Clays and Clay Minerals, Vol. 58, No. 4, 558-572, 2010.
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Abstract—The Hercynian metamorphic event is poorly characterized in internal zone complexes of the
Betic Cordillera (Spain), as it has been, to a great extent, overprinted by the mineral assemblages formed
during the Alpine event. Identification of the signals of the Hercynian episode is easier in series largely
unaffected by the Alpine event, such as Intermediate units between the Malaguide and the Alpujarride
Complexes, which consist of a set of thrust slices. With the aim of characterizing the Hercynian
paragenesis, a detailed comparison of the mineral assemblages of Paleozoic and overlying Triassic
sequences, unaffected by the pre-Alpine event, was carried out. Mineral assemblages were characterized
by X-ray diffraction, infrared spectroscopy, scanning electron microscopy, electron microprobe, and
transmission-analytical electron microscopy. A rapid increase in the illite crystallinity values was observed
at the Triassic—Paleozoic transition in the upper tectonic slices. In addition, the diagenetic to anchizonal
dickite-, sudoite-, and pyrophyllite-bearing assemblages, characterizing the Triassic rocks, contrast with
Paleozoic assemblages consisting of white K-mica + paragonite + chlorite + mica-chlorite and chlorite-
vermiculite mixed layers + garnet, suggesting that this assemblage corresponds to the Hercynian
metamorphic event. This assemblage records temperatures on the order of 400°C and an intermediate
pressure regime. Paleozoic rocks contain, in addition, tobelite, which comprises some of the detrital grains
and strongly masks the illite crystallinity values. Tobelite has been identified only in the upper thrust slices,
suggesting that changes in the detrital input is primarily responsible for the disappearance of tobelite at the
transition from the Malaguide to the Alpujarride domain. Tobelite appears finely intergrown with white K-
mica and its origin is uncertain. It could have been inherited as tobelite, but a more likely hypothesis is that
the intergrowths of white K-mica and tobelite were formed at low temperature from an NHy-bearing mica
precursor.
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INTRODUCTION

The Internal Zone of the Betic Cordillera, the
westernmost European Alpine chain, consists of three
superimposed tectonic complexes (Figure 1), which from
bottom to top are: the Nevado-Filabride, the Alpujarride,
and the Malaguide (Egeler and Simon, 1969). The
geotectonic relations between the Malaguide and the
Alpujarride are essentially constant in the Betic
Cordillera: the Malaguide complex tectonically overlies
the Alpujarride complex. Generally, Malaguide and
Alpujarride Triassic units are easily distinguished on
the basis of their different lithologies and metamorphic
grade. Nevertheless, transitional zones with intermediate
lithologies and metamorphism have been identified in
several areas of the Cordillera and are known as “inter-
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mediate units” (Paquet, 1969; Mékel and Rondeel, 1979;
Sanz de Galdeano et al., 2001).

The existence of a Hercynian event has been proved
in Malaguide terranes (less affected by the Alpine
event), on the basis of the rapid increase in the mica
and chlorite crystallinity in Paleozoic units relative to
the overlying Triassic terranes (Felder, 1980; Mikel,
1985; Ruiz Cruz, 1997). In contrast, the metamorphism
characterizing the Alpujarride Paleozoic units has been
interpreted as Alpine, though the existence of a
Hercynian event has also been demonstrated on the
basis of the zircon ages (Zeck and Whitehouse, 1999).
Intermediate units between Malaguide and Alpujarride
complexes seem to be appropriate for studying the
change in metamorphic conditions at the transition from
typical Malaguide to typical Alpujarride terranes.

In very low- and low-grade metaclastic rocks, such as
those studied here, diagnostic metamorphic minerals are
generally lacking and the determination of metamorphic
grade must be based on the study of the clay mineral
associations, as observed by X-ray diffraction (XRD).
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Figure 1. Tectonic map of the Betic Cordillera and location of the zone studied (modified from Sanz de Galdeano et al., 2001).

The classical methods include the determination of the
illite and chlorite crystallinity and the white K-mica
b cell dimension (Merriman and Peacor, 1999). In most
recent years, transmission electron microscopy (TEM)
has also been used in the characterization of rocks
subject to diagenesis and low-grade metamorphism.
Using TEM techniques, Merriman et al. (1990, 1995)
showed that the width of the 10 A peak is largely
controlled by the thickness of illite-muscovite crystal-
lites, although lattice strain also influences the 10 A
peak width (Arkai et al., 1996). In addition, other factors
are known to influence illite-muscovite peak shape,
particularly the interference from other phyllosilicates
(Frey, 1987; Arkai er al., 2004) and especially the
presence of Na- and NHy-bearing micas, which can
cause a notable broadening of the 10 A peak, leading to
erroneous Kiibler index (KI) values. Detection of the
presence of NHy-bearing mica is difficult, especially if
the NHy-content in white K-mica is small. The presence
of detrital input in the <2-um size fractions is another
factor of uncertainty. The <2-um size fractions are
generally assumed to contain authigenic minerals.
Nevertheless, the presence of fine-grained detrital
particles cannot be discarded on the basis of the XRD
data. In this case, the validity of the KI values is also
questionable.

The NHy-analog of muscovite (tobelite) has been
described as being predominantly associated with two
different geologic settings: (1) diagenetic to low-grade
metamorphic shales from meta-anthracite and anthracite
coalfields (e.g. Juster et al., 1987; Daniels and Altaner,
1990; Wilson et al., 1992; Ward and Christie, 1994; Liu
et al., 1996); and (2) hydrothermal deposits or hydro-
thermally altered areas (e.g. Higashi, 1982; Bobos and
Ghegary, 1999). The origin of the dioctahedral NHy-

mica is uncertain. In coal-associated shales, NH-mica is
generally interpreted as having formed from reaction of
kaolinite, smectite, or K-mica with NH; expelled from
coal seams. Dioctahedral NHy-mica has also been
described in anchizonal samples, where neither coal
seams nor hydrothermal activity are evident (Arkai et
al., 2004). A possible detrital origin for tobelite has not
been reported previously.

The focus of the present study was on the evolution
of the clay mineral associations at the transition from
Paleozoic to Triassic sequences in units transitional
between the Malaguide and the Alpujarride complexes
from the central zone of the Cordillera. Most of the data
on the mineralogy of the Triassic sequences have been
published previously (e.g. Ruiz Cruz et al., 2005), and
will be used here for comparison. The mineral evolution
observed in both the transition from Paleozoic to
Triassic and from Malaguide- to Alpujarride-like units
can be influenced by metamorphic grade, by variations
in the paleogeographic position, and by the nature of the
detrital supplies. These factors were analyzed starting
from the evolution of clay mineral assemblages, from the
crystal-chemical parameters of white K-mica, and from
the presence of other, scarcer metamorphic phases.
Special attention was devoted to the characterization
and significance of tobelite, which had not been
described previously in these units.

GEOLOGIC SETTING AND SAMPLING

Both the Alpujarride and the Malaguide complexes
include Triassic and Paleozoic sequences. Though the
metamorphic patterns of the Triassic terranes have been
well studied in both complexes, interpretation of the
Paleozoic assemblages is difficult because the Alpine
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metamorphic event has locally overprinted the older
metamorphic assemblages, especially in the case of the
Alpujarride complex.

The Alpujarride complex shows sequences consisting
of Paleozoic to Triassic rocks. The Triassic rocks are
characterized by the presence of blue phyllites, blue-to-
white schists, and calc-schists, quartzites, and marbles.
The Paleozoic rocks are mainly greywackes and schists,
which evolve with depth toward gneisses or even
migmatites. Triassic rocks show an Alpine low-tempera-
ture-high-pressure (L7-HP) metamorphism, overprinted
by a high-temperature-low-pressure (H7-LP) one
(Azanon et al., 1998; Goffé et al., 1989; Booth-Rea et
al., 2002).

The Malaguide complex includes sediments from
Paleozoic to Tertiary ages. The Triassic sequences,
characterized by the presence of red conglomerates, red
sandstones, red lutites, and minor carbonates, show a
transition from low diagenesis to anchizone (Ruiz Cruz
and Rodriguez Jiménez, 2002). The Paleozoic sequences
mainly consist of blue phyllites (Ordovician-Silurian),
limestones (Devonian), and a greywacke-shale alterna-
tion (Devonian-Carboniferous). Discontinuous levels of
conglomerates (‘Marbella conglomerates’) appear in the
upper part of the Paleozoic sequence.

In the intermediate units, the Triassic rocks from the
upper thrust slices (Figure 2) show lithologic character-
istics and metamorphic patterns similar to those of the
Malaguide complex (with typical red color), whereas
increase in depth is characterized by the presence of
intermediate lithologies and metamorphic patterns, and
later by lithologies and mineral assemblages more like
those of the Alpujarride complex (with typical blue
colors). In contrast, Paleozoic rocks show homogeneous
lithologies (greywackes, shales, and calc-schists)
through the tectonic pile, in most cases similar to
Carboniferous sequences from the Malaguide complex.
The intermediate units are suitable zones for studying
the evolution of the mineral associations at the Paleozoic
to Triassic transition and at the transition from
Malaguide- to Alpujarride-like slices, as the presence
of numerous thinned thrust slices favors the identifica-
tion of the mineral evolution in relatively restricted
areas.

The Paleozoic rocks were sampled in the central
(Sierra Arana) and western zones (Casares) of the Betic
Cordillera (Figure 1), although the results shown here
are limited to the central zone. At the Sierra Arana area,
sampling was carried out in two sectors (Diezma and El
Molinillo) (Figure 2). Several superimposed thrust slices
varying in thickness from 50 to 300 m are present in this
area. A total of 78 samples was taken.

METHODOLOGY

Samples were studied systematically by X-ray
diffraction (XRD). Petrographic microscopy was used
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in samples with appropriate grain size. Scanning
electron microscopy (SEM) or electron microprobe
analysis (EMPA) was used in selected samples, depend-
ing on the grain size. Samples were also investigated by
transmission-analytical electron microscopy (TEM-
AEM) and infrared spectroscopy (IR).

The XRD patterns were recorded using a Siemens
D-5000 diffractometer (Malaga University) with CuKa
radiation and a graphite monochromator, operated at
40 mA and 40 kV, with a 0.01°20 step size and 2 s
counting time. Randomly oriented samples were used for
determination of the b parameter of the phyllosilicates
(<2 pm size fractions). Oriented samples, prepared in the
air-dried state (natural and Mg-saturated) after ethylene-
glycol solvation and after heating at 550°C were used for
phyllosilicate identification. The Kiibler index (Kiibler,
1968) was measured in fine-grained samples, following
the recommendations of Kisch (1991). The KI measure-
ments (x) were transformed into Crystallinity Index
Standards (CIS) values (y, Warr and Rice, 1994)
according to the equation y = 1.23x — 0.07.
Deconvolution of the mica peaks was carried out using
the Peakfit software from Jandel Scientific (San Rafael,
USA). Peak fitting was carried out using a Pearson 1V
function with the minimum number of components until
correlation coefficients with r* >0.997 were obtained.

Polished and carbon-coated thin sections were
analyzed by EMPA, using a Cameca model SX-50
instrument (CIC, Granada University). ZAF (atomic
number, absorption, and fluorescence) corrections and
data reductions were performed with the software
package supplied by Cameca. The accelerating voltage
was 20 kV and the probe current was 20 nA. Standards
were wollastonite (Si and Ca), synthetic Al,O5; (Al),
orthoclase (K), albite (Na), synthetic Fe,O; (Fe),
periclase (Mg), and synthetic MnTiO; (Mn and Ti).
Thin sections were also studied by SEM, using a ZEISS
DSM 950 scanning electron microscope equipped with
an X-ray energy dispersive (EDX) system (LINK QX
2000) at an accelerating voltage of 14 kV and 2 nA
probe current (CIC, University of Granada). The
standards used were albite (Na), orthoclase (K), peri-
clase (Mg), wollastonite (Si, Ca), and synthetic oxides
(Al,03, Fe;03, and MnTiO3).

A set of selected areas was ion thinned for the TEM-
AEM study. This study was also performed at the
Granada University (CIC), with a 200 kV Philips CM-20
transmission electron microscope, fitted with a scanning
transmission (STEM) device and solid state detector for
energy-dispersive analysis. Microanalyses were obtained
in STEM mode. Quantitative determinations used the
thin-film approximation of Cliff and Lorimer (1975).
Albite (Na and Al), muscovite (K and Al), annite (K, Mg
and Fe), spessartine (Al and Mn), forsterite (Mg and Fe),
and titanite (Ca and Ti) were used as standards.

The Fourier-transform infrared (FTIR) spectra were
recorded from KBr pellets (2 wt.% samples) using a
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Figure 2. (A) Schematic map of the sampling area and location of the sections. AA’: El Molinillo section. BB’: Diezma section.

(B) Lithologic columns of both sections: (a) El Molinillo column; (b) Diezma column (modified from Ruiz Cruz et al., 2005).
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Nicolet spectrometer (20SXB) with a DTGS detector,
over the range 4000—400 cm™' (Malaga University)
with a resolution of 2 cm™". 300 scans were accumulated
to improve the signal-to-noise ratio in the spectra. To
avoid grinding effects in the preparation of the disks, the
samples and KBr were gently mixed manually.

The mineral symbols of Kretz (1983) were used
except for Dk: dickite, Tob: tobelite, Sud: sudoite, and
ML: mixed layers. Ms includes muscovite (or phengite)
and illite.

PETROGRAPHY

The Triassic samples studied by petrographic micro-
scopy included conglomerates and sandstones from
upper slices and phyllites from deeper slices. A detailed
description can be found in Ruiz Cruz et al. (2005). In
coarse-grained rocks, authigenic minerals are mainly
found filling the secondary porosity. Dickite, dominant
in the uppermost slices, is gradually replaced by white
mica, pyrophyllite, and sudoite at increasing tectonic
grade (Figure 3a). Only phyllites from the deep slices
show grain sizes appropriate for microscopic study. The
phyllites show a well developed slaty cleavage defined
by chlorite and white mica, with occasional chloritoid
(Figure 3b).

Ruiz Cruz and Sanz de Galdeano
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Paleozoic samples studied by petrographic micro-
scopy include ‘Marbella conglomerates’ and greywackes
from all slices, and phyllites and calc-schists from the
deeper slices. Conglomerates are scarce and show rather
uniform characteristics; they display poor sorting and
consist of well rounded grains of quartz, albite, and
fragments of metamorphic rocks (mainly quartzite and
phyllite). Long detrital mica grains are rare, but they
contain a fine-grained matrix consisting of white mica
and chlorite. Fe-oxide, zircon, and rutile are accessory
constituents. Vermiculitized detrital biotite is also
common in these rocks.

Greywackes show variable grain size and textural
characteristics depending on their grain size and tectonic
position, although the mineral association is rather
uniform. A null to poorly marked schistosity charac-
terizes the greywackes of the upper thrust slices. At
increasing tectonic grade, greywackes show a progres-
sively better developed schistosity parallel to bedding
(Figure 3c). Greywackes consist of detrital grains of
quartz, fragments of metamorphic rocks (mainly quart-
zite and phyllite), albite, muscovite, vermiculitized
biotite, and chlorite. Rounded, chlorite-rich chlorite +
muscovite stacks variably transformed into mixed-layer
phases (regular 1:2 mica/chlorite, after Ruiz Cruz and
Nieto, 2006) are also frequent detrital components

Figure 3. Photomicrographs showing textures in Triassic and Paleozoic rocks (plane-polarized light). (a) Dickite booklets partially
transformed into illite, filling pores in a Triassic sandstone from the upper slices. (b) Prismatic crystals of chloritoid in Triassic blue
phyllite from the lower slices. (c¢) Incipient schistosity, parallel to bedding in a Paleozoic greywacke from the lower slices.
(d) Brownish laths of mixed layers following Sy and S; in Paleozoic calc schist from the lower slices. Mineral symbols according to
Kretz (1983) except for Dk: dickite. Ms includes muscovite (or phengite) and illite.
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(Figure 4a,b). Only scarce muscovite, chlorite, and
mixed layers, filling the pores or parallel to the
schistosity, appear to be authigenic. Carbonates appear
as small rhombs of calcite and minor dolomite,
frequently rimmed by ankerite. Accessory minerals are
zircon, tourmaline, rutile, and Fe oxide. Minute garnet
grains, which grew in the interstices between the detrital
grains, are occasional constituents of the greywackes
(Figure 4c,d).

Phyllites and calc-schists show two identifiable
schistosities; the first, Sy, coinciding with the bedding,
is defined by bands rich in Fe- and Ti oxides associated
with white mica, chlorite, and brownish phases, pre-
viously identified as chlorite-vermiculite mixed layers
(Ruiz Cruz and Nieto, 2006). The second, S;, schistosity
is a slaty cleavage defined by flakes of white mica,
chlorite, brownish flakes of mixed layers, and Fe oxides
(Figure 3d).

Alpujarride-Malaguide transition
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XRD and IR results

Different clay mineral assemblages have been identi-
fied at increasing tectonic grade (transition from
Malaguide- to Alpujarride-like domains) in Triassic and
Paleozoic samples (Figure 5). Triassic samples from slice
1 (Diezma sector) or slices 1 and 2 (El Molinillo sector)
are characterized by the association Ms + Dk, with
sporadic occurrences of chlorite. The KI values range
from 0.50 to 0.75 in pelitic rocks. In slices 2 (Diezma)—3
(E1 Molinillo) the clay mineral association is Ms + Prl +
Prg + Chl + Sud. The KI values range from 0.39 to 0.74.
From slices 4 (Diezma) and 5 (El Molinillo), typical red
sandstones are rare, being replaced by purple and later by
blue phyllites and quartzites. The clay mineral association
is dominated by Ms + Chl, with sporadic paragonite,
coexisting in the deepest slices with chloritoid. The KI
ranges from 0.24 to 0.34.

Figure 4. (a) Rounded, chlorite-rich detrital stacks in a greywacke from the upper slices (plane-polarized light). (b) Chlorite-rich
stack partially transformed into mica-chlorite mixed layers (crossed polars). (c,d) Authigenic garnet and vermiculitized biotite
(plane-polarized light and crossed polars) from a greywacke of the upper thrust slices.
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Figure 5. Simplified scheme showing the evolution of the mineral assemblages and the KI range of values (in parentheses)
determined in pelitic rocks at the Triassic—Paleozoic transition in each slice, and through the tectonic pile. Mineral symbols
according to Kretz (1983) except for Dk: dickite, Tob: tobelite, Sud: sudoite, and ML: mica-chlorite mixed layers. Ms includes
muscovite (or phengite) and illite. Symbols in columns as in Figure 2b.

Paleozoic rocks from slices 1—3 show intense
reflections of mica (10 A) and chlorite, together with
numerous small reflections, which in some cases are
well defined and in other cases occur as shoulders on the
chlorite or mica reflections. The clay mineral association
consists of white mica + Chl + ML, which coexist with
minor garnet. The apparent KI values (KI values
determined before deconvolution) range from 0.36 to
0.50 in slices 1—2 and from 0.22 to 0.40 in slices 2—3.
Deconvolution of the mica peaks permitted the identi-
fication of several types of mica (Figure 6): K-mica,
with the first basal reflection at 10.02 A; NHy-mica, with
the first reflection at 10.26 z&; and intermediate Na-K-
mica, with the first reflection at 9.80 A. The mean value
of the basal spacing of the NHy-mica, deduced from five
basal reflections, was 10.30 A, indicating that the NHy-
mica present in these rocks must be near the NHy end-
member (Drits et al., 1997). The KI values determined
after deconvolution are, as expected, notably lower (in
the range 0.24—0.32). From slice 4 the clay mineral
association becomes uniform (Ms + Chl £ ML), with KI
values between 0.20 and 0.31. Determination of the
chlorite crystallinity (Arkai, 1991) is prevented in these
samples by the almost continuous presence of mica-
chlorite mixed layers, which cause a notable broadening
of the 7 A reflection.

Confirmation of the NHy-rich nature of the 10.30 A
mica was carried out by IR spectroscopy. A well defined
band at 1430 cmfl, ascribed to the N-H vibration
(Vedder, 1965; Shigorova et al., 1981), was observed in
the spectra of the samples containing this phase.

Note that the whole-rock XRD patterns obtained from
fine- and coarse-grained rocks indicate that tobelite is
more abundant in greywackes than in shales. In addition,
the tobelite content does not increase in the fine
fractions of the rocks, both facts suggesting that most
of the tobelite is probably present in detrital grains.

Two main mineral assemblages, according to the
Guidotti and Sassi classification (Guidotti and Sassi,
1976), are present in the Paleozoic samples: assemblage
X, with paragonite, white K-mica, and albite; and
assemblage Y, with white K-mica and albite. As the b-
cell method was defined for the Y assemblage, the b cell
parameters determined have little significance except in
paragonite-free, fine-grained samples containing few
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Figure 6. Selected zones of the XRD pattern (oriented sample,
<2 pm size fraction) of a tobelite-bearing greywacke. See text
for explanation.
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detrital constituents. The mean b cell parameters for the
two mineral assemblages (X and Y) are 9.008 and
9.018 A, respectively, suggesting a regime of intermedi-
ate pressure during mineral crystallization.

Figure 7. Photomicrographs (a,b) and back-scattered image (c)
of ‘dirty’ mica grains from greywacke of the upper slices.
(a) plane-polarized light; (b) crossed nicols.

Alpujarride-Malaguide transition
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SEM-EDX data for Paleozoic minerals

White micas. Samples from the upper slices, with the
largest apparent tobelite content, were studied exten-
sively by SEM. Two different types of white mica were
identified in greywackes from the upper slices on the
basis of the optical properties: (1) detrital and authigenic
grains of typical colorless mica; (2) detrital ‘dirty’ mica,
with light grey color and slight pleochroism
(Figure 7a,b).

The back-scattered images revealed that ‘dirty” mica
consists of very fine intergrowths of white mica and
chlorite (Figure 7c). White mica lamellae show, in
addition, small differences in contrast, which correlate
with variation in mica Na contents as determined by
EDX data (Table 1, analyses 1—7). Representative
chemical plots (Figure 8) reveal that, as a whole, white
mica lamellae show a phengitic trend (Figure 8a) and
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Figure 8. Plots of the more significant chemical characteristics
of white micas from the upper slices. (a) Fe+Mg vs. Si diagram.
(b) Interlayer charge vs. Si diagram. Full diamonds: white mica
lamellae from ‘dirty’ mica grains. Open diamonds: clear white
mica flakes.
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very variable interlayer charge (Figure 8b). Some mica
lamellae show a dominant potassic composition
(Table 1, analyses 3—6). Lamellae or areas with darker
contrast show either smaller interlayer charge or greater
Na contents or both (Table 1, analyses 1—2). The small
interlayer charge of these lamellae (on the order of 0.80
atoms per formula unit — a.p.f.u.) suggests the presence
of either some NH, content in white K-mica or the
presence of NH,-mica packets submicroscopically inter-
grown with the Na-K-mica.

Grains of typical white K-mica from slices 1—3 show
uniform contrast and more homogeneous compositions,
with small Na contents (0.05—0.08 a.p.f.u.) and variable
phengitic substitution (Figure 8a). The interlayer charge
is generally >0.90 (Table 1, analyses 8—12, Figure 8b),
suggesting that the presence of NHy is unlikely in this
type of mica grain.

White micas from the lower slices show a composi-
tion similar to white K-micas from the upper slices
(Table 1, analyses 13—14) with small Na content, some
phengitic substitution, and interlayer charge on the order
of 0.96 a.p.fu..

Trioctahedral phyllosilicates. Trioctahedral phyllosili-
cates include chlorite and brownish grains or areas with
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optical properties like those of vermiculite. Several
types of chlorite and brownish grains can be differ-
entiated, especially in the upper slices.

Chlorite lamellae from ‘dirty’ mica intergrowths
(Figure 7c) show Si contents between 2.62 and
2.86 a.p.f.u. (Table 2, analyses 1-3), although some
analyses obtained from fine chlorite lamellac are
contaminated by the adjacent mica lamellae.
Authigenic chlorite and chlorite from detrital chlorite-
rich stacks (Figure 9a) show variable Si contents
(Table 2, analyses 4—8). The transition from chlorite to
the brownish external areas (Figure 4b) is characterized
by a notable increase in the Si content and the presence
of appreciable amounts of K and minor Na (Table 2,
analyses 6—8). The lack of mica lamellae in these areas
indicates that the change in composition is not due to
contamination but to the presence of mica layers
interstratified with chlorite. The increase in Si and K is
accompanied by a decrease in octahedral occupancy,
suggesting a dioctahedral character for the mica layers
interstratified with chlorite. In these grains, textural data
as well as the TEM study indicated that these phases
consist of regular mica-chlorite mixed layers, and were
interpreted to have formed from chlorite during prograde
metamorphism (Ruiz Cruz, 2001).

Table 2. Selected EDX and EMPA (*) data for chlorite and ‘vermiculite’.

Chl lamellae from  Chl partially transformed into mica-  Vermiculi- Chl and ML from lower slices
‘dirty’ mica grains chlorite mixed layers (upper slices) tized Bt
(upper slices) (upper slices)
2 4% 5(a)* 6(b)* T(a)* 8(b)* 9 10 11(a* 12(b)* 13 14 15

Si0, 28.81 2556 2791 26.64 2698 29.66 30.74 3637 40.58 4091 2435 2497 24.09 27.72 2745
TiO, 1.07 006 000 000 074 149 210 0.08 034 052 005 004 0.11 1.16 0385
Al,O4 17.93 22.12 20.97 20.30 18.12 19.59 20.84 2397 19.80 19.77 22.65 22.80 21.42 2298 23.24
Cr,04 003 00l nd nd nd 009 002 017 nd  nd 0.05 0.00 0.03 0.00 0.00
FeO 27.54 26.75 30.86 31.49 33.51 2576 2541 21.65 1439 1445 3122 2652 3346 2930 31.77
MnO 024 047 0.00 0.00 0.00 036 014 016 000 0.00 0.17 020 030 0.85 0.11
MgO 1256 1436 835 856 7.72 995 851 689 585 685 963 632 883 615 520
CaO 0.02 0.02 0.00 0.00 0.00 0.15 001 019 0.00 0.00 0.03 008 0.13 057 025
Na,O 0.02 0.0l 0.00 0.00 0.05 004 003 019 000 0.00 000 001 029 039 051
K,O 0.01 0.0l 051 0.00 0.00 19 1.16 3.12 4.03 3.89 0.01 0.12 027 228 295
Total 88.28 89.38 88.60 86.99 87.12 89.04 89.95 92.80 84.99 86.39 88.15 81.07 88.88 91.40 92.33
Si 2062 266 286 278 288 3.09 316 348 3.10 3.08 263 275 264 289 286
AlY 138 134 1.14 122 1.2 091 084 052 090 092 137 1.25 136 1.11  1.14
AIM! 135 137 156 144 131 149 168 218 1.00 095 1.52 1.71 140 1.70 1.71
Ti 0.01 0.00 0.00 0.00 0.06 012 016 001 0.02 0.03 000 0.00 0.0l 0.09 0.07
Fe 252 233 282 293 319 224 218 1.73 098 097 282 244 3.07 255 277
Mn 0.06 0.04 0.00 0.06 0.00 003 001 001 000 001 002 002 003 0.08 0.01
Mg 206 223 136 142 131 154 130 098 0.71 0.82 1.55 1.53 144 096 0.81
Xoct. 6.00 597 574 585 587 543 533 492 271 278 591 570 595 538 537
Ca 0.00 0.00 0.00 0.00 0.00 0.02 000 002 000 0.00 0.00 0.01 0.01 0.06 0.03
Na 0.00 0.00 0.00 000 001 001 001 004 000 000 000 0.03 0.06 0.08 0.11
K 0.00 0.00 0.07 0.00 0.00 026 016 038 041 039 000 0.07 0.04 030 0.39
Fe/FetMg 0.55 0.51 0.67 067 071 059 0.63 0.64 058 054 064 061 067 073 077
(¢} 14 14 14 14 14 14 14 14 11 11 14 14 14 14 14

Analyses (a) and (b) represent, in each sample, the evolution from chlorite areas to mica-chlorite mixed layers.
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The detrital ‘biotite’ flakes show homogeneous
contrast and chemical composition (Figure 9b, Table 2:
analyses 9—10), both suggesting retrogressive alteration.
Alteration leads to an increase in the Si content and a
decrease in the interlayer occupancy, as compared with

Figure 9. Back-scattered images of the several types of
trioctahedral phyllosilicates in Paleozoic rocks. (a) Authigenic
chlorite (upper part of the image) and detrital chlorite-rich
chlorite-mica stack. (b) Vermiculitized detrital biotite. (¢) Laths
of mixed layers following Sy and S in calc-schist from the lower
slices.

Ruiz Cruz and Sanz de Galdeano
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typical biotite, suggesting a process of vermiculitization.

Chlorite from the lower slices shows advanced
transformation into mixed-layer phases. The chlorite
analyses show Si content on the order of 2.63 a.p.f.u.
(Table 2, analysis 11). The transformation is especially
evident in phyllites and calc-schists (Figure 9c), where
most analyses correspond to chlorite-vermiculite mixed
layers (Table 2, analyses 14 and 15).

Garnet. The garnet is compositionally very homoge-
neous. It is almandine-rich with Ca contents on the order
0of 0.67 a.p.f.u. (for 12 oxygens), Fe contents on the order
of 2.18 a.p.fu., and Mn contents of <0.05 a.p.fu.
(Table 3).

Transmission electron microscopy study

To identify NHy-mica in detrital ‘dirty’ mica grains,
some of these grains were selected for study by TEM/
AEM. An alternation of sub-parallel, pm-sized mica-
and chlorite subgrains can be observed in the TEM
images obtained at low magnification (Figure 10). Mica
subgrains show a K-rich composition (subgrain 1) or
small K contents (subgrain 2), characteristic of tobelite.

Enlarged views (Figure 11) of subgrains 1 and 2
(shown in Figure 10) reveal that subgrains with K-rich
composition (Figure 11a) appear formed by parallel or
subparallel packets with thickness on the order of 500 A.
Areas with 20 A periodicity appear only slightly
damaged and correspond to K-rich mica, whereas areas
with 10 A periodicity show small K contents (NHy-rich
composition) and deteriorate rapidly, as observed by
Nieto (2002).

The subgrains with NHy-rich composition
(Figure 11B) show a greater variation in thickness
(from ~100 to >500 A). The main periodicity measured
in the lattice-fringe images and the SAED patterns is
near 20.5 A, although packets showing a ~10 A
periodicity are also common. The SAED patterns
obtained (inset in Figure 11) correspond to ordered

Chilorite

2pm

Figure 10. Low-magnification TEM image of a ‘dirty’ mica
grain. Arrows indicate the approximate position of the boundary
between subgrains with different compositions.
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Table 3. Selected EMPA data for garnets (formulae
calculated for 12 O).

1 2 3

SiO, 37.39 36.79 37.86
Al O3 21.19 21.17 21.27
TiO, 0.08 0.08 0.08
FeO 32.95 32.58 33.13
MnO 0.37 0.35 0.38
MgO 1.54 1.63 1.83
NiO 0.00 0.01 0.01
Cr,03 0.00 0.02 0.01
CaO 8.01 7.83 7.64
Na,O 0.03 0.04 0.66
K,O 0.00 0.01 0.03
Total 101.55 100.51 101.89
Formulae

Si 2.96 2.94 2.95
Al 1.98 2.00 1.94
Ti 0.00 0.00 0.00
Fe 2.18 2.18 2.16
Mn 0.02 0.02 0.02
Mg 0.18 0.19 0.21
Ca 0.68 0.67 0.64
Na 0.00 0.00 0.10

two-layer polytypes (2M;) in both K- and NHy-rich
packets. Splitting of the 00/ reflections was not generally
observed in the SAED patterns obtained from K- and
NHy4-rich packets, suggesting that finer intergrowths of
K- and NH4-mica are lacking.

EDX spectra (Figure 11, inset) show that K-rich mica
packets have a rather uniform composition in the several
subgrains analyzed, with small Fe and Mg contents. The
tobelite packets show a more variable composition, with
greater celadonite substitution. The EDX spectra of
these packets showed the sporadic presence of N (Figure
11, inset c), although this element disappeared from the
spectra after 2—3 s. Large Na contents characterize some
NHy-rich packets in such a way that these areas contain
similar amounts of Na and K.

DISCUSSION

Evolution of micas at increasing tectonic grade

The Triassic sequences of the intermediate units show
a clear evolution of mineral assemblages at increasing
tectonic grade: Ms + Dk, Ms + Prl + Sud, and Ms + Chl +
Prg + CId (Figure 5), in addition to quartz, minor feldspar,
and Fe oxide. In parallel, the composition of white micas
indicates a transition from illite (in the upper slices) to
muscovite with important Na contents in the lower
chloritoid-bearing rocks (Ruiz Cruz et al., 2005).

The Paleozoic rocks, in contrast, show a rather
homogeneous mineralogical composition through the
tectonic sequence, consisting of Qtz + Ab + Cal + Ms +
Prg + Tob + Chl £ ML, where only the composition of
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the micas can be correlated with the tectonic grade (i.e.
with the Malaguide- or Alpujarride-like character of the
slices). The upper thrust slices are characterized by the
presence of tobelite and Na-bearing micas (paragonite
and intermediate Na-K mica). At increasing tectonic
grade, the NHy-micas and, later, the Na-bearing micas,
gradually disappear. The study by TEM confirmed that
NHy-mica (and some of the Na-K mica) from the upper
slices is present in detrital micaceous minerals, in
contrast with previous tobelite descriptions from
Paleozoic rocks, where it occurs in illitic mineral
structures (e.g. Juster ef al., 1987; Daniels and Altaner,
1990; Nieto, 2002). Nevertheless, the presence of some
illitic tobelite in the rock matrix cannot be excluded
based on the available data.

Mineral genesis

In contrast to Triassic sequences, which were only
affected by the Alpine metamorphism, two metamorphic
episodes (Hercynian and Alpine) have been identified in
typical Malaguide Paleozoic sequences. The presence of
a pre-Alpine metamorphic event in the Malaguide
Paleozoic was hypothesized by Felder (1980) on the
basis of the rapid change in the size of the mica and
chlorite at the Triassic to Paleozoic transition. The
increase in size of the white mica was accompanied by a
decrease in KI, which varied from low to high
anchizonal values (Ruiz Cruz and Rodriguez Jiménez,
2002). In addition, the rapid decrease of the Si content of
chlorite revealed a temperature gap of ~150°C in
Triassic rocks to ~300°C in Paleozoic samples (Ruiz
Cruz, 1997).

The evolution of the mineral assemblages at the
transition from Triassic to Paleozoic rock sequences and
at increasing tectonic grade in the intermediate units
(Figure 5) reveals that both mineral assemblages and KI
values show, as in typical Malaguide sequences, a clear
discontinuity between Triassic and Paleozoic rocks,
especially evident in the upper thrust slices. Changes
in clay mineral associations can be related to differences
in bulk-rock composition. Nevertheless, the important
decrease in the KI values at the transition from Triassic
to Paleozoic units (upper thrust slices) reveals a rapid
increase in metamorphic temperature, which can be only
explained if the KI values of the upper Paleozoic slices
correspond to Hercynian micas. A notable discontinuity
in metamorphic temperatures between Triassic and
Paleozoic rocks can also be deduced from the change
of dickite-bearing assemblages, characteristic of the
Triassic rocks (with estimated temperatures of ~150°C),
to the garnet-bearing assemblages of Paleozoic rocks.
Estimation of the temperature of the Paleozoic assem-
blage has been carried out tentatively using the
muscovite-garnet geothermometer, used for different
calibrations (Krogh and Rahein, 1978; Hynes and
Forest, 1988) and different garnet solution models
(ideal mixing: Hodges and Spear, 1982; Ganguly and
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Figure 11. (A) Lattice-fringe image of an area of subgrain 1 (Figure 10) made up of subparallel packets of K-mica and NH4-mica.
K-mica packets show a 20 A periodicity whereas damaged NH4-mica packets show a~10.5 A periodicity. The SAED pattern (inset)
shows the two-layer periodicity characteristic of the 2M, polytype. Arrows mark the approximate boundary between the K- and
NHy-rich areas. (B) Lattice-fringe image of a selected area of subgrain 2 (Figure 10), showing the ~21 A periodicity of the NH4-mica
packets, as also shown by the SAED pattern (inset). (a,b) EDX spectra of K-rich packets. (c,d) EDX spectra of NH,-rich packets.

Saxena, 1984; Hoinkes, 1986). This geothermometer
provides temperatures between 400°C and 460°C which
means that most fine-grained white K-mica and garnet
from the upper slices grew during the Hercynian event.

In the lower slices, the metamorphic gap between
Triassic and Paleozoic rocks is less evident. Indeed, the
KI values are in the ranges 0.20—0.31 and 0.24—0.34 for
Paleozoic and Triassic rocks, respectively. Moreover,
using the chloritoid-chlorite thermometer (Vidal et al.,
1999), Ruiz Cruz et al. (2005) deduced maximum
temperatures of 412 + 20°C for the Triassic chloritoid-
bearing parageneses. These data suggest that the mineral
evolution observed in Triassic sequences at the transition

from Malaguide to Alpujarride was mainly controlled by
increasing temperatures related to the Alpine event. In
contrast, the homogeneous mineral assemblages
observed in upper Paleozoic sequences suggest that the
metamorphic conditions of the Hercynian event were
rather uniform in the transitional units.

The interpretation of two of the phases identified in
Paleozoic rocks (tobelite and mica-chlorite mixed layers)
is more problematic. The SEM and TEM data indicate
that tobelite is finely intergrown with white mica in grains
with a detrital provenance, whereas other mica grains
from the host rock appear to be NH, free. This indicates
that tobelite was derived from a detrital NHy-rich
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precursor. Tobelite has been identified only in the upper
thrust slices, suggesting that changes in the supplies are
the principal factors responsible for the disappearance of
tobelite at the transition from the Malaguide to the
Alpujarride domain. Whether tobelite was already present
in the detrital grains or grew during a retrogressive event
from precursor NHy-bearing mica is uncertain based on
the available data. Taking into account the composition of
the two intergrown micas (K- and NHy-rich) near the pure
end members (Figure 11, inset), their origin is probably
related to low-temperature processes.

Although vermiculitized grains of detrital biotite
(Figure 4c) have a clear retrogressive character, the
mica-chlorite mixed layers formed from chlorite trans-
formation (Figures 3d, 4b) and are interpreted as
prograde phases, following Maresch et al. (1985), Ruiz
Cruz (2001), and Ruiz Cruz and Nieto (2006). A similar
transformation of chlorite has yet to be observed in the
Triassic rocks, suggesting that mixed layers also formed
during the Hercynian metamorphic event.

CONCLUSIONS

Tobelite has been identified for the first time in upper
Paleozoic rocks from units intermediate between the
Malaguide and Alpujarride complexes. In contrast with
previous tobelite descriptions in Paleozoic rocks, where
it has an authigenic origin, the SEM and TEM
observations indicate that tobelite is present in detrital
grains, consisting of fine intergrowths of muscovite,
tobelite, and chlorite. Although the mica + chlorite
intergrowths are detrital in origin, the muscovite +
tobelite intergrowths probably formed at low tempera-
ture from precursor detrital NHy-bearing mica.

The metamorphic gap observed in both mineral
assemblages and KI values between Paleozoic and
Triassic sequences from the same tectonic slices (upper
slices) reveal a rapid temperature increase, which can
only be explained if the Paleozoic micas formed during
the Hercynian episode. The Alpine event, which is
clearly reflected in the change in mineral assemblages
and KI values of Triassic rocks, at increasing tectonic
grades (and increasing temperatures), scarcely affected
the Paleozoic rocks from the upper tectonic slices where
Hercynian phases were preserved.

The evolution from Malaguide- to Alpujarride-like
Paleozoic units, at increasing tectonic grades is mainly
marked in the sequences studied by a gap in mineral
assemblages between slices 2 and 3 (Diezma section)
and 3 and 4 (El Molinillo section). This gap is due to a
change in the detrital supplies (presence and absence of
detrital tobelite-bearing grains) at the transition from
Malaguide- to Alpujarride-like thrust slices, revealing a
clear transition in paleogeographic position between
both complexes. Uniformity in mineral associations
(excluding the presence of tobelite) and in KI values,
when these are calculated after deconvolution of the

Alpujarride-Malaguide transition

571

mica peak (beginning of the epizone), suggest that the
Paleozoic sequences were affected during the Hercynian
episode by uniform metamorphic conditions (~400°C
and intermediate pressures).
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