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A B S T R A C T   

The Pyrenees have undergone complex geodynamic evolution starting with experiencing significant tectonic 
events during the Variscan Orogeny, followed by the intrusion of large granitic complexes during the late 
Variscan stage, then the collision between the Iberian and European plates during the Alpine Orogeny, and 
finally, Mesozoic extension. Despite extensive studies and the application of various geophysical methods (two- 
dimensional seismic reflection data, gravity, and long period magnetotellurics) to investigate the Pyrenean 
structure, there are still fundamental questions regarding its basement and cover architecture. Specifically, the 
geometry at depth of significant bodies such as the Late Variscan intrusive granites and Triassic evaporitic ac-
cumulations, remains unclear. To better understand these issues, we have conducted joint magnetotelluric and 
gravity surveys along a 60-km-long transect, spanning the boundary between the Axial and South Pyrenean 
Zones. Our final geological interpretation shows that the La Maladeta batholith consists of two distinct granitic 
bodies related to different intrusive pulses. In addition, we identify important Triassic evaporitic accumulations 
at depth. This work shows the high potential of integrating two geophysical models for understanding the 
geological evolution of structurally complex areas. The magnetotelluric and gravity data are complementary, 
with each dataset providing a different resolution for investigating the basement and cover architecture of the 
Pyrenees. These resolutions depend on the varied petrophysical properties of the rocks involved, including water 
content and deformation grade.   

1. Introduction 

The construction of valid and reliable geological models requires the 
integration of both geological and geophysical data. Numerous studies 
have demonstrated the effectiveness of combining multiple geophysical 
techniques with geological data to constrain geological models (e.g., 
Ayala et al., 2022; Mitjanas et al., 2021; Henke et al., 2020; Le Pape 
et al., 2017; Pous et al., 1995). 

Many geological and geophysical studies have been used to charac-
terize the shallow and deep structure of the Pyrenees (e.g., ECORS- 
Pyrenees Team, 1988; Muñoz, 1992; Mouthereau et al., 2014; Santolaria 
et al., 2016; Chevrot et al., 2018, 2022; Ford et al., 2022). Hydrocarbon 
exploration activities during the 1960s, 1970s, and 1980s have provided 

a wealth of seismic lines and well data, which have contributed valuable 
information for understanding the geological structure of the Pyrenean 
belt. However, there are certain areas—such as the core of the belt with 
complex structures or regions located between 2-D seismic lines with 
significant variations along and/or across strike— that still have unre-
solved geometries at depth. The central area, the Axial Zone, as well as 
its limit with the South Pyrenean zone, were surveyed by the ECORS- 
Pyrenees deep seismic reflection profile (e.g., Choukroune and ECORS 
team, 1989). However, these areas are still poorly constrained by other 
geophysical datasets. 

Numerous and diverse geophysical surveys have been conducted to 
characterize the structure of the Pyrenees at different scales: from the 
upper crust to the lithosphere (e.g., Ortuño et al., 2008, 2013; Campanyà 
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et al., 2011, 2012; Chevrot et al., 2014; Wang et al., 2016; Ledo et al., 
2000; Clariana et al., 2022; Soto et al., 2022). Some of these studies have 
focused specifically on characterizing the basement and cover structures 
in areas where there is greater uncertainty regarding the subsurface 
geology (Clariana et al., 2022). However, studies involving a combina-
tion of different geophysical datasets (e.g., Rodríguez et al., 2015; 
García-Yeguas et al., 2017) are less common. 

In this study, we integrate magnetotelluric (MT) and gravity surveys 
with geological and petrophysical data to gain insights into the poorly 
constrained region of the Pyrenean belt: the boundary between the 
South-Central-Pyrenees and the Axial Zone near the La Maladeta 

granitic massif (Fig. 1). By combining these geophysical techniques, we 
are able to determine the subsurface geometry at depths of up to 10 km. 
The resulting geophysical models provide valuable information that 
improves our understanding of the geologic evolution in the study area, 
in addition to demonstrating the utility of integrating MT and gravity 
data to constrain geologic models. 

1.1. Geological setting 

The Pyrenean range is an east-west trending doubly vergent orogenic 
belt that formed by the collision of the Iberian and European plates 
during the Alpine Orogeny, which took place from the Late Cretaceous 
to the Miocene (Roure et al., 1989; Muñoz, 1992; Beaumont et al., 2000; 
Mouthereau et al., 2014). The range is typically divided into three main 
areas from east to west: the Eastern Pyrenees, Central Pyrenees, and 
Basque-Cantabrian Pyrenees, each of which having a different tectonic 
style that was influenced by factors such as the distribution of Triassic 
salts (Saura et al., 2016; Ford and Vergés, 2020; Burrel et al., 2021; 
Izquierdo-Llavall et al., 2020). From north to south, it is also divided into 
three major zones: the North-Pyrenean Zone, characterized by a thick 
succession of Mesozoic sedimentary rocks; the Axial Zone, comprising 
mainly basement rocks, which occur in several thrust sheets, having 
been deformed during the Variscan orogeny (Middle-Late Carbonif-
erous); and the South-Pyrenean Zone, a fold and thrust belt with a 
distinct southward vergence, known as the South-Central-Pyrenean zone 
in the Central Pyrenees. 

In general, the rocks that outcrop along the Pyrenean belt can be 
classified into two types: Pre- and Syn-Variscan basement and Post- 
Variscan cover. The first group occurs mainly along the Axial Zone 
and comprises Precambrian and Palaeozoic (Cambrian to Carbonif-
erous) rocks affected by the Variscan orogeny (Fig. 1a). The second 
group corresponds to Permian to Cenozoic successions, which have been 
involved in both thick- and thin-skinned tectonic styles across different 
segments of the orogenic system (Basque-Cantabrian, Central, and 
Eastern Pyrenees) (Cochelin et al., 2017b; Casas et al., 2019). 

Our study area is situated in the Central Pyrenees, specifically at the 
boundary between the Axial Zone and the South Pyrenean Zone (Fig. 1a, 
red box). In this region, the Axial Zone is characterized by a thick series 
of Palaeozoic metasediments that overlie an undifferentiated Neo-
proterozoic basement. The basement primarily consists of quartzites and 
slates (Cambro-Ordovician), black shales (Silurian), and slates and 
limestones (Devonian) (Zwart, 1979; Poblet, 1991; García-Sansegundo 
et al., 2004, 2011). Late Variscan granitoids in this area are commonly 
interpreted as products of extensive crustal melting (Barnolas and Chi-
ron, 1996). One of these igneous bodies, La Maladeta granite, widely 
outcrops. Its emplacement age has been dated to the Late Carbon-
iferous–Early Permian (Evans et al., 1998; Solé et al., 1997). The La 
Maladeta granite represents one of the largest granitic massifs exposed 
in the Axial Zone and has been extensively studied, focusing primarily 
on its petrology and geochemistry (Leblanc et al., 1994; Ubide et al., 
2014). However, its subsurface geometry remains poorly constrained. 
To its south and north, the Bono and Arties granites outcrop, respec-
tively (Fig. 1b). 

The South-Central-Pyrenean zone is characterized by the presence of 
Triassic salts, which act as its main décollement level, playing a signif-
icant role in determining deformation processes (Muñoz et al., 2018). As 
a result, this area exhibits a series of thrusts where the Mesozoic cover is 
detached from the underlying basement by Triassic evaporites, leading 
to a thin-skinned deformation style. Within this zone, three major thrust 
units have been identified (Muñoz, 1992): Bóixols, Montsec, and Sierras 
Marginales. The Bóixols thrust sheet is the only one located within our 
study area. The Triassic successions in this region correspond to the 
Germanic facies, which include Buntsandstein red beds, Muschelkalk 
dolostones and limestones, and Keuper evaporites and shales. The 
Jurassic and Cretaceous units mainly consist of thick successions of 
limestones and marls (García-Senz, 2002; Simó, 2004; Pujalte and 

Fig. 1. a) Geological sketch of the Pyrenees. b) Geological map of the study 
area with La Maladeta Massif highlighted in white. Red box: Study area; NPZ: 
North Pyrenean Zone; AZ: Axial Zone; SPZ: South Pyrenean Zone; EP: Eastern 
Pyrenees; CP: Central Pyrenees; BCP: Basque-Cantabrian Pyrenees; Black tri-
angles: MT sites recently acquired; Blue triangles: MT sites acquired in 2006; 
Black dots: gravity data. White dashed line: La Maladeta granite; White 
continuous lines: Arties granite in the north and Bono granites in the South. 
(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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Schmitz, 2005). The Cenozoic rocks are composed of sandstone and 
limestone, with the youngest deposits comprising Late Paleogene 
conglomerates. 

2. Geophysical data 

To obtain a comprehensive geological model of the limit between the 
South-Central-Pyrenees and the Axial Zone near the La Maladeta massif, 
we have combined MT and gravity data acquired from different surveys. 
The geophysical data have been modelled along different profiles based 
on their distributions, including two gravity profiles and one MT profile 
(Fig. 2). 

2.1. Magnetotelluric data 

In the study area, a total of 31 broadband magnetotelluric (BBMT) 
sites were recorded during two different surveys. In 2006, 11 MT sites 
were acquired in the southernmost area, focusing on the Bóixols thrust 
sheet (blue triangles in Fig. 1b). An additional 20 BBMT sites were 
recorded in 2019 in the northern area to study the La Maladeta granite 
(black triangles in Fig. 1b). Both datasets were collected along similar 
NNE-SSW profiles. Herein, we combine these datasets to create a single 
resistivity model approximately 55 km in length, crossing the La Mal-
adeta granite massif and the boundary between the Axial and the South- 
Central zones (Fig. 1). 

The acquisition of MT data in the study area presented challenges 
due to the rugged topography, which limited access to possible mea-
surement points. As a result, some of the sites accessed had poor data 
quality due to local cultural noise. Consequently, several MT sites had to 
be discarded, reducing the final number of sites used for the inversion 
model to 21. 

For the MT data, the impedance tensor components (Z) were ob-
tained for a period range of 0.001 to 10 s. The regional strike direction 
was determined using the multi-site, multi-frequency MT tensor 
decomposition code developed by McNeice and Jones (2001), based on 
the Groom and Bailey scheme (Groom and Bailey, 1989). This analysis 
helps to detect and eliminate distortions caused by small near-surface 
inhomogeneities. Fig. 2 illustrates the strike directions estimated from 

Z at each site within the considered period range (0.001–10 s), using an 
error floor of 5%. The symbols in Fig. 2 are scaled by the misfit to the 
Groom and Bailey distortion model. Misfits with an RMS larger than 2.0 
indicate three-dimensional effects. In this case, the overall behaviour 
shows a misfit below 2.0, suggesting that a 2-D model is appropriate. We 
determined the best-fit average multi-site, multi-frequency regional 
strike to be N100◦E for the complete dataset, which aligns with the 
observed strike of major geological structures. Consequently, the data 
were rotated to match this strike direction. 

Simultaneous 2-D inversions of the TM and TE mode apparent re-
sistivities and phases were conducted using the algorithm developed by 
Rodi and Mackie (2001) and implemented in Schlumberger’s WingLink 
software®. The inversions were performed for a period range of 0.001 to 
10 s. The initial model used for the inversions was a uniform half-space 
with a resistivity of 100 Ω⋅m, and no constraints were applied in terms of 
structural or conductivity features. The error floor used for the inversion 
was 5% for the impedance tensor, and the misfit between the observed 
data and the final model responses has an RMS value of 1.95. 

Fig. 3 compares the observed data and the model responses as 
pseudosections, showing that major features in the data are explained by 
the model. Data fit is shown in Fig. S1 (supplementary material) as 
apparent resistivity and phase curves for each site used in the inversion. 
The resulting final model, which will be discussed in the following 
sections, is shown in Fig. 4. The Figure also includes the geological map 
and the description of the well Tamurcia-1 for reference (Lanaja, 1987; 
see Fig. 1 for location). 

2.2. Gravity data 

Gravimetry is a commonly used method to investigate variations in 
the distribution of rock density within the Earth’s crust. In the study 
area, a total of 2449 data points from the Institut Cartogràfic i Geològic 
de Catalunya (ICGC) database were integrated with 1141 new stations 
acquired and processed to create a detailed Bouguer anomaly map of the 
Central Pyrenees. The point distribution of the data is approximately 1 
point per square kilometre (Ayala et al., 2021). The new gravity data 
were collected using three different gravimeters with varying levels of 
accuracy: Scintrex CG5 (accuracy of 0.001 mGal), Lacoste & Romberg 
G582 (accuracy of 0.005 mGal), and Scintrex CG6 (accuracy of 0.001 
mGal). The station location (i.e., horizontal coordinates (X, Y) and 
elevation (Z)) was measured using a differential GNSS instrument 
(JAVAD’s TRIUMPH) which has centimetre accuracy. Further details on 
the data processing can be found in Ayala et al. (2021). 

The Bouguer anomaly map of the study area exhibits a long- 
wavelength elongated minimum of approximately 100.0 mGal, which 
extends towards the east and west. This minimum can be associated with 
crustal thickening in the Pyrenean root (Fig. 5) (e.g., Torné et al., 2015). 
The gradients towards the north and south indicate crustal thinning in 
those directions. The map also reveals various relative maxima and 
minima of medium and short wavelengths with variable amplitudes, 
which could be associated with shallower structures. Two notable fea-
tures are observed on the map. Firstly, the La Maladeta granite is 
characterized by lateral variations in the Bouguer anomaly ranging from 
− 100 to − 90 mGal. The most prominent feature is a minimum located in 
its central part, which extends to the north and encompasses the outcrop 
of a smaller granite known as the Arties granite. The second important 
feature is a relative minimum (amplitudes up to c. 20 mGal), which is 
located to the SW of the La Maladeta granite. This feature is interpreted 
as the gravimetric response to Triassic evaporitic layers, which are 
apparently far larger than the mapped outcrops (Clariana et al., 2022; 
Soto et al., 2022). 

Since we focus on the upper crust, for this work we have modelled 
the residual Bouguer anomaly that was obtained by subtracting a third- 
degree polynomial regional anomaly from the Bouguer anomaly. This 
residual Bouguer anomaly reflects the contribution of the sources at a 
depth of up to 10 km (Ayala et al., 2021). 

Fig. 2. Geological map of the study area (See Fig. 1b for geological legend). 
Arrows correspond to geoelectric strike direction obtained for the periods 
0.001–10 s at each MT site scaled by the inverse of the error (see text for de-
tails). MT sites are located at the centre of each arrow. White dashed lines: 
gravity profiles (Maladeta section in the north and Boixols section in the south); 
Grey continuous line: MT profile. 
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Fig. 3. Comparison of apparent resistivity and phases of TM and TE mode for the observed data and model responses.  

Fig. 4. Two-dimensional MT resistivity model obtained by inversion using both TE and TM mode resistivity and phases, together with the mapped geology (See 
Fig. 1b for geological legend) and the information provided by the Tamurcia-1 well. The main geoelectrical features are labelled “R” for high-resistivity structures and 
“C” for low resistivity structures (See text for more information). 
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In the residual Bouguer anomaly map (Fig. 5), the La Maladeta 
batholith exhibits a gravimetric zonation that may reflect internal lateral 
compositional changes (Clariana et al., 2022). This zonation is charac-
terized by small variations in amplitude, ranging from − 10 to 6 mGal. 
The Arties granite, which is a smaller granite located within the La 
Maladeta batholith, shows a smaller anomaly but still reaches negative 
values ranging between − 12 and − 4 mGal. To the south of the La 
Maladeta batholith, the gravity minimum observed in the Bouguer 

anomaly map becomes even more prominent, with values ranging from 
− 18 to − 4 mGal. 

3. Results 

MT and gravity models cross two clearly differentiated geological 
domains: the Axial Zone in the northern part, where significant granitic 
bodies outcrop (such as the La Maladeta granite), and the South-Central- 

Fig. 5. a) Bouguer anomaly of the study area. B) Residual Bouguer anomaly of the study area. Straight black line: Location of the gravimetric profiles (BS: Boixols 
section; MS: Maladeta section); Black lines: Outline of the granites (LM: La Maladeta batholith; A: Arties granite). UTM coordinates in m, zone 31, ETRS89 datum. c) 
Gravimetric profile modelled before integrating the results of the MT interpretation. Density values for each unit are in g/cm3. 
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Pyrenean zone in the southern area, characterized by the Bóixols thrust 
sheet. Consequently, the presentation of results and subsequent discus-
sion will be conducted separately for these two sections. 

3.1. MT inversion: 2-D resistivity model 

Fig. 4 shows the final 2-D resistivity model, where the most striking 
geoelectrical features are labelled “R” for high-resistivity structures and 
“C” for low resistivity ones. In this section, we provide a general 
description and preliminary interpretation of the main features, while a 
more comprehensive geological analysis will be presented in the dis-
cussion section. 

In the La Maladeta section there are several outstanding features. 
Features R1 and R2 are located on the northern part of the model where 
they show the highest resistivity values, up to 4000 Ω⋅m. These values 
are observed from the shallowest areas of the model to depths of ~3 km 
below sea level (b.s.l) and correspond to the outcropping granites of the 
La Maladeta massif, characterized by Ortuño et al. (2008) as highly 
resistive. In between these two bodies there is a small zone with lower 
resistivity values (< 1000 Ω⋅m). To ascertain the resolution of the MT 
data against this low-resistivity zone, we performed a non-linear- 
sensitivity test (e.g., Ledo and Jones, 2005; Piña-Varas et al., 2018). 
By comparing the MT responses of the final (Fig. 4) and modified models 
(Fig. S2 in the supplementary material), we can determine the effect on 
the data fit of removing this low-resistivity zone. The result shows that, 
while considering only one single high-resistivity body, it leads to a 
significant increase in the data misfit. As a result, structures R1 and R2 
must be examined as two independent high-resistivity bodies separated 
by a lower resistivity zone. 

The structure R3 is similar to the R1 and R2 features in terms of 
resistivity values but with a significantly shallower depth extent. This 
feature is also observed from the shallower zones of the model and co-
incides with the location of the outcrop of the Bono granodiorites and 
metamorphic rocks. C1 and C2 are located below the high-resistivity 
features described above. The area below R3, the body labelled C2, is 
characterized by resistivity values lower than 20 Ω⋅m with a moderately 
southward dipping trend. In contrast, the structure located underneath 
R1 and R2 (C1) shows a clear and strong northward dipping tendency 
and slightly higher resistivity values (> 50 Ω⋅m). In this case the pre-
liminary interpretation indicates that a structural feature (e.g., the fault 
zone) is present. These two geoelectrical features were validated by 
performing a sensitivity test, similar to what has been explained above 
for features R1 and R2 (Fig. S3 in the supplementary material). 

There are other minor features worth mentioning. The northern 
and southernmost parts of the profile are characterized by overall low 
resistivity values (< 10 Ω⋅m), which correlate to the Aran Valley’s 
Devonian fill units and the Nogueras Zone, labelled C3 and C5, 
respectively). Some resistive bodies are also observed in this area, such 
as R7 with resistivity values higher than 150 Ω⋅m and a pronounced 
subvertical geometry, in addition to R9, with slightly higher resistivity 
values (around 250 Ω⋅m). 

In the Bóixols section, the model shows three major geoelectrical 
features. The high-resistivity body labelled R4 is consistent with the 
location of a thick succession of carbonates (marls, limestones, and 
dolomites) and evaporites. Both the northern and southern limits of this 
structure show much lower resistivity values (C5 and C6), which 
correspond to the outcropping Upper Triassic units (salt, anhydrite, and 
mudstones). The southernmost part of the profile is characterized by low 
resistivity values (C4), even though in this area the mapped geology also 
shows carbonate units similar to those located around the R4 feature. 
Other geoelectrical features resolved in this area are R6 and R10. 

Finally, a high-resistivity structure labelled R5 could be interpreted 
as the Pre-Variscan basement, which seems to reach its shallowest 
depths in the central part of the profile. 

3.2. Gravity data modelling 

3.2.1. Geological cross-section 
The first step in constructing the gravity-constrained model was to 

develop a geological cross-section based on previous data. This 
geological section is oriented perpendicular to the main structures 
(Fig. 1b), overlapping with the MT model in its central and northern part 
(La Maladeta section). However, there is a slight discrepancy in the trace 
of the MT and gravity models to the south (Bóixols section), since the MT 
dataset in this area was collected in a previous survey (as explained 
above) (Figs. 1b and 2). 

Data from several geological maps were used to build the framework 
of the entire geological profile (Rosell, 1994; Ríos-Aragües et al., 2002; 
García-Senz and Ramirez-Merino, 2009; García-Sansegundo and Ram-
írez Merino, 2013; López-Olmedo and Ardèvol, 2016; ICGC, 2016). The 
subsurface structure of the southern part of the profile (i.e., Bóixols 
thrust sheet) has been previously interpreted based on well and seismic 
data (Teixell and Muñoz, 2000; García-Senz, 2002; Mencos et al., 2015; 
Saura et al., 2016; Muñoz et al., 2018). This profile also benefits from 
two close and parallel gravity-constrained cross-sections that have been 
recently published (Clariana et al., 2022). The proximity of our 
geological profile to the oil exploration well Cajigar-1 (Lanaja, 1987) has 
allowed us to delineate the position of the Upper Triassic evaporites at 
depth and to determine the thickness of the Jurassic limestones (Fig. 5). 
The minimum depth to the top of the basement was calculated based on 
data obtained from the Comiols-1 and Isona-1 wells (Teixell and Muñoz, 
2000) (Fig. 5). The northern section of the profile crosses the Axial Zone, 
where the only subsurface data available are derived from the ECORS- 
Pyrenees deep seismic reflection profile (e.g., Choukroune et al., 
1989). In this part of the profile, we have compiled previously published 
structural interpretations (Poblet, 1991; García-Sansegundo, 1992; 
Gutiérrez-Medina, 2007; Izquierdo-Llavall et al., 2013). 

The geological cross section shows a distinctive northern and 
southern half, but with a common southward vergence of most of the 
structures (Fig. 5). The northern part corresponds to the Axial Zone, 
composed of Palaeozoic rocks and characterized by northward-dipping 
thrusts with moderate to steep dips that cut across and/or reactivate 
previous Variscan structures (Gil-Peña, 2004; Cochelín et al., 2017a). 
The southern part corresponds to the South Pyrenean Zone, which is 
characterized by the presence of a Mesozoic-Cenozoic cover that is de-
tached from the basement along a décollement formed by the Upper 
Triassic evaporites. In the Axial Zone, from north to south, the profile 
crosses the following outcropping alpine basement thrust sheets 
described by Muñoz (1992): the Nogueras and Orri thrust sheets and the 
Nogueras Zone. The northernmost unit, the Nogueras thrust sheet 
(Gavarnie unit according to Waldner et al., 2021), consists of Silurian 
and Devonian slates and limestones (García-Sansegundo and Ramírez- 
Merino, 2013). To the south, the Orri thrust sheet consists of highly 
deformed Cambro-Ordovician slates and quartzites, Silurian shales, 
Devonian slates, and limestones (Gutiérrez-Medina, 2007; Izquierdo- 
Llavall et al., 2013) as well as Lower Carboniferous rocks together with 
two Late Carboniferous intrusions, the Bono and La Maladeta granites 
(Fig. 1b). The southernmost unit of the Axial Zone that is crossed by the 
profile consists of a downward facing anticline involving Lower Triassic 
red beds belonging to the Nogueras Zone (Seguret, 1972). 

In the South Pyrenean Zone, the profile only crosses the Bóixols 
thrust sheet at the surface. Below the décollement (i.e., Upper Triassic 
evaporites), we interpret the presence of two hidden basement thrust 
sheets, the Rialp and Ribagorza thrust sheets from north to south, 
following Teixell and Muñoz (2000), Muñoz et al. (2018), and Clariana 
et al. (2022) (Fig. 5). The Mesozoic-Cenozoic cover that forms the 
Bóixols thrust sheet shows a thickness increase towards the south. This 
feature matches with the interpretation of Teixell and Muñoz (2000) and 
García-Senz (2002), who consider the Bóixols thrust sheet to be an 
asymmetric inverted Mesozoic basin. The Jurassic sequence is dupli-
cated due to the southward-directed Bóixols thrust (Teixell and Muñoz, 
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2000; Muñoz et al., 2018). This profile is characterized by a thick layer 
of Upper Triassic evaporites at the base and in the Nogueras Zone. In the 
southern part of the cross-section Cenozoic rocks lie unconformably 
above the Mesozoic succession (Fig. 5). 

3.2.2. 2-D gravity model 
The initial geological cross-section was further constrained through 

an iterative feedback process between the geological information and 
the gravity model. This feedback ended when the calculated gravity 
response corresponded to the observed gravity. The final RMS of the 
difference between the observed and calculated anomaly is 1.121 mGal. 

Fig. 6. Integration of results. a) MT model with the major faults and thrusts interpreted (continuous black lines) and the basement thrust sheet (e.g. Orri t.s). b) Final 
interpretation of the geometry at depth of the Bóixols and La Maladeta sections showing its final observed and calculated gravity data. AZ: Axial Zone; SPZ: South 
Pyrenean Zone; LLST: Llavorsí-Senet thrust; GT: Gavarnie thrust. 
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The modelling was carried out using the GM-SYS module of the Oasis 
Montaj® software by Geosoft based on the Talwani et al. (1959) and 
Won and Bevis (1987) algorithms. The profile was extended just far 
enough to avoid edge effects. Since the target was the upper crust, we 
used the residual Bouguer anomaly as the observable reflecting the 
contribution of sources at depths of up to 10 km (Ayala et al., 2021). 

The observed gravity curve along the profile (Fig. 5C) shows two 
clearly differentiated parts: the northern part coinciding with the Axial 
Zone and the southern part with the South Pyrenean Zone (i.e., the 
Bóixols thrust sheet). Together the observed gravity curve exhibits a 
steep decrease coinciding with the Nogueras Zone and its continuation 
southwards. The observed gravity curve coinciding with the Axial Zone 
is characterized by a relatively long gravity maximum (0.5 mGal) with 
an approximately flat geometry that decreases towards the north, 
reaching a relative gravity minimum (− 10 mGal). The gravity maximum 
coincides at the surface with highly deformed Devonian and Silurian 
rocks. At its central part, it shows a small relative minimum with posi-
tive values coinciding with the small outcrop of the Bono granite, thus 
being compatible with the presence of higher volumes of granite at 
depth. Towards the north, the observed gravity curve begins to decrease, 
coinciding with the southern end of the La Maladeta granite, and 
reaching its minimum value a few kilometres north of its northern end. 
The gravity data are compatible with an asymmetric granitic body, 
which is up to 8.5 km thicker in its northern sector (Fig. 5C). 

In the South Pyrenean Zone (i.e., Bóixols thrust sheet), the observed 
gravity curve shows a prominent relative gravity minimum (− 17 mGal) 
coinciding with the northern end of the Bóixols thrust sheet and with the 
front at the depth of the Rialp basement thrust sheet (Fig. 6). The lowest 
values of this wide negative anomaly are found just south of an 
outcropping diapir (the so-called Pont de Suert diapir), so this gravity 
low may be consistent with a significant accumulation of Triassic 
evaporites in the subsurface. Towards the south, the observed gravity 
curve increases in accordance with an increase in the thickness of the 
Mesozoic-Cenozoic cover and a decrease in the thickness of the Triassic 
evaporites at depth. In the southern part of the profile, the autochtho-
nous materials are located at a depth of approximately 5 km, coinciding 
with values observed in nearby geological cross-sections constructed by 
Teixell and Muñoz (2000); Muñoz et al. (2018); and Clariana et al. 
(2022). 

4. Discussion 

As with the results section, here we describe the joint interpretation 
of both geophysical models separately for each of the two major 
geological zones: La Maladeta and the Bóixols sections. 

Fig. 6 shows the final interpreted geological sections integrating both 
techniques: the MT and gravity data, together with previous geological 
information and the resulting calculated gravity curve across them. The 
RMS of the final model is 0.996 mGal. 

4.1. Northern sector: La Maladeta section 

In the northern section (right hand side in Fig. 6), there is a good 
agreement between the gravity and MT models, providing significant 
and novel information about the La Maladeta granite and the main 
structures at depth. A quick examination of both MT (Fig. 4) and gravity 
(Fig. 5) models shows that the La Maladeta granitic body exhibits high 
resistivity and low density values, with a clear northward dip. The most 
notable feature observed in the resistivity model is the presence of two 
distinct units within the La Maladeta granite, separated by a lower re-
sistivity area. The validity of this low resistivity area has been confirmed 
through various sensitivity tests (see Section 3.1 and Fig. S2 in the 
supplementary material). The decrease in resistivity could be attributed 
to the existence of either a tectonic feature, such as a fault, or two in-
dependent granitic bodies. Interpreting this resistivity discontinuity as 
due to a fault (e.g., a back thrust) contradicts the known geology of the 

area, as no major southward dipping structures of such magnitude have 
been observed in this section of the Axial Zone (García-Sansegundo, 
1992), nor a few kilometres to the east in the ECORS profile cross- 
section (Muñoz, 1992; Teixell et al., 2018). The second possible expla-
nation for this resistivity discontinuity relates to the presence of granites 
associated with at least two distinct intrusive pulses. This hypothesis is 
plausible due to the complex nature of the La Maladeta massif, which 
has been interpreted as a combination of multiple plutons based on 
geological, geochemical, and magnetic fabric data collected at the sur-
face (Michard-Vitrac et al., 1980; Leblanc et al., 1994). Considering the 
large time span (50 Ma) over which Late Variscan plutons in the Axial 
Zone had been emplaced (Bouchez and Gleizes, 1995; Evans et al., 1998; 
Gleizes et al., 2001), the presence of multiple intrusive events is feasible. 
The La Maladeta granite, interpreted as the shallow body in our MT 
profile, was emplaced around 298 ± 2 Ma (Evans, 1993; Solé et al., 
1997; Esteban et al., 2015). This age is younger than the most common 
crystallization age observed in the large Variscan granites of the Axial 
Zone (310–300 Ma), but is older than other Early Permian granites and 
granodiorites dated between 298 and 290 Ma in the Axial Zone (López- 
Sánchez et al., 2019; Schnapperelle et al., 2020). Our data do not allow 
for the determination of the relative chronology of the two granitic 
bodies observed in the MT profile. Both possibilities (the deeper granite 
being younger or older compared to the shallow one) are plausible, 
considering the characteristics of Late Variscan magmatism in the Axial 
Zone. Further studies would be required to ascertain the relative timing. 

Another significant result of our study is the depth extension of the 
La Maladeta massif, which reaches nearly 8 km in this section. This 
implies a greater depth than previous interpretations (Muñoz et al., 
2018) (Fig. 8). The depth may be even greater towards the east, where 
the La Maladeta massif exhibits a broader north-south longitudinal 
extension. The substantial size of this granitic body relative to the sur-
rounding metasediments suggests an important rheological inheritance 
that could influence the width of the Alpine Orri thrust sheet. 

Recently, Waldner et al. (2021) interpreted the La Maladeta granite 
as a single body with its base located approximately 20 km below the 
pre-shortening stage (84 Ma) based on thermochronological and previ-
ously published data. This depth corresponds with the possible base of 
the deeper granite identified in the present study. Considering the MT 
model, the geometry of the La Maladeta massif at depth exhibits only 
slight differences compared to the gravity-constrained section (Fig. 5). 
In the resistivity model, this granitic massif is less inclined towards the 
north and reaches a shallower depth (Fig. 6). The higher resistivity area 
characterizing the La Maladeta granite outcrop continues southward at 
depth (Fig. 4), suggesting the presence of granite beneath a highly 
deformed region comprising Silurian and Devonian rocks. Additionally, 
considering the gravity response in this area, which displays a relative 
gravity maximum (Fig. 5), we also interpret the presence of rocks 
affected by contact metamorphism. The granitic massif is delimited to 
the north and south by low resistivity zones (labelled C1 and C3 in 
Fig. 4), which could be associated with major thrusts involved in the 
antiformal geometry of the Axial Zone (Llavorsí-Senet and Gavarnie 
alpine thrusts; Fig. 6). These structures exhibit a steep dip to the north 
and are influenced by the presence of Silurian shales in the area. The 
significant role of Silurian shales as a detachment level in the Axial Zone, 
during both the Variscan and Alpine Orogenies, has been previously 
described by several authors (Matte, 1969; García-Sansegundo, 1990; 
García-Sansegundo et al., 2011; Marcén et al., 2018; Cochelin et al., 
2017a; Casas et al., 2019). 

Similar to La Maladeta, the Bono granite is characterized by high 
resistivity values (R3 in Fig. 4) and has a narrow outcropping area. 
However, its geometry at depth, as interpreted from the MT data, differs 
from that inferred from the gravity data. The MT data suggests a laminar 
geometry for the Bono granite, indicating a relatively shallow depth. 
Nearby granites, such as the Marimanha granite (Antolin et al., 2009) 
and other Pyrenean granites (Olivier et al., 1999; Gleizes et al., 2001), 
have been interpreted to exhibit laccolite geometry based on magnetic 
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and structural data. This type of geometry may result from upward and 
lateral expansion of magma along rheological boundaries, similar to 
those existing between the siliciclastic Cambro-Ordovician rocks and the 
Silurian-Devonian limestone and shales. The root of the Bono granite 
appears to be influenced by the Bono thrust. The resistivity model re-
veals a conductive feature beneath the Bono granite (labelled as Feature 
C2 in Fig. 4), which may be associated with Silurian units, such as shales, 
that are present in the area (Fig. 6). As mentioned previously, the Silu-
rian rocks represent a regional detachment level (e.g., García-Sanse-
gundo et al., 2011), which could have also facilitated the emplacement 
of granites during the Late Carboniferous-Permian period. 

The southern region of the Axial Zone, specifically the southern 
Orri basement thrust sheet (Fig. 6), exhibits a relative gravity maximum 
that corresponds to extensive outcrops of highly deformed Devonian 
units, as well as Devonian, Silurian, and Cambro-Ordovician rocks at 
depth. In this area, the resistivity model reveals a nearly vertical high 
resistivity feature (labelled as R7 in Fig. 4), which correlates with the 
interpreted vertical beds of Lower Triassic rocks (Fig. 6). Additionally, a 
shallow conductive feature (labelled as C5 in Fig. 4) is observed in the 
resistivity model, which could be associated with downward thrusts 
linked to the Nogueras Zone. These features align well with the geom-
etry inferred from the gravity-constrained section. 

Finally, the Aran Valley sinclinorium, situated in the northernmost 
part of this section, is characterized by a series of folded and faulted 
Devonian-Silurian units. The abundance of highly faulted black slates 
and lutites (Kleinsmiede, 1960; García-Sansegundo, 1992; García-San-
segundo et al., 2013; Cochelin et al., 2017) may contribute to an overall 
low electrical resistivity. However, higher resistivity values are also 
observed, such as the feature labelled as R9 in Fig. 4, which may be 
associated with small and shallow granite bodies previously interpreted 
in the gravity-constrained section as being related to the Artiés granite. 

At depth, the Orri basement thrust sheet exhibits a high resistivity 
pre-Variscan basement, which is characterized by an abrupt resistivity 
change towards the north (Fig. 6). This change may be attributed to the 
involvement of different units within the various basement thrust sheets, 
highlighting the significance of structures such as the Llavorsí-Senet 
thrust sheet as major boundaries separating distinct resistivity units 
likely associated with varying metamorphic conditions. Therefore, in 
the context of the Pyrenean Axial Zone, areas of low electrical resistivity 
could be linked to the presence of Silurian shales and/or major faults, 
which facilitate fluid migration, while regions of high electrical re-
sistivity primarily correspond to granite bodies. Notably, the MT data 
provides higher resolution compared to gravity-constrained sections for 
inferring the deep geometry of granitic bodies and tracing the major 
alpine faults at depth. The thrust dips that are observed in this section 
across the Axial Zone have been interpreted to exhibit similar angles and 
therefore imply the same amount of shortening as proposed in previous 
studies (e.g., Muñoz, 1992; Muñoz et al., 2018). This interpretation is 
based on the limited resolution of the two geophysical techniques to 
precisely determine the dip of structures. 

4.2. Southern sector: Bóixols section 

This region is characterized by the presence of thick Mesozoic sedi-
mentary successions, primarily carbonates, which are detached from the 
basement along the Triassic evaporites (Keuper). Extensive outcrops of 
Triassic evaporites are found in certain areas of the South Pyrenean 
Zone, while along the profile Triassic units are observed in limited 
selected areas. One notable example is the Aulet diapir, where we 
observe a strong agreement between the gravity data (Figs. 5 and 6) and 
the resistivity model (labelled as C6-R6 in Fig. 4). These diapirs exhibit 
low electrical resistivity at shallow depths and density values ranging 
from 2.4 g/cm3 (Middle-Upper Triassic) to 2.63 g/cm3 (Lower Triassic). 
At greater depths, the resistivity pattern transitions to higher resistivity 
values, likely attributable to variations in water content within these 
units from shallow to deeper areas (Rubinat et al., 2010). 

In the MT model, we observe moderate to high resistivity values in 
the southern edge of the profile from approximately 2 km below the 
surface (labelled as R6 in Fig. 4). These values may be associated with 
the accumulation of Triassic evaporitic rocks at depth, possibly related 
to the leading edges of the Rialp and Ribagorza basement thrust sheets 
(Fig. 6). This interpretation is supported by the information obtained 
from the Tamurcia-1 well, where its lower portion is dominated by the 
presence of salts (Fig. 4). 

Jurassic and Cretaceous units are characterized by thick succes-
sions that are primarily composed of marls, limestones, and dolomites. 
These units display a similar response in the gravity data, with density 
values ranging from approximately 2.65 to 2.675 g/cm3. However, the 
MT responses are strongly influenced by the rock type (limestone, 
dolomite, etc.), the presence of marls and water, and the occurrence of 
faults. As a result, these units may exhibit a wider range of electrical 
resistivity values. This would explain the observed resistivity contrast 
between the northern and southern parts of this section, despite the 
absence of major lithological changes in the gravity model. 

The information derived from the Tamurcia-1 well (Lanaja, 1987; see 
Fig. 1 for location) indicates that the upper part of the well, comprising 
Upper Cretaceous rocks, primarily consists of alternating layers of marls 
and silty limestones, which are characterized by low resistivity values in 
our resistivity model. These low resistivity values are also detected in 
the north in the feature labelled as C6, corresponding to Upper Creta-
ceous rocks (Fig. 6). Lower Cretaceous units are relatively sparse in this 
well, as in the south-central Pyrenees, exhibiting significant thickness 
variations ranging from a few meters to up to 4000 m (e.g., Berástegui 
et al., 1990; García-Senz, 2002; Mencos et al., 2015). Therefore, the 
lower portion of the well primarily corresponds to Jurassic units, pre-
dominantly composed of dolomites. The MT model reveals a slight in-
crease in electrical resistivity in the lower part of this area, showing a 
high correlation with the information provided by the well log. To the 
north of the well, the structure becomes more complex, featuring a series 
of faults and folds that affect the entire sequence, including the Lower 
Cretaceous rocks located at the core of these folds. 

In the northern part of this section, the high resistivity structure 
(labelled as R4 in Fig. 4) resolved by the MT model corresponds to 
significant accumulations of Triassic evaporites and thick folded pack-
ages of Jurassic and Cretaceous limestones above 1000 m depth, along 
with the upper part of the Rialp basement thrust sheet 1000 m depth. 
The low resistivity feature labelled as C4 may correspond to the Rialp 
thrust (Fig. 6). In general, the MT model exhibits a complex resistivity 
pattern (Figs. 4 and 6) in the Bóixols section due to the presence of 
Mesozoic rocks with varying lithologies (such as limestones, marls, and 
evaporites) and variations in water content and deformation gradient 
(including faults and folds). On the other hand, the gravity model ap-
pears to be heavily influenced by the presence of low-density rocks (such 
as Triassic evaporites) at depth (Figs. 4 and 6). 

5. Conclusions 

The integration of MT and gravity data has provided valuable and 
novel insights into the geological structure at the boundary between the 
Axial Zone and the South Pyrenean Zone, specifically through the La 
Maladeta batholith. The joint interpretation of both geophysical models, 
in conjunction with existing geological information, has played a crucial 
role in the final geological interpretation. 

The geometry of the La Maladeta massif at depth has been success-
fully resolved by both the gravity and resistivity models, displaying good 
agreement. This study has revealed a noteworthy aspect of the massif: it 
consists of two distinct granitic bodies at depth, likely associated with 
different intrusive pulses, while reaching a greater depth than previ-
ously interpreted. This newfound information has significant implica-
tions for comprehending the geological evolution of the study area. 

Furthermore, the structure of the northern boundary of the South- 
Central Pyrenean Zone in the proximity of the Tamurcia-1 well 
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(Bòixols section) has been resolved, unveiling a series of faults and folds 
that affect the entire sequence. This geological understanding allows for 
the identification of areas where Triassic units are exposed along the 
profile. 
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Campanyà, J., Ledo, J., Queralt, P., Marcuello, A., Liesa, M., Muñoz, J.A., 2012. New 
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et al., 2019. The Pyrenees. In: Quesada, C., Oliveira, J. (Eds.), The Geology of Iberia: 
A Geodynamic Approach. Regional Geology Reviews. Springer. https://doi.org/ 
10.1007/978-3-030-10519-8_8, pp. 335–259.  

Chevrot, S., Villaseñor, A., Sylvander, M., Benahmed, S., Beucler, E., Cougoulat, G., et al., 
2014. High-resolution imaging of the Pyrenees and Massif Central from the data of 
the PYROPE and IBERARRAY portable array deployments. J. Geophys. Res. Solid 
Earth 119 (8), 6399–6420. https://doi.org/10.1002/2014jb010953. 

Chevrot, S., Sylvander, M., Diaz, J., Martin, R., Mouthereau, F., Manatschal, G., Ruiz, M., 
2018. The non-cylindrical crustal architecture of the Pyrenees. Sci. Rep. 8 (1), 9591. 

Chevrot, S., Sylvander, M., Villaseñor, A., Díaz, J., Stehly, L., Boué, P., Vidal, O., 2022. 
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Rodríguez, F., Pérez, N.M., Padrón, E., Melián, G., Hernández, P.A., Asensio-Ramos, M., 
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