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Abstract Mafic igneous rocks are widespread in the
Nevado-Filabride Complex, the lowermost metamor-
phic unit of the internal zones of the Betic Cordilleras.
They form intrusive, small, discontinuous bodies, pre-
dominantly dikes with subordinate small lava flows. The
entire complex underwent alpine compressional meta-
morphism during the Paleogene continental collision,
resulting in eclogites and blueschists in the mafic bodies
and high-pressure assemblages in the intruded metase-
diments. Locally, weakly metamorphosed or completely
unmetamorphosed igneous rocks with the same textural
features occur as patches surrounded by eclogitized
igneous rocks. The bulk rock chemistry of unmetamor-
phosed and completely metamorphosed mafic igneous
rocks is consistent with an alkaline to transitional
tholeiitic magmatism with typical within-plate geo-
chemical characteristics. All but a few samples are
nepheline normative and display REE and trace element
characteristics typical of continental, rift-related mag-
matism. This conclusion is strongly supported by the
mineral chemistry of the major constituents, in particular
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the calcic Ti-rich character of clinopyroxene, the lack of
orthopyroxene, and the occurrence of kaersutitic
amphibole. Incompatible trace element abundances and
Sr and Nd isotopes support the provenance of these
magmas from a variably metasomatized previously
depleted sub-continental lithospheric mantle source.

Introduction

The origin and geotectonic significance of the Mesozoic
basic igneous rocks that occur in the Nevado-Filabride
Complex (NFC hereinafter), the lowermost metamor-
phic complex of the internal zones of the Betic Cordill-
eras, are still debated. Previous studies of the mafic
igneous rocks of the Betic Cordilleras (e.g. Bodinier
et al. 1987; Puga et al. 1989, 1995) have favored an in-
terpretation of these mafic rocks as part of an ophiolitic
rock association (‘“‘Betic Ophiolitic Association’’). The
results of the present study are not compatible with such
an interpretation and the present petrographic and
geochemical constraints indicate a continental within-
plate type magmatism associated with crustal-thinning.

The NFC (Fig. 1) consists of two main units: (1) the
lower Veleta nappe (Puga et al. 1974), composed
exclusively of graphite-bearing metasediments, presum-
ably of Paleozoic (Lafuste and Pavillon 1976) and Pre-
cambrian age (Gémez-Pugnaire et al. 1982); and (2) the
upper Mulhacén nappe (Puga et al. 1974), comprising of
Paleozoic and older basement rocks overlain by a shal-
low marine metasedimentary cover. The basic igneous
rocks occur exclusively in the cover of the upper Mul-
hacén unit, where they form small, discontinuous,
intrusive bodies, predominantly dikes, with subordinate
small lava flows.

Both the igneous and sedimentary rocks from the
Mulhacén nappe underwent alpine compressional
metamorphism during the Paleogene continental colli-
sion, resulting in eclogites and blueschists in the mafic
bodies and high-pressure assemblages in the metasedi-
ments. The decompressional metamorphic path evolved
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Fig. 1 Geologic map of the Nevado-Filabride Complex forming part
of the Sierra Nevada and Sierra de los Filabres in SE Spain (modified
from Lopez-Sanchez-Vizcaino, 1994). The localities mentioned in the
text are given for reference. The studied area is outlined with a box;
the asterisks show the main Nevado-Filabride metabasites outcrops

at almost isothermal conditions towards amphibolite
facies and greenschist facies conditions (Platt and
Behrmann 1986; Gomez-Pugnaire and Fernandez-Soler
1987) although a late thermal overprinting has also been
proposed (Vissers 1981; Bakker et al. 1989).

Ductile deformation related to the uplift affected the
eclogites in local shear zones and produced foliated
mafic schists. In contrast, most of the eclogites in the
low-strain zones preserve their igneous textures and
original intrusive contacts with the metasediments.
Moreover, some igneous protoliths of the eclogites
locally escaped the high-pressure metamorphism, dis-
playing the unmodified igneous fabrics and mineralogy.
Both the igneous protoliths and the surrounding
eclogites contain continental crustal xenoliths. The
latter consist of large andalusite crystals, fragments of
metacarbonates and microfolded metapelites, which
have been partially assimilated by the host magma
(Gomez-Pugnaire and Mufioz 1991). Utilizing geologi-
cal and geochemical data, we will argue that the basic
rocks of the NFC represent the products of alkaline to
transitional magmatism in an extensional environment
possibly related to a Jurassic rifting event, as suggested

by radiometric data (Hebeda et al. 1980; Puga et al.
1995).

Former interpretation

Bodinier et al. (1987) and Puga et al. (1989, 1995) con-
sider the Nevado-Filabride basic rocks, and particularly
those of the Cobdar area, as part of a tectonic unit which
would represent a dismembered oceanic crust, the so-
called ““Betic Ophiolitic Association” (Puga et al. 1989).
In its original definition this ophiolitic nappe consisted
of ultramafic rocks (‘“‘the ophiolitic harzburgites”,
Morten and Puga 1984) crosscut by small bodies of
cumulate gabbro and basic dikes, rodingitized in many
cases, covered by volcanic rocks with pillow structures
(Puga et al. 1995). The top of the sequence in the Cob-
dar area consists, according to these latter authors, of
thin calcareous layers of the Marble and Calcschists
formation (Tendero et al. 1993). They base their inter-
pretation on the occurrence of some ‘““ankeritic objects”
that they interpret as Cretaceous planktonic foramini-
fers. However, as pointed out by Gomez-Pugnaire et al.
(2000), most of these ‘““objects” do not have a mor-
phology attributable to any type of fossils. In addition,
even if trochospiral coiling were responsible for these
“planktonic-foraminifer profiles,” such coiling is also
common in benthic foraminifers from a wide geological
time span.
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The composition of basic igneous rocks reported by
Puga et al. (1989) for the Cobdar area is very similar to
those presented here: two sequences of rocks, exhibiting
alkaline to transitional geochemical characteristics. For
these rocks, Bodinier et al. (1987) and Puga et al. (1989,
1995) propose several possible origins: (1) under P-type-
ridge geodynamic conditions, (2) at a spreading center in
a back-arc marginal basin, or (3) at a small Red Sea-type
basin. Puga et al. (1989) even suggest that local conti-
nental contamination occurred “during the early stages
of the oceanic basin opening or else by their intrusion
along the continental margin of this basin™.

Finally, the significance of the ultramafic bodies is of
great importance for resolving the origin of the mag-
matism and the tectonic evolution of the NFC. In the
Cobdar area, there are no ultramafic rocks associated
with the studied basic rocks. The closest ultramafic
bodies occur some kilometers to the north as serpenti-
nite lenses with very variable size and in the same
stratigraphic position in the upper part of the sequence.
This is also the case for the large ultramafic bodies of the
NFC, that appear in Sierra Nevada and Sierra de Baza
(about 100 km to the west) associated with rodingitized
basic rocks.

Puga etal. (1989) interpreted the serpentinized
ultramafic rocks as sub-oceanic harzburgites. However,
such an interpretation is inconsistent with a recent study
by Trommsdorff et al. (1998) and Puga et al. (1999). The
former authors showed that the serpentinites derive
from lherzolitic compositions, which locally were
transformed to Al-rich harzburgites by extensive ser-
pentinization (loss of Ca, as evidenced by the formation
of rodingites). Based on their study, Trommsdorff et al.
(1998) prefer a sub-continental lithospheric origin of
these hydrated ultramafic rocks. The geochemical char-
acter and the tectonic position of these ultramafic rocks
render it very unlikely that they could represent the
partial melting residua of the basic igneous rocks ob-
served in the NFC. Most likely, the ultramafic lenses
were tectonically incorporated into the NFC well before
the onset of the basic magmatism.

In the following chapters we present evidence that the
occurrence of spatially separated serpentinized ultra-
mafic rocks and basic igneous hypabyssal-to-subvolca-
nic rocks that form gabbroic bodies and dikes do not
constrain an oceanic ophiolite type rock association, but
represent two independent events: tectonic incorpora-
tion of sub-continental lithospheric mantle followed by a
crustal-extension related, basic transition to tholeiitic
magmatism.

Geological setting and field relationships

The majority of the investigated samples belong to the
Sierra de los Filabres and outcrop near Cobdar (Fig. 1).
In this area, eclogites and remnants of the unmetamor-
phosed igneous protoliths occur side by side. The almost
complete lack of deformation permits the observation of

relationships among the different magmaticinjections and
the relations to the surrounding metasediments (Mufioz
1986; Franz et al. 1988). In the nearby village of Lubrin,
the metabasite occurrence is very similar to that of Cob-
dar, although less well exposed (Morten et al. 1987).

The age of the intrusion has been dated with a Rb-Sr
mineral isochrone for an unmetamorphosed gabbro from
the Cobdar area yielding 146 £ 4 Ma (Hebeda et al.
1980). K-Ar determinations on a similar sample from
the same area resulted 174 — 164 = 4 Ma (Portugal-
Ferreira et al. 1988). A middle- to late-Jurassic age of
the basic intrusions in the Mulhacén unit is consistent
with the general tectonic framework of a continental
rifting proposed for the Betic Cordilleras (see De Jong
1991). However, there is still considerable debate on the
subject of how this extensional stage evolved: (1) toward
an open ocean basin (Puga et al. 1989), (2) local oceanic
pull-apart basins (De Jong 1991), or (3) as an aborted
continental rift (Munioz 1986; Franz et al. 1988; Gomez-
Pugnaire 1981).

Lithostratigraphic features
of the intruded metasediments

Basic rocks intrude a (< 1000 m thick) metasedimentary
sequence belonging to the so-called Nevado-Lubrin Unit
(Nijhuis 1964). This sequence is constituted (Fig. 2) by:

1. The Tahal schist formation (Nijhuis 1964). It consists
of a thick (ca. 1000 m) sequence of quartzite layers
(up to 1-3 m thick) alternating with relatively low
proportions of light-colored quartz-feldspar micas-
chists, locally garnet-, chloritoid- and/or amphibole-
bearing. At the base, overlying the graphite-rich
quartzite and micaschist sequence of the basement,
discontinuous, scarce outcrops of metaconglomerates
appear (Egeler 1963; Gomez-Pugnaire et al. 1982;
De Jong and Bakker 1991).

2. The Metaevaporite (MEV) formation (Gomez-Pug-
naire et al. 1994). This is a thin (up to 80 m, usually
less than 20 m) discontinuous formation that overlies
the Tahal schists. It consists of scapolite-gypsum-
bearing marbles (Nijhuis 1964; Voet 1967; Gomez-
Pugnaire 1981; Soto 1993), calcschists, quartzites,
and fine-grained scapolite-gypsum-anhydrite-barite-
bearing metapelites (Gomez-Pugnaire et al. 1994)
that also display the high-pressure assemblage
kyanite-talc-phengite.

3. The Marble and Calcschist formation (Voet 1967). It
consists predominantly of laminated and massive
calcitic and dolomitic marbles (up to 300 m), with
some intercalations of calcschists, quartzites, and
basic and ultrabasic rocks (Lopez-Sanchez-Vizcaino
1994). The modal abundance of carbonate increases
progressively upwards, with a thick (75-100 m)
sequence of almost massive calcitic and dolomitic
marbles at the top. Some layers of carbonate-free,
kyanite-, chloritoid- and staurolite-bearing micas-
chists appear at the base of the formation.
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Fig. 2 a Tectonic map of the Cobdar area showing the tectonic
subdivision of the Nevado-Filabride Complex after Voet (1967) and
modified by Gomez-Pugnaire et al. (1994) (addition of the metaevap-
oritic formation). The location of the Cr-rich layers are taken from
Lopez-Sanchez-Vizcaino (1994); b Litho-stratigraphic column of the
Nevado-Filabride Complex

The marbles and calcschists may show recurrent
intercalations of very thin layers of calcschists consisting
of more than 70 vol% of some unusually Cr-rich min-
erals (epidote, phengite, chlorite, Fig. 2a). The origin of
the high Cr content is related to the occurrence of detritic
grains of chromite (Lopez-Sanchez-Vizcaino et al. 1995).

Structural relationships

Numerous studies have dealt with the structure, the
number of tectonic units, and the nature of the internal
contacts of the NFC, as well as the relationships with the
other units of the Betic complexes (Vissers 1981;
Martinez-Martinez 1986; Bakker et al. 1989; Vissers
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et al. 1995; De Jong 1991; Galindo-Zaldivar 1993;
Jabaloy 1993; Soto 1993 among others). The following
paragraphs concentrate on the cover formations where
the studied basic rocks intruded.

From a structural point of view, the graphite-bearing
metasediments attributed to the Paleozoic and the three
formations described above constitute a single tectonic
unit representing the original stratigraphic sequence of
the NFC (Nijhuis 1964; Voet 1967, Gomez-Pugnaire
1981; De Jong and Bakker 1991; Jabaloy 1993).

There is no proof that the contact between Tahal
schists and MEV formations corresponds to a detach-
ment zone during the main syn-metamorphic deforma-
tional stages or during the post-metamorphic Miocene
extensional faults (Platt 1986; Platt and Behrmann 1986;
Garcia-Duenas et al. 1988; Galindo-Zaldivar et al. 1989;
Platt and Vissers 1989; Aldaya et al. 1991; Comas et al.
1992; Watts et al. 1993). Furthermore, the original
stratigraphic relationships have remained essentially
undisturbed (Gomez-Pugnaire 1981; De Jong and Bak-
ker 1991; Jabaloy 1993; Lopez-Sanchez-Vizcaino 1994).
We favor the interpretation that the penetrative brecci-
ation resulting in gypsum being squeezed out during and
after deformation (Leine 1966) was driven by the con-
trasting rheology of the lithologies involved. Most
probably, this mechanism started immediately after
deposition of the sediments during compaction and
diagenesis.

Igneous rocks

The basic igneous rocks mainly occur in the transition
zone between the Tahal schists and the Marbles and
Calcschist formation (Fig. 2), and less commonly within
the Tahal schists. Most basic rocks consist of unde-
formed, blastoporphyritic, amphibolitized eclogites with
well preserved gabloroidic or doleritic igneous textures.
More rarely, less preserved eclogites occur where augite
relics represent the only remnants of the original igneous
mineralogy.

Locally, weakly metamorphosed or unmetamor-
phosed igneous rocks with the same textural features
occur as patches surrounded by the blastoporphyritic
eclogites. The contact between both lithologies is usually
sharp and easily recognizable in the field by their dif-
ferent colors: green for the amphibolitized eclogites and
dark-brown for the igneous relics. Where unaltered
igneous rocks occur, field relationships unambiguously
indicate that they were the protoliths of the amphiboli-
tized eclogites. These unmetamorphosed igneous rocks
are rare in the NFC: All the known localities are
restricted to the Sierra de los Filabres (Fig. 1), and
especially to the Cdbdar area, where the largest and
most representative outcrops are found.

The intrusive features, still recognizable in the igne-
ous rocks and their metamorphic analogues, such as
chilled margins, flow alignment of phenocrysts and
cooling joint structures, are typical of subparallel mul-
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tiple-injection dikes, crosscutting the Tahal coastal
clastic metasediments, the metaevaporites (Fig. 3a) and
the marbles (GOémez-Pugnaire 1981; Mufoz et al. 1988;
Franz et al. 1988; De Jong and Bakker 1991). Dike
textures range from gabbroic to doleritic with variable
grain-size, to porphyritic, to aphanitic-vesicular with a
very-fine matrix (Fig. 3a—c). The gabbroic rocks consti-
tute the core of the largest dikes (1-20 m thick), whereas
the doleritic rocks are typical of the chilled margins or of
small dikes (up to 1 m thick). The porphyritic and
aphanitic-vesicular facies occur in the thinner dikes
(from 2 to 50 cm; Fig. 3b—d). In the largest dikes (up to
20 m) an increase in grain size is commonly observed
toward the inner parts. Fine- to very fine-grained dole-
rite form the dike margins, and medium- to coarse-
grained gabbroic rocks appear in the internal portions.
The latter have been produced by the differential accu-
mulation of predominantly large olivine and subordi-

Fig. 3 1 Porphyritic dike rock sample that contains abundant large
phenocrysts of plagioclase in a nearly aphyric matrix; 2 Two
generations of dike rocks: The large porphyritic dike is crosscut by
two very fine-grained (nearly aphyric) dikes, one of them displays
phenocrysts (plagioclase) accumulation in the central part (see arrow);
3 Porphyritic dike with rare, small plagioclase phenocrysts crosscut-
ting the metapelites of the Metaevaporite formation (MEV) that
contains (not visible in the picture) abundant scapolite porphyroblasts
and gypsum pseudomorphs; 4 Olivine-rich gabbro (light gray, g)
intruded by several very-fine grained dikes (dark gray, d) that contain
rare plagioclase phenocryst. The white veins are replenished by late
scapolite

nate plagioclase crystals. The occurrence of differential
accumulation of minerals in the central part of the
bodies, and their parallelism to the margins, point
towards an origin controlled by flow differentiation.
Brittle deformation, linked to post-metamorphic joints,
induced the brecciation of some relatively large dikes (2—
3 m thick) and occasionally the formation of rounded
blocks described as pillow-lavas by Puga et al. (1989).
The outcrop features, however, clearly indicate that the
supposed pillow-lavas are merely fragments of porphy-
ritic dikes bounded by joints or even onionskin weath-
ered blocks. The massive vesicular basalts enclosing the
pillow-lavas described by Puga et al. (1989) correspond
to the unbrecciated portion of the same fine-grained
dikes (Gomez-Pugnaire and Mufioz, 1991).

Petrography
Unmetamorphosed basic igneous rocks

Gabbroic and doleritic dikes are massive rocks, with
variable grain size and textures depending on the dike
thickness, the existence of cumulate structures, and the
presence of chilled margins.

1. Coarse-grained gabbroic rocks (average grain
size = 2-3 mm) are cumulate rocks that occur in the
central parts of the largest dikes. Most of these rocks
contain large crystals of cumulus olivine (30-35%)),




and/or plagioclase (30-35%) and sparse ilmenite and
Ti-magnetite in a medium-grained ophitic to sub-
ophitic matrix consisting of clinopyroxene (15-20%),
tabular plagioclase (10-15%), Ti-rich amphibole
(5-10%), and occasionally Ti-rich biotite (0.5-2%).
Olivines appear as dark brown euhedral to rounded,
and rarely skeletal, crystals. Occasionally, olivines are
concentrated in layers alternating with layers formed
predominantly by weakly zoned plagioclase pheno-
crysts. Clinopyroxene has not been observed as a
phenocryst phase. Most frequently, clinopyroxene
forms large poikilitic grains, with colorless or green-
ish cores, reddish rims, and rare sector zoning.
Accessory minerals are chromite and pyrite, mostly as
inclusions in the olivine phenocrysts, and rarely
apatite, zircon and zirconolite.

2. Fine- to very fine-grained doleritic rocks are similar to
the coarse-grained rocks in that they consist mainly
of olivine, and rarely plagioclase microphenocrysts,
set in an ophitic to subophitic matrix of reddish-
brown clinopyroxene, plagioclase, Ti-amphibole and
occasionally olivine and biotite. These rocks include
samples from the chilled margins of the largest dikes
and from the smaller distinct dikes, which do not
generally contain microphenocrysts.

3. Very fine-grained porphyritic rocks (with partially
aphyric mesostasis) occur as dikes crosscutting the
gabbro-dolerite suite (Fig. 3d). They display different
textures depending on the thickness and the exact
localization of the sample within the dike. Flow dif-
ferentiates are common in the central part of the
dikes (Fig. 3b). Large subhedral or even skeletal
crystals of olivine, spinel and, in some cases, plagio-
clase are surrounded by a fine-grained microcrystal-
line- (Fig. 3a), intergranular-, intersertal-, and/or
subophitic-textured groundmass consisting of pla-
gioclase, clinopyroxene, Ti-rich amphibole, ilmenite
and glass. Glomeroporphyritic aggregates of plagio-
clase and less frequently of olivine are common.

Several generations of dike intrusion can be distin-
guished in the outcrops; the aphyric dikes form the
younger dikes. Angular fragments of very fine-grained/
glassy rocks with rare crystal clots of small plagioclase,
and medium-grained doleritic fragments, are sometimes
enclosed in the porphyritic rock types. In some places,
multiply injected porphyritic dikes are separated from
each other by lobate surfaces, suggesting that the injec-
tion of some of the dikes took place before complete
solidification of the previous injection.

Metamorphosed basic igneous rocks

Textural and outcrop features of the blastophyric me-
tabasites are similar to those of the unmetamorphosed
counterparts, but the igneous mineralogy has been
almost completely obliterated during several metamor-
phic events (Gomez-Pugnaire and Fernandez-Soler
1987; Morten et al. 1987; Franz et al. 1988). The earlier
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stages of the Alpine metamorphism produced eclogites
that transformed progressively into blueschist, amphib-
olite, and greenschist mineral assemblages during the
near isothermal decompression concomitant with the
uplift. The contact between metamorphosed and un-
metamorphosed basic rocks is generally sharp and steep.
From field evidence alone, no explanation can be offered
as to why some of these rocks have completely escaped
from metamorphism.

Igneous mineral composition (mineral chemistry)
Analytical methods

Major-element analyses of minerals were obtained by
wavelength dispersive analyses with a CAMECA elec-
tron microprobe at the University of Granada using
synthetic standards. Accelerating voltage was 15 keV
and sample current was 15 nA. Precision was about
+1.5% relative for a concentration of 1 wt%. Mineral
compositions reported in Table 1 are only a represen-
tative selection. The complete data set of mineral
analyses is presented as Tables 1-3 in the Springer
electronic supplementary material accompanying this
manuscript.

Olivine

Olivine is the ubiquitous phenocryst phase in all the
lithologies and, more rarely, it occurs in the ground-
mass. All olivine crystals display a peculiar reddish-
brown pleochroism; the colored olivines either occur as
rims around colorless cores or form entire crystals.
Olivine in the matrix is always brown. This unusual
color is most probably caused by a large quantity of
minute inclusions of chromian magnetite poor in Ti,
similar to that described by Trommsdorff et al. (1998).
However, to date an unequivocal identification of such
inclusions by TEM has not been successful.

Olivine is the liquidus phase in most dikes, as indi-
cated by its euhedral habit and its occurrence as an
inclusion in plagioclase and clinopyroxene. Fig. 4 shows
the variation of Xy, [Mg/(Mg + Fe?™)] of “coexisting”
olivine and clinopyroxene. According to experimental
determinations (e.g. Kawasaki and Ito 1994) the Xy, of
clinopyroxene is higher than that of coexisting olivine at
igneous temperatures. This is true for all the phenocryst-
free doleritic samples and some gabbros, but is strongly
violated by the porphyritic rocks and some doleritic
samples. The olivines of these latter samples exhibit
considerably higher Xy, than clinopyroxene (Table 1)
indicating that such olivines are out of equilibrium with
the clinopyroxenes that are found exclusively in the
matrix. The highest Xy, values (0.83-0.88) correspond
to olivine phenocrysts from olivine-bearing porphyritic
dikes and from the olivine + plagioclase + clinopyroxene
cumulates. The same range of Xy, variation can also be
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Table 1 Representative olivine and clinopyroxene analyses

Sample CC-12 CB-6/3 CH-57 CH-49 CH-49 CB-388 CC-12 CB-6/3 CH-49 CH-49 CB-388
rock dolerite dolerite gabbro gabbro gabbro PH® dolerite dolerite gabbro gabbro PH®
matrix rim core® rim core rim rim core rim rim
SiO, 38.82 38.06 40.41 37.76 40.36 40.58 47.61 48.15 49.75 51.26 45.43
TiO, 0.03 0.03 0.00 0.03 0.01 0.01 3.13 2.68 1.43 1.48 342
ALO3 0.02 0.00 0.04 0.00 0.07 0.08 5.84 5.08 4.34 2.58 7.00
Cr,03 0.01 0.00 0.03 0.00 0.03 0.05 0.31 0.03 0.75 0.04 0.09
Fe,05° 0.00 0.00 0.00 0.00 0.00 0.00 2.26 2.50 1.62 0.99 3.65
FeO 21.86 25.28 12.23 26.05 13.02 11.99 5.12 6.44 5.39 6.38 7.25
MnO 0.31 0.34 0.23 0.42 0.19 0.19 0.14 0.16 0.16 0.22 0.17
MgO 39.25 36.91 46.87 35.47 46.19 47.40 13.52 12.96 14.82 15.05 10.72
NiO 0.10 0.10 0.20 0.09 0.23 0.25 0.00 0.02 0.03 0.03 0.00
CaO 0.26 0.20 0.32 0.12 0.31 0.28 21.28 21.16 20.36 20.70 21.28
Na,O 0.00 0.01 0.02 0.04 0.01 0.01 0.67 0.67 0.58 0.56 0.77
K,0 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02
Total 100.66 100.95 100.34 99.96 100.41 100.85 99.68 99.85 99.07 99.19 99.4
Cations normalized on 4 oxygens (olivine) and 4 cations and 6 oxygens (clinopyroxene)
Si 1.001 0.996 1.000 1.002 0.998 1.802 1.852 1.908 1.722
ALY - - - - - - 0.228 0.198 0.148 0.092 0.278
Al 0.001 0.000 0.001 0.000 0.002 0.002 0.029 0.026 0.043 0.022 0.034
Cr 0.000 0.000 0.001 0.000 0.001 0.001 0.009 0.001 0.022 0.001 0.003
Ti 0.001 0.001 0.000 0.000 0.000 0.000 0.088 0.075 0.040 0.041 0.097
Fe’* - - - - - - 0.063 0.071 0.045 0.028 0.104
Fe?* 0.471 0.553 0.253 0.578 0.270 0.247 0.159 0.202 0.168 0.199 0.230
Mn 0.007 0.007 0.005 0.009 0.004 0.004 0.005 0.005 0.005 0.007 0.005
Mg 1.508 1.439 1.728 1.402 1.707 1.737 0.750 0.723 0.822 0.835 0.605
Ni 0.002 0.002 0.004 0.002 0.004 0.005 0.000 0.000 0.001 0.001 0.000
Ca 0.007 0.006 0.008 0.003 0.008 0.007 0.849 0.848 0.812 0.826 0.864
Na 0.000 0.000 0.001 0.002 0.000 0.000 0.048 0.049 0.042 0.040 0.056
K 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001
XMgd 0.76 0.72 0.87 0.71 0.86 0.88 0.82 0.78 0.83 0.81 0.72
4 Partially metamorphosed sample ©Fe,03 of clinopyroxene recalculated on the basis of stoichiometry
® PH porphyritic sample and charge balance -
“Xmg = [Mg/(Mg + Fe™7)]
0.90 found in single-zoned olivine phenocrysts. These olivines
are primocrysts, originating from earlier differentiation
° o stages and have accumulated during subsequent differ-
c (i entiation. Crystal retention ultimately led to the
0.85 Oc‘C extremely Mg-enriched character of some bulk rock
o ’:t ° L oc samples. The plot of forsterite content versus Xy, of
% To ‘CC E-Cc bulk-rock (Fig. 5) shows that the compositions of oli-
= ¢ .+ E vine usually plot below the experimentally derived par-
2 080 + n ca titioning relationship between olivine and basaltic liquid
S A Iﬂ!q"c (Roeder and Emslie 1970; Ulmer 1989). Such relation-
o eeo U 0 ships indicate an accumulation of early-crystallized
E @ dolerites olivines. In rocks with seriate porphyritic textures, a
075 1o gabbros continuous decrease in Xy, of olivine from the large
orohvritic phenocrysts to the matrix-grains is observed, indicating
A gangp?és A a partial equilibration of the primocrysts with the matrix
cumulate A compositions. NiO content in olivine decreases with
+ gabbros A differentiation from 0.26 wt% NiO (Xp, = 0.86) in the
070 L .. _ o . .
T - - most Mg-rich rocks (olivine-bearing porphyritic dikes
065 070 075 080 08 090 and cumulates) to less than 0.1 wt% NiO in the more
XMyg (olivine) evolved dolerites and plagioclase-bearing porphyritic

Fig. 4 Partitioning of Xy, [=Mg/(Mg + Fe?*)] between olivine
and clinopyroxene. The line indicates equal Xy, of olivine and
clinopyroxene. Samples plotting below the line (low Xy, of the
clinopyroxene relative to that of olivine) indicate disequilibrium
(¢ = core of the olivine crystals)

rocks (Xg, = 0.68-0.75). The compositional variations
of olivine are consistent with crystallization from near
primary mantle-derived basalt magmas and subsequent
low-pressure differentiation (e.g. Simkin and Smith
1970).
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Fig. 5 Partitioning of Xy, between olivine and the bulk. The line
corresponds to the equilibrium partitioning between olivine and liquid
at 1 bar (Roeder and Emslie 1970; Ulmer 1989). Samples plotting
below the equilibrium line indicate olivine accumulation

Clinopyroxene

Clinopyroxene (cpx) composition ranges between
Woyi_44, Enszs_47, and Fs;_jg3 (Table 1). Clinopyroxenes
show strongly variable Al,O; (2.58-7.00 wt%) and

Fig. 6 Variations of clinopy- 0124 a)
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TiO, contents (0.95-4.00 wt%) and high CaO (19.66—
21.84 wt%). The compositional range of Ti covers —
almost completely — the field of within-plate alkaline
rocks (e.g. Nisbet and Pearce 1977; Leterrier et al. 1982;
Azambre et al. 1992) (Fig. 6a, b). The excellent posi-
tive correlation between AlI"Vand Ti (Fig. 6¢) with
AI"Y/Ti=3 indicates that the incorporation of Ti in
clinopyroxene can exclusively be attributed to a
Ti-Tschermak’s substitution plus an additional
Ca-Tschermak’s subtraction. Xy, of cpx correlates
negatively with Al'Y and Ti (Fig. 6b, d). Such correla-
tions are common in basaltic clinopyroxenes reflecting
the preference of Mg”*over Fe’" in the M, site and
hence the preferred exchange of Mg during Tscher-
mak’s substitution.

The Ca-rich composition of the clinopyroxene, as
well as the lack of orthopyroxene or pigeonite exolution
lamellae, indicates low SiO, activity in the melt during
crystallization of the Ti-Al'V-rich cpx. Such composi-
tional relationships are typical of low-pressure cpx
crystallized from transitional to alkaline basalts (e.g.
Gupta et al. 1973). High Al- and Ti-clinopyroxene have
also been interpreted as the products of quench crys-
tallization during rapid cooling (Schiffman and Lofgren
1982). However, experimentally produced quench clin-
opyroxenes display not only high Al and Ti contents,
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but low Ca-contents, not observed in the samples
investigated (e.g. Sisson and Grove 1993).

The most primitive clinopyroxene compositions refer
to the core of large poikilitic crystals from gabbros and
dolerites. These crystals display pale green color and Si-,
Mg- and Cr- (up to 1 wt%) rich cores rimmed by pink
Al-, Ti-, Na-rich mantles (Fig. 6b, d). Matrix clinopy-
roxenes in the porphyritic dike rocks are always Al-
Ti-rich (see Table 1). Similarly, zoned clinopyroxenes
are relatively common in alkaline basalts; they are in-
terpreted as early liquidus phases in equilibrium with the
host liquid at high pressures or alternatively as xeno-
crysts of mantle origin (e.g. Duda and Schmincke 1985;
Dobosi 1989). The lack of xenoliths other than those of
crustal origin in the studied rocks and the often euhedral
shape of the low-Al"Y cores argue for a low-pressure
origin. Cr-clinopyroxene systematically forms the core
of large crystals and exhibits high Mg (X = 0.75-0.88)
and Cr contents (0.019-0.021 p.f.u.). This suggests that
such cpx cores are early precipitates (probably formed at
higher pressure than the rims) from near primary
liquids.

Plagioclase

Plagioclase compositions in the dolerites ranges from
Any; to Anjy, comparable to the range (Angg—Ansg)
found in the phenocrysts from the olivine- and plagio-
clase-bearing porphyritic rocks, and from the gabbros.
The large range of plagioclase compositions observed in
these samples suggests that the matrix and intercumulus
plagioclase crystallized under near equilibrium condi-
tions from their respective liquids. Usually plagioclase
microlites show normal zoning with cores up to
15 mol% An richer than the rims. The largest plagio-
clase crystals from gabbros occasionally exhibit oscilla-
tory or reverse zoning patterns. Rare albitized rims
(Ans_g) are observed. Plagioclase phenocrysts in most
of the porphyritic rocks, however, display penetrative
albitization that renders impossible the microprobe
analyses of these samples.

Amphibole

Amphiboles systematically overgrow and mantle pre-
existing clinopyroxene. They are kaersutites (Xy, =

0.60-0.80, Ti = 0.50-0.70 a.p.f.u.) and brown Ti-rich
hastingsites (Xyig = 0.62-0.58, Ti = 0.15-0.48 a.p.f.u.).
They occasionally display a rim of green amphibole of
variable composition, which may have formed during
metamorphism (X, = 38-96, Ti = 0.02-0.11). Igneous
amphiboles do not show continuous trends but exhibit a
limited variability in Xy, that is very restricted com-
pared with the compositional variation observed in oli-
vine and clinopyroxene. The lack of sympathetic trends
with olivine or clinopyroxene might reflect formation of
the amphiboles near the solidus or in the subsolidus by

solid state reactions driven by increasing water pressure
at the final stage of crystallization.

Biotite

This is a rare mineral which appears as thin and dis-
continuous rims on amphibole and lacks any distinct
zoning pattern, but varies in composition from grain to
grain. The compositions range from Ti-bearing phlo-
gopite to Fe-poor biotite (Xy, = 0.58-0.84, Ti = 0.13—
0.53 a.p.fu.).

Oxide minerals
Chromiferous spinels

Chromium-rich spinels occur as euhedral inclusions in
olivine primocrysts and more rarely as matrix constitu-
ents. The spinel compositions vary from picotite [yc, =
Cr/(Cr + Al) =0.18; Xpe =0.70] to ferro-chromites
(ycr = 0.55; X = 0.16). Coexisting olivine-spinel pairs
show systematic variations: A negative correlation of the
forsterite content with yc, (spinel) is consistent with
continuous equilibration of olivine and spinel during
differentiation (Fig. 7). Highly evolved liquids crystal-
lizing olivine Fo4¢ contain ferro-chromites, whereas near
primary liquids (Fogg) contain picotitic spinels that
suggest temperatures of ca. 1200 °C for the olivine-
spinel Fe-Mg exchange geothermometer (Fujii 1977;
Engi 1983; Li et al. 1995).

Fe-Ti oxides

Ilmenite and subordinate ulvéspinel form the oxide
paragenesis in the matrix of the primitive to evolved
basic dikes. Coexisting ilmenite and ulvéspinel pairs
from a primitive porphyritic dike rock (CH-32, Fogg)
have been used to calculate temperatures and fo,
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Fig. 7 [Cr/(Cr + Al)] of spinel as a function of the forsterite content
of coexisting olivine. For explanation see text



conditions during the crystallization of the matrix il-
menite and ulvéspinel using the Fe-Ti oxide thermom-
eter-oxybarometer (Spencer and Lindsley 1981;
Anderson et al. 1991). Conditions of approximately
1200 °C and logfo, of =9 have been obtained. The fo,
conditions correspond to NNO -1 log unit, a value
typical for transitional basalts and OIB (e.g. Carmichael
1991; Ballhaus 1993). The high crystallization tempera-
tures inferred from olivine-spinel and ilmenite-ulvospi-
nel thermometry are typical for basalt magmas with
relatively low H,O contents.

Bulk rock compositions
Analytical methods

Major-element determinations were performed by X-ray
fluorescence after fusion with lithium tetraborate. Pre-
cision was typically better than +1.5% for a concen-
tration of 10 wt%. Zirconium was determined by X-ray
fluorescence (XRF) on pressed pellets, with a precision
better than +4% at 100 ppm level. Trace-element
determinations were done by inductively coupled plasma
emission mass spectrometry (ICP-MS) after HNO; + HF
digestion of 100 mg sample powder in a Teflon-lined
vessel at ~180 °C and ~14 bar during 30 min, evapo-
ration to dryness, and subsequent dissolution in 100 ml
of 4 vol% HNO;. Instrument measurements were
carried out in triplicate with a PE SCIEX ELAN-5000
spectrometer using Rb as internal standard. Precision
was better than +2 relative % and =+5 relative % for
concentrations of 50 and 5 ppm, respectively.

87Sr/%°Sr and **Nd/'**Nd analyses were performed
using a Finnigan MAT 262 RPQ spectrometer after
separation by ion-exchange resins. External precision
(20) measured in ten replicates of the standard WS-E
(Govindaraju et al. 1994) was approximately +0.003
relative % for %’Sr/*®*Sr and +0.0026 relative % for
"INd/Nd. ¥Rb/*Sr and '*’Sm/"*Nd proportion
were obtained by ICP-MS, with an external precision
(20) better than =+ 1.2 relative % and =+0.8 relative %,
respectively.

Selected samples

Most of the selected samples have only suffered moderate
metamorphism, but a small number have been almost
completely transformed during metamorphism with only
occasional preservation of some relict igneous clinopy-
roxene. In all cases there is no visible deformation. Some
of the non-metamorphic samples display hydrothermal
alteration that produced albitization of the plagioclase
phenocrysts in the porphyritic rocks that lead to forma-
tion of very-fine-grained aggregates in the matrix.

The metamorphosed igneous rocks are represented
by remnants of omphacite + garnet + zoisite/clino-
zoisite = glaucophane + paragonite eclogite assem-
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blages that were largely replaced by barroisite +
garnet + epidote + albite = phengite (£ paragonite)
assemblages. Some samples display additional greens-
chist facies mineral assemblages. These rocks are not
deformed and the metamorphism is believed to be
related to the same alpine metamorphism of high-
intermediate pressure and low temperature observed
in the surrounding metasediments (Gomez-Pugnaire
and Fernandez-Soler 1987; Bakker et al. 1989; among
others).

Major and trace element geochemistry

Despite the strong metamorphism of some specimens, all
the metamorphosed samples show major-element
chemical compositions that are essentially indistin-
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Fig. 8 a Normative classification diagram (after Yoder and Tilley
1962) of the Nevado-Filabride mafic rocks. Note the effect of the
olivine accumulation and the higher degree of undersaturation of the
samples from the high-P (Ti) basalts; b Total alkalis-silica (TAS)
classification diagram for the basic rocks of the Nevado-Filabride
Complex (after Le Bas et al. 1992). The broken line separating the
alkaline and subalkaline series is taken from Irvine and Baragar
(1971). The most alkaline compositions correspond to the high-P

group
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guishable from the unmetamorphosed samples. The
Nevado-Filabride basic igneous rocks can be classified
as alkaline basalts and basanites on the basis of their
normative composition (Fig. 8a) (up to 17% Ne,
assuming Fe,O3;/FeO = 0.15, Table 2 and also Table 4

presented as electronic supplementary material) and the
classification of Yoder and Tilley (1962). Only two
samples (BM-1 and CC-12) with normative hypersthene
(1.4-3.1%) correspond to olivine-tholeiites. In the clas-
sification diagram SiO, vs Na,O + K,O (Fig. 8b; Le

Table 2 Major (wt%) and trace element (ppm) contents of selected samples of Nevado-Filabride mafic rocks. PH porphyritic sample;
Xy = [(Mg/Mg + Fe? )] assuming Fe,0;3/FeO = 0.15; Ne, Di, Hy, Ol CIPW-normative nepheline, diopside, hypersthene, and olivine

Sample — & ) ° o o L i 2 ~o = ~ Y 2 %o o «
ST B Rt Rt B et Bt el e O
e $E T8 2% O5 05 0% O% ©OfL T% OF OF ©% <8 3% OF &F
Sio, 47.10 4822 48.54 4832 4772 4892 49.15 47.99 4739 4946 46.06 4545 44.38 4578 45.73
TiO, 122 172 124 154 159 201 209 201 - 1.65 221 116 101 147 084 130
ALO,  17.30 1595 16.66 16.55 1685 17.30 1631 1683 — 1635 1925 14.69 14.18 1042 1575 14.54
Fe,Ostot 11,72 11.60 11.74 10.67 1028 853 929 10.06 - 9.99 842 11.36 11.67 1270 11.02 10.94
MgO 837 9.4 805 884 931 796 821 754 — 1000 524 1570 17.00 21.65 15.12 14.10
MnO 0.18 0.5 016 015 0.14 007 015 0.10 - 0.08 008 016 0.16 020 017 0.16
CaO 1049 923 991 937 938 886 897 1033 — 930 941 788 757 636 841 986
Na,O 297 344 312 354 377 544 394 422  — 428 507 245 243 217 260 295
K,0 052 036 043 067 072 058 146 056 - 069 050 037 036 043 020 026
P,0s 012 0.8 015 017 024 032 043 037 - 028 036 017 016 022 010 0.17
Total  99.99 99.99 100.00 99.82 100.00 99.99 100.00 100.01  — 100.01 100.00 100.00 99.99 100.00 99.99 100.01
X g 062 064 061 065 067 068 067 063 - 070 059 076 077 080 076 0.75
Ne 175 119 - 203 441 989 401 595 - 771 573 - 0.60 1.05 1.13 457
Li 9.9 53 159 179 304 266 258 72 — 759 466 80 429 105 43 293
Cs 0.8 02 04 06 07 07 16 03 - 1.4 08 04 16 07 06 28
Be 0.8 10 06 07 10 14 14 05 - 1.5 16 06 10 09 05 07
Rb 6.4 50 47 105 9.5 51 153 43 - 8.2 80 57 62 55 31 3.1
Sr 2145 275.6 4292 321.1 296.8 2902 472.0 267.6 3230  640.5 276.1 261.4 278.1 2202 320.8
Ba 213.5 450 1172 954 1129 1474 2007 28.5 ~ 1839 582 350 533 544 196 409
Sc 411 246 389 336 357 40.1 384 286 ~ 301 286 31.1 192 206 254 312
\% 2237 177.1 1825 1623 1747 211.6 2294 107.9 2000 221.0 1324 1268 1733 1412 162.6
Cr 250.0 5422 2315 260.5 3482 2425 3315 7652 5223 1562 7266 877.4 707.5 881.8 623.9
Co 69.3 655 708 645 772 743 776 923 ~ 481 666 1050 850 919 828 797
Ni 143.0 2240 1419 169.7 202.0 1299 1740 505.0 — 2324 645 451.0 477.0 581.0 423.0 456.0
Cu 1000 851 131.5 29.1 60.5 300 84.6 102.3 ~ 106 161 103.5 849 599 885 813
Zn 754 968 1644 1224 147.6 988 181.5 124.4 ~ 331 175 1660 70.6 1032 783 693
Ga 162 178 165 17.1 172 178 182 132 ~ 174 206 144 137 126 137 131
Y 257 177 213 182 235 273 304 139 ~ 252 298 171 145 141 162 20.6
Nb 32 66 65 81 99 1901 21.0 100 46.06 11.6 - 6.9 67 134 46 39
Ta 0.3 06 08 07 12 20 16 38 143 12 - 07 30 16 07 04
Zr 940 1160 100.0 93.0 1250 188.0 2140 186.0 1596 189.0 - 86.0 90.0 1180 66.0 101.0
Hf 2.4 34 29 34 34 50 59 41 1123 48 - 19 20 22 13 27
Mo 0.5 10 05 05 08 06 03 07 1100 05 - 08 09 14 05 0.1
Sn 2.5 07 20 26 26 30 27 21 019 00 - 25 12 12 1.0 15
Tl 0.1 0.1 01 01 0.1 00 01 00 973 0.1 - 01 01 00 00 00
Pb 1.8 09 269 58 86 37 85 29 318 12.0 - 44 18 21 20 5.1
U 0.1 0.1 01 02 02 05 03 02 08 04 - 02 02 02 01 0.1
Th 0.6 04 05 06 09 13 09 06 036 1.1 - 07 06 04 03 03
La 4.6 54 59 65 88 140 169 53 100.01 12.0 - 63 68 65 27 43
Ce 123 133 156 161 227 364 419 133 069 283 - 161 148 152 68 114
Pr 1.8 19 23 22 32 46 55 19 536 38 - 22 18 21 Lo 17
Nd 8.5 92 106 107 149 220 251 88 626 16.1 - 105 81 91 47 86
Sm 2.7 30 31 32 40 54 61 24 19 41 - 28 21 24 14 26
Eu 1.0 1.1 09 09 1.1 13 15 07 13 14 - 08 08 09 06 10
Gd 35 36 36 37 42 51 61 25 139 45 - 20 24 30 21 3.1
Tb 0.6 06 06 06 07 07 10 04 4473 0.8 - 05 04 05 04 06
Dy 4.2 32 39 36 43 51 59 26 2131 43 - 30 25 27 26 37
Ho 1.0 07 08 07 09 1.0 1.1 05 243 09 - 07 05 05 06 08
Er 2.7 1.7 22 19 24 28 30 14 1964 24 - 18 14 15 1.7 21
Tm 0.4 02 03 03 03 04 04 02 4232 04 - 03 02 02 03 03
Yb 2.7 15 20 17 21 24 23 13 522 24 - 16 13 12 18 21
Lu 0.4 0. 03 02 03 03 03 02 1983 04 - 02 02 02 03 03
Di 150 140 144 145 143 165 153 188 124 163 - 80 76 99 81 173
Hy 0.0 00 31 00 00 00 00 00 5.7 00 - 14 00 00 00 00
ol 190 200 165 189 191 139 155 138 158 188 - 334 366 442 327 27

4 Samples without metamorphic overprint



Bas et al. 1992) the samples plot again in the fields of
basalts and trachybasalts (hawaiites), near and above
the subalkaline-alkaline line of Irvine and Baragar
(1971). A good positive correlation between SiO, and
total alkalis is observed; the correlation of Na,O with
SiO, is considerably better than that of K,O (see
Fig. 9e, f). The alkali contents are within the normal
values for basalts. This suggests that the alkali content
for most of these rocks was not dramatically modified by
metamorphic or other post-magmatic process. Similarly
Rb/Sr vs Rb/Nb and K,O/Nb vs Rb/Nb relationships
are characterized by good positive correlations suggest-
ing that the alpine metamorphism did not seriously
disturb the LILE vs HFSE relations of the basic igneous
rocks (Fig. 11c, d).

The Ti/V ratios of 30-60 (Fig. 11f) is consistent with
an alkaline to transitional magmatic affinity (Ti/V
between 50 and 70) (Shervais 1982). Samples with lower
Ti/V ratios in the order of 30-50 and hence with a more
tholeiitic affinity are observed in unmetamorphosed and
strongly metamorphosed specimens, irrespective of the
lithological group. The negative trends for Ti (and V)
versus MgO (Fig. 9b) and Mg-number [Xy;, = molar
MgO/(MgO + FeO)] indicate that the rocks have not
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been affected by important Fe-Ti oxide and/or horn-
blende fractionation. The samples define linear trends
with constant Ti/V (Fig. 11f) suggesting that differenti-
ation of these magmas was dominated by olivine+
plagioclase fractionation (Shervais 1982).

The studied basic rocks have Mg-numbers ranging
from 0.56-0.80. The highest MgO contents (17.79—
22.60 wt%) are exclusive to cumulates with coarse-
grained gabbroic textures (hereafter referred as cumu-
late-gabbros). Some olivine-chromite-rich dolerites with
MgO between 11 and 21 wt% are also cumulitic in
origin. The variability of the Mg-number in the non-
cumulitic samples is restricted (0.59-0.70). These rock
samples do not define a good correlation between most
major and minor elements and Mg-number. These
results are supported by the small variability of
the chemical composition of the main minerals. The
apparent near-linear negative correlation between MgO
and elements such as SiO,, TiO,, and Al,O5 (Fig. 9a,
b, ¢) does not reflect the liquid line of descent of the
magmatic suite investigated, but it results from the
variable accumulation of olivine = Cr-spinel. The linear
correlation between MgO and Ni (Fig. 10a) is clearly
indicative of olivine accumulation as opposed to a hy-
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perbolic trend produced by fractional crystallization
(Hart and Davies 1978).

However, more detailed inspection of the MgO-
variation diagrams reveals that the non-cumulitic sam-
ples (as defined by petrographic data) cover a range in
composition for incompatible HFSE elements, Th and
LREE that is best observed for P,Os, TiO,, Nb, Zr, Th,
La. (Figs. 9 and 10). The two distinct groups of basaltic
rocks are also apparent in trace element ratio diagrams
such as La/Yb vs MgO (Fig. 10h), Rb/Sr vs Rb/Nb
(Fig. 11¢), and in the Y vs Z diagram (Fig. 11b). In some
diagrams, e.g. Rb/Sr vs Rb/Nb, the samples plot along
two different lines or occupy distinct fields (e.g. Y vs Zr).

These contrasting geochemical features could stem
from two different processes:

1. Fractional crystallization controlled by different
mineral assemblages co-precipitating from a nearly
identical parental alkaline to tholeiitic basaltic mag-
ma. Such a process would be supported by the rather
peculiar differentiation trends of decreasing HFSE
patterns with increasing differentiation (decreasing
MgO and Xy,). As opposed to most studies, where
the HFSE content increases with differentiation (e.g.
Sweeney et al. 1994) or form distinct groups over the
entire differentiation interval, opposite trends start-
ing from a ‘common parent’ around 10 wt% MgO
are observed in the basaltic rocks of the Betic
Cordillera. This feature is obvious when one com-
pares the Zr/Y vs MgO diagram (Fig. 10f); Sweeney
at al. (1994; their Fig. 12b observed separate groups
at MgO-contents <6 wt%, whereas in our Fig. 10f)
we observe convergence at about Xy, = 0.7, corre-
sponding to a MgO-content of 9-10 wt%. The sep-
aration in two different groups can best be observed
in the P,Os5 vs MgO and TiO, vs MgO diagrams
(Fig. 9b and d) and hereinafter they are called low-P
and high-P group. The limiting concentration has
arbitrarily been set at a P,Os content of 0.25 wt%
(see also Table 2). The decrease of HFSE in the low-
P group demands the precipitation and fractionation
of HFSE-rich minerals such as Fe-Ti-oxide (ilmen-
ite), apatite, and zircon. This is not really supported
by petrographic observation as all these accessory
phases only occur in the matrix as relatively late
precipitates.

2. An alternative explanation for temporally and spa-
tially associated low- and high-P (and Ti) basaltic
suites, not uncommon in continental basaltic prov-
inces (e.g. Hawkesworth et al. 1983; Ellam and Cox
1991; Sweeney et al. 1994), is that they derive from
different primary magmas. They may originate,
respectively, from depleted MORB (mid-ocean ridge
basalts)-type asthenospheric mantle sources and
more enriched mantle sources incorporating metaso-
matically modified lithospheric components.

Trace element variation and ratio diagrams support
the occurrence of two distinct magma types in the
Nevado-Filabride basic igneous rocks: the V vs Ti

(Fig. 11f), (La/Yb)n vs MgO (Fig. 10h), Zr vs Hf, Y vs
Zr and Rb/Sr vs Rb/Nb (Fig. 11a—) diagrams reveal a
clear separation into two different groups. The Zr/Y vs
Zr/Nb diagram often used to discriminate different po-
tential mantle sources (Fig. 11e) shows considerable
scatter with the low-P group trending versus N-MORB
type values and the high-P group scattering versus an
OIB-type mantle. Additionally, the samples show a
tendency versus enriched mantle sources, possibly a
metasomatized lithospheric component.

The REE diagrams (Fig. 12a, b, c) reflect the overall
trend: samples from the low-P group have a generally
flatter REE pattern and lower abundances of (chon-
drite normalized) LREE than the high-P group sam-
ples. The cumulate rocks have a variable REE
distribution pattern; they reflect the variable propor-
tions of cumulus phases and high- or low-P intercu-
mulus liquid. The arrangement of the samples is not
always according to their differentiation index: The
low-P sample CHE-1 (Xy, = 0.61) contains consider-
ably lower LREE concentration than the less differen-
tiated samples CC-3 or CEC-3 (Fig. 12a). In addition,
the sample CHE-1 exhibits higher HREE contents than
the other two samples resulting in a rotation of the
REE pattern. Sample CHE-1 exhibits very low abun-
dances of HFSE elements and plots closest to the N-
MORB composition in the Zr/Y vs Zr/Nb diagram
(Fig. 11e). Some of the spread observed in the REE
diagrams is probably inherited from a variable mantle
source (and possibly a variable degree of partial melt-
ing, see below) and does not result from differentiation.
The high-P samples follow more closely a differentia-
tion dominated trend of increasing (La/Yb)y with de-
creasing Xy, strongly inclined REE patterns [(La/
Yb)n = 3-5] and increasing overall REE abundances as
expected in ‘“‘normal” tholeiitic or alkaline differentia-
tion. The sample CC-18 clearly falls out of the general
trend: the relatively differentiated composition
(xMg = 0.63) contrasts with its low REE abundance.
The sample contains very high Cr, Co, and Ni content
(770, 92, and 505 ppm) that indicate a considerable
amount of accumulated olivine. CC-18 does not reflect
a liquid composition but is rather a cumulate with
highly differentiated intercumulus liquid.

The HREE contents of both, high- and low-P sam-
ples are lower than that of E-MORB basalts and OIB
basalts (Sun and McDonough 1989; McKenzie and
O’Nions 1995) probably reflecting the presence of garnet
in the source during partial melting. La/Nb ratios con-
sistently <1 (Table 4) can be produced by relatively low

Fig. 10 Variation of selected minor and trace elements of the
Nevado-Filabride mafic rock as a function of the MgO content.
Linear arrays in the Ni and Cr diagrams are indicative of
olivine + chromite + clinopyroxene accumulation. The separation
in two different groups (low-P and high-P basaltic rocks) is evident in
the Zr, Nb, Th, and La diagrams. h Normalized (La/Yb) ratio vs
MgO (normalization values were taken from Sun and McDonough
1989). See text for further explanation. Symbols as in Fig. 9
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degrees of partial fusion from a garnet-bearing source
and it is consistent with the LREE enrichment.

The trace element variations diagrams (Fig. 13a, b, ¢)
confirm the observations made for the REE pattern and
are in agreement with the general observation that the
investigated igneous rocks most probably form part of a
continental igneous suite resembling continental basalts
erupted in rift zones and flood basalt provinces (e.g.
Hergt et al. 1991; McKenzie and O’Nions, 1995). The
overall trace element variation shows a modest increase
from the compatible to moderately incompatible
elements to the highly incompatible LREE elements.
Alkaline elements and Ba show a wide range of scatter
(see patterns displaying negative and positive Ba
anomaly in Fig. 13) probably related to subsolidus
alteration and metamorphic overprint.

Sr-Nd isotope geochemistry

Sr and Nd isotopes have been measured on a variety of
samples from cumulitic and non-cumulitic rocks, fresh
and strongly overprinted specimens, and low- and high-P
basalts. The analytical results are given in Table 3 and
presented in Fig. 14. ¢éNd (Fig. 14a) varies within a very
restricted range of 7.66 to 8.62 with one exception (CH-
34, eNd + 6.52) that might be the result of crustal con-
tamination. Sr is raised from ®’Sr/*°Sr =0.7026 to
0.7061. Such a horizontal shift of *’Sr/**Sr in the eNd vs
eSr diagram results most probably from carbonate
contamination during emplacement or subsequent meta-
morphism. The ¥'Sr/*Sr vs 1/Sr diagram (Fig. 14b)
reveals that the increase of ¢Sr negatively correlates with
1/Sr. This is the inverse of the pattern normally observed
for contamination with granitic contaminants of conti-
nental origin that exhibit low Sr (high 1/Sr) abundance.
The contaminant has high ®’Sr/*®Sr and high Sr abun-
dances, but very low Nd abundances as the Nd isotopes
are not affected at all. Carbonates (or seawater) have
these geochemical characteristics. The sample CH-34,
which plots off the general trend in Fig. 14a, has rather
low Sr-content, but nevertheless shows increased &Sr
accompanied by low ¢éNd. This sample, as an exception,
might have suffered crustal contamination. The uncon-
taminated samples (CB 41/12, CH-49, CC-12, and CH-
11) define a restricted area in ¢Nd — &Sr space, which
coincides with the most depleted values observed for
PREMA (prevalent mantle; Zindler and Hart 1986),
typical for continental basalts and OIB, but less depleted
than present-day MORB. The observed compositions
are consistent with a time-integrated, depleted, and
subcontinental lithospheric mantle source that suffered
variable degrees of metasomatic incompatible element
enrichment. Such isotopic relationships are often
observed in continental and oceanic alkaline and tran-
sitional basalt associated with a crustal extension lacking
evidence for a plume-related mantle source (e.g.
McKenzie and O’Nions 1995).

Characterization of the mantle sources

REE abundances and the shape of the REE distribution
patterns have been used to characterize the potential
mantle source and to constrain the amount of partial
melting that lead to the formation of the primary
basaltic magmas (such as CH-31A).

Batch melting calculations have been performed
assuming a primitive mantle source with chondrite
normalized (La/Yb)cn =1.000 and (YDb)en = 2.900
(Sun and McDonough 1989) and a variety of peridotite
residua varying from garnet lherzolite to garnet (-spi-
nel)-free lherzolite, with melting percentages up to 50%
(Fig. 15). The results indicate that the near primary
rocks investigated in this study could have been pro-
duced by approximately 5-12% melting from a garnet-
bearing (maximum 2%) lherzolite. These results are
consistent with the observed REE-patterns, the low
values of the (La/Nb)py; (mean 0.88 + 0.22, range 0.48—
1.58; Thompson and Morrison 1988), and the high Nd
and low Sr isotopic compositions, pointing towards a
previously depleted subcontinental lithospheric mantle.
The low-P (and Ti) basalts correspond to the higher
degree (8-12%) melting with respect to the high-P (and
Ti) basalts (5-8%). The results are consistent with recent
partial melting experiments on dry, fertile (MORB-
pyrolite) spinel and garnet-bearing peridotites (e.g.
Falloon et al. 1988; Robinson and Wood 1998): Up to
14% partial melting nepheline-normative basaltic melts
are produced. Only at higher melting percentages do the
partial melts become enstatite-normative.

Discussion and conclusions

The Nevado-Filabride metabasites, their geochemical
character, and the tectonic setting in which they intruded
are the subject of an ongoing extensive discussion. Ori-
gins proposed for these rocks can be grouped essentially
in two main hypotheses: (1) they formed during a con-
tinental rifting stage (Vegas and Muifioz 1986; Muiioz
1986; Franz et al. 1988; Gomez-Pugnaire and Mufioz
1991) or (2) they originated as dismembered parts of
oceanic crust (Bodinier et al. 1987; Puga et al. 1989).
Obviously, these hypotheses have different implications
concerning the pre-metamorphic scenario of the Betic
complex.

This controversy on the magmatic history of the
Nevado-Filabride metabasites originates from the fol-
lowing facts: (1) basic igneous rocks constitute only a
very small percentage of the total volume of the Nevado-
Filabride materials and they always appear as dis-
continuous and strongly deformed bodies; (2) the
metabasites, as well as the metasediments, underwent a
high grade metamorphic overprint that obliterated most
of the igneous features, and the pre-metamorphic rela-
tionships between the lithologies; (3) the geochemical
affinity of the magmatism is ambiguous, because it can
occur in both oceanic and continental settings; (4) the
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Table 3 Sr and Nd isotope data for selected samples of the
Nevado-Filabride mafic rocks. PH Porphyritic sample; Rb, Sr,
Sm and Nd contents measured by isotopic dilution; %7Sr/*®Sr,
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143Nd/144Nd are present day values; &Sr;so and e¢Nd;s are calcu-
lated assuming an age of 150 Ma

Sample Rock Rb ppm Srppm Rb/5Sr  ¥Sr/*°Sr  Sm ppm Nd ppm '*Sm/'Nd 'Nd/'"Nd &Sr;s eNd,so
CB-41/12" dolerite 7.9 267.7 0.085 0.70268  2.53 9.31 0.1640 0.51303 -25.7 8.2
CcC-12* dolerite 2.9 256.5 0.032 0.70269  2.33 8.68 0.1626 0.51303 -24.0 8.2
CC-15* dolerite  14.1 453.7 0.090 0.70379  4.87 19.69 0.1497 0.51303 -10.0 8.5
CC-19 dolerite 3.3 386.9 0.025 0.70530  4.54 17.94 0.1529 0.51302 134 8.4
CH-11* dolerite 7.7 278.5 0.080 0.70266  3.01 9.73 0.1872 0.51305 -25.8 8.2
CH-34* dolerite 5.6 203.3 0.080 0.70340  2.59 7.78 0.2015 0.51298 -15.3 6.5
CH-41* dolerite 11.2 451.4 0.072 0.70417  4.10 15.81 0.1567 0.51301 —4.1 7.9
CC-11 gabbro 4.0 324.6 0.036 0.70369 3.10 10.80 0.1736 0.51301 -9.9 7.7
CH-49* gabbro 32 201.7 0.046 0.70266 1.79 5.95 0.1817 0.51302 -24.9 7.8
CH-40 PH 5.5 707.3 0.022 0.70612  7.18 28.95 0.1499 0.51303 25.0 8.6

#Samples without metamorphic overprint

limited number of radiometric ages for the metabasites;
and (5) the appearance of rodingitized dikes of basic
rocks crosscutting the largest ultramafic bodies of the
complex, which has been used to infer an ophiolitic
sequence. Nevertheless, there are sufficient field and
geochemical data to support alternative interpretations.

In the following discussion we propose that the origin
and tectonic setting of the basic magmatism of the NFC
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Fig. 14 a &Sr vs ¢Nd isotope diagram of the Nevado-Filabride mafic
igneous rocks. The mantle components (PREMA, HIMU, and
MORB) are taken from Zindler and Hart (1986); b Plot of %’Sr/*®Sr
ratios versus the reciprocals of the strontium concentration. For
explanation see text

is consistent with the rifting hypothesis outlined above.
This interpretation is based on (1) the character of the
sedimentary sequence in which the basic rocks intruded;
(2) the field relationships between sediments and igneous
rocks in the Cobdar area; and (3) the geochemical con-
straints presented previously.

The shallow-marine character of the sediments

All sedimentary formations (Fig. 2) of the Cobdar area
preserve sedimentary and mineralogical features consis-
tent with shallow-marine to epicontinental depositional
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Fig. 15 Chondrite normalized (La/YDb)y vs (Yb)n diagram showing
the composition of primary liquids generated by various degrees of
batch melting of a starting composition (PM) with (La/Yb)n = 0.9996
and (Yb)n = 2.9000 that corresponds to the primitive mantle of Sun
and McDonough (1989). Each curve represents a different residual
mineral assemblage. The envelopes of 6% and 12% melting shown by
dashed lines include the representative points of primitive samples of
the low-P (Ti) basalts (triangles) and high-P (Ti) basalts (filled dots).
The partition coefficients used for the batch melting calculations are
from Rollinson (1995)
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Fig. 16 a Th/YDb vs Ta/YDb diagram after Pearce (1982). Most samples
from the Nevado-Filabride Complex are compatible with an origin
from a within-plate geological setting. Some of the more evolved low-
P (Ti) samples display the strongest tholeiitic affinity (after Pearce
1982). CA calc-alkaline series; SHO shoshonitic series; TH tholeiitic
series; PM, primitive mantle; UC, average composition of the upper
continental crust. OIB, E-MORB, and N-MORB values are taken
from Sun and McDonough (1989); b Y — La — Nb discrimination
diagram (from Cabanis and Lecolle, 1989) that displays the alkaline
and transitional character of the majority of the samples of the mafic
rocks with a small number of low-P (Ti) samples that display a
pronounced tholeiitic affinity. Continental alkaline basalts (shaded
area) and tholeiitic basalts (stippled area) from the external zones of
the Betic Cordilleras (Morata et al. 1997) are given for comparison

environment of the Nevado-Filabride metasediments.
Typical sedimentary structures of shallow-marine silici-
clastic platforms, such as pervasive metric-scale trough
cross-bedding, cm-scale ripples, and bioturbation are
frequently observable in the quartzites of the Tahal
formation (De Jong and Bakker 1991, Gémez-Pugnaire
et al. 2000). The evaporitic origin of the MEV formation
is attested by the presence of abundant gypsum pseud-
omorphs, Cl-rich scapolite, tourmaline, halite, sylvite,
anhydrite and barite (Gomez-Pugnaire et al. 1994). The
laminate marbles at the top of the cover sequence are
probably peritidal in origin, although continental set-
tings cannot be excluded (Gomez-Pugnaire et al. 2000).
Lopez-Sanchez-Vizcaino et al. (1995) have inferred a
coastal origin for the chomite-bearing calcareous inter-
calations. The sedimentary environment described for
the Cébdar area is comparable to many other geological
sections of the NFC (Nijhuis 1964; De Jong and Bakker
1991; Jabaloy 1993; Soto 1993, Munoz 1986). The
change from shallow-marine quartzites to the overlying
metaevaporites and coastal Cr-bearing marbles can only
be the result of a regression from platform to coastal to
continental environments.

The nature of the original mafic-wall rocks’ contacts

The largest and best-exposed bodies of the Nevado-
Filabride basic rocks are those of the Coébdar area,
where they occur as multiple and composite sill and dike
intrusive bodies. Sharp intrusive contacts, chilled mar-
gins and apophyses in the metasediments (Nijhuis 1964;
Munoz 1986; Franz et al. 1988; De Jong and Bakker
1991) characterize their relationships with the shallow
marine metasediments. The lack of basic igneous rocks
in the studied area that preserve unequivocal features
attributable to extrusive facies confirms the essentially
intrusive or subvolcanic character of this magmatism.
Nevertheless, a layer of extrusive submarine rocks,
overlaying this intrusive group, has been proposed (Puga
et al. 1989) on the basis of: (1) the interpretation of some
rounded fragments of post-metamorphic brecciated
porphyritic dikes as pillow-lavas (Puga et al. 1989); and
(2) the occurrence of two isolated very small bodies
(300 x 500 m) of basic rocks that resemble volcanic
lavas (Puga et al. 1995; Camara 1995). It should be
noted, however, that it has not been demonstrated that
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these basic rocks are part of the same magmatism in-
vestigated in the present study (these bodies occur in the
Lugros area, 100 km to the west, see Fig. 1).

The above sedimentary and tectonic relationships
depict reasonably well a continental tectonic scenario for
the Nevado-Filabride basic magmatism. The magma
generation and emplacement took place in a continental
rift zone, developed in Triassic to Jurassic times (De Jong
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Table 4 Geological setting of
the Nevado-Filabride mafic

rocks deduced from referred
discrimination diagrams

Reference Diagram Geological setting

Pearce and Cann (1973) Ti-Zr-Y Within-plate alkaline and tholeiitic basalts

Wood (1980) Hf-Th-Ta Within-plate tholeiitic (overlap with E-MORB) and
alkaline basalts

Shervais (1982) Ti-V Continental alkaline and tholeiitic basalts

Pearce (1982)

Meschede (1986)
Cabanis and Lecolle (1989)
Cabanis and Thiéblemont (1988)

Th/Yb Ta/Yb Most are within-plate basalts and some samples are

E-MORB

Nb-Zr-Y Within-plate alkaline and tholeiitic basalts
Y-La-Nb Alkaline basalts in continental rifts, E-MORB
Tb-Th-Ta continental basalts

1991), with the subsequent tectonic thinning of the crust.
The continental setting is strongly supported by the
occurrence of crustal xenoliths in the basic rocks (Go-
mez-Pugnaire and Muifioz 1991).

Geochemistry and tectonic setting

The tectono-magmatic diagrams (Fig. 16 and Table 4)
indicate alkaline and minor tholeiitic affinities and a
within-plate environment for the analyzed rocks, except
in Cabanis and Thiéblemont’s (1988) and Cabanis and
Lecolle’s (1989) diagrams. In their diagrams most of the
samples plot in the enriched E-type MORB field or in
the limits with the continental basalts. The slight but
systematic geochemical differences between the low-P
(Ti) and high-P (Ti) samples are evident in the diagrams
of Figs. 9 to 11. These differences can be accounted for if
the high-P basalts originated from batch melting of a
more incompatible element-enriched source (OIB-type)
than that of the low-P basalts (E-MORB-type). A vari-
ation of the amount of partial melting alone, as sug-
gested by batch melting calculations (Fig. 15) cannot
account for the observed spread in the geochemical and
isotope (Fig. 14) data. The REE patterns and trace
element variation diagrams (Figs. 12,13) display the
enrichment in highly incompatible elements expected for
magmas derived from mantle sources more enriched
than E-type MORB, although not as greatly enriched as
the OIB sources (Sun and McDonough 1989; Pearce and
Parkinson 1993). These diagrams suggest, additionally,
that partial melting possibly occurred in the stability
field of garnet (McKenzie and O’Nions 1995).

The geochemical features of this magmatism suggest
an evolution in two main stages during the progressive
extension of the continental crust. In the early rift stage,
small volumes of more alkaline magmas were generated,
followed by the production of alkaline-transitional melts
during the major rift stage (crustal thinning). It should
be noted, however, that voluminous tholeiitic magma-
tism is missing, which typically precedes continental
separation (e.g. Karoo, Parana, Central Atlantic Mag-
matic Province, Ethiopia-Yemen) and the formation of
the early oceanic crust. A potential link of the alkaline to
transitional Nevado-Filabride basic magmatism with the
voluminous, more tholeiitic Central Atlantic Magmatic
Province (CAMP) that is associated with the breakup of
Pangea at the Triassic-Jurassic boundary (e.g. Marzoli
et al. 1999) cannot be determined unequivocally to date.

The CAMP magmas intruded in a narrow time window
of 190200 my (Marzoli et al. 1999). The limited age
data available on the Nevado-Filabride basic magma-
tism indicate ages of 140—180 my, considerably younger
than the CAMP. If the Nevado-Filabride basic mag-
matism represents indeed a late expression of exten-
sional tectonics related to the breakup of Pangea and the
opening of the Atlantic Ocean in Triassic to Jurassic
time remains speculative to date.
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