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ABSTRACT

Our aim in this work is (1) to characterize mineralogically and geochemically the brown amphibole and other minerals filling
millimetric veins in the Cóbdar metabasalts of the Betic ophiolites in southern Spain, and (2) to deduce their genetic conditions,
mainly with the aid of the optical microscopy and analytical electron-microprobe analysis, complemented by transmission and
analytical electron microscopy. The vein-filling minerals can be grouped into two assemblages according to their textural
relationships. The first assemblage comprises brown amphibole (titanian pargasite and kaersutite) and sodic–calcic plagioclase,
and the second one comprises green amphibole (mainly katophorite, barroisite, taramite and tremolite), sodic plagioclase, rutile,
clinozoisite and calcite. Brown and green amphiboles present similar, unusually high chlorine contents, up to 0.8 wt.%. Halite
micro-inclusions are present in the brown amphiboles, whereas chlorine is incorporated in the structure of the green sodic–calcic
amphiboles. Differences in Ti, IVAl, VIAl and BNa values between the brown and green amphiboles clearly indicate different
genetic conditions, which are, in turn, similar to those corresponding to amphiboles developed in ocean-floor and orogenic
metamorphic conditions, respectively. P–T estimates yield temperatures ranging from 660° to 880°C at very low pressure for the
first assemblage, and conditions lower than 550°C and 8 kbar for the second assemblage. These data suggest that the minerals
filled the Cóbdar veins during the pre-Alpine ocean-floor metamorphic stage (dated by 40Ar/39Ar laser probe on brown amphibole
as Upper Jurassic), and were re-equilibrated under conditions of the albite–epidote amphibolite facies during the Alpine orogeny.

Keywords: polymetamorphic amphibole veins, chlorine in amphibole, ophiolitic metabasalts, Jurassic ocean-floor metamorphism,
Alpine orogeny, Betic Ophiolitic Association, Mulhacén Complex, Spain.

SOMMAIRE

Le but de ce travail est de caractériser minéralogiquement et géochimiquement l’amphibole brune et les autres minéraux
remplissant des veines millimétriques recoupant les métabasaltes de Cóbdar, ceinture ophiolitique bétique, dans le sud de
l’Espagne, et d’en déduire leurs conditions de genèse en utilisant principalement la microscopie optique et la microsonde
électronique analytique (EMPA), complétées par la microscopie électronique par transmission (TEM, AEM). Les divers minéraux
remplissant ces veines peuvent être regroupés en deux paragenèses, en fonction de leurs relations texturales. La première
paragenèse est formée d’amphibole brune (pargasite titanifère et kaersutite) et plagioclase sodi-calcique; la seconde est faite
d’amphibole verte (surtout kataphorite, barroisite, taramite et trémolite), plagioclase sodique, rutile, clinozoïsite et calcite. Les
amphiboles brunes et vertes présentent des contenus similaires en chlore, jusqu’à 0,8 % en poids. Cet élément, selon les obser-
vations au TEM et les considérations cristallographiques, forme des micro-inclusions de halite dans les amphiboles brunes, tandis
qu’il est incorporé dans le réseau des amphiboles vertes sodi-calciques. Les différences en teneurs en Ti, IVAl, VIAl et BNa entre
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68 THE CANADIAN MINERALOGIST

INTRODUCTION

The various igneous rocks comprising the Betic
Ophiolitic Association (BOA) of the Mulhacén Com-
plex in southern Spain, as defined by Puga (1990), pre-
serve chemical and mineralogical evidence of a
pre-Alpine stage of metasomatic and metamorphic
transformation developed in an ocean-floor environ-
ment. During this episode, both gabbros and basalts of
this association were the site of high-geothermal-gradi-
ent metamorphic assemblages in the amphibolite and
greenschist facies (Puga et al. 1989a, 1999a). Most of
these assemblages were transformed during the Alpine
orogenic metamorphism into eclogite and rocks of the
albite–epidote amphibolite facies, with low and inter-
mediate geothermal gradients, respectively (Puga et al.
2000). Likewise, the ultramafic BOA rocks and the
dykes intruded in them underwent an initial stage of
serpentinization and rodingitization in an oceanic envi-
ronment, prior to the transformations characterizing the
Alpine metamorphism (Puga et al. 1999b).

In the Cóbdar region, the BOA comprises several
lenticular outcrops, several km in length and several
hundred meters thick, of metabasic and metasedimen-
tary rock (Fig. 1). These outcrops contain a plutonic
sequence consisting of troctolitic cumulates, olivine–
pyroxene gabbros and dolerites, cut by numerous dykes
of porphyritic basalt and a volcanic sequence composed
of massive or vesicular metabasalts, which are sporadi-
cally intersected by basaltic dykes and contain local pil-
low-structures. The volcanic and plutonic sequences of
Cóbdar are overlain by a sequence of metasedimentary
rocks, similar to that covering the Alpine ophiolites
(Lagabrielle et al. 1984, Deville et al. 1992). These
rocks contain relics of foraminifera of probable Creta-
ceous age (Tendero et al. 1993), similar to those deter-
mined by Lemoine et al. (1984) in the Western Alps.

The Cóbdar metabasic rocks (Almería Province) pre-
serve much better than elsewhere assemblages typical
of ocean-floor metamorphism as well as relics of the
pre-existing igneous assemblages. The ophiolitic asso-
ciation is discontinuously exposed along about 250 km
in the Mulhacén Complex (black dots in Fig. 1). Within
the assemblage of ocean-floor metamorphism, the most
characteristic mineral is brown amphibole, which is

found dispersed throughout the matrix of the gabbros
and basalts, as well as filling veinlets or lining vesicles
in the basalts.

The brown amphibole filling certain veinlets several
millimeters thick has been dated as Late Jurassic (158 ±
4.5 Ma) by 40Ar/39Ar with laser probe (Puga et al. 1991,
1995, 2002). This result is in agreement with the hy-
pothesis that this amphibole originated during the
process of ocean-floor metamorphism, which would be
coeval with or slightly later than the BOA magmatism
generated throughout the Jurassic (Puga et al. 1995,
2002).

In this work, we characterize geochemically and
mineralogically the brown amphibole and other miner-
als filling veins in the BOA metabasalts in Cóbdar, by
optical microscopy, electron-microprobe analysis
(EMPA) and transmission electron microscopy with
analytical electron microscopy (TEM–AEM). In addi-
tion, we infer the conditions of formation of these am-
phiboles by comparing them with amphiboles in
metabasites from the current ocean floor and from
ophiolitic associations, and with the different assem-
blages found in the host metabasalt.

METHODS

Polished and carbon-coated thin sections were im-
aged using back-scattered electrons and analyzed by
electron microprobe (EMPA), using a Cameca SX–50
instrument at the University of Granada. The following
standards were used: wollastonite (Si and Ca), synthetic
Al2O3 (Al), orthoclase (K), albite (Na), synthetic Fe2O3
(Fe), periclase (Mg), and synthetic MnTiO3 (Mn and
Ti).

Selected samples were studied with a 200 kV Philips
CM–20 transmission electron microscope (TEM) at the
University of Granada, fitted with a scanning transmis-
sion device and a solid-state detector for energy-disper-
sion analysis (EDX). Micro-analyses were carried out
in STEM mode. Albite (Na), muscovite and annite (K),
albite, spessartine and muscovite (Al), forsterite and
annite (Mg and Fe), spessartine (Mn), and titanite (Ca
and Ti) were used as standards.

Calculation of amphibole formulae followed the
method proposed by Schumacher (1997), and the no-

les amphiboles brunes et vertes indiquent clairement, pour ces deux types, des conditions physiques de genèse différentes qui, à
leur tour, sont semblables a celles des amphiboles formées, les premières dans des conditions de métamorphisme de fond
océanique, les secondes dans des conditions orogéniques. L’équilibre amphibole–plagioclase, ainsi que les estimés de P–T pour
les métabasaltes contenant les veines d’amphibole, indiquent une température entre 660° et 880°C à très basse P pour le première
paragenèse, et moins de 550°C et 8 kbar pour la seconde. Les minéraux remplissant les veines de Cóbdar ont donc commencé à
se développer lors d’un stade métamorphique pré-alpin de fond océanique (daté comme Jurassique supérieur par sonde laser Ar–
Ar sur des amphiboles brunes); ils ont par la suite ré-équilibré à des conditions du faciès amphibolite à albite–épidote durant
l’orogenèse alpine.

Mots-clés: veines polymétamorphiques d’amphibole, chlore dans l´amphibole, métabasaltes ophiolitiques, métamorphisme de
fond océanique Jurassique, orognèse alpine, association ophiolitique Bétique, complexe du Mulhacén, Espagne.
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menclature of amphiboles conforms to the recommen-
dations of Leake et al. (1997).

PETROLOGICAL AND GEOCHEMICAL CHARACTERISTICS

OF THE HOST BASALT OF THE AMPHIBOLE VEINS

The basalt layer with the highest concentration of
brown amphibole veins is located about l km north of
Cóbdar village (Fig. 1). This layer is cut by scarce deci-
meter-thick diabasic dykes and presents well-preserved
pillow structures at is upper part (Photo 3 in Puga et al.
1989a).

The Cóbdar pillow lavas are generally deformed, as
is to be expected in an outcrop that, after oceanic meta-
somatism and metamorphism, underwent a subduction
process, to a depth of about 40 km, developing blue-
schists to eclogite facies and a second metamorphic
event, attaining albite–epidote amphibolite facies (Puga
et al. 1989a, 2000). Nevertheless, the pillow structures
may easily be distinguished, in Cóbdar and in other
outcrops of the same ophiolite suite, despite their defor-

mation (see photos in Puga et al. 1989a, 1995), although
Gómez-Pugnaire et al. (2000) have interpreted them as
spheroidal blocks resulting from jointing by weathering
of subvolcanic material.

The Cóbdar pillow lavas preserve vitreous or
hypocrystalline rims transformed into very fine-grained
metamorphic minerals, and contain a variolitic texture
in their core (Puga et al. 1989a). The basalts also pre-
serve their igneous textures, which tend to be very fine-
grained, vesicular and pilotaxitic (Figs. 2a–c, 3a),
although most of them are transformed to amphibolites.
The crystallization sequence of the phenocrysts in these
basalts is typical of tholeiitic series: olivine, calcic pla-
gioclase and clinopyroxene. This latter mineral is more
common in the rock matrix, where it occupies the inter-
stices between the plagioclase microlites, along with
opaque phases (Figs. 2a–c, 3a). In this basalt horizon,
all the igneous minerals are transformed into secondary
metamorphic minerals (see Table 1 for representative
chemical compositions).

FIG. 1. Tectonic sketch-map showing the relationship among the deepest metamorphic complexes forming the central-eastern
sector of the Betic Cordilleras and the location of the Cóbdar outcrop. Full dots on the Mulhacén Complex represent the
location of the main outcrops of the Betic Ophiolitic Association exposed in Sierra Nevada and Sierra de Filabres. Limits
between complexes according to Puga et al. (2002).
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70 THE CANADIAN MINERALOGIST

Both the microlites and the calcic plagioclase phe-
nocrysts are transformed into clinozoisite with or with-
out albite relics (anal. 1, Table 1). Olivine has been
replaced by green amphibole of magnesiohornblende
(anal. 2, Table 2) and actinolite compositions. The

clinopyroxene in the matrix has mostly been replaced
by brown amphibole with a titanian edenite or titanian
pargasite composition (anal. 3 and 4, Table 1). Scarce
phenocrysts have an augite composition in the core with
gradual transitions toward sodian augite in the rim (Puga
et al. 2000). The metabasalt vesicles are filled by a
brown amphibole similar to that in the basalt matrix,
titanian pargasite in composition at point C (Fig. 2a,
anal. 5 in Table 1). This brown amphibole is overgrown
by green amphibole in the inner part of the vesicles, with
a barroisite composition at point C1 (Fig. 2a and anal. 6
in Table 1).

Despite the chemical changes produced by poly-
phase metamorphism that affected these basalts, their
geochemical characteristics are typical of a MORB-type
basalt enriched in light rare-earth elements (LREE),
similar to others constituting the BOA (Bodinier et al.
1987, Morten et al. 1987, Puga et al. 1989a, b, 1995,
2002). The rocks preserving mineral relics of ocean-
floor metamorphism have very low Cu/Zn values, which
indicate high-temperature conditions during this pro-
cess, according to the observations of Gillis & Thomp-
son (1993) made on metabasalts from the Mid-Atlantic
Ridge.

The Cóbdar metabasic rocks, like the BOA in gen-
eral, originated during a period of Jurassic sea-floor
spreading that followed a stage of Permian and Triassic
rifting, both documented by isotope geochronology
(Hebeda et al. 1980, Portugal Ferrera et al. 1988, Nieto
1996, Nieto et al. 1997, Puga et al. 1991, 1995, 2002).

DESCRIPTION OF THE AMPHIBOLE VEINS

The pre-Alpine brown amphibole in these veins is
found in plutonic, subvolcanic and volcanic rocks in
numerous outcrops of the BOA. However, it normally
appears as relics more or less transformed into green
amphibole and associated minerals during the Alpine

FIG. 2. a. Vesicular metabasalt with intersertal groundmass, containing some microphenocrysts of plagioclase (Pl) replaced by
metamorphic albite and clinozoisite (Czo). Brown amphibole replaces the pre-existing interstitial clinopyroxene or glass pre-
existing among the plagioclase microlites, and partly lines the external zone of vesicles and veins (br Amp). This type of
amphibole, titanian pargasite in composition at point C, is overgrown by green amphibole (gr Amp), barroisite at point C1,
which forms an inner corona in the vesicles and the innermost parts of some veins. Red arrow marks the evolutionary trend
among the types of amphibole filling the vesicles. The abbreviations of minerals suggested by Kretz (1983), complemented
by Spear (1993), have been used in figures and tables. b. Localized conversion of a metabasalt to amphibolite following
microfissures. Brown titanian pargasite (Ti Prg) develops preferentially from clinopyroxene and opaque phase, interstitial in
the framework formed by plagioclase microlites, and along fissures. Igneous plagioclase is replaced by albite and clinozoisite.
c. Interface between basalt converted to amphibolite and a vein, several millimeters thick, mainly formed by a framework of
brown amphibole with interstitial plagioclase. Brown amphibole in the veins has the same composition as in the groundmass
of the host rock and developed in an extensional regime, as indicated by the preferential elongation of many crystals
perpendicular to the vein wall. d. Enlargement of an internal zone of the previous vein showing hypidiomorphic brown
amphibole and interstitial sodic–calcic plagioclase containing numerous clinozoisite micro-inclusions, and forming the first
paragenesis filling these veins. A thin irregular border of pale green amphibole is present along the contacts between brown
amphibole and plagioclase (lower part of the photo). Some crystals of brown amphibole are partly transformed into green
amphibole containing rutile (Rt) micro-inclusions, which are in contact with albite containing clinozoisite micro-inclusions
(central and upper part of the photo) and surround occasional crystals of tourmaline (Tour).
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metamorphism. The preservation of brown amphibole-
filled veins has only been documented in the Cóbdar
metabasalts, among the different BOA outcrops studied

(Bodinier et al. 1987, Morten et al. 1987, Puga et al.
1989a, b, 1995). The orogenic metamorphism causing
the destabilization of this brown amphibole thus must

FIG. 3. a. Contact between a basalt converted to amphibolite and a millimetric vein mainly containing pale green amphibole in
a calcite matrix (Cal). Both minerals show a preferential elongation similar to that exhibited by the brown amphibole filling
other parts of the same vein (Fig. 2c). The brown amphibole has been better preserved in the groundmass of the metabasalt
than in the vein, in which only scarce relics form cores, overgrown by green amphibole. The limit between the metabasalt and
the vein is marked by a black border of rutile micro-inclusions in green amphibole, both replacing the pre-existing brown
amphibole. Corroded micro-phenocrysts of olivine in the metabasalt have also been replaced by green amphibole, whereas
the plagioclase microlites are mainly replaced by clinozoisite. b. Several relics of brown amphibole (kaersutite at point A),
preserved in the previous vein, are partly transformed into a thick corona of green amphibole (barroisite at A1) crowded by
microscopic grains of rutile, and overgrown by a rim of clean green amphibole. The composition of this rim corresponds to
sodic–calcic amphibole (katophorite at A2), or to a calcic type (tremolite at A3). Red arrows mark the evolutionary trends
found in this overgrowth crystal from the brown core to the different microdomains forming the corona. c. Hypidiomorphic
relic of brown amphibole (titanian pargasite at point B), less transformed than in Figure 3b in the green amphibole + rutile
association (magnesiotaramite at B1), which develops following micro-fissures from the periphery toward the core of the
crystal. Both types of amphibole are overgrown by a rim of green amphibole of varied composition, as shown by points B2,
with barroisite composition, or B3 and B4, with tremolite and magnesiohornblende composition, respectively. d. Same thin
section as in Figure 3c, under crossed nicols, showing a similar optical orientation of the green amphibole rims, which
overgrew the fractured and partly transformed crystals of brown amphibole into rutile plus green amphibole, and the calcite
matrix surrounding the green amphiboles.
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have been less pervasive in this outcrop. This inference
would also account for the local preservation in this
outcrop of both the igneous paragenesis and the micro-
fossils in the calc-schists of the overlying sedimentary
sequence (Puga et al. 1989a, 1999a, Tendero et al.
1993).

In the first stages of their evolution, the veinlets oc-
cur as concentrations of brown amphibole <1 mm thick
replacing the clinopyroxene in the basalt matrix along
microfissures (Fig. 2b). These microfissures have been
preferential pathways for the circulation of fluids nec-
essary for the formation of the amphibole from the
anhydrous minerals of the basalt. In a subsequent stage,
the brown amphibole crystallized to form a mono-
mineralic band lining the vesicle walls and veinlets,
within which the brown amphibole is usually overgrown
by green amphibole (Fig. 2a). In a more advanced stage,
the veins can reach several millimeters in thickness, with
the brown amphibole being accompanied by other min-
erals such as plagioclase (with clinozoisite inclusions),
green amphibole (with locally abundant inclusions of
rutile), calcite and scarce tourmaline crystals.

In the veins where brown amphibole predominates
(e.g., Figs. 2a–c), its composition generally varies
between kaersutite and titanian pargasite. It forms a net-
work with sodic plagioclase as the predominant phase
in the interstices (anal. 1 and 2, Table 2), commonly
containing inclusions of clinozoisite (anal. 3, Table 2).
This association suggests that the brown amphibole co-
existed with a more calcic plagioclase than the one cur-
rently preserved, and that most of its calcium was
consumed to form clinozoisite. Under greater magnifi-
cation, a portion of the same vein (Fig. 2d) shows the
incipient development of sodic–calcic green amphibole
at the contacts between the brown amphibole and the
plagioclase, as well as the partial transformation of some
brown amphibole crystals into a green amphibole con-
taining abundant exsolution-induced inclusions of rutile.
The green amphibole also surrounds tourmaline crys-
tals (anal. 4, Table 2), as can be seen in Figure 2d, and
interstices contain rare crystals of calcite.

In other veins, or in other parts of the same vein, and
even within the same thin section, the brown amphibole
has the same composition as in the afore-mentioned
veins (anal. 5 and 9, Table 2), but it is preserved only as
relics. These relics are partially transformed, or sur-
rounded, by abundant green amphibole, with or without
exsolved rutile, with interspersed calcite crystals (Figs.
3a–d). The calcic (anal. 8 and 12, Table 2) or sodic–
calcic (anal. 6, 7, 10, 11 and 13, Table 2) composition
of the green amphibole depends on whether or not it is
in contact with the calcite in the matrix, indicating that
these two minerals form part of the same assemblage.
Where calcite is abundant between the amphibole
grains, plagioclase is minor or non-existent (Figs. 3a–
d), although they can locally coexist (Fig. 2d).

The textural relationships described above among
the different minerals comprising these veins, their ge-

netic conditions, and the relative abundances of the
brown and green amphiboles in different veins or parts
of the same vein, allow these minerals to be grouped
into two generations of assemblages. The first assem-
blage comprises the brown amphibole, an interstitial
plagioclase (originally more calcic than the current one)
and tourmaline. The second assemblage consists of the
different types of green amphibole present in these
veins, rutile, sodic plagioclase and its clinozoisite in-
clusions, and the calcite in the matrix.

CHEMICAL EVOLUTION AND ENVIRONMENT

OF FORMATION OF THE AMPHIBOLES IN THE VEINS

In Figures 4 to 8, we compare the composition of
the brown and green amphiboles in these veins with the
amphiboles from certain representative outcrops of ba-
sic rocks affected by ocean-floor metamorphism from
modern oceanic ridges and some Jurassic Apennine
ophiolites. These latter outcrops were chosen for com-
parison (among other ophiolites deriving from the
Western Tethyan Jurassic ocean floor) because the
ocean-floor metamorphic assemblages have been well
preserved in them despite the superimposed Alpine
metamorphism.

Figure 4 shows the clear separation of the amphi-
boles studied into two groups with different Ti and IVAl
contents. The brown amphiboles are indicative of gen-
esis at a higher temperature than the green amphiboles,
which overgrow them (Raase 1974, Robinson et al.
1982). Both groups plot within the field of Ti versus
IVAl composition of the amphiboles from present-day
oceanic ridges and from the Apennine ophiolites. Nev-
ertheless, only the brown amphibole shows a variation
trend of Ti versus IVAl similar to that of the ocean-floor
amphiboles. We interpret the lower Ti: IVAl ratio in the
green amphiboles than in the amphiboles from the other
oceanic environments to indicate a lower geothermal
gradient.

The trend of increasing temperature for the ocean-
floor amphiboles is accompanied by a decrease in the
water:rock ratio, as deduced by Vanko (1986) and
Stakes & Vanko (1986) for amphiboles of the Mathema-
tician Ridge, also plotted in Figure 4. The brown am-
phiboles developed in the oceanic outcrops presented
for comparison in Figure 4, acquired their high Ti and
IVAl values in postmagmatic conditions, at high tem-
peratures and under the influence of igneous or oceanic
fluids.

The high temperatures deduced for the brown
amphiboles in the Cóbdar veins, based on their TiO2
contents, which ranges from 3 to 6 wt.%, may be appro-
priate for the development of amphiboles in the ocean
floor and ophiolites under the influence of igneous fluids
(Tribuzio et al. 2000). On the other hand, their chlorine
contents, between 0.2 and 0.8 wt.% (Tables 1, 2),
suggest an influx of fluid derived from ocean water
(Vanko 1986, Prichard & Cann 1982, Mével 1988).
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High TiO2 contents can also be found in igneous titanian
pargasite preserved in oceanic metabasic rocks, but such
amphibole has a level of K mostly ranging between 0.6
and 0.8 wt.% K2O (Mével 1988), whereas the amphi-
boles that originated from ocean-floor metamorphism
along ridges (Mével 1988, Gillis & Thompson 1993) or

in ophiolites (Cortesogno & Luchetti 1984), have 0.2 to
0.3 wt.% K2O, which is similar to that found in the
brown amphiboles from Cóbdar veins (Tables 1 to 3).
Therefore, the low K2O contents, together with the high
Ti and IVAl values, and their chlorine content, indicate
that the brown amphiboles filling veins and replacing
clinopyroxene in the matrix of the Cóbdar metabasalts
developed in conditions of ocean-floor metamorphism.

Figure 5 shows the different types of amphibole
present in the veins and in their host metabasalts on the
BNa versus Si plot of Leake et al. (1997). The most com-
mon type of brown amphibole is titanian pargasite,
which, in some crystals, gradually changes to kaersutite
toward the core. The green amphiboles show greater
compositional variation, barroisite, katophorite and
tremolite being the most common. The arrows in this
figure, joining relics of brown amphibole (points A and
C) and their overgrowth rim, formed by green amphi-
bole (points Al, A2, A3 and C1), represent two main
evolutionary trends common among the amphiboles
filling veins and vesicles. One of these trends, marked
by the arrows ending at points Al, A2 or C1, corresponds
to the development of sodic–calcic amphiboles
(barroisite, katophorite and taramite). The other trend,
corresponding to arrow A–A3, gives rise to calcic
amphibole (tremolite and actinolite). Magnesiohorn-
blende also developed as an intermediate step along the
evolutionary trends between the pre-existing brown
amphiboles and the most common types of green
amphibole mentioned above.

In Figure 5, we have also plotted, for comparison,
the amphiboles from modern oceanic ridges and
Apennine ophiolites shown on Figure 4. The field cor-
responding to the brown amphiboles mainly overlaps
that of amphiboles generated by ocean-floor metamor-
phism, whereas the green amphiboles show clearly
higher BNa:Si ratios, consistent with a relative increase
in their pressure of formation. Moreover, the tempera-
ture decrease that can be deduced from their drastically
lower Ti contents, together with the textural relation-
ship between the two types of amphibole (shown in Figs.
2 and 3), indicate that a process of orogenic metamor-
phism was responsible for both the destabilization of
the brown amphiboles and the development of the green
amphiboles deriving from the brown ones and their as-
sociated minerals. Some amphiboles from the Apennine
Ophiolite metabasalts, with BNa/Si values higher than
in current oceanic metabasic rocks (Fig. 5), could also
be the result of low-grade orogenic metamorphism,
which, according to Cortesogno & Lucchetti (1984),
affected those ophiolites after the ocean-floor metamor-
phism.

In Figure 6, brown and green amphiboles plot in dif-
ferent fields according to their respective IVAl and VIAl
values, without transitions between them. This figure
allows us to deduce a pressure increase and a tempera-
ture decrease during growth of green amphiboles with
respect to the brown, similarly to that indicated by their

FIG. 4. Plot of Ti versus IVAl (apfu) in the different types of
amphibole filling millimetric veins in Cóbdar ophiolitic
metabasalts, compared with amphiboles of basic rocks
affected by ocean-floor metamorphism, taken from various
oceanic ridges and ophiolite outcrops. A, A1, A2 and A3
correspond to different textural positions in an overgrowth
amphibole crystal (Fig. 3b). Meaning of the symbols for

Cóbdar amphiboles: : brown amphiboles constituting the
first generation of amphiboles in these veins; : transfor-
mation rims of the previous amphibole type to pale brown
or green amphibole with exsolved microscopic inclusions
of rutile; : pale green amphibole rimming the previous
types and forming idiomorphic neoblasts in the same veins.
Provenance of the amphiboles used for comparison and
meaning of their symbols: ▫: metagabbros from Gettysburg
Bank in the Gorringe Ridge, eastern part of the Mid-
Atlantic Ridge (MAR) (Prichard & Cann 1982); ∆ and :
metagabbros and metabasalts, respectively, from 23–24° N
in the MAR (Gillis et al. 1993, Gillis & Thompson 1993);

: metagabbros from Hole 735B in the Southwest Indian
Ridge (SWIR) (Stakes et al. 1991); �: metagabbros from
the Mathematician Ridge failed spreading center in the East
Pacific Rise (EPR) (Vanko 1986); �: metabasalts from the
Northern Apennine Ophiolites (Cortesogno & Lucchetti
1984); : metagabbros from the Northern Apennine
Ophiolites (Tribuzio et al. 2000).
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respective BNa and Ti values (cf. Raase 1974, Brown
1977, Laird & Albee 1981, Smith 1988, Cortesogno et
al. 1994, Gaggero & Cortesogno 1997). The composi-
tional evolution of some relics of brown amphibole in
their respective transformation-induced rims of green
amphibole is represented by the arrows joining points
A and C with points Al, A2, A3 and C1, respectively,
and shown in Figures 3a and 2a.

The ocean-floor amphiboles used for comparison in
this figure are located in the field corresponding to val-
ues of the ratio IVAl/VIAl higher than the pargasitic sub-
stitution line, consistent to their genesis under a high
geothermal gradient. The rare exceptions of amphiboles
from metagabbros from the Gettysburg Bank and
metabasalts from the MARK area, which plot to the
right of this line, may have developed during an active

intra-oceanic tectonic process affecting these outcrops
(Prichard & Cann 1982, Gillis & Thompson 1993).

The plot of the brown amphiboles from Cóbdar veins
and their host metabasalts in the field corresponding to
amphiboles from ocean-floor and Apennine ophiolites
(Fig. 6) suggests similar genetic conditions for all of
them. Likewise, the plot of the Cóbdar green amphi-
boles, originated by overgrowth or destabilization of the
brown ones, in the field delimited by the pargasitic and
tschermakitic substitution lines indicates genetic condi-
tions for this second generation of amphiboles under a
lower geothermal gradient, similar to that deduced for
metamorphism during the Alpine orogeny of the BOA
(Puga et al. 1999a, 2000).

Finally, Figures 7a and 7b show three examples of
representative brown amphiboles transformed or over-

FIG. 5. Classification of amphiboles filling veins in Cóbdar metabasalts in the diagram of
Leake et al. (1997). Some amphiboles formed by ocean-floor metamorphism, from dif-
ferent oceanic and ophiolitic basic rocks, have also been plotted for comparison, with
the same symbols as in Figure 4. The continuous-line arrows linking the composition of
the crystal core (A), with its transformation rim containing rutile micro-inclusions (A1)
and with its overgrowth rims to pale-green amphibole (A2 and A3), represent the com-
mon evolutionary trends in the amphiboles filling the Cóbdar veins. The different
microdomains joined by these arrows are shown in Figure 3b with the same letters as in
this figure. The dashed-line arrow represents a similar evolutionary trend found between
the brown external corona lining vesicles, in the metabasalts hosting the veins (C in
Figure 2a), and the inner green corona (C1 in the same figure). The field corresponding
to the ocean-floor amphiboles plotted in this figure is delimited by the dashed and dotted
lines and the coordinate axes.
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grown by green amphiboles (Figs. 2a, 3b, c). In all of
them, the BNa and VIAl values increase in the second
generation of amphiboles, whether the total Na and Al
values increase or decrease. This fact confirms that the
generalized increases in BNa and VIAl in the green am-
phiboles, relative to the brown ones, were due to an in-
crease in the pressure conditions during the formation
of the latter, rather than an increase in Na or Al in the
bulk-rock composition, or in the microsystems in the
veins from which this second generation of amphiboles
developed (Brown 1977, Smith 1988). In contrast,
Figures 7a and 7b suggest the conservation of the total
Na and Al contents in both types of amphibole, despite
the compositional diversification of the green amphibole.

CHLORINE CONTENT IN THE AMPHIBOLES

Brown and green amphiboles present a similar range
in chlorine contents, with maximum values of about 0.8
wt.% (Fig. 8, Tables 1, 2). Nevertheless, the variation
trends of Na, K, Si and Fe with respect to chlorine con-

tent are different for the two generations of amphibole.
The relationship of increasing chlorine content with in-
crease in alkalis and Fe and decrease in Si is much
clearer in the green amphiboles than in the brown ones,
and could be indicative of the incorporation of Cl in the
crystal structure of the second-generation amphiboles,
according to Volfinger et al. (1984) and references
herein. Moreover, a TEM/AEM study of both types of
amphibole revealed the existence of numerous inclu-
sions of NaCl present only in the brown amphiboles.
The chlorine present in the brown amphiboles must have

FIG. 6. IVAl versus VIAl plot for amphiboles filling veins in
Cóbdar metabasalts compared with amphiboles of basic
rocks forming part of the present ocean floor and ophiolitic
outcrops. Key for symbols as in Figure 4. The meaning of
the arrows is the same as in Figure 5, and these correspond
to the red arrows in Figure 3b. The pargasitic substitution
line represents a lower limit for the IVAl: VIAl ratio
corresponding to amphiboles generated in ocean-floor
metamorphic conditions, with very rare exceptions.

FIG. 7. Plot of BNa versus Na and VIAl versus IVAl (apfu), in
(a) and (b), respectively, of some representative amphiboles
filling veins in the Cóbdar metabasalts. The textural
position of the A to A3 and B to B4 analyzed spots are
shown in Figures 3a and 3b, and those corresponding to C
and C1 are shown in Figure 2a. Arrows in this figure
correspond to the red arrows joining similar letters in
Figures 3b and 3c.
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been incorporated from saline water acting on the
metabasalt during the stage of oceanic metamorphism.
The chlorine incorporated in the green amphiboles must
be inherited from the brown amphiboles. The plot of
the brown amphibole relic in Figure 8, composition A,
and that of the green amphiboles, Al, A2 and A3, deriv-
ing from this relic (as shown in Fig. 3b), suggest a prob-
able partition of chlorine contained in the brown
amphibole into the different types of amphiboles formed
in the second assemblage. In fact, the percentage of
chlorine present in the primary brown amphibole, crys-
tal A, increases in the secondary sodic–calcic green
amphiboles, Al and A2, but decreases in the calcic one,
of A3 type.

Brown amphibole contain also abundant inclusions
of rutile and actinolite, which appear either as isolated

crystals or as rutile–amphibole mixed inclusions
(Fig. 9). These inclusions are irregularly distributed in
the host crystal, which has a pargasitic composition.
They are, moreover, aligned following crystallographic
directions of the host amphibole. Hence they can be in-
terpreted as having been exsolved from a primitive am-
phibole crystal that previously incorporated the
components of these inclusions in its own structure,
owing to its high temperature of formation. The
exsolution of rutile and actinolite as micro-inclusions
may have taken place either by cooling of the host am-
phiboles, during the retrograde evolution of the
metabasalt, or most probably during their destabilization
provoked by the subsequent orogenic metamorphism.

The compositions of these brown amphiboles deter-
mined by EMPA (Tables 1, 2) must include the compo-

FIG. 8. Plot of Na, K, Si and Fe (apfu) versus chlorine concentration in wt.% (in a, b, c and d, respectively) for amphiboles filling
veins in the Cóbdar metabasalts. Key for symbols, and meaning of letters A, Al, A2 and A3, as in Figure 4. Arrows are joining
similar points as the red arrows in Figure 3b. Dashes and continuous lines correspond, respectively, to regression lines for
green and brown amphiboles.
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nents of the inclusions as well as those of the host
pargasite, given the extent of the area analyzed with
respect to the size of the inclusions. This fact gives rise
to high reported Ti and Cl contents, compared with the
current composition of the host amphibole as deter-

mined by AEM, in which these components are lacking
(Table 3). The composition of the green amphiboles,
established by EMPA and AEM analyses, show similar
results. The AEM analyses reveal the presence of chlo-
rine, which must be interpreted as an element incorpo-
rated in the structure of the amphibole.

P–T CONDITIONS OF THE METAMORPHIC PROCESSES

The calibrated geothermometer of Holland & Blundy
(1994) has been applied to some rare unaltered crystals
of brown amphibole and their coexisting plagioclase in
order to obtain a temperature estimate for the first as-
semblage of the veins. Likewise, this geothermometer
has been applied to different pairs of green amphibole
and albite in equilibrium to deduce the temperature of
formation of the second assemblage of these veins. The
amphibole composition of each pair and the proportion
of the albite component in the plagioclase are indicated
in Table 4, together with the variation in temperature
for different pressures obtained for each pair.

The pairs I and II correspond to brown amphiboles
(without transformation rims distinguishable by optical
microscopy) and the plagioclase in contact with them.
The amphibole composition is titanian pargasite in both
pairs. The coexisting plagioclase varies between sodic
oligoclase (An19), which is the most calcic composition
preserved, and albite (An6), which is the most common
plagioclase in these veins.

FIG. 9. Low-magnification TEM image showing the most common types of inclusion in
brown amphibole: Rutile (Rt), NaCl (Hl) and actinolite (Amp), mostly oriented
following preferential crystallographic directions in the amphibole host, which are
marked by the arrows.
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The temperature calculated for the two pairs varies
by about 200°C for the low-pressure limit. These dif-
ferences in temperature, recorded in veins located in the
same basaltic horizon, could be explained by a very high
geothermal gradient, which is characteristic of ocean-
floor metamorphism, or by changes in temperature dur-
ing vein development. The pressure to be considered for
this type of metamorphism acting on oceanic effusive
rocks is very low and, therefore, the temperature values
calculated with the geothermometer used would corre-
spond to the maximum temperature calculated for each
pair. For most of the pairs calculated, the maximum tem-
perature obtained ranges between 820º and the 879°C
value corresponding to pair I; there are other pairs, how-
ever, with lower temperature, down to 660°C for pair
II. This temperature represents, in turn, a minimum
value for this pair, because the plagioclase contains
some exsolved clinozoisite. Therefore, a temperature
between 700º and 880°C can be considered as the most
probable range for the development of the brown am-
phibole in the veins, as well as for the first step of am-
phibole formation at the expense of the host basalts,
which produced the same type of amphibole (Figs. 2a–
c, 3a).

A temperature higher than 700°C has been calculated
for the first episode of ocean-floor metamorphism in
gabbros recovered near the intersection of the Kane
Fracture Zone and the Mid-Atlantic Ridge by Kelley &
Delaney (1987). In addition, Gaggero & Cortesogno
(1997) have calculated a temperature ranging between
800° and 900°C for brown amphibole–plagioclase pairs
from gabbros of the same oceanic zone, applying the
Holland & Blundy geothermometer. Moreover, Tribuzio
et al. (2000) applied the same geothermometer to
pargasite–plagioclase pairs of ophiolitic gabbros from
the northern Apennines, which yielded equilibrium tem-
peratures from 800° to 950°C. Nevertheless, in most
oceanic and ophiolitic metabasic rocks, the upper tem-
perature limit calculated for ocean-floor metamorphism
is near 750°C (Mével 1988, Vanko & Stakes 1991,
Gillis & Thompson 1993, Cortesogno et al. 1994).

The application of the Holland & Blundy (1994)
thermometer to green amphiboles and albite in equilib-
rium yields a temperature range clearly lower than for
the brown amphibole at low pressure, as shown by pairs
III and IV in Table 4. The temperature for these pairs
increases with the increase in pressure, in contrast to
the temperature evolution recorded for the brown am-
phibole–plagioclase pairs. Pairs III and IV have been
calculated based on the equilibrium of barroisitic and
taramitic amphiboles, respectively, with an albite of
composition An4 in both cases.

In these veins, there are no minerals that allow us to
quantitatively estimate the conditions of pressure. Nev-
ertheless, the fAl (= VIAl / Al), BNa and VIAl values,
which are parameters dependent of pressure conditions
(Brown 1977, Smith 1988), are clearly greater in the
green amphiboles than in the ocean-floor brown ones

(Tables 1 to 3, Figs. 3 to 5), indicating that the second
assemblage in the veins originated during the Alpine
orogeny. Moreover, fAl, BNa and VIAl values are simi-
lar in the green amphiboles filling these veins and in the
host metabasalts, as well as in many other metabasic
rocks of the Cóbdar outcrop, which were converted to
amphibolite during the second event of Alpine meta-
morphism (Puga et al. 1989a, 2000).

These data suggest that these amphibole veins be-
gan their development during the ocean-floor stage of
metamorphism and re-equilibrated, under the influence
of a new metamorphic fluid richer in CO2 than the oce-
anic one, under conditions of the albite–epidote am-
phibolite facies, which affected these ophiolites after the
less pervasive high-pressure event that locally devel-
oped the eclogite paragenesis. The pressure climax at-
tained during the second metamorphic event in the
Cóbdar region was approximately 8 kbar (Puga et al.
2000). This pressure would limit the maximum tempera-
ture attained in the veins, during the formation of the
second assemblage, to values lower than 550°C, accord-
ing to the Holland & Blundy (1994) geothermometer.

CONCLUSIONS

1. The minerals forming the described veins from
Cóbdar ophiolitic metabasalts can be assigned to two
generations of assemblages that belong to two different
metamorphic events. The first assemblage, formed by
pargasitic brown amphibole and sodic–calcic plagio-
clase, developed in a pre-Alpine stage of ocean-floor
metamorphism. The second assemblage, comprising
sodic–calcic and calcic green amphiboles, albite,
clinozoisite, rutile and calcite, developed during the
Alpine orogeny.

2. The first assemblage originated at temperatures
ranging from 700° to 880°C and very low pressures,
under the influence of a chlorine-rich fluid responsible
of the numerous NaCl micro-inclusions present in the
brown amphiboles. This assemblage must have origi-
nated during a stage of ocean-floor metamorphism af-
fecting the BOA, which was dated as Late Jurassic by
Ar/Ar laser probe on these brown amphiboles.

3. The second assemblage formed by the re-equili-
bration of the previous one, under the influence of a new
CO2-rich metamorphic fluid and a marked increase in
pressure and decrease in temperature with respect to the
conditions of ocean-floor metamorphism. This second
assemblage developed during the Alpine orogeny at
conditions of the albite–epidote amphibolite facies, near
550°C and 8 kbar.
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