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the Iberian and anticlockwise rotations in the Moroccan part of the mountain belt, have played a key role
in recent works. This palaeomagnetic study has found new constraints on the rotations and timing of the
peridotitic bodies outcropping in the key position at the westernmost margin of the mountain belt, in
Ceuta and Beni Bousera (Rif, northern Africa).
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Ilfgrég:g:gnetism Detailed thermal demagnetization of 115 individually oriented samples from 14 sites was combined
Beni Bousera peridotites with rock magnetic and scanning electron microscopic experiments to analyze the magnetic mineralogy
Ceuta peridotites responsible for the remanences and the mechanisms and relative times of their acquisition. In Ceuta, up to
Block rotations three magnetic components, and in Beni Bousera, up to two magnetic components have been found, that
Rif are all to be interpreted as chemical remanent magnetizations (CRM). The data suggests the following

succession of geodynamic events affecting the peridotites until recent times: (1) after their exhumation
and subsequent cooling about 20 Ma ago, they recorded a characteristic remanent magnetization of both
normal and reversed polarities, carried by (pseudo-)single-domain magnetite grains; (2) after their dis-
membering, the Ceuta peridotites were tilted southward by 22-34° about a horizontal or tilted axis (up to
plunge 50°) with an azimuth of 72-145° and the Beni Bousera peridotites were rotated anticlockwise by
72.3+£12.1° about a vertical axis and (3) both recorded another magnetic signal of normal polarity only,
carried by multi-domain magnetite grains; and finally (4) the Ceuta peridotites rotated anticlockwise by
19.7 £5.9° about a vertical axis.

This study provides the first palaeomagnetic data for the Ceuta peridotites that, with their tilt and
recent small net rotation, had a distinct geodynamic evolution from the large net rotations about vertical
axes in Beni Bousera and Ronda (Betic Cordillera). Moreover, earlier palaemagnetic data for Beni Bousera
is improved, as mixed polarities have been found in the older of the remanences for the first time, and
its interpretation as a CRM changes the rotation timing that was proposed previously. The sequence of
events exposed in this work are important constraints that need to be incorporated in any geodynamic
model of the evolution of the Betic-Rifean mountain belt.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The Betic Cordillera in southern Iberia and the Moroccan Rif
together form the northern and southern limbs of the Gibraltar
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Alboran Sea in the core of the system while thrusts and folds prop-
agated towards the external zones. The Gibraltar Arc was formed
from a geodynamic process which resulted in the consumption of
the Ligurian-Maghrebian Tethys and opening of the West Mediter-
ranean Sea (Chalouan et al., 2008; Platt et al., 2013). This evolution
started from the Late Eocene and lasted for about 30 million years
while the Africa-Europe convergence was going on. In order to
explain the evolution of the Betic-Rifean mountain belt, both struc-
tural analysis (e.g. Balanya and Garci a-Due nas, 1987; Frizon de
Lamotte et al., 1991) and palaesomagnetic studies have been under-
taken (e.g. Platzman, 1992; Platzman et al., 1993).

Most palaeomagnetic works (see below) indicated large clock-
wise rotations in the western part of the Betics and anticlockwise
rotations in the western Rif that are probably of early Miocene age
(Fig. 1(b) shows some of the rotations found). The timing and the
exact magnitude of the rotations, however, remains poorly con-
strained in much of the available data (see Section 1.2).

Various models have been proposed to explain the evolution of
the Betic-Rif mountain belt. Amongst them are: Models of a col-
lisional orogeny unrelated to any subduction zone (e.g. Platt and
Vissers, 1989); models involving a single, NW-dipping subduction
zone (e.g. Lonergan and White, 1997); and models involving two
subductions zones, one Cretaceous-Eocene, E-dipping followed by
an Oligocene-Neogene, NW-dipping subduction zone with a so-
called “Alkapeca” microplate inbetween (e.g. Andrieux et al., 1971;
Michard et al., 2002; Chalouan and Michard, 2004). Large block
clockwise and anticlockwise rotations in the Betics and the Rif,
respectively, favour an interpretation involving a westward slab
rollback (Lonergan and White, 1997; Chalouan and Michard, 2004),
whilst they do not offer an adequate explanation for deviations
from this rotation pattern, such as the clockwise rotations in the
Tetuan area in the Rif (Platzman et al., 1993). In any case, any
proposed model should explain the observed palaeomagnetic rota-
tions.

In the following, we will present new palaeomagnetic data from
the Ceuta peridotites (Sarchal cliffs) in the westernmost part of
the Rif and for the Beni Bousera peridotites some 100 km further
southeast in the Rif. The Ceuta peridotites have a key position just
at the border between the Betics and the Rif and have not been
studied palaeomagnetically before. The comparison between the
Ceuta and the Beni Bousera peridotites facilitated the interpreta-
tion of the palaeomagnetic data from Ceuta which turned out to
have had a more complex history than Beni Bousera. By using the
same experimental methodology and putting special emphasis on
the analysis of the magnetic mineralogy of the two sites, parallels
could be drawn that helped constraining the timing of acquisition
of the NRM. Moreover, the reliability and accuracy of the palaeo-
magnetic data of Beni Bousera that was already available (Saddiqi
et al., 1995) could be improved by this study, in particular, as both
normal and reversed polarity rotated components have been found
for the first time.

The obtained experimental data is then used to develop a coher-
ent model that explains successive tectonic stages of the Beni
Bousera and Ceuta peridotites during the last 20 Ma.

1.1. Geological setting

The Rif consists of three major domains, as indicated in Fig. 1(a):
the External Zones, the Maghrebian Flysch Nappes, and the Internal
Zones (Chalouan and Michard, 2004). The Internal Zones consist of
three nappe complexes, at the bottom and in the SW the Dorsale
Calcaire, then the Ghomaride nappes and at the top and in the NE,
the Sebtide nappes (which corresponds to the Alpujarride nappes
in the Betics). The Sebtide complex consist of a number of meta-
morphic units that are deformed by the Beni Bousera and the Beni
Mezala antiforms (Michard et al., 1997). From top to bottom theses

units are the Federico units, the Filali schists and gneisses, the Beni
Bousera kinzigites and peridotites and finally the Sebta gneisses
(see Fig. 1(c) and (e)).

The Beni Bousera peridotites crop out 60 km SE of Tetouan,
over an area of about 75km?. It is an antiform with NW-SE ori-
ented fold axis and the peridotites are mainly spinel lherzolites
and harzburgites (Fig. 1(e)). Moreover, minor amounts of dunite
are present, and bands of pyroxenite constitute up to 5-10% of the
massif (Kornprobst, 1969).

In the Sarchal cliffs in Ceuta, peridotites crop out over an area
of a few hectares (see Fig. 1(d)). It is situated between granulitic
gneisses and a porfidic gneissic granitoid. The Ceuta peridotites
form part of a more or less continuous thin peridotitic layer that
also crops out in Beni Bousera (Sanchez-Gomez et al., 1995).

1.2. Former palaeomagnetic studies of the Betic-Rif

Various palaeomagnetic studies have investigated the
Betic-Rifean mountain chain and generally found a pattern
of clockwise block rotations in the Betics and anticlockwise
rotations in the Rif. Early palaeomagnetic studies involved mainly
Jurassic and Cretaceous sedimentary rocks in the External Betics
(Platzman, 1992; Platzman and Lowrie, 1992; Osete et al., 1988,
1989; Allerton et al., 1993), where generally clockwise block
rotations in the range of 40-70° where found, and in the Internal
Rif (Platzman, 1992; Platzman et al., 1993), where generally
anticlockwise rotations in the range of 60-100° where found.
One notable exception were a few sites near Tetuan (Morocco),
where Platzman et al. (1993) found significant clockwise rotations,
although the reliability of this result can be questioned, due to
its large error and/or strong tilt of the bedding. These studies
interpreted the magnetic components they found to be primary
natural remanent magnetizations (NRM) and hence of Mesozoic
age.

Villalai n et al. (1996), however, suggested that some of these
components may indeed be younger remagnetizations, possibly of
Neogene age. Misinterpreting a remagnetization as a primary NRM
would not only change the timing constraints of these rotations,
but also decrease (increase) the amounts of clockwise (anticlock-
wise) block rotations by as much as 35°, as the Mesozoic expected
direction for stable Iberia and stable Northwest Africa was rotated
westward compared to the Neogene expected direction. Other
studies (Villalai n et al., 1994, Saddiqi et al., 1995; Villalai n et al.,
1996; Feinberg et al., 1996; Calvo et al., 2001; Villasante-Marcos
et al., 2003; Mattei et al., 2006; Cifelli et al., 2008) found direct evi-
dence of Neogene block rotations of the same pattern (clockwise in
the Betics, anticlockwise in the Rif).

On the other hand, some studies show evidence that rotations
were already completed by Neogene times, such as Osete et al.
(2004) who found a rotated (clockwise, 35-140°) primary NRM on
Mesozoic rocks from the Betics and an almost non-rotated Neo-
gene remagnetization. Also, some studies on Neogene rocks (Calvo
etal., 1997; Krijgsman and Garces, 2004) showed no rotations. Var-
ious studies conclude that there are no significant block rotations
further East of the Betic-Rifean mountain chain (Calvo et al., 1994,
1997; Najid et al., 1981) since the Miocene.

1.3. Former studies of the Beni Bousera/Ronda peridotites

1.3.1. Thermal evolution

Various studies have investigated the exhumation of the Betics
(for example Monié et al. (1991), Zeck et al. (1992), Sanchez-
Rodriguez and Gebauer (2000)) and the Rif (Beni Bousera, for
example Loomis (1975), Seidemann (1976), Michard et al. (1983),
Afirietal. (2011)). They all gave similar ages in the range 19-24 Ma
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Fig. 1. Geological setting. (a) Geological map of the Alboran domain. After Gysi et al. (2011). (b) Palaeomagnetic rotations in the Betic-Rif mountain belt after Chalouan
and Michard (2004) and Feinberg et al. (1996). Grey line indicates cross-section in (e). (c) Geological map of Beni Bousera with sampling sites indicated. After Saddiqi et al.
(1995), Michard et al. (1997), Chalouan and Michard (2004). (d) Geological map of Ceuta. After Sinchez-Gémez et al. (1995). (e) Cross-section of the Beni Bousera anticline

as indicated by the grey line in (b) (Chalouan and Michard, 2004).
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for the last high temperature metamorphism in the crustal rocks
surrounding the peridotites and granitoid dykes.

Sanchez-Rodriguez and Gebauer (2000), in particular, investi-
gated zircons of eclogite-bearing magmatites overlying the Ronda
peridotites in southern Spain and anatectic granites crosscutting
both the peridotites and the country rocks. They established a peak
temperature of 7904+ 15°C of high pressure/high-temperature
metamorphism of the country rocks that is dated at 19.9+ 1.7 Ma,
followed by a rapid exhumation of >31 mm/y with a decompres-
sion from 17 & 1 kbar to less than 8 kbar and then a rapid cooling
of 200-340 °C/Ma. The granites crystallized at 18.9 & 3.0 Ma which
represents an estimate for the time of emplacement of the peri-
dotites into the middle crust.

According to Villasante-Marcos et al. (2003, and references
therein), the post-metamorphic cooling gave rise to the ser-
pentinization and the generation of a first population of
sub-microscopic magnetite, until about 17-18 Ma ago (“first ser-
pentinization phase”). Later, up to millimetre-sized magnetite
grains formed, mainly along fractures and joints. This “posterior
serpentinization phase” started with the extensional dismember-
ing of the peridotite slab. For oceanic peridotites, Maffione et al.
(2014) also found a sequence of serpentinization forming smaller
magnetite grains in the early stages, and larger grains along frac-
tures at later stages.

The thermal evolution of the Gibraltar Arc is critical for our
paleomagnetic study, as magnetic minerals cannot retain any mag-
netization above a critical temperature (T¢ or Curie temperature;
e.g., 580°C for pure, fine magnetite grains; Dunlop and Ozdemir,
2009). Although exhumation of the Beni Bousera peridotites took
place during the Oligocene-Miocene, P-T data shows that deforma-
tion (folded pyroxenite layers, development of the main foliation)
occurred during decompression from 1050 °C to 800 °C (Afiri et al.,
2011), dated at 25-20Ma. Therefore, peridotite rocks from the
Gibraltar Arc cannot have preserved any information of the geo-
magnetic field before the above mentioned high temperature event
19-24 Ma ago, but only after they cooled below their Curie temper-
atures. This implies that the time of any acquisition remanences is
younger than the age of formation of their observed deformation
pattern.

1.3.2. Palaeomagnetic studies in the Rifean peridotites

Saddiqi et al. (1995) studied 224 oriented samples (11 sites)
from the Beni Bousera peridotites and found two stable compo-
nents carried by magnetite and some hematite. A low-temperature
(LT) component with unblocking temperatures between 450°C
and 550°C had a northward direction (D=1.2°,[=57.4°, atg5 = 5.4°,
without tectonic correction). A second, high-temperature (HT)
component with unblocking temperatures between 580°C and
650°C was found in 6 sites (38 samples) and had an eastward mean
direction and reversed polarity (D=103.8°, [=—-58.6°, ag5=10.3°,
k=43, without tectonic correction) that is due to the high tem-
perature conditions 22 Ma ago. Saddiqi et al. (1995) interpret the
northward LT component as a post-metamorphic TRM that was
acquired during the same thermal event and reject the possibility of
a chemical remanent magnetization (CRM) for the high unblocking
temperature and the results of their ARM experiments that indi-
cated a single size of the magnetic grains. They therefore conclude
that an anti-clockwise rotation of the Beni Bousera peridotites of
76 £ 13° took place during the post-metamorphic cooling and was
completed by 16 Ma.

1.3.3. Palaeomagnetic studies in the Betic peridotites

Feinberg et al. (1996) studied 11 sites in the Ronda peridotites
(Sierra Bermeja and Sierra Alpujata) in the Betic Cordillera, and four
granitic dykes intruding them. They performed various rock mag-
netic experiments and conclude that the main magnetic carrier is

coarse-grained magnetite and in a few samples a small quantity
of hematite. About 62% of the samples had a NE normal polar-
ity magnetic component that was either stable up to 600°C or
stable up to 550°C and then reversed at higher temperatures to
a SW reversed polarity direction. In some cases only a reversed
polarity component was observed that corresponded in direction
to the SW high temperature component. After taking antipodes of
the reversed polarity directions, they obtained a mean direction
of D=46°, [=47.5°, g5 =6.6°, N=19 (without tectonic correction).
They also found a present-day field direction that was stable up to
250°Cin some samples. Hence, they conclude that the Ronda mas-
sifs acquired their characteristic remanent magnetization (ChRM)
during the post-metamorphic cooling, then registered a magnetic
field reversal and then rotated 46 + 8° clockwise before the cool-
ing had completely ended. They hence interpret, like Saddiqi et al.
(1995) in Beni Bousera, the components as pure thermoremanent
magnetizations and they pinpoint the time of acquisition to the
20-19 Ma period of dominantly normal polarity magnetic field.

Villasante-Marcos et al. (2003) demagnetized 253 oriented
samples from the Ronda peridotites (Ronda, Ojén and Carratraca
massifs), mainly by thermal demagnetization and in part by AF.
They generally cleaned the samples of a magnetic component
with a blocking temperature below 200°C that they interpret
as a viscous remanent magnetization (VRM). After cleaning the
VRM, samples showed either only a present-day field direction
(20% of the samples), or single rotated direction of either polar-
ity (45%), or a low-temperature northward direction followed by a
distinct high-temperature component (20%), or had an anomalous
behaviour (15%). The rotated component has a mean direction of
D=45.3°,1=45.8°, ag5 =7.6°, k=20.4 (without tectonic correction),
which amounts to a 41 + 12° clockwise rotation when compared to
expected palaeodirection for stable Iberia after Barbera etal. (1996).

Although the directions they found, are similar to those obtained
by Feinberg et al. (1996), they disagree with them in terms of the
mechanism and timing of the acquisition of the NRM: (1) they inter-
pret the northward direction as a post-rotation VRM associated
with multi-domain (MD) magnetite grains, as opposed toa TRM and
(2) they consider the rotated directions a thermo-chemical rema-
nent magnetization due to the formation of single-domain (SD)
or pseudo-single-domain (PSD) magnetite grains. These SD/PSD
grains formed during the post-metamorphic cooling when the
massif cooled from 350°C to 400°C to ambient temperatures,
between 20 and 17-18 Ma ago. This hypothesis is supported by
the observation that serpentinites carried mostly present-day field
directions, whereas peridotites more frequently showed rotated
components, and in cases where both components were visible,
the northward component was more predominant in the serpen-
tinized samples (assuming that the degree of serpentinization is
mainly due to the posterior serpentinization phase).

2. Sampling strategy

Sampling has been performed following standard practices in
palaeomagnetim. In total 60 oriented samples have been obtained
from Beni Bousera (BB) and 55 from Ceuta (SA, Sarchal cliffs, south-
east edge of Monte Hacho). Seven sites per locality (BB and SA,
positions are indicated in Fig. 1(c) and listed in Table 1) have been
used to average out adequately the secular variation of the terres-
trial magnetic field, which makes an average of ca. 9 (BB) and 8 (SA)
samples per site, respectively. In the case of Ceuta, it must be noted
that the outcrop was very small, only a few hundreds of metres in
length along the cliffs of the Sarchal beach. Sampling sites in SA
have been seperated as far as possible (i.e. a few tens of metres),
using the whole width of the outcrop available. Three of them were
above sea level during low tide only, the others were always above
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Table 1
Coordinates of sampling sites. Note that in the Sarchal cliffs (SA) the sites were only
separated by a few tens of metres, therefore only one position if given.

Site Latitude Longitude

BB1 35°18.150' —4° 53.200'
BB2 35°18.099 —4° 53.098
BB3 35°17.237 —4° 53.550'
BB4 35°18.177 —4° 54.609
BB5 35°15.869 —4° 55.180'
BB7 35° 18.409 —4° 54,519
BB8 35°18.888 —4° 55.489'
SA 35°53.373 5°17.750

sea level. In Beni Bousera, the seven sites were further apart, on
average separated a few hundreds of metres to about 2 km.

All the three previous paleomagnetic studies in Ronda and BB
(Saddiqi et al., 1995; Feinberg et al., 1996; Villasante-Marcos et al.,
2003) used only “in situ” directions (i.e. without tectonic correc-
tion), because for all the observed directional components, the
fold tests were negative (i.e. tectonically corrected paleomagnetic
directions were more scattered than in situ directions), thus indi-
cating that remanence acquisition postdate the deformation. These
negative fold tests were performed in BB using the widespread
antiformal foliation (Saddiqi et al., 1995) or in Ronda using foliation
planes and the compositional layering (Villasante-Marcos et al.,
2003). In BB, the results by Saddiqi et al. (1995) results imply that
the age of the older remanence is younger than the formation of
the NW-SE trending anticline. Taking into account these previ-
ous results, foliation/compositional layering planes were measured
only at 4 sites from BB and SA in this study. Measured dip direc-
tion/dip mean values of foliation planes were: 345/42 (SA1),323/43
(SA2),327/53 (BB5), 63/66 (BBS).

In Beni Bousera (BB), sampled peridotites correspond mostly to
the spinel lherzolite facies that crop out in the core of the massif,
generally foliated and variably serpentinized, which grade to gar-
net/spinel lherzolite/harzburgite in the rim of the massif (BB8 in
Fig. 1(c)), whereitis generally more foliated (e.g. Reuberetal., 1982;
Afiri et al.,2011). The serpentinized peridotites from Ceuta (SA) are
foliated and highly tectonized (Sanchez-Gomez et al., 1995).

Palaeomagnetic sampling strategy avoided drilling highly ser-
pentinized bands when detectable at a centimetric scale. Despite of
this, we observed a high variability of the degree of serpentinization
between individually oriented samples, in fact sometimes between
different specimens (~10 cm3 each). The degree of serpentinization
was measured in representative samples for each site (Martin-
Hernandez et al., 2009), obtaining mean values of 68.0% (SA) and
62.8% (BB) and a high variability both between and within sites.
Samples for those sites with minimum/maximum values of the
degree of serpentinization in each locality were selected for SEM
analysis (see Section4).

3. Experimental methods
3.1. Thermal demagnetization

One to two samples of most sites have been taken as pilot sam-
ples and thermally demagnetized with a Schonstedt TSD-1 furnace
with 18 temperature steps from 100°C to 675 °C. The remaining
(“non-pilot”) samples have been thermally demagnetized using
a Magnetic Measurements MMTD-80 furnace with much smaller
temperature steps. All samples have been demagnetized with tem-
perature steps of 40°C from 100°C to 460°C. After that, smaller
temperature steps between 10°C and 30 °C were used, up to a tem-
perature of 620°C (SA) and 680°C (BB) when the samples were
completely demagnetized. As both furnaces are known to have a

temperature gradient, the samples have always been placed at the
same positions, so that relative temperature steps are accurate.

The remanent magnetization has been measured with an Agico
JR5-A spinner magnetometer inside a Helmholtz coil cage. Samples
were kept in a magnetic shield most of the time when no measure-
ment was being done with them. All samples have been measured
in four positions.

Before beginning the thermal demagnetization, and after every
second demagnetization step, the bulk magnetic susceptibility of
each sample was measured using an Agico Kappabridge KLY-4S.

3.2. Alternating field demagnetization

A total of 14 specimens of BB and 15 specimens of SA have been
demagnetized by alternating fields (AF) using a 2G superconducting
magnetometer in steps of 3 mT up to 15 mT and then with steps of
5mT. Due to instrumental biases at higher fields, measurements
above 30 mT had to be discarded. Specimens of four samples have
been demagnetized by alternating field demagnetization using a
Schonstedt GSD-5 demagnetizer. The sample BB7-6A has first been
partially thermally demagnetized up to a temperature of 340°C
and then further AF demagnetized. The other three specimens have
been completely AF demagnetized.

3.3. Scanning electron microscope

A few selected samples have been investigated in a J[SM-6400
scanning electron microscope (SEM) in the Centro de Apoyo en
Investigacién (CAI) for Microscopy in the Chemistry Faculty of the
UCM. Samples have been coated with graphite or gold in order to
improve conductance. Moreover, the elementary compositions of
different grains of these samples have been measured using energy-
dispersive X-ray spectroscopy (EDX).

3.4. Rock magnetic experiments

Isothermal remanent magnetization (IRM) acquisition curves,
backfield curves, hysteresis cycles and thermomagnetic (Curie)
curves have been obtained from selected samples using a Magnetic
Measurements Variable Field Translation Balance (VFTB) in the CAI
for Palaeomagnetism in the Physics Faculty of the UCM. On some
additional samples, hysteresis loops have been obtained using a
coercivity metre (Jasonov et al., 1998). Specimens of the same
samples investigated in the SEM/EDX have been used to obtain
low-temperature thermomagnetic curves using a Quantum Design
MPMS-XL SQUID magnetometer in the CAI Técnicas Fisicas at the
Physics Faculty of the UCM.

4. Rock magnetic and SEM results
4.1. Scanning electron microscope results

Fig. 2 shows a representative image obtained by scanning elec-
tron microscopy (SEM). Two samples from BB and two from SA have
been investigated in a SEM. On these samples, 30 grains have been
analyzed using energy-dispersive x-ray (EDX) to obtain their chem-
ical compositions. Table 8 in Appendix lists the atomic percentages
of the elements detected by the EDX for the different grains, along
with a very rough estimate of the size of the respective grain and
a possible interpretation in terms of minerals. This way, the fol-
lowing minerals have been identified: olivine (fayalite/forsterite),
pyroxene, pentlandite, iron-oxides (magnetite/hematite/wiistite),
chromites and some grains containing copper-oxides. These iden-
tifications are listed in Table 9 in Appendix. The palaesomagnetically
relevant minerals are then the iron-oxides, the chromites and the
pentlandite for its common association with the ferromagnetic
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Fig. 2. Representative scanning electron microscope image of sample SA2-3A.
Arrows indicate positions used for EDX-analyses (see Tables 8 and 9 in Appendix).

pyrrhotite. The iron-oxide grains investigated were about 10 um
in size. In order to be able to distinguish better between magnetite
and pyrrhotite in case of its presence, we have chosen to demag-
netize the vast majority of the samples thermally as opposed to
AF.

4.2. IRM, backfield and hysteresis

The IRM acquisition curves (Fig. 3 shows a representative exam-
ple) show in most cases a saturation around 200 mT, both in BB and
in SA. The back-field curves show a coercivity of remanence H of
about 34 mT, with very little variation between samples. The satu-
ration magnetization lied between 0.017 Am?2/kg and 1.0 AmZ2/kg,
with an average of 0.44 A m2/kg.

The hysteresis curves have been corrected for their para-
magnetic components and then been used to calculate the
saturation magnetization Mg, the remanent saturation magnetiza-
tion M;s, the coercivity H. and the coercivity of remanence H.r. The
ratio Mys/M;s is plotted against Hq-/H: in the Day plot (Day et al.,
1977)in Fig. 4, along with theoretical curves for mixtures of SD and
MD grains of magnetite with different grain size end members after
Dunlop (2002). Dunlop (2002) tested his theoretical curves against

0.16 ; ; ; ;
014 | 1
012 | |
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Fig. 3. Representative isothermal remanent magnetization acquisition and back-
field curve (sample BB1-6).

Dunlop (2002)—
SD BB X
05 SA O

Fig. 4. Day plot of BB and SA samples and theoretical curves for SD + MD mixtures
after Dunlop (2002).

data from serpentinized peridotites and found that his peridotites
fell on a novel region below the theoretical SD + MD mixing curves.
Villasante-Marcos et al. (2003) plotted ‘fresh’ peridotites and a ser-
pentinized peridotite from Ronda on a Day plot and found that
the serpentinized sample fell on Dunlop’s (2002b) ‘novel’ region,
whereas the ‘fresh’ peridotites followed the SD + MD mixing curve.
Similarly, the Beni Bousera and Ceuta peridotites fall very closely on
the SD + MD mixing curves for magnetite, with the SA samples gen-
erally being closer to the SD region and the BB samples being closer
to the MD region. This kind of (grain size dependent) variability
of the remanence ratios closely following the theoretical SD + MD
mixing curves has also been observed in oceanic serpentinized peri-
dotites (Maffione et al., 2014).

4.3. Thermomagnetic curves

Fig. 5 shows representative thermomagnetic curves. All curves
show a Curie temperature T¢ of about 580 °C, which is indicative of
magnetite. The curves show chemical changes that destroys mag-
netic minerals (probably magnetite) upon heating, in some of them
not appreciably (like BB1-8, Fig. 5(a)), but in others more promi-
nently (like SA8-7, Fig. 5(c)). Fig. 5(b) shows that in sample BB5-9,
a small amount of a new magnetic phase is created with a Curie
temperature of about 320 °C. Other samples also showed the cre-
ation of a very small amount of a new magnetic phase with a less
clearly defined Curie temperature. The same kind of destruction
of magnetite and the formation of a new magnetic phase with
Tc~350°C has been observed by Villasante-Marcos et al. (2003)
with the Ronda peridotites.

Fig. 6 shows the results of all the low temperature experiments.
In these experiments, the samples have been cooled to 5K and
have then been saturated by applying a magnetic field of 5 T. After
switching the external field off, the remanent magnetization of sat-
uration My of the sample has been measured whilst heating it up
to room temperature. The plot clearly shows the Verwey transition
of magnetite around 120K in all four samples. In addition, two of
the samples (one from BB and one from SA) show an increase in
slope between 35K and 50 K.

5. Thermal demagnetization behaviour

The majority of the samples has been demagnetized ther-
mally. The initial NRM ranged from 4.47 mA/m to 15 A/m (median:
260 mA/m). Monitoring the bulk magnetic susceptibility of the
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Fig. 5. Representative thermomagnetic curves for heating and cooling.

samples (Fig. 7) showed a very slight increase in susceptibility start-
ing around 200 °C for SA and a moderate increase starting around
300°C in BB, both reaching a maximum at around 550 °C. This did
not have a recognizable effect on the stability of the magnetic com-
ponents, however.

Most samples showed a very weak component at very low tem-
peratures that was found to contain no useful palaeomagnetic data
(see section 5.1). After cleaning this first component, the samples
still showed a heterogeneous palaeomagnetic behaviour one or
more, often mutually overlapping, magnetic components: Samples
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Fig. 6. Remanent saturation magnetization M,s during heating of two BB and two
SA samples from 5K to ambient temperature.
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Fig. 7. Mean bulk susceptibility of sites.

from BB had either one or two components and samples from SA
had one, two or three components. All of these components have
been analyzed and are be described in the following.

An overview of the median unblocking temperatures of the
three components is shown in Table 2, and the numbers of samples
belonging to them are summarized in Tables 3 and 4.

5.1. Very low temperature component

Most samples showed a magnetic component (in some cases
more, in others less pronounced) at very low temperatures below
180°CinBBand, to alesser degree, below 140 °Cin SA (see Fig. 19in

Table 2
Median temperature ranges used to calculate linear fit lines. LT: low temperature;
IT: intermediate temperature; HT: high temperature.

No. of comp. Site Comp. Temperature range
1 BB 180-600°C
SA 140-605°C
2 BB LT 180-460°C
HT 535-600°C
2-3 SA LT 140-420°C
IT 460-575°C
HT 533-603°C

Please cite this article in press as: Berndt, T., et al., New constraints on the evolution of the Gibraltar Arc from palaeomagnetic data of
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Table 3

Number of samples from Beni Bousera with the given number of components. Num-
bers in parentheses is the number of samples that showed directions clustering
closely together.

Site N 1 component 2 components Rejected
BB1 9 0(0) 8 1

BB2 9 3(2) 4 2

BB3 8 2(1) 6

BB4 9 2(0) 6 1

BB5 9 3(2) 5 1

BB7 9 6(6) 2

BB8 8 5(1) 2 1

Total 60 21(12) 33 6

Appendix). These directions show a very high dispersion but nev-
ertheless cluster around nearly 90° inclination in BB and around a
north-west direction in SA. In the case of BB, there was no corre-
lation between the number of components of the sample and the
direction of the very low temperature component. In SA, the mean
direction of this component coincides very roughly with the NRM of
most samples. The very high dispersion suggest that the measure-
ment of the first few temperature steps may be influenced by a VRM
that was acquired in the lab. Therefore, the remanent magnetiza-
tions below these temperatures have not been taken into account
for any of the calculated directions following below.

5.2. One component (BB and SA)

21 samples of BB (35%) and 21 samples of SA (38%) had only
one component. In BB, these samples had unblocking tempera-
tures between 595 °C and 620 °C, and in four cases 680 °C (median:
600°C, Fig. 8(d)) and in SA they had unblocking temperatures
between 560°C and 640 °C (median was 605 °C). Directions have
been calculated using an anchored line-fit for the temperature
range 180-595 °C and 140-595 °C, respectively.

As can be seen in Fig. 9, the directions of most of the samples
(BB: 12, SA: 14) cluster around a common, roughly north-trending
direction (normal polarity). In the case of BB, the mean declination
of these ‘clustering’ samples is virtually 0°, but in the case of SA, it is
slightly negative (i.e. slightly ‘off’ to the west). Some of the samples
showed very disperse directions (either polarity), though, and were
not included in the calculation of a mean direction.

5.3. Two components (BB)

33 samples of BB (55%) showed two magnetic components,
a low temperature (LT) component that is roughly north, and a
high temperature (HT) component that is rotated and may be nor-
mal or reversed polarity (see Fig. 8(a) and (c)). The LT component
showed a linear trend from 180°C up to a temperature between

Table 4

Number of samples from the Sarchal cliffs with the given number of components.
Numbers in parentheses is the number of samples that showed directions clustering
closely together. In cases where two components where visible, the higher temper-
ature component could either be identified with the IT or the HT component, and
the respective numbers are given in the table.

Site N 1 component 2 components 2 components 3 components Rej
(IT) (HT)

SA1 7 4 (4) 2

SA2 9 6(4) 3

SA3 8 3(0) 3 2

SA5 7 2(2) 1 1 2 1

SA6 8 4(4) 4

SA7 8 1(0) 3 4

SA8 8 1(0) 6 1

Total 55 21(14) 10 9 11 3

340°C and 555°C (median was 460 °C). The HT component then
showed a linear trend starting between 380 °C and 575 °C (median:
535°C) to its unblocking temperature between 555°C and 620°C
(median: 600°C, Fig. 8). Sometimes the two components over-
lapped. Directions of the LT component have been calculated using
a non-anchored line-fit using a temperature range from 180°C
to the highest temperature of the linear trend for each sample.
Directions of the HT component have all been calculated using an
anchored line-fit on the temperature range 535-595 °C wherever
possible, and in some cases on 555-595 °C or 575-600 °C.

The LT component is northward (normal polarity) and shows a
very low dispersion (Fig. 11(a)). The HT component is either normal
polarity and rotated westward by roughly 90°, or reversed polar-
ity and rotated eastward by roughly 90°. The normal polarity HT
directions show very little dispersion, whilst the reversed polarity
directions show a considerable dispersion. The directions of LT and
HT components along with their mean directions (calculated sep-
arately for normal and reversed polarity directions) are shown in
Fig. 11(a).

5.4. Two to three components (SA)

31 samples of SA (56%) had either two or three components: a
low temperature (LT), an intermediate temperature (IT) and a high
temperature (HT) component. The number of visible components
did not correlate with the degree of serpentinization.

In 11 samples (20%), the presence of all of these three compo-
nents could clearly be seenin the Zijderveld plots (see Fig. 10(b) and
(¢)) and linear fit lines could be calculated. In some cases, however,
the presence of three components could only be deduced by a cur-
vature of the Zijderveld plot (Fig. 10(a)and (d)): In Fig. 10(a)aLT and
a HT component are linear but in-between one finds an “S”-shaped
part. Such a shape is best explained by three components with the
unblocking temperature spectrum of the intermediate component
completely overlapping with those of the other two components
(see e.g. Kirschvink, 1980 for similar considerations). Similarly,
Fig. 10(d) shows linear LT and IT components but the highest few
temperature steps describe a curve which is best explained by
another HT component that completely overlaps with the IT com-
ponent. In these cases, linear fit lines could not be used to calculate
both the HT and IT component, but best-fit great circles have been
used instead to obtain an estimate of the HT component, whenever
possible (Halls, 1976).

In yet other samples, only two components were visible
(Fig. 10(a) and (d)), in which case the first component was always
the LT component and the second component could be identified
as either the IT or the HT component according to its direction.

The LT component showed a linear trend (see Fig. 8) on the tem-
perature range from 140 °C to 340-490 °C (median: 420°C). The IT
component showed a linear trend starting at 380-560 °C (median:
460°) and ending at 520-605 °C (median: 575°C). The HT compo-
nent showed a linear trend starting at 380-575 °C (median: 533°)
and ending at 575-625°C (median: 603 °C). Sometimes this led
to the necessity of using just a single point to define a fit line to
the origin. The temperature ranges used for the calculation of the
directions have been chosen for each sample individually. The LT
component, however, was always calculated starting at 140 °C. For
the LT and IT components non-anchored and for the HT component
anchored line-fits were used.

The LT component nearly always lies between north and north-
west and shows relatively little dispersion (cgs =5.1°, Fig. 11(c)).
The HT component shows equally little dispersion (g5 =9.6°) and
is approximately northward. Looking at the LT and the HT compo-
nents together, a striking feature is that the dispersion they show,
roughly describes a great circle from a point in the north with a low
inclination to a point in the west with a higher inclination. The IT
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Fig. 8. Zijderveld plots of BB. Solid lines are best fit lines.

component directions all lie in the southern hemisphere, and most
lie south-west. All but five are reversed polarity. They show a large
dispersion (g5 =19.8°), which is due to the fact that in most sam-
ples theIT overlapped with the LT and/or the HT component. Hence,
IT directions should be considered only very rough estimates.

5.5. Rejected samples

Six samples from BB (10%) and three samples from SA
(5%) have not been taken into account for the palaeomagnetic
analysis, because they showed uncoherent palaeomagnetic com-
ponents that were very different to the rest of the samples.

6. Alternating field demagnetization

A number of specimens have been AF demagnetized. This
permitted to compare the directions of the magnetic compo-
nents between the two demagnetization methods. This way, the
unblocking temperatures could be related to the coercivities of the
respective mineral, which greatly helps the mineralogical interpre-
tation of the remanences (see Section7.1).

In general, thermal and AF demagnetization gave similar results,
but because of technical problems with the SQUID, high field data
(>30mT) had to be discarded and therefore directions obtained by
AF have not been taken into account for final calculation of the mean
directions. For most of the AF demagnetized specimens, a second
specimen of the same sample has been thermally demagnetized as
well. Fig. 11(b) and (d) shows the directions as obtained by AF with
those obtained by thermal demagnetization.

6.1. Beni Bousera

In BB, all samples demagnetized by AF showed two stable
components (Fig. 11(b)), a low coercivity (LC) component that
unblocked at around 9-12mT and a high coercivity (HC) com-
ponent that unblocked at applied fields above 30 mT (the exact
coercivity could not be determined due to technical problems).
Generally, the LC component had a northward direction very sim-
ilar to the LT component of thermally demagnetized samples with
two components.

The high coercivity component either had a west normal-
polarity or an east reversed-polarity direction, and hence

(a) BB, single component samples.

(b) SA, single component samples.

Fig. 9. Directions (without tectonic correction) of samples that had only one component. Circles are roughly north trending directions, diamonds are non-north trending
directions. Mean direction of the roughly north-trending directions are indicated along with the ags confidence level. Filled symbols: normal polarity, unfilled: reversed

polarity.
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Fig. 10. Zijderveld plots of SA samples where three components (LT, IT, HT) are visible. Solid lines are best fit lines. The dashed lines are hypothetical components that might

cause the observed curvature due to overlap with the other components.

corresponds to the HT component of the thermally demagnetized
samples. Deviating from this rule, however, there were two sam-
ples where the LC and HC components were ‘swapped’, in the sense
that the LC component was westward rotated and the HC compo-
nent was north, as shown in Fig. 12. Moreover, two samples that
showed two clearly distinguishable component in AF, showed only
one component in thermal demagnetization.

6.2. Ceuta

In SA, all samples showed either two or three stable components
(Fig. 11(d)). Alow coercivity component that unblocked at 9-12 mT
was present in all samples and had north to westward directions
with normal polarity. This component can be identified with the LT
component of the thermally demagnetized samples. In cases where
they were three components, an intermediate coercivity (IC) com-
ponent tended to be south, reversed-polarity and a high coercivity
(HC) component tended to be roughly north with a normal-polarity
and low inclination. In samples that showed only two components,
the higher coercivity component showed the same behaviour as
either the IC or the HC component. Hence, in general, the IC com-
ponent of AF demagnetized specimens can be identified with the
IT component of thermally demagnetized specimens and the HC

component can be identified with the HT component. In one sam-
ple was this behaviour ‘swapped’ again, and seven samples that
showed only one component in thermal demagnetization showed
two or even three distinguishable components in AF.

6.3. Relation between unblocking temperature and coercivity

Fig. 13 shows the normalized intensity of the sum of the partial
TRM'’s (pTRM) during the thermal demagnetization. Most samples
were completely demagnetized at around 595 °C, but three samples
(all of BB) had an unblocking temperature of about 680°C (note
that as the plot shows the sum of pTRMs, experimental noise at
high temperatures incorrectly shows up as apparent high intensi-
ties at high temperatures - as this is just an artefact, the unblocking
temperatures of the highest temperature component have been
determined by the absolute intensities as opposed to the pTRM
sums). The plots show that there are at least two populations of
unblocking temperatures, one that causes a major decay between
140°C and 340°C and another one with a major intensity decay at
high temperatures between 535 °C and 595 °C. Depending on the
relative prominence of these two populations, samples lose most
of their remanence either at low temperatures, or at high temper-
atures, or showed a quasi-linear decay from 140°C to 595°C.
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(a) BB, 2 component samples, thermal

(c) SA, 2-3 component samples, thermal
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Fig. 11. Directions (without tectonic correction) of samples with 2 or 3 components as obtained by thermal and AF demagnetization, respectively. Circles represent HT
component, squares LT component and triangles are IT component. Mean directions are indicated along with the ogs confidence level and have been calculated separately
for normal (black symbols) and reversed polarity (open symbols). Red symbols indicate SA samples where all three components (LT, IT, HT) were clearly visible (the others
are samples where only two components were clearly visible). Filled symbols: normal polarity, unfilled: reversed polarity. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

Plots of the remanence intensity decays during AF demagne-
tization of samples demagnetized with the SQUID are shown in
Fig. 13(c) and (d) (measurements above 30 mT have been removed).
Again, two coercivity populations can be distinguished, one with a
major decay between 0 and 9 mT (this is somewhat less pronounced
for the SA samples) and another one causing a slow decay between
12 and 30 mT or more, where again, the relative importance of the
two populations varied from sample to sample.

Comparing the specimens of samples that had both AF and
thermally demagnetized, a clear correlation between the two
unblocking temperature and coercivity populations could be seen:
The intensity decay at low temperatures corresponded to the inten-
sity decay of low coercivities and the one of high temperatures
corresponded to high coercivities.

To make the correspondence between coercivity and blocking
temperature, sample BB7-6A, has first been partially demagne-
tized by thermal demagnetization up to 340 °C and then completely
demagnetized by AF demagnetization (Figs. 14 and 15). After partial
thermal demagnetization, the strong decay between 0 and about
5mT is not visible anymore.

7. Discussion
7.1. Responsible mineralogy for the NRM

In the SEM/EDX analysis, iron-oxides, chromite and pyrrhotite
have been identified as possible candidates for the NRM.

Saddiqgietal.(1995),in their study of the BB peridotites, consider
magnetite, titanomagnetite and hematite the most likely magnetic
remanence carriers. In this study, however, most samples had an
unblocking temperature of around 580°C and only three samples
showed an unblocking temperature of 680 °C. Although, the accu-
racy of the unblocking temperature determination is relatively low
(compare Section 4.3), they clearly favour an interpretation as mag-
netite as opposed to hematite. Equally, only minute amounts of
titanium have been found in the EDX analysis, therefore we do not
consider titanomagnetite a likely candidate either.

The unblocking temperature spectra showed in many samples
a strong decay below 300 °C (Fig. 13(a)), suggesting the presence of
pyrrhotite. However, in the demagnetization, no components com-
patible with the Curie temperature of pyrrhotite (320°C, Dunlop
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Fig. 12. Paleomagnetic results of two specimens of BB4-12, demagnetized thermally and by AF, respectively.

and Ozdemir, 2009) could be observed: All the LT components per-
sisted well above 400°C and often showed overlap with the IT/HT
component at even higher temperatures. Therefore, if pyrrhotite
carries a significant portion of the NRM, it has recorded the same
magnetic signal as one of the other magnetic minerals.

The iron-poor endmember of the chromite series (Fe(Cr, Fe),04)
has a Curie temperature of —185 °C that increases with decreasing
Cr content (Dunlop and Ozdemir, 2009) until it reaches T¢=580°C
for the iron-rich endmember (magnetite). Therefore, Cr may play
a similar role as Ti, in reducing the unblocking temperature of
magnetite, although we do not believe that this is the dominant
mechanism for producing the different unblocking temperatures
for the reasons described below.

The unblocking temperatures of most samples and the IRM
experiments suggest magnetite as the principal carrier of the NRM.
Notably, there is a significant amount of multi-domain (MD) grains
of magnetite, as can be seen by the very low coercivities in Fig. 13(c)
and (d) and the Day plot Fig. 4.

We believe that the there are two major grain size popula-
tions of magnetite that are responsible for the observed magnetic

components in the vast majority of the samples. One of them is in
the MD range and is responsible for the LT component, the other
one is in the SD or PSD range and is responsible for the HT and IT
components. This hypothesis is supported by the following obser-
vations:

1. In the Day plot (Fig. 4), the samples fall almost perfectly on the
theoretical magnetite SD + MD mixing curves of Dunlop (2002).
Although Dunlop (2002) found that some serpentinized peri-
dotites fell on a novel region below the theoretical curve (for
which he does not have an explanation), we believe that in our
case the magnetic properties of the peridotites are dominated by
SD and MD magnetite grains so that they follow the theoretical
curve.

2. The low temperature experiments (Fig. 6), although they do
not reject small contributions of titanomagnetite, give clear
indications of pure magnetite through a clearly visible Verwey
transition. It is neither shifted from 120 K nor depressed, hence
not indicating any Ti content or surface oxidation (Dunlop and
0Ozdemir, 2009). Moreover, the experiments are not indicative of
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Fig. 13. Normalized intensity of the sum of partial remanent magnetizations during thermal (a, b) and AF (c, d) demagnetization (only SQUID).

pyrrhotite, which has a transition from a monoclinic to trigonal
crystal structure around 35K (Rochette et al., 1990). There is a
change of slope around that temperature, however, the transi-
tion of pyrrhotite causes a very sharp increase in M over a very
narrow temperature range (over about 5K), which is not seen
in Fig. 6. It should be noted that (Dunlop and Ozdemir (1997,
and references therein) show very similar low temperature ther-
moremanent curves for annealed crushed magnetite that exhibit
just this change of slope around 50 K.

3. The very low coercivities of the LC component are likely due to
MD grains. The correspondence in direction of the LC component
in AF demagnetization and the LT component in thermal demag-
netization and the correlation between the intensity decay at low
coercivities and at low temperatures support an identification of
these MD grains with the LT component.

4. Similarly, both the IT and the HT components in SA have high
unblocking temperatures and high coercivities that point to
grains in the PSD/SD range. Both components had very simi-
lar unblocking temperatures and coercivities. These similarities
in their magnetic properties point to similar chemical composi-
tions and similar grain sizes/shapes.

5. Fig. 15 suggests that the grains with unblocking tempera-
tures below 340° correspond to very low coercivities (in this

particular sample about 5 mT), and hence probably to MD grains.
The AF intensity decay curve after partial thermal demagnetiza-
tion in Fig. 14 has the shape typical of a PSD or SD grain size
distribution. Hence the HT and IT components are probably due
to these SD/PSD grains.

We conclude that the different unblocking temperatures of the
different components are likely due to different grain size distri-
butions, although Cr or Ti impurities may possibly play a role as
well.

7.2. Acquisition of the remanence

According to Villasante-Marcos et al. (2003) and references
therein, there were two post-metamorphic serpentinization phases
(atleastin Ronda), the first formed sub-microscopic magnetite and
the second up to millimetre-sized magnetite grains, mainly along
fractures. Hence, supposing that first serpentinization phase cre-
ated SD/PSD magnetite grains, they likely acquired a CRM at the
time of their formation ~20 Ma ago. The larger grains from the pos-
terior serpentinization phase are likely in the MD range and should
as well carry a CRM from the time of their formation.
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Fig. 14. Normalized intensity of the remanent magnetization of BB7-6A that has first been partially thermally demagnetized and then further demagnetized by AF.

This interpretation as CRMs is contrary to Saddiqi et al. (1995,
Beni Bousera) and Feinberg et al. (1996, Ronda), but in line with
Villasante-Marcos et al. (2003, Ronda). Saddiqi et al. (1995) and
Feinberg et al. (1996) interpret the two magnetic components they
found in the Beni Bousera and Ronda peridotites as pure TRMs.
Their interpretation implies that the rotations they observed were
completely finished by the time the peridotites had cooled to about
450°C(Saddiqietal., 1995, Beni Bousera)and 250 °C (Feinbergetal.,
1996, Ronda), respectively.

There are, however, various observations that favour our inter-
pretation of CRM'’s due to two serpentinization phases. The main
reason is that some samples showed a very sharply separated com-
ponents but others show a continuous curvature from LT to HT
component. If the acquisition mechanism was a TRM by cooling,

then one would expect a more homogeneous behaviour: on the
one hand, if the rotation was slow compared to the cooling time,
one should see a curvature in the Zijderveld diagrammes as pro-
gressively higher temperatures should have recorded sequential
stages of the rotation. On the other hand, if the rotation was fast
compared to the cooling time, such a curvature should become
very small (i.e. over a very narrow range of blocking temperatures)
or completely disappear. Our data, however, shows both of these
behaviours (compare Fig. 8(a) and (b)). According to the figures in
Feinberg et al. (1996), they apparently observed a heterogeneous
behaviour in Ronda, too. By assuming CRM to be the acquisition
mechanism, this behaviour is easily explained: The two serpen-
tinization phases (pre- and post-rotation), formed two different
grain-size populations, one of them recording the pre-rotational

up/W

340°/0mT

Fig. 15. Paleomagnetic results of sample BB7-6A, demagnetized first partially thermally and then by AF. The Zijderveld plot goes to the origin at higher fields, but points

have not been plotted for better visibility.
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and the other one recording the post-rotational direction. Depend-
ing on the overlap of these two grain-size spectra (or equivalently
blocking temperature spectra) one will have either overlapping
directions or sharply separated directions.

In the case of the LT and HT components, the two serpen-
tinization phases formed very different grain-size populations (one
mainly in the MD range and one mainly in the PSD/SD range), that
in many cases did not show much overlap - hence the components
very easily isolated. On the other hand, in the case of the IT and HT
components that both formed during the posterior serpentiniza-
tion, both IT and HT components formed very similar grain-size
spectra, but the HT component is slightly biased towards larger
grains (i.e. with higher blocking temperatures). Hence, they are
strongly overlapping and not easily isolated.

7.3. Palaeomagnetic directions

Due to the existence of previous negative fold tests of other
authors in the Beni Bousera (and also Ronda) peridotites (Saddiqi
etal., 1995; Feinberg et al., 1996; Villasante-Marcos et al., 2003), we
consider only “in situ” directions. As shown in those works, all the
remanences are younger than the foliation/anticline formation. The
negative fold test in the BB peridotites (Saddiqi et al., 1995), was
performed using 6 sites showing a reversed, rotated component,
where g5 increased from 10.3° to 22.3° (and k decreased from 43
to 10) after tectonic correction. As a rough quality control, this has
been checked for the current study using only 4 sites from BB and
SA using local foliation measurements. The angular dispersion of
mean directions (Table 5) increased in both SA and BB after apply-
ing the tectonic correction: from 7.3 to 7.7° (SA) and from 25.1 to
63.7° (BB).
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Table 5
Summary of site mean directions (without tectonic correction).

Site Comp. Nu/N D I o5 k

BB1 LT 8/9 358.2 65.4 6.1 83.9
BB2 LT 6/9 355.9 65.4 113 359
BB3 LT 7/8 114 56.4 114 29.0
BB4 LT 6/9 3.9 56.5 7.0 93.6
BB5 LT 7/9 7.5 50.6 12.6 23.8
BB7 LT 8/8 1.6 51.6 5.7 96.3
BB8 LT 3/8 355.7 50.4 18.6 45.1
BB1 HT 8/9 289.8 72.5 4.7 137.2
BB2 HT 4/9 269.4 65.3 13.0 51.2
BB3 HT 5/8 90.2 —-62.3 153 26.1
BB4 HT 4/9 146.4 —49.7 54.5 3.8
BB5 HT 5/9 92.6 —64.7 22.6 124
BB7 HT 2/8 102.4 -36.3

BB8 HT 3/8 1289 —48.5 223 31.7
SA1 LT 7)7 335.1 49.9 9.1 44.8
SA2 LT 7/9 333.1 441 12.7 23.6
SA3 LT 3/8 3423 515 26.7 224
SA5 LT 6/7 3434 42.0 19.5 12.8
SAG LT 8/8 3395 56.0 7.2 59.8
SA7 LT 7/8 339.5 49.0 12.2 253
SA8 LT 7/8 348.8 51.2 4.6 174.5
SA1 IT 1/7 205.2 —44.7

SA3 IT 3/8 166.3 —49.5 38.5 113
SAG6 IT 2/8 223.0 -19.3

SA7 IT 3/8 175.7 —-41.7 12.0 106.6
SA8 IT 5/8 200.8 -19.1 233 11.7
SA1 HT 2/7 356.3 31.6

SA2 HT 3/9 3523 38.1 11.7 112.7
SA3 HT 3/8 352.8 35.0 4.1 902.0
SA5 HT 3/7 2.5 31.7 13.1 90.1
SAG HT 4/8 352.8 46.1 13.7 45.8
SA7 HT 4/8 8.8 159 9.0 105.4
SA8 HT 1/8 3473 21.0

7.3.1. Beni Bousera (BB)

In the case of Beni Bousera, the samples with only one
component showed either a non-rotated direction or a com-
pletely dispersed direction. The dispersed directions have not been
considered useful for palaeomagnetic purposes. They could be
isothermal remanent magnetizations (IRM) that hence have not
preserved their original magnetizations. The clustering directions
have probably only preserved a recent (post-rotation) remanent
magnetization.

In the same way, the LT component of those samples with two
components is probably a recent magnetization. LT components
of these samples and the NRM of those samples with only one
component can be considered to have been recorded by the same
(re-)magnetization event. Both have been used to calculate site
mean directions using Fisher’s statistics (Fisher, 1953). The mean
directionofthemis D=2.4°,1=56.7 ° and ags =5.4 °, which confirms
that there is no vertical axis rotation nor tilting, as the expected
declination is 0° for the last 20 Ma and the observed inclination
coincides with the expected one for the last few Ma (see Sec-
tion7.4). All (uncorrected) site mean directions are summarized
in Table 5 plotted in Fig. 16.

The HT component of samples with two components is likely a
pre-rotation remanent magnetization. Site mean directions have
been calculated for these samples using the magnetization vec-
tors as obtained by anchored line fits wherever possible. In some
cases the HT component was either too small or overlapped with
the LT component, however. In these cases (see Fig. 17), converg-
ing remagnetization circles have been used to obtain an estimate
of the HT component using the method of Kirschvink (1980) that
combines best-fit lines with best-fit planes.

Generally, HT components of a single site had the same polarity.
The respective mean directions of normal and reversed polarity
sites are given in Table 6 along with all the other mean directions of
the different components. Notably, normal polarity sites have been

found for the first time and were roughly antipodal (i.e. westward)
to the reversed polarity directions.

7.3.2. Ceuta (SA)

From the considerations outlined in Section 5, and from analogy
with BB, the palaesomagnetic directions of one-component samples
of SA (in particular the clustering ones) are likely a recent (due to
the posterior serpentinization phase) remanent magnetization, as
is the LT component of SA group 3 samples. Similarly as in BB, we
assume that directions of single component samples of SA and the
LT component of samples with multiple components have recorded
the same event. The six samples of that showed very disperse single
components are again considered IRMs and are not been taken into
account for the calculations of mean directions. The mean direction
of LT components directions is D =340.2°, [=49.2° with ag5 = 4.4°.

The IT component of SA showed in many cases a significant over-
lap with one or both of the other components, such that no reliable
direction could be obtained. Nevertheless, 15 samples had a clear,

Table 6

Mean directions (without tectonic correction) of the different isolated compo-
nents. Comp.: component (LT: low temperature; IT: intermediate temperature; HT:
high temperature); N: number of samples; D: declination; I: inclination; BB: Beni
Bousera; SA: Sarchal cliffs.

Site Comp. N D I o5 k

BB LT 7 2.4 56.7 5.4 124.6
BB HT normal 2 278.0 69.2

BB HT reversed 5 114.2 —54.3 17.8 19.5
BB HT antipodes 7 291.0 58.0 13.1 22.0
SA LT 7 340.2 49.2 4.4 191.5
SA IT 5 196.6 -36.6 229 121
SA HT 7 356.4 31.6 9.1 454
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Fig. 16. Site mean directions (without tectonic correction) of BB (a) and SA (b) sites. Squares: group 1a and LT components of group 2 (BB) and 3 (SA); circles: HT components
of group 2 (BB) and 3 (SA); triangles: IT component of group 3 (SA); grey diamonds: high temperature component from Saddiqi et al. (1995). Open symbols indicate reversed

polarity, mean directions are indicated along with s confidence levels.

non-overlapping IT component. These have been used to obtain
estimates of site mean directions. The mean direction of all sites is
then D=196.6°, = —36.6° and ag5 =22.9°.

In four cases, the HT component showed considerable overlap
and a low signal-to-noise ratio. Therefore, converging remagnetiza-
tion circles had to be used to obtain estimates of the HT components
of these samples (see Fig. 17). The mean direction of the HT com-
ponent of all sites is D=356.4°, [=31.6° and g5 =9.1°.

All calculated (uncorrected) mean directions for each of the
components are given in Table 6.

7.3.3. Palaeosecular variation averaging

Despite the limited number of sites involved, the mean direc-
tions listed in Table 6 can be regarded to sufficiently average the
paleosecular variation (PSV) of the geomagnetic field, because of
the positive reversal tests of the IT and HT components, the ags-
envelope reliability criteria proposed by Deenen et al. (2011) and
the effect that a CRM acquisition mechanism leads to a smoothing
of the PSV signal at the specimen scale. Overlapping components
and CRM acquisition are not ideal conditions for analysis of the

geomagnetic dispersion or other PSV estimates, but for tectonic
purposes, our results are useful.

7.4. Rotations and tilt

The expected directions for the north-west African craton
for 20Ma is, according to Torsvik et al. (2012), D=359.9 +3.0°,
[=48.5+3.0° for BB and D=359.9 +3.0°, [=49.2 4+ 3.0° for SA. For
the last 5 Ma the expected direction is D=0.04+2.3°, [=53.34+-2.0°
for BB and D=0.0+£2.3°, I=53.9+1.9° for SA. Hence, the declina-
tion can be considered 0° within its experimental error for the last
20 Ma. Although, the evolution of the palaeodirection is strongly
smoothed (with running averages of 20 Ma windows), a trend from
slightly lower to slightly higher inclinations is evident that is due
to the northward shift of the African plate.

7.4.1. Beni Bousera (BB)

The direction obtained for the HT component of BB, after taking
antipodes of the reversed polarity directions, is D=291.0 +25.3°,
1=58.0+13.1° (see Table 6). Similarly, Saddiqi et al. (1995)

(a) BB3

(b) SA5

Fig. 17. Calculation of directions of the HT component that overlapped with LT (BB group 2) or IT (SA group 3), respectively, using converging remagnetization circles. aos

circles are indicated.
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Table 7

Rotations R (observed minus expected declinations; positive values are clockwise
rotations) and flattening of inclination F (expected minus observed inclination)
parameters with their confidence limits (Demarest, 1983).

Site Component Data from R+ AR F+ AF

BB HT This work 68.9 + 20.4° -9.5 +10.8°
HT Saddiqi et al.? 76.1 £ 16.2° —10.1 + 8.6°
HT Combined 723 £ 12.1° —-10.1 £ 6.5°
LT This work 24+ 8.1° —-34 + 4.6°
LT Saddiqi et al.2 1.3 +8.3° —-4.1 £ 4.6°

SA HT This work 3.5+ 8.9° 17.6 £ 7.7°
IT This work -16.7 + 23.3° 12.6 + 18.5°
LT This work 19.7 £ 5.9° 0.0 + 4.2°

2 The rotations of Saddiqi et al. (1995) have been re-calculated using the expected
directions from Torsvik et al. (2012).

obtained a direction of their HT component (after taking antipodes)
of D=283.8+20.1°, [=-58.64+10.3°. Using the values given by
Torsvik et al. (2012), the HT component gives an anti-clockwise
rotation about a vertical axis of 68.9 4- 20.4° and a flattening param-
eter of F=—-9.5+10.8° (see Table 7), which means that a slight tilt
(<10° and posterior to the anticline formation, which predate the
remanences) can neither be rejected nor confirmed.

Combining the data of Saddiqi et al. (1995) and of this study, the
certainty of the rotation can be improved (see Fig. 16(a)). By taking
the antipodes of reversed polarity directions one obtains a mean
direction with D=287.6°, [=58.8, g5 = 7.6, k=30.4, which implies
an anti-clockwise rotation of 72.3 £ 12.1°.

The LT component of BB has a similar inclination of 56.7°
(Saddiqi et al. (1995) obtained I=57.4°) and a declination of 2.4°.
For the expected direction for the last 5Ma, this represents a flat-
tening parameter of F=—-3.444.6°, and we can assume no tilt and
no rotation for the LT component.

7.4.2. Ceuta (SA)

Both the IT (after taking antipodes) and the HT component of
SA have similar, low inclinations (I=36.6 +-22.9° and [=31.6 +9.1°,
respectively).

Using the “in situ” IT/HT mean results from SA listed in
Table 6, a reversal test and their quality classification has been
performed following McFadden and McElhinny (1990), giving a
positive “type C” result. As the angle between the two mean
directions (in the same hemisphere), y0=17.4°, is smaller than
the critical angle yC=19.6° at which the hypothesis of a com-
mon mean direction for the distribution would be rejected, the
test is positive (“type C” results are those where 10° <yC<20°).
Hence, the hypothesis of a common mean direction may not be
rejected at the 95-percent confidence level. The antipodal charac-
ter of IT and HT mean directions do not favour any interpretation
involving local deformation occurring between the two acquisition
times.

We argue that the IT component recorded roughly the same
magnetization event, but with the opposite polarity of the Earth’s
magnetic field and we interpret the antipodal misfit as due to (1) an
overlap of the IT component with the two other components and
(2) insufficient averaging of the secular variation due to the small
sampling set. Because of the large uncertainty of the IT component,
its direction will not be used in the arguments following in the next
section.

The HT component has a flattening parameter of F=17.6 +£7.7°
with respect to the expected direction. In declination, it coincides
with the expected direction (at any time during the last 20 Ma).

The LT direction of SA has a direction of D=340.2°, [=49.2° and
has therefore the expected inclination (F=0.0 +4.2°) but is rotated
about a vertical axis by 19.7 +£5.9° in an anti-clockwise sense with
respect to stable NW Africa.

Table 8
Atomic percentages of the elements from the EDX analyses of the SA samples.
Position Sample Fe Mg Si 0 Ni Al S Cr Co Ca Cu Ti Mn Cl
1 BB5-6B 9.8 113 13 41.9 19.8 15.8 0.2
2 BB5-6B 5.8 11.6 47.3 22.8 12.5
3 BB5-6B 1.1 15.8 6.4 245 0.3 33 48.7
4 BB5-6B 321 20.9 47.0
5 BB5-6B 3.7 23.2 16.2 54.6 0.9 1.5
6 BB5-6B 46.0 24 2.1 49.7
7 BB5-6B 52.0 0.6 47.4
8 BB5-6B 6.1 11.6 47.5 245 104
9 BB5-6B 374 2.5 47.2 0.3 0.9 11.6
10 BB4-2B 2.1 24.8 17.9 53.0 23
11 BB4-2B 8.3 22.7 114 45.9 4.7 2.1 5.0
12 BB4-2B 4.8 248 13.2 49.9 6.8 0.2 0.4
13 SA2-3A 243 12.6 11.6 3.5 35.5 12.5
14 SA2-3A 27.8 25.7 46.5
15 SA2-3A 8.4 50.2 414 a b 0.0
16 SA2-3A 5.8 443 49.3 a 0.6 b
17 SA2-3A 26.1 0.7 0.5 275 45.3
18 SA2-3A 26.3 28.2 45.5
19 SA2-3A 94.4 1.2 1.8 € 2.6 b
20 SA2-3A 82.8 6.6 4.1 ¢ 6.5 b
21 SA2-3A 553 25.9 183 a 0.5
22 SA2-3A 46.1 2.0 1.2 47.9 0.4 1.0 1.0 0.4
23 SA2-3A 249 0.5 27.6 47.0
24 SA2-3A 30.2 8.2 0.5 43.7 14.3 3.1
25 SA8-3A 36.5 5.0 2.6 47.7 4.2 33 0.7
26 SA8-3A 13.0 0.6 0.8 315 53.6 04
27 SA8-3A 17.5 9.1 9.7 43.0 3.5 141 1.6 1.6
28 SA8-3A 34.0 9.7 6.1 50.2
29 SA8-3A 7.6 181 11.7 375 9.1 16.1
30 SA8-3A 54.0 0.7 45.3

2 Oxygen present but the amount has not been calculated.
b Small amount is possibly present but has not been calculated.
¢ Presence or absence of oxygen unknown.
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(a) Exhumation of the SA, BB and Ronda peridotites, followed by cooling, serpentinization, deformation,

formation of SD magnetite grains and acquisition of a high and intermediate temperature CRM (younger

(d) Small anticlockwise rotation of SA. Note that the final stage correspoonds with in situ observed directions.

Fig. 18. Schematic diagrammes of the net rotations proposed for the Ceuta and Beni Bousera peridotites in successive stages. The boxes represent the Ceuta (SA), the Beni
Bousera (BB) and the Ronda peridotites (note that the boxes do not indicate any accurate geographical location). The acquisition and in-situ rotations of the magnetic LT (blue
squares), IT (yellow triangles) and HT (red circles) components. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Table 9
Overview of the minerals that have been analyzed with their possible identification.
Position ~ Sample  Grainsize  Major elements Mineral
1 BB5-6B 10 pm Fe, Mg, O, Al, Cr Chromite?
2 BB5-6B 500 pm Fe, Mg, O, Al, Cr Chromite?
3 BB5-6B 10 wm Cu, Mg, O CuO+...
4 BB5-6B 50 wm Fe, Ni, S Pentlandite
5 BB5-6B <1 pm Mg, Si, O Forsterite
6 BB5-6B 10 wm Fe, O Magnetite
7 BB5-6B 10 wm Fe, O Wiistite
8 BB5-6B 50 um Al, Mg, O, Cr Pyroxene/chromite
9 BB5-6B 5 um Fe, O, Cr Magnetite/chromite
10 BB4-2B 10 wm Mg, Si, O Forsterite
11 BB4-2B 1 pm Mg, Si, O Forsterite
12 BB4-2B 1 pum Mg, Si, O Forsterite
13 SA2-3A° 100 pm Fe,Ni, S, Cu, O Pentlandite + CuO
14 SA2-3A 50 um Fe, Ni, S Pentlandite
15 SA2-3A 100 pm Fe, Mg, Si, O’ Pyroxene/olivine
16 SA2-3A  Matrix Mg, Si, O Pyroxene/olivine
17 SA2-3A 10 um Fe, Ni, S Pentlandite
18 SA2-3A° 10 pum Fe, Ni, S Pentlandite
19 SA2-3A° 10 pm Fe, O Magnetite/hematite
20 SA2-3A 10 pm Fe, O’ Magnetite/hematite
21 SA2-3A 10 pm Fe, Mg, Si, O’ Olivine®
22 SA2-3A 5 um Fe, O Wiistite
23 SA2-3A° 10 pm Fe, Ni, S Pentlandite
24 SA2-3A° 10 um Fe, O, Al Magnetite/hematite?
25 SA8-3A 10 um Fe, O Magnetite/hematite
26 SA8-3A 10 um Fe, Ni, S Pentlandite
27 SA8-3A 10 um Fe, Mg, Si, O, Cr Fayalite©
28 SA8-3A 5 pm Fe, Mg, Si, O Magnetite/hematite
29 SA8-3A  1um Fe, Mg, Si, O, Ni, S Pentlandite
30 SA8-3A 50 um Fe, O Wiistite

" See note of Table 8.

2 Contains substantial amounts of Al.
b Contains substantial amounts of Fe.
¢ Contains substantial amounts of Cr.

7.5. Palaeomagnetic constraints on timing and geodynamic
evolution

As described in Section 7.2, the IT (of SA) and HT (of BB and SA)
components are likely due to the first serpentinization stage dur-
ing the post-metamorphic cooling, after the deformation (foliation,
folded pyroxenite veins) dated between 25 and 20 Ma ago, and after
the BB (undated) age of folding. The LT components are likely due to
a posterior serpentinization. Then, in Beni Bousera the older com-
ponent (HT) is rotated, whilst the younger one (LT) is present-day
north, and there is no tilt apparent in neither component.

In SA, the older HT component points north but is tilted and
the younger LT component is rotated about a vertical axis but has
no tilt. As the HT and IT components are roughly antipodal, we
argue that the IT and HT components were roughly recorded at
the same time. Due to the similarities in mineralogy we also argue
that the acquisition times roughly coincide between the respective
components of SA and BB.

We therefore propose the following model of arelative sequence
of events leading to the observed remanent magnetizations: after
their exhumation and post-metamorphic cooling, both the Beni
Bousera massif and the Sarchal massif (Ceuta) recorded a first mag-
netic component during a first serpentinization phase (Fig. 18(a)).
During this time, at least one geomagnetic field reversal occurred
that was recorded by both BB and SA. In SA, it is noteworthy that
the reversed polarity directions have systematically lower unblock-
ing temperatures. This may be explained if at some point during
the first serpentinzation the size distribution of the newly formed
grains changed slightly. This would then imply that there occurred
exactly one field reversal during the acquisition of remanence in SA,
recording one polarity by one grain size distribution and the other
polarity by another grain size distribution.

After the acquisition of the first remanence, the peridotites dis-
membered and BB rotated by 72.3 + 12.1° (data from this work and
Saddiqi et al. (1995)) in an anticlockwise direction about a ver-
tical axis (Fig. 18(b)). Then, the BB peridotites recorded another
magnetic component (LT), probably during the formation of larger
magnetite grains during the posterior serpentinization. After that
there were no further net rotations in the BB massif.

In order to explain the geodynamic evolution of the Ceuta peri-
dotites with the least number of rotations possible, we first observe
that the “young” LT component of SA describes a 19.8° anticlock-
wise rotation about a vertical axis with respect to the expected
direction of stable NW Africa. By rotating the measured directions
by an equal amount in the opposite direction, we find the mag-
netic directions of the peridotites as they must have been at the
time of the acquisition of the young LT component. From there, by
comparing both declination and inclination of the LT and the HT
(assuming the IT component to be antipodal to HT), one finds that
the older HT (and IT) component can be interpreted as a (pure) a
tilt of 25° (with the south-west going downwards) about a horizon-
tal axis with azimuth 145° with respect to the expected direction
of stable NW Africa. Alternatively, one could choose different rota-
tion axes up to a plunge of —50° to describe the rotation between
the acquisition of the HT and the LT components. A rotation axis of
plunge —50° would have an azimuth of 72° and a rotation about 30°
(clockwise and south-east going downwards). The smallest possi-
ble rotation between the two components is a rotation of about 22°
about an axis of azimuth ca. 115° and plunge ca. —30° (south going
downwards).

Hence, after the acquisition of the HT and IT components, the
SA massif tilted with the south moving downwards (Fig. 18(b)) at
the same relative time when the rotation of BB took place. Then,
the SA peridotites acquired the LT component during another ser-
pentinization phase. Afterwards, they rotated 19.7 +5.9° about a
vertical axis in an anti-clockwise fashion (Fig. 18(d)). Note that,
evenif the relatively small rotations in SA were disputed because of
palaeosecular variation, small-scale tectonic deformations, etc., an
important fact that future geodynamic models have to incorporate
is that the SA peridotites did not experience any large vertical-axis
rotations that the BB and Ronda peridotites experienced.

8. Conclusions

This study has obtained new data about the magnetic miner-
alogy and the remanences of the Rifean peridotites including for
the first time those located in Ceuta. Very detailed thermal and AF
demagnetization, rock magnetic and SEM experiments suggested
different candidates of magnetic minerals but indicated that the
magnetic remanences of the peridotites are mostly carried by mag-
netite. There exist two distinct grain size populations of magnetite:
one in the SD/PSD range (sometimes with overlapping reversed and
normal polarities) and one in the MD range (always normal polar-
ity) that carry different directional components. Hence, contrary to
earlier studies in BB, the mechanism of remanence acquisition of
all the magnetic components in both the BB and SA peridotites is
most likely a CRM (note that the serpentinization processes causing
a CRM are beyond the scope of this palaeomagnetic study).

Integrating the results of the all the experiments, a sequence of
geodynamic stages can be inferred (note that we cannot infer any
longitudinal or latitudinal constrains paleomagnetically, but only
rotations):

1. A first remanent magnetization, of both normal and reversed
polarities, was acquired by the BB and SA peridotites by the
formation of SD/PSD magnetite grains during a serpentiniza-
tion phase after their exhumation and subsequent cooling
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(postdating high temperature deformation and the age of folding
of the BB anticline) about 20 Ma ago.

2. After their dismembering, the Ceuta peridotites, unlike their
BB and Ronda counterparts, were tilted by some 22-30°, south
moving downwards. The Beni Bousera peridotites were rotated
anticlockwise by 72.3 & 12.1° about a vertical axis. The reliability
of this rotation has been improved in this study by the first obser-
vation of normal polarity directions of the older HT component
of BB. Moreover, whilst a TRM as the mechanism of remanence
acquisition, as was suggested in earlier works, would imply a
rapid rotation of BB that took only two consecutive subchrons
and was completely finished by the end of the post-metamorphic
cooling (16 Ma), our interpretation as a CRM favour a rotation
posterior to the serpentinization of the post-metamorphic cool-
ing and does not require such a fast rotation.

3. At a later stage, both SA and BB recorded another magnetic sig-
nal of normal polarity only, carried by multi-domain magnetite
grains. This is the only timing constraint of the rotation of BB
(contrary to the earlier TRM interpretation).

4. Finally, the Ceuta peridotites rotated anticlockwise by 19.7 & 5.9°
about a vertical axis. It is noteworthy that this rotation was
(1) much smaller than the rotations found in Beni Bousera and

Ronda (see Section 1.3) and (2) have taken place at a later stage
than those at the other sites (if one assumes that stage three is
roughly coeval for the three bodies).

The new palaesomagnetic data of the Ceuta and the Beni Bousera
peridotites that have been found in this study are constraints that
need to be incorporated in any geodynamic model of the evolution
of the Betic-Rifean mountain belt.
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Appendix A.

(a) BB

(b) SA

Fig. 19. Magnetic directions below 180°C (BB) and 100°C (SA). Mean directions and «gs confidence levels are indicated.
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