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A B S T R A C T   

The Oliana anticline (Southern Pyrenees) has been characterized as an outcrop analogue of a geothermal 
reservoir using field data (stratigraphy and fracturing) and petrological, petrophysical and petrothermal ana
lyses. Five lithofacies were established including conglomerates, hybrid arenites, lithic arenites, carbonates and 
evaporites. 

Petrophysical measurements indicate widely dispersed values of bulk density, connected porosity, perme
ability and velocity of compressional acoustic waves. Connected porosity is the factor that mostly influences bulk 
density, compressional wave velocity and permeability. In turn, diagenetic processes (such as dissolution and 
cementation) and fracturing, coupled with petrological features such as mineral composition, matrix content and 
grain size, are the most critical factors controlling rock porosity along the Oliana anticline. 

Thermal conductivity measures reveal a compositional control on the thermal properties of rocks. Thermal 
characterization of the structure reveals a low conductive area that matches the carbonate and evaporite suc
cession of the anticline core and a highly conductive zone associated with the detrital succession of the fold 
limbs. 

The Oliana anticline has been classified as a petrothermal system due to the low permeability values of the 
studied sedimentary succession. Despite such classification, this contribution provides a useful exploration tool 
for future studies of non-conventional geothermal and CO2 storage sites located in folded sedimentary succes
sions in the proximal domain of foreland basins.   

1. Introduction 

With increasing global energy demand and the simultaneous need to 
reduce CO2 emissions, the current climate and energetic context calls for 
an increase in natural settings in which CO2 storage and alternative 
energy exploitation can be implemented (Tester et al., 2012). In this 
sense, petrophysical exploration, together with the characterization of 
the thermal properties of rocks (i.e., thermal conductivity, thermal 
effusivity and specific heat capacity), can facilitate the discovery of new 

unconventional geothermal reservoirs. Such reservoirs are here defined 
as those geological settings that do not exhibit, in the first instance, 
geothermal anomalies or exceptional permeabilities. Therefore, these 
geological settings have historically been little studied for geothermal 
energy production in favour of more conventional regions associated 
with magmatic activity or the presence of geothermal resources in the 
subsurface (Huenges, 2010; Moeck, 2014; Breeze, 2019 and references 
therein). Previous research on rock thermal conductivity showed that 
this property is positively related to mineral density, whereas porosity is 
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typically negatively correlated (i.e., Clark, 1966; Brigaud and Vasseur, 
1989; Clauser and Huenges, 1995; Vasseur et al., 1995; Abdulagatova 
et al., 2009; Fjeldskaar et al., 2009). Fewer studies have established the 
relationships between rock thermal properties and P-wave velocities 
(Popov et al., 2003; Mielke et al., 2015). In porous rocks, rock compo
sition, together with pore-space structure, sorting, grain size and cement 
mineralogy, have been described as the main factors controlling thermal 
conductivity (Midttømme and Roaldset, 1998; Schön, 2015). 

Some of the studies mentioned above focused on improving energy 
exploitation of conventional geothermal sites associated with thermal 
anomalies in the subsurface (i.e., shallow hot springs, active volcanic 
regions, hydrothermal upwellings). However, the most recent studies 
were carried out to evaluate deeper geothermal reservoirs, including the 
thermal characterization of the reservoir rocks. In this regard, sufficient 
temperature (values over 150 ◦C are already considered suitable for 
geothermal exploration) and permeability (above 10 mD) have been 
identified as critical parameters to assess the energetic feasibility of a 
new geothermal reservoir (Bauer et al., 2017; Kaminskaite et al., 2022; 
Raymond et al., 2022). 

The occurrence of an homogeneous and elevated temperature in a 
reservoir depends on the heat-transfer mechanism in the reservoir rock 
(Moeck, 2014; Scheck-Wenderoth et al., 2014). In this sense, conduction 
is the dominant mechanism in impermeable rocks such as crystalline 
basements and sedimentary lithologies with low porosity (Moeck, 
2014). In contrast, heat is transferred more efficiently by fluid convec
tion in permeable rocks such as porous or fractured successions (Vidal 
et al., 2016). Thus, knowledge about the petrothermal and petrophysical 
properties of rocks is key for geothermal exploration. For this reason, 
research on natural geothermal systems has been focused on studying 
the geothermal potential of different rock formations by considering 
their complete set of petrophysical and petrothermal properties (Götz 
and Lenhardt, 2011; Homuth and Sass, 2014; Aretz et al., 2015; Heap 
et al., 2017, 2019). 

Most of these studies are performed in extensional basins with 
anomalous geothermal gradients (e.g., the Great Basin, the Molasse 
Basin, the Upper Rhine Graben, or the Soutz-sous-Forêts geothermal site, 
Faulds et al., 2011, 2016; Homuth and Sass, 2014; Aretz et al., 2015; 
Bauer et al., 2015; Homuth et al., 2015b; Heap et al., 2017, 2019). 
However, advances in geothermal exploration have allowed to establish 
new potential targets for their geothermal exploitation. In this regard, 
unconventional geological settings such as Crustal Fault Zones (CFZ) 
and foreland basins have been proposed as potential sites for producing 
geothermal energy (Faulds et al., 2016; Hinz et al., 2016; Duwiquet 
et al., 2020; Sass et al., 2020). 

Geophysical surveys applied to geothermal exploration (i.e., 2D and 
3D reflection seismics) provide continuous spatial information of rela
tively large areas (Bauer et al., 2017). This information permits the study 
of seismic-scale heterogeneities such as permeable fault zones affecting 
geothermal production. However, due to the resolution of these tech
niques, the recognition of small-scale structures such as sub-seismic 
fractures cannot be assessed. In contrast, geophysical and geochemical 
data acquired from the analysis of core recoveries result in a more ac
curate and pointed estimation of the properties of a targeted reservoir 
rock. However, due to the high heterogeneity of sedimentary systems 
such as fluvial or alluvial successions, well data is not representative of 
the whole reservoir rock (Müller et al., 2010). In this regard, outcrop 
analogues allow the characterization of metric to millimetric scale ver
tical and lateral heterogeneities. Therefore, they represent a solution to 
appraise the geothermal reservoir potential and understand the limita
tions of conventional exploration methods (Howell et al., 2014). How
ever, outcrop analogues have not been widely applied for geothermal 
exploitation and the obtained results are still controversial (Reyer, 2013; 
Meier et al., 2015). For instance, outcrop data is not always represen
tative of the reservoir properties, as the diagenetic history and pressure 
and temperature conditions are different between outcropping rocks and 
their respective buried reservoirs, which represents a significant 

limitation for geothermal exploration (Beyer et al., 2014; Bauer et al., 
2017). 

The present study aims to increase the knowledge about unconven
tional geothermal reservoirs by presenting a combined study of strati
graphic, structural, petrological, petrophysical and petrothermal aspects 
of the Oliana anticline in the Southern Pyrenees. The excellent outcrops 
of the Oliana anticline allow us to accurately study the facies composing 
the different alluvial sequences of the structure and to characterise the 
stratigraphic and structural features affecting them. Moreover, folded 
sedimentary successions in proximal domains of foreland basins have 
been little studied as geothermal reservoirs. Consequently, knowledge 
about how structure, petrology, petrophysics and petrothermics are 
correlated in these structures is limited. Specifically, the objectives of 
this study are threefold: 1) to establish the potential relationships be
tween petrophysical and petrothermal variables, as well as between the 
structure, stratigraphy and petrological features in the Oliana anticline; 
2) to determine the driving factors that explain the variability in the 
petrophysical and petrothermal properties of the folded sedimentary 
rocks, and 3) to discuss the feasibility of the Oliana anticline as an 
outcrop analogue of a geothermal reservoir according to its entire 
geological characterization. 

2. Geological setting 

The Pyrenees formed because of the continental collision between 
the Iberian and the Eurasian plates from Late Cretaceous to Miocene and 
the subsequent subduction of the former beneath the Eurasian one 
(Choukroune, 1989; Roure et al., 1989; Vergés et al., 2002; Teixell et al., 
2018; Cruset et al., 2020). The collision formed an asymmetric, double 
verging orogenic belt that resulted from the stacking of thick-skinned 
basement-involved thrusts forming an antiformal duplex at the center 
of the chain, named Axial Zone, together with two opposite verging, 
thin-skinned fold-and-thrust belts (Muñoz, 1992, 2002; Beaumont et al., 
2000). 

The South Pyrenean fold-and-thrust belt is formed of a piggy-back 
thrust sequence of south-vergent structures detached above upper 
Triassic evaporites and lutites (Keuper facies). These evaporites strongly 
conditioned the location, geometry and evolution of the tectonic struc
tures in the Southern Pyrenees, by forming several diapirs and thrust 
salients and by transporting the allochthonous units southwards over the 
Ebro foreland Basin (Vergés et al., 1992; Cámara and Flinch, 2017; 
Cofrade et al., 2023). The imbricated sequence includes, from north to 
south and in order of emplacement, the Bóixols thrust sheet, emplaced 
during the Late Cretaceous (Puigdefàbregas and Souquet, 1986; Saura 
et al., 2016; Cruset et al., 2020; Muñoz-López et al., 2022), the Montsec 
thrust sheet, emplaced during the lower Eocene (Mutti et al., 1985), the 
Serres Marginals thrust sheet emplaced during the upper Eocene 
(Puigdefàbregas et al., 1986) and the Ebro foreland Basin formed during 
upper Eocene to Oligocene in the footwall of the South Pyrenean 
orogenic wedge (Vergés et al., 2002). After the emplacement of the 
imbricated sequence, the Serres Marginals and Montsec thrusts were 
reactivated in a break-back sequence from Priabonian to Rupelian 
(Vergés and Muñoz, 1990; Meigs et al., 1996; Meigs and Burbank, 1997) 
and were rotated according to a salient, from an original E-W orientation 
to their current NE-SW strike (Sussman et al., 2004). Coevally with this 
break-back deformation and rotation, the Oliana anticline grew at the 
footwall of the front of the Serres Marginals and Montsec thrust sheets in 
the northern margin of the Ebro foreland Basin. It consists of a seismic 
scale up to 10 km wide and 15 km long fold with a NE-SW orientation 
(Fig. 1). 

Stratigraphy of the Oliana anticline includes upper Eocene to lower 
Oligocene carbonate, evaporite and detrital syn-orogenic strata, 
comprising limestones, marls, gypsums, sandstones and conglomerates 
(Fig. 2). The last marine stage of the Ebro foreland Basin was charac
terized by the sedimentation of the Santa Maria Group (which includes 
the marls of the Igualada Formation and the limestones of the Tossa 
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Fig. 1. Geological setting of the Oliana anticline in the Southern Pyrenees. A) Main structural units of Southern Pyrenees showing the location of the Oliana anticline 
(modified from Vergés, 1993). The A-A’ transect and the area inside the red square are shown in figures b and c, respectively. B) S–N cross-section of the South 
Pyrenean fold-and-thrust belt, including the Oliana anticline (modified from Vergés and Muñoz, 1990). C) Cartography and location of samples of the present study. 
Dots indicate the position and lithofacies of the samples. Transects L1 to L4 correspond to the stratigraphic logs presented in Fig. 2. Stratigraphic and structural data 
acquired during fieldwork (i.e., bedding and contacts between units) is included in the cartography. Q refers to Quaternary alluvial deposits. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. Stratigraphic logs from Sant Honorat (L1), the northern limb (L2), the NE closure (L3) and the southern limb (L4) of the Oliana anticline, including sample 
number and sedimentary facies distribution. The location of the logs is referenced in Fig. 1c. The thickness and sedimentology of the unsampled strata are 
approximative and based on field observations. 
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Formation) and the overlying limestones of the Terminal Complex 
(Serra-Kiel et al., 2003a; Cascella and Dinarès-Turell, 2009). Previous 
studies dated the deposition of these carbonates from the upper Barto
nian to the lower Priabonian (Serra-Kiel et al., 2003a). However, more 
recent palaeomagnetic and biostratigraphic data indicate an age for the 
marine closure of the Ebro foreland Basin of 36 My, extending the car
bonate sedimentation until the middle Priabonian (Costa et al., 2010 
and references therein). Accordingly, the deposition of the Cardona 
Formation evaporites and their marginal equivalent, the gypsums of the 
Ódena Formation, in an endorheic regime occurred 35 My ago (Costa 
et al., 2010; Garcés et al., 2020). The detrital succession overlaying these 
evaporites was formed by different alluvial systems deposited coevally 
with active tectonics in the Oliana anticline. These alluvial systems are 
widely associated with the erosion of the allochthonous Mesozoic car
bonate rocks during the uplift of the Serres Marginals and Montsec 
thrust sheets. Although, the uppermost detrital units, Rupelian to 
Chattian in age, also include igneous and metamorphic lithics, which 
resulted from the erosion of the Paleozoic basement exhumed in the 
Pyrenean Axial Zone. 

The detrital succession of the Oliana anticline has been sub-divided 
into four syn-tectonic units, attending to the spatial and crosscutting 
relationship between the Serres Marginals and Montsec thrust and the 
conglomerates deposited in front of them in the northern limb of the 
anticline (Vergés and Muñoz, 1990). These units are bounded by large 
unconformities originated by the irruption of the different thrusts during 
the deposition of the syn-orogenic succession. Each conglomerate unit 
overlaps the previous one and is delimited by a younger thrust to the 
hinterland following the break-back reactivation (Vergés and Muñoz, 
1990). 

Based on recent magnetostratigraphic and biostratigraphic data, the 
following ages have been proposed for these synorogenic units (Costa 
et al., 2010). Unit 1, cut by the basal thrust of the Serres Marginals, is 
middle to upper Priabonian. Unit 2, cut by the imbricated Serres Mar
ginals thrust fan, is upper Priabonian to lower Rupelian. Unit 3, cut by 
the Montsec thrust, is Rupelian in age and Unit 4 is Rupelian to Chattian. 
The gentle dip angle of the latter unit indicates that thrusting was no 
longer active in Oliana during its deposition (Burbank et al., 1992; 
Burbank and Vergés, 1994; Meigs et al., 1996). 

3. Materials and methods 

3.1. Sampling and structural data acquisition 

Fifty-two samples including conglomerates, sandstones, limestones, 
marls and gypsums were collected along the Oliana anticline and ori
ented in the field with respect to the bedding strike to compare their 
petrophysical and petrological attributes parallel and perpendicular to 
the bedding orientation. Stratigraphic sections were made integrating 
field data and observations with already published data (the location of 
samples and logs is displayed in Fig. 1c). 

Dip and orientation of fractures and bedding were systematically 
measured using the FieldMove Clino app and plotted in equal area lower 
hemisphere Schmidt stereoplots using Stereonet software. 

3.2. Petrography 

The petrography of sixty-three thin sections was described with an 
optical Axiophot Zeiss microscope equipped with a Euromex camera. 
Special attention was paid to the mineralogy and the petrology of the 
samples, estimating the relative volumetric percentage of siliciclastic 
versus carbonate components, the occurrence and orientation of frac
tures and stylolite planes and the description of the porous space ge
ometries to assess the potential pore-connectivity. 

3.3. Petrophysics 

Sixty-two values (Supplementary material, Table 1) were obtained 
for measuring the mineral density (ρmin), bulk density (ρbulk), the 
compressional velocity of acoustic waves (vp), connected porosity (Nt) 
and permeability (K) of 40 samples including conglomerates (n = 16), 
sandstones (n = 18), limestones (n = 5) and gypsum (n = 1). Samples 
were sawn into 5.0 × 5.0 × 7.0 cm rock pieces and then drilled into 4.0 
× 5.5 cm cylindrical plugs, which are the maximum dimensions allowed 
by the Hassler cell and ensure a minimum Representative Elementary 
Volume (REV) of rock for measuring its properties. 

Mineral density and bulk density have been calculated from mass 
and volume relations following Cavailhes et al. (2013). The volume used 
for bulk density calculation includes the solid and void volume of rocks 
that are acquired from water porosimetry. Therefore, the lack of a per
fect correlation between bulk density and connected porosity is caused 
by the different mineralogy (i.e., solid volume) of the plugs. The 
analytical accuracy for the obtained density values is within ±0.002 g/ 
cm3 (Richard and Sizun, 2011). 

The compressional velocity of acoustic waves has been calculated in 
dried plugs using a portable Pundit 6 system (CNS Electronics LTD) 
operating at a regular frequency of 1 MHz. The absolute uncertainty 
values for velocity measurements were determined between ±13–96 
ms− 1. 

Connected porosity was measured by water porosimetry using the 
Archimedes method (Cavailhes et al., 2013), with an absolute accuracy 
of ±0.05%. 

Permeability was calculated using a gas permeameter with nitrogen 
as fluid and the steady-state flow method (Richard and Sizun, 2011; 
Cavailhes et al., 2013). The pore pressure was controlled using a Hassler 
cell and data were corrected for Klinkenberg’s effect using the graphical 
method (Riepe et al., 1983; Zinszner and Pellerin, 2007). The relative 
analytical accuracy is between ±10% (when K ≈ 1D) and ± 0.5% (for K 
≈ 0.001 mD). The instrumental detection range was 0.001 mD. 

3.4. Petrothermics 

Fifty-five values (Supplementary material, Table 2) were obtained 
for measuring the thermal conductivity (τ) and effusivity (ε) of thirty- 
five samples, including conglomerates (n = 14), sandstones (n = 16), 
limestones (n = 4) and gypsum (n = 1). Samples were sawn into slices 
with a minimum thickness of 3 cm and dried in an oven at 70 ◦C for at 
least 24 h. Before measuring, the slices were tempered for 24 ± 6 h in 
controlled room conditions (52 ± 14% of moisture and 22 ± 3 ◦C for 
temperature). 

The thermal conductivity and effusivity of rocks have been measured 
using a TCi thermal analyzer (C-Therm Trident) and the Modified 
Transient Plane Source (MTPS) method (Di Sipio et al., 2013; Labus and 
Labus, 2018). Measure accuracy is within 5% of error while the preci
sion of the thermal analyzer equals 1%. The measuring procedure was 
designed to obtain the most representative petrothermal values of each 
sample without dismissing their high compositional and textural 
heterogeneity. 

Surfer software has been used to visualize petrophysical and petro
thermal data. Gridding was used as the principal interpolation method; 
consequently, data becomes more artificial far from the measured 
samples. These data have been represented as “not interpolable” in the 
figures of this study when they are located further than 50 m from the 
measuring point. Moreover, due to measuring limitations, a thermal 
conductivity value of 2.5 Wm− 1 K− 1 was assumed for marls (following 
the data published by Homuth et al., 2011; Homuth et al., 2015a). 

4. Fracture characterization 

The analysis of the fracture systems in the Oliana anticline has been 
carried out considering the dip and orientation of the different fracture 
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sets observed along the main structural zones of the fold (i.e., the 
northern and the southern limbs and the NE and SW closures of the 
anticline). The chronology of the fractures and the relationships be
tween them were already studied by Sussman (2002) and Sussman et al. 
(2004). 

The occurrence of opened and cemented fractures in the Oliana 
anticline changes depending on the structural sector of the fold (Fig. 3). 
In this sense, calcite-filled fractures predominate at the northern limb 
and the NE closure of the anticline, affecting the detrital succession 
within Units 1 to 4. In contrast, open fractures dominate at the southern 
limb and in the SW closure of the fold, affecting Units 1 to 3. In the case 
of the SW closure, fractures were only measured on rocks of the core of 
the Oliana anticline and within Unit 1. 

Three fracture systems have been described at the northern limb of 
the Oliana anticline (F1 to F3). Fractures of system F1 have a WSW-ENE 
strike with a dip angle between 50 and 80◦ to the north; the F2 system is 
composed of NNW-SSE striking fractures with a dip angle between 70 
and 90◦ to the east. Finally, fractures within the F3 system display a 
random strike direction and dip angle between 40 and 60◦. F1 and F2 are 
the predominant fracture systems at the northern limb of the anticline 
(see Sant Honorat and C-14 Road stereoplots, Fig. 3). Furthermore, the 
F2 system also occurs in the detrital lithologies in the eastern margin of 
the southern limb of the anticline. F3 fracture system is common in the 
Serres Marginals outcropping strata (see Peramola stereoplot, Fig. 3), 

although the other systems are also present in this sector. 
Two more fracture systems have been measured at the southern limb 

of the anticline (F4 to F5). The F4 system comprises fractures striking W- 
E and dipping between 45 and 60◦ to the S-SE, whereas F5 are bed- 
perpendicular fractures with a random strike direction and dip angle, 
commonly between 70 and 90◦. Overall, F4 is present all along the 
southern limb, but in its eastern part, the main fracture system is F2 and 
F5 is rarely present (Fig. 3). 

Fracturing at the NE and SW closures of the Oliana anticline is almost 
perpendicular to bedding with a frequent dip angle between 60 and 90◦. 
The NE closure displays two dominant systems (F6 and F7): F6 strikes 
NNW-SSE, whereas F7 is E-W. The latter system is also observed in the 
SW closure along with an F8 fracture system, which strikes N-S. 

5. Petrology 

5.1. Facies description 

Five sedimentary facies are distinguished in the Oliana anticline, 
attending to the composition and texture of the samples: conglomerates 
(Fa-1, Fig. 4a, b), hybrid arenites (Fa-2, Fig. 4c), lithic arenites (Fa-3, 
Fig. 4d), carbonates (Fa-4, Fig. 4e) and evaporites (Fa-5, Fig. 4f). 

Fig. 3. Lower hemisphere Schmidt stereoplots showing the distribution of fractures through the Oliana anticline according to field observations and measurements, 
stereoplots of the same fold sector are subdivided according to the tectonosedimentary units in which the fractures were measured. Fracturing is more intense and 
cemented in the northern limb than at the southern limb and at the NE closure of the fold. The number of measured fractures (n) is given for each stereoplot together 
with the observable fracture systems (F1 to F8). 
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5.1.1. Conglomerates facies (Fa-1) 
This sedimentary facies is represented by clast-supported micro

conglomerates to coarse conglomerates. The coarse fraction contains 
pebbles from 0.2 to 15 cm, whereas the fine fraction contains grains 

between 0.05 and 0.2 cm. Components smaller than this constitute the 
matrix. Conglomerates of Units 1 to 3 are poorer sorted and display more 
angular quartz grains than conglomerates of Unit 4. 

Dolostone and limestone clasts displaying different textures, from 

Fig. 4. Field photographs of the studied lithofacies. A) Fa-1, coarse-grained conglomerates of Unit 1 at the northern limb of the fold. B) Fa-1, medium-grained 
conglomerates of Unit 4 at the northern limb (Sant Honorat region). C) Fa-2, fine-grained hybrid arenite at the southern limb of the anticline. Fractures perpendicular 
to bedding partially filled by clays and sedimentary structures such as flasher bedding (black arrow) and cross lamination (black lines) are observed. D) Fa-3, fine- to 
medium-grained lithic arenite at the NE closure. Textural heterogeneity is produced by bioturbation and rip-up clasts (black arrow). E) Fa-4, rudstone from the 
Terminal Complex at the base of the northern limb of the anticline. Note the abundant fossiliferous content (i.e., Discocycline, black arrow). F) Fa-5, gypsum of the 
Ódena Fm. at the basal part of the southern limb. Secondary gypsum precipitates in veins (black arrow). Fr, fractures; Lm, undifferentiated limestones; Grt, granite. 
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mudstones to grainstones, are common in all conglomerate units. The 
volumetric percentage of carbonate clasts is between 70% and 90% for 
conglomerates of Units 1 to 3 (Fig. 4a) and between 40% and 60% in 
Unit 4 (Fig. 4b), and they are smaller in Unit 4 compared to Units 1 to 3. 
Quartz fragments with anhydrite inclusions (Compostela hyacinth) 
associated with the upper Triassic Keuper facies are abundant in con
glomerates of Units 1 and 2 and are not observed in Unit 4. Similarly, 
dolostone clasts, arriving from the Jurassic strata cropping out in the 
Serres Marginals thrust sheet, are more common in Unit 1 than in Units 2 
and 3 (Fig. 5a). Metamorphic and granite grains/clasts derived from the 
erosion of the Pyrenean Axial Zone increase in Unit 4 (Fig. 5b). 

Fracture porosity and open stylolite porosity are predominant in 
conglomerates facies. However, they are reduced by calcite cement 
precipitation. Compared to coarse-grained ones, an increase in 

cementation is observed in fine-grained conglomerates and micro
conglomerates. In contrast, fracturing is more abundant in coarse- 
grained conglomerates than in fine-grained ones. 

5.1.2. Hybrid arenites facies (Fa-2) 
This sedimentary facies consists of very fine to medium-coarse 

sandstones (Fig. 4c) with a carbonate content ranging between 50% 
and 70%. Their grain size ranges between 0.01 and 0.2 cm; sorting is 
poor to moderate and improves for coarser-grained hybrid arenites. 
Carbonate components consist of microforaminifers (i.e., Nummulites, 
incrusting hyaline foraminifera, and other non-identified agglutinated 
and hyaline foraminifera) and bioclasts (fragments of bivalves, echino
derms, algae and corals). Bioclastic content is higher close to the core of 
the anticline and decreases progressively away from it (i.e., fine-grained 

Fig. 5. Photomicrographs of the lithofacies in the Oliana anticline. A) Crossed Nicols. Fa-1, coarse-grained conglomerates from Unit 2 of the northern limb of the 
fold. The coarse fraction comprises dolomite and limestone pebbles, whereas the fine fraction contains more siliciclastic components. Sutured and stylolitic contacts 
(green arrows) occur at the contact of pebbles and between the coarse and fine fractions. Reddish accumulations of non-soluble materials fill them. Red square is a 
detailed image of a Compostela hyacinth derived from the upper Triassic Keuper facies. B) Parallel Nicols. Fa-1, microconglomerate from Unit 4 of the NE closure of 
the anticline. The coarse fraction comprises more heterogeneous lithics and granite fragments. Although chemical grain contacts predominate (i.e., sutured and 
stylolitic contacts, green arrow). C) Parallel Nicols. Fa-2, fine-grained hybrid arenite of the southern limb. Vuggy porosity is common in this facies, frequently 
affecting interparticle calcite cement or punctual micrite accumulations. D) Parallel Nicols. Coarse-grained lithic arenite at the northern limb. The main components 
are lithic fragments and quartz grains. Open fractures and stylolite planes are also observed. E) Parallel Nicols. Fa-4, packstone of the Terminal Complex of the 
southern limb. The principal allochems are Discocycline sections, corals and other foraminifers. Moldic porosity is observed. F) Crossed Nicols. Fa-5, Ódena Fm. 
gypsum at the southern limb. Megacrystalline gypsum crystals contain anhydrite inclusions (green arrow) and frequent accumulations of micrite between their 
margins. Crb, carbonate pebbles (dolostones and limestones); Grt, granite pebbles; Pr, porosity; Mcr, micrite accumulation; Sty, open stylolites. (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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hybrid arenite, Fig. 5c). 
Calcite cement is predominant filling the interparticle porosity. 

Blocky textures and small crystal sizes (up to 0.2 mm) are developed in 
finner arenites, whereas larger crystals (up to 0.5 mm) in drusy textures 
are found in the coarser ones. Fe-oxide cement is found in small per
centages (1 to 5%) and pyrite often precipitates filling the moldic and 
intraparticle porosity within bioclasts (1% or less). Bedding parallel 
lamination and the occurrence of fractures parallel to the micrite 
laminae are often observed in this facies. 

5.1.3. Lithic arenites facies (Fa-3) 
This sedimentary facies is constituted of very fine to coarse-grained 

sandstones with a volumetric percentage of carbonate ranging be
tween 30% and 50%, whereas siliciclastic components represent be
tween 50 and 70%. Grain size ranges between 0.05 and 0.5 cm, slightly 
coarser, though less sorted than hybrid arenites. The siliciclastic grains 
of this facies consist of 40–60% of quartz, 10–20% of feldspar, 10–30% 
of lithic fragments (mainly consisting of Paleozoic phyllites and 
quartzites, and subordinate Mesozoic dolostones, limestones and quartz 
with anhydrite inclusions) and 1–5% of muscovite, biotite and minor 
chlorite. Sorting and roundness are better in fine-grained lithic arenites 
than in coarser-grained ones (i.e., coarse-grained lithic arenite, Fig. 5d). 
Two samples within lithic arenites correspond to greywackes because 
their matrix percentage is higher than 15%. 

Calcite cement in lithic arenites displays the same texture and crystal 
size as in hybrid arenites. Fe-oxide cement is found in a low percentage 
(5% or less). The occurrence of porosity and fractures is heterogeneous, 
though an increase of primary interparticle porosity is observed in most 
lithic arenites compared to hybrid arenites facies. 

Lithic arenites have been collected throughout the entire anticline. 
They are more abundant within Units 2 and 3 at the NE closure and the 
northern limb of the anticline than in other fold sectors (Fig. 2, logs L2 
and L3). 

5.1.4. Carbonate facies (Fa-4) 
This sedimentary facies is constituted of marls of the Igualada For

mation and marls and carbonates from the Tossa Formation and the 
Terminal Complex (Travé et al., 1996; Serra-Kiel et al., 2003a, 2003b). 
Grainstones and packstones are composed of Nummulites, algal frag
ments, corals, bivalves and echinoderms fragments, whereas wacke
stones contain up to 10% of quartz content. 

This facies is highly heterogeneous. Marls and matrix-supported 
carbonates (mudstones and wackestones) display frequent vuggy 
porosity, whereas fracture and moldic porosities are predominant in 
grain-supported carbonates (Fig. 5e). Similarly, the best-cemented car
bonates are the grain-supported ones with a cement content between 20 
and 25%. In the case of matrix-supported carbonates, Fe-oxides (10 to 
15%) and pyrite precipitation (5 to 10%) are more abundant than in 
grainstones (with a Fe-oxide below 5% and pyrite between 1 and 5%). 

Fractures are less common in carbonates than in the detrital facies. 
They are often cemented in grainstones and partially filled or open in 
wackestones and packstones. In matrix-supported carbonates, open 
fractures are frequently developed parallel to bedding, but bed- 
perpendicular fractures also occur. 

Limestones and marls are restricted to the core of the Oliana anti
cline. In this regard, the marls of the Igualada Formation crop out 
forming decameter-thick (up to 25 m of thickness) massive bodies, 
whereas carbonates of the Terminal Complex constitute meter-thick (up 
to 2 m) strata with restricted lateral continuity as they seem to pinch out 
into more marly intervals (Fig. 1c). 

5.1.5. Evaporite facies (Fa-5) 
This sedimentary facies includes gypsum of the Ódena Formation. It 

occurs at the base of the southern limb in the transition between the 
carbonates composing the fold core and the detrital succession sur
rounding them. Evaporites crop out frequently mixed with clays and 

marls of the underlying Igualada Formation. Gypsum has been classified 
as secondary megacrystalline with crystals up to 1 mm in size. Anhydrite 
inclusions and accumulations of micrite at the edge of the crystals are 
frequent (Fig. 5f). 

5.2. Porosity and pore-space connectivity 

Primary porosity is principally observed in lithic arenites, whereas 
secondary porosity is observed in all facies. In this sense, primary 
porosity is often isolated and poorly connected and pores are often ar
ranged following rock lamination. In the case of secondary porosity, it is 
produced by different processes such as dissolution (i.e., vuggy porosity, 
moldic porosity, intraparticle porosity, stylolite porosity) and fracturing 
(i.e., fracture porosity) that form heterogeneous pore geometries and 
pore-connectivity. In this sense, even if the description of pore connec
tivity is limited to a two-dimensional view of the samples, some pore 
geometries observed in the thin sections are potentially more connected 
than others and coincide with high permeability values in the respective 
samples. 

Vuggy porosity (μm to mm in size) is commonly developed in car
bonate and hybrid arenites facies. This type of porosity develops open 
spaces without any preferential distribution, though it has also been 
observed following the lamination of some samples (i.e., fine-grained 
hybrid arenite, Fig. 6a). In addition, vuggy porosity is higher in areas 
displaying high micrite content such as bioturbation infills or micrite 
laminae. Dissolution of the different carbonate components also pro
duced moldic porosity in carbonate and conglomerates facies (by partial 
dissolution of the carbonate clasts). 

Fracture and open stylolite porosity are present in all the facies, 
being more abundant in the conglomerates, especially, in the coarse- 
grained ones. Fractures and stylolites are formed surrounding the edge 
of the pebbles of the coarser fraction, producing a strongly well- 
connected pore network (Fig. 6b). 

5.3. Grain contacts and compaction structures 

Punctual grain contacts are abundant in fine-grained lithologies (i.e., 
fine sandstones), whereas concave-convex and sutured contacts are 
observed in all samples. Stylolitic contacts are more common in con
glomerates, though sandstones also display bed-parallel stylolites. 

The average amplitude of stylolites ranges between some μm to mm, 
being up to centimetric size in the case of coarse conglomerates. Stylo
litic planes are preferentially formed parallel to bedding because of 
burial stresses. However, their orientation is more chaotic in conglom
erates, because as stylolites are formed at the margin of the pebbles or 
following the granulometric contact between coarse components and 
the fine fraction (i.e., microconglomerate, Fig. 6c). 

Moreover, the occurrence of stylolitic planes coinciding with rheo
logical changes (i.e., granulometric changes, bioturbation, or increases 
of the matrix content) is reported in very fine-grained greywackes 
(Fig. 6d). 

Open stylolites are infrequent as they are commonly filled by non- 
soluble materials. Moreover, fluid circulation has occurred across 
some of them because calcite cement is observed filling stylolites. In 
such cases, regional tectonism is responsible for the opening of stylolites 
by bed-parallel stresses, which in turn resulted in the formation of bed- 
perpendicular stylolite planes. 

5.4. Cement characterization 

Calcite cement is ubiquitous in all samples (Fig. 6). Fine to medium- 
sized crystals displaying blocky and drusy textures are present in the 
interparticle porosity. Crystal size increases with pore size and displays 
drusy and mosaic textures (i.e., microconglomerate, Fig. 6e). Rimmed 
and bladed calcite are often present in conglomerates (Fig. 6f). 

Fe-oxide cement often infills interparticle porosity in sandstones and 
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moldic porosity (i.e., Nummulites) in carbonates. In addition, pyrite has 
precipitated infilling intraparticle porosity (i.e., chambers of forami
nifera) and moldic porosity of hybrid arenites and carbonates. Fracture 
porosity might be open or total to partially filled with blocky and drusy 
calcite. Occasionally, dolomitization of the original calcite cement has 
occurred. 

Conglomerates is the most-cemented facies and has the largest 
crystal sizes (up to 3 mm). In this sense, calcite cement is more abundant 
in fine-grained conglomerates and microconglomerates (between 20 and 
30%) than in coarse-grained ones (usually below 20%). In contrast, the 
cementation of sandstones and carbonates is variable, with hybrid are
nites being the least cemented facies (often below 15%) and having the 
smallest crystal sizes (below 1 mm). 

6. Petrophysical characterization 

6.1. Mineral density and bulk density 

The mineral density varies from 2.334 to 2.767 g/cm3, with 91.94% 
of the measured densities within a range of 2.650 to 2.750 g/cm3 (n = 37 
samples, Fig. 7a). This narrow interval coincides with the mineral den
sity values defined by Horai (1971) for calcite (2.72 g /cm3) and quartz 
(2.65 g/cm3) and subordinate dolomite (2.86 g/cm3) and K-feldspar 
(between 2.58 and 2.61 g/cm3). The measured density for the Oliana 
gypsum is 2.340 g/cm3, slightly higher than the theoretical value of 
2.320 g/cm3. Usually, mineral density is higher in bed-parallel plugs 
than in bed-perpendicular ones. 

The bulk density in the rocks of the Oliana anticline varies from 
2.107 to 2.710 g/cm3 with 54.84% of the obtained values in a range of 

Fig. 6. Porosity, grain contact and cementation microphotographs. A) Crossed Nicols. Medium-grained hybrid arenite from the southern limb of the anticline. Note 
that open fractures are formed parallel to each other following rock lamination. Fracture and vuggy porosity are observed. B) Parallel Nicols. Coarse-grained 
conglomerate from Unit 1 of the northern limb of the anticline. Closed stylolite planes are formed at the margin of the clasts (green arrow). Vuggy porosity is 
formed affecting the calcite cement infilling the fractures and interparticle space. C) Parallel Nicols. Microconglomerate from Unit 4 of the NE closure. An example of 
a stylolite affecting the fine fraction (green arrow). D) Parallel Nicols. Very fine-grained greywacke from the northern limb of the fold. Open fractures are developed 
perpendicular to the bioturbation fill whereas stylolite contacts occur surrounding the bioturbation (green arrow). Isolated vuggy porosity is developed in zones with 
high micrite matrix content. E) Crossed Nicols. Microconglomerate of the northern limb of the fold (Sant Honorat region). Fine to medium-sized drusy (blue arrows) 
and blocky (light blue arrow) calcite predominates. Note the vuggy porosity (Pr) formed by the dissolution of calcite cement. F) Crossed Nicols. A fine-grained 
conglomerate of Unit 4 from the NE closure of the anticline. Bladed calcite in rimmed disposition precipitates around grains (light blue arrow). Subsequently, 
larger calcite (up to 1 mm) precipitates in drusy to mosaic textures (blue arrow). Pr, Porosity; Mcr, Micrite accumulation; Fr, Open fractures; Cc, Calcite cement. (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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2.550 to 2.660 g/cm3 (n = 23 samples, see Fig. 7b). Bulk density shows a 
higher dispersion than mineral density, though, bed-parallel plugs keep 
being denser than bed-perpendicular ones. 

Conglomerate samples are commonly within the 2.582 to 2.681 g/ 
cm3 bulk density range (n = 11 samples, 65.22% of the measured 
values), being the densest facies among the studied ones. Carbonates 
(from 2.573 to 2.641 g/cm3; n = 3 samples, 62.5% of the values), lithic 
arenites (from 2.582 to 2.623 g/cm3; n = 5 samples, 53.33% of the 
values) and hybrid arenites (from 2.405 to 2.596 g/cm3; n = 4 samples, 
53.33% of measured values) are comparatively less dense. This section 
does not consider evaporites due to their partial dissolution during 
experimental data acquisition. 

6.2. Connected porosity 

The connected porosity varies from 0.42 to 22.14% in samples of the 
Oliana anticline, with 64.52% of the values within a range from 0.42 to 
5.25% (n = 28 samples, Fig. 7c). This property shows a high dispersity of 
values between the different samples. However, except for lithic are
nites, most samples show similar porosity percentages between plugs, 
being bed-parallel plugs slightly more porous than bed-perpendicular 
ones. 

Conglomerates is the least porous facies with connected porosity in 
them ranging between 1.90 and 3.73% (n = 8, 54.55% of the values). In 
contrast, the connected porosity of carbonates ranges from 0.42 to 
almost 20%. The highest values occur in marls and wackestones, while 

grainstones show low connected porosity. Sandstones show more vari
able results, with connected porosity varying from 1.41 to 4.87% (n = 7 
samples, 60% of the values) in the case of lithic arenites and between 
0.74 and 4.53% (n = 3 samples, 40% of the values) in hybrid arenites. In 
turn, hybrid arenites also have the highest value (i.e., 22.42%) among 
the studied succession. 

6.3. Permeability 

Matrix permeability ranges from 0.001 to 393 mD. 16.13% of the 
values (n = 10 plugs) are below the instrumental detection range of 
0.001 mD; thus, they are rejected for further interpretations. A 62.90% 
of the values (n = 39 plugs) vary from 0.001 to 1 mD. Carbonates are 
often below 0.05 mD, whereas the remaining facies are usually within 
the 0.05 and 0.50 mD range. The remaining 20.97% of measures (n = 13 
plugs) are above 1 mD and only 6.45% of the measurements (n = 4) are 
greater than 50 mD (Fig. 7d). 

High permeabilities are normally associated with conglomerate 
facies and some lithic arenites. However, there is a substantial disper
sion of permeability values between samples and between bed-parallel 
and bed-perpendicular measurements made for the same sample. 
Consequently, it is challenging to narrow down the general trends of this 
property. 

Fig. 7. Petrophysical properties of rocks from the Oliana anticline according to their stratigraphic and structural position. A) Mineral density. B) Bulk density. C) 
Connected porosity. D) Permeability. E) Velocity of compressional acoustic waves. The vertical axis comprises the stratigraphic units (Core, C, to U4). The shaded 
area represents the most common range of values for each property. In the case of the last two properties, the considerable dispersion of the values does not allow to 
provide a representative range and the limits of three intervals are shown. In the permeability graph, the instrumental detection threshold (0.001 mD) is displayed. 
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6.4. P-wave velocity 

Velocities of compressional acoustic waves are classified within three 
intervals (Fig. 7e). Low velocities vary from 2236 to 3510 ms− 1, medium 
velocities from 3510 to 4661 ms− 1 and high velocities from 4661 to 
6332 ms− 1. 20.97% of all the values are low velocities (n = 13 plugs), 
35.48% are medium velocities (n = 22 plugs) and 43.55% of the values 
correspond to high velocities (n = 27 plugs). 

Conglomerates facies and some hybrid arenites are usually associ
ated with high velocities. Medium velocities correspond to hybrid are
nites and carbonates facies; however, the velocities of carbonates are 
considerably variable. The low acoustic velocities cannot be associated 
with a single sedimentary facies, as samples of all the facies are within 
this interval. 

7. Thermal conductivity of rocks 

The thermal conductivity of samples varies from 1.846 to 3.646 
Wm− 1 K− 1, with 81.82% of the values within a thermal conductivity 
range of 2.912 to 3.613 Wm− 1 K− 1 (n = 30 samples, Fig. 8). The thermal 
effusivity in the Oliana anticline ranges between 1838.6 and 2753.3 
Ws0.5m− 2K− 1. In this sense, values parallel to bedding are more 
conductive than those perpendicular to it. 

Attending to sedimentary facies, thermal conductivity ranges be
tween 3.160 and 3.604 Wm− 1 K− 1 for conglomerates; between 3.0 and 
3.646 Wm− 1 K− 1 for hybrid arenites; between 2.692 and 3.613 Wm− 1 

K− 1 in the case of lithic arenites, and between 2.465 and 3.232 Wm− 1 

K− 1 for carbonate facies. In the case of evaporites, a value of 1.846 
Wm− 1 K− 1 was obtained. 

Thermal effusivity ranges between 2517.7 and 2734.0 Ws0.5m− 2K− 1 

for conglomerates; between 2436.4 and 2753.3 Ws0.5m− 2K− 1 for hybrid 
arenites; between 2284.0 and 2738.4 W s0.5 m− 2 K− 1 for lithic arenites 
and between 2165.3 and 2566.4 Ws0.5m− 2K− 1 for carbonates. The 
effusivity of the evaporite sample is 1838.6 W s0.5 m− 2 K− 1. 

The results also show that the values are less variable in conglom
erates and carbonates than in sandstones, being the lithic arenites the 
most heterogeneous facies. The core of the fold, constituted by car
bonates, displays lower thermal conductivity values than the detrital 
synorogenic succession, constituted by conglomerates and sandstones 
(Fig. 8). Within the detrital succession, the thermal conductivity values 
of the middle Priabonian and Rupelian synorogenic units (Units 1 and 4, 
respectively) are comparatively higher and less heterogeneous (varying 
from 3.160 to 3.604 Wm− 1 K− 1) than the ones acquired from the upper 
Priabonian and Rupelian synorogenic units (Units 2 and 3, respectively), 
which have a thermal conductivity range from 2.912 to 3.646 Wm− 1 

K− 1, coinciding with more heterogeneous lithologies. 

8. Discussion 

8.1. Relationship between petrophysics, petrothermics and petrology 

This section aims to assess how the petrology of the samples affects 
the petrophysical and petrothermal properties of the Oliana anticline 
(data about samples mentioned in this section are found in the Supple
mentary material). In the case of highly heterogeneous rocks, such as 
coarse-grained and highly porous ones, a denser sampling was per
formed during fieldwork to improve the representativeness of the ac
quired data. Moreover, highly fractured samples were discarded to 
ensure that petrophysical data reflects the rock properties rather than 
fracture properties. The comparison between the studied variables es
tablishes that the connected porosity conditions the permeability and 
compressional velocity of the rocks. Likewise, the thermal conductivity 
is slightly adjusted to the mineral density of the rocks. The petrological 
characteristics underlying these relationships are discussed in detail 
below. 

8.1.1. Influence of petrology on pore connectivity 
Most of the porosity in the Oliana anticline is formed by open sty

lolites, open fractures and dissolution of calcite cement, micrite matrix 
or carbonate clasts. The intensity of these processes (i.e., fracturing and 
dissolution) explains the differences in porosity through the anticline. 
For instance, porosity in conglomerates is represented by open fractures 
and by dissolution of the calcite cement or carbonate clasts. 

In the case of the carbonate facies, porosity occurs by dissolution 
resulting in the formation of vugs affecting the micrite matrix and the 
calcite cement. Carbonates from the SW closure are more porous 
(sample PER 45) than those from the NE closure (sample PER 29), the 
southern limb (sample PER 52) and the northern limb (samples PER 1 
and PER 6) of the anticline. Like in conglomerates, changes in the mean 
porosity of carbonates from different structural zones of the fold may be 
attributed to the more common occurrence of open fractures, open 
stylolites and a more intense dissolution in some fold regions (i.e., the 
SW closure) than in others (i.e., the northern and the southern limbs and 
the NE closure of the Oliana anticline, see stereoplots in Fig. 3). 

The texture of carbonates also plays an essential role in character
izing their connected porosity; higher porosity is measured in samples 
containing micrite matrix (i.e., wackestones and packstones, PER 45) 
than in totally cemented ones (i.e., grainstones, PER 1). Besides, bed- 
parallel open fractures and a more intense dissolution have been 
observed in the formers, whereas low and isolated vuggy porosity is 
usually found in the latter. 

Primary interparticle and fracture porosity are the main porosity 
types for lithic arenites. In greywackes (samples PER 8 and 10), disso
lution is observed within the matrix, forming isolated vuggy porosity 
sub-parallel to the sedimentary lamination. The slight dispersion of 

Fig. 8. Thermal conductivity of samples from the Oliana anticline according to 
their stratigraphic and structural position. The shaded area shows the most 
common range of thermal conductivity values. The vertical axis comprises the 
stratigraphic units. Note that the conductivity of the core succession (C) is low 
compared to the synorogenic sequence (U1 to U4). 
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porosity values acquired in lithic arenites may indicate similar petro
logical features and dissolution intensity affecting the samples of this 
facies through the anticline. 

The observed porosity in hybrid arenites also occurs as vugs formed 
by the dissolution of the micrite matrix and the fine to medium-grained 
interparticle calcite cement. In addition to the matrix content, grain size 
of the hybrid arenites also affects their connected porosity percentage, as 
lower values are obtained in coarse-grained ones (i.e., samples PER 5, 
19, and 35), than in fine-grained samples (samples PER 2 and 33). This is 
explained because very fine to fine hybrid arenites are often richer in 
micrite matrix and contain more fine-grained components that are easier 
to alter and dissolve (Bell, 1978; Ehrenberg and Walderhaug, 2015; 
Morad et al., 2018c; Morad et al., 2019). Sample PER 42, with a porosity 
of 22.42%, is an exception that corroborates the proposal of a more 
intense dissolution occurring in the SW closure than in the southern and 
northern limbs of the Oliana anticline. 

8.1.2. Porosity versus permeability 
Although some researchers proposed a direct correlation between 

connected porosity and matrix permeability (Vernoux et al., 1995; Yang 
and Aplin, 2010), a clear relationship is not observed in the Oliana 
anticline (Fig. 9a). 

Nevertheless, the permeability measures in Oliana are usually well 
explained by thin section observations. In this sense, pore geometries 
potentially connected in this 2D view coincide with high permeability 
values in the respective samples. In this regard, fracture and open sty
lolite porosities cause a well-connected pore network, resulting in high 
permeability values. In contrast, permeability is more heterogeneous 
and difficult to assess in rocks with dissolution-driven porosity (i.e., 
vuggy and moldic porosity). Consequently, the modification of the pore 
space by fracturing, dissolution and cementation also affects the 
permeability of the rocks within the different facies and fold sectors in 
the Oliana anticline. 

The high permeabilities measured in the northern limb of the anti
cline (i.e., PER 11, 393 mD) are related to the occurrence of open 
fractures and stylolites. Moreover, the observed vuggy porosity affecting 

calcite cement infilling the fractures may indicate some dissolution 
leading to an increase in the connected pore space. Thus, even if porosity 
in conglomerates is low, it has strong connectivity explaining the highest 
permeabilities measured in this facies. These observations also coincide 
with the higher permeability measured on the bed-parallel plugs coin
ciding with the preferred direction of stylolites and fractures. The 
porosity of bed-perpendicular plugs is associated with the margins of the 
clasts, so it is poorly connected and misoriented. 

The lower permeability of the conglomerates at the NE closure of the 
anticline is explained by the less common occurrence of open stylolites 
and fractures because of their finer grain size. Moreover, they display a 
higher degree of cementation, lowering their porosity. 

The permeability of sandstones is also strongly influenced by the 
potential connectivity of the vuggy porosity. In lithic arenites, grey
wackes display the highest permeability because their higher matrix 
content allows a greater formation of vuggy porosity. Thus, it is easier to 
find connected vuggy porosity in greywackes than in other samples of 
this facies containing less matrix percentage. This fact is well understood 
if attending to hybrid arenites, which is the facies that display a better 
positive correlation between connected porosity and permeability 
(Fig. 9a). Higher permeabilities and connected porosities are measured 
in fine-grained hybrid arenites than in coarse-grained ones. 

Differences in dissolution intensity explain the exceptionally high 
connected porosity and permeability values of hybrid arenites. In this 
regard, dissolution features (i.e., vuggy porosity formed by the disso
lution of fracture infillings and micrite matrix) are abundant in the SW 
closure of the anticline. In addition, variation in porosity and perme
ability within the same structural zone is explained because of the 
different grain sizes and clay content of the samples. In this sense, 
coarser grains are demonstrated to be more difficult to dissolve because 
their specific surface area and reactivity are lower (Bell, 1978; Mid
ttømme and Roaldset, 1998; Ghanizadeh et al., 2015; Carcione et al., 
2019). 

The permeability and porosity of sandstones in the Oliana anticline 
increase in bed-parallel direction, often following their lamination. This 
happens because pores in sandstones are orientated following their 

Fig. 9. Relationships between petrophysical measurements in the Oliana anticline. A) Permeability versus connected porosity. The instrumental threshold value is 
displayed for permeability at 0.001 mD. B) P-wave velocity versus permeability. C) A slight positive correlation between P-wave velocity and bulk density. D) 
Negative linear correlation between P-wave velocity versus connected porosity. 
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major axis, which is commonly sub-parallel to bedding (Robion et al., 
2014; Farrell and Healy, 2017). Thus, the preferred fracture orientation, 
the fabric and the dissolution processes should explain the significant 
permeabilities of the bed-parallel sandstone plugs, as was already re
ported by Bell and Culshaw (1998) and Farrell et al. (2014) in sandstone 
formations from England and the North Sea region, respectively. 

Regarding carbonates, they show the least permeable values in the 
Oliana anticline regardless of the structural zone or texture of the 
sample, meaning that vuggy and moldic porosities in them are poorly 
connected or intensely filled by calcite cement. In fact, calcite cemen
tation affecting the intergranular pore space in grainstones reduces their 
potential permeability. At the same time, the abundant microporosity of 
mud-supported limestones (i.e., mudstones and wackestones) led to 
technically impermeable values (K < 10− 5 mD, Bohnsack et al., 2020). 

8.1.3. Permeability versus P-wave velocity 
A clear correlation is not observed between permeability and P-wave 

velocity in the Oliana anticline (Fig. 9b). A few studies consider the 
effect of rock permeability on sonic velocity and there is not a general 
agreement between authors. However, experimental data demonstrate 
that compressional waves are transmitted at a slow velocity through 
fluids (Eberhart-Phillips et al., 1989; Heap et al., 2017). Thus, some 
authors argue that the acoustic velocity is lowered by open stylolites, 
open fractures and intensely connected porosity (Mielke et al., 2010, 
2015). Consequently, rock permeability and acoustic velocity should be 
negatively correlated (El Sayed et al., 2015; Al-Dousari et al., 2016). 
Instead, other authors found that the influence of permeable voids over 
compressional velocity is neglectable compared to the effect of other 
petrological features, such as clay content and mineralogy (Heap et al., 
2017; Garia et al., 2019, Fig. 9c). 

In the Oliana anticline, only conglomerates and hybrid arenites with 
a connected porosity higher than 3% display a slight negative correla
tion between acoustic velocity and permeability, coinciding with a 
negative correlation between the measured connected porosity and 
acoustic velocity (Fig. 9d). These results agree with the ones presented 
by other studies on similar rocks (see Garia et al., 2019). Regarding the 
studied samples, the best-correlated rocks in Oliana are the hybrid and 
lithic arenites. However, the variability of the measurements does not 
allow to establish a linear correlation between these variables for 
sandstones. In contrast, carbonates and greywackes show a poorer cor
relation, which is in accordance with the study performed by Mielke 
et al. (2017). 

Changes in connected porosity lead to substantial variations in the 
acoustic velocities of carbonates. This fact agrees with the studies real
ized by El Sayed et al. (2015) in the Jurassic limestones of Egypt and 
Heap et al. (2019) in the Muschelkalk formation of Soultz-sous-Fôrets 
geothermal site in France. The highest velocities measured in the car
bonates of the Oliana anticline coincide with the lowest porosities (i.e., 
sample PER 1, with a 0.42% of connected porosity and a velocity of 
6322 ms− 1 compared to sample PER 45, 19.69% and 2880 ms− 1). 

Porosity also explains the unusual low acoustic velocities of some 
conglomerates. Even if the values of this facies are generally well clus
tered, the compressive acoustic waves show lower velocities with 
increasing porosity (i.e., sample PER 11, with a 13.72% of connected 
porosity and a velocity of 2632 ms− 1). In fact, grain size, gravel content, 
cementation type and porosity have been demonstrated to affect the P- 
wave velocity of conglomerate rocks (Hang et al., 2022). Although none 
of these relationships is clearly observed in Oliana, they may explain the 
scatter observed in the data for conglomerate facies (Fig. 9c,d).Samples 
have been widely collected through the anticline to improve the sam
pling representativeness of this highly heterogeneous facies, but con
glomerates still display different P-wave velocities probably because of 
the effect of gravel content and grain size (that varies from <1 cm of 
diameter to 4 cm in the measured plugs), as all of them display calcite 
cement and a poor correlation between porosity and P-wave velocity 
(Fig. 9d). 

Consequently, the measured values of permeability and acoustic 
velocity in the carbonates and sandstones of the Oliana anticline are 
strictly related to rock porosity and the diagenetic processes that modify 
it, either to increase it (fracturing and dissolution) or decrease it 
(cementation). In the case of conglomerates, other textural and 
compositional aspects such as gravel content and grain size may also 
affect P-wave velocity. 

8.1.4. Thermal properties versus petrophysics 
Thermal conductivity values show a slight positive correlation with 

mineral density (Fig. 10a). In contrast to previous studies (Clauser and 
Huenges, 1995; Mckenna et al., 1996; Abdulagatova et al., 2009; Mielke 
et al., 2017), the measurements in the Oliana anticline do not show 
changes in thermal conductivity when changing connected porosity 
(Fig. 10b), permeability (Fig. 10c) and compressional acoustic velocity 
(Fig. 10d). Although thermal conductivity values are significantly 
clustered, conglomerates and hybrid arenites are more conductive than 
lithic arenites and carbonates in the Oliana anticline. 

Previous researchers extensively studied the control of mineral 
density on thermal conductivity (Clark, 1966; Brigaud and Vasseur, 
1989). Their results showed that the petrothermal properties of sedi
mentary rocks are determined by the thermal properties of their main 
mineral components. Therefore, the mineral density and thermal con
ductivity of sedimentary rocks are given by their composition (Clauser 
and Huenges, 1995). Furthermore, detrital rocks are often more 
conductive than carbonate rocks (Luo et al., 1994; Heap et al., 2019). 

In this regard and according to the data published by Birch and Clark 
(1940), Horai (1971), Sass et al. (1984) and Čermák and Rybach (1989), 
from the principal mineral constituents of the rocks studied in Oliana, 
quartz is the most conductive one (its values vary from 7.0 to 7.7 Wm− 1 

K− 1), whereas calcite (from 3.26 to 3.60 Wm− 1 K− 1), feldspar (from 2.3 
to 3.0 Wm− 1 K− 1) and dolomite (from 4.6 to 5.5 Wm− 1 K− 1) are less 
conductive. 

Attending to the results of the Oliana anticline, a compositional and 
petrological control on the thermal properties of the rocks is demon
strated since detrital rocks such as conglomerates and arenites 
(including quartz and dolostone as well as carbonate clasts and grains) 
tend to be more conductive than carbonates (the average thermal con
ductivity of the detrital succession in the Oliana anticline is 3.226 Wm− 1 

K− 1, whereas the average value for the carbonate succession is 2.893 
Wm− 1 K− 1, see Figs. 8 and 10). 

The compositional similarity of the detrital facies explains the subtle 
variation of thermal conductivity between them. However, although the 
sediments forming the detrital rocks in the Oliana anticline are derived 
from the erosion of the same structural units (i.e., the Serres Marginals 
and Montsec thrust sheets and the Axial Pyrenees), different thermal 
conductivity and compositions exist between rocks of the same lith
ofacies that belong to different tectonosedimentary units. For example, 
conglomerates of Unit 1 (thermal conductivity varies from 3.160 to 
3.604 Wm− 1 K− 1) are more conductive than those of Units 2 and 3 
(between 2.912 and 3.646 Wm− 1 K− 1) and Unit 4 (3.201 to 3.450 Wm− 1 

K− 1). 
The observed change of thermal conductivity along the stratigraphic 

units should be associated with the mineral composition of these rocks 
because 1) the mineral density of rocks also varies slightly, and 2) for the 
same structural zone, the grain size of the conglomerates remains similar 
across the different units. Therefore, grain size does not influence their 
conductivity. 

Based on the petrological analysis, the conglomerates of Unit 1 are 
richer in carbonate clasts (around 60%) than those of Unit 4 (40%). 
However, the Unit 1 conglomerates show abundant dolomite clasts and 
Compostela hyacinth grains, which must account for their higher min
eral density (Fig. 7a) and thermal conductivity (Fig. 8). These compo
nents are associated with the erosion of the upper Triassic Keuper facies 
and Jurassic succession that outcrop associated with the detachment 
level of the Serres Marginals thrust sheet. 
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The overlaying conglomerate units show a progressive decrease of 
Keuper quartz grains (they represent 10% of grains in Unit 1 conglom
erates and less than 1% in conglomerates of Unit 3) and Jurassic dolo
stone clasts (they represent almost 30% in Unit 1 conglomerates, 
whereas the volumetric percentage of dolostone clasts in conglomerates 
of Unit 3 and 4 has been estimated between 5 and 10%). Although 
dolostone clasts are found until Unit 4, Triassic quartz grains have not 
been observed within this last conglomerate unit in the Oliana anticline. 
At the same time, calcareous clasts associated with the erosion of the 
Early and Late Cretaceous succession that crop out in the upper parts of 
the Serres Marginals and Montsec thrust sheets are more abundant in the 
case of Units 2 and 3 conglomerates. The increase in the thermal con
ductivity of Unit 4 conglomerates is explained by the higher content of 
igneous lithics (i.e., granite) and quartz in them, eroded from the Axial 
Pyrenees. 

In the case of sandstones, clay minerals of the matrix act as isolating 
components that reduce the thermal conductivity of these rocks (Vas
seur et al., 1995). However, the most remarkable variation of thermal 
conductivity in the Oliana arenites coincides, as in the conglomerates, 
with their stratigraphic position (Fig. 8). Agreeing with previous re
searchers, the slight thermal variability between sandstones of the same 
stratigraphic unit is explained by the effect of grain size and matrix 
content that reduce the effect of mineralogy on the thermal properties of 
sandstones (Midttømme and Roaldset, 1998). 

For example, the higher matrix content of the greywackes of Units 2 
and 3 (samples PER 8 and 10) drives to a lower conductivity of them if 
compared to the hybrid arenites of the same unit (sample PER 35, 
Supplementary material, Table 2). In addition, the higher thermal con
ductivity of hybrid arenites than lithic arenites of Units 1 and 2 is 
explained by the coarser grain size of the formers. For the remaining 
units, lithic arenites facies is more conductive than hybrid arenites due 
to their more detrital composition. Sandstones from the core unit are the 
least conductive rocks, coinciding with a higher carbonate content 
(Figs. 8 and 10). 

As for petrophysics, a texture-specific trend is observed regarding the 
thermal conductivity of carbonates. Remarkably, the values measured 
on grainstones and packstones (i.e., samples PER 1 and 52) are lower 
than the conductivity value of calcite (3.26 ± 0.23 Wm− 1 K− 1, according 

to Brigaud and Vasseur, 1989) probably because of the effect of open 
fractures in them. In contrast, wackestones (i.e., samples PER 6 and 29) 
show values closer to the conductivity of calcite (thermal conductivity 
measured in wackestones varies from 3.06 to 3.232 Wm− 1 K− 1). In this 
sense, the studied wackestones have a certain quartz content (between 5 
and 10%) that may increase their thermal conductivity, overcoming any 
insulating effect of the micrite matrix nor porosity. 

8.2. Control on petrological, petrophysical, and petrothermal parameters 
in the Oliana anticline 

Fig. 11 displays the petrophysical properties of the different fold 
sectors of the Oliana anticline and evidences a correlation between the 
most common facies of a structural zone and its petrophysical charac
teristics. Consequently, the petrophysical properties in the Oliana fold 
can be established by attending to the petrological features of the 
different lithofacies (Fig. 12). However, the influence of the tectonic 
evolution and the structure on petrology and petrophysics must also be 
considered. 

Thrusting during the upper Eocene produced an active tectonic zone 
in the NW of the anticline and a passive area in the south. This activity 
controlled the arrangement of the different alluvial fans in the Oliana 
fold (Burbank and Vergés, 1994; Sussman and Curtin, 2002). For 
instance, the most proximal facies predominate to the north, associated 
with the filling of paleovalleys formed by flexure at the front of the 
Serres Marginals and the Montsec thrust sheets (i.e., the conglomerates 
of Units 1 to 3, Fig. 2 logs L1 and L2). The facies gradually become more 
distal towards the south (i.e., hybrid and lithic arenites of Units 1 to 3, 
Fig. 2 logs L3 and L4). Therefore, the distribution of the Priabonian to 
Rupelian synorogenic facies was directly controlled by the coeval 
thrusting in the NW sector of the studied zone. 

Thrusting was no longer active during the deposition of the con
glomerates of Unit 4 (Vergés and Muñoz, 1990). Therefore, the distri
bution of the alluvial fans at this time was initially controlled by the 
inherited relief and the distance from the Axial Pyrenees. In this sense, 
the most proximal deposits of the alluvial fans of Unit 4 are located north 
of the Oliana anticline, whereas the most distal sedimentation was 
recorded to the south, towards the Ebro foreland Basin (Sussman and 

Fig. 10. Thermal conductivity. A) A slight positive correlation is observed between thermal conductivity and mineral density. B) Thermal conductivity versus 
connected porosity. C) Thermal conductivity versus permeability. D) Thermal conductivity versus acoustic velocity. 
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Curtin, 2002). The fine-grained conglomerates and microconglomerates 
abundant in the NE closure of the anticline must indicate an interme
diate zone between the proximal and the distal deposits of these alluvial 
fans. 

Diagenetic processes commonly modify the petrophysical charac
teristics of sedimentary rocks (Beyer et al., 2014). For instance, 
compaction and cementation significantly reduce the effective porosity 
and permeability of sedimentary rocks (Houseknecht, 1987, 1988; Aretz 
et al., 2015). In the Oliana anticline, fracturing, dissolution and 
cementation are the main processes affecting the petrophysical proper
ties by producing or occluding secondary porosity and by altering the 
original characteristics of the studied rocks, as has been reported in 
sandstones from reservoirs all over the world (Bjørlykke et al., 1989; 
Worden et al., 1997; Iyare et al., 2020). Moreover, the petrophysical and 
petrological study of the Oliana samples suggests that rock porosity is 
the main factor explaining the variability observed in the other petro
physical properties. 

For instance, higher porosity in particular sectors of the Oliana 
anticline is explained by the different intensities of fracturing, 

dissolution and cementation. More intense fracturing occurs in the 
northern limb and the NE closure than in the southern limb of the fold. 
However, fractures in the northern limb are usually filled with calcite, 
whereas they remain open at the southern limb of the anticline (see 
Fig. 3). Two main hypotheses should explain the differential precipita
tion of calcite cement along the anticline: 1) the occurrence of more 
intense dissolution at the southern limb than in the rest of the anticline, 
and 2) a higher degree of cementation in the fractures of the northern 
limb, as well as in the rocks of the NE closure of the fold, caused by a 
more intense migration of fluids expelled from the internal part of the 
Southern Pyrenees and transported following the pathways of the Serres 
Marginals and Montsec thrust planes (as proposed by Oliver, 1986 and 
then studied by Bitzer et al., 1998; Lacroix et al., 2014; Cruset et al., 
2016, 2018; Nardini et al., 2019; Muñoz-López et al., 2020a, 2020b, 
Muñoz-López et al., 2022; Sun et al., 2022 in the Southern Pyrenees). 
Thus, cementation is more intense closer to the orogenic thrusts. 

The second hypothesis would also explain the abundance of fractures 
in the north caused by the tectonic stress of these thrusts. Consequently, 
the regional tectonic activity should explain the differential diagenetic 

Fig. 11. Mapping of the petrophysical properties measured in the Oliana anticline. A) Bulk density. B) Connected porosity. C) Permeability. D) P-wave velocity. The 
abnormal values (outliers) detected in Fig. 7 have not been considered at the time to develop the data interpolation in Surfer. The position of the samples is the same 
as in Fig. 1. The most important structural features of the Oliana anticline are also displayed (e.g., the U4 conglomerate bodies of the NE closure and the northern 
limb of the fold, the Serres Marginals and Montsec thrusts and the trace of the Oliana anticline). 
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features observed in the Oliana anticline and the petrophysical values 
produced by modifying the primary porosity of the rocks. 

8.3. Contribution of the study to the geothermal research 

The thermal conductivity data obtained in the Oliana anticline agree 
with previous studies for rocks of similar composition and granulometry 

(Fuchs et al., 2013; Homuth et al., 2015b; Haffen et al., 2017). The 
petrothermal characterization of the Oliana anticline distinguishes two 
main lithological groups: 1) the carbonates (marls and limestones) that 
crop out in the core of the anticline with low thermal conductivities, and 
2) the more conductive detrital succession (sandstones and conglomer
ates) located at the outermost part of the fold. Evaporites are the least 
conductive rocks (Supplementary material, Table 2). 

Fig. 12. Summary of the petrophysical properties in the Oliana anticline. According to the results shown in Fig. 7 and Fig. 11, the northern limb is the densest and 
most permeable zone of the structure, with a clear predominance of the conglomerate facies. To the NE closure, the facies are more distal. Lithic arenites and 
microconglomerates of Unit 4 are present in this area. Generally, the properties of this zone are intermediate between the ones observed for the northern and the 
southern limbs. Finally, the southern limb shows the most distal sedimentary facies (coinciding with Sussman and Curtin, 2002) with an increase of the carbonate 
content. Hybrid arenites are the predominant facies leading to more connected porosity and a decrease in the bulk density of the rocks. However, the permeability in 
this zone is low. The core of the anticline has not been characterized because of the few samples and the technical problems when processing them. t = thrust; t.s. =
thrust sheet; SM = Serres Marginals; Mo=Montsec. 

Fig. 13. Mapping of the thermal conductivity in the Oliana anticline. A low conductive zone is observed in the core of the anticline, coinciding with marls, car
bonates and evaporites. In comparison, the detrital succession that predominates at the northern limb and the NE closure shows greater conductivities. The gray zone 
represents an area without measurements. The position of the samples is the same as in Fig. 1. 
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The petrophysical variation of the lithofacies across the Oliana 
anticline must be attributed to different processes linked to the tectonic, 
burial and diagenesis history of the rocks composing this fold, modifying 
their primary porosity (fracturing, dissolution and cementation). How
ever, variation of the petrothermal properties through the Oliana 
structure coincides with changes in the general composition of the rocks 
being the highest conductivities within the detrital succession (Fig. 13). 
Thus, it can be established that there is an accurate compositional 
control on the thermal properties of these rocks. In this sense, sandstones 
and conglomerates are compositionally more heterogeneous than marls, 
limestones and gypsums, leading to higher conductivities. Therefore, the 
thermal conductivity of a given area in the Oliana anticline is directly 
correlated to the composition of the lithology found there, indepen
dently of any other petrophysical or diagenetic characteristics. 

Permeability is one of the most critical parameters to assess a po
tential geothermal reservoir. The values obtained in the Oliana anticline 
are lower than those reported by previous studies for similar settings 
(Mielke et al., 2010, 2017; Kushnir et al., 2018; Garia et al., 2019). Thus, 
the Oliana sedimentary succession ranges from impermeable (in the 
magnitude of 0.001 mD or 10− 18 m2) to slightly permeable (393 mD, in 
the order of 10− 13 m2) values. The average permeability of the samples 
is within a magnitude of 10− 15 m2 (1 mD), one order of magnitude below 
the threshold permeability value typically used in geothermal explora
tion to evaluate a reservoir as feasible (above 10 mD, Kaminskaite et al., 
2022; Raymond et al., 2022). 

Based on the obtained matrix permeability results, the sedimentary 
succession in the Oliana anticline should be classified as a petrothermal 
system from the characterization of geothermal reservoirs proposed by 
Sass and Götz (2012). In the studies by Sass and Götz (2010, 2012), 
alluvial successions are classified as hydrothermal systems due to the 
high conductivity and permeability of the alluvial facies. However, the 
low permeability measured in the rocks from the Oliana anticline would 
hinder the convective movement of hydrothermal waters and their 
associated heat preventing the main heat-transfer mechanisms of 

hydrothermal geothermal systems (Huenges, 2010; Moeck, 2014). 
Nevertheless, the characterization of fractures and stylolites is 

essential in studying possible geothermal reservoirs as they would 
improve or worsen the reservoir quality by modifying its permeability 
and fluid circulation pathways or by causing hydrothermal alteration of 
the rocks (Laronne Ben-Itzhak et al., 2014; Martín-Martín et al., 2018; 
Morad et al., 2018b; Watkins et al., 2018; Humphrey et al., 2019; 
Chabani et al., 2021; Gomez-Rivas et al., 2022; Sun et al., 2021a, 
2021b). For instance, closed stylolites significantly reduce the perme
ability of the reservoir rocks. Previous research reported the differential 
formation of stylolites across anticlines, concluding that stylolitization is 
much more common in the limbs of anticlines than in the crest of the 
folds (Ehrenberg et al., 2016; Paganoni et al., 2016; Morad et al., 
2018a). In the case of the Oliana anticline, the crest of the fold has been 
eroded, so the study of fractures and stylolites is restricted to the limbs 
and closures of the fold. We found that in these sectors of the Oliana 
anticline, the stylolites and fractures occur more frequently in detrital 
facies than in carbonate units, showing conglomerates the highest 
abundance of them. The permeability produced by open stylolites in 
conglomerates of the Oliana anticline cannot be calculated precisely 
because stylolite planes are misoriented and wholly or partially filled by 
calcite cement and accumulations of insoluble minerals. In the case of 
sandstones, stylolites are less abundant and they are often closed, thus 
the permeability associated with stylolites in them is expected to be low. 

In contrast to stylolites, the fracturing of the detrital succession in the 
Oliana anticline should improve the overall permeability of this 
analogue (Fig. 14). Permeability through fractures and fault systems has 
been reported to be two orders of magnitude higher than the matrix 
permeability of the rocks (Evans et al., 1997; Rawling et al., 2001; 
Faulds et al., 2011; Meier et al., 2015; Muñoz-López et al., 2022). 

The effect of open fractures on the porosity and permeability of 
conglomerates and sandstones has been widely discussed above. Open 
fractures are more abundant in the southern limb, however, they are 
widely spaced and formed by a few fracture families (F4 and F5). Based 

Fig. 14. Summary of the thermal conductivity in Oliana anticline. According to the results shown in Figs. 8, 10 and 13, there is no direct correlation between the 
petrophysical and the petrothermal properties of the rocks in the Oliana anticline. Instead, compositional control on thermal conductivity is suggested. The figure 
displays the different sedimentary successions in Oliana. The thermal conductivity legend is shown in Fig. 13. A standard value of 2.5 Wm− 1 K− 1 is used for the marls 
of the core, low conductivity values are measured in the carbonates and evaporites, whereas the measured conductivities are higher for the detrital succession. 
Stereoplots are also shown to visualize the potential fracture permeability of the anticline in combination with the conductivity of the rocks. The most relevant 
porosity types and geological characteristics are also displayed in the figure. 

P. Ramirez-Perez et al.                                                                                                                                                                                                                        



Global and Planetary Change 222 (2023) 104057

19

on these characteristics, fracture permeability is expected to increase 
towards the south of the Oliana anticline, although more studies are 
needed to improve the assessment of the fracture connectivity in this 
sector of the fold. The other structural areas (i.e., the northern limb and 
the NE closure) are more challenging to model because several fractures 
within systems F1, F2, F3 and F6 affect these zones (according to 
Sussman et al., 2004). Moreover, the permeability of the northern limb 
should be lower than in the southern limb because most of the fractures 
in this area are calcite cemented. The NE closure shows an intermediate 
situation with some calcite cemented fractures and some open fractures. 

Although the matrix permeability in the Oliana anticline does not 
allow us to classify this structure as a good geothermal reservoir, addi
tional studies can assess the potential of this area as a CO2 storage site. 
For instance, Sun et al. (2021a) reviewed the nearby Puig-Reig anticline, 
which represents the eastern lateral equivalent of the Oliana anticline in 
the Southern Pyrenees, as an analogue for CO2 storage. The results of 
this research can be applied to the data of Oliana, as they are based on a 
similar structure (i.e., an anticlinal fold located at the external part of 
the South Pyrenean fold-and-thrust belt) and facies (i.e., detrital rocks of 
fluvial and alluvial successions). Thus, the low permeabilities and high 
porosities measured throughout the lithic and hybrid arenites facies at 
the southern limb of the anticline would be an exciting subject for 
studying this structure as an outcrop analogue for CO2 storage potential, 
which is an ongoing study. 

9. Conclusions 

In this contribution, we present the petrophysical and petrothermal 
characterization of the Oliana anticline based on the petrological, pet
rophysical and petrothermal analysis of 52 samples and 63 thin sections 
from the five principal sedimentary facies (Fa-1 to Fa-5): conglomerates, 
hybrid arenites, lithic arenites, carbonates and evaporites. 

The petrophysical properties of 40 samples have been studied in 36 
bed-parallel plugs and 26 bed-perpendicular plugs. The petrophysical 
results of the anticline show that:  

1. There is a slight mineral density variation (2.334–2.767 g/cm3) in 
the analysed rocks, indicating that the composition of samples is 
almost homogeneous throughout the anticline.  

2. Bulk density (2.107–2.710 g/cm3), connected porosity 
(0.42–22.14%), permeability (0.001–393 mD) and P-wave velocity 
(2236–6322 ms− 1) of rocks are highly heterogeneous. Comparing 
petrophysical variables establishes a slight negative correlation be
tween P-wave velocity and connected porosity. 

Petrophysical results reveal that total porosity and pore-space ge
ometry are the main factors modifying the rest of the petrophysical 
variables. The formation of porosity in the Oliana anticline is widely 
influenced by the tectonic, burial and diagenetic history of the rocks. 
Thereby, fracturing, dissolution and cementation are recognized to be 
the principal processes enhancing or decreasing porosity. In turn, an 
intense structural control on these properties has been observed since 
the most fractured and cemented parts of the anticline are located at the 
NE closure and the northern limb of the fold, near the Serres Marginals 
and Montsec thrust sheets. A petrological control on dissolution is pro
posed, as the facies displaying higher micrite content (i.e., hybrid are
nites, greywackes within lithic arenites and matrix-supported 
carbonates) present more vuggy porosity. However, for the same sedi
mentary facies, changes in porosity depend on the structural position of 
the samples; in such cases, a structural control over dissolution cannot 
be ruled out. 

In this study, matrix permeability and connected porosity are not 
correlated. The permeability of rocks is strongly dependent on pore 
geometry and, consequently, on the porosity-forming mechanism, being 
enhanced in fracture and stylolite porosity and reduced in isolated 
vuggy porosity. The northern limb of the anticline is shown to be the 

most permeable zone, whereas the southern limb is the less permeable 
region of the fold. This result matches the principal type of porosity 
observed in the dominant sedimentary facies of these structural zones 
(conglomerates and hybrid arenites, respectively). 

The petrothermal properties of 35 samples have been studied in 24 
bed-parallel plugs and 31 bed-perpendicular plugs. The petrothermal 
results of the anticline show that:  

1. Thermal conductivity is higher for detrital sedimentary facies (Fa-1 
to Fa-3, 3.0–3.646 Wm− 1 K− 1) than for carbonates and evaporites 
(Fa-4 and Fa-5 respectively, 1.846–3.232 Wm− 1 K− 1). Consequently, 
a high-conductive region is formed in the limbs of the Oliana anti
cline, whereas the core of the structure represents a low-conductive 
zone.  

2. Thermal conductivity displays a slight positive correlation with the 
mineral density of rocks. Neither bulk density, porosity, permeability 
nor P-wave velocity are correlated to thermal conductivity.  

3. The differences in thermal conductivity of the rocks within the 
detrital succession of the anticline are strictly linked to little 
compositional changes between rocks of different tectonosedi
mentary units. Indeed, the most conductive tectonosedimentary 
units are Units 1 and 4, whose rocks present a high percentage of 
high-conductive materials such as Compostela hyacinths from the 
Keuper facies and dolomite clasts from the Jurassic strata, both 
cropping out at the Serres Marginals thrust sheets, and granite and 
quartz clasts coming from the erosion of the Axial Pyrenean Zone. 
Rocks from tectonosedimentary Units 2 and 3 are less conductive 
than those of Units 1 and 4 and are rich in carbonate clasts from the 
erosion of the Cretaceous strata outcropping at the adjacent Montsec 
and Serres Marginals thrust sheets and the more distant Bóixols 
thrust sheet. 

Based on the permeability and the thermal conductivity measured in 
rocks of the Oliana anticline, the structure is classified as a petrothermal 
system in which the convective movement of fluids will be avoided 
because of the limited reservoir permeability. Thus, we conclude that 
the Oliana anticline would not be a good geothermal reservoir because 
of its low permeability. However, it has potential properties for assessing 
CO2 storage potential, which is ongoing research. 
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Beaumont, C., Muñoz, J.A., Hamilton, J., Fullsack, P., 2000. Factors controlling the 
Alpine evolution of the central Pyrenees inferred from a comparison of observations 
and geodynamical models. Journal of Geophysical Research: Solid Earth 105, 
8121–8145. https://doi.org/10.1029/1999JB900390. 

Bell, F.G., 1978. Petrographical factors relating to porosity and permeability in the Fell 
Sandstone. Q. J. Eng. Geol. Hydrogeol. 11, 113–126. https://doi.org/10.1144/GSL. 
QJEG.1978.011.02.01. 

Bell, F.G., Culshaw, M.G., 1998. Petrographic and engineering properties of sandstones 
from the Sneinton Formation, Nottinghamshire, England. Q. J. Eng. Geol. Hydrogeol. 
31, 5–19. https://doi.org/10.1144/GSL.QJEG.1998.031.P1.02. 

Beyer, D., Kunkel, C., Aehnelt, M., Pudlo, D., Voigt, T., Nover, G., Gaupp, R., 2014. 
Influence of depositional environment and diagenesis on petrophysical properties of 
clastic sediments (Buntsandstein of the Thuringian Syncline, Central Germany). 
Z. Dtsch. Ges. Geowiss. 165, 345–365. https://doi.org/10.1127/1860-1804/2014/ 
0072. 

Birch, A.F., Clark, H., 1940. The thermal conductivity of rocks and its dependence upon 
temperature and composition. Am. J. Sci. 238, 529–558. https://doi.org/10.2475/ 
AJS.238.8.529. 

Bitzer, K., Trave, A., Carmona, J.M., Calvet, F., 1998. Fluid flow in foreland basins during 
emplacement of thrust sheets; modelling the South-Pyrenean Ainsa Basin. Bulletin de 
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Influence of basement rocks on fluid evolution during multiphase deformation: the 
example of the Estamariu thrust in the Pyrenean Axial Zone. Solid Earth 11, 
2257–2281. https://doi.org/10.5194/SE-11-2257-2020. 
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