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Abstract The Meliata unit represents a mélange-like ac-
cretionary wedge, containing blueschist facies tectonic
blocks and slices in a Triassic and Jurassic sedimentary
matrix. The blueschist facies rocks are tectonic remnants
of the subducted parts of the Meliata-Hallstatt branch of
the Tethys. The phyllosilicate assemblages in very low-
grade metapelites represent metastable disequilibrium
stages which the assemblages have reached during reac-
tion progress. Therefore, temperature and pressure val-
ues of low-T metamorphism of the sedimentary series
and the late stages of decompressional cooling of blue-
schist facies rocks, obtained by phyllosilicate “crystalli-
nity”, chlorite thermometric and white K-mica geobaro-
metric methods, can be regarded as semiquantitative esti-
mates. However, results of chlorite–white mica thermo-
barometry suggest that local equilibrium was approached
at a microscopic scale. For deciphering the age relations
of prograde and retrograde events, K–Ar isotope geo-
chronological methods were applied. The sedimentary
series and related basalts of the Meliata unit experienced
high-T anchizonal prograde regional metamorphism, the
temperature and pressure of which can vary between ca.

280 and 350 °C and ca. 2.5 and 5 kbar. White K-mica b
geobarometry suggests possible minimal pressures of ca.
1.5 to 3 kbar. The mylonitic retrogression of blueschist
facies phyllites is characterised by 340 °C and 4 kbar
(minimal P). The low-T prograde metamorphism was
synchronous with the retrograde metamorphism of the
blueschists. The ages of these two events may be be-
tween ca. 150 and 120 Ma, culminating most probably at
around 140–145 Ma. Thus, the Upper Jurassic (lower-
most Cretaceous) very low-grade metamorphism of the
Meliata unit is younger than the subduction-related,
160–155 Ma blueschist facies event, and definitely older
than the Cretaceous (100–90 Ma) metamorphism of the
footwall Gemer Palaeozoic.

Keywords Accretionary metamorphism · Very 
low-grade metamorphism · Illite–white mica · Chlorite ·
Western Carpathians

Introduction

Accretionary wedges often contain high-pressure meta-
morphic blocks and slices – ranging from several deci-
metres to several kilometres in size – tectonically em-
placed in unmetamorphosed or only slightly metamor-
phosed, usually clastic sedimentary matrix. Metamorphic
features of the various constituents of these mélanges
may elucidate the physical conditions (pressure–temper-
ature paths) of subduction, collision and subsequent up-
lift (decompressional cooling) of the upper oceanic crust
and related rocks of the accretionary prism. Contrasting
the ophiolitic metabasites, metaclastic rocks are com-
monly devoid of indicative metamorphic mineral assem-
blages. Therefore, characterisation of phyllosilicate reac-
tion progress complemented with rock microstructural
features is practically the only tool for providing infor-
mation on conditions of eventual incipient metamor-
phism.

The aim of this paper is to present new data on the
sedimentary (mostly fine-clastic) rocks from a prominent

P. Árkai (✉)
Laboratory for Geochemical Research, 
Hungarian Academy of Sciences,
Budaörsi út 45, 1112 Budapest, Hungary
e-mail: arkai@geochem.hu
Tel.: +36-1-3193137, Fax: +36-1-3193137

S. W. Faryad
Department of Geology and Mineralogy,
Technical University Kosice,
Letna 9, 04200 Kosice, Slovakia

O. Vidal
Maison des Geosciences, LGCA, Université Joseph Fourier,
1381 Rue de la Piscine, B.P. 53, 38041 Grenoble cedex, France

K. Balogh
Institute of Nuclear Research, Hungarian Academy of Sciences,
Bem tér 18/c, 4001 Debrecen, Hungary

S. W. Faryad
Institute of Petrology and Structural Geology, Charles University,
Albertov 6, 128 43 Prague 2, Czech Republic

O R I G I N A L  PA P E R

Péter Árkai · Shah Wali Faryad · Olivier Vidal
Kadosa Balogh

Very low-grade metamorphism of sedimentary rocks 
of the Meliata unit, Western Carpathians, 
Slovakia: implications of phyllosilicate characteristics
Received: 21 November 2001 / Accepted: 17 October 2002 / Published online: 30 January 2003
© Springer-Verlag 2003

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.2     Für schnelle Web-Anzeige optimieren: Ja     Piktogramme einbetten: Ja     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 600 600 ] dpi     Papierformat: [ 595 785 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 150 dpi     Downsampling für Bilder über: 225 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Mittel     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 600 dpi     Downsampling für Bilder über: 900 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren     Methode: StandardArbeitsbereiche:     Graustufen ICC-Profil:      RGB ICC-Profil: sRGB IEC61966-2.1     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2Geräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Nein     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Nein     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: NeinANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile ()     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /sRGB     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 600 600 ]>> setpagedevice



69

and strongly debated complex called the Meliata unit of
the inner Western Carpathians, Slovakia (Fig. 1A, B; for
general descriptions see Mock 1978; Árkai and Kovács
1986; Kozur and Mock 1996; Mello et al. 1996). The
Meliata unit is considered as a southward-dipping accre-
tionary complex between the footwall Palaeozoic of 
the Gemericum and the hanging wall, mostly Mesozoic
Silica and Turna nappes (Fig. 1C, D). As the Meliata unit
is built up by very low-grade metamorphic sedimentary
rocks containing tectonic blocks of blueschists, it is plau-
sible to suppose that at least some of these sedimentary
rocks had a common history with the blueschists during
the late stages of their exhumation.

The origin and metamorphic history of Meliata blue-
schists and related, high-P metasedimentary rocks, which
either form isolated slices having been overthrusted onto
the Palaeozoic of the Gemericum or tectonic blocks with-
in the incipient metamorphic sedimentary sequences, are

fairly well constrained by the recent works of Faryad
(1995, 1997), Ivan and Kronome (1996), Mazzolli and
Vozárová (1998) and Horváth (2000). By contrast, only
sporadic data are available on the metamorphism of the
sedimentary matrix of the Meliata mélange (Árkai and
Kovács 1986). Therefore, in order to provide comprehen-
sive metamorphic petrogenetic data on the sedimentary
rocks of the Meliata unit, systematic phyllosilicate 
(illite and chlorite) “crystallinity” studies, complemented
with chlorite thermometry, white K-mica geobarometry, 
chlorite–white mica thermobarometry, and K–Ar isotopic
dating of white K-micas, were carried out.

Geological setting, materials

Recently, the geology of the Meliata unit has been wide-
ly discussed with respect to its geotectonic position and

Fig. 1 A Sketch of the 
Alpine–Carpathian–Pannonian
system. B Position of the 
Meliata unit in the frame of 
the Western Carpathians.
C Schematic geological map 
of the Meliata unit and its 
surroundings with an idealised
cross section showing (from
top to bottom): the Silica nappe
(SN), Turna nappe (TN), 
Meliata unit (MU) with tecton-
ic blocks of serpentinites (s)
and blueschists facies rocks (b),
Palaeozoic of the Gemericum
(PG). D Detailed geological
situation at the Hačava locality:
1 blueschist facies rocks 
(1a phyllites, 1b metabasalts,
1c marbles), 2 Turna nappe
phyllites, 3 Silica nappe 
(3a limestones, 3b dark lime-
stones with hematite). Stars in
C and D indicate sample loca-
tion: M Meliata, Dz Držkovce,
Rb Rožňavské Bystre, 
and H Hačava



the petrological characteristics of its sedimentary rocks,
blueschists and serpentinites (Hovorka et al. 1985; Mello
1993; Faryad 1995; Ivan and Kronome 1996; Kozur and
Mock 1996; Mello et al. 1996). In the geological map of
Mello et al. (1996), five tectonic units are distinguished
in the South Gemeric area. These are (from top to the
bottom):

1. the Silica nappe with Triassic and Jurassic limestones,
dolomites, with rare marls, shales and Permian evapo-
rite;

2. the Turna nappe consisting of Triassic limestones,
dolomites, marls and slates, locally of evaporites, and
Permian, upper Carboniferous sandstones and con-
glomerates;

3. the Meliata unit containing Triassic and Jurassic
slates, sandstones, marls, metabasalts, serpentinites
and radiolarites;

4. the Borka nappe, represented only by blueschist 
facies rocks;

5. the Early Palaeozoic greenschist facies rocks of the
Gemericum with Late Palaeozoic cover sequences.

The Meliata rocks are not widely exposed on the surface,
although their abundant occurrence beneath the Silica
and Turna nappes was confirmed by several boreholes.
In addition to basalts and serpentinites, the Meliata unit
contains also tectonic blocks of the Turna nappe (lime-
stones and evaporites) and of the Silica nappe (sand-
stones and evaporites; Mello et al. 1996). Tectonic
blocks of blueschists were found in the sedimentary se-
ries of the Meliata unit both in Slovak and Hungarian
territories (Faryad and Dianiska 1999; Horváth 2000).
Thus, separation of blueschists from the Meliata unit and
their definition as a nappe was argued by Faryad (1998),
who preferred the earlier interpretation of the Meliata
unit as a mélange complex (see Leško and Varga 1980;
Mahel’ 1986). Because of the contrasting rheology, some
slices of blueschist facies rocks were probably separated
from the Meliata complex and were overthrusted onto
the Early Palaeozoic of the Gemericum.

Samples used in this study derive from the Meliata
unit and they were collected from four localities
(Fig. 1C, D), namely from Meliata, Držkovce, Hačava
and Rožňavské Bystre.

1. The rocks exposed in the Meliata type locality belong
to the most common Liassic-Malmian sequence (dark
grey slates, sandstones, spotty marls, dark limestones)
and to an Aegean-Pelsonian sequence (light crystal-
line limestone). In addition to radiolarites and cherts,
small amounts of basaltic rocks are also present. The
investigated samples belong to the Liassic-Malmian
sequence (M1–M13) and to metabasites (Fg9/01 and
Fg10/01), which are exposed ca 1.5 km westwards
from the village of Meliata.

2. The Meliata rocks (pelitic, pelitic-silty and carbonatic
slates) are found also beneath the Turna nappe west-
wards from Držkovce village (Dz1–Dz13).

3. Pelitic-marly slates and limestone from Hačava
(H2–H13) come from a tectonic zone between the

Meliata unit and the overlying Silica nappe. It is not
clear whether these rocks belong to the Meliata unit
or to the Turna nappe. According to the relevant geo-
logical map of Mello et al. (1996), rocks of the Turna
nappe are exposed on the south-western side of the
valley in which the village Hačava is located, and oc-
cur along the boundary between the Silica nappe and
Meliata unit (Fig. 1D). The rocks of the Turna nappe
are represented by recrystallised limestones, volcano-
clastic rocks, slates and sandstones. The hanging-wall
Silica nappe rocks consist of white limestones at the
top and dark, hematite-bearing limestones at the bot-
tom. The footwall Meliata rocks consist of blueschist
facies marble and phyllite.

4. From a locality near to the village Rožňavské Bystre,
mylonitised blueschists (Rb1–Rb8) were selected for
this study. The Meliata rocks mapped here as Liassic-
Malmian sequences by Mello et al. (1996) are actual-
ly mylonitised blueschist facies phyllites with relic
chloritoid and pseudomorphs of albite and chlorite 
after glaucophane.

Methods

In order to determine the rock types, their microstructural (textural)
features and modal compositions, detailed petrographic microscop-
ic observations were made. Sample preparation techniques and the
X-ray powder diffractometric (XRD) instrument and methods ap-
plied were the same as described by Árkai et al. (2000). For cali-
brating the XRD full width at half maximum (FWHM) data mea-
sured on the first- (and second-) order basal reflections of the
phyllosilicates, a standard rock slab series (nos. 32, 34 and 35)
kindly provided by B. Kübler was used. Thus, the illite “crystalli-
nity” (KI=Kübler index) boundaries of the anchizone correspond to
0.25 and 0.42 ∆°2θ in the present paper. On the basis of this cali-
bration, using also the linear regression equations between KI and
chlorite “crystallinity” (ChC) indices determined by Árkai et al.
(1995b), the actual ranges of the anchizone are 0.26–0.38 ∆°2θ for
ChC(001), and 0.24–0.30 ∆°2θ for ChC(002). All of these bound-
ary values refer to air-dry (AD) mounts. For differentiation be-
tween K-, Na- and Ca-rich white micas, the XRD (00,10) basal re-
flections around 2 Å were used (see Frey and Niggli 1972).

White K-mica geobarometry elaborated for lower greenschist
facies pelitic rocks by Sassi (1972) and extended to the high-T
part of the anchizone by Padan et al. (1982) was applied for semi-
quantitative estimation of metamorphic pressure conditions. For
geobarometric estimations, the constraints given by Guidotti and
Sassi (1976, 1986, 1998) were also taken into consideration. The
b=6×(d331,060) value was measured on disorientated whole rock
and acid-insoluble residue, as well as on <2 µm grain-size fraction
powder mounts as described by Árkai et al. (1991).

Mineral chemical analyses were obtained using a JEOL 6310-
type scanning electron microprobe equipped with wavelength- and
energy-dispersive spectrometers at the Institute for Mineralogy,
Crystallography and Petrology, University of Graz, Austria. Operat-
ing conditions were 15 kV and 10 or 15 nA, with counting time of
20 s. Pyrope (Mg, Al), adular (K), rutile (Ti), tephroite (Mn), jadeite
(Na, Si) and andradite (Fe, Ca) were used as standards. A defocused
beam was applied to the white mica and chlorite analyses.

Metamorphic temperatures were estimated by the chlorite–AlIV
geothermometer of Cathelineau and Nieva (1985) and its modified
versions (for details, see the Results). Metamorphic P–T conditions
were also calculated using the program TWQ (version 1.02; Berman
1991) with the Jun92.rgb updated database and the thermodynamic
data and corresponding solid solution models from Vidal et al.
(2001) for chlorites, and Parra et al. (unpublished data) for K-white
micas. The P–T conditions for the equilibrium paragonite–K-white
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mica–albite–chlorite–quartz–H2O were calculated using a multi-
equilibrium approach, as explained in Vidal and Parra (2000).

For K–Ar isotopic dating of the white K-mica-rich, <2 µm
grain-size fraction samples, the potassium was determined by flame
photometry using a Li internal standard and Na buffer. Interlabora-
tory standards nos. Asia 1/65, HD-B1, LP-6 and GL-0 as well as at-
mospheric Ar were used for controlling and calibrating isotopic ana-
lyses. Details of the methods and instruments applied in the Institute
of Nuclear Research, Hungarian Academy of Sciences, Debrecen,
and results of calibration are given elsewhere (Árkai et al. 1995a
and Odin et al. 1982 respectively). K–Ar ages were calculated using
the constants proposed by Steiger and Jäger (1977).

Results

Rock types, modal and bulk-rock major-element 
compositions

From the Meliata type locality pelitic, silty, marly-pelitic
and pelitic-cherty slates and massive metabasalts were
studied. Slates display mostly an irregular fracture cleav-
age arranged in two, crosscutting plane sets. Where sedi-
mentary layering occurs, the first cleavage set is parallel
to the bedding, whereas the second (crosscutting) one dis-
plays typical, S-like arrangements formed due to intense
bedding-parallel shearing. Rarely, the cleavage surfaces
are mildly crenulated. They never show silky sheen. Slates
consist of quartz, white K-mica (illite–muscovite) and
chlorite ± variable amounts of calcite, small amounts of
albite and traces of rutile. In their <2 µm grain-size frac-
tions, illite–muscovite predominates, chlorite and quartz
are significant, and albite, calcite and rutile appear only in
subordinate and trace quantities, often lacking in certain
samples. The massive, dark grey, aphanitic metabasalt
samples are built up by quartz, albite, chlorite, carbonate
minerals (calcite and ankerite) and various accessories.

From the Držkovce locality pelitic, pelitic-silty and
carbonatic, locally banded slates (with several mm-thick
sedimentary layers) were collected. Their mesostructural
features resemble those of the Meliata slates. Both their
whole-rock and <2 µm fraction samples are built up 
by white micas, quartz, chlorite, albite ± subordinate
amounts of carbonate minerals (calcite and dolomite),
pyrite and rutile. Sporadic presence of kaolinite is attrib-
uted to surficial weathering. As shown by Fig. 2, mixed
K-Na-mica in traces or in subordinate quantities also 
occur, in addition to the predominant dioctahedral white
K-mica (illite–muscovite).

From the Hačava locality pelitic-marly slates with frac-
ture cleavage sets, lineation (“pencil” cleavage), as well as
schistose, lineated limestone with white, mm-scale calcitic
fissure fillings were investigated. The rocks contain white
micas, chlorite, quartz, albite, calcite and, sporadically,
dolomite, pyrite, hematite and rutile. In their <2 µm frac-
tions, dioctahedral K-mica (illite–muscovite) predomi-
nates. In addition, discrete paragonitic mica as well as
mixed K-Na-mica are also found in subordinate quantities
(Fig. 2). Small amounts of smectite together with goethite
indicate weak weathering.

Mylonite samples from the Rožňavské Bystre locality
occur adjacent to rocks of blueschist facies assemblages

with glaucophane, phengite and chloritoid (Faryad 1995).
The mylonite displays irregular, wavy crenulation cleavage
often with silky sheen, and fracture cleavage. In general,
they are of slaty appearance, disregarding the metasand-
stone-like sample no. Rb7. These rocks consist of quartz
and white micas. Chlorite, dolomite and relic chloritoid are
sporadic and subordinate. Chlorite pseudomorphs after
glaucophane can be also observed in some thin-sections.
White micas are represented by dominant dioctahedral 
K-mica (phengitic muscovite) and considerable amounts of
discrete paragonite, whereas the amounts of mixed Na-K-
mica are subordinate (Fig. 2). In contrast to the rather sim-
ple, prograde microstructures of the slates from the locali-
ties Meliata, Držkovce and Hačava, the Rožňavské Bystre
samples show clear evidence of polymetamorphism: white
mica, quartz and, rarely, chloritoid porphyroclasts repre-
senting an earlier blueschist facies event are embedded in a
fine-grained, foliated matrix consisting mainly of white
micas and quartz. Goethite, kaolinite (and, in one sample,
traces of smectite) indicate oxidative weathering.

XRD data of phyllosilicates

Figure 3 shows the histogram of the illite “crystallinity”
(KI) data. The boundaries of the diagenetic, anchi- and
epizones (sensu Kübler 1967, 1990) are also indicated in
this figure (see also the Methods). The KI data corre-
spond to the anchi-, and subordinately to the epizone, the
maximum of the distribution being in the high-tempera-
ture part of the anchizone, very near to the boundary be-

Fig. 2 Discrimination of white micas on the basis of their (00,10)
basal reflections (after Frey and Niggli 1972): Ms white K-mica,
Pg paragonite, Cal calcite. The peaks or shoulders between the Ms
and Pg peaks refer to “mixed” K-Na-mica (for the interpretation
of “mixed” micas, see Livi et al. 1997). Sample groups: M Meli-
ata, Dz Držkovce, H Hačava, Rb Rožňavské Bystre (<2 µm frac-
tion, air-dry, highly oriented samples)
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tween the anchi- and epizones. Considering the prograde
series of the Meliata unit, a slight increase in grade (i.e. a
slight decrease in KI averages) can be observed from the
Meliata locality through Držkovce to Hačava (Table 1),
although the amounts of mixed K-Na-micas and discrete
paragonite increase in the same direction. This suggests
that Na-bearing micas, being present in subordinate
quantities as compared to white K-mica, may not have a
significant effect on the FWHM values of the 10-Å basal
reflections. The Rožňavské Bystre samples, containing
the highest amounts of paragonite of the four sample
groups, are characterised by a KI average which is very
similar to the mean KI value of the Držkovce samples.

Similar conclusions can be drawn from the frequency
distributions of the chlorite “crystallinity” data (Fig. 4),
although the ranges here are narrower than that of the 
illite “crystallinity” scale and, consequently, the scatter
in the values is relatively large. Thus, chlorite “crystalli-
nity” averages (Table 1) follow only partially the above-

Fig. 3 Histogram of the illite “crystallinity” (KI) values measured
on <2 µm fraction, air-dry samples

Fig. 4 Histograms of the 
chlorite “crystallinity” values
measured on the 14- and 7-Å
basal reflections, indicated as
ChC(001) and ChC(002). 
Other conditions are as in 
Fig. 3

Table 1 Statistical parameters of illite Kübler-index (KI) and chlorite “crystallinity” values (ChC) expressed in ∆o2θ (n number of 
samples, SD standard deviation)

Meliata (M) Držkovce (Dz)a Hačava (H)b Rožňavské Bystre (Rb)c

KI
Mean 0.291 0.278 0.262 0.273
SD 0.026 0.029 0.015 0.016
n 10 10 5 8
Min. 0.252 0.244 0.246 0.243
Max. 0.338 0.341 0.281 0.302

ChC(001)
Mean 0.308 0.356 0.278 0.331
SD 0.028 – 0.034 –
n 9 1 5 1
Min. 0.278 – 0.231 –
Max. 0.352 – 0.328 –

ChC(002)
Mean 0.283 0.299 0.257 0.287
SD 0.019 0.032 0.007 –
n 10 9 5 1
Min. 0.265 0.253 0.249 –
Max. 0.323 0.340 0.265 –

a KI values and their statistical parameters may be influenced by
insignificant to minor amounts of paragonite
b KI values and their statistical parameters may be influenced by
minor amounts of paragonite

c KI values and their statistical parameters may be influenced by
subordinate amounts of paragonite
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mentioned trend, presumably because of the greater 
errors caused by the small XRD intensities, and partly
because of the variation in chlorite composition.

From a thermodynamic point of view, the studied
phyllosilicates and their “crystallinity” indices, as empir-
ical parameters, document a certain stage in phyllosili-
cate reaction progress, which the investigated rock
reached through a series of reactions producing phases
which represent metastable disequilibria (for recent re-
views, see Merriman and Peacor 1999, and Árkai 2002).
Therefore, “crystallinity” indices and other phyllosilicate
parameters of anchizonal rocks are theoretically inade-
quate for precise geothermometric and geobarometric
calculations, because reaction progress is also controlled
by kinetic factors.

In general, the approximate boundary between the 
anchi- and epizones is placed between ca. 300 and 350 °C,
as deduced from combinations of large datasets of KI, 
vitrinite reflectance, and fluid-inclusion with metabasite
mineral facies data from various geotectonic regimes (e.g.
Kisch 1983, 1987; Frey 1987; Merriman and Frey 1999).
Consequently, T estimates for the investigated samples
may be bracketed between ca. 270 and 350 °C.

Contrary to the uniform temperature conditions of
metamorphism indicated by the phyllosilicate “crystalli-
nity” data, the b=6×d(060,331) values of white K-mica are
widely scattered (Fig. 5). The various localities are char-
acterised by strongly differing b distributions, suggesting
varying pressure conditions for the different sample
groups. Distributions of b values measured on whole-
rock samples and the <2 µm fractions are rather similar
within each group, indicating pervasive homogenisation
(crystallisation and recrystallisation) of white K-mica
during metamorphism.

Disregarding the Meliata samples (in which no Na-
containing micas could be detected by XRD), a consider-
able part of the samples from the other groups contains
paragonite and/or mixed K-Na-mica. Consequently, con-

sidering also the constraints of Guidotti and Sassi (1976)
on the effects of modal composition and bulk rock chem-
istry on white K-mica b values, systematically lower b
values can be expected for these samples, and pressure
estimates should be used only as approximate minimal P
values. Table 2 displays the statistical parameters of
white K-mica b values determined for each sample
group. Based on the findings of Padan et al. (1982),
Fig. 6 shows the linear extrapolation of isolines of
b values given by Guidotti and Sassi (1986) for the P–T
field of greenschist facies towards the anchizone (sub-
greenschist facies). Accepting the temperature estimates
of ~300 °C for the Meliata and ~340–350 °C for the 
other groups deduced from the illite Kübler-index data,
the following approximate pressures can be estimated: 

Fig. 5 Histograms of the white
K-mica b values measured on
unorientated powder mounts of
bulk rock samples and on their
<2 µm grain-size fractions.
Pressure ranges are after Sassi
(1972) and Guidotti and Sassi
(1986)

Fig. 6 P–T diagram with isopleths of white K-mica b values (after
Guidotti and Sassi 1986). M Meliata, H Hačava, Dz Držkovce,
Rb Rožňavské Bystre. P–T conditions are semiquantitative esti-
mates. Temperatures were derived from the phyllosilicate “cry-
stallinity” averages and from the chlorite–AlIV thermometer of
Cathelineau and Nieva (1985; see also Table 5). The derived pres-
sures are approximate minimum pressures in the case of the
Hačava, Držkovce and Rožňavské Bystre sample groups
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Meliata: ~3 kbar; Držkovce: ~2 kbar (minimal P);
Hačava: ~1.5 kbar (minimal P) with uncertain traces of
an earlier, ~3–4 kbar event (minimal P); and Rožňavské
Bystre: ~4 kbar (minimal P), with evidence of an earlier,
higher-P event. However, it should be emphasised that
the P–T brackets must be regarded as semiquantitative
estimates at best, because of the disequilibrium, metasta-
ble nature of the systems and because of the shortcom-
ings of the “bulk” methods used and discussed above 
in detail. Whereas the temperature estimates of pro-
grade metamorphism of the metasedimentary formations 
(Meliata, Držkovce and Hačava) and the temperature es-
timates of retrogression of blueschist facies metapelites
(Rožňavské Bystre mylonites) vary within a relatively
narrow range, the estimates of possible minimal pres-
sures show a much larger scatter, from ~1.5 to ~3 kbar
for the prograde incipient metamorphic series, and indi-
cating ~4 kbar for the retrogression of Rožňavské Bystre
samples.

Phyllosilicate chemistry

Because of the small grain size of metamorphic phyllo-
silicates, special attention was paid to differentiation 
between inherited (detrital) and newly formed white 
K-micas and chlorite. Figure 7 shows some characteristic
textural features. In certain cases (e.g. in the locality 
Meliata), detrital micas altered to white K-mica/chlorite
stacks, and chloritic aggregates formed presumably after
mafic silicates (Fig. 7a) could be easily distinguished

from fine-grained, matrix-forming white mica and chlo-
rite flakes arranged mostly parallel to the metamorphic
schistosity (Fig. 7b). In other samples, however, espe-
cially where the metamorphic (re)crystallisation was in-
tense, a continuous transition could be observed between
the finer and larger phyllosilicate flakes, all having been
aligned into the plane of foliation (Fig. 7c, d). In Fig. 7d,
metamorphic paragonite is intergrown and locally
rimmed by phengitic white K-mica.

The chemical compositions of white K-mica and
chlorite, as measured by EMP, are given in Tables 3 and
4 (the complete dataset of mineral chemical analyses, to-
gether with the X-ray diffractometric KI, ChC and b val-
ues can be obtained either in electronic or in printed
forms upon request from the first author in the next three
years).

The chemical criteria given by Vidal and Parra (2000)
were used for selecting the EMP analyses without consid-
erable contamination and/or loss of alkalies, thus being
acceptable for further petrogenetic considerations. The
plots of these selected analyses show significant cela-
donitic isomorphic substitution in muscovite. The defi-
ciencies in K and Na indicate moderate proportions of the
pyrophyllite end member (Fig. 8). Figure 9a–c demon-
strates that the Tschermak’-type phengitic (or celadonitic)
IVAl−1

VIAl−1 = Si(Fe2+,Mg) substitution predominates in
the newly formed (metamorphic) white K-micas. Ferric
iron in white K-mica does not seem to be important be-
cause there are only minor deviations from the musco-
vite–celadonite mixing line (Fig. 9c). There is no signifi-
cant correlation between the Fe and Mg contents either

Table 2 Statistical parameters of white K-mica b=6×d331.060 values expressed in Ångstrøm (n number of samples, SD standard deviation)

Sample group Statistical Whole rock <2 µm fraction
parameter

All samples Selected samplesa Selected samplesa All Selected samplesa

(main group) (subord.) samples (main group)

Meliata (M) Mean 9.031 9.029a 9.032 9.027a

SD 0.007 0.007a 0.01 0.007a

n 8 6a 8 6a

Min. 9.023 9.023a 9.022 9.022a

Max. 9.043 9.043a 9.046 9.041a

Držkovce (Dz) Mean 9.000 9.002a 9.002 9.003a

SD 0.002 – 0.003 –
n 10 2a 10 2a

Min. 8.998 9.002a 8.997 8.997a

Max. 9.002 9.002a 9.007 9.007a

Hačava (H) Mean 9.016 9.001 9.042 8.994
SD 0.023 0.005 0.005 0.007
n 8 5 3 4
Min. 8.999 8.994 9.029 8.985
Max. 9.058 9.008 9.058 9.003

Rožňavské Bystre (Rb) Mean 9.030 9.027
SD 0.003 0.004
n 8 8
Min. 9.028 9.022
Max. 9.035 9.032

a Data of selected samples with modal compositions which are strictly adequate for pressure estimation. Sample groups which may con-
tain minor amounts of paragonite are indicated initalic
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Fig. 7a–d Backscattered electron (BSE) images of textural rela-
tions of phyllosilicates in fine-grained metaclastic rocks. a Chlo-
rite/white mica stacks after detrital mica and chloritic aggregates
in sample Meliata M3. b Fine-grained, newly formed (metamor-
phic) white K-mica and chlorite in the matrix of metapelite (Meli-
ata, sample M4). c Phyllosilicates with varying grain size in slate
(Držkovce, sample Dz7). d Metamorphic paragonite closely asso-
ciated and rimmed by phengitic white K-mica, all arranged in the
plane of foliation. Locality Hačava, sample H2. Abbreviations 
of mineral names: Ms muscovite (white K-mica), Ph phengite,
Chl chlorite, Qtz quartz, Cal calcite, Ab albite, Rt rutile

Fig. 8 Muscovite–celadonite–pyrophyllite and amesite–(clinoch-
lore+daphnite)–sudoite ternary plots of selected white K-mica and
chlorite analyses, using the criteria of Vidal and Parra (2000)

(Fig. 9d). On the basis of model calculations supposing
various mixtures, the dotted arrows in Fig. 9a–c indicate
those trends which white K-mica analyses contaminated
by quartz or chlorite should follow. These trends differ
significantly from those found in the present dataset. 
This fact, together with the chemical criteria of Vidal and
Parra (2000), demonstrates that “contaminations” during
EMP analyses caused by small grain size are negligible.

▲
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The K-micas plot mainly along the muscovite–phengite
line in Fig. 9e, being slightly shifted in a quasi-parallel
way towards the illite field due to small but significant
deficits in interlayer charge. This deficit (i.e. total inter-
layer charge values around 1.7 p.f.u. calculated for 22 
oxygens) is characteristic of anchizonal white K-micas
(Hunziker et al. 1986; Livi et al. 1997; Merriman and 
Peacor 1999; Árkai 2002). Figure 9f demonstrates con-
siderable deficiency in the interlayer cation budget for
both K- and Na-micas. Some of the K-micas from the
Hačava, Držkovce and, partly, also from the Rožňavské
Bystre samples show significant Na contents, and all the
paragonites from Hačava have considerable K contents
(Fig. 9f). Practically no solid solution exists between 
the Ms–Pg pair at low temperatures (see, for example,
Guidotti et al. 1994). Considering also the XRD charac-
teristics (see Fig. 2), it appears likely that in addition to
discrete (phengitic) muscovite and paragonite phases,
metastable, mixed K-Na-micas also occur in these rocks,
with grain sizes near or even below the resolution of the

microprobe. In order to clarify the nature of the mixed 
K-Na-micas or eventual mixed-layered muscovite(pheng-
ite)/paragonite (sensu Livi et al. 1997 or Frey 1969), fur-
ther TEM and AEM studies are needed.

Although the number of data pairs is rather small
(n=11), and the data show scattering, the following rela-
tions can be observed between KI and white K-mica
chemistry in the diagrams of Fig. 10. As can be expect-
ed, KI increases (metamorphic grade decreases) with 
decreasing total interlayer charge (Fig. 10a). There is 
no obvious correlation between KI and the Na/(Na+K)
ratio (Fig. 10b), suggesting that subordinate amounts 
of discrete paragonite and/or mixed K-Na-micas do not
influence the FWHM values of the 10-Å reflection of 
the dominant illite–muscovite. Figure 10c, d shows 
that KI increases (apparent grade decreases) with in-
creasing celadonitic substitution (with increasing Si and
(Mg+Fe2+) contents). This relation had originally been
established by Esquevin (1969), using indirect (XRD)
evidence for celadonitic substitution, but it was ques-

Table 4 Chemical compositions of chlorite determined by EMP (weight% and cation numbers)

Samplea M1 M2 M3 M4 FG9/01 FG10/01 Dz3 Dz5 Dz7 H2 H3
n 2 5 3 3 4 5 5 3 2 4 3

x x SD x x x SD x SD x SD x x x SD x

SiO2 28.57 28.28 1.72 25.99 25.92 27.46 1.08 25.76 0.62 25.54 0.46 26.81 25.26 25.23 1.05 25.29
TiO2 0.01 0.06 0.08 0.02 0.06 0.05 0.06 0.04 0.04 0.06 0.03 0.10 0.04 0.11 0.16 0.02
Al2O3 21.25 20.51 0.84 18.98 18.72 18.38 2.18 20.58 0.55 22.36 0.68 23.43 23.31 20.96 0.56 22.52
*FeO 22.65 22.64 1.49 31.69 31.27 20.66 0.88 22.23 0.75 26.44 1.16 26.08 26.17 25.55 1.10 27.89
MgO 16.09 15.00 0.92 9.09 8.64 17.41 1.56 15.11 0.84 11.18 0.91 11.81 11.17 12.26 0.77 10.83
MnO 0.16 0.13 0.07 0.98 0.76 1.44 0.62 1.81 0.1 0.06 0.02 0.11 0.08 0.05 0.06 0.15
CaO 0.05 0.07 0.03 0.06 0.03 0.06 0.06 0.33 0.29 0.16 0.05 0.03 0.87 0.13 0.05 0.07
Na2O 0.03 0.03 0.03 0.02 0.01 0.02 0.01 0.18 0.19 0.19 0.40 0.03 0.07 0.05 0.06 0.04
K2O 0.06 0.23 0.26 0.14 0.32 0.02 0.02 0 0.01 0.06 0.05 0.27 0.06 0.18 0.27 0.12
Total 88.87 86.95 3.00 86.97 85.73 85.50 0.73 86.04 0.88 86.05 1.23 88.67 87.03 84.52 0.73 86.93

Number of cations on the basis of 28 oxygens
Si 5.80 5.88 0.16 5.75 5.79 5.86 0.18 5.52 0.11 5.50 0.12 5.57 5.38 5.54 0.18 5.44
AIIV 2.20 2.12 0.16 2.25 2.21 2.14 0.18 2.49 0.11 2.50 0.12 2.43 2.62 2.46 0.18 2.56
Alt 5.09 5.03 0.09 4.95 4.95 4.63 0.58 5.19 0.14 5.68 0.11 5.73 5.85 5.42 0.08 5.71
AlVI 2.89 2.91 0.12 2.70 2.74 2.48 0.40 2.71 0.13 3.18 0.10 3.30 3.23 2.96 0.23 3.15
Ti 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.00 0.02 0.03 0.00
*Fe2+ 3.84 3.94 0.18 5.86 5.89 3.69 0.18 3.92 0.14 4.76 0.22 4.53 4.68 4.69 0.23 5.02
Mn 0.03 0.02 0.01 0.18 0.15 0.26 0.11 0.33 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.03
Mg 4.87 4.67 0.42 3.00 2.88 5.54 0.44 4.82 0.26 3.59 0.27 3.65 3.54 4.01 0.29 3.46
Sum RVI 11.63 11.55 0.33 11.74 11.67 11.98 0.02 11.79 0.30 11.55 0.16 11.52 11.47 11.69 0.26 11.66
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.08 0.08 0.04 0.01 0.01 0.21 0.03 0.01 0.02
Na 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.05 0.04 0.08 0.17 0.01 0.03 0.02 0.03 0.02
K 0.02 0.06 0.06 0.04 0.09 0.01 0.01 0.00 0.00 0.02 0.01 0.07 0.02 0.05 0.08 0.03
t.i.c. 0.05 0.09 0.08 0.07 0.11 0.04 0.03 0.21 0.23 0.18 0.17 0.10 0.47 0.13 0.10 0.09
Sum 0.04 0.08 0.08 0.06 0.10 0.02 0.02 0.13 0.16 0.14 0.17 0.09 0.26 0.10 0.10 0.07
(Ca+Na+K)
Total 19.67 19.63 0.26 19.80 19.77 20.00 0.00 19.92 0.14 19.69 0.13 19.61 19.73 19.79 0.17 19.73

XMg 0.42 0.40 0.03 0.26 0.25 0.46 0.04 0.41 0.02 0.31 0.02 0.32 0.31 0.34 0.02 0.30
Fe2+/ 0.44 0.46 0.03 0.66 0.67 0.40 0.03 0.45 0.02 0.57 0.02 0.55 0.57 0.54 0.01 0.59
(Fe2++Mg)
Si/(Si+Alt) 0.53 0.54 0.01 0.54 0.54 0.56 0.04 0.52 0.01 0.49 0.01 0.49 0.48 0.51 0.01 0.49
Si+Alt+ 19.60 19.52 0.20 19.56 19.51 19.72 0.12 19.45 0.31 19.53 0.16 19.48 19.45 19.66 0.29 19.63
Mg+Fe2+

Alt+Mg+Fe2+ 13.80 13.63 0.36 13.81 13.72 13.86 0.28 13.93 0.23 14.03 0.28 13.91 14.07 14.12 0.47 14.19

a n, number of measurements; x, mean value; SD, standard deviation; *, total Fe calculated as FeO or Fe2+; t.i.c., total interlayer
charge=Na+K+2Ca
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Fig. 9a–f Compositional 
relations of metamorphic 
dioctahedral white micas. 
Cation numbers and ratios 
are calculated from EMP 
analyses (for explanations, 
see text). In a–c, compositional
parameters suggested by 
Guidotti and Sassi (1998) are
used. t.i.c.=total interlayer
charge=K+Na+2Ca per formula
unit

tioned later on by Hunziker et al. (1986). Árkai et al.
(2002) confirmed the effect of celadonitic substitution on
KI, using a dataset of various lithologies from the Graz
Palaeozoic, Eastern Alps, Austria. It is worth mentioning
that the Fe/Mg ratio of white micas does not affect the
KI, similarly to the samples from the Graz Palaeozoic.

As to the chemical classification scheme of Zane and
Weiss (1998), chlorites of the studied samples are tri-
trioctahedral type I chlorites, with changing Fe/Mg ratios
(see also Table 4). According to the classification of Hey
(1954), the chlorites from Meliata metasediments are
mainly ripidolite, subordinately brunsvigite and pichno-
chlorite, and those of the metabasalt are pichnochlorite
and ripidolite. In Foster’s (1962) system, metasedimenta-
ry chlorites fall mainly in the brunsvigite, subordinately
in the ripidolite fields, whereas chlorites of metabasalts
are mainly in the ripidolite, partly in the brunsvigite
fields. After screening the chlorite EMP analyses and ex-
cluding those with effects of contamination, the chlorite
end-member calculation scheme of Vidal and Parra
(2000) shows small but significant (ca. 5 to 25%) sudoi-
tic isomorphic substitutions (Fig. 8).

Figure 11a demonstrates that, disregarding some
EMP analyses of chlorites from very fine-grained mix-

tures, the majority of the chlorites shows low (<0.2) 
total interlayer charge (t.i.c.=Na+K+2Ca) values. This
indicates that smectitic or illitic impurities, present 
either as mixed-layers or as intimately intergrown, dis-
crete phases, are insignificant. Increasing (AlVI–AlIV)
values may be attributed to increasing di-trioctahedral
(sudoitic) substitution and/or increasing amounts of
smectitic (and illitic) contaminations. Because there is
no significant positive correlation between (AlVI–AlIV)
and t.i.c., the sudoitic substitution may be dominant.
Contrasting to the total interlayer charge, apparent octa-
hedral vacancies increase with increasing (AlVI–AlIV)
(Fig. 11b). This, together with the increase of apparent
octahedral vacancies with decreasing sum of octahedral
divalent cations (Fig. 11c), unequivocally proves sudoi-
tic substitution in the analysed, predominantly tri-trio-
ctahedral chlorites. Figure 11d shows that the di-trio-
ctahedral substitution plays an important role in chlo-
rites, in addition to the Tschermak’ substitution. Most
probably, bulk chemical control (Xie et al. 1997; Árkai
et al. 2000; Lopez-Munguira et al. 2001; Árkai et al.
2002) and elevated metamorphic pressure (Vidal and
Parra 2000) may be the main factors responsible for the
considerable sudoitic substitutions.
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Fig 10 a–d Relations between
illite “crystallinity” (KI) and
the chemistry of white K-mica

Fig. 11a–d Compositional
variation of chlorite 
(d after Zane and Sassi 1998).
t.i.c.=total interlayer
charge=K+Na+2Ca. 
■■=apparent octahedral 
vacancy=20−Σoctahedral 
cations per formula unit.
Arrows show trends of
TK Tschermak’s, and
AM dioctahedral (sudoitic) 
substitutions (after Zane and
Sassi 1998), where 
∆=AlIV−(AlVI+2Ti)
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Table 5 summarizes the metamorphic temperatures
calculated by the chlorite–AlIV thermometer of Cathelin-
eau and Nieva (1985). Note that similar T values were
obtained also with the modified versions of this ther-
mometer by Kranidiotis and McLean (1987) and Jowett
(1991), whereas the calibration of Zang and Fyfe (1995)
gave significantly lower, unrealistic results. The mean T
values are around 300 °C for the Meliata locality, and
about 340 °C for the Držkovce and Hačava localities.
Both the trend of increasing T and also the absolute val-
ues are in fairly good agreement with the estimates ob-
tained from the KI values characteristic of high-tempera-
ture anchizonal metamorphism.

Figure 12 and Table 6 summarize the P–T results ob-
tained using the chlorite–white mica thermobarometer of

Vidal and Parra (2000). They were constrained by the in-
tersection of four independent equilibria. The results of
average P–T estimates correspond to the INTERSX out-
put. The temperature and pressure standard deviations lie
within 10–40 °C (mean value=31 °C) and 260–1,100 bar
(mean value=750 bar) respectively. The highest standard
deviations may witness disequilibrium between the chlo-
rite and white K-mica used to estimate the P–T condi-
tions. However, the P–T conditions for the pairs showing
the highest and lowest standard deviations (highest and

Table 5 Peak temperature esti-
mates of metamorphism in °C,
calculated by chlorite–AlIV

thermometry (n number of
samples, SD standard devia-
tion)

Thermometer Statistical Meliata Meliata Držkovce Hačava
parameters (metasediments) (metabasalts)

Cathelineau and Nieva Mean 282 315 348 342
(1985) SD 38 35 18 25

n 13 10 9 7
Min. 242 246 315 299
Max. 337 362 368 363

Kranidiotis and McLean Mean 290 298 327 325
(1987) SD 22 25 13 17

n 13 10 9 7
Min. 256 248 304 292
Max. 335 338 346 345

Jowett (1991) Mean 297 318 351 349
SD 29 35 18 25
n 13 10 9 7
Min. 249 248 321 299
Max. 350 365 376 372

Zang and Fyfe (1995) Mean 229 258 264 263
SD 18 20 11 16
n 13 10 9 7
Min. 191 219 245 232
Max. 248 286 277 277

Table 6 Pressure and temperature estimates calculated by white
mica–chlorite thermometry of Vidal and Parra (2000) (n number
of samples, SD standard deviation)

Locality Statistical T P
parameters (°C) (kbar)

Meliata metasediments (M1, M2) Mean 288 4.3
SD 22 0.7
n 5 5
Min. 257 3.5
Max. 312 5.4

Držkovce (Dz3, Dz5, Dz7) Mean 342 3.1
SD 27 0.8
n 13 13
Min. 300 1.9
Max. 399 5.0

Hacava (H3) Mean 378 3.6
SD
n 2 2
Min. 339 2.9
Max. 417 4.3

Hacava (H2) Mean 425 7.6
SD
n 2 2
Min. 423 7.5
Max. 428 7.7

Fig. 12 P–T estimates of metamorphism calculated by the method
of Vidal and Parra (2000). Error bars correspond to 1σ standard
deviation. For further explanation, see the text



128.3±5.0 Ma for fine-grained samples (M1 and M2)
with high-Si mica. The youngest dates of 134 and
128 Ma can be interpreted as the age of very low-grade
metamorphism, whereas the oldest dates reflect the pres-
ence of an older, detritic mica component.

The K–Ar data for the Držkovce locality yielded two
groups of ages: 149 and 143 Ma for samples Dz7 and
Dz5, and 126 and 116 Ma for samples Dz3 and Dz1.
Both ages are younger than the blueschist facies meta-
morphism and probably reflect very low-grade metamor-
phic events in these rocks, documented by illite and
chlorite “crystallinity” indices.

Samples from the Hačava locality yielded ages in 
the narrow range of 137–145 Ma. The older ages
(144–145 Ma) come from dark calcite- and graphite-rich
samples which contain paragonite rimmed by phengite,
whereas the younger age (137 Ma) was obtained from an
overlying pelitic rock.

Three different ages (127–122, 142 and 158 Ma) were
obtained on fine, white mica fractions of mylonitised
phyllites from the Rožňavské Bystre locality. The first
two ages are comparable with those from the Držkovce
locality. The last age of 158 Ma probably reflects the
presence of blueschist facies, white mica relic.

Discussion

Figure 13 shows the most probable P–T–t paths con-
structed for the retrogressed (mylonitised) blueschist fa-
cies metasediments of Rožňavské Bystre (Rb), and the
prograde anchizonal series of the localities Meliata (M),
Držkovce (Dz) and Hačava (H). When comparing the
temperature estimates, fairly good agreement is found
between the results obtained by various methods. Illite
Kübler-index (“crystallinity”) and chlorite “crystallinity”
data revealed upper anchizonal conditions with T esti-
mates of ca. 270–350 °C, the Meliata rocks showing
lower, the other groups higher temperatures. These re-
sults agree with the T estimates based on the chlo-
rite–AlIV thermometers of Cathelineau and Nieva (1985),
and Jowett (1991), indicating 280–315 °C for the Meli-
ata and 340–350 °C for the Držkovce and Hačava sam-
ples (Table 5). Moreover, these temperature estimates
practically coincide with those obtained for the Meliata
and Držkovce groups by the chlorite–white mica thermo-
barometer of Vidal and Parra (2000). This latter method
gave higher T estimates for the Hačava samples. The
surprisingly good agreement between the T estimates by
the various methods suggests that the kinetic factors of
low-T metamorphism of the Meliata unit may be compa-
rable to those terrains for which the “crystallinity” scales
and the chlorite–AlIV thermometers were calibrated. Yet,
local near-equilibrium states at a microscale of several
hundreds to thousands of micrometres have been at-
tained, even if the rock as a bulk represented disequilib-
rium.

For the Meliata locality (where no paragonite or
mixed K-Na-mica were found), semiquantitative P esti-
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lowest scatter among the intersections of independent
equilibria) are not significantly different. It is thus be-
lieved that the standard deviations obtained in the pres-
ent study are compatible with the assumption of equilib-
rium at local (microscopic) scale.

For the Meliata metapelites the calculated tempera-
ture and pressure values scatter in the ranges of 257–
312 °C and 3.5–5.4 kbar, giving averages of 288±22 °C
and 4.3±0.7 kbar. In the case of the Držkovce samples,
higher but strongly scattering temperatures (300–399 °C,
with a mean value of 342±27 °C), and also strongly scat-
tering but lower pressure values (1.9–5.0, average is
3.1±0.8 kbar) were obtained, as compared to the Meliata
rocks. Two Hačava samples gave rather distinct P–T in-
tervals. P–T values of sample H3 are 339–417 °C (mean
of 378 °C) and 2.9–4.3 kbar (average of 3.6 kbar), these
being somewhat higher than the P–T values of the
Držkovce samples. For sample H2, relatively high T
(425 °C) and P (7.6 kbar) conditions were obtained.

K–Ar geochronology of white K-micas

The age of the blueschist facies metamorphism of the
Meliata unit is about 165–155 Ma (Maluski et al. 1993,
Dallmayer et al. 1993, Faryad and Henjes-Kunst 1997).
Table 7 summarizes the new K–Ar isotope data for white
K-mica-rich, <2 µm grain-size fractions of selected, very
low-grade samples. The K–Ar data obtained for different
samples scatter in the wide range of 177–116 Ma, sug-
gesting the presence of different generations of white 
K-micas. Samples from the Meliata locality, the meta-
morphic temperature of which was the lowest, yielded
the largest scatter in age values. The older ages of
177.7±6.8 and 159.1±6.2 Ma were obtained for samples
M3 and M4 which contain relatively coarse-grained,
low-Si mica, and the younger ages of 134.0±5.2 and

Table 7 K–Ar isotopic data of the <2 µm grain-size white 
K-mica-rich fraction samples

Sample K 40Ar(rad) 40Ar(rad) Age±σa

(%) (10−5 cm3/g) (%) (Ma)

M1 3.507 1.813 73.0 128.3±5.0
M2 4.394 2.376 71.9 134.0±5.2
M3 2.330 1.506 67.6 159.1±6.2
M4 3.517 2.553 85.1 177.7±6.8
Dz1 6.499 3.021 81.9 115.8±4.5
Dz3 5.831 2.964 87.6 126.2±4.9
Dz5 5.998 3.462 83.8 142.7±5.7
Dz7 5.520 3.338 86.3 149.2±5.7
Rb-7 2.496 1.277 63.4 127.0±5.1
Rb3 5.097 2.943 78.5 142.7±5.6
Rb4 3.517 1.737 80.3 122.8±4.8
Rb5 4.905 3.159 82.8 158.5±6.0
H2 3.882 2.277 86.6 144.9±5.7
H3 6.433 3.582 90.6 137.8±5.4
H11 3.303 1.830 81.6 137.2±5.4
H12 3.659 2.152 85.0 145.3±5.5

a Calculated using atomic decay constants of Steiger and Jäger
(1977)



may be regarded as minimum pressure values. With in-
creased paragonite content, as in the case of the Hačava
samples, the discrepancy between the P estimates by the
two methods are the largest. Here the P values obtained
by the chlorite–white mica method of Vidal and Parra
(2000) seem to be reliable, whereas the b method under-
estimates the pressure conditions. It is worth mentioning
that the imprint of an earlier, higher-P event (inferred
from the white K-mica b data) has been substantiated
also by chlorite–white mica thermobarometry. In conclu-
sion, the thermobarometric data indicate that metamor-
phism of the various localities/formations proceeded
along varying P/T gradients.

In Fig. 13 the time relations of metamorphism are also
shown, as deduced from the K–Ar age data of the < 2µm
grain-size, white K-mica-rich fractions. Of course, the
<2 µm grain-size fraction of illite-muscovite-rich parts of
the metaclastic rocks does not represent a homogeneous
white-mica generation. In addition to the predominant,
newly formed (metamorphic) micas, fine fragments of
older (inherited) detrital flakes may occur. Consequently,
the interpretation of K–Ar age data needs special care.
Supposing an effective heating time of 10±5 Ma, total iso-
topic resetting of the <2 µm grain-size illite-muscovite
fraction is achieved at 260±20 °C (Hunziker et al. 1986).
Therefore, this T value is generally regarded as the closure
temperature of these fine-grained micas. According to
Árkai et al. (1995a), chemical equilibrium in the Palaeo-
zoic and Mesozoic of the Bükkium, NE Hungary was ap-
proached (but not completely achieved) at upper anchi-
zonal and epizonal conditions. Small (ca. 5%) but system-
atic differences between the K–Ar ages of <2 µm, white
K-mica fractions of terrigenous metaclastic rocks and me-
tatuffs suggest that the effects of inherited old micas are
present even in epizonal rocks. The differences between
the peak temperature of metamorphism (ca. 280–350 °C)
and the closure temperature of the K–Ar system (~260 °C)
resetting during cooling may result in somewhat younger
ages than the actual age of peak conditions. On the other
hand, even small proportions of detrital micas in the
<2 µm grain-size illite-muscovite fraction may affect the
resultant K–Ar system, producing older ages than that of
the metamorphic peak. Considering these two contrasting
effects which may modify the age values in opposite
ways, one may suppose that the K–Ar data in Table 7 (dis-
played also in Fig. 13) can be related to the actual age of
peak conditions of the very low-grade sedimentary
mélange, as a very rough approximation.

By contrast, K–Ar dates from the mylonites record a
retrograde episode in the blueschist facies metapelites.
Geological observations, together with metamorphic
conditions and their age relations, point to complex tec-
tonic imbrication, mixing of blueschist facies and very
low-grade (anchizonal) metamorphic series (tectonic
slices, lenses) at relatively shallow (10–20 km) crustal
levels in an accretionary wedge. The studied mélange is
similar in its structural, petrological and tectonic aspects
to those observed in various accretionary complexes
(see, for example, Cowan 1985; Goodge 1995).
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mates based on white K-mica b geobarometry (Sassi
1972; see also Guidotti and Sassi 1986) are lower by ca.
1–1.5 kbar than the P estimates obtained by chlo-
rite–white mica thermobarometry (Vidal and Parra
2000). The reasons for this discrepancy are not known 
at present. Perhaps the linear extrapolation of the white
K-mica b isopleths to lower temperatures may be an
oversimplified approximation, and/or the lack of limiting
mineral assemblages may increase the uncertainties of
white mica b geobarometry. The Držkovce samples are
characterised by higher T and lower P than the Meliata
samples. The discrepancy between the P estimates ob-
tained by the two above-mentioned methods is similar to
that found for the Meliata sample group, although par-
agonite is present in the Držkovce samples which, ac-
cording to Guidotti and Sassi (1976), should cause a de-
crease of the b values and consequently, the P estimates

Fig. 13 P–T diagram indicating the exhumation path (mylonitisat-
ion and retrogression) of blueschists and the P–T trajectories of
very low-grade metamorphism of sedimentary sequences in the
Meliata unit. Dates of 155–160 Ma correspond to blueschist facies
metamorphism (Maluski et al. 1993; Dallmayer et al. 1993;
Faryad and Henjes-Kunst 1997). The age interval of 140–150 Ma
is interpreted to date the very low-grade progressive metamor-
phism of pelitic sequences and retrogression of blueschist facies
rocks of the Meliata unit. The interval of 120–130 Ma is tentative-
ly related to cooling of the sequences below the closure tempera-
ture of the <2 µm white K-micas (ca. 260 °C). Boxes represent the
uncertainties of P and T estimations using the illite and chlorite
“crystallinity”, chlorite–AlIV thermometric, and white K-mica b
geobarometric methods. In the case of the Držkovce, Hačava, and
Rožňavské Bystre samples, these pressure ranges should be con-
sidered as minimum estimates (see also the text). Symbols with 
error bars expressing ±1σ standard deviation show average P–T
data obtained by chlorite–white mica thermobarometry (Vidal and
Parra 2000). M, continuous line, circle Meliata; Dz, dotted line,
square Držkovce; H, dashed line, triangle Hačava; Rb, finely
dashed line Rožňavské Bystre. Other abbreviations: LBS lawsoni-
te blueschist, EBS epidote blueschist, GS greenschist facies. The
CT-closure temperature of the radiogenic Ar system in the <2 µm
grain-size fraction of illite–muscovite is after Hunziker et al.
(1986)



Cretaceous deformation and metamorphism (100–
90 Ma), which were significant in the surrounding (and
underlying) Gemericum as well as in the Veporicum and
in the Bükk unit of the Western Carpathians (Kovách 
et al. 1986; Maluski, et al. 1993; Árkai et al. 1995a; 
Kovacik et al. 1997), had no or only minimal effect on
the Meliata unit. With the exception of a low-tempera-
ture overprint at ~90 Ma, deduced from Ar–Ar spectra
(Faryad and Henjes-Kunst 1997), there is no geochrono-
logical evidence of Cretaceous tectonic activity. This
event probably led only to brittle deformation of the
rocks in this unit.

Conclusions

1. The sedimentary matrix of the Meliata mélange and
associated metabasalts in the inner Western Carpathi-
ans, Slovakia experienced prograde, high-T anchizon-
al (ca. 280–350 °C) regional metamorphism. The
grade of metamorphism is somewhat lower at the type
locality of the village Meliata than at the other locali-
ties studied. High-T anchizonal conditions prevailed
also during the mylonitic retrogression of the blue-
schist facies phyllites (Rožňavské Bystre).

2. White micas are characterised by a slight deficiency
of the interlayer charge. Variations in the chemistry of
white K-micas follow the main trend of Tschermak’-
type (or celadonitic) isomorphic substitution. Illite
“crystallinity” increases (i.e. apparent metamorphic
grade decreases) with decreasing total interlayer
charge and increasing celadonitic substitution, where-
as Na/K and Fe/Mg ratios do not affect the KI values
considerably.

3. In general, smectitic and/or illitic impurities (mixed
layers or finely intergrown, discrete phases) are insig-
nificant in chlorites. Chemical relations of chlorites
show that dioctahedral (sudoitic) substitution plays an
important role in addition to the Tschermak’ and
FeMg−1substitutions.

4. Illite and chlorite “crystallinity” data are in fairly
good agreement with each other, and also with the re-
sults of chlorite–AlIVthermometry and chlorite–white
mica thermobarometry.

5. Discrete paragonite and “mixed” white K-Na-mica
phases, being present in subordinate quantities, do not
appreciably modify the illite “crystallinity” values,
and consequently the estimates on metamorphic
grade. On the other hand, bvalues of white K-micas
provide only minimum pressure estimates in samples
containing also paragonite and/or “mixed” white 
K-Na-mica phases.

6. Accordingly, the minimum pressure of prograde an-
chizonal metamorphism varied between ca. 3 and
1.5 kbar, that of the retrogression of blueschist facies
metapelites being about 4 kbar. Based on the results
of chlorite–white mica thermobarometry (Vidal and
Parra 2000), the pressure of prograde low-T metamor-
phism may have varied between ca. 2.5 and 5 kbar,

locally (at Hačava) with indication of an earlier, ca.
7–8 kbar event. The P–T estimates for the different
localities suggest variable thermobaric conditions in
the accretionary wedge.

7. Prograde anchizonal metamorphism and retrogression
of blueschist facies metapelites occurred between ca.
150 and 120 Ma, with a thermal peak in the anchizon-
al sequences at around 140–145 Ma. Thus, the very
low-grade metamorphism of the Meliata sedimentary
pile was younger than the 160–155 Ma old, subduc-
tion-related blueschist facies metamorphism, and con-
siderably older than the Cretaceous (ca. 100–90 Ma)
metamorphism of the footwall Gemer and surround-
ing Vepor Palaeozoic units (Slovakia), and of the
Palaeozoic and Mesozoic formations of the Bükk unit
(NE Hungary).
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