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Orogenic curvature is a ubiquitous feature of mountain belts, and the plate tectonic and geodynamic setting re-
sponsible for the development of curved orogens is a subject of debate. In order to distinguish between different
models of orocline formation it is necessary to tightly constrain the absolute timing of oroclinal development.
However, determining the absolute (isotopic) timing of oroclinal bending is challenging. The most direct method
available to constrain the time interval during which an orocline formed is to obtain absolute age constraints on
fabrics generated within syn-orocline strike-slip shear zones that accommodated rotations around a vertical axis

Keywords: . . . -
Ar-Ar geochronology during the development of crustal or lithospheric scale orogenic curvature. Here we present a data set of
Orocline 4OAr/*°Ar ages obtained from five shear-zones, some of which display curved traces parallel to the Cantabrian

Iberia Orocline structural grain in NW Iberia and are interpreted to have been generated coevally to it. The “°Ar/>°Ar
Shear zones ages were obtained by laser-rastering induced step-heating on single muscovite crystals that grew
synkinematically during shearing. All five samples yielded ages that cluster tightly at 308 4+ 3 Ma providing direct
evidence for the age of oroclinal bending. This age is consistent with the age constraints obtained from paleomag-
netic and structural data that place the onset of oroclinal bending in Moscovian times. Our “°Ar/*°Ar age deter-
minations therefore provide a reliable absolute constraint on the age of buckling of the Variscan orogen
around a vertical axis and provide further evidence that oroclinal bending is unrelated to Variscan conver-
gence/collision or the subsequent extensional collapse of the mountain belt.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction etal, 2010, 2013). Arguably the most studied curved orogenic system

is that formed by the coupled oroclines of the West European Variscan

Oroclines are drawing increasing scientific attention driven by the
realization that they are widespread in mountain belts and involve the
whole lithosphere (e.g. Johnston et al., 2013 and references therein).
As a consequence, unraveling the kinematics and chronology of an
orocline is an essential first step in understanding a curved orogen
and its attendant tectonic evolution and significance. Curved mountain
belts have been identified world-wide and their genetic relation to plate
tectonic processes remains controversial (see Gutiérrez-Alonso et al.,
2004, 2008; Johnston et al., 2013; Maffione et al., 2009, 2010, 2013;
Marshak, 2004; Rosenbaum et al., 2012; Van der Voo, 2004; Weil
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Belt (WEVB) that form the Iberian-Armorican Arc (Argand, 1924;
Bard et al., 1968; Carey, 1955) including the Cantabrian Arc or Orocline
(Gutiérrez-Alonso et al., 2012; Weil et al., 2013) and the Central Iberian
Arc or Orocline (Aerden, 2004; Martinez-Catalan, 2011, 2012; Shaw
etal., 2012) (Fig. 1A).

The origin, timing and kinematic development of the Cantabrian Arc
as a lithospheric-scale buckle, has been discussed over the past 25 years
and many hypotheses and models have been proposed to explain its
curvature as having formed prior to (e.g. Arthaud and Matte, 1977;
Ribeiro et al., 2007) or coeval with Variscan orogenic development
(e.g. Kroner and Romer, 2013; Martinez Catalan et al., 2007;
Martinez-Catalan, 1990; Martinez-Garcia, 2013; Sengér, 2013;
Simancas et al., 2005, 2013) or postdating it (e.g. Gutiérrez-Alonso
et al., 2004, 2008; Martinez-Catalan, 2011, 2012; Pastor-Galan et al.,
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Fig. 1. (A) Main architecture of the Iberian-Armorican Arc in the West European Variscan Belt depicting the major Late-Variscan strike-slip shear zones studied in this paper. Stars indicate
the sampling locations described in the text. Figure modified from Martinez-Cataldn (2011) and Shaw et al. (2012). (B) Conceptual model of shear zone generation during oroclinal buck-

ling (Gutiérrez-Alonso et al., 2008).

2011; Shaw et al., 2012; Weil et al., 2001, 2013). Extensive paleomag-
netic data constrain the orocline development to uppermost Carbonifer-
ous times (from Moscovian to latest Gzhelian times; ~310-299 Ma)
(Van der Voo et al., 1997; Weil et al., 2000, 2001, 2010, 2013). Addition-
ally, chronologically constrained structural data have been used to con-
strain the relative timing of buckling in the Cantabrian Arc, including
calcite twin analysis by Kollmeier et al. (2000), and fracture analysis
by Pastor-Galan et al. (2011). However, all of these studies rely on the
assumed relative timing of magnetization acquisition, or the age of
syn-tectonic sediment deposition for bracketing the age and extent of
oroclinal buckling. This approach could only be performed in the core
of the Cantabrian Arg, as it is the only place where suitable rocks for
this kind of analysis have been found. Other studies have dated intrusive
rocks to constrain the age of other geological phenomena interpreted to
be related to orocline formation (see ahead).

In order to provide absolute age constraints on the timing of defor-
mation, and to link the evolution of the external part of the arc with
the better constrained kinematics of its core, we have undertaken a
4OAr/2%Ar geochronologic study of a large-scale strike—slip shear zone
system that is interpreted to have accommodated lithospheric scale
oroclinal bending at the mid- to upper-crustal levels (Fig. 1). The
40Ar/29Ar chronometric data presented here, as well as existing

geochronologic and structural data from other large scale strike-slip
faults from the WEVB (e.g. Ballévre et al., 2009; Le Carlier de Veslud
et al.,, 2013; Tartese et al., 2011; Turrillot et al.,, 2011), are consistent
with the strike-slip shear zones having been active during orocline for-
mation as constrained by existing structural and paleomagnetic studies,
and strengthen the interpretation of the Cantabrian Arc as a secondary
orocline (Carey, 1955; Johnston et al., 2013; Weil and Sussman, 2004).

2. Geological background

The WEVB is part of the mostly Carboniferous orogenic system that
extends from Central Europe (Variscan) into North America (Appala-
chians and Ouachitas) and northwest Africa (Mauritanides). The origin
and evolution of the WEVB in Iberia is well constrained and includes
building of the orogenic architecture in a time span of ~45 Ma, from ini-
tial subduction of the Gondwanan passive margin at ~365 Ma to exten-
sional collapse of the main orogen at ~320 Ma (e.g. Costa et al., 2014;
Diez Balda et al., 1995; Martinez Catalan et al., 2007; Pereira et al.,
2009, 2012; Simancas et al., 2005). Questions remain regarding the
subsequent tectonic modification of the belt that took place in Late
Pennsylvanian and earliest Permian times, commonly referred to as
“Late Variscan”. The so called Late Variscan is not commonly
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interpreted as a major tectonic event, despite this time interval being
characterized by the following: a) voluminous magmatism across
the entire orogen, including the foreland (Fernandez-Suarez et al.,
2000; Gutiérrez-Alonso et al., 2011a; Orejana et al., 2012 and refer-
ences therein); b) low-P/high-T metamorphism (e.g. Arenas and
Martinez Catalan, 2003; Buck et al., 1988; Ferndndez Suarez, 1994;
Martinez and Rolet, 1988); ¢) widespread genesis of Au, Sb-Hg, and
W-Sn mineral deposits (e.g. Cepedal et al., 2013; Martin-Izard et al.,
2000, 2009); d) extensive partial melting and HT metamorphism of
the lower crust (Fernandez-Suarez et al., 2006; Orejana et al., 2011);
e) buckling of the Cantabrian Arc (Weil et al, 2001, 2010, 2013);
f) lithospheric mantle replacement (Gutiérrez-Alonso et al., 2011b;
Pereira et al., 2012, in press); and g) a complex array of sub-vertical
strike-slip shear zones with abundant well-preserved mylonites and
other shear-related fabrics. This study focuses on the chronology of Late
Variscan shear zones in the context of a model of regional oroclinal buck-
ling that involves the entire lithosphere (see Gutiérrez-Alonso et al., 2004,
2012; Weil et al.,, 2013 and Johnston et al., 2013 for a summary the
oroclinal lithospheric models).

The geologic framework of the WEVB is dominated by the curved ge-
ometry of the main crustal structures (e.g., traces of thrusts, fold axial
plane traces and extensional detachments) previously formed during
the continental collision that attended the closure of the Rheic Ocean
(Fig. 1) and subsequent intra-orogenic extension. In northern Iberia
the main structures of the Cantabrian Arc trend E-W to NNE-SSW,
intersecting the Cantabrian Sea coastline, whereas in central Iberia the
structures rotate progressively towards a WNW-ESE orientation. The
Late Variscan shear-zones overprint the main structural grain, and
form a similar, but more open, curved pattern. Dextral strike-slip
shear zones are predominantly sub-parallel to the main Variscan struc-
tures, although the most prominent one (the N-S trending Porto-Tomar
shear zone) is oblique to them. In contrast, most of the sinistral shear
zones are oriented oblique to the main structural grain (Fig. 1A).
These shear zones have been variously interpreted as follows: 1) part
of a major dextral shear zone between the Appalachians and the Urals
(Arthaud and Matte, 1977); 2) the result of a corner effect during conti-
nental collision (Brun and Burg, 1982); 3) escape structures around a
rigid indenter, which is inferred to form the core of the Cantabrian Arc
(Dias and Ribeiro, 1995; Ribeiro et al., 2007); 4) a response to a N-S
compressive stress field (Marques et al., 2002); 5) large-scale structures
that accommodated oblique (dextral) convergence between Gondwana
and Laurussia (Martinez-Catalan, 2011; Shelley and Bossiére, 2002);
and finally 6) the result of dominantly dextral shear and less pervasive
conjugate sinistral shearing attributable to the oroclinal buckling that
gave rise to the Cantabrian Arc (Fig. 1B) (Gutiérrez-Alonso et al., 2004,
2008).

Individual greenschist-facies shear zones within the larger WEVB
shear zone system (Fig. 1B) preserve a pervasive foliation that over-
prints previously deformed and metamorphosed sedimentary and igne-
ous rocks producing phyllonites and mylonites that are commonly
characterized by well developed S-C fabrics. All the shear zones in this
study are characterized by syn-kinematic muscovite, which in most
cases formed at the expense of magmatic biotite or biotite that had de-
veloped during earlier regional metamorphic events. Quartz c-axis stud-
ies in some shear zones (Gonzalez-Clavijo, 1990) reveal low to medium
temperature conditions (350-400 °C) during shear zone development.
All shear zones are characterized by the presence of abundant kinematic
indicators (see representative microphotographs in Fig. 2).

The relative timing of major WEVB strike-slip shear zones was previ-
ously constrained to ca. 315-295 Ma using structural relations with gran-
itoid plutons of known age that were either deformed by the shear zones
or cut cross them (Aguado et al., 2005; Gutiérrez-Alonso et al., 2011a,b;

Martins. et al., 2011; Pereira et al., 2010; Valverde-Vaquero et al., 2007)
although the age constraints were not linked to the orocline formation.

3. Sampling and analytical procedures

For this study, samples were collected from within five of the main
ductile shear zones of NW Iberia, in rocks with pervasive sub-
horizontal lineation and sub-vertical shear-mylonitic related foliation.
Sampling was focused on those rocks in which muscovite grew in the
foliation planes syn-kinematically with strike-slip shear deformation
(Fig. 2) or strongly deformed and retrogressed as mica-fish (Lister and
Snoke, 1984). All the studied samples were chosen after detailed
screening using thin sections where the nature of the white micas in
the foliation planes could be established as syn-kinematic. Examples
of representative thin section microphotographs from surfaces normal
to shear foliation and parallel to the stretching lineation are shown in
Fig. 2. Most of the syn-kinematic muscovite grains are attributable
to retrogression of biotite grains during shear development, intense
deformation of previous muscovite large grains and/or muscovite
porphyroblast growth.

Five fresh samples, representative of the main ductile shear zones
(location in Fig. 1, coordinates in the sample description section) were
selected for “°Ar/3°Ar dating. Unaltered, optically transparent, 200-
1000 pm-size muscovite grains were separated from these samples
and those selected for analysis were hand-picked under a binocular mi-
croscope and thoroughly rinsed with distilled water in an ultrasonic
cleaner.

The samples were loaded into 5 large wells of a 1.9 cm diameter and
0.3 cm depth aluminium disc. The Hb3gr hornblende standard was used
as a neutron fluence monitor, for which an age of 1074 &+ 4 Ma was
adopted at the time of the measurement and a good in-between grain
reproducibility has been demonstrated (Jourdan et al., 2006). The
discs were Cd-shielded (to minimize undesirable nuclear interference
reactions) and irradiated for 30 h in the Hamilton McMaster University
nuclear reactor (Canada) in position 5C. The weighted-mean J-value
computed from standard grains within the small pits is 0.010622 +
0.000042 (0.40%). Mass discrimination was monitored using an auto-
mated air pipette and provided values ranging from 0.9986 + 0.0032
to 1.0018 4 0.0042 per Dalton (atomic mass unit). The correction
factors for interfering isotopes were (*°Ar/*’Ar)c, = 7.30 x 10~4
(£11%), (C5Ar/27Ar)ca = 2.82 x 1074 (£1%) and (*°Ar/*°Ar)x =
6.76 x 1074 (£32%).

The “°Ar/*°Ar analyses were performed at the Western Australian
Argon Isotope Facility at Curtin University, operated by a consortium
consisting of Curtin University and the University of Western
Australia. Each sample was run using a single-grain of muscovite. The
samples were step-heated using a 110 W Spectron Laser Systems,
with a continuous Nd-YAG (IR; 1064 nm) laser rastered over the sample
during 1 min to ensure a homogenously distributed temperature. The
gas was purified in a stainless steel extraction line using a GP50 and
two AP10 SAES getters. Argon isotopes were measured in static mode
using a MAP 215-50 mass spectrometer (resolution of ~600; sensitivity
of 2 x 10~ ¥ mol/V) with a Balzers SEV 217 electron multiplier mostly
using 9 to 10 cycles of peak-hopping. The data acquisition was per-
formed with the Argus program written by M.O. McWilliams and ran
under a LabView environment. The raw data were processed using the
ArArCALC software (Koppers, 2002) and the ages have been calculated
using the decay constants recommended by Steiger and Jdager (1977).
Blanks were monitored every 3 to 4 steps and typical “°Ar blanks
range from 1 x 107 '® to 2 x 10~ '® mol. Ar isotopic data and errors
corrected for blank, mass discrimination and radioactive decay are
given in Tables 1-5 at the 10 level. Our criteria for the determination

Fig. 2. Photomicrographs of the studied samples of mylonites. All thin sections were cut normal to the shear foliation and parallel to the stretching lineation observable in the rocks. For all
samples shear foliation is defined by muscovite and abundant kinematic criteria (mica-fish, S-C fabrics, etc.) can be observed.
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Table 1
Sample IH-03.

This table includes the laser power, the relative abundances of all argon isotopes, the percentage of radiogenic “°Ar, the percentage of >*Ar and the individual apparent ages for each step.
Plateau ages are given for each sample, below. Note that all ages have been measured with the constants of Steiger and Jdger (1977). Plateau ages recalculated with a new set of decay
constants proposed by Renne et al. (2010) are given in the text and in Fig. 3 which shift all apparent ages by + 1%. Laser intensity intervals with * have not been used for the plateau

age calculations.

Laser intensity (%) 3°Ar + 10 3Ar + 10 38Ar + 10 3%Ar + 10 OAr + 10 AOAT* (%) %Arg (%) Age + 20 (Ma)
IH-3 ] = 0.0106220 4 0.0000425
56.20W* 0.000086 0.000003 0.000237 0.000013 0.000038 0.000002 0.000512 0.000007 0.014250 0.000066 79.53 0.23 268.84 4-81.88
56.50W* 0.000082 0.000003 0.000248 0.000011 0.000031 0.000002 0.000608 0.000003 0.015882 0.000071 94.51 0.27 31024 £69.74
57.20W* 0.000094 0.000006 0.000280 0.000007 0.000079 0.000005 0.004013 0.000028 0.075077 0.000158 93.74 1.81 290.52 416.26
57.50W 0.000084 0.000005 0.000267 0.000013 0.000051 0.000004 0.001789 0.000013 0.036742 0.000116 96.18 0.80 304.16 +34.17
57.80W 0.000090 0.000006 0.000250 0.000009 0.000054 0.000004 0.001912 0.000008 0.038277 0.000100 96.55 0.86 299.00 +34.42
58.20W 0.000082 0.000003 0.000275 0.000011 0.000057 0.000005 0.002890 0.000026 0.055408 0.000144 100.00 1.30 308.18 +£5.77
58.50W 0.000085 0.000005 0.000277 0.000008 0.000118 0.000003 0.008278 0.000042 0.149310 0.000248 100.00 3.74 306.62 £3.52
58.60W 0.000082 0.000003 0.000250 0.000012 0.000083 0.000006 0.005003 0.000036 0.091715 0.000146 100.00 2.26 30546 +4.52
58.70W 0.000088 0.000005 0.000225 0.000011 0.000070 0.000002 0.004376 0.000035 0.080053 0.000137 97.78 1.98 296.70 £17.05
59.20W 0.000085 0.000003 0.000296 0.000013 0.000076 0.000005 0.003931 0.000019 0.073641 0.000197 99.04 1.77 305.39 +16.03
59.50W 0.000090 0.000003 0.000298 0.000007 0.000125 0.000005 0.008208 0.000045 0.148845 0.000232 98.49 3.71 303.93 +842
59.70W 0.000081 0.000004 0.000238 0.000017 0.000140 0.000006 0.008654 0.000031 0.157538 0.000150 100.00 391 309.76  42.83
60.00W 0.000080 0.000003 0.000241 0.000008 0.000292 0.000009 0.021411 0.000069 0.380228 0.000492 100.00 9.69 307.65 £2.69
60.20W 0.000077 0.000004 0.000225 0.000008 0.000607 0.000013 0.049105 0.000133 0.860364 0.000966 100.00 22.23 305.78 +244
60.10W 0.000092 0.000003 0.000283 0.000009 0.000414 0.000005 0.031192 0.000110 0.552103 0.000561 99.53 14.12 30648 +£3.41
60.50W 0.000078 0.000003 0.000312 0.000011 0.000132 0.000007 0.009334 0.000079 0.169949 0.000401 100.00 422 31037 45.39
61.00W 0.000087 0.000004 0.000297 0.000007 0.000176 0.000009 0.011559 0.000035 0.205079 0.000262 99.47 5.23 30293 +£642
62.00W 0.000082 0.000003 0.000274 0.000012 0.000384 0.000005 0.029986 0.000106 0.528985 0.000392 100.00 13.58 306.72 £2.73
65.00W 0.000086 0.000004 0.000258 0.000009 0.000242 0.000008 0.018291 0.000074 0.327457 0.000374 99.77 8.28 308.69 +4.64
Age +20 39Ar(k)
Results 40(r)/39(k) +20 MSWD _— K/Ca +20
(Ma) (%,n)
Weighted Plateau 17.4694 i 823;8 307.08 i ég?% 0.79 ?2'70 0.517 +1.185
External Error +2.72 213 Statistical T Ratio
Analytical Error +1.03 1.0000 Error Magnification
. 40.0805 +2.60
Total Fusion Age 17.4033 1046% 306.01 10.85% 19 67.039 494872
External Error +2.82
Analytical Error +1.30

of plateaus are as follows: plateaus must include at least 70% of >°Ar.
The plateau should be distributed over a minimum of 3 consecutive
steps agreeing at 95% confidence level and satisfying a probability
of fit (P) of at least 0.05. Plateau ages (Tables 1-5 and Fig. 3) are
given at the 20 level and are calculated using the mean of all the pla-
teau steps, each weighted by the inverse variance of their individual
analytical error. Integrated ages (20) are calculated using the total
gas released for each Ar isotope. Inverse isochrons include the max-
imum number of steps with a probability of fit of >0.05. All the pla-
teau ages have been recalculated using the decay constant of Renne
et al. (2010) and the Rgc/mp3gr value of Jourdan and Renne (2007).
All sources of uncertainty are included in the calculation and have
been calculated using the optimization method of Renne et al.
(2010).

4. Sample description

4.1. The Juzbado-Traguntia-Penalva do Castelo Shear Zone (Iglesias and
Ribeiro, 1981)

Sample IH-3 (40°57'35.20"N-6°21'51.36"W) was collected from a
sinistral ductile shear zone that can be traced for more than 200 km, is
up to 4 km wide and trends ENE-WSW (Figs. 1 and 4C) This sinistral
ductile shear zone displaces previous folded extensional shear zones
(Villar Alonso et al., 1992). The sampled rock is an intensely strained,
coarse-grained mylonite developed in a leucogranite (Moronta granite)
with S-C fabric (Fig. 2). The white mica grains that were picked for anal-
ysis were 300-800 pum in diameter, and were found on the C-planes in a
S-C mylonite. S-C fabrics and abundant “mica fish” structures (Fig. 2)
provide unequivocal left-lateral shear sense indicators. The inferred

displacement across this shear zone is ~100 km (Villar Alonso et al.,
1992). A previous K-Ar age of micas from a foliation plane linked to
the shear fabric yielded an age of 302 4+ 6 Ma (Regencio Macedo,
1988). U-Pb geochronological data in granites post-dating the forma-
tion of this shear zone have provided ages of 304 + 3, 300 + 3 Ma
(Villavieja de Yeltes and Cipérez granites respectively,
Gutiérrez-Alonso et al., 2011a,b) and 303 4 8 (Aguiar de Beira granites,
Costa, 2011).

4.2. The Porto-Tomar shear zone (PTSZ) (Ribeiro et al., 1980)

Sample [H-8 (40°54'13.54"N-8°29'2.04"W) was collected from an
intensely foliated medium-grained muscovite-rich mylonitic felsic
schist (phyllonite) (Fig. 2). The mylonitic foliation is defined mostly by
muscovite, which was used to obtain the age in this study. The white
mica grains that were picked for analysis were 200-500 pum in diameter.
Sparse quartz and feldspar porphyroclasts provide dextral kinematic
criteria. This shear zone cuts across most of western Iberia around the
outside of the Cantabrian Arc, and is interpreted to continue into the
South Armorican Shear Zone of France (Shelley and Bossiére, 2002). In
western Iberia this shear zone trends close to N-S (Figs. 1B and 4C)
and displaces one of the main WEVB paleogeographic boundaries, the
Central Iberian — Ossa-Morena Zone limit (Fig. 1A and B). The 2 to
8 km wide shear zone affects low-grade rocks that show abundant dex-
tral kinematic indicators, and is characterized by >170 km of dextral
displacement. The origin of the PTSZ has been a subject of intense de-
bate owing to the postulation of a protracted evolution throughout
most of the Paleozoic (e.g. Martinez-Catalan, 1990; Ribeiro et al.,
2007; Shelley and Bossiere, 2000; Simancas et al., 2005). However,
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Table 2
Sample H-08.
Same caption as in Table 1.
Laser intensity 3®Ar + 10 Ar + 10 38Ar + 10 3%Ar + 10 “Ar + 10 40Ar (%) 3%Arg  Age & 20 (Ma)
(%) %)
IH-08 ] = 0.0106220 + 0.0000425
56.20W 0.000080 0.000005 0.000163 0.000011 0.000038 0.000003 0.001309 0.000009 0.027640 0.000065 83.17 9.29 12555 4162975
56.40W 0.000076 0.000004 0.000172 0.000011 0.000137 0.000006 0.010071 0.000037 0.180371 0.000116  98.57 71.77 12941 +21.044
67.00W 0.000056 0.000007 0.000116 0.000011 0.000050 0.000003 0.002662 0.000024 0.050605 0.000137 100.00 1894 12941 +21.044
Age +20 *Ar(k)
Results 40(r)/39(k) +20 MSWD _ K/Ca +20
(Ma) (%n)
Weighted PI1 17.4694 +00638 305.32 £5.72 1.55 100.00 12.938 14919
eighted Plateau E 1037% . 1187% . 3 . +14.
External Error +5.82 4.30 Statistical T Ratio
Analytical Error +5.26 1.2456 Error Magnification
Total Fusion A, 17.0425 +04455 300.17 £7.56 3 15.909 40.408
otal Fusion Age k 1261% . 1252% . =+40.
External Error +7.64
Analytical Error +7.23

this contention is not supported by recently published U-Pb data
(Pereira et al., 2010) or our geochronological data (see below).

4.3. The Malpica-Lamego Shear Zone (Ponce de Leon and Choukroune,
1980)

Sample IH-11 (43°19'48.23"N-8°49'43.87"W) was collected from a
medium-grained muscovite-biotite mylonitic schist (Fig. 2). The white
mica grains that were picked for analysis were 500-900 pm in diameter
“mica fish” structures, quartz aggregates and sparse feldspar
porphyroclasts provide dextral kinematic indicators. The shear zone
has a curved trajectory that parallels the Cantabrian Arc and extends
for more than 275 km along strike, and is characterized by a minimum
dextral displacement of 28 km (Llana-Funez and Marcos, 2001). Previ-
ous “°Ar/3°Ar ages of 303 & 6 and 308 & 6 Ma were obtained from

Table 3
Sample IH-11.

Same caption as in Table 1.

two samples (Rodriguez et al., 2003) in syn-kinematic granitoids within
the studied shear zone. The dextral shear zone has been interpreted to
have reactivated a pre-existing crustal-scale thrust (Llana-Funez and
Marcos, 2001) that developed during the main Variscan collisional
event (Diez Fernandez et al., 2011).

4.4. The Punta Langosteira Shear Zone (Diaz Garcia, 1990)

Sample [H-12 (43°21/15.07"N-8°29’19.56"W) is a fine-grained
quartz-feldspar S-C mylonite with abundant “mica fish” structures
and feldspar porphyroclasts that indicate a dextral shear sense (Fig. 2).
The white mica grains that were picked for analysis were 600-
1000 um in diameter. The sample was collected from an intensely
strained felsic granite. Overall, the shear zone trends N30°E, displays
dextral sense of shear, and has accommodated kilometre-scale

Laser intensity (%) 3°Ar + 10 Ar + 10 38Ar + 1o 39Ar + 1o “Ar + 10 AOAr* (%) Arg (%) Age + 20 (Ma)
IH-11 ] =0.0106220 + 0.0000425
55.70W 0.000068 0.000005 0.000180 0.000022 0.000020 0.000005 0.000006 0.000003 0.004116 0.000158 98.94 2.63 317.70 +45.81
56.00W 0.000068 0.000005 0.000177 0.000022 0.000020 0.000005 0.000006 0.000003 0.004109 0.000158 97.72 7.20 311.88 4+19.37
56.00W 0.000068 0.000005 0.000174 0.000022 0.000020 0.000005 0.000007 0.000003 0.004105 0.000158 98.04 6.38 316.55 +£23.51
56.30W 0.000067 0.000005 0.000171 0.000022 0.000019 0.000005 0.000007 0.000003 0.004098 0.000158 99.28 14.10 308.18 +11.17
56.30W 0.000066 0.000005 0.000167 0.000022 0.000019 0.000005 0.000008 0.000003 0.004089 0.000158 100.00 14.51 309.64 4335
56.40W 0.000066 0.000005 0.000165 0.000022 0.000019 0.000005 0.000009 0.000003 0.004084 0.000158 100.00 10.13 31196 4484
56.50W 0.000066 0.000005 0.000163 0.000022 0.000019 0.000005 0.000009 0.000003 0.004080 0.000158 96.70 6.26 304.04 426.07
56.60W 0.000065 0.000005 0.000161 0.000022 0.000019 0.000005 0.000010 0.000003 0.004076 0.000158 93.90 3.84 287.68 +£34.39
56.70W 0.000065 0.000005 0.000158 0.000022 0.000019 0.000005 0.000010 0.000003 0.004071 0.000158 99.38 6.19 308.06 421.23
56.80W 0.000070 0.000007 0.000182 0.000055 0.000020 0.000005 0.000007 0.000003 0.004111 0.000055 100.00 243 31487 +8.12
57.10W 0.000071 0.000007 0.000184 0.000055 0.000020 0.000005 0.000005 0.000003 0.004106 0.000055 97.57 2.79 29930 +62.36
57.60W 0.000071 0.000007 0.000187 0.000055 0.000020 0.000005 0.000003 0.000003 0.004096 0.000055 100.00 248 299.84 4543
57.80W 0.000072 0.000007 0.000189 0.000055 0.000021 0.000005 0.000002 0.000003 0.004087 0.000055 89.83 3.15 280.22 +£52.74
58.40W 0.000073 0.000007 0.000194 0.000055 0.000021 0.000005 0.000001 0.000003 0.004060 0.000055 100.00 3.25 309.23 4748
58.60W 0.000073 0.000007 0.000197 0.000055 0.000022 0.000005 0.000001 0.000003 0.004044 0.000055 99.08 3.56 300.83 +£55.22
59.50W 0.000074 0.000007 0.000200 0.000055 0.000022 0.000005 0.000002 0.000003 0.004021 0.000055 100.00 227 31082 48.89
63.60W 0.000074 0.000007 0.000203 0.000055 0.000022 0.000005 0.000004 0.000003 0.003993 0.000055 100.00 8.82 305.07 +4.77
Age +20 39Ar(k)
Results 40(r)/39(k) +20 MSWD _ K/Ca +20
(Ma) (%,n)
. 4+0.1361 +3.16 100.00
Weighted Plateau 17.5401 +0.78% 308.22 11.02% 132 17 0.772 40.601
External Error +3.35 212 Statistical T Ratio
Analytical Error +2.20 1.1504 Error Magnification
. +0.3069 4545
Total Fusion Age 17.4750 +1.76% 307.17 +1.77% 17 8.514 +20.373
External Error +5.56
Analytical Error +4.96
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Table 4
Sample IH-12.

Same caption as in Table 1.
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Laser intensity (%) 3°Ar &+ 10 3Ar + 10 38Ar + 1o 39Ar + 1o “OAr + 10 OAr* (%) 3°Arg (%) Age + 20 (Ma)
[H-12 ] = 0.0106220 4 0.0000425
57.50W 0.000091 0.000004 0.000220 0.000011 0.000139 0.000005 0.009338 0.000038 0.167813 0.000261 98.00 8.86 301.79 +5.88
57.80W 0.000080 0.000004 0.000112 0.000016 0.000623 0.000010 0.049498 0.000136 0.866712 0.001345 99.98 46.99 30634 4247
58.00W 0.000082 0.000005 0.000185 0.000011 0.000097 0.000002 0.005628 0.000031 0.101409 0.000082 99.30 534 301.26 +10.81
58.20W 0.000087 0.000003 0.000216 0.000013 0.000098 0.000006 0.005924 0.000034 0.108197 0.000237 98.00 5.62 30226 +8.39
58.80W 0.000078 0.000002 0.000153 0.000011 0.000044 0.000002 0.001590 0.000016 0.032126 0.000126 100.00 1.50 30622 +6.88
59.10W 0.000084 0.000004 0.000133 0.000016 0.000055 0.000003 0.002224 0.000020 0.042958 0.000089 96.64 2.10 29524 +27.88
59.40W 0.000085 0.000007 0.000181 0.000010 0.000060 0.000002 0.003046 0.000014 0.057080 0.000076 96.68 2.88 29478 +27.39
59.90W 0.000087 0.000005 0.000185 0.000006 0.000092 0.000005 0.005454 0.000027 0.097909 0.000108 97.58 5.17 295.09 £12.17
65.00W 0.000073 0.000005 0.000123 0.000009 0.000293 0.000007 0.022696 0.000099 0.398916 0.000311 100.00 21.54 305.77 4+2.88
Age +20 39Ar(k)
Results 40(r)/39(k) +20 MSWD _ K/Ca +20
(Ma) (%)
Weighted Plateau 17.3545 i 8:;3;0 305.22 ié:g?% 0.92 ;00'00 0.511 +1.342
External Error +3.00 231 Statistical T Ratio
Analytical Error +1.65 1.0000 Error Magnification
. +0.1220 v304.17 +2.99
Total Fusion Age 17.2895 +0.71% 1+0.98% 9 17.786 +31.611
External Error +3.18
Analytical Error +1.98
displacement. A precise estimate of displacement is not available for this consists of muscovite-bearing phyllonites where it cuts

shear zone.

4.5. The Villalcampo Shear Zone (Gonzalez-Clavijo et al., 1993)

Sample TH-19 (41°31/28.61"N-6° 2'3.77"W) was taken from a
coarse-grained quartz-feldspar S-C mylonite affecting the Ricobayo
granodiorite (ca. 350 Ma, LA-ICPMS zircon U-Pb intrusion age, Gutiér-
rez-Alonso, unpublished data). The white mica grains that were pick-
ed for analysis were 600-1000 pm in diameter. Pervasive S-C
structures and muscovite “mica fish” structures (Fig. 2) and local
feldspar porphyroclasts indicate a dextral shear sense. This >2 km
wide, 30 km long dextral shear zone strikes NW-SE, parallel to the
main Variscan structural grain (Fig. 1B) and has been subjected to in-
tense Permian hydrothermal alteration that produced episyenites
and Au mineralizations (L6pez-Moro et al., 2013). A minimum dis-
placement of ~3.5 km has been established based on shear strain cal-
culations (Gonzalez-Clavijo et al., 1993). The Villalcampo shear zone

Table 5
Sample IH-19.
Same caption as in Table 1.

metasedimentary rocks, and S-C proto- to ultra-mylonites where it
involves granitoids, and was active under greenschist-facies condi-
tions (Gonzalez-Clavijo et al., 1993).

5. Geochronological results

The results of “°Ar/>*°Ar dating are shown in Fig. 3 and Tables 1-5.
The five muscovite samples yielded plateau ages ranging from 306 4+
3 to 310 £ 3 Ma (Kasimovian-Moscovian), with MSWD and P values
ranging from 0.25 to 1.5 and 0.17 to 0.94 respectively. In all cases, the
plateaus include more than 96% of 3°Ar released suggesting that the
samples have not suffered any post-crystallization disturbance. All the
ages are indistinguishable within error, indicating synchronicity of the
activity of the five dated shear zones within ~3-4 million years, and sug-
gesting a common origin for all of them. An estimate of the duration of
the muscovite formation and/or recrystallization related shearing activ-
ity based on these five ages and assuming a gaussian distribution is

Laser intensity (%) >SAr + 10 Ar + 10 38Ar + 10 3%Ar + 10 “Ar + 10 OAr* (%) 9Arg (%) Age + 20 (Ma)
[H-19 ] =0.0106220 + 0.0000425
55.50W* 0.000095 0.000003 0.000171 0.000010 0.000034 0.000002 0.000776 0.000007 0.019034 0.000080 75.44 3.91 25234  486.22
56.00W 0.000087 0.000002 0.000159 0.000008 0.000042 0.000003 0.001144 0.000017 0.024911 0.000080 94.31 5.79 296.56 £54.76
56.30W 0.000079 0.000005 0.000215 0.000015 0.000154 0.000006 0.010726 0.000052 0.190087 0.000209 100.00 54.63 304.51 +3.12
56.40W 0.000078 0.000005 0.000139 0.000010 0.000034 0.000004 0.001136 0.000015 0.023896 0.000051 100.00 5.75 300.57 +8.05
56.50W 0.000083 0.000007 0.000184 0.000012 0.000033 0.000002 0.000541 0.000012 0.013712 0.000040 97.74 2.72 293.01 +161.04
57.20W 0.000073 0.000005 0.000145 0.000011 0.000030 0.000002 0.000673 0.000015 0.016257 0.000041 100.00 3.39 306.62 £13.62
57.200W 0.000084 0.000005 0.000193 0.000006 0.000078 0.000006 0.004678 0.000015 0.085140 0.000165 100.00 23.81 303.30 +2.65
Age +20 39Ar(k)
Results 40(1)/39(k) +20 MSWD _— K/Ca +20
(Ma) (%.n)
. 4+0.1195 +2.96 96.09
Weighted Plateau 17.2581 10.69% 303.66 +0.97% 0.25 6 1.603 42.895
External Error +3.15 2.57 Statistical T Ratio
Analytical Error +1.94 1.0000 Error Magnification
. 4 0.4065 +6.96
Total Fusion Age 17.1110 12.38% 301.28 +231% 7 29.749 +141.73
External Error +7.04
Analytical Error +6.59
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Fig. 3. “°Ar/>°Ar geochronological results, represented as plateau diagrams, obtained for
single-grain muscovite from of the strike-slip ductile shear zones studied in this work.
All ages have been calculated using the decay constants of Renne et al. (2010) and include
all source of uncertainties (see text for details).

given by the standard deviation of the population (£ 1.4 Ma) which
suggests a maximum duration of ~2.8 Ma for muscovite formation con-
ditions in all the studied shear zones. Assuming synchronicity of shear-
ing, the best age estimate for shearing activity would be given by the
weighted-mean of the five plateau ages: 308.3 4+ 1.7 Ma (MSWD =
1.4; P = 0.22). This age is consistent with the inferred Moscovian age
for the initial stages of oroclinal buckling based on paleomagnetic and
structural studies (Weil et al., 2013).

6. Discussion

We have studied five mid-crustal ductile shear zones that are in-
ferred to have accommodated vertical-axis rotations during orocline
buckling (Gutiérrez-Alonso et al., 2008; Fig. 1). The present-day trace
of exposed shear zones depicts in many cases (where the exposures
are long enough) curved patterns that are consistent with active in-
volvement in the oroclinal buckling. However, the spatial distribution
and known displacements of existing shear zones do not accommodate
the same amount of secondary rotation as the structural fabrics that
formed prior to oroclinal buckling. These observations suggest that the
large-scale shear zones that currently wrap around the Cantabrian Arc
were activated during orocline buckling and played a role in accommo-
dating lithospheric-scale orocline formation. Fig. 4 depicts our working
hypothesis in which the ductile shear zones started to develop in the
early stages of the orocline development following a strain pattern co-
herent with a tangential longitudinal strain dominated folding mecha-
nism in the outer arc, in which extension paralleled the main fabric of
the folded rocks (in our case, the trend of the main Variscan structures)
and shortening was normal to it (Fig. 4B). Subsequent amplification of
the fold would have led to the progressive change of orientation of the
shear pattern, including bending the shear zone traces into their current
curved outcrop pattern.

The main finding of this geochronological study is the synchronous
development of a post-Variscan shear zone network at ca. 308 Ma that
intensely modified the geometry of the main Variscan collisional archi-
tecture. The significance of the obtained ages is strengthened by the
available 4°Ar/>°Ar age data from rocks not affected by the ductile
shear zones; the non-sheared rocks invariably yield older ages than
those obtained in this study (e.g. Dallmeyer et al., 1997; Gomez
Barreiro et al., 2006; Rodriguez et al., 2003), indicating that the
40Ar/*°Ar ages obtained within the shear zones do not record the
cooling of the orogenic edifice but a subsequent deformation episode.
This sequence of events is further constrained by granites that cut the
shear zones and whose (zircon U-Pb) crystallization ages are between
ca. 305 and 300 Ma (e.g. Valle Aguado et al., 2005; Gutiérrez-Alonso
etal, 2011a,b; Costa, 2011). Given that the paleomagnetic and structur-
al constraints place oroclinal development between ~310 and 299 Ma
(Kollmeier et al., 2000; Pastor-Galan et al., 2011; Van der Voo et al.,
1997; Weil et al., 2000, 2001, 2010, 2013), the obtained shearing ages
are interpreted to reflect deformation during the early stages of orocline
development. Subsequently, these ductile shear zones must have con-
tinued their activity in a more brittle fashion and in a cooler environ-
ment as exhumation and rapid erosion brought them closer to the
surface leaving no isotopic record (in the Ar system) of their subsequent
stages of development. The continuous activity of the studied shear
zones until latest Carboniferous times is interpreted because some of
the sampled shear zones affect the unconformably deposited continen-
tal Upper Pennsylvanian rocks in a brittle fashion (Chaminé et al., 2003;
Dinis et al.,, 2012; Machado et al., 2012; Vazquez et al,, 2007), although
no geochronological record of this activity has been reported up to date.
The sampled rocks should have been exposed at the surface, or very
close to it, by ca. 305-303 Ma at least in some of the studied shear
zones, and therefore they had to be exhumed to the surface by then. Ex-
humation is interpreted to have been driven by the lithospheric thin-
ning causing thermal uplift in the outer part of the orocline according
to the models proposed by Gutiérrez-Alonso et al. (2004) and the re-
sults of analogue modelling for orocline formation (Pastor-Galan et al.,
2012b). The curved nature of the studied shear zones constitutes a fur-
ther constraint on their development. Given the difficulty to generate
curved shear zones with large associated displacements, we place
their origin in the early stages of the orocline development as rather lin-
ear features that became progressively curved as the orocline curvature
increased (Fig. 4).

The ages obtained in this study from syn-kinematic muscovite sam-
pled in crustal-scale shear zones, together with similar ages obtained in
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Fig. 4. A) Inferred initial disposition of the shear zone system during the onset of orocline development in NW Iberia. B) Schematic diagrams depicting the effect of lithospheric buckling
around a vertical axis and the resultant strain field (modified tangential longitudinal strain). Strain ellipses depict arc-parallel shortening in the inner arc and arc-parallel stretching in the
outer arc. The different behaviors of the mantle lithosphere in the inner and outer arcs and the increase in thickness of mantle lithosphere below the inner arc and thinning below the outer
arc are highlighted. C) Present day disposition of the studied ductile shear zones, including stereonets (Wulff projection, lower hemisphere) of the orientation of the mylonitic foliation
(lines) and the stretching lineation (dots) in the proximity of the sampling sites. Note the curved trace of the shear zones with respect to their initial disposition shown in A.

B, modified from Gutiérrez-Alonso et al. (2004) and Ries and Shackleton (1976).

the WEVB (Ballévre et al.,, 2009; Le Carlier de Veslud et al., 2013; Tartese
et al.,, 2011; Turrillot et al.,, 2011) indicate that a major shear zone net-
work helped shape the Cantabrian Arc. The nearly identical ages for
the sampled shear zones along with their kinematic and geometric rela-
tionship to the larger Ibero-Armorican Arc, constrain their role in buck-
ling of the Variscan orogen about a vertical axis of rotation and provide
further evidence supporting the secondary nature of the orocline (cf.
Weil et al., 2013). Penecontemporaneous activity of an orogen-scale
shear-zone system coeval with formation of the Cantabrian Arc implies
that the late- or post-Variscan evolution of Western Europe records
major structures at all levels of the lithosphere related to oroclinal buck-
ling of an originally linear mountain belt (Gutiérrez-Alonso et al.,
2011a).

Previous hypotheses that explain the Cantabrian Arc-parallel
shear zones as long-lived reactivated shear zones are not supported
(but are not disproved by) our data. We conclude that the ductile
shear zones were generated during late- to post-Variscan times in
relation to the newly developed regional stress field that led to
oroclinal bending.

In order to better illustrate the origin, nature and evolution of the
shear zone system described in this paper, an animated illustration
showing the formation of the orocline buckling process and the role of

the studied shear zones can be obtained from Data Repository DR-1. In
this animation, combined illustration of the shear zone ages and the
orocline development demonstrates the time-space relationship be-
tween shear generation and the timing of the orocline. According to
the available data, it is likely that, as explained above, the ages obtained
reflect shear zone development during the initial stages of oroclinal
buckling, prior to their exhumation and subsequent evolution in more
brittle conditions.

Secondary orocline formation requires lithospheric-scale rotation
around a vertical axis (Gutiérrez-Alonso et al., 2004, 2012; Johnston
et al, 2013; Weil et al, 2013) and is likely to result in significant defor-
mation at all structural levels. In the Cantabrian Arc, a record of oroclinal
buckling has been obtained in the shallower structural levels through
paleomagnetic studies (Weil et al., 2013) and by documentation of the
sequential formation and rotation around a vertical-axis of structures
developed before and during orocline development (Pastor-Galan
et al,, 2011, 2012a) and constrained to have started at ca. 310 Ma and
completed by ca. 300 Ma. In addition, involvement of the lithospheric
mantle and the lower crust, has been simulated through analogue model-
ling (Pastor-Galan et al.,, 2012b) and inferred from geochronological and
isotopic studies (Fernandez-Suarez et al., 2006; Gutiérrez-Alonso et al.,
2011a,b; Orejana et al., 2011). Seismic studies of similar syn-oroclinal
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shear zones in northern Brittany have shown that these ductile shear
zones transect the entire lithosphere (Vauchez and Tommasi, 2003).
Documenting oroclinal bending at mid-crustal levels is difficult as the
paleomagnetic record is non-existent and orocline related deformation
is localized in discrete structures (or it reworks pre-existing ones).
Where possible, constraining the timing of mid-crustal structures can
help distinguish between pre- and syn-oroclinal structures, as is the
case in Western Europe. Large vertical strike-slip shear zones are ex-
pected structures in oroclines, as such structures are necessary to ac-
commodate vertical axis buckling, especially in the outer arc. The
study of the geometry and timing of such structures in other curved
mountain belts is required to better understand their nature, origin
and evolution.

7. Conclusions

Ages obtained from 5 large scale shear zones in western Iberia pro-
vide coeval ages that cluster around 308 Ma. Given that the obtained
ages are within the time interval in which the Cantabrian-Ibero-Armor-
ican Arc was developed, we interpret that both processes are linked, the
shear zone formation being a necessary effect of the lithospheric-scale
accommodation of deformation during oroclinal buckling. These shear
zones are not likely to have been active prior or during the building of
the main orogenic edifice.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2014.12.009.
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