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[1] U‐Pb (zircon) crystallization ages of 52 late‐Variscan granitoid intrusions from NW
Iberia (19 from new data, 33 from previous studies) constrain the lithospheric evolution
of this realm of the Variscan belt of Western Europe and allow assessment of the
relationship between oroclinal development and magmatism in late‐Carboniferous‐early
Permian times. The U‐Pb ages, in conjunction with a range of geological observations,
are consistent with the following sequence of events: (i) oroclinal bending starts at
310–305 Ma producing lithospheric thinning and asthenospheric upwelling in the outer arc
of the orocline accompanied by production of mantle and lower crustal melts; (ii) between
305 and 300 Ma, melting continues under the outer arc of the orocline (Central Iberian
Zone of the Iberian Variscan belt) and mid‐crustal melting is initiated. Coevally, the
lithospheric root beneath the inner arc of the orocline thickened due to progressive arc
closure; (iii) between 300 and 292 Ma, foundering of the lithospheric root followed by
melting in the lithospheric mantle and the lower crust beneath the inner arc due to
upwelling of asthenospheric mantle; (iv) cooling of the lithosphere between 292 and
286 Ma resulting in a drastic attenuation of lower crustal high‐temperature melting. By
285 Ma, the thermal engine generated by orocline‐driven lithospheric thinning/
delamination had cooled down beyond its capability to produce significant amounts of
mantle or crustal melts. The model proposed explains the genesis of voluminous amounts
of granitoid magmas in post‐orogenic conditions and suggests that oroclines and similar
post‐orogenic granitoids, common constituents of numerous orogenic belts, may be
similarly related elsewhere.
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1. Introduction

[2] Growth and recycling of continental crust occur mainly
at convergent plate boundaries [Whitmeyer and Karlstrom,
2007]; recycling primarily occurs through (i) the subduction
of continent‐derived sediments [Rapp et al., 2008], and
(ii) melting of the lower‐middle crust [Caldwell et al., 2009;
Depine et al., 2008]. Crustal growth occurs through the
addition of melts that originate in the sub‐continental litho-
spheric mantle [Song et al., 2008] or the asthenospheric

mantle [Beccaluva et al., 2007]. Therefore the study of
magmatism in subduction, collisional and post‐orogenic
environments is key to further our understanding of conti-
nental lithospheric evolution in time and space [Murphy and
Dostal, 2007].
[3] The first‐order connection between granitoid mag-

matism and tectonic environment is widely recognized
[Barbarin, 1999; Pearce et al., 1984; Pitcher, 1979].
However, granitoid rocks exhibit widely varying geochem-
ical and isotopic characteristics, and the origin of this vari-
ability is controversial [e.g., Pitcher, 1979]. Among the
granitoids generated in convergent continental settings, the
genesis of post‐orogenic granitoids is poorly understood
[Bonin, 2004], possibly because they commonly display
“hybrid” geochemical and isotopic signatures between
archetypical I‐type subduction‐related and syn‐collisional
S‐type (leuco)granitoids, [Roberts and Clemens, 1993;
Villaseca et al., 2009; Williamson et al., 1996].
[4] Understanding the petrogenesis of post‐orogenic

granites requires knowledge of (i) their age and regional
geologic setting, (ii) the composition of potential litho-
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spheric sources involved in melting, and (iii) the regional
thermal regime. In Iberia, Late Carboniferous‐Early Permian
post‐orogenic granitoid rocks are abundant and their extru-
sive equivalents have been documented within the Paleozoic
Variscan orogenic belt of Western Europe [Wilson et al.,
2004]. Variscan orogenesis resulted from the collision
between Laurasia and Gondwana forming Pangea. Iberia was
located in the interior of Pangea at the time of post‐orogenic
granitoid intrusion [Gutiérrez‐Alonso et al., 2008b].
[5] The building and extensional collapse of the main

orogenic edifice in Iberia was completed by ca. 320 Ma
[Bea et al., 2006; Castiñeiras et al., 2008; Valverde‐Vaquero
et al., 2006] and a syn‐tectonic granitoid suite (ca. 325–
315 Ma) was coeval with crustal thickening and subsequent
extension [Dias et al., 1998; Fernández‐Suárez et al., 2000].
In NW Iberia, there was a later magmatic pulse between ca.
310 and 290 Ma, post‐dating the main orogenic tectonic
events by 15 to 30 My [Bea et al., 2006; Castiñeiras et al.,
2008; Valverde‐Vaquero et al., 2006]. This magmatic event
generated large volumes of granitoid magmas (Figure 1) and
subordinate amounts of mafic rocks intruding across the
orogenic hinterland and, unusually, into the foreland fold
and thrust belt. Emplacement of a large volume of igneous
rocks (which are the object of this study) that cut across the
penetrative Variscan structures, fabrics and structural grain
[Aranguren et al., 2003; Yenes et al., 1999] 15 Ma after
the end of Variscan orogenesis implies the existence of
first‐order, lithospheric‐scale processes in the aftermath of
Variscan collisional orogenesis that resulted in widespread
melting.

[6] In most orogens, post‐orogenic magmatism preferen-
tially occurs in the upper (overriding) plate and has been
interpreted to be caused by the break‐off of the subducting
plate and related asthenospheric upwelling [Davies and Von
Blanckenburg, 1995]. In contrast, post‐orogenic magmatism
in the Iberian portion of the Variscan belt occurred in the
lower plate [Johnston and Gutiérrez‐Alonso, 2010].
[7] Several models have been put forward to explain the

post‐orogenic (i.e., “late‐Variscan”) igneous pulse in NW
Iberia, including (i) radiogenic heat production in a thick-
ened crust [Bea et al., 2003]; (ii) the presence of a mantle
plume [Pinarelli and Rottura, 1995] and (iii) delamination
of a thickened lithospheric root [Fernández‐Suárez et al.,
2000].
[8] A first‐order tectonic event broadly coeval with the

post‐orogenic magmatism in NW Iberia is the oroclinal
bending of the initially linear Variscan belt into a horseshoe
shape, generating the Iberian‐Armorican Arc (IAA), which
took place between ca. 310 and 300 Ma [Weil et al., 2001,
2010]. Oroclines are common feature in many orogenic
belts and play a significant role in the development of their
final geometry. Oroclines have been described elsewhere
along the geologic record (i.e., the Alaskan orocline
[Johnston, 2001]; the Bolivian orocline [Allmendinger et al.,
2005]; the Carpathians [Fillerup et al., 2010]) and some of
them were developed coevally with the IAA during the
amalgamation of Pangea (e.g., the Tuva‐Mongol orocline
[Levashova et al., 2003; Şengör, 1983; Şengör and Natalin,
1996]; the Kazakhstan orocline [Abrajevitch et al., 2008]).

Figure 1. (a) Geologic sketch of Western Europe where the different Variscan tectonostratigraphic units
depict the Iberian Armorican Arc. (b) Location of the post‐orogenic granitoid plutons in western Iberia
with indication of the samples studied and the U‐Pb geochronological data from the literature.
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[9] Recent work has postulated a cause‐effect relationship
between the generation of the post‐orogenic magmatism and
the genesis of the IAA [Gutiérrez‐Alonso et al., 2004; Weil
et al., 2010], the whole process being driven by the special
global geodynamic situation produced during the amal-
gamation of Pangea [Gutiérrez‐Alonso et al., 2008b].
[10] In order to test the potential relationship between the

voluminous post‐orogenic magmatism and the development
of the IAA we have undertaken a study to determine the
crystallization ages of granitoid and mafic post‐orogenic
plutons emplaced across the entire western Iberian section of
the Variscan orogenic belt (Figure 1). For this purpose we
dated 19 intrusions using U‐Pb LA‐ICPMS (zircon) and
compiled the previously published U‐Pb ages of rocks
belonging to the post‐orogenic suite. Our aim is to constrain
the chronological and spatial distribution of these post‐
orogenic intrusions and in doing so, test models for the
tectonic evolution of the region. In previous studies, the
hypothesis of lithospheric delamination as a trigger for post‐
orogenic magmatism in NW Iberia has been postulated
based on the evolution of Sm‐Nd isotopic composition of
mantle‐derived rocks [Gutiérrez‐Alonso et al., 2011] and as
a thermomechanical consequence of oroclinal bending of
this section of the Variscan belt [Gutiérrez‐Alonso et al.,
2004; Weil et al., 2010]. In this study, the geochronologi-
cal data are considered in combination with the regional
tectono‐stratigraphic zonation, and petrological‐geochemi-
cal features of these rocks (see also Fernández‐Suárez et al.
[2000] and Fernández‐Suárez et al. [2011] for detailed
petrological and geochemical information) to test the poten-
tial connection between post‐orogenic oroclinal bending of
the belt and post‐orogenic magmatism. This test, to be
successful, requires that the locus and age of granitoid
magma genesis be consistent with the thermomechanical
evolution of a bending lithosphere. In this study, we provide
the most detailed chronology available to date on the crys-
tallization ages of the different post‐orogenic granitoid types
across the NW Iberian Variscan belt and use this chrono-
logical information to propose a mechanism whereby these
granitoids were produced in a post‐orogenic environment by
orocline‐triggered lithospheric delamination/thinning.

2. Geological Setting

[11] The Iberian Massif, which constitutes the extensive
outcrop of Paleozoic and Ediacaran rocks in western Iberia
(Figure 1), is part of the Variscan orogen of Western
Europe. The Variscan orogen was contiguous with the
Appalachian‐Ouchita orogen of North America before the
Mesozoic opening of the Atlantic Ocean [Nance et al., 2010].
The Iberian massif is underlain by Proterozoic Gondwanan
basement of Cadomian (West African) and Avalonian
(Amazonian) affinities, which provides the foundation for an
Ediacaran subduction‐related basin and Palaeozoic, mostly
siliciclastic, passive margin sequences that are characteristic
of the northern Gondwanan margin [Fernández‐Suárez et al.,
2002; Gutiérrez‐Alonso et al., 2005; Murphy et al., 2008;
Nance et al., 2010].
[12] The magmatic evolution of the Variscan orogen of

Iberia includes: (i) A subduction‐related Cadomian (ca.
600 Ma) magmatic event [Fernández‐Suárez et al., 1998]
scarcely represented in NW Iberia mostly by I‐type granitoid

and volcanic rocks; (ii) a voluminous extension‐related
magmatic event in the Cambrian‐Ordovician boundary (ca.
490–470 Ma) linked to the opening of the Rheic Ocean [Bea
et al., 2006; Montero et al., 2007; Montes et al., 2010;
Valverde‐Vaquero and Dunning, 2000]; (iii) Carboniferous
syn‐orogenic (Variscan) magmatism that began at ca. 350–
340 Ma in the hinterland of the orogen [Pérez‐Estaún and
Bea, 2004] and ended at ca. 320–315 Ma [Valle Aguado
et al., 2005; Dias et al., 1998; Fernández‐Suárez et al.,
2000]; (iv) post‐orogenic magmatism that peaked at ca.
310–295 Ma when voluminous mafic and granitoid magmas
and extrusive equivalents were emplaced and erupted in
both the internal and external zones of the orogen [Bea et al.,
2006; Lago et al., 2004;Moreno‐Ventas et al., 1995;Orejana
et al., 2009], including the foreland fold‐and‐thrust belt
[Fernández‐Suárez et al., 2000] (Figure 1).
[13] The main features/events of the Variscan orogen can

be summarized as follows: The northern Gondwanan margin
formed the southern flank of the Rheic Ocean and the
closure of this ocean is recorded in the Iberian massif by
the Laurussia‐Gondwana collision (the Variscan orogeny).
Ocean closure began by 400 Ma as indicated by subduction‐
related metamorphism of the Laurussian margin of the Rheic
Ocean [Gómez Barreiro et al., 2006; Fernández‐Suárez
et al., 2007; Ibarguchi et al., 1990; Martínez Catalán
et al., 2009; Mendía Aranguren, 2000]. The subduction, at
395 Ma, of the Rheic mid‐oceanic ridge beneath the
Laurentian margin [Gutiérrez‐Alonso et al., 2008a;Woodcock
et al., 2007] may explain the subsequent increase in the con-
vergence rate and the coupling of both oceanic margins.
Remnants of the Rheic Ocean lithosphere are preserved in the
ophiolites that characterize the suture zones along which
the continents are juxtaposed [Arenas et al., 2007; Martínez
Catalán et al., 1997] (Figure 1).
[14] The Iberian record of continental collision began at

ca. 365 Ma [Dallmeyer and Ibarguchi, 1990; Rodríguez
et al., 2003] when subduction of the outermost continental
margin of Gondwana beneath Laurentia commenced. The
resulting deformation front migrated east as the upper plate
(Laurussia) was thrust onto the lower plate (Gondwana),
imbricating and folding the extensive Gondwanan passive
margin stratigraphic sequence [Martínez Catalán et al., 2007;
Dallmeyer et al., 1997; Martínez Catalán et al., 2009].
[15] Convergence initially produced east verging recum-

bent folds that migrated east, toward the present‐day core of
the IAA (D1 deformation). Increasing shortening and
thickening lead to the extensional collapse (D2 deformation)
of the thickened hinterland [Arenas and Catalan, 2003; Diez
Balda et al., 1995; Bastida et al., 2010; Martínez Catalán
et al., 2003; Viruete et al., 1994] at ca. 320 Ma [Martínez
Catalán et al., 2009], coeval with the initiation of the non‐
metamorphic foreland‐verging fold and thrust belt (the
Cantabrian Zone [Alonso et al., 2009; Pérez‐Estaún et al.,
1994]). Late stage collision‐related deformation included
development of large wavelength upright folds (D3 defor-
mation) and strike‐slip ductile shear zones [Martínez Catalán
et al., 2009]. Immediately after the building of the Variscan
orogen, a 180° rotation of themountain chain, documented by
paleomagnetic data, led to the formation of the Iberian‐
Armorican Arc (IAA) [Gutiérrez‐Alonso et al., 2008b; Weil
et al., 2010], an event requiring a dramatic change in the
stress‐strain field acting on the core of Pangea. The IAA
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formation was accompanied by orogen‐scale thermal activity
that is interpreted to have been caused by a coeval late
Carboniferous‐early Permian lithospheric delamination event
[Fernández‐Suárez et al., 2000; Gutiérrez‐Alonso et al.,
2004, 2008b; Weil et al., 2001, 2010].

3. Geochronological Methods

[16] Samples were crushed with a jaw crusher and pul-
verized with a disc mill. Zircons were separated at the
Salamanca and Complutense (Madrid) Universities by
heavy fraction enrichment on a Wilfley table followed by
density separation using di‐iodomethane (CH2I2) and mag-
netic separation in a Frantz isodynamic separator. Zircons
were selected from the least magnetic fraction and hand‐
picked in alcohol under a binocular microscope. Zircon
grains were set in synthetic resin mounts, polished to
approximately half their thickness and cleaned in a warm
HNO3 ultrasonic bath. U‐Pb dating of zircon was conducted
at the analytical facilities of The Natural History Museum,
London. Analytical instrumentation consisted of a UP193FX
excimer laser ablation system (NewWave Research, Fremont,
USA) coupled to a 7500cs, quadrupole based ICP‐MS
instrument (Agilent Technologies). Analytical conditions
used for individual zircon analyses are those given in [Jeffries
et al., 2003].
[17] Samples and standard were ablated in an air‐tight

sample chamber flushed with Helium for sample transport.
The laser was focused on the sample surface and energy
density was kept constant for each analysis. The samples
were rastered along lines ca. 25 to 50 microns long
(depending on zircon size), using a constant raster speed for
each analysis. Nominal beam diameter was 30 mm for zircon
analyses.
[18] Data were collected in discrete runs of 20 analyses,

comprising 12 unknowns bracketed before and after by
4 analyses of the standard zircon 91500 [Wiedenbeck et al.,
1995]. During the analytical sessions of samples the stan-
dard 91500 yielded a weighted average (n = 160) of 1062.8 ±
1.8 Ma (MSWD = 1.06) for the 206Pb/238U age (certified
ID‐TIMS 206Pb/238U age: 1062.4 ± 0.4 Ma) and a weighted
average of 1064.5 ± 2.6 Ma (MSWD = 0.9) for the
207Pb/206Pb age (certified ID‐TIMS 207Pb/206Pb age:
1065.4 ± 0.3 Ma).
[19] Data for sample zircons were collected for up to 135 s

per analysis with a gas background taken during the initial
45 s. For each analysis, time‐resolved signals were obtained
and then studied to ensure that stable flat signal intervals
were used in the age calculations. Preliminary selection of
background and analysis signal intensities and data calcu-
lation were performed using ‘LAMTRACE’, a macro based
spreadsheet written by Simon Jackson, Macquarie University,
Australia. Background and mass bias corrected signal
intensities and counting statistics were calculated for each
isotope. Concordia age calculations, and concordia and
cumulative probability plots were performed using Isoplot/
Ex rev. three [Ludwig, 2003]. Data treatment, assignment of
final ages and errors for individual analyses and criteria for
rejection of analyses are those detailed by Fernández‐Suárez
et al. [2002] and Jeffries et al. [2003]. The latter paper also
shows that crystallization ages for igneous rocks (derived
from U‐Pb analyses on magmatic zircon domains) obtained

with this LA‐ICPMS instrumentation and analytical proto-
col are indistinguishable from those obtained by ID‐TIMS
analyses on single grains of the same zircon populations.

4. Results

[20] Zircons from 19 samples of 19 post‐orogenic plutons
from the Variscan belt of NW Iberia (Figure 1) were ana-
lyzed and the results are given in Table 1 and in the con-
cordia plots of Figures 2 and 3. The table and plots show the
isotopic ratios and derived ages of those analyses that are
concordant (i.e., analyses whose corresponding 2s ellipses
intercept the concordia curve). Since discordance in LA‐ICP‐
MS analyses can be caused by any combination of i) lead
loss, ii) analyses of mixed aged domains, iii) high common
Pb; the discordant analyses are not further considered as
corrections or assumptions do not warrant that the inter-
preted ages are correct.
[21] For each pluton a Concordia Age [Ludwig, 1998] has

been generated (Figures 2 and 3) pooling the concordant
analyses (Table 1) using Isoplot 3 [Ludwig, 2003]. The
resulting age and error are taken to represent the best
approximation to the crystallization/consolidation age of
each intrusion.
[22] Precision of individual analyses in this study (usually

>5 Ma for the 206Pb/238U age) precludes finer considerations
on the significance of the spread of “magmatic” concordant
ages (i.e., antecrysts versus autocrysts, see, for example,
Miller et al. [2007]) but we are confident that the reported
ages are sufficiently precise to be valid in the context of the
discussion presented herein. Moreover, plutons that have
been dated by ID‐TIMS and LA‐ICPMS yield ages that are
analytically equivalent (e.g., Arcellana pluton [Valverde‐
Vaquero et al., 1999], Table 2; see also Jeffries et al. [2003]).
The same is true for plutons dated by SIMS and LA‐ICPMS
(this study) (e.g., Nisa‐Alburquerque pluton [Solá et al.,
2009], Table 2). Note that the age reported for each pluton
has been calculated in the same fashion for all samples (i.e.,
concordia age as defined by [Ludwig, 1998]) thus avoiding
statistical age shifts that would result from using different
approaches (e.g., weighted average of the 206Pb/238U ages,
median 206Pb/238U age as calculated by the TuffZirc algo-
rithm [Ludwig, 2003], upper or lower intercepts of discordia
lines, projection from an assigned common lead composi-
tion on a Tera‐Wasserburg Concordia plot, etc.).
[23] Additionally, we have compiled U‐Pb age data (both

ID‐TIMS and SIMS) from the literature for post‐orogenic
plutons in Iberia (Table 2) which are used in the discussion
below. In total, we utilize U‐Pb age data from 52 late‐
Variscan discrete intrusions (19 from new data presented
herein and 33 from previous geochronological works)
(Figure 1 and Table 2).
[24] Within the data set, 13 U‐Pb ages correspond to

intrusions in the foreland and thrust belt of the Variscan
Iberian belt (Cantabrian and West Asturian‐Leonese zones,
CZ + WALZ) and 39 correspond to intrusions the hinterland
(Central Iberian Zone, CIZ) (Figure 1). The samples include
gabbros, quartz‐diorites, Bt ± Hbl peraluminous to slightly
metaluminous granodiorites, peraluminous Bt ± Crd gran-
odiorites and monzogranites, two‐mica peraluminous mon-
zogranites and peraluminous leucogranites with primary
Ms ± Bt ± Grt ± Tur ± And ± Sil (Table 2). The main

GUTIÉRREZ‐ALONSO ET AL.: SYN‐OROCLINE GRANITOIDS TC5008TC5008

4 of 17



Table 1. LA‐ICP‐MS U‐Pb Resultsa

Pluton Sample
Analysis
Number

Isotopic Ratios and 2s (%) Errors Ages and 2s Absolute Errors (Ma)
206Pb/238U ±2s 207Pb/235U ±2s 207Pb/206Pb ±2s 206Pb/238U ±2s 207Pb/235U ±2s 207Pb/206Pb ±2s

N42°33′39.0″ W006°33′26.3″
Ponferrada LD‐1 oc13a11 0.0454 1.90 0.3211 3.68 0.0516 3.94 286 5 283 9 268 90
Ponferrada LD‐1 oc12b13 0.0456 1.44 0.3275 2.86 0.0519 2.70 287 4 288 7 282 62
Ponferrada LD‐1 oc13a08 0.0455 2.38 0.3305 4.42 0.0528 4.42 287 7 290 11 320 63
Ponferrada LD‐1 oc12b14 0.0457 1.34 0.3266 3.40 0.0522 2.58 288 4 287 8 292 58
Ponferrada LD‐1 oc12b16 0.0456 2.12 0.3239 3.90 0.0521 3.50 288 6 285 10 288 80
Ponferrada LD‐1 oc12b12 0.0461 1.22 0.3332 2.40 0.0521 2.14 291 3 292 6 290 50
Ponferrada LD‐1 oc13a16 0.0463 1.56 0.3308 4.40 0.0516 4.06 292 4 290 11 268 94
Ponferrada LD‐1 oc12b15 0.0465 1.32 0.3294 2.66 0.0515 2.30 293 4 289 7 264 54
Ponferrada LD‐1 oc12b07 0.0466 2.60 0.3393 3.42 0.0524 3.08 294 7 297 9 302 70
Ponferrada LD‐1 oc12b08 0.0468 1.42 0.3428 3.58 0.0530 3.02 295 4 299 9 328 68

Concordia Age: 290.1 ± 1.4 Ma
N43°14′10.6″ W006°33′34.3″
Linares LD‐2 oc22e07 0.0469 2.74 0.3384 4.22 0.0523 5.88 296 8 296 11 298 134
Linares LD‐2 oc13b11 0.0472 1.80 0.3372 2.72 0.0519 2.58 297 5 295 7 282 58
Linares LD‐2 oc13b13 0.0472 1.46 0.3372 1.20 0.0531 1.66 297 4 295 3 332 38
Linares LD‐2 oc13c09 0.0472 2.20 0.3347 4.20 0.0523 3.86 297 6 293 11 296 88
Linares LD‐2 oc22f10 0.0476 1.82 0.3505 2.92 0.0535 3.82 300 5 305 8 348 86
Linares LD‐2 oc22f15 0.0478 1.84 0.3427 4.62 0.0516 5.12 301 5 299 12 264 118
Linares LD‐2 oc22f08 0.0479 3.10 0.3518 6.92 0.0527 5.30 302 9 306 18 316 120

Concordia Age: 297.3 ± 1.8 Ma
N43°23′19.3″ W006°15′15.4″
Arcellana LD‐3 oc13e14 0.0462 1.60 0.3292 3.54 0.0522 3.68 291 5 289 9 290 84
Arcellana LD‐3 oc22h07 0.0462 2.12 0.3318 3.80 0.0526 3.68 291 6 291 10 310 84
Arcellana LD‐3 oc13e05 0.0466 2.12 0.3433 3.10 0.0529 2.48 294 6 300 8 322 56
Arcellana LD‐3 oc13d05 0.0471 1.90 0.3436 4.80 0.0527 4.28 297 6 300 12 314 98
Arcellana LD‐3 oc13e06 0.0472 1.78 0.3379 4.38 0.0515 3.44 297 5 296 11 260 80
Arcellana LD‐3 oc13d14 0.0476 1.48 0.3469 2.86 0.0538 2.68 300 4 302 7 362 60
Arcellana LD‐3 oc13d11 0.0480 1.50 0.3487 2.44 0.0531 2.08 302 4 304 6 332 48

Concordia Age: 296.7 ± 2.9 Ma
N43°21′33.4″ W006°14′54.8″
Carles LD‐4 oc14b06 0.0459 2.32 0.3408 3.84 0.0541 3.66 289 7 298 10 374 82
Carles LD‐4 oc14a07 0.0461 1.14 0.3389 3.32 0.0534 3.00 291 3 296 9 344 68
Carles LD‐4 oc14b09 0.0462 1.66 0.3365 3.62 0.0531 3.82 291 5 295 9 332 86
Carles LD‐4 oc14a08 0.0464 2.00 0.3434 4.58 0.0538 3.94 292 6 300 12 360 88
Carles LD‐4 oc14b12 0.0463 1.60 0.3423 3.54 0.0536 3.54 292 5 299 9 352 80
Carles LD‐4 oc14a06 0.0467 1.20 0.3323 3.60 0.0523 2.98 294 3 291 9 296 68
Carles LD‐4 oc14b11 0.0475 1.52 0.3380 2.44 0.0525 2.74 299 4 296 6 308 62

Concordia Age: 293.1 ± 2.4 Ma
N40°32′07.4″ W006°08′54.3″
La Alberca LD‐5 oc14c10 0.0486 0.92 0.3550 2.58 0.0532 2.34 306 3 309 7 336 52
La Alberca LD‐5 oc14c16 0.0488 1.38 0.3600 4.28 0.0531 4.48 307 4 312 12 332 100
La Alberca LD‐5 oc14c06 0.0490 1.62 0.3594 2.74 0.0534 2.92 308 5 312 7 342 66
La Alberca LD‐5 oc14c09 0.0491 0.96 0.3572 2.86 0.0532 2.62 309 3 310 8 336 60
La Alberca LD‐5 oc14c14 0.0493 0.88 0.3527 2.90 0.0523 2.44 310 3 307 8 296 56
La Alberca LD‐5 oc14c08 0.0494 1.68 0.3659 3.30 0.0523 3.42 311 5 317 9 298 78

Concordia Age: 308.7 ± 1.4 Ma
N40°53′16.6″ W006°28′14.7″
Villavieja de Yeltes LD‐6 oc22c10 0.0475 2.48 0.3502 5.08 0.0532 5.24 299 7 305 18 338 118
Villavieja de Yeltes LD‐6 oc22c16 0.0481 2.14 0.3601 5.00 0.0533 7.24 303 6 312 24 330 152
Villavieja de Yeltes LD‐6 oc14e13 0.0483 1.66 0.3539 2.49 0.0534 1.88 304 6 308 8 344 42
Villavieja de Yeltes LD‐6 oc22d11 0.0485 2.92 0.3590 3.51 0.0545 4.35 305 9 313 9 342 88
Villavieja de Yeltes LD‐6 oc14f 07 0.0486 1.98 0.3439 2.04 0.0546 2.28 306 6 300 9 394 52
Villavieja de Yeltes LD‐6 oc14e06 0.0488 1.80 0.3651 4.42 0.0532 4.60 307 7 316 12 338 104

Concordia Age: 303.8 ± 2.3 Ma
N40°56′21.6″ W006°13′55.0″
Ciperez LD‐7 oc15b08 0.0467 1.78 0.3436 3.84 0.0532 3.02 294 5 300 10 338 68
Ciperez LD‐7 oc15b12 0.0466 2.30 0.3418 4.12 0.0534 4.36 294 7 299 11 344 98
Ciperez LD‐7 oc23a05 0.0471 1.80 0.3413 3.16 0.0527 2.76 296 5 298 8 314 62
Ciperez LD‐7 oc23b15 0.0471 2.26 0.3508 7.08 0.0549 6.40 297 7 305 19 408 144
Ciperez LD‐7 oc15b11 0.0473 1.54 0.3372 5.02 0.0515 4.34 298 4 295 13 264 98
Ciperez LD‐7 oc23a13 0.0473 2.18 0.3502 4.32 0.0536 4.76 298 6 305 11 352 106
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Table 1. (continued)

Pluton Sample
Analysis
Number

Isotopic Ratios and 2s (%) Errors Ages and 2s Absolute Errors (Ma)
206Pb/238U ±2s 207Pb/235U ±2s 207Pb/206Pb ±2s 206Pb/238U ±2s 207Pb/235U ±2s 207Pb/206Pb ±2s

Ciperez LD‐7 oc23a08 0.0485 1.22 0.3453 2.72 0.0525 2.58 305 4 301 7 306 58
Ciperez LD‐7 oc23a10 0.0487 1.66 0.3514 3.32 0.0518 3.82 307 5 306 9 274 88

Concordia Age: 300 ± 2.9 Ma
N39°31′44.2″ W005°53′06.7″
Trujillo LD‐8 oc15c14 0.0462 1.86 0.3437 3.38 0.0535 3.44 291 5 300 9 348 78
Trujillo LD‐8 oc15c07 0.0463 2.14 0.3424 5.98 0.0538 6.26 292 6 299 16 360 140
Trujillo LD‐8 oc15c15 0.0471 2.02 0.3402 5.26 0.0519 4.88 297 6 297 14 280 112
Trujillo LD‐8 oc15c11 0.0478 1.70 0.3421 1.61 0.0532 1.72 301 5 300 4 334 38

Concordia Age: 296.2 ± 2.5 Ma
N38°56′50.4″ W006°26′28.0″
Merida LD‐9 oc15f15 0.0468 3.60 0.3439 2.86 0.0534 5.52 295 10 300 7 344 126
Merida LD‐9 oc15f06 0.0471 2.82 0.3414 6.86 0.0523 6.16 297 8 298 18 296 140
Merida LD‐9 oc15d13 0.0477 2.10 0.3485 4.65 0.0536 3.72 300 3 304 6 352 84
Merida LD‐9 oc15e05 0.0479 2.24 0.3486 4.06 0.0525 3.00 301 7 304 11 306 68
Merida LD‐9 oc15f13 0.0478 1.34 0.3475 3.00 0.0528 3.02 301 4 303 8 320 68
Merida LD‐9 oc15e11 0.0489 1.12 0.3586 3.90 0.0531 3.36 308 3 311 10 330 76
Merida LD‐9 oc15d06 0.0491 1.50 0.3562 2.36 0.0528 1.90 309 5 309 6 318 44
Merida LD‐9 oc15e10 0.0493 1.36 0.3604 3.96 0.0532 3.60 310 4 312 11 338 82
Merida LD‐9 oc15f11 0.0493 1.70 0.3664 3.56 0.0542 2.70 310 5 317 10 378 60

Concordia Age: 305.5 ± 2.5 Ma
N39°13′31.3″ W006°59′55.7″
Alburquerque LD‐10 oc16a08 0.0478 2.09 0.3439 4.25 0.0523 2.46 301 3 300 8 296 56
Alburquerque LD‐10 oc16a15 0.0480 1.54 0.3521 5.62 0.0530 5.50 302 5 306 15 328 124
Alburquerque LD‐10 oc16b10 0.0479 1.70 0.3421 3.42 0.0520 3.68 302 5 299 9 282 84
Alburquerque LD‐10 oc16a13 0.0481 1.02 0.3425 1.74 0.0535 1.58 303 3 299 5 350 36
Alburquerque LD‐10 oc16b14 0.0484 1.90 0.3416 4.40 0.0514 4.12 304 6 298 11 256 96
Alburquerque LD‐10 oc16h09 0.0486 1.74 0.3615 3.88 0.0537 3.74 306 5 313 10 358 84
Alburquerque LD‐10 oc16a07 0.0488 1.36 0.3477 3.16 0.0522 3.32 307 4 303 8 292 74
Alburquerque LD‐10 oc16a11 0.0487 1.94 0.3515 4.36 0.0517 4.14 307 6 306 11 272 94
Alburquerque LD‐10 oc16b06 0.0488 1.82 0.3557 2.40 0.0534 3.22 307 5 309 6 344 72
Alburquerque LD‐10 oc16b08 0.0487 2.36 0.3556 3.40 0.0529 2.84 307 7 309 9 322 64
Alburquerque LD‐10 oc16h05 0.0488 1.74 0.3627 4.20 0.0535 3.86 307 5 314 11 348 88
Alburquerque LD‐10 oc16a05 0.0489 1.08 0.3545 2.24 0.0524 2.50 308 3 308 6 302 58
Alburquerque LD‐10 oc16b07 0.0495 1.28 0.3601 2.02 0.0527 2.12 311 4 312 5 316 48
Alburquerque LD‐10 oc16h12 0.0497 1.78 0.3567 2.62 0.0528 2.70 313 5 310 7 320 60

Concordia Age: 305.9 ± 1.6 Ma
N39°33′05.6″ W006°26′18.9″
Cabeza de Araya LD‐11 oc16d05 0.0488 1.78 0.3490 3.26 0.0514 2.86 307 5 304 9 258 66
Cabeza de Araya LD‐11 oc16c11 0.0490 1.98 0.3583 3.46 0.0530 3.18 308 6 311 9 326 72
Cabeza de Araya LD‐11 oc16d12 0.0489 1.54 0.3596 3.30 0.0532 3.02 308 5 312 9 338 70
Cabeza de Araya LD‐11 oc16d16 0.0490 2.08 0.3537 2.52 0.0527 3.06 308 6 308 7 316 70
Cabeza de Araya LD‐11 oc16c09 0.0491 1.18 0.3502 3.16 0.0516 3.26 309 4 305 8 268 74
Cabeza de Araya LD‐11 oc16c06 0.0495 2.36 0.3633 2.76 0.0538 3.06 311 7 315 7 362 68
Cabeza de Araya LD‐11 oc16c05 0.0496 1.98 0.3481 4.30 0.0512 4.18 312 6 303 11 250 96
Cabeza de Araya LD‐11 oc16d06 0.0496 2.52 0.3565 3.40 0.0526 4.28 312 8 310 9 310 98
Cabeza de Araya LD‐11 oc16d11 0.0497 1.72 0.3560 3.88 0.0521 3.22 313 5 309 10 288 74

Concordia Age: 309.4 ± 1.7 Ma
N42°14′39.9″ W007°01′39.8″
Veiga LD‐14 oc19d06 0.0465 2.32 0.3405 4.84 0.0528 4.64 293 7 298 12 318 106
Veiga LD‐14 oc19f15 0.0466 1.98 0.3351 2.90 0.0521 2.60 293 6 293 7 288 58
Veiga LD‐14 oc19e15 0.0470 2.30 0.3391 4.14 0.0529 3.72 296 7 296 11 324 84
Veiga LD‐14 oc19f13 0.0481 2.62 0.3494 4.02 0.0540 3.16 303 8 304 11 370 70
Veiga LD‐14 oc19f12 0.0483 2.26 0.3426 3.58 0.0519 2.60 304 7 299 9 278 60
Veiga LD‐14 oc19e05 0.0484 1.44 0.3445 2.04 0.0521 2.36 305 4 301 5 288 54
Veiga LD‐14 oc19f09 0.0485 1.62 0.3487 2.50 0.0522 2.36 305 5 304 7 292 54
Veiga LD‐14 oc19e08 0.0488 2.02 0.3557 3.00 0.0530 2.64 307 6 309 8 330 60
Veiga LD‐14 oc19f05 0.0493 2.48 0.3523 4.00 0.0525 3.52 310 8 306 11 306 80

Concordia Age: 301.9 ± 2.8 Ma
N42°18′16.0″ W007°52′35.1″
Orense LD‐15 oc19h08 0.0463 1.74 0.3407 3.42 0.0529 3.38 291 5 298 9 324 76
Orense LD‐15 oc19g05 0.0464 2.30 0.3351 6.84 0.0523 7.08 293 7 293 17 298 162
Orense LD‐15 oc19g07 0.0467 2.22 0.3337 5.96 0.0520 4.24 294 6 292 15 286 98
Orense LD‐15 oc19h07 0.0469 3.08 0.3465 4.62 0.0526 3.88 296 9 302 12 312 88
Orense LD‐15 oc19j06 0.0472 1.88 0.3467 3.62 0.0525 3.22 297 5 302 9 304 74
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Table 1. (continued)

Pluton Sample
Analysis
Number

Isotopic Ratios and 2s (%) Errors Ages and 2s Absolute Errors (Ma)
206Pb/238U ±2s 207Pb/235U ±2s 207Pb/206Pb ±2s 206Pb/238U ±2s 207Pb/235U ±2s 207Pb/206Pb ±2s

Orense LD‐15 oc19h16 0.0473 1.86 0.3562 5.56 0.0533 5.06 298 5 309 15 338 114
Orense LD‐15 oc19h12 0.0475 2.06 0.3438 3.96 0.0523 3.70 299 6 300 10 298 84
Orense LD‐15 oc19h13 0.0480 2.18 0.3452 6.12 0.0528 4.42 302 6 301 16 320 100
Orense LD‐15 oc19g06 0.0482 3.12 0.3426 5.62 0.0537 6.88 303 9 299 15 358 154
Orense LD‐15 oc19h11 0.0483 2.74 0.3457 4.76 0.0510 6.34 304 8 301 12 240 146

Concordia Age: 297.5 ± 1.9 Ma
N43°11′13.1″ W009°05′23.9″
Traba LD‐16 oc22a05 0.0472 1.90 0.3336 3.00 0.0522 3.38 298 6 292 8 292 76
Traba LD‐16 oc20c07 0.0475 1.22 0.3396 3.06 0.0512 2.68 299 4 297 8 248 62
Traba LD‐16 oc20b12 0.0476 3.08 0.3569 4.92 0.0556 5.48 300 9 310 13 434 122
Traba LD‐16 oc22a06 0.0477 2.80 0.3388 3.18 0.0505 2.76 301 8 296 8 218 64
Traba LD‐16 oc22a14 0.0480 2.64 0.3423 4.67 0.0520 6.34 302 8 299 19 286 144
Traba LD‐16 oc22a07 0.0487 2.78 0.3410 4.75 0.0523 4.44 306 8 295 12 296 102
Traba LD‐16 oc20b05 0.0490 3.48 0.3539 2.84 0.0529 4.44 308 10 308 8 324 100
Traba LD‐16 oc22a09 0.0493 3.04 0.3492 4.02 0.0515 2.76 311 9 304 11 260 64
Traba LD‐16 oc22b05 0.0496 3.44 0.3545 4.48 0.0520 4.62 312 11 308 12 286 106

Concordia Age: 301.2 ± 2.9 Ma
N42°35′40.8″ W008°40′37.3″
Caldas de Reis LD‐17 oc20d14 0.0464 1.72 0.3340 2.69 0.0524 2.00 292 2 293 5 302 46
Caldas de Reis LD‐17 oc20d15 0.0464 2.14 0.3346 6.70 0.0519 6.14 292 6 293 17 280 140
Caldas de Reis LD‐17 oc20d09 0.0465 1.36 0.3418 2.14 0.0526 2.38 293 4 299 6 308 54
Caldas de Reis LD‐17 oc20f05 0.0465 2.68 0.3450 5.10 0.0532 5.88 293 8 301 13 338 132
Caldas de Reis LD‐17 oc20e06 0.0468 2.26 0.3405 4.56 0.0527 4.74 295 6 298 12 314 108
Caldas de Reis LD‐17 oc20e07 0.0468 1.58 0.3347 3.90 0.0521 4.52 295 5 293 10 288 104
Caldas de Reis LD‐17 oc20e11 0.0468 1.50 0.3523 6.96 0.0540 5.12 295 4 306 18 372 116
Caldas de Reis LD‐17 oc20f09 0.0468 2.22 0.3449 4.40 0.0535 3.70 295 6 301 11 348 84
Caldas de Reis LD‐17 oc20e12 0.0469 1.64 0.3474 4.02 0.0540 3.96 296 5 303 11 370 88
Caldas de Reis LD‐17 oc20e13 0.0473 1.46 0.3375 4.76 0.0513 3.54 298 4 295 12 252 82
Caldas de Reis LD‐17 oc20f07 0.0476 1.50 0.3419 7.44 0.0513 6.16 300 4 299 19 254 142
Caldas de Reis LD‐17 oc20f08 0.0476 2.68 0.3522 6.80 0.0538 6.72 300 8 306 18 360 152
Caldas de Reis LD‐17 oc20f11 0.0477 2.52 0.3357 6.20 0.0511 5.96 300 7 294 16 246 138
Caldas de Reis LD‐17 oc20f16 0.0477 2.50 0.3442 4.98 0.0523 2.94 300 7 300 13 298 68
Caldas de Reis LD‐17 oc20e09 0.0479 1.82 0.3404 4.02 0.0518 4.30 301 5 297 10 276 98
Caldas de Reis LD‐17 oc20f15 0.0478 3.04 0.3330 4.08 0.0516 4.30 301 9 292 10 266 98
Caldas de Reis LD‐17 oc20d10 0.0479 2.34 0.3318 5.74 0.0515 5.12 302 7 291 15 262 118
Caldas de Reis LD‐17 oc20e10 0.0479 1.64 0.3566 4.02 0.0538 4.60 302 5 310 11 360 104

Concordia Age: 297.1 ± 1.4 Ma
N41°33′36.2″ W008°25′43.2″
Braga LD‐18 oc20j05 0.0480 2.60 0.3482 4.64 0.0519 5.72 302 8 303 12 278 130
Braga LD‐18 oc20g16 0.0481 2.36 0.3573 5.66 0.0536 6.34 303 7 310 15 352 142
Braga LD‐18 oc20h06 0.0481 2.38 0.3449 3.20 0.0528 3.68 303 7 301 8 320 84
Braga LD‐18 oc20j16 0.0483 1.84 0.3598 3.52 0.0533 2.70 304 5 312 9 342 62
Braga LD‐18 oc20g09 0.0485 2.02 0.3653 5.44 0.0551 6.02 306 6 316 15 416 134
Braga LD‐18 oc20h10 0.0485 1.78 0.3479 4.50 0.0529 3.90 306 5 303 12 322 88
Braga LD‐18 oc20h05 0.0488 3.70 0.3658 7.78 0.0536 8.46 307 11 317 21 354 192
Braga LD‐18 oc20h14 0.0489 2.78 0.3419 5.68 0.0505 5.70 308 8 299 15 216 132
Braga LD‐18 oc20g12 0.0490 1.98 0.3489 3.52 0.0521 4.12 309 6 304 9 290 94
Braga LD‐18 oc20j13 0.0491 2.26 0.3595 4.08 0.0533 4.00 309 7 312 11 338 92
Braga LD‐18 oc20g05 0.0495 2.12 0.3585 5.18 0.0512 6.42 312 6 311 14 248 146
Braga LD‐18 oc20h09 0.0496 3.32 0.3602 5.14 0.0527 3.82 312 10 312 14 316 88

Concordia Age: 305.7 ± 1.9 Ma
N40°34′09.3″ W007°15′03.7″
Guarda LD‐19 oc21c05 0.0471 1.34 0.3350 3.02 0.0520 2.94 297 4 293 8 284 68
Guarda LD‐19 oc21c07 0.0472 1.76 0.3448 6.42 0.0540 6.00 297 5 301 17 368 136
Guarda LD‐19 oc21b10 0.0473 1.62 0.3418 2.42 0.0532 2.64 298 5 299 6 336 60
Guarda LD‐19 oc21b11 0.0474 1.69 0.3380 2.07 0.0530 1.56 298 3 294 4 328 36
Guarda LD‐19 oc21a05 0.0475 1.68 0.3384 2.66 0.0520 1.86 299 4 296 6 284 42
Guarda LD‐19 oc21c12 0.0476 1.70 0.3515 3.16 0.0538 3.14 300 5 307 8 362 70
Guarda LD‐19 oc21b14 0.0479 1.42 0.3568 5.43 0.0543 5.34 302 4 312 14 382 120
Guarda LD‐19 oc21c11 0.0480 1.54 0.3614 4.70 0.0540 2.42 302 5 313 6 368 54

Concordia Age: 298.9 ± 1.6 Ma
N40°33′49.1″ W005°26′13.1″
El Alamo LD‐20 oc21d14 0.0477 2.68 0.3481 3.24 0.0528 4.24 301 8 303 9 320 96
El Alamo LD‐20 oc21d05 0.0483 2.48 0.3634 4.40 0.0549 3.06 304 5 315 8 408 68
El Alamo LD‐20 oc21d06 0.0482 2.58 0.3604 2.90 0.0539 2.82 304 8 313 8 368 64
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geochemical and isotopic features of the granitoids and
mafic rocks are described elsewhere [Fernández‐Suárez
et al., 2000, 2011, and references therein]. As additional
information, Table 2 shows the zircon saturation tempera-
tures (ZrTsat) for the granitoids calculated using the equation
of Watson and Harrison [1983] where data are available.
The ZrTsat data are used to distinguish between hot
(ZrTsat > 800°C) and cold (ZrTsat < 800°C) granitoids [Miller

et al., 2003]. Hot granitoids have high whole‐rock Zr content
(usually >200 ppm) and low zircon inheritance (as deduced
from cathodolumiscence imaging); cold granites have low
whole‐rock Zr content (usually <150 ppm) and high zircon
inheritance (revealed by abundant cores in CL imaging or the
presence of inherited lead components as indicated by highly
discordant ID‐TIMS analyses with 207Pb/206Pb ages much
older than the crystallization age). In the case of the plutons

Table 1. (continued)

Pluton Sample
Analysis
Number

Isotopic Ratios and 2s (%) Errors Ages and 2s Absolute Errors (Ma)
206Pb/238U ±2s 207Pb/235U ±2s 207Pb/206Pb ±2s 206Pb/238U ±2s 207Pb/235U ±2s 207Pb/206Pb ±2s

El Alamo LD‐20 oc21d11 0.0486 2.18 0.3497 6.60 0.0532 5.80 306 6 304 17 334 132
El Alamo LD‐20 oc21d09 0.0493 2.42 0.3501 2.96 0.0516 3.44 310 7 305 8 268 78
El Alamo LD‐20 oc21d10 0.0493 1.54 0.3484 4.12 0.0521 3.76 310 5 304 11 288 86
El Alamo LD‐20 oc21e08 0.0496 2.02 0.3625 2.81 0.0527 2.54 312 5 314 6 314 58

Concordia Age: 307.6 ± 3.5 Ma
N40°31′23.1″ W005°25′25.8″
El Miron LD‐21 oc21h06 0.0475 1.76 0.3427 5.00 0.0520 4.12 299 5 299 13 282 94
El Miron LD‐21 oc21h08 0.0483 1.84 0.3456 5.22 0.0517 5.82 304 5 301 14 270 134
El Miron LD‐21 oc21g09 0.0484 1.70 0.3624 5.00 0.0533 4.08 305 5 314 13 338 92
El Miron LD‐21 oc21h09 0.0489 1.56 0.3498 4.38 0.0528 3.90 307 5 305 12 318 88
El Miron LD‐21 oc21h07 0.0490 1.74 0.3626 3.18 0.0535 2.94 308 5 314 9 350 66
El Miron LD‐21 oc21h10 0.0490 2.16 0.3707 6.24 0.0549 4.66 309 7 320 17 406 104
El Miron LD‐21 oc21g10 0.0496 1.74 0.3715 5.82 0.0537 5.08 312 5 321 16 360 116
El Miron LD‐21 oc21g16 0.0498 1.50 0.3594 2.86 0.0521 2.74 313 5 312 8 290 64
El Miron LD‐21 oc21h14 0.0498 1.88 0.3600 3.47 0.0523 2.86 313 6 315 9 298 66

Concordia Age: 306.8 ± 2.9 Ma

aSample geographical coordinates are given for each pluton.

Figure 2. Concordia plots showing the U‐Pb zircon age of the intrusions from the WALZ and CZ dated
in this study.
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Figure 3. Concordia plots showing the U‐Pb zircon age of the intrusions from the CIZ dated in this
study.
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considered herein, hot granitoids correspond mostly to
infracrustal I‐type granodiorites‐monzogranites [see also
Fernández‐Suárez et al., 2011] whereas cold granitoids are
mostly mid‐crustal S‐type two‐mica monzogranites and
leucogranites.
[25] The data compiled in Table 2 (including the 19 new

analyses of Table 1) show the following features:

[26] Granitoids and mafic rocks in the foreland fold and
thrust belt (CZ + WALZ) (Figures 1 and 2 and Tables 1
and 2) have ages that range from 286 Ma to 297 Ma with
a weighted average of 293 ± 2 Ma. The youngest rocks in
this data set are the 286 ± 3 Ma peraluminous leucogranites
in the WALZ, which have low Zr content (<60 ppm), high
zircon inheritance [Fernández‐Suárez et al., 2000] and low

Table 2. U‐Pb Age Compilation Used in This Study

Pluton Zone Rock Type U‐Pb Age 2s TZr Sat
a (°C) Method Sourceb

Cantabrian and Westasturian Leonese Zones
San Ciprián WALZ Leucogranite 286 2 717 ID‐TIMS Fernández‐Suárez et al. [2000]
Ancares WALZ Leucogranite 289 3 703 ID‐TIMS Fernández‐Suárez et al. [2000]
Ponferrada WALZ Leucogranite 290 2 713 LAICPMS
Boal WALZ Two‐mica Monzogranite 291 3 734 ID‐TIMS Fernández‐Suárez et al. [2000]
Peña prieta CZ Granodiorite 292 3 800 ID‐TIMS Valverde‐Vaquero et al. [1999]
Carles CZ Granodiorite 293 2 801 LAICPMS
El Courio CZ Q‐monzodiorite 293 2 822 ID‐TIMS Valverde‐Vaquero et al. [1999]
Vivero (Cortlandites) WALZ Hornblendite 293 3 ID‐TIMS Fernández‐Suárez et al. [2000]
Porcia/Salave WALZ Quartz‐Diorite 295 3 806 ID‐TIMS Fernández‐Suárez et al. [2000]
Tojiza WALZ Granodiorite 295 2 838 ID‐TIMS Fernández‐Suárez et al. [2000]
Linares CZ Granodiorite 297 2 804 LAICPMS
Arcellana CZ Granodiorite 297 3 801 LAICPMS
Arcellana CZ Granodiorite 297 6 ID‐TIMS Valverde‐Vaquero et al. [1999]

Central Iberian Zone
Gouveiras CIZ Leucogranite 289 3 774 U‐Th‐Pb in monazite

(SHRIMP)
Neiva et al. [2009]

Paufito CIZ Leucogranite 290 3 770 ID‐TIMS Dias et al. [1998]
La Cabrera CIZ Two‐mica Monzogranite 292 3 785 ID‐TIMS Valverde‐Vaquero [1997]
Trujillo CIZ Leucogranite 296 3 725 LAICPMS
Geres CIZ Leucogranite 296 2 755 ID‐TIMS Dias et al. [1998]
Caldas de Reis CIZ Granodiorite 297 2 859 LAICPMS
Ourense CIZ Leucogranite 298 2 771 LAICPMS
Guarda CIZ Two‐mica Monzogranite 299 2 808 LAICPMS
Vila Pouca de Aguiar CIZ Biot Monzogranite 299 3 750 ID‐TIMS Martins et al. [2009]
Ciperez CIZ Two‐mica Monzogranite 300 3 800 LAICPMS
Briteiros CIZ Two‐mica Monzogranite 300 1 ID‐TIMS Dias et al. [1998]
Traba CIZ Leucogranite 301 3 762 LAICPMS
Gouveiras CIZ Two‐mica Monzogranite 302 3 783 U‐Th‐Pb in monazite

(SHRIMP)
Neiva et al. [2009]

Veiga CIZ Two‐mica Monzogranite 302 3 774 LAICPMS
Villavieja de Yeltes CIZ Leucogranite 304 2 764 LAICPMS
Cerro Mogabar CIZ Leucogranite 304 2 ID‐TIMS Carracedo et al. [2009]
Merida CIZ Leucogranite 306 3 787 LAICPMS
Nisa‐Albuquerque CIZ Two‐mica Monzogranite 306 2 760 LAICPMS
Nisa‐Albuquerque CIZ Tonalite 307 2 SHRIMP II Solá et al. [2009]
Braga CIZ Granodiorite 306 2 843 LAICPMS
Navahermosa CIZ Gabbro 306 2 Cameca IMS270 Zeck et al. [2007]
Cota‐Viseu CIZ Bt‐monzogranite 306 5 820 ID‐TIMS Valle Aguado et al. [2005]
Celeiros CIZ Two mica Monzgranites 306 2 ID‐TIMS Dias et al. [1998]
La Bastida CIZ Gabbro 306 2 Cameca IMS270 Bea et al. [2006]
El Miron CIZ Q‐diorite 307 3 809 LAICPMS
Ledrada‐Colmenar CIZ Cord‐Biotite Monzogranite 307 2 Cameca IMS270 Zeck et al. [2007]
Agrela CIZ Biotite Granodiorite 307 4 847 ID‐TIMS Dias et al. [1998]
Berlanga islands CIZ Biotite Monzogranite 307 1 ID‐TIMS Valverde‐Vaquero et al. [2010]
Celorico de Basto CIZ Biotite Monzogranite 308 4 814 ID‐TIMS Dias et al. [2002]
El Alamo CIZ Gabbro 308 3 LAICPMS
Junqueira CIZ Two‐mica Monzogranite 308 1 810 ID‐TIMS Valle Aguado et al. [2005]
Los Pedroches CIZ Granodiorite Bt ± Amph 308 2 815 ID‐TIMS Carracedo et al. [2009]
Toledo CIZ Gabbro 308 2 851c Cameca IMS270 Bea et al. [2006]
La Alberca CIZ Granodiorite 309 2 817 LAICPMS
Cabeza de Araya CIZ Cord‐Bt Granodiorite 309 2 819 LAICPMS
Arges CIZ Tonalite 309 4 853 Cameca IMS270 Bea et al. [2006]
Castelo Branco CIZ Granodiorite Bt ± Amph 309 2 827 ID‐TIMS Antunes et al. [2010]
Guajaraz CIZ Gabbro 311 5 Cameca IMS270 Bea et al. [2006]

aZircon saturation temperature calculated with the equation of Watson and Harrison [1983]. Bold numbers are cold; italic numbers are hot.
bBlank rows indicate this study.
cTi‐in‐Zircon thermometry.
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zircon saturation temperatures (ca. 700–720°C) typical of
“cold” granites. Peraluminous leucogranites are absent in the
Cantabrian Zone (the most external zone of the foreland fold
and thrust belt) in which post‐orogenic magmatism is
dominated by mafic‐intermediate rocks [Corretgé et al.,
2004].
[27] Granitoids and mafic rocks in the Central Iberian

Zone (CIZ, Tables 1 and 2; Figures 1 and 3) display U‐Pb
ages that range from 311 ± 5 Ma to 289 ± 3 Ma with a
weighted average of 304 ± 2 Ma. The probability density
plot of Figure 4 shows the significant age difference
between granitoids and mafic rocks in the CZ + WALZ with
respect to those of the CIZ; this “age shift” is discussed
below.Within the CIZ, mafic rocks (mainly gabbros, Table 2)
have ages ranging from 311 ± 5 Ma to 306 ± 2 Ma with a
weighted mean of 307 ± 1 Ma (MSWD = 1.2) which sug-
gests a short duration for the pulse of mantle‐derived
magmatism in the CIZ, at least based on the exposed mafic
rocks in the region. To our knowledge, no mafic rocks with
ages younger than ca. 306 Ma have been identified in the
CIZ. Mantle‐derived mafic rocks in the CZ + WALZ are ca.
5 to 10 myr younger than their chemically and isotopically
correlatives in the CIZ.
[28] The leucogranites and “cold” granitoids in the CIZ

have ages younger than 306 Ma (weighted average of
299 ± 3 Ma) although “hot” granitoids also intrude after
306 Ma (e.g., Caldas de Reyes pluton, Table 2). Figure 5
illustrates the age shifts between mafic rocks + hot grani-
toids versus cold granitoids in both the CZ + WALZ and the
CIZ. We consider these age differences to be relevant and
their relevance is addressed in the discussion that follows.

5. Discussion

[29] Our U‐Pb age data place constraints on models for
the tectonic evolution of the NW Iberian Variscan belt in
late‐Carboniferous‐ early Permian times, and is used here to
develop a time‐ and space‐ integrated hypothesis for the

genesis of post‐orogenic magmatism in this sector of the
European Variscides.
[30] Post‐orogenic magmatism in this realm of the

Variscan orogen took place between ca. 310 and 285 Ma
(i.e., Middle Pennsylvanian to Middle Cisuralian [Gradstein
et al., 2004]), representing a 25 myr time slice. The data
confirm that these granitoid rocks were emplaced after the
main episodes of collision‐driven crustal thickening (initiated
at ca. 360 Ma [Dallmeyer et al., 1997]) and at least 15 Ma
after the ensuing extensional collapse of the orogen (dated at
ca. 330–320 Ma; [Bea et al., 2006; Valverde‐Vaquero et al.,
2006]). There is a significant difference in granitoid crystal-
lization ages between the hinterland (CIZ) and the foreland
fold and thrust belt (WALZ + CZ) (Figure 4).
[31] The data are also consistent with the hypothesis that

the post‐orogenic magmatism was coeval with the Late
Pennsylvanian to Early Cisuralian development of an oro-
cline that constitutes the Iberian‐Armorican arc [Weil et al.,
2001, 2010]. Modeling of the IAA orocline as the result of
bending of an initially linear orogen around a vertical axis
shows that extension and lithospheric thinning is required in
the outer arc of the orocline (CIZ) simultaneous with
thickening and lithospheric root formation under the WALZ

Figure 4. Probability density plot illustrating the age dif-
ference between intrusions in the WALZ + CZ and the in
CIZ. The plot was constructed using the ages and errors
reported in Table 2.

Figure 5. Probability density plot showing the age differ-
ence between hot granitoids + mafic rocks and cold grani-
toids in the WALZ + CZ and the in CIZ. The plot was
constructed using the ages and errors reported in Table 2.
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and CZ (inner arc) [Gutiérrez‐Alonso et al., 2004;Weil et al.,
2010] (Figure 6 and auxiliary material).1

[32] Post‐tectonic Magmatism in the CIZ (hereafter
termed the “outer arc” of the orocline (Figure 6 and auxiliary

material) started at ca. 310 Ma with the intrusion of mantle‐
derived mafic rocks and “hot” granodiorite‐monzogranite
(with minor tonalite) intrusions whose isotopic and geo-
chemical features suggest genesis by melting of predomi-
nantly metaigneous protoliths in the lower crust
[Fernández‐Suárez et al., 2011; Villaseca et al., 2009]. The
crystallization ages of these earliest post‐orogenic intrusions

Figure 6. (a–e) Illustration showing the sequential development of the IAA and the genesis of post‐
orogenic granitoids and mafic rocks as a consecuence of lithospheric deformation caused by oroclinal
development. See text for details. See also Animation S1 in the auxiliary material. (f) Depicts a con-
ceptual 3D model of oroclinal buckling around a vertical axis by tangential longitudinal strain which
explains the vertical lithospheric thickness variations from the outer to the inner arcs of the orocline (taken
from Gutiérrez‐Alonso et al. [2004]).

1Auxiliary materials are available in the HTML. doi:10.1029/
2010TC002845.
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overlap with 40Ar‐39Ar age of fabrics from an orogen‐scale
sub‐vertical shear zone system (ca. 307 Ma [Valle Aguado
et al., 2005; Gutiérrez‐Alonso et al., 2010; Rodríguez et al.,
2003]). We speculate that these steep shear zones may have
acted as structural conduits for the ascent of these early post‐
orogenic mantle‐derived mafic melts and lower crustal
granitoid melts. This early stage, that lasted for about 5 myr
(310–305 Ma) (Figure 6a), was limited to the outer arc and
involved little or no generation of peraluminous S‐type
leucogranites or two‐mica monzogranites (cold granitoids).
[33] However, it should be mentioned that peraluminous

Bt‐Crd granodiorites and monzogranites in the CIZ (e.g.,
Cabeza de Araya and Ledrada‐Colmenar plutons in Table 2)
[Capdevila et al., 1973; Garcia‐Moreno et al., 2007] did
crystallize mainly within this early age interval (310–
305 Ma). This observation is consistent with hypotheses that
link the genesis of this particular type of more mafic per-
aluminous granitoid with the participation of mafic magmas
at lower crustal levels [Barbarin, 1996]. S‐type, two‐mica
peraluminous monzogranites and leucogranites in the CIZ
have crystallization ages that peak at ca. 299 Ma, suggesting
a “delay” in their genesis with respect to more mafic, deeper
and hotter granitoids and mantle‐derived mafic rocks
(Figure 5). This ca 4–5 myr delay could be taken as the
upwards travel time of the thermal anomaly that produced
the melting of lithospheric mantle and lower crust. Never-
theless, hot granitoids continued to be produced during this
younger time slice (e.g., Caldas de Reyes, Table 2) but no
mafic mantle‐derived mafic rocks younger than 306 Ma
have been reported in the CIZ.
[34] Mantle and lower crustal melting peaked between

ca 310 and 305 Ma, and middle crustal melting peaked at
ca 300 Ma in the CIZ. We interpret these observations to
reflect lithospheric thinning in the outer arc of the orocline
(Figure 6) that facilitated asthenospheric mantle upwelling
and concomitant melting of the thinned lithospheric mantle
and the lower crust [Gutiérrez‐Alonso et al., 2004;Weil et al.,
2010] giving rise to the oldest mafic rocks and “hot”
granitoids of the CIZ. This upward‐migrating thermal
anomaly reached mid‐crustal levels ca. 5 myr later, causing
middle crustal melting and genesis of typical two‐mica, cold,
peraluminous leucogranites and monzogranites [Barbarin,
1996; Sylvester, 1998]. At this stage, lower crustal melting
was still happening but mantle melting either ceased (there
are no gabbros younger than 306 in the CIZ) or melts could
no longer transect the mantle‐crust interface.
[35] U‐Pb dating of zircon from lower crustal granulite

xenoliths from the CIZ entrained in Middle Permian dykes
[Fernández‐Suárez et al., 2006; Villaseca et al., 1999] yield
ages between ca 308 and 280 Ma (weighted mean 295 Ma)
indicating extensive granulitization of the lower crust coeval
with the post‐orogenic magmatism in the CIZ.
[36] In the foreland fold and thrust belt (CZ + WALZ,

inner arc of the orocline) there is no record of igneous
activity prior to 297 Ma (Figure 6 and auxiliary material)
and the oldest rocks are mantle‐derived gabbros and quartz‐
diorites (Table 2). Intrusion of mafic rocks and “hot” I‐type
granitoids of lower crustal origin took place between
297 and 292 Ma indicating that melting of the inner arc
lithospheric mantle‐lower crust ensemble was initiated

ca. 10–12 myr after it started under the CIZ (outer arc)
(Figure 4). This delay can be explained considering that
during formation of the IAA, lithospheric extension and
melting in the outer arc (CIZ) was coeval with lithospheric
root formation in the inner arc of the orocline [Gutiérrez‐
Alonso et al., 2004; Weil et al., 2010] (see Figure 6f for a
3D representation of oroclinal buckling around a vertical
axis by tangential longitudinal strain). We suggest that the
age of the oldest mantle‐derived mafic rocks in the CZ (ca.
297 Ma) mark the detachment of the lithospheric root that
developed beneath the inner arc during orocline formation,
and that concomitant upwelling of asthenospheric mantle
then triggered mantle‐lower crustal melting under the inner
arc. Progressive foundering of the lithospheric root and
continued asthenospheric upwelling maintained the condi-
tions for melting during the subsequent ca 10–12 myr. As in
the case of the CIZ, peraluminous leucogranites and cold
granitoids in the inner arc (ca. 292–286 Ma) are younger
than the mafic rocks and hot granitoids (Figure 5). These
magmas were generated by melting of mid‐crustal metase-
dimentary protoliths [Fernández‐Suárez et al., 2000;
Fernández‐Suárez, 1994] upon upwards migration of the
thermal anomaly created at the crust‐mantle interface by
foundering of the lithospheric root. In the inner arc, the
apparent age difference between the oldest mantle‐derived
rocks and the oldest mid‐crustal peraluminous leucogranites
is ca 8 myr, similar to the equivalent delay in the CIZ
(Figure 5 and Table 2). S‐type peraluminous monzogranites
and leucogranites are virtually absent in the CZ and rela-
tively abundant in the more internal WALZ (Figure 1). The
WALZ is transitional with the hinterland and does contain a
fertile, shale and greywacke‐rich middle‐crust capable of
producing peraluminous monzogranite‐leucogranite melts at
low temperatures (e.g., Ancares, Ponferrada, San Ciprian
intrusions, Table 2 [Fernández‐Suárez, 1994]). On the other
hand, the thinner and more brittle crust in the CZ, lacking a
fertile mid‐crust, was readily fractured during the IAA
genesis, facilitating ascent of mantle‐derived mafic rocks.
[37] The intrusion ages of post‐orogenic granitoids in the

W‐Iberian Variscan belt fit the model of orocline‐driven
lithospheric‐thinning/delamination as a heat engine for the
voluminous magmatic event that took place across the entire
orogenic belt from ca. 310 to 285 Ma. The aforementioned
alternative hypotheses, namely radiogenic heat production
in a thickened crust [Bea et al., 2003] or the presence of an
ephemeral mantle plume [Pinarelli and Rottura, 1995] seem
less likely. The former hypothesis does not fit the chronol-
ogy of post‐orogenic magmatism, which peaked ca. 20 to
30 myr after the extensional collapse of the orogenic belt.
Furthermore, late‐Variscan extension (Late Pennsylvanian‐
Early Permian) was minor and is considered to have been
insufficient to cause by itself the voluminous post‐orogenic
magmatism [Doblas et al., 1994; Ziegler and Dèzes, 2006].
With regard to the latter hypothesis, if a plume was
responsible for post‐orogenic magmatism, it would have
needed to be located beneath Iberia from ca. 310 to 285 Ma.
However, Iberia moved northward between 10° and 40°
latitude between 340 and 285 Ma [Cocks and Torsvik, 2006;
Stampfli and Borel, 2002] and consequently a plume should
have generated a >2000 km long N‐S magmatic track. Such
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a track is not observed and the spatial distribution of post‐
orogenic magmatism is not consistent with its presence
under Iberia.

6. Conclusions

[38] U‐Pb dating of a significant number of post‐orogenic
intrusions across the orogenic belt offers support for the
models ofGutiérrez‐Alonso et al. [2004, 2011] andWeil et al.
[2010] that link post‐orogenic magmatism with orocline‐
driven lithospheric thinning/delamination and explains the
25 myr of post‐orogenic magmatism. The temporal and
spatial relationship between orocline development and
late‐Variscan magmatism is depicted in Figure 6 and in
Animation S1 in the auxiliary material and can be summa-
rized as follows:
[39] 1) ca. 310–305 Ma (Figures 6a and 6b): Oroclinal

bending starts, producing lithospheric thinning and astheno-
spheric upwelling in the outer arc (CIZ) and concomitant
melting of the lithospheric mantle‐lower crust ensemble.
Mafic rocks, infracrustal (hot) I‐type granitoids and per-
aluminous Bt‐Crd granodiorites and monzogranites are pro-
duced in this early episode. A coeval network of shear zones
may have acted as the structural conduits for the ascent of
these magmas. In this time interval, a lithospheric root was
created under the inner arc but no magmas were generated.
[40] 2) ca. 305–300 (Figure 6c). Melting continues under

the CIZ producing more lower crustal (hot) granitoids and
mid‐crustal melting is initiated, generating peraluminous
(cold) two‐mica leucogranites and monzogranites. Mantle
melts are no longer being generated or are arrested at the
base of the crust. During this interval, the lithospheric root
under the WALZ + CZ zones (inner arc of the orocline)
grew owing to progressive arc closure and concomitant
tightening in the core of the orocline. The root probably
became unstable and started to detach from the upper part of
the mantle lithosphere.
[41] 3) ca. 300–292 (Figure 6d). At ca. 297 Ma melting in

the lithospheric mantle and the lower crust is initiated under
the inner arc (WALZ + CZ) by upwelling of asthenospheric
mantle that replaced the foundering lithospheric root ca. 12myr
after the initiation of oroclinal bending. During this interval,
melting continued in lower crustal and mid‐crustal levels of
the CIZ.
[42] 4) ca. 292–285 Ma (Figure 6e): The lithosphere

cools down progressively and there is a drastic attenuation
of lower crustal high‐temperature melts and mostly cold
granitoids and leucogranites are produced by low temperature
(ca. <800°C) melting in mid‐crustal sections. By ca. 285 Ma,
the thermal engine generated by orocline‐driven lithospheric
thinning/delamination had cooled down beyond its capability
to produce significant amounts of mantle or crustal melts.
This final scenario is in agreement with temperature calcu-
lations based on the Ti‐in‐Zircon and Zr‐in‐Rutile thermo-
meters applied to those minerals on lower crustal granulite
xenoliths under the CIZ (entrained in late Permian alkaline
magmas) which indicate significant cooling of the lower crust
between ca 285 and 280 Ma [Orejana et al., 2011].
[43] This model should be further tested in the northern

branch of the IAA outcropping in Ireland, Great Britain and
France where more U‐Pb ages of post‐tectonic granitoid

bodies are needed in order to establish a pattern hypotheti-
cally consistent with the one proposed herein.
[44] In summary, orocline formation and post‐orogenic

magmatism in the Variscan orogen are very probably
genetically related. Lithospheric thinning around the outer
margin of the developing arc facilitated asthenospheric
upwelling and initiated mantle melting and subsequent
crustal melting. Magmatism swept toward the core of the arc
as the thickened lithospheric root that would have developed
beneath the inner arc of the orocline detached and foun-
dered. Oroclines and similar post‐orogenic granitoids are
common constituents of numerous orogenic belts [Johnston,
2008; Johnston and Gutiérrez‐Alonso, 2010] and they may
well be similarly related elsewhere.
[45] The above scenario fits the time‐frame proposed for

the detachment of a lithospheric mantle root, which is
thought to occur in a relatively short time (5–10 Ma [Schott
and Schmeling, 1998]). In addition, our hypothesis is in
agreement with models derived from geophysical evidence
in present‐day cases of lithospheric root detachment and
foundering, e.g., the Vrancea region of the Carpathians
[Fillerup et al., 2010].
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