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Magnetic fabrics are usually studied to unravel the evolution of sedimentary basins, mainly
focusing the attention in paramagnetic minerals. However, since basins are sometimes affected by
burial-related chemical remagnetizations, magnetic fabrics can also be carried by authigenic
ferromagnetic minerals related to remagnetization processes. Consequently, the study of the different
types of fabrics can give complementary and valuable information about the evolution of sedimentary
basins. Here, we explore, in the Jurassic carbonates of the Central High Atlas (Morocco), the role in
magnetic fabrics of authigenic magnetite that grew during the Cretaceous (ca. 100 Ma) widespread

remagnetization event.

Magnetic fabrics are studied in 53 sites using the anisotropy of the magnetic susceptibility
measured at room temperature (RT-AMS) and comparing results with sub-fabrics that alternatively
enhance the paramagnetic and the ferromagnetic signal. Furthermore, an innovative analysis is
proposed, comparing the magnetic fabrics before and after bedding correction (the common procedure)
with fabric orientation after partial bedding correction. We use the paleomagnetic information to
reconstruct the attitude of bedding at the remagnetization time and to restore the magnetic fabrics at
this time.

The performed analysis allows interpreting RT-AMS in terms of the contribution of different
subfabrics, and the relationship between these, tectonic processes and the magnetic mineralogy. Four
RT-AMS types are defined: T1 is carried by superparamagnetic magnetite that grew during the
remagnetization stage and shows a horizontal lineation parallel to the extension direction at this time;
T3 and T4 are carried by paramagnetic minerals and show compressive fabrics with the magnetic
lineation parallel to intersection (bedding-cleavage) lineation; finally, T2 shows a mix between

ferrimagnetic and paramagnetic fabrics.
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INTRODUCTION

Since the first works by Graham (1954, 1966) evaluating the petrofabric of sedimentary rocks through
the anisotropy of low field induced magnetization (i.e. the anisotropy of the magnetic susceptibility,
AMS), this tool has been widely used to infer the petrofabric in a quick and reliable way (Borradaile
and Tarling, 1981, Hrouda, 1982; Rochette and Vialon, 1984; Borradaile, 1988; Tarling and Hrouda,
1993; among others), even when other textural indicators are weakly developed. The measurement of
AMS at room temperature (RT-AMS) gives the bulk information of the whole mineral assemblage in
the rock (i.e. diamagnetic, paramagnetic and ferromagnetic s.l. minerals). Its application in
phyllosilicate-rich sedimentary rocks lead to relatively straightforward inferences about the tectonic
regime responsible for deformation in sedimentary units (see Parés 2004, 2015 for review). Therefore,
AMS provides information about (i) the tectonic frame under which sediments were deposited and
subsequently deformed (e.g. Aubourg et al., 2004, 2010; Borradaile and Hamilton, 2004; Caricchi et
al., 2016; Cifelli et al., 2004, 2005; Garcia-Lasanta et al., 2014, 2015; Kissel et al., 1986; Lee and
Angelier, 2000; Mattei et al., 1997, 1999; Moussaid et al., 2013; Oliva-Urcia et al., 2009, 2011; Parés et
al., 1999; Pueyo-Anchuela et al., 2011; Soto et al., 2009, 2012), (ii) subsequent tectonic imprints (e.g.
Debacker et al., 2004; Dudzisz et al., 2018; Oliva-Urcia et al., 2013, 2018, lzquierdo-Llavall et al.,
2013), or (iii) other common geological processes, such as the diapiric evolution both under
compressional and extensional settings (Santolaria et al., 2015; Soto et al., 2017). This has led to

refinement of evolutionary basin models and of fault activity during basin evolution.



However, a fundamental previous step before interpreting AMS is to determine the magnetic
mineralogy that gives rise to the magnetic fabric, for a number of reasons: (i) different minerals can
have a different origin and formation time; (ii) different minerals present different rheology and
therefore their response to deformation can be variable; (iii) dia- para- and ferromagnetic s.l. fabrics
can record and, therefore contribute, with different information, allowing a wider vision about the
tectonic evolution experienced by rocks. There are different approaches that allow to assess which are
the carriers of the RT-AMS, as for example: (i) sub-fabrics measurements, either by means of AMS
measured at liquid nitrogen temperature (LT-AMS) (Richter and van der Pluijm, 1994; Parés and van
der Pluijm, 2002, 2014; Issachar et al., 2016), through high-field and low-field measurements (e.g.,
Hrouda and Jelinek, 1990; Rochette and Fillion, 1988; Schmidt et al., 2007) or through the anisotropy
of the remanence measured by different ways (e.g. McCabe et al., 1985; Jackson., 1991; Martin-
Hernandez and Ferré, 2007; Potter, 2004; Bilardello and Jackson, 2014); (ii) comparison between
magnetic fabrics and petrographic observations (both under optical and electronic microscopes) or (iii)
X-ray and neutron goniometry (e.g. Chadima et al., 2004; Martin-Hernandez and Ferré, 2007; Cifelli et
al., 2009; Schmidt et al., 2009; Oliva-Urcia et al., 2012). Usually the coincidence of axes orientations
between RT-AMS and LT-AMS indicates that the carriers of the RT-AMS are paramagnetic minerals
when the diamagnetic fabrics are excluded (or at least that the RT-AMS is equivalent to the
paramagnetic petrofabric). Conversely, the coincidence in orientation between RT-AMS and anisotropy
of the remanence indicates that the RT-AMS shows the petrofabric of the ferromagnetic s.l. minerals. It
goes without saying that RT-AMS, LT-AMS and anisotropy of the remanence can all show similar
orientations, thus indicating a coincidence between the petrofabric of paramagnetic and ferromagnetic

minerals.

One of the first tests when working with magnetic fabric is to establish its relationship with

bedding. The clustering degree between ellipsoids from different sites before and after bedding



correction is probably the quickest and most reliable way to determine this relationship. Paleomagnetic
analysis provides a new element for comparing with the magnetic fabric: paleomagnetic directions of
syn-folding remagnetizations allow to know the attitude of beds (i.e. the paleo-bedding) at the moment
of remagnetization occurrence (e.g. Villalain et al., 2003, 2016; Soto et al., 2008; Torres-Lopez et al.,
2015; Garcia-Lasanta et al., 2017). Beyond the comparison before and after total bedding correction, it
is possible to analyse the magnetic fabric after partial bedding correction (i.e. restoring strata to their
paleo-bedding) and, in this way, to understand possible relationships between remagnetization and

magnetic fabric acquisition.

Because of (i) the abundance of ferromagnetic fabrics, and the scarcity of phyllosilicates, and
hence paramagnetic fabrics, in some rock types (namely marine limestones and dolostones), and (ii) the
extent to which remagnetizations in sedimentary basins are found, the unravelling of the significance of
the different types of magnetic fabrics in remagnetized rocks is of primary importance. This is
especially significant if a thorough application of the AMS technique to sedimentary rocks is intended.
In this work, we explore how the characteristic mineralogy of remagnetized limestones, containing
significant amounts of superparamagnetic (SP) and stable single domain (SSD) magnetite (e.g. Jackson
and Swanson-Hysell, 2012, for review) affects the RT-AMS. For that purpose, on one hand (i) magnetic
sub-fabrics (LT-AMS and anisotropy of the anhysteretic remanent magnetization -AARM) are
compared with RT-AMS, and on the other hand, (ii) we propose the complementary test of comparing
the magnetic fabric with the paleo-bedding in addition to the usual comparison with bedding, to
understand the timing of acquisition of the RT-AMS. The results obtained are of interest for the study
of other marine and non-marine sedimentary basins and widens the range of applicability of AMS as a

reliable marker in basin analysis.



GEOLOGICAL SETTING

The Atlas system is an ENE-WSW intracontinental chain located in the foreland of the southernmost
sector of the Mediterranean Alpine System, in NW Africa (Fig. 1a). The chain is the result of the
Cenozoic convergence between African and European plates, which generated the inversion of a
system of Mesozoic extensional basins (Mattauer et al., 1977; Gomez et al., 2000; Frizon de Lamotte et
al., 2008).

Because of its intrinsic geological and paleomagnetic features, the Central High Atlas (CHA;
Fig. 1b) provides an outstanding location for the study of AMS linked to remagnetized limestones
because of (i) the widespread remagnetization that involves 80% of the width of the mountain chain
and extends at least from the Atlantic coast to the Saharan Atlas, affecting different types of rocks and
(ii) the thickness and lithological variety of the Jurassic calcareous sequences. The tectonic evolution of
the High Atlas and the stress directions at each stage are relatively well known (e.g. Ait-Brahim et al.,
2002) and magnetic properties of limestones have also been the target of several paleomagnetic works
(Torres-Lopez et al., 2014, 2016; Calvin et al., 2017a). Mesozoic extension, especially during the
Triassic and the Jurassic (Fig. 2), was responsible for (i) the deposition of several thousand meters of
red beds and marine limestones in overall, and (ii) a complex thermal history that included the
deposition of intercalated lava flows and the intrusion of basic rocks in several episodes (Hailwood and
Mitchel, 1971; Armando, 1999; Haddoumi et al., 2002; Zayane et al., 2002; Bensalah et al., 2013;
Calvin et al.,, 2017b and references therein), including gabbroic bodies and dyke complexes.
Furthermore, the basinal stage, and also probably the inversion stage, were characterized by diapiric
processes, favoured by the presence of a thick evaporitic unit at the bottom of the Jurassic sequence and
triggered by tectonic movements and igneous activity (Michard et al., 2011; Torres-Lépez et al., 2016).
Structures formed as a consequence of salt tectonics, and triggered by regional deformation developed

at one time with folds, thrusts and alternatively normal faulting.



The Mesozoic extensional stage is related to the opening of the Central Atlantic (especially in the
western part of the Atlasic realm) and the evolution of the Western Tethys (Oliva-Urcia et al., 2016).
Orientations of stress axes during the Mesozoic and Cenozoic in the Moroccan High-Atlas are
relatively well established: WNW-ESE extension in Triassic times was succeeded by NW-SE
extension, at least until Middle Jurassic times. From this time onwards, sedimentation rate dramatically
diminished and other indicators, such as magmatic products, must be used to understand the tectonic
frame. Late Jurassic to Early Cretaceous dykes provide a N-S extension direction, and probably re-used
older structures (Ait-Brahim et al., 2002). N-S compression prevailed during the Eocene (with a

previous weaker episode of E-W shortening) to finally change to a NW-SE direction in recent times

(Fig. 2).

THE ca. 100 MA REMAGNETIZATION IN THE CENTRAL HIGH ATLAS

Previous paleomagnetic studies carried out in the CHA (e.g. Torres-Lopez et al., 2014,
Moussaid et al., 2015; Calvin et al., 2018) divide the Mesozoic deformational history in three main
stages: pre, syn and post ca. 100 Ma remagnetization (Fig. 2). This remagnetization has an inter-folding
behaviour (Fig. 2) because it was acquired between two deformational stages (the Mesozoic extension
and the Cenozoic compression), both responsible for the ENE-WSW structure of the CHA.

From the analysis of the paleomagnetic vectors after the calculation of the remagnetization
direction, it is possible to make a restoration of the attitude of beds at ca. 100 Ma (Torres-Lo6pez et al.,
2016; Villalain et al., 2016; Calvin et al., 2017c). The AMS sites studied in this work were previously
analysed paleomagnetically by Calvin et al. (2017a) and therefore we can use the paleo-dip (i.e. the ca.
100 Ma bedding orientation) to restore the magnetic fabrics at the remagnetization acquisition moment.

Then, three orientations of AMS can be compared: before bedding correction (BBC), after partial



bedding correction (APBC, i.e. restoring at the paleo-dip) and after total bedding correction (ATBP, i.e.
restoring the bedding at the horizontal).

Another important point when analysing the magnetic fabrics in remagnetized limestones is
their specific magnetic mineralogy. Chemical remagnetizations carried by magnetite are characterized
by large amounts of superparamagnetic (SP) and stable single domain (SSD) grains (see Jackson and
Swanson-Hysell, 2012 for review) that show shape anisotropy (Calvin et al., submitted). Comparing
the AARM in the three stages, Calvin et al. (submitted) observed that the ferrimagnetic fabric of the
limestones in the CHA is carried by the diagenetic magnetite responsible for the Cretaceous
remagnetization. This fabric shows the best cluster APBC, with a horizontal cluster of the magnetic
lineation in a NNE-SSW direction, which is interpreted as the extension direction at the

remagnetization time.

APPLIED TECHNIQUES

The magnetic fabric of cylindrical standard specimens was assessed by means of three
techniques: anisotropy of the magnetic susceptibility measured at room and low temperature (liquid
nitrogen temperature; ~ 77 K) (RT-AMS and LT-AMS respectively) and through the anisotropy of the
anhysteretic remanent remagnetization (AARM). RT-AMS is an approximation to the petrofabric of the
rock in which all minerals contribute to the bulk signal (diamagnetic, paramagnetic and ferromagnetic
s.l. minerals). LT-AMS amplifies the paramagnetic contribution to the AMS signature (Richter and van
der Pluijm, 1994; Parés and van der Pluijm, 2002) according to the Curie-Weiss law (the paramagnetic
susceptibility at 77 K is 3.8 times greater than at room temperature). Finally, AARM (McCabe et al.,
1984) indicates the magnetic anisotropy of ferromagnetic s.l. grains with coercivities in the range

between 0 and 90 mT, i.e., mainly ferrimagnetic minerals.



The AMS is a symmetric, second rank tensor, whose eigenvalues and eigenvectors can be used
to define an ellipsoid with orthogonal principal axes, Kmax > Kint > Kmin. The shape and the anisotropy
degree defined by the ellipsoid are determined using the T and Pj parameters (Jelinek, 1981)
respectively, and the bulk susceptibility is defined by km = [(Kmax + Kint + Kmin) / 3] (Nagata, 1961). AMS
experiments were carried out with a KLY4-S Kappabridge (AGICO) (875 Hz and 300 A/m). For
measurements at low temperature (LT-AMS), specimens were submerged into liquid nitrogen about 45
min before starting the experiments, and 10-15 min between measurements.

The AARM was measured in 17 specimens from four sites (four to five specimens per site) and
were evaluated together with previous AARM results from the same sites (presented in Calvin et al.,
2018), totalling 63 specimens from 13 sites. The procedure for AARM analysis consists in the
measurement of nine different positions of the sample, previously demagnetized, after the acquisition
of an anhysteretic field along the axis of measurement (see McCabe et al., 1984). The magnetic second-
rank tensor is calculated following Girdler’s (1961) procedure. AARM measurements were made with
a 2G cryogenic magnetometer with integrated alternating field (AF) and direct field (DF) coils. We
used a DF of 0.05 mT imparted coaxially with an AF between 90 and 0 mT. Anhysteretic magnetization
was demagnetized after each measurement in a peak alternating field of 100 mT and this measurement
was used as a baseline to each position to remove the contribution of higher coercivity minerals.

The studied sites have been previously analysed paleomagnetically (Calvin et al., 2017a), giving
information about the paleo-dip of bedding at the age of remagnetization (ca. 100 Ma). This
information allows applying a double restoration to the magnetic ellipsoid. In addition to the magnetic
ellipsoid before bedding correction (BBC; i.e. in situ), we can analyse it after partial bedding correction
(APBC,; i.e. after untilting the beds to their ca. 100 Ma attitude) and after total bedding correction
(ATBC,; i.e. after restoring the bedding to the horizontal). In this way, we can observe the coherence at

the different evolutionary stages.



In addition, several rock-magnetic experiments were made in order to understand the link
between the magnetic minerals present in the specimens and the magnetic fabrics. Temperature-
dependent susceptibility curves were carried out using a KLY4 Kappabridge (AGICO) with a CS3
furnace (temperature range between 25 and 700 °C) and a CSL cryostat (from -195 to 0 °C) under argon
atmosphere. The variation of the bulk susceptibility with the frequency, expressed as the percentage of
frequency-dependent susceptibility parameter (% yfd; Dearing et al., 1996), was used to assess the

contribution of the superparamagnetic fraction to the bulk susceptibility.

LITHOLOGICALAND TEXTURAL CHARACTERIZATION

The present day ENE-WSW structure of the CHA (Fig. 3) is the consequence of the mainly
NW-SE directed extension that generated ENE-WSW basins during the Mesozoic (especially during
the Jurassic) and the subsequent N-S Cenozoic compression (e.g. Frizon de Lamotte et al., 2008). The
study area presents a particular deformation style (Fig. 1c) that is strongly conditioned by (i) the thick
sedimentary sequences and (ii) the inherited extensional geometry, consisting of wide, flat areas
separated by antiforms related to halokinetic and igneous activity, many of them already configured at
the remagnetization time (Torres-Lopez et al., 2016) (Fig. 3c).

These structures were reactivated under compression, and the antiforms were squeezed and
thrusted during the Cenozoic, accommodating part of the deformation. The areas between antiforms are
folded, generally by angular folds, and show development of axial-plane cleavage (Calvin et al., 2017a)
(Figs. 3d and 4). At outcrop scale (Fig. 4) this cleavage appears as fracture (e.g. AMO01) or pressure-
solution (e.g. SKO05) cleavage with different degrees of development depending on the lithology
involved and its location within the basin, ranging from nodular limestones without evidence of
cleavage (e.g. DP01) to moderate (e.g., AM06, AM08, SK14) and penetrative cleavage (e.g. SKO1,

AMO09) that can obliterate the bedding to some extent (e.g. OUOQ1). Pencil structures (e.g. AMO01) can



be observed in some outcrops and the bedding-cleavage angle is variable, ranging from almost
perpendicular (e.g. SK05) to sub-parallel (e.g. SK14).

Observations under the petrographical microscope (Fig. 5) also show a variety of features
concerning both lithology and deformation degree, which is not always evident at outcrop scale. One
common feature of all observed samples is the presence of bedding-parallel, platy pyrite grains or
laminae, often formed by aggregates of crystals with cubic or framboidal shape. Many of these grains
probably have been partially altered to magnetite during the remagnetization process. AG02 is a
bioclastic limestone without cleavage and presenting stratiform stylolites. SK14, SK05 and AMO1 are
micritic limestones with some contribution of detrital grains (quartz and phyllosilicates) showing
different degrees of cleavage development. In these samples the bedding is defined by oriented
phyllosilicates and subtle changes in grain size. Cleavage is defined by faint pressure-solution surfaces
and grain orientation in SK14, better defined in SKO5 by the accumulation of opaque minerals. SK01
shows the better-defined solution surfaces with accumulation of opaque minerals; probably most of the
opaque minerals correspond to iron oxides, but also to very fine-grained shales that can be present in all

samples although individual minerals are not visible at this scale.

AMS RESULTS (RT-AMS, LT-AMS, AARM)

Measured specimens show a mean low-field susceptibility (k) at room temperature (RT-AMS) of 234
x10® SI (o = 245 x10°® SI), with a range of 37 x10® SI and 1596 x10° SI (Fig. 6a). The anisotropy
degree reflected by the Pj parameter has a mean of 1.027 (o = 0.016) ranging between 1.004 and 1.099.
Finally, the shape parameter T is variable, with a mean value of -0.008 (¢ = 0.461), with a range of -
0.959 and 0.917 (Fig. 5; Table 1) indicating similar number of samples with prolate and oblate

ellipsoids. LT-AMS (Fig. 6b) shows similar parameters, with the exception of the T parameter, showing



mainly oblate ellipsoids (positive T values), contrasting with AARM, which shows prolate ellipsoids

(negative T values).

A visual inspection of the principal axes of the RT-AMS of the set of 53 measured sites (Fig. 6a) shows
a roughly horizontal foliation. This is better defined (confidence angles are lower) both APBC and
ATBC rather than BBC. The maximum axis Kmax IS scattered in the horizontal plane (preferably APBC
and ATBC). However, none of the projections shows a clean, clustered distribution of the RT-AMS

axes, probably due to a mix of different magnetic fabrics.

Sub-fabrics determined from LT-AMS (enhanced paramagnetic fabric) and the AARM (ferrimagnetic
fabric), although defined from a lower number of samples, are in general better clustered than the RT-
AMS (Fig. 6b, c). LT-AMS is more scattered BBC and APBC compared to ATBC, which shows a
horizontal magnetic foliation (indicating a sedimentary origin for most of the paramagnetic foliation)
and a scattered ESE-WNW horizontal magnetic lineation. Nevertheless, in AARM the best clustering is
APBC, indicating that the ferrimagnetic fabric was acquired coeval with the remagnetization (Calvin et

al., submitted).

A site-by-site detailed comparison of the different sub-fabrics (Figs. 7 and 8) allows differentiating four
different types of RT-AMS, according to the geometry and orientation of the magnetic ellipsoids and
the distribution of their axes. Forty-four out of the 53 sites are included in one or another of these
groups, whereas nine sites cannot be classified because of the dispersion of AMS axes at site scale or
their anomalous orientation with respect to the deformation axes (labelled as ‘unclassified’ at Table 2).
Type 1 RT-AMS (Fig. 7a) is defined by a well clustered NNW-SSW lineation that becomes
horizontal APBC, and a girdle between Kmin and Kin, with a dominantly vertical Kmin. The RT-AMS

fabric is similar to the ferromagnetic fabric defined by the AARM. The prolate geometry of both



ellipsoids is also consistent with the prolate behaviour at specimen level (negative values of T
parameter). The opposite happens when the paramagnetic fabric is enhanced through the LT-AMS: the
mean, as well as the specimen ellipsoids, become triaxial (positive values of T parameter); the
orientation of the principal axes is almost equal to RT-AMS, but the magnetic foliation becomes
horizontal ATBC instead of APBC. Although this difference is subtle for low paleo-dips, it is
significant because this is one of the major differential facts between fabric types 1 and 2.

Type 2 RT-AMS (Fig. 7b) is characterized by a triaxial to oblate ellipsoid, with a well-defined
magnetic foliation. RT-AMS foliation is coincident with LT-AMS but slightly different from AARM,
which shows more dispersion of knyin. Besides, in both magnetic susceptibility fabrics, magnetic
foliation is horizontal ATBC whereas in the AARM this happens in the APBC orientation. Regarding
the lineation, it is noteworthy that kmax at LT-AMS progressively approaches the intersection lineation
between bedding and cleavage (L1). Conversely, kmax for RT-AMS and AARM ellipsoids tends to be
parallel to the general NNW-SSW trend observed in type 1 fabrics (Fig. 7a).

Type 3 RT-AMS (Fig. 8a) is defined by the coincidence between kmax and L;, but keeping the
magnetic foliation parallel to the bedding. LT-AMS behaviour is similar to RT-AMS and both show
triaxial ellipsoids. Conversely AARM is similar to typel; the axes show a girdle between Kmax and Kint
(thus forming a prolate ellipsoid); however, at specimen level this difference is not evident, since
triaxial to oblate behaviour was observed in most samples with independence of the type of sub-fabric.

Finally, type 4 RT-AMS (Fig. 8b) is clearly related to cleavage, showing oblate ellipsoids with
kmax parallel to Lj, and a clustered kmin perpendicular to cleavage planes, both in RT- and LT-AMS. As
in type 3, AARM does not show evidence for being affected by the tectonic cleavage, showing the
same behaviour to that observed in type 1. In this case, differences can be observed at specimen level,
showing oblate ellipsoids in AMS (with higher anisotropy in LT-AMS) and prolate ellipsoids in

AARM.



These observations are enhanced in the projection of the RT-AMS of all sites classified by
behaviour types (Fig. 9). Types 1 and 2 are similar, but magnetic lineation is better defined in type 1
(Fig. 9a) and magnetic foliation in type 2 (Fig. 9b), in agreement with the existence of more prolate
specimens (T < 1) for type 1 and oblate ones (T > 1) for type 2. The best clustering in type 1 takes
place APBC whereas in type 2 this arrangement is met ATBC, with vertical Kmin and kmax Oriented
NNE-SSW. On the other hand, type 3 (Fig. 9c) shows the best clustering ATBC and the more scattered
distribution BBC, as in type 2. However, the magnetic lineation is roughly NE-SW, parallel to the NE-
SW regional trend of compressional structures. Type 4 (Fig. 9d) does not show a good clustering for
any of the bedding corrections. At site level (Table 2) kmin is normal to cleavage and Kmax is parallel to
Li. Finally, the 9 sites showing unclassified behaviour (Fig. 9e) are characterized mainly by strong
dispersion at site level. A dominant NW-SE trend for the magnetic lineation can be observed before any

correction in these sites.

ORIGIN OF THE DIFFERENT RT-AMS TYPES AND IMPLICATIONS

Magnetic mineralogy

The correspondence between the RT-AMS and the sub-fabrics indicates that the magnetic
mineralogy (together with the deformation degree) is one of the principal factors that control the
different types of RT-AMS observed. Whereas the ferrimagnetic fabric expressed by the AARM is
always of type 1, the enhanced paramagnetic fabric (LT-AMS) tends to fit types 3 and 4. The ratio
between the bulk susceptibility measured at low and room temperature (k.t/kgrr; Fig. 10a) is in
agreement with directional observations: ratios between 1 and 2 (presumably indicating a minor
contribution of paramagnetic minerals) are typical of type 1 fabrics, ratios around 2 are mostly found in

type 2 and ratios between 2 and 4 are found in types 3 and 4. Besides, comparing this ratio with kgt



(Fig. 10a), we find a correspondence between ‘ferromagnetic’ k 1/kgrr ratios (lower than 2) and high kgr
values, indicating that samples with predominance of paramagnetic phases present kgr values up to 250
x 10 SI, and higher kg values indicate dominance of ferromagnetic phases.
Susceptibility-temperature (x-T) heating curves (Fig. 10b) for type 1 fabrics show a major
contribution of ferromagnetic s.l. minerals, with a progressive decay of the susceptibility during heating
without following the typical hyperbolic behaviour indicated by the Curie-Weiss law of paramagnetic
minerals. According to previous paleomagnetic works in these rocks (Torres-Lopez et al., 2014; Calvin
et al., 2017a), the main ferromagnetic phase is magnetite, with a dominance of the superparamagnetic
(SP) and stable single domain (SSD) states. Although not so clearly, AM13-07 sample shows a sharp
fall between 500-600 °C. It is noteworthy the main decay at low temperature (between -200 and -150
°C) in type 1 samples that is not present in the other types. This decay could correspond with the
Verwey transition (Verwey, 1939; Walz, 2002) or could be related to the presence of SP magnetite
(Worm, 1998; Worm and Jackson, 1999; Zhao and Liu, 2010) or titanomagnetite (Radhakrishnamurty
and Likhite, 1993; Moskowitz et al., 1998); absence of clear Verwey transitions in samples with
dominance of magnetite can be explained if the magnetite is not perfectly stoichiometric or if it is
partially oxidized (e.g., Ozemir et al., 1993). On the other hand, paramagnetic phases dominate k-T
curves in types 2, 3, and 4, with hyperbolic shapes of the curves. Between 400 and 600 °C,
susceptibility increases and falls again due to neoformation of ferromagnetic minerals. In all cases,
neoformation of different ferromagnetic phases is important, resulting in irreversible curves (cooling
curves show evident increase of the susceptibility), as in AM04-09. These neoformed ferromagnetic
phases have Curie temperatures between 450 and 600 °C, probably indicating the formation of non-

stoichiometric magnetite.

Site AM13 (Fig. 10c) shows a mixed of behaviour between types 1 and 2 in correspondence

with the k-T curves. Specimens AM13-03 and AM13-04 of this site show a dominant paramagnetic



behaviour in x-T curves and type 2 RT-AMS behaviour, with an oblate ellipsoid and Kmin becoming
vertical ATBC. Conversely, ferromagnetic phases are dominant in AM13-07 and, as the rest of
specimens, it shows a prolate ellipsoid whose kmax becomes horizontal APBC, indicating a type 1 RT-
AMS. It is noteworthy that kmax shows similar orientations in all the above-described specimens and
differences only arise in the orientation of the magnetic foliation. The results obtained for AM13 site
are similar to the example illustrated in site AMO06 (Fig. 7b), which shows in an overall view a type 2
behaviour. However, whereas Kmin axes of RT- and LT-AMS are equal, kmax axes are different; in this
case, Kmax axes of RT-AMS are similar to the ones representing the AARM. This can be interpreted as a
superposed magnetic fabric in the RT-AMS, in which magnetic foliation is defined by paramagnetic

minerals and magnetic lineation by ferromagnetic s.l. minerals.

Figure 11 illustrates different magnetic properties of samples for the defined RT-AMS types.
The ratios between the hysteresis parameters (Day plot; Fig. 10a) show dispersion along the SP-SSD
mixing curves, typical of remagnetized limestones (Channel and McCabe, 1994; Jackson and Swanson-
Hysell, 2012), without differences between samples belonging to the different groups. This behaviour
discards mineralogical grain-size differences of magnetite between fabric types.

ARM susceptibility (xarm; Fig. 11b) in remagnetized limestones is indicative of the amount of
SSD magnetite. Despite of the overlapping present in the box and whisker plots, type 1 shows higher
values than the others. kgt (Fig. 11c) does not show major differences despite the observations made
comparing the ki /Kgr vs. kgt plot (Fig. 10a), where types 2, 3 and 4 showed similar kgr values
(between 50 and 300 x 10 SI) while type 1 specimens showed higher values (note the difference of
measured samples between both plots). It is interesting to compare the percentage of variation in the
susceptibility measured at low (470 Hz) and high frequencies (4700 Hz) (%ysq; Fig. 11d). This ratio is
indicative of the contribution of SP grains to the bulk susceptibility. Type 1 specimens show high ratios

(median of 9 %ysq4), indicating a strong contribution from SP grains, whereas the other types show



medians around 5 and 7 %ys, indicating mixing of SP and non-SP contributions to the bulk
susceptibility. Finally, a comparison of the shape parameter T (Fig. 11e) both of the RT-AMS and the
AARM between different types show dominantly negative values (prolate ellipsoid) of AARM in all
types except for type 2, whereas T values for the RT-AMS are mostly positive with the exception of
type 1. Therefore, T values are similar both for AARM and RT-AMS in types 1 and 2 (although
dominantly negative in the first case and positive in the second) and conversely, types 3 and 4 show

different behaviour, and therefore different carriers, between AARM and RT-AMS.

It is remarkable the fact that inverse fabrics (Stephenson et al., 1986; Potter and Stephenson,
1988; Rochette et al., 1992) are mostly absent. The presence of this kind of fabric could be a priori
expected due to (i) the high contribution of ferrimagnetic grains to the overall susceptibility (especially
in type 1) and (ii) the uniaxial anisotropy of the SSD magnetites present in these rocks (Calvin et al.,
submitted). However, in addition to SSD magnetite grains, remagnetized limestones show a high
amount of SP magnetite (Jackson and Swanson-Hysell, 2012), which presents higher values of
susceptibility than SSD, especially in the SP-SSD threshold (Worm, 1998; Hrouda and Jezek, 2014;
Lanci and Zanella, 2016). A similar tendency in the yarm and the %y (Fig. 10) indicates a direct
relation between the amount of SSD and SP magnetite (indicative for the first and the second
parameters respectively). Furthermore, SSD and SP magnetic fabrics should have ellipsoids with equal
orientation but with an interchange of the principal axes. The sum of the two ellipsoids results in an
increase of the isotropy of the observed ellipsoid but without modification of its orientation (Ferré,
2002). All of this can explain the absence of inverse magnetic fabrics in RT-AMS or deviation in the
orientation of the principal axes because specimens with high contribution of SSD also present high
contribution of SP grains, which are dominant in the bulk susceptibility and without the capability of

showing inverse fabrics.



Although most of these parameters allow separating type 1 (ferrimagnetic RT-AMS), type 2
(combined RT-AMS) and types 3 and 4 (paramagnetic RT-AMS), there is overlapping of the different
indicators between the defined groups (e.g. in the ki r/Kgrr ratios, the YARM or the %ysq). This can be
explained in two non-exclusionary ways. (i) These parameters measure the bulk contribution to the
susceptibility without considering the anisotropy of the carriers of the susceptibility. As an example,
samples without phyllosilicates but containing large amounts of pyrite (both are paramagnetic
minerals) and a minor contribution of magnetite to the bulk susceptibility, can show a paramagnetic
behaviour according to the bulk parameters. This can occur at the same time that the RT-AMS s carried
by the magnetite grains if magnetite is more anisotropic than pyrite. (ii) The second explanation,
exemplified by site AM13, is the heterogeneity within sites. The types of RT-AMS have been defined
observing the directional behaviour at site level and differences between specimens can exist even if
they are not obvious.

In any case, it seems evident that in type 1 the ferrimagnetic phases are dominant, showing low
Kur/ kgt ratios (mostly between 1 and 2), ferromagnetic-shaped x-T curves, and an important
contribution of SP grains. Conversely, types 3 and 4 show that the paramagnetic phases are dominant,
with k 7/ kgr ratios between 2 and 4 and hyperbolic k-T curves. Type 2 shows intermediate behaviour,

but with a dominance of the paramagnetic phases in k-T curves.

Tectonic meaning of AMS in relation to basin evolution

A summary of the main geological processes probably having an imprint on the magnetic
fabrics are the following: (i) sedimentation of carbonates during the Jurassic in a NW-SE extensional
setting; (ii) syn-sedimentary deformation due to extensional tectonics and subsequent diapirism

generating paleo-dips; (iii) ca. 100 Ma widespread chemical remagnetization due to the neoformation



of SP and SSD magnetite grains; (iv) Cenozoic N-S compression developing folding and regional
cleavage.

According to observations in other extensional basins (e.g., Cifelli et al., 2005; Garcia-Lasanta
et al., 2014), phyllosilicates usually define a RT-AMS characterized by horizontal kmax axes
perpendicular to the strike of normal faults and parallel to the stretching direction and kmi, axes
perpendicular to bedding. On the other hand, Calvin et al. (submitted) observed in the same rocks
involved in this study, that the AARM defines a horizontal NW-SE magnetic lineation and its Kmin IS
vertical defining a girdle together with ki.; this AARM is considered to be carried by the authigenic
grains that grew during the ca. 100 Ma chemical remagnetization process, and aligning according to the
general extension direction during this stage. Several works (Sagnotti et al., 1998; Parés, 2004; Pueyo-
Anchuela et al., 2010; Dudzisz et al., 2018, among others) have indicated a relationship between
phyllosilicate-related RT-AMS and compression in weakly deformed rocks, with the development of a
RT-AMS defined by kmax parallel to the strike of compressional structures and to the intersection
lineation, keeping their kmin perpendicular to bedding. The increase of flattening develops a transition

to tectonic magnetic fabrics in which ki, becomes perpendicular to cleavage planes.

Similar extensional and compressional directional features can be observed in the different
types of RT-AMS described in this work (Fig. 12). Type 1 fabric is carried by mostly ferrimagnetic
grains that also carry the AARM, corresponding to the authigenic grains of magnetite related to
remagnetization. As discussed in the previous subsection, the orientation of the principal axes in the
RT-AMS reflects the orientation of SP instead SSD magnetite grains, because of the absence of
generalized inverse fabrics Since the growth of the SP and SSD is coeval, they show the same
orientation despite differences in size, and the contribution of SSD grains should be limited to the
increase in the isotropy of the resultant ellipsoid (Ferré, 2002). In any case, type 1 fabric reflects the

extension direction during the remagnetization time.



RT-AMS types 3 and 4 have a good correspondence with compressional fabrics carried by
phyllosilicates. Type 3 is indicative of lower degree of deformation, with the Kmin still normal to
bedding (and therefore compaction-related), and the knax parallel to the intersection lineation, whereas
type 4 shows the same relation between kmax and the intersection lineation, but the Kmi, is normal to
cleavage.

Finally, the case of type 2 is more difficult to analyse. In first instance, it is possible to consider
this RT-AMS type as carried by phyllosilicates and defining an extensional fabric, with its Kmin axis
perpendicular to bedding and the kmax parallel to the Jurassic stretching direction at the basinal scale.
However, the analysed parameters indicate an intermediate behaviour between paramagnetic and
ferromagnetic minerals. Besides, when LT-AMS is available, its knyin iS coincident with RT-AMS but
not its Kmax. LT-AMS shows the magnetic lineation parallel to the intersection lineation L;, being
coincident the lineations of RT-AMS and AARM. This can be interpreted as a mix between types 1 and
3: the more prolate ferrimagnetic fabric defines the lineation and the more oblate paramagnetic fabric
defines the foliation. Since there are not LT-AMS data for all sites classified as type 2, the presence of
some kind of extensional fabrics within this type cannot be excluded. In any case, most sites with
paramagnetic fabric only present compressional RT-AMS, indicating that possible paramagnetic

extensional fabrics in this area were overprinted during the Cenozoic compression.

The behaviour of the authigenic magnetite grains under deformation

The analysed samples do not show syn-compressional RT-AMS fabrics of ferrimagnetic origin (Fig.
11). Site AMO8 shows how the ferrimagnetic fabric (by means of the AARM in this site) preserves the
original extensional fabric in spite of the well developed pressure-solution cleavage in this site, which
leads to define a type 4 RT-AMS carried by phyllosilicates, that reflects the compression. This fact

implies that phyllosilicates and magnetite are not related. The growth of magnetite grains during



remagnetizations can be related to smectite-illite transformations associated with the increase in
temperature during burial and the generation of magnetite during the diagenetic process (McCabe and
Elmore, 1989; Katz et al., 1998) and/or with oxidation of pyrite during burial (Suk et al., 1990;
Banerjee et al., 1997). Since phyllosilicates and magnetite define very different magnetic fabrics,
authigenic magnetite did not grow mimetically with phyllosilicates and this could indicate that the
smectite-illite transformation is not the process (or at least not the main process) that triggers the
remagnetization. Conversely, the oxidation of pyrite can explain our observations in the different
magnetic sub-fabrics and therefore this could correspond with the remagnetization mechanism in the
studied carbonates. The isotropic shape of pyrite grains does not seem to be affected by flattening, if
small grains of magnetite (nanometre grains) grew inside the pyrite grains as external rims (this has
been observed in several remagnetized rocks; e.g., Suk, 1993; Blumstein et al., 2004; Oliva-Urcia et al.,
2009; Kars et al., 2014), non-deformed pyrite grains could have prevented deformation of magnetite
grains, as well. Following this line of logic, pyrite grains provide an isotropic medium in which
magnetite grains can grow without following previous sedimentary or tectonic structures (e.g.
sedimentary lamination). Therefore, their growth is only constrained by contemporary dynamic factors,
such as strain conditions. This reinforces the value of the study of magnetic fabric in remagnetized
limestones (with low amounts of phyllosilicates) to characterize the tectonic setting under which this

process occurs, either extensional or compressional (Sun et al., 1993; Calvin et al., submitted).

Applicability to basin evolution

New experiments to characterize the ferrimagnetic contribution in limestones, and the use of the
partial restoration of the magnetic fabrics as shown here, could be useful in basins to understand if the
magnetic lineation appearing in remagnetized limestones associated with RT-AMS prolate ellipsoids is
related either to (i) paramagnetic minerals and extension during their deposition or, conversely, (ii) to

remagnetization-carrier magnetite, following the stretching direction at remagnetization times. This can



give a picture of the tectonic setting under which the remagnetizations occurred in the different basins,
and can shed light into some question not totally resolved at this time: e.g. are these remagnetization
triggered by a change in the tectonic regime? Are the remagnetizations, and thus their associated AMS,
synchronous? Which was the tectonic setting in the different basins during the post-rift stage? And
ultimately, are the Iberian remagnetizations related to the Cretaceous rotation?

In summary, we have shown the possibilities of the analysis of ferrimagnetic fabrics in
sedimentary basins, either using AARM or RT-AMS, or both, in remagnetized limestones not
containing significant amounts of phyllosilicates. The application of the partial bedding correction
(restoring beds to the remagnetization time) technique, can offer a unique view of the tectonic context
under which the remagnetizations happened. The magnetic lineation carried by the ferrimagnetic

minerals is demonstrated to be a good indicator of the stretching direction at the remagnetization time.

CONCLUSIONS

The magnetic fabrics of the carbonates that crop out in the Central High Atlas are analysed in 53
sites. For this purpose, the RT-AMS is measured systematically and compared with sub-fabrics (LT-
AMS and AARM) to enhance the paramagnetic and the ferromagnetic signal, respectively.

The studied rocks are affected by a basin-scale chemical remagnetization carried by SSD
magnetite. This remagnetization has an inter-folding behaviour because it was acquired during the
Cretaceous (ca. 100 Ma), between the Jurassic extension and the Cenozoic compression. By means of
previously published paleomagnetic results, the attitude of beds at the remagnetization time (i.e. the
paleodip) can be known. We present here a new procedure that consists in applying a partial restoration
to the magnetic fabrics (i.e. to restore according to the paleo-dip); the comparison between fabrics
before bedding correction (BBC), after partial bedding correction (APBC), and after total bedding

correction (ATBC), has provided key clues to unravel the magnetic fabrics carried by these rocks.



Four types of magnetic fabrics have been differentiated according to their directional behaviour:

e Type 1 RT-AMS shows prolate ellipsoids, with a clustered NNW-SSE lineation that becomes
horizontal APBC. RT-AMS is coincident with AARM but not with LT-AMS. Comparing
different sites, the best grouping of magnetic anisotropy axes is reached after this partial
bedding correction.

e Type 2 RT-AMS shows intermediate directional behaviour between AARM and LT-AMS,
magnetic foliation approaching LT-AMS results, and the magnetic lineation similar to the one
obtained by means of AARM.

e Type 3 RT-AMS is coincident with LT-AMS but not with AARM. The magnetic foliation is
normal to bedding and the magnetic lineation is normal to the intersection lineation between
cleavage and bedding.

e Type 4 RT-AMS is also coincident with LT-AMS, with the magnetic foliation parallel to

cleavage and the magnetic lineation parallel to the intersection lineation.

Furthermore, magnetic properties were measured in specimens from the different groups to determine
differences that separate the established types. No differences were observed in the hysteresis
parameters (indicating similar ferromagnetic mineralogy) or in the bulk susceptibility. However, type 1
shows high values in susceptibility of the ARM and dependence on the frequency of the susceptibility,
indicating that this group presents more ferromagnetic minerals than the others in both magnetic states,
SSD and SP magnetite. Therefore, we conclude that type 1 RT-AMS fabrics are carried by SP
magnetite, with the same orientation than the SSD magnetite that carries the Cretaceous
remagnetization and the AARM. This fabric is interpreted as extensional, showing the stretching at the

remagnetization time. Type 3 and 4 RT-AMS fabrics are compressive fabrics, carried by phyllosilicates,



with different degrees of deformation. Finally, type 2 is an intermediate member between the
extensional ferromagnetic fabric and the compressional paramagnetic fabric.

The last remarkable point is the difference in the response of magnetite and phyllosilicates to
compression in the CHA. Magnetite grains are not affected by compression and thus they are capable
to record an extensional secondary magnetic fabric fixed during the growth of the authigenic magnetite
grains, whereas paramagnetic fabrics carried by phyllosilicates record secondary, compressional

fabrics.
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FIGURE CAPTIONS

Figure 1. (a) Location of the Central High Atlas (CHA) in the westernmost Mediterranean area.
Synthetic geological map of the CHA and location of the study area (Fig. 3). Modified after Teixell et

al. (2003). (c) Cross-section of the study area.

Figure 2. Synthesis of the main geological events occurred in the CHA with noticeable imprint in the
magnetic fabric and paleomagnetic directions of the studied sites (data from Calvin et al., 2017a).
Equal-area projections with the small circles and the remagnetization site mean directions before
bedding correction (BBC), after partial bedding correction (APBC) and after total bedding correction

(ATBC) are also shown.

Figure 3. (a) Geological map of the study area showing the sites classified according to the observed
type of RT-AMS. Lower hemisphere, equal area projections showing (b) the poles to bedding and (c)
the paleo-bedding with their associated cylindrical best-fit and the density isolines, (d) the great circles

and poles to cleavage and (e) the intersection lineation between bedding and cleavage.

Figure 4. Pictures of outcrops showing different attitudes and deformation degrees of the sampled

limestones. Solid lines mark the bedding (So) and dashed lines the cleavage (S3).

Figure 5. Thin-sections photomicrographs showing different aspects of deformational structures in the
analysed limestones. AGO02: bioclastic limestones without cleavage. SK14, SK05 and AMO1: micritic
limestones with contribution of detrital grains, with pressure-solution cleavage (S;). SK01: bioclastic

limestones with a well-defined pressure-solution cleavage with concentration of oxides (and probably



also phyllosilicates) in the cleavage surfaces. Note the presence in all samples of bedding-parallel

pyrite grains showing framboidal morphologies in some cases (see the inset in SK01).

Figure 6. Lower hemisphere, equal area projection of the principal axes of (a) RT-AMS, (b) LT-AMS
and (c) AARM, for all studied sites, showing the corrected anisotropy degree (P;) versus bulk
susceptibility (kgr) and shape parameter (T), as well. BBC: before bedding correction; APBC: after

partial bedding correction; ATBC: after total bedding correction.

Figure 7. Equal-area projection of the different fabrics (RT-AMS, LT-AMS and AARM) for two

selected sites representative of types (a) 1 and (b) 2 together with the corresponding P;j-T plot.

Figure 8. Equal area projection of the different fabrics (RT-AMS, LT-AMS and AARM) for two

selected sites representative of types (a) 3 and T(b) 4 together with the corresponding P;-T plot.

Figure 9. RT-AMS for all samples, classified according to the five different groups.

Figure 10. a) k. /xgrT ratio vs. kgr showing in different colours the different groups. b) Heating k-T
curves from liquid nitrogen temperature (~ -196 °C) to 700 °C, showing the paramagnetic fit calculated
with the Cureval software (Chadima and Hrouda, 2009) following Hrouda (1994) and Hrouda et al.
(1997); the calculated ferromagnetic (ferro) and paramagnetic (para) ratios are indicated. ¢) Equal area
projection of the principal axes of the RT-AMS for site AM13, showing specimens with type 2

behaviour (-03 and -04) and the type 1 behaviour.

Figure 11. a) Hysteresis parameters plot and mixing curves for magnetite (Dunlop, 2002). Measured

specimens are in the SP-SSD mixing zone, independently of the observed RT-AMS type. b-e) Box and



whisker plot showing the median and the quartiles of the different parameters measured in specimens.
b) susceptibility of the ARM (yarm). ¢) Bulk susceptibility at room temperature (kgr). d) Percentage of
frequency-dependent susceptibility measured at room temperature (%ysq). €) Shape parameter (T) of the

RT-AMS (white boxes) and AARM (grey boxes).

Fig. 12. Sketch showing the relationship between magnetic mineralogy, tectonic processes and
observed RT-AMS. Type 1 is pure ferrimagnetic interpreted as related to extensional features whereas
type 3 and 4 are paramagnetic fabrics related to compression. Type 2 shows intermediate attitudes,
showing extensional and ferrimagnetic lineation and paramagnetic and compaction foliation.

Compressional ferrimagnetic fabrics have not been observed in the study area.



Table 1. Location of the studied sites, type of ellipsoid defined by the RT-AMS, and scalar parameters
of the RT-AMS. N/n: number of total data vs. number of used data; km: bulk susceptibility; L:
magnetic lineation; F: magnetic foliation; P;: corrected anisotropy degree; T: shape parameter; o:
standard deviation; U: unclassified type.

Site Coordinates (WGS86) Type of N/n km

Longitude Latitude ellipsoid X10° S| t ° F o Pi o T o
AGO02 -5.4775792563 32.0222007889 1 717 756 459 1.022 0.008 1.01 0.005 1.033 0.01 -0.374 0.277
AMO04 -5.0439580000 32.2736890000 1 12/12 619 176 1.023 0.006 1.007 0.003 1.031 0.005 -0.526 0.251
AM13 -4.9543220000 32.2719410000 1 12/12 603 331 1.009 0.004 1.012 0.007 1.022 0.006 0.076 0.434
AM14 -5.1019540000 32.2761530000 1 13/13 530 102 1.021 0.005 1.01 0.003 1.032 0.004 -0.335 0.211
DPO1 -5.6653333333 32.1274666667 1 8/8 287 56.6 1.019 0.013 1.01 0.007 1.03 0.011 -0.178 0.636
DP02 -5.6653333333 32.1274666667 1 8/8 173 167 1.018 0.012 1.066 0.004 1.026 0.013 -0.38 0.49
DPO5 -5.5874166667 32.1423666667 1 8/8 373 610 1.003 0.001 1.002 0.001 1.006 0.002 -0.166 0.347
DPO06 -5.5888333333 32.1428415000 1 11/11 458 49 1.007 0.005 1.005 0.002 1.012 0.005 -0.057 0.53
DP10 -5.5987000000 32.1288333333 1 10/10 189 37.3 1.011 0.006 1.006 0.003 1.017 0.005 -0.22 0.488
ouo02 -5.3680260000 32.1566960000 1 12/12 226 120 1.008 0.003 1.008 0.005 1.017 0.006 -0.016 0.38
ouo03 -5.3710290000 32.1502090000 1 10/10 181 90.6 1.022 0.01 1.021 0.014 1.043 0.022 -0.058 0.263
0ouU06 -5.3220820000 32.1325970000 1 12/12 315 147 1.014 0.004 1.007 0.003 1.022 0.005 -0.361 0.219
SKO05 -5.4682166667 32.0436165000 1 17/17 230 198 1.014 0.012 1.014 0.008 1.028 0.018 0.106 0.397
SKO07 -5.4688000000 32.0386306667 1 13/13 1.72 40.6 1.01 0.006 1.013 0.014 1.024 0.013 -0.045 0.564
SK09 -5.4708093899 32.0326174154 1 717 790 169 1.029 0.01 1.01 0.003 1.041 0.011 -0.442 0.227
SK14 -5.3253166667 32.1482173333 1 12/12 478 142 1.015 0.005 1.007 0.004 1.024 0.004 -0.327 0.358
SK15 -5.3301000000 32.1434253000 1 11/11 169 31.7 1.007 0.004 1.008 0.003 1.016 0.003 0.102 0.422
SK19 -5.3801388333 32.1303691667 1 15/15 274 89 1.018 0.01 1.009 0.004 1.029 0.013 -0.263 0.305
AMO6 -4.9612480000 32.2959210000 2 13/13 227 31 1.015 0.005 1.016 0.005 1.031 0.003 0.039 0.291
DP04 -5.6679666667 32.1295166667 2 717 197 32.8 1.006 0.003 1.016 0.007 1.023 0.006 0.411 0.389
ouo4 -5.3701710000 32.1495530000 2 10/10 315 40.8 1.004 0.002 1.018 0.007 1.024 0.008 0.584 0.18
SK04 -5.4790333333  32.0758023333 2 12/12 124 256 1.005 0.004 1.018 0.009 1.025 0.012 0.577 0.25
SK12 -5.4748666667 31.9483000000 2 11/11 301 113 1.008 0.004 1.06 0.011 1.075 0.013 0.757 0.134
SK16 -5.2474666667 32.1355240000 2 717 479 159 1.015 0.007 1.011 0.005 1.026 0.008 -0.117 0.464
AMO1 -5.0903890000 32.2135470000 3 717 323 110 1.015 0.004 1.019 0.006 1.035 0.006 0.137 0.247
AMO02 -5.0537886044 32.2303715708 3 12/12 112 34.8 1.009 0.004 1.024 0.009 1.035 0.012 0.433 0.171
AMO7 -4.7608470004 32.2683762996 3 13/13 234 49.9 1.005 0.002 1.016 0.002 1.023 0.003 0.543 0.17
AM12 -4.8198670000 32.2909960000 3 8/8 310 98.7 1.011 0.003 1.011 0.005 1.023 0.006 -0.068 0.388
AM16 -4.9743190000 32.2809610000 3 8/8 722 914 1.019 0.005 1.011 0.005 1.032 0.003 -0.27 0.322
DPO3 -5.6653333333  32.1274666667 3 77 818 496 1.099 0.007 1.022 0.007 1.032 0.011 0.478 0.309
ouo1 -5.3626490000 32.1470260000 3 8/8 372 51.3 1.008 0.005 1.01 0.002 1.019 0.004 0.18 0.349
ouo7 -5.3044540000 32.1367200000 3 10/10 247 52.5 1.007 0.003 1.01 0.005 1.018 0.005 0.097 0.434
SK10 -5.5125000000 31.9963333333 3 6/6 167 142 1.019 0.014 1.007 0.004 1.028 0.017 -0.26 0.514
SK17 -5.2458833333  32.1371576667 3 717 323 97.3 1.018 0.011 1.023 0.012 1.043 0.016 0.145 0.416
AMO5 -4.9305720000 32.3343230000 4 8/8 370 56 1.005 0.003 1.013 0.003 1.019 0.003 0.415 0.315
AMO08 -4.8096290000 32.2655130000 4 10/10 197 26.4 1.014 0.003 1.038 0.004 1.055 0.006 0.458 0.102
AMO09 -4.8208030000 32.2706410000 4 6/6 259 23 1.008 0.001 1.015 0.003 1.024 0.004 0.286 0.124
AM10 -4.8205335533  32.2708180885 4 3/3 253 15.6 1.005 0.004 1.013 0.004 1.02 0.006 0.439 0.267
AM11 -4.8207239530 32.2709996914 4 5/5 283 12.3 1.004 0.002 1.004 0.002 1.008 0.002 -0.087 0.436
QOu05 -5.3701360000 32.1477500000 4 8/4 336 55 1.009 0.003 1.012 0.004 1.021 0.006 0.136 0.165
SKO01 -5.5812961667 32.1510336667 4 10/10 171 47 1.006 0.002 1.025 0.018 1.033 0.021 0.558 0.16
SK06 -5.4695500000 32.0398310000 4 6/6 189 44.8 1.011 0.004 1.014 0.007 1.025 0.011 0.104 0.237
SK08 -5.4708479598 32.0328691962 4 6/6 334 68.8 1.015 0.003 1.006 0.002 1.022 0.003 -0.409 0.171
SK11 -5.5137666667 31.9958123333 4 717 584 57.5 1.027 0.013 1.016 0.01 1.044 0.016 -0.28 0.339
AGO1 -5.4775860517 32.0223116547 U 13/12 164 48.7 1.005 0.003 1.01 0.006 1.016 0.007 0.186 0.403
AMO3 -5.0290900000 32.2349690000 U 12/12 513 107 1.012 0.004 1.007 0.003 1.019 0.005 -0.293 0.235
AM15 -5.0567310000 32.3029890000 U 8/8 344 197 1.006 0.001 1.003 0.001 1.009 0 -0.315 0.155
DPO7 -5.5909000000 32.1534241667 U 6/6 139 213 1.01 0.004 1.024 0.007 1.036 0.007 0.385 0.263
DPO08 -5.5902166667 32.1256740000 U 4/4 150 10.2 1.02 0.006 1.028 0.008 1.049 0.005 0.159 0.281
DP09 -5.5948833333 32.1251833333 U 8/8 240 33.7 1.027 0.015 1.019 0.012 1.048 0.024 -0.19 0.338
DP11 -5.6015666667 32.1289411667 U 8/8 99.7 41.2 1.023 0.013 1.011 0.006 1.036 0.016 -0.34 0.278
SK13 -5.4719666667 32.0284786667 U m7 811 282 1.012 0.01 1.015 0.011 1.028 0.014 0.099 0.589
SK18 -5.3846790000 32.1373333333 U 8/8 555 117 1.01 0.004 1.009 0.005 1.02 0.005 -0.067 0.348



Table 2. Structural and RT-AMS directional data. Bedding, paleo-bedding and cleavage, as dip
direction and dip of the maximum dip direction; L, (lineation of intersection) as trend and plunge
(calculated from bedding and cleavage data). Principal axis of the RT-AMS direction are given as trend
and plunge before bedding correction (BBC), after partial bedding correction (APBC) and after total
bedding correction (ATBC), with the corresponding angles of confidence (el and e2); U: unclassified
type.

Ste Bedding Paleo- Type of kmax kint kmin

| L
Bedding  C°2'%° " | elipsoid | BBC  APBC  ATBC etz BBC  APBC  ATBC  el/e2 BBC  APBC  ATBC efle2

AG02 001/00 001/02 -I- -I- 1 340/08  340/08  340/07 192 072114 072114 07214 35/15 223/74 22374 225175 3313
AM04 191/22 191/22 208/72 201/22 160/14 160114 341/05 8/4  070/02 070/02 072113 12/8 331/76 33176 232/76  11/4
AM13 148/34 148/20 /- /- 167/22  166/09  345/10 86 076/02 256/01 254/08 33/6 341/68 355/81  126/77 3413
AM14 | 353/46 353/09 332/32  155/03  155/12 14/5  064/02 246/10 248112 271110 157/58 048/80  023/73  26/4
DPO1 355/71 175/07 323/68  163/07  344/00 15112 077/09 254/06 254/05 35112 170/20 025/81  075/85 35/15
DP02 350/60 350/04 330/52  158/03  158/07 97 067/05 248/08 249/09 6217 161/38 049/82  030/79  62/8
DP05 | 293/87 29379 007/20  005/17  182/14 12/6 25745 261/38 083/32 40110 114/39 114/47  392/54  40/6
DP06 | 303/59 303/46 141/07 14220 162/61 19/9 234122 23817 062/05 2917 033/67 006/64  330/38  28/9
DP10 | 33371 33374 158/23  158/20  284/84 316 067/02 068/02 062/05 35117 332/67 332/70  153/04  26/10
ou02 298/39 298/04 318/23  136/10 13714 57/10  225/05 045/05 04507 57/21 123/66 28779 29075 2119
0ou03 | 314/64 314/58 -I- -I- 321/09  321/03  145/55 1717 13281 128/87 314/35 19114 230/01 230/01  048/05 16/6
0ouo6 188/15 188/03 192/78 102/01 186/08  007/04  007/07 299 27919 275119 274118 29118 075/70 10971 117/70  18/8
SK05 333/48 333/26 163/70 250/08 32417 144105 143/31 13/12 056/07 054/04 233/00 16/9 169/72 285/83  323/59 14/12
SK07 160/14 160/05 -I- -I- 163/09  163/00  343/05 14/6  073/01 071/00 253/00 12/9 339/81 318/90  162/85 11/8
SK09 180/16 180/04 -I- -I- 178/01  358/11  358/15 84 08717 091/18 092117 25/6 270173 237/69  229/67  25/5
SK14 180/64 180/38 192/55 248/39 170/32  171/08  350/31 8/6  263/04 262/01 083/05 19/8 358/58 356/82  182/58  19/6
SK15 202/41 202/21 290/41 246/32 15920 162/05  341/11 14/6 259127 253/15 250002 2512 038/56 055/74 152179 24/7
SK19 177128 177120 330/85 24113 15012 150/05  329/13 86  308/77 269/81 204/68 2417 059/05 059/08  064/17  24/7

AMO6 134/32 134/08 182/85 294126 143/30  142/06  322/02 74 051/04 052/01 232101 716 315/60 317/84  123/88  6/4

DP04 | 355/14 175/06 -I- -I- 3209111 329004 149/02 217 081/11 060/08 059/05 21/6 196/74 214/81  256/84  11/4
ouo4 | 129/110 129/96 -I- -I- 313/59  316/73  127/11 3166 19715 195/09 03225 31/5 100/27 102114 238/62  6/4
SK04 015/20 015/05 088/45 020/20 298/8  300/04  300/03 2177 031720 030/05 030/00 2216 188/69 172/83  128/87  9/6
SK12 018/01 018/05 -I- -I- 005/02  005/01  005/01 45/5  095/01 095/01 095/01 45/3 202/88 227/89  227/89  5/3
SK16 318/18 138/01 -I- -I- 29817 299/02  299/00 15/9  208/00 208/06 20907 19/15 17173 047/84  020/84  19/10

AMO1 004/17 004/22 003/50 093/00
AM02 175/60 175/24 010/60 092/13
AMO7 318/26 318/13 175/87 264/16
AM12 338/24 338/8 005/85 276/12
AM16 155/36 155/21 I /-

DP03 001/25 181/04 I /-

ouo1 228/30 228/46 138/60 21029
ouo7 160/80 160/57 187/89 100/70
SK10 320/59 32019 113/74 031/28
SK17 143/55 143/06 I /-

AMO5 334/55 334/04 320/50 291/46
AMO08 150/52 150/49 337/87 066/08
AMO09 315/13 135/02 178/67 265/08
AM10 288/34 288/31 167/79 271246
AM11 193/53 193/47 338/75 257/30
0ou0s 223/40 223/83 305/80 224140
SKO1 103/61 103/60 116/75 038/37
SK06 160/72 160/14 338/58 249/02
SK08 158/49 158/08 340/65 069/01
SK11 338/74 338/04 145/80 066/09

11707 118/05  114/13 13/4 209113 208/09 212129 127 000/75 358/80  002/58  9/7
095/26  109/15  112/04 1518 233/57 208/31 20310  16/12 356/19 357/55  360/79  14/6
258/06  079/01  078/07 40/8  349/07 169/04 170115 40/3 129/81 340/86  323/73  8/4
315119 316/05  136/03 187 049/11 047/05 046/02 18/4 167/68 186/83  278/86  7/4
209/18  206/09  026/05 12/6  115/12 116/00 295/16 15/7 354/69 26/81 131/73  15/11
065/11  243/03  242/01 1312 034/20 152/06 152/03 14/4 183/67 356/84  346/88 713
24748  256/63  241/19 20/8  341/05 162/02 336/15 21/6 075/42 071/27  103/65  10/7
112/52  130/37  140/01 16/5 230120 225/07 050119 26/13 333/31 325/52  232/71  25/4
04212 039/08  037/06 1019  311/07 131114 13023 15/10 192/76 27974 293/66  15/9
062/12  068/01  248/01 207 162/38 338/09 33815 20110 318/49 164/81 338115 1017
035/18 212110 21212 38112 392/35 120/07 12010 38/10 147/50 356/78  351/75  14/8
31172 074/30  092/10 12/8  239/58 234/58 188/31 11/4 338/06 339/09  346/57  10/3
127/43  126/54  125/56 16/6  260/36 266/29 267/28 1718 011/26 007/19  006/18  8/6
/- /- /- /- /- /- /- /- - - -I- -
075/34  049/37  120/41 67/10  296/48 290/49 246135 67/12 181/21 181/16  360/30  16/6
/- /- /- /- /- /- /- /- - - -I- -
032/25  033/24  224/03 28/6  169/58 167/57 133/13 288 293120 29321 32877 95
067/09  076/07 077/ 19/9 25281 170/32 169/18  28/14 157/01 335/57  331/71 27115
088/04  266/09  264/12  34/26  178/01 003/37 006/44  72/29 281/86 164/51  163/43 72126
058/22  224/02  224/03 14/9 152109 128/77 115181 27111 263/66 31513 315/09  26/8

AGO1 344/68 344/31 334/83 060/31
AMO03 170/53 170/31 178/89 088/10
AM15 285122 285/02 180/89 270121

068/04  067/00  248/04 5322  336/28 157/09 155139 53/32 166/62 337/81  342/50 34/18
320128  321/48  282/70 12/5  159/62 163/40 165/10  34/11 061/04 064/11 07218  34/6
174/03  176/10 177111 8/4  079/58 051/73 045/75 97 266/32 269113 269111 95

DP07 325/70 325/09 /- /- 018/04  211/30  216/33  77/16  285/34 112116 110/24 7713 113/56 357/55  351/47  17/6
DP08 138/82 138/73 /- /- /- /- /- -I- -I- -I- -I- -I- - - - -

DP09 124/78 124/58 /- /- 144/19  143/01  337/53  48/19  249/37 234/46 177135 55/25 032/47 053/44  080/10  45/19
DP11 305/51 305/51 /- /- 186/26  186/26 220138  48/26  090/12 090/12 067/49  48/38 338/60 338/61 32113 41/21

SK13 013/62 016/22 168/44 094/16
SK18 171/55 171/60 165/80 253/11

320001 142027 130/39 43118 239727 266/48 292/50 45117 061/63 036/29  033/09 27/18
279123 282122 251/28 25114 170/38 170/43 3B117 21114 034/43 031/40  005/56  21/12
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Ferromagnetic fabrics carried by authigenic superparamagnetic magnetite
Ferromagnetic fabrics can be interpreted in terms of strain conditions during remagnetization
Paramagnetic fabrics record the Cenozoic compression whereas the ferromagnetic ones record the

extension
Novel partial restoration approach of the magnetic fabric to the time of magnetite growth



