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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)

Abstract: The authors analysed the metamorphic processes, by
which crystalline rocks of the Low Carpathians were affected. The
metamorphism was taking place here under thermodynamic condi-

§ tions of lower and medium grade of the amphibolite facies, where
the temperature of metamorphism 500 — 600 °C and lower is suppo-
sed, according to the distance from the granitoid intrusion. Cooling
of minerals of the granitoid magma provably took place at tempe-
ratures between 900 and 600°C (in feldspars somewhat lowear), was
of unequable discontinuous course depending on tectonic processes
of the Variscan orogene and on the velocities of the movements of
melts. The authors point to the discrepancy of some thermodyna-
mical data in comparison with geologicial kinowledge and state that
especially determination of depths of endogenic processes in aro-
genic regions has rather a normative than real value.

Pezwme: ABTOPH PE3OMUPYIOT 3HAHMH KACAIOUIHECH MeTAMOPPHUECKMX
npoueccos B ofnacti Manwsix Kapnar; xapaxrtepusyior HX TepMOIMHAMH-
decKile VCJIOBHs HA OCHOBE aHalAN3 PasHLIX THNOB MeTaMOpPpEYEeCKHX [po-
LECCOB KOTOPBIE B3H€CH BIAMMO KOMOMHHPYIOTCH M [EPEKPLIBAIOTCH. ABTODHI
OUEHHBAIOT 3HAHMA ¥ 1AHHBIE KACAIUIHECH ONPEACNeHIl TEPMOAHHAMIUeCKILY
napaMerpos sMeraMopdosa, noayueHHnl paasHeiMip Metrogamu.  Meramophos
8 obnacru Ma.l'lbl,‘( I‘{Z'EPI'[E}T IIPOXU}JH.I'I npu TEPMOOHHAMHYECKHX }'C."IDEIIIF[X
HMaweld o cpenHed crenedn ampubonopoili gauMm u npennonaraesas TeM-
neparypa deramopdosa sasaserca 500 —0600 °1 wmam uuswas, cornacHo pac-
CTORHMIT OT PAHMTOMAHON MHTPY3HUK OT KOTOPOil ObL B 3aBHCHMMOCTII MeTa-
Moppuueckiii  adhert. 3acTelBaHMC OTAENBHLIX MWHEPAJOB TPAHMTOMIHOM
MAaTMBl POXOAHJAO NPHGAM3HTENRHO npu Temuneparypax ¢ 900 zo 600 °L]
MV NOJCBRIX LMNATOE HEMHOMRKO HH®EE, M OHO HMeNno HCPZ!BHDMEPH[:II\.I npe-
|)1}TBiICTin1 X0 3aBHCHMBIH OT TEKTOHHMECKEHX npoteccon Hil']lli"lCKUl'O ono-
reHd, OT CKOPOCTH ABMMEHMH BBINJABCK I AMAHALMI NPOHCXONHIIMX M3 HUX.
ABTOpbI 1OKA3LIBAKT Ha [POTHBOPEYMs HEKOTOPBIX MOJYHeHHBIX TepMOIMHA-
MHUECKIX 1aHHBIX, BMECTe C TEONOTHUECKMMH 3HAHUAMI I YyCTaHAaBANBAIOT,
HTO TJaBHEIM 0613330."1 onpeieneHne [‘J’[_\"ﬁllH AHAOTEHHBIX 11POUECCOBE B OpoO-
FEHHLIX U{SHHCTHX HMEET CHOpEC HOPDMaTHBHYI Kak pealibHYyo BEAHYHHY, HTO
BRITEKAET 3 TOro HMTO B DpCIl'EHHbTX ofinactax II)ﬂKTOP. JdaBieHIIA HEe HMeeT
XE}]JHKTEP TOJBKO l'll.ﬂ.pGCTﬂTH‘!CCKUI'O, a TaKWEe BLINPAMJICHHOIDO JaBJAEHHH.
[MoaTOMY aBTOPBEI CHHTAIOT NIPMBEIEHHBIE PACHeThl [AYOMHB HHIOFEHHBIX [1PO-
LECCOB MEHbBIIE PEANbHBIMI HeM BGLITH BLIYHCACHBL.

Introduction and approach to interpretations

The present state of the geochemical, mineralogical and petrological in-
vestigation provides the possibilities to determine by exact methods the ther-
modynamic conditions of the origin of the geological objects. It is self-evi-
dent, that all these establishings are dependent on fulfilment of certain pre-
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conditions, which the geochemist-geologist sets as the basis for the validity
of caleulation. The measure of correctness of detérmination of thermobaro-
metric conditions of the origin is the conformity of determination of these
values with geological knowledge, which the field or other laboratory egeolo-
gical invesligation provides, It happens, that when we want to put the results
of thermobarometric conditions of origin e.g. of metamorphosed rocks inth-
conformity with geolngical 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 interpretation 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 prigin
is based on presumptions, which need not be fulfilled in natural environment.
Therefore in our calculations we often are getting data, which are cnly 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 wseochemical balance among minerals of the rock. For calculation are
much more unsuitable the conditions of determination of origin of meta-
morphosed rocks, which are formed by orogenic processes, mainly in the
phase of intrusive penetration 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 characteristic of the Low Carpathians,
indicale that the equilibrium states in forming of minerals of metamorphic
facies are dependent on rapidly changing thermodynamic and physical-che-
mical factors as are the hydrostatic and unilateral pressure called forth by
e orogene and temperature, which is dependent not only on the geothermic
eradient hul alsn on aclive, often local supply of thermal energy. Important
is alsn the supply of material, connected with the intrusive process and
ascending granitoid magmi.

These Toels should be taken into consgideration in interpretations 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 thz content of water in processes of Lhe
metamorphism is a changing and supposed (not exactly determinable] factor,
but often of much influence on the endogenic processes. We also know that
some methods (e.g. Barth's two-feldspar method] can lead (o incorrect
conclusions, because fulfilment of the required conditicns of calculation is
too much complicated. Similarly also the methods of gas-fluid inclusions
require care in paleothermometric interpretations.

So far several investigations of metamorphites in the Low Carpathian region,
ccncerning the thermobarometric measurements of minerals, were carried
out. The thermodynamic conditions of origin of clay-quartz metamorphites
[gneisses and migmaltites, Dy da, 1980 a, 1980 b, 1981) were determined.
The determination of the temperature of metamorphism of basic rocks at the
Hlbokéa cesta way considered as the products of the anatexis of metabasites
(Pitonnak, 1980; Cambel — Medved — Pitofidak, 1981). Particularly
from viewpoint of the geochemical criterii Spisiak pald attention b the
thermodynamic conditions of basic metamorphites of the Low Carpathians
(presented work)] and Hovorka — Spi§iak to those of the 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 the whole sequence containing
ore layers underwent (Zukov — Savéenko, in Cambel — Zukov —
Saveenko, 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 Klomfinsky et al. [in press] and in the work
by Vilinovic [in press). Similar data concerning the conditions of crystalli-
zation of biotite in granitibid rocks were already published by Petrik (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 Macek (in press), Ddvidové
(in press), Krist (in press).

When we have to present a brief characterization 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 of metamorphism in the Low Carpathians

The metamorphic processes in the region of the Low Carpathians are com-
plicated and mulually combined. Before the intrusion of the Variscan gra-
nitoids we suppnse a relative low-grade metamorphism of schisiose facies of
green schists. Therefore the Variscan granitoid plutonism could form distinet
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isometamorphic zones around intrusions, which are characterized hy gradual
and contlinuous, or also more or less discontinuous transition of phyllites
into gneisses. The discontinuity is caused by younger tectonice. 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 (Jandk, 1980). They
are the chlorite, biotite-garnet, staurolite and sillimanite zones. The indi-
vidual zones can be characterized mineralogically as follows:

The chlorite zone is characteristic 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 hiotite-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 sillimanite zone is characterized by rocks with the content of fibro-
litic cillimanite, muscovite, biotite, garnet and gquartz. This association is of
unbalanced character and transitional from the staurolite zone into the
sillimanite zone. The sillimanite zone as the highest metamorphic grade of
periplutonic metamorphism is, besides the above-mentioned minerals, also
characterized by plagioclase.

It is necessary to remark, that in the area of Jar 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. From the geochemical viewpoint we can consider the
metamorphism essentially as isochemical (Cambel — Kup¢o, 1965; Cam-
hel — Veselsk?V, in press].

The facial alterations 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 garnels depends on the grade of meamorphism, e.g. on the proximity
of the rock to the contact with granitoids.

[t is necessary to call attention to the fact that a lowered metamorphic
recrystallization is observed in the schists of the Harmonia Group (Middle
Devonian (o Lower Carboniferous), which are of microflyschoid character
falternating pelitic interjacent beds with the content of organic substance
wilh thin psammitic-pelitic beds with clastogenic feldspars). So lithologically
inhomogencous rocks of the Harmonia Group reduce the metamorphic effect
caused by granitoid magma. The second factor of reduction of the metamor-
phic effect in the area of the Harmonia Group is, that the biotite granodiorite
of the Modra maseif 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 the Modra granitoids. At the contact
of granitoids with schists of the Harmonia Group metamorphic phenomena
are evident, which are close to caustic [thermic) metamorphism 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 metamorphism is gradual alteration of the
periplutonic deep contact metamorphism into near-surface caustic contact
metamorphism in the Harmonia Group area. This fading out of deep meta-
moerphism into shallow-subsurface is caused by the fact, that the Harmonia
Group is post-Middle Devlonian to pre-Middle Carboniferous and the granitoid
intrusions were emplaced into the little overheated stratigraphically 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, Cambro—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 Harmodnia Group by granitoid rocks can serve
as an example of controversy of field investigations with some calculated
thermobarometric 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 delailed divicon of the grade of metamorphism belong always
to the topical objeclives of petrology of metamorphosed rocks. Using of some
index minerals e.g. stauroclite, cordierite etc. is often limited by chemical
compesition 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 analvsis of paragenesis (garnet—
biotite, garnet—cordierite, plagioclase—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 Al.SiO,, 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 evaluate 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 (K] 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. Dy da)
carried out numerous thermobarometric investigations of the origin ol clayey-
quartz metamorphites (metapelites) and the results are published in several
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works [Dyda, 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 oul.

Table 1

P—T conditions of metamorphism of the Low Carpathian metapelites

', Bt Gar™® ey o w
Sample X iy Kontn r(c) P{MPa) | 1n Xeor/Xan Pa Ps
| |
4Y. 0.517 ‘ 0.122 353 440 —2.035 430 390
7Y. 0.468 0.118 555 450 —1.907 510 460
ETY. 0.494 0.108 510 410 —2.137 360 310
KB—1Y. 0.350 0.089 545 480 —2.437 300 250
KB—2Y. 0.463 0.130 560 470 | —2.484 300 260
KB—5Y. 362 | 0.116 575 | 520 ‘ —1.798 580 540
* According to calibration of Peré&uk (1973), P. — on the basis of thermodynamic

data Rabie — Waldbaum (19868). Py — Ghent [1973].
“* Data adopted from the work of Dy da [(1950)
Furthrer explanations in Fig. 1.

Frost (1962) pointed out the systematically rising coefficient of distri-
bution (K] with rising temperature of rock recrystallization. Albee (1965)
established on the bhasis of evaluation of 70 garnet and biotite pairs that
D KM= systematically alters into rocks metamorphosed in the garnet zone
to rocks of the sillimanite zone. Sen and Chakraborty (1968) have come
to the conclusion, that K, is a systematic function of the grade of meta-
morphism. An important moment in valuation of Ky 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 Kp. It is
necessary to take into regard the disturbing factors as e.g. are unbalanced
state of rocks, the zonality of some minerals, analytical errors, mistakes in
separation, also of crystallo-chemical conversion.

wWhen we avoid these mistakes in experimental work, it is possible to fo-
resec 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.O (Thompson, 1976).

Setting out from the methodic approach in the works of Thompson
(1955); Percuk (1970, 1973); Saxena (1973) and Thompson (1975],
the conditions of metamorphism of some Low Carpathian metamorphosed
rocks were oblained by thermodynamic approach. These results are mentioned
in Tah. 1.

From these dala, which should clear up more in detail the grades of meta-
morphism, several statements resull.

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
medinm grade of metamorphism. This is in metapelitic 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 disappearence is also
caused by chemical composition of rocks. Higher temperatures in the samples

MPa
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100

T T T

500 600 00 L oo

Fig. 1. Thermodynamically determined femperature and pressure conditions of re-

crystallization of some Low Carpathian metapelitic rocks, 1 — according to calibration

of Percuk (1973), 2 — on the basis of temperature according to Per¢uk and ther-

modynamic data of Robie and Waldbaum (1968), 3 — Ghent et al. (1976). The

triple points of polymorphic alterations of Al2SiOs; are designated N — Newlon
(1966), RGB — Richardson et al [1969), H. Holdaway (1971).

are connected with the presence of fibrolitic sillimanite, the occurrence of
which is often placed into the area of triple point of polymorphic modifi-
cations pof Al,5i0.. 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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[n some samples of Low Carpathians metapelites with the mineral asso-
ciation
)z + Mus + Bio + Gar = St = Sil = Plag
in which garnet, sillimanite, plagioclase and gquartz coexist, the reaction was
used.,

Gar + Sil + Oz = Plag

for calculation of metamorphic pressures.

The values of changes of enthalpy (H), entropy [S) and molar volume (V]
for this reaction were obtained from the data of Robie and Waldbaum
(1968) and taken over from the work of Ghent [1976], The molar fraction
of grossularite in garnet was (X (i Obtained by combination of the physical
properties of garnet and its chemical composition. The molar fraction of
anorthite in plagioclase (Xin® was determined from approximative chemical
composition of plagioclase.

The so calculated pressures are mentioned in Tab. 1 and have simul-
taneously a comparing value with pressures obtained on the basis of )kl
with using of calibration of Percuk (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
cufficiently reliable for interpretation of metamorphic processes.

The obtained values of pressures would serve then as an argument, that
metamorphic recrystallization of the Low Carpathian metapelites 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 conditiong of intrusions in orogenic regions, and therefore the
values of pressure need not unequivocally indicate the depth of crystalliza-
lion 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 [or these investigations.

Determination of P. T. conditions of metabasites Jormation

Determination of  formation of  basic metamorphites of gabbroid rocks,
dicrites, amphibolites was tried by P Pitoidk (1980) in his diploma work.
e used here the isotherms menlioned by Percuk (1970]. The original
praphs, alter new analysis of biotites we revised, completed and compiled
(e graph 3 according to the isotherms of Perc uk et al. (1976) and the
cosull is mentioned in Fies, 2 a, 2 b and 3. The determination of temperature
o formation of metabasites lies in the supposition, that at certain temperature
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E‘igi 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 Percéulk (1970). 1 — gabbroids from the HI-

boka cesta way, 2 — diorites from the Hlboka cesta way, 3 — diorites from Peterklin,
4 — diorites from Hlboka cesta way (microprobe andlysais).

the coexisting minerals of the given composition are in equilibrium. The work
of Cambel—Medved —Pitofidk (1981) brings evidence that diorites,
which are situated in granitoids and other amphibolic rocks from the Hlboka
cesta way [Bratislava) and amphibolic rocks of granitoids from Peterklin and
the area of the Sb deposit Pezinok are of metamorphic anatectic origin.
Therefore the data about the temperature of origin of amphiboles and biotite
nf these rocks are contemporaneously data about the temperature of meta-
morphic processes, because the temperature of granite and bhasic magma
¢hould 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 the 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 Pitofiak 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 thermobarometric investigations indicate that the interpre-
various methods of determination and of various dependences and graphs
tation 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 Hlbokd cesta way give
the lowest temperatures of origin 500 °C, what may confirm that these rare
rocks from the Hlbokd 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 Peterklin [(north—east of Pezinok) 500 to 550 °C
and  the highest between 550—600 °C diorites from the Hlbokda cesta way and
amphibole granitoids from the area of Sh-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 transitional
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Fig, 3. Relation of ratio Mg/Mg-+Fe-+Mn in biotite and amphibole with indicated iso-

therms according to Peréuk (1970). A-538 — biotite — amphibole quartz metariorite,

Hlbokd 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 — bhio-
tite tonalite with amphibole near Kalvaria, Hlooka cesta way Bratislava.

magmatic-metamorphic character and therefore the result of measurement
can he accepted. The mentioned succession of temperatures can be accepted
Leecause diorites from the Hlboka 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
hodies in granitoids, but are a part of the schistose sequence. Here the con-
frontation of measurements obtained in metapelites and metabasites should
lcad o analogical resulls,

Further thermobaromelric methods of the investigation lof metabasites

In the last time metabasites from crystalline rocks of the Low Carpathians
were very inlensely studied, (B. Cambel — L. Kamenicky monograph
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in press and B. Cambel — ]J. Medved, 1981). Attention was paid mainly
to metabasites higher-grade metamorphosed, corresponding to the conditions
of amphibolite metamorphic facies or metamorphosed in the sense of Win-
kler (1975) in conditions of ,low grade and medium grade” metamorphism.
It the presented part of the work we mention the results of the investigation
of metamorphism of basgic rocks, carried out in the last time by |J. Spisiak
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Fig. 4. Diagram of content dependence of FeO tot. on FeO tot/MgO [(A. Miyashiro
— H. Shido, 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 B. Cambel — P. Pito-
hdk (1980).

Cn the basis of wvarious petrochemical and geochemical classifications,
wainly on the basis of elements of the iron groups and contents of rare
carths (B. Cambe] — J. SpisSiak, 1979; B. Cambel — J. Kamenicky
-- in press) the melabasites 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 (Hovorka — Spi§iak, in press, Hovorka —
bajanik — Spisiak, in press). The conditions of metamorphism of me-
tubasites 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 7,
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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 [Spisiak] presents following ana-
lysis of results with application of the individual methods and applies them
te: conditions of the origin of metabasites [amphibolites] in the Low Car-
pithian region.

IF'or determination of thermodynamics of amphibolite origin can be used
the step-like change in composition of plagioclases [composition of plagio-
clases with basicity from An. to Any, is missing in the order of plagioclases
of various rock types). For the occurrence of plagioclases in metamorphites
lhis characleristic step in their composition is used for thermometric investi-
gations, because it has been established to proceed as to the temperature of
teldspar origin 20 to 40 °C, below the limit between the low and medium
grade of metamorphism ,low grade, medium grade® (H. Winkler, 1975).
it should be remarked that in investizations a big problem in amphibolites
and other amphibolic rocks of the Low Carpathians is to determine the basi-
cily 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 pleochroism 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, hrown. 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-
hrown 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
egreenish-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 characteristics themselves can
be vsed for approximate determination of thermality of mineral origin.

Besides the classical chemical analyses, the chemical analyses were ob-
fined by X-ray microanalyser. The amphiboles represent one of the funda-
rmentil mineral phases of metabasites, which underwent various grade of
metamorphic  recrystallization and subsequent influences were reflected
in the properties of these minerals. Already the amphiboles alone are thus
an important indicator of thermodynamic conditions of the origin of amphi-
bolites. The present-dlay statements permit to find out the general regularities
b their chemical compogition. For example, it has been established that with
ristng  lemperature of metamorphic recrystallization in amphiboles the con-
tent ol alkalic metals and titanium increases and simultaneously aluminium
i four-fold coordination increases to the detriment of aluminium in six-fold
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coordination, also a gradually sinking silicon content with increasing of me-
tamorphism was established. It is also necessary to call attention, that in
the work of Cambel [(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- Fig. 6. Diagram of dependence of Ti
tent on Ca--Na-+K [A. Miyashiro, content an from Si (Vejnar, 1977). A

1973). Fields according to gamma pleo- — field of bluishgreen amphiboles, B —

chroism of amphiboles: A — field of ac- field of green and brownishgreen amphi-

tinolite, B — bluishgreen, C — greenish-  boles, C — field of brown amphiboles.
brown. The other as in Fig. 4, 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 iother 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 he considered as magmatic types and thus high-thermal according
1o numerous marks. It will be necessary to pay more attention to these rocks
and to take this fact inlo consideration appropriatelly in clearing up of the
penesis.

Amphiboles from diorites in both cases [Figs. 5 and 6] fall into the field
it. The relatively reduced content of titanium and alkalies can be caused by
preferrential entering of these components into biotite of into biotites forming
with later biotitization of amphiboles,

I 1 n M v
0730

07251 Fig . 7. Diagram of Ti distribution in
amphiboles from metabasites of various
020 grade of the metamorphic recrystalliza-
Ti | ticn (Raase, 1974), I — facies of green
0157 schists, 11 — low-temperature part of
amphibole facies, 111 — high-temperature
010 part of amphibolite facies. IV — amphi-
hole-granulite facies, V — amphiboles
005 from metabasites of the Low Carpathians,
empty squares — amphiboles from gab-
os ¢ & 0% o5 8 r:rrmrpph.ilmliltc-s_. full squares = a_i:nphiho-
n les irem diorites and amphibolites s.s.

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

In the diagram of Ti distribution in amphiboles from metabasites of various
grade of metamorphic recrystallization (Fig. 7) 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 of amphibolite facies.

On the basis of amphibole classification (}CEiJldlﬂg to Leak (1978) we
can the studied 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 (Hovorka — Spisiak, in press Hovorka — Bajanik — Spi-
giak, in press]. This fact could testify to metamorphic and genetic similarity
of metabasgites in the extent of the whole West Carpathians.

On the 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 Llow grade and medium grade” metamorphism in sense of
Winkler [1975]). The baric conditions of metamorphism on the basis
0! the presented resulls were 400 to 600 MPa. It is necessary to point out,
that, however, in dynamic comprehension of development of the given region
thee supposed pressure cannol be related only to the depth, in which the
metamorphic conditions exisl.

[n is necessary also o mention, that in thermobarometric determinations
an the hasis of the investigation of metabasites it is necessary to take into
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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 penetration of the
granitoid magma in the orogenic and late-urogenic phases. This process of
uvnequal 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 dingram of amphiboles modified by Wenk et al. [1974). A —

field of tschermakitte common amphibole, B — field of Mg-Fe of comman amphibole,

C — field of actinolite cemmon amphibole, D — field of actinolite and tremolite,
dashed is the field ol amphiboles from the amphinoles of the Lepontine Alps.

Variscan orogene were taking place and later the rocks were influenced by
the Alpine orogeny, as testified by radiometric datings by K/Ar method (C a m-
bel —Veselsky, 1981).

So retrograde metamorphism of melabasites 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
ied to gradual shortening of elongated forms of amphiboles and formation of
isomeltric grains.

The above mentioned facts support the importance of metamorphic condi-
tions, which render determination of thermobarometric data of amphibole
crigin very difficult.
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Fig. 9. Classilication diagram of amphiboles according to Leak (1978) 1 to 4 as in

Fig. 4 (1—IV), 5 — field of amphiboles from gabbroid rocks, 6 — field of amphiboles

from diorite rocks with plotting of the calculated temperatures according to Pito-

idak (1980), 7 — field of amphiboles from metabasites of the Rudhany area (H o+
vorka — Spisiak, in press].

Thermobarometry of ores and granitoids

We remind that paleothermometric measurements were also carried out
on pyrite ores of the Low Carpathian region. (Zukov — Savcenko in
Cambel — Zukov — Savienko, 1980). The results of research pro-
vided considerably lower paleothermometric values against expectation, which
tdy 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
resulls, that although there are syngenetic ores, metamorphosed together
with rocks in which they are found, the established paleothermomelric data
cannolt be considered as decisive from the standpoint of determination of the
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fermed 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. Macek [in press) determined by the two-
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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: 1 — two-mica granitoids and biotite granites, 2 — Dbiotite granodiorites,
3 — Diotite and biotite-amphibole tonalites; A — tonalites, B — bhiotite granodiorites,
C — two-mica granitoids, D — leucocratic granitoids.

feldspar method according to Barth (Barth, 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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nenerals must have recorded the changes caused by hydrothermal solutions,
mainly when there are superimposed younger regeneration processes, which
the author supposes. Therefore genetic interpretations cannot be based on
this paleothermometric determination.

In our darticle we mention the graph Q-Ab-Qr of thermodynamic conditions
of crystallization of granitoids, which is guoted 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
magsif, which are biotite granodiorites, metamorphose the Harmonia Group,
it is not possible to accept this data of depth from the geological viewpoint.
Against such an interpretation also the character and grade of metamorphism,
caused by the granodiorite of the Harmonia Group, testify. On the contrary,
some two-mica granitoids of the Bratislava massif, which originated and
aleo 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 0-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 facls are taken into regard in the graph compiled by Vili-
povie (in press), whose analyses are recalculated according to mesonorm.
According o the results of the investigation of Petrik (1980) the paleo-
thermality of biotites took place in the interval of 700—800 °C and Macek
(in press), on the basis of scandium contents, determined the temperatures
of hictite crystallization 1o 650—730 °C. From these data results that the
lowest temperature of feldspar crystallization from melt was essentially above
600 “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 G00—
960 °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-
hining and overlapping here. They valuated the knowledge and data con-
cerning  determination of  thermodynamic parameters of metamorphism ob-
trined by various methods, The metamorphism in the Low Carpathian region
was laking place in thermodynamic conditions of the lower and medium
grizde of amphibolite facies and the supposed temperature of metamorphism
is 500 -600 “C and lower, depending on the distance from the granitoid in-
teusion, which largely controlled  the metamorphic effect. Cooling of indi-
vidgual minerals of the granitloid magma look place probably at temperatures
hetween 900—600 °C and at feldspars somewhal lower and was of unequal
discontinuous course, depending on tectonic processes ol the Variscan oro-
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geny, on the velocity of the movement of melts and emanations escaping
from them. The authors point to the contradiction of some cblained thermo-
dynamic data with geological knowledge and state, that mainly lhe deter-
mination of depths of endogenous processes in orogenic regions has rather
4 normative than a real valueresulting mainly from the fact that in orogenic
regions the pressure factor is not only of the character of hydrostatic but also
of uni-directional pressure. Therefore the authors consider the mentioned cal-
culations of the depth of endogenous processes as less real.

Translated by J. Pevny

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

4Y: Sillimanite—staurolite—Dbiptitic pararule (p], fine-grained, Bratislava, na Hre-
bienku,

7Y: Garnet—sillimanite—Dbiotite paragneiss (p), fine-grained, Limbach, Sinetné
udolie valley, (p), elev. p. 306.

17Y: Biotite paragneiss [p), fine-grained,

Road from Bratislava to Devin, LiStie diery, mouth of Mokry jarok.
KB — 1Y: Sillimanite—garnet—Dbiotite paragneiss [p], fine-grained,
Bratislava, Zelezna studnicka, at the left side of the brook 100 m from the
concrete bridge.
KB — 2Y: Garnet-biotite paragneiss [p), fine-grained,
Bratislava, Zelezna studnitka, Cesta mladeZe way, 150 m from the houses
at the left side of the brook.
KB — 5Y: Garnet—sillimanite—biotite paragneiss (p), fine-grained, Bratislava—Lamadc,
cottage area, 200 m from the last cottage in the narrowed valley of the
brook.
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