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Abstract

The Mondoiiedo nappe is a crystalline thrust sheet characterized by large recumbent folds, regional intermediate-pressure metamorphism,
synkinematic intrusion of granitoids during nappe emplacement, and an extensional ductile shear zone developed within the nappe during
thrusting. A large tectonic window permits the study of the footwall unit, revealing another extensional shear zone contemporaneous with
thrusting and a low-pressure metamorphic evolution, in contrast to that of the hanging wall unit. The two main extensional shear zones
produced E-W extension parallel to the direction of orogenic shortening and normal to the orogenic structural trend. Furthermore,
subordinate N-S longitudinal extension was accommodated by normal faults in the footwall, and some of these faults were used as lateral
ramps in late stages of thrusting.

The role of the extensional shear zones and faults described is discussed in the context of an evolving orogenic wedge dominated by plate
convergence but characterized by large-scale rheological heterogeneities within it. Deep-seated viscous flow, triggered by heat accumulation,
seems to account for the horizontal stretching and probable tapering of the orogenic wedge, which was induced by gravitational instabilities
due to partial melting and underplating by buoyant continental crust.
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1. Introduction

Studies of thrust sheets within the internal zones of
orogenic belts are important in assessing crustal conver-
gence, and estimating the long-term rheological behaviour
of continental lithosphere. However, the emplacement
history of crystalline thrust sheets is usually complex and
difficult to ascertain, partly because they involve large
portions of the crust (Hatcher and Hooper, 1992), and even
the upper mantle, and include a wide range of rheological
behaviours along a single allochthonous unit. Descriptions
of large-scale thrust geometry and associated macrostruc-
tures less commonly focus on the internal zones of orogenic
belts than in the external zones. Difficulties arise because
crystalline thrust sheets involve rocks previously folded, so
that the bedding cannot be taken as a horizontal reference
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surface, in order to establish original fault dips or make
estimates of displacement and shortening. Furthermore,
many internal nappes are very large (larger than the largest
foreland thrust sheet; Hatcher and Williams, 1986) and their
outcrop is obscured by plutonic intrusions and late
structures. Due to these problems, large associated struc-
tures are typically assumed to pre- or post-date thrusting,
instead of investigating the possibilities of being coeval
with it.

Structures whose kinematics do not fit the expected
compressional dynamic framework, or omit parts of the
normal stratigraphic sequence or metamorphic succession
appear often associated to crystalline nappes. In some cases,
they could be structurally induced by the geometry of the
thrust fault (Dahlstrom, 1970; Coward, 1982; Wibberley,
1997), linked to the development of imbricates, out-of-
sequence thrusts or tear faults (Butler, 1982; Morley, 1988;
Mueller and Talling, 1997), or be equivalents to Riedel
shears oblique to the basal thrust (Yin and Kelty, 1991). But,
in other cases, their size, in relation to the nappe to which



they are asseciated, and their imprint in its metamerphic
evelutien peint te large-scale phenemena, related te the
dynamics ef the whele eregenic belt rather than te the
individual allechtheneus units.

In particular, extensienal structures have been feund in a
number of large crystalline thrust sheets in the Scandinavian
Caledenides (Fessen, 1992, 2000; Milnes et al., 1997), the
Eurepean Variscides (Burg et al., 1994; Pitra et al., 1994),
the Nerth American Cerdillera (Hedges and Walker, 1992)
and the Himalayas (Burg et al., 1984; Hedges et al., 1996),
ameng ethers eregenic belts. There, much attentien has
been paid te the syn- er pesteregenic character of the
extensienal swructures. Fer instance, Fessen (2000) peinted
eut that whereas in the Caledenides, extensien is essentially
pesteregenic, the Himalayas effer geed examples ef
syneregenic extensien.

The preblem with syneregenic extensien is hew a lecal
stress field can develep eppesite te the regienal er distant
cenvergence-related stwess field. Commenly inveked expla-
natiens are the upwelling of seme het and bueyant material,
such as the asthenesphere er melten crust and mantle recks
{Van Den Driesche and Brun, 1991-1992; Vanderhaeghe
et al., 1999), and the creatien of a high tepegraphic relief,
which may develep vertical stresses high eneugh te make
unstable and cellapse a large pertien of the meuntain belt
(England, 1983; Burg et al., 1984; Burchfiel and Reyden,
1985; Dewey, 1988; Melnar and LLyen-Caen, 1988). In the
latter case, the relief may simply result frem crustal er
lithespheric thickening due te cenvergence, er be a
censequence of the remeval of the mantle lithespheric
reet cither by detachment er by cenvective eresien (Platt
and Vissers, 1989; Platt, 1993).

Much eof the discussien en syneregenic extensien in
meuntain belts is linked te that ef exhumatien ef deep-
seated structural units, eften shewing evidence of high-
pressure metamerphism. The aquick exhumatien rates
required for the preservatien ef high-pressure parageneses
is difficult te explain by eresien enly, and has been linked te
tectenic denudatien in many cases (Davies and Warren,
1988; Jelivet et al., 1998). Te acceunt fer the synchrenism
often ebserved between exhumatien and cenvergence, Platt
(1986) discussed the mechanics ef eregenic wedges
censisting ef visceus material, typical ef the internal
zenes of eregenic belts. Altheugh inspired in the well-
established mechanics ef accretienary wedges with Ceu-
lemb behavieur (Davis et al., 1983; Dahlen et al., 1984), he
aveided cheesing a particular bulk rheelegy, and carried eut
a merely qualitative analysis. Frem it, he suggested that
wansitiens frem lecal cenvergence te lecal extensien ceuld
be driven by changes in wedge geemetry, and shewed hew
extensien may eccur in parts ef the wedge during
centinueus cenvergence.

Platt’s cenclusiens pertaining te tectenic denudatien de
net differ essentially frem the medels relating extensien
with gravitatienal cellapse, but previde mechanisms by
which the wedge can be thickened and turned unstable,

namely changes in its internal rheelegy er in the rate ef
cenvergence, and underplating by centinental slices.
@®bvieusly, the generatien ef melten, bueyant material
represents a drastic rheelegical change inside the wedge
(which may medify the lecal stress field), and the additien
of mantle material may be a kind ef magmatic
underplating.

The idea that adjustments inside the eregen, including
extensienal structures, is related te visceus flew in its deep
parts, is gaining adepts pregressively. Altheugh primarily
seen as a pest-cenvergence phenemenen (Sandiferd, 1989,
Bleck and Reyden, 1990; Van Den Driesche and Brun,
1991-1992; Cesta and Rey, 1995), it can everlap with
eregenic shertening if cenvergence centinues after the
middle and/er lewer crust have had eneugh time te develep
a lew-viscesity het layer (Clark and Reyden, 2000;
Beaument et al., 2001; Shen et al., 2001).

The aim ef this article is te demenstrate that large
extensienal structures in the Mendeiiede nappe and its
autechthen fermed while Variscan cenvergence was active
and, mestly, during the emplacement ef the nappe itself.
Extensien was mainly wansversal te the structural trend; that
is, it teek place in the directien of nappe emplacement—
altheugh in twe eppesite senses—but suberdinate extensien
eccurred alse lengitudinally. Extensienal and cempressive
structures interfered during nappe emplacement, and cress-
cutting structural criteria, tegether with everprinting
metamerphic relatienships, infermatien extracted frem
synkinematic graniteids, and published age data, permit a
detailed recenstructien ef the evelutien ef this area ef the
Iberian Massif. The deduced tectenethermal histery is then
discussed in the centext of the Variscan eregenic wedge and
its kinematics, which includes the rele of visceus flew
asseciated with high-grade metamerphic recks develeped
belew the nappe.

2. Setting and previous work

The Mendeiiede nappe is a large crystalline thrust sheet
eccurring in the internal zenes of the NW Iberian Massif,
and made up ef lew te high-grade metasediments and
several massifs of synkinematic graniteids (Figs. 1 and 2). It
was first described by Matte (1968) as a large recumbent
anticline, and then by Marces (1973), whe mapped its
frental thrust and stated its impertance as a first-erder
allechtheneus unit ef the Variscan internal zenes. The
seuthern branch ef the nappe was mapped by Pérez-Estaiin
(1978), and further research aleng the ceastal sectien
shewed the existence of a 3—3.5-km-thick basal ductile
shear zene (Figs. 3 and 4) in its internal parts (Bastida and
Pulgar, 1978). Martinez Catalan (1980) identified the basal
thrust eutcrepping in these internal parts and mapped the
thrust and asseciated shear zene, shewing the existence of
twe tectenic windews, named Xistral and Mente Carballesa
(Fig. 1). The thrust frent can be traced fer 200 km and a
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Fig. 1. Geological map of the northern and cenwral parts of the Mondofniedo nappe.
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Fig. 2. Swatigraphy of the Mondoniedo nappe and its autochthon (Xiswal
tectonic window). The key to the swatigraphic divisions (left hand columns)
is given in Fig. 1.

width eof 65 km is measurable fer the thrust sheet between its
frental thrust and the western limit ef the tectenic windews.
Displacement cannet be measured because of the absence of
cerrelatable cut-effs between the hanging wall and the
feetwall. Hewever, cerrelatien between twe Lewer Cam-
brian quartzite fermatiens (Upper Céndana and Xistral
quartzites; Fig. 2), permits a minimum estimate of 45 km
(see cress-sectien A—A’ in Fig. 4).

The nappe censists of 3000 m ef Upper Preterezeic
slates and greywackes, the Vilalba Series, and anether
3000 m of Lewer te Middle Paleezeic clastics and
carbenates of shallew-water platferm facies, lecally reach-
ing the Lewer Devenian (Fig. 2). Slates are the mest
cemmen lithelegies, fellewed by quartzites. The Paleezeic
is thicker in the feetwall unit (7000—10008 m), but appears
incemplete in the tectenic windews. A strengly cempetent
herizen ef Lewer Cambrian sandstenes, the Xistral
Quartzite, eccupies mest of the windews, reaching a
structural thiclness of 5000 m atter having been felded
and lecally repeated by thrusting.

The sedimentary successien was defermed during the
Variscan eregeny. A first defermatien episede eof east-
verging recumbent felding was fellewed by ductile and
brittle thrusting teward the east (Figs. 3 and 4). Subsequent
epen steep felding allewed the present-day preservatien
frem eresion of areund 10 km ef the Menderiede thrust

sheet in an epen synferm. The basal parts ef the thrust sheet
eutcrep at its frent and alse surreunding the tectenic
windews. Te the west, the thrust sheet is beunded by the
Viveire fault, a west-dipping nermal fault cutting acress the
nappe and its autechthen (Figs. 1, 3 and 4).

Detailed structural analyses of the hanging wall unit and
the basal ductile shear zene can be feund in Martinez
Cataldn (1985), Bastida et al. (1986) and Aller and Bastida
(1993). These centributiens deal with the geemetry of the
allechtheneus unit, its macre-, mese- and micrestructures,
the synkinematic metamerphism, and the geemewy and
kinematics of the basal shear zene. The significance ef the
Mendeiicde nappe in the structural evelutien ef the
Variscan belt of NW Spain is discussed in Pérez-Estain
et al. (1991).

In previeus werks, the enly centractienal ductile shear
zene identified was at the base eof the hanging wall unit (the
Mendeiicde nappe itself), the enly extensienal structure
identified was the pest-nappe Viveire fault, and the structure
of the tectenic windews was peerly knewn. Nappe
emplacement was simply viewed as an allechtheneus
sheet meving witheut much internal defermatien ever the
basal ductile shear zene and sliding aleng a brittle thrust
fault ence relatively high crustal levels were reached.
Centemperanceus cresienal denudatien was assumed te
acceunt fer decempressien indicated by the metamerphic
evelutien, and extensienal defermatien was censidered te
have eccurred essentially in a pest-nappe stage {Martinez
Cataldn, 1985).

After a careful review ef the hanging wall unit, new
mapping ef the feetwall unit in the tectenic windews, and a
pewelegical study of the metamerphic evelutien, a cemplex
picture of ductile shear zenes (Figs. 3 and 4), with different
kinematics and partially everlapping in time, has emerged.
The pewelegical study has been carried eut in representative
demains ef the nappe and its feetwall unit, but these results
are presented in a cempanien paper (Arenas and Martinez
Catalan, 2003).

3. Shear zones in the hanging wall unit

The structure of the Mendeficde nappe is deminated by
east-verging recumbent felds. The geemetry of these large
felds suggest a streng flattening, which is cerreberated by a
pervasive axial planar cleavage (S;). The everturned limb ef
the main recumbent feld, the Mendeiicde—Luge—Sarria
(MLS) anticline, reaches 15 km in the upper parts ef the
stratigraphic sectien (Fig. 4). The recumbent felds reflect an
episede of crustal shertening and thickening, and were
affected by a regienal metamerphism ef intermediate
pressure, as defined by Miyashire (1961), with kyanite—
sillimanite, commen in midcrustal levels of many eregenic
belts (Thempsen and England, 1984). The metamerphic
zening, of Barrevian type, includes chlerite, bietite, gamet,
staurelite—kyanite, sillimanite and sillimanite—ertheclase
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(Fig. 5). The isegrads cresscut the recumbent felds
(Capdevila, 1969), and were defermed by the subsequent
ductile shear zenes and cut by the thrust and nermal faults
(Fig. 4).

The Upper Preterezeic cere (Vilalba Series) of the MILS
anticline has a mean thickness of 6 km aleng mest ef the
feld, as deduced frem cress-sectiens censwucted by dewn-
plunge prejection of the hinges and limbs ef the secend-

order folds. Te the W and SW, hewever, the Vilalba Series
becemes pregressively thinner, and the feld cere is less than
1 km thick (Fig. 4). The thinning ef the feld nappe teward its
internal parts is net enly reflected in the cere of the anticline,
but alse in the thickness of the Palcezeic fermatiens en beth
limbs and in the width ef the metamerphic zenes (Figs. 4
and 5). Thinning is due te the superpesitien of twe ductile
shear zenes with eppesite senses of mevement. @ne of these
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is the tep-te-the-east basal shear zene of the Mendeiicde
nappe, which sheared and thinned the everturned limb ef the
MLS anticline, deubling its cress-sectienal length in its
deep parts, where it attains mere than 30 km (cempare units
defermed in the shear zene with units in less defermed parts
abeve in cress-section A— A’ of Fig. 4). The ether shear zene
is a shallew-dipping extensienal ductile structure with tep-
te-the-west metien, develeped in the upper parts of the MILS
anticline (Fig. 4; cress-sectiens A—A’ and B-B').

This sectien describes beth the basal (reverse) and the
upper (nermal) shear zenes, and demenstrates their
temperal everlapping. The tectenethermal evelutien ef the
nappe will be eutlined aleng with the structural descriptien.
A detailed petrelegical descriptien of the metamerphism is
previded elsewhere (Arenas and Martinez Catalan, 2003).
Here, enly the key aspects emerging frem eur study ef the
regienal and lecal distributien ef metamerphic zenes (Fig.
S), and the P—T cenditiens and evelutien will be mentiened.
Three P—T wajecteries cerrespending te upper, intermediate
and lewer parts of the Mendeiicde thrust sheet are shewn in
Fig. 6, paths A, B and C, respectively. Little cenwel is
available fer the pregrade paths (dashed), but the pressure
peaks vary frem 6 te 11 —12 kbar, indicating that the pile of
recumbent felds reached a depth ef 38—45 km, and what
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Fig. 6. P-T paths for the Mondoiiedo thrust sheet (grey arrows), its footwall
unit (wbhite arrows), and deeper crustal rocks underlying the lower
extensional shear zone (black arrow). The paths are representaive of
different parts of the nappe and its autochthon, which are indicated with
capitals in the cross-sectons of Figs. 4, 8 and 13. Based on Arenas and
Martinez Catalan (2003). Dashed lines represent parts of the paths not based
on petrological data.

presently censtitutes the nappe was initially areund 20 km
thick. Temperature peaks are clese te pressure peaks and
vary frem 500 te 700 °C.

3.1. Basal shear zone of the Mondoviedo nappe

The basal shear zene is narrew at the frental parts ef the
nappe, where ne mere than 200 m ef sheared recks crep eut.
The shearing everprints earlier structures and develeped a
crenulatien fabric in slates, very lew-grade phyllenites and
cataclasites (Marces, 1973). Cenversely, the thiclness of
the basal ductile shear zene attains 3—3.5 km in the internal
parts of the nappe, where it creps eut surreunding the twe
tectenic windews and alse in twe demes fermed by
interference of erthegenal late epen felds in Pertemarin
and te the west of Luge (Figs. 3 and 4). The shear zene is
characterized by a generalized crenulatien cleavage er a
new medium-grained schistesity (S;) in the pelites, a
mylenitic feliatien in the quartzites (Bastida and Pulgar,
1978), and a mineral lineatien reughly striking E—W. Miner
felds with curved hinges, including sheath felds, and S—C
structures are alse cemmen. The kinematic indicaters
censistently give a tep-te-the-east sense of shear. A few
metres of ultramylenites have been feund lecally at the
thrust surface.

Aller and Bastida (1993) described in detail the basal
shear zene aleng the ceast, te the east of the Xistral tectenic
windew, establishing a threefeld subdivisien accerding te
micrestructural criteria. In the lewer levels, mylenites and
ultramylenites are commen, and quartz c-axis fabrics are of
the small-circle type (Schmid and Casey, 1986). This
indicates streng shearing at lew temperature cenditiens, and
represent late stages ef thrusting, centemperaneeus with
greenschist facies retregradatien. The middle part eof the
shear zene centains blastemylenites, and the quartz c-axis
fabrics are of the meneclinic incemplete single girdle and
type I cressed girdle, suggesting defermatien at higher
metamerphic cenditiens, mestly in the amphibelite facies.
The upper part includes nen-mylenitic quartzites and
quartzites with small-circle type and type I cressed girdle
which, tegether, suggest lewer temperatures than in the
central parts.

The internal parts ef the basal zene suffered the highest
P-T cenditiens, and alse the mest intense retregradatien.
Atfter the Barrevian-type metamerphic event, nappe empla-
cement began aleng the ductile shear zene. Sillimanite grew
synkinematically in the deeper parts ef the nappe, while
andalusite perphyreblasts develeped in its upper parts. All
the P—T paths shew a decempressien, which was greater in
the deeper parts (cempare paths A and B with path C in Fig.
6 and their lecatiens in Fig. 4). The decempressive paths
were, at an initial stage, clese te isethermal fer the lewer
parts (Fig. 6, path C), suggesting a quick exhumatien
(Thempsen and England, 1984), a feature cemmenly
asseciated with tectenic denudatien. Cenversely, the late
stage shews ceeling accempanied with slight decempres-



sien. This cerrespends te a relatively thin thrust sheet
(reughly 12 km, indicated by the 3 kbar at its base; see path
C in Fig. 6) being emplaced at relatively shallew levels and
undergeing enly slight denudatien.

The presence of defermed Variscan graniteids is anether
impertant feature ef the basal shear zene. The Sarria,
Hembreire, Santa Eulalia, Menseiban (Fig. 3) and ether
miner massifs partly intruded inte the shear zene, and were
sheared teward the east (Fig. 4). Martinez Catalan (1983)
and Aranguren and Tubia (1992), described the micrestuc-
tures and estimated the temperature cenditiens ef defer-
matien, which were clese te the selidus temperature fer
granite. The fact that shearing clesely fellewed their
emplacement peints te their synkinematic character.

3.2. Upper extensional shear zone

In the western regien ef the nappe, the swatigraphic
sequence, the recumbent felds and the metamerphic zenes
thin gradually te the west (Figs. 4 and S). This is a regien
where a subherizental crenulatien cleavage er a new
schistesity was develeped, as well as an E-W mineral
lineatien. This regien centrasts with wide areas te the east,
which are structurally lewer, and where enly the first
cleavage (S;) is present. There is clearly a zene ef
defermatien superimpesed en the nermal limb ef the MLS
anticline. Its maximum thickness is estimated at 2 km, and
decreases pregressively te the seuth ef @ural (Fig. 3).
Asymmetric pressure shadews, develeped areund pre- and
synkinematic perphyreblasts, indicate a tep-te-the-west
sense ef shear.

The shear zene deferms the recumbent felds and the
Barrevian metamerphic zenes, and is censidered te pest-
date them. Hewever, perphyreblasts ef kyanite, staurelite
and andalusite grew in the shear zene synkinematically with
the secend cleavage. This implies that the P—T cenditiens
were still high, and suggests that metien in the shear zene
began during the early stages eof nappe emplacement.
Because the P-T cenditiens were greater there than at the
base eof the thrust sheet in later stages of emplacement, the
upper shear zene prebably finished its activity befere
the end ef the thrusting precess.

An additienal criterien fer the relatively early timing ef
the upper shear zene is previded by the Sarria massif: its
upper part intruded the shear zene after shearing had ceased,
because the granite is undefermed there. Hewever, the
massif intruded in the nappe while it was still being
emplaced, and was defermed within the basal shear zene
(Figs. 3 and 4).

The thinning ef the metamerphic zenes and the
apparently dewn-dip metien (tep-te-the-west) suggest a
nermal character fer the shear zene, being equivalent te a
bread extensienal detachment. In terms of thermebareme-
try, this is reflected in the isethermal, decempressive pertien
of the P-T paths fellewed by the deep parts ef the
Mendeiiede nappe (Fig. 6, path C). Its kinematics might

imply the tectenic extrusien ef the MLLS anticline frem the
reet zene, in a way cemparable with that prepesed by
Dietrich and Casey (1989) fer the Helvetic nappes.
Hewever, the MLLS anticline is different te the Helvetic
case, as the upper shear zene has a sense of metien eppesite
te that ef the basal ene. Alternatively, the upper extensienal
shear zene may be a censequence of gravitatienal cellapse,
in respense te gravitatienal gradients created by eregenic
tepegraphy.

The upper shear zene was later everprinted by the
Viveire nermal fault. Because eof the spatial ceincidence of
beth structures (Fig. 3), they have been censidered
asseciated (Martinez Catalan, 1985; Martinez et al., 1996).
Hewever, in the light ef the new data, they are censidered
here te be separated in time: the upper ductile shear zene
meved during nappe emplacement, whereas the Viveire
fault cuts the Menderiede thrust sheet and its autechthen.

4. Shear zones in the footwall unit

In the western part ef the Mendeiicde nappe, twe
families of epen folds, lengitudinal (N—S te NE-SW) and
transverse (NW-SE te E-W), interfere allewing the
feetwall unit te crep eut (Fig. 3). A lengitudinal antiferm
is essentially respensible fer the large nerthern tectenic
windew (Xiswral), and the same, when interfering with an
E-W transverse antiferm, causes the seuthern small
windew (Mente Carballesa). This sectien describes the
different structural units expesed in these tectenic windews,
tegether with the main ductile shear zenes identified (Fig.
7). Fecusing en the Xistral windew (except when specifi-
cally stated), this sectien uses lengitudinal and transverse
cress-sectiens (Fig. 8) te study the cemplex pattern ef
cempressienal and extensienal structures centemperanceus
with thrusting. A three-dimensienal sketch shewing the
relatienships between the main cempressienal and exten-
sienal structures is shewn in Fig. 9.

The Xistral Quartzite (Fig. 2) was strengly felded prier te
nappe emplacement. When net affected by additienal
defermatien, cress-bedding indicates the way-up directien,
permitting the mapping eut ef the large felds. In these cases,
the S; feliatien is axial planar te the felds, a stretching
lineatien is net thereughly develeped and textures are net
mylenitic. Cenversely, when affected by subsequent shear
zenes, the quartzites were mylenitized, a pervasive
elengatien of quartz grains develeped, commenly swiking
E-W (Fig. 7), and cress-bedding is peerly preserved and
difficult te interpret. In additien, new miner felds develeped
lecally.

Relics of the basal shear zene of the Mendeiicde nappe
have been preserved in the feetwall unit, and several
tectenic slices exist clese te the thrust fault. Furthermere, a
strain gradient te the SE is identified in the Xistral Quartzite
in the seuth, and interpreted as a cenwactienal shear zene
cenverging upward inte the Mendeiicde basal thrust.
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The main extensienal structure is a detachment situated
at the bettem ef the quartzitic fermatien and belew it (Figs.
7-10). In additien, herizental extensien affected the
quartzite in beth lengitudinal and transverse directiens.

The E-W extensien created faulted blecks that underwent
demine-style retatien (Fig. 8, cress-sectien [-I'). The N-S
extensien gave rise te transverse nermal faults cutting
acress the feetwall unit (Fig. 8, cress-sectien V-V’  and
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Fig. 9). All these structures were active during different
stages eof nappe emplacement.

The metamerphic evelutien eof the feetwall unit is very
different frem that ef the hanging wall. It is better described
by its lew-pressure cenditiens and by a streng thermal
gradient (Fig. 6, white arrews), and is similar te the lew-P
intermediate type of Miyashire (1961), characterized by
parageneses with andalusite—staurelite—cerdierite. An epi-
sede of vigereus heating affected mest eof the Xistral
windew and is clearly identified in the quartzites, where it
gave rise te a preneunced grain grewth, initiated in the
advanced stages of defermatien (Fig. 11).

4.1. Basal shear zone of the Mondoriedo nappe in the
footwall unit

Remnants ef a ductile shear zene have been feund in the
upper parts ef the Xiswal Quartzite, in twe centigueus
eutcreps that surreund a NW-SE-trending synferm
between Muras and Balsa (Figs. 3 and 7). The structure
here is defined by a saddle-feld geemetry fermed by
interference between the transverse synferm and the large
lengitudinal antiferm. A third eutcrep, a few kilemetres te

the nerth, west of Cadramen (Fig. 7), alse eccurs en the
seuthern limb ef anether very epen transverse synferm.

The mylenitic feliatien in the shear zenes defines the
saddle form of the feld and is at a lew angle te thrust faults
within the windew, which are alse affected by the feld
interference. This centrasts with the S; feliatien belew,
which is at nearly 90° te these thrust faults (Fig. 8, cress-
section H—M'). Swetching lineatien, marked by elengatien
of quartz grains, varies frem E—-W te NW-SE, and shear
criteria indicate tep-te-the-east kinematics. The quartzite
shews a late-kinematic generalized grain grewth (Fig. 11c)
and a quartz c-axis fabric (Fig. 12, sample PG-77) discussed
in a separate sectien.

The structural pesitien, always directly underneath slices
of the Mendeiicde nappe (see belew), suggests that the
mylenitic remnants are relics of the Menderiede basal shear
zene, preserved in its feetwall. In centrast te the hanging
wall unit, the maximum thickness of the shear zene is 1 km
in the feetwall, a value attained enly in the hinge zene of the
Muras—Balsa radial synferm and decreasing pregressively
te zere in the limbs (Fig. &, sectien V—V’). It seems as if the
shear zene was being felded in the radial synferm and, at a
given mement eof the felding precess, was cut by the
Mendeiicde thrust fault (Fig. 1@). The shear zene itself was
cut and repeated by late-stage thrust faults, giving rise te
twe quartzitic imbricates (the Acibreire and Seixe Blance
slices; Figs. 7 and 8). We will turn back te these peints later,
when describing the N-S extensien.

4.2. Lower contractional shear zone

In the seuth ef the Xistral windew and in the Mente
Carballesa windew, the quartzite became mylenitized te the
east, belew a less-defermed zene where the recumbent felds
can be easily mapped (see Figs. 3 and 7). In the Xistral
windew, the mylenitic feliatien is felded in an interference
deme (see stereegraphic prejectien in Fig. 7), but is eblique
te the Menderiede basal thrust (Fig. 8, cress-sectien IV—
IV’) in such a way that unfelding the late lengitudinal
antiferm, it weuld dip seme 30° mere te the west than the
thrust itself. In fact, beth shear zenes cenverge te the seuth
of Balsa (Fig. 7). This feature, tegether with the kinematic
criteria indicating tep-te-the-east shearing, supperts the
interpretatien eof the shear zene as having been a wide
ductile thrust.

The mylenitic texture of the quartzites is well marked by
quartz ribbens beunded by flat and parallel muscevite
crystals. The quartz grains shew a late- te pest-kinematic
generalized grain grewth typical ef high temperature
annealing (Wilsen, 1973; Beuchez and Pécher, 1981) in
the lewer and middle parts ef the shear zene in the Xistral
windew (sample PG-62; Fig. 11b), but net in the upper part
(sample PG-59; Fig. 11a), ner in the Mente Carballesa
windew where the metamerphic grade remained lew
threugh the entire histery ef defermatien. Paths E and D
of Fig. 6, depict the metamerphic evelutien ef peints ef the
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Fig. 11. Microphotographs of mylonitized quawzites in the shear zones of the Xistral tectonic window, showing the effect of heatng on grain size. (a) Original
fine-grained fabric of the lower conwactional shear zone preserved around Vilapedre, in the southern part of the Xistwal window (Fig. 7), and corresponding to
the upper part of the staurolite— cordierite zone. (b) Mylonitic fabric of the lower conwacional shear zone at the limit between the sillimanite and staurolite—
cordierite zones. Grain growth is very pronounced and evident when comparing with the previous photograph (note the different scales). (c) Fabric of the basal
shear zone of the Mondofiedo nappe in the footwall unit inside the sillimanite zone. (&) Fabric of the quartzites adjacent to the lower detachment and to the
sillimanite—orthoclase zone, showing generalized and exaggerated grain growth. Note the parallel inclusions of white mica corresponding to an older, fine-
grained foliation. Crossed polarizers. The swuctural posision of the samples is shown in Fig. 12.

feetwall unit equivalent te the sampling sites #f PG-62 and -
59, respectively, and Fig. 12 (cress-section IV—-IV’) shews
the swuctural pesitien and quartz c-axis fabric ef beth
samples.

4.3. Lower extensional shear zone and detachment

The base eof the Xistral Quartzite delineates a N-S
antiferm areund Viveire, a hamlet in the centre of the
tectenic windew (net te be cenfused with the village of
Viveire, 20 km te the nerth, en the ceast, and which gives its
name te the Viveire fault; see Fig. 7). The limit is very
smeeth, when ene censiders the fact that the quartzites are
strengly felded. This basal centact is net a stratigraphic ene,
but a detachment fault, asseciated with which there is a
100—350-m-thick mylenitic shear zene affecting the base of
the quartzites abeve. The mylenites include a new
generatien of miner recumbent felds with east vergence.
These and the asymmetry of sigmeidal beudins indicate a
tep-te-the-east shearing. As is usually feund in the Xistral
tectenic windew, the quartz—mylenites underwent grain
grewth, theugh here it is even mere exaggerated (sample
F@-33 in Fig. 11d). Individual quartz grains may attain

10 mm aleng their leng axis, which cemmenly (but net
always) is parallel te the apparent mineral lineatien ef the
reck, marked statistically by the leng axes of the quartz
grains. The mylenitic feliatien is parallel te the detachment,
but the layering and the S; feliatien in the Xistral Quartzite
abeve the shear zene are inclined between 30 and 90° te it
(Fig. 8, cress-sections I-1' te IV —IV).

High-grade paragneisses of the sillimanite and the
sillimanite—ertheclase zenes eccur belew the detachment,
censtituting its feetwall. A high-temperature and lew-
pressure penetrative feliatien, reughly parallel te the
detachment, characterizes its feetwall, which is alse
penetratively defermed. Numereus granitic injectiens
evidence partial melting, and the metamerphic asseciatiens,
characterized by the absence of kyanite and the scarcity ef
garnet, indicate that high temperatares were asseciated with
relatively lew pressures (Fig. 6, path F). Ne lew-T relics are
feund in the feetwall te the detachment, whereas they are
cemmen in the quartzites abeve, where parallel inclusiens
of very small size (mestly white mica) in large new quartz
grains, peint te a first mylenitic stage develeped at lew
grade cenditiens (Fig. 1 1d). Alse, pelitic herizens inside the
hanging wall quartzites are lew- te medium-grade schists,
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which were later heated te the sillimanite zene (Fig. 6, path
E), but never transfermed inte paragneisses.

These petrelegical censtraints are used as evidence
indicating a jump in metamerphic grade acress the
detachment, with the emissien ef part ef the metamerphic
zening, peinting te an extensienal mevement (Wheeler and
Butler, 1994), ceupled with heating eof its upper unit with
heat transmitted frem the lewer unit. Yet the P—T paths fer
the upper and the lewer units (Fig. 6, paths E and F,
respectively) run almest parallel. Beth are nearly isebaric
pregrade trajecteries, of the type cemmenly develeped in
the hanging wall te large extensienal detachments (Escuder
Viruete et al., 1994, 1997). Censidering the P—T path ef the
lewer unit (Fig. 6, path F), the pessibility arises that this
feetwall represents in fact the upper part of a deeper zene of
crustal thinning and stretching, whese lewer part censist ef
het material ascending inside the crust.

A series of synkinematic granites, granedierites and
lecally, tenalites, asseciated with ultramafic recks, intruded
the nerthern part of the Xistral tectenic windew (Figs. 1,3, 7
and 8), and are cellectively described as the Viveire massif
(Galén, 1987). These recks were defermed, acquiring a lew-
dipping feliatien parallel te the regienal high-T and lew-P
feliatien ef their ceuntry recks. Galan (1987) and Galan
et al. (1996) studied these recks, cencluding that the
ultramafics have a mantle prevenance, and the tenalites and
granedierites include mantle cempenents.

The geelegical map NW eof Viveire (Fig. 7) shews that
the lewer detachment jeins the Mendeficde basal thrust te
the west (Fig. 8, sectien X—II'). We assume that the thrust
was inclined te the west, but depending en hew much, the
lewer detachment weuld have had an eriginal dip either te
the east or west. @n purely geemetrical greunds, it might be
equivalent te either a nermal er a reverse fault. Hewever,
because the emissien of part of the metamerphic zening
suggests it is an extensienal detachment, and shear sense
was te the east, we infer it te have eriginally dipped te the
east.

The lewer detachment, the asseciated narrew hanging
wall shear zene and the widely defermed paragneisses and
igneeus recks belew are cellectively termed the lewer
extensienal shear zene (Fig. 8). A related stwucture eccurs in
the nerthern part ef the Xistral windew, west of Rua, where
twe blecks with west-dipping feliatien, are cut by an east-
dipping ductile shear zene with tep-te-the-east mevement
(Fig. 8, sectien I-I'). Even theugh beth blecks are made up
of the Xistral Quartzite, the lewer ene is in the sillimanite
zene, whereas the upper ene is greenschists facies (Fig. S).
This peints te the extensienal character of the Rua shear
zene, which jeins the Mendeiicde thrust fault te the seuth
(Fig. 7).

The Rua extensienal shear zene seems dynamically
linked te the lewer detachment. Its threw is net necessarily
large, as the thermal gradient asseciated with the lewer
detachment is high and the sillimanite and chlerite—bietite
zenes were prebably net far frem each ether. The mest

striking feature ef this shear zene is the high angle it makes
te the feliatien in the twe blecks it separates. In beth the
Mendeiicde thrust sheet and its feetwall unit belew the
Xiswral Quartzite, the bedding and the feliatien dips are
generally lew and, mere impertant, at lew angles te the
attitude of the thrust fault (Fig. 4). This is net the case in the
Xiswral Quartzite, hewever, where the bedding, the S,
feliatien and the axial surface ef first-phase felds dip
between 45 and 98°, except inside the ductile shear zenes
(Fig. 8). In mest of the eastern part of the Xistral windew,
the first feliatien makes an angle of nearly 90° te the thrust
fault (Fig. 8, sections [-I' te MI-HI'). Alse, in beth flanks ef
the N—S antiferm at Viveire, the planar fabric in the Xistral
Quartzite is parallel te its lewer limit enly clese te it, but
abeve the shear zene, bedding and feliatien quickly retate,
beceming perpendicular te the lewer detachment (Fig. 8,
sectien II-1').

If the high angle between the feliatien and either the
thrust er the lewer detachment is an eriginal feature, the first
felds, usually recumbent, weuld have been vertical in the
Xiswal Quartzite. The ether pessibility is that this angle
resulted frem subsequent retatien, and the Ria extensienal
shear zene may have allewed the retatien te preceed by
demine-style beudinage. This type ef beudinage needs
weak, ductile layers en beth sides te accemmedate the
retatien eof the rigid blecks. The het feetwall unit ef the
lewer detachment may have werked as the lewer ene ef
such ductile layers, whereas the basal shear zene ef the
Mendeiicde nappe weuld have been the upper ene. At least
twe blecks, separated by the Riia extensienal shear zene,
retated ceuntercleckwise. Anether bleck may have existed
te the west of Viveire if the antiferm there was nucleated by
beudinage. Because felds ferm at the neck ef beudins, the
antiferm may have resulted frem the E-W individualizatien
of a new bleck during E—W extensien. This weuld explain
its nearly N-S attitude, semewhat different frem the NE—
SW stike of the tectenic windew and ef the late epen felds
in the nerthern part ef the Menderiede nappe (Fig. 3).

4.4. N-S extension and the thrust slices

Megabeudins ether than the blecks described in the
previeus sectien alse develeped during nappe emplacement,
but related te lengitudinal stretching ef the Xistal Quartzite.
The lewer detachment and the basal shear zene ef the
Mendeiicde nappe are ceommenly 2000 m apart, but nerth ef
Balsa, they jein each ether (Fig. 7), and this eccurs in the
enly area where NS swetching lineatiens are seen in the
Xiswal Quartzite (Fig. 7; N—S maximum in the stereeplet
shewing mineral lineatien inside the shear zenes).
Elengatien is nermal te the feld axis in the inner arc ef
the Balsa syncline, a feature cempatible with the syncline
being the neck eof a megabeudin. This interpretatien
explains why the shear zenes that develeped in the upper
and lewer parts of the Xistral Quartzite, appreach each ether



in this area (Fig. 8, sectien V—V’, belew the Balsa slice),
and is illustrated in Fig. 1@b.

The subsequent develepment of E—W-trending nermal
faults cenfirms the N-S extensien. Inside the Xistral
windew, three of these faults (thick lines in Figs. 7 and &,
sectien V—V’) cresscut the feetwall unit but net the
Mendeiicde thrust sheet. The mest preminent ef these
faults, west of Cadramen, cuts the Seixe Blance slice
(preserved enly in the dewnthrewn seuthern bleck) but is
cut by the Mendeiicde thrust fault. The E-W fault appears
felded by late lengitudinal felds, a feature that can be
appreciated in the map (Fig. 7) and in an eutcrep where a
fault-related cataclasite appears felded with a steep axis.
Many ether faults have been mapped, but mest ef them are
late structures, pest-dating the lengitudinal felds. Cenver-
sely, these three are early nermal faults pre-dating the latest
stages ef thrusting.

The N-S extensien, theugh ef limited extent, had an
impertant imprint in the present cenfiguratien ef the
Mendeiiede nappe and its feetwall unit. The necks eof the
beudins and the fault-related grabens have preserved slices
of the Mendeiicde nappe that were abandened in these
structural depressiens by newly fermed faults abeve. This is
the case of the Balsa and Cadramen tectenic slices (Figs.
7-9). Cenversely, beudins and hersts were wuncated and
quartzitic slices, such as Seixe Blance, were incerperated
inte the thrust sheet.

It has been a cemmen practice in thrust tectenics te use
hanging wall sequence diagrams (e.g. Harris, 1970; Elliett
and Jehnsen, 1980) te shew the evelutien ef allechtheneus
units. The diagrams are successive lengitudinal cress-
sectiens shewing hew different units are being incerperated
inte the hanging wall unit ef thrust systems prepagating
sequentially in a piggy back mede. In the case of the
Mendeiicde nappe, several imbricates were abandenecd
belew the currently active thrust fault, se that a feetwall
sequence diagram (Fig. 10) seems apprepriate te shew the
develepment ef thrust slices in relatien te N—S extensien.

Fig. 1@illustrates beth the creatien of the Balsa slice after
develepment of the Balsa synferm, and hew the Seixe
Blance slice develeped by truncatien ef a megabeudin
Nerth of the Balsa synfem (a—c), itself then being wuncated
by an early nermal fault (c and d) and lately everprinted by
the latest Mendeiiede basal thrust fault (d). In additien, te
shew hew the slices develeped sequentially and hew they
were preserved by the creatien of new faults abeve, Fig. 10
explains the erigin ef the wansverse epen felds: they
cerrespend either te the necks eof megabeudins, er are
‘ferced’ felds abeve hersts and grabens beunded by the
early E—-W nermal faults in the feetwall unit. The seuthern
limit ef the Xistral windew and the eriginal nerth and seuth
beundaries of the Mente Carballesa windew, were prebably
early nermal faults, affecting the Xiswal Quartzite but net
penetrating up inte the Mendeiiede nappe. The thrust sheet
adapted te this evelving feetwall structural tepegraphy, and

the nermal fault planes became part ef the thrust surface,
acting as lateral ramps during the last stages ef thrusting.

4.5. Quartz c-axis fabrics

The shear zenes of the Xistral windew share a commen
quartz c-axis fabric: a type I cressed girdle (Lister and
Williams, 1979; Schmid and Casey, 1986), usually
ertherhembic (Fig. 12). @ften, there is a central part eblique
te the mylenitic feliatien and semetimes, the eblique central
part of the cressed girdles, or the mere pepulated of the twe
girdles, may be taken as kinematic indicaters. In all the
cases, hewever, shear sense has been checked with
macrescepic kinematic criteria, such as sigmeidal beudi-
nage and feld vergence.

The fabrics are similar te these medelled by Lister and
Williams (1979) fer simple shear semetimes cembined with
ceaxial defermatien, and cerrespend te plane strain
ellipseids accerding te Lister and Hebbs (1980). Samples
taken eutside the shear zenes de net shew clear crystal-
legraphic fabrics.

Te test the influence of the grain grewth recerded by the
quartzites inside the sillimanite zene, separate diagrams
were pletted fer small and large grains ef the same thin
sectiens. Large quartz grains shew micreinclusiens, mestly
of white mica grains, parallel and clesely spaced (Fig. | 1d).
They are relics of an earlier fine-grained feliatien and, when
the grain grewth is net exaggerated (Wilson, 1973), that is,
net all ef the grains reach large sizes, small quartz grains de
net include white mica (Fig. | 1c) and are viewed either as
preserved relics of the pre-heating stage er as recrystallized
new grains.

As can be seen in Fig. 12, crystallegraphic fabrics are
similar fer beth grain sizes, which suggests that this type of
c-axis fabric existed befere the quartz grains grew.
Behrmann and Platt (1982) ebtained similar diagrams in
recks defermed at lew-grade cenditiens, between 300 and
400 °C. It is aquite clear that mylenites develeped at
relatively lew temperatures and were subsequently heated.
But it seems that heating was accempanied with further
ductile defermatien. The largest grains pest-date myleniti-
zatien in the lewer detachment (Fig. 11d) se that, there,
grain grewth centinued after mylenitizatien had ceased.
Hewever, the large quartz grains eften define the mineral
lineatien. This is the case eof the lewer centractienal shear
zene (Fig. 11b), the basal shear zene eof the Mendeiicde
nappe in the feetwall unit (Fig. 11c), the lewer detachment
and the hinge zene ef the Balsa syncline, the suppesed
megabeudin neck of the N—S extensien. In these cases, the
shape fabric ef large quartz grains fits the c-axis fabric,
suggesting that defermatien was active during heating.

In sectiens where the Xistral Quartzite can be traced frem
lew-grade te the sillimanite zene (Fig. 5), the metamerphic
grade increases dewnward, and grain grewth eccurs enly in
the staurelite—cerdierite and sillimanite zenes, being
generalized and preneunced enly in the latter. Fer instance,
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the eriginal fine-grained fabric ef the lewer centractienal
shear zene (Fig. 11a) has been preserved areund Vilapedre,
in the seuthern part eof the Xistral windew (Fig. 7). This
indicates that grain grewth was induced by heat transferred
trem belew, and we have seen that heating was ceeval with
the activity ef the lewer detachment, which we suggest is an
extensienal structure. Furthermere, the simultaneeus shear-
ing and grain grewth in the Menderfiede shear zene (Fig.
11c) demenstrates temperal everlapping (er alternance)
between ductile thrusting and metien ef the lewer detach-
ment, that is between centractienal and extensienal
structures.

5. The Viveiro fault

A nermal fault limits the Mendefiede thrust sheet te the
west, cresscutting its hanging wall and feetwall units (Figs.
1,4,7 and 9). The brittle fault dips between 4@ and 68° west,
and has an asseciated ductile shear zene, a few hundreds of
metres thick, that has net been shewn in the maps and cress-
sectiens for the sake of clarity. There, the previeus regienal
feliatien, either the S; er the S, of the Mendeiicde basal er
upper extensienal shear zenes, appears crenulated by a new,
subherizental cleavage. Miner recumbent felds with west
vergence and weakly curved hinges, and S—-C er ECC
micrestructures (Platt, 1984), indicate a tep-te-the-west
metien, with a slight right-lateral cempenent (Martinez
Catalan, 1985; Martinez et al., 1996). Where the Xistral
Quartzite was invelved in the shear zene, a mylenitic
feliatien develeped, whese c-axis fabric shews a main
girdle eblique te the feliatien, supperting the tep-te-the-
west sense of shearing (Fig. 12, sample PG-86).

The upper extensienal shear zene and the Viveire fault
ceincide spatially (Fig. 3), but the metamerphic evelutien ef
the Mendeiicde thrust sheet demenstrates that they were net
simultaneeus. The upper shear zene develeped during early
stages of nappe metien, when the thrust sheet was thick and
glided abeve the ductile basal shear zene, whereas the
Viveire fault cuts the thinned thrust sheet, the brittle thrust
fault, and the feetwall unit, indicating that it fermed when
nappe metien had ceased. The Viveire fault everprints the
earlier shear zene, which was dragged dewnward te the west
by the mere steeply-dipping fault (Figs. 4 and 9). It is
pessible that the fault used parts ef the pre-existing weak
shear zene te nucleate and develep.

The shear zene asseciated with the Viveire fault

develeped under lew-grade metamerphic cenditiens. Kya-
nite and staurelite presently feund areund the fault grew
during metien ef the upper extensienal shear zene, when the
preserved upper levels of the Mendeficde nappe were deep
eneugh te fall inte the kyanite field, and their decempressive
P-T path went threugh this field fer a large part ef its
wajectery (Fig. 6, path A). Martinez Cataldn et al. (1990)
suggested a threw eof 10—12 km fer the Viveire fault,
censidering the metamerphic gap: it separates the chlerite
zene te the west, frem the sillimanite zene te the east (Figs.
4 and S5). A mere precise estimatien of the vertical effset,
based en thermebaremetry, was given by Reche et al.
(1998) as between 4 and S kbar, reughly equivalent te 15—
19 km. This threw is viewed as the result of the twe dip-slip
metiens: that ef the upper extensienal shear zene and that ef
the Viveire fault itself. A dip-slip ef S—6km is mere
reasenable fer the Viveire fault alene in the nerth (Fig. 4,
cress-sectien A—A’). Te the seuth, the fault slip decreases
pregressively, being less than 1 km in the area of Incie (Fig.
8):

6. Absolute and relative timing and structural evolution

The structural histery ef the Mendeiicde nappe and its
feetwall is graphically shewn in Fig. 13. The different
stages are based en everprinting criteria and cresscutting
relatienships described in previeus sectiens, which will be
recalled te justify the structural evelutien. The relative
chrenelegy, bracketed by published isetepic age data
discussed belew, is summarized in Fig. 14.

The age of the first defermatien phase is censtrained by
“*Ar/°Ar whele-reck geechrenelegy en the S; feliatien in
adjacent areas (Dallmeyer et al, 1997). Teward mere
internal zenes, the first cleavage was dated at
359.3 = 0.2Ma in the western limb ef the ‘@lle de Sape’
anticline (Fig. 15) te the seuth ef the Mendeificde nappe.
Teward the fereland, an age of 336.5 = 0.3 Ma was
ebtained near La Espina thrust, at the limit with the external
zenes te the east (Fig. 15). Frem these data, the develepment
of recumbent felding in the Mendeiicde nappe can be
appreximately placed semewhere in the interval between
360 and 335 Ma.

Twe samples intended for dating the S; and S, feliatiens
in the Mendeiicde nappe gave ages of 300.0 = 1.0
(**Ar/PAr whele reck) and 298.2 = 0.6 Ma (**Ar/’Ar
muscevite), respectively (Dallmeyer et al., 1997). Hewever,

Fig. 13. Structural evolution of the Mondoiiedo nappe and its footwall unit showing the development of major extensional swuctures during thrusting. A black
dot at the rear edge of the Mondoiiedo thrust marks the suggested propagation of the fault into the basal duciule shear zone. The metamorpbhic isograds have
been included. (a) After recumbent folding and equilibration of Barrovian metamorphism. (b) Early stages of emplacement of the Mondoiiedo nappe and
coeval extension, related to the upper extensional shear zone. (c) As before, but extension begins to affect the footwall unit, associated with the ascent of
igneous rocks and parually molten gneisses. (d) and (e) Westward moton of the hot, parwally molten rocks induces contnued activity of the lower extensional
shear zone and detachment, and heatng of its hanging wall unit. Note the ascent of the sillimanite isograd into the previous low-grade Xiswal Quartzite, the
extension of this unit accomplished by domino-style boudinage, and the wuncation of one of the boudins by the thrust fault, forming the Seixo Blanco slice. (f)

The Viveiro normal fault post-dates the last increments of thruswng.
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synkinematic graniteids gave U—Pb zircen and menazite
ages ranging between 310 and 330 Ma fer the massifs ef
Sarria, Viveire and Pencde Gerde (Fernindez-Sudrez et al.,
2000). This weuld suggest that beth the S; and S, feliatiens
are mere than 10 m.y. yeunger than the graniteids
synkinematic with nappe emplacement. A mere feasible
explanatien is that, rather than dating fabric develepment,
the twe **Ar/*®Ar ages represent ceeling ages related te
unreefing, and perhaps date the uplift ef the nappe by
metien en the Viveire fault.

The Sarria massif is a twe-mica granite intruded in
the seuthern part of the Mendeiicde nappe (Fig. 3) and
defermed in its basal shear zene (Martinez Cataldn,
1983, 1985). The intrusien alse reached the upper
extensienal shear zene, but is undefermed there (Figs.
3 and 4, section B—B’) and assumed te pest-date this
shear zene. Censequently, the age ef crystallizatien ef
the granite, 313 = 2 Ma (Fernandez-Suérez et al., 2000),
establishes an upper limit fer the upper extensienal shear
zene, whese metien pre-dated this age, and alse a lewer
limit fer the final emplacement of the thrust sheet (Fig.
14), which centinued meving after the granite intrusien.
The Pencde Gerde massif, dated at 31772 Ma (Ferndn-
dez-Sudrez et al., 2000), alse intruded inte the upper
extensienal shear zene, but was enly defermed by the
Viveire fault (Figs. 3 and 7), establishing a lewer limit
fer its metien and, as the Sarria massif, an upper age
limit fer the upper extensienal shear zene. The Viveire
massif (Figs. 3, 7 and 8) was defermed in the lewer
extensienal shear zene, se that the 323%2 Ma age eof
crystallizatien ebtained by Fernandez-Suarez et al. (2000)
represents a lewer limit fer the late activity ef this
structure.

Pestkinematic graniteids have been dated between 285
and 295Ma (U-Pb methed, Fernindez-Suarez et al.,
2000) and 275 and 285Ma (**Ar/>’Ar methed; Dall-

meyer et al., 1997). U-Pb data are mere reliable fer
crystallizatien ages, and previde an upper limit fer thrust
tectenic activity: the A Tejiza massif (295 = 2 Ma) and
the San Cipridin massif (286 = 2 Ma) everprinted the
basal shear zene and thrust fault ef the Mendeiicde
nappe (Fig. 8, sectiens I-I' and M-N’). These same
massifs alse yielded *“*Ar/>Ar muscevite ages of 284 and
274 Ma, respectively, suggesting a time lapse of 10 m.y.
between crystallizatien and ceeling te the clesure
temperature of argen in muscevite.

Taking tegether these data and the mutual relatien-
ships between the different structures described in the
previeus sectiens, a picture of the structural evelutien
can be traced.

After a first episede of recumbent felding, crustal
thickening and burial, leesely censtrained between 360
and 335Ma, a Barrevian metamerphic zening was
established and equilibrated (Fig. 13a and Fig. 6, paths
A, B and C, pregrade part ef grey arrews, mestly
dashed). The Xiswal Quartzite eccupied, at that time, a
relatively shallew pesitien.

In the next 30 millien years, the centractienal ductile
shear zenes develeped. The mere internal parts ef the
thrust sheet initiated their exhumatien aleng the basal
shear zene ef the Mendeiicde nappe (Fig. 13a and b)
fream a depth ef 38-45km (Arenas and Martinez
Catalan, 2003). While thrust metien induced crustal
thickening, the thrust sheet became thinned by the upper
extensienal shear zene, and the lewer extensienal
detachment develeped in the feetwall unit (Fig. 13c).
An upper age limit fer the extensienal activity in the
nappe is previded by the Sarria and Pencde Gerde
massifs (313 =2 and 317”_”2 Ma, respectively; Fernan-
dez-Sudrez et al., 2000), which were net affected by the
upper extensienal shear zene.

Heat accumulatien due te crustal thickening and,
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prebably, te adventien ef mantle-derived recks, may have
triggered the develepment of the lewer extensienal shear
zene, which juxtapesed deep-seated het recks against the
everlying and relatively celd Xistral Quartzite. The thick
and cempetent quartzitic layer might have acted as a screen,
channelling the visceus flew of ascending bueyant material.
Partially melten crustal and suberdinate mantle recks trying
te epen their way upward (Fig. 6, path G) weuld have been
ebliged te flew near herizentally, giving rise te the lewer
extensienal detachment (Fig. 13c—e). Heating was very
streng in the feetwall te the Mendeiiede nappe (Fig. 6, paths
E and F), and synkinematic igneeus recks intruded in the
feetwall te the lewer detachment.

The heat wansmitted frem belew annealed the mylenitic
quartzites of the hanging wall te the detachment, and alse
these of the twe cenwactienal shear zenes in the Xistral
tectenic windew, that had previeusly develeped lew-grade
mylenites (Fig. 11). Censequently, we assume that the lewer
detachment pest-dated part of the ductile shearing in the
Mendeiicde and lewer centractienal shear zenes. Hewever,
it seems that heating was accempanied with further ductile
defermatien, se that all ef the shear zenes in the feetwall te
the Mendeiiede thrust fault were heated while being still
active. Furthermere, as leng as the Mendeficde thrust and
asseciated tectenic slices cut the annealed mylenites, we

infer that thrust mevement centinued after the activity aleng
the lewer detachment had ceased.

®nce thinned, the Mendeiicde nappe meved as a
relatively celd thrust sheet, less than 20 km thick, ever-
thrusting its present feetwall unit, which registered a
mederate heating and pressurizatien until the P-T cen-
ditiens at the bettem ef the hanging wall (Fig. 6, path C)
were equal te these at the tep ef the feetwall (Fig. 6, path
D). The thrust develeped as a discrete fault clese te the
ductile-brittle transitien, prepagating inte the previeus
ductile shear zene and preserving mest of it in the hanging
wall (Fig. 13c—e), but alse a pertien in the feetwall (Fig. 7).

The Xistral Quartzite underwent E-W and N-S
extensien ceeval with the late stages of nappe emplacement.
Ductile extensien in the E-W directien included demine-
style retatien of individual blecks (Fig. 13d). N—S extensien
was lecally ductile but mest generally brittle (Fig. 10). In
beth cases, asperities created by the individual blecks,
equivalent te megabeudins, were cut by the late thrust fault,
giving rise te lens-shaped tectenic slices (Figs. 10 and 13e).
Hewever, this was net always the case, because the faults
beunding hersts and grabens created by the N—S extensien
acted as lateral ramps, giving rise te the transverse E-W-
wending epen felds in the thrust sheet (Figs. 3, 7, 9 and 10).

®nce thrust metien had ceased, the Viveire fault



develeped, cresscutting the Mendeiicde thrust sheet and its
autechthen (Fig. 13f).

7. hinplications for the dynamics of the Variscan
orogenic wedge

The Mendeiicde nappe eccupies the western part ef
the West Asturian-leenese Zene, which is ene ef the
internal zenes of the Variscan belt in the NW Iberian
Massif (Julivert et al.,, 1972). Te the east, the
Cantabrian Zene is a fereland thrust belt representing
an external zene ef the massif. Fig. 15 sketches the final
stage of the eregenic evelutien in the Mendeinicde nappe
and surreunding areas, as deduced frem deep seismic
reflection prefiles (Pérez-Estain et al., 1994; Ayarza
et al., 1998), and structural infermatien frem surface
Zeelegy after Marces (1973), Bastida et al. (1982,
1986), Pérez-Estaiin et al. (1988, 1991), Martinez
Cataldan et al. (1990), Gutiérrez-Alense (1996), and
this werk.

A deep reflection seismic prefile acquired en land in the
Cantabrian Zene (ESCIN-1) shews a wedge geemetry and a
relatively shallew sele thrust, cenfirming the thin-skinned
style of defermatien in this zene (Pérez-Estaun et al., 1994).
In anether deep seismic prefile (ESCIN-3.3) acquired
offshere nerth ef the study area, a crustal-scale thrust is
suggested by a series of reflections belew the Mendeiicde
nappe, which centinue west, dewn-dip inte the lewer crust
and the Mehe discentinuity (Ayarza et al., 1998). These
structures, called, respectively, the Cantabrian Zene detach-
ment and the sele thrust ef the West Asturian-leenese Zene,
have been incerperated inte Fig. 1S. Furthermere, the
ESCIN-3.3 prefile shews twe er three bands with high
reflectivity in the lewer half of the crustal sectien underlying
the Mendeiicde nappe. Ayarza et al. (1998) interpreted them
as lewer crust-mantle imbricatiens, because refractien
seismics and a magnetic anemaly suggest the existence of
mafic and ultramafic recks relatively clese te the surface
(Aller et al., 1994; Cerdeba et al., 1987, Ayarza et al.,
1998).

All the geelegical and geephysical data can be readily
integrated with the structural evidence te draw an image
of the eregenic belt as a wedge, and alse te gain insights
inte its evelutien. The fact that the swuctural style ef the
Cantabrian Zene is thin-skinned suggests that its base-
ment must have been underthrust beneath the West
Asturian-leenese Zene. Fer the 98-km-leng ESCIN-I
prefile, the accumulated displacement ef the thrusts faults
has been estimated as 150 km (Pérez-Estaun et al., 1994),
implying that anether 60 km sheuld have been meved te
the west. The Cantabrian Zene centinues at least 80 km
eastward of the end ef the seismic prefile, se that the
tetal length ef the underthrust basement sheuld be mere.
Thin-skinned tectenics were active in the Cantabrian
Zene until Kasimevian times (Pérez-Estaun et al., 1988),

i.e. until 300 m.y. age, and this is the age suggested for
the Viveire fault by **Ar/*Ar ceeling ages in the
Mendeiicde nappe (Dallmeyer et al.,, 1997). Furthermere,
the lewermest band with high reflectivity in prefile
ESCIN-3.3, situated at a depth ef 34—41 km, can be
fellewed te appreximately the vertical of the Viveire
fault.

Accerding te these data, a wedge shape is quite
reasenable fer this area of the Variscan belt. The innermest
part of the eriginal basement of the Cantabrian Zene weuld
have acted as the lewer beundary ef the wedge during the
late stages of cenvergence, and its underthrusting weuld
have been active until areund 300 m.y. age. In spite of being
subjected te centinueus (er episedic) shertening (Fig. 14),
twe extensienal shear zenes develeped inside the wedge,
prebably te cempensate gravitatienal gradients (Hedges
et al., 1996) created by its internal dynamics and thermal
evelutien. The fact that the lewer extensienal shear zene
develeped beneath the Mendeiicde nappe during its
emplacement cenfirms that its basal thrust was a centra-
tienal fault inside the wedge, and net its basal beundary.

Underplating prebably played a rele in the extensienal
activity, as frental accretien te the east eccurred in a thin-
skinned mede; that is, invelved enly the sedimentary prism.
Westward underthrusting ef part ef the the external
basement seems te have eccurred partially beneath the
lewer centinental crust and the subcentinental mantle of the
internal zenes (Fig. 15). Bueyancy due te this density
inversien may be respensible fer increasing the vertical
stress and creating tepegraphic relief. The same effect
weuld have been induced by partial melting deep in the
crust. In additien, prelenged heating, mestly due te eregenic
thickening but pessibly with a magmatic centributien frem
the mantle (Galadn et al., 1996), weuld have lewered the
viscesity ef the middle and lewer crust, preparing it te flew
easily in respense te the internal stress field. If vertical
stresses were deminant in the deep parts of the wedge, the
visceus flew weuld have extended it, mestly transversally,
ie. in the E-W directien (altheugh seme lengitudinal
extensien alse teek place), inducing a decrease in the wedge
taper.

The lewer extensienal shear zene may represent a
transitien between a lew-viscesity, flewing crustal layer
and a strenger crust abeve. In fact, this bread structure,
whese lewer limit dees net eutcrep, might have accem-
medated much ef the internal strain needed te extend and
sharpen the wedge. Cenversely, the upper extensienal shear
zene prebably develeped in the relatively streng part eof the
wedge te reduce tepegraphic relief and/er te accommedate
the E— W extensien undergene by deeper parts. Extensien in
beth shear zenes teek place while cenvergence centinued,
as demenstrated by cresscutting relatienships ef the late
Mendeiicde thrust (Figs. 13 and 14). The Viveire fault,
pest-dating nappe emplacement, ceuld reflect the latest
stages of cenvergence in the Cantabrian Zene.



8. Conclusions

Vertical shertening and extensien eccurred in beth the
hanging wall and the feetwall te the Menderiede thrust fault
synkinematically with thrusting, as shewn by cresscutting
structural relatienships and everprinting metamerphic
criteria frem twe extensienal shear zenes. Extensien was
mestly transversal te the eregenic trend, but suberdinate
lengitudinal extensien induced nermal faulting in the
feetwall unit te the Mendeiicde nappe, and seme of these
faults were used as lateral ramps in the latest stages eof
thrusting.

Using published geelegical and geephysical data, the
cemplex 3D structural evelutien deduced for the Mende-
fiede nappe and its autechthen is viewed in a wider regienal
centext, as ferming part of an eregenic wedge active during
mest ef the Carbenifereus in the NW Iberian Massif. In its
late stages, gliding of the wedge ceuld have taken place ever
the presently missing part ef the eriginal basement of the
fereland thrust belt, which sheuld have been carried beneath
the internal zenes while its sedimentary cever was being
peeled off and imbricated in the frent ef the wedge.

Heteregeneity characterize the internal defermatien ef
the wedge, with the strain partitiened inte structures ef
different significance. In the case examined in this paper, a
majer thrust led the lecal kinematics, everprinting all the
extensienal structures develeped, except the last. This
seems te reflect the regienal stress field, clearly deminated
by plate cenvergence. Hewever, heat accumulatien result-
ing frem crustal thickening and magmatic underplating
weakened the deep parts eof the wedge, giving rise te a
visceus flew that accemmedated its extensien, induced by
gravitatienal instabilities. The lewer extensienal shear zene
prebably represents the transitien between a lew-viscesity
flewing mass and an everlying, mere visceus structural
level, with the strain being cencentrated in an impertant
lithelegical beundary, the base of the cempetent Xistral
Quartzite. The upper extensienal shear zene, develeped in
relatively higher and swenger parts ef the wedge, weuld
result frem E—W stretching, gravitatienal cellapse er beth.
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