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Abstract - -The Mondofiedo nappe is one of the main units in the internal zone of the Hercynian belt in the Iberian 
Peninsula. It consists of low to medium grade metasediments,  late Precambrian and Palaeozoic in age, folded by 
large Dt E-verging recumbent structures, and thrusted several tens of km towards the east during a D~ 
deformation episode. At the base of the thrust sheet, a shear zone of up to 3 km thick was developed. Granitoid 
bodies, which were intruded after Di and before or during D 2, were deformed in this basal zone. 

The geometry of D~ and D 2 structures and that of the isograds are described, as well as the relationships 
between metamorphism and deformation. A structural evolution is inferred which shows an episode of 
generalized ductile deformation (Dr) followed by another in which the deformation tended to concentrate in a 
subhorizontal ductile shear zone (D2) and culminated with the thrusting along an important fracture. The shear 
zone originated in a thermally softened level which, according to metamorphic data, was at temperatures in the 
range 550--600°C. 

The structural, metamorphic and magmatic features of the Mondofiedo nappe suggest a relationship with a 
crustal scale overthrusting of the continental mass to which the nappe belongs. This could be a consequence of 
the collision against another continental mass to the west. 

Resum(--La nappe de Mondofiedo est une des unites principales des zones internes de la chaine hercynienne de 
la Peninsule lberique. Elle est compos6e par des metasediments du Precambrien Superieur et du Pal6ozoique, 
affectes par des plis couches (DL). L'ensemble est chevauche vers l'Est sur plusieurs km lors d'une deuxi6me 
d6formation (D2). Dans la partie inferieure de la nappe, I'on trouve une zone de cisaillement de 3 km d'epaisseur. 
Des corps granitiques intrusifs dans cette zone ont et6 d6form6s pendant la deuxi~me phase. 

On d6crit la g6ometrie des structures et celle des isogrades, et on 6tablit des relations entre le m6tamorphisme 
et la d6formation. On peut d6duire une evolution structurale qui aurait commenc6 par un episode /~ 
comportement ductile gen6ralis6 (D I ), suivi par un autre h d6formation concentr6e dans une zone de cisaillement 
ductile subhorizontale (D2) qui a fini par chevaucher au long d'une fracture importante. La zone de cisaillement 
basale a 6t6 developpee, d'apr6s les donn6es sur le m6tamorphisme, ~ une temperature de l'ordre de 550--600°C. 

Les caract6ristiques tectoniques, m6tamorphiques et magmatiques de la nappe de Mondofiedo suggerent 
qu'elle est en relation avec un cisaillement profond intracontinental de la plaque a la quelle appartient la nappe 
qui peut bien 6tre une cons6quence de sa collision avec une autre masse continentale situ6e a l'Ouest. 

I N T R O D U C T I O N  

THE HERCYNIAN bel t  of  N W  Spain  c o m p r i s e s  severa l  
s u p e r i m p o s e d  a l l o c h t h o n o u s  uni ts ,  s o m e  o f  which  have  
u n d e r g o n e  d i s p l a c e m e n t s  of  t ens  o r  h u n d r e d s  of  k i lo-  
m e t e r s .  T h e  town  of  M o n d o f i e d o ,  to the  n o r t h  of  the  
p rov ince  of  L u g o ,  gives its n a m e  ( M a r c o s  1971) to  one  of  
the  la rges t  of  these  in the  in t e rna l  zone ,  a th rus t  shee t  
whose  ea s t e rn  l imit  is a thrus t  faul t  o r  i m b r i c a t e  s tack  
e x t e n d i n g  o v e r  some  165 k m  a long  s t r ike  (Fig.  1). To  the  
wes t ,  the  uni t  is cut  by the  V i v e r o  faul t  (Pa rga  P o n d a l  et 

al. 1967, M a t t e  1968), a N - S  s t r ik ing  faul t  d o w n t h r o w n  
to the  wes t .  I ts  t h row,  c o m p r i s i n g  tha t  o f  the  faul t  i tse l f  
and  tha t  of  an a s soc ia t ed  duct i le  shea r  zone ,  is a b o u t  
10 km,  as m a y  be  i n f e r r e d  f rom s t r a t i g r aph ic ,  s t ruc tu ra l  
and  p e t r o l o g i c a l  d a t a  (Mar t fnez-Ca ta l~ in  1981). T h e  
th rus t  shee t  was f o l d e d  by  two  sys tems  of  l a rge  o p e n  
an t i fo rms  and  syn fo rms  whose  h inges  and  axial  su r faces  
a re  m o r e  or  less p e r p e n d i c u l a r ,  p r o d u c i n g  type  1 in te r -  
f e r e n c e  p a t t e r n s  ( R a m s a y  1967) to the  wes t  of  the  uni t .  
T h r e e  p r inc ipa l  d o m e s  we re  f o r m e d  in this  a rea .  In  the  
two n o r t h e r n  ones ,  the  base  of  the  n a p p e  and  the  

foo twa l l  rocks  (G i s t r a l  and  M o n t e  C a r b a l l o s a  t ec ton ic  
w i n d o w s )  m a y  be  seen ,  whi le  in the  s o u t h e r n m o s t  one ,  
k n o w n  as the  P u e r t o m a r f n  d o m e ,  on ly  the  basa l  zone  of  
the  n a p p e  c rops  ou t ,  the  th rus t  faul t  not  hav ing  b e e n  

e x p o s e d  by  e ros ion .  
B e c a u s e  of  i ts d i m e n s i o n s  and  o u t c r o p  c o n d i t i o n s ,  the  

M o n d o f i e d o  n a p p e  of fers  p a r t i c u l a r  faci l i t ies  for  the  
s tudy  of  the  e v o l u t i o n  of  a la rge  a l l o c h t h o n o u s  s t ruc tu re  
in the  i n t e rna l  zone  o f  an o r o g e n i c  be l t ,  i nc lud ing  (i) its 
g e o m e t r y ,  (ii) the  t e m p o r a l  r e l a t i o n s h i p  b e t w e e n  the  
d i f f e ren t  s t ruc tu res  r e l a t e d  to the  n a p p e  and  thrus t  
t ec ton ics ,  (iii) the  d e f o r m a t i o n  m e c h a n i s m s  of  the  rocks ,  
(iv) the  r e l a t i onsh ip s  b e t w e e n  the  d e v e l o p m e n t  of  the  
s t ruc tu res ,  m e t a m o r p h i s m  and  p l u t o n i s m  and  (v) the  
l ink  b e t w e e n  the  h i s to ry  of  a uni t  of  this  k ind  and  the  
gene ra l  evo lu t i on  of  the  o rogen .  

R E G I O N A L  S E T T I N G  

T h e  H e r c y n i a n  be l t  o f  the  N W  I b e r i a n  Pen insu l a  has  
b e e n  d iv ide d  in to  t h ree  zones  wi th  d i f fe ren t  geo log ica l  
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Fig. 1. Geological sketch-map of the NW Iberian Peninsula. 

characteristics: the Cantabrian zone (CZ), the West 
Asturian-Leonese zone (WALZ) and the Central Iber- 
ian zone (CIZ) (Julivert et al. 1972). The three zones 
form concentric arcuate bands subparallel to the direc- 
tion of the peculiar virgation of this sector of the Hercy- 
nian belt of Western Europe (Fig. 1). 

The outermost of these, the CZ, is made up of an 
unmetamorphosed sedimentary succession in which two 
parts may be distinguished: (i) a pre-Carboniferous and 
pre-orogenic Palaeozoic sequence with clastic and car- 
bonate sediments of shallow-water platform facies rest- 
ing unconformably on turbidite facies deposits (the 
Narcea slates) attributed to the Upper Proterozoic and 
(ii) a Carboniferous synorogenic sequence, principally 
clastic in the Upper Carboniferous and mainly composed 
of paralic sediments (Julivert et al. 1980, Marcos & 
Pulgar 1982). The Hercynian orogeny gave rise to 
superficial thrust sheets with practically no internal 
deformation, and to two systems of parallel folds with 
steep axial surfaces which intersect to produce type 1 
interference patterns (Julivert 1971, Julivert & Marcos 
1973). 

The metasedimentary materials making up the 
WALZ are pre-orogenic and consist of a thick sequence 
covering the whole of the Cambrian and Ordovician 
systems, a good deal of the Silurian and, locally, the 
Lower Devonian. They rest unconformably on Upper 
Proterozoic terrigenous sediments with turbidite facies, 
the Villalba Series, equivalent to those of the same age 
of the CZ. In general, the Palaeozoic sediments corre- 
spond to shallow-water facies with a noteworthy excep- 
tion in the Upper Ordovician: the Agiieira formation, 
which exhibits turbidite facies (Marcos 1970, 1973, 

Crimes et al. 1974). According to the stratigraphic 
peculiarities, three domains may be differentiated in the 
WALZ: those of Navia, Mondofiedo and Caurel 
(Fig. 1). The stratigraphic successions corresponding to 
each of these are shown in Fig. 2. 

Structurally, the WALZ was affected by three defor- 
mation phases. The first (D1) gave rise to large recum- 
bent folds (with greater amplitudes in the domains of 
Mondofiedo and Caurel than in that of Navia), and a 
generalized slaty cleavage or schistosity (S 1). The second 
(D2) was responsible for the appearance of thrust-type 
structures and associated shear zones. The largest of the 
thrust sheets is the Mondofiedo nappe, which thrusted 
the domain of the same name over that of Navia towards 
the east. Minor folds, frequently non-cylindrical, some- 
times sheath-like, were generated, as well as a new 
schistosity or a crenulation cleavage ($2). The third (D3) 
produced large open folds, approximately homoaxial 
with the first ones, and a crenulation cleavage ($3). 
Locally, there is also a system of transverse folds which, 
superimposed on the earlier D3 folds, produced type 1 
interference patterns of Ramsay (1967). Metamorphism 
is of low grade in most of the zone, though in the 
Mondo6edo nappe it reached medium grade and, 
locally, attained high grade in the footwall rocks. 

From a stratigraphic point of view, the CIZ in Galicia 
(NW Spain) and N Portugal is characterized by a lack of 
dated Cambrian sediments, by the unconformity which 
separates the Lower Ordovician from its substrate and 
by the existence of a very thick Silurian sequence which 
is mainly pelitic. In its eastern part may be found the 
Ollo de Sapo anticlinorium (Fig. 1). This is a complex 
structure within whose core the Ollo de Sapo Formation 



The Mondofiedo nappe, NW Spain 417 

"OLLO DE SAPO" 
A N T I C L I N O R I U M  

AGE 
~ L ~  GARGANTA FM. 

L~:~RC~ S-LA~E'-S\ AGE 

MONTES SLATES \~ S to 

~A "OL,O OE SA°O" L~ ~'"~ 
FM. - -  ~ 

2....N. 
UP 

"~ EG ADEO LST - -  

CANDANA GROUP 

AGE --'\ 
..-?...~ VILLALBA \ LC CANDANA G R O U ~  
~.~ ." "~. SERIES \ \  

LEGEND "--~ \ 

sLATEcARo°'A"°us SLATE S C A L E  ~ -  I ~ ~ I , L I : ..I. . : . ~" :':" : ~': 

 oOO. uo VI,LALeA\ L ' m  
~ SANOSTONE SERIES \ \ \  

OUA.TZITE SO0 \ :::::: 
\ .'.'.'.'.% 

CAR~O.ATE ,ooo \~ 
SLATE AND GREYWACKE 

PORPHYROID SO0 

CAUREL DOMAIN MaN DOI~IE DO NAVIA 
DOMAIN G i s t r o l  

AGE W i n d o w  
" - ~ ~  GARGANTA FM 

-cZ't L-~ '~c A SLATES 
• . SECEDA BEDS / - -  \ 

- -  I / A ". 
GARGANTA FM / CABOS SERIES \ 

L--~C~'  SLATES tO (up to 3000 m \ \  
. . . . . .  MC East of Viliooortd \ 

CABOS SERIES Syncline} \ \ 
\ 

"~EGADEO LST 

~UNCONFORMITY 

DOMAIN 
T e c t o n i c  

\ 
\ 

\ 
\ 

%% 
N 

\ 

NAVIA DOMAIN 
E a s t  o f  M o n d o f i e d o  

N o p p e  
AGE 
---~-_~- _-I 

A G~JEIRA FM. 
--~== up to 3000m 

GISTRAL OZT. to 
F:~.,- -, 1 

MC [ - " " ~ t  

CANDANA GROUP 

\ LC 

V I L L A L B ~  
SERIES \ \ 

\ 
\ 

\__ 

0 UP 

,UARCA SLATES 

CABOS SERIES 
up to 
3000 m 

VEGADEO LST 

CANDANA GROUP 

NARCEA SLATES 
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Proterozoic. 

(Parga Pondal et al. 1964), a porphyroid of supposed 
Proterozoic to Early Cambrian age (Fig. 2), crops out. 
This has been interpreted either as a sedimentary se- 
quence, stemming from the erosion of an old granitic 
and gneissic basement (Parga Pondal et  al. 1964) or a 
granitic and volcanic one (Bard et  al. 1972), or else as a 
volcano-detrital complex with some sub-volcanic gran- 
itic bodies (Navidad 1978, Gonz~lez Lodeiro 1980). 
Even if the latter interpretation is correct, it is highly 
likely that the O11o de Sapo Formation lies on a granitic 
or gneissic basement and even that its base forms part of 
this basement. 

One peculiarity of the CIZ of the NW Iberian Penin- 
sula is the existence of allochthonous complexes contain- 
ing mafic and ultramafic rocks (Fig. 1), sometimes with 
high-grade eclogite or granulite facies metamorphism. 
Such complexes are composed of various stacked tec- 
tonic units, some of which are ophiolitic in nature (Bayer 
& Matte 1979, Iglesias et al. 1981, Gonz~lez Lodeiro et  
al. 1982, Bastida et al. 1983, Martinez-Catal~n et al.  in 
press). 

The deformation phases in this part of the CIZ are 
comparable to those of the WALZ, though they exhibit 
peculiar characteristics. In general, metamorphism is of 
medium to high grade, but locally it may be of low grade. 

Granitic rocks are abundant in NW Spain, especially 
in the CIZ west of the Ollo de Sapo anticlinorium, where 
they crop out over more than half of the area. They are 

also abundant in the Mondofiedo nappe (Fig. 1), but are 
scarcer in the rest of the WALZ and are practically 
non-existent in the CZ. They may be grouped into three 
large sets:synkinematic biotite granitoids, two-mica 
granites and postkinematic granitoids. The synkinematic 
biotite granitoids form part of the calcalkaline series 
described by Capdevila (1969) and Capdevila & Floor 
(1970). They are commonly intrusive granodiorites with 
no apparent relationship to the progressive regional 
metamorphism of the sector, which reflect crystallization 
in a relatively dry environment, and which originated as 
granitic melts at greater depths than those of the second 
group. The two-mica granites are granites in a strict 
sense, with evolutionary trends that generally agree with 
those of hydrated granitic magmas, and which are 
related to Hercynian metamorphism and regional mig- 
matization (Barrera et  al. 1982). Finally, the post- 
kinematic granitoids, attributed by Capdevila (1969) 
and Capdevila & Floor (1970) to the calcalkaline series, 
are in fact a fairly heterogeneous group whose principal 
common characteristic is that their'emplacement took 
place after the third Hercynian phase (D3). 

STRUCTURE 

For the description and interpretation of the structure 
of the Mondofiedo nappe, we will consider the following 
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basic elements: the thrust sheet, the footwall unit, and 
the thrust fault and related structures. In each of these, 
analysis will be made of the geometry and development 
of major and minor structures, paying special attention 
to minor structures, because they are accessible to direct 
observation and allow us to analyse the variation in 
deformation throughout the zone. 

Structure of the thrust sheet 

The thrust sheet, that is, the Mondofiedo nappe itself, 
is composed of large D1 recumbent folds which were 
refolded by gentle D 3 folds, homoaxial with the former, 
and whose superimposition gave rise to type 3 interfer- 
ence patterns (Ramsay 1967). They are clearly visible on 
the map (Fig. 3) and the geological sections (Fig. 4). The 
large recumbent folds are associated with smaller folds 
of diverse order and to a generalized primary cleavage. 
At the base of the nappe, close to the thrust fault, there 
is a zone with very intense deformation in which small D2 
folds, $2 cleavage and, in some cases, mylonites were 
developed; the description of these structures will be 
dealt with together with that of the thrust fault. 

Major folds. These are recumbent, isoclinal or very 
tight folds with E vergence. Their outcrop on the map, 
appearance in profile section and names are shown in 

Figs. 3 and 4, respectively. The most dominant structures 
are two large folds: that described by Matte (1968) as the 
Mondofiedo--Lugo-Sarria recumbent anticline which 
includes our anticlines of Riotorto, Becerre~i and Sarria, 
and the Villaodrid syncline (Walter 1966). The over- 
turned limbs of both folds are more than 20 km long in 
profile section (Fig. 4). The axial traces of the folds in the 
northern part of the outcrop area show a curved form 
which is a consequence of the refolding by the D 3 folds. 
This aspect is particularly visible in the Villaodrid 
syncline. The isoclinal nature of many of these major 
folds results in the fact that on the map they show a 
narrow core (half-wavelength less than 2 km) which may 
extend in a N-S direction for distances up to 100 km. 
Thrust faults with small displacements were developed 
in the core of some of these great folds (Fig. 4), and these 
could be considered as D2 structures. 

Minor folds. In association with the major (first order) 
folds, various orders of smaller folds were developed. 
The second order folds are rare and have overturned 
limbs several hundred metres long. A particularly out- 
standing example is the fold developed on the normal 
limb of the Foz anticline which crops out along the beach 
of Benquerencia. A detailed cross-section of this out- 
crop is shown in Fig. 5. 

The third order folds are the most abundant and their 



420 F. BASTIDA, J. R. MARTINEZ-CATALAN and J. A. PULGAR 

.... :-: ~i?L:~i:-;--.i.li:i:i:.::.:i:::.s::".-..:...:....-.:.~:.:.:...::....... ....... / 

~ ~ - ~ ~ ~ i i i i ! : : i : : i i i ! : : i i i : : ! ! i i i : : i ~ k : ~ : ~ . , , , _ " * - ! i : : : ~ : ~ ) ~ : l  " / ~ -:i: . . . . .  i::i.....~.~:~.~.~..:~:.~!~:~ii?~̀ :.~:.::~:i!~.~ii~iiii~iii~:ii~ii~:!~::~!:~: ......... 

, ~ , , ' -  • . . . . . . . . . . .  - L  / :: '::::iii:::~:!:i:i!!i~iiii!i?iiii!:!:~!iiiiii ~:;,'~" 

• ~ - -  m¢~l~Klrrjmit ¢ s ~ a -  

. t  .,/ 

~ , ~ . . . .  / i , ,  .. • _ ? - . ,  . . ~--"....~.m~ .-...-."~ ~ f ~  

~--'-Ir.- ..--:, / ";" ' ;xt"~- L_" :<LL ~'~-:LT~ ---7 " /  
~--~7" / / / I "-- .~ ---.-...7---- 2 / / 

Fig. 5. Detailed geological cross-section of the Benquerencia area. Second order D~ folds developed in the Transition Beds 
of the C~indana Group. 

limbs rarely exceed 10 m in length. For their study, four 
sections have been analysed, three on the Cantabrian 
coast and the fourth to the south. These sections are 
(a) the Tapia de Casariego section, (b) the Rio section, 
(c) the Benquerencia section and (d) the Baralla section. 
The folds of sections (a), (c) and (d) are developed in 
sandstone, quartzite and slates or phyllites of the Cabos 
Series (a) and of the Chndana Group (c) and (d), while 
the folds of section (b) were developed in an alternation 
of slate, siltstone and sandstone of the Cabos Series, 
with a greater percentage of incompetent materials than 
are present in sections (a), (c) and (d). 

The minor folds have subhorizontal hinges parallel to 
the direction of the major ones, approximately N 30°E in 

the first two sections of the coast, N 10°E in the Ben- 
querencia section and N 160°E in the Baralla section 
(.Fig. 6). The inclination of their axial surfaces depends 
on their position in the D 3 folds. They therefore dip 
between 60 and 80°W in Tapia de Casariego, are subhori- 
zontal in the Rio and Benquerencia sections and are 
subvertical in Baralla (Fig. 4, sections A-A '  and C-C' ,  
Fig. 6). The values of the interlimb angles are shown in 
Fig. 7; the most common values range between 10 and 
50 ° except in the Baralla section where angles up to 100 ° 
are common. 

In order to determine the geometry of the folded 
surfaces, Hudleston's (1973) classification has been 
applied in the sections (a), (c) and (d); the results are 
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Fig. 6. Orientation of the fold axes (above) and poles to axial planes (below) of the minor D1 folds in the four sections 
analysed in the thrust sheet. (a) Tapia de Casariego section. (b) Rio section. (e) Benquerencia section. (d) Baralla section. 

Contour interval is 5, 10, 15 and 30 per cent per 1 per cent area. Wulff net, lower hemisphere. 
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Fig. 7. Frequency histograms of the interlimb angle ~b of the minor D, 
folds of the four sections analysed in the Mondofiedo nappe. (a) Tapia 
de Casariego section. (b) Rio section. (c) Benquerencia section. (d) 

Baralla section. 

shown in Fig. 8. The folded layers have been classified 
after the method of Ramsay (1967); the competent 
layers generally belong to the 1C class, though on the 
coastal sections they are close to class 2. 

The common occurrence of trains of periodic folds 
shows that these structures were developed in the early 
stages by a buckling process. The absence, on the other 
hand, of chevron forms in the folds of lower amplitudes, 
and the coexistence of chevron and rounded forms, even 
along the same axial surface, suggests that the chevron 
folds evolved from the rounded ones. The common 
appearance of chevron forms in the core of rounded 
folds suggests an evolutionary mechanism similar to that 
described by Johnson & Honea (1975). In advanced 
buckling stages and/or after them, the folds underwent a 
flattening process, as indicated by the geometry of the 
folded layers described above. 

The fact that we are dealing with flattened parallel 
folds enables us to determine the mean overall shorten- 
ing (Bastida 1981) in the different sections studied. This 
ranges between 36% for the Baralla section and 69% for 
the Benquerencia section. The Tapia de Casariego sec- 
tion immediately overlies the Mondofiedo thrust, those 
of Rio and Benquerencia at some 6 km above this fault 
and that of Baralla at least 10 km above (Figs. 3 and 4). 
The imerlimb angles of the minor folds of the four 
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Fig. 8. Classification of the shape of the folded surfaces of the minor D 
folds of the Mondofiedo nappe, according to the method of Hudleston 
(1973). Solid circles, Tapia de Casariego section; solid triangles, 

Benquerencia section; open circles, Baralla section. 

SCALE 

Fig. 9. Structural scheme of the Mondofiedo nappe and its autoehthon. 
Note the dome and basin interference pattern in the western part and 
the different relationships between $1 and the thrust fault in the thrust 
sheet and in the footwall unit in the south of the Gistral tectonic 
window. Legend: 1, Hercynian granitoids; 2, S~ attitude showing dip; 
3, mineral and stretching lineations; 4, thrust faults; 5, D 3 and trans- 

verse antiforms and 6, D 3 and transverse synforms. 

sections (Fig. 7) indicate that the flattening decreases 
towards the east (coastal sections) and upwards (Baralla 
section). This conclusion may also be reached from the 
measurement of the mean overall shortening and may be 
extrapolated to the whole of the WALZ (Bastida 1981). 

The primary cleavage ($1). A primary cleavage was 
developed in association with the folding; its attitude is 
shown in Fig. 9, where it may be seen to be slightly 
oblique to the basal thrust both in the tectonic windows 
and in the frontal part of the nappe. Its characteristics 
vary as a function of the lithology and of the intensity of 
deformation and metamorphism. 

In the pelitic rocks, the cleavage varies from a fine- 
grained slaty cleavage in the eastern part of the nappe to 
a coarser schistosity, with grains often observable with 
the naked eye, in the western part. The fabric which 
develops in quartzite and sandstone shows a poorer 
preferred dimensional orientation and appears in the 
form of a rough cleavage except in the deeper zones of 
the nappe, to the west, where it appears as a penetrative 
fabric. 

The most important mechanism in the formation of 
the slaty cleavage and of the schistosity in the pelitic 
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rocks was crystallization and recrystallization of oriented 
phyllosilicates, while in the development of the rough 
cleavage, pressure-solution and intracrystalline defor- 
mation of quartz seem to have been more important. 

On the schistosity surface, a mineral lineation or a 
stretching lineation is commonly developed, the orien- 
• tation of which is shown in Fig. 9. In the upper levels of 
the thrust sheet, close to the axial trace of the Bretofia 
synform, the stretching lineation, deduced from 
deformed fossils, appears subparallel to the axes of the 
D1 folds; but lower down the lineation has a transverse 
orientation which varies between N 70°E and N 110°E. 
The mineral lineations in the basal part of the nappe, 
around the tectonic windows and in the Puertomarin 
dome, must be interpreted as D 1 + D E structures. 

Structure of the footwall unit 

The footwall unit outcrops mainly to the east of the 
nappe, where it has been called the Navia unit (Marcos 
1973). However, the footwall rocks also outcrop in two 
small areas in the western part of the nappe, the Gistral 
and Monte Carballosa tectonic windows (Martinez- 
Catalan 1980, 1981). The stratigraphic succession in 
these areas is different from that in the thrust sheet, and 
includes the Gistral Quartzite (Fig. 2), which is of par- 
ticular interest. This is a thick formation within the 
C~indana Group comprising some 1000 m of massive 
quartzites which are clearly differentiable both from the 
C~indana Quartzites of the Mondofiedo nappe and from 
the platy quartzites in the lower part of the thrust sheet, 
to the west, surrounding the tectonic windows and in the 
Puertomarin dome. The deformational sequence is 
essentially the same as in the thrust sheet; nevertheless, 
the style of the structures is somewhat different, as 
described below. 

Major folds. The axial surfaces of the major folds dip 
more steeply in the footwall unit than in the nappe. 
Though they were modified by the later D 3 refolding, 
their original inclination must have also been greater 
than that of the recumbent folds of the nappe. They are 
also smaller: in the footwall uni t, the length of the 
overturned limbs ranges between 2 and 4 km. The 
interlimb angles are considerably greater in the footwall 
unit, commonly 50-60 °, and isoclinal folds were not 
developed. 

The attitude and geometry of the major folds controls 
the morphology of the D1/D3 interference patterns in 
the hangingwall and footwall units. Thus, the recumbent 
and isoclinal nature of the folds of the nappe favours the 
development of 'trtes plongeantes'. An example of such 
a situation is the synformal anticline of Foz (Fig. 4, 
section A-A' ) .  However, in the footwall unit, the fact 
that the folds are more open and their limbs more 
inclined prevents the formation of 'trtes plongeantes' 
and favours the formation of peculiar interference pat- 
terns in which the reverse limb of the D1 folds is not 
refolded, as in the San Martin anticline (Fig. 4, section 
B-B') .  
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Fig. 10. (a) Classification of the folded surfaces of the minor Di folds 
of the footwall unit in the Burela area, according to the method of 
Hudleston (1973). (b) Frequency histogram of the interlimb angle ~ of 

the same folds. 

Minor folds. We distinguish those folds that are pre- 
sent in the footwall rocks of the western part of the 
nappe (Gistral and Monte Carballosa tectonic windows) 
and those to the east of its frontal zone. 

Within the Gistral window, an exceptional site for the 
analysis of these folds is that of Burela. There a train of 
folds over 1 km in length is developed in the Upper 
C~mdana Quartzite, close to the hinge zone in the normal 
limb of a major fold. The length of the limbs of the minor 
folds ranges between 3 and 12 m. The folds are asymmet- 
ric, the mean value of the long (normal) to short (re- 
verse) limb-length ratio being 1.54. They are approxi- 
mately cylindrical, with subhorizontal hinges trending 
approximately N 10°E and axial surfaces inclined 30--60 ° 
W. The frequency distribution of the interlimb angles 
(Fig. 10b) shows a modal interval of between 20 and 30 °. 
The geometry of the folded layers is close to that of 
similar folds, though occasionally the ratio of orthogonal 
thickness to dip plots penetrate appreciably into the 
class 1C field (Ramsay 1967). The result of the classifi- 
cation of the folded surfaces according to Hudleston's 
method is shown in Fig. 10(a). 

The existence in the zone of Burela of a long train of 
folds with a dominant wavelength suggests that the folds 
were originated by a buckling process, on which was 
superimposed, either simultaneously or later, an impor- 
tant and possibly rather oblique flattening, in the sense 
described by Hudleston (1973). The normal limbs 
characteristically exhibit a greater stretching than the 
reverse ones. The progressive extension of the limbs has 
commonly led to their rupture by boudinage. The mean 
overall shortening shown by these folds is in the order of 
65%. 

The minor folds to the east of the frontal part of the 
nappe are more open and less flattened than those in 
Burela and in most of the thrust sheet, with an overall 
shortening which ranges between 40 and 50%. 

The $1 cleavage in the footwall unit is similar to that in 
the thrust sheet, though in the former the intensity of 
development decreases progressively towards the east. 
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As may be seen in Fig. 9, especially to the S of the Gistral 
window, the S L schistosity is sharply truncated by the 
basal thrust. This is due to the relatively high angle 
formed by both surfaces, which is greater than that 
formed by the same surfaces in the thrust sheet (see axial 
surfaces in Fig. 4, sections A - A '  and B-B '  ). Generally,  
the S~ is a slaty cleavage in the pelitic rocks and a rough 
cleavage in sandstone and quartzite. Evidence of crystal- 
lization and recrystallization of oriented phyliosilicates 
decreases towards the east, whereas evidence of the role 
of pressure-solution in the development  of $I increases. 

The thrust fault and related structures 

The outcrop of the basal thrust fault of the Mon- 
dofiedo nappe is best displayed at the eastern limit of the 
unit. However ,  it also outcrops on the western border  
zone outlining the Gistral and Monte Carballosa tectonic 
windows (Fig. 3). An inspection of the trace of the 
Upper  Cfindana Quartzite along section B - B '  in Fig. 4 
suggests a minimum displacement of the Mondofiedo 
nappe over its basal thrust in the order  of 40 km. To draw 
this conclusion, it is necessary to assume that the Losada 
syncline was next to the Eo anticline. There  is no direct 
evidence to demonstrate  that these folds were in fact 
adjacent.  Therefore ,  the reverse limb of the Eo anticline 
may have its prolongation in the footwall unit to the west 
of the Losada syncline, in which case the relative dis- 
placement of the two sides of the fault may be greater.  

The characteristics of the zone of deformation 
associated with the thrust vary considerably from east to 
west, because of the different environmental  conditions 
under  which the deformation took place. The two areas 
will therefore be considered separately. 

In the frontal zone of the nappe,  the basal thrust may 
be followed for over 165 km, until it is buried below the 
Tert iary cover of the Iberian Plateau. In the northern 
branch of the W A L Z ,  it strikes roughly N-S,  while on 
the S branch, it curves progressively towards the E, 
parallel to the other structures that outline the Iberian 
Arc. 

According to Marcos (1973), and as may be seen from 
the map and cross-sections, the thrust overlies the same 
formation for considerable distances, even though it cuts 
the D1 folds, whose axial trace is slightly oblique to that 
of the thrust fault. The surface of the fault is in turn 
folded by the D 3 folds, such that its outcrop is often 
sinuous and its dip close to the vertical. The outline is 
further complicated by the appearance of related thrusts 
and associated imbricate stacks. 

Associated with the basal fault is a zone of localized 
deformation,  no more than 200 m in width, in which 
different kinds of structures were developed,  preferen- 
tially in pelitic rocks (Marcos 1973). This zone exhibits 
small folds (limb length less than 1 m) which are very 
tight with curved hinges. Accompanying these folds is a 
well developed Sz crenulation cleavage. Also common in 
the fault zone are brittle structures such as en-echelon 
tension-gashes and polished surfaces with fibrous quartz 
crystals (Marcos 1973). Bastida et al. (1979) suggested 

that the thrust was developed close to the leading edge of 
the nappe under conditions where mixed modes of 
failure could occur. 

In the western part of the nappe a D3 antiform and 
gentle E - W  trending folds (Fig. 9) expose the basal 
thrust fault, which outlines the Gistral and Monte Car- 
ballosa tectonic windows. In this zone, the thrust occurs 
as a single fault that cuts the D~ folds both of the footwall 
and hangingwall units. An important  zone of intensified 
deformation some 3 km thick was developed around the 
fault, mainly in the hangingwall rocks. Within this zone, 
numerous minor folds have developed,  as well as $2 
crenulation cleavage or schistosity and, in the area close 
to the fault, mylonitic and phyllonitic rocks. 

The D2 folds present in this zone are particularly easy 
to observe on the Cantabrian coast and are characterized 
by their consistent small size (inverted limbs with lengths 
less than 1 m), strong asymmetry and subhorizontal 
axial planes. They show always a vergence towards the 
outer  zones of the orogen (E or SE). Their  hinges are 
commonly curved, giving rise to a pronounced disper- 
sion of axial directions (Fig. l l a ) .  This curvature 
produces sheath folds with approximately elliptical 
sections normal to the movement  direction, and sig- 
moidal en-echelon hinges, all reflecting the markedly 
heterogeneous nature of the deformation.  The axial 
surfaces remain approximately plane and parallel, how- 
ever. The folds are very tight, with interlimb angles 
between 10 and 30 ° (Fig. l lc ) .  The geometry of the 
folded surfaces is shown in Fig. 11 (b). That  of the folded 
layers is of the classes 1C, 2 or 3 of Ramsay (1967), 
though they nearly always tend towards class 2 (sub- 
similar folds). 

The D2 folds also crop our abundantly in the Puerto- 
marin region where they display identical characteris- 
tics. A Hansen (1971) diagram for this zone gives a 
separation line (Fig. 12) with a direction N 85°E, roughly 
parallel to the mineral lineation in this area. 

The $2 cleavage in this zone of ductile deformation 
is either a crenulation cleavage or a penetrative 
schistosity, and the phyllosilicates are visible with the 
naked eye. The S: crenulation cleavage usually exhibits 
tight microfolds, with interlimb angles of generally 
less than 50 ° . The geometry ranges between chevron and 
rounded forms, the former  normally corresponding to a 
greater degree of amplitude and flattening. The S: 
schistosity may develop either from the $1 cleavage 
by progressively greater flattening and concomitant 
increase in grain size, or from the prior development  of 
$2 crenulation cleavage, by a tightening of the micro- 
folds, leading to the destruction of the hinge zones. In 
this latter case, isolated microfolds are usually preverved 
as relics. 

At the base of the thrust sheet, the rocks show very 
intense deformation leading to the development  of 
mylonitic fabrics in the quartzites through a process 
involving substantial grain-size reduction. 

The zone which has just been described thus exhibits 
intense ductile deformation,  though it is markedly 
heterogeneous,  with a lack of cylindricity in the folds, 
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Fig. 11. Geometry of the D2 folds generated in the ductile shear zone of the internal part of the Mondofiedo nappe in the 
section of the Cantabrian coast west of Foz. (a) Orientation of fold hinges. (b) Classification of the folded surfaces according 

to the method of Hudleston (1973). (c) Frequency histogram of the interlimb angle. 

and in which it is possible to distinguish bands of differ- 
ent strain intensities. The folds, consistently small, are 
recumbent, show strong asymmetry and their vergence 
is always towards the external zones of the orogen. All 
these characteristics suggest an intense deformation by 
shearing, such that this zone has been interpreted as a 
ductile shear zone (Bastida & Pulgar 1978, Pulgar 1980, 
Martinez-Catal4n 1979, 1980, 1981). In this context, the 
development of the thrust fault must have represented a 
late stage in the evolution of the shear zone. 

The characteristics described for the thrust fault and 
the related structures confirm that the fault zone was 
produced under environmental conditions leading to 
mixed modes of failure in the eastern part, at higher 
levels and closer to the leading edge of the nappe; 
whereas at deeper crustal levels, now exposed to the 
west, this zone evolved as a wide ductile shear zone prior 
to the development of the thrust fault. 

METAMORPHISM 

In the northern outcrop area of the Mondofiedo 
nappe, several metamorphic zones may be distin- 
guished. The chlorite, biotite, almandine-rich garnet, 
staurolite and sillimanite zones are shown in Fig. 13, 
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Fig. 12. Hansen (1971) diagram showing the asymmetry patterns of D~. 
folds in the Puertomarin area. Wulff net, lower hemisphere. The 
square shows the separation line, roughly parallel to the shear direc- 
tion. The plane containing it represents the mean of the axial surfaces 

of the folds. 

Fig. 13. Metamorphic zones in the Mondofiedo nappe and its 
autochthon based on the first appearance o1~ index minerals in metape- 
lites. Granitoid massifs: Ca. Castroverde: H, Hombreiro: Lu. Lugo: 
Mo, Monseib;in; Mu, Muras: N, Neira; PG. Penedo Gordo; S, Sarria; 

SC, San Cipri;in; SE, Santa Eulalia: To, La Tojiza: Vv. Vivero. 
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each one delimited by the earliest appearance of the 
respective mineral indices. An andalusite zone could 
also be distinguished, but in general this mineral appears 
near the beginning of the sillimanite zone, such that the 
isograds of both minerals are subparallel and very close. 
A kyanite zone exists in the Puertomarin zone, but this 
is overprinted by the sillimanite zone and has thus not 
been shown. 

The isograds were distorted by the third deformation 
phase and, as may be seen from Fig. 13, those of biotite, 
almandine and staurolite cut across the folds of the first 
deformation phase. The outcrop configuration of these 
isograds suggests that they are strongly inclined (Fig. 4). 
The biotite isograd, and a considerable part of alman- 
dine isograd, lie in the hinge zone of the D3 synform, 
implying that they have undergone very little modifi- 
cation during the third phase. Thus both isograds were, 
in this zone, strongly inclined by the time the displace- 
ment of the thrust sheet had finished. 

The sillimanite isograd reflects the interference pro- 
duced by the D 3 and the transverse folds (Fig. 13), 
because the sillimanite zone outcrop coincides with the 
Gistral and Puertomarin domes. However, in the dome 
responsible for the appearance of the Monte Carballosa 
tectonic window, neither sillimanite nor andalusite 
appear (see also Fig. 14). This implies that in a N-S 
cross-section both isograds cut across the D1 and D 2 
structures and that they are not parallel to the rest of the 
isograds, suggesting a relationship with deeper seated 
and localized thermal upwarps. 

In the zones with medium grade metamorphism of the 
thrust sheet, the metamorphism is plurifacial (Bastida & 
Pulgar 1978). A first paragenesis exists with almandine, 
staurolite and, locally, kyanite, indicative of a Barro- 
vian-type metamorphism (M1) with a medium-pressure 
geothermal gradient. A second paragenesis with andalu- 
site and sillimanite is indicative of a metamorphism (M2) 
with a low-pressure geothermal gradient, in all prob- 
ability linked to an increase in crustal heat flow. The 
andalusite commonly replaces the staurolite porphyro- 
blasts of the first association. A third metamorphic 
episode (M3), retrograde in character, may be identified 
in the basal shear zone, mainly where this crops out 
around the tectonic windows. In this episode garnet was 
replaced by pseudomorphic aggregates of chlorite or 
chlorite and biotite, andalusite by mica, and phyllonites 
formed in the schists, with crystallization of chlorite and 
biotite in microshears. The relationship between 
metamorphic episodes and deformation phases is shown 
in Fig. 14. 

The first paragenesis reached its climax at the end of 
DI or between D~ and D2. The second did the same at the 
beginning of D~ in the part of the basal zone of the 
Mondofiedo nappe which surrounds the Gistral tectonic 
window. The andalusite porphyroblasts appear in this 
zone with a markedly preferred orientation (N 110 ° E on 
the coast between Burela and Foz) owing to the effect of 
the deformation in the shear zone. In the Puertomarfn 
area, the climax of M 2 was reached somewhat later, 
though within the D2 phase, and produced the growth of 
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Fig. 14. Scheme of timing and grade of the different metamorphic 
episodes with respect to the DI and D: phases of deformation in three 
areas of the thrust sheet (1-3) and two of the footwall unit (4 and 5). 1, 
To the east of the Gistral window (west of Foz). 2, east of the Monte 
Carballosa window. 3, Puertomarin dome. 4, SW of the Gistral 
window (Losada). 5, NE of the Gistral window (BurelaL The index 
minerals of the three metamorphic episodes have been used as indi- 
cators of the degree of metamorphism. M~ is a Barrovian-type 
metamorphism, pre-D2, common to the thrust sheet and the footwall 
unit. M2 is a low-pressure metamorphism which shows different 
relationships with D 2 in the thrust sheet and in its autochthon. M3 is a 
retrograde metamorphism which is only appreciable in the alloch- 

thonous unit. 

sillimanite and the local development of injection mig- 
matites coeval with the intrusion of the Sarria granite. In 
the sense of Winkler (1974), the metamorphism did not 
reach high grade. The retrograde metamorphism coin- 
cided with the final stages of the displacement of the 
thrust sheet. 

The metamorphic evolution in the footwall unit may 
be appreciated only in the Gistral tectonic window, 
because in the Monte Carballosa tectonic window only 
massive Gistral Quartzites crop out (without granitic 
injections) and to the east of the frontal thrust the 
metasediments were not subjected to conditions above 
those of the chlorite zone. In the Gistral window, high 
grade metamorphism was reached and migmatites of 
both in-situ and injection type developed. However, in 
two areas close to the thrust fault, in Burela (to the east 
of the window) and in Losada (to the southwest, see 
Fig. 3), unaffected by the migmatization, the pre-thrust- 
ing metamorphism appears to have been similar to that 
of the M 1 episode in the thrust sheet, with almandine and 
staurolite in Losada and, at most, biotite in Burela 
(Fig. 14). A second progressive metamorphic episode 
(M2) characterized by the appearance of andalusite and 
sillimanite and by the development of migmatites, was 
initiated during the second phase of deformation, reach- 
ing its climax somewhat after, between D2 and D3 or at 
the beginning of D 3. No evidence of retrograde 
metamorphism has been found in the footwall unit. 
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GRANITE EMPLACEMENT 

The two-mica granites and synkinematic biotite 
granitoids of the Mondofiedo nappe show evidence of 
having been affected by the second deformation phase. 
The most spectacular case is that of the Sarria massif 
(Fig. 15b). This is an intrusive two-mica granite whose 
bottom cuts the overturned limb of the Villaodrid 
syncline and extends upwards to the normal limb of the 
Sarria anticline (Fig. 4, section C-C').  Most of the 
massif is undeformed, though an L-S shape fabric is 
present in a band about 3 km thick at its base. This fabric 
must have been nearly horizontal before D 3 folding, 
with the mineral lineation trending approximately E-W. 
Dykes and veins of granite, aplite and pegmatite 
intruded into the adjacent schists show the same fabric 
and are boudinaged and affected by folds of the same 
geometrical characteristics as the D2 folds in the 
metasediments of the basal shear zone. The deformed 
rocks show, in thin section, a recrystallization (some- 
times total) and a subparallel arrangement of the 
inequigranular grains, which define a schistosity (Mar- 
tfnez-Catal~in 1983). 

The Santa Eulalia granodiorite (Fig. 15a), which 
belongs to the group of synkinematic biotite granitoids, 
commonly exhibits L-S  shape fabrics and, locally, has 
undergone phyllonitization, with the development of 
subhorizontal microshears and an oblique schistosity 
arranged sigmoidally between the microshears, indicat- 
ing a W to E overthrusting sense of movement. Where 
deformed, recrystallization is quite apparent, accom- 
panied by a reduction in grain size. Moreover, deci- 
meter-thick mylonite bands have been identified. The 
eastern part of the massif, which remains outside the 
basal shear zone of the Mondofiedo nappe, has not been 
deformed. 

The two-mica granite of Hombreiro (Fig. 13) also 
shows evidence of deformation on its southern and 
western margins. That on the western margin is probably 
related, at least partially, to the Vivero fault, a post-D2 
structure. However, that of the southern border is 
clearly attributable to the second phase, since it occupies 
a structural position very similar to that of the deformed 
area of the Sarria granite, except that it is to the north 
instead of to the south of the Puertomarin dome. How- 
ever, deformation is less intense than in the adjacent 
Santa Eulalia massif, which could be due to a later 
emplacement, during the second deformation phase. 

The Muras massif (Fig. 13) is also deformed near the 
Vivero fault. The deformation is essentially ductile and 
the sense of shear, deduced from microshears, is towards 
the west, coherent with the movement of the above-men- 
tioned fault. However, this granite may be the pro- 
longation towards the west of the Monseib~in massif 
(Fig. 13) which is only weakly deformed, on its western 
margin closest to the thrust fault (Fig. 4, section B-B').  
In this case the upper part of the massif would have been 
moved several km to the east with respect to its root zone 
as a consequence of the ductile deformation in the shear 
zone. 
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Fig. 15. Geological maps and cross-sections of the Santa Eulalia (a) 
and Sarria (b) massifs, showing their relationship with both the basal 
thrust and the basal shear zone of the Mondofiedo nappe. The insert in 
(a) represents microshears and sigmoidal schistosity between them, 
indicating the sense of shear. Legend: I. Quaternary; 2, Tertiary; 3, 
Lower Cambrian (C~ndana Group); 4, Upper Proterozoic (Villalba 
Series); 5, postkinematic granitoids: 6. two-mica granites; 7, syn- 
kinematic biotite granitoids; 8. parts of Santa Eulalia and Sarria 
massifs deformed by Dz; 9, S~ schistosity; 10, $2 schistosity; 11, mineral 
lineation in granitoids. The dash-dot line represents the upper limit of 

the basal shear zone. 

None of the massifs mentioned have been dated radio- 
metrically and the only information available comes 
from syntectonic massifs of similar composition intruded 
in the O11o de Sapo anticlinorium, west of the Vivero 
fault. Some of these massifs have been dated, giving 
Vis6an-Namurian ages (between 315 and 323 _ 10 Ma 
after Capdevila & Vialette 1970 and Ries 1979). 

A special case is that of the San Cipri~in and Vivero 
massifs. The former outcrops in the migmatitic area 
occupying the cote'of the Gistral tectonic window. It is a 
two-mica granite, commonly inhomogeneous, which 
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intruded into the Mondofiedo nappe, cutting the thrust 
fault in a zone between Vivero and Mondofiedo (Fig. 3). 
The second is a biotite granitoid cropping out to the 
northwest in the same tectonic window. The defor- 
mation in both is intense only in areas close to the Vivero 
fault, where a mineral lineation trending N 130°E, and 
microshears with sense of movement towards the NW, 
are developed. The deformation must therefore be 
related to this structure and not to the second phase 
(D2). In any case, the San Cipri~in massif postdates the 
emplacement of the Mondofiedo nappe, whose basal 
thrust it cuts in the above-mentioned zone, where it is 
undeformed. 

It may be concluded that both the synkinematic biotite 
granitoids and the two-mica granites forming part of the 
Mondofiedo nappe were affected by the second defor- 
mation phase though not by the first, since outside the 
shear zone these granitoids cut across the large over- 
turned folds and are not deformed. Only the San Ciprifin 
granite intruded into the Mondofiedo nappe once its 
displacement had been completed. All the massifs men- 
tioned were affected by the third deformation phase. 

The intrusion of the granitic massifs and the concomi- 
tant thermal domes must have exerted some influence 
on the metamorphism of nearby rocks. This would 
explain why the metamorphic climax corresponding to 
the greater geothermal gradient (Mz) was reached at a 
relatively early stage (Fig. 14), within the D2 phase 
where granites did not intrude (as in the area around the 
Gistral window) and later where such intrusion took 
place (as in the Puertomarin dome and in the Gistral 
window). 

DISCUSSION OF THE EVOLUTION OF THE 
MONDOiqEDO NAPPE AND ITS RELATIONSHIP 

WITH A POSSIBLE INTRACONTINENTAL 
MEGASHEAR 

Two stages may be distinguished in the structural 
evolution of the metasedimentary cover of the WALZ 
and of the Mondofiedo nappe in particular; these are of 
clearly different tectonic significance. The first is charac- 
terized by important horizontal displacements, leading 
to the appearance of E-vergent folds and overthrusts. 
The second consisted of a general refolding of the pre- 
vious structures and gave rise to gentle folds with subver- 
tical axial planes, representative of the last episodes in 
the shortening of the belt. 

During the first stage, deformation was particularly 
important in the western part of the WALZ where large 
D~ recumbent isoclinal folds were developed, implying a 
period of intense generalized ductile deformation. As 
the orogeny progressed, the deformation tended to con- 
centrate in a subhorizontal ductile shear zone (D2) 
oblique to the Dx folds, and culminated in thrusting 
along an important fracture, the Mondofiedo thrust 
fault, which is also considered to be a D2 structure. The 
evolution during this stage is represented schematically 
in Fig. 16. 

The minimal translation due to the basal fault is about 
40 km. If we add to this the translation in the ductile 
shear zone and that related to the generation of the D1 
folds, the total displacement of the metasedimentary 
cover may be more than 80 km. Such a displacement 
must pass downwards in some way into the basement 
and, in our opinion, it is highly probable that in the 
prolongation of the basal shear of the Mondofiedo nappe 
there exists an intracontinental megashear, similar to 
those that have been proposed, according to seismic 
profiles, in the Alps (Hst~ 1979), the Scottisl- 
Caledonides (Soper & Barber 1982), the Scandinavian 
Caledonides (Cuthbert et al. 1983) and, according to 
other criteria, in the Himalaya (Le Fort 1975, Mattauer 
1975, P6cher 1977, Valdiya 1980). Such a megashear 
would have been developed as a result of a continental 
collision whose suture would be situated to the W of the 
present coast of NW Spain (Dewey & Burke 1973, Bard 
et al. 1980. 

The intraplate convergence zone would have been 
active during the first deformation phase, which would 
explain the exceptional magnitude of the D1 folds in the 
Mondofiedo nappe. It has already been pointed out that 
the magnitude of the folds decreases immediately to the 
east, and the same is likely to occur to the west of the 
Ollo de Sapo anticlinorium, where no large D~ structures 
have been identified. Furthermore, from the analysis of 
the D 1 minor folds it may be inferred that the strain 
increases towards the west in the Mondofiedo nappe as 
well as throughout the whole WALZ for a given tectonic 
level. It is highly probable that in the prolongation of the 
core of the Riotorto-Becerre~i-Sarria anticlinorium to 
the W of the Vivero fault, there exists a basement wedge 
responsible for the generation of this huge fold. 

Paleogeographically, the O11o de Sapo zone is charac- 
terized by being a positive area in which the thick detrital 
deposits of Upper Proterozoic age (Villalba Series) are 
lacking, and the same is in general true also for the thick 
platform facies sediments of Cambrian age (Fig. 2). The 
decrease in thickness observed in these Cambrian sedi- 
ments in the WALZ towards the O11o de Sapo anti- 
clinorium (Fig. 2, Caurel domain) suggests that to a 
large extent their absence in the O11o de Sapo zone is due 
to lack of sedimentation. If the Oilo de Sapo zone 
represents a non-subsiding area to the west of a sinking 
furrow (the WALZ),  this is probably due to it having had 
a thicker continental crust than that of the adjacent 
furrow (Fig. 16a). The boundary between the two may 
therefore have been a fractured zone, which could have 
localized the megathrust in the basement. 

Basement may lie immediately below the O11o de 
Sapo Formation, or form its basal part. The degree of 
metamorphism in the O11o de Sapo anticlinorium is 
lower than that in the internal parts of the Mondofiedo 
nappe. This suggests that it forms a wedge separated 
from the nappe by another shear zone which, at depth, 
may coalesce with the first (Fig. 16). In a situation 
involving intracontinental duplication, there is a reason- 
able possibility of the basement cropping out on the 
overthrust side. The remarkable continuity of the O11o 
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Fig. 16. Evolutionary sequence proposed for the first stage of deformation in the Mondofiedo nappe and surrounding areas. 
(a) Aspect of the crust before deformation. (b) Towards the end of the D1 episode. The synkynematic biotite granitoids are 
being generated in the lower crust. (c) Ductile behaviour during the first part of the D2 episode. Generation of two-mica 
granites and creation of a shear zone in the lower parts of the metasedimentary pile. (d) Thrust tectonics during the D2 
episode, The displacements are tentative. The ailochthonous complexes with mafic and ultramafic rocks were thrust over 
the O11o de Sapo anticlinorium and then passively translated. Legend: 1, thrust fault; 2, shear zone and 3, Mt isograds of 
biotite (above) and almandine (below). The isograds have been deduced from the first parageneses and, in (c) and (d), do 
not represent the disposition of the metamorphic zones at that moment, especially in the footwalt unit, where they were 
overprinted by others of higher degree. 4, two-mica granites; 5, synkinematic biotite granitoids; 6, allochthonous complexes 
with mafic and ultramafic rocks of NW Spain; 7, Palaeozoic sediments. The continuous line represents the top of the 

Arenigian quartzite; 8, Upper Proterozoic Villalba Series; 9, OUo de Sapo Formation; 10, basement. 

de Sapo anticlinorium in the Iberian Arc (almost 
600 km) further supports the argument in favour of the 
existence of a continental-scale megashear in relation to 
this structure. 

Prograde metamorphism took place during the first 
deformation stage. This was epi- to mesozonal and, at a 
given moment, between the D1 and D E phases, changed 
from a medium-pressure geothermal gradient (Mx) to a 
low-pressure one (M2). During M2, two kinds of granitic 
massifs were intruded into the Mondofiedo nappe. 

The synkinematic biotite granitoids, supposedly Vis- 
6an-Namurian in age, originated from deep zones of the 
crust. In view of the general progression of the defor- 
mation towards the outer zone of the orogen, it is 
unlikely that when they were produced there were other 
intracontinental shear zones further to the east than 
those proposed above. This would preclude an origin for 
the granitoids by heating of the lower crust caused by 
crustal duplication or by shear-generated heating 
(Fig. 16b). The latter mechanism may furthermore be 
discarded because at the depth at which the shearing 
would have occurred, the temperature would have 
favoured dislocation creep mechanisms in crustal rocks. 
This would have hindered a rise in temperature large 

enough for fusion to occur (Toks6z & Bird 1977). As 
these authors have proposed, a possible source of heat to 
form these granitoids lies in the deeper mobile rocks of 
the asthenosphere, if they came in contact with the base 
of the crust. The granitoids which were unaffected by the 
D2 episode but which were deformed by the D 3 phase are 
abundant to the west of the nappe (though they have not 
been depicted in Fig. 16) as well as in the Gistral tectonic 
window. These, together with the postkinematic 
granitoids may, in contrast, have been generated as a 
consequence of the continental duplication, which could 
explain why they were unaffected by the thrust tectonics. 

The synkinematic biotite granitoids in turn may have 
heated the upper parts of the basement and the overlying 
metasediments. This would be reflected in localized 
fusion of the rocks, giving rise to the two-mica granites 
(the two types are commonly spatially related); and in a 
change in the geothermal gradient. The temperature 
reached at that time by the internal zones of the Mon- 
dofiedo nappe may be estimated, on the basis of the 
mineral associations, at some 550--600°C. The increase 
in temperature may have given rise to a thermally sof- 
tened zone in which the shear zone would have been 
located as a detachment level immediately above the 
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basement (Fig. 16c), according to the model proposed 
by Armstrong & Dick (1974). 

In more elevated zones, one or several fractures would 
have been created, which would have coalesced down- 
wards into a single basal thrust. This would probably 
have a geometry not very different from that of similar 
structures in foreland thrust belts (Dahlstrom .1970, 
Elliott 1978). The existence of frontal imbricates has 
already been mentioned and it is also obvious that, in 
large scale terms, the fault cuts up-section. Furthermore, 
the peculiar geometry of the M1 isograds, markedly 
oblique to the basal thrust (Fig. 4), exhibit relationships 
with it which are similar to those of the beds with the 
thrusts in areas with ramps in the outer zones of orogenic 
belts. If these isograds were roughly planar and horizon- 
tal after M~, which is reasonable in geological terms, 
their present disposition suggests the possible existence 
of a ramp to the west of the nappe (Fig. 16d). 

The continued movement of the intracontinental 
megashear would have finally moved the basal ductile 
shear zone onto the thrust, superimposing the lower 
parts of the Mondofiedo nappe over the more superficial 
and less intensely deformed rock of the autochthon. 
During this last part of the first stage, retrograde 
metamorphism would have taken place in the basal zone 
of the thrust sheet (M3) while, apparently, the over- 
ridden rocks of the Gistral tectonic window were sub- 
jected to a prograde metamorphism. 
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