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Abstract-The Veiga Massif belongs to the talc-alkaline series of Hercynian granitic rocks of the Ibero- 
Armorican arc. The Veiga granodiorite intruded during the Upper Carboniferous into the core of the WNW- 
ESE N-verging ‘0110 de Sapo’ antiform, formed by Precambrian and Palaeozoic metasediments. Internal fabrics 
show that magma intrusion was contemporary with shortening. Measurements of feldspars orientations and 
anisotropy of magnetic susceptibility (AMS) throughout the granite are consistent and indicate a foliation 
striking WNW-ESE (parallel-to-folding), with a constant dip of 75-85”N. The zonation of bulk low-field 
susceptibility is related to mineral content and indicates a more basic composition at the southern and western 
borders. The difference in elevation between outcrops (more than 600 m) allows us to infer the three-dimensional 
attitude of granite fabrics throughout the Massif. Syn-magmatic fabric folds are preserved in the inner part of the 
igneous body. The highest degree of magnetic anisotropy is observed in areas located near the bottom and top of 
the intrusion. At the scale of the Massif, foliation is convergent toward the bottom of the intrusion, along a line 
located at its northern border, where the magma source is interpreted to be located. In the western border of the 
Massif, the presence of C and S structures indicates that magma cooling was coeval with movement of the 
Chandoiro fault, a N-S striking normal fault with a N290E hanging wall displacement direction. These results 
indicate that emplacement of the Veiga granite is coeval with NNE-SSW shortening and with an WNW-ESE 
extension direction, parallel to the trend of the late folds. 

INTRODUCTION 

Mechanisms of granitoid intrusion have been exten- 
sively discussed in the geological literature (Pitcher 
1979, Bateman 1984, Castro 1987, Wickham 1987, 
Miller et al. 1988, Hutton 1988, Kukowski & Neuge- 
bauer 1990, Paterson & Fowler 1993). Ascent of magma 
can occur in different tectonic regimes. Granites 
intruded in extensional, thrust and wrench regimes can 
be found in the Hercynian Massif of Iberia related to 
different stages in the evolution of the Variscan orogen 
(Brun & Pons 1981, Courrioux 1983, Courrioux et al. 

1986, Mpez-Plaza & Gonzalo 1986, Castro 1986, Cor- 
retgC et al. 1989, Aranguren 8z Tubia 1992). The difficul- 
ties for clearly identifying the mechanism of intrusion lie 
in the very nature of igneous rocks: the methods com- 
monly used in structural geology are very useful to study 
the effects of ductile deformation, but magmatic folia- 
tion is hard to measure. 

Determination of the anisotropy of the magnetic sus- 
ceptibility (AMS) is demonstrated to be a powerful tool 
for determining fabrics in igneous rocks (Heller 1973, 
Hrouda 1982, Par& 1988, Guillet et al. 1983). Some 
attempts have been made to use the intensity of mag- 
netic susceptibility as an indicator to determine petro- 
graphic types (Gleizes et al. 1993, Leblanc et al. 1994). 

This paper aims to study the conditions of emplace- 
ment of the granodioritic Veiga Massif and the defor- 
mation that affects it. The Veiga Massif is an igneous 
body intruded in the northern part of the Hercynian belt 

of Spain, between the Central Iberian and the Western 
Asturian-Leonese zones (Fig. 1). The main objective of 
this work is to analyse the relationship between fabric 
orientation in granites, the magnetic fabric and continu- 
ous ductile deformation (taking into account the impor- 
tance of three-dimensional analysis in the study of mag- 
matic bodies). We also attempt to correlate the 
emplacement and deformation of the Veiga granitoid 
within the frame of the tectonic evolution of the north- 
ern Iberian Variscan belt. The methodology used in this 
work includes analysis of magnetic properties of igneous 
rocks and kinematic analysis of ductile planar and linear 
fabrics. 

GEOLOGICAL SETTING 

The Iberian Massif is part of the European Hercynian 
Orogen. It is classically divided into five zones according 
to stratigraphic, petrologic and structural features 
(Lotze 1945, Julivert et al. 1972) (Fig. 1): Cantabrian, 
Western Asturian-Leonese, Central-Iberian, Ossa- 
Morena and South-Portuguese. 

The structure of the northern part of the Iberian 
Hercynian belt is characterized by a westward-facing 
arc, formed by several stacked thrust units. Several 
tectonic stages have been distinguished, most of them 
corresponding to an .o,verall east-west shortening (Bard 
et al. 1973). The first stages formed recumbent folds and 
east-verging thrusts; deformation continued forming 
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Fig. 1. Geological sketch map of the northern part of the Iberian Hercynian Massif, with the location of the area studied. 

vertical folds, both parallel and perpendicular to the Iberian Massif is the Vivero fault, with an arcuate shape 
trend of the arc. There was a migration of deformation that follows approximately the trace of the Iberian arc. It 
with time, from west (the internal zone of the orogen) to indicates an east-west extension, probably due to the 
east (external zone). The main extensional structure collapse of the erogenic wedge after thrusting 
recognized until now within the northern part of the (Martinez-Catakin 1985, Aranguren & Tubia 1992). The 
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last stages correspond to Late Variscan brittle defor- 
mation (Arthaud & Matte 1977). Regional metamor- 
phism is multi-facial, final stages occurring at low 
pressure, with localized thermal anomalies due to em- 
placement of granitoids. 

Granitoids are more abundant in the internal (western 
and southern) zones of the Iberian Hercynian Massif. 
They have been classically divided into two series, from 
the chemical and petrologic points of view (Capdevila & 
Floor 1970): talc-alkaline (I granitoids) and alkaline (S 
granitoids). At the beginning of the Hercynian orogeny, 
small bodies and veins of two-mica and talc-alkaline 
granites appeared. Intrusion of granites began during 
the thrust stage. Two-mica granites are also associated 
to after-thrusting NNE-SSW right-lateral and N-S left- 
lateral shear bands (Iglesias & Choukroune 1980, Aran- 
guren & Tubfa 1994). During and after the late folding 
stage syn- to post-kinematic talc-alkaline bodies were 
intruded (Lbpez-Plaza & Martinez-Catalan 1987). 

The Veiga Massif in its geological environment 

The Veiga Massif is an intrusive, E-W trending 
elongated body with dimensions of 20 x 8 km (Fig. 2). 
Its composition is basically a granodiorite, with local 
variations to syeno-granite and monzo-granite. Its min- 
eralogical composition mainly consists of quartz, oligo- 
clase, K-feldspar (perthitic orthoclase and microcline) 
and biotite. Apatite, zircon, muscovite, tourmaline and 
epidote (allanite) appear as accessory minerals. The 
texture is porphyritic, with euhedral K-feldspar pheno- 
trysts, that range in size from 2 to 5 cm, within a 
medium- to coarse-grained matrix. Fine-grained xeno- 
liths, with quartz-diorite composition, are very com- 
mon. Country rock xenoliths are rare and occur at the 
borders of the intrusion. 

The Veiga Massif is bordered by metasediments 
whose age range from Precambrian to Ordovician (Fig. 
2). They can be divided into three units according to 
recent studies by Martinez-Garcia & Quiroga (1993): (1) 
The Viana unit, which consists of gneiss, mica-bearing 
schists and amphibole-bearing quartzites. Their age is 
attributed to the Early Cambrian (Martinez-Garcia 
1971, 1973) and Late Proterozoic (Ferragne 1972); (2) 
The Ribadelago unit, which consists of glandular gneiss 
of the ‘0110 de Sapo’ formation, attributed to the Lower 
Cambrian-Ordovician (Martinez-Garcia 1969, 1973), 
and also to the Late Proterozoic (Bard et al. 1972, 
Ribeiro 1974); (3) The Pena Trevinca unit, consisting 
mainly of Cambro-Ordovician schists and quartzites. 
The contacts between these three units are low angle 
parallel thrusts that give the sequence, from bottom to 
top, Viana-Ribadelago-Peia Trevinca throughout the 
studied area (Martinez-Garcia & Quiroga, 1993). To the 
southwest of the Veiga Massif lies the Manzaneda two- 
mica granite. 

The overall structure of the studied area is dominated 
by the ‘0110 de Sapo’ anticlinorium, the easternmost 
unit of the Central-Iberian zone, within the Iberian 
Massif. It is a large structure developed by the super- 

position of D3 over Di, two deformational phases of the 
Hercynian orogeny. This anticlinorium, strongly modi- 
fied by subsequent deformation episodes (Matte 1968, 
Martinez-Catalan et al. 1977, Bastida et al. 1993), ex- 
tends from the Cantabrian Sea to the Spanish Central 
Massif. Its trend changes from N030E to NllOE, follow- 
ing the shape of the Iberian arc. In the country rocks of 
the Veiga Massif the following structural events have 
been distinguished (Barrera-Morate et aE. 1989): 

(1) Di produced cleavage-related folds trending 
NllO-150E (classes lc to 2 of Ramsay 1967) with axes 
plunging from 20”NW to 25”SE. 

(2) DZ produced NE-verging thrusts: the most import- 
ant are the Verfn thrust, with an estimated 150 km 
horizontal displacement, and the Pradocabalos thrust, 
associated with crenulation cleavage and nearly horizon- 
tal micro-folds (Ribeiro 1970, 1974, Marcos 1971, 1973, 
Martinez-Catalan 1985, Bastida et al. 1986, Farias 1990). 

(3) The western part of the Veiga Massif is cut by the 
N-S striking 55-7O”W dipping Chandoiro normal fault 
(Fig. 2), with a mapped length of about 30 km. It formed 
after the second deformation phase, and it is possibly 
contemporary with the subsequent D,. 

(4) D3 produced gentle folding of the former struc- 
tures. Main folds trend NW-SE and verge NE (Parga- 
Pondal 1963, Gonzalez-Lodeiro & Iglesias 1977). These 
structures are associated with crenulation cleavage and 
stretching lineation parallel to fold axes. 

The major structure in our study area is therefore a D1 
anticlinorium refolded by D3. Related metamorphism 
began during the first stage and reached a maximum 
between the D2 and D3 phases. Its intensity increases 
toward the southwest. Retrograde metamorphism, 
hydrothermal metamorphism and cataclasis affected the 
rocks located near the Chandoiro normal fault. 

The Veiga Massif developed a metamorphic aureole 
in the country rocks. Contacts are parallel to the re- 
gional cleavage trajectories in the northern and southern 
border of the Massif but cut across them in the eastern 
and western parts. Finally, the Veiga Massif is cross-cut 
and displaced by two Late Variscan faults that show an 
apparent left-lateral strike-slip movement. 

RESEARCH METHOD 

Ductile deformation 

The analysis of ductile deformation in the granite is 
based upon both the magmatic foliation and C-S struc- 
tures. These structures allow to determine the geodyna- 
mic context during the emplacement of magmatic bodies 
(Berthe et al. 1979, Iglesias & Choukroune 1980, Gapais 
& Barbarin 1986, Gapais & Cobbold 1987, Lagarde 
1987, LeCorre & Saquaque 1987, Vauchez 1987). The 
C-S structures are present in the western border of the 
Veiga granite, near the Chandoiro fault. Their system- 
atic analysis was made to determine the width of the 
shear zone and the change of intensity of deformation 
from west to east. Moreover, kinematic data and tem- 
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Fig. 2. (a) Geological sketch map of the Veiga Massif, simplified from Iglesias & Varea (1982), with location of 
measurement sites. Contours show present-day topography (numbers indicate elevation above sea level). (b) Cross-section 

of the Veiga Massif, modified from Iglesias & Varea (1982). 
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perature estimates were obtained from the analysis of 
quartz c-axis fabrics of several samples. In order to 
determine the orientation of magmatic foliations and 
lineations, systematic measurement of (010) planes and 
c-axes of feldspar phenocrysts was carried out in 40 sites; 
these sites are homogeneously distributed throughout 
the outcropping surface of the Veiga Massif (see Fig. 2), 
with a total of nearly 1000 crystals measured. Data 
statistics were made of their distribution in sterographic 
projection, considering both the orientation of absolute 
maxima and the distribution of relative maxima. 

AMS analysis 

Anisotropy of magnetic susceptibility is a useful tool 
for determining the conditions of emplacement of grani- 
toids by interpretation of the internal structure, because 
of the suitable treatment of tensorial data, i.e. principal 
axes, orientations and moduli, and the relationship 
between them. 

Forty-two sites in an area of about 154 km2 were 
analyzed (Fig. 2). They are homogeneously distributed 
throughout the Veiga granodiorite. The sites were core- 
drilled and the cores were oriented in the field. In each 
site we obtained two-seven cores (see Table l), with an 
average of five cores. These five cores are distributed 
homogeneously, considering both the sampled rock sur- 
face (spatial distribution) and the orientation of their 
axes. This procedure of sampling allows testing of the 
reliability of AMS measurements in moduli (magnetic 
susceptibility averages), orientations of the tensor prin- 
cipal axes (Xi, K2, KS) and scalar ratios (see below). The 
results were obtained from an average of six specimens 
per site. 

Fifteen measurements were taken and referred to a 
diagonal matrix. Measurements were made with a KLY- 
2 susceptibility meter, using a bridge at low magnetic 
field. The relationship between tensors axes, normalized 
by means of Jelinek’s method (Jelinek 1977, see Table 
1)) was studied using the corrected anisotropy degree P’ 
and the shape parameter, T, defined as (Jelinek 1981): 

P’ = exp h.wbJ2 + 012-~m)2 + @3-~m>21> (1) 

T = (&42-~1-~3Y011-~3)t (2) 

where ,ul = In K,, ,u2 = In K2, ,u3 = In K3 and pm = 

%+~2*~3)* 

RESULTS 

Fabrics within the pluton 

From the structural point of view, the Veiga Massif is 
homogeneous at the outcrop scale except on its western 
border. Feldspar phenocrysts are euhedral and show no 
evidence of plastic deformation. Quartz crystals are 
coarse-grained with moderate internal deformation, as 
represented by undulose extinction. 

The orientation of nearly one thousand K-feldspar 
megacrysts, distributed over 40 sites were measured, 
with an average of 30 crystals per site. At most sites, the 
orientation of (010) planes was measured, but because 
of poor outcrop conditions, the orientation of c axes of 
feldspar crystals could not be measured at every site 
(Fig. 3). At sites with a high number of measurements, 
two types of distribution can be seen: (1) a planar type, 
where the orientation of c-axes of feldspars is distributed 
according to a great circle that coincides with the maxi- 
mum of (010) planes orientations; and (2) a linear type, 
where maxima of (010) planes lie along a great circle 
whose pole defines the lineation. Planar fabrics show a 
WNW-ESE strike (Fig. 4), steeply dipping to the north. 
This general attitude of (010) planes is clear in the 
northern and southern borders of the Massif (Fig. 4). On 
the contrary, the central part of the Massif shows a 
higher dispersion of foliation, with several N-S striking 
relative maxima and some subhorizontal measurements. 

The western border of the Veiga Massif is affected by 
the Chandoiro normal fault. The C-S structures indi- 
cating normal shear with top-to-the-west movement can 
be seen in a 3 km wide band inside the pluton. The C 
planes, where biotite crystals concentrate, show a reg- 
ular spacing of about 3 cm, and a strong 120”E-trending 
stretching lineation can be seen on them. The maximum 
density of orientations of the stretching lineation on C 
planes is 292,57 (Fig. 4). Shear planes strike NNE-SSW 
and dip 44-85” to the west. A less conspicuous conjugate 
set of C planes, dipping 2745”W with reverse (top-to- 
the-east) movement has also been observed. Between C 
planes, rotated euhedral feldspar phenocrysts have been 
observed in outcrop and in thin section (Figs. 5a & c). 
The foliation shows a sigmoidal shape consistent with 
the shear sense, with decreasing grain size towards the 
shear bands. A change in the quartz fabric over shear 
planes is revealed by the gradual strengthening of the 
quartz fabric toward the shear bands (Fig. 5b), and by 
the development of a shape foliation defined by 
elongated recrystallized grains of quartz within the C 
domains (Fig. 5b). Biotite crystals are deformed by kink 
bands (Fig. 5d). Microcline crystals show late reactions 
forming myrmekite textures (Fig. 5e) (Simpson 1985). 
The fact that biotite crystals are concentrated on C 
planes and are also deformed by kink bands indicate that 
deformation was coeval with the cooling process of the 
Massif. 

The crystallographic orientation of c-axes of quartz 
grains was measured in four thin sections from XZ 
surfaces with a Universal Stage (Fig. 6). Outside the 
western shear zone (Figs. 6a & b), quartz has a compo- 
site crystallographic preferred orientation of c-axes: two 
maxima are close to the maximum stretching direction X 
whereas other relative maxima are located close to Y. 
This pattern suggests activation of prismatic slip on both 
a- and c-directions. Alternatively, it could be inter- 
preted as the result of a selective grain boundary mi- 
gration parallel to the c-axis at high-temperature 
conditions (Gapais & Barbarin 1986, Tommasi et al. 
1994). In the western shear zone, the crystallographic 
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Table 1. The AMS results. S: site number, NC: number of cores drilled in each site, n/N: number of specimens considered/number of specimens 
analysed at each site (some specimens, N-n in number, are not considered due to its very high residual error; Jehnek 1977) E: standard error, P’: 
corrected anisotropy degree (Jelinek 1981); T: shape parameter (Jelinek 1981); Km: arithmetic mean of bulk susceptibility for the site (in l@ 
SI); K,, K2 and KS: mean (trend/plunge) of AMS axis orientations considering a unimodal distribution (Fisher 1953), qs : opening angle for the 
confidence cone with the 95% probability; K: accuracy parameter, Es, I&l: trend/plunge and modulus of eigenvectors of Kiand Kadistributions. 
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2l7ll8 9 64 1,M 0.003 0,485 0.105 176 I? 

2w22 0 146 1,042 0,002 0,464 0,117 180 21 

201119 12 28 1,033 O.W 0,818 0088 158 f 
194139 10 66 1,032 0.001 0,534 0.144 173 21 

197105 11 46 1,039 o.OO2 0,618 0,142 138 13 

178142 5 300 1,065 o.ml 0,147 0.08 113 11 

092167 6 49 1,063 0.003 .0,309 0.~5 120 14 

097172 5 264 1,071 0.004 -0,134 O.M6 104 f 

136174 11 29 1,M ‘AOW -0,023 O.oBl 158 Z 

078l85 4 433 1,051 0.003 -0,048 0.056 143 18 

208151 13 32 1,042 0.003 0,017 0.147 99 I 

AMS results 

Because of its low susceptibility (Km is comprised 
between 9Ox1O-6 and 170~10-~ SI) (Table l), the 
Veiga granitoid can be considered as a ‘non-magnetic’ 
granite according to the classification of Ellwood & 
Wenner (1981), and as a rock with dominant paramag- 
netic susceptibility according to Rochette (1987). Biotite 
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Fig. 3. Foliations measured from feldspar phenocrysts (average obtained in every site), C-S structures and magnetic 
anisotropy (AMS) in the Veiga Massif, and cleavage measured in country rocks. 

(and, to a lesser extent, ilmenite) constitutes the main 
paramagnetic contribution. Therefore, the map showing 
the spatial variations of Km (Fig. 7) mainly reflects the 
biotite content. The Km zonation (Fig. 7) shows maxi- 
mum values at the southern border, gradually decreas- 
ing toward the central part. This distribution agrees with 
observations of thin-sections along N-S transects, which 
show an increase in biotite content from north to south. 
Near the northern border, Km values increase again but 
contours do not completely outline a concentric pattern. 

The magnetic planar fabrics show a high degree of 
consistency with the foliation planes determined from 
the orientation of feldspar megacrysts: the orientation of 
K3 axes coincides with poles of (OlO)-feldspar planes 
(see Figs. 3 and 4a). Where the magnetic lineation can 
be defined (in triaxial or prolate ellipsoids), it is subhori- 
zontal with an E-W trend at the northern border and a 
variable trend in the central sector and at the southern 
border. This lineation shows a high degree of consist- 
ency with the lineation determined from c-axes of feld- 
spar megacrysts (see Fig. 3). At the western border, near 
the shear band linked with the Chandoiro fault, K1-K2 
planes are oblique to C planes and parallel to the 
foliation determined by the orientation of feldspar 
megacrysts (see Fig. 3 and Table 1). The K, axes (see 

Fig. 4b) are parallel to the projection of the stretching 
lineation (measured on C planes) on the foliation planes 
(see Fig. 4b). 

The degree of anisotropy of the magnetic ellipsoid P’ 
(Table 1) is maximum in the western part of the Massif 
and related to ductile deformation associated with 
movement of the Chandoiro fault (Fig. 8a). In the rest of 
the Massif, relative maxima of P’ appear in two 
domains: (1) two central areas within the Massif, that 
approach the bottom of the N-S thalwegs (site 16, Fig. 
8a); and (2) the isolated Seoane outcrop at the highest 
topographic level in the Massif. From these features we 
infer higher strains at pluton boundaries (floor and 
roof), especially in the vicinity of the Chandoiro fault. 

The shapes of the magnetic ellipsoids (given by T, 
Table 1) is distributed as follows: the southern border of 
the Massif shows mainly oblate shapes, whereas in the 
northern part triaxial or prolate shapes dominate (Figs. 
8b and 9). In the shear zone of the western boundary, 
magnetic ellipsoids are triaxial to prolate. The shape of 
the magnetic ellipsoids can be related to the distribution 
of the orientation of feldspar planes at different sites 
(see Fig. 4): at the southern border of the Veiga Massif 
poles to (OlO)-feldspar planes tend to be concentrated in 
one maximum, whereas at the northern border, poles 
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Fig. 4. (a) Density diagrams (Schmidt net, lower hemisphere) of feldspar orientations and AMS axes in the three zones 
distinguished within the Veiga Massif, and for the whole Massif. Contour intervals: 0.8% for feldspars and 3.0% for AMS 
data. (b) Density diagram of the stretching lineation in the western part of the Veiga Massif (contour intervals: 3.0%) and 
stereoplot of AMS axes obtained for each specimen. For the three populations of axes, the Fisher distribution vector has 

been calculated. 

are distributed in great circles perpendicular to the Comparison of results. Three-dimensional consider- 
c-axes of feldspars. Furthermore, areas where oblate ations 
magnetic ellipsoids are observed coincide with areas 
where no clear preferable orientation of c-axes of feld- In the absence of gravity data, structural observations 
spar are observed in the field. from outcrop at different elevation can help to obtain 



Fig. 5 

0). (( 

(a) Field aspect of C-S structures in the western part of the Massif. Shear sense is top-to-the right. Scale bar is 
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Fig. 6. Quartz c-axis fabrics obtained from thin sections measurements at four sites in the Viana granodiorite; (a) and (b) 
are situated outside the western shear zone, (c) and (d) are situated in the western shear zone; S (foliation) and L (lineation) 
are determined from thin section observations. Equal-area, lower-hemisphere: contour intervals are 1.5% in (a), (b) and 

(c), and 1% in (d). 

a 

Fig. 7. Bulk susceptibility (Km) map (X 1Om6 SI) of the Veiga granodiorite. 

information on the three-dimensional geometry of a the foliation (WNW-ESE) (Fig. lOa), allow projection 
granitic body. From structural and magnetic data, a map of our data onto a plane perpendicular to the average 
of the interpreted trajectories of planes of magmatic strike of the fabric (method described by Roberts 1982). 
foliations and C-planes has been drawn (Fig. 10a). We have projected the dip of foliation planes and the 
Except on its western border, the Veiga Massif is homo- degree of anisotropy of the magnetic ellipsoid P’ on that 
geneous at the outcrop scale, with a planar fabric strik- plane (Fig. lob). Note that this projection is not a real 
ing WNW-ESE, steeply dipping to the north (Fig. 10a). cross-section. Data of the western part of the Massif 
This foliation is parallel to the principal regional struc- were excluded from this projection, since they show a 
ture. Some irregularities are observed in the central part completely different attitude and are linked to the move- 
of the Massif (Fig. lOa), probably related to D, folding. ment of the Chandoiro fault. From this projection (Fig. 
At the western border trajectories of C-planes striking lob) a convergence of foliation toward the lower part of 
N-S cut across foliations of the country rock and the the granite along the northern border can be recognised. 
granite. The elevation differences between the studied Irregularities in foliation orientation concentrate in the 
sites (more than 600 m), together with the near- central part of the Massif. Here, foliation planes form 
horizontal lineation and the relatively constant strike of asymmetric folds: anticlines with strongly dipping north- 
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Fig. 8. (a) Map of the anisotropy index P’ of the magnetic ellipsoid. (b) &lap of the shape parameter T of the magnetic 

ellipsoids. 

ern limbs and gently dipping southern limbs, that could 
be contemporary with comparable folds found in the 
country rock. Nevertheless, these irregularities could 
also correspond to root zones at deeper levels. 

The convergence of foliation planes toward the north- 
ern lower part of the intrusion suggests the existence of a 
magmatic source along this northern border. This 
hypothesis may explain the apparent opposite vergence 
between the magmatic foliation which is consistently 
dipping northward, with a steepest dip in the northern 
sector, and the northward-verging asymmetric anticline 
within which the Veiga granodiorite intruded (Fig. 11). 

Nearly horizontal magmatic lineations that appear in 

the northern part of the Massif (Fig. 3) are apparently 
not consistent with the magmatic source hypothesis, but 
it must be taken into account that they may result from 
the kinematics of folding coeval with intrusion. The 
northern limb of the ‘0110 de Sapo’ antiform shows the 
same orientation as the magmatic foliation. The later 
Hercynian folding produced crenulation cleavage and a 
horizontal NW-SE stretching lineation parallel to fold 
axes. This lineation is indicated both by tension gashes in 
feldspars, filled with NW-SE trending quartz fibres 
within the ‘0110 de Sapo’ formation, and by recrystalli- 
zation of micaceous minerals (Iglesias & Varea 1982). In 
the southern part of the Massif, magnetic ellipsoids show 
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Fig. 9. Representation of PIT for the different sectors (see Fig. 4) of 
the Veiga Massif. 

a general oblate shape, and the main magmatic foliation 
dips in the opposite sense as the fold limb. No stretching 
lineation has been found in this southern limb. 

DISCUSSION 

Relationship with regional tectonics 

The Veiga Massif is interpreted as a WNW-ESE 
elongated igneous body, with a regular zonation from 
the southern and western borders (more basic) to the 
central part and northeastern border (more acid). The 
fabric anisotropy is maximum near the top and bottom 
of the intrusion. Foliation directions are parallel to the 
main regional structure, with irregularities in the central 
part, probably due to shortening and folding coeval with 
intrusion. Convergence of foliation at depth toward the 
northern border of the Massif could indicate a magma 
source in the northern sector, that interferes with re- 
gional NE-verging folding (Fig. 11). Extensional ductile 
shear with top-to-the-west motion associated with the 
Chandoiro fault occurred during the late stages of the 
emplacement of the Veiga granodiorite, under different 
temperature and strain conditions. In sites located in the 
easternmost part of the shear zone feldspar phenocrysts 
strike N120E and dip to the North, whereas C-planes 
indicate WNW extension. In the westernmost part of the 
shear zone the primary structure of the granitoid is 
completely obliterated by C-S structures, although most 
feldspar phenocrysts striking N-S maintain their original 
shape. 

No regional widespread cleavage in the country rocks 
is associated with the WNW-ESE 0s folding contem- 
porary with the emplacement of the Veiga Massif. Only 
crenulation cleavage and solid-state lineations devel- 
oped during this stage. In some areas, the contacts of the 
Veiga granitoid cut across cleavage trajectories in the 
country rock. These cleavage planes were formed during 
Di and were folded by 0s (Fig. 11). Because of the 
different age of the regional cleavage and the intrusion, 
the syn-kinematic emplacement of the Veiga Massif is 
not associated with a systematic pattern of deflection of 

cleavage trajectories in the country rock, as found in 
many syn-tectonic granites (Brun & Pons 1981, Brun et 
al. 1990). On the other hand, the development of a 
primary foliation followed by C-S fabrics in the western 
border of the Veiga Massif is actually typical of syn- 
kinematic granites, in which temperature decreases dur- 
ing progressive deformation (Gapais & Barbarin 1986). 

The Veiga Massif was previously considered as a post- 
tectonic pluton within the Iberian Massif (Lopez-Plaza 
& Martinez-Catalan 1987). From the magnetic and 
structural study presented here it is clear that (1) the 
intrusion of magma in the Veiga Massif was coeval with 
NNE-SSW shortening, consistent with the direction 
defined by the &-deformation phase imprinted in the 
‘0110 de Sapo’ anticlinorium; and (2) cooling of the 
intrusion is coeval with movement of the N-S Chandoiro 
normal fault. The intrusion of the Veiga granodiorite 
happened after the D2 thrusting stage (here represented 
by the Verin thrust, that shows a north-northeast trans- 
port direction (Farias 1990, see Fig. l), with defor- 
mation controlled by upright or slightly NE vergent D, 
folds. Unfortunately, no absolute dating that could help 
to accurately locate this deformation stage within the 
Hercynian orogeny, exists in the Veiga Massif. 

Barrera-Morate et al. (1989) suggested that the 
extensional stage responsible for the Chandoiro fault 
occurred before late D3 folding, because some N-S 
normal faults in the Iberian arc are folded. From the 
analysis of structures in the area studied, it can be seen 
that the Chandoiro fault is not affected by folding and 
that the extensional stage postdates late folding. Never- 
theless, the two processes (WNW-ENE folding and 
WNW extension) could coexist for a certain period on 
the regional scale, giving different chronological re- 
lationships between structures in different places. Simi- 
lar conditions of superposition of strain fields are also 
described in the recent evolution of other mountain 
chains (Mancktelow 1992). 

Extension contemporary with shortening, usually re- 
lated with extensional collapse of a thickened crust, is a 
common scenario in many erogenic belts. Examples are 
found of extension either parallel or perpendicular to 
shortening (Ratsbacher et al. 1989, Malavieille et al. 
1990, Tapponnier et al. 1981, Malavieille 1992, Manck- 
telow 1992). Extension perpendicular to shortening is 
interpreted in terms of switching of deformation axes 
(when the intermediate axis is near vertical) and there is 
a decrease in the compressive stress parallel to the belt 
during a period of decreased compressive stress perpen- 
dicular to the belt (Molnar & Lyon-Caen 1988, Manck- 
telow 1992). The tectonic setting of the Veiga Massif 
corresponds with an extension perpendicular to the local 
shortening direction (Fig. 12). This shortening direction 
is at the same time perpendicular to the regional E-W 
shortening in the Iberian arc (Bard et al. 1973). This 
superimposition of E-W and N-S shortening directions 
at the regional scale also occurred in the external zones 
of the Iberian arc during the Carboniferous (Alvarez- 
Marron & Perez-Estaun 1988, Farias & Marquinez 
1991). 
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Fig. 10. (a) Interpreted trajectories of planes of magmatic foliation and Cplanes obtained from the structural and magnetic 
analysis. (b) Projection of foliation planes onto a vertical plane perpendicular to the WNW-ESE elongation axis of the 

Veiga Massif. Contours show the anisotropy index P’ of the magnetic ellipsoids. 
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Fig. 11. Schematic block diagram showing the interpreted geometry of the Veiga Massif and its relationship with the 
structures of the country rock. The displacement produced by the two large N-S to NNE-SSW Late Variscan faults has been 

restored in order to reconstruct the initial shape of the pluton. 
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Fig. 12. Schematic block diagram, at the scale of the Hercynian Arc of Galicia, showing the relationship of the Chandoiro 
fault with the Vivero fault and other granitoid bodies (for a true scale and location, see Fig. 1). 
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The extension direction indicated by the Chandoiro 
fault is similar to the extension direction of the Vivero 
fault, the main extensional structure in the northern part 
of the Iberian Massif (Martinez-CatalAn 1985, Aran- 
guren et al. 1990, Aranguren & Tubia 1992), also dip- 
ping westward (Fig. 12). As the Chandoiro fault, the 
Vivero fault cuts across the ‘0110 de Sapo’ anticlinorium 
and is related to the emplacement ofgranitoids, showing 
C-S structures with normal top-to-the-west shear 
(Aranguren & Tubia 1992, RomBn-Berdiel 1994) in its 
footwall (Fig. 12). The structures associated with the 
emplacement of the Veiga granodiorite provide, there- 
fore, the basis for the relative timing and spatial location 
of the massif within the context of the Iberian arc. 

CONCLUSIONS 

1. Measurement of feldspar orientations and AMS 
throughout the Veiga granodiorite are consistent and 
indicate a foliation striking WNW-ESE (parallel to late 
regional folding), with a constant dip of 75-85”N. 

2. A zonation of the igneous body from the southern 
and western borders (more basic) to the central part and 
northeastern border (more acidic) is deduced from the 
bulk low-field susceptibility. 

3. The highest degree of magnetic anisotropy is ob- 
served in areas located near the bottom and top of the 
intrusion. 

4. Foliation is convergent toward the bottom of the 
intrusion, along a line located at its northern border, 
where the magma source is interpreted to be located. 

5. The western border of the Massif is affected by C-S 
structures which indicate that the cooling of magma was 
coeval with movement of the Chandoiro normal fault. 

In summary, our structural, magnetic and petrofabric 
data clearly show that intrusion of the Veiga granodior- 
ite was coeval with NNE-SSW shortening, defined by 
the &-deformation regional phase, and that the cooling 
of the Massif was coeval with the N290E extensional 
motion of the Chandoiro Fault. 
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APPENDIX 
METHODOLOGY FOR THE STUDY OF 

MAGNETIC PROPERTIES 

Statistical treatment and reliability of data of AMS 

Two types of distribution for the AMS directional data can be 
considered: 

(1) Fisher’s unimodal distribution: for each axis, Fisher (1953)‘s 
probability function calculates the mean direction and its associated 
error (given by a confidence ass cone, and a precision parameter K). 
This is the classical method to obtain mean directions for the three axes 
of the MS tensor. Nevertheless, this method does not give real values 
when AMS values do not present a unimodal distribution. 

(2) Bingham (1974)‘s bimodal distribution considers a distribution 
with two probability maxima and refers them to a second range matrix 
with three eigenvectors (E,, E2 and Ez). We have used this method 
when the associated error (ass) of Fisher’s distribution was greater 
than lo”. The mean was characterized with the direction and value of 
the third eigen-vector (the pole to the plane which contains the spatial 
variability for this axis). This method is especially useful in the case of 
uniaxial tensors (Kz = Ks or K, = Kr). In this case, the vectors showing 
the orientation of the two identical axes are contained within a plane 
and its sum nears one. The plane which contains Et and & is the plane 
whose pole is the third axis of the MS tensor, K1 (when Kz = 5) or Ks 
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(when K1 = Kz). In our opinion (see also Tarling & Hrouda 3993) it is order to contrast the graphical error estimation of this method with the 
better to use an orthogonal two-pole distribution referring it with Ei two methods above described. 
and E3 (considering both orientation and value) of the Bingham We have used the arithmetic mean of the Km together with the 
distribution (see Table 1). absolute error value (see Table 1). The relative errors obtained are less 

There exists another useful method based on Jelinek (1978)‘s than 10% and 15% for 61% and 88% of the specimens, respectively. 
statistical theory of AMS data, based on averaging all susceptibility 
tensors after they have been normalized against their main susceptibi- 
lity. The variance and confidence intervals for the orientations of the 
principal susceptibilities are computed from the variance-covariance 
matrix. In that case, the confidence area about each mean principal 
direction is elliptical, so that the maximum and minimum radii are 
required to define this area on a representative sphere (Tarling & 
Hrouda 1993). We used an approximation of this method with the help 
of a special software package (AplotlO program, Lienert 1991) in 

For the treatment of errors associated to mean values of parameters 
P’ and T, log-normal distributions have been considered. For P’, 88% 
of sites show errors lower than 15% and 64% of sites lower than 10%. 
The reason for low errors is that P’ is proportional to the principal 
Kl-K, section of the ellipsoid. 

In order to evaluate the spatial distribution of the values of the 
different parameters (P’, T) and variables (Km) we have considered 
these as a linear and continuous functions and made a spatial interpola- 
tion in two dimensions, drawing maps which show this variability. 


