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Ðåçþìå. Òðè ïðîìåæäóòú÷íè êàëèåâî-àëêàëíè ïëóòîíà ñå ðàçêðèâàò â Ñòàðà ïëàíèíà, Áúëãàðèÿ. Òå ñà èç-
ãðàäåíè îò ìîíöîíèòíè è ñèåíèòíè ðàçíîâèäíîñòè, êîèòî åâîëþèðàò êúì ïåðàëêàëíè ðåçèäóàëíè òå÷íîñòè. Â
ïåðàëêàëíèòå ñêàëè êàëöèåâèòå àìôèáîëè, êàëöèåâèòå ïèðîêñåíè è áèîòèòúò ñà íåñòàáèëíè è ñà çàìåíåíè îò
êàëöèåâî-íàòðèåâè è íàòðèåâè ïèðîêñåíè è àìôèáîëè. Â òðèòå êîìïëåêñà ìàôè÷íèòå ìèíåðàëè ïîêàçâàò ðàç-
ëè÷íè òðåíäîâå íà åâîëþöèÿ, îòðàçÿâàùè ðàçëè÷íèòå ñúñòàâè íà ìàãìèòå è ðàçëè÷íèòå îêñè-ðåäóêöèîííè
óñëîâèÿ ïðè êîèòî êðèñòàëèçèðàò. Îêèñëèòåëíèòå óñëîâèÿ  (íàä NNO áóôåð) áëàãîïðèÿòñòâàò êðèñòàëèçà-
öèÿòà íà ïèðîêñåíè ñ âèñîêî XMg (Ñâèäíÿ), äîêàòî ïðè ïî-ñëàáî îêèñëèòåëíèòå óñëîâèÿ â Øèï÷åíñêèÿ ïëóòîí
(ìåæäó áóôåðèòå NNO è QFM) ïèðîêñåíèòå ñà íàáîãàòåíè íà Fe2+ + Mn. Â ïåðàëêàëíèòå äèôåðåíöèàòè ïèðî-
êñåíèòå ñúäúðæàò çíà÷èòåëíè êîëè÷åñòâà íà Ti è Zr, êàòî ñúùåñòâóâàò ñëîæíè âçàèìîîòíîøåíèÿ è ñõåìè íà
çàìåñòâàíèÿ. Àìôèáîëèòå îò Ñâèäíåíñêèÿ è Áóõîâî-Ñåñëàâñêèÿ ïëóòîíè ïîêðèâàò öåëèÿ ñïåêòúð îò êàëöèåâè
äî íàòðèåâè ðàçíîâèäíîñòè, êàòî ïî âðåìå íà åâîëþöèÿòà ñè çàïàçâàò òåõíèÿ ìàãíåçèåâ õàðàêòåð. Õèìè÷íèÿò
ñúñòàâ íà ñêàëèòå êîíòðîëèðà ñúñòàâà íà êðèñòàëèçèðàëèòå àìôèáîëè, â ðåçóëòàò íà êîåòî â ìàãíåçèî-àð-
ôåäñîíèòà îò Áóõîâî-Ñåñëàâñêèÿ ïëóòîí [A]-ïîçèöèÿòà å çàïúëíåíà îò Ê, à â íàòðèåâèòå àìôèáîëè îò Ñâèäíÿ
[A]-ïîçèöèÿòà å çàïúëíåíà îò Na.

Êëþ÷îâè äóìè: êàëèåâè ñèåíèòè, íàòðèåâè àìôèáîëè è ïèðîêñåíè.

Abstract. Three potassic-alkaline intermediate and oversaturated plutons are exposed in Stara Planina Mountains,
Bulgaria. They consist of monzonitic and syenitic varieties, which evolve toward peralkaline residue. In peralkaline rocks
calcic amphiboles, calcic pyroxenes and biotite become instable, and are replaced by sodic-calcic and sodic pyroxenes and
amphiboles. In the three complexes mafic silicates present different trends of evolution, reflecting the different fO2 condi-
tions and the different whole-rock chemistry. Oxidizing conditions (above NNO buffer) favour crystallization of pyroxenes
with high XMg (Svidnya), whereas more reducing conditions in Shipka (between NNO and QFM buffers) result in crystal-
lization of essentially Fe2+ + Mn enriched pyroxenes. Under agpaitic conditions the pyroxenes contain significant amounts
of Ti and Zr. No simple relations explain the repartition of Ti and Zr into pyroxene structure and complex substitutions
could be deduced. Amphiboles from Svidnya and Buhovo-Seslavtsi cover the whole spectrum from calcic to sodic varieties
and during the evolution they preserve their magnesium character. The whole rock chemistry controls the composition of
crystallizing amphiboles, thus resulting complete [A]-site filling by K in Buhovo-Seslavtsi magnesio-arfvedsonite and in-
creasing Na content in [A]-site in Svidnya sodic amphiboles.

Key words: potassic syenite, sodic amphiboles and pyroxenes.
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Introduction

Mineralogical particularities of alkaline rocks attract
for a long time attention of geologists. Rock-forming
mafic minerals in alkaline rocks present peculiar
features and broad compositional variations. Alka-
line amphiboles and pyroxenes constituting the per-
alkaline rocks have been an object of many studies
in order to explain the complex phase relations and
their P—T—fO2 stability fields. Many uncommon end-
members (containing Li, Zn, very K-rich amphiboles;
Ti and Zr-rich pyroxenes) are described in alkaline
rocks. These rocks are rich in Ti-Zr-Th-U-Nb-Ta
minerals, and many accessories have been discov-
ered for a first time in these rock-types (e.g. in Kola
peninsula, Russia; Jacupiranga, Brazil; Ilimaussaq,
Greenland; etc.).

The main objective of this paper is to present a
comparative mineralogical study between three Var-
iscan alkaline plutons in Stara planina Mountains,
Bulgaria, in order to show how the different whole
rock chemistry and conditions of crystallization pre-
determine the broad compositional variations in the
mineral compositions.

General geology and petrology

The last tectono-magmatic event during the Varis-
can post-collisional extension in Stara Planina Moun-
tains is recorded by potassic-alkaline activity (Hay-
dutov, 1991; Yanev, 2000, and references therein).
All three potassic-alkaline plutons products of this
activity: Svidnya, Buhovo-Seslavtsi and Shipka rep-
resent small (0.5—7 km2), stock-like or dyke-like hypa-
bissal bodies intruded into Ordovician and Silurian
metasediments. These bodies extend in east-west di-
rection over 200 km (Fig. 1).

The rocks are mainly of intermediate composition
(monzonitic and syenitic varieties dominate) display-

ing high K, LILE and HFSE contents (Table 1). In
the last stage of the magmatic activity, strongly peral-
kaline fluids form the dyke suites.

Svidnya

Svidnya pluton crops out as small stocks, apophys-
es and dykes. It is built up mainly of melasyenites
(shonkinites according to Dimitrov, 1937), syenites,
quartz-syenite and minor amount of granite (Dim-
itrov, 1937; Grozdanov, 1963, 1999; Vladykin et al.,
2001; Dyulgerov, 2005). The following dyke phase
is composed of strongly peralkaline syenite- and
granite-porphyries.

The melasyenites consist of potassium feldspar,
zoned clinopyroxene (ranging from diopside to ae-
girine-augite), biotite and sodic-calcic amphibole
(richterite). The syenites are composed of K-feldspar
phenocrysts, aegirine-augite to aegirine, sodic-cal-
cic and sodic amphiboles, and quartz. Porphyritic
dykes are composed of K-feldspar, aegirine and mag-
nesio-arfvedsonite. Apatite and zircon are accesso-
ries in all rock-types, ilmenite is found in syenites
and melasyenites, but in the dykes it is rare.

Buhovo-Seslavtsi

Buhovo-Seslavtsi pluton crops out as a small (2.5×3 km)
stock of monzonite, syenite and quartz-syenite with a
gradual transition between them. Detailed petro-
graphic and mineralogical description can be found
in Dimitrov (1935) and Dyulgerov and Platevoet
(2006). The rocks are oversaturated and metalumi-
nous. The rock-forming minerals are diopside, pla-
gioclase, calcic amphibole and K-feldspar. Acces-
sories are titanite, apatite, zircon, Fe-Ti oxides.

The syenites and monzonites are cut by dykes of
various compositions in the following order of em-
placement: syenite-aplites, microsyenites (bostonites)
and peralkaline syenite to granite-porphyries. Microsy-
enites have metaluminous whole-rock chemistry and
are composed of K-feldspar phenocrysts, sodic plagio-
clase, quartz, biotite and sodic-calcic amphiboles. The
accessory phases are apatite, zircon, titanite, allanite
and rare Fe-Ti oxides. The peralkaline dykes consist
of phenocrysts of potassium feldspar, sodic-calcic and
sodic amphibole and pyroxene, and quartz. Zircon
and apatite are abundant accessory phases.

Shipka

The rocks of Shipka pluton form a small stock
(1×0.4 km) of olivine-bearing monzonite, clinopy-
roxene-amphibole monzonite, and minor amounts
of quartz-monzonite and monzogranite. The oliv-
ine is completely altered to opaque and serpen-
tine-chlorite aggregates.

Numerous dykes, dispersed over a broad area
(20 km2), accompany the intrusion. These are lam-

Fig. 1. Geographic position of the three plutons
1, Svidnya; 2, Buhovo-Seslavtsi; 3, Shipka

Ôèã 1. Ãåîãðàôñêî ïîëîæåíèå íà òðèòå ïëóòîíà
1 — Ñâèäíåíñêè; 2 — Áóõîâî-Ñåëàâñêè; 3 — Øèï÷åíñêè
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prophyres, syenite-porphyries, and peralkaline syen-
ite-porphyries. Peralkaline dykes are composed of
phenocrysts of K-feldspar (also present in the ma-
trix), strongly zoned clinopyroxene (from soda-diop-
side to aegirine), quartz, apatite, titanite and zircon.
In some syeniteporphyries Vankov (1892) and Kos-
tov (1950) reported arfvedsonitic amphibole.

In the rocks of Shipka pluton K2O and Na2O are
present in equal amounts (Table 1). The peralkaline
tendency is less pronounced compared to the rocks of
Svidnya and Buhovo-Seslavtsi plutons. The marked low-
er contents of some LIL and HFS elements is related to
the mildly peralkaline tendency in the Shipka pluton.

Mineral compositions

The major and some minor elements in the rock-
forming mafic silicates were measured using Came-
ca Camebax, Cameca SX 50 and Cameca SX 100

Fig. 2. Pyroxene composition of the three plutons plotted on J—Q diagram
Symbols are valid for all figures

Ôèã. 2. Ñúñòàâ íà ïèðîêñåíèòå îò òðèòå ïëóòîíà íà äèàãðàìàòà J—Q
Ñèìâîëèòå ñå îòíàñÿò çà âñè÷êè ôèãóðè

electron microprobes operating at 15 kV accelerat-
ing voltage, with counting time 10—20 sec., calibrat-
ed with both natural and synthetic standards at
CAMPARIS facilities, Université de Paris VI, France.

Pyroxenes

General features of pyroxene composition

Clinopyroxenes are broadly presented in the three
magmatic complexes, with an important composi-
tional variation (Table 2, Fig. 2). Structural formu-
lae have been calculated on the basis of 4 cations.
All analysed pyroxenes are Al-poor and Si-rich, so
they belong to quadrilateral (Ca+Mg+Fe), Ca-Na
and Na pyroxenes, with minor amount of jadeite end-
member (Morimoto et al., 1988). The pyroxenes com-
positions deviate towards the S2 pole of the J—Q dia-
gram (Fig. 2), reflecting the presence of the so-called

Fig. 3. Mg—(Fe2++Mn)—Na diagram for the pyroxenes

Ôèã. 3. Äèàãðàìàòà Mg—(Fe2++Mn)—Na çà ïèðîêñåíèòå
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“other” than Ca + Mg + Fe cations, such as Ti and
Zr in the Ca-Na and the Na pyroxenes.

The pyroxenes from Svidnya pluton present in all
rock types. They are the main ferromagnesian min-
eral in melasyenites and its composition evolves from
diopside to soda-augite (Table 2). In syenites and dykes-
porphyries pyroxenes range from aegirine-augite to
aegirine. All pyroxenes are poor in Al. During their
compositional evolution the pyroxenes preserve their
Mg-rich character. On the Mg—(Fe2+ + Mn)—Na di-
agram the evolution towards sodic varieties tends
close to the Mg—Na join, displaying no marked
Fe2+ enrichment (Fig. 3). The pyroxenes have sig-
nificant amounts of Ti and Zr — sodic-calcic and
sodic varieties contain up to 4.81 wt.% TiO2 and up to
0.73 wt.% ZrO2.

Two distinct groups of clinopyroxenes appear in
Buhovo-Seslavtsi complex (Dyulgerov, Platevoet,
2006; Figs. 2 and 3). Clinopyroxenes from monzonite-
syenite pluton crystallize early, they are colourless,
and are often partially replaced by amphibole and
mica. Their composition plot in the field of quadri-
lateral pyroxenes (Table 2) and depicts limited vari-
ation from Wo46—En49—Fs2 to Wo46—En35—Fs10 (Fig. 4).
Thus the main substitution is Mg↔Fe2+ and could
be attributed to the decreasing temperature of crys-
tallization. The clinopyroxenes from peralkaline sy-
enite-porphyries appear both as primocrysts and as
late phases surrounding feldspars. They are Ca-Na
pyroxenes and contain appreciable amounts of Ti
and Zr up to 5.95 wt.% TiO2 and up to 0.86 wt.%
ZrO2. Their evolution from calcic to sodic varieties
is characterised by interruption in the trend on the
Mg—(Fe2+ + Mn)—Na diagram and limited Fe2+ in-
crease (Fig. 3).

In Shipka pluton clinopyroxenes (Table 2) present
euhedral colourless crystals and in some cases they are

the solely phenocrysts in the rocks. In the monzonite
they are augites with a composition Wo44—En45—Fs6 to
Wo43—En31—Fs19, the main substitution being Mg↔Fe2+

(Fig. 4). In dykes of syenite-porphyries pyroxenes are
strongly zoned with colourless augitic cores and blue-
green rims. Their composition changes toward sodic
end-member: WEF88—Ac5 to WEF4—Ac78. In sodic py-
roxene (aegirine) the Ti and Zr enrichment reaches
up to 3.78 wt.% TiO2 and up to 2.35 wt.% ZrO2. The
sodic-calcic and sodic pyroxenes are Mg-poor, and
the evolution on the Mg—(Fe2+ + Mn)—Na diagram
is close to the (Fe2+ + Mn)—Na join (Fig. 3).

Specific features of pyroxenes
composition

The pyroxenes from the three complexes are in differ-
ent degree enriched in Ti and Zr. This enrichment is
closely related to the increase of Na content in the
pyroxenes (Table 2, Figs. 5 and 6). Incorporation of
these elements in pyroxenes is done by substitution:
Ca + R2=Na + (0.5R2+ + 0.5R4+), where R4+ = Ti4+

or Zr4+ (Morimoto et al., 1988). In all studied pyroxenes
Ti + Zr exceeds the content of Al in tetrahedral site.
Thus, we consider that entry of Ti and Zr is via the
formation of (Mg, Fe)-NAT molecule (Ferguson,
1977): Na(Fe,Mg)0.5Ti0.5Si2O6; and FM-NAZ molecule
of Jones and Peckett (1980): Na(Fe,Mg)0.5Zr0.5Si2O6.
Formation of NATAL — NaTiAlSiO6 and NaZrAlSiO6
molecules can not be responsible for Ti and Zr en-
richment in pyroxenes because there is no significant
Al in tetrahedral site, according to the high silica ac-
tivity in the magmas and the peralkaline tendency.

The mechanism and the reasons for Zr and Ti
enrichment in sodic pyroxenes are still widely dis-
cussed in the literature. Jones and Peckett (1980) and
Duggan (1988) suggested that entry of Zr into py-
roxene is facilitated by a combination of peralkalin-
ity, low oxygen fugacity and rapid disequilibrium
crystallization. Shearer and Larsen (1994) showed that
Ti and Zr entry into aegirines is sector-zoned and
irregular. They established that Ti and Zr prefer dif-
ferent positions in the aegirine structure, with a strong
crystallographic control on the distribution of these
elements. Thus, several reasons are suggested in or-
der to explain the Ti and Zr enrichment and distri-
bution in the pyroxenes.

In the pyroxenes of the three studied plutons cor-
relation between Ti and Na contents is different for
the three plutons, as the most Na-rich pyroxenes are
also more Ti-rich (Fig. 5). This correlation in peral-
kaline rocks is almost linear for Buhovo-Seslavtsi
(with coefficient of correlation 0.91 — estimated from
the whole data set); where with the increasing peral-
kalinity titanite becomes scarce. In Svidnya complex
the correlation in plutonic pyroxenes is less pro-
nounced (coefficient of correlation 0.76), whereas in
dykes Ti content vary significantly. In these two com-
plexes, with the increasing peralkalinity titanite or
rutile become rare or absent and this results in sig-
nificant enrichment of Ti in the pyroxenes. In Ship-
ka complex, the conditions are not so strongly peral-

Fig. 4. Composition of calcic pyroxenes from the three plutons

Ôèã. 4. Ñúñòàâ íà êàëöèåâèòå ïèðîêñåíè îò òðèòå ïëóòîíà
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kaline and titanite is common accessory phase. Thus,
control of Ti enrichment of pyroxenes would be de-
pendant on the presence of proper Ti phases like
titanite or rutile and this feature explains the mod-
erate Ti content into pyroxenes from Shipka in dyke
pyroxenes (coefficient of correlation 0.74). Dyul-
gerov and Platevoet (2006) suggested that the strong-
ly peralkaline conditions favour the Ti entry into
pyroxenes and not the formation of other Ti miner-
als (especialy titanite).

Zr incorporation seems to be more complex (Fig. 6).
In Svidnya complex Zr trend is similar to those es-
tablished for Ti. In the dykes the most sodic pyroxenes
have the higher Zr contents. But these relations are
not linear, and among the aegirins with similar Na
content significant scattering in the Zr content is
observed. Zr content in pyroxenes crystallizing in the
dyke series exceeds those established in aegirine-au-
gites and aegirines from the plutonic varieties in Svid-
nya (Table 2, Fig. 6). In the aegirine-augites from
peralkaline porphyritic dykes of Buhovo-Seslavtsi
complex Dyulgerov and Platevoet (2006) established
Ti-Zr substitution in the Na(Fe,Mg)0.5(Ti,Zr)0.5Si2O6
molecule and an antipathetic relations between Ti
and Zr. It was proposed that mildly peralkaline con-
ditions in Buhovo-Seslavtsi (where titanite is present)
facilitate Zr incorporation into aegirins. In Shipka

pluton, the most sodic pyroxenes in peralkaline por-
phyries are also the most Zr-rich. The enrichment in
Ti and Zr of pyroxenes seems roughly concomitant.
A similar Ti and Zr distribution tendency has been
observed in some trachytes from Cameroon Line
(Njonfang, Nono, 2003).

Zr entry in pyroxenes is not linearly correlated
with the Zr content in the rocks, as the most Zr-rich
pyroxenes are found in Shipka complex (Table 2).
Zr incorporation seems dependant from the fO2
conditions (Jones, Peckett, 1980; Duggan, 1988) and
peralkalinity (Dyulgerov, Platevoet, 2006; this study).
The rocks from Shipka complex crystallised under
less oxidized conditions (see below — conditions of
crystallization) and under less peralkaline condi-
tions, compared to the other complexes. These fac-
tors contributed to the highest enrichment levels of
Zr into pyroxenes.

Duggan (1988) suggested that the rapid crys-
tallization, under disequilibrium conditions also
exerts influence on the Zr enrichment, favouring
Zr incorporation into pyroxenes. In Svidnya the
highest Zr content in pyroxenes are found in those
crystallizing in the dykes, whereas plutonic py-
roxenes have low Zr content. This dependence is
established in pyroxenes with comparable aegirine
component (Table 2).

Fig. 5. Na—Ti relations in the pyroxenes

Ôèã. 5. Na—Ti îòíîøåíèÿ â ïèðîêñåíèòå

Fig. 6. Na—Zr relations in the pyroxenes

Ôèã. 5. Na—Zr îòíîøåíèÿ â ïèðîêñåíèòå
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Amphiboles

Amphibole is ubiquitous mineral in intermediate and
acid rocks of alkaline association. In melanocrat
varieties amphiboles are less abundant than pyroxenes
and micas and are developed on the latter. In the
syenitic parts of the intrusions amphiboles are the
main mafic minerals. They form euhedral, plate or
tabular crystals. In peralkaline dykes amphiboles
appear both as phenocrysts and tiny crystals sur-
rounding early formed K-feldspar phenocrysts.

Structural formulae of amphiboles (Table 3) have
been calculated on the basis of 13 cations, consider-
ing that the sum TIV + CVI is invariant, and with 23 O
equivalents in order to estimate the Fe3+ content
(Leake et al., 1997).

Amphiboles from Svidnya complex present nar-
row compositional variation from richterites to mag-
nesio-arfvedsonite, rarely eckermannite (Grozdanov,
1963, 1999; Table 3). In the melasyenites and syen-
ites amphiboles do not show significant zoning, they
are relatively magnesian (with XMg 0.84—0.65) and
moderately enriched in K — up to 0.54 apfu. Amphi-
boles in quartz-syenites and dykes of syenite-porphy-
ries are mainly magnesio-arfvedsonite. They show
distinct zoning from core to rim with increase of Na
(1.4—2.5 apfu) and decrease of XMg (0.72—0.56).

The amphiboles in Buhovo-Seslavtsi complex
present broad diversity (Table 3; Dyulgerov, Platevoet,
2006) and belong to several groups: calcic, sodic-
calcic and sodic. In the metaluminous monzonites
and syenites amphiboles are mainly magnesiohorn-
blendes, rarely edenite (Fig. 7). In the dykes of mi-
crosyenite the amphiboles are ferrowinchite, fer-
rorichterite and richterite and present marked F con-
tent, exceeding those established in other rock-types
in Buhovo-Seslavtsi complex. In the peralkaline
dykes their composition evolves from ferrorichterite
and richterite to magnesio-arfvedsonite. The evolu-

tion of the amphibole finishes with crystallization
in potassic/perpotassic dykes of high-K magnesio-
arfvedsonite. In these particular magnesio-arfved-
sonites the [A]-site is filled by K up to 0.9 apfu.

In Shipka complex amphiboles are present in the
monzonites and in the syenite-porphyries, as well. In
monzonites the composition of amphiboles is mag-
nesiohornblende (Fig. 7), magnesiohastingsite and
rarely pargasite. Amphiboles display limited compo-
sitional evolution, mainly in decreasing XMg from core
to rim coupled with decreasing Al(t). Compared to
the amphiboles from other complexes they are much
more aluminous (indicating deep crystallization),
chromian and calcic. Vankov (1892) and Kostov
(1950) reported the presence of sodic amphiboles in
the syenite-porphyries, however due to strong weath-
ering of these rocks we were not able to obtain anal-
yses of dyke amphiboles.

Micas

Micas are present in the three magmatic complexes.
Their composition ranges from phlogopite, found rare-
ly in some lamprophyres, to biotite (Table 4, Fig. 8).
Abundance and composition of micas depend on
the whole rock chemistry, in peralkaline conditions
micas become rare or completely absent. Structural
formula is calculated upon 22 positive charges, ac-
cording to the IMA recommendation (Rieder et al.,
1998). Li content is estimated according to the meth-
ods of Tindle and Webb (1990) and Tischendorf et
al. (1997), based on cation stoichiometry.

In Svidnya complex micas crystallize in melasy-
enite and syenites. They are euhedral to subhedral
often rimmed by amphiboles. The micas are biotites
with XMg 0.55—0.68 moderately enriched in TiO2 —
up to 5.22 wt.%. Fluorine and chlorine contents are
insignificant.

Fig. 7. Composition of calcic amphiboles from the three plutons

Ôèã. 7. Ñúñòàâ íà êàëöèåâèòå àìôèáîëè îò òðèòå ïëóòîíà

Fig. 8. Composition of micas from the three plutons
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In Buhovo-Seslavtsi complex micas are presented
in all plutonic rock-types and show broad diversity
(Table 4) ranging from Cr-rich phlogopite to biotite
with XMg 0.90—0.42. From metaluminous to peralka-
line rocks the micas modally diminish and in strongly
peralkaline porphyritic dykes disappeared. They
change the composition with increasing peralkalin-
ity toward Fe, F and Si-rich and Al-poor species. An
important change in the mica composition in the
dyke of microsyenites is the increasing F content.

In Shipka pluton the micas are abundant mafic
mineral. In the lamprophyre dykes they form plate
euhedral porphyres. In monzonites and syenites they
are subhedral, present in variable quantity, often
chloritized. The micas composition (Table 4) in the
lamprophyres evolves from colourless phlogopite in
the cores to dark-brown biotite in the rims with XMg
from 0.81 to 0.66. In plutonic rocks biotites are slightly
less Mg-rich with XMg from 0.70 to 0.45. All micas
are Al and Ba enriched compared to the micas in
the other two complexes. Biotites from the dykes of
syenite-porphyries show distinct features, which re-
flect the specific conditions of crystallization. They
are Al-poor (transition to peralkaline conditions), Si-
rich and relatively magnesian (XMg 0.68—0.64). A
particular feature is the significant F content — up
to 3.85 wt.%.

Micas composition is function of composition of
magmas they crystallized from. The transition from
metaluminous to peralkaline stages reflects the pro-
gressive exhaustion of Al in the melt (biotites become
Al-poor). In some dyke rocks (microsyenites from
Buhovo-Seslavtsi and syenite-porphyries from Ship-
ka) the biotites and amphiboles fix the elevated con-
centration of F in the melt.

Conditions of crystallization

On the basis of Al(t) in hornblende geobarometers
Dyulgerov and Platevoet (2006) established that,
Buhovo-Seslavtsi pluton is a high-level magmatic
body, crystallised between 1.5 and 3 kbar. Tempera-
tures obtained for Buhovo-Seslavtsi pluton with the
amphibole-plagioclase geothermometer of Blundy and
Holland (1990) are 670—710 °C. The magnetite-ilmen-
ite thermometer (Spencer, Lindsley, 1981) gives sub-
solidus reequilibration temperatures between 530 °C
and 590 °C for the plutonic rock-types with log fO2
between —18 and —19. Similar results are obtained from
aplitic dykes (590—650 °C and —17 < log fO2 < —18).
These conditions indicate relatively high fO2 (between
the NNO and the MH buffers), during the solidus to
subsolidus stage.

The pressures estimations using Al(t) in hornblende
barometers (Anderson, Smith, 1995) for the rocks of
Shipka pluton are 5—7 kbar. Amphibole-plagioclase
geothermometer (Blundy, Holland, 1990) applied
to the Shipka monzonites gives crystallization tem-
peratures between 890 and 750 °C. Evidences for
relatively high water pressure are the presence of bi-
otite and amphibole, and the graphic intergrowths

of quartz and K-feldspar in some leucocratic varie-
ties. The only Fe-Ti oxide in Shipka is the magnetite,
thus reliable estimation of the fO2 was not possible.
However, based on mineral reaction of Wones (1989):

3Titanite + 2Magnetite + 3Quartz =
3Hedenbergite + 3Ilmenite + O2

and the pyroxene composition, Dyulgerov (2005) es-
timated redox conditions between the QFM and the
NNO buffers for the magmatic association.

In Svidnya complex the pressure of crystalliza-
tion up to 2.5—3 kbar is supposed based on the min-
eral association in the contact aureole formed over
the metapelitic host rocks (Dyulgerov, 2005). The
precise estimation of t° and fO2 is not possible be-
cause the only Fe-Ti oxide is ilmenite. The experi-
mental work of Flower (1974) showed that Ti-rich
aegirine and ilmenite coexist at the oxidation condi-
tions matched to the NNO buffer, whereas Ti-argir-
ine and hematite coexist near the Mn2O3—Mn3O4
buffer. The rare ilmenite associated with sodic-cal-
cic pyroxene with variable Ti content is in favour for
crystallization close to the NNO buffer for this asso-
ciation in Svidnya rocks.

The amphiboles and the pyroxenes in the peral-
kaline rocks of all three complexes are present both
as phenocrysts (rarely as inclusions in K-feldspar
phenocrysts) and as late phases forming agpaitic tex-
tures. This indicates that they crystallized during a
wide temperature interval. The experimental study
of Thompson and MacKenzie (1967) on peralkaline
acid liquids reports liquidus temperatures in the
range of 850—840 °C. The stability fields of sodic
and sodic-calcic amphiboles in the t° — fO2 space is
controlled by their chemical composition and espe-
cially by their XMg (Ernst, 1968). Pure riebeckite-ar-
fvedsonite solid solutions are stable under oxidizing
conditions (HM buffer) only at t° below 500 °C at
P=1 kbar. The incorporation of Mg in amphiboles
drastically increases the thermal stability field of the
magnesio-riebeckite: above 900 °C at P=1 kbar on
HM buffer (Ernst, 1968). Charles (1973) shows that
intermediate richterite-ferrorichterite (XMg 0.50) is
stable up to 925 °C under a wide range of fO2 condi-
tions, between QFM and HM buffers. The relatively
magnesian character of sodic amphiboles from Svid-
nya and Buhovo-Seslavtsi complexes is evidence that
the amphibole phenocrysts (and those included in
K-feldspars) are early liqiudus phases and accord-
ing to the experimental results they crystallized at
elevated fO2. Bailey (1969) shows that aegirine in
presence of H2O at P=1 kbar is stable up to 850 °C
on NNO buffer and up to 890 °C on HM buffer.
All these temperatures are in agreement with the
liquidus temperatures of acid peralkaline rocks cited
above. The dominance of Mg-NAT over Fe-NAT
molecule in the pyroxenes from Svidnya and
Buhovo-Seslavtsi supports the elevated fO2 condi-
tions (according to Larsen, 1976). Aegirine-augites
and aegirines from Shipka pluton are Fe2+ rich and
more reducing conditions than Svidnya and
Buhovo-Seslavtsi could be supposed.
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In summary, the early crystallization of K-feld-
spar, pyroxene and amphibole in peralkaline dykes
starts at 850—840 °C under relatively oxidizing con-
ditions around and probably above NNO buffer for
Svidnya and Buhovo-Seslavtsi complexes and prob-
ably between NNO and QFM buffers for Shipka com-
plex. Near solidus temperature can be considered at
about 600 °C, and corresponds to the crystallization
of the groundmass minerals in the rocks.

Evolution of pyroxenes
and amphiboles

Two main groups of pyroxenes exist on the Q—J dia-
gram (Morimoto et al., 1988). To the first group re-
fers calcic pyroxenes crystallizing under metalumi-
nous conditions (Fig. 2). After a wide compositional
gap in the three plutons starts crystallization of sod-
ic-calcic and sodic varieties. In all three complexes
the sodic pyroxenes deviate to the pole S2, reflecting
the incorporation of Ti and Zr.

On the Mg—(Fe2++Mn)—Na diagram (Fig. 3) evo-
lution of pyroxenes from the three complexes shows
distinctive features. The pyroxene evolution in Svid-
nya pluton is generally parallel to diopside—aegir-
ine join with limited hedenbergite (Fe2++Mn) com-
ponent. In Buhovo-Seslavtsi complex the trend oc-
cupies intermediate position between Mg and
(Fe2++Mn) poles. In Shipka complex crystalliza-
tion starts with separation of pyroxene with high
Mg/(Mg+Fe2+) ratio, but further evolution marks
pronounced enrichment in Fe2+ and sodic pyroxenes
are Fe2+-dominated. The observed differences are
attributed to the conditions of crystallization and
especially to fO2 (as shown in Platt and Woolley 1986).
Thus, Shipka pluton crystallized under more reduc-
ing conditions and presents evolution with heden-
bergite (Fe2++Mn) enrichment. A similar pyroxene
trend is observed in many peralkaline oversaturat-

ed complexes crystallizing under reducing condi-
tions (Nicholls, Carmichael, 1969; Abbott, 1969;
Larsen, 1976; Bonin, 1980; Bonin, Giret, 1985; Plat-
evoet, 1990).

Shipka plutonic amphiboles display limited dif-
ferentiation with increasing Fe2+ and Mn contents.
In the other two complexes, the amphiboles evolu-
tion is well defined on an Mg—(Fe2++Mn)—(Na+K)
triangle (Fig. 9). The amphiboles in Buhovo-Seslavt-
si pluton cover the whole spectrum from calcic to
sodic varieties preserving their high XMg. An inflec-
tion of the trend towards Fe2++Mn rich members is
marked by sodic-calcic amphiboles in the microsy-
enites. This could be interpreted as a temporary
change of fO2 during the crystallization of microsy-
enitic dykes. Evolutionary trends of Buhovo-Seslavt-
si and Svidnya amphiboles show distinctive differ-
ence from those observed in other alkaline oversatu-
rated complexes (see Mitchel, 1990 for overview).
Demonstrated magnesian character of the amphib-
oles resembles those found in some undersaturated
complexes — Mongolowe and Chaone of Chilwa
province, Malawi (Woolley, Platt, 1986). Thus mag-
nesian character seems independent of silica satu-
ration of the magma and it is mostly related to con-
ditions of crystallizations — especially t° and fO2.

The pyroxenes compositional gap between the
calcic and sodic-calcic varieties (Fig. 3) is com-
mon in alkaline complexes (Ferguson, 1977; Njon-
fang, Nono, 2003). The amphiboles from Buhovo-
Seslavtsi and Svidnya display no such feature in
their evolutionary trend between the calcic and sodic
varieties (Fig. 9). At the same triangular diagram
Mg—(Fe2++Mn)—(Na+K) is seen that, the amphiboles
from Buhovo-Seslavtsi and Svidnya plot and fill the
gap in the evolutionary trend of pyroxenes, between
the calcic and sodic varieties. This can be attributed
to the ability of amphibole’s structure easy to modify
its composition during the transition from metalu-
minous to peralkaline conditions.

Fig. 9. Mg—(Fe2++Mn)—Na diagram for the amphiboles from Svidnya and Buhovo-
Seslavtsi

Ôèã. 9. Äèàãðàìàòà Mg—(Fe2++Mn)—Na çà àìôèáîëèòå îò Ñâèäíåíñêè è Áóõîâî-
Ñåñëàâñêè ïëóòîíè
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Dyulgerov and Platevoet (2006) established that
extremely high amount of K in [A]-site in amphib-
oles from Buhovo-Seslavtsi peralkaline dykes is gov-
erned by K/Al ratio of the whole rock. Thus strongly
evolved magnesio-arfvedsonites with very high po-
tassium content are similar to amphiboles found in
some extremely potassic rocks (lamproites and peral-
kaline lamprophyres — Hall, 1982; Hogarth, 1997).
In Svidnya amphiboles [A]-site is occupied in dif-
ferent parts by Na and K (Table 3). Partitioning
between Na and K in [A]-site depends on K/Al and
K/Na ratios in the rocks. During magma evolution
the role and the content of Na increase from melasy-
enites to porphyritic dykes (Aleksiev, 1966) and the
same trend is recorded by the amphiboles in these
rocks. The evolution of the rock K/Na ratio is in di-
rect proportion to the same ratio in [A]-site of the
amphiboles (Fig. 10).

Conclusions

1. The pyroxenes in the three massifs present different
evolution trends: in Svidnya pluton is parallel to the
join diopside—aegirine; in Buhovo-Seslavtsi it occu-
pies intermediate position between diopside and heden-
bergite poles; in Shipka it is parallel to the hedenber-
gite—aegirine join with marked Fe2+ enrichment.

2. The observed trends of pyroxene compositional
evolution are independent of the silica saturation,
but are related to the fO2 conditions of crystalliza-
tion. The oxidizing conditions favour evolution with

important XMg, whereas more reducing conditions
favour a Fe2+ enrichment.

3. Ti and Zr incorporation in pyroxenes is facili-
tated by peralkaline conditions. Substitutions between
Ti and Zr in the pyroxene structure are not simple
and concomitant as well as antipathetic tendencies
are possible.

4. Presence of proper Ti phases (crystallisation of
titanite in mildly peralkaline conditions) predeter-
mines low to medium content of Ti into pyroxenes.

5. Low fO2 and rapid crystallisation favour Zr en-
richment into pyroxenes.

6. Amphiboles reflect the chemical composition
of the melt they have crystallized from. The almost
complete [A]-site filling by potassium in the Buhovo-
Seslavtsi amphiboles is a direct consequence of the
very high K content of the magma. In Svidnya am-
phiboles Na is a dominating cation in [A]-site and
this feature is enhanced during the evolution, syn-
chronous with the increasing Na/K ratio in the rocks.

7. The amphiboles fill the compositional gap and
appear to be the link between calcic and sodic-cal-
cic pyroxenes. This feature is due to the flexible struc-
ture of amphiboles, more easily responding to the
changes of the environment and especially to the
agpaicity.
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Fig. 10. K/Na[A]—K2O/Na2O(rocks) for the amphiboles from Svidnya and Buhovo-Seslavtsi
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