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Abstract
The geochemical data of this study confirm a previous suggestion that the Herson—Kilkis rhyolites are the crystalliza-
tion products of a magma generated by the partial fusion of K-rich schists or para-gneisses and erupted along a dip-slip 
fault at the western boundary of the Serbo—Macedonian massif. High-K rhyolites occur in the area around Kilkis town 
along the western boundary of the Serbo-Macedonian massif. The chemistry of the rocks is characterized by high K2O 
contents (7–12 Wt %), high K2O/Na2O ratios (2–22), low CaO (0.04–0.16%) and Sr (0–83 mg Kg−1) contents and high 
Rb/Sr ratios (4–40). The trace elements (in mg Kg−1), Nb (Not Detected–41), Nd (5–87), Ce (16–119), La (9–67), Rb (Not 
Detected–358) and Y (10–87) present higher contents than those of rhyolites derived from a more basic magma by low-
pressure fractional crystallization.
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1  Introduction

The majority of field evidence suggests that igneous rocks are the result of the upward-moving bodies of either magma, 
mixes of magma and crystals, magma and gas bubbles, or even solid rock [36]. Basaltic lava flows extensively cover the 
majority of the ocean floor and vast regions of continents. Rhyolitic lava flows and volcanic ash extensively covers vast 
areas of continents. Magma with diverse compositions can rise to the Earth’s surface [36]. Exposures of deeply eroded 
sections of the Earth’s crust demonstrate that basaltic magmas typically ascend through fractures and, upon cooling, 
create inclined sheet-like intrusions called dikes [36]. Rhyolitic magmas, on the other hand, typically rise in expansive 
dome-shaped structures called diapirs. When these diapirs solidify beneath the Earth’s surface, they form granite batho-
liths [36]. Rhyolite is frequently found in areas where two tectonic plates are colliding, causing one plate of oceanic litho-
sphere to sink beneath another plate of oceanic or continental lithosphere into the Earth’s mantle. It can occasionally be 
the most common form of igneous rock in these environments. Rhyolite is more prevalent when the lithosphere on top 
is continental rather than oceanic. According to Ayalew and Ishiwatari [2], rhyolites occur in many types of tectonic set-
tings, although their proportion ranges greatly from one tectonic setting to another. There are many scientific arguments 
regarding the origin of rhyolites. In general, the following petrogenetic models have been proposed [2]: (a) fractional 
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crystallization with or without crustal assimilation or contamination, and (b) partial melting of solidified basalt magma/
partial melting of crustal materials.

According to Philpotts and Ague [36], the increased thickness of the continental crust provides greater chances for 
the rising magma to undergo differentiation and assimilate crustal rock. Rhyolite has been found on remote islands, 
however, such instances in the ocean are uncommon. Tholeiitic magmas, which are erupted at volcanic ocean islands 
like Iceland, can undergo complete differentiation and transform into rhyolite [36].

Rhyolites are important stratigraphic markers that provide precise ages and indicate where thermal pulses from the 
mantle are injected into the crust through basalt injection, regardless of rhyolite petrogenesis details [38]. Along the 
western boundary of the Serbo-Macedonian massif (Central Macedonia), there are occurrences of volcanic rocks of the 
so-called "Volcano-sedimentary series" [31]. These rocks are situated in a belt a few km wide and strike NW—SE, parallel 
to the western boundary of the Serbo-Macedonian massif (Fig. 1). Kelepertsis et al. [18] presented a new understanding 
of the geology, age and geochemistry of the volcano-sedimentary series near Pyrgoto village, where the rocks are pre-
dominantly K2O-rich quartz trachytes. The series has been assigned to the Strymonikon—Metamorphosis volcanic arc [25, 
30]. The volcanic rocks of this arc are encountered within the pre-alpidic Serbo-Macedonian Massif as intermediate and 
acid fissure eruptions following the regional NW—SE tectonic lineaments. Rhyolites with high potassium contents with 
K/Na ratios of 5 to 30 and lower than 1–2 wt % Na2O occur in some parts of the world. They are marked by large amounts 
of SiO2, low CaO content and, in many cases low Al2O3 [37]. Rhyolites from the Okinawa Trough (China), are derived from 
a cryptic potassium-rich source [6]. The South Aegean Volcanic Arc is an area of the complex convergent and collisional 
system of the Eurasia and Africa plates. It has been shown that granitic and rhyolitic melts can be generated entirely 
from crustal melts without the contribution of mantle components, namely by biotite dehydration melts of immature 
sediments at lower crustal pressure [34]. Examples of late Miocene crust-derived granites and rhyolites both exist in the 
southern Aegean,on the other hand, examples of high-K basaltic andesites and shoshonites in western Anatolia have 
shown to have been generated by melts in the mantle [12]. During recent fieldwork in the Herson—Kilkis area, volcanic 

Fig. 1   Location map showing 
the main structural features 
of northern Greece and sam-
pling sites
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rocks were found in the volcano-sedimentary series around Kilkis area. This study presents new geochemical data and 
further contributes to the discussion of the petrogenesis of this group of volcanic rocks.

2 � Geological setting

The Rhodope massif comprises a Variscan high-grade metamorphic basement and a low-grade metamorphic cover, 
which encompasses a subduction-accretion complex from the late Jurassic to the early Cretaceous period (Fig. 1) [11]. 
The rocks are covered by a sedimentary layer that was formed during the late Cretaceous to early Neogene period in a 
way that is not in alignment with the underlying rocks. The Rhodope massif was once part of the Eurasian continent but 
later became detached due to the formation of a back-arc basin during the early Mesozoic era. This basin formed on the 
upper plate of the subduction zone located on the northern side of the Tethys Ocean. The ocean basin was closed as 
a result of the Eo-Alpine contractional event that occurred in the early Cretaceous period. The Axios zone comprises 
Paleogene oceanic material, such as ophiolites, that is associated with the former Vardar Ocean [11] (Fig. 1). The Serbo-
Macedonian massif is a Variscan metamorphic massif that shares similarities with the basement of the Rhodope Massif 
[11]. The Serbo-Macedonian massif has been divided into two series [21, 22] (Fig. 1): (a) a terrane which is composed 
largely of migmatitic gneisses, but with minor amphibolites and two major marble units, and (b) a terrane which is 
composed of schists, gneisses and amphibolites.

According to previous studies [5, 10, 24, 31], the volcanic unit is part of the autochthonous Svoula series, which lies 
between the Serbo-Macedonian Massif and the Axios zone to the west (Fig. 1). The geological sequence within the 
Svoula series is the following (from bottom to top) [24]: (a) Volcano-sedimentary Lower Triassic series, (b) Limestones 
Middle and Upper Triassic; and (c) Limestones Lower and Middle Jurassic. The Svoula series includes the following rock 
types: sedimentary rocks subjected to low-grade regional metamorphism, volcano-sedimentary rocks, ophiolites and 
greenschists. Tectonic contact exists between the volcano-sedimentary rocks and the Palaeozonic Vertiskos two-mica 
gneisses of the Serbo-Macedonian massif to the east.

The western contact with limestones is also tectonic. More details about the geology and tectonic setting of the 
volcano-sedimentary series are given by Kockel and Walther [23], Chatzidimitriadis [5] and Kelepertsis et al [18].

3 � Materials and Methods

Sixteen samples were collected from various occurrences of the volcanic rocks around Kilkis town (Fig. 1). All of the 
rock samples were examined in thin sections, and further mineralogical information for some of them was obtained by 
X-ray diffraction. The rock samples were analyzed for major and trace elements by XRF. FeO was determined by a chemical 
method and loss on ignition (LOI) was determined by heating to 1000 °C. The analytical results are presented in Table 1, 
and the maximum relative errors are 1% for SiO2 5% for Al2O3 and K2O and 10% for all other constituents, except trace 
elements below about 20 mg Kg−1 (relative error about 20%). The CIPW norm calculations were presented in Table 2.

4 � Results

4.1 � Petrography‑Mineralogy

The acid volcanic rocks of the Pyrgoto—Kilkis area consist of massive to foliated rocks of various colors, including pink, 
grey and grey–green [17]. Four rock samples (X22, X23, X3 and X16) are rhyolitic tuffs consisting of an aphanitic ground-
mass of quartz and feldspars. One rock sample (X21) may be an ignimbrite, consisting of a dark aphanitic matrix with very 
fine-grained sericite, quartz, feldspar and opaque minerals. The matrix has a primary flow texture. The Herson-Kilkis lavas 
are typically porphyritic, with phenocrysts of alkali feldspar and quartz in a groundmass of feldspar, frequently altered to 
sericite. Magnetite and pyrite occur as opaque idiomorphic crystals, most of which have been altered to hematite. From 
Fig. 2, where the normative feldspar compositions are shown, it is evident that the feldspars in most of the samples are 
close to orthoclase compositions, with only three samples showing a significant albite component. The O-Ab-Or plot 
also shows that most of the rhyolitic rocks studied are composed of orthoclase and quartz, confirmed by X-ray diffraction 
(Fig. 2). A complete list of Herson rock samples is included in Appendix A.
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Table 1   Major element (wt %) and trace element (mg Kg−1) contents of the Herson rocks (ND: Not Detected)

X1 X4 X8 X9 X13 X16 X18 X19 X21 X22

SiO2 75.23 75.73 74.18 82.61 69.51 75.64 80.27 75.69 71.36 75.62
Al2O3 13.68 12.16 13.69 0.68 16.21 12.54 9.52 12.26 14.09 12.48
Fe2O3 0.24 0.38 0.90 12.79 0.76 0.84 0.55 0.70 1.08 0.65
FeO 0.27 0.43 1.01 2.00 0.87 0.83 0.63 0.79 1.21 0.73
MgO 0.36 0.21 0.65 0.24 0.61 0.33 0.22 0.72 0.23 0.23
CaO 0.07 0.06 0.16 0.05 0.07 0.05 0.05 0.09 0.05 0.04
Na2O 3.10 0.51 3.95 0.31 1.99 1.45 0.40 1.67 0.49 1.41
K2O 6.89 9.45 3.97 0.16 8.42 7.33 7.21 7.02 10.66 8.08
TiO2 0.24 0.54 0.47 0.03 0.26 0.19 0.21 0.19 0.31 0.26
P2O5 0.02 0.08 0.11 0.23 0.03 0.05 0.04 0.05 0.03 0.03
LOI 0.38 0.55 0.94 1.33 1.32 0.80 0.98 0.86 0.46 0.48
Total 100.48 100.10 100.03 100.43 100.05 100.05 100.08 100.04 99.97 100.01
Nb 41 26 19 ND 22 25 32 27 41 22
Zr 404 281 332 30 230 185 192 157 222 208
Y 87 63 53 10 67 61 58 66 78 68
Sr 17 28 20 ND 8 27 134 6 18 8
Rb 115 242 139 ND 263 221 145 247 240 237
Zn 38 58 52 81 74 31 43 94 51 57
Cu ND ND ND 338 ND ND 21 6 ND ND
Ni ND 6 6 ND 5 13 8 9 6 8
Cr 21 24 24 19 22 21 15 21 19 20
Ce 107 78 45 16 86 lll 71 116 119 102
Nd 87 43 24 5 46 51 48 65 70 53
La 61 33 18 9 43 55 21 67 52 46
Ba 406 1445 470 332 713 669 10,859 132 2472 554
Sc ND 8 6 ND 9 11 7 9 12 7

X23 X24 X26 X34 X38 X39 Average A B C

SiO2 76.85 73.60 73.31 70.40 72.67 71.73 74.12 72–75.77 71.48 75.29
Al2O3 12.19 13.87 1337 14.32 1439 13.69 13.23 12–13.69 15.32 12.97
Fe2O3 0.34 0.65 0.76 1.19 0.61 1.01 0.71 0.34–1.40 0.63 0.97
FeO 0.38 0.73 0.87 1.35 0.70 1.15 0.80 0.01–0.96 0.32 0.14
MgO 0.21 0.20 0.56 0.67 0.16 0. 73 0.39 0.11–0. 74 0.48 0.05
CaO 0.06 0.05 0.12 0.14 0.08 0.14 0.08 0.69–2.36 0.35 0.04
Na2O 1.21 2.14 0.81 0.94 1.88 0.42 1.49 314.18 151 0.55
K2O 7.93 8.40 8.56 9.47 8.88 9.74 8.13 3–4.60 8.42 9.00
TiO2 0.26 0.26 0.24 0.34 0.21 0.36 0.30 0.09–0.26 0.29 0.04
P2O5 0.03 0.08 0.08 0.08 0.06 0.09 0.07 0.01–0.09 0.05 0.02
LOI 0.60 0.21 1.37 1.05 0.36 0.90 0.75 0.40–4.93 1.17 0.88
Total 100.11 100.19 100.05 99.95 100.00 99.96 100.07 100.02 99.95 100.19
Nb 24 21 28 17 21 20 26
Zr 68 191 118 237 120 254 222 86
Y 19 48 52 56 40 6 l 62 25
Sr 245 28 83 ND ND 11 21
Rb 245 256 332 328 317 358 246 102
Zn 215 27 18 124 24 101 68
Cu ND ND ND ND ND 10
Ni 11 6 9 ND 13 8 7
Cr 22 24 20 21 24 23 21
Ce 92 78 58 66 54 77 84 46
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4.2 � Geochemistry

The analytical results are reported in Table 1 and plotted on several variation diagrams (Figs. 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13). In the TAS classification diagram, the Herson rock samples fall within the field of Rhyolite (Fig. 3); while in the SiO2 vs 
Nb/Y diagram, most of the Herson rock samples fall within the Rhyolite field (Fig. 4). The least altered Herson rocks plot 
toward the centre of the diagram; while hydrothermally altered Herson rocks plot at positions near to K-feldspar which 
is the principal hydrothermal mineral present (Fig. 5). The weathering of Herson presents a compositional linear trend 
extending from the W vertex to F vertex (Fig. 6a). Increasing F values of Herson rock samples represent the abundance of 
felsic materials (Fig. 6b). The Q-Ab-Or diagram shows the plots of Herson rock samples concerning quartz-feldspar cotec-
tics (Fig. 7). As sample number X9 has been altered by mineralizing fluids, it is excluded from the geochemical diagrams 
and the following discussion. Using the K2O—SiO2, diagram of Peccerillo and Taylor [35], the rocks are all classified as 
high-k rhyolites (Fig. 8). The samples show a wide range of K2O contents with one below 4% and the others in the range 
6.89–10.66% K2O. Although the K2O contents are exceptionally high for rhyolites, the samples are either sub-alkaline 
or only slightly alkaline on the (Na2O + K2O) versus Si2O, diagram (Fig. 9); this is because only three samples have Na2O 
contents greater than 2% (Table 1). Apart from sample X8, the K2O/Na2O ratios are all higher than one; the range is 2.2–22 
and the average is 5.5. In the AFM diagram (Fig. 10) most of the samples lie below the field of typical calc-alkaline rocks 
due to their relatively low total iron / MgO ratios.

The differentiation index (O + Or + Ab) is high (range 92–97) (Table 2), and typical of rhyolitic rocks. The values of several 
major elements, especially the high K2O and the low CaO and Na2O contents, distinguish the Herson—Kilkis rhyolites 
from those of the calc-alkaline series from active continental margins [7]. Similar differences also occur concerning the 
rhyolitic rocks from the South Aegean active arc [8, 14, 15, 33], Kelepertsis and Reeves [19] and Afyon, Central Anatolia 
[20]. On the other hand, there is a close similarity between the Herson Kilkis rhyolites and rhyolites from the Alexan-
droupolis area, eastern Greece [1, 8] as far as K2O and Na2O are concerned (Table 1).

Most rock samples are distinctly peraluminous, with normative corundum (Table 2) greater than 1% in all rhyolite sam-
ples except X4 and greater than 1.5% for 60% of the rhyolites. In addition, the molecular ratio AI2O3/(CaO + Na2O + K2O) 
exceeds 1.0% in all cases and is greater than 1.1% for 80% of the rock samples. The low values of Sr, Ni and Cr (Table 1) 
reflect the absence of plagioclase and mafic minerals and Cu is very low in all samples except one (X9) affected by 
mineralization. Apart from three samples (X4, X21 and X8, the latter not plotted), Fig. 11 shows the strong correlation 
between K2O and Rb in the Herson—Kilkis rocks. TiO2, and Zr also show a good correlation (Fig. 12). The Ba contents 
are very variable, suggesting that Ba-rich fluids may have affected some of the rocks. Nb, Ce, La, Nd and Y (Table 1) are 
significantly higher than in rhyolites from the South Aegean volcanic arc [14]. Apart from one sample (X18) the Herson 
rhyolites have high Rb/Sr ratios, with values ranging from 4 to greater than 30. The unusual composition of Herson rocks 
is further emphasised by their extremely low CaO contents, ranging from 0.04 to 0.16% (Table 1 and Fig. 13).

5 � Discussion

5.1 � Genesis of volcanic rocks of the study area

Kelepertsis et al. [18] assigned the ultrapotassic rocks from the nearby Pyrgoto area (Fig. 1) to a shoshonitic series. The Pyr-
goto rocks are less siliceous, generally 63–70% SiO2, than those reported here and are classified as K-rich trachytes (most 
samples having K2O contents of 7–12%) by the K2O-SiO2, diagram of Peccerillo and Taylor [35]. Rocks with shoshonitic 

Table 1    (Continued)

X23 X24 X26 X34 X38 X39 Average A B C

Nd 49 41 38 32 28 41 48 16
La 49 46 22 24 24 39 40 25
Ba 452 592 6728 126 126 513 1049
Sc 7 7 5 6 6 6 7

A: Range for rhyolites from Milos island; B: Average for rhyolites from Alexandroupolis area; C: Average for alkali rhyolites from Kilkis area
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affinities are commonly associated with Oligocene to Quaternary calc-alkaline volcanism in and around the Aegean Sea 
area and Western Anatolia [9].

These shoshonitic rocks, in which K2O rarely exceeds 6% and intermediate rock-types predominate, are believed to 
have originated from mantle sources mainly in or near subduction zones but some occurrences are associated with ten-
sional tectonic settings within plates or at non—convergent plate margins [9, 26]. The compositional spectrum of the 

Table 2   CIPW norms of the Herson-Kilkis rocks (*Thorton – Tuttle index [39])

X1 X4 X8 X9 X13 X16 X18 X19 X21 X22 X23 X24 X26 X34 X38 X39

Q 30.15 35.97 35.06 80.74 24.74 38.67 50.31 37.96 27.09 36.16 38.92 28.47 35.14 27.41 27.31 30.82
Co 1.03 0.95 2.88 0.01 3.80 2.23 1.07 1.87 1.73 1.42 1.49 1.23 2.78 2.48 1.68 2.44
Or 40.67 56.16 23.72 0.95 50.45 43.71 43.05 41.87 63.37 47.96 47.18 49.62 51.34 56.69 52.75 58.16
Ab 26.24 4.99 33.80 2.63 17.11 12.37 3.39 14.31 4.15 12.02 10.75 18.12 6.94 8.05 16.00 3.56
An 0.22 0.00 0.07 0.00 0.15 0.00 0.00 0.12 0.05 0.01 0.10 0.07 0.07 0.17 0.01 0.11
Hy 0.90 0.52 1.96 0.60 2.08 1.34 0.90 2.37 1.39 0.95 0.52 0.87 1.99 2.63 0.83 2.52
Il 0.46 0.91 0.91 0.06 0.49 0.36 0.40 0.36 0.59 0.49 0.49 0.49 0.46 0.65 0.40 0.68
Hm 0.10 0.38 0.00 8.40 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Ap 0.05 0.11 0.25 0.09 0.07 0.09 0.09 0.12 0.07 0.07 0.07 0.19 0.19 0.19 0.14 0.21
DI* 97.05 97.13 92.59 84.31 92.30 94.75 96.75 94.14 94.62 96.15 96.85 96.21 93.42 92.16 96.07 92.54

Fig. 2   Normative feldspar 
composition (Or-Ab-An) of 
Herson rock samples (•)

Fig. 3   TAS classification 
diagram for Herson rock 
samples. The boundaries and 
nomenclature are from Le Bas 
et al. [28] 
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Aegean region shoshonitic occurrences includes high—K varieties of the basaltic andesite-dacite range in addition to 
shoshonite, latite, trachyte and high-K rhyolite. In sharp contrast, however, the volcano-sedimentary series in northern 
Greece (Fig. 1) is thought to be of Triassic age and consists almost entirely of trachytes and rhyolites with very high K2O 
contents, 6–12% [18], although there are a few examples of normal dacite and rhyolite. This restricted compositional 
range and K2O contents, which are uniquely high for the entire Aegean region show that the magmas of the Kilkis 
area were produced by processes significantly different from those which give rise to most examples of shoshonitic 
association.

It is clear from the previous section that the geochemistry of the source material for the Herson Kilkis rhyolites had an 
extreme composition. Several of the geochemical characteristics of these rocks show that their parentage has a significant 
component derived from a sedimentary source. The most striking evidence of the S-type properties [4] of these rhyolites 
are: (a) the K2O/Na2O ratios (2.2–22) are extremely high and greater than 5 in 60% of the samples; (b) normative corundum 
exceeds 1.5% in 60% of the samples; (c) in 80% of the samples studied the molecular ratio Al2O3 / (CaO + Na2O + K2O) 
exceeds 1.1; (d) the Rb/Sr values range from 4 to 40, exceeding 5 in 85% and 10 in 50% of the samples; and (e) the CaO 
(0.04—0.16%) and Sr (range 0–83 mg Kg−1, average 19 mg Kg−1, excluding sample X18) contents are very low.

Rhyolites from the Antiparos island (Cyclades) and Izmir (W. Anatolia) have initial Sr—isotope ratios of 0.711–0. 712 [3, 
13], which are indicative of a crustal melting origin. These rhyolites and similar ones from Afyon (W. Anatolia) [20], have 
an undoubted crustal origin but their geochemical characteristics are fully compatible with an igneous source, i.e. they 
have I-type properties. Isotopic data are not available for the Herson—Kilkis rhyolites but these are considerably more 
extreme in their geochemistry, particularly their higher K2O/Na2O ratios, lower Ca contents and distinctly peraluminous 
nature, and the general geochemical evidence indicates that they were produced by anatexis of source rocks with a large 
sedimentary component. It should also be noted that in addition to K2O, the Herson—Kilkis rhyolites are considerably 

Fig. 4   SiO2 vs Nb/Y classifica-
tion diagram for Herson rock 
samples. The boundaries and 
nomenclature are from Win-
chester and Floyd [41]

Fig. 5   The alteration box-plot 
for the Herson rock samples. 
The boundaries and nomen-
clature are from Large et al. 
[27] 



Vol:.(1234567890)

Research	 Discover Geoscience            (2024) 2:16  | https://doi.org/10.1007/s44288-024-00016-2

more enriched, by a factor of about 2, in the elements Rb, Y, La, Ce, Nd and Zr than rhyolites, e.g. Milos (Table 1), produced 
by fractionation of a mantle-derived partial melt.

Biotite-bearing gneisses and schists are the predominant rock—types in the Serbo—Macedonian Massif (Fig. 1). The 
gneisses and schists are rather variable, but the presence of significant amounts of argillaceous material is indicated by 
the high proportion of rocks, including two-mica varieties, of pelitic origin. In the presence of quartz, which is common 
in the schists and gneisses of the basement, muscovite, biotite, and quartz may take part in several reactions, which are 
dependent on pressure (P), temperature (T) and the H2O content of the system. When Η2Ο is present, the most likely 
situation, muscovite and quartz react when T exceeds 580 °C at 1 kb and 660 °C at 3 kb and melting begins at 730 °C for 
1 kb and 670 °C for 3 kb [42]. At pressures greater than 3.5 kb melting begins at 670 °C and as P increases, the temperature 
at which melting begins decreases by about 20 °C per kb. The presence of biotite has only a small effect on the P and 
T of reaction but cordierite or garnet would be added to the reaction products. Without muscovite, the quartz-biotite 
reaction occurs at significantly higher temperatures.

At temperatures ranging from 650 to 700 °C and pressures varying between 3 and 6 kb in the presence of water the 
composition of the partial melts would lie some distance away from the minimum melting composition in the Q—Or—Ab 
system [29, 40]. Thus, under these conditions schists and gneisses containing abundant quartz and muscovite, would 
undergo substantial amounts of partial melting. Such melts would be enriched in the components of K-feldspar, quartz 
and, if present in the source rocks, Ab-rich plagioclase [42]. In a plagioclase—poor quartz—muscovite—schist the bulk 
composition would lie towards the Q—Or side of the system (Fig. 7) and substantial partial melts would be rich in quartz 
and K-feldspar components. Eight of the Herson rock samples in Fig. 7 are plotted close to quartz-feldspar cotectics for 

Fig. 6   MFW ternary plot for Herson rocks (a); and weathering profiles (b). The boundaries and nomenclature are from Ohta and Arai [32] 
(red square: Herson rock sample)

Fig. 7   Plot of Q-Ab-Or for 
volcanic rocks of Herson (•). 
Temperatures in oC, quartz 
cotectic (2 kb), feldspar cotec-
tic (3 kb), experimental data 
from Tuttle and Bowen [40]
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2 and 3 kb, one sample is plotted in the quartz field, while the others fall within the K-feldspar field and would continue 
to do so even at 10 kb. Samples lying close to the medium-pressure cotectics probably formed directly by partially melt-
ing basement rocks, while accumulation of K- feldspar is likely to have occurred in those in the K-feldspar field. Other 
factors contributing to the compositional range could be the following: source rock heterogeneity, variable degrees of 
partial melting and the effects of other phases. The generation of the Herson—Kilkis magmas may be attributed to the 
Triassic—Jurassic orogenic events, which produced deformation and the intrusion of a series of granitic plutons along 
an NW- SE trending zone running from Sithonia to Yugoslavia.

Fig. 8   K2O-SiO2 relation-
ship for the Herson volcanic 
rocks (•). The boundaries and 
nomenclature are from Pec-
cerillo and Taylor [35]

Fig. 9   Alkali vs. silica plot for 
Herson-Kilkis volcanic rocks 
(•). Dividing line between alka-
line and sub-alkaline fields 
after Irvine and Baragar [16]
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Fig. 10   AFM plot for the 
analysed rock samples (•). The 
lines delineate the area of 
typical calc – alkaline rocks

Fig. 11   K2O vs Rb diagram 
for volcanic rocks (•) from the 
Herson area

Fig. 12   TiO2 vs Zr plot for 
volcanic rocks (•) from the 
Herson area

Fig. 13   CaO vs SiO2 diagram 
for volcanic rocks (•) from the 
Herson area
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6 � Conclusions

Herson-Kilkis lavas are porphyritic with alkali feldspar and quartz phenocrysts in feldspar, often changed to sericite, and 
quartz. Most opaque idiomorphic magnetite and pyrite crystals are hematite. Most samples have orthoclase feldspar 
compositions, with only three having a considerable albite component. The O-Ab-Or plot and X-ray diffraction dem-
onstrate that most rhyolitic rocks are formed from orthoclase and quartz. The Herson rocks that have been affected by 
hydrothermal processes are found closer to the K-feldspar, which is the main mineral associated with hydrothermal 
alteration. The weathering of Herson exhibits a linear trend in composition. The rocks’ chemistry involves high K2O 
(7–12%), K2O/Na2O (2–22), low CaO (0.04–0.16%), Sr (0–83 mg Kg−1), and Rb/Sr (4–40). Rhyolites formed from a more 
basic magma by low-pressure fractional crystallization have lower trace elements Nb, Nd, Ce, La, Rb, and Y. Most rock 
samples are clearly peraluminous, with normative corundum concentration greater than 1% in all rhyolite samples. The 
Herson-Kilkis rhyolites were crystallized by an acid magma formed by the partial fusing of K-rich schists or para-gneisses 
along a dip-slip fault at the western edge of the Serbo-Macedonian massif.
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Appendix A

Petrographic description and locations of the rock samples of the study area.
X1: Quartz—porphyry rock with a fluidal texture. Phenocrysts of K—feldspar (sanidine) and quartz with a microcrys-

talline groundmass consisting of quartz and feldspars
X4: Rhyolitic rock, intensively altered
X8: Quartz—porphyry rock with a fluidal texture. X9. Quartz—rich rock, altered by mineralizing fluids
Xl3: Quartz—porphyry rock like Xl. Phenocrysts of K—feldspar altered to sericite
X16: Rhyolitic tuff with a fluidal texture
X18: Quartz—porphyry rock consisting of phenocrysts of K—feldspar and quartz and small grains of quartz, feldspars 

and sericite. Trace amounts of hematite and magnetite occur as opaque minerals.
X21: Rhyolitic ignimbrite with a dark groundmass of very small grains of sericite, quartz, feldspar and opaque minerals. 

The rock shows a primary fluidal texture
X22: Rhyolitic tuff; none of the minerals can be determined under the microscope
X23: Rhyolitic tuff similar to X22
X24: Typical quartz—porphyry, like X1 and X13

http://creativecommons.org/licenses/by/4.0/
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X26: Quartz—porphyry. Fine—grained groundmass and phenocrysts of quartz and K—feldspars. Quartz crystals are 
in the form of hexagonal sections

X34: Quartz – porphyry
X38: Quartz—porphyry
X39: Quartz—porphyry
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