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a b s t r a c t

The late-D3 Variscan granites, which represent the most important volume of granites of Central
Portugal, are studied here for their magmatic and solid-state fabrics by means of the Anisotropy of
Magnetic Susceptibility (AMS) technique in a 5000 km2 area located between Guarda and Castro Daire,
including the Serra da Estrela region. Two main directions, N150E and N20E, of stretching lineations are
found indicating that the emplacement of these “late kinematic” granitoids was tectonically controlled.
A three-stage model is proposed in which a) openings along N150-striking dextral strike-slip faults allow
the first granitic magmas to be emplaced in the upper crust of Palaeozoic metasediments and syn-D3
granitoids; b) openings along N20-striking possibly sinistral strike-slip faults conjugates to the prior
strike-slip faults and allow the enlargement of the granitic plutons; and c) the final emplacement of this
huge volume of granitic rocks was mainly controlled by the magma pressure, which explains the rarity of
structures related to this stage of granites emplacement in the country rocks. This structural study of
granitic rocks yields new constraints on the tectonic evolution of this part of the Variscan orogenic belt at
c. 300 Ma.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In the absence of direct geochronological evidence, correlating
the deformations and the mode of emplacement of granite bodies
with regional tectonic events is a challenge because granitic rocks
do not always display deformation fabrics at a mesoscopic scale.
Anisotropy of magnetic susceptibility (AMS) studies may be used to
characterize and measure weak anisotropic fabrics (foliations and
lineations), either magmatic or solid-state ones, which are essential
to describe the different deformations for a granite, to identify the
constraints leading to the granite intrusion, and finally to link these
features to the regional tectonics.

A large area (c. 5000 km2) of Variscan granitic outcrops, in
Central Portugal between Serra da Estrela and Castro Daire massifs,
was studied for this work. Despite a good geological mapping and
documented geochemistry and petrography for these granites, the
relationship between the emplacement of these granites and
regional tectonics has so far remained unexplored. Microstructural
: þ351 22 0402490.
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and AMS data were gathered, described and analyzed to infer
emplacement and tectonic relationships for these granites.

2. General framework

2.1. The Iberian Massif

The Iberian Variscan belt, also known as the Iberian Massif, is
a large arcuate segment of the European Variscan Fold Belt which
extendsovermore than3000kmfromeasternGermanytothe Iberian
Peninsula. Julivert et al. (1974) subdivided the IberianMassif into five
main zones with different geological characteristics: the Cantabrian
Zone, theWest Asturian Leonese Zone, the Central Iberian Zone (CIZ),
the Ossa Morena Zone and the South Portuguese Zone. Later, Farias
et al. (1987) included the allochthonous and parautochthonous
units of the CIZ in a separate zone called the Galicia Trás-os-Montes
Zone. According to this classification, the studied area is located
within the autochthonous terrains of the CIZ (Fig. 1).

The Variscan orogeny was a major event in the tectonic evolu-
tion of Western Europe resulting from the LaurussiaeGondwana
collision through the late Devonian and most of the Carboniferous
(Ribeiro et al., 1990; Martínez Catalán et al., 2009). Its magmatic
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Fig. 1. Location of the studied area in the Central Iberian Zone (CIZ), part of the
Variscan Chain in Western Iberia. MVF: Manteigas-Vilariça Fault; PVF: Penacova-Verin
Fault; DBSZ: Douro-Beira Shear Zone; JPCSZ: Juzbado-Penalva do Castelo Shear Zone.
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and tectonometamorphic features have been explained by an
obduction-collision orogenic model with left lateral-transpression
(Dias and Ribeiro, 1994). In the northwestern part of the Iberian
Peninsula, three main phases of ductile deformation (D1, D2 and
D3) have been described (Ribeiro, 1974; Noronha et al., 1979;
Ribeiro et al., 1983). They are characterized by the generation of
subvertical D1 folds with a steep slaty cleavage and, particularly in
the allochthonous terrains of the Galicia Trás-os-Montes Zone, D2
recumbent folds with axial plane crenulation cleavage or schis-
tosity associated to large thrust units or sub-horizontal extensional
shear zones. Late stage D3 ductile deformation produced vertical
folds with sub-horizontal axes and subvertical strike-slip shear
zones, both right and left lateral. In central Portugal, especially in
the studied area, the CIZ is characterized by a domain of D3 vertical
folds deforming D1 sub-horizontal structures. However, earlier D1
fabrics overprinted by an extensional event prior to D3, are
described in the Spanish part of the CIZ (Diez Balda et al., 1990,
1995; Escuder Viruete, 1998). A post-D3 brittle phase is character-
ized by a set of conjugate strike-slip faults (NNW-SSE dextral and
NNE-SSW sinistral) late structures, whose geometry is often
strongly influenced by pre-existent discontinuities (Ribeiro, 1974;
Arthaud and Matte, 1975; Pereira et al., 1993).

Based on geological, petrographic and geochemical studies, the
Portuguese Variscan granites were divided into two main groups:
dominant biotite granites (biotite >> muscovite) and two-mica
(muscovite> biotite) granites. Considering their relationwith the D3
deformationphase, syn-D3, late-D3and late to post-D3graniteswere
defined (Ferreira et al., 1987). The CIZ zone is characterized by huge
volumes of granitic rocks that represent about 60e70% of the
outcropping rocks. The syn-D3 granites are represented by two-mica
peraluminous granites, granodiorites and biotite granites. The late
and post-D3 granites are represented by biotite and two-mica gran-
ites, and also by gabbros, diorites, quartz-monzodiorites and grano-
diorites (Azevedo and Valle Aguado, 2006).

Isotopic ages for some granitoids in the Portuguese sector of the
CIZ are recently published. These data are as follows:

- granitoids which have been interpreted as syn-D3 by most
authors because of their strong deformation fabrics are dated
in the 314e307 Ma time-span (e.g. UePb on zircon and
monazite datations of Maceira pluton, 314 � 5 Ma; Casal Vasco
pluton, 311 � 1 Ma; Junqueira pluton, 307.8 � 0.7 Ma, by Valle
Aguado et al. (2005) and Azevedo and Valle Aguado (2006)).

- granitoids which have been interpreted either as syn-D3 (de
Carvalho et al., 1992) or late to post-D3 (Ferreira et al., 1987;
Azevedo and Valle Aguado, 2006) have yielded two ages
groups: (i) in the 308e301 Ma time-span (e.g. UePb on zircon
datations of the Cota-Viseu granite: 307.7 � 7.8 Ma and
305.2� 4.4Ma byValle Aguado et al. (2005); UePb or ThePb on
monazite datations of the Cabeço do Faraó/Cabeço do Meio
plutons: 302.8 � 2.4 Ma (UePb) and 303.8 � 2.4 Ma (ThePb),
and of the Seia granite: 304.1 � 2.9 (UePb) and 301.4 � 1.6
(ThePb) byNeiva et al. (2009); and (ii) in the 295e287Ma time-
span: Calde granite: 294.1 � 3.5 Ma (UePb on monazite) and
294.8 � 2.9 Ma (UePb on zircon) by Mota Leite et al. (2005);
Covilhã granite: 290.1 � 2.4 Ma and 288.6 � 1.5 (UePb and
ThePb on monazite, respectively) by Neiva et al. (2009); Cati-
velos granite: 287.7 � 2.0 Ma and 288.7 � 1.6 Ma (UePb and
ThePb on monazite, respectively) by Neiva et al. (2009). The
Manteigas biotite granite considered as syn-D3 by de Carvalho
et al. (1992) was dated at 481.1 � 5.9 Ma (UeThePb on
zircon), i.e. early Ordovician, by Neiva et al. (2009).

The interpretation of some of these ages with respect to other
geological data is difficult. For instance, the Seia and Covilhã
granites, interpreted by Ferreira and Vieira (1999) as two facies
with different grain size of the same granite type with very gradual
transitions between them, have yielded very different ages.

Geochronological data from nearby granitoids of the Spanish
sector of the CIZ are distributed in the same time-spans as those
inferred for the Portuguese sector. Concerning late-D3 intrusions,
Zeck et al. (2007) found ion-microprobe UePb ages of 305.6� 1.4Ma
(Navahermosa meta-gabbronorite), 306.5 � 1.5 Ma (Colmenar
cordierite bearing biotite granite) and 306.8� 1.9Ma (Ledrada biotite
granite). In the southern part of the CIZ, UePb dating of the grano-
diorite and granite units of the “Los Pedroches” batholith yield an age
of 308� 2 Ma for the Los Pedroches granodiorite and 314.2� 1.9 Ma
and 304� 2Ma for Campanario La-Haba and CerroMogábar granites
respectively (Carracedo et al., 2009). These authors proposed an
emplacement for this batholith during and after D3.

2.2. Geological setting

The studied area is located between latitudes 40�150e40�550 N
and longitudes 7�150e8�100 W (Figs. 1 and 2a). Most of this area is
occupied by Variscan granitoids attributed to the syn- and late-D3
groups (Ferreira et al., 1987; de Carvalho et al., 1992) which are
intruded into metasedimentary rocks corresponding to the
autochthonous formations of the CIZ. Lithostratigraphically the
metasediments are characterized by:

(a) pre-Ordovician strata which constitute a monotonous mega-
sequence of metapelites and metagreywackes of uncertain age,
generally referred to as the ‘Complexo Xisto-Grauváquico’
(CXG) (Teixeira, 1954; Sousa, 1971).



Fig. 2. a e Simplified geological map of the Serra da Estrela e Castro Daire area and sampling sites. (Modified from Schermerhorn, 1980; Ferreira et al., 1987; de Carvalho et al., 1992;
Ferreira and Vieira, 1999; Azevedo and Valle Aguado, 2006). b e Sketch map of the three studied sub-zones (CD: Castro Daire; MG: Mangualde; ES: Estrela) with place names for
reference to the geological map.
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(b) a succession of Ordovician, Silurian, Lower Devonian and Upper
Carboniferous rocks exposed in the core of the Porto-Satão
Syncline (Valle Aguado et al., 2005).

The studied area contains large ductile shear zones related, at
least partly, to the D3 phase (Fig. 1): (i) the NW-SE-trending Douro-
Beira sinistral shear zone (DBSZ) that deforms the Porto-Satão
Syncline (Ribeiro et al., 1990; Valle Aguado et al., 2005), (ii) the ENE-
WSW-trending Juzbado-Penalva do Castelo sinistral shear zone
(JPCSZ) (Iglesias and Ribeiro, 1981; Ferreira Pinto et al., 1993) and (iii)
the NNW-SSE- to NS-trending Porto-Tomar dextral shear zone. NNE-
SSW-trending brittle structures, such as the Manteigas-Vilariça fault
(MVF) or Penacova-Verin Fault (PVF), are treated as later structures.

The study area (Figs. 1 and 2a) is located in the quadrilateral
formed by the cities of Castro Daire e Seia e Covilhã e Guarda. For
an easier description, we have subdivided this large area in three
zones: Serra da Estrela (ES) to the south, Castro Daire (CD) to the
north and Mangualde (MG) in between (Fig. 2b).



Table 1
AMS data for the 339 sampling sites of the Serra da Estrela e Castro Daire area.

Site nb. Km
(10�5 SI)

Ppara % Lineation

K 3D K 3I

Foliation E12 E23 E31 Site nb. Km
(10�5 SI)

Ppara % Lineation

K 3D K 3I

Foliation E12 E23 E31

K1D K1I Az Dip K1D K1I Az Dip

ES001 7.5 2.1 187 36 63 38 153 W 52 51 49 31 ES086 14.0 3.6 269 65 81 25 171 W 65 50 21 16
ES002 10.7 3.6 162 46 256 4 166 E 86 50 14 12 ES087 1483.3 10.1 128 44 234 15 144 E 75 30 18 12
ES003 8.8 2.0 156 4 56 68 146 W 22 40 22 15 ES088 16.2 4.0 144 15 48 22 138 W 68 78 15 14
ES004 6.3 1.0 251 42 41 44 131 S 46 36 36 25 ES089 10.3 2.0 150 36 36 29 126 S 61 85 19 18
ES005 4.6 1.1 179 39 89 0 179 W 90 43 28 19 ES090 10.8 3.0 348 74 245 4 155 E 86 43 17 13
ES006 5.3 4.2 155 60 19 23 109 S 67 24 24 14 ES091 8.6 2.0 145 36 53 4 143 W 86 41 41 28
ES007 3.3 2.7 156 58 58 5 148 W 85 24 17 10 ES092 8.8 2.0 105 52 238 28 148 E 63 75 39 34
ES008 10.4 2.3 268 28 175 5 85 N 85 28 28 20 ES093 8.3 3.7 265 63 61 25 151 W 65 71 25 22
ES009 4.2 1.9 232 49 131 10 41 W 80 38 19 14 ES094 11.2 3.7 175 61 341 29 71 S 61 59 19 16
ES010 3.5 1.8 135 34 336 54 66 S 36 11 11 8 ES095 10.1 1.6 120 16 24 21 114 S 69 29 29 23
ES011 3.9 3.0 138 18 24 51 114 S 39 41 15 11 ES096 11.0 2.2 175 53 27 33 117 S 57 42 26 18
ES012 2.8 2.2 145 29 34 33 124 S 57 19 19 14 ES097 10.5 3.3 173 60 41 21 131 S 69 16 16 12
ES013 7.0 2.7 139 18 266 61 176 E 29 19 19 13 ES098 9.2 3.0 207 30 349 54 79 S 36 35 35 21
ES014 5.5 1.4 305 69 141 21 51 N 69 36 18 13 ES099 7.5 2.3 133 67 292 21 22 E 69 81 29 27
ES015 8.6 2.2 152 32 49 21 139 W 69 51 24 18 ES100 17.3 3.6 137 35 280 49 10 E 41 36 31 18
ES016 14.1 3.0 175 35 78 11 168 W 79 41 22 15 ES101 6.9 3.6 106 51 291 39 21 E 51 62 17 15
ES017 8.7 1.5 139 40 285 45 15 E 45 70 63 49 ES102 8.5 2.4 160 28 327 61 57 S 29 51 48 30
ES018 1673.2 15.7 162 40 37 35 127 S 55 5 5 4 ES103 11.6 6.7 230 66 108 14 18 W 76 42 12 9
ES019 27.6 2.8 140 64 40 5 130 S 85 41 14 11 ES104 12.0 1.9 185 15 92 12 2 W 78 48 41 26
ES020 11.6 3.3 284 53 59 28 149 W 62 48 22 16 ES105 9.0 2.6 233 3 324 28 54 S 62 16 16 12
ES021 27.5 4.4 304 87 99 3 9 W 87 25 25 15 ES106 19.6 2.0 5 6 98 23 8 W 67 50 17 14
ES022 10.8 2.7 317 7 51 35 141 W 55 50 29 21 ES107 18.2 2.3 155 47 252 7 162 E 83 40 16 12
ES023 7.8 2.2 338 5 81 69 171 W 21 36 36 23 ES108 19.8 5.9 146 87 288 2 18 E 88 21 11 7
ES024 10.9 2.0 103 4 2 71 92 S 19 72 29 25 ES109 8.6 2.0 84 50 333 17 63 S 73 28 28 17
ES025 12.3 2.5 208 27 3 61 93 S 29 30 30 19 ES110 18.7 2.4 149 67 312 23 42 E 67 29 26 14
ES026 5.3 3.5 212 25 56 63 146 W 27 45 12 10 ES111 7.8 3.5 180 40 305 35 35 E 55 32 27 16
ES027 4.6 3.1 147 81 345 9 75 S 81 26 26 15 ES112 19.5 1.3 79 51 322 20 52 S 70 46 46 27
ES028 20.9 1.8 30 2 298 47 28 E 43 17 17 12 ES113 10.0 1.1 105 21 15 0 105 S 90 60 59 40
ES029 6.6 4.6 141 40 339 49 69 S 41 59 11 10 ES114 7.4 1.4 1 36 229 43 139 E 48 37 21 14
ES030 10.3 2.1 152 37 302 49 32 E 41 32 23 14 ES115 10.8 3.3 200 3 295 62 25 E 28 9 9 7
ES031 2.1 0.8 27 8 288 47 18 E 43 30 30 20 ES116 23.7 1.7 188 4 281 31 11 E 59 18 18 17
ES032 4.8 1.0 169 20 284 49 14 E 41 29 29 18 ES117 17.7 1.7 196 23 304 37 34 E 53 28 28 15
ES033 2.9 1.1 17 5 279 58 9 E 32 28 23 13 ES118 12.8 2.2 197 8 290 22 20 E 68 16 16 11
ES034 7.7 2.0 280 50 188 2 98 N 88 36 17 12 ES119 7.1 2.9 21 48 276 13 6 E 77 63 18 16
ES035 6.9 1.4 244 11 337 15 67 S 75 54 45 30 ES120 11.3 2.7 42 31 145 20 55 N 70 17 14 8
ES036 7.2 1.8 2 76 119 6 29 W 84 61 41 30 ES121 9.0 2.9 345 28 249 10 159 E 80 45 20 15
ES037 9.5 1.3 154 34 278 40 8 E 50 44 44 29 ES122 3.7 0.7 202 30 311 29 41 E 61 40 40 29
ES038 10.2 3.2 187 1 87 84 177 W 6 25 25 17 ES123 5.8 1.2 9 81 272 1 2 E 89 61 33 26
ES039 8.6 2.4 129 37 301 53 31 E 37 56 16 14 ES124 8.7 1.4 44 71 256 17 166 E 74 48 40 25
ES040 8.7 2.0 179 45 316 36 46 S 54 46 41 25 ES125 5.8 0.9 343 12 78 21 168 W 69 61 50 36
ES041 6.3 6.3 159 15 16 72 106 S 18 55 11 10 ES126 6.7 2.5 190 38 70 33 160 W 57 49 31 21
ES042 8.0 3.0 166 35 71 8 161 W 82 58 24 19 ES127 6.5 4.0 172 7 79 26 169 W 64 43 27 18
ES043 10.8 3.1 146 19 54 5 144 W 85 67 25 21 ES128 13.9 3.2 175 27 85 0 175 W 90 69 18 16
ES044 13.3 2.6 247 47 33 38 123 S 52 51 19 15 ES129 11.0 2.6 194 21 286 3 16 E 87 37 37 25
ES045 10.0 3.2 205 59 33 31 123 S 59 76 26 23 ES130 13.4 3.9 0 13 91 4 1 W 86 38 20 14
ES046 10.1 2.7 268 37 17 24 107 S 66 60 20 17 ES131 13.5 1.3 149 79 272 6 2 E 84 37 35 20
ES047 9.8 3.8 152 52 35 20 125 S 70 72 21 19 ES132 11.5 2.8 130 43 221 1 131 N 89 44 17 13
ES048 4.1 4.9 238 48 125 19 35 W 71 23 19 11 ES133 11.2 1.7 10 3 101 24 11 W 66 42 42 30
ES049 11.1 3.3 114 15 5 51 95 S 39 71 15 14 ES134 8.6 2.0 292 23 26 10 116 S 80 52 52 34
ES050 16.1 2.5 137 25 294 63 24 E 27 38 24 16 ES135 8.9 1.6 102 70 217 9 127 N 81 55 19 16
ES051 12.5 3.0 171 43 292 29 22 E 61 27 27 22 ES136 10.6 2.1 316 22 223 6 133 N 84 53 20 16
ES052 9.7 3.1 169 57 306 25 36 E 65 20 20 15 ES137 9.7 1.3 308 11 209 38 119 N 52 42 42 31
ES053 7.1 3.1 157 63 253 3 163 E 87 38 35 21 ES138 13.3 1.9 329 44 71 12 161 W 78 62 25 20
ES054 12.0 3.4 161 18 265 36 175 E 54 24 24 13 ES139 7.1 2.4 75 41 228 46 138 E 44 69 27 23

(continued on next page)
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Table 1 (continued)

Site nb. Km
(10�5 SI)

Ppara % Lineation

K 3D K 3I

Foliation E12 E23 E31 Site nb. Km
(10�5 SI)

Ppara % Lineation

K 3D K 3I

Foliation E12 E23 E31

K1D K1I Az Dip K1D K1I Az Dip

ES055 11.3 1.0 282 36 125 52 35 W 38 54 54 39 ES140 6.6 2.0 349 27 208 57 118 N 33 41 35 21
ES056 22.4 3.9 27 31 273 35 3 E 55 19 17 9 ES141 6.9 1.3 29 15 140 52 50 N 38 41 41 28
ES057 9.4 2.3 81 33 271 57 1 E 33 41 19 14 ES142 7.7 2.6 65 82 269 8 179 E 82 58 24 19
ES058 6.5 2.5 108 27 8 19 98 S 71 63 31 25 ES143 11.6 2.8 2 24 108 31 18 W 59 43 25 17
ES059 20.5 2.2 174 59 40 23 130 S 67 39 39 26 ES144 8.7 3.4 157 45 314 43 44 E 47 39 29 18
ES060 6.7 2.3 134 41 26 20 116 S 70 24 24 16 ES145 6.3 3.9 79 31 320 39 50 S 51 60 17 14
ES061 5.2 2.0 30 71 265 11 175 E 79 39 21 14 ES146 11.0 4.1 157 36 340 54 70 S 36 60 14 12
ES062 5.6 1.7 111 24 356 44 86 S 46 72 45 37 ES147 11.6 1.3 154 52 45 14 135 W 76 36 34 19
ES063 14.4 2.3 154 16 249 18 159 E 72 68 29 24 ES148 4.5 0.7 30 6 141 75 51 N 15 51 51 35
ES064 6.7 5.2 75 38 215 45 125 N 45 15 15 12 ES149 4.4 0.9 14 3 105 15 15 W 75 29 29 23
ES065 9.3 2.4 143 34 279 46 9 E 44 54 24 19 ES150 6.5 1.4 107 28 198 3 108 N 87 50 19 15
ES066 10.6 3.0 185 71 58 12 148 W 78 32 32 18 ES151 10.1 1.3 75 42 184 20 94 N 70 55 37 26
ES067 19.0 2.0 145 35 243 12 153 W 78 25 25 19 ES152 12.5 2.6 22 15 268 56 178 E 34 23 23 15
ES068 18.2 3.6 172 75 69 3 159 W 87 15 15 10 ES153 12.7 3.3 26 0 296 40 26 E 50 43 9 8
ES069 6.4 3.8 15 49 256 23 166 E 67 25 14 9 ES154 13.0 1.7 229 33 26 55 116 S 35 42 40 24
ES070 10.2 3.5 252 7 349 46 79 S 44 24 24 15 ES155 14.8 1.3 194 26 302 34 32 E 56 28 28 20
ES071 7.0 2.0 111 11 225 64 135 N 26 43 38 23 ES156 15.0 1.7 179 26 17 63 107 S 27 16 16 13
ES072 8.8 2.8 201 5 296 46 26 E 44 13 13 12 ES157 11.7 1.0 196 50 331 31 61 S 59 42 42 35
ES073 9.4 2.4 135 24 266 56 176 E 34 55 20 16 ES158 17.6 3.6 166 12 256 1 166 E 89 15 12 7
ES074 8.1 3.3 165 15 266 35 176 E 55 61 23 19 ES159 10.0 2.8 167 18 74 10 164 W 80 36 23 15
ES075 10.1 2.2 206 23 41 66 131 S 24 53 29 21 ES160 10.9 1.8 166 27 71 11 161 W 79 29 26 15
ES076 11.8 1.6 203 8 104 50 14 W 40 56 19 16 ES161 8.7 8.3 29 43 248 40 158 E 50 30 6 5
ES077 10.8 2.0 29 62 256 20 166 E 70 55 30 23 ES162 7.8 1.9 10 18 270 29 180 E 61 16 16 11
ES078 10.4 2.9 128 55 273 30 3 E 60 29 26 15 ES163 12.3 1.9 182 79 89 1 179 W 89 36 32 19
ES079 10.3 2.8 134 65 271 19 1 E 71 30 30 21 ES164 13.6 2.3 169 18 267 22 177 E 68 29 29 24
ES080 10.6 1.9 0 67 264 3 174 E 87 43 20 15 ES165 7.9 3.0 358 3 268 7 178 E 83 15 15 8
ES081 9.1 1.4 3 64 233 18 143 E 72 73 37 32 ES166 14.5 2.8 24 46 131 16 41 W 74 77 20 19
ES082 9.6 1.9 151 62 281 19 11 E 71 25 25 19 ES167 15.6 1.6 43 65 299 7 29 E 83 63 47 35
ES083 9.7 1.9 277 80 58 8 148 W 82 56 51 34 ES168 14.3 2.2 20 71 128 6 38 W 84 72 19 17
ES084 12.7 1.9 248 35 36 50 126 S 40 67 30 25 ES169 12.1 3.7 20 22 281 21 11 E 69 36 20 14
ES085 13.2 2.6 214 57 52 32 142 W 58 42 25 17 ES170 13.1 2.5 35 35 298 10 28 E 80 73 29 25
ES171 12.1 2.7 25 38 115 0 25 W 90 43 26 18 CD056 8.6 2.2 336 52 239 6 149 E 84 34 34 20
ES172 9.7 4.0 214 56 305 1 35 E 89 32 19 13 CD057 7.5 2.6 275 52 46 27 136 W 63 74 19 17
ES173 14.8 3.9 48 59 274 23 4 E 67 58 16 14 CD058 5.1 2.2 99 63 307 24 37 E 66 85 32 30
ES174 13.5 2.7 174 29 270 11 180 E 79 49 23 17 CD059 11.1 3.9 184 1 274 24 4 E 66 77 16 15
ES175 13.5 2.1 168 28 277 32 7 E 58 54 39 27 CD060 6.2 2.1 14 39 264 22 174 E 68 39 39 27
ES176 18.4 2.4 176 12 270 15 180 E 75 65 19 17 CD061 6.6 5.6 147 8 237 2 147 E 88 31 9 7
ES177 10.0 1.5 1 6 92 16 2 W 74 74 30 26 CD062 6.9 1.9 308 54 72 22 162 W 68 37 13 10
ES178 11.9 2.2 354 44 134 38 44 W 52 22 22 18 CD063 11.7 4.1 21 72 205 18 115 N 72 43 17 13
ES179 10.7 2.1 14 6 279 38 9 E 52 59 26 21 CD064 9.4 1.9 320 19 217 33 127 N 57 73 23 20
ES180 13.9 2.4 352 2 82 9 172 W 81 39 26 17 CD065 8.2 2.2 62 63 214 24 124 N 66 44 44 28
ES181 13.2 3.2 7 30 258 30 168 E 60 75 23 21 CD066 6.5 1.9 39 67 244 21 154 E 69 43 43 32
ES182 3.0 1.2 115 38 344 40 74 S 50 32 22 14 CD067 5.8 2.3 124 20 216 5 126 N 85 71 49 39
ES183 15.2 3.6 165 44 266 12 176 E 78 62 15 13 CD068 5.1 0.8 216 29 109 28 19 W 62 57 41 29
ES184 15.3 4.2 0 7 261 51 171 E 39 48 14 12 CD069 6.2 3.4 221 17 102 57 12 W 33 29 13 9
ES185 12.8 3.7 358 3 267 19 177 E 71 20 20 13 CD070 5.7 4.3 297 18 48 48 138 W 42 43 10 9
ES186 15.1 4.4 345 5 252 26 162 E 64 43 25 17 CD071 6.6 3.3 183 10 86 31 176 W 59 55 11 10
ES187 18.5 3.5 177 5 323 84 53 S 6 25 25 13 CD072 7.6 2.9 35 51 254 32 164 E 58 53 19 15
ES188 13.5 3.9 1 3 269 36 179 E 54 42 18 13 CD073 7.1 2.9 349 23 81 5 171 W 85 39 25 17
ES189 13.1 3.2 183 2 92 9 2 W 81 37 31 18 CD074 7.1 4.5 13 34 269 20 179 E 70 36 12 9
ES190 14.7 3.1 176 2 266 24 176 E 66 27 27 14 CD075 9.1 2.6 173 5 266 29 176 E 61 43 15 12
ES191 14.6 3.5 351 7 257 34 167 E 56 36 15 11 CD076 7.0 2.4 357 8 263 27 173 E 63 44 29 19
ES192 13.7 4.0 6 1 276 17 6 E 73 24 13 9 CD077 8.9 4.1 340 23 72 4 162 W 86 38 16 12
ES193 13.5 3.9 24 15 264 62 174 E 28 21 20 11 CD078 8.3 2.5 153 43 255 13 165 E 77 31 31 17
ES194 6.4 3.8 20 5 272 73 2 E 17 13 13 11 CD079 8.1 2.6 161 0 251 10 161 E 80 67 20 17
ES195 6.2 4.2 14 3 279 54 9 E 36 14 14 9 CD080 5.8 3.4 8 44 113 15 23 W 75 55 41 28
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ES196 11.4 3.0 38 19 272 59 2 E 31 66 14 13 CD081 8.7 3.6 193 16 287 15 17 E 75 76 16 15
ES197 8.7 1.4 216 2 122 68 32 W 22 41 41 28 CD082 12.3 3.4 28 29 284 24 14 E 66 57 16 13
ES198 7.0 3.2 113 43 344 34 74 S 56 60 18 15 CD083 8.9 1.3 11 23 274 15 4 E 75 50 50 37
ES199 8.8 0.7 59 43 212 43 122 N 47 54 44 30 CD084 5.8 2.8 127 5 36 16 126 S 74 44 35 22
ES200 20.1 1.2 11 13 107 26 17 W 64 23 23 19 CD085 6.6 1.3 156 13 246 2 156 E 88 51 51 32
ES201 8.3 2.5 71 36 179 23 89 N 67 19 19 13 CD086 9.1 4.1 22 26 281 22 11 E 69 61 14 12

CD087 3.8 2.6 149 63 298 24 28 E 66 71 13 12
CD001 10.3 2.1 43 78 206 11 116 N 79 24 24 14 CD088 6.5 2.3 143 50 282 32 12 E 58 84 24 23
CD002 10.0 1.4 7 41 240 35 150 E 55 71 37 31 CD089 6.1 2.4 45 20 143 20 53 N 70 55 16 13
CD003 7.4 1.7 152 11 61 3 151 W 87 61 29 23 CD090 8.0 2.1 10 30 273 12 3 E 78 18 18 17
CD004 4.9 1.3 270 41 143 35 53 N 55 55 44 30 CD091 12.0 3.1 179 23 83 15 173 W 75 28 28 17
CD005 6.4 5.0 12 59 216 29 126 N 61 30 10 8 CD092 10.5 1.6 274 8 7 19 97 S 71 37 16 12
CD006 4.3 1.9 350 6 140 83 50 N 7 47 22 16 CD093 8.9 1.6 157 9 249 13 159 E 77 80 48 43
CD007 4.3 2.1 311 42 107 46 17 W 44 38 24 16 CD094 8.2 2.1 14 44 125 21 35 W 69 74 31 27
CD008 6.9 2.0 347 8 87 51 177 W 39 32 24 14 CD095 10.1 4.4 19 69 234 17 144 E 73 37 17 12
CD009 5.6 4.6 148 33 15 47 105 S 43 48 14 11 CD096 10.7 2.4 347 24 245 25 155 E 65 74 23 21
CD010 6.2 3.2 202 76 353 13 83 S 77 30 27 15 CD097 10.8 2.8 70 64 213 21 123 N 69 47 23 17
CD011 8.0 2.1 9 68 184 22 94 N 68 53 39 27 CD098 7.4 1.5 30 60 254 22 164 E 68 55 55 41
CD012 9.8 1.6 45 48 203 40 113 N 50 57 55 37 CD099 10.3 2.2 4 54 142 29 52 N 61 40 37 22
CD013 8.4 1.0 64 74 315 5 45 S 85 52 52 40 CD100 9.2 2.6 228 22 136 6 46 N 84 42 35 22
CD014 13.7 2.3 353 60 207 26 117 N 64 67 53 40 CD101 11.2 2.2 34 55 138 9 48 N 81 37 37 20
CD015 7.0 1.0 59 38 175 30 85 N 60 43 43 32 CD102 7.6 2.2 193 46 284 0 14 E 90 58 21 17
CD018 9.8 1.2 193 2 103 18 13 W 72 50 50 40 CD103 9.1 0.8 8 19 101 7 11 W 83 63 53 39
CD019 8.7 1.8 14 59 165 27 75 N 63 49 31 22 CD104 9.5 3.7 168 18 73 16 163 W 74 27 20 12
CD020 11.1 3.4 23 5 114 8 24 W 82 47 17 14 CD105 14.4 1.9 285 15 194 4 104 N 86 18 18 13
CD021 9.6 3.0 207 16 298 4 28 E 86 30 18 11 CD106 4.7 4.4 139 3 236 67 146 E 23 27 7 6
CD022 18.9 3.4 320 20 54 11 144 W 79 26 9 7 CD107 9.4 1.5 314 3 47 46 137 W 44 17 17 14
CD023 15.6 2.9 347 16 80 10 170 W 80 16 14 8
CD024 10.5 1.5 228 25 133 12 43 W 78 41 41 25 MG001 6.3 3.4 224 61 51 29 141 W 61 21 21 14
CD025 8.1 2.7 171 16 263 7 173 E 83 45 25 18 MG002 20.3 3.3 159 62 262 7 172 E 83 29 15 10
CD026 6.7 3.4 174 18 275 31 5 E 59 39 17 12 MG003 7.3 3.2 173 19 56 53 146 W 37 63 26 22
CD027 6.2 3.0 223 13 133 1 43 W 89 74 14 13 MG004 7.4 1.6 270 32 69 56 159 W 34 74 24 22
CD028 7.1 4.0 213 34 313 15 43 E 75 73 10 10 MG005 7.1 1.6 299 32 103 57 13 W 33 39 21 15
CD029 5.9 2.1 69 82 168 1 78 N 89 41 17 13 MG006 23.1 1.3 179 12 89 0 179 W 90 70 17 16
CD030 6.7 2.3 240 2 331 45 61 S 45 56 31 23 MG007 6.0 3.0 82 0 352 53 82 S 37 53 20 16
CD031 6.7 1.3 334 46 154 44 64 N 46 49 39 25 MG008 8.9 3.9 356 30 220 51 130 N 39 15 15 8
CD032 7.2 1.8 336 25 213 49 123 N 41 23 20 11 MG009 10.2 3.5 333 49 91 22 1 W 68 23 23 18
CD033 6.0 2.9 345 35 237 24 147 E 66 39 13 10 MG010 5.8 1.5 177 54 313 28 43 E 62 55 23 18
CD034 8.4 3.7 327 2 237 5 147 E 85 45 17 13 MG011 8.5 1.8 155 12 246 3 156 E 87 65 17 15
CD035 7.4 4.2 156 9 247 7 157 E 83 15 15 9 MG012 20.1 0.9 183 31 283 16 13 E 74 51 20 16
CD036 10.5 3.5 325 3 234 20 144 E 70 22 22 14 MG013 17.2 3.6 149 43 249 11 159 E 79 70 23 20
CD037 12.5 2.8 138 13 230 10 140 E 80 24 24 14 MG014 12.0 2.3 227 30 329 19 59 S 71 31 31 17
CD038 12.3 2.4 146 3 56 3 146 W 87 29 19 12 MG015 10.8 2.2 163 21 255 6 165 E 84 39 24 16
CD039 11.0 1.9 324 22 213 41 123 N 49 24 24 14 MG016 6.7 1.7 234 47 34 42 124 S 48 36 20 13
CD040 8.6 3.8 314 1 224 7 134 N 83 46 13 10 MG017 7.2 0.9 29 11 127 36 37 W 54 62 26 21
CD041 7.0 4.0 359 54 238 21 148 E 69 44 12 10 MG018 8.5 2.0 301 20 43 30 133 S 60 67 30 25
CD042 7.1 0.8 303 0 33 20 123 S 70 33 33 28 MG019 13.2 3.2 208 59 7 29 97 S 61 77 18 17
CD043 8.6 2.6 162 14 256 18 166 E 72 31 31 19 MG020 5.5 1.3 238 3 146 35 56 N 55 53 24 18
CD044 8.4 2.6 153 19 63 2 153 W 88 24 24 20 MG021A 2.8 3.4 240 17 115 63 25 W 27 27 8 6
CD045 4.6 1.2 248 52 66 38 156 W 52 57 49 33 MG021B 18.8 2.1 168 20 274 37 4 E 53 24 14 9
CD046 7.5 1.8 86 59 301 26 31 E 64 56 39 27 MG022 18.2 4.1 26 35 295 2 25 E 88 21 17 10
CD047 9.0 4.2 23 37 123 14 33 W 76 18 15 8 MG023 3.6 1.0 167 3 71 62 161 W 28 35 25 15
CD048 4.1 2.2 133 68 271 16 1 E 74 55 28 21 MG024 6.1 2.5 160 1 290 89 20 E 1 42 17 13
CD049 8.8 2.6 127 20 263 63 173 E 27 42 26 18 MG025 5.4 1.7 285 6 49 79 139 W 11 55 27 21
CD050 12.2 3.3 14 38 266 22 176 E 68 64 16 14 MG026 9.2 3.2 212 31 122 1 32 W 89 20 20 13
CD051 9.2 2.1 145 33 264 37 174 E 53 49 28 20 MG027 12.0 1.6 146 59 281 23 11 E 67 37 23 15
CD052 6.3 1.9 1 34 268 5 178 E 85 37 37 27 MG028 14.0 3.5 118 47 276 41 6 E 49 42 14 11
CD053 6.9 3.8 117 71 217 4 127 N 86 46 29 20 MG029 14.9 2.7 58 4 153 55 63 N 35 18 18 12
CD054 6.5 3.2 111 52 237 25 147 E 65 66 37 29 MG030 10.3 1.5 299 76 30 0 120 S 90 38 28 18
CD055 10.9 2.0 332 4 239 29 149 E 61 61 32 25 MG031 9.1 3.4 183 24 313 56 43 E 34 66 17 15
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In the Serra da Estrela, the biotite-dominant granitoids are rep-
resented by Seia, Covilhã, Mizarela andManteigas intrusions and the
two-mica granitoids are represented by Estrela, Pedrice, Cabeço do
Faraó, Cabeço doMeio andMesquitela intrusions (Ferreira andVieira,
1999). No consensus exists for the relationships of these granitoids to
tectonic events. Therefore, these granitoids are grouped in combi-
nations of their petrographic and structural features according to
Schermerhorn (1980), Ferreira et al. (1987), de Carvalho et al. (1992),
Ferreira andVieira (1999) andAzevedo andValle Aguado (2006). This
grouping will be further discussed on the basis of our new results.

The Castro Daire zone corresponds to the Castro Daire biotite-
dominant pluton composed of a peripheral porphyritic facies
(Calde granite) and a central fine-grained two-mica facies (Alva
granite) (Schermerhorn, 1980). Between the Serra da Estrela gran-
ites and the Castro Daire pluton, the central zone between Man-
gualde and Trancoso is known as “Granitos das Beiras” (Boorder,
1965), which is composed of a large volume of biotite-bearing
and two-mica porphyritic granites. All described granites are
crosscut by aplite and pegmatite veins with a variety of orientations
and by dominantly NE-trending quartz veins.

3. Sampling and analytical technique

An AMS study was conducted to acquire a complete data set for
the fabrics of the granites. This study is based on 339 sampling sites
(Fig. 2a) distributed on a roughly kilometric grid in the Serra da
Estrela and Castro Daire zones. In the Mangualde e Trancoso zone,
the sampling grid is less dense with a spacing of about 4e5 km. At
each site, four oriented cores (25mm in diameter and 60e70mm in
length) were collected. Then, each core was sawed in two (eventu-
ally three) 22 mm long specimens. At least 8 specimens per station
were available for magnetic measurements that were performed
using a KLY-2 Kappabridge susceptometer (�3.8 � 10�4 T; 920 Hz,
AGICO, Czech Republic) at the ‘Laboratoire des Mécanismes et des
Transferts en Géologie’ in Toulouse, France. A sequence of 15
susceptibility measurements along different orientations of each
specimen allowed us to compute the orientation and magnitude of
the three main axes k1 � k2 � k3 of the anisotropy of magnetic
susceptibility ellipsoid. For each site, the AGICO software enabled us
to calculate the mean susceptibility Km, which is the mean of the
eight (or more) individual arithmetic means k1 þ k2 þ k3/3. Also
calculated were the intensities and orientations of the three axes
K1 � K2 � K3, which are the tensorial means of the k1 � k2 � k3 axes
for the eight specimens, and the 95% confidence angles E12, E23 and
E31 corresponding to these three axes. K1, the long axis of the mean
ellipsoid, is themagnetic lineationof the site andK3, the short axis, is
the normal to the magnetic foliation. P, the magnetic anisotropy
ratio, corresponds to K1/K3. In this study we will use the parameter
Ppara%¼ ((K1�D/K3�D)� 1)� 100, where D (¼�1.46�10�5 SI) is
the diamagnetic component carried by the quartz and felspars
(Rochette, 1987). This parameter, Ppara%, is more convenient than P
for rocks displaying a small susceptibility forwhich it is necessary to
subtract D, which is constant and isotropic, in order to avoid an
artificial enhancement of the anisotropy (Bouchez et al., 1987). The
values of Km and Ppara%, the direction and inclination of K1, the
mean magnetic lineation, and of K3, the normal to the magnetic
foliation, the azimuth and dip of this foliation, and the 95% confi-
dence angles of K1, K2, K3 axes for each station are given in Table 1.

4. AMS data

4.1. Magnetic susceptibility values (Km)

Almost all the granites have magnetic susceptibilities less than
30�10�5 SI (Table 1 and Fig. 3), typical of a dominantly paramagnetic
behaviour, i.e. they are magnetite-free (Rochette, 1987). In such
paramagnetic granites, Km linearly correlates to the iron content,
allowing a rough characterization of the petrographic type (Gleizes
et al., 1993). Such a characterization is essential in this region for
which few chemical analysis of the granitic rocks were published and
generally not precisely located. In a frequency histogram of the
magnetic susceptibility magnitude, five classes were defined for the
study area (Km in 10�5 SI): 0 � Km � 7.5; 7.6 � Km � 10.0;
10.1�Km�15.0;15.1�Km�20.0andKm>20.0.AKmmapwasthen
constructed to show the spatial distribution of the five classes (Fig. 3).

4.1.1. Serra da Estrela granites
TheAMS studyof these granites is based on201 sampling stations.

Km values range between 2.1 and 28 � 10�5 SI (Fig. 3). Small values,
less than7.5�10�5 SI, are essentially found ina circular zonebetween
Loriga and Covilhã, corresponding to the muscovite >> biotite leu-
cogranites forming the highest parts of the Serra da Estrela. These
leucogranites are surrounded by a semicircular zone of granites with
7.6 � Km � 10 � 10�5 SI, which are in turn surrounded by a discon-
tinuous circular zone of granites with 10.1 � Km � 15.0 � 10�5 SI (to
the south and north of Loriga, between Seia andManteigas and to the
southwest and north of Covilhã). This susceptibility values interval,
which corresponds to the frequency peak, is also well represented
between Covilhã and Guarda and between Seia and Gouveia. The
[7.6e10.0] and [10.1e15.0] classes of Km values correspond to the
Covilhã and Seia porphyritic biotite-dominant granites. However,
the distribution inmap viewof these two classes of Kmvalues (Fig. 3)
does not exactly correspond to the cartographic distribution of these
twogranites as admittedbyprevious authors (Fig. 2) (seeDiscussion).
Finally, the greatest values (Km� 15.1�10�5 SI) are essentially found
in small areas to the north of Gouveia and in the Manteigas and
Mizarela biotite granites to granodiorites. Only two sites of the
Manteigas granite display very large Km values (1483.3 and
1673.2 � 10�5 SI) typical of a ferromagnetic behaviour, probably due
to the presence of magnetite grains.

4.1.2. Castro Daire pluton
TheAMSstudyof thispluton isbasedon105samplingstations.The

magnetic susceptibility values range between 3.8 and 13.7 � 10�5 SI
(mean8.1�10�5 SI) in thepluton, but values up to 18.9�10�5 SIwere
measured in the southeastern prolongation of the pluton near Cota
(Fig. 3). The smallest values are mainly found in the Alva two-mica,
fine-grained central facies (4.3 � Km � 7.2 � 10�5 SI) and also in
a semicircular zone of the Calde facies, on the western border of the
pluton (5.1 � Km � 6.9 � 10�5 SI). This peripheral facies is mainly
characterized by values ranging from 7.5 to 10 � 10�5 SI around the
Alva central facies, and thegreatestvalues (10.1�Km�13.7�10�5 SI)
occur especially in its northeasternporphyritic part near Castro Daire.

4.1.3. Mangualde e Trancoso area
Magnetic susceptibility data are based on 31 sampling stations. The

Kmvalues range between 3.6 and 23.1 �10�5 SI (mean 11.0 � 10�5 SI)
(Fig. 3) corresponding to different rock types. The histogram of suscep-
tibility values shows two peaks in the classes 0 � Km � 7.5 � 10�5 SI,
corresponding to the Trancoso area, and 10.1 � Km � 15.0 � 10�5 SI,
mainly to the north of Mangualde, both corresponding to two-mica
facies. The values between 7.6 and 10� 10�5 SI are found in a large area
tothesouthandeastofMangualde.Thegreatestvalues(>20.0�10�5SI)
are found in porphyritic biotite facies, to the north of Mangualde.

4.2. Magnetic anisotropy and microstructures

Ppara%, the paramagnetic anisotropy parameter, ranges from 0.7
to 8.3% (mean 2.5%) for the whole area (see below for the two
higher anisotropies measured in the Manteigas granite) (Table 1
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and Fig. 4). In a frequency histogram four classes, used for drawing
the zones of equal anisotropy on the map, have been defined: Ppara
% � 2.0, 2.1 � Ppara% � 3.5, 3.6 � Ppara% � 5.0, Ppara > 5%. For the
three zones of study, the highest frequency corresponds to the class
2.1 � Ppara � 3.5.
Fig. 3. Map of the magnetic susceptibility (Km) of the Serra da Estrela e Castro
Ppara% is correlated to the finite deformation of a rock. This
correlation depends on many factors (regime of deformation,
mineralogical composition and grain size of the rock, etc.), there-
fore only a qualitative equivalence may generally be established. In
the studied area, for Para � 2%, the deformation is hardly visible to
Daire area and histograms of susceptibility values for the three sub-zones.
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the naked eye, for 2% < Ppara � 5%, a weak orientation of the fabric
may be observed, for Ppara> 5% the planar and/or linear anisotropy
is well marked.

The magnetic anisotropy may correspond, in granitic rocks,
either to magmatic or eventually superimposed solid-state micro-
structures. Criteria for this distinction have been described in the
Fig. 4. Map of the anisotropy of magnetic susceptibility (Ppara%) of the Serra da Estre
literature (e.g. Blumenfeld and Bouchez, 1988; Paterson et al., 1989,
1998; Bouchez et al., 1992) and the significance of the different
microstructures is defined according to magma rheology consid-
erations (Nicolas, 1992; Vigneresse et al., 1996).

The microstructures observed in thin sections from about half of
the sampling sites in this studywere grouped into four types (Fig. 5):
la e Castro Daire area and histograms of Ppara% values for the three sub-zones.
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(i) magmatic microstructures (no or rare undulatory extinction in
quartz); (ii) submagmatic (i.e. subsolidus) microstructures ((0001)
subgrains boundaries in quartz and, eventually, folded or kinked
biotites); (iii) high tomedium temperaturemicrostructures (square-
shaped subgrains in quartz, recrystallized quartz grains, eventually
kinked biotites and bands of quartz surrounded bymica flakes); (iv)
medium to low temperaturemicrostructures (total recrystallization
of quartz grains and transformation into gneiss).

In the three studied zones, the various granite types display
almost ubiquitous magmatic to submagmatic microstructures.
Some high to low temperature solid-state deformation micro-
structures have been observed locally (see below).

4.2.1. Serra da Estrela granites
The Ppara% values range from 0.7 to 8.3% (mean 2.6%). The two

highly ferromagnetic sites of the Manteigas granite have stronger
anisotropies of 10.1% and 15.7%, which is probably a function of the
shape anisotropy of magnetite grains. A circular zone, located in the
southern part of the Serra da Estrela horst, between Loriga and
Covilhã, has values between 0.7% and 2.0%. The magnetic anisot-
ropy increases toward the periphery of this circular zone with
values ranging from 2.1 to 4.9% (values >5% may be observed very
locally, as 6.7% for the site ES103 to the south of Loriga), forming
a zonation in the Covilhã and Seia granites (Fig. 4).

About 80% of the thin sections display microstructures corre-
sponding to magmatic or submagmatic deformation. Microstruc-
tures corresponding to a generally slight solid-state deformation,
mainly characterized by recrystallization of a part of the quartz
grains, were observed especially near the contacts with the CXG
Fig. 5. Four main types of microstructures in the granitoids from the Serra da Estrela e

undeformed biotite and feldspars, no or rare undulatory extinctions and no subgrains in q
subgrains of quartz (ES 16); c e Incipient solid-state deformation: frequent sub-boundaries a
recrystallization of quartz into small grains, kinked biotites, broken feldspars (CD 61). - bt:
country rocks of the Serra da Estrela zone, to the SE of Gouveia
(sites ES6, 7, 8, 92, 96e98) and SWof Guarda (sites ES176, 177, 181).
Gneissic microstructures, with quartz almost entirely recrystallized
into elongated subgrains and forming continuous layers, were
observed in only one site (ES128) to the west of Covilhã.

4.2.2. Castro Daire pluton
The Ppara% values range between 0.8% and 5.6% (mean 2.6%)

(Fig. 4). Most sites have values between 2% and 3.5%. Small sectors
to the SW and SE of Castro Daire show higher values (3.5 � Ppara
% � 5), whereas the northern and southern parts of the pluton
display values of Ppara% < 2. Unlike with the spatial distribution of
the Km values, Ppara% are not arranged geometrically with respect
to the pluton shape, but rather are scattered within the body.

Most sites are characterized by magmatic or submagmatic
microstructures. Some sites located to the northeast of this pluton
(sites CD35, 93, 104) display a moderate solid-state deformation,
whereas some sites located to the northwest (sites CD61, 77, 80, 84)
display textures that can be interpreted to be the result of a strong
solid-state deformation, the rocks being partly transformed into
gneiss (i.e. site CD61 with Ppara ¼ 5.6%, Fig. 5).

4.2.3. Mangualde e Trancoso area
Ppara% values range between 0.9% and 4.1% (mean 2.4%) (Fig. 4).

BetweentheCastroDaireplutonand theSerradaEstrelagranitesmost
values are between 2.0% and 3.5%. Smaller values aremainly observed
to the west of Trancoso and to the east and southeast of Mangualde.

Almost all sites display magmatic or submagmatic microstruc-
tures. Only four sites (MG1, 2, 14 and 15) display microstructures
Castro Daire region. Microphotographs under crossed polars. a e Magmatic texture:
uartz (ES 106); b e Weak submagmatic deformation: sub-boundaries in quartz, rare
nd subgrains in quartz (CD 93); d e Strong solid-state deformation: complete dynamic
Biotite; mu: Muscovite; Kf: K-feldspar; pl.: Plagioclase; qtz: Quartz.



Fig. 6. Map of the magnetic foliations with orientation stereonets for the magnetic foliation poles (Schmidt, lower hemisphere projection, 1% area contours; black square: mean
foliation pole).
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indicative of moderate solid-state deformation as indicated by the
recrystallization of some quartz grains.

4.3. Magnetic fabric patterns

The magnetic fabric, foliation and lineation, is generally parallel
to the mineral fabric in the paramagnetic granites (Heller, 1973;
Tarling and Hrouda, 1993; Bouchez, 1997). In the studied granites,
which display magmatic to submagmatic microstructures, the
magnetic foliation and lineation are markers of the flattening and
stretching, respectively, of the magmas in the latest stages of their
emplacement.

4.3.1. Serra da Estrela granites
The magnetic foliations of the Gouveia, Seia, Loriga and Covilhã

quadrangle are concentrically distributed with inward medium to
steep dips. The centre of this structure, which we named the Estrela
pluton, is located near the highest reliefs of the Serra da Estrela
(Fig. 6). To the east of the Estrela pluton, between Covilhã and
Guarda, foliations are dominantly NE-SW- to NNE-SSW-striking



H. Sant’Ovaia et al. / Journal of Structural Geology 32 (2010) 1450e1465 1461
with rather steep dips, either to the NW or SE. The mean foliation
orientation for the Serra da Estrela region is N0�E72�.

The magnetic lineations plunge to the NNWor SSE mainly in the
Estrela pluton, but more plunges are to the SSE at medium incli-
nation. To the east of a line connecting the localities of Gouveia and
Covilhã, the magnetic lineations are dominantly NE-SW- to NeS-
plunging with generally shallow northeast or north plunges (Fig. 7).
The regional mean orientation is 170�/33�.
Fig. 7. Map of the magnetic lineations with orientation stereonets for the magnetic
mean lineation).
4.3.2. Castro Daire pluton
The magnetic foliations of the peripheral rock facies are

concentrically distributed with inward steep dips exceeding 60�

typically, except in the NE part where the foliations are very steep
and eastward dipping. In the central facies, the foliations are also
concentrically distributed but with outward moderate dips dis-
playing a dome-like structure (Fig. 6). The mean orientation for the
foliations of this pluton is N164�E80�.
lineation (Schmidt, lower hemisphere projection, 1% area contours; black square:
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Fig. 8. Geometry and kinematics of the syn-D3 main fault systems according to
Marques et al. (2002).
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Most magnetic lineations are NNW-SSE-trending with shallow
plunges, especially in the central and eastern part of the pluton. To
the south, the magnetic lineations are generally NE-SW-trending
with shallow to steep plunges (Fig. 7). The mean lineation orien-
tation is 351�/20�.

4.3.3. Mangualde sector
The magnetic foliations are scattered in orientation with

a tendency to display an NS-strike with a range of dips (Fig. 6). The
mean orientation for the magnetic foliation in this area is
N175�W66�.

The magnetic lineations are dominantly NS-trending with
shallow to medium plunges. Couto et al. (2003) have measured
magnetic foliations and lineations in the Viseu region with an
NNW-SSE direction being dominant (Fig. 7). The mean lineation
orientation for our sites is 188�/31�.

5. Discussion and interpretation

5.1. Interpretation of the structures of the granitoids of the Serra da
Estrela e Castro Daire area

The combination of the different magnetic parameters
measured in the granite rocks (Km, Ppara%, magnetic fabrics) shows
that the area is composed of a complex set of granitoid intrusions.
The study of the magnetic susceptibility Km allows a characteriza-
tion of the various granitic types more accurately than with the
previous determinations mainly obtained by field observations
(Schermerhorn, 1980; de Carvalho et al., 1992; Ferreira and Vieira,
1999). In particular, the Seia and Covilhã granitic facies have the
same values of magnetic susceptibility, although they have been
represented on the previously published geological maps as
different plutons (ref. cit.). Moreover, we found that the Castro
Daire and the Estrela plutons have petrographic zonations, rather
complex for the Castro Daire pluton, simpler and normal for the
Estrela pluton, i.e. from silicic in the center to more mafic on the
perimeter.

All the studied granites display in most sites microstructures
formed under magmatic or submagmatic state. High to medium
temperature solid-state microstructures are not common, indi-
cating that the magnetic fabrics determined by our AMS study
correspond to mineral fabrics developed during, or just after, the
complete crystallization of the magmas in their sites of emplace-
ment. Syn-emplacement deformation is heterogeneously distrib-
uted throughout the area. Zones of rather strong anisotropies
(Ppara% > 3.0) occur on the borders of the Estrela pluton, in the
Guarda region, in the Mangualde-Cota NS-striking band and in
many sites within the Castro Daire pluton. However, zones of strong
deformation, such as shear zones, were very scarcely found at the
outcrop scale within the granites or in the metasedimentary
country rocks.

For the magnetic/magmatic foliations, we found that the two
more or less circular intrusive plutons (Estrela and Castro Daire)
display steep concentric foliations, and the large granitic zones,
without clear boundaries and with medium to steep foliations
appear to the east of the CovilhãeGouveia line, including the
Mizarela granite.

The lineations display rather constant orientations over large
areas, essentially NNW-SSE and NNE-SSW to NeS, with shallow to
moderate plunges. These lineations may be interpreted as
stretching directions of the granitic magmas developed during late
emplacement (Bouchez, 1997), and are oblique to the NW-SE-
striking Douro-Beira sinistral shear zone (Ribeiro et al., 1990; Valle
Aguado et al., 2005) and to the ENE-WSW-striking Juzbado-Penalva
do Castelo sinistral shear zone (Iglesias and Ribeiro, 1981; Ferreira
Pinto et al., 1993) previously identified in this part of the CIZ. The
NNW-SSE lineations cover a large region, which includes the
eastern part of the Castro Daire pluton, where they are associated
with sub-vertical foliations, the Cota-Mangualde zone, and the
Estrela pluton. The NNE-SSW lineations occur in the more differ-
entiated facies located in the core of the Estrela pluton, in the
granites to the east of the CovilhãeGouveia line, where they occur
with sub-vertical foliations, and to the south and east of the Castro
Daire pluton.

Determining the relative ages of the two lineations where they
are locally associated, such as in the western part of the peripheral
facies of the Castro Daire pluton, is difficult. The NNW-SSE-trending
lineations may be interpreted as earlier because they are found in
granitic facies that are locally cut by other granitic facies displaying
NNE-SSW-trending lineations in the southern part of the Estrela
pluton. In their structural study of the region located to the east of
Viseu, Couto et al. (2003) also concluded that the “Viseu-Cota”
(¼Seia) granite which displays NNW-SSE-trending lineations was
emplaced before the “Alcafache” (¼Covilhã) granite which displays
NE-SW lineations. However, the granites displaying different
directions of lineations have no clear-cut contacts, pointing out that
they were subcontemporaneously co-deformed. In the same way,
Azevedo and Nolan (1998), in their study of the Fornos de Algodres
granitic intrusions (some km to the NW of Guarda), have consid-
ered that this ‘granite sequence could have been emplaced within
a relatively short range of time with partial overlap between
consecutive intrusive phases’.
5.2. Tectonic constraints on the emplacement of the Serra da
Estrela e Castro Daire granites

The studied granites are mostly late to post-D3 with an age that
is poorly constrained to 308e287 Ma, excluding the special case of
the Manteigas granite which could be Ordovician in age (Neiva
et al., 2009). The emplacement of these granites, called ‘post-
kinematic granitoids’ by Marques et al. (2002), does not, in fact,
postdate the regional tectonics because their syn-emplacement
stretching lineations, regularly oriented over large areas and NNW-
SSE- to NNE-SSW-trending, should record the evolution of regional



Fig. 9. Kinematic emplacement model of the Serra da Estrela e Castro Daire granites.
a e Early granite emplacements. b e Enlargement of the previous zones of granite
emplacement, beginning of emplacement of the Castro Daire and Estrela circular
plutons and emplacement of granites in the Guarda area. c e Inflation of the granitic
plutons mainly due to magma pressure, more or less independently of the tectonics.
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strain in the central domain of the CIZ during late-Variscan times.
Even so, the tectonic control was only moderate because no related
stretching lineations appear in the country rocks. Yenes et al. (1999)
reached the same conclusion in their structural study of the La
Alberca-Béjar granitic area, located in the Spanish part of the CIZ
about 100 km to the east of the Serra da Estrela region.

The two major directions of syn-emplacement stretching line-
ations, N150 and N20, are generally characterized by shallow
plunges in steep foliations, as for example in the northeastern part
of the Castro Daire pluton. Such relationships between stretching
lineations and foliations point to an emplacement of the granitic
magmas dominated by shear strain, possibly related to strike-slip
zones roughly parallel to these stretching lineations (see Bouchez,
1997, 2000, for similar examples). However, the corresponding
shear senses were not determined because of the weak shape
anisotropy of these rocks. Structural data concerning the granites
emplaced before and after the late-D3 granites may yield
constraints for this problem.

For the syn-D3 granites, possibly emplaced in the 314e307 Ma
time-span (see General framework), it has been proposed that their
emplacement was related to two main directions of strike-slip
faulting, the sinistral N70e80-trending direction (Valle Aguado et al.,
2000; Marques et al., 2002) and the dextral N25-trending direction
(Ribeiro, 1974; Marques et al., 2002). For the latter, the older dextral
N155- and sinistral N110-trending directions of strike-slip faults are
considered to play a minor role during this event (Fig. 8).

During the emplacement of the late-D3 granitic rocks the
sinistral N70e80-trending direction was almost inactive because
no lineations of this direction were found in the intrusions studied
here. The N110e120-trending branch was also almost inactive at
that time as demonstrated especially by the fact that the Castro
Daire pluton does not display fabrics of such orientation, except
some solid-state shear bands on its northwestern part, though this
pluton was emplaced in country rocks strongly deformed by
a sinistral N120 shearing which is therefore older than the pluton
emplacement.

Taking into account these data, we propose that the late-D3
granites were emplaced during the reactivation of the N150e155
and N20e25 strike-slip faults inherited from D3. The first direction
would be still dextral, whereas the secondwould be either dextral if
during D3, or sinistral if during the emplacement of post-D3
granites (e.g. Vila Pouca de Aguiar pluton, Sant’Ovaia et al., 2000).
Likewise, the many NE-SW-striking veins of quartz crosscutting the
granites would be release structures corresponding to the
N150e155 direction of stretching recorded in these late-D3 granitic
rocks.

5.3. Possible mechanism of emplacement of the Serra da Estrela e

Castro Daire granites

Granite emplacement is a highly debated question (see de Saint
Blanquat et al., 2010, for a recent review) especially concerning the
mechanisms (progressive vs discontinuous, forceful vs passive) and
the duration (thousands or millions years) of pluton or batholith
construction. The orientation and distribution of the magmatic
fabrics that characterize granitic bodies are essential for con-
straining emplacement interpretations. When no precise dates are
available for the various units of a pluton or a batholith, duration of
emplacement may be inferred from the nature of the contacts
between these units.

Plutons which are interpreted as diapirically emplaced display
a circular shape in map view, concentric steep foliations and steep
lineations, and show an emplacement-related deformation of their
country rock, such as a rim syncline (e.g. He et al., 2009). Such
a model of diapiric emplacement does not explain the structures
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that are observed in this study. Even the circular Castro Daire and
Estrela plutons lack evidence of deformation of the country rock
related to emplacement or a vertical lineation.

Plutons interpreted as laccoliths are supposed to ‘undergo a birth
stage, characterized by lateral spreading, followed by an inflation
stage marked by vertical thickening’ (Petford et al., 2000). In such
intrusions, themagmatic foliationsare roughlyparallel to the contacts
with the country rocks, a feature not observed in our study area.

When pluton emplacement is considered to be controlled by
tectonics, especially by shear zones, they generally display elon-
gated or rhomb shapes in map view. Their magmatic fabrics, mostly
with horizontal lineations and steep foliations, pass progressively
to solid-state fabrics toward the borders (Guineberteau et al., 1987;
de Saint Blanquat et al., 1998). Only a part of these features, namely
the magmatic horizontal or shallow plunging lineations and steep
foliations developed at the kilometer scale, are observed in the
present region. Therefore, a purely tectonically controlled
emplacement of the Castro Daire e Serra da Estrela magmas is not
appropriate for explaining all our observations and measurements.
Consequently, we believe that the magma pressure also played an
important role especially during the last stages of emplacement.
5.4. Model of emplacement of the granites in the Serra da
Estrela e Castro Daire area

From the previous data and discussion, we propose a three-
stage model of emplacement for the late-D3 granitoids of the Serra
da Estrela e Castro Daire region.

- Thefirst stageof emplacement (Fig. 9a)mayhavebeen triggered
by offsets along the N150-striking dextral strike-slip faults.
Thesemovements could have led to local openings in the upper
crust favouring the ascent of magmas and the beginning of
emplacement of granites, especially along the Cotae Seia zone.

- The second stage (Fig. 9b) may have corresponded to the
enlargement of the previously emplaced granites, to the
beginning of emplacement of the Castro Daire and Estrela
circular plutons and also to the emplacement of granites in the
Guarda area related to offsets along possibly sinistral N20-
trending strike-slip faults. In this way, these faults could be
interpreted as conjugates of the N150-trending faults.

- The third stage (Fig. 9c) may have been characterized by the
inflation of the granitic plutons in various directions, more or
less independently of the tectonics, leading to their present
distribution. In other words, the end of emplacement would be
forceful, i.e. essentially related to the magma pressure itself.

The post-emplacement tectonics was just characterized by very
local solid-state deformations of the granites and the injection of
quartz veins.
6. Conclusion

The present study allows a first structural characterization of
a wide outcrop of the late-D3 (or late to post-D3) Variscan granit-
oids of Central Portugal. The regular fabric patterns here deter-
mined demonstrate that granitoid emplacement was controlled by
the reactivation of previous crustal-scale strike-slip faults and
involved magmatic pressure as a driver. Our structural study points
to a rather quick emplacement, whereas the geochronological data
indicate that this event might have been c. 20 Ma long
(308e287 Ma time-span). More age data could probably help to
solve this apparent contradiction. Detailed structural analyses of
the late-D3 granites in chosen sites such as the junction of the DBSZ
and JPCSZ faults, or the contacts between syn- and late-D3 granites
could provide data to improve and refine our model.
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