part. Through non-linear-
ensitivity tests (e.g., Ledo and Jones, 2005) the most conductive
astern part of the F fault region (region 1 in Fig. 13b) and the con-
inuity of the R2 layer in the southern part of the model (region 2 in
ig. 13b) were both evaluated. The tests consisted of replacing the
esistivity values of these regions by their surrounding resistivity
alue: 30 �m for region 1 and 200 �m for region 2. In both cases,
he difference between the responses of the final model and the

odified one was greater than the error floor imposed in the MT

ata for the inversion (results for region 1 in Fig. 17 and results for
egion 2 in Fig. 18). In this way, that conductive region 1 is required
y sites located in the southern part of the model, mainly the ones

n the MTD  and MTE  profiles, was corroborated. This conductive
the BBMT sites are marked by black triangles.

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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Fig. 13. (a) 2D model of the MTD  profile (Ogaya et al., 2013) and (b) its equivalent section of the final 3D model. The same resistivity colour scale is used for both models.
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he  main resistivity layers (R1, C1, R2 and C2) and the F region are indicated. The 1
ites  are marked by black triangles. The differences in topography are apparent be
he  two more conductive regions studied through non-linear-sensitivity tests: regi

ell defined. In none of the models (neither the 2D nor the 3D)
oes 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
f 0.1–10 s (Ogaya et al., 2013) which is the band where the data are
ot purely 2D and some 3D effects are observed (Figs. 5 and 6). The
bserved differences are therefore concluded to be mainly because
f two reasons: the greater smoothness of the 3D models, primarily
ue to larger cell sizes, and the possible influence of 3D structures

n the previous 2D inversion.

.2. Correlation with resistivity log data

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

he GW wells.

Correlation of the final 3D model with the resistivity log data
how that discrepancies are not significant, neither for the H wells
or for the GW wells. Thus, it was seen that for this case study, the
del provided by the resistivity-log data of the H2 well is superimposed and BBMT
it was defined on a smoother surface for the 3D model. Black dotted lines indicate
ig. 17) and region 2 (Fig. 18). Depths are given in terms of m.a.s.l.

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

7. Interpretation: 3D geoelectrical baseline model

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.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 �m;  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 0.1–1 s. The top
of the layer is approximately at −216 m.a.s.l. (Fig. 15f). It has a
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ig. 14. Three sections (I, II and III) cutting the final 3D model by the existing w
ndicated. Possible FR2 fracture regions and faults that cross the H wells according t
esistivity-log data) are superimposed. Depths are given in terms of m.a.s.l.

ome-like structure with its axis situated in the injection area. The
lope of the north flank is less steep and the dome seems to be elon-
ated to the NW (Fig. 15f and g). The extension of the dome crest
n this layer is about 1 × 1 km2.

The C1 layer contains Jurassic rocks according to the well log
ata. The main reservoir and seal units are interpreted to be located
ithin it. The saline aquifer (main reservoir), is linked to the most

onductive region inside C1, a 7–14 �m region labelled as C1a in
ig. 15g. The top of this most conductive layer is located around
400 m.a.s.l. The overlying primary seal also features a conductive
ehaviour, probably because of its marly composition (marlstones
nd black shales).

esistive layer R2

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

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

(i) The bottom of the R2 layer is defined by a more resistive sub-

layer of up to 130 �m 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
he main resistivity layers (R1, C1, R2 and C2) and the F and EF fault regions are
 data, are also specified. The 1D resistivity models derived for each well (simplified

Fig. 15e is observed a less resistive region (below 100 �m)  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 �m)  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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Fig. 15. Z-slices of the model from top (a) to bottom (h), with depths indicated in each sub-plot. The main resistivity layers (R1, C1, R2 and C2) and the F region are indicated.
EW  white dashed line indicates the approximate north-border of the F region. From bottom to top (depths given in terms of m.a.s.l.): (h) top of the R1 layer; (g) main reservoir
C1a  (saline aquifer); (f) top of the C1 layer; (e) bottom of the R2 layer; (d), (c) and (b) evolution of the R2 layer’s dome structure and (a) C2 layer and bend of the R2 layer due
to  the presence of the F region. See text for more information about the white dotted lines.

Fig. 16. NS and EW sections cutting the model by the injection well (Hi). The image shows the main resistivity layers (R1, C1, R2 and C2) and the F and FR2 fault regions.
White dotted line traces the approximate soft dome-like structure of C1 and R2 layers. The expected CO2 injection plume is indicated by a white square. Depths are given in
terms  of m.a.s.l.
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Fig. 17. Non-linear sensitivity test to study the conductive region 1 (indicated by black dotted lines in Fig. 13). (a) YX responses at site MTE20 of the final model (black) and
t y 30 
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he  modified one (red) derived by replacing the resistivity values of the region 1 b
ifferences are greater than the error floor imposed in the MT data for the inversion
onductive region 1 is required by sites located in the southern region of the mode
olour  in this figure legend, the reader is referred to the web  version of this article.)

ets of faults
The 3D model shows the EW prolongation of the main fault F
maged in the previous 2D model (Fig. 6 in Ogaya et al., 2013). The F
ault region is associated to the strike-slip movement of the Ubierna
ault (Tavani et al., 2011; Quintà, 2013). The EW white dashed line

ig. 18. Non-linear sensitivity test to study the conductive region 2 (indicated by black d
he  modified one (red) derived by replacing the resistivity values of the region 2 by 200
ifferences are greater than the error floor imposed in the MT data for the inversion (10%
esults  indicate that there is not a continuity of the R1 layer in the southern region of the m
s  referred to the web version of this article.)
�m.  (b) Difference between the YX apparent resistivity and phase responses. The
for the YX apparent resistivity and 2.865 degrees for the YX phases). Thus the more
inly the ones in the MTD  and MTE  profiles. (For interpretation of the references to

in Fig. 15 indicates the approximate north-border of that region.
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

otted lines in Fig. 13). (a) YX responses at site MTE20 of the final model (black) and
 �m.  (b) Difference between the YX apparent resistivity and phase responses. The

 for the YX apparent resistivity and 2.865 degrees for the YX phases). Thereby, the
odel. (For interpretation of the references to colour in this figure legend, the reader
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rea (Fig. 13) whereas in the western part it is less conductive and
eems to be imaged as different faults (Fig. 16). These branches of
he F fault are also observable in some sections of the seismic cube
Alcalde et al., 2013b). Consequently, the western part seems to
e more sealed than the eastern part. Hydrogeochemical studies
f surface and spring waters in the surroundings of the Hontomín
RL (Buil et al., 2012; Nisi et al., 2013) found that water samples
cquired in the eastern part of the F fault region could be indicative
f mixing processes between deep and shallow aquifers. However,
lío et al. (2013) investigated the CO2 flux baseline in the soil-
tmosphere interface at the Hontomín site, and those authors did
ot find any anomaly in the F region, neither in the western nor in
he eastern part.

In the eastern part of the model (under sites on the MTE  profile)
 more resistive behaviour of the R2 layer is observed (resistivity
alues up to 300 �m;  see II and III profiles in Fig. 14). It could be
ue to a set of NS faults located in the east (Quintà, 2013; called EF
ereafter and indicated in Fig. 14). The EF faults are located outside
he modelled region, but their presence could explain the increase
f the R2 layer thickness and resistivity in the eastern part of the
odel. The 1D resistivity model of the H3 well may  differ from the

thers because is affected by F and EF sets of faults.
Small resistivity variations (more conductive areas) observed

ithin the R2 layer could be associated with a set of minor faults in
he Dogger and Purbeck units (Quintà, 2013). Some of these faults
re indicated by FR2 in Figs. 14 and 16. In Fig. 14 are also shown the
aults that cross the H wells according to well data (Quintà, 2013).

njection area

Fig. 16 shows a NS and an EW section that cuts the 3D model
y the injection well (Hi). Observed is the smooth dome-like struc-
ure of the C1 and R2 layers with Hi located close to the axis. The
xpected volume of CO2 (20 kilotons, see above) is shown by a white
quare in Fig. 16. Since that the amount of CO2 injection is small,
one of the geoelectrical structures would appear to constitute a

ikely leakage pathway. However, according to the model, special
ttention should be paid to the possible FR2 faults neighbouring
he Hi well and to the F fault (especially in the eastern part) during
he monitoring of the URL.

. Conclusions

The 3D resistivity model presented in this paper constitutes the
eoelectrical baseline model of the Hontomín URL. It defines the
ubsurface structure in the pre-injection state and allows the detec-
ion of changes due to the CO2 injection. It will be the reference

odel for the future EM monitoring experiments planned for the
nd of 2013.

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

The final model contributes to a better understanding of the sub-
urface at the Hontomín site. In general, the electrical responses of
ach formation coincide with the ones imaged in the previous 2D
odel. However, the 3D model provides an important 3D spatial
haracterisation of the different units as well as images the prolon-
ation of the main fault F. In this way, it is possible to determine the
ossible leakage pathway and design the monitoring setup accord-

ng to the site requirements. Special attention needs to be paid to
house Gas Control 27 (2014) 120–138

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 CO2 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 CO2 storage and
long-term monitoring.
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