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ABSTRACT 

Abundant metabasite blocks are present in the argillaceous sediments of the 'Trias de Antequera unit, in the External 
Zones of the Betic Cordilleras (southem 8pain). Two different geochemical affinities have been idel1tified in these meta
basites: one tholeiitic and the other transitional-alkaline. Na-rich metamorphic pyroxenes are presant in both types of 
metabasites, although with different textural arrangement and chemical characteristics. In the tholeitic metabasites Na
pyroxene is always presentin veinlets, associated with albite and quartz. Compared to the fresh augite frcom which !hey derive, 
these pyroxenesare richerin AIP3' Fe0tr"and Nap, andpoorerin Ti02, MgO and CaO.ln the transitional-alkaline metabasites, 
the metamorphic pyroxenes result from epitaxial replacement of primary Ti-rich augite. This replacement may be complete, 

but always preserving the original ophitic texture. These metamorphic pyroxenes are richer in 8i02 , FeO,", and Nap, and 
poorer in Ti0

2
, AIP3' MgO and CaO than the primary ones. The jadeitic contents in both types of mel3.morphic pyroxenes 

are similar, with maximum values of ca. 15-19%. As the maximum P-T conditions of metamorphism estimated forthe tholeiitic 
and transitional-alkaline metabasites are very close, the influence of primary rock composition is advocated to explain !he 
chemical differences between the two types of metamorphic pyroxenes. 
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RESUMEN 

Piroxenos sódicos metamórficos en metabasitas de bajo grado de las Zonas Externas de las 
Cordilleras Béticas (sur de España): influencia de la composición química de la roca en su for
mación. Numerosos bloques de metabasitas aparecen entre los sedimentos arcillosos del 'Trias de Antequera', en las 

Zonas Externas de las Cordilleras Béticas (surde España). En estas metabasitas se han evidenciado de·s tiposde afinidades 

geoquímicasdiferentes: una toleítica y otra transicional-alcalina. En ambos tipos aparecen piroxenos rretamórficos ricos en 
sodio, pero con diferencias en cuanto a sus disposiciones texturales y a sus características químicas. En las metabasitas 
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toleíticas, los piroxenas sódicos aparecen siempre en venillas, asociados con cuarzo y albita. Con respecto a la augita fresca, 
los piroxenos metamórficos están enriquecidos en AIPa' FeO,., y Nap, y empobrecidos en Ti02 , MgO and CaO. En las 
metabasitas de afinidad transicional-alcalina, los piroxenos metamórficos son el resultado de un reemplazo epitaxial de las 
augitas titaníferas primarias. Este reemplazo puede llegar a ser completo, aunque conservándose siempre la textura ofítica 
original. Estos piroxenos metamórficos están enriquecidos en SiO" FeO"" y Nap, y empobrecidos en TiO" AIPa' MgO y 
CaO, comparado con los piroxenos primarios. El contenido en jadeíta de ambos tipos de piroxenos metamórficos es muy 
similar, con valores máximos próximos al 15-19%. Las condiciones máximas de P-T estimadas para ambos tipos de 
metabasitas son mu'{ próximas, por lo que se invoca la influencia de la composición química de la roca original para explicar 
las diferencias obs9fVadas entre ambos tipos de piroxenos metamórficos. 

Palabras claves: Pirox3no sódico, Melamorfismo de bajo grado, Melabasilas, Cordilleras Bélicas, España. 

INTRODUCTION 

Na-clinopyroxenes are present as major phases 
in basic metamorphosed rocks, mainly intheblueschist 
facies and relatec eclogites, but rarely in low-grade 
metabasites. Maruyama and Liou (1985, 1987 and 
references therein) have described the presence of 
sodic metamorphic pyroxenes paragenetic with chlorite 
in metabasites from the pumpellyite-actinolite facies. 
On the other hand, the composition of metamorphic 
Na-rich pyroxenes is related to the extensive and 
intensive metamorphic parameters, e.g., rack 
composition, pressure andtemperature (Okay, 1978). 
The jadeitic conte,t of Na-pyroxenes has been con
sidered therefore as a good indicator of the P-T con
ditions of metamorphism (Essene and Fyfe, 1967). 

Withthe exception of Lombardo et al. (1977), which 
have studied the formation of Na-metamorphic 
pyroxene in rocks with contrasted primary chemical 
compositions, few works have investigated the influ
ence of bulk rock composition on the nature of these 
pyroxenes. This paper concentrates on the stability 
relations, nature and chemical composition of Na
pyroxene bearing metamorphic assemblages, deve
loped in metabasite tectonic blocks with contrasted 
chemical composition, present in the External Zones 
of the Betic Cordillleras (southern Spain). The aim of 
this study is to show the influence of the primary 
whole-rock igneous composition on the generation of 
Na-pyroxenes in these low-grade metabasites. 

GEOLOGICAL SETTING 

The Betic Cordilleras, the Alpine mountain belt of 
southern Spain, ccmprisefromsouthto north Internal 
and External Zones (Fig.1 a) . The Internal Zone is 
considered as part of the 'Alboran Plate' (Andrieux et 
al., 1971) and is characterized by the superposition of 
thrust sheets of Triassic and older metamorphic rocks. 
The External Zone represents the former continental 
margin of southem Iberia and consist of Mesozoic 
and Tertiary sediments with minor intercalations of 
basic rocks (García-Hernández et al., 1980). The 
present thrust-contact between the Internar and 
External Zone originated duringthe Miocene orogeny. 

Numerous outcrops of basic igneous rocks, 
corresponding to basalts and dolerites (hectometric 

to kilometric in size), are found in the argillaceous 
materials of Triassic age (Keuper) in the External 
Zone ofthe Betic Cordilleras (Puga et al., 1989; Morata 
1993). These basic rocks, emplaced duringthe Triassic 
and Jurassic. correspond to volcanic and subvolcanic 
bodies which, due to the Alpine deformation. are now 
present as tectonic blocks whose original igneous 
contacts are not preserved. From their whole rock 
chemistry and primary clinopyroxene composition. 
Morata (1993) and Morata and Puga (1993) have 
found two different chemical affinities in these basic 
rocks: one tholeiitic (mostly represented by volcanic 
rocks) and the other of transitional-alkaline character 
(always as subvolcanic bodies). 
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FIG. 1. a- geological simplilied map ollhe Belic Cordilleras, showing lhe sedimenlary Triassic oulcrops in black (al:er Azema el al., 1979, 
mod~ied), inside whichlhe basic rocks described are lound. The marked area correspondslo lhe 'Trias de Anle::¡uera' unil; b-simplilied 
geological map 01 Ihe 'Trias de Anlequera' unil, showing lhe localion 01 Ihe main melabasile blocks be3.ring Na-melamorphic 
pyroxenes. Open circles: melabasiles wilh Iholeiilic affinily. Black circles: melabasiles wilh Iransilional-alkaJine afflnily. Geologlcal 

map laken Irom Junla de Andalucla (1985), modified. 
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PRIMARV MINERALOGV 

The primary mineralogy of the basic rocks is 
slightly different between the tholeiitic and the 
transitional-alkaline basaltic and doleritic types 
(Morata, 1993).ln the tholeiitic basalts and dolerites, 
calcic plagioclase (AnSO•4S) and augite (W03sEnS2Fs12to 
W037En39Fs24) are the major components, with minor 
orthopyroxene (W::>UEn7S.SFs20 to WOsEn7sFs19) in the 
les s differentiated samples. Pigeonite (Woe Enss FS24 to 
WO,oEnsls37) appears also as a minor phase 
associated with augite. Amphibole, biotite and Fe-Ti 
ores are accessory minerals. These basic rocks are 
characterized by tne presence of quartz as isolated 
crystals or intergfJwn with sodic plagioclase in the 

more differentiated rocks.ln thetransitional-alkaline 
basalts and dolerites, the primary mineralogy con
sists of plagioclase (An70.S0) and Ti-rich clinopyroxene 

(W04sEn3ls,s to W047En3,FS22)' Minor olivine (F072.66) 

appears in the more primitive basalts. Ti-rich 
amphibole, phlogopitic biotite and Fe-Ti ores are 
accessory minerals. Primary quartz is absent in this 
transitional-alkaline protolith. 

Trace elements, REE patterns and discriminant 
trace element ratios are compatible with a continental 
extensional setting for this Mesozoic magmatism 
(Puga et al., 1989; Morata, 1993). 

GENERAL METAMORPHIC PATIERN 

The rocks from the External Zone of the Betic 
Cordilleras have been classically considered as 
unmetamorphosed (e.g. De Smet, 1984). However, 
very low-grade metamorphic assemblages, 
corresponding mainly to the prehnite-actinolite, 
prehn ite-pumpellyite and pumpellyite-actinolite facies, 
have been recently recognized in the basic rocks 
present into the Triassic sediments. This very low
grade metamorphism is nondeformational, and has 
preservedthe original textures and igneous structures 
(Puga--et al., 1988; Morata et al., 1992; Aguirre et al., 

1993; Morata, 1993). Moreover, in the unit known as 
'Trias de Antequera', close to the boundary between 
the External and Internal Zones (Fig. 1 a and 1 b), the 
metamorphism of the basic rocks is in the pumpel
Iyite-actinolite facies. This Triassic unit is charac
teristically chaotic, with numerous tectonic 'exotic 

blocks' of different ages and lithologies, ressembling 
a tectonic 'melange' (Morata et al., 1992; Morata, 1993). 
Both tholeiitic and transitional-alkaline dolerites, with 
a random geographical distribution, are present as 
tectonic blocks in the 'Trias de Antequera' (Fig. 1 b). 
Some ofthese basic rocks have Na-pyroxene and Na
amphibole in their metamorphic parageneses (Puga 
et al., 1983; Morata et al., 1992: Morata, 1993). Na
pyroxene is represented in both tholeiitic and 
transitional-alkaline types, although with different 
textural patterns. Relics of igneous pyroxene and, 
occasionally, amphibole arethe onlyprimary minerals 
preserved in these metabasites. Geothermobarometric 
studies carried out on some metabasic blocks from 
the 'Trias de Antequera' indicate maximum pressures 
in the interval4-5 kb and temperatures close to 300°C 
(Morata et al., 1992). 

MET AMORPHIC MINERALOGV 

Prima'Y igneous ophitic, subophitic and doleritic 
textures are always preserved in the metabasites 
contained in the Triassic sediments of the 'Trias de 
Antequera'. The metamorphic minerals mostfrequently 
represented are pumpellyite, actinolite, chlorite, 
epidote, titanite, white mica and scarce prehnite. 
Albite and quartz ar;3 ubiquitous and allthe plagioclases 

are albitized. These metamorphic minerals are found 
in different microdomains, e.g. replacing primary 
minerals. in the groundmass and filling veinlets. 
Pumpellyite is the mostfrequent metamorphic mineral 
in the tholeiitic metabasites but is rarely found in the 
transitional-alkaline metabasite blocks. In addition, 
Na-pyroxene, Na-amphibole and (Na-Ca) amphiboles 
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are also found. In the tholeiitic metabasites, Na
pyroxene is only present in veinlets, associated with 
chlorite+albite+quartz and, more rarely, (Ca-Na) 
amphiboles. In the transitional-alkaline metabasites 
light green Na-pyroxene grew as epitaxial replacement 
of primary pinkish, Ti-rich, clinopyroxene. The primary 
ophitic texture is preserved even when the replacement 
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is total. Chlorite and titanite are associated with the 
Na-pyroxene and, occasionally, a blue amphibole 
overgrowsthe Na-pyroxene (Puga etal., 1983; Morata 
et al., 1992). The metamorphic assemblages and the 
mineral compositions characterize the metamorphic 
conditions of the pumpellyite-actinolite facies. 

PVROXENE CHEMISTRV 

Chemical analyses of pyroxene were performed 
on a CAMEBAX microprobe, at the University of 
Montpellier (France), the analytical conditions being: 
15 kV, 10 to 12 nA. 20s counting and beam width of 
1~. Back-scattered images and mapping for Ca were 
obtained with a Zeiss DSM-950 scanning electron 
microscope equipped with a link analytical EDAX, at 
the Servicios Técnicos of the Universidad of Granada 

AC 

Au 

(Spain). Selected microprobe analyses and calculated 
structural formulae of both, igneous and metamorphic 
pyroxenes, are given in table 1. Fe'~'"/Fe2+partition was 
calculatedfollowing Droop (1987). The Wo, En, Fs, Jd 
and Ac components were calculated according to 
Morimoto et al. (1988). 

Pyroxene compositions are represented in the 
jadeite-acmite-augite diagram (Fig. 2). The jadeite 

AC 

Jd 

FIG. 2. ComposHional variations 01 metamorphic pyroxenes lrom the 'Trias de Antequera' unit, expressed in terms 01 Ac, Au, Jd (Essene and 
Fyfe, 1967); a- pyroxenes Irom tholeiHic blocks, various open symbois; b-pyroxenes Irom transitional-alkaline blC(;ks, various syrnbols 

in black. In both cases, the tie-line joins analytical points in the same crystal. Relic igneous pyroxenes are ploth,d in the Au (=QUAD) 
coin. 



TABLE la. SELECTEO MICROPROBE ANALYSES OF IGNEOUS (Cpx) ANO METAMORPHIC (Na-Px) PYROXENE IN THE THOLEIITlC METABASITES. 

POINT 162 163 58 60 61 62 63 64 65 66 67 82 
TYPE Na-Px Na-Px Cpx Na-Px Na-Px Cpx Cpx Cpx Cpx Na-Px Cpx Na-Px 

Si02 !'i:l :lA !'i :lHI 'i?n 'i? 1? <;127 <;2 ';f,\ ';1 39 52.46 50.30 51.44 51.82 52.55 
Ti02 0.06 0.19 0.32 0.00 0.00 0.27 0.00 0.27 0.00 0 .00 0.38 0.00 
AI203 3.76 3.35 1.84 3.80 4.50 1.82 0.75 2.11 0.08 1.63 1.78 4.04 
Cr203 0.00 0 .02 0 .05 0 .02 0.00 0.23 0 .00 0.20 0.00 0 .06 0.00 0.00 
FeO 17.68 18.70 8.46 20.97 18.87 7 .84 17.24 7.92 20.02 22.31 11.78 16.19 
MnO 0.06 0 .06 0.32 0 .14 0.17 0 .09 1.70 0.20 1.52 0 .54 0 .27 0 .30 
MgO 5.35 4 .97 17.31 3.74 5 .96 18.37 6.73 17.86 5 .18 3.77 16.46 6.06 
CaO 9.18 8.77 19.40 9.23 11.01 18.49 20.69 18.97 17.53 11.06 17.96 12.71 
Na20 8 .67 8 .84 0.25 8 .81 6.82 0 .19 2.23 0.19 3.86 7.65 0 .22 6.91 
K20 0 .00 0 .00 0.02 0.01 0.01 0 .00 0.00 0.00 0 .00 0 .00 0 .00 0.00 

SUM 98.13 98.08 100.19 98.83 98.60 99.86 100.73 100.17 98.49 98.47 100.67 98.76 

Structural formulae calculated on the basls of 6 oxygens 

Si 1.954 1.952 1.915 1.928 1.927 1.924 1.964 1.918 1.952 1.933 1.911 1.947 
AIIV 0.046 0 .048 0 .080 0.072 0 .073 0 .076 0.034 0.082 0 .004 0.067 0 .078 0 .053 
Ti 0.002 0 .005 0.009 0.000 0.000 0 .008 0 .000 0 .007 0.000 0 .000 0.D10 0 .000 
AIVI 0 .122 0 .102 0 .000 0 .097 0.126 0 .002 0 .000 0 .009 0.000 0 .008 0.000 0 .126 
Fe3+ 0 .273 0 .288 0 .090 0.434 0.439 0 .066 0 .203 0 .067 0.287 0.401 0 .095 0 .317 
Cr 0 .000 0.001 0 .002 0.001 0 .000 0 .007 0 .000 0 .006 0.000 0 .002 0 .000 0 .000 
Fe2+ 0.301 0 .323 0.171 0 .255 0 .177 0 .176 0 .357 0 .177 0.387 0.346 0 .271 0 .206 
Mn2+ 0 .002 0.002 0.D10 0 .005 0.005 0 .003 0 .055 0 .006 0.051 0.018 0.008 0.D10 
Mg 0.302 0.282 0.946 0.211 0.334 1.002 0 .383 0.973 0.304 0 .218 0.905 0 .339 
Ca 0.373 0.358 0.762 0 .375 0.444 0 .725 0 .847 0.743 0.738 0.459 0.710 0 .512 
Na 0.637 0.653 0.018 0 .647 0.497 0.014 0 .165 0.014 0 .294 0 .574 0.015 0.504 
K 0.000 0.000 0.001 0.000 0.000 0 .000 0 .000 0.000 0 .000 0.000 0.000 0.000 

1: 4013 4.015 4.003 4.025 4.023 4.001 4.010 4.001 4.016 4.025 4.004 4.014 

En 24.17 22.54 47.80 16.50 23.88 50.84 20.77 49.51 17.19 15.10 45.49 24.53 
Fs 46.01 48.89 13.70 54.22 44.41 12.37 33.34 12.70 41 .03 53.06 18.83 38.48 
Wo 29.82 28.57 38.50 29.28 31.71 36.78 45.89 37.79 41 .78 31 .83 35.68 36.99 

aUAO 43.37 42.44 98.17 39.39 48.99 98.60 82.75 98.57 70.82 47.10 98.40 51 .20 
Jd 17.52 15.11 0 .00 11.10 11.40 0 .05 0 .00 0 .17 0 .00 0 .98 0.00 13.89 
Ae 39.12 42.45 1.83 49.51 39.61 1.36 17.25 1.27 29.18 51 .92 1.60 34.91 

83 84 
Na-Px Cpx 

52.97 52.06 
0.01 0.29 
4.36 2.11 
0.00 0 .00 

16.71 10.34 
0.16 0 .30 
5.62 17.53 

11.97 17.82 
7.44 0.18 
0.02 0 .01 

99.27 100.62 

1.947 1.906 
0 .053 0.092 
0 .000 0 .008 
0 .139 0.000 
0.320 0 .094 
0.000 0 .000 
0.217 0.226 
0 .005 0.009 
0 .313 0.957 
0 .480 0.699 
0 .539 0.012 
0.001 0.000 

4.014 4.003 

23.47 48.22 
40.60 16.55 
35.93 35.23 

48.35 98.69 
15.64 0.00 
36.02 1.31 

97 
Cpx 

49 qn 
0.61 
2.09 
0 .00 

14.48 
0 .20 

13.64 
17.91 
0 .24 
0 .01 

99.08 

1.899 
0 .094 
0.017 
0 .000 
0 .092 
0.000 
0.372 
0 .007 
0 .774 
0 .730 
0 .018 
0 .000 

4.004 

39.18 
23.84 
36.98 

98.12 
0 .00 
1.88 
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TABLE lb. SELECTEO MICROPROBE ANALYSES OF IGNEOUS (Cpx) ANO METAMORPHIC (Na-Px) PYROXENES IN THE ALKALlNE-TRANSITIONAL METABASITES. 

POINT 68 162 163 164 166 167 168 169 170 171 12 13 3 51 53 26 
TYPE Na-Px Cpx Na-Px Cpx Na-Px Na-Px Cpx Cpx Cpx Na-Px Na-Px Na-Px Cpx Na-Px Cpx Cpx 

Si02 53.20 49.36 53.11 51.20 53.99 53.18 49.18 49.38 48.86 53.74 54.00 53.86 47.12 53.22 50.47 48.31 

Ti02 0.05 1.77 0.06 1.08 0.00 0.07 1.63 14.3 1.57 0.00 0.00 0.00 2.53 0.01 0.63 1.41 

AI203 4.19 4.58 3.54 2.85 3.51 1.93 4.45 4.39 4.52 3.48 3.96 3.32 5.70 3 .19 2.92 4.33 

Cr203 0.07 0.48 0.58 0 .19 0.40 0.40 0.48 0 .25 0.52 0 .59 0.00 0 .00 0 .05 0.27 0.41 0.00 
FeO 15.79 7 .25 16.02 6.43 15.78 13.90 7.29 6.81 7.11 14.47 13.17 15.58 8 .19 18.65 7.47 9.06 
MnO 0.00 0 .32 0.05 0 .22 0.18 0 .05 0.20 0.10 0.12 0 .11 0.18 0.24 0.28 0.05 0.23 0.22 
MgO 6.02 14.71 6.16 15.73 6.90 8.47 14.54 14.70 14.65 7 .10 7.81 6.54 13.57 4.88 15.41 13.07 
CaO 10.77 22.09 10.57 21 .82 11.94 1.46 22.11 22.03 22.12 11.89 15.09 13.93 21.74 9.17 21 .05 21.17 
Na20 8.41 0.53 8.25 0.44 7.57 6 .18 0.46 0.55 0.48 7.44 5.60 6.03 0.55 8.93 0 .35 0.67 

K20 0.01 0 .00 0.00 0 .00 0.00 0 .01 0.01 0 .01 0.00 0.00 0.00 0.00 0.11 0.01 0 .00 0.00 

SUM 98.21 101.09 98.34 99.94 100.27 98.34 100.34 99.65 99.93 98.82 99.81 99.50 99.82 98.38 98.95 98.23 

Structural formulae calculated on the basis of 6 oxygens 

Si 1.945 1.804 1.946 1.883 1.949 1.959 1.812 1.826 1.805 1.960 1.975 1.980 1.752 1.984 1.880 1.828 
AIIV 0.055 0 .196 0.054 0 .117 0.051 0.041 0.188 0174 0.195 0.040 0.025 0 .020 0 .248 0.016 0.120 0.172 
Ti 0.001 0.049 0.002 0.030 0.000 0.002 0.045 0.040 0.044 0 .000 0.000 0 .000 0.071 0.000 0.018 0.040 
AIVI 0.131 0.002 0.103 0.007 0.102 0.015 0.006 0.017 0.002 0.113 0.148 0.128 0.002 0.125 0.008 0.021 
Fe3+ 0.327 0.120 0.326 0 .076 0.304 0.244 0.111 0.110 0.125 0243 0.152 0 .120 0.147 0.529 0.090 0.120 
Cr 0.002 0.014 0.017 0 .006 0 .012 0.012 0.014 0 .007 0.015 0 .017 0.000 0 .000 0.001 0 .008 0.012 0.000 
Fe2+ 0 .182 0.104 0.192 0 .123 0.196 0 .204 0.116 0.102 0.096 0 .220 0.262 0.376 0 .110 0.080 0 .145 0.170 
Mn2+ 0.000 0.010 0.002 0 .007 0.006 0 .002 0.006 0 .003 0 .004 0.003 0.006 0.008 0 .009 0.002 0.007 0 .007 
Mg 0.337 0.802 0.345 0 .862 0.379 0.476 0.799 0 .810 0.807 0.396 0.433 0.368 0.752 0.272 0.856 0.738 
Ca 0.421 0.865 0.426 0.860 0.472 0.572 0.873 0 .873 0.875 0 .477 0.601 0 .563 0.866 0.366 0.840 0.858 

Na 0.612 0 .037 0.602 0.031 0.542 0 .452 0.033 0 .039 0.034 0.540 0.403 0 .441 0.039 0.646 0.025 0.049 
K 0.000 0 .000 0.000 0 .000 0.000 0.000 0.000 0.001 0.000 0 .000 0.000 0.000 0.005 0.001 0.000 0 .000 

1: 4.014 4.002 4.014 4.001 4.013 4.009 4.002 4.002 4.002 4.009 4.005 4.005 4.003 4.027 4.002 4.003 

En 26.58 42.17 26.74 44.73 27.96 31 .81 41.94 42.68 42.28 29.61 29.76 25.63 39.91 21.76 44.17 38.97 
Fs 40.21 12.30 40.25 10.67 37.24 29.99 12.22 11.36 11.83 34.78 28.91 35.13 14.14 48.90 12.47 15.67 
Wo 33.21 45.52 33.00 44.60 34.80 38.21 45.83 45.97 45.89 35.61 41.33 39.24 45.95 29.35 43.36 45.35 

aUAO 43.43 95.95 44.48 96.75 49.13 58.10 96.48 95.81 96.28 50.29 61 .62 59.70 95.64 35.72 97.31 94.72 
Jd 16.14 0.06 13.31 0 .27 12.76 6.56 0.17 0 .56 0.05 15.82 18.92 20.73 0.06 12.27 0.23 0.79 
Ae 40.43 3.99 42.21 2.98 38.10 35.34 3.36 3.64 3.67 33.88 19.46 19.57 4.30 52.01 2.46 4.49 

- ---- ---- --
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1.98 
0.00 

19.15 
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5.47 

10.14 
7.83 
00.1 
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0.002 
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0 .202 
0 .000 
0 .426 
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content of the metamorphic pyroxenes from both, the 
tholeiític and transitional-alkaline protoliths, increases 
upto a maximum of 19%, and the pyroxenes plot in the 
aegirina-augite field, close to the chloromalanite field. 
80th typas of Na-pyroxene have high aegirine contents 
(a maximum of 50%), indicativa of a relatively high 
f02 at the tirre of formation. However, some 
differences existconcerningthe chemistry andtextural 
nature of the Na-pyroxenes from the two primary 
protoliths. 

SODIC PYROXENES IN THE THOLEIITIC 

METABASITES 

Na-pyroxenes are present in two different textural 
arrangements, but always in relation to veinlets filled 
with albite and quartz (and less frequently pumpellyite). 
Na-pyroxene appears most commonly as a bright
grean material adjacent to the vein wall where the vein 
is in contact with primary augite (Fig. 3). However, in 
some cases, small subidiomorphic green Na-pyroxene 
crystals (50-100 flm), form without direct contact with 
a primary augite. 

Na-pyroxenes have higher Nap contents (up to 
10% wt) and low3r CaO contents than primary augite 
(Fig. 4a). As an increase of the Nap content of the 
pyroxene can be considered as a para meter indicative 
of a secondary event in the tholeiític systems, those 
elements which have a high correlation index with 

Nap would be also relatedtothese secondary events. 
Table 2a gives the correlation index between the 
different oxides present in the pyroxenes. Together 
with Na

2
0, the AIP3 andthe FeO tot also increase (from 

1.8% in thefresh augite to ca. 5% inthe green pyroxene 
forthe AIP3 andfrom ca. 8% to 18-20%, fodhe FeOtot)' 

On the other hand, a decrease in Ti0
2 

(from 0.3% to 
níl), MgO (from 17-19% to 3%) and CaO (from 10% to 
6%) occurs, as also shown in figure 4a, b and c. Only 
a slight increase in Si0

2 
has been observed between 

fresh augite and Na-pyroxene in the tholeiitic 
metabasites, as shown by the change in AI'V contents 
(Fig. 4d). Similarvariations have been found by 8adger 
and Sinha (1986) in clinopyroxenes from basalts 
metamorphosed in the greenschist facies containing 
relics of igneous pyroxene. In the latter case, the 
secondary pyroxenes are found in the margins and in 
cross-cutting fractures in the primary pyroxene, and 
they are richer in FeO and AIP3 and poorer in MgO, 
CaO and Si0

2 
as compared to fresh augite. 

Na-pyroxenes from the metabasites studied are 
texturally very similar to those found in the altered 
oceanic basalt of hole 5048 (Laverne, 1987), although 
some important chemical differences exist. Thus, in 
the green Na-rich pyroxene from southern Spain, Ca 
strongly decreases, Ti does not increase, and the Al 
content is higher with respect to fresh augite. On the 
contrary , in the pyroxenes from hole 5048 (Laverne 
1987), Ca is rather constant, but the secondary 

FIG. 3. Microphotography 
o, Na-pyroxene 
developed in a 
veinlet in Iholeiilic 
metabasite. Scale: 
200~m;Ab: albite; 
Aug:primary au
gite; Na-Px: 50-

dium-rich meta
morphicpyroxene; 
PI: primary plagio
clase; Qtz: quartz. 
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FIG . 4. Chemical varialion belween igneous pyroxenes (Iriangles) and melamorphic pyroxenes (squares) . P"{roxene Irom Iholeiilic 
melabasiles in while and those Irom transit/onal-alkaline metabasnes In black. 

pyroxene is rieher in Ti and poorer in Al than the fresh 
augite. The aegirine content olthe secondary pyroxene 
is similar in both cases, but the jadeitic content is 
negligible in the altered oceanic basalt. 

SODIC PYROXENES IN THE TRANSITIONAL

ALKALlNE METABASITES 

In the transitional-alkaline metabasites, Na
pyroxene always occurs as replacement of primary 
Ti-rich augite (Fig. 5a). This replacement can be 
complete, preserving the original ophitic texture, but 
in some cases relics 01 igneous pyroxene are still 
present (Fig. 5a, 5b) . Previous studies by Morten and 
Puga (1983) concern the chemistry and the 

crystallography of this Na-pyroxene. These authors 
have evidenced the cationic exchange of Ca by Na, 
the metamorphic origin of the Na-rich pyroxenes and 
have related their formation to a possible Late 
Cretaceous subduction stage during the geodynamic 
evolution 01 the Betic Cordilleras. 

As in the case of the Na-pyroxene developed in 
the tholeiitic metabasites, FeO

lol 
in::::reases, whereas, 

Ti02, MgO and CaO decrease when Nap increases. 
On the contrary, AI203 decreases and Si02 increases 
strongly when Nap increases (Table 2b and Fig. 4a. 
b, c). This contrasting behaviour af the Si02 is easily 
explained by the silica oversaturation of the tholeiitic 
metabasites (presence of quartz in the C I P W norm). 
In this case, the Si02 conten! of !he :>rimary pyroxenes 
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TABLE 2. CORRELATION COEFFICIENT MATRIX FOR THE OXIDE COMPONENT5 OF CLlNOPYROXENE5 FROM: 

a- the tholeiitic metabaslles; b-Ihe Iransltonal-alkallne melabaslles. 

a 51°2 T102 AI203 Cr203 

51°2 1.000 

T102 -0.179 1.000 

AI203 0.139 -0.229 1.000 

Cr203 0.064 0.247 -0.157 1.000 
FeO -0.292 -0.641 0.345 -0.535 
MnO -0.356 -0.313 -0.655 -0.217 
MgO 0.236 0.690 -0.511 0.437 
CaO -0.528 0.496 -0.536 0.367 

Na20 0.119 -0.688 0.689 -0.367 

K20 0.591 0.005 -0.379 -0.135 

b 51°2 T102 AI203 Cr203 

51°2 1.000 

T102 -0.882 1.000 

AI203 -0.668 0.701 1.000 

Cr203 -0 .192 0.194 0.148 1.000 
FeO 0.735 -0.745 -0.458 -0.412 
MnO -0.225 0.116 0.008 -0.146 
MgO -0.720 0.695 0.313 0.397 
CaO -0 .786 0.758 0.372 0.271 
Na20 0.805 -0.768 -0.386 -0.309 

K20 -0.398 0.302 0.314 -0.127 

is close to the maximum accepted by the pyroxene 
structure, with Si> 1.9 atoms p.l .u. (see Table 1 a and 
Fig. 4d). In the transitional-alkaline metabasites 
(undersaturated in Si02 and with normative olivine), 
the Si02 content o" the primary pyroxene is lower than 
in the tholeiitic metabasites, so it can increase through 
secondary processes (see Table 1 b and Fig. 4d). 

During metamorphism the Ti02 content 01 the 
igneous Ti-clinopyroxene (up to 2% wt) is consumed 
(together with the CaO released Irom the same 
pyroxene) in the lormation oltitanite which appears as 
small crystals in the exloliation surfaces 01 the Na
pyroxene (Fig. 5a, 5b). The Na content increases Irom 
the igneous pyroxene (0.03 atoms p.f.u .) to the 
metamorphic one (up to 0.53 atoms p.f.u.), as can be 
seen in ligure 6. In ligure Se, mapping 01 the Ca 
content illustrates a relatively homogeneous 
distribution 01 th is element throughout the Na
pyroxene. Figure 4a shows a progressive general 
increase in Na with decreasing Ca towards the rim in 
a same crystal (Fig. 6). This Na(::}Ca exchange is 
accompanied by an increase in Si and a decrease in 
Al in the tetrahedral position, a typical leature 01 high 
pressure metamorphic pyroxenes (see Table 1 and 
Fig. 6). Na-pyroxenes have higher Alv, content than 

FeO MnO MgO CaO Na20 K20 

1.000 
0.204 1.000 
-0.946 -0.132 1.000 
-0.551 0.405 0 .505 1.000 
0.837 -0.211 -0.903 -0.785 1.000 
-0.280 0.062 0.454 -0.315 -0.266 1.000 

FeO MnO MgO CaO Na20 K20 

1.000 
-0.295 1.000 
-0.977 0.337 1.000 
-0.956 0.353 0.955 1.000 
0.960 -0.331 -0.967 -0.992 1.000 
-0.146 0.242 0.150 0.181 -0.181 1.000 

the igneous ones beca use, despite the general 
decrease in AI203 in the secondary pyroxene, the 
increase in Si enables most 01 the aluminium to enter 
the octahedral position. An 'ideal' ionic reaction to 
lorm this metamorphic pyroxene can be expressed as 
lollows: 

According to the results 01 Otten and Buseck 
(1987), the lormation 01 Na-pyroxene should be 
characterized by cationic exchange of Mg2+ by 
(Alv'+Fe3+) in the M1 position, and 01 Ca by Na in the 
M2 position. Carpenter and Okay (1978) have shown 
a similar ionic exchange between the igneous Ti-rich 
clinopyroxene and the Na-rich metamorphic pyroxene, 
with exchange 01 (Na+AI+Fe3+) by (Ca+Mg+Fe2+), and 
Si increase with AI'V decrease in Turkish metadolerites. 
Aguirre (1977) and Shibakusa and Hirajima (1988) 
have lound a similar translormation Irom primary 
alkaline-type pyroxene (Ti-rich augite) to Na-rich 
metamorphic pyroxene in the moderate to high 
pressure zone 01 the Kamuikotan metamorphic belt 
(Hokkaido, Japan). 
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a 

e 

b 

FIG. 5. a- micropholography 01 Na-pyroxene overgrowing 
primary Ti-rich augite in a Iransitional-alkaline 
melabasile. Dais show Ihe posilion 01 mlcroprobe 
spol analyses. Igneous plagioclase is mainly 
pseudomorphosed by white mica; b- back-scattered 
eleclron image 01 lhe same pyroxere than in a dean 
zone corresponds lo primary Ti-augite. While spols 
are lilanile cryslals developed by melamorphic 
reactions; c-X-Ray image lar Ca conten\. Lighter 
zone is Ihe igneous pyroxene relic. In the three 
cases, scale: 200 ~m; Na-P) : sodium-rich 
metamorphic pyroxene; PI: primary plagioclase; Qlz: 
quartz; Ti-Aug: titanium nch igneous augite; TI": 
titanite. 
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a pyroxene Irom al
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melabaslle (Flg. 5). 
Numbers 166 lo 171 
c orrespond lo mi
croprobe analyses In 
figure 5a and lable 1 b. 
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lerms 01 a p".u. 

GENETIC CONDITIONS 

It is commonly accepted that the jadeite content of 
metamorphic pyroxenes in creases with pressure (Liou 
et al., 1987 and r3ferences therein). In tact, the Jd 
content can be considered as a good geobarometer, 
based on the transformation Ab<=:>Jd+Qtz calibrated 
by Essene and Fyfe (1967) and Popp and Gilbert 
(1972). Assuming that in the Antequera zone Na
clinopyroxenes W3re in equilibrium with albite, the 
variations of their jadeite component could have been 
relatedtothe P-T gradient. However, the metamorphic 

pyroxenes studied here are not the result of the albite 
reaction above and so, the variations in their jadeite 
component could indicate only an approximate value 
of the pressure during their formation. For a 
temperature of 3DDoe obtained from chlorites (Morata 
et al., 1992; Morata, 1993) the range of pressures 
considering the maximum Jd content (19%) is 4-5 
kbar. Similar pressures were obtained (Morata et al., 
1992; Morata, 1993) with other geobarometers applied 
to metamorphic parageneses of these metabasites; 
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in particular, thecrossite content olthecalcic amphibole 
(Brown, 1977) and the experimental geobarometer 
lor sodic amphiboles (Maruyama et al., 1986). 

These pressures are in good agreement with 
those estimated by other authors in areas where Na
rich metamorphic pyroxenes have been lound. In lact, 
Na-rich metamorphic pyroxenes with a jadeiticcontent 
01 about 15 to 20%, in metastable coexistence with 
igneous relic clinopyroxene, is a common leature in 
low-grade metabasites found in moderate to high 
pressure me:amorphic terranes (Brown and Ghent, 
1983; Brown, 1986; Sakakibara, 1986; Maruyama 
and Liou, 19,37, 1988; among others). Na-pyroxene 
plus chlorite is a stable metamorphic association in 
metabasites -ormed under pumpellyite-actinolite and 
prehnite-pul11Jellyite lacies conditions (Maruyama and 
Liou, 1985). 

Based upon the previous assumptions and on the 
approximate P-T values obtained, it can be concluded 
thatthe physical conditions during the lormation of the 
metamorphic pyroxenes were similar in both, the 
tholeiitic and transitional-alkaline metabasites. Due to 
the lact that these intensive physical parameters do 
not appear a3 a major lactor controlling the different 
textural arrangements and chemical composition 01 
the Na-metallorphic pyroxenes, it is necessary to 
imply another control. The different textural patterns 
01 these pyrcxenes would be a consequence 01 the 
contrasting chemical composition 01 the primary rocks 
and, notably, 01 the primary igneous pyroxene. In the 
very low-grade metamorphic processes, dominated 
by lowtemperature and low diffusion rates, the epitaxial 
overgrowth of a primary mineral phase will be easier 
than the nuc eation 01 a new metamorphic mineral. 
Maruyama ald Liou (1987) have shown how meta
morphic c1incpyroxene may appear in very low-grade 
blueschists only ifthe rockcontains igneous pyroxenes. 
In such a lo\\>-T environment, igneous c1inopyroxene 
apparently provided nuclei lor the metamorphic 
clinopyroxen3 to grow and therelore the latter rellects 
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the composition 01 the original pyroxenes, 
The igneous Ti-rich pyroxenes in the transitional

alkaline rocks have higher structural and chemical 
affinities with the sodic metamorphic pyroxenes than 
the igneous pyroxenes Irom the tholeiitic rocks. This 
explains the widespread replacement observed in the 
transitional-alkaline metabasites.ln thetholeiitic rocks, 
on the contrary, Na-rich pyroxene, associated with 
Ab+Qtz, is restricted to lissures and veinlets, but 
never overgrows igneous pyroxene outside the 
veinlets. In these rocks, the lormation 01 Na-pyroxene 
seems to be lavoured by the presence 01 a Na-rich 
Iluid phase during the metamorphic event. However, 
these Na-pyroxenes have a similar Na

2
0 content, with 

Jd c10se to 19% (Fig. 2), than those in the transitional
alkaline metabasites. 

The Jd content and the chemical differences ob
served between Na-pyroxene in the troleiitic metaba
sites and in oceanic basalts Irom hole 504B (Laverne, 
1987) are a c1ear consequence 01 different conditions 
01 lormation. In the metabasites from the Betic 
Cordilleras a pressure component is involved in the 
lormation 01 the secondary pyroxene, whereas the 
estimated temperature is lowerthan that in hole 504B. 
A high-T deuteric origin is invoked lor the Ti-rich 
augite-aegirine lound in the altered oceanic basalts 
(Laverne, 1987). Meanwhile, a moderate pressure 
metamorphic event would explain the generation 01 
Na-pyroxene in the metabasites Irom the 'Trias de 
Antequera'. 

The behaviour 01 Ti0
2 

is also interesting to com
ment. Although Ti is classically considered as 'im
mobile' we have shown evidence ot its intracrystal 
mobility; this mobility is higher in the transitional
alkaline metabasites. Nevertheless, the Ti0

2 
content 

is similar between metamorphosed and non-meta
morphosed basic rocks 01 both chemical groups 
(Morata, 1993). Therelore, whole rock can be taken 
as a 'closed system' lor Ti0

2
, and this element is 

considered as a discriminant lorthe magmatic affinity. 

CONCLUSIONS 

The presence 01 Na-pyroxene is interpreted as 
indicative 01 a moderately high pressure meta
morphism in some areas 01 the External Zone 01 the 
Betic Cordille-as, in particular in the 'Trias deAntequera' 

unit. The metabasites Irom this unit are meta mor-

phosed in the pumpellyite-actinolite lacies. The 
chemical composition 01 the igneous ::>rotoliths deter
mines the nature and textural arrangement 01 the 
metamorphic pyroxenes. In the tholeiitic metabasites, 

Na-pyroxenes are lound in veinlets with albite and 
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quartz, mostly where these veins cut primary augite 

crystals. Na-pyroxene has developed at the contact 

with augite. Compared to the fresh augite, Na

pyroxenes are richer in AIP3' FeO,o' and Nap, and 
poorerinMgO,CaOandTi0

2
,whereasSi0

2
decreases 

only sl ightly. In the transitional-alkaline metabasites 

Na-pyroxenes are found as epitaxic raplacement 

(topotactic?) of primary Ti-rich augite. This raplacement 

may be total, although the original igneous ophitic 

textura is always preserved. Theformation of epitaxial 

Na-pyroxenes through the Na~Ca replacement is 

accompanied by a release of Ti. Na-pyroxenes are 

richer in SiOz and FeO,ol and poorar in MgO, AIP3' Ti0
2 

and CaO compared to 1resh augite. The jadeitic 

content in both types of metamorphic pyroxenes is 

similar with maximum values between 15% and 19%. 

The P-T conditions established from the Jd content 

in the Na-pyroxenes, orbased on amphibole barometry 

and chlorite thermometry, are similar for both types 01 

metabasites present in the 'Trias de Antequera' unit 

(P-4-5 kb and T -300°C). Therefore, the primary 

chemical composition 01 the protolith is considered to 

bethe main cause ofthe contrasting chemical compo

sition and textural arrangement of the Na-pyroxenes 

10und in the tholeiitic and transitional-alkaline meta

basites. 
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