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The Sanabria appinitic rocks and host migmatites form an
unusual, non-peri-batholithic complex in which all the typical
members of the appinite suite are present. It differs from most
appinitic complexes in the deeper level of emplacement and the
close temporal and spatial association with migmatites. Conse-
quently, many in situ relationships that resulted from the inva-
ston of mafic magma into a crustal anatectic zone are extremely
well  preserved. The complex shows unequivocal relations
between members of the appinitic suite and between these and
migmatites derived by anatexis of a gnetssic formation (Ollo de
Sapo gneiss). These relations point to derivation of monzo-
diorites and buotite diorites by hydrous basalt fractionation
combined with fluid-assisted melting of the crustal rocks sur-
rounding the appinitic intrusions. This hydrous basic magma
may be dertved from an enriched region of the mantle associated
with subduction. Petrogenetic models have been tested using a
combination of field relations and geochemical data. Despite the
complexity of the processes involved, it is concluded that water
played an important role in the petrogenesis of the intermediate
and mafic magmas. Reaction between monzodiorite melts and
the host migmatites was responsible for the generation of a range
of intermediate rocks within the complex. The need for water to
Jacilitate magma generation in both the mantle and the crust
suggests that melting is linked with subduction. This interpre-
tation has important implications because appinitic magmatism
may be considered as indicative of subduction processes involved
not only in the generation of the mafic end-members of the suite,
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but also in the generation of batholiths with which the appinitic
rocks are spatially and temporally associated.

KEY WORDS: appinite; monzodiorite; migmatite; Variscan orogen;
Iberian massif

INTRODUCTION

One of the most significant features of late Caledonian
and late Variscan granitoid batholiths within Europe
is the close spatial and temporal association with mafic
and ultramafic rocks of the so-called ‘appinite suite’
(Bailey, 1960). This suite includes several types of mafic
rock characterized by hydrous mineral assemblages
with hornblende and biotite and by an overall andesitic
to basaltic composition of calc-alkaline affinity (French,
1966; Bowes & McArthur, 1976; Gil Ibarguchi, 1980,
1981; Sabatier, 1991; Galan e/ al., 1997; Pitcher, 1997).
Some of these rocks can be included among the so-
called ‘basic precursors’ (Capdevila, 1969) or ‘mafic
precursors’ (Bea et al., 1999) of the batholiths and have
been considered to represent some kind of mantle
involvement in granitoid petrogenesis (e.g. Holden
et al., 1987; Galan & Sudrez, 1989). Geochemical and
Nd-Sr isotopic relationships between these mafic rocks
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and the granitoids strongly suggest that they may be
related by a petrogenetic process such as fractionation,
assimilation or magma mixing (e.g. Fowler & Henney,
1996; Pitcher, 1997; Fowler et al., 2001). However, the
intricacies of these petrogenetic processes remain
poorly understood and many questions and paradoxes
still are unsolved. The fact that most appinitic rocks
appear as small peri-batholithic complexes and mega-
enclaves transported by the enclosing granite makes it
difficult to recognize their primary characteristics. It is
reasonable to assume that a great part of the diversity
of textures and compositions of the appinitic complexes
resulted from deep-seated processes not recognizable at
the level of emplacement. Paradoxically, the geochem-
ical relationships indicate that mantle components,
supposedly supplied by the appinitic magmas, were
incorporated into the granites and, at the same time,
crustal components are identified in the geochemical
characteristics of the appinites (e.g. Bea et al., 1999).
The way in which these interchanges took place is,
however, poorly constrained. Magmatic fractionation,
either by crystal accumulation or fluid migration,
seems to be plausible to account for the variations in
major elements. However, open-system processes, for
example crustal assimilation, are required to account
for the isotopic signatures (e.g. Fowler et al., 2001).
Neither of these processes, fractionation or assimila-
tion, is unambiguously evidenced by field relation-
ships, as a result of the discontinuous and fragmented
nature of the isolated outcrops that characterize most
appinitic complexes.

The Sanabria complex, described in this paper, is not
a typical transported or peri-batholithic appinitic com-
plex. It differs from most appinitic complexes in the
deeper level of emplacement and the close temporal
and spatial association with migmatites. Consequently,
many in silu relationships that resulted from the inva-
sion of mafic magma into a crustal anatectic zone are
preserved. Furthermore, the complete range of rock
types that constitutes the appinitic suite is present in
the Sanabria complex, showing original relationships
between them on a scale of metres to kilometres. These
relationships provide important information on the
intricacies of the complex processes that gave rise to
the textural and compositional diversity of the mem-
bers of the appinitic suite. Geochemical and isotopic
(Sr, Nd) data are also presented, with the aim of
characterizing the Sanabria appinite suite and to
make comparisons with similar complexes from else-
where in the Caledonian and Variscan belts.

REGIONAL GEOLOGY

The Iberian massifis one of the largest exposures of the
Variscan orogen in Europe. The northwestern part of
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the Iberian massif experienced the effects of the
Variscan collision between the Palacozoic continental
margin of Gondwana and a complex mosaic of
Laurentian terranes (Martinez Catalan et al., 1997).
As a consequence of this tectonic history, a number of
tectonothermal processes took place in the northern
Iberian massif at the end of the Palaeozoic, including
syn-tectonic igneous activity and high-temperature
metamorphism. The internal zonation of the Iberian
massif (e.g. Julivert et al., 1974) is a result of the strati-
graphical, structural and petrological evolution of this
part of the Variscan orogen. The Sanabria area is
located at the boundary between two major domains
of the Iberian massif: the West Asturian—Leonese
Zone (WALZ) and the Central Iberian Zone (CIZ)
(Fig. la). The boundary coincides with a large
structure, the Ollo de Sapo Anticlinorium, which is
characterized by the presence of a thick sequence
(1500-2000 m) of augen-gneisses (Ollo de Sapo gneiss)
(Fig. 1b) of Early Ordovician age (Gebauer et al., 1993;
Valverde & Dunning, 2000), which appear to be
derived from an original volcanoclastic protolith
(Navidad, 1979; Ortega, 1998).

GEOLOGY OF THE SANABRIA AREA

The Ollo de Sapo gneisses in the Sanabria region were
intruded by basic magmas during the early stages of
the tectonothermal evolution of the region (Variscan
Orogeny), producing a wide variety of rock types with
complex field relationships (Fig. 2). These mafic rocks
and their host migmatites are the subject of this study.
Three main deformation phases affected the Ollo de
Sapo gneisses in Sanabria (Diez Balda et al., 1990). The
large-scale structure is the result of superposed folding.
D, deformation gave rise to a first generation of NE-
verging, recumbent folds, which have an associated
axial-plane foliation (S7). The entire Sanabria region
(Fig. 1b) is located in the normal limb and hinge of a
large recumbent D; fold, with the Ollo de Sapo
gneisses located in the middle to lower part of this
fold limb (Arias et al., 2000). Two facies can be recog-
nized in the Ollo de Sapo area and surroundings
(Martinez Garcia, 1969)—a lower augen-gneiss, over-
lain by a fine-grained facies (Fig. 1b). Fine-grained
gneisses are covered by metasediments ranging in
age from Lower Ordovician to Devonian. A second
planar—linear fabric (Sy and L) is observed in the
augen-gneisses. SS9 varies gradually from a crenulation
cleavage affecting §; in the fine-grained gneisses, to a
schistosity in the basal augen-gneisses, where it pene-
trates the whole rock and transposes the previous $)
fabric. A concomitant increase in the metamorphic
grade is observed from top to bottom in the Ollo de
Sapo gneisses. The Dy deformation is interpreted as
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Fig. 1. (a) Location of the Sanabria area in the Iberian massif. (b) Geological sketch of the Ollo de Sapo Anticlinorium in the Sanabria region
[modified after Lancelot et al. (1985)]. The rectangle in (a) shows the location of the study area. The polygon in (b) corresponds to the area

studied in detail, illustrated in Fig. 2.

due to an intense subhorizontal shearing. The observed
kinematic criteria indicate a top-to-the-SE sense of
movement for this shear zone, acting as an extensional
structure. Migmatization of the basal Ollo de Sapo
augen-gneisses coincides with the D, shearing, and
affected the core and deepest parts of the D recumbent
fold. This is the specific area studied here (Fig. 2),
where the D; structures are almost completely

transposed by Ds. The last deformation phase (Dj)
is responsible for a second generation of folds.
These are kilometre-scale, sub-cylindrical, upright
and north-verging folds, with subrounded to sub-
angular closures (Twiss, 1988). Vegas et al. (2001)
interpreted the Dj folds at a regional scale as formed
in association with a dextral strike-slip fault stepover.
Intrusion of mafic and intermediate igneous rocks in
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Fig. 2. Geological map and cross-section of the Sanabria area according to data obtained in this study, showing the main field relationships
between migmatites, basic rocks and granitoids. White asterisk indicates the outcrop location illustrated in detail in Fig. 7.
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Sanabria is syn-kinematic with Dy deformation and
with the migmatization of the Ollo de Sapo host
gneisses. Therefore, knowledge of this tectonic
sequence 1s essential to understand the petrogenetic
processes involved. Absolute age determinations yield
an age within the range 340-350 Ma (Dallmeyer et al.,
1997, and references therein) for the Dy deformation
and, hence, for the migmatization of the Ollo de Sapo
gneiss. Consequently, a reference age of 345 Ma is used
for corrections of initial isotopic ratios for Sr and Nd.

ROCK TYPES AND FIELD
RELATIONS IN THE SANABRIA
COMPLEX

Rock types and petrography

It is inferred from field relations observed in the
Sanabria massif that some kind of interaction between
mafic magmas and the Ollo de Sapo gneisses occurred
at the level of emplacement. As noted above, the com-
plex is not a classical peri-batholithic type, transported
by granodiorite magmas from deep crustal zones
(Castro et al., 2002a). Consequently, it is expected
that many of the observed field relations are primary,
not modified by transportation from depth, and
resulted from n situ processes related to the intrusion
of mantle-derived magmas into anatectic rocks. The
absence of radiometric ages for the mafic rocks pre-
cludes a precise chronology of events. Field relation-
ships indicate that migmatization was coeval with the
intrusion of the basic magmas in Sanabria. However, a
cause-and-effect relation between the two processes
cannot be established from this observation. In this
paper we describe the most outstanding of these
features because they have important implications for
the formulation of petrogenetic hypotheses in relation
to the generation of the varied spectrum of rocks of the
appinitic suite. Appinite suite rocks, ranging in com-
position from hornblende gabbro to monzodiorite, are
found in the Sanabria complex in an area about 3 km
wide, extending for several kilometres along the
regional trend of the tectonic structures. Detailed
field relationships in an area of the Sanabria Natural
Park between the Porto Lake and the Vegadetera Lake
are shown in Fig. 2. This varied spectrum of rock
compositions and textures is a general feature of
appinitic complexes (see Pitcher, 1997).

To simplify the descriptions we have grouped all
the rocks of the Sanabria complex into the following
lithological groups: (1) hornblende gabbros and dio-
rites; (2) monzodiorites; (3) banded diorites; (4) grano-
diorites; (5) leucogranites; (6) gneisses and migmatites.
Although granodiorites and leucogranites form sepa-
rate intrusions in the Sanabria area, they are included
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in this study because they are spatially associated with
the mafic complexes and migmatites on a regional
scale. Many appinitic mafic-ultramafic complexes in
the Iberian Variscan massif are associated with grano-
diorite intrusions as peri-batholithic complexes (Castro
et al., 2002a).

Electron microprobe analyses of the main mineral
phases, biotite, amphibole and plagioclase, were
obtained from each of these lithological types. Biotites
from a suite of samples from a traverse across a gabbro—
monzodiorite contact in the Garandones area were also
selected for electron probe microanalysis, performed
using a Cameca Camebax SX-50 system equipped
with four spectrometers at the University of Oviedo.
Operating conditions were 15kV accelerating poten-
tial and 15nA probe current. Calibration standards
are albite for Na, Si and Al; wollastonite for Ca and
Si; Ni1O for Ni; corundum for Al; CryOj5 for Cr; andra-
dite for Fe and Ca; MnTiOj3 for Mn; periclase for Mg;
orthoclase for K; magnetite for Fe; apatite for P. Data
corrections are according to Pouchou & Pichoir
(1984). Representative data are listed in Table 1.

Hornblende gabbros and diorites

These are coarse-grained rocks composed dominantly
of hornblende and plagioclase. Hornblende gabbros
(80-90 vol. % amphibole) occur as decametre-sized
blocks and smaller enclaves surrounded by massive
diorite and monzodiorite. An interesting feature is the
presence of monzodiorites separating hornblende gab-
bro bodies and migmatites. Gabbros and migmatites
are never found in direct contact. Patches of hornblen-
dite (>90 vol. % amphibole), tens of metres in dia-
meter, are found in the inner parts of the hornblende
gabbro bodies. Hornblende gabbros and monzodior-
ites commonly appear as brecciated blocks intruded
by leucotonalites and granitic veins (Fig. 3a). These
hornblendites and hornblende gabbros are typically
coarse-grained, hypidiomorphic rocks with cumulate-
like texture (Fig. 3b). The contacts with the surround-
ing monzodiorites are sharp on a centimetre scale and
often have lobate and crenulated shapes, suggestive of
liquid-liquid contacts. In places the contact is back-
veined and fragments of the hornblende gabbro
bodies are completely incorporated to the surround-
ing monzodiorite (Fig. 3c). Partially digested blocks
of the hornblende gabbro occur within the monzo-
diorites, ranging in size from clots of hornblende
crystals up to a few centimetres in diameter. Another
characteristic feature of the hornblende gabbros
and the diorites is the presence of granitic enclaves
(Fig. 3d) with rounded shapes, and ranging in size
from a few centimetres to 0-5m. These normally
have a hornblende-rich outer margin suggesting
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Table 1: Representative analyses of biotite and amphibole of the Sanabria complex

picl

Biotite Amphibole Biotite (Garandones profile) Phlogopite
Sample: AB9918 AB9911 A119847 AB9910 GC2559901 AB9921 A109811 A11984 GC285991 A59918 AB9910 H90144 H90145 H9018 H9019a H90111 H90112 H90113 H90114
Rock type: Gb Mzd Mzd Dt Gd Mig 0SG Gr L2 Gb Dt Mzd Mzd Mzd Mzd Gb Gb Gb Gb

Leu

SiO, 3832 3810 3720 36:76 35-99 35-37 3523 3494 3546 51-96  48:78 36-25 3633 3728 3734 3741 39-39 39568  39-21
TiO, 313 2:02 317 4.55 3:562 4-55 317 2:91 2-85 0-39 0-72 3-44 314 343 2-86 2-85 1-81 2:35 173
Al,03 15-09 16-86 16-11 15-91 17-1 18-56  18-:09  18-20 17-32 4-84 7-56 16-09  16-92 16-66 15-68 1491 15-32  15-40 15-03
FeOt 15-36 14-35 19-18  16:63  20-69 1843 2260 2672 21-84 1186  12:75 17-83  17-50 13-84 1363  13-65 12-51 12-35 1111
MnO 0-27 0-25 0-24 0-21 0-32 0-27 0-25 0-37 0-31 0-34 0-41 0-19 0-00 0-00 0-00 0-00 017 0-10 0-10
MgO 14-05 14-32  11-66 10-87 8-44 8:20 859 5-93 841 15-38 13-54 11-02 11-10 14-41 14-66 15-07 16-39 17-00 17-05
Ca0 0-02 0-11 0-02 0-00 0-00 0-14 0-00 0-00 0-00 13:37 12-65 0-06 0-00 0-00 0-00 0-00 0-00 0-00 0-00
Na,O 0-15 0-09 0-16 0-10 0-07 0-13 0-07 0-07 0-03 0-52 0-63 0-09 0-00 0-00 0-36 0-00 0-28 0-35 0-13
K20 9:75 9-82 9564 1060  10-19 9-41 9:18 8-:90 9-65 0-34 0-57 9-28 913 8-97 8-61 8:61 9-56 8-49 9-18
Total 96-14  95-92 9728  95:63  96-33 95-06 97-08 98-04  95-87 99-00  97-61 94-24 9412 9459  93-04  92:50 95-42  95-62  93-53

0-48 0-64 0-38 0-40 0-29 0-31 0-28 0-18 0-28 0-56 0-51 0-562 0-563 0-65 0-66 0-66 0-70 0-71 0-73

Mg/(Mg + Fe?™)

Operating conditions: accelerating voltage of 15kV, beam intensity of 15nA, and 10s peak and 5s background of counting time, with a beam size of 2 um. Standards
used for the analyses: albite for Na, Si and Al; wollastonite for Ca and Si; Al,O5 for Al; andradite for Fe and Ca; MgO for Mg; orthoclase for K; Fe,O3 for Fe. Precision was

+0-5% for all elements. Gb, gabbro; Mzd, monzodiorite; Dt, diorite; Gd, granodiorite; Mig, migmatite; OSG, Ollo de Sapo gneiss; Gr, granite; Leu, leucosome.
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Fig. 3. Representative field relations and textural details of gabbroic rocks of the Sanabria complex. (a) Polygonal blocks of hornblende
gabbro (darker) and monzodiorite (upper left corner) enclosed by leucocratic granitic veins. Sample location indicated in Fig. 7. (b) Typical
field aspect of hornblende gabbros; the dark spots of 1 cm diameter are holes left after weathering of biotite and hornblende clots. (c) Detail of
the contact between the hornblende gabbros (dark grey) and surrounding monzodiorites (pale grey); the grain size of the gabbro is finer near
the contact and portions of this marginal zone are enclosed by the host monzodiorite. Sample location indicated in Fig. 7. (d) Granitic enclaves
within the hornblende gabbro. (e) Backscattered electron image of an amphibole clot surrounded by Bt; the most typical textural feature of
appinitic gabbros. (f) Euhedral hornblende (Hb) crystal of the Hb-gabbro with a biotite inclusion in the core; this textural relation between
early biotite and late euhedral amphibole is very common in the appinitic gabbros.
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Fig. 4. Classification diagrams for amphiboles (a) and biotites (b) in the Sanabria appinites and migmatites.

some reaction between the granite enclaves and the
host magma.

The most common medium-grained hornblende
gabbros and diorites comprise amphibole (horn-
blende), plagioclase (Ans;) and biotite. Similar to
other hornblende-rich rocks of the appinitic suite, the
hornblende gabbros of Sanabria typically contain
polycrystalline clots of amphibole (Castro & Stephens,
1992; Stephens, 2001) surrounded by Mg-rich biotite
rims (Fig. 3e). In particular, in the more silica-rich
rock types (diorites and monzodiorites) the amphibole
forms large (2-10 mm), euhedral crystals with a more
Mg-rich core compared with the rim. These euhedral
crystals are characterized by the presence of biotite
inclusions (Fig. 3f). Accessory minerals are mainly
apatite, titanite and Fe—T1 oxides. A diagnostic feature
is the presence of poikilitic Mg-rich biotite with Mg-
number = 0-6 [Mg-number = mol MgO/(mol MgO +
mol FeO)] (Table 1). Amphiboles are classified
(Leake, 1978) as Mg-hornblende to actinolite (Fig. 4a).
Pargasite substitution is dominant, but Ti-Tschermak
substitution is also observed. Compositional zoning in
the amphibole crystals is common. Typically, cores are
richer in total Al and depleted in Mg-number relative
to rims. Chemical analyses of biotites are projected into
Al vs Fe/(Mg + Fe) composition space in Fig. 4b
(Deer et al., 1966).

Monzodiorites

These are medium- to fine-grained rocks composed of
granular aggregates of plagioclase and amphibole,
with subordinate biotite (Mg-number = 0-4), quartz
and alkali feldspar. Plagioclase is highly variable in

composition (Angg g4). Accessory minerals are titanite,
zircon and apatite. Alkali feldspar occurs as large
poikilitic crystals that include biotite and plagioclase.

This group of rocks is the most abundant of all the
mafic and intermediate rocks in the Sanabria complex.
Commonly, these rocks show mottled textures in which
several plagioclase crystals are clustered around a par-
tially resorbed titanite core. They also appear sur-
rounding the bodies of hornblende gabbro and diorite
as mentioned above. Near the contacts with these
mafic bodies, the monzodiorites are very heterogeneous
both in texture and composition. In close proximity to
the gabbro they are locally coarse grained and have a
pegmatitic appearance with large biotite crystals up to
a few centimetres length. They also may contain irre-
gular patches of plagioclase-rich rocks, interpreted
as cumulates (Fig. 5a), which have intergranular
biotite. These patches, together with the presence of
hornblende gabbro enclaves (Fig. 5b) and partially
disaggregated patches of migmatite (Fig. 3c), give
these rocks a typically heterogeneous appearance.
The study of these heterogeneities is of great interest
in the formulation of petrogenetic models.

Banded diorites

This family of dioritic rocks are medium grained and
typically have hypidiomorphic textures, consisting
mainly of plagioclase (An content up to 59 mol %),
biotite (Mg-number = 0-4) and amphibole, with acces-
sory titanite, apatite, zircon and opaque minerals.
Biotite generally encloses polycrystalline aggregates of
Mg-hornblende. The diorites usually show a fine-scale
banding (1-10 cm thick) defined by differences in grain

1316



CASTRO ¢t al.

SANABRIA APPINITES, SPAIN

Fig. 5. Mesoscopic and microscopic aspects of heterogeneities that characterize the monzodiorites in the vicinities of the Hb-gabbro bodies.
(a) Plagioclase cumulates forming irregular patches surrounded by finer-grained monzodiorite. (b) Detailed texture of these cumulates with
intercumulus biotite. (c) Partially disaggregated enclaves of Hb-gabbro within the heterogencous monzodiorite. Sample location indicated in
Fig. 7. (d) Fragment of Ollo de Sapo migmatite gneiss, which is almost digested within the monzodiorite. The large K-feldspar megacrysts that
characterize the Ollo de Sapo gneiss are still recognizable. A patch of plagioclase cumulate can be observed below the migmatite enclave
(lighter patch in the centre, to the left of the hammer). Sample location indicated in Fig. 7.

size, with minor compositional changes in major ele-
ments (Fig. 6a). Plagioclase shows a trachytic texture
(Fig. 6b) produced by magmatic flow parallel to the
mesoscopic banding. Some bodies of banded diorite
crop out in areas within the migmatized Ollo de Sapo
gneisses, with which they are normally intercalated on
a scale of centimetres (Fig. 6¢), forming continuous
bands parallel to the main foliation of the migmatized
gneisses.

Granodiorites

Granodiorites form intrusive plutonic bodies in the
northern part of the massif. They are coarse-grained
rocks, typically with K-feldspar megacrysts. The main
mineral phases are alkali feldspar, quartz, biotite (Mg-
number = 0-3) and plagioclase (Ans;), with zircon,
titanite and apatite as accessory minerals. Some

fine-grained, decametre-sized, tonalite bodies are
found with these granodiorites.

Leucogranites

Leucogranites form irregular pockets (1-100 m) sur-
rounded by migmatized gneisses (Ollo de Sapo) in
several sectors of the Sanabria complex. They have
hypidiomorphic textures and a medium grain size.
Alkali feldspar is the main mineral phase together
with quartz and plagioclase (An;q). Biotite (Mg-
number = 0-2) and muscovite are scarce and intersti-
tial. Accessory minerals are apatite and zircon.

Gneisses and migmatites

The Ollo de Sapo gneisses are coarse-grained rocks
with porphyroblastic textures made up of K-feldspar
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Fig. 6. Details of the magmatic layering that characterizes the
banded diorites of the Sanabria complex. (a) Field aspect of the
fine magmatic layering defined by alternating darker and lighter
bands of variable width from 1 to 20 cm; compositional differences
are minor between the dark and light bands. Most differences are in
the grain size. (b) Microscopic aspect of this magmatic layering
(note the trachytic texture defined by the orientation of plagioclase
laths). (c¢) Diorite bands (grey) intercalated within the Ollo de
Sapo migmatites. The bands are subparallel to the main foliation
of the migmatitic gneiss but no foliation is observed within the
diorite.

megacrysts, quartz, plagioclase and biotite (Mg-
number = 0-3). Alkali feldspar megacrysts can be up
to 10 cm 1n length, and can have inclusions of quartz,
biotite, apatite and plagioclase. Some fibrolite crystals
have been found in the migmatized facies of the
gneisses. Zircon and apatite are the main accessory
minerals. Leucosomes occur as veins, or elongated
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lenses either following the foliation in the migmatized
gneisses or filling up shear zones and extensional
structures and veins. The leucosomes are similar to
the leucogranites, and have alkali feldspar as the main
mineral phase, with quartz and Na-rich plagioclase
(Ang 1;). Some muscovite and biotite are always
present.

Mutual relationships and implications

Hornblende-rich gabbros and intermediate rocks crop
out as massive blocks showing a concentric zoning with
more mafic rocks at the centre, surrounded by diorites
and monzodiorites. These intermediate rocks also
occur as foliated tabular or lensoidal layers, ranging
in thickness from a few centimetres to more than 100 m,
alternating with migmatized gneisses at the periphery
of these zoned mafic bodies.

Monzodioritic rocks show a fine-scale layering
defined by alternating bands (Fig. 6a), on a centimetre
scale, with differences in grain size but not of chemical
composition. There is a marked mineral foliation in
these bands defined mainly by the orientation of plagio-
clase laths (Fig. 6b) and biotite flakes. Interstitial
quartz is not deformed and there is no intracrystalline
deformation in plagioclase. Therefore, and according
to the criteria outlined by Paterson et al. (1989), this
mineral foliation is considered as magmatic in origin.
In the peripheral regions, surrounding the main mafic
complex, monzodiorites and tonalites appear as small
rafts within the leucosomes of the migmatized gneiss.
These monzodiorites and tonalites do not show any
sign of solid-state internal deformation and they are
interpreted as the remains of dismembered syn-
plutonic dykes injected at an early stage into the par-
tially molten migmatite. The orientation of biotite
aggregates and elongated leucosomes define the Sy
foliation in the migmatized gneisses. A remarkable
observation is the absence of solid-state deformation
microstructures in the leucosomes of the migmatized
gneisses, which have a granular, hypidiomorphic
microstructure and alternate in banded complexes
with monzodiorite—tonalite layers (Fig. 6¢). SS9 and S,
(magmatic foliation) are parallel at both outcrop and
map scales (Fig. 2). Kinematic criteria associated with
S, in the monzodiorites and tonalites include a weak
mineral lineation, folds and shear bands that indicate a
shear sense consistent with that observed in the mig-
matites. The inference from these observations is that
migmatites and monzodiorite—tonalite bands were
deformed in the magmatic state, one as an anatectic
system (migmatites) and the other as a crystallizing
magma (monzodiorite—tonalite bands). Sy and S, are
a consequence of the same Dy shearing event, and were
subsequently folded by Dj. Therefore, the intrusion of
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the mafic magmas and the migmatization of the Ollo
de Sapo gneiss were coeval.

Granodiorites form large bodies in the northern part
of the mapped area. They were emplaced in lateral
continuity with the main mafic complex (see cross-
section in Fig. 2). Granodiorites always appear
intercalated with migmatized gneisses and both
have complex geometric relationships at the scale of
the map.

From these relations it seems clear that some kind of
physical and possibly chemical interaction between the
appinitic magmas and the migmatites is likely to have
occurred at the level of intrusion into the anatectic
zone. The zonal distribution of mafic and intermediate
rocks of the appinitic suite and the syn-kinematic and
syn-anatectic character of the intrusions clearly indi-
cate that interaction took place at this level of the
crust and that the observed relations are i situ.
This is important because it allows us to investigate
the processes involved in the generation of hybrid
magmas. Detailed information about these processes
can be obtained from the relations observed in the
Garandones Lake area, at the core of the zoned
complex.

Small-scale field relations in the
Garandones Lake area

Good exposures in the Garandones Lake area, at the
core of the main mafic body (Fig. 2) supply important
information on the relations between the various mem-
bers of the appinitic suite. Figure 7 shows a detailed
map of a 40m X 15 m outcrop in which the relations
between hornblende gabbros and intermediate rocks
are clearly exposed. The inset to this map shows the
locations of samples obtained across a boundary
between hornblende gabbros and monzodiorites.
Appinites sensu stricto (hornblende gabbros and dior-
ites) and hornblendites occur as brecciated blocks
within leucocratic monzodiorites and quartz diorites.
These composite bodies were later brecciated and
back-veined by a network of leucocratic veins. Some
partially dismembered blocks of gneiss are included in
the diorites. Hornblende gabbros, with typical poiki-
litic Mg-biotite and Mg-hornblende, are the dominant
rocks at the core of the zoned complexes. Plagioclase
cumulates with interstitial biotite also appear as iso-
lated blocks enclosed within the diorites. Hornblende
gabbros may contain rounded granitic inclusions sur-
rounded by a reaction rim rich in amphibole. These
inclusions are also present at the scale of individual
crystals of quartz showing the same amphibole-rich
rim, similar to the ocellar structures frequently found
in microgranular enclaves and intermediate rocks
of the appinitic suite (Vernon, 1983, 1991). These
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granitic inclusions may represent portions of granitic
rocks that were incorporated by the basic magma dur-
ing intrusion into the continental crust. This interpre-
tation is supported by the presence of reaction rims
around these granitic inclusions, indicating that they
were in disequilibrium and were partially dissolved by
the host mafic magma.

Another important observation in the outcrops of the
Garandones area is that hornblende gabbros are sur-
rounded by a discontinuous marginal facies of pegma-
titic diorite (Fig. 2) composed of large crystals (>1 cm)
of biotite intergrown with plagioclase. Some quartz is
also present in these dioritic pegmatites. Large frag-
ments of the partially molten Ollo de Sapo migmatites
appear disaggregated and partially digested within the
monzodioritic rocks surrounding the hornblende gab-
bros. In places, only the large K-feldspar megacrysts
from the migmatized Ollo de Sapo gneiss are identifi-
able. The matrix is composed of a leucocratic diorite,
instead of the typical granite. Plagioclase in these inter-
mediate rocks exhibits complex zoning patterns result-
ing from disequilibrium processes related to changes
in magma composition (Castro, 2001). The inference
from these observations is that some chemical reaction
must have taken place between the water-rich mafic
magma (the monzodioritic pegmatite) and the par-
tially molten migmatite. These field observations are
crucial to understand the complex chemical relation-
ships found between the rock types within the Sanabria
complex. In particular, the observations on the transi-
tion from hornblende gabbro to diorite are considered
in some detail below so as to decide whether the gab-
bros represent magmatic cumulates or mafic restites
left behind after partial melting.

Samples from a profile across the contact between
the hornblende gabbro and diorite have been studied
in detail in a block 1m X 3m in diameter, which is
intruded by leucocratic veins (Fig. 7). The rocks on
both sides of the interface show gradual changes in
texture, grain size and modal composition, suggesting
that the contact is primary and related to the mag-
matic evolution of both magmatic systems. In detail,
the contact between hornblende gabbro and biotite-
rich pegmatitic monzodiorite is irregular, but sharp at
the scale of individual crystals. Near the contact, por-
tions of the hornblende gabbro are incorporated as
enclaves into the monzodiorite. The grain size of the
monzodiorite is coarser at the contact with the horn-
blende gabbro and decreases away from it. In the
hornblende gabbro, the grain size and hornblende
content show some variations from the contact towards
the interior of the block. The grain size is finer and the
biotite content higher within a narrow 0-3-1-0 m band
near the contact with the monzodiorite. The pegmatitic
texture with large biotite crystals (up to 2cm) and
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Fig. 7. Geological sketch map of a representative outcrop of the Garandones Lake area showing the detailed field relationships between Hb-
gabbros and diorites. The gabbros form large brecciated blocks within a monzodiorite host that are back-veined by leucocratic veins of granite
to tonalite composition. The leucocratic veins and pegmatitic monzodiorites are transitional facies. The Hb-gabbro is back-veined by residual
melts from the dioritic magma that surrounded the gabbro intrusion. The curved and irregular shapes of the contacts between the gabbros and
monzodiorites indicate the magma-magma nature of these contacts. The inset shows a detail of the Garandones profile with the location of
samples studied for geochemistry and mineral composition across the contact between Hb-gabbro and monzodiorite.
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Fig. 8. Profile across the contact between Hb-gabbro and monzo-
diorite in the Garandones outcrop (see Fig. 7 for location of profile
and sample locations), showing the variations in the composition of
biotite.

euhedral plagioclase (0-3-1cm) in the monzodiorite
is indicative of crystallization from a water-rich
magma or fluid. The contact relationships suggest that
diorite segregated from the gabbroic magma leaving
a hornblende-rich cumulate. This interpretation will
be considered in a subsequent section based on
geochemical variations across the interface separating
the hornblende gabbro and monzodiorite. Apart from
variations in the modal abundances of biotite and
hornblende in the gabbro body towards the contact
with the monzodiorite, there are interesting variations
recorded in the chemical composition of the biotite.
Table 1 shows representative mica analyses from the
detailed profile indicated in Fig. 7. Figure 8 shows the
main compositional variations in the chemistry of bio-
tite across this profile. The Mg-number of biotite in the
hornblende gabbro decreases slightly from 0-7 to 0-6
towards the interface and is somewhat lower ( ~0-5) in
the monzodiorites. Most of these analyses are of biotites
included within amphibole, a typical texture of appi-
nitic hornblendites and hornblende gabbros. The most
significant variation is displayed by Si and Ti. The
good correlation between Si and Ti indicates that this
variation is related to a Ti-Tschermak substitution,
which is related to temperature variations: biotites
richer in T1i equilibrated at higher temperatures com-
pared with biotites poorer in Ti. The increase in Ti is
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towards the margin of the mafic body where the horn-
blende gabbro has a finer grain size, suggesting some
chilling effect against the surrounding monzodiorite.
This zoning is preserved from re-equilibration as
a result of the coupling of Ti with tetrahedral Al in
the biotite structure. Re-equilibration, however, may
have affected the Mg-number of the biotite. The biotite
compositional variations indicate that the margins of
the mafic bodies crystallized earlier than the cores
and that these margins recorded high-temperature
conditions whereas re-equilibration by slow cooling
dominated the cores. As noted above, the hornblende
gabbro is never in direct contact with the migmatitic
rocks, and is always separated from them by a zone of
intermediate rocks of monzodiorite composition. The
inference is that monzodiorites may therefore represent
the by-products of some kind of reaction between fluids
or melts extracted from the basic magmas and the
anatectic rocks developed from the Ollo de Sapo
gneisses. The intricacies of this reaction process can
be better understood by examining the variation in
major and trace element geochemistry across the horn-
blende-gabbro monzodiorite interface. These chemi-
cal variations for this particular outcrop and for the
most representative rock types of the Sanabria complex
are discussed in the next section.

WHOLE-ROCK COMPOSITIONS
Sampling and analytical techniques

To characterize the range of geochemical variation
within the Sanabria complex, representative samples
from each of the main rock types were analysed for
major and trace elements. Selected samples from cach
group were also analysed for their Sr and Nd iso-
tope composition. Apart from this general sampling,
detailed sampling was carried out on the small-scale
traverse across the contact between the hornblende
gabbros and monzodiorites of the Garandones area,
described above.

Major elements were analysed by X-ray fluorescence
(XRF) at the University of Oviedo (Spain) using glass
beads. The typical precision of the XRF technique was
better than £1-5% relative. Trace elements and rare
earth elements (REE) were analysed by inductively
coupled plasma mass spectrometry (ICP-MS) with an
HP-4500 system at the University of Huelva, following
digestion in a HF 4+ HNOj (8:3) solution, drying and
second dissolution in 3 ml HNO3 and later 3 ml HCI.
The average precision and accuracy for most of the
elements fall in the range of 5-10% relative, and they
were controlled by repeated analysis of the SARM-1
(granite) and SARM-4 (norite) international rock
standards. Rb—Sr and Sm-Nd isotopic ratios were
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determined using a Finnigan MAT-262 mass spectro-
meter at the University of Granada and at the
University of the Basque Country, Bilbao (Spain).
Analytical details of the routine methods used at the
University of Granada have been given by Montero &
Bea (1998) and Bea et al. (1999). Two appinitic rocks
(Table 3) were analysed in the Department of Geology
of the University of the Basque Country. Sr and Rb
and the REE were separated by specific extraction
chromatography using the method described by Pin
et al. (1994) and Pin & Santos Zalduegui (1996). The
average %’Sr/%Sr for NBS987 during the analytical
runs was 0-710245 £ 14. Nd isotopic ratios were cor-
rected for mass fractionation using a **Nd/!""*Nd ratio
of 0-7219. During the course of this study the La Jolla
Nd standard gave *3Nd/!"**Nd = 0-5118452 + 59.

Representative results for major and trace elements
analyses are given in Table 2. Table 3 reports the Sr
and Nd isotopic data.

Major elements

The rocks of the Sanabria complex show a wide range
in silica content from basaltic (gabbro) and ultramafic
compositions to leucogranite. Monzodiorites, diorites
and granodiorites are intermediate in composition. An
important feature is the high content in KyO even in
the more basic compositions. The compositional trend
displayed in the KyO-silica diagram is of high-K to
shoshonitic affinity (Fig. 9). Most hornblende gabbros
have high MgO contents, normally >10 wt %. These
samples correspond to blocks of several metres dia-
meter that are enclosed by monzodiorites and diorites
(e.g. the Garandones gabbros). In major element vs
silica variation diagrams (Fig. 10) there appear to be
two compositional trends, which converge at a silica
value of ~63 wt %. These two trends are most distinct
in the plot of Al,O3 vs SiOg and are therefore referred
to as the high-Al and low-Al trends, respectively. The
high-Al (HA) trend is defined by monzodiorites,
Bt-diorites and Bt-tonalites. For MgO and Al,Oj this
trend points towards the granodiorites and the Ollo de
Sapo migmatites and related leucogranites. The low-Al
(LA) trend is more curved for both AlyO3 and MgO
and converges to the same silica-rich rocks (i.e. grano-
diorites and the Ollo de Sapo migmatites). For other
major oxides such as FeoO3 and CaO there is a single
trend. The scattered distribution of alkalis Na,O and
K5O makes it difficult to recognize these two trends.
However, samples richer in alkalis are part of the HA
trend in the low-silica region of the diagrams. Also
depicted in these diagrams are the fields of hornblende
gabbros and monzodiorites from the profile sampled in
the Garandones Lake area. The arrows linking these
fields indicate the enrichment in Aly,O3 and alkalis and
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the depletion in Fe;O3, MgO and CaO in the monzo-
diorites with respect to the hornblende gabbros. It is
important to note the distinct jump in composition
between these two rock types, monzodiorites and horn-
blende gabbros. The observation that the monzodior-
ites of the Garandones profile are a part of the HA
trend suggests that a detailed study of the local varia-
tions within this profile may help to understand the
origin of these trends and hence the petrogenesis of an
important part of the appinitic suite. The spatial var-
iations across the contact between these two rock types
are illustrated in Fig. 11 for selected major and trace
elements. To avoid the effect,
major element abundances have been normalized to
100 oxygens in these plots. The central part of the
hornblende gabbro body is nearly homogencous.
Near the contact, a marked compositional gradient is
observed for most major elements, with a distinct com-
positional jump across the contact. The profiles for Fe,
Ti, K and Si are completely divergent at both sides of
the contact. The meaning of these relations will be
discussed below.

constant sum

Trace elements and REE

Figure 12 shows chondrite-normalized REE patterns
for representative samples from the Sanabria massif.
The monzodiorites and banded diorites are enriched
in light REE (LREE) (La/Yb > 300) with respect to
the hornblende gabbros and granodiorites. The varia-
bility of the patterns suggests complex relationships
between the gabbros, intermediate rocks and the
granite-migmatite associations.

It is interesting to note the high content of Sr, Ba and
LREE in most of the monzodiorites of the Sanabria
complex (Table 2). Similar characteristics are found
in Caledonian appinitic rocks (e.g. Rogart in Scotland,
Fowler et al., 2001) and in other Variscan complexes
(e.g. Guitiriz in Galicia, Menendez & Ortega, 1999;
Lépez Moro, 2000). Figure 13 shows silica variation
diagrams for selected trace elements of petrogenetic
interest. The two main trends, high-Al (HA) and
low-Al (LA), identified from Fig. 10 are also recognized
in the Cr and Ni variations. Hornblende gabbros and
hornblende diorites form a continuous curvilinear
trend converging with the HA trend in the field of the
granodiorites. The point of convergence is around
63 wt % silica, such that intermediate rocks and grano-
diorites may be linked either to the LA trend with the
hornblende gabbros or to the HA trend with the mon-
zodiorites. Variations in Rb, Sr and Ba are not so clear
in distinguishing the two evolutionary trends. Of parti-
cular interest is the correlation between LREE (e.g. La)
and silica. Some monzodiorites show a vertical array
with a strong enrichment in La up to 120 ppm with no
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Table 2: Representative whole-rock analyses and mineral modes from the Sanabria complex

Whole area

Hb gabbros and hornblendites Monzodiorites Hb diorites
Locality: Cardenas Cardenas Garandones Garandones Ribadelago Garandones Ribadelago Ribadelago Porto Porto Garandones Ribadelago  Ribadelago  San Martin
Sample: J5996 J5997 A59917 A59918 A119845 A59919 A119843 A119847 A119816 A59916 A59911 A119839 A119846 A109810
wt %
SiO, 48-28 48-83 51-48 53-04 52-60 52-73 53-38 54-61 55-05 56-14 58-01 59-78 61-18 61-63
TiO, 0-58 1-28 0-66 0-83 1-09 1-25 1.57 0-81 0-76 0-71 0-65 0-68 0-63 0-66
Al,O03 9-28 14-10 15-20 15-01 21-25 20-14 20-18 20-88 16-41 15-85 15-66 15-41 16-49 16-56
Fe,O3r 9-83 871 7-46 8:39 5-95 6-89 7-36 5-04 6-62 6-91 6-60 573 5-33 4-89
MgO 18-88 12-61 10-56 8-64 3-83 4-31 27 3-29 757 7-35 6-53 6-82 410 3-35
MnO 0-14 0-11 0-12 0-14 0-07 0-07 0-09 0-06 0-10 0-10 0-11 0-11 0-08 0-07
Ca0 7-68 8-70 774 7-35 5-65 5-75 5-04 513 6-41 5-59 3-30 474 5-28 4-35
Na,O 1-05 2-09 1-47 2:49 4-05 3-28 3:-68 375 258 2-61 163 2:44 3-20 3-29
K20 1-70 1-49 2:93 2:45 3-76 3-12 4-44 475 2-68 2-90 4-47 2:93 2:10 3-62
P,05 0-11 0-10 0-19 0-31 0-53 0-47 0-47 0-54 0-16 0-16 0-48 0-15 0-17 0-23
LOI 2-61 2-04 2:33 1-20 1-21 1-35 0-82 1-19 1-64 1-31 2:04 1-16 0-89 0-79
Total 100-14 100-06 100-14 99-85 99-99 99-36 99-74 100-05 99-88 99-63 99-38 99-95 99-45 99-44
ppm
Li 26:16 33-94 43:52 2350 74-72 42-02 70-10 53-23 53-54 22-88 104-16 81-09 60-04 53-96
Be 1-01 1-16 1-79 1-95 315 2:64 2-58 2-34 2-06 2-52 3-49 1:91 5-10 4-44
Sc 23-06 30-34 22-92 25-21 6-92 10-60 9-96 5-03 16-51 1717 15-59 15-32 15-48 10-44
\ 104-72 217-46 131-59 122-58 118-04 110-30 104-20 96-75 93-57 133-50 71-49 95-29 82-32 80-84
Cr 1058-90 630-26 508-29 430-99 67-27 94-29 66-51 70-80 238-61 356-40 291-80 428-60 286-20 219-20
Co 45-95 41-32 31-86 28-68 15-65 19-16 13-03 12-66 25-51 27-50 20-30 21-45 14-30 15-36
Ni 259-50 180-63 167-41 147-59 11-61 28-18 5.57 11-02 108-58 136-80 131-64 127-20 57-19 44-86
Ga 19-65 29-04 54-61 42-51 75-72 74-97 90-04 109-80 34-09 51-09 40-63 43-20 36-55 63-11
Rb 49-09 44-99 124-68 78:90 149-65 123-47 160-50 125-90 83-61 107-60 209-42 135-20 97-20 170-60
Sr 208-55 459-00 597-17 578-90 626-68 769-29 587-30 574-70 532-62 535-50 278-12 399-80 472-40 570-90
Y 11-58 20-45 16-46 38-29 20-66 12-66 31-58 14-67 19:23 11-69 21-83 13-56 1277 14-44
Zr 7357 52:61 74-98 76-35 100-39 15-29 171-70 98-55 32-41 46-73 21-57 46-57 87-60 150-60
Nb 2:47 2-69 5-53 11-36 10-93 10-16 18-41 7-45 6-11 7-59 9-46 8-63 7-66 10-42
Cd 0-06 0-03 0-11 0-16 0-04 0-03 0-06 0-03 0-08 0-07 0-09 0-04 0-06 0-04
Cs 4-99 2:53 6-28 3-00 576 4-45 6-05 4-43 41 3-49 6-52 415 5.72 7-98

Ba 251-97 312-90 901-96 520-04 750-47 120872 1012-00 1425-00 333:49 753-60 470-22 358-90 269-50 955-90

172 OdLSVD

NIVdS ‘SELINIddV VIYIVNVS




3

JULY 200

NUMBER 7

VOLUME 44

JOURNAL OF PETROLOGY

a1opid3y
alue|v
uodliz
oyuel]
ssnbedQ
aledy
|ilolyd
91IN0OSN|A|
sjoqiydwyy
auolg
Jedspla)-y|
ase|oolbe|d

zuenp

(9% °joA) suonodoid jepoyy

€0 — — — — — -0 — — — — — -0 —
— — 1-0 — — — C0 €l L-0 60 — — — —
1-0 — — 1-0 — — — L0 S0 -0 — — Pl 90
1-0 — L-0 — — — — — (4] L-0 — 10 — —
— 1-0 — 10 — — — — — — — -0 — 9-0
St 0Ll 8-0L — 0-€L G-8l — — — — 0-€€ 1-8¢ 6-LS 029
o4 8T L-6C L-Ly G-€€ g4 (x4 §-G¢ L-ov L-0€ [A1%4 691 6L ¥-€e
8¥ — — — — 10 — — — — — — — —
S-Ly 8:9% 6-G€ G-ce 444 LSy €19 G-89 1-99 1-€9 €8¢ G-9€ 9-8l [4r4
¥-0C 6-€l ¥-€C 6:6L €6 €0l 0-S 0¥ 1€ -G 89 €8 9¢C A
999 80 90-1 S0l 0z-L €80 €9-€ ¥0-G erAd L€ 65-1 [zt al-L €l
9661 §0-CL 09-9 86€ vL-TL L399 JAR 47 CE-6C 00-9L €5-0€ 16-G €8-0l 95-v (W]
€€-9¢ G0-9L 0L 8L, oL-£L 06-CL G8-€€ Le-Se L9l €L¥C lzcl G6-€L €81 99-C
9L-0 LL-0 ¥1-0 €20 €L-0 f44l\] SL-0 €€0 60-0 120 6€-0 0z-0 cco GlL-0
L (YA} 80-L 88l L0-L w9l 60-1 8vc 08:0 89-1 16:C oL iZAl} €Ll
6L-0 8L-0 8L-0 L€-0 SL-0 920 8L-0 L0 €10 (20 6v-0 241} (20 LL-0
Lyl 6€-1 oL 9¢€-C €l 96-1 651 Gl-€ el 8L¢C €6-€ 0L-L 8L-C el
G5-0 05-0 96-0 98-0 -0 ¢L0 19:0 €l 8t-0 G8-0 G-l 19-0 LL-0 90
L€ 99-C L1-€ €9-v - 8/-€ 89-€ 86-9 26°C 98-v 88 6C-€ (4% 7 8¢e¢C
65-0 80 09-0 6.0 -0 £9-0 G8-0 G-l 85-0 00-1 (7R 19-0 6.0 0t-0
99 ov-€ 8Ty L0 er-€ 8V 9e-8 £0-CL L1-G Ly-8 S0-€l 18-v 68t 28-C
el zl-L S0-1 ¥0-1 pl-L ge-L 1L 9T 06-1 oL-c 8L-C Ay el 280
L9 0¥ LG 89-9 ey 06-9 -l 10-91L G8-9 [441 €0-91 61-9 €C-9 zL-€
¥€-€€ €r-8L LL-¥C 69-¥C 9€-€C [48yx4 91-G8 0.-88 96-EY 1679 ¥.-69 ¥6-9€ 18-2¢ G/-Gl
€6 18-¥ 9L-9 8- €29 09 LL-9C 0€-¥C L ze8lL GlL-GL 696 9l-G €8¢
6€-88 0€-Ly (481 St LE-99 806 00-8€C 0€-6LC 99-9L1 L€-891 Lv-90L 687L 60-9€ 810
€L:0v 0€-LL 66-CC 9€-6L 148 74 6ClC 08-CLL 6€-96 ¥8:£9 8C-8L 96-G€ Lv-6€ €9-vl 6-€L
01860LY 9¥86L LY 6€86LLY L1665V 91663V 9186LLY Ly86LLY Ev86LLY 61665V S¥86LLY 81665V L1665V £66S" 9664
ullel\ ues  oBeepeqry  oBejepeqry  seuopuelen ouod ouod obejepeqly obejepeqiy seuopueier) obejspeqly Sauopueler) sauopuelen) seuapie) seuapie)
seloIp qH S911I0IPOZUOIA] sellpusjquioy pue soiqaeb qH

gale 8oy

n
L
ad
n
aA
wy
3
oH
AQ
aL
)
n3
ws
PN
1d
W)
e

:g|dwesg

:Aljeoo]

ponuuod 17 219 [

1324



SANABRIA APPINITES, SPAIN

CASTRO et al.

1G-86 20-v8 96-26 05-80L 0528 7868 00-£LL 0.:0LC 6186 ¥5-96 ¥9:6€ 08:19 ¥6:6€
26-9v 08-0v 8L-CY PL-1G 0L-LE 9L-0% ¥9-99 00-ZLL ve-ey 68-81 €9:61 L1-8C 0,44
0Zv68 06-€LL 06-£9L 2c-80LL G€-G89 Ot v69 00-020L 00-L¥¥L 00-680L 95-980L €9-10L 0L-10L 00-€LE
€y 09:L 6L-8 <-4 00:LL €8-G x4 ov¥ TL9 16CL 8C'9 £0°S €L6
90-0 800 €L-0 (20 £0:0 ¥0-0 ¥0-0 800 cL0 ¥0-0 €00 S0-0 §0-0
Ge-L S9-L S6-L ge-€l 08-0l ¥€-0l 4401 §S5-0l 911 88-8l €1-8 10-6 94-CL
09-¥51L oL-oLL 0g-9LL 80-G91 98-CL 0€-G¢ 06-G9 08-88L €569 §9-ccl ¥e-L Ly-€C 61-8€
Ge gl 6€-€L €5yl 869 99l 796 69, 99-0L JAsR 74 €l-9¢ £v6 ¥3-CL 968
0G-16L 09-/¢€ 0c-cce ¥t-9€9 6L-CLE Ot v0v 0£-G5L 00-GLOL 08:0SL 9l-10L L£-99Y 0€-€61 0L-0LE
ov-ccl 06-261 0L-961 ¥0-0€L 68-G0C 08-LEL oL-¥Gl 09-ccl 9v-L6 9-ZEL 80-7vL 08-€LL 05-25l
€129 LSYL CL-LS £7-9L Y-09 65-09 vL-cL CL-G8 LLLL LL¥6 §C-99 €LCS CL6E
9 LLL yLcL 9€ §6-€L 6991 ¥€:0C 8L-8L (454 vL:G 00-cc TL0C 00-60L
LL-g LLS G6-9 €L 9.8 9l 1911 L0-0L GL-LL 90-L1 99-L1L €6-91 €18l
I R7A 00-0LL zL-z8 80'16 06-Ccl 0L-86 0€-98L 10-29 09-lzL 6€:L6 €6-991 05261 0£-96€
€0-09 0c-8¢ £G-6€ 2097 00-£8 00-96 LySL 6LYL 0c-Lel 6166 ¥6-6CL 05-6LL 80'LL
9L €9-9 289 86:C 60-L 766 9 689 16-€L €8 L0-CL §L-cL 99-9L
90t §c-€ 8L-€ LT oL-9 v6-€ 6€-€ 45-€ L1-€ 69-C LzZC 444 86'C
[A%] 2619 Sv-09 8v-£9 2018 10-8€ £6°19 6L-07 L8 8C-6L el-cy 98-8¢ 16-€6
9t:66 80-00L €2-66 S0-00L 9266 LE-66 6966 80°66 LL-66 LL-00L 80-00L €966 96:66
£8:0 860 96:0 8L-l €Ll §8:0 18:0 ¥8:0 9l 8.0 060 oL-L 8v'l
S0 920 (20 ce0 0€-0 6L-0 LE-0 0v-0 80 L0 0€:0 €20 €L-0
65-€ [4:7 997 16-€ CLE oL-€ LE-€ €C-€ 67 60-€ L€ 8¢ L6°C
99-€ Sl-€ €lL-e §9-€ JAZS vZ-€ 0L-€ €L€ €LT €9-€ (48 0z-€ 69-C
6LC 4 80-C 98¢ 86 66°€ 80% S0¥ 0C-9 8L-g [4:34 LL-S €L€
¥0:0 ¥0-0 ¥0-0 ¥0-0 900 £00 900 £0:0 LL-0 £00 800 80-0 800
051 8e-L 8e-l or-L €L-C €8-C 8¢¢C €CC LLT ve-C €6-€ ¥6-€ §6°7
L€ ¥3-€ 9e-€ €87 6v 0¢-9 8¢'G v-S 0z-9 €9 9 099 8-S
¥5-Gl L9l 766l S-LL G6-9L S LL jeielA JATA) [8:L1 2061 L8l 99-8L 6L-GL
05-0 LS50 990 101 €L:0 €60 18:0 S0 260 6L-L 60-1 260 89:0
1929 6-99 88-99 L-€9 €€-€9 CLL9 €19 ¥9:09 669 £0-89 00-89 60-£9 8€:29
€06695209 GZ86LLY 106699209 G86LLY 0669909 G665 98611V 21669V CL86LLY Ly86LLY P186LLY G186LLY 8¥86LLY
aUON ouod aLION ol0d alIoN seuspie)  obejppeqly  sauopueien ouod  oBejppeqy onod ouod  oBejepeqy
sajiolpoueln) seloIp 19 Sajuolp qH

eale 3JoYypn

Ch)
el
eg
9
PO
an
iz

IS
qd
ey

N
o)

12

A
oS
eg

n

wdd

|e1o|
101
S0°%d
0
0%N
oed
OUN
0B
FmONmn_
£0%v
oL
oIS

% M

:9|dweg
:Aljeoon]

1325



3

JULY 200

NUMBER 7

VOLUME 44

JOURNAL OF PETROLOGY

ajopidy
ajue|y
uooli7
suuen]
sanbedQ
a1ledy
allolyy
alA0ISN|A
sjoquydwy
aiolg
Jedsplay-))
asejoolbeld

zyenp

(9% ‘o) suoiiodoid jepoyy

— — — — — — — 10 — — — — —
— — — — — — — — -0 — 1-0 L-0 —
— — — — — - S0 1-0 — €T L-0 — —

(4] - - L0 - - — - - 1-0 -0 — 1-0
4] (4] — — -0 70 — — — €0 €0 -0 —
1-0 4 — (44 (4] — — - — - - — -
0-9 LG & (4 ST 60 — — — — — — -
— — - — - - — - — — - 60 z9
L-0C €€l 8-€l 0-9L 9-8L LLT 9-lc €9¢ L-LL €-0¢ 1-92 0-€€ L6
(44} 0-8L 6-CC L-0L 9 9v 9l cl A 9-C — €0 —
(4> G-l€ L0 414 €Ly 9-6Y (a4 8-99 §-8Y G619 L8y L'1G vl
vLC L-1e z8lL 9-2¢ 1-G¢ 891 L6l 6L L'1E 6CL 9yl eyl (44
€€9 6L-€ erAdS LeC SL-€ S0-C¢ 89-C 60-G €6-G 6v-€ §6-0 69-1 90-8
08-8L 80-LC 9l-le GlL-9l c0-cl L£-9L ¥6-€C €91y 8l L8l 96 996 18-9
16-G€ 61-9€ 0/-G€ 19-1T 189 00-0¢ ov-LC LE¥E €e-9L Gl-0¢ Ge-9L €0-LL ceclL
LL-0 ¥1-0 GL-0 €0-0 §L-0 £0-0 S0-0 800 0v-0 10 £0-0 €L-0 oL-0
0€-l 80-L 80-1 LE-0 vl €90 Gv-0 99:0 G8-C Ll LS50 00-1 9.0
6L-0 LL-0 8L-0 S0-0 6L-0 60-0 £0-0 0L-0 -0 0€-0 L0 9L-0 451}
€g-1 LE°1 ov-L 250 1G°1 ¥6:0 890 66-0 L€ 09 180 [zl 960
%90 [450] €90 €20 830 LE0 620 6€-0 60-L 10-1 ¥e-0 810 LE0
80-€ 4% e SL:L Ge-€ 0€-C 68:1 €9:C LES 98'G 06-1 85-C oL-c
09:0 ¥9:0 190 ¥v-0 19-0 L0 €0 09-:0 880 Sl-l Ge-0 Ly+0 9€-0
609 GlL-9 ferAde} 24 v 86€ Ly L6°S oL-9 19-8 (454 ¥5-€ 89-C
99-1 9l cel 19-1 8Ll 9v-l el 90-C 98-l 9lL-c €l Lyl 180
6lL-L 899 ¥8-9 TL9 89-G Jeieqde] 0c-9 LL6 0c-L ccolL 6v-€ €y ¥6-C
6L-0v oL-g€ 9v-9€ ¥8-0v 69-1€ 68-c¢ erator 86-CL 80-6€ 98-8v Gb-8L Gb-€C vl
£0-11 CL6 ¥z-ol Lyl ¥6-8 6€-6 ¢l cLe G9-0L 9e-clL 87 €€-9 LL-€
€06695209 GZ86LLY  L06699CID G86LLY 206659209 G665 98611V ZL6639Y CL86LLY L¥86LLY PL86LLY GL86LLY 8v86LLY
aloN ouod aloN ouod aloN seuspie)  obejapeqly  sauopuelen ouod  obejppeqry ouod ouod  obejepeqry
$9]1I0IpOURID) saloIp 19 Sajolp qH
eale 9|0YM

n
uL
ad
nq
aA
wy
13
oH
Aa
aL
PO
n3
wg
PN
i

:9|dweg

:Aljeoo]

panuiuos g 219V [,

1326



SANABRIA APPINITES, SPAIN

CASTRO et al.

CL€9 ¥0-19 cl-LL 9v-99 68-€9 8189 €9-0L VL€l €y r-cS ¥5-09 oL-v¥
¥v-0€ 19-6C LL-€EE ge-e ¥6-0€ a8-LC 1G9 LLL 68:1C 12-8C 6L-9C €e-1C
08:G09 0€-€89 0€-28L 05-8€9 8¢-9¢8 £9:£99 88:8lyL 69-160L 0F-€8€ 06891 29-G¢S £9-0€€
60-G 8G-9 ge-8 €S (44| 99-v ag-¢ Gl (A 8y-g €9 8L-L
600 800 S0-0 600 £00 G900 700 ¥0-0 <00 £00 90-0 S0-0
Le-clL £9-8 VL6 96 €0-0L G6-8 9G-1 el €C'6 a/L LLY LE-8
(AR 14 69-8L 99-2¢ 10-€l 1891 (SR4% 96-9€ Le-2C Lyl £6:09 LL¥0L 9/-0L
Lgvl 6L-EL G9-€l el 08-9L 9€-GL 80-C [4324 ov-L 0Z-8 299 vl-L
06-8LL 0€-0vL 0€-151 0L-8LL 09-LPL 86-8CL CC6lE 89-G8¢C 0g-19L oL-29L 00-¥9L 29-£8G1
0g-geL 09-9¢L 0g-¢hlL 06-6LL vL-LLL c5-8vL 0L-96 £5:08 09-2€C Ob-L6L GL-CeL 60-£2C
0Z-09 cL-€9 erLL 98-€9 €9-8L Zv-09 85-¥8 68:99 0z:Lv 66°LY 867 GC-6€
06-6L 88-L1 26-8L 1861 9€-0¢ 9l-GL €€ £89 v6-9L ag-0L 9Ly 8V
8L:L 886 16-L Gz6 76'8 66'9 €01 8l-l €a-l a8l 9T v6°1
0G-LLL 0L-S¥C 0¢-€0C 09-6v¢ Lv-2LT €5-891 8:L¥l €C09L 08-6CL 09-L¥L GS-veT €5-G0C
6£-99 88-Ly GlL-£S 90-99 00-19 1G-ap gg-9 ov-L 166 9.6 18-0L 66-0L
9¢'6 6L ¥8-8 erAl ] VL6 s L 8¢l L1 veC [AN4 66-C A4
69-C lc-€ 67-C €L€ oL-€ €4-C 69-1 86°1 69-¥ 6€-9 c9€ 18-
9v-99 Ly LL-€S 26°€9 Y0-¥S €9-€v 6L:L G/-0L 9561 0Z-Lvy 09-LE 90-LL
61-66 8L-00L €6-66 6866 69:66 06-66 8¢-66 0€-66 €€-66 91-66 L[-66 6.-66
V60 051 L0 (74r4 L0-€ €9-C 99-0 290 90-1 6.0 vL:0 G680
L1-0 L1-0 L1-0 GL-0 L1-0 9L-0 £00 £00 620 GlL-0 LL-0 0€-0
LL-€ VL€ 9G¥ £9-€ (VA3 4 ab-v 00-S €y 8-y 96V 967 v6-v
Gl-€ 69-C 6€C e 19-C €LT 9¢g-€ €€ TS Ly 9¢g-€ Lv-€
£9°1 9l 20-L 8h-l VL0 06-0 £6°0 6l-1 LL:0 960 G0-1 880
0-0 0-0 €00 900 900 90-0 10-0 10-0 200 €00 200 200
€a-l Ll 98-l €lL-c [A4 60-C €20 2c0 v0 LE0 b0 v-0
60-¥ €y v oL-g 8¢9 8y 99-0 990 el €el 09-1 69-1
84-GL Ly-Gl G8-9L 9591 20-LL 0Z-9L 69-vL €9l €9l 99-GL aLvl €67l
940 Y0 650 G50 450 290 80-0 £00 020 L1-0 €C0 €C0
69-£9 8-89 1€-99 £9-99 2C-€9 €99 GG-€L JAR 74 1G-¢L 9-0L 1G-¢L cl-cL
L2669V €E86LLY 0€86LLY 6C86LLY LC86LLY 9286LLY 106658209 2711066598209 4606695209 LEBBSY L86LLY 78611V
sauopueien obejapeqiy obejapeqiy obejapeqiy obejapeqiy obejapeqiy eAeld eAe|d ‘pug odwe) eouep ouod seoue|g 'd
salewbi S9W0S09N3| auewbin sayuelboona

eale S|0YM

EN)
el
eg
2
PO
aN
1Z

s
ay
en
IN
0)
1

A

28
ag

n
wdd
|exo L
107
S0°%d
0%
0%N
0ed
Oun
OB
FmONmn_
€04
‘oL
coIs

% M

:9|dweg

:Aljeoon

1327



JULY 2003

NUMBER 7

VOLUME 44

JOURNAL OF PETROLOGY

ajopid3y
slue|v
uoauz
enuel |
sanbedQ
amedy
allolyy
21IA0OSNA|
sjoqiydwy
aolg
Jedspla)-y)
ase[oolbe|d

z1enp

(9% °joA) suoniodoid jepoyy

— — — — -l L0 — — — — — —
— — — -0 — — — — €0 C0 — 0
R4 — €0 vt 0-6L €6l L0 €l — — — C0
LS 6l 6-vC 9 €9 9 0-8 Gl 0y L€ LY L
L€l ol 6-8L 9-0¢ — — L-0 90 €9 G€ -9 ¥-G
0-€l L 9f VL -9l 89 9-l1c 0-2¢ 6-8l 8-€C G-€l 6-9L
-€C ¥-0C 9Ll €1C [Ale Ly (414 (A4 C€e 9-v€ €-0v €-6C
L2y L-9p L-6E 8:6E 0-2¢ L-lg 1474 414 €8¢ (47 L-GE ¥-0v
v6-€ 6€-€ L6°C 19-C 76T €9:C 680 [zl 0€-S 96-€ Gl-9 6Cv
§0-CcL L0°CL LT€EL 6Ll €T€L 09-CL LG 0cc €96 6v-LL 20-9L €96
9.-0¢€ 6C-8L -7 4 €5-€C 9092 €9-GC G4-G€ 88:/€ 8L-€€ 414 €Cv [9-6C
oL-0 €L-0 LL-0 oL-0 [«4li} 0c-0 10:0 €00 900 £0-0 90-0 S0-0
88:0 c0-L 68:0 18:0 91l 6v-L LL-0 ve-0 290 890 Gv-0 L0
¥1-0 LL-0 G1-0 ¥L-0 9z-0 ¥Z-0 10-0 ¥0-0 £00 80-0 900 £0:0
Le-L vl ge-L €l €61 8-l 8L-0 0t-0 290 0£-0 LS50 930
¥9-0 830 65-0 €50 cL0 89-0 90-0 €1-0 €20 920 S0 €20
€ Ve 99-€ ve-e 98-€ 8L€ £v:0 ¥8:0 99-1 (VA 99-1 95-1
89:0 89:0 LL0 99:0 0.0 69-0 800 ¥L-0 9€-0 €€0 LE0 €0
12-g 10-G LLS 86t L6V 8L¥ G.-0 Zl-l 68-C 89-C §l-€ 0LC
8zl 621 €91 Lyl LE°L 0e-L 160 86:0 §9-0 §6:0 260 830
GL-9 ¥8:9 vL-9 96'9 €L-9 9-G €60 cel LLE AR 744 9€
L£-6C €v-8C 1G-ce 05-62 €0-6C 16-92 9% 929 08-8L 0z-le §.-0C oL-8L
9L 8L G5-8 08-L 6L-L 00-L 9L 99-1 [44d:} §6-9 289 €L
12669V €E86LLY 0€86LLY 6C86LLY LT8BLLY 9Z86LLY  1706698C0D 1106658209 §0669520D LE66SY L86LLY ¥86LLV
sauopue.len oBejepeqiy obejepeqiy obBejepeqiy obBejapeqiy oBejepeqiy eAeld eAeld ‘puz odwe) eoue|y ou0d seouelg ‘d
sayewbiy SBW0S0oN3| ayewbIN sajueiboona]

eale 9JoYypn

n
uL
ad
n
aA

wy

13
oH
Ag
aL
PO
n3
ws
PN
1d

:o|dweg

:AlNjeooT

ponuuos 1z g [

1328



SANABRIA APPINITES, SPAIN

CASTRO et al.

19-£S 8°69 18-09 £E-85 08:£9 29-96 LecL 16 0£:00L ¥0-86 oL-19
€0-9¢ G5-8¢ 9v-8¢C €eLC 16-1€ op-0F 99-0€ 9G-Ly 4444 8G- vy G8-8¢
0-12L 02-50S 09-9LS 0£-6/9 0£-60S 0g-1EL oL-LLL 0L-8€8 06-89L 09-8€9 0¢-00S
ey 65V S0-§ 68-€ 06-9 259 98- 60-L vl-L St 9L
§0-0 £0-0 ‘pru ¥0-0 90-0 90-0 €L-0 200 €10 80-0 ¥0-0
66-8 0g-0l 88-0L 00-L1 Ly-0l 8¢c-€l 05-0L ¥6-CL 6l 86-0L 0€-6
¥§-LC 86-C€ LL-6C 6€-8¢ 9€-9¢ 9-€€ S0-L1L 8G-6C Ge-9v Pl-6L 9/-8L
¥0-6L 6€-LC ¢0-G¢ €L-6l 6e-vl 81T 09-9L G0-8lL LE-GE ¥8-Gl ve-€l
9¢-8L 08-0€L G6-89 09-8€L 06-LLL 09-07L 02-961 0£-20L 09-9/1 £0-LEE 0¢-98
oL-zsl 06-0€L 00-7€L 08-GEL 16-£GL 0¢-5SL 0L-£GL 09-981 0c-eel qc-LTl 00-LCl
0€-89 [ANA4 ¢5-9v 69-99 C-8S LTSS 96-¢S 6v7-69 16-¥S 9E-vv 88-/G
G0-Gl 90-8L 8v-8l v-0l €9-1¢ 88l 8¢-8l €5-61 0€-8¢ 1G-0L 18-8L
G9-9 0c-L L1-8 06v 00-8 §6-9 ve-8 08-6 66-11 €9-8 §0-8
06-78L 06-vLL LS¥8 08-ZvlL Sv-2e€C 0€-88l 09-28L 0£-50C 06-78L ¥9-891 0€-€LC
6219 €8-19 26-LS LE-09 CL-€S €6-G8 §G-v9 €0-LL CL-88 GlL-09 8¢-Gv
c0-8 58 Sv-6 8v-6 918 Lzcl 0€-8 06-0L §G-€l CL6 98-L
0Ll vl-C gec G6°1 69-1 i-C G9-¢ 14 99-¢C op-1L 18-¢
LL-9g 96-8¢ (AN04 Ly-lS £1-99 LL-lg £0-89 ¥€-8€ 0c Ly ¥9-69 L9y
€666 £9-66 v.-66 St7-66 6€-66 ool ¥5-66 95-66 66-66 90-001L €1-00L
8Ll 6€-1 Le-c 09-1 6€-1 8¢e-1 161 08-C er-l 9L gel
L1-0 (AlV] (rAl\] (rAl\] 8L-0 0z-0 8L-0 Gl-0 0c-0 Gc0 0c-0
5% ¥6-€ S0-v 00-v LLY 06-€ ¥6-€ 97 € 10-€ 96-€
06-C 8G-€ {5324 §9-C oL-c §8-C e 6L L0-€ G6-€ 661
08-0 6L-1 86-0 Lzl 00-1 el el 69-0 gl L€ cl-l
¥0-0 €00 G0-0 100 00 S0-0 S0-0 ¥0-0 £0-0 S0-0 S0-0
8¢l Lyl G9-1 09-1 G-l 08-1 €8l 9-1 161 96-1 €Ll
L0-¥ 69-€ 95-v 09-v 9€-v 80-G 19-v S9-v ¢SS 85 19-v
LG-vL 69-Gl G/-Gl 6L-Gl vl-Gl €9l -9l €29l LL-9L 00-£1L Svl
Ly-0 ¢80 650 09-0 1G-0 €L-0 €50 €9-0 LL0 0,0 80
€€-0L 96-£9 95-49 60-29 9€-89 ¥¥-99 L-99 61-99 €6-99 95-¥9 ¥5-0L
€C86LLY L186LLY LZ86LLY 286LLY €86LLY CL860LY 98601V L1860LY 6860LV G860LV GEBBLLY
apuo) ebap apuo) ebap apuo) ebap apuo) ebap oBejapeqry uley s ulie s ule s uie s ule s obejepeqiy
ssloub-uabny samewbiy

eale 8|0y

80
e
eg
$J
0]
aN
iz
A
is
ay
€9
IN
0J
12
A
S
eg
n
wdd

|eo1
[o}!
S0°%d
0%
0%N
0ed
OUN
OB
FmOan_
£04v
colL
018

% M

:9|dwes
:Aljeoon

1329



3

JULY 200

NUMBER 7

VOLUME 44

JOURNAL OF PETROLOGY

— — — — — [0 — — — — — sj0pid3

- - — - — - - — — - - owuelly
— — — — — — — — — — — uoaliz
— — — — — — — — — — — anue L
10 10 — 10 10 L0 — 10 0 z0 — senbedo
- - - 10 10 — 10 — — — — owedy
€L 06 €9 bl bL 1z 'S 0L eL 8-€ oL euoyD
L€l 9l 06 zol 80l zL il 6ol L6l g oGl aunoosniy
- - — — - - - - - - - sjoquydury
€0z 8L — 6L -8l el Lo 96Z z9% g6l -6l auolg
9zl 8l 06 G [4¥rs zel Ll 161 - Jan &l sedspjoy-)
o€ L — Sl 6l o€ LGy 80 zoL 6€2 &1z asejooibeld
08¢ z9e oy £:08 vvE g1z 76z LR L:0g vge 91y zuenp

(% ‘fon) suoipiodoid jepoyy

8€-¢C 99-€ [7AYA 8¢-€ v6-v e 00-€ s cS€ 00-€ €C-€ n
Ly-0l G-l JAsrAl L€l €6-Cl Lyl 68-ClL 126l g€L-ol Zc-0C 811 ylr
99:8L G8:9¢ 6CS €9:0C £0'8C ge-cc €L:9¢ 8¢:LC 10-2C y-€C 80-LL qd
€20 L€0 L€-0 jerAly] €0 2C0 L0 L0 or-0 LL-0 LL-0 n
Ll 6C¢C 9¢-¢ €8-1 660 £9-1 4 [4N) 20-€ 9L 16-:0 N
8¢-0 8€-0 8€0 6¢-0 LL-0 [0 6L-0 6L-0 8i-0 120 GL-0 wl
A4 8LC 69:C 6LC yaah L¢-¢ 291 cLL cLE 99-1 Ge-l 13
8.0 00-1 160 18:0 19-:0 180 9-0 ) ZAl!] e L €90 9G6-0 OH
LY £0-G 16-v (£ 4 €L-€ 6-v €8-€ 65 68-9 19-€ € AQ
0,0 98:0 280 [e7A%0] VL0 6-0 L0 260 0c-L 89:0 69:0 qL
(YA 4 €9-9 €9 G0-9 Gb-9 669 ¢S 89 00-8 €L-g G909 PO
00-L LL-L 00-L oL-1L cl-l 8¢l 9l-l G-l G-l 8-l l-l n3
A A €09 GlL-9 0L-S L9 60-8 00-9 0c-8 88-8 VL9 [8'S ws
JA:R 74 €8:LC 96-8¢ ¥8-:9C 8:0€ 29:8¢€ 6¢-6C £h-6€ 6ECh ab-LE §1-8¢ PN
G959 L 99-L G0-L 9l-8 Gae-oL 16:L 9t-0lL GerLL -0l €eL id
€786LLY L186LLY 12861V ¥Z86LLY vE86LLY 718601V 9860LY L1860LY 6860LY G860LY GE861LLY :ojduwes
apuo? ebap apuo? ebap apuo? ebap apuo? ebap obejepeqiy unlep s unep s uniep s unep s uniep s oBejepeqiy :Aljeo0]

ssioub-uabny sal1ewbin

BaJE BJOYM

ponunuos [z 219D |,

1330



SANABRIA APPINITES, SPAIN

CASTRO et al.

CL69 8L-0L 6€-90L LyvL 16-0L £8:19 0L-GL 9e L cLo vl 0C-LEL
98-€v 9L-€y Sb-LG 9l-9y 08-L€ 88-9¢ 0L-6€ (4874 80-€Y L1-9¢
16-¥9zL LS-0L6L 09-68¢1L 8e-oleL 6€-CL9 20-809 06-199 Se L6y cc 9oLl L1-96CL
80-G [ARe] 18-L 6Cv 19-¥ 0-v fAh4 [ 344 00-S 68-G
G0-0 S0-0 G0-0 0-0 L1L-0 €10 GlL-0 910 L1-0 €L-0
LS gL 0-€l LEL L9-¥ 544 £0°G 96°6 €8:0L €Ll
80-99 €679 €Ly 26°GL €-L0L 8G-20L 91-G0L e LEL 62-80L 8/:96
88:L 6L-Cl 25v€ vc-clL 8671 LEVL oLl abve 8/-GE LE-LE
80-cvLL 86-196 LL-£0L 96-L2L E€v-9cy S0-€0Y LC-9¢v €4-6€C 0L-G€¢ €9-G¢C
GE¥6 ag-vLl 8C-abL 1G-601L 07-89 6€-99 89:0L €6-€L 62-96 £2°10L
¥Z-9L £G-20L LE¥8 8¢-88 €L-8y v6:LY 06-€Y (444 2629 Ty-0L
L8y LL-Le 169 £9-0C 99-€L2 L2-99¢ ¢L-6LC aL-€Ele 8l-9¢¢ €9-68L
10-8lL 26-0C AR ¥4 0-61 LGv¥ ov-vv 9-Sv [A44 18-9% £0-9Y
88-261 06-9CL 6L-L9 1G-991 €1-906 16-806 76-9€6 8L-798 Ob-LLL 9¢-88L
LL-L6 LL-LLL €8-G¢L LE-6CL 9/-6CL 20-L2L 20-9¢1L LG-16l €€-€9¢ 99-¥8¢
8€6 €l-Ll Ly-GL 61-0¢ G0-6C 88-8C ¢L-6C [eLE (YA44 96-Cv
8hC JA 4 9l-€ 16-€ 6€-1 €Cl 8¢l 0S-1 29l 89-1
¥6-6C ¥6-Cv 9£-89 60-99 €9:1€ e 60-€€ 20-0v §6-LY 88:Gv
v.-66 05-66 1266 566 9L-66 9666 TL-66 6666 99:66 L£-66
g6-1 Ll £6°0 260 18-l 06-1 z6°L 9L 74" 20-C
8L-0 19-0 cl-l 20 8L-0 8L-0 6L-0 6L-0 €0 €L-0
19-¢ €e-€ € (YAY4 Y4r4 (YAr4 6vC ya-C 0c-€ ge-€
LE€ €0-€ 607 207 961 ob-L LE:1 66°0 86:0 00-L
€99 88-G L9 g LeL ab-L 8¢eL €€-8 €08 Gz-8
¥0-0 G0-0 £0-0 <00 €10 vL-0 GlL-0 L1-0 91-0 L1L-0
[4&23 387 66-€ [zc€ o€yl 0g-L 20l LO-vL §g-€l L0-€L
[y 0L-G 6€-L LL-S 9€-8 08-8 V6 08-11L 65-CL 19-CL
cl-1e a/-6l £8-1lC 0¢Z-0¢ 6e-L1l oL-LL 9C-LL 28:0L 6v-cL 98-CL
260 9l Lyl 0c-L G990 990 0,0 0e-l 98-l 80-C
€¢-99 2 vs 69-87 99-99 98:19 29-19 00-LS 88:Ly 96:vv LYY
Ce6L06H 8L06H GL06H L06H LL06H €L106H ZLLO6H LLLO6H e0LL06H Le6L06H
sauopue.len sauopue.en sauopue.en sauopue.en sauopue.en sauopue.len sauopue.en sauopue.en sauopue.en sauopue.en
S8}1I0IPOZUO|A soiqqen

(9 "B14) 840id ssuopueien

8D
e
eg
s
%]
aN
1z

A

1S
ay
eo
IN
0D
19

A

28
ag

n
wdd
[eo1
101
S0%d
e 10
0%N
oed
Oun
0B
._.wON®u_
f04y
oL
oS

% M

:9|dweg

:Ajjeoo]

1331



Table 2: continued

Garandones profile (Fig. 6)

(4391

Gabbros Monzodiorites
Locality: Garandones Garandones Garandones Garandones Garandones Garandones Garandones Garandones Garandones Garandones
Sample: H9019a1 H90110a H90111 H90112 H90113 H90114 H90144 H90145 H9018 H9019a2
Pr 17-49 1771 17-65 11-09 945 10-02 10-07 16-33 9-89 9:07
Nd 77-98 75-32 73:95 4272 35:61 3797 36-34 65-61 36-42 30-88
Sm 16-04 15-42 14-63 7-09 591 6:13 5-64 12-66 5-69 419
Eu 3:68 3:09 279 1.72 1-50 1-66 1-79 227 1.77 173
Gd 12:91 12:09 11-65 5-61 4.58 4.75 4.34 10-85 4.74 327
Tb 1-73 1-63 1-54 0-73 0-59 0-62 0-47 1-47 0-56 0-37
Dy 8.97 8:54 8:22 385 312 325 2-54 7-78 2:64 1-70
Ho 1-72 1-62 1-56 0-75 0-62 0-64 0-42 1-33 0-49 0-33
Er 4-40 414 4-08 1-99 1-66 172 1-06 319 1-22 0-80
Tm 0-59 0-56 0-57 0-29 0-25 0-25 0-10 0-35 017 013
Yb 3-25 3-10 325 1.74 1-44 1-48 0-73 2:05 0-87 0-59
Lu 0-46 0-45 0-47 0-26 0-22 0-22 0-06 0-24 0-12 0-09
Pb 12-49 10-90 23-59 19-71 20-24 20-46 20-71 26-29 21-10 19-75
Th 359 455 8:03 8:05 9:20 8:90 10-24 12:26 8:09 9:55
U 675 4-34 375 1-82 171 3:18 1-47 2:20 278 2:25
Modal proportions (vol. %)
Quartz 21 21 3-8 4.2 54 75 141 52 217 95
Plagioclase 65 15-1 7-3 83 87 136 56-1 62:6 50-3 62-9
K-feldspar - - - - - - - - - -
Biotite 517 445 375 35-8 33-1 217 29-3 3056 26-2 26-2
Amphibole 36-8 345 49-8 50-8 51-8 56-9 — — — —
Muscovite — — — — 0-1 — — — — 0-3
Chlorite — — — — 0-1 — — 0-2 — 0-2
Apatite 01 — — — — — 0-5 15 1-0 01
Opaques 1-0 0-3 1-0 0-6 0-7 0-4 — — — 0-3
Titanite 1-4 32 0-6 0-3 — — — — 01 056
Zircon — — — — 01 — — — 01 —
Allanite — — — — — — — — 0-3 —
Epidote — — — — — — — — — —

n.d., not detected.
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Table 3: Isotope analyses of representative rocks from the Sanabria complex

Sample Rock type Rb Sr 8Rb/%Sr ¥Sr/%Sr 426 ¥Sr/®Sr._3s  Sm Nd (ppm)  ™Sm/™Nd  Nd/™Nd 426  "Nd/"™Nd;—3ss  Endg r=345  Tom

@)

(ppm) (ppm) (ppm) 7

—

=

J5996* Hornblendite 3.24 15-95 0-1228 0-512467 8 0512190 —0-1 1-06 g

J5997 Hb-gabbro 4533 429-44  0-3054 070654 3 0-705040 5.27 2381 0-1338 0-512460 7 0-512158 -0-7 111 §
AB9917* Hb-gabbro 604 3748 0-0975 0-512305 8 0-512085 —2:1 1.22 ’

AB9918 Hb-gabbro 80-26 554.72  0-4186 070822 2 0-706166 15-93 69-98 0-1376 0-512297 9 0-511986 —4-1 1-37 ”

AB9919 Monzodiorite 123-68 689:02  0-5194 070878 2 0-706231 6-4 40-22 0-0962 0-512231 15 0-512014 -35 1-33 E

A59910B Banded diorite 163 505-41  0-9333 071025 2 0-705670 6-29 30-94 0-1229 0-512281 8 0-512003 -37 1-35 ;

J5995 Bt-diorite 134-8 418 0-9332 071152 2 0-706936 538 3246 0-1002 0512161 10 0511935 5.1 1-45 =

GC2559901 Granodiorite 210-4 32955  1-8489 071703 2 0-707953 677 37-89 0-1081 0-512204 10 0-511960 46 1-41 >

A11984 Leucogranite 231-01 156-93  4-2669 072675 3 0-705794 356 17-87 0-1204 0512174 9 0-511902 57 1-50 :@

GC2859901L2  Migmatite 5

leucosome 96-36 292:76  0-9528 071326 2 0-708576 1:18 5.41 0-1315 0-512213 15 0-511916 5.4 1-48 =

AB9921 Migmatite 143-43 168-6 2-4656 072528 2 0-713169 64 31-38 0-1234 0-512173 7 0-511894 5.8 1-51 =

A109811 Ollo de Sapo wn

gneiss 207-44 11805  5-0988 073762 2 0-712583 848 4178 0-1228 0512185 8 0-511908 -56 1-49 E

Z

CHUR values: ¥Rb/%Sr = 0.0847, & Sr/%6Sr = 07047, "Sm/"**Nd = 0-1967, "**Nd/'*Nd = 0-512638.
20c: standard deviation.
*Samples analysed at the University of the Basque Country.
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Fig. 9. Harker variation diagrams showing the range of geochemical variation in the Sanabria complex. Gabbros and monzodiorites plot in
the field of high-K to shoshonitic series (a). With the exception of the monzodiorites, all the samples define a coherent trend in the total alkalis
vssilica (TAS) diagram (b) from gabbro to granite. The series divisions in the KoO-silica diagram (a) are from Le Maitre et al. (1989). Field

divisions in the TAS diagram according to Le Maitre et al. (1989).

enrichment in silica, orthogonal to the main trend
defined by the gabbros and the remaining intermediate
rocks, granodiorites and migmatites. With regard to the
relations between the hornblende gabbros and the
monzodiorites of the Garandones profile, enrichments
and depletions similar to those found in major element
variations are observed. The monzodiorites are depleted

in Cr and Ni and enriched in Rb, Sr and REE with
respect to the hornblende gabbros.

Sr and Nd isotopic ratios

Sr and Nd isotopic ratios have been analysed for repre-
sentative samples from the Sanabria complex; the data
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Fig. 10. Harker variation diagrams showing the main major element trends displayed by the rocks of the Sanabria complex (symbols as in
Fig. 9). Lines show the main trends defined by these rocks: a high-Al trend (dashed line) and a low-Al trend (continuous line). The high-Al
trend links monzodiorites and Bt-diorites with tonalites, granodiorites and migmatites. The low-Al trend links Hb-gabbros and Hb-diorites.
The two trends converge at silica contents of ~63 wt % for most elements. Samples from the Garandones profile are plotted with different
symbols: half-filled circles for Hb-gabbros and circles with crosses for the monzodiorites. Arrows link these two groups of rocks and indicate the

direction of enrichment or depletion. Other symbols as in Fig. 9.

are listed in Table 3. Although the number of analyses
is small and does not allow an in-depth study of the
isotopic variation, the available data are useful for
comparison with other appinitic complexes and pro-
vide some constraints on the petrogenetic hypotheses
inferred from field relations and geochemical varia-
tions. The most salient feature is the steep trend in
Nd-Sr isotope space defined by all rock types from
gabbro to granite (Fig. 14); there is a narrow range
in the initial Sr isotopic composition (at 345 Ma) and
a wide variation in the initial Nd isotopic ratios,
expressed as €xq (343 Ma). This pattern is consistent
with other appinitic complexes from the Iberian Var-
iscan massif, such as the Vivero massif in Northern
Spain (Galan et al., 1996) and the Gredos batholith in
Central Spain (Moreno Ventas et al., 1995). It is
remarkable that two samples of hornblende gabbro,
which are nearly identical in terms of their major
element chemistry and mineral assemblage, are very
different in terms of their Nd isotope composition:
one is close to a primitive, CHUR-like, composition
(eéxa ~ —1) and the other is close to typical Variscan

crustal values (Vivero and Gredos massifs) and
granodiorites (Exq ~ —4). Most of the mafic and inter-
mediate rocks have a clear crustal signature in terms of
Nd isotopic composition. Also for comparison, two
samples of the Ollo de Sapo migmatitic gneisses were
included in this study. These plot at the left end of the
wide field in Sr initial ratios displayed by the gneisses in
the Iberian massif (Beetsma, 1995; Castro et al., 1999).
The Sanabria samples roughly define a curvilinear
trend that may approach an assimilation—fractional
crystallization (AFC) trend. This aspect will be
discussed further below.

DISCUSSION

Intrusion mechanisms and time sequence
in relation to regional deformation

It has been shown previously that the main episode
of magma intrusion appears to be coeval with the
migmatization and penetrative deformation of the
host rocks (Ollo de Sapo gneisses). The structures
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Fig. 11. Compositional profiles across the contact between Hb-gabbros and monzodiorites in the Garandones profile (sample locations in
Fig. 7). The black box labelled O.S. on the ordinate represents the composition of the migmatitic gneisses (see text for further details).

developed during this deformational episode, here
attributed to the regional Dy phase, are affected by
the Dj folding episode, which is responsible for the
reorientation to vertical of the Dy fabrics (Fig. 2). If the
Dy structures are restored to their pre-Ds position, they
define a subhorizontal shear zone with a top-to-the-
SE sense of movement. This phase is described as
a SE-directed crustal extension in nearby sectors of
the Central Iberian Zone (Escuder e/ al., 1994; Diez
Balda et al., 1995). Experimental data on the melting

relationships of the Ollo de Sapo gneiss (Castro et al.,
2000) indicate that migmatization of this gneiss took
place by decompression melting, in agreement with the
observed field relationships between Dy structures and
migmatization. However, it is worth mentioning that
magma intrusion and migmatization conditions could
have survived until the end of the Ds episode, as
revealed by small septa of leucogranitic bodies
located at the southern part of the studied area, and
by the structural and magnetic fabric study of

1336



CASTRO et al.

1000

Hb-gabbros Monzodiorites

100

. \
1
1000 Hb-diorites Bt-diorites
100
:’g 10 \
[
°
C
o)
e 1
Q 1000
2 Bt-granodiorites Peraluminous
S leucogranites
100
10
]

1000 .
Migmatitic Garandones profile
gneisses

100

10
« Hb-gabbros
° Monzodiorites
1
La Pr Eu Tb Ho Tm Lula Pr Eu Tb Ho Tm Lu
Ce Nd Sm Gd Dy Er Yb Ce Nd Sm Gd Dy Er Yb
Fig. 12. Chondrite-normalized REE patterns [normalization

according to Nakamura (1974)] for the rocks of the Sanabria
complex.

Vegas et al. (2001). Decompression melting appears to
be coeval with the intrusion of basic magmas into the
anatectic zone. Thus, both processes, decompression
and heating, may have contributed jointly in produ-
cing crustal anatexis in this sector of the Variscan
orogen.

Identification of magmatic series and
processes
Intermediate rocks

With regard to the intermediate rocks, the geochemical
relationships observed in the Garandones Lake area
are very informative about the range of processes that
have occurred. The compositional variations displayed
in the profiles of Fig. 11 exclude the possibility that
these magma bodies were generated separately and one
intruded into the other accidentally. Furthermore, the

SANABRIA APPINITES, SPAIN

shape of the profiles cannot be the result of a geochem-
ical gradient between two different magmas of con-
trasted compositions. In some cases the element
increasing towards the contact, within the marginal
part of the gabbro body, is depleted in the surrounding
monzodiorite. This is the case for Ti, K and Fe
(Fig. 11). Conversely, the elements decreasing towards
the contact are enriched in the surrounding monzo-
diorite (e.g. Si). The zone of major variation, or com-
positional gradient, within the hornblende gabbro
body is a narrow band that coincides with the zone
with differences in grain size and modal abundances.
This band is richer in biotite and the grain size is finer
than in the interior of the mafic hornblende gabbro
body. The interpretation of this band as a chilled
margin is in agreement with the compositional varia-
tions recorded by biotite as discussed above. However,
whole-rock variations in major and trace elements
require more detailed attention. The compositional
jump across the interface is independent of the compo-
sitional gradient observed within the narrow band of
the gabbro body, as mentioned above. It is paradoxical
that this narrow band crystallized earlier than the
central part of the gabbro and at the same time it is
enriched in incompatible elements such as K, Rb and
the REE. The enrichment in K may be accounted for
by the early precipitation of biotite in the margins of
the mafic body. This is in agreement with the particu-
lar textural relations of these mafic rocks in which
biotite is an early phase included within euhedral horn-
blende. Consequently, the potassic character of the
malfic bodies is likely to be a primary feature inherited
from their mantle source, not acquired during crystal-
lization in the continental crust by assimilation of
potassic rocks. A simple mixing calculation indicates
that a mass fraction of ~40% of granite must be
assimilated to produce the K content of these malfic
magmas. This mass fraction implies a silica content in
the resulting hybrid of ~60 wt %, and this is in dis-
agreement with the low silica content (~50 wt %) of
the gabbroic rocks with K,O contents of ~2:5 wt %.
A similar estimation is obtained from the REE content
of these mafic rocks. A mass fraction of granite
> 50 wt % is necessary to account for the high content
in REE, especially in LREE. The conclusion from
these estimations is that the high contents of both
K and REE cannot be accounted for by assimilation
of granitic rocks alone. The basic magma that intruded
into the anatectic rocks of the Sanabria complex was
originally rich in K and REE as well as in water.
Primary water i1s of fundamental importance in
accounting for the geochemical features and field
relations displayed by these appinitic complexes.

The enrichment in Rb in the marginal zones of the
mafic bodies may be interpreted in the same way as
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Fig. 13. Variation of selected trace elements vs SiO, content for representative rocks from the Sanabria complex. The main trends, the high-
Al and low-Al trends distinguished on the basis of major elements, can also be traced for some compatible trace elements such as Cr and Ni.
Rb, Sr and Ba show a scattered distribution. Samples surrounded by an outline correspond to the Garandones profile. Arrows linking
Hb-gabbros and monzodiorites indicate trends of enrichment or depletion. Symbols as in Figs 9 and 10.

K because of the coupled behaviour of both elements.
However, the enrichment in REE and the depletion in
refractory elements such as Cr and Ni remain para-
doxical. A possible explanation is that fluids released
from the crystallizing mafic magma transported REE
and other incompatible elements from the interior of
the magma body towards the surroundings and altered
the crystallizing chilled margin. This margin was rela-
tively cooler and more crystalline than the interior of
the mafic magma and may have acted as a trap for
incompatible elements that were captured by crystal-
lizing phases such as apatite and allanite that are very
abundant in the marginal facies of the mafic bodies.
The compositional jump observed across the interface
is compatible with the separation of a discrete fluid
phase. This may be a water-rich pegmatitic fluid that
the basic (gabbro) magma released during crystalliza-
tion within the migmatite host.

The pegmatitic textures, evidencing ion mobility
assisted by a fluid phase, of the monzodiorites sur-
rounding the mafic bodies are also in favour of this

interpretation. The composition of this gabbro is in
some way residual rather than a primary melt, based
on the high MgO content (up to 18 wt %). The
residual character may be related to the extraction of
awater-rich fluid phase thatis transferred to the migma-
tite host. The absence of migmatites in mutual contact
with the mafic bodies indicates that the monzodiorites
are likely to be the result of chemical reaction between
a water-rich fluid released from the basic magma and
the host migmatites. The geochemical variations for
the HA trend in which the pegmatitic monzodiorites
are included support this interpretation. The evolution
of the LA trend may be related to a process of mag-
matic fractionation from the same basic magma.

In summary, a water-rich basic magma, rich in
K and REE, intruded into an anatectic zone within
the continental crust and underwent two different pro-
cesses. One 1s related to crystal fractionation and the
production of Al-poor intermediate magmas (the LA
trend). The other is related to the release of a water-
rich fluid towards the host migmatites that reacts with
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Fig. 14. Variation of 87Sr/%Sr vs exq at 345 Ma for representative samples from the Sanabria complex. The fields of the most representative
rock types in the Gredos massif (Moreno Ventas et al., 1995; Bea et al., 1999) and in the Vivero massif (Galdn et al., 1996) are depicted
for comparison. These are typical peri-batholithic appinite complexes of the Iberian massif. A model AFC curve is shown linking the
more primitive basic rock and the Ollo de Sapo migmatites. Values of the partition coeflicients used (D) are 1-2 for Nd and 0-51 for Sr
(Sisson, 1994). The ratio of assimilation to fractional crystallization (r) is 0-5. A value of D for Sr <1 must be applied to fit data points to the
model curve. A tentative value for Ds, of 0-4 is taken. The behaviour of Sr as an incompatible element is in agreement with the observed
enrichment in Sr in the pegmatitic monzodiorites surrounding the Hb-gabbros of Garandones. The model AFC departs from a simple mixing
line in which no fractionation is considered (D = 1 for Sr and Nd), indicating that Sr fractionation is needed to account for the observed

variations.

these peraluminous rocks and produces Al-rich inter-
mediate magmas (the HA trend) of monzodiorite com-
position. Remnants of partially digested Ollo de Sapo
migmatites included within the monzodiorites of the
Garandones Lake area provide further support for
this process of fluid-assisted reaction and assimilation.
The process is, however, more complex, as denoted
by the presence of plagioclase cumulates in patches
within the monzodiorites surrounding the hornblende
gabbros as mentioned above. These relations indicate
that additional differentiation processes occurred
during assimilation. These processes are compatible
with the observation of a marked enrichment in Sr
(>1000 ppm) within the monzodiorites. This enrich-
ment is coupled with a similar enrichment in Na but
not in Ca, which is retained in the Hb-rich cumulates.
Other elements have concentrations intermediate
between the composition of the mafic body and that
of the Ollo de Sapo gneisses—migmatites (Fig. 11).

AFC modelling and implications

This complex process involving magmatic frac-
tionation and, at the same time, water loss to the
surrounding crustal rocks may produce a series of

intermediate rocks that follow a hypothetical trend of
ATFC. The Sr and Nd initial isotopic ratios of the basic
and intermediate rocks of the Sanabria complex
(Fig. 14) display a curved trend close to the model
curve of an AFC mixing model assuming an assimila-
tion/fractionation ratio (r) of 0-5. For this model curve it
is assumed that r and the partitioning coefficients (D) for
Sr and Nd remain constant during the crystallization—
assimilation combined process (DePaolo, 1981). It 1s
interesting to note that Sr must be an incompatible
element and Nd must have a D value close to unity for
the model curve to be close to the data points (Fig. 14).
This situation is not very usual in basaltic systems but
may be important if amphibole, and not plagioclase, is
the dominant fractionating phase (DePaolo, 1981). In
the case of the Sanabria trend, the residual gabbroic
rocks are dominantly composed of hornblende with
subordinate plagioclase. At the same time, the monzo-
diorites surrounding the Hb-gabbros are richer in Sr
than both the gabbro and the hosting migmatites
(Fig. 11b), denoting that plagioclase was not an impor-
tant fractionating phase in this system and that Sr was
enriched in the residual fluids expelled from the water-
rich basaltic magma; i.e. Sr behaves as an incompatible
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element. This observation satisfies the requirement of
the AFC modelling shown in Fig. 14. However, the
simple process of a magma chamber that assimilates
country rocks at the same time as it fractionates into
a crystal cumulate, as required for AFC geochemical
modelling (DePaolo, 1981), is not in agreement with
field relations observed within the Sanabria complex.
It seems plausible that the basic magma underwent
hornblende fractionation as indicated by the low-Al
trend of intermediate rocks and the richness in Hb of
the more mafic gabbro. However, as denoted by field
relations and geochemical variations in the Garan-
dones profile, assimilation occurred between a fluid
phase released from the crystallizing gabbro and the
hosting migmatites. As Sr was partitioned to this fluid
phase, the overall modelling is similar to an AFC pro-
cess, implying the migmatites and gabbros as the end-
members (Fig. 14). However, this process took place
outside the magma chamber and involved a fluid phase
that reacted with surrounding migmatites. This may
be considered a special case of AFC in which fractiona-
tion is related to the separation of a fluid phase rather
than to the fractionationation of crystals alone. It
must be remarked that this situation is triggered
by the crystallization within the continental crust
of a water-rich basaltic magma. The operation of
this special case of AFC may be the most usual
one for subduction-related, water-rich basic magmas
emplaced at any level into the continental crust; with
the implication that many intermediate rocks with
hybrid isotopic signatures may have their origin in
the continental crust generated by processes of fluid-
assisted assimilation and fractional crystallization.

Identification of the parental basic magma

The identification of a parental basic magma, as
required for any petrogenetic modelling, is not
straightforward. There is no unambiguous textural
criterion that may be used to identify any rock of the
Sanabria complex as crystallized from a primary melt.
The parallel and steep REE patterns displayed by the
monzodiorites and biotite diorites (Fig. 11) strongly
suggest that they were not generated by a single process
involving fractionation of a mineral phase such as
hornblende alone. The comparison between the horn-
blende gabbros and the monzodiorites from the
Garandones profile indicates that REE depletion
occurred in the interiors of the gabbro bodies com-
pared with the margins. As mentioned above, this
enrichment in REE in the margins cannot be related
to a compositional gradient associated with the proxi-
mity of the monzodiorite magma because the monzo-
nites are poorer in REE than the gabbro margin.
A plausible interpretation to account for these
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paradoxical variations is that REE were transported
by a water-rich fluid released from the basic magma
and were trapped by the crystallizing chilled margin.
The enrichment in LREE may be related to such a
process of fluid migration as a result of the preference of
the LREE for water-rich fluids compared with heavy
REE (Kogiso et al., 1997). It is noteworthy that the
hornblende gabbros are richer in REE and other
incompatible elements than the migmatitic gneisses.

Initial Sr—Nd isotopic ratios of the Sanabria rocks are
comparable with those of other peri-batholithic appi-
nite complexes of the Iberian massif (Fig. 14). There is
a strong heterogeneity in initial "Nd/'""Nd (enq) in
contrast to a small variation in #’Sr/®Sr that is close to
Bulk Earth values and much lower than the 8 Sr/®Sr
of the host gneissic rocks in the case of the Sanabria
complex. It is noticeable that hornblende gabbros very
similar in major-element composition and mineral
assemblage have eng values that vary by 3¢ units.
This Nd isotope heterogeneity may be inherited from
their mantle source. However, transport of REE in a
fluid phase, as previously deduced from local variations
between the hornblende gabbros and monzodiorites
in the Garandones profile, may contribute to the
observed isotopic heterogeneities. An important supply
of REE from the hosting gneissic rocks may also
account for the heterogeneous Nd isotope compositions
of the resulting hybrids. The relatively low initial
87Sr/%Sr of the appinitic rocks is largely explained
because most of the Sr is supplied to the system by
the parent basic magma. This is true even for monzo-
diorites inferred to have formed by interactions
between fluids released from the basic magmas and
the hosting gneissic rocks. The fact that these mantle-
derived basic magmas were rich in water, K, REE and
other incompatible elements such as Rb, and at the
same time have a low Sr initial isotopic ratio, may
appear paradoxical.

Petrogenetic model

A simplified model of the processes involved in the
generation of the Sanabria appinites is displayed in
Fig. 15. The process may start with the invasion of
a mid-crustal area composed of mica-rich volcano-
clastic and metasedimentary rocks of the Ollo de
Sapo formation by a hydrous basic magma (Stage I,
Fig. 15). The source of this hydrous magma is most
likely to be an enriched region of the lithospheric man-
tle in a supra-subduction zone environment. Crystal-
lization of this hydrous magma within the continental
crust may have occurred at pressures of the order of
6 kbar (Martinez el al., 1990). As water solubility is
highly dependent on pressure (Burnham, 1979),
emplacement of the magma at this crustal level would
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Fig. 15. Schematic illustration of the sequence of processes, ordered in a time sequence from I to IV, that were involved in the generation of
the Sanabria appinite-migmatite complex, based on petrological and structural relationships. The formation of intermediate rocks, and
possibly granodiorites, surrounding the basic intrusion is triggered by the release of a water-rich fluid from the basic intrusion towards the

surrounding migmatites (see text for explanation).

eventually result in the release of significant amounts of
water to the surrounding crust. The high solubility of
alkalis and silica in this supercritical fluid (e.g. Grove
et al., 2002) makes it an important metasomatic agent,
able not only to reduce the melting point of the sur-
rounding rocks, but also to change the composition of

the partial melts forming in the migmatites. At this
stage (II, Fig. 135), a chilled margin may develop
within the basic intrusion near the interface with the
host migmatites. The water-rich fluid may pass
through this chilled margin either by intergranular
diffusion or along fractures. The passage of this fluid
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is recorded by ionic interchange within the chilled
margin as evidenced by the observed geochemical var-
iations. It is interesting to note that a supposedly
mobile element such as K is retained within the basic
magma. The reason is that K is fixed during the early
stages of magmatic crystallization by the Mg-rich bio-
tite; this is an early mineral phase in these Mg- and K-
rich magmatic systems. Consequently, the composition
of the fluid phase released from the crystallizing basic
magma may be dominated by HoO, SiOy and Na,O.
As temperature falls and the basic magma begins to
crystallize, the surrounding migmatites are fluxed by
the water-rich fluids released from the mafic intrusion.
At this stage (III, Fig. 15), significant amounts of
monzodiorite magma may be developed in the migma-
titic areas surrounding the mafic intrusion. The process
may be facilitated if crystallization and fluid migration
are occurring simultaneously with crustal thinning and
extension. This is the case in the Sanabria complex, as
deduced from the observed deformation fabrics. In this
tectonic scenario, the minimum amount of water
needed to generate a granite or monzodiorite melt in
the aureole of the mafic intrusion is decreased as pres-
sure decreases. The consequence is that individual
crystals and enclaves may be dissolved in the silicate
melt during decompression. The efficiency of this pro-
cess has been proved by means of experimental studies
(Castro et al., 2002b). The contact relationships and
shape of the hornblende gabbro small enclaves
enclosed by the monzodiorites could be related to dis-
solution during decompression in a water-rich magma.

In the final stage (IV), the more mafic portions of the
composite system (hornblende gabbros) are brecciated
and back-veined (IV, Fig. 15) by leucocratic veins
associated with the regional shearing that produced
the banded, magmatic structures in the layered diorites
and the intercalations of diorites within the migmatites
surrounding the intermediate zones.

Granodiorites

The generation of the granodiorites is probably more
complex; although the results of this study are not
conclusive. According to experimental studies (Castro
et al., 1999, 2000), partial melting of the migmatitic
rocks (the Ollo de Sapo gneisses) cannot produce the
granodiorites either by fluid-present melting or by
fluid-absent melting. Some additional Ca is necessary
to generate granodiorites of the appropriate composi-
tion from the migmatites in the Sanabria area. More-
over, the granodiorites plot in a field intermediate
between the monzodiorites and the migmatites. As
granodiorites are hybrid rocks according to their Nd
isotopic signatures, they may be viewed as resulting
from some kind of further interaction between the
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monzodiorites and the migmatites (the Ollo de Sapo
gneiss) hosting the mafic intrusions of Sanabria. This
interaction may imply that granodiorites resulted from
the partial melting of hybridized parts of the continen-
tal crust formed by alternations of monzodiorite and
migmatite. This hypothesis provides a very attractive
explanation for the complex field relations in the
Sanabria massif, which do not favour a simple process
of magma mixing or assimilation. Although granodior-
ites may result from partial melting of such a mixed
source, as generated by the invasion of pelitic migma-
tites by basic magmas, there is no firm evidence to
support this from the results of this study. The grano-
diorites are intrusive at this crustal level and show no
transition with the other mafic and intermediate mag-
matic rocks of the area. If derived by melting of a mixed
source, this must have occurred at deeper crustal levels
than the present exposures of the Sanabria complex.
Some support for this hypothesis is provided by the
geochemical relationships between the granodiorites,
diorites and pelitic migmatites.

CONCLUSIONS

The Sanabria complex shows unequivocal field rela-
tions between members of the appinitic suite and
between these and migmatites derived by anatexis of
local basement gneisses (Ollo de Sapo gneiss). These
relations suggest a derivation of the monzodiorites and
biotite diorites by fractionation and HyO fluid-assisted
melting of the crustal rocks surrounding the mafic
intrusions. The hydrous basic magmas may be derived
from an enriched region of the mantle associated with
subduction. Reaction between fluids released from the
crystallizing basic magma and the host migmatites was
responsible for the generation in the crust of a diverse
range of intermediate rocks in the Sanabria complex.
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