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Abstract

Two extension patterns are identified
in the Western European Variscides.
Late-Visean-Westphalian extension is
nearly parallel to the belt and took place
during escape tectonics controlled by
still acrive compression forces. Late-Ste-
phanian to Early-Permian extension
implies complex changes in extension
direction induced by the gravitational
collapse of the entire chain after conti-
nental convergence. Variations in the
direction and the finite amount of exten-
sion are accommodated by crustul-scale
transfer faults.

A quantitative and theoretical analy-
sis guided by real geological examples
in the Southern Massif central permits
some rules to be established for intepre-
ting the extended orogen. Several 10 %
of transverse extension are inferred in
regions strongly affected by the later
event, thus exaggerating the length of
regional sections. We have removed this
effect on synthetic sections accross the
Iberian, Massif central and Bohemian
segments of the Variscan belt. We show
that the early displacement of collision-
related thrusts was significantly less and

therefore, mechanically more plausible
than figures commonly proposed. We
also argue that a large part of the lower
orogenic crust was tectonically transfer-
red to higher crustal levels during late-
orogenic processes.

Résumé (étendu)

Deux périodes extensives sont recon-
nues dans l'évolution finale de la chaine
varisque d'Europe occidentale. Pour
résumer et simplifier cette histoire, I'éti-
rement est surtout paralléle ¢ la chaine
du Viséen au Westphalien. Il devient
ensuite moins organisé, mais il implique
une plus grande quantité d'extension,
pendant le Stéphano-Permien.

Du Viséen au Westphalien, ['exten-
sion est diachronique et commence dans
les zones axiales, peut-étre les plus
épaisses de l'orogeéne. Elle accompagne
la fin de la convergence continentale et
ajuste le jeu de zones décrochantes qui
réutilisent éventuellement les chevau-
chements hérités de la collision dévo-
nienne. lLes zones décrochantes tra-
duisent l'échappement latéral de blocs
continentaux en front de l'orogene. L'en-

registrement sédimentaire différencie de
Sfagcon marquée les régions montagneu-
ses, profondément érodées, et les avant-
puays ou de grands bassins fluvio-
deltaiques témoignent d'une ambiance
tectonique calme. Bien que la conver-
gence continentale soit encore active,
lextension est dénotée par des bassins
volcano-sédimentaires contemporains
d'un volcanisme acide, souvent de type
explosif. Le plutonisme abondant, dérive
de la fusion crustale et qui caractérise la
chaine hercynienne, est attribué au
début de la relaxation thermique de la
croiite épaissie. Cet épisode extensif
n'implique pas un important amincisse-
ment de la croiite mais atténue les effets
de l'épaississement pendant une tecto-
nique intracontinentale dominée par
l'échappement de blocs continentaux.

Du Stéphanien supérieur a l'Autu-
nien, l'extension, surtout transverse a la
chaine, traduit un effondrement foncie-
rement radial. Cependant, des varia-
tions complexes en direction et quantité
d'étirement interviennent par endroit.
L'enregistrement sédimentaire ne permet
plus de discerner les régions monta-
gneuses et les avant-pays. La forte acti-
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vité tectonique et volcanique d'un envi-
ronnement extensif partout dans la chai-
ne varisque, et en particulier dans sa
branche sud, est marquée par les nom-
breux bassins dont les sédiments d'origi-
ne proximale proviennent des reliefs des
failles bordieres, des coulées volca-
niques et des caldeiras. Les discor-
dances entre le Stéphanien et le Permien
inférieur dépendent des vitesses rela-
tives de subsidence et de sédimentation
ainsi que des variations locales de la
direction d'extension. La chaine varis-
que d'Europe occidentale enregistre
alors un métamorphisme de basse pres-
sion et est affectée par des failles de
détachement tandis que l'exhumation de
la crotite ductile est amplifiée par la for-
mation de ddmes de granites et migma-
tites. L'extension stéphano-autunienne
est induite par ['effondrement gravitaire,
apres la convergence continentale, de
tout le domaine épaissi.

Elle permet un amincissement rapide
a la suite duguel la croiite retrouve une
épaisseur normale d'équilibre isosta-
tique. Deux explications sont possibles :
le volume du domaine épaissi est devenu
suffisant pour produire des forces de
corps, verticales, supérieures aux forces
compressives, horizontales, dues a la
convergence ; la chaine se répand alors
latéralement vers les avant-pays. L'al-
ternative, que nous préférons, implique
un changement dans la cinématique des
plaques au Stéphano-Permien ; la modi
fication de la géodynamique globale a
provoqué le déclin des forces horizon-
tales le long des limites de l'orogéne,
permettant la croiite épaissie en cours
de relaxation thermique de s'effondrer
vers une bordure libre.

Les variations de direction et quanti-
té d'étirement de ['extension stéphano-
autunienne sont accommodées par des
failles de transfert d'échelle crustale. 1l
s'agit de discontinuités majeures qui
séparent des régions out l'extension est
essentiellement transverse i la chaine
des zones adjacentes ou l'extension fait
un angle moins fort par rapport a la
chaine. Le Sillon Houiller et la faille
Nord-Pyrénéenne en sont probablement
les meilleurs exemples. Nous proposons
que la lithosphére européenne a hérité
de cet événement extensif les grandes
failles qui seront encore actives pendant
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le Mésozoique et le Cénozoique. D'un
point de vue géodynamique, les direc-
tions d'extension tardi-hercyniennes sont
cohérentes avec le mouvement relatif
dextre connu pour cet époque entre
Gondwana et Laurentia.

Une réflexion théorique et quantitati-
ve basée sur des expériences analo-
giques nous permet de quantifier
l'étirement dil aux détachements crus-
taux. En appliquant ces techniques semi-
quantitatives a l'extension stéphano-
permienne, celle qui a les effets les plus
marqués sur la structure de la chaine
varisque, nous montrons qu'elle a nota-
blement exagéré la fleche des grands
chevauchements collisionels. Par
exemple, la fleche pré-extension des
nappes d'éclogites et granulites du Mas-
sif central oriental est réduite de prés de
200 km a environ 100 km, une différence
qui souligne l'importance des processus
extensifs dans les grands systémes de
nappes. En corollaire, la largeur origi-
nale de la chaine était pour beaucoup
plus étroite que celle observée sur les
cartes géologiques actuelles. En particu-
lier, le Massif central oriental a été net-
tement plus élargi quc le Massif central
occidental et la Bretagne méridionale.
En ajoutant en base de croiite des
coupes restaurées les quantités de maté-
riel enlevées aux coupes corrigées de
l'étirement tardi-orogénique, on s'aper-
colt que l'extension syn- a post-épaissis-
sement est un mécanisme tectonique
essentiel dans le transfert de croiite infé-
rieure vers la crofite supérieure.

Nous montrons donc que ['effondre-
ment d'un orogéne varie d'un segment a
l'autre en dge et en direction. Il n'est pas
nécessaivement sub-perpendiculaire a la
chaine ; il commence dés les derniers
stades de la convergence en s'associant
a une tectonique d'échappement de blocs
continentaux. De grandes failles décro-
chantes créées pendant ['effondrement
post-épaississement sont des failles de
transfert qui accommodent des varia-
tions latérales de direction et d'intensité
de l'extension.

introduction

One of the chief concerns of structu-
ral geologists is the study of regional

structures and tectonics in relation to
orogenesis. A prevailing techinique has
been extrapolation of a model based on
field work and synthesis within one oro-
gen to other orogenic areas. Predominant
means of communication have been syn-
thetic profiles illustrating the relation-
ships of geologic structures across. In
this article, we investigate the geometri-
cal and structural consequences of syn-
to post-thickening extension on orogenic
belts. We use the West-European Varis-
cides as an example. Indeed, high-tem-
perature-low-pressure regional metamor-
phic terrains and considerable volumes
of anatectic, igneous matcrial are so
notable in the Variscan Belt that they
have been taken as a distinctive feature
of the "Hercynotype" (Zwart, 1967).
Mineral assemblages of the high-tempe-
rature terrains imply that over wide areas
the crust became pervasively hot at shal-
low depth, dcveloping exceptionally
high temperature gradients in the upper
crust. Granite and high-temperature
metamorphism ages ranging between
330 and 290 Ma indicate that the Hercy-
notype took place after the 390-360 Ma
old collision and crustal thickening
(Bard et al., 1980; Duthou et al., 1984,
Matte, 1986). Hence, it has been propo-
sed that the Variscan Belt presents an
older equivalent of the Basin and Range
province (Lorenz and Nicholls, 1976;
1984) with a likely orogenic sequence of
thickening followed by extension and
coeval crustal thinning. The analogy is
supported by bimodal compositions of
the Carboniferous volcanism (Bébien,
1976) and by the extensional history of
the continental crust all over Europe that
formed deeply eroded metamorphic and
granitic rocks surrounded by contempo-
raneous and younger Carhoniferous and
Permian sedimentary basins (Ménard
and Molnar, 1988).

Much woik on post-thickening
extension has concentrated on factual
extensional features and on thermo-mec-
chanical models of the thinning lithos-
phere. Much less has been devoted to the
structural consequences of large-scale
strain in extended areas, in particular
those with early, thickcning-related
structures. We attempt, by means of
quantitative, theorical analysis guided by
real geological examples, to establish
some rules for interpreting extended oro-
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Fig. 1. — Extension direction during Late-Visean to Westphalian times in the Variscan Belt of Western Europe. Data from: 1: (Iglesias Ponce de Leén
and Ribeiro, 1981b), 2: (Azur e al., 1993); 3: (Doblas et al., 1994a); 4: (Diez-Balda et al., 1992; Diez-Balda et al., 1994); 5: (Ribeiro et al., 1990); 6:
(Pérez-Estatin et al., 1991); 7: (Gapais et al., 1993); 8: (Goujou, 1992); 9: (Vissers, 1992); 10: (Faure, 1989; Faure ez al., 1990); 11: (Faure ef al., 1992);
12: (Van Den Driessche and Brun, 1991-1992); 13: (Wickert et al., 1990); 14: (Oncken, 1988); 15: (Hofmann, 1962); 16: (Schulmann et al., 1993); 17:
(Melka et al., 1992); 18: (Pitra et al., 1994); 19: (Rajlich, 1990).

Fig. 1. — Directions d'extension du Viséen supérieur au Westphalien dans la chaine Varisque d'Europe Occidentale. Données de : 1 : (Iglesias Ponce de
Ledn et Ribeiro, 1981) ; 2 : (Azor et al,, 1993) ; 3 : (Doblas et al., 1994a) ; 4 : (Diez-Balda et al., 1992 ; Diez-Balda et al., 1994) ; 5 : (Ribeiro et al.,
1990) ; 6 : (Pérez-Estaiin et al,, 1991) ; 7 : (Gapais et al., 1993) ; 8 : (Goujou, 1992) ; 9 : (Vissers, 1992) ; 10 : (Faure, 1989 ; Faure et al., 1990) ; 11 :
(Faure et al., 1992) ; 12 : (Van Den Driessche et Brun, 1991-1992) : 13 : (Wickert et al.,, 1990) ; 14 : (Oncken, 1988) ; 15 : (Hofmann, 1962) ; 16

(Schulmann et al,, 1993) ; 17 : (Melka et al, 1992) ; 18 : (Pitra et al,, 1994) : 19 : (Rajlich, 1990).

gens. This approach is intended to
emphasise the limitations of present
information and knowledge on old colli-
sional systems.

General framework and
extensional patterns

Field evidence and extension pat
terns lead us to identify two main exten-
sional events in the Variscides of
Western Europe. Our simplifying, two-
fold classification is generally accep-
table, although not clear-cut since time
variations exist from place to place.
However, the bulk superposition of two
main events with capital differences in
direction seems valid everywhere: A still
insufficiently documented, syn-orogenic
extensional event is basically nearly
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parallel to the orogenic trend. It is fol-
lowed by a better controlled post thick-
ening cxtcnsion that shows regional
changes in extension direction and quan-
tity.

Early (predominantly Late Visean-
Westphalian) extension

The sedimentary record indicates
clearly differentiated mountain domains
undergoing deep erosion in the axial
zones of the belt from foreland areas
where large, fluvio-deltaic basins were
established in the north (Courel, 1987,
Donsimoni, 1981) and the inner parts of
the Ibero-Armorican Arc (Heredia et al.,
1990). This implies fast uplift of the
ranges was taking place while forelands
were relatively stable. Although conti-

nental convergence was still operative
(e.g. Van der Voo, 1982) extensional
regions in the Variscides (fig. 1) are
locally documented by coeval volcano-
sedimentary basins and subaerial, often
silicic and explosive volcanism of Visean
to Westphalian age. Voluminous, crustal
derived plutonism suggests that thermal
relaxation was already taking place,
magma filling tectonically cuutrolled
space whether in extensional or contrac-
tional bulk regime (Hutton, 1988).

Iberian Peninsula

An example of a continental crust
subjected to thickening and subsequently
thinned is rccognised in northeastern
Portugal (Ribeiro et al., 1990) and Cen-
tral Spain (Doblas, 1991; Doblas ef al.,
1994a) with progressive transition from
middle Devonian compression to Per-
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mian extension. Localised extension
appeared as early as the Devonian
(Doblas ez al., 1994a; Martinez Cataldn
and Arenas, 1992) but the major period
of LP-HT metamorphism and massive
plutonism took place in Visean times
(Dallmeyer et al., 1993), with a maxi-
mum transgression in the Late Visean
rapidly followed by regression and
emergence in the Early Namurian (Que-
sada et al., 1990). Plutonism temporally
coincides with active transcurrent shear
(Castro, 1986). Extension was coeval
with compression in Eastern Central
Spain (Diez-Balda er al., 1992; Diez-
Balda et al., 1994; Escuder Viructe et
al., 1994) and in Ossa Morena, produc-
ing fault controlled, intramontane
basins. In North-Western Spain, exten-
sion occurred in the ductile Vivero fault
and adjacent areas during the late stage
of crustal shortening (Arungen and
Tubia, 1992). The detachment faults,
metamorphic core complexes, and
basins (Doblas, 1991; Doblas et al.,
1994a; Hernandez Enrile, 1991) are
interpreted as a Basin-and-Range-type
extension (Doblas, 1991).
Brittany

Gapais ef al. (1993) have argued that
most ductile stretching, LP-HT meta-
morphism and related two-mica granites
in southern Brittany are Carboniferous
extensional features. In Vendée, pervasi-
ve, syn-metamorphic deformation of
early-Palaeozoic sequences is better
interpreted in terms of Carboniferous
extension during plutonism in a foreland
area (Goujou, 1992). Extension is nearly
parallel to the belt, actually implying
important wrenching. Extension related
wrenching is consistent with intraconti-
nental tholeiicic magmatism and stron-
gly subsiding, lower Carboniferous
pull-apart basins (namely Chéteaulin,
Laval, Morlaix and Ancenis) formed on
the Precamhrian continent of Central
Brittany (Rolet et al., 1986).
French Massif central

Since 1989, Faure and collaborators
have persistently shown that the Namu-
ro-Westphalian granitoids of the French
Massif central have a magmatic fabric
that indicates a bulk NW-SE to E-W
magmatic stretching attributed to crustal
thinning of the thickened Variscan belt
(Faure, 1989; Faure et al., 1990; Dumas
et al., 1990; Faure and Pons, 1991;
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Faure et al., 1992; Faure and Becq-
Giraudon, 1993). The best documented
structure is a symmetrical dome in
Limousin that implies 3 to 8 % exten-
sion (Faure and Pons, 1991). In addition,
some of the widespread E-W stretching
lineations (e.g. Brun and Burg, 1982)
may be related to this extension (Mat-
tauer et al., 1988; Faure and Beceq-
Giraudon, 1993). This may be true in the
close surrounding of the plutons only
because ages show that metamorphic
minerals defining the regional lineation
pattern were cooled by ca., and before,
350 Ma (Costa, 1991-1992).

Vosges-Black Forest

Late Carboniferous extension in the
Vosges and the Black Forest was first
reported by Eisbacher et al. (1989) who
also noticed that it began while compres-
sion still dominated in the Rheno-Hercy-
nian foreland wedge. Detailed study in
the Vosges has shown that south-west-
ward detachment faults and associated
NNE-SSW transfer faults were develo-
ping between 330 and 310 Ma (Rey,
1992; Rey et al., 1991-1992). Extension
was accompanied by nearly-isothermal
decompression (suggesting nearly 15 km
crustal thinning) and granite intrusion. A
similar deformation pattern is identified
in the southern Black Forest for the
same period (Echtler and Chauvet, 1991-
1992). The fast exhumation event is pro-
bably responsible for the Late Visean
emersion and erosion reported in the
southern Vosges volcanic province
(Schneider, 1990).

Bohemian Massif

Several lines of evidence show that
post-thickening extension has taken
place but has yet to be documented. A
close relationship between compression
and extension is recorded in the Early
Carboniferous Culmian basins (Rajlich,
1990). Large, low-anglc normal faults
are suspected around gneiss domes
(Mlcoch and Schulmann, 1992) and
dominate highly extended terranes (Pitra
et al., 1994). Also, low-pressure, regio-
nal metamorphism post-dates interme-
diate and high-pressure metamorphism
(e.g. Bliimel and Schreyer, 1976; Chib
and Suk, 1978). Orientation data are
inferred from fold measurements (Rajli-
ch, 1990) and lineations in leucogranites
(Melka et al., 1992).

Alps

The Briangonnais Westphalian basin
records the distal accumulation of a huge
amount of sediments within a quiet and
vast deltaic domain (Courel et al., 1986).
In the Southern and Eastern Alps, a
synorogenic, foredeep basin was filled
with shallow- to deep-marine sediments
(Krainer, 1993) that were folded during
the Westphalian (Castellarin and Vai,
1981). Intrusion of large volumes of
mafic to acid rocks culminates at ca.
330 Ma (von Raumer and Neubauer,
1993). No information is available on
the granite related deformation.

Stephanian/Early Permian extension

The "Basin and Range Province of
the Permo-Carboniferous Europe” was
by name identified in 1976 (Bébien,
1976; Lorenz and Nicholls, 1976). The
sedimentary record does no longer per-
mit to discern the range from the fore-
land. Thick, fault controlled basins
indicate widespread tectonic activity and
extensional environment throughout the
Variscan Belt, in particular its southern
branch (fig. 2), foreshadowing the Per-
mian "Variscan" province of (Falke,
1976). Sediments have a proximal origin
linked with local, fault related topogra-
phic highs. Lava flows and caldeiras
depict a strong volcanic activity. Contra-
rily to previous interpretations, we
consider that no major break, from both
tectonic and sedimentological point of
view, separates the Stephanian and the
Early Permian. Whether an unconformi-
ty exists depends on variable subsidence
and sedimentation rates and/or extension
direction during a single extensional
event, an argument that can be extended
ta the so-called Asturian and Saalian
phases.

Iberian Peninsula

Continental, clastic to shallow mari-
ne sediments and bimodal volcanism
deposited in fault controlled, intermonta-
ne basins with distinctive half-graben
shapes (Virgili et al., 1976). They are
attributed to "aborted rifting” in Canta-
bria (Martinez Garcia, 1990). Terrestrial
fills record the Early-Autunian arrival of
Gondwanian flora in Europe (Quesada et
al., 1990). In Central Spain, no major
change occurred between the Early Car-
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Fig. 2. — Extension direction during Late-Stephanian to Early-Permian times in the Variscan Belt of Western Europe. The main basins are shadowed.
Data from: 1: (Azor ef al., 1993); 2: (Lillo, 1992); 3: (Herndndez Enrile. 1991): 4: (Doblas et al.. 1994a); 5: (Martinez Garcia, 1990); 6: (Bixel and
Lucas, 1983); 7: (Vissers, 1992); 8: (Lucas, 1987); 9: (Bouhallier et al., 1991); 10: (De Saint Blanquat et al., 1990); 11: (Bles er al., 1989); 12: (David,
1985; Santouil, 1980); 13: (Van Den Driessche et Brun, 1991-1992); 14: (Vergely and Blanc, 1981); 15: (Malavieille et al., 1990); 16: (Toutin-Morin et
al., 1993); 17: (Wickert er al., 1990); 18: (Echtler and Chauvet, 1991-1992); 19: (Oncken, 1988); 20: (Holub, 1976; Pesek, 1987).

Fig. 2. — Directions d'extension du Stéphunien supérieur uu Permien inférienr duns la chaine varisque d'Europe Occidentale. Les bassins principaux
sont grisés. Données de : 1 : (Azor et al,, 1993} ; 2 : (Lillo, 1992) ; 3 : (Herndndez Enrile, 1991) ; 4 : (Doblas et al., 1994a) ; 5 : (Martinez Garcia,

1990) ; 6 : (Bixel et Lucas 1983) ;

T . /B3I5 ot ol 1000 - rgars
11 : (Blésetal., 1989},

(Holub, 1976 ; Pesek, 1987).

boniferous and the Early Permian exten-
sional events (Doblas er al., 1994b).
Extension was paroxysmal during the
Stephanian - Early Permian times, resul-
ting in detachment faulting and exhuma-
tion of core complexes (Doblas er al.,

1994a).

Brittany

The extensional pattern parallel to the
orogen persisted up to Stephanian times
(Goujou, 1992) while ductile deformation
involved synkinematic intrusions as
young as 290 Ma (Peucat, 1983; Vidal,
1980). Narrow and small limnic basins
are related to wrenching along the South
Armorican Shear Zone (Rolet, 1984).

French Massif central

Crustal thinning led to the formation
of metamorphic core complexes bound
by detachment faults which controlled

GEOLOGIE DE LA FRANCE, N° 3, 1994

$ (UMVLU 17OJ ¥ A.)MIUUMLL, 170U} ,

lavicille et al., 1990) ; 16 : (Toutin-Morin et al.,, 1993) ; 17 : (chkcrt ct al.,

0OQ/N ST

the opening of throughs where clastic
sediments accumulated. Periglacial
deposits suggest mountain altitudes of
5 000 m (Becq-Giraudon and Van Den
Driessche, 1994). The Stephanian-Autu-
nian extension is characterised by direc-
tions sub-perpendicular to the Variscan
belt in Eastern Massif central. Important
crustal thinning is cmphasiscd by rapid

nrﬂnct to the dnr‘h]p mid-level crust

below detachment systems (Echtler and
Malavieille, 1990; Malavieille ef al.,
1990; Van Den Driessche and Brun,
1991-1992; Lagarde et al., 1993). Basins
developed in the hangingwall of the
detachment systems and mostly display
asymmetric patterns ( Santouil, 1980;
Legrand et al., 1994).

Pyrenees

Stephano-Permian basins are half
grabens filled with continental alluvium
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materials and volcanites (Bixel and
Lucas, 1983; Lucas, 1987). They are
associated with an E-W sinistral trans-
current fault in the north-western Pyre-
nees, and controlled by N-S fractures in
the south-eastern Pyrenees (ibid.).
Extension developed in two different
manners: South of the present North
Pyrcncan fault, both patterns of base-

ment ductile deformation and bacin
ment QUeiLIC QeIormation ang oasin

infilling indicate E-W extension (Lucas,
1987; Vissers, 1992), i.e. parallel to the
orogen trend. In contrast, extension is
roughly N-S, north of the North Pyre-
nean fault and east of the Sillon Houiller
(De Saint Blanquat ez al., 1990; Bouhal-
lier et al., 1991).

Vosges - Black Forest
Structural data are lacking but as

young as Late-Stephanian/Early-Per-
mian sedimentation is taking place in
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nearly E-W trending, narrow basins,
suggesting a nearly N-S extension, a
direction supported by stress tensor cal-
culations from striated planes in granites
(unpublished reconstitution, Maurin,
pers. comm. 1994).

Bohemian Massif

The Carboniferous/Permian bounda-
ry is in place continuous and elsewhere
marked by an unconformity (Holub,
1976). Rapidly subsiding, intramontane
basins that began to form in Westphalian
times are associated with volcanism that
culminated in the Autunian. The limno-
deltaic and fluvial sediments are loca-
lised into long and narrow half-grabens
faulted on their eastern boundary (Svo-
boda, 1966). In the basement, low-pres-
sure anatectic rocks are dated Late

{“
Carboniferous suggesting here also

exhumation of mid-crustal crust (c.g.
Grauert et al., 1974).

Thick continental and shallow mari-
ne shelf sediments and volcanic rocks of
Late Carboniferous to Early Permian age
were deposited in fault-controlled, intra-
montane basins (Krainer, 1993). Late
plutonism took place by ca. 295 Ma;
(von Raumer and Neubauer, 1993).
Later Alpine deformation hampers the
definition of transtensional or transpres-
sional frameworks.

Sardinia

Although figure 2 does not include
Sardinia because of its poorly constrai-
ned position in the belt, it is noteworthy
that two extension directions are obs-
erved (Musumeci, 1992; Carmignani ef
al., 1994). The first is parallel to the stri-
ke of the belt and has been ascribed to
ductile wrenching, synchronous with
HT-LP metamorphism, partial melting
and plutonism. The second corresponds
to orogen-orthogonal extension within
more or less brittle detachment zones
that rework previous ductile fabrics.
Both stretching events make a striking
comparison with what is described
above. They have been ascribed to strain
partitioning during post-thickening
extension (Musumeci, 1992).

38

Transfer fault zones

Two striking observations stem from
the pattern of the Stephanian-Permian
extension directions (fig. 2): (1) There
are zones with extension essentially
transverse to the orogenic belt adjacent
to zones with extension sub parallel to it,
and (2). It can be readily seen on the
figure that domains with different bulk
extension directions are separated by
major fault zones. Two examples are the
Sillon Houiller and the North Pyrenean
Fault, which appears as major disconti-
nuities created during extension between
zones with differing extension directions.

Sillon Houiller

Concerning the Sillon Houiller, we
proposed this hypothesis as an explana-
tion for the puzzling small strike-slip
offset 70 to 100 km (Grolier and Letour-
neur, 1968) on a several hundred kilo-
metres long fault, compared with several
hundred kilometre movements along
large continental strike slip faults as in
Asia, for example (Tapponnier and Mol-
nar, 1977; Tapponnier et al., 1990). In
our model (Burg et al., 1990) this coal-
basin related fault separates a zone of
transverse, large extension to the east,
comparable to that of the north-Western
America Province, from a zone extended
nearly parallel to the orogen to the west.
Maximum extension is expected in the
former area where, interestingly, largest
areas of low-pressure terranes and gneiss
domes are known (Chenevoy and
Ravier, 1971).

North Pyrenean Fault

The Variscan orocline is interpreted
by a simple kinematic relationship bet-
ween relative plate motions of Gondwa-
na indenting Laurussia (Bard et al.,
1980; Brun and Burg, 1982; Matte,
1991) which does not predict the origin
and location of the North Pyrenean fault
within the Iberian indenter. We admit

that the tharmal oty : 1
that the thermal structure of the Variscan

crust in the Pyrenees i3 dominated by an
extension regime associated with strike-
slip movements (Wickham and
Oxburgh, 1985). This interpretation is
consistent with thick sequences of car-
boniferous and Permian sediments on
the northern side of this fault (Paproth,

1987) and provides and elegant explana-
tion for the 150-200 km shift of the Ibe-
rian Peninsula along the North Pyrenean
zone (Arthaud and Matte, 1977). Accord-
ingly, we believe that the right lateral
displacement is due to oblique extension
including pull-apart segments of trans-
forms before inception of the relative
sinistral movement of Theria with res-
pect to Europe during the Mesozoic.
The two sub orthogonal directions of
extension identified in the Pyrenees
(fig. 2) emphasise the necessary occur-
rence of a North Pyrenean, transform-
like fault to accommodate differential
strain patterns within neighbouring
areas. This would provide and explana-
tion for the location of this major fault
created within the Ibero-Armorican arc
whilst it would seem easier to reactivate
the parallel suture zones in South Armo-
rica and in Iberia the Coimbra-Cordoba
shear zone. The possible transfer cha-
racter of the South Armorican Shear
Zone has been evoked by (Gapais et al.,
1993).

Other probable transfer faults

Extending similar arguments to large
and long fault systems of late Variscan
age in Europe, several appear transfer
faults. For example, the Ventaniella-
Castellén fault (Juliver, 1983; Sopefia et
al., 1988) separates in Spain a NE region
with EW extension from a SW region
with NS extension. A difference in
extension styles may be more dramatic
with the Cévennes fault zone from sou-
thern France to its northeastward conti-
nuation beyond the Alps and Jura Belts.
It controls Stephanian to Permian half-
grabens and seems to have played a pro-
minent role in the Permian, separating
the Variscan from the Verucano pro-
vinces (Falke, 1976). In the Vosges, the
Ligne des Crétes fault contains a leuco-
granite and separates domains with SW-
SE carboniferous extension (Rey, 1992)
from the eastern part where extension is
dominantly NW-SE (Krohe and Eisba-

luxg\ Finally, the western and

cher
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eastern boundaries of the Bohemian
Massif (the Pfahl fault-Franconian line
and Elbe and Tornquist-Teisseyre lines,
respectively) controlled large Carbonife-
rous basins and Upper-Carboniferous
half-grabens (Pozaryski and Radwanski,
1979).

GEOLOGIE DE LA FRANCE, N° 3, 1994



SYN- TO POST-THICKENING EXTENSION IN THE VARISCAN BELT OF WESTERN EUROPE

Global scheme

As a working hypothesis, the chief
features of late to post Variscan exten-
sion tectonics may be summarised as
follows:

Early extension took place during the
waning continental convergence. It is
recorded in granites and volcano-sedi-
mentary basins corresponding to
variable amount (often less than 10 %)
of extension nearly parallel to the belt,
which is emphasised by wrenching tec-
tonics reactivating thrust zones. Exten-
sion is diachronous, beginning in the
inner thickest parts of the belt. It does

nat indae ch thinning of the ornat
Ul luuu\«u l.llubll kllllllllllé i Lll\/ wiuoe

but rather attenuates crustal thickening
by lateral extrusion and/or escape tecto-
nics during contincntal convergence.

The following scenario may be writ-
ten. As a consequence of combined
buoyancy forces in the thickened and
thermally relaxing crust formed by the
Early Devonian collision (Matte, 1983;
Burg er al., 1987; Matte, 1991) and still
active compression forces. Depending
on the amount of crustal thickening and

the time required for subsequent thermal
relaxation, body forces had increased
sufficiently and the lithosphere weak-
ened enough during Late Visean-
Westphalian times to let the thickened
and thermally relaxing crust spread
under its weight. The still overwhelming
compressive, tectonic forces drove the
chain to spread laterally. Such a process
results in the limitation of crustal thicken-
ing in the internal parts of the chain and
favours propagation of crustal thicken-
ing towards more external areas, a fore-
land migration recorded also by
plutonism in the French Massif Central
(Duthou et al., 1984). Rapid uplift in
locally extending mountains and transi-
tion from marine to continental sedimen-
tation was induced by crustal isostatic
rebound eventually induced by thermal
thinning of the mantle lithosphere (Gau-
demer ef al., 1988) or gravitational
detachment (delamination of Bird, 1979,
as inferred by Lorenz and Nicholls,
1984). 1t is noteworthy that extension
coeval with lateral crustal extrusion
seems to happen only where continental
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collision comprises an arcuate geometry.
For example, orogen-parallel extension
has not been described in the rectilinear,
western North American Cordillera
whose generalised orogen-orthogonal
extension developed during the Tertia-
ry. In contrast, syn-convergence, 0ro-
gen-parallel extension is reported in both
the Alps (e.g. Ratschbacher er al., 1989)
and the Himalayas, including the Tibe-
tan Plateau (Molnar and Tapponnier,
1975; e.g. Armijo et al., 1986). Orogenic
syntaxis may be essential for compen-
sating crustal shortening by escape tec-
tonics.

Stephanian to Early Permian

Stephanian to Early Permian exten-
sion implies complex changes in exten-
sion direction with respect to the orogen
trend and several tens % stretching and
correlative thinning of the crust. The
European Variscides are then characte-

rised ]’\v ]nnl-r\rpocnro metamornhiem
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(chkham and Oxburgh, 1985), detach-
ment faulting and consecutive ductile
crust exhumation resulting in granite-
migmatite-gneiss extensional domes and
rifted continental crust (see references
above). This event is induced by the gra-
vity collapse of the entire thickened
domain after continental convergence,
independently of its thickening stage.
The tectonic process results in rapid
thinning allowing the crust to recover a
"normal” thickness but enlarging initial
width of the belt.

The origin of Stephanian-Permian
extension meets two explanations: First,
the width of the thickened domain may
have been sufficient to produce vertical,
buoyancy forces able to overwhelm the
horizontal, compressive forces due to
plate convergence. The entire thickened
belt would spread sideways, foreland-
ward, except within the Ibero-Armorican
arc whose arcuation constrained ductile
flow toward the less resistant boundaries

k PP

1 llU alernati-
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ve, which we prefer because we do not
see any oscillating balance between
buoyancy and convergence forces, is to

consider a manr (‘hﬂngp in nla{e kine-
matics during the Stephanian to Early
Permian. It resulted in the decline of
horizontal compressive forces along the
orogen boundaries, subsequently allow-

ing the thickened and thermally

relaxing crust to collapse. Compa-
ratively, the Basin and Range province
has a free continental boundary along
the Pacific side. Changes in convergence
rate along the western edge of North
America may have also caused exten-
sion in the Basin and Range (e.g. Coney,
1987). In the Variscan case the "un-
known plate" advocated by Arthaud and
Matte (1977) south of the dextral shear
system (their figure 9) is, therefore, not
necessary. At this state of knowledge,
both hypothesis are left opened.

Extension estimates;
experimental approach

For simple geometric reasons, the
Visean-Westphalian event implying
extension parallel to the belt had little
effect on the thrust structures imaged by
cross-sections. How important the Ste-
phanian-Permian extension is has to be
addressed, in particular where extension
is transverse to the belt. On a rheological
point of view, the time between conver-
gence and the syn- to post-orogenic
extension was long enough for thermal
relaxation to evolve in the thickened
crust (England and Thompson, 1984,
1986; Sonder et al., 1987), producing in
effect the huge amount of late Variscan
granites. Hence, we have to take into
consideration a rheologically two-layer

system. Depending on the thermal
oradient there ic a 10.20 km thick hnit.

Eralaalliie, UICIC 10 a4 1U™L&yU Bl uilln, Uit

tle, upper crust above a 30-40 km thick,
ductile lower crust that may be very
weak if it is partially molten and granites
are abundant (Kusznir and Park, 1987;
Meissner and Kusznir, 1987). From
these considerations and in order to esti-
mate the amount of extension, we have
developed structural methods based on
experimental extension of two-layer
brittle/ductile analogue models. The
results must be considered to be approxi-
mated by a minimum 20 % error.

Principles of modelling

of two-laver brittle/ductile
o6 IWO-1ayer pritue/quciue

systems has been investigated through
laboratory experiments on analogue
models where the brittle upper crust is
represented by a sand layer, a Mohr-
Coulomb material with a mean 30° fric-

Extension
Bxtension
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tion angle, and the behaviour of the
ductile lower crust is simulated by sili-
cone putty, a Newtonian fluid of 10* Pa.s
viscosity at room temperature. The expe-
rimental procedure, validity of the scal-
ing including for gravity forces, detailed
discussion of the physical properties and
the geological relevance of such models
can be found in several works (e.g. Fau-
gere and Brun, 1984; Vendeville et al.,
1987; Davy and Cobbold, 1991). It
is worth noting that in any experiment
faults initiate as steeply-dipping normal
faults (60°) defining a limited number of
grabens and tilted blocks in the brittle

1
layer. During the progressive extension,

they commounly rotate to lower dips,
implying rotations of initially flat lying
markers during progressive extension.
As a direct consequence, extension of
two-layer systems does not occur eve-
rywhere but instead takes place in regu-
larly spaced sites, leaving virtually
undeformed areas between the extending
sites, looking like a mechanical instabili-
ty naturally represented by boudinage
(Faugére and Brun, 1984; Vendeville et
al., 1987; McClay et al., 1991). This
large scale behaviour explains how
regions (equivalent to the boudins) that
have preserved dominantly convergence
structures are identified between (nec-
king) regions dominaied by extensional
deformation.

Dimensions of extension-related
domes of ductile crust:
detachment faults
and core complexes;

Experimental result and extension cal-
culation

Localised extension results in a
main, upward convex detachment fault
allowing the ductile layer to raise whilst
heterogeneous deformation of the brittle
crust is accommodated by a pervasive
flow of the ductile crust (fig. 3b). No
fault offsets the initial brittle-ductile

interface along which shear due to relati-
ve r]:cr\]a(‘ement of the nvpr]\nno brittle
crust blocks results in a h()r]znntal décol-
lement at the onset of extension. Of
structural interest to us is that one limb
of the dome-like structure is bounded by

the detachment fault zone whereas the
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Fig. 3. — Analogue experiment of a detachment system with associated core complex (after Brun et
al., 1994). a) initial setting representing brittle-ductile rheological layering in a thickened crust after
thermal relaxation: 1/3 = upper layer of sand over 2/3 = a silicone ductile layer. A low-viscosity
heterogeneity (dark) was introduced within the ductile layer, modelling a zone of partial melting or
granite intrusive. EGD 14: initial stage (bulk extension = 10 %) shows that extremities of the low
viscosity body (point of strongest rheological heterogeneity) localise the site where extension of the
brittle layer takes place during gravity collapse. EGD 16: amplified domal structure localised by the
less viscous body and associated detachment sytem after 100 % bulk extension. Note strong rota-
tion of layers on the dome limbs. A and B are initial, marking faults.

Fig. 3. — Expérience analogique d'un systéme de détachement et d'un dome associé (d'apres Brun et
al, 1994). a) Le stade initial comprend un littage rhéologique fragile-ductile d'une croiite épaissie
apres la relaxation thermique : 1/3 = de crolite supérieure fragile simulée par du sable sur 2/3 en
épaisseur de silicone ductile. Une hétérogénéité de faible viscosité (sombre) est introduite dans la
couche ductile pour simuler une zone en fusion partielle ou un granite. EGD 14 : stade initial
(extension = 10 % environ) montrant que les extrémités du corps a faible viscosité (point de plus
forte hétérogénéité rhéologique) localise le site oit l'extension de la couche fragile apparait.
EGD 16 : structure en déme amplifié localisé par le corps a faible viscosité aprés 100 % d'exten-
sion. Noter la forte rotation des couches dans les flancs du dome. A et B sont des failles repeéres.

other limb results from block rotation
forming a roll-under of the footwall
(fig. 4d, e, ). As a result of this rotation,
the transition zone between brittle and
ductile layers is brought to the surface,
giving a geometric marker to estimate
the minimum relative displacement
required to exhume the ductile crust
(fig. 4).

brittle layer. To it, must we add the
width of the domal culmination of deep
crust that has suffered a history from
high temperature, ductile deformation to
cooler, brittle deformation.

Appiication: the Montagne Noire
Crystalline Axis

Van Den Driessche and Brun (1991-
1992) have argued that strain and meta-
morphic patterns of the eastern "zone
axiale" result from Late-Carboniferous

For these estimates we have to

assume that the detachment cuts across
the brittle crust. A first calculation step

consists in reaching the point where
exhumation of the ductile crust begins,
which depends on the thickness of the

to Permian extension. Gneisses and mig-
matites forming the crystalline axis rai-
sed by roll-under folding of the footwall
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Fig. 4. — Right = sketch of a detachment system and core complex evolution as suggested by the
experiment of figure 3. Left = geometrical calculation of the related amount of extension.

Fig. 4. — A droite = schéma d'évolution d'un systéme en détachement associé & un déme telle qu'elle
est suggérée par l'expérience de la figure 3. A gauche = calcul géométrique de l'extension impliquée.
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of a north-dipping detachment inducing
tectonic denudation of the ductile lower
crust. This interpretation is consistent
with early Carboniferous metamorphism
and deformation being responsible for
recrystallisation of the crystalline axis
rock units (eventually Precambrian in
age) before they were rolled-under
(Demange, 1994). The Stephanian
Graissessac basin deposited on the
detachment zone, north of the rising
gneiss and migmatites. We tentatively
take the regional biotite isograde known
on the southern limb of the dome as the
initial brittle/ductile transition tempera-
ture at a depth of 10 to 15 km (4 to
5 kbars, Thompson and Bard, 1982),
permitting "Caledonian" ages (415-
445 Ma) to be preserved (Gebauer and
Griinenfelder, 1976) at shallower depths.
The average width of denuded ductile
crust parallel to the extension direction
is ca. 20 km (fig. 5). Applying the geo-
metric calculation mentioned, 40 to
50 km of horizontal movement are to be
inferred on the major detachment fault
with an initial dip of 45°.

Early crestal grabens in the hanging
wall of a décollement;
roll-over structure

Experimental result and extension cal-
culation

Experiments simulating a listric nor-
mal fault (fig. 6) show that early crestal
grabens form in the hanging-wall brittle
layer almost directly above the connec-
tion line between the ramp and flat scg-
ments of the fault (Ballard, 1989;
McClay et al., 1991; Roure et al., 1992).
Further extension is responsible for a
roll-over geometry with a large, han-
ging-wall, half-graben basin that com-
monly overlaps the early crestal graben
(fig. 6 and 7a). A simple geometric rela
tionship (fig. 7c) shows that if one can
identify early, relatively narrow grabens
on one side of an asymmetric, roll-over

L

Fig. 5. — Structural sketch map of the extension
system in the southern Massil central. L and 8d
refer to values defined in figure 4.

Fig. 5. — Schéma structural du systéme extensif
du sud du Massif central. L et &d sont définis
dans la figure 4.
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half-graben crestal graben Fig. 6. — Experimental sand model of hanging

S . — wall deformation and basin pattern above a flat
and ramp, extensional decollement (Faugere et
al., 1986). A crestal graben was initially deve-
loping above the flat and ramp connection, and
progressively moved outward with regard to
the ramp. The mobile side (to the right) was
connected with a basal plate ending in the
centre of the model. Displacement induces a

hacal velaeity digeontimisity which recnite 1n the
Caddx VEIOTILY GiSCONUNUILY WRlla TeSUIRS 1 iid

development of an asymmetric graben bounded
by a single normal fault on the mobile side.
Note the asymmetry of the basin and compare
with experiment E44 of Mcclay er al. (1991).

flat detachment Fig. 6. — Modéle analogique de sable avec
remplissage de bassin déformé au-dessus d'un
faults due to systéme en plat et rampe (Faugére et al.,,
; 1986). Ui 2 it au-d
fauls due parallelbedding  grabendue | 123} Un graben pécoceapparat - dess
- . de la jonction entre le plat et la rampe, puis
to bending at the top slip to outer arc stretching s'éloigne progressivement de la rampe. Le coté
of the ramp ‘ l mobile (a droite) est relié & une plaque basale
f = qui s'arréte au milieu du modéle. Le déplace-

XA ment induit une discontinuité de vitesse qui
créée un graben dissyméirigue limité par une
faille normale. Remarquer la dissymétrie du
bassin et comparer avec l'expérience E44 de

McClay et al. (1991).

crestal graben

/ N /ngrmal faults

T N —J Fig. 7a. — Explanations of the main features in
S L e e a sand experiment of flat and ramp detachment

e e e e e TN — — and experime at and ramp detachment
___m as in figure 6. b: Interpretation of fault pattern
. F e initiated at the onset of extension. + w and - ®
Lottt s s are bending moments at the top and base extre-

E I . mities of a blind ramp inclined at and angle o.

Normal faultg define a crestal oraben above the

Normal faults define a crestal graben abo
ramp and flat connection (after Ballard, 1989),
see also (Roure et al., 1992). ¢: Sketch to illus-
d f | trate the geometrical calculation of extension

(
‘4 > with a crestal rift/asymmetric basin system.
C < Light grey and black: basin infilling; dark grey:
- basement.
o
T B LU L. L. \ o= 60° to 45° }>; Fig. 7a. — Explication des caractéres princi-

displacement paux de l'expérience de la figure 6. b : Inter-
Aftho aarly prétation des failles formées en début

i
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20 .. L LT T AT T \\\ <—06d = df ';dO_’ males définissent un graben d'extrados au-des-
km .. S < .. extension sus du point de jonction entre la rampe et le

al,, 1992). ¢ : Schéma illustrant le calcul géo-
métrique de ['extension a partir d'un graben
précoce d'extrados et d'un bassin dissymé-
20 L | trigue. Grisé et noir : remplissage du bassin ;
gris sombre : socle.
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basin, the relative displacement &d of the
graben can be measured, hence permit-
ting a good approximation of crustal
extension. Major inaccuracies stem i) in
the estimate of the thickness P of the
brittle part of the crust assuming that the
major flat (décollement) follows the
brittle/ductile rheological transition zone
and ii) the dip of the ramp o which,
according to the Mohr-Coulomb beha-
viour of brittle rocks, is 60 to 45°,
Application: Saint-Affrique-Broquies
Basins

Sedimentological and structural
investigations of the Saint-Affrique
basin (fig. 5) have shown that the asym-
metry of the basin filling and southward
tilt of layers were controlled by a roll-
over semi-anticline in the hangingwall
of an extensional detachment system
during Late-Stephanian to Permian times
(Legrand et al., 1994). The basin is
bounded to the south by a high-angle,
northward dipping detachment which
supposedly flattens downwards in the
brittle ductile transition, resulting in lis-
tric geometry at crustal scale. Actual flat
lying normal faults associated with this
extension system are the reactivated
thrusts with northward sense of shear
mapped in the underlying "schistes de
I'Albigeois" (Guérangé-Lozes, 1987).
The northern part of the Saint-Affrique
basin is occupied by the nearly E-W,
narrow Brousse-Broquiés graben filled
by Upper-Stephanian sediments and
lavas (Arbey er al., 1982). We suggest
that it is a crestal graben developed at
the onset of regional extension. Geome-
tric relationships of figure 7 applied to
this example suggest that the Brousse-
Broquiés basin may have moved 10 to
20 km northward (fig. 8). We assume a
large part of this hanging wall displace-
ment to be related to the Espinouse Detach-
ment System (fig. 5 and 8) thus accom-
modating essentially the exhumation of the
Montagne Noire Crystalline Axis in Ste-
phanian to Early Permian times.

A bulk amount of 50 km horizontal
extension, representing a minimum 50 %
extension for the whole area, including
the Montagne Noire and the Albigeois,
seems reasonable. Although there are
rare estimates proposed by other authors,
other Stephanian-Permian basins com-
monly account for more than 30 %
extension (e.g. Henk, 1993).
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Fig. 8. - Top: Cross section of the Upper Stephanian-Lower Permian extensional system of figure 5.
Bottom: Interpretation of the Saint-Affrique and Brousse-Broquigs basins development 8d: inferred
northward displacement of the Stephanian Broquiés basin during extension (compare with fig. 3 and 7a).

Fig. 8. — Coupe du systeme extensif Stéphanien supérieur-Permien supérieur de la figure 5 avec l'inter-
prétation (dessous) des bassins de Saint-Affrique et Brousse-Broquiés. 3d : est déduit du déplacement
vers le nord du bassin stéphanian de Broquiés pendant I'extension (comparer avec fig. 3 et 7a).

Consequences on the
collision structures

We now investigate the conse-
quences of cxtensions on the finite struc-
ture of the Variscan Belt. The nearly
orogen-parallel, Visean-Westphalian
extension event that developed essential-
ly symmetrical plutonic domes (Faure
and Pons, 1991) has little effect on the
transverse sections. On the contrary,
large horizontal movements are involved
in the Stephanian-Early Permian, at a
high angle to the belt. Related structures
are identified, and we removed from the
present day sections the extension rela-
ted surficial width appreciated according
to half-grabens, granites or core com-
plexes, and applying the rule that exten-
sion sites to be removed separate nearly
untouched domains. The remaining,
nearly untouched segments are adjusted
to restore a preliminary, pre-extension
section. The successive steps are shown
on figure 9, 10 and 11 on the well
known and representative sections of the
Variscides by Matte (1986) across the
Iberian Peninsula, the French Massif
central and the Bohemian Massif, res-
pectively. In this work, we consider only

the inner part of the Ibero-Armorican
arc, that 1s the southern belt of the Varis-
cides. The inferred extension amount is
given in the figures.

In the eastern part of the Iberian
Peninsula, Stephanian to Permian basins
are scarce. However, crustal E-W exten-
sion is indicated by pervasive subhori-
zontal kinking and crenulation (Matte,
1969) and by detachment fault/dome
complexes such as the Vivero normal
fault/Mondofiedo dome and the Allende
fault/Narcea dome complexes (Pérez-
Estatn et al., 1991). These structures
imply amounts of extension at least
equal to the culmination width. Granite
related stretching is important in Wes-
tern Galicia, developing in places
grabens as the Malpica-Tuy uni
(Pérez-Estatin et al., 1991), and possibly
the flat bottom of the Ordenes klippe,
although its shape may be related to very
early, Devonian extension (Martinez
Cataldn and Arenas, 1992). In any case,
the width of the culminations can be
removed from the present day section,
making an overall 120 km of late, hori-
zontal extension across the nearly 400 km
wide Variscides in Northern Iberia.
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South Portuguese zone Western Galicia nappes Cantabrian
SN Pt ! Y At s [/ ‘jal?pes §
100 K Western Galicia Vivero fault Allande fault
m qramtes and fauits M/ondoﬁed/o dome Narcea dome
J s
E=0.79
B=1+E=1.79
v=1-1/p=0.44
Ho= H/ (1- ) = 53,6 km
Fig. 9. — Restored section of the northern Iberian Peninsula ornaments and top section modified after Matte (1991). The extensional site s have a dip
consistent with the asymmetry of related extensional structures, there length is calculated using geometrical derivations of figures 4 and 6. The dip angle

is approximate and is of no consequence on the restoration.

Fig. 9. — Coupe restaurée du nord de la Péninsule Ibérique ; en haut, coupe modifiée d'aprés Matte (1991). Les sites extensifs ont un pendage cohérent
avec la dissymétrie des structures, leur longueur est calculée par dérivation géométrigue des figures 4 et 6. Le pendage est approximatif, ce qui est sans
conséquence sur la restauration finale valable a 20 % pres.

In the French Massif central, several

Ctanhann_Parmi haging are to he ta
DCPHanG-x crimian oasins are ¢ o w.keﬂ

into account. Besides those of Graisses-
gac and Saint- ‘AF‘FY'H'HIP the Rodez basin

al anG Salln-Adiligue, o ROUUCL Uasii

developed on the northern, mylonitized
side of the Palanges dome (Burg ef al,,

1986) in which northward senses of
shear can be observed (unpublished
data). This dome/basin system yields
nearly 30 km horizontal extension. Far-
ther north, in the Haut-Allier, several
basins (namely Langeac, Brioude and
especially Brassac) seem to accommo-
date laterally ca. 45 km of the unquanti-
fied horizontal extension involved in the
Velay dome (Malavieille ez al., 1990), to
the west of the presented section. The
question comes as to whether the Haut-
Allier area is a klippe belonging to the
thrust nappe known in the Sioule (Gro-
lier, 1971). We prefer to root the Haut-
Allier thrust system not far to the north,
in the continuation of the Monts du
Lyonnais (Demay, 1948; Burg and
Matte, 1978). In effect, above this
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major thrust, the so-called Morvano-
pr\anaio {]nmnir\ '(‘ ]’\ ﬂ?“CPA b}l

Roannails domain is characterised

early erosion and unconformable Late-
Devonian to Visean sedimentar

A%
onian to visean seaimentary 1
We

volcanic series (Vennat, 1985).
this different timing and mode of defor-
mation as a fundamental criteria to defi-
ne a separate domain whose extension is
tentatively approximated as the width of
the huge pluton recognised in the region

(fig. 10).

Due to lack of pertinent data, appre-
ciating extension of the Bohemian mas-
sif is more intricate. A bulk amount of
extension equal to the width of the elon-
gated South-Bohemian pluton is tentati-
vely inferred over the Moldanubian area,
taking into account that it is a large
domal structure dominated by low-pres-
sure matamorphisin and intruded at
about 330 Ma (Van Breemen et al.,
1982). Conversely, we may have to
widen the Barrandian domain to unfold
late Carboniferous folding along the

boundary with the Moldanubian. Exten-

cion related to the unlift hiofnry of the

SAVLL {TTLAIUAL LU AL UpPLRL 1AGwUL (OSSN § (o]

dome-shaped "granulit-Gebirge". to the

is ]ﬂ(plv Late Devonian in age

north,

(Franke 1989) Yet, a Late- Varlscan
event is pervasively shown by the 320-

285 Ma old granitic plutons that oceur in
the area (e.g. Lenz, 1986).

These restoration are a preliminary
exercise that calls for several observa-
tions.

— The original, pre-extension throw
of the large eclogites-granulites nappes
is reduced from nearly 200 km to ca.
100 km, a value which emphasises the
importance of extensional processes on
the apparently large thrust systems.

— As a corollary, the original width
of the belt was significantly narrower
than the present day situation. In parti-
cular, the eastern Massif central has

been substantially more widened by
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Montagne
Noire

Détroit de

Haut-Allier

extension E=0L/L=0.4
\\\\\ Marvejols stretching factor B=1+E=1.4
R thinning factor y=1-1/p=0.3
H =30 km
Ho=H/(1- )
! Ho=45km
Bois de Central 100 Km
cene -, Brittany
Sud du :
Massif
Armoricain estimations a 20% pres

Fig. 10. ~ Restoration of the Eastern French Massif central section modified after Matte (1986). i are amounts of shortening on sites discussed in the
text, the restoration technique as in figure 9. The Armorican Massif (ibid.) which has suffered little transverse extension is shown for comparison.

Fig. 10. - Coupe restaurée du Massif central oriental modifié d'aprés Matte (1986). Les Ni correspondent au quantité d'extension sur les sites discuiés
dans le texte, la technique de restauration est la méme que pour la figure 9. Le Massif armoricain (ibid.) qui n'a subi que peu d'extension transverse est

montré pour comparaison.

post-orogenic extension than the western
Massif central and neighbouring Britta-
ny (fig. 10). This means that the so-cal-
led Variscan V (Suess, 1888) is a
consequence of late orogenic extension,
with transfer faults playing a capital
role.

— The European lithosphere has inhe-
rited from this extension event the major
faults that will be active through the
Mesozoic and Cenozoic eras.

— A further restoration consists in
adding the area removed by extension to
the lower part of the reconstructed sec-

GEOLOGIE DE LA FRANCE, N° 3, 1994

tion. This gives a figure for the mini-
mum depth of the paleo-Moho, emphasi-
sing the amount of crustal material
redistributed by tectonic processes from
the root zones to the higher crust as
magmatic rocks and basin infillings
during the post-thickening extension
(figs. 9-11). For some reason that may
reflect our insufficient knowledge on
extension in the area, the Bohemian
Massif appears naticeably different from
the Iberian Peninsula and the French
Massif central, questioning whether the
collision tectonics there were really
comparable to those in western Europe.

However, lateral [low of the lower crust,
not taken into consideration in this
attempt, may account for these diffe-
rences.

- Finally, movement on extensional
crustal-scale faults has an inevitable
consequence: block tilting about a hori-
zontal axis (e.g. Jackson, 1987). In parti-
cular, it is not clear whether large
wavelength undulations remaining on
the restored sections arc large scalc folds
related to convergence or a not-eliminat-
ed feature of extension related tilts and
dome and basin structures as seen on
figure 3.
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WNW

Saxo -Thuringian

Moldanubian

Ho = 47 km

ESE
L //‘
Moravian !
S —

Fig. 11. — Restored sections of the Bohemian Massif as after Matte (1991). Restoration technique as in figure 9. Asymmetric extension in the central
Moldanubian area is inferred. Vertical gap are drawn over the other supected, extended domains where asymmetry cannot be guessed.

Fig. 11. — Coupe restaurée du Massif Bohémien d'aprés Matte (1991). Technique de

Conclusions

Post-compressional extension is a
common mechanical evolution that ter-
minates the deformation and thermal
histories of the Variscan Belt of Western
Europe. Two general points stand out from
the present survey of its structural cha-
racteristics: 1) Collapse of an orogen
varies from one bcgmcut w the othm in
age and in direction. It is not n
sub-perpendicular to the mountain chain
as implied in most models referring to
the North-Western America Province. It
begins during the waning convergence,
associated with escape tectonics in
arcuate belts. 2) Major strike-slip faults
can be created during orogenic extensio-
nal direction and intensity. They are
crustal, and may be lithospheric, discon-
tinuities between areas of different

extensional direction.

xtension directions are

=]

late Hercynian
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tension dans le domaine Moldanubien central est devzne La verticalit

de ces régions. Cette restauration peut étre considérée a

18 des coun.
verficaitie des coup

50 % pres.

consistent with the relative dextral
transcurrent movement envisioned by
(Arthaud and Matte, 1977), with no
necessity to imply and unknon plate
south of the system. We suggest that
extensional collapse played a role morc
important than that played by the trans-
pressive system implied by the Ander-
sonian analysis of the conjugate fault
sets (Bles er al., 1989). The W-E zona-
tion of granites (Pupin, 1985) and the
voluminous ignimbritic and rhyolitic
Permian volcanism known in the Eas-
tern Alps (Falke, 1976) suggest that
there was a free boundary on the south-
eastern border of the continental mass
formed by the Variscan collision, tenta-
tively interpreted as the initiation of
Tethys. This might explain why exten-
sional systems essentially symmetrical
in Visean times became fundamentally
asymmetrical in the Stephano-Permian

times.

restauration comme pour les figures 9 et 10. La dissymétrie de l'ex-

es sur les autres sites traduit le manque d'information sur les structures

The non-identification of the late and
post-orogenic extensions is probably one
of the main reasons that has precluded or
seriously hindered direct comparison of
correlation of work published by many
students of orogenic systems. Many
papers have been devoted to the geome-
tric and kinematic analysis of compres-
sional or extensional tectonic regimes.
This work shows that this is a dubious
procedure because such extrapolations
from a described area to prediction about
other areas should take into account the
syn- to post-orogenic extension.
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La revue PHOTO-INTERPRETATION se révéle étre, plus de trente ans aprés sa
création, ia publication scientifique de référence internationale dans le domaine de
'observation de la terre a partir des enregistrements de télédétection.

Spécialistes des sciences de la Terre, géographes, océanographes, botanistes,
agronomes, urbanistes, praticiens de Penvironnement, aménageurs ou ensei-
gnants confrontés de plus en plus a des problémes de mise en ceuvre des images

aériennes et spatiales, trouveront au travers d'une collection d'exemples choisis grgggg,g,é-se.,,,es
par un comité de lecture compose de specialistes internationaux, le matériel, I'ex- e o=
périence et les résultats obtenus par les services ou chercheurs spécialisés dans
la méthodologie de l'interprétation de l'image.

PHOTO-INTERPRETATION, dont Poriginalité réside dans la présentation
d’articles courts accordant une place privilégiée aux enregistrements satelli-
taires, s’attache plus a la méthodologie de leur interprétation qu’aux
phénomeénes observés eux-mémes, a la différence de la plupart des revues scientifiques.

l.es commentaires et leur illustration ont pour but de montrer ce qu’il est possible d’extraire comme information utile pour
améliorer la connaissance des thémes étudiés au sein de la biosphere.

Cette conception méthodologique en fait un outil de premiére main pour toute application basée sur linterprétation des
enregistrements de télédétection.
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More than thirty years after it was founded, PHOTO-INTERPRETATION is proving to be the international reference scientific
publication in the field ot Earth observation from remote sensing recordings.

PHOTO-INTERPRETATION provides pecple such as earth science specialists, geographers, oceanographers, botanists,
agronomists, town planners, environmentalists, developers and teacher — who are increasingly confronted with problems in
interpreting aerial and satellite images — with articles covering the material, the experience and the results obtained by
organizations and researchers specialized in the methodology of image interpretation. The articles are selected by a review
committee made up of international specialists.

The difference between PHOTO-INTERPRETATION and most other scientific journals is that it presents short articles which
give pride of place to satellite-based sensor recordings with greater emphasis laid on the methodology of interpreting
phenomena than on the observed phenomena themselves.

The commented illustrations show what can be extracted in the way of useful information to improve our knowledge of the
themes sludied within the biosphere.

This methodological approach makes this review a first class tool for any application based on the interpretation of remote
sensing recordings.
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