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Abstract

Deposition of black shale facies, one of the main contributors for hydrocarbon production, is commonly assumed to be linked to Oceanic 
Anoxic Events (OAEs), which are supposed to be generated during warm palaeoclimates. This assumption could bias the exploration for 
hydrocarbon source rocks preferentially towards sediments deposited under warm palaeonvironments, as a preferential guide for hydrocar-
bon exploration. As a consequence, the establishment of the links between palaeotemperature and the formation of organic-rich deposits 
is of primary importance. For this purpose, the Upper Sinemurian, Pliensbachian and Lower Toarcian (Lower Jurassic) deposits of the 
Asturian Basin in northern Spain, including more than 100 m thick succession containing organic-rich and black shale deposits, have been 
studied. Correlation between palaeoclimatic data, previously obtained from oxygen isotopes, and the TOC content reveals that black shales 
and organic-rich sediments were deposited not only during warming intervals but also during a prominent cooling event that occurred at the 
Late Pliensbachian. This cooling period has been pointed out as one of the main intervals to have developed ice caps in the poles during the 
Jurassic. On the contrary, no black shales were generated during the postulated Early Toarcian OAE, which coincides with a superwarming 
interval. Additionally, the study of the facies cycles and the measurement of gamma-ray in outcrops and its correlation with TOC content 
provides data on the use of natural radioactivity and sea level changes as a proxy for preliminary organic matter richness evaluation. 
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Resumen
Normalmente se asume que la sedimentación de las facies de black shales, uno de los principales contribuyentes a la generación de hidro-

carburos, está ligada a los Eventos Oceánicos Anóxicos (OAEs) y que éstas facies se formaron durante paleoclimas cálidos. Esta suposición 
puede orientar a la exploración de rocas madre de hidrocarburos preferentemente hacia los sedimentos depositados bajo paleoambientes 
cálidos. En consecuencia, el establecimiento de la relación entre paleotemperaturas y la formación de depósitos ricos en materia orgánica 
resulta de gran importancia para encontrar argumentos sobre este tema, aplicables a la exploración de hidrocarburos. Con este propósito 
se han estudiado los sedimentos del Sinemuriense Superior, Pliensbachiense y Toarciense Inferior (Jurásico Inferior) de la Cuenca de As-
turiana, que incluyen más de 100 m de espesor de depósitos conteniendo facies con materia orgánica y black shales. La correlación entre 
los datos paleoclimáticos, obtenidos previamente a partir de isótopos de oxígeno, y el contenido de Carbono Orgánico Total (TOC) revela 
que los black shales y los sedimentos ricos en materia orgánica se depositaron no solo durante los intervalos cálidos sino también durante 
un destacado evento frío que se desarrolló durante el Pliensbachiense Superior. Este intervalo frío ha sido señalado como uno de los prin-
cipales candidatos en los que se podrían haber desarrollado casquetes polares durante el Jurásico. Por el contrario, no se depositaron black 
shales durante el postulado OAE del Toarciense Inferior, que coincide con un intervalo de supercalentamiento. Además, el estudio de los 
ciclos de facies y la medida de la radioactividad natural (rayos gamma) en afloramiento, y su correlación con el contenido en TOC, aporta 
datos sobre el uso de los logs de rayos gamma y los cambios del nivel del mar como proxy para la evaluación preliminar de la riqueza en 
materia orgánica.

Palabras clave: Depósitos organógenos, Cambio climático, Isótopos de oxígeno, Isótopos de carbono, Rayos gamma, Cambios eustáticos 
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1. Introduction

Some of the main intervals of hydrocarbon source rocks 
are supposed to be linked to the postulated Oceanic Anoxic 
Events (OAEs), which have been defined (Jenkyns and Clay-
ton, 1986, 1997) on the basis of the presence of black shale 
facies (>5wt.%TOC; Bates and Jackson, 1987) worldwide. 
The major forcing event behind these OAEs (Jenkyns et al., 
2002), has been attributed to abrupt rises in temperature, in-
duced by rapid influx of CO2 into the atmosphere from volca-
nogenic and/or methanogenic sources (Jenkyns, 2010). Fol-
lowing these ideas, palaeoclimatological studies, oriented to 
search for source rocks linked to warming periods could be 
used as an additional tool to the commonly used in hydrocar-
bons exploration.

The Rodiles section of the Asturian Basin in northern Spain 
(Fig. 1), which shows a succession of Upper Sinemurian, 
Pliensbachian and Lower Toarcian (Lower Jurassic) deposits, 
offers an excellent opportunity to asses this statement, as sev-
eral climatic oscillations have been identified (Gómez et al., 
2016) and the record of the TOC content of the succession 
reveals the presence of several intervals of organic-rich and 
black shale deposits.

Comparison of the recorded changes in seawater palaeo-
temperature, using the δ18Obel from diagenetically screened 
belemnite calcite as a proxy, and the δ18Obel records obtained 
in several European sections has allowed the characteriza-
tion of several climatic intervals probably of global extent 
(Gómez et al., 2016). A warming interval which partly co-
incides with a negative δ13Cbel excursion was recorded at 
the Late Sinemurian. An interval of “normal” temperature, 
with values close to the average temperature recorded in 
the studied period, is followed by another warming interval 
that contains a short lived positive δ13Cbel peak, developed at 

the Early Pliensbachian. The Late Pliensbachian represents 
an outstanding cooling interval containing a positive δ13Cbel 
excursion interrupted by a small negative δ13Cbel peak, and 
finally, the Early Toarcian represented an exceptional super-
warming period pointed as the main cause of a prominent 
mass extinction (Gómez and Goy, 2011).

The presence of organic-rich and black shale facies in the 
Pliensbachian deposits of northern Spain and the Lusitanian 
Basin of Portugal, which are considered one of the main tar-
gets for oil and gas exploration in these areas (Suárez-Ruiz, 
1987; Suárez-Ruiz and Prado, 1995; Duarte et al., 2010, 2014; 
Silva, 2013; Silva and Duarte, 2015), conducted to Borrego 
et al. (1996) to identify, on the basis of the OAEs definition 
by Jenkyns and Clayton (1986,1997) the presence of an “an-
oxic” event of Pliensbachian age in the Asturian Basin.

The objectives of this work are to provide data on the link 
between the evolution of seawater palaeotemperatures and 
the presence of organic-rich and black shale facies as well as 
the correlation between these facies and the deepening‒shal-
lowing cycles and the gamma-ray log. For these purposes, 
detailed measurement bed by bed of the lithological succes-
sion, ammonite-based biochronostratigraphical studies, cou-
pled with stable isotope analysis of diagenetically screened 
belemnite calcite, and total organic carbon (TOC) analysis, 
have been performed.

The correlation between the occurrence of organic-rich de-
posits and the climatic, and sea level changes, allows to ana-
lyze the current criteria used to define the postulated Oceanic 
Anoxic Events and apply them as a guide for hydrocarbon 
exploration. The correlation between the gamma-ray meas-
urements and the obtained TOC values allows evaluation of 
this tool to contribute in the assessment of the hydrocarbon 
potential of one area in the subsurface, on the basis of the 
available gamma-ray logs from previous wells.

Fig. 1.- Maps showing the location of the Rodiles section. (a): Sketched map of the geology of Spain and Portugal showing the position of 
the Asturian Basin. (b): Outcrops of the Jurassic deposits in the Asturian and the western part of the Basque-Cantabrian Basin, as well 
as the position of the Rodiles section. (c): Sketched geological map of the Asturian Basin showing the location of the Rodiles section.
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2. Materials and methods

The 110 m thick Rodiles section shows a well exposed Up-
per Sinemurian, Pliensbachian and Lower Toarcian (Lower 
Jurassic) succession (Fig. 2). A total of 191 analyses of stable 
isotopes were performed on diagenetically screened belem-
nite calcite samples to determine the seawater palaeotemper-
atures and the carbon isotope variations in the time interval 
studied (see Gómez et al., 2008; Gómez and Goy, 2011 for 
the latest Pliensbachian and the Early Toarcian, and Gómez 
et al., 2016, for the all studied interval). In addition, a total of 
146 samples were analyzed for TOC content and radioactiv-
ity (gamma-ray) of the rocks was measured bed by bed along 
the whole section.

Belemnite calcite was processed in the stable isotope labs 
of the Michigan University (USA) following the methods de-
scribed in Gómez and Goy (2011). TOC analyses have been 
performed in the Centro de Espectrometría Atómica of the 
Universidad Complutense of Madrid using a Shimadzn TOC-
V analyzer for solid samples (SSM-5000 A). One sample of 
standard NIST 1944 was analyzed every four samples of rock 
to control the total carbon values and bicarbonate of soda for 
the inorganic carbon. Analytical error was better than ±0.7%. 
Gamma ray values were measured in the field in a total of 
562 layers with a portable scintillation counter Exploranium 
Geometrics GRS101.

3. Results

The well exposed Upper Sinemurian, Pliensbachian and 
Lower Toarcian deposits cropping out in the coastal cliffs 
of the eastern part of the Asturias region in northern Spain, 
are represented by a succession of alternating lime mudstone 
to bioclastic wackestone and marl (Fig. 2) belonging to the 
Santa Mera Member of the Rodiles Formation (Valenzuela, 
1988).

The lithological succession, sequence stratigraphy, curve 
of the gamma-ray measured figures, profiles of the δ18Obel and 
δ13Cbel values obtained from belemnite calcite and the curve 
of Total Organic Carbon (TOC) variations have been plotted 
against the 562 measured beds of the Rodiles section (Fig. 3). 

3.1. Lithology

The Upper Sinemurian, Pliensbachian and Lower Toarcian 
deposits of the Rodiles section are constituted by couplets of 
bioclastic lime mudstone to wackestone, occasionally con-
taining bioclastic packstone facies commonly concentrated in 
gutters, and grey to black marls, deposited in an open marine 
external platform environment.

Pliensbachian organic-rich deposits include a wide vari-
ety of facies. They are represented by medium to dark grey 
shales as well as black shales, rarely maroon probably due to 

Fig. 2.- View of the Rodiles section in the coastal cliffs of eastern Asturias, were the uppermost Sinemurian, Pliensbachian and Lower 
Toarcian deposits are cropping out.
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weathering. A few of these intervals are laminated, but very 
often shales are massive and bioturbated. In many cases the 
massive aspect is probably due to homogenization derived 
from intense bioturbation. Some of the massive marly levels 
also show evidences of reworking, supported by the presence 
of bioclasts and/or reworked fossils, mainly of brachiopods, 
belemnites, bivalves, crinoids and ammonites, which are in 
cases concentrated in bioclastic rills. In some layers, espe-
cially of the Early Pliensbachian Jamesoni Chronozone, the 
reworked hollow brachiopods contain crude oil, introduced 
during early diagenesis, before the internal pore space of the 
brachiopod was completely filled by the blocky generation 
of calcite. Many of the organic-rich intervals show a multi-
episodic origin, indicated by the presence of more calcare-
ous horizons and surfaces which were colonized mainly by 
Chondrites, Thalassinoides and Phymatoderma. Pyrite is 
common as crystals or small nodules, framboids or replace-
ment of macrofauna (mainly ammonites). Deposition of the 
carbonates has been interpreted as the result of storm-density 
currents, and the marls as the advention of continental mud 
deposited in a temporary oxygen-deficient basin (laminated 
facies) or well-oxygenated seafloor (bioturbated facies) 
(Valenzuela, 1988; Valenzuela et al., 1985, 1986, 1989; Bor-
rego et al., 1996; Bádenas et al., 2012).

3.2. Sequence stratigraphy

The limestone‒marl couplets are organized in small-scale 
shallowing and deepening upward cycles. The shallow-
ing upward sequences are characterized by a succession of 
couplets, on which carbonates are thickening upward, while 
marls are commonly thinning upwards. On the contrary, in 
the deepening upward elemental sequences, marls show a 
thickening upward trend, indicating increasing accommo-
dation space, while carbonates tend to be generally thinner. 
These elemental sequences have been grouped into higher or-
der cycles, constituted by the stacking of several shallowing 
or deepening upward sequences.

In the Rodiles section, the Upper Sinemurian deposits 
show a shallowing upward trend, followed by a brief deepen-
ing interval containing the Sinemurian‒Pliensbachian bound-
ary (Fig 3). This deepening tendency is followed by a short 
episode of shallowing upward deposits developed within 
the earliest Pliensbachian Taylori‒Polymorphus subchrono-
zones. One of the longest-lasting deepening upwards inter-
vals develops in most of the Early Pliensbachian. The Late 
Pliensbachian starts with a more calcareous shallowing up-
ward cycle, and a deepening upward interval recorded in the 

Subnodosus‒Gibbosus subchronozones of the Margaritatus 
Chronozone. The remaining Upper Pliensbachian deposits 
are mainly constituted, by a succession of shallowing upward 
sequences. After short episodes of alternating shallowing and 
deepening sequences, the generalized Early Toarcian deepen-
ing represents the initiation of the main global Early Toarcian 
transgression (Hallam, 1997; Gómez and Goy, 2000).

3.3. Gamma-ray log

Gamma-ray logs have commonly been applied in the stud-
ies of sequence stratigraphy (i.e. van Buchem et al., 1992; 
Gómez and Goy, 2000; Pawellek and Aigner, 2003; Correia 
et al., 2012). Obtained gamma-ray log in the Rodiles sec-
tion (Fig. 3) supports the sequence stratigraphy recogniz-
able in the field. The marly-rich deepening upward episodes 
show generally higher values of radioactivity; mainly due 
to the higher proportion of marls, than the relatively more 
calcareous shallowing upward intervals. This fact is a quite 
common feature as indicated by several works concerning 
the Lower Jurassic of the Cleveland Basin in the UK (van 
Buchem et al., 1992) and in the Lusitanian Basin of Portugal 
(Correia et al., 2012). No geochemical analysis to determine 
if the main source of the radioactivity is U, Th or K have 
been performed, but in deposits of similar age studied in the 
Lusitanian Basin, correlation coefficient is slightly higher 
with K (0.64) than with Th (0.56) and with U (0.47) (Correia 
et al., 2012).

3.4. Biochronostratigraphy

The ammonite-based biochronostratigraphical subdivi-
sions of these deposits in the Asturian Basin have been car-
ried out by Suárez-Vega (1974), Gómez et al. (2008), Goy et 
al. (2010a, b), Comas-Rengifo and Goy (2010) and Gómez et 
al. (2016) which are the subdivisions used in this work.

3.5. Oxygen isotopes and palaeotemperatures

Oxygen isotopes record several oscillations in the studied 
interval (Fig. 3) (Gómez et al., 2016). A negative δ18O ex-
cursion developed during the Late Sinemurian. The earliest 
Pliensbachian represents an interval of the average values of 
δ18O of the interval studied, and another negative δ18O excur-
sion was recorded at the Early‒Late Pliensbachian transition. 
The Late Pliensbachian is represented by a remarkable long-
term positive δ18O excursion, and the Early Toarcian coin-
cides with a highly negative δ18O excursion.

Fig. 3.- (next page) Stratigraphical succession of the Upper Sinemurian, Pliensbachian and Lower Toarcian deposits of the Rodiles section, 
showing the lithological column, the sequence stratigraphy, the gamma-ray log, the ammonite taxa distribution, the profiles of the δ18Obel and 
δ13Cbel values obtained from belemnite calcite and the Total Organic Carbon (TOC) content. The climatic intervals, the carbon isotope excur-
sions and the black shale intervals have been highlighted. Chronozones abbreviations: TEN: Tenuicostatum. Subchronozones abbreviations: 
RA: Raricostatum. MC: Macdonnelli. AP: Aplanatum. BR: Brevispina. JA: Jamesoni. MA: Masseanum. LU: Luridum. MU: Maculatum. CA: 
Capricornus. FI: Figulinum. ST: Stokesi. HA: Hawskerense. PA: Paltum. SE: Semicelatum. EL: Elegantulum. FA: Falciferum.
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3.6. Carbon isotopes

The δ13Cbel carbon isotope curve found in the Asturian Ba-
sin (Fig. 3) also reflects several carbon isotope excursions 
(CIEs) (Gómez et al., 2016). From bottom to top the Late 
Sinemurian positive CIE, the Early Pliensbachian negative 
excursion, the Early Pliensbachian Ibex‒Davoei positive 
peak, the Late Pliensbachian positive excursion, the Late 
Pliensbachian‒Early Toarcian negative peak and the Early 
Toarcian positive CIE.

3.7. Total Organic Carbon (TOC) content

Virtually all the Pliensbachian assayed samples, yielded 
values above 1wt.%TOC, while most of the Lower Toar-
cian samples show values below this figure (Fig. 3). Av-
erage TOC content over the 110 m of measured section is 
2wt.%. Following the classification of Peters and Cassa 
(1994), most of the Pliensbachian shales have good petro-
leum potential (1‒2wt.%TOC), with intervals of organic-rich 
shales (2‒4wt.%TOC), and black shales, containing over 
5wt.%TOC, considered as rocks with excellent petroleum 
potential. Here we have labelled organic-poor facies to the 
deposits containing 0 to 2.5wt.%TOC, organic-rich depos-
its to the marls containing between 2.5 and 5wt.%TOC, and 
black shales to the deposits containing more than 5wt.%TOC.

Within the Pliensbachian, three main intervals with high 
TOC content can be distinguished (Fig. 3). The earliest in-
terval extends along the latest Sinemurian and the Early 
Pliensbachian Jamesoni Chronozone, where most of the mar-

ly levels are organic-rich, with values above 2.5wt.% TOC. 
This interval contains black shales assaying up to 7wt.%TOC 
in the early Jamesoni Chronozone.

The middle interval is located in the Ibex Chronozone and 
contains several beds of black shales with TOC values slight-
ly above 5wt.%. The upper organic-rich interval is mainly lo-
cated in the Margaritatus Chronozone, which contains sever-
al episodes of black shale facies yielding up to 7.5wt.%TOC. 
Additional thin organic-rich intervals have been recorded in 
the Davoei Chronozone of the Early Pliensbachian and in 
the Early Toarcian, near the boundary between the Tenuicos-
tatum and the Serpentinum chronozones. However, TOC val-
ues theoretically representatives of the postulated Toarcian 
Oceanic Anoxic Event, defined by the deposition of black 
shale facies (Jenkyns and Clayton, 1986, 1997; Jenkyns et 
al., 2002; Jenkyns, 2010), are generally below 1wt.% and do 
not surpass 3.2wt.%TOC in a thin interval (Fig. 3).

4. Discussion

The studied Upper Sinemurian, Pliensbachian and Lower 
Toarcian section of the Asturian Basin can be correlated with 
other successions of similar age in terms of sequence stratig-
raphy, TOC content as well as climate oscillations inferred 
from the δ18O values and changes in δ13C.

4.1. Sequence stratigraphy and TOC content

Comparison between the succession of shallowing and 
deepening upward sequences obtained in the Rodiles section 

Fig. 4.- Correlation between the succession of shallowing and deepening upward sequences obtained in the Asturian, Basque-Cantabrian, 
Iberian and Lusitanian basins and in Western Europe, as well as the stratigraphical distribution of the organic-poor, organic-rich and black 
shales deposits in each basin 
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and the sequences obtained in contemporaneous deposits of 
other areas, as well as the stratigraphical distribution of the 
organic deposits in each area, is represented in figure 4.

In the Asturian Basin, almost the whole black shale and 
organic-rich intervals coincide with the development of 
deepening upward sequences, except for the thin interval 
in the transition between the Stokesi and the Subnodosus 
subchronozones of the Late Pliensbachian Margaritatus 
Chronozone, which was developed in a shallowing upward 
sequence.

In the neighbour Basque-Cantabrian Basin no real black 
shales with TOC values higher than 5wt.% have been re-
ported, but several organic-rich intervals have been assayed 
by Quesada et al. (1997, 2005). Almost all these intervals 
coincide with transgressive facies cycles, except for the 
Late Sinemurian interval that coincides with a regressive 
hemicycle. In the Iberian Range of Central Spain, Sinemu-
rian and Pliensbachian deposits are mainly represented by 
organic-poor shallow platform carbonate facies with minor 
transgressive marls (Gómez and Goy, 2005) but many of the 
recognized cycles have similar ages to the cycles found in the 
Asturian Basin.

Organic-rich deposits and black shales have also been re-
corded in the Portuguese Lusitanian Basin (Duarte et al., 

2010, 2014; Silva, 2013; Boussaha et al., 2014). The rich-
est interval in this area corresponds to the Late Sinemurian, 
coinciding with a transgressive hemicycle. Additional black 
shale and organic-rich deposits coinciding with the Early 
Pliensbachian transgressive hemicycle are also present. 
However, higher in the section, a part of the black shales and 
organic-rich deposits of the Late Pliensbachian seem to be 
deposited in a regressive hemicycle. Correlation of the facies 
cycles in the different considered areas is difficult; probably 
because of some of them are the results of the local and/or 
regional tectonic evolution. Nevertheless, some features like 
the change in tendency from deepening to shallowing trends 
recorded in the Late Pliensbachian Margaritatus Chronozone 
(except for the Boreal realm), and the Early Toarcian trans-
gressive trend, observed in most of the mentioned areas, have 
been generally considered as probable global events.

4.2. Organic-rich deposits

Hydrocarbon source rocks of Pliensbachian age are not 
unique of the Asturian Basin. As mentioned before, they have 
also been reported in the Basque-Cantabrian and in the Lusi-
tanian basins. As a result, Borrego et al. (1996), following the 
definition of Oceanic Anoxic Events enounced by Jenkyns 

Fig 5.- Curves showing the TOC wt.% values obtained in the Asturian, Basque-Cantabrian and Lusitanian basins against the ammonite chronozones 
and subchronozones. The ages of these potential hydrocarbon source rocks are quite consistent in the represented areas. The Upper Sinemurian‒
Lowermost Pliensbachian organic-rich interval is especially well represented in the Lusitanian Basin. Additional organic-rich intervals occur at 
the Ibex‒Davoei chronozones of the Early Pliensbachian and at the Margaritatus Chronozone of the Late Pliensbachian.
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and Clayton (1986, 1997), defined the presence of an “an-
oxic” event in the Pliensbachian of Asturias, based on the 
presence of black shale facies in this area.

Plotting of the TOC wt.% values obtained in the Asturian, 
Basque-Cantabrian and Lusitanian basins against the ammo-
nites chronozones and subchronozones, allows correlation 
of the organic deposits and black shale facies between the 
three basins (Fig. 5). The ages of these hydrocarbon main 
source rocks are quite consistent in the mentioned areas. 
They are mainly constrained to the earliest part of the James-
oni Chronozone and to the Ibex and the base of the Davoei 
chronozones of the Early Pliensbachian as well as the Mar-
garitatus Chronozone of the Late Pliensbachian. The richest 
Late Sinemurian intervals of the Lusitanian Basin of Portu-
gal (Duarte et al., 2010, 2014; Silva 2013; Boussaha et al., 
2014; Silva and Duarte, 2015) have not been recorded in the 
Spanish basins because deposits of this age are represented 
by shallow platform carbonates.

Characterization of the organic matter in the Pliensbachian 
deposits of the Asturian Basin show a typical marine assem-
blage, dominated by amorphous organic matter and liptode-
trinite, with increasing thermal maturation eastwards, from 
<0.5% VRr to 1.5% VRr (Suárez-Ruiz, 1987; Suárez-Ruiz 
and Prado, 1995; Borrego et al., 1996).

Around the Ayoluengo oil field, located in the western 
Basque-Cantabrian Basin, organic geochemistry shows that 
Pliensbachian source rocks contains a type II kerogen with 
average TOC content of 3.2wt.% over a 42 m thick interval 
with average HI of 500 mgHC/g organic carbon and Tmax in-
dicating that source rocks are immature (424 to 430ºC), ma-
ture (435 to 450ºC) and post mature in the centre of the basin 
(Quesada et al., 1995, 1996, 1997; Beroiz and Permanyer, 
2011). In the Lusitanian Basin, kerogen assemblages are 
dominated by marine amorphous organic matter, with Rock-
eval pyrolysis having S2 values >10 mg HC/g rock, Hydro-
gen Index averaging 355 mg HC/g TOC but the sampled 
rocks have Tmax below 437ºC and average vitrinite reflectance 
of 0.43% Ro, indicating that they are thermally immature or 
very early mature (Duarte et al., 2012).

Potential hydrocarbon source rocks of Pliensbachian age 
have also been described in other parts of the world. In the 
Middle Atlas of Morocco, Sachse et al. (2012) reported the 
presence of a predominantly algal-derived organic matter 
with minor input of woody terrestrial material source rock, 
with values between 1.9 and 3.9 wt.% TOC, mean HI values 
of 450 mg HC/g Corg and Tmax between 431 and 495ºC. In the 
western Canada Basin, also Pliensbachian organic-rich de-
posits containing 5‒10wt.% TOC have been mentioned. This 
kerogen, which is Type I/II, with HI up to 800 mg HC/g TOC, 
have entered the oil window (Riediger, 2002).

Depositional environments of organic-rich deposits in the 
Asturian Basin, as in many other areas, have been related with 
oxygen depleted conditions (Borrego et al., 1996; Bádenas et 
al., 2012). Laminated facies were most probably deposited 

during periods of seawater stratification, leading to restricted 
circulation and decline of bottom water oxygen (Wignall, 
1991). However, in the Asturian Basin no evidences support-
ing long periods of anoxia have been documented. Laminated 
facies are rare and there are no evidences of significant faunal 
turnovers in conjunction with oxygen-deficient bottom water. 
The study of the Pliensbachian brachiopods of the Asturian 
Basin carried out by Comas-Rengifo et al. (2008) and the 
study of the distribution of nannofossils performed by Fra-
guas (2010) show that neither the benthic nor the nektonic 
organisms were significantly affected in their vertical distri-
bution by periods of deficiency in oxygen. This fact, together 
with the widespread presence of bioturbation in the organic-
rich deposits (Armendáriz et al., 2012) indicates that these 
environmental conditions were only occasionally reached 
and that they were not severe and long enough to produce 
major turnovers in the populations. In fact, in the case of the 
Lower Toarcian of Northwestern Europe, deposition of black 
shale facies, representatives of the postulated Toarcian Oce-
anic Anoxic Event (TOAE), coincides with the repopulation 
interval, after the major extinction event (Gómez and Goy, 
2011) and not with the extinction event. Alternation of an-
oxia‒euxinia and oxygenated bottom waters in several of the 
so-called “anoxic” events, like in the Toarcian Oceanic An-
oxic Event is indicated by the presence of abundant bivalves 
in some levels (Röhl et al., 2001) and the presence of cur-
rents (Trabucho-Alexandre et al., 2012) in the German black 
shale deposits. This conclusion has also been reached after 
the study of other black shale facies like the Oxford Clay 
(Kenig et al., 2004).

4.3. Correlation between organic deposits and gamma ray 

Some organic-rich rocks are enriched in authigenic urani-
um and hence they can be more radioactive (Schmoker, 1981; 
Meyer and Nederlof, 1984; Mann et al., 1986; Wignall and 
Myers, 1988; Stocks and Lawrence, 1990; Lüning and Kolon-
ic, 2003). As a consequence, a good correlation between TOC 
values and U concentration, and hence in radioactivity, can 
be established in some organic-rich and black shale facies. In 
those areas, U (natural radioactivity) can be used as a proxy 
to predict the TOC content of the rocks. This correlation is 
especially useful when exploring in the subsurface, where 
gamma ray logs from previously drilled wells are available, 
but not cores or TOC analysis have been performed.

The U/TOC ratio varies, depending on many factors such as 
the primary concentration of organic matter and U in the wa-
ter body, the lithological composition, the rate of deposition, 
the duration of anoxia, etc. (see Lüning and Kolonic, 2003). 
In the Western Europe Lower Jurassic black shales, the qual-
ity of U and TOC relationship varies from good, like in the 
Posidonienschiefer of northern Germany (Mann et al., 1986) 
and in the Sinemurian‒Pliensbachian of the Lusitanian Basin 
(Correia et al., 2012), to moderate like in the Lower Jurassic 
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of NE England (Wignall and Myers, 1988; van Buchem et 
al., 1992) and poor, like in the subsurface of the Netherlands, 
where the bituminous Posidonienschiefer does not correlate 
with any significant increase in gamma ray activity (Meyer 
and Nederlof, 1984).

Measurements of gamma ray and TOC values in the same 
strata in the Rodiles section allowed correlation between 
these two parameters. Tendencies of TOC and gamma ray 
curves coincide in some stratigraphic intervals, but values 
are even contradictory in some others (Fig. 6a). For instance, 
the substantial decrease in TOC recorded in the uppermost 
Pliensbachian and the Lower Toarcian deposits, is not reflect-
ed in a significant decrease in the gamma ray values. In ad-
dition, the correlation coefficient of both parameters is quite 
low (0.46) (Fig. 6b), suggesting that, based on current data, 
radioactivity can be pointed as a partially reliable proxy to 
estimate the presence of source rocks in the subsurface of the 
Asturian Basin.

4.4. Correlation between the carbon isotope curve and the 
TOC content

Correlation between the δ13Cbel data and the presence of or-
ganic-rich and black shale deposits shows that the Late Sine-
murian positive excursion contains organic-poor deposits in 
the Asturian Basin, but organic-rich and black shale facies in 
the Lusitanian Basin (Fig. 7). Higher in the section, the Ear-
ly Pliensbachian negative δ13C excursion coincides with the 
thickest recorded organic-rich interval in the Rodiles section, 
which includes black shale facies. In the Basque-Cantabrian 
Basin, this negative δ13Cbel excursion coincides with the in-
terval where organic-rich facies are more abundant and in the 
Lusitanian Basin it partly coincides with the richest interval in 
organic matter (Duarte et al., 2010, 2013; Silva, 2013).

Many papers argue that these periods of rapid burial of large 
amounts of organic matter, like the above mentioned Early 
Pliensbachian interval, are associated with positive δ13C ex-
cursions, because the buried organic carbon is rich in 12C, 
leading to enrichment of 13C (Jenkyns and Clayton, 1986, 
1997; Schouten et al., 2000). Nevertheless, in this case, the 
recorded enrichment of organic matter in sediments is linked 
not to a positive excursion, but to a well marked and extensive 
negative δ13C excursion. In other cases, like in the Early Toar-
cian, where a positive δ13C excursion can include generally 
ephemeral negative excursions, the occurrence of an input of 
isotopically light carbon due to large-scale venting of volca-
nogenic CO2 and/or dissociation of gas hydrate and /or ther-
mal metamorphism of coals has been invoked (i.e. Hesselbo et 
al., 2000; Jenkyns, 2003, 2010; McElwain et al., 2005).

Coinciding with the Ibex‒Davoei positive δ13Cbel peak, 
organic-rich deposits have been described in the Basque-
Cantabrian Basin and black shales in the Lusitanian Basin, 
but mainly organic-poor deposits are present in the Asturian 
Basin. The following δ13Cbel excursion is an about 1.5‒2‰ 
positive excursion, well recorded in the correlated Upper 
Pliensbachian sections (the Late Pliensbachian positive ex-
cursion in figure 7). Associated with the earliest part of this 
positive δ13Cbel excursion, organic-rich and black shale de-
posits, mainly constrained to the Margaritatus Chronozone, 
have been found in the northern Spain sections (Quesada et 
al., 2005; this work) and in the Lusitanian Basin (Duarte et 
al., 2010, 2014). Several negative δ13Cbel peaks have been 
recorded in the latest Pliensbachian Spinatum Chronozone 
in the Asturian Basin (Fig. 3). As an hypothesis, the young-
est peak, here called the Late Pliensbachian‒Early Toarcian 
peak, could be correlated with the negative CIE located 
around the Pliensbachian‒Toarcian boundary that was de-
scribed by Hesselbo et al. (2007) in bulk rock samples in 

Fig. 6.- (a): Plot of obtained TOC and gamma-ray values of the Rodiles section, against the chronostratigraphical units. TOC and gamma ray values 
tend to follow similar trends in some stratigraphic intervals, while values are even contradictory in some other intervals. (b): Plot of gamma-ray 
values against TOC values. Obtained correlation coefficient of both parameters (0.46) can be considered as middling. Chronozones abbrevia-
tions: Rar.: Raricostatum. Da: Davoei. Ten.: Tenuicostatum. Subchronozones abbreviations: Mc: Macdonnelli. Ap: Aplanatum. Ta: Taylori. Po: 
Polymorphus. Br: Brevispina. Ja: Jamesoni. Ma: Masseanum. Va: Valdani: Lu: Luridum. Mu: Maculatum. Ca: Capricornus. Su: Subnodosus. Gi: 
Gibbosus. Ap:Apyrenum. Ha: Hawskerense. Pa: Paltum. Se: Semicelatum. El: Elegantulum.
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The Early Toarcian is characterized by a prominent posi-
tive δ13Cbel excursion, detected in all the considered sec-
tions, which virtually represents a continuation of the Late 
Pliensbachian positive CIE. As mentioned for the Early 
Pliensbachian, the origin of this positive excursion has been 
interpreted by some authors as the response of water masses 
to excess and rapid burial of large amounts of organic mat-
ter rich in 12C, which led to enrichment in 13C of the sedi-
ments (Jenkyns and Clayton, 1997; Schouten et al., 2000). 
This explanation implies that this positive δ13C excursion 
is linked to the presence of black shale and/or organic-rich 
deposits. However, in the surveyed area, as well as in many 
other sections, this pervasive positive CIE is not associ-
ated with the presence of large amounts of organic matter 
in the sediments. As mentioned above, the TOC content of 
the deposits recording the positive δ13Cbel excursion in the 
studied sections is generally lower than 1wt.% with a thin 
ephemeral peak up to 3.2wt.%TOC (Gómez et al., 2008) 
and neither in Spain nor in Portugal (Hesselbo et al., 2007), 
Italy (Perilli et al., 2009; Sabatino et al., 2009), or Morocco 
(Bodin et al., 2010) this positive δ13C excursion is associ-
ated with the presence of black shale facies. In addition, the 

Portugal, and later tested by Suan et al. (2010) in the same 
basin and extended to the Yorkshire (UK) by Korte and Hes-
selbo (2011). However, this excursion seems to be slight-
ly diachronic respect to the ammonites chronozones and 
subchronozones. In Asturias and in the Basque-Cantabrian 
Basin (Quesada et al., 2005) is latest Pliensbachian Haw-
skerense Subchronozone in age (Fig. 7), in the Yorkshire 
(UK) virtually coincides with the Pliensbachian‒Toarcian 
boundary (Korte and Hesselbo, 2011), in Peniche (Portugal) 
has been located in the earliest Toarcian (Hesselbo et al., 
2007), around the Pliensbachian‒Toarcian boundary (Suan 
et al., 2010) or in the latest Pliensbachian (Litter et al., 
2010), and in Katsuyama (Japan) a small negative peak has 
been detected around the Pliensbachian‒Toarcian boundary 
(Gröcke et al., 2011). Nevertheless, in some other sections 
like in Sancerre, in the southern Paris Basin (Hermoso et 
al., 2009, 2012), in Dotternhausen in Germany (Rhöl et al., 
2001), in Brody-Lubienia in the Polish basin (Hesselbo and 
Pienkowsky, 2011), in Arroyo Lapa in Argentina (Al-Su-
waidi et al., 2010) and the polar sections studied in northern 
Siberia (Suan et al., 2011) this negative δ13Cbel peak has not 
been clearly evidenced. 

Fig. 7.- Correlation chart of the belemnite calcite-based δ13C sketched curves and the presence of organic-rich and black shale deposits across 
Western Europe. The Late Sinemurian‒Early Pliensbachian negative δ13C excursion coincides with the presence of organic deposits in Northern 
Spain and in Portugal. The Ibex‒Davoei positive peak contains organic-rich deposits especially in the Lusitanian Basin. The Late Pliensbachian 
positive δ13C excursion is linked to the presence of organic-rich deposits and black shales in Northern Spain and in Portugal. A generally modest 
negative δ13C peak, located around the Pliensbachian‒Toarcian boundary, can be followed in all the areas. Finally, a new positive δ13C excursion 
which can be extended to other localities, is recorded in the Early Toarcian of the considered areas.
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positive δ13C excursion is not clearly recorded neither in the 
High Atlas of Morocco (Bodin et al., 2010) nor in Canada 
(Caruthers et al., 2011), indicating a probably regional, but 
not global, extent of this CIE.

4.5. Correlation between the palaeotemperature oscillations 
and the TOC content 

Several palaeoclimatic events along the latest Sinemurian, 
Pliensbachian and Early Toarcian from the correlation of 
the belemnite calcite-based δ18Obel curves obtained in differ-
ent areas of Western Europe are shown in Fig.8. The earliest 
event is a negative δ18Obel excursion, marking the Late Sine-
murian Warming, recorded in different sections of Western 
Europe (Gómez et al., 2016). Associated with this warming 
interval, the presence of black shale and organic-rich facies 

in the Asturian Basin as well as in the Basque-Cantabrian and  
the Lusitanian basins have been recorded (Fig. 8). 

Up in the section, an interval of δ18Obel corresponding to 
“normal” or slightly negative marine values was devel-
oped throughout most of the Jamesoni Chronozone and the 
earliest part of the Ibex Chronozone. This marks the Early 
Pliensbachian “normal” temperature interval, on which aver-
age calculated temperatures (16ºC) are very close to the aver-
age seawater temperatures of the all studied Late Sinemurian, 
Pliensbachian and Early Toarcian interval. Coinciding with 
the Early Pliensbachian Warming interval, black shale facies 
were deposited in the Asturian and in the Lusitanian basins, 
as well as organic-rich marls in the Basque-Cantabrian Basin.

The outstanding Late Pliensbachian δ18Obel positive excur-
sion represents one of the most significant palaeoclimatic 
features of the Early Jurassic, documenting one of the most 

Fig. 8.- Correlation chart of the belemnite calcite-based δ18O sketched curves and the presence of organic-rich and black shale deposits obtained in 
different areas of Western Europe. Several isotopic events along the latest Sinemurian, Pliensbachian and Early Toarcian can be recognized. The 
earliest event is a negative δ18O excursion developed in the Late Sinemurian Raricostatum and the Early Pliensbachian Jamesoni chronozones, 
marking the Late Sinemurian Warming. Organic-rich intervals are recorded in the Asturian, Basque‒Cantabrian and Lusitanian basins and black 
shale facies in the Asturian and the Lusitanian basins. After an interval of “normal” δ18O values developed in most of the Jamesoni Chronozone 
and the earliest part of the Ibex Chronozone, containing substantial organic-rich deposits in the Asturian Basin and scarce organic-rich deposits and 
thin black shale facies in the Basque‒Cantabrian and the Lusitanian basins, another negative δ18O excursion representing the Early Pliensbachian 
Warming was developed in the Ibex, Davoei and earliest Margaritatus chronozones. Several episodes of organic-rich and black shales deposition 
were recorded at this interval in the Asturian, Basque‒Cantabrian and Lusitanian basins. A main positive δ18O excursion is recorded at the Late 
Pliensbachian and the earliest Toarcian in all the correlated localities, and another prominent negative shift in the δ18O values is recorded in the 
Early Toarcian. Values are progressively more negative in the Tenuicostatum Chronozone and suddenly decrease around the Tenuicostatum‒Ser-
pentinum zonal boundary, delineating the Early Toarcian negative δ18O excursion, which represents the Early Toarcian superwarming interval.
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clearly contradicts the idea that deposition of black shale 
facies characterizing the Oceanic Anoxic Events are due to 
abrupt rises in temperature and pCO2 (i.e. Jenkyns, 2010). In 
northern Spain the presence of black shales is also linked to 
cooling periods coinciding with low pCO2 intervals.

In most cases, deposition of black shale and organic-rich 
facies coincide with the development of deepening upward 
sequences, but some exceptions on which the organic-rich 
facies were developed in shallowing upward sequences have 
been evidenced.

Measurements of gamma ray and TOC values in the same 
strata in the Rodiles section allowed correlation between 
these two parameters. Tendencies of TOC and gamma-ray 
curves coincide in some stratigraphic intervals, but in some 
others the values are even contradictory. Correlation coeffi-
cient of both parameters is quite low (0.46), suggesting that, 
with current data, radioactivity can be evaluated as a poor 
proxy to estimate the presence of Jurassic source rocks in the 
subsurface of the Asturian Basin.

In addition, organic-rich and black shale deposits are not 
only linked to the positive δ13C excursions, like in the Late 
Sinemurian, Late Pliensbachian and Early Toarcian, but they 
are also linked to prominent negative CIEs like in the case 
of the Early Pliensbachian negative δ13C excursion, where 
organic-rich and black shale facies are present in the Astu-
rian, as well as in the Basque-Cantabrian and in the Lusita-
nian basins.
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