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PETROLEUM SYSTEMS MODELLING IN A
FOLD-AND-THRUST BELT SETTING: 
THE INVERTED CAMEROS BASIN, 
NORTH-CENTRAL SPAIN

S. Omodeo-Salé1+*, R. Ondrak2, J. Arribas1, R. Mas3, 
J. Guimerà4 and L. Martínez5 

The Mesozoic Cameros Basin, northern Spain, was inverted during the Cenozoic Alpine 
orogeny when the Tithonian – Upper Cretaceous sedimentary fill was uplifted and partially 
eroded. Tar sandstones outcropping in the southern part of the basin and pyrobitumen 
particles trapped in potential source rocks suggest that hydrocarbons have been generated 
in the basin and subsequently migrated. However, no economic accumulations of oil or gas 
have yet been found. This study reconstructs the evolution of possible petroleum systems in 
the basin from initial extension through to the inversion phase, and is based on structural, 
stratigraphic and sedimentological data integrated with petrographic and geochemical 
observations. Petroleum systems modelling was used to investigate the timing of source rock 
maturation and hydrocarbon generation, and to reconstruct possible hydrocarbon migration 
pathways and accumulations. 

In the northern part of the basin, modelling results indicate that the generation of 
hydrocarbons began in the Early Berriasian and reached a peak in the Late Barremian 
– Early Albian. The absence of traps during peak generation prevented the formation of 
significant hydrocarbon accumulations. Some accumulations formed after the deposition 
of post-extensional units (Late Cretaceous in age) which acted as seals. However, during 
subsequent inversion, these reservoir units were uplifted and eroded. 

In the southern sector of the basin, hydrocarbon generation did not begin until the Late 
Cretaceous due to the lower rates of subsidence and burial, and migration and accumulation 
may have taken place until the initial phases of inversion. Sandstones impregnated with 
bitumen (tar sandstones) observed at the present day in the crests of surface anticlines in 
the south of the basin are interpreted to represent the relics of these palaeo-accumulations. 

Despite a number of uncertainties which are inherent to modelling the petroleum systems 
evolution of an inverted and overmature basin, this study demonstrates the importance of 
integrating multidisciplinary and multi-scale data to the resource assessment of a complex 
fold-and-thrust belt.
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INTRODUCTION

Extensional basins are favorable settings for the 
formation of commercial hydrocarbon reserves 
(Magoon and Dow, 1994; Mann et al., 2003; Davison 
and Underhill, 2012; Allen and Allen, 2017). However, 
a precise relative timing of depositional, tectonic and 
thermal events is necessary in order to generate and 
trap commercial volumes of hydrocarbons. This is 
particularly challenging in extensional basins that 
have subsequently been inverted and stacked in a 
thrust belt. In such complex settings, the timing of 
hydrocarbon expulsion from the source rocks with 
respect to the timing of inversion-related folding and 
faulting is crucial. If expulsion and migration occurred 
before inversion, potential accumulations may be 
destroyed; however if the source rocks generated 
hydrocarbons during or after inversion, hydrocarbons 
may accumulate in developing structural traps.

Petroleum systems modelling is routinely used 
to determine whether the many factors required for 
hydrocarbon generation and accumulation are present 
and fit together in time and space. Modelling allows 
an evaluation to be made of the factors controlling the 
timing of hydrocarbon generation and accumulation, 
and to estimate the potential volumes of hydrocarbon 
resources (e.g. Welte et al., 1997). In inverted basins, 

modelling can be challenging as the basin infill has 
been deformed and partially eroded, resulting in 
uncertainties in the initial basin geometry. Structural 
restoration is therefore required. Furthermore, 
horizontal and vertical deformation through time is 
difficult to reproduce in modelling software, although 
recently-developed tools allow tectonics and thrusting 
to be better integrated into the petroleum systems 
simulation (IES, 2007; Callies et al., 2018). 

In this paper, the inverted Mesozoic Cameros Basin 
in the Iberian fold-and-thrust belt, north-central Spain 
(Fig. 1), is investigated as a modelling case study. In 
this general area, a number of small-scale oilfields 
located both on- and offshore have been discovered 
and have in some cases been developed. These include 
the Lora-Ayoluengo oilfield where production began 
in 1961; the Casablanca field (1982), and the Viura 
gasfield, where production began in 2014 (CORES, 
2015a, b; Martínez del Olmo and Mallo García, 
2002; Mas et al., 2002, 2003; Proyecto Viura, 2014; 
Quesada et al., 1997; Secretaría de Estado de Energía, 
2014). Jurassic and Early Cretaceous source rocks 
charging these fields were deposited during times of 
global anoxia which favoured the sedimentation and 
preservation of organic matter (Klemme and Ulmishek, 
1991). However compared to coeval Mesozoic basins 
elsewhere in Europe (e.g. the Paris Basin, Aquitanian 

Fig. 1. Outline map of the Iberian peninsula showing the extent of the Mesozoic Iberian Extensional System 
(IBES) which includes the Cameros Basin (Cm), the focus of this study (modified from Mas et al., 2004). The 
chart at right shows the tectonic phases associated with formation, extension and inversion of the Cameros 
Basin.  BCBES, Basque – Cantabrian Extensional System; Ma, Maestrat Basin; Si, South Iberian Basin; 
Co, Columbrets Basin. 
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Basin and Austrian Molasse Basin), the hydrocarbon 
resource of the Iberian basin system is economically 
insignificant although high-quality source rocks are 
known to be present.

Reasons for the absence of commercial oil and gas 
accumulations in the Iberian extensional system are 
investigated in this study of the Cameros Basin. This 
inverted and partially eroded basin which developed 
between the Late Jurassic and Early Cretaceous was 

deformed and uplifted during Alpine compression 
(Figs 1, 2). There are multiple indications that 
hydrocarbons were generated, migrated and potentially 
accumulated in the basin. For example, bituminous 
sandstones are observed at outcrop along the crests 
of surface anticlines in the south of the basin (Fig. 
2a). The bitumen was exploited in the second half of 
the 19th century to produce asphalt (Palacios, 1890; 
Puche, 2015). However no oil or gas accumulations of 

Fig. 2. (a) Surface geological map of the Cameros Basin showing the locations of potential palaeo source and 
reservoir rocks.  The orange boxes show the location of the samples illustrated in Fig. 4. 
(b) SW-NE balanced geological cross-section through the present-day inverted Cameros Basin;  line of section 
in Fig. 2a. Map and section modified from Omodeo-Salé et al. (2014).
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economic size have so far been discovered in the basin. 
The traces of hydrocarbons observed in the matrix of 
various stratigraphic units are interpreted as the relics 
of hydrocarbon generation and migration processes 
in palaeo-source rocks and/or carrier units (Arribas 
et al., 2014; Mantilla-Figueroa et al., 1998; Ochoa et 
al., 2007; Omodeo-Salé et al., 2016). Although the 
evidence suggests the existence of an active petroleum 
system in the Cameros Basin, the origin of these 
hydrocarbons has been poorly investigated to-date.

A number of multidisciplinary studies have been 
performed in the Cameros Basin over recent decades 
and have investigated its tectonic and sedimentary 
evolution (e.g. Tischer, 1965, 1966; Beuther, 1966; 
Salomon, 1982a, b, 1983; Mas et al., 1993; Guimerà 
et al., 1995; Mata et al., 2001; Arribas et al., 2003; 
Benito and Mas, 2006; Casas et al., 2009; Quijada et 
al., 2013; Suárez-González et al., 2013; Omodeo-Salé 
et al., 2014; Quijada et al. 2016; Suarez-Gonzalez et 
al.,  2015; Mas et al., 2018). The studies were in general 
based on outcrop data as little geophysical or subsurface 
data (seismic, gravimetry, wells-logs or cores) are 
available. Recent studies of the thermal evolution of 
the basin and of organic-rich intervals have improved 
the general understanding of the basin’s burial and 
maturation history (Omodeo-Salé et al., 2016, 2017). 
By integrating these multidisciplinary data, the present 
study attempts to reconstruct the petroleum generation, 
migration and accumulation history of the Cameros 
Basin. A 2D petroleum systems model was constructed 
in order (i) to investigate whether suitable conditions 
existed to generate economically significant volumes 
of hydrocarbons; (ii) to identify the main source rocks; 
(iii) to define the critical moments in the evolution of 
the petroleum system; and (iv) to consider why no 
oil and gas accumulations occur in the basin at the 
present day. 

GEOLOGICAL FRAMEWORK

The inverted Cameros Basin (north-central Spain) 
is located in the NW of an intraplate compressional 
belt extending over the eastern, central and northern 
parts of the Iberian Peninsula (Fig. 1). Evolution of 
the Cameros Basin can be divided into four phases 
(Fig. 1): (i) a pre-extensional stage (Middle–Late 
Jurassic), when the substratum of the basin formed 
(Mas et al., 1993; Salas et al., 2001); (ii) an extensional 
stage (Tithonian to Early Albian) associated with the 
opening of the Western Tethys and North Atlantic 
(Arche and López-Gómez, 1996; Mas et al., 2003; 
Vera, 2001; Verges and Garcia-Senz, 2001), which 
resulted in the deposition of the basin sedimentary 
infill (Salas et al., 2001); (iii) a post-extensional phase 
(Late Albian to end-Cretaceous), when the entire 
basin system subsided due to thermal relaxation of 

the lithosphere, with the deposition of a sedimentary 
succession of relatively uniform thickness and facies 
(Alonso and Mas, 1993; García and Mas, 2004); and 
(iv) an inversion and erosional phase (Eocene to Early 
Miocene) (Casas and Salas, 1992; Salas and Casas, 
1993; Salas et al., 2001). During the inversion phase, a 
thrust sheet including the Cameros Basin was displaced 
by some 28 km northwards on the Northern Main 
Thrust onto the Ebro Foreland basin succession, and 
5 km southward by a back thrust onto the Alamázan 
Basin foreland (Guimerà et al., 1995) (Fig. 2b).

In the central-northern sector of the basin, part of 
the infill was affected by two low- to very low-grade 
hydrothermal events (Alonso-Azcárate et al., 1999; 
Alonso-Azcárate et al., 1995; Barrenechea et al., 1995, 
2001; Casas et al., 2012; Casquet et al., 1992; Del Río 
et al., 2009; González-Acebrón et al., 2011, 2012; 
Mantilla-Figueroa et al., 1998; Mantilla-Figueroa, 
1999; Mas et al., 2003; Mata et al., 2001; Ochoa et 
al., 2007). The first event took place during the Late 
Albian to Coniacian with temperatures exceeding 
350°C (Casquet et al., 1992; González-Acebrón et 
al., 2011). The second event occurred during Eocene 
inversion, with maximum temperatures of 280–305°C 
(González-Acebrón et al., 2011).

Basin infill and stratigraphy
The Cameros Basin thrust sheet unit comprises 
the Tithonian – Upper Cretaceous syn- and post-
extensional basin infill and its Jurassic and Triassic 
substratum together with Variscan basement (Fig. 
2). The substratum of the basin formed during the 
pre-extensional phase and is composed of Jurassic 
rocks (up to Kimmeridgian in age) largely consisting 
of marine carbonates and shales (Alonso and Mas, 
1990; Aurell and Melendez, 1993; Leinfelder, 1994; 
Bádenas and Aurell, 2001; Benito et al., 2006) (Table 
1, Fig. 3). These rocks are exposed at the surface 
along the northern margin of the basin and parts of the 
southern margin in contact with the main thrust (Fig. 
2a). Geophysical data demonstrate that the substratum 
is present throughout the basin (Guimerà et al., 1995; 
Mas et al., 1993; Omodeo Salé et al., 2014) with an 
estimated thickness of ca. 500 m (Fig. 2b). 

The basin infill is composed of syn-extensional 
deposits which are Tithonian to early Albian in age 
(Mas et al., 1993; Salas et al., 2001) (Figs 2 and 3) 
and which are mainly composed of fluvial, lacustrine 
and tide-influenced sediments (Quijada et al., 2013a, 
b; Suárez-Gonzalez et al., 2013) (Table 1). The 
succession is up to 6500 m thick (Omodeo-Salé et 
al., 2014; Quijada et al. 2016; Suarez-Gonzalez et 
al.,  2015;Mas et al., 2018) and has been divided into 
eight depositional sequences, DS1 to DS8 (Table 1) 
composed of distinct lithostratigraphic units (groups 
and formations) (Tischer, 1965, 1966; Beuther, 1966; 
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Salomon, 1982a, b, 1983; Mas et al., 1993, 2003; 
Martín-Closas and Alonso-Millán, 1998; Arribas et 
al., 2003; Quijada et al., 2013a, b; Suárez-González 
et al., 2010, 2013). 

The unconformably overlying post-extensional 
succession (Upper Albian to Upper Cretaceous) is 
partially preserved only in the southern sector of 
the basin. An original thickness of 650 m has been 
estimated from interpretations of well and regional 
outcrop data (Mas et al., 1993; Salas et al., 2001; 
Omodeo-Salé et al., 2014) (Fig. 2). In this work, 
this interval is divided into the Utrillas Formation 
sandstones and an overlying Upper Cretaceous unit 
which is mostly composed of limestones (Fig. 3). 

PETROLEUM SYSTEM

Evidence of hydrocarbon generation, migration 
and accumulation in the Cameros Basin
Relic hydrocarbons in the Cameros Basin include the 
Utrillas Formation tar sandstones which are exposed 
in an anticline in the southern sector of the basin near 
the village of Fuentetoba (Fig. 2a; Fig. 4a-e). Due to 
their strongly biodegraded condition, the origin of these 
hydrocarbons is poorly understood (Mas et al., 2003; 
Permanyer et al., 2011). 

Petrographic observations document evidence for 
hydrocarbon generation and expulsion in the Cameros 
Basin from shaley, organic-rich source rocks. In the 

Fig. 3. Stratigraphic chart for the Cameros Basin showing the formations and groups which make up the pre-, 
syn- and post-extensional successions. Potential source rocks are indicated. Modifi ed from Mas et al. (2011).
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northern sector of the basin, particles of pyrobitumen 
have been found in the matrix of the shales in the 
Pozalmuro Formation (which constitutes the Jurassic 
substratum), the Valdeprado Formation (sequence  
DS3) and the Enciso Group (DS7) (Fig. 3). The 
pyrobitumen consists of dispersed, isolated particles 
and/or as coatings on mineral grains (Fig. 4f, g, h: see 
locations in  Fig. 2a), and has been interpreted as a 
hydrocarbon residue remaining after primary cracking 
of kerogen (c.f. Teichmüller, 1973, 1974; Taylor et al., 
1998; Suárez-Ruiz et al., 2012) and/or migration. The 
observation of a fine-grained residue in the Valdeprado 
Formation (DS3) (Fig. 4i) is intepreted as evidence 
for the thermal transformation of liptinite-rich organic 
matter into hydrocarbons (Omodeo-Salé et al., 2016; 
Omodeo-Salé and Suárez-Ruiz, 2017). Thus, these 
units could include the original source rocks. In 
these deposits, pyrobitumen constitutes most of the 

residual organic carbon forming the TOC measured 
by Rock-Eval analysis in a recent study (Omodeo-
Salé et al., 2016) (Fig. 5a). In the DS7 and DS3 units, 
thermal alteration textures (coke, mesophases) were 
observed in the pyrobitumen particles, indicating the 
occurrence of secondary cracking of oil to gas (Fig. 
4g, h) at temperatures over 300°C (Rahimi et al., 1998; 
Taylor et al., 1998). This was most likely related to 
the circulation of hydrothermal fluids (Omodeo-Salé 
et al., 2016).

In the southern sector of the basin, in the early 
mature shales in the Abejar Formation (DS7 unit, 
Barremian), green-yellow fluorescent hydrocarbon 
droplets (exsudatinite), associated with hydrogenated 
organic matter (liptinite macerals) (Fig. 4l), have 
been observed, suggesting that recent hydrocarbon 
generation has occurred in these rocks (c.f. Teichmüller, 
1973, 1974). In the same shales, high-reflectance solid 

Table 1. Ages, lithologies and sedimentological features of the groups and formations which form the basin infill.

Age (Ma) 
Unit  Lithology  

From To 

65.5 98 Post-rift Upper Cretaceous Limestone 
platforms 

106 108.7  Utrillas Fm Sandstones, clay rich 

121 108.7 DS8 Olivan Gr Sandstone bodies 
interbedded with shales and 
minor limestone beds 

Fluvial  tide-
influenced 

127 121 DS7 Leza Fm Micritic limestone

     Urbión Gr Coarse grained sandstones 
and shales 

Fluvial, meandering 

   Enciso Gr Limestones alternating with 
sandstones and shales  

Fluvial, coastal 
wetland and lagoonal 

   Abejar Fm Conglomerates and sandstone 
interbedded with shales  

Fluvial-lacustrine 

129 127 DS6 Urbión Gr Coarse grained sandstones 
and shales 

Fluvial, meandering 

   Pantano Fm Sandstones interbedded with 
conglomerates and shales 

Alluvial-fluvial 
braided 

136.7 129 DS5 Urbión Gr Coarse grained sandstones 
and shales 

Fluvial, meandering 

   Golmayo Fm Sandstones interbedded with 
shales and limestones 

Fluvial-lacustrine 

142.3 136.7 DS4 Urbión Gr Coarse grained sandstones 
and shales 

Fluvial, meandering 

145.5 142.3 DS3 Valdeprado Fm Carbonates-marls 
with interbedded gypsum 

Shallow, perennial 
coastal lakes  

   Huerteles Fm Fine-grained sandstones 
interbedded with shales and 
marls 

Fluvial, tide-
influenced 

150.8 145.5 DS1+2 Matute Fm Micritic limestones Lacustrine 

   Magaña Fm Conglomerates and sandstone 
intercalated with shales  

Fluvial-alluvial 

150.8 155.6 Jurassic Torrecilla Fm Reefal and oolitic limestones Shallow carbonate 
ramp 

161.2 155.6 Jurassic Aldealpozo Fm Limestones Shallow carbonate 
ramp 

164.7 161.2 Jurassic Pozalmuro Fm Carbonate-marls and shales Outer platform 

 

Table 1 

Depositional SystemGroup/Formation

Inner-outer marine

Fluvial

Coastal wetlands 
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Fig. 4
Fig. 4. Photo-plates illustrating hydrocarbon shows and traces recorded in outcrop samples from locations in 
the Cameros Basin (sample locations in Fig. 2a). Optical microscope observations in c, d, f, g, h, i, l and m are 
under reflect white light; fluorescence mode in d and l; SEM observation in e. Optical microscope photo-plates 
are 200 μm across.
(a) Outcrop photograph of the Utrillas Formation bituminous sandstones in the south of the Cameros Basin; 
(b) hand specimens of the Utrillas Formation bituminous sandstone; 
(c) Dark-brown hydrocarbons filling fractures and veins in the Utrillas Formation sandstones. 
(d)   as (c) in fluorescence mode illumination; 
(e) SEM photomicrograph showing bitumen coating on quartz grain in the Utrillas Formation; 
(f) Pyrobitumen particles in the mineral matrix of the Jurassic Pozalmuro Formation with degassing vacuoles;
(g) Pyrobitumen with thermal alteration texture indicating liquid to gas phase transition (mesophase) (DS7 
unit, Leza Formation); 
(h) Pyrobitumen particles with coke-like thermal alteration texture (DS3, Huerteles Formation); 
(i) Fine-grained residue (micrinite) left as a result of the thermal transformation of hydrogenated organic 
matter (liptinite group macerals) (DS3 unit, Valdeprado Formation). 
(l) Green to yellow fluorescent hydrocarbons droplets (exsudatinite), formed as a result of the thermal 
transformation of liptinite (DS7 unit,  Abejar Formation) (fluorescence mode illumination).
(m) High-reflectance solid bitumen surrounding the margins of minerals together with immature organic 
matter particles (DS7 unit, Abejar Formation). 
(n) and (o) Irregular fractures in units DS3 and DS1+2 in the central Cameros Basin, resulting from the 
migration of hydrocarbons from organic-rich source rocks, and now filled by calcite. 
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bitumen particles were also found (Fig. 4m). The 
overmature state of the bitumen with respect to the 
early-mature state of the host rocks suggest that it is 
derived from oil which has migrated from deeper-lying 
source rocks. 

Hydrocarbon streaks between quartz grains have 
been observed occasionally in sandstones of the 
syn-extensional Urbión Group (DS4, DS5 DS6, and 
DS7 units) in outcrops in the central-northern part 
of the basin (Mantilla-Figueroa et al., 1998; Mas et 
al., 2003; Ochoa et al., 2007). The hydrocarbons are 
not sufficiently abundant for the sandstones to be 
considered a palaeo-reservoir, although they may have 
served as a migration conduit or carrier bed. Evidence 
of hydrocarbon migration has been found in syn-
extensional limestones and shales in the DS1+2 and 
DS3 units in the central sector of the basin (Fig. 4n, 
o) (Omodeo-Salé and Suárez-Ruiz, 2017). Fractures 
in these units, now filled with calcite, are interpreed to 
have been formed as a consequence of the expulsion 
of hydrocarbons from competent layers originally 
rich in organic matter. The irregularity of the fractures 
results from variations in lithology (shaly organic-rich 
layers versus thin limestones and/or sandstones) (see 
Bordenave, 1993, Plates 1 and 2). 

Petroleum system elements

Source rocks 
Based on the data presented in Omodeo-Salé et al., 
(2016), three units can be considered as source rocks 
for the Cameros Basin petroleum system (see Fig. 2a 
for locations): 

•	 The Callovian Pozalmuro Formation 
(approximately 100 m thick), a sequence of alternating 
marly carbonates and black shales deposited in an outer 
platform setting under anoxic conditions (Mas et al., 
2002, 2003); 

•	 The Berriasian Valdeprado Formation (~1000 
m thick), composed of laminated marls and thick black 
shale intervals interpreted to have been deposited 
in shallow, perennial coastal lakes and surrounding 
mudflats with a restricted circulation. Black shales 
were deposited during a wet climate phase in anoxic 
conditions (Quijada et al., 2013a, b; Quijada et al., 
2016); 

•	 The Enciso Group (~400 m thick, upper 
Barremian – lower Aptian), composed of dark fluvio-
lacustrine mudstones deposited in coastal wetlands and 
lagoons with restricted circulation (Alonso-Azcárate, 
1997; Alonso-Azcárate et al., 1999; Mas et al., 1993; 
Suárez-Gonzalez et al., 2013). 

These deposits are at present overmature and thus 
lean in organic carbon (Fig. 5; see Appendix 1, 2 and 
3: page 169-171). However, the pyrobitumen particles 
dispersed in the matrix and the fine-grained residue 

(Fig. 4f-i) indicate that generation and/or migration of 
hydrocarbons has occurred in these units before their 
thermal over-maturation. 

The immature deposits of the Abejar Formation 
(DS7),which crop out in the south of the basin, cannot 
be considered as a potential source rock despite their 
good hydrocarbon potential (Fig. 5a). This is because 
of the restricted thickness of the organic-rich intervals 
(cm to metre) and the resulting dilution of organic 
matter within the mostly siliciclastic succession.

Reservoirs 
The continental-fluvial facies constituting the 
syn-extensional Cameros Basin includes potential 
sandstone reservoirs in a number of units (e.g. 
DS1+2 – Tera Group; DS3 – Huerteles Formation; 
DS7 – Urbión Group; and DS8 – Olivan Group). 
However, most of these deposits were affected by deep 
burial and/or intensive hydrothermal metamorphism, 
considerably reducing their porosity. In the Urbión 
Group sandstones, primary porosity may have been 
preserved due to the rigid grain framework (Arribas 
et al., 2003; Arribas et al., 2014; Ochoa et al., 2007), 
making the sandstones a potential reservoir unit. Traces 
of hydrocarbons have been identified between quartz 
grains in these sandstones, which indicates the presence 
of oil in the pore spaces before quartz cementation 
occurred (Mantilla-Figueroa et al., 1998; Ochoa et 
al., 2007).

The shallower burial of the post-extensional 
deposits allowed higher porosities to be preserved than 
in the syn-extensional units. The lowermost sandstone 
unit, the Utrillas Formation, is at the present day 
impregnated with light to dark brown bitumen (Fig. 
4c and d), and the unit can therefore be considered as 
a palaeo-reservoir. However, the areal extent of the 
bitumen impregnation in the subsurface is uncertain, 
and it is therefore not clear if the sandstones formed a 
reservoir unit or merely a carrier bed.

Seals and overburden rocks
The shales and limestones intercalated in the fluvial 
sandstone bodies of the Enciso Group could serve 
as a seal for the underlying Urbión Group reservoir, 
whereas the post-extensional Upper Cretaceous 
marl-limestone unit could be the seal for the Utrillas 
Formation reservoir (Mas et al., 2003, 2011; Ochoa 
et al., 2007). The entire syn-extensional stratigraphic 
record, together with the post-extensional deposits may 
act as overburden (Fig. 3). 

MATERIALS AND METHODS

Conceptual geological model
In order to reconstruct the hydrocarbon generation 
and migration history in the Cameros Basin, available 
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Fig. 5. (a) Map of the Cameros Basin showing the variation of the total organic carbon content (TOC, %) in the 
basin fill.  TOC was measured in outcrop samples collected throughout the stratigraphic column (modified from 
Omodeo-Salé et al., 2016). Letters indicate the location of the samples shown in Fig. 4. Limits of the geological 
units correspond to those shown in Fig. 2. 
(b) Maturity map of the basin infill based on vitrinite reflectance measurements. Vitrinite reflectance was 
measured in outcrop samples collected throughout the stratigraphic column (modified from Omodeo-Salé
et al., 2016). 

geological and geochemical data were integrated into 
a 2D thermal model built using PetroMod software 
(Version 2011, Schlumberger) including the TecLink 
2D tool. In order to define the physical and temporal 
input necessary for modelling, a conceptual geological 
model of the basin was developed (c.f. Littke et al., 

2008; Tissot et al., 1987; Welte and Yukler, 1981; 
Welte et al., 1997). The geological model was based 
on a north-south balanced cross-section presented by 
Omodeo-Salé et al. (2014) (Fig. 2b),  which was itself 
in general based on field observations and on available 
seismic and well data. To simplify the conceptual 
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model, only the main thrust and back-thrust faults 
which limit the basin to north and south, respectively, 
were considered (Fig. 2b) whereas post-sedimentary 
vertical faults were omitted. 

In order to model the evolution of the Cameros Basin 
in time, eight palaeo-sections were generated which 
represent a sequence of different geometries from the 
undeformed state at the end of the post-extensional 
stage to the present-day (Fig. 6). These sections were 
obtained by means of tectonic reconstructions and 
cross-section balancing using 2D-Move software 
(Version 2008, Midland Valley). The end-member 
section at 17 Ma corresponds to the balanced cross-
section (Fig. 2b), and its restoration (65 Ma) takes 
into account northwards displacement along the main 
thrust of 30 km and southward displacement along 
the back-thrust of 3 km. The palaeo-sections were 
combined using the PetroMod TecLink 2D module. 
Each palaeo-section was split into individual fault 
blocks that retained their structural integrity during 
the model’s tectonic evolution. The simulator first 
calculated the palaeo-sections, then integrated the 

results in an additional iteration step (IES, 2007). 
To simulate the correct chronological basin history 

in the model, a consecutive sequence of depositional, 
non-depositional and/or erosional events were defined 
(Table 2). Depositional events were represented in 
the model by layers corresponding to pre-, syn- and 
post-extensional units (Figs. 2 and 3). The assigned 
lithologies were defined by sandstone, limestone 
and shale percentages (Table 3). The petrophysical 
properties of the mixed lithologies were proportionally 
calculated by the modelling package (Hantschel and 
Kauerauf, 2009). 

Erosion
The most significant erosion event occurred during 
basin inversion (Eocene to Early Miocene), and little 
erosion took place during the preceding pre-, syn- and 
post-extensional stages. The thickness of the eroded 
section was estimated by stratigraphic and structural 
reconstructions (Mas et al., 1993; Guimerà et al., 
1995; Muñoz-Jiménez and Casas-Sainz, 1997; Casas-
Sainz and Gil-Imaz, 1998; Omodeo Salè et al., 2014). 

Age at the base (Ma) Event no. Event Type Layer 

0 24 Erosion Paleo-Section 0Ma 

17 23 Tectonic/Erosion Paleo-Section 17Ma 

22 22 Tectonic/Erosion Paleo-Section 22Ma 

29 21 Tectonic/Erosion Paleo-Section 29Ma 

36 20 Tectonic/Erosion Paleo-Section 36Ma 

43 19 Tectonic/Erosion Paleo-Section 43Ma 

50 18 Deposition Cenozoic 

50 17 Tectonic Paleo-Section 50Ma 

65.5 16 Hiatus Hiatus 65.5_0 

98 15 Deposition Upp_Cretaceous 

106.5 14 Deposition Utrillas 

108.7 13 Hiatus Hiatus 108.7_106.5 

121 12 Deposition DS8 

127 11 Deposition DS7 

129 10 Deposition DS6 

136.7 9 Deposition DS5 

142.3 8 Deposition DS4 

145.5 7 Deposition DS3 

150.8 6 Deposition DS1+2 

164.7 5 Deposition Jurassic 

205 4 Hiatus Hiatus 205_164.7 

245 3 Deposition Triassic 

380 2 Hiatus Hiatus 380_245 

500 1 Deposition Basement 

Table 2 - Consecutive list of all deposition and erosion events defined in the geological 

concept of the model

Table 2. Depositional and erosional events defined in the conceptual model.

154 Petroleum systems modelling of the inverted Cameros Basin, north-central Spain



A maximum eroded thickness of 5500 m has been 
determined in the central part of the basin, gradually 
decreasing toward the south (Fig. 2b). 

The simulation of erosion in the petroleum system 
model required the sequential removal of layers in 
reverse order of deposition (Poelchau et al., 1997). 
In general, this is an acceptable simplification in 
weakly deformed and regionally uplifted sedimentary 
basins, but it is not acceptable in overthrust systems 
such as the Cameros Basin where units of different 
ages were eroded simultaneously. To overcome this 
problem, partially eroded retro-deformed balanced 
cross-sections were used to construct the model (Fig. 
6). Progressive erosion of the uplifted units was 
considered.

Boundary conditions and
thermal calibration data
The most important boundary condition defined in the 
model is the variation through time of the heat flow 
at the base of the model (11 to 13 km deep). Because 
of the continental nature of most of the deposits, sea-
level fluctuations and resulting palaeo water depth 
corrections were not considered. The sediment-water 
interface temperature (SWIT) was calculated by the 
software specific routine, which defines the evolution 
temperature at sea level considering variations of global 
mean surface temperature and latitudinal variation of 
the study area through time (Wygrala, 1989)

The heat flow maximum in the Cameros Basin was 
estimated considering the magnitudes of the initial 
and thermal subsidence recorded by applying the 
approach of Royden (1986). The maximum heat flow 
in an extensional basin occurs at the end of mechanical 
lithosphere stretching (initial subsidence) and before 

thermal relaxation (thermal subsidence), at the time 
when the asthenosphere is at its shallowest (McKenzie, 
1978; Royden and Keen, 1980; Royden, 1986; Allen 
and Allen, 2017). Initial and thermal subsidence data 
values were measured along the basin and plotted on 
the graphs proposed by Royden (1986), which related 
the subsidence to crustal and lithosphere stretching 
factors. By this method a maximum heat flow value 
of 65 mW/m² at the end of the extensional stage was 
calculated (Omodeo-Salé et al., 2017).

For the model, a heat flow trend was proposed 
which had a maximum value of 65 mW/m² at the end 
of the syn-rift stage subsequently decreasing to 60 
mW/m² in the post-rift stage (Fig. 7a). The latter heat 
flow was maintained until 0 Ma and corresponds to 
the present-day heat flow of 60 mW/m2 measured in 
wells in the area (Fernández et al., 1998). The model 
was thermally calibrated against measured vitrinite 
reflectance derived from previous studies (Omodeo-
Salé et al., 2016; 2017), using the Sweeney and 
Burnham (1997) kinetic model. Vitrinite reflectance 
(Ro%) was measured in 72 organic-matter rich outcrop 
samples, representative of the entire stratigraphic 
record of the basin (Fig. 5b, and Appendix 1 and 3).

Source rock properties
The three source rock intervals considered are at 
present overmature (Fig. 5b). Thus, the original type 
of organic matter present was inferred on the basis 
of the interpreted depositional environments (see 
above): Type II kerogen was assigned to the Pozalmuro 
Formation marine black shales; Type I kerogen to 
the Valdeprado Formation black shales; and Type III 
kerogen to the Enciso Group wetland deposits (Table 
4). 

Facies name 
Lithology (%) Initial 

Porosity        
(%) 

Density              
(Kg m-3) 

Permeability at 
porosity of (log mD) 

Heat Capacity                         
(Kcal kg-1 K-1) 

Thermal Conductivity                
(W m-1 K-1) 

Limestone Sandstone Shale 25% 45% 20ºC 100ºC 20ºC 100ºC 

Cenozoic 0 95 5 42 2700 3 4.84 0.2 0.23 5.95 4.85 

U. Cretac  60 20 20 51 2710 1 1.52 0.2 0.23 3 2.69 

Utrillas Fm 0 80 20 40 2760 2 3.62 0.21 0.24 3.35 2.95 

Oliván 5 70 25 49 2667 1.4 3.55 0.21 0.24 3.75 3.24 

Enciso  45 20 35 51 2704 -0.36 1.10 0.21 0.24 2.13 2.05 

Abejar  0 70 30 46 2700 1.7 4.37 0.2 0.23 4.21 3.58 

Pantano  0 80 20 47 2684 1.8 3.88 0.21 0.24 3.74 3.23 

Golmayo  40 40 20 51 2700 0.89 2.09 0.2 0.24 2.54 2.35 

Urbión  0 60 40 53 2664 0.6 2.93 0.21 0.24 3.73 3.22 

Valdeprado 60 4 36 55 2670 -0.81 0.28 0.21 0.24 2.01 1.96 

Huerteles  15 35 50 50 2714 1.2 2.97 0.2 0.24 3.03 2.71 

Tera 5 60 35 51 2673 0.76 3.48 0.21 0.24 3.37 2.96 

Jurassic 100 0 0 51 2680 0.73 1.00 0.2 0.23 2 1.96 

Triassic Evaporite 10 2540 - - 0.19 0.21 4.69 3.91 

Basement Mafic/Granitic Rock 5 2750 - - 0.19 0.22 2.72 2.35 

Table 3 - Petrophysical properties assigned to the facies of the layers defined in the model 

Table 3. Petrophysical properties assigned to the facies defined in the model.
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The geochemical parameters (initial TOC content, 
HI index, and kinetics) of immature high-TOC 
intervals within the siliciclastic succession outcropping 
in the south of the basin (DS7 unit, Abejar Formation) 
were used to define the original properties of the source 
rocks, which are at present overmature. The marine 
Pozalmuro Formation lacks an immature analogue in 
the basin; therefore, the geochemical parameters of 
Lower Jurassic source rocks in the Ayoluengo oilfield 
(located near Burgos in northern Spain, about 200 
km from the central part of the Cameros Basin) were 
used because they were deposited in a similar marine 
setting (Sanz, 1967; Abeger et al., 2003; Permanyer 
et al., 2013). 

In order to simulate the thermal transformation of 
kerogen over time, the kinetics proposed by Ungerer 
(1990) and Pepper and Corvi (1995) were assigned. 
Kinetics were chosen considering the type of original 
kerogen present (Table 4). 

Hydrocarbon migration in the source rock was 
calculated using a multi-phase Darcy flow. The 
capillary pressures for the petroleum–water system 
were calculated for the defined lithologies at different 
porosities using a bilinear interpolation scheme (Table 
4) (Hantschel and Kauerauf, 2009). In basin modelling, 
no distinction is made between primary migration in 
source rocks and secondary migration in reservoir 
and carrier rocks because hydrocarbon migration is 
considered as a flow of hydrocarbons through the free 
pore space (Hantschel and Kauerauf, 2009).

RESULTS AND DISCUSSION

Thermal history
The proposed heat flow (Fig. 7a, blue curve) is 
validated only in the southern sector of the basin, 
where vitrinite reflectance data fit the calculated 
curve (calibration well 1) (Fig. 7b). However, in the 
central and northern sectors (calibration wells 2, 3 
and 4), vitrinite reflectance measurements indicate 
that higher heat flow values were recorded than those 
calculated in the initial scenario (blue curve in Fig. 
7b). Furthermore, the highest values were measured in 
shallower stratigraphic intervals, inverting the typical 

maturity-depth trend, which should increase with 
progressive burial. This anomaly has been interpreted 
to be caused by the circulation of hydrothermal fluids 
(Omodeo-Salé et al., 2017, 2016), rising from deep 
crustal detachment faults with temperatures of more 
than 300 °C (Casquet et al., 1992; González-Acebrón 
et al., 2011). 

To reproduce the effects of hydrothermal circulation 
in the current thermal model is not straightforward. 
Petroleum system modelling software can only 
simulate conductive heat transport from the bottom 
to the top of a basin fill (Büker et al., 1995; Poelchau 
et al., 1997; Yalçin et al., 1997) and the effects of 
advective heat transport due to the circulation of 
high-temperature fluids can only be approximated. To 
simulate thermal events occurring over a relative short 
time span (e.g. due to dike intrusion or the circulation 
of hydrothermal fluids), one solution is to add heat-
flow peaks in the basal heat-flow history (Taylor et 
al., 1998). In order to simulate the two hydrothermal 
events recognized in the Cameros Basin, two heat-
flow peaks of short duration (1 Ma) at 85 Ma and 45 
Ma were added to the basal heat-flow history curve in 
the central and northern sectors (Fig. 7a, red curve). 
The addition to the two heat-flow peaks improved the 
model calibration, as the calculated curves fit much 
better the highest measured %Ro values (red curves 
in Fig. 7b). However, the high %Ro values measured 
in the shallow stratigraphic intervals (%Ro ~ 3) and 
the anomalously decreasing %Ro-depth trend of the 
measured data in the central-northern sector of the 
basin cannot be reproduced. But taking into account 
the software-related limitations on conductive heat 
transport, the fact that basal heat flow peaks affect the 
entire model by definition and that calibration data are 
only from outcrop samples, the calibration proposed 
can be considered as the best approximation.

Hydrocarbon generation, migration and 
accumulation processes
The model determined the timing of source rock 
maturation, the kerogen transformation ratios and 
the timing of hydrocarbon expulsion (Figs 8 and 9). 
Migration pathways were in general reconstructed 

 

Source 
Rock TOC  [%] 

HI          
[mg HC/g 

TOC]

Kerogen 
Type Compositional Kinetic 

Capillary pressure Petroleum-Water [MPa] 

70% porosity 
(PSR)

53% porosity 
(VSR, ESR) 

25% porosity 5% porosity 

PSR 8 730 Type II Ungerer TII (NS) 0 0.24 1.6 

VSR 17 710 Type I Pepper and Corvi TI 0 0.1 0.5 

ESR 2.8 170 Type III Pepper and Corvi TIII 0 0.1 0.4 

Table 4 - Geochemical and kinetic parameters assigned to the source rocks defined in the model. 

PSR = Pozalmuro source rock; VSR = Valdeprado source rock; ESR = Enciso Source rock 

  

Table 4. Geochemical and kinetic parameters assigned to the source rocks defined in the model.  PSR = 
Pozalmuro source rock; VSR = Valdeprado source rock; ESR = Enciso source rock.
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taking into account the permeability of the stratigraphic 
units together with their geometric variation through 
time (Fig. 10). 

In the early part of the extensional phase (142.3 
– 136.7 Ma), the Pozalmuro source rock and the 
most deeply buried parts of the Valdeprado source 
rock are modelled to have entered the oil window, as 
a consequence of the deposition of the overburden 

units DS1+2 – DS4, and initial hydrocarbon expulsion 
occurred. The generated hydrocarbons migrated 
vertically, toward the topographic surface. 

During the intermediate part of the extensional 
stage (136.7 – 121 Ma), the entire Valdeprado source 
rock reached the oil window as a consequence of the 
deposition of the very thick DS7 unit (Fig. 8). The 
Pozalmuro source rock began to enter the wet-gas 

Fig. 6. Modelled cross-sections of the Cameros Basin showing the basin evolution over time from the 
undeformed state (65 Ma) to the end of the inversion phase (17 Ma). End-member sections from Omodeo-
Salé et al. (2014). The erosional surface during inversion was estimated in order to generate the model input 
sections. (Modified from Omodeo-Salé, 2014). 
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window in the central part of the modelled section, 
and was in the oil window towards the margins of the 
profile (Fig. 8). According to the model, migration from 
the Pozalmuro and Valdeprado source rocks occurred 
upwards towards the surface throughout the overlying 

carrier rocks and laterally to the south (Fig. 10). A 
significant hydrocarbon flow path developed through 
the sandstones of the Urbión Group (DS4, DS5, DS6, 
and DS7 units) in the central-northern sector of the 
basin and remnants of bitumen have been found in 

Fig. 7. (a) Basal heat flow history (mW/m2) used in the model. The first scenario (blue curve) is characterized 
by a single maximum heat flow peak of 65 mW/m2 at the end of the extensional phase consistent with the 
subsidence history of the basin. In the second scenario (red curve), two additional short-time peaks at 85 and 45 
Ma were added to reproduce the effects of heating due to hydrothermal fluid circulation. 
(b) Calibration of the 2D thermal model using the two proposed heat-flow scenarios with measured vitrinite 
reflectance data (modified from Omodeo-Salé et al., 2017). The cross-section at the bottom shows the location 
of extracted pseudo-wells used to calibrate the model and illustrated above (1, 2, 3 and 4), and the projection of 
measured data into the section.
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these units (Mantilla-Figueroa et al., 1998; Ochoa et 
al., 2007). However, hydrocarbons did not accumulate 
in signifi cant volumes because of the absence of a 
seal and/or traps (Fig. 10). Thus, no hydrocarbon 
accumulations formed in the Urbión Group.

In the latest part of the extensional stage (121–108.7 
Ma), the Pozalmuro source rock entered the gas 
window in the central-northern part of the modelled 
section as a consequence of the deposition of the DS8 
overburden unit, whereas it remained in the oil window 

in the south of the basin (Fig. 8). In this phase, most 
of the Valdeprado source rock was in the gas window 
with an almost complete transformation of kerogen into 
hydrocarbons (Figs 8 and 9). In this phase, the peak 
generation of hydrocarbons occurred (127–108.7 Ma) 
(Fig. 11), with a transformation ratio up to 50-90% 
(Fig. 9). The Enciso source rock entered the oil window 
at 108.7 Ma with the partial transformation of kerogen 
(Fig. 9). Hydrocarbon generation then declined after 
108.7 Ma (Fig. 11) because most of the kerogen had 

Fig. 10. Reconstruction of hydrocarbon migration pathways and oil/gas accumulations through time. In the 
inverted sections, the vertical exaggeration with respect to the original sections in Fig. 6 is 1:2.
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already been transformed into oil and gas (Fig. 9). In 
the central-northern sector, gas migrated through the 
Urbión Group and along syn-sedimentary faults. In 
the south of the basin, the hydrocarbons expelled from 
the Pozalmuro source rock migrated upwards through 
the DS1+2, DS5, DS6 and DS7 units (Fig. 10). The 
overmature hydrocarbons found in the more immature 
shallower deposits (DS7 unit, Abejar Formation) 
support this migration event as reconstructed by the 
model. Most of the hydrocarbons generated at this 
stage were lost to the surface due to the absence of a 
seal (Fig. 10).

In the post-extensional stage (108.7 – 65.5 Ma), the 
regional thermal event (≈ 85 Ma) caused the complete 
thermal transformation and alteration of organic 
matter – including both kerogen in the Pozalmuro, 
Valdeprado, and Enciso source rocks (Fig. 8 and 
Fig. 9), and hydrocarbons accumulated in reservoirs. 
Because of the difficulty in correctly reproducing the 
effects of the circulation of hot hydrothermal fluids in 
the model, overmature thermal conditions were not 
correctly calculated. However, they were assumed 
to occur in the shallowmost stratigraphic intervals 
relative to those calculated by the model (Fig. 8, see 
the lines drawn in the 85 and 65.5 Ma sections). The 
alteration textures in pyrobitumen particles observed 

in units outcropping at the northern basin margin (Fig. 
4g and h) are interpreted to result from this abrupt 
thermal event. 

Oil and gas generated in the post-extensional 
phase accumulated in the sandstones of the Utrillas 
Formation (Fig. 10). These accumulations probably 
consisted mainly of gas because the Pozalmuro, 
Valdeprado and Enciso source rocks were in general 
in the gas window at that time (Fig. 8). In the central-
northern sector of the basin, the Valdeprado source 
rock is the most important source rock unit by volume 
of petroleum generated (Fig. 11), due to its high 
productivity and thickness (Table 4 and Fig. 2b). The 
lesser thicknesses of the Pozalmuro and Enciso source 
rocks together with their relatively lower hydrocarbon 
potential (Table 4) resulted in the generation of smaller 
volumes of hydrocarbons (Fig. 11). The inversion of 
the basin (50-17 Ma) caused the gradual erosion and 
destruction of the reservoirs formed in the northern 
sector of the basin.

The southern sector of the basin underwent a 
different tectonic evolution which resulted in different 
source rock maturation and hydrocarbon generation 
histories. The low subsidence rates recorded in this part 
of the basin resulted in a later onset of hydrocarbon 
generation and expulsion at the end of the syn-

Fig. 11. Chart showing hydrocarbon generation, accumulation and loss through time in the Cameros Basin.
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extensional stage (121 Ma), when the Pozalmuro 
source rock entered the oil window as a consequence 
of the deposition of the DS7 and Upper Cretaceous 
units (Fig. 8). Unlike the rest of the basin, hydrocarbon 
generation and accumulation continued in the southern 
sector until the last part of the inversion phase (late 
Oligocene, 30-23 Ma) because the source rock in this 
area was still in the oil generation window. In addition, 
the basin was not completely uplifted and eroded (Figs 
8 and 9) preserving some remaining potential in the 
Pozalmuro source rock (Fig. 11). 

Formation of traps
During the entire syn-extensional phase, due to the 
absence of regionally extensive impermeable units 
(seals) and because of compressive tectonic activity, 
no relevant stratigraphic and structural traps formed. 
Thus, most of the hydrocarbons generated in this phase 
were lost (Fig. 11). In the post-extensional phase, the 
deposition of the impermeable Upper Cretaceous 
marlstones provided an effective seal and resulted in 
the accumulation of hydrocarbons in the underlying 
sandstone of the Utrillas Formation (Fig. 10). 

During the inversion phase (50–17 Ma), small 
volumes of hydrocarbons probably accumulated in 
structural traps formed at that time. However, the 
continuous uplift of the basin prevented the preservation 
of these palaeo accumulations, exposing and eroding 
them quickly at the surface (Fig. 10). In contrast, in the 
southern sector of the basin, small-scale fold-related 
traps may have been preserved as a consequence of the 
reduced uplift rate. Thus, hydrocarbons were trapped 
in the gentle anticlines formed in this area (Fig. 10). 
Modelling results indicate that the principal reservoir 
formed in the sandstones of the uppermost Utrillas 

Formation (Fig. 10) which is in agreement with the 
observation of bituminous sandstones in the Utrillas 
Formation in an outcrop location near the village of 
Fuentetoba (Figs 4a-e). 

The results presented here indicate that the main 
cause of the scarcity of  hydrocarbons accumulations in 
the Cameros Basin is the lack of synchroneity between 
fluid expulsion and traps formation. Uplift,  erosion and 
subaerial exposure of the few accumulations which 
were formed was a secondary cause. 

Petroleum systems evolution
In the Cameros Basin, four different petroleum systems 
can be considered, each including an active source 
rock (Fig. 12 and Table 5) (sensu Magoon and Dow, 
1994). In the case of the Pozalmuro source rock, two 
different petroleum systems were developed as this 
source rock became mature at different times and 
in different sectors of the basin. For each petroleum 
system, the critical moment was defined as the time of 
peak kerogen transformation into hydrocarbons. The 
interval of time when hydrocarbons could be preserved 
in the reservoir if traps were present was defined as 
the preservation time. The preservation of a petroleum 
system can be terminated by uplift, faulting, erosion 
and/or the occurrence of significant thermal events.

The first two petroleum systems activated in the 
basin are related to the Pozalmuro and Valdeprado 
source rocks (Fig. 12). In both cases, the critical 
moment was at 108.7 Ma when peak kerogen 
transformation to hydrocarbons occurred. The critical 
moment does not overlap with the time of preservation 
and most of the hydrocarbons generated were therefore 
lost because of the absence of a seal and/or trap during 
the time of maximum generation and migration.

 

Elements and 
Processes 

PS1 PS2 PS3 PS4 

Source Rock Pozalmuro Fm 
(central-northern 
sectors) 

Valdeprado Fm Enciso Gr Pozalmuro Fm 
(southern sector) 

Reservoir Utrillas Fm Utrillas Fm Utrillas Fm Utrillas Fm 

Seal Upper Cretaceous Upper Cretaceous Upper Cretaceous Upper Cretaceous 

Migration-Generation-
Accumulation timing 

Syn-extensional 
phase 

Middle-late syn-
extensional phase 

Late syn-
extensional and 
post-extensional 
phases 

Post-extensional 
and inversion 
phases 

Trap Stratigraphic Stratigraphic Stratigraphic Structural 

Overburden units DS1+2-DS8; 
UpperCretaceous 

DS4-8; 
UpperCretaceous 

DS8; 
UpperCretaceous 

DS1+2, DS5-DS7; 
Upper Cretaceous 

Table 5 – Geological essential elements and processes characterizing the four petroleum systems 
(PS) individuated in the Cameros Basin.

  

Table 5.  Elements of the petroleum systems (PS) identified.
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In the petroleum system corresponding to the 
Enciso source rock, hydrocarbon generation reached a 
peak at 85 Ma (Fig. 12). The critical moment coincides 
with the preservation time, and hydrocarbons generated 
therefore accumulated in reservoirs. However, the 
system was only preserved until the Eocene when the 
basin was uplifted and the traps were eroded.

The petroleum system corresponding to the 
Pozalmuro source rock located in the southern sector 
of the basin was active in the post-extensional and 
inversion stages when structural traps had already 
been created (Fig. 12). The critical moment occurred 

at around 30 Ma when the transformation ratio reached 
a maximum. Hydrocarbons accumulations were 
preserved until uplift of the basin at 17 Ma (Fig. 6). 

Model assumption and result uncertainties 
Reconstructing the hydrocarbon generation and 
accumulation history of an inverted and overthrused 
basin is a complex and somewhat uncertain undertaking 
due to problems of missing basin infill and subaerial 
exposure due to the tectonic uplift and erosion. The 
overmature thermal state of the original source rocks 
adds further difficulties for reconstructing the original 

Fig. 12. Petroleum systems chart of the Cameros Basin (sensu Magoon and Dow, 1994) indicating the 
petroleum system elements (source rock, reservoir, seal), the timing of hydrocarbon generation, migration and 
accumulation, and the critical moment.  PSR = Pozalmuro source rock; VSR = Valdeprado source rock; 
ESR = Enciso source rock
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hydrocarbon potential in the area. Therefore, several 
assumptions had to be made, resulting in uncertainties 
of the model results. 

Migration and accumulation processes: The use of 
a 2D section, instead of a 3D model, strongly limits 
the accurate evaluation of the hydrocarbon migration 
paths and accumulations. Furthermore, the section used 
herein represents only the central-eastern part of the 
basin and the western sector was not considered. Thus 
in order to properly evaluate the evolution of the entire 
petroleum system of the basin, further structural and 
geochemical data should be collected and integrated 
into a 3D petroleum system model. 

Source rock maturation: Uncertainties in the 
erosion estimates can provide errors in the evaluation 
of the source rock maturation state and timing. The 
sedimentary thickness eroded during the inversion 
of the basin has been estimated by geometrical and 
structural reconstructions, which can result in under/
over-estimation. The uncertainty connected to the 
reconstruction of deformation and erosion is of little 
relevance for modelling source rock maturity and 
hydrocarbon generation because maximum burial and 
additional heat input by hydrothermal events occurred 
before the inversion phase of the basin.

Thermal model calibration: outcrop samples were 
used to obtain temperature calibration parameters 
(%Ro), necessary to validate thermal modelling, as 
subsurface well data were not available. Although 
altered and oxidized samples were carefully avoided 
for vitrinite reflectance measurements, possible 
errors due to weathering and/or contamination of the 
samples need to be taken into account. However, the 
vitrinite reflectance data are supported by other thermal 
indicators (fluid inclusion, mineral paragenesis, low 
thermochronology etc.; see references cited above), 
which also indicate high anomalous thermal conditions 
in the northern sector of the basin.

Hydrocarbon volume estimation: Due to the 
present-day overmature state of the source rocks, 
their original amount and type of organic matter can 
only be estimated by considering the properties of the 
few analogous immature deposits outcropping in the 
southern sector of the basin. Quantitative estimation 
of the hydrocarbons generated and accumulated in the 
basin was not therefore part of the project, whereas 
qualitative and relative estimates can be considered 
more reliable (Fig. 11). 

Considering the assumptions necessary to 
synthesize the model input data for an inverted, 
eroded and partially overmature basin, uncertainties in 
the model results are inevitable. However, the results 
obtained in this work provide a sound reconstruction of 
the evolution of the petroleum system of the Cameros 
Basin and are consistent with the available geological 
data.

 CONCLUSIONS

This study reconstructed the hydrocarbon generation, 
migration and accumulation history in the Cameros 
Basin, north-central Spain, by integrating available 
geological, structural, thermal, petrographic and 
geochemical data. Factors that have prevented the 
accumulation and preservation of commercial volumes 
of hydrocarbons were investigated. 

The source rocks identified in the basin are at 
present overmature, but observations suggest that 
they have generated and expelled hydrocarbons in the 
past. In the northern sector of the basin, the Pozalmuro 
source rock (Callovian) entered in the oil window in 
the Early Berriasian and the Valdeprado source rock 
(Early Berriasian) in the Early Barremian, marking 
the onset of hydrocarbon generation which reached a 
peak in the Late Barremian – Early Albian (127–108.7 
Ma). At this time, the Valdeprado source rock was the 
most important source rock by volume of petroleum 
generated. However, due to the absence of seals and/
or traps, most of the hydrocarbons generated were not 
preserved. Potential traps formed only in the post-
extensional stage when the deposition of carbonates 
and shales throughout the basin sealed the system. 
However, uplift and erosion of the basin during the 
inversion stage prevented the preservation of reservoir 
units. Hydrothermal activity in the northern sector 
of the basin may also have contributed to the failure 
of the Cameros Basin petroleum system to preserve 
accumulations by over heating and thereby thermally 
degrading the trapped petroleum. 

In the southern sector of the basin, the generation of 
hydrocarbons began at the end of the syn-extensional 
stage (121 Ma) by the Pozalmuro source rock 
(Callovian in age and constituting part of the basin 
substratum). Unlike the rest of the basin, hydrocarbon 
generation and accumulation continued until the very 
early phase of inversion, because in this area the source 
rock was still in the generation window and the basin 
was not completely uplifted and eroded. The expelled 
hydrocarbons accumulated in the post-extensional 
Utrillas Formation sandstones and are at present still 
preserved in outcrops in the form of biodegraded 
bitumen.
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Appendix 1. Location of the samples analysed for vitrinite reflectance and Rock-Eval measurements whose 
results are shown in Fig. 5.
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Appendix 2. Rock-Eval data.

Site Unit ID-Sample TOC [%] PC [%] RC [%]
HI [mg 
HC/g 
TOC]

OI [mg 
CO2/g 
TOC]

Tmax 
[°C]*

S1 [mg 
HC/g]

S2 [mg 
HC/g] S3

FM-N2 0.24 0.03 0.22 44 238 450 0.03 0.11 0.58
CGT-413 0.19 0.02 0.16 52 223 423 0.05 0.10 0.42
CG-103 0.12 0.02 0.10 63 400 426 0.01 0.08 0.48
CG-2 0.20 0.03 0.17 60 281 293 0.05 0.12 0.55
SMO-3b 1.83 0.02 1.81 4 29 303 0.03 0.08 0.54
SMO-3 1.77 0.02 1.75 3 28 - 0.02 0.05 0.50
SMO-2 0.41 0.01 0.40 5 62 - 0.01 0.02 0.25
SMO-2b 0.24 0.02 0.22 27 200 494 0.02 0.07 0.48
SMO-1 0.20 0.02 0.18 20 117 - 0.09 0.04 0.23
SMO-01 1.91 0.00 1.91 2 4 - 0.02 0.04 0.08

Marine Jurassic - Torrecilla Fm SMO-0 0.28 0.02 0.27 23 101 441 0.02 0.07 0.29
SIC-2 0.68 0.02 0.65 10 52 381 0.11 0.07 0.35
SIC-1 0.75 0.03 0.73 9 55 375 0.10 0.07 0.41
TORMO-2 0.91 0.00 0.91 0 7 - 0.01 0.00 0.06
TORMO-1 1.18 0.01 1.17 3 38 - 0.02 0.03 0.45
SPOV-7 0.47 0.02 0.45 16 74 495 0.03 0.08 0.35
SPOV-6 0.10 0.02 0.08 101 179 390 0.02 0.10 0.17
SPOV-5b 0.09 0.02 0.07 51 411 - 0.02 0.04 0.35
SPOV-5 0.13 0.03 0.10 114 219 496 0.02 0.14 0.27
SPOV-4 0.33 0.01 0.31 27 56 495 0.02 0.09 0.18
SPOV-3 0.47 0.04 0.43 26 203 439 0.01 0.12 0.95
SPOV-2 0.43 0.02 0.42 15 94 496 0.02 0.07 0.41
SPOV-1 0.36 0.02 0.34 9 113 - 0.01 0.03 0.40
ROB-100 3.85 0.01 3.84 0 15 - 0.01 0.00 0.58
ROB-13 1.33 0.01 1.32 0 24 - 0.01 0.00 0.32
OLI-200 2.04 0.02 2.02 0 35 - 0.02 0.00 0.71
PR-11P 0.11 0.01 0.10 0 394 - 0.01 0.00 0.44
PR-10P 0.27 0.03 0.24 38 296 429 0.06 0.10 0.81
PR-3.1P 0.17 0.01 0.16 0 237 - 0.00 0.00 0.41
SOTO-02P 0.11 0.01 0.10 0 401 - 0.00 0.00 0.45
SEN-5 1.11 0.00 1.11 1 8 - 0.02 0.01 0.09
SEN-4 1.50 0.03 1.47 6 60 495 0.02 0.09 0.90
SEN-3 1.45 0.02 1.43 6 39 333 0.03 0.09 0.57
SEN-2 1.68 0.02 1.66 4 21 367 0.03 0.06 0.36
SEN-1 0.27 0.02 0.25 32 70 379 0.17 0.09 0.19
URB-2 0.13 0.01 0.12 57 207 347 0.02 0.07 0.27
URB-1 1.34 0.02 1.32 4 44 - 0.03 0.05 0.59
SOY-3b 0.37 0.01 0.36 21 17 345 0.02 0.08 0.06
SOY-3 0.32 0.01 0.31 17 39 - 0.03 0.05 0.12
SOY-1 0.50 0.02 0.48 0 119 - 0.02 0.00 0.59
YN-091 0.57 0.02 0.55 0 132 - 0.00 0.00 0.74
YN-090 3.81 0.12 3.69 26 27 434 0.11 0.97 1.02
SOH-4 0.98 0.02 0.96 2 68 - 0.03 0.02 0.67
YN-A01 0.48 0.03 0.45 13 147 495 0.02 0.06 0.71
SOH-3 2.22 0.04 2.18 3 41 319 0.03 0.06 0.90
SOO-2 0.86 0.02 0.84 6 56 - 0.07 0.05 0.48
YN-B10 0.56 0.02 0.54 14 69 332 0.04 0.08 0.39
YN-B08 0.28 0.04 0.24 24 412 358 0.03 0.07 1.15
YN-B04 0.65 0.03 0.62 10 114 418 0.03 0.07 0.74
SOH-2 2.31 0.04 2.27 4 37 313 0.05 0.10 0.86
SOH-1b 0.60 0.02 0.58 13 80 433 0.02 0.08 0.48
SOH-1 0.50 0.02 0.48 6 114 - 0.01 0.03 0.57
SOO-1 0.18 0.02 0.16 43 136 365 0.13 0.08 0.25
SPO-2 0.38 0.02 0.36 29 46 477 0.03 0.11 0.17
SHDL-1 1.37 0.03 1.34 4 56 - 0.03 0.05 0.77
SPO-1 0.27 0.02 0.25 16 185 - 0.01 0.04 0.50
SCL-2 0.45 0.02 0.43 10 126 - 0.02 0.04 0.57
SCL-1 0.20 0.02 0.18 32 228 - 0.02 0.06 0.46
PRJ 18 3.21 0.31 2.9 99 45 435 0.06 3.17 1.43
PRJ 12 6.30 0.58 5.72 89 62 439 0.06 5.64 3.90
PRJ 10 41.35 16.70 24.65 476 19 416 1.95 196.64 7.73
ESC-PEÑ 15.09 1.08 14.01 71 43 423 0.18 10.69 6.54
PIG-1 1.52 0.99 0.53 714 27 433 0.90 10.85 0.41
STFC-4b 3.95 0.34 3.61 81 70 431 0.04 3.19 2.78
STFC-4 3.48 0.11 3.37 28 28 427 0.04 0.99 0.96
STFC-3b 2.84 0.08 2.76 10 73 431 0.05 0.27 2.07
STFC-3 2.21 0.07 2.14 7 88 480 0.04 0.16 1.94
STFC-2 2.67 0.13 2.54 12 135 477 0.02 0.33 3.62
STFC-1 5.44 0.16 5.28 12 73 434 0.03 0.63 3.97
STFC-0 1.46 0.07 1.39 46 31 438 0.04 0.68 0.45

Marine Jurassic - Pozalmuro FmSRN-1 0.17 0.01 0.15 33 174 - 0.02 0.05 0.29
Casarejos DS7 - Abejar Fm CAS-2 17.82 10.72 7.10 695 43 438 2.75 123.83 7.66
* Tmax is not considered in samples with S2 <0.05 

Annex 2 - Rock-Eval Data

Torrecilla Marine Jurassic - Torrecilla Fm

Montenegro

DS3 Huerteles Fm

DS1+2 Magaña Fm

Marine Jurassic - Pozalmuro Fm

Poveda

DS3 - Huerteles Fm

DS1+2 - Magaña Fm

Enciso

DS8 - Oliván Gr

DS7 - Leza Fm

DS7 - Enciso Gr

DS7 - Urbión Gr

Soria

DS7 - Abejar Fm

DS6 - Pantano Fm

Yanguas

DS3 - Valdeprado Fm

DS3- Huerteles

DS1+2 - Matute Fm

Prejano DS8 - Escucha Fm
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Appendix 3. Vitrinite reflectance data. Reflectance was measured mostly on vitrinite particles (V) and in a few 
cases on solid bitumen particles (SB).

Site Unit ID-Sample
Type of 
particle

N. 
particles 

measured
%Ro_Mea

n
Deviation 
Standard

FM-N2 V 19 2.98 0.37
CGT-413 V 16 2.5 0.37
CG-103 V 13 3.3 0.40
CG-2 V 20 3 0.20
SMO-3b SB 16 3.9 0.87
SMO-3 None - - -
SMO-2 V 10 3.8 0.57
SMO-2b Altered - - -
SMO-1 V 23 2.8 0.55
SMO-01 V 12 3.34 0.23

Marine Jurassic - Torrecilla FmSMO-0 V 6 4.45 0.44
SIC-2 V 40 4.2 0.31
SIC-1 V 21 4.2 0.75
TORMO-2 V 20 4.6 0.47
TORMO-1 V 5 3.7 0.46
SPOV-7 V 21 3 0.43
SPOV-6 None - - -
SPOV-5b V 7 2.3 0.35
SPOV-5 V 9 2.4 0.28
SPOV-4 Altered - - -
SPOV-3 V 17 2 0.55
SPOV-2 V 18 2.3 0.51
SPOV-1 V 18 2.2 0.51
ROB-100 V 50 3.2 0.13
ROB-13 V 50 3 0.25
OLI-200 V 16 2.86 0.25
PR-11P SB 21 4.35 0.81
PR-10P None - - -
PR-3.1P None - - -
SOTO-02P None - - -
SEN-5 V 22 2.4 0.87
SEN-4 None - - -
SEN-3 V 22 3.88 0.79
SEN-2 None - - -
SEN-1 V 4 2.09* 0.23
URB-2 V 18 3.2 0.52
URB-1 None - - -
SOY-3b V 20 2.9 0.88
SOY-3 V 53 3 0.87
YN-091 None - - -
YN-090 None - - -
SOY-1 None - - -
SOH-4 V 12 2.7 0.31
YN-A01 None - - -
SOH-3 V 32 2.2 0.41
SOO-2 V 27 2 0.23
YN-B10 V 8 1.57 0.17
YN-B08 None - - -
YN-B04 V 40 2.4 0.44
SOH-2 V 20 2.05 0.26
SOH-1b V 10 1.9 0.19
SOH-1 V 16 2.1 0.28
SOO-1 V 23 1.9 0.42
SPO-2 V 46 4.6 0.52
SHDL-1 V 35 2.9 0.27
SPO-1 V 3 3.5* 0.30
SCL-1 V 27 3.1 0.63
SCL-2 V 2 2.18* 0.02
ESC-PEÑ V 35 0.62 0.08
PRJ 18 V 50 0.63 0.04
PRJ 12 None - - -
PRJ 10 V 80 0.56 0.11
PIG-1 V 46 0.47 0.22
STFC-4b V 41 0.38 0.12
STFC-4 V 31 0.5 0.21
STFC-3b Altered - - -
STFC-3 Altered - - -
STFC-2 Altered - - -
STFC-1 V 58 0.57 0.17
STFC-0 V 57 0.55 0.21

Marine Jurassic - Pozalmuro FmSRN-1 None - - -
Casarejos DS7 - Abejar Fm CAS-2 V 22 0.3 0.04

Annex 3 - Vitrinite reflectance data. (V) vitrinite, (SB) solid bitumen particles

Soria

DS7 - Abejar Fm

DS6 - Pantano Fm

Yanguas

DS3 - Valdeprado Fm

DS3- Huerteles

DS1+2 - Matute Fm

Prejano DS8 - Escucha Fm

Poveda

DS3 - Huerteles Fm

DS1+2 - Magaña Fm

Enciso

DS8 - Oliván Gr

DS7 - Urbión Gr

DS7 - Leza Fm

DS7 - Enciso Gr

Torrecilla Marine Jurassic - Torrecilla Fm

Montenegro

DS3 - Huerteles Fm

DS1+2 Magaña Fm

Marine Jurassic - Pozalmuro Fm
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