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Abstract
Detailed analyses of mineral composition and whole-rock geochemical data helped to unravel the volcanic plumbing sys-
tem beneath the rhyolitic Šumovit Greben lava dome, the westernmost member of the Kožuf-Voras volcanic system (N. 
Macedonia). It is characterized by high  SiO2 content (> 70 wt%) coupled with low MgO (< 1 wt%) and Sr (< 500 ppm) 
suggesting fractionation of clinopyroxene and plagioclase at depth forming a crystal mush and a crystal-poor rhyolitic lens 
by fractional crystallization and melt extraction on top of it. The crystal mush is composed of mainly clinopyroxene, biotite 
and plagioclase, whereas sanidine and plagioclase are the most abundant phenocrysts of the rhyolitic lens. The main dome 
forming event occurred at ca. 2.9 Ma, which sampled the crystal-poor rhyolitic lens. After a short quiescence time, an 
explosive eruption occurred depositing a massive lapilli tuff layer northwest of the lava dome, and an extrusion of a small-
volume lava flow on the northern side of the lava dome at ca. 2.8 Ma. This latter sampled also the crystal mush, as it contains 
abundant glomeroporphyritic clots of clinopyroxene ± plagioclase ± biotite. The clinopyroxene phenocrysts are chemically 
homogeneous, their crystallization temperature is ca. 900 °C representing the crystal mush, whereas the plagioclase and the 
sanidine crystallized at a lower temperature (ca. 790 °C) representing the rhyolitic lens. Noble gas isotopic composition of 
the clinopyroxene indicate no mantle-derived fluids (< 0.5%) having an R/Ra of ca. 0.04  Ra. The rejuvenation of the system 
probably occurred due to implementation of mafic magma at depth leading to a heat transfer and partial melting of the cumu-
late. This led to crystallization of Ba-rich rims of the sanidine and An- and Sr-rich rims of the plagioclase. The crystal mush 
zone beneath Šumovit Greben might be connected to the nearby, more mafic volcanic centers, and the eruption of Šumovit 
Greben could have been the start of the last cycle in the lifetime of the Kožuf-Voras volcanic system.
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Introduction

Rhyolitic volcanic activity has been witnessed scarcely 
throughout human history with only a handful of examples 
in the last century, such as the eruptions of Novarupta-Kat-
mai (USA) in 1912 (Hildreth and Fierstein 2012), Chaitén 
(Chile) in 2008–2011 (Pallister et al. 2013) and Puyehue-
Cordón Caulle (Chile) in 2011–2012 (Castro et al. 2013). 
These recent examples help to extend our understanding 
on how the eruption dynamics of these systems work, e.g., 
the eruption of Chaitén, which highlighted a simultaneous 
explosive and effusive activity (Carn et al. 2009; Lara 2009; 
Pallister et al. 2013). However, studying extinct (or seem-
ingly inactive) rhyolitic systems is essential to deepen our 
knowledge on the pre-eruptive conditions and activation 
mechanisms.

Rhyolitic volcanism (e.g., Chaos Crag, USA, Hildreth 
2007; Kos-Nisyros-Yali, Greece, Bachmann et al. 2012; 
Rocche Rosse/Lipari, Italy, Bullock et al. 2018; Telkibánya 
lava dome field, Hungary, Szepesi et al. 2019) is not the 
dominant type in subduction-related settings, because either 
their parental magma can erupt before reaching rhyolitic 
composition or it becomes too crystal-rich to erupt (e.g., 
Cashman and Blundy 2000; Hildreth 2007; Bachmann and 
Bergantz 2008). The dominant process in their formation 
is the fractional crystallization of mafic melts (with some 
crustal assimilation), which are kept above the solidus tem-
perature by repeated injection of mafic melts in the lower 
parts of the magma storage system (e.g., Bachmann et al. 
2007). The subduction-related rhyolitic volcanism is most 
often characterized by a cold-wet-oxidized system, where 
amphibole (and biotite) is the most abundant mafic phase. In 
contrast, the hot-dry-reduced rhyolites, which occur mostly 
above mantle upwelling zones, have olivine and pyroxene 
as the mafic phases (e.g., Bachmann and Bergantz 2008).

Here, we present an example of a subduction-related rhy-
olitic lava dome (Šumovit Greben, N. Macedonia), which is 
part of a large volcanic system (Kožuf-Voras) characterized 
by intermediate (trachyandesitic, trachydacitic and trachytic) 
volcanic centers (Boev and Yanev 2001). In Šumovit Greben 
rhyolites, clinopyroxene is the most abundant mafic phase 
besides biotite (Molnár et al. 2022), which is a rare situa-
tion in cold-wet-oxidized systems (Bachmann and Bergantz 
2008). By means of geochronology, and detailed textural 
and mineral chemistry analyses, we aim to unravel the evo-
lution and pre-eruptive conditions of this rhyolitic system 
highlighting the importance of the clinopyroxene and its 
relation to the Kožuf-Voras volcanic system. Complemented 
by noble gas measurements on the main phenocryst phases 
(sanidine, plagioclase, clinopyroxene), we present a rare 
example of the applicability of noble gas isotopes in a felsic 
system.

Geological background

Since the Late Cretaceous times, widespread volcanism, 
closely linked to the tectonic evolution of the Alpine–Med-
iterranean region, occurred also in the central part of the 
Balkan Peninsula. This region is located at the junction of 
the Dinarides–Hellenides and Carpatho-Balkanides orogens 
marked by the Sava suture zone, where Africa (Adria)-
derived units dominate the western part and Europe-derived 
units form the eastern part (Fig. 1; Schmid et al. 2020 and 
references therein). The first peak of magmatism occurred 
during the Early Oligocene (ca. 33–29 Ma; Boev and Yanev 
2001; Lehmann et al. 2013) when large-volume volcanic 
centers and complexes with mainly calc–alkaline–high-K 
calc-alkaline geochemical affinity developed in the eastern 
part of the region (Fig. 1). The second period of volcanism, 
between ca. 8 Ma and 1.5 Ma (Kolios et al. 1980; Janković 
et al. 1997; Cvetković et al. 2004; Yanev et al. 2008; Molnár 
et al. 2022) was restrained to the Vardar zone south of the so-
called Skutari-Peć transverse zone (Fig. 1). The SW-vergent 
fold-and-thrust belt of the Dinarides–Hellenides orogeny is 
cut by this zone, along which clockwise rotation of the Hel-
lenides belt occurred accelerating in Neogene times due to 
the back-arc extension in the Aegean region (Handy et al. 
2019). This Neogene–recent extension is dominated by 
NW–SE and E–W trending faults, the latter being linked to 
the propagation of the North Anatolian fault in the Aegean 
region at ca. 6 Ma (Dumurdzanov et al. 2005; Burchfiel et al. 
2008).

The Late Miocene to Pleistocene small-volume, mafic 
volcanic centers with high Mg–K and ultrapotassic geo-
chemical characteristics are located at the edges of the 
extensional basins, along fault zones associated with the 
boundaries of different tectonic units and nappe structures. 
These could act as possible pathways for the upwelling mag-
mas from the metasomatized lithospheric mantle (Yanev 
et al. 2008; Molnár et al. 2022). Contemporary with this 
spatially scattered magmatism, the Kožuf-Voras volcanic 
system developed at ca. 6.5–1.8 Ma extending in SW–NE 
direction along the Macedonian–Greek border (Kolios et al. 
1980; Janković et al. 1997; Molnár et al. 2022). It represents 
the northmost subduction-related system in the region with 
high-K calc–alkaline–shoshonitic geochemical affinity. The 
eruption centers of the system developed in time towards 
the southwest coupled with an increase in K-content of the 
erupted magmas (Vougioukalakis 1994; Molnár et al. 2022).

The rhyolitic Šumovit Greben is the westernmost lava 
dome of the Kožuf-Voras volcanic system, which formed 
at ca. 2.9–2.8 Ma (Molnár et al. 2022). It is located at the 
eastern edge of Mariovo basin between Kozjak and Nidže 
Mts (Fig. 2). The formation of the lava dome structure con-
sists of two phases starting with a lava dome extrusion at ca. 
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2.9 Ma producing the main volume of the center. Different 
lithofacies of a slowly cooling rhyolitic dome (i.e., basal 
breccia, coherent glass, foliated rhyolite and microcrystal-
line rhyolite; Manley and Fink 1987) are present at different 
parts of the volcanic center (Figs. 2, 3). Parts of the basal 
breccia are altered, hydrated to perlite being in the focus of 
past mining activity. Remnants of a neck/feeder dyke mark 
the potential conduit(s) for the upwelling magmas. A small-
volume lava flow, restricted only to the northern part of the 
center, marks the end of activity at ca. 2.8 Ma. In addition, a 
massive lapilli tuff layer crops out along roadcuts northwest 
from Šumovit Greben (Fig. 2).

This study focuses on the 2.8 Ma lava flow (remnant), 
which contains abundant clinopyroxene ± plagioclase ± bio-
tite glomeroporphyritic clots, possibly representing a deeper, 
crystal mush zone of the volcano plumbing system. We 
applied detailed mineral chemistry on selected phases to 
constrain the temperature and depth of the crystal mush, 
complemented with noble gas isotopic analyses to decipher 
the evolution of the system. In addition, we aim to character-
ize in more detail the ambiguous relation between the mas-
sive lapilli tuff unit and the lava dome by applying whole-
rock geochemistry and sanidine 40Ar/39Ar dating.

Samples and analytical methods

We conducted a field campaign during the summer of 2019 
and 2021 to collect suitable samples from every mapped 
unit, i.e., fresh, unaltered, large blocks. A detailed map of 
the area was presented in Molnár et al. (2022), while an 
updated map of all the sampled localities is presented in 
Fig. 2. An additional sample was collected from a ca. 3 m 
thick, massive lapilli tuff layer (ignimbrite; SG01), which 
crops out along a roadcut northwest from the lava dome. It is 
an unsorted, non-welded, matrix-supported layer containing 
crystal-poor pumices (up to 7 cm in size) and scarce lithic 
clasts (< 5 cm).

General petrography and whole‑rock geochemistry

Petrography of the studied samples was performed by com-
bined investigation of a petrographic microscope (Olympus 
BX53 equipped with Olympus DP23 camera) and a JEOL 
JSM-IT500HR type SEM equipped with a JEOL EX-
74232U1L4Q type EDS detector and a Centaurus CL detec-
tor at the Institute for Nuclear Research (Atomki), Debrecen, 
Hungary.

Fig. 1  Geological map of the study area modified after Schmid et al. 
(2020). Circles mark the localities of the Late Miocene to Pleistocene 
centers with known eruption age (Kolios et al. 1980; Janković et al. 

1997; Cvetković et al. 2004; Yanev et al. 2008; Molnár et al. 2022). 
Grey dashed lines indicate the extent of Vardar zone. SPTZ: Skutari-
Peć transverse zone; NAF: North Anatolian Fault
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Whole-rock major and trace element geochemical com-
position of pumices from the ignimbrite unit (SG01) were 
analyzed at AcmeLabs (Vancouver, Canada; http:// acmel 
ab. com). Major and minor elements were determined by 
ICP-emission spectrometry, whereas trace elements were 
analyzed by ICP–MS following a lithium–borate fusion 
and dilution in acid.

Mineral chemistry

Electron microprobe analyses for in-situ mineral chemistry 
of the phenocryst assemblages (pyroxene, feldspar, glass 
inclusions) were performed at the Goettingen laboratory 
for correlative Light and Electron Microscopy (GoeLEM) 
of the Georg-August University Göttingen using a JEOL 

Fig. 2  Geological map and an N–S cross section of Šumovit Greben lava dome. Circles mark the location of the mentioned samples (modified 
after Molnár et al. 2022)

http://acmelab.com
http://acmelab.com
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JXA-iHP200f EPMA. The instrument is equipped with a 
Schottky field emitter and five spectrometers for wavelength-
dispersive X-ray spectrometry (WDS). All quantitative 
measurements were performed at an acceleration voltage 
of 15 kV and a beam current of 15 nA. For calibration, we 
used natural (albite: Na; anorthite: Al, Si, Ca; celsian: Ba; 
hematite: Fe; olivine: Mg, Si; rhodonite: Mn; sanidine: K; 
topas: F; wollastonite: Ca) and synthetic  (Cr2O3:Cr; NiO:Ni; 
 ScPO4:P;  SrTiO3:Sr;  TiO2:Ti) reference materials. The 
measurement conditions including element selection were 
adapted to the matrix type. For analyses of pyroxene, we 
used a beam diameter of 5 μm and counting times of 15 s 
(Na, Mg, K, Ca, Al, Si, Fe) and 30 s (Ti, Cr, Mn, Ni) on 
the characteristic X-ray lines. For analyses of feldspar, we 
used a beam diameter of 20 μm and counting times of 15 s 
(Na, Al, Si, K, Ca) and 30 s (Fe, Sr, Ba). For analyses of 
the glass inclusions, we used a beam diameter of 10 μm or 
smaller depending on the size of the inclusions and counting 
times of 15 s (Na, Mg, Al, Si, K, Ca, Fe), 30 s (Ti, Cr, Mn, 
Ni, Sr, Ba) and 60 s (F, P). For measuring Si and Ca, we 
switched between the calibrations performed on the refer-
ence materials olivine and wollastonite (pyroxene) and anor-
thite (feldspar and glass inclusions). Matrix correction was 

applied using the phi-rho-z algorithm of the XPP method by 
Pouchou and Pichoir (1991). Analytical errors and detection 
limits were calculated from the counting statistics of peak 
and background signals, following the Gauss law of error 
propagation. Detailed measurement conditions and results 
are presented in the Supplementary Material.

Noble gas isotopic analyses

Clinopyroxene, sanidine and plagioclase crystals were 
separated from the samples SG04 and SG14. 0.4 to 1.8 g 
of pure crystal separates (250–500 µm) were cleaned in 
acetone in ultrasonic bath, loaded into stainless-steel hold-
ers with a magnetic ball and baked at ca. 100 °C for 24 h 
in vacuo before the analyses. Noble gases were measured 
at the Isotope Climatology and Environmental Research 
Centre (ICER Centre), Atomki. The gases were released by 
single-step crushing (150 strokes), purified and separated by 
a cryogenic trap. Helium and neon abundances were meas-
ured on an HELIX–SFT and a VG-5400 mass spectrometers, 
respectively. Faraday detector was used for 4He, whereas 
3He and all Ne isotopes were measured on electron multi-
pliers. Detailed description of the analytical procedures can 

Fig. 3  Field photographs of the different lithofacies at Šumovit Gre-
ben volcanic center. a Massive lapilli tuff layer along the roadcut 
northwest from the lava dome (SG01). b Folding along a flow front 
in the dark grey rhyolite. c Remnant of a neck/feeder dyke with ver-
tical foliation. d Hand specimen from the top black, glassy rhyolite 

(SG04) with feldspar (fs) phenocrysts. e Outcrop of the lower black 
rhyolite with the dark grey rhyolite of the lower unit, their boundary 
is marked with red dashed line. f Close-up view on the lower black 
rhyolite (SG14)
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be found in Papp et al. (2012) and Molnár et al. (2021a). 
Blank levels are 5 ×  10–11 and 0.9–1 ×  10−10 ccSTP/g for He 
and Ne, respectively (ccSTP: cubic centimeter at standard 
temperature and pressure, 0 °C and 1 atm).

40Ar/39Ar dating

Sanidine crystals (250–500 µm) were separated from the 
massive lapilli tuff unit (SG01) at the ICER Centre, Atomki 
for 40Ar/39Ar dating. Twenty fresh and transparent K-rich 
feldspars were handpicked and irradiated in the Cd-lined 
core CLICIT facility of the Oregon State University TRIGA 
reactor for 2 h. Following irradiation, measurements were 
performed at the Laboratoire des Sciences du Climat et de 
l’Environnement (CEA, CNRS UMR, France) dating facil-
ity. Gases of 11 crystals were individually extracted by 
fusion using a  CO2 laser and purified using 3 SAES get-
ters. Before fusion, each crystal underwent a sweeping to 
remove unwanted gas potentially trapped on the crystals. 
The five argon isotopes (i.e., 40Ar, 39Ar, 38Ar, 37Ar, and 
36Ar) were measured using a multi-collector NGX 600 
mass spectrometer. In a first run, 40Ar, 39Ar, and 38Ar were 
measured simultaneously on 3  ATONA® amplifiers and 
36Ar on the electron multiplier. Next, the 37Ar was meas-
ured alone using the electron multiplier. Neutron fluence 
J factor (0.0005591 ± 0.000000335) was calculated using 
co-irradiated Alder Creek sanidine standard (ACs-2; 
1.1891 Ma; Niespolo et al. 2017) according to the K total 
decay constant of Renne et al. (2011; λe.c. = (0.5757 ± 0.016
) ×  10−10  year−1 and λβ‾ = (4.9548 ± 0.013) ×  10−10  year−1). 
Discrimination is calculated according to the 40Ar/36Ar ratio 
of 298.56 (Lee et al. 2006). Procedural blank measurements, 
typically 2.1–2.3 ×  10−4 V for 40Ar and 7.8–7.9 ×  10−7 V for 
36Ar, were achieved after every two to three unknowns. Full 
analytical data for each sample and detailed description of 
the analytical procedures can be found in the Supplementary 
Materials.

Results

Petrography and geochemistry

Whole-rock geochemical data were already reported by Mol-
nár et al. (2022) for the Šumovit Greben lava rocks, char-
acterized as rhyolites belonging to the (high-K calc–alka-
line)–shoshonitic series (Fig. 4; Peccerillo and Taylor 1976). 
The sampled ignimbrite layer (SG01) has rhyolitic compo-
sition similar to the Šumovit Greben lava rocks, with ele-
vated K content (71.4 wt%  SiO2; 6.5 wt%  K2O; recalculated 
anhydrous) together with the low MgO (< 1 wt%) and Sr 
(240 ppm) content (Fig. 4; Supplementary Materials).

The lower (older) unit consists the lower black rhyolite 
(basal breccia; SG14), the dark grey rhyolite (foliated rhy-
olite; SG03) and the light grey rhyolite (microcrystalline 
rhyolite; SG02; Fig. 2) It has a phenocryst assemblage of 
K-feldspar, quartz, plagioclase, biotite, clinopyroxene and 
scarce amphibole along with titanite, Fe–Ti oxides, apatite 
and zircon as accessory phases. K-feldspar and plagioclase 
form occasionally glomeroporphyritic clots. The crystallin-
ity of the groundmass depends on the differential cooling 
rate of the unit showing glassy groundmass with perlitic 
texture and foliation closer to the bottom of the unit, and 
devitrified and glassy textures in the middle section. The 
top (younger) unit is a massive, black rhyolite with glassy 
groundmass and perlitic texture (SG04; Fig. 2). Its mineral 
assemblage is similar to the bottom unit with a large num-
ber of clinopyroxene ± plagioclase ± biotite glomerocrysts 
(Fig. 5) in addition to the K-feldspar + plagioclase clots.

The sample from the massive lapilli tuff unit (SG01) 
shows similar mineral assemblage to the lava rocks. It is 
a crystal- and clast-poor matrix-supported (ash) unit with 
pumices and crystal fragments (Fig. 5) containing K-feld-
spar, plagioclase, biotite and clinopyroxene as the dominant 
phenocrysts and Fe–Ti oxide, titanite, apatite and zircon as 
accessory phases.

The whole-rock composition of the massive lapilli tuff 
sample shows similar trend but slightly depleted character 
both in rare earth (REE) and in trace elements compared 
to the lava rocks of Šumovit Greben (Fig. 4; Suppl. Mat.). 
It has a negative Eu-anomaly, and a U-shaped middle-to-
heavy REE pattern characteristic for wet-oxidized rhyolites 
(Bachmann and Bergantz 2008). Similar to the lava rocks, 
the massive lapilli tuff sample shows enrichment in large-ion 
lithophile elements (except Ba), U and Th relative to some of 
the high-field-strength elements (Nb, Ti), Sr and P (Fig. 4).

Mineral chemistry

The Šumovit Greben rhyolites contain both K-feldspar and 
plagioclase as phenocrysts. The K-feldspar occurs mainly 
as euhedral–anhedral single crystals in a size of ca. 200 µm 
to 2.5 mm; however, crystals with slightly rounded corners 
are also present, dominantly in the top unit (Fig. 5). In addi-
tion, the K-feldspar seldom forms glomeroporphyritic clots 
with plagioclase present in both units (Fig. 5). Their overall 
composition is mainly sanidine varying in the range from 
 Or47 to  Or61 in the lower unit and from  Or35 to  Or64 in the 
top unit (Fig. 6).

It occasionally shows normal, reverse and step zonation 
related to changes in Ba (and in lesser extent Sr) content, 
most abundantly in the top lava unit (SG04; Fig. 5). Few 
crystals in the lower unit can be described as anorthoclase 
 (Or17–22; Fig. 6). The sanidine crystals show differences in 
their BaO content between the units: it can be up to 4.5 
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wt% in the top unit, whereas it remains below 0.2 wt% in 
the lower unit (Fig. 6). Similar variation can be observed in 
their SrO content, although to a lesser extent. Plagioclase 
is mainly present as anhedral phenocryst in a size of ca. 
150 µm to 2.5 mm, and also as part of glomeroporphyritic 
clots with K-feldspar in both units and with clinopyrox-
ene ± biotite in the top unit (Fig. 5). The plagioclase com-
position ranges from  An17 to  An70 in the top unit showing 
patchy, normal zonation and spongy texture occasionally, 
and a narrower compositional range  (An14–An25) in the 
lower unit (Fig. 6). Those in the glomeroporphyritic clots 
with clinopyroxene range between  An20 and  An48 (Fig. 6). 
The Sr content of the plagioclase show a positive correlation 
with the An content in both units. The FeO content is fairly 
homogeneous in the lower unit (~ 0.25 wt%), whereas it has 
a range of 0.15–0.86 wt% in the top unit with the higher 
values found in the aggregates (Fig. 6).

Clinopyroxene is an abundant mafic mineral in the stud-
ied units, especially in the top lava unit (SG04), where 
it forms glomerocrysts with ± plagioclase ± biotite with a 
size of ca. 700 µm to 3.5 mm. It contains inclusions of 
Fe–Ti oxide, apatite, zircon, titanite and glass (Fig. 5). The 
phenocrysts occur as euhedral–anhedral crystals with a 
size of ca. 150 µm to 1 mm showing uniform composition 
of ferro-diopside–(Mg-rich) augite with a narrow range 
of variation in the FeO and MgO content (Fig. 6) and an 
average Mg#-number of 68 ± 1 for both units. The clinopy-
roxene-hosted glass inclusions have rhyolitic composition, 
similar to the whole-rock composition of the lava rocks 
 (SiO2 = 71.9 ± 2.6 wt%,  K2O = 7.0 ± 2.3 wt%; Figs. 6, 9).

Fig. 4  Whole-rock major and trace element characteristics of Kožuf-
Voras volcanic field. a  SiO2 vs.  K2O diagram (Peccerillo and Tay-
lor 1976) with the hierarchy cluster analyses (HCA)-resulted groups 
modified after Molnár et al. (2022). Eruption age intervals are marked 
for each subgroup (Kolios et  al. 1980; Janković et  al. 1997; Molnár 
et  al. 2022). Šumovit Greben samples are marked by red outline. b 
Primitive-mantle normalized trace element plot (Sun and McDon-

ough 1989) of the analyzed Šumovit Greben samples (Molnár et al. 
2022 and this study). The trace element characteristics of Kožuf-
Voras volcanic field are presented in the background. c Spatial dis-
tribution of the lava domes of Kožuf-Voras volcanic system, color 
coded according to the HCA-groups (modified after Molnár et  al. 
2022). Localities with known eruption ages are marked with thick 
black outlines
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Noble gas isotope systematics

We determined the He and Ne composition of the fluid 
inclusions hosted in clinopyroxene, sanidine and plagi-
oclase phenocrysts from the lowermost (SG14) and top 
(SG04) lava rock units. The results are presented in Fig. 7 
and Supplementary Materials.

The clinopyroxene separates show a higher concentra-
tion of noble gases than the sanidine and plagioclase. Their 
helium and neon concentrations vary between 2.8–4.1 ×  10–8 
ccSTP/g and 1.4–2.7 ×  10–10 ccSTP/g, respectively. In the 
sanidine and plagioclase separates, helium and neon concen-
trations are very close to the instrumental detection limits 
varying between 0.5–1.2 ×  10–9 ccSTP/g and 0.9–2.0 ×  10–10 

Fig. 5  Petrographic microscope 
(a, c, e, g) and SEM–BSE 
images (b, d, f, h) of Šumovit 
Greben samples. BaO contents 
(in wt%) in the sanidine cores 
and rims are marked with 
pale and dark green circles, 
respectively. a Representa-
tive petrographic image of the 
crystal-poor SG01 ignimbrite 
sample with pumice (pum) 
and sanidine (san) fragments. 
b SEM–BSE image of a 
clinopyroxene (cpx) cluster 
with zoned titanite (tit), Fe–Ti 
oxide (FeTiox), zircon (zr) 
and apatite (ap) as inclusions. 
c Representative petrographic 
image of clinopyroxene–plagio-
clase (pl) glomeroporphyritic 
clot in sample SG04. d SEM–
BSE image of a normal zoned 
sanidine crystal intergrown 
with plagioclase together with 
biotite (bt) and clinopyroxene 
from sample SG04. e Repre-
sentative petrographic image 
of sanidine–plagioclase and 
clinopyroxene–Fe–Ti oxide 
glomeroporphyritic clots in 
sample SG04. Note the spongy 
texture of the plagioclase and 
the slightly rounded corner 
of the sanidine. f SEM–BSE 
image of an individual sanidine 
phenocryst with step zonation. 
g Representative petrographic 
image of sample SG14 with 
clinopyroxene phenocryst, 
sanidine and plagioclase. h 
SEM–BSE image of sanidine 
with plagioclase inclusion and a 
clinopyroxene in sample SG04. 
Note the rounded shape of the 
individual sanidine
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ccSTP/g, respectively. The R/Ra ratios (where R is the 
3He/4He ratio of the sample and  Ra is (1.382 ± 0.005) ×  10–6; 
Sano et al. 2013) of the clinopyroxene separates from the 
top unit range at around 0.03  Ra, whereas their 4He/20Ne 
ratios vary between 100 and 300 showing no or negligible 
(< 0.5%) sign of atmospheric contamination. Clinopyroxene 
separate from the bottom unit exhibits similar 4He/20Ne ratio 

but lower R/Ra value compared to the top unit clinopyroxene 
(Fig. 7).

40Ar/39Ar age of the massive lapilli tuff layer

40Ar/39Ar dating results of the SG01 sample are presented 
in Fig. 8 together with the corresponding Kernel density 

Fig. 6  Chemical composition of the different phases in the lower 
(SG14) and top (SG04) lava units. a Composition of feldspar phe-
nocrysts based on the anorthite(An)–albite(Ab)–orthoclase(Or) tri-
angle. b BaO (wt%) vs. the orthoclase (%) content of the sanidine 
phenocrysts. c FeO (wt%) vs. the anorthite (%) content of the plagio-
clase phenocrysts and glomerocrysts. d Composition of the clinopy-
roxene-hosted glass inclusions according to the total alkali silica (Le 

Bas et al. 1986) diagram; whole-rock composition of Šumovit Greben 
samples is marked with brown circles. e Composition of the clino-
pyroxene phenocrysts based on the diopside(Di)–hedenbergite(He)–
enstatite(En)–ferrosilite(Fs) quadrilateral (Morimoto et  al. 1988). 
f FeO (wt%) vs. MgO (wt%) variation of the clinopyroxene phe-
nocrysts
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estimates. Weighted mean age uncertainties are reported 
at 2σ, including J uncertainty, calculated using Isoplot 
4.0 (Ludwig 2012). Despite the low spread of the Inverse 
isochron, the resulting 40Ar/36Ar initial intercepts is within 
uncertainty of that of the atmosphere suggesting that the 
dated sanidine crystals do not contain trapped excess argon. 
Nine out of the eleven analyzed single crystal display statis-
tically identical age and were, therefore, used to calculate a 
weighted mean age. The two other older crystals, 4.27 ± 0.02 
and 2.94 ± 0.02  Ma, are interpreted as xenocrysts. The 
main population of crystals is interpreted as juvenile, with 
weighted mean age of 2767 ± 7 ka (15 ka, including all 

uncertainties, MSWD = 0.72, p = 0.67). This age is hereaf-
ter interpreted as the age of deposition of this volcanic unit.

Discussion

Formation of Šumovit Greben lava dome

The internal structure and different lithofacies of a rhy-
olitic lava dome or lava flow has long been described at 
several examples worldwide (e.g., Little Glass Mountain, 
USA; Fink 1983; Obsidian Dome, USA; Manley and Fink 
1987; Rocche Rosse, Italy; Bullock et al. 2018; Telkibánya 
Lava Dome Field, Hungary; Szepesi et al. 2019). Rhyolitic 
lava domes consist (from bottom to top) of units/layers of 
basal breccia, thinner obsidian, foliated rhyolite, thick obsid-
ian and an upper/carapace breccia (e.g., Manley and Fink 
1987). In addition, different deformation processes had 
been identified resulting in diverse disruption in foliation 
and additional folding as the flow advances (e.g., Fink 1983; 
Bullock et al. 2018). Although highly affected by erosion 
and perlite alteration, several of these lithofacies and fea-
tures can be recognized at Šumovit Greben. Its lowermost 
unit is a basal breccia (entirely hydrated to perlite at several 
places; SG14) followed by a foliated and a massive rhyo-
lite (SG02, SG03; Figs. 2, 3). Large scale folding, due to 
progressive deformation (e.g., Flinn 1962; Ramsay 1979; 
Bullock et al. 2018), can be observed along some of the 
flow fronts (especially in the northern section; Fig. 3). Based 
on groundmass K/Ar ages, the main lava dome formed at 
ca. 2.89–2.87 ± 0.08 Ma (Fig. 7; Molnár et al. 2022). The 

Fig. 7  Noble gas isotopic systematics of the studied mineral phases. 
A. R/Ra vs. 4He/20Ne plot. B. 4He and 20Ne concentrations vs. the 
4He/20Ne ratios with their uncertainties (equivalent with the size of 
the rectangle/circle unless marked otherwise). The measured sepa-
rates are clinopyroxene (cpx), sanidine (san) and plagioclase (plag) 

from the bottom (SG14) and top (SG04) lava unit. Assumed end-
members in the R/Ra vs. 4He/20Ne plot: atmospheric (1 R/Ra, 0.318 
4He/20Ne; Sano and Wakita 1985), crustal (0.02 R/Ra, 1000 4He/20Ne; 
Sano and Marty 1995) and MORB (8 R/Ra, 1000 4He/20Ne; Graham 
2002)

Fig. 8  Combined sanidine 40Ar/39Ar and groundmass K/Ar ages 
(Molnár et  al. 2022) with 2σ uncertainties from Šumovit Greben 
ignimbrite (SG01) and lava rocks (SG02, SG03, SG04). The Kernel 
density estimate was plotted from the single grain sanidine 40Ar/39Ar 
ages (Vermeesch 2012)
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low phenocryst content, together with the low MgO and Sr 
content (Fig. 9) suggest extensive plagioclase and pyroxene 
crystallization at a deeper part of the magma storage, and 
indicate that the lava dome forming eruption was fed by a 
crystal-poor rhyolitic lens. The rhyolitic lens is most likely 
formed by fractional crystallization and melt extraction from 
a crystal mush of intermediate composition, i.e., a silicic 
cumulate (e.g., Deering and Bachmann 2010). This is sup-
ported by the low MgO, Sr, Ba content and Zr/Hf ratio of 
the erupted high-silica  (SiO2 > 70 wt%) magmas (Fig. 9). 
The topmost rhyolitic unit (SG04), which crops out only at 
a restricted area could represent the carapace breccia of the 
lava dome completing the lithofacies succession. However, 
this unit displays slightly distinct petrological and geochemi-
cal characteristics compared to samples from the lower units. 
It contains a large number of glomeroporphyritic clots of 
clinopyroxene ± plagioclase ± biotite, which are lacking 
in the other samples. It displays lower  SiO2 (Figs. 4, 6, 9) 
and slightly higher MgO content (Fig. 9), slightly higher 
143Nd/144Nd and lower 87Sr/86Sr ratios compared to the main 
lava dome (Molnár et al. 2022). These characteristics imply 
that even though this unit was also fed by the rhyolitic lens, 
it has also tapped the crystal mush, a slightly deeper part 
of the magma storage system. Groundmass K/Ar ages sug-
gest slightly younger eruption age than the underlying unit 
(2.78 ± 0.08 Ma; Fig. 8; Molnár et al. 2022). Although the 
age overlaps within uncertainties with the lower units, the 
different petrological and geochemical features, and the 
slightly younger age imply that the topmost unit can be inter-
preted as a separately extruded small lava flow towards the 
end of the volcanic activity.

The volcanic activity at Šumovit Greben was character-
ized by additional explosive eruption, as also seen at the 

rare recent examples of rhyolitic eruptions (e.g., Mono-
Inyo Craters, USA; Sieh and Bursik 1986; Chaitén volcano, 
Chile; Carn et al. 2009). The petrological and geochemical 
characteristics of the massive lapilli tuff (ignimbrite) unit 
show strong similarities to the lava rock samples having 
a rhyolitic composition, together with the low MgO (< 1 
wt%) and Sr (< 300 ppm) content (Fig. 9), which imply these 
rocks erupted from a very similar source/volcanic center. 
This is further supported by sanidine 40Ar/39Ar geochronol-
ogy revealing that the eruption age of the ignimbrite unit is 
2.77 ± 0.02 Ma (Fig. 8). As it closely overlaps within uncer-
tainty with the top unit, it is difficult to decipher the order of 
events. One of the possibilities is that the explosive eruption 
followed the extrusion of the top unit, which might have 
been a larger lava flow mainly destroyed by the explosive 
eruption (together with the top part of the bottom unit). The 
other possibility is that the explosive eruption slightly pre-
ceded the extrusion of the top lava unit. Such a sequence 
might be supported by the lack of carapace breccia in the 
main lava dome, which could have been destroyed by the 
explosive eruption.

In addition, the greater involvement of the crystal mush in 
the top unit (based on the abundance of clinopyroxene aggre-
gates) implies that the size/contribution of the crystal-poor 
lens possibly decreased, as a combined result of the lava 
dome formation (bottom unit) and the explosive eruption 
(depositing the ignimbrite unit). The example of the Chaitén 
eruption shows renewal of volcanic activity starting with a 
large explosive eruption and following a lava dome forming 
phase (e.g., Carn et al. 2009; Lara 2009). A similar scenario 
could have occurred during the second stage of volcanic 
activity at Šumovit Greben following the main lava dome 
building phase (ca. 2.9 Ma). After ca. 100 ka of quiescence, 

Fig. 9  Selected major and 
trace element compositions 
of magmas from the Kožuf-
Voras volcanic system with the 
HCA-groups modified after 
Molnár et al. (2022). Šumovit 
Greben samples are outlined 
in red in each panel. A pos-
sible fractional crystallization 
path is plotted on the MgO vs. 
 SiO2 diagram having group C 
magmas as a theoretical start-
ing composition (black solid 
line). Note the decrease in Ba 
and Sr content (highlighted by 
black intermittent lines) in the 
Šumovit Greben samples com-
pared to the other samples in 
the volcanic system as a result 
of fractional crystallization and 
melt extraction
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the renewal possibly started with a large explosive eruption 
destroying the topmost parts of the previously formed lava 
dome. It was shortly followed by the extrusion of a small-
volume lava flow, i.e., the top unit of the lava dome.

Pre‑eruptive conditions of the volcanic plumbing 
system

The presence of clinopyroxene in rhyolite is relatively com-
mon, especially in case of hot-dry-reduced magmas (Bach-
mann and Bergantz 2008), such as the Yellowstone rhyolites 
(e.g., Ellis and Wolff 2012; Ellis et al. 2014; Troch et al. 
2017). However, the occurrence of clinopyroxene in cold-
wet-oxidized magmas, i.e., in subduction-related settings is 
scarcer (e.g., Hildreth and Fierstein 2012). The main mafic 
phenocryst in the Šumovit Greben rhyolites is clinopyrox-
ene offering a unique insight to study its influence on the 
volcanic plumbing system and the pre-eruptive conditions.

The petrological and geochemical features of the stud-
ied rocks imply that the volcanic plumbing system is com-
posed of a deeper crystal mush, where mainly clinopyroxene 
and plagioclase fractionation took place and the rhyolitic 
crystal-poor lens formed on top of it. This is supported by 
the extremely low MgO content of the whole-rock samples 
(< 1%, in some cases below detection limit) and the low 
Sr content (< 300 ppm). The eruptions sampled mainly the 
overlying rhyolitic lens to different extent. The larger amount 
of clinopyroxene phenocrysts, abundant glomeroporphyritic 
clots of clinopyroxene ± plagioclase ± biotite, and slightly 
different geochemical features of the top lava flow imply 
that in the last eruption, the underlying crystal mush zone 
was involved to some extent as well. The detailed mineral 
chemistry measurements displayed no compositional differ-
ences neither between the clinopyroxene phenocrysts from 
the lower and the top unit, nor between the phenocrysts and 
aggregates within the top unit. The clinopyroxene crystals 
are ferro-diopside–(Mg-rich) augite in composition exhibit-
ing a narrow range in their FeO (8.9–11.3 wt%) and MgO 
(11.1–13.2 wt%) content (Fig. 6). This implies that no large-
scale re-equilibration took place prior to the eruption.

Crystallization temperatures calculated from clinopyrox-
ene single crystals using the R-based random forest machine 
learning of Higgins et al. (2021), were in a uniform range of 
905 ± 8 °C (standard deviation of n = 161, the uncertainty of 
the method is ca. 30 °C; Supplementary Material), indepen-
dently of the samples or types of crystals (i.e., phenocrysts 
or part of the crystal aggregates). Using the same method, 
the crystallization pressure was estimated at 5 ± 1 kbar (s.d. 
of n = 161, the uncertainty of the method is 3 kbar; Supple-
mentary Material), equivalent to a depth of approximately 
15 ± 3 km. However, recent studies highlighted the high 
uncertainties in pressure estimations from clinopyroxene 
crystals partly due to the higher analytical error of elements 

in low concentrations (e.g.,  Na2O ~ 4–5%); therefore, such 
pressure-depth results should be treated with care (e.g., 
Wieser et al. 2022).

The feldspar chemistry shows larger variability between 
the lower and the top units compared to the more homog-
enous clinopyroxene composition. Sanidine is the dominant 
K-feldspar phenocryst both in the lower and top units, with 
only a few crystals having anorthoclase composition in the 
lower unit (Fig. 6). The Ba and Sr content in the sanidine 
phenocrysts show only a minor variation in the lower unit 
(mainly below 1000 ppm), and a larger variation in the top 
unit having higher Ba values in average (Figs. 5, 6). Sani-
dine crystals in the top unit display normal zonation having 
higher Ba and Sr content in their core, reverse zonation with 
Ba-rich rims and step zonation with low-Ba core followed 
by a Ba-rich zone and a narrow rim with lower Ba content 
(Fig. 5). The change, or increase in Ba content can reflect 
a change in the melt composition, or temperature in case 
of sanidine phenocrysts (e.g., Ginibre et al. 2004; Troch 
et al. 2017). A mafic recharge causing the partial melting 
of the deeper cumulate phase could explain the rounded 
corners and the crystallization of Ba-rich rims of sanidine 
phenocrysts (e.g., Bachmann et al. 2014; Wolff et al. 2015; 
2020; Ellis et al. 2023) leading to the reactivation of the 
system.

Plagioclase phenocrysts in the lower unit show homoge-
neous composition  (An14–An25; Fig. 6) with no significant 
intra-crystalline variability, whereas in the top unit they 
show a larger variation in composition  (An17–An70), with 
normal zonation in most of the cases. There is a strong posi-
tive correlation between the SrO and An content of the phe-
nocrysts, whereas the FeO content shows only a slight cor-
relation with the An content in the top unit (Fig. 6), implying 
only thermal (or  H2O) increase towards the parts with higher 
An content (e.g., Ginibre et al. 2002; Ginibre and Wörner 
2007). The rims with higher An (and FeO, Sr) content might 
correspond to the increased heat transfer, which could have 
caused the reactivation of the system. The plagioclase of 
the crystal aggregates has a range of  An20–An48 overlap-
ping with the phenocryst composition in both SrO and FeO 
content, implying that they originate from the same crys-
tal mush zone of the volcanic plumbing system. In a few 
cases, rims with elevated FeO content occur (up to 0.8 wt%; 
Fig. 6), which are always in contact with clinopyroxene in 
the crystal aggregates. Elevated FeO content in plagioclase 
would reflect compositional mixing due to mafic magma 
recharge only if coupled with an increase in An content (e.g., 
Ginibre et al. 2002; Ginibre and Wörner 2007), which is not 
observed here. Alternatively, analytical artefacts can occur 
during the measurement of Fe in the vicinity of Fe-rich 
phases as it was previously noted by Ginibre and Wörner 
(2007). As these Fe-rich rims of plagioclase systematically 
occur here when in contact with clinopyroxene as part of the 
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crystal aggregate, this could be more plausible explanation 
than the magma mixing.

Crystallization temperatures were calculated from co-
existing sanidine and plagioclase pairs using the two-feld-
spar calculation of Putirka (2008). This resulted in a uni-
form crystallization temperature of 786 ± 16 °C (standard 
deviation of n = 22 pairs, the uncertainty of the method is ca. 
30 °C; Supplementary Material), with no difference between 
the lower and the top units. In only one case, the co-exist-
ing feldspar pair was part of a crystal aggregate containing 
clinopyroxene giving higher temperature of 914 ± 30 °C, 
which is in the range of crystallization temperatures calcu-
lated from the clinopyroxene composition.

Noble gas isotopic systematics in rhyolite

Noble gases in fluid inclusions, especially He, are very sen-
sitive tracers of mantle (magmatic), crustal and atmospheric 
interactions (e.g., Hilton et al. 2002). It is a widely used 
method to track the origin of volatiles in different geody-
namic settings (e.g., Ozima and Podosek 2004). Olivine, 
clino- and orthopyroxene, mantle xenoliths and mafic rocks 
are the main targets of the different studies (e.g., Martelli 
et al. 2004; Rizzo et al. 2015; Battaglia et al. 2018; Robidoux 
et al. 2020), whereas other mineral phases (e.g., amphibole, 
feldspar, garnet) and rock types (e.g., dacite) are less pre-
sent (e.g., Hanyu and Kaneoka 1997; Correale et al. 2019; 
Molnár et al. 2021a; Álvarez-Valero et al. 2022). Here, we 
analyzed the He and Ne isotopic composition of clinopyrox-
ene, sanidine and plagioclase of the older, lower (SG14) and 
younger, top (SG04) units to trace the evolution of volatiles 
within the volcanic plumbing system.

Regardless of the sampled unit, the clinopyroxene sepa-
rates from the rhyolite revealed an almost pure crustal-
derived fluid (> 99%) based on the He and Ne isotopic sys-
tematics having a relatively uniform R/Ra of ~ 0.04  Ra and 
4He/20Ne ratios of 100–300 (Fig. 7). These 4He/20Ne ratios 
imply that these separates were not affected by atmospheric/
meteoric water contamination allowing the preservation of 
their trapped signature. R/Ra ratios show slight differences, 
with lower values measured in the lower unit (~ 0.01  Ra). 
As this unit was more prone to suffer perlitic hydration, this 
difference could be caused by secondary processes, e.g., 
preferential 3He loss relative to 4He by diffusion (e.g., Dod-
son et al. 1997). This is also supported by its 4He and 20Ne 
content, which are in the same range as the top unit.

The contribution of the different reservoirs (mantle, crust 
and atmosphere) was calculated assuming a MORB end-
member mantle value of 8  Ra (Graham 2002). The contribu-
tion of mantle fluids and volatiles at Šumovit Greben rhyolite 
would be < 1%, even if a metasomatized mantle is considered 
below the region, with a value of 3.1–4.5  Ra (as indicated 
by preliminary results of olivine phenocrysts from Mlado 

Nagoričane volcanic center; Fig. 1; Molnár et al. 2021b). 
These results are in line with the 143Nd/144Nd and 87Sr/86Sr 
isotopic ratios of the studied samples (0.512277–0.512382, 
0.709208–0.709735, respectively; Molnár et al. 2022) imply-
ing crustal assimilation and fractional crystallization as the 
primary driving process in the evolution of the magmatic 
plumbing system beneath Šumovit Greben. Based on the 
noble gas systematics there is no evidence of pre-eruptive 
magma mixing with a more mafic melt, in agreement with 
the textural observations and geochemical characteristics. If 
mafic melts played any role before the eruptions that could 
have been manifested only in an increased heat transport. 
However, the volatiles possibly carried by these melts, were 
not trapped in the already crystallized phases. As there is no 
striking difference in the noble gas composition of the clino-
pyroxene separates from the bottom and top units, both rep-
resent earlier stage crystallized antecrysts, originating from 
the deeper part of the magma storage system. Only their 
proportions involved in the different erupted magmas differ.

Feldspar phenocrysts, especially sanidine crystals are 
less retentive than clinopyroxene with respect to noble 
gases, even at surface conditions (e.g., Lippolt and Weigel 
1988). Both the plagioclase and the sanidine separates dis-
play lower noble gas concentrations than the clinopyroxene 
separates (Fig. 7). As their 3He concentration is very close 
to the instrumental detection limit, calculating R/Ra ratios 
for these phases might be misleading and affected by high 
uncertainties. Their 4He/20Ne ratios show relatively uniform 
values of 3–6, implying a higher atmospheric/meteoric water 
contribution (~ 10%) than the clinopyroxene separates. How-
ever, their 20Ne and especially 4He content is an order of 
magnitude lower than in the clinopyroxene (Fig. 7), which 
crystallized earlier in the deeper part of the magmatic stor-
age system. Thus, it is possible that either the trapped vola-
tile content of plagioclase and sanidine was affected by mag-
matic degassing, or these phases lost their original volatile 
content during magma ascent (e.g., Dodson et al. 1997). 
Although some of the plagioclase crystallized together with 
clinopyroxene at an earlier stage, their contribution is much 
lower to the erupted materials and their possibly different 
composition is most likely obscured by to the large sample 
size (~ 1 g). Hence, neither the plagioclase nor the sanidine 
reflects the original volatile content of the evolving magma 
storage system and cannot be used as a direct indicator of 
primary magma storage processes.

The volcanic plumbing system and its relation 
to the Kožuf‑Voras volcanic system

The petrological and geochemical features of the studied 
samples imply that the volcanic plumbing system beneath 
Šumovit Greben lava dome is composed of a deeper crystal 
mush, where mainly clinopyroxene, plagioclase and biotite 
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crystallized at approximately 900 °C characterized by a 
crustal-like noble gas signature of 0.04  Ra. A rhyolitic, 
crystal-poor lens developed as a result of melt extraction 
from this crystal mush zone, where additional plagioclase 
and sanidine crystallization took place at a lower tempera-
ture (ca. 790 °C; Fig. 10). Both the extrusive, lava dome 
building and explosive eruptions, which occurred between 
2.89 and 2.77 Ma sampled mainly the overlying, crystal-
poor lens. The last phase of volcanic activity, the extrusion 

of a small-volume lava flow, incorporated fragments from 
the deeper crystal mush zone, either contemporaneously 
with, or, shortly after the explosive eruption that depos-
ited nearby a massive lapilli tuff layer. The plagioclase 
and clinopyroxene fractionation at depth resulted in low 
MgO (< 1 wt%) and Sr (< 300 ppm) content of the whole 
rock composition. The reactivation of the system after the 
main lava dome building phase could have occurred due 
to the implementation of mafic magma at depth causing 
heat transfer and partial cumulate melting in the system. 
This is supported by rounded corners and Ba-rich rims in 
the sanidine phenocrysts and spongy texture and elevated 
An and Sr content in the plagioclase rims occurring in the 
top unit.

Clinopyroxene is rare in cold-wet-oxidized rhyolites, but 
it is the main mafic phenocryst in the western part of the 
Kožuf-Voras volcanic system (group B and C in Figs. 4, 9). 
The eastern, older part, has amphibole as the dominant mafic 
phase (e.g., Boev and Yanev 2001; Eleftheriadis et al. 2003; 
group A in Figs. 4, 9). This can be the result of heterogeneity 
in the source region, formation of less hydrous magmas on 
the western side and/or different scale of crustal contamina-
tion during the magma evolution. The clinopyroxene ± pla-
gioclase ± biotite glomeroporphyritic clots of Šumovit 
Greben lava dome, representing the deeper crystal mush 
zone, share similarities in the mineral composition with the 
nearby, more mafic lava domes located mainly along the 
Macedonian–Greek border (group C in Figs. 4, 9). These 
similarities and the close distance can imply that these lava 
domes might represent the silicic cumulate from which the 
rhyolitic lens has been formed by fractional crystallization 
and melt extraction, and they share a common, deeper part 
of the volcanic plumbing system (Fig. 10). The available 
eruption age data for the whole Kožuf-Voras volcanic sys-
tem suggest that Šumovit Greben eruption occurred after an 
apparently longer quiescent period. Its activity was shortly 
followed by the eruption of more mafic magmas (with higher 
 K2O and lower  SiO2 content) forming the youngest lava 
domes (2.6–1.8 Ma, Kolios et al. 1980) in the southwestern 
part of the Kožuf-Voras volcanic system (Fig. 10). The (re)
activation of the volcanic plumbing system beneath Šumovit 
Greben could be the result of thermal rejuvenation caused by 
the newly injected mafic magmas, which triggered the subse-
quent mafic eruptions (Fig. 10). Similar cycles (rejuvenation 
of a larger system starting with rhyolitic eruption) are found 
also elsewhere, e.g., in case of the Kos-Nisyros-Yali volcanic 
field in the nearby Aegean arc (Bachmann et al. 2019). The 
two thrust faults bounding Šumovit Greben and a presumed 
normal fault cutting through its structure (Fig. 2) could have 
acted as preferential pathways for the ascending magmas. 
Although the normal fault is covered by volcanics nowadays, 
it might have been active at ca. 3 Ma to drive the eruptions.

Fig. 10  a Possible relation of Šumovit Greben lava dome to the west-
ern part of the Kožuf-Voras volcanic system. Assumed melt compo-
sitions from the available whole-rock compositional data (Fig. 4). b 
Conceptual model of the magma plumbing system and storage condi-
tions beneath Šumovit Greben lava dome Abbreviations on the petro-
graphic photos: cpx: clinopyroxene, bt: biotite, san: sanidine, pl: pla-
gioclase, ox: Fe–Ti oxide. Not to scale
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Conclusions

Mineral composition and whole-rock geochemical data were 
used to identify the volcanic plumbing system beneath the 
rhyolitic Šumovit Greben, the westernmost member of the 
Kożuf-Voras volcanic system. It consists of a deeper crys-
tal mush of mainly clinopyroxene, biotite and plagioclase 
(i.e., silicic cumulate) and a shallower, crystal-poor rhyolitic 
lens containing primarily sanidine and plagioclase as phe-
nocrysts. The crystallization temperature of the silicic cumu-
late was ca. 900 °C, whereas plagioclase and sanidine crys-
tallized in the lens at a lower temperature (ca. 790 °C). The 
main lava dome of Šumovit Greben formed at ca. 2.9 Ma, 
which sampled exclusively the crystal-poor rhyolitic lens. 
After a short quiescence time, it was followed by an explo-
sive eruption and the extrusion of a small-volume lava flow 
at ca. 2.8 Ma. The latter sampled the crystal-poor rhyolitic 
lens but also incorporated fragments of the deeper crystal 
mush as it contains abundant aggregates of clinopyrox-
ene ± plagioclase ± biotite. The noble gas isotopic systemat-
ics from clinopyroxene fluid inclusions show an involvement 
of purely crust-derived fluids. The rejuvenation of the sys-
tem was probably caused by a deeper mafic recharge causing 
heat transfer and partial melting of the cumulate, reflected 
by Ba-rich rims of the sanidine and An and Sr-rich rims 
of the plagioclase. Šumovit Greben might share a common 
deeper part with the nearby, more mafic volcanic centers of 
the Kožuf-Voras volcanic system. Based on their mineral 
composition and the available geochemical data, these more 
mafic lava domes might represent the same silicic cumulate 
from which the rhyolitic lens has been formed by fractional 
crystallization and melt extraction. The eruptions of Šumovit 
Greben could mark the start of the last cycle in the eruption 
history of Kožuf-Voras lasting from 2.9 to 1.8 Ma.
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