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ABSTRACT

We have studied the nature of spots occurring in spotted slates from the Maláguide Complex, in the Betic Cordilleras of
southern Spain, by optical microscopy, X-ray diffraction, electron-microprobe analysis and transmission electron microscopy.
These spots developed during an episode of contact metamorphism after the Alpine regional event. They are optically and
mineralogically zoned, the extent of the zones being dependent upon both the composition of the slates (or of the different bands
in these) and the degree of spot development. The mineral zonation is clearly correlated with the chemical variations, as revealed
by electron-microprobe analyses obtained across the spots. In the best-developed spots, an inner isotropic zone, characterized by
Al enrichment relative to the slate, is followed by an intermediate quartz- or mica-rich zone showing a relative enrichment in
either Si or in Si, K, and Na; an outer yellow to reddish zone shows a notable increase in Fe. TEM–AEM studies indicate that the
innermost isotropic zone mainly consists of “amorphous” Si–Al or Si–Al–Fe phases that contain numerous phyllosilicate
inclusions. Two main phyllosilicate associations have been identified in the spots: muscovite + berthierine ± chlorite and muscovite
+ biotite + chlorite. The first assemblage is characterized by the development of Al-poor oxidized berthierine, which preferentially
developed in Fe-rich spots, whereas the second association is better developed in micaceous spots. Even where both assemblages
coexist in a single spot, they are restricted to different microdomains. Textural features indicate that berthierine formed as a
product of the reaction of both chlorite and muscovite. The first transformation occurred through disordered polytypes of chlorite
and involved a notable Fe enrichment relative to the original chlorite. In contrast, formation of berthierine from muscovite
occurred through a complex set of muscovite–berthierine interstratifications and intergrowths. AEM data for biotite and berthierine
suggest that the availability of Fe may be an important factor controlling the formation of berthierine in spotted slate in the
Maláguide complex.

Keywords: berthierine, biotite, chlorite, muscovite, X-ray diffraction, electron-microprobe analysis, transmission electron
microscopy, analytical electron microscopy, Maláguide complex, Betic Cordilleras, Spain.

SOMMAIRE

Nous avons étudié la nature des taches dans l’ardoise tachetée du complexe de Maláguide, Cordillères Bétiques du sud de
l’Espagne, au moyen de la microscopie optique, de la diffraction X, des analyses à la microsonde électronique, et de la microscopie
électronique par transmission. Ces taches se sont dévelopées au cours d’un épisode de métamorphisme de contact suite au
métamorphisme alpin. Elles sont zonées optiquement et minéralogiquement. Le développement de ces zones dépend à la fois de
la composition de l’ardoise (ou de ses différentes couches) et du degré de développement des taches. La zonation minéralogique
montre une corrélation avec les variations en composition, selon les prélèvements à la microsonde électronique le long de traverses
d’une bordure à l’autre des taches. Dans les taches les mieux développées, une zone isotrope intérieure montre un enrichissement
en Al par rapport à l’ardoise; cette zone est entourée d’une zone intermédiaire riche en quartz ou en mica, et enrichie en Si ou en
Si, K, et Na; une zone externe jaune à rougeâtre fait preuve d’un enrichissement important en Fe. Les observations effectuée au
microscope électronique avec facilités analytiques montrent que la zone interne contient surtout des phases “amorphes” à Si–Al
ou à Si–Al–Fe contenant une abondance d’inclusions phyllosilicatées. Nous documentons deux associations principales de
phyllosilicates dans les taches: muscovite + berthierine ± chlorite et muscovite + biotite + chlorite. Dans le premier assemblage,
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la berthierine, oxydée et pauvre en Al, s’est développée de préférence aux endroits montrant un enrichissement en fer, tandis que
la seconde association est mieux développée dans les taches micacées. Même dans les cas où les deux associations coexistent
dans une même tache, elles occupent des microdomaines différents. Selon les relations texturales, la berthierine se serait formée
aux dépens de soit la chlorite, soit la muscovite. La première transformation a progressée par le développement de polytypes
désordonnés de la chlorite lors d’un enrichissement marqué en fer par rapport à la chlorite originelle. En revanche, la formation
de la berthierine aux dépens de la muscovite s’est déroulée grâce à un assemblage complexe d’interstratifiés et d’intercroissances
muscovite–berthierine. D’après les données analytiques sur la biotite et la berthierine prélevées au microscope électronique, la
disponibilité de fer serait un facteur important dans la formation de la berthierine dans l’ardoise tachetée du complexe Maláguide.

(Traduit par la Rédaction)

Mots-clés: berthierine, biotite, chlorite, muscovite, diffraction X, analyses à la microsonde électronique, microscopie électronique
par transmission, microscopie électronique analytique, complexe Maláguide, Cordillères Bétiques, Espagne.

semblages are very difficult to analyze with an electron
microprobe. As a result, most of the sequences of model
reactions in contact metamorphism concentrate on as-
semblages beyond the first appearance of biotite. Nev-
ertheless, reactions described in low-grade metapelites
may be applied to both contact and regional metamor-
phic settings (Pattison & Tracy 1991).

The most common biotite-forming reactions in low-
grade metapelites involve chlorite and a K-rich phase
(Guidotti 1984, Frey 1987, Bucher & Frey 1994):

Chlorite + Potassium Feldspar = Biotite +
Muscovite + Quartz + H2O (1)

Phengite + Chlorite = Biotite + Muscovite +
Quartz + H2O (2)

In contact aureoles, biotite commonly forms from
chlorite and muscovite via the following reactions,
which account for andalusite or cordierite (or both)
(Yardley 1989, Pattison & Tracy 1991):

Muscovite + Chlorite + Quartz = Cordierite +
Biotite + H2O (3)

Muscovite + Chlorite = Andesine + Biotite +
Quartz + H2O (4)

Muscovite + Chlorite + Quartz = Cordierite +
Andalusite + Biotite + H2O (5)

Although the assemblage muscovite + chlorite + bi-
otite is common in both contact and regional low-grade
rocks, the association muscovite–berthierine has not
been previously reported in this context. In fact,
berthierine has generally been described in sedimentary
iron-formations (Iijima & Matsumoto 1982, Toth &
Fritz 1997), and has commonly been considered as the
low-temperature variety of chlorite, the evolution of
which during diagenesis and progressive metamorphism
leads to magnesian chamosite (Velde 1973, Kisch 1983,
Curtis et al. 1985, Weaver 1989, Walker & Thompson
1990). Berthierine has also been identified as a product

INTRODUCTION

The spotted or knotted texture is a distinctive fea-
ture typical of low-grade contact-metamorphosed pelites
(e.g., Harker 1939, Kerrick 1990). This texture is pro-
duced in most cases (but not all: see below) by subhedral
crystals of andalusite or cordierite (or both) that over-
print the pre-existing foliation. In many cases, the only
change observed is the development of mm-sized ovoid
spots consisting of aggregates of muscovite and chlo-
rite that are interpreted to be the result of the alteration
of cordierite crystals (Pattison & Tracy 1991). More-
over, the outermost zone of the contact aureoles devel-
oped in pelitic rocks is characterized by the occurrence
of biotite together with muscovite and chlorite (Miyashiro
1994), and these aggregates of phyllosilicates are then
interpreted as the first product of the metamorphic reac-
tions at low temperature.

In metaclastites from the Maláguide Complex (Betic
Cordilleras, Spain), the assemblage muscovite + chlo-
rite is widespread. Moreover, chlorite-bearing mixed-
layers and vermiculite have also been described (Ruiz
Cruz 1999, 2001) and interpreted as having being
formed from chlorite during the prograde Alpine meta-
morphic event. This study focuses on the development
of spotted slate in restricted areas of this Complex. From
a previous study of ten samples of spotted slate, three
samples showing a different degree of spot development
were selected for a detailed study, using X-ray diffrac-
tion (XRD), electron-microprobe analysis (EMPA), and
transmission electron microscopy with analytical capa-
bility (TEM–AEM).

The aim of this study is to determine both the struc-
tural and the chemical changes associated with spot for-
mation. These data may supply important information
about the stability relationships between chlorite and
berthierine, as well as about the origin of these aggre-
gates of phyllosilicates.

BACKGROUND INFORMATION

In the zone below the biotite isograd, textural modi-
fications are subtle. Furthermore, the fine-grained as-
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of the retrograde alteration of Fe-bearing phases such
as cordierite (Abad-Ortega & Nieto 1995) and chloritoid
(Banfield et al. 1989), and the possibility that berthierine
may form during a hydrothermal or metamorphic pro-
cess has been pointed out by Slack et al. (1992) and
Jiang et al. (1992). On the other hand, the persistence of
berthierine, partially transformed into chlorite, in
metapelites metamorphosed to the prehnite–pumpellyite
facies (Coombs et al. 2000) and in rocks of the granu-
lite facies (Xu & Veblen 1996) lends support to the
possibility of a stability field for berthierine, that over-

laps that of chlorite with a somewhat similar composi-
tion.

GEOLOGICAL SETTING

The Maláguide Complex forms part of the Internal
zones of the Betic Cordilleras in southern Spain (Fig. 1).
Three main tectonic Complexes have been distinguished
within the Internal zones; from bottom to top, and in
order of decreasing metamorphic grade, these are:
Nevado–Filábride, Alpujárride, and Maláguide.

FIG. 1. Geological sketch of the Maláguide Complex in the Málaga area, southern Spain, and location of the samples studied.
The spotted slates have been identified in the shaded area. Inset: position of the study area in the Betic Cordilleras.
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The zone studied comprises the most important ex-
posure of the Maláguide suite, located near Málaga
(Fig. 1). The Paleozoic sequence of the Maláguide Com-
plex in the Málaga area comprises three members
(Mäkel 1985): a) the phyllite member; b) the “calizas
alabeadas” member, and c) the greywacke–shale mem-
ber. Variably colored phyllitic rocks form the basal part
of the Paleozoic. The overlying sequence comprises
limestone with intercalated shale and greywackes. The
bulk of the Paleozoic Unit is made up of rocks of the
greywacke–shale member, consisting of a rhythmic al-
ternation of greywacke, shale and siltstone. Tectonic
features (Mäkel 1985) and petrological data (Ruiz Cruz
1997, Ruiz Cruz & Andreo 1996a) indicate that both
the Variscan and the Alpine orogenies affected this
Complex. Temperatures deduced from variations in
chlorite composition (Ruiz Cruz 1997) are in the order
of 300°C during the Variscan event, whereas the range
of 150°C – >300°C was identified in Alpine chlorites.

On the basis of the illite “crystallinity” (IC) and chlo-
rite “crystallinity” (CC) indices, three zones, diagenetic,
anchizone and epizone, have been documented in the
study area, which approximately correspond to the
Permo-Triassic, the Carboniferous–Devonian and the
Silurian–Ordovician sequences (Ruiz Cruz & Rodríguez
Jiménez 2002). The oldest sequence (or phyllite mem-
ber) (Mäkel 1985) is also characterized by the presence
of numerous mafic dikes, more abundant in the lower
part of the sequence. The dikes are considered to repre-
sent the remains of one of the earliest magmatic epi-
sodes within the Neogene volcanic province that is
associated with the late orogenic evolution of the
Alboran region (Torres Roldán et al. 1986).

The monotonous assemblage quartz – albite – mus-
covite – chlorite is the most widespread in the Malá-
guide rocks. Moreover, the local development of other
phyllosilicate and non-phyllosilicate phases has permit-
ted the determination of a detailed metamorphic zona-
tion (Ruiz Cruz & Rodriguez Jiménez 2002). In Al-rich
graywackes from the Permo-Triassic and Carboniferous
sequences, the evolutionary sequence kaolinite →
dickite → nacrite has been identified (Ruiz Cruz 1996,
Ruiz Cruz & Andreo 1996a), which locally evolves to-
ward tosudite (Ruiz Cruz & Andreo 1996b). Through-
out the Paleozoic sequence, reactions involving chlorite
have led to the following sequence of minerals, with
increasing metamorphic grade: mica–chlorite mixed-
layers → chlorite–vermiculite mixed-layers → vermicu-
lite (Ruiz Cruz 1999, 2001). The development of other
metamorphic minerals, mainly chloritoid, paragonite,
andalusite and garnet, is restricted to the southeastern
part of the area studied, near the boundary with the
Benamocarra unit, which is considered to be transitional
between the Maláguide and the Alpujárride Complexes.

Because of the thinness of the dikes (<1 m), their
contact-metamorphic effect on the enclosing slates
cannot be identified in most of the Maláguide rocks.
Nevertheless, spotted slates with textural features char-

acteristic of an external aureole zone appear in the stud-
ied area, although at the moment, this metamorphic ef-
fect on the enclosing slates has been identified in a
restricted zone only (Fig. 1).

SAMPLES AND EXPERIMENTAL METHODS

The samples studied have been collected about 10
km north of Málaga (Fig. 1). On the basis of their tex-
ture, mineral assemblages and IC data, these samples
belong to the upper epizone (Ruiz Cruz & Rodríguez
Jiménez 2002). The mineral assemblages were investi-
gated by means of X-ray diffraction (XRD), optical
microscopy (OP), electron-microprobe analysis
(EMPA), and transmission electron microscopy (TEM–
AEM).

X-ray patterns, obtained from hand-enriched concen-
trates of spots and from the spot-free areas of the spot-
ted slates, were recorded using a Siemens D–5000
diffractometer with CuK� radiation and graphite mono-
chromator, operated at 40 mA and 40 kV with a 0.01°
step size and 1 s counting time. Random samples from
slates and from concentrates of spots were used for de-
terminations of the semiquantitative mineralogical
composition and of the b parameter of the mafic phyllo-
silicates. Oriented samples, obtained in the air-dried
state (natural and Mg-saturated samples), after ethylene
glycol solvation and after heating at 550°C, were used
for phyllosilicate identification.

Polished and carbon-coated thin sections were im-
aged using back-scattered electrons and analyzed by
electron microprobe (EMPA), using a Cameca SX–50
apparatus. ZAF corrections and data reductions were
performed with the software package supplied by
Cameca. The accelerating voltage was 20 kV, and the
beam current, 20 nA. In order to minimize volatiliza-
tion of light elements, the spot size was set to 5 �m.
Under routine operating conditions, the accuracy is
about 1.5% of the measured concentrations. We used
the following standards: wollastonite for Si and Ca, syn-
thetic Al2O3 for Al, orthoclase for K, albite for Na, syn-
thetic Fe2O3 for Fe, periclase for Mg, and synthetic
MnTiO3 for Mn and Ti.

Thin sections cut perpendicular to the main schis-
tosity were used for the investigation by transmission
and analytical electron microscopy (TEM–AEM). Grids
were attached to selected areas and later separated from
the glass backing. These areas were ion-thinned and
carbon-coated and examined with a 200 kV Philips CM–
20 transmission electron microscope, operating at 200
kV, equipped with an EDAX solid-state EDX detector
(ultrathin window). Samples were thinned with a Gatan
dual ion-mill, using an accelerating voltage of 6 kV
during three stages: (a) incidence angle of 15° and probe
current of 1 nA, (b) incidence angle of 15° and probe
current of 0.6 nA, and (c) incidence angle of 12° and
probe current of 0.4 nA. The scanning TEM mode was
used for quantitative analyses of particles using a 40 Å
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diameter beam and variable scanning area, according to
the size of the packets. Counting times of 200 s were
used except for Na and K, for which we used a 30-s
counting time. Muscovite, albite, spessartine, olivine
and titanite were used as standards to calculate K-fac-
tors by the thin-film method of Lorimer & Cliff (1976).
Although numerous analyses were carried out, only
those obtained from areas well characterized by lattice-
fringe images and electron-diffraction patterns were
used in tables and figures. Normalization of muscovite
and biotite formulae was based on charge balance rela-
tive to 11 atoms of oxygen. Normalization of berthierine
and chlorite compositions followed the approach of
Jiang et al. (1992) (charge balance relative to 14 atoms
of oxygen and a total of ≤10 tetrahedrally and octahe-
drally coordinated cations). The relative number of Fe2+

and Fe3+ ions was determined by charge balance.

RESULTS

Optical microscopy

Spotted slates show a variable proportion of spots.
These attain about 18% by volume in samples showing
the greatest development. Slates show a well-defined
schistosity, and a common crenulation. Schistosity is
marked by the presence of thin alternating bands that
are quartz-, mica- or chlorite-rich. In spite of the small
size of the phyllosilicate grains, chlorite-rich bands are
easily distinguished by a slight brown pleochroism,
which characterizes, in the Maláguide suite, the Fe-rich
chlorite containing some ferric iron (Ruiz Cruz 1997).
The more striking differences among the samples stud-
ied are textural, and concern the degree of spot devel-
opment. The spots either overprint or preserve the
pre-existing schistosity, and show differently zoned
textures, to be described here.

Most of the spots are ovoid and are on the order of
0.5–2 mm across. Spots preferentially develop in chlo-
rite- and mica-rich bands, and show a variable develop-
ment of concentric zones (Fig. 2). Spots formed from
chlorite- and oxide-rich bands are characterized by the
presence of an outer yellow to reddish zone, which sur-
rounds an inner lighter zone (Fig. 2A). The thickness of
these zones is also dependent of the degree of spot de-
velopment. Those spots formed in mica-rich bands are
colorless, although they generally appear surrounded by
a yellow outer rim of very variable development. These
spots appear is some cases formed by aggregates of
phyllosilicates and quartz (Figs. 2C, D) but, more com-
monly, their birefringence is notably lower than that of
the enclosing slates (Fig. 2B). The greatest development
of spots is found in mica- and chlorite-rich bands (also
including quartz-rich bands), and the zonation is not
homogeneous, the yellow outer rim being restricted to
some zones of the spot, and the colorless area being
better developed. The spots shown in Figure 2 were se-
lected for the EMPA study, and a set of spots with simi-

lar optical characteristics were used for the TEM–AEM
study.

X-ray diffraction

The characteristic mineral assemblage of the slates,
deduced from the XRD patterns, is quartz + albite +
muscovite + chlorite, although minor mica–chlorite
mixed-layers are present in some of the samples. Min-
eralogical characteristics of the samples selected have
been summarized in Table 1. Differences among the
samples studied concern the mica:chlorite ratio, and the
presence or lack of chlorite-bearing mixed-layers.

X-ray-diffraction patterns of both the slates and the
concentrates of spots do not show evident mineralogi-
cal distinctions, although a chlorite enrichment relative
to mica and an increase in the intensity of the 7-Å rela-
tive to the 14-Å reflection may be observed in the
patterns of the spots (Fig. 3). The most significant dif-
ference involves the position of the 060 reflection of the
trioctahedral phases, which shifts from 1.550 Å in slates
to 1.561 Å in spot-enriched concentrates (values corre-
sponding to b0 = 9.30 and 9.37 Å), a change that sug-
gests an enrichment in Fe (Brown & Brindley 1980).
Chlorite from spot-free slates displays X-ray traces simi-
lar to those obtained in typical Maláguide metaclastites
with a similar metamorphic grade. These features are
intense odd reflections and weak even reflections, which
are characteristic of Fe-rich specimens (Ruiz Cruz &
Moreno Real 1996). The random patterns show a distri-
bution of 20l (13l) diffraction intensity characteristic of
a IIb polytype, or the subfamily C (Weiss 1991). The
muscovite reflections correspond to a 2M1 polytype
(Bailey 1980a).

Electron-microprobe results

The most significant chemical changes associated
with spot formation, relative to the enclosing slates, have
been evaluated with the electron-microprobe results.
These do not permit the exact chemical characterization
of the several phases because the small size of the grains,
but provide useful information about the distribution of
the major chemical components within several zones in
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the spots. The results of the EMPA data obtained along
the sections marked in Figure 2 have been plotted in
Figures 4, 5 and 6. In these plots, the greatest Si con-
tents mainly reflect the contribution of quartz, whereas
the highest contents in Fe, K and Na reflect, respec-
tively, the contribution of chlorite-like phases, mica and
albite. A slight increase in Ti content indicates, on the
other hand, the presence of biotite.

In spots formed in chlorite-rich slates (Figs. 2A, 4),
the zonal structure is clearly reflected in the distribution

of the major elements. This plot reveals an enrichment
in quartz in the inner zone, relative to the reddish outer
rim. The distribution of both Fe and Mg also reflects
the observed zonation. These elements show a strong
positive correlation outside the spots, since they are
mainly held in chlorite. This correlation is not observed
in the reddish outer rim, where Fe content systemati-
cally increases, whereas Mg content show a lower, ho-
mogeneous concentration. In the innermost zone, again
a positive correlation is observed, the content of both

FIG. 2. Photomicrographs showing the most significant textural features of the spots. A. Zoned spot with an outer Fe-rich area
(red) and a Si-enriched core (parallel nicols, sample CH–39). B. Poorly defined light spot with a narrow and incomplete
yellow rim. The zonation consists of an outer quartz-rich zone and an inner isotropic zone, both containing numerous lamellae
of mica (crossed nicols, sample CH–30). C and D. Zoned spot with a narrow outer yellow rim and an inner micaceous core
(parallel and crossed nicols, sample CH–30). The lines mark the position of the profiles along of which the EMPA data shown
in Figures 4, 5 and 6 were obtained. The scale is common for all the photomicrographs.
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mogeneous Si and Al contents. This area is also depleted
in both Fe and Mg. Variations in K and Na in this zone
reflect the presence of small micaceous grains that are
homogeneously distributed. The transition from the iso-
tropic zone to the outer rim occurs through a quartz-
rich zone.

Transmission–analytical electron microscopy
of spot-free areas of spotted slates

TEM images of spot-free areas of the spotted slates
show that crystals of muscovite and chlorite are oriented
parallel to the planes of schistosity, and have undergone
variable degrees of deformation. Muscovite and chlo-
rite grains seem to form parallel packets with a thick-
ness of the order of 0.2 to 0.5 �m. Muscovite shows
lattice-fringe images displaying periodicities of both 10
and 20 Å, and the selected-area diffraction (SAED) pat-
terns reveal an ordered two-layer polytype (Fig. 7A).
The high-resolution images of the non-deformed chlo-
rite crystals show a high regularity and rare structural
defects. The SAED patterns obtained in different pack-
ets of chlorite correspond to ordered one-layer and two-
layer polytypes (Fig. 7B).

FIG. 3. X-ray-diffraction patterns (random samples) obtained from spot-free areas of slates
(A) and from concentrates of spots (B). Qtz: quartz, Ms: muscovite, Chl: chlorite, Brt:
berthierine.

Fe and Mg being more homogeneous than beyond the
spots. Na and K contents show a symmetrical distribu-
tion almost parallel to that of Fe. In the slates, these el-
ements show a negative correlation related to their
different distribution either in mica (K) or in albite (Na).
Within the spots, both K and Na contents decrease, and
their positive correlation indicates that Na forms part of
the mica phases.

The chemical variations observed in micaceous
spots, such as those shown in Figures 2C and D, are
mainly reflected by the relative variations of Si and Al
as well as in the (Fe + Mg) distribution (Fig. 5). In this
spot, the narrow outer rim shows the highest (Fe + Mg)
content, whereas the concentration of these elements
clearly decreases in the core of the spots. On the other
hand, the high K content reflects the mica-rich nature of
the spot. Nevertheless, some areas of the spot show a
clear increase in Al, which leads to Si/Al values near 1.

A more complete chemical transformation is ob-
served in some other spots, such as that shown in Fig-
ure 2B, although the presence of quartz-rich bands
prevents the development of a symmetrical zonation. In
this case (Fig. 6), a well-developed isotropic inner zone
is characterized by the lack of quartz, resulting in ho-

Chl+Brt
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AEM data on muscovite (Table 2) indicate that the
K content is commonly lower than 1 apfu (atom per
formula unit, calculated for 11 O). Nevertheless, if the
analyses are done with a larger window, the K content
notably increases, indicating that K is partially lost dur-
ing the analyses. The determination of the exact Si con-
tent is, as a result, imprecise, but it ranges between 3.10
and 3.25 apfu. The (Fe + Mg) content also is variable,
reaching up 0.50 apfu. AEM data on chlorite show a
high IVAl content (from 1.28 to 1.50 apfu) and a high Fe
content. The structural formulae show a slightly lower
Si content than most of the chlorite in spot-free slates
with similar stratigraphic position. Such chlorite may
be classified as chamosite, following the recommenda-

tions of the AIPEA Nomenclature Committee (Bailey
1980b).

Transmission–analytical electron microscopy of spots

Our TEM observations and, especially, the AEM
data obtained in differently textured spots, reveal that
they contain two characteristic mineral associations
which, although present, are developed to a very vari-
able degree, in most of the spots studied. The assem-
blage muscovite + berthierine (with occasional chlorite)
is the most abundant in the yellow to reddish spots, such
as that shown in Figure 2A, where it appears in both the
outer zone and the innermost part of the spots, in con-

FIG. 4. Chemical variations along the spot shown in Figure 2A. Vertical lines mark the
limits between adjacent zones.

Mg
Fe
Ti
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tact with amorphous phases. The second assemblage
contains muscovite + chlorite + biotite, and preferen-
tially develops in micaceous spots, such as that shown
in Figures 2C and D. Both associations commonly co-
exist within a single spot, berthierine being dominant in
the yellow, Fe-rich zone.

The muscovite + berthierine ± chlorite
assemblage in the spots

In the outer zone of the spots, muscovite and
berthierine form either crystals containing a single phase
or a fine intergrowth of the two phases. The presence of
chlorite packets is also common in these areas. The two
types of packets show variable size and generally dis-
play important signs of deformation (berthierine pack-
ets) and signs of damage (muscovite and muscovite–
berthierine intergrowths). In Figure 8A, the berthierine
packet appears intensely deformed, whereas the com-

posite muscovite–berthierine intergrowth, with a differ-
ent orientation, appears to be almost undeformed. The
high-resolution images of the discrete packets of
berthierine (Fig. 8B) commonly show large areas with
regular 7-Å periodicity, in which 14-Å fringes appear
regularly spaced. The SAED patterns only show reflec-
tions with a 7-Å spacing, which confirms that these
packets have a serpentine-like structure. Intergrowths
of 14-Å and 7-Å layers have been previously described
(e.g., Amouric et al. 1988, Slack et al. 1992, Abad-
Ortega & Nieto 1995), the 14-Å layers being interpreted
either as chlorite layers or as two layers of 7-Å
berthierine. In this case, the observation of numerous
transitions from 7-Å to 14-Å periodicities along the lay-
ers, as well as the presence of bands with a strain con-
trast oblique to (001), indicate (Jiang et al. 1992) that
the 14-Å fringes correspond to layers of true chlorite
rather than to two layers of berthierine, and suggest that
berthierine formed from chlorite.

FIG. 5. Chemical variations along the spot shown in Figures 2C and 2D.
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The composition of the packets showing a 7-Å peri-
odicity correspond to a Fe–Al–Mg phyllosilicate, simi-
lar to Fe-rich oxidized chlorite (Table 3). The structural
formulae, calculated on the basis of 14 atoms of oxy-
gen, indicate that IVAl is on the order of 1.8 apfu. In the
octahedral positions, Al content is generally lower, the
charge deficit being compensated by the presence of
Fe3+. In these cases, structural formulae have been cal-
culated on the basis of 14 atoms of oxygen and with the
assumption that there are six octahedral sites. Some of
the formulae calculated are within the compositional
field of berthierine, according to the data of Brindley
(1982), although most of these show total Al content
clearly lower than that characteristic of berthierine. In
fact, the formulae obtained indicate some degree of solid
solution between berthierine and another 7-Å phase,
presumably the Fe analogue of amesite (Bailey 1988).
Since such intermediate phases appear in the same

microdomains as the berthierine, and have no specific
name, we will also use the name berthierine.

In these areas, muscovite crystals generally contain
discrete packets of berthierine on the order of 50–100 Å
thick, the transition 7 Å – 10 Å being common along
the layers. Figure 9 shows a complex intergrowth of
muscovite, berthierine and mixed-layer muscovite–
berthierine, with mineral boundaries preferentially par-
allel or subparallel to (001). This figure also shows
evidence of termination of layers, with associated strain
contrast, related to the change in layer periodicity. These
structural defects seem concentrated within the packets
of berthierine, where 1:1 regular interstratifications are
locally observed. On the contrary, the packets showing
10-Å periodicity display sparse structural defects. These
types of textural relationships between muscovite and
berthierine suggest that both mixed-layer phases and
berthierine formed from a previous phase with a 10-Å

FIG. 6. Chemical variations along the spot shown in Figure 2B. Vertical lines mark the
limits between adjacent zones.
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periodicity, which has been, to a great extent, preserved.
The corresponding diffraction pattern shows the basal
spots of both phases together with streaking correspond-
ing to the interstratified phase. In these areas, berthierine
compositions show a lower Fe content, probably reflect-
ing the influence of the precursor phase.

The assemblage muscovite + berthierine also appears
in contact with the optically isotropic areas. Figure 10
shows a composite stack of muscovite and berthierine
in contact with “amorphous” phases. Lens-shaped pores
are abundant in the berthierine packet as well as associ-
ated with the muscovite–berthierine boundaries, either
oblique or parallel to (001). The “amorphous” phases
appear at the TEM scale as short lamellae, commonly
bent, and leading to rounded aggregates. The SAED
patterns obtained of the “amorphous” areas (inset in Fig.
10) show a single diffraction-maximum at about 3.4 Å,
similar to that observed in dehydrated kaolinite. The
SAED patterns of muscovite and berthierine show, in
these areas, streaking perpendicular to c*, which reflects
the bending of the packets, as well as some streaking
parallel to c*, indicating stacking disorder in both types
of phases.

The AEM data of the muscovite packets (Table 3)
reveal, in these areas, a K content clearly lower than 1,
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if the structural formulae are calculated on the basis of
11 atoms of oxygen, and a high (Fe + Mg) content,
which probably reflects contamination by berthierine.
The AEM data collected on the isotropic areas reveal
that they contain Si and Al, in a proportion similar to
kaolinite, with a very variable content of Fe and Mg
(Table 3).

The muscovite – chlorite – biotite
assemblage in the spots

The second type of mineral assemblage is character-
ized by the presence of large stacks of the phyllosilicates
muscovite, chlorite and biotite. In these areas, chlorite

shows variable structural and chemical features. Disor-
dered to very ordered polytypes appear either as alter-
nating packets or within a single packet (Fig. 11A).
Disordered chlorite is easily identified by the presence
of alternating groups of layers with different contrast,
probably reflecting semirandom stacking, which leads
to rows of 0kl reflections forming almost continuous
lines. The SAED patterns of the ordered chlorite are
similar to those obtained in spot-free areas and corre-
spond to the ordered one-layer polytype. The AEM data
for both types of chlorite (Table 4) reveal that disorder
is accompanied by slight changes in the Si/Al value,
which leads to high IVAl content in the disordered pack-
ets. Since most of the calculated structural formulae

FIG. 7. TEM images of muscovite (A) and chlorite (B) in spot-free areas of the spotted slates. The SAED pattern of muscovite
(inset in A) indicates a two-layer polytype. The SAED pattern of chlorite (inset in B) corresponds to a one-layer polytype.
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show IVAl > VIAl, the stipulation that octahedral occu-
pancies be equal to 6 also requires, as in berthierine
compositions, that some Fe be ferric iron. Thus, the dis-
ordered polytypes of chlorite show tetrahedral occu-

pancy and Fe content intermediate between the ordered
chlorite and berthierine. AEM data on muscovite reveal
a high content of Na (about 25%).

FIG. 8. A. Low-magnification TEM image of berthierine (Brt) and muscovite–berthierine
(Ms–Brt) packets. The berthierine packet appears intensely deformed, whereas the
muscovite–berthierine packet do not show signs of deformation. The SAED pattern
(inset) shows the basal reflections of both berthierine and muscovite. Numbers on the
packets correspond to numbers on the 00l reflection rows of the SAED pattern. B. High-
resolution image of a berthierine packet showing 7-Å periodicity. Some fringes with
14-Å periodicity appear interstratified. Arrows mark layer transition (from 7 Å to 14 Å).
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In low-magnification images, packets of biotite ap-
pear to be defect-free (Fig. 11B), and generally show
well-defined changes in contrast, suggesting (001)-
twinned lamellae (Deer et al. 1976). Lattice-fringe im-
ages show that packets of biotite are commonly
interstratified with 14-Å-type layers (Fig. 12). These
seem regularly spaced within the biotite packets, either
showing continuity or changing, along the layers, to 10-
Å layers, the transition being responsible for the bend-
ing of the layers. The interstratified 14-Å fringes may
be interpreted as being due to two layers of berthierine
or to one layer of chlorite. The fact that all the observed
interstratified packets contain a number of layers that is
an even multiple of 7 indicates, however, that these cor-
respond to true chlorite.

In spite of a variable concentration of structural de-
fects, the AEM data for biotite (Table 4) reveal a uni-
form composition, with a Si content near 2.5 apfu, and
an Al content on the order of 1.8 apfu. Biotite also con-
tain Na in proportions similar to those of muscovite. The

low but constant Ti content (from 0.08 to 1.2 apfu) also
characterizes biotite.

DISCUSSION

The spots: prograde or retrograde formation?

On the basis of the spatial and textural relations
(Kerrick 1991), the formation of spots could be related
to a local contact metamorphism. A first question con-
cerns the origin of the mineral assemblages described.
Did they form during a prograde process or during the
retrograde alteration of precursor phases? Most of the
micaceous spots identified in the external zones of
contact aureoles are considered to have formed from
pre-existing cordierite (Pattison & Tracy 1991). Never-
theless, in the Maláguide Complex, spotted slates con-
taining cordierite or andalusite have not been identified.
Moreover, in the spotted slates, both the texture and the
mineralogy of the spots suggest a primary origin for

FIG. 9. High-resolution image of a composite muscovite–berthierine packet. The berthierine areas show both random and regular
interstratifications with muscovite layers. The SAED pattern (inset) shows the basal reflections of both muscovite and
berthierine. Bands of strain contrast almost perpendicular to (001) appear in the transition zone between mixed-layer packets
and berthierine. Ms: muscovite, Brt: berthierine, ML: mixed-layer muscovite–berthierine.
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them. A clear continuity in the orientation of the
phyllosilicates is observed from slates to poorly evolved
spots, indicating that the phyllosilicates in the spots rep-
resent a transformation of those in the slate. On the con-
trary, the transformation of large crystals of precursor
phases mainly lead to phyllosilicate veinlets and
unoriented aggregates, and even where phyllosilicates
show a clear orientation, they follow favorable struc-

tural directions of the parent phases, as observed in the
transformation of feldspars to kaolinite and white mica,
and in chlorite formed from andalusite (Ahn & Buseck
1988). On the other hand, the observed associations of
minerals are difficult to explain by the breakdown of
andalusite or cordierite. Retrograde alteration of an-
dalusite would mainly lead to Al-rich phases such as
kaolinite, muscovite, margarite and donbassite (Kerrick

FIG. 10. Low-magnification TEM image showing the boundary between the phyllosilicates and the “amorphous” phases. Arrow
marks the boundary between muscovite and berthierine, oblique to (001). The “amorphous” phases seem to consist of small
lamellae, commonly curved. The SAED pattern of the “amorphous” phases (A) shows a maximum of the scattering band at
about 3.40 Å. SAED B and C, which were respectively obtained in the berthierine and muscovite packets, show either intense
reflections of berthierine and weak reflections of muscovite, or intense muscovite reflections and weak berthierine ones.
Ms: muscovite, Brt: berthierine. Numbers indicate the areas in which the analytical results shown in Table 3 were obtained.
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FIG. 11. A. Low-magnification TEM image of muscovite–chlorite packets. The SAED patterns (inset) correspond to adjacent
packets of ordered (O-Chl) and disordered (D-Chl) chlorite. Numbers indicate the areas in which the analyses of chlorite
shown in Table 4 were obtained. B. Low-magnification image of biotite, showing (001)-twinned lamellae. The SAED pattern
(inset) corresponds to a two-layer polytype.
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1990), whereas the alteration of cordierite only would
lead to Fe–Mg phyllosilicates, as observed by Abad-
Ortega & Nieto (1995). Thus, we interpret the spots as
formed by the direct transformation of slates during the
prograde stage of thermal metamorphism, probably be-
low the andalusite zone.

Phyllosilicate transformations during spot formation

Both the AEM data and the structural information
deduced from the SAED patterns have permitted us to

follow the most significant modifications that affected
the original phyllosilicates in the slate during spot for-
mation. As pointed out, two different associations have
been identified, either in different spots or in different
areas of a single spot, suggesting that the reactions fol-
lowed two different paths, which, respectively, led to
the formation of berthierine or biotite.

Some berthierine packets contain 14-Å chlorite lay-
ers and show abundant deformation-induced features
(Fig. 8). Both facts suggest that berthierine formed from
chlorite through a topotactic reaction, which would fa-

FIG. 12. Lattice-fringe image of biotite, showing interstratified layers with 14-Å periodicity. Biotite fringes show either 10-Å or
20-Å periodicities. The SAED pattern (inset) corresponds to a well-ordered two-layer polytype.
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vor the preservation of signs of deformation of the pre-
existing Alpine chlorite. A similar mode of formation
of berthierine from chlorite has been invoked as the
main mechanism of formation by Slack et al. (1992).
Chemical modifications of chlorite from spots, relative
to chlorite from spot-free slates, include a decrease of
Si and a slight enrichment in Fe (Tables 2, 4). These
modifications induce higher IVAl contents, which prob-
ably represent re-equilibration of chlorite at a higher
temperature (Cathelineau 1988). A similar trend is ob-

served in berthierine compositions relative to chlorite.
In this case, the strong decrease in Si is accompanied by
notably higher Fe content and lower Al content. This
chemical evolution has been represented in the triangu-
lar diagrams Si – Al – (Fe + Mg + Mn + Ti) and Al –
(Fe + Mn) – (Mg + Ti) (Fig. 13).

The chemical changes described are also accompa-
nied by structural modifications, such as the change
from ordered polytypes of chlorite to polytypes with
variable disorder in the stacking sequence. The struc-

FIG. 13. Plot of the several phyllosilicate phases on the triangular diagrams Si – Al – (Fe
+ Mg + Mn + Ti) (A) and Al – (Fe + Mn) – (Mg + Ti) (B). Full triangles: chlorite, full
stars: berthierine, full circles: biotite, full squares: muscovite, full diamond: muscovite–
berthierine intergrowths and mixed-layers, empty stars: “amorphous phases”.
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tural change from the chlorite to the berthierine struc-
ture is in most cases accompanied by important chemi-
cal variations. This fact suggests that the structural
modifications occur as a consequence of the chemical
changes associated with spot formation, the growth of
the 7-Å structure of the berthierine being, in appearance,
favored in microdomains where Fe content is higher. In
this model, the disordered chlorite probably represents
an intermediate phase in the transformation of ordered
chlorite to berthierine.

Although most of the berthierine probably formed
from chlorite, both the increase in the 7-Å phase rela-
tive to mica in the concentrates of spots and the TEM
images indicate that berthierine formation also involved
muscovite. The high-resolution images reveal that most
of the muscovite packets in contact with berthierine
contain thin packets of berthierine. Moreover, musco-
vite and berthierine are interstratified in a wide range of
relations, which are consistent with an intermediate
stage of alteration from muscovite to berthierine, under
non-equilibrium conditions. The formation of berthier-
ine from muscovite during hydrothermal alteration has
been considered as a probable mechanism by Slack et
al. (1992). Textural data indicate that berthierine formed
from muscovite, but the possibility that both phases
formed from a common precursor, e.g., from the break-
down of phengite in muscovite + berthierine, cannot be
excluded.

The formation of biotite by reaction of phengite and
chlorite has been well characterized in low-grade
metapelites (Guidotti 1984, Frey 1987). High-resolution
images of biotite (Fig. 12) show 14-Å fringes, which
suggests that most of the biotite formed from chlorite.
At the same time, this reaction led to (Fe + Mg)-free
muscovite, with about 25% paragonite. Nevertheless,
this reaction occurred to a lesser extent than that lead-
ing to berthierine. A comparison of berthierine and bi-
otite compositions (Tables 3, 4, Fig. 13) reveals
important differences in Si, Fe and Mg content in the
two phases, suggesting a chemical control in the forma-
tion of either berthierine or biotite.

Chemical modifications associated with spot forma-
tion appear to confirm this hypothesis. Thus in spots
with a high Fe content, the association muscovite +
berthierine is dominant (Figs. 2A, 4), whereas colorless
spots with lower Fe content (Figs. 2C, D, 5) mainly
contain the association muscovite + chlorite + biotite.
Variable migration of Fe from the innermost zone of
the spots toward the outer zones, and the parallel, in-
verse movement of Al, are responsible for the observed
zonation of minerals, and probably for the development
either of biotite or berthierine.

The presence of berthierine in spots again poses the
question of the stability field of this phase, which has
been classically considered as a low-temperature poly-
morph of Fe-rich chlorite (Jiang et al. 1992, Xu &
Veblen 1996). It is clear from the AEM data that
berthierine and chlorite cannot be considered as poly-
morphs in the rocks studied. This evidence supports the
possibility of a true field of stability for berthierine in
conditions of low-temperature thermal metamorphism.
Nevertheless, the lack of equilibrium in the spots stud-
ied is indicated by the coexistence of several polytypes
of chlorite together with berthierine in restricted
microdomains (Jiang et al. 1992), as well as by the pres-
ence of “amorphous” phases, which could represent in-
termediate steps in the formation of andalusite and
cordierite. The lack of equilibrium, probably caused by
the high rate of heating, would also explain the forma-
tion of berthierine if this is a metastable phase. The ab-
sence of andalusite or cordierite in the spots indicates
either that the temperatures required for their formation
from a reaction of muscovite and chlorite (about 550°C)
were not attained or, more probably, that the rapid heat-
ing and cooling prevented the complete chemical rear-
rangement.

CONCLUDING REMARKS

Both textural features of the spots and chemical
changes associated with spot formation indicate that the
zoned spots formed during a prograde stage of thermal
metamorphism, associated with the intrusion of dikes.
The local formation of biotite indicates that the mini-
mum temperature was above 400°C. The chemical zo-
nation and the presence of “amorphous” Al-rich phases
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also suggest that these spots represent an intermediate
stage in the formation of andalusite or cordierite.

In the spots studied, the formation of berthierine
appears to be related to two different processes, the
transformation of the pre-existing chlorite and the re-
placement of muscovite. Textural and chemical lines of
evidence indicate that the structure of berthierine is fa-
vored by the increase in Fe availability. Nevertheless,
the non-equilibrium conditions, revealed by the coex-
istence of some chlorite polytypes and by the presence
of “amorphous” phases, suggest that berthierine repre-
sents a metastable phase, developed during a brief event.
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