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Abstract
Late Miocene to Pleistocene volcanism within the Vardar zone (North Macedonia) covers a large area, has a wide range in 
composition, and is largely connected to the tectonic evolution of the South Balkan extensional system, the northern part 
of the Aegean extensional regime. The onset of the scattered potassic to ultrapotassic volcanism south from the Scutari-
Peć transverse zone occurred at ca. 8.0 Ma based on this study. Here, we focused on three volcanic centers located on deep 
structures or thrust faults along the western part of the Vardar zone, for which there is none to very little geochronological 
and geochemical data available. Pakoševo and Debrište localities are represented as small remnants of lava flows cropping 
out at the southern edge of Skopje basin and at the western edge of Tikveš basin, respectively. Šumovit Greben center is 
considered as part of the Kožuf-Voras volcanic system, and it is located on its westernmost side, at the southern edge of 
Mariovo basin, which is largely composed of volcaniclastic sediments. We present new eruption ages applying the unspiked 
Cassignol-Gillot K–Ar technique on groundmass, as well as petrological and geochemical data, supplemented with Sr and 
Nd isotopes to complement and better understand the Neogene-Pleistocene volcanism in the region. Eruption ages on these 
rocks interlayered between sedimentary formations allow to better constrain the evolution of those sedimentary basins. Rocks 
from the three volcanic centers belong to the high-K calc-alkaline–shoshonitic series based on their elevated K content. The 
oldest center amongst these three localities, as well as other Late Miocene centers within the region, is the trachyandesitic 
Debrište, which formed at ca. 8.0 Ma, and exhibits the highest Nd and lowest Sr isotopic ratios (0.512441–0.512535 and 
0.706759–0.706753, respectively). The basaltic trachyandesite Pakoševo center formed at ca. 3.8 Ma and its Nd and Sr 
isotopic ratios (0.512260 and 0.709593, respectively) bear the strongest signature of crustal contamination. The rhyolitic 
Šumovit Greben center is a composite volcanic structure formed at ca. 3.0–2.7 Ma. Its youngest eruption unit has a slightly 
higher Nd and lower Sr isotopic ratios (0.512382 and 0.709208, respectively) representing a magma with a lesser extent of 
crustal assimilation than the other samples from this center. The overall trend through time in the Sr and Nd isotopic ratios 
of the Late Miocene to Pleistocene mafic volcanic centers in the region implies an increasing rate of metasomatism of the 
lithospheric mantle.
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Introduction

Extensive volcanism characterized the entire Balkan 
Peninsula since Late Cretaceous–Paleogene times, 
closely related to the complex tectonic evolution of the 
Alpine–Mediterranean region (e.g., Boev and Yanev 2001; 
Cvetković et al. 2004; Harangi et al. 2006; Lustrino and 
Wilson 2007; Burchfiel et al. 2008). The most intense 
phase of the volcanism in the central parts of the peninsula 
occurred during Oligocene times, related to the Dinaride 
collapse and the retreating Aegean subduction zone (e.g., 
Boev and Yanev 2001; Cvetković et al. 2004; Pe-Piper 
and Piper 2007). Several studies focused in detail on this 
phase of volcanism and its relation to the changes and 
evolution of the tectonic regime, partly also because of 

the extensive Pb–Zn and Cu mineralization related to these 
volcanic rocks (e.g., Serafimovski et al. 2016).

Since the Middle Miocene, the clockwise rotation of the 
Hellenides along the Scutari-Peć transverse zone, and the 
westward propagation of the North Anatolian fault zone 
caused the onset of the Aegean extensional regime. As a 
consequence, extensional tectonics became dominant also 
on the central parts of the Balkan Peninsula (e.g., Kissel 
et al. 1995; Dumurdzanov et al. 2005; Pe-Piper and Piper 
2007; Burchfiel et al. 2008; Agostini et al. 2010a, b). The 
northern boundary of this extensional regime is marked by 
the Scutari-Peć transverse zone (Fig. 1). This tectonic frame-
work induced a change in the features of volcanism of the 
region leading to the development of small-volume cent-
ers along fault lines and/or boundaries of nappe structures. 
These volcanic centers concentrated within the Vardar zone 
and south from Scutari-Peć zone since ca. 6.6 Ma (Fig. 2; 

Fig. 1   Geotectonic setting of the studied region between the Dinar-
ides-Hellenides and the Carpatho-Balkanides orogens. NAF—North 
Anatolian Fault, SPTZ—Skutari-Peć transverse zone. The geo-

tectonic unit data are based on Schmid et  al. (2020), Vardar zone 
approximate extent is from Arsovski (1997)
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Cvetković et al. 2004; Yanev et al. 2008a, b). Besides their 
importance related to the tectonic evolution, these centers 
are studied in much less detail and received less attention 
during the past decades compared to similar/neighboring 
sites (e.g., Pannonian basin: Harangi and Lenkey 2007; 
Aegean volcanism: Pe-Piper and Piper 2007; Druitt and 
Vougioukalakis 2019).

Here, we focus on the Late Miocene to Pleistocene vol-
canism within the Vardar zone, in the central parts of the 

Balkan Peninsula, bordered by the Scutari-Peć transverse 
zone on the north (Figs. 1, 2). Yanev et al. (2008a, 2008b) 
studied in details several of these Late Miocene to Pleis-
tocene small-volume centers (Fig. 2); however, there are 
still numerous unstudied localities within the region. Three 
of these are located at or close to the westernmost edge of 
the Vardar zone: Pakoševo, Debrište and Šumovit Greben 
centers (Fig. 2). We applied the unspiked Cassignol-Gillot 
K–Ar technique (Cassignol and Gillot 1982), petrography, 

Fig. 2   The Oligocene–Early Miocene and the Late Miocene–Pleisto-
cene volcanic centers in the Vardar zone in the studied area. The sam-
pling locations are marked with rectangles with the newly obtained 
groundmass K–Ar ages (underlined), whereas circles refer to the 
centers with available age data within the younger phase of volcanism 

(Cvetković et  al. 2004; Yanev et  al. 2008a). The white dashed line 
represents the approximate location of the cross section. The cross 
section is based on Carminati et al. (2004) and Schmid et al. (2020). 
The positions of the studied volcanic centers are projected onto the 
cross-sectional line
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whole-rock geochemical analyses, and Sr and Nd isotopic 
composition measurements on samples from these localities 
to unravel the eruptive history of these centers. Their pecu-
liar position can add important details to the understanding 
of the tectonic and volcanic evolution of the area.

Geological setting

The central parts of the Balkan Peninsula are located at 
the junction of the Dinarides-Hellenides and Carpatho-
Balkanides orogens (Fig. 1). The Dinarides-Hellenides are 
formed due to the convergence of the Adriatic microplate 
and the European plate, and the closure of the Neotethys in 
Late Cretaceous times, which is marked by the Sava suture 
zone (Fig. 1; Schmid et al. 2020 and references therein). 
Adria-derived units (e.g., Pelagonian massif) dominate the 
basement west of the suture zone, together with obducted 
Western Vardar ophiolites, whereas on the eastern part, 
Europe-derived units forming the Carpatho-Balkanides 
(e.g., Serbo-Macedonian massif, Circum-Rhodope), as well 
as Eastern Vardar ophiolites can be found (Figs. 1, 2; Schmid 
et al. 2020). The area between the Dinarides-Hellenides and 
Carpatho-Balkanides orogens is known as the Vardar zone 
(Kossmat 1924; Arsovski 1997; Dumurdzanov et al. 2005). 
According to the recent divisions summarized in Schmid 
et al. (2020), it consists from west to east the Late Creta-
ceous cover of the Pelagonian massif, the Western Vardar 
ophiolitic unit, the Adria-derived Jadar-Kopaonik unit, the 
Sava suture zone and the Circum-Rhodope unit interleaved 
with the Eastern Vardar ophiolitic unit (Fig. 2). The SW-
vergent fold-and-thrust belt of the Dinarides-Hellenides 
orogeny is cut by the SW-NE striking Skutari-Peć trans-
verse zone, along which the Hellenides belt is rotated in a 
clockwise direction (Kissel et al. 1995; van Hinsbergen et al. 
2005). The rotation accelerated in Neogene times associated 
with the back-arc extension in the Aegean region (Handy 
et al. 2019; Schmid et al. 2020).

The Cenozoic extension in Macedonia is part of the 
South Balkan extensional regime, the northern segment 
of the Aegean extensional regime (Burchfiel et al. 2008). 
Two periods of extension are identified, in middle to late 
Eocene and in early Miocene to present time, which were 
interrupted by a short period of shortening in late Oligocene 
to early Miocene (Dumurdzanov et al. 2005; Burchfiel et al. 
2008). The first period of extension during the Paleogene is 
interpreted in relation to trench rollback along the northern 
Hellenic trench. This was followed by shortening related 
to subduction along the western margins of the Hellenides 
(Dumurdzanov et al. 2005). The second period of extension 
is related to the progressive rollback of the subducted slab at 
the northern Hellenic trench. The Neogene-recent extension 
is dominated by NW- and E–W-trending faults, the latter 

being related with the propagation of the North Anatolian 
fault in the Aegean Sea at ca. 6 Ma (Fig. 1; Dumurdzanov 
et al. 2005; Burchfiel et al. 2008). This partly decoupled 
the South Balkan extensional system in the north from the 
Aegean extensional system in the south, matched by scat-
tered effusive volcanism in the North Aegean (Fytikas et al. 
1984; Innocenti et al. 2010). The still-active fault lines and 
zones are marked by scarps and offsets on Quaternary depos-
its in the basins, as well as by the locations of numerous 
earthquakes in recent times. The extension was accompanied 
by several types of basin formation and associated sedimen-
tation (e.g., true grabens, tilted half-grabens and pull-apart 
basins along strike-slip faults; Dumurdzanov et al. 2004, 
2005).

Extensive volcanism accompanied the tectonic evolu-
tion of the region during Cenozoic times. The first period 
of volcanism occurred during Oligocene–Early Miocene 
(34–16 Ma) with a peak of magmatism at ca. 33–29 Ma 
(Boev and Yanev 2001) in the eastern part of the region 
(Fig. 2), and is marked by the formation of large volcanic 
complexes with subduction-related geochemical characteris-
tics. The majority of these bodies are eroded to subvolcanic 
levels, exhibiting a high metallogenic importance (related 
Pb–Zn and Cu mineralization; e.g., Serafimovski and Boev 
1996; Boev and Yanev 2001; Serafimovski et al. 2016).

The second period of volcanism occurred during Late 
Miocene–Pleistocene times (< 7 Ma), and it was con-
strained to the Vardar zone (Figs. 1, 2). This last stage 
of volcanic activity is largely connected to the tectonic 
evolution of the South Balkan extensional system. The 
volcanic centers are located at the edges of the extensional 
basins, along fault lines or at the boundaries of the differ-
ent tectonic units and nappe structures, which could act as 
possible pathways for the upwelling magmas. The onset of 
the volcanism is related to the Aegean collapse/back-arc 
extension in the Aegean region and the accelerating clock-
wise rotation of the Hellenides from Middle/Late Miocene 
along the Scutari-Peć transverse zone (Kissel et al. 1995). 
Contrary to the Oligocene large-volume magmatism, 
mainly small, mafic volcanic centers developed between 
6.6 ± 0.3 Ma and 1.5 ± 0.1 Ma (Fig. 2; Cvetković et al. 
2004; Yanev et al. 2008a). These small centers are formed 
by small-degree melting of a metasomatised lithospheric 
mantle source and can be divided into two geochemical 
groups: HMg-K group and UK group, where the latter 
represents the youngest activity in the region (3.3–1.5 Ma; 
Yanev et al. 2008a). The only exception for this period 
is the large Kožuf-Voras volcanic complex (6.5–1.8 Ma; 
Kolios et al. 1980; Boev et al. 1997) belonging to the 
LMg-K group of Yanev et al. (2008a), which represents a 
subduction-related complex located at the border between 
North Macedonia and Greece (Fig. 2; Boev and Yanev 
2001). Several poorly known small volcanic occurrences 
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of supposed Late Miocene-Pleistocene age, that may be 
petrogenetically related to Kožuf-Voras, can be found fur-
ther to the southeast, mostly along the eastern border of 
the Vardar zone, both in North Macedonia (e.g. Golema 
Čuka, Korija, Mrdaja-Dojran) and in Greece (e.g. Doirani, 
Asprolakkos, Sitsi-Kamen, Strimonikon; Pe-Piper and 
Piper 2002, 2007). However, for Mrdaja-Dojran, a sin-
gle K–Ar age of 33 ± 5 Ma has been reported (Stojanov 
and Sveshnikova 1985, as cited in Karamata et al. 1992), 
whereas more recent studies reported zircon U–Pb ages 
of 12–10 Ma for Golema Čuka near Stojakovo (Georgiev 
et al. 2013; Mitrev and Popov 2021).

Here, we focus on three, previously unstudied vol-
canic centers located at the western edge of the Vardar 
zone (Fig. 2). These are from north to south: Pakoševo, 
Debrište and Šumovit Greben (Figs. 3a, b, 4, respectively). 
Pakoševo and Debrište represent small-volume centers, 
whereas Šumovit Greben is a composite volcanic center 
and the westernmost member of the abovementioned 
Kožuf-Voras complex.

Analytical methods

We conducted a field campaign during the summer of 2019 
to collect suitable samples, i.e., fresh, unaltered, large (hand-
size to allow strict selection) blocks at the three localities 
for general petrography, K–Ar geochronology and Sr and 
Nd isotopic studies.

General petrography

Petrography of the studied samples was performed by 
combined investigation of a petrographic microscope and 
a JEOL JSM-IT500HR type SEM equipped with a JEOL 
EX-74232U1L4Q type EDS detector at the Laboratory for 
Heritage Science, Institute for Nuclear Research, Debre-
cen, Hungary. In-situ mineral chemistry of the studied 
rocks was analyzed using the abovementioned instrument. 
The analyses were conducted in low vacuum mode (30 Pa) 
with an accelerating voltage of 15 kV, beam current of 
3 nA, working distance of 10 mm and counting time of 
15–55  s. Analyses were processed by the JEOL SEM 

Fig. 3   Sampling locations of Pakoševo (a) and Debrište (b) volcanic centers. Map extents are identical to the corresponding rectangles indicated 
on Fig. 2. Geological maps are based on Karajovanovik and Hadži-Mitrova (1982) and Rakićević et al. (1973), respectively
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Operation software and the quantification was based on 
the PRZ method. Field photos of the locations and micro-
scopic photos of the selected samples are presented in the 
Supplementary Material.

Whole-rock major and trace element geochemical com-
positions were analyzed at the laboratory of the Mining and 
Geological Survey of Hungary (Budapest, Hungary). Major 
elements were determined by ICP-OES, whereas trace ele-
ments were analyzed by ICP-MS following a lithium borate 
fusion and dilution in acid. Detection limits vary between 
0.02 and 0.15 wt% for major elements and 0.05–1 ppm for 
of trace elements. Results of the analyses are presented in 
the Supplementary Material.

In the case of Kožuf-Voras, we combined our results 
of Šumovit Greben with previously published whole-rock 
geochemical data and classified the volcanic centers of the 
whole system based on their K2O and SiO2 composition. 
The statistical analysis was done using Hierarchical Clus-
ter Analysis (HCA) in IBM SPSS Statistics 23, on normal-
ized values using Ward’s method and Euclidian distances. 
The compiled dataset, together with the classification is 
presented in the Supplementary Material.

Fig. 4   Geological map of Šumovit Greben based on Dumurdžanov et al. (1981) and our field observations. The circles mark the sampling loca-
tions. Map extent is identical to the corresponding rectangle indicated on Fig. 2
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Unspiked Cassignol‑Gillot K–Ar technique

Thin section examination was carried out on sampled rocks 
to identify their textural and petrographic characteristics and 
to select for dating only those that did not suffer significant 
alteration. Although larger number of samples was validated 
as fresh on the field, due to the weathering at microscopic 
scale (e.g., at grain boundaries), few of them passed the thin 
section selection and were suitable for dating: one sample at 
Pakoševo (PAK01c), two at Debrište (DEB01, DEB03) and 
three at Šumovit Greben (SG02, SG03, SG04) that satisfied 
our strict selection criteria.

The samples were crushed and sieved to the adequate 
size fraction (63–125 µm) defined for each sample to allow 
the separation of groundmass from the possibly inherited 
phenocrysts. It was followed by a 10% HNO3 acid diges-
tion and cleaning with ionized water in ultrasonic bath. The 
groundmass fraction was separated from the other phases 
in heavy liquid and magnetic separator. The homogeneity 
and purity of the final fraction were checked under the bin-
ocular microscope. The prepared groundmass fractions of 
the volcanic rocks were then dated with the unspiked Cas-
signol-Gillot K–Ar technique (Cassignol and Gillot 1982; 
Gillot and Cornette 1986; Gillot et al. 2006), which is well-
suited to date volcanic products over a wide time range with 
high precision (e.g., Samper et al. 2007; Bablon et al. 2018; 
Lahitte et al. 2019; Dibacto et al. 2020). Independent K and 
Ar measurements were performed on the separated, unal-
tered groundmass fractions in the Laboratoire GEOPS (Geo-
sciences Paris-Saclay, Orsay, France). Following dissolution 
using a mixture of hydrofluoric, nitric and perchloric acids 
to break the silicate network, whole potassium content (K) 
was measured by an Agilent 240 Series AA flame adsorp-
tion spectrometer and compared with reference materials 

MDO-G (Gillot et al. 1992) and BCR-2 (Raczek et al. 2001), 
which were prepared and analyzed following the same proto-
col as the samples. At least two rounds of independent acid 
attacks and K measurements were achieved for each sample 
(Gillot et al. 2006). The K content (Table 1) is considered 
as final when the relative deviation is less than 1%. Ar iso-
topic measurements were performed using a multi-collector 
180° sector mass spectrometer (Cassignol and Gillot 1982; 
Gillot and Cornette 1986; Gillot et al. 2006). K isotopic 
abundances and 40 K decay constants of Steiger and Jäger 
(1977) were used. This technique allows accurate detection 
of percentages of radiogenic Ar content (%40Ar*) as low as 
0.1% of the total extracted argon (Quidelleur et al. 2001). 
Details of the Ar isotopic analysis are given by Cassignol 
and Gillot (1982), Gillot and Cornette (1986), and Gillot 
et al. (2006). To minimize the effect of mass discrimina-
tion, the enrichment of radiogenic argon is calculated from a 
direct comparison between the instrumental 40Ar/36Ar sam-
ple ratio and the instrumental 40Ar/36Ar atmospheric ratio 
at identical pressure immediately after the measurement of 
Ar isotopic abundance of the sample. Unlike the conven-
tional K–Ar technique, this direct quantification does not 
add a 38Ar spike and is made possible by the very stable 
analytical conditions. Average relative uncertainties of the 
40Ar/36Ar ratios and on the radiogenic argon are 0.045% and 
2.324%, respectively. The technique relies on the assump-
tion that all of the measured 40Ar* comes from the in-situ 
radioactive decay of 40K, which requires a strict selection of 
narrow density range of the groundmass fraction to avoid 
any contamination by inherited argon from pre-eruption 
crystallized minerals. At least two independent age deter-
minations were realized for each sample and the final age is 
obtained as the mean of individual age determinations. The 
relative uncertainty on each determination is obtained as the 

Table 1   Groundmass K–Ar ages obtained on samples from the studied volcanic centers

Sample locality Sample code E N K% 40Ar* (in % 
of total 40Ar)

40Ar* relative 
uncertainty (%)

40Ar* 
(× 1013 
at/g)

Age (Ma)  ± 1σ Weighted 
mean ± 1σ 
(Ma)

Šumovit Greben SG02 21.86137 41.06154 4.979 75.35 0.133 1.511 2.90 0.04 2.89 ± 0.04
63.03 0.159 1.500 2.88 0.04

SG03 21.85591 41.06232 5.092 54.67 0.183 1.521 2.86 0.04 2.87 ± 0.04
54.86 0.182 1.540 2.89 0.04

SG04 21.85557 41.06286 5.023 70.26 0.142 1.450 2.76 0.04 2.78 ± 0.04
67.21 0.149 1.465 2.79 0.04

Pakoševo PAK01c 21.62430 41.87108 3.817 5.60 1.787 1.528 3.83 0.09 3.77 ± 0.09
5.54 1.806 1.480 3.71 0.09

Debrište DEB01 21.84948 41.47503 4.892 93.62 0.107 3.991 7.79 0.11 7.8 ± 0.1
91.55 0.109 3.962 7.74 0.11

DEB03 21.85568 41.46982 4.398 80.58 0.124 3.711 8.06 0.11 8.0 ± 0.1
78.55 0.127 3.637 7.90 0.11
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quadratic sum of all independent sources of uncertainty, i.e., 
the K content (1%), the calibration of the mass spectrometer 
(1%), and the amount of radiogenic argon (e.g., Quidelleur 
et al. 2001; Gillot et al. 2006; Lahitte et al. 2019). Ages are 
reported with 1σ level uncertainties in Table 1.

Sr and Nd analyses

The Sr and Nd isotope analyses were carried out at the Isti-
tuto di Geoscienze e Georisorse–CNR of Pisa (Italy) on six 
samples, using a ThermoFisher Neptune Plus MC-ICP-MS, 
in 2% HNO3 solution containing 20–200 ng g−1 of analyte. 
Some of the samples, in particular DEB01 and PAK01c, had 
high LOI contents and petrographic evidences of secondary 
phases, such as carbonate amygdales. For this reason, sam-
ples were leached in hot, 6.6 N HCl for half an hour, then 
the supernatant solution was removed, and powders were 
rinsed five times with ultrapure H2O. The remaining material 
was digested with HF + HNO3 and re-dissolved with HCl. Sr 
and Nd were extracted from the matrix in class 100 (Sr) and 
class 1000 (Nd) clean rooms, after conventional cation-ion 
exchange techniques. Sr analyses were corrected for mass 
bias fractionation using the 88Sr/86Sr ratio (= 8.375209) 
and for mass interference using the ratios 83Kr/84Kr 
(= 0.201750), 83Kr/86Kr (= 0.664740) and 85Rb/87Rb 
(= 2.592310). The analytical accuracy and long-term exter-
nal reproducibility for 87Sr/86Sr of reference material NIST 
SRM 987 was 0.710251 ± 12 (n = 38). Instrumental mass 
fractionation during Nd analyses was corrected using the 
146Nd/144Nd ratio (= 0.7219). Mass interference correction 
was done using the ratios 147Sm/144Sm (= 4.838710), and 
147Sm/148Sm (= 1.327400). The analytical accuracy and 
long-term external reproducibility for 143Nd/144Nd of refer-
ence material J-Ndi-1 was 0.512098 ± 5 (n = 17). Full ana-
lytical details can be found in Lustrino et al. (2020).

Results

Since the three sampling localities differ in character, we 
present the basic volcanological features, K–Ar ages and the 
obtained petrographic, whole-rock geochemistry and Sr–Nd 
isotopic results for each locality separately.

Pakoševo

Located at the southeastern edge of the Skopje basin 
(Figs. 2, 3a), the volcanic center of Pakoševo is composed 
of a central massive, unsorted tuff deposit with lithic clasts, 
possibly a remnant of a diatreme breccia deposit, related 
to a phreatic/phreatomagmatic eruption with additional 
remnants of small-volume lava flows. They are covering 
the Pliocene sediments that belong to the Solnje Formation 

(Dumurdzanov et al. 2004). The age of this volcanic center 
was assigned to Pleistocene based on its stratigraphic posi-
tion and correlation with similar settings in the neighboring 
basins, as indicated by the geological mapping and descrip-
tion of Karajovanovik and Hadži-Mitrova (1982). The stud-
ied sample (PAK01c), collected from a remnant of the lava 
flow, has dark grey color and mainly aphanitic texture with 
amygdales.

The sampled lava rock is a basaltic trachyandesite (52 
wt% SiO2, 3.7 wt% Na2O and 3.7 wt% K2O; Fig. 5), which 
is part of the shoshonitic series based on its elevated K con-
tent (Peccerillo and Taylor 1976) and of the HMg-K group 
(MgO > 5 wt%; 6.6–3.2 Ma) of Yanev et al. (2008a). It has 
a porphyritic texture with a hypocrystalline groundmass 
and amygdales of carbonates, where the phenocrysts are 
clinopyroxene, mica and altered olivine. The microlithic 
groundmass is composed of mainly alkali feldspar, clinopy-
roxene and Fe-Ti oxides. Besides the magmatic phases, large 
number of crustal xenoliths (mainly sandstone/quartzite) and 
secondary carbonates can be identified within the sample. 
The clinopyroxene assemblage has a uniform major element 
composition (En47-49Wo45-47; diopside) together with Mg# 
of 0.89–0.91 (expressed as Mg/(Mg + Fetot)). The whole-
rock composition of the sample shows enrichment of the 
large ion lithophile (LIL) elements (e.g., Cs, Ba, K) and light 
rare-earth elements (LREE) relative to the high field strength 
(HFS) elements (e.g., Nb, Ti) and heavy rare-earth elements 
(HREE), respectively. There is a positive Pb anomaly and no 
negative Eu-anomaly, which are also characteristic for the 
other HMg-K group centers (Fig. 5). The Ba/Nb and Sr/Y 
ratios are relatively high (141 and 77, respectively) com-
pared to the other HMg-K centers (Fig. 5). The 87Sr/86Sr and 
143Nd/144Nd ratios (0.709593 and 0.512257, respectively; 
Fig. 5) are considered as primary features of the samples, 
given that the secondary phases were mechanically and 
chemically removed prior to isotope analysis.

The sample was successfully dated with K content of the 
groundmass of 3.8 wt% and low value of radiogenic argon 
(5.6%, Table 1), which could mean that even after the strict 
selection, slightly altered groundmass is still present. This 
causes higher uncertainty for the age of this sample. How-
ever, based on our field and petrographic observations, this 
sample is still the most suitable one amongst the collected 
samples. The obtained age on the lava flow at Pakoševo, 
the northernmost studied center is 3.77 ± 0.09 Ma (Table 1).

Debrište

Debrište is located at the western edge of the Tikveš basin, 
where we identified at least three possible centers (hereafter 
labelled as DEB01, DEB02 and DEB03; Fig. 3b). DEB02 
and DEB03 centers align along a W–E direction, whereas 
DEB01 center is located northward of them. DEB01 crops 
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out only in a limited area at the contact of Jurassic lime-
stone and ophiolite (mainly serpentinite) units, whereas 
DEB02 and DEB03 covers a larger area where besides the 
lava rocks, scarce scoriae are also present. Both DEB02 
and DEB03 occur at an elevated position compared to the 
local topography and at both locations the outcropping rocks 
exhibit circular, concentric features (Supplementary Mate-
rial). Additionally, small-volume lava flows can be traced 

from DEB03 center towards the east (DEB04 on Fig. 3b). Its 
age was considered as Pleistocene according to the geologi-
cal mapping and description (Rakićević et al. 1973), cover-
ing sediments of the Tikveš basin stratigraphically assigned 
as Pleistocene. DEB01 exhibits dark grey colored, aphanitic 
texture with biotite as the recognizable phenocryst, whereas 
DEB03 is light grey, also has an aphanitic texture with elon-
gated vesicules but without the presence of biotite. DEB02 

Fig. 5   Whole-rock major element diagram, trace element charac-
teristics and Sr and Nd isotopic composition of the studied samples 
compared to previously published results (Eleftheriadis et  al. 2003; 
Yanev et al. 2008a). Total alkali-silica diagram (Le Bas et al. 1992) 
and chondrite-normalized rare-earth elements (REE) and primi-

tive mantle-normalized trace element plots (normalizing values after 
Nakamura 1974 and Sun and McDonough 1989, respectively). Bulk 
Silicate Earth value and MORB and OIB fields are from Zindler and 
Hart (1986). The arrow on the trace element panel (bottom left) high-
lights the different Sr depletion in the Šumovit Greben samples
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and DEB04 samples exhibit similar macroscopic features as 
DEB03 however, due to their more altered character these 
were not studied in more details.

The two studied samples from Debrište (DEB01 and 
DEB03) are trachyandesite (55–56 wt% SiO2, 3.6–3.9 wt% 
N2O and 5.2–5.6 wt% K2O; Fig. 5), that would fit within the 
LMg-K group (MgO < 5 wt%; 6.5–1.8 Ma) of Yanev et al. 
(2008a), represented solely by the Kožuf-Voras volcanic sys-
tem. However, apart from their slightly lower MgO content 
(4.0 wt%), the Debrište samples exhibit similarities with the 
geochemical characteristics of the HMg-K group of Yanev 
et al. (2008a; Fig. 5).

Despite similar whole-rock compositions (Fig. 5), the two 
studied samples show some differences in their petrogra-
phy. DEB01 sample, the westernmost center at this locality, 
has a porphyritic texture with hypocrystalline groundmass, 
where clinopyroxene, biotite and partly altered olivine 
are the main phenocrysts. The groundmass is composed 
of clinopyroxene, feldspar and Fe-Ti oxides. The clinopy-
roxene assemblage has a relatively uniform major element 
composition (En41-50Wo42-47; diopside-augite) together with 
Mg# of 0.77–0.85. The texture of DEB03 is porphyritic 
with intergranular groundmass, where olivine is the domi-
nant phenocryst, which rims are partly altered to iddingsite. 
The groundmass is composed dominantly of clinopyroxene. 
The olivine crystals exhibit normal, progressive zoning, with 
cores having higher Fo (Fo80) content and Mg# (0.80) and 
rims with lower Fo (Fo66-70) and Mg# (0.68–0.70) and higher 
CaO content. The clinopyroxene crystals are slightly more 
Mg-rich compared to the DEB01 sample (En43-50Wo42-45; 
augite) with Mg# of 0.79–0.88. Although the whole-rock 
composition shows enrichment of LIL elements relative to 
the HFS elements, these samples are the least enriched in 
LIL and most depleted in HFS and HRE elements amongst 
the HMg-K centers (Fig. 5) exhibiting also the lowermost 
Ba/Nb and Rb/Nb ratios (46 and 5, respectively; Fig. 5). 
Their Nd and Sr isotope compositions exhibit very little vari-
ability with 143Nd/144Nd and 87Sr/86Sr ratios (0.512530 and 
0.706749 for DEB01; 0.512436 and 0.706753 for DEB03, 
respectively).

DEB03 and DEB01 samples were successfully dated 
with K content of the groundmass of 4.4 and 4.9 wt%, and 
40Ar* of 78.6 and 93.6%, respectively (Table 1). Amongst 
the dated samples in this study, Debrište center is the oldest, 
with obtained ages for DEB01 and DEB03 of 7.8 ± 0.1 Ma 
and 8.0 ± 0.1 Ma, respectively. While DEB01 and DEB03 
exhibit petrographic and geochemical differences, the other 
samples from this locality (DEB02 center and DEB04 flow) 
show similarities to the DEB03 sample. It may thus indi-
cate an approximately synchronous formation for these three 
units. Although the eruption ages overlap at 2σ level (95% 
confidence interval), the ages together with field and pet-
rographic characteristics, indicate that the DEB02, DEB03 

centers and DEB04 lava flow, formed at ca. 8 Ma, followed 
by the extrusion of the DEB01 lava flow in a very restricted 
area at ca. 7.8 Ma.

Šumovit Greben

Šumovit Greben is a rhyolitic volcanic center, located at the 
southeast edge of the Mariovo basin between Kozjak and 
Nidže Mts., and it is the westernmost center of the Kožuf-
Voras volcanic system, which extends in SW-NE direction 
along the state border between North Macedonia and Greece 
(Figs. 2, 4, 6). Kožuf-Voras forms numerous distinct centers, 
lava domes and related flows, and various types of pyro-
clastic rocks (pyroclastic flow- and fall-out deposits), which 
deposited in the Tikveš and Mariovo basins in the north 
and northwest, respectively, and in the Almopia and Thessa-
loniki basins in the south (Boev and Yanev 2001; Vougiouk-
alakis 2002). Its activity occurred at ca. 6.5–1.8 Ma (Kolios 
et al. 1980; Boev et al. 1997), which had several divisions 
according to the different authors, working separately on 
both sides of the border. Boev and Yanev (2001) distin-
guished a high-Mg shoshonitic to trachydacitic group and an 
andesitic-dacitic-rhyolitic group in the Kožuf area, whereas 
Eleftheriadis et al. (2003) differentiated an east–central 
western and a southwestern group in the Voras area. Four 
large explosive events were identified producing ash and 
tephra layers deposited in the Almopia and Thessaloniki 
basins on the south. While there are no available age data for 
the oldest one, the younger ones occurred at 4.9 Ma, 4.2 Ma 
and 2.6 Ma (Eleftheriadis and Vougioukalakis 2006). Avail-
able Ar–Ar data of tuff deposits on the northern side from 
the Vitačevo plateau (Tikveš basin) yield similar ages of 
5.1 ± 0.1 Ma and 4.1 ± 0.7 Ma (Lippolt and Fuhrmann 1986; 
Neubauer et al. 2009); however, the northern and southern 
pyroclastic occurrences have not been correlated yet.

Despite the numerous studies on the Kožuf-Voras vol-
canic system in the last forty years (e.g., Kolios et al. 1980; 
Boev et al. 1997; Boev and Yanev 2001; Vougioukalakis 
2002; Eleftheriadis et al. 2003; Yanev et al. 2008a), the 
westernmost Šumovit Greben center remained unstudied. 
Here, four units were identified during fieldwork based 
on the differences in lithology, and an updated map of the 
volcanic formations of the Šumovit Greben center is pre-
sented (Fig. 4; Supplementary Material). The lowermost one 
(‘lower black rhyolite’; Fig. 4) outcrops only at the outer 
parts of the center and consists of black glassy porphyritic 
rhyolite and perlite. This unit is highly eroded and altered; 
however, its original forms, i.e., foliated fabric, brecciated 
and folded flow remnants are still visible at few places. 
It is followed by the so-called dark grey foliated rhyolite 
(sample SG03; Fig. 4), which builds up the majority of the 
center. This unit is followed by light grey rhyolite (sample 
SG02; Fig. 4), which does not exhibit any foliations, crops 
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out only at restricted places, and at some places contains 
cognate lithics of the dark grey foliated rhyolite. On the top 
of the succession, at a restricted area in the northern part of 
the center, a black glassy porphyritic rhyolite can be found 
(sample SG04; ‘top black rhyolite’ in Fig. 4). Additionally, 
remnants of a neck structure/feeding dyke can be identified 
in the central area (Fig. 4) exhibiting vertical fluidal/foli-
ated structure. Although every mapped unit was sampled, 
the lowermost one was not studied in more details due to its 
altered characteristics.

All of the studied samples are rhyolites (> 70 wt% SiO2, 
4.1–4.3 wt% N2O and 5.9–6.3 wt% K2O; Fig. 5) and belong 
to the high-K—shoshonitic series and the LMg-K group 

(< 5 wt% MgO) of Yanev et al. (2008a). Šumovit Greben 
samples exhibit similarities in their whole-rock character-
istics to volcanic rocks of the other Kožuf-Voras centers, 
but the rhyolitic composition and the very low Sr content 
(< 500 ppm) make them unique within the Kožuf-Voras 
volcanic system. The samples, besides their macroscopic 
differences (foliated, non-foliated, glassy), have some petro-
graphic/mineralogical differences, as well. The phenocrysts 
of the light grey (SG02) and dark grey (SG03) rhyolites are 
dominantly K-feldspar, quartz and plagioclase with amphi-
bole and biotite as the main mafic minerals and titanite (and 
Fe–Ti oxides) as the most abundant accessory phase. SG02 
has a devitrified groundmass without foliation, whereas 

Fig. 6   Results of the hierarchical cluster analyses (HCA) on the avail-
able whole-rock geochemical data for the Kožuf-Voras volcanic sys-
tem: a the distribution of the clusters based on their K2O–SiO2 (wt%) 
composition (after Peccerillo and Taylor 1976); b spatial distribution 
of the sites with known locations, color coded accordingly to the four 

HCA-based groups. Circles with thick black outlines refer to local-
ity with available ages, whereas circles with crosses refer to pyroclas-
tic samples. The complete dataset is available in the Supplementary 
Material
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SG03 exhibits foliation with both devitrified and glassy 
groundmasses. The top black rhyolite (SG04), which is 
found at the stratigraphically highest position, has a perlitic 
texture, lacks quartz and contains abundant clinopyroxene 
as the main mafic phase with a glassy groundmass. It con-
sists of aggregates of plagioclase, K-feldspar, clinopyrox-
ene and biotite. The whole-rock composition of the samples 
show enrichment in LIL elements (except Ba), U, Th and 
Pb relative to some of the HFS elements (Nb, Ti), Sr and P. 
All samples exhibit a negative Eu-anomaly (Fig. 5). SG04 
sample is less depleted in Sr compared to SG02 and SG03 
samples (Fig. 5). The Nd and Sr isotopic compositions for 
the lower units (SG02 and SG03) are similar to each other 
(0.512291–0.512277 and 0.709431–0.709735, respectively), 
whereas the SG04 sample exhibits higher 143Nd/144Nd and 
lower 87Sr/86Sr ratio (0.512382 and 0.709208, respectively) 
compared to the other two studied samples.

Šumovit Greben samples were successfully dated with K 
content of the groundmass of 5.0–5.1 wt% and 40Ar* content 
ranging of 54.7 to 75.3% (Table 1). The obtained eruption 
ages of 2.89 ± 0.04 Ma and 2.87 ± 0.04 Ma, for the light grey 
rhyolite (SG02) and the dark grey foliated rhyolite (SG03), 
respectively, are statistically indistinguishable from each 
other. These two units formed at ca. 2.9 Ma, whereas the 
uppermost glassy, porphyritic rhyolite (SG04) represents 
a younger phase, although it still slightly overlaps within 
uncertainties with the other two samples, having an eruption 
age of 2.78 ± 0.04 Ma. Based on the obtained ages, Šumovit 
Greben is the youngest amongst our studied volcanic centers.

Discussion

Formation of Debrište and Pakoševo volcanic 
centers

The volcanism at Debrište was considered as part of the 
youngest phase of volcanism, as it was assigned a Pleisto-
cene age based on the stratigraphic relationships (Rakićević 
et al. 1973). However, both our field observations and the 
groundmass K–Ar ages are in contrast with this assump-
tion. The centers and lava flows do not cut through nor 
cover Cenozoic sedimentary deposits, but only the Juras-
sic and Cretaceous rocks which have been assigned to the 
Jadar-Kopaonik unit (Schmid et al. 2020). The outcropping 
volcanic rocks at DEB02 and DEB03 centers exhibit a con-
centric character in their appearance, which suggests that 
it is an already slightly eroded level of the volcano. The 
scarce presence of scoriae and the nearby well-preserved 
lava flows suggest that the volcanic activity at these centers 
exhibited both explosive and effusive eruptions. Pieces of 
the lava flows can be found in contact with younger (presum-
ably Quaternary) sediments as eroded blocks. The newly 

obtained K–Ar age yielded 8.0 ± 0.2 Ma for the DEB03 
center and a somewhat younger, 7.8 ± 0.2 Ma for DEB01 
center which supports our field observations. These ages 
show that instead of Pleistocene age, Debrište is actually the 
oldest known center within the Late Miocene–Pleistocene 
volcanism of the wider region (south from the Scutari-Peć 
transverse zone).

The HMg-K group represents the older phase 
(6.6–3.2 Ma; Cvetković et al. 2004; Yanev et al. 2008a) of 
the Late Miocene to Pleistocene small scattered volcanism in 
the area. Debrište has slightly lower MgO content (4.0 wt%) 
to be assigned to this group (> 5 wt%; Yanev et al. 2008a). 
However, based on similar features regarding its extent, 
phenocrysts content, trace and rare-earth element pattern 
(Fig. 5), this volcanic center can be considered as part of, 
and the oldest member of the HMg-K group.

Volcanic activity on the northernmost studied center, 
Pakoševo occurred at 3.8 ± 0.2 Ma based on the newly 
obtained groundmass K–Ar age (Table 1). Here, the volcan-
ism was characterized by a phreatic eruption which formed 
a diatreme breccia, followed by small-volume lava flows 
covering the Pliocene coarse-grained sediments of the Sol-
nje Formation. The lava rocks contain amygdales filled with 
secondary carbonates indicating that the lava flows deposited 
in a subaquatic environment, which is in agreement with 
the alluvial to lacustrine depositional environment of Sol-
nje Formation (Dumurdzanov et al. 2004). It also contains 
a large number of crustal xenoliths (mainly quartzite). The 
association of the Pakoševo volcanic center with the sedi-
ments of the Solnje Formation makes the 3.8 Ma ground-
mass K–Ar age the first radiometric age for the Solnje For-
mation in Skopje basin, which was previously assigned to 
Pliocene based on correlation with the same formation in 
the nearby Kumanovo basin (Dumurdzanov et al. 2004). Its 
petrological, geochemical features, and the obtained age are 
very similar to other centers of the HMg-K group. Gjurište, 
another small HMg-K center having similar features as 
Pakoševo, located ca. 15 km to the northeast (Fig. 2), was 
formed relatively close in time (3.2 ± 0.1 Ma; Yanev et al. 
2008a) and space. It marks this area as volcanically active 
during the 4–3 Ma period.

The rhyolitic Šumovit Greben center

Šumovit Greben is the southernmost center and the young-
est one within the studied localities. Based on the newly 
obtained groundmass K–Ar ages, volcanic activity is 
restricted here to a narrow interval (2.9–2.8 Ma), which falls 
within the quite wide range of previously dated volcanic 
rocks of the Kožuf-Voras massif (6.5–1.8 Ma; Kolios et al. 
1980; Boev et al. 1997), and it is the youngest dated center 
within the Kožuf part.
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Since different classifications of the volcanic rocks 
existed on both sides of the border for the Kožuf-Voras 
system, we present here a unified classification based on 
the available whole-rock geochemical data. Based on our 
Hierarchical Cluster Analyses (HCA) of the available whole-
rock data on Kožuf-Voras, we identified twelve clusters 
aggregated into four main groups (labeled A to D in Fig. 6). 
Despite the few available geochronological data, for three of 
the main groups, radiometric ages are available. All of the 
older dated centers (6.5–4.0 Ma) fall into group A compos-
ing mainly the eastern part of the Kožuf-Voras massif (A1, 
A2 and A3 clusters; Fig. 6). The youngest dated centers, as 
well as several undated localities, belong to group C char-
acterized by elevated K2O content and located mainly on 
the southwestern part of the system (Fig. 6). Šumovit Gre-
ben center, with few other localities, group separately from 
the two abovementioned ones, with somewhat in between 
eruption age and K2O content (group B; Fig. 6). The fourth 
group has a distinct, more mafic geochemical composition 
compared to the other centers, with no available age data 
(group D; Fig. 6). Some members of this group are likely 
present as enclaves (e.g., Vougioukalakis 1994; Eleftheriadis 
et al. 2003), which cannot be excluded for the other members 
either, or they might represent an older, more eroded phase. 
The general trend for the whole Kožuf-Voras system is the 
progressive age decrease towards southwest in line with an 
increase in K2O content as also noted by Vougioukalakis 
(1994) for the Voras side.

Šumovit Greben is the only center with rhyolitic com-
position within this volcanic system. It has a very low Sr 
content compared to the other centers and shows a rare-
earth element pattern (Fig. 5) similar to cold-wet-oxidized 
rhyolites, which is characteristic for the subduction zone 
rhyolites (Bachmann and Bergantz 2009). The negative 
Ba, Sr, Ti and Eu anomaly and the rarity of the plagioclase 
phenocrysts (except for SG04) suggest extensive removal of 
plagioclase, whereas the extremely low MgO content of the 
studied samples may derive extensive pyroxene (± olivine) 
fractionation at depth (e.g., Troch et al. 2017). The presence 
of a plagioclase-clinopyroxene-rich deeper part within the 
magma storage system is supported by the younger SG04 
sample, which contains abundant aggregates of plagioclase 
and clinopyroxene. The formation of the Šumovit Greben 
consists of two phases, starting with a lava dome/flow extru-
sion at ca. 2.9 Ma, which resulted in the formation of the 
main volume of the center. The observed differences in the 
three lower units, i.e. glassy foliated rhyolite, dark grey 
(partly devitrified) foliated rhyolite and light grey (devitri-
fied) rhyolite represent the different lithofacies (from bot-
tom to top: basal breccia, coherent glass, foliated rhyolite 
and microcrystalline rhyolite) of a slowly cooling rhyolitic 
lava dome/flow (e.g. Manley and Fink 1987). Remnants of a 
neck structure/feeder dyke mark the potential conduit(s) for 

the upwelling magmas (Fig. 4). A small-volume lava flow 
marks the end of the activity at ca. 2.8 Ma by the glassy 
SG04 rhyolite sample, which is present only on the northern 
part of the complex in a restricted area. Although the SG04 
sample could be interpreted as the top glassy unit of a lava 
dome/flow, besides its slightly younger age (2.78 ± 0.08 Ma) 
compared to the other two samples (2.89 ± 0.08 Ma and 
2.87 ± 0.08 Ma), it also exhibits mineralogical (presence 
of plagioclase-clinopyroxene aggregates) and geochemical 
differences (e.g., slightly lower SiO2 content, less depleted 
in Sr; Fig. 5). This differentiates it clearly from the underly-
ing units, and supports an interpretation as a separate lava 
flow. The magma source for this last eruption could be a 
deeper part of the magma storage system based on the lack 
of quartz, the larger amount of plagioclase and clinopyrox-
ene phenocrysts and glomeroporphyritic aggregates. The 
less evolved character of this last eruption is also supported 
by the higher MgO and Sr content. In addition, the slightly 
higher Nd and lower Sr isotopic composition (Figs. 5, 7) 
compared to the other samples of Šumovit Greben witness 
also a minor amount of digestion of crustal material during 
their differentiation path.

Although the obtained K–Ar age for Šumovit Greben 
(2.9–2.8 Ma) is close to one of the explosive units (ca. 
2.6 Ma) identified by Vougioukalakis (2002), there is no 
clear connection between the pyroclastic and the rhyolitic 
complex neither on field nor in the available geochemical 
data. Therefore, further studies are needed to determine the 
possible relation of Šumovit Greben center with the neigh-
boring pyroclastic deposits.

Sr and Nd isotopic characteristics and their 
implication for magma source region

The 87Sr/86Sr and 143Nd/144Nd isotope ratios of the studied 
sites fall into the enriched quadrant of the Sr–Nd isotope 
diagram (Fig. 5) having higher (87Sr/86Sr > 0.7045) and 
lower (143Nd/144Nd < 0.512638) ratios than the bulk sili-
cate earth ratios (Zindler and Hart, 1986), respectively. The 
ratios vary between 0.706749–0.709735 for 87Sr/86Sr and 
0.512257–0.512530 for 143Nd/144Nd (Figs. 5, 7), which fall 
in the range of the previously studied samples.

The rhyolitic Šumovit Greben samples fall within the 
range of the previously studied sites of the Kožuf-Voras vol-
canic system. The isotopic signature of these samples can be 
explained by crustal contamination accompanying fractional 
crystallization during magma differentiation (Yanev et al. 
2008a, b). The occurrence of significant crustal assimilation 
matching fractional crystallization can also explain the high 
variations of the Ba/Nb ratios (19–223), the positive shift of 
87Sr/86Sr (0.708000–0.709897) matched by a negative shift 
of 143Nd/144Nd isotopic composition (0.512252–0.512382) 
for the Kožuf-Voras volcanic system (Fig. 5). The youngest 
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sample (SG04) has distinctly higher Nd and lower Sr iso-
topic value, indicating the extrusion of a less contaminated 
magma as the last phase of volcanism at Šumovit Greben, 
in line with our field and petrographic observations, i.e. its 
smaller extent and the presence of clinopyroxene-plagioclase 
aggregates in the sample.

Pakoševo exhibits higher 87Sr/86Sr and lower 143Nd/144Nd 
isotopic ratios compared to the other HMg-K centers 
(Figs. 5, 7). This might be due to the presence of crustal 
xenoliths in the sample, reflecting a huge amount of digested 
crustal material, rather than the characters of its primary 
magmas and of the mantle source region. As this sample 
exhibits high CaO and Sr content together with high Ba/Nb, 
Sr/Y and low Sr/Y ratios, limestone digestion during magma 
uprise can also be considered as a main factor in its forma-
tion, testifying to the major role played by crustal assimila-
tion during the magma ascent, even in less evolved samples.

Debrište, the oldest studied center (8.0 ± 0.2 and 
7.8 ± 0.2  Ma) has the lowest 87Sr/86Sr and highest 
143Nd/144Nd isotope ratios amongst all the centers in the 
region (Figs. 5, 7). As part of the HMg-K group of Yanev 
et al. (2008a, b), the studied samples (DEB01 and DEB03) 

exhibit also the lowest Ba/Nb ratios and these are the least 
enriched in HREE and LIL elements amongst the HMg-K 
centers (Fig. 5).

Compiling the present geochemical dataset with the pre-
viously reported one in case of the HMg-K and the UK cent-
ers (Cvetković et al. 2004; Yanev et al. 2008a, b), while there 
are similarities in the major and trace element compositions 
in general, differences exist in their Sr and Nd isotopic ratios 
and in some of the trace element content (e.g. LILE; Fig. 5). 
Yanev et al. (2008a, b) concluded that the HMg-K and the 
UK rocks were not affected by crustal contamination pro-
cesses but their geochemical characteristics reflect a meta-
somatized lithospheric mantle, and the differences within 
the samples imply source heterogeneity. Debrište samples fit 
also into this interpretation, representing the lowest 87Sr/86Sr 
and highest 143Nd/144Nd isotope ratios, whereas the isotopic 
composition of Pakoševo might not reflect its original source 
region as discussed above. The increase in Sr isotopic ratios 
and the decrease in Nd isotopic ratios are coupled with an 
increase in the Rb/Nb and Ba/Nb ratios (Fig. 5) implying the 
addition of subduction-related material (melt or fluid from 
the subducted slab) to the mantle source (e.g. Agostini et al. 

Fig. 7   The evoultion of the Sr (rectangles) and Nd (circles) isotopic 
ratio through time. Data from this study, Eleftheriadis et  al. (2003), 
Cvetković et  al. (2004), Yanev et  al. (2008a) and Georgiev et  al. 
(2014). The colored arrows highlight the overall increasing enrich-
ment trend in the Sr and Nd isotopic ratio through time in case of 
the HMg-K and UK centers. Samples from the Kožuf-Voras volcanic 

system have a more or less uniform Sr and Nd isotopic variation. The 
smaller, black arrows for Šumovit Greben volcanic complex refer to a 
slightly less evolved magma from the deeper part of the magma stor-
age. For the color coding please refer to Fig. 5. Bulk Earth Sr and Nd 
value (0.7045 and 0.512638, respectively) are from Zindler and Hart 
(1986)
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2007). Although the occurrence of source contamination and 
crustal assimilation is somewhat difficult to differentiate, 
usually the variation of 143Nd/144Nd and 87Sr/86Sr isotope 
ratios at a given SiO2 is indicative of source contamination 
resulting in source heterogeneity. A positive 87Sr/86Sr vs. 
SiO2 correlation, as well as a negative 143Nd/144Nd vs. SiO2 
correlation on the other hand, highlight the occurrence of 
crustal assimilation during magma evolution. The calculated 
crystallization pressures presented in Yanev et al. (2008a, 
b) and preliminary calculations for Pakoševo and Debrište 
samples based on clinopyroxene-liquid equilibria (Putirka 
et al. 1996; Putirka 2008; Supplementary Material) reflect 
lithospheric mantle depths (ca. 10–12 kbar, i.e., ~ 37–45 km) 
for the source region of the magmas.

Although the isotopic variations could be solely explained 
by lithospheric mantle source heterogeneity, there is addi-
tionally a clear correlation in the Sr and Nd isotopic ratios 
with time in case of the HMg-K and UK centers (Fig. 7), 
even with Pakoševo sample excluded, as it might not simply 
reflect those of its source region. For these samples, some 
trace element contents and ratios (e.g., LILE, U, Th, Ba/
Nb) also correlate with the decreasing eruption ages. Such 
element enrichments in general are considered as the result 
of the metasomatizing agent in the lithospheric mantle 
(e.g. Yanev et al. 2008a, b). The increase of the abovemen-
tioned trace elements, together with the increase in 87Sr/86Sr 
ratios and decrease in 143Nd/144Nd ratios possibly reflects 
an increasing rate of source contamination i.e., increasing 
rate of mantle metasomatism through time. The Debrište 
samples, which represent the oldest volcanic centers in the 
area show already the effect of a metasomatized lithospheric 
mantle having ratios enriched in radiogenic Sr and non-
radiogenic Nd isotopes (> 0.705 and < 0.512638, respec-
tively; Zindler and Hart 1986). Even though the small-scale 
lithospheric mantle heterogeneity cannot be excluded, the 
increasing trend in the trace element and Sr, together with 
the decrease in Nd isotopic composition with time indicates 
that the lithospheric mantle region was possibly increasingly 
affected by the ongoing/continuing mantle metasomatism as 
a result of the southern/Aegean subduction front.

Insight to the geodynamic evolution in the area

The pathway for the erupted magmas could be the deep-
seated lithospheric faults along the main unit boundaries. 
Šumovit Greben center is situated at the junction of nappes 
composed of Cretaceous flysch and Jurassic serpentinites 
with a SW-NE fault which cuts through the area (Figs. 4, 
6), whereas Debrište is located at a thrust fault along which 
Jurassic and Cretaceous units are overthrust onto Cretaceous 
units (Fig. 3b). The eruptions could have been triggered by 
the post-collisional extensional dynamics, causing decom-
pression melting in the lithospheric mantle, possibly initiated 

by the accelerating clockwise rotation of the Hellenides 
during Middle to Late Miocene along the Scutari-Peć zone 
(Kissel et al. 1995). The Debrište volcanism, based on the 
newly obtained groundmass K–Ar ages marks the reawak-
ening of the Macedonian volcanism after almost 10 Ma of 
quiescence. This event also marks the change from the oro-
genic magmatic cycle to the anorogenic magmatism in this 
region (Harangi et al. 2006; Lustrino and Wilson 2007). The 
time gap (ca. 10 Ma) revealed by this study between the two 
phases could also give an insight into how the transition 
occurs in similar extensional systems between the orogenic 
and anorogenic magmatism. The most intense phase of the 
first period of volcanism occurred during early Oligocene 
coinciding with the late Paleogene extensional period (Boev 
and Yanev 2001, Burchfiel et al. 2008). This was followed by 
a period of local shortening during late Oligocene–middle 
Miocene (Burchfiel et al. 2008). The renewal of volcanic 
activity was approximately coeval with the renewal of the 
extensional tectonic dynamics with a more mafic, metaso-
matized lithospheric mantle originated volcanic rocks with 
elevated K content in the central parts of the region. Towards 
the south, Kožuf-Voras volcanic system resembles similari-
ties in the geochemical character to the Oligocene magmatic 
activity, with the subduction along the Aegean trench pos-
sibly playing a dominant role in its formation.

The position of Debrište center can also contribute to 
our understanding of the formation of the Tikveš basin. The 
onset of the basin opening occurred in Paleogene times, dur-
ing the middle to late Eocene extension. A short compres-
sional period in Late Oligocene-Early Miocene terminated 
this phase, but extensional dynamics started again to be dom-
inant during the Late Miocene along NNW-trending faults 
which control the western edge of the basin (Dumurdzanov 
et al. 2005). The Debrište centers occur along the same 
NNW-trending fault line at the western edge of the basin 
and the volcanics here directly overlay the Jurassic-Creta-
ceous successions (Figs. 2, 3). This indicates that the vol-
canism marks the onset of the basin opening occurring at 
around 8 Ma. Interestingly, similar age was first reported 
for Kurešnička Krasta (9.5 Ma; Tersić and Svešnikova 1986; 
Fig. 2), located at the eastern edge of Tikveš basin, however, 
that was recently questioned, obtaining a much younger age 
for that locality (2.1 ± 0.1 Ma; Yanev et al. 2008a).

Conclusion

Three, previously unstudied volcanic sites were in the focus 
of this work, located at the westernmost edge of the Var-
dar zone, south from the Skutari-Peć fault zone, within the 
South Balkan extensional regime. Geochronology, general 
petrography, and whole-rock geochemical analyses, supple-
mented with Sr–Nd isotopic composition were applied to 
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unravel their volcanological evolution and relation to the 
contemporaneous volcanic centers in the region. Amongst 
the dated samples, all belonging to Late Miocene to Pleisto-
cene volcanic phase, the oldest ones are located at Debrište 
(ca. 8–7.8 Ma), which marks the renewal of volcanism south 
from Skutari-Peć transverse zone after ca. 10 Ma of quies-
cence and also the opening of Tikveš basin. The onset of vol-
canism can be related to the rotation of the Hellenides block 
along the Skutari-Peć transverse zone. Pakoševo center, the 
northernmost studied center formed at ca. 3.8 Ma at the 
southeast edge of the Skopje basin for which it provides the 
first radiometric constraint on the Solnje Formation. The 
rhyolitic Šumovit Greben, the southernmost studied center, 
developed at ca. 3.0–2.8 Ma at the edge of Mariovo basin 
as part of the large-volume Kožuf-Voras volcanic system 
formed from 6.5 to 1.8 Ma. The majority of the Kožuf-Voras 
volcanic massif developed between 6.5 and 4.0 Ma, whereas 
a younger phase (2.5–1.8 Ma) was known at the southwest-
ern part of Kožuf-Voras. The formation of Šumovit Greben 
marks the possible onset of this younger activity starting at 
3 Ma. The Sr and Nd isotopic ratios of the studied centers 
combined with available data from the other Late Miocene 
to Pleistocene volcanic localities indicate a possible increas-
ing rate in lithospheric mantle source metasomatism with 
time beneath the Vardar zone.
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