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c Institut Cartogràfic i Geològic de Catalunya (ICGC), Parc de Montjuïc, 08038, Barcelona, Spain   

A R T I C L E  I N F O   

Keywords: 
Geothermal exploration 
Method combination 
HVSR method 
Magnetotelluric method 
Gravity method 

A B S T R A C T   

The integration of geophysical methods, together with the previous information of the Vallès basin area, has 
resulted in the creation of a new conceptual model that explains La Garriga-Samalús geothermal system. The 
integration of complementary geophysical methods seems to be a good option for the preliminary stages of a 
geothermal system exploration, especially in urban areas. 

An integrated seismic ambient noise, magnetotellurics, and gravity methods were used to determine the 
geological units and structures which control the La Garriga-Samalús geothermal system. The 2D resistivity and 
density models have allowed the identification of the four main units which regulate the geothermal system: the 
Miocene basin, the Prelitoral Range unit, the Vallès Faut Zone, and the Paleozoic basement. The interpretation of 
our models set the Vallès Fault Zone, which is characterized by an anomalous low resistivity and low density, as 
the main path for the hot fluids. Moreover, the geophysical characterization established a new geometry for the 
Miocene basin. The Miocene basin presents a stepwise morphology, with the minor thickness towards the fault 
and an increasing thickness towards the center of the basin. This geometry seems to be related to synthetic 
normal faults. 

These results have evidenced that, although, in some geothermal systems, the warm water may create an 
insufficient physical contrast; the appropriate use of some techniques can still be useful for the exploration of 
medium and low-temperature geothermal systems.   

1. Introduction 

The role of geophysics in the exploration of geothermal resources has 
been discussed in several review papers (Banwell, 1973, 1970; Bod
varsson, 1970; Manzella, 1973; Meidav and Tonani, 1976; Pálmason, 
1976; Shah et al., 2015), and it has been definitely set among the main 
disciplines which allows the characterization and monitoring of a 
geothermal system (Abdelfettah et al., 2018; Chambefort et al., 2016; 
Hermans et al., 2014; Hunt et al., 2009; Kana et al., 2015; Peacock et al., 
2013). 

Geophysical exploration involves taking measurements at or near the 
Earth’s surface that are influenced by the internal distribution of phys
ical properties. The analysis of these measurements can reveal how the 

physical properties of the Earth’s interior vary vertically and laterally, 
and consequently, interpret the geology and the structural features of 
the subsurface (Kearey et al., 2002). In a geothermal system context, the 
geophysical methods do not just allow the structural characterization of 
the subsurface, key parameters like temperature or fluid content, can be 
also indirectly estimated by their utilization (Georgsson, 2009; Leeu
wen, 2016; Shah et al., 2015). 

In recent years, geothermal exploration has put the spotlight on 
urban areas. (Di et al., 2006; Lüschen et al., 2014; Moeck et al., 2015; 
Yousefi et al., 2019; Zhang et al., 2012). This renewable energy has an 
enormous potential in populated regions, where the demand is contin
uously growing and there is a need of reducing the reliance on highly 
polluting energies (Kraft et al., 2009; Schiel et al., 2016). In this 
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geographical context, the development of geophysical surveying, prop
erly applied, can optimize exploration programs by maximizing the rate 
of ground coverage and minimizing the drilling requirement (Kearey 
et al., 2002). Hence, urban areas are set as an important geographical 
context to apply the geophysical methods for geothermal exploration, 
but not in all the geological contexts their application would have great 
results. The physical property contrast in the subsurface of the study 
area would condition the quality of the geophysical results (Benson 
et al., 2003). 

Most of the geophysical prospections in geothermal exploration are 
related to high-temperature geothermal systems (fluid temperature 
>150 ◦C), which are commonly found in exceptional geological areas, 
like volcanic or seismically active areas (Jousset et al., 2011; Khodayar 
and Björnsson, 2014). The hydrothermal alteration products or also the 
high-temperature contrast can allow an easy characterization of this 
kind of system by using geophysical methods (Maithya and Fujimitsu, 
2019; Rodríguez et al., 2015). However, in medium and 
low-temperature systems, sometimes there is an insufficient physical 
contrast from the host rock to easily detect the geothermal reservoir or 
to detect its consequence alteration cap (Soengkono et al., 2013). Even 
that, geophysical methods are still useful to characterize the geothermal 
system by its geological characterization as well as the detection of some 
conditioning factors, for example, the fractured zones (Arango-Galván 
et al., 2011; Nieto et al., 2019; Thanassoulas and Xanthopoulos, 1991). 

Two of the geological contexts in which geophysical methods can 
play an important role in medium-temperature geothermal systems are: 
systems related to sedimentary basins (Viseras, 2002) and systems 
related with fractured crystalline rocks (Lewis and Haeni, 1987). Pre
vious studies (Calcagno et al., 2014; Mahajan et al., 2011; Rao, 1986) 
showed that different physical properties such as density or acoustic 
impedance reveal a great contrast between the basement and the sedi
mentary basin. Likewise, in fractured crystalline rocks, different phys
ical properties, e.g. the electrical resistivity, can show a great contrast 
between the fractured and the fresh crystalline rock (Kirkby et al., 2016; 
Lewis and Haeni, 1987; Mandal et al., 2019; Thanassoulas and Xan
thopoulos, 1991). In this way, geophysical methods allow a preliminary 
delimitation and characterization of the geothermal reservoir, which is 
essential for the determination of the system magnitude. 

Moreover, the use of geophysical methods in heterogenous media 
may be particularly challenging. This is because the inversion process of 
geophysical data is inherently non-unique, hence, a variety of Earth 
models may fit the data equally well. Even so, as it has been demon
strated in previous studies (Ars et al., 2019; Gabàs et al., 2016; Gallardo 
et al., 2012; Garambois et al., 2002; García-Yeguas et al., 2017; Low 
et al., 2020; Mandal et al., 2019), the combination of different physical 
properties allows a better constraining of the models, and the interpre
tation can be greatly improved. 

In the region of interest, the Catalan Coastal Ranges (NE Spain), 
several hot springs with different chemical composition and different 
sources can be found. Particularly, in La Garriga town there are several 
bicarbonate-sodic hot springs in which water comes out at temperatures 
of around 60 ◦C. A few kilometers from those hot springs (2− 3 km), in 
Samalús village, a slight thermal anomaly (17− 22 ◦C) was detected in 
some open shallow wells (10− 26 m) (IGME, 1977). For this reason, 
during the 80’s, and due to the growing interest in geothermal energy, 
six exploratory boreholes were made in Samalús area by the Geological 
Survey of Spain (IGME, 1986, 1984a, 1982). These boreholes allowed a 
first characterization of the lithologies as well as a temperature gradient 
estimation. Temperatures of around 90 ◦C were recorded at 1000 m 
depth (IGME, 1986). Currently in La Garriga-Samalús area, several spas 
benefit from these hot waters. 

Although several works about this geothermal system were pub
lished after the boreholes construction (Canals et al., 1989; Cardellach 
et al., 2003; Fernàndez and Banda, 1990, 1988), many important as
pects, such as the Vallès fault and the Miocene basin geometries, or the 
system which controls the circulation of hot water, are still poorly 

understood. 
Thus, in order to bring new light to those questions we propose an 

integrated geophysical survey using H/V spectral ratio of seismic 
ambient noise (HVSR), magnetotelluric (MT) and gravity methods for 
the sub-surface characterization of La Garriga-Samalús geothermal 
system, in the Vallès basin (NE Spain). The derived physical properties, 
as the acoustic impedance, electrical resistivity, and density, will be used 
to characterize the basin geometry and the main fluid paths. 

1.1. Geological setting 

The Catalan Coastal Ranges (CCR), in the NE of Spain, constitute the 
onshore expression of the northeastern sector of the margin, which 
separates the thinned continental crust of the Valencia trough from the 
thickened crust of the Iberian plate (Gallart et al., 1990; Vidal et al., 
1995). In this sector, the crust displays a well-developed horst and 
graben structure, composed of several NE-SW to ENE-WSW striking 
blocks. The two longitudinal mountainous chains of the CCR are the 
Prelitoral and Litoral ranges, which are separated by the Vallès-Penedès 
half-graben (Fig. 1). 

Our study area is located in the CCR northeastern limit, where the 
Prelitoral range is limited from the Vallès basin by the Vallès normal 
fault. In this area, the main geological units are the Hercynian grano
diorite which thrusts Paleozoic materials of the Montseny massif, and 
the Miocene deposits of the Vallès basin (Fig. 2). During the Paleogene 
extension, the Vallès fault was active and the basin was fed largely from 
the Prelitoral range, forming Miocene alluvial fans. In our study area, 
these deposits are the proximal facies of alluvial fans (Cabrera, 1981), 
constituted by conglomerates, sandstones and arkosic clays, which 
sometimes include granitic and Paleozoic boulders (IGME, 1985). 

Few available seismic profiles exist around the major structure, the 
Vallès normal fault, but they are mostly located in the center of the 

Fig. 1. A) Structural map of the Valencia trough, showing the Catalan- 
Valencian domain (modified from Martí et al., 1992). The red line indicates 
the location of the cross-section (B). The red square localizes the study area (see 
Fig. 2). B) Cross section of the Catalan Coastal Ranges and the Valencia trough 
(modified from Santanach et al., 2011). (V-P: Vallès-Penedès; PLR: Prelitoral 
range; LR: Litoral range; BP: Barcelona Plain; BB: Barcelona Basin). (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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Vallès-Penedès basin, significantly far from our study area (Gaspar-E
scribano et al., 2004; Roca et al., 1999; Santanach et al., 2011). In these 
seismic interpretations, the Vallès fault is characterized by a listric ge
ometry with the consequent roll-over in the Pliocene-Miocene hang
ing-wall (Roca et al., 1999; Sàbat et al., 1997); and also characterized by 
a detachment depth located in the lower/upper crust boundary 
(13− 15 km) (Bartrina et al., 1992; Roca and Guimerà, 1992). All these 
previous authors identified the major thickness of the Miocene deposits 
next to the fault, which in some areas reaches up to 3000 m. Several 
later works extrapolated this roll-over geometry from the center of the 
Vallès-Penedès basin to the Vallès northeastern limit, near our study 
area (Canals et al., 1989; Cardellach et al., 2003; Fernàndez and Banda, 
1990, 1988). 

The main local knowledge of La Garriga-Samalús area comes from 

the geothermal prospection made by the Geological Survey of Spain 
(IGME) during the 70’s and the 80’s (IGME, 1986, 1985, 1984b, 1984a, 
1982, 1977). Due to the presence of some hot springs which evidenced a 
geothermal reservoir, they constructed six exploration boreholes in 
Samalús village (Fig. 3). After that, they were able to characterize the 
sedimentary rocks of the Miocene basin as intercalations of arkosic 
sandstones and shales, and discordant conglomerates; as well as the 
basement rock, which was mainly a granitic column (IGME, 1986). They 
also intersected the Vallès fault, integrated by hydrothermal cata
clasites, and with a fault plain dip between 73 and 75 degrees. Of all the 
boreholes reports, it is worth highlighting the S3 and S6 results. 

The S3 borehole (600 m deep) (IGME, 1984a) was located a bit 
farther from the fault trace. It did not intersect the fault plain, and hence, 
neither the cataclastic basement rock. Nevertheless, it showed 

Fig. 2. Geological map of the studied area 1:50.000 (modified from ICGC, 2006) (PLR: Prelitoral range; VB: Vallès basin; LR: Litoral range).  

Fig. 3. A) Location of the geothermal exploration boreholes (IGME, 1986, 1984a, 1982). B) Basin-basement limit in some of the exploration boreholes. The S3 
borehole (of 558 m) did not ridge the basement. 
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interesting results, noting that the deeper and permeable parts of the 
Miocene basin, were also saturated in hot water (60 ◦C). This hot water 
is not set as thermal water, it would be meteoric water warmed by 
thermal conduction (IGME, 1984a). 

The S6 borehole was the deepest (IGME, 1986), and measured 90 ◦C 
at 1000 m depth. Studies of geothermometry and fluorite inclusion 
suggested that the maximum temperature of the geothermal system can 
be as high as 130 ◦C (IGME, 1986). 

The actual geological model is characterized by a sub-vertical normal 
fault and a horst structure in the middle of the Vallès basin (Granollers 
horst) (Fig. 4A). This horst structure divides the basin in two parts: the 
northwestern sub-basin, which would have more than 3000 m thickness 
next to the Vallès fault, and the southeastern one, with 2000 m thickness 
(IGME, 1985). The preliminary study by the Geological Survey of Spain 
included a geoelectrical, gravity and seismic prospection in which they 
detected a resistive horizon between 200− 500 m depth, in contact with 
the fault. This resistive layer was interpreted as compacted conglomer
ates (IGME, 1977) instead of crystalline basement. So in later works 
(IGME, 1986, 1984a) they assumed that the fault is an unique plain and 
that the resistive body is the conglomeratic layer, although any of the 
boreholes did not prove the model. 

After the IGME studies, this geological model has been used to un
derstand the geothermal system of La Garriga-Samalús, which is defined 
as a “forced convection” geothermal system (Fernàndez and Banda, 
1988). In this kind of systems, where the thermal gradient is set as a 
“normal”, the descending path needs to be deep and slow in order to 
provide high fluid temperatures. So, meteoric water would infiltrate 
down to several kilometers in the Prelitoral range (PLR), and then, the 
cataclastic granite zone in the Vallès fault core would allow a rapid 
ascent of the fluid (Fig. 4B), which is required to minimize conductive 
heat loss along the flow path. (Fernàndez and Banda, 1988; San
chez-Guzman and Garcia De la Noceda-Marquez, 2005). 

To sum up, both the general and local structural schemes of the area 
are characterized by a significant fault displacement (of at least 3 km), 
showing an important Miocene deposit thickness next to the fault. As 
explained below, our results challenge the current conceptual model of 
the system represented in Fig. 4. 

2. Geophysical data acquisition and processing 

Three complementary geophysical methods, H/V spectral ratio of 
seismic ambient noise (HVSR), magnetotellurics (MT), and gravity, have 
been used to characterize the subsurface structural geology which con
dition the geothermal system of La Garriga-Samalús. Each of these 
methods deals with different physical properties (acoustic impedance, 
electrical resistivity, and density), which allow us high detection ca
pacities of different system elements. In Table 1 we present the three 
methods with the related physical parameter, and their main uses in 

geothermal exploration. 
With the aim of constructing a new 2D conceptual model of the 

geothermal system and characterizing its structure, we have used these 
geophysical data and three deep exploratory boreholes (IGME, 1986, 
1984a, 1982). Both MT and HVSR stations are located along the same 
profile (Fig. 2), which is 6 km long, and has an NNW-SSE orientation. 
Although the gravity stations cover an area, the final 2D density model 
will be also on the same profile. 

2.1. H/V spectral ratio data 

The horizontal-to-vertical spectral ratio technique applied to seismic 
ambient noise recordings (Bard, 1999; Nakamura, 1989) allows to 
identify large impedance contrasts between sediments and underlying 
bedrock, and determine the soil fundamental frequency. This frequency 
(f0) is related to the average shear-wave velocity for the soil column (Vs) 
and the overburden thickness (H) using the following expression (Bard, 
1985): 

f0 =
VS

4⋅H
(1) 

Therefore, the soil fundamental frequency distribution is an indica
tor of the bedrock geometry in the area: a decrease in the soil funda
mental frequency corresponds to an increase in the bedrock depth. 

The main requirement in applying H/V method to calculate the 
sediments fundamental frequency (f0) is that there must exist a sharp 
acoustic impedance contrast between sediments and bedrock, being the 
basement rock acoustic impedance at least twice than the sedimentary 
one (Fäh et al., 2001; Lachet and Bard, 1994). This method, originally 
used in seismic microzonation studies, can rapidly provide a robust es
timate of the basement-basin limit depth and its geometry (Ibs-Von Seht 
and Wohlenberg, 1999). 

For this experiment, 25 sites of HVSR measurements were recorded 
using a SARA SL06 datalogger connected to one Lennartz 0.2 Hz LE-3D/ 
5 s three-component seismometer. The length of the seismic noise re
cords ranges between 10 and 70 min, depending on the expected 

Fig. 4. Conceptual model of La Garriga-Samalús geothermal system. A) Structural model of the Vallès basin near La Garriga (modified from Fernàndez and Banda, 
1988; Bertran and Tarragó, 1996). B) Hot-water circulation model (modified from Fernàndez and Banda, 1988) (PLR: Prelitoral range; LR: Litoral range; VB: Vallès 
basin; VF: Vallès fault; AT: Alpine thrust). 

Table 1 
Geophysical method, parameter of interest, and main uses in geothermal 
exploration (Georgsson, 2009; Hersir and Bjornsson, 1991; Kana et al., 2015).  

HVSR MT Gravity 
Seismic velocity Electrical resistivity Density  

• Basin-basement boundary  
• Faults delineation  

• Rock composition  
• Fracturing and porosity  
• Alteration of the rocks  
• Water saturation  
• Salinity of the fluid  
• Temperature  

• Rock composition  
• Subsurface structure  
• Porosity  
• Saturation of rocks  
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bedrock depth. The sampling frequency was fixed at 200 Hz. The 
average distance between the seismic noise measurement points was 
about 300 m. The H/V curves were calculated using the Geopsy software 
(http://www.geopsy.org), following this expression: 

H
V

=

̅̅̅̅̅̅̅̅̅̅̅̅̅
S2

NS+S2
EW

2

√

Sv
(2)  

where SNS, SEW and SV are the magnitudes of the spectrum Fourier 
method of north–south, east–west and vertical components, respec
tively. The Fourier spectrum for each component was smoothed in 
overlapped windows by 50 %. Anthropogenic noise was removed using a 
STA/LTA antitrigger algorithm (Lee and Stewart, 1981). The criteria 
used for the interpretation of the H/V peaks have followed the guide
lines of the Site Effects Assessment using Ambient Excitations (SESAME) 
project (Bard and SESAME-Team, 2004). 

2.2. Magnetotelluric data 

The magnetotelluric method (MT) involves measuring the temporal 
fluctuations of the horizontal components of the natural electromagnetic 
field at the Earth’s surface to infer the lateral and vertical variations of 
electrical conductivity of the Earth’s interior (Chave et al., 2012). 
Magnetotelluric data were acquired at 16 sites along an NNW-SSE pro
file of approximately 6 km length from the Prelitoral range and across 
the Vallès basin in 2016, with the stations placed in rural areas, 2− 3 km 
away from the main city, La Garriga. The site spacing ranges between 
100 and 600 m. Measurements were carried out using the multichannel 
geophysical measurement system Metronix-ADU06 and 
Metronix-ADU07, using two induction coil magnetometers MFS-06 and 
four non-polarizable electrodes forming two dipoles in two orthogonal 
directions (N-S and E-W). The distance between electrodes of each 
dipole was around 50 m for all the stations. Natural electromagnetic 
field fluctuations were recorded at each site between 3 and 12 h, using 
sampling frequencies of 128 Hz and 4096 Hz. 

The MT data was acquired near an urban area, with an intensive 
industrial and farming activity, what induces the presence of cultural 
noise. The most common sources of cultural noise are power lines and 
stations, electrified railways, electrified fences, power generators, and 
the corrosion protection systems used in oil and gas pipelines (Szarka, 
1988); and all these sources are present in the Vallès basin. To detect and 
characterize this cultural noise, the time series were analyzed in the 
time-frequency domain. We considered that the cultural noise sources, 
in contrast to natural sources, generate an electromagnetic signal which 
is linearly polarized in a specific direction (Junge, 1996; Szarka, 1988; 
Zonge and Hugues, 1991), which allows us to distinguish between both 
kinds of signals. In order to work in the time-frequency domain, the data 
were processed using a Wavelet Transform-based scheme (Escalas et al., 
2013). After the identification of the time and frequency intervals which 
are mostly affected by cultural noise, we discarded them from the 
temporal series, and thereby, reduced the noise sources effect. Figs. S1 
and S2 (supplementary material) show a scalogram of the electric field 
at different times, and the comparison between apparent resistivities 
and phases with and without the noisy time series. 

During data processing, we also used the remote reference technique 
(Gamble et al., 1979). For this technique, we used a magnetotelluric 
station that is less affected by cultural noise or that its cultural noise is 
not related to the measuring station’s noise. Correlating the remote and 
measuring signals we obtained an increment in the signal-to-noise ratio. 
The final impedance tensor components were obtained for the period 
range 0.001–10 s. To retrieve the strike of the regional structures and 
the regional impedance tensor, we followed the scheme of McNeice and 
Jones (2002), based on the Groom and Bailey decomposition method 
(Groom and Bailey, 1989). Considering an error floor for the impedance 
components of 5%, we obtained a value of the regional strike of N60E. 
This value agrees with the main geological strike of the studied zone. 

Decomposition RMS misfits below 2 (Fig. 5) are considered reliable and 
indicative that a 2D model interpretation of the data is appropriate. 
Moreover, the regional strike of the multi-site multi-frequency imped
ance tensor decomposition is consistent with the strike of the main 
geological structures of the zone. The 2D impedance tensor was subject 
to stringent quality control. The aim of this control is removing 
low-quality points; therefore, they would not be included in the inver
sion process. 

2.3. Gravity data 

The gravity map covers an area of 110 km2 with 354 gravity mea
surements, 214 of which were newly acquired (Fig. 6A). We used pre
vious available Bouguer anomaly data from the Gravity Map of 
Catalunya 1:250 000 (IGC, 2012) (113 sites) and from a master’s thesis 
coordinated by the Catalan Geological Survey (ICGC) (27 sites). 

The new gravity sites were acquired during 2019, around La Garriga- 
Samalús area. The distances between all the measurement points range 
between 50 and 200 m, with most of the measuring stations located 
along forest roads. This irregular distribution was caused by the difficult 
access to some parts of the area. Even so, we got a high density of sites 
near the profile, where the HVSR and MT measurements were carried 
out. 

For the acquisition, we used a Lacoste & Romberg gravity meter, and 
the bases employed belong to the Fundamental Gravimetric Network of 
Spain, originated from the International Gravity Standardization 
Network (IGSN 71) (Casas et al., 1987; Morelli et al., 1972). 

Likewise, the most important correction made in this area with a 
significant topography is the terrain correction. Its procedure is based on 
the Hammer zones (Hammer, 1939) which in this case we have set to the 
standard distance, 167 km (Nowell, 1999). The terrain correction was 
made using the Gravity and Terrain Correction extension of Geosoft Oasis 
Montaj Programs (2008), which allows the calculation of the regional 
terrain correction from a coarse regional Digital Elevation Model (DEM) 
draped over a more finely sampled local DEM. This produces a regional 
correction grid which represents terrain corrections beyond a local 
correction distance, and this can be re-used to calculate detailed cor
rections at each observed gravity location. This process uses a combi
nation of the methods described by Kane (1962) and Nagy (1966). 

Considering the great variety of lithologies present, each with a 
particular range of densities, it was decided to employ a single reduction 
density corresponding to the mean density of the upper crust (Simpson 
and Jachens, 1989). Thus, the Bouguer anomalies were computed using 
a reduction density of 2.67 g/cm3. The ellipsoid adopted for the calcu
lation of theoretical gravity was the WGS84, which includes corrections 
caused by attraction produced by atmospheric mass. 

From the Bouguer anomaly value of every site, the Bouguer anomaly 
map was interpolated (Fig. 6B). This map contains all the gravity 
anomaly effects generated by the crustal structure and other effects 
generated by shallower local structures with enough density contrast. As 
our objective was to define the near surface structure, we decomposed 
the Bouguer anomaly into a regional component and a residual 
component. This separation was carried out by assimilating the regional 

Fig. 5. RMS error of each individual MT site fitting the regional strike of N60E.  
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anomaly to a first-degree polynomial surface, and therefore assuming 
the NE-SW trending of the Catalan Coastal Ranges. 

The Residual Anomaly map (Fig. 6C) illustrates a large negative 
anomaly with an ENE-WSW direction. This anomaly reaches –8 mGal 
over the center of the Vallès basin. Towards the north, there is a high 
slope with higher values, reaching 10 mGal. From the negative anomaly 
to the south, the values increase slightly more gradually, as well as to
wards the NE. 

3. Inversion and results 

3.1. H/V spectral ratio 

We have obtained the H/V ratio curves at each measurement point. 
Most of them (23 sites) show a clear peak related to the soil fundamental 
frequency at each site. However, in two cases the H/V spectral ratio 
shows a flat curve without any significant peak, indicating that the 
basement crops out or is very shallow. Fig. 7A shows the soil funda
mental frequency values across the study profile, evidencing a clear 
distribution. The minimum of 0.21 Hz (red dots in Fig. 7A) is in the 
south-east of the profile, close to the center of the basin. From this point, 

Fig. 6. A) Geological map with the gravity sites and the location of the profile. B) Bouguer anomaly map with the MT and HVSR sites. C) Residual anomaly map with 
the MT and HVSR sites. 

Fig. 7. A) Soil fundamental frequency values obtained from HVSR throughout the study area. B) Basement depth calculated from soil fundamental frequency using 
the relationship proposed by Ibs-Von Seht and Wohlenberg (1999). 
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the soil fundamental values increase towards the northwest, as we get 
closer to the Vallès fault, reaching a maximum of 4.4 Hz (blue dots in 
Fig. 7A). The sites without significant peaks (black points in Fig. 7A) are 
located northwest of the Vallès fault, in a probably rocky area. Thereby, 
we can get a first draft of the soil-rock boundary geometry based on the 
soil fundamental frequency values, which shows that the deepest base
ment would be in the center of the basin and the shallowest would 
appear near the Vallès fault. 

The next step will be the conversion of the soil fundamental fre
quency (f0) to basement depth (H). When shear-wave velocity infor
mation is available, the most straightforward method is to apply 
expression (1) to calculate sediment thickness. Usually, the shear-wave 
velocity profiles are not known. In this case, we can obtain basement 
depth using an empirical relationship between H and f0 (Ibs-Von Seht 
and Wohlenberg, 1999):  

H = a⋅f0
b                                                                                         (3) 

where a and b are empirical parameters strongly dependent on geolog
ical conditions, specifically on shear-wave velocity profiles. In most 
cases, bedrock depth was directly measured from boreholes, but it could 
also be calculated from the geophysical methods. The bibliography 
shows different empirical laws fitted in different geological environ
ment: Ibs-Von Seht and Wohlenberg (1999) estimated in a deep Tertiary 

basin; Delgado et al. (2000) computed in a thin Quaternary deposits or 
Benjumea et al. (2011) calculated in a weathered granitic area. 

This methodology has been applied in several Neogene basins near 
the Vallès basin (Benjumea et al., 2014; Gabàs et al., 2016; Macau et al., 
2018). In these studies, the HVSR results have been compared with other 
geophysical exploration methods (seismic noise array technique, mag
netotelluric method or even seismic refraction tomography). In all of 
them, it has been verified that the soil fundamental frequency is related 
to the contact between the bottom of the Neogene sediments and 
bedrock. The expression proposed by Ibs-Von Seht and Wohlenberg 
(1999) shows the best fit for a broad range of frequencies (Macau et al., 
2018). Fig. 7B presents the bedrock topography from the values of the 
soil fundamental frequency and the equation proposed by Ibs-Von Seht 
and Wohlenberg (1999). Near the Vallès fault there is a sharp contrast of 
the soil fundamental frequencies. Thus, NW of the supposed Vallès fault 
trace there are no sediments and SE of the fault trace there is a step 
gradient reaching a sediment thickness of 400 m at 500 m from the fault. 
From this point the sediment thickness increases to the SE up to reaching 
1200 m sediment thickness close to the end of the profile. 

3.2. Magnetotelluric inversion and results 

After rotating the MT data to the obtained strike angle of 60 ◦N, we 

Fig. 8. Apparent resistivity (top) and phase (bottom) pseudosections of observed data and model responses for the TE (A) and TM (B) mode.  
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assigned the TE and TM modes to the main impedance components, and 
the related apparent resistivities and phases. 

Simultaneous 2D inversions of TM and TE apparent resistivities and 
phases were undertaken using the nonlinear conjugate-gradient algo
rithm of Rodi and Mackie (2001), implemented in the Winglink software 
(Geosystem SRL). This algorithm simultaneously searches for the model 
which trades off the lowest overall RMS misfit with the smallest lateral 
and vertical conductivity gradients in a regularized manner. On average, 
we fit the logarithm of the apparent resistivity data to within 10 %, and 
the phases to within 2.9◦. We used data from 15 MT stations – see Fig. S3 
of Supplementary material (station MT2 was discarded because it was 
too near to the station MT3, and therefore, redundant). A final rms 1.2 
was achieved. The initial model was a homogeneous half-space of 100 
Ωm, with a mesh of 89 horizontal cells and 134 vertical cells, neither 
structural features nor conductivity discontinuities were imposed. 
Fig. 8A and B compare the resistivity and phase pseudosections of the 
observed data and model responses. Figure S4 of Supplementary mate
rial shows the apparent resistivity and phases curves comparison be
tween the raw data and model responses for the whole dataset. The 
resulting final model is shown in Fig. 9, where the results of HVSR, as 
well as the boreholes information (IGME, 1986, 1984a, 1982), are also 
plotted. For the HVSR results, the maximum and the minimum limits of 
the bedrock depth have been calculated considering the standard devi
ation of the fit (black vertical lines in Fig. 9). 

In the next lines, we present the description of the main geoelectrical 
bodies (Fig. 9: R1, C1, C2, and R2) and a general interpretation for these 
units. A more detailed interpretation will be presented in the Discussions 
section. 

- R1: In the north-northwestern part of the model there is a geo
electrical unit which presents the highest resistivity values (>3000 
Ωm). These values can be observed from the shallow structures to the 
deep parts of the model in his area. This high resistivity unit corre
sponds to the outcropping granitic materials of the Prelitoral range.  

- C1: To the SE of R1, there is a subvertical band with lower resistivity 
values. The resistivity values increase gradually with depth, from 
100 Ωm to 500 Ωm. This unit is assumed to be the fault plain and its 
associated fractured zone.  

- C2: The model presents a near surface conductive geoelectrical unit. 
This unit has a wedge geometry, with its thickness increasing to
wards the SSE (from 500 m of thickness in the north-northwestern 
part to 1250 m in the southeastern part). The resistivity values 

vary from 1 Ωm to 200 Ωm. This upper unit is associated to the 
Miocene sediments which fill the basin (alluvial fans of shales 
sandstones and conglomerates).  

- R2: Below the previous conductive unit (C2) there is a resistive zone 
with values between 500 Ωm and 3000 Ωm. In this case, we should 
consider that the high conductivity values of the C2 unit could affect 
the determination of the resistivity value underneath. 

3.3. Gravity inversion and results 

The residual anomaly map (Fig. 6C) shows a clear WSW-ENE ge
ometry with negative values which are associated to the Vallès basin. 
Towards the NNW, the increasing values would be related to the Preli
toral range, which is characterized by denser materials (igneous and 
metamorphic Paleozoic rocks). The Vallès fault, which separates the 
Prelitoral range and the Vallès basin, should be traced in the steeper 
parts of the map, where the contour lines are closer. Towards the SSE the 
contour lines are not as close, so the contact between the Vallès basin 
and the Litoral range seems to be more gradual. 

Fig. 6C also shows SW-NE variations in the negative anomaly, within 
the basin, which can be associated to lateral changes of basement depth. 
The lower values, and therefore, the major thickness of the basin are 
located close to our study area. 

A 2-D forward model was constructed over the NNW-SEE profile, 
identical to the location of the MT-HVSR 2D model (Fig. 9). To create 
this geological model from the physical characteristics, we used the GM- 
SYS (Gemperle et al., 1991) profile modeling tool in Geosoft software. 
The procedure employed for forward modeling can be summarized in 
the following steps: (1) construction of a model from a priori geometry 
and density of the rock type; (2) fitting the model response to the 
observed data, and (3) refine the geometrical and physical parameters of 
the model. It is important to consider that this software results in a 
unique density value for each unit (instead of a range of density values), 
so the final densities should be regarded with caution. 

As starting geometries to constrain the model we used the HVSR - MT 
profile (Fig. 9) and the three exploration boreholes S1, S3 and S6 (IGME, 
1986, 1984a, 1982), dividing the model in the four main units (R1, C1, 
R2, C2). For the observed data, we extracted from the residual anomaly 
map (Fig. 6C), 42 representative points along the profile. 

The first results of forward density modeling showed considerable 
differences between computed and observed gravity anomalies. These 
differences were minimized by adding more layers inside the C2 and a 

Fig. 9. Magnetotelluric model with the location of the MT and HVSR sites. The dashed lines represent the depth of the sedimentary unit - data from S1, S3 and S6 
boreholes (IGME, 1986, 1984a, 1982). The vertical solid lines correspond to the range depth of the basin-basement limit obtained using the HVSR method and 
considering the standard deviation of the fit. 
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superficial layer in the upper left part of the R1. The criteria used for the 
differentiation of this new layers were the rounded low-resistivity bodies 
of the C2, and the low-resistivity anomaly in the left margin of the model 
(Fig. 9). 

The final model was obtained through trial-and-error data fitting, 
partially fixing the geometry of the bodies, and inverting the density 
values. The final density model with the best fit (Fig. 10), and consistent 
with the previous geological and geophysical data (Figs. 2 and 9), shows 
a good tendance, with a low error value. Even that, in the northwestern 
part of the profile, some deviations between the observed data and the 
inversion curve can be observed. These adjustment issues correspond 
with the vertical presence of different density units, making it difficult to 
set a better fit for the calculated curve. This final density model pre
sented in Fig. 10 can be divided into four major bodies:  

- D1: this first major body comprises the D1_a, _b, _c, and _d minor 
bodies. These bodies have densities between 2.08 g/cm3 and 2.84 g/ 
cm3. The high-density bodies (D1_b and D1_d), are related to the high 
conductivity parts of the basin (high-conductivity anomalies in C2, 
Fig. 9), and they appear as isolated bodies rather than in laterally 
continuous layers.  

- D2: this second unit, located underneath the basin, has a density of 
3.08 g/cm3, the highest density value. Although in the MT-HVSR 
model (Fig. 9) there are some resistivity variations in this unit, the 
density model fits well with a unique density value. This homoge
neity could be due to the low sensitivity of the density method at 
great depths or because there are not significant density changes.  

- D3: this third unit has a density value of 2.55 g/cm3. This body has a 
low-density value compared to the rest of units at these greater 
depths.  

- D4: this forth major body includes the D4_a (2.25 g/cm3) and D4_b 
(2.85 g/cm3) minor bodies. In this case we have a high-density body 
with a small upper lower-density part in the north-northwestern 
margin. 

4. Discussion 

4.1. La Garriga-Samalús geological units 

In this section we will combine all the obtained geophysical results in 
order to create a new geological model of the studied area. We have 

considered the compiled values of density and electrical resistivity 
(Manger and Nolan, 1963; Schon, 2015; Tenzer et al., 2011; Wald et al., 
2013), as well as the geological map (Fig. 2), to assign the following 
geological units to our models: the Miocene basin, the Prelitoral range 
unit, the Vallès Fault Zone, and the Paleozoic basement (Table 2). 

4.1.1. Miocene basin 
In Fig. 11 we have compared the resistivity and density values of the 

sedimentary bodies (D1_a, b, c, and d, in Fig. 10) with compiled values of 
density and electrical resistivity for shales, sandstones, and conglom
erates (Schon, 2015). 

The D1_c and D1_d bodies are in the shales and sandstones ranges, 
but the D1_a and D1_b bodies are practically out of any range. Although 
their high-density values would link them with sandstones or con
glomerates, the electrical resistivity values are very low. We have two 
proposals: deposits with high shales content, or water saturated sands 
and conglomerates. Considering the S3 exploration borehole (Fig. 3B), 
which recorded 560 m of Miocene basin without reaching the basement 
(IGME, 1984a), we could relate these bodies to sandy and conglomeratic 
lenses of the Miocene series. In the boreholes report (IGME, 1984a) the 
Miocene unit is described, in general, as a clayey-arkosic and 
conglomeratic unit, mostly impermeable; but beyond the 450 m, in S3, 
they detected sandy and conglomeratic lenses saturated in hot water 
(60 ◦C). Therefore, the low-resistivity values could be related to the 
presence of hot water in these permeable lenses. 

In the Vallès-Penedès basin, all the sedimentary sequence of the 
Miocene consists mainly of proximal to distal-margin alluvial-fan sedi
ments (Cabrera and Calvet, 1996; Gibert and Casanovas-Vilar, 2011; 
Roca et al., 1999). Specifically, our profile would be a section of the 

Fig. 10. Density model obtained from the gravity data inversion and constrained by the electrical resistivity model (Fig. 9), and the IGME exploration boreholes 
(IGME, 1986, 1984a, 1982). 

Table 2 
Summary of geological units and their electrical resistivity and density values.  

GEOLOGICAL UNIT Electrical resistivity (Ωm) ( 
Fig. 9) 

Density (g/cm3) 
(Fig. 10) 

Miocene basin (Mc) C2: 1− 200 D1a, b, c, d: 
2.08− 2.84 

Prelitoral Range (PLR) R1: >3000 D4: 2.67 
Vallès fault zone (VZF) C1: 100− 500 D3: 2.27 
Paleozoic basement 

(B) 
R2: 500− 3000 D2: 2.63  
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proximal area of an alluvial fan, where the major supply direction comes 
from the northeast, perpendicular to our section (Roca et al., 1999). The 
geometry of this sedimentary unit is in line with the geometries of a 
typical alluvial fan depositional landform (Fig. 12). Precisely, the D1_a 
and D1_b bodies could be related to the coarse-grain deposits of the 
proximal area of an alluvial fan. 

4.1.2. Prelitoral range unit 
In Fig. 13 we have considered the rest of non-sedimentary units. In 

this figure we can associate the Prelitoral unit to the bodies D4_a and 
D4_b (R1 in Fig. 9), which correspond to the Paleozoic granodiorite and 
the altered Paleozoic metamorphic units, respectively. The granodiorite 
in the NNW part of the profile, with high resistivity and density values, 
thrusts the Paleozoic metamorphic materials as it can be observed in the 
geological map (Fig. 2). 

4.1.3. Paleozoic basement 
This unit corresponds to the R2 / D2 bodies, located under the 

Miocene basin. In Fig. 13 we can observe that this unit has a high-density 
value. In fact, the density value is 0.08 g/cm3 higher than any of the 
ranges set. Obviously, this unit must have a high-density value since it is 
located at great depths. Even so, we should still consider that the unique 
value given by the software may have an error range. 

This unit shows a broad range of electrical resistivity values, which 
could be due to the different rock composition, the porosity, the fracture 

degree, the temperature, the fluid content, and/or the mineral content. 
Even so, the low resistivity values of the Miocene basin could cause a 
screening effect on the underneath layers. 

This basement body is an undifferentiated unit because it does not 
outcrop, therefore we do not know if it is formed by the Paleozoic 
metamorphic series, by the Paleozoic intrusive rocks (like the granodi
orite), or both (Fig. 14A). Furthermore, if we take into account the 
exploration reports made by the Geological Survey of Spain (IGME, 
1977), they considered that under the Miocene basin filling, there may 
be a thick conglomeratic unit related to the alluvial fans (Fig. 14B). 
Although the density and resistivity may not give us a clear differenti
ation between conglomerates and the Paleozoic rocks, we have inter
preted that this high-resistivity and high-density body would be the 
Paleozoic basement. We consider that the electrical contrast between R2 
and C2 (Fig. 9) is too high to be generated by the same sedimentary 
process and having similar grain sizes. Furthermore, our gravity map 
(Fig. 6) as well as the gravity inversion profile (Fig. 10) are consistent 
with our hypothesis. 

4.1.4. Vallès Fault Zone (VFZ) 
The D3 / C1 body is related to the Vallès Fault Zone (VFZ). Its low 

density and resistivity (C1 in Fig. 9) match with the results obtained in 
boreholes (IGME, 1986, 1984a, 1982), which detected a cataclastic zone 
with thermal circulation fluid evidences. 

Fracturing and weathering increase the porosity of rock and conse
quently, reduces the bulk density; but also, if thermal water is present, 
the resistivity decrease. Therefore, this conductive body could act as the 
main path for the hot fluids. 

4.2. A new geometry for the Vallès basin 

One of the main results of this work is the determination of basin- 
basement limit geometry. The depth of the basement has been 
confirmed from the HVSR results and the MT model. We have also 
shown that the gravimetric anomaly is compatible with the observed 
geometry. 

In previous studies of the Catalan Coastal Ranges, the maximum 
thickness of the Miocene deposits were imaged next to the Vallès fault 
(Gaspar-Escribano et al., 2004; Roca, 1994; Santanach et al., 2011), and 
some authors have extrapolated this geometry from southwestern parts 
of the basin to this study area (i.e. Fernàndez and Banda, 1988). In 
contrast, our results show a gradual increasing thickness of the Miocene 
unit, from the Vallès fault to the center of the basin. The geometry of the 
basin of our 2D model, which has a kind of stepwise morphology, could 
related this increasing thickness of the basin to other minor faults which 
dip in the same direction as the Vallès fault, in other words, it could be 
related to synthetic faults (Fig. 14A). 

Our results confirm the existence of lateral changes along the Valles 
Fault Zone since this model differs from the previous ones made in other 
parts of the basin (Gaspar-Escribano et al., 2004; Roca et al., 1999; 
Santanach et al., 2011) (i.e. Figs. 1B and 4). As it is seen in the gravity 
data, the basin thickness changes laterally along the valley. This could 
reveal a more complex inner structure, with faults parallel to our profile 
direction. At the same time, this inner structure could condition the 
presence of the thermal anomalies in only some specific parts of the 
Vallès basin. So, although we have described this basin geometry in La 
Garriga-Samalús area, different models could coexist in different parts of 
the Vallès-Penedès basin. 

4.3. La Garriga-Samalús geothermal system 

An ideal geothermal system is formed by (1) an important heat 
source, (2) a geological formation which acts as a reservoir and (3) 
geological units or structures which act as seal layer (Gupta, 1980). A 
previous study (Fernàndez and Banda, 1990) demonstrated that force 
convection is the only mechanism capable of explaining this isolated 

Fig. 11. Miocene sedimentary bodies of the density model (Fig. 10), plotted 
with the compiled density and resistivity values (Manger and Nolan, 1963; 
Schon, 2015; Tenzer et al., 2011; Wald et al., 2013) for shales (blue area), 
sandstones (purple area) and conglomerates (red area). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article). 

Fig. 12. Cross-section through a generalized alluvial fan. A large amount of 
gravel with rocks in the proximal range or upper fan whereby gravel, particu
larly in the distal fans, typically contain muddy matrix. There is a clear 
reduction in grain size toward the lower part of fans (Modified from Haldar and 
Tǐsljar, 2014; Moscariello, 2018). 
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high geothermal gradient in La Garriga-Samalús area. The only condi
tion would be a deep and slow descending path, and a conduit which 
allows a rapid ascent. 

The structural characterization of this work is a key point for La 
Garriga-Samalús geothermal study, which has allowed the identification 
of this high-conductivity and low-density body, set as the Vallès Fault 
Zone (VFZ) (Fig. 15). The VFZ could act as a reservoir as well as the main 
ascending path for the hot fluids, and the impermeable layers of the 
Miocene basin could act as the seal layer in some parts of the system. On 
the other hand, the infiltration path has not been detected in our models, 
although in previous works was set in the Prelitoral Range (Fernàndez 
and Banda, 1990, 1988). 

Furthermore, in terms of exploitation of geothermal energy, the 
permeable facies of the Miocene basin could not be ignored. In the 
electrical resistivity model (Fig. 9), potential saturated water zones have 
been detected, in addition to the hot meteoric water registered in the 
exploration boreholes (IGME, 1984a). 

5. Conclusions 

The present integrated geophysical study demonstrates that the 
combination of different geophysical methods, based on different 
physical properties, are an efficient option during the preliminary phase 
of the geothermal exploration. 

Fig. 13. Non-sedimentary bodies of the density 
model (Fig. 10), plotted with the compiled 
density and resistivity values (Manger and 
Nolan, 1963; Schon, 2015; Wald et al., 2013) 
for weathered/fractured metamorphic rocks 
(red area), weathered/fractured igneous rocks 
(green area), and granodiorite and meta
morphic rocks which can be found near the 
study area (yellow area). (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of this 
article).   

Fig. 14. Two possible interpretations of the MT-HVSR model. [A]: The R2 body (Fig. 9) interpreted as the Paleozoic basement unit. [B]: The R2 body (Fig. 9) 
interpreted as thick and compact conglomeratic deposits (IGME, 1977). 
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We have presented a multi-physics characterization of the La Gar
riga-Samalús geothermal system to create a new conceptual model. The 
HVSR, MT, and gravity results and the final joint interpretation have 
allowed the identification of four main bodies: (1) the Paleozoic base
ment, (2) the Vallès Fault Zone, (3) the Prelitoral range unit, and (4) the 
Miocene deposits. These results have also imaged a new geometry for 
the basin-basement limit located between 500 and 1250 m depth. 

The final model is consistent with the available geological informa
tion of the area, although new structural and geological approaches have 
been defined. The new results indicate that in this area, the basin 
thickness increases gradually from the Vallès normal fault towards the 
south-east of the basin following a stepwise morphology, instead of 
having a roll-over geometry. At the same time, this new basin geometry 
could indicate the presence of minor synthetic faults. Although we 
propose this new geometry for the basin, the geology of the basement as 
well as the possible minor geological structures are not fully resolved. 
The interpretation of the R2 body remains in question because resistivity 
of compacted coarse grain conglomerates could be high enough (Schon, 
2015), although the gravity and the HVSR interpretations do not 
corroborate the great fault displacement. 

The geological and structural characterization of that geothermal 
system is the first step to try to understand the relevance of the geometry 
of the basin and its thickness in the geothermal fluid flow. The actual 
geothermal model fits with our geological model. The Vallès Fault Zone 
is confirmed as the main path as well as the reservoir for the hot fluids. 
Likewise, the coarse-grained permeable layers of the Miocene alluvial 
fans, which are in contact with this geothermal reservoir, should not be 
ignored as a potential secondary thermal reservoir. 
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Bartrina, M.T., Cabrera, L., Guimerà, J., Roca, E., Jurado, M.J., 1992. Evolution of the 
central Catalan margin of the Valencia trough (western Mediterranean). 
Tectonophysics 203, 219–247. 

Benjumea, B., Macau, A., Gabas, A., Bellmunt, F., Figueras, S., Cirés, J., 2011. Integrated 
geophysical profiles and H/V microtremor measurements for subsoil 
characterization. Near Surf. Geophys. 9, 413–425. 
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Haldar, S.K., Tǐsljar, J., 2014. Precipitation systems of major sedimentary 
bodies—collector rocks of oil and gas. Introduction to Mineralogy and Petrology. 
Elsevier, pp. 233–260. 

Hammer, S., 1939. Terrain corrections for gravimeter stations. Geophysics 4, 184–194. 
Hermans, T., Nguyen, F., Robert, T., Revil, A., 2014. Geophysical methods for monitoring 

temperature changes in shallow low enthalpy geothermal systems. Energies 7, 
5083–5118. 

Hersir, G.P., Bjornsson, A., 1991. Geophysical Exploration for Geothermal Resources: 
Principles and Application, p. 94. 

Hunt, T.M., Bromley, C.J., Risk, G.F., Sherburn, S., Soengkono, S., 2009. Geophysical 
investigations of the Wairakei Field. Geothermics 38, 85–97. 

Ibs-Von Seht, M., Wohlenberg, J., 1999. Microtremor measurements used to map 
thickness of Soft sediments. Bull. Seismol. Soc. Am. 89, 250–259. 

ICGC, 2006. Vallès Oriental. Mapa geològic comarcal de Catalunya 1:50.000. 
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Rodríguez, F., Pérez, N.M., Padrón, E., Melián, G., Piña-Varas, P., Dionis, S., 
Barrancos, J., Padilla, G.D., Hernández, P.A., Marrero, R., Ledo, J.J., Bellmunt, F., 
Queralt, P., Marcuello, A., Hidalgo, R., 2015. Surface geochemical and geophysical 
studies for geothermal exploration at the southern volcanic rift zone of Tenerife, 
Canary Islands, Spain. Geothermics 55, 195–206. 
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