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The northern Karavanke Granitic Massif straddles the Slovenian–Austrian
border. The investigated area lies in northern Slovenia, and extends from the
western Slovenian–Austrian border to the east for about 30 km, with a maxi-
mum width of 2 km. The massif exhibits a bimodal magmatic association com-
prising mainly syenogranite and syenite with contemporaneous gabbroic rocks.
Rocks of intermediate composition are less abundant and show field, textural
and chemical features suggesting that they have formed as a result of the inter-
action (mixing and mingling) between felsic and mafic magmas. Plagioclase-
mantled alkali feldspars occur in dikes of porphyritic syenite, which cut larger
bodies of gabbroic rocks.

Field, mineralogical, petrographic and geochemical evidences suggest that the
porphyritic syenite is a hybrid rock, formed by the interaction of mafic and fel-
sic magmas. The formation of plagioclase-mantled alkali feldspar can be ex-
plained by the introduction of alkali feldspar from felsic, syenogranitic magma
into more mafic magma, causing local undercooling in the portion of mafic
magma surrounding the crystals. This resulted in the growth of cellular plagi-
oclase, with quartz infilling, in a thermally and compositionally equilibrating
system.
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Fig. 1. Geological sketch map of the Karavanke Igneous Zone and investigated area (simplified after Mio vc &
vZnidar vci vc 1978). 1) granitic belt, 2) Paleozoic greenschist with diabase lenses, 3) fine-grained gneiss, 4) tona-
lite, 5) Triassic dolomite, 6) Miocene conglomerate

INTRODUCTION

Plagioclase-mantled alkali feldspars occur in dikes
of porphyritic syenite in the Triassic (Lippolt &
Pidgeon 1974, Scharbert 1975) Karavanke Granit-
ic Massif (KGM) in northern Slovenia. The mas-
sif lies along the Periadriatic Line and extends east
for about 30 km from the western Slovenian–Aus-
trian border to the Tertiary sediments of the Pan-
nonic Basin, with the maximum width of about 2
km (Fig. 1; Isailovi /c & Mili /cevi /c 1964, vStrucl
1970, Exner 1971, 1976, Faninger 1976, Hinter-
lechner-Ravnik 1978, 1988/89, Mio vc & vZnidar vci vc
1978, Miovc 1983). It consists predominantly of sy-
enogranite and syenite with contemporaneous gab-
broic rocks and intermediate rocks of alkaline
character. Large bodies of gabbroic rocks are oc-
casionally cut by dikes of porphyritic syenite that
contains plagioclase-rimmed alkali feldspar phe-
nocrysts (rapakivi texture sensu lato; Vorma 1976,
Rämö & Haapala 1995). The rocks of the KGM
range in composition from olivine gabbro to sye-
nogranite without any compositional gap (Fig. 2).
Field observations as well as petrographic and
geochemical features, like occurrence of mafic
pillows in the porphyritic syenite, corroded alka-

li feldspar megacrysts in the mafic pillows (Fig.
3), rapakivi texture, quartz ocelli with mafic rims
around corroded quartz crystals, and dispersion of
trace elements indicate bimodal magmatism and
interaction of felsic and mafic magmas (mingling
and mixing) (Visonà & Zanferrari 1999, Bole et
al. 2001). Rocks of intermediate composition
(monzodiorite, monzonite), and porphyritic syenite
are hybrids formed by different degrees of inter-
action between the mafic and felsic magmas.

This paper presents textural, mineralogical and
geochemical characteristics of the porphyritic sy-
enite rocks, and their relationship to non-hybrid
mafic and felsic rocks, as well as a probable mech-
anism for the formation of rapakivi texture in the
porphyritic syenite dikes.

PETROGRAPHY

Felsic end member

Syenogranite constitutes the majority of the mas-
sif. It is a fine- to coarse-grained rock and con-
sists of plagioclase (An < 3%), alkali feldspar,
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Fig. 2. Classification of Karavanke Granitic Massif rock types after the TAS proposal of Bellieni et al. (1995).
Alkaline - subalkaline border from Miyashiro (1978). Values recalculated to SumOx = 100 wt%. • - mafic rocks,
�- hybrid mafic rocks,�- porphyritic rocks,�- hybrid felsic rocks, ▲- felsic rocks.

Fig. 3. Intrusive breccia. Width of the bottom of the picture is 40 cm.
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quartz of two generations, as well as rare biotite
and hornblende. Plagioclase of the first genera-
tion forms euhedral crystals, with concentric in-
clusions of very small, optically undeterminable
minerals, indicating changes in physicochemical
conditions during growth of the plagioclase crys-
tals. It also occurs as partly sericitized inclusions
within alkali feldspar grains. The second gener-
ation of plagioclase is less altered and often
overgrows crystals of the first generation with
the same optical orientation. The first generation
of alkali feldspar is represented by euhedral (up
to 30 mm in coarse-grained syenogranite) crys-
tals of perthite or microcline-perthite containing
inclusions of plagioclase, quartz and biotite. The
second generation is represented by fine-grained
microcline. Myrmekite is observed at the con-
tact between alkali feldspar and plagioclase.
Quartz of the first generation forms rounded,
sometimes euhedral grains and small inclusions
in K-feldspars. The second quartz generation is
fine grained and fills intergranular spaces and
fissures. Biotite (annite 80–60%) and hornblende
are euhedral. Hornblende crystals are usually
corroded by later phases (mostly quartz). In most
samples, hornblende is altered to chlorite. In all
felsic rocks of the area, accessory minerals are
rare (< 0.5 vol%) and consist of apatite, zircon
and allanite. Chlorite and epidote are secondary
phases.

Mafic end member

Decametric bodies of fine to medium-grained gab-
bro occur throughout the massif. Their shape and
size are difficult to establish due to poor exposure.
It contains calcic amphiboles (Mg-hornblende and
edenite), plagioclase (An45–70), orthopyroxene
(Fs22–31), and olivine (Fo73–79) as the main constit-
uents. Hornblende sometimes replaces pyroxene,
or forms worm-like overgrowths with pale green
pyroxene. In some samples, there are two gener-
ations of hornblende. The first generation is euhe-
dral brown edenite, while the second generation
forms fine-grained polycrystalline aggregates of
green Mg-hornblende. Plagioclase is a late inter-

stitial phase. The accessory minerals are acicular
apatite, titanite, zircon, and opaques. Epidote is a
secondary phase.

Porphyritic syenite

The porphyritic syenite occurs only as dikes that
cut larger gabbroic bodies of the KGM. It has a
fine-grained (0.1–0.3 mm) matrix that occasion-
ally shows flow texture. The phenocrysts (2–15
mm) consist predominantly of alkali feldspar with
or without plagioclase rim, plagioclase, minor
quartz and, in some samples, biotite and amphib-
ole (Fig. 4). The content of phenocrysts varies
from around 20 vol% to 60 vol% from more ma-
fic to more felsic varieties of the porphyritic sy-
enite.

Except for pyroxene, which is only present in
the matrix of the most basic varieties of porphy-
ritic syenite (with SiO2 less than 64 wt%), miner-
al assemblages of matrix and phenocrysts are sim-
ilar, though amphibole, biotite and plagioclase
predominate over alkali feldspar and quartz in the
matrix.

Accessory minerals (approx. 3–4 vol%) consist
of apatite, zircon, rutile, and opaque minerals.
Secondary minerals are epidote and clinozoisite.

Matrix

The fine-grained matrix consists predominantly of
amphibole and biotite, anhedral plagioclase, and
minor amounts of alkali feldspar and quartz.
Clinopyroxene is present only in the matrix of the
samples with less than 64 wt% SiO2.

Crystals of amphibole in the matrix are euhe-
dral, devoid of inclusions and are commonly con-
centrated around quartz phenocrysts. Matrix bi-
otite sometimes surrounds biotite phenocrysts or
replaces matrix amphibole. Opaque oxides are
commonly surrounded by biotite. Plagioclase is
consertally intergrown with anhedral quartz and
alkali feldspar in the matrix. It often forms myrme-
kitic texture with quartz at the margins of the al-
kali feldspar phenocrysts.
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Fig. 4. Porphyritic syenite. Width of
the picture is 20 cm.

Fig. 5. Rapakivi texture under sensu
lato microscope (crossed nicols).
Width of the figure is 1 cm.

Phenocrysts

Amphibole (ferrohornblende) in most cases con-
stitutes clots and polycrystalline aggregates, often
associated with opaque oxides and apatite. In some
cases it has a patchy texture, which suggests that
it grew after pyroxene. Inclusions of apatite nee-
dles and opaque minerals are common and crys-
tal rims are often corroded by quartz and plagi-
oclase. Phenocrysts of amphibole are sometimes
replaced by biotite. Biotite (annite 40–50%) phe-
nocrysts are euhedral, sometimes strongly corrod-
ed by quartz or surrounded by matrix amphibole.

Plagioclase (An15–25) is euhedral and contains min-
eral inclusions (e.g. pyroxene, amphibole) indicat-
ing that at least some of the phenocrysts crystal-
lized in a mafic magma. Plagioclase crystals are
often rimmed by younger plagioclase and occa-
sionally replaced by microcline or perthite, or cor-
roded by quartz. Alkali feldspar is euhedral, pink,
perthitic, and contains chadacrysts of plagioclase
(An20) and quartz. Alkali feldspar phenocrysts are
surrounded by 1–5 mm thick rims of plagioclase
(An15–25)–quartz intergrowth (Fig. 5), forming ra-
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Fig. 6. Ocellar texture under
polarised microscope (paral-
lel nicols). Width of the fig-
ure is 1 cm.

Fig. 7. Illustration of distri-
bution of measuring points
for microprobe analysis on a
plagioclase-mantled alkali
feldspar.

pakivi texture sensu lato (Vorma 1976, Rämö &
Haapala 1995). The border between the alkali feld-
spar and its overgrowth is smooth and undulating,
and clearly indicates resorbtion before crystalli-
sation of the plagioclase mantle. Quartz grains are
rounded and often surrounded by fine-grained
pyroxene (when present in the matrix), amphib-
ole, biotite and plagioclase, forming ocellar tex-
ture (Blundy & Sparks 1992) (Fig. 6).

Alkali feldspar megacrysts with plagioclase rims
were analysed along profiles by electron micro-
probe (Fig. 7). The profile analyses are summarised
in Table 1. The core is perthitic, consisting of two
components – orthoclase (Or98–92) and albite (An3).
Myrmekitic plagioclase around the alkali feldspar
phenocrysts is oligoclase in composition (An11 to
An24 in different samples), with increasing anorth-
ite content towards the matrix.
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Fig. 8. Major elements (wt%)
vs. SiO2 for porphyritic syenite
and nonhybrid mafic and fel-
sic rocks of KGM. Total Fe as
Fe2O3. Symbols as in Fig. 2.

GEOCHEMISTRY

Felsic end member

Syenogranite of KGM is meta- to peraluminous
(A/CNK=0.85–1.2), transsolvus granite (meso-
perthitic alkali feldspar + K-feldspar + albite). Ge-
ochemical and mineral chemical data suggest that
it was emplaced under an early anorogenic tecton-
ic setting with extensive crustal contamination
(Bole et al. 2001). Variation diagrams for major
and trace elements (Fig. 8, Fig. 9) for syenogran-
ite show regular trends, that may be interpreted as
liquid lines of descent. The REE pattern of sye-
nogranitic rocks (Fig. 10) exhibits strong fraction-
ation for LREE [(La/Sm)N=3.7–6.87], weak frac-

tionation for HREE [(Gd/Yb)N=0.69–1.61], and
strong negative Eu anomaly (Eu/Eu*=0.28–0.8).

Mafic end member

For gabbroic rocks, variation diagrams of major
and trace elements vs. SiO2 (Fig. 8, Fig. 9) show
trends that might be ascribed to fractional crys-
tallisation. The REE patterns (Fig. 10) are slight-
ly fractionated for LREE [(La/Sm)N=2.38–3.16]
and HREE [(Gd/Yb)N=1.94–2.42], with no Eu
anomaly. The relatively flat MORB-normalised
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Fig. 9. Trace elements (ppm)
vs. SiO2 for porphyritic syenite
and nonhybrid mafic and fel-
sic rocks of KGM. Symbols as
in Fig. 2.

Fig. 10. Chondrite-normalized
REE patterns for porphyritic
syenite and nonhybrid mafic
and felsic rocks of KGM.
Chondrite values from Naka-
mura (1974). Symbols as in
Fig. 2.
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REE pattern indicates a common mantle source for
the mafic magma (Bole et al. 2001). Enrichment
in LIL is also observed, which is a common fea-
ture in within-plate basalt provinces according to
Bonin (1990, 1997).

Porphyritic syenite

In the Harker variation diagrams (Fig. 8), the sam-
ples of porphyritic syenite plot on the continua-
tion of the felsic-rock liquid lines of descent for
MgO, TiO2, CaO, Na2O, Al2O3, and P2O5. They
show Al2O3 and P2O5 contents similar to those of
mafic rocks and a significant scattering of K2O vs.
SiO2 values.

In the trace element vs. SiO2 variation diagrams
(Fig. 9), most samples of porphyritic syenite plot
along the same trends depicted by the felsic rocks,
although with a wider scattering. The contents of
Zr, Nb, and Ba in porphyritic syenite are higher
than in both felsic and mafic end members. This
appears inconsistent with the hypothesis of a pure
mingling/mixing process and suggests participa-
tion of different processes.

Porphyritic syenite (Fig. 10) exhibits moderate
LREE fractionation [(La/Sm)N=2.66–7.96], and
slight HREE fractionation [(Gd/Yb)N=1.20–2.29].
Negative Eu anomaly is present in the porphyrit-
ic syenite (Eu/Eu*=0.5–0.81), except for one sam-
ple which exhibits a positive Eu anomaly (Eu/
Eu*=1.22).

DISCUSSION AND CONCLUSIONS

In the Karavanke Granitic Massif, interaction be-
tween mafic and felsic rocks has been invoked by
several authors to explain the presence of rocks
with intermediate “hybrid” composition (Exner
1971, Visonà & Zanferrari 2000, Bole et al. 2001).
Both mingling and mixing have been regarded as
the major processes. Porphyritic syenite, found as
dikes within gabbroic bodies, constitutes only a
part of the hybrid rocks identified in the KGM
(Bole et al. 2001). Field observations, like obvi-
ous alkali feldspar xenocrysts in more mafic mag-
matic enclaves, petrographic and mineral chemi-

cal evidences, like the presence of ocellar and ra-
pakivi texture, and matrix being more mafic than
megacrysts (Hibbard 1981, Zorpi 1988, Bussy
1990, Castro et al. 1990, Didier & Barbarin 1991,
Salonsaari, & Haapala 1994, Rämö & Haapala
1995, Chappel 1996) are consistent with the hy-
pothesis that also these rocks formed mainly by
magma mingling and mixing. Scattering of major
and trace elements, as observed in the porphyrit-
ic syenite, is not unusual in hybrid rocks. How-
ever, the high contents of elements like Na, Zr,
Nb, and Ba in the hybrid rocks compared to the
assumed end members cannot be explained by
mixing or mingling processes. Other processes
must have contributed to the formation of porphy-
ritic syenite, such as (1) local liquid state differ-
entiation realted to the temperature gradient in-
duced by mingling, (2) near solidus metasomatic
exchange (Eberz & Nicholls 1990) or (3) selec-
tive partitioning of some elements between two
coexisting magmas (Eby 1983).

Within this framework, the rapakivi texture
observed in the hybrid porphyritic syenite might
be ascribed to the model of Hibbard (1981), in
which alkali feldspar from partly crystallised fel-
sic magma is introduced into more mafic magma
and local undercooling triggers the growth of cel-
lular oligoclase in a thermally and composition-
ally equilibrating system. Precipitation of late
quartz provides infilling of voids.
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