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Abstract The paper presents the results of the petrological, geochemical and isotopic investigations of the
age of the volcanoclastic sedimentary rocks from the Vitagevo volcanic plateau. The volcanoclastic sedimentary rocks
overlie the Upper Pliocene lacustrine sediments of the Tikves basin and occur at an elevation of about 450 meters above
sea level through the upper parts of the lacustrine sediments which are represented by clays and a small horizon of
limestones. The volcanoclastic sediments are represented by lacustrine tuffs in which there are rounded pieces of strat-
ified volcanic rocks, which by their character represent intermediate rocks from the group of latites and trachytes. The
isotopic age of these rocks is 5.8 million years and corresponds to the Lower Pliocene.
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INTRODUCTION

The Kozuf volcanic area encompasses nume-
rous volcanic eruptive centers and pyroclastic sedi-
ments distributed across the Tikve$ and Mariovo
basins to the north, as well as in Meglensko and
Thessaloniki to the south, extending into Greece
(Boev, 1988; Vougioukalakis, 2002). Extensive
geological surveys have been conducted on both
sides of the national border, dating volcanic
activity between 6.5 to 1.8 million years ago
(Kolios et al., 1980; Boev, 1988; Jankovi¢ et al.,
1997). Distinct classifications of volcanic rocks
have been established for the Macedonian and
Greek regions (see Figure 1). On the Macedonian
side, two primary groups have been identified: a
high-Mg shoshonitic to trachydacite group and an
andesite-dacite-rhyolite group (Boev & Yanev,
2001). Conversely, the Greek side is characterized
by an east-central, western, and southwestern
group (Eleftheriadis et al., 2003; Eleftheriadis and
Vougioukalakis, 2006). Further insights into the
volcanic rocks of Kozuf Mountain are available in
studies by Yanev et al. (2008a, 2008b) and
Karamata et al. (1992).

However, no correlation of sedimentary for-
mations between the two sides has been established
thus.

Despite extensive geological research, there
remains a lack of geochemical and geochrono-

logic-al data on volcanoclastic sediments in the
Mariovo and Tikves basins. Previous studies have
outlined their distribution and basic petrological
characteristics as part of geological mapping
efforts (Dumurdzanov et al., 1981; Rakicevi¢ and
Pendzerkovski, 1970; Rakicevi¢ et al.,, 1973;
Hristov et al., 1973). While more detailed profiles
are available on the eastern side (e.g., Boev, 1988;
Jankovi¢ et al., 1997), western side data primarily
stem from research related to coal deposits (e.g.,
Institute for Mineral and Raw Materials Research,
1978). Geochronological data on volcanoclastic
sediments are confined to tuffs from Vitacevo
(Lippolt and Fuhrmann, 1986; Neubauer et al.,
2009). Additionally, studies on the evolution of
Neogene-Quarternary basins in Macedonia have
explored the occurrence of volcanoclastic sedi-
ments and utilized them for dating sedimentary
formations by comparing them with the age of the
Kozuf volcanic area (Dumurdzanov et al., 2003,
2004, 2005).

This study aims to address existing gaps in the
geochronology and geochemistry of volcanoclastic
sediments in the Mariovo and Tikves basins. We
present new comprehensive geochemical whole-
rock data complemented by K-Ar geochronology
to enhance understanding of the origin and timing
of these lava formations.
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Fig. 1. Overview of the current data for the Kozuf volcanic area through cluster analysis of the geochemical composition (according
to Molnar et al., 2021). a — Distribution by clusters according to K20-SiO2 composition. b — Spatial distribution of the phenomena for
which there is location data. In addition, the geochronological data for the dated localities are shown.

MATERIALS AND METHODS

Samples of the volcanoclastic sedimentary Five samples were collected and microscopic
rocks from Vitacevo were collected from the profile examinations (petrographic examinations), geoche-
where the volcanoclastic rocks lie directly over the mical examinations, and isotopic examinations
lake sediments of the Tikves basin (Figure 2). were performed on them.

Fig. 2. Volcanoclastic sedimentary rocks of the Vitacevo volcanic plateau (photo I. Boev, 2024)
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Figure 2 shows details of the volcanoclastic
rocks of Vitacevo. It can be seen that they are built
from pieces of volcanic fragments that have vari-
able dimensions (from 2 cm to 20 cm, and in some
cases there are larger blocks that have dimensions
up to 1 m). These volcanic rocks lie in a bedrock
that is represented by fine-grained volcanic mate-
rial with grain sizes from 0.2 to 1 cm. Throughout
the series of volcanoclastic rocks there is also the
occurrence of volcanic glasses that occur in layers
with a thickness of 2 cm to 50 cm. The material
taken for examination is a volcanic piece with
dimensions of about 10 cm.

Petrographic investigations provide the fol-
lowing informations:

(i) petrographic rock classification;

(i) microstructural description;

(iii) a table with the modal percentage and
average grain size for each mineral;

(iv) description of the minerals in decreasing
order of abundance.

Samples were cut and prepared as ~20 x 40
mm polished thin sections.

Euhedral phenocrysts of plagioclase are
randomly oriented and, together with subordinate

phenocrysts of amphibole and biotite, are
immersed within a very fine-grained groundmass
dominated by K-feldspar (Table 1). The isotropic
nature of the porphyritic texture indicates that this
magmatic rock ended its crystallization in a stress-
free magmatic chamber.

Table 1

Modal mineralogical analysis under
the polarized microscope

Mineral Alteration and Modal  Size range
weahetring mineral % (mm)

Phenocrysts

Plagioclase 25 0.1-5

Hornblende 5 0.5-7

Biotite 1 0.4-5

K-feldspar(?) tr

Groundmass

K-feldspar 69 0.001

Magnetite Hematite 1 0.1

Epidote tr Upto 0.3
tr = trace

RESULTS AND DISCUSSION

Plagioclase forms euhedral phenocrysts rang-
ing from 0.1 mm to 5 mm long. The crystal size
distribution of the plagioclase imparts a seriate
texture to this porphyritic rock. The plagioclase
phenocrysts are fresh and display albite and albite-
Carlsbad twinnings associated with euhedral
oscillatory growth zoning. In rare cases, the

plagioclase forms glomerophenocrysts. Some phe-
nocrysts comprise an irregular zone of very fine-
grained and earthy material and a rim of albite
(Figures 3 and 6). We interpret these textures as the
evidence of an episode of destabilization of pla-
gioclase within the magma.

Fig. 3. Plagioclase phenocrysts (pl) are euhedral, seriate, and randomly oriented within the very fine-grained groundmass.
Crossed polarizers transmitted light.

Geologica Macedonica, 38 (1), 5-14 (2024)
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K-feldspar is very fine-grained and dominates
the composition of the groundmass. Its homogene-
ous distribution can be observed in the stained
offcut above. Rare euhedral phenocrysts of K-
feldspar are observed in the offcut; however, no K-
feldspar phenocryst is included in the polished thin
section. Amphibole is the second most abundant
phenocryst. Its euhedral crystals range from 0.5
mm to 7 mm long. Some of the fine- and medium-
grained phenocrysts show a discontinuous and an-
hedral growth zoning with darker brown colours in
the core of the crystals (Figure 4).

< -
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Fig. 4. Hornblende prevails among the ferromagnesian

phenocrysts and occurs as mostly euhedral crystals (hbl).
Biotite is subordinate (bt). Plane-polarized transmitted light.

Biotite forms euhedral phenocrysts rang-
ing from 0.4 mm to 5 mm long (Figure 5). The
biotite is relatively fresh and, like the other
phenocrysts, shows a seriate grain size distri-
bution.

Fine grained magnetite is disseminated

within the groundmass. Some crystals are re-
placed by hematite; however, most of the crys-

tals are fresh and impart a magmatic suscep-
tibility of 2.05 (Figure 5).

Very rare crystals of epidote are dispersed
within the groundmass and, in some cases, define
irregular crystal clusters.

Fig. 5. Some hornblende crystals show growth zoning
characterized by darker brown colours in the core
of the crystals. Plane-polarized transmitted light.

1000 pm
¥

Fig. 6. Some plagioclase phenocrysts comprise a strongly
altered and earthy zone (yellow arrow) surrounded by albitic
rim. Plane-polarized transmitted light.

GEOCHEMICAL INVESTIGATIONS

Lithogeochemistry and whole rock analyses
and isotope investigations

The most aggressive fusion technique emp-
loys a lithium metaborate/tetraborate fusion. Fusi-
on is performed by a robot at Actlabs, Canada,
which provides a fast fusion of the highest quality

in the industry. The resulting molten bead is rapidly
digested in a weak nitric acid solution. The fusion
ensures that the entire sample is dissolved. Itis only
with this attack that major oxides including SiO-,
refractory minerals (i.e., zircon, sphene, monazite,
chromite, gahnite, etc.), REE, and other high field

Geologica Macedonica, 38 (1), 5-14 (2024)
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strength elements are put into solution. High sul-
phide-bearing rocks may require different treat-
ment but can still be adequately analyzed. Analysis
is by ICP-OES and ICP-MS.

The quality of the data is exceptional and can
be used for the most exacting applications.

Methodology of Sr and Nd isotope analyses

The rock powder was dissolved in Hf+HNO3
at 150 °C for 5 days, and chemical separation pro-
cedures for Sr follow the methodology of Creaser
et al. (2004) and Holmden et al. (1997). Isotopic
analysis for Sr used MC-ICPMS methods. All ana-
lyses are presented relative to a value of 0.710245
for the SRM9 #7Sr isotopic standard.

The powder was accurately weighed and dis-
solved in mixed 24N Hf + 16N HNO; media in
sealed PFA teflon vessels at 160°C for 6 days. The
fluoride residue is converted to chloride with HCI,
and Nd separated by conventional cation and
HDEHP-based chromatography. Chemical proces-
sing blanks are < 200 picograms of Nd, and are
insignificant relative to the amount of Sm or Nd
analyzed for any rock sample. Further details can
be found in Creaser et al. (1997) and Unterschutz
et al. (2002). The isotopic composition of Nd is
determined in static mode by Multi-Collector ICP-
Mass Spectrometry (Schmidberger et al., 2007).
All isotope ratios are normalized for variable mass
fractionation to a value of ®Nd / **Nd = 0.7219
using the exponential fractionation law. The 43Nd
/ ¥%“Nd ratio of samples is presented here relative to
a value of 0.511850 for the LaJolla Nd isotopic
standard, monitored by use of an in-house Alfa Nd
isotopic standard for each analytical session. Using
the same isotopic analysis and normalization pro-
cedures above, we analyzed the Geological Survey
of Japan Nd isotope standard “Shin Etsu: J-Ndi-1”
(Garcon et al., 2018) which has a **Nd / *Nd
value of 0.512099 relative to a LaJolla ***Nd / ***Nd
value of 0.511850, when normalized to 4Nd /
1¥Nd = 0.7219. The value of *3Nd / **Nd deter-
mined for the JNdi-1 standard conducted during the
analysis of the samples reported here was 0.512093
+ 11 (2 SE). The analyses were carried out in the
laboratories of Actlab, Canada.

K-Ar methodology

An aliquot of the sample was weighed into an
Al container, loaded into the sample system of
extraction unit, and degassed at ~100°C over 2 d to
remove the surface gases. Ar was extracted from
the sample in a double vacuum furnace, at 1700°C.

Geologica Macedonica, 38 (1), 5-14 (2024)

The determination of radiogenic Ar content was
performed twice on an MI-1201 IG mass spectro-
meter by the isotope dilution method, with ®Ar as
a spike, which is introduced to the sample system
prior to each extraction.

The extracted gases were cleaned using a two-
step purification system. Then, pure Ar was intro-
duced into a custom-built magnetic sector mass
spectrometer (Reynolds-type). It shall be noted that
the test was done twice per sample, in order to
ensure the consistency of the results. Two globally
accepted standards (Bern-4M Muscovite and 1/65
"Asia" rhyolite matrix) were measured for 3Ar
spike calibration. For age calculations, the inter-
national values for constants were used, as follows:
M = 0581 x 100 y1 Ag = 4.962 x 1010 y 1,
YK =0.01167 (at. %).

Results obtained and comment

The results of the specific chemical compo-
sition of the main elements as well as trace
elements and elements from the rare earth group
are shown in Table 2. The chemical analysis shows
that these are inter-medium volcanic rocks with a
SiO; content around of 60 % and a large amount of
alkali (K20 + Naz0) of 8.2%, of which KO itself
ranges from 3.48 to 3.85%, so that these rocks have
a pronounced alkaline character. These results of
the chemical analysis show that these rocks can be
classified as trachyandesites (Figure 7). Micro-
scopic examinations indicate the presence of modal
plagioclase of 25 %, hornblende of 5 % and biotite
of 1 % and K-feldspar in groundmass in 69 %.

16

Phenelite

Foidite
Liephri-
paoaolite

Na,0 1 K,0

$i0,

Fig. 7. TAS diagram (Le Maitre, 1989)
for the Lower Pliocene volcanoclastic rocks
from the Vitacevo volcanic plateau
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Table 2

Chemical and geochemical characteristic of the Lower Pliocene volcanoclastic rocks
from the Vitacevo volcanic plateau

Elements A Elements No
1 2 3 4 5 1 2 3 4 5
SiO2 60.04  60.09 60.5 60.21 60.11 Mo 1 1 1 1 1
TiO2 0.662 0587 0.632 0.642 0.675 Ag 0.2 0.1 0.3 0.4 0.3
Al203 16.76 16.87 16.32 1698 16.48 In 0.1 0.1 0.1 0.1 0.1
Fe203 5.23 5.46 5.42 5.65 5.38 Sn 1 1 1 1 1
MnO 0.096 0.087 0.076 0.089 0.094 Sh 0.3 0.3 0.2 0.2 0.2
MgO 2.54 2.67 2.65 2.45 2.63 Cs 6.2 6.4 6.6 6.7 6.3
CaO 4.75 4.87 4.62 4.53 4.75 Ba 1671 1687 1898 1700 1692
Na20 3.46 3.54 3.43 3.57 351 La 78.6 78.2 78.3 79.1 79.2
K20 3.66 3.57 3.85 3.67 3.48 Ce 147 149 148 148 147
P20s 0.38 0.41 0.39 0.42 0.34 Pr 16.1 16.5 16.8 16.3 16.9
LOI 1.93 1.89 1.97 1.85 1.83 Nd 56.2 56.7 56.4 56.9 56.5
Total 99.508 100.044 99.858 100.061 99.279 Sm 8.16 8.24 8.32 8.29 8.23
Sc 12 1 14 12 13 Eu 1.79 1.82 1.85 1.77 1.81
Be 3 2 3 4 3 Gd 4.72 4.76 481 4.79 4.8
\% 107 108 109 108 107 Tb 0.65 0.61 0.63 0.64 0.66
Cr 70 75 78 81 72 Dy 3.1 3.2 3.3 3.2 3.1
Co 14 15 13 14 14 Ho 0.58 0.6 0.61 0.59 0.59
Ni 15 12 12 11 14 Er 1.63 1.65 1.66 1.64 1.62
Cu 20 22 21 24 25 m 0.247 0.251 0.252 0.249 0.248
Zn 60 56 58 61 62 Yb 1.63 1.65 1.64 1.62 1.63
Ga 20 18 21 19 22 Lu 0.258 0.262 0.261 0.263 0.259
Ge 13 15 1.2 1.5 11 Hf 4.9 4.7 4.9 4.8 4.9
As 2 3 2 4 2 Ta 0.87 0.91 0.94 0.88 0.98
Rb 129 125 132 121 124 w 11 1.2 14 12 1.3
Sr 1250 1260 1280 1230 1240 Tl 0.82 0.85 0.83 0.81 0.84
Y 16.4 16.2 171 17.3 16.9 Pb 67 68 69 66 68
Zr 200 210 220 200 200 Bi 0.1 0.1 0.1 0.1 0.1
Nb 11.2 11.3 115 11.2 11.9 Th 28.4 27.9 28.6 29.3 29.1
U 7.8 8.1 8.2 8.1 8.3

GEOCHEMICAL CHARACTERISTICS

Figure 8 shows the diagram of the normalized
values of REE in the volcanoclastic rocks of the
Vitacevo volcanic plateau in terms of chondrite
values (Boynton, 1984) that is characterized by
significant values of enrichment LREE and MREE,
relatively low HREE concentration and a low
negative anomaly of Eu and Gd.

Figure 9 shows the diagram of the normalized
values of REE in the volcanoclastic rocks of the
Vitadevo volcanic plateau area relative to the values
of the primitive mantle (Sun and McDonough, 1989).
From the diagram it can be seen that in all examined
samples there is a significant negative anomaly of
Nb, Ta, and a pronounced positive anomaly of Ce.

Geologica Macedonica, 38 (1), 5-14 (2024)
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Fig. 8. Chondrite normalized REE patterns for the Lower Pliocene volcanoclastic rocks
from the Vitacevo volcanic plateau. Chondrite values after Boynton (1984)
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Fig. 9. Primitive mantle normalized trace element diagram for the Lower Pliocene volcanoclastic rocks
from the Vitacevo volcanic plateau. Normalization factors after Sun and McDonough (1989)

Sr-Nd isotope geochemistry

For geochemical investigations of strontium
and neodymium isotopes, two samples are given
and the obtained results are shown in Table 3. The
presented results show that the isotopes of stron-
tium #Sr/%Sr range from 0.708421 to 0.709579,
while the isotopes of the neodymium *3Nd/**4Nd
move in the interval of 0.512441 — 0.512472.

Strontium isotopes (37Sr/%Sr) clearly indicate
the origin of the primary magma from which these
volcanic rocks differentiated. The source of the
magma is unambiguously in the upper mantle and
therefore these rocks not differ from the Pliocene
volcanism on Kozuf Mountain where the strontium
isotopes are in the interval of 0.7080 to 0.7090.

Geologica Macedonica, 38 (1), 5-14 (2024)

Table 3

8Sr/%sr and **Nd/**“Nd isotope ration
in volcanoclastic rocks from the Vitacevo plateau

87Sr/®Sr  + 2 SE 143Nd/*44Nd +2 SE*  eNdO
V1 0.708752 0.000015 0.512304 0.000008 —6.5
V2 0.708787 0.000016 0.512372 0.000008 -6.5

* Uncertainty in Sr and Nd isotopic composition is + 2 standard error.
£ Ndo is the epsilon **3Nd value calculated present day.

The examined volcanic rocks from the
volcanoclastic complex of the Vita¢evo volcanic
plateau are characterized by low values of isotopes
of 8Sr/%Sr and low isotope values of *Nd/***Nd
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(Figure 10, V1-V2 group), which clearly indicates
the greater similarity of these volcanic rocks with

the volcanic rocks of Kozuf Mountain of Pliocene
age.
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Fig. 10. 43Nd/*4Nd vs &7Sr/%Sr plot for the studied samples. The data for the Roman Magmatic Province
(RMP; Conticelli et al., 2002) and for the Tuscan lamproites (Conticelli et al., 2002; Peccerillo and Martinotti, 2006)
are also plotted for comparison

K-Ar geochronology

The isotopic age of the volcanoclastic rocks
from Vita¢evo was determined by the K/Ar method
and the results shown in the Table 4 were obtained.

The presented data show that the age of these
rocks is Lower Pliocene (5.8 Ma) and that these are
very similar rocks to the volcanic rocks of Kozuf
Mountain (6.5-1.8 Ma).

(Dalrymple and Lanphere, 1969). The uncertainties
for the age values are based on the effects of analy-
tical error only, at the 95% confidence level (20).

Table 4

K/Ar age determination of volcanoclastic rocks
from the Vitacevo plateau

. K, 4OAr rad, 4OATr rad Age, Error
Age values were calculated from the analytical %  (nmol kg % Ma 26
data using the decay constants for “°K and the
isotopic abundances for terrestrial K and atmos- Vi 3.00 303 47 5.8 0.7
pheric A_r listed by Steiger an_d Jager (1977), and f[he V2 3.03 30 57 58 407
assumptions of conventional K-Ar dating
CONCLUSION

The volcanoclastic rocks found within the
Vita¢evo volcanic plateau primarily consist of
lacustrine tuffs containing rounded fragments of
stratified volcanic rocks. These fragments exhibit
characteristics typical of intermediate rocks, falling

within the latites and trachytes group. Structurally,
these rocks exhibit a porphyritic texture, with phe-
nocrysts composed of plagioclase, hornblende, and
biotite, embedded within a groundmass consisting
of feldspar and magnetite. Isotopic dating indicates

Geologica Macedonica, 38 (1), 5-14 (2024)
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an age of 5.8 million years corresponding to the
Lower Pliocene period.

Chemically, these rocks can be categorized as
intermediate rocks, specifically trachy-andesite-
latites. Geochemically, analysis of rare earth ele-

ments (REE) content and isotopic ratios such as
87Sr/8Sr and 3Nd/***Nd suggests an origin from
the metasomatized upper part of the upper mantle
with notable contributions from rocks in the lower
continental crust.
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Pesume

CTAPOCT HA BYJKAHOKJIACTUYHUTE CEAUMEHTHU KAPIIN
O/ BYJIKAHCKOTO IIVIATO BUTAYEBO (KOXY® IIVTAHUHA), CEBEPHA MAKE/IOHUJA

HBan Boes, Tena Illujakosa UBaHoBa

Daxyaitein 30 UpuUpogHu u iexHuyku Hayku, Yuusepsuideiu “I'oye [eaues” 6o Llliuuil,
oya. ,,Toye Heaues ™ 89, u.cpax 201, 2000 LLinuii, Cesepna Maxegonuja,
ivan.boev@ugd.edu.mk

Kﬂy‘lHl/l 360pOBI/l: BYJIKAHOKJIACTUYHHU CEAMMCHTHU Kapnu, JJaTUTU-TPAXUTH

ByIikaHOKJIACTHYHUTE KapIy MPOHAjJCHH BO BYJIKAH-
cKara BHCOpaMHUHA BUTaueBO MPBEHCTBEHO CE COCTOjaT Of
€3epCKH TY(POBH KOU COAPIKAT 3a00JIeHH (PparMEeHTH Of CTpa-
TUQUIMPaHN ByJNKaHCKU Kapru. OBHE (GparMeHTH MOKaxy-
BAaT KapaKTePUCTHKU THIIMYHHM 32 CPEAHH KapIH, KOU criaraar
BO IpyIllaTa Ha JAaTUTU U TpaxuTU. CTPYKTYypHO, OBHE KapIH
MOKa)KyBaat MoppHUPUTHA TEKCTYPa, CO HEHOKPHUCTAIH COCTa-
BEHU O] IUIATMOKIIACT, XOpHOIeH a 1 OMOTHUT, BrpajieHH BO
3eMjeHa Maca cocrtaBeHa oj denacnar u maruetur. M3ororm-
CKOTO JaTHPamke YKaXyBa Ha CTAPOCT O[T 5,8 MIJIMOHH TOJH-

HH, IITO O/ITOBAPA Ha EPUOIOT Ha ONHHOT TTHOLEH. XeMHC-
KM, OBHE Kapl{ MOKaT Jia Ce KaTeropu3HupaaT Kako CPEIHH
KapIu, KOHKPETHO TpaxXu-aHae3uT-natuTd. Cemak, MHKpO-
CKOTICKUTE MCITUTYBama Cyrepupaar knacudukaiuja Bo Tpy-
nara Ha ankajHu 6asanTi. [eOXeMHCKH, aHaIM3aTa Ha COMp-
JKMHaTa Ha peTkuTe 3emMjenu enementu (REE) u usotonckure
coomHoCH Kako mto ce 8'Sr/8Sr u 13Nd/***Nd cyrepupaar no-
TEKJIO 0] METACOMATU3UPAHUOT FOPEH JIeNl Ha FOpHATa OGBHB-
Ka co 3a0elexuTeNeH TPUIOHEC OJ KapluTe BO JOJHATA
KOHTMHEHTAIHA KOpa.
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