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Zoned clinopyroxenes from Miocene basanite, Banska Stiavnica - Kalvaria
(Central Slovakia): Indicators of complex magma evolution
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Abstract. The basanite neck Banska Stiavnica - Kalvaria (7.29 ± 0.41 Ma) belongs to the oldest alkaline ba-
salt eruptive centres from the inner side of the Western Carpathians. This basanite has porphyria texture with
olivine, clinopyroxene and plagioclase phenocrysts. Zonation is the characteristic feature of clinopyroxenes.
There are some kinds of the zonation; core (centre) - mantle - rim, concentric, sector and oscillatory zoning.
Ti-diopsides and Ti-augites of sandy and dark brown color, which constitute centres, mantles and rims of
phenocrysts, come from alkaline basalt magma which was not differentiated to the high degree. The variabil-
ity of Ti and Al contents suggests polybaric crystallization - inner parts of clinopyroxenes with lower Ti con-
tents formed at higher pressures than rim parts with higher Ti contents. The oscillatory zoning of these
pyroxenes can reflect changing conditions in the melt. The core corresponding to Cr-augite was found in one
of the samples. This Cr-augite can represent fragments of the upper mantle wall rocks which were caught by
ascending basaltic magma. The green cores of type I. (ferrian aluminian diopsides and augites) originated in a
melt or they come from the vein fillings in the upper mantle. Their origin from the magma melt could be sug-
gested from the zoning and subhedral shape of some cores. Mg-number and variability of the chemical com-
position of these cores can reflect more differentiated magmas with a variable degree of differentiation. Their
origin as fillings of the upper mantle vein systems could be suggested by the cores with shapes resembling
fragments. The higher Alv'/Al'v ratios comparable with those of clinopyroxene mantles suggest crystallization
of these cores at relatively high pressure. Strongly resorbed cores of type II. (Fe-rich diopsides and augites)
are probably xenocrysts which come from the upper mantle metasomatized by rising melts and fluids. It is
also possible that some cores of this type originated in more differentiated magma (e. g. zoned subhedral
core). Studied clinopyroxenes show the complexity of processes which accompany alkaline basalt magma
evolution and its interaction with the subcontinental mantle.
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Introduction

Alkaline basalts are an important source of the informa-
tion about the upper mantle but also about lower parts of
the Earth's crust. These information we can obtain, when
we study these rocks, because they originate by partial
melting of the upper mantle materials and because of their
rapid rise from the asthenospheric depths they are little con-
taminated or almost not contaminated by the crustal mate-
rial. They contain xenoliths which represent fragments of
wall rock material taken to the surface by the magma.

Pyroxenes, the common minerals in basalts, are the
worthy source of information about the evolution of alka-
line basalt magma to their ascent up to the surface, about
its interaction with mantle, respectively crustal wall rock
material and the other magmatic melts. Their wide com-
positional variability is influenced not only by the compo-
sition of the material (magma) which they originated
from, but also by P, T conditions of their origin.

Clinopyroxenes in Miocene-Quaternary alkaline ba-
salts from the Western Carpathians were more detaily

studied only in one of two regions of alkaline basalt oc-
currence, in Novohrad (Nograd) region, which lies at the
boundary between Slovakia and Hungary (Dobosi, 1989;
Dobosi and Fodor, 1992; Dobosi and Jenner, 1999). The
aim of this work is the similar study in the second area,
Central Slovak volcanic field, more exactly at the locality
Banska Stiavnica - Kalvaria.

Geology

The locality Banska Stiavnica - Kalvaria (Fig. 1) is
one of the several occurences of alkaline basalts in the
Stiavnicke" vrchy Mts. area. It represents the lava neck
formed by nepheline basanite in the surrounding of am-
phibole-biotite andesite. This neck represented conduit of
probably smaller explosive-effusive volcano which was
succesively eroded (Konecny et al., 1998).

Radiometric age of basanite 7.29 ± 0.41 Ma (Balogh
et al., 1981) corresponds to the Upper Miocene (Pontian)
and to the oldest stage of alkaline volcanic activity in the
inner side of the Western Carpathians.
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Fig. I Two occurrences of alka-
line basalt (Kalvaria and Kysi-
hybel) near Banska Stiavnica
city

Petrography and mineralogy

The basanite from Banska Stiavnica, the locality Kal-
varia, forms more petrographic types. It has porphyric
holocystalline, more rarely hemicrystalline texture with
omnidirectional, ophitic or trachytic groundmass (Fig. 2).
Phenocrysts are represented by olivine, clinopyroxene
and plagioclase. The matrix consists of these minerals,
Ti-magnetite, nepheline, apatite and respectively, of
glass (Si'mova, 1965).

Olivines are euhedral to anhedral; phenocrysts often
have large size (also some mm). They are also present in
the groundmass. Starting alteration (e. g. iddingsitiza-
tion) follows cracks. Olivines contain inclusions of Cr-
spinel. They are often zoned, the zonation is visible also
optically. Their composition is approximately Fog().8g
(central parts) and F073.77 (rims). According this compo-
sition, these olivines are phenocrysts which have crystal-
lized from basalt magma.

Fig. 2 Alkaline basalt from Banska Stiavnica - Kalvaria.
Plane-polarized light, magnification 27x.
Ol - olivine, Cpx - clinopyroxene, PI - plagioclase

Clinopyroxenes form euhedral to anhedral pheno-
crysts and groundmass grains. Phenocrysts are relatively
often rounded and embayed. Clinopyroxenes are typi-
cally zoned (core, mantle and rim zone, concentric, sec-
tor and oscillatory zoning).

Plagioclases form tables and laths, predominantly in
the groundmass. They are omnidirectional, ophitic or
fluidal. They are characteristically twinned. Phenocrysts
are generally non-zoned or weakly zoned with composi-
tion An74.84 (Balogh et al., 1981). Analyzed plagioclase
xenocryst probably of the crustal origin has the inner part
of An43 composition. It is rimmed by the another plagio-
clase with Anfi9.

Inner parts of some clinopyroxene crystals are to the
various scale replaced by secondary carbonates (photo
3, 4, 5, 7). Secondary carbonates with zeolites also fill
interstices in the rock.

Geochemistry

Geochemistry of basanite from Kalvdria together with
the another alkaline basalts from the Central and South-
ern Slovakia was described by Mihalikova and Si'mova
(1989), more recently by Ivan and Hovorka (1993). Ac-
cording Ivan and Hovorka (1993) this rock belongs to
alkaline withinplate basalts with their characteristics fea-
tures: LILE and HFSE enrichment and differentiated en-
richment LREE/HREE.

If we compare this basanite with most of the Miocene
to Pleistocene Western Carpathian alkaline basalts, this
rock as a product of the oldest eruption phase has mildly
lowered total abundances of REE and some other incom-
patible elements such as Th, Zr, Ta.

Analytical techniqes

Pyroxenes were analyzed at Cameca SX-100 electron
microprobe at Geological Survey of Slovak Republic, Bra-
tislava. An accelerating potential of 15 kV, current 20 nA.
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Phototables: Zoned clinopyroxenes from alkaline basalt, Banska Stiavnica, Kalvaria.
Abbreviations: CC - carbonate, PI - plagioclase

Standards used for elements: Si, Ca - wollastonite, Al -
A1203, Ti - Ti02, Fe - hematite, Mg - MgO, Mn - Mn, rho-
donite, Na - albite, K - ortoclase, Cr - chromite.

Clinopyroxenes are recalculated to 6 oxygens and 4
cations. Fe3* was calculated by charge balance. An analysis
was recalculated to 4 cations exactly and Fe3+ was calcu-
lated as difference between 12 and total charge of cations.

Characteristics of zoned clinopyroxenes from Banska
Stiavnica

The basanite from Banska Stiavnica - Kalvaria com-
prises some types of zoned clinopyroxenes which differ in
size, optical properties and chemical composition. Indivi-
dual color hues of pyroxenes described below were ob-
served in optical microscope at plane polarized light.

There are two basic types of the zonation in the stud-
ied rocks: continuous and discontinuous. Continuously
zoned crystal comprises only one type of pyroxene
which can have various hues of sandy and brown color.
This type of zonation is typical for the most of pyrox-

enes. Discontinuously zoned crystal comprises two dif-
ferent types of pyroxenes which also differ in the color
(some pyroxenes mentioned above which contain green
cores).

Pyroxenes also have concentric, oscillatory, sector and
non-regular (individual zones have non-regular shape)
zoning.

In the clinopyroxene phenocrysts we can recognize
three typical zones: (1) central core or central part of
phenocrysl, (2) mantle and (3) rim. The rim is narrow or
is not present in some cases.

Pyroxenes with various hues of brown and sandy color

The most common types of pyroxenes in studied rocks
are those of various hues of brown and sandy color in all
parts of a crystal (photo 2, 3, 4). Color hue is determined
by the concentration of Ti in an individual part of crystal.
The higher is Ti content, the deeper is the color. Sandy
color is more typical for the inner parts of clinopyroxenes,
deep brown for their rims.
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Zoning is a typical feature of these pyroxenes. There
are some types of zonation: oscillatory, concentric, sector,
non-regular. The optical zonation is of two kinds. Simply
zoned crystal has inner part of sandy color and deep
brown rim of various thickness. Deep brown clinopyro-
xenes in some samples can be added to this group. More
color hues in a single phenocryst are typical for more
complicated zonation, e. g. pyroxenes with brownish
core, complex-zoned pyroxenes (photo 3, 4, 15).

The pyroxenes of this group are relatively often
rounded and embayed. Inclusions of Ti-magnetite are
concentrated to the rim parts of phenocrysts and to deeper
brown pyroxenes.

Green clinopyroxene cores

Some clinopyroxenes in the studied alkaline basalt
contain green cores which are rimmed by mantle and rim
of sandy and/or deep brown color. We can recognize two
types of these green cores:

Type I. represent relatively wide group of pleochroic
or weakly pleochroic cores with green - brown pleochro-
ism. These two colors have various hues (photo 1, 5, 7,
11, 12, 13, 16, 17, 18, 20). These cores are mostly an-
hedral. They have variable optical intensity observed at
plane polarized light. There are cores which are not very
distinctive from mantling pyroxene to intense cores. The
boundary between the core and the mantle can be sharp or
more diffuse. They are unzoned or they have non-regular
zoning at crossed polars. The shape of some cores re-
sembles fragments. They are often rounded and embayed,
what indicates resorption prior to the mantle over-
growth.These cores practically do not contain inclusions.
If they do, these inclusions extend also to mantling py-
roxene.

Type II. represents non-pleochroic, weakly pleo-
chroic to pleochroic cores of light pale green color
(photo 6, 9. 10, 14). These cores are mostly anhedral,
rarely subhedral. They are mostly non-zoned at crossed
polars. They contain tiny inclusions; in some cases in-
clusions rim this core what can suggest a resorption.
Resorption can be reflected also by rounded and em-
bayed shapes of cores.

Some clinopyroxenes with composite core were
identified in studied samples - one core is rimmed by
the another core, but there are cores of only one type in
a single crystal (either the core of type I. - photo 17, or
the core of type II. - photo 6). The composite cores are
described also by Dobosi and Fodor (1992) in No-
vohrad region.

Chemical composition of clinopyroxenes

Analyses of studied clinopyroxenes are listed in Tab. 1.
Clinopyroxenes were classified in quadrilateral En-Fs-

Wo diagram (the I. M. A. classification, Morimoto et al.,
1988, fig. 3). According this diagram almost all studied
clinopyroxenes are diopsides. But it must be mentioned
that these pyroxenes, besides cores of type II., contain

substantial amounts of non-quadrilateral components
(mostly Al, less Na, Fe3+, Ti) and extensive substitution of
these components probably raises values of Wo member
(Bedardetal., 1988).

Higher contents of titanium (0,66 - 5,12 % Ti02) are
typical for sandy and deep brown parts of clinopyroxenes.
This type of pyroxene is described as titanaugite (e. g.
Duda and Schmincke, 1985: Dobosi, 1989); in this work
they will be named Ti-augites and Ti-diopsides (accord-
ing classification). Parts of pyroxenes with more than =
3,7 % Ti02 can be according I.M.A. classification named
as titanian diopsides.

One core with relatively high Mg number (Mg# = 0,86)
and Cr203 = 0,91 % can be termed chromian augite.

Green cores of type I- correspond on the basis of simi-
lar optical properties and chemical composition to fas-
suites and fassaitic augites (napr. Duda and Schmincke,
1985; Dobosi, 1989). Dobosi and Fodor (1992) named
these clinopyroxenes ferrous aluminious titaniferous
diopsides. They are characteristically enriched in Al (2,63
- 10,20 % AI203) and Fe3+ so they can be according
I.M.A. nomenclature named ferrian aluminian augites
and diopsides.

Green cores of type II. were described as salites and
ferrosalites (Dobosi, 1989). They probably correspond
also to acmitic augites in the work of Duda and
Schmincke (1985). According I.M.A. nomenclature we
can name them Fe-rich diopsides and augites (c.f. Dobosi
-Fodor, 1992).

We studied the compositional variability of zoned
clinopyroxenes from the studied rock at variation dia-
grams. We compared contents of choosen elements in
individual parts of pyroxene phenocrysts, i.e. in the core,
mantle and rim. The trends of the compositional change
in these parts of phenocrysts were also studied. The re-
sults were compared with the data from analogical
phenocrysts in alkaline basalts from two regions: Novo-
hrad (Dobosi, 1989; Dobosi and Fodor, 1992) and Eifel
(Germany, Duda and Schmincke, 1985). Si, Al, Ti and Na
contents and Mg/Fe ratios are the most variable.

Diagram Si vs. Al (fig. 4) shows two relatively linear
trends. One is formed by the green cores, inner parts and
mantles and the second by the rims of pyroxenes. Both of
the trends have negative slope - decreasing Si contents at
increasing Al contents.

This diagram also informs us about filling of Si defi-
ciency in tetrahedral coordination by Al (A1IV). A devia-
tion from line Si+Al=2 corresponds to the amount of Al
in regular octahedral coordination (AIVI). The lower is Si
content the higher is this amount. Rims and green cores of
type II. have lower A1V1 than another parts of clinopyrox-
enes.

Diagram Mg/(Mg+Fe2\lim; Mg#) vs. Fe3* (Fig. 5)
shows variability in Mg and Fe contents in the individual
parts of pyroxene phenocrysts. Parts of pyroxenes of sandy
and deep brown color are richer in Mg than green cores.

Iron was analyzed as Fe2+. Fe3+ was calculated by
charge balance. The green cores of type I. have the high-
est Fe3+. Ti-augites and Ti-diopsides have a trend of Fe3+
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Fig. 3.Clinopyroxene classification. The part of clinopyroxene quadrilateral diagram shows the composition of various parts of
clinopyroxenes from Banska Stiavnica.

Fig. 4. Si vs. Al variation diagram. Symbols as for Fig. 3.

Fig. 5 Mg(Mg + Fe2+,
as for Fig.3

„) vs. Fe' * variation diagram. Symbols

enrichment towards the rims which are typically enriched in
Ti. Green cores of type II. have lower Fe3+ contents than the
cores of type I.. Fe1+ can be bounded in the molecule of
esseneite (Fe-Al-tschermakite) CaFe3+AlSi06, respectively
aegirine NaFe3+Si206.

Relations between Al and Ti contents in the individual
parts and types of clinopyroxenes are evident from dia-
gram Al vs. Ti (fig. 6). Ti can be bounded in 77-
tschermakite CaTiAl206 molecule. Ti:Al ratio in Ti-
tschermakite has value 1:2. All studied types of clinopy-
roxenes have this ratio lower than 1:2 (predominance of
Al). This fact suggests the presence of the another pyro-
xene molecules which can bound Al: esseneite mentioned
above and/or mainly Ca-tschermakite CaAlAlSiOfy re-
spectively jadeite NaAlSi2Ofr

Green cores of type II. have the highest AI/Ti ratio but
the lowest Al and Ti contents of all studied pyroxenes. Al
predominance over Ti is more expressive in the green
cores of type I. and in the inner parts of phenocrysts (be-
sides green cores) with Ti/Al ratio 1:4 to 1:8. The rims
are richer in Ti (Ti/Al from 1:2 to 1:4).

Similar Al and Ti distribution, although more variable,
can be seen in clinopyroxenes from Novohrad and Eifel
(Duda and Schmincke, 1985; Dobosi, 1989).

Variation in A1IV and A1VI has connection with clino-
pyroxene genesis. Diagram A1IV vs. A1V1 (Aoki and Ku-
shiro, 1968; fig. 7) separed individual types of pyroxenes.
Projection points of pyroxene rims are concentrated in the
field of igneous rocks. Points of the other parts of
phenocrysts are projected to the field of granulites and
inclusions in basalts with corresponding higher A1V'/A1IV
ratio. Green cores of type II. form individual group in this
field(lowAllvaAlvl).

Diagram Mg/(Mg+Fe2+sum) vs. Ti (fig. 8) demonstra-
tes differences in the Ti contents in the dependance of Mg
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Fig. 6 Al vs. Ti variation diagram. Symbols as for Fig. 3.

Fig. 7. Al vs. Alvl variation diagram. Symbols as for Fig. 3.
Fields from Aoki and Kushiro (1968).

umber. Ti-augites and Ti-diopsides show relatively
steep increase of Ti content with decrease of Mg num-
ber (increase of Fe at the expense of Mg). This phe-
nomenon is typical for clinopyroxene fractionation from
mafic alkaline melts (e. g. Tracy and Robinson, 1977).
Analogical relations were observed also in the case of
titanaugites from Novohrad and Eifel (Dobosi, 1989;
Duda and Schmincke, 1985). The diagram also shows
that Ti is concentrated predominantly to the rim parts of
phenocrysts.

The green cores of type I. form in the diagram two
separate groups. The first (close to the trend of Ti-augites
and Ti-diopsides has higher Mg number and Ti contents.
It is placed in the field of fassaitic augites from Eifel
(Duda and Schmincke, 1985) and titanaugites from No-
vohrad (Dobosi, 1989). The second group has lower Mg
number and Ti contents and it is situated out of fields

formed by fassaites and fassaitic augites from Novohrad
and Eifel. The green cores of type II. has low values for
both of the components comparable with those of salites
and ferrosalites in alkaline basalt from Novohrad region
(Dobosi, 1989).

The Na contents demonstrated in Mg/(Mg+Fe2+sum)
vs. Na (fig. 9) diagram do not show considerable varia-
tions among individual parts of clinopyroxenes. But one
can see higher Na contents of the green cores of type I.
than Na contents of Ti-augites and Ti-diopsides. Na could
by bounded in the molecule of aegirine NaFe3*Si206 and
jadeite NaAlSi2Ofl.

Discussion

The compositional variability of clinopyroxene phe-
nocrysts in alkaline basalts is generally influenced by two
factors: (1) the composition of a parental magma (ma-
terial which individual types of clinopyroxenes have
crystallized from and (2) P, T conditions of their crys-
tallization.

Ti-augites and Ti-diopsides

Mantles and cores of these composition are consi-
dered to have been formed in the magma (e.g. Duda and
Schmincke, 1985). This is reflected by frequent zonality
of this parts of the studied clinopyroxenes.

The interpretation of a cause of concentric or oscil-
latory zoning in a mantle of pyroxenes is still not clear.
According Shimizu (1990) it is probably connected with
alternation of periods of growing, stagnation and dilution,
which can reflect changes in melt bulk composition, tem-
perature, pressure and/or redox state.

The origin from magma can be suggested also for cen-
tral parts of phenocrysts which have not pronounced
shape of core.
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Chemical composition of Ti-augites and Ti-diopsides
gives us special information about conditions of their ori-
gin. The general trend shown in the direction pyroxene
mantle - rim is Mg depletion, Ti enrichment and decrease in
Al/Ti and Alv,/Ar ratios (fig. 6, 7, 8). The decrease of
Mg# towards pyroxene rims (e. g. fig. 8) can reflect a crys-
tallization of the rim parts from more differentiated melt.

Changes in Ti composition cause color changes. The
higher Ti content, usually the deeper brown color of py-
roxene. It is considered that Ti contents are sensitive to
pressure changes at pyroxene forming. Although the ex-
perimental data are to the some extent contradictory (Yagi
and Onuma, 1967; Thompson, 1974; Edgar et al., 1980),
one can assume that Ti contents increase with decreasing
pressure. This can be confirmed by the fact that Ti is con-
centrated to the rim parts of clinopyroxene phenocrysts
and groundmass clinopyroxenes, which formed later than
inner parts of phenocrysts, at the higher levels of the crust
or on the surface (c. f. Duda and Schmincke, 1985; Do-
bosi and Fodor, 1992; fig. 6 a 8).

Continuous trends in Ti and Fe contents in Ti-augites
and Ti-diopsides (especially their mantles and rims) in
presented diagrams demonstrate they had the same pa-
rental magma which had rised to the surface (c.f. Duda
and Schmincke, 1985).

Al contents can similarly suggest the origin of the py-
roxene rims at lower pressures than their inner parts. Dia-
gram Al,v vs. A1VI (fig. 7) shows that the rims are pro-
jected in the field of low pressure magmatic clinopyro-
xenes (lower A1V'/A1,V ratio) while the inner parts are
projected to the higher pressure field of granulites and
inclusions in basalts.

The higher Ti/Al ratios of pyroxene rims (fig. 6) also
indicate the origin at lower pressures (c.f. Dobosi and
Fodor, 1992).

The calculations of Duda and Schmincke (1985) for
titanaugite phenocryst mantle yielded temperatures of
1050 °C - 1140 °C and pressures 5-10 kbar. Thus, accord-
ing these authors, this pyroxene zone appears to have
crystallized at depths corresponding to the lower crust
down to the crust/mantle boundary. Dobosi and Fodor
(1992) have mentioned that clinopyroxene rims have for-
med at low pressure conditions, e. g. crystallization at
shallow levels or at the surface after eruption.

A special problem is represented by the brown clino-
pyroxene cores present in some phenocrysts. Their com-
position (higher Ti content, lower Mg# and usually also
higher Na) suggests crystallisation from more differen-
tiated magma at probably higher pressure than the sub-
sequent crystallisation of the mantling pyroxene. These
cores can be connected with crystallization of gabbroic
rocks in the uppermost mantle, respectively at the man-
tle/crust boundary. Xenoliths of this type with pyroxene
of analogic composition were found in alkaline basalts (e.
g. Colville and Novak, 1991; McGuire and Mukasa,
1997). The mantle of these brown cores which crystal-
lized from less differentiated magma probably indicates
entrapment of these cores by the injection of new, more
primitive magma batch.

Cr-augite

Cr-augite core was found in the phenocryst in the
sample NV-BS-7. It has anhedral shape and it is man-
tled by Ti-diopside. Wass (1979) and Duda and
Schmincke (1985) interpreted cores of Cr-diopside
composition as xenocrysts representing fragments of the
upper mantle peridotite xenoliths. These xenocrysts
served as nucleation sites for subsequent clinopyroxene
crystallization (Dobosi, 1989). One can suggest that Cr-
augites represent fragments of the upper mantle wall-
rocks, which were trapped by rising basalt magma.

Green cores of phenocrysts

The green cores of studied phenocrysts are enriched in
Fe and depleted in Mg if we compare them with mantling
Ti-augites and Ti-diopsides. The cores of type I. have
similar Al and Ti contents as inner parts of Ti-augite and
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Ti-diopside composition, while the cores of type II. have
the lowest concentrations of these elements from all of
studied clinopyroxenes (fig. 6 and 8). The cores of type I.
have the highest Na contents and the cores of type II.
have the highest contents of Si (fig. 4 and 9).

There were some views at the origin of the green cli-
nopyroxene cores in alkaline basalts:

/. They are products of high-pressure differentiation
trend of alkaline basalt magmas.

Wilkinson (1975) mentioned that green clinopyroxene
megacrysts represent very probably the final fraction of
clinopyroxene megacryst crystallization. In this sense
Wass (1979) presened that Fe-rich clinopyroxenes repre-
sent an extension of the high-pressure Al-augite series
clinopyroxene trend.

2. They are xenocrysts from more differentiated melt
which was subsequently mixed with more primitive basic
magma.

The existence of mantle-derived differentiated melts
has been well documented (e. g. Brooks and Printzlau,
1978; Irving and Price, 1981; Dobosi and Fodor, 1992;
Bodinier et al., 1996) and also the possibility of mixing
between more differentiated and mafic melt in the upper
mantle environment (Bedard et al., 1988). But there is
also the possibility that differentiated melt could origi-
nated by anatectic melting of crustal rocks (Philpotts,
1976) or metasomatized lower-crust rocks (Morogan and
Martin, 1985).

Crystallization of Fe-rich clinopyroxenes and subse-
quent magma mixing could take place in the crust
(Thompson, 1977; Barton et al., 1982) or in the upper
mantle (Brooks and Printzlau, 1978; Wass et al., 1980).

According to Brooks and Printzlau (1978) green py-
roxene cores have formed from intermediate to salic
magmas. They suggest that more evolved melts, enriched
in incompatible elements, probably originate by partial
melting of metasomatically enriched mantle.

Duda and Schmincke (1985) suggest xenocrystic ori-
gin for fassaitic augites present in the cores of clino-
pyroxene phenocrysts. They are xenocrysts which have
formed from more differentiated magma. This magma
must have been enriched in Fe and incompatible ele-
ments, especially in phosphoros what is documented by
inclusions of apatite in the cores. The cores formed in the
depth of 15 -30 km, possibly at the base of the crust.

Liotard et al. (1988) propose high-pressure differen-
tiated mugearitic magma with characteristically high
REE contents as a parental melt for acmite rich clinopy-
roxenes. This magma already had contained phenocrysts
and subsequently was mixed with more primitive basaltic
magma.

Dobosi and Fodor (1992) assume for the fassaitic
cores the origin from more differentiated magma(s) in the
upper mantle magma chamber at high pressures. This
magma chamber was periodically filled with more pri-
mitive melts. Because of mixing of more differentiated
melt which already had contained green cores with this
more primitive magma, the green cores were mantled by
the more mafic outer core or by the mantle. If the growing
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clinopyroxene was trapped by more batches of more
primitive magma, the multiple-zoned crystal has origi-
nated (e. g. inner core - outer core - mantle).

Pilet et al. (2002) note that green cores of clinopy-
roxenes have crystallized from more evolved melts prob-
ably of phonolitic composition at middle to high pressures
in the upper mantle to the middle continental crust.

3. They are xenocrysts from the upper mantle wall
rocks.

Brooks and Printzlau (1978) do not exclude the op-
portunity that some green cores could be xenocrysts de-
rived from the upper mantle wall rocks. These xenocrysts
were caught by basaltic magma which was rising through
the upper mantle.

Barton and Bergen (1981) suggest the origin of green
clinopyroxenes by the upper mantle xenolith disaggre-
gation. These xenoliths reflect a local metasomatism or a
crystallization from magmas of unknown composition
during an earlier igneous event.

Dobosi and Fodor (1992) suggest that Fe-rich diop-
side cores come from the upper mantle wall rocks and
they are products of earlier event of partial melting and
magma fractionation than fassaitic augites.

Ivan and Hovorka (1993) presented the opinion that
green salitic and/or ferrosalitic cores could have been the
products of the upper mantle peridotite metasomatic en-
richment by rising melts and fluids.

The next view of Ivan and Hovorka (1993) has a spe-
cial place in this group of views. The fassaitic cores are
probably products of metasomatism which is the result of
the interaction between basaltic melts migrating through a
vein system in the mantle and neighbouring mantle peri-
dotite (Witt and Seek, 1989; McDonough and Frey, 1989;
Bodinier, et al., 1990). These cores probably represent di-
saggregated vein fillings.

Shaw and Eyzaguirre (2000) describe clinopyroxene
megacryst similar to acmites in the work of Duda and
Schmincke (1985) which was found in the rocks from
Eifel, Germany. This megacryst was probably derived
from the iron-rich cumulate in the upper mantle.

The green cores of type I. can be assumed to be xe-
nocrysts. It could be confirmed by the sharp optical and
chemical boundary (higher Fe/Mg ratio) between the core
and the mantle and the resorption (c. f. Duda and
Shmincke, 1985).

These cores are mostly of anhedral shape. They are
often rounded and embayed, what indicate the resorption
prior the mantle growing (a dissolution of these cores in
the melt). This resorption could have been due to an in-
corporation of these cores to hotter, pyroxene under-
satured mafic melt (Bedard et al., 1988).

The green cores of type I. from Banska Stiavnica ba-
sanite have not such optical intensity (intensity of the
color) in many cases as have i. e. corresponding green
cores from Novohrad region (fassaites and fassaitic
augites, Dobosi, 1989). Brooks and Printzlau (1978) note
that the intensity of green color is dependent at the con-
tent of acmite (aegirine) component NaFe3+Si206. Really,
although Fe3+ values are comparable for both the regions,
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Na contents in the green cores of type I. (0,48 - 1,14 %
Na20) are lower than those in fassaites from Novohrad
region (0,97 - 1,54 % Na20).

We can observe relatively wide variability in the com-
position of the type I. cores at variation diagrams. This
variability may be according Duda and Schmincke (1985)
explained either as the influence of crystallization kinetics
or, more likely, by every core crystallizing in a discrete
magma batch of a certain degree of fractionation. Mg# of
studied cores is lower than Mg# of pyroxene mantles of
Ti-augite and Ti-diopside composition which rim these
cores. This can suggest the growing from the more dif-
ferentiated melt (cf. Duda and Schmincke, 1985; Dobosi
and Fodor, 1992).

Especially at the diagram Mg# vs. Ti (fig. 8) we can
see two groups of cores different in Mg, Fe and Ti con-
tents: the first group with higher Mg# and Ti contents and
the second one with lower Mg# and Ti contents. They do
not create continuos Fe-differentiation trend as do fas-
saitic cores in pyroxenes from Novohrad (Dobosi and
Fodor, 1992). It is possible that lack of more chemical
analyses precludes to create an continuous trend but the
existence of two types of more differentiated magmas
cannot be also excluded. Especially the cores with sub-
hedral shapes and the complex-zoned core with variable
chemical composition could originate from more diffe-
rentiated melt. The higher A1VI/A1IV ratios (field of gra-
nulites and inclusions in basalts, fig. 7), comparable with
these ratios in clinopyroxene mantles suggest the crys-
tallization at relatively high pressure.

Trace element investigation in megacrysts (Dobosi
and Jenner, 1999) confirmed the origin of type I. green
cores from alkaline basalt magma. Observed trace ele-
ment relations and their correlation with changing Mg#
can be explained by fractional crystallization of this mag-
ma in the upper mantle with the production of a range of
fractionated melts. The results of xenolith study at various
localities showed that these melts had crystallized in the
uppermost mantle as veins of Al-pyroxene gabbro or py-
roxenite (Righter and Carmichael, 1993), which can con-
tain amphibole (Colville and Novak, 1991). Mechanism
of the fractionation is not obvious, it is very probably the
reaction of rising magma with wall rock mantle peri-
dotites, which enriches magma in Al, Ca and Fe (Varfalvi
etal., 1996).

It is possible to assume an alternative possibiliy of the
origin of type I. cores (e. g. some cores have the shape
which resembles fragments). Ivan and Hovorka (1993)
note that these cores probably come from fillings of the
vein system through which basalt magmas migrate in the
upper mantle peridotite. The reaction of magma with car-
bonates cannot be also excluded. These carbonates in
peridotites can originate as a result of the mantle meta-
somatism. Pyroxenes compositionally close to the green
cores of type I. originate also at contacts of magma with
dolomite carbonates (e. g. Shabynin et al., 1984; Bowman
and Essene, 1984). Fragments of these green pyroxenes
originate by desintegration of vein fillings by next batches
of rising alkaline magma. They were consequently rim-

med by a mantle which have crystallized from basaltic
magma.

Green cores of type II. are of two kinds. The first of
them is represented by anhedral, strongly resorbed cores.
On the basis of their optical characteristics and similar
chemical composition (Fe, Mg, Al, Ti) with salite, ferro-
salite and acmite cores (Duda and Schmincke, 1985; Do-
bosi, 1989), one can assume that they represent fragments
derived from the upper mantle wall rocks meta-
somatically enriched by rising melts and fluids (e. g. Ivan
and Hovorka, 1993). The composite core represent the
second kind of core. It has an inner core with a fragmental
shape at one of its edges. This inner core is mantled by
zoned outer core of subhedral shape with partial resorp-
tion of edges. Compositionally it is not very different
from the previous kind of cores although it is richer in Ti,
Al and Na. It may originated in more differentiated mag-
ma at higher pressures. The origin from more differen-
tiated magma can be suggested from core Mg# appro-
ximately 0,6. The origin at higher pressures is supported
by Alv,/Al'v ratios comparable with green cores of type I.
and higher Na contents (Fig. 7 and 9).

Unambigous origin of green cores of this type is noted
also by Duda and Schmincke (1985). They are not sure
whether acmitic augites have originated in more evolved
magma or they are the fragments of the upper mantle wall
rocks. Space relations in the phenocrysts and strong re-
sorption suggest they originated sooner than did fassaitic
pyroxenes. Dobosi and Fodor (1992) suggest that these
green cores present in the upper mantle wall rocks are
products of earlier event of partial melting and magma
fractionation than fassaitic augites.

Their low Mg# indicates the crystallization from
strongly fractionated magma. But the REE pattern in a
clinopyroxene megacryst similar to acmites from Eifel
(Shaw and Eyzaguirre, 2000) is contradictory with the
magma fractionation. This megacryst was probably deri-
vated from iron rich cumulate in the upper mantle.

There is also possibility of the continuous trend from
cores of type I. to cores of type II.. This trend can be ob-
served very well at the diagram Mg# vs. Ti (Fig. 8) and it
could reflect strong differentiation of magma. There are
the cores of both types (type I. and type II.) which may
originate in magma. The question, whether such trend
exists or both types of cores had different evolution,
could be resolved by more analytical data, especially by
trace element analyses.

Conclusions

The results of this study of zoned clinopyroxenes in
alkaline basalt from Banska Stiavnica, locality Kalvaria
can be summarized as:
- it can be assumed that their origin and evolution are

similar to the genesis of analogical pyroxenes from the
other areas (e. g. Novohrad and Eifel).
- Ti-augites and Ti-diopsides come from alkaline ba-

salt magma, which does not reach high degree of differen-
tiation. The variability in Ti and Al contents shows the
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polybaric crystallization. The mantles with lower Ti con-
tent originated at higher pressures as did rim parts of
phenocrysts with higher Ti contents.
- Cr-augites represent the fragments of the upper man-

tle wall rocks which were caught by rising basalt magma.
- The green cores of type I. originated in the melt or

they represent disaggregated vein fillings in the upper
mantle. Their magma origin can be assumed from zoning
and subhedral shapes of some cores. The Mg# value and
variability of chemical composition of these cores suggest
more differentiated magmas of variable degree of diffe-
rentiation. There is also possibility that the cores of type
I. can represent disaggregated vein fillings (especially
those with fragmental shape). Higher A1VI/A1IV ratios
comparable with those of clinopyroxene mantles reflect
the crystallization at relatively high pressure.
- Intensively resorbed cores of type II. are probably

xenocrysts which originated in the upper mantle in-
fluenced by metasomatic processes. It is possible that
some cores originated in differentiated magma (e. g.
zoned subhedral core).
- There is a possibility of continuous trend from the

cores of type I. to the cores of type II..
- Zoned clinopyroxenes in basanite from Banska"

Stiavnica - Kalvaria are indicators of complex processes
at alkaline magma evolution and its interaction with sub-
continental mantle. They confirm inhomogeneity of this
mantle, its probable veining and gradual evolution due to
metasomatic processes, interaction of basaltic magma
with wall rock peridotites and crystallization of part of
basalt magma in the upper mantle or at the crustal-mantle
boundary. All these processes took place prior to basalt
magma rise to the surface.
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