





























Fig. 1.Map of Carpathian: 1 — Palaeolihic site of Malyj Rakovets IV
Puc. 1. Kapra Kapnar: 1 — naneonutuueckas crosiaka Masnsiii Pakoser [V

Fig. 2.The Carpathian arc in the Neogene: 1 — piedmont depressions; 2 — seismic zone; 3 — system flysch
Carpathians; 4 - volcanic mountains; 5 — buried volcanoes ridge. 6 - Transcarpathian obsidian
outcrops (after Gofshtein 1995, p. 35)

Puc. 2. Kapnarckas nyra B neorene: 1 — IIpeaxapnarckuii mporud; 2 — celicMudeckas 30Ha; 3 — 30Ha
kaprarckoro quuma; 4 — Bynkanmdeckue Kapnarer; 5 — ByakaHHIecKHe XpeOThl; 6 — BBIXOIBI
oOcuaraHoB (nepepadoranas Ha ocHoBe [odurrena 1995, c. 35).
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Fig. 3. Map of Transcarpathia: 1 — Palaeolithic site of Malyj Rakovets IV; 2 - Vihorlat-Gutinian Ridge
and Palaeogene and Neogene volcanic activity in Transcarpathia.

Puc. 3. Kapra 3akapnarbs: 1 — naneonurudeckas crosHka Maibiii Paxosen 1V; 2- Beiropnar-I'yTunckas
ByJIKaHHYECKas IPAZa B [TaJ€OreHe U HeOreHe

Fig. 4. Computer model of the Velykyj Sholes ridge: 1 — Palaeolihic site of Malyj Rakovets IV
Puc. 4. Kombrorepnast mozens xpedra Benmmkwuii [lonec: 1 - maneonutnueckas crosuka Mansiit Pakoserr I'V.
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Fig.5. Location of the center of volcanic eruptions in the Velykyj Sholes ridge: 1 — stratovolcanoes; 2 — monovolcanoes; 3 - deposits of
dacitic; 4 - deposits of andesite-dacite composition; 5 - domes, stocks, dikes, eruption center I, I1I, IV phases; 6 - district acidic
magma intrusions; 7 - tuffaceous sedimentary deposits; 8 - deposits of liparite composition; 9 - palaeolithic sites with obsidian
artefacts (after Maleev 1964, Fig.6, p.46).

Puc. 5. Cxema LeHTpOB U3BEpKEHUI BylikaHOB XxpeOra Bremkuii [lomnec: 1 — cTparoByiikaHbl; 2 — MOHOBYJIKaHbI; 3 — BBIXOJIbI
JIAIMTOB; 4 — aHE3UTO-TAIINTOBBIC OTIOKCHHUS; 5 — IITOKH, Aaiiku, neHTpbI n3sepykennii I, 111, IV ¢assr oporenesa; 6 -
paliOHHBI HHTPY3UI KHCIIBIX MArMaTHYECKHUX TTOPO; 7 - TY(OTCHHBIE 0CaI04HbIC OTIOKEHHS; 8 — OTIIOKEHUSI JINITAPUTOBOTO
cocraBa; 9 — najeoNuTHIECKe CTOSTHKU ¢ 00CHIMaHOBBIMH Haxo/kaMu (Ha ocHoBe MaseeBa 1964, Puc.6,c.46).



Fig. 6. Schematic geological map of the extrusive dome Bychacy Yar (Rokosovo): 1 - andesite; 2 - liparite with tridymite; 3
- kristabolito-liparite; 4 - obsidian-perlite glass; 5 - dome agglomerate; 6 - tuff of liparites composition; 7 — elements
abundance and orientation of lines in the current range (after Nasedkin 1963, p.70).

Puc. 6. Cxemarnyeckas reoJIornueckas Kapra 3KCTpy3uBHOro Kynosa beruaunii SIp (PokocoBo): 1 - anaesur; 2 - nunapur ¢
TPHINMHTOM; 3 — KpHCTAaOOIUTOBBIN JTUMAPUT; 4 - 00CHIHAH-IePIUTOBBIE CTEKIIA; 5 - KYTOIbHBII aromepar; 6 - Ty
JIMIIAPUTOBOTO COCTABA; 7 - DIIEMEHTHI 3aJIeraHus U OpUEHTEepoBKa JInHUI Tedenust (nocie Hacenkuna 1963, ¢.70).
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Color Fig. 2. Obsidian and andesite chronological systems of the site of Malyj Rakovets IV on the degree of leaching:

0-VII — cultural levels; F — fresh chip.
Liet Puc. 2. ['eoxpoHOIOrHyecKas 1Kaia o CTeHeHH COXPAHHOCTH OOCUIMAHOBBIX U AHIAE3UTOBBIX HAXOIOK
TIOCIICI0BATEILHOCTH 3aeranus s crosHkr Mansiii Pakosen I'V: 0-VII — kynbrypHbIe KOMIIIeKchI; F —

CBEKECKOJIOTHII 00CHIHnaH.
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Color Fig. 3. Malyj Rakovets IV. Stratigraphic sequence of SE wall of square H-5: 1 - artefacts; 2 - cultural-chronological
assemblage; 3 - tuff concretion; 4 — correlation with stage of oxygen isotope stages (OIS).

IBer Puc. 3. Mausiit Pakosent IV. Ctpaturpaduueckasi KOJIOHKa I0r0-BOCTOYHOM CTEHKH KBajpara H-5: 1 — Haxonku; 2 — KyJIbTypHbIC
KOMILITEKCBI; 3 Ty(hOBbIC KOHKPELUH; 4 — KOPEIUBILUS ¢ KUCIOPOAHO U30TOIHBIMH CTaIUSIMU.
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Fig. 11. The site of Malyj Rakovets IV. Lithic artefacts from cultural levels I. 1, 2, 6 — from non-local obsidian; 3, 4, 5 —flint;
7 — 11 - local obsidian (Carpathian IIT).

Puc.11. Maustit Pakoer; IV. Kamennsie apredaktst [-ro kynerypHoro komiuiekca. 1, 2, 6 — He MecTHbIi oOcuuan; 3, 4, 5 —
KpeMmeHb; 7 — 11 — mectHbIit 06cuauan (Kapnarckuit I11).



Fig. 12. The site of Malyj Rakovets IV. Lithic artefacts from cultural levels II. 1, 3 — side-scraper; 2 — knife.
Puc.12. Mansiii Paxosert IV. Kamenusie apredaxts [I-ro KynsTypHOTO KOMILIIekca. 1, 3 — ckpebia; 2 — HOX.
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Fig. 13. The site of Malyj Rakovets IV. Lithic artefacts from cultural levels II. 1, 2, 6 — from non-local obsidian; 3, 4, 5 — flint; 7 —
11 - local obsidian (Carpathian IIT).

Puc.13. Mausrit Pakoser; [V. Kamennsie apregaxrs [I-ro kyneryHoro komriekca. 1, 2, 6 — MmectHblit oocuanas; 3, 4, 5 — kpeMeHb;
7 — 11 — mectHbiii o6cuanan (Kapnarckwii IIT).
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Fig. 14. The site of Malyj Rakovets IV. Lithic artefacts from cultural levels III. 1, 4 —tools from local obsidian; 3 — flake
with retouch (quartzite); 5 - broken blade (quartzite); 2, 6 — cores

Puc.14. Mansiii Pakosery IV. Kamennsie apredakrsl I11-ro kynsTypHOro komruiekca. 1,4 — opyaus U3 MECTHOTO
obcuinana; 3 — peTyIMpOBaHHBII OTIIEIN (KBapLKT); 5 - CJIOMaHHAs MIIACTUHA (KBAPIMT); 2, 6 — HYKJIECHI.
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Fig. 15. The site of Malyj Rakovets IV. Cultural level I. Excavation 2006. 1 - Square H6. 2, 3 - western wall of square M7. Knapped

obsidian block.
Puc.15. Mansrit Pakoser I'V. KynbrypHsiit kommiekce I. Packon 2006. 1 - kBaapar H6. 2, 3 — 3anaanas cteHka kBajapara M7.

OOCUINaHOBEIN TOUOK.
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Color Fig. 4. The site of Malyj Rakovets I'V. Cultural levels I. 1, 2, 7 - local obsidian; 3 — hydroquartzite; 4, 6 — flint; 5, 8 — non-
local obsidian.

IBer Puc. 4. Maserit Pakosen V. KynerypHsiit komruiekce L. 1, 2, 7 - MecTHbI 06cuanaH; 3 — THAPOKBApUHKT; 4, 6 — KDEMEHb; 5,
8 — He MecTHBIIT 00cHIMaH.
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Fig. 18. The site of Malyj Rakovets IV. Cultural level II. Excavation in 2006. Square M-6. A - western wall; B - view from above.
Puc.18. Mansrii Pakosent IV. Kynerypusrii kommieke I1. Packon 2006 roga. Kagpar M-6. A — 3anajiHas crenka; B — By cBepxy.

—105—



Fig. 19. The site of Malyj Rakovets IV. Cultural level II. Levallois flakes.
Puc.19.Mansrit Pakoser IV. Kynsrypustit kommtekc 11, JIeBammya3ckne oTIens.
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Fig. 20. The site of Malyj Rakovets IV. Cultural level II. 1 — quartzite flake; 2 — quartzite tools; 3, 4 — obsidian side-screpers.
Puc.20. Mansrit Pakosery IV. KynbrypHsiit komiuieke I1. 1 — kBapuuToBslii oTiier; 2 — opyaue u3 KBapiuta; 3, 4 — ckpediio n3 odcuanaHa.
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Fig. 21.The site of Malyj Rakovets IV. Cultural level III. 1, 3, 4 — flakes; 2 — tool.
Puc.21. Mansrii Pakosen IV. Kynerypusriii kommiexe 1. 1, 3, 4 — otwensr; 2 — opyaust.
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Color Fig. 5. The site of Malyj Rakovets I'V. Lower Palaeolithic artefacts. 1,2 — cultural level VI; 3, 4, 5, 6 - cultural level VII.
Iger Puc. 5. Mansiit Pakoser IV. Apredaxtsl HxHero naneonuta. 1, 2 — KynsTypHbIit Komuieke VI; 3, 4, 5, 6 - kynbrypHslit komruieke VIL
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Fig. 23. The site of Malyj Rakovets IV. Cultural level II. Traces of use on the tuff block.
Puc.23. Crosaka Mausrit Pakosert IV. KynbrypHsiit komruieke I1. TydoBblii 670K €O ciefaMu HCIIOIb30BaHHS.
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Chapterl

Preliminary report on obsidian petrography
from the Transcarpathian region in Ukraine

Abstract

This paper reports the field occurrence, mineralogy, and
whole-rock chemistry of the obsidian from the Neogen
Carpathian volcanic arc area. The study area encompasses
the Transcarpathian (Zakarpattia) region in Ukraine. A
mafic xenolith comprising of a plagioclase, amphibole, and
olivine mineral assemblage was found from the obsidian in
this area. SEM-EDS analysis indicates that the olivine has
high magnesium content. The forsterite (Mg,SiO,) content
varies from 77% to 80%. The chemical composition of
plagioclase remains constant, and is enriched in calcium.
The anorthite (CaAl,Si,Oq) content varies from 89% to 94%.
The amphibole is classified into the tschermakite following
the nomenclature of Leake et al. (1997). Based on the
compositions of the amphibole and the plagioclase, pressure
and temperature conditions of the mafic xenolith were
estimated to be 4.5-7.9kbar and 1185-1358°C respectively.
These results indicate that this mineral aggregate is not
genetically associated with the rhyolitic magma from which
the obsidian was derived, but is considered to be of an exotic
xenolith originated from the gabbroic rocks of the lower
crustal level of the Carpathian volcanic arc. The finding of
mafic xenolith will help in characterizing the obsidian from
this area, and is a key in understanding the tectonic and
evolutionary history of the Carpathian volcanic arc.
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1. Introduction

The Carpathian mountain range in Ukraine is located in
the northeastern part of the Alpine orogenic belt (Rosenbaum
and Lister 2002; Schmid et al. 2004, 2008) (Fig. 1a). The
subduction of the European Plate beneath the Pannonian
Plate formed the Carpathian arc and Pannonian Basin during
the Mesozoic era (Mason et al. 1998; Seghedi et al. 2004;
Pecskay et al. 2006, 2009; Rasser and Harzhauser 2008). The
Carpathian mountain range is generally composed of molasses
and flysch belts. The components are the equivalents of an
accretionary complex that formed by the subduction of the
European Plate (Foldvary 1988).

The Carpathian volcanic arc is situated between the
Pannonian Basin and the Carpathian mountain range, and it is
characterized by the occurrence of the Neogene calc-alkaline
volcanic rocks with andesitic to rhyolitic composition
(Pecskay et al. 2009; Lexa 2010). The Pannonian basin
is the back-arc basin that formed by the upwelling of the
upper mantle due to the subduction of the European Plate
(Konecuy et al. 2002). Most of this basin region is covered
by volcaniclastic deposits and sediments (Foldvary 1988;
Oszczypko 2004).

Pecskay et al. (2000) indicated that the Carpathian
volcanic arc in the Transcarpathian (Zakarpattia Oblast)
region is divided into the three areas: 1) outer arc volcanic
area, 2) inner arc volcanic area, and 3) intermediate area
(Fig. 1b). The outer arc volcanic area is composed of a chain
of volcanic mountains. The whole-rock K-Ar age of 13.4—
9.1Ma is reported from this area (Pecskay et al., 2000).

In August 2013, we performed a geological and
archaeological field survey targeting the obsidian sources at
the Tolstoy-Tupoi volcanic mountain (Pecskay et al. 2000).
This mountain is a part of the outer arc volcanic area, and
is located in the northwestern part of the Khust City (Fig.
1b). Whole-rock K-Ar age of 10.6+0.5Ma (Pecskay et al.,
2000) is determined from the pyroxene dacite in this volcanic
mountain.



Previous studies have revealed that a cluster of obsidian
sources can be found in this mountain area (e.g. Rosania et
al. 2008). The obsidian in this area has been widely used
as the lithic raw material for the production of obsidian
artefacts in the Central Europe and Mediterranean region
(e.g. Yamada 2012, 2013). Furthermore, Lower, Middle and
Upper Paleolithic occupations at the archaeological sites
Malyj Rakovets IV and Rokosovo V seem to be closely
associated with this cluster of obsidian sources (e.g. Gladilin
and Sitlivyj 1990; Sitlivyi and Ryzhov 1992; Ryzhov et al.
2005, 2009; Stepanchuk et al. 2010; Ryzhov 2012).

Therefore, the geological characterization of the
obsidian source in this mountain is significant for the
provenance identification of the lithic raw material used in
the manufacture of obsidian artefacts found in European
archeological sites. This paper reports the preliminary results
of field survey, and petrological analysis for the Carpathian
obsidian in this area. Obsidian is defined as “a black or dark-
colored volcanic glass, usually of rhyolitic composition,
characterized by conchoidal fracture” after the definition by
Jackson ed. (1997: p.441).

2. Specimens
2-1 Field occurrences

We collected obsidian samples from six sources in the
study area (Fig. 2: CAU229, 230, 231, 232, 239 and 251).
Obsidian in the study area occurs naturally in the form of
nodules within clayey loess (Fig. 3). Their specific locations
(i.e. longitude and latitude) are listed in Table 1.

All of the specimens collected are rounded in shape and
their size varies from a few centimeters to several tens of
centimeters. The specimens of larger size are found around
a mountain ridge (the site of CAU239). The smaller nodules
are mostly found around a valley (the sites of CAU229, 230
and 251).

2-2 Appearance and texture

The specimens collected are shown in Fig. 4. Their surface
is somewhat white due to hydration. The banded texture
becomes even more distinct by the uneven weathering.
Underneath their weathered surface the samples are
completely lustrous or glassy with the characteristic black
color.

Thin sections of all samples were prepared and observed
under a petrologic microscope (Fig. 5). The texture of all
specimens is characterized by the foliation or the banded
texture, in which minute phenocrysts (measuring some
millimeters) are observed.

3. Mineralogy

3-1 General components

The obsidian samples are composed of the matrix glass,
crystallite (microphenocryst), and phenocryst. The major
components for each of the specimens can be found in Table
1. Modal composition of the matrix glass is 95-96%, that of
crystallite is 3-4%, and that of phenocryst reaches 1.1-1.6%
for all of the specimens.

3-2 Matrix glass

The matrix glass is the most abundant component in the
specimens. When observed under a polarized microscope, it
is possible to see that the glassy matrix is characterized by
colorless with high transparency under plane-polarized light
conditions, and dark non-transparent under crossed polars.
These results indicate the characteristics of the optically
isotropic body.

3-3 Microphenocrysts

According to the glossary of geology (Jackson ed. 1997:
p-155), crystallite is “a broad term applied to a minute body
of unknown mineralogical composition or crystal form that
does not polarize light. Crystallites represent the initial stage
of crystallization of a magma and of a glass”. On the other
hand, the microlite is defined as a “microscopic crystal that
polarizes light and has some determinable optical properties”
(Jackson ed. 1997: p.407).

These definitions indicate that the microlite is relatively
larger in size than the crystallite, and the microlite can be
identified as a mineral with the help of polarized microscopy.
The microphenocrysts that occur in the specimens cannot
assign them as any type of a mineral under the polarized
microscopy. Therefore, the microphenocrysts found in the
specimens are all classified as “crystallites” following the
definitions of the abovementioned glossary (Jackson ed.
1997). The occurrence of crystallite in the specimens takes
the form of fine needles of a few microns in length. The
foliated or banded texture developing in the specimens
is characterized by the alignment and aggregate of these
crystallites.

3-4 Phenocrysts

3-4-1 Occurrence

The occurrence of phenocrysts in the specimens is roughly
classified into 1) isolated crystal, and 2) glomeroporphyritic
aggregates (i.e. clot of crystals). Both types are found in all
specimens. The mineral components of the phenocrysts are
shown in Table 1.

3-4-2 Isolated crystal

The phenocryst formed by an isolated crystal includes
plagioclase, orthopyroxene, amphibole and opaque minerals.
The plagioclase phenocryst is found in all specimens, and it



has a characteristic euhedral shape with a length of 0.5-2.0
mm. The orthopyroxene phenocrysts are also found in all
specimens and have a euhedral shape with 0.5-1.0 mm in
length, and it sometimes coexists with fine grains of ilmenite.
Euhedral amphibole is found in the CAU229 specimen. The
grain size is 10-100 pm in length. The opaque mineral is
composed of ilmenite and pyrite. Their grain sizes are several
tens of microns. Ilmenite can be found in all specimens, while
pyrite is found predominantly in the CAU229 specimen.

3-4-3 Glomeroporphyritic aggregate

The glomeroporphyritic aggregate is divided into three
types on the basis of their mineralogical composition: 1)
olivine + plagioclase + amphibole (Fig. 6a: ol-bearing
aggregate), 2) orthopyroxene + plagioclase + ilmenite
(Fig. 6b: opx-bearing aggregate), and 3) multiple grains of
plagioclase (i.e. plagioclase aggregate).

The olivine-bearing aggregate occurs in the CAU230, 232,
239 and 251 specimens (Table 1). This aggregate is <2.0 mm
in diameter, and composed of euhedral and subdural olivine,
plagioclase and amphibole grains. The modal composition
of the olivine in this aggregate reaches up to 40%; whereas
amphibole and plagioclase are ca. 30%. These occurrences
indicate that this aggregate corresponds to mafic rocks with
ultramafic composition (SiO, <45wt.%). According to the
classification of the gabbroic rocks (Streckeisen 1976), this
aggregate is classified into the amphibole-bearing troctolite.

The opx-bearing aggregate occurs in all specimens
(Table 1). This aggregate is <2.0 mm in diameter, and it
is composed of euhedral to subdural grains of plagioclase
and orthopyroxene. The mineralogical composition of this
aggregate relates to a norite according to the classification of
the gabbroic rocks (Streckeisen 1976).

The plagioclase aggregate is also found in all specimens.
The aggregate is 0.1-0.3 mm in diameter, and it is composed
of the aggregate of several euhedral plagioclase grains with
of 10-100 um in length.

4. Mineral chemistry
4-1 Analytical method

SEM-EDS (Scanning Electron Microscopy Energy
Dispersive Spectroscopy) analysis was performed to
determine the elemental composition of the minerals in
the specimens. The analysis was carried out with the non-
standard method using the software of the JED Series
Analysis Station. Accuracy and reliability of the results
generated with this method are approximately estimated by
the comparison with the results of analysis by the EPMA
(Electron Probe Micro Analyzer) method (Appendix 1). The
representative composition of plagioclase, clinopyroxene,
olivine, amphibole and ilmenite in the specimens are shown
in Tables 2—4.

SEM-EDS analysis was carried out using a JEOL JSX-
3100II housed at the Center for Obsidian and Lithic Studies
(COLS), Meiji University. EPMA analysis was carried out
using a JEOL JXA-8200 at the National Institute of Polar
Research (NIPR), Japan.

4-2 Crystallite

The crystallites are distinguished in the backscattered
electron (BSE) image by its brightness, while the matrix
glass is darker, because of the chemical contrast between
these portions (Fig. 9c). The crystallites are relatively rich
in heavy elements with respect to the matrix glass. From
this BSE image, the modal composition of crystallite in the
specimens was estimated to be ca. 3.0%.

The result of element mapping further indicated that
calcium, iron and magnesium are enriched in crystallites
with respect to the matrix glass (Fig. 9d-f). The results of
element mapping suggest that the crystallite analyzed in the
present study would be the equivalent of the Ca-pyroxene or
clinopyroxene crystallite.

4-3 Plagioclase

4-3-1 Occurrence

The BSE images of the plagioclase in the specimens
indicate two types: 1) the plagioclase with zonal structure,
and 2) the plagioclase without zonal structure (i.e.
compositionally uniform). Both types are found in all
specimens. The zonal structure type can also be identified by
means of a polarization microscope.

4-3-2 Plagioclase with zonal structure

The plagioclase with zonal structure occurs as isolated
phenocrysts, within opx-bearing aggregates, and plagioclase
aggregates. The zonal structure type is completely absent in
the ol-bearing aggregate.

Results of BSE imagery indicate that some plagioclase
with zonal structure have distinct core, mantle and
rim portions. The core is several microns in size and
it is characterized by its irregular shape, or edges with
inhomogeneous compositional texture. The mantle
completely surrounds the core, which is also of irregular
shapes or with inhomogeneous compositional texture at its
edges. On the other hand, the rim is characterized by the
distinct texture of oscillatory zonal structure. Occurrences
of these kinds of structures suggest that the core and mantle
portions experience the dissolution and chemical diffusion
processes, while the rim portion experiences the normal
crystal growth from molten magma or melt (e.g. Shcherbakov
et al. 2011).

The results of elemental mapping can be found in Fig. 7.
The results indicate that the concentration of sodium (Na)
is clearly decreasing from the core to the rim. On the other
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hand, the concentration of calcium is increasing from the core
to the rim. The elemental analysis by means of SEM-EDS
indicates that the anorthite (An: CaAl,Si,Og) and albite (Ab:
NaAlSi;Oq) content of plagioclase is varied from AngAb,, to
AngAb,, in the core-mantle portions, and from An,Abs, to
Ang,Absg in the rim portions (Fig. 8; Table 2).

4-3-3 Plagioclase without zonal structure

The plagioclase without zonal structure occurs as isolated
phenocrysts, and within ol-bearing aggregate. This type of
plagioclase is completely absent in opx-bearing aggregate
and the plagioclase aggregate.

Their BSE images indicate that this type of plagioclase
does not show any compositional inhomogeneity, as it is
completely uniform. Results of the SEM-EDS elemental
analysis indicate that the composition the plagioclase grains
are varied from An89ADbl11 to An94Ab6 (Fig. 8; Table 2).
This means that the compositions of the plagioclase without
zonal structure do not overlap with those of the plagioclase
with the zonal structure. Namely, the plagioclases with
diverse origins coexisted within a single specimen.

4-4 Orthopyroxene

Orthopyroxene occurs as isolated phenocryst, and in
opx-bearing aggregate. BSE images indicate that some
orthopyroxene occur as isolated phenocryst have zonal
structure (Fig. 9a). The core portion is relatively bright in
comparison to the rim portion. The results of SEM-EDS
elemental mapping support this conclusion as well, because
the concentration of magnesium is increasing slightly from
core to rim (Fig. 9b).

Compositions of orthopyroxene are shown in the
wollastonite (Wo: Ca,Si,0)-enstatite (En: Mg,Si,0)-
ferrosilite (Fs: Fe,Si,0;) ternary diagram (Fig. 10). The
compositions do not have a wide range. The compositions
are varied from Wo42Fs55En3 to Wo49Fs49En2 (Table
3), which is classified into the ferrosilite (Fig. 10). The
orthopyroxene with compositional zoning texture cannot be
detected with the SEM-EDS method of analysis. The reason
for this may be the limited resolution of the EDS method.

4-5 Olivine

Olivine predominantly occurs in the ol-bearing aggregate.
Compositions of the olivine are shown in the tephroite (Te:
MnSiO,)-forsterite (Fo: Mg,Si0,)-faylaite (Fa: Fe,Si0,)
ternary diagram (Fig. 10b). The compositions of the olivine
in all specimens are varied from Te,Fo,,Fa,; to Te,FogFa,,
(Table 3). These are characteristically rich in magnesium
contents.

4-6 Amphibole

The structural formulae of amphibole are calculated based

on 0=23 per unit cell, and the Fe’’/Fe’" ratio was estimated
on the basis of total cations excluding Ca, Na and K (Leake
et al. 1997). The results of this calculation can be found in
Table 4. Amphibole occurs in the phenocryst of ol-bearing
aggregate that was analyzed.

The results indicate that the Si [tetrahedral site] content
varied from 6.04 to 6.21, while the Na + K [A site] content
varied from 0.27 to 0.44 (Table 4). According to the
nomenclature developed by Leake et al. (1997), all of the
analyzed amphiboles are classified into the “tschermakite”.

5. Whole-rock chemistry
5-1 Sample preparation methodology

The whole-rock chemistry for the specimens containing
ol-bearing aggregate (i.e. CAU230 and 239 specimens), and
the specimens free from ol-bearing aggregate (i.e. CAU29
specimens) was analyzed by means of WDXRF (Wave-
length Dispersive X-ray Fluorescence Spectrometer). The
model Rigaku ZSX Primus III+, located in the Center for
Obsidian and Lithic Studies, Meiji University, was used for
this analysis. Following the methodology was developed by
Suda (2013), where the fusion bead with dilution rate (flux
weight/sample weight ratio) of 4.000 was applied for the
measurement of the whole-rock concentrations of the major
oxides (SiO,, TiO,, AL,O,, T-Fe,05, MnO, MgO, CaO, Na,O,
K,O and P,0;). The Merck Spectromelt A12 (di-lithium
tetraborate 66% + lithium metaborate 34%) was used as the
flux. The heating temperature was 120°C and the time for
the absorbed water (H,O-) in samples to be removed was
12 hours. The pulverized samples were prepared using the
methods detailed below.

Weathered and altered portions were removed with a rock-
cutting saw (Maruto MC-420). The specimens were cut into
a thin slab with ca. 2.0 mm in thickness using a precision
rock-cutting saw (Struers Accutom-50). The cut surfaces
were then polished using a grinding machine (Maruto ML-
110NT and 3M 400 mesh diamond disc). A total of 10-15g
of the thin slabs were roughly pulverized using a vibratory
micro mill (Fritsch P-0 with agate ball mill). The vibration
time was ca. 3 minutes. Subsequently, the samples were
further pulverized for ca. 3 minutes using the beat and mortar
machine (Ishikawa AGB with agate bowl and agate beetle).
The pulverized samples were kept in a glass bottle with 20 ml
capacity. Additional description for the sample preparation
can be found in Suda (2012, 2013, in press).

5-2 Results

The results of whole-rock analysis for the CAU229, 230
and 239 specimens are shown in Table 5. The methodology
used to determine whole-rock composition with the WDXRF
method has recently been described by Suda (2013). This



analysis was performed to make the two fusion beads per
one specimen. The measurements were repeated three times
for each bead average value of all the results is used as the
final result. Precision and errors in the final values were also
estimated in order to calculate the standard deviation (2c) for
all results.

The compositional variation diagrams with respect to
the concentration of SiO, can be found in Fig. 11. The
Na,O+K,O versus SiO, diagram (Fig. 11a) indicates that the
samples have rhyolitic composition, and can be classified
under the subalkaline rock series (Miyashiro 1978; Le Maitre
2002). The SiO, wt.% contents are quite uniform, ranging
from 70.71 to 71.15. On the K,O versus SiO, diagram
(Fig. 11b), these specimens are classified into the high-K
calk-alkaline rock series (Le Maitre 2002). The K,O wt.%
contents range from 3.70 to 3.76.

Whole-rock compositions of the mafic xenolith (ol-bearing
aggregate) were estimated after the modal compositions of
the olivine, plagioclase and amphibole, and the chemistry of
these minerals (Appendix 2). The calculated compositions
of the mafic xenolith, and the composition of Ukraine
Transcarpathian obsidian (i.e. analyzed specimens) are
plotted in the MgO+T-Fe,O, versus SiO, diagram (Fig.
11c). The result indicates that the whole-rock composition
of the MgO+T-Fe,0; is slightly influenced by the modal
composition of the mafic xenolith in the specimens. Indeed,
the specimen with the most abundant quantity of mafic
xenolith (CAU230 specimens) are relatively enriched in the
MgO+T-Fe,O; content and plotted on the mixing line with
the mafic xenolith (Fig. 11c¢).

6. Discussion

6-1 Origin of ol-bearing aggregate
(mafic xenolith)

The compositional relation between olivine and
orthopyroxene is expressed by the following chemical
equilibria (Enami 2013: p.35):

(Mg, Fe),SiO, (olivine) + SiO, (quartz)
— (Mg, Fe),Si,0, (orthopyroxene)

This relation indicates that the olivine cannot generally
coexist with the SiO, phase. Therefore, the olivine will
predominantly exist in basic and ultrabasic rocks (i.e. SiO,
poor rocks). On the other hand, the Fe-rich orthopyroxene
becomes quite unstable under pressure and temperature
conditions that fall below the solidus line of general felsic
magma. Such conditions are not favorable for the occurrence
of orthopyroxene, but they provide a suitable environment
for the Fe-rich olivine with quartz. Therefore, the occurrence
of Mg-rich olivine in obsidian of rhyolitic composition is
quite unusual in the context of it textural setting.

Microscopic analysis indicates that the olivine is

found to occur predominantly in association with the Na-
rich plagioclase and amphibole. Such occurrence and the
composition of the olivine suggest that the ol-bearing
aggregate is fundamentally an exotic material, or that
the “xenolith” is derived from the gabbroic rocks in the
lowermost crust beneath the Carpathian arc.

On the basis of the elemental composition of the
amphibole and the coexisting plagioclase, the pressure
and temperature conditions of the gabbroic xenolith were
estimated using geothermobarometry (Hammarstrom and
Zen 1986; Hollister et al. 1987; Johnson and Rutherford
1989; Schmidt 1992; Holland and Blundy 1994; Anderson
and Smith 1995). The results of these calculations are shown
in Table 3. We followed the methodology of Suda (2004:
p-356) for the calculation of the temperature conditions
(Holland and Blundy 1994), which were calculated based on
the An90% in plagioclase.

The result indicates that the estimated temperature is
1185-1358°C, while the pressure is 4.5-7.9kbar. These
conditions suggest that gabbroic xenolith found in the
specimens is solidified at the deeper crustal level of 20-30km
in depth. This depth corresponds to the lower crust or
lowermost crust of an island arc (e.g. Takahashi 2007). The
genesis of this gabbroic or mafic xenolith does not correlate
with the genesis of the rhyolitic magma that became the
source of the obsidian in the Carpathian volcanic arc region.

6-2 Origin of Ca-rich plagioclase

Microscopic observation has shown that the Ca-rich
plagioclase (i.e. An content >89%) is characterized by
compositionally homogenous crystals lacking the zonal
structure (Fig. 8; Table 2). Furthermore, these plagioclase
grains are found either as isolated phenocrysts, or in the ol-
bearing aggregate (mafic xenolith). Elemental compositions
of this type of Ca-rich plagioclase do not overlap with those
of the plagioclase with zonal structure.

These results suggest that the genesis of all Ca-rich
plagioclase occurring in the specimens is homogenous, even
though their occurrences vary. Ca-rich plagioclase occurring
as isolated phenocrysts would have originated from the ol-
bearing aggregate or the mafic xenolith, which is also a relic
of the lower crustal components underneath the Carpathian
volcanic arc.

7. Conclusions

1. The obsidian in the Tolstoi-Tupoi volcanic mountain, at
the northwestern part of Khust City, is characterized by
the occurrence of mafic or gabbroic xenolith comprising
of Mg-rich olivine + Ca-rich plagioclase + amphibole
(tschermakite).

2. The temperature and pressure conditions of the mafic
xenolith are estimated to be 1185-1358°C and 4.5-7.9kbar,
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respectively. The conditions are the equivalent of the
conditions of the crust of 20-30 km in depth, which
corresponds to the lower crustal level of an island arc.

3. The mafic xenoliths found in the obsidian originated from
the lower crustal components or gabbroic rock underneath
the Carpathian volcanic arc. This mafic xenolith would
become a key in reconstructing the tectonic history of the
Alpine orogeny in the Transcarpathian region, and would
also help to reveal the petrogenesis of the obsidian or
rhyolitic magma in this area.
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Fig. 1. (a) Map of Alpine orogenic belt in Europe. Modified after Rosenbaum and Lister (2002). (b) Geological map of
Transcarpathian region in the study area (Pecskay et al. 2000).

Puc. 1. a — kapra anpnuiickoro oporeHtoro nosca B Esporne, o Rosenbaum, Lister (2002) (¢ n3meHenusiMu); b — reonorudeckas
KapTa 3akapraTcKoro perioHa ¢ npeenax nu3yueHHon reppuropun (o Pecskay et al. 2000).

Fig. 3. In situ specimen from the CAU239 site in the study area.
Puc. 3. O6pazerr CAU239 B no3uruu in situ.

Fig. 2. Topographic map showing the exact locations where
the specimens were collected.

Puc. 2. Tonorpaduueckas kapra ¢ yKazaHHEM
MECTOIOIOXKEHHS TOUeK 0TO0opa 00pasLoB.
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Fig. 4. The specimens used in the present study.
Puc. 4. O6pa3iibl, HCIIOIB30BAaHHBIC B HACTOSIILIEM HCCIICAOBAHHUH.

Fig. 5. Thin sections of the specimens used in the present study.
Puc. 5. lllnu¢sr 06pa3ioB, HCIOIB30BAHHBIX B HACTOSIIIEM HCCICIOBAHHH.
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Fig. 6. Photomicrographs of the phenocryst of plagioclase (pl) + olivine (ol) + hornblende (hbl) aggregate in the CAU230 specimen
(a), and that of plagioclase (pl) + ilmenite (ilm) + orthopyroxene (opx) aggregate in the CAU229 specimen (b).

Puc. 6. MukpodoTtorpadun BkparieHHUKOB ruiarnokiasa (pl), onusuna (ol) u porosoit oomanku (hbl) B 06pazue CAU230 (a),
u riaruokiasa (pl), mibmenura (ilm) u opronmpokcena (opx) B o6pasue CAU229 (b).

Fig. 7. Backscattered electron (BSE) image and result of line analysis by SEM-EDS for the plagioclase
with typical texture of oscillatory bands from the CAU239 specimen.

Puc. 7. Buj, noiyueHHBI METOJIOM PACCESHHBIX JIEKTPOHOB U pe3yJIbTaT JuHelHoro ananuza COM-DPC
IUIarOKJIa3a ¢ THITMYHOM KoJieOaTeIbHON TeKCTypoil monoc obpasua CAU239.



Fig. 8. An (CaAlLSi,04)-Ab (NaA Si;Oy)-Or (KA,Si;0) ternary diagrams indicating the compositional variation of the
plagioclase in the CAU229, CAU230 and CAU239 specimens.

Puc. 8. lnarpamma anoptut (CaA,Si,0;) — anpout (NaA,Si;Oy) — oprokias (KA,Si;Oy), ¢ ykazanuem Bapuanmii cocraBa
rtarnokiasa B oopasuax CAU229, CAU230 u CAU239.

Fig. 9. (a) Backscattered electron (BSE) image of the orthopyroxene with zonal structure in the CAU230 specimen. (b) Results from
the SEM-EDS elemental mapping for the orthopyroxene (a) with banded texture. Concentration of Mg is increasing from core to
rim. (¢) BSE image of the crystallite in the CAU229 specimen. (d—f) Results of elemental mapping for the crystallite in the
CAU229 specimen. The composition of crystallite is rich in Ca, Fe and Mg with respect to the matrix glass.
Puc. 9. a - BuJ, NOJIy4EHHbIH METOJIOM PACCESTHHBIX IEKTPOHOB JUIsl OPTOIMPOKCEHA C 30HAIBHO CTPYKTYpoit B o0pasue CAU230;
b — pesynbrarsl aHanm3a merogoM COM-DOPC juis opronupokcena (cM. Puc. 9a) ¢ monocyaroit Tekctypoit. Konuenrpanus
MarHust yBeJIHIUBACTCs OT SIAPA ¢ BHEIIHEMY KOJIbILY; C — BHJI, OTy4YeHHbII METOOM PACCESHHBIX JJICKTPOHOB ISl KPUCTAILIA B

obpaszie CAU229; d-f — pe3ynbTaTsl 2IeMEHTHOTO KapTHpOBaHHs KpuctaioB B oopasue CAU229. Kpucrant oborarieH
KaJbIHEM, JKEJIe30M M MarHHeM 110 OTHOIICHUIO K OCHOBHOI Macce CTeKIa.
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Fig. 10. Ternary diagrams indicating the compositional variation of clinopyroxene (a) and olivine (b)

in all specimens.

Puc. 10. TpoiicTBeHHas auarpaMma, IoKa3bIBaloIas M3MEHEHHS COCTaBa KIIMHOIMPOKCeHa () 1 onuBuHA (b)

B M3Y4EHHbIX 00pa3Lax.

Fig. 11 Variations of Na,0+K,0 (a), K,O (b), and
MgO+T-Fe,0; (¢) contents with respect to
the SiO, content. Discrimination fields and
nomenclatures in (a) and (b) are after Miyashiro
(1978) and Le Maitre (2002).

Puc. 11. Bapuanuu conepsxanust Na,0+K,0 (a), K,0 (b)
u MgO+T-Fe,0; (¢) no orHomenuto k SiO2.
Pasnienenue Ha o 1 HoMeHKarypa s (a) u (b)
B3s1ThI 13 Miyashiro (1978) u Le Maitre (2002).



Table 1. Locations and mineral assemblages of samples.
Tabu. 1. [eorpaduueckoe MoIOKEHHE 1 MUHEPAJIBHBIH COCTAB H3yYCHHBIX 00pa31oB.

Table 2. Representative compositions of plagioclase by SEM-EDS analysis.
Tabm. 2. XuMHYECKHI COCTAB IUIArHOKIIa3a, MOIy4YeHHBIH ¢ momoisio COM-DOPC ananusa.



Table 3. Representative compositions of minerals by SEM-EDS analysis.
Tabu. 3. XMMHYECKHil COCTaB MHHEPAJIOB, MOIY4eHHbIH ¢ omMonpio COM-DOPC ananu3za.

Table 4. Representative compositions of hornblende in CAU230 specimen, and results of P-T calculation.
Tabu. 4. Xumuueckuit cocraB poropoi oomanku B o6pasue CAU230 1 pe3ysbTaTsl MOACYETA TEMIIEPATYPhI U AABICHHUSI.
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Table 5. Results of whole-rock analysis by the WDXRF.
Tabu. 5. Pe3ynbraThl aHaIN3a COCTaBa FOPHOI MOPOJIBI METOIOM BOJTHOBOTO PACCESHUS PEHTICH-(DIyOPECLCHIMH.

Appendix 1. Comparison between SEM-EDS and EPMA results.
IIpunoxenue 1. ConocraBienue pe3ynsratos ananansa MetrogaMu COM-OPC 1 37eKTpOHHOTO MUKpPOAHAIN3aTopa.

Appendix 2. Calculation for the whole-rock compositions (in wt.%) of mafic xenolith (ol-bearing aggregate).
Tpunoxenne 2. [loncuer cocraBa (B BECOBBIX MPOLEHTaX) MapUIECKOrO KCCHOINTA (OIUBHHCOACPIKAIIETO
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