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In the northwest Iberian Range the Aalenian to Bajocian interval is represented by condensed, as well as 

more expanded marine carbonate s.trata deposited in a shallow epicontinental-sea setting. Precise 

biochronological data (successive ammonites assemblages) from 29 measured sections, along with a bed

by-bed facies analysis, allowed a detailed correlation between sections, the definition of a number of 

successive transgressive-regressive cycles and of two distinct sedimentation areas, as. well as the compilation 

of isopach maps for short time intelVals (duration of ammonites Zone/Subzone) and the assessment of 

sediment accumulation rates. 

Iberian Basin 

Spain 

Differences in facies and thickness in the studied interval, and the sequential organization, reveal significant 

changes in the depositional environment. A tectonically-controlled compartmentalization of the sedimenta.

tion area is suggested by a detailed reconstruction of the accumulation history. An active extensional tectonic 

regime is supported by contemporaneous volcanic activity in the southeastern Iberian Basin. 

A precise timing of the main tectonic pulses recorded in NW Iberian Basin for the- Upper Toarcian-Lower 

Bajocian interval is presented, which may help to better resolve the stratigraphy in other W European during 

this time interval. 

1. Introduction 

Condensed units have frequently been cited in regional studies 

concerned with late-Early jurassic to early-Middle jurassic sedimen

tation in NW European, as well as peri-Tethyan basins, and they are 

generally considered to have been deposited during the regressive 

phase of a second-order stratigraphic cycle (N and W Europe: e.g. de 

Graciansky et aL,1998; Hallam, 2001 ; Iberian Peninsula: O'Doguerty et 

aL, 2000; Aurell et aL, 2003; G6mez and Fernandez-L6pez, 2004; 

G6mez and Goy, 2005; Quesada et aL, 2005). The record of the 

transgressive phase of this same cycle is typically constituted by 

deepening-upward hemipelagic limestone and marl alternations. 

In the Iberian Basin (Fig. 1 ), condensed levels are characterized by 

the presence of hard grounds, oolitic ironstones and/or hiatuses of 

variable extent. In the Basque-Cantabrian Basin (Fig. 1), in the 

regressive hemicyc1e locally bioclastic limestones occur (e.g. Quesada 

et aL, 2005), indicating shallowing of the carbonate ramp. 

A significant sea-level fall at about the Early/Middle jurassic 

boundary involved a marked change in the palaeogeography of the 
North Atlantic/W Tethyan realm. This period coincides with the early 

post-rift or late rifting stage in the Central AtlanticfW Tethys system, 

and with widespread basaltic volcanism, thermal doming and 

collapse in the North Sea region (Hallam and Sellwood, 1976; 

Ziegler, 1990; Cope et aL, 1992; Underhill and Partington, 1993; 
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Hesselbo andjenkyns,1998; Ford and Golonka, 2003; Golonka, 2004, 

2007; etc.). 

Consistent with this palaeogeographic scenario, the Early and 

Middle jurassic record of the Iberian Basin (Figs. 1 and 2) shows 

evidence of synsedimentary extensional tectonic activity. A tectonic 

control on sedimentation during this time has already been inferred in 

a number of previous studies (Iberian Range: Ureta, 1985; Fernandez

L6pez and G6mez, 1990; Goy and Ureta, 1990; G6mez and Goy, 2005; 

Garda-Frank et aL, 2006b; G6mez and Fernandez-L6pez, 2006; 

Garda-Frank, 2007; Basque-Cantabrian Basin: e.g. Fernandez-L6pez 

et aL, 1988; Betic Cordillera: e.g. Sandoval et aL, 2002). However, in 

none of these studies neither on the detailed basin geometry nor on 

the precise timing of faulting has data been provided. 

In the SE sector of the Iberian Basin the early Toarcian to early 

Bajocian time span was moreover characterized by multiple episodes 

of alkaline volcanism (see Fig. 2B), recorded mainly by volcanoclastic 

deposits and, subordinately, basaltic sills (Gautier and Odin, 1983; 

Fernandez-L6pez et aL,1985; Lago et aL, 2004 and references therein). 

Early to Middle jurassic magmatic activity has also been reported from 

the Algarve Basin (SW Iberian margin; Pinheiro et aL, 1996 and 
references therein). In the Betic External Zones (Median Subbetic), 

sub-alkaline magmatic activity has been documented, with activity 

peaking in the Middle jurassic (e.g. Martin-Algarra et aL, 2004). 

This study centres on the latest Early to early-Middle jurassic (late 
Toarcian to early Bajocian) sedimentary record in the NW sector of the 

Iberian Range (Figs. 2 and 3 ). Compared to other jurassic stages, in the 

Iberian Range Aalenian deposits (essentially limestones and marls) are 
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Fig. 1. Palaeogeographic reconstructions of the W Tethyan and N Atlantic realms: (A) in Late Toarcian-Early Aalenian time, from Cope et al. (1992) and Sandoval et al. (2002), 

modified: (B) in Rhaetian-Toarcian time and (C) in Toarcian-Bathonian time, from Golonka et al. (2006) modified, and location of basins mentioned in this study. IB: Iberian Basin, 

BB: Betic Basin, LB: Lusitanian Basin, BCB: Basque-Glntabrian Basin, CA: Central Atlas, UMA: Umbria/Marche Apennines, Vf: Vocontian Trough and CNSB: Central North Sea Basin. 

in general remarkably reduced in thickness and the constituent 
sequences frequently condensed (Ureta. 1985; Goy and Ureta, 1 990; 
Garda-Frank et aL. 200 6b). A previous detailed stratigraphic and 
palaeontological study in the NW Iberian Range (Garcia-Frank. 2007) 
revealed that synsedimentary tectonics constituted a major control on 
fades and thickness distribution. 

The present study includes refined stratigraphic correlations based 
on additional biochronological data (ammonites). a revised sequen
tial subdivison. as well as isopach maps for each of the defined 
sequences. illustrating spatial and temporal variations of sediment 
accumulation. 

The results obtained allow to assess the relative impact of eustasy 
and local tectonics on basin stratigraphy and sequential organization. 
and a comparison/correlation with the evolution observed in other 
European sedimentary basins. 

2. Geological setting 

The Iberian Range is a NW-SE trending intracontinental Alpine 
fold-and-thrust belt. about 600 km long. that comprises both 

Variscan basement and the Mesozoic cover and shows a double 
vergence (Mas et al.. 2003 ; Guimera et al.. 2004). The study area is 
located in the northwestern part of the Iberian Range (Fig. 2A). The 
range developed through tectonic inversion. during the Palaeogene 
and Miocene p.p .• of the Mesozoic Iberian Rift System/Iberian Basin 
(e.g. Salas et aL . 2001 ). 

Since the end of the Paleozoic. the Iberian Plate has been affected 
by two major rifting events (e.g. Salas et al.. 2001 ; Guimera et al.. 
2004) :  the first is generally considered to span the Late Permian
Triassic interval and to be followed by a phase of relative tectonic 
quiescence (post-rift thermal subsidence) extending to the end of the 
Middle jurassic (Oxfordian). The second rifting event started by the 
beginning of Late jurassic time and lasted until the late-Early 
Cretaceous (late Albian). and its corresponding post-rift stage spanned 
the Late Cretaceous-Palaeocene p.p. time interval. 

Different chronologies have been reported from other Mesozoic 
basins of Iberia: According to Pinheiro et al. (1996). three rifting 
phases. Hettangian. late Oxfordian/early Kimmeridgian. Valanginian/ 
Hauterivian-Aptian in age. have affected the western Iberian margin. 
The S-Portuguese Mesozoic Algarve Basin is considered to have 
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Fig. 2. (A) Outcrop map ofJurassic rocks (black) in the Iberian Peninsula, and (enlarged, lower right) in the NW Iberian Range, with location of the sections studied; upper right: key to 
abbreviations of sections names (see also Appendix A). (B) Location of area of exposed Jurassic volcanic/volcanic1astic rocks in the SE Iberian Range. 

formed as a pull-apart basin on the northern border of the left-lateral 
Mesozoic Newfoundland-Gibraltar-W Tethys transform connexion 
between Africa and Iberia (e.g. Dewey et al., 1989). The W-Portuguese 

Lusitanian Basin, in turn, records the stepwise northward propagation 
of rifting, and the subsequent opening of the North Atlantic Ocean, 
since Middle jurassic times ( e.g. Wilson, 1988). 
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Fig. 3. Location of the four major areas distinguished in this study, and main bounding faults. Abbreviations (section names) as in Fig. 2A. 
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Several successive ]urassic extensional phases are reported from 
the Betic Cordillera (External Zones, S-Iberian domain) (Azafion et aL 
2002 ; Martin-Algarra et al., 2004). A major faulting event occurred 
during the Pliensbachian (around the Carixian-Domerian boundary), 
resulting in the break-up and drowning of the shallow-water 
carbonate platform. A second phase of active normal faulting, 
documented by significant differential subsidence, occurred during 
the Domerian to Bathonian time interval, and was followed by a 
homogenization of depositional facies. In the Middle ]urassic, marked 
volcanic activity is reported from the same area (e.g. Orti and Vaquer, 
1980). 

Gomez and Goy (2005 ) defined in the Iberian Basin a major 
transgressive-regressive cycle ranging from the late Norian to the 
Middle Aalenian, which they correlated with the Ligurian Cycle of de 
Graciansky et al. ( 1998 ) and ]acquin and de Graciansky (1998a). This 
cycle comprises four subcycles of 6 to 1 2  Ma duration (L]-l to L]-4). 
From subcycle L]-l to L]-3 (evaporites passing upward into inter
bedded marine carbonates and marls) spanning the late Norian to 
middle Toarcian interval, the transgressive intervals became progres
sively longer reflecting progressive flooding of the western most peri
Tethyan platforms, whilst the corresponding regressive hemicycles 
became shorter. This trend was followed by an overall shallowing 
during subcycle L]-4 (alternating marls and limestones passing 
upward into bioclastic limestones) spanning the late Toarcian and 
the Aalenian p.p. Coeval alkaline volcanism was interpreted by Gomez 
and Goy (2005 )  as indicating a peak in extentional tectonic activity, 
related to the opening of the Atlantic-Alpine-Tethys rift system. 
Moreover, in the Aalenian portion of LJ-4 several authors recognized 
major unconformities (e.g. Ureta, 1 98 5; Goy and Ureta, 1990; Garda
Frank et al., 2006b; Garda-Frank, 2007). 

3. Methods 

A detailed ( layer-by-layer) analysis has been performed on 29 
uppermost Toarcian to lowermost Bajocian stratigraphic sections in 
the NW sector of the Iberian Range (see Figs. 2 and 3, and Appendix A). 
Limestones have been classified according to Dunham ( 1 962 ). 
Biostratigraphical and lithological analyses allowed correlation 
among the sections, and the definition of unconformity-bounded 
sequences. As far as sequence definition is concerned, we have 
followed Van Wagoner et al. 0988 }. Sequence subdivision follows the 
hierarchy ofVail et al. (1991 ), according to which 2nd, 3rd and higher
order sequences span 3-50, 0.5-3 and <0.5 Ma respectively. Dating of 
the sequences is based on ammonite biostratigraphy. The study of 52 5 
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successive ammonoid assemblages has allowed to assess the 
chronostratigraphic range of the unconformity-bounded sequences, 
and their boundaries, with a precision of 0.5 Ma approx. (Garda-Frank, 
2007). The ammonoid biostratigraphic scale used in this study is the 
one proposed by Henriques et al. (1 996), based on data from the 
Iberian, Betic and Lusitanian basins (see also Sandoval et al., 2001 ). 
Absolute ages follow the geochronological scale of Gradstein and Ogg 
(2004). 

The established sequences have an estimated duration of 0.5 to 
2 Ma, and typically consist of a deepening-upwards and a shallowing
upwards hemicycle. It is, however, impossible to recognize in most of 
our cycles the detailed internal architecture characterizing a 'trans
gressive/regressive (T /R) facies cycle' sensu ]acquin and Graciansky 
( 1 998a,b). 

In order to display the spatial and temporal evolution of Aalenian 
deposits, isopach maps have been drawn for each sequence 
recognized in the succession. Comparison of the isopach maps 
referring to successive sequences then allows to assess variations in 
sediment accumulation rates (present-day sediment thickness/Ma) 
over the study area. 

4. Stratigraphic sequences 

Four main areas can be distinguished, in the Middle ]urassic record 
of NW Iberian Range according to facies development, thickness 
distribution and fossil content (Fig. 3 ). They are informally denomi
nated: Demanda area (NW), San Leonardo area (SW), Madero
Moncayo area (SE) and Cameros area (NE). The San Leonardo and 
Madero-Moncayo areas can be further divided into a western and 
eastern sub-area, based on changes in both thickness and facies. In the 
San Leonardo area, the thinnest sections appear in the north, whereas 
in the Madero-Moncayo area they occur in the west. 

A comparison of the Toarcian-Bajocian lithostratigraphic units in 
the NW Iberian Range, such as defined by Gomez et al. (2003) and 
Gomez and Fernandez-Lopez (2004), and as used in this study, is 
shown in Fig. 4. 

In the Demanda, San Leonardo and Madero-Moncayo areas, the 
studied deposits consist of limestones and marls of the Turmiel, 
Casinos and El Pedregal formations (Garda-Frank, 2007). The lower 
part of the succession is represented by an alternation of lime 
mudstone-wackestone and marls of the Turmiel Formation; the mid
dle and upper parts correspond to the Casinos Formation and con
sist of mudstone-wackestone and occasional bioclastic wackestone
packstone, generally with thin marl interbeds; the uppermost part 
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Fig. 4. lithostratigraphic units distinguished in the studied inteIVal (shaded area), compared to subdivision proposed by G6mez et al. (2003) and G6mez and Femandez-L6pez (2004; 

condensed levels marked by vertical lines). 
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Fig. 5. Correlations of the stratigraphic sections and sequence development. Five main sequences are distinguished in the Demanda, San Leonardo and Madero-Moncayo areas (A, B 

and C respectively), whereas twelve occur in the cameros area (D): abbreviations (section names) as in Fig. 2A. 
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Fig. 6. Chronostratigraphic chart of the NW Iberian Range for the Upper Toarcian-Lower Bajocian inteIVal, showing facies and sequence relationships. Absolute ages are from 

Gradstein and Ogg (2004). Abbreviations (section names) as in Fig. 2A. 

is represented by lime mudstones and wackestones of the El Pedregal 
Formation. 

Fades pattern and biostratigraphic successions observed in the 
Cameros area reveal a striking similarity to the Basque-Cantabrian 
Basin, about 1 00 km to the NW (Fernandez-L6pez et al., 1988; Aurell 
et aL, 2 002 ). Therefore, we propose to use the term Castillo Pedroso 
Formation for the rhythmic alternation of limestones (mst-wst) and 
organic-rich dark grey marls (Garda-Frank, 2007) in the Cameros area 
(see Fig. 4). 

In the Demanda area, the limestone (wst-pst) package represent
ing the Casinos Fm contains abundant iron-coated particles (Fe
cortoids, Fe-oncoids, Fe-ooids and Fe-grapestones), in marked con
trast to the other sectors of the study area (Garda-Frank, 2007), where 
iron-coated particles usually occur exclusively in the topmost part of 
the formation. 

General condensed sedimentation and the presence of five 
unconformity-bounded sequences characterize the Demanda, San 
Leonardo and Madero-Moncayo areas, whereas in the Cameros area a 
thicker succession is observed, and twelve coarsening-upward 
sequences can be distinguished ( Fig. SA, B and C vs. D; Fig. 6). In the 
latter area, two main unconformities are detected, within the lower 
portion and at the top of the succession respectively. 

4. 1. Stratigraphic sequences in the Demanda, San Leonardo and Madero

Moncayo areas 

In the Demanda, San Leonardo and Madero-Moncayo areas, 
exposures of jurassic rocks occur along NWjSE-trending bands. In 
the measured sections, the identified sequences correspond to a time 
interval ranging from 0.5 to 2 Ma (3rd-order sequences sensu Vail 
et al., 1991). 

The chronostratigraphic divisions used for establishing the range 
of each sequence are those of the Standard Scale (Gradstein and Ogg. 
2004), and are shown in Fig. 6. The five sequences cover the Upper 
Toardan to the Lower Bajocian interval (see Fig. 6 and Table 1). Table 2 
summarizes the main features, while Fig. 7 schematically represents 
the development of each sequence within the different areas. 

Sequence 1 (Sl ) consists of marl and marly limestone alternating 
with bioclastic wackestone-mudstone throughout the three areas 

(Fig. 6), and varies in thickness from 0.8 m to 6.6 m (Fig. 7). The top of 
the sequence is generally erosional, although it can be represented 
locally (N part of the San Leonardo area: Piedrahita de Muii6, 
Castrovido, Palados de la Sierra and Vilviestre sections) by a facies 
change from thick-bedded lime wackestone to alternating mud stone 
and mar!. Sl is thickest in the Demanda and San Leonardo areas and 
condensed in the Madero-Moncayo area. The lower part (lime mst
wst and marls with ammonoids, bivalves, and occasionally, nautiloids, 
brachiopods and gastropods) represents the deepening hemicycle, 
whereas lime wackestone-packstone in the upper part records the 
shallowing phase. The fossil content in this upper part is diverse:  
ammonoids, bivalves, brachiopods, echinoids, serpulids, gastropods 
and, occasionally, belemnites. In the SW sector of the San Leonardo 
area (Tejada and Rabanera sections) corals and sponges are very 
common. 

Sequence 2 (S2 )  is typically marl dominated, with interbedded lime 
wackestone-mudstone in the lower part, and lime wackestone
packstone in the upper part. In the Demanda area, Fe-bioclastic 
limestone prevails. In the lower part of the sequence, fossils are scarce 
and include ammonoids, nautiloids, brachiopods and trace fossils such 
as Chondrites. The upper part of the sequence is more bioclastic, 
contains ammonoids, bivalves, serpulids, brachiopods, echinoderm 
plates and gastropods, as well as trace fossils such as Thalassinoides. In 
the San Leonardo area, corals and sponges also appear in the 
upper part of the sequence. The lower boundary is an unconformity, 
dated as intra-Comptum in age. In the Madero-Moncayo area, this 
unconformity is represented by a hiatus that spans the Opalinum and, 

Table 1 
Chronostratigraphic range of sequences defined in the Demanda, San Leonardo and 

Madero-Moncayo areas 

Demanda, San Leonardo and Madero-Moncayo areas 

Sequences 

Sequence 5 

Sequence 4 

Sequence 3 

Sequence 2 

Sequence 1 

Chronozones 

Discites Z. 

Concavum Z. 

Murchisonae Z.-Bradfordensis Z. 

Comptum Sz. P.p. 

Aalensis Z. p.p.-Comptum Sz. p.p 

Stage 

Lower Bajocian 

Upper Aalenian 

Middle Aalenian 

Lower Aalenian 

Upper Toarcian to Lower Aalenian 



Table 2 
SummaI}' of the main stratigraphic features of the sequences defined in the Demanda (D), San Leonardo (SL) and Madero-Moncayo (M-M) areas 

Sequences in areas Demanda, San Leonardo and Main lithology Thickness average Upper boundary Characteristics 

Madero-Moncayo values (m) 

Aalensis Sequence 1: Aalensis 

p.p.-Opalinum p.p.-Comptum p.p 

Sequence 2: Comptum p.p. 

Murchisonae- Sequence 3: Murchisonae-

Bradfordensis Br adfordensis 

Concavum Sequence 4: Concavum 

Disdtes Sequence 5: Disdtes 

SL (N) L/M 

SL (S) L/M 

M-M (E) L 

M-M (W) L/M 

D L/M 
SL (N) M 

SL (S) M 

M-M (E) M 

M-M (W) L 

D L 
SL (N) L 

SL (S) L 

M-M (E) L 

M-M (W) L 

D L 
SL (N) L 

SL (S) M/L or L 

M-M (E) L 

M-M (W) L 

D L 
SL (N) L 

SL (S) L 
M-M (E) L 

M-M(W) L 

D L 

Abbreviations: L = limestones; M = marl; HG = hard ground. 

3.8 

6.6 

0.8 

1 

2 
1.5 

2.5 

5.5 

1 
0.7 

2.1 

1.3 

1.6 

0.9 
0.3 

2.2 

0.5 

0.3 

0.4 
0.3 

0.5 
1.1 

0.2 

0.3 

presumably, part of the Comptum Biochron. Water depth increased 
during deposition of the lower marl sequence (deepening hem icycl e ), 
but shallowed towards the top, as indicated by an increase in number 
and thickness of limestone beds (shallowing hemicycle). Sequence 
thickness ranges from 1 m to 5.5 m. Thickness is greatest in the eastern 
sub-area of the Madero-Moncayo area and least in the western sub
area of the same area. Considerably reduced thicknesses also 
characterize the Demanda area. The top surface of S2 is always 
erosional. although in the southern part of the San Leonardo area, 
borings and crusts indicate the development of hard grounds. 

Sequence 3 (S3) generally is represented by thick-bedded bioclastic 
packstones, with the exception of the eastern part of the Madero
Moncayo area where barren lime mudstones prevail. In the former, 
coated grains and bioclasts are affected to variable degrees by 
ferrugination, and macrofossils include ammonoids, bivalves, bra
chiopods, echinoderm plates and serpulids. In the San Leonardo area 
sponges and corals occur as well. The lower boundary is an 
unconformity which falls within the Opalinum Z/Murchisonae Z 
boundary interval. Over the study area there is little variation in 
thickness (0.7 to 2.1 m). The upper boundary is an erosive surface, 
which is marked in some sections of the San Leonardo and Madero
Moncayo areas by a hard ground with borings and encrusting 
organisms. This cycle is notably asymmetrical. but in contrast to S2 
the deepening phase is restricted to a thin lag deposit, or two 
superposed hard grounds (S part of the San Leonardo area), and the 
record of the shallowing phase represents almost the total of the cycle 
thickness. 

Sequence 4 (S4) is predominantly made up of limestone with 
common ferriferous grains, except for the SE sector of the San 
Leonardo area where thin beds of mudstone alternate with marl. 
Ammonoids, belemnites, bivalves, brachiopods, echinoderm plates 
and gastropods are very abundant The lower boundary corresponds 
to an unconformity represented by a hiatus that spans Con cavum 
Biochron p.p. In some sections of the San Leonardo and Madero
Moncayo areas, the hiatus also includes Gigantea, Concavum and 
Limitatum Biochrons. The upper surface locally shows erosion, 
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bioturbation, and/or encrustation. Thickness varies between 0.3 and 
2.2 m. Sequence development is virtually the same as in S3. Thin lag 
deposits or hard grounds represent the deepening he micycle , and 
bioclastic limestones the shallowing one. 

Sequence 5 (SS )  is constituted by lime packstone-wad<estone with 
abundant Fe-coated grains and bioclasts. This lithofacies prevails 
throughout the examined area, although in the SE part of the Madero
Moncayo area there are two exceptions: in the Ciria section the bioclastic 
limestones show a low degree offerruginization, and in the Malanquilla 
section mud stones occur in the upper part of SS. The fossil content is 
rather similar to that of the previous sequence. The lower boundary is 
an unconformity that coincides with the Concavum Z/Discites Z 
boundary. In most sections, this unconformity is represented by a hiatus 
that spans from at least the Limitatum Biochron to, locally, the 
Con cavum and Limitatum Biochrons. Its thickness ranges from 0.2 to 
1 .1 m, with the exception of Malanquilla section (2.5 m). The upper 
surface is a hard ground that displays (bio )erosion and encrustation. The 
cycle is broadly symmetrical. with the lower half represented by lime 
wad<estone and the upper one by bioclastic and, in places crossed
bedded, ferruginous limestones. The sequence is commonly topped by 
an erosional surface. 

42. Stratigraphic sequences in the Cameras area 

The succession in this area differs markedly from the others 
described above, both in terms of overall thidmess and facies 
development. Facies closely resemble the contemporaneous basinal 
upper portion of the Castillo Pedroso Formation in the Basque
Cantabrian Basin (Fernandez-L6pez et aL, 1988;  Aurell et al., 2002 ). 
Bedding is regular, as is common in hemipelagic environments. 

Outcrops are aligned along a NNW-SSE trend, parallel to the 'North 
Cameros thrust' (see Fig. 3). In the late Toarcian to early Bajocian 
interval, 12 strati graphic sequences have been distinguished in this 
area (see Fig. 6 and Table 3 ). All sequences coarsen upwards and they 
are not bounded by major unconformities, except for the lower 
portion and the top of the succession. Each sequence records about 
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Fig. 7. Synthetic sequence development in the Demanda, San Leonardo and Madero-Moncayo areas. 

0.5 Ma, corresponding to 3rd-order and 4th-order sequences sensu 

Vail et al. (1991 ). 
with thin interbeds of mud stone and is rich in ammonoids and 
belemnites, whereas the upper part is more bioclastic and contains 
more diverse benthic fossils, including bivalves, echinoderms and 
brachiopods, as well as ammonoids and abundant horizontal and 
vertical trace fossils. The sequence is capped by two superposed 
erosive surfaces marked by iron crusts. 

Table 4 summarizes the main features, while in Fig. 8 the 
development of each sequence within this area is schematically 
represented. In the Cameros area, a more continuous and uniform 
sedimentation gives rise to a more expanded record than in the areas 
previously described. 

Sequence 1 (sl ) consists of a thickening-upwards sequence of lime 
mudstone-wackestone interbedded with marl and marly limestone. 
Average thickness is 3.5 m. The lower part of sl is dominantly marly 

Sequence 2 (s2) consists of a thickening-upward alternation of 
mudstone and marly limestone. The lower boundary is generally 
represented by a hiatus that spans at least the Opalinum Biochron, 
except for the NW part, where this hiatus may also include the 



Table 3 
Chronostratigraphic relationships of sequences in the Cameros area 

cameros area 

Sequences 

sl1 and s12 

sW 

s9 

s6, s7 and s8 

54 and sS 

52 and s3 

sI 

Chronozones 

Discites Z. p.p. 

Limitatum Sz. p.p.-Discites Z. p.p. 

Concavum SZ.-limitatum Sz. p.p. 

Bradfordensis Sz. p.p.-Gigantea Sz. 

Haugi SZ.-Murchisonae Sz. p.p. 

Comptum Sz. p.p. 

Aalensis Z. 

Stage 

Lower Bajocian 

Uppermost Aalenian 
to Lowermost Bajocian 

Upper Aalenian 

Middle Aalenian. 

Middle Aalenian 

Lower Aalenian (Lower 

Middle Jurassic) 
Uppermost Toarcian 

(Upper Lower Jurassic) 

Buckmani Biochron. Thickness averages 2 m, the lowest value of all the 
sequences in this region. In the upper part of s2 scattered ferruginous 
bioclasts appear. 

Sequence 3 (s3 )  is mostly marl with thickening-upwards interbeds 
of lime mudstone-wackestone. Trace fossils such as Chondrites are 
abundant. The average thickness is 3 m. 

In Sequence 4 (s4) the marl content increases upward in the lower 
part. Bioturbation patterns suggest a deepening-upward trend. The 
upper part is represented mainly by lime mudstone-wackestones 
containing brachiopods, bivalves and slightly ferruginous bioclasts. 
Average thickness is 4.5 m. 

Sequence 5 (sS )  is mostly marl with thin interbeds oflimestone. The 
lower part shows a deepening-upward trend (iron nodules inter
bedded in the marls, scarce bioturbation represented by Chondrites 

and nektonic fossils), whereas throughout the upper portion the 
degree of bioturbation increases progressively. This upper part 
includes thicker mudstone-wackestone beds with brachiopods and 
bivalves, and reflects a shallowing-upward trend. Its thickness is 
2.5 m. 

Sequence 6 (s6) consists of interbedded limestones and marls, with 
the proportion of the latter decreasing upwards. It contains echino
derm plates, brachiopods, bivalves and ammonoids. Average thickness 
is close to 3.5 m. 

Sequence 7 (s7 )  consists of alternating marls and marly limestones 
displaying a thickening-upwards trend. Thickness is 2.5 m. 

Sequence 8 (s8) is similar to s6, and consists of an al ternatio n of marl 
and marly limestone. The number of carbonate beds increases upward 
and they become more bioclastic ( lime wackestone-packstone 
with abundant bioturbation traces) indicating a shallowing-upwards 
trend. Chondrites is abundant within the limestone. Thickness averages 
3 m. 

Sequence 9 (s9) is a roughly 5.5 m thick, and is made of an 
alternation of thickening-upward lime mudstone-wackestone and 
mart, the proportion of which is, however, less than in the previous 

Table 4 
Summary of the main stratigraphic features of the sequences defined in the cameros area 

Sequences in cameros area 

sI Aalensis 

52 Comptum p.p. 

s3 Comptum p.p. 

54 Haugi-Murchisonae p.p. 

sS Murchisonae p.p. 
s6 Bradfordensis p.p. 

s7 Bradfordensis p.p. 

s8 Bradfordensis p.p-Gigantea 
s9 Concavum -Limitatum p.p. 
sW Limitatum p.p.-Discites p.p. 

sll Discites p.p. 

s12 Discites p.p. 

Main lithology 

L/M 

L/M 

M/L 

M/L 

M/L 
M 

M 

M/L 

L/M 
L/M 

L/M 

L/M 

Abbreviations: L = limestones; M = mar!. 
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Fig. 8. Synthetic sequence development in the cameros area. Legend for the sequences 
is the same as in Fig. 7. 

sequences. Trace fossils, such as Zoophycos, frequently occur in the 
upper parts of limestone beds, and are locally associated with iron 
nodules. 

In Sequence 10 (s10), thickening-upwards limestone beds alternate 
with subordinate marl, and the upper portion of the limestone beds 
contain common Zoophycos. A few iron nodules appear at the top of 
s10 and an Fe-crust is present in the Jubera section. Average thickness 
is 3 m. 

Sequence 11 (sl l )  is an alternation of thickening-upward lime 
mudstone and marl, with a higher proportion of marl in the Muro de 
Aguas and Prejano sections (central portion of the area). In the Jubera 
section, to the NW, s11 is represented by bioclastic wackestone
packstone. The sequence ranges in thickness from 5 m in the central 
area to 1.5 m in the northwest. 

Characteristics 

Greatest thickness in the NW area. Upper boundary is an erosive surface 

This is the thinnest sequence 

Marly sedimentation predominates. Greatest thickness in the central area. 

Thickness increases 

Thickness notable reduced 
Marly sedimentation dominant 

Marly sedimentation dominant 

Marly sedimentation dominant 

Notable thickness increase. Presence of Zoophycos 
Increased carbonate content. Presence of Zoophycos. Iron nodules appear at the top 

of the sequence, and Fe-crust in the NW area 

Greatest thickness in the central area, whereas thinnest deposits appear in the NW 
Greatest thickness in the central area, whereas thinnest deposits appear in the NW. 

Upper boundary is an erosive surface 



Sequence 12 ( s12)  is formed by alternating marl and lime mudstone 
in the central area, whereas a succession of bioclastic wackestone
packstone appears in the NW sector of the area. The upper boundary is 
erosional. Thickness ranges from 0.5 m in the northwest area to 4 m in 
the central area. 

In the Cameros area, sequences s2 to s1 2 (3rd to 4th-order) 
together constitute a single T -R facies cycle, with the transgressive 
hemicycle comprising the marl-dominated sequences s2 to s8, and 
the regressive portion the limestone-dominated sequences s9 to 
s12 .  

5"  Isopachs maps 

Although generally condensed, the Aalenian record varies mark
edly both laterally and vertically in facies as well as in thickness, 
recording changes in accommodation space through time. Isopach 
maps have been drawn for every sequence (Fig. 9) and they clearly 
show differences in the sedimentary evolution of the four sectors 
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distinguished in the study area ( i.e. Oemanda, San Leonardo, Madero
Moncayo and Cameros). 

Isopachs referring to Sl and sl (Aalensis Z p.p.-Comptum Sz. p.p. ) 
are shown in Fig. 9A. Two depocenters occur in the S and NW sub
areas of the San Leonardo area, separated by a palaeohigh (Palacios de 
la Sierra section). The Madero-Moncayo area appears as a broad 
palaeohigh (Pinilla del Campo, Aldealpozo, Pozalmuro, Ciria and 
Borobia-I sections), whereas intermediate thicknesses occur in the 
Oemanda area. The Cameros area shows a gradual increase in 
thickness toward the NW (Fig. 50). 

Fig. 9B shows that during the late Comptum Biochron, greatest 
sediment thicknesses are recorded in the E Madero-Moncayo area 
(Ciria, Borobia I and 11 sections), whereas the NW part of this area 
remains as a palaeohigh (Pinilla del Campo and Pozalmuro sections), 
the same as the central part of the San Leonardo area (Palacios de la 
Sierra and Vilviestre del Pinar sections) and some sectors of the 
Oemanda area (Huerta de Arriba section). The previous SE-NW trend 
in the Cameros area switches to a WSW-ENE one. 
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Fig. 9. Isopach maps for successive sequences SI-SS (Demanda, San Leonardo and Madero-Moncayo areas) and sl-sl2 (Cameros area; upper right corner). For correlation between 

S- and s-sequences see Fig. 6. 



Fig. 9C (Murchisonae Z.-Bradfordensis Z. ) shows how, higher up in 
the succession, sediment thicknesses become more uniform ( 1 -2 m) 
in the San Leonardo, Madero-Moncayo and Demanda areas, whereas 
the Cameros area differentially subsides ( up to 15 m in the Muro de 
Aguas and Prejano sections). 

Fig. 9D ( Concavum Z.) shows that further up, broad homogenisa
tion homogenization continues, but thickness drops to zero in the NW 
and central portions of the San Leonardo area (Piedrahita de Mufi6, 
Castrovido and Palacios de la Sierra sections) and also in the western 
part of the Madero-Moncayo area (Aldealpozo and Pinilla del Campo 
sections). In the Cameros area, again, significantly thicker successions 
are deposited. 

The isopach map referring to the youngest sequences (Fig. 9E;  
Discites Z. ), shows near zero thicknesses all over the Demanda and San 
Leonardo areas (Ezcaray, Canales de la Sierra, Villavelayo, Paules de 
Lara, Piedrahita de Mufi6, Castrovido and Talveila), as well as over 
most of the Madero-Moncayo area (Aldealpozo, Pinilla del Campo and 
Pozalmuro). However, up to 12 m are recorded for the same time 
interval in the central part of the Cameros area (Prejano and Muro de 
Aguas sections). 

6. Sediment accumulation data and tectono-sedimentary history 

In Fig. 10, the isopach patterns described in the foregoing section 
are combined with 'type sequences' characteristic of every region, in 
order to display the complex depositional architecture of the basin. 
'Type sequences' summarize data provided in Figs. 7 and 8 (thickness 
and facies), as well as in Fig. 6 (regional unconformities). 

Although thickness variations are small, vertical and lateral 
evolution of facies and sequence-bounding unconformities, never-

1" S2W 

theless, indicate differential subsidence and therewith synsedimen
tary extensional tectonic activity. In fact, the above-described changes 
in isopach pattern over short time intervals (0.5-1 Ma) strongly 
suggest a control by active faults, such as the later inverted (Alpine 
orogeny) NW-SE trending Tablado and South Demanda faults 
(cf. Fig. 3 ), and possibly, a number of minor NE-SW trending faults 
that compartmentalized the sedimentation area. Facies homogeniza
tion since the Early Bajocian (Laeviuscula Z. ) would seem to mark the 
end of fault activity. 

Average sediment accumulation rates (present-day sequence 
thickness/time) for each of the 5 sequences distinguished in the 
Demanda, San Leonardo and Madero-Moncayo areas, and for the 1 2  
sequences in the Cameros area are compared in Fig. 11 

As shown in Fig. 7, in the Demanda, San Leonardo and Madero
Moncayo areas, the Late Toarcian and Lower Aalenian sediments of Sl 
display quite monotonous lithology (limestone-marl alternation), 
which accumulated at an average rate of 1.49 m/Ma (Fig. 1 1 A). During 
deposition of S2 (Early Aalenian, Comptum Biochron), a prominent 
change in facies is observed, with marl passing upward into bioclastic 
limestone, and/or Fe-bioclastic/Fe-oolitic limestone (Fig. 6). This 
change is paralleled by a drastic increase in net sedimentation rate 
( 1 2  m/Ma; Fig. 11 A). Thickness variation in S3 (Middle Aalenian) is 
minor (Fig. "tOB,E), although facies development in the Demanda, San 
Leonardo and Madero-Moncayo areas differs significantly (Fig. 6). The 
average sedimentation rate dropped to 0.65 m/Ma (Fig. 11 A). In the 
Late Aalenian S4 (Fig. 10C), again, thicknesses vary only slightly among 
the different areas, although facies may change laterally (Fig. 6). 
Average sedimentation rate is similar to that estimated for the 
preceding sequence S3 (0.70 m/Ma; Fig. 1 1A). Finally, a markedly 
homogeneous thickness distribution is generally observed in S5 (Early 
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Bajocian, Discites Biochron, Fig. 1 00), where condensed limestones 
with ferruginous bioclasts/coated grains prevail in most sections. The 
sedimentation rate averages 0.45 m/Ma (Fig. 1 1A). 

In spite of the homogenous facies development, differences in net 
accumulation rates are also recorded among the sequences distin
guished in the sections studied in the Cameros area (Fig. 11 B). In this 
area, sl shows the lowest sedimentation rate (2 m/Ma), although a major 
hiatus at the top of the sequence masks the real rate. This unconformity 
is coeval with the 'mid-Cimmerian' unconformity reported from several 
European basins by, for instance, jacquin and Graciansky ( 1998a) and 
Graciansky and jacquin (2003). s2, spanning the lower portion of 
Comptum Biochron, is the sequence with the highest sedimentation rate 
in the whole study area (40 m/Ma; Fig. l1 B). In s3, comprising the rest of 
this same biochron, the average sedimentation rate drops to 15 m/Ma. 
Sequences s4 and s5 (Murchisonae Biochron) display even lower values 
(6.42 and 7.14 m/Ma respectively). A notable change occurs in the 
Bradfordensis Zone, corresponding to sequences s6, s7 and s8, where 
average sedimentation rates first increase and then progressively fall 
(s6: 19.44 m/Ma, s7: 13 .0 m/Ma and s8: 5.08 m/Ma). Sequences s9 and 
s10 (Concavum Biochron) accumulated at an average rate of 7.32 m/Ma 

and 10.0 mfMa respectively, marking a renewed increase. For s11 and 
s1 2, representing the Oiscites Biochron, assessed sedimentation rates are 
13.0 and 11 .25 m/Ma respectively during this biochron. 

In order to reveal changes in the rate of subsidence, and compare 
their timing, sediment 'accumulation history' diagrams ( numerical 
geological age vs. uncorrected cumulative sediment thickness) have 
been produced for the different sectors distinguished in the study area 
(Fig. 1 2 ). 

Fig. 1 2A compares the 'accumulation history' curve of the 
condensed deposits in the Oemanda, San Leonardo and Madero
Moncayo areas ( averaged values), with the one characterizing the 
more expanded record in the Cameros area. The curve representing 
the condensed successions displays a gentle slope from the Aalensis to 
the middle part of the Opalinum Biochron ( 175.1 -174.6 Ma). A 
distinctive change in slope is recorded in the mid-upper part of the 
Comptum Biochron. Afterwards, thickness increases slowly until the 
earliest Bajocian. In the Cameros area, the increase in thickness from 
the Aalensis to the early Opalinum Biochron is similar to that in the 
areas with condensed sedimentation. The break in slope of the curve 
occurring in the middle-late portion of the Comptum Biochron is, 
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Fig. 13. (A) Distribution of condensed and expanded deposits in the study area and major bounding, and intrabasinal, faults. (B, C) Schematic cross-section showing the inferred 
overall structural configuration. 

however, more pronounced. Finally, from the beginning of the 
Murchisonae Biochron onward, the Cameros area shows a different 
trend, with an overall more pronounced gradient, and with a short 
steepening pulse occurring between Murchisonae and Bradfordensis 
Biochrons. 

A separate representation of the 'accumulation histories' of the 
Demanda, San Leonardo and Madero-Moncayo areas is given in 
Fig. 1 2B. Apart from differences in overall thickness, there is a 
strikingly similar evolution in the three areas. 

Fig. 1 2C shows the curves corresponding to the jubera and Prejano 
sections in the Cameros area. The general trend is quite similar for 
both localities. Slope changes occur in both cases during the late 

portion of Comptum Biochron ( 175.1 -174.6 Ma) and in early-middle 
Bradfordensis Biochron ( 173.6-173.1 Ma), but steepening of the curve 
during the Discites Biochron ( 171.6-171.1 Ma) is observed only in the 
Prejano section. 

The inference thus is, from both the spatial and temporal evolution 
of sedimentation rates and the accumulation history diagrams 
described above, that synsedimentary tectonic activity was inter
mittent, with three distinctive pulses in the late-Early Aalenian, the 
late-Middle Aalenian (Bradfordensis Biochron) and in the earliest 
Bajocian. 

Fig. 13 includes a sketch map showing the distribution of areas with 
condensed and incomplete successions (deposited over a major fault-

Fig. 12. Sediment accumulation history diagrams (compaction ignored). (A) Average values for the condensed deposits in the Demanda, San Leonardo and Madero-Moncayo 
areas compared to the expanded ones in the Cameros area. (B) Detailed evolution in the Demanda, San Leonardo and Madero-Moncayo areas, Abbreviations: SL = San Leonardo area; 

M-M = Madero-Moncayo area; D = Demanda area; Aa = Aalensis; Bu = Buckmani; Op = Opalinum; Cp = Comptum; Ha = Haugi; Mu = Murchisonae; Br = Bradfordensis; Gi = Gigantea; 

Co = Concavum; Li = Limitatum; Sz. = Subzone. (C) Detailed evolution of two sections in the Cameros area, Abbreviations: Pr = Prejano section; Jb = Jubera section. 



bounded palaeohigh) and of areas characterized by an expanded 
sedimentary record ( basinal setting), as well as a highly schematic 
SSE-NNW cross-section illustrating the inferred overall structural 
configuration in Early/Middle jurassic time. The tectono-sedimentary 
evolution of the study area, represented in four successive steps, is 
shown in Fig. 14. In the same figure, we propose a broad subdivision into 
a south-southwestern 'Iberian Basin-related' and a north-northeastern 
'Basque-Cantabrian Basin-related' sedimentation area (referred to in the 
following as IB domain and BCB domain respectively). 

During the Aalensis and Opalinum Biochrons (Late Toarcian to 
early-Middle Aalenian boundary), sequences Sl  and S2 accumulated 

Iberian basin-related 
sedimentation 

in the IB domain, and sl -s3 to the NNE. The thickest record occurs in 
the southern portion of the IB domain (parts of the San Leonardo and 
Madero-Moncayo areas). However, even in these areas sedimentation 
was controlled by intermittent faulting, producing marked unconfor
mities. Cumulative thickness of the coeval sequences sl -s3 in the 
BCB-domain, is comparable, but a major unconformity occurs at the 
base of s2. 

During the Murchisonae and Bradfordensis Biochrons (Middle 
Aalenian), S3 accumulated in IB domain, whereas 5 higher-order 
sequences (s4-s8 ) were deposited in the BCB-domain. In the IB 
domain, condensed sequences with abundant iron-coated particles 
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formed on top of elevated fault blocks (Demanda area) and continuous 
subsidence favoured an expanded sedimentation in the BCB-domain. 

Within the Concavum Biochron (Late Aalenian), 54 developed in 
the IB domain, and s9 plus the lower part of sl O in the BCB-domain. 
Throughout the IB domain, the sedimentation rate dropped in most 
areas and favoured widespread occurrence of different types of iron
coated particles (Garda-Frank et al., 2006a). Also in the BCB-domain, 
sedimentation rates remarkably decreased with respect to the 
previous time interval. 

The Discites Biochron (Early Bajocian) is represented in the IB 
domain by SS, whereas the upper part of s10, s11  and s 1 2  accumulated 
in the BCB-domain. During this time interval maximum condensation 
occurred in the IB domain. In contrast, the BCB-domain records a 
renewed increase in accumulation rates. There is, however, a 

BETIC 

considerable difference between the northwest and central sectors 
of this domain, with condensed deposits characterizing the former 
and greater sediment thicknesses occurring in the latter. Lack of 
exposure in the Fuente de Agreda area (Fig. 5) makes impossible to 
ascertain the evolution in the southeastern area (see Figs. 9E and 100). 

7. The role of Aalenian magmatism: Central Iberia, W and S Iberian 

margins 

As evidenced by this study, in the NW Iberian Range the time 
interval from the Late Toarcian to the Early Bajocian was character
ized by tectonic instability. Contemporaneous volcanism in sectors 
adjacent to the Iberian Basin has been attributed to crustal 
stretching. Several authors reported submarine volcanic activity 
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and the occurrence of pyroclastic deposits in the southeastern sector 
of the Iberian Range (Fig. 2B). These volcanic and volcaniclastic rocks 
occur interbedded with Toarcian, Aalenian and Bajocian sediments. 
The Late Pliensbachian-Toarcian Caudiel volcanic belt extended 
further south during Middle Jurassic times to give rise to the Alcublas 
pyroclastic belt, due to reactivation of large NW-SE faults ( Camez, 
1979; art( and Vaquer, 1980) .  Basaltic and trachybasaltic emissions 
of Toarcian and Bajocian age were reported by Orti and Vaquer 
( 1 980) . Martinez Gonzalez et al. ( 1996, 1 997 ) placed the multiple 
episodes of alkaline volcanism (mainly volcaniclastic rocks, with 
subordinate basaltic sills) in the Jurassic thermal subsidence (post
rift) stage, and suggested that this Pliensbachian-Bajocian volca
nism was associated with cooling of a rift-related ( pre-Hettangian) 
astenospheric plume. 

Early-Middle Jurassic magmatic activity has also been reported 
from the Algarve area (SjW Iberia Margin, S of Nazare Fault). A 2057-
160 Ma old tholeiitic cycle, associated with one of  the three main 
rifting episodes recognized along the W Iberian Margin, has been 
reported by Pinheiro et al. ( 1996, and references therein). In the Betic 
External Zones (Median Subbetic), sub-alkaline magmatic activity is 
documented by submarine volcanism (pillow lavas) and shallow sub
volcanic intrusions, with a peak in activity in the Middle Jurassic, and 
presumably related to a SW-NE trending fault system (Martin-Algarra 
et al., 2004). 

In the NW Iberian Range Jurassic magmatic rocks are absent, but in 
the studied strati graphic interval (in particular, in the Upper Aalenian
Lower Bajocian section) iron-coated particles commonly occur 
(Garda-Frank et al., 2006a). This iron enrichment has been interpreted 
by Garda-Frank (2007, and in prep.) as caused by exhalation from low
earth-element (REE) pattern of the iron-coated particles and that of 
coeval volcanic rocks in the Iberian Range. 

Aalenian volcanism is not restricted to the margins of Iberia 
(Fig. 15 ). For instance, Ziegler ( 2004) reported that during the Middle 
Jurassic (Late Aalenian-Early Bajocian times), the Arctic seas became 
separated from both the Tethys and Central Atlantic owing to a large 
arch rising in the Central North Sea and the deposition of voluminous 
basalt, probably due to a short-lived mantle plume. 

8. Discussion 

8.1. Role of extensional tectonics 

As already pointed out, there is general agreement that the 
prominent facies and thickness changes, as well as the widespread 
unconformities characterizing the Aalenian sedimentary record in 
Western Europe, are a consequence of synsedimentary extensional 
tectonics. This activity is thought to be related on the one hand to 
rifting in the Central Atlantic-Alpine Tethys system, and on the other, 
to volcanism and dome collapse in the North Sea Basin. Some authors 
refer to this episode as the 'Mid-Cimmerian events' Uacquin and 
Graciansky, 1998a; Graciansky and Jacquin, 2003 ). Fig. 1 5  is a 
compilation of data from various sources, demonstrating the rele
vance of late late-Early and Middle Jurassic extensional tectonics on an 
overregional scale (e.g., Hallam. 2001 ; Ford and Golonka 2003 ; Geiger 
et aL, 2004; Golonka, 2004; Ziegler; 2004; Geiger and Schweigert, 
2006; Golonka, 2007, among many others). 

In the Iberian Basin, reactivation of normal faults and compart
mentalization of the previous carbonate platform during this exten
sional tectonic phase, has been postulated by Ureta ( 1 985 ), Goy and 
Ureta ( 1990) and Fernandez-Lapez and Gomez ( 1 990). 

Local tectonic events have also been described from other regions 
for the same time interval. For instance, in the Basque-Cantabrian 
and Asturias basins, significant thickness variations, attributed to dif
ferential subsidence have been reported by Aurell et al. (2003 ). 
Moreover, a widespread unconformity around the Early-Middle 
Jurassic boundary has been considered by these authors as indicating 

renewed activity of normal faults (see also Quesada et al., 2005 ). 
Minor inconsistencies concerning the timing of regressive peaks, and 
associated stratigraphic gaps, in Iberian and other W-European basins 
have been explained in terms of local tectonics (Aurell et aL, 2003). 

According to Rasmussen et al. ( 1 998), in the offshore Northern 
Lusitanian Basin, seismic data do not provide evidence of fault
controlled subsidence during the Early and Middle Jurassic. However, 
Alves et al. (2002 ) argued that N-S to NW-SE trending faults were 
active throughout the Jurassic, and that seismic facies J20.b and J20.c 
(dated as Aalenian-Bajocian) were deposited during the late syn-rift 
and early post-rift stages in this area. 

Evidence of fault-controlled subsidence has also been recognized 
in the onshore Northern and Central Lusitanian Basins, N and S of the 
Nazare Fault Zone respectively. However, as stressed by several 
authors (e.g., Wright and Wilson, 1 984; Wilson, 1988; Henriques, 1992, 
1 995 ; Azeredo, 1 998 ; Henriques, 2000), thickness and facies devel
opment of the early early-Middle Jurassic deposits from both basins 
are different. In the N Lusitanian Basin, Aalenian deposits are generally 
well developed and show a marked E-W facies differentiation, 
presumably controlled by the N-S trending Arunca-Montemor 
'fracture axis' (Henriques, 1992, 1 995 ). Relying on the data provided 
by Henriques ( 1992), it appears, however, that the N and S portions of 
the N Lusitanian Basin notably differ in terms of the detailed pattern of 
sediment accumulation (Comptum-Concavum Biochrons), probably 
as a result of tilting of the sedimentation area. 

Changes in palaeogeography can be detected as well in the Central 
Lusitanian Basin. In the easternmost sector of the Central Lusitanian 
Basin (Tomar sector) sediments attributed to a proximal inner-ramp 
setting occur (Azeredo, 1998 ). An expanded rhythmic marl-limestone 
alternation characterizes the central part of the basin (Zambujal de 
Alcaria section; Henriques, 2000). Duarte ( 1 997) inferred a homoclinal 
ramp setting for the Late Uassic. Ramp dip was towards the west, and 
was apparently controlled by N-S and NE-SW trending normal faults. 
By contrast, at the W border of the Central Lusitanian Basin (Peniche 
sector), the Toarcian-Aalenian succession is represented by thick 
terrigenous turbiditic sediments and resedimented oolitic limestones, 
supplied from the adjacent uplifted Berlengas-Farilhoes horst (Wright 
and Wilson, 1984; Wilson, 1988 ). 

In the Algarve Basin, an unconformity marks the Toarcian-Aalenian 
transition, with a hiatus that, according to Rocha and Marques 
( 1 98 1 ), spans from the early Toarcian (Serpentinus Biochron) to 
Aalenian p.p. However, Terrinha et al. (2002 ), suggest a longer duration 
for this hiatus (early Toarcian to AalenianjBajocian boundary). 

Fault-controlled facies changes and migration of depocenters, have 
been documented in several French basins in the studied time interval. 
In the Ardeche area, several pulses of extensional tectonic activity have 
been detected around the late Toarcian-Aalenian transition (Razin 
et al., 1996). The activity of extensional faults in the Paris Basin is 
marked by stratigraphic gaps and condensed layers from the latest 
Toarcian to the earliest Bajocian ( de Graciansky and Jacquin, 2003 ). 
According to Lezin et al. (2007), in the Aquitaine Basin (Quercy sub
basin) the depositional regime changed during the Middle Aalenian, as 
a consequence of synsedimentary block faulting. 

Increased tectonic activity has also been reported from the western 
Middle Atlas in Morocco, during Toarcian-Aalenian interval. causing 
fragmentation of the sedimentation area into several sub-basins 
(El Hammichi et al., 2002). 

8.2. Eustatic signals 

This widely recorded phase of tectonic activity, is coeval with the 
early early-Middle Jurassic overall regressive trend recognized in most 
European basins (regressive phase of 1 st-order 'Ugurian Cycle'; e.g. de  
Graciansky et  al., 1 998; jacquin and Graciansky, 1998a,b). Maximum 
progradation occurred during the Late Aalenian or earliest Bajocian, 
depending on subsidence and sedimentary supply (Jacquin and 
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Graciansky, 1998a). A widespread unconformity separates the 'Ugurian 
Cycle' from the subsequent 1 st-order 'North Sea Cycle' Uacquin and 
Graciansky, 1998a; jacquin et al, 1998). In the North Sea Basin, this 
unconformity has been called by Underhill and Partington ( 1994) 'mid
Cimmerian' unconformity, and is represented by a significant regional 
truncation. This unconformity also marks the boundary between two 
successive T -R 2nd-order cycles. Oue to poor biostratigraphic con
straints, there is however, no general agreement concerning its precise 
age ( e.g. H aq et al., 1988; Razin et al., 1996; j aquin et aI., 1998 ;  jacquin and 
de Graciansky, 1998a,b; de Graciansky and jacquin, 2003). 

The transgressive-regressive (T -R) cycles we here define in NW 
Iberian Basin for the studied time interval are correlated in Fig. 16 with the 
composite 3rd-order cycles established for the NW European basins 
(Jacquin et al .. 1998), and cycle subdivisions (mostly 2nd-order cycles) pro
posed by other authors ( e.g. Ouarte et aL, 2001 ; Aurell et aL, 2003 ; GOmez 
and Fernandez-L6pez, 2004; Gomez and Goy, 2005; Quesada et aL, 2005). 

The unconformities bounding the 3rd-order cycles that we have 
identified in the IB domain of the study area match in general with T-R 
cycle boundaries defined in NW Europe, and so do the boundaries of 
our 2nd-order T -R facies cycle in BCB-domain. Exceptions are the 
boundaries of sequences S2 and S3 in the IB domain. We interpret this 
misfit as an effect of local tectonics. 

Unconformity U1, between Sl and S2 ( intra-Comptum Sz. ), has also 
been identified in the Asturias and in Basque-Cantabrian basins 
(Aurell et al., 2003 ), but Goy and Ureta ( 1994) remarked that it can 
only be identified in marginal areas of these basins. Azeredo et al. 
(2003) stated that in the Lusitanian Basin in the Toarcian-Aalenian 
boundary interval depositional sequences are bounded by important 
unconformities. Ouarte et al. (2001 ), relying on available biostrati
graphic data, suggested for unconformity 'OA1 ' an intra-Comptum 
age, coinciding with our timing of U1.  The second un conformity (U2 ), 
at the top of S2 ( between Opalinum and Murchisonae Zones), 
coincides with an unconformity identified in the Betic Ranges and 
over wide areas of the SE Iberian Range (e.g. O'Oogherty et al., 2000; 
Gomez and Fernandez-L6pez, 2006). The boundary between 'mega
sequences' 'E' and 'F' defined by Soares and Duarte ( 1997) in the 
Lusitanian Basin, corresponds to unconformity '06', situated at the top 
of Opalinum Zone, where Duarte and Henriques (2001 ) indicated 
sedimentary condensation. Henriques ( 1 992, 1 995 ) placed this 
unconformity at the base of cycle 'ZA l '  of Haq et al. ( 1988). The 
third unconformity ( U3 ), at the top of S3 and (between the 
Bradfordensis and Con cavum Zones) correlates with an unconformity 
cited from various European localities Uacquin and de Graciansky, 
1998a). Quesada et al. (2005 )  reported a contemporaneous unconfor
mity in the Basque-Cantabrian Basin, but detailed biostratigraphic 
data demonstrated that it represents actually an intra-Concavum 
hiatus ( Goy and Ureta, 1994). The forth un conformity (U4), at the top 
of S4 ( between Concavum and Discites Zones), is equivalent to that 
described at the western margin of the Subalpine Basin by Razin et al. 
( 1 996) and in the Quercy Basin by Lezin et al. (2007 ). The last one, US, 

at the top of SS (between Discites and Laeviuscula Zones), is 
equivalent to an unconformity recognized in the Paris Basin by de 
Graciansky and Jacquin (2003 ). 

As described above, there are twelve 3rd- to 4th-order stratigraphic 
sequences in the BCB-domain, but only two sequence boundaries are 
marked by major unconformities. The unconformity between sl /s2 
( intra-Comptum Sz.) correlates with U1 in the IB domain, and the one 
at the top ofs12  (between the Discites and Laeviuscula Zones), with US. 
Unconforrnities U2, U3 and U4 have no counterparts in the BCB
domain. A close similarity in sequence development is observed be
tween the IB domain and BCB domain before the major unconformity 
U1, but a markedly different sequential organization developed after 
the Early Aalenian onwards (post post-U1 ). 

According to the data exposed in this chapter, we think that 
transgressive and regressive trends recorded in the stratigraphy during 
the studied time interval were controlled principally by regional 
tectonics (evolution of the Atlantic-Alpine Tethys system), rather than 
by eustatic changes of sea level. This is further supported by the 
generally accepted view that glacio-eustasy cannot be invoked as an 
explanation for sea-level changes in Early and Middle jurassic time. 

9. Conclusions 

A stable epeiric platform characterized the NW part of the Iberian 
Basin until the Early Aalenian. After unconformity U1,  dated as Late 
Comptum in age, a differentiation in two major facies domains 
occurred in the study area (IB domain, including the Oemanda, San 
Leonardo and Madero-Moncayo areas vs. BCB-domain, represented by 
the Cameros area), most likely caused by active extensional faulting. In 
particular, prominent facies and thickness changes, the widespread 
occurrence of unconformities, as well as the sequential organization 
(transgressive and regressive trends) characterizing the Aalenian
lowermost Bajocian sedimentary record favour a tectonic, rather than 
eustatic control. 

Two main episodes of faulting have been recognized in the 
studied time interval, that affected both the IB- and the BCB-domain. 
These occurred in the latest Comptum ( late-Early Aalenian) and in 
Discites (earliest Bajocian) time respectively. A third pulse, in the 
Bradfordensis Biochron (late-Middle Aalenian) has been detected 
only in the BCB-domain. The intra-Comptum tectonic pulse is re
corded in other basins of Iberia (Basque-Cantabrian, Asturias basins 
and North Lusitanian Basin), and there appears to be a link with 
Middle jurassic magmatic activity in the SE Iberian Basin, the Betic 
External Zones (Median Subbetic), and the Algarve Basin. Exten
sional faulting in the NW Iberian Basin could have initiated 
hydrothermal processes and exhalative events, documented by 
repeated intercalations of iron-rich beds in the Upper Toarcian
Lower Bajocian section. 

Synsedimentary faulting in this period, and associated widespread 
unconformities, have also been described from several NW European 



basins, where they have been referred to as the 'mid-Cimmerian 
event', and interpreted as the combined effect of late rifting in the 
Alpine Tethys realm and incipient rifting in the North Sea region. 

This study provides precise age constrains concerning the 
chronology of the main tectonic pulses recorded in NW Iberia for 
the Upper Toarcian-Lower Bajocian interval, that may help to resolve 
uncertainties in the stratigraphy of other W European basins during 
this time interval. 

In conclusion, it appears that a combination of detailed strati
graphic and precise biostratigraphic work can reveal details on the 
accumulation history, and the underling controls (tectonics, sea-level 
changes . . .  ), even in the case of condensed deposits, which generally 
are considered to be of difficult interpretation. Analyses of the same 
level of detail yield significant results in other cases where condensed 
facies dominate the stratigraphic record. 
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Appendix A. Location of the sections studied in this work 

Section Latitude Longitude 

Demanda area Ezcaray (Ez) 42° 19 ' 6.15" N 2° 59' 23.75" W 

Glnales de la Sierra (Cn) 42° 8' 58.11"N 3° 3' 26.43" W 

Huerta de Arriba (Ha) 42° 6' 57.72"N 3° 4' 38.78" W 
Villavelayo (Vy) 42° 3' 1O.26"N 2° 59' 19.67" W 

Santa Ines (Si) 42° 4' 11.46"N 2° 46' 47.51" W 

Penahincada (Ph) 42° 10' 2.42"N 2° 45 ' 35 .74" W 

San Leonardo area Paules de Lara (Pa) 42° 9' 33.54"N 3°° 28' 1.93" W 

Quintanilla de las Vinas (Qv) 42° 7' 25.07"N 3° 28 ' 53.25" W 
Piedrahita de Muno (Pm) 42° 4' 40.17"N 3° 18' 42.2" W 

Glstrovido (Cv) 42° 3' 18.07" N 3° 16' 23.37" W 

Moncalvillo (Mv) 41 ° 56' 59.69" N 3° 11' 58.9" W 

Palacios de la Sierra (PI) 41 ° 57' 25.33" N 3° 6' 53.69" W 

Vilviestre del Pinar (Vv) 41 ° 56' 51.7" N 3° 4' 34.09" W 

Tejada (Tj) 41 ° 57' 1.76" N 3° 31' 36.68" W 
Rabanera (Rb) 41 ° 53' 1.35" N 3° 13' 37.59" W 

Hontoria (Ht) 41 ° 51' 30.22" N 3° 9' 19.04" W 

Talveila (Tl) 41 ° 40' 38.31" N 2° 58' 4.73" W 

Las Fraguas (Fg) 41 ° 40' 53.15" N 2° 44' 9.44" W 
Madero-Moncayo Aidealpozo (Ap) 41 ° 46' 32.61" N 2° 14' 7.14" W 

area Pozalmuro (Pm) 41 ° 46' 17.52" N 2° 4' 29.41" W 

Pinilla del Glmpo (Pi) 41 ° 46' 10.35" N 2° 4' 32.82" W 

Ciria (Ci) 41 ° 37' 27.62" N 1° 58' 12.44" W 

Borobia I (Bo-I) 41 ° 38 ' 53.43" N 1 ° 54' 46.26" W 

Borobia 11 (Bo-II) 41 ° 37' 29.75" N 1 ° 56' 24.03" W 
Malanquilla (MI) 41 ° 35 ' 40.44" N 1° 52' 5.76" W 

Glmeros area Fuentes de Agreda (Fa) 41 ° 48' 16.6" N 1° 54'39.18" W 

Muro de Aguas (Mg) 42° 8' 25.52" N 2° 6' 26.24" W 

Prejano (Pr) 42° 10' 36.15" N 2° 11' 19.88" W 

jubera Ob) 42° 17' 50.75" N 2° 17' 35.38" W 
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