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assemblages and retrograde alteration in
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ABSTRACT: We have carried out optical microscpy, X-ray diffraction (XRD) and scanning and
transmission electron microscopy (SEM and TEM) studies of phyllosilicates from black slates of
very low to low-grade metamorphism. Such slates belong to a Middle/Late Devonian basin and an
Early Carboniferous basin associated with the Porto—Tomar—Ferreira do Alentejo strike-slip shear
zone (Ossa-Morena Zone, Portuguese Iberian Variscan Massif). These black slates are imbricated in
an Upper Proterozoic substratum of higher metamorphic grade. Kiibler Index values of white micas
and mineral assemblages deduced from the XRD, SEM and TEM data (muscovite, chlorite and
pyrophyllite) indicate high anchizonal and epizonal metamorphic conditions for slates from these
basins. The b parameter and the phengitic contents of mica suggest the occurrence of low pressures
(1—2 kbar) related to an extensional geotectonic setting. The dense fracture network shown by SEM
images and the high density of crystal defects revealed by the TEM study in the eastern basin,
adjacent to faults produced by shearing, suggest that their epizonal phyllosilicates were more affected
during deformation than those belonging to the western basin, favouring the development of a
retrograde association (siderite, kaolin group minerals and Al-smectite) on the epizonal paragenesis.
Microcavities formed along phyllosilicate cleavage acted as channels for fluid transport favouring

alteration under low-temperature conditions.

Keyworps: TEM, SEM, shear deformation, Iberian Massif, muscovite, chlorite, dickite, kaolinite, retrograde

alteration, low-7" metamorphism.

The phyllosilicates are minerals that provide large
amounts of information on very low and low-grade
metamorphism, and therefore are useful in deci-
phering the processes involved from diagenesis to
regional metamorphism. Merriman & Frey (1999)
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described specific patterns of very low-grade
metamorphism that are essential to distinguish
among various geotectonic settings in the absence
of higher-grade metamorphic rocks. However, the
establishment of metamorphic paths in very low
and low-grade stratigraphic sequences is not an
easy task as textural relations between minerals are
not obvious; there are intergrowths of phases, and a
general lack of equilibrium is characteristic (Nieto,
2002; Do Campo & Nieto, 2003).
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The interaction between basin heat flow, tectonic
stress, and the fluid pressure flow is the main factor
responsible for the reaction progress of clay
minerals in low-temperature environments (see
Arkai et al., 2002; Robinson et al., 2002; Kemp
et al., 2005, among others). Textural, structural and
compositional features of phyllosilicates in tectonic
basins formed by the activity of fault systems can
provide essential information about the relative
importance of these factors on the clay minerals’
crystallization (Inoue et al., 2004; Schleicher et al.,
2006). In this research, we have carried out a
detailed study of the phyllosilicates in Devonian
and Carboniferous tectonic basins located in the
Espinho—Albergaria-a-Velha metamorphic belt
(northernmost domain of the Ossa-Morena Zone;
Chaminé, 2000; Chaminé et al, 2003a,b). These
tectonic basins contain black slates of very low to
low-grade metamorphism (Mogo et al., 2001). The
very fine-grained texture of these rocks has made it
necessary to examine them not only by scanning
electron microscopy (SEM), using backscattered
electron (BSE) imaging, but also by transmission
electron microscope (TEM). We document the
crystal-chemical parameters, compositions and
textural relationships at a lattice scale of phyllosi-
licates. With all these data, we have tried to
determine the influence of the shear deformation
and the metasomatic/hydrothermal effects on the
clay minerals’ transformations and correlate the
phyllosilicate features with the geodynamic context
of these basins.

GEOLOGICAL FRAMEWORK AND
MATERIALS

The NW border of the Iberian Massif is transected
by a dextral wrench-fault, the Porto—Coimbra—
Tomar shear zone (W Portugal). This major shear
zone is a dextral strike-slip fault that acts as the
boundary between two major zones of the Iberian
Massif: the Portuguese northernmost domain of the
so-called Ossa-Morena Zone and the Central-
Iberian Zone (e.g. Lotze, 1945; Julivert et al.,
1974; Gama Pereira, 1987; Ribeiro et al., 1990;
Chaminé et al., 2003b). The study areas are found
in the western side of this mega-shear band and
therefore belong to the Espinho—Albergaria-a-
Velha metamorphic belt, Ossa-Morena Zone
(Fig. 1). This crystalline polymetamorphosed belt
of the Iberian Variscides is part of the Porto—
Tomar—Ferreira do Alentejo major shear zone
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(Chaminé, 2000; Ribeiro et al., 2003; Chaminé et
al., 2003a,b), and is enclosed within the Western
Iberian Line (Chaminé et al., 2003b).

Three types of tectonostratigraphic units can be
distinguished in this region (Chaminé, 2000;
Chaminé et al., 2003a,b, 2006; Fernandez et al.,
2003; Gomes et al., 2006 and references therein):

(1) Thrusting allochthonous units of middle- to
high-metamorphic grade, assumed of Upper
Proterozoic/Cambrian times containing biotitic
micaschist and migmatitic rocks;

(2) Autochthonous/parautochthonous Upper
Proterozoic (Beetsma, 1995) tectonostratigraphic
units of low- to high-grade metamorphic rocks,
composed of garnetiferous black-greenish phyllites
with interlayered amphibolites, garnet-staurolite
micaschist and gneissic rocks;

(3) Units with Middle-Upper Palaeozoic black
slates that are interbedded in laminated siltstones
with interlayered metacarbonates (Fernandes et al.,
2001). As result of tectonic and sedimentary
procceses, these units are overhung and imbricated
with the units b, which form the substratum where
these materials were deposited in Middle/Late
Devonian and Early Carboniferous basins. The
basins were formed on this substratum in either
transpressional or transtensional areas associated
with the Porto—Coimbra—Tomar dextral strike-slip
shear zone. The continuous action carried after this
megastructure out the imbrication of the previously
described tectonostratigraphic units. The formation
of transtensional areas by the occurrence of offsets
and bifurcations in strike-slip fault systems
produced N-S to NNW-SSE tectonic basins.
These basins are composed of Upper Palacozoic
sequences containing black slates of very low- to
low-grade metamorphism that contrast with the
country rock substratum. These metasedimentary
rocks have been observed along a strip subparallel
to the major shear zone (Chaminé et al., 2003b,
2006). The metapelitic units are obscured mainly by
Meso-Cenozoic cover deposits from the Lusitanian
Basin (Oliveira et al., 2002).

This study is focused on the Middle-Upper
Palaecozoic black slates from two tectonic basins
associated with the Porto—Coimbra—Tomar shear
zone, which are located within the Albergaria-a-
Velha—Agueda area (Fig. 1). The western basin is
>2 km from the major fault zone and contains Early
Carboniferous black slates characterized by a rather
constant foliation dip. By contrast, the eastern basin
is limited by important faults of the shear zone. The

WHAT DOES THIS b MEAN?
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studied basins. Regional geotectonic framework of the

Albergaria-a-Velha—Agueda area in the Porto—Coimbra—Tomar shear zone, Ossa-Morena Zone, NW Portugal

(adapted from Chaminé, 2000; Chaminé et al., 2003, 2006; Gomes et al., 2006). Explanation: CZ: Cantabrian

Zone, WALZ: Western Asturian-Leonese Zone, GTMZ: Galicia-Tras-os-Montes Zone, CIZ: Central-Iberian

Zone, OMZ: Ossa-Morena Zone, SPZ: South Portuguese Zone, PCTFZ: Porto—Tomar shear zone, BCFZ:
Badajoz—Cordoba shear zone.

materials from this basin (correlated to Late
Devonian black slates in this area; Fernandes et
al., 2001) have important changes of the foliation
dip, showing a chaotic or melange aspect.
Moreover, these slates have some injections of
interbedded metasomatic carbonate rocks and black
greywacke lenses. Some of the studied rocks from

the eastern basin adjacent to the fault that borders
this basin (see Table 1) can be considered as
phyllonites of moderate deformation. These
samples develop a slaty cleavage mainly defined
by phyllosilicates and elongated quartz according to
the stretching direction. Chaotic zones and
sigmoidal quartz crystals can be observed.
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ANALYTICAL METHODS
X-ray diffraction

Unaltered samples of slates were carefully
collected, in order to minimize the effects of
weathering. Samples were washed and, after
coarse crushing, homogeneous rock chips were
used for preparation of samples for XRD. Whole-
rock samples and clay fraction (<2 pm) were
studied using a Philips PW 1710 X-ray diffract-
ometer Cu-ko radiation, graphite monochromator
and automatic divergence slit at the Departamento
de Mineralogia y Petrologia of the Universidad de
Granada (Spain) and a Philips X’Pert PW 3040/60
powder diffractometer with Cu-Ko radiation at the
Universidade de Aveiro (Portugal). The <2 pm
fractions were separated by repeated extraction of
supernatant liquid subsequent to settling. Oriented
aggregates were prepared by sedimentation on glass
slides. Ethylene-glycol (EG) treatment was carried
out on some samples to corroborate the identifica-
tion of smectite and/or chlorite-smectite mixed-
layers. Several samples were collected for studying
the possible presence of dickite. Vein areas were
hand-picked for analyses in order to minimize the
inclusion of impurities. The kaolinite polytype was
determined by XRD, according to Bailey (1980).
Preparations of samples and experimental condi-
tions for illite ‘crystallinity’ (Kiibler Index, KI)
measurements were carried out according to IGCP
294 1C Working Group recommendations (Kisch,
1991). Our KI measurements (y) were transformed
into C.L.S. values (x) according to the equation y =
1.897x + 0.113 (r = 0.995), obtained in the
laboratory using the inter-laboratory standards of
Warr & Rice (1994). The KI values were measured
for the <2 pm fractions and for the bulk-rock
samples. The b cell parameters of micas and
chlorites were obtained from the 060 peaks
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measured on slices of rock cut normal to the
sample foliation. For all spacing measurements,
quartz from the sample itself was used as the
internal standard. In this work, we have also made a
simple qualitative estimate of the existence of illite
polytypes by comparing the 1M, 112 and 2M; 025
reflections according to the method proposed by
Caillere et al. (1982).

Electron microscopy

Following the XRD and optical studies, represen-
tative samples were selected for electron microscopy
study on the basis of the KI values and the mineral
assemblages. Carbon-coated slices were examined by
SEM, using BSE imaging and energy-dispersive
X-ray (EDX) analysis in order to obtain textural
and chemical data. These observations were carried
out using a Zeiss DSM 950 SEM, equipped with an
X-ray Link Analytical QX-20 energy-dispersive
X-ray system (EDX) at the Centro de
Instrumentation Cientifica (C.I.C.) of the
Universidad de Granada. An accelerating voltage of
20 kV, with a beam current of 1—2 nA and counting
time of 100 s per step were used to analyse the
phyllosilicates by SEM, using both natural and
synthetic standards: albite (Na), periclase (Mg),
wollastonite (Si and Ca), and orthoclase (K), and
synthetic ALL,O3 (Al), Fe,0O3 (Fe) and MnTiO; (Ti
and Mn).

Due to the very fine-grained nature of these
samples, the spatial resolution of the textural
features obtained using the optical and SEM
microscopes was not enough to characterize all
the textural features. Therefore, two samples
representative of these basins were selected for
HRTEM study using a Philips CM20 (STEM)
located at C.I.C. and equipped with an EDX
solid-state detector, operating at 200 kV, with a

Fi. 2. Palaeozoic black shales (PBS) imbricated with the tectonostratigraphic units of the substratum (S) by the
interaction of tectonic and sedimentary processes.

Fig 2 not referred,
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LaBg filament and a spatial resolution of 2.7 A
between points and 1.4 A between fringes.

The structural formulae of micas were calculated
on the basis of 22 negative charges O;9 (OH),.
Although these analytical techniques cannot distin-
guished between Fe** and Fe*', Guidotti et al.
(1994) showed that the opaque-mineral assemblage
(hematite) can be used to estimate the Fe’'/Fe*"
ratio in muscovite. Even in low redox-potential
parageneses, ~50% of the Fe in muscovite is Fe3+,
and values close to 85 % can be reached in less
reducing environments. Therefore, in the calcula-
tions of formulae it has been assumed that 75% of
the Fe in the micas is Fe>".

Infrared spectroscopy

Dickite can be easily distinguished from other
kaolin polytypes using IR spectroscopy. The IR
spectra of samples with kaolin-group minerals were
recorded with a Nicolet 20SXB FTIR spectrometer
at C.I.C. (Universidad de Granada) over the range
4000—400 cm™' (resolution of 0.5 cm™') using
wafers with 2 mg of sample and 200 mg of KBr
each.

Chemical analyses of rocks

Whole-rock analyses of the major elements of
selected samples were carried out using X-ray
fluorescence (XRF) in a Philips PW 1040/10
spectrometer at the C.I.C. (Universidad de Granada).

M. Vazquez et al.

RESULTS

The characterization of samples by XRD and
electron microscopy techniques (SEM/EDX and
TEM/AEM — analytical electron microscopy)
shows that quartz, white mica, chlorite and
plagioclase are the principal phases in all samples.
Moreover, K-feldspar, pyrophyllite and kaolin
among others, were detected only in some
samples. Accessory minerals include Fe oxides,
siderite, rutile, ilmenite and apatite (Table 1).

XRD mineralogy and crystal-chemical
parameters

In both basins, the basal spacing of the mica is
~9.99 A (o = 0.01) and varies with no clear trend
throughout the sequences. An overall average of
8.991 A (o = 0.014) has been obtained for the b
cell parameter (Table 1). The illite ‘crystallinity’
results (Table 1) indicate that all the studied
samples fall in the ranges of very low and low-
grade metamorphism (0.34 to 0.14A°260) corre-
sponding to anchizonal and epizonal grades
(according to Merriman & Peacor, 1999). We
have not observed significant differences among
the range of ‘illite crystallinity’ values determined
in samples from the western basin and those from
the eastern basin. The illite polytype study shows
that the 2M polytype is predominant, revealing the
absence of differences for the population of
polytypes between both basins.
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Fic. 3. XRD diagram which shows the presence of dickite (D) and kaolinite (K) in an East basin sample (ST-8).
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Fic. 4. IR spectrum of dickite in an East basin sample (ST-8).

A narrow peak at 14 A of chlorite occurred both
before and after glycolation in the western basin
samples, indicating that there are no detectable
mixed-layer expandable components. In the eastern
basin slates, the chlorite has wide and poorly
defined reflection peaks at 14 A, reflecting low
quantities and poor ‘crystallinity’. Nevertheless,
interstratified chlorite-smectite and chlorite-vermi-
culite have been detected in some of these rocks.
Ethylene glycol solvation of chlorite-smectite
caused the appearance of the 004 reflection at
about 11.5°20 and a broadening of the 003 and 004
reflections, while the heating at 300°C caused the
shift to 12 A of the 14 A reflection on the
aggregates. The chlorite-vermiculite was identified
by the extent of expansion when treated with EG
and by heat treatments (14 A reflection collapsed to
12 A) The crystal-chemical parameters of chlorites
show a rather homogenous basal spacing (average =
1413 A and o = 0.01) while the b parameter is
slightly smaller in the eastern basin samples
(9.274 A) than in the western basin chlorites
(9.309 A).

In addition, kaolinite and dickite appear only in
the eastern basin samples. Dickite has been found in
veins and kaolinite in veins and in the rock matrix.
According to Bailey (1980), the XRD data of vein
samples from the eastern basin (Fig. 3) show the
presence of some characteristic reflections of
dickite such as 3.26, 3.10, 2.94 and 2.80 A.
However, we have also detected some kaolinite

reflections such as 3.84 and 1.99 10\, showing some
contamination of kaolinite in dickite samples. The
IR spectrum obtained for these samples is similar to
the dickite reference spectrum given by Farmer
(1974) over the whole frequency range. In
particular, the three bands at ~3710, 3655 and
3620 cm ™! are characteristic of dickite (Fig. 4).

Electron microscopy observations (SEM and
TEM)

Textural aspects. Back-scattered electron images
of samples from the western basin reveal the
presence of microdomains up to 50 pum thick
where a poorly developed phyllosilicate matrix
made of small size chlorite and muscovite flakes
anastomosing angular grains of albite and quartz
(Fig. 5a). These domains are limited by microbands
with a more developed parallel texture of
phyllosilicates. Muscovite and chlorite intergrowths
can be observed in these microbands. Samples from
the eastern basin show a well developed crenulation
cleavage which favoured the concentration of
quartz in the hinges and muscovite in the fold
limbs (Fig. 5b). Some open spaces in the fold
hinges are filled by kaolin. Quartz grains in fold
limbs can develop sigmoid forms. Moreover, a vein
network that commonly follows the orientation
defined by the muscovite crystals is well developed.
However, some veins cross-cutting this orientation
are aslo observed. Veins are mainly filled by
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siderite, although randomly oriented aggregates of
dickite flakes (according to the XRD data) can also
appear as filling material (Fig. 5c).

Low-magnification images and AEM analyses of
samples from the western basin reveal the presence
of thick phyllosilicate grains (>1 pm) consisting
primarily of alternating muscovite, pyrophyllite,
chlorite and kaolin (see Tables 3 and 4).

The electron diffraction (SAED) images of
samples from the western basin show that
muscovite is intergrown with pyrophyllite and
kaolin. Figure 6a shows that the c¢* of kaolin is
parallel to ¢* of muscovite, and they form a low
angle with ¢* of the 9 A phase. Micaceous grains
mainly consist of thick packets of well crystallized
muscovite (>500 A), although beam-damage
mottling is commonly developed (Fig. 6b). The
TEM images obtained do not provide information
about the types of mica polytype that are present in
these samples. Some intergrown areas of kaolinitic
composition without lattice fringes is observed.

Chlorite grains from the western basin samples
are quite homogeneous, and we observed no
alteration effects. In the high-resolution images,
(001)ep of 14 A lattice fringes form regular
sequences up to 1 pum thick (Fig. 6¢c). The TEM
images and SAED patterns demonstrate that chlorite
is well crystallized and has few defects. Some
diffraction images indicate that chlorite is inter-
grown with a phyllosilicate of dypo; = 10 A
(Fig. 6d). The SAED patterns of chlorite generally
exhibit sharp and intense reflections without
streaking along c¢*. Figure 6d shows that ¢* of
chlorite is not parallel to ¢* of the 10 A phase. The
HRTEM images from these areas reveal the
presence of chlorite packets with 14 A layers and
muscovite packets with 10 A layers the lattice
fringes of which form an angle of ~10° (Fig. 6e).
Both packets are separated by an electron beam-
damaged packet of Al smectite (see Table 4).

The TEM study of the samples from the eastern
basin has allowed us to recognize the presence of
well developed grains of muscovite and chlorite as

Fic. 5. BSE images showing the textures of the
samples. (a) Microdomains of phyllosilicates with low
deformation (West basin). (b) Crenulation cleavage,
which favoured the concentration of quartz in the
hinges and of muscovite in the fold limbs (East basin).
(c) Dickite and siderite filling fractures (East basin).
Mineral abbreviations according to Kretz (1983).
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well as some poorly crystalline aggregates of
phyllosilicates. The SAED images obtained from
muscovite packets indicate that a two-layer poly-
type is predominant (Fig. 7a). Muscovite packets
are commonly characterized by the formation of
numerous elongated gaps. These muscovite packets
display an intense mottled appearance consisting of
blocky patches and irregular areas of darker
contrast (Fig. 7a). Mottling distribution is oblique
to the (001) basal planes. In some HRTEM images,
low-angle boundaries among thin micropackets of
muscovite (Fig. 7a) are also observed. Dislocations
and layer disruption are commonly found (Fig. 7b).
As in the western basin, muscovite packets also
contain packets of beam-damaged kaolin. In some
cases, kaolin is the predominant phyllosilicate and
muscovite only appears as relict thin packets
(<100 10\) with 10 A fringes that show fanned-out
texture and are intergrown with electron beam-
damaged areas (Fig. 7c). In very few packets,
kaolin develops lattice-fringe resolution, allowing
us to observe that, according to the SAED pattern,
fringes of kaolin and muscovite are parallel to each
other and to the boundary between packets
(Fig. 7b). We have not observed 7 A layers within
the muscovite packets.

Chlorite crystals of the eastern basin slates are
more affected by layer bending and deformation
than the chlorite from the western basin. Lattice
fringes from hinge zones of bent packets of chlorite
(Fig. 7d) are frequently disrupted and imbricated.
An evolution from fairly ordered and almost
undeformed chlorite packets, (in which lattice
fringe images reveal the presence of scarce 10
and 7 A fringes amongst the homogeneous domi-
nant 14 A fringes — see Fig. 7e), to bent, broken
and altered chlorite with irregular edges containing
aggregates of poorly crystalline material along the
cleavage planes has been recognized (Fig. 7d). The
texture of these minerals varies from aggregates
made of completely unoriented packets

FiG. 6. TEM images of phyllosilicates from the western
basin samples. (a) SAED pattern of muscovite
intergrown with pyrophyllite and kaolinite. (b) Mottled
distribution in well crystallized mica packets. (c)
Homogeneous chlorite grain with a regular sequence
of 14 A lattice fringes. (d) SAED pattern of chlorite
intergrown with muscovite. (¢) HRTEM image show-
ing a chlorite packet and a muscovite packet separated
by an Al-smectite packet. Mineral abbreviations
according to Kretz (1983).
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~100—400 A thick (Fig. 7f) to semi-ordered aggre-
gates of partially oriented packets up to 400 A thick
(Fig. 7g). Combination of the AEM, SAED patterns
and HRTEM images suggests that these aggregates
include kaolin, Al-smectite and fine-grained musco-
vite. Kaolin can be recognized by the 7 A
diffraction of the SAED images and the presence
of AEM analyses contaminated with an Al-rich
phase. Fine-grained muscovite and smectite packets
are beam damaged and do not show 10 A lattice
fringes but in some scarce packets of muscovite a
periodicity of 20 A can be recognized which is
characteristic of a two-layer polytype (Fig. 7h).

M. Vazquez et al.

Chemical characterization of phyllosilicates

The structural formulae of K-rich dioctahedral
micas corresponding to both basins are presented in
Tables 2 and 3. Eastern basin micas are characterized
by greater Si and (Fe + Mg) contents (Si average =
3.21 a.p.fu., Fe + Mg average = 0.28 a.p.fu.) than
those of the western basin micas (Si = 3.11 a.p.fu.,
Fe + Mg = 0.16 a.p.f.u.). In western basin slates the
Al content in micas is greater (Al average
2.73 a.p.fu.) than in eastern basin rocks (Al average
249 ap.fu). The interlayer charge populations
range from 0.8 to 1.0 a.p.fu. These features can be

TaBLE 2. Structural formulae* for K-rich dioctahedral micas on the basis of SEM data.

si ™Al VAl Fe Mg 0TI Yz K Na  Zinter. Al tot Fe+Mg
Western basin
SV6/9/1 310 090 1.82 0.09 0.08 0.02 201 085 010 095 272 0.6
SV6/9/2 314 086 184 010 007 001 201 078 011 089 270 0.16
SV6/9/3 312 088 1.83 0.1 009 001 205 081 003 084 271 020
SV6/9/4 3.06 094 173 0.6 0.13 002 205 085 008 093 267 030
SV6/11/1 3.07 093 1.89 007 006 001 203 080 012 092 28 0.3
SV6/11/2 310 090 1.85 0.08 0.07 002 202 085 008 092 275 0.15
SV6/11/3 3.0 096 179 016 009 002 206 08 008 089 275 025
SV6/12/3 310 090 185 007 006 002 200 084 010 094 276 0.3
SV6/12/7 3.08 092 1.88 008 003 001 200 08 011 097 280 0.1
SV6/13/2 309 091 185 008 007 001 202 083 011 094 276 0.5
SV6/14/1 311 089 1.84 008 008 002 201 084 009 093 273 0.6
SV7/1/1 3.07 093 1.89 006 004 001 202 08 009 092 28  0.10
SV7/1/2 3.14 086 1.85 007 007 001 200 085 011 095 271 0.4
SV7/1/4 310 090 1.89 0.05 004 001 199 085 011 097 279 0.9
SV7/1/5 308 092 1.83 010 0.07 002 203 08 010 092 275 0.7
SV7/2/1 3.06 094 185 0.09 009 001 204 084 009 093 279 017
SV7/2/2 3.3 087 1.79 012 0.0 001 202 085 007 093 266 022
SV7/2/4 3.06 094 192 005 005 001 203 078 0.14 092 286 0.10
SV7/3/1 3.06 094 187 006 006 002 202 085 009 095 281 012
SV7/3/3 3.09 091 1.87 006 006 001 201 08 011 095 279 0.2
SV7/3/4 314 086 1.83 0.08 008 001 200 08 009 095 269 015
SV7/512 324 076 1.85 0.06 0.09 001 201 082 003 085 261 0.5
SV7/5/3 322 078 1.84 006 011 000 201 083 004 08 262 0.17
SV9/1/1 309 091 1.85 008 008 001 202 074 020 094 276 0.16
SV9/2/1 313 087 1.84 008 008 001 201 08 011 093 271 017
SV9/2/5 311 089 1.81 0.1 008 001 201 081 012 095 270 019
SV9/2/6 3.07 093 163 030 0.5 001 209 075 012 08 256 045
SV9/3/1 317 083 1.84 007 007 002 199 08 011 093 267 0.14
SV9/3/2 3.07 093 1.85 008 0.07 002 202 085 009 094 277 0.6
SV9/5/1 312 088 1.89 0.04 006 001 200 08 007 093 277 0.0
SV9/5/4 3.07 093 195 003 001 00l 200 068 024 093 288  0.04
SV9/5/1 313 087 191 004 006 001 201 073 014 08 278  0.09
SV9/5/2 3.08 092 193 003 002 001 199 070 024 096 285 0.5
SV9/5/4 309 091 178 015 010 0.02 205 081 007 08 270 024
SV17/1/2 340 060 1.82 005 006 001 194 078 005 084 242 0.1
SV17/3/2 316 084 1.84 010 006 001 200 083 008 091 268 0.6
SV17/4/1 310 090 1.88 0.05 004 002 198 092 006 099 278  0.09
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Table 2 (cont.)

Si ™Al VAl Fe Mg Ti Vi, K Na  Zinter. Al tot Fe+Mg

Eastern basin
ST81/1/2 326 074 1.70  0.12 0.15 0.03 200 0.88 0.0l 0.90 2.44 0.13
ST81/2/5 3.17  0.83 .69 0.15 0.15 0.03 203 0091 0.00 0.91 2.52 0.30

ST81/3/1 313 087 1.76 0.11 0.11 0.03 2.00 093 0.04 0.97 2.63 0.22
ST81/3/2 329 071 170 012 0.14 002 199 086 0.04 0.90 2.41 0.26
ST81/3/3 323 077 173 011 0.12 0.03 198 0.89 0.06 0.95 2.50 0.23
ST81/4/3 318 082 1.73 013 013 003 201 091 0.02 0.93 2.56 0.25
ST81/5/1 330 070 172 0.10 0.12 0.02 197 079 0.13 0.93 2.42 0.22

ST81/5/3 313 087 154 026 023 004 206 092 0.03 0.95 2.40 0.48
ST81/5/4 315 085 146 033 027 0.03 208 082 0.09 0.91 2.31 0.60
ST81/6/2 311 089 1.81 009 0.08 003 200 094 0.02 0.96 2.71 0.16

ST9/1/1 3.14 086 1.76 0.11 0.12 003 202 090 0.02 0.92 2.62 0.24
ST9/1/2 315 085 1.79 0.10 0.10 0.02 2.01 091 0.04 0.94 2.64 0.20
ST9/1/3 321 079 173 011 011 003 198 092 0.03 0.96 2.52 0.22
ST9/1/4 320 080 1.70 0.14 0.15 0.03 201 091 0.02 0.93 2.50 0.28
ST9/3/1 324 076 171 011 0.16 003 2.00 091 0.00 0.91 2.47 0.27
ST9/3/6 342 058 166 0.14 0.15 0.02 197 081 0.01 0.83 2.24 0.29
ST9/4/3 334 066 169 012 014 002 197 084 0.03 0.88 2.35 0.26
ST9/5/3 326 074 149 024 023 008 205 080 0.01 0.82 2.24 0.47
ST9/5/4 317 083 1.67 019 0.17 003 2.06 085 0.00 0.85 2.50 0.35
ST9/5/5 315 08 1.72 012 0.17 003 203 091 0.02 0.93 2.57 0.29
ST9/5/6 320 080 169 013 015 0.03 199 094 0.03 0.97 2.49 0.27
ST9/6/1 318 082 1.74 011 0.14 003 2.02 091 0.00 0.91 2.56 0.25
ST10/2/3 320 080 171 0.3 0.13 0.03 199 095 0.00 0.95 2.51 0.26
ST10/3/1 316 084 1.69 015 015 002 2.01 097 0.00 0.97 2.53 0.30

ST10/6/4 318 082 1.69 0.13 014 0.04 200 096 0.01 0.97 2.51 0.27
ST10/8/4 322 078 1.70 013 0.14 003 2.00 094 0.00 0.94 2.48 0.27

TaBLE 3. Structural formulae* for phyllosilicates on the basis of AEM data.

Analyses Si RINEERUN| Fe Mg Ti Vs, K Na  Zinter. Al tot Fet+Mg

K-rich dioctahedral micas (1)
SVé6/4a 312 0.88 1.87 005 0.1 000 203 076 0.14 090 275 0.16
SVe/5 312 0.88 184 007 0.1 000 202 076 0.18 094 273 0.18

Pyrophyllite (1)
SVeé/19 388 0.12 191 000 010 000 202 0.05 012 017 2.03 0.10

Si AV Fe Mg Viy K Na  Xinter.

Kaolinite (2)
SV6/8 403 377 0.04 009 390 0.11 0.13 0.24
SV6/13 410 3.66 0.09 007 381 015 009 024

Si AV AT Fe Mg Ti Viy Ca K Na  Zinter. Al tot

Al-smectite (1)
ST13/5 378 022 1.0 0.19 021 000 199 0.00 033 012 045 1.82
ST13/6 3.62 038 .76  0.07 021 000 204 0.03 021 019 043 2.15

* (1) normalized to O;9(OH),; (2) normalized to Oy (OH)g
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TaBLE 4. SEM and AEM data for chlorites normalized to 0,o(OH)g.

Si VAL VIAL Fe Mg Mn Ti Viy Fe/
(FetMg)
SEM/EDX

Western basin
SVe6/1/1 2.71 1.29 1.71 2.60 1.44 0.04 0.01 5.78 0.64
SV6/6/1 2.57 1.43 1.47 291 1.54 0.05 0.00 5.98 0.65
SV7/2/3 2.56 1.44 1.41 3.00 1.56 0.03 0.00 6.01 0.66
SV7/4/1 2.69 1.31 1.53 2.75 1.56 0.03 0.01 5.88 0.64
SV7/5/6 2.66 1.34 1.51 3.03 1.34 0.04 0.00 5.92 0.69
SV9/1/4 2.79 1.21 1.65 2.65 1.42 0.04 0.01 5.77 0.65
SV9/4/1 2.61 1.39 1.47 2.98 1.47 0.04 0.00 5.96 0.67
SV17/1/1 2.54 1.46 1.31 3.30 1.45 0.00 0.00 6.07 0.69
SV17/3/1 2.58 1.42 1.35 3.25 1.42 0.00 0.00 6.03 0.70
SV17/4/2 2.61 1.39 1.44 3.27 1.25 0.00 0.00 5.97 0.72

Si VAl VIAL Fe Mg Viy Al tot Fe/

(FetMg)
TEM/AEM

Western basin
SV6/16 2.52 1.48 1.54 2.73 1.70 5.97 3.02 0.62
SV6/17 2.54 1.46 1.45 2.78 1.78 6.01 2.90 0.61
SV6/21 2.58 1.42 1.62 2.56 1.72 5.90 3.04 0.60
SV6/2 2.59 1.41 1.63 2.59 1.67 5.89 3.05 0.61
Eastern basin
ST13/9 2.76 1.24 1.26 1.99 2.74 5.99 2.50 0.42
ST13/10 2.60 1.40 1.20 2.16 2.74 6.10 2.60 0.44
ST13/16 2.65 1.35 1.25 2.43 2.36 6.05 2.60 0.51
ST13/17 2.71 1.29 1.27 2.01 2.73 6.01 2.56 0.42

observed in Fig. 8, which shows that each chemical
parameter is affected by several compositional
vectors. The proportions of Si, Al and Fe + Mg are
mostly controlled by the phengitic vector and to a
lesser extent by the ferrimuscovitic vector. The
ferrimuscovitic vector produces some greater Fe
contents and lesser Al contents than expected as a
result of phengitic substitution. In any case, although
the phengitic content is low in both basins, eastern
basin micas are more phengitic than western basin

ones that show compositions nearer to the theoretical
muscovite composition (grey disks in Fig. 8).
Although all data plotted mainly along the musco-
vite-phengite line, the value ranges corresponding to
each basin almost do not overlap (Fig. 8b,c,d).

No correlation between the interlayer population
and Si exists (r = —0.45) which means an almost
complete lack of illitic substitution. In fact, the data
do not fit the theoretical line representing this
compositional vector as the Si content is affected by

Fi1G. 7 (facing page). TEM images of phyllosilicates from the eastern basin samples. (a) Mottled 2M muscovite
packet with elongated gaps and low-angle boundaries among micropackets. (b) Defect-rich muscovite packet
between two kaolinite packets. (c¢) Kaolinite-rich area with relic thin packets of muscovite. (d) Bent and broken
chlorite crystals containing aggregates of poorly crystalline material along the cleavage planes. (¢) Almost
entirely undeformed chlorite packets. (f) Aggregates of unoriented packets of poorly crystalline material located
between fractured phyllosilicate grains. (g) Semi-ordered aggregates of partially oriented packets including
kaolinite, Al-smectite and fine-grained muscovite. (h) Muscovite packet from a semi-ordered aggregate with a
20 A periodicity. Mineral abbreviations according to Kretz (1983).
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TABLE 5. Whole-rock analyses of major elements (oxide wt.%).

Samples SIOZ A1203 CaO MgO NaZO Kzo F6203 FeO MnO T102 P205 LOI
Eastern basin

ST-5 6191 1791 0.14 224 241 3.04 245 427 0.04 090 0.12 3.50
ST-7 62.51 1565 023 1.9 268 284 076 6.00 0.07 076 0.12 5.30
ST-8 56.17 18.27 031 216 231 391 260 462 007 085 0.19 740
ST-9 60.85 17.56 022 2.07 249 332 205 456 006 083 0.13 5.00
ST-10 56.80 20.06 026 1.63 272 423 152 405 005 092 0.16 640
ST-13 62.13 1538 054 210 217 34 2.04 436 008 0.73 0.17 6.50
ST-16 60.00 20.65 035 154 071 29 247 555 0.10 0.82 0.13 3.60
ST-17 49.18 2458 035 208 083 509 506 517 0.31 1.04 0.09 5.10
ST-18 49.75 26.09 026 189 123 472 227 6.63 0.16 1.09 0.15 4.60
ST-19 52.01 2297 024 195 071 505 337 540 0.14 1.07 0.17 550
ST-20 6841 12.17 036 140 136 187 141 485 0.18 073 0.12 6.10
Western basin

SV-6 56.76 20.94 0.03 223 034 316 423 544 0.10 1.10 0.10 520
SV-7 70.16 1338 0.13 1.53 0.77 225 272 391 006 079 0.12 290
SV-8 58.43 20.27 0.11 1.99 078 383 283 575 0.12 076 0.10 3.80
SV-9 54.40 22.13 0.18 2,17 161 394 400 521 011 097 0.12 4.00
SV-10 51.57 2450 0.15 216 159 477 199 651 009 099 0.12 440
SV-11 56.52 1338 0.64 3.82 036 044 898 9.10 036 055 048 4.10
SV-12 52.48 2323 024 224 137 452 435 491 0.14 093 020 420
SV-13 51.66 24.73 0.13 198 134 503 516 298 0.10 1.03 0.11 440
SV-14 56.27 21.51 032 219 080 425 470 428 0.12 094 0.16 4.10
SV-15 50.28 26.27 0.12 199 097 510 250 563 009 125 0.12 450
SV-16 50.04 2548 021 224 1.11 459 226 739 0.13 095 0.18 440
SV-17 56.05 2424 0.04 144 08 5.00 0.01 572 0.06 094 0.10 420
PAAS* 62.80 1890 130 220 120 3.70 - 6.50 0.11 1.00  0.16 6.00

* Average post-Archaean Australian shales (Taylor & MacLennan, 1985)LOI: loss on ignition

phengitic substitution (Fig. 8a). According to Abad
et al. (2006) the illitic component becomes
insignificant for the epizonal samples and in this
case, all analyses belong to epizonal samples and
show an interlayer charge population of
>0.8 a.p.f.u.

In addition, the Na content is generally low
(<0.25 a.p.fu. in the western basin micas and
<0.15 a.p.fu. in the eastern basin micas), and
therefore, paragonitic substitution (not shown) is
not a significant compositional vector in these
samples either. Albite, which is present as a
metamorphic phase, must be responsible for both
the lack of paragonite as a discrete phase and the
scarcity of paragonitic substitution in the white
micas. Mn and Ca (also analysed) are not included
in the data table as they are present in proportions
of <0.03 a.p.fiu.

Trioctahedral chlorites have been analysed by
SEM/EDX and TEM/AEM (Table 4). Western

basin chlorites correspond to chamosite variety
and eastern basin chlorites to clinochlore. Fe/
(FetMg) ratios are within the range of values
characteristic of chlorites in low-grade metamorphic
rocks and are very constant in both sequences, with
larger values in the western basin chlorites (Fe/
(FetMg) = 0.60—0.72) than those in the eastern
basin (Fe/(Fet+tMg) = 0.42—0.51).

Kaolin (Table 3) shows, according to the AEM
analyses, an Al-rich composition, with small
quantities of Fe and Mg (<0.18 a.p.f.u.), K and
Na (<0.24 a.p.fu.), the latter may be due to the
contamination with other phases, such as illite or
muscovite. Feldspars display a composition near to
the end-member albite.

In addition, as has been described above, western
basin slates contain carbonates with compositions
near to siderite with some magnesitic component
(Fep.73Mgp.25Cap.02CO;3), according to the SEM/
EDX analyses.
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Fic. 8. Chemical composition diagrams of micas of the studied samples. Open circles: western basin samples;
solid circles: eastern basin samples.

Whole-rock chemical composition

Table 5 shows the results of the chemical
analyses of the rocks studied and the average of
post-Archaean Australian Shales (PAAS, Taylor &
McLennan, 1985) for comparison. The most
significant difference observed between the
samples of each basin is that the Fe content is
commonly higher in the western basin slates
(average of 7.41% FeO + Fe,O3) than in the
eastern basin samples (average of 9.21% of FeO +
Fe>Os3). Some slates from the eastern basin are
enriched in NayO (up to 2.72%) which is related to
the presence of significant amounts of albite.

DISCUSSION AND CONCLUSIONS

This mineralogical and petrological study provides
data on which to base a tectonometamorphic model

applicable to the generation of small low-grade
metamorphic terranes within major transform zones.
Moreover, our results can contribute to an improved
understanding of the shear deformation-meta-
morphism interaction processes that have taken
place during the evolution of the Ossa-Morena Zone
affected by the Porto—Coimbra—Tomar shear band

(Fig. 9).

Prograde low-grade metamorphism
characterization and geotectonic setting

Based on the KI values of white micas, these
areas have undergone metamorphic conditions of
high anchizone and epizone (KI <0.30A°20). This is
in accordance with the mineral assemblages of
samples and the population of the illite polytypes
from both basins which suggest a metamorphic
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FiG. 9. Schematic diagram illustrating the geodynamic framework of Upper Palacozoic basins vs. Proterozoic
substratum fracture patterns on the Espinho—Albergaria-a-Velha metamorphic belt (Ossa-Morena Zone) during
Upper Palacozoic times (adapted from Chaminé er al, 2006). WIL: Western Iberian Line, PTFASZ:
Porto—Tomar—Ferreira do Alentejo major shear zone, FFT: Ferreira do Alentejo—Ficalho thrust, TBCSZ:
Tomar—Badajoz-Cordoba shear zone, FST: Farilhdes suspect terrane.

temperature >200°C (Merriman & Peacor, 1999;
Merriman & Frey, 1999). In relation to the b
values, they do not show any correlation with the
basal spacing, being, in general, both small and
without significant differences among samples or
fractions (Table 1). The low phengitic content of
the K-rich micas, as deduced from the b parameter
(8.967—-9.015) A and EDX analyses (Table 2), is
characteristic of low-pressure regional meta-
morphism (1-2 kbar) according to Guidotti &
Sassi (1986) although in detail, the phengitic
content of the eastern basin K-micas is slightly
greater than in the western basin K-micas.
According to Merriman & Frey (1999) the
geotectonic setting can be related to the P-T
conditions estimated. In these Upper Paleozoic
basins, the temperatures deduced from the KI
values and index minerals (>200°C) and the low
pressures deduced from the b parameter and
phengitic contents (1—2 kbar) can be related to an
extensional geotectonic setting. This is in accor-
dance with Chaminé er al. (2003b, 2006), who,

based on geotectonic and Dbiostratigraphic data,
interpreted these tectonic basins as suggested pull-
apart areas formed in an extensional regime related
to the shear zone activity. Long-lived transform
zones are prone to alternating local compression
and extension. Periodic closure of pull-apart basins,
formed within such zones, can cause formation of
small low-grade metamorphic terranes included in a
crystalline substratum of higher metamorphic grade.
Dempster & Bluck (1995) interpreted some blocks
of the Scottish Highlands as examples of such low-
grade metamorphic terranes generated during the
prolonged break-up of the Rodinia supercontinent
with major strike-slip zone activity.

In the present study area, slates of epizonal grade
from the pull-apart basins are included in a higher
metamorphic grade substratum. This substratum is
made of rocks affected by the first main stage of
Variscan tectonometamorphism, which sometimes
overprints an earlier Cadomian high-grade blasto-
mylonitic fabric (Chaminé, 2000; Chaminé et al.,
2003a). Epizone conditions deduced from the
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studied basins could have been reached as a
consequence of the thickening produced by the
internal sediment pile growth of the basin and the
imbrication with the substratum materials.
Therefore, the established metamorphic conditions
for the studied materials could correspond to the
second regional tectonometamorphic main stage of
Variscan deformation associated with the presence
of mega-shear zones described by Dias & Ribeiro
(1993, 1995), Chaminé et al. (2003b, 2006) and
Gutiérrez-Alonso et al. (2004) among others.

The large size, homogeneity and well crystallized
aspect of K-mica and chlorite grains in the lattice-
fringe images (Figs 6, 7) confirm their stability in
this low-grade environment. The compositions show
an almost complete lack of illitic substitution,
which is characteristic of the epizonal samples
(Abad et al., 2006).

Chlorite compositions have not been used to
characterize the low-grade conditions. The presence
of chlorite in all samples is due to the high Fe+Mg
content in the bulk-rock compositions (Table 5). In
addition, the chlorite compositions are in accor-
dance with the chemical compositions of the
respective rocks. For example, sample ST13
contains chlorites with lower Fe/(Fe+Mg) than
sample SV6 (0.45 and 0.60, respectively), which
can be correlated with this chemical parameter in
both rocks (0.67 and 0.71, respectively). Eastern
basin chlorites also show smaller b parameters than
the western basin ones. Although the VAl content
of chlorite was proposed as a geothermometer in
low-temperature environments (Cathelineau &
Nieva, 1985) it is well known that the composition
of the rocks can be a decisive factor in the
composition of chlorites (Bevins et al, 1991;
Lopez-Munguira et al., 2002). In those cases,
chlorites cannot be used as geothermometers
(Zane et al., 1998).

Effects related to the shear-zone activity

The XRD, SEM and TEM studies performed on
the black slates from the tectonic basins associated
with the Porto—Coimbra—Tomar shear zone have
allowed us to deduce that some of their features are
the result of tectonic and fluid-rock interaction
processes.

Deformation intensity. Textural data reveal
variations in deformation intensity between mate-
rials from both basins. The low density of crystal
defects as well as the rare presence of nanometric
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folds and brittle fractures reveals textures indicative
of high degrees of deformation are lacking in the
western basin phyllosilicates. On the other hand,
optical and BSE images show a dense fracture
network filled by carbonates and clay minerals in
slates from the eastern basin. Moreover, TEM
textural data suggest that the epizonal phyllosili-
cates from the eastern basin were more intensely
affected by deformation. A high degree of
deformation in muscovite from this basin is
indicated by the common presence of crystal
dislocations, mottling and the development of
micropackets with low-angle boundaries.
Merriman et al. (1995) indicated that in highly
strained muscovite grains, stacks of subgrains can
be developed by strain-induced slip along (001)
planes. Strain-induced features are well developed
on chlorites from the eastern basin. In these
chlorites, deformation is responsible for bending,
fracturing and the presence of voids between
packets. The predominance of brittle textures
indicates that deformation was developed under
low-T, and non-metamorphic conditions.

Retrograde crystallization stage. A correlation
between deformation intensity and the extent of the
presence of siderite, kaolin group minerals and Al-
smectite can be established. This correlation
suggests that deformation was the prime control
for the development and superimposition of a
retrograde carbonate and phyllosilicate association
on the prograde epizonal metamorphic paragenesis.
Fracturing during cataclastic flow, produced by
shear zone activity, probably generated perme-
ability, which allowed the circulation of lower-T
fluids that replaced the pre-existing association and
the injection and percolation of metasomatic
carbonates.

The presence of siderite veins in the eastern basin
rocks show an initial retrograding path environ-
ment, related to the circulation of hot metamorphic
waters rich in CO,, along the fractures associated
with the shear activity. According to Mateus et al.
(1999), this process could be mainly assigned to
large-scale and repeated H,O, CO, and (subordi-
nate) SiO, introduction into the system through the
main shear zones, in our case, through NNW—SSE
dextral vertical shear zones. This large-volume,
extremely well focused, fluid inflow generally
induced the carbonization of the adjoining rocks.
The origin of these fluids is believed to be related
mainly to degassing processes during the second
regional stage of Variscan deformation resulting in
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metamorphic blastesis and metasomatism (Chaminé,
2000).

In addition, dickite has been described as white
concentrations, frequently in veinlets of the eastern
basin metacarbonates and slates close to fractures
related to the shear zone. This double layer
polytype of the kaolin group is considered to be a
relatively high-7 mineral (Keller, 1988). The
genesis of this polytype must be related to the
continuous circulation of hot metamorphic waters
along the shear zones with the subsequently
hydrothermal alteration. Its location (filling disten-
sive zones) and texture (random aggregates) suggest
a post-kinematic origin.

Finally, the retrograde process culminated in the
crystallization of kaolin and Al-smectite favoured
by the circulation of low-T" waters along the rocks.
Several authors have interpreted the presence of
kaolinite and smectite in this kind of sequence as
the result of ‘retrograde diagenesis’ (e.g. Nieto er
al., 2005 and references therein). Transmission
electron microscopy textures show that dioctahedral
smectite in the eastern basin slates is derived
through replacement of trioctahedral chlorite.
Chlorite shows signs of alteration and has some
compositions corresponding to different degrees of
smectite contamination. Similar compositional
effects were described as the result of retrograde
alteration by Nieto et al. (1994).

Summarizing the influence of deformation in the
alteration of clay minerals, we argue that HRTEM
and BSE images and AEM-SEM analytical data
reveal that only the retrograde clay mineral
reactions in the eastern basin are strongly associated
with the microtextural evidence of deformation. In
several samples of this basin, deformation is
responsible for the intense mottled appearance of
muscovite grains containing dislocations, layer
disruption and low-angle boundaries among thin
micropackets. Deformation also produced bent and
broken chlorite grains with irregular edges
containing lattice fringes disrupted and imbricated.
Strongly deformed grains usually contain aggre-
gates of poorly-crystalline material along the
cleavage where kaolin, and Al-smectite appear.
Active deformation can enhance the diffusion
process within the phyllosilicate grains promoting
metamorphic reactions. The diffusion mechanisms
can be affected by the introduction of lattice defects
and the development of microcavities allowing a
fluid to permeate and effectively permit transport
processes to operate. We consider that the
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microcavities observed in the phyllosilicate grains
from the eastern basin can act as potential channels
for transport of fluids and serve as sites for the
beginning of alteration. Therefore, we suggest that
the occurrence of aggregates of kaolin, Al-smectite
and fine-grained muscovite is probably related to
retrograde metamorphism, along micro-fractures
that formed during deformation. In the strongly
deformed areas, an intense fluid-rock interaction
under low-7 conditions produced the intense
alteration of the previous phyllosilicates, which
only appear as relict thin packets.
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