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In the early Mesozoic, the super-continent Pangaea broke up 
into Laurasia and Gondwana (e.g. Scotese, 2001; Torsvik et al., 
2008). The Iberian Peninsula together with Eurasia was a part of 
Laurasia (e.g. Dercourt et al., 1986; Gibbons and Moreno, 2002). 
In the Cretaceous, Iberia was separated as a micro-plate from 
Eurasia and Africa along the Azores-Gibraltar plate boundary 
in the South and the North Pyrenean Fault Zone in the North 
(e.g. Srivastava et al., 1990b; Olivet, 1996; Vergés et al., 2002; 
Sibuet et al., 2004). Subsequently Iberia rotated ~35° counter-
clockwise (CCW) with respect to Eurasia, contemporaneous 
with the opening of the Bay of Biscay (e.g. Carey, 1958; Bullard, 
1965; Van der Voo, 1969; Sibuet et al., 2004). To constrain this 
rotation more precisely, in particular with respect to its age and 
duration, several controversial and partially conflicting views have 
been proposed. The inconsistencies arise mainly from (1) the 
low resolution age dating; (2) paucity of paleomagnetic data; (3) 
possible remagnetization (secondary paleomagnetic components 
overprinted the primary natural remanent magnetization which 
was locked-in at the timing of the formation of the rock); (4) 
very low intensities of the natural remanent magnetization 
(NRM). Meanwhile, most paleomagnetic studies argue that 
there would be a two-stage rotation. Other studies, based on 
oceanic magnetic anomalies in the Bay of Biscay (Pichon and 
Sibuet, 1971; Srivastava et al., 1990b; Srivastava et al., 1990a; 
Roest and Srivastava, 1991; Brothers et al., 1996; Olivet, 1996; 
Sibuet et al., 2004), agree that the opening of the Bay of Biscay 
occurred between M0r to A33o (Aptian to Campanian), and 
caused the ~37° CCW rotation of Iberia. However, the timing 
of the Iberian rotation based on sea-floor anomalies alone is 
poorly constrained because of the “Cretaceous Quiet Zone”, 
the Cretaceous Normal Superchron. Therefore, to answer when, 
how, and where Iberia rotated, integrated high-resolution 
stratigraphic and detailed paleomagnetic data are required.

In the Iberian Peninsula, many Mesozoic extensional and 
transtensional basins which formed during the rotation of 
Iberia and the opening of Bay of Biscay, are reported to be 
remagnetized (e.g. Schott and Peres, 1987; Galdeano et al., 
1989; Moreau et al., 1992; Pares and Roca, 1996; Moreau et 
al., 1997; Juárez et al., 1998; Dinarès-Turell and García-Senz, 
2000; Villalaín et al., 2003; Márton et al., 2004; Soto et al., 
2008). The widespread Iberian remagnetization combined with 
fairly poor age constraints increased the controversy on their 

mechanism(s) and whether the remagnetizations are regional, 
i.e. basin scale, or continent-wide over entire Iberia. Most of the 
Mesozoic basins have a supposedly Cretaceous remagnetization 
(Galdeano et al., 1989; Moreau et al., 1992; Juárez et al., 1994; 
Juárez et al., 1998; Dinarès-Turell and García-Senz, 2000) which 
usually was argued to have been acquired during the Cretaceous 
Normal Superchron because of the invariably normal polarity 
overprint. The remagnetization mechanisms are loosely tied to 
the ‘Cretaceous thermal event’ reported in Iberia. To answer 
when and why the Iberian remagnetization happened, detailed 
remagnetization studies in Iberia are needed.

Meanwhile seen in a worldwide perspective, the 
“remagnetization syndrome” is considered to be much 
more widespread than previously anticipated. To diagnose 
remagnetization, the classical approaches focus on the analysis 
of paleomagnetic directions and utilize field tests (e.g. fold 
test) as much as possible. Such analysis – while worthwhile – 
is not entirely independent. Therefore in several cases hysteresis 
parameters (coercive force, remanent coercive force, saturation 
magnetization, and remanent saturation magnetization acquired 
from hysteresis loops and back field demagnetization curves) 
are plot in the ‘Day plot’ (Day et al., 1977) and the results 
may show so-called the remagnetized and non-remagnetized 
trends (Channel and McCabe, 1994) helping to identify the 
remagnetization. However, for samples with either low intensity 
magnetization or a mixed magnetic mineralogy, this method 
may be equivocal. Therefore, additional criteria, independent 
from the paleomagnetic directions, are required to identify and 
understand the remagnetization.

To accomplish these aims, this Ph.D project was carried 
out in the Organyà Basin, northern Spain (Fig. 1). Why did 
we select the Organyà Basin as study area? There are two 
major reasons: (1) The Organyà Basin is a typical inverted 
Pyrenean basin. The basin experienced extension during the 
Berriasian-middle Albian, post-rift sedimentation during late 
Albian-Cenomanian, and inversion during the late Santonian 
followed by the Pyrenean orogeny until the Miocene (Dinarès-
Turell and García-Senz, 2000; García-Senz, 2002). The ages 
of the sediments in the Organyà Basin are well constrained by 
biostratigraphy in stages and sub-stages (Becker, 1999; Bernaus 
et al., 1999; Bernaus, 2000; Bernaus et al., 2000; Bernaus et al., 
2003). So, the paleomagnetic data to be gathered when shown 
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to be primary are narrowly constrained in age. In the Organyà 
Basin, the lower Cretaceous Berriasian-Barremian limestones 
were earlier reported to be remagnetized while the Aptian-
Cenomanian marls (with some limestone intercalations) have 
a primary remagnetization (Dinarès-Turell and García-Senz, 
2000). Therefore, the Organyà Basin is a very appropriate 
location for studying the timing of the rotation of Iberia with 
respect to Eurasia. (2) The ~ 4.5 km thick Cretaceous hemi-
pelagic and pelagic deposits in the Organyà Basin consist of 
limestones and marls. The remagnetization is considered to 
be a chemical remagnetization, however, the remagnetization 
mechanism was not explored in detail. So the basin also provides 
a very good opportunity to scrutinize the remagnetization 
mechanisms and further develop identification methods for 
remagnetization.

The approaches we used for this study derive mainly 
from the paleomagnetic and rock magnetic fields. In the 
Cretaceous rotation of Iberia study, a new demagnetization 
protocol especially for low-intensity magnetization samples 
was developed. It consists of thermal demagnetization (up 
to 150°C for limestones and 210°C for marls) followed by 
alternating field demagnetization (until 100 mT). In the 
Organyà Basin, our paleomagnetic results have a higher quality 
(small uncertainties in age and α95) and quantity (more than 
1100 drilled cores) than many other published paleomagnetic 
datasets. Based on the paleomagnetic datasets in Iberia and 
Oceanic magnetic anomaly data from the Bay of Biscay, we can 
constrain the Iberian rotation better in time and magnitude. To 
reconstruct the palinspastic position Iberia during the rotation, 
the paleo-stress regime in the Organyà Basin was derived from 
the anisotropy of magnetic susceptibility (AMS). The obtained 

original extension direction is used for this purpose along with 
other geological and geophysical constraints.

To answer when and why these pervasive Iberian 
remagnetization occurred, the small circle intersection (SCI) 
method (Waldhör and Appel, 2006) is applied to restore the 
syn-tectonic remagnetized direction in the Organyà Basin and 
several other Iberian basins. Several rock magnetic methods 
have been designed to diagnose the remagnetization, each 
with their advantages and disadvantages. Here we developed 
a novel method based on end-member modeling (e.g. Weltje, 
1997; Heslop and Dillon, 2007) of isothermal remanent 
magnetization (IRM) acquisition curves. This new approach 
can be a very useful tool to diagnose remagnetization in weakly 
magnetic sediments.
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Het onderzoek beschreven in dit proefschrift spitst zich toe 
op het Organyà Bekken (Pyreneeën, Spanje), en kan in grote 
lijnen gegroepeerd worden involgens twee deel- onderwerpen: 
1) de rotatie van het Iberisch schiereiland gedurende de Krijt 
periode en de daaraan gerelateerdezogeheten palinspastische 
reconstructie, en 2) de gevolgen hiervan voor de registratie van 
de natuurlijke remanente magnetiszatie (NRM), met name de 
mate waarin de gesteenten zijn geremagnetiszeerd (dit betekent 
dat zij een NRM signaal bevatten dat jonger is dan de leeftijd 
van de betreffende gesteente formatie). Remagnetisatie wordt 
allereerst onderzocht in het Organyà Bekken zelf. Vervolgens 
vormt een combinatie en vergelijking van deze gegevens met 
die verkregen uit verscheidene andere Mesozoïsche Iberische 
bekkens de basis om de ouderdom van de remagnetizsatie 
zo exactprecies als mogelijk te bepalen. Als laatste wordt een 
nieuwe aanpak voorgesteld om remagnetisatie vast te stellente 
herkennen onafhankelijk van de analyse van paleomagnetische 
richtingen. De eerste twee hoofdstukken van het proefschrift 
houden zich bezig met het eerste onderwerp, terwijl het 
tweede onderwerp wordt behandeld in de drie daaropvolgende 
hoofdstukken.

In Hoofdstuk 1 wordtbeschrijft de analyse van de ouderdom 
en de grootte van de rotatie in het Krijt van het Iberisch 
schiereiland bepaald aan de hand van. eEen gedetailleerde 
paleomagnetische studie van mariene sedimenten van Krijt 
ouderdom uit het Organyà Bekken in is combinatie met 
informatie verkregen uit oceanische magnetische anomalien 
in de Golf van Biscaje. De paleomagnetische gegevens uit 
meer dan 1100 monsterkernen geven aan dat de Iberische 
rotatie geeindigd was vóór het Albien. Het begintijdstip van de 
rotatie kan echter niet worden bepaald omdat de betreffende 
gesteenten zijn geremagnetiszeerd. Ook de overige bestaande 
paleomagnetische datasets van het Iberisch schiereiland maken 
het niet mogelijk om het begin van de Iberische rotatie vast 
te stellenprecies geven. Echter, de magnetische anomalie M0r 
uit de Golf van Biscaje geeft als begintijdstip de basis van 
het Aptien. Dit betekent datheeft de gehele Iberische rotatie 
van ~ 35 ° tegen de klok in ten opzichte van Eurazië, heeft 
plaatsgevonden tijdens het Aptien. De rotatie is sneller geweest 
in het vroeg- Aptien en lijkt langzamer te gaan tijdens het 
midden- en laat-Aptien.

De interpretatie van de anisotropie van de lage-veld 
magnetische susceptibiliteit (AMS) van het Organyà Bekken 
vormt het onderwerp van Hoofdstuk 2. Drie verschillende AMS 
typenmaaksels kunnen worden onderscheiden, variërend van 
intermediair tot tektonischmaaksels. Deze zijn geïnterpreteerd 
in termen van paleospanningen die hebben geheerst in het 
Organyà Bekken. De richtingsverdeling van de maximale 
anisotropie-as suggereert dat een compressieve druk in verband 
met de verkorting als gerolg van de Pyreneeën orogenese meer 
intens was in het oostelijke deel van het bekken. Dit is in lijn 
met de structurele geologische waarnemingen. In het centrale 
en westelijke deel kan een originele N-Z extensionele richting 
worden herleid, hetgeen impliceert dat de latere verkorting 
hier volledig is geaccomodeerd in de basale overschuiving. De 
N-Z extensie-richting staat loodrecht op de huidige Bòixols 
overschuiving aan de zuidrand van het Organyà Bekken. De 
gereconstrueerde extensie-richting is ongeveer NO -ZWE, 
die mogelijk de extensie-richting tijdens de Iberische rotatie 
kan representeren. Dit zou impliceren dat het Organyà 
Bekken ten westen van het rotatie-draaipunt gepositioneerd 
was. In dit kader wordt de palinspastische positie van Iberië 
besproken tijdens haar rotatie en opeenvolgendeopvolgende 
oostwaartse beweging naar de positie van vóór de aanvang van 
de Pyreneesche orogenese.

Voor de studie beschreven in Hoofdstuk 3 zijn vier transects 
genomen in het Organyà Bekken van het westen naar het oosten 
om een driedimensionaal beeld te krijgen van de verdeling 
van de remagnetisatie. Onafhankelijk van het transect zitis de 
overgang tussen geremagnetiseerde en niet-geremagnetiseerde 
strata in het bovenste deel van de Prada kalksteenfe, de Prada 
C KalksteenFormatie. Vanaf de oudste mergelformatie, de 
Cabó Formatie, tot de jongst ontsloten formatie, lijken de 
gesteenten altijd een primaire NRM te dragen. Dit houdt in 
dat het onderste deel van de stratigrafie geremagnetiszeerd is en 
het bovenste deel niet. De bijbehorende gesteentemagnetische 
studie toont dat de drager van de remanentier voornamelijk 
magnetiet is, met kleine bijdragen van hematiet en goethiet. Een 
breuk-breccietest uitgevoerd in het onderste gedeelte van de 
geremagnetiszeerde stratigrafie, suggereert dat de remagnetisatie 
ten minste ouder moet zijn dan het Eoceen toen zogeheten 
back-thrusting actief was in het Organyà Bekken. Begraving in 
een verhoogd geothermisch regime is een mogelijk mechanisme 

Samenvatting (Summary in Dutch)
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voorvoorgesteld als remagnetisatie. Transport van een grote 
hoeveelheid externe vloeistoffenfluïde fase is onwaarschijnlijk, 
dit betekent dat deDaarom zijn zogenoemde intern gebufferde 
vloeistoffen waarschijnlijk het meest belangrijk geweest zijn. 
De rol van de aanwezige drukoplossing in de gesteenten bij het 
remagnetiszatie proces is niet duidelijk.

In Hoofdstuk 4 richten we onze aandacht op het zo 
nauwkeurig mogelijk bepalen van het tijdstip van de 
remagnetiszatie in het Organyà Bekken alsmede drie andere 
gebieden in Iberië: het Cabuérniga Bekken, het Iberische 
Gebergte, en het Cameros Bekken. Voor de drie laatstgenoemde 
locaties zijn gepubliceerde paleomagnetische data gebruikt. 
Ondanks de variabele laaghelling kan de paleomagnetische 
richting tijdens remagnetisatie worden achterhaald met behulp 
van de ‘kleincirkel-intersectie’ (SCI) methode. In het Organyà 
Bekken heeft de op deze wijzezo bepaalde paleomagnetische 
richting tijdens de remagnetiszatie een declinatie (D) van 
316.8°, en een inclinatie (I) van 54.8° (metbetrouwbaarheid 
α95 =van 3.3°). Deze richting ligt dichtbij de paleomagnetische 
richting van de transitionele Prada C Formatie bij volledige 
laagstand correctie, hetgeen zeer goed in overstemming is met 
de geologische informatie uit het Organyà Bekken waarmee 
de geloofwaardigteid van toepassing van de SCI methode is 
gebleken. Hiermee is dtoepasbaarheid van de De ouderdommen 
van remagnetisatie is nu bepaald op: de grens tussen het 
Barremien en het Aptien voor het Organyà Bekken, het vroeg-
midden Aptien voor het Cabuérniga Bekken, het midden-laat 
Aptien voor het Iberische Gebergte, en tussen post-Aptien 
en pre-Santonien voor het Cameros Bekken. Omdat 
Iberië vrij snel geroteerd is, is het resultaat een mozaïek van 
geremagnetiszeerde gebieden. Het voorgestelde remagnetisatie 
mechanisme voor deze geologische setting is vermoedelijk een 
gebeurtenis beperkt tot het betreffende bekken tijdens de rifting 
fase. Een dunne korst verschafte de verhoogde geothermische 
gradiënt die vereist is om de temperatuur voor de geochemische 
reacties te bereiken relatief dicht bij het aardoppervlak, met 
de remagnetisatie als gevolg. Een puls van vloeistoffenfluïde 
fase over het gehele Iberische schiereiland die doorgaans vaak 
impliciet als oorzaak voor de remagnetiszatie werd aangenomen, 
is daarom onwaarschijnlijk.

In Hoofdstuk 5 wordt een nieuwe aanpak ontwikkeld om 
remagnetiszatie in kalksteen te kunnen herkennen. Deze 
methode is gebaseerd op ‘end-member’ modelleren van sets van 
isotherme remanente magnetisatie (IRM) acquisitie curves van 
de geremagnetiseerde en de niet-geremagnetiseerde kalkstenen 
in het Organyà Bekken. End-member modellering doet geen 
vooronderstelling omtrent de vorm van de end-membersi. Een 
model met drie-end-membersileden is geïnterpreteerd als een 
adequate beschrijving van de gegevens. End-membersi zijn 
twee magnetische mineralen met een lage coërciviteitskracht 
en één mineraal met een hoge magnetische coërciviteitskracht 
(hematiet). Na normaliszatie voor de bijdrage van het hoog-
coërcivitieve end-member-, kunnen de geremagnetiseerde en 
niet-geremagnetiseerde kalkstenen op een consistente manier 
onderscheiden worden aan de hand van de relatieve bijdrages 
van de laag-coërcivitieve end-membersi-. Vandaar dat deze 
nieuwe aanpak een nuttig instrument kan zijn om remagnetisatie 
te herkennen in monsters met een lage intensiteit, onafhankelijk 
van informatie betreffende paleomagnetische richtingen.
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The research described in this thesis focuses on the Organyà 
Basin (Pyrenees, Spain) and can be categorized into two main 
topics: 1) the Cretaceous rotation of Iberia and the related 
palinspastic reconstruction, and 2) the implications for the 
recording of the natural remanent magnetization (NRM), 
notably the extent to which the rocks are remagnetized (they 
contain an NRM signal that is younger than the age of the rock 
unit it is retrieved from). Remagnetization is first studied in the 
Organyà Basin and then combined with the record in several 
other Mesozoic Iberian basins to provide constraints on its 
timing. Finally a new approach to recognize remagnetization 
independent of paleomagnetic directional analysis is proposed. 
The first two chapters deal with the first topic while the second 
topic is addressed in the three subsequent chapters.

In Chapter 1 the timing and magnitude of the Iberian 
rotation is well constrained by a detailed paleomagnetic study 
of the Cretaceous marine sediments from the Organyà Basin 
combined with ocean floor magnetic anomaly information from 
the Bay of Biscay. The paleomagnetic data obtained from more 
than 1100 cores constrain the end of the Iberian rotation to just 
before the Albian. The onset of the rotation, however, cannot 
be determined because the pertinent rocks are remagnetized. 
Also analysis of all other existing paleomagnetic datasets from 
Iberia, does not allow pinpointing precisely the beginning of 
the Iberian rotation. However, the magnetic anomaly M0r from 
the Bay of Biscay indicates its start at the base of the Aptian. 
Therefore, the entire Iberian rotation of ~35° counterclockwise 
with respect to Eurasia occurred during the Aptian. The rotation 
is faster in the early Aptian and seems to slow down during the 
middle and late Aptian.

In Chapter 2 the distribution of the anisotropy of the low-field 
magnetic susceptibility (AMS) was analyzed for the Organyà 
Basin. Three types of AMS fabrics could be distinguished 
ranging from so-called intermediate to tectonic magnetic 
fabrics. These were interpreted in terms of the paleostresses that 
have acted in the Organyà Basin. The directional distribution 
of the maximum anisotropy axis suggests that a compressional 
overprint is related to shortening because the Pyrenean orogeny 
was more intense in the eastern part of the basin, which is in 
line with structural geological observations. In the western 
sites an original N-S extenstional direction could be inferred, 
implying that the later shortening was entirely accommodated 

in the basinal thrust in the central portion of the basin. The 
N-S extensional direction is perpendicular to the present-day 
Bòixols thrust at the southern margin of the Organyà Basin. 
The restored extension direction is approximately NE-SW, 
which can represent the extensional direction during the 
Iberian rotation. This would imply a position of the Organyà 
Basin westerly of the Iberian rotation pivot point. In this frame 
work, the palinspastic position of Iberia during its rotation 
and eastward movement to its position before the onset of the 
Pyrenean orogeny is discussed.

In Chapter 3 four transects were taken from west to east 
in the Organyà Basin to develop a three-dimensional view 
of the remagnetization distribution. Independent of transect, 
the transition between remagnetized and non-remagnetized 
strata occurs in the topmost Prada Formation, the Prada C 
limestone. From the lowermost Cabó marl Formation to 
younger formations, the rocks appear always to carry a primary 
NRM. This implies that the lower part of the stratigraphy is 
remagnetized and the upper part is not remagnetized. The 
related rock magnetic study shows the remanence carriers are 
mainly magnetite with minor contributions of hematite and 
goethite. A fault-breccia test that could be carried out in the 
lowermost portion of the remagnetized rocks suggests that the 
remagnetization must predate the Eocene when back-thrusting 
was active in the Organyà Basin. Burial in an elevated geothermal 
regime is argued to be the remagnetization mechanism. A 
vast amount of external fluids is unlikely. Therefore, so-called 
internally buffered fluids must have been dominant. The role 
of pressure solution observed in the remagnetized rocks is not 
clear.

In Chapter 4 we focus our attention to constraining the 
timing of the remagnetization in the Organyà Basin and three 
other areas in Iberia: the Cabuérniga Basin, the Iberian Range, 
and the Cameros Basin. For the latter three localities, published 
paleomagnetic data were used. Despite variable tilting, the 
paleomagnetic directions during remagnetization can be 
restored with the small circle intersection (SCI) method. In 
the Organyà Basin, the restored paleomagnetic field direction 
during remagnetization is D = 316.8°, and I = 54.8° (with a95 
= 3.3°), close to the paleomagnetic direction of the transitional 
Prada C Formation upon full tilt correction which complies very 
well with the geological evidence in the Organyà Basin, lending 
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credibility to the SCI method. The ages of the remagnetization 
are now constrained to: the Barremian/Aptian boundary for the 
Organyà Basin, early-middle Aptian for the Cabuérniga Basin, 
middle-late Aptian for the Iberian Range, and between post-
Aptian and pre-Santonian for the Cameros Basin. Because 
Iberia rotated fairly rapid a mosaic of remagnetized basins is 
the result. The proposed remagnetization mechanism for this 
setting is likely a basin-confined event during the rifting phase. 
A thinned crust provided the elevated geothermal gradient 
required to reach the temperature for the geochemical reactions 
that induced the remagnetization at shallow depth. An Iberia-
wide fluid pulse as often implicitly assumed causing the 
remagnetization is therefore unlikely.

In Chapter 5 a new approach to diagnose remagnetization in 
limestones is developed. This method is based on end-member 
modeling of sets of isothermal remanent magnetization 
(IRM) acquisition curves from the remagnetized and non-
remagnetized limestones in the Organyà Basin. End-member 
modeling does not make any assumption on the shape of the 
end-members and a three-end-member model was interpreted 
to adequately describe the data. End-members are two low-
coercivity magnetic minerals and one high-coercivity magnetic 
mineral (hematite). After normalizing for the contribution 
of the high-coercivity end-member, remagnetized and non-
remagnetized limestones can be consistently discriminated by 
the relative contributions of the low-coercivity end-members. 
Hence, this new approach may provide a useful tool to diagnose 
the remagnetization in low intensity samples, independent from 
an analysis of paleomagnetic directions.
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Abstract
The Cretaceous rotation of the Iberian plate in a geodynamical 
active setting between Africa and Europe is contemporaneous 
with the opening of the northern Atlantic Ocean, and provides 
fundamental temporal and kinematical constraints on the 
evolution of the Bay of Biscay and the Pyrenees. Here, we report 
new paleomagnetic data from 50 sites (1109 drilled cores) 
from marine sediments of the Cretaceous Organyà basin in 
the southern Pyrenees, to constrain the timing and magnitude 
of the rotation of Iberia. Berriasian to Barremian directions in 
exclusively limestone lithology are remagnetized, in agreement 
with previous Organyà basin studies. The Aptian to Cenomanian 
marls and limestones in the Organyà Basin, however, provide 
primary magnetisations asserted by rock magnetic experiments 
and positive fold tests. Our results constrain the rotation of 
Iberia to be finished just before the Albian. Paleomagnetic data 
cannot well constrain the onset of the rotation, but sea-floor 
anomaly studies restrict the onset of the rotation to anomaly 
M0, or the Barremian-Aptian boundary. This implies that the 
entire rotation of Iberia happened in one single phase, and is 
confined to the Aptian. This is in contrast to earlier studies that 
suggested a two-phase rotation of Iberia, but we argue that the 
large errors in published ages are not in disagreement with our 
results. In summary, we constrain the ~35° rotation of Iberia to 
the Aptian period which implies a rotation rate of 2.7 – 5.1 °/
Myr, depending on the (controversial) duration of the Aptian.

Keywords: Paleomagnetism, Iberia rotation, Bay of Biscay, 
Cretaceous, Aptian

1 Introduction

The rotation of Iberia with respect to Eurasia has been studied 
for decades since the hypothesis of Carey (1958) and the model 
of Bullard et al. (1965). Carey (1958) proposed on the basis of 
geological data alone that the Iberia block had been rotated 30° 
to 40° counter-clockwise (CCW) resulting in the opening of 
the ‘Biscay Sphenochasm’ during the post-Palaeozoic, with a 
pivot point in the western Pyrenees. Bullard et al. (1965) used 
numerical fits with a least squares criterion for reconstruction 
of the continents around the Atlantic ocean – including their 

continental shelves – and they supported the rotation hypothesis 
of Carey.

Constraining the timing and the amount of counter-
clockwise rotation constituted an important topic of 
paleomagnetic studies during the 1960s that culminated 
in the landmark paper of Van der Voo (1969). Van der Voo 
and co-workers (Van der Voo, 1967, 1969; Van der Voo and 
Zijderveld, 1971) reported a CCW rotation of ~35° between 
the late Triassic and late Cretaceous, in agreement with Carey’s 
hypothesis (Carey, 1958). Constraining the rotation more 
precisely, in particular with respect to its age and timing, has 
shown to be controversial and several partially conflicting views 
have been put forward. The inconsistencies arise mainly from 
(1) the low resolution age dating frequently in combination 
with a paucity of paleomagnetic data, and (2) the often poor 
paleomagnetic results caused by possible remagnetization and/
or very low intensities of the natural remanent magnetisation 
(NRM). For example, one study published a single result for 
the entire Barremian-Aptian interval which was based on five 
sites (63 samples) (Moreau et al., 1992) and another study 
yielded one result for the entire Aptian-Albian interval, based 
on four sites (35 samples) (Moreau et al., 1997), which limits 
constraining the timing of the rotation phase. Meanwhile, 
many rock units in the Iberian Peninsula were reported to be 
remagnetized (Schott and Peres, 1987; Galdeano et al., 1989; 
Moreau et al., 1992; Juárez et al., 1994; Villalain et al., 1994; 
Pares and Roca, 1996; Juárez et al., 1998; Dinarès-Turell and 
García-Senz, 2000; Gong et al., 2008). Most of them have a 
supposedly Cretaceous remagnetization (Galdeano et al., 1989; 
Moreau et al., 1992; Juárez et al., 1994; Juárez et al., 1998; 
Dinarès-Turell and García-Senz, 2000; Gong et al., 2008) which 
usually was argued to have been acquired during the Cretaceous 
Normal Superchron (CNS) because of the invariably normal 
polarity overprint. In general, most studies agreed on the total 
amount of the rotation of 35-40° (Galdeano et al., 1989; Van 
der Voo, 1993). In addition, all paleomagnetic studies so far 
have seemed to reach consensus on a two-stage rotation. For 
example, Galdeano et al. (Galdeano et al., 1989) suggested a 
~26° fast Barremian CCW rotation and a ~13° CCW rotation 
during the Albian and the Maastrichtian. For a more detailed 
compilation and review of all relevant paleomagnetic studies we 
refer to Dinarès-Turell and García-Senz (2000).

chaPter 1
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Other studies were based on oceanic magnetic anomalies 
in the Bay of Biscay (Pichon and Sibuet, 1971; Srivastava 
et al., 1990b; Srivastava et al., 1990a; Roest and Srivastava, 
1991; Olivet, 1996; Sibuet et al., 2004), which have recently 
been argued to be caused by serpentinisation during mantle 
exhumation, rather than by actual sea-fl oor spreading (Sibuet 
et al., 2007). Th ese studies show diff erent details and slightly 
dissimilar reconstructions, but all agree that the opening of the 

Bay of the Biscay happened during the Cretaceous between 
chrons M0 and A33o, i.e. between 125 Ma and ~83 Ma 
according to the most recent geological time scale (Ogg et al., 
2004).

There are two major types of kinematic reconstruction 
models for the opening of the Bay of Biscay. Th e diff erences 
are mainly in deriving the Euler poles of the rotation of Iberia, 
which are required for the reconstructions. Sibuet et al. (2004) 

Figure 2 Characteristic remanent magnetisation (ChRM) directions versus lithology and formations in the Organyà Basin, correlated to the new 
geological time scale (Ogg et al., 2004), including the geomagnetic polarity time scale (GPTS); grey (white) is normal (reversed) polarity; chron 
nomenclature follows CK92 (Cande and Kent, 1992); vertical bars denote age errors. Th e time scale from (Fiet et al., 2006) is shown on the right. Blue 
closed circles indicate the mean formation directions (declination, inclination) and their errors (blue horizontal bars, DDx, DIx) from the present study 
(Table 1), whereas blue open circles denote remagnetised directions that are not used for the rotation of Iberia. Th e small open squares denote mean 
formation directions recalculated from Dinarès-Turell and García-Senz (2000); the grey shaded rectangles represent their published group means; 
obliquely shaded rectangles denote remagnetised directions (see text); the directional errors (DDx, DIx) are recalculated according to Table 1. Th e red closed 
circles are inclinations after applying the elongation/inclination (E/I) method using the TK03.GAD model (Tauxe and Kent, 2004); red horizontal bars 
shows the 95% bootstrap error range. Expected directions from the apparent polar wander paths (APWP) for Eurasia from Torsvik et al. (2008) and 
Besse & Courtillot (2002) are plotted in light orange and light yellow, respectively.
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convincingly argue that a best fi t of M0 (Srivastava et al., 2000) 
across the Atlantic and in the Bay of Biscay provides a better 
and more robust kinematic model. Th eir conclusion leads to a 
CCW rotation of Iberia of ~37°. Because precise age and timing 
of a CCW rotation of Iberia based on sea-fl oor anomalies alone 

are poorly constrained because of the Cretaceous Normal 
Superchron (CNS), or the Cretaceous Quiet Zone in sea-fl oor 
anomaly terms, integrated high-resolution stratigraphic and 
paleomagnetic data are required to better constrain the rotation 
in time and magnitude.

Chapter 1

Figure 3 a). Orthogonal vector diagrams (Zijderveld, 1967) of an example of our “3 position protocol”; the results of 3 independent positions on 
our automated cryogenic magnetometer are merged to reduce the noise observed in single position measurements, yielding a signifi cantly improved 
demagnetisation diagram; b-j). demagnetisation results from the diff erent formations in the Organyà Basin, after bedding tilt correction (TC). We used a 
thermal (initial heating to 150-210 °C) plus AF (up to 100 mT) demagnetisation method which proved to give the best demagnetisation results. Closed 
(open) circles indicate the projection on the horizontal (vertical) plane.
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In this study, we use the new geological time scale (GTS2004, 
(Gradstein et al., 2004)) for the Cretaceous (Ogg et al., 2004) 
which we apply also to obtain new numerical ages for earlier 
studies to improve the age control. We do realise, however, 
that this time scale – especially in terms of numerical ages – 
is not without debate (Fiet et al., 2006; Tucholke and Sibuet, 
2007). The strongly deviating time scale of (Fiet et al., 2006), 
particularly in terms of the duration of the Aptian, will be 
discussed in more detail below.

The study area, the Organyà basin, is well dated by 
biostratigraphy (García-Senz, 2002), in stages and sub-stages for 
every formation. We furthermore massively sampled ~50 sites 
with a total of more than 1100 drilling cores (Supplementary 
Table), yielding specimens which were measured on the 
robotised cryogenic magnetometer at Fort Hoofddijk, Utrecht, 
the Netherlands. This robot produces significantly better – both 
in quality and quantity – data on the low intensity marls and 
limestones of the Organyà basin, and an adapted (3-position) 
protocol was developed especially for these low-intensity 
limestones. For this study, we demagnetised 1109 specimens of 
which 960 demagnetisations gave a reliable and interpretable 
result, an average success rate of 85%, although this success rate 
varies between formations, from 57% to 100% (Supplementary 
Table).

2 Geological setting of the Organyà basin

The Organyà Basin is located in the Bóixols thrust sheet 
in the southern Pyrenees and is filled with a ~ 4.5 km thick 

series of Mesozoic hemi-pelagic and pelagic sediments, mainly 
Cretaceous limestones and marls (Fig. 1). It is an inverted 
extensional basin, which underwent Berriasian to middle 
Albian extension and rifting – most intense during the Aptian. 
Subsequent inversion and uplift after the middle Albian 
resulted in a stable platform during middle Cenomanian to 
early Santonian, which was finally included in the Pyrenean 
Orogeny during late Santonian – Maastrichtian (Dinarès-Turell 
and García-Senz, 2000; García-Senz, 2002; Gong et al., 2008).

During the extensional history, the tectonic evolution inside 
the Organyà Basin is recorded in five phases: the Tithonian-
Valanginian rift initiation, the Hauterivian uplift and erosion 
leading to a hiatus, the Barremian moderate rifting, the early 
and middle Aptian (Bedoulian – Gargasian) intense rifting, 
and late Aptian (Clansayesian) – middle Albian late rifting. 
The first rifting that resulted in the formation of the Berriasian-
Valanginian platform carbonates (400 – 500 m thickness) lasted 
~9.1 Myr, leading to an average sedimentation rate in the centre 
of the basin of around 5 cm/kyr. The depositional environment 
is interpreted as coastal lagoonal (García-Senz, 2002). The 
hiatus in the Organyà Basin sequence during the subsequent 
Hauterivian uplift and erosion phase is also recorded at other 
places in the central Iberian rift systems (Salas et al., 2001) 
and in the North-Iberian basins (Hiscott et al., 1990). The 
Barremian to earliest Aptian moderate rifting lasted ~5.5 Myr, 
subsidence increased slightly and the accumulation rate of the 
platform carbonates rose to ~20 cm/kyr (pending unrecognised 
hiati). Apparently, the subsidence rate, eustatic forces and 
sediment influx were in near equilibrium so that throughout 
the series (Prada Fm.) shallow platform carbonate conditions 

Table 1 For every formation sampled, the number of demagnetisations (specimens) is given (Ndemag) and the number of ChRM directions(NChRM); 
the Vandamme cut-off reduces the number of accepted ChRM directions for calculation of the mean declination (D), the inclination of the original 
distribution (Iorg), and their cone of confidence (a95) and precision parameter (k); IAPWP is the inclination expected from the APWP (Torsvik et al., 2008), 
while IEI is the inclination resulting from intersection of the distribution with TK03.GAD (Tauxe and Kent, 2004). The inclination (I) results from 5000 
bootstraps of TK03.GAD, with 95% lower and upper bounds (Il, Iu). For each direction we determine the virtual geomagnetic pole (VGP), with a mean 
VGP latitude (latp) and longitude (longp) and corresponding cone of confidence (A95) and precision parameter (K), from which we determine the errors 
in declination (DDx) and inclination (DIx) (Butler, 1992) as plotted in Figure 2.

Formations ChRM directions & Vandamme cut-off (vD) TK03.GAD VGPs from unflattened dataset

N
demag

N
ChRM

D Iorg α95
k I

APWP
IEI Il < I < Iu lI

latp longp a95 K DDx DIx

Santa Fè 107 85 357.8 46.4 2.4 42.5
vD 80 357.7 45.4 2.1 60.3 52.5 48.0 45.0 47.2 61.2 28.4 76.5 189.2 2.2 54.1 2.50 2.62

coll d’abella 115 66 352.0 46.0 3.6 22.8
vD 60 356.0 45.9 2.7 45.9 52.6 47.6 45.1 48.1 59.6 29.1 77.2 197.3 2.9 41.8 3.32 3.39

Lluçá 101 101 354.4 45.4 2.0 49.3
vD 99 354.1 45.2 2.0 53.3 52.4 46.9 44.9 46.8 59.3 28.0 75.4 202.9 2.0 49.6 2.27 2.41

Font 
Bordonera

111 108 342.4 49.9 1.1 148.5

vD 108 342.4 49.9 1.1 148.5 51.7 49.7 51.7 59.9 32.3 73.0 242.4 1.2 129.0 1.42 1.29
Senyús top 73 71 349.0 55.4 1.7 95.5

vD 69 348.4 55.3 1.6 116.6 51.0 54.4 56.3 64.2 36.9 79.9 245.4 1.9 79.6 2.37 1.83
Senyús 139 133 334.1 55.1 1.5 70.2

vD 129 334.9 55.1 1.3 97.8 50.3 54.8 56.5 67.0 37.1 70.4 265.6 1.5 71.0 1.88 1.44
cabó 225 185 333.0 55.1 2.7 12.0

vD 162 333.8 52.9 1.5 38.0 49.2 52.7 54.3 65.6 34.8 68.2 257.9 1.8 38.0 2.19 1.82
Prada c 169 136 309.7 56.5 2.1 26.0

vD 113 308.8 56.7 1.1 95.7 48.2 56.4 57.5 67.6 38.1 51.0 282.1 1.4 69.6 1.78 1.31
hostal Nou 85 75 289.7 57.1 2.1 64.0

vD 70 290.6 57.2 1.7 96.4 41.0 57.3 59.1 72.3 39.9 39.1 294.0 2.1 65.1 2.74 1.88
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are maintained. The maximum rifting phase occurred during 
the Aptian and is typified by the limestones grading into marls 
and accumulation rates in the centre of the basin increased 
to ~27 cm/kyr, while conditions became coastal-marine. 
Apparently, relief was enlarged so that more detrital material 
could be transported into the basin. In the areas that remained 
coastal, in the South of the basin, syn-rift unconformities have 
been recognised. The top of the Albian sediments was eroded, 

producing an upper Albian to lower Cenomanian hiatus, and an 
angular Cenomanian unconformity.

During the Cenomanian inversion, the extensional 
fault system in the southern Organyà Basin inverted to a 
compressional fault system. Following the inversion phase and 
substantial erosion, the Cenomanian platform carbonates were 
deposited. This stable platform phase continued until the early 
Santonian. During late Santonian – Maastrichtian times, the 
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Figure 4 Thermomagnetic curves (Curie balance (Mullender et al., 1993)) and hysteresis loops for characteristic samples. In the thermomagnetic curves, 
thick (thin) lines indicate the heating (cooling) curves. Hysteresis loops are corrected for the paramagnetic contribution.
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basement fault system inverted to become the Bóixols thrust 
system, along with the Santa Fè syncline.

The main structure inside the Organyà Basin is the Santa 
Fè syncline, which includes Aptian – Albian marls and 
limestones, and upper Cretaceous platform carbonates exposed 
at both limbs. The Cretaceous marine sediments in the OB are 
subdivided into nine formations (Berástequi et al., 1990; García-
Senz, 2002; Bernaus et al., 2003) (Supplementary Table). The 
ages of the specific formations are derived from biostratigraphy 
(ammonites, planktonic and benthonic foraminifers) (Becker, 
1999; Bernaus et al., 1999; Bernaus, 2000; Bernaus et al., 2000; 
Bernaus et al., 2003), and summarised by García-Senz (2002).

3 Methods

The palaeomagnetic samples in the OB were taken by a portable 
gasoline-powered drill, covering all formations throughout the 
whole basin (Fig. 1, Supplementary Table). Many additional 
sites with respect to our earlier study (Gong et al., 2008) were 
drilled (all sites with site number > 65), particularly in the top 

of the Prada C limestones and in the Aptian-Albian marl 
formations, as well in the overlying Santa Fè limestones (Fig. 
2). In this paper, we report the palaeomagnetic results of 15 sites 
(802 cores) drilled for this study, and we combined 35 sites (307 
cores) from our previous field campaigns (Fig. 1, Supplementary 
Table).

Initially, to select the best demagnetisation method for the 
low intensity Organyà samples, we performed detailed stepwise 
thermal and alternating field (AF) demagnetisation. Based on 
those results, we decided to use combined thermal plus AF 
stepwise demagnetisation to process the new Organyà samples. 
Limestones were thermally demagnetised to 150°C and marls 
up to 210°C, then followed by AF demagnetisation in small 
steps to a maximum field of 100 mT. Thermal demagnetisation 
was processed in a laboratory-built furnace and the natural 
remanent magnetisation (NRM) measured with a 2G 
Enterprises DC-SQUID magnetometer. AF demagnetisation 
was done in the so-called “three position” protocol (Fig. 3a) 
by an in-house developed robot, which let the samples pass-
through a 2G Enterprises SQUID magnetometer (noise 
level 10-12 Am2). Zijderveld diagrams (Zijderveld, 1967) and 

Coll d'Abella LluçàSanta Fè

    N = 66
356° / 45.9°
TK03: 48.1° 

     N = 85
357.7° / 45.4°
TK03: 47.2°

    N = 101
354.1° / 45.2°
TK03: 46.8°

Font Bordonera Senyús - top Senyús

    N = 108
342.4° / 49.9°
TK03: 51.7°

     N = 71
348.4° / 55.3°
TK03: 56.3°

    N = 133
334.9° / 55.1°
TK03: 56.5°

Cabó Prada C Hostal Nou

    N = 185
333.8° / 52.9°
TK03: 54.3°

    N = 136
308.8° / 56.7°
TK03: 57.5°

     N = 75
290.6° / 57.2°
TK03: 59.1°

Figure 5 Equal-area projections of the ChRM distributions of all formations in the Organyà Basin; only the Senyús formation has been split into two 
parts with different lithology (marls vs. limestones in the top of the formation). Red symbols are individual directions rejected by the Vandamme cut-off 
(Vandamme, 1994); blue symbols denote mean directions; their cone of confidence (a95) is too small to be visible. The means per formation are given as 
number (N) of ChRM directions used, mean declination/inclination, and unflattened inclination according to TK03.GAD.
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principal-component analysis (Kirschvink, 1980) were used to 
determine the characteristic remanent magnetisation (ChRM) 
directions.

After the ChRM component analysis, we have analysed 
the directions of all sites, and combined them to formation 
distributions and their means, if possible. If, for example, a group 
of sites within one formation clearly not showed a common 
true mean direction (McFadden and Lowes, 1981) we have 
combined the data in more groups, e.g. the lower and upper 
part of the Senyús marls. We have also determined the VGPs 
for every locality/formation and the corresponding K and A95 
parameters, from which we have determined the directional 
errors in declination (DDx) and inclination (DIx) according to 
Butler (Butler, 1992) (Table 1, Fig. 2).

On the combined data we have used the Vandamme cut-off 
(Vandamme, 1994): a variable cut-off angle is calculated for 
each record by iteration. This has been argued to be a better 
estimate than using a fixed cut-off angle (McElhinny and 
McFadden, 1997) and the method permits a considerable 

improvement to VGP scatter estimates, especially for low and 
high latitudes where a fixed cut-off angle tends to over under)
estimate the VGP scatter. Effectively, it eliminates data points 
that have a larger secular variation than the data distribution 
permits. Applied to our data, it appears that very few data points 
were omitted, typically not more than a few per cent. We realise 
that the method not only eliminates outliers of secular variation, 
but also ‘inconsistent directions’, possibly caused by erroneous 
orientations in the field or in the laboratory. Nevertheless, we 
consider the Vandamme cut-off an objective way to disregard 
data points that do not fit the distribution but have otherwise 
good Zijderveld diagrams.

To correct for the sediment inclination error, the data set – 
after applying the Vandamme cut-off to avoid elongation bias 
– was processed with the elongation/inclination (E/I) method, 
based on the statistical field model TK03.GAD (Tauxe and 
Kent, 2004). Flattening factor (f ) ranges from 0.3 to 1.0 were 
applied. The method requires a rather large data set (preferably 
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a)

b)

c)

Cabó

Font Bordonera

Coll d'Abella
Figure 6 Left panels: plots of elongation versus inclination 
for the TK03.GAD model (green line) and for various 
formations (red barbed line) for different values of f. The 
barbs indicate the direction of elongation with horizontal 
being E-W and vertical being N- S. Also shown are results 
(yellow lines) from 20 (out of 5000) bootstrapped data sets. 
The crossing points (if the dataset intersects the model) 
represent the inclination/elongation pair most consistent 
with the TK03.GAD model, given as IEI (in green) above 
the panel. Right panels: histogram of crossing points from 
5000 bootstrapped data sets. The most frequent inclination 
(solid red vertical line; dashed red vertical lines denote the 
95% bootstrap error) is given as value (and range) on top 
of the panel; the inclinations of the original distribution 
(blue vertical line) or the intersection with the model (green 
vertical line) are indicated.
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N > ~100) to represent a statistically robust distribution of 
geomagnetic field behaviour.

The rock magnetic measurement consisted of determining 
thermomagnetic curves and hysteresis loops to identify the 
magnetic component carriers. The thermomagnetic experiments 
were processed in air on a modified horizontal translation type 
Curie balance with noise level 2×10-8 Am2 (Mullender et al., 
1993). An alternating gradient force magnetometer (AGFM: 
MicroMag Model, Princeton Measurements Corporation 
(USA), noise level 2×10-9Am2) was used for hysteresis loops of 
selected samples from each of the different formations.

4 Results

4.1 Rock magnetic results
Thermomagnetic curves have been determined on selected 
samples from different formations. Generally speaking, the total 
magnetisation is mainly dominated by ferrimagnetic minerals. 
The slope change between 550°C and 600°C indicates a main 
contribution of magnetite. In the Organyà Basin, there is only 
one type of thermomagnetic curve (Fig. 4): it appears that 
around 420°C, but occasionally at a lower temperature, chemical 
alteration occurs because the heating and cooling curves are 
not reversible. Most likely, pyrite is oxidised to magnetite. This 
indicates that the thermal demagnetisation results higher than 
400°C are not stable. There is no clear evidence for magnetic 
sulphides. Essentially, the samples from all formations show the 
same thermomagnetic pattern. 

The hysteresis loops reveal two typical groups after slope 
correction (Fig. 4). Wasp-waisted loops (Fig. 4d) indicate a 

mixture of low and high coercivity minerals. They are almost 
closed below 500 mT. This may signify a (minor) contribution 
of a high-coercivity mineral, like haematite or goethite. The 
remaining hysteresis loops (Fig. 4b, f, h) are saturated (Fig. 4f ) 
or almost saturated (Fig. 4b, h) well below 500 mT, indicating 
pseudo single domain magnetite particles. The non-saturated 
loops (Fig. 4b, 4h) likely have a small amount of haematite or 
goethite.

4.2 Demagnetisation results
Since the thermal plus AF demagnetisation method gave the 
best results, most of the Organyà Basin samples were processed 
this way. After thermally removing (most of the) the viscous 
or present-day overprint component (by heating limestones 
up to 150° and marls up to 210°), most of the demagnetisation 
diagrams reveal only one ChRM component, between ~30 mT 
and up to 80-100 mT, at which the magnetisation is completely 
removed. This suggests, in accordance with the rock magnetic 
experiments, that the ChRM component is essentially carried 
by magnetite. Representative Zijderveld diagrams of each 
formation are shown in Fig. 3. The ChRM in the Organyà Basin 
mainly has a north-west declination and positive inclination. 
All results indicate a normal polarity throughout the whole 
basin. This is expected for the Aptian to Cenomanian sites, since 
this is consistent with NRM acquisition during the Cretaceous 
Normal Superchron. Typically, the marls have NRM intensities 
ranging from 2 – 50 mA/m, while those of the limestones range 
0.2 – 3.0 mA/m. Even samples with very low intensities give 
in general good to excellent demagnetisation results, thanks to 
the 3 position procedure on the robotised magnetometer. We 
have applied quality criteria to the demagnetisation diagrams, 

geographic 100% tilt corrected

Santa Fè
c)

d)

 100% tilt correctiongeographic

Font Bordonera
a)

b)

Figure 7 Non-parametric fold tests (Tauxe and Watson, 1994) on the Font Bordonera and Santa Fè formations; a) and c) are equal-area plots of the 
ChRM directions from both limbs in geographic coordinates and after tilt correction; b) and d) give the results of the fold test as some bootstrapped 
examples of the first eigenvalues (t1) upon progressive untilting. The 95% bootstrap error interval is indicated.
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mostly based on a maximum angular deviation (MAD) of 
less than 15°, but also on erratic behaviour, acquisition of a 
gyroremanent magnetisation (GRM) (Dankers and Zijderveld, 
1981) at higher (> 50mT) fields or simply too low intensities 
that did not permit deriving a reliable component. In a few 
cases, re-examination of sites showed that they were sampled 
(too) close to a fault, explaining a random or evidently ‘strange’ 
direction. These samples or sites have been omitted from further 
consideration.

In this study, 960 ChRM directions from all 50 sites 
are lumped per formation. The number of well determined 
individual directions for each formation varies from 66 to 185 
(Table 1). After applying the Vandamme cut-off, 960 ChRM 
directions were left for the mean directions of 8 formations 
(9 levels) (Table 1, Fig. 5). From the original directions, the 
Vandamme cut-off retains some 93% of the data; the directional 
change after applying the cut-off is less than 4°, and mostly less 
than 1°, which is caused by the large amount of data per level 
or formation. In the Font Bordonera formation, no data are 
omitted, while in the Coll d’Abella member, 14% of the data 
points are disregarded. The datasets for each formation have 
very low α95, ranging from 1.1 to 2.7, both before or after the 
Vandamme cut-off.

According to previous studies (Dinarès-Turell and García-
Senz, 2000; Gong et al., 2008), the Hostal Nou and Prada 
C formations are remagnetised because of burial diagenesis. 
Therefore, they cannot be used for a directional study. The 
younger formations (from Cabó to Santa Fè) have primary 
magnetisations (Gong et al., 2008). Their formation mean 
directions, therefore, represent directional changes, and may 
characterise the rotation of Iberia.

To correct for a possible inclination error, the E/I method 
was used for systematically unflattening the Organyà Basin 
formation directions (Table 1). Only the distributions from 
the Lluçà Fm. (N = 99), Coll d’Abella member (N = 60) and 
Santa Fè Fm. (N = 80) formations intersect the model upon 
unflattening, giving a slight but not significant correction for 
the inclination (IEI in Table 1, Fig. 6). A bootstrap is then 
applied (N=5000), giving a distribution (histogram, Fig. 6) 
of the flattening factor f with a 95% significance bootstrap 
interval. Most sites meet the requirement of a sufficiently 
large amount of data points. In all cases, the inclination is not 
significantly corrected, suggesting no inclination error occurs in 
these limestones and marls. We conclude the NRM has been 
mainly acquired after early compaction and dewatering of 
the sediments. This may be interpreted as a post-depositional 
remanent magnetisation (pDRM) process, or the NRM may 
have been acquired through early diagenetic formation (Van 
Hoof and Langereis, 1991), e.g. by precipitation of iron oxides 
through bacterial mediation (Van Hoof et al., 1993).

4.3 Fold tests
In the Organyà Basin, the Font Bordonera and Santa Fè 
formations are the only available formations which are accessible 
on both limbs of the Santa Fè syncline. These formations have 
been sampled for a fold test.

The Font Bordonera formation has been sampled both at the 
south limb (site OR 73) and the north limb (site OR 74) of 
the Santa Fè syncline. The equal area plots of directions from 

both limbs before and after tilt correction (Fig. 7) show that in 
geographic coordinates the two sites have significantly different 
directions, while after tectonic tilt correction the directions of 
both sites form a single cluster. The non-parametric fold test of 
Tauxe and Watson (1994) (Fig. 7a,b) is considered to be positive 
because closest grouping is reached at 91% – 95% untilting, close 
to full unfolding. The small deviation from 100% significance 
may be caused by orientation or bedding plane errors. This fold 
test checks for maximum clustering, but this need not always 
be the ideal case (McFadden, 1998), while also a well-recorded 
secular variation distribution would have a slight elongation at 
this latitude, which is not necessarily compatible with maximum 
clustering. Hence, we conclude that the Font Bordonera 
Formation has a pre-folding origin of the NRM, even though 
the tilt corrected means just fail to have a common true mean 
direction (ctmd), after (McFadden and Lowes, 1981). We use 
full untilting for joining the two distributions into a single one 
that represents the directions in the Font Bordonera marls.

For the fold test of the Santa Fè formation, two sites (OR 55 
and OR 76) were drilled from the North limb, while three sites 
(OR 08, OR 77 and OR 78) were sampled from the South limb 
of the Santa Fè syncline. In geographic coordinates, declinations 
of both limbs of this formation (Fig. 7c) are quite similar with 
values around 356°. However, the inclination of the North limb 
is around 12° ± 7° compared to the 69.8° ± 2.2° from the South 
limb. The highest clustering (at the 95% bootstrap level) (Fig. 
7d) occurs between 84% and 99%, which we consider a positive 
fold test. After 100% tilt adjustment, the directions of both 
limbs (Fig. 7c) are very similar and their means share a common 
true mean direction (ctmd) with classification B (according 
to (McFadden and Jones, 1981)). Therefore, also the Santa Fè 
Formation carries a pre-folding NRM.

5 Discussion

5.1  The Rotation of Iberia recorded in the Organyà Basin
The Berriasian to Barremian limestones of the Barranc de la 
Fontanella, Hostal Nou and Prada formations (this study and 
(Dinarès-Turell and García-Senz, 2000)) have very consistent 
ChRM directions, but they cannot be used for the rotation 
of Iberia. They are shown to be remagnetized because firstly, 
they show no reversed polarities – which should be expected 
from a continuous section before the CNS – and rock magnetic 
experiments provide ample evidence for remagnetisation 
(Dinarès-Turell and García-Senz, 2000; Gong et al., 2008). 
This remagnetisation is a wide-spread regional event, reported 
in many studies as either a pervasive or partial overprint. It 
is usually assumed to have been caused during the Aptian-
Albian rifting phase, or at least during the CNS because of its 
invariably normal polarity (Schott and Peres, 1987; Galdeano et 
al., 1989; Turner et al., 1989; Juárez et al., 1994; Villalain et al., 
1994; Pares and Roca, 1996; Juárez et al., 1998; Dinarès-Turell 
and García-Senz, 2000; Villalaín et al., 2003; Gong et al., 2008). 
In addition to showing a rotation seemingly much larger than 
reported in literature, also the inclinations of the Berriasian to 
Barremian sites are significantly steeper than expected from 
the apparent polar wander paths (APWP) (Figs. 2, 8). The 
directions from the top of the Prada C limestones have mean 
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declinations of ~309-314° (this study and Dinarès-Turell and 
García-Senz (2000)) and are very close to those reported from 
Hauterivian-Barremian sediments near Lisbon (Galdeano et al., 
1989). Our results shares a ctmd with that of Dinarès-Turell 
and García-Senz (2000), but inclinations are still steeper than 

expected (although we note that also the Lisbon sediments are 
anomalously steep, Fig. 8; also, the results of Dinarès-Turell and 
García-Senz (2000) share a cmtd with those of Galdeano et al. 
(1989).
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The younger rocks from Aptian to Cenomanian, however, 
can be argued to have primary components (Dinarès-Turell and 
García-Senz, 2000; Gong et al., 2008). In addition, our new 
and positive fold tests confirm that certainly the upper Aptian 
(Font Bordonera marls) and Cenomanian (Santa Fè limestones) 
formations have original (or at least pre-folding) magnetisations. 
The declinations in the Aptian sites, however, are not according 
to the expected declinations derived from the APWPs of 
Eurasia (Besse and Courtillot, 2002; Torsvik et al., 2008) but 
show a clear counter-clockwise (CCW) rotation with respect to 
Eurasia. Since the Organyà Basin is located on the Iberian block 
(but see discussion below), we assume that these CCW rotations 
represent the rotation of Iberia, also since they are consistent 
with published data in terms of timing and magnitude. On 
the contrary, declinations of the Albian and Cenomanian sites 
plot within the expected Eurasian range. In particular, our new 
results from the lower Albian Lluça marls and from the middle 
Albian Col d’Abella limestones are in excellent agreement with 
the Eurasian APWP. This indicates that the rotation of Iberia 
was fully completed just before the Albian, contrary to earlier 
reports ( Juárez et al., 1998; Dinarès-Turell and García-Senz, 
2000). According to Table 1, the formation mean declinations 
change from ~334° in the lower Aptian to ~ 356° in the 
uppermost Aptian. It indicates a minimum of ~ 22° rotation 
in the Organyà Basin in the Cabó (lower Aptian) and Senyús 
marls (middle & upper Aptian) which is completed in the 
Lluçà marls (lower Albian). In addition, the inclinations from 
Albian to Cenomanian rocks have an excellent agreement with 
those derived from the APWPs of Eurasia. Therefore, from the 
Organyà Basin data we can very well constrain the age of the 
end of the rotation as the Aptian – Albian boundary. However, 
we cannot accurately constrain the beginning of the rotation 
from the OB because of the remagnetisation of the pre-Aptian 
limestones. The top of the Prada C formation gives a transitional 
direction with a declination of ~309-314° which is close to, but 
still slightly less than reported declinations for lower Cretaceous 
and Jurassic sections in Iberia, which we discuss below.

5.2 Paleomagnetic data from Iberia
For comparison and to better constrain the rotation of Iberia, all 
relevant published paleomagnetic data from 160 Ma to 70 Ma 
(Vandenberg, 1980; Galdeano et al., 1989; Galbrun et al., 1990; 
Moreau et al., 1992; Moreau et al., 1997; Dinarès-Turell and 
García-Senz, 2000) were recalculated with respect to Madrid 
(Table 2, Fig. 8). Unfortunately, most of the published data have 
large age and directional uncertainties, contrary to our data 
which were sampled at much higher age resolution, and using a 
considerably larger amount of sites and samples. Consequently, 
we report smaller errors in both directions and ages. In figure 8, 
we plot the (correspondingly numbered) data of Table 2 between 
83 and 150 Ma. We have rejected some results for incorporation 
in our assessment of the rotation of Iberia. Partly because 
these are remagnetised (the OB lower Cretaceous limestones), 
partly on the basis of anomalously shallow inclinations from 
igneous rocks (Schott and Peres, 1987; Storetvedt et al., 1987), 
suggesting that they may have not been properly corrected for 
the paleo-horizontal. On the basis of paleomagnetic results, we 
cannot well constrain the beginning of the rotation because of 
a) the transitional/remagnetised data from OB and b) the large 

age interval reported for the Lisbon sediments, which is not 
better constrained than Hauterivian-Barremian (Galdeano et 
al., 1989).

Meanwhile, our Organyà Basin data are clearly consistent 
with published Iberian data sets – they fit within the (large) 
published age errors – and clearly show the pattern of the 
rotation of Iberia. Therefore, we deduce that the basin must have 
been part of Iberia during the entire Cretaceous rotation. This 
need not contrast with the reconstruction model of Sibuet et 
al. (2004) in which the Organyá Basin belongs to a microplate 
separated from Europa by back-arc spreading and consequently 
incorporated into the Iberian plate. An extensive discussion 
on the consequences of our new results on (the timing of ) 
subduction/collision of the transitional domain between Iberia 
and Europe and on Pyrenean orogeny is beyond the scope 
of this study, however, and will be discussed in a subsequent 
paper.

5.3 Reconstruction of the opening of Bay of Biscay
The sea-floor magnetic record of the Bay of Biscay has been 
the subject of many studies (Srivastava et al., 1990b; Srivastava 
et al., 1990a; Roest and Srivastava, 1991; Sibuet and Collette, 
1991; Olivet, 1996; Srivastava et al., 2000; Sibuet et al., 
2004) because of its importance in northern Atlantic Ocean 
spreading. In a recent study by Sibuet et al. (2004), two ‘end-
member’ models have been critically compared. The two models 
correspond to two different modes of opening for the Bay of 
Biscay during this time. The first model argues for a scissors-
type opening of the bay with a pole of rotation, presently located 
just off the coast near Gijon, northern Spain (43.85° N, 5.83° 
W; (Srivastava et al., 2000)). It is based on the fit of anomaly 
M0 identifications across the North Atlantic and constrained by 
maintaining the direction of motion between the plates along 
the Azores-Gibraltar fracture zone. The second model (Olivet, 
1996) relies on the geological assumption that prior to Chron 
A33o, there was a large left-lateral strike-slip motion between 
Iberia and Eurasia in an east-west direction. The correspondence 
of geomorphological features located between Iberia and its 
adjacent plates is satisfactory in both reconstructions: a good fit 
between the shape of the northern and southern Bay of Biscay 
continental margins. Sibuet et al. (2004) convincingly argue, 
however, that a best fit of M0 across the Atlantic (Srivastava et 
al., 2000) and in the Bay of Biscay provides a better and more 
robust kinematic model. This model also strengthens the earlier 
interpretation of Sibuet and Collette (1991) for the existence 
of a triple junction at the mouth of the Bay of Biscay, since 
its opening, until Chron A33o. Sibuet et al. (2004) conclude 
that there is no significant rotation between anomaly M25 
(Kimmeridgian, 154.5 Ma) and anomaly M0 (lower boundary 
of the Aptian, 125 Ma). The deduced directions translate to 
~314° (M25) and ~317° (M0), which is paleomagnetically 
indistinguishable and in good agreement with published data 
(Table 2). More importantly, the beginning of the rotation is 
very well constrained at M0 (declination = 317°), while the end 
of the rotation cannot be constrained better than having ended 
at Chron A33o (earliest Campanian, 83.4 Ma; corresponding 
to a declination of 354°) because of the CNS which produces 
a quiet zone in marine magnetic anomaly terms.. The M0 
value of the declination is in excellent agreement with the 
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published declination of 317° from the Hauterivian-Barremian 
Lisbon sediment (Galdeano et al., 1989), and very close to the 
transitional declinations in Organyà of 309-314° (Table 2, Fig. 
8). Apparently, the transitional remagnetised directions are very 
close to their expected primary direction.

We conclude that the onset of the rotation of Iberia is very 
well constrained by M0, at the Barremian-Aptian boundary (125 
Ma), and agrees within error with published paleomagnetic data. 
The end of the rotation phase is now very well constrained by 
our new Albian data, at the Aptian-Albian boundary (112 Ma). 
It appears therefore that the entire rotation has occurred during 
the Aptian. The Aptian in the new Geological Time Scale is 
longer than in most previous versions (see (Gradstein et al., 
2004)). According to magnetic anomaly data, the total rotation 
between M0 (317°) and A33o (354°) is 37°. If we average the 
Tithonian-Barremian paleomagnetic results, before the Aptian, 
we find a declination of ~323°; if we include the Oxfordian 
results ( Juárez et al., 1998) we find the same value of ~323° 
(Table 2). If we average the post Aptian (Albian-Cenomanian) 
data, we find a declination of ~356°, while including the data 
from younger (Campanian) igneous rocks (Table 2) yields an 
average declination of 357.5° well within palaeomagnetic errors. 
The total rotation based on paleomagnetic data is therefore ~33-
34° which compares very well with the ~37° from magnetic 
anomalies. Our best estimate for the Iberian rotation is therefore 
~35°, in remarkable agreement with the first estimate (~35°) by 
Van der Voo (1969) almost 40 years ago.

To estimate the rate of rotation, we need to know the duration 
of the Aptian, however this duration is very controversial (Fiet 
et al., 2006; Tucholke and Sibuet, 2007). The new GTS2004 
argues for a longer duration than in older time scales, of 
13.0 ± 2.0 Myr, whereas the recent study of Fiet et al. (2006) 
convincingly argues for a significantly shorter duration of 6.8 
± 0.4 Myr. In addition, they propose an age for the Barremian/
Aptian boundary – equivalent to the age of the base of M0 – of 
113.7 ± 0.4 Ma, in contrast to the GTS2004 age of 125.0 ± 1.0 
Ma. The Fiet et al. study is based on K-Ar dating of glauconites 
which are in exellent agreement with cyclostratigraphically 
derived ages (Gale, 1995; Fiet et al., 2001) and Rb/Sr glauconite 
ages (Rousset et al., 2004). This also would imply a younger age 
for the M0 anomaly than presently assumed, and interestingly, 
a recent study on volcanic rocks from Tarim (China) documents 
an age of 113.3 ± 1.6 Ma for an interval that is assumed to 
represent the M0 subchron (Gilder et al., 2003).

Hence, the rotation rate according to the GTS2004 Aptian 
duration would be ~2.7°/Myr, but the time scale of Fiet et al. 
(2006) implies a faster average rotation rate of ~5°/Myr. This is 
comparable to or lower than rotation rates found, for example, 
in the Calabrian arc (Scheepers et al., 1994) or the Aegean arc 
(Duermeijer et al., 1998; Duermeijer et al., 2000). This rotation 
rate implies an average half spreading rate of ~2.9 cm/yr, in 
line with observed rates of up to 3.3 cm/yr (Sibuet et al., 2004; 
Sibuet et al., 2007).

Finally, an interesting observation is that the rotation seems 
to progress faster in the early Aptian (Fig. 8) and seems to slow 
down during the middle and upper Aptian. Approximately half 
of the rotation takes place during the early Aptian (~3.5 Myr), 
the other half during the remainder of the Aptian (~9 Myr). 
This could imply that the initial rifting was faster than the final 

phase of opening of the Bay of Biscay. In their work, Sibuet et 
al. (2004) cannot recognise distinct phases as no recognisable 
magnetic anomalies exist in the M0-A34 quiet magnetic zone, 
but they underline a change of kinematic phase in the Bay of 
Biscay, both by the abrupt change in the direction of magnetic 
trends, at about a third of the distance from chron M0 in the 
direction of the Bay of Biscay axis and by an associated change 
in direction of the triple junction branches.

We must note, however, that there are several pitfalls in 
timing the rotation more precisely. Firstly, it is possible that there 
is some gap or hiatus between the top of the Prada C limestones 
and the subsequent Cabó marls (García-Senz, 2002). Secondly, 
the GTS2004 does not allow robust age constraints on the sub-
stages of the Aptian, but progress in (e.g. cyclostratigraphic) 
dating (Fiet et al., 2006) may well improve determination of 
substage duration in the future, thereby shedding more light 
on rifting or opening rates. These processes likely have an 
expression in the geology of the Pyrenees, but the assessment of 
causes and effects is at present hampered by the still uncertain 
relation between (bio)stratigraphic and radiometric ages during 
this important time interval. The consequences for Pyrenean 
orogeny, however, will be discussed elsewhere in a subsequent 
paper.
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Supplementary Table Table of formations, ages, sites sampled in the Organyà Basin (with OR sites/numbers as plotted in Figure 1), and their GPS 
positions (UTM coordinates), bedding plane (strike & dip). number of samples used for statistics (Nstat), number of demagnetised specimens (Ndemag) and 
the number of cores drilled (Ndrilled) per site and formation. The percentage givens is the success rate of samples used for the statistics vs. the number of 
demagnetisations. Biostratigraphic ages are taken from García-Senz (2002). numerical ages are according to the new geological time scale (Ogg et al.. 
2004).

Formation Lithology Age (biostratigraphic) Age_hi
(Ma)

Age_lo
(Ma)

Thickness
(m)

Sed. rate
(cm/kyr)

Santa Fè limestones cenomanian 96.5 92.5  40 1.0
hiatus L. cenomanian 108.0 96.5  

M. albian  
col d’abella limestones Middle albian 109.0 108.0  150 15
Lluçá dark grey marls Lower albian 112.0 109.0  705 24
Font  Bordonera marls & m. limest. clansayesian 115.0 112.0  530 18
Senyus top marls & limestones Garagasian 118.0 115.0  775 13
Senuys marls Garagasian 121.0 118.0
cabó marls Bedoulian 124.5 121.0  950 27
Prada c dark limestones Upper Barremian 126.0 124.5  300 20
Prada a,B limestones Barremian 130.0 126.0  900 23

hiatus L. Barremian 136.4 130.0  
hauterivian  

hostal Nou limestones Valanginian 140.2 136.4  200 5.3
Barranc de la 
Fontanella

limestones Berriasian 145.5 140.2 200 - 300 3.8 - 5.7

Site GPS (N) GPS (E) Strike/Dip Nstat Ndemag Ndrilled Site GPS (N) GPS (E) Strike/Dip Nstat Ndemag Ndrilled

Santa Fè Cabó
Or08 4674362 355777 270 / 26 9 11 10 Or32 4679374 350548 110 / 45 10 11 12
Or55 4674578 355247 77 / 40 7 7 8 Or33 4679420 350608 111 / 44 2 6 8
Or76 4674578 355247 77 / 40 5 22 22 Or34 4678412 352887 96 / 50 7 8 10
Or77 4674379 355782 270 / 26 25 27 27 Or35 4679435 350663 107 / 50 2 2 8
Or78 4674407 355761 270 / 26 39 40 40 Or36 4679145 352279 98 / 47 8 9 11

79% 85 107 107 Or46 4678324 353738 104 / 48 10 10 11
Coll d’Abella Or47 4677797 354093 101 / 39 11 11 11
Or79 4674302 356117 269 / 47 66 115 68 Or48 4677654 356981 97 / 41 9 9 10

57% 66 115 68 Or50 4678049 355024 114 / 48 9 9 9
Lluçá Or51 4678088 355021 114 / 51 8 8 8
Or75 4674262 356235 267 / 42 101 101 52 Or52 4678226 354979 111 / 43 8 9 9

100% 101 101 52 Or60 4679751 351232 105 / 48 6 6 7
Font Bordonera Or61 4679114 351293 95 / 45 7 8 8
Or09 4673823 356638 267 / 45 13 15 10 Or64 4677510 358140 106 / 50 9 9 9
Or73 4673853 357082.72 259 / 53 39 39 39 Or65 4677405 358088 109 / 49 8 8 8
Or74 4676913 353328 110 / 45 56 57 72 Or69 4676084 362557 103 / 51 71 102 105

97% 108 111 121 82% 185 225 244
Senyús top Prada C
Or38 4676146 353737  94 / 45 8 9 9 Or19 4676683 363264 111 / 53 12 13 9
Or66 4676543 353580 99 / 43 63 64 64 Or49 4678686 354971 111 / 57 7 7 8

97% 71 73 73 Or53 4678016 356794 109 / 42 6 7 6
Senyús Or54 4677963 357415 89 / 46 6 6 8
Or10 4676608 353783 103 / 47 11 12 9 Or58 4679986 351233 116 / 50 7 8 8
Or11 4676651 354627 104 / 65 11 11 9 Or59 4679914 351326 118 / 54 2 3 3
Or37 4676149 353474 107 / 39 12 12 13 Or70 4676392 362829 103 / 63 0 28 84
Or39 4676608 353783 105 / 46 6 6 6 Or72 4676280 362699 105 / 65 33 34 34
Or40 4676609 353688 108 / 43 4 4 4 Or80 4676302 362719 108 / 68 31 31 31
Or41 4676520 353678 105 / 51 5 7 9 Or81 4676386.16 362759.93 105 / 66 32 32 32
Or42 4676502 353673 106 / 45 8 10 10 80% 136 169 223
Or43 4676657 354225 96 / 41 13 13 13 Hostal Nou
Or44 4676651 354627 105 / 48 7 7 8 Or68 4677635 363525 110 / 60 75 85 83
Or45 4676634 354604 103 / 53 8 8 8 88% 75 85 83
Or67 4676613 353782 97 / 43 48 49 49

96% 133 139 138 total 85% 960 1125 1109
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Abstract

In this study we interpret the palaeostress pattern in the 
Organyà Basin (southern Pyrenees, northern Spain) as inferred 
from the anisotropy of magnetic susceptibility (AMS) of 39 sites 
distributed over the entire basin. Combined with information 
from other Cretaceous Iberian basins, such analysis adds to 
constrain kinematic reconstructions of the Cretaceous rotation 
of Iberia allied with the opening of the Bay of Biscay and the 
northward propagation of the North Atlantic.

The Organyà Basin is an inverted Cretaceous basin in the 
hanging wall of the Bóixols thrust. The lithologies are mainly 
weakly deformed pelagic and hemi-pelagic limestones and 
marls which recorded the Aptian 35° counterclockwise rotation 
of Iberia. Three types of AMS fabrics could be distinguished, 
all representing typically intermediate and tectonic fabrics. 
EW magnetic lineations dominate in the eastern part of the 
basin and are related to crustal shortening during the Pyrenean 
orogeny. This interpretation is consistent with structural cross-
sections across the basin showing more intense shortening in 
the east. In the central part of the basin, approximately NS 
oriented magnetic lineations are observed, interpreted as the 
original extensional direction during basin foundering. So, in 
line with results from previous studies, AMS can still unveal 
the original extensional direction in an inverted sedimentary 
basin, something which may be difficult to reconstruct from 
geological data alone. The original extension direction in the 
Organyà basin is perpendicular to the Bóixols thrust bounding 
the basin to the south.

Correction for the Aptian rotation of Iberia leads us to 
infer a NE-SW oriented extension direction at the onset of 
the rotation of Iberia. This extension direction is inconsistent 
with current plate kinematic reconstructions of the Cretaceous 
rotation and motion of Iberia. We therefore suggest a scenario 
in which the stage pole, describing the onset of opening of the 
Bay of Biscay and related Iberian rotation, was located near the 
northeastern corner of the Iberian mainland. During the later 
Aptian, ongoing rotation of Iberia and opening of the Bay of 
Biscay occurred according to a stage pole located near northern 
France. At this stage, the motion of the Iberian continent was 
in part accomodated by stretching of the west Iberian margin, 
leading to an additional component of eastward motion and 

to the development in the Pyrenean realm of a strike-slip 
environment, prior to N-S convergence and shortening in the 
Pyrenees since the latest Cretaceous.

Keywords: Anisotropy of magnetic susceptibility, Organyà 
Basin, Pyrenees, Iberian rotation, Bay of Biscay, Cretaceous

1 Introduction

The anisotropy of the magnetic susceptibility (AMS) of weakly 
deformed rocks in sedimentary basins has been shown to be 
a sensitive proxy of either paleostress or low-strain trajectories 
( Jelinek, 1977; Hirt et al., 1993; Tarling and Hrouda, 1993; 
e.g. Borradaile and Henry, 1997; Soto et al., 2007). Many 
previous studies have documented the usefulness of AMS in 
detecting subtle fabrics, developed even in virtually undeformed 
sedimentary rocks that do not show any microscopic evidence 
of deformation such as brittle mesostructures (e.g. Borradaile 
and Hamilton, 2004; Cifelli et al., 2005; Soto et al., 2007). As 
a result, the AMS of inverted basin sediments may preserve 
kinematic and dynamic information on the extensional history 
of the basin fill (van Hinsbergen et al., 2005; Soto et al., 2007). 
The AMS analysis of weakly deformed basin sediments thereby 
provides a strong tool to infer the initial kinematics of inverted 
basin-bounding normal faults, i.e., to reveal whether these faults 
were essentially oblique (transtensional) or purely extensional, 
whilst such early-stage fault kinematics can often no longer 
be inferred from the reactivated and overprinted basin margin 
structure.

There are several inverted sedimentary basins exposed in the 
northern part of the Iberian Peninsula. These basins mainly 
formed during an Aptian to early Albian phase in which 
Iberia rifted and rotated counterclockwise (CCW) away from 
Europe allied with opening the Bay of Biscay to the North and 
progressive ~E-W spreading and northward opening of the 
Atlantic Ocean to the West (e.g. Carey, 1958; Bullard, 1965; 
Sibuet et al., 2004; Gong et al., 2008b). The basins were inverted 
along their basin-bounding faults during the latest Cretaceous 
to middle Miocene compression, leading to the Pyrenean fold-
and-thrust belt (e.g. Muñoz et al., 1992; Muñoz, 1992; Golonka, 
2004). Among these inverted northern Iberian basins are the 
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Basque-Cantabrian basin in the northwest, and the Central 
Pyrenean basin including the Organyà basin in the southern 
Pyrenees (Fig.1).

In a recent AMS and structural study of the Basque-
Cantabrian basin, Soto et al. (2007) have shown that the 
pre-inversion extension direction in present-day coordinates 
was NE-SW, perpendicular to a major NW-SE trending, 
inverted basin-bounding normal fault, the Rumaceo fault. 
The Organyà basin in the southern Pyrenees to the east has a 
comparable geological history of Aptian-Albian extension and 
late Cretaceous and younger inversion (García-Senz, 2002).

Different plate kinematic evolution models (e.g. Carey, 1958; 
Srivastava et al., 1990a; Sibuet and Collette, 1991; Olivet, 1996; 
Srivastava et al., 2000; Sibuet et al., 2004) have been proposed 
for the opening of the Bay of Biscay and the consequent 
palinspastic positions of the Iberian plate with time. There are 
some important inconsistencies between these reconstructions 
that essentially arise from the inferred positions of the various 
rotation poles. On the other hand, whilst the kinematics of the 
opening of the Bay of Biscay and allied rotation of Iberia is still 
under discussion, most workers agree on the amount of rotation 
of Iberia with respect to Eurasia: ~35° CCW (Carey,; Bullard, 
1965; Van der Voo, 1969; Choukroune, 1992; Sibuet et al., 2004; 
Gong et al., 2008b).

A possible way to test the reliability of the rotation poles 
used in plate kinematic reconstructions of Iberia is to use 
coeval tensional directions of the paleo-stress field on the north 
Iberian margin at the onset of the ~35° CCW Iberia rotation 
during the Aptian (Gong et al., 2008b). With this aim in mind, 
we present below the results of an AMS study of the Organyà 
Basin to (1) validate the conclusions of van Hinsbergen et al. 
(2005) and Soto et al. (2007) that AMS contains information 
on the pre-inversion tectonic directions; (2) to investigate 
whether the magnetic fabrics in the Organyà Basin can in all 
likelihood be related to the Aptian-early Albian extension or, 
alternatively to a younger overprint during the late Cretaceous 
and younger inversion history and (3) what the angular 
relationship is between the extension directions inferred from 
the AMS fabrics and the inverted basin-bounding normal 
fault now exposed as the Bóixols thrust. We then proceed to 
place the results of this study in the context of existing plate 
kinematic reconstructions describing the rifting and rotation 
of Iberia and contemporaneous opening of the Bay of Biscay 
and the Atlantic Ocean, and propose a qualitative alternative to 
these current reconstructions.

2 Geological setting

In the early Jurassic, opening of the South and Central Atlantic 
involved breakup of the Pangaea supercontinent into Laurasia 
and Gondwana (e.g. Scotese, 2001; Torsvik et al., 2008). At that 
stage, the Iberian Penisula together with Eurasia formed part 
of Laurasia. During the Cretaceous, progressive breakup and 
spreading of the North Atlantic Ocean led to separation of the 
Iberian microplate from Eurasia and Africa along the Azores-
Gibraltar plate boundary in the South and the North Pyrenean 
Fault Zone in the North (e.g. Srivastava et al., 1990b; Olivet, 
1996; Vergés et al., 2002; Sibuet et al., 2004). During this 

breakup process, the triangular Bay of Biscay opened leading to 
~35° CCW rotation of Iberia (e.g. Carey, 1958; Bullard, 1965; 
Van der Voo, 1969; Choukroune, 1992; Sibuet et al., 2004; 
Gong et al., 2008b). Recently, Gong et al. (2008b) have confined 
the amount and age of the Cretaceous Iberian rotation with 
respect to Eurasia to 35° CCW during the Aptian. During this 
rifting episode, the Pyrenean extensional basins formed on the 
margins of Iberia and Eurasia. During and/or after the rotation 
of Iberia, transtensional rifting along the southwestern Eurasia 
margin resulted in Albian-Turonian alkali-basaltic magmatism 
and low-pressure high-temperature metamorphism, and in the 
Albian exhumation and emplacement of upper mantle slices 
in pull-apart basins presently exposed in the North Pyrenean 
Zone along the North Pyrenean Fault (Montigny et al., 1986; 
Vissers et al., 1997; Lagabrielle and Bodinier, 2008).

Northward motion of Africa since the late Cretaceous 
eventually led to closure of the Pyrenean extensional basins 
and collision between Iberia and Eurasia, which culminated in 
the Pyrenean orogeny (Golonka, 2004). N-S contraction lasted 
from late Santonian to middle Miocene times (Muñoz, 1992) 
and inverted the pre-Santonian extensional structures.

The syn-rotational rifting along the northern Iberian 
margin resulted in several extensional sedimentary basins 
including the Basque-Cantabrian Basin, the North Pyrenean 
Basin and the Central Pyrenean Basin (García-Senz, 2002; 
Gibbons and Moreno, 2002). These basins experienced several 
pulses of extension followed by inversion and subsequent 
flexural subsidence during the Pyrenean orogeny. The Central 
Pyrenean Basin became detached along an underlying Triassic 
evaporite horizon and transported some 100 km southward 
onto the Iberian foreland, whilst the North Pyrenean Basin 
was fragmented and thrusted northward onto the European 
foreland (e.g. Choukroune and and the ECORS Team, 1989; 
Muñoz, 1992; Beaumont et al., 2000; Rosenbaum et al., 2002). 
Compression started during the Maastrichtian and progressively 
led to the development of a typical foreland fold-and-thrust 
belt, with inversion of the rift-related normal faults including 
the Bóixols fault (e.g. García-Senz, 2002).

The Organyà Basin forms part of the Central Pyrenean Basin 
and is exposed in the hanging wall of the Bóixols thrust (Fig.1). 
The basin was subjected to Berriasian – middle Albian extension 
and rifting, followed by inversion and shortening during the 
Pyrenean Orogeny ( Juárez et al., 1998; Dinarès-Turell and 
García-Senz, 2000; García-Senz, 2002; Gong et al., 2008a). 
The detailed geological structure of the Organyà Basin has 
been elegantly illustrated by García-Senz (2002) in a number of 
longitudinal and transverse cross-sections (Fig. 2). The internal 
structure of the Organyà Basin is dominated by the asymmetric 
Santa Fé syncline, which has a thicker northern limb than its 
southern limb (Fig. 2). The wavelength and amplitude of this 
fold increases from east to west, in proportion to the thickening 
of the Cretaceous series. The dominant structure exposed reflects 
the compressive deformation whilst the structure at depth 
reveals the presence of normal faults related to the previous 
extensional stage (García-Senz, 2002).

Around 4.5 km of hemi-pelagic to pelagic Cretaceous 
sediments were deposited in the Organyà Basin (Fig. 2). The 
formations have been very well dated using biostratigraphy 
(Becker, 1999; Bernaus et al., 1999; Bernaus, 2000; Bernaus 
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et al., 2000; Bernaus et al., 2003). The early stages of rifting 
lasted around 20 Myr and resulted in the deposition of 
Berriasian-Barremian and earliest Aptian platform carbonates, 
in a depositional environment interpreted as coastal lagoonal 
(García-Senz, 2002). The net subsidence was apparently balanced 
by sediment influx such that throughout the series (Prada Fm.) 
shallow platform carbonate conditions were maintained. During 
the Barremian-early Aptian, represented by the transition from 
the Prada limestones into the Aptian Cabó marls, subsidence 
rates increased and the net sedimentation rate approximately 
doubled. Conditions became coastal-marine whilst a higher 
influx of detrital material suggests increasing topography. In the 
areas that remained coastal, in the South of Organyà Basin, syn-
rift unconformities have been recognized. A hiatus occurs in 
the upper Albian coinciding with a general rise of the northern 
Iberian plate (Hiscott et al., 1990). The stage of most intense 
rifting, reflected by the accelerated subsidence in the Organyà 

basin during the Aptian, has been shown to coincide with the 
counterclockwise rotation of Iberia (Gong et al., 2008b).

3 Sampling and methods

Thirty-nine sites (336 oriented cores yielding at least one 
standard-sized paleomagnetic specimen) covering the entire 
Organyà Basin, were drilled using a portable gasoline-powered 
drill and oriented with a magnetic compass (Fig. 1, Table 1). One 
specimen from each core was processed for the present AMS 
study. The anisotropy of the low-field magnetic susceptibility 
was determined with a KLY-3S AC susceptometer (AGICO, 
Brno, Czech Republic). It operates at a frequency of 875 Hz 
with a r.m.s. field of 300 A/m and has a sensitivity level of 
3 x 10-8 SI for a standard-sized specimen. The anisotropy is 
determined by rotating the sample in three perpendicular 
planes while the magnetic moment in the applied field is 
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monitored, allowing the calculation of the principal axes of the 
susceptibility tensor according to the procedures described in 
Jelínek(1977). This involves calculation of a tri-axial ellipsoid 
with principal axes Kmax, Kint and Kmin describing its shape and 
properties. We express the magnetic fabric by the parameters P’ 
(the corrected anisotropy degree) proposed by Jelínek (1981), 
the shape parameter T (varying between prolate (-1) and oblate 
(+1)), the magnetic lineation L (Kmax/Kint) and the magnetic 
foliation F (Kint/Kmin). To verify whether the differences 
between the estimated principal susceptibilities as compared 

to measuring errors are sufficiently meaningful to consider the 
specimen as anisotropic, the F-test is used ( Jelínek, 1977). It 
compares the measurement variance (reduced to 9 positions) 
to the derived parameters (5 degrees of freedom). In this study, 
an F-distribution on 5 and 9 degrees of freedom with a level of 
95% significance (F 5, 9; 95 = 3.4817; ( Jelínek, 1977)) is used to 
evaluate measurement quality. Only the individual samples with 
an F-test statistic above 3.4817 are considered to be reliable and 
used for further analysis.
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4 AMS results

Most of the specimens yielded technically reliable results: 308 
out of 336 passed the F-test criterion. Twenty five out of thirty 
nine sites, from the Berriasian to the Aptian (Fig. 3), gave a 
sufficient number of reliable specimens (at least 6) useful for 
interpretation (Supplementary Figs. 1, 2, 3, 4). The site mean 
susceptibility ranges from 4 x 10-6 SI to 1287 x 10-6 SI (Table 2). 
There is no clear relationship between mean susceptibility and 
the AMS ellipsoid parameters.

Irrespective of lithology and stratigraphic position, most of 
the sites (Table 2) have low values for the lineation L of < 1.02, 
with one exceptional site (OR14) yielding values of up to 1.05. 
Similarly, foliation values F are in most of the cases < 1.03; 
however, the same exceptional site gave values of up to 1.05. In 
addition, there is no clear trend in oblateness versus prolateness 
of the AMS ellipsoids with lithology or stratigraphic position.

When plotted on a per-site basis (Fig. 4), three main types of 
AMS fabrics can be distinguished that we relate to an increasing 
tectonic imprint on the originally sedimentary fabric (in 
bedding-corrected coordinates). In line with AMS studies from 
other Iberian basins (Soto et al., 2007), a purely sedimentary 
fabric has not been retrieved from the Organyà Basin. We 
recognize a Type 1 AMS fabric with the lowest tectonic 
signature (Figs. 4a-e) which has the minimum susceptibility 
axis Kmin (sub)vertical in bedding corrected coordinates, i.e., Kmin 
is oriented perpendicular to the bedding. Kint and Kmax are nicely 
clustered, with Kmax approximately N-S oriented, although some 
are oriented NW-SE or NE-SW. We will address this in the 
discussion below. Note that the shapes of the AMS ellipsoids 
are either prolate or oblate (Table 2). Eighteen of the twenty 
five AMS sites, mostly from the Cabó and Senyús marls and 
two (OR49 and OR72) from limestone sites, belong to Type 1. 
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Table 1 Sample sites in the Organyà Basin (locations shown in Figure 1), with GPS positions (in UTM coordinates, georeference: ED50), 
lithostratigraphic units, age, lithology (L = limestone; M = marl; ML = marly limestone), and bedding plane orientation given as strike and dip). 
Unsuccessful sites shown in italics.

Site GPS (N) GPS (E) Unit / Formation Age Lithology Strike / Dip

OR08 4674362 355777 Santa Fe Cenomanian light L 268 / 29
OR28 4671112 364194 Lluçà Aptian-Albian dark M&ML 251 / 96
OR55 4674578 355247 Lluçà Aptian-Albian dark M 77 / 40
OR56 4674384 355887 Lluçà Aptian-Albian dark M 276 / 43
OR09 4673823 356638 Font Bordonera Aptian dark M 267 / 45
OR10 4676608 353783 Senyús Aptian dark M 103 / 47
OR11 4676651 354627 Senyús Aptian dark M 104 / 65
OR37 4676149 353474 Senyús Aptian dark M&ML 107 / 39
OR38 4676146 353737 Senyús Aptian dark M  94 / 45
OR40 4676609 353688 Senyús Aptian dark M 108 / 43
OR42 4676502 353673 Senyús Aptian dark M 106 / 45
OR43 4676657 354225 Senyús Aptian dark M 96 / 41
OR44 4676651 354627 Senyús Aptian dark M 105 / 48
OR45 4676634 354604 Senyús Aptian dark M 103 / 53
OR67 4676613 353782 Senyús Aptian dark M 97 / 43
OR32 4679374 350548 Cabó Aptian dark M 110 / 45
OR33 4679420 350608 Cabó Aptian dark M 111 / 44
OR34 4678412 352887 Cabó Aptian dark M 96 / 50
OR35 4679435 350663 Cabó Aptian dark M 107 / 50
OR36 4679145 352279 Cabó Aptian dark M 98 / 47
OR46 4678324 353738 Cabó Aptian dark M 104 / 48
OR48 4677654 356981 Cabó Aptian dark M&ML 97 / 41
OR51 4678088 355021 Cabó Aptian dark M 114 / 51
OR52 4678226 354979 Cabó Aptian dark M 111 / 43
OR61 4679114 351293 Cabó Aptian dark M 95 / 45
OR64 4677510 358140 Cabó Aptian dark M 106 / 50
OR65 4677405 358088 Cabó Aptian dark M 109 / 49
OR69 4676084 362557 Cabó Aptian dark M 103 / 51
OR49 4678686 354971 Prada C Barremian-Aptian dark L 111 / 57
OR53 4678016 356794 Prada C Barremian-Aptian dark L 109 / 42
OR58 4679986 351233 Prada C Barremian-Aptian dark L 116 / 50
OR59 4679914 351326 Prada C Barremian-Aptian dark L 118 / 54
OR72 4676280 362699 Prada C Barremian-Aptian dark L 105 / 65
OR13 4678521 363736 Prada B, A Barremian dark L 98 / 42
OR14 4678273 365704 Prada B, A Barremian dark L 296/18
OR68 4677635 363525 Hostal Nou Valanginian  dark L 110 / 60
OR01 4678605 363464 Barranc de la Fontanella Berriasian light L 106 / 46
OR03 4679885 361263 Barranc de la Fontanella Berriasian dark L 97 / 56
OR63 4679700 361298 Barranc de la Fontanella Barremian dark L 91 / 57
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Site OR72 shows larger within-site dispersion than the other 
sites of this type.

What we label as a Type 2 AMS intermediate fabric (Figs. 
4f-h) has well grouped Kmax, while Kint and Kmin occur in a girdle 
perpendicular to Kmax. Th is type is dominated by prolate AMS 

ellipsoids with T < 0 in all of the pertinent sites (Table 2). Th e 
magnetic foliation is lost at the scale of the site (Aubourg et al., 
2004). Two marl sites (OR33 and OR61) and a remagnetized 
limestone site (OR 68) belong to this group. This type of 
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Figure 4 Stereoplots (equal area, lower-hemisphere projection) showing representative AMS data after tectonic correction. Maximum, intermediate and 
minimum principal anisotropy axes are indicated by respectively triangles, squares and circles. Solid symbols show individual directions, open symbols are 
mean directions, with 95 % confi dence zones indicated. Red and blue arrows represent inferred extension and compression directions. (a-e) Examples of 
Type 1 fabrics with Kmin perpendicular to bedding. (f-h) Examples of Type 2 fabrics with clustered Kmax, and Kint and Kmin tending to spread over a girdle. 
(i,j) Examples of Type 3 fabrics, with clustered Kmin almost parallel to bedding. (k) Example of transitional fabric. (l) Example of unsuccessful fabric. For 
further interpretation and discussion see text.
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magnetic fabric is generally considered to result from the early 
stages of layer-parallel shortening (Tarling and Hrouda, 1993).

Type 3 AMS fabrics (Fig. 4i, j) are characterized by 
predominantly oblate ellipsoids, with Kmin well grouped and 
almost parallel to the bedding, while Kmax and Kint are less 
clustered. In this case, the positions of Kmin and Kint are usually 
interchanged with respect to those of type 2 and a newly formed 
magnetic foliation is developed highly oblique to the bedding 
(Bakhtari et al., 1998; Aubourg et al., 2004). Th ree marl sites 
(OR40, OR42 and OR46) and one limestone site (OR14) 
belong to this group.

Finally, site OR48 from the Cabó marls and site OR 53 from 
the Prada limestone have a poorly defi ned AMS fabric (Figs. 4k, 
l). Th e fabric obtained from site OR 48 (Fig. 4k) is transitional 
between Type 2 and Type 3, and is characterized by prolate 
ellipsoids with Kmin reasonably well grouped while Kmax and Kint 
show a girdle perpendicular to Kmin. Th e magnetic fabric in Fig. 
4l shows the results from an unsuccessful site (OR 53).

All of the AMS fabrics obtained from the Organyà Basin 
sediments are interpreted as either tectonic fabrics or as fabrics 
intermediate between a purely sedimentary and a tectonic fabric. 
Th e tectonic overprint is considered to gradually increase from 
Type 1 to Type 3. In the next section we address the tectonic 
interpretation of the AMS results.

5 Discussion

5.1 Deformation history of the Organyà Basin
Th e magnetic lineations recorded by the AMS fabrics in the 
lower Cretaceous pre- and syn-rift sediments of the Organyà 
Basin show two dominant directions, i.e., N-S and E-W. 
NE-SW and NW-SE oriented lineations may be transitional 
between these two endmembers (Fig. 5). A plot of the azimuth 
of the lineation versus stratigraphy (Fig. 3) shows that the 
lineation direction in the Organyà Basin does not systematically 
vary with lithology or age. Th e geographic distribution, however, 
of these lineations (Fig. 5) does show a distinct trend, with 
E-W lineations being dominant in the east, N-S lineations 
dominant in the western-central part of the basin, and NE-SW 
or NW-SE lineations that seem to be confi ned to the northern 
and southern marginal regions of the basin.

The E-W trending lineations in the eastern part of the 
Organyà Basin are in line with the large-scale deformational 
structure of the basin illustrated by García-Senz (2002): the 
N-S cross sections (Fig. 2) across the basin strongly suggest 
that the strain accommodated by the Organyà basin fill 
increases from west to east. Th e E-W trending lineation can 
thus straightforwardly be interpreted to result from (late 
Cretaceous and Cenozoic) N-S contraction and basin inversion. 
As outlined previously in this paper, and as illustrated in Fig. 
2, the late Cretaceous – Cenozoic contraction and inversion 
was for an important part localised along a decollement in 
the underlying Triassic evaporites. In the east of the basin, the 

Chapter 2

Morreres Backthrust

Bóixols Thrust

Santa Fè

successful sites

 unsuccessful sites

Figure 5 Orientation of the magnetic lineation (Kmax) after tectonic correction, as a function of position in the Organyà Basin. E-W lineations are 
dominant in the east, N-S lineations predominate in the western and central part of the basin, and NE-SW and NW-SE lineations tend to occur in the 
northern and southern marginal regions of the basin.
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largely E-W trending Bóixols thrust changes orientation to a 
NE-SW trend which, during inversion, must have induced a 
strong component of transpression leading to strain partitioning 
between motion along the decollement and shortening of the 
overlying sediments. The resulting larger shortening strains 
in the east are obvious from the structural cross-sections of 
García-Senz (2002) and confirmed by our AMS data.

The N-S oriented magnetic lineations, however, obtained 
from the center of the basin in the western part of the study 
area, are parallel to the inversion-related contraction direction 
and are therefore likely not related to this event. Because these 
directions are orthogonal to the Bóixols thrust – shown by 
strong contrasts in stratigraphic thicknesses across the fault to 
be an inverted lower Cretaceous normal fault (Muñoz, 1992; 
García-Senz, 2002) – it seems most likely that these lineations 
reflect the (syn-depositional) extension direction during basin 
foundering. At this point we can make three inferences. First, 
the original extension direction is still maintained in the 
inverted basin centre, which probably means that virtually all 
contraction during late Cretaceous and Cenozoic inversion 
was accommodated by motion along the basal decollement, 
with only passive folding of the overlying basin sediments. 
Secondly, the pre-inversion extension direction we find in the 
Organyà basin confirms the conclusion of Soto et al. (2007) 
and van Hinsbergen et al. (2005) that studying the AMS of 
inverted basins allows recognition and reconstruction of 
the original extension direction in an inverted basin. Thirdly, 
analogous to the results obtained by Soto et al. (2007) in the 

Basque-Cantabrian basin, the N-S extensional direction in the 
Organyà basin interpreted from the AMS fabrics is oriented 
perpendicular to the Bóixols inverted normal fault, suggesting 
that the syn-depositional extension direction during early 
Cretaceous rifting was also perpendicular to the main basin-
bounding fault. Because extension of the Organyà Basin started 
at the onset of the Cretaceous Iberian rotation (Gong et al., 
2008b), we correct for the 35° counterclockwise rotation of 
Iberia with respect to Eurasia, thus restoring a ~NE-SW 
extension direction, and interpret this direction as the extension 
direction in the Organyà Basin at the early stages of the rotation 
of Iberia and the opening of the Bay of Biscay.

5.2 Palinspastic reconstruction
The Cretaceous tectonic evolution of the Organyà Basin is 
contemporaneous with the Iberian counter-clockwise rotation 
(Gong et al., 2008b) and opening of the Bay of Biscay (Sibuet 
et al., 2004). As illustrated and discussed below, this extensional 
setting of the Organyà Basin (and the South Pyrenean basin in 
general) conflicts with current plate kinematic reconstructions 
and the inferred positions of Iberia with respect to Europe with 
time.

Current plate kinematic reconstructions describing the 
rotation and motion of Iberia with respect to Europe mainly 
differ in the estimated locations of the associated Euler poles, 
and in the consequent pre-rotation position of Iberia with 
respect to Eurasia. Srivastava et al. (2000) propose a scissor-
type opening model for the Bay of Biscay based on its ocean 

Table 2 AMS parameters from the successful sites in the Organyà Basin. N = number of specimen (F-test >3.4817); Km = mean susceptibility; Kmax, Kint 
and Kmin denote normed principal susceptibilities; st. Errors = Standard Error for Kmax; L = Kmax/Kint (magnetic lineation); F = Kint/Kmin (magnetic foliation); 
P = Kmax/Kmin (the degree of AMS); P` = (15/2) [(Kmax – K)2 + (Kint – K)2 + (2 Kmin – K)2]/(3* K)2 denotes the eccentricity degree; T = 2lnF/lnP – 1 denotes 
the shape parameter ( Jelinek, 1981).

Sites N Km (*10-6SI) Kmax Kint Kmin st. Errors L F P P’ T

Or9 9 10.50 1.009 1.008 0.983 0.003 1.001 1.026 1.027 1.013 0.943
Or10 8 71.39 1.005 1.000 0.995 0.001 1.005 1.005 1.010 1.004 -0.060
Or11 8 82.99 1.003 1.001 0.996 0.000 1.002 1.005 1.007 1.003 0.363
Or14 7 4.62 1.045 0.996 0.955 0.013 1.045 1.046 1.093 1.039 0.007
Or32 9 519.63 1.008 1.001 0.992 0.002 1.007 1.009 1.016 1.007 0.108
Or33 8 409.70 1.009 0.997 0.994 0.001 1.012 1.003 1.015 1.007 -0.576
Or34 10 473.99 1.012 1.004 0.983 0.001 1.008 1.021 1.030 1.013 0.454
Or35 7 576.03 1.010 1.005 0.985 0.000 1.005 1.021 1.025 1.012 0.624
Or36 9 608.83 1.010 1.000 0.991 0.002 1.010 1.009 1.019 1.008 -0.007
Or37 10 34.87 1.007 1.001 0.992 0.002 1.006 1.009 1.014 1.006 0.225
Or38 9 23.01 1.009 0.998 0.993 0.005 1.012 1.005 1.017 1.008 -0.374
Or42 10 42.95 1.007 0.998 0.995 0.001 1.009 1.003 1.012 1.005 -0.440
Or43 11 81.96 1.004 0.999 0.996 0.001 1.005 1.003 1.008 1.003 -0.229
Or45 11 152.67 1.009 0.998 0.993 0.001 1.011 1.005 1.016 1.007 -0.386
Or46 9 615.01 1.010 1.005 0.985 0.001 1.005 1.020 1.025 1.011 0.603
Or48 11 907.68 1.005 1.000 0.995 0.001 1.006 1.004 1.010 1.004 -0.139
Or49 6 644.02 1.007 0.998 0.995 0.001 1.009 1.003 1.012 1.006 -0.497
Or51 8 1286.67 1.014 0.995 0.991 0.002 1.020 1.004 1.023 1.011 -0.693
Or52 11 714.47 1.011 0.999 0.990 0.002 1.012 1.009 1.021 1.009 -0.150
Or61 8 410.05 1.009 0.997 0.994 0.002 1.011 1.004 1.015 1.007 -0.532
Or64 8 659.34 1.007 1.003 0.990 0.001 1.004 1.013 1.017 1.008 0.503
Or65 9 473.99 1.009 1.005 0.986 0.001 1.005 1.019 1.023 1.011 0.583
Or68 7 42.70 1.011 0.998 0.992 0.002 1.013 1.006 1.019 1.009 -0.331
Or69 19 119.46 1.024 1.012 0.964 0.001 1.011 1.050 1.062 1.028 0.631
Or72 20 28.77 1.009 1.003 0.988 0.002 1.005 1.015 1.021 1.009 0.484
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floor magnetic anomaly pattern and that of the central Atlantic, 
whereas Olivet (1996) mainly on the basis of geological data 
suggests a left-lateral strike slip opening model. These two 
models can be considered to represent endmember scenarios. 
The first model (Srivastava et al., 2000), which is based on the 
fit of anomaly M0 identifications across the North Atlantic and 
Bay of Biscay and constrained by maintaining the direction of 
motion between the plates along the Azores-Gibraltar fracture 
zone, infers a total reconstruction pole for the motion of Iberia 
with respect to Eurasia located in the Bay of Biscay north of 
Gijon (Fig. 6a). The second model (Olivet, 1996) assumes a 
total reconstruction pole in northwestern France to account 
for a dominant left-lateral strike-slip component in the motion 
between Eurasia and Iberia inferred from geological data, 
with Iberia moving in a southeasterly direction prior to chron 
A33o (Fig. 6b). Both of the reconstructions fit the shape of the 
northern and southern Bay of Biscay continental margins and 
the geomorphological features located between Iberia and its 
adjacent plates. However, Sibuet et al. (2004) argue that the 
model of Srivastava et al. (2000) fits the M0 better and provides 
a more robust reconstruction. Sibuet et al (2004) have proposed 
a stage pole for Iberia with respect to Eurasia for the period 
M0-A33o (125 Ma – ~80 Ma; ages following Gradstein et al. 
(2004)) located in the eastern Bay of Biscay at 44.35° N, 4.30° 
W, 37.21° (Fig. 6a). The model of Srivastava (2000) and Sibuet et 
al. (2004) implies that the basins in the Pyrenean realm should 
undergo compression, whilst the geological data clearly indicate 
an extensional tectonic setting. This inconsistency led Sibuet 
et al. (2004) to suggest that the Pyrenean basins developed 
in a backarc setting above a north-dipping slab of subducting 
Neotethys oceanic lithosphere separating the Pyrenean realm 
from Iberia. Gong et al. (2008b), however, have shown that the 
Aptian sediments in the Organyà basin did record the Iberian 
rotation, hence that the basin must have formed part of Iberia.

The Olivet (1996) reconstruction, on the other hand, poses 
some problems as well, as this model implies roughly NNW-

SSE oriented extension in the Pyrenean domain, which is at 
variance with the restored NE-SW oriented extension direction 
based on our AMS data and associated normal fault orientations 
in the Organyà basin. The total reconstruction pole, in addition, 
has a rotation angle of about 27° which, in view of the inferred 
pole position in northern France, results in an even smaller 
vertical axis rotation of Iberia close to 25°, i.e., significantly 
less that the 35° of Aptian CCW rotation documented by 
paleomagnetism (Gong et al., 2008b). Sibuet et al. (2004) 
moreover argue that the M0 position of Iberia inferred by the 
Olivet (1996) model induces misfits of the M0 anomalies. This 
latter problem is further discussed below.

Albeit on different aspects, it follows that both models for 
the kinematics of Iberian plate motion are at variance with 
the geological data, which calls for a further analysis aiming 
to circumvent such inconsistencies. In our view, there are three 
aspects involved that deserve attention.

First, the stage pole inferred by Sibuet et al. (2004) to describe 
the Cretaceous rotation of Iberia with respect to Eurasia is a 
finite stage pole relating the position of Iberia at chron M0 
to the position of Iberia at chron A33o. We emphasize that 
most of that period coincides with the Cretaceous Normal 
Superchron, or the Cretaceous Quiet Zone in sea-floor anomaly 
terminology. The study by Gong et al. (2008b) clearly confines 
the rotation of Iberia to the Aptian, such that the kinematics of 
Iberia motion for the M0-A33o interval may well have involved 
different substages that combine into the net M0-A33o stage 
pole, obviously without any anomaly record whatsoever in the 
ocean floor until chron A33o, except of course for the slightly (4 
Ma) older A34 anomaly. Note that Sibuet et al. (2004) likewise 
recognize that the Iberian paleomagnetic data may well serve to 
refine the kinematic model for the M0-A33o interval.

A second aspect concerns the assumption made in all plate 
kinematic reconstructions that plates are rigid and do not 
deform. In the case of Iberia, however, there are at least two 
pieces of evidence suggesting that significant deformation 

Chapter 2

Srivastava et al. (2000)

50°N

40°N

0°10°W20°W

Olivet (1996)

50°N

40°N

0°10°W20°W

Newf-Gibr FZ

Newf-Gibr FZ

a b

Figure 6 Reconstructed positions of Iberia at M0 times according to the two main endmember kinematic models of Srivastava (2000) and Olivet (1996), 
modified after Sibuet et al. (2004). Open circles denote total reconstruction poles for Iberia with respect to Eurasia, small rectangles show approximate 
positions of the Organyà Basin. (a) Kinematic model of Srivastava et al (2000), with total reconstruction pole (43.85° N, 5.83° W, -44.76°) of Sibuet et 
al. (2004). Circle with cross denotes M0-A33o stage pole (44.35° N, 4.30° W, 37.21°) adopted from Sibuet et al. (2004). (b) Kinematic model of Olivet 
(1996), with total reconstruction pole located in NW France (47.79° N, 0.22° W, -26.81°).
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may have affected the northern and western margins. First, a 
major EW-trending structure exists along the northwestern 
and northern margin of Iberia which seems to merge eastward 
with the North Pyrenean Zone. This structure was clearly active 
during Cenozoic NS-directed shortening since A33o (Sibuet et 
al., 2004) and accomodated limited subduction of the oceanic 
Bay of Biscay underneath Iberia (e.g. Boillot, 1984; Sibuet 
et al., 2004). In view of the geological evidence in the North 
Pyrenean basins for major motions along the North Pyrenean 
Fault during the late Mesozoic it seems perfectly possible that 
this discontinuity north of the Iberian margin was already active 
at that time as well. Secondly, marine studies of the western 
Iberian margin focussing on the Iberia-Newfoundland break-up 
history have provided evidence for a complex breakup process 
involving at least two stages, i.e., a first Tithonian-Barremian 
(i.e., pre M0) stage leading to mantle exhumation and, notably, 
a second stage of extension dated as latest Aptian, reflected by 
at least five 10 km-scale half graben structures (Péron Pinvidic 
et al., 2007). Although quantitative data on the magnitude of 
this late Aptian stretching phase are lacking, these data suggest 

that the Iberian mainland was effectively stretched away from 
the M0 anomaly.

A third aspect of possible relevance is the notion made by 
Gong et al. (2008b) that the Aptian rotation of Iberia itself 
seems to have involved two stages, i.e., an early Aptian stage 
of relatively rapid rotation followed by slower rotation during 
the remainder of the Aptian. We note that this possible 
decrease in the rate of rotation of Iberia coincides with the late 
Aptian stretching affecting the western Iberian margin (Péron 
Pinvidic et al., 2007). In addition we also note that rift-related 
normal faults in the Organyà basin are unconformably sealed 
by Cenomanian strata (Fig. 2), consistent with increasing late 
Cretaceous localization of the Iberian motion along the North 
Pyrenean Zone (e.g. Peybernès and Souquet, 1984; Choukroune, 
1992; Lagabrielle and Bodinier, 2008).

With the above aspects in mind, we now proceed to 
reconsider the late Mesozoic rotation history of Iberia. Whilst a 
detailed quantitative analysis of the Iberia plate kinematics lies 
outside the scope of the present study, we suggest the following 
qualitative three-stage scenario as a plausible alternative to the 
two main models discussed above. In this scenario it is assumed 
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Figure 7 Sketch map illustrating the motion history of Iberia as suggested in this study, with the positions of Iberia and the Iberian M0 anomaly at 
times M0 (dark green), t1 (sometime during the Aptian, mild green), t2 (early Albian, light yellowish green), and A33o (black). Note two steps in Iberian 
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history involved an initially NE-SW oriented stretching and rifting phase during the early stages of Iberia rotation, followed by a predominantly strike 
slip tectonic regime during and after ongoing rotation of Iberia.
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that the A33o position of Iberia, inferred by Srivastava (2000) 
on the basis of the A33o and younger anomalies, is essentially 
correct, the more because the inferred post-A33o motion in 
the Pyrenean domain fits remarkably well with shortening 
estimates of around 165-175 km obtained from restored 
sections including ECORS (e.g. Muñoz, 1992; Beaumont et 
al., 2000; Rosenbaum et al., 2002).

We suggest that at M0 times Iberia was located in a position 
close to that inferred by Olivet (1996), but with an orientation 
more back-rotated with respect to the Armorican margin as in 
the Srivastava (2000) and Sibuet et al. (2004) reconstructions 
(Fig. 7). As shown by Sibuet et al. (2004) for Olivet’s (1996) 
model, such an initial position of Iberia clearly leads to 
overlapping M0 anomalies, an effect that we ascribe to the 
stretching of the western Iberian (and Newfoundland?) margin 
during the late Aptian as outlined above.

In order to accommodate the Aptian opening of the Bay of 
Biscay and concurrent rifting of the northern Iberian margin, 
we suggest that the stage pole during this opening was located 
close to the eastern termination of the margin, leading to 
some 20-25° of rotation during early Aptian times (Fig. 7). 
The consequent stretching direction in the Pyrenean domain 
during this first stage of rifting and opening of the Bay was 
oriented tangential to the pertinent rotation, i.e., NE-SW as 
suggested by our (restored) AMS data. Motions on the SW side 
of Iberia may have been accomodated by NW-SE trending fault 
segments of the developing Azores-Gibraltar fracture zone, as 
shown for example on the structural map of the North Atlantic 
ocean (Miles, 2008).

Ongoing rotation of Iberia by an additional 10-15° occurred 
during the later Aptian. This late Aptian rotation of the Iberian 
mainland may have had two components: i.e., a component of 
rotation due to ongoing spreading in the central Atlantic and 
Bay of Biscay, leading to rotation and eastward motion of the 
M0 anomaly (Fig. 7), and perhaps a component of probably 
small rotation due to intraplate deformation. During this 
second stage of rotation (shown in Fig. 7 between time t1 in 
the late Aptian and time t2 in the early Albian), the distance 
between the Iberian mainland and the Iberian M0 anomaly 
increased due to stretching of the deeper Iberian margin, such 
that the Iberian mainland moved eastward with respect to the 
(Iberian) M0 anomaly. It follows that the rotation and motion 
of Iberia at this stage cannot be expressed in one single stage 
pole: the stage pole for the rotating M0 anomaly may be located 
somewhere between Wales and Brittany (Fig. 7) but the motion 
of the Iberian continent with respect to M0 due to intraplate 
stretching implies that this same stage pole cannot describe the 
motion of the Iberian mainland.

The third and last stage of Mesozoic motion of Iberia spans 
the Albian-Campanian (from time t2 onward in Fig. 7), and 
involved a distant stage pole, effectively leading to eastward 
motion of Iberia towards its A33o position without significant 
vertical axis rotation, and largely accommodated by strike slip 
motion along the North Pyrenean Fault and allied structures 
offshore.

As shown in Fig. 7, the net effect of these three stages is first a 
significant rotation of Iberia, followed by a smaller rotation and 
simultaneous ongoing eastward motion of the Iberian continent, 
presumably accomodated along the northern margin by strike-

slip faults like the North Pyrenean Fault. A quantitative 
analysis of the Iberian plate motion kinematics is needed to 
investigate the full details of this motion history, however, for 
present purposes our qualitative approach shows that Aptian 
rifting in the Organyà basin and the allied stretching directions 
inferred from our AMS data can indeed be consistent with the 
simultaneous opening of the Bay of Biscay and consequent 
Iberian rotation.

6 Conclusions

Our AMS study in the weakly deformed Cretaceous sediments 
of the Organyà Basin demonstrates the existence of three 
types of intermediate to tectonic magnetic fabrics that in all 
likelihood reflect increasing strain. There is a marked trend in 
the orientation of the magnetic lineation with position in the 
basin. In the eastern part of the basin, lineations are oriented 
E-W which we interpret as the result of a compressional 
overprint formed during basin inversion and shortening since 
Campanian-Maastrichtian times. In the western part of the 
basin, where the regional shortening was largely accommodated 
by decollement along the underlying Triassic evaporates, NS 
directed lineations dominate suggesting NS extension. This NS 
extension direction is oriented perpendicular to the inverted 
Bóixols fault bounding the Organyà Basin to the south, and 
likely represents the original extension direction during rifting 
and basin foundering. The NW-SE and NE-SW oriented 
lineations tend to occur in the marginal parts of the basin and 
are considered to be transitional.

Correction for the Aptian 35° CCW rotation of Iberia brings 
the NS lineations into a NE-SW orientation, suggesting that 
the prevailing stretching direction in the basin during the early 
stages of opening of the Bay of Biscay and allied rotation of 
Iberia was NE-SW. This result is inconsistent with current plate 
kinematic models for the rotation of Iberia such as proposed by 
Olivet (1996), Srivastava et al. (2000) and Sibuet et al. (2004). In 
order to circumvent this inconsistency, we propose an alternative 
scenario in which the stage pole for the onset of opening of 
the Bay of Biscay and allied Iberian rotation during the early 
Aptian was located near the northeastern corner of the Iberian 
mainland. During the late Aptian, ongoing opening of the Bay 
of Biscay and rotation of Iberia proceeded according to a stage 
pole located near northern France. At this stage, the motion of 
the Iberian continent was in part accommodated by stretching 
of the west Iberian margin, leading to an additional component 
of eastward motion and development in the Pyrenean realm 
of a strike-slip environment, prior to post-A33o convergence 
and N-S directed shortening in the Pyrenees since the latest 
Cretaceous.
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Supplementary Figures 1, 2, 3 and 4 Equal area lower-hemisphere projections showing all AMS data from the measured sites in the Organyà Basin after 
tectonic correction. Maximum, intermediate and minimum principal anisotropy axes shown as triangles, squares and circles, respectively. Solid symbols 
show individual directions, open symbols are mean directions, with 95 % confi dence zones shown.
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Abstract

Widespread Cretaceous remagnetization is documented in 
several Mesozoic basins in North Central Spain. Organyà 
Basin (South Central Pyrenean foreland) is atypical in the 
sense that the lower part of the rock sequence (Berriasian-
Barremian limestones) is remagnetized while the upper portion 
(Aptian-Albian marls) is not (Dinarès-Turell and García-Senz, 
2000). Here, this view is confirmed by the analysis of 41 new 
paleomagnetic sites over the entire basin, so that a 3D view 
is obtained. Thermoviscous resetting of the natural remanent 
magnetization can be ruled out, hence the remagnetization is 
chemical in origin. A positive breccia-test on remagnetized 
strata constrains the remagnetization age to older than the 
Paleocene-Eocene, when the backthrust system was active. 
The remagnetization is argued to have occurred early in the 
geological history of the Organyà Basin either in the elevated 
geothermal gradient regime during the syn-rift extension or at 
the earliest phase of the later compression. Burial is considered 
the most important cause combined with the lithological effect 
that limestones are more prone to express remagnetization 
than marls. The observed pressure solution in the remagnetized 
limestone is likely associated with the remagnetization, whereas 
it is unlikely that externally derived fluids have played an 
important role.

Keywords: Natural remanent magnetization, remagnetization 
mechanism, Cretaceous, Pyrenees

1 Introduction

For a correct interpretation of paleomagnetic data, the recording 
of the natural remanent magnetization (NRM) in the rocks 
must be known and the primary nature of the characteristic 
component should be documented. In sedimentary rocks, 
the focus of the present contribution, the primary NRM is 
often considered to be of detrital origin. The exact acquisition 
timing of the NRM is less critical given the long time scale 
of plate tectonic processes. Therefore, early diagenetic processes 
occurring shortly after deposition, are often considered to be 
part of the ‘detrital inventory’ which is warranted for paleopole 

studies. Rocks are not closed systems after their formation and 
secondary NRM components can be added to existing NRM. 
Also, primary NRM can be replaced by such components. If 
secondary components are erroneously interpreted as primary 
components, evidently incorrect conclusions are the result. 
Therefore, the recognition of pervasive remagnetization of 
NRM is essential for a correct interpretation of paleomagnetic 
data.

Many paleomagnetic studies from the Iberian Peninsula 
have reported on remagnetization in Mesozoic rocks. Galdeano 
et al. (1989) showed that Late Jurassic to Valanginian 
sediments near Lisbon (Portugal) had been remagnetized. 
They hypothesized that the remagnetization would be caused 
by a complex process during ‘prerifting’ uplift of sedimentary 
beds before the Hauterivian. Moreau et al. (1992) suggested a 
primary magnetization for Barremian and Aptian sites in the 
Maestrazgo basin (southern Iberian Ranges) while older sites 
are argued to be remagnetized before the Barremian. The age 
of remagnetization was proposed to be in relation with a rifting 
phase during Valanginian to Aptian times. In the Algarve region 
(Portugal) a Barremian-Aptian remagnetization is documented 
in Jurassic and Cretaceous limestones (Moreau et al., 1997). 
However, the remagnetization time and mechanism was not 
discussed. Juárez et al. (1998), in a study of the Iberian Range 
(northern Spain), found that their 13 sites of Jurassic age were 
all remagnetized and argued that the remagnetization may be 
associated with an extensional phase either during the Early 
Cretaceous (Barremian-early Albian) or the Late Cretaceous 
(Cenomanian). Villalaín et al. (2003) showed evidence of a 
Cretaceous remagnetization during the Berriasian and Albian 
in red beds of the inverted Cameros Basin (northern Spain). 
The age of the remagnetization was constrained between 
the Albian and Santonian, most probably Albian, just after 
the extensional phase of the basin and long before the main 
compressional events that caused its inversion. Márton et al. 
(2004) pointed out a pre-Aptian remagnetization in Jurassic-
Cretaceous sediments in the Lusitanian basin and the Algarve 
from Portugal. It was suggested that the remagnetization 
occurred around the transition of the Early and Late Aptian. 
The remagnetization may be linked to a thermal event due to 
extensional tectonics. To contribute to solving this widespread 
remagnetization question in Iberia, ideally a partly remagnetized 
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and partly unremagnetized basin with the same orogenic history 
and more or less lithological uniformity is required.

Th e Organyà Basin (OB) with its Lower Cretaceous sediments 
(Fig. 1) is a basin along these lines (Dinarès-Turell and García-
Senz, 2000). Th e sedimentary sequence consists of 4.5 km thick 
Cretaceous rocks, mainly limestones and marls. Th erefore, the 
lithology variability is constrained to a minimum. Furthermore, 
the NRM of the rocks was argued to be unremagnetized in the 
Aptian-Albian marls, while it was remagnetized in the Berriasian-
Barremian limestones (Dinarès-Turell and García-Senz, 2000). 
Th e transition between remagnetized and unremagnetized rocks 
is around the Barremian-Aptian boundary. Th e remagnetization 
is considered to be a chemical remagnetization but the amount 
and origin of the fl uids involved is currently elusive. Th e aim 
of the present paper is to try to unravel the remagnetization 
mechanism by extending the essentially 2-dimensional cross-
section view of the paleomagnetic data along the Segre River 
(Dinarès-Turell and García-Senz, 2000) to three dimensions over 
the entire basin.

2 Geological setting

During the Cretaceous rotation of Iberia, a series of extensional 
and transtensional basins formed at its northern margin and 
also at the southern margin of Europe. One of those basins, the 
OB (Fig. 1a), is later incorporated in the uppermost thrust sheet 
of the South Central Pyrenean thrust belt as a consequence 
of inversion tectonics (Berástequi et al., 1990). Th e southern 
boundary of the OB (Fig. 1b) is defi ned by East-West trending 
normal faults positioned approximately at the place where the 
Bóixols thrust was developed later (Muñoz, 1988; Berástequi et 
al., 1990; García-Senz, 2002). Th e northern boundary of the OB 
is less well defi ned because the formation of the Pyrenean Axial 
Zone has resulted in the erosion of the Jurassic-Cretaceous 
series in the North. However, close to the Morreres back thrust 
(Fig. 1b), the Jurassic sequence is much thinner (~150 m thick) 
at the North of a normal fault system than at the South (~1000 
m thick) which provides some favor in positioning the northern 
boundary at the current back thrust (García-Senz, 2002). We 
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Figure 1 (a) Simplifi ed geological 
map of the study area. Th e squared 
area shows the location of fi gure (b). 
(b) Schematized geological map of 
the Organyà Basin (OB). Dots show 
sample locations, covering the whole 
basin. From West to East, four 
transects can be composed, named 
after nearby villages: Anell transect, 
Cabó transect, el Vilar transect, and 
Segre River transect.
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briefly summarize the main aspects of the geological history 
before describing the formations in the OB.

2.1 Extension
From Late Jurassic to Early Cretaceous times, northern Iberia 
was mainly covered by a shallow sea, which formed a seaway 
from the (proto) Atlantic to the Tethys Oceans (e.g. Vera et al., 
2001). In the Mesozoic, up through the Tithonian-Berriasian, 
extension is interpreted to be due to flexural subsidence, also 
referred to as pre-rift phase (in the nomenclature of Nottvedt 
et al., 1995) (García-Senz, 2002; Gibbons and Moreno, 2002). 
Sedimentation was characterized by platform carbonates, both 
during the Tithonian and the Berriasian-Barremian. Terrigenous 
input from the south (Ebro block) has always been minor, 
also on the Montsec platform, south of the OB. The Jurassic-
Cretaceous ( J/K) boundary is characterized by regression and 
submergence above sea level (García-Senz, 2002); karstification 
phenomena developed in the limestones. The series was 
submerged diachronically during the Early Cretaceous.

The Organyà Basin was the largest depocenter during Early 
Cretaceous times accumulating up to 4850 meters of sediments. 
In the OB, the syn-rift phase lasted from the Berriasian through 
the Albian and the post-rift phase comprises the Cenomanian 
and younger sediments. The OB is in a sense slightly atypical 
since sedimentation stopped some time before the actual 
inversion took place (p 281 after Vergés and García-Senz, 2001; 
García-Senz, 2002). There was even substantial erosion in the 
eastern part of the OB. During the active subsidence of the OB, 
the region to the south, consisting of the present-day Montsec 
and Sierras Marginales thrust sheets, always stayed shallow, 
with Lower Cretaceous sediments with a total thickness of only 
400 m.

During Aptian age, accelerating subsidence was caused by 
the creation of extensional faults in the south. The lithology 
changed from limestone to marl (Prada Fm vs. Cabó and 
Senyús Fms). In the Cabó area in the OB, the total thickness 
of marls is around 2900 m. However, more to the west, it 
was only ~1100 – 1200 m. During the Albian, sedimentation 
in the western part of the OB continued, while in its eastern 
part sedimentation stopped and the sequence was uplifted 
and eroded. Consequently, the depocenter, which used to be 
in the Cabó area, moved to the west of the basin. Albian and 
Cenomanian sedimentation continued in the west. The upper 
Cenomanian Santa Fè Fm, which covered the entire Pyrenean 
area, marks the end of the extensional period. It was deposited 
in so called post-rift conditions (García-Senz, 2002).

2.2 Compression
The compression of the Pyrenees began in the upper 
Cenomanian (Gibbons and Moreno, 2002). In the south of the 
OB, the extensional fault system inverted to a compressional 
fault system, and became the Bóixols thrust. During the Alpine 
compressional phase that resulted in the formation of the 
present-day Pyrenees, the Bóixols thrust sheet was thrusted 
southward upon the Montsec sheet, that in turn thrusted on 
the Sierras Marginales sheet that thrusted on the Ebro Basin 
foreland. This process occurred in a piggy back fashion. The final 
shortening was accommodated by the Morreres back thrust in 
the North of the OB (Fig. 1). The dominant structural feature 

of the OB is an east-west asymmetric syncline, the Santa Fè 
syncline (Bernaus et al., 2003) (Fig. 1b).

The inversion from extension to compression started in the 
Cenomanian. During Upper Santonian and Maastrichtian 
compression was most intense, although still considered to be 
of the ‘mild inversion’ style as in other Pyrenean basins (García-
Senz, 2002). Triassic evaporites served as main decollement 
zone. The latest Cretaceous compression is typified by large 
folds and associated thrust sheets. During the extensional 
phase the OB was tilted towards the South along a fault system 
interpreted to be a basement fault (García-Senz, 2002). The 
compressional direction is somewhat oblique with respect to 
the earlier extensional system. The OB has undergone a small 
amount of longitudinal shortening with an orientation oblique 
to the extensional master faults (García-Senz, 2002).

2.3 Geological formations in Organyà Basin
Nine formations (Fig. 2) are distinguished in the Cretaceous 
sediments from the OB (Berástequi et al., 1990; García-Senz, 
2002; Bernaus et al., 2003).

Tres Ponts Group (Pont de la Torre, Barranc de 
la Fontanella, Hostal Nou, Prada Fms)
In the OB, the Lower Cretaceous (Berriasian through 
Barremian-Lower Aptian) platform carbonates are referred to 
as Tres Ponts Group (Grupo de Tres Ponts) by García-Senz 
(2002). The ages of the specific formations are mainly derived 
from biostratigraphy (ammonites, planktonic and benthic 
foraminifers) recently detailed by Bernaus (2000), Bernaus et al. 
(1999; 2000) and Becker (1999). The lowermost Cretaceous is 
represented by the Pont de la Torre limestone breccias (~200m 
thickness, Tithonian-Berriasian) and the Barranc de la Fontanella 
limestones (~200m-300m thickness, Berriasian). These are 
capped by the Hostal Nou Formation (~200m thickness, 
Berriasian-Valanginian), whereas the topmost limestone 
formation comprises the Prada Formation (~1125m-460m 
thickness, Barremian-lowermost Aptian) (García-Senz, 2002). 
Several subunits are recognized in the Prada Formations.

Cabó – Lluçà marls
There are four marl Formations distinguished by García-Senz 
(2002), in stratigraphic order: the Cabó marls (~950m thickness, 
lower Aptian, most of the Bedoulian in the regional West-
European nomenclature), the Senyús marls (~775m thickness, 
middle Aptian, most of the Gargasian in the regional West-
European nomenclature), the Font Bordonera marls (~530m 
thickness, Upper Aptian, most of the Clansayesian in the 
regional West-European nomenclature) and the Lluçà marls 
(Uppermost Aptian, Clansayesian – Albian). Sedimentation 
kept up with subsidence: throughout marl deposition shallow 
marine conditions prevailed and occasionally depositional hiatus 
are recognized. It should be mentioned that in the southern 
margin of the OB the marls grade into platform carbonates. 
Towards the West the Senyús marls grade toward platform 
carbonates whereas the Lluçà marls show an approximately 
homogeneous lithology throughout the entire the OB.
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Santa Fè platform carbonates
The Santa Fè and other post-rift sediments cover a large 
area: from the Ebro block to within SW France. Before the 
deposition of the Santa Fè Fm. in a post-rift setting, substantial 
erosion of the series has occurred in particular east of Organyà 
where ~600m has been eroded before the Cenomanian platform 
carbonates were deposited. The amount of erosion rapidly thins 
in southerly and westerly direction. In the Cabó area about 
1500m was eroded and at the actual Santa Fè synclinal axis about 
500 m. In the westernmost part sedimentation is more or less 
continuous up through the Cenomanian. The uplift and erosion 
in the OB before the Cenomanian Santa Fè Fm is earlier than 

this post-rifting phase (García-Senz, 2002, p 276) and hence 
should not be considered post-rift. Post-rift sedimentation until 
the Early Santonian and covered the entire Pyrenean region. In 
the eastern part of the OB the Prada Fm dips 106-33 S after 
restoring the Santa Fè Fm to the horizontal (García-Senz, 2002, 
p 103). The amount of angular unconformity decreases towards 
the West.
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Figure 2 Stratigraphic column of the Organyà Basin with the most recent geological time scale and geomagnetic polarity time scale (GPTS) after 
Gradstein et al. (2004). Grey indicates normal polarity, white reversed. Lithostratigraphic units and formation thicknesses are after García-Senz (2002). 
Paleomagnetic sample sites are grouped per formation.



Remagnetization mechanism of Lower Cretaceous rocks from the Organyà Basin (Pyrenees, Spain) 65

3 Sampling and methods

To test the burial and lithology related remagnetization 
scenarios in the OB, we sampled four transects (total new 41 
sites, 420 cores) by a portable gasoline-powered drill during 
three fieldworks (Table 1, Figure 2). From west to east, they 
were named: Anell, Cabó, el Vilar, and Segre river transects. 
Most of the sites have 8 standard-sized cores. In the laboratory, 
they were cut into standard specimens of 2.2 cm in length.

To identify the magnetic carriers, 28 hysteresis loops and 
29 isothermal remanent magnetization (IRM) curves were 
measured from the different formations. Hysteresis loops were 
measured with an alternating gradient magnetometer (AGM, 
Princeton Measurements Corporation, noise level 2×10-9Am2) 
also referred to as MicroMag. Sample chips of 30-50 mg were 
mounted on a so-called P1 phenolic probe. The maximum 

applied field was 2T. Acquisition curves of the IRM were 
determined with a PM4 pulse magnetizer with 27 field steps up 
to 2.2 T, equidistant on a log-scale. They were measured with a 
2G 755 DC SQUID magnetometer (noise level 3 × 10-12 Am2). 
To analyze the IRM acquisition curves, the cumulative log-
Gaussian (CLG) approach was used to identify the different 
coercivity components with the software developed by Kruiver 
et al. (2001). This allows fitting of symmetric distributions in the 
log field space. Each coercivity component in magnetic mineral 
assemblages is characterized by three free parameters: SIRM 
amount (Mrs), the field at which half of the SIRM is reached 
(B1/2), and the standard deviation of the logarithmic distribution 
(DP). Measured IRM data are fitted using three different plots: 
the linear acquisition plot (LAP), gradient acquisition plot 
(GAP) and standardized acquisition plot (SAP). In this paper 

Table 1 Paleomagnetic sites with GPS coordinates (Georeference: ED50), formation, age, lithology and bedding attitude. L = limestone, M = marl, ML = 
marly limestone.

Site GPS (E) GPS (N)  Unit / Formation Age Lithology Strike / Dip

Or9 356638 4673823 Font Bordonera aptian dark M 267 / 45
Or10 353783 4676608 Senyús aptian dark M 103 / 47
Or11 354627 4676651 Senyús aptian dark M 104 / 65
Or37 353474 4676149 Senyús aptian dark M&ML 107 / 39
Or38 353737 4676146 Senyús aptian dark M  94 / 45
Or39 353783 4676608 Senyús aptian dark M 105 / 46
Or40 353688 4676609 Senyús aptian dark M 108 / 43
Or41 353678 4676520 Senyús aptian dark M 105 / 51
Or42 353673 4676502 Senyús aptian dark M 106 / 45
Or43 354225 4676657 Senyús aptian dark M 96 / 41
Or44 354627 4676651 Senyús aptian dark M 105 / 48
Or45 354604 4676634 Senyús aptian dark M 103 / 53
Or12 356597 4677761 cabó aptian dark M 109 / 44
Or32 350548 4679374 cabó aptian dark M 110 / 45
Or33 350608 4679420 cabó aptian dark M 111 / 44
Or34 352887 4678412 cabó aptian dark M 96 / 50
Or35 350663 4679435 cabó aptian dark M 107 / 50
Or36 352279 4679145 cabó aptian dark M 98 / 47
Or46 353738 4678324 cabó aptian dark M 104 / 48
Or47 354093 4677797 cabó aptian dark M 101 / 39
Or48 356981 4677654 cabó aptian dark M&ML 97 / 41
Or50 355024 4678049 cabó aptian dark M 114 / 48
Or51 355021 4678088 cabó aptian dark M 114 / 51
Or52 354979 4678226 cabó aptian dark M 111 / 43
Or60 351232 4679751 cabó aptian dark M 105 / 48
Or61 351293 4679114 cabó aptian dark M 95 / 45
Or64 358140 4677510 cabó aptian dark M 106 / 50
Or65 358088 4677405 cabó aptian dark M 109 / 49
Or69 362557 4676084 cabó aptian dark M 103 / 51
Or23 362857 4676473 Prada c Barremian-aptian dark L 100 / 60
Or24 362775 4676376 Prada c Barremian-aptian dark L 120 / 67
Or49 354971 4678686 Prada c Barremian-aptian dark L 111 / 57
Or53 356794 4678016 Prada c Barremian-aptian dark L 109 / 42
Or54 357415 4677963 Prada c Barremian-aptian dark L 89 / 46
Or58 351233 4679986 Prada c Barremian-aptian dark L 116 / 50
Or59 351326 4679914 Prada c Barremian-aptian dark L 118 / 54
Or21 363517 4677816 hostal Nou Valanginian dark L 116 / 51
Or1 363464 4678605 Barranc de la Fontanella Berriasian light L 106 / 46
Or2 363329 4678296 Barranc de la Fontanella Berriasian dark L 97 / 55
Or3 361263 4679885 Barranc de la Fontanella Berriasian dark L 97 / 56
Or63 361298 4679700 Barranc de la Fontanella Barremian dark L 91 / 57
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we mainly use LAPs and GAPs to determine the coercivity 
components of the OB samples.

To decide on an optimal NRM demagnetization procedure, 
pilot series were stepwise progressively demagnetized, either 
thermally (100°C, 200°C, 240°C, 280°C, 300°C, 320°C, 350°C, 
380°C, 410°C, 440°C, 460°C, 480°C, 500°C and 520°C) or 
by alternating field (AF) (5mT, 10mT, 15mT, 20mT, 25mT, 
30mT, 40mT, 50mT, 60mT, 70mT, 80mT, 90mT and 100mT) 
demagnetization. It appeared that the viscous NRM component 
is best removed by thermal demagnetization. However, thermal 
demagnetization at temperatures above 400°C often resulted 
in erratic demagnetization trajectories because of chemical 
alteration of the samples. The susceptibility at room temperature 
after each thermal demagnetization step was also measured for 
a pilot series and showed a dramatic increase after 400°C. This 
indicated that new magnetite was formed by oxidation of other 
iron-bearing minerals, possibly pyrite.

AF demagnetization yielded very well defined linear 
demagnetization paths. However, in marly sediments, surficial 
oxidation of magnetite particles as a consequence of incipient 
weathering enhances their coercivity which complicates the 
separation into secondary and primary components (Van Velzen 
and Zijderveld, 1995). These authors show that upon heating 
to 150°C the coercivities are reduced and that secondary 
and primary components are better resolved. The oxidized 
surface layer is either detached from the bulk of particles or 
the oxidation gradient in the particles is substantially reduced 
because of much higher diffusion rates at elevated temperature. 
The viscous laboratory component (VRM) can be removed by 
heating to similar temperatures. To take advantage of thermal 
removal of the VRM and to avoid interference of potentially 

oxidized rims of magnetic particles, limestones were thermally 
demagnetized to 150°C and marls up to 210°C after which the 
remainder of the NRM is AF demagnetized in fields up to 100 
mT. During the thermal treatment, potentially present goethite 
is also demagnetized (Néel temperature 120 °C) (Dekkers, 
1989). Directions derived from the combined thermal plus AF 
demagnetization approach were indistinguishable from those 
derived by thermal demagnetization only. Application of AF 
without heating to the indicated temperatures, yields poorly 
defined primary components at demagnetization levels > 70-80 
mT.

Remanent  magnet izat ion dur ing the  thermal 
demagnetization was measured with the 2G Enterprises 
DC-SQUID magnetometer and the susceptibility during 
thermal demagnetization was measured with an AGICO KLY-2 
susceptometer (noise level 4x10-8 SI). AF demagnetization 
was done with an in-house developed robotized sample 
handler (Mullender et al., 2005) attached to a horizontal pass-
through 2G Enterprises SQUID magnetometer (noise level 1 
× 10-12 Am2) hosted in the magnetically shielded room in the 
laboratory (residual field < 200 nT). 96 samples can be AF 
demagnetized in ~60 hours without operator interference. The 
standard size cylindrical samples are mounted into dedicated 
perspex cubes (30 mm edge, magnetic moment << 50 pAm2) 
that are magnetically cleaned before in 110 mT AF. These cubes 
are positioned in twelve rows of eight on a sample plateau. For 
AF demagnetization they are loaded per row (of eight cubes) 
on the magnetometer tray and processed fully automatically. 
The robot protocol allows sample measurement in multiple 
positions, which is mandatory for getting meaningful results 
from the relatively weak samples under investigation (Fig. 3a-d). 
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For the present investigation, the so-called “3 position” protocol 
has been applied throughout. Fig. 3a-d shows an example of 
a Zijderveld diagram of each single position (‘x’, ‘y’, and ‘z’; 
position ‘y’ is obtained by 180° rotation of position ‘x’ around 
the vertical axis, position ‘z’ is obtained by rotating position ‘y’ 
180° around the horizontal axis parallel to the magnetometer 
axis) and the combined three-position result. NRM intensity 
ranges from 0.5 mA/m to 50 mA/m rendering variability in the 
perspex cube contribution insignificant. The NRM components 
were calculated by principal-component analysis (Kirschvink, 
1980). On average, the linear segments of the characteristic 
component are defined based on 8 data points for the AF data 
(and 4 points for thermal demagnetization only, not shown 
here).

4 Results

4.1 Rock magnetic properties

Hysteresis loops
Two examples of typical hysteresis loops are shown in Figure 4, 
they are slope-corrected. The limestones often have a diamagnetic 
matrix contribution, while the marls have paramagnetic slopes. 
The matrix contribution was very large in 14 samples; no 
meaningful ferromagnetic hysteresis loop could be extracted. 
Most hysteresis loops saturate in fields < 500 mT indicative of 
dominant low-coercivity minerals. It likely indicates magnetite. 
Some loops have a small high-coercivity contribution indicating 
hematite or goethite. After slope correction, 8 loops appear to 
be wasp-waisted (Fig. 4a) indicative of contrasting coercivities 
(e.g. Roberts et al., 1995; Tauxe et al., 1996). They are not entirely 
saturated at 500 mT indicating a minor contribution of a high-
coercivity mineral (hematite or goethite). The wasp-waistedness 
of the hysteresis loops (Fig. 4a) is plausibly explained by a 

contribution of superparamagnetic magnetite particles given the 
low applied fields at which the wasp-waistedness appears. This 
is in agreement with the fairly large decay of the NRM at low 
temperatures. The 6 non-wasp-waisted loops (Fig. 4b) indicate 
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Figure 4 Typical magnetic hysteresis loops after slope correction. The 
magnetic field B (T) is plotted versus magnetization M (mAm2). (a) 
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pseudo-single-domain particles. The (remagnetized) limestone 
samples broadly range in coercivity between 5 to 20 mT, mainly 
between 5 and 7 mT. The marls appear more homogeneous, 
their coercivity ranges between 5 and 10 mT.

IRM component analysis
To supplement the hysteresis loop measurements, IRM 
component analysis was done as well. Three components were 
used to fit the IRM acquisition curves in the CLG approach 
(Kruiver et al., 2001). We distinguish two types of IRM curves 
in the limestones, and one type of IRM curve in the marls. Type 
one curves (Figure 5a and 5c) occurred in both limestones and 
marls. In this type of IRM curve, component 1 constitutes 81% 
of the saturation IRM (SIRM). Component 2 contributes 17% 
to the SIRM; component 3 has only 2% and is not considered 
further. The dominant component 1 has a B1/2 of 50 mT, the 
softer component 2 (B1/2 = 8.3 mT) is likely due to thermal 
activation (Heslop et al., 2004), magnetic interaction is not 
important given the low concentration for magnetic material 
in these samples. This concurs with SP particles as determined 
from the hysteresis loops. The DP of three components is: 
0.32 for component 1, 0.30 for component 2, and 0.38 for 
component 3. The dominant component in this type of IRM 
curve is interpreted to be magnetite.

The other type of curves (Figure 5b), only found in the 
limestones, shows one low-coercivity component 1 contributing 
17% to the SIRM, and a dominant high-coercivity component 3 
which contributes 80% to the SIRM. Component 2, a very low 
field component, only constitutes 3% of the SIRM. In all curves 
component 2 is only required to fit the skewed-to-the-left 
distribution of component 1; it is not given physical meaning 
other than being the result of thermally activated component 1 
particles. Again, B1/2 of component 1 is around 50 mT, is almost 
same value as the one from the low-coercivity component 1 
of type 1. However for the component 3, B1/2 is much higher, 
around 2 T. The parameter DP of the two dominant components 
is 0.33 for component 1 and 0.30 for component 3. This is quite 
similar to those of type one. In the limestone samples, a high-
coercivity component is present interpreted to be goethite while 
the other two low-coercivity components are magnetite (similar 
to type one).

The limestone samples have their B1/2 ranging from ~30 to 
~64 mT (N = 24, average: 47.4 mT, standard deviation: 8.4 
mT) for component 1 interpreted to be magnetite, and 1000 – 
3200 mT for component 3 (N = 24, average: 1552 mT, standard 
deviation: 557 mT) interpreted to be goethite. B1/2 values are 
too high for hematite that typically ranges from c. 300-800 mT 
(Kruiver and Passier, 2001). Meanwhile, for the marl samples, 
the B1/2 range are more homogeneous ranging from 40 to 55 mT 
for component 1 (N = 5, average: 47.2 mT, standard deviation: 
5.0 mT), and from 300 to 1000 mT for component 3 (N = 5, 
average: 610 mT, standard deviation: 250 mT). Component 1 
is again magnetite and component 3 could be either hematite 
or, less likely, very fine-grained goethite. It should be realized, 
however, that its (magnetic) presence in small amounts precludes 
a precise characterization.

Limestone DPs for component 1 range from ~0.25 to ~0.40 
(N = 24, average: 0.334, standard deviation: 0.055). Data for 
component 3 are respectively N = 24, range 0.24-0.39, average: 

0.312, standard deviation: 0.081. For the marls component 
1 data are N = 5, range 0.34-0.38, average: 0.351, standard 
deviation: 0.017 and component 3 data are N = 5, range 0.24-
0.38, average: 0.316, standard deviation: 0.062. B1/2 and DP 
values of component 1 are compatible with other data for 
detrital magnetite (Kruiver and Passier, 2001; Kruiver et al., 
2003).

4.2 NRM demagnetization diagrams
In general, marls have a higher NRM intensity (~2 to ~50 
mA/m) than limestones (~0.5 to ~3 mA/m). Mainly the 
combined thermal and AF demagnetization treatment was used 
for the NRM component analysis. The directions of viscous 
components were fairly random for all formations as can be 
seen from the Zijderveld diagrams (Figure 3e-h). Samples show 
generally only one high field component, between 30 mT to 
100 mT. No gyroremanent magnetization was observed when 
demagnetizing, except in some samples from the lowest Cabó 
Fm site (site 69) in the Segre River transect.

Figure 3e-h shows representative Zijderveld diagrams of 
each formation. After tectonic correction, the declination of the 
ChRM in the limestone formations (Hostal Nou and Prada C) 
(Figure 3e, f ) is more westerly than that of the marl formations 
(Cabó and Senyús) (Figure 3g, h). The Hostal Nou formation 
(Figure 3e) has a ChRM declination around 290° and inclination 
around 57°, while the declination of the of the top part of the 
Prada Formation, Prada C, (Figure 3f ) is around 315° with an 
inclination of c. 60°. There was no significant declination and 
inclination difference between the two marl formations (Cabó 
and Senyús). The common declination is c. 335° and inclination 
is around 55°. Table 2 gives the paleomagnetic results, both in 
situ and tilt corrected, from all sites in the OB. They can be 
conveniently grouped into four transects, from West to East: 
Anell, Cabó, el Vilar, and Segre river transects.

In the westernmost Anell transect, the Prada C and Cabó 
formations have almost the same declination after tectonic 
correction (328.9° for Prada C with α95 = 6.7 and 326.1° 
for Cabó with α95 = 4). Furthermore, the Prada C site has a 
somewhat suspect steep inclination of around 67° with α95 = 
6.7°. In the Cabó Formation, the mean inclination of 5 sites is 
less steep than that in the Prada C formation, c. 58.5° with α95 
= 4° after tectonic correction.

The Cabó transect is located nearby the village of Cabó, to the 
east of the Anell transect. It contains three Formations: Prada 
C, Cabó and Senyús. The mean declination and inclination 
of the Prada C and Cabó Formations are virtually identical 
after tectonic correction (declination/inclination: 316.1°/60.1° 
with α95 = 7.0° versus 325.8°/57.3° with α95 = 3.6°). The Cabó 
Formation is also indistinguishable from the mean direction 
from the Anell transect (326.1°/58.5° with α95 = 4°). The mean 
declination in the Senyús formation is around 334.3° and the 
inclination is 53.9° with α95 = 2°. The limestone site in the 
Senyús Fm (site 38) in this transect was excluded from the 
average paleomagnetic direction for the Senyús marls because 
of the different lithology (349.5°/58.5° with α95 = 9.9°). After 
tectonic correction, the Senyús marls in the Cabó transect have 
a shallower inclination compared to the Prada C and Cabó 
Fms.
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Table 2 Paleomagnetic data before and after tectonic correction. N = number of the samples contributing to the mean from each site, n = number of 
measured samples from each site, Dg = declination in geographic coordinates, Ig = inclination in geographic coordinates, Ds = declination in stratigraphic 
coordinates, Is = inclination in stratigraphic coordinates. κ and α95 are the statistical parameters. For site OR1 only the results from strata above the 
breccia are included. Sites OR32b, OR38b and 65b are excluded from mean direction calculations. J21, J23 and J31 are taken from Dinanès-Turell and 
García-Senz (2000).

Site Unit/Formation N/n In Situ Tectonic Corrected

Dg Ig κ α95 Ds Is κ α95

Anell-transect 
Or58 Prada c 7/8 4.5 24.6 52.4  8.4 330.0 66.3  52.4  8.4
Or59 Prada c 2/3 8.5 26.2 -  - 324.3 70.8  -  -
Mean Prada C 9/11 5.4 25.0 61.9  6.6 328.9 67.3  60.9  6.7
Or60 cabó 6/7 8.4 21.4 56.5  8.4 341.4 58.0  52.4  9.3
Or61 cabó 8/8 350.1 20.5 84.2  6.1 333.5 62.7  84.2  6.1
Or33 cabó 5/5 342.1 17.7 79.9  8.6 319.5 47.3  79.9  8.6
Or32b cabó 10/11 5.4 17.0 114.7  4.8 353.0 59.0  126.3  4.3
Or35+36 cabó 9/11 343.5 21.7 92.8  5.4 313.4 60.1  127.0  5.4
Mean Cabó 28/31 350.4 20.9 40.2  4.4 326.1 58.5  48.5  4.0
Cabó-transect
OR49 Prada C 7/8 342.3 25.2 75.7  7.0 316.1 60.1  75.7  7.0
Or34 cabó 7/8 340.6 26.5 35.5  10.3 300.2 64.8  35.5  10.3
Or46 cabó 9/9 347.3 16.1 147.3  4.3 324.5 55.5  147.3  4.3
Or51 cabó 8/8 354.7 18.1 24.9  11.3 325.0 56.9  24.9  11.3
Or50 cabó 9/9 1.3 18.0 23.6  10.8 338.6 59.1  23.6  10.8
Or52 cabó 8/9 356.2 18.8 63.6  7.0 336.3 55.3  63.6  7.0
Or47 cabó 11/11 341.5 20.5 34.0  7.9 322.7 52.0  34.0  7.9
Mean Cabó 52/55 350.2 19.7 29.5  3.7 325.8 57.3  31.4  3.6
Or10 Senyús 11/13 351.7 18.8 672.9  1.8 337.2 59.4  672.9  1.8
Or11 Senyús 12/13 347.6 13.5 76.6  5.6 330.7 51.2  55.3  5.9
Or37 Senyús 12/14 352.7 16.7 50.5  6.2 338.4 50.8  50.5  6.2
Or38b Senyús 8/9 356.3 14.2 32.2  9.9 349.5 58.5  32.2  9.9
Or39 Senyús 5/7 357.8 15.4 420.5  3.7 337.3 59.8  117.5  6.2
Or40 Senyús 4/4 346.6 11.6 325.6  5.1 330.6 45.9  324.2  5.1
Or41 Senyús 4/7 2.4 8.9 308.4  7.0 338.2 60.5  29.4  17.2
Or42 Senyús 8/11 353.3 12.9 109.5  5.3 338.0 52.3  109.7  5.3
Or43 Senyús 12/14 346.1 22.9 116.3  4.0 327.7 59.7  116.1  4.0
Or44 Senyús 7/8 343.5 8.8 49.0  8.7 326.1 46.7  49.1  8.7
Or45 Senyús 7/8 348.8 2.6 111.5  5.7 334.3 49.0  111.3  5.7
Mean Senyús 80/99 350.4 14.3 55.7  2.1 334.3 53.9  66.2  2.0
el Vilar-transect
Or53 Prada c 6/9 350.4 30.1 67.3  8.2 318.0 61.7  67.3  8.2
Or54 Prada c 4/8 333.8 22.5 73.3  10.8 306.9 60.1  73.3  10.8
Mean Prada C 10/17 343.5 27.5 41.8  7.6 313.4 61.2  71.1  5.8
Or12 cabó 6/8 353.8 18.4 166.7  5.2 333.5 55.4  166.7  5.2
Or48 cabó 7/10 340.6 15.7 21.9  13.2 324.8 50.2  21.9  13.2
Or64 cabó 9/9 348.3 12.5 60.1  6.7 327.2 52.9  60.1  6.7
Or65b cabó 7/8 7.8 24.6 24.7  12.4 0.1 72.2  17.3  13.7
Mean Cabó 22/27 347.4 15.2 39.2  5.0 328.0 52.8  45.2  4.7
OR9 Font Bordonera 8/14 138.3 82.4 158.8  4.4 4.2 50.6  156.3  4.4
Segre river-transect
Or1+J34 Barranc de la Fontanella 12/12 340.1 34.5 59.4  5.7 298.3 55.5  63.7  5.5
Or2+J32 Barranc de la Fontanella 10/10 336.5 33.5 174.9  3.7 280.2 55.7  179.3  3.6
Or3+J33 Barranc de la Fontanella 16/16 340.2 12.9 64.0  4.6 307.7 51.9  64.6  4.6
Or63 Barranc de la Fontanella 8/9 329.6 20.9 26.0  12.1 292.3 58.2  21.7  12.2
Mean Barranc de la Fontanella 40/47 336.6 26.0 30.9  4.1 295.8 55.9  42.0  3.5
OR21+J31 Hostal Nou 20/20 341.3 31.5 87.3  3.5 278.8 54.4  70.1  3.9
Or23+J23 Prada c 10/11 346.3 10.0 70.0  5.5 316.4 60.4  66.1  5.7
Or24+J21 Prada c 9/9 358.4 10.7 52.3  7.2 316.9 57.5  52.3  7.2
Mean Prada C 19/20 350.0 8.3 42.0  5.2 316.4 55.2  68.7  4.1
OR69 Cabó 70/71 354.4 7.3 112.6  1.6 336.6 48.6  112.6  1.6
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In the el Vilar transect, the Font Bordonera formation (1 site) 
is found in addition to the Prada C (2 sites) and Cabó (4 sites) 
Fms. After tectonic correction, the declination of the Prada 
C and Cabó Fms differs c. 15° (313.4° with α95 = 5.8° versus 
328.0° with α95 = 4.7°), their inclination is also quite different 
(61.2° for Prada C with α95 = 5.8° and 52.8° for Cabó with α95 
= 4.7°). The Font Bordonera formation has a mean declination 
4.2° and inclination 50.6° with α95 = 4.4°.

In the Segre River transect there are (stratigraphic order) 
the Barranc de la Fontanella, Hostal Nou, Prada C, and Cabó 
Formations. From old to young, the declination after tectonic 
correction is increasing, with 296° (α95 = 3.5°) for the Barranc 
de la Fontanella Fm., 279° for Hostal Nou (α95 = 3.9°), 316° for 
Prada C (α95 = 4.1°), and 337° for Cabó (α95 = 1.6°). Compared 
to the declination, the inclination is quite consistent, with 55.9° 
for Barranc de la Fontanella, 54.4° for Hostal Nou, 55.2° for 
Prada and 48.6° for Cabó.

All directions have a normal polarity, while the Lower 
Cretaceous before the Cretaceous Normal Superchron (CNS) 
should contain many reversed polarity levels. Therefore, the 
older rocks (primarily Barranc de la Fontanella and Hostal 
Nou formations) must be remagnetized, having a declination 
around 279-295°. The Aptian and Albian marls (Cabó and 
Senyús formations) have a declination of c. 330° and are 
deposited during the CNS. The declinations fit the expected 
directions of Iberia (Dinarès-Turell and García-Senz, 2000), so 
they are considered primary (in line with the positive fold test 

published by Dinarès-Turell and García-Senz, 2000). Prada 
C is considered somehow ‘transitional’ between remagnetized 
and unremagnetized. Together with deviating rock-magnetic 
properties Dinarès-Turell and García-Senz (2000) argue that 
they are remagnetized,. We conclude that the data of the four 
transects agree with the results along the Segre river (Dinarès-
Turell and García-Senz, 2000).

5 Discussion

Figure 6 shows an overview of the paleomagnetic results after 
tectonic correction. They can be slightly different for the same 
formations in the different transects. The declination of the 
Prada C formation in the Anell transect (328.9°) is c. 10° higher 
than in the Cabó, el Vilar and Segre river transects (316.1°, 
313.4° and 316°). For the Cabó formation, the declination in 
the three westernmost transects is statistically indistinguishable 
(326.1°, 325.8° and 328.0°). However, the declination of the 
Segre river transect is higher (336.6°). Inclinations from this 
formation remain the same in the Anell and Cabó transects 
(58.5° and 57.5°), then decrease slightly from the el Vilar to 
Segre River transects (52.8° to 48.6°). Paleoslopes differ in 
the eastern tip of the OB (García-Senz, 2002), one could 
speculate that the minor changes in inclination are related 
to paleogeography. When looking at different formations 
in the same transect, declinations show a geographically 
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Figure 6 Overview of the paleomagnetic data (after tectonic correction) from the different transects and different formations. In the insets, the arrows 
show the mean declination per formation in each transect. The shaded areas around the arrow show the α95 ranges. Mean inclinations are also shown. Site 
numbers are written on the right side of the insets. On the map, circles show the groups of averaged sites.
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coherent pattern in the Segre River transect. The Barranc de 
la Fontanella and Hostal Nou formations are remagnetized 
with a declination around 279-296°, while the Cabó formation 
has an unremagnetized direction with a declination of c. 337°. 
The Prada C formation has a declination in between at c. 316°. 
From the el Vilar transect, it seems that the Font Bordonera 
Formation is not remagnetized with declination around 4.2°. 
The Senyús marl Formation also has not been remagnetized, 
giving the directions with a declination of c. 334°.

At the Barremian-Aptian boundary, in the lowermost Cabó 
Fm, the topmost reversed polarity zone M0r of the M-sequence 
is not found. However, this could be because of a small hiatus 
in the sequence as suggested by García-Senz (2002). Site 69, 
which possessed a gyroremanence possibly caused by greigite, 
corresponds to the Ocean Anoxic Event 1a with an age of ~124-
123 Ma (Gradstein et al., 2004). The sulfide magnetic mineralogy 
would be in line with the anoxic depositional environment.

5.1 ‘Fault breccia’ test
At the Tithonian-Berriasian boundary (site 1), the occurrence 
of a synsedimentary breccia offered the possibility to constrain 
the timing of the remagnetization. Nineteen clasts close to 
a small fault possibly related to the back-thrust system were 
sampled. Cores were also drilled in the Berriasian strata directly 
above the brecciated zone.

After demagnetization, the limestones gave very well defined 
ChRM components (Figure 7A showing results from some 
clasts). The ChRM from the matrix samples is well grouped 
with a direction equivalent to the remagnetized direction 
(298°/56°). Samples from different clasts showed different NRM 
directions both with and without tilt correction. For all clasts, 
the ChRM components appear to be randomly distributed 
(Fig. 7B left). Both Watson’s (Watson, 1956) and Shipunov’s 
tests (Shipunov et al., 1998) for randomness are positive 
(Watson test R = 6.16 vs. a critical R0 of 6.98; Shipunov test 
ρ = 0.191 vs. a critical ρ0 of 0.218). So, we are left with a rather 

Figure 7 A: Zijderveld diagrams of three selected specimens from the breccia at the J/K boundary after tectonic correction (TC). B: Equal area plot of 
HT components from site OR1. Data from the same clasts (small symbols) have been averaged. Open/closed dots: up/down-pointing direction from 
clasts. Asterisks: directions from the Berriasian limestones above the breccia. The statistical results of Shipunov’s conglomerate (Shipunov et al., 1998) and 
Watson’s randomness test (Watson, 1956) show that the conglomerate test is positive.
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puzzling result: clast directions of a conglomerate are random 
with respect to a remagnetized direction. This can be explained 
in two ways. Firstly, the Berriasian rocks are remagnetized 
but that the clasts escaped remagnetization. This is unlikely 
because their demagnetization behaviour and intensities are 
comparable. Secondly, which is our preferred interpretation, 
is that the clasts have moved after the remagnetization which 
is interpreted to have occurred during faulting related to later 
compression including the final back-thrusting. Consequently, 
the remagnetization is older than the back-thrust, which was 
active around 40 Ma (Gibbons and Moreno, 2002).

5.2 Remagnetization mechanism
Several models for remagnetization have been proposed over the 
last decades (McCabe and Elmore, 1989; Katz et al., 1998; Katz 
et al., 2000; Evans and Elmore, 2006). In the OB thermoviscous 
resetting of the NRM is highly unlikely as we will argue below. 
The remagnetized limestones contain goethite, a high coercivity 
mineral in variable concentrations, while the marls, which have 
not been remagnetized, are characterized by minute amounts 
of hematite. On a molar basis these concentrations imply an 
appreciable amount of goethite or hematite, and these phases 
are confined to stylolites similar to observations by Evans and 
Elmore (2006). This would suggest that recent weathering is not 
responsible for goethite, but that the goethite formed during 
burial diagenesis. Although the burial history of the OB is 
less well known than that of the Devonian formations studied 
by Evans and Elmore (2006) their geological history bears 
similarities. In both cases, ~5 km thick sedimentary sequences 
of limestones and marls were subjected to later shortening 
by thrusting. Evans and Elmore’s (2006) model calculations 
and experimental data from Langmuir (1971) limits burial 
temperatures to ~150°C. This concurs with the observation 
of slightly plastically deformed carbonates in thin sections. A 
temperature of ~150°C is too low to explain the remagnetization 
by means of thermoviscous resetting during the Cretaceous long 
Normal Superchron, the only period with a sufficiently long 
duration of normal polarity. Also the prograde epidiagenetic 
setting makes a purely physical process like thermoviscous 
resetting implausible.

Therefore some form of a chemical remanent magnetization 
(CRM) must have occurred. The current debate of CRM 
models focus on the source of the new magnetic minerals. 
During the rock history, “orogenic” or “basinal” fluids could 
have passed through the rock pile (e.g. Oliver, 1986). Either 
externally or internally derived fluids could have caused 
magnetite formation along with mineralization, potassium 
metasomatism, dedolomitization and dolomitization (Suk et al., 
1990; Brothers et al., 1996; Xu et al., 1998; Elmore et al., 2006). 
Meanwhile, burial diagenesis could also play an important role 
because the transformation of smectite to illite would serve as 
a source for the iron in CRM magnetite without the need for 
extensive volumes of fluid (Elmore et al., 1993; Katz et al., 1998; 
Katz et al., 2000; Woods et al., 2002; Blumstein et al., 2004). The 
potential effects of pressure solution that occurs prominently 
in limestones (Passchier and Trouw, 1996) on remagnetization 
remain equivocal (e.g. Evans et al., 2003).

Along the lines of reasoning developed by Dinarès-Turell 
and García-Senz (2000) we relate remagnetization primarily 

to burial. If buried sufficiently deep, remagnetization would 
occur in the lower part of the sequence while its top part would 
not be remagnetized, nicely in line with our observations. It is 
difficult to invoke large amounts of basinal fluids in the OB 
setting. There are no low-temperature ore deposits known and 
the rocks do not look heavily ‘fluidized’. Moreover, Machel and 
Cavell (1999) argue in the case of Paleozoic carbonate basins in 
the Canadian Rocky Mountain foreland basin that the volume 
of basinal fluids is too low to be able to account for pervasive 
remagnetization. This makes a local source plausible, like the 
smectite to illite transition during burial whereby some iron is 
liberated that precipitates as magnetite (Katz et al., 1998; Katz 
et al., 2000).

However, the burial depth in the OB varies depending on the 
position within the basin. The topmost remagnetized formation, 
the Prada C Formation, yet shows a coherent paleomagnetic 
behavior in the E-W sense, seemingly independent of burial 
depth. So, burial alone may not be the sole explanation. A 
possibility would be that remagnetization is earlier noticed 
in the limestones because they are simply considerably less 
magnetic than marls, noting that the platform carbonates that 
have not been remagnetized often yielded very low NRM 
intensities. An added remagnetized component would be much 
quicker traceable in that case.

Observations in the field show that the remagnetized 
limestones clearly have undergone pressure solution. It indicates 
that there must have been dissolution, diffusive transport, and 
reprecipitation. Therefore, pressure solution certainly may be 
associated with remagnetization.

Another possibility would be exploring the possibility of 
remagnetization during folding, i.e. compression. Unfortunately 
it is hard to relate the remagnetization explicitly to the folding 
because in the OB only one remagnetized fold limb is exposed. 
So, establishing an early or late acquisition depending on 
position in the orogenic front as proposed for Paleozoic 
limestones in North America (Stamatakos et al., 1996; Enkin et 
al., 2000) is not possible for the OB. Whether remagnetization 
is acquired during partial tilting to the South (as anticipated 
in the extensional setting) is currently being explored. Dinarès-
Turell and García-Senz (2000) argue for remagnetization by 
means of elevated geothermal gradient during the syn-rift 
deposition of the marls, something which we consider realistic.

Also, the different deformational behavior of limestones 
and marls may provide a lead. Limestones are more prone to 
pressure solution than marls and neoformation of magnetite in 
a tectonic or burial stress field may have occurred. In this matter 
the suggestion by Zegers et al. (2003) and the experimental data 
of Moreau et al. (2005) could be meaningful. The latter authors 
document that differential stress assists magnetite formation. 
If this can be extended to the setting in the OB, it provides 
a provisional explanation for the limestones being more prone 
to remagnetization than marls. It should be realized that the 
remagnetization – once formed – is quite stable: it survives the 
tectonic action of later faulting.

So, it is most plausible that the neoformation of the magnetite 
occurred early, either in the elevated temperature regime 
prevailing during the half-graben style extension, or in the 
earliest stage of the compression (See also Villalaín et al., 2003). 
This concurs with arguments developed by Evans and Elmore 
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(2006) for the Devonian Helderberg and Tonoloway formations. 
In the OB the role of external fluid remains currently elusive; 
field observation suggests that it is not prominent. Machel and 
Cavell (1999) argue for Devonian aquifers in the foreland of the 
Rocky Mountains (Canada) that the flux of such fluids is low 
confining their expression to late-stage overgrowths. To further 
constrain the role of external fluids, strontium isotope analysis 
of our samples is currently being planned.

6 Conclusion

Analysis of new paleomagnetic data f rom most of the 
Organyà Basin shows that the remagnetization in the OB is 
confined to the limestone part of the lithological sequence. 
Thermoviscous resetting can be ruled out as remagnetization 
mechanism because inferred maximum burial temperatures 
are ~150°C, too low to make thermoviscous resetting a viable 
option. Epidiagenetic processes have caused neoformation of 
magnetite; which could have been assisted by deformational 
processes. Pressure solution certainly must have played a role 
in the remagnetization. A large effect of external fluids is not 
likely but cannot entirely be excluded. To shed light on this 
issue strontium isotope analysis is being planned. The elevated 
thermal gradient that prevailed during the syn-rift extension is 
likely to have caused remagnetization in other basins in similar 
setting. Whether or not it is possible to better constrain the 
timing of the remagnetization is currently being investigated.
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Abstract

Northern Iberia exposes a series of Mesozoic sedimentary 
basins, of which the final formation history is tied to the rotation 
episode during the Aptian (Gong et al., 2008b), related to the 
opening of the Bay of Biscay. Many of these basins experienced 
widespread remagnetization, previously loosely tied to a ‘Mid-
Cretaceous thermal event’. Here we make use of the improved 
apparent polar wander path (APWP) of Iberia to narrowly 
constrain the age of their remagnetization to show that several 
basins experienced a regional diachronous remagnetization.

We apply the small circle intersection (SCI) method 
(Waldhör and Appel, 2006), to restore the paleomagnetic field 
during remagnetization in the Organyà Basin in the Southern 
Pyrenees, Spain, where both the age of remagnetization is 
stratigraphically well-dated to around the Barremian-Aptian 
boundary, and where the paleomagnetic direction during 
remagnetization has been well-established. The resulting 
direction of D/I = 316.8°/54.8° (with a95 = 3.3) corresponds 
closely to a recently improved APWP of Iberia (Gong et al., 
2008b), providing support for the applicability of this method. 
Application of the SCI method allows us to show that the 
older portion of the remagnetized beds were already tilted by 
~15-20° to the South during the remagnetization as a result 
of half-graben formation in the Organyà Basin. Moreover, the 
positive outcome of the SCI technique enables us to argue 
that previously published results from three other basins – the 
Cabuérniga and Cameros basins and the Iberian range – can be 
straightforwardly compared to the APWP. Hence, we show that 
the four pervasively remagnetized basins under consideration 
all acquired their remagnetization at different times. The 
remagnetization events were thus confined to these sedimentary 
basins on an individual ‘per basin’ scale – albeit occurring on a 
regional scale over a period of at least ~10-15 Myr. Therefore, 
we propose that the Cretaceous remagnetization events in 
northern Iberia are related to the extensional tectonic rifting. 
The pervasive remagnetization is most likely basin confined 
because there is no apparent overall regional or temporal trend 
among the basins. Reasonable explanations for remagnetization 
are those that can occur on the scale and within the context 
of individual sedimentary basins. These include the interplay of 
burial depth and an elevated geothermal to reach the diagenetic 

temperatures required for magnetite-producing reactions. In the 
Iberian situation, there is no need to invoke more speculative 
regional Iberia-wide mechanisms.

Keywords: Remagnetization, Small Circle Intersection, Organyà 
Basin, Pyrenees, Aptian, Iberian rotation

1 Introduction

Paleomagnetism is a frequently used, quantitative tool for 
(plate) tectonic studies. Pervasive remagnetization, common 
in many geological environments, evidently complicates the 
geological interpretation of the natural remanent magnetization 
(NRM) for the paleomagnetic studies. Remagnetized strata do 
not carry a primary NRM, i.e. an NRM of the same age as the 
rock unit, making those sample collections unsuited for classic 
paleogeographic or tectonic reconstructions. Remagnetization 
was considered a fairly rare phenomenon in the 1960s but 
became increasingly documented since the early 1980s 
(McCabe et al., 1983), in particular in limestones and marls that 
make up large portions of orogenic belts and their forelands. At 
present, remagnetized rock units are common place in many 
orogens and paleomagnetic data sets are tested to identify 
possible remagnetization. Often such analyses are based on the 
application of field-tests, in particular (versions of ) the fold test, 
and comparing paleomagnetic pole positions to the apparent 
polar wander path (APWP) of the respective tectonic unit.

The recognition of the causes, and possibly, correction for 
remagnetization has been subject of many studies (e.g. Katz 
et al., 1998; Machel and Cavell, 1999; Elmore et al., 2006a). 
One notorious problem with identification of the mechanisms 
behind remagnetization concerns the timing and regional 
extent of such events: a remagnetization event restricted to a 
sedimentary basin may make other mechanisms plausible than 
one that occurs continent-wide. A region which has been shown 
to be remagnetized regionally during the Cretaceous concerns 
the Iberian Peninsula (e.g. Galdeano et al., 1989; Moreau et 
al., 1992; Villalain et al., 1994; Moreau et al., 1997; Juárez et 
al., 1998; Dinarès-Turell and García-Senz, 2000; Villalaín et 
al., 2003; Márton et al., 2004; Casas et al., 2008; Gong et al., 
2008a; Soto et al., 2008). This remagnetization is related to 
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the ‘Mid Cretaceous thermal anomaly that prevailed during 
the extensional phase’ (e.g. Juárez et al., 1998; Dinarès-Turell 
and García-Senz, 2000). This extensional phase refers to the 
opening of the Bay of Biscay, during a contemporaneous Aptian 
counter-clockwise rotation phase of Iberia. The Cretaceous 
remagnetization has regionally been documented from the 
Cabuérniga Basin to the Iberian Range (Figure 1).

Remagnetization may occur well after sedimentation and the 
beds may have been tilted prior to remagnetization. Correction 
for bedding tilt thus does not necessarily yield the paleomagnetic 
direction during remagnetization. Proper reconstruction of this 
direction, which allows comparison to the APWP, however, may 
put important constraints on the timing of remagnetization, 
which in turn is essential in assessing its cause. The small circle 
intersection (SCI) method which is proposed by Shipunov 
(1997) and later perfected by Enkin et al. (2002); Enkin (2003); 
Waldhör and Appel (2006), can be used to determine the 
paleomagnetic direction during remagnetization from a series 
of remagnetized sites. This method has recently been applied to 
remagnetized Mesozoic basins in the Iberian Peninsula (Casas 
et al., 2008; Soto et al., 2008). The SCI method uses of the 
inherent variability in bedding strike of a folded tilted basin. 
Upon rotation around the bedding strike the NRM component 
directions of individual sites describe small circles. The only 
possible direction that fits all small circles is their common 
crossing point and by seeking the maximum concentration 
of small circle crossings, the paleomagnetic direction during 
remagnetization can be calculated.

The Organyà Basin in north-eastern Iberia contains 
a Berriasian-Barremian remagnetized and an Aptian-
Cenomanian non-remagnetized, syn- and post-rift sedimentary 
sequence (García-Senz, 2002). From these syn-rift sedimentary 
sequences, Gong et al. (2008b) reconstructed and dated the 
Aptian rotation history of Iberia, further constrained by a 
review of Iberian paleomagnetic and marine magnetic anomaly 
data. From the stratigraphic relationships Dinarès-Turell and 
García-Senz (2000) already inferred that remagnetization 
occurred around the onset of the intensive rifting phase in the 
basin. Because the timing and the paleomagnetic direction of 
the remagnetization in the Organyà Basin are well constrained, 
this basin provides a unique opportunity to further investigate 
the validity of the SCI method in the reconstruction of syn-
remagnetization paleomagnetic directions, using new and 
published data. The reconstructed direction of Organyà Basin, 
as well as published remagnetization directions, will then be 
compared to the recently improved Iberian APWP to determine 
their ages.

By analysing the Cretaceous northern Iberian basins we thus 
investigate whether the remagnetization was a single event 
that has operated ‘Iberia-wide’ or whether it was active more 
regionally on a ‘per basin’ scale. Either option has its bearing on 
remagnetization scenarios, an item that we address at the end 
of this contribution.

2 Remagnetization mechanisms

The regular occurrence of remagnetization in anchimetamorphic 
and very low grade metamorphic rocks has motivated 

research into its mechanism. Broadly speaking two main 
categories of mechanisms have been proposed. The first 
involves viscous resetting of existing magnetic minerals at the 
burial temperature for the burial duration, referred to as the 
thermoviscous remagnetization (TVRM) model (Kent, 1985). 
This mechanism may have some credibility for rocks that are 
at their most elevated burial temperature during a long single 
polarity chron, for example the reversed Kiaman superchron 
during the Hercynian orogeny, and could occur on a regional 
scale. However, in many cases the prevailing burial temperatures 
are too low to make the TVRM model plausible and 
neoformation of magnetic minerals has been put forward as an 
alternative. This model is referred to as the chemical remanent 
magnetization (CRM) model (e.g. McCabe and Elmore, 1989). 
Fluids are presumed to have delivered the constituents for the 
newly formed magnetic minerals. Older scenarios involved vast 
amounts of ‘orogenic fluids’ that would have moved orogen-
wide (e.g. Oliver, 1986; Morris and Robertson, 1993). More 
recent remagnetization studies take a more conservative 
approach and do not involve (large amounts of ) external fluid 
(sometimes referred to as squee-gee fluid) (e.g. Katz et al., 
1998; Machel and Cavell, 1999; Katz et al., 2000; Blumstein 
et al., 2004). These document that diagenetic reactions deliver 
iron, required to form magnetite, amongst others by reactions 
involving clay minerals obviating the need for external fluids. 
This scenario can also occur in a more confined regional scale. 
When dolomitization of the carbonates is occurring, evolved 
fluid is reported to have migrated in relation to remagnetization 
and oil generation (e.g. O’Brien et al., 2007). The role of pressure 
solution in remagnetization is equivocal (e.g. Evans et al., 2003; 
Elmore et al., 2006b) but it requires compression and would be 
less likely in an extensional setting.

3 Organyà Basin: Geological setting and sampling

The Organyà Basin is located in the Bóixols thrust sheet in 
the southeast Pyrenees, Spain (Fig. 1). During the Cretaceous 
opening of the Bay of Biscay, the Iberian microplate rotated 
~35° counter-clockwise (CCW) with respect to Eurasia (Carey, 
1958; Bullard, 1965; Van der Voo, 1967, 1969; Srivastava et al., 
1990; Sibuet et al., 2004; Gong et al., 2008b). Based on both 
paleomagnetic data from Iberia and ocean floor magnetic 
anomaly data from the Bay of Biscay, the timing of the Iberian 
rotation is now well constrained to the Aptian (Gong et al., 
2008b). During the Iberian rotation, several syn-rotational 
extensional basins including the Organyà Basin, formed along 
northern Iberia, which later inverted since ~80 Ma during the 
Pyrenean orogeny.

The Organyà Basin, an west-east trending inverted half-
graben, is now exposed in the hanging wall of the Bòixols thrust 
(Dinarès-Turell and García-Senz, 2000). Its extensional history 
is characterized by Tithonian-Barremain proto to early syn-rift, 
Aptian syn-rift and a post-Aptian post-rift covers. The bulk 
of the inversion occurred during the Santonian-Maastrichtian 
compression. The southern margin of the graben was inverted as 
the Bòixols thrust sheet (Bond and McClay, 1995). The original 
northern margin is less certainly known since exposures coincide 
with a passive-roof backthrust, located in the contact with 
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the Axial Zone antiformal stack (Dinarès-Turell and García-
Senz, 2000). The compressive tectonics led to the development 
of folds in the basin, such as the present main structure, the 
approximately E-W trending Santa Fè syncline (Fig. 1).

The Organyá Basin comprises about 4.5 km of hemi-
pelagic to pelagic Cretaceous sediments (Fig. 2). These are 
mainly limestones and marls. Their age is well constrained by 
biostratigraphy in stages and sub-stages (Becker, 1999; Bernaus 
et al., 1999; Bernaus, 2000; Bernaus et al., 2000; Bernaus et 
al., 2003). The lower sediments include Berriasian-Barremian 

platform carbonates with a lagoonal depositional environment 
(García-Senz, 2002). The limestones grade into Aptian-Albian 
marls and depositional conditions changed to coastal-marine 
with a high sedimentation rate (~27 cm/kyr). Before the post-
rifting Cenomanian sediments were deposited, the top of the 
Albian sediments was eroded in the eastern end of the Organyá 
Basin, producing an upper Albian to lower Cenomanian hiatus 
leading to an angular unconformity.

Previous studies (Dinarès-Turell and García-Senz, 2000; 
Gong et al., 2008a) show that the upper part of the statigraphy 
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in the Organyá Basin has a primary NRM. This is supported by 
positive fold tests, normal polarities in the Cretaceous Normal 
Superchron, and rock magnetic results. The non-remagnetized 
formations include Cabó marls, Senyús marls, Font Bordonera 
marls, Lluçà marls, Coll d’Abella limestones and Santa Fè 
limestones (Fig. 2). However, the sediments from the lower 
part of the stratigraphy, from the Berriasian to Barremian, are 
remagnetized. These involve the Prada A, Prada B, Hostal Nou 
and Barranc de la Fontanella formations (Fig. 2). The Prada C 
formation represents the transition from remagnetized to non-
remagnetized rocks. These remagnetized sediments all show 
normal polarity, whereas biostratigraphy would suggest that 
approximately half of the sites should have a reversed polarity 
(Dinarès-Turell and García-Senz, 2000; Gong et al., 2008a; 
Gong et al., 2008b) (Fig. 2). The associated rock magnetic 
studies show that the magnetic mineral is mainly magnetite 
with minor hematite and goethite (Dinarès-Turell and García-
Senz, 2000; Gong et al., 2008a).

For this study, twenty nine sites covering the entirely 
remagnetized as well as transitional series in the Organyá Basin 
were used (Table 1). Two new sites (OR13 and OR14) (Fig. 1) 
from the east of the basin were sampled by a portable gasoline-
powered drill, and combined with 13 other sites (labelled OR#) 
from our previous studies (Gong et al., 2008a; Gong et al., 
2008b). Furthermore, 14 of sites (labelled J#) from Dinarès-
Turell and García-Senz (2000) were used (Table 1, Fig. 1).

4  Paleomagnetic analysis and small 
circle intersection (SCI) results

4.1 Paleomagnetic analysis
Thermal demagnetization for sites OR13 and OR14 was 
processed in a laboratory-built furnace with small steps from 
room temperature up to 500°C; the NRM was measured with 
a 2G Enterprises DC-SQUID magnetometer. Zijderveld 
diagrams (Zijderveld, 1967) and principal component analysis 
(Kirschvink, 1980) were used to determine the characteristic 
remanent magnetisation (ChRM) directions. The NRM 
intensity of these limestone samples ranges between ~ 0.1 and ~ 

1.1 mA/m. A low-temperature component (lower than 240°C) 
with normal polarity before tilt correction was interpreted as the 
present-day geomagnetic field overprint and was not analyzed 
further. An univectorial high-temperature component in both 
sites, from 240°C to 410°C, is considered to be the ChRM 
component (Fig. 3). After tectonic correction, the ChRMs 
from both sites have a positive inclination and also a normal 
polarity, however, their declinations are distinctly different with 
a northerly direction for OR14 and south-westerly direction 
for OR13, respectively (Fig. 3, Table 1). Previous results from 
the same formation (Prada A, B), also revealed a single, normal 
polarity component with a similar demagnetization behaviour. 
Therefore, these two sites are also considered to be remagnetized 
and used together with the other remagnetized sites for further 
analysis.

4.2 Small Circle Intersection (SCI) results
The SCI method (Waldhör and Appel, 2006) assumes that 
a tilted remanence has been rotated around a horizontal axis 
parallel to the bedding strike. Following this presumption, if no 
differential vertical axis rotation has occurred between the sites 
of a folded sequence or area, the paleomagnetic directions can 
be restored by the intersection of the remanence small circles 
(Shipunov, 1997). This method can be applied not only to syn-
folding, but also to pre-folding NRMs (Waldhör and Appel, 
2006). In the Organyà Basin, it is impossible to apply the fold 
test on the remagnetized and transitional limestones because 
of the low variety of bedding tilts and the non-exposure of 
northerly dipping strata. However, a post-folding origin of the 
remagnetized and transitional magnetization is unlikely because 
it gives an uninterpretable remanence inclination in geographic 
coordinates (Dinarès-Turell and García-Senz, 2000) (see also 
Table 1). Therefore, the secondary remanent magnetization in 
the Organyà Basin is either syn-folding or pre-folding. In this 
case, we can use the SCI method to restore the remagnetization 
direction. According to the geological record in the Organyà 
Basin, all sites in this study belong to the same overall fold 
structure. Thus, the local geological background fits the 
SCI criteria. In Figure 4, we applied the SCI method to the 
transitional and remagnetized directions (29 sites) from east 
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to west throughout the Organyà Basin. The bedding strikes 
range from 89°-120 (except for one bedding with strike/dip: 
296°/18°), and the remanence small circles are intersecting. Our 
restored paleomagnetic direction is D = 316.8°, I = 54.8° (a95 = 
3.3), which is very close to the transitional direction (Prada C) 
in the Organyà Basin (Fig. 4).

5 Discussion

5.1 Bedding tilt of the Organyà Basin during remagnetization
Application of the SCI method to the remagnetized sites of the 
Organyà Basin shows that the best clustering of paleomagnetic 
directions almost coincides with the 100% tilt-corrected 
directions from the Prada C Formation. From this we can 
infer that the Prada C Formation was subhorizontal during 
remagnetization. However, the SCI results show that a full 
tilt-correction of the remagnetized paleomagnetic directions 
obtained from older strata in the Organyà Basin gives an 
overcorrection to the south of approximately 10-20°. From this 
we can infer that the older strata below Prada C were already 

mildly tilted to the south by approximately 10-20° when the 
remagnetization occurred. It is plausible this tilt relates to 
the early moderate extension history of the Organyà Basin 
in pre-Aptian time, back-tilting the stratigraphy against the 
then normal fault which later became the Bòixols thrust. A 
comparable conclusion was recently reached for the bedding tilt 
during remagnetization in the Cabuérniga Basin by Soto et al. 
(2008).

5.2 Timing of the Iberian-wide remagnetization
In the Organyà Basin, the paleomagnetic direction of the Prada 
C Formation (uppermost Barremian-lowermost Aptian) was 
reported as transitional between the remagnetized and non-
remagnetized sequences. In the equal angle projection (Fig. 4), 
the transitional directions plot in a narrow range closer to the 
restored direction. The restored paleomagnetic field declination 
(D = 316.8°) is virtually the same as the direction derived from 
the oceanic magnetic anomaly pattern at M0 (~ 317°) (Sibuet et 
al., 2004), which defined the beginning of the Iberian rotation 
at the base of the Aptian (Fig. 5). Meanwhile, the obtained 
inclination (I = 54.8°) agrees as well with the APWPs of 
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Table 1The remanent magnetization parameters of the paleomagnetic sites in the Organyà Basin. The OR sites are from our studies (the new sites in bold) 
(Gong et al., 2008a; Gong et al., 2008b) and numbers as plotted in Figure 1; the J sites are from Dinarès-Turell and García-Senz (2000). N/n, is number 
of the samples contributing to the mean/measured samples from each site. D and I, are declination and inclination in degrees. κ and a95, are the precision 
parameter and their cone of confidence (Fisher, 1953).

In Situ Tectonic Corrected Corrected to  
D = 316.8°. I = 54.8°

Site Lithology Strike / Dip N / n D I κ α95 D I κ α95 D I

Barremian-Aptian (Prada C Fm)
Or49 dark L 111 / 57 7/ 8 342.3 25.2 75.7 7.0 316.1 60.1 75.7 7.0 315.0 51.7
Or53 dark L 109 / 42 6 / 9 350.4 30.1 67.3 8.2 318.0 61.7 67.3 8.2 322.1 60.4
Or54 dark L 89 / 46 4 / 8 333.8 22.5 73.3 10.8 306.9 60.1 73.3 10.8 316.6 54.3
Or58 dark L 116 / 50 7 / 8 4.5 24.6 52.4 8.4 330.0 66.3 52.4 8.4 327.6 67.0
Or72 dark L 105 / 65 28 / 34 345.3 8.6 131.8 2.4 306.2 53.0 28.3 4.7 316.9 54.7
Or80 dark L 108 / 68 30 / 31 347.1 9.6 325.5 1.5 305.8 57.9 325.5 1.5 316.9 54.7
Or81 dark L 105 / 66 30 / 32 341.8 6.4 287.7 1.6 308.4 53.6 287.7 1.6 314.3 51.4
J21 dark L 120 / 67 9 / 9 358.4 10.7 52.3 7.2 316.9 57.5 52.3 7.2 317.9 57.2
J22 dark M 

and L
104 / 62 5 / 5 337.6 4.9 220.5 5.2 311.0 48.5 222.1 5.1 312.0 48.0

J23 dark L 100 / 60 10 / 11 346.3 10.0 70.0 5.5 316.4 60.4 66.1 5.7 321.3 58.2
Barremian (Prada B, A Fm)
OR13 light L 98 / 42 7 / 7 280.7 66.1 97.0 6.2 221.6 43.8 93.0 6.3 319.9 57.0
OR14 light L 296 / 18 6 / 7 339.9 58.9 216.5 4.6 354.5 44.8 216.3 4.6 324.9 64.9
J24 dark L 104 / 55 6 / 6 343.9 28.0 108.4 6.5 290.8 63.6 108.7 6.5 319.3 57.1
J25 dark L 120 / 50 7 / 7 348.9 24.4 72.2 7.2 311.8 52.3 72.3 7.1 315.5 51.6
J26 dark L 114 / 58 7 / 7 346.3 22.4 358.2 3.2 300.4 55.3 359.3 3.2 315.6 52.5
J27 dark L 110 / 45 5 / 5 339.6 33.5 63.1 9.7 296.2 57.1 63.1 9.7 315.8 53.1
J28 dark L 110 / 50 5 / 5 349.2 30.2 253.1 4.8 301.7 63.1 251.7 4.8 320.5 59.1
Valanginian (Hostal Nou Fm)
Or21+J31 dark M 

and L
116 / 51 20 / 20 341.3 31.5 87.3 3.5 278.8 54.4 70.1 3.9 314.9 50.7

Or68 dark L 110 / 60 70 / 80 343.1 24.0 96.3 1.7 290.8 57.1 97.7 1.7 315.6 52.9
J29 dark L 116 / 59 7 / 7 337.0 29.7 70.1 7.3 284.5 47.9 69.4 7.3 313.4 46.6
J30 dark L 116 / 51 5 / 8 345.0 33.7 304.6 3.2 290.5 57.5 305.0 3.2 316.6 54.3
Berriasian (Barranc de la Fontanella Fm)
Or1+J34 light L 106 / 46 12 / 12 340.1 34.5 59.4 5.7 298.3 55.5 63.7 5.5 331.9 65.6
Or2+J32 dark L 97 / 55 10 / 10 336.5 33.5 174.9 3.7 280.2 55.7 179.3 3.6 318.3 55.7
Or3+J33 dark L 97 / 56 12 / 12 337.6 15.0 72.9 5.1 307.0 53.4 66.2 5.4 308.8 45.1
Or63 dark L 91 / 57 8 / 9 329.6 20.9 26.0 12.1 292.3 58.2 21.7 12.2 306.4 44.2
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Iberia and Eurasia at the beginning of the Aptian (Besse and 
Courtillot, 2002; Gong et al., 2008b; Torsvik et al., 2008) (Fig. 
5).

The stratigraphy shows that the boundary between 
remagnetized and non-remagnetized rocks occurred at the 
beginning of intensive rifting at the Barremian/Aptian 
boundary (Fig. 2). Th erefore, both the results from SCI method 
and geological evidence yield the same age for the timing of 
the remagnetization, which supports the approach of the SCI 
method. Th us, we can use the SCI method in other Iberian basins 
without stratigraphic control at the age of the remagnetization 
to obtain its timing by comparison of the restored remagnetized 
direction to the well defi ned Iberian APWP.

Many paleomagnetic studies have reported on the widespread 
Iberian remagnetization during the Cretaceous (e.g. Galdeano 
et al., 1989; Moreau et al., 1992; Villalain et al., 1994; Moreau 
et al., 1997; Juárez et al., 1998; Dinarès-Turell and García-Senz, 
2000; Villalaín et al., 2003; Márton et al., 2004; Casas et al., 
2008; Gong et al., 2008a; Soto et al., 2008). Based on the recent 
study from Gong et al. (2008b) which combined all the available 
paleomagnetic data sets in Iberia and oceanic magnetic anomaly 
data in the Bay of Biscay together, the APWP of Iberia was 
calculated: the pre-rotation direction (D = 323.4° ± 9.7°, I = 50.2° 
± 9.7°) by averaging the Tithonian-Barremian paleomagnetic 
results; the post-rotation direction (D = 357.5° ± 4.0°, I = 47.1° 
± 4.0°) by averaging the Albian-Campanian data (Fig. 5). Th e 
Iberian rotation happened during the Aptian, ~35° CCW with 
respect to Eurasia (Gong et al., 2008b). Hence, for this study, 
we have a well defi ned APWP for Iberia. Meanwhile, recently 
the SCI method has been used to restore the paleomagnetic 
directions in the remagnetized sediments from the Cabuérniga 
Basin in the westernmost sector of the Basque-Cantabrian Basin 
(Soto et al., 2008) and Cameros Basin in the north-westernmost 
part of the Iberian Chain (Casas et al., 2008) (Fig. 1). Both of 
these basins have a similar basin development history as the 
Organyà Basin. Th e preserved sediments in the Cabuérniga 
Basin were entirely remagnetized with a syn-tectonic secondary 
NRM: a SCI restored paleomagnetic direction of D = 335.4°, 
I = 49.1° (a95 = 3.4) was obtained (Soto et al., 2008). Soto et 
al. (2008) constrained the remagnetization age to between the 
Valanginian and the Cenomanian. Comparison of this direction 
to our APWP now suggests an early to middle Aptian age of 
remagnetization. Th e diff erent restored declination indicates a 
smaller amount of rotation in the Cabuérniga Basin than in the 
Organyà Basin. Its remagnetization must be younger than that 
in Organyà Basin.

Juárez et al. (1998) reported a Cretaceous remagnetization 
in the Iberian Range. Th e direction of the Cretaceous overprint 
is defi ned as D = 344.9°, I = 45.2° (with a95 = 6.8), suggesting 
middle-late Albian remagnetization (Fig. 5). Th e Cretaceous 
sediments in the Cameros Basin (Fig.1) are also completely 
remagnetized (Villalaín et al., 2003). Application of the SCI 
method here gives a paleomagnetic direction of D = 359.0°, I 
= 51.5° (with a95 = 4.2) (Casas et al., 2008), which suggests a 
post-Aptian remagnetization, with an upper age limit defi ned 
by the onset of the Pyrenean orogeny (Santonian) (Fig. 5). 
Th erefore, from old to young, remagnetization of these four 
Iberian locations happened in the order: Organyà Basin 
(earliest Aptian), the Cabuérniga Basin (early-middle Aptian), 

the Iberian Range (middle-late Aptian) and the Cameros Basin 
(post Aptian, but before Pyrenean compression).

5.3 Implications for remagnetization mechanism
Th e Cretaceous evolution of Iberia is related to the opening 
of the Bay of Biscay and North Atlantic Ocean, and Iberia 
was mainly in a lithospheric stretching regime. Th e Iberian 
remagnetization was thus loosely linked to an elevated 
geothermal regime due to the extensional tectonics (e. g. Juárez 
et al., 1998; Márton et al., 2004). Here we assemble available 
information basin by basin.

In the Organyà Basin, the remagnetization occurred exactly 
at the beginning of the intensive rifting. As remagnetization 
mechanism, thermoviscous resetting was excluded because the 
burial temperature of ~ 150°C is too low (Gong et al., 2008a). 
In the CRM model, burial essentially without external fl uid is 
considered to be the most likely remagnetization mechanism 
in the elevated geothermal gradient regime during the syn-rift 
extension (Gong et al., 2008a).

In the Cabuérniga Basin, Soto et al. (2008) pointed out that 
the remagnetization is related to the basin extension when a 
high level of subsidence was reached because of thick syn-rift 
deposits (that have been eroded since). Further details were 
not provided. Because the remagnetization is syn-rotational, 
its duration (a few Myrs only) is too short for thermoviscous 
resetting being a viable option. Th erefore, we consider a CRM 
most probably for this basin.

In the Iberian Range, Juárez et al. (1998) argue that the 
remagnetization could well have been caused by a thermoviscous 
process related to the thermal event(s). However, their data do 
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Figure 4 Equal angle (Wulff  net) projection of the small circles of the 
mean paleomagnetic directions (after tectonic correction) in the Organyà 
Basin. Open dots (open stars) indicate the transitional (remagnetized) 
bedding tilt corrected directions (see Table 1). Th e black dot (D = 316.8°, 
I = 54.8°, a95 = 3.3) indicates the resulting paleomagnetic direction after 
applying the small circle intersection (SCI) method (Waldhör and Appel, 
2006).
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not make this argument entirely clear and a chemical origin 
of the remagnetization cannot be excluded (as actually realized 
by authors). Juárez et al. (1998) favoured the TVRM model in 
absence of a precise Cretaceous APWP for Iberia which left 
the whole Cretaceous Superchron available, sufficient for the 
TVRM acquisition time. The age of their remagnetization 
is now much narrower constrained to the late Aptian being 
syn-rotational. The TVRM model is unlikely in this part of 
the Iberian range and a CRM remagnetization model related 
to the thinner lithosphere during the rotation is a plausible 
alternative.

In the Cameros Basin, the remagnetization (Villalaín et 
al., 2003) is suggested between the Albian and Santonian, the 
ages of the extensional and compressional deformation stages. 
Villalaín et al. (2003) prefer to relate the remagnetization that 
resides in hematite to the Albian, early in the possible window. 
The syn-rift deposits (Kimmeridgian to Early Albian; fluvial 
and lacustrine sandstones, siltstones and shales, at least 4 km 
thick) in the Cameros Basin underwent low-grade thermal 
metamorphism; isotopic dating of illite yields an age around 
100 Ma (between 86 and 108 Ma) for the peak conditions 
(Goldberg et al., 1988; Casquet et al., 1992) that post-dates 
the extensional phase. It is also younger than cleavage-related 
folding because of textural relationships of the metamorphic 
minerals (Mata et al., 2001). The maximum temperature was 
350°C in the deepest buried rocks (uniquely high for the 
Iberian Chain) that were at a low pressure of < 2 kbar (Mata 
et al., 2001). The geothermal gradients are 27-41°C/km for 
the extensional stage and 70° C/km during the thermal peak 
(Mata et al., 2001). Fluid inclusions in quartz veins point 
to a local, within basin scale, origin of the fluid (Mata et al., 
2001). While the hematite is formed or recrystallized during 
the metamorphism, it is unlikely that the remagnetization is 
thermoviscous because the available temperature-time period 
is too short to explain the maximum unblocking temperatures 
observed in the hematite. Indeed Villalaín et al. (2003) relate the 
remagnetization to subsidence – first mainly tectonic and later 
also thermal – in an elevated geothermal gradient regime in a 
stretched lithosphere. This situation is feasible since Iberia was 
moving eastward with respect to stable Europe as a consequence 
of the opening of the Atlantic Ocean.

This study shows that although the remagnetization in the 
four basins occurred at different times, they are all somehow 
related to the rifting phase in their geological history, in line 
with other remagnetization found in Iberian sedimentary basins 
formed under basinal rifting (e.g. Galdeano et al., 1989; Moreau 
et al., 1992; Moreau et al., 1997; Márton et al., 2004). Under 
syn-rift and early post-rift conditions an elevated geothermal 
regime prevails. It is the interplay of the geothermal gradient 
and burial depth that determines when the diagenetic reactions 
set in that result in the remagnetization. In Iberia this has led to 
a mozaic of remagnetized basins without a clear regional trend. 
Because of their distinct timing a single Iberia-wide mechanism 
can now be excluded and mechanisms that operate on a basin 
scale are favoured. We envisage that the approach applied here 
can be utilized elsewhere to constrain the remagnetization 
timing and mechanism where remagnetization can be broadly 
related to rotation of (micro) plates.

6 Conclusions

To determine the timing of the regional Cretaceous 
remagnetizations in northern Iberia, we provide new data from 
the Organyà Basin, where both the age and the corresponding 
paleomagnetic direction of the remagnetization is well-
established. To this end, we apply the small circle intersection 
(SCI) method, and restore a direction of D/I = 316.8°/54.8° 
(with a95 = 3.3) closely corresponding to a recently improved 
apparent polar wander path (APWP) of Iberia. We also 
compare previously published results from three other basins – 
the Cabuérniga and Cameros Basins and the Iberian range – to 
the APWP of Iberia. We draw the following conclusions:
1. Application of the SCI method allows us to show that most 

of the remagnetized beds of the Organyà Basin were already 
tilted by ~15-20° as a result of half-graben formation 
starting prior to remagnetization.

2. Each of the four remagnetized basins provides a different 
paleomagnetic direction during remagnetization and, 
therefore, each basin acquired its remagnetization at 
different moments. Comparison of these directions to the 
Iberian APWP shows that the remagnetizations occurred 
at the onset of, during, and at the end of, or after the Iberian 
rotation in Aptian to early Albian times.

3. The remagnetization events were – albeit occurring on 
a regional scale over a period of at least ~10-15 Myr – 
confined to these individual sedimentary basins.

4. Although the remagnetization in all four locations occurred 
at the different times, they are all temporally related to the 
rifting phase in their geological history. The Cretaceous 
Iberian remagnetization events in northern Iberia are hence 
temporally related to the extensional tectonics.

5. Existing explanations for remagnetization that can occur 
on the scale and within the context of sedimentary basins, 
including elevated temperatures during diagenesis and 
circulating basin fluids may therefore be the most reasonable 
explanations. There is no need to infer more speculative 
Iberia-wide mechanisms.
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Abstract

To identify remagnetization is essential for paleomagnetic 
studies and their geodynamic implications. The traditional 
approach is often based on directional analysis of paleomagnetic 
data and field tests which may be inconclusive if the apparent 
polar wander path (APWP) is poorly constrained or the 
remagnetization predates folding. In several cases, rock 
magnetic work, particularly, measurement of hysteresis loops 
allows identification of the so-called “remagnetized” and “non-
remagnetized” trends. However, for weakly magnetic samples 
this approach can be equivocal. 

Here, in order to improve the diagnosis of remagnetization, 
we investigated 192 isothermal remanence magnetization 
(IRM) acquisition curves (up to 700 mT) of remagnetized and 
non-remagnetized limestones from the Organyà Basin, northern 
Spain. Also 96 IRM acquisition curves from non-remagnetized 
marls were studied as a cross-check for the non-remagnetized 
limestones. 

A non-parametric end-member modeling is used to explain 
of the IRM acquisition data sets. First remagnetized and non-
remagnetized groups were treated separately. Two or three 
end-members were found to adequately describe the data 
variability: one end-member represents the high-coercivity 
contribution while the low-coercivity part can be described 
by either one end-member or two reasonably similar end-
members. In the remagnetized limestones the low coercivity 
end-members tend to saturate at higher field values than in 
the non-remagnetized limestones. When the entire data set 
was processed together, a three end-member model was judged 
optimal. This model consists of a high coercivity end-member, 
a low-coercivity end-member that saturates at ~300-400 mT 
and a low-coercivity end-member that approximately saturates 
in 700 mT. Higher contributions of the latter end-member 
appear to occur dominantly in the remagnetized limestones 
while the reverse is true for the non-remagnetized limestones, 
so they plot in clearly distinguishable areas. Meanwhile, the 
IRM curves from non-remagnetized marls show a behavior 
similar to the non-remagnetized end-member in the limestones. 
Therefore, this new approach can be a very useful tool to 
diagnose remagnetization in weakly magnetic limestones and 

marls. We recommend applying it to other areas of potentially 
remagnetized low intensity sediments.

Keywords: Remagnetization, End-member modeling, IRM 
acquisition curves, Organyà Basin, limestone, marl

1 Introduction

Remagnetization in sedimentary rocks often provides important 
information on geological features and processes (i.e., diagenesis, 
tectonic motion, fluid migration, thermal events). It has only 
recently become apparent that remagnetization may be much 
more widespread than previously considered. Sediments in 
forelands and outer margins of orogenic zones, which were 
often supposed to deliver high-quality paleomagnetic data, are 
increasingly reported to be remagnetized. This applies as well 
to many of the Mesozoic Iberian basins (e.g., Galdeano et al., 
1989; Moreau et al., 1992; Moreau et al., 1997; Juárez et al., 1998; 
Dinarès-Turell and García-Senz, 2000; Villalaín et al., 2003; 
Márton et al., 2004; Gong et al., 2008a; Soto et al., 2008).

To diagnose remagnetization, classical methods focus on the 
analysis of paleomagnetic directions and polarity patterns. By 
comparing the observed paleomagnetic polarities to the standard 
geomagnetic polarity time scale (GPTS) for the age range of 
interest or the paleomagnetic directions to the regional apparent 
polar wander path (APWP), remagnetization may be recognized. 
Also field tests (e.g., the fold test) are used in many cases to 
distinguish remagnetized natural remanent magnetization 
(NRM). In most studies, a pre-folding magnetization is taken to 
be primary, however, this is not always the case. Remagnetization 
can occur any time during the geological history: pre-folding 
(e.g. Perroud and Van der Voo, 1984), syn-folding (e.g. Kent 
and Opdyke, 1985) or post-folding (e.g. Stearns and Van der 
Voo, 1987). When the remagnetized component has completely 
overprinted the original NRM component and passes field tests, 
its recognition is hard. Furthermore, directional NRM analysis 
to establish a remagnetized rock sequence is not an entirely 
independent method of analysis. Hence if there is a consistent 
way to describe (differences in) the properties of remagnetized 
and non-remagnetized rocks, it would provide an independent 
method with which to identify the remagnetization.
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For limestones, in a number of cases remagnetized rocks 
have distinct magnetic hysteresis properties and the so-called 
remagnetized and non-remagnetized trends are recognized 
on the ‘Day plot’ (Day et al., 1977; Jackson, 1990; Channell 
and McCabe, 1994). It should be noted, however, that in 
a strict sense these trends on the Day plot apply to samples 
that only contained magnetite. Mixed magnetic mineralogy 
biases the area where the samples would plot. The neoformed 
magnetite particles are very fine-grained and close to the 
superparamagnetic threshold. This is supported by fairly low 
maximum unblocking temperatures in remagnetized limestones 
ranging between 480 and 530°C (e.g. Zegers et al., 2003). 
Dunlop (2002a; 2002b) modelled the hysteresis parameters 
for different proportions of superparamagnetic and larger 
magnetite particles and could reproduce the trends observed 
by Channell and McCabe (1994). However, the amount of 
magnetic minerals in limestones is often very low yielding low-
intensity remanences that may complicate their meaningful 
measurement. Also it is not uncommon that remagnetized rocks 
plot in between those two trends (e. g. Katz et al., 2000; Zegers 
et al., 2003). Indeed Lanci and Kent (2003) modeled positions 
on the Day plot intermediate between the two trends if thermal 
activation was included in the modeling. Relying solely on 
whether or not a sample suite plots on the remagnetized trend 
is therefore somehow equivocal. As mentioned before, mixed 
magnetic mineralogy may have a biassing effect. Hence, other 
types of analysis are needed.

Rock magnetic properties are used in this context, in particular 
the analysis of anhysteretic remanent magnetization (ARM) and 
isothermal remanent magnetization (IRM) properties. Because 
the specific ARM of magnetite – particularly when it is fine-
grained – is so high, ARM is biased with respect to magnetite. 
IRM gives a more complete picture of the magnetic mineralogy 
because the high-coercivity minerals are included. As is the case 
for ARM, IRM is also sensitive to the grain size of the magnetic 
particles. Compared to other rock magnetic parameters, IRM 
can be faithfully measured on very weak magnetic samples 
because high applied fields are used for its acquisition. When 
a small amount of a high-coercivity mineral (like hematite) is 
present together with a dominant low-coercivity mineral (like 
magnetite) it is often difficult to detect the former on hysteresis 
loops, but it is easily identifiable with IRM acquisition curves. 
These advantages make IRM acquisition curves suitable for the 
analysis of remagnetization in generally weak limestones.

To investigate the coercivity contributions of different 
minerals to measured IRM acquisition curves, a number of 
techniques have been developed (Robertson and France, 1994; 
Stockhausen, 1998; Kruiver et al., 2001; Heslop et al., 2002; 
Egli, 2003; Heslop et al., 2004). For IRM acquisition curves 
consisting of at least of 25 data points, cumulative log Gaussian 
(CLG) modeling can be applied (Kruiver et al., 2001; Heslop 
et al., 2002; Heslop et al., 2004). However, this modeling is 
based on base function fitting, it relies on the assumption that 
all coercivity components conform to a cumulative Gaussian 
distribution in the log-field space. Also the more generalized 
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Figure 1 Schematic geological map of the Organyà Basin with the locations of the sampling sites; numbers refer to those with “OR” reported in text and 
the Supplementary Table. At the bottom right, the study area is indicated by a white square on the topographic map.
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Skewed Generalized Gaussian fitting approach proposed by 
Egli (2003) relies on a set of base functions. To avoid potential 
problems with proper base function selection, here we apply 
end-member modeling, a non-parametric technique (e.g. 
Weltje, 1997; Heslop and Dillon, 2007). It has been tested 
to evaluate its usefulness for unraveling basin fills in complex 
geotectonic settings (Weltje, 1997) and was applied to rock-
magnetic analysis of diagenetic processes by Heslop and Dillon 
(2007). There is no assumption on base functions or even the 
end-members required. As end-member modeling makes 
use of inherent variability within a data set, a fair number of 
IRM acquisition curves (> 30) must be used as input. The only 
criterion is that the input curves must be monotonic. To this 
end, the measured IRM acquisition curves are normalized and 
smoothed. Another advantage of the end-member modeling is 
its rapidity that makes it possible to process the large IRM data 
sets within a reasonable amount of time. In this study, we will 
try to diagnose remagnetization in limestone by using the end-
member method for the analysis of the IRM acquisition curve 
data sets.

The selected study area, Organyà Basin, is a Cretaceous 
Pyrenean basin, located in northern Spain (Fig. 1). It is a typical 
foreland basin. Therefore, the method developed in the Organyà 
Basin, may well be applicable elsewhere. The previous studies 
(Dinarès-Turell and García-Senz, 2000; Gong et al., 2008a) 
show that the Berriasian-Barremian limestone strata inside the 
Organyá Basin are remagnetized while the Aptian-Cenomanian 
strata have a primary magnetization. The lithologies are limited 
to limestones and marls. There are remagnetized and non-
remagnetized limestones, in contrast, all marls in the basin 
are non-remagnetized. Therefore we focus on the limestones, 
and use the marls only as a cross-check to investigate to what 
extent they would compare to the non-remagnetized limestone. 
If IRM properties can be consistently unraveled into non-
remagnetized and remagnetized groups, it will provide a 
directionally independent method to recognize remagnetization 
that would complement existing remagnetization criteria.

2 Geological setting and sampling

The Organyà Basin is located in the southern Pyrenees, northern 
Spain (Fig. 1). It is an inverted basin, and experienced early 
Cretaceous extension as well as late Cretaceous to Miocene 
compression which led to the Pyrenean orogeny. There are 
around 4.5 km of Cretaceous limestones and marls deposited. 
Platform carbonates in a coastal lagoonal environment were 
deposited from the Berriasian to Barremian-lower Aptian. Three 
formations are distinguished: Barranc de la Fontanella, Hostal 
Nou and Prada Formations. From the Aptian to the Albian, the 
limestones change to marls when the basin rifting was maximal. 
The marls include the Cabó, Senyús, Font Bordonera and Lluçà 
Formations. In the marls, some limestone intercalations occur. 
The depositional environment became costal-marine. In the 
late Cretaceous, a post-rift platform carbonate formation was 
deposited, named the Santa Fè Formation.

In the Organyà Basin, the previous studies (Dinarès-Turell and 
García-Senz, 2000; Gong et al., 2008a) show that the carbonate 
rocks which comprise the lower part of the stratigraphy, from 

Berriasian to Barremian, are remagnetized. However, the upper 
part of the stratigraphy, which includes the marl formations and 
intercalated limestones and the youngest Santa Fè limestones, 
is not remagnetized. The associated rock magnetic studies show 
that the magnetic carrier is mainly magnetite with a small 
amount of goethite and hematite (Dinarès-Turell and García-
Senz, 2000; Gong et al., 2008a; Gong et al., 2008b). Therefore, 
the remagnetization in the Organyà Basin cannot be precisely 
diagnosed by plotting on the Day plot.

We sampled 144 drilling cores from 3 sites (OR66, OR68 
and OR69) in the Organyà Basin, 48 cores for each site, using 
a portable gasoline-powered drill (Fig. 1). Sites OR66, OR68, 
OR69 are from the top Senyús intercalation limestone (non-
remagnetized), Hostal Nou limestone (remagnetized), and 
Cabó marls (non-remagnetized), respectively. Note that there is 
no remagnetized marl in the Organyà Basin. The paleomagnetic 
results from their sister samples were published by Gong et al. 
(2008b).

3 Methodology

In previous studies (Gong et al., 2008a; Gong et al., 2008b), we 
found that the optimal NRM demagnetization procedure for 
the low intensity samples in the Organyà Basin is: limestones 
thermally demagnetized to 150°C and marls thermally 
demagnetized to 210°C, followed by alternating field (AF) 
demagnetization up to 100 mT. The selected temperatures 
were considered to be an efficient method to remove the 
viscous remanence magnetization (VRM) with the advantage 
of avoiding the potential interference of oxidized rims of the 
magnetic particles (Van Velzen and Zijderveld, 1995). It may 
well be that the heating enhances the discrimination of the 
different IRM components. So, in this study, we also want to 
investigate how the IRM acquisition curves are influenced by 
the pre-heating treatment.

Two hundred and eighty eight specimens (2 specimens from 
each drilling core) were processed in six groups: remagnetized 
limestone with and without pre-heating to 150°C (48 samples in 
each group); non-remagnetized limestone with and without pre-
heating to 150°C (48 samples in each group); non-remagnetized 
marls with and without pre-heating to 210°C (48 samples each). 
In order to compare the results, two specimens were taken from 
most of the individual cores (one reference specimen and one 
specimen which would be subjected to preheating).

For the determination of the IRM acquisition curves, the 
specimens were first AF demagnetized (three orthogonal axes 
at 300 mT) to minimize the influence of magnetic interaction 
and thermal activation (Heslop et al., 2004). The IRM was 
acquired until 700 mT with 30 small steps. IRM measurements 
were processed by an in-house developed robot, which let the 
samples pass-through a 2G Enterprises SQUID magnetometer 
(noise level 10-12 Am2). The pre-heating treatment was done 
in a magnetically shielded, laboratory-built, furnace in the 
paleomagnetic laboratory at the University of Utrecht.

The end-member modeling algorithm (Weltje, 1997) is used 
for the interpretation of the IRM curves in this study. It assumes 
that the measured data can be represented by a linear mixture 
of a number of invariant constituent components, which are 
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referred to as end-members. The use of least-squares estimation 
procedures enables the objective minimization of differences 
between measured compositions and calculated normative 
compositions, eliminating the need for prior knowledge of the 
magnetic minerals’ properties (cf. Weltje, 1997). An underlying 
assumption of the end-member modeling algorithm is that 
the acquisition curves are monotonic, i.e. all the derivatives of 
the input data should be ≥ 0 (e.g. Heslop et al., 2007). When 
normalized to their maximum value the IRM curves form a 
closed data set, thus the abundances of the various end-members 
will not be independent and changes in the abundance of an 
end-member will naturally affect the abundances of the other 
end-members. Therefore to achieve a quantitative analysis, the 
signatures of the individual end-members must be understood.

After correction for the magnetic background and tray 
contributions, the IRM acquisition curves were processed as 
follows: (1) to be able to get meaningful components from 
the samples, IRM data were expressed on a mass-specific 
basis. (2) The end-member algorithm required data smoothing 
because it appeared to be sensitive to small deviations from a 
monotonically increasing curve. Therefore, small negative IRM 
data points at low fields were transferred to zero in order to 
comply with the requirements of the end-member modeling. 
The IRM acquisition curves were smoothed using an optimally 
smooth monotonic spline (e.g. Zhang, 2004). (3) Samples 
which appeared to be either too sensitive to small deviations 
in the tray contribution during the IRM acquisition or which 
showed the effects of gyroremanent magnetization (GRM) 
(Dankers and Zijderveld, 1981) were removed from the data set. 
(4) The coefficient of determination (r2) for different numbers 
of end-members (from 2 to 9) was calculated by running the 
end-member model in MATLAB, version 7.4.287 (R2007a). 
(5) The optimum number of end-members was determined 
based on the result from the previous step (detailed criteria will 
follow in next paragraph). (6) The end-member parameters were 
calculated for each end-member model.

In end-member modeling, estimation of the number of 
end members is a crucial step for the decomposition of the 
dataset. To decide how many meaningful end-members should 
be included in the end-member modeling procedure, the 
selection criterion is based on the calculation of the coefficient 
of determination (r2, range from 0 to 1) between the input data 
and the end-member model (Heslop et al., 2007). If the number 
of the end-members is not sufficient to describe adequately the 
variance of the input dataset, the r2 value will be low (< 0.5). 
For an optimum model, the r2 value is high and the inclusion 
of additional end-members provides little improvement in the 
quality of the model. For this purpose, r2 was calculated from 2 
to 9 end-members for each of the analyzed datasets.

4 End-member modeling results

The end-member modeling results show that r2 is ~ 0.7 for the 
2 end-member models and 0.75 – 0.8 for the 3 end-member 
models for all limestone datasets. Previous rock magnetic studies 
have suggested that the magnetic carriers in these limestones 
are magnetite with a small amount of goethite and hematite 
(Dinarès-Turell and García-Senz, 2000; Gong et al., 2008a; 

Gong et al., 2008b). Based on the r2 value and the mineralogy, 
two or three end-member models were selected.

In this study, we will mainly compare the end-member 
modeling results from IRM of the remagnetized and non-
remagnetized limestones. After the selection process discussed 
above, 32 IRM acquisition curves from each remagnetized 
group and 48 IRM acquisition curves f rom each non-
remagnetized group were used for the end-member model (Fig. 
2). Compared to the IRM curves without pre-heating (Fig. 2a, 
g), those with pre-heating (Fig. 2b, h) show a somewhat more 
dispersed distribution. For the end-member modeling, the main 
difference between the pre-heated and non-pre-heated groups 
emerges in the lower coercivity components (solid line in the 2 
end-member model and solid & long dashed line in the 3 end-
member model), whilst the high coercivity component (short 
dashed line) remains similar in both the 2 and 3 end-member 
models.

In the remagnetized datasets with 2 end-members (Fig. 2c, 
d), the lower coercivity component (Fig. 2d) is saturated at ~500 
mT in the pre-heated dataset. However, it is not saturated at 700 
mT in the non-preheated dataset (Fig. 2c). The 3 end-member 
models (Fig. 2e, f ) separate this lower coercivity component into 
two components. In the non-pre-heated group (Fig. 2e) the low 
coercivity components include a saturated component at ~700 
mT and an unsaturated component until 700 mT; while in the 
pre-heated group (Fig. 2f ) they involve a component saturated 
at ~400 mT and an unsaturated component until 700 mT.

For the non-remagnetized datasets (Fig. 2g, h), the behavior 
of the components between the pre-heated and non-pre-heated 
groups is very similar in both the 2 and 3 end-member models. 
In the case of 2 end-member (Fig. 2i, j), the low coercivity 
component saturates at ~400 mT; while in the 3 end-member 
model (Fig. 2k, l), one low coercivity component is saturated at 
~300 mT and another one is not saturated until 700 mT. Note 
that the high coercivity components in the 2 end-member models 
(Fig. 2i, j) are different from the ones (Fig. 2k, l) from the 3 
end-member models in the non-remagnetized groups. This may 
be caused by a high coercivity component that combines in the 
2 end-member model with a separate low coercivity component 
while it remains a separate high coercivity component in the 3 
end-member model. Therefore, by end-member modeling, we 
can see that the remagnetized data sets with pre-heating can be 
separated into the different coercivity components better than 
the ones without pre-heating. Also the 3 end-member model is 
better to identify the magnetic mineralogical properties for the 
remagnetized and non-remagnetized groups than the 2 end-
member model.

Now we will merge the data sets to investigate whether the 
end-member algorithm can separate remagnetized and non-
remagnetized limestones. The analysis will focus on comparing 
results from the datasets with pre-heating by a 3 end-member 
model.

5 Discussion and conclusions

Notable differences between the remagnetized and non-
remagnetized rocks emerge in the 3 end-member model from 
the pre-heated limestone groups (Fig. 3b, d). The low coercivity 
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component (end member 1, solid line) saturates at ~400 mT 
for the remagnetized limestone and at ~300 mT for the non-
remagnetized limestones. Meanwhile, the other low coercivity 
component (end member 2, long-dashed line) and high 
coercivity component (end member 3, short-dashed line) are 
quite similar. For all the normalized IRM curves of limestone 
(Fig. 3e), 3 end-member models are considered to best describe 

the dataset because the 4 and 5 end-member models give an 
un-interpretable result. Based on all the normalized IRM 
distribution curves for the limestones only (Fig. 3e), however, 
we can not distinguish between the remagnetized and non-
remagnetized groups by observation. Therefore, we turn to the 
end-members to find the solution.
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Figure 2 End-member models for 
the IRM acquisition curves from 
limestones. a) and b) are the IRM 
curves from the remagnetized datasets 
without pre-heating and with pre-
heating (150°C), respectively. g) and 
h) are the IRM curves from the 
non-remagnetized datasets without 
pre-heating and with pre-heating 
(150°C), respectively. The examples of 
the 2 end-member and 3 end-member 
models are shown: c) and e) for the 
remagnetized datasets without pre-
heating; d) and f ) for the remagnetized 
datasets with pre-heating; i) and k) for 
the non-remagnetized datasets without 
pre-heating; j) and i) for the non-
remagnetized datasets with pre-heating. 
In the end-member diagrams, short 
dashed lines indicate the high coercivity 
component (end-member 2 in the 2 
end-member model and end-member 
3 in the 3 end-member model); long 
dashed lines indicate the low coercivity 
component (end member 2 in the 3 
end-member model); the solid lines 
indicate the low coercivity component 
(end-member 1 in both models).



94

For the limestones with pre-heating in the 3 end-member 
models (Fig. 3b, d), end-member 1 is interpreted to be the 
magnetite component because it saturates at ~300 mT for the 
non-remagnetized dataset and ~ 400 mT for the remagnetized 
dataset. End-member 3 is not close to saturation at the 
maximum applied field (700 mT) and is interpreted to be 
hematite or goethite. End member 2 is close to saturation around 
700 mT. We consider that end-member 2 could be very fine-
grained magnetite, close to the SP threshold size. Also clusters 
of magnetically interacting yet formally superparamagnetic 
particles of a few nanometers in size may cause this effect. 
It should be kept in mind that large SP particles saturate in 
fairly low applied fields leading to wasp-waisted hysteresis 
loops as regularly observed. Small SP particles may not even be 
saturated in 2 Tesla fields as shown by Dekkers and Pietersen 
(1992) for IRM acquisition curves of industrial fly ash. This 
neoformed fine-grained magnetite is the major contributor 
to the remagnetization in the Organyà Basin limestones. 
This interpretation is in line with the remagnetization studies 
in Paleozoic carbonates ( Jackson, 1990) and the Vocontian 
trough (Katz et al., 2000). In the Organyà Basin, because of 
the low-intensity of the limestones, hysteresis measurements 
could not provide reliable data for many samples to investigate 

the existence of SP magnetite (Gong et al., 2008a). For a 
more robust analysis in the Organyà Basin, future work could 
include scanning electron microscopy (SEM) and particularly 
transmission electron microscopy (TEM) analysis to visualize 
the SP particles.

The 3 end-members from the limestone datasets with pre-
heating (Fig. 4, Supplementary Table) show distinguishable 
distributions between the remagnetized and non-remagnetized 
groups. In the remagnetized group (Fig. 4a), the percentage of 
end-member 1 varies from 0-50% with most samples having 
less than 10%. End-members 2 and 3 have a broad distribution, 
varying from 0 to 90%. End-member 2 mostly contributes a 
high percentage (50-90%) to the IRM, while end-member 3 
generally has low contributions below 10%. On the contrary, 
in the non-remagnetized dataset, end-member 1 is found to 
contribute mostly in the region of 40% to 80%, indicating a 
large influence on the IRM. The contribution of end-member 2 
is mostly less than 40% and end-member 3 is typically less than 
50%. Comparing the percentage of the end-members in the 
IRM curves from the pre-heated limestones, the low coercivity 
component end-member 1 dominates in the non-remagnetized 
limestones while the other low coercivity component end-
member 2 dominates in the remagnetized limestones. The high 
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Figure 3 End-member models for IRM acquisition curves from limestone groups with pre-heating at 150°C. a). Normalized IRM curves from the 
remagnetized limestones. b). Derived 3 end-members for the remagnetized limestones. c). Normalized IRM curves from the non-remagnetized 
limestones. d). Derived 3 end-members for the non-remagnetized limestones. e). Normalized IRM curves from both the remagnetized and non-
remagnetized limestones. f ). Derived 3 end-members for the pre-heated limestones. In the end-member diagrams (b, d, f ), the solid lines indicate the low 
coercivity component (end-member 1); long dashed lines indicate the low coercivity component (end-member 2); short dashed lines indicate the high 
coercivity component (end-member 3).
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coercivity component end-member 3 contribution is low in 
general.

After correction for the contribution of end-member 3, 
the diagram with end-member 1 versus end-member 2 (Fig. 
5) demonstrates a clear separation of the remagnetized and 
non-remagnetized limestones with pre-heating. Generally 
speaking, the remagnetized limestones have a high percentage 
of end-member 2, while the non-remagnetized limestones 
have a high percentage of end-member 1. This remarkable 
discovery can lead to an alternative method in the future to 
recognize remagnetization independently from the analysis of 
paleomagnetic directions.

The end-member modeling results f rom the non-
remagnetized marls shows a very similar behavior for the 
non-heated and pre-heated groups (Fig. 6). This concurs with 
the observation in the non-remagnetized limestones that there 
is no distinguishable difference between the pre-heated and 
non-heated datasets. Here we concentrate on the pre-heated 
marl data set for the sake of comparison. The marl data are very 
uniform and the IRM acquisition curves tend to saturate at 
300 mT (without a meaningful high-coercivity contribution), 
strongly supporting their non-remagnetized nature. The curves 
can be considered as a single end-member because if calculated 
for two or a higher number of end-members their shape appears 
to be very similar which makes an interpretation hard. This low 
coercivity end-member is very similar to end-member 1 from 
the heated non-remagnetized limestone samples.
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Figure 6 IRM acquisition curves from the marl groups with and without 
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Supplementary Table The percentage of each end-member in the 3 end-member model from the limestone dataset with pre-heating. EM = end-member.

Sample Code EM1 EM2 EM3 Sample Code EM1 EM2 EM3

OR66_03A 67.6% 32.4% 0.0% OR66_59A 30.9% 0.0% 69.1%

OR66_10A 70.7% 29.3% 0.0% OR66_05A 61.6% 10.0% 28.5%

OR66_11A 75.0% 25.0% 0.0% OR66_60A 55.5% 6.3% 38.2%

OR66_12A 70.7% 29.3% 0.0% OR66_61A 62.2% 13.0% 24.8%

OR66_13A 76.3% 23.7% 0.0% OR66_62A 52.3% 15.7% 32.0%

OR66_17A 74.5% 25.5% 0.0% OR66_63A 57.4% 10.5% 32.2%

OR66_18A 79.7% 20.3% 0.0% OR66_64A 67.6% 32.4% 0.0%

OR66_21A 68.0% 32.0% 0.0% OR66_7A 70.6% 28.2% 1.3%

OR66_23A 59.0% 40.2% 0.9% OR68_15A 0.0% 22.6% 77.4%

OR66_24A 37.2% 34.3% 28.4% OR68_17A 0.0% 17.3% 82.7%

OR66_26A 50.7% 46.4% 2.9% OR68_18A 0.0% 16.4% 83.6%

OR66_27A 47.2% 51.4% 1.4% OR68_20A 0.0% 15.5% 84.5%

OR66_28A 43.0% 37.9% 19.1% OR68_22A 0.0% 10.7% 89.3%

OR66_30A 33.7% 53.5% 12.7% OR68_23A 0.0% 17.2% 82.8%

OR66_31A 58.7% 29.2% 12.1% OR68_30A 0.0% 13.8% 86.2%

OR66_32A 62.2% 36.4% 1.5% OR68_31A 19.4% 4.0% 76.7%

OR66_34A 64.0% 32.7% 3.3% OR68_33A 40.7% 15.6% 43.7%

OR66_35A 61.4% 21.4% 17.2% OR68_35A 0.7% 69.3% 30.0%

OR66_36A 54.8% 25.2% 20.0% OR68_37A 35.3% 46.3% 18.4%

OR66_37A 54.4% 16.7% 28.9% OR68_38A 39.9% 39.3% 20.8%

OR66_38A 42.0% 16.0% 42.0% OR68_40A 41.9% 49.3% 8.8%

OR66_39A 49.9% 16.6% 33.5% OR68_41A 39.3% 51.2% 9.6%

OR66_40A 40.4% 17.7% 41.9% OR68_42A 44.5% 55.5% 0.0%

OR66_41A 40.1% 10.6% 49.3% OR68_43A 45.0% 55.0% 0.0%

OR66_42A 40.1% 0.6% 59.3% OR68_45A 0.0% 77.6% 22.4%

OR66_43A 30.9% 31.8% 37.3% OR68_46A 0.0% 85.9% 14.1%

OR66_44A 45.1% 21.0% 33.9% OR68_47A 0.0% 73.5% 26.5%

OR66_45A 59.3% 14.3% 26.4% OR68_48A 1.2% 76.8% 21.9%

OR66_46A 13.2% 15.1% 71.7% OR68_50A 0.1% 56.5% 43.4%

OR66_47A 42.3% 10.6% 47.1% OR68_51A 1.6% 39.7% 58.7%

OR66_48A 49.0% 13.4% 37.6% OR68_53A 11.0% 38.6% 50.4%

OR66_49A 47.4% 19.7% 32.9% OR68_55A 32.2% 66.9% 0.9%

OR66_04A 53.7% 16.1% 30.2% OR68_58A 24.8% 75.2% 0.0%

OR66_51A 62.7% 1.6% 35.7% OR68_59A 26.9% 68.4% 4.8%

OR66_52A 65.6% 11.6% 22.8% OR68_60A 17.0% 81.8% 1.1%

OR66_54A 59.0% 0.0% 41.0% OR68_61A 11.1% 85.4% 3.4%

OR66_55A 61.6% 14.2% 24.1% OR68_64A 0.0% 47.2% 52.8%

OR66_56A 62.3% 4.3% 33.4% OR68_67A 35.8% 60.4% 3.8%

OR66_57A 66.7% 15.0% 18.3% OR68_69A 47.4% 52.6% 0.0%

OR66_58A 72.7% 5.3% 22.0% OR68_72A 0.1% 77.6% 22.3%
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The title of the proposal of this Ph.D project was: 
Remagnetization and fluid flow. During executing this 
project, two main challenges were encountered: (1) In the 
Organyà Basin, some of the marine sediments appeared to 
have a very low-intensity NRM and most of them could not 
be properly analyzed. To improve the paleomagnetic analysis, 
a new demagnetization protocol was developed consisting of 
first thermal demagnetization followed by alternating field 
demagnetization. During the project a fully robotized instrument 
set-up (a ‘2G’ SQUID magnetometer with alternating field 
demagnetization) became on-stream. With the so-called 
‘3-position protocol’ that measures the paleomagnetic samples 
automatically in more than one position, the demagnetization 
results have been dramatically improved. We recommend at least 
exploring this demagnetization approach in future studies. (2) 
The second challenge was the absence of external fluid flow in 
the basin inferred from field observation. Hence, the fluid flow 
modeling component had to be abandoned and more emphasis 
than originally anticipated was put on classic paleomagnetic 
rotation studies that appeared to be very successful.

The timing of the Iberian rotation is now well constrained 
to the Aptian by this study, based on both paleomagnetic and 
oceanic magnetic anomaly datasets. This opens opportunities 
for further refinement of the reconstruction of Iberia rotation 
during the Cretaceous, and of the evolution of the Pyrenean 
orogen. Therefore, future kinematic studies are suggested in 
the following topics. (1) In terms of the geometry of Iberia, 
how big was the Iberian micro-plate during its rotation? This 
question may be answered by collecting information from 
several localities at the edges and outside the present Iberian 
plate boundary. (2) In terms of the kinematic reconstruction of 
the movement of Iberia during the Cretaceous, the proposed 
Iberian reconstruction fits both the geophysical and geological 
evidence, but still requires numerical model testing. This effort 
will have bearing on the evolution of small provinces (e.g. Arctic, 
Greenland, Rockall, Spitsbergen) but also the evolution of big 
plates (e.g. Eurasia, Africa and North America). (3) In terms of 
chronology, a more precise Cretaceous geological time scale is in 
need for linking the Iberian rotation to other global events. The 
latest geological time scale (2004) has still age errors of around 
1 Myr for the Cretaceous stages. Recently, controversies have 

risen on the age of some of the Cretaceous stages which will 
need to be solved by improved radiometric dating.

In this thesis, the remagnetization in the Organyà Basin 
was studied in detail. The remagnetization occurred during the 
beginning of the Aptian, the onset of the Iberian rotation. The 
remagnetization mechanism is considered most likely burial in 
an elevated geothermal gradient during the syn-rifting phase. 
We also constrain the ages of remagnetization from three other 
regions. However, to get a solid image of the remagnetization 
mechanism throughout Iberia, more Mesozoic Iberian 
sedimentary basins must be investigated in detail, including 
their rifting and thermal geological history. According to our 
end-member modeling of the IRM curves, newly formed very 
fine-grained magnetite was proposed to likely have caused the 
remagnetization in the limestones from the Organyà Basin. To 
conclusively test this scenario, further detailed rock magnetic 
study together with scanning electron microscopy (SEM) 
and, in particular, transmission electron microscopy (TEM) 
observation will be needed.

Epilogue
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