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THERMODYNAMIC MEASUREMENTS OF ORIGIN OF MINERALS 
IN METAMORPHITES IN THE AREA OF CRYSTALLINE OF MALE 

KARPATY MTS. 

(Tab. 1, Figs. 10] 

A b s t r a c t : T h e a u t h o r s a n a l y s e d t h e m e t a m o r p h i c p r o c e s s e s , by 
w h i c h c r y s t a l l i n e r o c k s of t h e Low C a r p a t h i a n s w e r e a f f e c t e d . T h e 
m e t a m o r p h i s m w a s t a k i n g p l a c e h e r e u n d e r t h e r m o d y n a m i c c o n d i ­
t i o n s of l o w e r a n d m e d i u m g r a d e of t h e a m p h i b o l i t e f a c i e s , w h e r e 
t h e t e m p e r a t u r e of m e t a m o r p h i s m 500 — BOO °C a n d l o w e r is s u p p o ­
s e d , a c c o r d i n g t o t h e d i s t a n c e f r o m t h e g r a n i t o i d i n t r u s i o n . C o o l i n g 
of m i n e r a l s of t h e g r a n i t o i d m a g m a p r o b a b l y t o o k p l a c e a t t e m p e ­
r a t u r e s b e t w e e n 900 a n d 600 °C ( i n f e l d s p a r s s o m e w h a t l o w e r ) , w a s 
of u n e q u a b l e d i s c o n t i n u o u s c o u r s e d e p e n d i n g o n t e c t o n i c p r o c e s s e s 
of t h e V a r i s c a n o r o g e n e a n d o n t h e v e l o c i t i e s of t h e m o v e m e n t s of 
m e l t s . T h e a u t h o r s p o i n t t o t h e d i s c r e p a n c y of s o m e t h e r m o d y n a -
m i c a l d a t a in c o m p a r i s o n w i t h g e o l o g i c a l k n o w l e d g e a n d s t a t e t h a t 
e s p e c i a l l y d e t e r m i n a t i o n of d e p t h s of e n d o g e n i c p r o c e s s e s in e r o ­
g e n i c r e g i o n s h a s r a t h e r a n o r m a t i v e t h a n r e a l v a l u e . 

P e 3 io M e : ABTopbi pe3ioMi-ipyioT 3HaHna KacaiomHeca MeTaMop<J>HiecKHX 
npoueccoB B o6jiacTii Majibix KapnaT; .\apaKTep1-13y10T HX TepMO^HHaMH-
tiecKue ycjioBHH Ha ocHOBe aHaJin3 pa3Hbix THIIOB MeTaMopi[)ľ:iecKi-ix npo-
ueCCOB KOTOptie 3,aeCb B3aMMO KOMÔMHHpyíOTCa K riepeKpLIBaiOTCřl. ABTOpbl 
oueHHBaioT 3HaHHn H naHHbie KacaioinHecíi onpeneJieHHH TepMOjiHHaMHLiecKHx 
iiapaMeTpoB MeTaM0p<|>03a, nojiyieHHbi pa3HbiMH MeTOnaMH. MeTaM0p$03 
B oÔJiacTH Majibix KapnaT iipoxojuui npii TepMOflHHaMnqecKiix ycjiOBHax 
HH3ineH H cpeflHeH CTeneHH aMct>fi6ojiOBOii c[)auHH H npeanojiaraeMaH TCM-
nepaTypa MeTaM0p(|>03a aBJíaeTCH 500 — 600 °II HJIH HH3Luaa, corjiacHO pac-
CTOHHI-lii OT rpaHHTOHaHOň HHTpy3III-I OT KOTOpOÍÍ 6bIJI B 3aBMCHMMOCTH MeTa-
MopcLnqecKHH acjxfieKT. 3acTbiBaHHe oTaejibHbix MHHepajiOB rpaHiiTOHjiHOH 
MarMbi npoxoaHJio npii6jni3iiTejibHO n p n TeMnepaTypax c 900 jio 600 °I1 
H y nojieBbix uinaTOB HeMHOKKO HH>Ke, H OHO HMejio HepaBHOMepHbiŕi iipe-
pblBHCTblií XOJ, 3aBHCHMBIÍÍ OT TeKTOHHqeCKHX npOUeCCOH BapiIHCKOTO ono-
reHa, OT cKopocTH 3BH>KeHHH BbinjiaBOK n SMaHauHii npoHcxouHUiHx H3 HHX. 
AbTopbi noKa3biBaiOT Ha npoTHBope^Ha HeKOTopbix nojiyneHHbix TepMcnHHa-
MHqecKi-ix aaHHbix, BMecTe c reoJiorHiecKHMM 3HaHHHMH H ycTaHaBjíiiBaiOT, 
4T0 rjiaBHbiM oôpa30M onpe;iejieHHe rjiy6iiH SHaoreHHbix npoueccoB B opo-
reHHbix oÔJiacTax HMeeT CKopee HopMaTHBHyio KaK peajibHyio BejiiimiHy, I T O 
BbiTeKaeT 113 TOTO ^ITO B oporeHHbix oÔJiacTfix cJiaKTop, .aaBJieHim He HMeeT 
xapaKTep TOJILKO nmpocTaTimecKoro, a TaiOKe BbinpaMJieHHOro aaBjíeHHH. 
ITosTOMy aBTopbr c^HTaioT npHBejieHHbte pacqeTbi rjiyÔHHbi SH^oreHHbix npo-
LíeCCOB MeHbUie peajIbHbIMH HeM ÔblJIH BbmHCJieHbl. 

Introduction and approach to interpretations 

T h e p r e s e n t s t a t e of t h e g e o c h e m i c a l , m i n e r a l o g i c a l a n d p e t r u l o g i c a l in­

v e s t i g a t i o n p r o v i d e s t h e p o s s i b i l i t i e s to d e t e r m i n e by e x a c t m e t h o d s t h e t h e r ­

m o d y n a m i c c o n d i t i o n s of t h e o r i g i n of t h e g e o l o g i c a l o b j e c t s . It is self-evi­

d e n t , t h a t -all t h e s e e s t a b l i s h i n g s a r e d e p e n d e n t on f u l f i l m e n t of c e r t a i n p r e -
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conditions, which the geochemist-geologist sets as the basis for the validity 
of calculation. The measure of correctness of determination of thermobaro-
metric conditions of the origin is the conformity of determination of these 
values with geological knowledge, which the field or other laboratory geolo­
gical investigation provides. It happens, that when we want to put the results 
of thermobarometric conditions of origin e.g. of metamorphosed rocks intb-
conformity with geological conditions, disproportions occur, which are caused 
by the circumstance, that the obtained calculation cannot be applied to the 
given area -and genesis of the studied object without correction factors. So­
metimes there can be also an erroneous geological interpretat ion of field 
observations, which is necessary to verify and consider again just because 
it is not in agreement with the calculated thermobarometric data. The cause 
of discrepancy is usually caused by the fact that all conditions of the natural 
process are not known to us and cannot be substituted into the calculation 
formula or graph. Each method of determination of conditions of origin 
is based on presumptions, which need not be fulfilled in natural environment. 
Therefore in our calculations we often are getting data, which are only of some 
normative importance and correspond to the criterii of the applied method, 
because each method of calculation is based on certain simplification and 
takes into regard only a part of the factors, which are acting in real natural 
environment. 

For determination of thermodynamic conditions on the basis of the study 
of minerals or pair of minerals, the most advantageous are the environments 
which are formed by long - lasting equable metamorphic processes in areas 
of platformic metamorphism, in which is a suitable situation for manifestation 
of geochemical balance among minerals of the rock. For calculation are 
mucli more unsuitable the conditions of determination of origin of meta­
morphosed rocks, which are formed by erogenic processes, mainly in the 
phase of intrusive penetrat ion of granitoid magmas into the supercrustal 
schistose series. The orogene could have caused repeated uplifting and sink­
ing of complexes as well as as various rate of cooling of the melted masses 
or rock masses affected by metamorphism. Such conditions existed also in 
formation of metamorphites of the concrete Low Carpathian region and simi­
larly also in other regions of crystalline rocks of the West Carpathians. In 
the ascent of magma an intensive periplutonic metamorphic influence of 
granitoids on rocks of the sedimentary mantle is shown under overheated 
conditions of the amphibolite metamorphic facies. 

The narrow isometamorphic zones around granitoid bodies (from the zone 
of gneisses and migmatites to the zone of biotite phyllites, thickness is npt 
greater than 800—1000 m ] , which are characterist ic of the Low Carpathians, 
indicate that the equilibrium states in forming of minerals of metamorphic 
facies are dependent on rapidly changing thermodynamic and physical-che­
mical [actors as are the hydrostatic and unilateral pressure called forth by 
tlil! orogene and temperature, which is dependent not only on the geothermic 
gradienl but also on active, often local supply of thermal energy. Important 
is also the supply of material , connected with the intrusive process and 
ascending granitoid magma. 

Those facts should be taken into consideration in interpretat ions of the 
results, mainly in determination of the depth of processes, which were usually 
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calculated only on the basis of suppositions of the existence of hydrostatic 
pressure and not taking into regard the unidirectional pressure originating 
with folding of the mountains. Also the content of water in processes of the 
metamorphism is a changing and supposed (not exactly determinable) factor, 
but often of much influence on the endogenic processes. We also know lhat 
some methods (e.g. B e r t h ' s two-feldspar method] can lead to incorrect 
conclusions, because fulfilment of the required conditions of calculation is 
too much complicated. Similarly also the methods of gas-fluid inclusions 
require care in paleothermometric interpretat ions. 

So far several investigations of metamorphites in the Low Carpathian region, 
concerning the thermobarometric measurements of minerals, were carried 
out. The thermodynamic conditions of origin of clay-quartz metamorphites 
(gneisses and migmatites, D y d a, 1980 a, 1980 b, 1981) were determined. 
The determination of the temperature of metamorphism of basic rocks at the 
Hlboká cesta way considered as the products of the anatexis of metabasites 
( P i t o ň á k , 1980; C a m b e l — M e d v e ď — P i t o ň á k, 1981). Particularly 
from viewpoint of t h e geochemical criterii Spišiak paid attention 1(0 the 
thermodynamic conditions of basic metamorphites of the Low Carpathians 
[presented work) and H o v o r k a — S p i š i a k to those of t h e West Car­
pathians (in press) . We have also the results of measurements of gas-fluid 
inclusions occurring in pyrite ores, which are of syngenetic character and 
can indicate metamorphic conditions, which t h e whole sequence containing 
ore layers underwent (Ž u k o v — S a v č e n k o, in C a m b e l — Z u k o v — 
S a v č e n k o, 1980). 

Because in the Low Carpathians is periplutonic metamorphism closely lin­
ked with intrusions and the proximity of granitoids, the study of metamor­
phism of the schistose sequence requires also knowledge of the thermodyna­
mic conditions, under which cooling of the granitoid magma takes place. 
Several data to this problem, concerning granitoids of the West Carpathians, 
are published in the work by K 1 o m í n s k y et al. (in press) and in the work 
by V i 1 i n o v i č (in press) . Similar data concerning the conditions of crystalli­
zation of biotite in granitoid rocks were already published by P e t ř í k (1980). 
Also the specialists studying K-feldspars and other minerals (zircon] in Va-
riscan granitoids of the West Carpathians contemporaneously with this con­
tribution give into press the results of investigations, which clear up the 
thermodynamic conditions of K-feldspar origin and so also cooling of grani­
toids. There are, for instance, the works of M a c e k (in press] , D a v i d o v á 
(in press), K r i s t (in press) . 

When we have to present a brief character izat ion of metamorphism of 
schistose rocks in the region of the Low Carpathians still before beginning 
with evaluation of the thermobarometric analysis of the results, then the 
following survey can be mentioned: 

The characteristic o] rnetamorphism in the Low Carpathians 

The metamorphic processes in the region of the Low Carpathians are com­
plicated and mutually combined. Before the intrusion of the Variscan gra­
nitoids we suppose a relative low-grade metamorphism of schistose facies of 
green schists. Therefore the Variscan granitoid plutonism could form distinct 
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isometamorphic zones around intrusions, which are characterized by gradual 
and continuous, or also more or less discontinuous transit ion of phyllites 
into gneisses. The discontinuity is caused by younger tectonics. This transition 
of decreasing intensity of metamorphism is variously rapid and in the area 
of the Bratislava massif the distance between phyllites and gneisses varies 
from 800 to 1000 m, the gneisses begin to form only several 100 m from the 
contact with the granitoids. On the basis of mineral associations we can 
differ four isometamorphic zones around granitoids ( J a n á k , 1980). They 
are the chlorite, biotite-garnet, staurolite and sill imanite zones. The indi­
vidual zones can be characterized mineralogically as follows: 

The chlorite zone is characterist ic of metapelites by the association: chlo­
rite, light-coloured mica (sericite), quartz, ; : biotite. It is the lowest grade 
of metamorphism with dominating manifestations of pre-granite metamor­
phism. 

The biotite-garnet zone is characterized by the presence of biotite, garnet, 
muscovite, quartz, ; ; chlorite. Garnet and biotites are porphyroblastic and 
originated under the metamorphic effect of granitoids. 

The staurolite zone has clayey-quartz metamorphites with the content of 
staurolite, biotite, muscovite, garnet, chlorite and quartz (chlorite can be also 
secondary) . This association is an indicator of medium-grade metamorphism. 

The sill imanite zone is characterized by rocks with the content of fibro-
litic sil l imanite, muscovite, biotite, garnet and quartz. This association is of 
unbalanced character and transit ional from the staurolite zone into the 
sil l imanite zone. The sill imanite zone as the highest metamorphic grade of 
periplutonic metamorphism is, besides the above-mentioned minerals, also 
characterized hy plagioclase. 

It is necessary to remark, that in the area of Júr near-contact migmatites 
of injection character and hybrid granitoids arose. Otherwise the granitoid 
intrusions have sharp contacts with the sedimentary rocks and at the direct 
contact no more intensive granitization of sediments is evident, which retain 
the gneiss character, f rom the geochemical viewpoint we can consider the 
metamorphism essentially as isochemical ( C a m b e l — K u p č o, 1965; C a m -
b e l — V e s e l s k ý , in press) . 

The facial a l terat ions of sediments influence the grade of metamorphic 
recrystallization. Mainly the higher content of quartz, basic tuffogenic ma­
terial and organic substance reduces the metamorphic crystallinimity of 
metapelites in contrast to common metapelites, where the size of biotite 
and garnets depends on the grade of metamorphism, e.g. on the proximity 
of the rock to the contact with granitoids. 

IL is necessary to call attention to the fact that a lowered metamorphic 
recrystallization is observed in the schists of the Harmonia Group (Middle 
Devonian to Lower Carboniferous), which are of microflyschoid character 
(al ternating pelitic interjacent beds with the content of organic substance 
with thin psammitic-pelitic beds witli clastogenic feldspars). So lithologically 
inhomogeneous rocks of (ho Harmónia Group reduce the metamorphic effect 
caused by granitoid magma. The second factor of reduction of the metamor­
phic effect in the area of the Harmónia Group is, that the biotite granodiorite 
oľ tbc Modra massif is petrochemically more basic in comparison with gra­
nitoids of the Bratislava massif and intrudes more or less interjacent, also 
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reducing the metamorphic effect of tlie Modra granitoids. At the contact 
of granitoids with schists of the Harmónia Group metamorphic phenomena 
are evident, which are close to caustic ( thermic] mstamorphism and hornfels 
biotite schists, calcareous-silicate hornfelses (where are layers of limestones) 
and spotted schists with andalusite and biotite etc. formed here. An essential 
factor of reduction of the grade of me'tamorphism is gradual al teration of the 
periplutonic deep contact metamorphism into near-surface caustic contact 
metamorphism in the Harmónia Group area. This fading out of deep meta­
morphism into shallow-subsurface is caused by the fact, that the Harmónia 
Group is post-Middle Devfonian to pre-Middle Carboniferous and the granitoid 
intrusions were emplaced into the little overheated stratigraphioally relati­
vely young horizons in comparison with the underlying Pezinok—Pernek 
schistose complex and Bratislava crystalline rocks, the age of which is esti­
mated on the basis of palynological results, as Lower Devonian, Gambro — Si­
lurian and in the lower parts possibly also Upper Proterozoic. 

Just this reduced metamorphic effect and near-surface character of the 
contact metamorphism of the Harmónia Group by granitoid rocks can serve 
as an example of controversy of field investigations with some calculated 
theTmobarometric results, which indicate greater depths mainly on the basis 
of calculations, carried out by feldspar—quartz eutectic. These results cannot 
be interpreted directly, but it is necessary to consider them as normative, 
which must be adjusted with regard to the real geological situation. 

Methods of determination of P. T. conditions 

A more detailed divison of the grade of metamorphism belong always 
to the topical objectives of petrology of metamorphosed rocks. Using of some 
index minerals e.g. staurolite, cordierite etc. is often limited by chemical 
composition of rocks. The thermodynamic approach of the evaluation of phy­
sical conditions of the recrystallization sets out from the chemical compo­
sition of balanced coexisting minerals. 

In rocks, in which are not present index minerals, neither diagnostic mi­
neral pairs suitable to the thermodynamic analysis of paragenesis (garnet— 
biotite, garnet—cordierite, plagiocfase—amphibole], however, difficulties with 
their ranging into a closer metamorphic scale arise. 

Minerals with little variable chemical composition and delimited extent of 
stability, as e.g. the modifications of Al2Si05, belong to reliable indicators 
of the metamorphic grade. Suitable are also minerals in which solid solutions 
controlled by chemical composition of rocks, mineral paragenesis and the 
grade of metamorphism are forming. In tracing of the grade of metamorphism 
these methods are shown as most reliable, which evaluaLe contemporaeously 
the mineral paragenesis. chemical composition of rock, also of the coexisting 
phases. This approach with supposed chemical equilibrium in rock, using 
suitable calibration of distribution coefficients (KD) in thermodynamic con­
versions, is often getting nearer to the theoretical model and is in combina­
tion with the microscopic-structural study of thin sections usually reliable. 

For the region of the Low Carpathians one of the co-authors (M. D y cla) 
carried out numerous thermobarometric investigations of the origin of clayey-
quartz metamorphites (metapelites) and the results are published in several 
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works (D y dři, 1980 a, 1980 b, 1981) and the author informs about the con­
clusions in the following text. 

With the purpose to establish the temperatures and pressures on the basis 
of distribution of Mg and Fe among the coexisting phases in geological con­
ditions, many experimental and field works were carried out. 

T a b l e 1 
P—T conditions of metamorphism of the Low Carpathian raetapelites 

Sample 

4Y. 
7Y. 
17Y. 
KB—1Y. 
KB—2Y. 
KB —5Y. 

v Bi x x 

0.517 
0.468 
0.494 
0.350 
0.463 
0.362 

C a r x x 

Y 

0.122 
0.118 
0.108 
0.099 
0.130 
0.116 

T ("C)* 

353 
555 
510 
545 
560 
575 

P(MPa)* 

440 
450 
410 
480 
470 
520 

In Xcr/XAn 

— 2.035 
— 1.907 
— 2.137 
— 2.437 
— 2.484 
— 1.798 

P2 

430 
510 
360 
300 
300 
580 

P3 

390 
460 
310 
250 
260 
540 

* According to calibration of P e r č a k (1973). P2 — on the basis of thermodynamic 
data R obi e — W a 1 d i) a a m (1968). P3 — Ghent (1973). 

'* Data adopted from the work of Oyd a (1980) 
Furthrer explanations in Fig. 1. 

F r o s t (1962) pointed out the systematically rising coefficient of distri­
bution (Ku) with rising temperature of rock recrystall ization. A l b e e (1965) 
established on the basis of evaluation of 70 garnet and biotite pairs that 
D Kn

Ms-Fc' systematically alters into rocks metamorphosed in the garnet zone 
to rocks of the; sil l imanite zone. Sen and C h a k r a b o r t y (1968) have come 
to the conclusion, that Kn is a systematic function of the grade of meta­
morphism. An important moment in valuation of KD is establishing of the mi­
neral homogeneity. The inhomogeneity can as a rule exclude the evaluation 
of physical properties and render more difficult the conversion of KD. It is 
necessary to take into regard t h e disturbing factors as e.g. are unbalanced 
state of rocks, the zonality of some minerals, analyt ical errors, mistakes in 
separation, also of crystallo-chemical conversion. 

When we avoid these mistakes in experimental work, it is possible to fo­
resee from the knowledge of Fe/Mg distribution among almost ideal isomor-
phous mixtures, the change of the mineral association as a function of chang­
ing temperature, pressure and activity of H ,0 ( T h o m p s o n , 1976). 

Setting out from the methodic approach in the works of T h o m p s o n 
(1955); P e r č u k (1970, 1973); S a x e n a (1973) and T h o jm p s p n (1975), 
the conditions of metamorphism of some Low Carpathian metamorphosed 
rocks were obtained by thermodynamic approach. These results are mentioned 
in Tab. 1. 

From these dala, which should clear up more in detail the grades of meta­
morphism, several s ta tements result. 

In the majority of the mentioned samples the temperature of 510—520 °C 
(Fig. 1) was surpassed, which is considered as the lower boundary of the 
medium grade of metamorphism. This is in metapelit ic rocks connected with 
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the presence of diagnostic minerals characterized by their field of stability. 
These obtained temperatures are in the majority of samples confirmed by 
the occurrence of staurolite, usually testifying to surpassing of 510 °C in 
metapelites. It determines the higher achieved temperatures of staurolite 
with its disappearence, however, its occurrence and disappearance is also 
caused by chemical composition of rocks. Higher temperatures in the samples 

5 0 0 6 0 0 ? 0 0 

Fig. 1. Thermodynamically determined temperature and pressure conditions of re-
crystallization of some Low Carpathian metapelitic rocks. 1 — according to calibration 
of P e r č u k [1973], 2 — on the basis of temperature according to P e r č u k and ther­
modynamic data of R o bi e and W a l d b a u m (1968), 3 — G h e n t et al. (1976). The 
triple points of polymorphic alterations of AI2SÍO5 are designated N — N e w t o n 

(1966), RGB — R i c h a r d s o n et al (1969), H. H o l d a w a y (1971). 

a re connected with the presence of fibrolitic sillimanite, the occurrence of 
which is often placed into the area of triple point of polymorphic modifi­
cations \oi AhSiO-. Achieving of these temperatures, however, need not exclude 
the presence of staurolite in the traced rocks. 

The mentioned pressures in Tab. 1 are from the geological viewpoint of 
considerable importance because they indicate the depth of metamorphism, 
which so far cannot be determined independently on the pressures. The 
control of calculated pressures is rendered more difficult by the factor, that 
the mutual reactions of minerals and formation of new mineral associations 
are more influenced by temperature than by pressure. 
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In some samples uf Low Carpathians metapelites with the mineral asso­
ciation 

Qz + Mus + Bio + Gar T St T Sil =F Flag 
in which garnet, sil l imanite, plagioclase and quartz coexist, the reaction was 
used. 

Gar + Sil + Qz = P la g 

for calculation of metamorphic pressures. 
The values of changes of enthalpy [Hj, entropy [S] and molar volume [V) 
for this reaction were obtained from the data of R o b i e and W a 1 d b a u m 
[1968] and taken over from the work of G h e n t (1976). The molar fraction 
of grossularite in garnet was (Xcros obtained by combination of the physical 
properties of garnet and its chemical composition. The molar fraction of 
anorthite in plagioclase [X?^g was determined from approximative chemical 
composition of plagioclase. 

The so calculated pressures are mentioned in Tab. 1 and have simul-
, . p v G a r - B i o 

taneously a comparing value with pressures obtained on the basis ot 3DMg-Fe 
with using of calibration of P e r č u k (1973). 

Taking into regard these values thus it remains to explain the processes 
of tectonics which have exposed these rocks at the earth surface. The measure 
of these determined values was possible to confirm only by available methods 
and accessible control of results. We consider, however, these results as 
sufficiently reliable for interpretat ion of metamorphic processes. 

The obtained values of pressures would serve then as an argument, that 
metamorphic recrystall ization of the Low Carpathian metapel i tes in the peri-
plutonic zones was taking place at the depth of 10—20 km. 

In evaluation of these relevant geological phenomena it is necessary to 
take into consideration that these data are only an approximation to the real 
thermodynamic state. The real values of temperature and pressure create 
the dynamic conditions of intrusions in orogenic regions, and therefore the 
values of pressure need not unequivocally indicate the depth of crystalliza­
tion and the measure of the chemical equilibrium between the minerals in 
the rock can be suppressed by kinetic factors acting in recrystallization. The 
decisive importance of determination of the thermobarometric conditions 
falls on the study of the character of the whole mineral association in the 
rock chosen lor these investigations. 

Determination o) ľ. T. conditions of metabasites formation 

Determination of formation of basic metamorphites of gabbroid rocks, 
[hi,riles, amphibolites was tried by P. P i t o ň á k (1980) in his diploma work. 
Ho used here the isotherms mentioned by P e r č u k (1970). The original 
graphs, after new analysis of biotites we revised, completed and compiled 
tin; graph 3 according to the isotherms of P e r č u k el al. (1976) and the 
result is mentioned in Figs. 2 a, 2 b and 3. The determination of temperature 
:)f formation of metabasites lies in the supposition, that at certain temperature 
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amphibole Mg/Mg+ Fe 4 
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Fig. 2 a. Relation of ratio Ca/Ca+Na+K : in plagioclase and amphibole. 

Fig. 2 b. Relation of ratio Ca/Ca+Na+K in plagioclase to Mg.'Mg + Fe + Mn in amphibole 
with indicated isotherms according to P e r č u k (1970). 1 — gabbroids from the Hl­
boká cesta way, 2 — diorites from the Hlboká cesta way, 3 — diorites from Peterklín, 

4 — diorites from Hlboká cesta way (microprobe análysais). 

tlie coexisting minerals of the given composition are in equilibrium. The work 
of C a m b e l — M e d v e ď — P i t o ň á k (1981) brings evidence that diorites, 
which are situated in granitoids and other amphibolic rocks from the Hlboká 
cesta way [Bratislava] and amphibolic rocks of granitoids from Peterklin and 
the area of the Sb deposit Pezinok are of metamorphic anatect ic origin. 
Therefore the data about the temperature of origin of amphiboles and biotite 
of these rocks are contemporaneously data about the temperature of meta­
morphic processes, because the temperature of granite and basic magma 
should be higher as it results from Fig. 2 and 3. As amphibole is in some 
of the mentioned rocks corroded by plagioclase, no equilibrium state occurred 
between t h e minerals and therefore also the real estimation of temperatures 
must be taken with reserve. The chemical analysis of plagioclase was not 
carried out, but was calculated by Pitoňák from optical determination of 
plagioclase basicity. From this data conversion to chemical analysis was 
carried out and graphs 2 a, b were compiled. 

The mentioned thermobarometr ic investigations indicate that the interpre-
various methods of determination and of various dependences and graphs 
tat ion of the obtained data is not unequivocal and that the application of 
gives in details different results. With all these circumstances, however, all 
calculations approach to one another and are varying between 500 and 
600 °C. It is interesting that the gabbroids from the Hlboká cesta way give 
the lowest temperatures of origin 500 °C, what may confirm that these rare 
rocks from the Hlboká cesta way are a product of metamorphic alteration. 
The amphiboles are more calcareous and perhaps originated with assimilation 
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of layers with a higher content of carbonates. A higher metamorphic tempe­
rature show diorites from Peterklln [north—east of -Pezinok) 500 to 550 °C 
and the highest between 550—600 °C diorites from the Hlboká cesta way and 
amphibole granitoids from the area of Sb-deposit of Pezinok. This valuation 
of the temperature of origin 600 °C is low for the magmatic process and 
high for the metamorphic process. There are, however, rocks of transit ional 

MgdMg^Fe^Mn I amphibole 

tig. 3. Relation ol ratio Mg/Mg + Fe + Mn in biotite and amphibole with indicated iso­
therms according to P e r c u k [1970]. A-58 — biotite — amphibole quartz metariorite, 
Hlboká cesta way, A-55 — biotite — quartz diorite with amphibole, Pezinok. borehole 
KV 2 (73 — 75 m), A-57 — amphibole quartz diorite, Peterklin (Pezinok), A-14 — bio­

tite tonalite with amphibole near Kalvária, Hlooká cesta way Bratislava. 

magmatic-metamorphic character and therefore the result of measurement 
can be accepted. The mentioned succession of temperatures can be accepted 
because diorites from the Hlboká cesta way have essentially already magma-
tic structures and represent anatectic palingenic magmatic types. Further, it 
will be necessary to carry out similar measurements in amphibolites and 
metabasites less affected by metamorphism, which do not occur directly as 
bodies in granitoids, but are a part of the schistose sequence. Here the con­
frontation of measurements obtained in metapeli tes and metabasites should 
lend lo analogical results. 

Further thermobarometric methods oj the inuestigation !of metabasites 

In I he hist time metabasites from crystalline rocks of the Low Carpathians 
were very intensely studied, (B. C a m b e l — L. K a m e n i c k ý monograph 
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in press and B. C a m b e l — J. M e d v e ď , 1981). Attention was paid mainly 
to metabasites higher-grade metamorphosed, corresponding to the conditions 
of amphibolite metamorphic facies or metamorphosed in the sense of W i n ­
k l e r [1975] in conditions of „low grade and medium grade" metamorphism. 
la the presented part of the work we mention the results of the investigation 
of metamorphism of basic rocks, carried out in the last time by J. S p i š i a k 

\ \ FeO tot 
V 2 3 I ~~5 M9° 

Fig. 4. Diagram of content dependence of FeO tot. on FeO tot./MgO [A. M i y a s h i r o 
— H. S h i d o, 1975). 1 — gabbroamphibolites, 2 — diorites, 3 — gabbrodiorites, 4 — 

amphibolites. 

and concerning the thermobarometric conditions of their origin. We use also 
some data of amphiboles published in the work of R. C a m b e l — P. P i t o-
j'i ó k [1980). 

On the basis of various petrochemical and geochemical classifications, 
mainly on the basis of elements of the iron groups and contents of rare 
earths (B. C a m b e l — J. S p i š i a k , 1979; B. C a m b e l — J. K a m e n i c k ý 
— in press) the metabasites of the Low Carpathians correspond to rocks of 
the tholeiite association and closer to tholeiites of the ocean floor [Fig. 4). 
Similar results showed also the studies of metabasites of the other mountains 
of the West Carpathians ( H o v o r k a — S p i š i a k , in press, H o v o ř k a -
Ba j a n í k — S p i š i a k , in press) . The conditions of metamorphism of me­
tabasites in the Low Carpathians were determined on the basis of several 
methods, with regard to several determinations and working procedures 
making possible the thermobarometric valuation. 

Concerned are the determinations: a] of the grade of basicity of the plagio-
clases, b) study of pleochroical colouring of amphiboles according to y, 
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c] study of mineral parageneses, d) study of composition of coexisting pairs 
of minerals, e] study of chemical composition of some rock-forming minerals, 
mainly amphiboles and biotites. 

In the following one of the authors ( S p i š i a k ) presents following ana­
lysis of results with application of the individual methods and applies them 
to conditions of the origin of metabasites (amphibolites) in the Low Car­
pathian region. 

For determination of thermodynamics of amphibolite origin can be used 
the step-like change in composition of plagioclases (composition of plagio-
clases with basicity from An5 to AnI7 is missing in the order of plagioclases 
of varilous rock types] . For the occurrence of plagioclases in metamorphites 
this characterist ic step in their composition is used for thermometric investi­
gations, because it has been established to proceed as to the temperature of 
feldspar origin 20 to 40 °C, bslow the limit between the low and medium 
grade of metamorphism „low grade, medium grade" (H. W i n k l e r , 1975]. 
it should be remarked that in investigations a big problem in amphibolites 
and other amphibolic rocks of the Low Carpathians is to determine the basi­
city of feldspars, mainly because they 'are influenced by younger processes, 
which caused their alterations or dimming. 

The changes of Ti, Al contents or other cations are also shown in the chan­
ge of pleiochroism of amphiboles originated 'at various temperature or also 
pressure conditions. Generally the following change of pleochroic colours of 
amphibolites of metabasites with rising temperature is accepted: bluishgreen, 
green, greenish-brown, brown. As in metabasites of the Low Carpathians rela­
tively often also several types of amphiboles originated with later processes 
are present (concerned is mainly disintegration of larger individuals into 
smaller) , we were directed to the study of amphiboles of green to greenish-
brown pleochroism, which we consider as primary and from the viewpoint of 
determination as most suitable. The pleochronic shades of amphiboles in the 
individual types of amphibolic rocks are various: green in amphibolites, from 
greenish-blue to green in gabbroamphibolites, from green through greenish-
brown and sometimes to brown in diorites. These properties are depending 
also on the intensity of overheating, e.g. on the distance of metabasites from 
granitoid bodies and also on the supply of alkalii in metamorphism, etc. 

The study of thermodynamic conditions of metamorphism on the basis of 
coexisting pairs of minerals was valuated and expressed already in this work, 
in graphs 2 a, 2 b and 3. But also the chemical characterist ics themselves can 
be used for approximate determination of thermality of mineral origin. 

Besides the classical chemical analyses, the chemical analyses were ob-
la;ned by X-ray microanalyser. The amphiboles represent one of the funda­
mental mineral phases of metabasites, which underwent various grade of 
metamorphic recrystallization and subsequent influences were reflected 
in the properties of rrrese minerals. Already the amphiboles alone are thus 
,iii Important indicator of thermodynamic conditions of the origin of amphi-
boliles. The present-day s tatements permit to find out the general regularities 
of their chemical composition. For example, it has been established that with 
rising temperature of metamorphic recrystallization in -amphiboles the con-
lenl id alkalic metals and titanium increases and simultaneously aluminium 
hi four-fold coordination increases to the detriment of aluminium in six-fold 
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coordination, also a gradually sinking siliclon content with increasing of me-
tamorphism was established. It is also necessary to call attention, that in 
the work of Ca m b e 1 (1952) are considerations and deductions, on basis of 
which the thermodynamic conditions of metamorphic processes or their 
mutual combination can be determined also according to forms of amphibole 
individuals (needles, lath development, splintery development, columns and 
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Fig. 5. Diagram of dependence of Si con­
tent on Ca-i-Na+K (A. M i y a s h i r o, 
1973). Fields according to gamma pleo-
chroism of amphiboles: A — field of ac-
tinolite, B — bluishgreen, C — greenish-

brown. The other as in Fig. 4. 

Fig. 6. Diagram of dependence of Ti 
content an from Si ( V e j n a r , 1977). A 
— field of bluishgreen amphiboles, B — 
field of green and brownishgreen amphi­
boles, C — field of brown amphiboles. 

The other as in Fig. 4. 

isometric grains) . Higher thermal amphiboles have more isometric forms 
than amphiboles, which were metamorphosed in zones more remote from the 
source of metamorphism of granitoids or were subsequently affected by 
pressure or other effects. Similarly also the forms of relict (more isometric, 
more elongated) eyes of feldspars in spotted amphibolites are indicators of 
the thermodynamic conditions of metamorphism derived mainly from coarse-
-grained or porphyric gabbroid metabasites. 

Genetic conclusions on the conditions of origin of metabasites in the region 
of the Low Carpathians can be drawn on the basis of the enclosed graphs. 
They are Figs. 5 and 6. 

The projection points of all analyses in Fig. 5 -and 6 are lying in the field 
of common amphiboles, no one analysis falls into the field lower thermal 
actinolites. 

The analyses of gabbroamphibolites form a relatively independent field 
and with shifting to higher values of Si and lower values of Ti, i.e. to higher 
temperatures. Such observations are common also from lother regions of the 
West Carpathians and determination of lower thermality of these rocks on 
the contrary to amphibolites or diorites is a certain surprise, because these 
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rocks could be considered as magmatic types and thus high-thermal according 
Lo numerous marks. It will be necessary to pay more attention to these rocks 
and to take this fact into consideration a p p r o p r i a t e l y in clearing up of the 
genesis. 

Amphiboles from diorites in both cases (Figs. 5 and 6) fall into the field 
R. The relatively reduced content of titanium and alkalies can be caused by 
preferrential entering of these components into biotite of into biotites forming 

Fig . 7. Diagram of Ti distribution in 
amphiDoles from metabasites of various 
grade of the metamorphic recrystalliza-
ticn ( R a a s e , 1974). I — facies of green 
schists, II — low-temperature part of 
amphibole facies, III — high-temperature 
part of amphibolite facies. IV — amphi-
bole-granulite facies, V — amphiboles 
from metabasites of the Low Carpathians, 
empty squares — amphiboles from gab-
broamphiboiites. full squares — amphibo­
les from diorites and amphibolites s.s. 

The amphiboles from amphibolites are lying at the boundary of fields B 
and C, what corresponds to their pleochroic colouring (Figs. 5, 6] . 

In t lie diagram of Ti distribution in amphiboles from metabasites of various 
grade of metamorphic recrystall ization (Fig. 7j amphiboles from amphibolites 
and gabbrodiorites fall into the lower part of the lower-temperature 'amphi­
bolite facies and amphiboles from amphibolites and diorites into the higher-
temperature part iof amphibolite facies. 

On the basis of amphibole classification according to L e a k (1978) we 
can the sLudied amphiboles from metabasites of the Low Carpathians range 
among calcareous ones belonging to the subgroup of magnesium common 
amphiboles (Mg-hornblende). (Figs. 8,9). Of similar composition are also 
amphiboles from metabasites from the other mountains of the West Carpa­
thians ( H o v o r k a — S p i š i a k , in press H o v o r k a — B a j a n í k — S p i ­
š i a k , in press) . This fact could testify to metamorphic and genetic similarity 
of metabasites in the extent of the whole West Carpathians. 

On tiie basis of preliminary results of the investigation metabasites of the 
Low Carpathians, as it follows from the above mentioned analysis, were 
metamorphosed in conditions of amphibolic facies corresponding to the hig­
her part 'of „low grade and medium grade" metamorphism in sense of 
W i n k l e r (1975). The baric conditions of metamorphism on the basis 
of i lie presented results were 400 to 600 MPa. It is necessary to point out, 
that, however, in dynamic comprehension of development of the given region 
the supposed pressure cannot be related only to the depth, in which the 
metamorphic conditions exist. 

In is necessary also to mention, that in thermobarometric determinations 
on the basis of the investigation of metabasites it is necessary to take into 

with later biotitization of amphiboles. 
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regard the combination of several types of metamorphism in the region of 
the Low Carpathians, where preintrusive metamorphism is manifested com­
bined with the metamorphic effects taking place with penetrat ion of the 
granitoid magma in the orogenic and late-orogenic phases. This process of 
unequal and local overheating was also not always continuous, but in places 
also discontinuous. Similarly with regression of metamorphic conditions, 
which followed after culmination of progressive metamorphism during gra­
dual cooling of the environment, tectonic processes still belonging to the 
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Fig. 8. Classification diagram of araphiboles modified by W e n k et al. (1974). A — 
field of tschermakitte common amphibole, B — field of Mg-Fe of common amphibole, 
C — field of actinolite common amphibole, D — field of actinolite and tremolite, 

dashed is the field of amphiboles from the amphiooles of the Lepontine Alps. 

Variscan orogene were taking place and later the rocks were influenced by 
the Alpine orogeny, as testified by radiometric clatings by K/Ar method [ C a m -
b e 1 — V e s e l s k ý , 1981). 

So retrograde metamorphism of metabasites took place. All these processes 
had influence on formation of forms of amphibole individuals and on further 
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changes of the properties of individual amphibole grains, as well as on their 
chemical composition. The formation of needle-like, columnar and splintery 
forms of amphiboles could have taken place in the progressive or regressive 
part of development of metamorphism. A strong progressive metamorphism 
led to gradual shortening of elongated forms of amphiboles and formation of 
isometric grains. 

The above mentioned facts support the importance of metamorphic condi­
tions, which render determination of thermobarometric data of amphibole 
origin very difficult. 
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Fig. 9. Classification diagram of amphiboles according to L e a k (1978) 1 to 4 as in 
Fig. 4 (I — IV), 5 — field of amphiboles from gabbroid rocks, 6 — field of amphiboles 
from diorite rocks with plotting of the calculated temperatures according to P i t o-
ň á k (1980), 7 — field of amphiboles from metabasites of the Rudňany area (Ho J 

v o r k a — S p i š i a k , in press). 

Thermobarometry of ores and granitoids 

We remind that paleothermometric measurements were also carried out 
on pyrite ores of the Low Carpathian region. ( Z u k o v — S a v c e n k o in 
C a m b e I — Z u k o v — S a v č e n k o , 1980). The results of research pro­
vided considerably lower paleothermometric values against expectation, which 
d > not exceed the temperature of 350 °C. A part of younger calcite fillings 
of joints in ores indicates the temperatures of 100 to 200 °C. From these data 
results, that although there are> syngenetic ores, metamorphosed together 
with rocks in which they are found, the established paleothermometric data 
cannot be considered as decisive from the standpoint of determination of the 

2 + 
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formed in the regressive and not progressive phase of metamorphic process, 
maximum grade of metamorphism. Perhaps they are inclusions, which already 
This is attested also by low-temperature calcites and quartz found in veins of 
primary pyrite ores. 

On the basis of paleothermometric investigations of granitoid rocks in the 
Low Carpathian and West Carpathian regions it may be stated, that the tem­
perature of mineral crystallization mostly varied above 600 °C, in feldspars 
mainly between 600 — 700 °C. However, also lower temperatures , mainly 
in K-feldspars were established. M a c e k (in press] determined by the two-

Malé Karpaty ICIPW] 

Ab Or 

Fig. 10. Three-bed A-Ab-Or graph with indication of distribution of the fields of fun­
damental West Carpathian granitoid rock types. The individual points represent rocks 

from the Low Carpathian region, of the group of granitoids ,,ZK". 

Explanations: i — two-mica granitoids and biotite granites, 2 — biotite granodiorites, 
3 — biotite and biotite-amphibole tonalites; A — tonalites, B — biotite granodiorites, 
C — two-mica granitoids, D — leucocratic granitoids. 

feldspar method according to B a r t h ( B a r t h , 1962] also very low tempe­
ratures of crystallization of a certain generation of K-feldspars in granitoids 
of the West Carpathians (420 °C]. It is necessary to remark that with cry­
stallization of K-feldspars under such a low temperature the surrounding 
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minerals must have recorded the changes caused by hydrothermal solutions, 
mainly when there are superimptosed younger regenerat ion processes, which 
the author supposes. Therefore genetic interpretat ions cannot be based on 
this paleothermometric determination. 

In our .article we mention the graph Q-Ab-Qr of thermodynamic conditions 
of crystall ization of granitoids, which is quoted in Fig. 10. From the graph 
is to be seen, that a part af two-mica granitoids is of subsurface character 
when we apply the data of pressure to the geological profile. On the other 
hand, more basic types of rocks [biotite granitoids) should be derived from 
17 km depth on the basis of pressure. As just the granitoids of the Modra 
massif, which are biotite granodiorites, metamorphose the Harmónia Group, 
it is not possible to accept this data of depth from the geological viewpoint. 
Against such an interpretat ion also the character and grade of metamorphism, 
caused by the granodiorite of the Harmónia Group, testify. On the contrary, 
some two-mica granitoids of the Bratislava massif, which originated and 
also intruded into greater depths, as is also testified by the data on thermo-
barometric investigation of metapelites, must have originated and also intru­
ded in greater depths, as indicated in the graph. It is necessary to mention, 
that our graph O-Ab-Or does not take into regard the presence of An com­
ponent in eutectic mixture. According to such an assumption the thermobaro-
metric data would have changed mainly in the sense of growing depth para­
meter. These facts are taken into regard in the graph compiled by V i 1 i-
n o v i č (in press], whose analyses are recalculated according to mesonorm. 
According to the results of the investigation of P e t ř í k [1980] the paleo-
thermality of biotites took place in the interval of 700—900 °C and M a c e k 
(in press), on the basis of scandium contents, determined the temperatures 
of biotite crystallization to 650—730 °C. From these data results that the 
lowest temperature of feldspar crystallization from melt was essentially above 
G00 °C and in some K-feldspars also lower. On the whole, it may be stated 
that the process of cooling of granitoid magma took place between 600— 
900 °C when we are not including the anomalous data of formation mainly 
of potassium feldspars, which sometimes crystallized also below the value 
of 600 °C. 

Conclusion 

The authors summarized the knowledge about metamorphic processes in 
the Low Carpathian region, characterized their thermodynamic effects and 
analysed various types of metamorphic processes, which are mutually com­
bining and overlapping here. They valuated the knowledge and data con­
cerning determination of thermodynamic parameters of metamorphism ob­
tained by various methods. The metamorphism in the Low Carpathian region 
was taking place in thermodynamic conditions of the lower and medium 
grade or amphibolite fades and the supposed temperature of metamorphism 
is 500 -000 °C and lower, depending on the distance from the granitoid in­
trusion, which largely controlled the metamorphic effect. Cooling of indi­
vidual minerals of the granitoid magma took place probably at temperatures 
between 000—600 "C and at feldspars somewhat lower and was of unequal 
discontinuous course, depending on tectonic processes of the Variscan oro-
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g e n y , on t h e v e l o c i t y of t h e m o v e m e n t of m e l t s a n d e m a n a t i o n s e s c a p i n g 
f rom t h e m . T h e a u t h o r s p o i n t to t h e c o n t r a d i c t i o n of s o m e o b t a i n e d t h e r m o ­
d y n a m i c d a t a w i t h g e o l o g i c a l k n o w l e d g e a n d s t a t e , t h a t m a i n l y t h e d e t e r ­
m i n a t i o n of d e p t h s of e n d o g e n o u s p r o c e s s e s in o r o g e n i c r e g i o n s h a s r a t h e r 
a n o r m a t i v e t h a n a r e a l v a l u e , r e s u l t i n g m a i n l y f r o m the fac t t h a t in o r o g e n i c 
r e g i o n s t h e p r e s s u r e f a c t o r is n o t o n l y of t h e c h a r a c t e r of h y d r o s t a t i c but a l s o 
of u n i - d i r e c t i o n a l p r e s s u r e . T h e r e f o r e t h e a u t h o r s c o n s i d e r t h e m e n t i o n e d ca l­
c u l a t i o n s of t h e d e p t h of e n d o g e n o u s p r o c e s s e s as l e s s r e a l . 

Translated by J. Pevný 

Explanations to location and description of the studied samples in Tab. 1, and Fig. 1. 

4Y: Si l l imanite—stauroli te—biotit ic pararule [ p ] , fine-grained, Bratislava, na Hre­
bienku. 

7Y: Garnet—si l l imanite—bioti te paragneiss (p) , fine-grained, Limbách, Slnečné 
údolie valley, (p), elev. p. 306. 

17Y: Biotite paragneiss ( p ] , fine-grained, 
Road from Bratislava to Devín, Lištie diery, mouth of Mokrý jarok. 

KB — 1Y: Si l l imanite—garnet—biot i te paragneiss (p) , fine-grained, 
Bratislava, Železná studnička, at the left side of the brook 100 m from the 
concrete bridge. 

KB — 2Y: Garnet-biotite paragneiss ( p ] , fine-grained, 
Bratislava, Železná studnička, Cesta mládeže way, 150 m from the houses 
at the left side of the brook. 

KB — 5Y: Garnet—sill imanitie—biotite paragneiss (p) , fine-grained, Bratislava—Lamač, 
cottage area, 200 m from the last cottage in the narrowed valley of the 
brook. 
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