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Abstract U–Pb SHRIMP ages obtained in zircons

from the Sotosalbos and Toledo anatectic complexes

in Central Spain give new constraints to the evolution

of the inner part of the Hercynian Iberian belt. Pre-

Hercynian ages in zircons from the Sotosalbos com-

plex (~464 Ma) are well preserved and reveal that an

age diversity of the Lower Paleozoic magmatism in

the area exists, as previous data on westernmost or-

thogneisses yield significant older ages. Zircon ages in

the pelite-derived granites from the Toledo complex

also show an important Neoproterozoic age compo-

nent which points to a metasedimentary protolith

deposited maximally 560 Ma ago. Younger zircon

populations in both complexes at ~330 Ma in the

Sotosalbos region and ~317 Ma in the Toledo com-

plex indicate an important diachronism between the

anatectic processes in both areas but also that these

processes are mainly unrelated to the generation of

the later Hercynian granite batholith of Central

Spain, which could be of deeper crustal derivation. In

addition, as migmatization occurred late in the

metamorphic cycle, after peak conditions were at-

tained, the age of anatexis is younger than the age of

the main Hercynian metamorphic event, which still is

not well constrained.
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Introduction

A typical continental collision orogenic cycle is usu-

ally composed of a stage of convergence and crustal

thickening followed by a period of crustal thinning.

The study of migmatite complexes provides evidence

to decipher the history of late metamorphic and

magmatic processes during orogeny, and precise dat-

ing of migmatization is essential to model the waning

stages of orogenesis. In this way, topics like the

relation of the migmatites to the temperature peak or

their late origin in exhumed-uplifted sectors and their

age-relationships with the late, discordant plutonic

bodies are important questions that need geochrono-

logical data to be addressed. In addition, the refrac-

tory character of zircon allows us to study the age and

nature of their protoliths. In this work, we present the

U–Pb age results from five samples collected in two

well known anatectic complexes in Central Spain

(Fig. 1): the anatectic complex of Sotosalbos (ACS) in

the Spanish central system (SCS) and the anatectic

complex of Toledo (ACT) (Barbero 1995; Barbero

et al. 1995; Martı́n Romera et al. 1999; Villaseca et al.

2001).
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Geological setting and petrographic features of

migmatites

The ACS and ACT complexes crop out in the Central

Iberian Zone of the Iberian Massif (Julivert et al.

1972), one of the best preserved sections of the Euro-

pean Hercynian Belt. It is generally accepted that the

Central Iberian Zone represents a piece of the external

margin of northern Gondwana, involved in the Paleo-

zoic collision with Laurentia after the closure of the

Rheic Ocean (see Gibbons and Moreno 2002, and

references therein), and it is mainly composed of plu-

tonic and variably metamorphosed rocks, including

several migmatite complexes (Fig. 1). In these mi-

gmatite areas, peak metamorphic conditions were at-

tained during or immediately after the first Hercynian

tectonothermal stage (M1), reaching eclogite or gran-

ulite facies depending on the structural level (Villaseca

et al. 1999), followed by an exhumation stage with

pressure differences of around 9–10 kb from peak

pressure conditions of ~14 kb and re-equilibration

pressures of 4–5 kb (Escuder Viruete et al. 1998;

Barbero and Villaseca 2000). Available petrological

data indicate that the SCS and nearby areas have re-

corded a clockwise P–T–time (t) evolution and that

migmatization is related, to a certain extent, to the low-

P loop, when temperature was decreasing (Villaseca

et al. 2002; Villaseca and Ubanell 2005).

In the ACS, located in the eastern part of the SCS

(Fig. 1), the migmatites and the related anatectic

granites have cordierite and biotite as mafic minerals,

and migmatite metamorphic conditions are estimated

around 725 ± 50�C and 4–5 kb (Martı́n Romera et al.

1999). The nearby Peña Negra anatectic complex in the

western SCS (Fig. 1), shows similar metamorphic

characteristics (Bea et al. 1994; Pereira and Rodrı́guez

Alonso 2000). In contrast, the ACT migmatites, lo-

cated north to the Toledo Mountains (Fig. 1), are

characterized by garnet and cordierite as mafic min-

erals and their calculated metamorphic conditions are

800 ± 25�C and 4–6 kb (Barbero 1995).

In the ACS, the petrographic and geochemical fea-

tures of the cordierite-bearing granitoids indicate that

they represent restite-rich granites related to migma-

tized orthogneisses. These anatectic granitoids locally

contain cordierite-rich nodules and cockades, corroded

augen K-feldspar megacrysts, and orthogneissic xeno-

liths, suggestive of their derivation from those me-

taigneous protoliths. Moreover, trace and major

element geochemistry combined with Sr–Nd isotopes

show a good agreement with this orthogneissic deri-

vation (Martı́n Romera et al. 1999). Two samples from

this heterogeneous Sotosalbos cordierite granite were

selected (100560 and 100943). They are medium-

grained equigranular rocks consisting of quartz, pla-

gioclase, K-feldspar, biotite, cordierite and accessory

tourmaline. Cordierite contains minor inclusions of

biotite and sillimanite. Feldspar also contains needles

of sillimanite. Some scarce biotite-rich enclaves

resemble biotite-rich folia of the augen-gneisses.

Fig. 1 Simplified geological
sketch of the Central Iberian
Zone (Iberian Massif, inset) in
Central Spain. The anatectic
areas described in the text are
boxed
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Migmatites of the ACT are mostly derived from

pelitic metasediments. Related anatectic leucogranites

(Cervatos-type) and restite-rich granitoids (Layos-

type) appear in the ACT (Barbero et al. 1995). The

Layos granite constitutes a suite of rocks ranging from

quartz-rich tonalite to melamonzogranite and is char-

acterized by a high modal proportion of cordierite (up

to 30%). This restite-rich granite is more peraluminous

in the more mafic types, a remarkable characteristic of

some S-type granites in which more mafic rocks (Qtz-

rich tonalites) are closer to the composition of their

source rocks (Chappell and White 1992; Barbero and

Villaseca 1992). The Cervatos leucogranite crops out as

vein-like or dyke-like concordant sheets or elongated

massifs and, in most cases, is spatially related to the

Layos granite. This leucogranite has a modal eutectic

composition and displays centimetre-scale layering

consisting of garnet-, cordierite- and less frequent

biotite-bearing varieties. Two samples of the restite-

rich Layos granite (M-3 and LY-1) and the Cervatos

leucogranite (CV-1) have been selected for zircon

analysis in this work.

Previous geochronology

Reliable geochronological information available on

the Hercynian migmatization in the Central Iberian

Zone is scarce, and the knowledge of its relationship

with either the pressure peak or the granite intrusions

which built the huge SCS Batholith is limited. Mon-

tero et al. (2004) studied a migmatite area outcrop-

ping in the western part of the SCS, the Peña Negra

Complex (Fig. 1), and they presented a discussion on

the implications of the geochronology of migmatite

complexes in the Hercynian evolution of the sector.

In this work, the authors stated that anatexis occurred

for a long period, from 352 to 297 Ma, with a maxi-

mum at 335–305 Ma, suggesting a coeval emplace-

ment of massif-type granites in mid-crustal levels.

Nevertheless, a U–Pb SHRIMP zircon geochronology

study in orthogneisses from this Peña Negra Complex

suggests an age of 315 Ma for the climax of the

Hercynian metamorphism in the western SCS (Zeck

et al. 2004). At the starting point of this study, the

geochronological data in the Toledo area was limited

to a short communication on the anatectic granites

from the southern ACT (Barbero and Rogers 1999),

giving an age of 310 Ma (U–Pb ID-TIMS in monaz-

ites) for the anatectic event. However, recently Bea

et al. (2006) have published a SIMS U–Pb zircon

study on the temporal relationships between the mafic

magmatism and the migmatization in the Toledo area

in which they obtained a mean migmatization age of

332 Ma.

In addition, some studies have been devoted to the

geochronology of the Hercynian M2 metamorphism in

the SCS. U–Pb dating in monazites indicates that the

main D2 extensional event (related to the temperature

peak) in the eastern part of the SCS took place be-

tween 337 and 326 Ma (Escuder Viruete et al. 1998), in

accordance with the only U–Pb geochronological study

on zircons from the western SCS (332 Ma, after Gali-

bert 1984).

Other relevant ages are mainly related to the pre-

Hercynian evolution of the Central Iberian Zone.

Vialette et al. (1987) presented whole-rock Rb-Sr is-

ochrons from three granitic orthogneisses in the Gua-

darrama area at around 475–490 Ma, which was

interpreted as the intrusion ages of the respective

granite magmas. Wildberg et al. (1989) dated six ortho-

and para-gneisses east from Sotosalbos (U–Pb ID-

TIMS in zircon), yielding Paleoproterozoic upper

intercepts, which were interpreted as inherited ages

and ~550 Ma lower intercepts, considered as magmatic

ages. In addition, they obtained two younger ages re-

lated to the Hercynian evolution, ~380 and 280–

300 Ma. Lancelot et al. (1985) dated orthogneisses

from the northwestern sector of the Central Iberian

Zone, obtaining discordant ages with an upper inter-

cept at 465 Ma (U–Pb ID-TIMS in zircon), and inter-

preted as a magmatic age. Valverde-Vaquero and

Dunning (2000) obtained similar ages (~460–490 Ma,

U–Pb ID-TIMS in zircon) in orthogneisses located in

the Guadarrama area, east of Sotosalbos. More re-

cently, Zeck et al. (2004) dated zircons from another

orthogneissic unit southwest of the Peña Negra Com-

plex using SHRIMP, and their results exhibited evi-

dence of the complex history recorded in these rocks in

which inherited zircons show different populations

between 1,000 and 570 Ma that were incorporated to a

magma at 546 Ma and subsequently metamorphosed at

~315 Ma.

Zircon description

Zircons from sample 100560 (a cordierite-bearing

granite from ACS) are usually slightly worn out prisms

(aspect ratios between 1:2 and 1:3) with distinguishable

rims even under a transmitted light microscope. Some

longer (1:4–1:7), well-formed prisms can also be found

which show no apparent core-rim features under the

microscope. Cathodoluminescence images (CL) reveal

xenocrystic, inherited cores with variable CL response

(Fig. 2). These cores can be surrounded by a light
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mantle or by a variably thick overgrowth with oscilla-

tory zoning (Fig. 2). The longest prisms exhibit mag-

matic oscillatory zoning but no cores. Finally, irregular,

dark rims (~15 lm thick) can be found in some grains,

irrespective of the type of zircon.

Sample 100943 corresponds to the same lithology as

the previous sample, and zircons display the same core-

rim features although they are usually smaller and

stubbier. Under CL (Fig. 2), a varied population of

xenocrysts can be observed; mantles and oscillatory

overgrowths are scarce, but irregular dark rims are

common (~15 lm thick).

Zircons from sample CV-1, an anatectic leucogra-

nite from the ACT, are highly variable, showing dif-

ferences in size and shape from stubby grains to

rounded prisms (1:3–1:5). Core-rim associations are

evident, and sometimes a marked oscillatory zoning

can be observed even under a transmitted light

microscope. CL enhances these core-rim features,

showing cores with different luminescence responses

always truncated by ~20 lm thick dark rims (Fig. 3). In

some cases, dark CL areas do not form rims but occupy

irregular domains, giving rise to an embayed mor-

phology in the former zircons.

In samples LY-1 and M-3, which are restite-rich

granitoids from the ACT, zircons are quite similar. As

in CV-1, they are variable in size and shape although

small, stubby grains with distinguishable cores and rims

under the microscope are dominant. CL images

(Fig. 3) reveal that most of the zircons have oscillatory-

zoned cores, truncated by dark CL zircon, mainly in

the tips. In other cases, there is no overgrowth or it

thinly surrounds the whole zircon and has oscillatory

zoning as well.

Analytical techniques

Zircons were isolated following standard separation

techniques, followed by hand picking for final purity,

and mounted on a double stick tape on glass slides in

1 · 6 mm parallel rows together with some chips of

zircon standard R33 (Black et al. 2004). After setting

them in epoxy resin, the zircons were ground down to

expose their central portions and imaged with trans-

mitted and reflected light on a petrographic micro-

scope as well as with cathodoluminescence on a JEOL

5800LV electron microscope (housed at USGS-Den-

ver) to identify internal structures, inclusions, fractures

and physical defects. Due to the textural complexity of

the zircons, the use of CL images was central to aim at

the right area.

Zircon U–Th–Pb analyses were conducted on the

sensitive high resolution ion microprobe-reverse

geometry (SHRIMP-RG) operated by the SUMAC

facility (USGS-Stanford University). Secondary ions

were generated from the target spot with an O2– pri-

mary ion beam varying from 4–6 nA which typically

produced a spot with a diameter of ~20 microns and a

depth of 1–2 microns for an analysis time of approxi-

mately 10 min. When analyzing rims slightly thinner

than the ion beam diameter, the spot was preferably

located at the very edge of the zircon, touching the

epoxy resin, to avoid core-rim mixed ages. Twelve

peaks were measured sequentially in a single collector.

Measurements were made at mass resolution of 6,000–

8,000 (10% peak height) which eliminated all inter-

fering atomic species. The reverse geometry of the

USGS-Stanford SHRIMP provided very clean back-

grounds, and combined with the high mass resolution,

Fig. 2 Cathodoluminescence images of the analyzed zircons
from Sotosalbos (samples 100560 and 100943), with the location
of the SHRIMP spots
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the acid washing of the mount and rastering the pri-

mary beam for 90–120 s over the area to be analyzed

before data was collected, assured that any counts

found at mass 204Pb were actually from the zircon.

The accuracy using ion microprobe techniques is

achieved at the expense of the precision of the results,

as a very small volume of material is sampled. Never-

theless, the precision can be statistically improved by

pooling a set of equivalent data together. For this

reason, the significance of single results, such as those

obtained in detrital populations, can be difficult to

evaluate as the occurrence of lead loss can remain

unrecognized.

In addition, zircons younger than 1,000 Ma yield

poor 207Pb/206Pb ages, thus reducing the efficacy of the

U–Pb dating method. In order to minimize this draw-

back, the counting time for 206Pb was increased to

improve counting statistics and precision of the
206Pb/238U age.

Concentration data were normalized against zircon

standard CZ3 (550 ppm U, Pidgeon et al. 1995), and

isotope ratios were calibrated against R33 (419 Ma,

Black et al. 2004) which were analyzed repeatedly

throughout the duration of the analytical session. Data

reduction followed the methods described by Williams

(1997), Ireland and Williams (2003), and Squid 1.08

and Isoplot 3.0 software (Ludwig 2002, 2003) were

used.

Results

One hundred-sixteen zircon grains were analyzed in

the five samples selected. In almost half of them two or

three spots were performed, resulting in a total of 168

analyses. Despite all the measures taken in selecting

the adequate spots to prevent common lead contami-

nation, twenty-two of the <1,000 Ma analyses had

common 206Pb greater than 1%, and they will not be

considered in the further discussions. A representative

set of analytical data is listed in Tables 1, 2 and 3 and

plotted in Tera-Wasserburg concordia diagrams

(Figs. 4, 5) and probability density diagrams (Figs. 6,

7). The complete set of U–Pb SHRIMP data is pro-

vided as supplementary material. Ages younger than

1,000 Ma are 207-corrected 206Pb/238U, whereas older

ages are 204-corrected 207Pb/206Pb.

Anatectic complex of Sotosalbos (ACS)

On the bases of CL images and U–Pb data results, four

groups of ages can be distinguished in sample 100560

(Fig. 6). A predominant mean age of 464 ± 2.6 Ma

(MSWD = 0.47) is obtained from five magmatic oscil-

latory zones (Figs. 4, 6). Older ages are mainly early

Paleozoic and Neoproterozoic (500–585 Ma, 620–

650 Ma and 780–880 Ma), and a single analysis yields

~1,260 Ma. Pre-Hercynian ages younger than 464 Ma

Fig. 3 Cathodoluminescence
images of the analyzed
zircons from Toledo (samples
CV-1, LY-1 and M-3) with
the location of the SHRIMP
spots
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are obtained from narrow rims in some grains with low

Th/U ratios, and they could represent a zircon forma-

tion event at ~440 Ma. Finally, Hercynian ages are very

scarce, and they are obtained in dark irregular rims,

ranging from ~335 to ~390 Ma. This dispersion will be

discussed further on.

Results in sample 100943 are slightly different

(Figs. 4, 6). In this case, only three groups of ages

can be distinguished. The predominant group is

represented by seven analyses and corresponds to

dark rims yielding an approximate mean age of

330 Ma although a minor dispersion of ages, from 327

to 368 Ma is observed. The next group is composed

of three analyses in magmatic zones (two rims and

one core) that clump together, giving an approximate

age of 480 Ma. Finally, seven xenocrystic cores

yield Neoproterozoic ages (600–730 and ~970 Ma)

and there is also an Early Proterozoic data

(~2,120 Ma).
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Anatectic complex of Toledo (ACT)

Results in leucogranite CV-1 are dominated by

Hercynian ages (~300–340 Ma); whereas, just one-third

of the analysis yield inherited ages (Figs. 5, 6). This

inheritance is mainly of Neoproterozoic age (~560–

670 Ma), with some scattered results at ~440, ~840,

~2,180 and ~2,660 Ma. Hercynian ages are obtained

not only in rims but also in apparently xenocrystic

cores, suggesting that different Hercynian episodes of

zircon growth existed (Fig. 3, zircon grains 2, 5, 9 and

14). Those texturally discordant cores could be the

result of a zircon recrystallization during the magmatic

(anatectic) event that could have disturbed the isotopic

content of older zircons; however, in some grains no

evidence of such recrystallization was found (Fig. 3,

zircon grain 2). Therefore, we consider that they rep-

resent distinct zircon growth events. In order to pin-

point their age, we plot separately rim and core data in

a probability density diagram, where several groups of

ages can be observed (Fig. 7a) in a wide range (310–

330 Ma).

In samples LY-1 and M-3, the inherited xenocrystic

cores are better preserved and resulted in a wider

spectrum of ages (Fig. 6). The distribution of inheri-

tance is similar in both samples, and it resembles the

faint distribution obtained in sample CV-1, suggesting

that the metasedimentary protolith is equivalent in all

the ACT samples (Fig. 6). The predominant group of

inherited ages ranges from ~560 to ~650 Ma and some

scarce older Neoproterozoic ages can be found (~660–

730 Ma and ~800–930 Ma). In addition, Late Protero-

zoic and Archean ages are obtained in three cores

(~2,200, ~2,700 and ~3,000 Ma). Despite the high

common lead content in some of the inherited cores,

these ages are considered significant as concordance is

greater than 90%. Another group of ages is obtained

from dark, low Th/U rims, and the results cluster

around 425 Ma. Finally, two ages of ~510 Ma are only

found in sample LY-1. The Hercynian ages in these

samples are also distributed over a wide time span. In

sample LY-1, some scarce dark zircon tips (and a dark

prism) yield ages from ~260 to ~330 Ma, with a cluster

of four analysis at 301.2 ± 4.6 Ma (MSWD = 3.3). In

sample M-3, Hercynian rims are more abundant

ranging in age from ~280 to ~360 Ma, with a peak at

314.2 ± 1.9 Ma (MSDW = 0.94).

Interpretation and discussion of the results

Age and nature of pre-migmatitic protoliths

In the ACS, the good preservation of pre-Hercynian

zircons in the granites is remarkable even though the

original orthogneissic fabric has been mostly obliter-

ated during the Hercynian anatectic event. More than

the 85 vol% of the zircon crystals was inherited from

the protolith as restitic minerals, and they resisted

events of 700–800�C without major recrystallization.

Considering the biggest population of youngest mag-

matic zircons, a concordia age of 464 ± 2.6 Ma can be

obtained in sample 100560; whereas, in sample 100943,

three analyses yield an approximate age of ~480 Ma.

Both ages are in agreement with previously published

U–Pb and Rb-Sr ages in Guadarrama orthogneisses

(Vialette et al. 1987; Wildberg et al. 1989; Valverde-

Vaquero and Dunning 2000). Nevertheless, recently
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dated augen orthogneissic samples from the western

part of the SCS yield ages from 546 to 525 Ma

(SHRIMP in zircon, Zeck et al. 2004, and single-crystal

evaporation in zircon, Bea et al. 2003) evidencing a

marked diachronism of this Lower Paleozoic felsic

peraluminous magmatism in the SCS. This diachronism

is a common feature in the Hercynian complexes of

Central Europe (e.g. Finger et al. 2000, and references

therein). Cocherie et al. (2005) propose that the pro-

tracted and intense magmatic activity characterizing

the basement of the southern European terranes, when

compared to the northern Gondwana margin, supports

a possible individualization of these terranes before

Ordovician times.

The preservation of inherited ages in the pelite-de-

rived Toledo migmatites also suggests that zircon

recrystallization during partial melting events is less

effective than previously supposed in melt-rich mi-

gmatites (e.g. Nemchin et al. 2001; Villaseca et al. 2003;

Moecher et al. 2004), and that zircon is mainly incor-

porated as restitic material, with only minor precipi-

tation of zircon during melting. Additionally, the

scatter in the Hercynian ages shown in Fig. 4 suggests

that isotopic equilibrium is hardly attained in anatectic

melts during the new zircon growth event due to the

incomplete dissolution of inherited zircon grains. A

similar effect was previously described in the Sr-Nd

isotope systematics from the same rocks (Barbero et al.

1995). However, due to the thinness of some zircon

rims, it is possible that the scattered Hercynian data

are mixed ages as a result of hitting older domains.

The ages recorded in zircon grains from ACT

granites should be significant in characterizing the

sources of the sedimentary protolith and in estimating

its depositional age. In this way, when plotting the ages

of the detrital grains from the ACT samples (Fig. 7b),

we can assume that the minimum age of ~560 Ma

represents the maximum depositional age for the sed-

imentary protolith (Nelson 2001). This age coincides

with the estimated stratigraphic age of the Ibor-Na-

valpino Group (Rodrı́guez Alonso et al. 2004) to which

they supposedly could be correlated.

The presence of a single Mesoproterozoic age is

incompatible with the accepted idea of a ‘‘Mesoprote-

rozoic gap’’ typical of Gondwana sediments with West

African sources as occurs in other European Hercynian

terranes (e.g. Kober et al. 2004), and in contrast to

sources which exhibit Mesoproterozoic detrital zircon

populations from the Amazonian craton (Friedl et al.

2000). The singularity of this Mesoproterozoic age

(~1,260 Ma obtained from the Sotosalbos granite)

could have led us to doubt its geological significance on

the basis of the accepted paleogeographic models and

to reject this ‘‘anomalous’’ analysis arguing the possible

existence of Pb-loss. However, Sánchez Martı́nez et al.

(2006) have found a piece of a ~1,160 Ma ophiolite

involved in the Hercynian suture of NW Spain, sug-

gesting that pieces of Mesoproterozoic crust were

incorporated to the West African terranes during the

assembly of Rodinia, giving a geological significance to

our single Mesoproterozoic age.

Finally, a group of analyses in thin dark rims (low in

Th/U ratios) cluster around 440–425 Ma in samples

from both anatectic complexes. Low Th/U ratios are

commonly interpreted as the consequence of a meta-

morphic event (Hoskin and Black 2000). However, the

lack of geological evidence in the studied area sup-

porting any metamorphic event at that age suggests

that they could represent mixed ages between thin rims

and cores.
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Fig. 7 Relative probability plots showing a possible episodes
of zircon growth recognized in sample CV-1 and b the minimum
age of detrital zircons in all the samples from Toledo represents
the maximum age of the deposition of the sedimentary protolith
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Migmatization as a late stage of exhumation

P–T paths in high-grade terranes of the Central Iberian

Zone suggest that migmatization occurs in the low-P

part of the P–T evolution after peak P–T conditions

have been attained. This is well illustrated in the Tor-

mes gneiss dome (Fig. 1) and in the eastern SCS domain

(where ACS crops out), where complete P–T paths

have been established (Escuder Viruete et al. 2000;

Barbero and Villaseca 2000). In the Tormes gneiss

dome, Escuder Viruete et al. (2000) have obtained aP–

T path with two metamorphic stages: a first compressive

phase reaching upper amphibolite facies conditions and

a subsequent near-isothermal decompression episode

during which a high-T fabric was developed and local

partial melting occurred (Fig. 8). In the SCS, the first

Hercynian tectonothermal stage (M1) could reach

eclogite conditions, but was only preserved in some

metabasic layers (Barbero and Villaseca 2000). This is

followed by an exhumation stage with pressure differ-

ences of around 9–10 kb from peak pressure conditions

of ~14 kb until low-pressure re-equilibration at 4–5 kb,

when migmatization occurs (Fig. 8). Coronitic mafic

granulites interlayered within the augen orthogneisses

record an intermediate exhumation stage, giving

recrystallization conditions of 830�C and 7–8 kb, (Vil-

laseca et al. 2002). Finally, P–T conditions obtained for

the migmatization in Sotosalbos area (725�C and

4.5 kb, Martı́n Romera et al. 1999) confirm that after

the metamorphic peak, some cooling took place during

exhumation. P–T paths intersect biotite-breakdown

reactions at low pressure and decreasing temperature

although the exact locus of the intersection depends on

the whole-rock chemistry (Fig. 8).

In other migmatitic areas (Peña Negra or Toledo),

P–T paths are not complete; however, the portion of

the path deduced from mineral paragenesis in the ACT

(Barbero 1995) indicates that migmatization occurred

during the low-P evolution of the rocks after peak

conditions were surpassed (Fig. 8).

The Hercynian ages obtained in this study are con-

sidered to correspond to the migmatization event. The

high dispersion in the data from both anatectic areas

can be interpreted in two ways. On one hand, the

dispersion could have been isotopically influenced by

the partial dissolution of inherited zircons. This inter-

pretation is supported by the abundance of old zircons

and the disequilibrium observed in whole-rock geo-

chemistry and isotopic systems (Barbero et al. 1995).

On the other hand, the recognition of different growth

stages (Figs. 4, 7a) can be explained as the result of a

protracted migmatitic event. A similar interpretation

has been proposed to explain the ages obtained in the

Peña Negra complex (Bea et al. 2003) and other mig-

matitic complexes (e.g. Finger and Clemens 1995; Keay

et al. 2001; Tropper et al. 2006). Nevertheless, it is

Fig. 8 P–T–t paths from
different migmatitic areas in
the Central Iberian Zone.
Tormes Gneiss Dome path
after Escuder Viruete et al.
(2000); Guadarrama path
after Escuder Viruete et al.
(1998) and Villaseca and
Ubanell (2005); Sotosalbos
path after Barbero and
Villaseca (2000); and Toledo
path after Barbero (1995).
Petrogenetic grid after Spear
et al. (1999)
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possible that a combination of both processes occurred,

evidencing the complex evolution in these anatectic

areas. In the ACS, taking into account the scarcity of

new zircon growth during the anatectic event and the

influence of inherited zircons, we interpret that the

dispersion of the Hercynian ages is the result of an

incomplete isotopic re-equilibration with inherited

zircon domains. Therefore, we consider ~330 Ma as the

most probable age for the migmatization in the Soto-

salbos area.

In the ACT, the main zircon growth has been dated

at ~317 Ma although other episodes of zircon growth

could have occurred at ~300 and ~325 Ma. In sample

CV-1, the age dispersion could be the result of differ-

ent zircon growth episodes during a long migmatitic

event; however, in sample M-3, the trends defined in

the concordia plot suggest that younger ages than

~315 Ma could have been affected by lead loss;

whereas, older ages could be the result of incomplete

isotopic equilibration.

In any case, diachronism between both anatectic

areas can be observed, and it reflects the complexity of

the migmatization event in the waning stages of the

Hercynian orogenesis. Recently, Bea et al. (2006)

present new results in two migmatite samples from the

ACT. They propose an age for the migmatization

surprisingly older (332 Ma). However, the age interval

they obtained is similar to our data (350 to 320 Ma),

suggesting that their older age could be biased due to a

limited dataset (14 versus our 50 analyses) and poses

the question of which would be the minimum amount

of analyses necessary to properly characterize complex

geologic processes like long-lived migmatization events

similar to the one described in Montero et al. (2004). It

is also noteworthy that our youngest migmatization

ages overlap the age of the mafic magmatism from the

Toledo area obtained by Bea et al. (2006). Neverthe-

less, new additional data and future geochronological

work are needed to clarify this discussion.

The age of the migmatization is slightly younger

than the estimated age for the extensional event in the

SCS, which supposedly occurred between 337 and

332 Ma, based on textural relationships and U–Pb

dating of accessory phases (Galibert 1984; Escuder

Viruete et al. 1998). This is in agreement with the

petrologic evidence suggesting that anatexis took place

late in the Hercynian cycle during the exhumation of

metamorphic core complexes (Barbero 1995).

This late origin with respect to the thermal peak for

the studied migmatite terranes in the Central Iberian

Zone is also comparable with other European Hercy-

nian terranes, where ages for intermediate-P and high-

T granulites vary from 345 to 330 Ma (Kröner et al.

1998; Chen et al. 2003; Gordon et al. 2005). In the

southeast of the French Massif Central, migmatization

has been dated between 329 and 323 Ma (Be Mezeme

et al. 2006), closer in ages to those exposed in this

work. Nevertheless, two successive high-T events have

been described in the Velay anatectic dome (French

Massif Central), the youngest (at ~305 Ma) being

responsible for most of the cordierite-bearing granites

which characterize this dome (Ledru et al. 2001).

Relationships with plutonic granitoids

Most of the geochronological data on Hercynian plu-

tonic magmatism from the Central Iberian Zone indi-

cate that the major volume of granites was emplaced

during the D3 ductile deformation phase at 320–

310 Ma (Dias et al. 1998; Fernández Suárez et al. 2000;

Valle-Aguado et al. 2005). Migmatite complexes from

the eastern SCS (e.g. Sotosalbos) are not spatially re-

lated to allochtonous syn-intrusive granites. Peralumi-

nous granites intrude later in these migmatite areas

which are consequently cooled, and typical aureole-

contact metamorphism develops related to the epi-

zonal emplacement of those undeformed granite plu-

tons, mostly in the age range of 310–285 Ma (Villaseca

et al. 1995; Casquet et al. 2004). For this reason, the

SCS granite batholith appears mostly discordant with

the regional metamorphic structures, and thus is con-

sidered as post-metamorphic granites (e.g. Villaseca

et al. 1995). This situation is similar to that described in

the southern part of the French Massif Central, where

late-Hercynian plutonic granites are mostly dated from

318 to 311 Ma, clearly intrusive in nearby high-T mi-

gmatite areas (Be Mezeme et al. 2006).

However, other migmatite complexes from Central

Spain show coeval intrusion of plutonic bodies from

deeper sources during anatexis. In the ACT, some

calk-alkaline basic and acid bodies (Barbero et al.

1990) and S-type granites (Barbero 1992) intrude pre-

viously or during regional migmatization. In the nearby

Peña Negra complex the presence of peraluminous

granodiorites with mafic enclaves is also described

which, nevertheless, has been interpreted as sub-

autochthonous plutonic bodies (Pereira and Rodrı́guez

Alonso 2000; Montero et al. 2004).

The presence of more mafic granitoids (Ca-Fe richer

monzogranites or granodiorites) than the common

eutectic-like composition of melt-rich migmatites

(leucosomes and leucogranites) is suggestive of the

lower crustal derivation of most of the pluton-size SCS

granitoids, either syn-D3 or post-D3 types, in good

agreement with geochemical and isotopic balance with

residual granulites from SCS xenolith suites (Villaseca
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et al. 1999; Villaseca et al. 2001). Moreover, a recent

U–Pb geochronological study on those lower crustal

xenoliths (Fernández-Suárez et al. 2006) shows that

nearly 90 vol% of the granulitic zircon re-crystallized

during the time span of 277–312 Ma, in accordance

with ages of exposed granites. Large-scale melting in

lower-crustal scenarios seems to be younger than the

limited partial melting which occurred in migmatite

terranes at mid-crustal levels. Thus, several mid- to

lower-crustal layers were partially melted at different

times during the late Hercynian period.

Concluding remarks

The analysis of small areas of composite zoned zircons

provided by ion microprobe techniques is the key to

elucidating the history of intricate rocks. The coupled

CL and geochronological study of zircons in anatectic

granites and related rocks is essential to the knowledge

on the origin and evolution of the migmatitic com-

plexes. In this study, the two samples analyzed from

Sotosalbos give us information about the West African

provenance of the former sediments, which were

incorporated into a granitic melt at ~460 Ma and sub-

sequently migmatized during the late stages of the

Hercynian orogeny. Regarding the three samples

analyzed from the Toledo area, the geochronological

information obtained also includes the West African

provenance of the sedimentary protolith, and its max-

imum depositional age (~560 Ma) can be deduced

from the detrital zircon population. The complexity of

the Hercynian metamorphism is evident in the dis-

persion of the age data and can be the result either of

an isotopic disequilibrium and subsequent disturbance

of the system, or the existence of a protracted mig-

matitic event with at least three episodes of zircon

precipitation. A marked diachronism in anatexis be-

tween both migmatite complexes is also evident and

lends a late Hercynian age to this crustal re-melting

event. Moreover, although several mid- to lower-crus-

tal layers were partially melted at different times dur-

ing the late Hercynian period, larger-scale melting in

lower-crustal scenarios seems to be the most appro-

priated source for the post-orogenic SCS granite

batholith.
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Julivert M, Fonboté JM, Ribeiro A, Conde LN (1972) Mapa
Tectónico de la Penı́nsula Ibérica y Baleares E 1:1000000.
Instituto Geológico y Minero de España, Madrid

Keay S, Lister G, Buick I (2001) The timing of partial melting,
Barrovian metamorphism and granite intrusion in the Naxos
metamorphic core complex, Cyclades, Aegean Sea, Greece.
Tectonophysics 342:275–312

Kober B, Kalt A, Hanel M, Pidgeon RT (2004) SHRIMP dating
of zircons from high-grade metasediments of the
Schwarzwuald/SW-Germany and implications for the evo-
lution of the Moldanubian basement. Contrib Mineral
Petrol 147:330–345
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ico. In: Vera JA (ed) Geologı́a de España. pp 78–81

Sánchez Martı́nez S, Jeffries T, Arenas R, Fernández-Suárez J,
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