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Abstract. - The Lugo and Sanabria domes in Northwest Iberia have well constrained metamorphic and structural histor
ies. Both occur in the Iberian autochthon and resulted from late-Variscan extensional collapse following crusta! thicken
ing related to the Variscan collision. The two domes developed beneath large thrust sheets, are cored by 
sillimanite-orthoc1ase anatectic gneiss, preserve evidence of a steep thermal gradient (= 1 °C MPa-1), and exhibit a dis
tinct decrease in metamorphic grade to the east in the direction of nappe movement. Geochronological evidence indi
cates that the lower crust melted within = 30 Ma of initial crustal thickening and that dome formation occurred within 
50 Ma. 

The histories of the two domes are considered as the basis for one-dimensional finite-difference models of ther
mal response to changes in crustal thickness. Results from thermal models suggest that thickening was limited to the 
crust, provide a numeric explanation for timing and nature of granite magmatism, and indicate that high-temperature 
metamorphism and crustal anatexis may result directly from thermal relaxation, eliminating the need for significant 
mantle thermal contribution. Also, the models show that small differences in thickness of large, wedge-shaped thrust 
sheets can explain distinct P-T paths experienced by different limbs of the domes. 

Emploi des modeIes thermiques pour evaluer l'histoire tectono-metamorphique des domes 

gneissiques de Lugo et Sanabria, Nord-Ouest de I'Iberie 

Mots-cUs. - Domes gneissiques, ModeIes thermiques, Orogenese varisque, Nord-Ouest de l'Iberie 

Resume. - L'evolution metamorphique et structurale des domes de Lugo et Sanabria, dans le Nord-Ouest de l'Iberie, 
sont bien connues. Les deux se sont formees dans l'autochtone du Massif iMrique en reponse a l'effondrement gravi
taire de la chaine varisque. Les deux domes se sont developes au-dessous de grandes nappes de chevauchement, leur 
coeur etant occupe par des gneiss anatectiques a sillimanite-orthose, preservant des evidences d'un gradient metamor
phique assez fort (= 1 °C MPa-1) et sont caracterises par une diminution des conditions metamorphiques vers l'est, dans 
la direction du mouvement des nappes. Les donnees geochronologiques indiquent que la fusion partielle cornmenr;a 
30 millions d'annees et la formation des domes 50 millions d'annees apres le debut de l'epaississement crustal. 

Les histoires P-T des deux domes sont choisies pour etudier la reponse thermique aux variations d'epaisseur crus
tale en utilisant la modelisation thermique par la methode des differences finies en une dimension. Les resultats indi
quent que l'epaississement a ete limite a la croOte continentale, fournissant une explication numerique pour l'age et la 
nature du magmatisme granitique et suggerant que le metamorphisme de haute temperature et l'anatexie crustale peu
vent etre la consequence de la relaxation thermique, sans necessairement invoquer une contribution significative d'une 
source mantelique. De plus, les modeles montrent que de petites differences dans l'epaisseur des nappes de chevauche
ment expliquent les differences de trajectoires P-T sui vies par les deux flancs des domes. 

INTRODUCTION 

England and Thompson [1984], Thompson and England 
[1984], and Peacock [1989] showed how to model the pres
sure-temperature-time (P-T-t) paths of regional metamor
phism in regions of thickened continental crust. Their 
models place the physical conditions undergone by rocks 
initially at different depths in a temporal frame, permit a 
better understanding of the orogenic processes involved, 

and explain very elegantly the succession of metamorphic 
facies and granite generation [England and Thompson, 
1986].  Further development of p-T-t modeling covers spe
cial cases in orogenic belts [Davy and Gillet, 1986; Thomp
son and Ridley, 1 9 87], and the subduction and obduction of 
oceanic lithosphere [Peacock, 1990, 1991 ;  Jamieson, 1986]. 

The results of general thermal modeling have been widely 
applied in regional and local studies to interpret tectono-meta
morphic histories deduced from mineral assemblages of 
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metamorphic rocks and their chemical equilibrium [Spear, 
1989] .  In most instances, the geologists built P-T paths (or 
p-T-t, p-T-d, p-T-t-d, where t stands for time and d for de
formation) from field and laboratory data, and use them to 
infer aspects of the processes undergone by metamorphic 
rocks, such as geotectonic settings, amount of thickening 
and thinning, burial and exhumation rates, and the impor
tance of tectonic versus erosional denudation. Such an ap
proach has been used in Northwest Iberia for the 
interpretation of exotic, allochthonous terranes [Gil 
Ibarguchi and Arenas, 1990; Arenas, 1 99 1 ;  Arenas et aI., 
1995, 1997; Martfnez Catal1in et al., 1996; Abati et aI., 
2003] and also to decipher the evolution of the Iberian 
autochthon at extensional gneiss domes [Escuder Viruete et 
aI., 1994, 1997, 2000; Arenas and Martfnez Catalan, 2003]. 

Here, we propose a quite different use of thermal mod
eling: assessing what is known about the evolution of par
ticular structures or regions. Comparing the available 
structural and petrologic data with model results may help 
to constrain the deduced tectono-metamorphic history ei
ther showing that it is reasonable or by identifying potential 
inconsistencies and errors. Furthermore, comparison be
tween field results and models may provide hints to a wider 
understanding of the orogenic process, in particular, con
cerning the involvement of the deep parts of the crust and 
lithosphere that cannot be directly observed. 

Gneiss domes are common structures in orogenic belts. 
They are formed during the late orogenic stages associated 
with extensional processes, and the involved rocks have reg
istered the whole thermobaric history of the belt at a wide 
range of depths. Thermomechanical modeling has been ap
plied to gneiss domes of different types to understand their 
evolution by Burg et al. [2004], Fayon et al. [2004], Gerya 
et al. [2004] and Tirel et al. [2004]. 

This work carries out numerical models on the 
thermobaric evolution of two such structures, the Lugo and 
Sanabria gneiss domes, and compares our geological 
knowledge with the model results obtained. Both structures 
are geologically well known and representative of the 
Variscan thickening and subsequent extension by gravita
tional collapse of the oragen. The initial and boundary condi
tions are derived from the regional geological background, 
which includes the geometry and nature of the main tec
tonic, metamorphic and magmatic events and their approxi
mate age. For the physical parameters of rocks, standard 
values given in the geological literature are used, adapted to 
the particular case. Available estimates of the p-T paths de
duced from the mineral associations are a very important 
constraint for model evaluation, but do not form part of the 
boundary conditions. Instead, the known P-T evolution is 
the reference to which the results of thermal modeling are 
compared, providing a test for the validity of the assump
tions concerning the orogenic evolution and/or the physical 
parameters and the numerical models. Published isotopic 
ages of granitoids are also used to test the accuracy of the 
models. 

Modeling is used here to shed light on regional aspects 
of the orogenic evolution such as the age of the main defor
mation events, the amount of crustal thickening and thin
ning undergone, the strain rates, and to evaluate existing 
p - T ± t ± d paths inferred from structure, geochronology 
and mineral petrogenesis. Model results partly conform to 

prior inferences; however, there are a few areas in which the 
results require re-examination of prior interpretations, such 
as mantle delamination occurring late in the orogenic cycle, 
and the inferred isobaric p-T paths of rocks in the footwall 
to maj or thrust sheets. Model data also suggest that thicken
ing of the lithosphere was limited to the crust, a result that 
could not be directly inferred from existing geological data. 

GEOLOGICAL SETTING 

The Northwest Iberian Variscan basement consists of low
to high-grade metamorphic rocks and granitoids. Internal 
areas occur in the west or southwest, whereas the external 
zones crop out to the northeast. A distinction can be es
tablished between the Iberian autochthon and the 
allochthonous complexes (fig. 1), both being separated by 
the lower allochthon, a thrust sheet, several kilometres 
thick. Recent reviews on the evolution of Northwest Iberia 
are presented in Arenas et al. [2007] and Martfnez Catalan 
et al. [2007]. 

The autochthon developed in a marginal part of northern 
Gondwana characterized by Archean and Paleoproterozoic 
basement. It underwent intensive Cadomian reworking dur
ing Neoproterozoic arc-continent collision [Montero et al., 
2007], and subsequent Cambro-Ordovician rifling related to 
peri-Gondwanan terrane dispersion. B oth events produced 
abundant granitoids and felsic volcanics, presently trans
formed into orthogneisses. The succession includes a thick 
Neoproterozoic terrigenous sequence (Vilalba Series), a 
complete and thick Cambrian to Early Devonian shal
low-water marine sequence, and a few synorogenic Carbon
iferous deposits. Slates and schists are the most common 
rocks, but sands tones, quartzites and carbonates are also 
abundant in the Paleozoic sequence, which is typical of a 
passive continental margin. The most continuous Pal eo zoic 
quartzite and carbonate formations have been drawn in the 
cross-sections of figure 2 to show the structure. Also impor
tant is an Early Ordovician volcano genic unit several kilo
meters thick known as the 0110 de Sapo Fm, of rhyolitic and 
dacitic composition. Granitic orthogneisses of roughly the 
same age and geochemically related were intruded in the 
underlying success ions [Dfez Montes, 2007]. 

The lower allochthon (fig. 1)  consists of Early Ordovi
cian to Devonian metasediments, volcanic, and plutonic 
rocks, which can be correlated to those of the autochthon, 
from which they are separated by a large, low-dipping thrust 
fault [Farias et aI., 1987]. The allochthonous complexes are 
the remnant of a thick nappe pile preserved in the core of 
late Variscan synforms. They consist of a stack of units sep
arated by thrusts faults and extensional detachments, which 
represent accreted, exotic terranes. These include pieces of 
rifted continental margins, volcanic arcs and oceanic litho
sphere, many of them affected by subduction-related 
high-pressure metamorphism [Arenas et al., 2007; Martfnez 
Catalan et aI., 2007, and references therein]. 

The Lugo and Sanabria domes [Martfnez et al., 1988]  
form part of the autochthon, but their metamorphic and 
structural evolution was influenced by the emplacement of 
the allochthonous complexes. The evolution of the latter is 
too complex and beyond the scope to be dealt with here, but 
that of the domes is important for the models, and is des
cribed in the next sections. 
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STRUCTURE AND EVOLUTION OF THE LUGO 
AND SANABRIA DOMES 

The Lugo dome [Capdevila, 1969] is a wide N-S antiformal 
structure, 140 km long and 35 km wide structure going 
from Viveiro, on the Cantabrian coast, to the Serra do Cou
reI (fig. 1). Its core is occupied by the deep parts of the 
Mondofiedo nappe [Matte, 1968] and its relative autoch
thon. The nappe is a set of kilometric-scale recumbent folds 
floored by a thrust fault [Bastida et aI., 1986], below which 
the autochthon crops out in the Xistral tectonic window 
(fig. 2). The Sanabria dome [Dfez Montes, 2007] is also an 
open antiform, 50 km long and 20 km wide, elongated in 
the NW-SE direction, and situated to the south of the Lugo 
dome, between Viana do Bolo and Sanabria (fig. 1). Its core 
is occupied by the Ollo de Sapo anticlinorium (fig. 2), char
acterized by relatively small recumbent folds, and where no 
thrust faults have been identified, although the Mondofiedo 
nappe crops out to the northeast and its basal thrust proba
bly continues down below the dome. 

The two antiforms are characterized by high-tempera
ture Variscan metamorphism, reaching the sillimanite
orthoclase zone, and by a pervasive schistosity related to 
extensional tectonics. Partial melting is evident in migmati
tes developed at their cores, and in the voluminous Variscan 
granitoids intruded. Both antiforms are flanked by syn
forms. To the east, the Bretofia and Truchas synforms are 
very open structures cored by low-grade Paleozoic meta
sediments. To the west, two large normal faults, the Viveiro 
and Chandoiro faults (fig. 2) separate the antiforms from 
two open synforms that host the remnants of the allochtho
nous nappe pile forming the complexes of Cabo Ortegal and 
Braganlfa (figs. 1, 2). 

On kinematic grounds, the Lugo and Sanabria antiforms 
do not seem to have developed in the footwall to extension
al detachments by elastic rebound of the lithosphere. For 
the Lugo antiform to be interpreted in that way, the lower 
extensional shear zone and detachment should have a 
top-to-west kinematics, whereas it is just the opposite 
(fig. 2). For the Sanabria antiform, the stretching lineation 



and shear sense associated with exhumation is nearly paral
lel to its axis, instead of being perpendicular. Both 
antiforms are interpreted as extensional gneiss domes in the 
sense of B urg et al. [1994] and Tirel et al. [2004], as they 
have granitic and migmatitic cores developed after Variscan 
crustal thickening, a strong subhorizontal fabric developed 
during exhumation, and are bounded by extensional detach
ments and normal faults. Their structural evolution includes 
shortening and crustal thickening, related to plate conver
gence, as well as extension and crustal thinning linked to 
gravitational collapse of the weakened orogenic crust. Sev
eral generations of structures permit the individualization of 
three contractional (Cl, C2 and C3) and two extensional 
(El and E2) deformation events, although most of them are 
diachronous and may overlap in time. These structures and 
events are described briefly here, whereas more detailed de
scriptions are available in Bastida et al. [1986], Arenas and 
Martfnez Catalan [2003], Martfnez Catalan et al. [2003, 
2004], and Dfez Montes [2007]. Published geophysical data 
and interpretations include seismic profiling [Cordoba et 

aI., 1987; Ayarza et aI., 1998], and gravity and magnetic 
modeling [Ayarza and Martfnez Catalan, 2007]. 

Recumbent folding (Cl) 

The first deformation event produced a regular train of 
folds, inclined to recumbent, with northeast vergence. Very 
large folds occur in the Mondofiedo nappe (fig. 2), where 
the largest overturned limb reaches 15-30 km due to 
post-folding horizontal shearing related in part to thrusting 
and in part to late orogenic extension. To the west and 
south, recumbent folds are common in low-grade areas, but 
they are smaller, their reverse limbs rarely attaining 5 km. A 
low-grade slaty cleavage or foliation (S) developed perva
sively in the slates and in the 0110 de Sapo Fm. The associ
ated stretching lineation, with along-dip attitude, indicates 
that the deformational flow was perpendicular to the 
orogenic trend, so that significant strike-slip components 
seem not to be associated to early folding. 
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The folds are well developed in the Armorican Quartz
ite, a 200-400 m thick competent layer that controlled the 
buckling processes during folding. These are commonly of 
the flattened parallel type [Ramsay, 1967]. An area where 
C l  folds crop out exceptionally well and have been little af
fected by subsequent deformations was selected in the 
southern limb of the Truchas synform to calculate the hori
zontal stretch associated to folding. S everal orthogonal sec
tions, ranging from individual metric folds to panoramic 
views, were analyzed first by estimating the superimposed 
flattening, then removing it, and finally measuring the 
length of the beds and comparing it with the final horizontal 
lengths. To estimate the superimposed flattening, we used 
dip isogons [Ramsay, 1967; Hudleston, 1973; Ramsay and 
Huber, 1987] and a modified version of the computer pro
gram Isogons [Vacas Pefia, 2001] .  

The value obtained for the horizontal stretch, which is 
the ratio of deformed to undeformed lengths [Means, 1976] 
varies between 0.8 and 0.5, with a mean of 0.67. This in
cludes shortening by buckling, plus superimposed flatten
ing, but not initial layer-parallel shortening, which is 
difficult to estimate. These values have been obtained as
suming that deformation was of the plane strain type, that 
is, no changes in the surface of the orthogonal sections oc
curred. This implies no significant volume change, and no 
elongation in the direction normal to the section. If these as
sumptions are generalized to the whole crust, a stretch of 
0.67 is equivalent to a shortening of 33%, and would result 
in a crustal thickening factor of 1 . 5  or 150%. 

For the Mondofiedo nappe, fold analyses were carried 
out by Bastida [ 1981]  and Martfnez Catalan [1985] in Cam
brian and Ordovician quartzites. Shortening perpendicular 
to the axial surfaces vary between 37 and 59%, which, con
sidering pure shear, implies thickening parallel to the axial 
surface between 158 and 243%. As the axial surface is in
clined instead of vertical, these numbers do not translate di
rectly into values for vertical thickening, but suggest that 
shortening was higher here than in the Truchas synform. 

40 Ar/39 Ar dating of regional cleavage (S 1) yielded 
359 Ma to the south of Puebla de Sanabria and close to the 
allochthonous complex of Bragan,a, and 336 Ma to the east 
of the Mondofiedo nappe, indicating the diachronous char
acter of deformation and its pro gradation from west to east, 
that is, toward the external zones of the belt [Dallmeyer et 
aI., 1997]. 

Thrusting (C2) 

The second deformation is characterized by the movement 
of thrust sheets directed toward the external zones. Thrusts 
significant to our research are those associated to the em
placement of the allochthonous complexes, and the basal 
thrust of the Mondofiedo nappe. 

The allochthonous complexes were first placed over the 
lower allochthon and in turn, it was thrust onto the 
autochthon carrying the allochthonous complexes piggy
back and crosscutting the C l  folds in the footwall. In the 
6rdenes Complex, the largest and thickest of the alloch
thonous complexes (fig. 1), the cumulative thickness shown 
by the different units approaches 20 km including the lower 
allochthon [Martfnez Catalan et aI., 2002]. Taking into ac
count that erosion has occurred since its emplacement, the 
allochthonous sheet should have been more than 20 km 

thick. However, as the 6rdenes Complex occupy a more inter
nal position than the domes we have studied, and the 
allochthon was presumably wedge-shaped tapering to the E, 
we would consider 20 km as the maximum thickness of the 
allochthonous sheet above the domes in the numerical models. 

Pressure estimations were made by Arenas [1988,  1991]  
based on the composition of  phengites in  Silurian meta
pelites underlying the Cabo Ortegal Complex. The domi
nant phengite generation yielded 400°C and 0.25-0.3 GPa 
(= 1 1  km), interpreted as conditions after C2. An old gen
eration of phengites whose composition suggests conditions 
of 325°C and 0.2 GPa (equivalent to 7.5 km), may well rep
resent conditions after the C l  recumbent folding. The data 
imply that roughly 10-15 km of allochthon replaced 5-10 km 
of the footwall, loading the autochthon only with 5-10 km 
of new crust. 

Thrusting of the Mondofiedo nappe followed the em
placement of the allochthonous complexes. Its basal thrust 
crosscut C l  recumbent folds in both the hanging wall and 
footwall units. A ductile shear zone 3 km thick occurs at the 
base of the Mondofiedo nappe (fig. 2), and has been related 
to nappe emplacement by B astida et al. [1986], and Aller 
and Bastida [1993]. However, although a portion of shear
ing may be related to thrusting, a significant part of it seems 
actually linked to subsequent extension [Martfnez Catalan 
et al., 2004; Ayarza and Martfnez Catalan, 2007]. 

From its presently preserved thickness (fig. 2), we infer 
that the Mondofiedo nappe was more than 1 0  km thick when 
emplaced. The pressure estimated at the top of its relative 
autochthon in the Xistral tectonic window, between 0.2 and 
0.4 GPa [Arenas and Martfnez Catalan, 2003], suggests a 
reduced thickness during the emplacement. But its basal 
rocks had previously reached 0.9 GPa, = 35 km [Reche et 
aI., 1998],  partly by the overburden of the allochthonous 
complexes. Consequently, the thrust sheet was considerably 
thinned by internal deformation and/or erosion prior to or 
during emplacement [Martfnez Catalan et aI., 2003]. 

The timing of thrusting was bracketed by Dallmeyer et 
al. [1997; 40 Ar/39 Ar method] to be between 343 and 321 Ma. 
The older is the age of the thrust-related foliation in the 
lower allochthon, and the latter is the age of a thrust some 
40 km to the east of the Mondofiedo nappe front. These ages 
show the diachronism and progradation of thrusting to the 
external zones. The Mondofiedo thrust is not dated but, given 
its intermediate position, an age of 330-325 Ma seems rea
sonable. 

Extension and gravitational collapse (El) 

Following the emplacement of the allochthon and thrust 
imbrication of the autochthon, a pervasive subhorizontal 
tectonic foliation (S2) developed in the middle and lower 
parts of the autochthonous section linked to extension, as 
indicated by the presence of two conjugate extensional 
shear zones affecting the Mondofiedo nappe and its auto
chthon (fig. 2). The crustal wedge between them escaped 
eastward, whereas the previous Barrovian metamorphic 
zones were thinned and the isograds approached each other 
in the upper shear zone. 

Kinematic criteria demonstrate a non-coaxial compo
nent of deformation, and mostly indicate extension E-W, 
normal to the orogenic trend. In the autochthon, large 
blocks of thick aud competent Xistral Quartzite were 



rotated during extension by domino-style boudinage just be
low the Mondofiedo basal thrust (fig. 2). The base of the 
nappe was sheared with a top-to-the east sense of move
ment, deforming synkinematic granitoids and showing that 
the nappe and its footwall were strongly overprinted by the 
E l  extensional event. 

In S anabria, a broad shear zone developed structurally 
below the biotite isograd, with characteristics similar to the 
lower extensional shear zone of the Lugo dome. The 
stretching lineation and kinematic criteria indicate top-to
the southeast sense of shearing, which here is roughly paral
lel to the orogenic trend. 

The cause of extension was probably heat accumulation 
due to crustal thickening, although advection by mantle-de
rived rocks [Galan et al., 1996] might also have contributed. 
Heat lowered the viscosity of the middle and lower crust, 
caused partial melting, and facilitated viscous flow that ac
commodated extension of the whole crust, probably in re
sponse to gravitational forces [Martfnez Catalan et al., 
2003, 2004]. 

The first extensional event has been dated in migmatites 
in the Sanabria dome at 3 1 1-3 1 4 Ma [V-Pb ages in 
monazites; Dfez Montes, 2007]. In the Lugo dome, timing 
of E l  is constrained by age data of the Variscan granitoids, 
which will be described in a later section. Granite massifs 
deformed by the extensional shear zones range between 323 
and 3 1 3  Ma, whereas undeformed, postkinematic massifs 
yield ages of 295-285 Ma [Fernandez-Suarez et aI., 2000]. 
If the deformed granitoids were strictly synkinematic, their 
age is that of E l  extension. If they preceded extension, their 
dating provide a maximum age limit for E l ,  with a mini
mum age limit at 295 Ma in any case. 

Comparable granitoids in the Sanabria dome are little 
deformed to undeformed by E l ,  but can be affected by C3 
strike-slip shear zones [Vegas et al., 2001] .  The fact that 
synkinematic granitoids are often affected by subhorizontal 
foliations in the Lugo dome [Martfnez Catalan, 1 9 85; Basti
da et aI., 1 9 86; Aranguren and Tubfa, 1992] suggests that 
E l  extension is younger there than in S anabria. This would 
imply progradation of extension toward the external zones, 
which is congruent with the progradation to the east of con
tractional events C l  and C2 [Martfnez Catalan et al., 2007]. 

Late folding (C3) 

The third contractional deformation is characterized by up
right folding, closely related to the contemporaneous activ
ity of subvertical shear zones with wrench, mostly dextral 
components [Iglesias Ponce de Le6n and Choukroune, 
1980; Martfnez Catalan et al., 2007]. 

Late C3 folds can be identified by their associated 
crenulation cleavage (S3) and because they fold the meta
morphic isograds. They are upright to vertical, well devel
oped and tight in the 0110 de Sapo antiform, but in the core 
of the Sanabria dome, the C3 Dradelo folds are overturned 
and even recumbent, due to overprinting by the dome (fig. 
2). In both cases, C3 folds overprint the extensional folia
tion (S2)' However, C3 folds are rare and open in the Lugo 
dome, which suggests that the main extension occurred here 
after the C3 event. 

Probably, late folding did not induce significant crustal 
thickening, because it is associated with an horizontal stretching 
lineation and related to strike-slip movements. The fact that 

it occurred during the extensional collapse implies renewed 
shortening, probably related to oblique plate convergence. 
However, the crust was weak and did not allow contractional 
stresses to build up a new significant crustal root, so that 
shortening was mostly resolved by horizontal flow. 

The age of late folding has been established at 314 ± 6 Ma 
by dating synkinematic granitoids [Capdevila and Vialette, 
1970; Ries, 1979], and at 3 1 5  and 305 Ma by dating the mo
tion of strike-slip shear zones [Regencio Macedo, 1988;  
Valle Aguado e t  aI., 2005]. These ages partially overlap 
those of E l  extension, and suggest that C3 folding was an 
isochronous contractional event intercalated in a longer and 
diachronous episode of orogenic collapse and extension. 

Late extension and doming (E2) 

Late stages of collapse and extension are characterized by 
doming and the late development of the Viveiro and 
Chandoiro normal faults (fig. 2). We suggest that the domes 
were formed by lateral flow and ascent of ductile, low-den
sity migmatitic gneisses, as proposed for this kind of struc
tures by Block and Royden [1990], Tirel et al. [2004], and 
Whitney et al. [2004], but possibly coinciding with weak
ened areas subjected to renewed extension. The normal 
faults would represent the transition from ductile to brittle 
behaviour in the very late stages of extension. 

E l  and E2 extensional events together were responsible 
for the return of the Variscan crust to a normal thickness. 
The difference in the maximum pressure registered by rocks 
cropping out in both sides of the Viveiro fault was estimated 
by Reche et al. [1998] using thermobarometry, to be 
0.4-0.5 GPa, roughly equivalent to 15-19 km. This offset re
sults from the combined effect of the two conjugate 
extensional shear zones j oining each other close to the fault, 
and the fault itself. A throw of 5-6 km is more reasonable 
for the Viveiro fault alone [Martfnez Catalan et aI., 2003], 
and a similar throw can be assumed for the Chandoiro fault 
[Dfez Montes, 2007]. 

Timing of E2 is constrained by 40 Ar/39 Ar cooling ages 
around 300 Ma in the Lugo dome [Dallmeyer et aI., 1997], and 
by the Veiga granodiorite in Sanabria, dated at 286 ± 6 Ma 
[Ortega et aI., 2000], and deformed and cut by the 
Chandoiro fault [Roman-B erdiel et aI., 1995], so dating lat
est stages of dome development. 

METAMORPHIC EVOLUTION 

Lugo dome 

Metamorphism in the Lugo dome was first described by 
Capdevila [1969] as of intermediate-low pressure type. It 
was further studied by Reche et al. [1998], who carried out 
thermobaric calculations, and by Arenas and Martfnez 
Catalan [2003], who traced p-T paths for the Mondofiedo 
nappe and its autochthon (fig. 3A) using mineral associa
tions and the petrogenetic grid for pe lites of Powell and 
Holland [1990]. 

In the Mondofiedo nappe, a classic Barrovian succession 
including the chlorite, biotite, almandine and staurolite zones 
point to an initial gradient of intermediate pressure. Kyanite 
occurs sparsely, and has been found as a relict phase in the 
sillimanite-orthoclase zone, in the sheared rocks close to the 
Viveiro fault and in a few points of the biotite zone. A later 



low-pressure gradient is indicated by garnet and stauro
lite-bearing rocks entering into the sillimanite and andalusite 
fields. The P-T paths (fig. 3A, paths A to E) evolved along 
the intermediate pressure field during prograde metamor
phism, related to crustal thickening (dashed, unconstrained 
part of paths A and B). Then, they show a strong decom
pression and enter into the low pressure field. Reche et al. 

[1998] describe kyanite developed after andalusite in Ordo
vician and Silurian metapelites surrounding the Viveiro 
fault, but this transformation was not included in the P-T 
paths of Arenas and Martfnez Catalan [2003] shown in fig
ure 3A. 

For the relative autochthon of the nappe (grey arrows F 
to I, fig. 3A), the P-T paths were traced always in the low 
pressure field, because of the absence of kyanite, scarcity of 
garnet, and abundance of cordierite. The upper part of the 
footwall to the nappe was in the chlorite-biotite zone during 
thrusting, whereas deeper zones reached the staurolite zone, 
sometimes accompanied by garnet. Cordierite was also pro
fusely developed in these rocks. Still deeper, the sillimanite 
and sillimanite-orthoclase zones were reached. The low 
slope and prograde character of the paths suggest a strong 
heat source, and Arenas and Martfnez Catalan [2003] sug
gested that a detachment underlay the deep parts of the 
footwall unit, because isobaric heating may occur in the 
hanging wall to extensional detachments. We will see that 
these paths and the presence of an underlying detachment 
are not supported by the thermal models. 

Sanabria dome 

The metamorphic evolution was studied by Dfez Montes 
[2007] and is summarised in figure 3B (arrows J to M). The 
evolution does not differ greatly from that of the Lugo 
dome, but in Sanabria, the voluminous 0110 de Sapo Fm, of 
quartzo-feldspathic composition, makes it difficult to trace 
several of the isograds as they are characteristic of 
metapelites. A garnet zone cannot be traced, although this 
phase is common in the sillimanite-orthoclase zone. As in 
the Mondonedo nappe, kyanite occurs only in a few points 
of the biotite zone, and as a relict phase in the 
sillimanite-orthoclase zone 

Four P-T paths were drawn by Dfez Montes [2007] for 
different metamorphic zones using the same petrogenetic 
grid as for the Mondonedo nappe and thermobaric calcula
tions. Two of them (K and L) are for the same stratigraphic 
level, Early Ordovician slates, but in the northern and 
southern limbs of the dome respectively. Note that only the 
biotite zone was reached in the north whereas the south 
went into the sillimanite zone. 

The initial pro grade path is considered of somewhat 
lesser pressure than in the Mondonedo nappe, due to the 
scarcity of garnet, but in a given moment, the Sanabria re
gion was buried and kyanite grew in Early Ordovician 
aluminous slates of the biotite zone. This was probably due 
to the emplacement of the allochthonous complexes and is 
marked by a step in paths K and M. Deep parts of the dome 
were subsequently decompressed, entering the 
sillimanite-orthoclase zone and undergoing retrogression 
through the andalusite zone (path M) during extension and 
thinning. Temperatures obtained there using thermobarometry 
range between 500 and 650 DC. Upper parts sustained appar
ently no decompression, and were heated reaching the 

sillimanite zone before undergoing retrogression (path L). 
According to Dfez Montes [2007], paths L and M would re
flect respectively upper and lower levels of the El shear 
zone, demonstrating its extensional character (fig. 2). 

GRANITE INTRUSIONS 

Three main groups of Variscan granitoids occur in North
west Iberia [Capdevila, 1969; Capdevila and Floor, 1970]. 
The oldest consists of metaluminous, biotite-rich synkine
matic granodiorites, poor in fluid phases and showing tona
litic facies and enclaves. They are allochthonous in relation 
to their country rocks, derive from partial melting of the 
lower crust [Capdevila, 1969], and include a mantle contri
bution [Galan et al., 1996]. The crystallisation age of one of 
them in the Lugo dome is 323�; Ma [Fernandez-Suarez et al., 

2000], so that, by that time, the temperature reached by the 
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[1990] for the pelitic system, and to Luth et al. [1964], Le Breton and 
Thompson [1988] and Chatterjee and lohannes [1974], for the minimum 
melting in the hydrous granitic system, and for the disappearance of mus
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FIG. 3. - Trajectoires P-T pour les domes de Lugo (A) et Sanabria (B), 
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lower crust should have been high enough to generate tona
litic melts, probably by melting of biotite and/or amphibole. 

The second group consists of synkinematic, peralumi
nous, two-mica granites, rich in fluid phases and metasedi
mentary enclaves. They derive from metasediments, and 
their character vary from subautochthonous to allochtho
nous in relation to the country rocks. Two U-Pb ages of 
317�� Ma and 313 ± 2 Ma were obtained by Femandez-Suarez 
et al. [2000] in massifs of the Lugo dome. In this case, the 
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between 295 and 285 Ma [Fernandez-Suarez et aI., 2000], 
and by the 40 Ar/39 Ar method between 285 and 275 Ma 
[Dallmeyer et aI., 1997]. U-Pb data are considered more re
liable for crystallisation ages. 

Granite generation in an orogenic context implies that 
the continental crust is hot enough as to undergo partial 
melting. A hot crust is also the condition required to initiate 
the extensional collapse [England and Thompson, 1986; 
Burg et aI., 1994]. Consequently, timing of granite em
placement is an important tool to test the validity of numeri
cal models. Furthermore, Galan et al. [1996] have found a 
mantle contribution in the first group of granitoids, whereas 
Fernandez-Suarez et al. [2000], have proposed that the third 
group of granitoids result from delamination at the end of 
the Variscan Orogeny. Thermal modeling may estimate the 
need of mantle involvement and its extent. 

THERMAL CONSTRAINTS 

According to England and Thompson [1984], thermal equi
librium in passive continental margins is reached in about 
60 Ma. In Northwest Iberia, thermal relaxation took place 
between the intrusion of Early Ordovician granitoids 
[470 Ma; Lancelot et aI., 1985; Valverde-Vaquero and 
Dunning, 2000] plus very limited Silurian volcanism 
[420 Ma; Ancochea et aI., 1988], and the first Variscan defor
mation event [360 Ma]. Consequently, we may consider that 
the crust had been thermally re-equilibrated before the onset 
of the Variscan collision. The thick Cambrian to Early Devo
nian platform-fades succession indicates thermal subsi
dence, confirming cooling of the margin prior to the orogeny. 

For the heat flow, a value of 60 mW m-2 is suggested by 
England and Thompson [1984] for the Neoproterozoic and 
Paleozoic continental crust, with 30 m W m-2 supplied by 
the mantle and 30 mW m-2 originated in the upper 1 5  km as 
radiogenic heat. More precisely, Fernandez et al. [1998] 
have found a mean heat flow of 7 1  mW m-2 for the Iberian 
Massif, the Variscan basement of Iberia. These authors also 
calculated the rate of radiogenic heat production in base
ment rocks, with values between 1 .5-3.5 �W m-3 in meta
sediments of the autochthon of Northwest Iberia (mean of 
2.25 flW m-3) and 0.9-4.7 flW m-3 in granitoids of the whole 
Iberian Massif (mean of 3.26 flW m-3). Assuming constant 
heat production in the uppermost 15 km of crust, the radio
genic contribution to the heat flow there will be of 
35 m W m-2 for the metasediments and 50 m W m-2 for the 
granitoids. As Variscan granitoids are the product of re
working of older crust, and no new radiogenic sources were 
incorporated to the autochthon during or after the Variscan 
Orogeny, the present high radiogenic contribution can be 
extrapolated to the time of Variscan deformation. 

Accordingly, a value of 70 m W m-2 is reasonable for the 
autochthonous continental crust at the time of Variscan de
formation, with 30 m W m-2 supplied by the mantle and 
40 mW m-2 originated in the crust. Tests were carried out 
using either a homogeneous distribution of heat production 
in the upper 15 km of the crust, or an exponential decrease 
in heat production with depth for the whole crust. The ther
mal evolutions were similar, suggesting that the way in 
which the radiogenic heat production decreases with depth 
does not affect the models very much, providing that it is 
high in the upper crust and zero at its base. Much more 

important is the total heat flux delivered to the surface. The 
final models used homogeneous heat production in the up
per 15 km, which corresponds to a mean radiogenic heat 
production of 2.67 flW m-3 in the upper crust. 

The allochthonous complexes include abundant meta
sediments and granitoids, sources of radiogenic heat pro
duction, but as they consist also of lower crustal units, 
ophiolites, and mantle, their contribution may be smaller. A 
value of 55 mW m-2 will be taken, 25 mW m-2 of which de
rived from radiogenic heat. 

Other parameters have been chosen as follows. For the 
thermal conductivity of the crust, a value of 2.25 W m-I K-1 

has been used based on England and Thompson [1984]. The 
arithmetic mean of 68 values measured in wells of the Ibe
rian Massif yields 2.86 W m-I K-1 [Fernandez et al., 1998], 
but these correspond to the present crystalline basement, 
quite different to the sedimentary pile existing at the begin
ning of Variscan deformation. For the mantle, we use a 
value of 3.3 W m-I K-1 [Turcotte and Schubert, 1982]. The 
specific heat capacity of rocks is assumed to be 1000 J 

kg-l K-1 [Turcotte and Schubert, 1982; Peacock, 1989; 
Stuwe, 2002], whereas the densities of crust and 
litho spheric mantle have been fixed at 2700 kg m-3 (upper 
crust), 2900 kg m-3 (lower crust) and 3260 kg m-3 (mantle). 
With these values, thermal diffusivity is 8.33 x 10-7 m2 S-l, 
7.76 x 10-7 m2 s-l, and 1 x 10-6 m2 S-l respectively. Finally, 
the bottom of the lithosphere has been placed to coincide 
with the 1300 QC isotherm, based on Parsons and McKenzie 
[1978], and McKenzie and B ickle [1988] .  Details of param
eters used are given in table 1. 

STRAIN RATES AND DEFORMATION-TIME 
SCHEMES 

Our aim is not to improve the methodology to carry out 
thermal modeling as established by England and Thompson 
[1984] and Peacock [1989], but to apply it to real cases. 
However, as in the real world deformation is not instanta
neous, and we have some time constraints available, we in
troduce homogeneous progressive deformation in our 
models instead of the instantaneous crustal thickening used 
by the pioneers. 

When ductile deformation is involved in the models, 
thickening or thinning during a given time interval can be 
incorporated by using a strain rate. For one dimensional 
models, only changes in the length of vertical lines must be 
considered. The parameter commonly used is the elongation 
(e), defined as the change in length of a line in relation to its 
original length: e = (l f - 10) /lo,  where 10 and If are the initial 
and final lengths respectively [Means, 1976]. 

However, for progressive deformation, elongation incre
ments must be considered, and the smaller the increments, 
the better is the value obtained for the finite strain. The 
most precise option is to use a parameter called natural 
strain, which is an integrated infinitesimal elongation 
[Means, 1976]: e = J dUI = In(l f / l e )  = In(1 + e) . 

The natural strain rate then will be: 
e = In(l f 1 10) I I1t = In(1 + e)l1t 

As In(lf / l , ) = l1t · e, the depth of any point after a fi
nite time interval (I1t) will be: If = 10 · exp(e· l1t), or 
Z = Zo . exp(e· I1t) when calculated using the initial depth (20) 
and the time passed since deformation started. Using the 



TABLE I. - Model parameters 
TABL. I. - Parami!tres des modeies 

Thermal conductivity 

Thermal diffusivity 

2.25 W m-
1 

K-
1 

(crust), 3.3 W m-
1 

K
l 

(mantle) 

8.33 x 10 -7 m
2 

s-
l 

(up�r crust), 7.76 x IQ-7 m
2 

s-
l 

(lower crust), 1.0 x IQ -6 m
2 

s-
l 

(mantle) 

Radiogenic heat production, upper crust 2.67 flW m-3 

Radiogenic heat flux at surrace 40 mW m-
2 

(autochthon;  some models use 30), 25 mW m-
2 

(allochthonous complexes) 

Heat flux from the asthenosphere 30 mW m-
2 

25 °C Surrace temperature 

Density 2700 kg m-3 (upper crust), 2900 kg m-3 (lower crust), 
3260 kg m-3 (mantle) 

Initial thickness of crust 30 km 

15 km Initial thickness of radiogenic crust 

Initial thickness of lithosphere 

Initial homogeneous thickening factor 

86 km (depth where T > 1300 °C) 

1.5 or 2.0 

Thickness of overthrusts (allochthonous 10 to 20 km that replace 10 km of footwall 
complexes and Mondoiiedo nappe) 

Distance between nodes 

Time step 

1000 m 

1000 a 

depth before the last increment (Zn-l
), the new depth will be: 

z, = Z,-1 . exp(e· I'<t), with I'<t now being the time interval be
tween successive increments. We have used time increments 
of 1000 years in the models. 

Progressive ductile deformation is shown in the time 
schemes that accompany the results of numerical models by 
a time interval filled in black for crustal thickening and grey 
for crustal thinning, and by the value of the natural strain 
rate (e) in Ma-I For instance, 0.06931 Ma-l means that a 
crust 30 km thick doubles its thickness in 1 0  million years: 
e · I'<t = 0.0693 1 ·10 = 0.693 L and 30 · exp(0.6931) = 60 km. 

For thrusting, the effect of heating induced by the thrust 
sheet in its footwall unit is difficult to model in a progres
sive way. For that reason, thrusts are modelled as instanta
neous, following England and Thompson [1984], and a time 
for thermal relaxation will be included before or/and after 
thrusting, to compensate for the fact that thrust motion actu
ally occurs along a finite time interval. Shear heating is not 
contemplated. 

England and Thompson [1984] modelled thrusting by 
adding the thrust thickness to the previous thickness of the 
crust. This would be correct for thrusts using the Earth sur
face to glide, but most thrusts are dipping faults intersecting 
Earth surface at their fronts, where thrust sheets are supposed 
to be eroded as they move. In our case, the proof that neither 
the allochthonous complexes, nor the Mondofiedo nappe 
were thrust over the Earth surface is that their relative au
tochthons had previously reached the chlorite zone and had 
developed the S I cleavage. This implies that thrusting carried 
deep rocks to a higher position, and that rocks initially above 
the present autochthon were removed by the same thrust 
fault. For that reason, we will use a replacement mode for 
thrusts. The change in depth of any point or node below the 
thrust will be given by: z, = Z,-1 + I'<c, where I'<c is the added 
thickness in km, which equals the thickness of the thrust 
sheet minus the thickness of the footwall crust it replaces. 
Thrusts are shown in the time schemes by a line with an ar
row, and indicated by an expression like "20 km replace 
10 km", meaning that a thrust sheet 20 km thick replaces 
10 km of its footwall, adding only 1 0  km of overburden. 

Normal detachment faults do not include any external 
heat source, as is the case for thrusts, because a portion of 
crust is subtracted from the modeled vertical column in
stead of being added. Their motion can be modelled as pro
gressive, simply changing the depths below them according 
to: zn = zn-l -u · l'1t, where -u is the rate of uplift or exhuma
tion. No changes in depth occur above the fault, and nodes 
initially below it are eliminated as they become shallower 
than fault depth. Normal detachments are indicated in the 
time schemes by a grey filling (the same as for extensional 
ductile deformation), and by the exhumation rate in km per 
million years (e.g.: -1 km Ma-I).  The expression "z >10 km" 
indicates that fault depth is 1 0  km and only points beneath 
that depth move upwards. 

Finally, progressive erosion can be modeled in the same 
way as the footwall to extensional detachments, with the 
same equation: z, = Z,-1 - u · I'<t but applied to all depths. In 
that case, the exhumation rate in km per Ma is indicated. 

MODELING PROCEDURE 

Thermal regimes and their change through time have been 
calculated using a one-dimensional finite-difference model 
[Peacock, 1 9 89, 1990, 1991]  that tracks position and tem
perature of nodes during deformation and the thermal re
sponse to deformation. For the models tested, an initial 
geotherm for a 30 km thick crust was calculated using a 
heat flux of 30 mW m-2 from the asthenosphere to mantle 
lithosphere and an additional 40 mW m-2 (or rarely 30 mW 
m-2) delivered to the surface as heat generated by decay of 
radiogenic elements distributed evenly through an upper 
layer of the crust, initially 1 5  km thick. This results in a sur
face heat flux of 70 m W m-2 

The model crust is then subjected to a series of defor
mations that include homogeneous thickening (to simulate 
C l  crustal thickening contemporaneous with recumbent 
folding) and overthrusting replacing a portion of the crust 
(to model C2, the emplacement of the allochthonous com
plexes and the Mondofiedo nappe). Thickening is followed 



by thermal relaxation and then by homogeneous thinning 
(El extensional ductile shear zones) that returns the Moho 
to a depth of between 40 and 50 km. In addition, 5 km 
of crust is removed by an upper-crustal detachment (E2, 
simulating the Viveiro and Chandoiro faults) in some mod
els. In most models only the crust is thickened; however, in 
all cases thinning is assumed to affect the entire lithosphere. 

We prefer to model deformations such as homogeneous 
thickening and thinning as processes that occur at rates con
sistent with geological strain and have modelled and 
tracked model movements using natural strain. This ap
proach tends to produce P-T-t paths with a more realistic 
appearance than those that result from models that use in
stantaneous change. However, the end result, that is thermal 
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conditions in the lithosphere, is little changed by this aspect 
of the models and within a few million years resulting dif
ferences are small and are within error introduced by esti
mates of parameters used to compute thermal relaxation and 
estimates of the timing of deformational events based on 
geochronology. 

For initial crustal thickening, we have used age data 
of Dallmeyer et al. [1997] and taken into account the 
diachronous character of C l  deformation. We have consid
ered an interval of 10 Ma for this event, and progressive 
younging toward the external zones: 370-360 Ma in 
Sanabria, 360-350 Ma in the Mondofiedo nappe and 
350-340 Ma in its autochthon. 

We have treated thrusting as an instantaneous event. 
Emplacement of the allochthonous complexes above the 
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thinning during emplacement either by erosion or tectonic 
denudation. To include the thermal changes during thinning 
in the emplacement model, we have chosen to model the 
thinning as rapid erosion (removal of the upper portions of 
the crust at a rate of 1.5 mm per year). At this rate, rocks 
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pour le systeme KFMASH [Spear et aL, 1999J. 



1 5  km deep would reach the surface in 1 0  Ma. The 
geotherm created by 5 Ma of erosion is then used to model 
the impact of the thrust on the thermal history of the 
footwall rocks. We think that this average geotherm is a rea
sonable approximation of the thermal regime of the hanging 
wall during its emplacement. We have tested this inference 
by using alternative geotherms including pre- and post-ero
sional geotherms among others and found that the geotherm 
of the hanging wall is rapidly changed and has little impact 
on the P-T-t path of the footwal1. 

RESULTS AND DISCUSSION 

General 

Tectono-thermal histories derived from one-dimensional fi
nite-difference models of thickened and thinned crust are 
presented in figures 4 through 8 .  They are organized so as to 
present the models that best conform to known constraints 
on thermal histories for each of the three crustal packages 
studied. 

First considered are models representing the Mondofie
do nappe as the one that places greatest constraints on the 
values of model parameters. This is because it requires 
rapid heating of mid crustal rocks to conditions consistent 
with sillimanite and sillimanite-orthoclase bearing meta
morphic assemblages and partial melting of the lower crust 
in a similar time frame. Two key facts emerge from efforts to 
model the nappe (figs. 4, 5). First, the Iberian crust involved in 
the Variscan orogeny was relatively rich in radiogenic ele
ments so that the heat flux produced by those elements at 
the surface approached or exceeded 40 mW·m-2. Comparing 
results using a radiogenic ally derived flux of 30 and 
40 mW'm-2 (figs. 4A, 4B), one sees that temperatures dur
ing thermal relaxation of a crust with lower radiogenic ally 
derived heat flux reaches neither the first nor second 
sillimanite isograds within constraints inferred from struc
ture and geochronology. However, in figure 4B, models b 
and c both reach sillimanite isograd in 35  Ma and model c 
achieves temperatures consistent with anatexis and the pro
duction of sillimanite-orthoclase bearing assemblages. 

Because models employ a two-layered crust with respect 
to the concentration of radiogenic elements, each layer ini
tially 15 km thick, we estimate radiogenic heat production 
in the upper crust to have been approximately 2.7 IlW·m-3.  
This relatively high heat production is consistent with mea
sured heat flow from the Northwest Iberian peninsula 
[Fernandez et ai. , 1 998] and with observed crustal litho
logies, consisting mostly of terrigenous metasediments, 
pre-Variscan acid metavolcanic rocks (0110 de Sapo Fm), 
and granitic orthogneisses. It is also within the range of val
ues used by others in thermal modeling [e .g . ,  England and 
Thompson 1986] and only 2/3 of the heat production used 
and considered reasonable in models presented by Gerbi et 

ai. [2006] .  According to this first result, a surface heat flux 
of 70 mW m-2, with radiogenic heat generated through the 
upper 15 km and contributing 40 mW m-2 of the surface 
heat flux will be used in all of the following models .  

The second result of  importance inferred from the 
model outcomes presented in figure 4 is that thickening 
must have been limited to the crust and possibly to the mid
dle and upper crust. Homogeneous thickening of the entire 
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Three structural models are presented in each figure, all including homoge
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in all cases replacing 10 km of its footwall. Reaction curves as in figure 6. 
FIG. 7. - Modeles alternatifs pour l 'autochtone relatif de la nappe de Mon
donedo. - A :  une grande faille norma le Cl faible pendage situee 2 km 
au -dessous des roches qui etaient Cl l 'origine Cl 12 km de profondeur fait 
disparaftre 10 km de la croate au -dessous d 'elle. - B : une intrusion des 
roches basiques Cl 1200°C, avec 5 km d 'epaisseur s 'est mise en place 5 km 
au -dessous des roches qui etaient Cl I' origine Cl 12 km de profondeur. - C : 
la delamination au niveau du Moho place des roches de l 'asthenosphere Cl 
1300°C Cl la base de la croate. Tous ces evenements sont instantanes et ont 
lieu il y a 295 Ma (55 Ma du temps du modele). Trois modeles structuraux 
sont montres sur chaque figure, avec un epaississement homo gene par un 
facteur de 2 en 10 Ma et des epaisseurs differentes pour la nappe de Mon
done do de : a- 10 km, b- 15 km, et c- 20 km, remp lar,;ant dans les trois cas 
les 10 km superieurs de l'autochtone relatif Courbes des reactions comme 
dans la figure 6. 



lithosphere will not move mid-crustal rocks to sillimanite 
grade in 30 to 40 Ma (model a, figs. 4A, 4B). If thickening 
is limited to the crust sillimanite and sillimanite-orthoclase 
grade conditions can be reached in the allotted time frame if 
the emplacement of the allochthonous complexes increases 
crustal thickness by = 10 km, a pressure increase = 265 MPa 
(compare model b in fig. 4B and model e in fig. 4C). Alter
natively, thickening only the upper 20 km of the crust pro
duces higher temperatures and so will result in anatexis 
within rocks initially at a depth of 1 5  km if the thrust sheet 
increases crustal thickness by 5 km ( =  130 MPa; see model c 
in figs. 4B and 4C). The models, therefore, suggest that pet
rological and rheological differences between crust and 
mantle (or between upper crust and a basic granulitic lower 
crust) produced a major crustal discontinuity during the 
Variscan collision, so that the denser, more competent rocks 
of the mantle (or perhaps lower crust) were detached and 
subducted while the middle and upper crust was thickened 
in response to its buoyancy-driven resistance to subduction. 

These two findings, relatively high radiogenic heat pro
duction and thickening during the initial stages of compres
sion limited to the crust, have been incorporated in the 
models that consider the thickening and thinning of the 
footwall rocks of the Mondofiedo nappe (Lugo dome) and 
the S anabria dome. 

A third result that emerges from the models of the 
Mondofiedo nappe is the ability of the lower crust to reach 
conditions that would produce anatexis required by the 
presence of granodioritic and subordinate tonalitic bodies 
that intruded the nappe and its footwall at 330-320 Ma 
[Fernandez Suarez et al., 2000], within 25 to 30 Ma of the 
onset of thickening. Figures 5A and 5B trace the thermal 
history for the base of the crust underneath the nappe and its 
footwall during model thickening and, in the case of the 
footwall, thinning. Figure 5C does the same for the Sanabria 
dome. As is evident in the figures, all models presented are 
able to produce at least limited melting of the lower crust 
through partial melting of hydrated pelites or andesitic to 
basaltic amphibolites aided by dehydration melting of am
phibole within 25 Ma. 

The footwall to the Mondofiedo nappe 

Models intended to represent the detailed tectonothermal 
history of upper crustal rocks in the footwall to the 
Mondofiedo nappe are shown in figure 6. Figure 6A pres
ents model results of the impact of different modes of nappe 
emplacement on rocks initially at a depth of 1 2  km. Models 
are for a Mondofiedo nappe 10, 16, and 20 km thick (mod
els a, b, and c respectively) always replacing 10 km of its 
relative autochthon. Because rocks at the base of the nappe 
experienced a pressure of 0.9 GPa prior to thrusting [Reche 
et aI., 1998; Arenas and Martfnez Catalan, 2003] and no re
cord of similar high pressure is preserved in the assem
blages of the footwall, the model treats the nappe as having 
been rapidly uplifted so that rocks that were at depths of 
35 km prior to thrusting form the base of the nappe. The 
thermal structure of the thrust sheet is most commonly 
taken from models of the nappe (fig. 4) at 325 Ma, 35 Ma 
after initial thickening and 5 Ma after the initiation of exhu
mation and removal of the upper crust at a rate of 1 .5 km 
Ma,I Nodes representing rock at depths of 7 to 27 km after 
5 Ma of uplift are used to represent the thermal structure of 

the 20 km thick thrust (fig. 6D). Alternative models includ
ing a linear geotherm in the thrust sheet between 25 QC for 
the surface and 630 QC at the base, and rocks representing 
the upper 20 km of the nappe prior to uplift were also tested 
and found to have little impact on model results after a few 
million years of thermal relaxation. 

Model results indicate that minor melting of the 
footwall rocks initially at a depth of 1 2  km occurs when the 
nappe thickens the crust by 6 km (model b, fig. 6A), and 
more significant melting would occur if the crust was thick
ened by 1 0  km (model c). If the nappe emplacement causes 
no net thickening (model a), then the rocks do not reach the 
sillimanite isograd. 

Figures 6B and 6C illustrate the p-T paths for rocks at 
different initial crustal depths in the western and eastern 
parts of the Xistral tectonic window. In both, C l  represents 
homogeneous doubling of the crust between 350-340 Ma 
followed by emplacement of the Mondofiedo nappe at 
325 Ma. The nappe was 20 km thick in the west and 16 in 
the east, and in both cases it replaces the upper 10 km of the 
footwall crust. Also included are the constraints inferred 
from the thermal history of the Mondofiedo nappe discussed 
above: limiting thickening to the crust and the inclusion of a 
crust with relatively high radiogenic heat production for the 
rocks of the footwall and the nappe. 

For the western, higher-grade portions of the autoch
thon, key constraints on the model are the requirements that 
rocks that were initially at relatively high levels in the crust 
(8 to 10 km before initial thickening) reach sillimanite
orthoclase grade, and that anatectic reactions began by at 
least 3 1 5  Ma (35 Ma after initial thickening in the model). 
As is illustrated in figure 6B, these conditions are met as 
rocks that were initially at depths > 7 km cross the mini
mum melting curve for pelitic rocks before 3 1 0  Ma if initial 
homogeneous thickening doubles crustal thickness and the 
Mondofiedo nappe adds approximately 10 km of crust 
above the footwall. Note that when the nappe adds only 
6 km of crust (fig. 6c), as modelled for the eastern part of 
the window, partial melting is reached only for rocks with 
an initial depth of > 1 1  km. Rocks higher in the model 
crust, representative of those now exposed along the eastern 
margin of the tectonic window, would not reach sillimanite 
isograde, would retain chlorite, and would barely pass 
through the andalusite stability field, results consistent with 
petrological observations. 

However, differences between model results and prior 
interpretations of p-T paths for the Mondofiedo footwall 
[Arenas and Martfnez Catalan, 2003] do arise, and become 
evident when comparing the grey arrows in figure 3A with 
model p-T-t paths of figures 6B and C. Previous interpreta
tion of mineral associations inferred nearly isobaric heating 
of the footwall rocks, thought to be caused by advection of 
heat during exhumation of lower crustal rocks along a 
crustal-scale detachment zone [Arenas and Martfnez 
Catalan, 2003]. Conversely, model results show that the 
P-T paths require a significant increase in pressure prior to 
heating and eventual passage through the sillimanite, 
sillimanite-orthoclase, and andalusite stability fields. 

The presence of a buried detachment was thought to 
provide an explanation for the mineral assemblages indica
tive of low to moderate-pressure, high-temperature meta
morphism, in particular the occurrence of sillimanite and 



sillimanite-orthoclase without or with minor garnet, and the 
abundance of cordierite , 

To test the detachment hypothesis, we have modelled 
the effect of an instantaneous detachment placed 2 km be
neath rocks initially 12 km deep that removes 10 km of 
crust beneath it. Model results (fig, 7 A) suggest that this in
terpretation is unlikely for two reasons , First, when a de
tachment is included in the model so that there is an 
instantaneous emplacement of high-temperature lower 
crustal rocks within one or two kilometres of the current 
topographic surface, advective heating does not have a ma
jor impact on peak temperatures reached in the rocks above 
the detachment. This result follows in part from the fact that 
the thermal gradient through the lower crust has been re
duced by thermal relaxation and thinning before the mod
elled detachment and in part because the amount of crust 
that can be removed by the detachment is limited by con
straints on maximum crustal thickness and the structural ev
idence for significant crustal thinning, As a result, the 
temperature increase resulting from advection on the de
tachment is likely to be no more than = 20 QC (fig, 7 A), 
Second, model results indicate that high-temperature meta
morphism occurs when a thickened crust rich in radiogenic 
elements undergoes thermal relaxation, Important to the 
thickening is the emplacement of the thrust sheet, the in
crease in radiogenic sources within the crustal slice, and the 
pressure increase that results from its emplacement. As seen 
in the western and eastern parts of the Xistral tectonic win
dow, relatively small changes in thickness of the thrust 
sheet have a significant impact on the resulting tempera
tures in the footwall. It follows that the most likely P-T path 
followed by the footwall rocks of the Lugo dome includes a 
significant increase in pressure followed by decompression 
during thermal relaxation, 

Other two alternative sources of heat have also been 
considered, the intrusion of a 5 km thick mafic magmatic 
body at 1200 QC, roughly 5 km beneath the deepest outcrop
ping rocks and delamination of the litho spheric mantle 
(figs, 7B, 7C), In each model some additional thickening is 
required if rocks that were initially at a depth of 12 km and 
reached 24 km during Cl are to reach temperatures consis
tent with partial melting, The intrusion of a large mafic 
magma body provokes a significant temperature increase, 
causing peak metamorphic conditions to cross into the cor
dierite stability field, This could partially explain the P-T 
paths deduced by Arenas and Martfnez Catalan [2003], but 
this possibility is not supported by geophysical data, as 
gravity anomalies do not allow the presence of a large mafic 
body relatively near the surface beneath the Lugo dome 
[Ayarza and Martfnez Catalan, 2007], 

More surprising is the limited effect that mantle 
delamination has on the upper crustal rocks of the models, 
The effect is more to slow cooling but not to induce higher 
temperatures in rocks initially 12 km deep, Delamination 
cannot, therefore, have produced the isobaric heating in
ferred from mineral assemblages , 

Although the scarcity of garnet remains puzzling, we 
suggest that it may reflect the relatively long time that the 
rocks remained at high temperature and low to moderate 
pressure in the presence of metamorphic fluids, Some 
whole rock chemistries favour aluminosilicate formation 
over garnet and the removal of garnet produced in the early 
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FIG, 8, - Model results for the Sanabria dome, - A: initial homogeneous 
thickening of the entire crust by a factor of 2 and emplacement of a 15 km 
thick allochthon replacing upper 10 km of its footwall, - B :  same initial 
thickening and 20 km thick allochthon replacing 10 km of its footwall, -
C: initial crustal thickening by a factor of 1 .5  with a 20 km thick alloch
thon replacing 10 km of its footwall, Models A and B can be seen as repre
senting the northern and southern limbs of the Sanabria dome respectively, 
except for the E2 event, only applicable in the south, The difference in 
thickness of the thrust sheet can be attributed to its tapering to the north, in 
the direction of nappe emplacement. Reaction curves as in figure 6, 
FIG, 8 ,  - Resultat des modeles pour le dome de Sanabria, - A : epaississe
ment homogene de la croute par un facteur de 2 et mise en place d'un al
lochtone de 15 km d'epaisseur rempla,ant les 10 km superieurs de 
l 'autochtone relatif - B : meme epaississement initial et 20 km d'allochtone 
rempla,ant les 10 km superieurs de l 'autochtone relatif - C : epaississe
ment homogene de la croute par un facteur de 1,5 et 20 km d'allochtone 
rempla,ant les 10 km superieurs de l 'autochtone relatif Les modeles A et B 
sont representatifs des flan cs nord et sud du dome de Sanabria respective
ment, sauf pour l' evenement E2, applicable seulement dans le sud, La diffe
rence en epaisseur de la nappe reflete son amincissement vers le nord, dans la 
direction de mise en place, Courbes des reactions comme dans la figure 6, 



stages of the prograde path through reactions that produce 
biotite and aluminosilicate. If equilibrium conditions near 
the metamorphic peak were such that garnet was unstable, 
then the long times involved in the thermal relaxation pro
cess and the presence of fluids, magmatic fluids in 
migmatites or hydrous fluids produced either by dehydra
tion reactions or the crystallization of anatectic magma, 
might allow for full re-equilibration of assemblages. In this 
way any mineral record of higher pressures in the early 
stages of the p-T path might be lost. 

The western part of the Mondofiedo nappe 

General results for the Mondofiedo nappe are shown in fig
ure 4 and described above. Detailed model results followed 
by points at different depths of the western part of the 
Mondofiedo nappe are illustrated in figure 6D, with particu
lar emphasis in the evolution after nappe emplacement. The 
modeled instantaneous emplacement of the nappe results in 
unrealistic exhumation paths (dots for path 13i, fig. 6D), 
and are not continued beyond 325 Ma. After nappe em
placement, paths are shown for rocks within the nappe that 
where at depths of S, 12, 16, and 20 km immediately after 
thrusting. Once post-thrust minimum temperatures are 
reached, the model should accurately portray the p-T path 
of the hanging wall. Of particular interest is the likely pas
sage of rocks from sillimanite to kyanite or andalusite to 
kyanite before continued thermal relaxation reheats the 
deeper rocks of the nappe and returns them to the field of 
andalusite stability. Descriptions of the rocks in the hanging 
wall of the Viveiro fault, that preserves nappe rocks that 
were above the Xistral tectonic window, report just such a 
complex metamorphic history [Reche et aI., 1998].  

The Sanabria dome 

Results of several models using the inferred structural histo
ry of the rocks exposed in the S anabria dome are presented 
in figure S. Model p-T-t paths that indicate only very limit
ed partial melting would occur if initial thickening is lim
ited to 1 . 5  (fig. SC). In contrast, doubling of the crust 
during initial thickening may produce temperatures too high 
and likely to produce more melting than is inferred to have 
occurred from migmatites exposed in the core of the dome 
(fig. SB). We conclude that thickening was likely to have 
been by a factor between 1 .5 and 2.0. If the emplacement of 
the allochthonous complexes added 1 0  km to the crust, 
causing a pressure increase = 265 MPa in the Sanabria 
area, then thickening was probably closer to 1 .5  than 2; 
however, if emplaced allochthon were thinner, then initial 
thickening must have approached a doubling of the crust 
(fig. SA). 

N-S differences in the Sanabria area, parallel to transport 
direction of the allochthonous units, reflect a marked de
crease in metamorphic grade across the dome. Model results 
imply, as in the Xistral window, that these differences are 
caused by the decreasing thickness of the advancing thrust 
sheet so that overburden related to nappe emplacement de
creased in the direction of transport. Once again a relatively 
small pressure difference (130 MPa or less) is enough to ac
count for observed differences in metamorphic grade (figs. 
SA, SB). If figure SB is considered to model the southern 
limb and figure SA the northern limb, a decrease of 5 km of 
nappe thickness is inferred across a distance of = 25 km. 

This translates into a dip of 1 1 0  for the thrust fault, very rea
sonable for the thrust of the allochthonous complexes near 
its frontal region. 

Granitic and granodioritic magmatism 

Thermal models provide a numerical explanation for the 
three distinct periods of Variscan magmatic activity in 
Northwest Iberia, characterized by three groups of gra
nitoids: early granodioritic to tonalitic intrusions emplaced 
at = 325 Ma, more voluminous leucogranitic intrusions 
crystallized between 3 1 5  and 3 1 0  Ma, and monzogranites 
and granodiorites intruded between 295 and 2S5 Ma 
[Capdevila, 1969; Capdevila and Floor, 1970; Fernandez
Suarez et al., 2000]. At least the two older pulses appear to 
move eastward through time, that is toward the foreland, re
flecting the diachronous progress of deformation across the 
orogen [Bellido Mulas et aI., 1987]. 

Lower crustal melts produced by hydrous basaltic or 
andesitic amphibolites and amphibolite dehydration melting 
could produce granodioritic to tonalitic magmas within 25 
to 40 Ma of initial crustal thickening (fig. 5). Production of 
these magmas is likely to be limited by availability of fluids 
and the temperature of the lower crust and so relatively 
small amounts of these intrusives would form. Shortly after 
this, rocks in the middle crust that initially were between S 
and 15 km deep, would become hot enough to cross reac
tion curves that produce melting in pelitic and or granitic 
rocks in the presence of hydrous fluids. Mostly 
leucogranitic magma would be produced through anatexis 
of these rocks. Volume of melt production would depend on 
the availability of fluid and peak temperatures reached, 
which in turn is dependent on the amount of crustal thicken
ing. Decompression of the rocks during crustal thinning 
would allow additional melting in response to dehydration 
reactions even if fluids had been concentrated in the 
anatectic magmas. 

Later melting would be dominated by the high tempera
ture reached by the lower crust and so again would be most
ly monzogranite to granodiorite. At about 300 Ma, 70 to 
50 Ma after starting of crustal thickening, the lower crust 
would reach temperatures causing dehydration melting 
of biotite. These reactions as well as dehydration melting 
of amphibole, especially as temperatures increased to 
= 900 °C, would produce the somewhat less silicic magmas 
that dominate the third, postkinematic pulse. The basic and 
ultrabasic rocks dated at 293 +i Ma by Fernandez-Suarez et 
al. [2000] may well reflect partial melting of the mantle. It 
is quite likely that as these magmas moved upward they 
might have generated limited secondary magmas if they 
rose through fertile crust. 

This explanation of the magmatic postkinematic event 
in the Iberian Massif derived from thermal models removes 
the need that it be explained by mantle delamination 
[Fernandez-Suarez et aI., 2000]. Although the result does 
not preclude delamination as a possible late-Variscan event, 
it does imply that the magmatic history of the region should 
not be used as evidence of such an event. 

CONCLUSIONS 

Finite-difference models of lithospheric thermal evolution can 
be used to validate the tectono-thermal evolution deduced 



from structural, petrological, and geochronological data, to 
identify potential inconsistencies and errors, and to answer 
unresolved questions concerning orogenic mechanisms and 
modes of mantle involvement. 

In the case of the late orogenic, extensional domes of 
Lugo and S anabria, in Northwest Iberia, the models support 
the deformation scheme and show that timing, based on 
available isotopic data, may be correct. This is important 
for the main Variscan compressional events, for which data 
were scarce and based on a single source [Dallmeyer et al., 
1997]. 

Relatively high radiogenic heat production is necessary 
to explain the metamorphic evolution of the domes, but al
ways within the reasonable limits of published present sur
face heat flow and radiogenic heat production of the Iberian 
Massif. 

Thickening of the whole lithosphere during the first 
Variscan deformation event hinders the subsequent modeled 
thermal evolution from mimicking the observed metamor
phic evolution. Temperatures are then lower than those nec
essary to reach sillimanite and sillimanite-orthoclase zones, 
and to pass through the andalusite field during exhumation. 
The models suggest that some kind of detachment occurred 
at the Moho or in the lower crust and that thickening only 
affected the crust or a part of it. 

Large amounts of late-orogenic extension, based on 
wide extensional shear zones identified in the study area 
and modelled by vertical thinning, help model p-T-t paths to 

fit the metamorphic evolution of the domes, and in a way, 
validate the history deduced from geological criteria. In this 
case, vertical thinning affects the whole lithosphere, whose 
bottom depth varies also to coincide with the 1300 QC iso
therm. Extensional detachments have been identified in the 
field, but the existence of a maj or detachment, buried but 
close to the surface in the core of the Lugo dome is not sup
ported by the models as the cause of its thermal evolution. 
Rather, substantial crustal thickening is necessary in any 
case to explain the whole thermal history of the dome. 

The main recognized pulses of granite production are 
explained by the thermal models based only in orogenic 
crustal thickening followed by thermal relaxation and sub
sequent lithospheric collapse and extension. The mantle 
contribution recognized in some groups of Variscan 
granitoids can be explained by partial melting during exten
sion and thermal re-equilibration. Mantle delamination is 
not necessary to explain the thermal evolution of the crust at 
any stage of the orogenic evolution. 
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