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S U M M A R Y
The timing of development of the magnetic fabric is a major issue in the application of
anisotropy of magnetic susceptibility (AMS) as a strain marker. Analysis of AMS in uncon-
cealed synsedimentary structures can be a sound approximation to this task. In this work,
three types of early compactional structures (ECS) were studied by means of AMS, since they
can help to understand the timing of development of the magnetic fabric. All three types of
ECS are found in fine-grained detrital rocks (to avoid other influences such as palaeocurrents),
claystones and marls of the Enciso Group within the Cameros Basin (NE Spain): dinosaur
footprints, load structures due to differential compaction and dish-and-flame structures asso-
ciated with fluid migration related to seismites. In addition, to determine possible influences
of lithology on the magnetic fabric, different rock types (siltstones and limestones) were also
sampled. In general, the influence of ECS results in scattering of the three magnetic axes, higher
at the margins of the structure than at its centre. This fact suggests that ECS occurs during
the development of the magnetic fabric, disturbing the incipient magnetic fabric stages, and
strongly conditions its later evolution during diagenesis. The later homogeneous compaction
process due to sedimentary load and physicochemical processes reorient the susceptibility
carriers to some extent (i.e. the magnetic fabric is still under development), but not totally,
since AMS still records the previous scattering due to ECS imprint. For the Enciso Group
deposits, the magnetic fabric begins to develop at the earliest stages after deposition and it
stops when diagenetic processes have finished.

Key words: Magnetic fabrics and anisotropy; Sedimentary basin processes; Europe.

1 I N T RO D U C T I O N

The anisotropy of magnetic susceptibility (AMS) represents a valid
and rapid technique used in petrofabric studies of rocks (e.g.
Graham 1966; Jelinek 1981; Kligfield et al. 1983; Tarling & Hrouda
1993; Borradaile & Henry 1997; Borradaile & Jackson 2004). These
studies have demonstrated a parallelism between the orientation of
the magnetic susceptibility ellipsoid and the orientation of sedimen-
tary, magmatic or tectonic fabrics of rocks (i.e. petrofabric).

The application of AMS in sediments without pervasive defor-
mational structures in foreland or extensional basins shows the high
sensitivity of this method since it has been especially successful
to understand the characteristics of the strain underwent by weakly
deformed sediments (Kissel et al. 1986; Mattei et al. 1997; Mattei
et al. 1999; Parés et al. 1999; Sagnotti et al. 1999; Cifelli et al.
2004, 2005; Soto et al. 2009; Pueyo Anchuela et al. 2010, 2011;
Larrasoaña et al. 2011). In extensional basins, the magnetic lin-

eation is tectonically controlled and oriented subparallel to the local
bedding dip directions (Mattei et al. 1997, 1999) or perpendicular
to the main normal faults (Cifelli et al. 2005). In weakly deformed
compressional basins, the magnetic lineation is parallel to the bed-
ding strike and perpendicular to the main compression direction
(Kissel et al. 1986; Mattei et al. 1997; Parés et al. 1999; Soto et al.
2009).

However, the parallelism between the orientation of the magnetic
susceptibility ellipsoid and the orientation of tectonic fabrics of
rocks can be obscured because of the existence of complex magnetic
fabrics related to successive deformation phases and/or variations
in the magnetic mineralogy carriers. In recent works, AMS has been
successfully applied in structural analysis of tectonically inverted
sedimentary basins (Soto et al. 2007, 2008; Gong et al. 2009; Oliva-
Urcia et al. 2010a,c, 2013) to determine the extensional tectonic
frame of basin formation. In these studies, the magnetic lineation is
interpreted to represent the stretching direction of the extensional
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stage of the basin. This extensional magnetic fabric is preserved
in spite of the occurrence of subsequent tectonic events, and it is
only modified in areas with intense deformation associated with a
later compressional stage (development of compressional-related
cleavage) (Borradaile 1988; Lünebug et al. 1999; Parés et al. 1999;
Sagnotti et al. 1999; Hirt et al. 2004; Larrasoaña et al. 2004; Soto
et al. 2007, 2008; Oliva-Urcia et al. 2010a, 2013).

Analyses of AMS in both, compressive and extensional contexts,
indicate that magnetic fabric develops at the early stages after depo-
sition, during sediment compaction and is only partially modified
in subsequent stages of basin evolution (Hrouda & Jezek 1999;
Parés et al. 1999 and references therein). These authors proposed
that sediments were soft and only partly lithified when the phyllosili-
cates carrying the magnetic fabric became progressively reoriented.
Thus, tectonically induced deformational fabrics form while diage-
nesis progresses in compressional (Mattei et al. 1997; Parés et al.
1999) and extensional (Mattei et al. 1997; Cifelli et al. 2005) con-
texts. Besides, combined AMS and palaeomagnetic studies indicate
that under particular conditions, magnetic fabric can be locked dur-
ing early stages of basin evolution (Larrasoaña et al. 2004, 2011)
and therefore it can be used as a passive strain marker (Lünebug
et al. 1999; Mochales et al. 2010; Pueyo Anchuela et al. 2012).
However, there are still doubts about the precise moment when this
primary magnetic fabric is locked (depending on the particular evo-
lution of different basins) and how early compactional processes
can influence the primary magnetic fabric.

This work investigates the time of development and locking of the
magnetic fabric in an inverted extensional basin. The novelty of this
work is the magnetic study of sediments affected by well-preserved
early compactional structures (ECS) that can be unequivocally as-
cribed to the early stages of basin evolution. The sediments are
Lower Cretaceous mudstones of the Cameros Basin (western Iberian
Range) affected by: (i) dinosaur footprints, (ii) load structures due
to differential compaction and (iii) dish-and-flame structures as-
sociated with fluid migration related to seismites. Furthermore, to
determine the influence of lithology on magnetic fabric variations
(orientation or degree of clustering), some sites on different litholo-
gies that are not affected by ECS were sampled. The Enciso Group,
where we have focused our study (Fig. 1c), represents an ideal lo-
cation to develop this work, since the sampled lithology (mainly
monotonous alternating sequences of limestones and marls) and
the lacustrine environment ensured the preservation of a remark-
able amount of dinosaur footprints and load structures related to
differential compaction processes.

The applied methodology is based on standard AMS measure-
ments at room temperature (RT) and low temperature (LT). Reli-
ability of the interpretation of AMS was supported by rock mag-
netic studies (temperature-dependence susceptibility curves), pet-
rographic observations and chemical analyses (calcimetries) of the
selected sites.

2 G E O L O G I C A L S E T T I N G

The Cameros Basin constitutes at present a positive relief resulting
from the tectonic inversion of a Mesozoic basin during the Ceno-
zoic (Casas-Sainz 1990; Guimerà & Alvaro 1990; Casas-Sainz &
Gil-Imaz 1998; Casas-Sainz & Faccenna 2001; Gil Imaz 2001). It
is located in the northwesternmost part of the Iberian Range (NE
Spain) between the Demanda (NW) and Moncayo (SE) Palaeozoic
massifs, and the Cenozoic foreland basins of Ebro, to the north, and
Almazán, to the south (Fig. 1a).

The Cameros Basin was a strongly subsiding sedimentary basin
during the second stage of Mesozoic extension in the Iberian Range
(Late Jurassic–Early Cretaceous), when the rift propagation towards
the North Atlantic Ocean and the opening of the Bay of Biscay oc-
curred (Ziegler 1989; Mata 1997; Mas & Garcı́a 2004). This process
caused the progressive destruction of the Upper Jurassic carbonate
platform and the development of a new system of strongly subsid-
ing basins superimposed on the previous Triassic Iberian rift. This
system includes those that developed along the NW–SE oriented
Iberian through (Mas et al. 2002): (1) the Cameros Basin, (2) the
Maestrazgo Basin, (3) the South Iberian Basin and (4) the Colum-
brets Basins system. The Cameros Basin is the westernmost and
most subsiding basin, accumulating a synrift sedimentary series
that reaches a maximum thickness of 8000 m. The thickness of sed-
iments progressively diminishes gently towards the south and more
abruptly towards the north (Guiraud 1983; Mas et al. 1993; Casas-
Sainz & Gil-Imaz 1998; Villalaı́n et al. 2003). Although the main
extension direction described for the basin is NE–SW (Guiraud
1983), other authors determined more recently the existence of
variations of this direction during Aptian times, when sedimenta-
tion could be locally controlled by minor NE–SW structures (Soto
et al. 2008; Casas et al. 2009).

In the eastern part of the basin, the synrift sequence can be divided
into five lithostratigraphic groups (Tischer 1966), that are, from
bottom to top: Tera, Oncala, Urbión, Enciso and Oliván (Fig. 1b). All
of them were deposited in continental sedimentary environments,
fluvial (Tera, Urbión and Oliván Groups) and lacustrine (Oncala
and Enciso Groups), with marine influence in the Enciso Group.
Deposition took place between two well-dated marine sedimentation
episodes in the Cameros Basin, of Kimmeridgian and Albian ages
(Muñoz et al. 1997). Casas-Sainz & Gil-Imaz (1998) and Mata et al.
(2001) determined that the moment of maximum extension was
related to a generalized bending process of the pre and synrift series
linked to normal faulting and probably coeval to the sedimentation
of the Oliván Group.

The rifting stage and the subsequent inversion that took part dur-
ing Mesozoic–Cenozoic times have been extensively studied (e.g.
Guiraud 1983; Mas et al. 2002; Casas et al. 2009). During the final
stages of basin evolution, the deepest materials from the central part
of the basin underwent low-grade metamorphism due to an eleva-
tion of the thermal gradient (Guiraud & Séguret 1984; Goldberg
et al. 1988; Del Rı́o 2009). The associated metamorphic paragene-
ses lay in concentric zones around the central sector of the basin
(reaching the chloritoid zone), describing elongated areas perpen-
dicular to the main extension directions. The thermal anomaly is
associated to a lithospheric thinning due to the extension process in
addition to the effect of syntectonic burial (Mata 1997; Mata et al.
2001; Del Rı́o 2009). Temperature and pressure conditions lower
than 350 ◦C and 1.5 Kb, respectively, are determined for the basin
depocentre, typical for the epizone (Mata 1997). Parageneses of
lower temperatures are recognized eastwards in the basin as well as
towards the top of the sedimentary series, as most part of the basin
underwent anquizone or deep-diagenesis conditions (Mata 1997;
Del Rı́o 2009). Dating of the thermal metamorphic peak by the K-
Ar method applied on authigenic illite indicates an age between 86
and 108 Ma (Casquet et al. 1992), consistent with results obtained
from fission-tracks analyses (Del Rı́o 2009).

The maximum thickness of the Enciso Group (the second
youngest lithostratigraphic unit deposited in the basin) is about
1000 m (Tischer 1966; Casas-Sainz & Gil-Imaz 1998; Mata et al.
2001). The enormous amount of dinosaur tracks preserved in the
Enciso Group has turned the Cameros Basin into the Spanish region
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Development of magnetic fabric in ECS 3

Figure 1. (a) Location of the Cameros Massif in the Iberian Peninsula. (b) Geological sketch of the region. (c) Location of the AMS sites sampled in this study.

with the biggest importance for dinosaur ichnofossils studies, and
the most prolific region related to dinosaur footprints sites all over
the world (Pérez-Lorente 2002). Three main categories of footprints
have been established in the Enciso Group (Pérez-Lorente 2003):

(1) Theropod footprints, related to predatory dinosaurs, with three
relatively long fingers ended with nails and a prominent and nar-
row heel; (2) Ornithopod footprints, related to herbivorous biped
dinosaurs, with three blunt fingers and wide and rounded heel and
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(3) Sauropod footprints, related to herbivorous quadruped dinosaurs
of big size and weight, that usually do not present structures related
to fingers or nails.

3 M E T H O D O L O G Y

For this study, our sampling strategy is focused in a total of 14 sites
(Fig. 1c), nine of them (I3, I6, I7, I8, I9, I10, HC1, HC2 and EF1)
located in ECS with different origins and representing different time
spans during the diagenetic evolution of sediments. The other five
sites (PDM, PDC, M9, C9 and A9), taken from the same rock types
without ECS, were sampled to determine lithological constraints
(i.e. mineralogy) in the magnetic fabric. No penetrative structures
(i.e. cleavage) have been recognized within the outcrops included
in our study.

From the first group (the nine sites with ECS), sites I3–I10 have
dinosaur footprints which represent the earliest post-depositional
deformation of the sediment (Figs 2c and d). I3, I6 and I7 structures
were produced by a theropod. Ichnites sampled in I8 and I10 are dif-
ficult to classify, but they could be produced by an ornithopod and/or
sauropod because of the lack of fingerprints. The structure sampled
in I9 was clearly produced by an ornithopod. HC1 and HC2 are two
adjacent sites with load structures due to differential compaction.
They are linked to early diagenetic processes and, therefore, rep-
resent a deformational stage post-dating dinosaur tracks (Fig. 2b).
Site EF1 contains dish-and-flame structures associated with fluid
migration probably triggered by seismic activity (Fig. 2e). Its time
of development, as for the diagenetic load structures, can be placed
after the nearly synsedimentary dinosaur footprints. For each sam-
pled ECS, a nearby reference site with no observed ECS was also
sampled (Fig. 2a).

The goal of this study is to analyse changes in the magnetic
fabric in the different parts of the same structure, as well as be-
tween sites. To achieve this, an average of 45 cores per structure
were drilled, using a water refrigerated portable gas-powered drill
(harder lithologies), and a water refrigerated portable electric drill
(softer lithologies). All samples were oriented in situ with a mag-
netic compass. An average of 74 standard magnetic specimens was
obtained from each structure.

Magnetic fabric orientation and associated parameters are anal-
ysed as site averages in first place. In addition, for a detailed analysis
within each ECS, a subdivision of specimens is done, depending on
their position within the ECS. We distinguish four different zones
(Figs 2a and c): (i) subsite zone 1: bottom (directly affected by verti-
cal load), (ii) subsite zone 2: margins (where sediment removal and
flow takes place), (iii) subsite zone 3: non-deformed sediments and
(iv) subsite zone 4: track infill or layer younger than those affected
by load structures or fluid-escape structures.

The five sites that were sampled to analyse variations due to
different rock types, contain an average of 10 samples per site,
and around 26 standard specimens per site were obtained. In addi-
tion to the magnetic fabric analysis, petrographic observations and
calcimetries were performed at every of these five sites. For the
petrographic observations, a thin section was done and observed
under a polarizing microscope. Calcimetries were done to estimate
the carbonate content. Samples were analysed at the University of
Zaragoza, using a Geoservices calcimeter. First, 1 g of sample is
powdered to 100 µm size. Then, the volume of CO2 expelled by the
sample after been dissolved in HCl (5M) is measured. The compar-
ison with the CO2 expelled by a standard sample gives the relative
carbonate content.

3.1 Rock-magnetic study

Magnetic mineralogy has to be taken into account in AMS studies
since the relationship between AMS and strain can be obscured
because of the existence of complex magnetic fabrics related to dif-
ferent magnetic minerals (Ritcher & Van der Plujim 1994; Hirt et al.
2004; Lattard et al. 2006; Petrovský & Kapicka 2006; Oliva-Urcia
et al. 2010a). In this way, rock-magnetic studies are indispensable
to ensure the reliability of the interpretation of AMS.

AMS in rocks depends primarily on mineral composition, crys-
tallographic preferred orientation, shape of grains and magnetic
interactions between mineral grains (Tarling & Hrouda 1993). The
minerals contributing to the AMS can be classified in three main
groups: diamagnetic (negative values of susceptibility), paramag-
netic (positive susceptibility) and ferromagnetic s.l. (usually with
higher positive values of susceptibility than those with paramagnetic
behaviour, but having the particularity of a remanent magnetization
after the external field has been removed; Tarling & Hrouda 1993).

To characterize the magnetic mineralogy and the relative contri-
bution of paramagnetic and ferromagnetic phases, 14 temperature-
dependence (κ–T) susceptibility curves were performed, combining
a KLY-3S susceptometer with a CS3 furnace (temperature range
between 40 and 700 ◦C) and a CS-L (low temperature cryostat)
apparatus (between −195 and 0 ◦C) (AGICO Inc, Czech Republic).
Curves above RT were done in argon atmosphere to avoid mineral
oxidations during the process, and data correction for the empty
furnace was applied in every case. Powdered samples are 20–30 mg
in weight. The reversibility of the curves during the heating–cooling
run (40–700 ◦C) indicates the stability of the magnetic phases (the
more reversible, the more stable the phase is) or the creation of
new magnetic minerals during the process. The shape of the initial
part of the curve can be related to the presence of paramagnetic or
ferromagnetic phases (Hrouda et al. 1997). Decrease in suscepti-
bility at certain temperatures can be directly related to the effect of
particular ferromagnetic phases (Hrouda 1994), according to Curie
or Néel temperatures of each mineral (i.e. magnetite TC: 580 ◦C;
haematite TN: 680 ◦C). The LT curve (−195–0 ◦C) can show slope
variations, depending on the crystallographic structure of the min-
eral (e.g. Verwey transition temperature, between the cubic and the
monoclinic structure of magnetite at −152 ◦C, Verwey 1939) or, al-
ternatively, highlight the hyperbolic decay due to the predominance
of paramagnetic phases.

3.2 AMS measurements

All cores were cut to the dimensions of standard AMS specimens
(2.5 cm in diameter and 2.1 cm in height), summing a total of 798
specimens. The low-field AMS was measured using a KLY-3S Kap-
pabridge (AGICO Inc.) susceptometer in the Magnetic Laboratory
of the University of Zaragoza (Spain). The magnetic susceptibility
is the physical property of minerals that represents their capacity
to be magnetized by applying an external magnetic field. It is de-
scribed as a symmetric second-rank tensor that can be represented
by an ellipsoid defined by the orientation of the susceptibility in its
three principal eigenvectors, kmax > kint > kmin. Other parameters
provide quantitative information about the degree of development
of the magnetic ellipsoid: magnetic lineation, L (kmax/kint) and mag-
netic foliation, F (kint/kmin). Furthermore, Jelinek (1981) defines the
corrected anisotropy degree, Pj, and the shape parameter, T:

P j = exp
√

2
[
(μ1 − μm)2 + (μ2 − μm)2 + (μ3 − μm)2],
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Development of magnetic fabric in ECS 5

Figure 2. (a) Site subdivision depending on the position of specimens within the ECS and the reference site. (b–e) Detailed pictures of four sites of the study.
(b) Site HC2: profile view of a load structure due to differential compaction, (c) Site I7: profile view of a theropod icnite (showing the position and subdivision
of cores drilled for this study), (d) Site I8: top view of an ornithopod footprint and its infill, (e) EF1: profile view of dish-and-flame structures related to
seismites.

where μ1, μ2 and μ3 represent ln(kmax), ln(kint) and ln(kmin), respec-
tively, and μm = (μ1 + μ2 + μ3) /3, and it shows the intensity of
the preferred minerals orientation in a sample

T = 2μ2 − μ1 − μ3

μ1 − μ3

whose values can range between −1 and 0 in the case of a prolate
shape of the ellipsoid or between 0 and 1 for oblate shapes. The

average values for every site were calculated using Jelinek (1977)
statistics in Anisoft 4.2 (Chadima & Jelinek 2009).

3.3 AMS at LT

Low-temperature AMS (LT-AMS) analyses were done to check if
the magnetic susceptibility at RT is dominated by paramagnetic
minerals. Whenever the ferromagnetic contribution to the fabric is
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considerably small, the orientation of magnetic ellipsoids at RT re-
flects the preferred orientation of paramagnetic minerals. LT-AMS
was analysed with a KLY-3S Kappabridge (AGICO) using standard
specimens, with the samples cooled down to −195 ◦C/77 K by
means of immersing them in liquid nitrogen for 30–40 min before
starting the measurements. Between the three spinning positions,
each sample was immersed again for 10 min. This procedure gives
repeatable results (Lünebug et al. 1999; Mochales et al. 2010; Oliva-
Urcia et al. 2010a,b,c). Based on the Curie–Weiss law, kpara = C/T−
� (where kpara is the paramagnetic susceptibility, C the Curie con-
stant, T the temperature and � the paramagnetic Curie temperature),
the AMS measured in samples cooled down to −195 ◦C will reflect
the paramagnetic susceptibility when the bulk susceptibility is in-
creased at LT respect to the bulk susceptibility at RT (Ritcher & van
der Plujim 1994). The LT/RT ratio is around 3.8 for purely para-
magnetic phase with paramagnetic Curie temperature around 0 K
(Lünebug et al. 1999). The presence of ferromagnetic s.l. minerals
(with � different than 0), and the lapse of time between the sample
is surfaced from the liquid nitrogen until it is completely measured
(20–30 s), can decrease this ratio (Oliva-Urcia et al. 2010c). The
measurements of AMS at LT also provide the orientations and mag-
nitudes of the kmin ≤ kint ≤ kmax axes of the LT-AMS ellipsoid that
can be compared with results obtained at RT.

4 R E S U LT S

4.1 Petrographic analysis

In the five sites used for lithological control, three main rock types
were sampled: (i) Siltstones (A9) with quartz and a little percent-
age of plagioclase in an argillaceous matrix, with muscovite and, as
minor content, sulphides. (ii) Claystones (M9) with minor changes
in grain size, defining sometimes a weak lamination. Results from
calcimetries determine a 0 per cent of carbonate content for these
samples. (iii) Limestones (C9, PDM and PDC) with a micrite ma-
trix and, in PDM, nets of bioclasts (bivalves, gastropods, ostra-
cods) defining a lamination. The percentage of carbonates is about
60 per cent for C9 and PDM. PDC shows a massive texture with
dispersed fossil content (bivalves) in a microcrystalline carbonatic
matrix. This sample shows 80 per cent of carbonate content.

4.2 Magnetic susceptibility and susceptibility carriers

Magnetic susceptibility values from the 798 studied specimens
range from a minimum of 57.64 × 10−6 SI to a maximum of
519.6 × 10−6 SI (Fig. 3), although for most of the specimens (around
90 per cent), km values range between 100 and 300 × 10−6 SI. The
exceptions are sites M9, C9 and three subsites from I3, which have
km values higher than 300 × 10−6 SI (Table 1). These values sug-
gest that paramagnetic phases are the major contributors to the bulk
susceptibility (e.g. Rochette 1987; Hrouda et al. 1997). However,
recent studies show a predominance of ferromagnetic carriers in
rocks with low bulk susceptibility values (Hirt et al. 2004), or rocks
with high but weakly oriented ferromagnetic content (Raposo &
Berquó 2008). Therefore, simple assumptions about AMS carriers
based on bulk properties should be avoided (Hirt et al. 2008).

The 14 samples chosen to perform thermomagnetic runs are rep-
resentative from all the lithologies and values of bulk magnetic
susceptibility, since at least one sample per site was chosen. In all
but one (I3-2, Fig. 4b) of the thermomagnetic runs, curves are not
reversible, indicating the creation of ferromagnetic phases at high

Figure 3. Frequency histograms for the total range of mean susceptibility
values (km) in the study.

temperatures. However, all samples show a heating curve with a hy-
perbolic shape indicating the predominance of a paramagnetic phase
(Fig. 4). In five cases, the heating curve shows a sharp decrease at
around 580 ◦C, which is the Curie temperature of magnetite (Dunlop
& Özdemir 1997). In four of these five samples, the ferromagnetic
content is estimated to be lower than 9 per cent (Fig. 4c). The per-
centage of the original ferromagnetic content has been calculated
considering the ferromagnetic behaviour as a straight horizontal line
(Hrouda 1994). For all but five samples, an intense creation of mag-
netite during heating took place, and the neoformation of another
ferromagnetic phase occurred in three cases (Fig. 4c also shows
susceptibility rising at 300 ◦C that probably indicates neoformation
of iron sulphides). Curves at LT (between −195 and 0 ◦C) enhance
the hyperbolic behaviour characteristic of the paramagnetic phase.

4.3 Magnetic fabric

The average scalar parameters for each site are summarized in
Table 1. The corrected anisotropy degree, Pj, of the magnetic el-
lipsoid ranges between 1.011 (site C9) and 1.257 (subsite HC2.1).
93 per cent of the sites show Pj < 1.153. The highest values of this
parameter appear in a load structure (HC2) and its reference site
(HCR1). The shape parameter, T, shows oblate ellipsoids for all but
one site (C9, corresponding to limestones and with T = −0.045),
95 per cent of the sites showing T values between 0.373 and 0.957
(Fig. 5a). T values close to 0 fit with a triaxial magnetic ellipsoid
(sites C9 and I7.2). A positive correlation between Pj and T is ob-
served. In addition, Pj is always higher in subsites 1 (bottom of
ECS) than in subsites 2 (margins of ECS), except for HC1. T is
always higher (more oblate) in subsites 1 than in subsites 2. The
average values of the magnetic lineation, L, range between 1.002
and 1.023, whereas the average values of the magnetic foliation, F,
vary between 1.005 and 1.217 (Table 1). Therefore, planar fabrics
clearly dominate. In the Pj/km diagram, we do not observe a linear
correlation between the highest degree of anisotropy values and the
highest bulk susceptibility values (Fig. 5b). These results indicate
that Pj values are not influenced by mineralogical variations and
probably reflect the petrofabric related to deformation, allowing
straightforward structural interpretations.

After restoring bedding to horizontal (Figs 6 and 8), a good
clustering of the kmin axes in a vertical position around the
pole of the bedding plane can be seen, except for C9 where an
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Development of magnetic fabric in ECS 7

Table 1. Summary of magnetic scalar data. Site, Name of site or subsite; X UTM and Y UTM, UTM coordinates (all sites are located in Time Zone 30T,
Datum: ETRS89); N, number of specimens; km, mean susceptibility (in SI units); Lit, lithology of the samples (L, limestone; S, siltstone; C, clay; SC, silty
clay); Pj, corrected anisotropy degree; T, shape parameter; L, magnetic lineation; F, magnetic foliation; e, standard deviation; values that refer to site averages
are in bold; those that refer to subsite averages are in normal type.

Site X UTM Y UTM N km (× 10−6) e (× 10−5) Lit Pj e T e L e F e

M9 X545046.49 Y4673247.03 31 383 4.24 C 1.111 0.033 0.831 0.065 1.007 0.002 1.091 0.028
C9 X545046.49 Y4673247.03 30 383 4.95 L 1.011 0.003 −0.045 0.392 1.005 0.002 1.005 0.003
A9 X545046.49 Y4673247.03 32 172 3.53 S 1.049 0.016 0.659 0.195 1.007 0.004 1.038 0.014

PDM X558830.48 Y4670999.58 18 184 4.37 L 1.03 0.01 0.779 0.148 1.002 0.001 1.024 0.009
PDC X558830.48 Y4670999.58 19 133 5.56 L 1.031 0.026 0.615 0.27 1.004 0.002 1.024 0.022
HC1 X559608.91 Y4671143.43 60 227 3.09 – 1.126 0.036 0.742 0.258 1.012 0.008 1.101 0.034

HC1.1 18 221 2.2 C 1.128 0.016 0.827 0.096 1.009 0.005 1.104 0.015
HC1.2 12 236 3.18 C 1.153 0.044 0.764 0.188 1.013 0.008 1.123 0.041
HC1.3 22 233 2.11 C 1.126 0.026 0.791 0.204 1.01 0.009 1.102 0.025
HC1.4 8 207 5.59 SC 1.08 0.041 0.384 0.428 1.018 0.009 1.057 0.04
HC2 X559608.91 Y4671143.43 37 250 6.11 – 1.204 0.076 0.858 0.229 1.007 0.005 1.169 0.067

HC2.1 6 297 1.96 C 1.257 0.017 0.957 0.027 1.004 0.003 1.217 0.015
HC2.2 7 233 2.51 C 1.154 0.02 0.825 0.071 1.011 0.003 1.126 0.019
HC2.3 20 269 3.2 C 1.235 0.055 0.934 0.036 1.006 0.003 1.197 0.047
HC2.4 4 112 5.88 SC 1.052 0.016 0.383 0.497 1.013 0.009 1.035 0.02
HCR1 X559608.91 Y4671143.43 21 262 1.66 C 1.232 0.021 0.936 0.011 1.006 0.001 1.195 0.017

I3 X557586.06 Y4670805.93 28 325 13.3 – 1.049 0.028 0.711 0.198 1.006 0.006 1.039 0.024
I3.1 13 406 8.96 C 1.068 0.028 0.748 0.127 1.007 0.002 1.055 0.025
I3.2 3 307 1.94 C 1.05 0.008 0.38 0.417 1.016 0.013 1.032 0.007
I3.3 4 425 5.31 C 1.038 0.005 0.653 0.057 1.006 0.002 1.029 0.004
I3.4 8 150 1.39 C 1.025 0.012 0.803 0.104 1.002 0.001 1.02 0.01
IR3 X557586.06 Y4670805.93 27 107 1.78 SC 1.135 0.028 0.812 0.139 1.01 0.006 1.11 0.025
I6 X572930.59 Y4656904.43 26 243 3.187 C 1.065 0.025 0.545 0.297 1.012 0.006 1.049 0.023

I6.1 5 230 2.53 C 1.087 0.018 0.75 0.084 1.01 0.004 1.069 0.015
I6.2 12 246 2.63 C 1.061 0.024 0.475 0.32 1.013 0.008 1.044 0.023
I6.3 4 216 4.58 C 1.058 0.012 0.526 0.293 1.012 0.007 1.042 0.013
I6.4 5 270 1.74 C 1.059 0.031 0.524 0.359 1.01 0.004 1.045 0.029
I7 X572930.59 Y4656904.43 33 244 3.23 C 1.051 0.017 0.401 0.407 1.013 0.007 1.035 0.017

I7.1 5 208 3.31 C 1.077 0.011 0.751 0.115 1.009 0.005 1.062 0.009
I7.2 16 257 2.68 C 1.04 0.011 0.093 0.352 1.017 0.006 1.022 0.011
I7.3 10 240 2.91 C 1.053 0.011 0.674 0.211 1.009 0.007 1.04 0.007
I7.4 2 253 3.06 C 1.058 0.005 0.618 0.093 1.01 0.002 1.044 0.005

IR67 X572930.59 Y4656904.43 22 195 1.83 C 1.12 0.016 0.917 0.041 1.004 0.002 1.101 0.014
I8 X568167.04 Y4661954.53 91 99.4 0.995 C 1.031 0.014 0.578 0.291 1.005 0.002 1.023 0.013

I8.1 13 103 1.34 C 1.047 0.019 0.779 0.089 1.004 0.002 1.038 0.015
I8.2 67 98.6 0.95 C 1.026 0.009 0.511 0.303 1.005 0.003 1.019 0.009
I8.4 11 99.6 0.752 C 1.039 0.013 0.754 0.164 1.004 0.002 1.032 0.012
IR8 X568167.04 Y4661954.53 30 145 0.929 C 1.05 0.014 0.794 0.097 1.004 0.001 1.04 0.012
I9 X545046.49 Y4673247.03 85 212 4.51 SC 1.065 0.019 0.639 0.265 1.01 0.006 1.05 0.017

I9.1 7 238 7.16 SC 1.07 0.03 0.708 0.157 1.008 0.002 1.055 0.026
I9.2 58 220 4.22 SC 1.067 0.017 0.651 0.28 1.01 0.007 1.051 0.016
I9.4 20 181 2.32 SC 1.055 0.018 0.58 0.246 1.01 0.005 1.044 0.016
IR9 X545046.49 Y4673247.03 25 181 2.18 SC 1.042 0.009 0.585 0.112 1.008 0.002 1.032 0.008
I10 X548566.07 Y4673247.03 82 111 1.49 C 1.038 0.013 0.675 0.191 1.005 0.003 1.03 0.012

I10.1 29 107 1.36 C 1.046 0.012 0.746 0.15 1.005 0.003 1.037 0.01
I10.2 53 114 1.52 C 1.034 0.012 0.636 0.201 1.005 0.003 1.026 0.01
IR10 X548566.07 Y4673247.03 27 117 2.57 C 1.041 0.012 0.687 0.13 1.005 0.002 1.032 0.011
EF1 X559050.91 Y4666101.97 44 213 5.72 – 1.108 0.035 0.576 0.301 1.018 0.008 1.081 0.033

EF1.1 18 185 3.43 C 1.113 0.027 0.703 0.1 1.015 0.007 1.088 0.021
EF1.2 19 245 6.74 C 1.095 0.043 0.373 0.356 1.023 0.008 1.066 0.04
EF1.3 7 196 2.29 C 1.13 0.012 0.797 0.053 1.011 0.003 1.105 0.01
EFR1 X559050.91 Y4666101.97 30 218 1.94 C 1.085 0.033 0.475 0.319 1.018 0.009 1.061 0.03

exchange between the kint and kmin axes is observed. Note that site
C9 corresponds to a limestone and that no ECS sites are sampled
in limestones. The cluster of the kmin axes shows confidence angles
lower than 15◦/9◦ for every site of the study, except for I7, EF1 and
C9 (22◦/14◦, 29◦/18◦ and 42◦/8◦, respectively, Table 2). Detailed
observation of sites (Fig. 7 with specimens from each subsite repre-
sented separately), shows that the highest scattering of the kmin axes
usually corresponds with samples located at the margins of the ECS

(subsites 2, Fig. 7b). Specifically, subsite EF1.2 shows the highest
confidence angles (44◦/18◦) for the kmin axes, and an exchange be-
tween the kint and kmin axes. Conversely, subsites number 1 (located
at the bottom of the structures, Fig. 7a) shows a better clustering
of the kmin axes than the average value for the entire site. Subsites
in zones 3 and 4, generally show a better grouping of the kmin axes
than subsites number 2 (Table 2). HC1 is the only site that does not
follow these trends, as HC1.2 shows the most clustered ellipsoid of
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8 C. Garcı́a-Lasanta et al.

Figure 4. Temperature-dependent susceptibility curves. Black curves were
recorded while heating and grey curves during cooling. BSUSC: bulk sus-
ceptibility; NSUSC: normalized susceptibility. (a) Typical hyperbola for the
paramagnetic behaviour. (b) Reversible curve with presence of a small per-
centage of magnetite (susceptibility decay at 580 ◦C). (c) Neoformation
of ferromagnetic phases during heating (pyrrhotite, 350 ◦C and magnetite
580 ◦C) as well as magnetite percentage in the original content.

the site; in HC1.1 the kmin axes are slightly more scattered than the
average (Fig. 7) and in HC1.3 and HC1.4 this scattering is substan-
tially higher than the average (Table 2). Reference sites (Fig. 7c)
generally show a better clustering of the kmin axes than the other
subsites, and always higher than the site average.

The kint and kmax axes are scattered within the bedding plane. In
a close-up view, the clustering trends described for kmin axes also
apply to the kint and kmax axes (Table 2, Fig. 7). This means a bet-
ter clustering of the reference ellipsoids than the site average and
also the higher scattering of subsites number 2 in all cases, except
again on site HC1. Furthermore, differences in the orientation of
the magnetic lineation (orientation of the kmax axes) are observed
depending on the situation of the different outcrops within the En-
ciso Group (Fig. 6). Sites with load structures show an N–S mag-
netic lineation, while dish-and-flame structure shows an NW–SE
orientation of the kmax axes. Footprints sites show an approximately
E–W orientation, except for site I3, where the magnetic lineation
is NE–SW. The orientation of magnetic lineation in each reference
site coincides with the orientation registered in the corresponding
ECS.

With regard to the relationship between magnetic fabrics and rock
type, there are differences in the scattering and the orientation of
the magnetic ellipsoid related to the lithology (Fig. 8). Claystones

show the best clustering of the three axes (Fig. 8 sample M9).
An oblate shape is also observed in siltstones, but showing higher
axes scattering (Fig. 8 sample A9) .On the contrary, an incipient
swapping between the kint and kmin axes and a higher scattering of
the three axes is registered in carbonate-rich rocks (Fig. 8 sample
C9). Anyway, no ECS sites are sampled in limestones, and therefore,
swap between the kint and kmin axes observed in EF1.2 (sampling
claystones, Fig. 7b EF1) is interpreted in terms of deformation. The
orientation of the magnetic lineation is approximately constant for
sites located in the same outcrop: E–W for A9, C9 and M9 and
NW–SE for PDM and PDC (Table 2).

4.4 Magnetic fabric at LT (77 K)

Low-temperature AMS analyses were done in 49 specimens from
six subsites: I8.1, I8.2, EF1.1, EF1.2, HC1.2 and HC1.4 (Table 3).
Susceptibility at LT ranges between 174.4 × 10−6 and 1173 × 10−6

SI in the measured specimens. The increase of LT susceptibility
with respect to RT values reveals the dominance of paramagnetic
minerals, with ratios between 1.91 and 3.01. If a purely paramag-
netic phase is assumed, the LT/RT susceptibility ratio should be
about 3.8 at 0 K (Lünebug et al. 1999). The results obtained seem
to corroborate the presence of some ferromagnetic content. The
orientation of magnetic axes at RT overlaps with the magnetic axes
at LT (Fig. 9), indicating that the paramagnetic signal dominates
and that magnetic fabric at RT shows the preferred orientation of
paramagnetic minerals.

5 D I S C U S S I O N

5.1 Development and locking of magnetic fabrics

The study of magnetic fabric in ECS gives new useful information
that shed light to the problem of enclosing the process of fabric
development. The magnetic fabric results from the sum of processes
affecting the rock from sedimentation to exhumation: deposition
and ECS influence, early and late diagenesis (burial), low-grade
metamorphism, tectonic inversion and exhumation.

Locking of magnetic fabric is the moment that marks the final
definition of the bulk magnetic fabric, not modified by subsequent
processes. Therefore, the moment of locking of the magnetic fabric
may vary for different parts or different units within the sedimen-
tary basin, and depends on the intensity of the different processes
affecting them. For rocks undergoing extensional strain as the only
significant penetrative deformation, we can consider that the lock-
ing of the magnetic fabrics occurred at the end of the extensional
stage and the burial process under the same regime. Analogously, in
areas with cleavage formation during the Cretaceous metamorphic
stage and no important subsequent deformation, the magnetic fab-
rics lock at this moment. In areas with strong Tertiary deformation,
with local formation of cleavage, the locking is dated in the Late
Tertiary.

The Cameros Basin underwent burial diagenesis and incipient
metamorphism with formation of chlorite and chloritoid in the
basin centre, and cleavage in particular areas of the basin (Guiraud
& Séguret 1987; Gil Imaz 2001). Inversion and exhumation of the
whole basin are not linked to wholesale mineral growth or recrys-
tallization (Mata 1997; Del Rı́o 2009), although eastwards of the
studied area (González-Acebrón et al. 2011; see also Casas et al.
2012; González-Acebrón et al. 2012) this stage has been linked to
reequilibration of certain mineral phases.
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Development of magnetic fabric in ECS 9

Figure 5. Average values from subsites (circles), reference sites (squares) and lithological reference sites (triangles). (a) Pj versus shape parameter (T). (b)
Corrected anisotropy degree (Pj) versus magnetic susceptibility (km).

Figure 6. Equal area projection of the three magnetic axes after restoring bedding to horizontal, including their confidence ellipses, for site averages from I7,
I9 (footprints) HC1 (load structure) and EF1 (dish-and-flame structures). kmax in squares, kint in triangles and kmin in circles. The larger symbols indicate the
average value for each axis.
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10 C. Garcı́a-Lasanta et al.

Table 2. Summary of magnetic directional data. In situ values for kmax, kint and kmin mean orientations (T/P:
trend/plunge); Conf Ang, confidence angles (error angles around the average axes), based on Jelinek statistics
and calculated with Anisoft42; S0, Strike and dip for bedding planes following the right-hand-rule system;
values that refer to site averages are in bold, those that refer to subsite averages are in normal type.

Site kmax (T/P) Conf Ang (◦) kint (T/P) Conf Ang (◦) kmin (T/P) Conf Ang (◦) S0

M9 90/3 11/3 359/23 11/2 186/67 3/2 290/22
C9 85/14 11/8 291/74 42/10 177/7 42/8 290/22
A9 84/7 24/7 351/21 24/6 191/68 7/6 290/22

PDM 124/5 19/7 33/13 19/6 236/76 7/5 303/17
PDC 338/5 22/6 69/7 21/6 212/81 8/7 303/17
HC1 351/7 45/5 82/5 45/8 210/82 8/6 294/15

HC1.1 329/6 41/4 61/11 41/8 209/78 9/6 294/15
HC1.2 354/5 32/5 85/5 32/5 218/83 7/4 294/15
HC1.3 5/5 52/4 95/3 52/7 215/84 8/3 294/15
HC1.4 350/11 50/3 80/3 50/12 187/78 14/6 294/15
HC2 350/6 21/4 81/5 21/11 211/82 11/4 249/15

HC2.1 2/7 25/2 92/1 26/8 192/83 10/2 249/15
HC2.2 350/3 20/3 80/6 23/12 228/84 17/4 249/15
HC2.3 347/6 11/4 77/7 12/9 215/80 10/4 249/15
HC2.4 Not enough records for Jelinek statistics 249/15
HCR1 3/8 9/1 93/2 9/4 199/82 4/1 249/15

I3 36/4 31/9 126/9 32/15 284/80 15/9 319/21
I3.1 42/5 25/7 132/10 25/14 286/79 15/8 319/21
I3.2 Not enough records for Jelinek statistics 319/21
I3.3 Not enough records for Jelinek statistics 319/21
I3.4 53/0 35/3 143/6 34/7 319/84 7/5 319/21
IR3 32/10 19/6 123/6 19/6 243/78 7/5 319/21
I6 74/34 64/7 328/22 64/14 211/48 14/7 308/36

I6.1 99/18 16/8 357/34 16/8 213/51 11/4 308/36
I6.2 9/44 40/14 110/10 41/17 210/44 20/10 308/36
I6.3 Not enough records for Jelinek statistics 308/36
I6.4 75/33 32/4 326/26 32/14 206/45 15/4 308/36
I7 88/16 66/15 346/34 66/22 199/52 22/14 308/36

I7.1 93/20 12/7 351/28 24/12 213/54 25/6 308/36
I7.2 298/24 66/20 44/32 66/25 178/48 27/18 308/36
I7.3 62/34 41/8 321/16 40/11 209/51 13/11 308/36
I7.4 Not enough records for Jelinek statistics 308/36

IR67 327/11 37/6 64/35 37/6 221/53 8/4 308/36
I8 261/3 50/6 352/23 50/6 164/67 7/6 265/28

I8.1 59/6 16/3 327/24 16/3 161/65 3/3 265/28
I8.2 267/5 45/7 360/23 45/7 165/67 9/7 265/28
I8.4 335/21 54/4 66/4 54/6 167/69 7/4 265/28
IR8 271/5 15/3 3/19 15/3 166/71 3/3 265/28
I9 76/7 33/7 344/22 33/10 182/67 10/7 290/22

I9.1 63/15 33/3 327/22 33/5 184/63 7/3 290/22
I9.2 69/9 32/7 336/20 33/10 181/68 11/7 290/22
I9.4 93/0 18/5 3/26 18/8 184/64 9/5 290/22
IR9 94/1 8/3 3/22 7/3 187/68 4/3 290/22
I10 91/7 24/9 358/21 24/11 199/68 12/9 302/17

I10.1 88/9 18/6 354/22 18/9 200/66 9/6 302/17
I10.2 92/6 28/11 360/20 28/13 198/69 13/11 302/17
IR10 81/10 34/7 349/16 34/6 201/71 9/4 302/17
EF1 142/5 30/18 51/10 31/26 258/79 29/18 327/25

EF1.1 150/2 31/16 60/23 30/14 241/67 17/15 327/25
EF1.2 145/17 37/18 249/38 45/36 36/47 44/18 327/25
EF1.3 328/4 7/5 58/7 7/5 210/83 6/4 327/25
EFR1 310/3 27/10 40/4 27/8 188/85 11/7 327/25

During the whole 150 Myr evolution of the sediments, the imprint
of the different processes in the magnetic fabric is not equivalent.
Syn- and early post-depositional processes have a strong influence
in the building of the magnetic fabric: compaction, water expul-
sion and phyllosilicate rearrangement are of primary importance.
The stage of burial brought about formation of new phyllosilicates
(mainly chlorite) and regrowth of some of the detrital grains, un-
der a tectonic regime dominated by NE–SW extension (Mata et al.

2001). In our case, magnetic fabric building processes are mostly
linked to the pre-Cretaceous metamorphic stage (100 Ma) during
the basin evolution and most of the measured magnetic fabrics are
related to the previous processes. The relative relevance of the early
or late diagenetic stage will be discussed in this section.

Sedimentatione of phyllosilicates is mostly controlled by grav-
ity and flocculation of particles (Tauxe et al. 2006). The load of
water column and subsequent sediments over the already deposited
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Development of magnetic fabric in ECS 11

Figure 7. Equal area projection of the three magnetic axes after restoring bedding to horizontal, including their confidence ellipses, for subsites from sites
I7, I9 (footprints) HC1 (load structure) and EF1 (dish-and-flame structure). (a) Bottom specimens (subsites number 1). (b) Specimens at the margins of the
structure (subsites number 2). kmax in squares, kint in triangles and kmin in circles. (c) Reference site near each structure.
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12 C. Garcı́a-Lasanta et al.

Figure 8. Equal area projection of the three magnetic axes after bedding restoring to horizontal, including their confidence ellipses, for sites M9, A9 and C9
sampling different lithologies. kmax in squares, kint in triangles and kmin in circles. The larger symbols indicate the average value for each axis.

Table 3. Summary of mean susceptibility data and magnetic directional data from specimens measured at low temperature. RT, room temperature;
LT, low temperature; km, mean susceptibility (in SI units); in situ values for kmax, kint and kmin mean orientations (T/P: trend/plunge); Conf
Ang, confidence angles (error angles around the average axes), based on Jelinek statistics and calculated with Anisoft42; S0, Strike and dip for
bedding planes following the right-hand-rule system.

Site km (×10−6) e (×10−5) kmax (T/P) Conf Ang (◦) kint (T/P) Conf Ang (◦) kmin (T/P) Conf Ang (◦) S0

I8.1 RT 105 1.67 60/5 15/2 328/24 15/3 162/65 3/2 265/28
I8.1 LT 220 4.33 57/5 7/4 326/19 7/5 162/70 6/2 265/28
I8.2 RT 98.2 1.09 78/2 57/11 348/11 56/12 177/79 16/12 265/28
I8.2 LT 205 2.24 28/2 33/19 299/1 43/13 189/88 37/21 265/28

EF1.1 RT 193 3.50 150/4 25/10 58/23 25/19 248/67 19/12 327/25
EF1.1 LT 530 10.5 146/4 27/12 236/2 27/19 348/86 19/12 327/25
EF1.2 RT 270 8.74 149/11 27/12 248/40 39/26 46/48 39/14 327/25
EF1.2 LT 757 24.5 147/10 29/12 246/41 38/28 47/47 38/15 327/25
HC1.2 RT 254 1.98 339/5 17/5 70/5 17/6 206/83 8/3 294/15
HC1.2 LT 705 5.88 158/4 10/5 248/7 11/6 35/82 8/3 294/15
HC1.4 RT 207 5.59 350/11 50/3 80/3 50/12 187/78 14/6 294/15
HC1.4 LT 566 14.5 356/1 42/4 266/5 42/12 93/85 12/7 294/15

Figure 9. Equal area projection of AMS at room temperature (RT, in black)
and at low temperature (LT, in white) after bedding restoration to horizontal
for specimens from subsites EF1.1 and EF1.2. kmax in squares, kint in trian-
gles and kmin in circles. CE: confidence ellipses (RT: black; LT: grey). See
text for further explanations.

phyllosilicates is added to the effect of the gravity force on the
orientation of the particles (Fig. 10a). However, a disruption of
gravity/water load in the arrangement of the particles occurs with
a dinosaur track imprint (surficial disruption, Fig. 10b) or later on,
when particles are incorporated into the sediment succession and re-
mobilization of fluids occurs as a deep disruption, due to either static
sediment load (differential compaction, Fig. 10c.1) or dynamic load
(seismites, Fig. 10c.2). The imprint of these types of disruptions on
the regional signal of the sediment load mainly controls the petro-
fabric on its first stages of evolution in the Cameros Basin and
hence, the AMS measured in the analysed rocks (Fig. 10d). On top
of that, diagenetic crystallization of new phyllosilicates could also
obscure the influence of ECS in the magnetic fabric (Figs 10c.1,
c.2 and d). With our AMS study, all described constraints (the in-
fluence of gravity force, sediment-water load and disruptions (due
to dinosaur footprint, load structures or seismites) through time are
taken into account to decipher the time of locking of AMS, clearly
constrained afterwards.

5.2 Influence of lithology in the AMS

Data obtained from applying different methods to separate magnetic
mineral phases allow us to determine that, although some samples
have a low magnetite content, it never masks the contribution of
the paramagnetic minerals (phyllosilicates) to the magnetic fab-
ric. Some differences in scattering and position of the three main

 at C
SIC

 on Septem
ber 19, 2013

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


Development of magnetic fabric in ECS 13

Figure 10. Factors affecting orientation of phylosilicates through time in the Cameros Basin (see text for details). In stripped grey, minerals deposited first and
affected by early processes; in stripped white, minerals from the infill; in plane grey, minerals crystallized during diagenesis.

magnetic axes depending on the sampled lithology have been ob-
served (Fig. 8). These lithological differences between the compared
subsites must be taken into account, because they also influence the
different grouping of the three magnetic axes. For this reason, only
subsites number 1 and 2 are directly compared as they belong to
the same bed and there is no difference in lithology. Therefore, the
observed differences in the scattering of the axes within a particular
lithology are directly related to the deformation of sediments.

5.3 Influence of ECS on the magnetic fabric

The degree of clustering of the three magnetic axes between subsites
1 and 2 indicates an influence of the generation of the ECS in the
development of the magnetic fabric. Subsites number 2 (margins)
always show the highest scattering of axes, where the strongest
deformation and modification of laminae orientation occur (Fig. 11).
Furthermore, orientations of magnetic axes in the subsites 1, at the
bottom of the ECS, show a better grouping of the magnetic axes
than the averaged value for the entire site. The sediments in this
zone of the structure undergo the slightest modification due to the
ECS, and phyllosilicates remain parallel to the bedding plane. Out
of the ECS, reference sites show the best clustering of the three

magnetic axes compared to all of the others subsites and always
higher than the clustering of the overall ECS site average.

A magnetic fabric already developed before the moment of for-
mation of the ECS would register the deformation associated with
these structures. Therefore, if an ECS can verticalize sedimentary
laminae in the margins of the structure (subsites 2), then the mag-
netic fabric should be rotated 90◦ around a horizontal axis, that is,
the kmin axes should be horizontal, and the kmax axes should be verti-
cal. However, such speculation is not observed. In fact, the kmin axes
is always near the vertical and, in addition, the observed scattering
of the magnetic axes in subsites 2 is not as large as expected for
an already prior-to-ECS locked fabric. Therefore, we can establish
that the magnetic fabric continued developing after the formation
of the ECS. The unique exception is site EF1, where the kmin axes
is practically horizontal in subsite 2.

Another observation is the systematic trend of a higher scattering
of the magnetic axes (higher confidence ellipses), which is observed
in sites affected by ECS with respect to the reference sites. Further-
more, the higher scattering occurs in the margin of the structures and
not at the bottom. Therefore, at this stage, the developed magnetic
fabric was distorted by the ECS. The development of the fabric
began very early, at the time of deposition, but it was prolonged
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14 C. Garcı́a-Lasanta et al.

Figure 11. Sketch showing the distortion of the kmin of the magnetic fabric (vertical lines) due to the generation of a dinosaur footprint. The highest distortion
occurs in the margins of the structures, where the strongest deformation takes place, including sediment removal.

beyond the action time of the ECS. In the studied cases, the final
locking time is clearly late with respect to the ECS.

Consequently, the presented study helps to bracket the time of
the development process of the magnetic fabric as a long-term pro-
cess, beginning during the sedimentation, lasting during sediment
dehydration, and continuing after the moment of formation of ECS.

The modification caused by the generation of the ECS depends
on the magnitude of the deformation as well as on the moment
when it occurs (associated to the sedimentary load), which is in turn
related to the type of ECS. For a seismite to develop, a saturated
bed is needed to be present (Lowe 1975; Owen 2003; Berra &
Felletti 2011; Owen et al. 2011 and references therein) under a more
consolidated bed. When an earthquake takes place, perturbation
spans over a wide area, where the sediment below behaves as a
fluid and migrates upwards, piercing the overlying silty bed and
generating the recognized dish-and-flame structures (Fig. 2d). Data
from Table 2 demonstrate that these structures recognized in site
EF1 cause a higher modification of magnetic fabric than the other
studied ECS. Load structures and dinosaur footprints affect smaller
areas than the seismite. In addition, a dinosaur footprint involves less
consolidated sediments than seismites and load structures. Within
the footprints sites, differences in the deformation degree of the
magnetic fabric may depend on the water content of sediments in
the moment of the trackway generation.

5.4 Magnetic fabric development in the Enciso group

Results presented in this paper allow for important inferences about
the development of magnetic fabrics to be obtained. As we have
previously stated, comparing the geometry of laminae deformed by
the ECS with its pre-ECS geometry, we can see that the orienta-
tion of the kmin axes does not strictly follow the perpendicular to
their original position (Fig. 11). As a result, the disturbance in the
magnetic fabric, expressed in the scattering of magnetic ellipsoid
axes, is much lower than could be expected from the orientation
of laminae. This can be interpreted as the result of development of
magnetic fabric during the diagenesis, post-dating, and not linked to
the period immediately after deposition. Although the ECS imprint
is still discernible from the AMS, the strong, homogeneous com-
paction process after deposition, due to sedimentary load, and the
rest of early diagenetic processes were able to reorient (regroup) the
magnetic fabric to a considerable degree. This can be considered
the final locking of the magnetic fabric.

Taking into account all the terms exposed in this study, a se-
quence of magnetic fabric development is proposed (Fig. 12). In a
first stage immediately after deposition, an oblate ‘protofabric’ is

developed, only due to sedimentation and the effect of gravity that
induces phyllosilicate grains to accumulate with their c-axes per-
pendicular to the bedding surface (Fig. 12a, Hrouda & Jezek 1999;
Parés et al. 1999). The extensional regime dominant in the area is
probably registered early on the magnetic fabric with the incipient
development of a magnetic lineation (Fig. 12b, see also Parés et al.
1999; Cifelli et al. 2005; Larrasoaña et al. 2011; Pueyo Anchuela
et al. 2010). This magnetic lineation is oriented according to the
extensional episode (see also Mattei et al. 1997, 1999; Cifelli et al.
2005; Soto et al. 2007, 2008; Oliva-Urcia et al. 2010c). Since the
same direction of the magnetic lineation is registered within and
without the ECS from the same outcrop, we can infer that it is not
influenced by such kind of structures and will probably progress
during a large time span, as basin extension takes place and the
thick syntectonic series is deposited.

During the first stages after deposition, the generation of a di-
nosaur footprint may take place. This process is able to disturb the
development of the magnetic fabric, scattering its three main axes
(Fig. 12c.1). The modification depends on several variables related
to the animal causing the footprint and to the sediment where it
is originated. The first type of variables, for example, the dinosaur
weight, foot area, way of walking (biped or quadruped) and even
its speed, determine the pressure the animal is able to apply to the
sediment and, therefore, the deformation it may cause on it (Pérez-
Lorente 2003). The sediment conditions, for example, its water
content at the moment of the footprint development or its lithology,
also determine the depth of the footprint influence and, therefore,
the perturbation that a particular footprint can generate in the sed-
iment. The places along the basin where this type of process does
not take place continue developing a magnetic fabric just influenced
by tectonic, sedimentary and water depth load conditions.

Assuming a constant deposition rate, deposits are buried by
younger sediments, and fluids may remain trapped in underlying
units. In a tectonically active basin, displacement in synsedimen-
tary faults and earthquakes are frequent. This process may trigger
the generation of dish-and-flame structures due to the trapped fluid
migration (Figs 2d and 12d.2, (Lowe 1975; Owen 2003; Berra &
Felletti 2011; Owen & Moretti 2011; Owen et al. 2011), and cause
a strong disturbance on the magnetic fabric. In other cases, differ-
ences in density of the sediments may trigger the upwards migration
of fluids trapped below more dense sediments, and generate load
structures (Owen 2003). This process of differential compaction af-
fects a small area and therefore its influence in the magnetic fabric
is spatially restricted (Fig. 12d.3).

The subsequent deposition causes the increase of lithostatic
charge over all those previous sediments. This vertical pressure
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Development of magnetic fabric in ECS 15

Figure 12. Proposed temporal sequence of magnetic fabric development under influence of early compaction structures. (a) Immediately after deposition,
development of an oblate ‘protofabric’. (b) Beginning of magnetic lineation development under tectonic influence (since it is located in an active extensional
basin during Early Cretaceous filling stage). (c.1) Generation of a dinosaur footprint able to disturb the magnetic fabric (appearance of the magnetic fabric on
the margins of the structure). (c.2) Development of the magnetic lineation, without ECS influence, in the rest of the basin under extensional regime influence.
(d.1) Under constant deposition, magnetic fabric is slightly reorganized. (d.2) Strong modification of magnetic fabric due to generation of dish-and-flame
structures related to earthquakes, its attitude on the margins of the structure is represented. (d.3) Differential compaction processes generate load structures,
able to modify the magnetic fabric at the margins of the structure. (e) Lithostatic load is able to partly reorient the fabric due to the generated structures.

due to compaction and perpendicular to the bedding plane is able
to regroup the axes of the magnetic ellipsoid, reducing the distur-
bance originated by the ECS on the magnetic fabric (Fig. 12e).
The primary magnetic fabric will be totally locked when diagenetic
processes have finished, provided that deformation during compres-

sional inversion of the basin does not generate internal deformation
(i.e. cleavage or schistosity) of sedimentary rocks from the strati-
graphic units included in our study, which would generate secondary
fabrics (mineralogical changes and grain recrystallization depend-
ing on P–T conditions, Mata 1997).
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6 C O N C LU S I O N S

The study of AMS in ECS of the Cameros Basin allows us to
establish an evolutionary model of the petrofabric through time
until the locking of the AMS is measured in the laboratory.

Analyses of rock magnetism indicate that the magnetic suscepti-
bility carriers for the sampled lithologies (siltstones, claystones and
limestones) are phyllosilicates. Although the presence of a small
amount of ferromagnetic fraction has been recognized, AMS at LT
shows that it does not mask the main signal, given by the orientation
of the phyllosilicates in the magnetic fabric.

The vertical position of the kmin axes (in bedding coordinates) in
all the sites shows the sedimentary origin of the magnetic ‘protofab-
ric’. The differences in the scattering degree of the three magnetic
axes, depending on the position of the sample within the ECS, allow
us to interpret that:

(i) Magnetic fabric begins to develop at the earliest stages after
deposition.

(ii) ECS (surficial and deeper) are able to disturb incipient mag-
netic fabric, since different scattering degree of the magnetic axes
is observed in different parts of the ECS.

(iii) The degree of this perturbation is directly related to the
intensity, areal extent and the moment of the process responsible for
the early compaction structure. Seismites, later developed, produce
higher scattering of the magnetic axes than dinosaur footprints,
developed during an earlier stage of sediment evolution, and higher
scattering than load structures, which affect a smaller area.

(iv) Magnetic fabric was not completely locked at the time of
formation of ECS, since the observed scattering of magnetic axes
in perturbed sediments is not as large as expected if the fabric would
have been totally locked.

(v) Therefore, the later homogeneous compaction process due to
sedimentary load and the rest of diagenetic processes can regroup
magnetic fabric to a certain degree, giving a strong imprint to the
magnetic fabrics in this unit of the Cameros Basin.

Therefore, tectonic studies based on the interpretation of mag-
netic fabrics must be done very carefully, taking into account that
other factors, as ECS, may influence the fabrics development. So, a
careful investigation of the outcrops where the study will be devel-
oped is recommended before sampling.
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sur décrochement de Soria (Crétacé inférieur, Nord Espagne), C. R. Acad.
Sci., Paris, 307, 521–527.

Gong, Z., van Hinsbergen, D., J.J., Vissers, R.L.M. & Dekkers, M.J., 2009.
Early Cretaceous syn-rotational extension in the Organyà basin—new
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