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ABSTRACT

The Asturian Basin, situated on the North Iberian margin, is a Permian-Mesozoic extensional basin developed
over a Variscan Palaeozoic basement, subsequently inverted during the Cenozoic Alpine orogeny. The compi-
lation of cartographic, structural, biostratigraphic and vitrinite reflectance data collected in a Late Triassic-
Jurassic succession, excellently exposed along the Cantabrian Sea coast, has allowed us to gain insight into
the Mesozoic and Cenozoic tectono-thermal history of this basin. The oldest recorded event occurred in Middle-
Late Jurassic times and consisted of uplift, development of a large syncline, and normal faulting accompanied by
circulation of hydrothermal fluids along the faults. The basin emersion caused an angular unconformity, together
with a change in the sedimentary environment that passed from marine to continental. A second event, whose
age was probably Late Jurassic-Early Cretaceous, was responsible for extensional reactivation of previous normal
faults accompanied by a weaker fault-related hydrothermal episode. In Cenozoic (Eocene-Miocene) times, as a
consequence of the Alpine orogeny some of the previous faults were reactivated as reverse and/or strike-slip
faults, and folds developed. Here we analyse which structures were active during each event, their relation-
ship with the hydrothermal fluids, the control they exerted on the hydrocarbon generation, and how the large-
scale models proposed for this portion of the North Iberian margin fit the onshore field observations, in particular
regarding the structural position of the Asturian Basin within the Iberian Plate Mesozoic rifts and the role of the
Ventaniella Fault.

1. Introduction

best ones are often road and track slopes that provide a 2D view. In the
sea, there are a few good quality 3D seismic cubes, old and poor quality

The Asturian Basin, situated on the North Iberian margin, is the
Mesozoic basin located farthest north on the Iberian Peninsula (Fig. 1). It
is a Permian-Mesozoic extensional basin, developed over a Palaeozoic
basement deformed during the Variscan orogeny in Carboniferous times,
whose early evolution is related to the opening of the Bay of Biscay.
Later, during Cenozoic times, the Alpine contractional cycle responsible
for the formation of the Cantabrian Mountains and the Pyrenees in the
north portion of the Iberian Peninsula caused tectonic inversion of the
Asturian Basin.

The Asturian Basin has an emerged part located in the north-
northwest portion of the Iberian Peninsula (Fig. 1) and a submerged
part beneath the Cantabrian Sea waters. In inland areas, there is
considerable vegetation, which results in scattered outcrops, and the

* Corresponding author.

2D seismic lines and some exploration wells (e.g., Zamora et al., 2017).
However, both the seismic data and the wells are located several kilo-
metres north of the coast making difficult their correlation with the
outcrops on land. The coastal part of the basin probably offers the best
prospects for unravelling its structural history because outcrops are
generally excellent, and the high coastal cliffs along with platform ex-
posures provide an almost 3D geological view. This is the reason why the
coastal area is the main focus of this study, although we will carry out
observations throughout the inland portion of the basin. The main
drawback of the coastal region is that only part of the stratigraphic
succession constituting the basin crops out, primarily consisting of
Upper Triassic and Jurassic rocks. In addition, understanding the basin
evolution is complicated, unless good 3D outcrops are available, due to
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the points listed below.

i) Faults with different strikes intersect each other (e.g., Julivert et al.,
1971; Lepvrier and Martinez Garcia, 1990; Uzkeda, 2013; Uzkeda
et al., 2015, 2016; Magan, 2024) making it complex their mapping,
specially at the intersection zones.

Many of the faults that compartmentalize this basin were possibly

active during various events, either as faults inherited from ancient

events that propagated into the Mesozoic cover or as faults formed
during Mesozoic extensional events reactivated during the Cenozoic

Alpine orogeny (e.g., Lepvrier and Martinez Garcia, 1990; Uzkeda

et al., 2012, 2013, 2015, 2016, 2018; Uzkeda, 2013; Magan, 2024).

) The presence of faults with various orientations and events of

different tectonic nature, led to the development of dip-slip faults

(normal, reverse), strike-slip faults (dextral and sinistral), and obli-

que faults (e.g., Lepvrier and Martinez Garcia, 1990; Uzkeda, 2013;

Uzkeda et al., 2015, 2016; Magan, 2024), whose motion is chal-

lenging to identify unless accompanied by kinematic indicators and

high-resolution stratigraphic information.

iv ) Some faults cut and offset folds developed in previous Mesozoic
tectonic episodes, giving rise to faults that have both subtractive and
additive character along the same fault, and therefore, in-
terpretations of the fault type based on localized observations can be
misleading (Magan et al., 2022a, 2022b; Magan, 2024).

v ) The length of many faults is relatively small, less than few meters
(Magan, 2024), so that unless continuous outcrops are available, it is
highly possible that fault traces belonging to different faults may be
erroneously mapped as a single fault.
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Not many tectonic studies have been carried out in the onshore
portion of the basin, however, the completion of various research pro-
jects, as well as PhD and MSc theses, in recent years has enabled progress
in understanding the structure of selected regions of the emerged part of
the Asturian Basin. Taking these premises into account, we have
compiled all the available geological maps (e.g., Suarez-Vega, 1974;
Merino-Tomé et al., 2023), as well as structural (e.g., Lepvrier and
Martinez Garcia, 1990; Alonso Lopez, 2014; Uzkeda, 2013; Odriozola
Zubillaga, 2016; Uzkeda et al., 2016; Magan, 2017, 2024), biostrati-
graphic (e.g., Suarez-Vega, 1974; Goy et al., 2010; Comas-Rengifo et al.,
2023) and vitrinite reflectance (e.g., Suarez-Ruiz, 1988; Suarez-Ruiz and
Gonzalez Prado, 1995) data, along with new data collected by ourselves.
This has allowed us to achieve three goals. Firstly, propose a
tectono-thermal evolution of the emerged part of the basin from Late
Triassic-Jurassic to present-day, something never done until now. Sec-
ondly, our basin evolution proposal has been examined in terms of the
hydrocarbon exploration that various companies carried out in this re-
gion in the eighties of past century. Finally, the results obtained have
been contrasted with some aspects such as amount of extension or role
played by regional-scale faults, which should have been recorded in the
Asturian Basin, proposed in large-scale evolution models for the North
Iberian margin, with the aim of checking whether they align or not with
our conclusions.

2. Geological Setting

The basement of the Asturian Basin is a Palaeozoic succession
involved in a fold and thrust belt, named Cantabrian Zone (Fig. 1),
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Fig. 1. Simplified geological map of the onshore portion of the Asturian Basin and surrounding regions (modified from Alonso et al., 2009a) and location within the

Iberian Peninsula. The red rectangle corresponds to the region illustrated in Fig. 3.
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developed during Carboniferous times in the foreland of the Variscan
orogen in the north-northwest portion of the Iberian Peninsula (e.g.,
Lotze, 1945; Julivert et al., 1972a). In cross-sectional view, this belt
shows a wedge shape tapering towards the foreland, i.e., towards the
east, whereas in map view, it exhibits a curved morphology with the
inner core to the east, because it is involved in the Ibero-Armorican or
Asturian Arc (e.g., Suess, 1892). The structure of the Cantabrian zone is
thin-skinned and it consists of diverse types of thrust systems and
fault-related folds (e.g., Julivert, 1971, 1983; Savage, 1979, 1981;
Pérez-Estatin et al., 1988; Pérez-Estatin and Bastida, 1990; Aller et al.,
2004), strain is limited, and cleavage is only present in some areas. This
region developed under diagenetic conditions, and only local parts un-
derwent low to very low-grade metamorphism.

The Asturian Basin (Fig. 1) initiated its development in Permian
times, approximately coeval to the onset of the unroofing of the Variscan
mountain range westwards of the basin (Grobe et al., 2010). First, as
narrow dominantly NE-SW trending isolated basins bounded by inverted
Variscan structures (Julivert et al., 1971; Suarez-Rodriguez, 1988;
Lepvrier and Martinez-Garcia, 1990; Lopez-Gomez et al., 2019) and
later, in Middle-Late Triassic times, as a large compartmentalized basin
(Lopez-Gomez et al., 2019). Subsequently, an extensional stage, possibly
initiated by the Middle Jurassic (Fernandez-Lopez and Suarez-Vega,
1981; Valenzuela et al.,, 1986, 1989; Lepvrier and Martinez-Garcia,
1990; Uzkeda et al., 2016), caused normal faulting, reactivation of some
previous faults, heating, and uplift. This event may have lasted until the
lower part of the Early Cretaceous (pre-Barremian) (Alonso et al., 2016;
Cadenas and Fernandez-Viejo, 2017), although perhaps more than one
event occurred from Early Jurassic to Early Cretaceous time. This
episode would be related to the opening of the Bay of Biscay located to
the north of the Iberian Peninsula.

From the middle-upper part of the Eocene until the beginning of the
Miocene (Alvarez-Marrén et al., 1997; Gallastegui, 2000) the conver-
gence between the Iberian and Eurasian tectonic plates caused a
contractional event, responsible for selective reactivation of previous
structures, as well as the generation of new thrusts and uplifts (e.g.,
Lepvrier and Martinez-Garcia, 1990; Alonso et al., 1996, 2016; Pulgar
et al., 1999; Uzkeda et al., 2016). This event led to the Asturian Basin
inversion and formation of the Cantabrian Mountains (Fig. 1) as part of
the Alpine orogenic belt. From the upper part of the Eocene to the
beginning of the Oligocene, the Alpine structure was exhumed (Fillon
et al., 2016). This sequence of events would have been, at least in the
offshore part of the basin, influenced by evaporites of Permian-Triassic
age that would have acted as a regional detachment (Zamora et al.,
2017).

During the Early Pleistocene or even before (e.g., Alvarez-Marrén
et al, 2008), the marine abrasion platform, underlain by
Cantabrian-Zone Palaeozoic rocks and Asturian-Basin Mesozoic rocks,
was eroded, unconformably covered by patches of Quaternary sedi-
ments and uplifted above present-day sea level, giving rise to narrow,
subhorizontal coastal strips, called marine terraces or “rasas” (e.g., Flor,
1983; Mary, 1983). Additional neotectonic activity, such as develop-
ment of some new faults and reactivation of some previous ones (e.g.,
Gutiérrez Claverol et al., 2006; Alvarez-Marrén et al., 2008), as well as
small magnitude earthquakes (e.g., Lopez-Fernandez et al., 2004),
occurred.

3. Methodology and available data

First of all, we have carried out fieldwork to collect new data and
map most of the Upper Triassic-Jurassic stratigraphic formations inde-
pendently, especially in the central and eastern parts of the basin, where
some of them were mapped as a single unit in previous geological maps
(Julivert and Pello, 1970; Beroiz et al., 1972a, 1972b, 1972c; Julivert
et al., 1972b; Martinez-Alvarez et al., 1972; Pignatelli et al., 1972;
Suarez-Vega, 1974; Navarro and Rodriguez Fernandez, 1984; Alonso
et al., 1987-88; Gutiérrez Claverol et al., 2002; Alonso et al., 2016;
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Merino-Tomeé et al., 2023). The main aim of this new geological map is
improving our understanding of the structure and geographical distri-
bution of the different stratigraphic units throughout the basin.

Subsequently, several stratigraphic correlation panels, with an
approximate E-W orientation along the North-Iberian margin coast
covering the whole Asturian Basin from east to west, have been con-
structed. Their purpose is to help us visualize the large-scale cross-
sectional geometry and evolution of the basin at different times using
four separate data. One panel has been levelled using Jurassic carbonate
horizons below the intra-Jurassic unconformity, another panel has been
levelled to the intra-Jurassic unconformity, another panel has been
constructed removing the effects of the Cenozoic tectonic structures
(both faults and folds), and another has been levelled to the current sea
level. These panels have been constructed placing seventeen detailed
stratigraphic columns of the Triassic and Jurassic section, with their
corresponding biozones taken from Suarez-Vega (1974), Comas-Rengifo
and Goy (2010), Comas-Rengifo et al. (2010, 2023), Garcia-Ramos et al.
(2010a, 2011), Goy et al. (2010) and Goémez et al. (2016a, 2016b), in
their geographical position. Structural data taken from the geological
maps referenced above, plus additional data taken from Martin et al.
(2013), Uzkeda et al. (2012, 2013, 2015, 2016, 2022), Uzkeda (2013)
and own fieldwork, have been added to the stratigraphic correlation
panels.

A subcrop map of the intra-Jurassic unconformity throughout the
basin has also been constructed using the geological maps listed above, a
subcrop map by Julivert et al. (1971), and the biozones identified in
different stratigraphic columns. This map shows the distribution of the
stratigraphic units below the unconformity, as well as the faults. This
subcrop map has been used as the basis for constructing maps of fault
activity during each of the tectonic events identified.

To quantify to a certain extent the tectonic activity during each of the
different events, the heave and throw of some of the faults mapped in the
coastal region have been measured when possible, using average fault
dips for each fault. The boundaries between biozones present in both the
hangingwall and footwall of the faults have been used as reference
surfaces to estimate the measurements.

To decipher the vertical motion of the study area through time
employing backstripping, a subsidence curve has been constructed for
the Late Triassic-Jurassic succession according to the methodology
described in Angevine et al. (1990) and Allen and Allen (2013) amongst
others. The ages of the stratigraphic units have been taken from Dubar
and Mouterde (1957), Suarez-Vega (1974), Fernandez-Lopez and
Suarez-Vega, 1981, Olodriz et al. (1988), Barrén et al. (2002, 2006),
Schudack and Schudack (2002), Comas-Rengifo and Goy (2010) and
Goy et al. (2010), and their numerical values in Ma have been taken
from the International Commission on Stratigraphy (2023). The surface
porosities, the coefficients that relate porosity and burial depth, and the
densities for the different stratigraphic units have been estimated using
Sclater and Christie (1980) and Schmoker and Halley (1982) values
considering the percentages of different lithologies in the stratigraphic
sections of the Jurassic successions constructed by Suarez-Vega (1974)
and Valenzuela (1989). The minimum and maximum water depths
during sedimentation have been estimated considering the sedimentary
environments assigned to each stratigraphic unit by Valenzuela et al.
(1986) and Garcia-Ramos and Gutiérrez Claverol (1995). The thick-
nesses of the stratigraphic units have been taken from the stratigraphic
interpretation of the Carenes borehole (Suarez-Vega, 1974). This well
has been chosen because of its strategic location in the central-north part
of the basin and because the stratigraphic succession intersected in the
well is one of the most complete both above and below the intra-Jurassic
unconformity.

A graph showing the sea level height versus time, taken from Miller
et al. (2020), has been used to unravel the recent evolution of the
Asturian Basin. Two functions have been plotted on this graph to illus-
trate the uplift experienced by the rasa, assuming it emerged at 1 Ma ago
and at 2 Ma ago, which are the rasa datings obtained by Alvarez-Marrén
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et al. (2008) using cosmogenic nuclides. The plotted functions are linear
as they assume that the uplift took place steadily, and these functions
reach a height of 150 m above sea level at present-day, which is the
current average altitude of the rasa developed on Mesozoic rocks in the
central part of the Asturian Basin.

To understand the heat flow distribution within the basin, vitrinite
reflectance data from thirty-four outcrops, taken from Sudrez-Ruiz
(1988), Suarez-Ruiz and Gonzalez Prado (1995) and Suarez-Ruiz et al.
(2006), have been used. The samples are distributed mostly along the
coastal cliffs. Most of them (twenty-three) come from the Upper
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unconformity, whereas the rest (eleven) were taken from the Jurassic
detrital sequence above the unconformity. The vitrinite reflectance
values have been placed on the stratigraphic columns used to create the
stratigraphic correlation panels. Contours of vitrinite reflectance values
have been drawn on the correlation panels assuming that they maintain
a constant spacing when possible. The aim is to visualize the large-scale
thermal pattern of the basin in cross-sectional view.

Two sets of contour maps of vitrinite reflectance values have been
constructed to understand the basin thermal pattern in map view. The
first set is based on the geographical coordinates and on the reflectance

Triassic-Jurassic carbonate sequence below the intra-Jurassic values of the available vitrinite samples interpolated using the algorithm
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called Triangular Irregular Networks (TIN), implemented in the soft-
ware QGIS, employing a cell size of 200 x 200 m. This first set of maps
assumes that there was no structural control on the heat distribution.
The second set of maps of contours of vitrinite reflectance values have
been constructed using the geographical coordinates of the samples,
their vitrinite reflectance values and the information obtained from the
correlation panels. In this second set of maps the activity/presence of
faults has a relevant role in the heat distribution.

To determine the paleotemperatures reached during the heating
events, the commonly used empirical equations of Barker and Pawle-
wicz (1994) have been employed to convert all the measured values of
vitrinite reflectance to temperatures. The results have been plotted on
temperature versus depth graphs, as well as on a temperature versus
vitrinite reflectance graph. These authors obtained a coefficient of
determination of 0.7, with a mean relative error of around 8%. Thus, in
spite of their simplicity (they only considered the reflectance to estimate
the temperature and not other variables such as heating time), and er-
rors derived mainly from the difficulty to determine the vitrinite
reflectance accurately (Barker and Pawlewicz, 1986) these empirical
equations should yield precise enough results for the purpose of our
work (Ernst and Ferreiro Mahlman, 2004).

4. Stratigraphy

The Upper Triassic-Jurassic rocks that crop out in the coastal portion
of the Asturian Basin belong to two sequences separated by an angular
unconformity. Both, the main features of the stratigraphic sequences
and of the unconformity are described below.

4.1. Stratigraphic succession

The lower sequence, ranging from Rhaetian (Upper Triassic) to lower
Bajocian (Middle Jurassic) (Sudrez-Vega, 1974; Barron et al., 2002,
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2006), is mainly of carbonate nature and may reach almost 400 m
thickness (Fig. 2). The lower part of this sequence, is mainly composed
of limestones with some carbonate breccias, dolomites and evaporites,
with a thickness of about 200-250 m, and constitute the lower, middle,
and upper members of the Gijéon Fm. Their approximate ages are
Rhaetian, Hettangian and Lower Sinemurian, respectively. This unit was
deposited in a sabkha to hypersaline coastal lagoon environment in a
tidal flat system, evolving to a bioclastic and oolitic bar-lagoon complex
(Valenzuela et al., 1986; Aurell et al., 2002; Gonzalez-Fernandez et al.,
2004a; Garcia-Ramos et al., 2006). Its fossil content is scarce, with some
lamellibranchs, gastropods and vertebrates. The upper part of the
sequence is dominated by alternations of limestones and marls that
belong to the Buerres and Santa Mera mbs. of the Rodiles Fm. The lower,
Buerres Mb. consists of alternations of grey nodular limestones and less
abundant marls, and its thickness is around 60 m. Its age is Upper
Sinemurian (Sudrez-Vega, 1974; Comas-Rengifo and Goy, 2010; Goy
et al., 2010) and it was deposited in a shallow carbonate ramp. Bivalvia,
brachiopods and, less frequently, cephalopods may be found in this unit.
The upper, Santa Mera Mb., an alternation of grey marls and limestones
in similar proportions, from 50 to over 150 m thick, has an age that
ranges from Pliensbachian to Lower Bajocian. (Sudrez-Vega, 1974;
Fernandez-Lopez and Suarez-Vega, 1981). It sedimented in a carbonate
ramp with intrashelf basin episodes transitioning to an unstable open
shelf. This sequence also includes hydrocarbon source rocks, such as
bituminous shales and black marls both rich in organic matter of,
especially, Pliensbachian and Lower Toarcian age (Garcia-Ramos et al.,
1992, 2011; Suarez-Ruiz, 1988; Suarez-Ruiz and Gonzalez Prado, 1995;
Badenas et al., 2013). Ammonoids are frequent within this unit, as well
as lamellibranchs, belemnites and vertebrates (sharks, bony fishes,
plesiosaurs and ichthyosaurs). While the lower part of this sequence
crops out throughout the Asturian Basin, the upper part crops out mainly
in the central-eastern portion of the basin (Fig. 3).

The upper sequence, of Kimmeridgian age (Upper Jurassic) (Dubar
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Fig. 3. Geological map of the Upper Triassic-Jurassic rocks that crop out in the emerged portion of the Asturian Basin compiled from data by Julivert and Pello
(1970), Beroiz et al. (1972a, 1972b, 1972c), Julivert et al. (1972b), Martinez-Alvarez et al. (1972), Pignatelli et al. (1972), Suarez-Vega (1974), Navarro and
Rodriguez Fernandez (1984), Alonso et al. (1987-88), Uzkeda (2013), Gonzalez-Fernandez et al. (2014), Alonso et al. (2016), Merino-Tomé et al. (2023) and own
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and Mouterde, 1957; Oldriz et al., 1988; Schudack and Schudack, 2002),
is mainly of detrital nature and its thickness may reach almost 450 m
(Fig. 2). It consists of a lower part made up of conglomerates, sandstones
and red mudstones that belong to La Nora and Vega fms., which are
lateral equivalents and show thicknesses of up to 150 m. The former
corresponds to alluvial fans that progressively pass to the high-sinuosity
fluvial systems with local carbonate wetlands characteristics of the
latter. The fossil content, less abundant than in the underlying unit, is
composed of plants, vertebrates (fishes, dinosaurs, and other reptiles
mainly) and ichnofossils of both invertebrates and vertebrates. The sil-
iciclastic facies tend to appear in meter-scale fining-upward sequences.
The conglomerates are well cemented and formed by siliceous, rounded
clasts of 3-12 cm, embedded in a sandy matrix (Garcia-Ramos et al.,
1979). The most frequent sedimentary structures found in the sand-
stones are epsilon, tabular and trough cross bedding, together with
bioturbation (Garcia-Ramos et al., 1979). The mudstones deposited
between the channels show evidences of an arid environment, such as
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rhizoconcretions, mudcracks and caliche deposits (Garcia-Ramos et al.,
1979; Valenzuela et al., 1986). The middle part of the sequence is
formed by marls and some interbedded limestone and sandstone levels
which constitute the Terenes Fm. Its thickness oscillates between 60 and
160 m, mainly because of its transition to the overlying unit. The
Terenes Fm. was deposited in carbonate coastal wetlands with fluvial
courses draining to a shelf lagoon separated from the open ocean by a
threshold or barrier that prevented the entry of stenohaline fauna
(Garcia-Ramos et al., 2010b; Fiirsich et al., 2012). Plant remains are
frequent, as well as gastropods, lamellibranchs (forming shell beds) and
vertebrates (sharks, bony fishes, turtles, plesiosaurs, crocodiles, and
pterosaurs) and dinosaur tracks. The upper part of the sequence is
mainly made up of sandstones, shales, and marls, with occasional con-
glomerates, which belong to the Lastres Fm. The total preserved thick-
ness of the Lastres and Terenes fms. is about 300 m. The conglomerates
and sandstones were deposited by fluvial-dominated deltaic systems
prograding on the lagoon represented by the marls of the Terenes Fm.

17

Fig. 4. Stratigraphic correlation panels of the Upper Triassic-Jurassic rocks that crop out in the coastal part of the Asturian Basin. a) Panel levelled to the intra-
Jurassic unconformity, b) panel constructed by removing the effect of the Cenozoic faults presented in Table 1 as well as the folds, and c) panel levelled to the
present-day sea level. These figures have been created using biostratigraphic and structural data from Sudrez-Vega (1974), Comas-Rengifo and Goy (2010),
Comas-Rengifo et al. (2010, 2023), Garcia-Ramos et al. (2010a, 2011), Goy et al. (2010) Martin et al. (2013), Uzkeda et al. (2012, 2013, 2015, 2016, 2022), Uzkeda
(2013), Gomez et al. (2016a, 2016b) and own data. The vertical scale of the panels is exaggerated (~20x). See location of stratigraphic logs in Fig. 3.
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The clasts of the conglomerates tend to be smaller (typically less than 5
cm) than in La Nora and Vega fms., and the sandstones have calcareous
cement and, commonly, cross bedding. The Lastres Fm. fossils are
similar to those of the Terenes Fm., adding the presence of dinosaur
body remains and pterosaur tracks. Again, this sequence includes some
organic matter-bearing black marls and shales interbedded within the
grey marls of the Terenes and Lastres fms. (Valenzuela et al., 1986;
Valenzuela, 1989). While the lower part of this sequence crops out
throughout the Asturian Basin, the middle and upper parts crop out
mainly in the north central-eastern portion of the basin (Fig. 3).

4.2. The intra-Jurassic unconformity

The intra-Jurassic unconformity (Fig. 2), which represents an
important sequence boundary (Catuneanu et al., 2010), is an angular
unconformity (e.g., Almela and Rios, 1962; Suarez-Vega, 1974; Magan,
2024), so that the strata located above the unconformity are slightly
oblique to the strata located below. La Nora and Vega Jurassic fms. lie
always above the unconformity, however, different rocks appear
beneath the unconformity. In the western part of the Asturian Basin, the
unconformity truncates progressively older stratigraphic units towards
the west (Fig. 4a): the two members of the Rodiles Fm., the three
members of the Gijén Fm. and finally Triassic-Palaeozoic rocks in the
western edge of the basin. Neither the Rodiles Fm. nor the Gijén Fm.
exhibit facies variations or thin out westwards, in fact, the lower
Pliensbachian and upper Sinemurian rocks, whose thickness is relatively
well constrained using biozones, thicken to the west. These observations
confirm that the disappearance of these stratigraphic units below the
unconformity is due to the erosion associated with the angular uncon-
formity and rule out the possibility that their disappearance could be
attributed to a basin boundary (Garcia-Ramos, pers. com.). Offshore to
the northeast of the Asturian Basin, an intra-Jurassic unconformity was
proposed by Boillot et al. (1979) around the Le Danois Bank area, where
Kimmeridgian-Portlandian limestones would lie unconformably on top
of older Jurassic units in a downthrown fault block and on the
pre-Mesozoic basement in the uplifted fault block.

The unconformity results in no record of rocks belonging to the
upper part of the Middle Jurassic and to the lower part of the Upper
Jurassic. Thus, the age of the youngest rocks situated beneath the un-
conformity is Bajocian (e.g., Suarez-Vega, 1974), while the age of the
rocks located above the unconformity is Kimmeridgian (e.g., Dubar and
Mouterde, 1957) (Fig. 2). Between the Bajocian top (168.2 + 1.2 Ma)
and the Kimmerigdian base (154.8 + 0.8 Ma) there is a time gap of 13.4
+ 2 Ma that comprises the Bathonian and Callovian (upper part of the
Middle Jurassic), and the Oxfordian (lower part of the Late Jurassic).
The ages in Ma have been taken from the International Commission on
Stratigraphy (2023).

A significant change in the sedimentary environment between the
rocks located below and above the unconformity occurs. While the
youngest rocks below the unconformity, belonging to the Rodiles Fm.,
were deposited in a shallow marine environment (open shelf) (e.g.,
Valenzuela et al., 1986; Garcia-Ramos and Gutiérrez Claverol, 1995),
the stratigraphic units above the unconformity, i.e., La Nora and Vega
fms., are of continental origin (alluvial fan and fluvial) (e.g., Valenzuela
et al., 1986; Garcia-Ramos and Gutiérrez Claverol, 1995) (Fig. 2). The
transition from marine facies below the unconformity to continental
facies above the unconformity took place during the Jurassic, a period
that experimented a global sea level rise (e.g., Hallam, 2001). This might
suggest that this sequence boundary was mainly the result of a tectonic
process, which could be analogous to that described for the North Sea (e.
g., Underhill and Partington, 1993; Davies et al., 1999), rather than
controlled by eustasy. However, from Bajocian to Kimmeridgian time
several sea level drops occurred (Haq et al., 1987; Hardenbol et al.,
1998; Haq, 2018) and, consequently, the youngest of them before the La
Nora and Vega fms. deposition could have also left its imprint.

To gain insight into the origin of the unconformity, we have first
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considered that the rocks beneath the unconformity had an approxi-
mately flat-lying attitude before the unconformity (Fig. 5). In this case,
the truncation of different stratigraphic units by the unconformity
should be interpreted as a result of ancient paleoreliefs, so that the un-
conformity would exhibit a markedly non-planar geometry. In this
scenario, it is likely that La Nora and Vega fms. layers above the un-
conformity would display onlap situations where the unconformity is
more inclined. However, such situations have not been observed in the
field. Furthermore, the unconformity would have an approximately
convex geometry at large-scale with a depressed western portion of the
basin and a raised region in the central and eastern portions of the basin.
However, the central and eastern portions of the basin are currently
sunken with respect to the western portion, as shown in Fig. 4c.
Therefore, this scenario, which attributes a paleorelief origin to the
intra-Jurassic unconformity, does not seem to align well with the ob-
servations made in the field. Thus, all the arguments presented above
indicate that the disappearance of the Rodiles and Gijon fms. beneath
the unconformity did not result from paleoreliefs, basin boundaries and/
or eustatic processes. An alternative hypothesis to explain the origin of
the unconformity assumes that the rocks beneath the unconformity were
affected by tectonic structures prior to erosion, in such a way that the
unconformity would truncate both different stratigraphic units and
structures (Fig. 4a). This scenario seems appropriate as it is in accor-
dance with the observations made. The tectonic structures developed
before the unconformity are described in the next section.

5. Tectonics

The analysis presented below primarily takes into account the major
structures that crop out along an E-W section along the coastal area.

5.1. Mesozoic faults and folds active before the intra-Jurassic
unconformity

In an E-W cross-sectional view along the coast, the overall structure
of the Asturian Basin at the time of development of the intra-Jurassic
unconformity was, in broad terms, a very open, large syncline span-
ning tens of kilometres (Fig. 4a). This fold was asymmetric since its
western E-dipping limb was more inclined than its eastern, W-dipping
limb. There is no evidence of growth strata related to the syncline
amplification since bed thickness is approximately constant except for
some Rodiles Fm. biozones that thin slightly eastwards. Thus, this syn-
cline developed after the deposition of the youngest sediments located
beneath the unconformity and prior to the unconformity as the syncline
is truncated by the unconformity.

In the coastal part of the Asturian Basin, some normal faults with NE-
SW strike dipping both to the NW and SE (El Puntal, Villaviciosa-La
Conejera, Lastres), faults with NW-SE strike dipping to the SE (El
Sable), and faults with E-W to NW-SE strike dipping to the N (Rib-
adesella) were active before development of the intra-Jurassic uncon-
formity (Fig. 4a and 6a). Estimated normal throws along these faults
range between approximately 11 m and 50 m, while heaves vary
approximately from 6 to 29 m (Table 1). The faults with the largest
throws are those that strike NE-SW (Villaviciosa-La Conejera and Las-
tres) (Table 1). El Puntal Fault and the Villaviciosa-La Conejera Fault
delimit a narrow horst located at the core of the syncline described
above, the Lastres Fault and El Sable Fault bound a narrow graben in the
eastern syncline limb, and El Sable and the Ribadesella Fault bound a
wide horst eastwards (Fig. 4a). The fault activity map (Fig. 6a) and the
unconformity subcrop map (Fig. 7) of the whole basin show that the
faults active during this event had a predominant NW-SE strike and that
there is a large number of faults developed throughout the basin. No
evidence of growth strata related to fault development have been
identified, as the thicknesses of the pre-unconformity layers identified in
the hangingwalls and footwalls of the faults are approximately identical.
The Rodiles Fm. biozones preserved in the hangingwalls and footwalls of
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Fig. 5. Stratigraphic correlation panel of the Upper Triassic-Jurassic rocks that crop out in the coastal part of the Asturian Basin levelled to the Rodiles Fm. biozones.
The data used to construct this correlation panel are the same than those used to construct the correlation panels illustrated in Fig. 4. The vertical scale of the panel is

exaggerated (~20x). See location of stratigraphic logs in Fig. 3.

these faults are different because both successions, as well as the faults,
are truncated by the intra-Jurassic unconformity. Therefore, the activity
of these faults occurred after the youngest Rodiles Fm. biozone and
before the intra-Jurassic unconformity. Had these faults generated
depocenters, the corresponding growth strata would have been
completely removed by the subsequent erosion.

In summary, between the middle part of the Middle Jurassic and the
lower part of the Late Jurassic the basin acquired a synclinal geometry
and several normal faults with various orientations were active.

5.2. Mesozoic faults active after the intra-Jurassic unconformity

Nowadays, some normal faults cut and offset all the Jurassic strati-
graphic units including the intra-Jurassic unconformity and their
normal throw is greater than the one they had during the event pre-
ceding the intra-Jurassic unconformity. This situation is interpreted as a
normal reactivation of these pre-unconformity normal faults. In the
coastal part of the basin, the reactivated faults strike NE-SW (El Puntal,
Villaviciosa-La Conejera), NW-SE (El Sable), and E-W to NW-SE (Rib-
adesella) (Fig. 4b and 6b). Estimated normal throws along these faults
range from 68 m to 209 m, while heaves vary between 32 and 97 m
(Table 1). The largest throws occur along faults whose strikes are E-W to
NW-SE (Ribadesella) and NW-SE (El Sable) (Table 1). Both the horst at
the hinge of the syncline described above and the graben in its eastern
limb are accentuated due to the increased normal displacement along
the faults that bound them. As a result, the geometry of the central-
eastern part of the syncline is disrupted (Fig. 4b). According to the
fault activity map of the whole basin (Fig. 6b), the faults active during
this time usually exhibit a NW-SE strike, the number of active faults is
moderate, and they seem to concentrate in the central part of the basin.
These observations must be taken with caution as they may be biased by
the outcrop distribution of the post-unconformity units (Fig. 3). The age
of these faults is assumed to be Mesozoic as explained below.

A few normal faults developed in the Asturian Basin after the intra-
Jurassic unconformity have been dated. These faults have provided
ages ranging from the middle part of the Late Jurassic to the middle part
of the Early Cretaceous. The first dated fault corresponds to an E-W
decametre-scale fault developed during the Vega Fm. sedimentation, i.
e., Kimmeridgian (Late Jurassic). This fault exhibits a syn-sedimentary
breccia formed by sandstone blocks, local concentrations of oncoids,
and a small paleochannel filled in with sandstone and breccia whose
orientation is very different from that of the contemporaneous river
network (Garcia-Ramos et al., 2010c; Uzkeda, 2013; Uzkeda et al.,
2016). The second and third faults, somewhat larger in size than the
previous one, correspond to NW-SE faults synchronous with the Terenes
Fm. sedimentation, also of Kimmeridgian age (Late Jurassic). One of
these faults shows detrital beds in the fault hangingwall absent in the

footwall, while the other fault (El Sable Fault) displays a somewhat
thicker succession in the hangingwall compared to that in the footwall
(Uzkeda, 2013; Uzkeda et al., 2016). This fault may have also been
active during the Vega Fm. sedimentation since this formation seems to
be thicker in the downthrown block. The fourth fault, an E-W
kilometre-scale fault, larger in size than the previous ones, was active
from the Late Jurassic to the pre-Barremian Early Cretaceous. The age of
the rocks involved in the fault, along with pollen dating at the base of the
sequence deposited after the fault, allowed its age to be constrained
(Alonso et al., 2009a, 2016). Thus, according to the ages provided by the
four faults described above, the post-unconformity normal motion of El
Puntal, Villaviciosa-La Conejera, El Sable, and Ribadesella faults might
have been produced between the Late Jurassic and the pre-Barremian
Early Cretaceous.

In summary, from the Late Jurassic to the pre-Barremian Early
Cretaceous, many normal faults active during the pre-unconformity
event were reactivated as normal faults.

5.3. Faults and folds active during Cenozoic times

Nowadays, some faults that cut and offset the Jurassic succession
exhibit reverse motion (Ventaniella, Verina), while others display
normal motion but acted as reverse faults because they exhibit evidence
of buttressing (Villaviciosa-La Conejera, Ribadesella) (Alonso et al.,
2009a; Uzkeda, 2013; Uzkeda et al., 2012, 2013, 2015, 2016, 2022;
Martin et al., 2013). In the coastal part of the Asturian Basin these faults
strike NE-SW (Verina, Villaviciosa-La Conejera), NW-SE (Ventaniella),
and E-W to NW-SE (Ribadesella) (Fig. 4c and 6c¢). Estimated reverse
throws along these faults range between 50 m and 80 m, while heaves
vary from 37 to 70 m (Table 1). The NE-SW faults (Verina and
Villaviciosa-La Conejera) are the ones that exhibit the largest throws
(Table 1). The fault activity map of the whole basin (Fig. 6¢) shows that
the predominant strike of faults active during this event is variable, their
number is rather limited, and they are mainly concentrated in the
southern part of the basin. The age of these faults is assumed to be
Cenozoic, given that reverse and strike-slip faults with NE-SW, NW-SE,
and E-W strikes cutting and offsetting Paleogene-Neogene rocks have
been mapped in many geological maps of this region (Beroiz et al.,
1972a, 1972b; Martinez-Alvarez, 1972; Merino-Tomé et al., 2023
amongst others).

The coastal part of the Asturian Basin is made up of several slightly
asymmetric anticlines and synclines of kilometric dimensions, so that
the western limbs of the synclines have a greater dip than the eastern
limbs giving them a faint eastern vergence. The syncline and adjacent
anticlines located between the Ventaniella Fault and the Verina Fault in
the western part of the basin might correspond to a Cenozoic pop-up
structure related to the reverse motion of both faults (Fig. 4c). The
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Fig. 6. Structural sketches showing: a) Mesozoic normal faults active before the intra-Jurassic unconformity, b) Mesozoic normal faults active after the intra-Jurassic
unconformity, and c) reverse faults active during the Cenozoic.
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Table 1

Values of throw and heave for the faults displayed in Fig. 4 during the pre-unconformity extensional stage (Pre-Unc), the post-unconformity extensional stage (Post-
Unc), the contractional stage (Alpine) and nowadays (Current). The Villaviciosa-La Conejera Fault values have been obtained from Uzkeda et al. (2013). Positive
values: normal displacement; negative values: reverse displacement.

FAULT DIP Throw Heave
Pre-Unc Post-Unc Alpine Current Pre-Unc Post-Unc Alpine Current
Ventaniella 90 -50 -50 ? ?
Verina 45 -70 -70 —70 -70
El Puntal 60 11 120 131 6 69 76
Villaviciosa-La Conejera 65 50 68 -80 38 23 32 -37 18
Lastres 60 50 50 29 29
El Sable 60 12 168 180 7 97 104
Ribadesella 75 22 209 ? 231 6 56 ? 62
| | | | | \ |
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Fig. 7. Subcrop map of the intra-Jurassic unconformity under La Nora and Vega fms. Active faults during different tectonic events are also shown. This map is based
on the maps used to construct the geological map in Fig. 3 and on the biostratigraphic data presented in Table 2.

anticline located at the central part of the basin possibly nucleated from footwall could simply evidence distinct erosion resistance of the rocks in
the disturbance caused by the horst bounded by El Puntal and the both fault blocks, however, it may also be interpreted as a potential
Villaviciosa-La Conejera faults, as this horst is situated at the anticline outcome of recent tectonic activity.

hinge (Fig. 4c). Similarly, the syncline located in the eastern part of the In summary, during the Paleogene-Neogene, faults with various
basin may have nucleated from the graben located at its core, bounded orientations were active and new folds developed, whereas during the
by the Lastres Fault and El Sable Fault (Fig. 4c). Quaternary a few faults remained active.

With respect to neotectonic activity, earthquakes along the Ven-
taniella Fault (e.g., Lopez-Fernandez et al., 2018; Fernandez-Viejo et al.,

2021), submarine landslides close to the fault (Fernandez-Viejo et al., 5.4. Fault reactivations

2014), and the fact that its trace is located in between two portions of the

Quaternary coastal rasa with different elevations (Lopez-Fernandez Considering the number of reactivations suffered by the main faults
et al., 2020) evidence its Quaternary activity. Concerning the Verina that crop out along the coastal part of the Asturian Basin, three types of
Fault, in the study area, the uplifted fault block, primarily formed by faults can be distinguished (Fig. 4): i) faults that moved only once, either
Cambrian-Ordovician quartzites, is approximately 160 m above the as normal faults (Lastres, NE-SW strike, SE dip) or as reverse faults
sunken fault block, consisting of Permian-Triassic-Jurassic detrital, (Ventaniella (NW-SE strike, near vertical dip), Verina (NE-SW strike,
carbonate, and evaporitic rocks (e.g., Beroiz et al., 1972c; Magén, 2024). NW dip)), ii) faults that moved twice as normal faults (El Puntal (NE-SW

This significant elevation difference between the fault hangingwall and strike, NW dip), El Sable (NW-SE strike, SW dip)), and iii) faults that
moved three times, twice as normal faults and once as reverse faults

10
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(Villaviciosa-La Conejera (NE-SW strike, SE dip), Ribadesella (WNW-
ESE strike, NNE dip)). Faults active during only one of the two exten-
sional events and subsequently during the contractional event have not
been recognized. However, these results should be taken with caution,
because of the reasons explained below. i) There might have been
reactivations involving movements below the resolution of our working
method. ii) There might be faults that currently exhibit a normal offset,
but nonetheless, they could have experienced reverse reactivation in a
way that the overall motion balance remained normal, i.e., they did not
reach the null point. Without evidence such as buttressing, etc., we
would not have been able to detect their reactivation. iii) Similarly,
faults that currently display reverse motion could have been normal in
the past. However, if the inversion managed to exceed the entire normal
movement, we would not have been able to decipher their activity as
normal faults unless there were pieces of evidence such as buttressing,
biostratigraphic differences, etc. Fault reactivation was selective, but
there is no correlation between the number of times the faults have been
reactivated, their trend and their geographical position. Regarding the
amount of motion that took place during each event, in the case of faults
that were active during the two extensional events, the amount of fault
motion was higher during the younger extensional event, ranging
approximately between 1.4 and 14 times (Table 1).

Regarding the origin of the faults, the NE-SW trending faults (Verina,
El Puntal, Villaviciosa-La Conejera, Lastres) might be reverse faults
developed in the Palaeozoic rocks that make up the Asturian Basin
basement later on propagated across the basin cover during Mesozoic
and/or Cenozoic times. The Variscan structures exhibit a NE-SW trend in
this area (e.g., Julivert and Pello, 1970; Alonso et al., 1987-88) because
the Asturian Basin is located above the northern branch of the
Ibero-Armorican or Asturian arc (e.g., Pérez-Estaiin et al., 1988;
Pérez-Estatin and Bastida, 1990; Aller et al., 2004) (Figs. 1 and 3). If this
was correct, perhaps some of the faults described above might be
inherited faults, so that some faults classified as active during only one
event might have been active during two events (Verina, Lastres), others
classified as active during two events might have been active during
three events (El Puntal), and others active during three events might
have been active during four events (Villaviciosa-La Conejera, which
might correspond to the negative inversion of the Pajares Fault/Back-
thrust (Aller, 1986; Alonso et al., 2009b)). In addition, some authors
describe the existence of NE-SW and NW-SE striking faults active during
Permian and Triassic times (Julivert et al., 1971; Sanchez de la Torre
et al., 1977; Suarez-Rodriguez, 1988; Lepvrier and Martinez-Garcia,
1990; Lopez-Gomez et al., 2019). Thus, some of the faults described
above could have experienced a multiple event activity.

5.5. Late Triassic to present-day tectonic subsidence/uplift

During the sedimentation of the carbonate succession (Gijon Fm.,
and Buerres and Santa Mera mbs. belonging to the Rodiles Fm.) from the
upper part of the Late Triassic to the middle part of the Middle Jurassic,
tectonic subsidence at a moderate, and approximately constant rate of
20 m/Ma occurred (Fig. 8). In contrast the sedimentation rate slowed
down, passing from around 16 m/Ma during the Gijén Fm. deposition to
about 5 m/Ma for the Buerres and Santa Mera mbs. (Rodiles Fm.).

Three observations point out an uplift of the western portion of the
Asturian Basin, extending farther westward, together with erosion: i) the
disappearance of the Gijon and Rodiles fms. beneath the intra-Jurassic
unconformity towards the west (Figs. 3 and 4a), ii) the facies
geographical distribution within La Nora and Vega fms. with proximal
coarse facies in the west and distal finer facies in the east (Valenzuela,
1989; Garcia-Ramos et al., 1979; Sanchez de la Torre and Barba Regidor,
1981), and iii) the composition of conglomerate clasts in La Nora Fm.
whose main source area are Palaeozoic units situated farther west
(Garcia-Ramos, pers. com.) exhumed from Triassic to Late Jurassic
(Grobe et al., 2010). This uplift occurred after the sedimentation of the
Gijon and Rodiles fms. (middle part of the Middle Jurassic) because, as
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mentioned above, their thickness and facies remain constant, but before
the development of the unconformity (lower part of the Late Jurassic) as
they are truncated by the unconformity. It remains uncertain whether
this uplift continued during the sedimentation of La Nora and Vega fms.;
thus, the facies distribution and the provenance of the conglomerates
within these two formations might be diagnostic of deposition coeval to
uplift, but they might also be interpreted as a result of an inherited
paleorelief responsible for a paleodepositional slope. This rapid basin
uplift (40 m/Ma) took place at a faster rate than the previous tectonic
subsidence (Fig. 8).

Once tectonic subsidence resumed during the middle part of the
Upper Jurassic, detrital sedimentation resumed as well. During the
sedimentation of La Nora and Vega fms., tectonic subsidence occurred at
a moderate rate of 25 m/Ma, slightly greater than that which occurred
during the sedimentation of the Jurassic carbonate succession. However,
soon the tectonic subsidence rate increased considerably to high values
of 70 m/Ma during the sedimentation of the Terenes and Lastres fms.
(Fig. 8).

The subhorizontal strip of land developed above the coastal portion
of Asturian Basin called rasa, elongated in an E-W direction approxi-
mately parallel to the coast, with a height of tens of meters above sea
level, bounded to the north by a cliff over the Cantabrian Sea and to the
south by the Cantabrian Mountains (Fig. 9a), and interpreted as a ma-
rine abrasion platform nowadays elevated above sea level (e.g.,
Alvarez-Marrén et al., 2008; Lopez-Fernandez et al., 2020), is a testi-
mony of a relatively recent emersion suffered by this part of the Asturian
Basin. The combination of multiple cosmogenic nuclides gave a mini-
mum age of 1-2 Ma, i.e., Early Pleistocene (lower part of the Quater-
nary), for the rasa located to the west of the studied area, whose height
increases progressively from west to east reaching heights of approxi-
mately 100 m above sea level to the east of the Asturian Basin
(Alvarez-Marrén et al., 2008). In the study area the rasa reaches average
altitudes of 150 m above sea level (Fig. 9a). Assuming that the age of the
rasa in the study area is the same as that estimated by Alvarez-Marrén
et al. (2008), Fig. 9b shows that the current position of the rasa was not
due to a sea level drop, but to a land uplift. Assuming that this uplift
occurred at a constant rate, it took place at a very fast rate of approxi-
mately 92-194 m/Ma, or equivalently, 0.09-0.19 mm/year.

6. Thermal Regime

The vitrinite reflectance values obtained in the Upper Triassic-
Jurassic carbonate rocks plotted on a map and contoured show two
maxima: one maximum just south of a locality called Lastres (1.53) in
the central-eastern part of the basin and a second one, less intense,
around a locality called Ribadesella (1.27) in the easternmost edge of the
basin (Table 3, Fig. 10a). The vitrinite reflectance values collected from
the Jurassic detrital rocks plotted on a map and contoured exhibit only
one maximum (1.24) in the surroundings of Ribadesella (Table 3,
Fig. 10b), i.e., close to the 1.27 maximum shown by the underlying
rocks. Where the lower sequence displays its maximum value (1.53),
there is no local maximum in the upper sequence which displays a
relatively small value (0.52) instead. The discrepancy between the po-
sition of the maxima in the lower and upper successions suggest that
there may have been at least two different main heating events: an old
one developed after the deposition of the lower carbonate succession but
before the detrital succession deposition, i.e., before the intra-Jurassic
unconformity, and a younger one developed after the deposition of
the upper detrital succession affecting the whole Jurassic succession, i.e.
after the intra-Jurassic unconformity.

6.1. Heating event developed before the intra-Jurassic unconformity
The vitrinite reflectance values recorded in the lower carbonate

succession for this event range from less than 0.50 to 1.53 (Table 3), and
they increase from west to east when contoured on a map (Fig. 10a).
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Fig. 9. a) Geological cross-section across the central part of the Asturian Basin showing the rasa developed on top of Mesozoic rocks. See Fig. 3 for location of the
cross section. b) Sea level versus age graph showing two possible trajectories of the rasa assuming a present-day average altitude of 150 m above sea level, constant
uplift rates and that the rasa was submerged at 1 and 2 Ma. The sea level curve has been taken from Miller et al. (2020).

This event reflects a higher heat flow than the younger one.

The vitrinite reflectance is related to temperature in such a way that
the higher the reflectance the higher the temperature (e.g., Barker and
Pawlewicz, 1994). The temperature values obtained from the samples
collected in the lower carbonate succession are unrelated to depth; thus,
the highest temperature values are not located in the deepest portions of
the stratigraphic succession (Fig. 11a). In the study area the highest
vitrinite reflectance values are approximately located around faults
active before the intra-Jurassic unconformity (Fig. 12a and 13a) and
they tend to decrease abruptly when moving away from these faults.
Therefore, rather than burial, we believe the heat responsible for these
vitrinite reflectance values could result from hydrothermal phenomena,
so that faults might have facilitated the uprise of hydrothermal fluids,
warming up the region around the faults and increasing the organic
matter maturity. This hypothesis is consistent with the fluorite miner-
alizations in the mining districts of Villabona, Berbes and La Collada (see
Fig. 3 for location) attributed to the mixing of metalliferous brines with
surficial marine fluids through faults in Jurassic times (Sanchez et al.,
2006, 2009, 2010). Moreover, around 25 km to the east-southeast of the
Asturian Basin (Picos de Europa Region in the Cantabrian Zone),
high-temperature cements related to the activity of dip-slip normal
faults striking WNW-ESE to NW-SE of Late Jurassic to Early Cretaceous
age have been documented (Florez Rodriguez, 2024), which support the
hydrothermal origin of the heat along faults.

El Puntal, Villaviciosa-La Conejera, Lastres, El Sable and Ribadesella
faults show evidence of heating (Fig. 12a). Nonetheless, the high vitri-
nite reflectance value of 1.27 located near the Ribadesella Fault to the
east of the study area (Fig. 13a) may be related to the younger event,
given that the values for both the lower carbonate sequence and the
upper detrital one are relatively similar. In addition to the faults
depicted on the correlation panel in Fig. 12b, other faults could have
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also acted as conduits for the rise of hydrothermal fluids. For instance,
the vitrinite reflectance values of 0.70-0.80 around La Collada area to
the southwest of the study area (Fig. 13a) could be attributed to a set of
NW-SE faults developed in this region (Figs. 3 and 6a) that were active
before the unconformity. The vitrinite reflectance value of 1.15 to the
southeast of the study area (Fig. 13a) could be related to the Llanera
Fault, an E-W Mesozoic normal fault (Figs. 3 and 6a) inverted during the
Alpine contractional event (Alonso et al., 2016).

Using the Barker and Pawlewicz (1994) equations to calculate tem-
peratures from vitrinite reflectance and assuming that the heating was
caused by hydrothermal sources, south of Lastres a maximum temper-
ature of approximately 200 °C would have been reached, towards Rib-
adesella the highest value was 180 °C, similar to the one close to the
Llanera Fault (170 °C), whereas along La Collada region the values were
lower, about 120 °C (Fig. 13a and 14). There is a general temperature
increase from west to east (from 35 °C to about 200 °C), a trend also seen
in the fluorite deposits whose maximum temperatures pass from 90 °C
(Villabona) to 130-140 °C (La Collada and Berbes, respectively)
(Sanchez et al., 2009). Florez Rodriguez (2024) calculated a tempera-
ture range of 75-400 °C (typically, 160-400 °C) for high-temperature
calcite cements in the Picos de Europa Region.

The isocontours of the vitrinite reflectance, probably related to the
extensional activity of the Ribadesella, El Sable, Lastres, Villaviciosa-La
Conejera and El Puntal faults, seem to be truncated by the intra-Jurassic
unconformity (Fig. 12a). Thus, the climax of this event would have taken
place after the Rodiles Fm. deposition, but before the intra-Jurassic
unconformity, i.e., between the Bajocian (middle part of the Middle
Jurassic) and the Kimmeridgian (middle part of the Late Jurassic). The
age of this heating event could be the same one than the heat flow
responsible for the fluorite mineralization in areas close to the study
area, dated as 185 + 28 Ma ago (from the middle part of the Late Triassic
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Table 2

Biostratigraphic data taken from Suarez-Vega (1974), Comas-Rengifo and Goy
(2010), Comas-Rengifo et al. (2010, 2023), Garcia-Ramos et al. (2010a, 2011),
Goy et al. (2010) and Gomez et al. (2016a, 2016b) used to construct the subcrop
map displayed in Fig. 7. See this figure for location of the logs. The thicknesses
displayed in the table are accumulated mean values for the Jurassic carbonate
succession up to each biozone. They have been calculated using logs throughout
the whole basin in order to compare incomplete successions.

ID LOCALITY YOUNGEST BIOZONE THICKNESS (M)
1 Penarrubia to Gijon Jamesoni 375
2 Serin Jamesoni 375
3 Peén Ibex 381
4 Carenes Murchisonae? 448
5 El Puntal Opalinum 445
6 W Rodiles Insigne 434
7 E Rodiles Spinatum 407
8 Santa Mera Sauzei 469
9 Lastres Beach Variabilis 425
10 La Griega Beach Sowerbyi 459
11 Vega Beach Spinatum 407
12 Ribadesella Bifrons 420
13 Cimero Obtusum 324
14 La Rimada to Pozo Los Lobos Jamesoni 375
15 Arganosu Oxynotum 334
16 Arganosu II Jamesoni 375
17 La Vega Sariego Jamesoni 375
18 Arbazal to Pandenes Raricostatum? 354
19 Borines Thourasense? 429
20 Caldones E Oxynotum? 334
21 Deva Oxynotum? 334
22 Deva to La Olla Ibex 381
23 Arroes Raricostatum 354
24 Casa del Marqués Jamesoni 375
25 Seloriu to Santa Mera Serpentinus 416
26 Castiello Margaritatus 401
27 Venta del Pobre Bifrons 420
28 Colunga Variabilis 425
29 Lliberdon W Bifrons 420
30 Lliberdén E Humpbhriesianum 475

to the lower part of the Late Jurassic) using Sr and Nd radiogenic iso-
topes (Sanchez et al., 2006, 2010).

6.2. Heating event developed after the intra-Jurassic unconformity

The vitrinite reflectance values recorded in the upper detrital
sequence for this event range between 0.33 and 1.24 (Table 3). As in the
lower succession, the contours on a map increase from west to east
(Fig. 10b). This event is associated with a lower heat flow than the older
one.

Similarly to the lower carbonate succession, the vitrinite reflectance
values obtained from the upper detrital succession, once converted onto
temperatures and plotted on a graph versus depth, show that there is no
relationship between temperatures and depth (Fig. 11b). This rules out
the hypothesis that this heating event was caused by burial. The highest
vitrinite reflectance values are located near faults active after the intra-
Jurassic unconformity (with both normal and reverse displacements)
and when moving away from these faults, the vitrinite reflectance values
decrease abruptly (Fig. 12b and 13b). These observations suggest that
the faults were the conduits through which the hot hydrothermal fluids
would have circulated and would have been responsible for the organic
matter maturation. However, the conclusions regarding this young
event must be taken carefully, given the scarcity of the data.

The maximum vitrinite reflectance value was attained near the
Ribadesella Fault (Figs. 12b and 13b). As mentioned above, this
maximum (1.24) is very similar to that recorded in the stratigraphic
succession below the unconformity (1.27). Other faults could have also
acted as conduits for the rise of hydrothermal fluids. Thus, the maximum
above 0.60 near a locality called Oles in the north part of the Asturian
Basin (Fig. 13b) could be attributed to a fault active after the intra-
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Jurassic unconformity (Figs. 3, 6b and 6¢).

Using the Barker and Pawlewicz (1994) equations to convert vitrinite
reflectance values to temperature assuming hydrothermal heating, a
maximum temperature of around 180 °C would have been reached near
Ribadesella, whereas the values in the Oles region were lower, about
110 °C (Fig. 13b and 14).

The occurrence of oncoids within the Vega Fm. aligned along a fault
(Garcia-Ramos et al., 2010c; Uzkeda, 2013; Uzkeda et al., 2016) in-
dicates the presence of hot fluids circulating along a fault coetaneous to
this stratigraphic unit. This fluid migration could have contributed to
the maturity of the organic matter of the lower part of the detrital suc-
cession, however, it does not explain why the upper part of the detrital
succession (Terenes and Lastres fms.) also recorded a thermal event
(Fig. 12b). Another aspect that may contribute to unravel the age of this
heating event is the Lastres Fm. samples collected in the Oles region. A
vitrinite reflectance value of 0.72, using phlobafinite as a marker, was
measured by Suarez-Ruiz et al. (2006) in the Oles region. These authors
highlight the discrepancies between the values obtained using two
components of the vitrinite: phlobafinite (0.72) and ulminite (0.39).
They attribute it to the perhydrous character of the sample, which would
have been the result of impregnation by oils during an early diagenetic
stage (Suarez-Ruiz et al., 1994; Jiménez et al., 1998). The fact that there
was oil generation immediately after the deposition of the Upper
Jurassic Lastres Fm. suggests that this heating event might have been
responsible for its generation and, therefore, its age would be close to
Late Jurassic. It is not very likely that this heating event is related to the
Cenozoic Alpine contraction. Thus, in the Picos de Europa region, Florez
Rodriguez (2024) described low-temperature calcite cements (15-85
°C) that precipitated along strike slip-reverse faults attributed to the
Cenozoic Alpine contraction. Such temperature values would not be
enough to explain the organic matter maturity reached in regions such
as Oles and Ribadesella, that would have required temperatures over
100 °C.

7. Tectono-thermal evolution of the Asturian basin from Late
Triassic to present-day

After a moderate and approximately constant tectonic subsidence
rate of approximately 20 m/Ma (Fig. 8), during which an Upper Triassic-
Middle Jurassic marine succession was deposited (Fig. 2), a tectono-
thermal event took place (Fig. 15). The age of this extensional event,
recorded by a stratigraphic gap between the youngest part of the Late
Triassic-Middle Jurassic succession and the intra-Jurassic unconformity
(Fig. 2), ranges from post-Bajocian times (middle part of the Middle
Jurassic) to pre-Kimmeridgian times (lower part of the Late Jurassic).
During this event, at least, the El Puntal, Villaviciosa-La Conejera, Las-
tres, El Sable and Ribadesella faults were active. This event involved
rapid tectonic uplift at a rate of 40 m/Ma (Fig. 8), specially pronounced
in the western part of the basin (Figs. 3 and 4a), which caused basin
emersion. In addition, a large gentle syncline, whose trough is approx-
imately located in the central-eastern part of the basin, developed in the
coastal part of the basin (Fig. 4a). This process was accompanied by
normal faulting (Fig. 4a, 6a and 7), consisting of formation of new faults
and possible reactivation of inherited structures. Most of the faults
active during this event strike NW-SE (Figs. 6 and 7) and their maximum
throw reached tens of meters (Table 1). The rise of hydrothermal fluids
through several faults (Fig. 12a and 13a) caused heating that increased
from west to east, reaching maximum temperatures of 200 °C (Fig. 14)
and leading to organic matter maturation.

Significant erosion occurred, causing an intra-Jurassic unconformity
that truncated the Palaeozoic, Triassic and Lower-Middle Jurassic
layers, as well as the structures developed during the pre-unconformity
extensional event (Figs. 2, 3, 4a and 15). Moderate tectonic subsidence
on the order of 25 m/Ma facilitated the resumption of sedimentation in a
continental environment above the unconformity during the Late
Jurassic (Fig. 8). However, soon the subsidence reached high values of
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Table 3
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Vitrinite reflectance values taken from Suarez-Ruiz (1988), Suarez-Ruiz and Gonzalez Prado (1995) and Suarez-Ruiz et al. (2006). Blue rows:
samples from the Upper Triassic-Jurassic carbonate sequence. Orange rows: samples from the Jurassic detrital succession. Temperatures
estimated using the Barker and Pawlewicz (1994) equation for hydrothermal processes. See Fig. 10 for location of the samples.

ID LOCALITY

UNIT VALUE

TEMP. (°C)

6 Estafo La Nora — Lastres fms. 0.38 28
7 La Nora W La Nora Fm. 0.38 28
8 La Nora E Lastres Fm. 0.38 28
9 Espafia W Lastres Fm. 0.46 53
10 Espafa E Lastres Fm. 0.33 10

23 Lastres Beach 2

Vega Fm.

0.52 69

24 La Griega 1

Tereies Fm.

0.50 64

32 Tereies Terefies — Lastres fms. 1.02 155
33 Las Atalayas Lastres Fm. 1.24 180
34 Oles mine Lastres Fm. 0.72 110

approximately 70 m/Ma, and sedimentation shifted to be dominated by
lagoonal environments. This tectonic subsidence, occurring after the
intra-Jurassic unconformity and during the sedimentation of the middle
Upper Jurassic sequence, could be interpreted as thermal subsidence
due to lithosphere cooling after the pre-unconformity extensional event,
during which high temperatures were reached. During this thermal
subsidence event, occasional small-scale syn-sedimentary normal faults
still developed, and locally hot fluids circulated along them (Fig. 14).
Between Late Jurassic and pre-Barremian Early Cretaceous time,
another tectono-thermal event occurred (Fig. 15). This extensional event
caused the reactivation of many normal faults active during the older
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extensional event and the modification of part of the geometry of the
large gentle syncline previously formed in the coastal part of the basin
(Fig. 4b). The throws of the faults increased up to hundreds of meters
(Table 1), most of them with NW-SE strikes (Fig. 6b). A few faults
allowed circulation of hot fluids along them (Fig. 12b and 13b), albeit
the heat was weaker than that in the older thermal event, since
maximum temperatures reached 180 °C in the eastern portion of the
basin (Fig. 14).

At first glance, the Middle-Late Jurassic and the Late Jurassic-Early
Cretaceous events, both involving extensional faulting and heat, might
be considered as a single tectono-thermal event. However, the presence
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Fig. 10. Maps constructed contouring the vitrinite reflectance values for: a) the Upper Triassic-Jurassic carbonate rocks and b) the Jurassic detrital rocks. Interval
between vitrinite reflectance contours (dotted lines): 0.10. The vitrinite reflectance curves of 0.60 (beginning of the oil formation window) and 1.35 (beginning of the
window of wet gas formation) are shown with a solid line. The data used are listed in Table 3.

of the intra-Jurassic unconformity between both and the lack of signif-
icant syn-sedimentary tectonic structures during the deposition of the
middle Upper Jurassic sequences suggests that there was a tectonic
quiescence period between both (Figs. 8 and 15). Thus, these observa-
tions support two distinct tectono-thermal events.

During part of the Paleogene and Neogene, a contractional event
produced the development of reverse faults with dominant E-W strike,
whose throws reach several tens of meters, and inversion of previous
normal faults, decreasing their normal displacement by tens of meters
(Fig. 4c and 6¢, and Table 1). However, reverse slip might not have been
the only type of reactivation, as there are examples of faults along the
basin that suffered buttressing, and/or strike-slip reactivation (such as
the NE-SW Villaviciosa-La Conejera Fault). In the coastal part of the
basin, a pop-up type structure was generated between two faults to the
west and the large syncline became two smaller close synclines sepa-
rated by a horst-cored anticline (Fig. 4c).

During the Quaternary, at least the coastal part of the Asturian Basin,
which corresponded to a marine abrasion platform (Fig. 9a), emerged at
a very rapid rate of approximately 92-194 m/Ma (Fig. 9b). This
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phenomenon was accompanied by development of earthquakes associ-
ated with one of the currently active faults (e.g., Lopez-Fernandez et al.,
2018; Fernandez-Viejo et al., 2021).

8. Implications for hydrocarbon exploration

The subsurface of the offshore portion of the Asturian Basin has
proved to produce oil and gas and to have reservoir rocks with adequate
porosity and permeability values to store hydrocarbons (e.g., Riaza
Molina, 1996; Gutiérrez Claverol and Gallastegui, 2002; Gutiérrez
Claverol et al., 2002, 2005; Saénz de Santamaria and Gutiérrez Claverol,
2013). However, these authors point out that the variation of productive
parameters at short distances and the low reservoir/cover ratio do not
favour the existence of economically viable findings, and furthermore,
the complex geological structure resulting from basin inversion makes it
difficult to find fields of suitable size.

For kerogen type II, such as that identified within the Upper Triassic-
Jurassic carbonate succession (Suarez-Ruiz, 1988; Suarez-Ruiz and
Gonzalez Prado, 1995), the early oil generation typically commences
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Fig. 11. Depth versus temperature plots for: a) the old heating event developed before the intra-Jurassic unconformity (depth: meters below the Rodiles Fm. top,
taking the most complete stratigraphic log as reference) and b) the young heating event developed after the intra-Jurassic unconformity (depth: meters below the
Lastres Fm. top, taking the most complete stratigraphic log as reference). The labels next to each point correspond to the ID of the samples shown in Table 3.
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Fig. 12. Stratigraphic correlation panels shown in Fig. 4a and c including vitrinite reflectance values from Table 3, as well as vitrinite reflectance isocontours, for: a)
the old heating event developed before the intra-Jurassic unconformity and b) the young heating event developed after the intra-Jurassic unconformity. See location

of stratigraphic logs in Fig. 3.

when vitrinite reflectance values reach a value of 0.60, whereas the wet
gas window starts at 1.35 (Dow, 1977; Senftle and Landis, 1991; Dem-
bicki, 2009, 2022). Given this, the isocontour vitrinite reflectance maps
constructed using interpolation algorithms without considering a
possible structural control (Fig. 10) show a relatively wide area of
around 750 km? that reached the oil window generation and a smaller
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one, about 40 km?, where conditions for gas generation were met.
However, when the vitrinite reflectance maps are created taking into
account the possible control exerted by the faults over the organic
matter maturity (Fig. 13), the regions susceptible of having reached the
oil and gas windows are much more reduced (146 and 10 km?, respec-
tively) and, consequently, there would have been less hydrocarbon
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Fig. 13. Vitrinite reflectance maps constructed taking into account the correlation panels shown in Fig. 12: a) values for the Upper Triassic-Jurassic carbonate rocks
and b) values for the Jurassic detrital rocks. Interval between vitrinite reflectance contours (dotted lines): 0.10. The vitrinite reflectance curves of 0.60 (beginning of
the oil formation window) and 1.35 (beginning of the window of wet gas formation) are shown with a solid line. The data used are listed in Table 3.

generation than expected. Regarding the younger heating event, the
map considering the structural control shows that the conditions for gas
generation were not reached, and the oil conditions were reached in an
area of less than 20 km?2. Thus, another factor to explain the lack of
economically viable hydrocarbon fields in this region is the fact that
large enough volumes of hydrocarbons were not generated because of
the reduced hydrocarbon kitchen.

Another element that would have acted against the formation of
large reservoirs is the timing of the old heating event, which seems to
have been the most important one. When it occurred, i.e., Bajocian-
Kimmeridgian, there were neither potential reservoir rocks above the
unconformity, nor seals above the reservoir, and this would have
impeded the formation of traps and allowed the loss of the migrating
hydrocarbons.
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9. Implications for the geodynamic models of the north Iberian
margin

Various geodynamic models have been proposed to account for the
Mesozoic evolution of the North Iberian margin and the opening of the
Bay of Biscay: i) anticlockwise rotation of Iberia (e.g., Srivastava et al.,
2000; Sibuet et al., 2004; Vissers and Meijer, 2012); ii) left-lateral strike
slip (e.g., Le Pichon and Sibuet, 1971; Olivet, 1996; Stampfli et al., 2002;
Handy et al., 2010); iii) transtension (King et al., 2021); iv) transtension
followed by minor orthogonal extension (Jammes et al., 2009); v) suc-
cessive stages of transtension in a diffuse plate boundary (Asti et al.,
2022). Because of the limited extension of our study area compared to
that of the North Iberian margin, and the absence of most of the
Cretaceous syn-rift sequence in the region, it does not seem reasonable
to support one or several models above the others. Despite this, the work
presented here may help to understand the possible evolution of this
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portion of the North Iberian margin regarding two main aspects: i) the
amount of extension and ii) the role of the Ventaniella Fault.

9.1. Amount of extension

The onshore portion of the Asturian Basin has been typically
considered as part of the necking domain of the Mesozoic rift that took
place in the Bay of Biscay (e.g., Tugend et al., 2015a; Cadenas et al.,
2018, 2020; King et al., 2023). Given that the necking domain is
partially within the high-p extensional systems (Tugend et al., 2015b), a
relatively high amount of extension, accommodated by gently dipping
faults and notable fault slips, should be expected. However, in the study
area normal faults usually dip above 50°, and display throws of less than
300 m and heaves of no more than 80 m (Fig. 4a and b). Considering
both the high fault dip and the small fault motion, it seems more plau-
sible that the emerged portion of the Asturian Basin, rather than part of
the necking domain of the hyper-extended Biscay Rift System, would
correspond to a proximal region, with less amount of extension and a
structural architecture similar to that of the classical rift systems formed
by grabens and half-grabens. Our observations fit better in the
multi-stage model proposed by Cadenas et al. (2020) within the “Diffuse
Gijon-Ribadesella Rift System” (formed by horst and half-grabens). The
structural style seen onshore is comparable to that of the Gijén-Riba-
desella system, albeit with two main differences. The first one is that,
unlike the offshore portion of the basin (Cadenas et al., 2020), onshore
there are evidence of normal fault activity after the Triassic rift at least
twice: before and after the intra-Jurassic unconformity (Figs. 4, 6 and 7).
The second difference is that the large normal faults onshore cut and
offset most of the Mesozoic succession from the Triassic to the Creta-
ceous, while offshore there are normal faults that involve the
pre-evaporitic Triassic succession and the underlying rocks, and others
that affect only the post-evaporitic succession (Cadenas et al., 2020).
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The last difference may be due to the extremely different thickness of the
Triassic evaporites offshore and onshore. Thick evaporitic sequences,
including salts, have been drilled offshore (more than 600 m in the
MC-K1 well according to Cadenas and Fernandez-Viejo, 2017, about
500 m in the MC-B4 as stated by Zamora et al., 2017, see wells location
in Fig. 16) and salt-related structures have been extensively interpreted
(e.g., Boillot et al., 1979; Cadenas and Fernandez-Viejo, 2017; Zamora
et al., 2017; Cadenas et al., 2020). In contrast, the evaporite sedimen-
tation was less significant onshore, with successions of 40-60 m thick-
ness in the Vilorteo and Cantavieyo wells (see wells location in Fig. 3)
located in La Collada mining district (Pieren et al., 1995; Barron et al.,
2006), and salt-related structures have not been documented, except for
sporadic breccias within the Gijon Fm. interpreted as dissolution of
underlying evaporites and subsequent collapse (Barron et al., 2002,
2006; Gonzalez-Fernandez et al., 2004a). The presence of thick evapo-
rite sequences offshore may have facilitated the creation of salt rollers
and hindered normal fault propagation from deeper to shallower parts of
the stratigraphic succession, which has not occurred onshore where
evaporites are thinner.

9.2. Role of the Ventaniella Fault

In large-scale and offshore studies, the Ventaniella Fault (Figs. 1, 3
and 16) has traditionally been considered as a main tectonic boundary
or an active fault controlling the Mesozoic rifting events (e.g., De
Vicente et al., 2011; Roca et al., 2011; Fernandez-Viejo et al., 2014;
Tugend et al., 2015a; Cadenas et al., 2018, 2020; Lopez-Gomez et al.,
2019; Asti et al., 2022). However, some observations in the Asturian
Basin are not fully aligned with such interpretation. Below, we will
examine the role played by the Ventaniella Fault during the different
Mesozoic events including a brief comment about the Triassic rift pre-
vious to the events this paper is focused on.
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According to Lopez-Gomez et al. (2019) the Ventaniella Fault is the
southwest boundary of the Gijon-Villaviciosa Triassic sub-basin. Despite
this, these authors acknowledge that Triassic deposits were found in the
offshore GAL-B2 well (see well location in Fig. 16) located in the
southwest block of the Ventaniella Fault. In addition, onshore, the
youngest Triassic syn-rift unit, called Fuentes Fm (Suarez-Rodriguez,
1988) or Transicion Fm. (Lopez-Gomez et al., 2019), has been mapped in
the southwest block of the Ventaniella Fault, just south of La Pola Siero
locality (Merino-Tomeé et al., 2023) (south-central part of the geological
map illustrated in Fig. 3). This stratigraphic unit crops out along a
NE-SW trending syncline, whose axis plunges to the NE, bounded by
reverse faults (probably inverted Permian normal faults), according to
Lopez-Gomez et al. (2019). The decrease in thickness of this strati-
graphic unit from approximately 260 m to about 70 m towards the
southwest is due to its truncation by the erosive base of the overlying
post-rift Cretaceous Pola de Siero Fm. Thus, although the Ventaniella
Fault may have exerted a certain control on the Triassic rifting event, its
role as a main tectonic boundary during the Triassic is doubtful. In fact,
the NE-SW trend of this unit might be attributed to the activity of faults
parallel to the Villaviciosa-La Conejera Fault and its southwestern
continuation, the La Pena Fault (Alonso et al., 2016) which would
correspond to the negative inversion of Variscan structures such as the
Pajares Fault/Backthrust (Aller, 1986; Alonso et al., 2009b).

The Late Triassic and Early Jurassic, i.e., during the sedimentation of
the Gijon and Rodiles fms., were periods of tectonic quiescence during
which the Ventaniella Fault would have been inactive. If the fault had
been active, or acted as a basin boundary, sedimentary environment and
thickness variations would be expected in the vicinity of the fault.
However, according to Suarez-Vega (1974) the Rodiles Fm. features in
the stratigraphic column closest to the Ventaniella Fault (column 17 in
Fig. 7) are similar to those in the coastal stratigraphic columns far from
the fault.

The Ventaniella Fault does not seem to have played an important role
during the extensional event occurred just before the intra-Jurassic
unconformity either. The correlation panel flattened to the unconfor-
mity (Fig. 4a) shows that, from El Puntal Fault to the west, La Nora Fm.
lies unconformably over older rocks. La Nora Fm. rests upon the Rodiles
Fm. in the central part of the Asturian Basin, eventually truncating it
completely to the west of the column 8 in Figs. 3 and 4a. Further to the
west, La Nora Fm. overlies the Gijén Fm., completely truncating it to the
west of the column 2 in Figs. 3 and 4a. From this point westward, La
Nora Fm. rests upon Palaeozoic rocks (Figs. 3 and 4a). This westward
deepening of the erosion might be explained by a pre-unconformity
regional tilting to the east. Had the Ventaniella Fault been active dur-
ing this period of time, there should be an abrupt change of the erosional
level between the stratigraphic columns located in its northeastern fault
block and those located in its southwestern fault block. However,
neither the geological and subcrop maps nor the stratigraphic correla-
tion panels show evidence of this; rather, they indicate a progressive
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deepening of erosion (Figs. 3, 4a and 7).

Patches of Lower Cretaceous sediments lay unconformably over
Palaeozoic rocks in the vicinity of the town of Antromero (Arbizu et al.,
1995, 2015; Gonzalez-Fernandez et al., 2004b) (northwestern part of the
map illustrated in Fig. 3) in the northeastern block of the Ventaniella
Fault which, according to previous authors, is supposedly the sunken
fault block during the Late Jurassic - pre-Barremian Early Cretaceous
extensional event. The Lower Cretaceous stratigraphic units mapped are
the Barremian Penaferruz Fm. and the Barremian(?)-Aptian Antromero
Fm., both belonging to the basal part of the post-rift sequence (Alonso
et al.,, 2016), while the Palaeozoic stratigraphic units belong to the
pre-rift sequence in relation to this extensional event. The fact that, in
the supposedly sunken fault block, the post-rift sequence lays above the
pre-rift sequence without any syn-rift sediments in between would
indicate that the Ventaniella Fault was inactive or that it had very little
displacement and the thin syn-rift sequence deposited was eroded before
deposition of the post-rift sequence (Fig. 17a). The Asturian Basin faults
that played an important role during the Late Jurassic - pre-Barremian
Early Cretaceous extensional event, such as the Llanera Fault, exhibit
post-rift sequences upon syn-rift sediments in the hangingwall, and
post-rift sequences above pre-rift rocks in the footwall (Alonso et al.,
2016). Currently, the Ventaniella Fault has a reverse throw of about 50
m (Table 1 and Fig. 4c). If the Ventaniella Fault indeed played an
important role during the Late Jurassic - pre-Barremian Early Cretaceous
extensional event, then the reverse throw it experienced during the
Cenozoic Alpine contractional event must have been very significant in
order to compensate all the normal throw and end up with 50 m reverse
throw. A significant throw during the Cenozoic Alpine contraction could
possibly have led to the development of a thick syn-inversion succession
related to the fault (Fig. 17b). However, syn-inversion sediments of
Cenozoic age related to the Ventaniella Fault have not been docu-
mented. The only syn-inversion sequences in the onshore portion of the
Asturian Basin occur in the Oviedo Basin (Fig. 3), a basin fed by the
erosion of the hangingwall of the E-W striking Llanera Fault
(Garcia-Ramos and Gutiérrez Claverol, 1995; Alonso et al., 1996). Both
the absence of a syn-rift sequence between the post- and pre-rift se-
quences in the northeastern block of the Ventaniella Fault, as well as the
absence of syn-inversion sediments associated with the fault (Fig. 17a),
call into question the role attributed to the Ventaniella Fault as one of
the main structural elements controlling the Late Jurassic -
pre-Barremian Early Cretaceous rift in the onshore portion of the
Asturian Basin.

10. Conclusions

From Late Triassic to present-day, the Asturian Basin experienced
two extensional events and a contractional one. The oldest extensional
episode consisted of uplift, normal faulting and gentle folding, as well as
heating. It took place from the middle part of the Middle Jurassic to the



H. Uzkeda et al.

a)

Small normal
displacement

Thin syn-rift
sequence

Erosion removes
syn-rift
sequence

Small reverse
displacement

Thin syn-inversion

b)

remove normal slip

Thick syn-inversion

Marine and Petroleum Geology 171 (2025) 107158

Large normal
displacement

Thick syn-rift
sequence

Preserved
syn-rift
sequence

Large reverse
displacement to

sequence sequence
Erosion removes Preserved
syn-inversion syn-inversion
sequence sequence
Post-inversion .
fffff : ; Erosion
] Syn-inversion Erosion
B Postrifl Erosion
B Syn-rift
[ Pre-rift

Fig. 17. Conceptual sketches of normal faults reactivated as reverse faults, highlighting the main disparities as a consequence of different amounts of fault motion
during the extensional and contractional events. a) small normal and reverse fault displacements, and b) large normal and reverse fault displacements. The path a) is

the one proposed here for the Ventaniella Fault.

middle part of the Late Jurassic. The youngest extensional event was
responsible for reactivation of some faults and a slightly weaker heating.
Its timing is less constrained, as it could have happened from Late
Jurassic to Early Cretaceous time. These two events are separated by an
intra-Jurassic unconformity, as well as by a thermal subsidence period.
During the contractional event in Paleogene-Neogene time, reverse
faults and some folds formed, and some older faults were reactivated,
inverted and underwent buttressing effects. Neotectonics during Qua-
ternary times led to basin emersion accompanied by some seismogenic
active faults.

The integration of cartographic, structural, biostratigraphic and
vitrinite reflectance data in the form of graphs, maps and correlation
panels of the different stratigraphic units built for different times has
proven to be a valuable tool in deciphering the tectono-thermal evolu-
tion of a basin.

In addition to the factors discussed by previous authors, the absence
of economically viable hydrocarbon findings in this region might result
from the hydrothermal origin of the heat that produced the organic
matter maturation within the Jurassic succession. Thus, the oil and gas
generation windows would have been reached in relatively small re-
gions, close to the faults that acted as conduits for hot fluids, preventing
the generation of large volumes of hydrocarbons.

The tectono-thermal evolution of the Asturian Basin proposed here
challenges some aspects of previous models for the Jurassic-Cretaceous
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hyper-extended margin of the Bay of Biscay, regarding the structural
position of the onshore portion of the Asturian Basin within the rift and
the role of the Ventaniella Fault. Firstly, the small amount of extension
experienced by the emerged part of the Asturian Basin suggests that it
must have been situated in a proximal domain rather than in a necking
domain. Secondly, the displacement along the Ventaniella Fault during
the Mesozoic extensional events appears to have been small or even null,
and thus, it may not have been able to behave as a major tectonic
boundary during the formation of the Bay of Biscay.
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