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Ti-bearing andradite—prehnite—epidote assemblage from the
Mala Fatra granodiorite and tonalite (Western Carpathians)

Shah Wali Faryad' and Ivan Dianiska?

Abstract

Calc-silicate minerals (Ca-garnet, prehnite, epidote, titanite, actinolite) occur associated with chlorite and muscovite
in Variscan tonalite and granodiorite of the Tatricum Unit in the Mald Fatra Mountains. They formed during post-
magmatic cooling of granitoids. Garnet is rich in fluorine (F = 1.58 wt%) and Ti = 3.29 wt% with the end-member
contents ranging between 30-74 mol% for andradite, 32-42% for grossularite and 1-14% for schorlomite +
morimotoite. Major element contents in garnet indicate the exchanges of Fe**Al |, Fe*TiFe’* , and VITi™VFe*TVSi 4
VIAL,. Mineral assemblages and thermodynamic calculation indicate temperature of ca 360-380 °C at 0.2 GPa for
garnet, prehnite and epidote formation. The tonalite and granodiorite were affected by Alpine metamorphic over-
print, which resulted in deformation and formation of very low-grade mineral assemblages, involving pumpellyite,
epidote, chlorite, muscovite, albite and microcline. P-T calculations yielded pressure of ca. 0.3 GPa at 300 °C for this

metamorphic event in the Mala Fatra Mts. of the Tatricam Unit.

Keywords: Ti-bearing andradite, granitoids, hydrothermal alteration, Alpine metamorphism.

1. Introduction

Grossularite-andradite garnet with epidote,
pumpellyite and prehnite occur in very low-grade
metamorphic and hydrothermally altered rocks
(Coombs et al., 1977; Tulloch, 1979; Cho and Liou,
1987). Ti-bearing andradite “melanite” contains
high schorlomite, Ca;Ti,Fe3,8i0,,, (e.g. Howie
and Woolley, 1968; Kiihberger et al., 1989) or mo-
rimotoite, Ca;Fe**Ti**Si;0,,, (Henmi et al., 1995)
component that is a result of two different substi-
tution mechanisms in the tetrahedral site. One
type of titanian andradite can be interpreted as
solid solution between morimotoite and andra-
dite Ca,Fe?",Si;0,, with an additional substantial
hydroandradite substitution (Lager et al., 1989;
Armbruster et al., 1998). The other type of substi-
tution that leads to schorlomite is (Fe’*, Fe?+, Ti*,
Al) — Si** for which charge balance is achieved
by Ti** in the octahedral site (Henmi, 1995; Arm-
bruster et al., 1998). Most of these garnets exhibit
a Si deficit charge balanced by the (OH,)* —
(SiO,)* substitution.

Ti- and F-bearing Ca-grandite is found in asso-
ciation with epidote, pumpellyite, prehnite, titan-
ite and muscovite in Variscan granodiorite, tonal-
ite and in migmatite enclaves in tonalite in the
Mala Fatra Mountains. Detailed petrographical

study of granitoids indicated various degree of de-
formation and very low-grade metamorphism
that make difficult to distinguish minerals formed
by these two processes. By analogy with other
Western Carpathian units, this metamorphism is
related to Cretaceous nappe tectonics and colli-
sional processes that reached greenschist to epi-
dote amphibolite facies conditions in the Vepori-
cum unit (Fig. 1A), but for the Mald Fatra Moun-
tains has not been known. The aims of the present
study are: (1) to define mineral assemblages
formed during post-magmatic hydrothermal al-
teration and those related to Alpine metamorphic
overprint, (2) to analyze the compositional varia-
tions and the main substitutions in Ti-bearing Ca-
grandite and (3) to specify temperature and pres-
sure conditions for Alpine metamorphism.

2. Sample description

The grandite-bearing granodiorite and tonalite
are part of the Tatricum basement rocks, which
are exposed in the Mald Fatra Mountains in the
northwestern part of the Slovak Republic (Fig. 1).
The basement rocks include amphibolite-facies
eneisses and amphibolites, migmatites and grani-
toids. The migmatites occur mainly along the
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Table 1 Major element composition (wt% ) of tonalite (average from 8 samples).

Si0, ALO;  TiO, Fe,O; MnO MgO Ca® Na,O K, 0 PO S LOI
66.76 15.75 0.45 3.43 0.07 1.35 2.83 426 2.67 0.19 0.15 2.09
Total Fe as Fe,04

Table 2 Succession of mineral formation in the Mala
Fatra granodiorite and tonalite.

Table 3 Selected microprobe analyses of igneous
biotite, plagioclase and amphibole from tonalite.

Igneous post-magmatic metamorphic
phases cooling overprint
Plagioclase Garnet Zeolite
K-feldspar Epidote Pumpellyite
Biotite Prehnite Microcline
Quartz Muscovite Epidote
Amphibole Chlorite Muscovite
Allanite Titanite Chlorite
Albite Calcite
Microcline Albite
Quartz Quartz
Actinolite
Poland T
Czech
Republic

Ukraine

Fig. I Distribution of the Pre-Alpine basement units
in the Western Carpathians (A), Geological sketch map
of the Mala Fatra basement unit (B) with location of the
tunnel.

metamorphic rocks

boundary of granitoid and metamorphic rocks,
but also form enclaves (up to several meters in
diameter) in the tonalite (Kamenecky et al., 1987).
Thermobarometric data indicated peak P-T con-
ditions of ca 700-750 °C/0.6 GPa for metapelitic
migmatites and 700-750 °C/0.8-1.0 GPa for meta-
basites that occur in the contact zone with grani-
toids (Jandk and Lupték, 1997). According to Bro-

Sample 2005 MHV565
Mineral Biotite Plagioclase ~ Amphibole
SiO, 37.84 61.14 44.39
TiO, 3.40 0.06 0.84
AlLO; 16.28 24.17 10.13
FeO 19.28 0.41 15.97
MnO O.3E 0.00 0.70
MgO 10.46 0.00 11.56
CaO 0.07 6.27 11,92
Na,O 012 724 1.45
K,O 9.81 0.36 1.07
Total 97.56 09.74 08.03
Formulae per 11(O)* 8(0) 23 (O)**
Si 2.900 2.747 6.545
Ti 0.197 0.002 0.093
Al 1.470 1.280 1.760
Ee# 0.000 0.000 0.588
e 1.236 0.018 1.381
Mn 0.021 0.000 0.087
Mg 1.195 0.000 2.541
Ca 0.006 0.302 1.883
Na 0.018 0.631 0.415
K 0.959 0.020 0.201
An 0.317

Ab 0.652

Or 0.020

* 11 oxygens and 6 cations + Na + K + Ca.
** Averaged Fe** from 13 and 15 cations.

skaetal. (1992) and Petrik et al. (1994), the grani-
toids belong to an I-type igneous suite that origi-
nated by dehydration melting of lower crust ma-
terial and by underplated mantle magmas. Broska
et al. (1997) estimated using Al content in horn-
blende a pressure of 0.32 GPa at 750-800 °C for
crystallization of the granitoid. Variscan age of
360 £ 10 Ma of this intrusive complex was ob-
tained by U-PDb (zircon) and Rb-Sr (whole rock)
geochronological data (Bagdasaryan et al., 1992).
The samples studied here are from the tonalite,
granodiorite and its migmatite enclaves exposed
in an exploration adit of the highway tunnel (Fig.
1B). Whole-rock chemical analyses of the tonalite
are listed i Table 1.

The Mala Fatra granodiorite and tonalite are
medium-grained, locally porphyric with plagio-
clase and perthitic K-feldspar crystals. They indi-
cate various degrees of alteration and deforma-
tion. Textural relations and mineral compositions
indicate that minerals observed were formed by
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0.2 mm

Fig. 2 'Tonalite with saussuritized plagioclase, biotite and quartz. Trails of garnet along biotite cleavage are kinked
(a) and folded (b). Note that garnet in (a) occurs only along cleavage.

Fig. 3 Back-scattered electron images of stripes or lenses of garnet (Grt) and prehnite (Prh) in biotite (Bt) (a) and

of garnet and pumpellyite (Pmp) in chlorite (Chl) (b) from a tonalite in the Mala Fatra Mts.

three different processes: (1) igneous, (2) post-
magmatic hydrothermal and (3) metamorphic
(Table 2). Point-counting of the granodiorite and
tonalite yielded 43-62 vol% plagioclase, 17-33%
quartz, 7-19% biotite and 0-25% K-feldspar. Ac-
cessory dark green amphibole, zircon, apatite and
allanite with euhedral rim of epidote also belong
to igneous phases in the rocks. Plagioclase may
form inclusions in K-feldspar and it is usually re-
placed by fine-grained white mica and epidote, es-
pecially in the more calcic cores (Fig. 2). The
migmatite displays a gneissic texture and consists
mostly of plagioclase, quartz, K-feldspar and bi-
otite. Biotite is altered to chlorite and locally con-
tains epidote, titanite, garnet, prehnite and
pumpellyite (Fig. 3).

Excepting strongly altered zones, the post-
magmatic minerals (Table 2) are present in acces-

sory amounts. Garnet is present in most samples
and in addition to chlorite and epidote it occurs
adjacent to biotite, titanite, prehnite and locally to
microcline. In most cases garnet forms thin strips,
lenses, pods (0.1-0.6 mm in length) or bulbous
grains of nearly colorless or pale brown color.
Garnet is slightly anisotropic and its elongate
crystals follow cleavage in biotite. In some cases
the garnet trails in biotite are deformed (Fig. 2).
Garnet, prehnite, pumpellyite and epidote can be
observed in the same thin-section, even in the
same chloritized biotite (Fig. 3). However preh-
nite, pumpellyite and epidote can be found also in
plagioclase. Prehnite occurs in partly chloritized
biotite but it was never found in biotite that was
totally replaced by chlorite. Accessory horn-
blende is partly replaced by chlorite, epidote, ti-
tanite and actinolite.
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Sch (Ca,Ti,Fe3SiO,,) ~ Mor (Ca;Ti Fe**Si;0,,)

/

20

\

20

GI‘S (Ca3A12 813012 )

Adr (CasFed'Si0,,)

Fig. 4 Composition of Ti-bearing andradite from tonalite, granodiorite and migmatite samples displayed in a
grossularite-andradite-(schorlomite + morimotoite) plot.

Table 4 Selected microprobe analyses of garnet from
the Mala Fatra tonalite and granodiorite.

SamplePMFI-12 PMF-9  MIV-565 2199 2005
Si0, 3623 3598 3568 3550 34811 35.68
TiO, 022 023 229 048 329 2.02
ALO; 897 11.09 1014 1084 684 9.87
Fe,0, 1842 1482 1440 1581 1881 16.50
FeO 0.00 091 142 061 047 141
MnO 043 045 036 051 040 030
MgO 002 004 019 004 015 000
CaO 3447 3545 3508 3477 3474 3321
E 048 111 074 158 - -
Cl 0.01 003 000 001 - -
Total 99.29 100.12 100.34 100.14 9952 98.99
Atoms per formula unit (for normalization see text)
Si 2962 2915 2876 2895 2.860 2.903
Ti 0.013 0.014 0139 0.029 0203 0.125
Al 0.856 1.032 0962 1.038 0662 0959
et 1122 0873 0823 0962 1173 1102
Re* 0.000 0.063 0.138 0.043 0021 0.110
Mn 0.029 0.030 0025 0.035 0028 0.021
| IIF I——1I I —I1I Mg 0.003 0.004 0023 0.005 0018 0.000
Ca 2990 2997 3.027 3.028 3.055 2934
20 FeO: | Na 0.000  0.000 0000 0.000 0.000 0.000
e K 0.000 0.000 0000 0.000 0000 0.000
AL-O H 0.022  0.000 0.000 0.000 0099 0.385
L0 ettt e V3l p 0.124 0277 0189 0406 - -
_ Whnson B 0.001 0005 0000 0001 - =
T i U eSUUOUN TiO> sps 1.0 1.0 0.9 12 1.0 0.7
frk alm 0.0 2.1 4.8 1.4 0.7 9.0
Fig. 5 Zoned grandite garnet (a) with compositional ~ PY 0.1 0.1 0.8 02 0.6 0.0
profiles of Ca0, FeO, ALO; and TiO, (b). I-IIT indicate &1 4(1)-2 43-% 43-; 4?-2 %-2 32-;
three compositional zones in garnet. Abbreviations: o s64 468 406 474 551 441

Bt —biotite, Chl—chlorite, Ep—epidote, Kfs—K-feld-
spar and Qtz—quartz. The brighter areas correspond to
andradite-rich garnet and inclusions of Fe-oxide.

Granodiorite and tonalite reveal various de-
grees of deformation. Quartz shows undulatory
extinction and large feldspar crystals form clasts
with cracks filled with white mica and epidote.
Strongly mylonitized tonalite and granodiorite
consist of plastically deformed quartz, phengite

— not detected.

and albite. Besides epidote and/or white mica oc-
curring in chloritized biotite (1) or in plagioclase
(2), they are present also in shear cracks (3). In
one case epidote overgrowing and rimming gar-
net was found. Veinlets of microcline are also
present in the rocks. Up to 3 mm long zeolite crys-
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tals were found in drusy vein occurring in a tec-
tonic zone, which crosses the tonalite. Textural re-
lations, mainly pumpellyite overgrowing prehnite,
indicate formation of pumpellyite during progres-
sive metamorphism after prehnite. Prehnite seems
to be a metastable phase coexisting with pumpel-
lyite. Pumpellyite replacing amphibole was also
found. Calcite forms microveins in plagioclase
and together with chlorite replaces amphibole.

3. Mineral Composition

Most minerals were analysed with a scanning
electron microscope JEOL 6310 at the Institute
for Mineralogy and Petrology in Graz equipped
with wavelength- and energy-dispersive spec-
trometers. Some minerals were additionally ana-
lysed by Cameca SX 100 at the Geological Insti-
tute of Dionyz Stir in Bratislava. Standards were
pyrope (Mg, Al), adularia (K), rutile (i), teph-
roite (Mn),jadeite (Na, Si) and andradite (Fe, Ca).
Operating conditions were 15 kV, 10 or 15 nA
with 20 s counting time. Representative mineral
analyses are given in Tables 3-6.

In the tonalite and granodiorite, the igneous
phases are biotite (Xy, = 0.37-0.49, Ti = 04
a.p.fu.), plagioclase (Any, s53), K-feldspar edenitic
amphibole (Si = 6.54 a.pfu., Xy, = 0.64, Table 3).

Biotite in the migmatite is rich inTi (0.53 a.p.fu.)
and has Xy, = 0.39. The anorthite contents in pla-
gioclase from the migmatite range between An,,
and Anyg. K-feldspar has near end-member com-
position (Na < 0.06 a.p.fu.).

Microprobe analyses of garnet indicate up to
3.29 wt% TiO, and 1.58 wt% F (Table 4).The min-
eral formulae of garnet, calculated by combina-
tion of hydrogarnet and schorlomite substitutions,
can be written as (CaFe?*);(AlFe’ Titr),
(Si,Fe**0O,); ((OH, F),,. The value of H,Si is
usually set by the charge deficiency that we have
balanced hydroxyl substitution. According to
Amthauer and Rossman (1998) this substitution,
investigated using Fourier transform IR spectros-
copy, occurs by the exchange of (SiO,* =
(O,H,)*. Samples with analytical totals equal to
100 suggest that the hydroxyl group [(OH, F)4]* is
occupied only by F (Table 4). In samples with low
analytical totals and low TiO, contents, the hydro-
garnet  substitution was normalized to
(Ca+Fe+Ti+ Al+Mg+Mn) = 5. Most analyses indi-
cate maximum hydroxyl content x = (OH, F)/4 =
0.1 a.p.fu. in garnet. This value was used also for
schorlomite substitution in Ti- rich garnet, where
the analyses were normalized to (Ca+Fe+Ti+Al+
Mg+Mn+Si) = 8+x.

The garnet composition varies in the range of
22-44 mol% grossularite, 46-74% andradite,

Table 5 Microprobe analyses of epidote, prehnite and pumpellyite from tonalite.

Mineral Epidote Prehnite Pumpellyite
Sample 2005 2199 2005 2199 2199
Position in Pl in Pl in Bt in Bt

Si0, 36.49 36.79 37.42 43.58 43.17 43.070 3727 38.08
TiO, 0.12 0.13 0.00 0.00 0.06 0.090 0.18 0.01
Al,O, 20.80 20.55 22.19 23.11 21.18 18.510 20.19 23.75
Fe, 0, 15.35 16.04 12.90 1.29 3.678 8.42 8.238 3.828
TeO - - - - - - 3.248 1251
MnO 0.61 0.80 0.00 0.55 0.07 0.00 0.08 0.17
MgO 0.11 0.00 0.06 0.07 0.00 0.00 271 3.93
CaO 21.73 21.09 21.87 26.28 26.97 25.35 22.67 22.99
Total 95.21 954 94.44 94.88 95.128 95.44 94.59 94.01
Formulae per 12.5 (O) 11 (O)

Si 3.019 3.046 3.077 3.025 3.025 3.056 6.049 6.051
Ti 0.007 0.008 0.000 0.000 0.003 0.005 0.022 0.001
Al 2.028 2.005 2.150 1.890 1.749 1.548 3.861 4.448
Fe3+ 0.959 1.011 0.803 0.0749 0.1939 0.461 1.006 0.458
Fe?+ - - - - - - 0.441 0.166
Mn 0.042 0.056 0.000 0.032 0.004 0.000 0.011 0.023
Mg 0.014 0.000 0.007 0.007 0.000 0.000 0.657 0.931
Ca 1.926 1.871 1.927 1.954 2.025 1.927 3.942 3.914
7o 0.03 0.01 0.17

Ep 0.97 0.99 0.83

Xp2t 0.321 0.335 0.272 0.034 0.099 0.230 0.207 0.093

Atoms per formula unit: epidote (12 oxygens + 1 OH ), prehnite (11 oxygens and 7 cations),

pumpellyite (49 oxygens and 16 cations).
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Table 6 Microprobe analyses of white mica, chlorite, actinolite and K-feldspars

from tonalite.

Sample 2005 MHV565
Mineral Muscovite Chlorite Kis Act
Position in vein in Pl shear cracks with Grt in Chl rim of Ed
Sio, 44.74 44.92 47.69 48.01 29.55 63.45 54.42
TiO, 1.11 0.71 0.76 0.55 0.11 0.29 0.05
Al O, 26.65 28.47 29.14 29.66 16.40 18.04 1.1
FeO 6.63 6.71 572 4.98 23.04 0.39 13.16
MnO 0.63 0.63 0.01 0.08 0.92 0.00 0.76
MgO 1.58 1.21 1.70 1.14 18.21 0.05 15.41
CaO 0.10 0.04 0.00 0.00 0.24 0.04 12.46
Na,O 0.20 0.27 0.12 0.00 0.01 0.69 0.4
K,O 9.45 9.48 10.06 9.99 0.02 15.49 0.05
Total 91.35 92.64 95.20 94.41 88.50 98.44 97.82
Formulae per 11(0)* 28(0) 8(0) 23(0)
Si 3,197 3.159 3242 3.293 6.128 2.980 7.827
Ti 0.060 0.038 0.039 0.029 0.017 0.010 0.005
Al 2.244 2.359 2.334 2.398 4.008 0.999 0.186
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.1897
Fe2+ 0.393 0.380 0.325 0.286 3.995 0.014 1.3931
Mn 0.038 0.038 0.001 0.005 0.161 0.000 0.003
Mg 0.169 0.127 0.173 0.117 5.629 0.003 3.304
Ca 0.008 0.004 0.000 0.000 0.052 0.002 1.920
Na 0.028 0.037 0.016 0.000 0.002 0.063 0.112
K 0.861 0.851 0.872 0.874 0.006 0.928 0.000

* 11 oxygens and 6 cations + Na + K + Ca.

Kfs: K-feldspar, Act: actinolite, Ed: edenite.

1-10% schorlomite, 0-5% morimotoite (Fig. 4),
0.5-25% spessartine, 0-1% pyrope, 0.0-3.5
almandine. Some isometric garnet grains exhibit
irregular zoning, but generally cores are Ti-rich
and rims grossular-rich (I-III, Fig. 5), where cores
are relatively rich in Ti and rims have higher Al
contents. The lighter domains and narrow bands
in Fig. 5a correspond to Fe- rich and Ti-poor gar-
net with up to 74 mol% andradite content.

To trace compositional changes and Ti varia-
tion in garnet, the model of additive components
of grossularite (Labotka, 1995) and andradite
(Russell et al., 1999) with some exchange compo-
nents: Al[Fe3t] , H,Si,,TiSi ,, Fe Al ;,FeCa_;, Mg-
TiAlL,, Fe?" Mg, MnCa_, MgCa_; TiMg[Fe*],
and (TiFe**Si ;Al ;) can be adopted. Because of
very small amounts of Mn and Mg in the studied
garnet, the last five exchange components are ne-
glected.

The most significant correlation occurs among,
the components TiSiy, Fe’**Al ,, indicating de-
crease of Al and Si in Ti-rich garnet compared to
that in Ti-poor garnet. The TiSi_; (TiFe*'Si_;AL;)
exchange to andradite defines schorlomite
(Ca;Ti,Fe,*'Si0y;), and morimotoite (CasFe?
Ti*'81,04,) is described by applying one unit of
TiFe?*[Fe*t]_; exchange to andradite (Fig. 6).

Epidote is rich in Fe** with very small clino-
zoisite contents of 0.01-0.17 (Table 5). Higher
clinozoisite content shows epidote located in pla-
gioclase. The Fe3+/( Al+Fe?*) values in most preh-
nite occurring in biotite and chlorite are around
0.1, but low-Fe prehnite with a value of 0.03 is
present in plagioclase. Iron-rich prehnite with
Xgot = 0.23 was analyzed in biotite (Table 5). The
chemical formula of pumpellyite was calculated
using the general formula W, X Y5 Zg O,y
OHg_y), where W = Ca, Na, X = Fe, Mg, Mn, Y =
Fe’+, Al, Cr, Ti and Z = Si (Coombs et al. 1976). It
shows slight variation in MgO (2.5-4.5 wt%) and
major variation in ALO; (16.6-23.8 wt%) and
Fe,O; (4.5-15.5 wt%) contents (Fig. 7). Most
pumpellyite grains are zoned with increase of Al
(3.86—4.448 apfu.) and Mg (0.66-0.93 a.p.fu.)
and decrease of Fe*' (1.44-0.61 a.p.fu.) from
core to rim.

There is no systematic compositional change
between different textural varieties of white mica
and chlorite. The Si values of phengite are in the
range of 3.15-3.29 a.p.fu. based on 11 oxygens
(Table 6). Chlorite has Xy, = 0.58. Microcline
forms thin veinlets in the rock. Accessory actino-
lite rimming or overgrowing edenite has Si = 7.6—
7.9,Al,; =0.2-04 ap.fu. and Xy, =0.7.
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0.08 0.13

TiS1,
Fig.6  Compositional variation in titanian grandite gar-
net from the Mala Fatra Mts. are summarized in plots of
Al:Fe* (a) and'TiFe?[Fe*]_, vs. TiSi (b). The exchange
component TiFe?*[Fe*],, results from combining the
two exchange vectors TiMgi[Fe*], and FeMg,
(Russell et al., 1999).

0.03 0.18

4. Origin and P-T conditions of
metamorphic minerals

Mineral assemblages consisting of grandite, preh-
nite and epidote have been widely reported from
very low-grade metamorphic rocks and from in-
trusive complexes, where they are result from hy-
drothermal convection systems during cooling of
igneous rocks. Freiberger et al. (2001) assumed
that hydrogarnet in plutonic rocks from the NW
Massif Central (France) represents an early post-
magmatic phase, predating prehnite. This inter-
pretation can be adopted for garnet and coexist-
ing prehnite, epidote, titanite and chlorite, replac-
ing biotite in the Mald Fatra rocks. The presence
of deformed and kinked garnet along biotite
cleavage (Fig.2)is a good argument for formation
of garnet prior to deformation and very low-grade
metamorphism. However, rims of some zoned
garnets with relatively low 11 and high Al (Fig. 5)
could be related to a later metamorphic process.
Other minerals related to the cooling history of
granitic magma are actinolite replacing edenite
and microcline occurring in biotite with prehnite
and garnet. Muscovite formed during this event
occurs within or adjacent to chloritized biotite.
The replacement of biotite by chlorite releases
Ti, K and some Si in exchange for H,O (e.g.
Leake, 1998; Russell et al., 1999). Ca necessary for

garnet, epidote, prehnite and titanite must have
been obtained largely from the altered calcic
cores of the plagioclase. Potassium released from
biotite was incorporated in muscovite while Ti
played an essential role in formation of titanite
and schorlomite and morimotoite components in
garnet. Mass balance between reactants and pro-
ducts, involving Ti-rich core of garnet, can be esti-
mated based on the chemical composition of min-
erals involved in the hydrothermal or metamor-
phic system. Replacement of biotite through
prehnite or epidote in the grandite-absent reac-
tions led to the formation of titanite:

P1 + 0.266 Bt + 0.189 Qtz + 1.865 W = 0.266 Ms

+0.119 Chl + 0.456 Prh + 0.106 Tnt (1)
Pl + 0.247 Bt + 0.173 Qtz + 1.373 W = 0.247 Ms
+0.113 Chl + 0.465 Ep + 0.099 Tnt (2)

10.284 Pl + 2.916 Bt + 9.932 W = 0.832 Grt
+1.242 Chl + 2.916 Ms + Tnt + 17.187 Qtz (3)

18.125 PL + 0.906 Bt + 1.752 W = 1.813 Grt
+0.196 Chl + Ms + 42.797 Qtz (4)

These reactions were calculated for average
composition of minerals given in'Table 3-6 and Ti-
rich grandite with maximum Ti = 0.203 a.p.f.u. All
reactions producing secondary minerals occurred
by the supply of fluids.

To estimate P-T conditions of crystallization
of tonalite and granodiorite, the amphibole-
plagioclase thermobarometry, using the software
program by Anderson (1996), was applied.The es-

Ca

Fig. 7 Al-Fe**—Ca diagram showing the variation of
garnet, prehnite, pumpellyite and epidote. Dashed and
solid lines connect post-magmatic and metamorphic
phases respectively.
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Fig. 8 Isotherms of the Al-Fe** distribution between
coexisting epidote and grandite for the 400-600 °C tem-
perature range at 0.3 GPa (B&H—Bird and Helgeson,
1980; F—Fehr, 1992). Diamonds represent data from
this study.

timates are based on the methods developed by
Holland and Blundy (1994), Anderson and Smith
(1995). The pressure conditions calculated for
sample MHYV 564 range between 0.51-0.53 GPa
at 703-734 °C.

The stability field of grandite shows a wide
temperature range (Meagher, 1980), but the pres-
ence of prehnite and Fe-rich epidote, assumed to
be in equilibrium, suggest temperature < 400 °C
(Cho and Liou, 1987). According to Kitamura
(1975), Heuss-Assbichler and Fehr (1997), the
partitioning of Al and Fe in epidote and grandite
points to temperature dependence of the ex-
change reaction of Adr + Czo = Grs + Ep. Bird
and Helgeson (1980) and Fehr (1992) developed
an isobaric Xg, vs. X, 4 diagram for coexisting
epidote and grandite for the temperature range
400-600 °C at 0.3 GPa pressure (Fig. 8). Isotherms
of both calculations fit well for X, ca 0.7, which is
the case of grandite-epidote from the Mala Fatra
Mits. All analyses have X4 < 0.5, and excepting
two analyses, they indicate temperature lower
than 400 °C. Temperatures of 360-380 °C at 0.1—
0.25 GPa (Fig. 9) are obtained for the reaction

Prh=Grs + Qtz + Czo + W (5)

calculated using the TWEEQ program (Ber-
man, 1996; database JAN92) in the CASH system.
The used activity models other than garnet and
amphibole are listed in Table 7. Since the replace-

ment textures between individual Ca-Al silicates
are rare, and all three Ca-Al silicates may occur
within a single biotite pseudomorph, the tempera-
ture-dependent reaction between phases were
probably too sluggish to proceed noticeably.
Temperature of ca 360 °C yielded the actino-
lite rimming edenite by the equilibrium reaction

Prh+ Chl+ Qtz=Ep + Act + W (6)

which defines the upper temperature bounda-
ry of prehnite-actinolite facies in the CMASH
system. Based on experimental data in the CO,-
free CMASH system (Cho and Liou, 1987), this
reaction with two other boundary reactions be-
tween prehnite-pumpellyite and greenschist
facies form an invariant point at 340 °C and 0.22
GPa. With increasing X¢p, and X", the invari-
ant point shifts to lower pressures and tempera-
tures. In our case, calcite is only an accessory
phase in the studied rocks and probably has negli-
gible effect on the reaction position.

Minerals clearly formed by the metamorphic
overprint in the Mald Fatra rocks are: (1) zeolite
forming drusy veins in tectonic zones, (2) white
mica and epidote occurring in shear cracks, (3)
adularia and calcite forming veinlets that cross cut
other matrix minerals, including undulating
quartz,in the granodiorite and tonalite. Composi-
tional zoning of pumpellyite (increase of Mg and
Al towards the rim) and its formation after preh-

P[GPa]

0.4

0.2

\ T[]

I . 1
200 300 400

Fig. 9 P-T diagram showing the boundary reactions
among prehnite-actinolite (PRA), prehnite-pumpel-
lyite (PRP) and greenschist facies (GS) (after Cho and
Liou, 1987). The Si isopleth for phengite is after
Massonne and Schreyer (1987). The equilibrium reac-
tion prehnite = grandite + epidote + H,0O was calculated
in the CMASH system using the TWEEQ (Berman,
1996). Numbers in circles indicate inferred P-T condi-
tions for post-magmatic alteration (1) and Alpine meta-
morphic overprint (2} in the Mala Fatra granodiorite
and tonalite.
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Table 7 Activity model and calculated activities used.

Phase Structural formula Activity Ref. Model activity
Prehnite (Prh) Ca,Al,S1;0,( OH), Xal 2 (.88 LR
Clinozoisite (Czo)  Ca,ALSi;O,(OH) Xal 1 0.70%,0.72*+*
Chlorite (Clin) MgsAL[Siz00](OH)g 0.7(Xng)® 1 0.07%, 0.07**
Pumpellyite (Pmp)  Ca,MgAlLSi,O,(OH);,  4XNiXM 1 k7 ks
Amphibole (Tr) Ca,Mg;Siz0,,(OH), (XM P(Xa g PXE)E 1 0.13*

References: (1) Evans (1990), (2) Bird and Helgeson (1980).
* and ** indicate activity models used in the post-magmatic and metamorphic reactions,

respectively.

nite also suggest metamorphic origin of pumpel-
lyite. All these minerals (Table 2) are indicative
for very low-temperature deformation processes
in the Mald Fatra Mts. Formation of pumpellyite
after prehnite suggests transition from prehnite-
actinolite to prehnite-pumpellyite facies that
based, on the facies boundaries (Cho and Liou,
1987), indicates pressure of ca. 0.3 GPa at 300 °C.
Temperature higher than 300 °C can be assumed
by the lack of zeolite as equilibrium phase with
prehnite or with pumpellyite. The equilibrium re-
action

Prh + Ep + Chl +W = Pmp + Qtz (7)

indicates a pressure of ca 0.4 GPa at 300 °C. If
the phengite barometry of Massonne and Schrey-
er (1978) is valid for post-magmatic muscovite +
K-feldspar, formed by replacement of biotite at
T <400 °C, then the pressure of ca. 0.3 GPa at 350
°C can be derived from the isopleth of Si = 3.29
a.f.u.However, this pressure is subject to a consid-
erable uncertainty due to possible Fe3* content in
phengite.

5. Conclusions

The textural relations in granitic rocks from the
Mald Fatra Mts indicate that Ti-bearing grandite
garnet—epidote—prehnite and prehnite—epidote—
actinolite—chlorite assemblages originated during
post-magmatic hydrothermal alteration. The mass
balance calculations among reacting and produc-
ing minerals suggest addition of fluids. Correlation
between major elements in F- and Ti-bearing gran-
dite indicates an exchange of YITilVFe3* IVSi (V1AL
to andradite and grossularite for schorlomite.
Equilibrium conditions calculated for coexisting
garnet, epidote and prehnite were 360 °C at P <
0.2 GPa and for actinolite—epidote—chlorite ca.
380 °C. Considering P-T results of amphibole-
plagioclase thermobarometry, the cooling of to-
nalite and granodiorite from their crystallization

to post-magmatic alteration and grandite forma-
tion took place by decreasing pressure and tem-
perature from 703 °C/0.51 GPa to 360-380 °C/ 0.2
GPa.

The very low-grade metamorphic overprint,
which led to mylonitization and ductile deforma-
tion of granitic rocks, probably related to Creta-
ceous tectonometamorphic processes, resulted in
thrusting in the Western Carpathians units. Miner-
als formed during this event are pumpellyite re-
placing prehnite, epidote, phengite, chlorite and
albite, thus indicating very low-grade P-T condi-
tions of ca 0.3 GPa at 300 °C.
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