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High-grade metamorphic rocks and peridotites along the Leiza Fault
(Western Pyrenees, Spain)

By MIREN S. MENDIA and JOSE I. GIL IBARGUCHI, Bilbao*)

With 6 figures and 5 tables

Zusammenfassung

Typische Gesteine entlang der Leiza-Stdrung
(Navarra, Spanien), im duflersten Westen des pyrend-
ischen Giirtels, sind saure und basische Granulite,
Migmatite und Lherzolithe. Die Ausgangsgesteine
der sauren Granulite waren von granodioritischer
Zusammensetzung. Texturelle und mineralogische
Untersuchungen lassen darauf schliefen, daB sich
die sauren Granulite aus einer frithen, synkinemati-
schen Mitteldruck-Granulitfazies-Phase [Granat-
Biotit I-Kfsp] bis zu einer postkinematischen
Granulitfazies-Phase niedrigeren Drucks und héhe-
rer Temperatur [Granat-Biotit II-Cordierit-Kfsp-
(Spinel?), Kinzingite] herleiten lassen. Die Aus-
gangsgesteine der basischen Granulite waren tholei-
tische bis alkaline Basalte. Als Charakteristikum
weisen die basischen Granulite millimetergrofie subi-
diomorphe Granate verteilt in der Matrix auf, sowie
kleinere kranzartigte Granate zwischen opaken Mi-
neralen oder Orthopyroxenen und Plagioklas. Schiit-
zungen fiir Temperatur- und Druck-Maxima
wihrend der Granulitfazies-Metamorphose liegen
bei ca. 800° C und 8 kbar. Wahrscheinlich représen-
tieren die Migmatite eine niedrigere Metamorphose-
stufe (Andalusit/Sillimanit-Kfsp). Scapolit in den
basischen Granuliten wurde wihrend einer post-
granulitischen Metamorphose-Phase gebildet. Die
Lherzolithe sind intensiv brekziiert und serpentini-
siert, was einen Entwicklungsvergleich mit anderen
an der Leiza-Stérung aufgeschlossenen Gesteinen
schwierig macht. Die sauren und basischen Granuli-
te, Migmatite und Lherzolithe entlang der Leiza-
Stérung sind vergleichbar mit dhnlichen Gesteinen,
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die in der Nordpyrenden-Zone und entlang der
Nordpyrenden-Stérung als tektonische Bruchstiicke
und Massive aufgeschlossen sind. Aufgrund der An-
alogie der Gesteine kann man die Granulitfazies-
Metamorphose als herzynisch einstufen. Die Leiza-
Storung stellt also die westliche Verldngerung der
Nordpyrenden-Stérung dar. Die bearbeiteten Gestei-
ne werden deshalb, bis auf die Lherzolithe, als Relik-
te eines metamorphen Massivs herzynischen Alters
gedeutet, das aufgrund des Versatzes entlang der Sto-
rung am Ende der herzynischen Phase und wihrend
der alpidischen tektonischen und metamorphen Vor-
gidngen zerrissen wurde.

Abstract

Acid and basic granulites, migmatites, and lher-
zolites outcrop along the Leiza Fault (Navarra,
Spain) in the western extremity of the Pyrenean Belt.
The protoliths of the acid granulites have grano-
dioritic composition. Textural and mineralogical da-
ta suggest that the acid granulites evolved from a
first, syn kinematic medium-pressure granulite-
facies stage [garnet-biotite I[-Kfsp] to a post-
kinematic granulite-facies stage of lower pressure
and higher temperature [garnet-biotite II-cordierite-
Kfsp-(spinel?), kinzigites]. Basic granulites were
formed from protoliths with composition of tholeiitic
to alkaline basalts. Basic granulites exhibit millime-
ter size subidiomorphic garnets dispersed through
the matrix and smaller coronitic garnets between
opaques or orthopyroxenes and plagioclase.
Thermo-barometric estimates for the peak of the
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granulite-facies metamorphism are c. 800°C and 8
kbar. The migmatites presumably represent a shallo-
wer level of metamorphism (andalusite/sillimanite-
Kfsp). Scapolite in the basic granulites was formed
during a post-granulitic metamorphic episode. The
lherzolites have been intensely brecciated and ser-
pentinized, which makes difficult the comparison of
their evolution with that observed in the other rocks
associated with the Leiza Fault. Acid and basic gra-
nulites, migmatites, and lherzolites along the Leiza
Fault may be correlated with similar rocks outcrop-
ping elsewhere in the North-Pyrenean Zone and
along the North-Pyrenean Fault as tectonic slices and
massifs. By analogy with those rocks, the granulite-
facies metamorphism observed in the rocks studied
must be Hercynian in age. The Leiza Fault constitu-
tes, therefore, the western continuation of the North-
Pyrenean Fault, and the rocks studied (except per-
haps the lberzolites) may be considered as remnants
of an Hercynian metamorphic massif, dismembered
as a consequence of the activity of the fault at the end
of the Hercynian cycle and during the Alpine tectono-
metamorphic events.

Résumé

Des granulites acides et basiques, des migmatites et
des lherzolites affleurent le long de la faille de Leiza
(Navarre, Espagne), a 'extrémité occidentale de la
chaine pyrénéenne. Les protolithes des granulites
acides ont une composition granodioritique. Les
données texturales et minéralogiques montrent que
ces granulites acides ont évolué d’un premier stade
syncinématique dans le facies des granulites a pres-
sion moyenne (grenat — biotite I — feldspath K) vers
un second stade post-cinématique dans le facies des
granulites  basse pression et haute température (kin-
zigites 4 grenat — biotite Il — cordiérite — feldspath
K — (spinel?)). Les granulites basiques proviennent
de protolithes a composition de basaltes tholéiitiques
a alcalins. Les granulites basiques renferment des
grenats millimétriques subidiomorphes dispersés a
travers la matrice et des grenats coronitiques plus
petits localisés entre des opaques ou des pyroxenes et
le plagioclase. La thermo-barométrie donne une esti-
mation de + 800 °C et 8 Kb pour le pic du métamor-
phisme granulitique. Les migmatites représentent
probablement un niveau de métamorphisme moins
profond (andalousite/sillimanite-feldspath K). Dans
les granulites basiques, de la scapolite s’est formée au
cours d’un épisode post-granulitique. Les lherzolites
ont été intensément bréchiées et serpentinisées, ce
qui rend difficile la comparaison entre leur évolution

et celle que I'on observe dans les autres roches asso-
ciées a la faille de Leiza. Les granulites acides et
basiques, les migmatites et les lTherzolites de la faille
de Leiza peuvent étre corrélées avec des roches simi-
laires qui se rencontrent en massifs et en écailles tec-
toniques, en d’autres endroits de la Zone nord-pyré-
néenne et le long de la faille nord-pyrénéenne. Par
analogie avec ces derniéres, le métamorphisme gra-
nulitique des roches en question ici doit &tre d’age
hercynien. Dans ces conditions, la faille de Leiza
représente le prolongement occidental de la faille
nord-pyrénéenne et les roches étudiées ici (a I'excep-
tion peut-étre des lherzolites) peuvent étre considé-
rées comme des restes d’un ancien massif métamor-
phique hercynien, démembré par P'action de la faille
ala fin du cycle hercynien et au cours des événements
tectono-métamorphiques alpins.

Kparkoe conepxanne

Kucnele 1 6asudeckue IPAHyIUTHI, MUTMATUTBI 1
JIEPLUOIIUTEL SABIAOTCA TUIMYHLIMA IOPOJaMH, 3a-
JeraromyMu BOOnb Hapyiierua Leiza (Hasappa,
Vcrianmst) ma kpaiiHeM 3ananie Ilupenefickoro
nosica. Vcxomable NOPOAbI [l KACHBIX TPAHYJIH-
TOB XapaKTEPU3YIOTCS TPAaHONUOPUTHBIM COCTa-
BOM. JlaHHBIE HCCIICIOBAHM: TEKCTYphl M MUHEPa-
JOTHYECKOTO COCTaBa pa3pelIaloT CAENATh BBIBOJ,
91O 06pa30BAHUE KUCIBIX FPAHYJINTOB IO Yepes3
CHH-KMHEMATHUIECKYIO (ha3y IPaHyIMTHOTO (pamyst
IpU VCIOBUAX YMEPEHHOIO JaBJICHUA — TPAHMUT-
ouotur 1 — Kfsp — g0 mocT-KmHEMaTMIeCKO! CTa-
[ TPAHYIUTHON (pamyy, XapaKTepU3YIOLEHCs
YCIIOBUSIMA HU3KOTO JIABJICHHSL M BBICOKOW TeMIle-
patypsl — rpasuT-6uoTHT 11 — Kopmueput — Kfsp —
imvHes? —. McxomHo# nopopoi 6a3suaeckux rpa-
HYJIUTOB SIBIIFOTCS TOJICHTHBIE [IO AKAIMYECKHUX
OazanbThl. ba3dWdeckue TpaHYIUThI COJepKatT
cyOommoMopHbIE I'PaBAThl pasMeEpPaMd B MM.,
paccesHHBIE B MaTPHIE, ¥ CPENU HEMPO3pPavHbIX
MHHEpAJIOB, WM OPTOIHMPOKCEHOB M ILIarHOKJIa-
30B 0oJiee MeIKWe rpaHaThl, OKPY>KEHHbIE KaeM-
koit. CUMTaroT, 9TO MakKCUMyM TeMilepaTyphbl H
MABJICHUS] BO BpeMsl MeTamopdusMa TIpaHyJMTO-
Boli pamum cocraBisii, BeposatHo, 800°C m 8
kOap. BeposTHO, MHIMATHTBI IIPECTABISIOT
co0O0l HU3KYIO CTYTICHL MeTamopdusMa — aHfay-
sut/cunmamannt — Kfsp . Crkamomut oOpasyeTcst B
Oa3MICCKUX TPaHyJIUTaX BO BpEMs MOCT-TPaHy/IUT-
HOM (paszbl MeTamMopgu3Ma. JIEpUOIMTEI COCTOSIT
1. O0p. W3 OpeKunii B CUILHO CEPIICHTH3UPOBAHBI
~ YTO OYCHE 3aTPYAHICT WX CPAaBHEHHE C APYTUMMA
HOpOjiaMyl, HAXOSAIMMHECS B 30He HapymeHus Lei-
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za . Kucnble n 0azuyeckue rpaHyimThi, MATMaTH-
ThI H JICPLOIUTHI BOIL HapymeHus Leiza MOXHO
CpaBHMBATL C HOPOAMH, KOTOPBIC YCTAHOBIIEHBI B
30He CepepupIx IlupeHeeB m BONL HAPYIICHUS
Ceseprbix [IupeneeB B Bue 00JIOMKOB M MAaccu-
BOB. JTOT MeTaMopdu3M TPaHyJIUTOBON parum
MOZKHO OTHECTH Ha OCHOBAHWH CPaBHCHMS Ha3BaH-
HBIX IOPOJ| B TEPHUHCKOMY BpeMmeHH. T.o0. 30Ha
TEKTOHMYCCKOI'O HapylneHus Leiza mpeacraBiseT
€000, KaK Obl MPOCTHPAHUE Ha 3amaj, HapyIeHuH
Cesepubix Ilupenees. MccienoBanHble HOPOIBI
O NIEPLHOJMTOB CYUTAIOT Kak OblI PEIMKTAMHU Me-
TaMOP(HOTO MacchBa TEPIMHCKOTO BO3pacTa,
KOTOPBI B PE3YJIbTATE NEPEMEIIEHUS! BIOJb 30H
PaspbIBOB B KOHIIE I'€PUUHCKON (ha3bl U BO BpeMs
ANBIMACKUX TEKTOHMYECKMX W METaMOP(QHBLIX
COOBITHI OKA3aJICsl Pa30PBAHHBIM.

Introduction

The North-Pyrenean Fault constitutes an impor-
tant late-Hercynian tectonic lineament reactivated
during the Alpine orogeny (MATTAUER, 1968;
SEGURET, 1972). Along the North-Pyrenean Fault
and in the North-Pyrenean Zone situated north of it
(Figure 1), a number of tectonic slices and metamor-
phic massifs with high-grade Hercynian metamor-
phism occur, showing, in some cases, high-tem-
perature/low-pressure Alpine metamorphism over-
print (CHOUKROUNE, 1970, 1974; MULLER &
ROGER, 1977; ALBAREDE & MICHARD VITRAC,
1978; AZAMBRE & RAVIER, 1978; POSTAIRE, 1983;
THUIZART et al., 1985; VIELZEUF, 1984). Low-
pressure granulites and basic intrusives are a com-
mon feature of the North-Pyrenean Hercynian
massifs. Associated with the North-Pyrenean Fault,
lherzolites occur whose origin and significance is
still a subject of debate.

The presence of granulites and lherzolites in the
spanish portion of the Pyrenean Belt, along the Leiza
Fault, had been indicated by LAMARE (1936),
WALGENWITZ (1976), LLANOS (1980) and EGUILUZ
et al. (1982). A detailed study of the localities men-
tioned by these authors has revealed the presence of
different types of crystalline rocks forming outcrops
of variable size, but rarely greater than some hun-
dreds of meters. These rocks exhibit metamorphic
features markedly different from the Mesozoic rocks
outcropping in the surrounding area affected by the
Alpine orogeny (»nappe des marbres«, LAMARE,
1936; WALGENWITZ, 1976). Hence, although their
age is not known, by analogy with the rocks of the
french sector their high-grade metamorphic features

may, in principle, be considered as a result of the
Hercynian orogeny. In this paper we present new data
on the petrography, mineralogy, and metamorphic
evolution of the high-grade rocks, including lher-
zolites, associated with the Leiza Fault, and review
their relationships with the North-Pyrenean Fault
and massifs.

2. Petrography

The main lithotypes found along the Leiza Fault
(from Areso to Ziga, Figure 1) are: 1) acid granulites,
2) basic granulites, 3) metapelitic migmatites, 4)
ultramafic rocks, mainly lherzolites, 5) phyllites and
low grade schists, and 6) orthogneisses and quartzo-
feldspathic metamorphic rocks. The two latter types
are not considered in this study. The phyllites and
schists are not very different from other phyllites and
low grade Cretaceous rocks outcropping in the Fault
area, hence it is doubtful whether they represent a
pre-Alpine metamorphic basement. The ortho-
gneises and quartzo-feldspathic metamorphic rocks
are considered to be formed from late-Hercynian ig-
neous acid rocks similar to the common Stephanian-
Permian subvolcanic to volcanic materials that out-
crop all along the Pyrenean Belt an that have only
been affected by Alpine tectono-thermal events.

Acid granulites: These rocks occur c. 400
m to the northeast of Ziga (Figure 1) forming meter
to decameter-size outcrops. An episode of ductile
deformation produced mylonitic foliation in these
rocks. The foliation is defined by bands rich in quartz
and feldspar alternating with others rich in fer-
romagnesian minerals. There is a preferred orienta-
tion of biotite and elongated garnet grains. A period
of brittle fracturing, without development of a new
schistosity, took place later on. Microscopically
these rocks are characterized by a strongly orientated
granoblastic texture of blastomylonitic type.

Quartz generally shows undulatory extinction.
Garnet and »primary« biotite (phlogopite, see below)
are generally orientated following the foliation of the
rock. The latter mineral quite often exhibits kink-
bands and signs of post-crystalline deformation and
recrystallization at a relatively low temperature
(development of chlorite). »Secondary« biotite refers
to the unoriented biotite which commonly fills frac-
tures in garnet. Plagioclase (oligoclase) and perthitic
K-feldspar may be partially transformed into sericite.
Cordierite in symplectitic association with »secon-
dary« biotite locally occurs surrounding garnet.
Rutile is a common accessory phase and forms
idiomorphic inclusions in quartz or biotite, or is
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Fig. 1. Geological sketch map of the Leiza Fault area (Modified after MARTINEZ TORRES et al.,

Fault, CV: Cinco Villas, L: Labourd, Al: Aldudes.

dispersed through the matrix; it may appear as well
as hypidiomorphic crystals or aggregates included in
garnet. Spinel (pleonaste) is rare and generally
occurs as inclusions in garnet.

A first metamorphic stage under dynamic condi-
tions produced a paragenesis with quartz,
plagioclase, K-feldspar, garnet, biotite-I and rutile.
Destabilization of the garnet-K-feldspar pair caused,
later on, the appearance of unoriented, lower-
pressure granulite-facies associations with cordierite
(kinzigitic association) through reactions such as:
Garnet + K-feldspar + H,O = Biotite-II + Cor-
dierite + Quartz. Unoriented, Fe-richer (see below)
biotite-Il was presumably formed during this
episode. It is doubtful whether spinel was already
present prior to the destabilization of garnet.
Although this mineral occurs as inclusions in garnet,

in press). NPF: North Pyrenean

the chemographic analysis (e. g. HENSEN, 1971;
VIELZEUF, 1983) rather suggests that it presumably
formed through the garnet breakdown. Retrogression
under greenschists-facies conditions was accom-
panied by cataclastic deformation with development
of secondary minerals such as chlorite and sericite.

Basic granulites: These rocks form
meter-size outcrops near Ziga and Zozaia de Oronoz
(Figure 1). They often exhibit a well developed folia-
tion with preferred orientation of plagioclase and fer-
romagnesian phases. Microscopically they show
granoblastic, polygonal texture with minor evidence
of plastic deformation. Two main types of basic
granulites may be distinguished: 1) those rich in or-
thopyroxene and plagioclase and, 2) those rich in
garnet and biotite.

Plagioclase (Ansgss as average) is transformed
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along rims and, less often, at cores into scapolite.
Garnet occurs as: i) idiomorphic crystals dispersed
through the matrix of the rock, variably transformed
into secondary biotite or into intergrowths of
scapolite, biotite, green amphibole, and opaques
(Garnet-I), or ii) as coronitic crystals between or-
thopyroxene or opaques and plagioclase (Garnet-1I).
Orthopyroxene mostly occurs transformed into cum-
mingtonite being one of the rare minerals in these
rocks to show evidence of plastic deformation.
Clinopyroxene is often transformed into secondary
amphibole. Brown amphibole is often replaced by
blue-green secondary amphibole. Apparently
primary biotite (phlogopite, see below) is abundant
in the samples, whereas rare muscovite occurs in-
tergrown with the biotite in the same sample (Z10C).
Rutile is a rare accessory phase, but apatite can be
abundant in some samples, specially in those rich in
biotite. Ilmenite, presumedly of primary origin, ap-
pears dispersed through the matrix, whereas
magnetite occurs forming smaller crystals than il-
menite and associated with secondary minerals.
Secondary biotite was produced mainly along frac-
tures in garnet. Other secondary minerals are
prehnite, chlorite and epidote, the latter may show a
coronitic disposition around pyroxene or between
secondary amphibole and plagioclase.

Under granulite-facies conditions the stable
association should be plagioclase, garnet-I, or-
thopyroxene, clinopyroxene with, eventually, brown
amphibole and/or biotite. Coronitic garnets (Garnet-
II) could be produced later on during recrystalliza-
tion still under granulite-facies conditions or
simultaneously with the formation of the first type of
garnets. The textural and chemical evidence do not
permit us to decide between the two possibilities.
The retrograde evolution was responsible for the for-
mation of different kinds of secondary amphibole
and of prehnite, chlorite, epidote and magnetite. This
suggests a decrease in pressure and temperature, with
a progressive increase in pH,O through the passage
to amphibolite-facies and finally to greenschists-
facies conditions.

Although scapolite may be stable under granulite-
facies conditions (e.g. COOLEN, 1980; DEVARAJU &
COOLEN, 1983), this mineral must have a secondary
origin in the rocks studied. In effect, scapolite occurs
replacing plagioclase and has a composition of
chlorine-rich dipyre, with 35—47% of meionite
component, i.e. less calcic than coexisting
plagioclase (Table IV). In contrast to COs-rich
meionitic scapolite, which is characteristic of high-
grade, deep-seated rocks, compositions similar to the
scapolite analysed may occur in a wide spectrum of

low- to medium-grade metamorphics (cf. GOLD-
SMITH & NEWTON, 1977; KWAK, 1977, COOLEN,
1980). According to the compositional scheme pro-
posed by HIETANEN (1967), the scapolites analysed
here are typical of epidote amphibolite facies ter-
rains. It is conceivable, therefore, that this mineral
formed in the rocks studied at a lower temperature
than that of the granulite-facies metamorphism,
presumably under the relatively low-pressure and
intermediate- to high-temperature conditions that
characterize the Alpine metamorphism in the Pyre-
nean Belt (RAVIER, 1959; CHOUKROUNE, 1970).

Migmatites: The migmatites constitute the
biggest outcrops of crystalline rocks associated with
the Leiza Fault. The migmatites form decameter- to
hectometer-size lenses near Labaien (Figure 1) with
highly variable leucosome/total rock ratios.
Mobilisates generally are concordant to the main
foliation of the rock and occassionally they may be
folded.

Leucosomes contain oligoclase and microcline
which quite often form poikilitic crystals more or less
altered to sericite and coarse-grained muscovite,
respectively. Quartz in leucosomes is rich in inclu-
sions of biotite, sillimanite and opaques, all
presumably remnants of partially melted protoliths.
Mesosomes consist of oriented biotite rich in inclu-
sions of zircon and opaques, muscovite with the
same habit as the biotite, sillimanite (mostly as
fibrolite), and, less frequently, andalusite variably
transformed into sericite. Crystals of graphite aligned
parallel to the schistosity are a conspicuous feature of
some of these rocks. Rutile may occur as discrete
crystals or forming more or less elongated ag-
gregates.

The assemblage of quartz, plagioclase, K-
feldspar, muscovite, biotite, sillimanite/andalusite,
graphite and rutile was formed under high-grade
amphibolite-facies conditions at the maximum PT
conditions attained by these rocks. The retrograde
evolution, as in the granulites, with a decrease in
pressure and temperature and a progressive increase
in uH,0, gave rise to greenschists-facies asso-
ciations.

Lherzolites: These rocks form decameter-
size outcrops near Ziga (Figure 1). There are
numerous veins and fractures filled with calcite
which give these rocks a brecciated aspect.
Microscopically they exhibit porphyroclastic texture
with relics of clinopyroxene, orthopyroxene, olivine
and spinel in a fine-grained matrix composed of
serpentine and carbonates. The primary minerals
show evidence of plastic deformation previous to the
cataclastic events.
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Diopsidic clinopyroxenes usually contain very
small exsolutions below microprobe resolution.
Enstatitic orthopyroxenes are often rich in exsolution
lamellae of clinopyroxene. Olivines are rich in
forsterite (see below) and, like the pyroxenes, are
highly fractured and altered to serpentine and vary-
ing amounts of carbonates. The spinel is brown-
green picotite becoming progressively darker (and
richer in Fe and Cr, see below) towards the rims and
along fractures. Besides these undoubtedly primary
minerals, there is brown amphibole often replaced by
pale green amphibole. Secondary pale green to col-
ourless amphibole also occurs replacing clinopyrox-
ene and orthopyroxene.

3. Bulk rock chemistry

Analyses of major and trace elements, including
rare earths (REE), of selected samples have been car-
ried out by ICP methods at the CRPG (Nancy, see
GOVINDARAJIU & MEVELLE, 1987, for analytical
details). Measured abundances of rare earth and
trace elements were normalized with reference to the
»best estimate« of unfractionated chondritic rare
earth abundances provided by EVENSEN et al.
(1978), and to the N-MORB composition reported by
PEARCE (1983). The main results are described
below.

Acid granulites: The mineralogy of these
rocks suggests they might have formed through
recrystallization of an igneous protolith of
granodioritic composition. Their bulk rock
chemistry (samples la, 1b, Table I) is consistent with
this hypothesis. The high CaO and Na,O contents
(2.33 and 4.68 wt % respectively) reflect an impor-
tant amount of feldspar in the protoliths. Transition
element (Co, Cr, Ni and V) and barium contents are
relatively high, while REE contents are normal for
this kind of rocks with regard to the total amount of
REE and Eu negative anomaly (Figure 2). The
absence of fractionation of the HREE may reflect the
presence of garnet in these rocks.

Basic granulites: Two different types of
basic granulites have been analyzed (Table I): one
corresponds to the sample Z10C rich in orthopyrox-
ene and plagioclase, the other to the sample CI10 rich
in garnet, amphibole and biotite. The first type is
richer in Mg and Ca and has normative composition
of quartz-tholeiite. The second type is richer in Al
and alkalies and has normative composition of
alkaline basalt. The latter sample, although having
higher REE contents than Z10C, lacks the typical
features of alkaline basalt spectra such as fractiona-

Sample la 1b C10 Z10C BL-12 2
SiO, 6423 5933 4544 4575 70.67 3335
ALOs 1632  16.81 2146 1316 1556 2.49
Fey03 0.74 1.28 471 5.2 0.36 3.91
FeO 4.54 6.69 7.09 7.42 2.65 3.21
MgO 2.75 3.82 2.83 717 1.11  27.01
Ca0 2.40 2.26 6.57 14.89 127 1014
Nay0O 4.79 458 3.90 0.16 3.99 -
K20 1.59 1.80 2.94 0.41 2.07 0.04
TiO, 1.02 1.23 1.65 1.03 0.41 0.17
MnO 0.11 0.19 0.29 0.11 0.02 0.08
P05 0.09 0.09 0.89 0.30 0.26 0.05
p.f. 1.27 0.78 1.54 2.67 1.83  18.11
TOTAL 9985 9886 9931 98.19 10020 98.56
Ba 453 518 102 133 331 19
Co 47 47 39 74 40 92
Cr 107 157 21 700 43 1919
Cu 11 10 <10 19 <10 <10
Ni 71 69 35 191 42 1524
Sr 281 265 306 536 267 332
v 160 217 137 214 72 97
Rb 35 47 49 <10 61 <10
La 39.47 32.87 5.08

Ce 79.62 77.07 1226

Nd 40.23 45.64 8.55

Sm 8.29 12.21 3.14

Eu 1.74 2.95 1.64

Gd 7.04 13.45 3.59

Dy 6.96 16.95 3.88

Er 3.99 10.04 2.10

Yo 4.46 11.49 226

Lu 0.64 1.68 0.33

Y 47.01 12043 24.67

Nb n.a. 19.14 1724

Zr n.a. 28739  59.55

1a, 1b: acid granulites, C10, Z10c: basic granulites, BL-12:
migmatite, 2: lherzolite; n.a.: not analysed.

Table 1. Major (wt%) and trace element (ppm) composition of
high-grade metamorphic rocks and lherzolites outcropping along
the Leiza Fault.

tion and LREE enrichment (Figure 2). These
features could reflect some kind of contamination
with crustal host rocks during the emplacement of
the basic magma. On the other hand, sample Z10C,
with much lower REE contents, is characterized by
a flat pattern with positive Eu anomaly (Figure 2).
This suggests an origin for the protolith through a
cumulative process as a result of early olivine and
pyroxene fractionation from a tholeiitic magma.

Migmatites: The leucosomes of the mig-
matitic rocks have a composition of peraluminous,
sodium-rich granites (sample BL12, Table I). The
composition corresponds to near minimum melts
(g = 34, or = 12, ab = 35) formed at relatively low
pressures (less than 5 kb Py,o, cf. WINKLER, 1979)
which is consistent with their probable origin as in
situ partial melts from an essentially metasedimen-
tary source material (abundant quartz, micas, Al-
silicates and graphite in mesosomes).
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Fig. 2. A: chondrite normalized rare earth distribution for acid (1A) and basic granulites (C10, Z10C). B: MORB normalized REE
and trace element patterns for acid (1A) and basic granulites (CI10, Z10C).

4. Mineral chemistry

Minerals from selected samples were analyzed using
a Camebax MICRO automatic microprobe at the
University of Clermont-Ferrand (France). Working
conditions were: 10 s counting time, c. 10 nA beam
current and 15 kV accelerating voltage. Calibration
was against BRGM (French Geological Survey) stan-
dard oxides and silicates, an a ZAF correction pro-
cedure was used. Ferric iron contents in garnets,
pyroxenes and amphiboles were estimated by charge
balance criteria following the procedures suggested
by LAIRD & ALBEE (1981), MORIMOTO et al. (1988)
and LEAKE (1978), respectively.

Garnet: The garnets from acid granulites are
rich in almandine and pyrope end-members (53 —64
and 30—42 mol %, respectively, Table II). The con-
tents in grossular and spessartine end-members
range 2—4.5 and 0.5—2 mol %, respectively. The
garnets are slightly zoned, with Mg and less pro-
nounced Ca decreasing and Fe and Mn increasing
from core to rim which may be related, in principle,
to a retrograde evolution (cf. HOLLISTER, 1966;
ATHERTON, 1968; GRANT & WEIBLEN, 1971).

Garnets-I from the basic granulites are rich in
almandine, pyrope and grossular end-members
(ranges are 52—67, 15—28, and 12-18 mol %,
respectively, Table II). These garnets are distinctly

richer in Ca and Mn than the garnets from the acid
granulites, but have approximately the same contents
in Fe and are poorer in Mg (Table IT). These garnets

Sample  lafr la/c 2-4/r1  2-4/cX  SNAI  SNfed  2-4/cdl 2-4/cIl
Si0y 38.66  39.00 38.62 3920 37.85 38.03 3791 3778
A0y 2289 2337 2209 2253 2215 2171 21.80 22.65
TiOy bd 0.15 0.21 0.03 bd 0.09 0.09  0.08
Cr03 bd 0.06 0.13 0.07 bd bd 0.27 bd
FeO 2879 24.82 2501 24.02 2898 3011 26.07 2575
MnO 0.81 0.31 1.10 1.11 1.84 1.46 1.46 1.33
MgO 771 10.87 6.44 7.10 4.54 3.90 493 492
Ca0 1.21 1.69 6.54 6.39 4.79 4.86 742 7.37
NiO bd bd 0.04 bd 0.06 bd bd  0.05
TOTAL 100.07 100.27 100.18 10045 100.21 100.16  99.95 99.93
Cations on the basis of 0:12

Si 2,997 2.951 2988 3.007 2977 3.008 2.967 2949
AV 0.003 0.049 0.012 0.000 0.023 - 0.033 0051
AlVi 2.089  2.035 2.002 2037 2031 2025 1.978 2.034
Ti bd 0.009 0.012 0.002 bd  0.005 0.005 0.005
Cr bd 0004 0.008 0.004 bd bd  0.017 bd
Fe2+ 1.867 1.570 1.618 1.541 1.906 1992 1.706  1.681
Mn 0.053 0.020 0072 0072 0.123 0.098 0.097 0.088
Mg 0.891 1.226 0743 0812 0532 0460 0575 0.572
Ni bd bd  0.002 bd  0.004 bd bd 0.003
Ca 0.101  0.137 0542 0525 0404 0412 0.622 0617
Gros 345 4.46 17.83  17.59 13.62 1391 19.90 20.84
Spes 1.83 0.67 242 2.44 4.13 3.30 3.23 2.97
Pyr 30.60 4151 2496 2751 17.95 1552 19.17  19.35
Alm 64.12  53.18 5439 5224 6430 67.26 56.87 56.83

la: acid granulite; 2-4, SN: basic granulites; r: rims; ¢: cores; I: Garnet-
I; II: Garnet-II (coronitic garnet); bd: below detection limit of 0.01 wt %

Table 2. Representative chemical compositions of analyzed
garnets.
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are slightly zoned, becoming richer in Fe and Mg and
poorer in Ca towards the cores. Some garnets,
however, preserve > normal < zoning with an increase
in Mg and a decrease in Mn contents from core to rim
(e. g. sample SN). In the latter case, a slight enrich-
ment in Mn in the outermost part is occasionally
observed, which could be due to some late retrograde
event (e. g. sample C2a).

Garnets-II (coronitic garnets) from the basic
granulites (e. g. sample 2—4) have compositions
slightly richer in Ca and poorer in Fe than the
Garnet-I from the same rocks. Their average com-
position (cores) is Alms;PyryGros,oSpes; (Table II).

Orthopyroxene: Unzoned orthopyroxe-
nes from the basic granulites have an average com-
position EnssFs;sWo, (Table IIT). VIELZEUF (1984)
has shown that granulitic orthopyroxenes from va-
rious outcrops along the North-Pyrenean Zone
display considerable compositional scatter. The
orthopyroxenes analyzed here have compositions
similar to those from the granulites of Treilles and
Lherz-Saleix (Eastern Pyrenees), and exhibit hig-
her Ca and Ti contents than most orthopyroxenes
analyzed by VIELZEUF (1984), which could be
related to a higher temperature of metamorphism in
the area studied.

Orthopyroxenes from the lherzolites are rich in
enstaiit end-member: EngFs,gWo, as average (Table
IIT). The relics which are not serpentinized do not
show appreciable differences in composition from
core to rim. The average Mg/(Mg+Fe) ratio, 90, is
similar to that of coexisting olivines (90). These or-
thopyroxenes are rich in Al (both AI'Y and AIVT) and
Cr with moderate contents in Ca (0.04—0.03 f.u.),
which suggests an origin at a relatively high pressure
and temperature. Our results are comparable to those
reported by MONCHOUX (1970) and CONQUERE &
FABRIES (1984) for orthopyroxenes in lherzolites
from Lherz and Frechinede (Eastern Pyrenees); the
lower Al contents reported here may indicate a
shallower origin for the lTherzolites westwards along
the North-Pyrenean Fault.

Clinopyroxene: Cinopyroxenes from the
basic granulites are Al-rich diopside, with average
composition Eny3Fs gWosg (Table IIT). The clinopy-
roxenes analyzed are richer in Al, Ti and Mg
(average Xy, = 0.68) than those reported by
VIELZEUF (1984) from basic granulites elsewhere in
the Pyrenees. As in the case of orthopyroxenes, this
fact might be related to a higher-temperature gradient
of metamorphism towards the western part of the
Pyrenean belt.

The clinopyroxenes from lherzolites are unzo-
ned diopsides, with an average composition

Sample 11b/o  1lc/o 2-4fo 2-4fo  1lbfe 2B/c 2-4/c 2-4fc
S0y 5498 5481 5029 5047 5185 5117 3024 49.70
AlOs 4.37 5.02 3.06 318 683 6.75 4.45 4.15
TiOg 0.15 bd 0.18 013  0.57 0.47 0.85 0.79
Cr03 0.27 0.47 0.20 0.13 076 0.96 0.15 0.12
Fey03 0.41 = -- 0.47 0.61 1.21 - 1.86
FeO 6.05 6.08 2596 2576 1.68 0.98 9.55 8.72
MnO 0.09 0.14 0.55 0.54 0.14 0.11 0.23 0.30
MgO 32.89 3142 1823 1846 1434 1390 1116  11.38
NiO 0.13 bd 0.04 bd bd bd 0.05 0.01
CaO 0.54 1.03 0.68 078 2214 2217 2130 21.84
NasO 0.06 0.05 bd 0.03 1.46 1.57 0.70 0.60
K0 0.01 bd bd 0.04 bd 0.02 0.03 0.02
TOTAL 99.94  99.02  99.19 99.99 10038 9931 9871  99.49
FeO (1) 6.41 608 2596 2618  2.23 2.07 9.55 10.39
Cation proportions on the basis of O: 6

Si 1.900 1918 1929 1918 1871 1.867  1.906 1.879
AV 0.100  0.082 0071 0082 0129 0133 0092 0.121
AV 0.078  0.125 0067 0.061 0.162 0.158  0.107 0.064
Ti 0.004 bd 0.005 0.004 0.015 0.013  0.024 0.022
Cr 0.007 0013 0006 0004 0.022 0028 0.005 0.004
Fe3+ 0.010 bd bd 0013 0017  0.033 bd 0.053
Fe2+ 0.175  0.178 0.833 0819 0.051  0.030 0.303 0.276
Mn 0003  0.004 0018 0017 0004 0003 0007 0.010
Mg 1.694 1.638 1042 1046 0.771  0.756 0.632 0.641
Ni 0.004 bd  0.001 bd bd bd  0.002 bd
Ca 0020 0039 0028 0032 0856 0867 0.866 0.885
Na 0.004  0.003 bd  0.002 0.102 0.111  0.051 0.044
K bd bd bd  0.002 bd  0.001  0.001 0.001

11b, 11c, 2B: lherzolites, 2-4: basic granulite, o: orthopyroxzenes, c:
clinopyroxenes; bd: below detection limit of 0.01 wt %

Table 3. Representative chemical compositions of analyzed
pyroxenes.

EnyFs;Wos; (Table III). These clinopyroxenes are
relatively rich in Cr (>0.02 f.u.) and Al and have Ti
contents and Cr/Al ratios similar to those of
clinopyroxenes from the lherzolites in Lherz and
Frechinede (MONCHOUX, 1970; CONQUERE &
FABRIES, 1984). As in orthopyroxenes and olivines,
Xy values are relatively high (>0.94), but there is
no correlation between Xy, values of clinopyrox-
enes and olivines as seems to be the case of the lher-
zolites from the Eastern Pyrenees (CONQUERE &
FABRIES, 1984). According to the Cr and Na con-
tents of the clinopyroxenes, the lherzolites from the
area studied should represent fragments of subcon-
tinental mantle (spinel-bearing lherzolites of subcon-
tinental type, cf. classification of KORNPROBST,
1981).

Olivine: Unzoned olivines from the lher-
zolites have fairly Mg- and Ni-rich compositions
(Xypg = 0.9, NiO = 0.28 wt %, Table IV), which
together with the low Ca and Cr contents may in-
dicate that these minerals preserve compositions that
have not been reequilibrated during the lower
temperature recrystallization episodes.

Biotite: Biotite is relatively common in acid
and basic granulites and in the migmatites. Primary
biotites from the acid granulites have Ti-rich
phlogopitic composition, whereas the secondary
biotites are Mg-rich biotites s. str. There is in both
types a certain amount of Al substituting for Fe and
Na for K. Ca and Mn contents are very low and Ti
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Sample 2B/o 2afo 1b/b-I 1b/b-0 2-4/b-1 C10/b-I1 BL-12a/b-1 2-4sc
Si0y 41.24 4034 3836 39.16 3646 3620 3647 52.87
AlLOs bd bd 16.02  15.08 19.37 1442 20.62  25.66
TiOy bd 0.04 4.98 2.38 1.32 4.33 1.94 0.02
Cry03 bd 0.04 0.10 0.11 0.08 bd 0.05 bd
FeOy 9.75 9.58 9.71  15.08 11.36 18.11 12,29 0.07
MnO 0.17 0.80 bd bd 0.08 0.07 0.06 0.01
MgO 48.51  48.24 17.45  15.05 16.26 11.90 1455 0.01
NiO 0.28 0.29 bd 0.05 0.74 bd 0.03 bd
Ca0 0.02 0.02 0.03 bd bd 0.01 bd 10.77
Na,O bd bd 0.09 bd 0.28 0.14 0.14 7.90
K2,0 bd bd 10.51 9.81 9.90 9.99  10.70 0.31
TOTAL  100.04 99.86 97.21 9561 9585 9517 96.85 97.61

Number of cations on the basis of O:4 for olivines, O:11 for biotites and Si+Al : 12 for
scapolite

Si 1.010  0.997 2.822 2961 2694 2835 2.707 7.633
AV bd bd 1.178  1.039 1.306 1165 1.293 4.367
AV bd bd 0212 0206 0381 0.166 0.511 -
T bd  0.001 0276  0.135  0.073 0.255 0.108 0.002
Cr bd bd  0.006 0007  0.005 bd  0.003 bd
Fey 0.200 0.197 0.598 0953  0.702 1186  0.763 0.008
Mn 0.003 0016 bd bd  0.005 0.005 0.004 0.001
Mg 1770 1.775 1909  1.6% 1790  1.389  1.609 0.002
Ni 0.006  0.006 bd  0.003 0.044 bd  0.002 bd
Ca bd bd  0.002 bd bd bd bd 1.666
Na 0.003 0015 0.013 bd 0040 0.021 0020 2211
K bd 0.006 0987 0946 0933 0998 1.013 0.057
Xmg 0.90 090 0762 0.640 0718 0.539  0.678

2B, 2a: lherzolites, 1b: acid granulite, 2-4, C10: basic granulites, BL-12a:
migmatite, 2-4sc:scapolite from basic granulite, o : olivine, b-I: primary
biotite, b-1I: secondary biotite; bd: below detection limit of 0.01 wt %

Table 4. Representative chemical compositions of analyzed
olivines, biotites and scapolites.

and Al contents are higher in the primary biotites
(Table IV). The biotites from basic granulites also
have phlogopitic compositions and generally high Ti
contents, but are distinctly richer in Na than the
biotites from acid granulites (Table IV). The biotites
from migmatites have phlogopitic composition too,
with high AIY and K contents and, although
relatively high, distinctly lower Ti contents than the
biotites from granulites (Table IV).
Amphiboles: Primary, brown amphiboles
in basic granulites have compositions of ferroan
pargasite to magnesio-hastingsite (Figures 3-S5,
Table V); Xy, values of these amphiboles vary bet-
ween 0.79 and 0.3, whereas Si contents are relatively
constant.  Secondary  amphiboles  replacing
clinopyroxene and brown amphibole have composi-
tions of actinolitic hornblende, ferroactinolitic horn-
blende, ferro-hornblende or actinolite, whereas
secondary amphiboles replacing orthopyroxene are
cummingtonite (Table V). The main substitution in
primary amphiboles is edenitic: (A) + SiMV =
Na@® 4+ Al®™), with a certain amount of tscher-
makitic component. In secondary amphiboles the
pargasitic substitution predominates (Figure 3).
Brown amphiboles in lherzolites have a composi-
tion of magnesian hastingsite to magnesio-
hastingsitic hornblende and relatively high Xy,
values (> 0.9, Table V). Pale green idiomorphic am-
phiboles are edenitic hornblende with Si ranging
from 6.5 to 6.7, and relatively constant Xy, values of

c. 0.9 (Table V), whereas the undoubted secondary
amphiboles replacing clinopyroxene and > primary «
amphibole may be tremolitic hornblende to tremolite
(Table V). The secondary amphiboles that replace
orthopyroxene are cummingtonite (Table V). Ti, Na,
K, Al and AI'Y contents are generally higher in the
> primary < hastingsitic amphiboles than in the clearly
secondary edenitic ones. The latter amphiboles are
in turn richer in these elements than the also secon-
dary tremolitic amphiboles. As a whole, the Si con-
tents increase as the Ti, Na, K and Al contents
decrease. This suggests formation under progressive-
ly lower temperature conditions from hastingsitic to
tremolitic types (cf. SPEAR, 1980, 1981a, 1981b). The
main substitution operating in these amphiboles is
one of pargasitic type: (A) + Mg¥? + SiV) =
Na® + AIVD + 2AI®™) (Figure 3).

5. P-T conditions of metamorphism

Acid granulites: Quantitative estimates
of temperature conditions of metamorphism in acid
granulites have been obtained applying the garnet-
biotite geothermometer as formulated by HODGES
& ROYDEN (1984). Other geothermometric formu-

Sample 2B 2a itc 12b 2-41 Z10c SN 2-411

Si0;  44.62  47.69  52.66 5672 5524  49.03 37.93 41.26
AbOs  13.16 9.68 5.34 0.06 1.86 541 17.96 14.25

TiO 0.18 0.36 0.30 bd 0.03 0.31 0.31 423
Cr03 026 0.88 0.66 0.04 0.05 bd 0.10 0.13
FepO3 - 5.38 3.43 - - 4.25 6.65 -~
FeOQy 5.13 - - 1580 12.83 1635 12.86 11.43

MnO 0.66 0.11 0.01 0.38 0.37 0.18 0.07 0.12
MgO 1851 19.71 21.44 2340 2114 10.03 6.88 11.04

NiO 0.18 0.02 0.04 bd bd 0.09 bd 0.09
Ca0 12,19 12.30 1245 0.59 5.66 11.44 10.42 11.85
Naz0 3.17 2.37 1.07 bd 0.34 1.02 2.64 1.67
K,G 0.46 0.23 0.05 bd 0.01 0.23 115 2.08

TOTAL 98.52 9873 9745 9699  97.53 98.35 9698 98.15
FeO@® 5.13 4.84 3.09 1580 12.83 20.18  18.85 11.43

Cation proportions on the basis of O: 23

Si 6.331  6.637  7.284 8.021 7.803 7.269  5.768 6.128

AV 1.669 1.363  0.716 - 0197 0731 2232 1.872
AV 0532 0225 0155 0010  0.113 0.214  0.987 0.623
Ti 0.019  0.038  0.031 bd  0.003 0.035  0.035 0.472
Cr 0.029  0.097 0072 0.004 0.006 bd  0.012 0.015
Fe3+ - 0563 0.357 - - 0475  0.761 -
Fe2+  0.609 1.869 1.516  2.027 1.636 1.420

Mn 0.079  0.013  0.001 0.046 0.044  0.023  0.009 0.015
Mg 3.914 4088 4420 4932 4450 2216  1.559 2444

Ni 0.021  0.002  0.004 bd bd 0.011 bd  0.011
Ca 1.853  1.834  1.845 0.089  0.857 1.817  1.698 1.886
Na 0.872  0.640  0.287 bd  0.093 0.293  0.525 0.481
K 0.083  0.041 0.009 bd  0.002  0.044 0223 0.394

2B,2a,11c,12b: amphiboles from lherzolites; 2B: hastingsitic amphibole
around spinel; 2a: idiomorphic edenitic hornblende; 1lc: secondary
tremolite; 12b: secondary cummingtonitic, 2-4 I1,Z10c, SN,2-4 II:
amphiboles from basic granulites; 2-4 I: ‘primary’ brown amphibole;
Z10c, SN: 'secondary blue-green amphiboles; 2-4 II: secondary
cummingtonite; b.d.: below detection limit of 0.01 wt %

Table 5. Representative chemical compositions of analyzed am-
phiboles.



102 M. S. MENDIA & ]. I. GIL IBARGUCHI

3 |
a £ o
oo E o o
0o Q 0O
2 'U.ll':' . o |f S <]
Q O Pargasite 1 Pargasite
o~ A 0 DD
> oo
lt {A A I
< .
1 jEdenite i
& ﬁﬂA [fﬁlﬂ
o 0 [
o [remolite ITremolite o
T T T T T A d T T T Ll T —

0 0.2 0.4 0.6 0.8 1.0 12

—
02 04 06 08 1.0 12 1.4

A site occupancy / 23 oxygens

B Brown amphiboles from granulites
O Blue-green amphiboles from granulites
A Amphiboles from lherzolites

Fig. 3. Cationic substitutions in amphiboles from granulites (squares) and lherzolites (triangles). A: Al (IV) vs. Al (VI); B: Al (IV)

vs. A site occupancy.

lations for the same mineral pair (cf. HOLDAWAY
& LEE, 1977; INDARES & MARTIGNOLE, 1985, etc.)
have been discarded since they give greater scatter
of the results or unrealistic too low temperatures. It
may be noted that although > primary < biotites (cf.
petrography) of acid granulites are richer in Ti,
Al and Mg/Mg + Fe ratios than >secondary «
biotites, temperature estimates using garnet-primary
biotite compositions are distinctly lower (by c.
100 °C) than those calculated using secondary
biotites. Using maximum X, values for garnet and
maximum Xg for biotite, the temperature estimates
for the late stages of the granulite-facies metamor-
phism (kinzigitic stage) are 800 + 40°C at 1 bar and
840 + 40°C at 10 kbar. The maximum pressure con-
ditions (since sillimanite is absent from the
equilibrium mineral assemblage) can be approx-
imated using the garnet-cordierite geother-
mometer/geobarometer. Problems arising from the
use of the experimental determinations and the
theoretical reconstructions of the garnet-cordierite
equilibrium have been reviewed by NEWTON (1983)
and ESSENE (1989) among others. A pressure
estimate of c. 7 & 0.5 kbars at 800—850°C is obtain-
ed by comparison with the diagrams of NEWTON &
WooD (1979) and assuming Py, = P, Higher
pressure estimates — c. 10.5 kbar at the same
temperatures — are obtained using the calculation
methods proposed by POWELL & HOLLAND (1988,

THERMOCALC program) with their extended dataset
(HOLLAND & POWELL, 1990).

Basic granulites: Quantitative pressure
and temperature estimates for the metamorphic peak
in the metabasites have been obtained applying the
garnet-clinopyroxene geothermometer (KROGH,
1988; PATTISON & NEWTON, 1989), and the garnet-
orthopyroxene-plagioclase-quartz and garnet-clino-
pyroxene-plagioclase-quartz  geobarometers  (cf.
review of the geobarometers in ESSENE, 1989). The
results obtained, using maximum Xy, values of
garnet and maximum Xg. of clinopyroxene, are in
good agreement with those obtained for acid
granulites: 790 + 30°C and 6—7 kbar for the
clinopyroxene equilibrium, and 7—8 kbar for the or-
thopyroxene equilibrium. The preferred results are
those obtained using calibrations of the garnet-
orthopyroxene-plagioclase-quartz barometer, con-
sidered to yield more reliable pressure estimates (cf.,
LAMB et al., 1986; POWELL & HOLLAND, 1988) and
which are similar to those obtained for the garnet-
cordierite equilibrium in the acid granulites. Note
that the ilmenite-pyroxene  geothermometer
(BisHoP, 1980) reflects re-equilibration under
distinctly lower temperatures (350—400°C)

Temperature estimates for the pairs garnet-brown
hornblende (GRAHAM & POWELL, 1984), and
garnet-biotite (HODGES & ROYDEN, 1984) from
basic granulites containing garnet and two pyroxenes
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are slightly lower: c. 745 and 725°C respectively (at
8 kbar), which suggests that these hydrated minerals
in these rocks equilibrated near the granulite-facies
peak of the metamorphism. In rocks rich in garnet
and biotite but lacking the two pyroxenes, only the
formulation of HOINKES (1986) yields consistent
temperatures higher than 700°C. Temperature
estimates for the equilibrium muscovite-plagioclase
(GREEN & USDANSKY, 1986) in sample Z10C also
suggest equilibration of this mineral pair near the
peak of granulite-facies metamorphism: c. 730°C at
8 kbar.

The Ti contents of primary amphiboles from the
basic granulites are similar to those reported by
RAASE (1974) for rocks formed under high-grade
amphibolite- or granulite-facies conditions, whereas
secondary amphiboles have Ti contents similar to
those formed under low-grade amphibolite- to
greenschist-facies conditions. According to their Si
and AIVT contents, most amphiboles of both types
plot, however, in the field of pressures below 5 kbar
(graphic method of RAASE, 1974, Figure 4). This
may imply that the primary amphiboles, in part, re-
equilibrated during the retrograde evolution of the
granulites that produced secondary amphiboles dur-
ing amphibolite-facies and lower grade conditions.

According to the fields defined by LAIRD &
ALBEE (1981) for the prograde metamorphism of
basic rocks, both the primary and secondary am-
phiboles were formed under conditions of Jow to in-
termediate pressure and relatively high temperature
(Figure 5), which is consistent with the previous
results. Secondary amphiboles show a great disper-
sion in the diagram of Figure 5, which suggests con-
siderable disequilibrium of the system during
retrogression.

Lherzolites: The orthopyroxene-clinopy-
roxene geothermometer (WOOD & BANNO, 1973;
WELLS, 1977) based on the Fe-Mg partition between
these phases, and the olivine-orthopyroxene geother-
mometer (BERGER & VANNIER, 1977) based on the
distribution of Ni and Mg yield temperatures of c.
1300 °C. Lower temperatures, ranging between 1000
and 600 °C, have been obtained using the formula-
tions of MERCIER (1980) and SAXENA et al. (1986)
for the two- pyroxene equilibrium. The latter results
may reflect the re-equilibration which resulted in the
growth of amphibole in these rocks. Temperature
estimates using the composition of spinel, e.g.,
olivine-spinel (FABRIES, 1979), orthopyroxene-
spinel (TABIT et al. 1986), and Si content of spinel
(BERGER et al. 1984) yield in all cases unrealistic too
high values: 1600—1900 °C.

The only acceptable value for the pressure condi-

tions was obtained using MERCIER’s (1980) single-
pyroxene geobarometer: 19 kbar for a temperature of
900 °C. However, this estimate must be considered
as a limiting value since in the temperature range of
800—1000 °C at this pressure, the limit of the spinel-
peridotite stability field is reached (LANE &
GANGULY, 1980).

The amphiboles of the lherzolites plot in the
fields of low- to intermediate-pressure metamor-
phism defined by LAIRD & ALBEE (1981) for the pro-
grade metamorphism of basic rocks, and most of
them below the garnet isograd (Figure 5), whereas
according to their Si and AIV! contents, the analyzed
amphiboles were formed at less than 5 kbar (cf.
Figure 4).

6. Conclusions

The petrological and mineralogical data indicate
that a number of rocks associated with the Leiza
Fault have presumably been affected by pre-Alpine
metamorphism at conditions of intermediate- to
high-temperature (biotite stable) granulite-facies.
Retrograde metamorphism took place under
amphibolite- to greenschist-facies conditions.

The granulite-facies metamorphism was of
intermediate-pressure type, the maximum P-T condi-
tions recorded by the rocks with granulitic mineral
assemblages were around 800 °C and 7—8 kbar.
These results are comparable to those reported for
granulitic massifs and tectonic slices elsewhere in the
Pyrenees (Lherz, Saleix, Agly, Bessede de Sault,

etc., cf. ANDRIEUX, 1982; VIELZEUF, 1984),
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although the pressure estimates for the Leiza area
suggest slightly deeper conditions of metamorphism
(Figure 6). By analogy with those massifs, this
metamorphic event may be related to the Hercynian
cycle (cf. POSTAIRE, 1983). The great scatter of
temperature estimates for lherzolites reflects a lack of
metamorphic equilibration among the mineral
phases in these rocks. The estimates of ¢. 1300 °C
and 19 kbar are, in any case, sensibly different from
those reported by CONQUERE & FABRIES (1984) for
the ultramafic rocks at Lherz and Frechinede
(950 °C and 13—15 kbar).

The Alpine metamorphism gave rise to the for-
mation of scapolite (dipyre with 35-47% of
meionite component, Table IV) in the basic
granulites under conditions of low-pressure and
intermediate- to high-temperature: c¢. 500 °C, < 5
kbar (cf. HIETANEN, 1967; KWAK, 1977).

Acid granulites were presumably formed from ig-
neous protoliths of granodioritic composition. The
granodioritic magmas possibly were generated by
partial melting of crustal material with an important
metasedimentary component as deduced from the
richness of the granulites in garnet, biotite and cor-
dierite. On the basis of the paragenetic evolution of

acid granulites (re)crystallization might be a two-
stage process: a first stage under intermediate-
pressure/low- temperature granulite-facies condi-
tions (garnet, biotite, K-feldspar parageneses) and a
second stage under lower pressure and likely higher
temperatures with the development of cordierite and
perhaps spinel. The first stage was probably related
to the development of regional fabrics (elongated
garnets, blastomylonitic foliation), whereas the se-
cond one apparently took place under static condi-
tions. It cannot be ascertained with the available data
whether the origin of these granulites is to be related
to a period of uplift and crustal extension or to a com-
pressive orogenic episode.

Basic magmas formed the igneous protoliths of
the associated basic granulites. Whether the basic
magmas were generated in connection with the refer-
red uplift/distensive period is not yet clear. Their
tholeiitic to alkaline composition with evidence, in
some cases, of contamination with crustal materials
supports this hypothesis. These rocks underwent a
period of dynamic recrystallization under
intermediate-pressure/high-temperature, ~granulite-
facies conditions and then retrogression under
decreasing pressure and temperature.

The migmatitic rocks represent a stage of partial
melting at a shallower crustal level. Granitic melts
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instead of granodioritic ones were generated and
andalusite/sillimanite-K feldspar parageneses de-
veloped in the mesosomes instead of the
garnet/cordierite-K feldspar parageneses of acid
granulites. The presence of two-mica granites,
leucogranites and pegmatites associated with the
migmatitic rocks suggests the existence of an in-
termediate, deeper level, with a higher degree of par-
tial melting than that presently observed in the
migmatitic outcrops.

The lherzolites from the area studied appear to be
similar to the lherzolites from North-Pyrenean sec-
tors (Lherz, Saleix, etc.). These rocks are intensely
brecciated and serpentinized and the data available
do not permit an accurate statement of their evolu-
tion. It appears that they recrystallized at conditions
of the granulite or high-grade amphibolite-facies dur-
ing a first metamorphic event.

It seems clear from the data presented in this
paper that the Leiza Fault is an extension of the
North-Pyrenean Fault. The metamorphic rocks of
presumably Hercynian metamorphic age outcrop-
ping along the Leiza Fault closely correspond to
those appearing in scattered outcrops along the
North-Pyrenean Fault and in the North-Pyrencan
massifs. In the area studied these rocks represent dif-
ferent metamorphic depth-levels. They may con-
stitute remnants of a metamorphic massif of
Hercynian age which was dismembered after the
main metamorphic event as a result of the tectonic
activity in the Fault zone.

The granulites from the area studied are very dif-
ferent from the granulites of allochthonous, high-

grade complexes elsewhere in the Hercynian
Foldbelt (Cabo Ortegal and others in NW Spain and
N Portugal). The latter granulites occur associated
with eclogites and are characterized by high-pressure
parageneses with garnet and sodic clinopyroxene in
metabasites (VOGEL, 1967; GIL IBARGUCHI et al., in
press). The granulites studied here are, on the con-
trary, rather similar to those dredged to the West of
the Study area along the northern continental margin
of the Iberian Peninsula (CAPDEVILA &
MOUGENOT, 1988). However, although the dredged
granulites are considered to have been brought to sur-
face by tectonic activity in westwards extension of the
North-Pyrenean Fault (CAPDEVILA et al., 1974,
1980), they are apparently much older than those
from the Pyrenees (Precambrian after CAPDEVILA
& VIDAL, 1975; POSTAIRE, 1983), which may in-
dicate that the North-Pyrenean Fault activates dif-
ferent kinds of basement from East to West.
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