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METAMORPHISM OF PELITIC ROCKS AND METAMORPHIC 
ZONES IN SW PART OF WESTERN TATRA MTS. CRYSTALLINE 

COMPLEXES 

(Figs. 14, Tabs. 6) 

A b s t r a c t : Progress ive increase of m e t a m o r p h i c condi t ions in 
the SW p a r t of t h e W e s t e r n T a t r a Mts. crys ta l l ine complexes caused 
t h e f o r m a t i o n of m e t a m o r p h i c zones — s tauro l i te-kyani te-s i l l imani-
t e zone and s i l l imani te zone div ided into subzones 1 and 2. T h e 
m e t a m o r p h i c zoning w a s t h e resul t of reg ional m e t a m o r p h i s m , m o s t 
p r o b a b l y in t h e H e r c y n i a n cycle. T h e H e r c y n i a n grani to id body is 
s u r r o u n d e d by m i g m a t i t e s and m e t a m o r p h i t e s of t h e h ighes t- tem­
p e r a t u r e s i l l imani te zone 2, w h e r e p a r t i a l a n a t e x i s took place. Spa­
ce d i s t r ibut ion of t h e m e t a m o r p h i c zones w a s affected as wel l by 
tectonic processes, especial ly by t h r u s t i n g of t h e crysta l l ine com­
plexes. 

Progress ive increase of P-T-X condit ions caused changes in t h e 
m i n e r a l assemblages of t h e m e t a p e l i t e s as wel l as in t h e compos i­
t ion of t h e i n d i v i d u a l s tud ied m i n e r a l s . T h e t r a n s i t i o n f rom t h e 
s tauro l i te-kyani te-s i l l imani te zone into t h e s i l l imani te zone is ex­
pressed by t h e isograd of s t a u r o l i t e b r e a k d o w n w i t h s i l l imani te 
format ion. T h e format ion of s i l l imani te occurred as a resul t of de­
composi t ion react ions of s taurol i te , kyani te , bioti te, g a r n e t a n d 
muscovi te . T h e coexis tence of k y a n i t e a n d s i l l imani te is discussed 
f rom t h e v i e w p o i n t of the i r m u t u a l s tabi l i ty w h i c h c o r r e s p o n d e d 
to P-T condit ions n e a r t h e curve of t h e i r u n i v a r i a n t e q u i l i b r i u m . 

P-T condi t ions of progress ive m e t a m o r p h i s m d e t e r m i n e d on t h e 
basis of t h e r m o b a r o m e t r y a n d p e t r o g e n e t i c grid c o r r e s p o n d e d to 
t e m p e r a t u r e s of 530—700 °C at pressures of 4—7 k b a r a n d a n assu­
m e d fluid p h a s e composi t ion w i t h X H 2 O ~ 0 . 8 ; th i s c o r r e s p o n d s to 
t h e m e d i u m - p r e s s u r e type of t h e k y a n i t e - s i l l i m a n i t e type of facies 
series. In connect ion w i t h t h e effects of fluids a t lower P - T con­
di t ions r e t r o g r a d e a l t e r a t i o n s took place w i t h t h e f o r m a t i o n of es­
pecial ly chloritoid, chlor i te a n d w h i t e micas (muscovite a n d m a r -
gar i te) . 

P e 3 K ) M e : npOrpeCCMBHbIM B03paCT MeTaMOpCpMMeCKMX yCJIOBMM 
B K33 nač™ KpMCTajuiMHMKyMa 3anaflHbix TaTep Bbi3Baji o6pa30BaHne 
MeTaMOpepMHeCKMX 30H — CTaBpOJIMT-KMaHMT CMJUIMMaHJITOBOW M CMJI-
jiHMaHMTOBori pa3AejieHHOw Ha cy630«w 1 M 2. MeTaMopcpMHecKaH 30-
HajibHOCTb HBJiHeTCH pe3yjibTaT0M perMOHajibHOro MeTaiviopcbM3Ma, 
npaBaenoflorJHO B TepuiiHCKOM UMKJIC TepuMHCKoe rpamiTOMflHoe Te.no 
OKpy>KeHo MHrMannaMM n MeTaMopcpimecKiiMi-i nopoflaiviM Hawoojiee 
BblCOKOTeMnepaTypHOM CMJIJlMMaHMTOBOH 30HM 2, r^e ĎbUIM flOCTMrHy-
Tbi ycJioBMH napuwajibHoro aHaTeKcuca. H a npocTpaHCTBeHHoe pacnpe-
flejieHwe MeTaMopcpMMecKiix 30H 0Ka3ajin BJIHHHMC TO>Ke TeKTOHMiec-
Kiie npou,eccbi, npe>Kfle Bcero nepeMemeHMe HacTeii KpMCTajuiMHMKyMa. 
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n p o r p e c c M B H w ň B03pacT P-T-X yuioBbiň Bbi3Baji MSMeHemiH B M U -
HepaJibHwx a c c o u n a m i H x M B cocTaBe OTflejibHbix n3yqaeivibix MjiHepa-
JIOB. n e p e X O A OT CTaBpOJIMT-KJiaHWT-CMJIJlMMaHHTOBOM 30HM K CUJIJIII-
MaHiiTOBOM 30He Bbipa^KeH M3orpafloťi p a c n a ^ a c r a B p o m i T a n p n o 6 p a -
30BaHWM CMJIJIMMHMTa. 0 6 p a 3 0 B a H M e CHJIJIMMaHHTa 6 M J I O pe3y^bTaTOM 
p e a K u w ň p a c n a f l a craBpojiMTa, KMaHMTa, ÔMOTMTa, r p a H a T a n MycKO-
BHTa. CocymecTBOBaHMe KMäHMTa M CMJuiMMaHMTa AHCKyTMpyeTCH 
C TOMKU 3peHMH MX B3aHMHOM yCTOMHMBOCTM C00TBeTCTByK)m,eM P - T 
yCJIOBHHM ÔJIM3 KpMBOM MX yHMBapMaHTHOrO paBHOBeCMH. 

P-T ycjiOBMH n p o r p e c c M B H o r o MeTaiviopcpH3Ma onpeaeJ ieHHbie Ha oc-
HOBe TepMoôapoMeTpMM M n e T p o r e H e n m e c K o ň CCTKM cooTBeTCTBOBajiM 
T e M n e p a T y p a M 5 3 0 — 7 0 0 °C npM flaBJíeHMM 4 — 7 k b a r w n p e f l n o j i a r a e -
MOM COCTaBe CpJIlOMflHOM Cpa3bl C X H 2 O = 0 , 8 ; 3T0 COOTBeTCTByeT cpefl-
Her^yBMHHOMy TMny KMaHMT-CMJuiMMaHMToro MeraMopcpM3Ma. B CBH3M 
C B03fleMCTBMeM (JJJIHDMÄOB npM HH3IHMX P-T yCJIOBMHX nOHBMJIMCb p e -
TporpaftHbie M3MeHeHMa npM o6pa30BaHMM xjiopMTOMfla, MycKOBMTa 
M MaprapMTa. 

Introduction 

T h e l a t e s t w o r k s c o n c e r n i n g t h e c r y s t a l l i n e c o m p l e x e s of t h e W e s t e r n a n d 
H i g h T a t r a M t s . o n C z e c h o s l o v a k t e r r i t o r y ( G o r e k , 1956, 1959, 1967, 1969; 
K a h a n , 1967, 1968, 1969) a s w e l l a s o n P o l i s h t e r r i t o r y { J a r o s z e w s k i , 
1 9 6 5 ; B u r c h a r t , 1 9 6 8 , 1 9 7 0 ; S k u p i n s k i , 1975) a n d m a n y o t h e r s , b r o u g h t 
s o m e b a s i c k n o w l e d g e of t h e i r g e o l o g i c s t r u c t u r e , s t r a t i g r a p h y a n d m e t a m o r p h i c 
e v o l u t i o n . W e h a v e a i m e d o u r s t u d y t o t h e p r o b l e m s of m e t a m o r p h i s m i n t h e 
s o u t h - w e s t e r n p a r t of t h e W e s t e r n T a t r a M t s . c r y s t a l l i n e c o m p l e x e s w h e r e m e ­
t a m o r p h i c r o c k s a r e m o s t f r e q u e n t l y o c c u r i n g f r o m t h e W e s t e r n a n d H i g h T a t r a 
M t s . a n d w h e r e p r o g r e s s i v e i n c r e a s e of m e t a m o r p h i s m c a u s e d t h e f o r m a t i o n of 
m e t a m o r p h i c z o n e s ( F i g s . 1, 2). 

Fig. 1. Geologic sketch of m a p of High a n d Western T a t r a Mts. w i t h m a r k e d 
s tudied area . 

Explanations: 1 — P a l e o g e n e ; 2 — Mesozoic; 3 — g r a n i t o i d s ; 4 — m e t a m o r p h i t e s . 

Geologic setting 

T h e W e s t e r n T a t r a M t s . c r y s t a l l i n e c o m p l e x e s b e t w e e n t h e J a l o v e c k á a n d 

R a č k o v á v a l l e y s (Fig . 2) a r e f o r m e d b y p r e - M e s o z o i c c o m p l e x e s of m e t a m o r p h i c 

a n d g r a n i t o i d r o c k s . O n t h e b a s i s of t h e i r m u t u a l p o s i t i o n , t h e f o l l o w i n g p r o f i l e 
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Fig. 2. Map of metamorphic zoning in SW part of Western Tatra Mts. crystalline 
complexes based on tectonic sketch of K a h a n (1969). 

Explanations: The course of the profile is from W to E across the elev. point Baranec. 
Localities and mineral assemblages of metapelites are marked by circles, numbered 
circles are samples analysed on microprobe. 
1 — basement metamorphite complex A (see text); 2 — metamorphite complex B 
(see text); 3 — granitoids; 4 — Mesozoic; 5 — Paleogene; 6 — tectonic lines; 
7 — thrust plane of granitoid and migmatite complex; 8 — metamorphic isograd; 
9 — crystalline sillimanite; 10 — fibrolitic sillimanite; 11 — garnet; 12 — staurolite; 
13 — staurolite relics; 14 — chloritoid; 15 — kyanite; 16 •— kyanite relics. 

can be distinguished, with an approx imate thickness of 1000—1300 m ( K a h a n , 
1969): 
A — basement complex formed by schists, schistose gneisses, paragneisses, quar t-

zite-gneisses, metaquartzi tes, orthogneisses (granite-gneisses), migmati tes 
and amphiboli tes; 

http://�G12O13QuO.bO.6O
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B - complex of paragneisses, amphibolites, migmatites and hybride granites in 
immediate contact with the above lying granitoids; 

C — granitoids; 
D - complex of paragneisses, quartzitic gneisses, migmatites and amphibolites 

above the granitoids. 
The complex D does not occur on the studied territory, but more to east and 

it represents smaller bodies, especially in the area of Bystrá and Velká Kame­
nistá. 

On the basis of the study of tectonic elements, a dome-like structure was 
found in the region of Baranec and Ráztoka (G o r e k, 1956, 1959; K a h a n , 
1969), faulted by partial block displacements and folding (Fig. 2). The course 
of foliation Si of metamorphic schistosity in the distinguished complexes is 
variable, differing from each other. The prevailing direction of b-axes of folds 
in the basement complex A is NE-SW, with a vergency to south as well as to 
north. The foliation S2 is younger, it cross-cuts frequently the foliation St, or 
it causes bending of its planes. It is evidently connected with the formation 
of diaphtorites and phyllonites in which the planes S2 are developed most pro­
minently. As far as Hercynian as well Alpine diaphtorite zones (G o r e k, 1967) 
are concerned, a very prominent one is the flat diaphtorite-phyllonite disloca­
tion which can be observed in varying thickness along the contact of the base­
ment complex A with the complex B (Fig. 2). It is probably the case of re-acti­
vation of an older fault zone where it was most exposed; the granitoid complex 
together with its migmatite mantle was thrusted along this zone on the base­
ment metamorphic complex. This is probably a Hercynian-prepared plane of 
mechanical inhomogeneity; at the same time, it is necessary to consider the 
complicated Alpine tectonics of nappe character. A more detailed analysis of 
tectonic elements can be found in the work of K a h a n (1969). The study of 
tectonic elements revealed the effects of at least two tectonic cycles — Hercy­
nian and Alpine, while the existence of a cycle older than Hercynian has not 
been supported by sufficient evidence; this is in accordance with the geochrono-
logical data. 

Geochronological data from the Western and High Tatra Mts. crystalline com­
plexes indicate Hercynian age of the granitoids and of the majority of meta-
morphites. The data of K a n t o r (1959) obtained by K-Ar method gave the 
age 226-278 m.y. for mylonites. B u r c h a r t (1968) obtained by Rb-Sr method 
the age 290-300 m.y. for the main granitoid body of the High Tatra Mts., leu-
cogranites (alaskites) and pegmatites of the Western Tatra Mts. and for quartz-
-diorites and alaskites from the region of Goryczkowa. The same age was de­
termined for the recrystallization of metamorphites of the Western Tatra Mts. 
and Goryczkowa ( B u r c h a r t , 1968, 1969). Metamorphic recrystallization ap­
pears to be simultaneous with the crystallization of granitoids intruding during 
the culmination of regional metamorphism or immediately afterwards. There is 
no satisfactory proof for the time of onset of metamorphic activity. The whole-
-rock isochrone from the Goryczkowa gneisses indicated the age 410—430 m.y. 
corresponding to the age of an older, probably Caledonian isotope homogeniza-
tion. Datings by the Rb-Sr method ( B u r c h a r t , 1968) also did not registrate 
any process corresponding to a younger — Alpine — recrystallization; thus, the 
effects of Alpine orogeny were above all cataclasis and mylonitization, with no 
higher-temperature metamorphic effects ( B u r c h a r t , 1968). Data obtained 
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by the Pb-U method (C a m b e 1 et al., 1977) indicated for a gneiss from the 
region of Račková Valley in Western Tatra Mts. the age 550 m.y. (the authors 
mention as much as 80 % of clastogene zircon) and for a migmatite the age 
315 m.y. 

Brief characterization of lithology of the metaviorphites 

Previous studies of metamorphic lithology in the Western Tatra Mts. crystalli­
ne complexes ( K o u t e k , 1935; G o r e k , 1959; K a h a n , 1967) revealed the 
flyschoid character of the original sedimentation, belonging probably to the 
turbidite facies. Several cm, dm to m thick lamines, beds and layers of meta-
pelites and metapsammites are here alternating. 

Metapelites are represented by schists, schistose gneisses and paragneisses; 
their more detailed characteristics shall be presented in the following passage. 

The metapsammites correspond to gneisses, quartzite-gneisses and metaquart-
zites with varying grain-size, from fine-grained metaquartzites and quartzite-
-gneisses to coarse grained gneisses. In their pre-metamorphic evolution they 
evidently corresponded to quartzose sandstones and graywackes. Metabasites 
form only small bodies concordant with the foliation of the metapelites and 
metapsammites and they have ihe form of interbedded intrusions and veins. 
Most frequently they occur in the complex B, especially as fine- and medium-
-grained amphibolites, coarse-grained gabbro-amphibolites and banded amphi-
bolites. Metabasite bodies are found in the complex A, mainly in the lower 
parts of the Žiarska and Trnovecká valleys, where they correspond predomi­
nantly to fine- and medium-grained "paraamphibolites" impregnated by pyrite. 
The metabasites are characterized in a similar way by G o r e k (1959). Except 
for some rare occurences, metabasites are practically totally missing in the mo­
notonous profile of metapelites and metapsammites on the southern slopes of 
Baranec with an approximate thickness of 1000 m. 

In the basement complex A, bodies of so-called "orthogneisses" and granite-
-gnesisses occur above all in the lower parts of the Žiarska and Trnovecká 
Valleys and on the southern slopes of Baranec. They form several dm to m 
thick bodies and veins, predominantly concordant with the strongly diaphtorized 
so-called "older" migmatites. The veins are sometimes as much as several tens 
of meters thick, they are relatively clearly separated from the surrounding 
rocks and they have intrusive character. A more detailed description was pre­
sented by K o u t e k (1935) and G o r e k (1959). On the basis of their granitic 
composition, structure and texture, these rocks can be classified rather as gra­
nite-gneisses formed by crystallization of granite melt in syntectonic conditions. 

Migmatites 

In the area of granite-gneiss and amphibolite occurences in the basement 
complex A, strongly diaphtorized, so-called "older" migmatites are found; their 
origin is connected with regional metamorphism in syntectonic conditions. 
Diaphtoresis makes the determination of their primary character and of the 
conditions of their formation rather complicated; we aimed our attention the­
refore to migmatites occuring on contact with granitoids in the complex B — 
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the so-called "younger" migmatites (G o r e k, 1959). The origin of the "young­
er" migmatites was connected with the effects of tongue-shaped granitoid 
body intruding into regionally metamorphosed rocks and causing the format­
ion of injection and metasomatic migmatites (G o r e k, 1959). 

The studied migmatites, regardless of their origin, correspond to stromatitic 
as well as to more homogeneous types with large plagioclase crystals which 
can be classified rather as augen gneisses and only partly as ophtalmitic migma­
tites (e. g. M e h n e r t, 1968). The bands in the stromatitic migmatites are more 
differentiated, their thickness ranging from 2—3 mm to 10 mm and more. 
Paleosome (mesosome), leucosome and melanosome ( J o h a n n e s , 1983) can be 
quite well distinguished and their composition was controlled evidently by the 
lithology of the pre-existing rocks The paleosome of stromatites formed from 
Al-rich metapelites has a composition similar to the surrounding paragneisses. 
Except quartz, plagioclase, biotite and muscovite it contains considerable 
amounts of sillimanite and garnet. Leucosome is usually more coarse-grained 
and it consists mostly of quartz and plagioclase, sometimes with K-feldspar 
(microcline). Some of the migmatite types with predominant leucosome corres­
pond to metatexites and diatexites which have leucosome of granite compo­
sition. Melanosome consisting of biotite is in some cases not clearly distin­
guishable or it is absent. From the study of P-T conditions (in the following 
section) it follows that migmatites were formed predominantly in the conditions 
of high-grade metamorphism as a result of metamorphic differentiation and 
partial anatexis. 

Metamorphism and metamorphic zones 

Data from geochronology and the study of structural-tectonic elements in­
dicate that the metamorphic evolution of the Western Tatra Mts. crystalline 
complexes was most intensively affected by the Hercynian orogeny, corres­
ponding to a cycle of progressive and retrograde metamorphic changes defined 
by the character and evolution of mineral assemblages in various metamorphic 
conditions. The Alpine orogeny did not metamorphically affect the earlier 
formed zoning of crystalline complexes, but it re-worked technically their 
geologic structures and disturbed the distribution of metamorphic zones in 
space. Tectonic effects of the Alpine as well as Hercynian orogenies caused 
also diaphtoresis, mylonization and cataclasis, the age determination of which 
is in many cases problematic. The object of our study was above all progressive 
metamorphism of the crystalline complexes and the related metamorphic zo­
ning. 

The progressive increase of metamorphism showed in the changes of mineral 
assemblages, above all in metapelites, thus allowing the determination of pro­
gressive metamorphic zones in the SW part of the Western Tatra Mts. crystalline 
complexes on the basis of field and microscopic studies. 

S t a u r o l i t e - k y a n i t e - s i l l i m a n i t e z o n e : is characterized on the 
basis of the presence of staurolite, kyanite and fibrolitic sillimanite in meta­
pelites, with additional garnet, biotite, muscovite, plagioclase, quartz and ilme-
nite as a mineral assemblage of progressive metamorphism. In rocks affected 
by retrograde metamorphism, chlorite, chloritoid, muscovite, margarite and 
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tourmal ine are formed as products of the breakdown of h igher - tempera ture 
progressive-metamorphic assemblage. We can assume that , wi th the elimination 
of re t rograde minerals, the progressive minera l assemblage was dur ing peak 
metamorphic conditions approximately in equilibrium. 

The coexistence of kyani te and sillimanite from the viewpoint of their 
stability can be analysed on the basis of several cri teria: 

a) According to the phase rule, two polymorphs of Al>SiO,5 can coexist sta-
bily only on the curve of univar iant equil ibrium separa t ing their stabili ty 

fields. 
b) The presence of t race elements ("impurities"), e. g. Fe:!+, Mn:,+ (A 1 b e e -

C h o d o s , 1969; G r a m b l i n g - W i l l i a m s , 1985), as another degree of 
freedom, can stabilize the polymorphs in a divar iant stability field, in a certain 
P-T interval , even after overstepping the curve of univar iant equilibrium. 

c) Direct- t ransformation reactions of Al>Si05 polymorphs of the solid-solid 
type take place at small changes of entropy and they require considerable 
overstepping of equil ibrium conditions; this results also in the slow ra te of 
these reactions in near-equi l ibr ium conditions. 

From the calculations of t empera tu re and pressure on the basis of thermoba-
rometry (Tab. 6) it follows that the P-T conditions of kyanite-si l l imanite 
coexistence are near to the conditions of univar iant equil ibrium curve of kyani te 
and sillimanite according to H o l d a w a y (1971). 

Trace elements studied by microprobe do not a t ta in quanti t ies which could 
more substantial ly influence the stability of Al2SiO.-, polymorphs. In the kyani te 
coexisting wi th fibrolitic sillimanite, only low contents of Fe:l+, Mnn+ and C r ^ 
have been determined (Tab. 2.) 

Certain overstepping of equil ibrium conditions is probable wi th the observed 
microstructure relations of kyani te and sillimanite, which usually coexist mu­
tually separa ted; from kinetics it follows t ha t their mu tua l reactions a re con­
trolled above all by diffusion ( F i s h e r , 1978; W a l t h e r - W o o d , 1984; 
R u b i e - T h o m p s o n , 1985). Kyani te and sillimanite can therefore coexist 
metastably in a certain t empera tu re and pressure interval even after overstep­
ping of equil ibrium conditions. 

S i l l i m a n i t e z o n e 1: represents t h e lower- tempera ture par t (subzone) 
of the sillimanite zone. Sillimanite zone 1 is noted for the presence mostly of 
only fibrolitic sillimanite, by the disappearance of stauroli te and par t ly also 
of kyani te . The breakdown of staurolite and kyani te is not simultaneous, but 
kyani te remains along wi th sillimanite or without it in the lower- tempera ture 
par t of the sillimanite zone. An independent kyani te zone could not so far be 
distinguished in the studied region; its presence could be indicated by kyani te 
occurences in the lower pa r t of the Žiarska Valley, on the southern slopes of 
Baranec and in the Jamnická Valley (Fig. 2). Garne t remains stabile or it breaks 
down, depending evidently also on the bulk composition, as garnet is usually 
stabile in rocks with higher iron contents. 

S i l l i m a n i t e z o n e 2: is characterized by the presence of pr ismatic silli­
manite . Staurol i te and kyanite are entirely absent, nei ther have they been 
determined in the form of relics which are present in the sillimanite zone 1. 
Garnet forms ra ther large porphyroblasts with no noticeable signs of re t ro-



462 JANÁK — KAHAN — JANCULA 

gression. The amount of biotite, sillimanite and plagioclase is higher in com­
parison with lower-temperature zones, while the quantity of muscovite and 
quartz is decreased. The presence of K-feldspar, formed by breakdown of 
muscovite, has not been observed. K-feldspar (microcline) is present above all 
in the migmatite leucosome and it was formed probably already in the condit­
ions of partial melting We have therefore not distinguished an independent 
sillimanite-K-feldspar zone of high-grade metamorphism, known from many 
regions (e. g. E v a n s - G u i d o t t i , 1966; T r a c y, 1978). 

The transition from the staurolite-kyanite-sillimanite zone into the sillimanite 
zone can be expressed by an isograd on the basis of the observed breakdown 
of staurolite with the formation of sillimanite. Isograd should be understood 
as a line on the present surface expressing specific changes in the observed 
mineral assemblages resulting from metamorphic reactions ( C a r m i c h a e l , 
1970). In the studied region, the isograd between the staurolite-kyanite-sillima­
nite zone and the lower-temperature part of the sillimanite zone — sillimanite 
zone 1 — lies within the basement complex A in the area of Jalovecká Valley 
(Fig. 2). Partial breakdown of staurolite as well as of kyanite and garnet 
accompanied by the formation of sillimanite took place not only on the isograd, 
but also within the staurolite-kyanite-sillimanite zone; this is in accordance 
with the microscopic observations. 

On the basis of petrographic criteria as well as for the purpose of expressing 
different P-T conditions of metamorphism,the sillimanite zone has been divided 
into two subzones. The lower-itemperature part of the sillimanite zone is re­
presented predominantly by schists and schistose gneisses, to a lower extent 
by gneisses. Gneisses and migmatites occur in the higher-temperature part of 
the sillimanite zone. The boundary between the sillimanite zone 1 and 2 is not 
defined by any isograd because there are no changes in mineral assemblages. 
An evidence of a progressive increase of temperature within the sillimanite 
zone is the breakdown of staurolite and kyanite which are entirely absent in 
the sillimanite zone 2, where solidus conditions were overstepped causing the 
formation of melt in migmatites. 

The boundary between the sillimanite zones 1 and 2 in the map of meta­
morphic zoning (Fig. 2) is practically identical with (the boundary between the 
complex of metamorphic rocks A and the complex B, which in many places 
has been proved to be of tectonic origin ( K a h a n , 1969). Along this thrusting 
plane, tectonic faulting and a reduction of the original width and course of 
the sillimanite zone took place; the lower-temperature part of the zone corres­
ponds to the basement complex A and the higher-temperature part to the 
overthrusted complex B. The staurolite-kyanite-sillimanite zone occurs only in 
the basement complex A in the SW part of the region in Jalovecká Valley, 
where we assume its submergence under Mesozoic formations and the massif 
of Ráztoka and Baranec (Fig. 2). The isograd between the staurolite-kyanite-
-sillimanite zone and the sillimanite zone was probably folded simultaneously 
with the formation of fold structures in the crystalline complexes. 

Metamorphic textures and minerals of me tap elit e s 

Chemical composition of the studied minerals was analysed with the help 
of the electrone microanalyser JEOL JXA-5A, using the method of B e n c e -
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A l b e e (1968) and the correction factors of A l b e e - R a y (1970), on t h e 
Faculty of Chemical Technology of t h e Slovak Inst i tute of Technology in Bra­
tislava. Kyanite was analysed on the microanalyser JEOL S U P E R P R O B E 733 
on the Dionýz Štúr Geological Inst i tute in Bratislava. Chemical analyses of 
minerals are presented in Tabs. 1—5, wi th formulas calculated on t h e basis 
of oxygen anions. All iron is considered to be bivalent, except for kyanite, 
where it is considered to be t r iva lent . We have analysed representat ive samples 
from t h e staurolite-kyanite-si l l imanite zone and from sil l imanite zones 1 and 
2 suitable for the calculation of P-T conditions of metamorphism*. Localization 
of t h e analyzed samples is in .the m a p of m e t a m o r p h i c zoning in Fig. 2. 

G a r n e t : 

In the staurolite-kyanite-si l l imanite zone it forms individual porphyroblasts 
or it is enclosed in stauroli te (Fig. 3), kyani te or plagioclase. In t h e central p a r t 
of grain it is often resorbed and it forms atoll t ex ture . 

The edge of garnet is sometimes crossed by intergrowths of si l l imanite with 
biotite which grow inside t h e atoll t ex ture (Fig. 4), or they form pseudomorphs 
after garnet from which only relics have been preserved (Fig. 5). F r o m retro­
grade alterat ions of garnet, chloritization is the most f requent one; sporadically 
chloritoid is formed together wi th chlorite and fine-grained muscovite. In t h e 
sil l imanite zone 1, the microstructure character of garnet is similar, but it does 
not coexist wi th staurolite. In t h e sil l imanite zone 2 it forms large p o r p h y r o ­
blasts (Fig. 10), sometimes it encloses biotite and only very rarely also pr ismatic 
sillimanite. Staurol i te or kyani te inclusions have not been observed. Retrograde 
alterat ions of garnet in the sil l imanite zone 2 are more r a r e t h a n in garnets 
from lower-temperature zones; the grain-r ims are sometimes resorbed. 

Chemical composition of garnet (Tab. 1) corresponds predominant ly to al-
mandine, garnets of the sil l imanite zones have increased contents of the 

* Samples 16, 17A, 17B, 18 and 20: staurolite-kyanite-sillimanite-garnet two-mica 
schists to schistose gneisses, well-foliated and deformed, with veinlets of secretion 
quartz. Sample 16 contains retrograde chloritoid and margarite. Staurolite-kyanite-
-sillimanite zone. Jalovecká Valley, rock exposures on the right side of the creek 
Jalovčianka in the central part of the valley. 

Samples 74A, 74B: garnet-sillimanite-muscovite-biotite gneisses with sporadic relics 
of staurolite and kyanite. Sillimanite zone 1. Southwestern glen from the peak of 
Baranec (2184 m), leading into the Žiarska Valey, 1650 m above sea level. 

Sample 96: garnet-kyanite-sillimanite-muscovite-biotite gneiss. Sillimanite zone 1. 
Lower part of the Žiarska Valey, rock exposure near the road to the Žiarska chalet, 
1020 m above sea level. 

Samples 3, 5: garnet-sillimanite-muscovite-biotite-plagioclase gneisses to migmati-
tes. Noticeable banding is defined by layers with a thickness of 1—2 mm, rich in 
biotite, sillimanite, muscovite and garnet, alternating with more coarse-grained gra­
nular quartz-plagioclase layers up to 1 cm thick. Sillimanite zone 2. Upper part of 
the Valley Parichvost, rock exposures above the source of the creek Jalovčianka, 
towards Banikovské Saddleback. 

Sample 53: muscovite-biotite-plagioclase "augen" gneiss, with a smal amount of 
garnet and sillimanite. Coarse-grained rock with large crystals of plagioclase with 
a size of 0.5—1 cm, relatively homogeneous. Sillimanite zone 2. Western ridge from 
the peak of Baranec (2184 m) leading into the Žiarska Valley, 2050 m above sea level. 
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Fig. 3. Staurolite (St) enclosing garnets (Gt), surrounded by porphyroblasts of mus-
covite (Mu) and biotite (Bi). 

Explanations: Schist, staurolite-kyanite-sillimanite zone, Jalovecká Valley. Parallel 
nicols, scale bar length 0.5 mm. 

Fig. 4. Atoll garnet (Gt) cross-cut by intergrowths of fibrolitic sillimanite and bio­
tite (Sil + Bi) growing inside the atoll texture of garnet. Staurolite (St) is present 

in the assemblage. 
Explanations: Schist, staurolite-kyanite-sillimanite zone, Jalovecká Valley. Parallel 
nicols, scale bar length 0.5 mm. 
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Fig. 5. Intergrowths of fibrolitic sillimanite and biotite replacing garnet from which 
only relics have been preserved. 

Explanations: Schist, staurolite-kyanite-sillimanite zone, Jalovecká Valley. Crossed 
nicols, scale bar length 0.5 mm. 

spessartite component. Distribution of elements on traverses across selected 
grains (Fig. 6) indicates zoning caused by the processes of growth and diffusion 
in different thermodynamic and kinetic conditions. Garnet from the staurolite-
-kyanite-sillimanite zone (sample 20) is almost homogeneous. The trend of 
element distribution is not pronounced, with a slight increase of Mg from core 
towards rim; it nevertheless decreases in immediate proximity of edge. Ths 
contents of Mn are relatively constant from core towards rim and they decrease 
near the edge. Fe decreases inconsiderably from core to rim and increases near 
edge. The contents of Ca are practically constant along all of the traverse. A 
grain from the sillimanite zone 2 (sample 3) has more pronounced zoning, with 
Mg and Fe increasing from centre towards the rim and then decreasing consi­
derably near the edge. Mn has a reverse trend and Ca an approximately even 
course along the whole profile. The grain from the sample 53, also from the 
sillimanite zone 2, is noted for a decrease of Mg and Fe and an increase of Mn 
from core to the rim, while the contents of Ca do not change considerably. This 
zoning is characteristic for garnets from the high-temperature part of the silli­
manite zone where a more rapid intracrystalline diffusion takes place at tem­
perature approximately over 650 °C ( T r a c y , 1982). 

Zoning of the studied garnets was controlled by nucleation and grain-growth 
rate as well as by diffusion rate in prograde as well as in retrograde P-T 
conditions of metamorphism. The original prograde growth zoning was modified 
to a varying extent by diffusion; we can assume that intracrystalline diffusion 
had effects at higher temperatures, especially in sillimanite zone 2, and inter-
granular diffusion took place during cooling and retrogression. Prograde zoning 
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was characterized by an increase of Mg and decrease of Mn as well as by a de­
crease of the ratio Fe/Fe + Mg. The decrease of Mg, increase of Mn and increase 
of the ratio F e F e + Mg in the r im of garnet were probably connected wi th 
continuous reactions of garnet wi th coexisting Fe-Mg-Mn minerals , especially 
with biotite, chlorite and ilmenite dur ing cooling and retrogression, when 
re-equilibration of mineral composition occurred in lower P-T conditions. 

20 3 53 

0.1mm 1.0mm 1,0 mm 

Fig. 6. Microprobe traverses across selected garnet grains. 
Explanations: Sample 20 is garnet from the staurolite-kyanite-sillimanite zone, samp­
les 3 and 53 are garnets from the sillimanite zone 2. 

S t a u r o l i t e : 

forms porphyroblasts having typical sieve t ex ture wi th poikilitic quartz, so­
metimes it also encloses garnet (Fig. 3). It is usually surrounded by muscovita, 
which can be of prograde or re t rograde origin, and by biotite. It is quite diffi­
cult to identify prograde breakdown of s taurol i te due to its f requent re t ro­
gression Muscovite rims, forming large flakes in contrast to the fine-flaked 
re t rograde shimmer aggregate, could be the product of progressive breakdown 
of staurolite, as mentioned by G u i d o t t i (1970) and F o s t e r (1977) from 
the lower sillimanite zone in Maine, U.S.A.. In the sillimanite zone 1, stauroli te 
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relics are surrounded by muscovite porphyroblasts or they are isolated in 
plagioclase. Staurolite breakdown with direct formation of sillimanite has not 
been observed. Progressive breakdown of staurolite could therefore take place 
with the participation of muscovite, biotite, plagioclase and quartz. Staurolite 
retrogression resulted in the formation of fine-flaked muscovite, chlorite and 
sometimes small-prismatic chloritoid, which forms rims or preudomorphs 
around staurolite relics. Chemical composition of staurolite is in Tab. 2. 

K y a n i t e: 

Macroscopically visible kyanite crystals sometimes attain a size of several 
cm. They form segregations with muscovite and they occur mostly in veins of 
secretion quartz. Except the known occurences in the Jamnická and Račková 
Valleys ( K a h a n - H v o ž d a r a , 1967), large kyanite crystals are found also 
in the lower part of the Žiarska Valley and on southern slopes of Baranec, 
near granite-gneiss bodies. Crystals with smaller size, visible mostly only 
microscopically, form a part of the mineral assemblage of the staurolite-kyani-
te-sillimanite zone and sometimes also of the sillimanite zone 1. Kyanite is 
usually surrounded by muscovite, biotite and quartz, sometimes it is enclosing 
garnet. Kyanite and sillimanite (fibrolite) are coexisting mostly mutually se­
parated, without direct nucleation of sillimanite on kyanite, while sillimanite 
is formed from biotite or muscovite surrounding the kyanite (Fig. 7). Progressi­
ve breakdown of kyanite without direct transformation into sillimanite evi­
dently took place by the way of local reactions, with a participation of musco­
vite, biotite and quartz. Direct transformation of kyanite into sillimanite is 
sporadic (Fig. 8). Thin-prismatic sillimanite crystals grow approximately pa-
rallelly with the cleavage of kyanite, in the direction of c-axis. As a result of 
retrograde processes, kyanite breaks down, and subsequently, white micas — 
muscovite and margarite — are formed; along with them, chloritoid is formed 
in microfissures of kyanite (Fig. 8). Chemical composition of kyanite coexisting 
with fibrolitic sillimanite without direct transformation is in Tab. 2. Kyanite 
contains very small amounts of Ti, Fe:,+, Mn;i+, Cr : , t and Mg. 

S i l l i m a n i t e : 

is present in the form of fibrolite and prismatic crystals, while prismatic 
sillimanite is the diagnostic mineral of the sillimanite zone 2. Microstructural 
relations of sillimanite with other coexisting minerals are to a great extent 
variable. Fibrolite as well as prismatic sillimanite usually occur intergrown 
with biotite as well as with muscovite and sometimes they form isolated 
crystals or tiny needles in plagioclase and quartz. Fibrolite, together with 
biotite, muscovite and ilmenite, usually forms segregations, while the fibrolite 
often grows into the surrounding matrix and cross-cuts plagioclase and quartz 
grains. In some cases, fibrolite intergrown with biotite grows into the atoll 
garnet (Fig. 4), or it surrounds garnet relics (Fig. 5). The relation of sillimanite 
to kyanite has already been mentioned; kyanite and sillimanite (fibrolite) 
mostly coexist separately in different microscopic domains within one thin 
section, direct transformation of kyanite to sillimanite is rare (Fig. 8). Sillima­
nite is most frequently intergrown with biotite. Sillimanite crystals are oriented 
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Fig. 7. Coexistence of kyanite (Ky) and Sillimanite (Sil) without direct transforma­
tion kyanite-sillimanite. Kyanite is surrounded by porphyroblasts of biotite (Bi) 

and muscovite intergrown with fibrolitic sillimanite (Sil + Mu). 
Explanations: Gneiss, sillimanite zone 1, Žiarska Valley. Parallel nicols, scale bar 
length 0.5 mm. 

Fig. 8. Direct transformation of kyanite (Ky) into sillimanite (Sil). Thin-prismatic 
sillimanite crystals grown approximately parallelly with kyanite cleavage in the 
direction of elongation. Microfissure of kyanite is filled by minute margarite flakes 

(Ma) and small chloritoid prisms (Chd) formed in retrograde processes. 
Explanations; Gneiss, sillimanite zone 1, Jamnická Valley. Crossed nicols, scale bar 
length 0.5 mm. 
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Fig. 9. Prismatic sillimanite (Sil) oriented subparallelly with the cleavage of biotite 
(Bi) with which it is intergrown. The assemblage contains garnet (Gt) with grains 

slightly deformed in the direction of foliation. 
Explanations: Gneiss, sillimanite zone 2, Valley Parichvost. Parallel nicols, scale 
bar length 0.5 mm. 

parallelly wi th the cleavage of biatite (Fig. 9), or under various angles, while 
sillimanite frequently grows from biotite into the sur rounding minerals . The 
interpretat ion of relation sill imanite-biotite is not unambiguous. Sillimanite 
did not only grow preferentially from pre-existing biotite (epitaxial model of 
C h i n n e r, 1961), but it was evidently also formed simultaneously with biotite, 
as a result of local reactions at the breakdown of staurolite, garnet and kyani te 
( C a r m i c h a e l , 1969). A very frequent occurence is the growth of porphyro-
blasts of the so-called " la te" muscovite around sillimanite and bioti te; the 
orientation of this muscovite is different from the parallel orientation of biotite 
and sillimanite crystals (Fig. 10). 

In m a n y cases sillimanite is formed together with muscovite porphyroblasts 
from decomposing biotite, a t the same t ime, i lmenite can be formed as well. 
Sillimanite, especially fibrolite, is often in tergrown only wi th muscovite, or only 
with muscovite and quartz , with no signs of pre-exist ing biotite. 

Symplekt i tes of biotite with sillimanite in re t rograde processes breakdown, 
consequently forming chlorite, muscovite, i lmenite and sometimes chloritoid. 

B i o t i t e : 

i? 
It forms subhedral crystals mostly elongated in the direction of foliation. It 

is often in tergrown with sillimanite and muscovite, to a various extent it is 
affected by chloritization. The observed change of pleochroism from light-
-brown(brown to dark-brown)reddish-brown evidently depends on the increase 
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Fig. 10. Porphyroblast of garnet (Gt) surrounded by flakes of biotite and "late" musco-
vite (Mu) enclosing sillimanite needles (Sil). The orientation of muscovite is trans­

versal to the subparallel orientation of biotite and sillimanite. 
Explanations: Gneiss, sillimanite zone 2, Valley Parichvost. Parellel nicols, scale bar 
length 1.0 mm. 

of metamorphism. The change of pleochroism is connected wi th the change of 
chemical composition of biotite showing in increased Ti and Fe contents in the 
h ighes t - tempera ture sillimanite zone 2, as mentioned e. g. by G u i d o 11 i 
(1970). The composition of biotite is also affected by the bulk rock composition, 
from which follows also the increased Mn content in biotites from the sillimanite 
zone 2. Chemical composition of biotite is in Tab. 3. 

M u s c o v i t e , m a r g a r i t e : 

Muscovite occurs either as large flakes, or it forms fine-grained shimmer 
aggregates. Large musoovite porphyroblas ts are oriented parallelly in foliation 
planes or they grow transversal ly. They often sur round grains of staurolite. 
kyani te and sillimanite, and they are in various angles in tergrown with biotite 
(Fig. 8). From the viewpoint of crystallization succession, cross muscovite 
appears to be the last minera l — i. e. t he so-called " la te" muscovite, usually 
connected wi th processes of metasomat ism as well as progressive me tamor ­
phism. Fine-grained muscovite is usually formed along the edges and in micro-
fissures of decomposing staurolite, garnet and kyanite , and i t often forms 
pseudomorphs after them together wi th other re t rograde minerals . 

Margar i te has been identified in microfissures of kyani te along wi th musco­
vite, chloritoid and chlorite (Fig. 8). It forms minu te flakes wi th low birefri-
gence; it has been identified by microprobe. It is probably formed after the 
breakdown of kyani te ; the necessary Ca was evidently released from the 
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anorthi te component of plagioclase due to the effects of fluids dur ing re t rogra­
de metamorphism. 

Chemical composition of muscovite and margar i te is presented in Tab. 4. 
Muscovite is approaching the ideal composition, wi th a very low content of 
the celadonite component, which is higher only in fine-grained muscovite. The 
amount of the paragoni te component slightly decreases wi th increasing grade 
of metamorphism and Ti-content increases. The rat io of iron to magnesium 
changes similarly as in the coexisting biotite. The relations of muscovite che­
mistry to metamorph ic grade are similar as those mentioned by e. g G u i -
d o t t i (1984). 

C h l o r i t o i d : 

It forms small pr ismatic crystals wi th typical lamelling, often in fan-like 
aggregates. It is formed by re t rograde reactions, especially from staurolite, 
garnet , kyani te , biotite and sil l imanite (Fig. 8). Chemical composition of chlo­
ritoid is in Tab. 2. 

P l a g i o c l a s e : 

The composition of plagioclase analysed by microprobe (Tab. 5) corresponds 
to oligoclase (Ani4_32). It is mostly homogeneous, a more prominent zoning has 
not been observed. Plagioclases in augen gneisses and migmati tes at tain a size 
of 1—2 cm and more. Megacrystals are part ial ly deformed and they have pre -
-tectonic character of growth compared with the minerals of the ma t r ix which 
flow around them. Chemical composition of large crystals is homogeneous and 
same as tha t of small grains. 

Metamorphic reactions 

The t ransi t ion from the staurol i te4tyanite-si l l imanite zone to the sillimanite 
zone expressed by an isograd corresponds to staurolite breakdown and the 
formation of sillimanite. I t can be expressed by the discontinuous react ion: 

staurolite + muscovite + quar tz = biotite + sillimanite + garnet + H>0 
(1) 

The reaction (1) is univar ian t in the simplified metapel i t ic system K 2 0 -
-MgO-FeO-Al 2 0 : i -Si0 2 -H 2 0 (KMFASH) - T h o m p s o n (1976a, b). 

The reaction (1) is a result of separate continuous s taurol i te-breakdown 
react ions: 

staurolite + muscovite + quar tz = biotite + sill imanite + H 2 0 (2) 
stauroli te + quar tz = garnet + sillimanite + H 2 0 (3) 

or 

stauroli te + Mg-biotite + muscovite + quar tz = Fe-biotite + sillimanite + H 2 0 
(2>) 
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T a b l e 5 

Chemical analyses of plagioclase 

zone 

s ample 
analys is 
No. 

S iO, 
A l , 0 , 
CaO 
Na-.O 
K , 0 

Total 

Si 
A] 
Ca 
N a 
K 
XAb 
XAn 
Xor 

s t auro l i t e -kyan i te -o i l l imani te 

17A 
21 

60.33 
24.76 

6.28 
8.15 
0.07 

99.59 

2.692 
1.299 
0.300 
0.704 
0.003 
0.699 
0.298 
0.003 

17B 
34 

60.10 
25.86 

6.80 
7.76 
0.06 

100.58 

2.661 
1.367 
0.322 
0.665 
0.003 
0.672 
0.325 
0.003 

18 
19 

59.05 
26.10 

6.06 
8.77 
0.11 

100.09 

Cat i 

2.635 
1.373 
0.290 
0.759 
0.006 
0.719 
0.275 
0.00G 

20 
21 

64.85 
21.67 

3.09 
10.21 

0.07 

99.89 

ons per 8 

2.860 
1.126 
0.146 
0.873 
0.004 
0.853 
0.143 
0.004 

s i l l imani te 1 

74A 74B 96 
5 6 10 

34.62 64.94 64.61 
22.01 21.36 21.76 

3.11 3.11 3.11 
9.96 10.19 9.92 
0.10 0.09 0.10 

99.80 99.69 99.50 

oxygens 

2.854 2.873 2.859 
1.144 1.112 1.134 
0.147 0.147 0.147 
0.851 0.872 0.850 
0.005 0.005 0.005 
0.848 0.851 0.848 
0.147 0.144 0.146 
0.005 0.005 0.006 

sill 

3 
4 

60.02 
25.72 

6.22 
7.75 
0.13 

99.84 

2.672 
1.348 
0.296 
0.668 
0.007 
0.693 
0.300 
0.007 

iman i t e 

5 
15 

61.54 
24.42 

5.09 
9.41 
0.08 

100.54 

2.722 
1.273 
0.241 
0.807 
0.005 
0.766 
0.229 
0.006 

•> 

-y.', 
15 

61.57 
23.33 

5.36 
9.25 
0.05 

99.56 

2.750 
1.228 
0.257 
0.801 
0.003 
0.705 
0.242 
0.003 

Xi = i, Na + Ca + K, Ab — Albite, An — Anorthite, Or — Orthoclase 

staurolite + Fe-garnet + quar tz = Mg-garnet + sillimanite + HjO (3-) 

The observed breakdown of garnet wi th the formation of sillimanite and bio-
ti te in the stauroli te-kyanite-si l l imanite zone and in the sillimanite zone 1 could 
take place according to the react ion: 

garnet + muscovite = biotite + sillimanite + quar tz (4) 

expressing in the system KMFASH the disappearance of " p u r e " Fe-Mg garnet 
after the breakdown of stauroli te. The observed b reakdown of garnet in the 
presence of s tauroli te could be caused by an admixture of Ca and Mn in garnet . 

Continuous reactions in the system KMFASH lead to a change in the ratio 
of iron to magnes ium in the reaction products wi th increased t empera tu re 
( T h o m p s o n . 1976a, b). The reactions (2), (2') and (4) lead to an increase of 
the ra t io Fe to Mg in biotite (Fe-end member reactions), corresponding to the 
higher ratio Fe 'Fe + Mg in biotite from the h ighes t - tempera ture sil l imanite 
zone 2 in comparison with lower- tempera ture zones (Tab. 3). The reactions (3) 
and (3') result in an increase of the rat io of Mg to Fe (Mg-end member reac­
tions), corresponding to the composition of the studied garnets (Tab. 1). The 
composition of garnet and biotite in the sillimanite zone 2 could be as well 
affected by the different lithologic character and bulk composition of rocks 
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wi th high Mn contents. The formation of garnet in the sillimanite zone 2 could 
take place in presence of biotite and sillimanite, according to .the react ion: 

(Fe-Mg-Mn)biotite + sillimanite = (Fe-Mg-Mn)garnet + muscovite (5) 

leading to an increase of Mg and decrease of Mn in garnet dur ing its progressive 
growth. The reaction (5) is supported also by the presence of biotite and spo­
radically of sillimanite inclusions in garnet , while staurolite inclusions have 
not been observed. 

Fig. 11. AFM diagram (Thompson projection) expressing the observed mineral 
assemblages in the metapelites of the staurolite-kyanite-sillimanite zone. All assemb­
lages include quartz, plagioclase, muscovite and ilmenite as well. The composition 

of minerals is based on microprobe analyses (Tabs. 1—5). 

The changes in minera l assemblages as well as in the composition of the in­
dividual minerals dur ing progressive metamorphism of the studied metapeli tes 
a re shown on AFM diagrams in Thompson's projection ( T h o m p s o n , 1957) 
(Figs. 11, 12, 13). 

The formation of sillimanite due to kyani te breakdown by direct t ranfor-
mation 

kyani te = sillimanite (6) 

has been observed only sporadically. Kyani te and sillimanite usually coexist 
without any mutua l contact. The breakdown of kyanite and the formation of 
sillimanite could therefore take place by the mechanism of local ion-exchange 
reactions in different microscopic rock domains, between which elements were 
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t ranspor ted by diffusion in in tergranular fluid due to chemical potential gra­
dients ( C a r m i c h a e l , 1969; E u g s t e r , 1970; F i s h e r , 1970). On the 
assumption of limited mobili ty of Al in the fluid, local reactions could take 
place in individual minera l assemblages wi th constant Al ( C a r m i c h a e l , 
1969): 

3 kyan i te + 3 quar tz + 2 K+ + 3 H 2 0 = 2 muscovite + 2 H * (7) 
4 kyani te + 3 quar tz + 2 K+ + 3 H 2 0 = 2 muscovite + sillimanite + 2 H+ (8) 

2 muscovite + 2 H+ = 3 sillimanite + 3 quar tz + 2 K+ + 3 H>0 (9) 

Fig. 12. Topology of discontinuous reaction (1) of staurolite breakdown on the isograd 
separating the staurolite-kyanite-sillimanite zone from the sillimanite zone 1, ex­

pressed in the diagram AFM (Thompson projection). 

The abovementioned reactions can be applied in the interpretat ion of some 
of the observed microstructures, e.g. the reaction (7) is expressing the observed 
breakdown of kyani te and the formation of reaction rims of muscovite porphy-
roblasts on kyani te , the reaction (8) describes the formation of muscovite and 
sillimanite in tergrowths sur rounding the decomposing kyani te and the reaction 
(9) the formation of symplectites of sillimanite and quar tz from muscovite. The 
reactions (7) + (9) and (8) + (9) occuring simultaneously result in the reaction 
(6) — kyani te = sillimanite. 

Indirect reactions of the t ransformat ion of kyani te into sil l imanite by the 
ion-exchange mechanism in the presence of fluid phase require lower activation 
energy and lower overstepping of equil ibrium reaction t empera tu re than the 
direct t ransformat ion wi th a small change of entropy ( C a r m i c h a e l , 1969; 
W a I t h e r—W o o d, 1984). The coexistence of kyani te wi th sillimanite in the 
studied region in a relatively wide metamorphic zone could indicate a lower 
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rate of metamorphic reactions, controlled especially by the ra te of heat flow 
and by the diffusion t ranspor t of elements in in tergranular fluid (e.g. F i s h e r , 
1978; W a l t h e r - W o o d , 1984; R u b i e - T h o m p s o n , 1985). 

Sillimanite could originate as a result of a similar reaction mechanism in­
cluding other minera l phases, above all biotite, garnet and staurolite, as men­
tioned e.g. by C h i n n e r (1961), F o s t e r (1977) and Y a r d l e y (1977). 

Fig. 13. Observed mineral assemblages in metapelites of the sillimanite zone 2 ex­
pressed in the diagram AFM (Thompson projection). All assemblages include quartz, 
plagioclase, muscovite and ilmenite. The composition of minerals is based on micro-

probe analyses (Tabs. 1—5). 

The very often observed formation of sillimanite (fibrolite) from biotite could 
take place approximately according to the react ion: 

biotite + H+ = sillimanite + K+ + (Mg, Fe)-+ + quar tz + H 2 0 (10) 

Complete substi tution of biotite by sillimanite requires a contribution of Al 
from the breakdown of kyani te , staurolite and maybe garnet ( C h i n n e r , 1961; 
F o s t e r , 1977; Y a r d l e y , 1977). K released by the biotite b reakdown could 
part icipate in the formation of the " la te" muscovite porphyroblasts and Mg, Fe 
and Ti could take pa r t in the formation of opaque minerals , especially i lmenite; 
this is in accordance with the petrographic observations. 

K e r r i c k (1987) describes the formation of fibrolite from biotite by the 
reaction (10) due to the activity of acid fluids released at the crystallization of 
granitoid intrusions in contact aureoles of Donegal. The formation of sillimanite 
(fibrolite) in the Western Tat ra Mts. crystalline complexes occurred in the sta­
bility field of sillimanite and kyani te after H o 1 d a w a y (1971) — Fig. 14. S i ­
ll imanite (fibrolite) was formed in zones of regional extent which are the resul t 
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of progressive increase of metamorphic conditions, while sillimanite (fibrolite) 
occurs here frequently in a considerable distance from the granitoid intrusion. 

P-T Conditions of metamorphism 

Geothermometry and geobarometry 

Tempera tu re conditions of metamorphism have been calculated on the basis 
of the exchange react ion: 

Fe-garnet + Mg-bioti te = Mg-garnet + Fe-biotite (11) 

using the garnet-biot i te geothermometer of F e r r y—S p e a r (1978), P e r-
c h u k et al. (1983) and G a n g u l y - S a x e n a (1984). 

Fig. 14. Petrogenetic grid with assumed P-T paths of progressive metamorphism 
(thick arrows) and retrograde metamorphism (thin arrows) in the SW part of the 

Western Tatra Mts. crystalline complexes. 

Explanations: Hatching marks stability fields of mineral assemblages in individual 
metamorphic zones on the basis of thermobarometric calculations and phase equilib­
ria. Vertical hatching — staurolite-kyanite-sillimanite zone, horizontal hatching — 
sillimanite zone 1, cross-hatching — sillimanite zone 2. Experimentally determined 
stability curves with XH^O = 1 are marked by full line. 1 — chloritoid breakdown 
with the formation of staurolite ( G a n g u l y , 1969; H o s c h e k, 1969); 2, 3, 4 — Fe-
-staurolite breakdown into sillimanite, kyanite and almandine ( R i c h a r d s o n , 1968; 
H o s c h e k, 1969; G a n g u l y , 1972); 5 — breakdown of muscovite into K-feldspar 
( K e r r i c k , 1972); 6 — beginning of granite melting (K e r r i c k, 1972). Tripple 
point of Al2SiOä polymorphs according to H o l d a w a y (1971). Dashed line and 
marked by "apostrophes — adjusted curves at the assumption of fluid composition 
with XHJO = 0.8. 
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On the basis of the study of garnet zoning it can be assumed t ha t garnet core 
and biotite inclusions as well as garnet r im and biotite of mat r ix were during 
prograde metamorphism in equilibrium. Garne t r im was in some cases re-equi­
librated with the coexisting biotite dur ing cooling and re t rograde metamorphism, 
so tha t peak metamorphic conditions corresponded to the tempera tures calcu­
lated from the garnet core or garnet r im in a certain distance from the edge. 

The geothermometer of F e r r y—S p e a r (1978) is based on ideal mixing of 
Fe, Mg, Mn and Ca cations in garnet and it does not take into account the 
effects of Ca and Mn on the tempera ture . G a n g u 1 y—S a x e n a (1984) assu­
me non-ideal mixing of all cations in garnet and they present corrections allow­
ing for the effect of Ca and Mn in garnet on the t empera tu re calculated accord­
ing to F e r r y—S p e a r (1978). We have therefore applied in our calculations 
of t empera tu re the corrections for the effect of Ca and Mn, on the assumption 
of non-ideal mixing of all cations, with Margule 's pa ramete rs W, after G a n -
g u l y — S a x e n a (1984, Tab. 2). The effect of Mn is considered also by P e r -
c h u k et al. (1983). 

If we compare the tempera tures calculated according to the above ment ioned 
thermometers (Tab. 6), certain differences can be seen which are most pronoun­
ced at high tempera tures . The effect of Ca and Mn calculated according to 
G a n g u 1 y—S a x e n a (1984) caused an increase in t empera tu re values in 
comparison with the values according to F e r r y—S p e a r (1978). Tempera tu­
res calculated according to P e r c h u k et al. (1983) in comparison wi th the 
values calculated according to F e r r y and S p e a r (1978) are higher in the 
stauroli te-kyanite-si l l imanite zone and lower in the sillimanite zones 1 and 2. 
Most pronounced differences in tempera tures are in the sillimanite zone 2 (as 
much as 100 °C), considerably exceeding the uncertaini ty of the garnet-biot i te 
geothermometer , e.e. ± 25 to 50 °C. 

Pressure has been calculated on the basis of the equlibrium reaction: 

3 anor th i te = grossular + 2 ALSiO.-, + quar tz (12) 

according to the calibration of G h e n t et al. (1979), from the assemblage pla-
gioclase-garnet-quartz-kyanite or sillimanite. G h e n et. al. (1979) considered 
also the activity of the grossular component in garnet and anor thi te component 
in plagioclase by means of an introduction of the empirical activity coefficient 
KY (Tab. 6). 

Tempera tures and pressures calculated on the basis of a simultaneous solution 
of the equilibrium reactions (11) and (12) using the abovementioned garnet-
-biotite thermometers and garnet-plagioclase barometer are in Tab. 6. The cal­
culated values of t empera tu re and pressure correspond to the stability field 
of sillimanite, or they lie in the proximity of the equilibrium curve kyanite-si-
l l imanite after H o l d a w a y (1971), (Fig. 14). 

Petrogenetic grid 

Except data calculated on the basis of thermobarometry , petrogenetic grid 
of the stability of the observed mineral assemblages is usually used wi th the 
purpose of a more precise determinat ion of P-T conditions of metamorphism 
(e.g. T h o m p s o n , 1976b; K o r i k o v s k y , 1979). For the determinat ion of 
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T a b l e 6 

Temperatures (°C) and pressures (kbar, 10' kPa) calculated on the basis of garnet-
-biotite geothermometry and garnet-plagioclase geobarometry 

sample minerals 

17A 
17B 
18 
20 

74A 
74B 
96 

3 
3 
5 

53 

+Gt1;rBi l i ;Pl,1 

Gt / l2rBÍuPl:„ 
Gt-iorBÍTjPlig 
Gt.-.rBi,?!,! 

Gt3rBi,Pl5 

Gt8rBi„,PlB 

Gt7rBÍ.iPl,0 

GtucBi^inPl/, 
Gt | rBi,Pl,, 
Gt1!)rBiMPli5 

Gt s rBi,Pl ,3 

Gt-Bi Gt-Pl 
lnKD* logKo** P<; 

staurolite-kyanite-sil l imanite 

1.804 — 2.806 
1.926 —2.715 
1.812 —2.473 
1.743 — 2.195 

si l l imanite zone 

1.546 —2.703 
1.607 —2.454 
1.579 —2.260 

si l l imanite zone 

1.432 — 3.025 
1.463 —3.058 
1.482 —3.133 
1.471 —2.847 

3.S 
3.4 
4.6 
5.9 

1 

5.5 
5. n 
6.7 

2 

5.1 
4.7 
4.4 
5.5 

TF , 

zone 

549 
510 
549 
577 

646 
625 
63;) 

693 
677 
6 6 i! 
677 

PG 

4.2 
3.8 
5.2 
6.3 

5.6 
6.3 
6.7 

5 8 
5.6 
5.0 
6.; 

TGS 

568 
3 31 
570 
606 

656 
646 
640 

743 
732 
711 
720 

PG 

4.0 
3. H 
4.9 
5.9 

5.0 
5.7 
6.5 

4.3 
3.8 
3.8 
4.8 

TP 

557 
535 
562 
584 

616 
613 
625 

635 
629 
625 
632 

+ mineral analyses in Tables 1, 3 and 5; 
PG — pressures calculated according to G h e n t et al. (1979); 
TFS — temperatures calculated according to F e r r y - S p e a r (1978) • 
TGS — G a n g u 1 y—S a x e n a (1984), TP — P e r c h u k et al (1983) • 

KD = X Í -Gt VB1 / Y BÍ Y G t 
T-e • ^-Mg /^-Fe - A M g > 

logKc = log Ks + logKy, KS = XGr3/XAn3, logKY = —0.4 ( G h e n t et al. 1979). 

P-T conditions of metamorphism in the Western Ta t ra Mts. crystalline comple­
xes, stability curves of chloritoid, staurolite, kyani te , sillimanite, muscovite as 
well as of initial mel t ing wi th the formation of min imum melt of grani te com­
position are of critical importance. 

The exper imental ly calibrated equil ibrium curves (Fig. 14), at the assumed 
pressure P f l u i d = Pn,0 = P t o t a | and fluid composition Xu.o = 1, are not a lways 
in accordance wi th the stabil i ty of the observed minera l assemblages, nor with 
data of the rmobaromet ry . This applies above all to the stability of stauroli te, 
determined experimental ly by R i c h a r d s o n (1968), H o s c h e k (1969) and 
G a n g u l y (1972), Fig. 14. On the basis of lithologic composition of metamor-
phites from the studied region and of data on the composition of metamorphic 
fluids (e.g. F e r r y - B u r t , 1982) it can be assumed tha t the composition of 
the fluids corresponded to a mix tu re of H 2 0 with smaller amounts above all 
of COo, CH4, H2S and chlorides. In the lithology of the SW par t of the Western 
Tat ry Mts. crystalline complexes predominant are metapeli tes wi th a little gra­
phite admix ture and metapsammites , metabasi tes occur in minor quanti t ies and 
metacarbonates are absent altogether. According to the data of O h m o t o and 
K e r r i c k (1977), fluids in equil ibrium with graphi te have m a x i m u m Xn2o = 
= 0.8-0.9 at the tempera tures 500-800 °C and pressures 4 - 7 kbar correspond­
ing to the conditions in the s tudied region. Assuming tha t PH2O < P f l u i d = P t o t a l 

and tha t the composition of fluid had m a x i m u m Xn,o = 0.8, the stabi l i ty curves 
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of critical mineral assemblages have been adjusted for metamorphic conditions 
in the SW part of the Western Tatra Mts. crystalline complexes (Fig. 14). Curves 
at a lower Xn,o decrease the temperature of metamorphic reactions and increase 
the temperature of initial melting so that they agree better with the P-T con­
ditions calculated on the basis of thermobarometry and they are also in accor­
dance with petrographic observations. On the basis of these data, breakdown 
of staurolite in association with kyanite, sillimanite and muscovite took place 
at a maximum temperature of approx. 600 °C; this corresponds also to the ob­
servations of P i g a g e and G r e e n w o o d (1982) concerning staurolite sta­
bility in a similar metamorphic assemblage and in P-T conditions quite diffe­
rent from the experimentally determined equilibria of Fe-staurolite. 

For metapelites of the staurolite-kyanite-sillimanite zone, reasonable condi­
tions of progressive rnetamorphism are the temperatures 530—600 °C and pre­
ssures 4—6.5 kbar, corresponding to the coexistence of staurolite with kyanite 
and sillimanite in the proximity of the curve kyanite-sillimanite confined by the 
stability curves of chloritoid and staurolite breakdown (Fig. 14). Lower tempe­
ratures correspond to the stability field of chloritoid formed in the process of 
retrograde rnetamorphism, as it has been indicated by petrographic observa­
tions. 

P-T conditions attained in the sillimanite zone 1 correspond to the field con­
fined by the curves of staurolite breakdown and the beginning of melting. Kya­
nite stability in this zone corresponds to the conditions near the equilibrium 
kyanite = sillimanite, or to the kyanite field. The temperature of progressive 
rnetamorphism reached in the sillimanite zone 1 approx. 600—650 °C at the pre­
ssure 5.5—7 kbar. 

In the sillimanite zone 2, acceptable temperatures are 650—700 °C at pressures 
of 4.5—6 kbar which correspond to the conditions of high-grade rnetamorphism 
and are favourable for partial melting in the muscovite stability field, or near 
the univariant curve of muscovite breakdown with the formation of K-feldspar. 
In these P-T conditions and in the presence of a sufficient quantity of an 
rLO-rich fluid phase, initial melting could occur even before the sillimanite-K-
-feldspar isograd was reached (e.g. T h o m p s o n—T r a c y, 1977), and mig-
matites could be formed in which paleosome contains muscovite and K-feldspar 
is present in leucosome. 

Discussion 

The pathway of P-T conditions in the studied region of the SW part of 
the Western Tatra Mts. crystalline complexes is expressed by the P-T paths 
on Fig. 14. They correspond to the "peak", conditions deduced from the 
metamorphic zone sequence, thermobarometric data and from the stability 
of mineral assemblages in petrogenetic grid. They are expressing rather the 
course of metamorphic geotherm (E n g 1 a n d—R i c h a r d s o n, 1977) than 
P-T trends of individual rocks which can be deduced from a detailed study of 
zonal minerals, especially garnet, e.g. S p e a r—S e l v e r s t o n e (1983), T h o m-
ps o n - E n g l a n d (1984). 

The P-T path I of progressive rnetamorphism (Fig. 14) is expressing the tem­
perature and pressure increase at the transition from the staurolite-kyanite-si­
llimanite zone to the area of kyanite and sillimanite stability after staurolite 
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breakdown in the sillimanite zone 1 where maximum pressure conditions were 
reached. The transition into the area of the sillimanite zone 2 occurred at 
a further temperature increase, but a decrease of pressure. Peak temperature 
was reached in the conditions of partial melting enabling the formation of mig-
matites. The increase of temperature with a certain decrease of pressure oould 
be caused by thermal decompression ( E n g l a n d - T h o m p s o n , 1984) which 
was probably connected with temperature increase during uplift and erosion, or 
with gravitational instability of the rising granitoid melt (E n g 1 a n d—R i-
c h a r d s o n , 1977; E n g l a n d - T h o m p s o n , 1984), while the uplift could 
start already before peak metamorphic temperatures were reached and before 
the granitoid intrusion. The trend I also gives the possibility of the formation 
of granite-gneisses at pressures of 6—7 kbar and temperature over 650 °C, with 
sufficient quantity of H20, before the intrusion of the main granitoid body. 

The path II (Fig. 14) is expressing the transition from the staurolite-kyanite-
-sillimanite zone into the sillimanite zones 1 and 2, with an approximately si­
multaneous breakdown of staurolite and sillimanite, as it was observed on some 
locations in field, e.g. in the Jalovecká Valley. This path shows the temperature 
increase at a slight pressure decrease in approximately the same depth level. 

Granitoid magmatism, according to geochronological data, was practically 
synchronal with or followed immediately after the culmination of regional me-
tamorphism and in relation to metamorphic structures it had mostly late-tec­
tonic character of emplacement. An increased heat flow in connection with the 
granitoid magmatism probably influenced the course of metamorphic geotherm, 
while the highest-temperature metamorphic zone — the sillimanite zone 2 — 
surrounds the granitoid body. A contact-thermal effect of the granitoids on the 
surrounding rocks which would cause formation of contact hornfelses has not 
been observed. From the results of the study of P-T conditions of metamor-
phism it follows that gneisses and migmatites on the contact with granitoids 
were formed in the conditions of temperatures over 650 °C and pressures of 
approx. 5 kbar corresponding to the conditions of high-grade medium-pressure 
kyanite-sillimanite type of regional metamorphism. The present position of the 
granitoids, together with migmatites and gneisses of the highest-temperature 
sillimanite zone 2, on metamorphites of lower-temperature zones, proved on 
many locations to be tectonic ( K a h a n , 1969), indicates as well tectonic influ­
ence on the original course of the metamorphic zones and on the position of 
granitoids. 

Retrograde processes connected with a more extensive effect of fluids and 
with tectonic deformations could take place after peak conditions of progressive 
metamorphism were reached, at lower temperatures in the last stages of the 
Hercynian metamorphic cycle. Suggested trends of retrograde metamorphism 
are on Fig 14. 

Conclusions 

Metamorphism in the SW part of the Western Tatra Mts. crystalline comple­
xes had zonal character and its result was the formation of staurolite-kyanite-si-
llimanite zone and sillimanite zone divided into two subzones, 1 and 2, which 
are expressing the increase of metamorphic conditions, most probably in the 
Hercynian cycle. 
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The distribution of metamorphic zones in space was affected by the original 
development of the metamorphic geotherm and by the t empera tu re increase 
from SW to NE, mostly in the direction towards the granitoid body, but as well 
by tectonics, especially by the thrus t ing of the migmat i te complex wi th the 
granitoids on the metamorphic complex along a flat diaphtori te-phyllonite fault. 
The thrusted complex corresponds mostly to the h igher - tempera ture par t of the 
sillimanite zone and the basement complex to its lower- tempera ture par t wi th 
the stauroli te-kyanite-si l l imanite zone. 

The transi t ion from the stauroli te-kyanite-si l l imanite zone into the sill imanite 
zone is expressed by an isograd based on the breakdown of staurolite and the 
formation of sillimanite. Kyani te remains stabile in m a n y places even after the 
staurolite breakdown in the lower- tempera ture par t of the sillimanite zone, 
where it coexists with fibrolitic sillimanite. Kyani te and sil l imanite are coexist­
ing in P-T conditions corresponding to their stability near the kyanite-si l l ima-
nite stability curve after H o l d a w a y (1971), or they are metastable in a cer-
interval overstepping the equil ibrium tempera ture-pressure conditions near the 
univar iant curve. Direct t ransformation of kyani te to sillimanite is ra re and 
sillimanite was usually formed by indirect breakdown of kyani te as well as by 
the breakdown of biotite, staurolite, garnet and muscovite. The ra te of the me­
tamorphic reactions was controlled above all by heat flow and diffusion. 

P-T conditions of metamorphism have been determined on the basis of the r -
mobarometr ic calculations and petrogenetic grid. The t empera tu re of progre­
ssive metamorphism in the stauroli te-kyanite-si l l imanite zone reached appro­
ximately 530—600 °C at a pressure of 4—6.5 kbar. In the sill imanite zone 1, the 
t empera ture reached 600—650 °C and the pressure 5.5—7 kbar. In the sillimanite 
zone 2 peak tempera tures were 650—700 °C at the pressure 4.5—6 kbar ; in these 
conditions with a sufficient quant i ty of HiO-rich fluid phase, initial melt ing and 
migmati te formation could take place. The assumed composition of the fluid 
phase corresponded to XH,O « 0.8, while PH,O < P f l u i d = P t o t a i . 

Relatively extensive re t rograde metamorphism, connected wi th the effect 
of fluids in lower P-T conditions, caused the formation of above all chloritoid, 
chlorite and white micas — muscovite and margar i t e — in the metapeli tes. 

The P-T paths of metamorphic conditions evolution correspond to an increa­
se of t empera ture and pressure before the culmination of metamorphism. In the 
last stages of progressive metamorphism, at the max imum tempera tu re increa­
se, certain pressure decrease took place which could be connected with uplift 
and erosion and as well with grani tod magrnatism. Progressive me tamor ­
phism in the SW par t of the Western Tat ra Mts. crystalline complexes corres­
ponded to the medium-pressure kyanite-si l l imanite type of regional metamor­
phism fades series. 

Translated by K. Janáková 
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