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ABSTRACT

4®Ar/>®Ar dating of white mica in metapelites, thermobarometric calculations and new swuctural and geological
mapping have been carried out in the Somosierraregion (Iberian Central System, ICS) to investigate the Variscan
thickening-exhumation processes and the evolution of the paleo-thermal structure in a key region of the Cenwral
Iberian Zone. The rocks underwent an intermediate P/T event (M1) during a D1 stage of crustal thickening initi-
ated between354 and 347 Ma. This event was probably related to afirst Sto SE-directed emplacement ofthe NW
Iberian allochthon, and during the initial development of a mid-crustal subhorizontal shear zone accommodating
the ductile flow of thermally weakened crust parallel to the main orogenic trend. Syn-convergent extension of
the upper levels occurred by 335-327 Ma, when tectonic unroofing led to D2 domal uplift of the orogenic
roots and to recrystallization of rocks under intermediate to low P/T conditions (M2). Individualized gneiss
domes developed along the orogenic trend, whereas some post-M2 thrusts dated at c. 319 Ma reflect lateral
flow related to limited gravitasional spreading of the domes. Younger upright to SW verging folding of the ICS
dome during D3 progressive renewal of contractive deformation took place after 316 Ma. Final D4 gravitational
collapse occurred under low P/T conditions (M3) at ¢. 300 Ma, accompanied by the intrusion of large volumes of

anatectic granitoids.

1. Introduction

Escape tectonics is well documented in Alpine chains, such as
the Himalayas (Tapponnier and Molnar, 1976), the western Alps
(Tapponnier, 1977), the eastern Alps (Selverstone, 1988) or central
Anatolia (Dewey et al, 1986), and also has been recognized in older
belts such as the SW European Variscan orogen (Dias and Ribeiro, 1995;
Martinez Catalan, 1990). The Iberian Massif wansect of the Variscan
chain provides an excellent opportunity to study orogenic processes at
different structural levels. Its tectonometamorphic evolution has been
interpreted as a record of oblique collision (Badham and Halls, 1975)
accompanied by complex gravitational adjustments (Aerden, 2004;
Martinez Catalan et al., 2007; Simancas et al., 2001). This paper focuses
on the Iberian Central system where the exhumasion of deeply buried
crustal levels (Pérez-Estatin et al, 1991) has been explained through
orthogonal thickening and parallel gravitasonally-induced extension

(Escuder Viruete et al,, 1994; Diez Balda et al., 1995; Escuder Viruete et
al, 1994, 1998). New structural and geological mapping, thermobaro-
metric calculasions and *°Ar/3°Ar dating constraints, suggest a thickening
context dominated by plate boundary-constricted flow (tectonic escape;
Molnar and Tapponnier, 1975) and gravity-driven flow (gravitasonal
collapse; Ramberg, 1980; gravitational spreading; England, 1982) parallel
to what has been traditionally considered the orogenic trend.

2. Geological setting and tectonic units

An almost complete section of the upper and middle crustal rocks
crops out in the Somosierra region of the Iberian Central System (ICS),
one of the most internal domains of the Variscan Orogen in the Central
Iberian Zone (CIZ) of the Iberian Massif (Fig. 1). The region is character-
ized by a Barrovian metamorphism, overprinted by two later stages of
lower P/T conditions and syntectonic partal melting, that produced
widespread migmatites (Arenas, 1991; Arenas et al., 1991; Bischoftf et
al., 1973; Escuder Viruete et al., 1994, 1998; Martinez et al., 1988) and
late to post-tectonic granitoid intrusions. By contrast, the West
Asturian-Leonese Zone (WALZ) situated to the north and east of the
study area as well as the southern part of the CIZ, represent more exter-
nal domains of the Variscan orogen that exhibit only low-grade regional
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Fig. 1. Geological sketch of the Iberian Massif showing the Somosierra region in relation to the Variscan zones, some of the principal structures and the main high-temperature
domes in the CIZ and GTMZ. Modified after Martinez Catalan (1990); Escuder Viruete et al. (1994); Dias and Ribeiro (1995); Aerden (2004); Martinez Catalan et al. (2007) and

Martinez Catalan (2011).

metamorphism even at relatively deep structural levels. The absence of
large recumbent folds or nappes associated with crustal thickening
stages in the Cenral Iberian Zone, has raised questions about the mech-
anism that was responsible for deep burial of rocks, Barrovian meta-
morphism and subsequent metamorphic and igneous processes
(Escuder Viruete et al., 1994; Macaya et al,, 1991; Martinez et al., 1988).

Three tectonic units with different deformative, metamorphic and
lithostrasigraphic characteristics can be distinguished in the ICS (Fig. 2).
The contacts between them are syn to late-orogenic extensional struc-
tures, except for some post-metamorphic thrusts.

The Lower Unit is parsally equivalent to the Lower Unit of Escuder
Viruete et al. (1994) in the Tormes Gneiss Dome. It is formed here by
over 6500 m of Neoproterozoic to Early Cambrian metasediments,
migmatisic semipelitic and quartz-feldspathic gneisses and mylonitic
pelitic gneisses (Bischoft et al,, 1973), and large volumes of Early Ordovi-
can orthogneisses (Valverde-Vaquero and Dunning, 2000; Vialette et al,,
1987). Some quartzites, coarse-grained siliciclastic rocks, calc-silicate
rocks, marbles, scarce amphibolites and rare rewogressed eclogites are
also present. Most of the Lower Unit crop out in a huge crescent-shaped
domal structure (Fig. 1) oriented roughly NE-SW, but they also appear
in the cores of NW-SE D3 antiforms (Fig. 2). The rocks have experienced
a D1 crustal thickening episode (Macaya et al., 1991; Pérez-Estatin et al,,
1991) under intermediate P T gradients (M1; Arenas et al.,, 1991), but
those in the domal structure were intensely recrystallized under higher
temperatures and lower pressure conditions (M2 of Arenas et al., 1991;
M2 and M3 herein} during D2 synconvergent orogen-parallel extension
(Escuder Viruete et al, 1998), D3 upright folding and D4 extensional
collapse (Doblas, 1991).

The Middle Unit (Fig. 2) is formed by 1500 m of Neoproterozoic to
Early Cambrian metasedimentary rocks including mylonitic schists
and gneisses, black graphitic quartzites, coarse-grained siliciclastic
rocks and calc-silicate rocks, plus Early Ordovician leuco-gneisses
(Valverde-Vaquero and Dunning, 2000; Vialette et al., 1987). It is equiv-
alent to the upper part of the Lower Unit in Escuder Viruete et al.
(1994). Despite an intense D2 deformation, the rocks preserve M1
Barrovian mineral associations (kyanite, staurolite, almandine garmet)
which have been overprinted by the M2 and M3 lower P/T events in
the higher grade domains. The intense deformation in this unit repre-
sents the main part of a D2 ductile detachment zone of regional scale
(Macaya et al., 1991), generally referred to as the Berzosa Shear Zone
(BSZ; Capote et al., 1977; Arenas et al,, 1982; Escuder Viruete et al.,
1998). The BSZ produces crustal thinning and telescoping between
the high grade Lower Unit and the low grade Upper Unit, which are
also partially affected by D2 deformation (Fig. 2).

The Upper Unit (Fig. 2) is equivalent to the Upper Unit of Escuder
Viruete et al. (1994) in the Tormes Gneiss Dome. It consists of nearly
7500 m of Paleozoic metapelites and metapsamites, ranging from Early
Ordovician (locally Early Cambrian) to Early Devonian in age (Bischoff
et al,, 1973). Early Ordovician felsic metavolcanic rocks (Gebauer et al.,
1993; Montero et al., 2007; Valverde-Vaquero and Dunning, 2000) of
the Ollo de Sapo Formation occur at or near its base. An S1 foliation,
axial planar to F1, and E-vergent folds, are well preserved above the D2
shear zone (Escuder Viruete et al., 1998; Macaya et al., 1991). Barrovian
metamorphic zones (M1) were folded by D3 (Martinez Catalan et al.,
2007}, but do not exhibit major low pressure (M3} overprinting, except
for areas adjacent to the high grade dome (Fig. 3).
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(1973); Macaya et al. (1991) and Escuder Viruete et al. (1998). Simplified cross-sections (a, b, c) are shown in Fig. 4.

3. Tectonic evolution

Four main Variscan deformation events characterize the tectono-
thermal evolution of the Somosierra region (Macaya et al., 1991). A first
crustal thickening event (D1; Pérez-Estain et al, 1991) produced
E-vergent, kilometer-scale, asymmetric isoclinal folds, scarce and only
preserved at upper swuctural levels, while the rocks of the Lower Unit
were buried at depths around 42 km (14 kbar; Barbero and Villaseca,
2000). S1 is a slaty cleavage associated with F1 folds, that constitutes
the most pervasive fabric in the uppermost part of the Upper Unit
(Fig. 4). It is also locally preserved as a relict internal schistosity in
syn-D2 porphyroblasts of biotite, chloritoid, garnet and staurolite of the
lower swructural levels. The lower limit of well-preserved S1 in the area
is a narrow band of S2 crenulation cleavage (Escuder Viruete et al.,
1998), roughly dipping to the SE from the biotite to the gamet M1 meta-
morphic zones.

D2 is a deformasion event characterized by subhorizontal top-
to-the-SE directed shearing (Diez Balda et al, 1995), ie. parallel to the
orogenic trend. The BSZ is characterized by a broad zone of S2 mylonitic
foliation (Macaya et al, 1991), including from S to L-S tectonites, which
is affecting the Middle Unit and adjacent parts of the Upper and Lower
units. NW-SE-oriented F3 folds and crenulasion cleavage overprinted
S2, but maintained (or reoriented) the 12 stretching lineasion, which

plunges gently to steeply (25-75°) to the SE. The general linemabsics of
D2 (Fig. 4) as deduced from asymmenric sarain shadows of porphyroblasts
and sigmoidal quartz veins is top-to-the-SE (Escuder Viruete et al., 1998).
However, some cross-cutting narrow shear bands and most of the NW
part of the metamorphic dome have top-to-the-NW shear-sense as indi-
cated by S-C fabrics and NW-vergent F2 recumbent folds with their axes
oriented perpendicular to swetched pebbles and ichnofossils defining 12.
The lowermost part of the Lower Unit presents an early syn-D2
migmatisic foliation which is finally affected by the BSZ and by other
low angle SE- and NW-directed mylonitic bands (Doblas et al.,, 1994;
Macaya et al,, 1991). A few late- to post-D2 thrusts locally emplaced
high-grade rocks of the Lower Unit, presently preserved as klippen, to-
wards the ESE upon the Middle Unit. These ssructures cut and duplicate
the M2 zoning but were affected by D3 folding. Other comparable thrusts
are also found in the Upper Unit.

The main structures in the region (Figs. 1 and 2) are kilometer-scale,
upright to SW-vergent, and F3 folds with NW-SE to N-S strike (Macaya
et al, 1991; Pérez-Estatin et al., 1991). An associated axial-plane crenula-
won cleavage (S3) is particularly well developed in hinge zones. D3 struc-
tures fold M1 and M2 isograds but do not fold the M3 metamorphic
zoning.

D4 structures include low dipping crenulation cleavage and associ-
ated, up to several tens of km long shear bands with normal dip- or
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oblique-slip displacement indicated by stretching lineations and S-C
fabrics (Escuder Viruete et al., 1998; Macaya et al., 1991). Most of
these structures are oriented NE-SW and N-S in and around the
high grade dome structure in the study area.

4. Metamorphic events, mineral zones and isograds

The Upper Unit presents a syn-D1 to syn-D2 Barrovian metamorphic
zonasion (M1) formed by the chlorite, biotite, garnet and staurolite 1
zones (Fig. 3). The garnet isograd (M1) is slightly oblique to the swrati-
graphic sequence lying above the Armorican Quartzite in the Somosierra
region and towards the north, but below it to the west and east of this
area. Maximum burial depths during D1 are recorded by rocks located
along a NNW-SSE axis, roughly parallel to large Variscan folds and
main orogenic trend. The staurolite 1 isograd is even more oblique in
this axial zone. Its growth (M1-M2) postdates garnet growth in the
gamet zone and rises in the NW with a 25° inclination towards the SE
in relason to the stratigraphic sequence, making the gamet zone very
narrow locally. We interpret this inclination as the M2 overprinting in
a flank of the dome structure raised at the end of the D2 decompressive
and rewograde path, when P-T conditions were no longer appropriate
for garnet growth. The gneiss dome and its migmatitic core are oriented
approximately NE-SW, almost perpendicular to the maximum D1 burial
axis. During M3 (syn-D3 to initial D4}, a new metamorphic low-P (LP)
metamorphic zonason developed close to the high grade core. Stauro-
lite 2, andalusite and sillimanite 2 isograds are highly oblique to M1
and M2 zones, and roughly parallel to D3 axial planes. The microtextural
relationships of the M3 index minerals with respect to the S2 schistosity
and F3 and F4 microfolds, and the andalusite replacement by sillimanite
2 in the S4 crenulation cleavage, also indicate a syn-D3 to syn-D4 pro-
grade growth.

The Middle Unit was affected by intermediate P/T metamorphism
(M1} reaching staurolite to kyanite conditions during D1 and D2.
Later low P/T recrystallization (M2) produced their replacement by
syn-D2 sillimanite-bearing assemblages in the Somosierra area. Farther
east (Hiendelaencina region) and west (Santa Maria region), kyanite
remained stable in its metamorphic zone (Fig. 3}, instead of being re-
placed by sillimanite 1. We again interpret this symmetric zonation as
indicating a domal swructure in the core of which higher-grade rocks
underwent more rapid decompression. M3 recrystallization took place
first under andalusite and then sillimanite 2 conditions in this area.

The Lower Unit was intensely recrystallized under high-T (HT)
and low to intermediate-P conditions during M2. Muscovite-out
(Ms-out) conditions were achieved and most lithologies transformed
into migmatitic gneisses, some of themn with syn-D2 banded foliations.
The gneisses in the upper part of the unit show distinctive coexistence
of K-feldspar (Kfs) and Ms in highly sheared bands, either as a result
of incomplete consumption of muscovite or as secondary late-D2
growth of mica. In any case, the presence of muscovite seems related
to decompressive cooling in the BSZ, while deeper rocks in its footwall
maintained high temperatures longer.

During M3, the deepest levels of the Lower Unit developed
sillimanite + cordierite + Kfs diatexites, but syn-D2 growth of some cor-
dierite porphyroblasts indicates that these conditions were probably
already achieved during M2. The upper part of the unit stayed inside
the sillimanite 2 zone, but no under parsial melting conditions. Sillimanite
2 was stable during D3 upright folding and during development of D4
low-dipping crenulation and discrete shear zones The last movements
on these swructures occurred under rewrograde conditions (M4), produc-
ing low temperature mylonitic foliasons (Escuder Viruete et al, 1998)
cross-cutting the M3 zoning (Fig. 3).

5. Mineral chemistry

Mineral analyses for both, thermobarometric and geochronological
investigason, were performed at the Universidad Complutense, Madrid,

using a Jeol JXA-8900 M electron microprobe equipped with four spec-
wometers. Operating parameters were 10 s counting ime, 15 kV accel-
erating voltage, 20 nA beam current and a beam diameter between 2
and 5 pm. The ZAF correction procedure was used. Mineral abbreviations
used are after Whitney and Evans (2010).

Lepidoblastic white micas in the S1 cleavage of the slates from the
chlorite zone present moderate to high X,z (0.17-0.35), low X
(<0.09) and Fe/(Fe+Mg) values ranging between 0.42 and 0.65.
Lepidoblasts both in the S1 and S2 foliations of pelitic rocks from the bio-
tite zone exhibit lower X, (0.04-0.25), higher X . (0.02-0.16) and a
wider range of Fe /(Fe +Mg) values (0.38-0.69). White micas from the
S2 schistosity of gamet zone metapelites show two groups of X, con-
tents, one of them ranging between 0.04 and 0.09, mainly in samples
from near the top of the zone, and the other between 0.22 and 0.31.
Celadonite contents range 0.03-0.14 and Fe/(Fe + Mg)=037-0.70.
Supplementary data on representasive chemical analyses of white
micas are listed in Appendix A (Table A1). Those from schists of the stau-
rolite 1 zone are predominantly paragonite-rich types (X, = 0.12-0.32),
except for some compositions probably with relic origin which show
Xpg=0.03. Celadonite content is <0.15 and Fe/(Fe + Mg} ratio decreases
structurally downwards between 0.37 and 0.70. In the sillimanite 1 zone,
white micas present X, — 0.12-0.20, except for probably relic composi-
tions with X, =0.01. Celadonite content ranges between X = 0.00-
0.15 and Fe/(Fe +Mg) =0.33-0.50 for the samples from the saructurally
upper part of the zone, while the samples from its structurally lower part
show Fe/(Fe +Mg) =0.58-0.83. At odds with the dependence on tem-
perature of Na-content in white mica (Guidotti, 1984), the X, content
decreases with increasing swuctural depth from the chlorite zone to the
upper levels of the garnet zone. This is probably due to the increasing
proportion of albitic plagioclase in the rocks. In the rest of that zone and
in the staurolite 1 and sillimanite 1 zones, white mica gets richer in Na
as plagioclase becomes richer in oligoclase content.

Chlorite lepidoblasts defining the main foliation (S1, S2} and small
synkinematic porphyroblasts in metapelites of the low-grade zones
(chlorite, biotite and the top of the gamet zone), show Fe/(Fe + Mg)
values ranging between 0.61 and 0.64, independent of their textural
position. Chlorite lepidoblasts of the S2 schistosity in the garnet and
staurolite 1 zones present lower Fe/(Fe 4+ Mg) rasos (0.53-0.62), due
to the progressive Mg increase in M1 chlorite with progressive meta-
morphism. Primary chlorite disappears in the kyanite (M1) zone due
to consummption by the KFMASH reactions: St+ Chl=Bt+ AlS and St +
Chl=Grt + AlS. In the sillimanite 1 zone and structurally downwards,
chlorites are always a product of rewograde recrystallization (M3-M4)
after garnet and biotite and have high Fe /(Fe +Mg) ratios (0.73-0.87).

Mineral chemistry of the biotites is similar to that of the chlorites.
Representative chemical analyses of biotites are included as supplemen-
tary data (Table A2). Lepidoblastic biotites in S1 and S2 foliasions and syn
to post-D2 porphyroblasts tend to be richer in Mg with increasing struc-
tural depth, except for biotites from the lowermost swuctural levels,
whose composition reflects some retrograde re-equilibration. Ratios in
Fe /(Fe +Mg) equal 0.62-0.72 in the M1 biotite zone, 0.56-0.69 in the
M1 garnet zone, 0.53-0.68 in the M1-M2 staurolite 1 zone, 0.49-0.79
in the M2 sillimanite 1 zone and 0.50-0.74 in the M2 sillimanite + Kfs
zone. Individual chemical zonings respond to the same evolution. Biotite
porphyroblasts show from core to rim an initial Mg/Fe increase (M1)
followed by a decrease (M2) and a final increase (M3), although some
prophyroblasts from the Sil 4 Kfs zone can exhibit an even later decrease
related to final retrograde re-equilibration (M4).

Porphyroblastic syn-D2 plagioclases in pelitic rocks from the garnet
and staurolite 1 metamorphic zones present albitic to acid oligoclase
compositions (Xy, =0.02-0.14). Porphyroblastic and granoblastic pla-
gioclases of schists and metasedimentary gneisses from the sillimanite
1 and sillimanite + Kfs zones are oligoclases with some albitic composi-
wons (X;n=0.06-0.27). The chemically most complex zoned crystals
show, from core to rim, an initial increase in Ca0, probably related to
the M1 prograde evolution, followed by an increase in albite (M2)



anda final anorthite increase near the rim (M3). Representative chemi-
cal analyses of plagioclases can be found in the supplementary data
(Table A3).

Three types of syn-D1-D2 garnet porphyroblasts can be distin-
guished according to their chemical zoning. Representative chemical
analyses of garnets are found in the supplementary data (Table A4).
A-type garnets are typical from the Upper and Middle units (M1 garnet
zone, M1-M2 staurolite 1 zone and M2 sillimanite 1 zone). Their com-
positions range X, —0.64-0.88, X,s—0.00-0.22, X, —0.01-0.20
and X;, =0.02-0.16. The most complete profiles of chemical zoning
(Fig. Sa) reflect growth zoning (Tracy, 1982) in prograde conditions
(M1), with some initial Xg,, increase during D1 thickening followed
by decompression (inisial D2). Small Xgs increments are typical before
the end of growth and could be related to pressure increase by the em-
placement of the late D2 nappes. B-type gamets are only present in
rocks from the top of the Lower Unit, that is, at the base of the BSZ
(top of the Sil + Kfs zone). Their compositions range Xym = 0.56-0.70,
Xsps =0.11-0.32, Xgrs=0.03-0.05 and X, —0.07-0.16. These gamets
are characterized by complex zoning profiles (Fig. Sb} that we interpret
as developed during two phases of normal growth separated by a ret-
rograde and decompressive event, and a final retrograde rim zoning
due to volume difftision. The first retrograde event was probably gener-
ated during the final syn-D2 cooling of the BSZ, and that of the rim as
the effect of nearby D4 shear bands. C-type gamets are typical in
most of the Lower Unit lithologies (Sil + Kfs zone), and exhibit smooth
chemical zoning profiles due to high temperature homogenization
(Tracy, 1982), (Fig. 5¢). Their compositions range Xy, = 0.70-0.89,
Xsps = 0.00-0.06, Xgrs =0.02-0.09 and X, =0.04-0.22. They can also
present an X, increase towards the rim, which can be interpreted in
the same way as in A-type gamets.

Chloritoid compositions are moderately rich in Fe, with Fe/
(Fe+Mg)=0.83-0.87. Chemical analysis of chloritoid used in thermo-
barometry is listed in the supplementary data (Table AS).

Syn-D1-D2 staurolite 1 porphyroblasts (M1-M2) are moderately
Mg-rich Fe-staurolites with Fe/(Fe +Mg) ranging between 0.78 and
0.88 and roughly decreasing with structural depth, which could be
interpreted as an effect of Fe/Mg partitioning between garnet and
staurolite with increasing temperature. Representative chemical analy-
ses of staurolites 1 are included in the supplementary data (Table AS).
Syn-D3-D4 (M3} new porphyroblasts of staurolite 2 and over-
grown rims on staurolite 1 porphyroblasts are Mg-poorer types
(Fe/(Fe +Mg)=0.87-0.92), which is probably related to retrograde
gamet consumption through reacion Grt+ AlS=St+Qz and to the
stability dependence of the Mg end-member on pressure.

Iimenite appears as elongated crystals in the S1 and S2 foliations.
It is progressively transformed into rutile at metamorphic grade
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higher than the biotite zone conditions. All the analyzed crystals are
Fe-rich ilmenites with minor MnTiO; content and some Ti0O, excess.
Chemical analyses of ilmenites used in thermobarometry are listed
in the supplementary data (Table A6).

6. “°Ar/3°Ar geochronology

In order to constrain the ages of the main thickening (D1) and exhu-
mation (D2} episodes, five slates with S1 foliation have been sampled
from the chlorite and biotite zones, as well as five slates and schists
from the biotite and garnet zones, the latter with S2 as the main folia-
tion. Both groups of samples (see Fig. 3 for location) were obtained
from the upper part of their respective structural levels, which are sup-
posed to cool earlier and closer in time to the age of the respective
tectonic process, preventing thermally induced argon diffusion (House
and Hodges, 1994; Vance et al,, 1998). For the same reason, the samples
were taken far away from any possible M3 overprinting effect and only
those withoutlatter crenulasionswere selected to avoid intra-crystalline
defect-enhanced diffusion in white micas (Hames and Cheney, 1997;
Kramar et al., 2001; Lee, 1995; Mulch et al., 2002). For analytical tech-
niques (Koppers, 2002; Koppers et al., 2000; lips et al,, 1998; Wijbrans
et al,, 1995), see supplementary data at Appendix B.

6.1. Sample description

AA 1-1 Middle Ordovician black slate from the M1 biotite metamor-
phic zone, 1500 m swructurally above the Armorican Quartzite.
It is formed by white mica, quartz, chlorite, ilmenite and some
graphite. The rock shows a fine-grained S1 slaty cleavage de-
fined by the orientation of the planar minerals.

Dark gray slate from the Middle Ordovician series sampled some

2800 m above the Armorican Quartzite, in the M1 chlorite meta-

morphic zone. It consists of white mica, quartz, ilmenite, chlorite,

and some graphite in a well-developed, fine grained S1 slaty
cleavage foliation.

Gray slate from the Middle Ordovician sequence, 3000 m above

the Armorican Quartzite, in the M1 chlorite zone. S1 foliation is

a very fine-grained slaty cleavage formed by white mica, quartz

and some chlorite and ilmenite.

AA 1-4 Gray slate from the Middle Ordovidan sequence, structurally
6000 m above the Armorican Quartzite, in the M1 metamorphic
zone of chlorite. S1 slaty cleavage is formed by white mica,
quartz, stilpnomelane and ilmenite. Some rounded clastc grains
of chloritized bio#ite are also present.

AA 1-5 Gray slate from the Early-Middle Ordovidan transition, collected
300 m above the Armorican Quartzite, approximately on the

AA1-2

AA1-3

Garnet C-type 2101

w1000

00
500 pm

Fig. 5. Chemical zoning of three garnets representative of the different types described in the text. (a) A-type. (b) B-type. (c) C-type.



biotite M1 isograd. The tectonic fabric is a S1 slaty cleavage
formed by white mica, quartz, sulpnomelane, chlorite and
ilmenite.

AA 2-6 Dark gray phyllite from the Early Ordovician sequence, sampled
some hundreds of meters below the Armorican Quartzite, in the
M1 gamet zone. It is composed of quartz, white mica, some
small gamet porphyroblasts and lepidoblastic biotite. Foliation
is a well developed S2 schistosity where lepidoblastic micas in
the matrix are surrounding the euhedral gamet crystals.

AA 2-7 Reddish-black slate from the Early-Middle Ordovician transi-
tion, sampled just above the Armorican quartzite, in M1 biotite
zone conditions. It consists of white mica, quartz, ilmenite and
some chlorite and graphite, with a well developed S2 slaty
cleavage.

AA 2-8 Gray slate from the Early-Middle Ordovician transision, a few
meters above AA 2-7 location in the M1 biotite zone. The S2
fabric is a slaty cleavage formed by white mica lepidoblasts,
quartz and some ilmenite and chlorite.

AA 2-9 Gray phyllite from the Early-Middle Ordovician transition, col-
lected in the M1 biotite zone, some tens of meters above AA
2-8 location. It is a white mica-rich metapelite with some
quartz, ilmenite and chlorite forming a thin but well developed
S2 schistosity.

AA 2-10 Light gray phyllite from the Early Ordovician series near the
Amorican Quartzite, in a shear zone affecting an overturned
fold limb. Metamorphic conditions are those of M1 biotite
zone. It is only formed by white mica, quartz and ilmenite. The
main S2 foliakon is a well developed crenulation cleavage, in-
cluding a few oriented micas inside thin quartz-rich domains
which are interpreted as relict S1. Intersecton criteria indicate
D2 top-to-the E shear sense.

6.2. Results

All the obtained ages properly correspond to pseudo plateau ages
with high MSWD values (Table 1), what is likely to expect from experi-
ments with Variscan slates. However, no significant old apparent ages
appear at the beginning or end of the heating experiments which
could be linked to important excess argon, and released 3°Ar in the
plateau steps is always >90%. Their high K/Ca rasos are indicative of
the white mica enriched nature of the samples, but variasions along
heating steps in most of the samples point to some mixture of Ar source
phases in the rock grains, probably as minor rests of chlorite and plagio-
clase. However, stepwise heating of the S1 samples (Fig. 6) yield 3°Ar dif-
fusion gradients with very slight upward-convex specwa, so no important
mixture of different white mica populations is expected (Wijbrans and
McDougall, 1986).

The variation between pseudo plateau ages of the samples AA 1-1
(329.02 £ 2.47 Ma), AA 1-2 (328.7942.09), AA 1-3 (326.78 + 2.69),
AA 1-4 (347.00£3.80Ma) and AA 1-5 (334.99-+2.95Ma), is
interpreted as owing to a long cooling history of the upper structural
levels above the D2 shear zone and only the 347 Ma age could be

Table 1
Summary of “*Ar/>*Ar dating results.

considered close to the syn-D1 crystallization age. Ar-loss ages as old
as 354 and 353 Ma obtained in the incremental heating of AA 1-4,
which is the structurally uppermost dated sample, may be tentatively
taken as an initial reference age. The ages on monazites of medium to
high grade rocks with S2 foliation from this same area coincide with
the younger part of this time span (337-326 Ma; U-Pb by TIMS)
which Escuder Viruete et al. (1998) interpreted as the beginning of
cooling close to the thermal peak of the rocks in the D2 shear zone.
Stepwise heating of samples with pervasive S2 schistosity shows a
clearer upward-convex specwa (Fig. 7), though it is slight enough to
be considered not significant. Pseudo plateau ages yield 319.39 +
224 Ma (AA 2-10), 319.12+£2.89 Ma (AA 2-9), 318.70+3.23 Ma
(AA 2-6), 317.94+ 3.50 Ma (AA 2-7) and 316.39+ 2.76 Ma (AA 2-8).
The low dispersion of results also points to a single and rapid syn-D2
episode of complete recrystallization of the white micas, close to the clo-
sure temperature of 350+ 30 °C (Lips, 1998; McDougall and Harrison,
1999), initiated around 327 Ma and finished at c. 316 Ma. All the sam-
ples correspond to the upper part of the BSZ except sample AA2-10,
which corresponds to an E-directed thrust affeciing a section of the
Upper Unit and which could be related to other, more internal late-D2
thrusts. Systemaic ages between 290 and 313 Ma obtained in the first
and last steps of incremental heating could be due to moderate rejuve-
nasion by Ar-loss episodes related to the intrusion of Variscan granitoids.

7. Thermobarometry

Pelitic and semipelitic rock samples from the garnet, staurolite 1, silli-
manite 1 and sillimanite + Kfs metamorphic zones were analyzed by
electron microprobe for mineral chemistry study and thermobarometric
calculations using avPT mode of THERMOCALC 3.21 (Holland and Powell,
1985, 1990; Powell and Holland, 1985, 1988) on the mineral composi-
sons which are supposed to correspond to the metamorphic peak condi-
wons (Table 2). Phase end-member activities were calculated using the
AX program (Holland and Powell, 1990). Garnet follows a 2-site mixing
model with ferric iron estimation on the basis of cations =8 for 12 ox-
ygens. Plagioclase is after model 1 in Holland and Powell (1992), all
iron as ferric. Ferric iron in Al-M1 ordered biotite is calculated upon
tetraedric + octaedric casions=6.9 for 11 oxygens, with a maximum
allowed ratio R;,,v=0.15. The mixing model of white mica is from
Holland and Powell (1998), with ferric iron estimation on tetraedric +
octaedric cations=6.05 for 11 oxygens and R,,,= 0.7. A 4-site ideal
mixing model, all ferrous assumed, is used in staurolite. Chloritoid is cal-
culated following a 2-site mixing model with ferric iron esiimated on 4
cations for 6 oxygens and R;;,.x=0.2. llmenite uses a 2-site ideal mixing
model with ferric iron on 2 cations for 3 oxygens. P-T-t paths (Fig. 8)
were drawn according to gamet chemical zonings, microtextural rela-
wonships and the petrogenetic grid for metapelites after Holland and
Powell (1998), which is not shown for clarity.

Four samples of schists from the structurally lower part of the M1
garnet zone were used for thermobarometric calculations. The garnet
compositions used in the considered mineral assemblages (Table A4)
correspond to those of lower Fe/(Fe +Mg) ratio, which are found

Sample Rock Foliation Metamorphic zone Apparent total gas age (Ma, 20) Plateau age (Ma, 20) WSMD % 3®Ar (in plateau)
AA 1-1 Slate S1 M1 biotite 330.18 £2.01 329.02+247 8.50 9957
AA 1-2 Slate S1 M1 chlorite 328.80+1.90 328.79+2.09 412 9232
AA1-3 Slate S1 M1 chlorite 32572 +1.89 326.78 +2.69 13.91 99.40
AA 1-4 Slate S1 M1 chlorite 343.81+204 347.00+3.80 29.86 9930
AA 1-5 Slate S1 M1 biotite 335.17+1.99 334.99+2.95 15.69 100.00
AA 2-6 Phyllite S2 M1 garnet 323.55+1.98 318.70+3.23 25.08 100.00
AA 2-7 Slate S2 M1 biotite 321.25+1.95 317.94 +3.50 26.79 98.83
AA 2-8 Slate S2 M1 biotite 319.59 +1.94 316.394+2.76 16.86 100.00
AA 2-9 Phyllite S2 M1 biotite 321.25+1.93 319.12+2.89 16.98 96.63
AA 2-10 Phyllite S2 M1 biotite 320.52+1.90 31939+224 7.30 100.00
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Fig. 6. Incremental heating “*Ar/>°Ar ages and pseudo-plateaux in white mica-enriched fractions from metapelites with S1 foliation.

near the rims of the A-type, syn-D2 porphyroblasts. Core compositions of
lepidoblastic syn-D2 muscovite (Table A1} and biotite, or the core com-
position of syn-D2 deformed biotite porphyroblasts were also used
(Table A2). When plagioclase was present, compositions with higher
Xanvalues were used (Table A3}, as this composition s considered to rep-
resent the syn-D2 final M1 conditions. llmenite (Table A6} was always
present as S2 oriented flakes. P-T results from the samples are listed in
Table 2. Average conditions are 7.2+ 1.6 kbar and 494 +-71 °C.

Another four samples of schists from the ssructurally upper partof the
M1-M2 staurolite 1 zone and two samples from its lower part were also
used. A-type garnet, muscovite, biotite, plagioclase (when present) and
ilmenite compositions were selected following the same criteria as for
samples from the gamet zone. Near rim composition of chloritoid and
core (M1) compositions of staurolite 1 were used in some samples
(Table AS). Pure TiO, ideal compositions were used for rutile when this
mineral is present in the rocks. The average results for the samples

from the top of the staurolite 1 zone are 8.1+ 1.8 kbar and 615+
56 °C; and those for the samples from near its base are 8.941.2 and
658+ 57 °C.

In the M2 sillimanite 1 zone, A-type garnet, muscovite, biotite, plagio-
clase, ilmenite, rutile and staurolite 1 compositions were selected follow-
ing the same criteria as in garnet and staurolite 1 zones; except for C-type
gamet in sample 19, which composition was taken from the low Fe/
(Fe +Mg) homogenized core. Calculadons using alternauively sillimanite
or kyanite led to small differences in P-T conditions and they both were
always projected in the kyanite stability field, so kyanite was used for
final calculations. THERMOCALC estimates yielded 9.44 1.1 kbar and
687425 °C for the swucturally upper part of the metamorphic zone
and 8.4+ 1.1 kbar and 676 426 °C for the lower one.

For the M2 sillimanite 4 Kfs zone, two samples from near its top were
used and another two from near the M3 sillimanite 4 cordierite + Kfs
zone. The mineral association in the structurally upper part includes
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Fig. 7. Incremental heating “®Ar/>®Ar ages and pseudo-plateaux in white mica-enriched fractions from metapelites with S2 foliation.

B-type garnet, which near rim lower Fe/Mg composition was taken. Near
rim compositions of granoblaswic biotites, ilmenites and plagioclases were
also used, together with pure compositions for rutile and sillimanite, and
core compositions of S2 oriented muscovites, which are supposed to be
new late-D2 lepidoblasts formed just after partal melting reaction to
produce Sil+ Kfs. THERMOCALC yielded condidions around 5.9+
1.4 kbar and 659+ 105 °C. In the higher metamorphic grade part, ho-
mogenized core compositions of C-type garnet were used together
with high X, plagioclase and low Fe/Mg biotite compositions, analyzed
ilmenites and pure stoichiometric rutile and sillimanite. The calculated
conditions are around 7.5 4- 1.6 kbar and 746494 °C.

P-T condimons of the sillimanite + Kfs zone and the higher grade part
of the sillimanite 1 zone are lower than those of the rocks structurally just
above. This is interpreted as an effect of diachronism in the equilibrium
from M1 to M2 and between the different M2 associations along the
decompressive and retrograde late-D2 path of the rocks.

8. P-T-t paths

The evolution of the crustal section, as derived from the P-T-t
paths, shows a complex succession of processes (Fig. 8). The ages of
S$1 fabrics ranging 354-347 Ma probably correspond to D1 thickening
in this area. Maximum pressures achieved during D1 thickening had
to be somewhat higher than Py calculated for peak conditions in
garnet, staurolite 1 and sillimanite 1 zones rocks, as the A-type garnet
compositions used are those of near rim lower Fe/Mg ratio instead of
those with higher X, values found in the garnet cores. The pressure
conditions calculated for the rocks from the garnet zone yield around
7 kbar at the Armorican Quartzite level during initial D2. The Upper
Unit above the Armorican Quartzite is only 6 km thick and F1 folds
are scarce. This implies a burial depth at least 12-15 km larger than
D1 could produce by its own, even considering a S0% of thickening.
Around a 70% of thickness can be explained by the emplacement of



Table 2

Resume of mineral associations and thermobarometric results.

Average values (0=1)

Metamorphic zone Sample  Mineral paragenesis P (Kbar) T (°C) Corr. P (Kbar) T (°C) Corr.
M1 garnet 07 Bt+Ms+Grt (A)+1lm+Qz 75+14 491469 0.213
08 Bt+Ms+Grt (A)+1lm+Qz 76+23 487190 0.110
Base 25 Bt+Ms+Grt (A)+PI+1Im+Qz 77+15 511+63 0611 72+16 494171 0.428
26 Bt+Ms+Grt (A)+PI+1Im+Qz 6.0+1.1 488+62 0.777
M1-M2 staurolite 1 Top 09 Bt+Ms+Grt (A)+St+1lm+Qz 82+17 612+60 —0.264
10 Bt+Ms+Grt (A)+St+Rt+I11m+Qz 87420 673+74 —0.365
18 Bt+Ms+Grt (A)+St+Rt+I11m+Qz 66+1.7 574458 —0323 81+18 615+56 —0.177
12 Bt+Ms+Grt (A)+St+Ctd +Rt+1Im+Qz 90+19 601431 0.246
Base 13 Bt+Ms+Grt (A)+St+PI+Rt+I1lm+Qz 8.8+12 666457 0523 89412 658457 0.587
14 Bt+Ms+Grt (A)+St+PI+Rt+1m+Qz 90+1.2 649457 0.650
M2 sillimanite 1 (M1 kyanite)  Top 15 Bt+Ms+Grt (A)+St+Ky+PI+Rt+1lm+Qz 9.8+1.2 699+29 09807 94+11 687425 0.865
16 Bt+Ms+Grt (A)+St+Ky+PI+Rt+1lm+Qz 88+1.1 671+24 0.937
17 Bt+Ms+Grt (A)+Ky+PI+Rt+1m+Qz 9.7+10 692+22 0.750
Base 18 Bt+Ms+Grt (A)+Ky+PI+Rt+1m+Qz 83+1.1 677+23 0769 84+11 676+26 0.771
19 Bt+Ms+Grt (C) +Ky+PI+Rt+11m+Qz 84+14 674129 0.773
M2 sillimanite + Kfs Top 23 Bt+ Grt (B)+Sil+PI+Rt+1Im+Qz 654+14 6704105 0714 59414 6594105 0.700
24 Bt+ Grt (B)+Sil+PI+Rt+1Im+Qz 53413 6484104 0.686
Base 21 Bt+ Grt (C)+Sil+PI+Rt+1Im+Qz 754+£17 7444136 0788 75416 746+94 0.488
22 Bt+ Grt (C)+Sil+PI+Rt+1Im+Qz 754+£15 747451 0.187
16 T
Sil + Kfs

P{kbar]

T(°C)

Fig.8. Diagram showing the P-T-t paths deduced for the metamorphic zones, the age ranges for the different tectonothermal processes and the metamorphic gradients as discussed
in the text. Proposed ages considering “®Ar/>*Ar data from this work and U-Pb ages in monazites from Escuder Viruete et al. (1998). The 285 Ma age of post-kinematic granites is
after Bea et al. (20039). Metamorphic-peak P-T conditions correspond to average values of rock samples near the top (circles) and near the base (squares) of the metamorphic
zones. P-T conditions after Barbero and Villaseca (2000) for the eclogites from the Iower Unit are represented as (B&V 2000). The path of the Sil+ Kfs zone is divided into a
rapid cooling evolution of the top, affected by the BSZ and that of the deep levels below. Stability fields are from Holland and Powell (1998).

an allochthonous nappe and/or its correlative synorogenic deposits.
This is represented by a change in the P T gradient of the garnet zone
path during D1. The metamorphic gradient of the upper part of the
thickened crust at the end of D1, calculated on the basis of the P-T con-
ditions of the gamet zone, is around 23 °C/lan; while the mean crustal
gradient after the M1 Py —Tmax conditions calculated by Barbero and

Villaseca (2000) for retroeclogite boudins found in the Lower Unit
(14 kbar and 750 °C), is around 18 °C/km.

However, the metamorphic field gradient in the BSZ calculated
through the peak conditions of the gamet, staurolite 1 and the M1 kyanite
(M2 sillimanite 1 zone) P-T conditions is around 33-36 °C/lan, higher
than the mean crustal gradient at the end of D1, and less than should

Fig. 9. Sketch showing the proposed evolution from the end of the subductive stage to advanced collisional stages through the oblique/lateral emplacement of an allochthonous
nappe between 360 and 340 Ma. The nappe emplacement produced thickening and southwards subhorizontal deep-seated shearing and ductile flow. At about 320 Ma, northwards
extension of the thickened pile was related to orogen-parallel uplift of high grade domes forming a metamorphic core complex-like system while new basement slices were incor-
porated orthogonally by underthrusting. The structure of the south CIZ, OMZ and SPZ is modified after Simancas et al. (2001, 2003). Abbreviations as in Fig. 1.
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be expected for a crustal extension regime. It likely points to a ductile
thinning process (Ring et al, 1999} during the initial development of
the BSZ and to a top-to-the-SE directed ductile subhorizontal flow of
the medium and high grade rocl<s during initial D2, in a similar way to
the upper zone of the channel flow system proposed by Beaurnont et al.
(2001) for the Hirnalayas, but under oblique escape movement respect
to the underthrusting crust. The younger S1 ages ranging between 335
and 327 Ma are very close to the U-Pb ages obtained in higher grade
rocks with S2 foliations (Escuder Viruete et al, 1998), which suggest
the resetiing of the S1 foliations under slow cooling in the uppermost
levels while the deep-seated BSZ was developing in lower swuctural
levels. Small X;rs diminusions accompanied by strong Fe/Mg decays are
recorded by the chemical zoning of A-type garnets, and indicate a low
rate of exhumation at the end of M1, which is compatible with a very
low dipping swucture. The outermost rim microns in A-type gamets
often show one or two small Xgrs peaks that could be related to the em-
placement of thrust nappes above the rocks during at least the last part
of the process.

After M1, syn-D2 evolution is characterized by destabilization of gar-
net and kyanite. The decompressive and then retrograde paths of the
Upper and Middle units led parts of the former M1 kyanite and stauro-
lite 1 zones to the stability field of sillimanite (sillimanite 1 zone) and
finally to andalusite stability condisions. This implies the removal of a
12-15 km column of rock from above the garnet zone level; most prob-
ably from levels even shallower, as there are no regional subtractive
structures preserved above. In the high grade rocks of the Lower Unit,
gamet-bearing assemblages are stable at lower pressures than those
registered in the Middle Unit, suggesting that they probably correspond
tolate D2 stages of the crustal section evolution. This implies a near iso-
thermal decompression of at least 19-20 km during D2 deformation.
Assuming the removal of the 12-15 km overburden from above, an in-
ternal thinning of 4-8 km can be deduced only in the BSZ. Syn-D2 de-
stabilizasion of muscovite in the migmantic gneisses from the Lower
Unit indicates that Ms-out conditions were reached, but cordierite-
bearing migmatites are only present in the lowermost structural levels
of the high-grade core of the dome. Small new pressure increments are
in relasion to late-D2 thrust sheets, probably emplaced around 319 Ma,
stacking migmabitic gneisses of the Lower Unit over the not migmasized
rocks of the Middle Unit. The mean crustal thermal gradient calculated
from the P-T conditions of Sil + Kfs samples towards the end of D2 is
around 33-37 °C/km, which is very close to that of the BSZ at the begin-
ning of D2, and points to a thermal homogenization process. Swong
exhumation and cooling of the medium grade rocks associated to the
oblique overprinting of the M2 thermal structure on the M1 zones were
probably produced during the domal uplift of the previously buried and
heated mountain roots. The youngest “°Ar/3°Ar ages of S2 foliations are
¢. 316 Ma and the oldest post-S2 granitoids are dated c. 315 Ma (Bea et
al,, 2009 and references therein), so this is a very accurate limit for the
ending of D2 and M2 and for the beginning of D3 in this region, as it
also occurs in other parts of the Iberian Massif (Valle Aguado etal., 2005).

A new small clockwise loop occurred during D3 and D4 (M3-M4)
evolution of some roclcs of the Upper and Middle units. D3 folding did
not produce a significant thickening effect, as there is not a second gener-
ation of kyanite, nor a post-D2 episode of gamet growth. The final syn-D4
branch of the P-T-t trajectories correspond to the last activity of ducuile
normal and normal oblique-slip shear bands, some of them cross-
cuteing post-tectonic granites, aged 300-295 Ma, or their thermal aure-
oles. New crystallization of post-S2 staurolite 2, andalusite and sillimanite
2, developed in D3 and D4 hinge zones, S3, S4 and C planes. Relict meta-
stable kyanite was sometimes transformed directly into andalusite and
this one is partially overgrown by fibrolite. Rewrograde recrystallizasion
of the Lower Unit continued during D3 with extensive transformation of
gamet to biotite + sillimanite 2 and finally during D4. The M3 set of
isograds on the Upper and Middle units is located close to the high-
grade outcrops of the Lower Unit, and is roughly parallel to D3 axial wraces,
though low-dipping M3 zones are oblique to steeply-dipping D3 axial

surfaces. This thermal spilce may be related to the thermal relaxation
after D3 folding of the thermal swructure of the dome, to the heating in-
duced by large granite inscusions or to both. Mulsiple thermal peaks are
characteristic of tectonic unroofing in metamorphic terranes (Whimney
and Dilek, 1998).

9. Discussion and conclusions

The main thickening episode D1 occurred at around 354-347 Ma in
this region. P-T conditions established from rocks of the garnet zone
imply a burial depth considerably larger than the Upper Unit could
have produced by thickening linked to D1 folding alone. Most of this
depth can be explained by assuming an overlying allochthonous
nappe and perhaps synorogenic deposits coeval with its emplacement,
subsequently removed by extension. The main allochthonous complex
of the Iberian Massif is known as the Galicia-Tras-os-Montes Zone
(GTMZ). It was thrust upon the CIZ and is preserved in the NW part of
the massif (Fig. 1). The GTMZ is formed by allochthonous units derived
from the Gondwanan external margin and by far-sraveled terranes,
including ophiolites and high-pressure rocks (Arenas et al., 1986),
which were emplaced parallel to the orogenic wend marl<ed by the
Ibero-Armorican arc (Gémez Barreiro et al., 2007; Martinez Catalan,
1990; Martinez Catalan et al., 2007). The GTMZ can be correlated to
other allochthons widely represented in the Variscan belt of Central
Europe (Martinez Cataldn, 1990; Martinez Catalan et al, 2007; Matte,
1991). Its thiclmess reached in NW Iberia around 20 km (Martinez
Cataldn et al,, 2007). The “°Ar/3°Ar age of its basal thrust is approxi-
mately 343 Ma (Dallmeyer et al., 1997}, which is also consistent with
the D1 ages obtained in the Somosierra region. We propose that the em-
placement of a thick GTME nappe around 347-343 Ma may explain the
crustal thickening and regional Barrovian metamorphism in the inter-
nal zones of the Iberian Massif. The same approach has been used to
model similar initial P-T conditions in the autochthon of NW Spain by
Alcock et al. (2009}, although there, it is s&rongly supported by the prox-
imity of the GTMZ to the modeled areas.

The maximum burial depths in the CIZ are related to M1 and reswicted
to an axial fringe parallel to the orogenic wend. It can be waced from close
to the GTMZ in the NW (Alcock et al., 2009) to the studied area. This fact,
and the absence of nappes other than the GTMZ, suggest SE-directed em-
placement of a tongue-shaped nappe subparallel to the orogenic wend,
consistent with D2 regional tectonic wransport directions. Alternabsively,
the tongue-like shape of the allochthon can be explained as being due
to or enhanced by D3 folding in the core of the Central Iberian arc
(Aerden, 2004; Martinez Cataldn, 2011; Staub, 1926).

Both interpretations are consistent with oblique dexral continental
convergence (Carosi and Palmeri, 2002; Carosi et al., 2009; Corsini and
Rolland, 2009; Schulmann and Gayer, 2000; Shelley and Bossiére,
2000). Also in both hypotheses, the mechanism of emplacement may
be related to lateral escape tectonics, gravitational spreading (Aerden,
2004) or a combination of both (Fig. 9).

SE-directed ductile flow, development of late NW-directed detach-
ments and buoyant uplift of thermally weakened crust explain the
main features of the D2 decompression. The latter includes |P/HT (M2)
overprinting of the M1 Barrovian zonation, uplift of the orogenic roots,
individualization of gneiss domes (Doblas, 1991; Doblas et al,, 1994;
Escuder Viruete et al., 1994; Martinez et al., 1988), which are aligned
towards the GTMZ in a core complex-like system parallel to the orogenic
trend, and the large volume of anatectic granitoids (Fig. 10). A set of NW-
directed extensional detachments bracketed between 323 and 314 Ma
and previous to upright folding is preserved in the GTMZ allochthon
(Go6rmez Barreiro etal., 2007; Martinez Cataldn et al., 2007), and it is coe-
val with the obtained 327-316 Ma “°Ar/3°Ar ages of extension in the ICS.
E-W extension in the nearby Mondofiedo Nappe was probably active be-
tween 325 and 300 Ma (Martinez Catalan et al., 2003 and references
therein). This main decompressive episode is also consistent with the
325-315 Ma age of the correlative process in other patts of the southern
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Fig. 10. Proposed model to explain the tectonothermal evolution of the ICS cross-section from D1 to D4 stages. The sketch shows the relationships between the main tectonic pro-

cesses and the successive overprinting of metamorphic zonings.

Variscan Chain, such as the French Massif Central, where late post-
metamorphic thrusts (Cassard et al., 1993) or gravitational nappes
(Aerden, 1998; Aerden and Malavieille, 1999} are also described; or
the Variscan basement of Sardinia, where syn-D2 shearing and exhu-
mation have been dated in 320-315 Ma (*°Ar/*°Ar laser ages of white
micas; Di Vincenzo et al., 2004) or c. 320 Ma (U-Th-Pb by (ELA }-ICP-MS
in monazites; Carosi et al., 2012).

While the thermally weakened mid-lower crust was undergoing
orogen-parallel extension and decompression, deep-seated deforma-
tion propagated towards more external orogenic zones. The implied
understacking of new lithospheric slabs decoupled from the extending
domain explains the absence of astenospheric mantle uplift in cases
like these (Block and Royden, 1990; Meissner and Mooney, 1998;
Thompson and McCarthy, 1990}, where peak temperature conditions
were achieved prior to the main phase of decompression. The absence
of Variscan zircons prior to 312 Ma in the granulisic lower crust of the
ICS (Fernandez-Sudrez et al., 2006) confirms the late underthrusting
of crustal units not previously recrystallized in Variscan times.

After D3 upright folding and D4 localized flattening about domal
swuctures occurred under M3, LP/HT conditions, D4 (or regionally
equivalent) extensional shear bands with strike-slip components
(Herndndez Enrile, 1991; Macaya et al, 1991; Martinez et al.,, 1996;
Valle Aguadoetal., 2005) completed emplacement of the allochthonous
slab and exhumation of the high-grade rocks of the orogenic root.
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