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Summary

Vyhne-Klokoc¢, the largest Fe-skarn deposit in the Western Carpathians, is related to
the emplacement of a large granodiorite pluton in the central zone of a Neogene
stratovolcano. Skarn mineralisation is developed in places where apophyses of the
pluton intruded basement carbonates. Granodiorite in the apophyses grades into rocks
of granitic composition, involving the replacement of mafic minerals and a concomitant
decrease in Fe-content. Ca-magnetite exoskarns (not accompanied by endoskarns)
developed in three paragenetic stages. Fluid inclusion (Fl) data for quartz in
granodiorite suggest the existence of aqueous fluid immiscibility during the early
hydrothermal stages. Three end-members of Fls were recognised, with a continuum
between all three types. High salinity, liquid-rich, probably secondary Fls (2968 wt %
NaCl eq., Th 450 to 570 °C, composed of NaCl-+FeCl,+KCl) coexist with vapour-rich
Fls with low but variable salt contents (CO;). Probably late secondary Fls (1-25 wt %
NaCl eq., composed mainly of NaCl+CaCl,, Th 188-283°C) form the other end-
member type of Fls trapped in granodiorite quartz. Fls from skarn garnets show a large
variation in salinity (4-23wt% NaCl eq., composed of NaCl+FeCl,+CaCl,+
KCl+MgCly) and Th (220-370°C), independent of the garnet types, probably
reflecting variable amounts of magmatic fiuids and low salinity meteoric waters. Fls in
retrograde quartz, calcite and sphalerite show progressively more dilute (0—4 wt %
NaCl eq, Th 215-380°C), probably dominantly meteoric fluids with evidence for
boiling at shallow depth. Chlorite crystallisation temperatures, calculated from the
chlorite geothermometer, are in good agreement with the Th data for Fls in associated
skarn minerals. Compositional changes in the granodiorite apophyses are the result of
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subsolidus autometasomatic reactions of accumulated saline magmatic fluid inside the
apophyses with pre-existing mafic mineral phases. Reactions add the iron to the fluid —
the potential source for magnetite skarn. Later mixing with dilute, cooler probably
meteoric waters had the effect of decreasing the salinity and density of the equilibrated
magmatic fluid, making it more buoyant and capable of moving out from the apophyses
into the country rocks, causing metasomatic reactions and precipitating magnetite. An
overlap exists between the FI microthermometry data from primary Fls in garnets and
late secondary Fls in the granodiorite quartz indicating the same sources of the
hydrothermal fluids — probably mixtures of magmatic and meteoric waters. Based on
fluid inclusion, geological, petrological and mineralogical data, an integrated fluid
evolution model involving magmatic and meteoric fluids is developed to explain the
geological and fluid controls on Fe-skarn mineralization associated with granodiorite
intrusions.

Zusammenfassung

Die Evolution von Fluiden bei Fe-Skarn Mineralisation: FEin Beispiel von der
Lagerstiitte Vyhne-Klokoc¢, West-Karpathen, Slowakei.

Vyhne-Klokoc ist die grofite Fe-Skarn Lagerstitte in den Westkarpathen. Sie steht in
Beziehung zur Platznahme eines groBen Granodiorit-Plutons in der Zentralzone eines
neogenen Stratovulkans. Skarn-Vererzung ist dort zu finden, wo Apophysen des Plutons
Karbonate des Basements intrudieren. In den Apophysen geht Granodiorit in Gesteine
granitischer Zusammensetzung iiber, wobei mafische Minerale verdringt werden und
der Fe-Gehalt abnimmt. Ca-Magnetit-Exoskarne (nicht von Endoskarnen begleitet)
entstanden in drei paragenetischen Stadien. Fliissigkeits-Einschluf-Daten (FI) fiir
Quarz in Granodiorit weisen auf Unmischbarkeit von Fluiden wihrend der frithen
hydrothermalen Stadien hin. Drei Endglieder von FI liegen vor, die durch Kontinuum
miteinander verbunden sind. Hochsalinare, wahrscheinlich sekundire FI mit hohem
Anteil fluider Phase (29-68wt% NaCl eq., T,, 450-570°C; bestehend aus
NaCl+FeCl,4+KCl) koexistieren mit Gas-reichen FI mit niedrigem aber variablem
Salzgehalt (+=COy;). Sekundire, wahrscheinlich spét gebildete FI (1-25 wt% NaCl eq.,
Hauptbestandteile NaCl4-CaCl,, T, 188-283 °C) bilden das andere Endglied von FI in
Granodiorit-Quarz.

FI aus Skarn-Granaten zeigen grofiere Variationen der Salinitdt (4—23 wt % NaCl
eq., Hauptkomponenten NaCltFeCl,+4-CaCl,+KCIl+MgCly) und T, (220-370°C).
Diese Zusammensetzungen sind unabhingig von der Art der Granate und diirften das
Ergebnis von Mischung variabler Mengen magmatischer Fluide und meteorischer
Waisser niedriger Salinitéit sein. FI in retrogradem Quarz, Calcit und Sphalerit zeigen
zunchmend mehr verdiinnte (0-4 wt% NaCl eq., T, 215-380°C), wahrscheinlich
grofiteils meteorische Fluide mit Hinweisen auf Kochen in geringer Tiefe.
Temperaturen fiir die Kristallisation von Chlorit wurden mit dem Chlorit-Geothermo-
meter ermittelt; diese stimmen gut mit T,-Werten fiir FI in assoziierten Skarn-
Mineralen iiberein. Anderungen der Zusammensetzung der Granit-Apophysen sind das
Ergebnis von autometasomatischen Subsolidus-Reaktionen magmatischer Fluide, die
sich in den Apophysen angesammelt haben, mit priexistierenden mafischen Mineralen.
Solche Reaktionen erhdhen den Fe-Gehalt in den Fluiden — die potentielle Quelle fiir
Magnetit-Skarne. Spitere Mischung mit verdiinnten, kiihleren Fluiden, wahrscheinlich
meteorischer Herkunft, senkte Salinitdt und Dichte der magmatischen Fluide und
erleichterte so ihren Aufstieg in die Nebengesteine. Dies fiihrte zu metasomatischen
Reaktionen und zur Ausfillung von Magnetit. Mikrothermometrische Daten von
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primdren FI in Granat und von sekundiren FI in Granodiorit-Quarz iiberlappen
teilweise und weisen auf dhnliche Ausgangs-Fluide hin, wahrscheinlich Mischungen
magmatischer und meteorischer Wisser. Geologische, petrologische, mineralogische
und FI-Daten erméglichen die Entwicklung eines integrierten Modells fiir die Fluid-
Evolution bei der Bildung von Fe-Skarnen in Granodiorit-Intrusionen.

Introduction

Skarn deposits are an important type of mineralisation closely associated with acid
to intermediate magmatism. They typically occur at or near the contact between
igneous intrusions and carbonate rocks. Classical theories for the genesis of skarns
and associated mineralisation envisage a multistage evolution connected to late
magmatic and associated hydrothermal activity (e.g. Einaudi et al., 1981; Einaudi
and Burt, 1982; Pirajno, 1992).

Fluid inclusion studies provide an effective method of investigating PVTX
properties and the evolution of fluids involved in skarn formation. Previous
studies have shown that these fluids are typically of variable salinity but
frequently show a characteristic dilution or mixing trend from high temperature,
high salinity (magmatic ?) fluids to lower temperature, dilute (meteoric) fluids
(Roedder, 1984; Kwak, 1986; Layne and Spooner, 1991; Jamtveit and Andersen,
1993). The published fluid inclusion dafa are in agreement with recent
experimental and theoretical models for fluid evolution in magmatic systems
(e.g. Burnham, 1979; Whitney et al., 1985; Shinohara et al., 1989; Candela, 1991).
Although a general model is now accepted for skarn mineralisation, the
relationship between the evolution of magmatic fluids inside the pluton and the
skarn-forming and mineralising processes in the evolving skarn environment is still
not yet clear.

As a part of a wider project on “Mineral resources of Slovakia” (Onacila et al.,
1995), investigating the metallogenetic evolution of the Banska Stiavnica ore
district within the Central Slovakia Neogene Volcanic field, a detailed
mineralogical, petrological and fluid inclusions study of the Vyhne-Kloko¢ iron
skarn deposit has been carried out. The geological setting, mineralogy and
geochemistry of the deposit are particularly well established (Gavora, 1962;
Gavora and Hruskovic, 1963; Gavora and Lukaj, 1968; Koneény et al., 1993;
Kdcer et al., 1993; Kodera and Chovan, 1994; Kodéra, 1994) and the deposit
provides an excellent opportunity of investigating the link between fluids
associated with skarn mineralization and associated granodiorite. Here we report
new data on fluid inclusions in paragenetically well-constrained stages of skarn
mineralisation, together with data on the inclusion populations in the associated
granodiorite. From the combined fluid inclusion and paragenetic results, and a
summary of available geological and petrological data a new fluid evolution model
is developed for skarn development in this type of setting.

Geological setting

The Vyhne-Klokoé magnetite deposit is part of the Hodruga-Stiavnica ore district.
This district, with historical production of gold, silver, base metals and iron,
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contains a variety of mineralisation types ranging from intrusion related, sub-
volcanic skarns and porphyry copper systems to high level epithermal base and
precious metal veins.

The Hodrusa-Stiavnica ore district is hosted in the central zone of a large
andesite stratovolcano (Stiavnica stratovolcano) — the most extensive one in the
Central Slovakia Neogene Volcanic Field (Fig. 1). Volcanic activity, which is of
high-K calc-alkali type, comparable with andesite volcanoes of continental margins
(Lexa et al., 1993), was related to subduction and back-arc extension processes
within the Carpathian arc. The structure, stratigraphy and evolution of the Stiavnica
stratovolcano is described by Konecny et al. (1983, 1995) and the geology of the
Hodruga-Stiavnica ore district by Lexa et al. (in press). The stratovolcano com-
prises mainly pyroxene and hornblende-pyroxene andesites. The central zone is
represented by a caldera 20 km in diameter, filled by a biotite-hornblende andesite
dome/flow complex. Evolution of the volcano took place between 16.3-10.5Ma
(Konecny et al., 1983; Lexa et al., in press). A resurgent horst in the centre of the
caldera brings to the surface basement rocks and an extensive subvolcanic intrusive
complex. This complex is dominated by a granodiorite pluton, emplaced during the
precaldera stage of volcano evolution (16.3—15.5 Ma, Lexa et al., in press). Owing
to the alteration and thermal overprint by a younger epithermal system, attempts to
date the granodiorite by radiometric methods have not been successful (Rozloznik
et al., 1991). The complex is emplaced into a basement of Hercynian granite and
schists, overlain by a cover sequence of Middle to Upper Triassic carbonate
sediments (Vel’ky Bok Group) overthrust by late Paleozoic to Late Triassic clastic
and carbonate sediments of the Choc¢ nappe.

Generally, Fe-skarn mineralisation occurrences are spatially limited to those
areas where basement rocks with carbonate sequences at the roof of the Neogene
granodiorite pluton were brecciated and intruded by apophyses of the intrusion
(Lexa et al., in press).

The Vyhne-Kloko¢ deposit is the largest Fe-skarn locality in this district, as
well as in whole of the Western Carpathians, with 2.6 million tons of proven
magnetite reserves (Gavora and Lukaj, 1968). The deposit is situated in the NW
part of the central zone of the stratovolcano, about 2.5 km SW from the village of
Vyhne (Fig. 1c¢). The schematic map and cross-section shown in Fig. 2a and b
(Kacer et al., 1993) are based on exploration drill holes, underground development
(Gavora and Lukaj, 1968) and recent geological surveys (Konecny et al., 1993).
The cross-section shows the close relationship between skarn development,
limestones and the granodiorite intrusion, including its apophyses. The apophyses
intrude both the skarnised limestones of the Vel’ky Bok Group and overlying rocks
of the Choc¢ nappe (Fig. 2a). The main skarn bodies occur in limestones as irregular
lenses up to about 35 metres thick and 500 metres long. They dip at up to 60° to the
West, subparallel to the dip of the granodiorite contact (Gavora and Hruskovic,
1963). Skarns are cut by younger (post-mineralisation) quartz diorite porphyry
dykes with chilled contacts against rocks that include skarns. Remnants of an
Hercynian granite in places separates the skarn-hosting carbonates from the main
body of granodiorite. However, at other skarn occurrences in the Stiavnica-
Hodrusa district, there is a direct contact of granodiorite and skarns with both
endo- and exoskarns being present.
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Petrology and alteration patterns

The host sedimentary carbonates of the Vel’ky Bok group are typically fine
grained, Fe-poor, calcic and dolomitic limestones. Close to the contact with the
granodiorite these limestones are recrystallised to marble and strongly affected by
the skarnification process with the development of characteristic skarn minerals
(including magnetite) as discussed below. The skarns show distinctive mineral
zoning away from the granodiorite contact with magnetite-bearing skarns
occurring closest to the contact (Gavora and HruSkovic, 1963).

Throughout the ore district the apophyses of the granodiorite pluton change
composition towards the basement/granodiorite contact (Fig. 2b, Table 1). The
fresh granodiorite typically has a crystal size of 3 to 6 mm and consists of
idiomorphic (sometimes partially resorbed) amphibole and biotite, hypidiomorphic
plagioclase (Angp-30), and allotriomorphic to poikilitic K-feldspar and quartz.
Textural and modal composition of the granodiorite indicates that, at the time of
emplacement, the magma was composed of approximately 40 to 50% plagioclase,
amphibole and biotite phenocrysts in a silicate liquid close to the eutectic
composition (Sulgan, 1986).

In the apophyses (at the basement/granodiorite contact) there is a local increase
in size and abundance of the K-feldspar and quartz owing to replacement of
plagioclase and mafic minerals. Plagioclase is partially replaced also by an albite-
rich variety (Anzp) and mafic minerals are chloritised. The KAlISi;Og content of K-
feldspar increases to 95%, indicating subsolidus exchange with K-rich fluids.
Granophyric intergrowths of K-feldspar and quartz have been observed near the
contact as a result of the undercooling of the melt caused by escape of aqueous
phases (Kdcer et al., 1995). The metasomatic replacement of mafic minerals is
reflected in a distinct decrease in the Fe-content in the granodiorite apophyses
towards the contact zone (Table 2, Fig. 3), indicating the likely source of iron in

Table 1. Mineralogy and alteration patterns of different types of granodiorite. Mineral
mode of the pluton changes towards the contact with country rocks involving total
replacement of mafic minerals in apophyses as the result of autometasomatic subsolidus
reaction

Granodiorite type Mineralogy & alteration

Apophyses — more K-feldspar, quartz, albite rich plagioclase
— total replacement of mafic minerals
— granophyric intergrowths of K-feldspar and quartz
— feldspars replaced by sericite, clays (hydrothermal event)

Transitional ~ local increase in size and abundance of K-feldspars
— albititisation of plagioclase
— chloritisation of mafic minerals

Fresh — idiomorphic amphibole, biotite
— hypidiomorphic plagioclase
— allotriomorphic K-feldspar, quartz
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Table 2. Typical whole rock
chemical analyses of fresh
granodiorite (1), its altered
apophyse (2) and aplite dif-
Jerentiate (3) from the Cen-
tral zone of the Banskd

Stiavnica stratovolcano.
Data from Lexa et al. (1997)
1 2 3

Si0; | 61.35 63.85 76.84
TiO, 062 062 0.16
ALO; | 1656 1674 12.32
Fe, 03 | 178 091 043
FeO 381 1.85 065
MnO 011 0.05 0.01
MgO 234 192 004
cao 523 555 062
Na,0 | 310 381 218
) 3.29 345 6.09
P,0s 027 012 0.02
Stotal| 001 013 0.01
HO+ | 134 068 0.39
H,0- | 013 019 015
Total | 99.93 99.87 99.91

Rb 58 66 106
Sr 430 540 124
Ba 698 635 96
Zr 137 123 75
Y 19 14 2
Nb 13 2 18
Ta 0.8 0.4 06
Ni 8 13 12
Co 12.0 71 57
Cr 27.0 140 310
\ 120 80 10
Cu 5 26 8
Pb 2 8 19
Zn 62 39 80
Hf 3.4 2.0 4.0
Th 8.4 5.7 9.1
U 02 <04 <06
La 302 145 212
Ce 502 311 523
Nd 1 11 19
Sm 468 279 3.80
Eu 093 081 099
Tb 0.5 0.3 0.5
Yb 210 120 200
Lu 025 0.19 033

magnetite skarns (as discussed later). The behaviour of other major elements is not
as clear, but generally Ca and Na increase toward the contact, while Si, Al and K
remain unchanged (Table 2). In the contact zone feldspars also show alteration to
sericite and clay minerals, but this appears to represent a superimposed hydro-
thermal event (reported in Kdcer et al., 1995).
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Fig. 3. SiO; vs. Fey, diagram for granodiorites, granodiorite apophyses and aplites from
the Central zone of the Banska Stiavnica stratovolcano. Sample analyses are shown in
Table 2. A distinct decrease in the rock Fe-content of the granodiorite apophyses is
reflected in the “skarn’ trend, indicating the likely source of iron in magnetite skarns. Data
from Lexa et al. (1997)

The Hercynian basement granite is affected by recrystallization, as well as by
local fracturing and brecciation. These fractures are filled by a tourmaline-quartz
assemblage and are probably the result of a granodiorite contact effect (Kdcer et al.,
1993).

Mineralogy of the skarn

Within the whole Hodrusa-Stiavnica ore district many types of skarns are
recognised. Mg-skarns and Ca-skarns are both developed on exo-and endocontacts
(Zabransky, 1969; Kdcer et al., 1993). The Vyhne-Kloko¢ deposit is classified as a
pure Ca-magnetite exoskarn, with no evidence for either Mg-skarn or endoskarn
mineralisation (Kodéra, 1994; Kodéra and Chovan, 1994).

Previous studies (Kodeéra, 1994; Kodéra and Chovan, 1994) have proposed a
sub-division of the main skarn-forming stage according to the classic scheme of
Einaudi et al. (1981) starting with an initial isochemical stage followed by
metasomatic and retrograde stages. Several paragenetic stages of later hydro-
thermal mineralization were also recognised. A simplified version of the para-
genetic chart of Kodéra and Chovan (1994) is presented in Fig. 4. Stages have been
omitted partly for clarity but also because no clear spatial zonal arrangements of
skarn mineral assemblages could be recognised in many samples suitable for fluid
inclusion studies (often only mine dump material was available to study).

The earliest stages of skarn formation involved the crystallisation of non-
hydrous silicates, especially zoned garnets (grossularite-andradite series), rare
pyroxenes (diopside-hedenbergite series), wollastonite and clinochlore, in the
marginal zones. During the main phase of skarn formation Fe-enriched minerals,
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Fig. 4. Paragenetic chart for mineral growth in the Vyhne-Kloko¢ skarn deposit (simplified
from Kodéra and Chovan, 1994)

especially magnetite, garnet (dominantly andradite), epidote, tremolite and Fe-
clinochlore, were developed. Magnetite replaces marbles and earlier skarn mineral
assemblages (including garnet, tremolite, epidote and clinochlore). The last phase
of skarn development saw the crystallisation of strongly zoned garnet, major
hematite and minor magnetite, epidote, amphibole (dominantly actinolite), various
chlorites and other minerals. Subsequent retrograde hydrothermal mineralisation
involved a pronounced development of pyrite-chalcopyrite followed by base metal
mineralization. This is spatially related to, but not contemporaneous with the skarn,
that involves the strong development of garnet. The later stages (calcite-hematite,
quartz-carbonate, chalcedony-opal) occur mostly as fracture fillings.

The following brief description of skarn minerals, based mainly on Kodéra
(1994) and Kodéra and Chovan (1994), focusses only on those minerals, important
for interpretation of the fluid inclusion (Fl) data. Three types of garnet, all be-
longing to the grossular-andradite series (Ad)— 100, Spo-4), have been distinguished
both texturally and chemically (Fig. 5). Early garnet (garnet 1) is extensively zoned,
anisotropic, often altered and replaced by magnetite. Garnet II is dominantly
andraditic ( = Fe™ rich), isotropic, with rare “‘more grossularic” zones. Locally it
is replaced by magnetite, with which it usually appears coeval. Garnet III is also
extensively zoned and often occurs as veinlets cutting earlier skarn assemblages
(including earlier garnet generations). Most of the zones are anisotropic with
increased Mn content in the outermost zones.

Chlorites show a wide range of mineral compositions representing different
generations. According to the nomenclature of trioctahedral chlorites (Bayliss,
1975) all belong to the group of clinochlore with various content of Fe™, Mg and
Si. Chlorite A is the earliest, fine grained, nearly pure clinochlore, often replaced
by magnetite. Chlorite B is fine grained Fe-clinochlore associated with late garnets
and retrograde skarn assemblages. It is occasionally replaced by magnetite.
Chlorite C is the latest coarse grained variety of clinochlore (Mg, Si-clinochlore). It
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occurs in veinlets and vugs in coarse grained magnetite. As the composition of
chlorite is very sensitive not only to the fluid composition but also to the tem-
perature, the chlorite geothermometer proposed by Cathelineau and Nieva (1985)
and corrected by Cathelineau (1988) can be used to broadly compare the data from
the fluid inclusion microthermometry in skarn minerals (see below). Figure 6
shows the relationship between the approximate crystallisation temperature of
different generations of chlorites (calculated from microprobe analyses of Kodéra
and Chovan, 1994) and their Fe™ content. The Fe'? and Fe*? proportions were
determined from the charge balance, assuming 10 O and 8 (OH+F~Cl) using the
microcomputer program MINFILE (Afifi and Essene, 1988). These calculations
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Fig. 6. Temperature vs. Fe™? diagram for different generations of chlorites at the Vyhne-
Kloko¢ deposit based on microprobe analyses (Kodéra and Chovan, 1994). Crystallisation
temperature (T) of chlorites was calculated using the geothermometer proposed by
Cathelineau (1988) based on the relationship between T and Alp: T (°C)=—-61.92+
321.98 (Aly)
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showed that all the iron in chlorites can be regarded as Fe™2. The geothermometer
suggests reasonable crystallisation temperatures for all three generations,
representing different stages of skarn evolution. The values (249-291°C for
A-chlorites and 244-328 °C for B-chlorites) are in good agreement with data
reported here for fluid inclusions in skarn minerals. The large variation of Fe™? in
B-chlorites is possibly related to the large variation in salinity of the metasomatic
and retrograde fluids (see fluid inclusion data below), as the iron solubility in
aqueous fluids depends mainly on the salinity and less on the temperature (Whitney
et al., 1985; Kwak et al., 1986). Crystallisation temperature of C-chlorites (175—
231°C) indicates late hydrothermal retrograde conditions, as already suggested by
the paragenetic studies. It is likely, that low Fe contents of the C-chlorites is the
result of earlier crystallisation of magnetite.

Epidote is common in the deposit. Early epidote is usually fine grained and
replaced by magnetite. Retrograde epidote is coarse grained and is often present in
thin veinlets cutting earlier skarn assemblages.

Quartz and carbonates (mostly calcite and dolomite) are also common.
Texturally, they appear to have crystallised only during the retrograde and
retrograde hydrothermal stages of skarn evolution.

Sphalerite is relatively rare. Small crystals occur most often in the retrograde
hydrothermal assemblage (base metal substage).

Fluid inclusions petrography and microthermometry

Methods

Fluid inclusion (F1) studies were carried out on a range of skarn minerals including
garnet, epidote, sphalerite, quartz, calcite as well as from quartz from the least
altered samples of the granodiorite, directly beneath the zone of skarn
mineralisation. Prior to microthermometric analysis, a thorough optical and
petrographic examination of the Fl population was carried out. Where possible the
inclusions were assigned a probable primary or secondary origin according to the
criteria of Roedder (1984).

Temperatures of phase transitions were measured on selected inclusions with a
Linkam heating-freezing stage THMSG-600 at Kingston University and at the
Geological Survey of the Slovak Republic. The precision and accuracy of the
microthermometric measurements (including inter-laboratory differences), based
on standard calibration procedures, is estimated at £0.3 °C for temperatures below
—50°C and at £3 °C for temperatures near 350 °C. Homogenisation temperatures
(Th), eutectic or first melting temperatures (Te), last ice melting temperatures
(Tmye.) and dissolution temperatures of daughter minerals (Tm,) were measured
where possible on the aqueous inclusions. In a few vapour-rich Fls the temperature
of partial homogenisation of a CO;-rich phase (ThCO,) and its melting tem-
perature (TmCO,) were measured. Attempts to record clathrate melting
temperatures in these inclusions were unsuccessful. Salinities (expressed as wt.%
NaCl eq.) were estimated from the last ice melting temperatures using the
microcomputer program PVTX (equations of Hall et al., 1988) and from the halite
daughter minerals melting temperatures using the program FLINCOR (Brown,
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1989). Tec values were used to constrain the likely gross composition of the
solutions by comparison with published eutectics for various salt-water systems
(Shepherd et al., 1985).

In situ qualitative analyses of individual solid phases from Fl were carried out
using scanning electron microscope with an energy dispersive X-ray spectrometer
(EDAX) at the Geological Survey of the Slovak Republic. Optical identification of
one daughter mineral (ferropyrosmalite) was confirmed by Laser Raman analysis,
carried out by Dr. S. Roberts of Southampton University.

The granodiorite

Preliminary microthermometric studies were carried out on 75 Fls in quartz from
the least altered samples of the granodiorite near to the skarn contact. The Fls were
abundant, generally less than 20 um in size (15 pm in average), and showed a wide
range of vapour/liquid/solid ratios (Fig. 7).

Based on SEM-EDS, optical and microthermometric observations, the follow-
ing solid phases have been identified: halite, sylvite, Fe-chloride, K-Fe chloride,
Fe-K chloride, magnetite, hematite (Fig. 7a, b, e¢). Halite is dominant and ubi-
quitous in nearly all Fl with true daughter minerals (DM). Magnetite was identified
by its magnetic properties and hematite by its typical red colour. Both minerals are
interpreted as captive minerals (CM), because they occur only occasionally with
variable phase ratios in all types of Fls and they always failed to dissolve on
heating (Shepherd et al., 1985).

The mineralogy of various mixed K-Fe-Cl phases is complex and difficult to
characterise completely. The most common iron-bearing DMs are typically pale
yellow to green, anisotropic with high relief and dissolve readily on heating (62—
94°C) (Fig. 8). In comparison with the observations of Wilson et al. (1980) and
Quan et al. (1987) most of these are probably KFeCl; - nH,O and/or K,FeCls - H,O
— erythrosiderite. However, the simple Fe-chlorides, identified by SEM-EDS,
display similar optical properties and heating behaviour (Shepherd et al., 1985;
Kwak et al., 1986) making it very difficult to distinguish them from the more
complex Fe-K-chlorides based on microthermometric observations alone. This is
evident from experimental studies in the FeCl,-H,O system (Schimmel, 1928)
showing that FeCl, - 4H,0 is the most likely stable phase at room temperature with
a phase transition to the dihydrate at 75.6 °C. The other common iron-rich DM is
usually prismatic green to yellow, anisotropic, with high relief. It dissolves usually
between 450572 °C (Fig. 8). Dissolution is sometimes accompanied by develop-
ment of a new, unidentified, fibrous phase. This behaviour on heating is typical for
ferropyrosmalite (Fe,Mn)g(OH,Cl),0SigO1s, which was confirmed by Laser Raman
analysis (spectra compared to Dong and Pollard, 1997). Some of the other
DMs dissolved in the interval 117-390°C (Fig. 8) and according to SEM-EDS
results and their optical properties are identified as sylvite or various K-Fe
chlorides.

Based on optical, SEM and preliminary microthermometric studies three end-
member types of Fls were recognised (Table 3, Fig. 9). These end-member types do
not represent distinct groups or populations. A continuum probably exists among
all three types, suggesting substantial evolution from immiscible, high salinity,
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Fig. 7. Microphotographs of typical fluid inclusions (Fl) from the Vyhne-KlokoC skarn
deposit: A Type 1. liquid-rich multisolid Fl in granodiorite quartz with different degree of
fill; B Type 1I. vapour-rich multisolid FI in granodiorite quartz; C Primary liquid-rich Fl in
early gamet I. (skarn); D Primary vapour-rich Fl in quartz from the boiling system (skarn);
E SEM image of typical solid phases in open Fls in the granodiorite quartz; according to
EDAX analyses the big round to cubic phase is halite, small hexagonal to round phases are
K, Fe chlorides with different K : Fe ratio; F SEM image of captive fibrous minerals
present in open Fl in quartz from skarn (sericite?). 4 halite, fp ferropyrosmalite (?), hem
hematite, x/—x3 various dissolving K, Fe chlorides

high temperature fluids to low salinity and cooler fluids (see discussion for more
details).

Type I (DM+L+V+CM) inclusions are liquid-rich (F=10.7-0.9) and char-
acterised by the presence of daughter minerals and occasional captive minerals
(Fig. 7a). Solid phases sometimes occupy up to about 60% of the total volume of
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Fig. 8. Dissolution temperatures of daughter minerals (DM) in type I and Il inclusions.
Values below room temperatures represent dissolution of mostly unidentified salt hydrates,
evolved during freezing. Dissolving DMs are probably erythrosiderite or FeCl, - 4H,0 (in
the interval 60-120°C); sylvite and/or various K-Fe chlorides (120-400°C); ferropyr-
osmalite (450-560 °C). Dissolution of ferropyrosmalite is often accompanied by formation
of a new unidentified stable phase. Some solid phases in Fls did not dissolve until ~ 600°C

Table 3. Summary of main microthermometric data from fluid inclusions in quartz from the granodiorite.
Tm-halite femperature of halite dissolution, Th-total final homogenisation temperature, Te eutectic
temperature, n number of inclusions measured, L liquid, V vapour, DM daughter mineral, CM captive
mineral

Fluid inclusion Tm - halite (°C) Salinity (wt. % NaCl eq.) Th - total (°C) Te (°C)
type ﬂ range |mean n | range |mean n ] range Imean n | range mean
I (DM+L+V+CM) (27 144 <> 559 417 |27 294 <680 51330 204572 438 |5 -53&o-70 -594
IL(VHLEDM=CM) | 7 186 ¢>532 415 |8 231642 48012 390402 396 |3 -52-72 623
1. (L+VCM) - - - 123 08¢>246 10.5]22 188+<>283 252 |19 -28 <> -84 -55.1

the inclusions. The salinity varies from 29 up to 68 wt% NaCl eq., based on
Tmpge. Because of the likelihood of additional cations in the fluid, the Tmy 18
likely to be an underestimate of the bulk salinity. The total or final homogenisation
(by vapour disappearance, by halite dissolution or by other DM dissolution)
occurred from 204 to 572 °C. A few of the Fls with many DMs decrepitated before
total homogenisation. Only some of the Fls froze totally during cooling; their low
Te values (—70 to —53 °C) indicate the presence of CaCl, in the fluids.

Type 1I. (V4+LEDM=CM) inclusions are vapour-rich (F=0.7-0.2), with
occasional daughter and/or insoluble captive minerals (Fig. 7b). In most cases, a
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Fig. 9. Total homogenisation temperature (Thye) vs. salinity diagram for fluid inclusions
(F1) in granodiorite quartz. Different types of Fls are plotted with various modes of final
homogenisation. Note the continuum existing among all three types of Fls. Nearly all type
IL. inclusions (V+L+=DM=+CM) are missing because: i) most of the Fls did not show V/L
homogenisation when heated up to 600 °C, or ii) because of the small amount of liquid in
them and/or their small size it proved impossible to measure the ice melting temperature
and hence to calculate the salinity

small amount of pure CO, has been observed (TmCO, —56.6°C). However, the
absence of liquid CO; at room temperature implies a CO; content of much less
than 2mol % for the saline fluids (Bowers and Helgeson, 1983; Shepherd et al.,
1985). The salinity of these fluids varied from <23 up to 64 wt % NaCl eq. Salinity
is based on Tmpyye. Too small an amount of the liquid phase prevented
determination of Tm;.. (and salinity) for inclusions with no halite DM. Most of the
saline Fis (V4+L+DM) did not show vapour/liquid homogenisation even when
heated up to 600°C (the limit of the stage used). Only a few V-L inclusions
(without DMs) homogenised to vapour at about 400 °C. Halite dissolution occurred
from 186 to 532 °C. A few measured Te values (—52 to —72 °C) suggest substantial
amounts of CaCl, in the captured fluid (Shepherd et al., 1985).

Type Ill. (L+V+CM) inclusions are aqueous liquid-rich Fls (degree of fill
F=0.8-0.095), with occasional small crystals of mostly unidentified insoluble
(captive?) minerals. Microthermometric measurements showed a wide range of
salinity (1-25 wt % NaCl eq.) but a narrow range of Th (188-283 °C — always to
liquid). Te varied much in the interval —28 to —84 °C). Lower values of Te again
suggest a substantial amount of CaCl, (Shepherd et al., 1985) in more saline fluids.

It was usually difficult to assign a primary or secondary origin to these inclu-
sions, as most of them occur randomly within quartz grains, a typical feature of Fl
in igneous quartz (e.g. John, 1989; Frezzotti, 1992; Ratajesky and Campbell, 1994).
Although this observation might suggest a primary origin, a secondary origin is
more likely, based on the absence of devitrified melt and subsolidus Th (<570 °C)
in most of these aqueous inclusions, as would be expected for primary Fls in
magmatic quartz. The rare occurrence of crosscutting planes of Fls might be
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explained by recrystallisation of the host quartz, although no petrological evidence
was seen for this in the studied samples, or by migration of aqueous Fls after
trapping in a thermal, pressure or gravitational gradient (for details see Roedder,
1984). However, most of the type III inclusions (liquid-rich and lower salinity) and
some of the type II inclusions (vapour-rich without DMs only) are believed to be
later than most of the type I inclusions (high salinity liquid-rich). This is supported
by the fact, that type III and some of the type II inclusions have much lower Th
values and are usually highly irregular in shape as they did not have enough time to
re-equilibrate to more regular morphologies (Shepherd et al., 1985). In this context
it is also necessary to stress the apparent genetic link between the saline liquid-rich
(type I) and saline vapour-rich (some of type II) inclusions, that suggest aqueous
immiscibility phenomena.

Skarn minerals

For the Fl study of skarn minerals 144 individual Fls, mostly two phase liquid-
vapour type (L+4V) were selected and measured. In contrast to Fl data from the
granodiorite no Fl with true daughter minerals were found in any skarn mineral.
The average size of Fls varied from 10 to 30 um in their longest dimension,
although some extremely large (up to 80 um) and small (up to 5pum) Fls have
been measured. A summary of the microthermometric data is presented in Table 4
and Fig. 10.

The Fls in all types of garnet were rare to sporadic, L+V types (Fig. 7c).
Relatively small differences in Th and salinity values were observed for different
types of garnet. A few extremely low Th values from Fls in garnet probably reflect
leakage or a secondary origin. Salinity of primary Fls in garnets varied from 4 to
23 wt% NaCl eq. and Th varied from 218 to 371 °C. The composition of fluids
trapped in garnets is probably a mixture of NaCl, FeCl,, CaCl,, KCl and MgCl,
(based on Te values between —37 and —59 °C).

The Th of rare primary L+V Fls in late epidote from epidote-calcite veins
varied form 353 to 364 °C with salinity > 26 wt% NaCl eq. (Tm.. observed from

Table 4. Summary of microthermometric data from fluid inclusions in the skarn minerals. sec. Fl
secondary fluid inclusions, Tm — ice temperature of first ice melting, Th homogenisation temperature, Te
eutectic temperature, n number of inclusions measured

Tm - ice (°C) Salinity (wt. % NaCl eq.) Th (°C) Te (°C)

Mineral n l range lmean range Imean n ] range [ mean n[ range ]mean
Garnet L. 9 69 & 97 -89 104&-136 12.8} 9 291 & 371 335 |1 -36.5 -36.5
Garnet I1. 15 34o-181 -11.6] 55« -21.0 15.1§13 218 <> 326 288 |7 -41 &> -59 -49.5
Garnet 11 6 23¢-206 -85 3.8¢-228 11.2] 5 219« 331 306 |1 -37 -37
Garnet I1. or I11. 4 366-112 65 58e-152 9.5| 3 245 ¢« 355 306 |- - -
Garnet sec. FI 4 02 e 69 -21 03¢ 104 32| 3 233256 245 |- - -
Epidote 5 256¢>-304 274 258 >266 2685 353364 357 {2 63> -71 67
Sphalerite 2 24 6 -25 -25 3941 4|2 290 «>295 293 - -
Sphalerite sec. FI |4 -02 < -06 -04 0310 0.714 267273 270 |- - -
Quartz 46 0o -25 -0.9 04.1 1.5]145 222 & 383 285 (3 -22¢-33 -26
Calcite 48 0 o -15 -0.7 025 1.1]46 216 <> 371 268 |4 24 &>-32 -28
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Fig. 10. Homogenisation temperature (Th) vs. salinity diagram for fluid inclusions (Fl) in
skarn minerals, including various generations of garnet. All classes of Fls are included

—26 to —30°C), although no DMs were present. Very low Te (—63, —71°C) and
Tmjee (~ —27.4°C) suggest a substantial amount of CaCl, (Shepherd et al., 1985),
or LiCl, (Crawford, 1981).

Retrograde hydrothermal processes have been examined from abundant Fls in
different samples of quartz, calcite and sphalerite. All the measured Fls in quartz
and calcite showed very dilute, but still relatively high temperature fluids. Variable
liquid-to-vapour ratios in both primary and secondary L+V Fls were observed here
(Fig. 7d). The salinity of these fluids is commonly <2 wt% NaCl eq. (max. 4 wt%
NaCl eq.). The Th varied from 216 up to 383 °C. In the sample of quartz-calcite-
hematite assemblage some of the vapour-rich Fls in quartz homogenised to vapour
at similar Th values to those of the coexisting liquid-rich Fls (approx. 297 °C);
some either homogenised to vapour at higher temperatures (300-350°C) or
displayed critical behaviour at ~ 380 °C. Their presence is taken as evidence for
boiling or “unmixing” (Ramboz et al., 1982; Shepherd et al., 1985). The most
frequently observed indications of boiling were found in the quartz-calcite-garnet
assemblage, but here the lowest Th values for primary Fls in quartz were only
~222°C. No evidence of boiling was found in the youngest hydrothermal
veinlets. The Te of these fluids ranged from —33 to —22°C (NaCIl£KCl, MgCl,
probably present; Shepherd et al., 1985). In the largest vapour-rich Fls a small
amount of pure CO; has been observed (with TmCO, —56.6 °C, ThCO, to vapour
+4.1°C). Interestingly, in many Fls in quartz, fibrous captive minerals were also
present; these did not dissolve during heating. Based on SEM-EDS studies these
captive minerals were identified as sericite and halloysite? as Si, Al, K and Si, Al
are present in these minerals (Fig. 7f).

In sphalerite, limited Fl data are available but two populations of L+V Fls are
inferred, one with a salinity of 4 wt% NaCl eq. and Th at 293 °C (to liquid) and the
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second (considered secondary) with a salinity of 0.7wt% NaCl eq. and Th at
270°C (to liquid).

Discussion

Evolution of magmatic aqueous fluids in granodiorite

In magmatic-hydrothermal systems, experiments have shown that an aqueous fluid
exsolves from a silicate melt in response to pressure decrease or crystallisation
(Burnham, 1979). At relatively low pressures (<1.3kb) the fluid might exsolve
from a crystallising melt into separate vapour and liquid phases, since the P-T
projection of the granodiorite minimum melting curve overlaps the P-T condition
for immiscibility in the NaCl-H;O system (Pitzer and Pabalan, 1986; Shinohara,
1994). Evidence for fluid immiscibility, based on Fl studies, have been described in
many examples of skarn, porphyry and granite-related deposits (e.g. Kwak, 1986;
Layne and Spooner, 1991; Jamtveit and Andersen, 1993).

The present Fl data from quartz in the granodiorite demonstrate the co-
existence of very saline liquid-rich and vapour-rich Fls, as well as a large variation
in Th between these two end-member types, providing strong evidence for aqueous
fluid immiscibility during the early, hydrothermal stages of fluid evolution. It is
noteworthy that the total homogenisation temperatures of the saline liquid-rich Fls
(type I) do not exceed 572 °C (usually 460 -550 °C) and are far below the accepted
granodiorite solidus temperature (Burnham, 1979). On the other hand, most of the
liquid-rich inclusions (type II) did not homogenise below 600 °C. However, we
believe that these usually represent mixed portions of immiscible fluids (liquid and
vapour) and therefore their Th values are anomalously high. The presence of
gaseous CO, in these type II Fls may further increase the immiscibility region to
higher temperatures (Bowers and Helgeson, 1983). In summary, it is probable, that
most of the Fls in granodiorite quartz do not represent the very early exsolved
magmatic fluid from the crystallising granodiorite melt. More probably they
represent later evolved aqueous fluids, which subsequently unmixed. As yet there
are no direct data for the PVTX properties of early magmatic (primary) fluids.

If most of the captured saline fluid is secondary, as suggested above, some
interaction with the host rock has probably taken place and in consequence the
chemistry has been modified to some extent. The presence of DMs and the low Te
Values (—52 to —72°C) shows that this fluid belongs to the multicomponent
system H,O-NaCl-KCl-FeCl,£CaCl,. The major difference from typical mag-
matic brine (NaCl-KCl+FeCl,; Burnham, 1979) is the unusually high iron content,
as demonstrated by the presence of several Fe-bearing daughter minerals. Although
no quantitative fluid chemistry data are reported here, there are parallels with the
Granisle porphyry copper deposit, where chemical analyses of Fls with a similar
variety of DMs showed FeCl, contents between 31 to 45 wt%, and total salinity
up to 84wt% of NaCl+KCl+FeCl, (Quan et al.,, 1987). Similar values for
FeCl, content and total salinities might be expected for the Fls in granodiorite
quartz from the Vyhne-Kloko¢ deposit. Although salinities calculated here
using halite dissolution temperatures alone, are somewhat lower (max. 68 wt%
NaCl eq.).
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Very high iron contents in inclusion fluids places limitations on the
interpretation of their P-T properties. Experimental data is not available for the
system NaCl-KCl-FeCl,-H,0, and the simpler NaCl-H,O system (Bodnar, 1994)
is not really appropriate for modelling more complex chemical systems, as already
stated by Campbell et al. (1995). Bodnar (1994) determined the slope of the liquid
plus halite isochore for inclusions with 40 wt% NaCl which homogenise by halite
disappearance to be between 20 and 25 bars/°C. If Bodnar’s data are extrapolated
to the higher salinities in the present study, the inclusions in which Tmpgje is
300°C greater than Thyapeur (Fig. 11) would have to have formed at about 6 to
7.5 kbar. This pressure is unrealistically high considering the geologic constraints.

High iron content in saline Fls could be explained by subsolidus fluid-rock
equilibrium reactions. According to the experimental work of Whitney et al.
(1985), at between 650 and 500 °C iron accounts for up to 50% of the available
chlorine in fluids in equilibrium with rocks of granitic composition. This
determination is also supported by the high solubility of Fe chlorides in high
temperature saline fluids (Eugster, 1985; Kwak et al., 1986). So, in the Fls from the
granodiorite the high iron content is in accordance with an extremely high salinity.
The high CI content is thought to result partly from aqueous fluid immiscibility, of
a fluid already enriched in chlorine from an earlier (exsolved) magmatic fluid.
However, the high iron content is probably, to a large extent, the result of exchange
reactions with coexisting crystallised Fe-rich phases (Whitney et al., 1985). Petro-
graphic and petrological evidence in the granodiorite apophyses shows that such
reactions have indeed taken place (Table 1, Fig. 3). Mafic minerals (and
plagioclase) have been replaced to a variable extent by chlorite, quartz, albite-
rich plagioclase and dominant K-feldspar, whose low orthoclase content indicates
subsolidus crystallisation (Kdcer et al., 1995). The overall result is that iron,
mobilised from fluid-mineral interactions, has further added to iron already present
in an early magmatic fluid.

As the inferred fluid-rock interaction needs a sufficient water/rock ratio to be
effective, it is necessary to invoke some mechanism to concentrate the magmatic
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fluids in the places of equilibration. The mechanism of egress of magmatic fluids
and their focusing into sites of alteration and/or mineralisation has been considered
theoretically by Candela (1991). Two main models were presented: A. “a bubble-
plume”” model involving ascent of bubble-laden melt along the side of the intrusion
with accompanying crystallisation and B. “an advection” model involving clusters
of bubbles at critical percolation as a result of saturation in a crystallization interval
within the magma chamber (for details see Candela, 1991). As the separation of
aqueous fluid into vapour and liquid phases takes place, both phases could rise to
the roof zone of the intrusion. However, because we lack data about the initial
magmatic H,O concentration we are not able to determine which of these two
possible accumulation processes occurred in the granodiorite. There are clear
indications for accumulation of magmatic saline liquid and vapour along the roof
of the granodiorite and especially in the apophyses, that worked as natural trap for
rising magmatic fluids. High magmatic water/rock ratio in apophyses enabled
extensive equilibrium reactions between the fluid and rock as described above.

An overlap exists between the microthermometry data from late secondary Fls
(type III) in the granodiorite quartz and primary Fls in garnets (Fig. 12), indicating
similar fluid sources. In the absence of stable isotope data the source of metas-
omatic fluids can only be inferred from the Th/salinity evolution paths of Fls in
granodiorite quartz. The fact that higher salinity and Th inclusions (type I) seem to
be earlier than lower salinity and Th inclusions (type III), suggests that substantial
mixing with dilute and cooler fluids, probably of meteoric origin, occurred after
equilibration of early magmatic fluids. The continuity of this process is suggested
by the simultaneous decrease of both salinity and Th values (Fig. 9).

The substantial mixing of magmatic and meteoric fluids together with early
hydrothermal immiscibility and possible late hydrothermal boiling phenomena
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Fig. 12. Total homogenisation temperature (Thy,,) vs. salinity diagram for all the main
groups of fluid inclusions (F1). Overlapping groups of primary Fls in skarn minerals and
type III. Fls in granodiorite quartz are derived from the dense saline magmatic liquid that
equilibrated with granodiorite apophyses and was captured in type L. inclusions. Fls in
quartz and calcite from skarn (both primary and secondary) represent late hydrothermal
fluids with dominant features of boiling and dilution
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explains the presence of all the types of inclusions captured in granodiorite quartz
(Fig. 13).

Characterisation of fluid in the skarn environment

The fluid inclusion study of garnet and epidote provide information on the
character of fluids responsible for the skarn mineralisation. Fluid inclusions with
high salinity and Th values are absent. No evidence of fluid immiscibility, i.e.
boiling, has been observed in the skarn mineral assemblages except in the very late
hydrothermal quartz and calcite.

Grossularite-andradite garnets and their complex zoning are sensitive to even
small changes in fluid composition and should therefore mirror the fluid evolution
in skarn assemblages (Jamtveit et al., 1993). Primary Fls from each type of garnet
show large variations in the salinity (4-23 wt% NaCl eq.) and Th (219-371°C)
that appears to be mostly independent of the mineralogically and texturally distinct
garnet types (Fig. 5). Only the early garnet (garnet I) differs somewhat from the
other types of garnet in having a slightly increased Th range. The observed broad
variation in salinity and Th in these fluids could be related to different levels or
depths of formation of the garnets in relation to the contact, but this was not
possible to prove since most samples were taken from mine dump material.
Alternatively, the variations can result from the interaction of an original saline
magmatic fluid with some more dilute but hot fluids, possibly heated meteoric waters.

Primary Fls from the late epidote showed slightly higher Th and salinity values
than those in earlier garnets. As the late epidote occurs in veinlets the increased
salinity could be explained by the penetration of more saline fluids from depth,
using relatively deeper faults, connected with the cooling of the intrusion during
the retrograde stage.
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Significant CaCl, contents (Te < —50°C) and low CO; contents were identified
in many skarn-hosted Fls and granodiorite-hosted Fls. These are typical
components for any skarn-forming fluids (Einaudi et al., 1981; Kwak, 1986).
High CaCl, contents are possibly caused by the equilibrium reaction of magmatic
fluids with granodiorite below 400°C (Whitney et al., 1985). This is probably
related to the decomposition of plagioclase in the granodiorite apophyses. The
source of minor gaseous CO; is believed to be magmatic because this phase was
also detected in some gas-rich Fls in granodiorite quartz (type 1I.). However, it is
also possible that the high CaCl, contents and the presence of minor gaseous CO;
is caused by rapid decarbonation reactions in marbles during the metasomatic
processes of skarn evolution (Kwak, 1986).

Boiling in late retrograde quartz and calcite probably reflects substantial
progressive erosion of the overlying volcano before caldera collapse (Lexa et al., in
press). The thickness of the precaldera volcanic complex in the central zone of the
stratovolcano varies between 300-1000m (Konecny et al., 1993), while pale-
ovolcanic reconstruction indicates an original volcano height of >2000-3000 m
(Konecny et al., 1995). Decreasing depth at relatively constant temperature had the
effect of approaching the necessary pressure limit for boiling in a hydrothermal
column (Haas, 1971). Boiling might account for the non-equilibrium crystal-
lisation of skarn minerals in the retrograde stage. Simultaneous boiling and dilution
occurred from 300 to 220 °C finally resulting in simple dilution, as is apparent from
the Th vs. salinity plot (Fig. 10).

The evidence for boiling in retrograde quartz and calcite permits us to regard
the Th values as the true trapping temperatures of the fluid (Shepherd et al., 1985)
and to calculate the pressure and depth at the time of precipitation of the final stage
of mineralisation. For the pressure estimate, minimum Th and average salinity of
primary Fls in quartz were used. Applying the equations of Brown and Lamb
(1989) the pressure calculation for boiling fluid yields 78 bars (for 4 wt% NaCl eq.,
297 °C — quartz-calcite-hematite asemblage) and 24 bars (for 1.3 wt% NaCl eq.,
222°C - quartz-calcite-garnet assemblage). These correspond to depths of 800
and 250 m respectively assuming hydrostatic conditions (Haas, 1971) or depths
of 300 and 90m assuming lithostatic conditions. The calculated pressures in
both cases represent “minimum’ values, because of the presence of CO; gas in
some of the “boiling” Fis. The addition of even small amounts of CO, to H,0O-
NaCl fluids significantly raises the vapour pressure and concomitantly the depth of
formation (Bodnar et al., 1985). As there is no supporting evidence of filled
fractures in the overlying Cho¢ nappe sediments, it cannot be assumed that the
fractures were open up to the surface and under purely hydrostatic pressure.
Therefore a pressure/depth estimate somewhere between hydrostatic and lithostatic
is most probable.

Even if there is a large inaccuracy in the depth estimate, the Vyhne-Klokoc¢
skarn can be clearly classified as a shallow skarn type deposit (Kwak, 1986). The
shallow depth is also implied by the lack of high PT metamorphism in surrounding
rocks, widespread skarn-formation and brittle features including hydrothermal
veining and brecciation (Hickey, 1992). Relatively low pressures, and consequently
the shallow setting for skarn formation is also supported by the presence of
extremely saline Fls in granodiorite quartz, since in the system silicate melt-
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exsolving immiscible fluid the major amounts of CI are distributed to the liquid
phase particularly at lower pressures (Shinohara, 1994).

Low pressure conditions indicate only a small pressure correction to Th of Fls
from skarn minerals to estimate the true trapping temperature (Shepherd et al.,
1985). This assertion is confirmed also by the independent chlorite geother-
mometer (Fig. 6). The calculated temperatures of chlorite crystallisation are in
good agreement with Th values from skarn mineral Fls.

Relationships between fluids of magmatic origin and skarn-forming
fluids — an integrated model

In the following two stage model (Fig. 14) the Fl data both from the skarn and the
granodiorite are integrated with the geological, petrological and mineralogical
observations. In this model, the assumption is made that the iron within the skarns
is derived from a dense saline liquid, exsolved and evolved from the granodiorite
melt and equilibrated with preexisting mineral phases (Fig. 12). The possibility that
iron is transported in the coexisting vapour phase is discounted because of the low
capacity of Cl-poor vapour to carry Fe-chloride complexes (Hemley et al., 1992;
Shinohara, 1994).

In order to model fluid evolution at the Vyhne-KlokoC skarn deposit it is
necessary to emphasise its position inside the stratovolcano structure and the
consequent hydrodynamic regime during the time of granodiorite intrusion
emplacement and related skarn formation (Fig. 14, based Lexa et al., in press).
At the time of emplacement meteoric waters probably circulated through the upper
volcanogenic sequences along the slopes of the volcano, but did not approach the
hot granodiorite, because of its thermal aureole. Later, cooling of the intrusion
allowed meteoric waters to approach its margins, but the direction of the
circulation in the sedimentary basement sequences is not entirely clear (see Fig. 14
— lower left corner). Either the hydraulic pressure pushed the meteoric waters down
to the granodiorite reflecting the stratovolcanic morphology (arrow labelled A) or
the margins of the intrusion were approached from the opposite direction by deep
circulating heated meteoric waters (arrow labelled B). Both possibilities are in
accordance with models of volcanogenic ore deposits in stratovolcanic setting (e.g.
Hedengquist and Lowenstern, 1994).

In the first part of the model during supersolidus conditions (Fig. 14 part 1)
immiscible aqueous fluid exsolved from the crystallising granodiorite and
concentrated at the roof of the intrusion, especially in apophyses, by mechanisms
described by Candela (1991). The very saline liquid, resulting from immiscibility,
is buoyant within the magmatic system (pmer > priuid), but is not buoyant within a
typical hydrothermal system (Henley and McNabb, 1978; Candela, 1991). The
high density of this liquid (p > 1.2, modelled on a simple NaCl-H,O system)
probably restricted significant flow of saline liquid into the surrounding basement
rocks so that remained predominantly captured in the cooling granodiorite
apophyses. In this early stage the basement rocks were probably affected by
minor recrystallisation and skarnisation int he proximity of the apophyses, as only
the vapour phase (or its condensates) could contribute to the early contact
metasomatic processes in limestones. However, the contribution of magmatic
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Fig. 14. Schematic model for fluid and skarn evolution at the Fe-skarn Vyhne-Kloko¢
deposit. The general setting inside the Stiavnica stratovolcano during the skarn-forming
process is shown in the lower right corner including its expected hydrodynamic regime of
meteoric fluids (marked by arrows). It is not clear, which of the marked circulation paths
(labelled A and B) occurred during the skarn formation and diluted the ponded magmatic
fluids inside the apophyses. 1. supersolidus stage, 2. subsolidus stage

vapour to the early skarn formation is hypothetical, as no relevant Fls were found
in any skarn mineral.

Later decreasing temperature during subsolidus conditions (Fig. 14, part 2)
produced disequilibrium of accumulated fluid in the apophyses with pre-existing
mineral phases. Consequently, fluid-mineral equilibrium reactions occurred
resulting in leaching of iron from the mafic mineral phases and its addition to
the accumulated saline fluid. Further cooling of the intrusion and transition to
hydrothermal pressure conditions allowed circulating meteoric waters to approach
the margins of the granodiorite and to penetrate substantially into the apophyses
inside sedimentary basement rocks. This had the effect of decreasing the salinity
and density of the ponded, equilibrated magmatic fluid (Fe-bearing brine), thus
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making it more buoyant and able to move outward into the basement sequences.
Once diluted magmatic fluids entered the limestones, metasomatic skarn reactions
started along the fluid paths on the contact with limestones. Although the direction
of the diluting meteoric fluids cannot be determined (Fig. 14A or B), the direction
of the skarn-forming fluid must have been downwards, because of the greater
density of the more saline metasomatic fluid compared to the meteoric one. More
or less acid Fe-bearing metasomatic fluids precipitated magnetite and other Fe-rich
exoskarn minerals in response to neutralisation (Kwak et al., 1986). The fluid
inclusion study supports the above assertion. There is an absence of very saline Fls
in any skarn mineral, but there is an overlap between the Fl data from primary Fls
in garnets and late secondary Fls in the granodiorite quartz (type IIl.), indicating
the same source for the hydrothermal fluids, probably a mixture of magmatic and
meteoric waters (Fig. 12). The shape of the skarn lenses, parallel to the slope of the
basement sequences (Fig. 2b) might indicate lateral flow of the skarn-forming
fluids. Although the shape could be a function of the composition of the hosting
Vel’ky Bok sedimentary group, as some minor non-carbonate sequences are
present along with the dominant carbonates.

Granodiorite apophyses that terminated inside impermeable basement rocks of
~ the Hercynian granite, probably followed a different scenario compared to that
terminated inside sedimentary basement sequences. Here, owing to crystallisation
the pressure of the evolving magmatic fluid considerably exceeded the lithostatic
pressure and the saline iron-bearing fluid was expelled from the carapace of the
granodiorite apophyses (models of Burnham, 1979 and Jamtveit and Andersen,
1993). Local hydraulic fracturing and brecciation in the Hercynian granite,
accompanied by tourmaline and quartz filling, could be attributed to this process.

Increased influx of meteoric waters inside the granodiorite apophyses had the
effect of further diluting of original, saline, magmatic fluid. Outside the apophyses
this resulted in precipitation of late retrograde skarn and hydrothermal mineral-
izations, replacing older skarn mineral assemblages. Contemporaneous progressive
erosion of the overlying volcano had the effect of reducing the pressure to that
necessary for boiling, and this was associated with the precipitation of late stage
retrograde mineralization. In the granodiorite, late meteoric fluids were probably
responsible for late hdydrothermal alteration including growth of sericite and clay
minerals.
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