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The Betic-Rif orogen, at the western end of the Mediterranean, is a key region to improve our knowledge on
the Africa-Eurasia convergence. The Temsamane units, in spite of their external position in the Rif (northern
Morocco), underwent medium-pressure low-temperature (MP-LT) conditions (ca. 7-9 kbar; 330-430 °C).
We propose a new tectonic and metamorphic evolution scenario for the Rif (southern) branch of the orogen
on the basis of first “°Ar/>°Ar dating on petrologically and structurally characterized white micas. Three
groups of “°Ar/>°Ar ages are observed: (1) Chattian or older Si-rich (highest-pressure) mica relics, (2) 15-
12.5 Ma corresponding to the micas defining the foliation and (3) Messinian or younger late micas and
alteration. We propose that the MP-LT metamorphic event in the External Rif is Oligocene in age,
highlighting a subduction event during this period which could be almost contemporaneous with the burial
of HP-LT units from the internal Rif (Alboran Domain). The exhumation of these units characterized by an
intense E-W stretching and by top-to-the-west shear senses, is Middle to Late Miocene in age. We propose a
correlation of tectonic and metamorphic events at the Betic-Rif arc scale. We argue that the exhumation of
the external units of the Rif (1) is younger than that of the Alboran Domain (internal) unit of the Rif, and
mirrors a different tectonic setting, but (2) strongly resembles to that documented in the lower Alboran
Domain units of the Betics. We show that a regional E-W extension is recorded on both sides of the Betic-Rif
arc during the Middle Miocene. This extension probably reflects back-arc deformation of an eastward dipping

subduction that retreated westward during the Middle to Late Miocene in the Western Mediterranean.

1. Introduction

The building of the Rif (northern Morocco) and the Betics
(southern Spain), which represent the western termination of the
Alpine orogenic system, has been the subject of many debates and
several hypotheses are proposed to explain the formation of the Betic-
Rif arc including: (1) convective removal of subcontinental lithosphere
(Platt & Vissers, 1989; Platt et al, 2003a, Platt et al, 2006), (2)
lithospheric delamination (Seber et al., 1996; Calvert et al., 2000;
Tubia et al., 2004), (3) slab break off (Blanco and Spakman, 1993; Zeck,
1996) or (4) roll-back of an east dipping subduction zone (e.g.
Lonergan and White, 1997; Frizon de Lamotte et al., 2000; Faccenna
et al., 2004; Jolivet et al., 2006). The internal zones (Alboran Domain)
(Fig. 1) of this orogen recorded high pressure-low temperature (HP-
LT) (Gémez-Pugnaire and Fernandez Soler, 1987; Goffé et al., 1989)
metamorphism generally considered to be Eocene-Oligocene in age
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(e.g. Platt et al., 2005; Michard et al., 2006), but more recently dated as
Miocene in the lower Alboran Domain units (Platt et al., 2006). This event
is overprinted during the early Miocene by HT-LP metamorph-ism
related to the crustal extension that follow the shortening, and affected
the whole Alboran Domain units (Balanya et al., 1997; Platt et al., 2003a;
Negro et al., 2006). This high thermal event reset most of isotopic
systems in the whole area (e.g. Zeck et al., 1992; Platt et al., 2003a) and
the betico-rifan accretionnary wedge early building stages remain
difficult to constrain. Furthermore, even if several geochrono-logical
studies have been carried out to constrain the Alboran Domain
metamorphic evolution, data are lacking in the RExternalece nt
Rif.studies show that the Temsamane units (External Rif), in spite of their
external position in the Rif, underwent medium-pressure low-
temperature (MP-LT) conditions (ca. 7-9 kbar; 330-430 °C). We propose
that these metamorphic conditions are due to the subduction of
Temsamane units as it is proposed for the high pressure units of the
internal Rif (Negro et al., 2007). The exhumation of Temsamane units,
which is characterized by an intense ~E-W stretching and by top-to-the-
west shear senses, looks like the one documented in the core of the
internal Betics (Galindo-Zaldivar et al., 1989; Garcia-Dueiias et al., 1992;
Jabaloy et al., 1993; Martinez-Martinez and Azafion, 1997; Martinez-
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Fig. 1. Geological and tectonic map of the Rif. Modified after Chalouan et al. (2001) and Frizon de Lamotte (1987) for the External Rif.
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Fig. 2. Geological map of the Temsamane units (modified after Frizon de Lamotte, 1987) showing locations of dated samples by *°Ar/*°Ar (for location see Fig. 1).



Table 1
Sample description and petrography of the dated samples
Sample Lithology Unit Main mineral assemblage Si content in white mica X ray diffraction Remarks

Thin sections
TS02-03 Schist Ras Afraou Chlorite-phengite-quartz 3.06-3.32 Illite-kaolinite Intense deformation
TS03-08 Schist/Vein Ras Afraou Chloritoid-phengite-kaolinite 3.03-3.22 Illite-kaolinite-paragonite Vein/schist interface
TS03-26 Schist Ras Afraou Chloritoid-phengite-kaolinite 3.07-3.26 Illite
TF02-02 Schist Tres Forcas Chloritoid-chlorite-phengite 3.02-3.33 Illite-kaolinite-paragonite Near contact
TF02-08 Schist Tres Forcas Chloritoid—chlorite-phengite 3.01-3.38 Illite-kaolinite-paragonite
TF03-01 Schist Tres Forcas Chloritoid-chlorite-phengite-albite 3.03-3.09 Ilite Near contact

Martinez et al., 2002; Negro et al., 2007). As the retrogression
was intense, the timing of the early MP-LT event is very challenging.

The aim of this paper is to constrain the timing of this early tectonic
and metamorphic event that affected the Temsamane units in order to
better assess the dynamics of the Betic-Rif arc.

We present the first “°Ar/>°Ar dating on the MP-LT Temsamane
units, together with a detailed petrological study of the samples. We
then compare our results with the available geochronological data in
the whole Betic-Rif orogen and discuss the implications for regional
geodynamics.

2. Geological setting

The Rif chain, represents the northern part of Morocco. It is classically
divided into three geological domains: the External Rif, the Flysch
units and the Internal Rif, also known as the Alboran Domain (Fig. 1;
Suter, 1980). The External Rif nappe stack is divided into the Prerif,
Mesorif and Intrarif domains. The different units of the External Rif are
separated by major southward to southwestward-directed thrusts
(Fig. 1). Strati-graphic arguments suggested that the main tectonic
phase on nappe stacking in the External Rif is Middle to Late Miocene
in age (i.e. Frizon de Lamotte et al., 2004). All these units are non-
metamorphic or recorded low-grade greenschist facies
metamorphism (Andrieux 1973; Frizon de Lamotte, 1985; Azdimousa
et al, 1998)but locallyMP-LT metamorphic conditions (7-

The Temsamane units (Mesorif) crop out in the eastern part of the
Rif, between Al Hoceima and Melilla (Fig.1). This massif is elongated
NE-SW and is bounded to the west by Nekor sinistral strike-slip fault,
and to the south by the Rif foreland units and the External Rif nappes
(Fig. 2). The massif can be divided into 7 distinct tectonic units,
bounded by north-dipping thrusts which strike parallel to the length
of the massif (Fig. 2). The Ras Afraou, Tres Forcas and Khebaba units
could possibly have an internal origin related with Alboran
Domain (Fig. 2; Suter 1980, Negro et al, 2007). These three
units present similar metamorphic assemblages with chlorite-
phengite-quartz * chloritoid + kaolinite+ paragonite (Negro et al,
2007). The only geochronological data available on the Temsamane
units (“°Ar/*°Ar dating on micas), range between 28 and 8 Ma (Monié
etal.,1984), but were not realized on these units and do not account for
the MP-LT metamorphic conditions.

3. Sample description and petrography

The five dated samples belong to the Ras Afraou and Tres Forcas
units, their location are reported in Fig. 2. Samples from schist and
synfolial quartz veins were selected taking into account (1) the
intensity of deformation and (2) the structural position relative to
tectonic contacts. Lithological and petrological characteristics of the
samples are listed in Table 1 and representative analyses of white
micas are given in Table 2. Mineral analyses were performed using
Cameca SX50 and SX100 electron microprobes (EMP) (Camparis,

9kbar; 330-430 °C) were recently discovered in the  University Paris VI) using standard conditions (15 kV, 10 nA) and the
Temsamane units (Mesorif; Negro et al., 2007).
Table 2
Representative electron microprobe analysis of phengite in the dated samples
Sample TF02-08 TF02-08 TF02-08 TF02-08 TF02-08 TF02-02 TF02-02 TF03-01 TF03-01 TS02-03 TS03-26 TS03-08
Unit TF TF TF TF TF TF TF TF TF RA RA RA
Sep. Sep. Th. Sec. Th. Sec. Th. Sec. Sep. Th. Sec. Sep. Th. Sec. Th. Sec. Th. Sec. Th. Sec.
Relic Foliation Foliation Foliation Foliation Foliation Foliation Foliation
SiO, 49.615 47163 50.432 48.057 46.867 46.659 46.985 46.784 47447 47.706 46.880 46.850
TiO, 0.218 0.039 0.000 0.152 0.135 0.203 0.367 0.199 0.053 0.372 0.212 0.103
Al,03 28.547 38.974 28.712 35.425 36.560 33.726 33.811 35.923 37380 33.394 32.494 35.168
FeO 2.804 0.429 3.211 1.602 1.028 2.099 2.242 1.443 0.776 1.809 4.658 1425
MnO 0.024 0.001 0.000 0.000 0.108 0.013 0.015 0.000 0.037 0.000 0.000 0.058
MgO 2.302 0.218 2.283 0.859 0.574 1.091 1.005 0.662 0.443 1132 0.681 0.738
Cao 0.035 0.080 0.003 0.006 0.022 0.059 0.004 0.022 0.010 0.041 0.011 0.000
Na,0 0.549 6.797 0.221 0.930 1.159 0.755 1123 1.335 1356 0.713 0.735 1.076
K0 9.515 1.616 10.058 9.621 8.822 9.104 8.936 9.067 8.911 9.331 9.660 9.130
F 0.000 0.000 0.179 0.257 0.172 0.000 0.000 0.000 0.120 0.000 0.323 0.128
Total 93.619 95.325 95.104 96.908 95.449 93.710 94.507 95.453 96.534 94.497 95.683 94.696
Structural formula
Si 3.359 3.022 3.376 3135 3.084 3.144 3.142 3.088 3.081 3.183 3.158 3.119
Ti 0.011 0.002 0.000 0.007 0.007 0.010 0.018 0.010 0.003 0.019 0.011 0.005
Al 2278 2.943 2.265 2.723 2.836 2.678 2.665 2.794 2.861 2.625 2.579 2.759
Fe?* 0.159 0.023 0.180 0.087 0.057 0.118 0.125 0.080 0.042 0.101 0.262 0.079
Mn 0.001 0.000 0.000 0.000 0.006 0.001 0.001 0.000 0.002 0.000 0.000 0.003
Mg 0.232 0.021 0.228 0.084 0.056 0.110 0.100 0.065 0.043 0.113 0.068 0.073
Ca 0.003 0.005 0.000 0.000 0.002 0.004 0.000 0.002 0.001 0.003 0.001 0.000
Na 0.072 0.844 0.029 0.118 0.148 0.099 0.146 0.171 0.171 0.092 0.096 0.139
K 0.822 0.132 0.859 0.801 0.741 0.783 0.762 0.763 0.738 0.794 0.830 0.775
F 0.000 0.000 0.038 0.053 0.036 0.000 0.000 0.002 0.025 0.000 0.069 0.027
Sum. 6.924 6.967 6.974 7.006 6.971 6.879 6.963 6.936 6.965 6.929 7.077 6.983

RA: Ras Afraou; TF: Tres Forcas; Sep.: mica separate; Th. Sec.: thin section.



following standards: Fe,05 (Fe), MnTiO3 (Mn, Ti), diopside (Mg, Si, Ca),
orthoclase (Al, K), albite (Na) and CaF, (F). XRD analyses were also
performed on all the samples (Table 1).

3.1. Ras Afraou unit

3.1.1. Sample TS02-03

This sample was collected in the Ras Afraou area near the Nekor
fault (Fig. 2). This area is characterized by an intense E-W stretching
(Negro et al., 2007), that strongly affected the schist. The main
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foliation S, is beared by chlorite-phengite-quartz assemblage
(Fig. 3a). Chloritoid is not preserved in this part of the Ras Afraou
unit. White micas display variable compositions, depending on
whether they lie in the foliation or in S-C shear bands. The Si
concentrations (expressed as atoms per formula units, a.p.f.u) range
between 3.06 and 3.32 (Tables 1 and 2).

3.1.2. Sample TS03-26
This sample was collected further east, north of Kebdani (Fig. 2). It
is a schist sample characterized by a penetrative S, foliation,

Fig. 3. Microphotographs depicting the mineralogy of the dated samples. Samples are located in Fig. 2. (a) Chlorite-phengite S, foliation in the TS-02-03 sample (plane polarized
light). (b) Phengite-kaolinite S, folation in the TS03-26 sample (crossed polars). (c) Phengite-kaolinite S, foliation in the TS03-08 sample (crossed polars). (d) Chlorite-phengite S,
foliation in the TF02-02 sample (plane polarized light). (e) Chemical variability of phengite in the TF02-08 sample (plane polarized light). (f) Quartz-phengite S, foliation cross-cut by
late plagioclase vein in the TF03-01 samples (crossed polars).



underlined by chloritoid, phengite and kaolinite (Fig. 3b). The Si
concentrations show slightly less disequilibrium than the previous
sample and range between 3.07 and 3.26 (Tables 1 and 2).

3.1.3. Sample TS03-08

This sample was collected east of TS03-26 (Fig. 2). Sample TS03-08
corresponds to the interface between schist and a synfolial quartz
vein. The main foliation (S,) is characterized by phengite +kaolinite
tchloritoid (Fig. 3c). Furthermore, this sample shows important
retrogression as illustrated by the replacement of chloritoid by
kaolinite (Negro et al., 2007). White micas show Si concentrations in
the range 3.03-3.22, the higher Si values corresponding to the white
micas located in the quartz vein (Tables 1 and 2).

3.2. Tres Forcas unit

3.2.1. Sample TF02-02

This sample was collected north of the Tres Forcas unit, near the
normal fault which marks the limit with Tortonian-Messinian
sediments to the north. This part of the unit is affected by intense
ductile deformation and late brittle deformation. The sample is
characterized by a penetrative chlorite-phengite S, foliation (Fig. 3d).

3.2.2. Sample TF02-08

This sample was collected south of TF02-02, in the core of the Tres
Forcas unit. In this sample two mica generations are observed: micas
with high celadonite content (Si up to 3.4 a.p.f.u) are preserved as
inclusion in quartz veins whereas lower Si concentrations (3-3.2
a.p.fu) characterize micas underlining the S, foliation (Fig. 3e).
Furthermore mica separates from sample TF02-08 show chemical
zoning at mineral scale when observed with Back Scattered Electron
(BSE) (Fig. 4a) with two types of tightly intergrown micas: one
corresponding to high-Si content (ca. 3.35 a.p.fu) and one
corresponding to low-Si content (ca. 3.05 a.p.f.u) (Fig.4b a n d Table
2). Therefore, the mica separates reflects the two micas generation
observed in thin sections (Fig. 3e and Table 2). Furthermore, the low-
Si mica generation has similar composi-tions to TF02-02 (Fig. 4band
Table2).
3.2.3. Sample TF03-01

This sample was collected southwest of TF02-02, and is also
affected by intense retrogression and late brittle deformation. The
sample is characterized by a phengite-quartz S, foliation, which is
cross-cut by late albite veins (Fig. 3e). Low-Si mica generation
underlining the foliation has also similar composition to TF02-02
(Fig. 4b and Table 2).

In summary, the combination of XRD and EMP demonstrates that
in all samples kaolinitization was a major process (Tables 1 and 2).
Most samples contain significant amounts of phengitic (high-Si)
relics; paragonite was also observed in most samples (Table 1). This
strong, ubiquitous mineralogical heterogeneity is best explained by
the low-grade metamorphic conditions that were insufficient for
pervasive recrystallization.

4. “°Ar*°Ar dating
4.1. Analytical techniques

Samples were crushed and sieved, and micas having diameters
between 100-125 um were separated by magnetic and gravimetric
means. About 10-20 mg was further purified by hand-picking under a
binocular microscope. The mica separates were analysed by XRD
(Table 1) and were mounted in epoxy resin, observed in back-
scattered mode and analysed by EMP. Samples were irradiated at the
TRIGA (Pavia, Italy) and McMaster (Canada) reactors. Analyses were
performed in a double-vacuum resistance oven connected to a MAP
215-50B spectrometer (University of Bern) following the procedure

TF02-08

Ms/Pg Si=3.02

Mica separate
TFo2-02b [
TF02-08b A
TFO301 @

Muscovite

Celadonite

Fig. 4. (a) EMP back-scattered electron image of mica from sample TF02-08. (b)
Celadonite-Muscovite-Pyrophyllite ternary diagrams of phengite compositions of
TF02-02, TF02-08 and TF03-01 mica separates.

described in Villa et al. (2000). Results of “°Ar/3°Ar analyses are listed
in Table 3. Ever since the beginnings of the Ar*°/Ar*® technique,
natural samples that display discordant age spectra have been
successfully interpreted in terms of complex geological histories
(e.g. Merrihue and Turner, 1966). In the subsequent four decades,
increasing understanding of the connections between microstruc-
tures, microchemistry, and the isotope record have improved our
ability to accurately interpret such discordant age spectra (e.g. Miiller
et al., 2002). A decisive role is played by the chemical indications
provided by the *8Ar/*°Ar and *”Ar/*°Ar ratios, which mirror the CI/K
and Ca/K ratios, respectively (e.g. Kelley et al., 1986).

The CI/K and Ca/K ratios derived from each step of heating allow
distinguishing different phases or different mica population in a dated
sample (Villa et al,, 1997, 2000). Therefore internally discordant age
spectra can be interpreted as mineral mixtures, provided these are
documented petrographically (Villa, 2001). This has been demon-
strated for the case of a magmatic-hydrothermal phengite mixture
(Villa et al., 1997) or multiples zoned amphibole generations (Villa
et al., 2000). Moreover, this approach allows distinguish between Ar
loss from a homogeneous population of mica grains (in which case the
apparent step ages vary while the CI/K and Ca/K ratios both stay
constant), or coexistence of diachronic and heterochemical mica
generations (in which case there is a covariation, positive or negative,



Table 3
4OAr/>°Ar data

T(°C) “4OAr total Error “°Ar “°Ar* 39Ar Error *°Ar %*°Ar 38Ar Error *Ar (*®Ar)Cl  *7Ar Error *’Ar  >®Ar Error *°Ar Age Error age Ca/K Cl/K Ca/Cl

J=0.00233

TS02-03 (20.3 mg)
585 144E-08 140E-10 8.76E-12 1.54E-10 4.30E-12 2.01 197E-11 8.00E-13 8.80E-12 2.69E-12 3.08E-12 4.87E-11 3.30E-13 0.24 2.65 3.39E-02 131E-02 26
698 5.98E-09 9.40E-11 4.84E-09 6.52E-10 1.30E-11 8.51 1.05E-11 7.60E-13 2.07E-12 -120E-11 -2.12E-12 3.84E-12 290E-13 30.94 0.97 -3.56E-02 731E-04 -48.8
791 1.22E-08 7.50E-11 1.48E-09 2.38E-09 6.00E-12 31.00 6.99E-11 140E-12 3.51E-11 6.27E-11 2.26E-12 3.63E-11 4.70E-13 2.62 0.24 512E-02 3.40E-03 15.1
852 1.10E-08 5.40E-11 3.30E-09 142E-09 7.40E-12 18.55 3.05E-11 3.40E-13 8.87E-12 1.12E-11 4.34E-13 2.62E-11 4.10E-13 9.74 0.36 1.52E-02 143E-03 10.6
892 8.55E-09 1.00E-11 1.66E-09 7.33E-10 6.60E-13 9.56 1.77E-11 2.40E-13 4.72E-12 7.64E-12 5.50E-13 2.33E-11 3.70E-13 9.49 0.63 2.02E-02 148E-03 13.6
950 9.98E-09 5.60E-12 2.38E-09 8.02E-10 2.10E-12 10.46 1.66E-11 150E-13 237E-12 4.05E-12 7.22E-13 2.57E-11 3.20E-13 1243 0.51 9.79E-03 6.79E-04 144
1063 1.07E-08 2.10E-11 4.00E-09 1.35E-09 1.30E-12 17.64 248E-11 2.70E-13 4.66E-12 6.02E-12 3.85E-13 2.28E-11 3.40E-13 12.38 0.31 8.64E-03 7.92E-04 109
1325 5.76E-09 9.50E-12 2.76E-10 1.73E-10 7.90E-13 2.26 6.26E-12 2.50E-13 7.63E-13 8.64E-12 3.03E-13 1.86E-11 3.30E-13 6.70 2.34 9.69E-02 1.02E-03 95.5

Total (ml) 1.80E-08 7.67E-09 6.74E-11  9.10E-11 2.05E-10 9.82 2.30E-02 2.02E-03 114

Total (ml/g) 149E-06  6.38E-07 1.71E-08

Concentration (g/g) 3.92E-02

TS03-08 (19.7 mg)
584 1.26E-08 5.90E-11 2.33E-09 3.69E-10 2.40E-12 8.07 3.75E-11 2.90E-13 2.67E-11 5.36E-11 6.46E-13 3.47E-11 3.10E-13 26.36 1.06 2.81E-01 166E-02 169
695 1.66E-08 1.50E-10 1.41E-09 1.02E-09 140E-12 22.27 3.97E-11 8.20E-13 1.81E-11 4.42E-11 1.58E-12 5.14E-11 5.40E-13 5.80 0.65 8.42E-02 4.08E-03 20.6
786 1.97E-08 7.30E-11 2.12E-09 140E-09 3.30E-12 30.51 5.32E-11 4.80E-13 256E-11 493E-11 6.91E-13 5.96E-11 4.50E-13 6.36 0.41 6.84E-02 4.21E-03 16.2
843 1.73E-08 6.00E-11 3.20E-09 6.13E-10 1.80E-12 13.39 2.07E-11 2.70E-13 4.56E-12 1.01E-11 3.98E-13 4.79E-11 3.90E-13 21.80 0.79 3.21E-02 171E-03 18.7
888 1.89E-08 2.10E-12 1.63E-09 3.90E-10 8.80E-13 8.51 1.73E-11 2.00E-13 1.74E-12 2.40E-12 3.51E-13 5.86E-11 3.80E-13 17.50 1.20 119E-02 1.03E-03 11.6
945 1.61E-08 1.80E-11 2.34E-09 2.97E-10 6.10E-13 6.49 1.34E-11 1.70E-13 122E-12 1.83E-13 -4.76E-13 4.67E-11 3.50E-13 32.83 145 1.20E-03 9.44E-04 13
1324 1.54E-08 4.50E-11 3.52E-09 4.93E-10 1.00E-12 10.76 156E-11 2.40E-13 2.26E-12 2.07E-11 591E-13 4.03E-11 4.80E-13 29.74 1.20 8.13E-02 1.06E-03 77.0

Total (ml) 1.65E-08 4.58E-09 8.02E-11 1.80E-10 3.39E-10 15.13 7.65E-02 4.03E-03 19.0

Total (ml/g) 142E-06 3.93E-07 2.91E-08

Concentration (g/g) 2.41E-02

T503-26 (20.1 mg)
588 3.11E-09 2.00E-12 -1.40E-09 1.84E-10 2.60E-12 3.81 2.21E-11 130E-12 1.71E-11 247E-11 295E-12 1.53E-11 440E-13 -32.10 -2.90 2.60E-01 213E-02 122
701 112E-09 2.80E-11 -6.34E-10 2.90E-10 5.80E-12 5.99 7.52E-12 1.70E-12 3.00E-12 2.25E-11 4.06E-12 5.95E-12 1.00E-12 -9.22 -435 1.51E-01 2.38E-03 633
793 8.40E-09 190E-11 796E-10 1.57E-09 1.20E-11 32.40 4.62E-11 130E-13 2.30E-11 3.92E-11 3.53E-13 2.57E-11 3.70E-13 2.13 0.29 485E-02 3.37E-03 144
854 6.41E-09 4.10E-11 1.09E-09 6.32E-10 2.60E-12 13.05 2.02E-11 3.90E-13 9.44E-12 1.72E-11 6.00E-13 1.80E-11 3.70E-13 723 0.72 5.27E-02 3.44E-03 153
892 493E-09 1.10E-11 9.84E-10 3.99E-10 1.20E-12 8.24 8.13E-12 2.00E-13 9.46E-13 4.26E-12 6.58E-13 1.34E-11 3.50E-13 10.35 1.09 2.07E-02 5.46E-04 38.0
944 5.15E-09 7.50E-12 121E-09 5.26E-10 1.40E-12 10.88 113E-11 2.00E-13 2.66E-12 2.85E-12 3.68E-13 1.33E-11 4.00E-13 9.63 0.94 1.05E-02 1.16E-03 9.0
1059 716E-09 1.80E-11 3.99E-09 1.18E-09 3.40E-12 24.31 1.87E-11 3.90E-13 2.83E-12 2.51E-12 5.71E-13 1.07E-11 3.20E-13 14.21 0.34 414E-03 5.54E-04 75
1319 3.14E-09 9.50E-12 7.69E-10 6.43E-11 2.00E-13 133 412E-12 2.00E-13 1.86E-12 4.37E-12 3.53E-13 8.02E-12 3.00E-13 49.59 5.55 1.32E-01 6.67E-03 19.8

Total (ml) 6.81E-09 4.84E-09 6.08E-11 1.18E-10 1.10E-10 8.49 471E-02 2.89E-03 16.3

Total (ml/g) 5.73E-07 4.07E-07 9.28E-09

Concentration (g/g) 2.50E-02

TF02-02a (19.5 mg)
583 1.11E-08 1.30E-10 1.98E-09 2.12E-10 4.00E-12 2.94 2.26E-11 1.20E-12 1.44E-11 2.54E-11 9.10E-13 3.10E-11 3.10E-13 38.85 1.98 2.32E-01 156E-02 149
699 9.03E-09 6.70E-11 9.66E-10 1.10E-09 3.00E-12 15.29 6.68E-11 3.70E-13 4.87E-11 8.22E-11 9.36E-13 2.73E-11 3.00E-13 3.68 0.34 145E-01 1.02E-02 14.2
790 8.23E-09 1.80E-12 1.06E-09 1.44E-09 2.20E-12 20.00 512E-11 110E-13 2.97E-11 4.62E-11 159E-12 243E-11 3.10E-13 3.10 0.27 6.22E-02 4.74E-03 13.1
848 6.77E-09 2.80E-12 2.25E-09 8.53E-10 8.30E-13 11.84 2.03E-11 2.30E-13 737E-12 6.38E-12 4.26E-13 153E-11 3.00E-13 11.06 0.43 145E-02 1.99E-03 7.3
895 7.76E-09 4.10E-12 3.03E-09 9.92E-10 1.10E-12 13.77 2.09E-11 1.10E-13 6.22E-12 3.00E-12 3.87E-13 160E-11 3.50E-13 12.78 0.43 5.87E-03 144E-03 4.1
950 6.81E-09 2.60E-12 2.50E-09 7.90E-10 8.80E-13 10.97 1.72E-11 180E-13 5.13E-12 4.54E-12 3.63E-13 146E-11 3.20E-13 13.25 0.51 1.11E-02 149E-03 7.5
1064 9.56E-09 5.80E-12 5.06E-09 1.59E-09 1.70E-12 22.13 2.66E-11 160E-13 5.05E-12 1.04E-11 1.20E-13 152E-11 3.50E-13 13.29 0.27 1.26E-02 7.29E-04 174
1322 468E-09 1.70E-12 5.83E-10 2.21E-10 2.40E-13 3.06 112E-11 160E-13 5.98E-12 1.76E-11 5.74E-13 1.39E-11 3.20E-13 11.06 1.81 1.55E-01 6.23E-03 24.8

Total (ml) 1.74E-08  7.20E-09 1.23E-10 1.96E-10 1.58E-10 10.14 527E-02 3.91E-03 135

Total (ml/g) 151E-06  6.24E-07 1.37E-08

Concentration (g/g) 3.83E-02

TF02-08a (16.5 mg)
589 6.81E-09 5.80E-11 1.61E-09 2.24E-10 2.00E-12 3.62 196E-11 4.60E-13 136E-11 2.41E-11 146E-12 1.76E-11 2.90E-13 29.93 1.64 2.09E-01 140E-02 149
702 112E-08 7.10E-11 3.31E-10 8.59E-10 8.30E-12 13.88 428E-11 540E-13 2.58E-11 5.13E-11 1.76E-12 3.69E-11 3.10E-13 1.62 0.46 1.16E-01 6.92E-03 16.8
792 142E-08 3.70E-11 1.91E-09 1.20E-09 3.90E-12 19.47 414E-11 5.10E-13 194E-11 3.14E-11 6.62E-13 4.18E-11 5.20E-13 6.65 0.53 5.05E-02 3.71E-03 13.6
854 1.69E-08 6.10E-12 4.18E-09 1.25E-09 4.00E-12 20.27 2.73E-11 2.50E-13 4.48E-12 -9.65E-13 -3.01E-13 4.30E-11 3.70E-13 13.94 0.36 -149E-03 8.22E-04 -1.8
890 1.50E-08 2.20E-11 3.47E-09 8.72E-10 2.40E-12 14.10 218E-11 1.80E-13 4.22E-12 540E-12 3.14E-13 3.91E-11 3.30E-13 16.63 0.48 1.20E-02  1.11E-03 10.8
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TF03-01 (6.1 mg)
481
557
595
668
732
757
783
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831
878
909
940
999
1126
1401
Total (ml)
Total (ml/g)
Concentration (g/g)

1.22E-08
1.10E-08
7.41E-09

6.24E-09
4.63E-09
1.10E-09
1.75E-09
1.56E-09
7.25E-10
5.73E-10
1.01E-09
8.41E-09
1.76E-09
1.07E-09
1.16E-09
4.03E-10

2.27E-08
1.81E-09
5.43E-09
1.98E-09
1.44E-09
1.63E-09
1.70E-09
1.89E-09
2.42E-09
1.04E-09

8.82E-09
6.26E-09
2.04E-09
1.38E-09
1.30E-09
7.08E-10
6.82E-10
6.96E-10
5.73E-10
6.81E-10
6.76E-09
9.34E-10
6.76E-10
7.31E-10
3.62E-10

7.50E-11
1.90E-11
1.60E-11

2.20E-10
2.10E-10
2.60E-11
6.70E-11
3.60E-11
8.90E-12
2.60E-12
1.60E-12
2.10E-12
6.20E-13
3.40E-13
9.90E-13
7.90E-13

2.70E-10
1.40E-12
9.70E-12
9.80E-13
5.00E-13
5.30E-13
7.50E-13
1.40E-12
5.90E-13
1.90E-14

2.90E-10
2.40E-10
6.60E-11
3.70E-11

3.00E-11
9.10E-12
1.70E-11

1.50E-11

9.80E-12
7.20E-12
5.80E-13
7.70E-13
5.00E-13
5.20E-13
5.50E-13

2.79E-09
3.03E-09
5.73E-10
1.79E-08
1.83E-06

1.82E-09
1.59E-09
-7.24E-11
5.03E-10
5.00E-10
7.94E-11
2.39E-10
6.81E-10
7.05E-09
1.37E-09
6.92E-10
7.50E-10
2.27E-10
1.54E-08
3.03E-06

6.12E-09
9.21E-10
2.89E-09
1.55E-09
1.19E-09
1.22E-09
1.58E-09
1.64E-09
1.74E-09
-2.62E-11
1.88E-08
3.28E-06

2.11E-09
2.23E-09
6.71E-10
2.13E-10
2.24E-10
-3.65E-10
-1.95E-10
1.35E-11
-3.40E-10
-1.28E-10
5.56E-09
5.08E-10
3.38E-10
3.06E-10
-1.44E-10
1.10E-08
3.05E-06

6.88E-10
8.91E-10
1.95E-10
6.19E-09
6.34E-07
3.89E-02

6.24E-11
6.80E-11
1.40E-11

4.02E-11
411E-11

3.57E-11
343E-11
6.70E-11
6.02E-10
1.14E-10

6.93E-11
717E-11

3.37E-12
1.22E-09
2.40E-07
5.87E-02

2.43E-10
8.76E-11
2.30E-10
9.10E-11
6.25E-11
6.48E-11
7.20E-11
9.23E-11
1.32E-10
1.48E-11
1.10E-09
1.92E-07
4.69E-02

7.37E-11
8.53E-11
3.12E-11
2.26E-11
3.32E-11
2.39E-11
245E-11
2.14E-11
1.85E-11
3.14E-11
4.32E-10
5.37E-11
3.57E-11
3.91E-11
4.00E-12
9.30E-10
2.58E-07
6.30E-02

3.40E-12
1.80E-12
6.70E-13

5.40E-13
2.90E-12
2.30E-13
7.10E-13

2.10E-13

2.50E-13
1.40E-13
2.30E-13
6.60E-13
1.80E-13
1.10E-13

1.80E-13
3.00E-13

3.20E-12
1.50E-13
2.50E-13
1.80E-13
1.70E-13
2.40E-13
2.90E-13
2.00E-13
2.00E-13
1.60E-13

1.90E-12
1.50E-12
4.40E-13
3.10E-13
1.50E-13
2.60E-13
1.50E-13
2.80E-13
1.30E-13
8.20E-14
5.10E-13
1.80E-13
2.20E-13
1.40E-13
2.60E-13

1112
14.40
315

5.11
5.56
115
3289
3.36
292
2.80
5.48
49.22
9.30
5.67
5.87
0.28

2223
8.00
21.03
8.30
5.7
5.91
6.57
8.43
12.02
135

7.92E+00
9.17E+00
3.35E+00
2.43E+00
3.56E+00
2.57E+00
2.63E+00
2.30E+00
1.99E+00
3.38E+00
4.65E+01
5.78E+00
3.83E+00
4.21E+00
4.30E-01

1.65E-11
1.89E-11
1.07E-11

112E-11

2.39E-12
4.50E-12
1.51E-11

6.27E-12
2.58E-12
1.79E-13
2.62E-12
G 3lE=12
1.70E-12
1.52E-12
1.10E-12
7.13E-13

2.90E-11
1@iliE=12
5.92E-12
2.36E-12
@iliE=172
7.09E-13
1.15E-12
2.68E-14
2.81E-12
2.44E-13

2.69E-11
7.45E-12
5.95E-12
7.28E-12
7.62E-12
27 E=112)
2.49E-12
3.96E-12
2.03E-12
2.43E-12
7.65E-12
2LP0=10)
2.00E-12
1.32E-12
4.19E-14

1.70E-13
1.60E-13
1.40E-13

1.10E-12
1.40E-12
1.40E-13
2.10E-13
2.00E-13
1.40E-13
2.00E-13
1.40E-13
2.50E-13
1.60E-13
2.70E-13
1.80E-13
1.70E-13

6.90E-14
1.30E-13
1.40E-13
2.60E-13
1.20E-13
1.70E-13
1.80E-13
1.30E-13
2.10E-13
1.70E-13

1.30E-12
5.50E-13
1.20E-14
2.40E-13
2.20E-13
1.50E-13
1.40E-13
1.70E-13
1.40E-13
1.70E-13
2.10E-13
2.10E-13
2.30E-13
2.50E-13
7.90E-14

247E-12
3.38E-12
4.08E-12
7.75E-11

7.65E-12
-3.35E-13
3.59E-12
1.38E-11
5.12E-12
1.75E-12
-4.36E-13
1.62E-12
1.57E-12
1.16E-13
4.68E-13
-7.82E-16
5.62E-13
3.55E-11

1.56E-11
3.15E-13
1.60E-12
1.02E-12
1.01E-12
-3.10E-13
2.23E-13
=1Z2205=112)
8.26E-13
-6.06E-13
1.83E-11

2.18E-11
3.90E-12
4.72E-12
6.28E-12
6.55E-12
1.75E-12
1.65E-12
3.28E-12
1.23E-12
1.55E-12
1.80E-12
1.32E-12
1.36E-12
5.94E-13
-3.25E-13
5.74E-11

1.61E-12
2.50E-12
3.15E-12
1.18E-10

2.45E-12
6.56E-13
5.18E-12
9.91E-12
2=
2.43E-12
1.33E-12
7.88E-14
9.45E-14
1.16E-12
4.23E-13
7.02E-13
2.28E-12
2.93E-11

4.66E-11

7.99E-13
5.92E-12
197E-13
7.73E-13
1.15E-15

5.62E-13
4.35E-13
3.07E-12
3.77E-13
5.94E-11

4.80E-11
1.79E-12
1.03E-11
4.28E-12
8.02E-12
9.01E-13
-9.99E-14
2.98E-12
2.90E-12
2.94E-12
-1.44E-14
3.23E-12
4.83E-13
6.90E-13
1.44E-12
8.78E-11

2.99E-13
4.14E-13
4.67E-13

6.87E-13
7.14E-13
5.74E-13
5.43E-13
5.96E-13
4.46E-13
4.28E-13
-6.37E-13
7.22E-13
3.64E-13
2.84E-13
5.38E-13
4.04E-13

1.46E-12
7.45E-13
3.69E-13
2.64E-13
2.22E-13
2.72E-13
2.09E-13
2.40E-13
2.57E-13
2.44E-13

1.25E-12
1.28E-12
4.52E-13
3.28E-13
6.47E-13
4.90E-13
-3.18E-13
4.28E-13
5.45E-13
3.14E-13
-6.48E-13
4.03E-13
5.53E-13
3.72E-13
5.19E-13

3.18E-11
2.69E-11
2.31E-11
2.60E-10
2.67E-08

1.50E-11
1.03E-11
3.97E-12
4.22E-12
3.60E-12
2.19E-12
113E-12
1.11E-12
4.60E-12
1.32E-12
1.28E-12
1.39E-12
5.96E-13
5.06E-11
9.95E-09

5.62E-11

3.00E-12
8.59E-12
1.44E-12
8.42E-13
1.38E-12
4.26E-13
8.57E-13
2.32E-12
3.62E-12
7.99E-11

1.40E-08

2.27E-11

1.36E-11

4.62E-12
3.96E-12
3.64E-12
3.63E-12
2.97E-12
23N5=17)
3.09E-12
2.74E-12
4.08E-12
1.44E-12
1.14E-12

1.44E-12
L7/TIE=112
7.31E-11

2.03E-08

3.70E-13
3.30E-13
3.10E-13

9.40E-13
7.10E-14

8.50E-14
9.60E-14
6.20E-13
2.20E-13
1.60E-13
9.50E-14
1.40E-13
1.10E-13

1.60E-13
1.30E-13
1.40E-13

1.40E-12
1.10E-13
2.40E-13
1.70E-13
1.40E-13
1.90E-13
1.40E-13
1.40E-13
1.10E-13
1.00E-13

9.30E-13
8.60E-13
9.70E-14
3.60E-14
5.50E-13
2.30E-13
1.50E-13
9.70E-14
2.60E-13
1.40E-13
9.70E-14
1.50E-13
1.40E-13
1.40E-13
1.10E-13

16.95
14.22
12.33
1211

30.50
24.49
-5.47
13.16
12.81
2.35
7.35
10.70
12.33
12.71
10.51
11.00
69.94
13.27

26.34
11.06
13.20
17.90
19.97
19.77
2297
18.61
13.87
-1.87
17.98

2.99E+01
2.74E+01
2.26E+01
9.92E+00
7.12E+00
-1.62E+01
-8.43E+00
6.66E-01
-1.95E+01
-4.30E+00
1.35E+01
9.96E+00
9.99E+00
8.23E+00
-3.84E+01
1.24E+01

0.68
0.46
1.95

4.80
1.50
-1.90
0.92
4.70
1.90
1.50
0.44
0.07
0.29
0.73
0.57
14.00

1.90
0.39
0.32
0.57
0.68
0.91
0.61
0.48
0.26
-2.10

4.10E+00
3.30E+00
1.20E+00
5.80E-01
5.20E+00
-3.10E+00
-1.90E+00
1.40E+00
-4.40E+00
-1.40E+00
7.10E-02
8.90E-01
1.20E+00
1.10E+00
-9.50E+00

4.54E-03
5.44E-03
3.14E-02
3.71E-02
0.00E+00
0.00E+00

7.60E-02
1.87E-02
7.18E-01

4.78E-01
1.32E-01

1.32E-01

7.55E-02
2.28E-03
3.05E-04
1.98E-02
1.18E-02

1.90E-02
1.31E+00
4.66E-02

3.71E-01
1.77E-02
4.99E-02
4.21E-03
2.40E-02
3.43E-05
1.52E-02
9.15E-03
4.52E-02
4.94E-02
1.05E-01

1.26E+00
4.07E-02
6.39E-01
3.67E-01
4.69E-01
7.32E-02
-7.93E-03
2.70E-01
3.05E-01
1.82E-01
3.00E-03
1.17E-01
2.63E-02
3.42E-02
7.00E-01
1.83E-01

8.26E-04
8.72E-04
4.83E-03
2.88E-03

2.82E-02
=T113E=05)
5.90E-02
7.90E-02
2.86E-02
1.13E-02
-2.92E-03
5.58E-03
6.02E-04
2.35E-04
1.55E-03
-2.51E-06
3.84E-02
6.68E-03

1.47E-02
8.26E-04
1.60E-03
2.57E-03
3.73E-03
-1.10E-03
7.13E-04
-3.04E-03
1.44E-03
-9.42E-03
3.83E-03

6.80E-02
1.05E-02
3.48E-02
6.38E-02
4.54E-02
1.68E-02
1.55E-02
3.52E-02
1.53E-02
1.13E-02
9.61E-04
5.65E-03
8.79E-03
3.49E-03
-1.87E-02
1.42E-02

2.7
-16.5
12.2
6.1
4.6
11.7
-25.8
0.4
0.5
84.2
7.6
-7568.7
34.2
7.0

237
214
312
1.6

6.4

0.0

213
-3.0
313
=52
274

1.86E+01
3.88E+00
1.84E+01
5.76E+00
1.03E+01
4.35E+00
-5.12E-01
7.67E+00
1.99E+01
1.61E+01
3.12E+00
2.07E+01
2.99E+00
9.80E+00
-3.74E+01
1.29E+01

Absolute errors are given at the 10 confidence level.
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Fig. 5. “°Ar/>°Ar age spectra, Cl/K and Ca/K spectra for the Ras Afraou samples. (a) Sample TS02-03, (b) Sample TS03-26, (c) Sample TS03-08.
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between step ages and chemical indicators). Diagnosing the presence
of heterochemical alteration phases, which are ubiquitous but minor
in our samples, is possible using the Ca/K and CI/K ratios. This also
allows ruling out recoil artefacts (which aren't expected in our
comparatively coarse samples).

4.2. “OAr/P%Ar results

4.2.1. Ras Afraou unit

The spectra from the 3 Ras Afraou samples (TS02-03, TS03-08, TS03-
26) show a similar pattern, with hump-shaped or staircase-shaped age
spectra (Fig. 5a,b,c). Both these shapes have long been demonstrated
to be due to the coexistence of at least two diachronic mica
generations (Wijbrans and McDougall, 1986; Villa et al., 1997).
Indeed, our microstructural and microchemical observations fully
confirm this. The CI/K and Ca/K values also show a similar evolution
with higher values associated with the first heating steps and
decreasing toward higher degassing temperatures (Figs. 5 and 6 and
Table 3).
4.2.1.1. Sample TS02-03. The good linear anticorrelation of step ages
with both the Ca/K and CI/K ratios (Fig. 6a,b) is a strong evidence that
(aside from the obvious, minor alterations, diagnosed by their devious
Ca/Cl ratios and ages) the Ar budget of this sample is dominated by
two reservoirs. The low-Ca, low-Cl one is presumably the true
muscovite. Because the correlation line is defined by a segment
representing the mixture, the pure muscovite reservoir should lie to
the left of the step with the lowest x value (Ca/K or CI/K ratio). The
exact age can only be estimated if one were to know the exact x value
of the pure muscovite. As all we know is that the x value is between 0
and the value of the 950 °C step, so that the corresponding age must
be between 12.4 and 15 Ma. Clays (illite, kaolinite) have low K,
therefore their Ca/K and Cl/K ratios are higher (but unconstrained).
Due to this lack of constraint, the age of the argillic fraction is also
unconstrained; it could range between ca. 5 Ma and zero.

4.2.1.2. Sample TS03-26. The linear anticorrelation of ages with both
the Ca/K and CI/K ratios (Fig. 6¢,d) is very similar to sample TS02-03,
but shows the presence of a third reservoir that drags some of the
points off the simple binary mixing line. This is in agreement with the
petrographic observations (see above). The age of the “true musco-
vite” (the low-Ca, low-Cl reservoir) is identical to that of TS02-03,
12.5-15 Ma.

4.2.1.3. Sample TS03-08. The apparent ages of the high-Ca, high-Cl
reservoir (identified as clayey alteration minerals) are around 6 Ma,
similar to those of the two previous samples (Fig. 6e,f). However, the
low-Ca, low-Cl “muscovite” ages vary erratically up to ca. 33 Ma; it is
possible that these high apparent ages are either due to inheritance of
older phengites or to kaolinitization (which was most extensive in
this sample, see above) and attending K loss.

4.2.2. Tres Forcas unit

Samples form the Tres Forcas unit were analysed twice; the first
set of analyses (TF02-02a and TF02-08a) was contemporaneous to the
TS samples (Table 2), and the second set (denoted by suffix b), was
preceded by supplementary hand-picking to attempt removing some
of the contaminant phases. This was at least partly successful, as
demonstrated by the higher K concentrations of the (b) aliquots.
Furthermore this second set was analysed with more heating steps, in
order to better identify several white micas generations.

4.2.2.1. Sample TF02-02. The overall shape of the duplicate analyses is
well reproduced (Fig. 7a). Similarly to the TS samples, there is a
negative correlation between ages and CI/K and Ca/K ratios (Fig. 8a,b).
Taking into account the petrographic observation that this sample
contains one clay and three mica populations (Tables 1 and 2), namely

kaolinite, muscovite, phengite relics, and paragonite, a simple binary
mixing is not expected. Indeed, mixing between at least three
components is visible, especially in the graph relating age to Ca/K (a
stoichiometric component in paragonite). The inferred age for the
low-Cl, low-Ca “muscovite” is ca. 13-14 Ma. The most Ca-rich and CI-
rich steps have ages around or below 5 Ma, similarly to the TS samples.

4.2.2.2. Sample TF02-08. Both spectra show upward convex shapes and
similar ages are observed (Fig. 7b). Like TF02-02, this sample contains
four phyllosilicate generations: kaolinite, muscovite, phengite relics,
and paragonite. Therefore the correlation diagrams of Fig. 8c,d show
no linear trend. The Ca-poor, Cl-poor “muscovite” has an ill-defined,
higher apparent age than that of TF02-02. The “clayey” reservoir is as
young as in the other samples.

4.2.2.3. Sample TF03-01. During the analysis of this sample, a very large
fraction of the 3°Ar was released in one step (Fig. 7c). As this step has
very low Ca/K and Cl/K ratios, we propose that its age be considered as
that of the “true muscovite” as has been done for samples TS02-03
and TS03-26. This step age of 13.2 +/- 0.14 Ma (20 uncertainty) is very
similar to that of the other low-Ca, low-Cl reservoirs identified as
“muscovite”. The correlation between ages and Cl/K and Ca/K ratios is
also similar to the TF02-02 and TF02-08 samples (Fig. 8e,f).

4.3. Relation between Ar systematics and mineral chemistry

The Ras Afraou and Tres Forcas samples show a good correlation
between the Ca/K and Cl/K ratios (Fig. 9). This indicates that the most
relevant process is removal of K during kaolinitization, as removal of K
produces a correlated increase in both axes. The admixture of
paragonite (high Ca/K) is also visible.

4.4. Summary of results

All samples show similar petrography, i.e. a mixture of at least two
and at most four phyllosilicate generations. Accordingly, their Ar
isotopic systematics show strong similarities. The steps with the
lowest CI/K and Ca/K ratios define ages around 12.5-15 Ma in four out
of six samples (Figs. 6g,h and 8gh). We interpret this chemical
signature as that of the texturally predominant muscovite (i.e. in the
foliation) and therefore the Early Miocene ages as the age of ductile
deformation. Ages with low Cl/K and Ca/K ratios in the range 20-33
Ma are also observed in samples TF02-08 and TS03-08, and may
represent relics of precisely that phengite generation (Figs. 6e,f and
8c,d). The steps with higher CI/K and Ca/K ratios and ages <6 Ma
probably reflect alteration of pre-existing micas by late crystallisation
of illite-smectite interlayers and/or kaolinite (Figs. 6g,h and 8g,h).

5. Discussion
5.1. Geological interpretation of the “°Ar/>°Ar ages

Combining the petrographic observations with the “°Ar/>*°Ar
spectra, it is possible to propose the following interpretations:

5.1.1. Age of MP-LT metamorphism

Samples TF02-08 and TS03-08 provide constraints on the MP-LT
metamorphic episode. The upward convex shape of sample TF02-08,
characteristic of muscovite-phengite mixing, gives a minimum age of
23 Ma for the MP-LT event, corresponding to the Si-rich mica
generation of this sample. Similar ages are obtained in sample TS03-
08, with similar chemical characteristics (i.e. low Cl/K and Ca/K ratios),
in the range 17.5-33 Ma. The oldest ages, around 30-33 Ma (last
degassing steps) could be interpreted as relics of Si-rich micas similar
to those observed in sample TF02-08. However, no clear petrographic
evidence of Si-rich phengite relics has been found in this sample.
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Therefore we propose that the MP-LT record in the Temsamane is
Oligocene in age, ca. 23 Ma old, conservatively Chattian, possibly even
as old as 30 Ma.

5.1.2. Age of the ductile deformation: E-W extension and top-to-the-west
senses of shear

Although Oligocene ages are observed in samples TF02-08 and
TS03-08, most of the ages associated to the low-Ca, low-Cl steps in all
the samples are in the range 12.5-15 Ma. These ages correspond to
the low-Si mica generation in sample TF02-08 which define the base
of the upward convex spectra, and appear also in all the other
samples. We interpret these ages as corresponding to the muscovitic
white mica generation defining the main foliation in the different
samples. Therefore the main phase of E-W ductile stretching and top-
to-the-west sense of shear should have taken place during the Middle
Miocene (Langhian-Serravalian) and may have started somewhat
earlier at the beginning of the Miocene. Consistently, apatite fission-
track dating for the Ketama unit (Fig. 2) points to ages between 20 and
14 Ma (Azdimousa et al., 1998), suggesting that these units were near
the surface while the MP-LT Temsamane units were being exhumed.

5.1.3. The evolution towards brittle deformation

One striking feature of the dated samples is the presence of young
ages at the beginning of the “°Ar/*°Ar spectra, always associated with
higher CI/K and Ca/K ratios. In sample TS03-08, theses ages (ca. 6 Ma)
account for a significant part (>50%) of the released 3°Ar. Based on
their chemical signature, we propose that these ages correspond to
abundant, late argillification (illite—smectite interlayer and/or kaoli-
nite). Our samples all have substoichiometric K concentrations, which
is evidence of significant alteration. We extend this interpretation to
the other samples where similar ages and chemical signatures are
observed. From a tectonic point of view, the evolution towards brittle
deformation with the same E-W direction of stretching (Negro et al.,
2007), may have occurred between 10 and 7-6 Ma (Tortonian). This
interpretation is consistent with the occurrence of unconformable
Messinian sediments on top of the MP-LT Temsamane. Volcanic
activity in the surrounding areas (Fig. 2), in the range 10-2.6 Ma (El
Bakkali et al., 1998 and references therein) is very unlikely to have
affected secondary phyllosilicate crystallisation in the dated samples.

5.2. Correlation of main tectonic and metamorphic events in the Betic-Rif arc

In order to integrate our new “°Ar/*°Ar data on the Temsamane at a
regional scale, we made a compilation of the available geochronolo-
gical and stratigraphic constraints in the whole Betic-Rif orogen
(Fig. 10). We also added the main tectonic and metamorphic event
recorded in the Alboran Domain units in order to compare them with
the tectono-metamorphic history of the Alboran domain (Fig. 10).

The following observations can be pointed out:

(1) The Oligocene age obtained in the Temsamane for the MP-LT
metamorphism, is similar to the Eocene-Oligocene age (still
debated) of the HP-LT event in the Alpujarride-Sebtide
complex. Therefore a common timing for thickening episode
can be proposed for the upper Alboran Domain and the
Temsamane units (Fig. 10).
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(2) The exhumation of the Temsamane units, dated Middle
Miocene took place after the Alpujarride-Sebtide one, dated
Late Oligocene-Early Miocene (Fig. 10). Furthermore the
tectonic patterns accompanying exhumation show different
(almost orthogonal) kinematics. However brittle deformation
on low-angle normal faults in the Alpujarride in the Betics,
indicate compatible ENE-WSW extension during the same
period (Crespo Blanc, 1995; Martinez-Martinez and Azafion,
1997; Azafién and Crespo-Blanc, 2000) ( Fig. 10).

(3) The exhumation of the Nevado-Filabride Complex (Lower
Alboran Domain), characterized by ~E-W stretching and top-
to-the-west senses of shear, dated Middle Miocene, is synchro-
nous with the Temsamane and show similar kinematics
(Galindo-Zaldivar et al., 1989; Garcia-Duefias et al., 1992;
Jabaloy et al., 1993; Martinez-Martinez and Azafion, 1997;
Martinez-Martinez et al., 2002; Augier et al., 2005) ( Fig. 10).

5.3. Geodynamic implications on the building of the Betic—Rif arc

Our new “°Ar/??Ar data obtained in the External Rif allow to draw
some regional interpretations and geodynamic implications on the
building of the Betic-Rif arc. We show that ENE-WSW extension is
recorded in the External Rif during the Miocene and that similar
deformation is observed in the Lower Alboran Domain units in the
Betics. Moreover the brittle deformation recorded in the Alpujarride
Complex (Upper Alboran Domain), which has already been exhumed
since the Early Miocene, shows similar direction of extension during
the Serravallian-Lower Tortonian (13.7-7.2 Ma) (Garcia-Duefias et
al., 1992; Crespo Blanc, 1995, Martinez-Martinez and Azafion, 1997)
(Figs. 10 and 11). Therefore ~E-W extension is recorded
simultaneously on both sides of the Gibraltar arc during the Miocene
(Fig. 11). Similar ~E-W extension is also reported offshore on the
Algerian margin farther east (Mauffret et al., 2004). We interpret
this regional ~E-W as the result of back-arc deformation of an
east dipping subduction zone rolling back towards the west during
the Middle to Late Miocene as recently proposed by several
authors (Lonergan and White, 1997; Martinez-Martinez and
Azafon, 1997; Frizon de Lamotte et al., 2000; Duggen et al., 2004;
Faccenna et al, 2004; Jolivet et al., 2006; Martinez-Martinez et
al., 2006; Balanya et al., 2007; Booth-Rea et al., 2007; Mauffret et al.,
2007).

6. Conclusions

Coupling a detailed petrological study with a step heating “°Ar/
39Ar dating method allowed us to date the different metamorphic
events that affected the Temsamane unit even if they were partly
overprinted during the retrogression.

The new “°Ar/*°Ar data presented in this study provide important
constraints on the timing of deformation in the External Rif and the
geodynamic evolution of the Betic-Rif arc.

Three groups of “°Ar/>*°Ar ages can be pointed out: (1) >23 Ma
corresponding to Si-rich relic micas corresponding to the highest-
pressure event recorded by these units, (2) 15-12.5 Ma corresponding
to the micas defining the foliation and (3) <6 Ma corresponding to late
alteration phyllosilicates. Based on the “°Ar/Ar *°Ar ages we propose
the following evolution for the Temsamane units: (1) an Oligocene

Fig. 6. Three-isotope correlation diagrams for the samples in Fig. 5. Steps clearly pertaining to alteration phases and/or plagioclase microinclusions can be diagnosed from their
devious Ca/Cl ratios (Table 3); they account for a minor part of the Ar budget and are not shown. (a) Ca/K vs age correlation for sample TS02-03. The good linearity indicates that this
sample consists mainly of only two generations. The age of the “true” metamorphic muscovite (the reservoir with lowest Ca/K ratios) could be determined if a precise electron
microprobe determination of the Ca/K ratio in the mica were available. With the present resolution of electron microprobes, the age can be estimated to lie between ca. 12.4 Ma (if the
Ca/K ratio of the muscovite is 9 E-3) and ca. 15 Ma (if the Ca/K ratio is exactly zero). (b) Cl/K vs age correlation for sample TS02-03. Similarly to Fig. 6a, the age can be estimated to lie
between ca. 12.4 Ma (if the Cl/K ratio of the muscovite is 7 E-4) and ca. 15 Ma (if the CI/K ratio is exactly zero) (c) Ca/K vs age, and (d) CI/K vs age correlations for sample TS03-26. An
extrapolation to ca. 15 Ma, similar to sample TS02-03, is compatible with the trend. (e) Ca/K vs age, and (f) Cl/K vs age correlations for sample TS03-08. All low-Ca, low-Cl points have
ages between 17 and 33 Ma, with the zero-Ca extrapolation at ca. 33 Ma. (g) Ca/K vs age, and (h) CI/K vs age correlations for all the TS samples. The TS03-08 sample shows a strikingly

different pattern compared to the TS02-03 and TS03-26 samples.
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MP-LT metamorphic event in the External Rif, highlighting a
subduction event (or stacking event) during this period which could
be almost contemporaneous with the burial of HP-LT units from the
internal Rif (Alboran Domain), (2) a Middle to Late Miocene
exhumation, characterized by an intense E-W stretching (and
associated schistosity development) and by top-to-the-west shear
senses, evolving towards brittle conditions.

Regional correlations show that this deformation is diachronous
with the upper Alboran Domain units from the Rif and the Betics but
contemporaneous and similar to the one observed in the Lower
Alboran Domain units in the Betics. We show that a regional ~E-W
extension is regionally recorded on both sides of the Betic-Rif arc
during the Middle to late Miocene, and interpret this deformation as
the result of the westward roll-back of an east dipping subduction
zone during this period.
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