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[11 The Cretaceous paleogeography and the kinematic evolution of the Iberian plate are
poorly constrained. Especially problematic is to reconcile Iberian paleomagnetic data with
paleomagnetic data of the neighboring plates and with Euler poles derived from seafloor
magnetic anomalies. The first limitation arises from the Cretaceous Normal Polarity
Superchron where paleogeographic reconstruction using marine magnetic anomalies is
handicapped. The second arises from the paucity of reliable paleomagnetic poles with
satisfactory statistical criteria and age. In order to address these shortcomings and provide
new high quality paleomagnetic poles for Iberia, we conducted a detailed rock magnetic
and paleomagnetic study of two Cretaceous magmatic sills, the Paco de Ilhas (PI) and Foz
da Fonte (FF) sills, from the Lusitanian Basin, Portugal, recently dated at about 88 and
94 Ma, respectively. Our results show that the magnetic mineralogy of the sills is primary,
i.e., acquired during magma cooling, and essentially represented by titanomagnetite.

The corresponding paleomagnetic poles match the synthetic APWP from the African plate
at 80 and 100 Ma. On the basis of a rigorous selection of Iberian Cretaceous poles, we then
calculated mean paleomagnetic poles for different time intervals and found that Iberian
paleomagnetic data fit well the global APWP between 70 and 120 Ma, but move far away

from the APWP at pre-rift times. Our approach shows that new and better constrained
paleomagnetic poles can aide in solving part of the contradiction between Iberian

and African APWPs.

Citation: Neres, M., E. Font, J. M. Miranda, P. Camps, P. Terrinha, and J. Mirdo (2012), Reconciling Cretaceous
paleomagnetic and marine magnetic data for Iberia: New Iberian paleomagnetic poles, J. Geophys. Res., 117, B06102,

doi:10.1029/2011JB009067.

1. Introduction

[2] The break-up of the Pangaean supercontinent and
subsequent kinematic evolution of major plates during
Mesozoic times are now well constrained by paleomagnetic
data [Besse and Courtillot, 2002; Schettino and Scotese,
2005; Torsvik et al., 2008] and oceanic magnetic anoma-
lies [Le Pichon and Sibuet, 1971; Luis and Miranda, 2008;
Olivet, 1996; Russell and Whitmarsh, 2003; Sibuet et al.,
2004; Srivastava et al., 2000, 1990a, 1990b]. However, the
positions of minor blocks, such as Iberia, are still poorly
constrained [e.g., Mdrton et al., 2004; Osete and Palencia
Ortas, 2006; Osete et al., 2011]. Nonetheless, the Iberian
Plate occupies a strategic, pivotal position during opening of
the Atlantic Ocean and the Bay of Biscay. Understanding its
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kinematic evolution is important for a number of reasons,
including resource and natural hazard assessment [Cloetingh
et al., 2011; Omira et al., 2011]. Several models based on
oceanic magnetic anomalies have been proposed where the
data are merged into a single rotation event of about 37°
counterclockwise, and associated with Bay of Biscay sea-
floor spreading between the chrons MO (125 Ma) and C33r
(83 Ma) [Rosenbaum et al., 2002; Sibuet et al., 2004;
Srivastava et al., 1990a; Vissers and Meijer, 2012]. A single
rotation phase of Iberia is also supported by paleomagnetic
data [Gong et al., 2008a; van der Voo, 1969], while some
favor a discontinuous two-stage counterclockwise rotation
model [Galdeano et al., 1989; Moreau et al., 1997], and
others a succession of clockwise and counterclockwise
rotations [Storetvedt et al., 1990, 1987].

[3] When evaluating proposed models, the major limita-
tion resides in our incapacity to reconcile the paleomagnetic
data with the corresponding eulerian finite rotation poles
within a unique and consistent kinematic model. The relative
motion between Iberia and Africa cannot be directly
deduced from marine magnetic anomalies, so it must be
deduced from the relative motion of each plate relative to the
North American plate, data that can be readily obtained from
the magnetic striping of the North and Central Atlantic [e.g.,
Labails et al., 2010; Luis and Miranda, 2008]. In spite of
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small differences mainly related to early drifting stages, the
kinematics of the Central Atlantic are well known. However,
identification of pre-M0O magnetic anomalies along the
western Iberian margin has been the source of major
uncertainties. Some authors have identified magnetic chrons
up to M17 along the Iberian margin [e.g., Srivastava et al.,
2000], with oceanic spreading beginning as early as
143 Ma. Others argue that only after chron MOr [Olivet,
1996], or chrons CM4n-M5r [Russell and Whitmarsh,
2003], was normal oceanic spreading initiated. In addition,
the long-lived Cretaceous Normal Polarity Superchron
(CNPS) prevented the development of normal and reverse
magnetic periods during that time, thus limiting the study of
plate kinematics with magnetic methods.

[4] The Cretaceous paleomagnetic database for Iberia is
still poorly constrained and requires revisions in (1) age
dating, (2) statistical criteria, (3) tilt or shallowing inclination
correction in the case of records from sedimentary rocks, and
(4) adjustments due to the influence of local/regional
remagnetizations. Uncertainties in age result from low tem-
poral resolution and outdated radiometric data. The refer-
ence paleomagnetic poles for the Lusitanian and Algarve
basins, for example, are computed from a limited number of
paleomagnetic sites for which the ages of the samples
encompasses a large interval of time, particularly for those
contemporaneous with a major rifting phase during the
Barremian-Aptian and Aptian-Albian [Galdeano et al.,
1989; Moreau et al., 1997]. In addition, misfits in paleo-
pole ages and positions have resulted from outdated methods
including K/Ar measurements on whole rock samples that
can be biased by excess/loss of Ar during alteration. One
serious problem is the widely documented remagnetization
for northern Iberian sites [Dinarés-Turell and Garcia-Senz,
2000; Gong et al., 2008a, 2009; Judrez et al., 1998, 1994;
Moreau et al., 1992; Schott and Peres, 1987; Steiner et al.,
1985; Villalain et al., 2003], and sites in the Algarve and
Lusitanian basins [Galbrun et al., 1990; Galdeano et al.,
1989]. These remagnetized sites are usually found in
Aptian-Albian times, during the final rifting phase that
affected the west Iberian continental lithosphere. Except for
late Cretaceous magmatic complexes (Sintra, Sines and
Monchique [van der Voo, 1969], and Lisbon Volcanics [van
der Voo and Zijderveld, 1971]), the Apparent Polar Wander
Path (APWP) for Iberia is essentially based on sedimentary
rocks, which are more sensitive to remagnetization effects
and for which, in most cases, shallowing inclination cor-
rections and field tests are lacking. Therefore, new reliable
paleomagnetic poles, together with accurate radiometric
ages, field tests, and evaluation of the magnetic mineralogy
of samples are required to update and better constrain the
Cretaceous Iberian APWP.

[5s] Here, we present a detailed paleomagnetic investiga-
tion of two large Cretaceous magmatic sills, the Paco de
Ilhas and Foz da Fonte sills, in the Lusitanian Basin, which
were dated by U-Pb and “°Ar*°Ar methods at ~88 and
~94 Ma, respectively [Grange et al., 2010; Mahmoud;,
1991; Miranda et al., 2009]. Detailed magnetic mineralogy
analyses coupled to scanning microscopic observations
suggest a primary (i.e., during cooling) origin for the char-
acteristic magnetic remanence carried by these rocks. Our
new, high quality paleomagnetic poles allow us to calibrate
the APWP for Iberia during the late Cretaceous. We have
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compared these results to the recent global APWP of Torsvik
et al. [2008], by rotating the new poles into African coor-
dinates using late Cretaceous Euler poles that were deduced
independently from seafloor marine magnetic anomalies for
two plate pairs, Iberia-North America, and Africa-North
America. The good agreement between our rotated poles and
the global APWP can be considered a reliability test for the
paleomagnetic data, because the period under analysis is
reasonably well constrained by identifiable seafloor mag-
netic chrons in the North and Central Atlantic. Implications
for the kinematic evolution of Iberia during the Cretaceous
are discussed.

2. Geological Settings

[6] The Pago d’Ilhas (PI; dated at 88 Ma) and Foz da
Fonte (FF; dated at 94 Ma) sills were emplaced in the
internal part of the Lusitanian Basin, the least extended
domain of the West Iberia Margin that formed as a conse-
quence of lithospheric rifting between Iberia and North
America. According to various studies [e.g., Afilhado et al.,
2008; Neves et al., 2009; Sibuet et al., 2007; Tucholke et al.,
2007], the West Iberia Margin is a non-volcanic rifted con-
tinental margin that has been sub-divided into three zones
that are characterized as (1) thinned continental crust
(approximately 100 km wide), (2) a transitional zone
(approximately 200 km wide), and (3) normal oceanic crust.
From a structural and compositional point of view, Zone 1
displays the pinch-out of the lower crust and a series of
upper crustal basement grabens and half-grabens filled with
proximal and hemi-pelagic sediments resulting from signif-
icant vertical motion in the crust. Zone 2 was intruded dur-
ing the early Cretaceous by late syn-rifting, and in the Late
Cretaceous by post-rifting alkaline basalts. Zone 3 represents
a highly stretched crust dominated by Mantle exhumation
and serpentinization. The initial age of seafloor spreading is
still debated. Sibuet et al. [2007] and Tucholke et al. [2007]
favor two main rifting events, (1) widespread early rifting
during Late Triassic and Early Jurassic times, and (2) Late
Jurassic through Early Cretaceous rifting and Continental
mantle exhumation localized in the transitional zone, and
that seafloor spreading actually started sometime in the
Aptian-Albian transition. However, Bronner et al. [2011]
argue that alkaline volcanism in the transitional zone is
syn-rifting and that the oceanic spreading is Late Cretaceous
in age.

[7] Studies of the Lusitanian and Algarve Basins have
allowed the identification of the following three magmatic
pulses: (1) Tholeiitic volcanism of earliest Jurassic age as the
northernmost manifestation of the Central Atlantic Mag-
matic Province [Martins et al., 2008; Verati et al., 2007]; (2)
A magmatic pulse of alkaline transitional composition
occurs as scattered small-scale plugs and sills of Late
Jurassic age [Grange et al., 2008; Martins, 1991]; (3) the
Late Cretaceous alkaline magmatic event comprising the
igneous intrusive complexes of Sintra (84-79 Ma)
[Macintyre and Berger, 1982; Miranda et al., 2009;
Storetvedt et al., 1987], Sines (75 Ma) [Miranda et al.,
2009], Monchique (72 Ma) [Bernard-Griffiths et al., 1997;
Miranda et al., 2009; Rock, 1982], and the Lisbon volcanic
complex (73 Ma) [Ferreira and Macedo, 1979] (Figure 1a).
The PI and FF sills are two of several scattered sub-volcanic
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intrusions that belong to this third event [Miranda, 2010;
Miranda et al., 2009], and were emplaced into Lower Cre-
taceous shallow marine sediments.

[8] Revised radiometric ages were recently published for
Late Cretaceous magmatism in the Lusitanian Basin and
provide us with excellent candidates for new paleomagnetic
investigations [Grange et al., 2010; Miranda, 2010;
Miranda et al., 2009]. The Paco de Ilhas sill was dated
at 88.0 = 2.7 Ma and 86.8 & 2.5 Ma, using K-Ar on biotite
and K-feldspar respectively [Mahmoudi, 1991], and at
88.3 £ 0.5 Ma based on U-Pb on zircon [Grange et al.,
2010]. This sill is a kilometer-scale magmatic body that
crops out near the town of Ribamar (Figure 1f). It comprises
monzogabbro and monzonite for which geochemical and
petrographic features were extensively described by Miranda
[2010]. The maximum thickness of the sill exceeds 20 m,
although the contact with underlying sediments is not
observable (Figure 1d). The presence of syenitic sheets, that
resulted from fractional crystallization, indicates several
successive magmatic pulses (Figure le) [Mahmoudi, 1991].
The PI sill intrudes upper Hauterivian (133—130 Ma) mixed
sediments (carbonates and sandstone) [Dinis et al., 2008].
Because sills are intruded along the horizontal stratification
plane of the host sediments, no tilt correction was done.

[v] The Foz da Fonte sill was recently dated at
93.8 + 3.9 Ma using the “°Ar/*’Ar method on amphibole
[Miranda et al., 2009]. It is a massive 10 m thick dolerite,
cropping out along Foz Beach, 4.5 km kilometers north of
Cabo Espichel (Figures 1b and Ic¢). It intrudes upper Albian
(102-99.6 Ma) limestones and claystones [Dinis et al.,
2008]. The geographic extension of the FF sill is difficult
to evaluate in the field because it gently dips toward the
NNW and is cut by a fault to the SSE (Figure 1c). The
structural surface (strike) of the sill is oriented N230° and
gently dips ~10° toward the north.

3. Sampling and Methods

[10] Samples were collected in the field with a gasoline-
powered rock drill and oriented using a magnetic compass.
In the PI sill, 80 oriented cylinders were collected at eight
sites within an area of about 1 km (Figure 1f). In the FF sill,
50 oriented cylinders were collected along the center and at
the margin of the outcropping body. Geographical coordi-
nates for the PI and FF sites are listed in Table S3 in the
auxiliary material.' In the laboratory, samples were cut into
standard paleomagnetic specimens, which then have been
treated using thermal and alternating field (AF) demagneti-
zation and measured with a JR6 spinner magnetometer. AF
demagnetization results were processed with a LDA-3A
demagnetizer (AGICO). Thermal treatments were performed

'Auxiliary materials are available in the HTML. doi:10.1029/
2011JB009067.
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within a prototype-shielded furnace. Characteristic Rema-
nent Magnetizations (ChRM) were calculated by principal
component analysis [Kirschvink, 1980] and Fisher [1953]
statistics using the Remasoft software [Chadima and
Hrouda, 2006].

[11] Our understanding of the remanence carriers in the
rocks is based on Isothermal Remanent Magnetization
(IRM) analyses, triaxial IRM thermal demagnetization
[Lowrie, 1990], temperature dependence of magnetic sus-
ceptibility, First Order Reversal Curve (FORC) measure-
ments as well as petrographic and Scanning Electron
Microscopic (SEM) observations coupled to Energy Dis-
persive Spectra analyses (SEM-EDS). IRM was induced up
to 1.2 T using an impulse magnetizer IM-10-30 (ASC Sci-
entific) and data were subsequently treated by fit of cumu-
lative log-Gaussian functions [Kruiver et al., 2001;
Robertson and France, 1994]. IRM triaxial demagnetization
[Lowrie, 1990] was performed after IRM acquisition at 1.4,
0.4 and 0.12 T fields along specimen z, y and x axis,
respectively. Samples were then thermally demagnetized
and remanence was measured at each step with a JR6 mag-
netometer. NRM:IRM data were developed after Fuller
et al. [2002]. IRM was induced in a 100 mT peak field
and subsequently demagnetized at the same steps as used
during demagnetization of the natural remanent magnetiza-
tion (NRM). Thermomagnetic susceptibility was measured
at low and high temperature in an Ar atmosphere using a
CS-L cryostat apparatus and a CS4 furnace in a MFK1
Kappabridge (AGICO). Hysteresis and FORC measurements
were performed at room temperature on selected samples
with the Micro Vibrating Sample Magnetometer at the
Institute of Geophysic, UNAM, Mexico, and treated with the
FORCinel software package [Harrison and Feinberg, 2008].
Microscopic observations in reflected light were performed
on polished thin sections prepared from specimens cut from
the cylinder cores. We used a Leitz orthoplan microscope
located in the Laboratory of Geéosciences, Montpellier
(France), that allows maximum magnification under oil-
immersion of 1250x. SEM observations and EDS analyses
were performed on carbon-coated rock fragments using a
Hitachi S-3700N coupled to an EDS Bruker XFlash® 5010
in the Hercules Laboratory, Evora (Portugal), and a Jeol
JSM-6360LV coupled to a Noran EDS analyzer from in GET
Laboratory, Toulouse (France).

4. Results

4.1. Paco de Ilhas (PI)

4.1.1. PI Paleomagnetism

[12] A total of 280 specimens were analyzed, 208 of
these were AF and 67 were thermally demagnetized. Of the
samples treated, 275 yielded stable demagnetization patterns
at high fields and high temperatures (Table S1 in the
auxiliary material). Zijderveld diagrams show two magnetic

Figure 1. (a) Geological setting of the Pago de Ilhas (PI) and Foz da Fonte (FF) sills. Major Late Cretaceous magmatic
events are also indicated. (b) Satellite photography (Google Earth) of the FF sill (white dashed lines show the emerged part
of the sill). (c) Field photograph of the FF sill cropping out at Foz Beach (38°27'3.5" /9°12'5.5™). (d) Cross-section of the FF
sill containing () magmatic joins. (f) PI sill (sites PI3 and PI4; 39°0'0" / 9°24'3"). (g) Syenite levels indicating several mag-
matic injections. (h) Simplified geological map of the PI sill with location of the sampled sites (H indicates Hauterivian and

Q Quaternary sediments).
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Table 1. Paleomagnetic Results for PI and FF Sills: Mean Characteristic Remanent Magnetizations (ChRM) and Corresponding

Paleomagnetic Poles®

Mean ChRM Paleomagnetic Pole
Pole Pole Paleolatitude
N Dec (deg) Inc (deg) k R a95  Longitude (deg)  Latitude (deg) A95 K (deg)
Pacgo d’Ilhas (PI) 275 350.0 42.2 39.69  268.075 1.4 204.6 73.4 1.3 42.7 24.4
Foz da Fonte (FF)
In-situ 73 352.0 53.0 30.3 70.623 3.1 226.9 82.8 3.7 208 33.6
Tilt corrected 73 346.5 443 30.3 70.623 3.1 217.1 73.8 33 26.0 26.0

“In the case of the FF sill, results before and after tilt correction are indicated. Dec: declination; Inc: inclination; k: precision parameter of ChRM; R:
intensity of resultant vector; K: precision parameter of paleopole. See text for details.

components with a viscous magnetic overprint that was
removed below 4-6mT or 100°C. What emerged was a
stable RM component that trends to the origin (Figure 2).
After stepwise AF demagnetization until 30 mT, more than
90% of the NRM was removed, indicating that a low coercive
phase is the principal magnetic carrier (Figure 2). Unblock-
ing temperatures vary from 150° to 500°C suggesting that
this low coercive phase corresponds to titanomagnetite. The
result is a positive (normal) and north directed RM with mean
inclinations of 40-50°. A mean paleomagnetic pole was cal-
culated using individual Virtual Geomagnetic Poles (VGPs)
for each specimen (Figure 2; Table S1 in the auxiliary
material). We chose this option because in the case of such a
large intrusive layered-gabbroic complex (>3 km in length and
more than 25 m in thickness), it is not possible to accurately
identify different magmatic injection phases. No cut-off was
applied to calculate the mean pole, because in that case we
would be already assuming that the directional scatter reflects
the PSV.

[13] The result of these analyses yields a mean ChRM of
D =350.0°1=42.2° (N=275; atg5 = 1.4°; k=39.6), a mean
paleomagnetic pole located at Long = 204.6°; Lat = 73.4°
(A95 = 1.3°; K = 42.7), and a paleolatitude of 24.5°
(Figure 2 and Table 1) for this data set. We attempted to
apply a baked contact test to the host sediments (Hauter-
ivian) that surround the PI sill, but results were inconclu-
sive due to the limited thickness of the sediments (<2 m;
Figure 1d), which do not show typical hybrid and unbaked
zones. Moreover, the high porosity of the Hauterivian sand-
stones may have facilitated fluid circulation and thermo-
chemical magnetic overprinting during the emplacement of
the sill.

4.1.2. PI Rock Magnetism

[14] In order to study the composition and origin of the
magnetic carriers and the nature of the remanent magneti-
zation recorded in PI rocks, we measured coercivity and
grain-size dependent magnetic properties of characteristic
samples. Specifically, Isothermal Remanent Magnetization
(IRM) acquisition curves were obtained at fields up to 1.2 T
for eight samples (Figure 3a). All samples reached saturation
below 100 mT indicating a low coercive phase as the dom-
inant magnetic ferromagnetic mineral present in these sam-
ples. IRM data were analyzed assuming a cumulative log-
Gauss function of the magnetizing field (CLG analysis)
[Robertson and France, 1994], and then evaluated using the
software developed by Kruiver et al. [2001] (Figure 3a).
This method has been recently challenged by Heslop et al.
[2004], who demonstrated that the influence of the starting

state of the magnetic system, magnetic interaction and ther-
mal relaxation can produce IRM curves that fail the log
normal assumption [Robertson and France, 1994], and
therefore can lead to misleading interpretations. However,
these effects are minimized when using an AF demagnetized
state and for materials that contain well-separated coercivity
distributions. We thus acquired IRM curves from AF
demagnetized (100mT) samples. In all cases, the curves
showed a unimodal distribution of coercivity spectra (i.e., a
single Gaussian curve), with saturation IRM (SIRM) values
between 520 and 830 Am™', By, (the inducing field at
which half of the SIRM is reached) between 30 and 45 mT,
and dispersion parameter (DP, corresponding to one stan-
dard deviation of the logarithmic distribution) at ~0.2 mT.
SIRM and B1/2 values are in the typically low- to medium-
coercive range for minerals such as magnetite [Font et al.,
2009, 2010; Gong et al., 2008b; Kruiver et al., 2001,
2003]. DP values are similar (0.20—0.25 mT) or all samples
suggesting that magnetite grains in these samples have a
homogenous grain-size distribution (Figure 3c).

[15] We compared the magnitude and demagnetization
patterns of the NRM and SIRM [Fuller et al., 2002, 1988].
In rocks carrying a Thermal Remanent Magnetization (TRM)
the NRM:IRM ratio is about 10*2, whereas smaller values
generally imply a secondary magnetization. All samples
exhibit roughly straight-line behavior between 102 and
1072, indicating a primary TRM origin for the magnetization
(Figure 4a). The absence of typical concave-upward curves
observed in remagnetized rocks, generally reflecting bimodal
associations of soft and hard (secondary) fractions, further
supports a primary TRM origin.

[16] Thermomagnetic analyses at high (HT) and low (LT)
temperatures under Argon-controlled and ambient atmo-
sphere, respectively, were done on four samples from which
two representative examples are illustrated in Figure 5a. No
major transitions are observed during LT analyses, while
heating exhibited unblocking temperatures between 500 and
560°C (Figure 5a), typical of titanomagnetite. In some
samples (i.e., PI1_K; Figure 5a), a typical Hopkinson peak
near the Curie temperature indicates admixture of fine (SD
to PSD) magnetic particles [Dunlop and Ozdemir, 1997].
During cooling below 700°C, HT curves are irreversible,
indicating that authigenic magnetic minerals (probably
magnetite) were created during the heating process. Conse-
quently, AF demagnetization is more suitable than thermal
demagnetization for these rocks.

[17] Thermal demagnetization of tri-axial orthogonal IRM
[Lowrie, 1990] was performed for eight representative
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Figure 3. Isothermal Remanent Magnetization (IRM) acquisition of (a) PI and (b) FF samples.
Normalized (IRM/SIRM) data are represented in horizontal logarithmic scale to enhance differences in
the coercivity spectra. (c) Examples of IRM data treated by cumulative log-Gaussian analysis [Kruiver
et al.,2001; Robertson and France, 1994]. LAP: Linear Acquisition Plot; GAP: Gradient Acquisition Plot,
respectively; B1/2: induced field corresponding to half SIRM.

samples and showed predominance of the softer magnetic
fraction, whereas medium to hard fractions were weak
(Figure 5b). In the soft fraction, more than 90% of the
imparted remanence is demagnetized during heating to 200°C,
after which the RM decreases progressively until 520°C.
Together with IRM and thermomagnetic analyses, these
results indicate that titanomagnetite, with variable Ti-content,
is the principal magnetic carrier in these rocks. FORC and

analyses of hysteresis parameters were conducted for five
samples. FORC diagrams show a clear contribution of two
populations: a SD-like population with closed inner contours,
and a second MD-like population with diverging outer con-
tours (Figure 6, top). Once titanomagnetite was identified
as the main magnetic carrier, hysteresis ratios Mrs/Ms versus
Hcr/He were plotted using a modified Day plot like those
used by Dunlop [2002a]. Figure 6 (bottom) illustrates the
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Figure 4. AF-IRM versus AF-NRM diagram [Fuller et al., 2002] from (a) PI and (b) FF samples. All
samples show linear demagnetization patterns and AF-NRM:AF-IRM ratios near typical values for unre-

magnetized igneous rocks (~102).

theoretical SD+MD mixing curves for grains of magnetite
(TMO and TM60) [Dunlop, 2002a] and experimental data
from intrusive rocks (gabbro and dolerite) [Dunlop, 2002b].
The hysteresis ratios of PI samples are similar to those of
gabbros that carry a primary magnetization.
4.1.3. PI SEM and Optical Microscopic Analyses

[18] The nature and origin of the ferromagnetic minerals in
the PI sill were investigated on four samples using an SEM
and these data are illustrated in Figure 7. Chemical compo-
sition was obtained by EDS analysis. In all samples, iron
oxides are ubiquitous and easily identified by the charac-
teristic iron peaks at 6.40 and 7.06 keV (Figure 7a). Crystals
exhibited well preserved and euhedral shapes, with grain-
sizes varying from 50 to 100 pum (Figures 7b and 7c¢). Spi-
nel-like and cubic morphologies, together with Ti in EDS
spectra indicate that titanomagnetite as the principal

magnetic carrier. Titanomagnetite grains occasionally show
exsolved ilmenite lamellae, indicative of deuteric high tem-
perature oxidation (i.e., during cooling). Dissociation
between Ti and Fe is well illustrated by SEM Mapping
(Figure 7d). Thin section analyses by optical ore microscopy
have confirmed the presence of such simple two-phase
assemblages, corresponding to oxidation stage C3—-C4 of
Haggerty [1991] (Figure 7e). However, most of the ilmenite
lamellae show an advanced stage of high temperature oxi-
dation similar to the one described by Hoffman et al. [2008].
Moreover, the large euhedral ilmenite crystals present also
show the same stage of oxidation (Figure 7f). As interpreted
by Hoffman et al. [2008], we also believe that these altered
ilmenites host a SD population of titanohematite that dis-
associates above 500°C when heated in the KT experiment,
producing an almost pure fine-grained magnetite. However,
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Figure 6. (top) FORC diagrams for PI and FF samples. (bottom) Modified Day plot showing hysteresis
data from PI and FF samples compared to referenced data of gabbro and dolerite from Dunlop [2002b].

this interpretation is not fully supported by the FORC dia-
grams (Figure 6, top); the peak of the FORC distribution
occurs at a coercivity that seems too low (around 20 mT) for
SD titanohematite. At present, we do not have a clear
explanation to account for this discrepancy.

[19] To summarize, microscopic observations point to a
well-preserved primary magnetic mineralogy, contemporaneous
with the cooling time of the sill. This corroborates the mag-
netic analyses indicating a primary origin for the remanent
magnetization exhibited by these rocks.
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Figure 7. (a—d) Scanning Electron Microscopy (SEM) images coupled to Energy Dispersive Spectra
(EDS) analyses of PI samples. Ti-Fe oxides are ubiquitous in the form of well-preserved crystals with spi-
nel-like and cubic morphologies (see text for details). (e—f) Reflected light photo micrographs of sample
PI1-A2 (Figure 7e): Oil immersion, crossed nicols. Titanomagnetite with exsolved thin ilmenite lamellae
(oxidation stages C3—C4). The ilmenite lamellae appear to be inhomogeneous with internal granulation
and sample PI6-F1 (Figure 7f): Oil immersion, crossed nicols. Subhedral ilmenite grain partially oxidized.
The red internal reflections are characteristic of hematite.
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4.2. Foz da Fonte (FF)

4.2.1. FF Paleomagnetism

[20] A total of 86 specimens were demagnetized using AF
(72) and thermal (14) treatment. Of these, 73 samples yield
stable demagnetization patterns at high fields and/or high
temperatures (Table S2 in the auxiliary material). Zijderveld
diagrams show two magnetic components with a viscous
magnetic overprint removed below 4-6 mT and 150°C, and
a high-field/temperature remanence projected to the origin
(Figure 8). After stepwise AF demagnetization to 15-30mT,
more than 90% of the NRM was removed, indicating low
coercive minerals as the principal magnetic -carriers
(Figure 8). Unblocking temperatures around 550°C suggest
that this low coercive phase corresponds to titanomagnetite
with a low Ti-content (Figure 8). In situ magnetic orienta-
tions are positive (normal) and north directed, with mean
inclinations of 45-55°.

[21] A structural orientation for this unit of 230°/10°
(strike/dip) was measured for field exposures and this was
used as a tilt correction to correct the specimen-based mean
ChRM (Figure 8). As was the case for PI samples, we cal-
culated the mean ChRM and individual VGP using speci-
men-based mean directions. The coordinates of the mean
ChRM are D = 346.5°; 1 = 44.3° (N = 73, a95 = 3.1%
k = 30.3). The mean paleomagnetic pole calculated from all
VGPs is located at Long = 217.1°; Lat = 73.8° (A95 = 3.3°;
K = 26). Paleolatitude is 26.0° (Figure 8 and Table 1). We
attempted to apply a baked contact test to the host sediments
above FF sill. However, results were inconclusive because
the age determined for these sediments is too close to the age
of the sill.

4.2.2. FF Rock Magnetism

[22] IRM acquisition curves obtained from six samples
are s-shaped, typical of SD-PSD grain sizes, and show a
single, low-coercive phase with 90% of saturation reached at
100 mT (Figure 3b). All curves fit into a unimodal distribu-
tion of coercivity spectra, with SIRM values between 400 and
800 Am ™', By, between 20 and 30 mT, and DP around 0.2 to
0.3 mT. These results are indicative of a single low- to
medium-coercive phase, with uniform grain-size distribution.
The similarity to results obtained for PI samples indicates a
similar magnetic mineralogy for both sills (Figure 3). Once
plotted on a Fuller et al. [2002] diagram, NRM-IRM ratios
lie between the 10~! and 1072 thresholds, characteristic of
rocks carrying a primary TRM origin for the remanence
(Figure 4b). The roughly linear shape of the curves indicates
that no magnetically hard material is present.

[23] No major transitions are observed at LT, while during
HT analysis, unblocking temperatures fall between 520 and
560°C (Figure 5c). Sample FF 16A exhibits Curie tem-
peratures at 500-550°C and a Hopkinson peak that indicates
mixture of fine magnetic particles (SD to PSD) [Dunlop and
Ozdemir, 1997]. Sample FF _30B shows a more complex
mineralogy, with Curie temperatures at ~300°, 400° and
520°C (Figure 5c). These results indicate the presence of SD
to MD titanomagnetite with different Ti-content. During
cooling below 700°C, curves are irreversible indicating that
authigenic magnetic minerals (probably magnetite) were
generated during the heating process.

[24] After thermal demagnetization of tri-axial orthogonal
IRM, all samples show predominance of the softer magnetic
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fraction, whereas medium to hard fractions are undetectable
(Figure 5d). In the soft fraction, more than 90% of the
induced remanence is demagnetized by ~300°C. In sample
FF 28A, three phases of Tb ~120°C and ~250°C and
~400°C are identified. For sample FF 14B, only a Tb
~300°C is clearly identified. As was the case for PI, these
results confirm that titanomagnetite, with variable Ti-content
is the principal magnetic carrier.

[25] The magnetic domain state was checked using FORC
measurements, which produced characteristic MD contours,
all diverging from the origin (Figure 6, top). Figure 6
(bottom) shows that hysteresis ratios for FF samples lie
close to the region expected for unremagnetized dolerites
[Dunlop, 2002b], although, our data better fit the theoretical
mixing curves and show a tendency toward a finer grain
size than shown by Dunlop [2002a].

4.2.3. FF SEM and Optical Microscopic Analyses

[26] SEM photographs show the presence of numerous
iron oxides identified by the association of O, Ti and Fe
elements in the EDS spectra (Figures 9a—9e). Spinel-like
and cubic morphologies, as well as the systematic association
of Ti in EDS, indicate titanomagnetite as the principal mag-
netic carrier. These crystals exhibit well preserved euhedral
shapes, with grain-sizes lying between 20 and 100 pm
(Figures 9a—9¢).

[27] Thin section analyses by optical ore microscopy have
confirmed the presence of subhedral grains of titanomagne-
tite, with oxy-exsolved ilmenite lamellae corresponding to
oxidation stage C3 of Haggerty [1991]. Our work also
yielded evidence for more advanced stages of oxidation
(C6), as illustrated in Figure 9f. In contrast to PI samples, in
FF samples ilmenite lamellac and crystals are well pre-
served. We also noted the sparsity of iron sulfides (three to
four grains at thin section scale). Although not identifiable
without further analyses, these are certainly non-magnetic as
suggested by the results obtained in the Lowrie test. In
addition, small veins of Ti-maghemite grains are present
along the cracks of very few grains of Ti-magnetite, and may
account for the irreversibility in the KT curves.

[28] In summary, microscopic observations indicate that
the FF sill preserves a primary magnetic mineralogy. This
was acquired during cooling and supports a primary origin
for the remanent magnetization.

5. Discussion

5.1. New Paleomagnetic Poles for Iberia
at 88 and 94 Ma

[29] The present paleomagnetic and rock magnetic study
of the PI and FF sills provides two new important Creta-
ceous paleomagnetic poles for the Iberian Plate, at 88 Ma
and 94 Ma, respectively. Stable demagnetization patterns,
the presence of titanomagnetite as principal magnetic car-
riers, as well as absence of secondary oxides, indicate a
primary (i.e., during cooling) origin for the isolated rema-
nence. The corresponding paleopoles are classified by a Q
factor [van der Voo, 1990] of 5. However, as the ages of the
PI and FF sills fall within the quiet zone of the CNPS, we
have replaced the normally used reversal criteria with our
very detailed magnetic mineralogical study, thus yielding a
Q value of 6 for both poles.
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Figure 9. (a—e) SEM images coupled to EDS analyses of FF samples. Ti-Fe oxides are ubiquitous, in the
form of well-preserved crystals with spinel-like and cubic morphologies (see text for details). (f) Reflected
light photomicrograph (oil immersion) of a polished thin section from sample FF16-A2 showing different
stages of high temperature oxidation. On the upper right part of the photo, a large homogeneous grain of
Ti-magnetite with an anhedral ilmenite inclusion. On the lower left part of the photo, a single crystal show-
ing, to the right, ilmenite intergrowths in titanomagnetite (oxidation stage C4) and to the left, areas of
exsolved pseudobrookite, titanohematite and residual ilmenite (oxidation stage C6).
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[30] Because thin magmatic bodies, particularly extrusive
rocks such as basalts, have relatively short cooling times
when compared to secular variation cycles (~10 kyr [Merrill
and McFadden, 2003]), they can record a snapshot of the
geomagnetic field. Therefore, we have attempted to evaluate
the contribution of the PI and FF sills to the paleosecular
variation during the CNPS. The most common and tradi-
tional method to study the PSV of the geomagnetic field is
based on the analysis of the dispersion of VGPs determined
from volcanic sites for a given latitude and age [Cox, 1970;
Irving and Ward, 1964]. During the last 40 years, many PSV
models have been proposed, among which the Model G
[McFadden et al., 1988] and the TK03.GAD models [Tauxe
and Kent, 2004] are the most recent and widely used (see
Deenen et al. [2011] for a review). However, Linder and
Gilder [2012] recently showed that the traditionally
assumed latitudinal dependence of the VGP dispersion
parameters (i.e., S()\) parameter) is a mathematical artifact
resulting from the conversion from directions to poles. These
new findings strongly question the validity of the methods
used until now to estimate the PSV. An alternative method
would be to use here directional distributions instead of VGP
distributions. However, because most of PSV models are
based on VGP distribution and not on directional distribu-
tion, there is no available database to use for comparison. In
conclusion, the contribution of PSV in our data is difficult to
evaluate but several hypothesis can be proposed. The first
one is to consider that, despite their large and complex
structure, the dense cluster of magnetic directions of the PI
and FF sills indicate a record of a snapshot of the geomag-
netic field. However, the fact that both corresponding poles
well fit the global APWP at around 80 Ma and 100 Ma
(Figure 10) rather argue against such hypothesis. The second
scenario is to consider that PSV was averaged out within
individual samples. Actually, the PI sill corresponds to a
large and thick intrusive layered-gabbroic complex with
porphyritic textures, different lithology and presence of
magmatic joins and syenites (Figure 1) [Mahmoudi, 1991;
Miranda, 2010]. This rather suggests a much longer cooling
time than in the case of lava flows for example. Therefore
we suggest that the dense clustering of magnetic directions
could be partially or totally justified by the fact that each
paleomagnetic sample has minimized PSV through a suffi-
ciently long cooling time. This is plausible when variable
Ti-content in titanomagnetite (i.e., variable unblocking
temperatures and consequently lock-in time magnetization)
and grain size (SD to MD) are observed in the rocks, as
observed in the PI and FF sill. Moreover, this effect can also
be amplified by the fact that PSV was lower during the quiet
zone of the Cretaceous than for the last 5 Myr [Biggin et al.,
2008]. These results may suggest that intrusive gabbroic
rocks are excellent candidates to obtain reliable paleomag-
netic pole in which the PSV has been minimized.

5.2. APWP of Iberia During the Cenozoic

[31] Since the end of the 1950s, the motion of the Iberian
Plate relative to Europe and Africa was extensively investi-
gated, but is still a matter of debate. Carey [1958] was
the first to propose, on the basis of geological data, a coun-
terclockwise rotation of 30° to 40° linked to the opening of
the Bay of Biscay during the Cretaceous. Bullard et al.
[1965] further confirmed Carey’s [1958] hypothesis from
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numerical paleogeographic modeling. Using analyses of
seafloor magnetic anomalies from the Bay of Biscay,
Scotese et al. [1988] suggested a counterclockwise rotation
of 30° between 92 and 84 Ma, and 5° between 84 and
66 Ma, whereas Srivastava et al. [1990a] argued for a linear
counterclockwise rotation of 30° between 125 and 83 Ma.
However, in the broad transitional zone at magma-poor rif-
ted margins, the seafloor-spreading origin of magnetic
anomalies is still a matter of debate [Bronner et al., 2011;
Sibuet et al., 2007; Tucholke et al., 2007]. Moreover, due to
the presence of the CNPS, kinematic models based on sea-
floor magnetic anomalies are limited and paleomagnetic
methods are then preferred.

[32] Van der Voo [1969] was the first to provide paleo-
magnetic evidence for the counterclockwise rotation of
Iberia of 35° since the Jurassic. Later paleomagnetic inves-
tigations of marine sediments from the Algarve and Lusita-
nian Basins by Galdeano et al. [1989] suggested a two-
phase evolution with a relatively rapid phase of rotation of
26° during the Barremian Stage (125-110 Ma), and a slower
phase of 13° from the Albian to Maastrichtian (110-83 Ma).
Moreau et al. [1997] proposed a counterclockwise rotation
of 22° + 14° between 132 and 124 Ma. On the other hand,
Storetvedt et al. [1987, 1990] suggests a more complex
evolution involving clockwise and counterclockwise rota-
tions before the coupling of Iberia to Europe. More recently,
Gong et al. [2008a] suggested a single event of rotation,
limited to the Aptian, based on new paleomagnetic data from
the Organya Basin, Spanish Pyrenees. It is important to note
here that most of these interpretations have the severe limi-
tation of being based on a low resolution and low quality
paleomagnetic database. Their main problems are the pau-
city of precise radiometric dates, low age resolution of
sampling, a small number of sites and samples, the absence
of field tests and unknown paleo-horizontal corrections in
the case of igneous rocks, and poorly defined inclination
corrections for sedimentary rocks. Except for the Late Cre-
taceous, most of the Cretaceous paleomagnetic poles for the
Iberian Plate were developed from sedimentary rocks
(Table 2) that are known to be prone to remagnetization
[e.g., Dinares-Turell and Garcia-Senz, 2000; Font et al.,
2006; Gong et al., 2009, 2008b; Jackson et al., 1992, 1993;
McCabe and Elmore, 1989], and for which the magnetic
inclination may be biased by depositional and post-deposi-
tional physical mechanisms [e.g., Tauxe and Kent, 2004].
Consequently, a re-examination of the paleomagnetic data-
base for Iberia, as well as the acquisition of new paleomag-
netic poles, preferentially from igneous rocks, is necessary.

[33] Available Cretaceous paleomagnetic poles for Iberia
between 158 and 68 Ma are shown in Figure 10a and listed
in Table 2. From the 30 paleomagnetic poles available for
this period of time, 20 were selected for the calculation
of mean paleopoles. Those paleopoles that were not used
in the analysis are those obtained from the Salema intrusion
(number 1 in Table 2 [Storetvedt et al., 1990]) and the
Lisbon Volcanic Complex (LVC; number 2; [van der Voo
and Zijderveld, 1971]), which, despite their stable isolated
magnetic remanence directions, show discrepancies relative
to their age (Figure 10a). The LVC passed a fold test [van der
Voo and Zijderveld, 1971] and was dated at 72.6 + 3.5 Ma
(K-Ar on five whole-rock samples) [Ferreira and Macedo,
1979]. However, the position of the pole plots closer to the
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Figure 10. (a) Cretaceous paleomagnetic poles for Iberia (Table 1). (b) Selected paleomagnetic database
and PI and FF (this study) poles (their position in African coordinates on the global APWP from Torsvik
et al. [2008] is also shown). (c) Mean Cretaceous paleomagnetic poles for Iberia calculated from our
paleomagnetic database (Table 1). (d) Mean Cretaceous paleomagnetic poles rotated into African coordi-
nates compared to the global APWP. (¢) Comparison with mean Cretaceous poles from Africa (compila-
tion from Font et al. [2009]). All representations are in the southern hemisphere.
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Table 2. Selected paleomagnetic poles of Iberia during Cretaceous and Late Jurassic®
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Directions Paleomagnetic Poles
Age D I Latitude Longitude
Number Formation Lo/hi-Age (Ma) (deg) (deg) (deg) (deg) a95 Reference
1 Monchique - Salema intrusion® 72 68 341 42 —69.2 48.1 1.7 Storetvedt et al. [1990]
2 Lisbon Volcanic Complex® 70-74 72 352 40 —72.5 17.0 3 van der Voo and Zijderveld [1971]
3 Monchique massif - syenites 70-74 72 181 —42 -76.9 357.5 4,5 Storetvedt et al. [1990]
4 Monchique Syenite 70-74 72 182 =37 =733 345.0 6.5 van der Voo [1969]
5 Sines (Syenite, diabase, diorite) * 62-80 75 408 414 —-53.0 272.0 3.3 Storetvedt et al. [1987]
6 Cabo da Roca® 75-78 75 394 434 540 272.0 6.2 Storetvedt et al. [1987]
7 Sintra Granites 76-85 80 359 435 765 354.0 5 van der Voo [1969]
8 Paco d’Ilhas sill 88 350.0 424 -734 24.6 1.4 This study
9 Sintra Pluton (gabbros and diorites) * 90 358.0 273 —65.0 356.0 3.3 Storetvedt et al. [1987]
10 Organya Basin Sediments® 100-84 92 3544 590 —85.1 62.0 14,1 Dinares-Turell and Garcia-Senz [2000]
11 Organya Basin - Santa fé 96.5-92.5 94 3577 472 -76.0 9.6 2.1 Gong et al. [2008a]
12 Foz da Fonte sill 94 3465 443 738 37.1 3.1 This study
13 Lisbon Area Sediments® 94-112 103 358 53 —85.0 9.7 9  Galdeano et al. [1989]
14 Organya Basin - Col d’Abella 109-108 108 356.0 48.1 —76.5 16.4 2.7 Gong et al. [2008a]
15 Organya Basin - Lluga 112-109 110 354.1 46.8 =75 21.8 2.0 Gong et al. [2008a]
16 Algarve Basin Sediments 125-100 112 346.0 48.0 —75.5 51.7 6,5 Moreau et al. [1997]
17 Organya Basin - Font Bordonera 115-112 114 3424 517 —-729 61.6 1.1  Gong et al. [2008a]
18 Organya Basin Sediments 124-106 115 347.7 53.0 —77.1 53.9 4,8  Dinares-Turell and Garcia-Senz [2000]
19 Organya Basin - Senyus top 118-115 116 3484 563 —79.6 64.0 1.6 Gong et al. [2008a]
20 Lisbon Area Sediments 125-112 118 344.0 47.0 -73.0 48.0 7.0 Galdeano et al. [1989]
21 Iberian Chain 130-112 120 3455 445 -71.3 44.5 7.0 Moreau et al. [1992]
22 Organya Basin - Senyus 121-118 121 3349 56.5 —70.1 84.6 1.3 Gong et al. [2008a]
23 Organya Basin - Cabd 124-121 123 333.8 543 —68.3 80.0 1.5 Gong et al. [2008a]
24 Organya Basin Sediments 126-124 125 3144 555 —545 96.7 9.9 Dinares-Turell and Garcia-Senz [2000]
25 Organya Basin - Prada 126-124 125 308.8 57.5 —51.3 102.8 1.1 Gong et al. [2008a]
26 Lisbon Area Sediments 136-125 130 317 58 —57.0 95.0 4 Galdeano et al. [1989]
27 Organya Basin - Hostal Nou® 140-136 138 290.6 59.1 —39.1 113.4 1.7 Gong et al. [2008a]
28 Algarve Basin Sediments 151-136 142 3240 46.0 —584 76.0 3.7 Moreau et al. [1997]
29 Algarve Limestones 150-140 145 328.0 459 —61.4 71.6 3.9  Galbrun et al. [1990]
30 Iberian Ranges 161-156 159 —57.4 70.5 3.8 Steiner et al. [1985]; Judrez et al. [1998]

*Poles excluded for mean calculations.

100 to 88 Myr interval (Figure 10a) than to the expected
~73 Ma position, suggesting an error in age dating. Indeed,
recent dates for several LVC sites indicate that this volcanic
episode may have lasted much longer than previously
thought and begun at around 100 Ma (R. Miranda, personal
communication, 2011). The same argument applies to the
Salema intrusion pole, for which a K-Ar whole-rock date
gave an age of 72 &+ 2 Ma, but the palomagnetic pole position
plots closer to the 125 to 100 Ma interval (Figure 10a). Other
poles were excluded because of their inconsistent position
and shallow inclination (Figure 10a). These include the
Sines, Cabo da Roca, Sintra Pluton (numbers 5, 6 and 9
[Storetvedt et al., 1987]), and Hostal Nou poles (number 27
[Gong et al., 2008a]). Finally, the Organya basin (number 10
[Dinares-Turell and Garcia-Senz, 2000]) and Lisbon area
sediments (number 13 [Galdeano et al., 1989]) were not
considered because of inconsistent pole positions and large
95 values (Table 2 and Figure 10a). Before this study, of the
20 poles selected (Figure 10b), only 3 were obtained from
igneous rocks, while the rest were from sedimentary rocks. It
is worth noting that between 100 and 88 Ma, only one
selected pole, the Santa F¢ sediments, Organya Basin pole
(number 11 [Gong et al., 2008a)), is reliable.

[34] Once plotted on our selected database, the PI and FF
poles are observed to consistently fall between the 88—70
and 125-100 Ma intervals, but differ significantly from the
Santa Fé pole (Organya Basin, Pyrenees). We compared the
PI and FF pole positions to the recent Global Apparent Polar
Wander Path (GAPWP) of Torsvik et al. [2008] in African

coordinates using the finite rotation poles listed in Table 3.
The latter were calculated from the magnetic study made by
Luis and Miranda [2008] up to chron C33r (~83 Ma) for
Iberia. During the Cretaceous superchron, it is not possible
to compute intermediate finite rotation poles, and therefore
we adopted the MO rotation pole, determined by Olivet
[1996], for our analysis. For the African-North American
plate pair, we considered the finite rotation poles determined
by Klitgord and Schouten [1986] up to chron 34, and the MO
rotation pole determined by Labails et al. [2010]. Both
kinematic models were interpolated for the epochs under
study (94 Ma and 88 Ma) to produce the two Iberian-African
finite rotation parameters (Table 3). After rotation in African
coordinates, the PI and FF pole positions plot close to the
reference GAPWP of Torsvik et al. [2008] at 100 and 80 Ma
(Figure 10b).

[35] On the basis of the selected paleomagnetic pole
positions, we discriminated time intervals for 160—136, 136—
125, 125-100, 100-88, and 88—70 Ma, and then calculated
corresponding mean paleomagnetic poles (Figure 10c and
Table 4). These mean poles show a coherent and quasi-linear
path from 136 to 72 Ma, while during Jurassic-Cretaceous
times (145—136 Ma) they depart westward. After rotating the
mean poles into South African coordinates using selected
and interpolated eulerian poles (Table 3), they fit with the
GAPWP [Torsvik et al. [2008] for periods younger than
120 Ma. However, a significant misfit exists for older time
intervals, i.e., those corresponding to rifting. The 136 to
125 Ma interval is the most critical because, even without
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Table 3. Euler rotations for Iberia-Africa®

Longitude Latitude Angle Age

(deg) (deg) (deg) (Ma) Chrons Reference
Iberia - North America
135.28 709 —16.09 65  ¢29 Luis and Miranda [2008]
135.65 69.7 —16.51 67 c¢30  Luis and Miranda [2008]
132.63 7731 —18.48 72  ¢32  Luis and Miranda [2008]
118.5 8533 —22.05 76 ¢33 Luis and Miranda [2008]
119.98 859 —2322 82 c33r Luis and Miranda [2008]
-9.4 76 —42.6 125 mO0 Olivet [1996]
—7.4 73.1 =521 203 fit  Olivet [1996]
North America- Africa
—0.63 82.51 —20.96 65 ¢30 Klitgord and Schouten [1986]
-9.15 81.35 2287 71 c32  Klitgord and Schouten [1986]
—11.76 ~ 80.76 —2391 73 ¢33y Klitgord and Schouten [1986]
—18.35 783 —=27.06 79 ¢330 Klitgord and Schouten [1986]
—20.73  76.55 —29.6 84 ¢34 Klitgord and Schouten [1986]
—20.46 6595 —54.56 125 'm0 Labails [2007]
—19.24 6592 —57.55 134 mlOn Labails [2007]
—18.08  66.57 —59.34 142 ml6 Labails [2007]
—18.7 66  —6229 148 m21 Labails [2007]
—18.44  66.08 —62.8 150 m22 Labails [2007]
—15.86 67.1 —70.55 154 m25 Labails [2007]
Iberia - Africa
—19.65 3433 886 72
—16.2 31.12 9.6 88
—15.6 32.77 1044 94
—13.87 34.08 12.81 111
—12.63 3479 1449 123
—11.44  37.07 15.63 130
—10.02 4421 1935 151

“Isochron ages have been corrected from the original publications using
Gradstein et al. [2004]. Finite rotations were interpolated for the plate
pairs Iberia-North America and Africa-North America, for the
corresponding ages of the paleomagnetic samples, before the computation
of the Iberia-Africa finite rotations.

rotation, the corresponding mean paleomagnetic pole is
longitudinally distant from the GAPWP by ~20° eastward
(Figure 10c). The use of alternative kinematic reconstruc-
tions for the Iberian and African plates does not show any
improvement. One explanation for this is that, even if the
GAPWP of Torsvik et al. [2008] is considered as the most
reliable model for paleomagnetic reconstructions, it is not
free of error. To test for such scenario, we plotted a recent
compilation of African poles gathered by Font et al. [2009],
which are only poles from igneous rocks, in order to mini-
mize uncertainties in the paleomagnetic record of sedimen-
tary rocks due to problems of inclination shallowing and
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time of magnetization acquisition. Figure 10e shows that
despite their lower quality (i.e., large 95 angles) in com-
parison to the Iberian poles, the African mean pole at 140
to110 Ma is in agreement with the GAPWP [Torsvik et al.,
2008]. A second explanation requires questioning the reli-
ability of the paleomagnetic record for Iberia between 160
and125 Ma, because it is based solely on six poles obtained
from sedimentary rocks. It is worth noting that the misfit of
the 160-125 Ma mean poles, in relation to the GAPWP, is
essentially observed in the declination data set, suggesting
that the magnetic inclination shallowing is not the principal
source of error. Recent developments in the assessment of
magnetic anomalies older than MO west of Iberia [i.e.,
Bronner et al., 2011] show that a re-evaluation is needed to
better constrain the early drifting of Iberia from North
America, and to improve our understanding of the kinematics
of the Bay of Biscay. Moreover, existing MO and pre-MO0
magnetic reconstructions always show some level of litho-
spheric overlap or gaps, never geologically justified by the
identification of the corresponding compressive or extensive
processes [e.g., Srivastava et al., 1990a]. In view of the
available paleomagnetic data and seafloor magnetic anoma-
lies, we are not able to solve this problem and future inves-
tigations in the interval of 160 to 125 Ma are needed. For
instance, kinematic models for Iberian Plate rotation, based
on the declination and inclination of ChRM data [e.g., Gong
et al., 2008a] are questionable until we are able to reconcile
paleomagnetic data with seafloor magnetic anomalies.

6. Conclusions

[36] Our paleomagnetic and rock magnetic investigations
provide two new key poles for Iberia at about 88 and
94 Ma, located at Lat = 73.4°; Long = 204.6° (A95 = 1.3°,
k = 42.7) and Lat = 73.8°; Long = 217.1° (A95 = 3.3°,
k = 26), respectively. Once rotated into South African
coordinates using our selected and interpolated eulerian
poles, they match the global Apparent Polar Wander Path at
80—100 Ma. On the basis of a rigorous selection of Creta-
ceous paleomagnetic poles from Iberia, we calculated mean
paleomagnetic poles to test paleogeographic reconstructions.
We conclude that from 120 to 70 Ma, paleomagnetic poles
and magnetic anomaly reconstruction, when taken together,
match well the global APWP, but are inconsistent when
considering the interval of 160—-120 Ma. Consequently, a
coherent kinematic model for the Iberia rotation from 160 to
70 Ma will only feasible after we are able to reconcile

Table 4. Mean Cretaceous Paleomagnetic Poles for Iberia and Iberia-Africa Finite Rotation Euler Poles®

Mean Cretaceous Paleomagnetic Poles of Iberia

Euler Poles (Iberia-Africa)

Age Latitude Longitude Pole Age Longitude Latitude Angle
(Ma) (deg) (deg) a95 N Number (Ma) (deg) (deg) (deg) Reference
Late Cretaceous 70-88 —75.6 351.6 39 3 3-4;7 72 —19.65 34.33 8.86 Luis and Miranda [2008];
Klitgord and Schouten [1986]
88-100 —75.1 22.6 2.8 5 §l1-12;14-15 94 —15.6 3277 1044 Luis and Miranda [2008];
Klitgord and Schouten [1986]
Early Cretaceous 100-120  —75.6 53.1 3 6 16-21 111 —13.87 34.08 12.81  Olivet [1996]; Labails [2007]
120-125 —69.2 82.2 53 2 22-23 123 —12.63 3479 1449  Olivet [1996]; Labails [2007]
125-136  —54.3 98.3 57 3 24-26 130 —11.44 37.07  15.63  Olivet [1996]; Labails [2007]
136-160 -59 72.8 4 3 28-30 151 —10.02 4421 19.35  Olivet [1996]; Labails [2007]

See text for details.
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paleomagnetic data set with kinematics of Iberia-Africa plate
pair for the 160—120 Ma period.
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