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ents of the Iberian Plate are a well studied case of classical Buntsandstein–
Muschelkalk–Keuper facies, with good sedimentological interpretations and precise datings based on pollen
and spore assemblages, ammonoids and foraminifera. Synrift–postrift cycles are recorded in these facies, but
there are only a few studies of quantitative subsidence analysis (backstripping method) and only a previous
one using forward modelling for the quantification of synrift–postrift phases of this period.
Herewe present the results obtained by the quantitative analysis of fourteen field sections and oil-well electric
log records in the Iberian and Ebro Basins, Spain. Backstripping analysis showed five synrift phases of 1 to
3 million years duration followed by postrift periods for the Permian–Triassic interval. The duration, however,
shows lateral variations and some of them are absent in the Ebro Basin. The forward modelling analysis,
assuming local isostatic compensation, has been applied to each observation point using one-layer and two-
layer lithospheric configurations. The second one shows a better fit between observation andmodel prediction
in a systematic way, so a two layer configuration is assumed for the sedimentary basin filling analysis.
Lithospheric stretching factors β and δ obtained in the forward modelling analysis are never higher than 1.2,
but sometimes βb1 and simultaneously δN1 in the same section. If surficial extension is compensated by deep
compression either at the roots of the rift basins or in far-away zones is not yet clear, but this anomaly can be
explained using a simple shear extensional model for the Iberian and Ebro basins.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The present-day Iberian, Catalan and Pyrenean Ranges, and the
Ebro Basin (Fig. 1), situated in the northeastern Iberian Plate, are the
geomorphic expression of basin inversion, thrusting and foreland
basin creation during the Cenozoic Alpine compressional events
(Vegas and Banda, 1982) in Central and Northern Iberian Peninsula.
The three ranges had similar multiple extensional phases of tectonic
evolution during Permian and Triassic times. The Iberian Basin
originated during the Early Permian as isolated assymetric half-
grabens, and developed towards a classic, symmetrical graben during
the Early Triassic (Arche and López-Gómez, 1996). Most of the late
Permian–early Mesozoic rifting sediments in the Ebro Basin are
covered by Cenozoic sediments in the present Ebro Basin or southern
foreland basin of the Pyrenees. Core and electric well logs studies
(Jurado, 1989; Salvany, 1990) and geophysical data (ECORS Pyrenees
ll rights reserved.
Team, 1988; Choukroune, 1989; Salas et al., 2001) show a clearly
subdivided basin marked by highs and troughs with different
sedimentary characteristics, similar to the Iberian Basin. The Catalan
Basin, isolated during Late Permian times from the rest of the Iberian
Peninsula by the Lérida, Montalbán–Oropesa and North Catalan Highs,
at the north, west and south respectively, and connected at the
southwest corner during the Early Triassic with the other basins, also
evolved as half-grabens with contrasting sedimentary characteristics
(Calvet and Marzo, 1994) (Fig. 1A, 2A), and in consequence, marked
differences in the sedimentary record of Permian and Triassic age.

The study of the Ebro and Iberian Basins subsidence during the
Permian and Triassic times is themain focus of this paper. Earlier work
have shown the subsidence style in the Ebro Basin (Desegaulx and
Moretti, 1988; Zoetemeijer et al., 1990; Gaspar-Escribano et al., 2001)
and the Iberian Basin (Álvaro, 1987; Arche and López-Gómez, 1999a;
Salas and Casas, 1993; Van Wees and Stephenson, 1995; Van Wees
et al.,1998). However, none of these studies correlated the subsidence
history of both basins during the Permian and Triassic. This period of
time corresponds to the beginning of the break-up of Pangea and the
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Fig. 1. A — Geological map of the Iberian Peninsula showing the present-day basins, ranges and major Alpine thrust fronts. B — the study area and its more relevant structures.
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progressive advance of the Tethys Sea to the west and the different
phases of this evolution are poorly known in Iberia. This study will
show that, although the evolution was similar in both basins during
their early stages, the Ebro and Iberian Basins had different subsidence
evolutions.

Previous quantitative studies in both basins have shed much light
on the subsidence histories, but were limited in the stratigraphic
resolution or were restricted in the number of stretching phases. In
this paper we have tried to resolve these problems first in each basin
and finally establishing a comparison between them. For this purpose,
we first use the backstripping technique on six composed surface
sections and eight wells to obtain the tectonic subsidence curves, and
the forward modelling technique to obtain the stretching factors.

Themodelling is based on a precise program that allows for infinite
extensional phases, not for a limited number as used in previous
studies, improving the resolution of the analysis. The forward
modelling method was used in Van Wees et al. (1998), but improved
stratigraphic data used in this paper and the possibility of using one
and two-layer extensional modelling also improve on the results
available up to now.

The subsidence analysis and forward modelling allows to quanti-
tatively analyse the spatial and temporal variations of predicted
crustal and subcrustal stretching values. From this perspective we are
able to unravel more about the tectonic processes driving Permian and
Mesozoic basin formation in the Ebro and Iberian basins. In particular,
we aim to discuss the predictions of forward modelling in the
framework of observations on fault morphology and a number of
other tectonic processes controlling the evolution of particular sectors
of each basin (Leeder and Gawthorpe, 1987; Gibbs, 1990; Kooi et al.,
1992; van Wees and Cloetingh, 1994; Gawthorpe and Leeder, 2000;
Leeder et al., 2002; Young et al., 2002).

2. Geological framework

The present structure of the NE Iberian Plate is the result of the
convergence between the European, Iberian and African plates and the
sea-floor spreading episode during the Late Oligocene–Miocene
responsible for the opening of the Gulf of Valencia–Gulf of Lyons and
eastward migration of the Balearic, Corsica and Sardinia blocks and the
creation of the Pyrenean, Iberian and Betic compression orogens.
Convergence occurred in two stages (Srivastava et al., 1990; Roest and
Srivastava, 1991; Gueguen et al., 1998; Roca et al., 2004): the first one,
duringLateCretaceous–MiddleOligocene, (betweenEurasia and Iberia),
and the second one during Late Oligocene–Early Miocene (between the
Iberian and African plates). Extensional phases took place from the Late
Miocene onwards.

The Cenozoic Ebro Basin is the present southern foreland basin of
the Pyrenees, originated during in the Pyrenean orogeny caused by the
collision between Europe and Iberia in Late Paleogene–Earlt Miocene
times (Puigdefábregas et al., 1986; Vergés et al., 2002). This foreland
basin phase was preceded by tectono-sedimentary phases that
created an intracratonic rift basin: a late Paleozoic–early Mesozoic



Fig. 2. A— tectonic sketch map and main locations of the study area. B— locations of the studied sections and wells: Torremocha-1 (Torr-1), Molina de Aragón (Mol), Alhama (Alh),
Cañete (Ca), Teruel (Ter), Chelva (Che), Chovar-Eslida (Ch-Es), Ejea-1, Monegrillo-1 (Moneg-1), Bujaraloz-1 (Buj-1), Ebro-2, Caspe-1, Manzón-1 (Monz-1), Lérida-1.
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rifting, an Early–Middle Cretaceous platform development and a
Middle Cretaceous strike-slip tectonic phase (Puigdefábregas et al.,
1986). The Ebro Basin is now triangular in shape, bounded to the north
by the Pyrenean Chain, to the northeast by the Catalan Coastal Range
and to the south by the Iberian Ranges (Fig. 1A). The depocentres of
the Ebro Basin migrated from north to south during the Late
Paleocene–Early Miocene thrusting episodes (Riba et al., 1983)
which shortened in the basin by about 100 km (Roure et al., 1989),
and up to 165 km according to Muñoz (1992).

The Iberian Ranges are an intraplate chain bounded by the Central
System and the Tajo Basin to the west, the Catalan Coastal Ranges to
the northeast and the Cenozoic Ebro Basin to the north (Fig. 1). Its
present configuration, with two Paleozoic–Mesozoic lineaments
(Castilian and Aragonese branches) separated by the Cenozoic
Calatayud–Teruel basin, was formed by the Paleogene–Miocene
inversion of an intracontinental NW–SE Mesozoic rift system related
to some NW–SE extensive basins (Maestrat and Cameros Basins;
Álvaro et al., 1979; Guimerá and Álvaro, 1990; Salas and Casas, 1993).

The Permo–Triassic Iberian Basin is limited by three main NW–SE
boundary fault systems: the Cañete–Sagunto (or Serranía de Cuenca), the
Molina–Teruel and the Alhama–Oropesa, and the Ateca–Montalbán–
Maestrazgo fault systems (Arche and López-Gómez, 1996, 1999a) (Fig.
2A). These fault systems, trendingNW–SE and consisting of normal, listric
faults, are related to the Hercynian tectonic structures, very active since
Late Carboniferous–Early Permian times and controlled the shape and
location of the Permian–Triassic infilling of the Iberian Basin (Arche and
López-Gómez, 1996; Van Wees et al., 1998) and the later inversion
tectonics during the Cenozoic compressive period (Arche and López-
Gómez,1996). A subordinate systemofNNE–SSWfault systemswasactive
from Early Permian to Middle Triassic times, the Teruel, Requena and
Valencia–Castellón systems, controlling different extensional rates and
sedimentation domains, in particular during the Anisian in the eastern
part of the Iberian Basin. The northern part of the Ateca–Montalbán–
Maestrazgo Fault System corresponds with the southern Ebro Basin
boundary (Fig. 2A).

Extension in continental plates along shallow listric normal faults
that flat out at a depth of 12–15 Km, in the brittle-ductile transition
zone in the continental crust, are very frequent as documented by
Gibbs (1984, 1987), Wernicke and Tilke (1989) and Morley (1999),
among others. The possible propagation in depth in an ramp-and-flat
staircase fault model across the lithosphere and even the upper
mantle is a possibility not to be discarded in the Iberian Plate.

The Permo–Triassic Ebro Basin was bounded to the SW by a
Paleozoic high, the Soria–Ateca–Montalbán high, to the NE by the
Lérida andNorthCatalan PaleozoicHighs, and to theNbyan ill-defined
Pyrenean High. These structures of clear tectonic origin were
progressively drowned by successive transgressive pulses of the Tethys
Sea during the Middle–Upper Triassic (López-Gómez et al., 1998).

There were three main phases of deposition in the Iberian Basin
during the Permian and Triassic: an initial short-lived rifting phase in
the Autunian (Early Permian) corresponding to the formation of small
local basins (Van Wees et al., 1998), a second rifting phase (Late
Permian–Early Triassic) related to the first stage of Iberian and Ebro
basin formation as a response to lithospheric stretching, trendingNW–

SE (main direction of Hercynian structures) (López-Gómez and Arche,
1993a; Arche and López-Gómez, 1996), and a third phase during
Middle Triassic represented by a long period of thermal subsidence
(Sopeña et al.,1988; López-Gómez andArche,1993a; Arche and López-
Gómez, 1996). These three stages were clearly differentiated in other
basins of the Iberian Plate aswell as in other parts of thewesternTethys
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(Fig. 3), although in this paper it will be shown that the beginning and
ending of each phase differ between basins.

After the three syn-rift and post-rift extensional phases in the
Iberian domain a period of post-rift thermal subsidence took place
during the Early–Middle Jurassic with alkaline magmatism in the SE
part of the Iberian Basin. Active rifting resumed during the late
Oxfordian and persisted until the late Albian. This major rifting cycle
can be subdivided into three minor syn-rift and post-rift pulses. From
late Albian to lateMaastrichtian time the Iberian Basin subsided during
a thermal post-rift phase (Roca et al., 2001; Vergés ans García-Senz,
2001; Salas and Casas, 1993).

3. The sedimentary record of the Iberian and Ebro Basins

This section describes the main lithological and sedimentological
characteristics of the Permian and Triassic sediments in the Iberian
and Ebro basins (Fig. 4, Tables 1, 2 and 3). Field sections are usually
composite sections. A more detailed description can be found in
Sacher (1966); Pérez-Arlucea and Sopeña (1985); Sopeña et al. (1988,
1995); Ramos (1979); Arche and López-Gómez (1989, 1996, 1999b);
Fig. 3. Simplified paleotectonic-paleogeographic maps of the Western Tethys domain for
Modified from Ziegler (1988).
López-Gómez (1985); López-Gómez and Arche, (1986,1992a,b, 1993b,
1995, 1997); Muñoz et al. (1995); Van Wees et al. (1998); Rey et al.
(1988); López-Gómez et al. (1998, 2002) among others for the Iberian
Basin, and Jurado (1989, 1990); Arribas (1985); Arribas et al. (1985);
De la Peña et al. (1977); Meléndez et al. (1995a); Ortí (1987, 1990)
among others for the Ebro Basin.

The Iberian Ranges present very good outcrops from the lower
Paleozoic basement to Quaternary rocks. To obtain the subsidence
curves and stretching factors and phases we mainly used a detailed
stratigraphic data base obtained from field studies of the Permian and
Triassic listed in the previous paragraph, the Jurassic (Goy et al., 1976;
Gómez, 1978; Gómez and Goy, 1979; Salas, 1989; Meléndez et al., 1990;
Aurell et al., 1999) and the Cretaceous rocks (Mas, 1981; Canerot, 1982;
Vilas et al., 1982; Meléndez, 1983). The Ebro Basin, however, shows an
almost total lack of pre-Cenozoic outcrops. Instead,we used information
from core and electrical well logs (Fig. 2B) obtained from different
databases (IGME, 1987; Jurado, 1989), and correlated them with the
surface data of the NE Iberian Ranges provided by Arribas (1985, 1987).
The Anisian–Norian sediments of the Catalan Coastal Ranges and the
Ebro Basinwere correlated by López-Gómez et al. (1998), but the oldest
the Autunian (Early Permian), Thüringian (Late Permian), Anisian (Middle Triassic).



Fig. 4. Adopted stratigraphic subdivision for the Permian and Triassic sediments of the Ebro and Iberian basins. See also descriptions of the units in Tables 1, 2 and 3.
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Table 1
Sketch of the main stratigraphical characteristics of the Permian sediments of the Iberian Ranges.

Description Age Lithologic composition Maximum
thickness

Author (year)

Units

Hoz del gallo
conglomerates P6

Thüringian (Upper Permian) Quartzite conglomerates and sandstone levels at the top 158 m Ramos (1979)

Alcotas mudstones and
sandstones fm. P5

Thüringian (Upper Permian) Interbedded mudstones and sandstones and/or conglomerates 168 m López-Gómez and
Arche (1986, 1992a)

Montesoro beds P5 Thüringian (Upper Permian) Breccias of several lithologies, siltstones alternating with
sandstone and conglomerate beds and carbonate levels

94.5 m Sacher (1966)

Boniches
conglomerates fm. P4

Thüringian (Upper Permian) Quartzite clasts with sandstone matrix 86 m López-Gómez and
Arche (1986, 1992a)

Tabarreña breccias fm. P3 Autunian (Lower Permian) Quartzite pebbles and mudstone, sandstone matrix and slate fragments 21 m López-Gómez and
Arche (1986, 1992a)

Ermita beds P2 Autunian (Lower Permian) Alternance of siltstones and volcanic clasts and ferruginous
carbonated levels. Siliceous dolomites with siltstones at the top

204 m Sacher (1966)

P1 Volcaniclastic sandstones, lava flows with volcanic conglomerates
and some quartzite and slate pebbles

58 m

See Fig. 4 for their stratigraphical location.
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part of the Permian–Triassic, basically continental, sedimentary record
of both areas has not been correlated in detail up to now, in spite of
obvious similarities.

Most Permian and Triassic sediments can be broadly correlated
throughout each basin. Concrete zones, however, have been taken as
representative for both the Iberian and Ebro basins,where stratigraphy
is synthesized in lithostratigraphical units correlated to absolute ages
derived from the Gradstein et al. (1995) time scale.

3.1. Iberian Basin

Two zones in the NWand SE Iberian Basin have been chosen as the
most representative of the Permian and Triassic stratigraphic record.
Table 2
Sketch of the main stratigraphical characteristics of the Triassic sediments of the Iberian Ra

Description Age Lithologic

Units

Imón dolomites fm. T15 Norian–Raethian (Upper Triassic) Laminated
algal mats

Undifferentiated facies Keuper T14 Carnian–Norian (Upper Triassic) Marls, gyp
Upper Keuper facies T13 Upper Carnian–Norian (Upper Triassic) Clays and
Manuel sandstones fm.
(Middle Keuper) T12

Carnian (Upper Triassic) Sandstone

Lower Keuper facies T11 Carnian (Upper Triassic) Alternance
Royuela dolomites, marls and
limestones fm. T10B

Ladinian (Middle Triassic) Dolomites
and marls

Tramacastilla dolomites fm. T10A Ladinian (Middle Triassic) Massive gr
Levantine-balear triassic tlb Anisian–Ladinian (Middle Triassic) Gray dolom

marls in th
Cañete dolomites and
limestones fm. T10

Ladinian (Middle Triassic) Dolomites

Mas clays, marls and
gypsum fm. T9

Anisian–Ladinian (Middle Triassic) From W to
into marls

Landete dolomites fm. T8 Anisian (Middle Triassic) Dolomites

Marines clays, mudstones
and marls
fm. T7

Anisian (Middle Triassic) Mudstone
and gypsu

Eslida mudstones and
sandstones
fm. T6

Anisian (Middle Triassic) Mudstone

Torete variegated mudstones
and sandstones T5

Anisian–Ladinian (Middle Triassic) Alternatin
many salt

Rillo mudstones and sandstones T4 Anisian (Middle Triassic) Alternance
Río Arandilla sandstones T3 Anisian (Middle Triassic) Sandstone
Prados beds T2 Anisian (Middle Triassic) Alternatin
Rillo de Gallo sandstones T1 Scythian–Anisian (Lower–Middle Triassic) Sandstone

and sandy
Cañizar sandstones FM. T1 Scythian–Anisian (Lower–Middle Triassic) Sandstone

at the top

See Fig. 4 for their stratigraphical location.
⁎ Defined in this work when there is not lithologic criteria of separation into T11, T12 and T
The stratigraphic framework adopted in this paper is shown in Fig. 4
for the Cañete and Molina de Aragón zones.

Permian and Triassic sedimentation in the Iberian Basin records
the beginning of extensional phases of the Alpine cycle. These
sediments are dated by some fossil groups (ammonoids, conodonta,
foraminifera, brachiopods e.g. López-Gómez et al., 1998, and pollen
associations e.g. Doubinger et al., 1990; Sopeña et al., 1995; López-
Gómez et al., 1998) that allow correlations throughout the basin and
beyond including surface and well log data.

Permian sediments (P1–P6) are divided into three sequences
separated by unconformities (Fig. 4). The lowest sequence (P1–P3) is
not easy to correlate throughout the basin due to scarcity of fossils,
especially in the upper part (P3), only lithological criteria and pollen
nges.

composition Maximum
thickness

Author (year)

dolomites with oolites,
and evaporite beds

18 m Goy et al., (1976)

sum and siltstones 324 m This work⁎
gypsum with some dolomitic bed 150 m Ortí (1974)
s and some mudstones 200 m Ortí (1974)

of clays and gypsum with some marls 200 m Ortí (1974)
with some limestone levels
at the top

45 m Pérez-Arlucea and
Sopeña (1985)

ay-ochre dolomites 45 m Pérez-Arlucea and Sopeña (1985)
ites with some limestone levels and
e middle part

140 m López-Gómez et al. (1998)

and some limestones and marls 84 m López-Gómez and
Arche (1986, 1992a)

E clays and sandstones passing
, gypsum and dolomites

49 m López-Gómez and Arche (1992a)

with some marls and evaporites beds 168 m López-Gómez and
Arche (1986, 1992a)

s with marls, sandstone, limestone
m beds

45 m López-Gómez and Arche (1992a)

s with some sandstones beds 663 m López-Gómez and Arche (1992a)

g siltstones and sandstones with
crystals pseudomorphs

41 m Ramos (1979)

of sandstones and siltstones 197 m Ramos (1979)
s with sandy siltstone beds 178 m Ramos (1979)
g sandstones and siltstones 45.3 m Ramos (1979)
s with some quartzite clasts
siltstones

152 m Ramos (1979)

s with some mudstone intercalations
and a conglomeratic level at the base

168 m López-Gómez and
Arche (1986, 1992a)

13. Approximated thickness by partial dissolution.



Table 3
Sketch of the main stratigraphical characteristics of the Permian and Triassic sediments of the Ebro Basin.

Description Age Lithologic composition Maximum
thickness

Author (year)

Units

Triassic Suprakeuper dolomites=
Imón FM T15

Norian–Raethian (Upper Triassic) Laminated dolomites with oolites,
algal mats and evaporite beds

110 m Jurado (1989)

Indifferentiated Keuper
facies T14

Carnian–Norian (Upper Triassic) Marls, gypsum and siltstones 248 m This work⁎

K3=Upper Keuper T13 Upper Carnian–Norian
(Upper Triassic)

Clays and gypsum with some dolomitic beds 55 m Jurado (1989)

K2=Middle Keuper T12 Carnian (Upper Triassic) Mudstones 130 m Jurado (1989)
K1=Lower Keuper T11 Carnian (Upper Triassic) Alternance of clays and gypsum with some carbonates 296 m Jurado (1989)
Upper dolomites and
marls (B)

T10 Ladinian (Middle Triassic) Alternance of gray dolomites, marly dolomites
and dolomitic marls

40 m Arribas (1985)

Basal dolomites (A) Ladinian (Middle Triassic) Grey dolomites 45 m Arribas (1985)
Upper Muschelkalk=
Cañete FM T10

Ladinian (Middle Triassic) Dolomites and some limestones and marls 126 m Jurado (1989)

Middle Muschelkalk=
MAS FM T9

Anisian–Ladinian (Middle Triassic) From W to E clays and sandstones passing
into marls, gypsum and dolomites

315 m Jurado (1989)

Lower Muschelkalk=
Landete FM T8

Anisian (Middle Triassic) Dolomites with some marls and evaporitic beds 105 m Jurado (1989)

Trasobares mudstones
and marls T5

Anisian–Ladinian (Middle Triassic) Sandstones, mudstones, marls, dolomites
and some gypsum embbeded into clay beds

40 m Arribas (1985)

Cálcena mudstones
and sandstones T4

Anisian (Middle Triassic) Mudstones with little sandstone beds and
a dolomitic bed

80 m Arribas (1985)

Rané sandstones and
mudstones T3

Anisian (Middle Triassic) Alternance of sandstone and mudstone beds 106 m Arribas (1985)

Carcalejos mudstones T2 Anisian (Middle Triassic) Mudstones with some little sandstone beds 10 m Arribas (1985)
Aranda sandstones T1 Scythian–Anisian

(Lower–Middle Triassic)
Sandstone beds with some conglomeratic
beds at the base

150 m Arribas (1985)

Permian Tabuenca mudstones P5 Thüringian (Upper Permian) Mudstones with some sandstone beds 108 m Arribas (1985)
Moncayo conglomerates P4 Thüringian (Upper Permian) Conglomerates of quartzite clasts 15 m Arribas (1985)
Arroyo ruidero mudstones,
sandstones and
conglomerates P2

Autunian (Lower Permian) Mudstones with some sandstone and
conglomeratic beds, and piroclastic rocks

135 m Rey and Ramos
(1991)

Volcani-sedimentary
deposits P1

Autunian (Lower Permian) Lava flows and volcaniclastics 90 m De La Peña
et al. (1977)

See Fig. 4 for their stratigraphical location.
⁎ Defined in this work when there is not lithologic criteria of separation into T11, T12 and T13. Approximated thickness by partial dissolution of the evaporites.
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data can be used for this correlation. These sediments, broadly denomi-
nated “Autunian facies” (see discussion in Arche et al., 2007), represent
lacustrine, volcaniclastic, slope scree and alluvial fans deposited in
small, isolated basins with very different infilling history (Ramos, 1979;
Sopeñaet al.,1988; López-GómezandArche,1994) (Table 1). Themiddle
sequence (P4, P5) or “Saxonian” facies (Sopeña et al., 1988; López-
Gómez et al., 2002) consists of a lower unit of conglomerates restricted
to the centre of the basin of alluvial fan and braided river origin (Cañete
zone) (López-Gómez and Arche, 1997), and an upper part containing
intercalated sandstones and red mudstones deposited in meander and
distal braided rivers and isolated ponds (Pérez-Arlucea and Sopeña,
1985; López-Gómez and Arche, 1993a,b; Arche and López-Gómez,
1999a). The term Saxonian should be discarded nowadays. The upper-
most sequence (P6) constitutes the base of the “Buntsandstein facies”
and consists of conglomerates of alluvial fan and braided fluvial origin
(Ramos, 1979) succeeded by red sandstones of braided fluvial origin of
Triassic age (Fig. 4 and Table 1).

In the Iberian Basin, the Permian–Triassic boundary is not well
defined up to now. There is an almost continuous record of sediments
probably without marked unconformities, as observed in most of
Western Europe (López-Gómez et al., 2002). The Permian–Triassic
boundary is somewhere between the basal conglomerates (P3) and
the lower third of the sandstone formation (T1).

Triassic sediments in the Iberian Basin correlate well with the
classical “Germanic Triassic megasequence” of Central Europe con-
stituted by the Buntsandstein, Muschelkalk and Keuper Facies.
Although there is no precise time equivalence between these
sediments, the main sedimentary megasequences are equivalent in
Western, Southern and Central Europe because most of the Pangean
continent shows the extensional tectonic regime at the beginning of
the Alpine cycle with two clear subsidence stages, one tectonic and
other thermally induced (e.g. Stapel et al., 1996), corresponding to the
Buntsandstein and Muschelkalk–Keuper facies respectively. Litholo-
gies are very similar but their age boundaries are not.

During the Triassic four sedimentary sequences have been identified
in the Iberian Basin bounded by hiatuses. The lowermost sequence (T1,
T6) consists of two intervals: sandstones (T1) interpreted as sandy
braided river deposits (Pérez-Arlucea and Sopeña, 1985; López-Gómez
and Arche, 1986) and interbedded sandstones and red mudstones (T6)
interpreted as distal braided meandering and ephemeral river deposits
(Arche and López-Gómez,1999b) (Table 2). The overlying sequence (T7,
T8) consists of “Röt” facies (upper part of Buntsandstein facies) (T7)
constituted by mudstones and marls of estuarine origin (López-Gómez
and Arche, 1992b) and dolomites of the “lower Muschelkalk” (T8)
interpreted as intertidal and shallow shelf deposits (López-Gómez et al.,
1993, 1998). In the NW Iberian Ranges the interval T6–T7–T8 changes
laterally into a siliciclastic, mostly continental sequence (Fig. 4) that
consists, from base to top, of: (T2) that represent low energy fluvial
deposits, (T3) that consists of sandy braided river deposits, and (T4)
representing meandering river deposits (see Table 2). The third
sequence (T9, T10) corresponds to the “middle-upper part of the
Muschelkalk”, represented respectively by mudstones, marls and
gypsum (T9) of distal alluvial–sabkha origin (López-Gómez et al.,
1993,1998) and dolomites (T10) of intertidal and shallow shelf deposits
(López-Gómez et al., 1993, 1998) (T10). This sequence passes laterally
into (T5) and (T10) in the NW Iberian Ranges (see Table 2), and reflects
of a progresive transition from estuarine-mudflat deposits (T5) to
intertidal and supratidal areas (T10). The uppermost sequence of the
Triassic is represented by the Keuper facies (T11–T14) and the Imón Fm
(T15). The Keuper (Ortí,1974) consists of clays and evaporites of shallow
marine origin (T11), sandstones of fluvial – to – coastal origin (T12) and
evaporites of shallow marine origin (T13). The top of the Triassic
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sequence (T15) consists of dolomites of intertidal and shallow shelf
origin (Goy et al., 1976; Goy and Yébenes, 1977). T14 represents the
Keuper facies when it is not possible to separate the formations defined
by Ortí (1974) cannot be recognized.

3.2. Ebro Basin

The Permian–Triassic Ebro Basin is a wide, complex extensional
structure that can be subdivided in three domains with different
paleogeographic evolution (Fig. 2A). The western domain, west of
Zaragoza, contains a thin but complete Permian–Triassic succession; the
central domain, between Zaragoza and Lérida approximately, where
subsidence was more important than the other two and a thick and
complete Permian–Triassic succession is preserved and the eastern one,
linkingwith the Catalan Basin south of the Lérida Paleozoic high, where
the Permian–Triassic sediments are thin and were totally or partially
eroded during the Alpine compressional tectonic phases.

Most of the Permian–Triassic sediments lie now under the
Cenozoic cover of the Ebro Basin and can be studied only in commer-
cial oil well logs and seismic profiles. They only crop out along the
Aragonese branch of the Iberian Ranges (Arribas, 1985, 1987) as the
SW marginal deposits of the basin, but a correlation can be drawn
Fig. 5. A) Tectonic subsidence curves for the studied sections of the Iberia
between this area, the Iberian Ranges, the Ebro Basin and the Catalan
Ranges (Arche et al., 2004). The main biostratigraphic data published
on these sediments can be found in De la Peña et al. (1977) and Díez
et al. (1996) for the Permian (Doubinger et al., 1990) and in Gómez
and Goy (1979), Torres (1990), Rey and Ramos (1991), Sopeña et al.
(1995) and Meléndez et al. (1995b) for the Triassic.

The sediments of Early Permian age are found along the Aragonese
branch of the Iberian Ranges and in the Caspe area in the subsurface of
the Cenozoic basin (Arche et al., 2007). As there are almost no
biostratigraphic data from the oil wells in the present-day Ebro Basin
(Fig. 2B) the thick sequence at the base of some of them has not been
taken into account in this study, although it can be Early Permian age.
The undifferentiated Late Permian–Early Triassic continental sedi-
ments in the wells show two depocenters (N. Lérida and Caspe areas)
(Fig. 2B) related with the Catalan Basin, and a central depocenter near
Monzón area of much thinner sediments to the west of these
depocenters. The outcrops along the Aragonese branch of the Iberian
Ranges clearly show the pinch out of the sediments against the Ateca–
Montalbán paleozoic high (Fig. 2A) and isopach maps are available in
Arribas (1985) and Jurado (1989).

Marine sediments comprise most of the Muschelkalk and Keuper
sediments and constitute a total of four evaporite-siliciclastic units
n Ranges. See Fig. 2B for geographical locations. B) Continuation of A.
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alternating with three carbonate ones. The evaporite-siliciclastic units
are: the upper Buntsandstein or Röt facies (Anisian, Early Triassic),
middle Muschelkalk (Anisian–Ladinian, Middle Triassic), lower
Keuper (Carnian, Upper Triassic) and upper Keuper (Carnian–Norian,
Upper Triassic). The carbonate units are: the lower Muschelkalk
(Anisian, Middle Triassic), the upper Muschelkalk (Ladinian, Middle
Triassic) and the Imón Formation (Rhaetian, Upper Triassic). These
sediments show a sedimentary succession comparable to the one
found in the Molina de Aragón area Central Iberian Basin domain
(Fig. 4), in spite of the presence of the Ateca–Montalbán paleozoic
high (Fig. 2A), to that separated the Ebro Basin from the Iberian Basin.
A correlation is proposed by Arribas (1985) and was completed and
slightly modified by Sopeña et al. (1988) (Fig. 4 and Tables 1, 2 and 3),
in which the Saxonian facies, (Table 3) are time-equivalents of the
(P4) and the (P5) in the Iberian Basin, the Buntsandstein facies are
correlated with the (T1), (T2), (T3) and (T5) are the same levels in
both basins. The Muschelkalk facies, that are represented only by its
upper part, are correlated with (T10) of the Iberian Basin. Volcanic and
volcanoclastic rocks are found in the Early Permian and the Late
Triassic successions (Lago et al., 2001).
4. Subsidence analysis

To quantify the tectonic component of basement vertical move-
ments of each studied basin for the Permian and Mesozoic, six
sections and one well for the Iberian Ranges and seven wells for the
Ebro Basin (Fig. 2B) have been analysed by means of backstripping
technique (Steckler and Watts, 1978; Bond and Kominz, 1984). This
technique is based on local isostasy, that corrects for the effect of
sediment loading, and uses porosity-depth relationships (Sclater and
Christie, 1980) to correct for compaction, obtaining the total
subsidence, air-loaded tectonic subsidence and water-loaded tectonic
subsidence curves.

The backstripping method is used to quantify the tectonic
component of total subsidence in a basin and was defined by Steckler
andWatts (1978). Eustatic sea-level variations amounted to a few tens
of metres during the Mesozoic in this area, so its influence in
subsidence quantification is very small and can be neglected; in any
case, they have an effect which is equal for each well and surface
section. Air-loaded subsidence is calculated from the stratigraphic
record, adopting a local isostasy model to correct the effect for



Table 4
Permian and Triassic subsidence phases in the Iberian Ranges.

See Fig. 2B for geographical locations. Vertical striped indicate no sedimentation and/or erosion period.
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sedimentary loading, stripping formation after formation from top to
base of the section; corrections for compaction were made using
standard porosity-depth relationships for each lithology.

Porosity-depth relations used for compaction correction were
defined according to Sclater and Christie (1980) assuming a sandstone
lithology for conglomerates, volcanic rocks and volcaniclastic sedi-
ments, a shale lithology for shales, a carbonate lithology for
limestones and dolomites and finally, a halite-anhydrite lithology for
the evaporites.

To isolate the effect of tectonics in the subsidence history, we had
to correct for the effects of eustatic oscillations, paleobathymetry and
sediment compaction with increasing loading. Paleobathymetry was
estimated from sedimentary facies, fossils and depositional environ-
ments, always less than 75 m.

Since during the Cenozoic a different tectonic pattern than rifting
(basin inversion in the Iberian Basin and foreland sedimentation in
the Ebro Basin) and flexural and topographical effects took place
(Van Wees et al., 1996; Van Wees and Beekman, 2000; Gaspar-
Escribano et al., 2001); we omitted this period in our study. As
Cenozoic inversion processes are not whitin the scope of this paper
we will refer to the previous authors for a more detailed study of
this process.
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4.1. Iberian Ranges

Six stratigraphic sections (Alhama,Molina de Aragón, Cañete, Teruel,
Chelva and Chóvar–Eslida) and onewell (Torremocha-1) (Fig. 2B) were
analysed in the Iberian Ranges.

In all sections tectonic subsidence curves (Fig. 5) show rapid
subsidence phases followed by periods of slow subsidence (postrift)
phases and some episodic uplifts associated to angular unconformi-
ties. Table 4 shows an scheme with results of the phases and tectonic
subsidence values of these curves for the Permian and Triassic.

Only two sections present the first Autunian rapid tectonic
subsidence phase: Molina de Aragón, from 290 to 270 Ma and
approximately 130 m of tectonic subsidence, and Cañete from 274 to
270 Ma. During the Thüringian almost all sections show a second
synrift phase from 256–254 Ma (Cañete and Chelva) and from 255–
254 Ma (Molina de Aragón, Chóvar–Eslida and Teruel with the largest
tectonic subsidence value: approximately 160m). A third rifting phase
takes place from Scytian to Ladinian in the Molina de Aragón and
Teruel sections (244.8–227.4 Ma, including Buntsandstein and
Muschelkalk facies). This phase has two pulses in Cañete and Chelva
sections (244.8–241.8 Ma and 238.3–227.4 Ma), separated by an
unconformity whereas in Alhama section it begins in the Anisian
Fig. 6. A) Tectonic subsidence curves for the studied sections of the Ebro
(240.9–227.4 Ma). A two-pulses phase is also interpreted for the
Chóvar–Eslida section (244.8–239.9 Ma and 238.5–227.4 Ma) but a
postrift phase is observed between both pulses.

Carnian and Norian times, corresponding with Keuper facies,
appear as postrift phase in all sections, except for well Torremocha-1
that shows its first and only synrift phase from Ladinian to Norian
(232–211 Ma, upper Muschelkalk and Keuper facies) with around
140mandMolina deAragón section that reaches the Rhaetian. The last
rapid tectonic subsidence phase is shown in Cañete, Teruel and Chelva
sections, appearing during the Rhaetian and lasting till Lower Jurassic,
whereas in Torremocha 1well and Alhama and Chóvar–Eslida sections
this period corresponds with an uplift and subsequent erosion cycle.

4.2. Ebro Basin

Seven wells have been analysed in the Ebro Basin: Ejea-1,
Monegrillo-1, Bujaraloz-1, Ebro-2, Caspe-1, Monzón-1 and Lérida-1
(Fig. 2B).

Backstripping analyses of these wells reveal a somewhat less
complex subsidence history than in the Iberian Basin for the same
studied period (Fig. 6). The data suggest one to three subsidence
phases and a long lasting erosive period from Middle Triassic times to
Basin. See Fig. 2B for geographical locations. B) Continuation of A.
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Eocene (Ejea-1, Caspe-1 and Lérida-1 wells). A summary of the
subsidence analysis results are presented in Table 5. The presence of
Early Permian sediments has been proved only in the Caspe-1 well
(Arche et al., 2007) and has not been considered in this analysis.

During Early-Middle Triassic times an initial and rapid tectonic
subsidence phase appeared in almost all wells, represented by the
sediments of the Buntsandstein and Muschelkalk facies s. s. (244.8–
227.4 Ma), with the exception of Caspe-1 well where Permian
conglomerates at the base of the succession are included in the synrift
phase (249–228 Ma); this phase reach up to approximately 320 m of
tectonic subsidence. This phase is interrupted in the Lérida-1 well due to
later erosion (Early Triassic to Middle Triassic) and include the
Buntsandstein and lower Muschelkalk facies sediments reaching about
100 m of tectonic subsidence. A later postrift phase was preserved
partially from Tertiary erosion in Monegrillo-1, Bujaraloz-1 and Ebro-2
wells and comprises most of the Keuper facies (Carnian to Norian) in
Monegrillo-1well, and the lower Keuper in Bujaraloz-1 and Ebro-2wells.

A second synrift phase appears in Bujaraloz-1 and Ebro-2 wells
that included middle Keuper facies sediments (Carnian) reaching
around 30 m and 90 m of tectonic subsidence respectively, and a
second postrift phase appears in Bujaraloz-1, Ebro-2 and Monzón-1
during the Norian (upper Keuper). In Monzón-1 well, the first synrift
phase is shown by sediments from 244.8 to 237.1 Ma, including the
Buntsandstein and lower Muschelkalk facies, while the middle
Muschelkalk is represented by a postrift phase. The second synrift
phase comprises the upper Muschelkalk and the lower part of the
Keuper facies (233–221.5 Ma).

There is a third rapid tectonic subsidence phase during the
Rhaetian in Monzón-1 well (209.6–205.7 Ma and about 40 m of
tectonic subsidence), and reaching the Lower Jurassic in Bujaraloz-1
and Ebro-2 wells.

Ejea-1 and Caspe-1 wells show a longlasting erosion from 228 Ma
(Ladinian, that corresponds to the upper Muschelkalk) onwards and
Lérida-1 well from 237.8 Ma (upper Anisian, lower Muschelkalk)
onwards, whereas Monegrillo-1 well shows this erosion from the
Rhaetian.

5. Comparison of subsidence evolution of Iberian and Ebro Basins:
synrift and postrift stages, and geometry

The results from the analysis of the synrift and postrift subsidence
phases for Permian and Triassic times have been correlated between



Table 5
Permian and Triassic subsidence phases in the Ebro Basin.

See Fig. 2B for geographical locations.
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the Iberian and Ebro basins (Tables 4 and 5) and the synrift stages I–V
have been identified in every section and well (Fig. 7).

(Stage I–II) In the beginning, during the Autunian times (stage
I), minor subsidence is observed for the SW boundary of the
Iberian Basin. For the Ebro Basin, two small semigrabens with
Autunian sediments have been described in field sections by
Monrose (1968), De la Peña et al. (1977), Del Olmo et al. (1983)
around the Ateca area. As suggested by the distribution of tectonic
subsidence for the NW side of the Iberian Basin (Fig. 7) and the
geometry of the small, isolated half grabens of this age, it is
probable that the small basins found in the outcrops along the SW
part of the Ebro Basin, close to the main basin boundary faults,
could be also present but not identified yet in subsurface in this
area; this is in agreement with considerable volcanic activity along
the Ateca–Montalban high.

As can be seen in the Molina de Aragón section, a major angular
unconformity spanning at least 25 Ma separates stage I from stage II.
This is probably due to a tilting and uplift of the Autunian basins, most
likely after a late thermal event related to stage I extension, a
mechanism proposed by Royden and Keen (1980) for a similar
situation in the Triassic of the continental margin of eastern Canada.
Stage II is marked by slightly larger tectonic subsidence but it is
localised in small pockets, where subsidence varied from a few tens of
meters to more than 300 m (Sopeña et al., 1988).



Fig. 7. Synrift and postrift subsidence phases in all the sections andwells studied in the Iberian and Ebro basins in the Permian–Triassic period. SR— synrift phase; PR— postrift phase.
I to V indicate the main general differentiated phases for both studied basins. β,δ values respectively are: Iberian Basin (1) 0.941, 1.029; (2) 0.989, 1.03; (3) 1.026, 1.011; (4) 0.996,
1.042; (5) 0.87,1.022; (6) 1.001,1.002; (7) 1,1.027; (8) 1,1.101; (9) 1.001,1.026; (10) o.88,1.017; (11) 0.997,1.04; (12) 0.992,1.056; (13) 1.062,1.032; (14) 1.002,1.02; (15) 1.001,1.005;
(16) 0.998, 1.025, (17) 0.999, 1.015; (18) 0.984, 1.017 (19) 1.002, 1.067 (20) 0.915, 1.009. Ebro Basin (21) 0.995, 1.051; (22) o.997, 1.046; (23) 0.996, 1.068; (24) 0.977, 0.998; (25) 1.106,
1.063; (26) 0.997, 1.074; (27) 0.999, 1.02; (28) 1.003, 1.034; (29) 1.003, 1.1; (30) 1.001, 1.052; (31) 0.998, 1.037; (32) 0.996, 0.999; (33) 1.001, 1.018. See Fig. 2B for the geographical
location of the sections and wells.
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(Stage III) During this stage the Ebro Basin developed as a single,
major extensional structure (basal Triassic to early Anisian). Permian
conglomerate sediments found in the lower part of the Caspe-1 well
indicate that synrift sediments of stage III started earlier in this area
than in the rest of the Ebro Basin (Fig. 10). In the Ebro Basin, the
presence of small isolated basins of Autunian age observed in the field,
indicate that a basin boundary normal fault system developed along
the NE border of the Ateca high, an uplift basement block separating
the Iberian and Ebro basins.

(Stage IV–V) A lower Carnian synrift phase (IV) has only been
observed in the central areaof the EbroBasin, andan isolatedphase from
232 to 211Ma appear in the SWboundary of the Iberian Basin, shown in
Torremocha-1well (Fig. 7). Formostof thewells, theCarnianandNorian
times represent a general postrift phase that is manifested in all the
Iberian basin except for the SW border as will be discussed later. This
stage shows an important change in the style of subsidence. For the first
time, considerable postrift subsidence is observed, in particular in the
Teruel section (Ter) in the Iberian Basin and Bujaraloz-1 in the Ebro
Basin. The beginning of a generalized heatloss could justify this notable
change. Very big carbonate platform or sabkha deposits that covered
hundreds of kilometres (López-Gómez et al., 1998) were the surface
response of a basin that at the end of the Triassic had unified both
previously independent Iberian and Ebro basins (Fig. 7).

The observed Rhaetian synrift phase (V) was probably the most
homogeneous one in both basins and is clearly visible in the surface
sections.

From Fig. 7, a first obvious difference between both basins is that
the two Permian synrift phases (I and II) of the Iberian Basin are not
observed in the Ebro Basin, except in Caspe-1 well, where the phase II
is represented and maybe phase I. These early synrift phases are
generally shorter in time than the later phases during the Triassic.

Furthermore, a general characteristic of the Iberian Basin is the
multiphase succession of synrift episodes since the opening of the
basin (stage I–II) until the end of the Ladinian (stage III). This strongly
contrasts with the general seemingly single phase (III) observed in the
Ebro Basin for the same period of time (Fig. 7). The absence of one or
both early rifting phases in different areas indicate the independent
evolution of semigrabens during their development. The transition
towards a single unified basin occurs only after stage III. Based on field
mapping and relative magnitudes of tectonic subsidence from our
analysis, a synthetic cross-section can be drawn (Fig. 8), which clearly
illustrates the evolution of semigraben structures in stages I–III, and
the uniform basin evolution after stage III. The evolution of
independent semigraben structures is clearly supported by the
markedly strong lateral variations in synrift subsidence, which can
be most likely be attributed to the occurrence of one or two major
crustal scale NE dipping master faults (Fig. 8), bounding the SW sides
of the Iberian and Ebro basins.

Semigraben evolution can explain the major features of the origin
and evolution of the Permian–Triassic Iberian and Ebro basins, as
suggested earlier by Arche and López-Gómez (1996), which is also
supported by the asymmetric shape of the contours of the isopach
maps for the Permian and Early Triassic sediments (Arche and
López-Gómez, 1999a). A hypothetical reconstrution with only one
major crustal scale simple shear zone, flattening out at a depth
probably not exceeding 15 km, is shown in Fig. 8. As can be seen
in this figure, extension propagated from the SW to the NE with
time for the stages I–III. A fixed point (FP) for the reconstrution is
located in the southwestern footwall or “breakaway” (cf. Gibbs,
1984, 1987).

6. Forward modelling

After calculating the total subsidence and air-loaded tectonic
subsidence curves by the backstripping method, we use a forward
model (VanWees et al., 1996, 1998) to calculate thinning factors (δ for
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Table 6
Parameters used in the forwardmodel (obtained fromVanWees and Stephenson,1995).

Parameter Value

Initial crustal thickness 32 km
Initial lithospheric thickness 110 km
Asthenospheric temperature 1333 °C
Thermal diffusivity 1×10−6 m2 s−1

Surface crustal density 2800 kg m−3

Surface mantle density 3400 kg m−3

Water density 1030 kg m−3

Thermal expansion coefficient 3.2×10−5 °C
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crust, β for subcrustal lithosphere) for each extensional phase and for
each section or well.

To carry out the forward modelling we estimate an initial crustal
thickness of 32 km corresponding to the present-day value beneath
the Iberian Massif (Banda et al., 1983) and adopted for the Iberian
Ranges by Salas and Casas (1993), Van Wees and Stephenson (1995)
and Van Wees et al. (1998), and an initial lithospheric thickness of
110 km used in the Iberian Basin by Morgan and Fernández (1992),
Van Wees and Stephenson (1995) and Van Wees et al. (1998). Other
parameters used in the modelling and obtained from Van Wees and
Stephenson (1995) are shown in Table 6.

The forward modelling technique (usually called inverse approach),
is based on lithospheric stretching assumptions (McKenzie, 1978;
Royden and Keen, 1980) using the factor δ for crustal stretching and β
for subcrustal stretching. The model used in this paper allows an
unlimited number of stretching phases and optimises the stretching
parameters with respect to the subsidence data (Van Wees et al., 1998
for details). In a rifting phase either uniform lithospheric stretching
(McKenzie, 1978: β=δ) or two-layered stretching (Royden and Keen,
1980: β≠δ) can be used.

As mentioned previously, the Cenozoic deposits in the Ebro Basin
and the margins of the Iberian Range were deposited under a
compressional regime in foreland basins with flexural isostatic
compensation in contrast to Permian and Triassic sediments depos-
ited under an extensional tectonic regime. Therefore, our forward
modelling method does not apply to data younger than 65 Ma.

6.1. Two-layer stretching (Figs. 8, 9)

Earlier quantitative subsidence studies in the Iberian Basin, have
shown that often the postrift subsidence is conspicuously low or even
absent with unconformities in what should be the postrift sequence.
Uniform lithospheric stretching, therefore, is bound to be inconsistent
with observed data. Van Wees et al. (1998, their Fig. 10) explained
these unconformities by phases of thermal uplift, in a two-layer
stretching process produced by subcrustal stretching during the
postrift phase (βN1, δ=1). In this paper we apply two-layered
stretching only in the synrift stages, to see if differences between
crustal and subcrustal stretching agree with a simple shear crustal
shear zone resulting in differences between crustal and subcrustal
stretching.

Fig. 9 shows an example of uniform (one-layer) and depth-
dependent (two-layer) stretching results for two selected sections in
the Iberian and Ebro basins. Generally, depth-dependent stretching
yield a better fit to the observed data. As will be clear from the
modelling results, this approach will give rise in many cases to
subcrustal stretching values which are less than 1. This evidently
seems a contradiction, which will be discussed later.
Fig. 8. Comparison between the Iberian and Ebro basins evolution in relationship with the
Rhaetian phases. Numbers indicate sections or wells from where tectonic subsidence were
differentiated phases and Fig. 12 for the stretching factor values). 1— Cañete (Ca), 2— Chelva
Bujaraloz-1 (Buj-1), 8 — Monegrillo-1 (Moneg-1), 9 — Ebro-2, 10 — Monzón-1 (Monz-1). F
6.2. Iberian Ranges

As we mentioned earlier, the two-layer stretching model (β≠δ)
used in the forward modelling fits better than the uniform stretching
one (β=δ). Successive short stretching pulses with values of β and δ
not greater than 1.062 and 1.067 respectively have been quantified in
the process of modelling (Fig. 10).

An initial Autunian rifting (290–270 Ma) developed in Molina de
Aragón and Cañete sections, with a shorter time span in the second
(274–270 Ma). β values slightly smaller than 1 or nearly 1 and δ
values of 1.03 and 1.002 respectively are found.

Three later synrift phases developed simultaneously in almost all
the studied sections.

The first phase, from 256 to 254 Ma in Cañete and Chelva sections
and 255 to 254 Ma in Molina de Aragón, Teruel and Chovar–Eslida
sections, shows β values from slightly smaller than 1 to 1.026 in
Molina de Aragón section, and δ values ranging from 1.011 in Molina
de Aragón section to 1.040 in Teruel section.

The second phase (244.8–227.4 Ma) is observed in Molina de
Aragón and Teruel sections and shorter in time in Alhama, Cañete and
Chelva sections. This phase, when complete, shows β values smaller
than 1 and δ values from 1.042 to 1.056, but when it is shorter in time,
as in Alhama section, β value corresponds also to the lowest (0.87)
value observed in the Iberian Ranges. For the previously described
two-pulses of this phase of the Chóvar-Eslida section β and δ values
are 1.002 and 1.067 for the first pulse and 0.915 and 1.009 for the
second pulse respectively in both cases. The 1.067 δ value of the first
pulse is the largest observed for this phase in the selected sections of
the Iberian Basin.

The third and last synrift phase (from 209.6 Ma to 180.1 Ma) is
observed in Cañete, Teruel and Chelva sections. β values range from
0.88 in Cañete section to 1.062 in Teruel section and δ values range
from 1.015 to 1.032 in Chelva and Teruel sections respectively.

Torremocha-1 well shows only one rapid subsidence phase from
232 to 211Ma followed by an uplift and subsequent erosion. It shows a
β value of 0.941 and δ value of 1.029.

6.3. Ebro Basin

The two-layered stretching model also fits better in this basin
than uniform stretching model, however, differences between both
models are not so marked than in the Iberian Basin, as shown in
Fig. 9.

The analysis shows three synrift phases (Fig. 11):
The first synrift phase, from Lower to Middle Triassic (244.8–

227.4 Ma) is observed in almost all wells. Bujaraloz-1 well shows the
lowest value of β (0.996) and Ebro-2 well the greatest for δ (1.074).
Ejea-1 and Caspe-1wells show this phase from 244.8 to 228Ma due to
the subsequent erosion, with β values of 0.995 and 1.003 and δ values
of 1.051 and 1.1 respectively, and Lérida-1 well shows the shortest one
(244.8–237.1 Ma) due to a longer erosion.

The second synrift phase comprises the middle Keuper facies
sediments of Carnian age (223.6–221.5 Ma). It appears in Bujaraloz-1
and Ebro-2 wells, that show β values of 0.977 and 0.999 and δ values
of 0.998 and 1.02 respectively.

In the previously described two lower synrift phases of the
Monzón-1 well, β and δ values are 1.001 and 1.052, and 0.998 and
1.037 respectively from the lower to the second phase.

The third rapid subsidence phase is recorded in Bujaraloz-1, Ebro-2
and Monzón-1 wells. It comprises the Rhaetian–Lower Jurassic
interval, and the β values are smaller than 1 to 1.106, the largest
tectonic subsidence values observed from the Autunian, Thüringian, early Anisian and
obtained (see also Fig. 2B for the geographical locations, Fig. 7 for more detail of the
(Che), 3— Chovar–Eslida (Cho–Es), 4— Teruel (Ter), 5— Alhama (Alh), 6— Caspe-1, 7—

P — “Fixed point”.



Fig. 9. Comparison between two-layer and one-layer stretching models in two selected sections in the Iberian and Ebro basins. It can be observed that two-layer modelling fits much
better for the sections of the Iberian basin than one-layer modelling, whilst differences between both modelling are not so evident for the Ebro Basin selected wells.
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value obtained for Bujaraloz-1 well, and the δ values are from 0.999 in
Monzón-1 well till 1.063 in Bujaraloz-1 well.

The proposed two-layer model for the extensional process during
the Permian–Triassic period in the Iberian Basin can be constrained
more precisely by considerations of level of necking, paleotopography
of the basins and degree of coupling of the two lithospheric layers.

The Iberian Rift basins had energetic reliefs in both shoulders, with
a topographic difference of at least 600–700 m between the high
footwall rift shoulders and the low-lying hanging-wall basins, as is
clearly indicated by the differences in sediment thickness in both areas.
For the Late Permian–Early Triassic period (256–230 Ma.), a cratonic
configuration of the lithosphere can be assumed for this area (Van der
Beek et al.,1994; Cloetingh et al.,1995; Ter Vooede et al.,1998; Chéry et
al., 1992) because more than 40 Ma. have spanned since the last
granitic intrusions took place in the studied area during the late
Variscan events and the lithospheric thermal regime has returned to a
“normal” configuration by heat loss in this long period of time.

A deep level of lithospheric necking is, therefore, most likely
leading to strong upwards flexure of the rift shoulders by isostatic
response contemporaneous to active extension (Cloetingh et al.,
1995). This is in agreement with the paleotopographic estimations
derived from stratigraphic and sedimentologic data.
The syn-rift period created extension that has been well studied
but the lithospheric behaviour by flexure in the post-rift period
has received little attention up to now. Assuming a two-layer exten-
sional model, the Iberian Basin subsidence data show close rela-
tionship to the results of the partly lithospheric decoupled flexure
model of Ter Voorde et al. (1998), where drowning by sediments of
the rift shoulders take place only at the end of the flexure (post-rift)
phase.

7. Comparison of derived stretching factors for the Iberian and
Ebro Basins

A synthesis of the stretching factor values for these stages is
summarised in Fig. 7. A close relationship is observed between crustal
and subcrustal stretching factors, at the origin of both basins,
subsidence styles and infill of sediments (Figs. 8, 12).

In the beginning, during the Autunian times (stage I, Fig. 12), both
stretching factors are close to 1 (1.002 and 1.001) and δ is bigger than
β. In stage II δ is bigger than β for all sections except for the Molina de
Aragón section,with values of δ and β increasing in this stage relative
to stage I. In stage III extension propagated from the SW to the NEwith
time, with values of δ and β also increasing in this period.



Fig. 10. A) Forward modelling curves and β and δ values for the defined phases for the Iberian Ranges. See Fig. 2B for the geographical locations. B) Continuation of A.
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The latest analysed period (stage IV) shows an important change in
the style of subsidence. In agreement with the increase in postrift
subsidence, for the first time in its evolution the β factor is bigger than
δ factor in one section of the Iberian Basin (Ter) and one well of the
Ebro Basin (Buj-1). The beginning of a generalized heat conductive
loss most likely explains this change.

8. Discussion

A total of five synrift phases (I to V, Fig. 7) have been observed in
the study area. Phases I and II, of Permian age, only appear in the
Iberian Basin, while phase IV only have been shown in the Ebro Basin.
Phases III and V are observed simultaneously in both basins. An
isolated phase related to local fault movements of the SW border of
the Iberian Basin have been observed in Torremocha-1 well and
cannot be correlated with phases in the central part of the basin.

The analysis of the subsidence and forward modelling shows that
semigraben compartimentalisation explains better the major features
of the origin and evolution of the Permian–Triassic Iberian and Ebro
basins, as suggested earlier by Arche and López-Gómez (1996) and
which is also supported by the asymmetric shape of the isopac maps
for the Permian and Early Triassic sediments (Arche and López-
Gómez, 1999a).

The forward modelling has been applied to the data using both
one-layer and two-layer configurations in a systematic way and
always the latter has provided the best fit between prediction and
observation, especially in the Iberian Basin. These results clearly show
that the basin formation mechanisms had a vertically heterogenous
stretching effects (β≠δ), which may attributed partly by mantle
heating and cooling effects, superimposed on stretching (cf. VanWees
et al., 1998), but also to simple-shear extension, related to major
crustal fault zones as indicated in Fig. 8.

Some important consequences of simple-shear extension also
explain aspects of the geometrical characteristics of the Iberian and
Ebrobasins. TheprominentPaleozoic basementhigh that separatesboth
basins until Ladinian times, the Ateca–Montalbán high (Fig. 8), can be
interpreted as a hanging-wall central high as defined by Gibbs (1984,
1987), a zonewithout extensionproduced as active extensionprogrades
away from the original fault, the original basin boundary fault becomes
inactive, and the synthetic fault system to the NE was favored during
Middle–Late Triassic extension. As total stretching for the Permian–
Triassic period never exceeded 1.2, only a single generation of normal



Fig. 10 (continued).

178 H. Vargas et al. / Tectonophysics 474 (2009) 160–183
faults were developed and they did not flatten out totally in the hanging
wall, nor a second fault system developed, as in some present-day
western U.S.A. examples (Wernicke and Tilke, 1989).

A largely ignored interpretation of the aeromagnetic anomalies of
the Iberian Ranges by Salas and Casas (1993) is that their NW–SE
lineament correspond to a suture between two basement terranes
with contrasting lithologic characteristics. Rey et al. (1998), using
seismic profiles and gravity anomaly data, interpreted the SW part of
this lineament as a denser body of metamorphic-granitic nature, than
the counterpart to the NE of low metamorphic composition with a
sharp contact in between.

The lithospheric structure under the Iberian Ranges shows some
gently dipping reflectors (Banda et al., 1983), that reveal important
lateral inhomogeneities in the lithospheric plate, a common feature of
most of the Hercynian belt (McBride and England, 1994). These
lineaments can be easily transformed in listric faults during extension,
specially if the upward of the asthenosphere under the extensional
area is asymmetric as in the case of the Baikal rift (Gao et al., 1994;
Burov et al., 1994; Burov and Cloetingh, 1997).

A suture of contrasting continental blocks is found in the East
African and Baikal rifts (Delvaux et al., 1995; Versfeld and Rosendahl,
1989) illustrating how the pre-rift structure of the basement and the
lateral lithospheric inhomogeneities control the orientation of the rift
architecture in the East African rift. In consequence, even if the Iberian
Basinwas created in response to strike-slip stress along themargins of
the Iberian Plate (Arche and López-Gómez, 1996), the pre-existing
weakness channelised the strain releasing it in a way similar to the
cited present-day cases.

An important aspect of the results of the forward modelling,
adopting simple shear extension, is that it seems highly contradictory
in itself is that values of δN1 are coeval with values of βb1 in some
periods (Fig. 12). How can compression in the lower lithosphere be
coeval with extension in the upper lithosphere? Assuming a fully
detached, two-layer lithospheric model, extension in the upper layer
must be accomodated elsewhere, but not necessarily just underneath.
This is the case in some present-day examples such as the Parentis
Basin or the Viking Graben (Pinet and Colleta, 1990) or the West
Shetland and West Fair Island basins (McBride and England, 1994),
where stretching in the upper lithosphere coexists with compression
in the lower lithosphere. A highly speculative explanation of the
decoupling of deformation in the Iberian and Ebro Basins is that
stretching by simple shear in contiguous basins such as Pyrenees or
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Betics is accomodated in the deep parts of the Iberian Basin–Ebro Basin
area (Puigdefábregas and Souquet, 1986). A more likely alternative
explanation could be a lateral spreading of ductile lower crust during
the propagation of the crustal detachment that caused the stretching
in the Iberian and Ebro Basins, a mechanism described by McKenzie
et al. (2000). The possible effects of intraplate-stress (Cloetingh,1988;
Cloetingh et al., 1985; Cloetingh and Kooi, 1992) remaind to be studied
for the Permian–Triassic period in Central Iberia.

The above mentioned mechanisms can explain the modelled δN1
are coeval with values of βb1 in some periods. Nonetheless we believe
that further study is required to prove this concept for the Iberian
Ranges and Ebro Basin. In particular active mantle heating, in between
the rifting stages (cf. Van Wees et al., 1998) can also well explain
abnormally low and retarded postrift subsidence in the Iberian range.
The emplacement of granites and eruption of andesitic rocks during
the first and second phases of extension (Autunian and Thüringian)
supports this. On the other hand, under these circumstances, the zone
of coupling at the boundary between lithosphere and astenosphere is a
zone of shear stress giving rise to high strain compressive zones just
away from the astenosphere diapirs (Huismans et. al., 2001; Kennedy
et al., 2002).
Fig. 11. A) Forward modelling curves and β and δ values for the defined phases for t
9. Conclusions

Quantitative subsidence analysis (backstripping method) and
forward modelling of the extensional processes have been applied
to the Permian–Triassic sediments of the Iberian and Ebro basins,
using improved calculating programs, using a method that allows for
infinite extensional phases, not for a limited number as in any other
previous studies.

Improved analytical techniques have differentiated four synrift and
one general postrift extensional phases in the Iberian Basin and three
synrift and two postrift phases in the Ebro Basin; only two were
identified prior to this study. Two of the synrift phases are common to
both basins: the Scytian–Ladinian one and the Rhetian one.

The subsidence shows large differences along the basins, even if
the phases are the same, ranging from 175 m–450 m of tectonic
subsidence for the Permian–Triassic period in the Iberian Basin to
125 m–225 m for the Ebro Basin in the same period.

Crustal extension (δ) ranges from 0.997 to 1.155 in the Iberian
Basin and from 0.985 to 1.075 in the Ebro Basin. Subcrustal (β)
extension ranges from 0.828 to 1.027 in the Iberian Basin and from
0.838 to 1.028 in the Ebro Basin. These results are moderate in
he Ebro Basin. See Fig. 2 B for the geographical locations. B) Continuation of A.
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Fig. 12. β and δ stretching factors values for the Autunian, Thüringan, Scytian–Ladinian and Rhaetian phases obtained from the studied sections and wells of both Iberian and Ebro
Basins. See Fig. 2B for their location and Fig. 7 for the ages of the phases.
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comparison to other classical extensional basins like the East African
rifts or the Rhine Graben.

A two-layer extensional mechanism based on simple shear defor-
mation offers the best fit between observational and calculated data.

It is necessary to study the whole of the NE Iberian Plate to explain
how crustal extension in shallow lithospheric levels is compensated in
depth by compression or different extensional rates in some zones,
but this can only be elucidated by seismic reflection studies at
lithospheric scales, beyond the scope of this work.
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