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Abstract: A general timing of the Stiavnica Stratovolcano edifice evolution based on structural relationships, biostrati-
graphic data and previous dating by K/Ar and Rb/Sr methods could not resolve more exactly the critical interval of
the subvolcanic intrusive complexes emplacement, a caldera subsidence and evolution of related mineralizations. To fill
the gap we have carried out 20 precise SHRIMP U-Th-Pb zircon datings of relevant intrusive and volcanic rocks as well
as K/Ar dating of illite and adularia and Re/Os dating of gold and sulfides from a related epithermal mineralization.
Their high precision allowed to recognize a succession of subvolcanic intrusions concluded by the caldera collapse and
to establish age of the B. Hodrusa precious/base metal epithermal mineralization. Based on new interpreted age intervals
for individual stages and sub-stages in a complex evolution of the Stiavnica Stratovolcano edifice we update the scheme
of its evolution as follows: (1) construction of an extensive and complex andesite stratovolcanic edifice during the interval
15.0-13.6 Ma, including emplacement of a diorite intrusion around 14.8 Ma and emplacement of a diorite porphyry stock
at Beluj 14.5 Ma; (2) emplacement of subvolcanic intrusive rocks including: emplacement of rare quartz-diorite porphyry
sills pre-dating the B. Hodrusa epithermal mineralization around 13.6 Ma; emplacement of the granodiorite bell-jar
pluton around 13.44 Ma; granodiorite pluton resurgent uplift, sector collapse and related evolution of the B. Hodrusa
epithermal mineralization in the interval of ca. 13.44-13.31 Ma; emplacement of quartz-diorite sills in the shear zone that
post-date the epithermal mineralization around 13.31 Ma; emplacement of other quartz-diorite porphyry sills and ring
dikes during the interval of ca. 13.3-13.0 Ma; emplacement of granodiorite porphyry stocks and dike clusters around
12.9 Ma; (3) subsidence of the caldera and its filling by evolved andesites around 12.9 Ma; (4) renewed activity of less
evolved and mixed type andesites during the interval of ca. 12.8-12.3 Ma; (5) uplift of the resurgent horst in the central
part of the caldera accompanied by rhyolite volcanic/intrusive activity between 12.3 and 11.4 Ma.
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We dedicate this contribution to the late RNDr. Viastimil Konecny, CSc., who played a leading role in mapping of
the Stiavnica Stratovolcano and along with J. Lexa has laid down essential aspects of its geology and evolution.

Introduction

The Stiavnica Stratovolcano edifice is the most extensive one
among the Miocene to Quaternary volcanoes of the Carpa-
thian—Pannonian region that hosts the world-class Banska
Stiavnica ore district with exploited reserves estimated at
90 tons of gold, 4000 tons of silver, 70,000 t of Zn, 55,000 t of
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Pb and 8000 t of Cu (Lexa et al. 1999a + production during
last 25 years). It has well-preserved volcanic complexes that
allowed a detailed paleovolcanic reconstruction (Konecny et
al. 1998a; Chernyshev et al. 2013), while a resurgent horst in
the central part of its caldera exposes subvolcanic intrusive
complexes and related ore mineralizations. Thanks to a detai-
led geological mapping, extensive past and ongoing mining
works, exploration drilling and laboratory investigation of
variable mineralization types there exists a comprehensive
data set concerning their geological setting. In addition, recent
studies enabled recognition of a resurgent uplift and
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a sector collapse structures (contemporaneous with the evo-
lution of the subvolcanic intrusive complex) that host the
B. Hodrusa epithermal mineralization in its basal shear zone
(Kubac et al. 2018). Structural relationships, biostratigraphic
data and previous dating by K/Ar and Rb/Sr methods estab-
lished a general timing of the Stiavnica Stratovolcano edifice
evolution (Chernyshev et al. 2013 and references therein).
However, it could not resolve more exactly the critical interval
of the subvolcanic intrusive complexes emplacement and
a caldera subsidence due to a rather low precision of conven-
tional K/Ar and Rb/Sr methods as well as their limits in the
area that has been affected by a regional propylitic alteration
with a probable rejuvenation of relevant isotopic systems.
In this work we present newly acquired results of precise
SHRIMP U-Th-Pb zircon dating applied to subvolcanic intru-
sions and caldera filling that enabled to complete the story.
An attempt has been also made to date the contemporaneous
epithermal mineralization by the K/Ar method applied to illite
and adularia and the Re/Os method applied to gold and sul-
fides. New results enable an essential reinterpretation of the
Stiavnica Stratovolcano edifice evolution including its subvol-
canic intrusions and related metallogenetic processes. The work
represents an update to incomplete preliminary results pub-
lished by Lexa et al. (2019). Along with data on magmatic
evolution of the stratovolcano (Rotier et al. 2020) and genesis
of related mineralizations (Kodéra et al. 2004, 2005, 2010,
2014, 2021, 2023; Kozak et al. 2017; Kubac et al. 2018) this
work opens a way to a fundamental discussion of mutual rela-
tionships among magmatic, structural and metallogenetic pro-
cesses in large and complex andesitic volcanic edifices.

Geological setting

The Central Slovakia Volcanic Field (CSVF), including
the Stiavnica Stratovolcano edifice, represents a part of the
widespread Miocene to Quaternary volcanic formations in
the Carpathian—Pannonian region (Fig. 1). During the Miocene
to Quaternary the Carpathian orogenic arc in the northern
branch of the Alpine belt in Europe involved older Variscan/
Alpine continental crust of the Alcapa and Tisia (Tisza)-Dacia
microplates. The orogenic arc migrated northward, northeast-
ward and eastward due to a subduction of oceanic and sub-
oceanic crust of fore-arc flysch basins until it collided with the
margin of the European Platform. Sediments of the fore-arc
flysch basins were converted into a thrust and fault belt of the
accretion prism with a foredeep at its front. The orogenic arc
retreat into the area of former flysch basins was compensated
by formation of inter-arc and back-arc extensional basins (e.g.,
Czontos et al. 1992; Nemcok et al. 1998; Konecny et al. 2002;
Seghedi & Downes 2011).

Volcanic activity was closely related to the tectonic evolu-
tion of the region. Harangi et al. (2024) provide a compre-
hensive review of relationships and relevant processes. An
interplay of subduction, slab break-of associated with an arc-
continent colission and back- and inter-arc extension with
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related asthenosphere upwelling created conditions for gene-
ration of a diverse suites of volcanic rocks, namely the calc-al-
kaline, K-alkalic (shoshonitic), ultra-K and Na-alkalic magma
types that reflect a composition of their sources (astheno-
sphere, mantle lithosphere and/or crust). While the decom-
pression partial melting of asthenosphere followed by an
interaction of melts with mantle lithosphere gave rise to
K-alkaline, ultra-K and Na-alkaline magmas, extension-rela-
ted decompression and associated tectonothermal rejuvena-
tion affecting metasomatized mantle lithosphere gave rise to
calc-alkaline water-bearing mafic magmas (e.g., Lexa &
Konecny 1988; Harangi et al. 2007; Seghedi & Downes 2011)
that further evolved towards silicic and/or andesitic magmas
in a deep crustal hot zone at the base of lower crust by mixing,
assimilation, storage and hybridization (MASH — cf. Hildreth
& Moorbath 1988; Annen et al. 20006).

The CSVF extends over 5000 km? in the area of Inner
Western Carpathians (Fig. 1). Principal units of pre-volcanic
basement comprise Variscan granitoids and crystalline shists
with their Late Paleozoic to Early Cretaceous sedimentary
cover that are defined as thick-skinned crustal sheets tectoni-
cally juxtaposed through north-directed thrusting during the
early Late Cretaceous time (Andrusov 1968). The CSVF con-
sists of 11 andesitic complex/compound or simple volcanoes
and subordine rhyodacite/rhyolite volcanic formations (Fig. 2)
that evolved in close spatial and temporal relationships with
a horst/graben structure owing to a contemporaneous back-
arc extension (Konecny et al. 1995; Lexa & Konecny 1988).
Chemical composition of the CSVF rocks points to their
calc-alkaline trend of the medium- to high-K type (Lexa &
Konecny 1988). A thorough petrological analysis has confir-
med that a complex evolution of the Stiavnica Stratovolcano
edifice reflected a complex and protracted evolution of a trans-
crustal magmatic system with most of the intrusive and
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Fig. 2. Extent of the Stiavnica Stratovolcano edifice in the structural scheme of the Middle to Upper Miocene Central Slovakia Volcanic Field.
Time intervals in the legend are based especially on results from the Stiavnica Stratovolcano edifice, including those in this paper. Modified

after Konecny et al. (1995).

volcanic magmas sourced from an upper crustal magmatic
reservoir that crystallized at pressures between ~1 and ~3 kbar
(Rottier et al. 2020).

Structural and metallogenetic evolution

The Stiavnica Stratovolcano as defined by (Koneény et al.
1983, 1998a) is a lithostratigraphic unit at the level of a group,
not a stratovolcano in the volcanological sense. In reality it
represents a complex/compound volcanic edifice composed of
a succession of volcanic/intrusive formations and complexes
with common central, proximal and distal zones. It has a long
lasting history, including breaks in volcanic/intrusive activity
and periods of denudation observed as unconformities. Despite
a significant denudation, it still extends over the area of
2200 km? (Fig. 2). Characteristic features include: a complex
structure involving differentiated rocks, extensive subvolca-
nic intrusions, a caldera 20 km in diameter and a late-stage
resurgent horst associated with a rhyolite volcanic activity.
The edifice has a well established geological and structural
evolution based on systematic geological mapping. It is
summarized by Lexa et al. (1999a) and Chernyshev et al.
(2013) so here we report essential aspects only and new
findings.

Main structural units of the volcano correspond to five
essential stages distinguished in its evolution: (1) formation
of the extensive and complex andesite stratovolcanic edifice,
(2) emplacement of subvolcanic intrusions and contempora-
neous denudation of the edifice (including a sector collapse,
Kubac et al. 2018), (3) caldera subsidence and its filling by
evolved andesites, (4) renewed activity of less evolved ande-
sites, (5) uplift of the resurgent horst in the central part of
the caldera accompanied by rhyolite volcanic/intrusive activity.
Most of the Stiavnica Stratovolcano edifice has evolved in
a terrestrial environment and volcanic facies grade in the distal
zone into volcano-sedimentary complexes laid down variably
in ephemeral stream, fluvial, limnic and/or shallow marine
environments.

The lower structural unit (I*" or pre-caldera stage) com-
prises a succession of pyroxene and hornblende—pyroxene
andesite stratovolcanic complexes and formations that repre-
sent volcanic activity preceding the caldera subsidence. Its evo-
lution was interrupted by periods of quiescence and related
erosion separating individual volcanic formations. Paleovol-
canic reconstruction points to remnants of a large and complex
stratovolcanic edifice, 40 km in diameter at its base, sur-
rounded by accumulations of epiclastic volcanic rocks
(Konecny et al. 1995, 1998a,b). In the central zone of the
stratovolcanic edifice, the lower structural unit is exposed in
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the eastern half of the resurgent horst (Fig. 3). Here, the former
stratovolcano has been deeply eroded (but less than in the
western part where basement units are exposed) and the lower
structural unit is built mostly of pyroxene, amphibole—pyro-
xene and biotite—amphibole—pyroxene andesite sills and lacco-
liths emplaced in the lower part of the andesite stratovolcanic
complex above the basement rocks.

In the proximal zone (outside of the caldera) the pre-caldera
stage stratovolcanic complexes of the lower structural unit
include lava flows, sporadic extrusive domes, pyroclastic flow
deposits and epiclastic volcanic breccias. Outward they grade
into epiclastic volcanic breccias, conglomerates and sand-
stones of the distal zone. The lower structural unit comprises
also some intrusions. Next to the village Beluj at the south
there is a stock of biotite—amphibole—pyroxene diorite por-
phyry (Stage 1b) that hosts a sub-economic Au-porphyry
mineralization (Bakos et al. 2010; Kozak et al. 2017). In sur-
roundings of the villages Zupkov and Prochot at the west there
are sills and laccoliths of andesites invaded by stocks of
amphibole—pyroxene diorite porphyry that hosts an incipient
base metal mineralization.

During the 2" stage in the evolution of the Stiavnica
Stratovolcano edifice a long-lasting break in volcanic activity,
extensive denudation in the central zone of the former strato-
volcanic edifice down to a thickness of 500-1000 m, and
emplacement of subvolcanic/intravolcanic intrusions took
place. Kubac et al. (2018) and Vojtko et al. (2019) revealed
that the extensive denudation in the central zone of the edifice
was related to a fast resurgent uplift of the granodiorite pluton
and associated sector collapse at the SE side of the stratovol-
cano. A basal low angle detachment/shear zone hosting a pre-
cious/base metal epithermal mineralization is exposed in
mining works of the B. Hodrusa ore deposit at the Rozalia
mine (Fig. 4). Structural relationships indicate that it is
younger than granodiorite pluton and rare pre-mineralization
quartz-diorite porphyry sills and older than numerous post-
mineralization quartz-diorite porphyry sills (Kodéra et al.
2005, 2023; Kubac et al. 2018). Evolution of ore veins was
controlled by structural evolution of the low angle shear zone.

The subvolcanic/intravolcanic intrusive complexes are expo-
sed in the uplifted block of the resurgent horst in the central
zone of the Stiavnica Stratovolcano edifice (Figs. 2, 3).
The Hodrusa—Stiavnica Intrusive Complex comprises an older
diorite subvolcanic intrusion and a younger granodiorite bell
jar pluton showing a flat roof extending over the area of
100 km? and outward dipping margins (Fig. 3). Its thickness
exceeds 2000 m. The diorite intrusion in the northern part
of the intrusive complex shows a W-E orientation. It is
a parental intrusion of the high-sulfidation hydrothermal sys-
tem of Sobov (Lexa et al. 1999b). The system is barren, repre-
sented by advanced argillic alteration in andesites of the
pre-caldera stage (Onacila et al. 1995; Uhlik & Sucha 1997).
The granodiorite pluton invaded basement rocks below the
volcanic complex using especially sub-horizontal discontinui-
ties in the Mesozoic sedimentary formations above the Varis-
can crystalline rocks, resulting in the magma emplacement by
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an underground cauldron subsidence mechanism (Fig. 3).
Such emplacement mechanism is supported by results of mag-
netic anisotropy measurements that imply a sill-like initial
stage (Tomek et al. 2014). Three types of mineralization are
associated with the emplacement of the granodiorite bell-jar
pluton (Kodéra et al. 1998, 2004, 2021). At contacts of the plu-
ton with basement carbonate rocks there are magnetite skarn
deposits and occurrences. In the central part of the pluton,
where it has reached the base of volcanic rocks, the pre-caldera
stage andesites are affected by extensive advanced argillic
alteration, while underlying granodiorite hosts a stockwork/
disseminated base metal mineralization.

Granodiorite to quartz-diorite porphyry dike clusters and
small stocks of the Zlatno Intrusive Complex are situated at
the periphery of the granodiorite pluton and postdate it. Stocks
with roof pendants of basement rocks pass upward into dike
clusters emplaced in andesite and andesite porphyry of the
lower structural unit. At the locality Vysoka—Zlatno coarse-
grained granodiorite porphyry passes into porphyritic grano-
diorite with increasing depth. Intrusions of the Zlatno Intrusive
Complex host the Cu—Au skarn-porphyry type of mineraliza-
tion (Kodéra et al. 2010 and references therein) represented
by 1 deposit and 6 occurrences. Mineralization occurs in those
places where the granodiorite porphyries are in contact with
basement limestones and dolomites.

Quartz-diorite porphyry sills of the Banisko Intrusive
Complex invaded major sub-horizontal discontinuities in
basement, granodiorite pluton, contact of basement and volca-
nic complex and overlying andesites/andesite porphyries of
the lower structural unit (Figs. 3, 4). Sills in andesites of the
lower structural unit occur especially in the area of the sector
collapse where they intrude structures of the shear zone — both,
low angle faults as well as moderately dipping tension faults
(Kubac et al. 2018; Vojtko et al. 2019). With the exception of
few thin sills parallel with the roof of the granodiorite that
were emplaced before the precious/base metal epithermal
mineralization of the shear zone, emplacement of most sills
post-dates this mineralization as well as mineralizations asso-
ciated with the granodiorite pluton. Further eastward the sills
pass into moderately outward dipping ring dikes (Figs. 3, 4).

Quartz-diorite porphyry dikes of the Banisko Intrusive
Complex extend in the western and northern parts of the resur-
gent horst, outside of the sills extent (Fig. 3). They are mostly
thin, either vertical or dipping inward, showing some aspects
of cone sheets that originate via hydraulic fracturing by
magma injected at a pressure higher than lithostatic. They
post-date granodiorite porphyry stocks/dike clusters and
quartz-diorite porphyry sills.

The middle structural unit (3" or caldera stage) represents
the Stiavnica caldera fill and contemporaneous volcanic depo-
sits on slopes of the Stiavnica Stratovolcano edifice. The cal-
dera is not of the explosive type, has 20 km in diameter
(Fig. 2) and the extent of its subsidence is estimated at 500 m.
It is filled by biotite-amphibole andesite to rare amphibole—
biotite dacite dikes, extrusive domes, dome flows, block and
ash pyroclastic flow breccias, subordinate pumice tuffs, and
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epiclastic volcanic breccias with lacustrine tuffaceous sedi-
ments at the base. Epiclastic volcanic rocks and tuffaceous
sediments at the base of the caldera filling and underlying
andesites of the pre-caldera stage are at the localities Dekys
and Cervend Studia affected by advanced argillic alteration
showing typical features of hot-spring type systems (Onacila
et al. 1995; Lexa et al. 1997). Next to the village Banska
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Bela andesites of the caldera fill host a barren high- sulfi-
dation hydrothermal system of Varta with characteristic
advanced argillic alteration (Onacila et al. 1995; Lexa et al.
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ses mafic to felsic andesitic explosive, stratovolcanic and effu-
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activity postdating the caldera subsidence
and pre-dating uplift of the resurgent horst W
and related rhyolite volcanic activity of the §
5% stage (Fig. 2). Individual formations are 2
limited to certain sectors of the stratovolcano
with centers in and outside of the caldera.
They were often separated by short periods of
erosion and filled up radially oriented valleys
on slopes of the edifice. At the south, volcanic
formations pass into horizons of conglomera-
tes, sandstones and tuffs laid down in a shal-
low marine environment. No metallogenetic

Rozalia

_

g
§ Paradajz

and/or hydrothermal processes are associated
with andesite volcanic activity of the post-
caldera stage.

The late-stage rhyolite activity of the Jas-
traba Fm. (5" stage) created dikes, cryptodo-
mes and extrusive domes on N-S to NE-SW
striking faults. In the central zone of the
Stiavnica Stratovolcano edifice rhyolite dikes,
cryptodomes and extrusive domes follow
marginal faults of the resurgent horst, espe-
cially at its western and northwestern sides.
An extensive dome/flow complex with rela-
ted pyroclastic and epiclastic rocks spreads
along southeastern and eastern marginal faults of the Ziar
depression in the northern sector of the stratovolcano (Lexa &
Postekova 2012). The resurgent horst uplift in the central part
of the Stiavnica caldera (Fig. 3) was accompanied by an exten-
sive system of intermediate/low-sulfidation precious/base
metal epithermal veins. Ore veins are localized on faults of
the resurgent horst. Their syngenetic erosion and tectonic
brecciation point to evolution during the resurgent horst
uplift (Kovalenker et al. 1991, 2006; Onacila et al. 1995).
The hydrothermal system and rhyolite activity were clearly
contemporaneous.

Methodology
SHRIMP U-Th—Pb zircon dating

At least two samples were collected for each of the dated
intrusive unit and caldera filling to eliminate accidental errors.
Electronic supplement 1 provides their localization and struc-
tural position. Individual samples with a mass 1-2 kg were
cleaned of surface parts affected by weathering. Samples were
subsequently treated by a standard separation method that
included crushing, grinding and sieving under 0.5 mesh before
hydraulic concentration of heavy minerals on Wilfley table
under water stream. Obtained heavy mineral concentrates
were subsequently enriched in zircon grains by a separation in
bromoform and magnetic separation. Thus, zircon grains fini-
shed in a diamagnetic heavy fraction. Zircon grains of similar
size were finally handpicked under a binocular microscope,
photographed and then mounted in epoxy with FC1 reference
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zircons (Duluth gabbroic anorthosite, 1099 Ma; Paces &
Miller 1993) and SL13 zircon (Sri Lankan gem zircon;
U=238 ppm; Roddick & van Breemen 1994). Mounted zir-
cons were grounded till the midsections of samples were
exposed and then polished by diamond pastes. Before dating
the exposed polished zircon grains were imaged by cathodolu-
minescence (CL) and back scattered electrons (BSE) using
a JEOL 6610LV scanning electron microscope (SEM) at the
Korea Basic Science Institute (KBSI) in Ochang. Points for
dating in the zircons were selected after control of regular
internal structure visible on CL images and the lack of cracks
visible on BSE images. U-Pb isotope age of zircons was
performed using a SHRIMP Ile/MC ion microprobe housed
at KBSI.

Procedures of the SHRIMP analyses were similar to the pro-
tocols described in Williams (1998). A 6—8 nA mass filtered
O,-primary beam was focused to a spot of approximately
25 um diameter on the polished surface of a targeted zircon
grain. Each spot was rastered with the primary beam for about
2 minutes prior to the analysis and then analyzed in five cycles
with a single electron multiplier. During one cycle, the magnet
was stepped through nine peaks of *°Zr,'*0 (counting time
=2s), 2%Pb (10 s), °Pb (20 s), **’Pb (40 s), 2°Pb (10 s), »**U
(5's), 22Th'0 (2 s), 2800 (2 s) and 204.1 (10 s; background
position). Counting rates of Pb isotopes were less than 100
counts per second. Despite the increased measurement time of
Pb isotopes, due to counting statistics we can not expect a bet-
ter single spot uncertainty than 5 %. Data processing was con-
ducted using the software SQUID 2.50 (Ludwig 2009) and the
weighted means and concordia plots (Electronic supplement 4)
were produced using the IsoplotR program (Vermeesch 2018).
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Common Pb was removed following the 2°’Pb correction
method using the model by Stacy & Kramers (1975). Weighted
mean ages of zircons were calculated using common Pb cor-
rected by assuming a 2°Pb/>U—2%Pb/>?Th age-concordance,
after excluding outliers under statistical t-test to reach reaso-
nable MSWD (cf. Electronic supplement 3) and reported at
95 % confidence. Several samples show clearly a bimodal
distribution of single spot ages. In such cases we have cal-
culated separately ages of the older and younger populations
of single spot ages (cf. Table 1, Electronic supplement 3).
Multiple samples from the same geological unit allowed a cal-
culation of a common/composite isochrone age of the unit
based on all measured zircons of the unit. Such common/com-
posite isochrone age we consider as a better estimate of the
unit age than the average of individual sample ages. The zir-
con dating comprises 588 age determination on euhedral and
oscillatory zoned zircons (Electronic supplements 2, 3). Points
selected for the age determinations are mostly at zircon grains
rims, indicated by the numeric code 1 at the end of the grain
number, while the inner core positions are indicated by the
numeric code 2 at the end of the grain number.

Illite and adularia K/Ar dating

Mineral assemblages of hydrothermal alterations associated
with the epithermal mineralization related to a sector collapse
of the volcano include illite and adularia. That enabled to date
the mineralization by the K/Ar method or to assess the extent
of the isotopic system rejuvenation by a younger epithermal
mineralization.

The sample collection for this study took place directly in
the intermediate-sulfidation precious and base metal deposit
Banské Hodrusa at the Rozalia mine or from underground and
surface boreholes (Electronic supplement 1). Information
about the mineral composition of altered andesites was
obtained from quantitative XRD analyses (Srodon et al. 2001;
Eberl 2003). Samples RB-318b and BHS-248/34.5 represent
strongly altered andesite with a substantial presence of adu-
laria (72 %, respectively 60 %). Separation of adularia for
K/Ar dating was carried out by hand picking under a binocular
microscope after gentle grinding. Four illitic samples were
separated from intensively argillised andesite with illite
(47.2-63.8 wt. %), quartz (18.9-38.6 wt. %) and increased

Table 1: Results of the SHRIMP U-Th—Pb zircon dating on rocks of the Stiavnica Stratovolcano edifice. Reported are concordia ages
with errors at the 95 % confidence level calculated using IsoplotR software (Vermeesch 2018) with common Pb corrected by assuming

206Pp/238U—2%Pb/22Th age-concordance.

Stage | Sample Description Age (Ma)
la BLJ-1 Px andesite porphyry hosting a diorite porphyry stock, Beluj 14.59 +£0.32
1b BLJ-3 Px-Amph diorite porphyry stock hosting Au-porphyry mineralization, Beluj 14.51 £0.27

RB-463 Bt-Amph quartz-diorite porphyry sill, pre-mineralization*® 13.63 +0.18
RB-350 Bt-Amph quartz-diorite porphyry sill, pre-mineralization*® 13.58 £0.12
RB-463 + RB-350 Pre-mineralization* quartz-diorite porphyry sills 13.60 +0.10
2a RB-1073 Bt-Amph granodiorite bell-jar pluton, Hodrusa — Ravenstein 13.43 +0.14
RB-1149 Bt-Amph granodiorite bell-jar pluton, Hodrusa — All Saints mine 13.49 +0.16
GD-1 Bt-Amph granodiorite bell-jar pluton, Hodrusa — Mayer shaft 13.36 +£0.13
RB-1073 + RB-1149 + GD-1 Bt-Amph granodiorite bell-jar pluton 13.44 +0.08
RB-462 Bt-Amph quartz—diorite porphyry sill, post-mineralization® 13.33 +0.13
RB-349 Bt-Amph quartz—diorite porphyry sill, post-mineralization* 13.32+£0.09
2b RB-462 + RB-349 Post-mineralization* quartz-diorite porphyry sills 13.31 +0.09
KDP-1 Opx-Bt-Amph andesite porphyry sill, Paradajz 13.62 +0.23
RB-1148 Thick Bt-Amph quartz-diorite porphyry sill above the granodiorite pluton, Hodrusa 13.19 +0.13
KDP-3 Bt-Amph quartz-diorite porphyry ring dike, Juraj adit, Banska Stiavnica 13.04 +0.12
R-8 Bt-Amph granodiorite porphyry stock; borehole R-8, Vysoka-Zlatno 12.85+0.12
R-12 Bt-Amph granodiorite porphyry stock; borehole R-12, Vysoka-Zlatno 12.92 +0.09
2c R-8 + R-12 Granodiorite porphyry stocks; Zlatno 12.90 £0.07
SEM Bt-Amph granodiorite porphyry thick dike; Sementlov 12.92 +£0.12
Ti-5 Bt-Amph granodiorite porphyry thick dike; Pukanec 11.81 +0.17
ST-102 Glassy Amph-Bt andesite lava flow, early caldera fill, Ilija 12.99 +£0.16
ST-104 Amph-Bt andesite extrusive dome; middle caldera fill, north of Mo¢iar | Bimodal population }ggg igllg
3 St-105 Amph-Bt andesite porphyry dike; late caldera fill, northwest of Moc¢iar | Bimodal population ﬁgg ig%g
ST-107 Amph-Bt andesite extrusive dome; late caldera fill, south of Mociar 12.90 +0.09
St-102, 104 young, 105 old, 107  Amf-Bt andesites of the caldera fill 12.93 +0.07
5 R-1 Qtz-San-Plg rhyolite cryptodome, Vyhne Bimodal population ﬁég igi?

Errors are reported as 2 sigma — at a 95 % confidence level
Gray fields are common/composite ages calculated on the basis of zircons from two to four samples of the same unit
* in respect to the B. Hodrusa precious/base metal mineralization hosted by the shear zone
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concentration of pyrite (3—12 wt. %). Samples were ground to
less than 160 pum fraction) and subsequently illite was sepa-
rated by sedimentation and centrifugation according to the
Stokes’ law. To verify the presence of large plates of illite over
20 or 50 um more sodium hexametaphosphate as dispersing
agent and ultrasonic bath for a longer time were used to reduce
the floculation and aggregation of illite particles during sepa-
ration. Different size fractions of illitic samples after gold coa-
ting were observed by JEOL EVO® 40 Series at the Institute
of Inorganic Chemistry of the Slovak Academy of Sciences.
Two portions of each sample, a ~30 mg and a ~50 mg, were
weighted. A small quantity of CuO (approximately 0.1 mg)
was added to the lighter portion. This sample was then wrapped
in an Al-foil and subjected to radiogenic argon measurement.
The heavier portion was weighted directly on a platinum eva-
porator and subjected to potassium measurement.

Radiogenic argon measurements were performed on a Nu
Instruments Noblesse multicollector noble-gas spectrometer
(NG 039). The Al-foil wrapped portions were melted in
a double-vacuum resistant crucible at ~1200 °C. Pure **Ar pro-
duced by the Institute for Inorganic and Physical Chemistry of
Bern University was used as the spike. CuO added to the sam-
ples enhances the oxidation of organic matter during this step.
Titanium sponge that acts as a sublimation getter was always
put to the place of the reactor where samples are heated. This
was a first cleaning level of gases extracted from the samples.
The final purification of argon was carried out in an isolated
section of the line by a warm getter pump (D-100, SAES
Getters), monitored not to release additional argon atoms
(after installation it was activated for 12 hrs). Small portions
of a gas aliquot released from a sample (ca. 1 %) was then
measured at least three times by opening and closing valves of
the preparatory line in a specified sequence. Blank measure-
ments were performed every several samples and confirmed
that released argon for every sample was above 99.5 %.

Every day, the “Ar/**Ar and *°Ar/**Ar ratios are measured
for air sample aliquots, delivered from a calibrated air pipette.
Based on these results “°Ar/*°Ar and “°Ar/*®Ar ratios were cor-
rected for instrument mass fractionation and detector efficien-
cies assuming atmospheric ratios of (*’Ar/*°Ar),; =298.57 and
(“Ar/*®Ar),;, =1583.52 (Lee et al. 2006). The amount of the
original aliquot of *¥Ar spike was determined by measuring of
the international standard GL-O glauconite, performed every
day. For this series of samples 1o for GL-O is 0.7 % (13 sam-
ples). Standard age errors were calculated from the law of
error propagation also taking these values into account.

The potassium contents were measured using a Sherwood
Model 420 flame photometer. The maximum error of this
measurement was estimated to be equal 0.03 % K. Based on
6 measurements, K content in GL-O glauconite was slightly
higher: 6.61 £0.02 %, than that of the standard: 6.56+0.06 %
(Odin et al. 1982). LP-6 biotite has slightly lower amount of
K: 8.27+0.022 % (4 measurements) comparing to the refe-
rence value: 8.33+0.03 % (Odin et al. 1982). Both measured
standards are within reference ranges assuming 0.03 % K
error.
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Gold and sulfide Re—Os dating

We have also attempted to date the sector collapse related
epithermal mineralization directly by dating gold and sulfides
by the Re/Os method. Monomineral separates were prepared
from representative samples of all stages of epithermal mine-
ralization at the Rozalia mine in Hodrusa (Kubac et al. 2018).
Samples came from various parts and levels of the mine,
collected during the years 2011-2020. Exact position of the
samples in the mine including coordinates is in the Electronic
supplement 5. Samples with selected sulfides, potentially sui-
table for the Re—Os dating (pyrite, chalcopyrite), were crushed,
sieved and hand-picked using a binocular microscope. For
gold-rich samples crushing, milling and wet gravitational con-
centration was applied. The gold concentrate was macerated
in nitric acid, followed by dispersion of precipitates by ultra-
sound, cleaning of gold by manual panning and in ultrasound,
and final cleaning in hydrofluoric acid. In total, 8 pyrite,
7 chalcopyrite and 3 gold monomineral samples were pre-
pared. In order to avoid failure of Re-Os analyses due to
a very low Re content, the initial concentration of Re in each
sample was checked at the Czech Academy of Sciences.
This included decomposition (typically up to 100 mg) of
each sample in the presence of '3°Re spike (isotopic dilution),
equilibration of the solution for ion chromatography, ion
chromatography with separation of Re from the matrix,
isotopic analysis of Re using SF-ICP-MS and calculation of
the Re content.

The Re—Os analyses were performed just on monomineral
separates, having suitable amount of Re. 0.75 to 1.5 g samples
were digested by the carius tube method (Shirey & Walker
1995) with the addition of hydrogen peroxide to ensure oxi-
dation of samples. Re—Os was extracted through a distillation
process similar to that discussed by Frei et al. (1998) and
Mathur et al. (2003). Os was further purified by a microdis-
tillation (Roy-Barman et al. 1998), and Re was purified
through a two-stage column procedure. Samples were ana-
lyzed on a negative thermal ionization mass spectrometer at
the University of Arizona; loading and running procedures are
highlighted in Chesly & Ruiz (1998). The greatest source of
error in our analysis is the concentration of the Os blank
("*70s/'%0s=0.22). Full procedural blanks for this study
ranged from 0.4 to 0.9 pg Os and 20 to 30 pg Re. All reported
errors on measured values represent the deviation about the
mean when the change of the blank is considered.

Results

U-Th—Pb zircon dating

Optical microscopy and BSE images of dated samples imply
that zircon grains occur mostly in groundmass of volcanic
rock or in interstitial position of holocrystalline intrusive
rocks. Less frequently they are enclosed in phenocrysts of
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amphibole, biotite or plagioclase (Fig. 5). Usually they asso-
ciate with apatite, magnetite and/or ilmenite.

Zircons in all dated rock types are transparent, pinkish in
color and euhedral (Fig. 6A). Their size is variable, reaching
up to 0.5 mm in diameter. Median values of Th/U ratios of
dated zircons in samples of Beluj diorite porphyry, grano-
diorite and pre-mineralization quartz-diorite porphyry vary in
the range 0.47-0.54, while those in samples of post-minera-
lization quartz-diorite porphyry, granodiorite porphyry and
caldera filling andesites vary in the range 0.33—0.38. Standard
deviation of single zircon values for individual samples
varies in the range 0.05-0.17. Th/U ratios of dated rock sam-
ples varies in the range 3.39—4.27 with median at 3.78 and
standard deviation 0.29 (whole rock analyses are available in
an electronic supplement of the paper Rottier et al. 2020).
It follows, that a median Th-disequilibrium factor (Th/U
mineral / Th/U rock) for individual samples varies in the range
0.10-0.15 with a mode at 0.11 (values for individual zircon
grains and median values for individual samples are in the
Electronic supplement 3).

CL images in the Fig. 6 and those in the Electronic supple-
ment 2 provide information on morphology and internal struc-
ture of dated zircon grains. Simple prismatic crystals dominate

over crystals with a more complex morphology. In the sense
of Pupin (1980) zircon morphology evolved from prevailing
high S morphological subtypes (S25,S20>S24,S19>S23,
S18>822,S17) towards subordinate low S and G subtypes
(S5>S4>Q@), following the trend of calc-alkaline and K-calc-
alkaline series according to Pupin (1988). Their elongation
varies in the range 1:2 to 1:5 with the average around 1:3.
A monotonous oscillatory zoning is the most prominent inter-
nal structure (Fig. 6B, C/b,c,d,f,g,h). Fig. 6C/a demonstrates
a complete homogenization (a rare section that passed through
a single zone cannot be excluded) while Fig. 6C/c,e shows
homogenized cores rounded by dissolution. Some of the zir-
con crystals show a temporal dissolution followed by renewed
growth with oscillatory zoning (Fig. 6C/b,c,e,f,h). Resorbed
cores are not a frequent feature. Sector zoning (Fig. 6C/g) is
rare. Small vacancies occur in crystals with well developed
oscillatory zoning (Fig. 6C/c,d,f). Our dating points were
measured mostly at rims of grains showing the oscillatory
zonality and less frequently at the cores or zones showing
homogenization.

Results of SHRIMP U-Th—Pb zircon dating conducted on
rocks of the Stiavnica Stratovolcano edifice in the form of
interpreted age with 2 error are in the Table 1. Corresponding

Fig. 5. BSE images showing idiomorphic zircon grains in rocks of the Stiavnica Stratovolcano edifice: A — In granodiorite; B — Along with
ilmenite, magnetite and apatite enclosed in an amphibole phenocryst of amphibole-biotite andesite; C — Along with biotite, ilmenite and
apatite enclosed in a plagioclase phenocryst of rhyolite; D — Along with apatite and microphenocrysts of ilmenite, magnetite, plagioclase
and amphibole in groundmass of amphibole-biotite andesite. Mineral symbols are those of Warr (2021), Gdm and Gl stand for groundmass

and glass, respectively.
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RB-1073

BLJ-1 RB-1073 RB-349
pyroxene granodiorite  granodiorite  qtz-diorite
andesite porphyry
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KDP-1

SEM ST-107 R-1
qtz-diorite  granodiorite caldera fill rhyolite
porphyry porphyry andesite

Fig. 6. A and B — Micro-photo and CL images, respectively of zircon grains from the sample of quartz-diorite porphyry RB-1148. C — The most

prominent zircon crystal features, see text for comments.

data tables and concordia plots are in the Electronic supple-
ments 3 and 4. Important events of intrusions emplacement
and the caldera subsidence are represented by more than one
dated sample. As duration of these events, including the cal-
dera subsidence is shorter than errors of measurements their
most probable age can be represented better by calculation of
a composite concordia age instead of an average of ages
obtained on individual samples (Table 1, Fig. 7).

1llite and adularia K/Ar dating

K/Ar dating has been carried out on 4 samples of illite (one
of them split into 3 grain fractions) and on 2 samples of adu-
laria (Table 2). Illite samples were separated from intensively
argillised andesite, where it occurs in association with quartz
and pyrite. Illite belongs to dioctahedral interlayer-deficient
micas with potassium content ranging from 0.65 to 0.86 apfu
and smectite content smaller than 5 % (Kubac et al. 2018).
Clay fractions less than 2 pm show by SEM imaging (Fig. 8)
a highly variable size of illite particles. Granular aggregates up
to 10 um in diameter are composed of fine particles with the
size less than 1-2 pm (Fig. 8A). Fine particles with the size
less than 2 pm also cover the surface of thicker flat particles
50-150 pm in diameter (Fig. 8B). However, XRD and EDS
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confirmed that illite is a major phase also in coarser fractions
composed of thin large flat particles with the size about
100 pm (Fig. 8C). The presence of different sizes of illite par-
ticles in clay fraction can be explained by floculation and
aggregation during drying or by a real occurrence of large
platy particles that are able to float in suspension for a longer
time. We should remind that the particle size separation is
based on the Stokes’ law, and it applies strictly to spherical
particles, but not for platy illites (Moore & Reynolds 1997).

The particle size distribution shows relatively homogenous
share of fractions (Fig. 9). SEM, however, is not the best tool
to distinguish individual particles and scurfs as artefacts after
drying. Adularia occurs in adularized andesites as aggregates
replacing plagioclase phenocrysts (variably along with seri-
cite), as a network of thin irregular veinlets and/or as aggre-
gates in recrytallized groundmass. In carbonate veinlets it
forms typical rombs. Its average Na,O content is 0.37 wt. %
with the maximum at 0.52 wt. % (Kubac et al. 2018).

Gold and sulfides Re/Os dating
A complete presentation of Re/Os isotope data on samples

from the Hodrusa base/precious metal ore deposit is in the
Electronic supplement 5. The analyses of initial concentration
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Fig. 7. Composite concordias of subvolcanic intrusion events, caldera fill andesites and a rhyolite sample showing a bimodal zircon
population.
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Table 2: Results of illite and adularia K/Ar dating, Hodrusa ore deposit.
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Name Mass K,O0 K WAr* Age Error Average age Error of average
(mg) (%) (%) (%) (Ma) (Ma) (Ma) age (Ma)
Tllite

VH-8/156.0 0.2-2 jum Na 25.70 62.18 12.28 0.44

VH-8/156.0 0.2-2 um Na 3722 7.9 6.30 58.56 12.18 0.45 12.23 0.32
RB-335a 02-2 um Na 32.84 8.73 7.25 7118 12.77 0.41 12.77 0.41
RB-92a 0.2-2 um Na 31.12 71.91 12.40 0.39

RB-92a 0.2-2 um Na 3036 8.63 7.16 5278 12.30 0.51 12.35 0.32
RB-92a 2-5um 31.58 61.8 12.57 0.46

RB-92a 2-Sum 2153 7.21 3:99 62.9 1251 0.45 12.54 0.32
RB-92a 20-50um 46.65 63.5 12.29 0.45

RB-92a 20-50um 32.13 339 447 51.9 12.38 0.57 12.34 0.36
VH7/72 <2 um Na 27.62 71.0 12.38 0.44

VH7/72 <2 um Na 32.03 7.90 6.56 755 12.35 0.40 12.37 0.30

Adularia

RB-318b 2781 4o 05 74.8 11.86 0.47 1190 035
RB-318b 20.69 713 11.93 0.53

BHS-248/34.5 31.60 69.1 12.29 0.5

BHS-248/34.5 19.79 944 7.83 607 12.43 0.69 12.36 0.44

of Re in each sample showed very variable Re contents, ran-
ging from 0.3 to 1054 ppb. Thus, the Re—Os isotope analyses
were performed just on samples having >0.5 ppb Re, but sam-
ples with very high Re contents (>100 ppb) were also omitted,
because the high concentrations usually give radiogenic initial
values. The samples analyzed for Re—Os isotopic composition
contained 2 to 46 ppt Os; however, four of the samples did not
have enough Os to measure the isotopes (<0.05 ppt). Re and
Os concentrations in the sulfides and gold from the deposit
range within previous reported values for similar types of
deposits (Mathur et al. 2003; Spry et al. 2013; Kirk et al. 2014;
An & Zhu 2018; Liu et al. 2020; Zhao et al. 2020). None of
the samples appear to be low level highly radiogenic (LLHR)
as defined by Stein et al. (2000). One gold sample and one
chalcopyrite sample from an Au-bearing vein have their points
on a slope of 13 Ma in the Nicolaysen isochron diagram with
an initial '¥’0s/'*80s value around 0.2 (Table 3). However not
enough data exist to constrain the age with an identified uncer-
tainty, although a long-term well precision of the laboratory,
and accuracy of current measurements (2 sigma errors <4 %),
an overall error propagation can be expected better than
+1.0 Ma. The remaining three pyrite samples and one chalco-
pyrite do not form a trend in an isochron plot and do not show
obvious mixing relationships with the assumed age of 13 Ma.
The concentration ranges were low for Os and a total of five
repeated attempts to measure Re and Os in different samples
of chalcopyrite and native gold failed.

Given that mixing and isochron relationships are not clearly
apparent in the studied samples, an attempted robust interpre-
tation of age and source remain more or less elusive. The two
data points of gold and chalcopyrite suggest an age congruent
with the other mineral geochronology data presented in this
publication. The 55 Ma slope (Electronic supplement 5)
represents either mixing or is completely meaningless.

GEOLOGICA CARPATHICA, 2025, 76, 2, 93116

The radiogenic initial '*"Os/***Qs ratio could indicate that the
metals were derived from crustal sources. The initial value is
similar to those for other epithermal systems (0.18 to 0.57)
that indicate the crustal source input (Mathur et al. 2003; Spry
et al. 2013; Kirk et al. 2014; An & Zhu 2018; Liu et al. 2020;
Zhao et al. 2020).

Discussion
Reliability of interpreted U-Th—Pb ages

Rocks of the Stiavnica Stratovolcano edifice are a product
of a transcrustal magmatic system involving a long-living
crystal mush reservoir (Rottier et al. 2020). Zircons represent
a common phase of crystal mush that was subsequently mobi-
lized to create a chamber of eruptible magma and thus, if pre-
served in zircon cores or as inclusions in phenocrysts, they
show a relatively older age than the age of magma eruption/
emplacement (cf. Miller et al. 2007; Von Quadt et al. 2011;
Szymanowski et al. 2017; Cooper 2019). The history of zircon
crystal growth, a slow equilibrium growth, a rapid growth
from supersaturated melt, recrystallization, multiple growth
events, partial dissolution, and inherited cores, are recorded in
their morphology and zonality. A generally high elongation of
zircon grains, 1:3 in average, implies a relatively rapid growth
typical for calc-alkaline environment. That is supported by
morphology of zircon grains (Fig. 6, Electronic supplement 2)
which according to Pupin (1988) follows the calc-alkaline
and K-calc-alkaline trend. Most of the zircon crystals show
a regular oscillatory zoning formed at the crystal-melt inter-
face during the melt polymerization with a local super-
saturation (cf. Clairborne et al. 2010). Loss of magmatic
oscillatory zoning and convolute textures result typically
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Fig. 8. SEM images of illites from the sample RB-92a (B. Hodrusa
ore deposit): A — Aggregate of illite particles with the size less than
2 pm (fraction <2 pum); B — Aggregate of illite particles with the size
less than 2 um (fraction >50 pm); C — Large flake-shaped individual
particles with size over 50 pm or thin scurf after drying.

from a fluid-mediated regime (cf. Pidgeon 1992; Pidgeon et
al. 1998). The crystallization steps indicate a temporary dis-
equilibrium between the zircon and liquid (cf. Martins et al.
2014). Uniform cores represent episodes of slow growth in
crystal mush (cf. Hoskin 2000), while resorbed cores represent
antecrysts and/or xenocrysts.

50%
’ WRB92a [IVH-7/745
40% —
30%
20% — =
10% -
I i
0%
° >80 50-20 20-5 52 <2
um

Fig. 9. Particle size distribution of selected samples of illite from the
B. Hodrusa ore deposit after sedimentation according to the Stokes’
law.

Our dating points were measured mostly at rims of grains
with well-developed oscillatory zoning, avoiding internal
parts that can represent antecrysts, especially if zones of dis-
solution have been observed. An irregular presence of ante-
crysts as zircon cores has been actually proven by pairs of
dating points measured at the rim and core of single grains, but
only a part of cores are unquestionable antecrysts (Fig. 10).
However, most of the zircon grains lack obvious cores
(Electronic supplement 2), suggesting that the magma was
temporarily undersaturated in Zr, probably due to a thermal
rejuvenation related to a reservoir recharge event. During
required thermal rejuvenation zircon crystals are likely to be at
least partially eradicated, however, a complete eradication is
also unlikely (Miller et al. 2007). As recorded by monotonous
oscillatory zoning, zircon is than assumed to have nucleated
homogeneously from melt, saturation being implicitly reached
by a drop in temperature (Bouloton 2021). A time interval
since mobilization of near-solidus crystal mush into eruptible
magma to magma emplacement/eruption is generally very
short, on the order of 10-10* years (e.g. Cooper 2019). During
such a brief interval a significant zircon crystallization or dis-
solution are unlikely. It follows that interpreted zircon ages
based dominantly on spots at grain margins showing the oscil-
latory zoning represent generally a period of mushy magma
crystallization preceding its final mobilization and emplace-
ment. In a situation that uncertainty of single spot measure-
ments exceeds the interval of crystallization as is our case,
the length of the interval cannot be resolved (Keller et al.
2018). So, we do not know how much time has really elapsed
between the calculated weighted mean concordia age and
the age of eruption/ emplacement. However, Tavazzani et al.
(2023) on their work concluded that the mass of zircon crystal-
lized in upper crustal magmatic bodies feeding eruptions is not
normally distributed, with relatively more zircon mass gene-
rated towards the end of the period of crystallization. That,
along with a low MSWD weighted mean concordia age calcu-
lation (with a preferential removal of relatively older outliers),
brings the interpreted age closer to the age of the eruption/
emplacement. This shift towards a slightly older age is at least
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Table 3: Results of gold and sulfides Re/Os isochrone dating, Hodrusa ore deposit.

Sample Phase Re (ppb) Os (ppt) 7Re/'$80s Error ¥70s/'80s Error Isochrone age (Ma)
RB-406 gold 0.891 2 5690 228 1.62 0.06 3
RB-202b chalcopyrite 4.6 3 12109 484 2.55 0.10

* errors represent the deviation about the mean when the change of the blank is considered

negligible or incorporated zircons were subject to a subsequent
dissolution during further evolution of magma in a crustal

Schirer (1984) pointed to the effect of initial 2°Th disequi-
librium on young »**U-2%Pb ages: “This disequilibrium is due
to excess or deficit amounts of radiogenic 2*Pb which origi-
nate from an excess or deficit of 2°Th, respectively, occurring
initially in the mineral. Such an initial disequilibrium is caused
by the U-Th fractionation between the crystallizing mineral and
the magma.” Th-poor minerals such as zircon require a correc-
tion for a deficit of °°Pb due to a deficiency of 2°Th. For rocks
with the age 10-15 Ma and Th-disequilibrium factor around
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Fig. 10. Confrontation of ages measured at margins and cores of
single zircon grains. Data are selected from the Electronic supple-
ment S3. Relatively older zircon grain cores are on the left side of
the line.

partially offset by a shift towards a slightly younger age due
to the unapplied Th disequilibrium correction (see below).
So, our interpreted U-Th—Pb zircon ages should not differ
significantly from the age of magma eruption/emplacement.
Dissolution of zircon crystals during thermal rejuvenation
does not exclude entirely recycling of zircon antecrysts during
successive magmatic injections. That is a primary cause of the
modest age dispersion of relevant single spot zircon ages in
the case of some samples, and is compatible with a progres-
sive growth of a large, long-lived, crystal mush body (Miller et
al. 2007). In our set of dated samples obvious recycling has
affected those three samples (ST-104, ST-105, R-1) that show
bimodal populations of single spot ages. Three samples show
a higher spread of single spot ages (with a higher MSWD) and
some age determinations at zircon core spots document the
existence of zircon antecrysts and their crystallization up to
1.0 Ma prior to the interpreted age of eruption/emplacement
(Fig. 10; Electronic supplement 3). Anyway, to minimize
a possible influence of antecrysts on calculated concordia
ages, spots showing higher ages were removed preferentially
in the process of manual outliers elimination and sporadic
older core spot ages were eliminated from the concordia cal-
culations. The bimodal distribution of single spot ages was
treated by a separate concordia age calculations for the older
and younger populations. Only four out of sixty dated zircon
cores are inherited showing ages of the Variscan orogeny
(331 Ma) or Cadomian orogeny (561, 613 and 614 Ma, respec-
tively). Apparently, the extent of crustal assimilation was
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0.11, as there is our case, we can expect a positive correction
of the 28U-2"Pb ages less than 1 % (Schérer 1984; Bowring et
al. 2006). In the Electronic supplement 3 we provide calcu-
lated values of the Th-disequilibrium factor for individual
zircon grains, median values for individual samples (except
those with missing whole rock data) and comparison of the
calibrated 2**U-2Pb ages accounting for the Th-disequilibrium
with 2¥U-"Pb ages based on common Pb corrected by
assuming 2°°Pb/>$U-2""Pb/>*°U age-concordance. A small rela-
tive increase in calibrated ages is not systematic and well
within limits of uncertainty. Considering missing data for
one third of the samples the application of Th-disequilibrium
corrections would disturb relative ages of samples that we con-
sider as more important. However, we are aware that 2*U-2"Pb
ages provided in the Tables 1 and 4 might be generally slightly
(less than 1 %) lower in comparison with real ages.

Timing of the Stiavnica Stratovolcano edifice evolution

Essential aspects of the Stiavnica Stratovolcano edifice evo-
lution timing based on 30 K/Ar and 12 Rb/Sr ages of mostly
fresh rocks have been laid down by Chernyshev et al. (2013).
Discussion concerning age intervals of individual evolutio-
nary stages of the volcano has also considered available bio-
stratigraphic evidence and results of earlier isotope dating by
the K/Ar method with references. This method was also used
on adularia and illite for dating of hydrothermal processes
(Kantor et al. 1985, 1988; Chernyshev at al. 1995, 2000; Kraus
et al. 1999; Vlasac et al. 2024), rhyolites in the Nova Bana
region (Lexa & Pécskay 2010) and high-alumina basalt
post-dating rhyolite activity (Balogh et al. 1998). Kohut &
Danisik (2017) dated granodiorite and diorite by the U-Th—Pb
method on zircon, one sample from each intrusion. In addition
they published also (U-Th)/He ages obtained on zircon and
apatite from both samples. Electronic supplement 6 provides
a summary of previous dating carried out on rocks and
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Table 4: Timing of the Stiavnica Stratovolcano edifice evolution — a synthesis of earlier K/Ar and Rb/Sr data with newer U-Th—Pb zircon data.
In the right column there are calculated composite U/Pb zircon ages (cc) and on a gray background accepted age intervals interpreted on

the basis of discussion in the text.

Chernyshev et al. (2013) Kohut & Danisik (2017) | ppec This work
K/Ar and Rb/Sr U/Pb zircon . Interpreted age
Stage Event Interpreted age intervals Other data (U-Th)/He zircon U/Pb zircon intervals
(Ma) (Ma) (Ma) (Ma)
. . 15.0-13.5
lac C°““$§:L°&fcfai%des“e Isochrone 14.59 £0.32 15.0-13.6
13.72 +£0.14!
b Emplacement of the 14.51 £0.27 ~14.5
Beluj intrusive complex
. 15.21 £0.19
1 Emplacement of diorite 13.3+0.2 ’ ~14.8
P Kantor et al. (1988) 14.70 +0.94
Emplacement of pre-ore K/Ar biotite 13.63£0.18 | cc13.60+0.10
quartz-diorite porphyry sills 13.58 +0.12 ~13.60
2a
Emplacement 13.4£0.2 12,92 £0.27 1343£0.14 ) ccl3.44£0.08
of granodiorite 13.3£0.6 13.920.1 12.65 +0.61 13.49.20.16 —_
N ’ ’ : ’ 13.36 £0.13 T
(o}
Emplacement of post-ore x Repéok in 13.33+0.13 | ccl13.31+0.09
quartz-diorite porphyry sills “ Chernyshey 13.32+£0.09 ~13.31
2b ctal. (2013) 13.62+£0.23 ~13.6
Emplacement of other quartz- 13.4£0.6 B AR occc-000000000000Ecoa 00000006
diorite porphyry sills 13.6 £0.8 ViR 13.3-13.0
Emplacement of 12.8520.12 cc12.90 +0.07
2 granodiorite porphyry 12:9220.09 o
stocks / dike clusters 12.92 +0.12 ~12.9
13.1-12.7 12.92 +0.16
3 | Caldera subsidence and filling Isochrone 13.00£0.16 ce12:93 2007
12.91 +0.17% Lexa & Pécskay (2010) 12.89 +0.17%
12.87 £0.05° K/Ar (Ma)~ 12.90 £0.09 ~12.9
4 Post-caldera 12.7-12.2 12.8-12.3
andesites
. 12.46 +£0.10*
5 Rhyolites 12.2-11.4 12.31 £0.44 to 11.52 £0.36 11.39 40 11° 12.3-11.4

'isochrone age of 5 K/Ar datings, youngest andesites of the pre-caldera stage (Chernyshev et al. 2013, table 1, no. 8 — 11)
%isochrone age of 4 K/Ar datings, andesites of the caldera filling (Chernyshev et al. 2013, table 1, no. 18 —21)
‘isochrone age of w.r. — 2 biotites, andesite GK-16 of the caldera filling (Chernyshev et al. 2013, appendix 2, no. 20)

“4older age, bimodal distribution of single spot ages
‘younger age, bimodal distribution of single spot ages

mineralizations of the Stiavnica Stratovolcano edifice. Older
ones of dubious quality have been discussed by Chernyshev et
al. (2013).

Table 4 and Figure 11 show how new U-Th—Pb zircon data
fill the gap where K/Ar and Rb/Sr dating could not be applied
owing to hydrothermal alteration and possible rejuvenation of
isotopic systems. In the right column of the table there are
newly interpreted age intervals for the stages in evolution of
the Stiavnica Stratovolcano edifice based on a critical evalua-
tion of the past as well as the new data.

Andesites of the pre-caldera I*' stage (lower structural
unit) comprise a succession of volcanic formations that rest
on products of garnet-bearing andesitic volcanic activity
(Konecny et al. 1998a). The beginning of the pre-caldera stage
andesitic volcanic activity was estimated by Chernyshev et al.
(2013; table 2) to around 15.0 Ma. This estimate was based on
the biostratigraphic evidence, K/Ar dating of the garnet-bea-
ring andesite to 15.0 £0.4 Ma and the oldest age on andesite of
the pre-caldera stage 14.8 £0.3 Ma (the dated andesite is not
the oldest one in the succession of the pre-caldera stage).

Our zircon U-Th-Pb age 14.59 +0.32 Ma on an andesite lava
flow in the middle of the pre-caldera stage succession com-
plies with such a conclusion. The same applies to the age
14.51 +£0.27 Ma of the Beluj intrusive complex that crosscuts
older andesites of the pre-caldera stage. Volcanic activity of
the pre-caldera stage did not start at the same time in all sec-
tors of the stratovolcano. In the SW sector of the edifice the
biostratigraphic evidence from underlying sediments points to
a beginning of the pre-caldera stage volcanic activity as late as
14.0 Ma (Chernyshev et al. 2013). The upper limit for volcanic
activity of the pre-caldera stage andesites is questionable.
Biostratigraphic evidence from overlying sediments and
results of K/Ar dating on andesites of a problematic structural
position places the upper limit at 13.5-13.2 Ma (Chernyshev
et al. 2013). However, isochrone age (IsoplotR, Vermeesch et
al. 2018) of five K/Ar datings on andesites of the Zibritov
Complex (the youngest in a succession of the pre-caldera
stage in the southern sector of the volcano; Chernyshev et al.
2013, table 1, no. 8-11) is 13.72 +0.14 Ma, while the zircon
U-Th-Pb age of the oldest subvolcanic intrusion is around
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Stage 1 (15.0 — ~13.6 Ma) Stage 2a (~13.6 — 13.44 Ma)
pre-caldera stage early quartz-diorite porphyry sills
Andesite Andesites and granodiorite emplacement
sills/lacolithes (lava flows, domes, pyroclastic .
o and epiclastic volc. rocks b::grmuZtaal /
’ " HSS :)t;gt\ém Fe skamn stockwork the-ZI(O};'ite

Beluj porphyry sill

Au porphyry extrusive

Amph-px diorite porphyry P diorite”’  Mesozoic|
Upper Paleozoic and Triasic siliciclastic rocks carbonate rocks i

granodiorite ,bell jar” pluton

Stage 2b (13.44 — 13.0 Ma) Stage 2c (~12.9 Ma)
fast granodiorite uplift, sector collapse granodiorite porphyry emplacement
post-ore gtz-diorite porphyry sills emplacement Zlatno Cu-Au
low angle shear zon Sub-horizontal system of porphyry/skam Qtz-diorite Cu-Au

e .
Au-Ag-Pb-Zn-Cu epithermal veins porphyry dikes  borohyrylskarn

N
A A A &

resurgence driving magma
post-ore Quartz-diorite porphyry sills and ring-dikes

Stage 3 (~12.9 Ma) Stage 4 (12.8 — 12.3 Ma)
caldera stage post-caldera stage
Andesite to dacite Hot Varta Qtz-diorite  Andesite lava flows, domes, pyroclastic

lava domes, springs HS system porphyry
flows and tuffs / stock

and epiclastic volcanic rocks

Stage 5 (12.3 - 11.4 Ma) Actual situation
rhyolites activity + resurgent horst uplift
Rhyolite lava domes, system of steeply dipping High-Al
lava flows, tuffs epithermal base/precious metal veins (red) basalts Alk. basalts

(11.4— 8.2 Ma) (7.8 7.2 Ma)

Fig. 11. Evolution of the Stiavnica stratovolcano and associated mineralizations. Modified after Rottier et al. (2020).
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13.6 Ma (Table 4; Stage 2a). That places the upper limit of
the pre-caldera stage volcanic activity to 13.6 Ma.

The emplacement time of the diorite intrusion is proble-
matic. It is older than the granodiorite pluton (~13.44 Ma,
Table 4) that shows a magmatic contact with the diorite intru-
sion (Konecny et al. 1998a). On the other hand, the diorite
intrusion is younger than the oldest andesites of the pre-cal-
dera stage as it is in contact with these andesites and a related
Sobov high-sulfidation hydrothermal system (diorite is its
parental intrusion, see above) is developed in these andesites.
It follows that the diorite intrusion should be younger than
15.0 Ma. A direct dating by the Rb/Sr method (Chernyshev et
al. 2013) provided a mineral isochron age 13.3+0.2 Ma
(Table 4). Such result is not compatible with the age of
the granodiorite pluton. Apparently, the Rb/Sr system was
rejuvenated by reheating related to the younger hydrothermal
system of epithermal veins. Dating of the diorite intrusion by
the U-Th—Pb method applied to zircons (Kohut & Danisik
2017) provided an apparent age 15.21+0.19 Ma. This age is
not compatible with its structural position (an older age of
the pre-caldera stage andesites is not probable). Incorporation
of zircons that crystallized in magma prior to its emplacement
is a possible explanation (cf. Blundy & Annen 2016;
Szymanowski et al. 2017; Cooper 2019). So, we assume that
the age of the diorite intrusion emplacement was around
14.8 Ma, close to the age of the oldest andesites of the pre-
caldera stage) and compatible with the result of its zircon U—
Th/He dating to 14.70+0.94 Ma (Table 4, Kohut & Danisik
2017). Diorite intrusion is not very extensive and 0.1 Ma could
be enough to cool down from the emplacement temperature
around 900 °C to 200 °C (closing temperature of zircon for
the U-Th/He system) following the emplacement into colder
rocks.

U-Th-Pb zircon dating of the Beluj intrusive complex
(Stage 1b) was carried out on biotite-amphibole—pyroxene
diorite porphyry hosting the Au-porphyry type mineraliza-
tion (sample BLJ-3) with a result 14.51+0.27 Ma (Table 4).
The age of the intrusive complex around 14.5 Ma is compa-
tible with its structural position as it crosscuts older andesites
of the pre-caldera stage and its eroded surface is covered by
younger andesites of the pre-caldera stage.

Structural position of the granodiorite pluton points to an
emplacement age younger than andesites and andesite por-
phyry of the lower structural unit in the central zone of the
stratovolcano (15.0 to 13.6 Ma, see above) and older than
most quartz-diorite porphyry sills, including a sill intruded
into a contact of granodiorite and pre-caldera stage andesite
(U-Th-Pb zircon age 13.19+0.13 Ma, Table 1, sample
RB-1148). New U-Th-Pb dating of zircons from three gra-
nodiorite samples provided ages 13.43+0.14, 13.49+0.16 and
13.36 +0.13 Ma with a composite weighted mean age 13.44
+0.08 Ma. This age is compatible with an older attempt to date
emplacement of the granodiorite pluton by the Rb/Sr method.
The mineral isochrone ages dominated by biotite are 13.4+0.2
and 13.340.6 Ma (Chernyshev et al. 2013, Table 1). However,
it is incompatible with the K/Ar dating of biotite to 13.9+0.1

109

Ma (Kantor et al. 1988). Excess radiogenic argon in biotite is
a possible explanation (c.f. Bachmann et al. 2010). In the case
of U-Th-Pb zircon dating of granodiorite to 12.92+0.27 Ma
(Kohut & Danisik 2017) we do not have a plausible expla-
nation. The granodiorite pluton is quite homogenous, not
showing any aspects of a multiple phase emplacement. In
summary, we assume that the emplacement of the granodiorite
pluton took place around 13.44 Ma.

Quartz-diorite porphyry (QDP) sills and dikes (Stage 2b)
were assigned by Konecny et al. (1998a) to the common
Banisko intrusive complex, dominantly on the basis of a petro-
graphic kinship. Despite a considerable petrographic variabi-
lity Konec¢ny et al. (1998a) implicitly assumed emplacement
during a relatively short time interval. However, the structural
position of the sills is different from the structural position of
the dikes. Most of the sills were emplaced by the underground
cauldron subsidence mechanism, while the dikes were at least
partially emplaced as cone sheets (Konecny et al. 1998a),
implying a different state of the magmatic system and related
stress field. Also, at the localities Zlatno and Sementlov the
QDP sills are crosscut by the granodiorite porphyry (GDP)
dikes while at the locality Zlatno the QDP dikes crosscut
the GDP dikes (Konecny et. al. 1993, 1998b). At several other
localities dikes intruding into sills have been observed.
Konecny et al. (1998a) considered the QDP sills and dikes to
be older than the caldera fill, allowing for a little overlap at the
beginning of the caldera subsidence. Considering interpreted
ages of the granodiorite pluton and the caldera fill andesites
as well as structural relationships Chernyshev et al. (2013)
assigned the QDP sills and dikes of the Banisko intrusive com-
plex to the time interval 13.4-12.9 Ma. FT dating of amphi-
bole and biotite provided results 13.4+0.6 and 13.6+£0.8 Ma,
respectively (Repcok in Chernyshev et al. 2013). A single
K/Ar dating of a sample localized close to one of the younger
epithermal veins provided a result 12.5+0.6 Ma (Chernyshev
et al. 1995), affected probably by a partial rejuvenation. How-
ever, the petrographic variability of QDP sills, as far as the size
and proportion of phenocrysts is concerned, points to the varia-
bility of the magma source and to probable multiple emplace-
ment episodes. The first geological proof has been observed in
the B. Hodrusa ore deposit where QDP sills are divided by
the mineralization into rare thin “pre-ore” sills affected by the
mineralization and prevailing “post-ore” sills that show mag-
matic contacts with altered andesite hosting the mineralization
as well as the mineralization itself (Kubac et al. 2018). Seven
new U-Th-Pb zircon datings (Tables 1, 4) confirm these
assumptions and findings. They indicate that the QDP sills
were emplaced in a succession of events during the time inter-
val ~13.6 to ~13.0 Ma. Results on two samples from the same
thin “pre-ore” sill at the B. Hodrusa ore deposit are 13.63+0.18
and 13.584+0.12 Ma with a composite weighted mean age
13.60+0.10 Ma pointing to its probable age ~13.6 Ma. Results
on two samples from the “post-ore” sills at the Hodrusa mine
are 13.33+40.13 and 13.32+0.09 Ma with a composite weighted
mean age 13.31+0.09 Ma pointing to their age ~13.31 Ma.
Results 13.19+0.13 Ma on a sample from the extensive thick
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QDP sill in Hodrusa and 13.04+0.12 Ma on a sample from
a ring-dike in Banska Stiavnica imply that the emplacement of
QDP sills/ring dikes continued episodically until ~13.0 Ma.
The interpreted age 13.62+0.28 Ma of a sample from a sill at
the Paradajz hill points to its relatively early emplacement at
a stress field different from the one that controlled emplace-
ment of younger sills (cf. Fig. 4).

Granodiorite porphyry stocks and/or dike clusters (Stage 2c)
were considered as generally older than the QDP intrusions
of the Banisko intrusive complex on the basis of QDP dikes
crosscutting GDP intrusions at the locality Zlatno (Konecny et
al. 1998a; Chernyshev et al. 2013). However, as evidenced by
geological maps (Konecny et. al. 1993, 1998b), at the locali-
ties Zlatno and Sementlov the QDP sills are crosscut by the
GDP dikes. Apparently the QDP sills and dikes are not of the
same age. Attempts to date GDP emplacement by the K/Ar
and Rb/Sr methods were not successful (Chernyshev et al.
1995 and Kral et al. 2002) due to rejuvenation by the younger
resurgent horst related system of epithermal veins and associa-
ted regional propylitization. We have dated three from eight
known GDP stocks and/or dike clusters by the U-Th—Pb zir-
con method. Two samples of different types of GDP at the
locality Zlatno provided results 12.85+0.18 and 12.92+0.09
Ma with a composite weighted mean age 12.90+0.07 Ma and
GDP at the nearby locality Sementlov provided the age 12.92
+0.12 Ma. The fourth sample Ti-5 from a thick dike at the
locality Hampoch outside of the Stiavnica caldera area shows
an interpreted age 11.81+0.17 Ma. Apparently, the rock rep-
resents a product of mixing of younger rhyolite magma (see
below) with remnants of the granodiorite porphyry type
magma represented by the assemblage of phenocrysts, while
associated zircons were dissolved. The dike associates spa-
tially with rhyolite dikes (Konec¢ny et. al. 1993, 1998b).
Results imply a probable age of the GDP stocks/dike clusters
~12.9 Ma, overlapping with the age of the caldera subsidence.
However, we assume that the emplacement of granodiorite
porphyry stocks/dike clusters preceded the caldera subsidence
(see below). A similar structural position and their common
petrography permit a cautious assignment of this age also to
the remaining GDP intrusions of the Zlatno intrusive complex.

Previous K/Ar and Rb/Sr dating of the caldera fill ande-
sites (3™ stage) and overlying post-caldera stage andesites
(4™ stage) provided results in the intervals 13.1+0.3 to 12.4
+0.1 Ma and 13.0+0.3 to 12.0+0.2 Ma, respectively (Cherny-
shev et al. 2013). Considering overlap of the intervals and
available biostratigraphic evidence they assigned the Stiavnica
caldera subsidence and it’s filling by moderately evolved
andesites to the interval 13.1-12.7 Ma. However, the iso-
chrone age (IsoplotR, Vermeesch et al. 2018) of four K/Ar
datings on andesites of the caldera filling (Chernyshev et al.
2013, table 1, no. 18-21) is 12.91+£0.17 Ma and a mineral
Rb/Sr isochrone of the sample GK-16 provided the age
12.940.5 Ma (Chernyshev et al. 2013) or12.87+0.05 Ma
(MSWD=1.2) if calculated on the basis of whole rock and
two biotites using the IsoplotR (Vermeesch et al. 2018).
Two (out of four) U-Th—Pb zircon datings of andesites filling
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the caldera provided results 12.92+0.16 and 12.90+0.09 Ma.
The third sample ST-104 that represents an extrusive dome in
middle of the caldera filling shows a bimodal distribution of
single-spot ages (Electronic supplement 4). The older group of
spot ages provides a concordia age 13.70+0.17 Ma, compa-
tible with ages of the oldest subvolcanic intrusions, while
the younger group provides a concordia age 13.00+0.16 Ma,
compatible with interpreted ages of other andesites in the cal-
dera filling (Table 1). The fourth sample ST-105 that represents
a dike crosscutting other andesites of the caldera filling also
shows a bimodal distribution of single-spot ages (Electronic
supplement 4). The older group of spot ages provides a con-
cordia age 12.89+0.17 Ma, compatible with interpreted ages
of other andesites in the caldera filling, while the younger
group provides a concordia age 11.70+0.18 Ma, compatible
with the age of rhyolites (Table 1). Apparently, the rock rep-
resents a product of mixing of younger rhyolite magma (see
below) with remnants of the biotite-amphibole andesite or
granodiorite porphyry type magma. The dike associates spa-
tially with rhyolite dikes (Konecny et. al. 1993, 1998b). A com-
posite weighted mean age for zircons from the samples ST-102,
ST-104 (younger ones), ST-105 (older ones) and ST-107 is
12.93+0.07 Ma (Tables 1, 4, Electronic supplement 4; it is
possible to calculate the composite weighted mean age as the
caldera formation is a rather rapid process). Taking into
account all available data the most probable age of andesites
filling the Stiavnica caldera is around 12.9 Ma, overlapping
with the age of granodiorite porphyry stocks/dike clusters.
Their mutual relationship could not be established exactly,
however, we assume that the emplacement of granodiorite
porphyry stocks/dike clusters preceded the caldera subsidence
that concluded emplacement of subvolcanic intrusions by
the underground cauldron subsidence mechanism.

We have no new data on andesites of the Stiavnica Strato-
volcano edifice post-caldera stage (4" stage). Chernyshev et
al. (2013) obtained results in the interval 13.0+0.3 to 12.0
+0.2 Ma, however, they put the start of their activity at
12.7 Ma based on the overlap with results on older caldera
fill andesites and biostratigraphic evidence for the Early Sarma-
tian age with the Badenian/Sarmatian boundary at 12.7 Ma
(Harzhauser & Piller 2007). However, the age of the older
caldera fill andesites has been set to around 12.9 Ma (see
above) and the age of the Badenian/Sarmatian boundary has
been moved recently to 12.83 Ma (Hohenegger et al. 2014).
The post-caldera stage andesites rest on the eroded surface of
the caldera fill and the pre-caldera stage andesites outside of
the caldera (Konecny et al. 1998a,b). A significant break in
volcanic activity is required following the caldera subsidence.
It follows that the activity of the post-caldera stage andesites
started most probably at around 12.8 Ma. Chernyshev et al.
(2013), considering their relationship with younger rhyolites,
placed the end of their activity to 12.2 Ma. However, begin-
ning of younger rhyolite volcanic activity is now moved to
12.3 Ma (see below). Summarizing, activity of the Stiavnica
Stratovolcano edifice post-caldera stage andesites took place
most probably in the interval 12.8-12.3 Ma.
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Chernyshev et al. (2013) evaluated eight K/Ar and Rb/Sr
datings of the late-stage rhyolites and concluded that their
activity took place in the interval 12.2-11.4 Ma (Table 4,
Electronic supplement 6). However, K/Ar dating of coeval
rhyolites in the Nova Bana and Kremnica areas by Lexa &
Pécskay (2010) (12.31+0.44—12.03+0.38 Ma and 12.29+0.42
—11.52 £0.36 Ma, respectively; Table 4) extends the interval of
rhyolite volcanic activity to 12.3—11.4 Ma. Our new U-Th-Pb
zircon dating of a rhyolite cryptodome provides compatible
results with a bimodal distribution of individual zircons mea-
surements (cf. Electronic supplement 4) and interpreted ages
of 12.46+0.10 and 11.39+0.11 Ma. Apparently, the dated
rhyolite emplacement took place at 11.39+0.11 Ma and the
presence of older zircons results from the incorporation of
antecrysts from a long-living magma reservoir. Considering
the upper limit on the age of the post-caldera stage andesites at
12.3 Ma and K/Ar dating of one of the high-alumina basalts
post-dating the rhyolite volcanic activity to 11.3+0.80 Ma
(Balogh et al. 1998) the interval 12.3—11.4 Ma is the best esti-
mate for activity of the late-stage rhyolites of the Stiavnica
Stratovolcano edifice.

Ages of mineralizations hosted by the Stiavnica Strato-
volcano edifice

Naturally, mineralizations related to subvolcanic intrusions
are of the same age as parental intrusions. The high-sulfidation
hydrothermal system of Sobov is probably of the same age as
the parental diorite intrusion — around 14.8 Ma. Attempts to
date the system by the K/Ar method applied to the 2M, type
illite have failed. Results 12.06+0.16 and 11.9+0.37 Ma
(Kantor et al. 1985) and 12.4£0.10 Ma (Kraus et al. 1999;
Electronic supplement 6) indicate a partial to complete rejuve-
nation due to reheating by an extensive and long-lasting epith-
ermal system related to the uplift of the resurgent horst (see
below a more comprehensive discussion concerning interpre-
tation of similar illite and adularia ages of the precious/base
metal epithermal mineralization at the B. Hodrusa ore deposit).
The Au-porphyry type mineralization at Beluj hosted by
a diorite porphyry stock should have an age around 14.5 Ma
based on the age of the intrusion. Mineralizations related to
the granodiorite pluton (barren advanced argillic and Fe-skarn
types) must be of the same age as the pluton — around
13.44 Ma, while the disseminated base metal type is slightly
younger, following the pluton solidification. A single K/Ar
dating of a sample from the locality Sementlov provided
the result 11.4+1.2 Ma (Chernyshev et al. 1995), implying
a rejuvenation as in the case of the Sobov hydrothermal sys-
tem. Au—Cu skarn-porphyry type mineralization hosted by
the granodiorite porphyries at Zlatno, Sementlov and Sklené
Teplice should have an age around 12.9 Ma. The hot spring
type mineralizations at Dekys$ and Cervena studiia are deve-
loped in basal deposits of the Stiavnica caldera implying their
age around 12.9 Ma. The high-sulfidation hydrothermal sys-
tem of Varta next to the village Banska Bela, which is hosted
by caldera-fill andesites, is most probably of the same age.

Age of the low-angle shear zone hosted precious/base metal
epithermal mineralization at the HodruSa ore deposit is con-
strained by the U-Th-Pb zircon dating of the “pre-ore”
quartz-diorite porphyry sill, granodiorite pluton and “post-
ore” quartz-diorite porphyry sills to a rather short 100-150
thousand year long time interval 13.44+0.08—13.31+0.09 Ma
(Table 4). We have also attempted to date the mineralization
directly by K/Ar method applied to illite and adularia and
Re/Os method applied to gold and sulfides. Illite of the
2M>>1M type has been already dated by Kraus et al. (1999)
and Chernyshev et al. (2000) with results 11.9+0.3 and
12.8+0.9 Ma, respectively. Our results (Table 2) on illites
of various grain size fall in the range 12.72+0.41-12.34
+0.36 Ma and two results on adularia are 12.36+0.44 and
11.90+0.35 Ma. Identical age of illite for the sample separated
into 3 size fractions within errors (RB-92a) indicates that
there is no contribution of an older K-bearing mineral, and all
minerals contain radiogenic argon closed within the structure
in the same period of time. Otherwise there should be dif-
ferences in the measured age. Taking into account structural
position of the mineralization and its age based on U-Th—Pb
zircon dating of “pre-ore” and “post-ore” quartz-diorite por-
phyry sills (see above) the measured illite and adularia ages
can not be interpreted as ages of their origin. Temperature of
the mineralization has been estimated to 330-270 °C (Kubac
et al. 2018) and overlaps with a closing temperature off
illite 325-270 °C (Snee at al. 1988), or 350-250 °C (Hueck et
al. 2022). That practically excludes a possibility to interpret
the measured illite ages as cooling ages. Resetting of ages
by a slow process of cooling would also result in relatively
older ages of a coarser illite fraction (Hueck et al. 2022) that
has not been observed (Table 2). It follows that we are
left with the process of partial or complete rejuvenation of
illite and adularia ages by the younger epithermal system
related to the resurgent horst (its veins crosscut the deposit).
Homogenization temperatures of fluid inclusions in minerals
of the younger epithermal mineralization point to a tempera-
ture interval 335-200 °C with the highest temperatures at
the early stages of the mineralization (Kovalenker et al. 2006;
Majzlan et al. 2016). Obviously, high enough temperature was
reached to open illite and adularia for the K/Ar system rejuve-
nation. Additionally, a fluid-assisted crystallization re-equili-
brates the isotopic system of a mineral much more efficiently
than a volume diffusion (Hueck et al. 2022). Identical age for
3 illite size fractions within errors (RB-92a) indicates that all
minerals contained radiogenic argon closed within the struc-
ture in the same and rather short period of time. Apparently,
rejuvenation of illite and adularia ages was incomplete as the
age of the younger epithermal system is 12.2—-11.4 Ma (see
below). Associated regional propylitic alteration indicates that
the reheating was not limited just to veins and their surroun-
dings. Thermal rejuvenation is also indicated by (U-Th)/He
ages on zircon (T=180-220 °C) and apatite (T=70-120 °C) in
granodiorite 12.65+0.61 and 12.26+0.77, respectively (Kohtt
& Danisik 2017). Re—Os isotopic dating provided a gold—
chalcopyrite slope showing the isochrone age around 13 Ma
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(Table 3) that is roughly compatible with the age constrained
by the U-Th—-Pb zircon dating.

The extensive system of intermediate/low-sulfidation pre-
cious/base metal epithermal veins is located on faults of
the resurgent horst in the central part of the Stiavnica caldera
(Fig. 2). Their syngenetic erosion and tectonic brecciation
confirm their evolution during the resurgent horst uplift
(Kovalenker et al. 1991, 2006; Onacila et al. 1995). Faults
of the horst displaced post-caldera stage andesites and were
contemporaneous with the emplacement of rhyolites (Konecny
et al. 1998a; Chernyshev et al. 2013). Rhyolite dikes often
invaded the same faults as the ore veins and are affected by
related alterations. So, the activity of rhyolites in the interval
12.3—11.4 Ma suggests a rough time-frame of the ore veins
evolution. Next to epithermal veins there are zones of silicifi-
cation, adularization and argillization with illite as prevailing
clay mineral. The K/Ar dating of adularia and adularized rocks
has brought ages in the interval 12.11+0.27-10.90+0.20 Ma
(Kantor et al. 1985), while the K/Ar dating of the IM>>2M,
type illite provided ages 12.1+0.2 Ma (isochrone age of
4 datings, Chernyshev et al. 1995) and 11.4+0.2 Ma (Kraus et
al. 1999). It follows that the resurgent horst-related epither-
mal system was active for at least 0.7 Ma in the interval
12.2-11.4 Ma with a probable extension for another 0.5 Ma
until 10.9 Ma. Such a conclusion is supported by results of
adularia and illite K/Ar dating of contemporaneous epithermal
systems at Nova Bana, Rudno, Pukanec and Kremnica in the
interval 12.3—11.4 Ma (Electronic supplement 6).

Conclusions

To improve the Stiavnica Stratovolcano edifice timing,
especially in the interval of subvolcanic intrusions emplace-
ment and the caldera collapse, we have applied to relevant
rocks a precise SHRIMP U-Th-Pb zircon dating, supported
by Re/Os gold and sulfide dating and K/Ar adularia/illite
dating of the related mineralizations. Zircons show mostly
a simple oscillatory zoning with a minimum extent of resorp-
tion and/or presence of inherited cores showing Variscan or
Cadomian ages. With the exception of three samples (out of 20)
showing a bimodal distribution of single spot ages and three
samples showing a higher dispersion of single spot ages,
the interpreted **Pb/**U concordia ages are reliable, not
affected significantly by the presence of antecrysts. Generally,
they are compatible with results of previous K/Ar and Rb/Sr
dating (Table 4). Their high precision allowed to recognize
a succession of subvolcanic intrusions concluded by a caldera
collapse (see below). Re/Os gold and sulfide dating of related
mineralization provided only one two-point isochrone with an
age compatible with the U-Th-Pb dating of pre-mineraliza-
tion and post-mineralization rocks. K/Ar dating of associated
adularia and illite provided only ages rejuvenated by the
younger system of epithermal veins. Based on new interpreted
age intervals of individual stages and sub-stages in evolution
of the Stiavnica Stratovolcano edifice involving a critical
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evaluation of new and old data (Table 4) we update the scheme
of the edifice evolution and related mineralizations (Konec¢ny
1971; Konecny et al. 1983, 1998a; Chernyshev et al. 2013)
as follows (Fig. 11): Stage 1 — formation of extensive pyro-
xene and amphibole—pyroxene andesite stratovolcano during
the interval of ca. 15.0-13.6 Ma, including emplacement of
a diorite intrusion hosting a barren high sulfidation system at
Sobov around 14.8 Ma and emplacement of a diorite porphyry
stock at Beluj (Sfage 1b) hosting the Au-porphyry type
mineralization around 14.5 Ma; Stage 2 — emplacement of
subvolcanic intrusive rocks and related processes; the stage
includes: Stage 2a — emplacement of quartz-diorite porphyry
sills pre-dating the Hodrusa epithermal mineralization around
13.6 Ma and emplacement of the granodiorite bell-jar
pluton in the depth 2-3 km hosting barren advanced argillic,
Fe-skarn and disseminated base metal mineralizations around
13.44 Ma; Stage 2b — granodiorite pluton resurgent uplift,
sector collapse and related evolution of the B. Hodrusa pre-
cious/base metal epithermal mineralization hosted by a basal
shear zone (Kubac et al. 2018; Vojtko et al. 2019) in the inter-
val of ca. 13.44-13.31 Ma; emplacement of quartz-diorite sills
in the shear zone that post-date the resurgent uplift and epi-
thermal mineralization around 13.31 Ma; emplacement of
other quartz-diorite porphyry sills and ring dikes in broader
surroundings of the Hodrusa deposit during the interval of
ca. 13.3-13.0 Ma; Stage 2¢ — emplacement of granodiorite
porphyry stocks and dike clusters hosting porphyry-skarn
Cu—Au mineralization around 12.9 Ma; Stage 3 — subsidence
of the caldera and its filling by evolved amphibole-biotite
andesites around 12.9 Ma, including rare hot-spring type
siliceous deposits at the base and the barren high-sulfidation
epithermal system of Varta; Stage 4 — renewed activity of
less evolved pyroxene andesites and mixed type andesites
with amphibole and biotite around and in the caldera during
the interval of ca. 12.8—12.3 Ma; Stage 5 — uplift of the resur-
gent horst in the central part of the caldera accompanied
by rhyolite extrusive/intrusive activity in the interval of
ca. 12.3-11.4 Ma and an extensive system of epithermal
precious and base metals veins during the interval of ca. 12.2—
10.9 Ma.
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