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DUALITY OF CORDIERITE GRANITES RELATED TO MELT-RESTITE SEGREGATION
IN THE PENA NEGRA ANATECTIC COMPLEX, CENTRAL SPAIN

M. DOLORES PEREIRA GOMEZE ano M. DOLORES RODRIGUEZ ALONSO®

Departamento de Geologia (Petrologia y Geoquimica), Facultad de Ciencias,
Universidad de Salamanca, E-37008 Salamanca, Spain

ABSTRACT

A large anatectic complex of Hercynian age, the Pefia Negra complex, crops out in the central-north area of the Sierra de
Gredos, Avila batholith, central Spain. Migmatites and anatectic granitic rocks were generated during the Upper Carboniferous
from a Neoproterozoic — Lower Cambrian schist—greywacke complex with minor interlayered orthogneisses. Granitic rocks
appear as subhorizontal sheets of megacrystic granodiorite and as lenticular bodies of leucogranite. These formed by in situ
anatexis and correspond to melt—restite segregations under two different conditions, namely high melt-fraction in the case of the
granodiorite, and low melt-fraction in the case of the leucogranites. The leucogranites display large enclaves of sillimanite-rich
material, representing the restitic fraction. Granodiorite was generated as consequence of crustal thickening under conditions of
T =~ 750 to 800°C and P = 4 kbar, coinciding with the second phase of the Hercynian orogeny. After this event, an extensional
episode involved smaller degrees of decompression-induced melting, and generated small batches of cordierite leucogranites
from an already depleted source. Anatexis was enhanced, in both cases, by shear structures and by the existence of a fertile
protolith.

Keywords: Hercynian orogeny, Pefia Negra Complex, Schist-Greywacke Complex, migmatites, anatexis, cordierite, Spain.
SOMMAIRE

Un massif anatectique important d’ &ge hercynien, que nous appelons le complexe de Pefia Negra, affleure dans la partie
centre-nord dela Sierrade Gredos, batholithe d’ Avila, en Espagne centrale. Les migmatites et | es roches granitiques anatectiques
ont été formées au cours d’ un événement carbonifére supérieur aux dépens d’ un socle de schistes et grauwackes avec intercala-
tions mineures d’ orthogneiss, d' &ge néoprotérozoique ou cambrien inférieur. Les roches granitiques semblent se présenter en
feuilles subhorizontal es de granodiorite mégacristique et en lentilles de leucogranite. Ces roches ont été formées par anatexie in
situ et illustreraient une ségrégation du liquide silicaté delafraction résiduelle sous deux régimes différents, |e premier impliquant
une fraction de liquide élevée (cas de lagranodiorite) et I’ autre, une fraction de liquide réduite (cas du leucogranite). Leslentilles
de leucogranite contiennent de grosses enclaves enrichies en sillimanite, qui représentent la fraction résiduelle. Laformation de
lagranodiorite résulte de |’ épai ssissement de lacro(te et aeu lieu entre environ 750 et 800°C aune pression de 4 kbar, lorsdela
seconde phase de I’ orogenése hercynienne. Suite a cet événement, une période d’ extension a provoqué une fusion plus limitée
accompagnant la décompression, et donc a produit de plus petits volumes de leucogranite a cordiérite a partir d’ une source déja
rendue relativement stérile. L’ anatexie a été favorisée, dans les deux cas, par la présence de structures de cisaillement et d'un
protolithe fertile.

(Traduit par la Rédaction)

Mots-clés: orogenese hercynienne, complexe de Pefia Negra, socle de schistes et de grauwackes, migmatites, anatexie, cordiérite,
Espagne.

INTRODUCTION tion, could represent the level at which these granites

were produced. The Pefia Negra anatectic complex

The Avila batholith consists of a large number of (PNAC: Bea & Pereira 1990, Pereira 1992, Pereira &
granitic bodies, most of which may beclassified chemi- Bea 1994) is located in the middle part of the Gredos
cally and petrographically as Stype granites. The Pefia  sector (Fig.1). It comprises high-grade metamorphic
Negra anatectic complex, the subject of our investiga=  rocks, mostly migmatites, and autochthonous or
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subautochthonous granitic bodies. These bodies occur
either assmall, lens-shaped domains or as subhorizontal
sheetsinterlayered with the migmatites. The PNAC has
a subhorizontal orientation due to the second phase of
Hercynian deformation, and exhibits subhorizontal
structures such as isoclinal folds, foliation and shear
zones. This complex is surrounded by several granite
plutons with contacts ranging from concordant to intru-
sive (Fig. 2).

The Schist—-Greywacke Complex (SGC) has been
documented (e.g., Diez Balda 1980, Rodriguez Alonso
1985, Beetsma 1995) in the northwestern part of the
Iberian Central System. It comprises Neoproterozoic —
Lower Cambrian metasedimentary rocks considered as
apossible protolith of the Pefia Negra complex, as well
as of many other granitic complexes in central lberia
(Ramirez & Grundvig 2000).

Our aim in this paper is to present the contrasting
geochemical evolution of the two anatectic granitic
rocks, granodiorites and leucogranites, that form part of
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the Pefia Negra complex, together with a synthesis of
the compositional characteristics of the rocks involved
inthe study. Specifically, major, trace element and oxy-
gen isotope compositions of the anatectic rocks and their
potential source-rocks are compared. We attempt to
identify the processesinvolved in the generation of these
granitic rocks and the evidence for postulating a
metasedimentary protolith.

GEOLOGICAL BACKGROUND
Regional setting

The PNAC covers an area of more than 350 km? in
the Central Iberian Zone, within the confines of the
Avilabatholith (Fig. 1). This batholith crops out over a
section of 13,000 km? in the middle axial part of the
Hercynian Massif, in the western part of the Iberian
Peninsula (Julivert e al. 1972). It has been divided into
two sectors according to lithology and age, Gredos
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(western part) and Guadarrama (eastern part: Fuster &
Villaseca 1979, Bea 1985, |barrola et al. 1987). The
Gredos sector is composed of coalesced plutons of
strongly peraluminous, porphyritic granodiorites and
monzogranites, together with large anatectic complexes
(e.g., the PNAC). Most of the granitic rocks are synki-
nematic with respect to the second phase of the
Hercynian deformation, and their ageisaround 310 Ma.
This age also dates the episode of the volumetrically
most important anatexis (Pereiraet al. 1992, see below).

The PNAC consists mainly of migmatites, grano-
diorites, leucogranites, orthogneisses and sillimanite-
rich restite. Gabbros and diorites can be found as small
outcrops in a nearby area, cut by the granodiorites, but
they have not interacted with them.

Field relations, petrography and mineralogy
of the Pefia Negra rock types

In terms of volume, migmatites represent the most
important rock-type in the PNAC (Pereira 1989, Bea &
Pereira 1990, Bea 1991, Pereira 1992). In outcrop, they
appear as mesocratic rocks composed of agranodioritic
leucosome (quartz, plagioclase, K-feldspar, cordierite
and biotite), and amelanosome, made up of sillimanite,
biotite and cordierite, locally with a high content of il-
menite, which shows up as small enclaves or schlieren
interlayered with the leucosome. Depending on the
mesoscopic aspect of the mesocratic migmatites, we
have described three different facies: 1) schlieren, 2)
nebulitic and 3) transitional. Each facies has the same
mineralogy and bulk composition, but differsin texture.
Theserockswere affected by the same petrogenetic pro-
cess, but with different degrees of segregation and tex-
tural evolution. The schlieren facies has centimetric
compositional layering defined by melanocratic and
leucocratic layers. In places, the schlieren display com-
plex folding, giving so-called “wild migmatite”, which
exhibits subhorizontal deformation attributed to the sec-
ond phase of the Hercynian Orogeny. Nebulitic and tran-
sitional facies also reveal the subhorizontal structures,
albeit to alesser extent, because the higher intensity of
anatexis has caused a partial obliteration. Transitional
facies show up in the transition between migmatitesand
granodiorites, and the contact isinvariably gradational.
Thisfacies has some feldspar phenocrysts, which isthe
main petrographic feature of the granodiorites, and ulti-
meately it is difficult to determine whether they should
be called migmatites or diatexitic granodiorites. Rela-
tive textural maturity was established on the different
facies of migmatites using the approach of McLellan
(1983); the results (Bea & Pereira 1990) indicate that
the degree of anatexis increases from the schlieren to
the nebulitic and transitional facies.

Porphyritic granodiorite crops out as medium- to
coarse-grained rocks, with abundant tabular K-feldspar
megacrysts and prismatic, commonly chloritized cordi-
erite. The fabric of the granodiorites is subhorizontal,
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concordant with the migmatites and the general struc-
ture of the PNAC, and displays a strong subhorizontal
foliation defined by feldspar megacrysts, biotite and
prismatic cordierite (Fig. 3).

Mineralogical compositions of the migmatites and
granodiorites are similar. Both contain quartz, plagio-
clase (migmatites: core Angz_sg, rim Anyg_1»; granodior-
ite: core Angppg, riM Any7_32), alkali feldspar, biotite,
cordierite and sillimanite as principal phases. The
leucosomes of migmatites have a hypidiomorphic tex-
ture, composed of quartz + plagioclase + cordierite +
biotite + alkali feldspar. The melanosome is composed
of alternating granoblastic (cordierite+ quartz + plagio-
clase * alkali feldspar) and schistose (sillimanite + bi-
otite + ilmenite £+ cordierite) layers. All these rocks
contain accessory apatite, zircon, ilmenite, tourmaline,
monazite and xenotime. Garnet is present as a minor
phase in one outcrop of the schlieren migmatites. This
outcrop islocated in anarrow band, coinciding with the
largest outcrop of cordieriteleucogranite generated from
melting of the migmatites. Specific studies on this out-
crop are being carried out to understand this anomaly
(Pereiraet al., in prep.).

L eucogranites are commonly spatially related to the
mesocratic migmatites. They consist of cordierite-bear-
ing leucocratic rocksthat outcrop assmall bodieswithin
the migmatites, with contacts ranging from transitional
to intrusive (Figs. 4a, b: Bea 1991). These rocks are
made up of quartz, akali feldspar, plagioclase (core
Angs oo, FiM An17_13) and cordierite, with the same ac-
cessory mineralsasin the granodiorites and migmatites.
Cordieriteis commonly euhedral to subhedral. Locally,
very small (lessthan 1 m diameter) intrusive bodies of
a garnet leucogranite occur; they are unrelated to the
anatexis.

Orthogneisses occur as narrow bands interlayered
with the migmatites. They are leucocratic, strongly fo-
liated, and show the structures produced by the differ-
ent phases of the Hercynian deformation (Diez Balda et
al. 1990). Orthognei sses have been affected by several
stages of migmatite formation (Pereira1992), and augen
structures are common. These rocks consist of quartz,
plagioclase (core Angz, rim Angs), akali feldspar and
biotite, with zircon, apatite, monazite and ilmenite as
accessory phases. Muscovite and chlorite occur as sec-
ondary products.

Sillimanite-rich restite formsirregular, small bodies
typicaly in contact with the granodiorites, and are char-
acterized by conspicuous crystals of sillimanite 34 cm
long. These restites have a granoblastic texture, and the
modal content of sillimanite ranges between 30 and
60%. The mineral assemblageisasin the melanosomes.
In addition to sillimanite, biotite and cordierite occur as
principal phases, augmented by quartz and feldspar. |-
menite (locally abundant), pyrite, muscovite, zircon and
apatite represent accessory phases that are commonly
hosted by bictite crystals.
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Fic. 3. Typical exposure of the subautochthonous porphyritic granodiorite.

Field relations, petrography and mineralogy
of the protolith

Carbonate and calc-silicate lenses within the mig-
matitic series indicate that the migmatites of the PNAC
were derived from a metasedimentary source (Pereira
1992). Field relationships suggest that the Neopro-
terozoic — Lower Cambrian metasedimentary rocks
within the extensive antiforms (between very narrow
Ordovician synclines at the northern and western part
of the PNAC area) are the potential source for the
migmatites and other Hercynian granites. These meta-
sedimentary rocks, known as the Schist-Greywacke
Complex (SGC), are characterized by avery thick sand-
stone-mudstone sequence with some conglomeratic and
carbonate intercalations. This complex grades upward
into a Lower Cambrian sandy and carbonate facies
(Tamames Sandstone and Tamames Limestone forma-
tions) with trilobites, archeocyaths and ichnofossils. All
are unconformably overlain by Ordovician—Silurian
metasedimentary rocks (Diez Balda 1980, Nozal &
Robles 1988).

Two different main units, described in the SGC
(Rodriguez Alonso 1985), can also be distinguished
throughout the Central Iberian Zone. The Lower Unitis

lithol ogically monotonous and occupies the western part
of the PNAC area (containing low-grade metamorphic
assembl ages), whereas the Upper Unit outcrops mainly
toward the northwestern part and constitutes a varied
lithological succession that includes a more intensely
metamorphosed and tectonized nucleus (Martinamor—
Castellanos Antiform) in which orthogneiss and gran-
ites intruded the pre-Ordovician formations. The whole
stratigraphic sequence is interpreted as representing
continuous siliciclastic sedimentation with the devel op-
ment of aturbiditic facies, which evolved upward into a
mixed siliciclastic rock — carbonate sl ope-platform sedi-
mentation, within an area of relative tectonic instability
associated with volcanic activity (Rodriguez Alonso
1985, Vidal et al. 1994, Rodriguez Alonso & Palacios
1994, Rodriguez Alonso & Alonso Gavilan 1995).
The Lower Unit is generally devoid of marker beds
and is composed of aternating sandstones and mud-
stones, with some intercalation of conglomerates and
disordered levels. The Upper Unit comprisesapredomi-
nantly grey, muddy succession with several levels of
black mudstones, conglomerates and sandstones aswell
as some discontinuous siliciclastic rock — carbonate
strataand olistostromes. Other rock units described from
the Upper Unit include phosphate-rich layers, volcan-
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Fic. 4. Outcrop photographs of cordierite leucogranite. @) Small batches with transitional contacts with the migmatites. b) The
leucogranite shows an intrusive contact with respect to the migmatite. Cordierite crystals are obvious because they are rather
altered.
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iclastic, calc-silicate and amphibolitic strata, each show-
ing conspicuous lateral variations in facies. This se-
quenceisenriched in quartz and feldspar phasestoward
the northwestern part of the PNAC area, where two in-
formal lithostratigraphic units have been described:
Monterrubio and Aldeatejada Formations (Diez Balda
1980). This area was affected by intensive Hercynian
deformation, with the development of a medium- to
high-grade metamorphism that induced anatexisin some
areas.

The Monterrubio Formation outcrops in the core of
phasel and 111 Variscan antiforms, and consists of sandy
mudstones and laminated carbonaceous black mud-
stones, with some quartz arenite and conglomerate in-
tercalations. Some fel dspathic conglomerates have been
named “porphyroids’ by Martinez Garcia & Nicolau
(2973), which implies a derivation from an andesite—
rhyodacite provenance, in order to indicate their gen-
esisfrom volcanic rocks, together with intercal ations of
andesites and rhyodacites. Amphibolites and calc-sili-
cate rocks also are present (Garcia de Figuerola &
Franco 1975). Phosphate clasts are common and consti-
tute good marker-horizons. The estimated thickness of
thisformation is 2,000 m. It represents sedimentation in
a diliciclastic platform environment (sensu lato) with
repeated changes in sealevel and evidence of wave ac-
tion (Nozal & Robles 1988). The boundary with the
overlying Aldeatejada Formation is gradational.

The Aldeatejada Formation, which has an estimated
thickness of more than 2,000 m, consists of siltstones
and mudstones with fine intercalations of sandstones,
carbonates (limestones, breccias, conglomerates and
nodules) and calc-silicate rocks, together with black
laminated carbonaceous to grey mudstone interbeds.
The latter constitute a good marker-horizon, with some
nodules or thin layersrich in phosphate. They have been
interpreted as contourite deposits (Oczlon & Diez Balda
1992) in a platform environment that evolved to near-
shore sandstone facies in the Tamames Sandstone For-
mation (Nozal & Robles 1988), straddling the
Precambrian—Cambrian boundary (Rodriguez Alonso &
Alonso Gavilan 1995).

Mudstones and their metamorphic equivalents are
the most abundant group, augmented by minor sand-
stone, conglomerate and carbonate intercal ations. Phos-
phate-rich rocks and cherts also are present. In areas of
low metamorphic grade, original textures can be recog-
nized, although most rocks are recrystallized and de-
formed. Evidence of magmatism contemporaneouswith
sedimentation is provided by volcanogenic lithic frag-
ments and crystals mixed in different proportions with
siliciclastic constituents within vol canoclastic and cal c-
silicate rocks. Outcrops with amphibolites, quartzifer-
ous amphibolites and rhyolites also occur. Textures,
mineralogy and chemical composition of these low-
grade rocks confirm their relationship with calc-alka
line magmatism that involved rhyolite, andesites and
basalts (Rodriguez Alonso 1985).
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Mudstones comprise a fine groundmass of phyllo-
silicates (chlorite, muscovite) with varied proportions
of silt and fine-grained quartz sand. Accessory minerals
are feldspar, biotite, opague phases, tourmaline, zircon
and apatite. Some samples show afine lamination, con-
taining abundant carbonaceous material, giving adarker
color to the sample. Occasionally, we can find phos-
phate-rich horizons or nodules.

Among the sandstones, we include quartz arenites,
lithic sandstones, quartz, lithic and feldspathic gray-
wackes and volcanoclastic sandstones. Conglomerates
are both grain- and matrix-supported, and aso oligo-
and polymictic in composition. The mineralogy of the
sandstones and conglomerates reveals different prov-
enance areas for the rock fragments and quartz grains:
sedimentary (siliciclastic), metamorphic and igneous
(plutonic and volcanic).

Calc-silicate rocks are considered volcaniclastic,
with clastic textures in the sand-size grains, made up
mainly of quartz, plagioclase and fragments of interme-
diate igneous rock (with a microcrystalline texture and
an assemblage of quartz + plagioclase + tremolite + ac-
tinolite) similar to that in the quartziferous amphibolite
rocks. They have abundant interstitial matter of the same
composition as the fragments, where irregular crystals
of plagioclase can be found interacting with grains of
quartz and feldspar.

Among the carbonate materials are crystalline lami-
nated limestones and dolomites with very few
allochemical components and small quantities of quartz
and pyrite, together with fragments of pelitic rock and
acid volcanic rock fragments. Other accessory phases
are feldspar, tourmaline, zircon, apatite, muscovite, bi-
otite, chlorite, opaque minerals, titanite and clinozoisite.

Quartz-bearing amphibolite presentsamicrocrystal -
line laminated texture. Opague grains, calcite and epi-
dote are disposed as fine and aligned aggregates. The
microcrystalline groundmassis made up of afeldspathic
aggregate with scarce quartz in which amphibole (acti-
nolite-tremolite) shows afasciculate texture, and clino-
zoisite is found as idiomorphic or irregular aggregates
together with epidote and opaque phases.

WHoLE-Rock GEOCHEMISTRY
Analytical methods

Concentrations of major elements in whole-rock
sampleswere established by optical emission spectrom-
etry (ICP-OES), and of Naand K, by atomic absortion
spectrometry (AA) at the University of Salamanca
(Spain). Analytical precision was about +0.25% rel.,
+0.75% rel. and £2.5% rel. for analyte concentrations
of 10 wt%, 1 wt% and 0.1 wt%, respectively. Concen-
trations of trace elements and rare-earth elements (REE)
were determined by mass spectrometry (ICP-MS) at the
laboratory of Perkin Elmer in Uberlingen (Germany);
the precision was about +2% rel. and £5% rel. for
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analyte concentrations of 50 and 5 ppm, respectively.
For analytical comparison, some of the samples were
analyzed by instrumental neutron activation analysis
(INAA) at the nuclear reactor of McMaster University
(Canada). Analyses for boron were done by prompt
gamma neutron-activation analysis (PGNAA) at
McMaster University (Canada). A description of the
method can be found in Pereira & Shaw (1997).

Oxygen isotope analyses were performed at the Uni-
versity of Saskatchewan (Canada). The compositions
were measured using the BrFs technique of Clayton &
Mayeda (1963).

THE CANADIAN MINERALOGIST

Results

Magjor-element compositions of mesocratic mig-
matites and subautochthonous granodiorites are almost
identical (Table 1). Their compositions plot between the
granodiorite and granite fields on the An—-Ab-Or dia-
gram. The migmatites are particularly heterogeneous.
The SiO, content of the migmatites and granodiorites
ranges from 60.56 to 67.08%. Al,O3 contents range
between 10.02 and 16.72%. The average value of CaO,
NaO and K,0 are 1.51% (2.57% for granodiorites),
2.59% and 3.92% (4.36% for granodiorites), respec-

TABLE 1. COMPOSITION OF SAMPLES OF THE PENA NEGRA ANATECTIC COMPLEX (PNAC)

AND ITS PROTOLITH
Ref. Si0, TiO, ALO, FeOT MgO MnO CaO Na0 KO P,0, HO Rocktype
B304 6271 069 1832 527 208 006 160 291 429 033 156 M
B-305 7106 042 1490 263 101 004 135 326 440 029 034 M
B-307 6094 077 1829 675 308 011 149 277 355 017 184 M
B-320 6621 062 1735 472 190 006 140 230 392 023 084 M
B339 6501 087 1860 569 240 009 107 237 349 018 000 M
B-341 7012 061 1507 367 164 008 137 263 313 018 107 M
B-342 6800 071 1605 394 197 009 112 237 367 014 160 M
B343 6782 065 1650 349 155 006 108 28 429 011 133 M
B-344 6889 073 1476 211 078 005 099 239 657 055 18 M
B-345 6522 079 1722 479 195 011 132 28 402 011 145 M
LO-14 7267 025 1438 131 028 003 062 301 510 042 179 M
LO-16 6056 125 1727 564 231 006 379 319 298 038 169 M
LO-18 6615 077 1716 464 157 006 194 248 334 016 098 M
LO-25 6464 089 1703 577 187 007 165 197 354 016 198 M
LO-3 6450 082 1564 4.63 165 006 223 28 407 034 251 M
LO-4 7875 034 1002 210 099 004 094 318 231 015 119 M
B516  63.03 095 1646 500 177 006 295 296 407 019 176  GD
LO-17 6341 096 1595 457 157 000 424 307 415 021 156 GD
B-381 6801 062 1502 298 080 003 202 302 453 034 163 GD
B382 6517 101 1541 543 182 005 191 251 350 030 129 GD
B-400 6545 095 1569 472 172 006 28 298 332 035 117 GD
LO-23 6463 059 1774 414 147 006 053 165 48 021 356  GD
B-306 7158 022 1490 178 054 004 127 357 396 030 147 CL
B-309 6596 084 1658 545 204 007 124 189 349 032 187 CL
B322 6937 051 1557 356 141 006 101 374 38 014 023 O
B-374 6610 074 1794 372 076 006 331 366 303 018 033 O
B-375 6517 056 1903 284 057 005 290 393 406 018 031 O
B-376 6958 047 1657 232 046 004 255 347 367 016 034 O
B-377 6874 042 1657 224 042 004 281 358 362 016 097 O
B-378 7030 042 1562 216 040 005 261 348 365 015 065 O
LO-26 6801 069 1604 413 161 006 162 264 431 016 034 O
LO-27 6793 068 1542 462 174 007 139 215 365 016 159 O
LR-379 6171 048 1739 517 296 005 067 101 380 031 654  Pel+Ph
LR-350 5832 085 2018 891 179 005 017 087 390 032 498  Pel+Ph
LR-458 6649 072 1495 993 065 003 022 007 345 016 319  Con+Ph
LR-396 6213 073 1694 480 247 008 329 118 399 032 404  Con+Ph
B-617 6038 073 1895 616 330 030 080 18 355 016 332 CP.
B-618 6086 068 1883 602 3.14 027 073 177 379 013 308  CP.
B-619 6062 071 1891 635 333 030 075 180 374 015 301  CP.
LR-506 5181 023 1555 7.16 914 050 1310 039 138 025 089  ANF
LR84 6859 056 1465 547 189 012 222 405 035 012 187  SAND.
LR-392 8715 0.1 368 677 006 003 003 007 018 008 074  SAND.
LR-45 7031 038 1203 867 257 008 021 118 133 008 282  SAND.
LR-198 7528 059 1182 1.56 064 002 020 133 274 008 571  SAND.
LR-190 8036 059 602 376 193 010 431 057 055 025 118  VOL.S.
LR-140 7146 083 1212 521 185 008 126 358 142 015 132  VOL.S.

PNAC lithologies: M: migmatite, GD: granodiorite, CL: cordierite leucogranite, R: restite.
Protolith rock-types: SAND.: sandstone, VOL. S.: volcaniclastic sandstone, ANF: quartz amphibolite rock, C.P.:
carbonaceous pelite, Con.+ Ph: conglomerate with phosphate-rich nodules, Pel.+ Ph: black pelite with phosphatic
nodules, O: orthogneiss. Compositions expressed in wt% oxides.
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tively. Therocksareall peraluminous: (mean ASl is1.4
for migmatites and 1.3 for granodiorites). Theratio Fe/
(Fe + Mg) is quite constant, with an average of 0.73.
The TiO, concentration is locally high, in the range
0.25-1.25%, and MnO, between 0.03 and 0.11%. P,Os
can reach values of 0.55%. Cordierite leucogranites
have a SIO, content between 62.98 and 76.32%. They
are highly peraluminous (ASI = 1.3) and tend to be
grouped on the cordierite field of the AFM diagram.
Restites are depleted in SiO, and enriched in TiO,,
Al,03 and Ca0. Orthogneisses have acomposition very
close to that of the migmatites, except for their enrich-
ment in Ca, in which they resemble the granodiorites,
and in Na. Figure 5 shows the compositiona variations.
There is a trend in enrichment for TiO,, Al,O3, FeO,
MgO and content of H,O (measured as Loss on Igni-
tion) from the most evolved materials to the restites.

The major-element composition of the postulated
protolith (SGC) is close to that for average migmatite
and is enriched in FeO and MO, but depleted in Na,O
and CaO. Major-element compositions of the ortho-
gneisses are between those of migmatites and the SGC.

The trace-element variation is portrayed in spider
diagrams (Fig. 6), with data from this study normalized
to the upper continental crust (Taylor & McLennan
1985). The granodiorites are very similar to the mig-
metites, and reveal a depletion of B, Li, Sc, V and S
compared to them. The depletion of volatiles is attrib-
uted to consumption of these componentsin the genera-
tion of melt. Enrichment of Zr, Mo, Pb, Th and Sn has
to do with the retention of these elements in accessory
minerals, hosted in restite that remained as enclaves in
the generation of granodiorite anatectic melts. Restites
concentrate Li, Rb, Sc, V, Ni, Cu, Y, Zr, Nb, Mo, Hf,
Ta, Th, U, Sn and Ga. This enrichment is compensated
by the depletion of the same elements in the leuco-
granites. Boron, asin the case of granodiorites, waslost
in the melting process and it is depleted in both restites
and leucogranites (Acosta er al. 2000).

The total REE content (Table 2, Fig. 7) in the
mesocratic migmatites is rather high for this type of li-
thology. Chondrite-normalized patterns are very simi-
lar for all samples; they are characterized by arelatively
strong fractionation of light rare-earth elements (LREE)
against heavy rare-earth elements (HREE) (Lan/Luy in
the range 11-36). All show a large negative anomaly
for Eu (EWEU" in the range 0.43-0.73). A similarity of
the REE spectrum of migmatites and of Post-Archean
Australian Shales (PAAS, McLennan 1989) supportsthe
interpretation of a sedimentary precursor for the mig-
meatites.

Among the products of anatexis, different chondrite-
normalized REE patterns are observed for granodiorites
compared to the leucogranites. Total REE contents of
granodiorites are high, matching those for the mig-
matites, and chondrite-normalized patterns show the
same features. Fractionation of LREE versus HREE is
strong (Lan/Luy = 26), and the rocks also have a sig-
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nificant Eu anomaly (Eu/Eu” = 0.53). For the
leucogranites, the total REE contents are lower than in
the granodiorites and mesocratic migmatites. Chondrite-
normalized patterns show significant differences, and
most plot beneath the PAAS spectrum (Bea 1991,
Pereira 1992).

The orthogneissesreveal an enrichment in almost all
trace elements monitored, compared to the migmatites.
The most striking depletions are observed in B, Li, V,
Co and Zn (Table 3). There is an enrichment in light
rare-earth elements, and small Eu anomaly (EWEu* =
0.86) (Fig. 7).

Sillimanite-rich restites have very high REE con-
tents; fractionation is again very high (Lan/Luy = 33),
and the negative Eu anomaly is pronounced (Eu/Eu* =
0.17) (Fig. 7). The REE are controlled mainly by the
biotite, which enclose many of the trace element-bear-
ing accesories.

We have compared the composition of the PNAC
rock units with those of the SGC in terms of trace ele-
ments. The migmatites define a similar trend, but there
is a conspicuous enrichment in U in the SGC. U deple-
tion during anatexis was noted by Dostal & Capedri
(1978), as U is not located in accessory minerals or in
the crystal structures of the major rock-forming miner-
als. It isreadily leached out by migrating hydrous flu-
ids. Granodiorites have the same trace-element pattern
asthe migmatites, marked by low values of Li, but high
K/Rb, Sr, Baand Pb (Fig. 6). In the case of the cordier-
ite leucogranites, these differences could be due to the
mobile behavior of alkali feldspar and cordierite, and
the location of biotite in the restite.

The REE pattern for the SGC correlates with a pat-
tern for metasedimentary protoliths. It isalmost parallel
to that of the PAAS, and those of the mesocratic
migmatites and granodiorites also are similar, although
there is a general depletion in HREE. For the leuco-
granites, the observed patterns are variable, athough
they invariably plot below the pattern of the other rock
types.

Oxygen isotope analysis of the main lithologiesfrom
the PNAC and the SGC reveals that the highest values
are found in the migmatites (380 = 16%o) and the SGC
rocks (8180 = 14.1%o). For the orthogneiss, we obtai ned
ad'®0 value of 12.3%o. Thelowest valueswere obtained
for the anatectic products from the migmatites (11.5%o
for cordierite leucogranites, down to 9.6 for granodior-
ites). Data for the migmatites and SGC resemble those
for metasedimentary rocks (Kempton & Harmon 1992)
and suggest a pdlite-rich source. The values obtained
for the Pefia Negra rocks indicate a heterogeneous evo-
Iution in the path of production of a granitic fraction,
from a metasedimentary source to pure melts; the resi-
due from partial melting has an important role, as bulk
composition and hence, mineralogy, determine varia-
tions in the isotopic composition.

The 87Sr/%gr initial ratios are 0.7071 for the
migmatites, 0.7096 for the granodiorites and 0.7111 for
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Fic. 6. Spidergram showing average trace-element concentrations, normalized to average
trace-element data for the Schist—Greywacke Complex.

the leucogranites (Pereira e al. 1992). Further studies
in geochronology involving U-Pb in single-crystal zir-
con and Nd-Sm in garnet will facilitate correlation of
these rocks with other granitic rocks in the Spanish
Central System (Barbero 1995).

Petrogenetic duality and evolution of the complex

Whole-rock Rb—Sr dating was done on the main rock
types of the Pefia Negra complex (Pereiraer al. 1992):

migmatites and orthogneisses, 528 + 14 Ma, and grano-
diorites, 310 £ 6 Ma. Granodiorites represent the most
important product of anatexis of the migmatites, with
respect to volume, and their age also dates the most in-
tense period of partial melting of the Complex. Cordi-
erite leucogranites gave an age in the range of 305 and
295 Ma, which corresponds to the late extensional epi-
sode of the orogeny.

The second phase of the Hercynian orogeny had a
very important rolein the generation of melt. Thisphase
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wasthe responseto a contractional stage, and wastrans-
lated into subhorizontal structures. In ageneral scheme
of the PNAC, granodiorites define subhorizontal sheets
of 1to 10 km length (Fig. 2 of Pereira & Bea 1994) and
can reach 200 m in thickness. Subhorizontal structures
affect both the migmatites and the granodiorites. It is
clear that these structures acted as conduits for fluids
and volatilesthat promoted the partial melting and con-
trolled the geometry of the melt (Pereira& Shaw 1999,
Acosta et al. 2000). A later extensional event produced
the collapse of the migmatitic series. Locally, the pla-
nar fabric was affected by subvertical folding and
subvertical shear zones (Bea & Moreno-Ventas 1985,
Bea 1985, Diez Balda et al. 1990).

Mesocratic migmatites have a uniform low-pressure
paragenesis: quartz + plagioclase + akali feldspar +
biotite + cordierite = sillimanite. In avery specific area

of the PNAC (see above), garnet has been identified as
a minor phase, invariably related to mesocratic
migmatites of the schlieren facies (Pereira 1992). Gar-
net-biotite and garnet—cordierite geothermobarometry
reveal sthat the principal metamorphic episode occurred
between T = 750 and 800°C at a constant pressure of
about 4 kbar (Pereira 1998). Melting started under
lower-temperature conditionsthan the incongruent melt-
ing of biotite (LeBreton & Thompson 1988, Viel zeuf &
Holloway 1988). Cordierite is a dominant phase in all
the rock types; the availability of this mineral at the
beginning of anatexisincreased the melt fraction owing
to its effect on lowering the solidus temperature in the
haplogranitic systemsat low pressure[see Pereira& Bea
(1994) and references therein].

Textural observations are critical in a mass-balance
study intended to evaluate the anatectic mode of pro-

TABLE 2. TRACE-ELEMENT CONCENTRATIONS (ppm) IN SELECTED SAMPLES
FROM THE PENA NEGRA ANATECTIC COMPLEX

LO-18 LO-25 LO-16 LO-3 B-516 LO-17 LO-23 LO-28 LO-29 LO-30 LO-5 LO-7 LO-8 LO-9

Migmatites Granodiorites Cordierite leucogranites Restites

B 42 58 52 1243 159 69 169 138 62 112 45 21.7 258 85

Li 63.09 63.93 52.58 137.59 5431 63.61 17.00 40.35 42.47 41.15 34.28 139.43 390.00 134.57
Rb 83.81 124.82 202.07 169.62 197.65 200.97 109.64 233.12 232.14 166.78 174.92 120.31 510.29 356.91
Be 224 113 138 316 3.8 105 270 304 151 249 056 166 317 236
Sr 143.74 115.86 274.33 140.26 182.53 263.05 107.55 172.95 189.42 152.59 123.36  8.32 22.54 66.42
Ba 48222 272.01 418.10 546.60 767.55 866.99 513.64 928.00 544.86 537.28 885.56 178.63 373.32 492.61
Sc 13.18 26.87 14.06 16.09 481 19.69 278 3.26 381 49.23 732 2616 nd. 5117
A% 99.41 99.40 8481 79.47 93.86 7298 57.47 23.79 25.57 2875 27.22259.57 318.31 207.95
Co 60.01 50.57 5595 46.62 7420 4575 40.80 57.92 61.88 46.30 62.01 22.65 39.34 46.97
Ni 1570 18.78 10.52 13.72 1395 11.05 1085 575 571 6.86 587 3485 38.19 2442
Cu 28.71 26.73 1836 25.83 27.78 17.68 16.73 5.15 440 7.18 50110637 27.34 25.09
Zn  148.59 121.14 117.28 96.63 104.03 98.70 83.62 43.74 40.44 43.34 57.86 156.24 302.74 175.63
Y 13.07 11.19 2855 26.81 2924 22.77 1035 21.61 1247 14.54 2123 11.17 5439 4474
Zr 56.91 33.64 20.59 63.82 49.43 57.69 75.17 86.68 78.90 109.45 91.24 223.39 280.54 130.41
Nb 13.09 20.73 20.66 14.25 16.23 1599 11.60 7.74 9.02 9.05 13.69 42.71 56.37 43.85
Mo 091 043 103 097 100 454 010 058 025 028 0.09103.76 037 036
Hf 226 156 136 236 220 217 262 303 285 361 335 607 710 418
Ta 1.08 130 132 116 102 115 064 054 078 0.68 089 366 439 350
Pb 16.76 16.85 15.72 22.24 20.85 23.07 29.64 32.63 3345 39.17 2923 7.09 838 1422
Th 6.94 10.53 9.17 13.10 1497 2049 9.05 12.12 1253 11.75 12.11 10.88 19.27 19.98
U 310 294 175 275 245 289 223 381 348 350 241 636 722 720
Sn 748 344 215 750 443 367 6480 272 320 421 688 987 16.11 10.81
Ga 25.12 29.77 28.49 23.41 2745 2528 19.59 18.64 17.72 18.74 20.55 67.17 61.47 49.33
S 2008 659 6594 2199 1717 1852 337 126 108 350 294 20.75 nd. 3822
La 27.06 3632 47.75 46.07 62.05 70.68 27.40 39.40 38.14 2875 7.00 34.25108.58 90.82
Ce 70.34 85.37 108.24 110.19 141.77 163.52 67.55 92.83 90.03 73.54 17.22 54.97 245.94 200.30
Pr 6.18 7.80 1001 1038 13.26 1534 6.15 848 8.02 684 223 572 2222 1882
Nd 2596 32.06 42.16 43.94 5478 64.06 25.82 34.14 31.53 27.48 9.13 2620 90.02 78.10
Sm 530 5.80 7.85 907 1060 1221 518 7.03 676 6.03 235 573 17.14 1526
Eu 083 076 159 137 164 18 073 112 117 089 026 030 091 118
Gd 462 520 755 7.87 983 11.09 442 671 575 496 188 477 17.16 1441
Tb 065 062 099 101 1.13 122 054 088 065 067 031 067 199 179
Dy 290 276 488 487 502 497 253 393 276 314 154 342 9.14 827
Ho 0.50 045 090 088 100 078 040 063 032 044 028 057 177 155
Er 133 122 237 233 231 199 106 172 1.05 141 066 161 450 3.67
Tm 0.14 011 031 031 030 022 010 020 0.10 015 008 0.18 0.64 046
Yb 092 079 161 200 185 126 068 123 065 098 054 118 342 262
Lu 0.15 010 023 027 029 019 012 019 010 0.15 007 019 049 038

Rb/Sr

058 1.08 074 121 108 076 102 135 123 1.09 142 1446 2264 537
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TABLE 3. TRACE-ELEMENT CONCENTRATIONS IN
SELECTED SAMPLES OF ORTHOGNEISS

B-312 B-374 B-377 B-378
B ppm 44 39 55 5.7
Li 36 68 37 36
Rb 87 106 90 92
Sr 224 237 241 223
Ba 1539 1104 1799 1790
\% 81 50 34 26
Cr 151 113 108 111
Co 8 6 1 1
Ni 32 16 13 11
Cu 37 34 36 32
Zn 68 78 46 70
Y 38 31 36 36
Zr 309 365 263 241
Nb 14 19 12 12
La 95.40 86.90 90.30 83.10
Ce 183.20 180.28 170.10 193.10
Nd 65.80 67.22 60.20 59.40
Sm 15 15.09 14.13 17.20
Eu 3.90 332 3.54 3.61
Gd 8.95 10.11 12.03 11.41
Dy 8.36 6.69 6.52 6.80
Ho nd. nd. 2.69 nd.
Er 3.16 2.68 nd. 2.75
Yb 2.47 2.54 293 2.46
Lu 0.40 0.40 0.40 0.44
Rb/Sr 0.39 0.45 0.37 0.41

duction of PNAC granites. 1) Cordierite appearsin dif-
ferent textural forms (Pereira & Bea 1994). In the
leucosome, it consists of euhedral crystals, suggesting a
magmatic origin; in the melanosome, it forms
xenomorphic crystals with a granoblastic texture, and
surrounds garnet, as a consequence of retrograde meta-
morphism due to decompression. 2) Inthe melanosome,
the association biotite + sillimanite + quartz never shows
textural equilibrium. 3) The most common paragenesis
in the melanosome and in the enclaves of restite is bi-
otite + sillimanite + cordierite + ilmenite. Complete
compositions of the PNAC rock-forming minerals can
be found in Bea er al. (1994), and in Pereira & Bea
(1994).

Thefirst stagein the metamorphic evolutionisgiven
by the pre-anatectic assemblage that occursin areas near
the PNAC, and in which similar rocks have not reached
the “melt-in” isograd. They contain the association bi-
otite + sillimanite + quartz without textural evidence of
reaction.

Thereaction among bictite, sillimaniteand quartzin
the melanosome suggests the P-T conditions that per-
mitted reaction (1) be totally displaced to the right:

Bt + Sil + Qtz = Crd + Kfs + vapor Q)

Adjustment of the mass balance for reaction (1) to cor-
respond to the mineralogy of the PNAC granitic prod-
ucts can be found in Pereira & Bea (1994). The path of
metamorphism followed by the PNAC went from melt-
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ing of the protoalith, to the retrograde conditions, which
generated cordierite + biotite from garnet (Pereira1998).

Petrogenetic duality for the granitic products

The two kinds of cordierite-bearing granitic rocks
(leucogranite and granodiorite) result from the anatexis
in migmatitesin the PNAC. The most acceptable expla-
nation of the field, petrographic and chemical observa-
tions is that subautochthonous granodiorites were
generated from ahybrid source composed of mesocratic
migmatites and orthogneisses (Bea & Pereira 1990) by
partial melting. The small volume of residual rocks,
which appear related to granodiorite, either as enclaves
or sillimanite-rich rocks, suggests that restite—melt
unmixing wasinefficient. Subautochthonous granodior-
ites are directly related to subhorizontal shear-zones,
where H,O (derived from an external source and from
dehydration of micas) and volatiles (therole of boronin
theserocksis explained in Pereira& Shaw 1996, 1997,
1999) were concentrated. Theimportance of fault zones
in concentrating H,O and hydrous fluids has been con-
sidered by many workers (e.g., Strong & Hanmer 1981)
with regard to their significance in promoting extensive
melting. Development of the granodiorites was condi-
tioned by the nature of the source rocks, and anatexis
only occurred where the quartz—feldspar content ex-
ceeded a critical value. In this case, the melt fraction
was higher than the Critical Melt Fraction (CMF = 30
vol. %, Wickham 1987), and residual productswere not
separated. Applying the anatectic mixing model of Bea
(1989), we suggest that a hybrid source made up of
migmatites and orthogneisses would give a very low
fraction of residual melt (see below). The 87Sr/80Sy;
values for the granodiorites agree with the idea of their
generation through partial melting of migmatites. How-
ever, the lower 880 values obtained for the granodior-
ite could be due to contamination with more basic rocks.
Although mafic rocks have not been found in the area
studied, gabbroic bodies, with an age of 415 Ma
(Moreno-Ventaset al. 1995) and 880 = 8.45%. (Pereira,
unpubl. data), have been described in an area nearby.
Further studies on these rocks are being carried out to
understand the genesis of these granodiorites and a pos-
sible interaction with basic rocks at a deeper level
(Villaseca et al. 1998).

The mechanism proposed for the generation of gra-
nodiorite contrasts with that for the cordierite leuco-
granites, whose mineralogy, textures and chemical
composition are compatible with the segregation of a
pure melt, largely devoid of restite material (Bea1991).
In this case, the critical melt fraction was not exceeded,
perhaps because alkali feldspar and cordierite abun-
dances played alimiting role, the source of leucogranites
being locally depleted in these phases at this stage of
anatexis. The segregation of leucogranites would yield
aresidue enriched in sillimanite and biotite, with some
quartz and cordierite, which is represented by the
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restites. Melt extraction of the leucogranites represents
a pure segregated fraction.

Therefore, the two different granitic rocks of
anatectic origin found in the PNAC correspond to two
different petrogenetic mechanisms of segregation of
melt from restite: low-melt-fraction granite in the case
of theleucogranites and high-melt-fraction granitein the
case of the granodiorites (both terms taken from
Wickham 1987). They never grade into each other and
in both cases, the existence of a “fertile’ source is the
important factor controlling the segregation of one or
the other kind of granitic fraction, although there is a
close spatial and temporal association between the gra-
nitic rocks and shear structures, as described by Barbarin
(1996, 1999). This situation is common within the
Hercynian belt (Holtz 1989, Holtz & Barbey 1991) and
is probably one of the causes of the characteristic dual-
ity in granitic rocks throughout the European Variscan
belt.

Geodynamic evolution

On the basis of the geothermobarometric studies on
the PNAC migmatites, a P-T trgjectory is obtained in-
dicating that the metamorphic paroxysm took place un-
der maximum conditions of T = 750°C and P = 4 kbar.
Subsequently, a drop in temperature and pressure took
place, and retrograde metamorphism occurred under
minimum conditions of T = 500°C and P = 1-2 kbar
(Pereira 1998).The same clockwise P-T path followed
by the PNAC materials has been described for many
other nearby Hercynian regions (e.g., Gil Ibarguchi &
Martinez 1982, Barbero 1995, Y enes 1996). This path
wasresponsiblefor the generation of important volumes
of peraluminous granitic magma and has been inter-
preted to result from brief intervals of rapid tectonic
thickening, followed by exhumation of materials
(Hollister 1994). The thickening wasthe result of thrust-
ing during the contractional first phases of the Hercynian
orogeny. As a response to these events, granodiorite
sheets were produced by partial melting of the
migmatites. An extensional collapse at the end of the
orogeny had the effect of decreasing pressure to pro-
duce the small bodies of leucogranite from a source al-
ready depleted in fertile components.

DiscussioNn AND CONCLUSIONS

Migmatites of the Pefia Negra anatectic complex
were produced by the partial melting of ahighly hetero-
geneous protolith, the Schist—-Greywacke Complex, only
where a high volume of orthogneisses was available.
Owing to this heterogeneity, it is difficult to calculate
an average composition for the SGC, but based on the
relative abundance of rock types, an attempt to estimate
its average composition has been made:
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SGC = {(15 * Black pelite) + (2 * Sandstone)
+ (3 * Conglomerate) + [0.5 * (volcaniclastic
+ amphibalitic rocks)]}/38.5

Rock types mentioned in the formulae represent the
average composition of each one. Adjusting the mass
balance to calcul ate the composition of the migmatites,
following the method described by Bea (1989), we get
the approximate expression:

Migmatites = 0.763 SGC + 0.049 * (Quartz
+ Orthoclase + Albite + Anorthite)

Gneisses have been dated by U—Pb zircon geochronol-
ogy, giving Cadomian to Cambrian ages (Leterrier &
Noronha 1998). More recently, Fernandez-Suérez et al.
(1999) have proposed that basement rocks range in age
from Paleoproterozoic to Neoproterozoic, on the basis
of zircon found in orthognei sses from northwestern | be-
ria. Homogenization of the protolith (SGC + ortho-
gneisses) prior to the Hercynian anatexis gaveriseto a
compositional mixture, in which all the rocks (except
for the most extreme lithologies, e.g., sandstones and
limestones, that are found now as enclaves within the
PNAC materials) progressively acquired essentially
uniform characteristics.

Migmatites are the result of anatexis during the
Hercynian orogeny, involving the breakdown of hy-
drous minerals. The existence of cordierite and the ad-
dition of boron and other volatile species|ed to lowering
the solidus temperature, and the minimum-melt compo-
sition was shifted to the left of the melt-production
curve, producing peraluminous granodiorites and, at
lower temperatures, leucogranites (Pereira& Bea 1994,
Guillot & Le Fort 1995).

The composition of the granodiorite lies between that
of migmatite and the orthogneiss precursor, suggesting
a hybrid source in its production, with little change in
bulk composition. This idea agrees with an episode of
wholesale melting, with very little fractional crystalli-
zation. In contrast, the composition of the leucogranite
supports an origin from a small degree of melting of
migmatite, leaving a residue impoverished in SiO, and
NaxO, and enriched in TiO,, Al,O3 and CaO. The sur-
prising feature of the leucogranitesis the enrichment in
K. The melanosome of the migmatites also is enriched
in K, so we can deduce that the leucogranites were pro-
duced by remelting migmatites where there was an en-
richment in the melanocratic component, the breakdown
of biotite providing the excess K for leucogranite gen-
eration.

Thelevelsof concentration of the trace elementsand
REE in the migmatites and granitic products provide
evidencefor the anatectic origin of thelatter. The chemi-
cal differences between the granodiorites and leuco-
granites must be due to the composition of the source



1344

rocks. Thereisno placein the areawhere these two rock
units grade into each other. Migmatites were formed
from avery heterogeneous source, and the different lay-
ers defined by the proportions of feldspathic compo-
nents have different REE patterns in the anatectic
products (Bea 1991, Johannes er al. 1995). The com-
plementarity of sometrace element anomalies of restites
and leucogranite, vis-a-vis the migmatites, corroborates
the anatectic hypothesis for the generation of the
leucogranites. If there is a residue enriched in REE to
compensate for the depletion of the leucogranites in
these elements, then the leucogranites are likely to have
formed from source-rocks with the characteristics of the
migmatites. The enrichment of this residue in REE is
mainly dueto the high concentration of biotite, whichis
a conspicuous host for accessory phases, mainly zircon
(Nabelek & Glascock 1995). Such a residue might be
represented by the sillimanite-rich rocks from the Pefia
Negra complex. The anatectic model proposed for the
generation of the granites (Bea 1989, Pereira 1992) is
only satisfied where the chemical and mineralogical
composition of the granitic productsisadded to the com-
position of these sillimanite-rich rocks.
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