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ABSTRACT
ABSTRACT
In order to model highly deformed sedimentary basins, structural balancing must be carried out prior to
2D reverse basin and 2D stratigraphic forward modelling. This study investigates the Southern Cantabrian Basin, which is the Variscan foreland fold-andthrust belt of NW Spain.
Structural balancing offers approximations of predeformational, spatial relationships between measured cross-sections. It provides information about
minimal basin shortening and Late Devonian basin
geometry. Three different structural domains can be
distinguished along the synthetic, 18km long Bernesga Transect. The style of structural deformation
deﬁnes the amount of shortening calculated for each
domain. The Pedrosa domain has the highest values of up to 65%, followed by the northern Bodón (41%) and the southern Alba (25%) domains.
Thrusting and folding each cause approximately
the same amount of shortening. At basin scale, the
amount of total shortening of the deformed basin inﬁll is 54% at minimum, excluding small-scale faulting and folding.
2D numerical reverse basin modelling is used to estimate the basin architecture development and to establish thermo-tectonic subsidence rates as initial
numerical input for the subsequent 2D stratigraphic forward modelling. Six major subsidence trends
within the total subsidence rates and its components
(thermo-tectonic, ﬂexural-induced and compactioninduced) can be distinguished between 560Ma and
313Ma. These trends reﬂect a complex evolution
from a rift stage, to a post-rift stage (passive continental margin) and ﬁnally to a foreland basin, governed by the approach of the Variscan Orogen in the
Lower Carboniferous. The rift stage is characterised by decreasing thermo-tectonic subsidence rates
until the Middle Cambrian. The time that follows
(Late Cambrian until Late Ordovician) is marked by
periods of tectonic quiescence and activity, until the
passive continental margin established in the Silurian. The post-rift stage is represented by two sec-

ond-order encroachment subcycles with durations
of 20Ma and 41Ma respectively. They result from
subsidence patterns and basinward shifts of regional onlap. Maximum marine ﬂooding was reached
during Early Llandoverian. The Variscan foredeep
stage is characterised by a highly subsiding depocenter, which moves from S to N in time (present
day coordinates). This movement reﬂects the propagation of the Variscan Orogen, with velocities ranging between 4 and 12km/Ma.
2D stratigraphic forward modelling visualises the
predicted depositional history along the synthetic
Bernesga Transect and quantiﬁes the physical
factors determining deposition. From the latest
Neoproterozoic to the Early Ordovician the Southern
Cantabrian Basin is dominated by a considerable
ﬂux of siliciclastic sediments (2600 to 4600m2/
ka). Following a substantial drop in siliciclastic
input by more than 65% at the end of Silurian,
signiﬁcant carbonate production started in the Early
Devonian. The Devonian is marked by alternating
periods of considerable siliciclastic ﬂux rates (2500
to 4600m2/ka) and proliﬁc carbonate production.
Three Devonian carbonate factories (Abelgas, Santa
Lucía and Portilla formations) display decompacted
carbonate production rates from 90 to 780m/
Ma, each depending on (i) amount of siliciclastic
input, (ii) accommodation space available and (iii)
palaeogeographic position of the depositional area.
The production and destruction of accommodation
space is governed by differential thermo-tectonic
and ﬂexural-induced subsidence, along with
ﬂuctuating eustatic sea-level and sediment ﬂux.
Due to increased siliciclastic inﬂux and diminishing
accommodation space, the decompacted carbonate
production rates of the Portilla Fm. dropped by 81%
in comparison to the Santa Lucía Fm.

Keywords: Variscan Orogeny, Cantabrian Zone,
foreland basin, fold-and-thrust belt, structural balancing, numerical reverse basin modelling, stratigraphic forward modelling

ZUSAMMENFASSUNG
ZUSAMMENFASSUNG
Numerische 2D Rückwärts- und stratigraphische
2D Vorwärts-Modellierungen in stark deformierten Sedimentbecken erfordern eine vorgeschaltete
strukturelle Bilanzierung. Diese Arbeit untersucht
das südliche Kantabrische Becken, welches sich im
variszischen Vorland Falten- und Überschiebungsgürtel NW-Spaniens beﬁndet.
Strukturelle Bilanzierung liefert Näherungen von
räumlichen Beziehungen zwischen gemessenen
Proﬁlen vor der tektonischen Deformation und stellt
Informationen über die Minimalverkürzung und die
spätdevonische Beckenarchitektur zur Verfügung.
Entlang des synthetischen, 18km langen Bernesga
Transektes können drei strukturelle Einheiten unterteilt werden, deren unterschiedlicher Deformationsstil den Verkürzungsbetrag deﬁnieren. Die Pedrosa Einheit erreicht die höchste tektonische Verkürzung von 65%, gefolgt von der Bodón Einheit mit
41% und der Alba Einheit im Süden mit 25%. Die
Überschiebungsweiten und interne Faltung verursachen ungefähr die gleiche Verkürzung. Minimale
Verkürzung der deformierten Beckenfüllung beträgt
im Beckenmaßstab 54%, wobei kleinräumige Falten und Störungen nicht berücksichtigt wurden.
Die numerische 2D Rückwärtsmodellierung wird
verwendet, um die Entwicklung der Beckenarchitektur abzuschätzen sowie thermo-tektonische Subsidenzraten als initiale Eingabe für die folgende,
stratigraphische 2D Vorwärtsmodellierung zu ermitteln. Zwischen 560Ma and 313Ma können innerhalb der totalen Subsidenzraten und ihrer Komponenten (thermo-tektonisch, ﬂexurell- und kompaktions-induziert) sechs bedeutende Subsidenztrends
unterschieden werden. Diese Trends spiegeln die
komplexe Beckenentwicklung wider, angefangen
mit dem Riftstadium, übergehend zum Post-Riftstadium (passiver Kontinentalrand) und schließlich zum Vorlandbecken, gesteuert durch das herannahende variszische Orogen im Unter-Karbon.
Das Riftstadium ist durch abnehmende thermo-tektonische Subsidenzraten bis zum Mittel-Kambrium
markiert. Die darauf folgende Zeit spiegelt Perioden
der tektonischen Ruhe und Aktivität wieder, bis sich
im Silur der stabile, passive Kontinentalrand etabliert. Das Post-Riftstadium ist durch zwei 20Ma und
41Ma lange „Encroachment“-Subzyklen vertreten,

charakterisiert durch Subsidenzmuster und die beckenwärtige Verschiebung des regionalen „Onlap“.
Maximale marine Überﬂutung wird während des
frühen Llandovery erreicht. Stark absinkende Depozentren, die in der Zeit vom Süden nach Norden
migrieren (Bezug auf das heutige Koordinatensystem), kennzeichnen das variszische Vorlandbeckenstadium. Diese Bewegungen spiegeln das Voranschreiten des variszischen Orogens wieder, welches
mit Geschwindigkeiten von 4 bis 12km/Ma erfolgt.
Die stratigraphische 2D Vorwärtsmodellierung visualisiert die Ablagerungsgeschichte entlang des
synthetischen Bernesga Transektes und quantiﬁziert
physikalische Steuerungsfaktoren, welche die Ablagerung beeinﬂussen. Vom spätesten Neoproterozoikum bis in das frühe Ordovizium wird das südliche Kantabrische Becken von hohen siliziklastischen Sedimentﬂuxraten (2600 bis 4600m2/ka) dominiert. Nach einem beträchtlichen Abfall des siliziklastischen Eintrags um mehr als 65% Ende des
Silur, begann Anfang Devon die Karbonatproduktion im bedeutenden Umfang. Das Devon wird durch
wechselnde Etappen hohen siliziklastischen Eintrags (Raten von 2500 to 4600m2/ka) und effektiver
Karbonatproduktion charakterisiert. Drei Phasen devonischer Karbonatsedimentation (Abelgas-, Santa Lucía- und Portilla-Fm.) zeigen dekompaktierte
Karbonatproduktionsraten von 90 bis 780m/Ma, abhängig von (i) der Menge an siliziklastischem Eintrag, (ii) vorhandenem Akkommodationsraum und
(iii) der paläogeographischen Position des Ablagerungsgebietes. Die Schaffung und Zerstörung des
Akkommodationsraumes wird dabei von differentieller thermo-tektonischer und ﬂexurell-induzierter
Subsidenz zusammen mit eustatischen Meeresspiegelschwankungen und Sedimenteintrag gesteuert.
Aufgrund des erhöhten siliziklastischen Eintrags
und des abnehmenden Akkommodationsraumes zur
Zeit der Portilla-Fm. gehen dekompaktierte Karbonatproduktionsraten im Vergleich zur Santa LucíaFm. um 81% zurück.
Schlüsselwörter: Variszische Orogenese, Kantabrische Zone, Vorlandbecken, Falten- und Überschiebungsgürtel, strukturelle Bilanzierung, numerische
Rückwärtsmodellierung, stratigraphische Vorwärtsmodellierung

RESUMEN
RESUMEN
Para poder realizar modelos de cuencas sedimentarias altamente deformadas una reconstrucción
estructural por medio de cortes balanceados debe
ser llevada a cabo antes de aplicar los métodos de
modelado en 2 dimensiones (i) numérico regresivo
de cuenca (2D numerical reverse basin modelling)
y (ii) estratigráﬁco progresivo (2D stratigraphic forward modelling). Este estudio se centra en la Cuenca Cantábrica Sur, que constituye la cadena de antepaís de cabalgamiento-plegamiento dentro del
orógeno Varisco en el Noroeste de España.
La reconstrucción estructural por medio de cortes
balanceados proporciona una aproximación a las relaciones espaciales entre las secciones medidas en
este estudio. Además, ofrece información acerca del
acortamiento mínimo experimentado por la cuenca
estudiada y sobre su geometría en el Devónico Superior. Se pueden distinguir tres dominios estructurales a lo largo del corte compuesto “Bernesga”,
de 18km de longitud, deﬁniendo el estilo estructural de la deformación en cada dominio la cantidad
de acortamiento calculado. El dominio de Pedrosa
tiene los valores más altos de acortamiento, hasta un
65%, seguido por el de Bodón (41%) y el de Alba
(25%), situados al norte y al sur de éste, respectivamente. Los procesos de cabalgamiento y plegamiento causan aproximadamente el mismo acortamiento. A escala de la cuenca, el acortamiento tectónico total alcanza un mínimo del 54%, excluyendo
pliegues y cabalgamientos de pequeña escala.
El método de modelado numérico regresivo de
cuenca en 2D se utiliza para estimar el desarrollo de
la arquitectura de la cuenca y para establecer promedios de subsidencia termo-tectónica que son necesarios inicialmente para el posterior modelado estratigráﬁco progresivo en 2D. Hasta seis modalidades de subsidencia, dentro de los valores totales
y de sus componentes (termo-tectónico, inducido
por ﬂexión e inducido por compactación), pueden
ser distinguidas entre los 560Ma y los 313Ma. Estas modalidades reﬂejan una evolución compleja de
la cuenca, que comienza en un estadio de rift, para
pasar a un estadio post-rift (margen continental pasivo) y ﬁnalizar en una cuenca de antepaís controlada por el avance del orógeno Varisco en el Carbonífero Inferior. El estadio de rift está caracterizado

por promedios de subsidencia decrecientes que alcanzan hasta el Cámbrico Medio. El intervalo temporal siguiente (desde el Cámbrico Superior hasta
el Ordovícico Superior) está caracterizado por ser
un período de relativa calma y actividad tectónica,
hasta el establecimiento del margen continental pasivo en el Silúrico. La fase post-rift se distingue por
la presencia de dos sub-ciclos de solapamiento con
una duración de 20Ma y 41Ma. Estos sub-ciclos son
el resultado de variaciones en los patrones de subsidencia y desplazamientos hacia el frente de cuenca del solapamiento regional. Los niveles más altos
de profundidad del mar se alcanzaron en el Llandovery temprano. La fase de cuenca de frente orogénico está caracterizada por un depocentro con alta
subsidencia, el cual, considerando siempre la disposición actual de la cuenca, se desplazó de Sur a
Norte con el tiempo. Este movimiento reﬂeja la velocidad de propagación del orógeno Varisco, cuyo
promedio oscila entre 4 y 12km/Ma.
El método de modelado estratigráﬁco progresivo
en 2D permite visualizar la historia deposicional inferida a lo largo del corte compuesto “Bernesga” y
cuantiﬁcar los factores físicos que controlan la sedimentación. Desde el Precámbrico Superior tardío
hasta el Ordovícico Inferior temprano la Cuenca
Cantábrica Sur está dominada por un ﬂujo considerable de sedimentos siliciclásticos (2600 a 4200m2/
ka). Después de una caída substancial de dicho ﬂujo al ﬁnal del período Silúrico, de más del 65%, se
inició una producción signiﬁcativa de carbonatos en
el Devónico Inferior. El Devónico está marcado por
períodos alternativos de considerable ﬂujo de material siliciclástico (promedios de 2500 a 4600m2/
ka) y otros de abundante producción de carbonatos.
Las tres “fábricas” devónicas de carbonatos son las
formaciones de Abelgas, Santa Lucía y Portilla. Éstas presentan promedios decompactados de formación de carbonatos que alcanzan desde los 90 a los
780m/Ma, dependiendo de (i) la cantidad de material siliciclástico entrante, (ii) el espacio de acomodación disponible y (iii) la posición paleogeográﬁca
del área deposicional. La generación y destrucción
del espacio de acomodación está controladas por el
diferencial de la subsidencia termo-tectónica y de
la subsidencia inducida por ﬂexión, además de por
las variaciones eustáticas en el nivel del mar y en el
ﬂujo de sedimentos. Debido a un incremento en el

LIST OF ABBREVIATIONS
ﬂujo siliciclástico y a una disminución en el espacio
de acomodación, los promedios decompactados de
producción de carbonatos en la formación Portilla
cayeron en un 81% en comparación a los de la formación Santa Lucía.
Palabras clave: Orogenia Varisca, Zona Cantábrica, cuenca de antepaís, cinturón de cabalgamientoplegamiento, reconstrucción estructural mediante
cortes balanceados, modelado numérico regresivo
de cuenca, modelado estratigráﬁco progresivo.
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CHAPTER 1: INTRODUCTION
CHAPTER 1: INTRODUCTION
Sedimentary basins contain most natural resources
such as oil, gas, coal or water. Dimensions in time
and space range from tens to hundreds of millions
of years and cover thousands of cubic kilometres.
Models of sedimentary basins tend to be qualitative in nature, raising difﬁculties in evaluating and
quantifying primary control factors and their interactions. Many sedimentary environments comprise
complex, small-scale geometries with abrupt lateral and vertical changes of depositional parameters, which cannot be analysed by static, qualitative
models. In recent years, the development of numerical basin modelling software has provided a powerful tool for improving the comprehension of longterm basin evolution, and for determining the suitability of modelling for exploration purposes (Lawrence et al. 1990, Kendall et al. 1991, Flemings &
Grotzinger 1996, Kendall & Senn 1998, Whitaker et
al. 1999, Bowman & Vail 1999, Paola 2000).
In order to carry out basin modelling in a tectonically complex region such as the Cantabrian Zone
(see Fig. 2.1 and 2.17), a multidisciplinary approach
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of detailed ﬁeldwork, structural balancing, subsidence and stratigraphic modelling is required (see
Fig. 1.2). Structural balancing has to be implemented before modelling can begin. It reconstructs the
basin architecture prior to late Palaeozoic deformation and offers estimations on basin shortening and
spatial relationships between the measured vertical
sections. The combined dynamic approach of 2D
reverse basin and subsequent 2D stratigraphic forward modelling is an effective tool for analysing geological processes in time. The temporal and spatial
development of petrophysical and sedimentary parameters are estimated based on the complete basin ﬁll between the top of the rheological basement
(560Ma) and the time of maximum burial depths
(34Ma). 2D reverse basin modelling is a prerequisite for 2D stratigraphic forward modelling, and
analyses the quantitative basin architecture development. Numerical results are estimations of total subsidence rates and its components (thermo-tectonic,
ﬂexural-induced and compaction-induced subsidence rates). The 2D stratigraphic forward modelling
simulates the shelf-basin development and quantiﬁes the physical factors, which determine deposi-

Interpretation of
stratigraphic & tectonic data;
calibration of model parameters

Quantification of pre-deformational
basin extent
2D structural balancing
2D-Move

TM

Quantification of specific
subsidence types and sediment
flux throughout the transect
2D reverse basin modeling
Phil/Basim

TM

Calibration of input parameters

Quantification of clastic input,
carbonate production rates,
erosion etc.
2D stratigraphic forward
modeling
Phil/Basim

Comparison of simulation output
with input parameters

TM

Fig.1.2. Workﬂow of the modelling study comprising structural balancing, 2D reverse basin modelling and 2D stratigraphic forward modelling. The circle indicates an iterative approach of simulation runs, which are repeatedly compared with present day geologic information in order to recalibrate input parameters and achieve best ﬁt to nature.
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CHAPTER 1: INTRODUCTION

tion. The ﬁnal results enable the reconstruction of
the sedimentation history of this highly tectonised
Variscan foreland fold-and-thrust belt.
The Pre-Variscan evolution of the Iberian Peninsula has been a topic of numerous publications
(Dallmeyer & Martínez-García 1990, Aramburu &
Bastida 1995, Gibbons & Moreno 2002 and references herein). Despite the abundance of published
data there is still a considerable lack of information
about the Southern Cantabrian Basin comprising:

• Balanced structural model covering the whole basin
• Model of the basin architecture in time
• Flexural reverse basin modelling
• Model of basin development based on quantitative
subsidence analysis, sediment inﬂux, erosion and
sea-level changes
• Stratigraphic forward model of the sedimentation
and erosion parameters
• Synthetic numerical model of the basin development
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2.1 European Variscan Belt and Orogeny
The European Variscan Belt is a continent-scale
oroclinal bend (Weil et al. 2001), and extends for almost 4000km from southern Spain to the Carpathian Mountains (Fig. 2.1 A). It is a broad sinuous belt,
in some areas more than 900km wide, which developed by convergence and collision of the main continents Laurentia/Baltica and Gondwana, as well as
several allochthonous terranes, following the closure
of at least three oceanic basins (Matte 1991, discussion in Chapter 2.3). According to Franke (1992),
the Variscan collisional belt formed during the Late
Devonian between 360 and 380Ma. The collision
was accompanied by high-pressure metamorphism
and lasted until approximately 280Ma (FernándezSuárez et al. 2000 a). Plate convergence continued for 100Ma, and resulted in turning the Variscan
belt into an Alpine-type orogen (Cloetingh & Burov 1996). According to these authors the thickness
of the Variscan crust is remarkably constant, with a
value of approximately 30km. The Variscan belt of
Western Europe is an example of an orogenic belt
lacking exposures of cratonic igneous or metamorphic basement (Fernández-Suárez et al. 2000 a).
2.2 Iberian Variscides
The Iberian part of the Variscan Belt shows a prominent bend in the west, called the Ibero-Armorican or
Asturian Arc (Matte 1991, Bastida & Aller 1992, Pérez Estaún et al. 1994, Ábalos et al. 2002). The Iberian Massif represents the south-western part of the
Variscan Belt, which is subdivided into ﬁve zones
based on metamorphic, structural and paleogeographic differences that reﬂect varying deformation
styles (Lotze 1945, Julivert et al. 1972). From NE
to SW these are the Cantabrian, West Asturian-Leonese, Central Iberian (including the Galicia Trás-osMontes Zone), Ossa Morena and South Portuguese
zones (Fig. 2.1). They mirror the bilateral symmetry of the Variscan Orogen, allowing a comparison
of the two external zones (Cantabrian and the South
Portuguese zones) and the internal zones (West Asturian-Leonese, Central Iberian, Ossa Morena; Ju-
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livert 1981, Warr 2000). High metamorphic rocks
and granitoids are restricted to the internal zones
(Fernández-Suárez et al. 2000 a, b). The NW sectors of the Iberian Massif include far-travelled allochthonous terranes of variable provenance and origin (Arenas et al. 1986).
2.2.1 Chronology of Variscan deformation
Dallmeyer et al. (1997) gives a concise overview
and absolute age information of the geotectonic evolution, occurrence of igneous rocks, tectonic events and metamorphic evolution for the Iberian
zones (see Fig. 2.2).
Cooling ages, obtained for obduction-related amphiboles in the Morais Ophiolite (Central Iberian
Zone), show deformation and related syn-orogenic
deposition in the innermost zone starting in roughly mid-Devonian times (Dallmeyer & Gil Ibarguchi
1990, Quesada 1991). Combined 40Ar/39Ar dating,
X-ray diffraction and electron microprobe analyses
constrained the diachronic evolution of main tectonothermal events across the northern Iberian Massif
(Dallmeyer et al. 1997). These data are summarised
in Fig. 2.3. The latter authors established three diachronous deformation phases, which represent local responses to regional shortening and which migrated eastward with time. The ﬁrst metamorphic
and deformational episode started in the Late Silurian/Early Devonian in the Galicia-Trás-os-Montes
Zone and reached the Central Iberian Zone in early Late Devonian. The West Asturian-Leonese Zone
was reached in the Tournaisian. In the Cantabrian
Zone the Namurian (approx. 322Ma) marked the onset of thrust tectonics and the emplacement of thrust
sheets in the westernmost part of the zone as well as
the deposition of ﬁrst ﬂysch turbidites (Olleros Fm.,
see Chapter 2.4.4 for further detail) from the West
Asturian-Leonese Zone. The eastward migration of
thrust movements in the Cantabrian Zone is noticeable up until the second deformation episode. This
episode displays a similar diachronous character
to the previous episode (Fig. 2.3), with older ages
in the west (Middle Devonian in the Galicia-Trásos-Montes Zone) getting younger towards the Cantabrian Zone in the east (Westphalian to Stephanian). A later deformational phase is assumed to have
reached the Cantabrian Zone in the Early Permian.
Dallmeyer et al. (1997) quantitatively estimated an

CHAPTER 2: GEOLOGICAL SETTING

4

A
Rhenish
Massif

Armorican
Massif

Cantabrian Zone
West Asturian-Leonese Zone
Central Iberian Zone,
Central Armorican Zone
Ossa-Morena Zone,
North Armorican Zone

Massif
Central

Ibero-Armorican Arc

South Portuguese Zone,
Cornwall Zone

500 km
Iberian
Massif

B
Gijon

�
Aramo

Central

Un

Sobia-

Picos de Europa

Ponga

Coal Basin

Nappe
Pisuerga Carrion

it

lla

e
on
asturian-leonese Z

Somie - Correci
do

We
st

Oviedo

Unit

Bo
don
Unit
Un

Esla-

it

Valsurvio

30 km
Precambrian Narcea Antiform

Unconformable Stephanian Coalfields
Undifferentiated Palaeozoic Rocks

Mesozoic - Tertiary Cover
Studied transect

Somiedo-Correcilla and Aramo Unit

Sobia-Bodón Unit

Picos de Europa Unit

Esla-Valsurvio Unit

Pisuerga-Carrión Unit

Ponga Unit

Carboniferous of the Central Coal Basin Unit

Fig. 2.1.
A: Tectonic zonation of the outcropping Variscan Belt in Western Europe (after Dallmeyer et al. 1997). The Ibero-Armorican Arc is schematically indicated in the west.
B: Subdivision of the Cantabrian Zone in its tectonic units (after Julivert 1971 and Pérez-Estaún et al. 1988). The Bernesga Transect is marked by the shaded bar.
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Fig. 2.2. Geotectonic and metamorphic evolution of the Iberian Variscan Orogen. The internal units are situated towards the bottom, the external towards the top of the ﬁgure (Dallmeyer et al. 1997).

average propagation rate of the orogenic front as being 5km/Ma, taking into account a hypothetical orogenic shortening of 50 to 75%. This reﬂects an average convergence rate of 1 to 2cm/a.
According to Frankenfeld (1982) clastic supplies to
the Cantabrian Zone increasingly derived from the
Central Iberian area from Late Frasnian times onward. This assumption is based on 1-5m thick conglomerate beds within the Nocedo Fm. (see Chapter 2.4.4), composed of exotic clasts (amphibolites,
pegmatites, radiolarites, metamorphic quartzites).
Frankenfeld presumed, that these clasts came from
a zone between Cabo Ortegal (NW coast of Biscay)
and Bragança (North Portugal), as this is the only
area with outcropping amphibolites. However, although the provenance of these clasts remains unidentiﬁed, there are several arguments, which question the theory that Variscan deformation in the
Cantabrian Zone can be traced back to Late Fras-

nian times:
• The Nocedo Fm. (382-373Ma) as well as all preceding clastics were shed from the core of the
Cantabrian Zone. More than 50Ma later, the Olleros Fm. (see Chapter 2.4.4) is the ﬁrst unit that
undoubtedly contained sediments derived from
the inner part of the Variscan Orogen. It is unlikely that a single thin conglomerate pulse was delivered from the west, being followed by 50Ma
of southward-directed transport and pelagic carbonate sedimentation (Alba Fm., 25Ma duration).
One would expect, in contrast, an increase of clast
delivery from this new source in the west, as the
orogen propagated by approx. 5km/Ma (Dallmeyer et al. 1997, see above).
• During the Frasnian the ﬁrst deformation episode
reached the Central Iberian Zone (Dallmeyer et
al. 1997, Fig. 2.3). Taking mean shortening values
of the Variscan Orogen into consideration (50 to
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Fig. 2.3. Space/time diagram, showing the diachronism of the main tectonothermal events across the NW Iberian Massif (Dallmeyer et al. 1997). Ages are based on 40Ar/39Ar measurements. The time scale differs slightly from that used
in the present study. The zones are placed in their original relative positions with external units of the orogen plotted
to the right of the ﬁgure.

75% according to Dallmeyer et al. 1997), the uplifted and eroded region would be about 450km
away. Such a long transport, if possible, would result in ﬁne-grained material and not in conglomerates with clasts of up to 20cm in diameter (report-

ed by Van Loevezijn 1986). One would also expect mainly quartz components
• To enable a transport over such a long distance,
Frankenfeld (1982) argued that there must have
been subsidence of at least several hundred meters

Fig. 2.4. Geological cross-section through the Central Iberian, West Asturian-Leonese and Cantabrian Zones (Pérez-Estaún et al. 1991). The thick Early Palaeozoic succession of
the West Asturian-Leonese Zone was thrusted onto the Cantabrian Zone. The border between these zones is represented by the Narcea Antiform. The Cantabrian Zone is dominated by syn-orogenic Carboniferous deposits. To the west the Cabo Ortegal Complex and the Ollo de Sapo Anticline marks the central part of the Variscan Orogen of the Iberian peninsula.
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for the conglomerates to be deposited. However,
the water depths were much shallower, proven by
the underlying Nocedo silt and sandstones, which
indicate lower-shoreface depths.
• Van Loevezijn (1988) doubts that the clasts were
shed from the west, interpreting their colour as
a hydrothermal feature. Making his conclusions
based on the facies patterns and palaeo-current directions, the author interprets the provenance of
Famennian sediments from N to NE. This seems
to be corroborated by the distribution of clast sizes, showing the highest values (up to 20cm) close
to the IALF (northernmost occurrence of the conglomerates), rapidly decreasing towards the south
(Van Loevezijn 1986).
2.2.2 Narcea Antiform and the West Asturian-Leonese Zone
Neoproterozoic rocks of the Narcea antiformal stack
delimit the Cantabrian Zone from the West Asturian-Leonese Zone (Fig. 2.1 and 2.4). The whole antiform was thrust onto the Palaeozoic rocks of the
Cantabrian Zone (Julivert & Marcos, 1973, PérezEstaún & Bastida, 1990, Pérez-Estaún et al. 1994).
It is composed of metapelites and metapsamites,
primarily with turbiditic facies as well as volcanoclastic and less frequently volcanic rocks. Together
with the Neoproterozoic pelites and greywackes of
the Lugo Dome in the West Asturian-Leonese Zone
and outcrops in the Central Iberian Zone it represents the oldest rocks exposed in NW Iberia (Fig.
2.4; Fernández-Suárez et al. 2000 b). The age and
nature of the underlying basement is uncertain. The
West Asturian-Leonese Zone represents the easternmost internal zone of the Iberian Massif, or in other words, the transition between the foreland areas (Cantabrian Zone in the east) and the hinterland
(Central Iberian Zone to the west). It is characterised by an Upper Proterozoic ﬂyschoid series unconformably overlain by a thick pre-orogenic Palaeozoic succession comprising 5,000 to 10,000 meters of sediment. (Marcos 1973, Julivert 1981, Pérez-Estaún et al. 1990, Bastida & Aller 1992, Fernández-Suárez et al. 2000 b). The tectonothermal evolution is similar to that of the Central Iberian Zone
(see Fig. 2.2 and 2.3). In comparison to the adjacent
zones, the West Asturian-Leonese Zone experienced
more subsidence during the extensional phase. Vol-

canism and plutonism are present but scarce and increases towards the west (Dallmeyer et al. 1997,
Fernández-Suárez et al. 1998).
2.2.3 Formation of the Ibero-Armorican Arc
The Ibero-Armorican arc is one of the most pronounced features of the European Variscan fold
belt (Fig. 2.1). It can be traced in the western Variscan Orogen through France (Brittany) into northern
Spain (Kollmeier et al. 2000). In its core the highly
curved Cantabria-Asturias Arc consists of the Cantabrian Zone of northern Spain. It is characterised
by foreland-directed concavity with inward-facing
structures (Hirth et al. 1992). The western boundary of the arc is the Narcea antiform (see above).
The structural trend varies by about 180° around the
arc. There are several theories regarding the origin
and development of the arc. The ﬁrst structural interpretation was by de Sitter (1962), who proposed
two deformation phases. Julivert (1971) and Julivert & Marcos (1973) demonstrated that the Cantabria-Asturias Arc was a primary, pre-orogenic feature
and has undergone secondary tightening and development of radial folds during the Variscan orogeny.
Studies of kinematic indicators and thrust sheet emplacement mechanisms supported this theory with
slight modiﬁcations regarding the location of the rotation centre (Julivert & Arboleya 1984, 1986; Pérez-Estaún et al. 1988). Pérez-Estaún et al. (1988)
described a continuous deformation of progressive rotational thrust displacements propagating
from west to east (Fig. 2.5). A second theory examines the syn-orogenic indentation of a rigid block
with the resulting curvature of the arc. This rigid
block could have originated from a unique microplate (Riding 1974, Matte & Ribeiro 1975, Lorenz
& Nichols 1984) or from a Gondwanan promontory (Bachtadse & Van der Voo 1986, Martínez-Catalán 1990). More recent palaeo-magnetic studies, in
which the declination deviation followed the shape
of the arc, indicated a secondary nature of at least
half of the present curvature, proving it to be an orocline (Bonhommet et al. 1981, Perroud & Bonhommet 1981, Perroud 1986, Hirth et al. 1992, Parés et
al. 1994, Stewart 1995, Van der Voo et al. 1997).
Palaeomagnetic investigations by Parés et al. (1994)
point to a late tightening of a partially curved (ca.
50%) fold-thrust belt, leaving the amount of prior
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Fig. 2.5. Continuous deformation of progressive rotational thrust displacement propagating from west to east
as proposed by Pérez-Estaún et al. 1988.

structural rotations unknown.
Also based on palaeo-magnetic data, Weil et al.
(2000, 2001, 2003) describe three folding phases
(Fig. 2.6). The authors assume that the present-day
curved geometry was caused by the interference of
original north-south trending structures (ﬁrst and
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second folding phase) with a third superimposed
folding phase. The older folding phases were dated as Namurian to Stephanian, whereas the younger
phase was of Early Permian age. Consequently, the
overall shortening direction changed from E-W in
the Carboniferous to N-S in the Permian (in presentday coordinates). The Cantabrian Zone is described
as an orocline, indicating oroclinal bending around
a vertical axis in the Late Stephanian to Early Permian (Weil et al. 2000, 2001, 2003, Gutiérrez-Alonso et al. 2004). The orocline theory was introduced
by Carey (Carey 1955). The theory of Weil et al.
(2000, 2001) is supported by the analysis of calcite
twinning (Kollmeier et al. 2000). Kollmeier et al.
attributes the east-west compression to the collision
between the Ebro-Aquitaine massif and the Laurussian margin, followed by a greater, north-directed
collision of Gondwana with Laurussia.
The intrusion of most plutons in the Cantabrian,
West Asturian-Leonese and northern Central Iberian Zones occurred in a short time span between approx. 295 and 285Ma (Fig. 2.15), indicating posttectonic extension (Fernández-Suárez et al. 2000
b). This post tectonic magmatic event started 1015Ma earlier in the most internal zones of the Variscan belt. In order to explain such a voluminous orogen-wide magmatic event, Fernández-Suárez et al.
(2000 b) and Gutiérrez-Alonso et al. (2004) propose
that delamination of the lithosphere acted as a triggering mechanism. The lithospheric mantle thickened below the inner arc and thinned below the outer arc simultaneously (Fig. 2.7; Gutiérrez-Alonso et
al. 2004). This mass imbalance of lithospheric mantle caused a gravitational instability and resulted in
the delamination of the lithospheric root (Fig. 2.8).
Gutiérrez-Alonso et al. (2004) propose orogen-scale
lower crustal melting, widespread magmatism, low
pressure-high temperature metamorphism and ﬂuid ﬂow (see also Gasparrini et al. 2003) and coeval
mineralization as evidence for the ﬁnal decoupling
of crust and lithospheric mantle. According to these
authors delamination may have started between 319
and 310Ma under the Central Iberian Zone (50Ma
after the main collision event) and reached its culmination between 300 and 290Ma beneath the entire belt.
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2.3 Palaeogeographical evolution of NW-Iberia
2.3.1 Neoproterozoic/Cambrian
A complex cratonic Neoproterozoic basement of
variable age and composition existed in the European Variscides as indicated by U-Pb analysis (Fernández-Suárez et al. 2000 a, 2002 a, b, GutiérrezAlonso et al. 2003). Fig. 2.9 shows the Neoproterozoic terrane assemblage that developed on an active
Gondwanan margin.
Around 600Ma, extensional tectonic was coupled
with magmatism and molasse sedimentation. The
presence of a marked angular unconformity between
the Mora and Herrería formations (Latest Vendian/
Cambrian, see Fig. 2.10) has been controversially
discussed in literature (see Valladares et al. 2002 for

Fig. 2.8. Cause-effect relationship between postorogenic oroclinal bending and lithospheric delamination of the Ibero-Armorican Arc, as proposed by Gutiérrez-Alonso et al. (2004).
A: Linear orogenic belt resulting from the collision of Gondwana and Laurentia.
B: Oroclinal post-collision bending. Note lithospheric stretching in the outer arc and thickening
in the inner arc.
C: Delamination and collapse of the thickened
lithospheric root beneath the inner Ibero-Armorican Arc.

a compilation of data):
(i) For several authors (Marcos 1973, Pérez Estaún
1978, San José et al. 1990), the presence of the angular unconformity is evidence of compressive deformation during the Cadomian (Pan-African) orogeny.
(ii) Valladares et al. (2002) propose that erosion of
the orogen combined with a renewed extensional
event caused the development of the unconformity.
According to Fernández-Suárez et al. (2002 a, b)
and Gutiérrez-Alonso et al. (2003) the area comprised the Cadomian-Avalonian magmatic arc (West
Avalonian terrane) and associated back arc basins
(NW Iberia and NE Bohemia) situated closer to the
Gondwanan margin (Fig. 2.9). This peripheral arc
was related to an oblique subduction event on the
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Subduction complex (Arc and back arc)
developed upon South American type
basement.

Meso-Proterozoic Basement

Same subduction complex developed
upon NW African type basement

Armorican Quartzite

Fig. 2.9. Neoproterozoic terrane distribution and Early Palaeozoic plate-tectonic evolution along the northern Gondwanan margin (600 to 460Ma). Asterisks represent the location of NW Iberia and SW Iberia/Brittany (modiﬁed according to Fernández-Suárez et al. (2002 a) and Gutiérrez-Alonso et al. (2003)).

margin of Gondwana (Fig. 2.11). Thick Neoproterozoic sediments were deposited in these back arc basins, derived mainly from the arc (Murphy & Nance
1991) or both the main arc ediﬁce and the margin of
Gondwana (Fernández-Suárez et al. 2000 b).
A new controversy arises about the Neoproterozoic
position of the various terranes:
(i) Some authors (Nance & Murphy 1996, Martínez Catalán et al. 1997) place Cadomia, Iberia and
parts of East Avalonia adjacent to the West African

craton. This palaeogeographic position seems to be
corroborated by palaeomagnetical and geological
evidence, indicating that Iberia and other terranes
were located close to NW Africa (Armorican realm
of Tait et al. 1997, Robardet 2000).
(ii) In contrast, Fernández-Suárez et al. (2000 a,
2002 a, b) and Gutiérrez-Alonso et al. (2003) argue
that NW Iberia was located in a peri-Amazonian position, closer to West Avalonia, Florida and Carolina (South American craton signature), and only SW

CHAPTER 2: GEOLOGICAL SETTING

13

ening suggests that the subduction was not terminated by a ﬁnal continent-continent collision (Fernández-Suárez et al. 2000 a, 2002 a, b). This seems
to be supported by further extension of the backarc basin, the drift of the Avalonia micro-continent
and the resulting opening of the Rheic Ocean (Fig.
2.11; Martínez Catalán et al. 1997, Fernández-Suárez et al. 1998, 2000 b, 2002 a, b). According to
Robardet et al. (1990) the Rheic Ocean (Mid-European Ocean) opened in the late Middle or early
Late Cambrian. Gutiérrez-Alonso et al. (2003) dated this event between approx. 520-530Ma (age of
the youngest detrital zircon in the Cambrian arkose)
and 460-470Ma (depositional age of the Armorican
quartzite). On both sides of the Rheic Ocean two
platforms developed: the Iberian-Armorican platform and the Meguma platform (Fernández-Suárez

A

Fig. 2.10. Angular unconformity between the Neoproterozoic Mora Fm. and the Herrería Fm. at Irede de Luna
(see Chapter 2.4.4 for further details).Hammer for scale
(30cm). Courtesy of T. Angerer.

B

?
ca. 580-620Ma

Iberia was situated close to the West African craton (NW African craton signature). They suggest
a tectonic transfer (strike slip activity along major
transform faults parallel to the Gondwanan margin)
prior to the opening of the Rheic Ocean (Fig. 2.9).
This strike slip motion moved NW Iberia from an
Amazonian realm closer to the West African margin, forming the Armorican terrane. In this way the
authors explain why peri-Gondwanan terranes with
differing basement signatures have the same Ordovician zircon provenance (Armorican quartzite; see
Fig. 2.9).
Subduction and arc-related magmatism continued
until about 560Ma (Fernández-Suárez et al. 1998,
2000 a). At that time the arc and back-arc basin developed as a result of crustal thinning (Fig. 2.11)
and enhanced melting of the lower crust (main subduction stage approx. 650-570Ma). The lack of
widespread deformation or signiﬁcant crustal thick-

C

?
?

D

?
E

Fig. 2.11. Geological evolution of NW Iberia during the
Proterozoic to Early Palaeozoic after Fernández-Suárez
et al. (2000 b). A: Pre-Neoproterozoic cratonic basement;
B: Cadomian-Avalonian early magmatic arc (ca. 800650Ma); C: Cadomian-Avalonian back-arc (ca. 640?560Ma); D: Undocking of Avalonia - birth of the Rheic Ocean (ca. 550Ma); E: Ollo de Sapo magmatic event
(ca. 470Ma).
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et al. 1998, 2002 b). Important tectonic activity is
recorded at the western Gondwana margin as early as in the late Early Cambrian, increasing towards
the Early-Middle Cambrian transition (Bechstädt et
al. 1988, Bechstädt & Boni 1989, Russo & Bechstädt 1994, Álvaro et al. 2000 a, b). The mostly terrigenous sediments in the Cantabrian Zone at this
time point to rifting processes and an extensional
regime (Marcos 1973, Pérez-Estaún 1990, Álvaro
et al. 2000 a, b).
2.3.2 The Avalonia controversy
In contrast to the relatively well-founded information regarding the Gondwana and Laurentia/Baltica
cratons, there is a great amount of controversy surrounding the palaeogeographic position and signiﬁcance of microcontinents such as Avalonia and Armorica (Carls 1988, Paris & Robardet 1990, Scotese
& McKerrow 1990, Tait at al. 1997, Robardet 2000,
2002, Robardet et al. 2001, Scotese 2004):
(i) According to Tait et al. (1997) and FernándezSuárez et al. (2002 a, b), Avalonia progressively
drifted from Gondwana and Armorica starting in
the Llanvirn, and it docked on Baltica during the
Silurian. This is indicated by calc-alkaline volcanism and the development of endemic faunas. These
authors propose that the Tornquist Sea was located

north of Avalonia, separating it from Baltica, wheras
the Rheic Ocean was in the south of this microcontinent and the Iapetus Ocean in the west (according to
present coordiantes). Crowley et al. (2000) support
this idea and propose that the Iapetus Ocean and the
Tornquist Sea were narrowed by a northward migration of Avalonia in the Caradoc.
(ii) In contrast, some authors doubt the existence of
an isolated terrane Avalonia and the Tornquist Sea
(Paris & Robardet 1990). Faunal afﬁnities seem to
support Avalonia as the western promontory of Baltica at least since the Middle Cambrian times (Paris
& Robardet 1990).
2.3.3 Ordovician
Faunal analyses show a clear separation of three
major continental blocks with marine shelf areas
(Gondwana, Baltica and Laurentia) located in distinct latitudes (Fig. 2.12) and separated by the Iapetus and Rheic Oceans (Paris & Robardet 1990,
Scotese & Barrett 1990, Witzke 1990, Robardet
2000, 2002 and references). Whereas Laurentia remained in tropical latitudes throughout the Ordovician (Paris & Robardet 1990, McKerrow at al.
1991), Gondwana was situated at peri-polar latitudes and Baltica at intermediate to high palaeolatitudes (Torsvik et al. 1992, Crowley et al. 2000).

Fig. 2.12. Relative movements of North Gondwana (NG), Baltica (B) and Laurentia (L) from the Cambrian to the Carboniferous. Wavy lines indicate continental collisions (Paris & Robardet 1990).
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Baltica drifted northwards reaching more temperate palaeolatitudes at the end of Ordovician, subsequently closing the Iapetus Ocean. The absence of
carbonates on the shallow platforms indicates a position at high latitudes (45°-50° according to Paris & Robardet 1990, 65°-75° according to Tait et
al. 1997). Palaeomagnetic data from Iberia (Van der
Voo 1993) corroborates a high-latitude position during the Ordovician.
The presence of several prominent hiati within the
Ordovician succession was interpreted as echoes
of “Sardic movements” in the shelf-to-basin transitional zone (Gutiérrez-Marco et al. 2002). Thinning
and further fragmentation of the northern Gondwanan margin advanced until the Ordovician, when it
was marked by extensive bimodal rift-related magmatism, reaching from the Central Iberian Zone to
France, Corsica and Sardinia (Crowley et al. 2000
and references herein). In the Central Iberian Zone
this magmatism was marked by the Ollo de Sapo
event (Fig. 2.11; Dallmeyer et al. 1997: 460-490Ma;
Fernández-Suárez et al. 1998: 465-520Ma). According to Crowley et al. (2000) this alkaline and perialkaline granites resulted from the fractionation of
mantle-derived melts in a proto-rift zone.
2.3.4 The Armorica controversy
Similar to the case of Avalonia, considerable controversy surrounds the Armorican terrane and the
Tornquist Sea (Carls 1988, Paris & Robardet 1990,
Robardet et al. 1990, Trench & Torsvik 1991, Tait et
al. 1997, Tait 1999, Robardet 2000, 2002, Robardet
et al. 2001). The two opposed models are summarised in Fig. 2.13.
(i) The palaeomagnetic community favours the existence of an Armorican microplate (Iberian, Armorican and Bohemian Massifs, Matte 2001) or Armorican Terrane Assemblage (Tait et al. 1997, 2000,
Crowley et al. 2000) as an Early Palaeozoic amalgamation of several tectonostratigraphic terranes with
similar drift histories (Trench & Torsvik 1991, Tait
et al. 1997, Crowley et al. 2000). The Armorican
Terrane Assemblage, according to Crowley et al.
(2000), remained adjacent to the northern ﬂank of
Gondwana at least until Arenigian. Between Llanvirnian and Caradocian it became detached from
Gondwana and drifted rapidly to the north. In doing
so, it fragmented and numerous narrow seaways de-
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Fig. 2.13. Comparison of palaeogeographical models of
the Early Ordovician through Late Carboniferous based
on (A) palaeomagnetic data (left; Tait 1999 and Tait et al.
2000) and (B) on palaeoclimatic and palaeobiogeographical data (right; Paris & Robardet 1990, Robardet et al.
1990, Paris 1998).
Ar-Armorika; Av-Avalonia; B-Baltica; G-Gondwana; LLaurentia. According to Robardet (2003).

veloped between the fragments (Anderle et al. 1995,
Franke et al. 1995).
(ii) However, from Early Ordovician to the Devonian, close faunal afﬁnities (at species level) between northern Gondwana and the Ibero-Armorican realm contradict the existence of a broad Prototethys Ocean (3000km during Early Devonian according to Tait 1999) separating benthic faunal assemblages (Carls 1988, Paris & Robardet 1990, Robardet et al. 1990, 2001, Robardet 2000). Paris &
Robardet (1990) propose that a large embayment
called the South Armorican Ocean existed in addition to the Iapetus and Rheic oceans. It separated
the Central Iberian and the Mid-North Armorican
domains from the Cantabrian Mountains and Aquitaine, but never acted as a signiﬁcant faunal barrier.
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Gutiérrez-Marco et al. (2002) and Robardet (2002,
2003) stress close sedimentary and palaeobiogeographical afﬁnities between North Gondwana and
Iberia/Armorica, rejecting all Armorican microplate
theories cited above. Robardet (2002, 2003) states
that no wide ocean ever separated North Gondwanaʼs Southern Europe from stable Gondwana during
the Palaeozoic and that no wide ocean ever existed
within the North Gondwanan region.
2.3.5 Silurian
After the Late Ordovician glaciation a major eustatic
transgression immersed large parts of North Gondwana (Late Llandovery - Paris & Robardet 1990,
Tait et al. 1997). The general outline of the Silurian
areas was not signiﬁcantly different from the Ordovician conﬁguration. Baltica/Avalonia drifted to the
north, subsequently narrowing the Iapetus Ocean
(Fig. 2.12, Paris & Robardet 1990, Crowley et al.
2000). Others suggest that Baltica and Alvalonia
collided in the Late Ordovician/Early Silurian prior
to the polyphase collision of Baltica and Laurentia
in the time range Late Llandovery to Early Devonian (McKerrow er al. 1991, Tait et al. 1997, 2000).
North Gondwana was characterised by the deposition of graptolitic black shales. This type of deposition lasted longer in the distal north-eastern regions
such as South Iberia or Sardinia (Paris & Robardet
1990, Oczlon 1992). Due to the differing opinions
(see above), there are two contradicting models:
(i) Robardet (2000, 2002) and Robardet et al. (2001)
highlight the “faunal barrier” function of the Rheic
Ocean throughout the Silurian until the earliest
Devonian and the position of the Iberian Peninsula within the proximal shelf of the North Gondwanan province (Fig. 2.13, Robardet & Gutíerrez-Marco 2002).
(ii) In contrast to this opinion, Tait et al. (1997) recognise a narrowing or complete closure of the Rheic
Ocean between Armorica and the northern continents in the Late Silurian / Early Devonian. They
base this theory on faunal afﬁnities and palaeomagnetical data. However, the palaeomagnetic information for Silurian deposits is not clearly diagnostic as
most of the measurements were inﬂuenced by later
remagnetisation (Van der Voo 1993).
Thus the latitudinal position of Iberia can only be
estimated as intermediate between approx. 50° S

(latest Ordovician) and approx. 35° S (Early Devonian) (Robardet & Gutíerrez-Marco 2002).
2.3.6 Devonian
In the north, the ﬁnal stages of the diachronous collision between Laurentia and Baltica/Avalonia led
to the birth of the Old Red Continent by Lower Devonian times (Fig. 2.13). Laurentia and Baltica were
located at an equatorial position (Fig. 2.12, Paris
& Robardet 1990). As already mentioned earlier in
this chapter palaeontological data contradicts palaeomagnetic results:
(i) Palaeogeographic reconstructions suggest the
closure of all oceans separating Laurentia, Baltica,
Avalonia and Armorica by Middle Devonian times
and the deﬁnitive formation of the Old Red Continent in the Late Devonian (McKerrow et al. 1991,
Torsvik et al. 1992, Tait et al. 1997, Crowley et al.
2000). Palaeomagnetic data supports the theory that
a broad ocean separated Armorica from Northern
Gondwana (Johnson & Tarling 1985, Tarling 1985,
Tait et al. 1997).
(ii) However, benthic faunal and ﬂoral afﬁnities between the Armorican Massif, Iberian Peninsula and
the western Algerian Sahara even at species level
do not support the presence of such a broad ocean
(Carls 1988, Martínez-Catalán 1990, Paris & Robardet 1990, Robardet et al. 1990, 2001, Robardet 2000, 2002). Robardet et al. (1990) suggest the
presence of numerous more or less isolated continental blocks located along the northern margin of
Gondwana in order to explain the presence of different sedimentary and faunal domains in SW Europe during the Early Palaeozoic.
According to Paris & Robardet (1990) and Oczlon
(1992) the Ibero-Armorican region was still situated on the North Gondwanan shelf located in warmer regions at 30°-35° in Early Devonian times. This
is documented by the development of carbonate-terrigenous sediments in the Armorican Massif and the
Iberian Peninsula. In the Middle Devonian Gondwana drifted to a tropical position (see also Fig.
2.12), allowing important reef development (Santa
Lucía and Portilla formations, Chapter 2.4.4). First
palaeontological and palaeobiogeographical evidence for afﬁnities between North Gondwanan regions and the southern margin of Laurussia are reported from the Pragian/Emsian onward (Robardet
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2000, 2002, Robardet et al. 2001). These afﬁnities
increased during the Emsian and Middle Devonian,
indicating that the closure of the Rheic Ocean was
progressing.
2.3.7 Consolidation of the Variscan Orogen
The period surrounding the ﬁnal consolidation of
the Variscan orogen was a time of large-scale shearing with the opening of small oceanic basins by
transpression (Matte 1991, Quesada 1991). Palaeomagnetic data has demonstrated large-scale dif-
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ferential rotations and deformation throughout the
belt (Johnson & Tarling 1985, Hirt et al. 1992, Tait
et al. 1997). The global consolidation of the orogen
is displayed in Fig. 2.14. Franke & Engel (1986)
and Oczlon (1992) already postulated the onset of
a convergence by late Devonian (Frasnian/Famennian), marked by ﬂysch and greywacke deposition
throughout the entire Variscan Belt. In the Late Devonian the northern margin of Gondwana is interpreted as being an active continental margin in response
to the southward-directed subduction of the Rheic

Fig. 2.14. Global palaeogeographic evolution from the
Early Silurian to the Late Carboniferous of North Gondwana, Laurentia and Baltica by Blakey (2004). The maps
are based on the Paleomap Project by Scotese (2004).
Red asterisks mark the position of Iberia during the different stages of migration. Compare with Fig. 2.13.
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Ocean (Oczlon 1992). Palaeomagnetic data points
to the closure of the ocean separating the Old Red
Continent and Gondwana by the Late Devonian and
the initiation of the collision in the Early Carboniferous (Tait et al. 1997). In the western part of the Iberian Peninsula (Cabo Ortegal, Ordenes etc.) highpressure metamorphic rocks and ophiolites point to
a westward subduction (according to the present coordinate system) from 380-370Ma ago (Martínez
Catalán et al. 1997, see also Fig. 2.15). These ophiolitic nappes were stacked during the closure of the
Rheic Ocean and mark the suture (Dallmeyer et al.
1997). After the closure of the Rheic Ocean the outer edge of Gondwana was also subducted, deducting
the subduction direction from the metamorphic gradient (Martínez Catalán et al. 1997). The migration
of metamorphic stages across the orogen is consistent with the migration of syntectonic granitoids in
time (Fernández-Suárez et al. 2000 b). The underthrusting of continental material subsequently proceeded (375-365Ma), causing intracontinental deformation that progressed towards the more external parts of the orogen in time (Fig. 2.15, also compare Chapter 2.2.1). However according to Fernández-Suárez et al. (2000 b) there is no record of signiﬁcant magmatic activity related to this stage in the
autochthon of NW Iberia.
2.3.8 Carboniferous
The position of the Iberian Peninsula in Lower Carboniferous is little constrained (Amler 2000). Johnson & Tarling (1985) place Iberia as part of a terrane approx. 20° south of the equator relatively near
to the southern margin of Laurussia. Others believe
it was located closer to the northern border of Gondwana (Scotese et al. 1979, Paris & Robardet 1990).
Johnson & Tarling (1985) and Tarling (1985) imply that Brittany (southern border of Laurasia) and
Spain (Armorica) collided in the Lower Carboniferous and ultimately converged with Gondwana in the
Upper Carboniferous.
The eastward diachronous progradation of the Variscan deformation in NW Iberia was described in
Chapter 2.2.1. Various Variscan deformational
phases (see Pérez-Estaún et al. 1991, Dallmeyer et
al. 1997) represent local responses to regional shortening. Average propagation rates of approx. 5km/
Ma were proposed by Dallmeyer et al. (1997) who

A

B

C

D

Fig. 2.15. Tectonic evolution of the NW Iberian Variscan
Belt according to Fernández-Suárez (2000 b). A: pre-tectonic association; B & C: syn-tectonic associations; D:
post-tectonic association. Geochronologic information is
based on U-Pb measurements of NW Iberian granitoids.

compared isotopic ages of different areas. These
propagation velocities are supported by migrating
intrusion ages recorded by Fernández-Suárez et al.
(2000 b). The Variscan deformation in the Cantabrian Zone lasted until 290Ma (Martínez Catalán et
al. 1997, Dallmeyer et al. 1997). Further evolution
of the Ibero-Armorican Arc was described in Chapter 2.2.3.
2.3.9 Post-Variscan
A rifting episode gave rise to the development of
a Permo-Triassic basin development (Martínez
García et al. 1983, Leprvrier & Martínez García
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1990). During the Early-Middle Jurassic and Early Cretaceous an extensional event was instrumental in opening the Atlantic Ocean and the Bay of
Biscay (García-Mondejar 1989, Verhoef & Srivastava 1989). During the Cenozoic Alpine Orogeny
the Variscan basement and an undetached Mesozoic
cover were uplifted to create the Cantabrian Mountains (Pulgar et al. 1995). See Alonso et al. (1995)
for further details regarding the Alpidic Orogeny in
the region.
2.4 Cantabrian Zone
The Cantabrian Zone represents the core of the Ibero-Armorican Arc (Fig. 2.1), representing the easterly-directed Variscan foreland fold-and-thrust belt
(also called the Cantabria-Asturias Arc). The geology of the region is well documented on maps (scale
1:50,000) of the Instituto Tecnológico GeoMinero
de España (Lobato et al. 1984, Matas & Rodríguez Fernández 1984, Suárez Rodríguez et al. 1990,
Alonso et al. 1991 and others) and older maps,
mostly contributed by geologists from Leiden (Savage & Boschma 1980 and others).
2.4.1 Deformation and subdivision
Several E-directed thrust units were emplaced during Carboniferous times and show a rather tight ar-
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cuate trend with its concavity towards the foreland
(Julivert 1971, Weil et al. 2000). As indicated by the
syn-orogenic and post-orogenic deposits, the orogenic wave reached the Cantabrian Zone in the Late
Carboniferous time (Pérez-Estaún et al. 1988, Quesada 1991). Dallmeyer et al. (1997) estimated the
age of deformation within the Cantabrian Zone as
ranging between 310 and 290Ma (see also Chapter
2.2.1 and Fig. 2.3). It can be subdivided into several domains and units as displayed in Fig. 2.1. The
Somiedo-Correcilla Unit (Fold nappe belt after Julivert 1971) marks the ﬁrst occurrence of unmetamorphosed Palaeozoic sedimentary units east of the
basement core of the Narcea Antiform (GutiérrezAlonso 1996). The eastward continuing deformation (toward the foreland) produced the Sobia-Bodón and Aramo units (Fig. 2.16), the Central Coal
Basin (Aller & Gallastegui 1995), Ponga Unit (Alvarez-Marrón 1995), and the more easterly Picos de
Europa and Pisuerga-Carrión provinces (Pérez-Estaún & Bastida 1990). The westernmost Cantabrian unit (Somiedo Thrust Sheet) was emplaced during the early Westphalian (Dallmeyer et al. 1997).
The more external structures were emplaced during
lower Stephanian (Pérez-Estaún et al. 1988), which
implies a time span of approx. 15-20Ma for the emplacement of all units (Dallmeyer et al. 1997). The
formation and evolution of the Ibero-Armorican Arc

Fig. 2.16. Sketch of the continuing foreland-directed deformation. First the Somiedo, Sobia and Aramo units were
produced (upper picture), followed by the subsequent formation of the Central Coal Basin and Ponga units (lower picture). Grey tones mark the Precambrian Narcea-Antiform (after Pérez-Estaún & Bastida 1990).
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was already described in Chapter 2.2.3.
Julivert (1971) and Julivert & Marcos (1973) described two main Variscan deformation phases in
the Cantabrian Zone: (i) the ﬁrst was caused by
east-west compression (in present-day coordinates),
causing thrust initiation related to the formation of
longitudinal folds, characterised by horizontal fold
axes and steep axial surfaces parallel to the curvature of the arc; (ii) the second phase is marked by a
radial set of folds with steep fold axes and is associated with the ﬁnal tightening of the Cantabria-Asturias Arc.
Alpine deformation reactivated many Variscan
structures, resulting in further compression with
steepened thrusts and faults and increased structural shortening (see also Fig. 2.18). Thus, the presentday structural setting gives only a partial and distorted picture of the Variscan Belt prior to the oroclinal bending (Ábalos et al. 2002, Robardet 2002).
However, the structural situation with sub-vertical
dipping cross-sections in every single thrust sheet
offers good information about the Southern Cantabrian Basin.

trative cleavage developed only locally and is interpreted as being generally of pressure-solution origin
(Hirth et al. 1992, García López et al. 1997, Bastida
et al. 1999). The cleavage does not display any relationship to compressional structures (Aller et al.
1987). Palaeo-temperature estimates based on conodont alteration index (CAI) and illite crystallinity (IC) values indicate anchizonal conditions with
maximum temperatures of 150°-250°C only in the
lower part of the Somiedo Unit (Raven & van der
Pluijm 1986, Bastida et al. 1999). Values obtained
by calcite twinning analysis (Kollmeier et al. 2000)
point to temperatures ≤200°C. Further to the north
diagenetic conditions become dominant (Correcillas Unit, La Sobia-Bodón Unit). The highest metamorphic overprint with epizonal values were experienced by rocks situated near the León Line fault
system and the Narcea-Antiform. Anchizonal conditions prevailed in the Central Coal Basin and
some of the Stephanian basins (Keller & Krumm
1993, García-López et al. 1999, Frings 2002, Ayllón 2003)
2.4.3 Structural settings
The Cantabrian Zone is a zone of closely related
thrusts that are geometrically, kinematically and
mechanically linked, and is, according to the nomenclature of McClay (1992), a thrust system. The

2.4.2 Metamorphism and palaeo-temperature conditions
The Cantabrian Zone was deformed at shallow crustal levels without signiﬁcant metamorphism. Pene-
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Fig. 2.18. Deep crustal section across the ESCI-N2 transect showing the Alpine duplication of the lower crust under
the Cantabrian Mountains. Reﬂector C shows the subvertical décollement of the Palaeozoic succession. The Duero
Basin (yellow colour) is displayed by well-deﬁned reﬂectors in the sub-surface (Pulgar et al. 1995).

basin architecture of the southern arm of the Cantabria-Asturias arc is characterised by thin-skinned
tectonics (Fig. 2.17), with its main detachment horizon located at the base of the Láncara Fm. (Early Cambrian) and some minor décollements within higher stratigraphic horizons (Julivert 1971, Pérez Estaún et al. 1988). Deep seismic reﬂection proﬁles (ESCI-N1 and ESCI-N2; Estudio Sísmico de la
Corteza Ibérica Norte = Seismic Study of the North
Iberian Crust) show a subhorizontal to gently dipping reﬂective band corresponding to the Cantabrian Zone detachment (Fig. 2.18), with a dip close
to 3° toward the west and south (Pérez-Estaún et al.
1988, 1994, 1995, Pulgar et al. 1995). In the northern part of the region there is an additional prominent detachment within the Precambrian Herrería
formation.
The Palaeozoic succession was strongly deformed
during Variscan times by a set of imbricate thrusts
and cogenetic folds, as well as by late, high-angle
faults (Ábalos et al. 2002). The structural pattern of

the Cantabrian Zone results from interference between thrust sheets, arcuate folds and older radial
folds cross-cutting the ﬁrst fold set (Julivert 1971,
Julivert & Marcos 1973). According to Alonso
(1987) and Pérez-Estaún et al. (1988) the ﬁrst fold
set was at least partially caused by the development
of duplexes and antiformal stacks. Kollmeier et al.
(2000) also identiﬁed two fold sets. Early longitudinal folds running tangential to the arc are overprinted by a cross-cutting radial fold set. The deformation was subsequently hindered by hanging-wall
ramp anticlines, duplexes and antiformal stacks (see
Chapter 3). Consequently the existing folds were
tightened and the thrust sheets began to fold (Hirt
et al. 1992). These new folds generally overprinted the existing structures and were, therefore, longitudinal in relation to older folds and thrusts. The
radial folds superposed on the above structures are
deﬁned most clearly in the core of the Asturian arc
and vanish towards its outer peripheries (Hirth et
al. 1992).
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Fig. 2.19. Typical structural features of the Iberian fold and thrust belt. The block diagram shows different thrust associations in the form of imbricate thrust sheets and duplexes. Note the transport direction from left to right (after
Alonso & Pulgar 1995).

In the Southern Cantabrian Zone, a “piggy-back
thrust” mechanism (see Chapter 3.6.3 and Fig. 3.1)
shows a forward-breaking sequence of individual
thrust sheets as well as basal accretion within the
Herrería Fm. Geometries are characterized by overlapping ramp anticlines, curved ramps, imbricated
systems, duplexes and anticlinal stacks. These are
typical features caused by increased basal friction
(Fig. 2.19; Mitra 1986, Nieuwland et al. 2000). The
high basal friction theory (see Chapter 3) is supported by comparing thrust sheet length and displacement width, and is in concordance with sandbox experiments carried out by Nieuwland et al. (2000).
The resulting thrust-sheet geometry is that of a series of individual ramp anticlines (according to the
terminology of McClay 1992). The structural framework of the Southern Cantabrian Mountains can be
divided into three domains. These (Bodón, Pedrosa
and Alba domains) are described in detail in Chapter 3.6.2.
Several out-of-sequence faults with unknown displacement factors and characteristics are present in
the region (see Chapter 3.6). The most prominent of
these is the León Line fault system (Chapter 3.6.1
and Fig. 3.5) extending E-W for about 150km. The
main fault has a steep dip and has caused extensive
brecciation and small scale faulting. Julivert (1968)
interprets ﬁrst movements along this fault system to
have occurred in the Late Westphalian, as a result of

the structural development of the Central Coal Basin and Ponga units. Some authors suggest an initial sinistral strike-slip movement, being reactivated
during later structural movements of possibly Permian age as reverse faults (Marcos 1968, Julivert
et al. 1971, Marcos et al. 1979, Heward & Reading 1980). Pulgar et al. (1999) suggest the possibility of a subsequent reactivation during the Alpidic
Orogeny.
2.4.4 Stratigraphy
Compared to the West Asturian-Leonese Zone containing about 11km of sediment, the Cantabrian
Zone shows a much thinner Lower Palaeozoic sedimentary succession, with a thickness of only three
kilometres (Marcos, 1973, Julivert 1981, Pérez-Estaún et al. 1990, Bastida & Aller 1992).
The general lithologic subdivision of the Palaeozoic succession in the Cantabrian Zone comprises two
parts (Fig. 2.20):
1.Pre-Carboniferous sediments which were deposited on a clastic-carbonate shelf, thickening towards the convex part of the arc;
2.Carboniferous succession, which marks a major
change in sedimentation, indicating the beginning
of the Variscan Orogeny and a change from syntectonic to post-tectonic conditions (Marcos &
Pulgar 1982).
A stratigraphic chart of the Southern Cantabrian Ba-
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Fig. 2.20. Stratigraphic section through the Cantabrian Zone (Marcos & Pulgar 1982, Alonso & Pulgar 1995). The
lower part represents the pre-orogenic succession (Cambrian to Devonian). The upper part shows the evolution of synorogenic Carboniferous sediments with implied Variscan thrusts.

sin is shown in Fig. 2.21. The Precambrian to Silurian sedimentary succession is dominated by siliciclastic sediments (Herrería, Oville, Barrios, Formigoso, San Pedro formations) and several long-term
hiati. The only exemptions are the Lower Cambrian carbonates of the Láncara Fm. From the deposition of the Silurian San Pedro Fm. onward, the inﬂuence of an elevated area in the northeast (Cantabrian High) became visible, with the development of thicker basinal successions to the southwest
(Fig. 2.20 and 2.21) and onlap towards the northeast. During the Devonian, an alternating deposition of carbonates (Abelgas, Santa Lucía, Portilla
formations) and siliciclastics (Esla, Huergas, Nocedo, Fueyo formations) evolved. Each period of carbonate growth, producing major reefs, was followed
by a succession of clastic material and a new phase
of carbonate deposition. However, the end of the
Givetian marked the demise of the Devonian reefs,
manifested in the Frasnian event (García-Alcalde
1998, García-Alcalde et al. 2002). Subsequently,
the whole Cantabrian Zone was covered by siliciclastics (Ermita Fm.) and condensed carbonates of
the Alba Fm. until the Early Namurian. Thick synorogenic turbidites (Olleros Fm.), initiated in the
Sepukhovian, mark the onset of the Variscan orogenic phase in the Cantabrian Zone (see Chapter
2.2.1). Large carbonate platforms developed (Barcaliente, Valdeteja formations), which were subsequently covered by terrigenous sediments from the

approaching Variscan Orogen (San Emiliano Fm.).
The thickness of the mainly shallow marine Palaeozoic succession ranges between 3800m and 5000m.
Isolated intra-montaneous basins with mostly continental deposits formed in the Stephanian due to renewed tensional tectonics (Fig. 2.1). The following
Permian and Mesozoic/Cenozoic succession in the
Cantabrian Zone was mostly eroded (if present at
all) and cannot be reconstructed. Thicknesses stated
in the following text are indicative only for the area
investigated (see Fig. 3.5).
MORA FM.
This formation represents the oldest outcropping
rocks in the region. Lotze (1956) ﬁrst named these
Precambrian rocks the “Pizarras del Narcea.” In
1961 Sitter deﬁned the Mora Fm. Liñán et al. (2002)
and Valladares at al. (2002) integrate all Neoproterozoic deposits into the Narcea Group.
Type locality: Close to the village of Mora de Luna
(Sitter 1961), ITGE Map 129 “La Robla” (Matas &
Rodríguez Fernández 1984).
Thickness: There is no complete section available;
Pérez-Estaún (1978) presumes a thickness of 15001700m.
Lithology: Shales, siltstones, ﬁne sandstones, micro-conglomerates, greywackes (Staalduinen 1973,
Barba & Fernández 1990). See Fig. 2.10.
Depositional environment: Martin Parra (1989) interprets the sediments to be submarine fan depos-
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Fig. 2.21.
A: Stratigraphic chart of the Southern Cantabrian Mountains showing formation names in the stratigraphic columns.
Absolute ages are taken from the German Stratigraphic Commission (2002). Stratigraphic gaps are indicated by white
ﬁelds.
B: Three selected synthetic stratigraphic sections along the Bernesga Transect.
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Note the wedge-shaped pattern of the Ordovician to Devonian formation thicknesses, increasing basinwards to the
south. Due to the depositional/erosional hiatus in the northern section, most of the Devonian formations are missing.
Hiati are marked by wavy lines.
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its in mid-fan to lower-fan positions. Palaeo-current
indicators imply sedimentation from NE, NW and
NNW.
Age: The age within the Precambrian has not been
determined conclusively.
HERRERÍA FM.
The Herrería Fm. overlies the Mora Fm. with a clear
angular unconformity (Fig. 2.10). Comte (1938) ﬁrst
introduced the name “Areniscas de la Herrería.”
Type locality: Approx. one kilometre north of
Cerecedo in the Porma Valley (Comte 1959), ITGE
Map 104 “Boñar” (Lobato et al. 1984).
Thickness: Evers (1967) and Aramburu (1992)
measured the formation in the area of Los Barrios
de Luna with an overall thickness of 700-900m.
Lithology: The Herrería Fm. was divided into three
members: (i) lower member with conglomerates,
sandstones, sandy limestones; (ii) middle member
composed of mainly coarse sandstones, micro-conglomerates (Fig. 2.22) and (iii) upper member with
alternating sandstones and shales as well as dolomite lenses (Oele 1964, Evers 1967, Staalduinen
1973, Aramburu et al. 1992, Aramburu & García
Ramos 1993).
Depositional environment: The angular unconformity was interpreted as the result of Cadomian tectonism (Ábalos et al. 2002, Fig. 2.10). The Herrería
Fm. was deposited in a deltaic environment (Rupke
1965, Bosch 1969, Savage & Boschma 1980) or
within a shallow marine setting (Comte 1959, Oele
1964, Rupke 1965, Evers 1967, Sjerp 1967, Vilas
Minondo 1971, Savage & Boschma 1980). Some
authors interpret the sediments as being deposits
of braided rivers (Rupke 1965, Bosch 1969, Meer
Mohr et al. 1981) and intertidal coastal environments (Leyva et al. 1984, Aramburu et al. 1992).
Oele (1964) measured a transport direction from N
to S. In the uppermost part of the formation black
pyritic shales and marls indicate shallow seas with
restricted circulation after a sharp decrease in clastic supply (Evers 1967).
Age: Late Precambrian (Vendian) - Early Cambrian
Relative ages of the upper part are determined on
the basis of trilobites and ichnofossils (Sdzuy 1967,
Bosch 1969, Meer Mohr 1969, Truyols 1969, Vidal
et al. 1999). Liñán et al. (1993) place the base of the
Herrería Fm. at the Precambrian-Cambrian bound-
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ary whereas Aramburu et al. (1992) propose an Ediacarian age.
LÁNCARA FM.
The Láncara Fm. transitionally overlies the Herrería
Fm. and represents the oldest formation composed
mostly by carbonates in the region. Its former name,
as given by Comte in 1937 was “Calcaires de Láncara.”
Type locality: The type locality of Comte (1937) in
the vicinity of Láncara de Luna is now ﬂooded by
the artiﬁcial reservoir Los Barrios de Luna. Therefore Zamarreño (1972) proposed three additional
reference sections: Los Barrios de Luna (SomiedoCorrecillas Unit), Arintero (Bodón thrust sheet) and
Carangas (Ponga thrust sheet). ITGE Map 102 “Los
Barrios de Luna” (Suárez Rodríguez et al. 1990).
Thickness: Varies between 32m (Evers 1967), 48m
(Hinsch 1997) in the Forcada Unit and 95m (Evers
1967) and 137m (Leyva et al. 1984) in the Alba syncline.
Lithology: Different authors have divided the Láncara Fm. into either two or three members. The
lithologic distribution of the formation is complex,
which results in some members missing in different
areas. A good overview is given by Barba & Fernández (1990, 1991). Zamarreño (1972) described the
following subdivision: (i) lower member composed
of dolomites and limestones with birdseye structures; (ii) upper member with glauconitic biomicrites and red nodular limestones. According to Álvaro et al. (2000 b) the contact between both members represents an erosive discontinuity in some areas. Evers (1967) describes three members, dividing the lower member of Zamarreño into well-layered dolomites at the base and ﬁne to coarse-grained
limestones on top.
Depositional environment: The lower member was
deposited in supratidal (birdseye structures), intertidal (stromatolithes) and subtidal (oolithes) environments. Aramburu et al. (1992) interprets a homoclinal ramp setting. All authors agree with a
deeper setting (shallow neritic to bathyal) of the upper member (Oele 1964, Evers 1967, Bosch 1969,
Zamarreño 1972, Aramburu et al. 1992, present
work) starting with a transgressive glauconite layer. This transgressive surface is well documented in
the section west of Barrios de Luna. According to
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the deﬁnition of Schlager (1981), the Láncara Fm.
represents a typical drowned platform. Álvaro et al.
(2000 b) give a sequence-stratigraphic interpretation of this formation in the Esla Nappe.
Age: Upper Early Cambrian - Lower Middle Cambrian
Trilobites point to a diachronous age, both for the
top and the base of the formation (Sdzuy 1961,
Zamareño 1972, Liñán et al. 1993, 2002).
OVILLE FM.
The Oville Fm. was formally introduced by Comte
(1937).
Type locality: South of the village Oville (Comte
1937), ITGE Map 104 “Boñar” (Lobato et al.
1984).
Thickness: The thickness increases from north
(170m) to south (400m).
Lithology: The Oville Fm. shows a gradual transition from the underlying Láncara Fm. It is composed of trilobite-rich shales and siltstones with an
increasing content of sand towards the top of the
formation. The white quartz-rich sandstones contain
a high percentage of glauconite, which was used to
distinguish the Oville Fm. from the overlying Barrios Fm. (Bosch 1969). Aramburu & García Ramos (1993) distinguish three members within this region: (i) Genestosa Mb. (trilobite-rich, greenish
shales and siltstones, calcareous nodules); (ii) Adrados Mb. (intercalated shales, siltstones and sandstones, highly bioturbated, coarsening and thickening upwards, abundant ichnofossils); (iii) La Barca
Mb. (intercalated sandstones and siltstones, to the
top pure, white sandstones).
Depositional environment: Oele (1964) proposed
shallow marine conditions and prograding deltaic
systems. Gietelink (1973) identiﬁed a complex system of interﬁngering shoreface and beach deposits, as well as tide-dominated, destructive delta systems. Aramburu et al. (1992) proposed a braid to
braidplain delta, changing to external platform conditions below the wave-base (Genestosa Mb.) and
later to internal platform conditions (Adrados Mb.).
The La Barca Mb. corresponds to littoral environments inﬂuenced by periodic sheet ﬂoods. All deposits had a source area located in the NNE.
Age: Middle Cambrian

Ages of all members are diachronous, indicated by
trilobites and palynomorphs (Barrois 1882, Lotze
1961, Sdzuy 1961, 1968, Zamarreño & Julivert
1967, Liñán et al. 1993).
BARRIOS FM.
The Barrios Fm. represents a thick pile of siliciclastic sediments, forming prominent, well visible ridges in the region (Fig. 2.23). The formation was formally deﬁned by Comte (1937).
Type locality: Barrios de Luna (Comte 1937), ITGE
Map 102 “Los Barrios de Luna” (Suárez Rodríguez et al. 1990).
Thickness: Thicknesses increase from the western
part of the Cantabrian Zone (>700m) to the inner
part of the arc (>1000m). In the area of the Cantabrian High the formation may decrease to some tens
of meters or disappear completely due to extensive
erosion in this area.
Lithology: Transition from the Oville Fm. is gradual, and therefore difﬁcult to localise. Aramburu et
al. (1992) distinguishes three members within the
Barrios formation: (i) La Matosa Mb. (white quartzrich sandstones with volcanic intercalations, very
common ichnofossils, erosive top); (ii) Ligüeria
Mb. (conglomerates and sandstones, only present
in the eastern part of the Cantabrian Zone and absent in the research area); (iii) Tanes Mb. (whitish to
pinkish quartz-rich sandstones). The Tanes and the
La Matosa members are separated by a long-term
hiatus in the area of research (Aramburu & García
Ramos 1988, Truyols et al. 1990, Aramburu et al.
1992). However, due to the similar facies of the La
Matosa and Tanes members, the separating unconformity is not always obvious (see Chapter 4.2 for
discussion).
Depositional environment: Present-day outcrops of
the Barrios quartz sandstone, widely known as Armorican quartzite, occur in Iberia, Armorican and
Bohemian Massifs, Corsica, Turkey and several
realms of North and West Africa (Fernández-Suárez
et al. 2002 b). The Barrios Fm. has been deposited in
a braid to braid-plain delta environment with marine
inﬂuence on an extensive shallow continental platform (Aramburu & García Ramos 1993). The Tanes
Mb. represents ﬂuvial to coastal and shallow marine
deposits. Palaeocurrent analysis and facies distribu-
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Fig. 2.22. Polished slab of the Herrería Fm. showing
a micro-conglomerate composed mostly of wellrounded quartz components. Scale 2cm.

Fig. 2.24. Efflorescence of pyrite-bearing black
shales and siltstones (Formigoso Fm.) north of the
village Barrios de Luna. Hammer for scale (30cm).

Fig. 2.23. “Embalse de Luna” north of the village
Barrios de Luna. The dam wall was built along the
course of the Barrios Fm., which forms prominent
ridges in the region. The Barrios Fm. consists of
quartz-rich, well-sorted sandstones.

Fig. 2.25. Abundant ripple marks characterise shallow marine sandstones of the San Pedro Fm. in the
Bernesga Valley (north of the village La Vid).
Hammer for scale (30cm).
W

Fig. 2.26. Desiccation polygons in the Mb. A of the
San Pedro Fm. Coin (2cm) for scale.
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E

Fig. 2.27. Thrust within the San Pedro Fm., displacing shaly to sandy sediments onto massive ironstones.
Scale 1m.
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tion point to sediment transport from the core of the
Ibero-Armorican arc, according to the present coordinate system from north to south.
Age: Middle-Cambrian - earliest Arenig
This formation was mainly dated by Cruziana
ichnofossils and acritarchs (Aramburu et al. 1992).
The base was dated as Middle-Cambrian with some
uncertainty as to its isochronity (Julivert & Truyols
1983). The top of the Tanes Mb. is assigned to the
uppermost Arenig (Aramburu 1987, Gutierrez Marco & Rodriguez 1987). The Cambrian/Ordovician
boundary is situated in a non-continuous succession
(Aramburu & García Ramos 1988, Aramburu et al.
1992).
GETINO FM./CAPAS DE GETINO
The sediments of this age were brieﬂy described by
several authors, drawing a new lithostratigraphic
unit (“transitional beds” of Bosch 1969) or including them in the lower part of the Silurian Formigoso
Fm. (Evers 1967 and Vilas Minondo 1971). However, Aramburu (1989) proposed the Getino Fm., comprising sediments between the Barrios and Formigoso formations. Aramburu et al. (1992) preferred
to use an informal name, “Capas de Getino.”
Type locality: Near the village of Getino (Aramburu 1989); ITGE Map 103 “La Pola de Gordón”
(Alonso et al. 1991)
Thickness: The thickness decreases from north to
south. 8.9m was measured in the Gayo unit (Evers
1967), 10.5m in the Correcillas unit (Sarmiento et
al. 1994) and 79m at the southern branch of the Alba
syncline (Aramburu et al. 1992, Gutierrez-Marco et
al. 1996).
Lithology: Above the erosive contact with the Barrios Fm. there are brecciated sandstones, glauconitic sandstones and red and green shales. In the Alba
syncline (on the road to Portilla de Luna) there are
limestones and marls outcropping at the top of the
formation (Gutierrez-Marco et al. 1996, this work).
Evers (1967) describes a sharp undulating boundary
between the Barrios Fm. and the overlaying black
shales, proposing a nonconformity marked by the
concentration of well-rounded, white quartz pebbles.
Depositional environment: The presence of glauconite, ferruginous sediments and intense bioturbation
indicates a marine environment reaching coastal to

inner ramp depths. Aramburu (1989) postulates condensed sedimentation with several sedimentary hiati and subaerial exposure towards the top of the formation. According to Gutierrez-Marco et al. (1996)
the limestones at the top imply open platform conditions. Investigations for this study support marine
conditions of the limestones with no indication of
subaerial exposure.
Age: Middle-Ordovician
The age was a subject of controversial discussion by
numerous authors. Sarmiento et al. (1994) and Aramburu et al. (1992) suggest a Middle to Late Ordovician age, whereas Aramburu (pers. com. 2003)
states that the base of the formation starts in the
Llanvirnian. Truyols & Julivert (1983) and Suarez de Centi et al. (1989) documented a huge stratigraphic gap reaching up to the Early Llandovery.
Thus the Ordovician/Silurian boundary is located
within an important hiatus. Continuous sedimentation from the Ordovician to Devonian took place
only in the region of Cabo de Peñas.
FORMIGOSO FM.
Type locality: Formigoso Valley SE of Villamanín
de la Tercia (Comte 1937); ITGE Map 103 “La Pola
de Gordón” (Alonso et al. 1991)
Thickness: The distribution of thicknesses varies,
being high in the northernmost part of the Bernesga
Transect (170m, Los Chabanos section in the Appendix), dropping to 84m in the Gayo Unit (north of
Getino) and increasing again southward (247m on
the southern branch of the Alba syncline).
Lithology: Black to dark grey graptolitic shales
(Fig. 2.24) with thin intercalated silt and ﬁnegrained sandstone beds towards the top. The formation shows coarsening and thickening upwards successions, well visible in the Caldas de Luna sections
(CL-W, CL-E). The base of the formation is located
on top of a large stratigraphic gap, whereas contact
with the overlaying San Pedro formations is gradual. Kegel (1929) distinguishes two members: (i)
Pizarras del Bernesga (black shales with abundant
graptolites) and (ii) Capas de Villasimpliz (black
shales/siltstones with intercalated sandstone beds).
Depositional environment: During this time the depositional environment shows open marine to offshore conditions in the lower part, becoming shallower towards the top. Suarez de Centi (1988) and
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Barba & Fernández (1991) report the occurrence of
hummocky cross-stratiﬁcation in thicker sandstone
beds, revealing depositional conditions between
wave and storm wave base to the top of the formation. Shallow water environment with little circulation and a lack of oxygen were proposed as the
cause of black shales (Evers 1967). Anoxic conditions prevailing over North Gondwana were probably caused by persisting stratiﬁcation of seawater
(lower cool waters resulting from the melting of icesheets). According to Paris & Robardet (1990) these
conditions do not necessarily indicate very deepwater environments. Nevertheless, the lower part of
the Formigos Fm. is assumed to be sedimented in
depths of up to 150m, whereas the upper part has
sedimentation depths of less than 80m, being deposited above the storm wave base.
Age: Middle to Late Llandovery
Abundant graptolites were dated by Kegel (1929),
Comte (1959), Truyols et al. (1982) and others.
Ichnofossils were identiﬁed by Suarez de Centi et
al. (1989). Further information about Silurian fossils is summed up in Robardet & Gutíerrez-Marco
(2002).
SAN PEDRO FM.
Type locality: Near San Pedro de Luna (Comte
1937), ITGE Map 102 “Los Barrios de Luna” (Suárez Rodríguez et al. 1990)
As in the case of the Láncara Fm., the type locality is now drowned in the artiﬁcial lake Embalse de
Luna. Therefore Evers (1967) used additional sections between Villasimpliz and La Vid in the Bernesga Valley as reference sections, ITGE Map 103
“La Pola de Gordón” (Alonso et al. 1991).
Thickness: The thickness increases from the north
(56m in the Millaró section) to the south (162m in
the Olleros section).
Lithology: According to Bosch (1969) and Suarez de Centi et al. (1989) ﬁrst iron-oolithic sandstones mark the border to the underlying Formigoso
Fm. The formation was divided into two (Cramer
1964, Rupke 1965, Evers 1967) or three members
(Bosch 1969, Staalduinen 1973, Suarez de Centi et
al. 1989): (i) Mb. A is composed of thick-bedded,
brownish to reddish sandstones intercalated with
thick iron-oolithic beds (Fig. 2.27); abundant ripple marks and desiccation polygons (Fig. 2.25 and
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2.26); (ii) Mb. B shows variable lithology of bioturbated reddish to greenish silt to sandstones intercalated with dark grey and green shale lenses;
(iii) Mb. C displays well-bedded, yellowish to whitish, quartz-sandstones. In the north (Puertos de Pajares and La Cubilla), Bosch (1969) describes the
coarsest sandstones with abundant volcanic material. Transition to the Abelgas Fm. is gradual, as visible in the La Vid section (see Appendix).
Depositional environment: Cross-bedded sandstones with ripple-marks (see Fig. 2.25) and sections Millaró, Aralla in the Appendix), mudstonechips, iron-ooids and abundant ichnofossils are interpreted as deposits of a shallow epicontinental
platform, situated near the coast (Evers 1967, Vilas
Minondo 1971, Krans 1982, Suarez de Centi et al.
1989, present work). Indicative ichnofossils point to
a gradual transition from coastal/shoreface environments to a platform in a more distal position (Suarez de Centi et al. 1989). Sanchez de la Torre et al.
(1984) suggest a more open marine environment
further to the west. Abundant iron originated from
subaerial weathering of basic, volcanic material
(Van den Bosch 1969, Suarez de Centi et al. 1989).
The iron oxide content of 7.3% is fairly low and
the intensive colour in the ﬁeld is mainly caused by
the low fraction (< 6.3µ) of the iron minerals (Führer 1982). The carriers of the colour are hematite,
goethite and chamosite. Mb. B displays a deeper
depositional environment (lower shoreface) in comparison to Mb. A, whereas Mb. C reaches litoral to
upper shoreface depths again. With increasing terrigenous input (Late Silurian and Early Devonian)
Robardet & Gutiérrez-Marco (2002) place the depositional area within the inner proximal part of the
North Gondwanan shelf in a high energy, storm inﬂuenced near-shore environment with a warm and
dry climate (García-Alcalde et al. 2002).
Age: Wenlockian - Lochkovian
Some age-indicative ichnofossils were dated by
Suarez de Centi et al. (1989). The Silurian/Devonian boundary is situated in the uppermost 25 to
50m of the formation (Truyols et al. 1974, Suarez
de Centi et al. 1989, Aramburu et al. 1992) respectively 13 to 15m of the formation (Richardson et al.
2000, 2001). In the La Vid section (Bernesga Valley) the San Pedro Fm. seems to be entirely Silurian
(Priewalder 1997). Richardson (2001) reports the
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absence of Wenlockian fossils in some sections and
the diachronousity of the San Pedro boundaries.
ABELGAS FM. (LA VID GROUP)
Together with the Esla Fm., the Abelgas Fm. forms
the La Vid Group (Keller 1988). Formally these formations were designated as members of the La Vid
Fm. (“Schistes et calcaires de la Vid” Comte 1937;
Brouwer 1964, Evers 1967, Bosch 1969, Vilas Minondo 1971, Staalduinen 1973, García-Alcalde et
al. 1979 and Leweke 1983). In recent Spanish literature the La Vid Group is divided in four formations
according to Vera de la Puente (1989): Dolomías de
Felmín and Calizas de La Pedrosa are the equivalent to the Abelgas Fm. whereas the Pizarras de Valporquero and Calizas de Coladilla are the Esla Fm.
equivalent.
Type locality: East of the village La Vid (Comte
1937), ITGE Map 103 “La Pola de Gordón” (Alonso et al. 1991). See Fig. 2.28.
Thickness: 98m (Valporquero section) to 229m (La
Pola de Gordón section)
Lithology: The Abelgas Fm. consists of several
units and members (see Keller 1988 and Keller &
Grötsch 1990 for detail). The denomination of these
members however does not follow standard stratigraphic rules, as name-giving localities and type
sections have only partly been established. These
are therefore partly informal stratigraphic units. The
succession is as follows (from base to top):
-Alternating shales, silt/sandstones and greyish to
yellowish dolomites and limestones (Transition
Unit). The Transition Unit marks the transition from
the San Pedro Fm. to the Abelgas Fm., well visible
in the La Vid typus locality (see section La Vid in
the Appendix; meters 273 to 285 along section).
• Skeletal grainstones and packstones, wackestones,
black shales (Lumajo Mb.), does not crop out in any
of measured sections.
• Early diagenetic dolomites with microbial mats,
mudcracks, ripples, birdseyes, intraformational breccias and gypsum-pseudomorphs (Dolomite Mb.).
Crops out e.g. on top of the Transition Unit in section La Vid (Fig. 2.29) or in section Felmin.
• Thin-bedded, dark greyish limestones (mud to
packstones) (Wavy Limestone Mb.) cropping out
above the Dolomite Mb. in section La Vid (Fig.
2.30) and Felmin.

• Intercalated fossiliferous, argillaceous limestones,
marlstones (2.31) and dark shales (Limestone Marlstone Mb.).
• Fossiliferous grain to packstones with shale intercalations (Millaró Limestone Mb.), named after the
locality Millaró (see Appendix).
Depending on the position along transect, the Dolomite, Lumajo and Wavy Limestone “members” replace each other. The same accounts for the Limestone Marlstone and the Millaró Limestone “members.”
Depositional environment: Vera de la Puente (1989)
interprets the succession to represent an epicontinental ramp with conditions ranging from carbonate
tidal ﬂats to deep ramp settings. According to Keller & Grötsch (1990) the succession was deposited
on an open marine carbonate ramp, extending from
coastal sabkha to offshore pelagic environments.
Sabkha conditions were characterised by microbial mats, LLH-stromatolites, mudcracks and tepee
structures.
Age: Lochkovian - Middle Emsian
Brachiopods were mostly used for dating, as they
represent the most abundant fossil group.
ESLA FM. (LA VID GROUP)
The Esla Fm. is composed of the Shale Unit and two
intercalated marlstone/limestone members (Sagüera
and Villayandre members, Keller 1988). The formation has formally been described as a member of the
La Vid Fm. (Evers 1967 and others, see above).
Type locality: East of the village La Vid (Comte
1937), ITGE Map 103 “La Pola de Gordón” (Alonso et al. 1991). See Fig. 2.28.
Thickness: 65m (Genicera section) to 243m (La Vid
section)
Lithology: The Shale Unit (middle member, Evers
1967; Pizarras de Valporquero, Vera de la Puente
1989) is composed of greenish-brown shales with
several crinoidal limestone lenses to layers (Fig.
2.32). The base and the top are gradual. The Sagüera
and Villayandre members are highly fossiliferous
with crinoidal grainstones and marls. The top of the
Villayandre Mb. (Calizas de Coladilla, Vera de la
Puente 1989) is based on the change of colour from
pinkish (Esla Fm.) to grey (Santa Lucía Fm.) crinoidal limestones due to the diminishing inﬂuence of
terrigenous mud.
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Fig. 2.28. Type locality of the La Vid Group east of the village La Vid. The overturned beds (older formations to
the east) of the Abelgas Fm. show a clear cyclicity.

Fig. 2.29. Symmetric wave ripples in the Dolomite
Mb. of the Abelgas Fm. west of the village Felmin.
Coin (2cm) for scale (arrow).
Fig. 2.30. Erosional tempestite-scour in the Abelgas
Fm. (La Vid section). Top to the left. Coin (2cm) for
scale (arrow).

Fig. 2.31. Thin section from the upper part of the
Abelgas Fm. (Limestone Marlstone Mb. in the La Vid
section). The packstone to grainstone show a geopetal fabric within a brachiopod shell, partly filled with
carbonate mud partly with calcite. Scale 1cm.

Fig. 2.32. Coquina composed of brachiopods and crinoidal stems, intercalated in the shales of the Esla Fm.
(Los Chabanos section). Pencil (15cm) for scale.
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Depositional environment: The Shale Unit was deposited below the fair weather wave base, caused
by a rapid relative sea-level rise (Keller & Grötsch
1990). According to García-Alcalde et al. (2002)
deposition dropped below the storm wave base,
located in calm and quiet conditions far from the
coast and inﬂuenced by hurricanes. According to
these authors the grainstone members represent
submarine swells. Barba & Fernández (1990) specify a deep ramp, which evolves to shallower conditions with calcarenitic ridges and tidal channels.
The ramp was inﬂuenced by episodic storms, which
produced thick brachiopod coquinas (see Fig. 2.32).
The source area for most of the Devonian siliciclastic sediments in this region was the western prolongation of the Cantabro-Ebroian Massif (sensu Carls
1983, 1988), now covered by sediments from the
Central Coal Basin, Ponga and Picos de Europa
zones (García-Alcalde 2002).
Age: Middle to Late Emsian
SANTA LUCÍA FM.
The Santa Lucía Fm. forms prominent ridges in the
area, as it is situated between the less resistant Esla
and Huergas formations.
Type locality: Between the villages of Santa Lucía
and Vega de Gordón (“Calcaires de Santa Lucía,”
Comte 1937), ITGE Map 103 “La Pola de Gordón”
(Alonso et al. 1991). See Fig. 2.33.
Thickness: 130m (Olleros section) to 280m (Beberino section)
Lithology: The transition from the Esla Fm. is gradual, being indicated only by a change of colour in
the crinoidal coarse grainstones (see above). The
formation was subdivided into ﬁve members by
Bosch (1969) or three main facies groups by Coo
et al. (1971), Coo (1974) and Méndez Bedía (1976).
Three different depositional environments correspond to different depositional areas within the
Southern Cantabrian Basin. Next to the Cantabrian High a peritidal lagoon developed (argillaceous,
laminated, micritic, pelloidal limestones with mudcracks, birds-eyes and evaporites, Fig. 2.35 and
2.37), followed by a reef belt (massive boundstones
built of corals and stromatoporoids, Fig. 2.34 and
2.36) and fore-reef deposits (well-bedded bioclastic
limestones, bioturbated marls and reddish bioclastic limestones). The Santa Lucía Fm. is very rich in

fossils, comprising stromatoporoids, corals, bryozoans, echinoderms, brachiopods, bivalves etc. (Fig.
2.34 and 2.36). Méndez-Bedia et al. (1994) recorded biostromes composed of branching tabulate coral and associations of different organisms with stromatoporoids, as well as stromatoporoid bioherms.
Reef evolution can be described e.g. along the Luna
lake outcrops (GPS coordinates N 42°52.158´ and
W 005°51.902´), where abundant stromatoporoids
consolidate the highly mobile, underlaying crinoidal grainstones, prior to branching tabulate corals
can start to develop. The corals completely replace
the stromatoporoids upsection, before they appear
together towards the top of the reefal ediﬁce.
Depositional environment: The facies arrangement
results in the following depositional subdivision:
proximal zone with intertidal to supratidal sediments
(lagoon-facies); intermediate zone with reefal structures (reef facies) and an external zone on a highenergy open marine platform (fore-reef-facies).
Buggisch et al. (1982) distinguishes six facies zones
from north to south: (1) lagoon, (2) alternation of lagoon and non-reef sediments, (3) alternation of reef
and lagoon, (4) barrier reef zone, (5) reef and nonreef limestones and (6) non-reef sediments. Peritidal facies is situated towards the concavity of the
Asturian Arc, while the sublittoral, open marine
facies can be found to the W and S of the Cantabrian Zone. Reef development suggests the absence
of a continuous reef barrier (see Fig. 2.33) rimming
the platform (Méndez-Bedia et al. 1994). However
most of the bioherms must have been situated close
to the platform margin and developed under different conditions as indicated by different organism associations. At the top of the formation the inﬂuence
of siliciclastic input becomes evident (Fig. 2.38).
Age: Late Emsian to earliest Eifelian
Stratigraphic gaps, based on the occurrence of assumed palaeokarst features on top of the Santa
Lucía Fm. near Sagüera (southern limb of the Alba
syncline) and cited by Buggisch et al. (1982), are
placed in doubt by the present author (see Chapter
4 for discussion) and García-Alcalde et al. (2002).
García-Alcalde (1995, 1996) and García-Alcalde et
al. (2000, 2002) summarised data pertaining to biostratigraphically useful fossils in the Cantabrian
Zone.
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Fig. 2.33. Type locality of the Santa Lucía Fm. east of the village Santa Lucía. Note the massive reefal edifice to
the left (arrow). The street to the right marks the transition with the shaly Huergas Fm.

Fig. 2.34. Abundant silicified corals of the Santa
Lucía Fm. in the lower part of the Beberino section.
Scale 20cm.

Fig. 2.35. Desiccation cracks are an abundant feature
in the lagoonal deposits of the Santa Lucía Fm.
(Valporquero section, see Appendix). Scale 20cm.

Fig. 2.36. Thin section of a stromatoporoid boundstone of the Santa Lucía Fm. (section Santa Lucía).
The position of the sample is at metre 256 along section (see Appendix). Scale 1cm.

Fig. 2.37. Thin section of a mudstone with abundant
birds-eye structures from the lagoonal section of the
Santa Lucía Fm. near Valporquero. The position of
the sample is at metre 176 along section (see Appendix). Scale 1cm.
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HUERGAS FM.
The Huergas Fm. is usually covered by vegetation,
forming wide valleys between the calcareous, competent Santa Lucía and Portilla formations.
Type locality: Near the village Huergas de Gordón
(“Areniscas y Pizarras de Huergas,” Comte 1959),
ITGE Map 103 “La Pola de Gordón” (Alonso et al.
1991).
Thickness: 31m (Valporquero section) to 300m
(Huergas section)
Lithology: Lithology is highly variable in the region,
comprising highly bioturbated greyish to greenish shales and siltstones interbedded with greenish to brownish sandstones. In some outcrops (section Bebberino, see Appendix), the middle part of
the formation contains higher proportions of coarser, sandy material whereas the lower and the upper
parts are shale dominated. According to García Ramos (1978) the succession is composed of several
ﬁning and coarsening upward sequences with frequent cross-stratiﬁcation and ichnofossils. Evers
(1967) distinguishes three members that contain
ferruginous sandstones in the lower part of the formation.
Depositional environment: In section Beberino and
Huergas, the Huergas Fm. overlies the Santa Lucía
Fm. with a clear drowning unconformity. GarcíaRamos (1978) depicts a platform setting with the
provenance of siliciclastic material from NE. The
platform was affected by currents and waves, which
created numerous coarse-grained shoals with ﬁne
sediment accumulated in between. The sediments
show strong bioturbation, pointing to a well-oxygenated sea ﬂoor. The platform was also inﬂuenced by tempestites. Reijers (1973) assumes prodelta and delta slope environments. García-Alcalde
(2002) interprets the variety of depositional environments as marine and transitional settings linked
to large south-sloping deltas.
Age: Early Eifelian - Early Givetian
Due to the unsuitable facies development for conodonts (García-Alcalde et al. 2000), the conodonts of
the overlaying Portilla Fm. were used to determine
the upper boundary of the Huergas Fm. García-Alcalde & Soto (1999) found evidence of the Kacákotomari Event (global transgressive event at the top
of the Eifelian with important faunal changes in the
pelagic realm) in the centre of the Huergas Fm.

PORTILLA FM.
The Portilla Fm. records the return to reefal conditions in the Cantabrian Zone.
Type locality: Right bank of the Arroyo de la Portilla NW of Matallana-Estación (Comte 1936), ITGE
Map 103 “La Pola de Gordón” (Alonso et al. 1991)
Thickness: 58m (Huergas section) to 90m (Beberino section)
Lithology: The formation is morphologically subdivided into two resistant limestone members, separated by a less resistant middle member, not present
in every outcrop (Fig. 2.39 and 4.1). The latter is
composed of sandy limestones to calcareous sandstones, containing well-developed ooidal grainstones in some sections (see Fig. 2.40 and 2.42).
Numerous authors split the formation into three
(Comte 1936, Mohanti 1972, Raven 1983, Fernández et al. 1997) or four members (Bosch 1969, Reijers 1972, 1973, Reijers & Ten Have 1983). Evidence from this study supports the subdivision into
three members: (i) lower member (crinoidal and bryozoan, argillaceous grainstones, gradual base, to the
top development of biostromes); (ii) middle member (sandstones, shales, detritic limestones, oolith,
in some outcrops erosive base) and (iii) upper member (thick-bedded biostromal and biohermal limestones alternating with crinoidal-bryozoan grainstones or siliciclastics; Fig. 2.43). Méndez-Bedia
et al. (1994) characterise biostromes of branching
tabulate corals, which can be associated with other
organisms and different stromatoporoid, alveolitid
and phillipsastreid biostromes and bioherms (Fig.
4.1). In the Mirantes de Luna section red bands of
cross-bedded Thamnopora grainstones reach thicknesses up to 11m (Fig. 2.41).
Depositional environment: Reijers (1972, 1985)
classiﬁes a reef-rimmed platform geometry, composed of (i) lagoonal backreef facies belt; (ii) reef
tract with bistromal and biohermal limestones and
(iii) fore-reef facies belt distally grading to deeperwater marls and shales. This general model assuming a reef barrier rimming a platform with back-reef
facies and fore-reef facies has found broad agreement (Reijers 1972, 1984, 1985, Mohanti 1973, Reijers et al. 1984, Frankenfeld 1981, Raven 1983).
By contrast, Méndez-Bedia et al. (1994) and Fernández et al. (1997) introduced a different model
based on (i) small isolated bioherms which did not
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Fig. 2.38. Thin section of a crinoidal grainstone at the
top of the Santa Lucía Fm. (metre 311 in section
Santa Lucía). The onset of terrigenous sedimentation
is marked by the orange colour of the grainstone.
Scale 1cm.

Fig. 2.39. Section of the Portilla Fm. north of the village of La Pola de Gordón. The three members are
clearly visible, with a sandy middle member
(separated by dotted lines). See Fig. 2.40 for detail indicated by the arrow.

Fig. 2.40. Thin section of the middle Portilla member
composed of fine sandstones with crinoidal debris.
The location of this sample is marked by an arrow in
Fig. 2.39. Scale 1cm.

Fig. 2.41. Highly fossiliferous limestones of the Portilla Fm. south of Mirantes de Luna. Intervals of up to
11m in thickness are composed of fragments of stromatoporoids and Thamnopora corals. Hammer for
scale.

Fig. 2.42. Thin section of the middle Portilla member
composed of ooidal grainstone with bioclastic components (west of Mallo de Luna). Scale 1cm.

Fig. 2.43. Thin section of the lower Portilla Fm. in its
type section (south of Matallana de Torio), showing
the high siliciclastic content of the limestones. Scale
1cm.
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form a continuous reef barrier, (ii) rare occurrence
of a complete reef development succession, (iii)
no widespread occurrence of sheltered back-reef
facies. According to these authors, the Portilla Fm.
was deposited in a shallow-water, lagoon to shelf
environment on a carbonate ramp, where small isolated bioherms were able to develop on tectonic (?)
highs within the inner ramp setting. Nevertheless
the facies associations are very similar to that of the
Santa Lucía Fm. Present investigations and modelling results show a close connection of reefal development towards the Intra-Asturo-Leonesian Facies
Line (see Chapter 8.3). This fact was also partly visible during the development of the Santa Lucía Fm.
(see Chapter 7 for further details).
Age: Middle to Late Givetian
NOCEDO FM.
Due to the similarities of Late Devonian siliciclastic
and the difﬁculties of establishing formation boundaries, Julivert et al. (1968) introduced the expression “Areniscas del Devónico Superior” to denote
the amalgamation of the Nocedo, Fueyo and Ermita formations. However this “uniﬁcation” was, proposed by a structural geologist; in terms of sedimentology, these clastic units should be separated. The
Nocedo Fm. occurs only in the southern part of the
Southern Cantabrian Basin.
Type locality: Near the village Nocedo (“Grès de
Nocedo”, Comte 1959), ITGE Map 103 “La Pola de
Gordón” (Alonso et al. 1991)
Thickness: 45m (La Pola de Gordón section) to
428m (Huergas section). The striking difference in
thickness within a very short distance was interpreted in terms of a syn-sedimentary normal fault (Intra-Asturo-Leonese Facies Line sensu Raven 1983,
See Fig. 3.5 and Chapter 8.3).
Lithology: Uniform sandstones and siltstones dominate the succession, interrupted by several biostromal horizons in some areas (Valdoré and Crémenes
limestones). Loevezijn (1983) and Loevezijn &
Raven (1983) subdivided the formation into two
members.
Lower member (Gordón Mb.; Mb. A): bioturbated shales/siltstones passing into well-sorted quartzsandstones coarsening upward, cross-bedded, reddish crinoidal grainstones (Fig.2.44) with numerous
hardgrounds marked by haematitic crusts and abun-

dant brachiopods. Herringbone cross-stratiﬁcation
is common at the top of the Gordón Mb. (Fig. 2.45)
and section Huergas in the appendix: meters 208.4
to 212.9 along section).
Upper member (Millar Mb.; Mb. B): occurs only
south of the IALF; coarsening upward, shales and
siltstones with intercalated conglomerates at the top.
These conglomerates are composed of exotic clasts
(pegmatites, radiolarites, metamorphic quartzites)
of unknown origin (see discussion in Chapter 2.2.1
and Fig. 2.46).
Depositional environment: The formation is deposited in two regressive cycles, representing the two
members of the formation. Depending on the position along the transect, the depositional environment comprises middle to outer shelf areas, nearshore coastal settings inﬂuenced by strong, longshore drift and protected lagoon areas (Loevezijn &
Raven 1983). The uniform, well-sorted sandstones
of the lower part of the succession point to a upper shoreface deposition above fair weather wave
base. During times of limited sand supply, limestone deposition created carbonate platforms, which
were killed by a renewed siliciclastic pulse. Largescale current ripples indicate transport directions
towards SW (210°-240°). The uppermost carbonate part of the Gordón Mb. represents a condensed
succession with numerous hiati marked by common
hardgrounds.
Age: Frasnian, based on conodont data (García Alcalde et al. 1979, Raven 1983, Loevezijn 1986,
1988).
FUEYO FM.
The Fueyo Fm. was included in the Nocedo Fm. by
numerous authors (Evers 1967, Bosch 1969, Loevezijn & Raven 1983). However, Vilas Minondo
(1971) and Raven (1983) suggested separating the
Fueyo and the Nocedo formations because of a hiatus between them. As in the case of the Millar Mb.
of the Nocedo Fm., the Fueyo Fm was deposited
only south of the IALF.
Type locality: Near the village of Nocedo, (“Schistes
de Fueyo”, Comte 1959) ITGE Map 103 “La Pola
de Gordón” (Alonso et al. 1991).
Thickness: 108m (Huergas section) to 180m (Olleros section)
Lithology: Dark, nodular shales alternating with
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Fig. 2.44. Thin section of the Nocedo Fm.
(uppermost Gordón Mb.) in the Huergas section
(metre 200.5) showing thick deposits of sandy bioclastic grainstones. Scale 1cm.

Fig. 2.45. The top of the Gordón Mb. (Nocedo Fm.)
is composed of quartz sandstones with abundant herringbone cross-stratification. Scale 20cm .

Fig. 2.46. The top of the Millar Mb. (Nocedo Fm.)
shows conglomerates composed of exotic clasts and
unknown origin. Coin (2cm, arrow) for scale. Location near Santiago de las Villas.

Fig. 2.47. Dark shales alternating with well-sorted
siltstones characterise the Fueyo Fm. (north of Piedrasecha). Hammer for scale (30cm).

Fig. 2.48. The Ermita Fm. south of Llomberas displays large-scale cross-bedded sandstones (top left).
The outcrop is approx. 10m high.

Fig. 2.49. In the Millaró section (metre 231) the
Ermita sandstone cuts into the shales of the Esla Fm.
and forms multiple crosscutting channels. Hammer
for scale (30cm).
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well-sorted siltstones and ﬁne-grained sandstones,
sandstone channels. Bed thickness varies between
several tens of cm and less than one cm and shows
abundant ﬁning upward beds (see Fig 2.47 and section Piedrasecha in the appendix). Raven (1983) describes Bouma sequences with units A, C, D and E.
Flaser and lenticular bedding is common.
Depositional environment: Barba & Fernández
(1990) and García-Ramos & Colmenero (1981) interpret a transgressive setting with the deposition
of proximal turbidites and sediments of an external platform/deeper shelf. Slumping structures indicate the presence of a palaeo-slope. García Alcalde et al. (2002) prefer the idea of a sublittoral, open
marine platform, formed at the distal part of a deltaic system. In the present work a regression cycle
was interpreted, beginning with the Fueyo Fm. and
reaching into the lower part of the overlaying Ermita Fm.
Age: Earliest Famennian to Late Famennian based
on conodont data (Raven 1983).
ERMITA FM.
Type locality: Near Ermita del Buen Suceso south of
Huergas de Gordón (“Grès de l´Ermitage,” Comte
1959), ITGE Map 103 “La Pola de Gordón” (Alonso et al. 1991). The name Ermita Fm. was formally introduced by Sjerp (1967). Adrichem Boogaert
(1967) proposed a new type section near Camplongo in the northern part of the Bernesga Valley. Brouwer (1962, 1967) introduced the name Aguasalio
Fm. for regions where no boundary between Nocedo and Ermita formations can be determined.
Thickness: 3m (Valporquero section) to 65m (Piedrasecha section)
In the southern part of the basin some authors
(Bosch 1969, Loevezijn 1983, 1986, Raven 1983)
describe a succession composed of badly sorted argillaceous siltstones and sandstones of several tens
to a few hundreds of meters in thickness. These authors also record a large erosional hiatus spanning
almost the entire Famennian. However, according
to García-Alcalde et al. (2000, pers.com. 2003) this
hiatus comprises only 1-3Ma. In the present work
the greatest thicknesses of the Ermita Fm. are measured south of the IALF (up to 65m). The underlying
shales and siltstones are assigned to the Fueyo Fm.
North of the IALF the Ermita Fm. is represented as

a relatively thin transgressive sandstone unit, several meters thick (see Chapter 4 for discussion).
Lithology: South of the IALF the lower Ermita Fm.
is composed mainly of siltstones with some intercalated sandstone beds. North of the IALF only the
upper part of the formation is present, which contains well-sorted, medium grained quartz sandstones, polymict conglomerates (Fig. 2.50), thin intercalations of shales and silts, large-scale crossstratiﬁcation (Fig. 2.48, section Llomberas in the
appendix) and erosive channels (Fig. 2.49, section
Millaró in the appendix). In some sections (e.g. Los
Chabanos) there are abundant brachiopod moulds in
ﬁne-grained sandstones at the top of the succession
(Fig. 2.51). In the uppermost part, black mud pebbles are common. To the north the Ermita Fm. rests
on progressively older sediments. In the northernmost sections it unconformably overlies the Cambrian Oville Fm. The angle of the unconformity was
calculated by Smith (1966) and Raven (1983) showing values of 0.5° to 1.5°. There is also evidence of
small-scale intra-formational erosion indicated by
fragments of the Vegamián Fm. within the Ermita
sandstones (Raven 1983).
Depositional environment: As already discussed,
the lower part of the Ermita Fm. was deposited
only south of the IALF in continuity of the coarsening upward regression cycle, which started in the
Fueyo Fm. (see Chapter 4 for further discussion).
The transgressive upper part can be attributed to a
high-energy, shallow-water, littoral environment,
where siliciclastic sediments were reworked and
sorted. Intertidal deposits in the proximal zones in
the north pass in shoreface sediments further to the
south. The upper part can be subdivided into a lower cross-bedded unit without fossils and an upper
unit with abundant brachiopod moulds (see above).
The latter represents a marine transgression, which
reworked the underlaying strata. Uplift during the
initiation of the Variscan Orogeny in the Cantabrian Zone combined with a marked global Early Famennian sea-level fall, resulted in the emergence
and peneplanation of the marine platform. According to García-Alcalde et al. (2002) the eroded platform tilted slightly eastward in the Late Famennian,
allowing the Ermita Fm. to prograde over increasingly older strata. Thus the base of the Ermita Fm.
is slightly diachronous.
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Age: Latest Famennian to Early Tournaisian based
on brachiopod data (García Alcalde et al. 1979).
BALEAS FM.
The Baleas and the Vegamián formations are highly variable in the region. They replace each other,
but also occur together. The Baleas Fm. has often
been included in the Ermita Fm. (Evers 1967, Bosch
1969, Raven 1983, Loevezijn 1986).
Type locality: Baleas quarry north of La Pola de
Gordón (Wagner 1971), ITGE Map 103 “La Pola de
Gordón” (Alonso et al. 1991).
Thickness: 8m (Rocalo section) to 10.5m (La Pola
de Gordón section)
Lithology: Whitish to reddish, coarse, crinoidal
grainstones with wavy bedding, current ripples and
stylolithes. Abundant hardgrounds are often enriched in haematite and indicate condensation (section Beberino in the appendix). Fossil-rich packstones and wackestones are less common and contain crinoids, bryozoans and brachiopods. Few clastic intercalations can be found.
Depositional environment: Shallow water environment above the fair weather wave base. Sanchez de
la Torre et al. (1983) noted a low productivity carbonate platform model with abundant high-energy
bars and shoals (Baleas Fm.) and deeper, protected
areas. The latter represent the depositional environment of the black shales corresponding to the Vegamián Fm.
Age: Early to Middle Tournaisian based on conodonts (Higgins et al. 1964, Adrichem Boogaert 1967,
Truyols et al. 1982, Raven 1983, Sanz-López et al.
1998). In some outcrops the base of the Baleas Fm.
is situated at the Famennian/Tournaisian boundary
(Baleas type section, García-Alcalde & Menéndez
Alvarez 1988, Sánchez de Posada et al. 1990).
VEGAMIÁN FM.
Type locality: Comte (1959) introduced this name
(Couches de Vegamián). Ginkel (1965) chose the
type locality 1km SW of the village Vegamián north
of the village Boñar. The Vegamián and the type locality are now drowned in the artiﬁcial lake Embalse de Porma. Therefore Evers (1967) designated a new stratotype near the Mirador de Vegamián
(Fig. 2.52), ITGE Map 104 “Boñar” (Lobato et al.
1984).
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Thickness: 1m (Canseco section) to 10m (Porma
section)
Lithology: Black, poorly fossiliferous shales with
abundant phosphate, manganese, markasite and
chert nodules and radiolarites. Thin siltstone and argillaceous sandstone intercalations, greenish glauconitic shales as well as limestone lenses are common. Basal contact is sharp, possibly erosive whereas the contact with the overlaying Alba Fm. is mostly gradual.
Depositional environment: Adrichem Boogaert
(1967) estimated the depositional depth to be approx. 50m, whereas Raven (1983) estimates higher
water depths of around 70m. The authors attribute
the low oxygen content to restricted water circulation in a depositional environment with low sedimentation rates below the wave base. Poor faunal content in the black shales and the phosphatic
nodules point to O2-depleted, quiet water, associated with an upwelling scenario (Balthasar 2001).
Martinez Chacon & Winkler Prins (1993) propose
that this is a result of deposition below wave base,
whereas Sánchez de la Torre et al. (1983) assume
deposition in deeper water on the shelf edge. However, they mention the lack of genuine deep-water
fauna, pointing to the possibility of deposition in
quite shallow water (mud ﬂats). According to Seibert (1986), the onset of black shale deposition is coupled with subsidence and a eustatic sea-level rise of
second order, shifting the deposition of shales to the
upper slope regions. The author interprets the facies
to represent 50-200m depositional depth.
Age: Middle to Late Tournaisian (Martinez Chacon
& Winkler Prins 1993). Higgins (1964), Adrichem
Boogaert (1967) and Sánchez de Posada et al. (1990)
report Early Visean age for the top of the formation.
According to Seibert (1986), the base and top of the
formation are diachronous.
ALBA/GENICERA FM.
This formation has been the subject of extensive
investigation, as it represents an easily recognisable and laterally uniform marker in the Cantabrian
Zone.
Type locality: South of Puente de Alba village in the
lower Bernesga Valle (“Griotte de Puente de Alba,”
Comte 1959), ITGE Map 103 “La Pola de Gordón”
(Alonso et al. 1991). The formation was described
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by Barrois as early as 1882 (“Mármol Griotte”) and
named by Ginkel (1965) as Alba Fm. Wagner et al.
(1971) renamed the formation Genicera Fm. with a
new type locality near the village of Genicera (ITGE
Map 104 “Boñar”, Lobato et al. (1984)), stating the
incompleteness of the original type section. However, this work uses the name Alba Fm., as this was the
ﬁrst formation name to be established.
Thickness: 28m (Huergas section) to 46m (Piedrasecha section)
Lithology: Predominantly red, nodular limestones with frequent stylolithes crop out throughout the Asturian Arc (Fig. 2.53 and 2.54). Wagner
et al. (1971) Sanchez de la Torre et al. (1983) and
Balthasar (2001) distinguish three members: (i)
Gorgera Mb.: reddish shales with intercalated limestone concretions, reddish nodular limestones, bioclastic wackestones/mudstones; (ii) Lavandera Mb.:
reddish to greenish, cherty, shales, radiolarites and
(iii) Canalón Mb.: well-bedded, reddish, greyish
wavy nodular limestones (Fig. 2.55), mudstones to
bioclastic wackestones (Fig. 2.58), thin interbedded
reddish to greenish shales. Winkler Prins (1968) divided the formation into the Gete, Valdehuesa and
La Venta members, whereas Seibert (1986) established a subdivision in ﬁve members (A - E). In the
Alba syncline the Alba Fm. is overlain by terrigenous sediments of the Olleros Fm. The gradual transition (ca. 20m in the Alba syncline), composed of
reddish and greenish shales and marls has been described as “Capas de Olaja” by Wagner et al. (1971),
“Entomozoen Schiefer” by Becker et al. (1975) or
“Mb. E” of the Alba Fm. by Seibert (1986).
Depositional environment: The Alba Fm. is interpreted as a condensed unit deposited in several hundred metres of water (Sánchez de la Torre et al. 1983,
Wendt & Aigner 1985) on a relatively well-oxygenated pelagic platform (Fig. 2.57) with gentle slopes
(2.59). During the deposition of the Alba Fm. no
signiﬁcant terrigenous inﬂux occurred in the region.
Hemleben & Reuther (1980) suggest that deposition
took place during times of tectonic quiescence (Fig.
2.56). The deposits indicate minimal sedimentation
rates with only pelagic sedimentation in the Lavandera Mb. and highly condensed sedimentation in the
Canalón Mb. Seibert (1986) and Balthasar (2001)
note four facies-associations based on sedimentological and faunal differences based on the palae-

ogeographical position within the basin: (i) swell
facies (Agausalio facies), (ii) slope facies (Genicera
facies), (iii) basinal facies (Redilluera facies) and
(iv) steeper fore-slope facies (Cardaño facies). High
faunal diversity at the base of the Alba Fm. points
to a rapid transgressive succession causing a transition to stable, oxic conditions also in the formerly euxinic basinal regions (Seibert 1986). The uppermost members are marked by carbonate debris
ﬂows and olistostromes (Mb. D) and the transition
from oxic to anoxic conditions (Mb. E). In section
Piedrasecha (see Appendix) large slumps were observed (Fig. 2.59).
Bathymetry was interpreted by numerous authors
(Winkler-Prins 1968, Bosch 1969, Hemleben &
Reuther 1980, Raven 1983, Sanchez de la Torre
et al. 1983, Seibert 1986, Balthasar 2001 and others). Seibert (1986) identiﬁes shallow shelf (20-60m
for the basal member) to basinal open marine environments (100-300m). Faunal indicators point to
depths of between 50m and 500m (see Seibert 1986
for details). Balthasar (2001) interprets the Gorgera
Mb. as deeper neritic and the Canalón Mb. as upper
bathyal, with deposition depths of 300-500m. Parts
of the fauna reﬂect aphotic, cold and dysoxic conditions. The Alba Fm. reﬂects maximum transgression during the Visean (Colmenero et al. 2002).
Age: Latest Tournaisian to Late Serpukhovian based
on conodont, goniatite, trilobite and radiolarite data.
The base is highly diachronous (Late Tournaisian to
Early Visean) with age decreasing towards deeper
depositional areas (Balthasar 2001).
BARCALIENTE FM.
In earlier studies the Barcaliente and the Valdeteja
Formations were integrated to the Caliza de Montaña Fm. (Comte 1959, Evers 1967 and others).
Type locality: Arroyo de Barcaliente in the Curueño Valley (Wagner et al. 1971), ITGE Map 104
“Boñar” (Lobato et al. 1984).
Thickness: 180m (Canseco section) to 394m (Carbonera section)
Lithology: The lower part commences with graded, allodapic limestones with slumping structures
and chert. Various facies are present towards the
top: (i) ﬁne-grained, laminated to well-bedded (Fig.
2.60), dark, bituminous limestones (mudstones,
wackestones), (ii) grey, highly bioturbated lime-

CHAPTER 2: GEOLOGICAL SETTING

Fig. 2.51. To the top of the Ermita Fm. well-sorted
sandstones with abundant brachiopod moulds indicate a marine transgression. Scale 5cm.
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Fig. 2.50. In the north of the Bernesga Transect
(Millaró section) the base of the Ermita Fm. is composed of iron-rich, polymict conglomerates, indicating a fluvial origin. Scale 5cm.
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Fig. 2.52. The new stratotype of the Vegamián Fm. at the Mirador de Vegamián (Porma Lake) with the outcropping
Ermita, Vegamián and Alba formations.

Fig. 2.53. Nodular limestones of the Alba Fm. in the
section Los Chabanos in the north of the Bernesga
Valley. The reddish limestones represent a good
marker throughout the Cantabrian Zone. Hammer for
scale (30cm).

Fig. 2.54. Thin section of the Alba Fm. (Canseco section) with carbonate-rich nodules surrounded by dark
red clay-streaks. Scale 1cm.
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stones and (iii) limestones with pseudomorphs of
anhydrite and gypsum (González Lastra 1978, Hemleben & Reuther 1980, Sánchez de la Torre et al.
1983). The top of the formation shows a poorly sorted, polymict breccia (Porma Breccia, Reuther 1977,
Fig. 2.61). Fossil content is generally very low. An
epigenetic dolomitisation is common (Gasparrini et
al. 2003).
Depositional environment: Hemleben & Reuther (1980) interpret a shallowing upward succession with deposition of distal turbidites in the lower part and shallow marine carbonates towards the
top. Where present, ichnofossils indicate anoxic conditions only in deeper parts of the sediment.
The palaeobathymetry of the allodapic limestones
is assumed to be 100-300m (Hemleben & Reuther
1980). The upper part of the formation was deposited under shallow marine, low-energy conditions
marked by small channels, unconformities, stromatolithes and intense bioturbation (Hemleben & Reuther 1980, Balthasar 2001). In contrast, Gonzales
Lastra (1978) and Sánchez de la Torre et al. (1983)
suggest a shallow marine carbonate platform with
low subsidence rates, high evaporation and restricted circulation, which impeded the development of
life. The Porma Breccia (Fig. 2.61) is believed to
have originated as a result of strong earthquakes on
top of the ﬁlled basin (Hemleben & Reuther 1980),
or by mass ﬂows and/or collapse due to the dissolution of evaporites (Eichmüller 1986, Colmenero et
al. 1988). Eichmüller & Seibert (1984) established
a model of a stable shallow marine/lagoonal carbonates in the north, bordering to the south and west to
a ramp with allodapic limestones and ﬁnally deeper marine shaly deposits (Capas de Olaja). Wagner
& Winkler Prins (1999) describe a marked surface
of subaerial exposure and karstiﬁcation to the top of
the formation.
Age: Late Serpukhovian to Earliest Bashkirian
OLLEROS FM.
The Olleros Fm. crops out in the south of the Bernesga Transect (Alba syncline). The terminology surrounding this formation was a matter of debate, as
it represents a very heterogeneous sediment succession. It has been described as “Facies Culm” (Sitter
1962, Rupke 1965), “Facies Flysch” (Evers 1967)

or the basal member of the Cuevas Fm. (Boschma
& Staalduinen 1969, Staalduinen 1973).
Type locality: Arroyo de San Martín near the village Olleros de Alba (Wagner et al. 1971), ITGE
Map 129 “La Robla” (Matas & Rodríguez Fernández 1984).
Thickness: Only minimum thickness can be calculated, as the top is always eroded. According to
Wagner et al. (1971) 740m for the whole succession
above the Alba Fm. Sanchez de la Torre et al. (1983)
calculated 518m for the lower turbiditic member.
Lithology: Sanchez de la Torre et al. (1983) distinguish three members: (i) alternating shale and sandstone beds with some intercalated micro-conglomerate beds, siderite nodules, Bouma sequences Tc-e
and Tb-e, to the top highly bioturbated and brecciated; (ii) black, highly deformed limestone lenses
and thick beds variable in thickness and occurrence
crop out in the middle part. The facies is very similar to the Barcaliente Fm. described above, and (iii)
shales and conglomerates, pebbly mudstones, intercalated black limestones and sandstones with Bouma sequences Tc-e and Tb-e.
Depositional environment: According to Sanchez
de la Torre et al. (1983) and Colmenero et al. (2002)
this formation records the onset of terrigenous supply derived from an elevated area in the SW to S, in
the opposite direction to the Devonian transport direction. In contrast to the shallow marine carbonate platform (Barcaliente Fm.), the Olleros Fm. represents foredeep deposits of turbiditic origin (Fig.
2.62). The intercalated thick limestones were referred to as Barcaliente Fm. (Wagner et al. 1971)
and interpreted by Sanchez de la Torre et al. (1983)
as deeper marine, low-energy deposits with debrisﬂows on top (breccias), situated between thick turbiditic deposits. The occurrence of sandy beds in the
shales indicates an increase of depositional energy
and sedimentation rates.
In the Pedroso syncline, turbiditic sediments (106m)
with the same lithologic appearance and provenance as the Olleros Fm. appear on the top of the
Barcaliente Fm.
Age: Late Serpukhovian to earliest Bashkirian; the
Olleros Fm. is time equivalent to the Barcaliente
Fm. and the lower part of the Valdeteja Fm. (Colmenero et al. 2002).
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Fig. 2.55. Polished slab of the Alba Fm. (Rocalo section). This figure demonstrates that the carbonaterich nodules occur both isolated and in layers with
nodular surfaces. Scale 10cm.

Fig. 2.57. Well-oxygenated substrate conditions in
the upper Alba Fm. is marked by intense bioturbation
in the Los Chabanos section. Scale 1m.

Fig. 2.59. In the southern part of the Bernesga Transect (Piedrasecha section) large slump folds are developed on top of the Alba Fm. indicating a palaeogradient of the depositional surface. Hammer for
scale (30cm).

43

Fig. 2.56. Bedding plane of the Alba Fm. covered
with articulated crinoid stems up to one metre long,
(SE of Genicera). Scale 40cm.

Fig. 2.58. Red bioclastic wacke to packstone with
abundant ammonoid shells in the La Braña section
(Alba Fm.). Scale 1cm.

Fig. 2.60. The Barcaliente Fm. (Carbonera section,
see Appendix) is composed of uniformly bedded dark
limestone beds.
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VALDETEJA FM.
Type locality: Near the village of Valdeteja (Wagner et al. 1971), ITGE Map 104 “Boñar” (Lobato et
al. 1984).
Thickness: 0m to 520m (Valporquero section)
Lithology: Light grey massive limestones, intercalated bedded to lenticular marlstones and limestones, microbial boundstones, mudstones to bioclastic grainstones, ooliths, oncolithes and calcareous breccias. Beside the Barcaliente Fm., the Valdeteja Fm. represents the most dolomitised formation
in the Cantabrian Zone (Gasparrini et al. 2003).
Depositional environment: The Valdeteja Fm. was
interpreted as a raised carbonate platform, with distinguishable platform top, platform margin, steep
slope and basin facies (Eichmüller 1985, 1986, Bahamonde et al. 1997, Kenter et al. 2002). According
to Fernández (1993), the Valdeteja platform in the
Fold and Nappe province grew on submarine highs
produced by the incipient emplacement of new
thrust units (blind thrusts). The author distinguishes
ﬁve vertically stacked platforms, separated by discontinuities which point to an unstable setting close
to the orogen. In the northern part of the Cantabrian Zone, the Valdeteja platform consists of strongly
prograding strata, which are separated by subaerial
exposure, followed by platform ﬂooding (Della Porta 2003, 2004). The platform interﬁngers with terrigenous sediments of the Olleros and San Emiliano
formations (Fig. 2.63). The isochronous deposition
of deeper water terrigenous sediments (Olleros &
San Emiliano formations) and the growth of shallow water carbonate platforms (Barcaliente & Valdeteja formations) have been interpreted as indicative of the synorogenic scheme of an orogenic foredeep (Colmenero et al. 2002).
Age: Earliest Bashkirian to Middle Bashkirian
The base of the formation is isochronous whereas the top is strongly diachronous (Lobato et al.
1984).
SAN EMILIANO FM.
Type locality: Near the village San Emiliano (Brouwer & Ginkel 1964), ITGE Map 102 “Los Barrios
de Luna” (Suárez Rodríguez et al. 1990).
Thickness: 1250m to 1800m according to Barba
& Fernández (1990) and Dallmeyer & MartinezGarcía (1990). The top of the formation is always
cut by thrusts.

Lithology: The formation was studied by numerous
authors (Moore 1971, Bowman 1979, 1982, Riding 1979, Truyols & Sánchez de Posada 1983, Fernández 1993, Ginkel & Villa 1996 and others) and
divided into three members: (i) Pinos Mb. (shales
with interbedded turbiditic sandstones, abundant
calcareous breccias and olistoliths, Fig. 2.64 and
2.65); (ii) La Majúa Mb. (alternating shales and
sandstones with coal seams and limestone bands of
varying thickness) and (iii) Candemuela Mb. (coalbearing sandstone-mudstone alternations, limestone, and rare coal seams). At the base of the Villamanín beds (sensu Truyols & Sánchez de Posada
1983) the “Caliza masiva” represents an up to 250m
thick limestone intercalation, containing numerous
Donezella mounds (Riding 1979).
Depositional environment: The Pinos member was
interpreted as basinal and slope deposits, overlain
by coastal, shallow water sediments of minor prograding deltas (La Majúa Mb.) and deltaic environment inﬂuenced by shallow marine and alluvial deposits (Candemuela Mb.) (Bowman 1982, Fernández 1993). The Villamanín beds are time-equivalent to the Candemuela Mb., reﬂecting a more distal
setting with mainly siliciclastic shelf sediments and
some carbonate platforms (Colmenero et al. 2002).
The formation received sediments from two different areas: (i) calcareous debris ﬂows, turbidites and
olistoliths from the carbonate Valdeteja platform
at its external margin and (ii) terrigenous material from proximal sources to the S and W (Bowman
1982, Fernández 1993).
Age: Middle to Late Bashkirian
STEPHANIAN SUCCESSIONS
In some areas Precambrian to Carboniferous sediments of the Southern Cantabrian Basin are unconformably overlain by intermontane, coal-basin successions of Stephanian age (La Magdalena, Sabero
and Ciñera-Matallana basins for instance, Figs. 2.1
and 3.4). The basins are thought to have formed during late Variscan tectonism, linked with reactivated pre-existing thrusts and wrench faults (Colmenero et al. 2002). It is not evident whether the isolated outcrops represent a number of small basins or
are remnants of a single large basin. The continental
basin-ﬁll (Fig. 2.66) extends from 1500m to 3000m
and is divided into numerous formations (from base
to top: San Francisco, Pastora, Cascajo, Roquera,
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Fig. 2.62. The turbiditic Olleros Fm. marks the onset
of syn-orogenic sedimentation in the Southern Cantabrian Basin. Hammer for scale (30cm, see arrow).

Fig. 2.61. The top of the Barcaliente Fm. shows the
poorly sorted, polymict Porma Breccia, attributed to
strong earthquakes on top of the filled basin
(Hemleben & Reuther 1980). Scale 20cm.

Valdeteja Fm.

Fig. 2.64. South of the village Villanueva de la Tercía
(Bernesga Valley) the San Emiliano Fm. is composed
of dark turbiditic successions. Arrow indicates closeup in Fig. 2.65. Scale 1m.

San Emiliano Fm.

Fig. 2.63. North of Cármenes the Valdeteja carbonate
platform is covered by the shally/sandy San Emiliano
Fm., which contains numerous carbonate horizons.
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Fig. 2.65. Detail of a fining-upward calci-turbiditic
bed of the San Emiliano Fm. For the location see
arrow in Fig. 2.64. Scale 20cm .

Fig. 2.66. In the La Pola de Gordón section Stephanian conglomerates erosively overlie the Baleas and
Alba formations.. Hammer for scale (30cm).
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San José, Bienvenidas, Matallana). The succession
developed in a ﬁning-upward succession in an alluvial fan-like environment (Heward 1978b, Colmenero et al. 1996). The basins have been interpreted
as pull-apart basins (Nijman & Savage 1989, Villegas 1996).
MESO AND CENOZOIC
To the east of the region, Permian to Tertiary deposits crop out. In the south, the Palaeozoic sediments
are covered by the Cretaceous and Tertiary basin-ﬁll
of the Duero Basin (see Fig. 3.5). It is unclear as to
whether sediments of this age also covered parts of
the Southern Cantabrian Basin and were eroded later, or if the sediments were restricted to the Duero

Basin. The Cretaceous is represented by the Utrillas/Voznuevo Fm. (Evers 1967, Leyva et al. 1984,
Barba & Fernández 1991) with ﬂuvial siliciclastics and intertidal carbonates at the top (Boñar Fm.
after Evers 1967). The thickness amounts to up to
500m in the region. According to Evers (1967), only
the lowermost 50m to 100m of the Palaeogene Vegaquemada Fm. were deposited in the region, thickening to 400m and 600m further to the south. The
formation is mostly composed of argillaceous sandstones deposited as alluvial fans. Frings et al. (2004)
estimate about 1000m of overburden on top of the
Stephanian sediments, based on vitrinite reﬂectance
data and thermal modelling.
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CHAPTER 3: BALANCED CROSSSECTIONS
Stratigraphic modelling of sedimentary basins,
which were subject to orogenic processes during
late stages of their development, is a delicate matter.
Tectonics conceal the basin architecture and the spatial relationships between measured proﬁles before
deformation. Such tectonic settings offer repetitive
insights into the evolving stratigraphic succession
within each structural unit or thrust sheet. Prior to
modelling, all tectonically affected domains have to
be adjusted back into their depositional, pre-deformational position (“balancing”), in order to quantify
basin shortening and to understand the pre-orogenic basin conﬁguration and architecture. The most
commonly used technique is balanced cross-sections (Woodward et al. 1985, 1989, Jamison 1987).
A ﬁnal balanced structural model promotes a better
understanding of the geological history.
3.1 Historical development
The principal technique of balanced cross-sections
was initially used to determine the depth to décollement/detachment of underlying concentric folds
(Chamberlain 1910, 1919). This author already assumed that cross-sectional area is conserved during
deformation above a single detachment. He used
area balancing for orogenic shortening calculations,
presuming plane strain and pure shear deformation.
Bucher (1933), Dahlstrom (1969), Woodward et al.
(1985, 1989) and many others subsequently applied
and improved this technique.
The ﬁrst truly balanced cross-section was published
by Bally et al. in 1966 as a combination of academic curiosity and exploration necessity, as the available seismic data was of much lower quality than
today (Woodward et al. 1989). However even today, seismic data and modern processing techniques
leave room for interpretation and consequently several possible solutions. In order to limit the set of
possible results, Dahlstom (1969) established balancing techniques, which verify the plausibility of
each model. He drew up basic rules for the veriﬁcation of coherence between different structural elements and their extrapolation in the subsurface. Lat-
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er, these techniques were evolved in terms of fold
types and geometries by Jamison (1987).
By reversing Chamberlains depth-to-detachment
technique, Gwinn (1970) was the ﬁrst to evaluate the shortening of an orogenic belt by using
area balancing in the Central Appalachians. In the
same area Dennison & Woodward (1963) utilised
the line-length balancing method not only to calculate orogenic shortening but also to draw palinspastic restorations in order to explain facies relationships. Nowadays exploration companies widely use
this approach.
3.2 Development and mechanisms of fold-andthrust belts
This chapter introduces some important terms and
mechanisms, which were used during the structural rasibalancing. The evolution of a peripheral foreland basin begins when an ocean has closed at a destructive plate boundary and the front of the overthrust belt has reached the stretched crust of an existing continental margin (Einsele 2000). Where
continents collide, foreland basins develop as a result of downﬂexing of the overridden plate under the
load of the advancing thrust belt (Aigner et al. 1989,
Waschbusch & Royden 1992, Watts 1992, Toth et al.
1996, Watts 2001, Garcia-Castellanos 2002, Lin &
Watts 2002). The loads of fold-and-thrust belts form
a depocentre into which thick sediment successions
are deposited (Watts 2001). Foreland basins develop
on continental crust not only as a result of the vertical weight of an approaching thrust belt, but also because of the lateral force exerted by plate compression (Einsele 2000, Lin & Watts 2002). These loads
can be supracrustal (loads applied during emplacement of thrust sheets) or subcrustal (loads transmitted from the subduction zone itself). The latter are
also called buried loads, which can be detected by
Bouguer gravity anomalies (Watts 2001).
Convergent orogens such as foreland thrust belts
can be visualised in terms of a wedge-shaped prism
resting on a rigid slab that is sliding beneath it (Platt
1986). They are dynamic systems with stresses and
resulting strains reﬂecting a dynamic equilibrium
(Nieuwland et al. 2000) and begin to form with a
critical wedge (Suppe 1985). As the wedge reaches a critical angle, a normal piggy-back sequence of
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thrusting, propagating towards the foreland will begin (Fig. 3.1). Younger thrusts develop in front of
the old ones, and ride passively on the back of the
latest thrust without further internal deformation.
The structural style and geometry of a thrust complex strongly depends on basal friction. This in turn
is dependent on the resistance of the décollement
material. Constant boundary conditions in terms of
constant basal friction are essential for the development of a piggy-back thrust belt (Nieuwland et al.
2000).
The subsidence history is controlled by the ﬂexure
of the underlying lithosphere (see Chapter 5.2.6)
and the step-by-step overthrust process as well as
unloading due to subaerial erosion or thrust sheets
and changing geothermal gradients (Einsele 2000).
Tectonic loads become particularly effective if
they reach high elevations above sea-level. Orogenic wedges tend to deform internally until they
reach a stable conﬁguration by balancing gravitational and traction forces. In the case of frontal accretion, which lengthens the wedge, internal shortening is required in order to regain a stable geometry. This internal shortening can take the form of
late (out-of-sequence) thrusting, backthrusting and
folding (Platt 1986). Underplating of sediment or
crustal slices thickens the wedge, compensating by
means of internal extension. This is expressed by
listric normal faults, which can merge downward

Fig. 3.1. Deformation of a piggy-back thrust mechanism
under consideration of fault-propagation-folds (Mitra
1986).

into zones of horizontal ductile extension (Platt
1986, Nieuwland et al. 2000).
3.3 Standard balancing techniques
Balanced cross-sections are the most commonly utilized geometric constraint for overthrust structures
(Jamison 1987). Tectonic structures are mostly the
result of heterogeneous deformation built up by three
different components. These are the change of volume or form and both translation and rotation related to an external system of coordinates. Each deformation can be described as coordinate-transformation of matter-particles in space. One place cannot
be occupied by two particles at the same time. This
is the basic strain-compatibility principle during deformation postulated by Ramsay & Huber (1987).
In a tectonic coherent body only steady changes of
deformation are possible. Discrete changes result
in faults. Consequently, balanced cross-sections are
the assumption for any quantitative analysis of subsurface structures in brittle deformed rocks.
The viable and admissible balanced cross-section is
the central test carried out to determine the consistence of bed lengths, areas or volume. It is a check to
assure that the total rock volume remains constant
throughout the history of the development of a geologic structure (Jamison 1987). Balancing is only
valid if it observes the physical principal of massmaintenance. Neighbouring tectonic bodies have
to retain coherence both in the deformed and undeformed state in order to keep the total volume constant. Geometrically admissible cross-sections are
not automatically plausible and cannot be veriﬁed
in nature. While constructing cross-sections there
are generally a number of geometrically plausible
solutions, which cannot all be true. The number of
solutions depends greatly on the quality of the database. Geometrically not admissible and consequently not balanceable cross-sections are incorrect in a
strict sense.
There are three possible methods of balancing crosssections, which will be discussed in the following
section: volume-balancing, equal-area and equal
bed length. As volume-balancing addresses 3D calculations, it requires a broad structural database,
available only by combining many types of data
such as seismic logs and proﬁles, borehole data etc.
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As shown in Fig. 3.2, segment V1 has been moved
due to regional shortening with the norm vector ∆x
in the direction of the x-axis. The removed segment
∆ V1 is a function of ∆x (norm vector of shortening), z0 (depth to detachment) and y0 (width of the
segment). The primary volume ∆ V1 corresponds to
the added volume ∆ V2 after shortening. Because of
the above-mentioned constancy of rock-volume, the
equation (1) is valid:
∆ V1 = ∆ V2 = ∆x * y0 * z0

(1)

However, because complex deformation, like ductile yielding or intrusion of magma, can still not be
calculated quantitatively, one has to use simpliﬁed
assumptions. The equal-area method of Woodward
et al. (1985, 1989) reduces 3D-calculation to 2Darea balancing within a cross-section. It requires
equal cross-sectional area in both the deformed and
restored states. Woodward et al. (1989) refers especially to thrust sheets in which deformation of geological bodies occurs in the form of rotation, translation and simple shear. On account of this, deformation occurs without changes to plains in the crosssection. Cross-sections have to be placed parallel to
the strain-direction, analogous to the displacement
vectors or perpendicular to the thrust planes. In this
case, the mass-maintenance principle is simpliﬁed
to a geometrical principle of plain conservation
within the cross-section. This simpliﬁcation permits
the following equation (see Fig. 3.2):
∆ F1 = ∆ F2 = ∆x * z0

(2)

The third method uses Dahlstrom´s (1969) fundamental rule of bed lengths. This rule is summarised
as a simple test of the geometric validity of a crosssection, which measures bed lengths. These bed
lengths must be consistent unless a discontinuity intervenes. Compared with all other methods, this one
is the most effective. It predicates on the assumption that deformation neither creates nor destroys
rock volume. This permits reassembling of the undeformed state from the deformed state. If the presumption of constant thickness of all beds during
the deformation is assumed, the equal-area method can be simpliﬁed to the bed-length method (Fig.
3.2). The amount of shortening can be calculated by
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Fig. 3.2. Different balancing methods for regions affected by thrusting (after Linzer 1989):
A: volume-balancing; B: equal-area balancing; C: equal
bed length balancing.

the following equation:
∆x = x0 - x

(3)

Shortening ε in percent is computed by equation
(4):

ε= (x - x0) / x0*100

(4)

whereby x0 presents the restored stage and x the deformed one.
3.4 Computer based interpretation techniques
In the last years computer based balancing proved to
be very advantageous and became a standard method in exploration geology. Beside the balacing programs Geosec, Locase, Gocad, Stretch, Orogeny or
Thrustbelt, 2D-Move (Midland Valley Ltd.) is one
of the most popular software programs on the market. 2D-MoveTM is a structural analysis and modelling program that allows line-length and area balancing of cross-sections from any tectonic regime.
Both structural restorations and forward modelling
can be carried out. The program uses different bal-
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ancing algorithms, which can be chosen according
to different tectonic settings. Properties include decompaction (coupled with burial history and Airy
isostasy), depth to basement, line-length and ﬂexural-slip unfolding, restore and others. Kinematic
algorithms include incline shear and fault parallel
ﬂow. Footwall deformation due to isostatic loading
and unloading allows full 2D backstripping of regional sections. 2D-MoveTM uses two different approaches in structural restoration. The ﬁrst, simple
technique called “unfolding restoration” ignores the
fault geometries. If the scope of work and the database allow the consideration of fault geometry on
hangingwall deformation, “move on fault restoration” can be used. Both techniques are able to perform the following procedures:
• remove fault displacement
• remove the effects of erosion
• remove the volume loss attributed to sediment
compaction
• remove fault related folds by incline shear, ﬂexural slip or fault parallel ﬂow
• remove folding related to ﬂexural slip
Due to the fact that variable information can be integrated into cross-sections, 2D-MoveTM can carry
out complex calculations such as the integration of
dip values, ﬂexural isostasy, decompaction or depth
conversion.
3.5 Restrictions
• Using the presented simpliﬁcations only plane
strain and simple shear can be used
• Parallel folding with ﬂexural slip between beds
is assumed
• Cross-sections have to be placed parallel to the direction of strain analogous to the displacement vectors or perpendicular to the thrust planes
• No movement into or out of the plane of the section can be calculated in the 2D version
• Presumption of minimal volume loss or tectonic
compaction for example by means of pressure solution and preservation of line-length during deformation is necessary
• Transects have to contain completely restorable
structures
• Only a limited suite of structures can exist in a
speciﬁc geological environment (Dahlstrom, 1969).

In other words, not every geometrical viable model
is geologically plausible and can be checked in nature.
On the other hand, the balanced cross-section-method offers reliable quantitative predictions of the
subsurface architecture even if there is no seismic
data basis, borehole information or sufﬁcient surface data. However, one has to keep in mind, that
cross-sections are interpretations of map data and
are only as good as the initial information (Woodward et al. 1989).
3.6 Bernesga Transect
The overall geologic situation and generation of the
Variscan fold-and-thrust belt has been explained in
detail in Chapter 2. The balancing procedure starts
with the construction of a deformed section, which
follows the thrust rules. Then bed lengths are measured in order to relocate faults in the undeformed
state. This simple and straightforward process is
more difﬁcult when the section is based only on surface data without observed footwall cutoffs, such as
in the present study. Unfortunately only poor data
is available from few borehole-logs or seismic sections. In 1995, Pulgar et al. and Pérez-Estaún et al.
published deep seismic reﬂection proﬁles called
ESCI-N1 and ESCI-N2. The ESCI-N2 proﬁle was
traced N-S along the southern slope of the Cantabrian Mountains about 70km to the east of the Bernesga transect (see Fig. 2.18). Unfortunately, only limited data could be used in the present work as the
seismic proﬁles focus on the deep crustal structure
and do not resolve shallow crustal ﬂoors.
3.6.1 Location and limits of the transect
The Bernesga Transect is situated along the rivers
Torio and Bernesga, on the southern slope of the
Cantabrian Mountains (Fig. 3.3). Both rivers arise
in the peaks of the Cantabrian Mountains in the region of Puerto Piedraﬁta and Pajares and run approximately in a N-S direction. South of La Robla,
the river Bernesga enters the Duero plain situated
around León, capital of the province León.
The Bernesga Transect has been chosen for this
study because of its highly suitable outcrops and
suitable orientation in regard to the overall tectonic transport direction in the region. Fig. 3.4 shows
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Fig. 3.3. Location of the Bernesga Transect (blue line) on the southern slope of the Cantabrian Mountains. 3D topographic diagram taken from Pulgar et al. (1995).

the geological map of the Bernesga region. As mentioned above, inherent to the method of cross-section balancing is the assumption that the line of section is parallel to the direction of thrust movement
(see Chapter 3.3). As the thrusts and nappes of the
Southern Cantabrians Mountains have been transported to the north (according to the present coordinate system) only transects situated approximately in a N-S direction are balanceable. For balancing purposes and due to tectonic difﬁculties, which
will be discussed in Chapter 3.6.4, the Bernesga
Transect was split in two parts. Therefore the term
transect is utilised here, and not cross-section as is
used in Chapter 3.3 where theoretical methods of
balancing cross-sections were explained. The Bernesga Transect was split along the thrust plane delimiting the Correcillas Nappe in the north from the
Aralla-Rozo Nappe in the south (see Fig. 3.4).
Although the stratigraphic model considers the
whole area between the Central Coal Basin in the
north and the Duero Basin in the south (see Fig. 3.5
and Chapter 7), the structural model is restricted
by different structural limits. Both in the north and
south E-W trending out-of-sequence faults form the
boundary of the Bernesga Transect. In the north the
approximately 150km long León Line fault system

cross-cuts the Bernesga transect. It is still poorly
understood and thus a matter of discussion. It is associated with a broad zone of brecciation and fracturing (tens of meters wide) and cuts through the
whole Paleozoic stack. The León Line thrust system cross-cuts the Bodón Nappe south of the village of Pontedo, adjoining the stratigraphic level
of the Formigoso Fm. (at the northern side of the
fault) and Barcaliente Fm. (at the southern side of
the fault). In the south, the Southern Border Thrust
(Staalduinen 1973) thrusts the Paleozioc succession
over Mesozoic sediments of the Duero Basin (Figs.
3.4 and 3.5), indicative of Alpidic movements. The
León Line fault system as well as the Southern Border Thrust are out-of-sequence thusts with unknown
displacement factors and characteristics. Therefore
no structural balancing was performed north of the
León Line fault system and south of the Southern
Border Thrust.
The position of both parts of the Bernesga transect
can be seen in Fig. 3.4.
3.6.2. Structural domains
According to the overall structural framework, this
part of the Cantabrian Zone can be divided into three
domains. From north to south these are the Bodón,
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Fig. 3.4. Geological map of the Bernesga region. The position of the Bernesga Transect is marked by a blue line. The
split of the transect is displayed by a blue dashed line. The different colours on the southern part of the map result from
the use of a second map (northern part: Alonso et al. 1991; southern part: Matas & Rodríguez Fernández 1984).
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Pedrosa and Alba domains (see also Weil et al. 2001
and Fig. 3.5). These domains as well as most of the
thrust sheets are limited by steep dipping or overturned thrusts and have the following characteristics:
1. The Bodón domain in the north comprises the
Bodón, Gayo and Correcilla nappes. To the north
it is bound by the León Line fault system and
shows three large open folds in the scale of kilometres (see Fig. 3.5 and 3.15A). This unit displays
not only the already mentioned basal detachment
at the base of the Láncara Fm. (see Chapter 2.4.3),
but also a second detachment in the Herrería Fm.
Alonso & Suárez Rodríguez (1991) assumes staircase geometry of this thrust, admitting problems
in tracing the course in this area. The thrust surface has been folded west of the Bernesga transect,
being well exposed in the Cueto Negro antiform
(Fig. 3.4).
2. The Pedrosa domain is characterized by multiple
overthrust sheets in form of an imbricated thrust
system. The unit is composed of the Aralla-Rozo
Nappe and the Pedroso Syncline, which is in fact
the northern part of the Abelgas-Bregón Nappe
(see Fig. 3.5 and 3.15A). The basal detachment is
situated on the base of the Láncara Fm. It is not
surprising that the imbricated thrust system shows
the highest rate of shortening within the transect
(see Chapter 3.6.6).
3. The Alba domain, representing the southern part of
the Abelgas-Bregón Nappe, is composed by large
synformal structures (see Fig. 3.5 and 3.15A). In
the southernmost part of the Bernesga transect,
the Southern Border Thrust marks the delineation of the Duero basin. Paleozoic sediments of
the Southern Cantabrian Basin have been thrusted over the Mesozoic basin inﬁll of this basin. The
large, open Alba Syncline (Fig. 3.6) has suffered
the least amount of shortening within the transect.
Despite this fact, small-scale faulting and folding is very common but have not been considered
within the balancing process.
Figs. 3.7 to 3.12 display a wide range of folds
present in the Southern Cantabrian Zone, comprising among others large synclines, recumbent, irregular, lobate, concentric, kink and chevron folds.
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3.6.3 Constructional methods of deformed
transects
The structural framework was acquired using data
sets derived from literature and augmented by ﬁeldwork collected for this study. In addition aerial photographs and geological maps represented an important database for the present work. Mainly the
maps of Savage & Boschma (1980), Lobato et al.
(1984), Matas & Rodríguez Fernández (1984), Suárez Rodríguez et al. (1990) and Alonso et al. (1991)
have been used for this study. Only major structural
elements were taken into account. Small-scale faulting and folding, even though abundant in many locations, goes beyond this study and was neglected.
Depth to detachment method
There are several techniques required for the construction and following restoration of cross-sections. As mentioned in Chapters 3.1 and 3.3 Chamberlain (1910) and Woodward et al. (1985) postulated the fundamental depth to detachment rule. This
step was not necessary in the present study. In the
Southern Cantabrian Mountains the main detachment horizon is deﬁned by the outcropping main
thrusts, situated at the base of the Lancára Fm. (see
Chapter 2.4.3 for detail) and subordinate the Herrería Fm. This knowledge permits the use of “regionals” in order to calculate the depth of major detachments. Regionals are stratigraphic thickness
data not involved in thrust related structures (McClay 1992), which allow us to determine the local depth of a main detachment. The known stratigraphic thicknesses between a speciﬁed datum and
the main detachment can be placed in synclines
(within the fold axis plane) or undeformed parts of
the section, where the speciﬁc datum crops out. The
depth of main detachment can then be projected in
the subsurface.
Stratigraphic separation diagrams
In case of problematical thrust characteristics, stratigraphic separation diagrams (Woodward et al. 1989)
were used in order to analyse and localise ramps and
ﬂats. Stratigraphic separation diagrams are a quantitative way to evaluate how far thrusts travel in a particular stratigraphic horizon. For this purpose, the
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Fig. 3.6. The large open Alba Syncline is characterised by the least amount of deformation in the Southern Cantabrian
Basin. View from the village Mallo de Luna, facing east.

hangingwall stratigraphic unit is plotted geographically against the footwall stratigraphic unit. A stratigraphic separation diagram is located perpendicular to the transport direction in order to show lateral
ramps or along the transport direction to distinguish
frontal ramps. This method was used to estimate the
ramp angle of the footwall and the transport range
of the hangingwall.
Basal detachment
One of the main features of the Bernesga Transect is
the basal detachment at the base of the Láncara Fm.
(see Chapter 2.4.3). The basal detachment is visible as a continuous subhorizontal band in the deep
seismic reﬂection proﬁle ESCI-N2 (Fig. 2.18; Pulgar et al. 1995). At a distance of 20km north of the
Mesozoic Duero basin (Millaró section in the north
of the Bernesga Transect), the band is situated at 1.8
s two-way-time. In the Millaró section the proportion of siliciclastic (2405m) to carbonates (1056m)
is 2.3:1. Under consideration of average travel times
at depths between 1000 and 3000m (siliciclastics:
3000 m/s; carbonates: 4000 m/s) and the ratio men-

tioned above, the detachment is situated at a depth
of approx. 3000m. Together with a 2.5° to 3° detachment dip-angle to the south (consistent with PérezEstaún et al. 1988, 1994, 1995, Pulgar et al. 1995),
this corresponds with the projected regionals in the
Valporquero and Alba synclines (see Fig. 3.15A).
Folds and thrusts
The common occurrence of thrusts (Fig. 2.27) in
this region suggests a genetic coherence of fold-development and thrusting. Major thrusts in the Cantabrian Zone show an Appalachian style geometry
(Pérez-Estaún et al. 1994). During the projection
of structural data in the subsurface, estimated fold
mechanisms have to be examined for their geologic suitability and potentiality to obtain a balanceable result. Not all fold types represent balanceable structures. For example, concentric folds (Fig.
3.10) formed under brittle conditions suffer serious
space problems. On the other hand, not every geologic setting allows the occurrence of every fold
type. As early as 1934, Rich proposed the concept
of generating rootless folds by translating hanging-
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Fig. 3.7. South-vergent, asymmetric Montuerto Syncline south of Nocedo de Curueño. The large foldstructure has a curved axis dipping steeply to the
west. According to Potent (2000) it developed in a
polyphase deformation process. The dark rocks in the
foreground represent the Barrios Fm. (quartz sandstones), whereas the light grey limestones in the back
are part of the Santa Lucía Fm.

Fig. 3.8. Large-scale, recumbent folds within the
Santa Lucía Fm. outcropping NE of the village Corecillas. The axial plains are flat-lying to horizontal.
Overturned limbs show a tight, asymmetric pattern.
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Fig. 3.9. Large-scale folds in the centre of the Alba
Syncline. The irregular, lobate folds show ptygmatic
forms with large amplitudes to the wavelength ratio.
S

N

Fig. 3.11. North-vergent kink folds (chevron fold)
with flexural slip movement along pelite horizons.
The outcrop is located on the southern limb of the
Alba Syncline, north of the village Piedrasecha.
Hammer for scale (30cm).

N

Fig. 3.10. South of Llombera this concentric fold
crops out. It is composed of highly fossiliferous limestones and marls of the Portilla Fm. and shows a
steeply dipping fold axial plane. Scale approx. one
metre.
S
N

Fig. 3.12. NE of the village Caldas de Luna this variable folding in the Alba Fm. is caused by flexural
flow. Note white carbonate mineralization infilling
the dilation vug in the hinge (arrow). Hammer for
scale (30cm).
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wall block up a thrust with a staircase thrust trajectory. Since then, the staircase or stair-step trajectories have been the accepted geometry for all thrust
belts and were used to produce balanced cross-sections (Cooper & Trayner 1986). The characteristic
ﬂat-ramp-ﬂat geometry is produced by a long bedding-parallel décollement, separated by a shorter
high-angle fault segment cutting across the bedding
to a higher level bedding-parallel décollement (Elliott & Johnson 1980, McClay 1992). Basically there
are three different thrust fold-types (Jamison 1987):
(i) detachment folds; (ii) fault-bend folds and (iii)
fault-propagation folds. Detachment folds develop
above a bedding parallel detachment without the
presence of ramps and require a ductile décollement
layer in order to ﬁll the newly generated space at
the base of the fold (McClay 1992). As ramp segments are clearly visible in the ﬁeld, this fold type
can be precluded. Both fault-propagation folds and
fault-bend folds are characteristic for the architectural style of thrust-belts (Jamison 1987). They can
be distinguished on the basis of the position of the
fold and the hanging wall truncation relative to the
ramp (Suppe 1983, Jamison 1987). Fault-bend folds
were used in the construction of the transect, as this
fold type is the only possible solution for observed
geometry of the tectonic suite of the region (Fig.
3.13). They are a typical feature in thrust-belts and
develop as the hangingwall of a thrust is transported
through a ramp region on the thrust surface (Jamison 1987). A tight anticline (aperture angle of 95°)
north of Rodillazo (IGME Map 104 “Boñar”, Lobato et al. 1984) is a prominent example of a faultbend fold (Potent 2000).
Duplexes
Duplexes are a common feature in thrust belts and
together with blind imbricates the most widely used
way to ﬁll volumes at depth when the surface geology limits the number of exposed thrusts (Woodward et al. 1989). By deﬁnition they are an array of
thrust horses bounded by a ﬂoor thrust at the base
and by a roof thrust at the top (McClay 1992). According to Mitra (1986) there is a threefold classiﬁcation: (i) independent ramp anticlines and hinterland sloping duplexes; (ii) true duplexes and (iii)
overlapping ramp anticlines. The independent ramp
anticlines show a much greater spacing between
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Fig. 3.13. Growth model for the development of faultbend folds (McClay 1992).

the thrusts than the displacement on the individual
thrust. They occur mostly in similar lengths and distances to each other, also visible in sand box models (pers. com. Adam 2001). Overlapping ramp anticlines show partial or total overlapping crests of
successive ramp anticlines. A system of completely
overlapping ramp anticlines can develop to an antiformal stack as in case of the Cueto Negro NW of
Villamanín de la Tercia (see Figs. 3.4 and 3.14).
Deformation mechanisms
Two deformation mechanisms are well visible in the
deformed transect. The “piggy-back thrust” mechanism shows a forward-breaking sequence of the
individual thrust-sheets with the chronology running from south to north (Fig. 3.1 and 3.15A). Basal accretion within the Herrería Fm. is exposed in
the Cueto Negro antiformal stack and in the subsurface as two duplexes south of pin line P3 and P8
(Fig. 3.14 and 3.15A). Basal accretion occurred af-

58

CHAPTER 3: BALANCED CROSS-SECTIONS
12km to the west (see Fig. 3.4). Very similar geometries of the adjacent ramps allowed highly accurate geometrical joining of both parts following the
balancing process (see Chapter 3.6.5).

Fig. 3.14. Geometry of an antiformal stack as a possible
model for the Cueto Negro Antiform (after Mitra 1986
and Woodward et al. 1989).

ter frontal accretion, with a resulting deformation
of the basal detachment at the base of the Láncara
Fm. Potent (2000) proposed three other deformation phases for the Southern Cantabrian Mountains.
These have not been determined in this study. However, there are several indications for further deformation phases as out-of-sequence faults (León Line
thrust system, Sabero-Gordón line, Alba Syncline
backthrust), overthrusting of the Palaeozoic sediments on the Cretaceous Duero basin (Southern
Border Thrust) and the steepening and overturning
of many Variscan thrusts.
3.6.4 Partitioning of the Bernesga Transect
As mentioned in Chapter 3.3 and 3.5, movements
out of or into the transect plain cannot be balanced
or calculated by 2D balancing programs. Transport of material out of the transect plain is difﬁcult
to quantify and has to be restored before the construction of the cross-section. Later, during processing, such movements are geometrically not restorable, providing incorrect results within the balanced
cross-section. Consequently, structures that perform
this kind of movement have to be avoided. One type
of such structures are lateral ramps. An example is
well visible south of Villamanín de la Tercía, where
the Correcillas Unit pinches out between the Gayo
and Aralla-Rozo Units (Fig. 3.4 and 3.5). Therefore
the Bernesga Transect was split along the trend of
the Rozo thrust into a northern and a southern part,
passing the lateral ramp. Relating to the northern
part of the transect, the southern part was displaced

Northern part
The northern part contains, from north to south, the
Forcada and the Bodón nappes of the Sobia-Bodón Unit and the Gayo and Corecillas nappes of the
Somiedo-Correcillas Unit (see Fig. 3.4 and 3.15A).
It is located in NNE-SSW direction, parallel to the
transport direction of the main thrusts. The Central Coal Field (Cuenca Carbonífera Central) marks
the northern limit of the Forcada Nappe and also
the transect (N 42°59.175´; W 005°32.648´). The
southern limit of the northern part of the Bernesga Transect is indicated by the thrust contact of the
Correcillas and the Aralla-Rozo Nappe, southeast of
the village Valporquero de Torío (N 42°53.783´; W
005°33.112´).
The León Line thrust system discussed earlier intersects the Bodón and the Forcada thrusts. The sense
of motion and displacement width is not yet clariﬁed (see discussion in Chapter 3.6.1), but here it
is interpreted as a steep north-dipping fault. Due to
this problem, the northernmost structural unit of the
Southern Cantabrian Basin, the Forcada Nappe, was
not balanced. To the north of the León Line the Bodón Unit is limited by the Herrería Fm. The northernmost part of the constructed transect interprets
a subsurface Herrería overlapping ramp anticline
cut by the León Line. This assumption can be reinforced by the presence of a large tectonic window
approx. 20km to the west. This antiformal stack is
composed of numerous repetitions of Precambrian to Ordovician formations (Herrería, Láncara,
Oville, Barrios formations), called the Cueto Negro
Antiform (Marcos 1968, Alonso & Suárez-Rodríguez 1991, see also Fig. 3.4). The Herrería Fm. can
be traced along the main strike direction (W-E) to
the position of the Bernesga transect, where it represents a higher tectonic ﬂoor of the antiformal stack.
Further to the south there is an independent ramp
anticline, which deformed the basal detachment at
the base of the Láncara Fm. (Fig. 3.15A). This ramp
anticline has been interpreted in the subsurface to
account for the formation of the Valporquero Syncline (showed by pin line P3 in Fig. 3.15A). As al-
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ready discussed (see Chapter 3.6.3) these independent ramp anticlines form a more or less symmetrical pattern, which can be evidenced in the deformed
Bernesga Transect. The southern part of the transect
displays another independent ramp anticline (south
of the Pedroso Syncline, pin line P8) at a distance
of approx. 8km to the south. The large Herrería antiformal stack is found within the same distance to
the north, cut by the León Line.
North of the Gayo thrust (see Fig. 3.4) the sediments
of the San Emiliano Fm. (see Chapter 2.4.4 for lithologic description) show strong internal deformation.
This internal folding has been left out in the present
tectonic model, since the complex deformation style
would demand detailed structural studies. The Valporquero Syncline within the Correcillas Nappe
has been interpreted controversially within different publications. Earlier studies of mainly Dutch geologists (Evers 1967, Staalduinen 1973, Savage &
Boschma 1980) assume a syncline without any further deformation. More recent studies (Alonso et al.
1991) the Valporquero Syncline shows a large thrust
in the northern limb between the Alba and Huergas
formations. However the outcrop in the village Valporquero (on the road to the Cueva de Valporquero,
N 42°54.516´; W 005°33.638´) covering the transition from the Santa Lucía, Huergas and Alba formations as well as additional data from surrounding
outcrops allow an advanced interpretation. There is
a low angle shift in the dip (8°-10°) within the Alba
Fm. southeast of Valporquero, indicating the presence of a minor fault. No evidence of a major thrust
could be found, as drawn between the Huergas and
Alba formation in the map of Alonso et al. (1991).
Therefore only a minor fault has been interpreted
in the present study, which has not been taken into
consideration during the balancing of the transect
Southern part
The Bernesga Transect was split and shifted 12km
to the west (Fig. 3.4). Firstly due to the fact that
Stephanian sediments of the Sabero-Gordón Basin
cover the eastern part of the working area (south of
the Valporquero Syncline). And secondly, because
the lateral ramp south of Villamanín de la Tercia
was avoided during the restoration process as explained in the previous chapter.
The southern part experienced greatly differing in-
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ternal deformation from north to south. The imbricated thrust system in the north shows the highest level of shortening within the whole transect,
whereas the wide open fold of the Alba Syncline
only experienced a minor amount of deformation
(Fig. 3.15A). According to McClay (1992) an imbricate thrust system is a closely related branching
array of overlapping thrusts. They were formed by
duplexes, which eroded the leading branch line. In
contrast to the Bodón Unit, the stratigraphic succession of the single thrust sheets is heavily reduced
here (see Fig. 3.4 and 3.15A). The basal thrust is interpreted as having changed its level by up-stepping
from the base of the Láncara Fm. to the upper part
of the Barrios Fm. and the Abelgas and Esla formations, respectively. Therefore, the now-missing upper layers must have been transported further to the
north and eroded later (pers. com. Adam 2001).
The high number of thrusts and complex faults
north of the Pedroso Syncline and especially within the anticline between the Pedroso and Alba synclines had to be reduced while balancing. Thus the
constructed cross-section of this part of the Bernesga transect is only a simpliﬁcation of the present geological setting. The reason for the formation of the
tight Pedroso Syncline is, as in the case of the Valporquero Syncline, an independent ramp anticline
in the subsurface. The relationship between the independent ramp anticlines is explained in the previous chapter. On the southern border of the transect,
the Devonian Portilla Fm. is thrust over the steeply dipping Cretaceous sediments (Southern Border
Thrust). This southward displacement originated a
big monoclinal fold overturning the Palaeozoic and
Meso/Cenozoic sediments and was interpreted on
the basis of seismic data as an Alpine north-dipping
reverse fault cutting deep into the basement (Alonso
et al. 1995, Pulgar et al. 1995, Fig. 2.18). The Cantabrian Mountains represent the hanging wall of this
fault, moving to the south over the footwall of the
Duero basin. Associated with the Southern Border
Thrust there is a well developed out-of-sequence
back-thrust cropping out 2.3km further to the north
(pers. com. Adam 2001). As explained in Chapter
3.2, orogenic wedges tend to deform internally until they reach a stable conﬁguration by balancing
gravitational and traction forces. Regaining stable
geometry requires internal shortening, expressed as
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late (out-of-sequence) thrusting, backthrusting and
folding (Platt 1986).
3.6.5. Balancing of the Bernesga transect
Pin lines
Restorable cross-sections should contain a completely restorable structure (see Chapter 3.5) with
the undeformed hinterland and foreland. For this
study this is not the case. The undeformed hinterland in the south is covered by Cretaceous and Tertiary rocks of the Duero Basin, whereas in the north
the León Line cross-cuts the transect (see discussion in Chapter 3.6.1 and Fig. 2.1). Consequentially pin lines had to be set. Pin lines are lines perpendicular to bedding (assumed to be the major sliding
surfaces) in both deformed and undeformed states
(Woodward et al. 1985). Following Dahlstroms
(1969) rules pin lines must be placed along planes
of no slip, like axial planes of major synclines or
planes perpendicular to the regional dip of undisturbed beds. Good examples of pin lines placed parallel to the axial planes of synclines are the pin lines
P3 and P8 in Fig. 3.15A. True pin lines are the starting point for measuring bed length in every discrete
unit. However, it is not always possible to set true
pin lines. In the present geologic setting all hanging wall cutoffs are eroded. If no syncline or anticline is present in a speciﬁc thrust sheet to place a
true pin line, local pin lines had to be used. The best
way to achieve this is to place a local pin line in
the trailing edge of each thrust sheet and restore the
sheets as isolated blocks (Woodward et al. 1989). In
the present transect there are several thrust sheets
indicating this problem. The four imbricated thrust
sheets of the Aralla-Rozo and Abelgas-Bregón nappes in the north of the southern part of the transect
(see Fig. 3.4) can only be restored with local pin
lines (pin lines P4 to P7 in Fig. 3.15A). Woodward
et al. (1989) state that local pin lines located in the
centre of homoclinal sheets do not present locations
of no or minimal slip between the planes, as required
by Dahlstrom (1969). Nevertheless, they represent
the best solution for dealing with this problem. By
using local pin lines parallel to each other, we can
make the assumption that they represent lines across
which bedding plane shear was approximately the
same. This method was used to place pins P4 to P7
(Fig. 3.15A). As already discussed, only the area between pin lines P1 and P9 has been restored and is
marked by saturated colours in Fig. 3.15A.

Balancing procedure
Due to the incomplete structure (see Chapter 3.6.1)
the Bodón and the Abelgas-Bregón nappes were
only balanced partially. The Gayo, Corecillas and
Aralla-Rozo nappes have been restored completely. The balanced Bernesga Transect is shown in Fig.
3.15B.
As mentioned in Chapter 3.3, the present work used
the line length method for balancing purposes. Because of the different structural styles, the three domains (see Chapter 3.6.2) were balanced separately and stitched along the common ramps. In a ﬁrst
step the different nappes have been balanced manually and later veriﬁed using the structural balancing
program 2D-MoveTM (see Chapter 3.4). Construction of the deformed section and its balancing was
accomplished simultaneously in an iterative way by
using sets of intermediate templates.
Ramp geometries and angles result from balanced
bed-lengths. Fault-bend folds show ramp angles between 10° and 40° (Boyer & Elliott 1982, Suppe
1983, Jamison 1987, McClay 1992, Nieuwland et al.
2000). In the present model the ramp angles range
between 17° and 25° (Fig. 3.15B). The ramps break
through from south to north with an angle increasing
towards the top. This listric trend could have been
caused by diminishing overburden to the top of the
sequence (Potent 2000) or by high basal friction at
the décollement (Nieuwland et al. 2000). However Cooper & Trayner (1986) state that progressive
steepening of the thrusts may have been created as a
result of insufﬁcient bed length due to ductile deformation. Ductile deformation such as layer parallel
shortening can reduce bed length and result in an underestimation of the undeformed state. The only solution to this problem would be to incorporate strain
data into the balanced section and to consider the
time relationships between ductile strain and brittle
thrusting (Cooper & Trayner 1986). Unfortunately,
no strain information was available for this study.
To minimise this problem, competent beds, which
have suffered the least amount of ductile deformation, were chosen for bed length balancing. Due to
steepening and overturning of the thrusts during later deformation, hangingwall truncations are not always located in foreland direction of the ramps.
The lowermost horizon of the Herrería Fm. was deformed by basal accretion (see Chapter 3.6.3) and
was not taken into consideration within the balanc-
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Fig. 3.15. Structural balancing of the Bernesga Transect. The upper picture shows the deformed state, whereas the
lower picture visualises the restored transect. Note the different scales of the upper and lower ﬁgures. For graphical
reasons, different formations were grouped into units with identical colours. The result of structural balancing is an
undeformed, largely horizontal stack of sedimentary formations of varying thickness. The topographic feature of the
Cantabrian High is only characterised by the diminishing thickness of Devonian formations (red brown colour) towards the north.
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ing procedure. Due to an unknown structure and geometry (no high-resolution seismics is available),
the duplexes and the antiformal stack in the north
have been displayed only schematically.
There is no consistent sedimentary stack along the
entire balanced transect. In some younger nappes,
the staircase thrusting removed the upper part of
the sediments, which were transported further to
the north and eroded later (pers. com. Adam 2001).
Thus no single reference datum could be used for
all nappes. For areas between pin line P1 and P7,
the top of the Oville Fm. was chosen as the reference datum, as it occurs in each of these nappes, including the imbricated thrust system of the ArallaRozo Nappe. The top of the Portilla Fm. was chosen
for the southernmost pin lines (P8 and P9), because
the top of the Oville Fm. only partly intersects pin
line P8. Due to thickness variations and the interﬁngering of the uppermost units (Valdeteja and San
Emiliano formations), these were not balanced. Additionally the top of the San Emiliano Fm. is never
exposed in the region, as it is always cut by thrusts.
For visual clarity reasons, formations were grouped
into four groups, designated with speciﬁc colours
(see Fig. 3.15).
Within the deformed transect, intersections between
reference horizons (top Oville and Portilla formations) and pin lines were projected perpendicularly onto a horizontal datum. Thus, not only the internal deformation of the unique nappes is calculated, but also the overthrusting distance between
two neighbouring nappes. However, displacement
widths were calculated independently for every
unique nappe by measuring the distance between
the foowall and hangingwall cut-off points along
the different thrust surfaces. This workﬂow is in
alignment with the 2D-MoveTM “unfolding restoration” algorithms (see Chapter 3.4). Due to problems
of the software version handling steep to overturned
thrusts, fault geometries were not examined using
the “move on fault restoration” tool.
The result of the balancing process is an undeformed,
horizontal stack of beds with varying thicknesses,
formed during sedimentation (see Fig. 3.15B). After being balanced, the sediments do not reﬂect any
syndepositional topographic features, such as the
Cantabrian High. This topographic high is characterized only by the diminishing sediment thickness-

es to the north since the Silurian times, well visible
in the brown horizon of the Devonian formations.
All pin lines show the expected vertical position after balancing.
3.6.6 Shortening values of the Southern Cantabrian Basin
As already stated, this schematic balancing procedure provides only minimum shortening values for
the Bernesga transect. Values may vary and increase
if out of plane deformation and small scale internal
folding and faulting are taken into consideration.
The effective shortening might therefore be considerably higher.
The length of the constructed, deformed transect totals to 17.91km, whereas in the restored state the
length increases to 38.58km (both distances measured between pin lines P1 and P9) resulting in a
shortening distance of 20.67km. Employing the
equation (4) minimal shortening of the Bernesga
Transect amounts to 54%. Detailed calculations for
the individual nappes are displayed in Table 3.1.
In terms of minimal shortening of the three domains
(see Chapter 3.6.2), the Pedrosa Domain displays
the highest values, reaching 65%, followed by the
Bodón (41%) and Alba (25%) domains. Areas north
of pin line P1 and south of pin line P9 are not taken into account for the calculation. Only the Bodón
and Correcillas nappes, as well as the, comparably
slightly deformed Alba Syncline show lower values
in proportion to the total shortening of the transect.
As expected, the highest shortening values are displayed by the imbricated thrust system north of the
Pedroso Syncline (up to 78%), showing minimal
shortening to be 23% to 45% higher than average.
Regarding the Forcada Nappe in the north of the
Bernesga transect which was not balanced, values
greater then 70% (comparable to the Gayo Unit) can
be estimated, as the León Line fault system and other residual faults point to a signiﬁcantly higher internal deformation. It can be reasonably assumed that
the area between the pin line P9 and the Southern
Border thrust will range from around 20% to 25%,
considering the backthrust on the southern limb of
the Alba syncline and the simpliﬁcations mentioned
above.
The minimal shortening estimated in this study
ranges between the values suggested by Julivert
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Bodón Domain Pedrosa Dom. Alba Domain
Minimal shortening

41 %

65 %

25 %

Displacement widths 1,61 - 1,76km 1,02 - 1,40km 0,31 - 0,63km
Table 3.1. Values for the minimal shortening and displacement widths along the transect. See Chapter 3.6.6 for an explanation and Figure 3.15 for the constructed and balanced transect.

& Arboleya (1984), who proposed 40-50% shortening for the Cantabrian Zone and Oczlon (1992)
and Ábalos et al. (2002), presuming 70-80%. On
one side, Oczlon (1992) and Ábalos et al. (2002)
consider the whole Cantabrian Zone (Narcea Antiform to the Pisuerga-Carrión Domain, see Fig. 2.1).
The tectonic shortening in the inner part of the Variscan Orogen is expected to be signiﬁcantly higher.
On the other side, as already mentioned, the values
obtained by this work for the Southern Cantabrian
Basin do not consider internal and out of plane deformation. Potent (2000) assumes 60% shortening,
balancing a 6.3km long cross-section of the highly
deformed Montuerto syncline (Curueño valley).
Displacement widths reﬂect the structural differences between the three different domains (see Table 3.1). With regard to the timing of the Variscan
thrusting, the youngest nappes (Alba domain; pin

lines 9 & 8) show the lowest displacement widths
(0.63km and 0.31km) along transect. The imbricated thrust system of the Pedroso domain (pin lines
7, 6, 5, 4) possesses uniform values of 1.02km to
1.40km, whereas the Bodón domain (pin lines 2 &
3) features the highest values (1.76km and 1.61km).
Values for the northernmost nappe (pin line 1) are
not signiﬁcant, as the León Line thrust system conceals the cut-off lines. Increasing displacement
widths to the north can be explained by the later deformation phases, steepening the thrusts by a southward-vectored compression regime. The overall
shortening caused by displacement along the thrusts
totals 9.21km. This value corresponds to 48% of the
total minimal shortening (folding plus thrusting). In
other words, thrusting and folding cause approximately the same amount of shortening along the
Bernesga Transect.
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Sequence stratigraphy is used in order to obtain
an accommodation model based on a chronostratigraphic framework for a speciﬁc basin ﬁll. It subdivides the basin ﬁll into genetic packages bounded by unconformities and their correlative conformities (Emery & Myers 1996). The resulting subdivision can be used for correlating cross-sections and,
particularly in exploration, as a tool for predicting
facies distribution.
The concept of sequence stratigraphy is based upon
the studies of Sloss (1962, 1963) and was introduced and developed by numerous authors such as
Vail et al. (1977), Posamentier et al. (1988), Posamentier & Vail (1988), Sarg (1988), van Wagoner et
al. (1988, 1990) and others. It ﬁrst gained access to
basin modelling through the work of Jervey (1988).
Van Wagoner et al. (1988) give a concise overview
of the fundamentals of sequence stratigraphy.
In contrast to the ﬁrst sequence stratigraphic concepts, ongoing work stressed the importance of previously underestimated attributes such as (i) the inﬂuence of sediment supply on the accommodation
space development (Thorne & Swift 1991, Posamentier & James 1993, Schlager 1993), (ii) the importance of compaction-induced and ﬂexural-induced subsidence (Cloetingh 1988, Reynolds et al.
1991, Steckler et al. 1993) or (iii) the combined inﬂuence of total subsidence and eustatic sea-level
changes on the accommodation space development
(Jordan & Flemings 1991, Reynolds et al. 1991,
Steckler et al. 1993, Bowman & Vail 1999).
Depending on the data available and the time-span
investigated there are different hierarchies of cycles. Duval et al. (1998) described four main hierarchies of stratigraphic cycles, dependent on their
duration. Cycles within different cycle-orders are
controlled by distinct factors, such as tectono-eustasy, rate of tectonic subsidence, glacio-eustasy or
autocyclic processes. However, many of these factors are still a matter of debate (Cloetingh 1988, Miall 1986 and many others), especially during greenhouse climates.
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4.1 Constraints for the present model
Chapters 2 and 3 illustrated the complex structural
setting of the Cantabrian fold-and-thrust belt. Even
though the spatial relationships between measured
cross-sections were reconstructed by structural balancing (see Chapter 3.6.6), the outcropping geological record of the Southern Cantabrian Basin remains restricted. The Variscan fold-and-thrust belt
offers repetitive slices through the basin in every
thrust sheet rather than a continuous section along
the whole course of the basin. Consequently, there
is a lack of sufﬁciently high-resolution information
for a temporal and spatial sequence stratigraphic interpretation. The following data cannot be gathered
in the ﬁeld:
(i) Stacking patterns, (ii) coastal onlap and (iii)
stratal geometries and terminations. Additionally,
neither seismic sections with reasonable seismostratigraphic resolution, nor well data are available.
In comparison to sequence stratigraphic studies
based primarily on well information, low-resolution seismic information and the long time-span of
the Southern Cantabrian Basin evolution, only second order transgression/regression cycles (3-50Ma)
were investigated in this study.
4.2 Stratigraphic gaps and transgression/regression cycles
The basin is separated by several major unconformities. However, even though there is no doubt about
the presence of these hiati, their duration cannot be
estimated with sufﬁcient precision. The time-interval of the stratigraphic gaps ranges between a minimum of 3Ma (Hiatus 5) and a maximum of 24Ma
(Hiatus 3). In the following, only major hiati in the
region are listed (see Fig. 2.21 and 8.1).
The basin architecture experienced a polyphase development during the evolution of the Southern
Cantabrian Basin. The sedimentary ﬁll of the basin is divided into second-order cycles (3-50Ma)
following the hierarchical concept of cycles proposed by Duval et al. (1993). Second-order cycles
represent transgression/regression cycles caused by
changes in the rate of tectonic subsidence in the ba-
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sin, or rate of uplift in the sediment source terrane
(Emery & Myers 1996).
The overview of parameters for the Southern Cantabrian Basin development are summarised in Fig.
8.1. The oldest unconformity is the angular unconformity between the Mora and Herrería formations.
Its origin is still a matter of debate (see Chapter 2.3
and Figure 2.10). However, as the Mora Fm. marks
the rheological basement for the present model,
this unconformity is not investigated in the present
work.
TC 1
Starting with the Herrería Fm., the facies development in the southern part of the Bernesga Transect
points to a long-term transgression cycle with a
ﬁning upward development from the lower member (conglomerates, sandstones, sandy limestones),
passing the sandy middle member and ﬁnally reaching slightly deeper marine deposits (sandstones,
shales, dolomite lenses) in the upper member. This
so-called “Cambrian transgression” (Vail et al. 1991,
Liñán et al. 2002) has been described as a long-lived
global event marking the beginning of a transgressive phase of the ﬁrst major Phanerozoic ﬂooding
cycle. This major transgression cycle is interrupted by three relative sea-level drops recorded in the
Lower Cambrian of Iberia (Córdoba, Cerro del Hierro and Daroca regressions, see below). See Liñán
et al. (2002) for further detail. There is no information available about thickness variations along the
Bernesga Transect. The formation crops out only in
the southernmost and northernmost part of the basin
and is always cut by thrusts in the north. However,
further to the west, Aramburu et al. (1992) reports
an increase in thickness from south to north.
RC 1
The transition to the Láncara Fm. is gradual. The
lower member (shallow marine carbonates) of the
Láncara Fm. can be deﬁned as a regression cycle,
with a prograding shallow marine platform. This
regression has been called “Daroca regression” by
Liñán et al. (2002). The discontinuity separating the
lower from the upper member of the Láncara Fm.
represents an important transgressive surface. An
erosive contact is developed in the Esla nappe (Álvaro et al. 2000 b).

TC 2
The transgressive surface marks the beginning of
the transgression cycle TC 2, which can be correlated to other neighbouring platforms of the Mediterranean region (Bechstädt & Boni 1989, 1994; Álvaro
& Vennin 1996, 1997; Álvaro et al. 1999). It is characterised by glauconitic pellets and reworked material from underlaying beds (Álvaro et al. 2000 b).
A second discontinuity is located at the base of red
nodular limestones and intercalated shales. These
nodular limestones with a more open marine fauna
(Álvaro et al. 2000 b) are a good marker throughout
the entire region and indicate a rapid deepening of
the depositional environment. According to Bechstädt et al. (1988), Bechstädt & Boni (1989), Aramburu et al. (1992) and Russo & Bechstädt (1994)
this discontinuity marks a slightly diachronous, tectonic breakdown of the Cambrian carbonate platforms from Northern Spain to Sardinia and Montagne Noire. The TC 2 probably reaches into the
lowermost shales of the Oville Fm.
RC 2
High siliciclastic input of the Oville Fm. initiates
the RC 2. The regressive pattern of the Oville Fm. is
documented by a coarsening upward succession of
the rapidly prograding deltaic system. The progradation is also reﬂected in the diachronity of the formation and its members (Barrois 1882, Lotze 1961,
Sdzuy 1961, 1968, Zamarreño & Julivert 1967,
Liñán et al. 1993). RC 2 continues with the deposition of the La Matosa Mb. (Barrios Fm.). The
coarsening upward trend persists in this member,
and ends with the development of the ﬁrst subaerial, erosive hiatus at its top. Both the Láncara and the
Oville formations reach their greatest thicknesses in
the southern part of the transect.
Hiatus 1 (~15Ma)
The La Matosa and Tanes members of the Barrios
Fm. are separated by a major erosional unconformity (500-485Ma; Late Cambrian to top Tremadocian). However, similar facies of the members often
conceals the exact position of the unconformity.
TC 3
In contrast to the La Matosa Mb., the Tanes Mb.
of the Barrios Fm. becomes ﬁner to the top and is
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interpreted as a transgressive succession. Both the
base of the Tanes Mb. and its top are limited by a
hiatus (Hiatus 2). The members of the Barrios Fm.
have a relatively consistent thickness across the
whole transect.
Hiatus 2 (~10Ma)
The Tanes Mb. of the Barrios Fm. is separated from
the Capas de Getino by another major unconformity
(475-465Ma; Middle Arenigian to Middle Llanvirnian). As the Capas de Getino are only represented
by a few outcrops (e.g. Portilla de Luna) and contain little fossil content, the true duration of this hiatus is uncertain (see below).
RC 4
The time period that follows is concealed due to
poor biostratigraphic information and only a few
outcrops. The overlaying Capas de Getino are described by numerous authors (Aramburu et al. 1992,
Sarmiento et al. 1994, Gutiérrez-Marco et al. 1996)
mostly from the southern part of the region. Additionally Aramburu et al. (1996) reports Middle-Ordovician sediments from the Barrios de Luna section
as being deposited during the time interval of Hiatus 2. The duration of the stratigraphic gaps before
and after the deposition of the Capas de Getino may
consequently overestimate the true extent of the hiati at least in the southernmost part of the Bernesga
Transect. The maximum duration can be assumed
for the northern part of the transect. The facies development of the Capas de Getino shows a shallowing upward tendency of condensed sediments. In the
Portilla de Luna section alternating black shales and
sandstones are toped by fossiliferous limestones.
The following Hiatus 3 with a duration of estimated
24Ma separates the Capas de Getino from the Formigoso Fm. The contact is sharp but not necessarily
erosive. It is more likely - at least in the distal part
of the basin - that condensed sedimentation of the
Capas de Getino lasted much longer than generally
assumed, being interrupted by numerous minor hiati. In terms of 2nd order cycles the Capas de Getino
represent a regressive cycle of uncertain duration.
The greatest thicknesses are recorded in the southernmost part near Portilla de Luna (79m), whereas
in the northern cross-sections (e.g. Getino) only a
few meters were deposited between the Barrios Fm.
and the Formigoso Fm.
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Hiatus 3 (~24Ma)
The largest stratigraphic gap is assumed to exist between the Capas de Getino and the Formigoso Fm.
(459-435Ma; Caradocian to Middle Llandovery).
The duration of this correlative unconformity might
be considerably shorter in the distal parts of the basin, as indicated by new discoveries of age-indicative fossils (Aramburu & García Ramos 1993, Aramburu et al. 1996, see below).
RC 5
After a rapid deepening of the whole region, sedimentation of black graptolitic shales (Formigoso
Fm.) started above a transgressive surface. The Formigoso Fm. shows a shallowing and coarsening upward succession deposited in a regressive cycle.
The succession is well visible in the Bernesga valley starting with black graptolitic shales (Bernesga
Mb.) deposited in an offshore position. Towards the
top (Villasimpliz Mb.), alternating shales and sandstones with abundant hummocky cross stratiﬁcation and ripples point to deposition above the storm
wave base in lower shoreface depths. RC5 also includes Member A of the San Pedro Fm. which conformably overlays the Formigoso Fm. Richardson
(2001) reports the absence of Wenlockian fossils
in some sections, implying a stratigraphic gap between the two formations. However, the contact between the formations is gradual, making it difﬁcult
to locate the boundary. The top of Member A marks
maximum regression and is topped by a transgressive surface (base Mb. B). The Formigoso Fm. has a
major depocenter in the northern part of the Bernesga transect (Millaró section), a sharply diminished
thickness in the Getino section, which continuously
thickens to the south. By comparison, the San Pedro
Fm. diminishes from 165m in the Olleros section to
56m in the Millaró section (see Fig. 3.5 for the geographical position of the sections).
TC 6
Member B of the San Pedro Fm. was deposited in a
slightly deeper environment than Member A as indicated by decreasing grain-size, the loss of shallow-water sedimentary structures and iron-oolites
as well as the occurrence of hummocky-cross-stratiﬁcation. Towards the north, Members B and C are
reduced in thickness until they completely disappear in the proximal sections as a result of erosion
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(e.g. Millaró, Los Chabanos). In Millaró, dolomites
of the Abelgas Fm. are situated on top of the lower
part of Member A, which indicates that Member A
was also affected by erosion (see section Millaró in
the appendix).
RC 6
Due to erosion in the proximal sections, TC 6 and
RC 6 are based on information from distal areas
(southern branch of the Alba syncline), where Member B and C of the San Pedro Fm. are preserved.
Member C (sandy, coastal deposits) is interpreted
as having been deposited during a regression cycle,
which passes in an erosional unconformity in proximal sections. This marks maximum regression and
maximum basinward shift of coastal onlap. It has to
be mentioned that poor biostratigraphic information
makes it difﬁcult to estimate the true time-spans of
the San Pedro Fm. members.
Hiatus 4 (~equivalent to upper RC 5 – RC6)
The San Pedro Fm. contains an intra-formational,
erosional hiatus in the proximal part of the Bernesga
Transect. In the northern sections the Abelgas Fm.
rests erosively on the lower part of Member A (San
Pedro Fm.), whereas in distal sections (e.g. Barrios
de Luna) the San Pedro Fm. succession seems to be
complete. Thus, the duration of the hiatus increases in a northern, proximal direction. However, the
exact duration is hard to estimate, as the facies of
the San Pedro Fm. contains only spores, acritarchs
and Chitinozoa for dating (Richardson et al. 2000,
2001). A major fall in eustatic-sea level occurred
at the Ludlow/Pridoli boundary (see Fig. 7.9) and
might be responsible for erosion in proximal areas.
TC 7
With the onset of the Abelgas Fm. the whole area
was ﬂooded. This indicates the start of a new transgression cycle. As already mentioned, the Abelgas
Fm. onlaps on progressively older sediments to the
north, as the underlying San Pedro Fm. was partially removed by erosion. The Transition Unit, Lumajo Mb. and the lower part of the Dolomite Mb. were
deposited above the transgressive surface.

RC 7
Going by the conodont dating by Keller & Grötsch
(1990), the upper part of the supra/intertidal Dolomite Mb. progrades over deeper marine sediments
of the Lumajo and Wavy Limestone members. This
marks a new short-term regression cycle.
TC 8
TC 8 commences with a transgressive surface at the
base of the Millaró Mb. The deepening of the depositional environment continued in the entire region
with the deposition of the Esla Fm. and its dark offshore shales.
RC 8
At the top of the Esla Fm. the Villayandre Mb., composed of shallowing upward marls and crinoidal
grainstones, points to the onset of a new regression
cycle. The transition from the Esla Fm. to the Santa Lucía Fm. is based on the diminishing inﬂuence
of terrigenous mud. The coastal onlap migrated basinward and was situated at approx. km 12 along the
transect during the onset of the Santa Lucía Fm. The
biggest depocenter of the Santa Lucía Fm. is clearly situated around the type locality near the village
of Santa Lucía with diminishing thicknesses to the
north and to the south. The reefal facies is generally thicker than the fore-reef and lagoonal facies (see
also Chapter 2.4.4).
RC 9
A drowning unconformity developed on top of the
Santa Lucía Fm., visible for example in the Beberino section (see Appendix). As this unconformity is equivalent to the 2nd order maximum ﬂooding
surface, a new regressive cycle begins. The transgressive cycle is located within the drowning unconformity. The contact between the Santa Lucía
and Huergas formations is interpreted as an omission surface by Buggisch et al. (1982). These authors propose that an important palaeokarst surface
developed near Sagüera at the southern branch of
the Alba Syncline. However, the lack of any characteristic palaeokarst indicators (such as red clay
deposits, relict sediments etc.) and the palaeo-geo-
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graphic position of this outcrop at the deeper, distal part of the shelf, tend to support the presence of
a thrust contact, as proposed by Rodriguez Fernandez (1989).
The Huergas Fm. probably contains a higher-order regressive cycle in the middle of the formation,
composed of coarser material than the underlying
and overlying parts. However limited outcrop conditions prevent further interpretation.
The RC 9 continues with the Portilla Fm., which
is characterised by two episodes of reef formation and separated by a siliciclastic to ooidal middle part. Consequently the formation can be divided
into several higher-order T-R-cycles (see also Fernández et al. 1997). However, due to the short duration of deposition (approx. 3Ma), the formation is
interpreted as one single regression cycle. Coastal
onlap shifted 20km basinward, being situated at ap-
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prox. km 32 along the transect.
The position of reefal ediﬁces is associated with the
course of the IALF. This feature was already present
during Santa Lucía times, but becomes obvious during the deposition of the Portilla Fm. It was interpreted by Reijers (1972, 1974) as hinge line movements between the shelf and the basin, providing
a suitable position for reef growth along the hinge
line. Consequently, these movements already started during the deposition of the Santa Lucía Fm.
In the Beberino section (see Figure 4.1 and Appendix) a huge wavy contact between the Portilla and
the Nocedo formations is present. These channellike features are 3-8m deep and were interpreted
as palaeokarst features by numerous authors (Van
Staalduinen 1973, Herbig & Buggisch 1984). However, as in case of the outcrop in Sagüera (see above),
no characteristic palaeokarst indicators (such as red

Fig. 4.1. The Beberino section showing the three members of the Portilla Fm. The channel-structures to the left
(shown by arrows) of the outcrop are caused by submarine erosion of semi-lithiﬁed material or represent submarine
dunes composed of crinoidal debris.
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clay deposits, relict sediments etc.) are present. Additionally the smooth wavy surface is very atypical
of karstiﬁcation surfaces. The isolated occurrence
of only one section (approx. 250m) also contradicts
the palaeokarst theory. The presence of reefal buildups can be excluded, as the mounds are solely composed of coarse, sandy crinoidal grainstones. In the
present work the interpretation offered by Frankenfeld (1981) is preferred, proposing submarine erosion of semi-lithiﬁed material. Alternatively the
wavy contact may represent a number of submarine
dunes, composed of crinoidal debris.
RC 10
The RC 10 cycle can, for example, be observed
in the Huergas section (see Appendix). It covers
the Gordón Mb. of the Nocedo Fm., deposited in
a coarsening upward succession. Shales and siltstones are gradually replaced by argillaceous sandstones and clean sandstones. Towards the top of
the member these sandstones are cross-bedded and
topped by several tens of meters of cross-bedded
crinoidal grainstones. The latter was interpreted as
a transgressive unit, based on sections from the Esla
region (Van Loevezijn 1986). However, as no information is available from this area in the present
work and the carbonate unit is overlain by clean littoral sandstones with abundant herring-bone crossstratiﬁcation (Huergas section), it is included in
RC 10. However, it might represent a higher order
transgression cycle within RC 10. By comparison
with RC 9, coastal onlap shifted only slightly basinward. The depocenter of this cycle was situated
south of the IALF (see Fig. 3.5), indicating a major
change of basin architecture.
RC 11
The RC 11 can only be recognised south of the
IALF and comprises the Millar Mb. of the Nocedo
Fm. The regressive pattern is also documented by
a strong basinward shift of coastal onlap by 12km,
now situated at km 44 along the transect. As already
mentioned, the basin architecture changed, comprising a highly subsiding southern part and a relatively stable northern part. Sediments transported
from a source area in the north bypassed the proximal part of the transect and ﬁlled the ensuing accommodation space in the south. The cycle com-

mences with shales and siltstones deposited below
the storm-wave base changing to intercalated siltstones and sandstones. It is topped by polymict conglomerates with clasts of up to 20cm in diameter.
Consequently a single coarsening upward succession is documented. As already mentioned in Chapter 2.4.4, these conglomerates are composed of exotic clasts (pegmatites, radiolarites, metamorphic
quartzites) of uncertain origin (see Chapter 2.2.1 for
discussion).
RC 12
RC 12 can also only be observed south of the IALF,
showing a similar basin conﬁguration to that of RC
11. RC 12 consists of the Fueyo Fm. and the lower part of the Ermita Fm. The Fueyo Fm. starts with
the deposition of shales and intercalated siltstones
deposited in an offshore setting. In the Piedrasecha
section, abundant ﬁning upward beds indicate a turbiditic origin. This is in concordance with Raven
(1983) who described Bouma sequences (A, C, D
and E) from the Fueyo Fm. The amount of sand increases towards the top. The lower part of the Ermita Fm. occurs only above the Fueyo Fm. and is absent north of the IALF, where an area of non-deposition persisted. It is composed of siltstones with an
increasing number of sandstone beds. Both formations form a single coarsening upward cycle developed south of the IALF.
Hiatus 5 (~1-3Ma)
The shortest, but most prominent hiatus is situated within the Ermita Fm. It is an erosional, angular
unconformity covering the latest Famennian (361358Ma). Towards the north, the upper part of the Ermita Fm. unconformably overlays increasingly older strata. In the most proximal sections (e.g. Llamazares, Redilluera) the Ermita Fm. lies unconformably above the Oville Fm., resulting in a hiatus lasting nearly 150Ma. Consequently, in the proximal
sections all hiati stated above converge in one single erosional unconformity. The angle of the unconformity shows values of 0.5° to 1.5° (Smith 1965,
Raven 1983).
Thus, the lower part of the Ermita Fm. may be attributed rather to the underlying Fueyo Fm. than to
an overlying formation, which would then be split
by an angular unconformity.

CHAPTER 4: SEQUENCE STRATIGRAPHY
TC 13
The upper part of the Ermita Fm. marks the onset
of a transgressive cycle situated above an erosional hiatus (see above). TC 13 commences with the
deposition of medium to coarse-grained sandstones
and conglomerates (see Fig. 2.50), with abundant
large-scale cross-bedding and erosive channels (see
Fig. 2.48 and 2.49). These sediments are interpreted as littoral deposits with possible ﬂuvial inﬂuence and cover the entire Southern Cantabrian Basin. The following marine encroachment is evident
in the uppermost part of the Ermita Fm. with abundant brachiopod moulds (e.g. Los Chabanos section,
Fig. 2.51). The carbonate Baleas Fm. was deposited as shoals and bars above the fair weather wave
base. Black shales of the Vegamián Fm. accumulated in more protected and deeper-marine areas. In
the southern part of the transect depositional depths
reached up to 150m. Finally, condensed sediments
of the Alba Fm. (red nodular limestones, intercalated shales, radiolarites) show the highest depositional depths, reaching water depths of up to 300m.
These sediments consequently mark the maximum
transgression in the basin.
4.3 Basin stages
The rift phase is indicated by a main rifting period during the Early-Middle Cambrian times (Marcos 1973, Bechstädt et al. 1988, Bechstädt & Boni
1989, Pérez-Estaún 1990, Russo & Bechstädt 1994,
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Álvaro et al. 2000 a, b, Valladares et al. 2002). See
Chapter 2.3.1 and Fig. 8.1 for further detail.
The Late Cambrian to Late Ordovician is characterised by several indicators for tectonic activity:
(i) Widespread discontinuities are reported within the Láncara Fm. (see TC2) by Bechstädt et al.
(1988), Bechstädt & Boni (1989), Aramburu et al.
(1992) and Russo & Bechstädt (1994) from Northern Spain to Sardinia and Montagne Noire.
(ii) Long-term stratigraphic gaps (Hiatus 1 to 3, see
above and Fig. 2.21, 8.1) persist in the Cantabrian Zone and Sardic movements are active across
the entire northern margin of Gondwana (Gutíerez-Marco et al. 2002).
(iii) Widespread rift-related volcanism is active in
Iberia (Ollo de Sapo event, see Chapter 2.3.3),
France, Corsica and Sardinia (Dallmeyer et al.
1997, Fernández-Suárez et al. 1998, Crowley et
al. 2000, Gutíerez-Marco et al. 2002).
It is likely that the northern Gondwanan shelf is unstable and a site of fragmentation and extension for
a long period of time. Periods of quiescence (e.g.
the sedimentation of the Oville Fm.) are followed
by widespread tectonic activity.
The tectonically quiet, passive continental margin
becomes evident when black shales of the Formigoso Fm. are deposited during the Llandoverian.
This post-rift stage lasts until the onset of the Variscan Orogeny (Variscan foredeep stage in Fig. 8.1) in
the Lower Carboniferous (322Ma).
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CHAPTER 5: QUANTITATIVE BASIN
ANALYSIS
5.1 Introduction
A sedimentary basin is the result of the sum of all
geologic, geophysical and geochemical processes
having acted on its component parts during its entire geologic history (Poelchau et al. 1997). Over
the past number of decades, geologic investigations
have progressed considerably, providing a huge volume of new data. Methods of gaining detailed information about basins have also improved signiﬁcantly. Computer simulations, employing algorithms
that describe the complex interaction of the processes mentioned, can be used to improve our understanding of what controls sedimentary evolution
(Aigner et al. 1989). The signiﬁcance of simulations
of sedimentary basins is that, although they may not
provide a unique answer to what caused a particular sediment geometry or relationship, they can be
used to test hypotheses. These might involve the effects of eustatic change, tectonic movement, and
changes in the rates of sedimentation by providing
geometries to match outcrops, well log cross sections, and seismic lines (Kendall et al. 1991). Depending on the ﬁnancial budget, complex data acquisition methods can be used, such as 3D seismic
data from reﬂection and/or refraction sections, well
logs, gravity measurements, etc. combined with traditional lithofacial and palaeontological, cross-sectional information. These expensive data acquisition techniques are primarily employed by the oil
industry.
5.2 Factors controlling basin-ﬁll development
The Southern Cantabrian Basin is ﬁlled by a mixed
siliciclastic and carbonate succession. Factors, controlling the basin development partly affect types of
deposits, while others affect only one of these. The
characteristics and architecture of both sedimentation environments, clastics and carbonates, are inﬂuenced by:
(i) Accommodation space development (see below)
(ii) rates and distribution of tectonic subsidence
(iii) rates and distribution of the ﬂexural response of
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the lithosphere
(iv) compaction of the basement (if compactable)
and the sediment itself
(v) extent and geometry of the basin
(vi) antecedent topography and bathymetry
(vii) climate.
Siliciclastic environments are in addition highly dependent on:
(i) Sediment supply from outer sources, inﬂuenced
by rates of erosion, denudation and characteristics
of land areas delivering terrigenous sediments
(ii) rates of sediment ﬂux in the basin.
Carbonate systems are primarily inﬂuenced by:
(i) In-situ biogenic production rates
(ii) rates of redistribution
(iii) the impedance of carbonate growth by terrigenous inﬂux.
The depth and distance-dependent functions for
light, salinity, temperature, nutrients and oxygen
concentration have been discussed in many publications. Light is the dominating factor on carbonate production (Bosscher & Schlager 1992), other factors like lateral sediment transport and accumulation is far less important in this environment.
Schlager (1993) attributes changes in platform architecture to changes in accommodation and sediment supply. He investigates different types of carbonate factories and their productivity potential
throughout the Phanerozoic (Schlager 2000, 2003).
In the overhelming majority of environments, the
amount of sediment supply is very important, being
it clastic input (Thorne & Swift 1991) or redeposited carbonate sediment and in-situ carbonate production (Schlager 1993). Sediment accumulation
volumes (see below) are controlled by the ratio of
accommodation to sediment supply (Tinker 1998).
Despite of the accommodation space, accumulation
rates and lag time are the factors that most inﬂuence
the geometry and facies of a simulated geological
succession (Enos 1991).
5.2.1 Accommodation space
Accommodation space is deﬁned as the amount of
space available for sediment accumulation (see below). Accommodation space can be described as a
function of eustatic sea-level ﬂuctuations and total
subsidence (see Chapter 6.3).
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5.2.2 Accumulation rates
Evaluating carbonate accumulation rates is the ﬁrst
step in quantifying the growth potential of a carbonate system. Accumulation rates are the net result of
sediment input and in situ production (for carbonate
environments) less export through bypass or removal by erosion. The evaluation is particularly possible
in shallow-water carbonate environments, where
carbonates are produced in-situ within the depositional setting. Accumulation rates depend on depositional environment, symmetry of a basin, climate,
tectonic setting, preservation potential, depositional gradients and the time increment being modelled
(Enos 1991). An additional problem in the carbonate realm is the dissolution of carbonate matter. Accumulation rates are mostly calculated in 1D at a
speciﬁc locality and normally given as compacted
values. If the sediment supply/production of a system is bigger than the 1D accommodation space for
this locality, the accumulation rates at this locality
are governed by the accommodation space development and not by the production potential of the
organisms. Nearby localities might receive, however, exported carbonate material from this locality,
which is often not considered.
5.2.3 Carbonate production rates
Accumulation rates should not be confused with the
growth potential of carbonate systems, representing the maximum production potential for a specific sedimentation environment. Production rates calculated in the present model are decompacted values in 2D, indicating the vertical accumulation together with sediment export and bypass. In the carbonate realm, sediment input from outside sources
is often negligible compared with in situ production
rates, which are of far higher importance (except for
the slope and basin margin). On the other hand there
are carbonate realms such as tidal ﬂats, where transport controls the sedimentation and in situ production is negligible. In fact all other values are accumulation rates giving only approximate values for
production.
5.2.4 Lag time
Lag time is deﬁned as the period of time a carbonate factory needs to reach its full potential after its
inundation. Carbonate accumulation lags to a rel-

ative rate of sea-level rise, resulting in a deepening succession (Read et al. 1986). Schlager (1981)
describes the function of time/production potential. However, Enos (1991) proposes, that lag time
is rather a depth dependent parameter (lag depth),
governed by a physical basis such as the wave base.
The corresponding time would thus be deﬁned by
the rate of change in relative sea-level, as a function of eustasy, subsidence, compaction and accumulation rate.
5.2.5 Time span of observation
The observation span has a major impact on calculated sedimentation rates. Schlager (2000) plotted
sedimentation rates against the period of observation for many different sedimentary settings. Sedimentation rates of all carbonate and of most siliciclastic systems decrease with the increasing length
of the observation span. This is due to periods of
non, or reduced deposition (or even erosion) within a given interval. Consequently, we cannot compare short-term events such as the growth rates of
modern corals, measured in the tens to thousandyear domain, with the long-term deposition rates of
ancient deposits averaging millions of years. It is
in the nature of geology that there are exceptions,
such as the very stable conditions of the abyssal and
bathyal realms.
5.2.6 Flexural response of the crust to loading
Lithosphere, adjacent to local or regional loads
such as water, ice, sediment accumulation or approaching orogens, reacts by downwarping in order to reach an isostatic and ﬂexural equilibrium.
The greater the loads and/or the time of loading, the
more signiﬁcant the ﬂexural response is. The time
required to reach equilibrium depends on the rheological properties of the lithosphere (Einsele 2000,
Stüwe 2000). Flexure results from vertical forces, horizontal forces and torques in any combination and effects the elastic upper part of the lithosphere, which retains elastic stresses over geological
time scales (Allen & Allen 1990). Primarily, a rapid
downwarped ﬂexural depression appears around the
load. This vertical deﬂection decreases sinusoidally away from the load (Einsele 2000). Further away
from this dell an upwarped peripheral bulge or forebulge develops (Fig. 5.1). The mass balance equa-

CHAPTER 5: QUANTITATIVE BASIN ANALYSIS

75

Fig. 5.1. Flexural response of the lithosphere adjacent to wide linear loads, such as orogenic fronts. The subsidence
is rapid in the initial stage (1), followed by slow subsidence (2) until an ultimate isostatic equilibrium is reached (3).
Also note the migration of the peripheral bulge towards the load (Einsele 2000).

tion normally reﬂects the mass of displaced material with the applied load. Secondarily, if the load remains in place, a deeper central depression forms
together with a narrower basin by means of uplift
and progressive movement of the forebulge towards
the applied load. The volume of the basin does not
depend on the rigidity of the plate (Stüwe 2000).
Flexural rigidity and effective elastic thickness (Te)
The static deformation of the lithosphere can be explained as ﬂexure of a thin competent elastic or visco-elastic plate overlying a viscous ﬂuid (asthenosphere) (Waschbusch & Royden 1992, Watts 1992,
Cloetingh & Burov 1996, Einsele 2000, Watts 2001,
Turcotte & Schubert 2002). The different properties
of the plate (elastic, plastic etc.) control its deﬂection (Burov & Diament 1995). Modelling 2D-bending of plates is also referred as cylindrical bending because the plate forms a segment of a cylinder
(Turcotte & Schubert 2002).
The parameter that characterises the apparent
strength of the lithosphere is the ﬂexural rigidity
D, which is commonly expressed through the effective or equivalent elastic thickness (Te) of the
lithosphere (Burov & Diament 1995, 1996, Cloetingh & Burov 1996, Einsele 2000, Stüwe 2000). Te

is not a physical thickness, but can be used to estimate lithospheric strength expressed in response to
loading by topography and subsurface loads (Burov
& Diament 1996). It provides important information about the history, mechanical and thermal state
of the lithosphere, rheological properties and allows
comparisons between different plates and the detection of thermal events. For mathematic explanations
and comparisons see Stüwe (2000), Watts (2001) or
Turcotte & Schubert (2002).
Oceanic lithosphere
Variations of Te for oceanic plates depend on the
period of time the lithosphere needs to cool from
an initially melted stage to its present thermal state,
called thermal age (Watts et al. 1992, Burov & Diament 1996). Te is deﬁned by the following equation:

1- v 2
Te = 12D
E

-3

(5)

D - ﬂexural rigidity; E - Youngʼs modulus; v - Poissonʼs ratio.
Variations in E and v may lead to a 10-20% scatter in estimates of Te (Burov & Diament 1995). Burov & Diament (1995, 1996) assume a 20-25% un-
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certainty for the accuracy of most data on Te. Crustal heterogeneities may cause signiﬁcant (Burov et
al. 1998: 40%; pers. com. Zoetemeijer 2003: 70%)
local reductions of lithospheric strength. Oceanic
lithosphere responds to longterm (>106 years) geological loads as an elastic plate that increases its
strength with age (Watts 1992, Burov & Diament
1996, Cloetingh & Burov 1996, Einsele 2000, Maggi et al. 2000). The effective elastic thickness (Te)
for oceanic lithosphere is marked by a speciﬁed isotherm, which deﬁnes the base of the mechanical
lithosphere. This isotherm is still a matter of debate
and authors have obtained values ranging from between 400°C and 900°C:
(i) Watts 1992, McKenzie & Fairhead 1997, Einsele 2000: 450°C
(ii) Burov & Diament 1996, Cloetingh & Burov
1996: 400-600°C
(iii) Stockmal et al. 1986: 750°C
(iv) Ranalli 1994: 900°C.
However, more than 75% of all estimated Te of the
oceanic lithosphere plot within the range of the 300600°C isotherm (Fig. 5.2). Deviations of this age/Te
dependence have been explained by local thermal
anomalies or ﬂexural stress (Cloetingh & Burov
1996) whereas some authors (Stüwe 2000) doubt the
relevancy of any isotherm. The average Te for oceanic lithosphere is in the order of 20-30km (Watts
2001), which is approximately 25-50% of the seismic thickness, with most values at about 40%.
Continental lithosphere
Continental lithosphere is more complex, due to
speciﬁc geological or physical boundaries, multiple deformation, structural inhomogeneities and igneous events (Waschbusch & Royden 1992, Watts
1992, Burov & Diament 1995, Cloetingh & Burov
1996). The major difference between the rheological structures of the continental and oceanic lithospheres is the 4-5 times thicker, heterogeneous continental crust (normally 35-40km; Cloetingh & Burov 1996) and its complex evolution. Continents are
characterised by loads of a far longer duration than
those in oceans, but the geometry of these loads is
often unknown (Watts 2001). Fig. 5.3 shows the dependency of Te on the age of the continental lithosphere at the time of loading. Because of tectonic
erosion, denudation, rifting and orogenesis the sur-

Fig. 5.2. Plot of effective elastic thickness (Te) against
the age of oceanic lithosphere at time of loading in Ma.
Note that more than 75% of all estimates plot in the range
of 300-600°C isotherms (Watts 2001).

face loads are either not well preserved or removed/
added in continental areas. Burov & Diament (1992,
1995, 1996) and Cloetingh & Burov (1996) suggest
that Te in continents not only depends on parameters such as thermal structure (geotherm age), but
also on mineral composition and geometry of the
plate and the strength reduction caused by mechanical decoupling of the upper-crust and the mantle
lithosphere. Mechanical decoupling of the upper
crust and mantle lithosphere lead to a signiﬁcant reduction in Te. Thus, Te of continental lithosphere
does not correspond to any geotherm (Burov & Diament 1996, Cloetingh & Burov 1996 and Burov et
al. 1998). Fig. 5.4 points out the strong Te-dependence on crustal thickness. Mechanical decoupling
between crustal and mantle lithosphere, and consequential strong Te reduction, occur mostly in the
case of a thick (>35km) and sufﬁciently hot crust at
Moho depth (Burov & Diament 1996, Cloetingh &
Burov 1996). With a thin and cold crust (at Moho
depth) no decoupling occurs and the strong lithosphere behaves mechanically in the same way as the
oceanic lithosphere. The Te of a thermally young
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Fig. 5.3. Plot of effective elastic thickness (Te) against the age of continental lithosphere at time of loading in Ma
(Watts 2001). Note the wide range of values in comparison to the Te of oceanic lithosphere (Figure 5.2). A better ﬁt
to the 450°C isotherm (Karner et al. 1983) was not possible, not with a 250km thick thermal lithosphere, nor with
125km thickness.

Fig. 5.4. Dependency of Te, thermal age of the lithosphere and Moho-depth/crustal thickness (Burov & Diament
1996). This diagram allows estimations of Te from thermal age and crustal thickness. The white line represents a critical crustal thickness with decoupled regime (reduced Te) below the line and coupled regime above the line.
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continental lithosphere is mainly controlled by the
crustal strength, whereas the Te of older lithosphere
is roughly equal to the thickness of the mechanical
mantle. A critical crustal thickness (old lithosphere
35±5km; young lithosphere 15-20km) deﬁnes the
boundary between the coupled and decoupled state.
Thus most continents (75%) are decoupled (Burov
& Diament 1996). However, few authors (for example, Doucoure et al. 1996) assume an association
between continental Te and the 600°C isotherm.
Despite the wide range of values ranging between
0km and 134km (Watts 2001), Te in the continents
has a bimodal distribution with a primary peak at
10-20km and a secondary peak at 80-90km (Watts
1992). High values can be explained as being due
to the association with cratons and they reﬂect low
temperature gradients that have been inferred for
these regions (Watts 1992, Burov & Diament 1995).
The origin of lower values is still not fully understood (Burov & Diament 1995, Garcia-Castellanos
et al. 2002). Several suggestions have been proposed as solutions to this problem, such as viscous
relaxation of stresses during ﬂexure, mechanical decoupling between crust and mantle, plastic yielding
in the lithosphere during its bending, presence of a
compressional tectonic force during bending or additional heating of the lithosphere. However some
authors (McKenzie & Fairhead 1997, Maggi et al.
2000) are not convinced that the Te of continental
lithosphere exceeds 25km. They propose that there
is a close link between Te and the thickness of the
seismogenic crust and a weak mantle beneath the
continents rather than a weak lower crust between a
relatively strong upper crust and mantle.
Te-estimations of continental lithosphere
Te of continental lithosphere can be estimated by
several observations such as the external loads or
the plate deﬂection caused by these loads. These parameters can be gained from estimations of Moho
geometries, Free air and Bouguer anomalies, thermal ﬂux, bathymetry, spectral analysis, earthquake
focal depths, 2D forward mechanical modelling
or the correlation between topography and gravity anomalies (Burov & Diament 1996, Cloetingh &
Burov 1996, McKenzie & Fairhead 1997, Burov et
al. 1998, Maggi et al. 2000, Watts 2001). An important additional factor that may inﬂuence any Te as-

sumptions is the use of the present day geotherm.
Actual values for foreland basins vary widely. Some
forelands are associated with low values of 5-15km
(Apennines, Dinarides, Taiwan: Kruse & Royden
1994, Lin & Watts, 2002) while others are associated with intermediate values of 40-55km (Tarim:
Lyon-Caen & Molnar 1984) or values as high as 5070km (Appalachians: Stewart & Watts 1997). Low
levels of ﬂexural rigidity will produce narrow and
deep basins, whereas high values are associated
with wide, shallow basins. This fact suggests that
the tectonic setting may be a signiﬁcant factor determining the Te of continental lithosphere.
Einsele (2000) expects the densities of the underlying viscous mantle material and the overlying water body and/or sediments to be the most important
factors controlling the bending of the crust. Some
authors (for example Stockmal et al. 1986) suggest
the size of load to be the driving factor on the development of foreland basins. If the load becomes
too big and loads the plate to its limit, the plate may
break rather than ﬂex. This has been proposed as an
explanation for rather strange observations in Taiwan (Lin & Watts 2002). However the discrepancy
between the seismogenic layer (mostly 25km thick;
peak at 10-15km) and continental Te (0-120km, no
peak) has still not been explained (Watts 2001).
There are several mechanisms increasing or decreasing Te. Ongoing orogeny decreases the strength (Te)
of the lithosphere underlying the orogenic belt. On
the other hand, plate unloading due to erosion or
postglacial rebound will increase Te. Thus Te reﬂects an ongoing dynamic balance between the topography, plate-boundary forces, and lithospheric structure (Burov & Diament 1995). The age of
the lithosphere is important in this context. Tectonic stress of 200-500Mpa may decrease the Te of a
400Ma old lithosphere by 15-20%, but for lithosphere younger than 200Ma this decrease may be as
large as 30% for the same level of stress (Cloetingh
& Burov 1996).
Cantabrian Zone
Although Europeʼs lithosphere constitutes one of
the best-investigated areas in the world, there are
many uncertainties when it comes to estimating
lithosphere strengths for a particular region. In order to compare Te of investigated regions with the
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Cantabrian Zone, the plate age and the load age for
each increment have to be estimated. Unfortunately,
these ages are uncertain in many cases. Rock ages
only reﬂect the age of the last thermal event and,
in addition, the duration of a loading event is often
long (Watts 2001). It is therefore difﬁcult to determine the precise plate and load age.
The geologic history of Iberia reﬂects a wide spectrum of plate conﬁgurations (see Chapter 2.3). After
a Precambrian/Cambrian rifting and drifting stage,
the area remained at the passive continental margin
of Gondwana for a long period of time and subsequently involved in the convergence and collision
of Gondwana and Laurussia. These different paleogeographic positions require corresponding Te-val-
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ues for each lithosphere composition. For this model the absence of a substantial difference between
the mechanical behaviour of very old Precambrian
lithosphere and middle-aged Variscan lithosphere
(Cloetingh & Burov 1996) is of great signiﬁcance.
It suggests a minor temperature control on Te variations after approximately 400Ma. Continental Te
in foreland basins displays values between 0km and
120km (Watts 2001). Extensional basin settings
such as continental rift valleys or passive continental margins generally show lower continental Te
values within the range 3-60km (Watts 2001).
The actual average Te of European continental lithosphere is in the order of 20-30km (Fig. 5.5) but before the Variscan orogeny Te might have been much

Fig.5.5. Map of global distribution of effective elastic thickness (Te). The oceanic Te is determined by the 450°C isotherm. Contours on continents are based on coherence results (Watts 2001). The lower diagram shows the bipolar distribution of continental Te with a major peak at 30-35km and a minor peak at 85-90km. Note the present day Te distribution of passive continental margins with Te values ranging between 10 and 70km.
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stronger. According to Zoetemeijer (pers. com.
2003), Te might have been around 50-100km, comparable to a North American type of lithosphere.
The depth of the Moho in the Southern Cantarian
Mountains has been well established in 1997 (Santanach 1997). According to the deep seismic reﬂection survey ESCI-N, the characteristics of the Cantabrian basement at lower-crustal levels and the
thin-skinned structure is similar to the Appalachian
Foreland (Pérez-Estaún et al. 1994). According to
Turcotte & Schubert (2002) this would result in Te
of 54km. However, García-Castellanos (2002) classiﬁes the Te values of most of the modern foreland
basins in a relatively narrow range of 15 to 40km.
In Fig. 5.6 different ﬂexural-induced subsidence
values, obtained from 2D reverse basin modelling,
was plotted along the Bernesga transect at 389Ma
and 317Ma. Colored lines represent effective elastic thicknesses (Te) ranging from 10km to 100km.
There is a similar trend with low trajectory gradients for Te values higher than 30km. Very low Te
values (<20km) are represented by higher gradients
of ﬂexural induced subsidence due to the low rigidity of the lithosphere. Only at these values a reversal of the dip towards a ﬁctive forebulge is visible.
However, the wavelength for stiffer plates is not
long enough to show a forebulge within the length of
the Bernesga Transect. According to Stüwe (2000),
common lithospheric rigidities ranging from 1022 to
1024Nm, show wavelengths of 100 to 200km.
The Te-values can be estimated using Fig. 5.4 This
ﬁgure shows the maximum initial (preﬂexural) Te
on the thermal age and crustal thickness (for the
mathematical explanation see Burov & Diament
1995, 1996). For young lithosphere (<250Ma) there
is almost no effect on Te due to the depth of Moho.
Older lithosphere is strongly dependent on its age
and Moho depth with regard to the Te development.
Thus there are two values which have to be estimated for any Te calculations (i) age of lithosphere and
(ii) moho depth.
(i) Age of lithosphere:
In areas where cratonic basement is not exposed
(i.e. Variscan belt of Western Europe, see Chapter
2.1), constraints on the age and nature of older basement can be determined by the presence of inherited
zircons in magmatic rocks, detrital zircons in sedimentary rocks, and by neodymium isotopic studies

(Fernández-Suárez et al. 2000 a, 2002 a, b, Gutiérrez-Alonso et al. 2003). Zircon ages reﬂect numerous
Proterozoic events (2500-2800Ma, 1800-2200Ma,
900-1300Ma, 550-800Ma) indicating the presence
of a pre-Neoproterozoic basement (Fernández-Suárez et al. 2002 a, b). The present study commences in the latest Neoproterozoic (560Ma), when this
basement had already undergone distinctive thermal overprints (see also Chapter 2.3). At the end of
the Neoproterozoic, the northern active margin of
Gondwana was the scene of subduction (FernándezSuárez et al. 1998). During this period, a prominent
change in tectonic regime (compression/extension)
resulted in further stretching of the back-arc basin
and the birth of the Rheic Ocean (Martínez Catalán
et al. 1997, Fernández-Suárez et al. 1998, 2000 b,
2002 a, b). Thus for the beginning of the numerical
model, a Meso/Neoproterozoic crust with a Neoproterozoic ﬁlling of the back-arc basin has to be assumed. Fernández-Suárez et al. (1998) presume that
mantle upwelling and upper-mantle to lower-crustal
melting in a progressively thinning lithosphere were
the factors that triggered this magmatic event. With
the formation of the Rheic Ocean, the active margin
of Gondwana evolved to a passive margin environment. However, there are signs of crustal thinning
and magmatism in Iberia until the deposition of the
Armorican quartzite.
(ii) Moho depth:
While the Rheic Ocean was opening, the Moho was
only a few kilometres deep. However, throughout
the passive margin stage an average crustal thickness
of 30-35km can be assumed on the base of present
examples. The development of a passive continental margin and Moho depth in time has been a subject of discussion (see Chapter 2.3). The importance
of secular cooling, which would lead to a descent
of Moho is not very well constrained. According to
Watts (1992) and Lin & Watts (2002) a developing
foreland inherits the Te-structure of the underlying
margin. Therefore no additional adjustments to Te
or to the depth of Moho are made for the beginning
of the Variscan orogeny.
Te estimations for the Southern Cantabrian Basin
Te for the stretched crust and creation of oceanic
crust was estimated to be 5-15km according to the
mid-values for rifting areas (Watts 2001). This time-
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Fig. 5.6. Flexural-induced subsidence rates for two time increments (389Ma and 317Ma) dependent on different Te
values ranging from 10 to 100. Note similar behaviour for Te values 30-100km. The length of the transect is generally
too short for the development of a fore bulge. However, Te values <20 show a trend towards a reverse dip and the development of a ﬁctive fore bulge. Compare Figure 6.2 for the basin architecture of the time increments.
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span lasted from the Precambrian to the Early Cambrian. However the magmatic event in the Ordovician points to further extension of the continental
margin. Estimations can only be made concerning
the further development of Te on the passive margin of Gondwana. Te values for passive margins
vary from 5 to 60km with a peak between 10-30km
(Watts 2001 and references). However, a problem
with most of the estimates is, that they represent
the average response of the lithosphere to sediment
loading. They do not refer to a particular crustal
type (e.g., stretched continental crust) or age since
rifting (Lin & Watts 2002). In this work a slight increase of Te in time has been adopted for the development of the passive continental margin. In respect
to the length of the present transect (54km) there are
signiﬁcant differences in the ﬂexure of the continental plate only where Te values are less than 20km
(see Fig. 5.6.). A linear increase of Te from 10 to
60km has been applied for Late Ordovician to Early
Carboniferous for 2D stratigraphic forward modelling. As 2D reverse basin modelling only allows one
value for the entire time modelled, a mean value of
35km has been chosen.
5.3 History of quantitative basin analysis
In 1962 Sloss proposed the ﬁrst modern stratigraphic model, suitable as a basis for quantitative modelling. The ﬁrst modern-style dynamic model of
basin ﬁlling is the one of evaporite sedimentation
by Briggs & Pollack in 1967. In 1978 a number of
publications incorporate a broad variety of quantitative models for: (i) basin subsidence on viscoelastic lithosphere (Beaumont 1978), (ii) alluvial architecture (Leeder 1978), (iii) thermal subsidence
following extension (McKenzie 1978), (iv) riverchannel width for channels with active sediment
transport (Parker 1978) and (v) the relationship between shoreline and sea-level inﬂuenced by tectonic subsidence (Pitman 1978). Further development,
well summarised by Paola (2000), passed “rigidlid” models with a ﬁxed horizontal sediment surface and went on to “geometric models” (see deﬁnition below) with prespeciﬁed geometries assigned
to surfaces associated with various environments.
Dynamic models (see deﬁnition below) mark the
present state of modelling sedimentary systems and

of basin analysis (Aigner et al. 1989, Allen & Allen
1990, Cross 1990, Franseen et al. 1991, Boscher &
Schlager 1992, Flemings & Grotzinger 1996, Kendall et al. 1991, Liu et al. 1998, Harbaugh et al. 1999,
Bowman & Vail 1999, Burgess et al. 2001, Csato &
Kendall 2002 and others). A concise overwiew of
the advantages and disadvantages of existing stratigraphic computer programmes is given in Bowman
& Vail (1999).
5.4 Different types of modelling
In the following, examples will be given only of
models related to the topic of the present work - basin modelling. Regardless of the modelʼs speciﬁcation, there are four types of models applied in basin studies: tectonic deformation models, basin-ﬁll
models, groundwater ﬂuid-ﬂow models and thermal-history models (Poelchau et al. 1997). The
present survey only covers the ﬁrst two models.
5.4.1 Tectonic deformation models
Many basins are structurally complex, because they
have been affected by tectonics during or after sedimentation. Structural balancing offers information
about relationships between single tectonic units,
former lateral extent (amount of basin shortening)
as well as architecture of the basin and spatial relationships between measured cross-sections before
orogenic movements. Chapter 3 deals in detail with
structurally balanced cross-sections.
5.4.2 Basin ﬁll models
Analysis of basin ﬁll comprises qualitative and
quantitative models. The majority of publications
deal with qualitative basin models. Controlling factors and quantitative values are poorly evaluated and
the interaction between different controlling factors
is generally loosely constrained or inadequately deﬁned.
Quantitative basin analysis by means of numerical
modelling analyses changes of controlling parameters, which govern the development of a sedimentary basin in time. The parameters comprise: (i) subsidence rates (total, thermo-tectonic, compactioninduced and ﬂexural-induced) and uplift, (ii) porosity and density, (iii) palaeobathymetry, (iv) sedimentation and erosion rates, (v) facies distribution, (vi)
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initial bathymetry and (vii) crustal parameters (effective elastic thickness, density etc.). These models reconstruct basin history, establishing patterns in
changes of the controlling parameters.
Einsele (2000) and Paola (2000) distinguish between two groups of basin ﬁlling models on the basis of the sediment surface: (i) Geometric models
with a surface with predetermined geometry and
balanced sedimentation and subsidence rates. The
simplest type is a “rigid-lid” model with a ﬁxed horizontal surface. (ii) Dynamic models taking into account sediment transport and deposition rates. The
resulting model reﬂects lateral changes to different
processes in time (creation/destruction of accommodation space, sediment input, erosion), which
can modify the basin geometry.
Dynamic models, such as in the present study, use
a combined approach of deterministic reverse basin and stochastic forward simulations in order to
analyse the geological development in time (see
below). The spatial and temporal development of
petrophysical and sedimentary parameters is investigated from the deposition of the oldest sediment in
the basin to the present-day state. The main aim of
stochastic computer models is to compare present
day outcrop-data with virtual results, and to determine the complex interactions of controlling factors
in an iterative process. Such investigations also provide a powerful tool for geological predictions in areas with a poor geological record (Paola 2000).
5.4.3 Question of dimension
1D models, focused on the simulation of sequences
by vertical accretion, generally ignore lateral transport (Read et al. 1986). However, this essentially
rules out the possible existence of autocyclic sequences that are controlled by lateral sediment progradation (Ginsburg 1971). Nevertheless, one-dimensional models offer an effective, fast tool for
simple basin analysis.
In a 2D model a second, horizontal dimension is
added parallel to the mean transport direction. This
method displays the most common case in basin
modelling, as it represents the best compromise between a reasonably accurate sedimentological approach and acceptable computing time (see Chapter 7).
3D models require a high-level of software and
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hardware as well as an excellent database. Some geological conditions require a 3D-approach such as
combined lateral and transversal sediment transport,
basins with multiple interacting source points or
highly three-dimensional subsidence (Paola 2000).
There are some auspicious solutions available, such
as REPRO (Hüssner et al. 1997), DIONISOS (Granjeon & Joseph 1999) or CARBONATE 3D (Warrlich et al. 2002). However, many depositional systems include too many complexities to be adequately modelled with existing 3D software.
5.5 2D reverse basin and 2D stratigraphic forward modelling within PHIL/BASIMTM
The combination of reverse basin (Chapter 6) and
stratigraphic forward modelling (Chapter 7) in the
present study allows the development of a more rigorous genetic basin development model. This approach is particularly successful at evaluating and
demonstrating conceptual models, since parameters can be easily varied, isolated and investigated.
In a procedural loop, data from forward modelling
can be used to control and modify reverse modelling results, as it considers sedimentary parameters
and has a superior spatial and temporal resolution
(see Fig. 5.7). Modelling for this study was accomplished using the PHIL/BASIMTM (PetroDynamics
Inc., Houston) programme package with its two basic components: PHILTM Utility (Uppc 020220) for
2D reverse basin modelling and PHILTM 1.5 (1.5 v.
030404) for 2D stratigraphic forward modelling.
Bowman & Vail (1999) published the fundamental
algorithms implemented in the stratigraphic simulator. Numerical modelling with PHIL/BASIMTM permits the quantitative analysis of key controls in basin development including their temporal and spatial variations. The program comprises a comprehensive set of sedimentation and deformation algorithms that model:
• Tectonic history (subsidence and uplift)
• Sea-level history
• Palaeoenvironmental parameters/proxies
• Crustal response due to ﬂexural loading of sediment and water loads
• Compaction of sediment
• Traction of siliciclastic sediment in ﬂuvial and
coastal settings
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• Dispersion of suspension load in marine settings
• Gravity-ﬂow sedimentation (slope failure, turbidites)

• Production and redistribution of carbonate sediment
• Erosion (subaerial, shoreline)

Fig. 5.7. Workﬂow of the PHIL/BASIMTM modelling procedure as described in Chapter 5.5 (after Bowman & Vail
1999). Note that the data for this study does not contain seismic proﬁles or well logs.
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CHAPTER 6: 2D NUMERICAL REVERSE
BASIN MODELLING
2D numerical reverse basin modelling not only
serves to obtain quantitative thermo-tectonic subsidence rates as an initial numerical input for 2D stratigraphic forward modelling (Chapter 7.3.3). Flexural 2D reverse modelling also analyses the development of basin architecture in consideration of lithofacies, incremental compaction, sea-level changes
and ﬂexural loading of the crust. These parameters
inﬂuence the long-term evolution of accommodation space in time. In the Cantabrian Basin, the evolution of thermo-tectonic subsidence rates in time
reﬂect different lithospheric conﬁgurations prior,
during and after the Variscan orogeny.
6.1 Methods
Reverse basin modelling determines the burial history of a basin, a technique introduced by Watts &
Ryan (1976), Steckler & Watts (1978) and Turcotte
& Schubert (1982). Leeder (1999) distinguishes between tectonic, thermal and load-induced bending
subsidence types assembling total subsidence. In
this concept the backstripping procedure calculates
and removes the effect of sediment loading and
compaction from the basement subsidence, as well
as changing palaeo-bathymetry and eustatic sealevel variations, enabling the quantiﬁcation of tectonic subsidence (Sachsenhofer et al. 1997, Einsele
2000, Watts 2001). By restoring sediment thickness
at the time of deposition, taking into account compaction and water depth changes, and then isostatically unloading it, it is possible to determine the
depth at which the basement would be in the absence of water and sediment loading (Watts 2001).
This technique has proved to be an adequate method for analysing stratigraphic data in the form of
well logs, seismic reﬂection proﬁles and, as in the
present study, geological cross-sections (Fig. 6.1).
Taking the lithospheric behaviour into account, subsidence or uplift of a particular sedimentary basin is
determined by several factors:
• Thinning/thickening of the lithosphere caused by
extension/compression
• Upwelling of mantle material due to crustal thinning
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• Changes in lithosphere density
• Isostatic uplift/subsidence in response to erosion/
sedimentation, ﬂexural loads
6.1.1 Flexural response of the crust
Computer simulations on passive margins and foreland basins demonstrated the important impact of
ﬂexural response to sediment/water loading and
compaction (Flemings & Jordan 1989, Reynolds et
al. 1991). The ﬂexural response of the crust can become very prominent, especially for greater loads
and extended duration of loading (Einsele 2000,
Stüwe 2000).
There are two main types of isostatic adjustment:
Airy and ﬂexure. The Airy type adjustment includes
a “backstripping equation” (see Watts 2001, equation 7.9), which allows tectonic subsidence to be determined directly from stratigraphic data. This equation can be divided into three individual parts.
(i) Water-depth: depth of deposition of each stratigraphic unit
(ii) Sediment loading: deformation of the crust and
mantle by sediment loads with particular thickness and density
(iii) Water-loading: global sea-level changes (for
discussion on sea-level curves see Chapter 6.2.3
and 7.8.5)
Flexural reverse modelling computes the ﬂexure due to total sediment load and subtracts the resulting ﬂexure from the observed thickness in order to obtain tectonic subsidence or uplift (Watts
2001). The effects of palaeo-bathymetry and sealevel changes are taken into account. Because this
approach is two-dimensional, it requires information about the spatial variation of the strength of the
underlying lithosphere. Dependent on the effective
elastic thickness of the lithosphere ﬂexural bending
can have a signiﬁcant inﬂuence on the model (Fig.
5.6; see Chapter 5.2.6 for detailed discussion).
6.1.2 Concepts and workﬂow in PHIL/BASIMTM
2D reverse basin modelling follows a sequence
stratigraphic concept, which considers the creation/
destruction of accommodation space and its inﬁll as
the principal determinant on sedimentary systems
and basins (Zühlke et al. 2004). Accommodation
space development is constrained by subsidence/uplift, eustatic sea-level changes and the compaction
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Fig. 6.1. Genetic components of accommodation-oriented 2D reverse basin modelling, comprising (i) accommodation, (ii) sea-level changes, (iii) sediment inﬂux and (iv) subsidence components. Total subsidence includes thermotectonic, ﬂexural and compaction-induced subsidence.
A: Deposition of stratigraphic units (sediment ﬂux) is marked by letters A to C, the development in time from left to
right by letters t0 to t2. Vectors of tectonic subsidence (TS) and ﬂexural-induced subsidence (FS) are marked by arrows
below the stratigraphic columns and the rheological basement respectively (thick arrow: high subsidence; thin arrow:
low subsidence). Accommodation space (AS) increases from t0 to t1 by an increase in TS1 and FS1, rising palaeo-water depth (PWD1) and compaction-induced subsidence of unit A (CS1-A). In contrast to AS1, the accommodation space
decreases during t2 due to falling PWD2, although TS2, FS2 and CS2-A increase additionally ampliﬁed by the compaction-induced subsidence of unit B (CS2-B). The rheological basement is only inﬂuenced by thermo-tectonic and ﬂexural-induced subsidence.
Note that reverse basin modelling works in the opposite temporal direction to sedimentation (arrows to the top of the
ﬁgure).
B: Norm-vectors show the components of total subsidence and accommodation space. This condition shows the situation for the highest possible increase in AS with rising sea-level and positive subsidence.

in the buried sedimentary inﬁll. Subsidence/uplift
can be caused by a number of forces, such as ﬂexural response to loading/unloading (by sediment,
water or any additional load) or thermal changes.
The algorithms for the backstripping analysis within PHIL/BASIMTM are acquired from a dynamic deformation model of Sawyer & Harry (1991). The
ﬂexural response of the crust to loading or unloading by deposition and erosion of sediment and sealevel changes is calculated using a homogeneous
elastic plate over a liquid half-space solution (Turcotte & Schubert 1982). The PHIL/BASIMTM algorithms assume several given factors within the ﬂexural calculation (Bowman & Vail 1999). First, all
sedimentation is distributed equally, perpendicular
to the cross section, within the ﬂexural wavelength
of the model. The ﬂexural response occurs within
the time increment of the model. According to Bow-

man & Vail (1999) these assumptions are good approximations for passive margins and models with
time increments larger than 1ka. The authors published algorithms for calculation of the ﬂexural response of the crust to loading/unloading by deposition/erosion of sediment and sea-level changes.
Compaction of sediments is taken into account. For
simpliﬁcation purposes, mechanical, non-reversible compaction is assumed, without any chemical
alteration or diagenesis of the sediment. Deﬂection
across the transect w(x) is calculated using the following equation (Bowman & Vail 1999):
3
w(x) = V 0 � e -x/ �
8 D

cos

x +sin
�

x
�

(6)

x - distance from load; V0 - line load applied at x=0;
D - ﬂexural rigidity of the bending plate.
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Flexural rigidity D is calculated by:

D=

� 4 g � m -� w
4

(7)

ρm - mantle density; ρw - water density; g - gravitational constant.
Effective thickness of the lithosphere h is than calculated with equation (8):

h=

3

12 D 1- n 2
E

(8)

E - Young´s modulus constant at 70Gpa; n - Poisson´s
ratio constant at 0.25.
PHIL/BASIMTM calculates changes in bathymetry
by evaluating ﬂuctuations of sediment (sedimentation/erosion) and water loads (sea-level changes)
during each time increment. During the procedure,
all time layers are incrementally removed, starting
with the time of maximum burial depth and continuing until the top of the rheological basement is
reached (see Fig. 6.1). After a speciﬁc time layer has
been removed, the next underlying layer is adjusted according to the predeﬁned palaeobathymetric
depth. All older layers are decompacted with predeﬁned compaction parameters. This procedure is repeated for each time increment, calculating the sediment ﬂux and different subsidence rates, removing
the effects of palaeobathymetric changes, ﬂexural
loading, compaction and eustatic sea-level changes.
Numerical results are quantitative approximations
for thermo-tectonic, ﬂexural-induced, compactionTime-layer dependent parameters

induced, and total subsidence rates, as well as sediment ﬂux throughout the basin in time. They represent the fundamental basis for the stratigraphic forward modelling.
6.2 Input parameters
Data gathered in the ﬁeld include biostratigraphic and lithostratigraphic information, thicknesses, large-scale geometries, characteristic surfaces and structural measurements. This information
was derived from cross-sections and outcrops that
were projected into the modelled transect. Due to
the complex structural character of the investigation
area, thrust planes were used as projection lines.
The distances between the cross-sections prior to
Variscan orogeny have been obtained by means of
the structural balancing procedure mentioned earlier. Table 6.1 shows the input parameters for 2D reverse basin modelling.
6.2.1 Transect and synthetic sections
Detailed ﬁeldwork provided 36 synthetic sections
(see Appendix) located along a NNE-SSW striking
transect in the León province in Spain (see Figs. 3.4
and 3.5). Within the synthetic sections, lateral thickness variations, lithology, burial depth, facies and
unconformities have been considered in order to obtain sufﬁcient information in seismic scale for the
reconstruction of basin development (see Fig. 6.2).
The distances between the cross-sections prior to the
Time-layer independent parameters

Thickness

Mantle density

Absolute Age

Eustatic sea-level fluctuations

Palaeobathymetry
Compaction parameters
Initial porosity
Compaction rate
Compaction rate limit
Flexural parameters
Te (eff. el. thickness)
External projection taper limit
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Table 6.1. Input parameters
for 2D numerical reverse basin
modelling.
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Fig. 6.2. Basin architecture along the Bernesga Transect according to 9 selected synthetic cross-sections. The cross-sections were levelled up to the marker horizon
of the Alba Fm. (322Ma) and do not contain syn-orogenic formations. Note the restriction of deposition to the south with decreasing age of the formations. The distances between the cross-sections were corrected by structural balancing (see Chapter 3).
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Variscan orogeny have been obtained by the structural balancing procedure (see Chapter 3 for further detail). Changes in palaeowater depth strongly
inﬂuence the quantiﬁcation of tectonic subsidence
and therefore had to be evaluated. Eroded successions could not be restored for the Southern Cantabrian Basin. All details are displayed within the synthetic sections and tables in the appendix.
6.2.2 Time
The basin ﬁll was subdivided by 35 time layers,
based on the biostratigraphic framework available
(Evers 1967, Bosch 1969, Higgins & Wagner-Gentis 1982, García-Alcalde et al. 1985, 2000, GarcíaLópez 1986, Barba & Fernández 1991, Aramburu
et al. 1992, 1996, García-Alcalde 1994, 1996 and
many others). For each time-line at every location
along the transect data including absolute age, bur-
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ial depth, palaeobathymetry were gathered. The
youngest time-line (Cenozoic, 34Ma) marks the period of maximum burial depth of the basin, supported by new ﬁssion track dating (pers. com. Carrière
2004). From this point of time, thicknesses of subsequently older time layers were incrementally added until reaching the top of basement in the Precambrian (560Ma). The plot of these time lines (Fig.
6.3) show the basin architecture with Variscan deformation removed. Absolute ages for stage boundaries have been taken from the German Stratigraphic Commission (2002). This timetable is based on
Gradstein et al. (1994; Cretaceous), Berggren et al.
(1995, Tertiary), Tucker & McKerrow (1995; Ordovician, Cambrian), Menning (1995, 2001; Permian), Menning et al. (2000; Carboniferous), Pálfy et
al. (2000; Jurassic) and Weddige (2001; Devonian).
Depending on the presence of indicative fossils,
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Fig. 6.3. Burial depth of time lines at the time of maximum burial (34Ma). Note the marked change in basin architecture with the deposition of the syn-orogenic succession starting at 322Ma (compare with Fig. 6.2). The extent of the
transect is based upon structural balancing.

90

CHAPTER 6: 2D NUMERICAL REVERSE BASIN MODELLING

time resolution reaches stage level. For information
about the radiometric age dating methods used, see
German Stratigraphic Commission (2002) and references herein.

et al. 1985, Ross & Ross 1985, 1988, 1996, Heckel 1986, Crowley & Baum 1991, Johnson & McKerrow 1991, Witzke & Bunker 1996, 1997 and others). Therefore, a synthetic curve was established
for this study based on:
0-70Ma: Mitchum et al. 1991 (Haq et al. 1987)
70-160Ma: Kendall et al. 1992 (Haq et al. 1987)
160-256Ma: Haq et al. 1987
255-355Ma: Ross & Ross 1988
355-410Ma: Johnson et al. 1985 & Dennison 1985
410-438Ma: Ross & Ross 1996
435-540Ma: Ross & Ross 1988
540-560Ma: Vail et al. 1977
The synthetic sea-level curve is plotted in Fig. 6.4.
Only second order changes of eustatic sea-level
were considered, because sea-level changes of higher magnitude are poorly constrained throughout the
Palaeozoic. Palaeo-water depths were estimated
from facies analysis and faunal assemblages.

6.2.3 Sea-level
For the Quaternary, the sea-level curves are estimated precisely by the combination of glacial ice volume with δ18O content of pelagic foraminifers. Unfortunately, this method is only applicable throughout the Cenozoic (Enos 1991). For the Meso and
Paleozoic, sequence stratigraphic studies provided
data, which were incorporated in sea-level curves
(Vail et al. 1977, Haq et al. 1987). However, the detail of such sea-level curves decrease with increasing age of the rocks investigated. This method has
been criticized by some authors (Miall 1986, Burton
et al. 1987, Gradstein et al. 1988, Matthews 1988).
There is no general agreement on the magnitude of
ancient sea-level changes (Watts 2001). The published sea-level curves for the entire Phanerozoic (Vail et al. 1977, Hallam 1984, Haq et al. 1987)
show signiﬁcant discrepancies and do not match the
detailed curves published for single series (Johnson

6.2.4 Lithologies
PHIL/BASIMTM uses 11 siliciclastic and 8 carbonatic/evaporitic lithologies with deﬁnable bulk rock
density, initial porosity, compaction rate parameAge (Ma)
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Fig. 6.4. Composed eustatic sea-level curve for the Southern Cantabrian Basin. See text for further detail.
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Lithology
Coarse sand to cobbles
Quartz silt size
Quartz sand/clay
Quartz silt/clay
Interbedded quartz/silt
Interbedded silt/clay
Marine mud
Clay
Silt/coal

Density
(kg/m3)
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Initial Porosity Compaction Rate
(�0)
(rc)

2650

0.40

0.0001

2650

0.30

0.001

2650

0.40

0.002

2650

0.45

0.003

2650

0.50

0.0005

2750

0.50

0.002

2750

0.50

0.003

2750

0.50

0.003

2450

0.60

0.008
0.009

Clay/coal

2300

0.85

Coal

2000

0.92

0.01

Cemented carbonate

2800

0.45

0.0001

Carbonate fine grainstone

2800

0.60

0.001

Carbonate coarse grainstone

2800

0.70

0.0005

Carbonate boundstone

2800

0.60

0.002

Micrite

2800

0.70

0.004

Algal laminates

2800

0.60

0.0005

Dolomite
Gypsum

2900
2330

0.40

0.0001
0.00001

0.10

Table 6.2. List of lithologies and compaction parameters used in the present study.

ter and maximum depth of compaction (Table 6.2).
Together with burial depth, these values control the
compaction of all time layers. For the Bernesga
Transect a mean initial porosity war required for the
2D reverse basin modelling. It has been calculated by estimating the percentage of different lithologies proportional to their thickness within a speciﬁc cross-section. These percentages were combined with assumed initial porosities for the speciﬁc lithologies (Table 6.2) and calculated for three
cross-sections in a proximal (Millaró section), intermediate (Valporquero section) and distal (Huergas section) position. The average initial porosity
for the Bernesga Trasect amounts to 46.5%. See following chapter for details.
6.2.5 Compaction/decompaction
The numerical modelling includes incremental decompaction of the succession in each time layer.
Decompaction is calculated using empirical porosity/depth relations for speciﬁc lithologies. The thickness of a particular layer at time of deposition hs1

can be calculated by the following equation (Einsele 2000, Stüwe 2000):

h sl =

1-np
h
1-n1 * sp

(9)

hs1 - original thickness; hsp - present thickness; np present mean porosity; n1 - initial mean porosity
Appropriate porosity-depth curves and values were
taken from Goldhammer (1997), Welte et al. (1997)
and Bowman & Vail (1999) and used for mean porosity estimations. These calculations were made
in order to check and reﬁne the results of computer simulations. PHILTM incorporates sediment compaction as a function of burial depth (Bowman&Vail
1999). The burial depth related porosity φ(z), which
is dependent on the lithology, was estimated according to the following equation:

� (z) =

�0
1 + z * rc

(10)

φ - porosity; z - depth in m; φ0 - initial porosity;
- compaction coefﬁcient

rc
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During each time-step, PHIL/BASIMTM calculates
textural porosities within each cell according to its
depth and lithology from the top to the bottom of
the series. According to the loss of porosity for a
time interval, the thickness is decreased equally and
the horizon depths are adjusted. Diagenetic trends
can be considered by adjusting the compaction coefﬁcient (rc in Eq. 9). Sediment compaction is assumed under normal pressures, with the option of
overpressured basin conditions (where compaction
is delayed) resulting in thicker sections with lower
densities.
6.2.6 Flexural parameters
There are three user-deﬁned parameters, which inﬂuence the ﬂexural loading:
• Effective elastic thickness (Te)
• Mantle density
• Taper limit (approximately three times the ﬂexural wavelength)
The dependency on Te for ﬂexural behaviour of the
crust has been discussed in Chapter 5.2.6. For the
2D reverse modelling a mean Te-value of 35km was
chosen. The mantle density amounts to 3340 kg/km3
(see Bowman & Vail 1999 for discussion). Due to
the relatively short Bernesga Transect changes of
taper limit did not show any changes on the results.
6.3 Subsidence components
Total subsidence comprises three genetic components: thermo-tectonic, ﬂexural-induced and compaction-induced subsidence. Time-distance rates
throughout this thesis are given in m/Ma (= mm/
1000a = µm/a). This unit has been introduced by
Fischer (1969) as Bubnoff-unit.
6.3.1 Thermo-tectonic subsidence
Basin subsidence is caused by downwarping of the
basin ﬂoor due to thermo-tectonic forces, such as
crustal extension and cooling (McKenzie 1978,
Steckler & Watts 1978, Watts et al. 1982, Sachsenhofer et al. 1997, Watts 2001, Turcotte 2002). Thus
the thermo-tectonic subsidence rates depend on the
spreading rate and time or distance of the spreading
centre (Enos 1991). For interior basins, intra-plate
stress is the main factor causing subsidence. At the
beginning of basin formation, tectonic subsidence

often surpasses sedimentation. In later stages of basin evolution, subsidence may also be actively driven by an increasing sediment load (Einsele 2000).
6.3.2 Flexural-induced subsidence
Loads applied to an elastic plate cause bending in
order to reach isostatic equilibrium (Waschbusch
& Royden 1992, Watts 1992, Cloetingh & Burov
1996, Einsele 2000, Watts 2001, Turcotte & Schubert 2002). The bending depends on many different
parameters such as the effective lithospheric thickness, the time of applied load, the external projection taper limit or mantle density (see Chapter 6.2.6).
Loads can vary across a broad spectrum, covering
tectonic loading from adjacent mountain belts (foreland basins), single thrusts, growing reefs/carbonate platforms or any other kind of sediment (clastic
depocenter in a delta for instance) and water loads
causing subsidence due to isostatic compensation.
This kind of subsidence has also been called isostatic subsidence (Enos 1991). The ﬂexural response of
the lithosphere to external loads is discussed controversially within the scientiﬁc community (compare
Chapter 5.2.6).
6.3.3 Compaction-induced subsidence
Depending on initial porosities, cementation, grain
size, degree of grain-support, sorting within the sediment and compaction rate and its limit, compaction-induced subsidence can account for a large
percentage of total subsidence. The initial porosity/burial depth relationship, assumed during modelling, is shown in Fig. 6.5. It primarily reﬂects an
exponential decline in porosity with depth. However, only the change of bulk volume and not a change
in porosity determines the amount subsidence (Enos
1991). The change of bulk volume and not a change
in porosity determines the amount subsidence (Enos
1991). This clariﬁes the need to take into account
not only the loss of porosity by physical compaction, but also by cementation. Thus porosity curves
converted to bulk volume loss may exaggerate the
level of compaction, while production of secondary
porosity by dissolution at depth may lead to underestimations of compaction (Enos 1991). As already
mentioned, cementation during burial of a speciﬁc
lithology, causing a “slower than normal” compaction, can be partly considered in the software, adjust-
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Fig. 6.5. Porosity versus burial depth for the most common lithologies. Note the logarithmical scale for burial depth.
Data composed from Goldhammer (1997) and Welte et al. (1997).

ing the compaction coefﬁcient (see Chapter 6.2.5).
However, such a cementation event, for instance in
carbonates, adds material, so that the original thickness during sedimentation would be overestimated.
On the other hand, pressure-solution might remove

material. Anderson & Franseen (1991) estimated
the compaction of reef carbonates due to pressure
solution at depth to be 30%. Compaction can additionally be retarded by the generation of overpressure in fast accumulating ﬁne-grained sediments.
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This can be taken into consideration in the modelling program. Differential compaction-induced subsidence could occur, for example, when a platform
progrades over compactable basinal facies.

ic lithology. Consequently neither facies changes,
nor diagenetic processes effective for one lithology in one formation can be considered within the
backstripping procedure of the software used.

6.4 Constraints

6.5 Numerical and graphical output

There are several major and minor constraints, making the model less accurate:
• The time information is often not sufﬁciently
precise. During the sedimentation history of the
Southern Cantabrian Basin only a few volcanoclastics (within the Oville, Barrios, San Pedro formations) were deposited in the area, and these
have not yet been radiometrically dated (Gutiérrez-Alonso 2003, pers. comm.). Biostratigraphic
data are often much less precisely dated chronostratigraphically than needed for the model. Starting the model in the Precambrian causes additional uncertainties due to a lack of biostratigraphic
data. Any attempts to increase the time resolution
using the current data would result in linear timeinterpolations and consequently in arguable models.
• Linear space interpolation is a basic method in
2D numerical reverse modelling. For all time-increments, both subsidence/uplift rates and sediment supply are interpolated between the locations along transect. This is especially problematic if the palaeogeography is complex (e.g. reefbasin topography instead of ramps). Consequently, the more cross-section within one transect can
be incorporated the lower are the interpolated distances, increasing the accuracy of the model.
• Flexural behaviour of the crust is highly dependent on the effective elastic thickness (Te) of the
lithosphere (see Chapter 5.2.6 for discussion). Average values for Te during the reverse basin modelling cause uncertainties within the ﬂexural-induced subsidence results.
• Initial porosities and compaction parameters for
standard lithologies have been used. They are
based on particle size, matrix/grain-support and
mud/shale content. Coefﬁcients for carbonate and
siliciclastic lithologies incorporate different compactional behavior with increasing burial depths
(see Chapter 6.2.5). However, each time-increment incorporates information for only one specif-

Besides numerical interpretations, several graphical
approaches have been applied in order to display the
results of the 2D numerical reverse basin modelling.
First graphic captures of selected time lines visualise the development of the depositional and structural characteristics in time (Fig. 6.6). Displaying
all time-lines would go beyond the scope of a printed version, thus the most prominent changes have
been selected. The whole evolution of the Southern Cantabrian Basin is displayed as a QuickTimeTM
time-series animation (see ﬁle “Movie_1.mov”).
Spectrograms are used in order to display three variables in a 2D-plot. The y-axis of the plot represents
the time-development of the basin whereas the distance along transect is plotted on the x-axis. Differential subsidence rates can be visualised with a speciﬁc colour code. Thus the development of subsidence rates can be easily observed in time and space
(Fig. 6.7A total subsidence, 6.7B tectonic subsidence, 6.7C ﬂexure-induced subsidence, 6.7D compaction-induced subsidence).
6.6 Results
Time lines younger than 313Ma are based on projected data (see Chapter 2.4.4) as they do not outcrop in the investigation area. Thus these time layers show a layer-cake geometry (Fig. 6.3) due to
missing information about provenance, lithofacies
distribution or thickness variations. Consequently the information in terms of subsidence development along transect is trivial and will not be further
considered. Nevertheless, the information about
the overburden is important for the compaction/decompaction development of the underlaying strata. Between 560Ma and 313Ma six major subsidence trends can be determined (Fig. 6.8). Values for
all trends and all subsidence components, as well
as their absolute ages, are summarised in Table 6.3.
Positive values indicate subsidence, negative values
uplift.
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Fig. 6.6. 2D reverse basin modelling displayed as plots of selected time lines. They visualise the development of depositional and structural architecture from Late Proterozoic to Late Carboniferous. The top of an increment is marked
by a dashed line in the plot that follows.

6.6.1 Thermo-tectonic subsidence
The thermo-tectonic subsidence rates range from 156 to 432m/Ma over the entire modelling period
(see Fig. 6.7B).
The ﬁrst subsidence trend (560-505Ma, Fig. 6.8 and
Table 6.3) is indicated by slightly elevated values
with mean rates of 16m/Ma. The spatial pattern is

uniform, with higher values (up to 34m/Ma) in the
northern part of the transect (km 6). Within the ﬁrst
four time increments (560-513Ma) a trend can be
observed showing thermo-tectonic subsidence values diminished in time by 40%.
The second trend (505-435Ma) is marked by alternating increments of slight subsidence (up to
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Fig. 6.7. Spectrogram plots of total subsidence rates (A) and its speciﬁc components (thermo-tectonic (B), ﬂexuralinduced (C) and compaction-induced (D)). The y-axis of each ﬁgure represents the time-development of the basin in
Ma, whereas the distance along the transect is plotted on the x-axis. Differential subsidence rates are visualised with
speciﬁc colour codes, with the spectrum cut in order to highlight medium-range values (see colour-bars at the bottom
of each graph). Therefore maximum and minimum values are given for each plot. Detailed maximum, minimum and
mean values for all trends are stated in Table 6.3.
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The ﬁfth trend (361-322Ma) commences with a short
hiatus (3Ma) and an alteration of thin carbonate and
siliciclastic formations. The wedge-shaped pattern
vanishes in the uppermost Devonian, switching to
fairly uniform subsidence rates (up to 28m/Ma).
The most important feature of this trend is the deposition of the condensed Alba Fm. (347-322Ma), representing 25Ma of uniform subsidence and low sedimentation rates along the transect.
In contrast to these uniform conditions, the sixth
trend (322-313Ma) is characterised by highly subsiding areas (up to 432m/Ma), with neighbouring
regions of strong uplift (up to -156m/Ma). During
time increment 317Ma, highest values of 241m/Ma
are displayed at km 43 along transect. Throughout
time increment 313Ma, the pattern shows a maximum subsidence restricted to the northernmost part
of the Bernesga transect (up to 432m/Ma at km 0),
whereas the southern part has been strongly uplifted (-156m/Ma). Thus, within the three time increments of this trend, the subsiding depocentres migrate from the southernmost to the northernmost
part of the Bernesga Transect (see Fig. 6.8). See
Chapter 8.1 for the calculation of propagation rates
along the transect.

30m/Ma) to very slight uplift (maximum uplift -6m/
Ma). The distribution of values is uniform, with decreasing values to the north and to the south. Three
10 to 24Ma long hiati subdivide the sedimentary
record (see Fig. 2.21, 6.8 and discussion about the
accuracy of the hiati in Chapter 4.2).
The third trend (435-415Ma) indicates the ﬁrst inhomogeneity in spatial distribution of subsidence
rates. Its ﬁrst time increment (Formigoso Fm.; 435428Ma) shows two local subsidence maxima (km
7 and km 54 with values up to 35m/Ma), whereas the subsequent increments (San Pedro Fm.; 428415Ma) are characterised by the development of an
uplifted area (Cantabrian block) of no deposition (up
to -8m/Ma) in the north. This structural high propagates in time to the south (Mb. B of the San Pedro
Fm.; 422-415Ma), restricting the areas of deposition to the south.
The pattern vanishes at the beginning of the fourth
trend (415-361Ma). The Esla Fm. (402-396Ma)
shows a marked subsidence peak at km 32 along
transect. However, the subsiding areas start to become restricted once again towards the south from
the deposition of the Santa Lucía Fm. onwards
(396-391Ma). Maximum subsidence rates (40m/
Ma) are reached during the deposition of the Santa
Lucía Fm. The uplifted areas (up to -13m/Ma) extend to km 47 at the time of the Fuyeo Fm. (373361Ma). This wedge-shaped pattern is well visible
in the spectral plot in Fig. 6.7B.
(Ma)

Thermo-tectonic

Flexural-induced

Compaction-induced

6.6.2 Flexural-induced subsidence
This subsidence component does not mirror all six
subsidence trends reﬂected in thermo-tectonic subsidence (Fig. 6.7C). The ﬁrst trend (560-505Ma) is
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Table 6.3. Trends of total subsidence rates and its speciﬁc components (thermo-tectonic, ﬂexural-induced and compaction-induced) for the time interval from 560Ma to 313Ma. Spectral plots are shown in Figure 6.7. See text for further explanations.
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well developed with values of up to 20m/Ma. The
carbonates of the Láncara Fm. (525-513Ma) display
no augmented ﬂexural-induced subsidence, which
increases again during the subsequent Oville and
Barrios formations (513-500Ma). The second (505435Ma) and third trends (435-415Ma) are reﬂected
by minimal ﬂexural values (mean values of 0 to 2m/
Ma). The fourth trend (415-361Ma) shows higher subsidence in the southern part of the transect,
caused by the bending of the lithosphere due to sediment loading in the basinal area. In the ﬁfth trend
(361-322Ma) no subsidence to slight uplift uniformly occur along transect. The sixth trend (322-313Ma)
commences with high values in the south and lower values in the north. The ﬂexural-induced subsidence has a comparatively minor impact on the total subsidence development with mean proportions
of 10-25% on the total subsidence. The ﬂexural-induced values depend to a great extent on the sediment thickness and the palaeobathymetry. However,
due to the low speciﬁc gravity of water in comparison to sediment, only higher water depth cause major ﬂexural response of the crust.
6.6.3 Compaction-induced subsidence
The end of the ﬁrst trend (560-505Ma) shows a slight
uniform compaction-induced subsidence (max.
10m/Ma; Fig. 6.7D). During the second trend (505435Ma) this subsidence component is negligible. In
comparison to the second, the third (435-415Ma)
and fourth trends (415-361Ma) are fairly well developed, displaying the wedge-shaped pattern of the
thermo-tectonic subsidence results. Higher compac-

tion-induced subsidence rates are also due to the
highly compactable black shales of the Formigoso
Fm. and the sediment deposited south of the Cantabrian High. Hardly any compaction-induced subsidence is visible during the ﬁfth trend (361-322Ma).
The sixth trend (322-313Ma) fully corresponds to
the thermo-tectonic results, showing highly subsiding regions (up to 73m/Ma) migrating northwards
in time. The proportion of the compaction-induced
subsidence is slightly lower but in the same order
as the ﬂexural-induced subsidence. Compaction-induced subsidence is very prominent during times
of high sedimentation rates, as for example during
the deposition of the San Emiliano or Olleros formations. In general, therefore, compaction-induced
subsidence mirrors the accommodation space, provided by thermotectonic and ﬂexural-induced.
6.6.4 Total subsidence
Total subsidence represents the sum of thermo-tectonic, ﬂexural-induced and compaction-induced
subsidence. The subsidence values over the whole
model period range from -107 to 532m/Ma. As the
thermo-tectonic subsidence is the dominating component of the total subsidence, and its percentages
range usually around 35% and 100% of total subsidence, both show fairly identical patterns (see Fig.
6.7A). During times of high sedimentation rates
(e.g. ﬁrst and sixth subsidence trends) compaction
of deposited sediment and its load cause considerable increase of the subsidence values, reaching 2540% of total subsidence rates.
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CHAPTER 7: 2D STRATIGRAPHIC
FORWARD MODELLING

7.1 Objectives
Stratigraphic forward modelling was applied to simulate basin development, and to quantify the physical factors determining deposition. This study focuses on the evaluation and quantiﬁcation of internal and external parameters governing deposition,
e.g. sediment transport, in-situ carbonate production, erosion and compaction. Within the stratigraphic forward simulations with PHIL/BASIMTM (PetroDynamics Inc., Houston), these parameters can be
numerically modelled and visualised independently in order to determine the primary factors and develop a quantitative geologic model for testing and
modifying existing qualitative models. The simulation results also account for subsidence and uplift,
ﬂexural loading and eustatic sea-level changes. This
method offers minimum/maximum models of sedimentary geometries and lithofacies distribution in
time and space, predicting lithostratigraphic information in areas between outcrops. Consequently, it
provides an opportunity to reconstruct and visualise seismic scale geometries in a tectonically highly
disturbed basin (after structural modelling has been
applied, see Chapter 3), where only slices of the basin ﬁlling crop out, as is the case in the Southern
Cantabrian Basin. Further results comprise predictions of data between measured outcrops, such as:
(i) Distribution of lithofacies and depositional environments
(ii) Distribution of lithophysical parameters (density, porosity)
(iii) Distribution of palaeo-water depth
(iv) Information about depositional systems
Sedimentary systems are composed of a large
number of processes, which control the ﬁlling and
development of a speciﬁc basin. The interaction of
these processes is highly complex and goes beyond
the scope of any computer simulation program.
Consequently the PHIL/BASIMTM modelling software simulates key processes in basin evolution and
its results.
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7.2 Modelling software
Over the last ﬁfteen years there have been several
computer-based quantitative approaches which simulate the stratigraphic record (Tetzlaf & Harbaugh
1989, Aigner et al. 1990, Lawrence et al.1990, Demicco et al. 1991, Jordan & Flemmings 1991, Kendal et al. 1991, Read et al. 1991, Boscher & Schlager
1993, Bosence et al. 1994, Eberli et al. 1994, Flemmings & Grotzinger 1996, Nordlund 1996, Hüssner et al. 1997, Wendebough & Harbaugh 1997,
Liu et al. 1998, Bowman & Vail 1999, Granjeon &
Joseph 1999, Warrlich et al. 2002 and others). Although PHIL/BASIMTM is only one modelling software package among many, it considers the most
complete bundle of processes in comparison with
the mostly two-dimensional stratigraphy computer models (see Bowman & Vail 1999). Due to
large data volumes and intensive computing processes, most simulations handle only a few specific aspects. Some models do not include both siliciclastic and carbonate sedimentation, and are therefore suitable only for a small number of sedimentary basins. There are many examples of close interaction during the evolution of sedimentary basins
such as high sedimentation rates inﬂuencing ﬂexural and compaction-induced compaction, with a
major impact on the accommodation space development and the resulting facies distribution. Consequently, an adequate sedimentation model must
correctly respond to all reasonable tectonic, water
level, and sediment-supply conditions (Bowman &
Vail 1999). It must respond to short and long-term
processes which both inﬂuence the sedimentation
processes in speciﬁc ways. Stratigraphic modelling
is the only means of building plausible quantitative models, based on tested and/or empirically derived algorithms. Because many secondary parameters cannot be measured in fossil depositional systems quantitative stratigraphic models usually rely
on stochastic simulations.
7.3 Input data
For this study, 36 sections were measured in the
ﬁeld, in terms of lithofacies, lateral thickness variations, large-scale geometries, biostratigraphic data
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and characteristic surfaces (see Chapter 6.2.1 and
Figs. 6.2 and 6.3). Field data was digitised and interpolated into the synthetic Bernesga Transect according to tectonic restrictions (see Chapter 3.5)
in order to obtain sufﬁcient information for reconstructing the basin development in seismic scale.
7.3.1 Time
All variables are set at the start of the model and
can be varied for each time-step. Time steps may
vary between 1a and 2Ma. A constant time-step of
500ka was chosen for this study. This is a reasonable simpliﬁcation at basin scale and the long simulation time of 238Ma. For the simulation time from
560Ma to 322Ma the model comprises 476 layers.
Carbonate deposition uses an independent time increment of 21ka in order to adequately reﬂect the
sensitivity of carbonate production systems to, for
example, relative sea-level changes.
7.3.2 Space
The 54km long synthetic Bernesga Transect (Fig.
3.3 and 3.4) is divided into user-deﬁned evenly
spaced cells. Each cell is inﬂuenced by processes,
which are active throughout the entire basin (for example thermo-tectonic subsidence) or only derived
from surrounding cells, such as limited sediment
supply transported by traction from a neighbouring cell. The spatial resolution of the transect has
a signiﬁcant inﬂuence on the ﬁnal basin-inﬁll model. The cell spacing width of 250 meters was chosen
for the present study as a reasonable compromise
between resolution and computing time.
7.3.3 Tectonic subsidence and sea-level
Tectonic subsidence rates vary spatially and temporally. Numerical data has been calculated within 2D reverse basin modelling (see Chapter 6.6). As
the total and tectonic subsidence rates vary along
the transect, differential changes in accommodation space along the shelf/basin transition exist. The
sea-level within PHIL/BASIMTM can be deﬁned in
terms of sinusoidal or saw-tooth cycles with an adjustable period, amplitude and phase, or a digitised
water level history. A composed eustatic sea-level
curve was used, identical to the curve utilised in the
2D reverse basin modelling (see Fig. 6.4 and Chapter 6.2.3). No additional superimposed cycles were
added to the composed sea-level curve.

7.3.4 Flexural response of the crust
The importance of ﬂexural response to sediment
loading was discussed by numerous authors (see
discussion in Chapter 5.2.6). The effective elastic
thickness (Te) of the lithosphere in the present region of study changes through time, because the
lithospheric plate experienced a broad variety of
settings (see Chapter 2.3). Te for stretched crust and
creation of oceanic crust has been estimated to be
5-15km according to the mid-values for rifting areas (Watts 2001). This time span lasted from the
Precambrian up to the Early Cambrian. A linear increase of Te from 10 to 60km was applied for the
time from Late Ordovician to Early Carboniferous
(see Chapter 5.2.6 for discussion).
7.4 Methods and speciﬁcations
7.4.1 Siliciclastic deposition
Within PHIL/BASIMTM siliciclastic material is deﬁned as erosional product, user-deﬁned constant,
cyclic input or digital sediment inﬂux history. It is
transported and redistributed by traction and suspension processes, slumping and gravity-ﬂow processes. The user can deﬁne the percentage of material
transported by traction, the percentage of sand fraction and age/supply rates. The siliciclastic sediment
supply is given in m2/ka as it represents the ﬁlling of
a two-dimensional area in a two-dimensional model (see below).
Traction
Traction is one of the processes, which transports
sediment into the basin and shapes the siliciclastic depositional proﬁle. In contrast to suspension,
it moves sediment along the sediment surface. Table 7.1 shows the user-deﬁned variables which inﬂuence the traction algorithm. The values utilised
for the present study are compared with published
data.
The depth of the ofﬂap break depends on the
strength of the prevailing winds as it mostly corresponds to the fair-weather wave base (5-20m).
The rollover width describes the transition between
the shoreface and depositional front. The coastalplain width and gradient control the geometry of the
coastal plain. The depositional proﬁle can be split
into unique segments and is deﬁned and subdivided into ﬂuvial plain, coastal plain and shoreface
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Range

Range

Bowman & Vail 1999

Southern Cantabrian Basin

0 - 200

30 - 35

1-5

3

Depth of offlap break (m)

10 - 20

10

Traction fraction (%)

0 - 100

10 - 90

Sand fraction (%)

0 - 100

0 - 70

Width of the mixing layer (m)

1 - 200

50 - 80

Dispersion distance (km)

5 - 100

15 - 60

Traction variables
Width of coastal plain (km)
Siliciclastic rollover width (km)

Suspension variables

Table 7.1. List of adjustable variables for siliciclastic depositional environments. The values used for the Southern
Cantabrian Mountains are compared with published data by Bowman & Vail (1999).

(Fig. 7.1). The traction process within the simulation is a consequence of several consecutive steps.
If space is available below base-level at a specific location, the volume of sediment required to ﬁll
this space is removed from the sediment supply. After the space has been ﬁlled to base-level, the depositional interface progrades one cell spacing basinward. This process (ﬁlling of available space below
base-level, progradation etc.) repeats until the volume of sediment transported by traction is exhausted for a speciﬁc time increment. Siliciclastic input

0 km

0m

Bayline

Fluvial
Plain

suppresses carbonate productivity when a user-designated threshold is reached.
Suspension
Suspended sediment is injected into the marine environment and settles as a function of the mixing
volume within a hypopycnal inﬂow (Bowman &
Vail 1999). This process is inﬂuenced by two userdeﬁned variables: (i) Width of mixing layer and (ii)
dispersion distance (Table 7.1).
The width of the ﬂuvial-marine mixing contact,
where the sediment-loaded ﬂuvial stream is inject-

Shoreline

Coastal
Plain

Barrier
Island

Upper
Shoreface

Offlap
Break

20 km
Sea
Level

Lower
Shoreface

100 m

V.E. = 40x
Fig. 7.1. Siliciclastic depositional proﬁle within the 2D stratigraphic forward modelling with PHIL/BASIMTM and its
subdivision into speciﬁc segments. See Chapter 7.4.1 for details.
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ed into the marine water column, can reach 200m.
The dispersion distance describes the greatest distance of transported sediment by suspension, which
can range between 5 and 100km (Bowman & Vail
1999).
PHIL/BASIMTM uses an empirically derived function (11) for suspension deposition:

T(x) =

VwVs
50000 C d

(11)

T - thickness of sediment deposited in a cell; Vw volume of water the sediment has passed through to
reach that cell; Vs - volume of sediment that reaches
this cell; Cd - dispersion distance constant (the distance in km the injected stream extends into the marine setting).
Vw is deﬁned by
Vw=Vp+Vx

(12)

Vp - total volume of water encountered in previous
cells; Vx - volume of water in the mixing cell.
Vx is calculated by
Vx =MC

depositional proﬁle into four water-dependent functions:
(i) Coarse-grained traction-load material production
within a
• Laterally unrestricted factory
• Laterally restricted shelf-margin factory
(ii) Fine-grained suspension-load production within a
• Unrestricted ﬁne-grained factory
• Pelagic factory
Table 7.2 summarises the maximum and minimum production rates for the four carbonate factories within the present study. All carbonate factories produce material as a function of water depth
and turbidity. The adjustable productivity function
(see Fig. 7.2) is a normal distribution curve with a
speciﬁed width and maximum production at a speciﬁed bathymetry (Bowman & Vail 1999). The dominant inﬂuence of light on reef growth (Boscher &
Schlager 1992) is incorporated in this carbonate
production curve. The production values for a cell
during a speciﬁc time increment (Pdepth) is deﬁned by

(13)

M - depth of the mixing column (in meters); C - cell
spacing (in meters).
The amount of sedimented material out of suspension is proportional to the sediment supply and the
volume of water with which it has mixed. Above the
fair-weather wave base no suspended sediment can
be deposited.
7.4.2 Carbonate deposition
The thickness of a sediment column at a speciﬁc cell
within the simulation is represented by simultaneously acting carbonate production and subsequent
redistribution (Bosscher & Schlager 1993). Within
the stratigraphic simulation the following carbonate
depositional systems can be simulated: (i) sabkha/
supratidal coastal plain, (ii) tidal ﬂat, (iii) lagoon,
(iv) back reef, (v) fore reef, (vi) slope and (vii) basin. For all depositional environments maximum inclination can be adjusted in time.
In nature the carbonate factory is divided into speciﬁc, water-depth dependent segments. PHIL/
BASIMTM appropriates this fact by dividing the

Coarse-grained unrestricted
Maximum growth rate (m/Ma)

90 - 710

Depth of maximum growth (m)

2-8

Width of the depth function (m)

10 - 12

Coarse-grained restricted (shelf-margin)
Maximum growth rate (m/Ma)

20 - 780

Depth of maximum growth (m)

3-8

Width of the depth function (m)

5-7

Width of the distance function (km)

1

Fine-grained unresticted
Maximum growth rate (m/Ma)

10 - 290

Depth of maximum growth (m)

8 - 10

Suspension distance (km)

15

Maximum suspension depth (m)

15

Pelagic
Maximum growth rate (m/Ma)
Siliciclastic damping limit (m/Ma)

25 - 43
100

Table 7.2. Table of maximum and minimum carbonate
production rates for the four water-depth dependent production functions used in the present study. Only Devonian values for the Abelgas, Santa Lucía and Portilla formations are considered.

CHAPTER 7: 2D STRATIGRAPHIC FORWARD MODELLING

105

the following equation:

-(B - D

P depth = M t R exp

mp )

2

(14)

W2

M - maximum production rate (m/Ma); T - time
(Ma); R - siliciclastic reduction factor (see below);
B - bathymetry (m); Dmp - maximum production
bathymetry (m); W - width of the production function (m).
The reduction of carbonate productivity through siliciclastic sedimentation (siliciclastic reduction factor R from equation above) is expressed by the following equation:

R=1-

S
C

(15)

C - rate limit of siliciclastic sedimentation (m/Ma)
above which no carbonate production is possible;
S - siliciclastic sedimentation rate and suspended
sediment ﬂux for the speciﬁc cell (m/Ma).
In Table 7.3 user deﬁned carbonate variables utilised in this study are compared with published data
by Bowman & Vail (1999). The simulation distinguishes between regions of high/low productivity
and high/low preservation potential and distributes
sediment according to these given parameters. Consequently sediment input is different at each position along the transect, as in-situ carbonate production and redistribution of sediment vary.

Fig. 7.2. Carbonate productivity function for stratigraphic forward modelling. The user can adjust the curve by
deﬁning the width of the production function, depth of
maximum production and maximum production rate.
Consequently the shape of the curve can change during
the simulation. The upper limit is deﬁned by the top of
the tidal range (Bowman & Vail 1999).

7.4.3 Pelagic deposition
Organically derived pelagic sediment is produced
as a function of bathymetry:

P =MT

1-

1
exp 0.1 B

(16)

P - production of a speciﬁc cell during a time increment (m/Ma); M - maximum pelagic production
rate (m/Ma); T - time (Ma); B - bathymetry (m).

Range

Range

Bowman & Vail 1999

Southern Cantabrian Basin

Tidal range (m)

0 - 15

3

Carbonate rollover width (km)

0.5 - 3

0.8

?

10

3200 - 3400

3340

Density of water (kg/m 3)

1030

1030

Eff-elastic thickness (km)

1 - 65

15 - 60

Depth of fairweather wavebase (m)
Density of the mantle (kg/m 3)

Table 7.3. List of adjustable variables for carbonate depositional environments and physical variables. The values
used for the Southern Cantabrian Mountains are compared with published data by Bowman & Vail (1999).
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Pelagic sedimentation occurs at depths below the ofﬂap break. Position of the CCD and ACD are not relevant, as the depositional environment of the Southern Cantabrian Basin never reached that depth.
7.4.4 Depositional gradients
PHIL/BASIMTM offers the possibility of adjusting the gradients of many different depositional
environments such as ﬂuvial, coastal plain, shoreface and depositional front gradients. All gradients
measure elevation loss per distance travelled, and
are unit independent ratios (meter:meter). The gradient difference between the continental and marine
environments is two or three orders of magnitude
(Bowman & Vail 1999). Jervey (1988) assumes that
this difference alone is capable of producing the
costal onlap associated with base-level changes. Table 7.4 compares the ranges of gradients used in the
present study with data published by Bowman &
Vail (1999).

(i) Non-marine setting:
• Siliciclastic sediment: coastal plain,
stream proﬁle
• Carbonate sediments: upper tidal range
(ii) Marine setting:
• Above the fair-weather wave base for
traction-load and suspended-load deposition
• Basinward at the ofﬂap break
• Basinward of the ofﬂap break by
gravity-ﬂow processes
If sediment ﬁlls the space below base-level, the
depositional proﬁle migrates basinward by one cell
spacing. The sedimentation is strongly inﬂuenced
by the movements of base-level surface through
time. This surface is controlled by the relative sealevel and the rates of sediment supply and total subsidence. Deposition occurs only if the depositional interface is below base-level and accommodation
space is available, otherwise erosion can occur.

7.4.5 Base-level
Base-level is a theoretical surface that determines
whether a surface is undergoing deposition or erosion (Wheeler 1964). The position of base-level is
closely linked to the intersection of water level and
the depositional interface (Bowman & Vail 1999).
The base-level is deﬁned by the depositional environment:

7.4.6 Substratum, compaction and physical properties
The substratum compacts as sediment is deposited
from above. Thick compactable substrata result in
considerable compaction subsidence (see Chapter
6.3.3 and 6.6.3). Sediment compaction is calculated as a function of burial depths (see Chapter 6.2.5).
Eleven siliciclastic and eight carbonate lithologies,

Range
Bowman & Vail 1999

Range
Southern Cantabrian Basin

Fluvial plain gradient

0.001 - 0.00001

0.001 - 0.0009

Coastal plain gradient

0.0 - 0.00001

0.00001 - 0.00008

0.01 - 0.001

0.008 - 0.0009

0.1 - 0.01

0.08 - 0.008

Tidal flat gradient

0.0001 - 0.0006

0.0001

Backreef gradient

0.1 - 0.001

0.007

0.01 - 1.1

0.077

Shoreface gradient
Depositional front gradient

Foreslope gradient

Table 7.4. List of depositional gradients for the siliciclastic and carbonate environments. The values used for the
Southern Cantabrian Mountains are compared with published data by Bowman & Vail (1999).
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each with speciﬁc density, initial porosity and compaction rate constant are applied (see Table 6.2).
The generation of overpressure can occur by rapidly accumulating muddy sediments followed by tight
lithologies, which do not allow a release of hydrostatic pressure. The consequent retardation of compaction is considered within this simulation. The
distribution of porosity in the cross section is determined by the lithofacies and maximum burial depth
of the interval. The distribution of physical properties, such as permeability and density is derived
from porosity and lithology (Bowman & Vail 1999).
They can form the basis for synthetic seismic sections.
7.4.7 Erosion
There are two types of erosion considered within
the modelling: subaerial and submarine erosion.
They are subdivided into four mechanisms:
(i) Shoreface erosion produced by wave-energy
(ii) Non-marine channel-incision
(iii) Surface bevelling
(iv) Bottom-current transport
Subaerial erosion removes material from exposed
regions, changing the shape of the eroded area and
adding the eroded sediment to the clastic sediment
supply, which is redeposited in adjacent areas. The
base of the erosive proﬁle is deﬁned by the storm-
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weather wave base. Bowman & Vail (1999) introduced the following equation for surface bevelling
as a function of the average surface gradient on either side of a particular cell.

S = E T R r+R l
2C

(17)

S - amount of sediment eroded (m); E - erosion rate
(m/Ma); T - time increment (Ma); Rr and Rl - differences in relief between the cell of interest and the
cells on the right and left (m); C - cell spacing (m).
Fig. 7.3 displays the user deﬁned variables controlling erosion processes. Submarine erosion redistributes sediment material, smoothing submerged areas. Erosion by waves, slumps and slides can affect
large regions and remove huge quantities of sediment. Erosion by marine currents is simulated by
the “marine current smoothing width.” The slope is
tested for stability in each time increment, taking a
user-deﬁned angle of slope stability into consideration.
7.5 Simulation workﬂow
Sedimentation along basin margins includes mixed
carbonate-siliciclastic depositional systems with determining depositional algorithms. The model generates each stratal or time-line by means of a series

Fig. 7.3. Sketch showing the variables that control erosion processes during stratigraphic modelling with PHIL/BASIMTM.
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of steps (Bowman & Vail 1999):
• Adjustment of the proﬁle for tectonic and sea-level speciﬁcations, location of the intersection between the sea-level and the proﬁle.
• Calculation of the ﬂexural response of the crust to
a change in water column and sediment load deposited in the previous time-step.
• Adjustment of the depths of the horizons for compaction as a function of depth and sediment type.
• Modiﬁcation of the proﬁle by erosion where it lies
above the base-level of erosion.
• Addition of the eroded siliciclastic sediment to
the siliciclastic sediment supply and of eroded
carbonate sediment to the excess carbonate sediment supply for redistribution. A compilation of
erosion rates has been published by Enos (1991).
• Basinward progradation of a depositional proﬁle until the traction load portion of the siliciclastic sediment supply is exhausted. The siliciclastic deposition algorithm models traction processes with the prograding clinoform, and deposition
of suspension load by injection and mixing within
the marine water column.
• Production of carbonate sediment as a function of
the bathymetry, position on the margin, and distribution of siliciclastic sediment. The excess production is removed and redistributed ﬁrst in the
lagoon and then in the basin below a prograding clinoform. Suspended carbonate sediment is
transported offshore in the water column and deposited by settling.
• Deposition of pelagic sediment as a function of
water depth in marine settings.
• Removal of the deposited sediment with slopes
greater than a deﬁned limit of stability above a
fault scarp. Basinward sediment transport by
slumping and turbidites, basin-ﬂoor fan deposition, submarine canyon and channel-overbank fan
formation.
At the end of each time-step a time-line is recorded
in the transect. This procedure is repeated for every
time-step and cell of the model.
7.6 Constraints
• No out-of-plane sediment transport. All processes
working in the third dimension such as sediment

•
•

•

•

•

transport out of or into the cross-section plane or
channel incision can only be predicted to a limited extent
Limited bio/chronostratigraphic resolution in the
early Palaeozoic
No climatic and/or hydrodynamic simulation, except for abrasion and reworking above wave base
(traction, suspension).
Palaeoenvironmental parameters are indirectly considered by evaporation rates, tidal depth,
shoreline erosion etc.
Non-uniqueness of results. Different combinations of input parameters can lead to the same
modelling results. Numerical models are geological assessed. Minimum/maximum models limit
the range of possible parameter conﬁgurations.
Unsolved biotic interactions. No simulation is capable of modelling the complex interactions within the carbonate factory and siliciclastic environments with sufﬁcient accuracy. The unique interplay between organisms, water conditions such as
bathymetry, salinity or nutrient content and climate in time depends on a large number of variables. Each simulation must make a compromise
between a sufﬁcient quantity of variable parameters, determinable variables and an acceptable simulation runtime. For example, the type of terrigenous sediment suppressing carbonate productivity
is not taken into account, although organisms usually tolerate accumulation of coarse sediment better than of mud. Additionally different genera tolerate terrigenous input in different ways. Considering the high percentage of mud and continuing
carbonate production in many rocks, the tolerance
of carbonate organisms to mud is probably higher than generally noted (Enos 1991). In nature the
type of substrate also inﬂuences the ability of organisms to colonise an area. A sandy, unstable and
shifting ground will only be suitable for a few pioneer faunas, etc.

7.7 Numerical and graphical output
The evolution of the basin architecture can be visualised by means of a time-series animation, whereas the numerical results can be plotted as cross sections, stratigraphic columns or chronostratigraphic
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plots:
(i) The lithostratigraphic evolution of the Southern
Cantabrian Basin for the whole simulation duration is best visible in the QuickTimeTM time-series
animation (see ﬁle “Movie_2.mov”).
(ii) A series of lithostratigraphic plots illustrate the
predicted distribution of facies along the transect,
as well as the development of sediment geometries
before the onset of the Variscan deformation (Fig.
7.4). In the same way physical properties such as
porosity, density or permeability are plotted in
time along the transect.
(iii) A palaeobathymetry ﬁgure plots the bathymetry
at the time of deposition (Fig. 7.5A).
(iv) A chronostratigraphic diagram plots the thickness of each horizontal interval according to its
position along the cross section. The thickness of
the interval is represented by the height of the interval for each cell. Depositional depths (palaeobathymetry) are plotted in relation to time (Fig.
7.5B).
(v) Stratigraphic columns can be drawn for each cell
and compared with cross-sections in order to calibrate the forward simulation to real-world basin
ﬁll data (Fig. 7.6 and 7.7). The interval may be
ﬁlled with lithofacies, systems tract, or palaeobathymetric information of the interval. Stratal
patterns corresponding to lithofacies boundaries
are expressed in the weathering proﬁle. Missing time intervals are represented by arrows, the
widths of these are proportional to the amount of
time missing.
(vi) The relative sea-level ﬁgure plots the given sealevel and tectonic histories, with the resulting total subsidence, and relative change of sea-level history (sum of total subsidence and sea-level changes), through time (Fig. 7.8). The relative
sea-level curve varies for different locations along
the transect, due to different rates of tectonic subsidence.
7.8 Results
Basin ﬁll development is mainly controlled by two
major parameters: accommodation and sediment
supply/production (see Chapter 5.2). For case of
comparison, relative changes in 2D inﬂux/production may be focus on (instead of absolute rates).
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7.8.1 Siliciclastic inﬂux
Changes in sediment input and sea-level ﬂuctuations are plotted in Fig. 7.9. From the uppermost
Neoproterozoic to the Early Ordovician the area
was dominated by a high ﬂux of siliciclastic sediments interrupted by several long-term hiati and the
deposition of a thin carbonate succession (Láncara
Fm., 525-513Ma). The sedimentation rates ﬂuctuated around 3200m2/ka during Herrería time. The
siliciclastic ﬂux increased slightly from the deposition of the Oville Fm. (4000m2/ka) to the La Matosa
Mb. of the Barrios Fm. (4600m2/ka) and diminished
again to 2600m2/ka (Tannes Mb.). In the southern
part of the transect, the Getino Fm. represents a thin,
mixed siliciclastic/carbonate succession with very
low sediment ﬂux (400m2/ka) and condensed character. During Silurian times only siliciclastic material was deposited. The deeper water dark shales and
siltstones of the Formigoso Fm. indicate quiet depositional environments with very low sedimentation
rates (600m2/ka). This pattern changes considerably with the onset of shallow water coarse-grained
San Pedro sandstones and iron oolithes. During this
time, ﬂux rates increased to 1800m2/ka, diminishing
towards the top of the formation by 60% (600m2/
ka). The Devonian is characterised by an alternating deposition of siliciclastics and carbonates, with
highly variable clastic sediment supply (770m2/ka
up to 4000m2/ka; see Fig. 7.9). Periods of clean carbonate deposition (Abelgas, Santa Lucía, Portilla formations) were disrupted by shaly deposits of
the Esla Fm. (700 to 1000m2/ka) and the high sedimentation rates of the shaly to sandy Huergas Fm.
(3800 to 4000m2/ka). The alternating periods of siliciclastic and carbonate deposition reﬂect the complex interplay between total subsidence, sediment
input and eustatic sea-level ﬂuctuations. After the
last period of large reefal development in the Southern Cantabrian Basin (Portilla Fm.) siliciclastic sedimentation dominated until the Early Carboniferous. Siliciclastic ﬂux increased slightly during the
deposition of the Nocedo Fm. (1800 to 2200m2/ka),
decreasing again throughout the Fueyo (770m2/ka),
Ermita (210m2/ka) and Vegamián times (20m2/ka).
7.8.2 Carbonate accumulation rates
Compacted accumulation rates were used for the
quantitative comparison of the Cantabrian carbon-
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133.66

128.58

139.37
134.46
127.83
132.78
128.29

132.37

133.42
127.99

131.89
127.21

124.74
0.00

125.81

34.75

30.34

11.79
20.69
22.52
13.79
18.26

45.01

25.79
32.85

49.38
71.29

37.21
0.00

46.55

26.00

23.60

8.46
15.38
17.62

10.38
14.23

34.00

19.33
25.67

37.44
56.04

29.83
0.00

37.00

Olleros deAlba
Huergas
Geras/LPG
PO/BB/SL

134.19

0.00

124.81

10.12

0.00

36.40

7.54

0.00

29.16

LV

132.28
136.65

0.00
0.00

0.00
0.00

Santa Lucía Formation

Abelgas Formation

Abelgas Formation

Difference in %
Portilla Formation

12.72
11.14

0.00
0.00
Santa Lucía Formation

0.00
0.00
Portilla Formation

Accumulation rates (decompacted) in m/Ma

8.15
Abelgas Formation

9.62

0.00
Santa Lucía Formation

0.00

0.00
Portilla Formation

0.00

F/VP
Genicera
Mi/Cha

7.8.3 Carbonate production rates
Values for carbonate production as well as carbonate accommodation are given in m/Ma. The ﬁrst
carbonate deposits in the Southern Cantabrian Basin are those of the Láncara Fm. The lower member,
composed of shallow marine limestones and dolomites (see Chapter 2.4.4), displays carbonate production rates of 15 to 32m/Ma. A major transgression ﬂooded this shallow marine environment, resulting in the deposition of biomicrites and red nodular limestones (upper member). The carbonate production rates mirror this marked change towards a
deep-water condensed environment, diminishing

Table 7.5. Comparison of compacted and decompacted accumulation rates for the three Devonian carbonate factories. The
difference is calculated in % and
shows 25% to 39% higher rates
for decompacted values.

Accumulation rates (compacted) in m/Ma

ate factories with data taken from literature. These
rates are the most common and easiest way of making quantitative estimates. Decompacted values of
the formations investigated and the comparison to
the compacted values are calculated for information
purposes in Table 7.5. Fig. 7.10 shows a compilation of compacted accumulation rates of carbonate
systems for the Devonian, Carboniferous and Cenozoic. Only rates with a time span of observation between 2 and 20Ma were plotted, corresponding to
the time spans of the Cantabrian carbonate formations. Schlager (2000) stressed that the sedimentation rates of all carbonate systems decrease with an
increasing time span of observation. This is due to
periods of non, or reduced deposition within a given
interval (see discussion in Chapter 5.2.5). Decompacted rates for the three Devonian carbonate formations reach values 20 to 39% higher than compacted values (see Table 7.5). Compacted accumulation rates of the Santa Lucía Fm. (26 to 56m/
Ma) achieve values slightly lower than values printed for comparison (Fig. 7.10). The values increase
from the northernmost occurrence of this formation
(km 15 along transect) to the south, reaching a peak
at km 42 (56m/Ma). Further to the south the values diminish by nearly 54% reaching 26m/Ma in
the southernmost part of the transect. Portilla (19
to 30m/Ma) and Abelgas (8 to 18m/Ma) formations
show considerably lower rates. Maximum accumulation rates within the Portilla Fm. are reached at km
42 along the transect, at the same position as in the
case of the Santa Lucía Fm. The peak value of the
Abelgas Fm. is located slightly further to the south
at km 45.

Cross-section
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111

Abelgas Formation

Santa Lucía Formation

Portilla Formation

Coarse-grained unrestricted

90 - 230

100 - 710

130

Coarse-grained restricted

20 - 50

100 - 780

150

Fine-grained unresticted

10

290

50

25 - 30

36 - 43

31

Pelagic

Table 7.6. Compilation of maximum and minimum carbonate production rates for the three Devonian carbonate formation. See Chapter 7.8.3 for details.

signiﬁcantly by an order of magnitude (0.5 to 4.5m/
Ma). After the deposition of the Láncara Fm. it took
nearly 100Ma before environmental conditions
suitable for the development of a carbonate factory
were re-established.
The Devonian is one of the most signiﬁcant maxima of reefal carbonate production in the Phanerozoic (Kiessling et al. 2000). In the Southern Cantabrian Basin three important carbonate producing
intervals occur within the Devonian. These are the
Abelgas Fm. (415-402Ma), Santa Lucía Fm. (396391Ma) and Portilla Fm. (385-382Ma). These three
Cantabrian carbonate factories show very different
production rates (Table 7.6). The oldest, Abelgas
Fm. (415-402Ma), has the lowest carbonate production rates (10 to 90m/Ma) increasing towards
the top of the succession by more than 100% (50 to
230m/Ma). Following the shaly deposits of the Esla
Fm. (402-396Ma), the signiﬁcant reefs of the Santa Lucía Fm. developed. They represent the highest production rates in the entire simulation interval.
However, the development of carbonate production
rates shows peak values only in the middle part of
the succession (290 to 780m/Ma). The lower and
the upper parts of the succession display signiﬁcantly lower levels of carbonate production, ranging between 100 and 290m/Ma. The carbonate sedimentation is once again followed by high siliciclastic sediment inﬂux (4000m2/ka, Fig. 7.9) from the Huergas Fm. (391-385Ma). The carbonate factory managed to re-appear again in the form of the Portilla
Fm., but was not capable of reaching the productivity boasted by the Santa Lucía factory. The renewed
carbonate conditions display signiﬁcantly lower
carbonate production rates of 50 to 150m/Ma (Table 7.6). Thick siliciclastic depositions of the Nocedo (382-373Ma), Fueyo (373-361Ma) and Ermita
formations (358-355Ma) interrupted the carbonate

production for a considerably long period of time.
Due to the fact that the thin (up to 10.5m in the La
Pola de Gordón section) Baleas Fm. was deposited
at the same time as the Vegamián and Ermita formations, estimations on carbonate production rates
were not possible within the simulation. In addition,
numerous hardgrounds within the coarse-grained,
bioclastic carbonates point to several minor hiati
within the formation, making more detailed estimations on carbonate productivity difﬁcult. The facies
of the Alba Fm. is comparable to the upper member
of the Láncara Fm., being composed of red nodular limestones, radiolarites and shales. The carbonate production of the pelagic factory shows comparable rates of 5m/Ma.
7.8.4 Predicted lithofacies distribution
Stratigraphic forward modelling offers unique possibilities for predicting the lithofacies distribution between information points, such as measured cross-sections in the present study. Within the
Southern Cantabrian Basin this represents the only
means of gaining stratigraphic data, where structural complications inhibit further investigations. The
evolution of lithostratigraphic distribution in time is
documented as a time-series animation in the ﬁle
“Movie_2.mov”. The animation comprises the evolution of the basin for the time span between the top
of the basement (560Ma) and the top of the Alba
Fm. (322Ma) before the onset of Variscan deformation in the Cantabrian Zone (see Chapter 2.2.1). As
mentioned in Chapter 7.3.1 the time step is 500ka
with a total of 476 time lines. 3D isometric plots
of the depositional area within the animation have
been chosen in order to highlight the progradational and retrogradational patterns of facies belts. Fig.
7.4 plots the lithofacies distribution for ﬁve selected
time lines (513, 511, 391, 373 and 322Ma).
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Fig. 7.4. Plots of selected time lines showing the predicted lithologic distribution along the Bernesga Transect before the onset of Variscan deformation. The top of
an increment is marked by a dashed line in the plot that
follows. 513Ma: Top Láncara Formation; 511Ma: Oville
Formation; 391Ma: Top Santa Lucía Formation; 373Ma:
Top Nocedo Formation; 322Ma: Top Alba Formation.

Thick siliciclastic deposits of the Herrería Fm.
(Chapter 2.4.4) display a uniform distribution of
sandy to silty material across the transect. South of
km 47, coarse-grained sandstones show retrogradational and progradational patterns (Fig. 7.4). Palaeobathymetric information is plotted in Fig. 7.5
and displays continental to intertidal depositional
depths increasing slightly basinwards.
The Láncara Fm. is composed of algal laminates,
supratidal and intertidal ﬁne-grained carbonates in
its lower part (Fig. 7.4). A rising eustatic sea-level
(see Fig. 7.8) causes a progradation of facies belts
(km 32 to 37) and a low-order transgressive surface,
above which pelagic nodular limestones were deposited in depths of 70 to 150m.
The onset of high siliciclastic ﬂux rates in the Oville
Fm. (4000m2/ka, Fig. 7.9) results in a rapid progradation of a deltaic system. During progradation
of the foresets, compaction of underlying strata is
clearly visible in the animation (Movie_2.mov).
The deposition of ﬁner, deeper water siliciclastics
in the lower part and coarser material under shallow water conditions in the upper part of the formation causes the development of a coarsening upward
and shallowing upward pattern within this time period. The subsidence along the transect is uniform
throughout the deposition of the Herrería to Oville
Fm., being slightly inﬂuenced by compaction-induced subsidence.
The subsequent Barrios Fm. is a uniformly composed, litoral, ﬁne-grained sandstone succession
with some medium to coarse-grained intercalations.
The animation and the chronostratigraphic plot (Fig.
7.5B) show two major hiati (15 and 10Ma), marked
by a slight uplift and subsequent erosion of parts of
the deposits.
The deposition of the Capas de Getino Fm. is characterised by a combination of siliciclastic and carbonate deposition. These somewhat condensed sediments are partly eroded and redistributed during
the subsequent signiﬁcant stratigraphic gap (24Ma,
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See Chapter 4.2 for discussion).
Increased subsidence and a rising eustatic sea-level produce sufﬁcient space for the deposition of the
Formigoso Fm. (Fig. 7.5). This formation is dominated by uniform dark shales with intercalated siltstones, showing coarser material to the top (Fig. 7.4
and Chapter 2.4.4).
A strong increase in sediment input (600 to 1800m2/
ka, Fig. 7.9) initiates the sedimentation of the San
Pedro Fm. The continental to intertidal mediumgrained sandstones of the basal member are uniformly deposited across the transect. Slight uplift
and subsequent erosion of the northern part of the
transect restricts the deposition of the upper part of
the formation (Members B and C) to the southern
areas.
The basin remains in shallow water conditions, but
the siliciclastic input has ceased (Fig. 7.9). This enables supratidal sabkha deposits from the Abelgas
Fm. (Chapter 2.4.4) to spread across the basin. In a
deepening upward succession these deposits are followed by deeper water limestones, which are covered by the shales of the Esla Fm. The shelf experiences a differential subsidence during this time as
can be clearly seen in the animation, This results in
two thickness maxima at km 33 and 54 (Fig. 7.4).
The renewed onset of carbonate production (see
above) results in the deposition of coarse-grained
bioclastic carbonates and a subsequent progradation
of prominent boundstone ediﬁces. These thick bodies cause major compaction of the underlying material, producing a jagged pattern within the plots. A
supratidal lagoon develops landward from the reefs,
marked by light greenish colours (algal laminate).
However, the lack of accommodation space in the
northern areas impedes any deposition north of kilometer 15 during the Santa Lucía time.
Strong subsidence in the southern areas and high
siliciclastic sedimentation rates (up to 4000m2/ka)
allows the accumulation of thick intercalated shales
and sandstones in the Huergas Fm.
The subsequent carbonate Portilla Fm. is restricted
to the area south of km 33. The reefal development
here is less prominent than the development of the
reefs of the Santa Lucía Fm., but they grow at about
the same position along the Bernesga Transect (approx. km 42, Table 7.6, Chapter 7.8.2 and 8).
The Nocedo Fm. has the same spatial restrictions as
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A: Depositional depths (palaeobathymetry) of sediments along the Bernesga Transect. The youngest sediments represent the top of the Alba Formation (322Ma). Note the predominance of shallow marine settings throughout the basin development.
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the Portilla Fm. however, it shows a very remarkable thickness distribution. Relatively thin (60-80m),
coarse-grained sandstones are deposited between
kilometer 35 and 46 (Fig. 7.4). At km 45 strong subsidence creates a trough, which is ﬁlled by a thick
succession (up to 430m) of uniform sandstones.
This succession thins towards the distal parts of the
basin by 43%.
The shales and siltstones of the Fueyo Fm. are restricted only to the area of the thick trough of the
previous formation (south of km 46). During the
deposition of the Nocedo and Fueyo formations, the
northernmost part of the Bernesga Transect experiences a slight uplift, whereas the middle part remains stable. During the following hiatus the whole
transect is considerable uplifted and affected by erosion. This uplift is stronger in the northern areas (see
“Movie_2.mov”).
The shallow-water Ermita and Baleas formations
are deposited over the ﬂattened area. However, due
to the minor thickness of these two formations (3
to 10m), they are not visible with the resolution
used for the present study, and do not allow detailed
facies estimates.
The depositional environment subsequently experiences signiﬁcant deepening accompanied by the
deposition of black shales of the Vegamián Fm. and
red nodular limestones of the Alba formation (Chapter 2.4.4). The subsidence is fairly uniform with
slightly higher values to both the north and south.
This causes a shallower area in the middle of the
Bernesga Transect with slightly thinner deposits.
The palaeobathymetry of the Alba Fm. ranges from
a water depth of 100 to 300m (Fig. 7.5 A). Predict-
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ed porosity and density distribution along the Bernesga Transect is plotted in Figs. 7.11 and 7.12. As
expected, both physical parameters are strongly dependent on the burial depth and type of lithofacies
distribution (see Chapter 7.4.6). In other areas, such
plots are highly important for exploration on hydrocarbons.
7.8.5 Eustatic sea-level ﬂuctuations and depositional gaps
2D stratigraphic modelling using the composed eustatic sea-level curve (see Chapter 6.2.3, 7.3.3 and
Fig. 6.4) was not able to match the geologic patterns observed in the Southern Cantabrian Basin.
High amplitudes of main eustatic peaks, for example in the Late Cambrian, Middle Ordovician and
Early Silurian to Early Devonian, caused unreliable results (see below). Multiple simulation runs
tested the eustatic sea-level curve for differentially
changed thermo-tectonic subsidence rates as well as
for altered siliciclastic sediment ﬂux rates and carbonate production rates. All attempts ended in unrealistic features, such as incorrect water depths dur-

ing deposition, unrealistically high sediment thicknesses, non-observed erosional gaps, exaggerated
bathymetric trends along the Bernesga Transect or
non-ﬁtting facies patterns. As the only realistic solution, amplitudes of the composed eustatic sea-level curve were reduced by 1.5 to 21% with a mean
value of 9%, while the overall track was preserved
(see Fig. 7.13). By using the modiﬁed eustatic sealevel curve only minor changes needed to be made
to thermo-tectonic subsidence rates in comparison
to 2D reverse basin modelling results. This is an important result of this study.
Major falls in the eustatic sea-level correlate well
with the occurrence of stratigraphic gaps (Fig. 7.9).
The ﬁrst major sea-level fall (approx. 70m) in the
Late Cambrian matches the initiation of the ﬁrst major hiatus (500 to 485Ma) in the Southern Cantabrian Basin. Fig. 7.5 B shows the plot of depositional water depth in relation to time. Black areas signify times of non-deposition (hiati). However, the
ﬁrst hiatus is not well shown in the ﬁgure. This is
due to the fact that sediment was eroded and redistributed along the transect during this time period.
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Thus PHIL/BASIMTM records sediment movement
from one cell to another, which is deﬁned as deposition. The second hiatus (475 to 465Ma) developed
after the onset of the second major fall in sea-level (approx. 80m) starting at 477Ma (Fig. 7.9). From
464Ma to 455Ma the eustatic sea-level fell by approx. 80m, coinciding with the largest hiatus in the
evolution of the Southern Cantabrian Basin (459 to
435Ma). However, a major rise in sea-level by approx. 105m (peak at 441Ma) and subsequent fall by
approx. 80m is not recorded in the development of

the stratigraphic gap. The extent of this hiatus and
the stratigraphic record of the Capas de Getino Fm.
are poorly constrained and vary between outcrops
(see Chapter 4.2 for discussion). Late Ordovician is
missing in the majority of outcrops. Consequently,
the continuous sedimentation plotted in the southern part of the Bernesga Transect (see Fig. 7.5B) is
arguable, partly caused by the erosion/redistribution
problem mentioned above. Also the youngest hiatus
(361 to 358Ma) coincides with a fall in eustatic sealevel, even though this fall is smaller (approx. 25m)
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to the previous fall. Concluding, it can be said that
each stratigraphic gap occurs in combination with a
fall of the eustatic sea-curve (2nd order) used for this
model (see Fig. 7.9).
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most and northernmost areas of the transect. Data
from these areas was projected onto the transect
and shows a uniform siliciclastic succession with a
thickness-discrepancy between outcrop and modelling data of 2% (see Fig. 7.6). The subsequent Láncara Fm. reﬂects fairly well a progression from shallow marine carbonates/dolomites to deeper marine,
micritic nodular limestones. However, condensed
deposition causes difﬁculties in the model, resulting
in the highest thickness-discrepancy of the entire
simulation (28%). This might be due to not wellestablished chronostratigraphic age constraints for
this formation. The coarsening and shallowing upward trend within the Oville Fm. can be seen clearly in the synthetic cross-section, displaying up to
10% lower thicknesses. Facies and thickness development of the coastal to shallow-marine Barrios
and sub-tidal Capas de Getino formations match the
ﬁeld observations. Black arrows indicate times of
non-deposition and their widths are proportional to
the hiatus time span. However, the true duration of
the ﬁrst hiatus is underestimated, as explained in the

7.8.6 Comparison of outcrop and modelling data
One of the most important tools for comparing real
world data with forward modelling output are synthetic cross-sections. Synthetic cross-sections are
virtual slices through the predicted lithofacies distribution plot drawn at arbitrary positions along
the transect. They offer detailed information on
1D lithofacies development, cyclicity, compacted
thicknesses of discrete formations, palaeobathymetric evolution, hiati, etc (see Figs. 7.6 and 7.7).
For comparison, a representative synthetic crosssection was chosen at km 42 along the Bernesga Transect, representing the position of the Santa Lucía/Rocalo/La Pola de Gordón sections in the
Bernesga Valley (see Fig. 3.4). A reasonable detailed comparison for the Herrería Fm. is not possible, as this formation only crops out in the southern-

Age (Ma)

322

372

422

472

522

Eustatic Sea Level

RISE
150

100

0

-100

-150
FALL

Composed eustatic sea level curve (various authors)
Modified eustatic sea level curve (this study)
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stratigraphic forward simulations (see Chapter 7.8.5 for further details). Note the identical shape of the curves and the
diminished amplitudes of eustatic sea-level ﬂuctuations in the modiﬁed curve. Amplitudes of the composed eustatic
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122

CHAPTER 7: 2D STRATIGRAPHIC FORWARD MODELLING

previous chapter. The change from the shaly/silty
Formigoso Fm. to the coarse-grained sandstones of
the San Pedro Fm. was modelled with a 0% to 14%
thickness discrepancy. Two minor hiati reﬂect littoral conditions in the San Pedro Fm., with wave ripples, channels and cross-bedding. Three additional small-scale hiati within the carbonatic Abelgas
Fm., together with the formation of algal laminates
and evaporitic carbonates, show continuing inter- to
supratidal conditions (with a thickness discrepancy amounting to 6%). The deepening of the depositional area can be seen in the palaeobathymetric
plot (Fig. 7.5 A). The intercalated siliciclastics of
the Huergas Fm. and the renewed onset of carbonate
production (Santa Lucía Fm.) clearly match, with
thickness differences of 2% to 17%. Within this carbonate interval, the carbonate boundstone signature
represents the position and the thickness of the main
reefal ediﬁce. A poor geologic outcrop record of the
Huergas Fm. along the Bernesga Transect restricts
the adequate comparison of this time interval. During the short time (3Ma) of the Portilla Fm. a new
boundstone unit developed. Possibly due to the relatively large time step of 500ka (Chapter 7.3.1), the
middle argillaceous to sandy part of the Portilla Fm.
was underestimated in its thickness. The overlaying siliciclastics represent the Nocedo and possibly the Ermita Fm. These formations are difﬁcult
to differentiate due to insufﬁcient biostratigraphic
data. The Ermita Fm. at this location was probably
replaced by the relatively thick Baleas Fm. (up to
10m), which has similar depositional environments.
Nevertheless, these middle to coarse-grained sandstones and grainstones (thickness discrepancy 0%
to 10%) as well as the erosional hiatus are well constrained in the modelling results. The pelagic-condensed Alba Fm. is the last formation in this model
with a higher thickness difference of 15%.
This representative example shows both the advantages and the problems of simulations with PHIL/
BASIMTM. Shallow-water carbonates have a large
number of adjustable parameters and can be modelled with a high level of accuracy. In contrast, condensed deeper-water deposits like the Láncara and
Alba formations show the highest thickness discrepancies. In summary, the output of 2D stratigraphic
forward modelling closely reﬂects the lithofacies,
architecture and palaeobathymetric evolution of the

Southern Cantabrian Basin. Mean values for thickness discrepancies range between 5% and 12%. Of
course, ﬁne-tuning of parameters for such periods
might have decreased this mismatch at the end. One
of the problematic factors is, for instance, the evaluation of time, because chronostratigraphic data is
not very well constrained in the Paleozoic. However, because different parameter combinations might
give similar results, it is unclear, if after such a ﬁnetuning the reliability of the model would really be
closer to nature.
7.9 Error analysis
7.9.1 Dependency of stratigraphic forward models
on Te
As discussed in Chapter 5.2.6 and 7.3.4, effective
elastic thickness (Te) has a major impact on basin
development. In order to differentiate between the
inﬂuence on lithofacies and palaeobathymetric distribution, several simulations were run with varying Te-values. Fig. 7.14 shows three simulation runs
for the time span 560Ma to 322Ma and the following Te-values: (i) constant 15 (A); (ii) 15-30 (B) and
(iii) 15-60 (C).
Adjustment C was used for the present study. Lower
Te-values result in a stronger bending of the lithosphere, enabling higher subsidence of the southern
part of the Bernesga Transect. The deepest position
of the basement (at km 50) in model A is situated
700-800m deeper than in model C. As expected, the
arrangement of deeper palaeobathymetric values
can be seen clearly for lower Te-values and distal
areas of the transect. These palaeobathymetric differences (deeper values for lower Te) shift in time
to intermediate and proximal areas. The values for
sediment thicknesses in model A are only slightly
higher than in model B and C, probably caused by
a sediment bypass due to higher depositional gradients.
7.9.2 Dependency of sedimentary development on
eustatic sea-level changes
Several simulations were run to test how eustatic
sea-level changes inﬂuence the sedimentary succession of the Southern Cantabrian Basin. First, to get
a rough estimate, the whole model was simulated
with sea-level ﬂuctuations switched off.
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Fig. 7.14. Comparison of palaeobathymetry distribution along the Bernesga Transect (560322Ma simulation
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See Chapter 7.9.1 for
more details.

CHAPTER 7: 2D STRATIGRAPHIC FORWARD MODELLING

124

0

10

20

30

40

50

40

50

0.0
0.5
1.0
1.5
2.0
2.5
location
along
transect
burial
depth

3.0
3.5

scale: km

Eustatic sea-level switch ON

0

10

20

30

0.0
0.5
1.0
1.5
2.0
2.5

3.5

burial
depth

3.0

location
along
transect
scale: km

Eustatic sea-level switch OFF

Fig. 7.15. Different lithofacies and thickness distributions due to eustatic sea-level ﬂuctuations being switched off
(lower ﬁgure). The original simulation with eustatic sea-level switched on is shown in the upper picture for comparison. Note the different position of sea level and different palaeobathymetry for the last time increment (322Ma). The
simulation comprises the entire time period from 560 to 322Ma. On the next page, the same ﬁgures without stratal
lines are plotted for comparison and better visibility of facies distribution. See Chapter 7.9.2 for details and Fig. 7.4
for the lithology key.

CHAPTER 7: 2D STRATIGRAPHIC FORWARD MODELLING

0

10

20

30

125

40

50

40

50

0.0
0.5
1.0
1.5
2.0
2.5
location
along
transect
burial
depth

3.0
3.5

scale: km

Eustatic sea-level switch ON

0

10

20

30

0.0
0.5
1.0
1.5
2.0
2.5

burial
depth

3.0

location
along
transect
scale: km

3.5

Fig. 7.15. Continued from page 124.

Eustatic sea-level switch OFF

50

B

A
1.5

1.0

0.5

0.0

3.0

3.0

0

0

10

10

20

20

30

30

40

40

Eustatic sea level OFF

50

50

Fig. 7.16. Comparison of the dependency on eustatic sea-level ﬂuctuations. The right side of the ﬁgure represents simulations with sea level switched off. See Figure 7.4. for the lithology key.
A: Simulation run untill the top of the Oville Fm. (505Ma). Note the position of sea level. Missing sea-level rise in the right ﬁgure causes a rapid progradation of the Oville Fm.
with ﬂat foresets.
B: Simulation run untill the top of the Santa Lucía Fm. (391Ma). With sea level switched off the Santa Lucía Fm. is not able to keep up with higher water depths caused by differential development of underlying strata.
C: See next page.

2.5

2.0

1.5

2.5

2.0

1.5

1.0

40

50

1.0

30

40

0.5

20

30

0.5

10

20

0.0

0

10

0.0

1.5

1.0

0.5

0.0

0

Eustatic sea level ON

126
CHAPTER 7: 2D STRATIGRAPHIC FORWARD MODELLING

CHAPTER 7: 2D STRATIGRAPHIC FORWARD MODELLING

0

10

Eustatic sea level ON
20

30

127

40

50

40

50

0.0
0.5
1.0
1.5
2.0
2.5
3.0

C
0

10

Eustatic sea level OFF
only for Santa Lucía Fm.
20

30

0.0
0.5
1.0
1.5
2.0
2.5
3.0

Fig. 7.16. Continuation from page 126.
C: The sea level was switched off only during the deposition of the Santa Lucía Fm. (396-391Ma) to receive an identical initial depositional surface. There are no differences visible for the sedimentation of the formation with and without sea-level ﬂuctuations.

In Fig. 7.15, this simulation run shows strong deviations in lithofacies distribution and type. In particular, various depositional gradients in the Oville
(7.16A) and Santa Lucía (7.16B) formations differ
strongly from the simulation with a ﬂuctuating sea-

level. In the case of the Oville Fm. a strongly rising eustatic sea-level (Fig. 7.13) causes the deposition of high angle foresets in a prograding delta setting. With sea-level switched off, the same amount
of siliciclastic inﬂux favours a much faster progra-
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dation and deposition of ﬂat foresets, due to limited
accommodation space. During the simulation of the
Santa Lucía Fm. the carbonate factory responds distinctly to higher water depth in the south of the Bernesga Transect, caused by thin deposits of the San
Pedro and Esla formations. The Santa Lucía Fm.
shows steeper fore-reef gradients during progradation and subsequent backstepping at the end of the
time increment. The palaeobathymetric distribution
(not displayed here) shows exaggeratedly high palaeo-water depths in the proximal areas and low values in the distal part of the transect. As expected,
the complete lack of eustatic sea-level ﬂuctuation
has a major impact on the sedimentary development
of a basin. For the Santa Lucía Fm. an additional
simulation was run with the purpose of determining
the sole response of the carbonate factory to eustatic sea-level ﬂuctuations. The sea-level was switched
on for the deposition of the Herrería to Esla Fm.
to get an identical initial surface. The sea-level remained static only for the deposition of the Santa
Lucía Fm. (396-391Ma). Fig. 7.16C shows no difference between the model with a ﬂuctuating sealevel and the model with sea-level switched off. The
result is an identical distribution of lithofacies for
both simulation runs. The amplitude of the sea-level changes during this time-period amounts to 10m
(Fig. 7.13).
7.9.3 Inﬂuence of time step
Fig. 7.17 shows lithofacies plots at time 322Ma for
three different time steps: (i) 300ka, (ii) 500ka and
(iii) 700ka.
Time step 500ka has been chosen for the present
study. The duration of time steps shows a major impact on the evolution of palaeobathymetry, physical
properties, and lithofacies. The varying resolution of
the model is well displayed in the size of prograding
foresets of the Oville Fm. Progradational and retrogradational patterns are better constrained within
the short time-step models. Whereas the siliciclastic successions only show minor differences (distribution of coarse-grained sandstones in the Huergas
and Nocedo formations), carbonate formations experience major changes in facies distribution. Short

time steps (300ka) seem to favour the development
of supratidal carbonates and evaporites in the model
(Abelgas and Santa Lucía formations). This might
be due to the ability of supratidal carbonate factories to keep up with eustatic sea-level ﬂuctuations.
Longer time steps cause the deepening and subsequent drowning of these low-productive factories.
Models with long time steps (700ka) tend to show
a reduction in the thicknesses of boundstone units
and to shift their position along the transect (Santa Lucía and Portilla formations). The basinward
shift of the main Santa Lucía reefal ediﬁce between
the 500ka and the 700ka model amounts to 5-7km.
Long time steps impede a carbonate factoryʼs ability to respond correctly to accommodation space
ﬂuctuations. Utilising long time steps, a strong eustatic sea-level rise can cause a carbonate factory to
drown, whereas it would be able to keep up employing shorter time steps.
7.9.4 Thermo-tectonic subsidence rates within the
stratigraphic forward modelling
Thermo-tectonic subsidence rates were derived
from the 2D reverse basin modelling (Chapter
6.6.1). However, as the spatial and temporal resolution of the 2D stratigraphic forward modelling is
signiﬁcantly higher, the results from reverse modelling had to be adjusted for some time increments.
These subsidence corrections range from -1.14m/
Ma to 3.15m/Ma for the whole model. The differences were displayed in a spectral plot, as they vary
in time along the Bernesga Transect (Fig. 6.18). The
ﬁrst formation that needed adjustment was the Formigoso Fm. Reverse basin modelling underestimated the subsidence of the distal part (red peak at 435
to 428Ma) by 8.5%. This was also the highest correction required for the whole model. The thermotectonic subsidence in the distal part of the Santa
Lucía Fm. was reduced by -1.14m/Ma, to account
for the palaeobathymetric information from the
ﬁeld. In conclusion, the results from reverse modelling required only minor modiﬁcations and returned
good results regarding the development of thermotectonic subsidence rates.
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The Southern Cantabrian Basin can be referred to as
a “polyhistory basin” (Klein 1987) or a “polyphase
basin” (Einsele 2000), having experienced major
tectonic changes in the course of its development.
The overview of parameters for the Southern Cantabrian Basin development is summarised in Fig.
8.1.
8.1 Subsidence development
2D reverse basin modelling results reﬂect the complex evolution from a rift stage (classiﬁcation according to Prosser 1993), to a post-rift stage (passive continental margin) and ﬁnally to a foreland
basin, governed by the approach of the Variscan
Orogen in the Early Carboniferous. This evolution
(560Ma to 313Ma) is visualised in Figs. 6.7 and 6.8
and shows six major subsidence trends of the total
subsidence rates and its components. Numerical results are summarised in Table 6.3. The overall pattern is in accordance with the qualitative, palaeogeographical reconstructions published by Paris &
Robardet (1990), Tait et al. (1997), Fernández-Suárez et al. (1998, 2000 a, 2002 a, b), Robardet (2000,
2002) and others. Existing qualitative models are
summarised in Fig. 8.2 and 8.3.
First trend
Rifting leads to rapid initial subsidence, which is
followed by persistent, exponentially decaying thermal subsidence (Einsele 2000). The pattern of the
ﬁrst subsidence trend (560-505Ma; mean value:
16m/Ma) ﬁts this assumption regarding the development of highest subsidence rates during the early

131

stages of the model (rifting) and declining subsidence rates towards the post-rift stage. However, it
is difﬁcult to attribute the time correlation with any
precision due to a lack of adequate bio and chronostratigraphic information (in particular during the
Precambrian). This could lead to existing data being
misinterpreted.
Second trend
The second subsidence trend (505-435Ma) indicates a phase of low subsidence (mean value: 5m/
Ma), with minor spatial differences in subsidence
rates along the N-S Bernesga transect and several
long persisting hiati (10-24Ma). During this trend,
terrigenous sedimentation rates (2500-2600m2/ka),
derived from 2D stratigraphic forward modelling,
decline by 46% compared with the rates at the end
of the ﬁrst trend (4600m2/ka). According to Einsele (2000) this feature is typical for the shift from
rifting to drifting stage (immediate post-rift stage
according to Prosser 1993). An Early Ordovician
(Arenigian) magmatic event in the Central Iberian Zone (Ollo de Sapo event; see Chapter 2.3.3) is
marked by alkaline and peralkaline granites. It was
interpreted as proto-rift volcanism by Crowley et al.
(2000), indicating renewed thinning and further extension of the crust, until the detachment of the Armorican Terrane Assemblage from North Gondwana in the Caradocian. However, this time period is
concealed by several long-term hiati in the Cantabrian Zone, which were probably caused by the tectonic movements recorded in the Central Iberian
Zone. See Chapter 4 for discussion.
Third and fourth trend
Differential subsidence with an uplifted area in the
north (-8m/Ma; Cantabrian High) and higher subsid-

Fig. 8.1. Overview of parameters for the Southern Cantabrian Basin development. The ﬁgure is split on the next two
pages. Time is indicated in Ma in column I, comprising the term from the top of the rheologic basement (560Ma) to
the top of the San Emiliano Fm. (313Ma).
A: Formations and members of the Southern Cantabrian Basin. B: Main lithologies for different basin formations
(Chapter 2.4.4). C: Transgression/regression cycles as determined in Chapter 4.2. D: Sediment ﬂux in m2/Ma (siliciclastic ﬂux, shaded area) and m/Ma (decompacted carbonate production rates, brick-pattern), resulting from 2D reverse basin and 2D stratigraphic forward modelling. E: Thermo-tectonic subsidence rates along the Bernesga Transect
(from north to south) in m/Ma (see Fig. 6.7 for scale and Chapter 6.6 for further detail.) F: Subsidence trends for the
thermo-tectonic subsidence rates (Fig. 6.8 and Chapter 8.1). G: Basin stages deﬁned on the basis of unconformities,
basin architecture and 2D reverse basin modelling results (see Chapter 8 and Fig. 6.8). H: Composed eustatic sea-level curve with a scale bar in metres (Fig 6.4 and Fig. 7.13). I: Chronostratigraphy according to German Stratigraphic
Commision (2002). As stratigraphic forward modelling did not cover the syn-orogenic sediments (322-313Ma), no information is available about siliciclastic sediment ﬂux and T/C cycles during this time-span.
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ence to the south (up to 35m/Ma) becomes visible in
the third trend (435-415Ma), and is reinforced in the
fourth trend (415-361Ma; -13 to 40m/Ma). Reverse
basin modelling results points to the development
of the Cantabrian High as a structural elevated area
from the Lludlovian on (Fig. 6.7). In time, the Cantabrian High extends in two pulses (428-415Ma and
415-361Ma) to the south, displacing the regions of
main subsidence and deposition basinwards. Consequently the non-depositional/erosional hiatus of
the Cantabrian High extends spatially to the south
(see Fig. 6.7 and 6.8). Compaction-induced subsidence rates highlight this movement, as compactable sediment is only deposited south of the shifting topographic high. Fig. 7.5A shows the depositional depths (palaeobathymetry) along the Bernesga Transect. As most of the sediments were deposited under shallow-marine conditions, ﬂexure caused
by water burden can be ruled out. In a global context this subsidence conﬁguration in the Southern
Cantabrian Basin points to the onset of a long-term
continental encroachment cycle of ﬁrst order, with a
basinward shift of regional onlap. This concept was
proposed by Duval et al. (1998) and is displayed in
Fig. 8.4. Two continental encroachment cycles with
a duration of greater than 50Ma (1st order) occurred
during the Phanerozoic, caused by changes to the
ocean basin volume induced by the break-up and
subsequent joining of supercontinents (Duval et al.
1998). During the older encroachment cycle (latest
Proterozoic to the end of the Permian) the change
from a backstepping/transgressive phase to a forestepping/regressive phase, marked by a major downlap surface, took place at 500Ma. After a eustatic
highstand during the Ordovician-Silurian and maximum marine transgression at the Ordovician-Silurian boundary, the marine domain gradually retreated from the Silurian to the Permian. Cycles of higher orders were superimposed (2nd to 4th order). Regression-transgression cycles (2nd order; duration 350Ma), bound by hiati and associated with 2nd order eustatic cycles, are assumed to be the result
of changes in the rate of regional tectonic subsidence and/or changes in the rate of sea-ﬂoor spreading (Vail et al. 1984). Not every aspect of this concept is reﬂected in the Cantabrian Zone. The change
from a transgressive to a regressive phase is not vis-

ible in the Cantabrian Zone as this time is characterised by numerous hiati (Fig. 7.5B and 7.9) and
the tectonic overprint makes seismic scale surfaces unrecognisable. Maximum marine ﬂooding is
marked by the black shales of the Formigoso Fm.
(see Chapter 2.4.4) with a slightly delayed onset of
approx. 8Ma in contrast to the data published by
Duval et al. (1998). This might be due to the presence of a major stratigraphic gap during this time
and poor biostratigraphic information about the Capas de Getino Fm. Nevertheless, the top of this signiﬁcant hiatus (435Ma) marks the start of a second
order encroachment subcycle. The San Pedro Fm.
shows a basinward shift of regional onlap from Mb.
A to Mb. B. The subcycle lasts 20Ma and ends at
time-line 415Ma. The second and more pronounced
basinward displacement of regional onlap (see Fig.
7.4 and 7.5B) commences with the deposition of the
Esla Fm. and lasts until the Upper Devonian hiatus (361Ma). The total duration of this second encroachment subcycle amounts to 41Ma. However,
there is no marked hiatus separating the two continental encroachment subcycles.
Fifth trend
During the ﬁfth trend (361-322Ma), ﬂuvial/littoral
(Ermita Fm., see discussion in Chapter 4.2) to shallow marine sediments (uppermost part of the Ermita
Fm. and the Baleas Fm.) were deposited throughout
the entire basin above an erosion surface. In deeper marine regions black shales of the Vegamián Fm.
were sedimented during the same time period. The
Alba Fm. (red nodular limestones and shales) marks
the top of the trend, characterised by condensed
sedimentation in bathyal depths. During this period, the inner parts of the orogen became already deformed due to the continental collision, causing the
development of an active margin (Colmenero et al.
2002, Chapter 2.2.1). The terrigenous input from the
evolving mountain range was trapped in an orogenic foredeep, initially situated in the West AsturianLeonese Zone (see Fig. 2.1) and had not reached the
Cantabrian Zone. This is, however, not visible in the
ﬁeld, as the sediments in this foredeep became uplifted, eroded and later ﬁlled the younger foredeep
of the Cantabrian Zone (Ábalos et al. 2002). This recycling may be the reason, why Cantabrian Carboniferous clastics are poor in indicator minerals.
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Sixth trend
The sixth trend (Variscan foredeep stage; 322313Ma) marks a sharp change in subsidence rate
distribution in the uppermost Early Carboniferous
and a manifest change in basin evolution. High thermo-tectonic subsidence rates in the southernmost
part and moderate rates in the north indicate strong
spatial differences along the Bernesga Transect
(Fig. 6.7). The younger, southern, highly subsiding
depocentres migrate in time to the NE (according to
the present coordinate system). They are interpreted as orogenic foredeeps situated in front of the orogenic belt. The movement of the foredeep along the
Bernesga Transect indicates the migration of the approaching orogen (see Fig. 6.8). Assuming the dating established by Truyols & Sanchez de Posada
(1983) and Dallmeyer et al. (1997), ﬁrst evidence
for the advance of the Variscan Orogen in the examined area became visible in the Middle Namurian A
(approx. 322Ma). Dallmeyer et al. (1997) demonstrated that it was possible to date deformation stages in the Cantabrian Zone palaeontologically by syn
and post-orogenic sediments.
The NE propagating Variscan deformation was
caused as new material was added to its front. The
model published by Dallmeyer et al. (1997, see Fig.
2.3) shows that the entire orogenic wedge remained
active, locally producing distinct structures at different times. The authors proposed that the orogenic front propagated at an average rate of 5km/Ma.
Calculations in the present model highly depend on
age information and the amount of basin shortening. Neither the biostratigraphic age (see Chapter
6.4) nor the basin shortening (calculated in Chapter 3.6.6) can be determined with absolute certainty. Values are calculated for both, minimum shortening at 54% and maximum shortening assumed at
80%, which includes also small scale folding and
faulting. Consequently the results comprise a minimum (minimum age and shortening) and maximum spread of values (maximum age and shortening). According to these values, the propagation rate
of the orogenic front along the Bernesga Transect
ranges between 4 and 12km/Ma. However, as the
propagation of the orogen occurred slightly oblique
to the Bernesga Transect, the true rates may be even
higher.
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8.1.1 Implications for sedimentary development of
syn-orogenic deposits
The upper limit of the 2D stratigraphic forward
model is placed at 322Ma, directly before the onset of Variscan deformation in the Cantabrian Zone
(see Chapter 2.2.1). The development of the synorogenic succession is a matter of further investigations (Dietrich et al. 2003). However, 2D reverse
basin modelling results permit some observations
on the accommodation space/sedimentation interactions for this time period. The sedimentary record
of foreland basins is closely related to the ﬂexural
response of the continental lithosphere to orogen
loading (Garcia-Castellanos 2002). Prior to the approach of the overthrust belt, the basin is shallow
marine (or continental) and slowly subsiding (Einsele 2000, this study). The palaeobathymetric plot
(Fig. 7.5A) demonstrates that shallow marine conditions continue throughout the Devonian. With the
onset of crustal ﬂexure the basin deepens until terrestrial sediment inﬂux overcomes subsidence. At
this turning point the basin reaches its maximum
water depth, which leads to ﬂysch deposits (Olleros Fm.). This time increment (322-319Ma) marks
the beginning of the sixth subsidence trend, characterised by high tectonic and ﬂexural-induced subsidence rates (see Chapter 6.6). Subsequently, the
basin rapidly ﬁlls up with shallow-marine carbonates and clastics, deltaic and ﬁnally continental sediments (Einsele 2000). In the Southern Cantabrian
Basin this pattern is well developed, starting with
the Barcaliente platform, which developed in a distal position from the orogen. The shallow-marine
Valdeteja platform was subsequently interﬁngering
with basinal siliciclastics and covered by the terrigenous San Emiliano Fm. In a stratigraphic forward
model both platforms should display a considerable
amount of compaction in the underlying strata, as
they prograde over highly compactable basinal sediments. The ﬁlling of foreland basins may not only
be accentuated by pulses of overthrusting but also
by strong changes in sediment accummulation.
8.2 Sedimentation development
2D stratigraphic forward modelling creates a highresolution synthetic shelf-basin transect (Fig. 7.4
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ence history by means of ﬂexural loading. Increased
ﬂexural-induced subsidence rates created the necessary accommodation space for depositing the thick
siliciclastic succession. The siliciclastic succession
is interrupted by numerous phases of non-deposition (Fig. 2.21 and 7.5B), which show a good correlation with major falls of eustatic sea-level (Fig. 7.9
and Chapter 7.8.5).
Reef growth is chieﬂy controlled by numerous,
closely related extrinsic controls. These comprise
the (i) sea-level, (ii) palaeoclimate, (iii) oceanography, (iv) plate tectonics, (v) nutrients and (vi) tectono-sedimentary setting, which cannot all be simulated within the present model.
8.2.1 Sea-level
In contrast to the rising eustatic sea-level (Emsian
to early Famennian, see Fig. 7.13) and a worldwide
transgressive trend, the Devonian sediments of the
Asturo-Leonese Domain were deposited in a regressive pattern (García-Alcalde et al. 2002). This pattern was caused by the regional tectonic movements
of the Cantabrian High and the Intra-Asturo-Leonesian Facies Line (discussed below).

Fig. 8.2. Palaeogeographic evolution of the Cantabrian
Zone from the Namurian A through Westphalian D according to Fernández (1995). Note the movement of the
orogenic front and its foredeep, marked by terrigenous
sediments of the Olleros and San Emiliano formations.
See Fig. 8.3 for geologic cross-sections.

and “Movie_2.mov”). In terms of lithofacies distribution, thicknesses, palaeo-water depth and depositional systems, the outcrop data matches the modelling results to a large extent (Fig. 7.6). The dominance of siliciclastic deposition from the Precambrian to the Ordovician is reﬂected by very high sediment ﬂux rates throughout the basin, ranging between 2500 and 4600m2/ka (Fig. 7.9). These high
sedimentation rates also inﬂuenced the total subsid-

8.2.2 Siliciclastic input
Carbonates in the Abelgas Fm. were able to develop
in the Early Devonian because the siliciclastic input
dropped to 600m2/ka at the end of the Silurian. Also
during later times strong ﬂuctuations in siliciclastic input were one of the major limiting factors for
carbonate growth. The carbonate Santa Lucía (Eifelian) and Portilla (Upper Givetian) formations were
drowned by sandy siliciclastics with mean ﬂux rates
of 2000 to 3950m2/ka (Fig. 7.9).
8.2.3 Subsidence
In addition to the inﬂuence of siliciclastics on the
carbonate factories, carbonate production rates
were governed by differential thermo-tectonic and
ﬂexural-induced subsidence and their strong impact on the creation and destruction of accommodation space. During the deposition of the Abelgas
Fm., low thermo-tectonic (7-24m/Ma) and ﬂexuralinduced (1-3m/Ma) subsidence rates together with
a falling eustatic sea-level limited the accommodation space available. In the case of the Santa Lucía
Fm., high subsidence (up to 40m/Ma) and a slowly
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Fig. 8.3. Main stages of the foreland basin evolution in
the Cantabrian Zone during the Carboniferous (Colmenero et al. 2002). See Fig. 8.2 for palaeogeographic maps.

rising eustatic sea-level (Johnson et al. 1985, Dennison 1985) offered sufﬁcient accommodation space
for basin development (outside the transect) and the
growth of a thick carbonate reef succession (up to
356m - decompacted value).
8.2.4 Carbonate production
Based on their great number and dimensions,
the Devonian reefs probably produced the largest amount of reefal carbonate in the Phanerozoic (Kiessling et al. 2000). Decompacted carbonate
production rates show evidence of a signiﬁcant increase in production during the Devonian. The values rise from 90m/Ma in the lowermost Gedinnian
(Abelgas Fm.) up to 780m/Ma in the Eifelian (Santa
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Lucía Fm., Table 7.6). The Santa Lucía Fm. marks
the ﬁrst appearance of highly productive reef organisms in the Cantabrian Zone. The quantitative results point to a shift in the sedimentation environment towards tropical conditions adequate for reef
growth. This is consistent with the qualitative, palaeogeographic models published by Paris & Robardet (1990) and Oczlon (1992), proposing that Iberia
drifted northward during this time period and that
the Ibero-Armorican region was located in warmer
regions at 30°-35° during the Early Devonian times
(see Fig. 2.12). According to the palaeogeographic
position, facies distribution and palaeobathymetry,
the Devonian reefs of the Cantabrian Zone ﬁt well
into the tropical shallow-water carbonate factory
proposed by Schlager (2000), being situated in the
tropical and subtropical surface waters of the ocean,
approximately 30° N and S of the Equator. Carbonate production rates in the Portilla Fm. (Upper Givetian) dropped to 150m/Ma, which is 81% less than
in the Eifelian (Table 7.6). This drop is caused by
increased terrigenous input suppressing the carbonate productivity and possibly diminished accommodation space during this time. The terrigenous inﬂuence during the time period of the Portilla Fm.
can be observed in the ﬁeld. The middle member is
often composed of sandy limestones to sandstones
(section La Pola de Gordón, see Appendix) and the
content of sand increases continuously towards the
top of the formation. The carbonate production rates
in the Southern Cantabrian Mountains reached their
peak close to the Emsian/Eifelian boundary. This
is in slight disagreement with the global data published by Kiessling et al. (2000), who claim that the
maximum of total production rates was in the Givetian-Frasnian, seen for example in the Canning Basin platforms (Playford et al. 1989).
Compared to the highly productive Devonian carbonate factories, the Lower Carboniferous Alba
Fm. is represented by condensed sediments (nodular limestones) with very low carbonate production
rates (1.2 to 1.8m/Ma).
8.2.5 Palaeobathymetric evolution
The Southern Cantabrian Basin experienced very
low bathymetric ﬂuctuations throughout its history. Apart from the Láncara and Alba Fm. (red nodular limestone) and the black shales of the Formi-
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goso and Vegamián formations, the depositional environment was constantly at shallow marine depth
(see Fig. 7.5A). Long-persisting morphological basin conﬁguration and the maintenance of shallow
marine facies were described as a “balanced basin”
(Einsele 2000), where sediment supply and vertical
buildup approximately compensates for subsidence.
On the other hand, due to the Mesozoic and Cenozoic cover of the Duero Basin and the complex structural situation there is currently no data available to
enable an approximation of the true former extent of
the Southern Cantabrian Basin. Consequently, longpersisting shallow-marine conditions probably signify that the basin was oversupplied with sediment
at some time. In this case the sediment ﬂux throughout the basin may have been underestimated, as an
uncertain amount of sediment was transported by
high-energy shelf conditions to deeper, sedimentstarved regions, which are not visible in the present
geological record.

8.3 Intra-Asturo-Leonesian Facies Line (IALF)
Since the Frasnian, the already existent depositional pattern (subsiding basinal areas in the south and
low sediment thicknesses in the north) experienced
a strong ampliﬁcation. The Bernesga Transect was
split into a large northern area of non-deposition and
slight erosion and a strong subsiding southernmost
area (south of km 45), the depositional area of the
Nocedo (Millár Mb.) and Fueyo formations (Fig.
6.2 and 7.4). This sharp facies and thickness boundary was documented by numerous earlier authors
(Evers 1967, Loevezijn 1983 and others) and named
the Sabero-Gordón Line after a prominent regional
fault zone running in the same direction (Fig. 3.5).
However, because this facies line was not only observed in the vicinity of the Sabero Gordón Line,
Raven (1983) proposed a new name, the Intra-Asturo-Leonesian Facies Line (IALF). In more recent
literature (Alonso et al. 1995) the Sabero Gordón

Fig. 8.4. Two Phanerozoic continental encroachment cycles associated with the break-up and gathering of supercontinents (Duval et al. 1998). Each cycle is composed of a transgressive and a regressive phase.
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Line was described as an Alpine thrust/fault. In contrast, the results of this study point to the development of a syn-sedimentary fault between km 45 and
47 starting at latest at the beginning of the Late Devonian. The identical position of reefal development
during the Santa Lucía and Portilla times at km 42
only a few kilometres north of the IALF, could also
indicate its inﬂuence on carbonate palaeogeography
(Fig. 7.4). To conclude, the present study proposes
that a syn-sedimentary fault (IALF) developed at an
early stage (from Late Emsian (?) to Late Famennian) and was later partly reactivated during the Alpidic Orogeny (Sabero Gordón Line).
8.4 Development and evolution of the Cantabrian High
The differential development of sediment thicknesses between the southern basinal areas and the northern uplifted region was observed early on by numerous authors. This uplifted region, referred to in the
present study as the Cantabrian High (see above),
has been given different names including the “Cantabrian Block” (Radig 1962), “Asturian Geanticline” (Adrichem Boogaert 1967), “Asturisches
Sandfeld” (Kullmann & Schönenberg 1979, Frankenfeld 1981) and others.
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The uplift or lower subsidence of the Cantabrian
High has been visible since the deposition of the
Barrios Fm. The material deposited on the Cantabrian High was marginally eroded as early as during the Barrios Fm. with various time intervals of
non-deposition (see enclosed time series animation
“Movie_2.mov”). Important erosional periods in
the northern areas were identiﬁed during the deposition of the Lower San Pedro Fm., lower Huergas
Fm., Nocedo Fm. and a strong pulse during the hiatus between the Fueyo and Ermita formations as
well as in the lower part of the Ermita Fm. But even
in periods of non-erosion, there was no or only very
low accommodation space available in the northern
part of the Bernesga Transect. It is not possible that
all this erosion occurred during later periods, e.g.
the Carboniferous. A single erosional period in the
Lower Carboniferous, able to remove a uniformly
deposited sediment succession in the northern Cantabrian High, would have required implausibly high
erosion rates within a short time period. According
to García Alcalde (2000) the Lower Carboniferous
hiatus comprises only 1-3Ma. Additional arguments
against such a model are the thinning and onlapping
features observed during Silurian and Devonian, as
mentioned earlier.
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The “epic poem of the Earth” is written in a language that we still do not entirely understand (Paola
2000). However, the multidisciplinary approach applied in this study provides new quantiﬁed data for
the evolution of the Palaeozoic polyhistory of the
Southern Cantabrian Basin and an insight into the
complex history of NW Iberia.
Basin modelling in the Variscan fold-and-thrust belt
of Northern Iberia requires a threefold methodology. Structural balancing has to be carried out before
modelling can begin. The combined dynamic approach of 2D reverse basin followed by 2D stratigraphic forward modelling analyses geological
processes in time. 2D modelling was implemented with the PHIL/BASIMTM modelling software
package (Bowman & Vail 1999).
9.1 Structural balancing
Structural balancing (“balanced cross-sections”)
supplies fundamental data about the basin architecture prior to late Palaeozoic deformation and provides estimations on basin shortening and spatial relationships between measured sections. It was applied to the 18km long Bernesga Transect running
N-S on the southern slope of the Cantabrian Mountains (see Figs. 3.3 and 3.4 and Chapter 3.6.1 for
discussion). Both in the north and south, E-W trending out-of-sequence faults with unknown displacement factors (León Line fault system and Southern
Border Thrust) form the boundaries of the transect.
According to the overall structural framework, this
part of the Cantabrian Zone can be divided into three
domains: (i) Bodón, (ii) Pedrosa and (iii) Alba (see
Fig. 3.5). These domains show different structural
characteristics, which govern the amount of shortening calculated. The least amount of shortening is
calculated in the southern Alba domain (25%). This
domain is composed of large synformal structures
(Fig. 3.6) cut by back-thrusts and faults. The Bodón
domain in the north of the transect shows three large
open folds on a scale of kilometres (see Fig. 3.15A).
The shortening for this domain amounts to 41%.
The Pedrosa domain in the middle of the Bernesga
Transect suffered most shortening (65%). It is com-

141

posed of multiple overthrust sheets in the form of
an imbricated thrust system (see Table 3.1 for minimum shortening values and displacement widths
along the Bernesga Transect).
The overall minimal shortening of the Bernesga
Transect, measured between the outer pin lines P1
and P9 (see Fig. 3.15), amounts to 54%. However,
taking small-scale faulting and folding into consideration, the shortening values will amount to signiﬁcantly higher values. The minimal shortening of the
transect can be split into the displacement widths
between individual thrust sheets and their internal
deformation. The ratio of 48% to 52% illustrates
that thrusting and folding each cause approximately the same amount of shortening along the Bernesga Transect.
9.2 2D numerical reverse basin modelling
2D numerical reverse modelling analyses the development of basin architecture in consideration
of lithofacies, incremental compaction, sea-level
changes and ﬂexural loading of the crust. It offers
quantitative estimations of total subsidence rates
and its components (thermo-tectonic, ﬂexural-induced and compaction-induced subsidence rates).
The thermo-tectonic subsidence rates serve as initial numerical input for 2D stratigraphic forward
modelling.
Numerical results reﬂect a complex evolution from
a rift stage, to a post-rift stage (passive continental margin) and ﬁnally to a foreland basin, governed
by the approach of the Variscan Orogen in the Early Carboniferous. This evolution (560Ma to 313Ma)
is marked by six major subsidence trends (see Fig.
6.8 and Table 6.3). The ﬁrst subsidence trend (560505Ma) displays declining subsidence rates during
its course and indicates a shift from a rifting stage
to an early drifting stage. The second trend (505435Ma) is marked by periods of tectonic quiescence
and activity, and is concealed by several long-term
hiati. These are probably caused by tectonic movements along the northern magin of Gondwana (e.g.
Ollo de Sapo event, see Chapter 2.3.3). The stable
passive continental margin established in the Silurian. During the third trend (435-415Ma), an uplifted area in the north and increased subsidence to the
south becomes visible along the Bernesga Transect.
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This pattern is reinforced during the fourth trend
(415-361Ma). The uplifted area in the north (Cantabrian High) extends from Lludlovian onwards to
the south, displacing regions of main subsidence
and deposition basinwards. At the same time the
non-depositional/erosional hiatus of the Cantabrian
High extends spatially to the south (see Fig. 6.7 and
6.8). This basin conﬁguration points to the onset of
a long-term continental encroachment cycle of ﬁrst
order, with a basinward shift of regional onlap (see
Chapter 8.1). Maximum marine ﬂooding is marked
by the black shales of the Formigoso Fm. The ﬁrst
order encroachment cycle is subdivided in two subcycles of second order. The top of a signiﬁcant hiatus
(435 Ma) marks the onset of the ﬁrst subcycle. It is
characterised by a basinward shift of regional onlap
from Mb. A to Mb. B of the San Pedro Fm. and lasts
20Ma. The second and more pronounced encroachment subcycle commences with the deposition of
the Esla Fm. (402Ma) and lasts until the Upper Devonian hiatus (361Ma). The basinward displacement
of regional onlap is visible in ﬁgures 6.4 and 6.6
and lasts 41Ma. Marine transgression over an erosive surface, deepening and condensed sedimentation in bathyal depths characterise the ﬁfth subsidence trend (361-322Ma). The uniform sedimentation throughout the entire basin changes fundamentally in the sixth trend (322-313Ma). High thermotectonic subsidence rates in the southernmost part
and moderate rates in the north indicate strong spatial differences along the Bernesga Transect. The
southern, highly subsiding depocentres migrate in
time to the NE (according to the present coordinate
system). They are interpreted as the Variscan orogenic foredeep situated in front of the orogenic belt.
The movement of the foredeep along the Bernesga
Transect indicates the migration of the approaching
Variscan orogen (see Fig. 6.8). By calculating these
movements the orogenic propagation velocities can
be estimated. The propagation rate of the Variscan
orogenic front along the Bernesga Transect ranges
from 4 to 12km/Ma depending on the basin shortening estimates (minimum 54%; maximum 80%).
9.3 2D stratigraphic forward modelling
Stratigraphic forward modelling simulates basin development, and quantiﬁes the physical factors de-

termining deposition. It offers minimum/maximum
models of sedimentary geometries and lithofacies
distribution in time and space, predicting lithostratigraphic information in areas between outcrops.
Numerical results comprise siliciclastic inﬂux rates
(Fig. 7.9) and carbonate production rates (Fig. 7.10
and Table 7.6) for the time period modelled (560322 Ma). From the latest Neoproterozoic to the
Early Ordovician the Southern Cantabrian basin is
dominated by a considerable ﬂux of siliciclastic sediments (2600 to 4600m2/ka), interrupted by several
long-term hiati and the deposition of a thin carbonate succession of the low-productive Láncara Fm.
(15 to 32m/Ma). After the deposition of the Láncara Fm. it takes nearly 100Ma before environmental conditions suitable for the development of a carbonate factory are re-established. During Silurian
times only siliciclastic material is deposited with
the dark shales and siltstones of the Formigoso Fm.
(600m2/ka) and the shallow-water, coarse-grained
San Pedro Fm. (1800m2/ka). During the deposition
of the upper San Pedro members ﬂux rates diminish
by more than 65% (600m2/ka). This, combined with
the palaeogeographic position of Iberia (see Chapter 2.3), is primarily responsible for enabling the development of Abelgas Fm. carbonates in the Early
Devonian. At this time the productivity of the carbonate factory is rather low (90m/Ma). The highest carbonate production rates are calculated in the
Santa Lucía Fm. (290 to 780m/Ma), whereas the
Portilla Fm., deposited only 6Ma later, records production rates 81% lower (50 to 150Ma). This drop
is caused by increased terrigenous input (see also
Fig. 7.9) suppressing the carbonate productivity and
diminished accommodation space. Periods of carbonate production are interrupted by high siliciclastic sediment inﬂux (700m2/ka for the Esla Fm. to
4000m2/ka for the Huergas Fm.). Siliciclastic sediment input ﬁnally impedes any signiﬁcant carbonate development in the Devonian, starting with the
deposition of the Nocedo Fm.
This study demonstrates that reef growth is chiefly governed by numerous, closely-related extrinsic
controlling factors. These factors comprise the (i)
eustatic sea-level, (ii) total subsidence and (iii) siliciclastic input (see Chapter 8.2.4 for discussion).
In addition, an important structural feature of the
Southern Cantabrian Basin inﬂuences the carbonate
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palaeogeography along the transect. The Intra-Asturo-Leonesian Facies Line (IALF) is interpreted as
a syn-sedimentary fault situated between kilometres
45 and 47 along the Bernesga Transect (Fig. 7.4). It
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has been active since the Late Givetian and possibly
latest Emsian, corroborated by the locations of the
Portilla and Santa Lucía reefs, both only a few kilometres north of the IALF.
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APPENDIX
Cross-sections
Selection of cross-sections meassured in the ﬁeld. For the location within the Southern Cantabrian Basin
see Fig. 3.5 in Chapter 3.
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Thickness
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components / fossils, texture
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components / fossils, texture
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components / fossils, texture
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Serpukhovian

Age

Llamazares

Alba

Visean

Lithology, sedimentary structures,
components / fossils, texture

dm

dm

97.3
96.1
94.1
91.1

79.1

dm

cm
cm

69.1

Vegamiám

44.1
41.5

33.5

Ermita

Tournaisian

50.1

Oville
0.0

Láncara

Early - Middle Cambr.

18.0

mm
cm

N 042�58.450´
W 005�26.682´

LLS
Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Llomberas 1/3
Lithology, sedimentary structures,
components / fossils, texture

130.0

dm

Nocedo

Frasnian

108.0

79.0

67.0

cm

58.0
53.0

dm

dm

Portilla

5

cm

dm

24.0

3

11.0

cm
B

Huergas

Givetian

6

36.0
34.0

0.0

N 042�50.332´
W 005�34.813´

LL

cm

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Llomberas 2/3
Lithology, sedimentary structures,
components / fossils, texture

270.0

Fueyo

Famennian

cm

cm

230.0

dm

cm

Nocedo

Frasnian

203.0

157.0

cm
137.0
132.0

N 042�50.332´
W 005�34.813´

LL
Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Formation

Thickness
(m)

Olleros

410.0

Lithology, sedimentary structures,
components / fossils, texture

402.0
395.0

385.0

Ermita

Tournaisian

368.0

324.0

Fueyo

Famennian

292.0

cm

270.0

N 042�50.332´
W 005�34.813´

LL

cm

Alba

Visean / Serpuk.

Age

Llomberas 3/3

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Lithology, sedimentary structures,
components / fossils, texture

130.0

Emsian

Esla

118.0

93.0

53.0

Lochkovian / Pragian

Abelgas

58.0

S. Pedro

N 042�58.679´
W 005�40.855´

Cha

Los Chábanos - 1/2

0.0
��

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Esla

Alba

Tour.

Ermita

Emsian

Visean

209.9

Vegamián

186.8
184.2
182.9
179.0

130.0

Lithology, sedimentary structures,
components / fossils, texture

N 042�58.679´
W 005�40.855´

Cha

Los Chábanos - 2/2
Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Matallana 1/2

Carbonates

Lithology, sedimentary structures,
components / fossils, texture

M

140.0

Nocedo

dm

cm
120.2

109.0
cm
97.0

85.0
84.8

dm

72.8

Portilla

Givetian

80.3
6

65.8

46.8
41.4
37.2
33.6

24.6

12.6
5.6
0.0

?

5

61.8

N 042�51.203´
W 005�31.310´

MA

dm

3

dm

2

dm

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B

APPENDIX

201

Thickness
(m)

Formation

Olleros

Lithology, sedimentary structures,
components / fossils, texture

cm

437.2
435.0
434.0
431.5
cm

424.0

cm
dm

420.0

Frasnian

191.2

dm

181.7

Nocedo

178.0

166.0

Givetian

m

140.0

N 042�51.203´
W 005�31.310´

MA

446.4
443.9

Alba

Visean

Serpukhovian

Age

Matallana 2/2

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Lithology, sedimentary structures,
components / fossils, texture

130.0
dm

124.0
120.0
115.1

105.8

Abelgas

Lochkovian / Pragian / Emsian

112.8
109.8

cm

dm

86.8
dm

78.8
71.8

55.8
54.3

cm

Fe

Fe

m

San Pedro

34.3
32.8

dm

16.8
15.6

6.6
dm

Formig.

S i l u r i a n

48.3

0.0

N 042�58.695´
W 005�38.960´

Mi

Millaró 1/2

Fe

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Lithology, sedimentary structures,
components / fossils, texture

Alba

Visean

283.0

261.0

Ermita

Tournai.

251.0

Vegamián

241.0
237.5
236.0
230.5
223.5
cm

215.5
211.5
cm

206.0

cm

195.5

Abelgas

Pragian / Emsian

199.0

189.5
188.5

cm

182.5
dm

175.5

153.5
149.0
dm

144.0
139.0

cm

133.0
130.0

N 042�58.695´
W 005�38.960´

Mi

Millaró 2/2

dm

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B

APPENDIX

204

Thickness
(m)

Formation

Age

Montuerto 1/2

Carbonates

Lithology, sedimentary structures,
components / fossils, texture

M

Lochkovian / Pragian / Emsian

Esla

130.0

83.5

72.5
68.5
64.5

Abelgas

56.0

47.0
dm

dm

dm

Barrios

Arenig.

20.0

0.0

N 042�52.847´
W 005�23.478´

MU

?

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Barcaliente

Lithology, sedimentary structures,
components / fossils, texture

dm

Alba

dm
dm
177.6

Baleas
Ermita

Emsian

172.1
169.6
167.6

��
dm

164.1
161.1

dm

153.6
150.0

Esla

144.0
137.5
130.0

dm

N 042�52.847´
W 005�23.478´

MU

190.1

Santa Lucía

Tourn.

Visean / Serpukhovian

Age

Montuerto 2/2

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Olleros
Lithology, sedimentary structures,
components / fossils, texture

Alba

Visean

>50

33.0
30.7
29.7
28.5
26.0

cm
cm
dm

Vegamian
Baleas ?

Ermita

cm

dm

10.0
6.4
5.8

cm

0.0

Fueyo

Famen.

Tournai.

17.0
15.0

N 042�48.061´
W 005�41.875´

OL

cm

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Formation

Thickness
(m)

Age

Piedrasecha 1/4
Vegamián

128.8
127.5
126.5

Lithology, sedimentary structures,
components / fossils, texture

dm

Ermita

Tournaisian

114.5

98.5
93.0
92.2
89.6

dm
cm
cm

dm

76.3

dm

65.0

cm

dm

58.5
55.5

cm
48.3
cm

42.3
40.3
dm

Fueyo

Famennian

34.3

cm

30.3
29.1
27.1
26.1
23.5
23.2

cm

cm
8.2

0.0

dm
cm

N 042�49.696´
W 005�46.556´

PS
Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Piedrasecha 2/4
Lithology, sedimentary structures,
components / fossils, texture

269.0
dm

dm
dm

246.0

231.0

Olleros

Serpukhovian

cm

cm

cm

cm
178.0

Alba

Visean

158.5
157.7
155.3
153.3

dm
cm

dm
144.3

134.8
133.0
Vegamián 131.0
128.8

dm

cm

N 042�49.696´
W 005�46.556´

PS
Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Piedrasecha 3/4
Lithology, sedimentary structures,
components / fossils, texture

409.0
dm

dm
dm

dm

Olleros

Serpukhovian

372.0

dm

322.5
318.0

269.0

N 042�49.696´
W 005�46.556´

PS

dm
m

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Barcaliente equiv.

Age

Lithology, sedimentary structures,
components / fossils, texture

Serpukhovian / Bashkirian

518.0

503.0

478.0
m

Olleros

dm

dm

440.0

dm

dm
409.0

N 042�49.696´
W 005�46.556´

PS

Piedrasecha 4/4
Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Formation

Barcaliente

Thickness
(m)

Age

Serpukhovian

Redilluera

Visean

Alba

Middle
Cambrian Tournai.

Vegamián

Oville

Ermita

Lithology, sedimentary structures,
components / fossils, texture

dm
dm

27.8
26.2

dm

cm

22.5
cm

17.0
14.0
11.5
6.5
5.0
4.0
0.0

N 042�58.471´
W 005�27.798´

RED

cm

dm

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Lithology, sedimentary structures,
components / fossils, texture

140.0
dm

Alba

Visean

132.6

dm

127.6
125.2

cm

Tou.

118.2
116.7

Baleas

113.5
108.7

dm

105.5

Nocedo / Ermita ?

Frasnian

95.5

85.0

m

80.5

dm

75.5
73.0
70.5
dm

dm

32.5

Portilla

Givetian

50.5

26.0

11.0

3

2

1

0.0

Carbonates
M

N 042�51.879´
W 005�40.162´

PO

Rocalo/La Pola de Gordón 1/1
W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Santa Lucía 1/3
Lithology, sedimentary structures,
components / fossils, texture

140.0

120.0
116.0

23

dm
89.0

Emsian

Santa Lucía

dm

dm

dm

36.0

Esla

dm

15.0
dm

0.0

N 042�52.337´
W 005�37.796´

SL
Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Santa Lucía 2/3
Lithology, sedimentary structures,
components / fossils, texture

280.0

60

268.0

59

264.0

57

260.0
256.9

dm

55
54A
54

53

dm

241.9
52

235.1
50

229.0

Santa Lucía

Emsian

223.4

213.4
207.4
201.0
195.0
190.0

181.0

140.0

49A

dm

47

42
40
39

dm

36

32
30
29

24

N 042�52.337´
W 005�37.796´

SL

cm
dm

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Santa Lucía

305.8

Emsian

Lithology, sedimentary structures,
components / fossils, texture

Huergas

Age

Eifelian

313 .3
311.8

296.0
294.8

280.0

76
74A

cm
dm
73A
72

N 042�52.337´
W 005�37.396´

SL

Santa Lucía 3/3

m

m

Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Santa Lucia

Age

Valporquero 1/3
Lithology, sedimentary structures,
components / fossils, texture

140.0
132.5

dm

127.5
124.5
121.5

Esla

Emsian

109.5

51.5
dm

45.5
39.5
33.5

dm

Ab e l g a s

Lochkovian

30.0

dm

dm
0.0

N 042�54.809´
W 005�33.761´

VP
Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Age

Valporquero 2/3
Lithology, sedimentary structures,
components / fossils, texture
200m W

278.4

271.4
264.2
dm
254.2

244.7
dm
cm

dm

228.2

dm

Santa Lucia

Emsian

222.2

214.2

203.7

195.2

dm
dm

181.2
177.2

165.2
163.7

150.7
146.5
140.0

dm

N 042�54.809´
W 005�33.761´

VP
Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Thickness
(m)

Formation

Alba

Age

Frasn.? Tour./Vise.

Lithology, sedimentary structures,
components / fossils, texture

< 470
421.5

413.5
Ermita 412.3
410.7
Nocedo 405.9
???
403.1

Huergas

Eifelian / Givetian

400.1

376.1

362.9

350.9

Santa Lucia

Emsian

340.9

329.9

304.3
299.9
298.4

288.4

278.4

cm

cm

N 042�54.809´
W 005�33.761´

VP

Valporquero 3/3
Carbonates
M

W

P

G

B

M

Siliciclastics
S

FS

MS

CS

C/B

F

Depositional
Environment
L

S

O

B
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Predicted stratigraphic columns

Coarse Sand
Medium Sand
Fine Sand & Silt
Silt & Clay mixed
Interbedded Sand to Clay
Interbedded Silt to Clay
Evaporitic carbonates
Carbonate fine-grained
Carbonate coarse-grained
Carbonate Boundstone
Micrite
Algal Laminate

Synthetic stratigraphic columns as an output from
2D stratigraphic forward modelling. The position
along transect is given in km. Black triangles represent hiati. They are proportional to the hiatus time
span. See Fig.7.4 for 2D sections along the Bernesga Transect. For explanation of the columns see Fig.
7.6 and Chapter 7.

L á n c a r a

Herrería
O v i l l e
Barrios / La Matosa

Barrios / Tannes
Formigoso

Barrios / Tannes

km 7.5

Formigoso
Abelgas

km 0.0

km 4.0

Herrería

Esla

Ermita

L á n c a r a
O v i l l e

Herrería

Abelgas

San Pedro
L á n c a r a
O v i l l e

Vegmián / Alba
O v i l l e

Bar./Er.

Vegmián / Alba
O v i l l e
Ermita / Vegmián / Alba

km 14.6

Abelgas

Formigoso

Esla

San Pedro

Ermita

Vegmián / Alba

Abelgas

Barrios / Tannes

Formigoso

Barrios / La Matosa

Barrios / Tannes

Barrios / La Matosa

O v i l l e

O v i l l e

L á n c a r a

H e r r e r í a

km 22.4

Santa

Huergas

Lucía

Esla

Erm.

Vegmián / Alba

Santa

San Pedro

Lucía

Abelgas

Barrios / Tannes

Formigoso

Barrios / La Matosa

Barrios / Tannes

O v i l l e

Barrios / La Matosa

L á n c a r a

O v i l l e

L á n c a r a

H e r r e r í a
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Esla
Abelgas

San Pedro
Formigoso

Abelgas
San Pedro

Formigoso
Barrios / Tannes

Alba

Erm. / Bal.

Huergas

Lucía

Santa

Barrios / La Matosa
O v i l l e

L á n c a r a
H e r r e r í a

Lucía

Santa

Esla

km 32.7

Coarse Sand
Medium Sand
Fine Sand & Silt
Silt & Clay mixed
Interbedded Sand to Clay
Interbedded Silt to Clay
Evaporitic carbonates
Carbonate fine-grained
Carbonate coarse-grained
Carbonate Boundstone
Micrite
Algal Laminate

APPENDIX
221

O v i l l e

km 42.1

Portilla

Nocedo

Erm. / Bal.

Huergas

Santa

Alba

Portilla

Huergas

Lucía

Santa

Lucía

Abelgas

Esla

Formigoso

San Pedro

Abelgas

Barrios / Tannes

Formigoso

Barrios / Tannes

Barrios / La Matosa

O v i l l e

L á n c a r a

O v i l l e

L á n c a r a

H e r r e r í a

Coarse Sand
Medium Sand
Fine Sand & Silt
Silt & Clay mixed
Interbedded Sand to Clay
Interbedded Silt to Clay
Evaporitic carbonates
Carbonate fine-grained
Carbonate coarse-grained
Carbonate Boundstone
Micrite
Algal Laminate
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km 45.1

Portilla

Nocedo

Erm. / Bal.

Alba

Huergas

Santa

Portilla

Huergas

Lucía

Esla

Abelgas

Santa

Lucía

Abelgas

Formigoso

San Pedro

Barrios / Tannes

Capas Getino ?

O v i l l e

Formigoso

Barrios / La Matosa

Barrios / Tannes

O v i l l e

H e r r e r í a

L á n c a r a

Coarse Sand
Medium Sand
Fine Sand & Silt
Silt & Clay mixed
Interbedded Sand to Clay
Interbedded Silt to Clay
Evaporitic carbonates
Carbonate fine-grained
Carbonate coarse-grained
Carbonate Boundstone
Micrite
Algal Laminate
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km 48.5

Nocedo

Fueyo

Erm.

Vegmián / Alba

Nocedo

Nocedo

Huergas

Santa

Portilla

Huergas

Lucía

Esla

Santa

Lucía

Abelgas

Esla

Abelgas

San Pedro

Capas Getino ?

Formigoso

Barrios / La Matosa

San Pedro

Barrios / Tannes

O v i l l e

O v i l l e

H e r r e r í a

L á n c a r a

Coarse Sand
Medium Sand
Fine Sand & Silt
Silt & Clay mixed
Interbedded Sand to Clay
Interbedded Silt to Clay
Evaporitic carbonates
Carbonate fine-grained
Carbonate coarse-grained
Carbonate Boundstone
Micrite
Algal Laminate
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km 54.8

Fueyo

Erm.

Vegmián / Alba

Fueyo

Nocedo

Portilla

Nocedo

Huergas

Santa

Portilla

Huergas

Lucía

Esla

Santa

Abelgas

Lucía

Esla

San Pedro

Formigoso

Capas Getino

Barrios / Tannes

O v i l l e

Barrios / Tannes

Barrios / La Matosa

O v i l l e

O v i l l e

O v i l l e

L á n c a r a

H e r r e r í a

Coarse Sand
Medium Sand
Fine Sand & Silt
Silt & Clay mixed
Interbedded Sand to Clay
Interbedded Silt to Clay
Evaporitic carbonates
Carbonate fine-grained
Carbonate coarse-grained
Carbonate Boundstone
Micrite
Algal Laminate
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I love deadlines. I like the whooshing sound they make as they ﬂy by.
(Douglas Adams)

