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The petrophysical and petrothermal characterization of the
sedimentary succession of the Oliana anticline in the South-
ern Pyrenees has been performed on the basis of mineral
density, connected porosity, permeability, P-wave velocity
and thermal conductivity measurements of rock samples dis-
tributed along this anticline. This dataset was used to ex-
plain: (I) the variability of petrophysical rock properties along
the Oliana anticline, (II) the distribution of thermal conduc-
tivity along the sedimentary units of the anticline, (IIl) the
relationships between the fold and petrology concerning the
mineral density, connected porosity, permeability, P-wave ve-
locity and thermal conductivity of rocks and (IV) the tec-
tonic and diagenetic controls underlying the observed re-
lationships, as described in the research article: "Petrologi-
cal, petrophysical and petrothermal study of a folded sed-
imentary succession: the Oliana anticline (Southern Pyre-
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nees), outcrop analogue of a geothermal reservoir - Global
and Planetary Change Journal (2023)".
This contribution presents here the raw and statistical
datasets used to discuss the potential of the Oliana anticline
as a geothermal reservoir analogue and also includes an ex-
tended methodological section that proposes a new proce-
dure to measure the thermal conductivity of highly hetero-
geneous coarse-grained sedimentary rocks using the Modi-
fied Transient Source Plane (MTPS) method on a TCi C-Therm
thermal analyzer.
These complete datasets can be used to better discuss and
understand the principal limitations of outcrop analogue
studies applied to unconventional geothermal reservoirs in
foreland basins on the basis of the analysis of rock petro-
physical and petrothermal properties. Furthermore, the data
obtained in the Oliana anticline can be used to under-
stand the structural, diagenetic and petrological factors that
can modify the petrophysical and petrothermal properties of
rocks and to discuss the potential of foreland basin margins
to be used as geothermal reservoirs, comparing the data ob-
tained in Oliana with studies developed in similar geological
settings worldwide.
© 2023 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

Specifications Table

Subject

Earth Sciences

Specific subject area
Type of data

How the data were
acquired

Data format

Petrophysics, petrothermics and petrology

Tables

Figures

Mineral and bulk density of sedimentary rocks were measured using the Archimedes
method and calculated from mass and volume relations with an analytical accuracy of
+0.002 g/cm3.

Connected porosity of sedimentary rocks was measured using the Archimedes method by
water porosimetry, with an absolute accuracy of +0.05%.

Permeability of sedimentary rocks was measured using a nitrogen gas permeameter
equipped with a Hassler cell, using nitrogen and following a steady-state flow method.
Results were corrected from Klinkenberg's effect using the graphical method. Analytical
accuracy is £10% (for K~1 D) and £0.5% (for K~0.001 mD), detection threshold was 0.001
mD.

P-wave velocity of sedimentary rocks was measured on water-saturated rocks using a
portable Pundit 6 system (CNS Electronics LTD) operating at a regular frequency of 1 MHz.
Absolute accuracy values range between +13 - 96 ms~!.

Thermal conductivity of detrital, carbonate and evaporite rocks was measured with a
C-Therm Trident TCi thermal analyzer and the Modified Transient Plane Source (MTPS)
method following ASTM D7984-21 measurement protocol.

Statistical data has been processed using Excel and SPSS free software on raw measuring
data.

Please refer to the original research article and Experimental Design, Materials and
Methods section for more detailed information on methodological protocols used for
collecting data.

Raw and Analyzed

(continued on next page)
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Description of data Petrophysical and petrothermal properties are measured on samples collected during

collection fieldwork in the Oliana anticline. Samples were processed at Universitat de Barcelona and
in the Chrono-Environnement laboratory (PEA2t platform) at Université de Franche-Comté
to perform the different analyses (further information is included in the Experimental
design, materials and methods section).

Data source location  The studied samples were collected from sedimentary formations cropping out at the
northern limb, the southern limb, the NE closure and the SW closure of the Oliana
anticline (Southern Pyrenees). The coordinates and location of each sample are included in
Table 1 and Fig. 1, respectively.

Samples are stored at Facultat de Ciéncies de la Terra, Universitat de Barcelona (UB), Marti
i Franqués s/n, Barcelona, 08028, Spain.

Data accessibility Data within the article
Repository
Repository name: Petrophysical and petrothermal raw data of the sedimentary succession
in the Oliana anticline (Southern Pyrenees), [1]

Data identification number: 10.17632/23zgg8rtb2.1
Direct URL to data: https://data.mendeley.com/datasets/23zgg8rtb2

Related research P. Ramirez-Perez, 1. Cantarero, G. Cofrade, D. Mufioz-Lépez, D. Cruset, ].P. Sizun, A. Travé,

article Petrological, petrophysical and petrothermal study of a folded sedimentary succession: the
Oliana anticline (Southern Pyrenees), outcrop analogue of a geothermal reservoir. Global
and Planetary Change (2023), 10.1016/j.gloplacha.2023.104057, [2]

Value of the Data

- Raw and statistical datasets are presented on petrophysical and petrothermal properties
measured in carbonate and detrital rocks from the well-exposed Oliana anticline located
on the northern margin of the Ebro foreland Basin, at the front of the Montsec and Serres
Marginals thrust sheets (Southern Pyrenees).

- The article includes an extended and detailed description of the sampling and method-
ological procedures used to obtain representative values of thermal conductivity in coarse-
grained sedimentary rocks of heterogeneous composition, such as conglomerates and
coarse-grained sandstones. Statistical treatment of the original laboratory and field data
is also provided.

- This type of study can be used by geoscientists working on geothermal reservoir char-
acterization to improve the workflow used in their analyses and to better understand
the limitations and advantages of statistical data studies applied to the investigation of
geothermal reservoirs based on outcrop analogues.

1. Objective

The data presented here correspond to mineral density, bulk density, connected porosity, per-
meability and P-wave acoustic velocity of 40 sedimentary rocks and thermal conductivity data
of 35 samples. The main objective of this article is to provide researchers with a more precise
and complete scope of the results, analyses and workflow performed during the characterization
of the folded alluvial succession of the Oliana anticline as an outcrop analogue of a geothermal
reservoir located in the proximal margin of a foreland basin. Thus, all the datasets (raw and
statistically processed) and procedures included here were used in the original research article
[2]. The aim of this article is threefold 1) to provide a clearer picture of the analytical and sta-
tistical data processing of the results, 2) to extend the petrophysical and petrothermal dataset
of the sedimentary succession studied in the Oliana anticline and 3) to present an extended
sampling methodology and measurement procedure to acquire thermal conductivity data from
petrologically heterogeneous rocks, which due to their grain size and compositional variability
are challenging to be represented by a single value.
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2. Data Description

The analysis of the petrophysical and petrothermal data from the sedimentary succession of
the Oliana anticline (Southern Pyrenees) is presented here. Rock samples were collected from
all the structural domains of the Oliana anticline covering the northern limb, the southern limb,
the NE closure and the SW closure of the fold. The location, structural domain, geological age
and lithofacies of each sample are shown in Table 1. Raw petrophysical and petrothermal data
of samples are included in the Repository [1]. The statistical parameters on measured petro-
physical properties (i.e., mineral density, bulk density, connected porosity, permeability and P-
wave velocity) are displayed in Table 2 and the statistical descriptors on thermal conductiv-
ity are in Table 3. Fig. 1 displays a geological map of the Oliana anticline and the sampling
location described in Table 1; Fig. 2 summarizes the statistical results as a function of the
structural domains of the anticline and the sedimentary units; Fig. 3 displays the analytical
variability of each property measured in the study by comparing the bedding perpendicular
and bedding parallel values measured on the same sample, difference ratios between plugs
are included in Table 4. The main stratigraphic and tectonic features of the Oliana anticline
are described in [3-5], whereas the age of the sampled units has been constrained according
to [6,7].

The folded sedimentary succession of the Oliana anticline includes marine marls in the core
of the structure, limestones and evaporites in the transition from the core to the fold limbs
and detrital rocks forming the anticline limbs. Within these detrital rocks, conglomerates are
more abundant at the northern limb, whereas sandstones are typically found at the southern
limb of the anticline. Marine marls and limestones, included in the Igualada Fm. and Tossa Fm.,
respectively, are upper Bartonian to middle Priabonian in age; gypsum rocks, belonging to the
Odena Fm. are a marginal equivalent of the evaporites of Cardona Fm., middle Priabonian in age;
and detrital rocks are upper Priabonian to Chattian in age [3-5].

The detrital succession forming the fold limbs has been subdivided into four synorogenic
units that are coeval to the upper Eocene to lower Oligocene break-back reactivation of the
Serres Marginals and Montsec thrust sheets [3]. These units were described in the northern limb

Serres Marginals
thrust sheet

4 D] Chattian

|]] Uppermost Priabonian
’ :

- to Rupelian

Middle to upper

- “JE Conglomerates Priabonian
/ A Hybrid arenites Bartonianto
Lithi . middle Priabonian
> & Lithic arenites Paleocene and
F @ Carbonates |:| undifferentiated
IS X Evaporites Eocene
S @® Fault rock Mesozoic rocks

Fig. 1. Geological map of the Oliana anticline showing the studied lithofacies and the location of samples. More detailed
information about samples is presented in Table 1. The cartography has been modified from [2].



Table 1

Location and lithofacies description of the studied sedimentary rocks. The geological age and the sector of the Oliana anticline are also displayed.

Location Rock description Sample Synorogenic units Latitude Longitude
Northern limb (NL) Fa-1. Coarse to fine-grained clast-supported PER7 U2 to 3 (uppermost 42° 6’ 44.79" N 1° 18’ 42.71" E
conglomerates PER9 Priabonian to Rupelian) 42° 6’ 24.41" N 1° 18’ 45.72" E
PER11 42° 6’ 24.41" N 1° 18/ 45.72" E
PER12 42° 6/ 17.34" N 1° 18’ 57.90" E
PER14 U1 (upper Priabonian) 42° 5’ 5145" N 1° 19’ 11.15" E
PER15 42° 5 4993" N 1° 19 13.14" E
Fa-2. Fossiliferous fine-grained hybrid arenites PER2 Core (middle Priabonian) 42° 5 31.68" N 1° 19 822" E
PER5S Transition from Core to U1 42°5 21.77" N 1° 18’ 46.59" E
(middle Priabonian)
Fa-3. Grauwackes PER8 U2 to 3 (uppermost 42° 6/ 44.79" N 1° 18" 42.71" E
PER10 Priabonian to Rupelian) 42° 6’ 24.41" N 1° 18’ 45.72" E
Fa-3. Fine-grained lithic arenite PER13 42° 6’ 17.34" N 1° 18 57.90" E
Fa-4. Coral and nummulitic grainstones (Tossa PER1 Core (middle Priabonian) 42° 5 21.83" N 1° 18’ 46.57" E
Fm.)
Fa-4. Coral and algal grainstone to packstone PERG Transition from Core to U1 42° 5 31.68" N 1° 19’ 8.22" E
with nummulites (Terminal Complex) (middle Priabonian)
Fa-4. Marls with some quartz content (Igualada PER30 Core (middle Priabonian) 42° 4" 1691" N 1° 17 51.48" E
Fm.)
Sant Honorat (NL) Fa-1. Microconglomerate to medium-grained PER46 U4 (Rupelian to Chattian) 42° 4’ 56.02" N 1° 16’ 26.55" E
conglomerates PER47 42° 4' 57.04" N 1° 16’ 25.80" E
Fa-3. Fine to medium-grained lithic arenites PER48 42° 5 147" N 1° 16’ 12.61" E
PER49 42° 4 5713" N 1° 16’ 19.12" E
Fault-rock PER50 Serres Marginals thrust 42° 4 45.84" N 1° 16’ 54.49" E
PER51

(continued on next page)
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Table 1 (continued)

Location Rock description Sample Synorogenic units Latitude Longitude
NE closure (NEC) Fa-1. Microconglomerates to medium-grained PER20 U1 (upper Priabonian) 42° 6/ 115" N 1° 22 1143" E
conglomerates PER28 42° 6’ 15.27" N 1° 21’ 50.16" E
PER22 U4 (Rupelian to Chattian) 42° 6/ 30.89" N 1° 23/ 13.29" E
PER24 42° 6/ 24.92" N 1° 23’ 22.09" E
PER25 42° 6' 24.49" N 1° 23/ 22.57" E
PER27 42° 6/ 24.39" N 1° 23/ 22.67" E
Fa-3. Medium to coarse-grained lithic arenites PER21 U2 (uppermost Priabonian) 42° 6/ 1.24" N 1° 22 11.61" E
PER23 U4 (Rupelian to Chattian) 42° 6 30.68" N 1° 23/ 13.65" E
PER26 42° 6' 24.49" N 1° 23/ 22.57" E
Fa-4. Wackestone with quartz PER29 U1-2 (upper to uppermost 42° 6’ 26.46" N 1° 22/ 20.77" E
Priabonian)
Southern limb (SL) Fa-1. Microconglomerates to medium-grained PER17 U2 (uppermost Priabonian) 42° 5 30.71" N 1° 21" 11.95" E
conglomerates PER34 U3 (Rupelian) 42° 3 1.52" N 1° 18/ 53.23" E
PER36 42° 3 0.96" N 1° 18’ 43.89" E
Fa-2. Very fine to fine-grained hybrid arenites PER31 Core (middle Priabonian) 42° 5 0.81" N 1° 20" 14.94" E
PER37 U1 (upper Priabonian) 42° 5’ 46.45" N 1° 21’ 58.41" E
PER19 U1-2 (upper to uppermost 42° 3 18.96" N 1° 18’ 45.97" E
PER33 Priabonian) 42° 3 30.38" N 1° 18’ 43.00" E
PER35 U3 (Rupelian) 42° 3 143" N 1° 18’ 52.39" E
Fa-3. Fine to medium-grained lithic arenites PER16 U2 (uppermost Priabonian) 42° 5’ 28.63" N 1° 21’ 9.79" E
PER18 42° 5 29.22" N 1° 21" 13.35" E
PER32 U1 (upper Priabonian) 42° 5 1.67" N 1° 20" 4037" E
Fa-4. Nummulitic packstone PER52 Core (middle Priabonian) 42° 4 422" N 1° 19’ 748" E
Fa-5. Gypsum mixed with lutites (Odena Fm.) PER38 Transition from Core to U1l 42° 3’ 39.66" N 1° 18’ 48.65" E
PER39 (middle Priabonian) 42° 3 4318" N 1° 18’ 51.77" E
PER40 42° 3/ 3545" N 1° 18’ 46.95" E
SW closure (SWC) Fa-1. Medium -grained conglomerates PER41 U1 (upper Priabonian) 42° 2'9.42"N 1° 14’ 3444" E
Fa-2. Coarse-grained hybrid arenites PER42 Transition from Core to U1 42° 2’ 26.03" N 1° 15/ 19.75" E
Fa-3. Fine-grained lithic arenites PER43 (middle Priabonian) 42° 2" 27.00" N 1° 15 19.41" E
Fa-4. Wackestone with quartz PER44 Core (middle Priabonian) 42° 2/ 59.53" N 1° 15’ 28.53" E

PER45
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Table 2

Statistical data on the petrophysical properties measured in the Oliana anticline. Arithmetic mean (X), median (Me),
variance (s) and Coefficient of Variation (CV) of mineral density (o), bulk density (opui), connected porosity (N;),
permeability (K) and P-wave velocity (v,) are displayed attending to the fold sector (above) and the sedimentary unit
(below). 62 values from 40 samples are resumed.

Location Number of values Pmin Pbulk
(Number of samples) -
Me S cv X Me S cv
(glem?)  (glem?) (g/em?®) (%) (glem?)  (glem?) (glem?®) (%)
NL 22 (15) 2.716 2.720 +0.024 1 2.582 2.623 + 0.112 4
SL 23 (13) 2.686 2.705 + 0.083 3 2.548 2.573 + 0.095 4
NEC 12 (8) 2.710 2.708 +0.014 1 2.585 2.584 +0.053 2
SWC 5(4) 2.706 2.713 +0.021 1 2.345 2.204 + 0274 12
Location Number of values N¢ K

(Number of samples) - -
X (%) Me (%) s (%) CV (%) x(mD) Me (mD) s(mD) CV (%)

NL 22 (15) 4.81 3.37 + 432 90 25.62 0.086 + 9220 =100
SL 23 (13) 511 3.77 +3.04 59 0.481 0.053 + 0.938
NEC 12 (8) 4.60 4.44 +222 48 29.52 0.228 + 9212
Swc 5 (4) 13.92 19.69 +9.79 70 31.91 0.316 + 44.38
Location Number of values Vp
(Number of samples) -
X (ms~1) Me (ms~1) s (ms™1) CV (%)
NL 22 (15) 4533 4433 + 1022 23
SL 23 (13) 4644 5046 + 776 17
NEC 12 (8) 4238 4955 + 1003 24
SwcC 5(4) 3311 2880 + 1205 36
Unit Number of values Pmin Pbulk
(Number of samples) -
Me S cv X Me S cv

(g/em?®)  (glem?®) (glem?®) (%) (g/em?®)  (glem?) (glem?®) (%)
Core 12 (8) 2.677 2.704 + 0109 4 2420 2,511 +0209 9
U1 15 (9) 2.697 2.698 +0.038 1 2.594 2.604 +0.090 3
uz2-3 27 (17) 2.715 2.713 + 0024 1 2.580 2.596 +0.081 3
u4 8 (6) 2.722 2.724 + 0.009 03 2.569 2.571 + 0.051 2
Unit Number of values N¢ K

(Number of samples) - -
X (%) Me (%) s (%) CV (%) x(mD) Me (mD) s(mD) CV (%)

Core 12 (8) 9.47 6.13 + 0427 85 17.97 0.053 + 3544 =100
u1 15 (9) 3.66 2.52 + 0.284 96 29.39 0.075 + 9217
u2-3 27 (17) 4.99 3.71 +0.219 62 18.09 0.096 + 78.52
U4 8 (6) 5.61 5.63 +0.092 30 215 0.266 + 512
Unit Number of values Vp

(Number of samples) -

X (ms~1) Me (ms~1) s (ms~1) CV (%)

Core 12 (8) 4225 4632 + 1384 33
u1 15 (9) 4986 5288 + 751 15
u2-3 27 (17) 4354 4472 + 832 19
U4 8 (6) 3862 3862 + 860 22

of the anticline considering the relationship between the main thrusts and the conglomerates
at their footwall [4]. In this sense, Unit 1 is of middle to upper Priabonian in age; Unit 2 is
of uppermost Priabonian and Unit 3 is of Rupelian in age. Unit 4 fossilizes all the previous
synorogenic units and is dated as Rupelian to Chattian. The samples from the sedimentary suc-
cession of the Oliana anticline were grouped into five main lithofacies (Fa-1 to Fa-5) including



8 P. Ramirez-Perez, I. Cantarero and G. Cofrade et al./Data in Brief 48 (2023) 109086

Table 3

Statistical data on the thermal conductivity measured at the Oliana anticline. Arithmetic mean (X), median (Me), variance
(s) and Coefficient of Variation (CV) are displayed attending to the fold sector and the sedimentary unit . 55 values from
35 samples are resumed in both cases.

Unit Number of values T (Wm~1K1)
(Number of samples) -
x (Wm~'K-1) Me (Wm~'K-1) s (Wm~'K-1) CV (%)
NL 19 (12) 3.157 3.232 + 0.315 10
SL 18 (13) 3.137 3.185 + 040 13
NEC 15 (8) 3.326 3.341 + 0.156 5
SWC 3(2) 3.036 2.813 + 0.495 16
Unit Number of values T (Wm~1K-1)
(Number of samples) -
x (Wm~'K-1) Me (Wm~'K-1) s (Wm~'K-1) CV (%)
Core 8 (5) 2.705 2.752 + 0.427 16
U1 14 (9) 3.313 3.393 + 0.284 9
U2-3 24 (15) 3.238 3.249 +0.219 7
U4 9 (6) 3.303 3.257 + 0.092 3
dmin (g/cm3) dpyik (g/cmd) vp (kms™") Nt (%) log10K (mD) T (Wm- K1)
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Fig. 2. Statistical summary of the studied properties sorted by fold sectors (a) and by sedimentary units (b) of the Oliana
anticline. The figure allows to compare different tendencies explained in the text and observed between the structural
sectors and the stratigraphy. The arithmetic mean and median are displayed in the diagrams. The number of values in
each box are presented in Tables 2 and 3. C=Core, U1 to U4=synorogenic units 1 to 4.

conglomerates, hybrid arenites, lithic arenites, carbonates and evaporites [2]; other samples
collected but not analyzed due to experimental limitations (i.e., fault rocks) are also included
in Table 1.

Petrophysical data have been analyzed by statistical descriptors such as coefficient of varia-
tion (CV), arithmetic mean (x), arithmetic median (Me) and variance (s) to assign a representa-
tive value to the different fold sectors, lithostratigraphic units and lithofacies of the Oliana anti-
cline, information necessary to build a geothermal reservoir model (Table 2). 62 values were ac-
quired for each property (mineral density, bulk density, connected porosity, permeability and P-
wave velocity). A graphical summary of these data sorted by fold sectors is shown in Fig. 2a and
by sedimentary units of the Oliana anticline in Fig. 2b.

The coefficient of variation (CV) is a statistical descriptor that allows to establish the data
scattering with respect to the arithmetic mean (x). A CV greater than 50% indicates that more
than half of the measured values differ significantly from the calculated mean. Commonly, a
value of 30% is used as a cut-off to consider whether the correlation between the measured data
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Fig. 3. Petrological heterogeneity of (a) mineral density, (b) bulk density, (c) P-wave velocity, (d) connected porosity, (e)
permeability and (f) thermal conductivity attending to the lithofacies. Graphs a to e summarize 62 measures from 40
samples. Graph f shows 55 measures from 35 samples (Table 4).

and the arithmetic mean is good or not. Thus, low CV values indicate that the arithmetic mean
is representative of the property. In contrast, for values above 30%, the arithmetic median (Me)
should be used as the mean value of the property. The variance (s) is a statistical descriptor that
represents, with a numerical value, the average absolute variation of the measures with respect
to the arithmetic mean.

Considering the studied properties, mineral density presents a low CV in all the fold sectors,
which means that the results are little variable. Therefore, the calculated average mineral den-
sity is statistically representative of the different fold sectors. In the case of bulk density, a slight
increase in CV is observed. However, it is far from the value of 30%, which means that even if
the data are more dispersed than for mineral density, the calculated arithmetic means are still
representative of the bulk density of each fold sector. A comparison of the density data across
the anticline reveals that the northern limb and NE closure are denser than the southern limb
and SW closure of the fold (Fig. 2a). This observation also coincides with the predominance of



10 P. Ramirez-Perez, I. Cantarero and G. Cofrade et al./Data in Brief 48 (2023) 109086

coarser-grained lithofacies in the northern limb and NE closure (i.e., conglomerates and micro-
conglomerates) than in the remaining sectors of the fold (mainly sandstones).

The coefficient of variation of connected porosity (48 to 90%), permeability (CV greater than
100%) and P-wave velocity (17 to 36%) indicates that these properties are much more variable
than mineral and bulk densities. However, the CV values of P-wave velocity indicate that this
property, although highly variable, can be characterized along the anticline based on the calcu-
lated mean values. In this sense, the arithmetic mean calculated for the SW closure has a lower
representativeness due to high CV value (Table 2). Even so, the measured P-wave velocities are
comparatively lower in this sector of the Oliana anticline than in the others (Fig. 2a). Attend-
ing to the connected porosity and permeability, it is not correct to use the arithmetic means to
characterize them. Instead, the arithmetic median should be used for this purpose.

The comparison of the median of connected porosity along the fold sectors of the Oliana an-
ticline reveals that the lowest pore connectivity is measured in the northern limb, followed by
the southern limb, the NE and the SW closures of the fold (Fig. 2a). In this respect, higher scat-
tering of the measurements has been detected in the northern limb (CV=90%). The arithmetic
median of permeability shows that the SW closure is the most permeable sector, followed by
the NE closure and the northern and southern limbs of the Oliana anticline. However, due to
the high scatter of the data (CV>100%), these results would be unrepresentative of the real rock
permeability in the studied sectors.

Attending to the sedimentary units (Fig. 2b), the core of the Oliana anticline displays the
greatest dispersion of values for all measured properties except for mineral density. Compara-
tively, the detrital synorogenic units are less variable. Among these units, synorogenic Unit 1
shows the highest mean bulk density (CV=3%) and the lowest connected porosity and perme-
ability, considering in both cases the arithmetic median due to the high CV values for these
properties (96% and >100%, respectively, Table 2). Synorogenic Units 2 and 3 (U2-3) show the
highest variations within the detrital succession, while Units 1 and 4 are well clustered for al-
most all the studied properties.

The statistical descriptors of the thermal conductivity are shown in Table 3. The CV of the
thermal conductivity indicates that the data are well clustered in the different sectors and strati-
graphic units of the Oliana anticline (in both cases the measured CV values are lower than 20%).
In this sense, the thermal conductivity of the different fold sectors is less variable than that of
the sedimentary units (Fig. 2).

In the Oliana anticline, major changes in thermal conductivity measurements are observed
considering the different sedimentary units rather than the fold sectors; thus, the average ther-
mal conductivity in the different fold sectors varies from 3.036 to 3.326 Wm~1K~!, whereas it
ranges from 2.705 to 3.313 Wm~!K~! when comparing the sedimentary units. The lowest ther-
mal conductivities are measured in samples from the more carbonate and evaporitic sectors of
the fold (i.e., the SW closure and the core unit), whereas higher thermal conductivities are mea-
sured in the fold limbs coinciding with a more detrital composition. In addition, a change in
thermal conductivity between the four tectonosedimentary detrital units is observed, being the
mean thermal conductivity of Units 1 and 4 (3.313 and 3.303 Wm~'K~!, respectively) higher
than for Units 2 and 3 (3.238 Wm~!K-1) due to the different composition of the detrital rocks
of each unit [2].

Table 4 displays the variations of these properties for each lithofacies (Fa-1 to Fa-5). The
difference ratios (d) of the studied properties have been obtained dividing the values acquired
from bed-perpendicular plugs by the values obtained from bed-parallel plugs in the same sam-
ple. Fig. 3 shows graphs summarizing the petrophysical and petrothermal differences observed
in the studied rocks. These data also illustrate the heterogeneity of properties along the differ-
ent facies, which would be of interest for reservoir characterization. In this regard, an isotropous
specimen would have a value of 1, whereas this value is higher if the bed-perpendicular mea-
surement is greater than the value acquired from the plug oriented parallel to the bedding.
Otherwise, the obtained value is less than 1.

Mineral density, bulk density and P-wave velocity are little heterogeneous (the maximum dif-
ference ratio with respect to 1 is 0.980 for mineral density; is 0.931 for bulk density and 1.220
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Table 4
Difference ratios (d) for each studied property obtained by comparing bed-parallel and bed-perpendicular measurements
of the same sample. Isotropous rocks display a value of 1.

Facies Sample Property difference ratio (d)
T Pmin Lbulk Nt K Vp
Fa-1, conglomerates PER7 - 0.989 0.988 1.050 0.140 1.004
PER9 1.051 - - - - -
PER12 - 0.983 0.991 0.595 0.010 1.054
PER15 0.886 - - - - -
PER20 1.064 1.001 0.998 1.289 - 0.960
PER24 1.044 - - - - -
PER27 1.060 0.997 1.002 0.934 1.396 1.220
PER28 0.924 1.001 1.007 0.872 0.005 0.820
PER34 - 1.001 1.005 0.903 1.00 0.946
PER36 - 1.001 0.960 1.584 0.247 0.890
Fa-2, hybrid arenites PERS 0.961 0.980 1.005 0.773 - 0.990
PER19 0.879 1.006 1.010 0.895 - 0.968
PER31 0.941 0.999 1.006 0.888 0.821 0.978
PER33 - 1.00 0.994 1.071 26.250 0.848
PER35 0.989 1.003 0.993 1.445 - 0.936
PER37 - 1.00 1.001 0.995 0.393 0.910
PER42 - 1.00 0.989 1.042 1.382 0.951
Fa-3, lithic arenites PER8 0.968 1.001 0.990 1128 0.632 1.011
PER10 0.899 0.990 1.025 0.665 0.010 1.073
PER13 0.865 - - - - -
PER16 1.072 1.002 1.010 0.827 0.236 0.848
PER21 0.925 - - - - -
PER23 1.021 1.001 0.998 1.026 2.218 1173
PER32 0.881 1.00 0.969 3.221 - 0.933
PER43 0.957 - - - - -
Fa-4, carbonates PER1 0.928 0.996 0.931 16.508 - 0.791
PERG - 0.996 1.002 0.844 0.220 0.963
PER29 1.013 - - - - -
PER52 - 0.995 0.975 1.718 - 0.998

for P-wave velocity, Fig. 3a-c). In contrast, the results for connected porosity and permeability
change significantly in the same sample depending on the measurement orientation (the maxi-
mum difference ratios are 16.51 and 26.25, Fig. 3c-e).

In this respect, whereas the anisotropy observed for mineral density, bulk density, P-wave ve-
locity and connected porosity is intrinsically linked to the variability of the measurement within
the plug, the anisotropy of transfer properties such as permeability and thermal conductivity are
of special interest at time of performing the geothermal reservoir modelling and are strongly de-
pendent of the petrographic heterogeneities of the rock such as the texture or the grain fabric.
Therefore, in case of permeability, this property is detected to be highly anisotropous among the
measurement orientation, especially regarding to hybrid arenites and limestones that display the
greatest heterogeneity values acquired in the same sample. Thereby, permeability is expected to
be difficult to upscale using the data collected from the 40 studied samples to the entire sedi-
mentary succession of the Oliana anticline, especially in the case of limestones due to the strong
data scattering depending on the measure direction with respect to bedding.

Considering the petrothermal characterization of the Oliana anticline, the samples show lit-
tle thermal heterogeneity. The maximum difference ratio between measurements taken parallel
and perpendicular to the bedding strike is 0.865 (Fig. 3f). Consequently, although the thermal
conductivity of the parallel and perpendicular plugs is slightly different, this property could be
upscaled to the sedimentary succession of the Oliana anticline using the data presented in this
contribution and considering the corresponding lithofacies.
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3. Experimental Design, Materials and Methods

The methodology of the petrological description of the samples in Oliana has just been ex-
plained in the original research article [2]. Details on the acquisition of petrophysical data can
be found in [8,9]. This section adds information about the sampling design and treatment of
the samples before measuring their petrophysical and petrothermal properties. In addition, an
extended methodological description of the petrothermal measurement design for highly het-
erogeneous rock samples and the subsequent statistical study of the data is also presented.

Fieldwork has been carried out during five days in June 2020. Rock samples were oriented
in the field with respect to the bedding strike and collected throughout the Oliana anticline to
cover the different stratigraphic units and sectors of the structure. In this sense, the sampling
was designed to guarantee a representativeness of the collected rocks with respect to the strati-
graphic succession of the Oliana anticline. Collected samples were also checked for ensure that
do not present any visible alteration and that they were of an adequate size to allow the acqui-
sition of the different rock pieces necessary for the collection of the data.

In addition, as one of the objectives of this study was to analyse whether structural factors
affect the thermal and physical properties of the rocks, samples were taken in all the sectors of
the Oliana anticline (i.e., the NE and SW closures and the northern and southern limbs). Twenty
samples were taken from the northern limb, fifteen from the southern limb, ten from the NE
closure and five from the SW closure of the fold. In total, 50 samples were acquired for their
petrological, petrophysical and petrothermal characterization (Table 1).

Before laboratory measurements, samples were photographed, marked and then sawn to per-
form rock cubes of a minimum dimension of 5.0x5.0x7.0 m, which is the volume that allows
the drilling of 4.0x5.5 cm cylindrical plugs. These plugs were used to measure mineral and bulk
density, connected porosity, permeability and P-wave velocity of the rocks. The dimensions of
the cylindrical plugs were decided on the basis of ensuring a Representative Elementary Volume
of rock during the measurement of each petrophysical property. In addition, plug dimensions
were limited by the Hassler cell size of the permeameter. The petrophysical results presented in
this contribution represent the properties of 62 plugs from 40 samples; 36 values were parallel
to the bedding, whereas 26 values were perpendicular to it.

Samples were also sawn into slices parallel and perpendicular to the bedding surface. These
slices have a minimum thickness of 3 cm to avoid heat dispersion out of the sample and two
smooth and parallel surfaces to place the thermal sensor and measure the rock thermal con-
ductivity. The horizontal dimensions of the slices depended on the observed petrological hetero-
geneity, as the aim was to obtain the most representative surfaces for their measurement. The
thermal characterization of the Oliana anticline was carried out considering the thermal conduc-
tivity results of 55 slices from 35 samples. 24 slices were parallel to the bedding, whereas 31
slices were perpendicular to it.

Petrothermal results were acquired using a TCi C-Therm Trident thermal analyzer, imple-
mented with the Modified Transient Plane Source (MTPS) method [10-12]. This device applies
an electric pulse to the sample with a variable voltage ranging from 110 to 230 V, depending
on the initial temperature at the rock-sensor interphase. A one-sided heat reflectance sensor
surrounded by an insulative piece applies a short electric pulse to the measured sample. The
pulse is so short that the specimen is considered to be in contact with an infinite solid of high
conductivity during the measurement. The applied electric voltage generates a slight thermal
gradient which causes a heat transfer between the rock and the heating sensor. As the heating
point is small and thermally insulated, the heat exchange between the specimen and the sen-
sor is assumed to occur in a 1D space, ensuring that no external factor or heat loss affects the
experiment.

The thermal properties of the specimen are calculated by recording the change in voltage
over the measuring time, which is automatically set considering that the sample boundaries do
not affect the temperature raise caused by the electric pulse. During the measurement time,
the temperature of the rock-sensor interphase raises by 1 ©C. The rock sample absorbs the heat
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generating a simultaneous voltage drop. The petrothermal properties are calculated from the
slope resulting from plotting the voltage variation versus measuring time.

Samples were dried in an oven by at least 24 h at 70 °C and were then temperate for other
24 4+ 6 h in stable temperature (22 4 3 2C) and moisture (52 4+ 14%) room conditions. Tempera-
ture and moisture were also periodically checked to ensure controlled conditions while measur-
ing (see data in Repository). Before each measurement the sensor was calibrated using reference
polymer and pyroceramic test materials. Distilled water was applied as a contact agent between
the sample and the sensor. The surface area of the sensor is limited and, as the thermal con-
ductivity is measured by placing the sensor directly over the rock slices, the values acquired are
not representative of the whole rock when the sample is heterogeneous. Instead, they are rep-
resentative of the thermal conductivity of the measured point. To overcome this, in the case of
petrologically heterogeneous samples, the sensor was randomly placed at different points of the
surface, usually from 2 to 6 points were measured on each slice (see data in Repository). For
each point a cycle of 2 to 3 simultaneous measurements was run to acquire, in the end, a total
of 12 values for each slice. After each cycle, the Trident software displays an average thermal
conductivity value of the measured point and its Relative Standard Deviation (RSD). RSD must
always be less than 1 to comply with the technical considerations of measurement methodology
(ASTM D7984-21).

Finally, a single, representative value of the thermal conductivity for each sample was calcu-
lated by averaging the results of all the measured points in the slice. The RSD value obtained
after averaging all the points must also be less than 1, so the raw data were statistically treated
to delete from the cycles the values that place the RSD above the methodological threshold. Af-
ter this process, a single thermal conductivity value is acquired, which is technically correct and
representative of the measured sample because it respects the petrological heterogeneity of the
rock. This measuring procedure has been widely implemented in the case of conglomerates and
some coarse to medium-grained sandstones of the Oliana anticline.

The statistical treatment of the raw petrophysical and petrothermal data was carried out us-
ing the free SPSS software and Microsoft Excel to calculate the statistic descriptors presented
in Tables 2-4 of this contribution. Simple arithmetic functions were used to calculate the arith-
metic mean (X), arithmetic median (Me), variance (s), coefficient of variation (CV) and difference
(d) of each studied property. The graphs shown in Figs. 1 and 2 were also produced by Microsoft
Excel and then remastered using Inkscape free vectorial drawing program.
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