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Abstract

The present work studies the tuffs associated with the volcanic area of the Paleogene
Sheinovets caldera, located on the southeastern part of the Rhodope massif, in Bulgaria.
Its purpose is to describe the mineralogical and geochemical composition of the
zeolitized volcaniclastic deposits in the broader area of Petrota village, in the
northwesternmost part of the Greek regional unit of Evros, in northeast Greece. The
Publication History: samples studied in this work were collected from seven (7) different locations, covering
an area of almost 4 km in length and 2 km in width. Macroscopically, the samples
display a greyish-green hue and they are widespread in the area of study. They often
contain fragments of the crystalline metamorphic basement (mica-schists, phyllites,
amphibolites, quartzites) and/or rhyolitic clasts. A rhyolitic outcrop of greyish-pink hue
is observed in the Mavri Petra region, probably related to the Rupelian acid volcanism
that occurred in the Sheinovets caldera. The mineralogy of the tuffs was studied under
light polarizing microscope and using Scanning Electron Microscopy (SEM), and it was
further confirmed by X-ray powder diffraction (XRPD) method. The initial matrix of
the tuffs consisted predominantly of glass shards that are now partly or fully altered into
©2020. The Authors zeolites and clay minerals, such as celadonite, displaying characteristic pseudomorphic
structures. The dominant zeolite is clinoptilolite, while in some areas the presence of
mordenite is also noticed. Feldspar phenocrysts are abundant, and they are represented
by plagioclase and sanidine. Although quartz crystals can be observed under light-
polarizing microscope solely in metamorphic fragments, the presence of silica
polymorphs was also confirmed through SEM and XRPD analysis, with quartz and
cristobalite prevailing. The mineralogical assemblage includes phenocrysts of biotite
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and in some cases amphiboles, while pyroxene, epidote, garnet, titanite, apatite, zircon,
ilmenite, magnetite and rutile are additional minerals which have been identified locally
in accessory quantities. Chemical analysis was carried out for major and trace elements,
using the X-ray fluorescence (XRF) method and 4 Acid digestion ICP-MS analysis,
respectively. The samples of Mavri Petra region, exhibit high concentrations in Cu, Pb,
Mn, V, P and W. The analyzed concentrations of U in the area of Palaeokklisi are
relatively high in comparison to the rest due to its proximity to a fault. Towards the
northwestern study area, close to the Greek-Bulgarian border, the concentrations of Sr
appear to be particularly high, probably because the area is closer to the volcanic centre.

Keywords: zeolitization, clinoptilolite, argillic alteration, volcaniclastic rocks, Petrota,

Evros

LepiZnyn

H mapodoo epyoacio peAeTd TOVG NEAGTEWKODS TOPEOLS TOL oYeTilovton pe TNV
noawotelokn dpactnpiotnta ¢ I[Halaoyevoig koddépag tov Sheinovets, n omnoia
Bpioketon oo votoavatoikd Tunpa s Mdlog g Poddnng, otn Boviyapio. Zkomdg
mg elval vo  TEPIYPAYEL TNV OPLKTOAOYIKY] KOl YEOYNUIKY OUGTACT TOV
CeoMBomompévov neaioteloilnuotoyevov amobécemv otnv gupiTEPT TTEPLOYN TOL
yopov tov lletpotdv, oto Poperodvtikotepo dxpo tov Nopod 'EBpov, ot
Boperoavatoikn EALGSa. Ta delypoata mov peietiOnkav cuAréyOnkav amd entd (7)
dapopetikég Tonobecies, kot KaADTTOVY o, emipavela mepimov 4 Km og pnkog kot 2
km o€ mhdtog. MOKpOGKOTIKA, TopOoVGLALOVY VTOTPAGIVY MG TPACIVY YPOLd KL
gvtomilovtal e OAOKANPT TNV TEPLOYN MEAETNG. Zuyva Tepléyovv Opadopoto Tov
KPUOTOAAOGYIOTMOOVG UETAUOPPOUEVOD LToPdOpov (uappapvylokol oyletoAbol,
QUAAITEG, augiPolriteg, yoraliteg) f/kot tepdyn pvoAldikov copdtov. H pvolibikn
gUPavion mov Topatnpeitol v meployn ™ Mavpng Ilétpag givarl ykpilopddivov
YPOUOTOG, Ko paiveTar va oyetiletar pe Ty 6&vn nealcteldtnta Tov ELope ydpo otV
kaAdépa Sheinovets kotd to Povmého. H opuktoloyikny odotacn tov TOQQ®V
peAeTHONKeE pe TOAMTIKO UIKPOGKOTIO Kol LE TN ¥PNOT NAEKTPOVIKOD LKPOCKOTIOL
cbpmong (SEM), xobmg ko pe ) pébodo g mepraciuetpiog KOVemg aKTiveov-X
(XRPD). H opywkny Oepehiddng pélo tov TOQE®V amotehodvioy Kupimg omod
Opadopato MNEOICTEWKOD YLOAMOL WOV TAEOV Elvol UEPIKDG 1 KOl TANP®OG
eEarlolopéva og {eoAB0 Kol OPYIAIKA OPUKTE, OTTMG O GEANSOVITNG, TOPOLGLALOVTOG
YOPOKTNPIOTIKN Wevdopoppwon oe (ovec. O (edMbog mov wvpopyel eivar o
KAVOTTIAOAI00G, EVD G KATO1EC TEPITTOCELS TAPATPEITOL TOTIKA Kol popvTevitng. Ot

QoVOKpPOOTOAAOL aoTpiv givolr AeBovol Kol avITPOCOTEVOVTOL KLPIMG oo
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mAayldkAooto kot cavidvo. Tlapéio mov ot kpvotaidol tov yoralio pmopovv va
mopatnPN0ovV 0TO TOAMTIKO HIKPOGKOTIO HOVO HEGO OTO LETALOPPIKE Opadopata, 1
TOPOVGIO. TOAVLOPE®V TOL Tupttiov emPefardbnke amd T avorvoelg SEM kan
pnéBodo XRPD, pe tov yohalio kot tov ypiotoPolitn va emkpatovv. O Protitng
eppaviCetor ocuvnbmg o PAVOKPLOTAAALOVG, €V O©E  KOMOES TEPUTTMOGEL
SWIMGTAOVETOL KOl 1 TOPOVGTO PAVOKPLGTAAA®Y apelBorov. EmmAéov, o mupdEevoc,
70 €mid0TO, O YPOVATNG, O TITAVITNG , O AmATITNG, TO {IPKOVIO, O TAPEVITNG, O LOyVNTITNG
Kol TO pOUTIAMO €lval TO ETOVGLMON OPLKTO 7OV EVIOMIGTIKOV GE TOAD WIKPEG
meplekTikotnteg. H ynukn avaivon mpaypotonomdnike pe m ypnon g pebodov
oacpatookomiog eBopiopov axtivov-X (XRF) kot péow tng dioAvtomoinong pe
téooepa (4) o&éa, yio Ta KOpLo 6TotKEln Kol To. tyvootoyeia, avtictoya. Ta detypoto
¢ Mavpng ITétpag mapovoidlovy vymiég cuykevipaoelg o Cu, Pb, Mn, V, P kau W,
eva o1 ovykevipmoelc U oty meproyn [aratokkdnot ivar oyeticd vyniéc oe oyéon
UE TIC avTIOTOWYEC OVOADCELS OTIS LIOAOWMEG TEPLOYEG LEAETNG, YEYOVOC mov Ba
UTOPOVGE VO, OPEIAETOL GTO PYIO TTOV EVTOTILETAL AVUTOAKE TN GUYKEKPIUEVNC BEOMC
derypatoinyioc. Xto fopeloduTikd KOUUATL TNG TEPLOYNG LEAETNG, KOVTA 6Ta EAANVO-
BovAyapikd cvvopa, ol cuykevipwoelg SrogppaviCovior Wiaitepa vynAég, mBovov

AOY® TG MKPNG OTOGTOCNG AO TO NPUICTELNKO KEVTPO.

AéEarg  khewwa:  (eokifomoinon,  rklivommdolifog,  apyidixn  elalloiwon,
noaioteioilnuozoyevy retpouata, Hetpwra, Efpog

1. INTRODUCTION

The purpose of the present study is to describe the mineralogical and geochemical
composition of the zeolitized volcaniclastic rocks in the area surrounding Petrota
village, in the northwesternmost part of the Greek regional unit of Evros, in northeast
Greece, in the context of the MSc Thesis of the first author. Several studies have already
been published concerning the zeolitized rocks in the Greek part of the Rhodope massif
(Kirov et al., 1990; Tsolis-Katagas and Katagas, 1990; Tsirambides et al., 1993;
Filippidis et al., 1995; Stamatakis et al., 1996; Stamatakis et al., 1998; Kassoli-
Fournaraki et al., 2000; Barbieri et al., 2001; Perraki and Orfanoudaki, 2004; Marantos
et al., 2006; Filippidis et al., 2007; Filippidis et al., 2016a; Filippidis et al., 2016b) and
the corresponding occurrences in Bulgaria (Yanev et al., 1989; Yanev and Bardintzeff,
1997; Yanev, 1998; Yanev et al., 1998; lvanova et al., 2000, 2001; Georgiev et al.,
2002; lvanova, 2005; Ivanova and Gier, 2006; Yanev et al., 2006; Yanev and lvanova,

2010). Even though the volcanism related to the corresponding formations in Bulgaria
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has been thoroughly studied, any research conducted within the Greek borders is mainly

focused on zeolites.

2. REGIONAL GEOLOGY

The study area covers the region between the Greek-Bulgarian borders and Petrota
village (Fig. 1), that belongs geotectonically to the southeasternmost part of the
Rhodope massif (RM). The northern boundary of the RM is defined by the Maritsa
dextral strike-slip fault, while in the south, the synmetamorphic Rhodope nappe
complex was affected by the subduction system related to the VVardar (Axios) Zone. The
north-dipping Cretaceous subduction caused the genesis of the Sredna Gora Zone
continental volcanic arc, located on the north of the Maritsa fault. As a result,
southward-migrating magmatism occurred in several magmatic centres across the RM
(Ivanov, 1960; Ricou et al., 1998; Yanev et al., 1989; Christofides et al., 2004; Marchev
et al., 2004, 2005; Bonev et al., 2013). According to Yanev et al. (1998), the volcanic
activity in the southern Rhodopes took place in two main phases; the Upper Eocene
(Priabonian) volcanic phase, from 37 to 35 Ma, and the Oligocene volcanic phase, from
34 to 24 Ma.

,. Evros Prefecture

002,10, 14

oL e e es W

0 1 2
Legend Km
Alluvial deposits [E5] sandstone B volcanic tuffs = borders
[ scree B cohesive grit-breccia [77%]] conglomerate and sandstone fault
] Loose conglomerate, sand and silt &%/ Loose breccia ||| Phylites ® samples EVR

Fig. 1: Simplified geological map of the area around Petrota village, indicating the

lithology and the sites of sampling and fieldwork.
Geological Society of Greece 20
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According to Andronopoulos (1978), the RM is cropping out in a small area northwest
of the Petrota village mainly composed of phyllites, schists and quartzites. The Komara
series (Upper Eocene) are in direct contact with the probably Mesozoic metamorphic
basement consisting mainly of conglomerate and coarse-grained sandstone. The
Pentalofos sequence is represented by an outcrop of volcanic tuffs that overlies the
Komara series near the Greek-Bulgarian borders. Their genesis is related to the
volcanism within the Bulgarian portion of the RM and their age is considered to span
from Priabonian to Lower-Middle Oligocene. Loose breccia and cohesive grit-breccia
of the Upper Eocene complete the lithological assemblage of the Pentalofos sequence.
A small portion of an upper sandstone series rich in fossils (corals and foraminifera)
rests on the Pentalofos sequence. In the area of study, no other formations of the
Palaecogene are exposed. The Plio-Pleistocene deposits are represented by loose
conglomerate, sand and silt, often in alternating layers. Both the Upper Eocene
conglomerate formation of the Komara series and the Plio-Pleistocene loose
conglomerate assemblage, are widespread across the area of interest. On the north of
Petrota village rest the Holocene scree and alluvial deposits (Fig. 1). According to
Stamatakis et al. (1996, 1998), the zeolitic tuffs that rest on the pre-Cenozoic basement,
extend on a horizon of 15km in length and 100m in depth. They are also highly fractured
and with high porosity, therefore percolating groundwater and meteoric water preserve

the open hydrologic regime active to this day.

2. ANALYTICAL METHODS

In order to determine the mineralogical composition of the zeolite-rich tuffs, six (6)
polished thin sections were prepared and studied under a Carl Zeiss Axioscop 40 light-
polarizing microscope, using objective magnification 5x, 10x and 20x and using a JEOL
JSM-840A Scanning Electron Microscope (SEM) connected to an Energy Dispersive
Spectrometer INCA 300 (SEM-EDS). The mineral phases of twelve (12) representative
samples, were identified through the analysis of material grinded into fine powder by
means of X-ray powder diffraction (XRPD), while the major chemical elements were
analyzed by the X-ray fluorescence (XRF) method, using a Bruker S4-Pioneer XRF
wavelength dispersive spectrometer. The preparation of the samples and their analysis
took place in the laboratories of Aristotle University of Thessaloniki. Moreover, the
same twelve (12) samples were studied through 4 Acid digestion ICP-MS bulk analysis
at the laboratories of Bureau Veritas Commodities in Canada, in order to determine
their concentrations in 35 trace elements. In order to identify the trace elements in the
zeolitic tuffs, the 0.25 g split was heated in HNO3-HCIO.-HF to fuming and taken to

dryness. The residue was dissolved in HCI.

21



Volum

Table 1. Locations and analytical methods used for each sample.

4 Acid
Region Sample Polished XRPD XRF digestion
g P thin section analysis analysis ICP-MS
analysis
EVRO02 - v v v
Palaeokklisi EVR10 - 4 v 4
EVR14 v - - -
Old quarries EVRLY ) Y Y Y
uarri
a EVR22 - v v v
North EVR32 - 4 v v
Skafid EVR37 - 4 v v
afida
EVR48 - v v v
South
EVR49 4 -
) Rhyolite EVR59 v -
Mauvri EVR63 i v v v
Petra Tuff
EVR64 v v v v
Alahopetra EVR74 v v v v
| EVR71 - v v v
Borders EVR72 v - - -
1 EVR76 - v v v
3. RESULTS

3.1. Petrology and Mineralogy

Macroscopically, all the zeolitized samples are greyish-green to deep green in colour,
depending on the level of zeolitization and the concentration in clay minerals. The tuffs
from Skafida area (EVR32, 37, 48, 49) display a deep green colour, while
corresponding tuffs from the areas of Palaeokklisi (EVRO02, 10, 14), Mavri Petra
(EVR63, 64), Alahopetra (EVR74) and alongside the Greek-Bulgarian borders
(EVRT1, 72, 76), are generally paler or whitish (Fig. 2a), while the samples collected
from the old quarries located southeastern of Petrota village (EVR19, 22) display a
greenish-brown hue. One of the samples (EVR59) was collected from a rhyolitic
outcrop in the Mavri Petra region and it also appears as clasts of various shapes and
sizes in the green or whitish tuffs. This sample has a greyish-pink to greyish-red hue
and appears to be less altered than the surrounding volcanic formations (Fig. 2b).
Observation under light-polarizing microscope revealed clear differences among the
samples examined due to their alteration level, matrix appearance and mineral

composition.
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Fig. 2: Macroscopic images of the zeolitized tuffs in the areas of Palaeokklisi and Mavri

Petra, respectively. In Palaeokklisi area the tuffs have a distinctive pale grey-green hue
(a), while in Mavri Petra the formation is whitish and rich in fragments, like the greyish-

pink rhyolitic clast (b), detached from the rhyolitic outcrop in Mavri Petra.

Additionally, some of the samples contain fragments originated from the RM
metamorphic basement, that present a wide variety in mineral composition and
dimensions. The mineral assemblage of the fragments is dominated by quartz, K-
feldspar, plagioclase, micas (muscovite and biotite), amphibole, pyroxene and garnet,
and varies from area to area. Some of the crystals were detached from the clasts and can
be found scattered within the matrix of the tuffs, often mistaken for phenocrysts of
igneous affinity. Although most analytical methods indicate that quartz is abundant in
all samples, no quartz phenocrysts could be identified microscopically. In most of the
samples, feldspars phenocrysts are represented by plagioclase, often accompanied by
sanidine. Moreover, they are often euhedral with distinctive zoning and twinning (after

albite and Carlsbad laws).

In particular, in the samples from Palaeokklisi (EVR02, 10, 14), the groundmass mainly
consists of fine glass shards and argillic microphases aligned together, creating the
impression of a flow (Figs 3a and 3b). The only phenocrysts in the matrix are
plagioclase in rare apparitions, with very clear albite twinning. Although under the
light-polarizing microscope clinoptilolite can solely be observed as idiomorphic tabular
crystals that are developed on the walls of microcavities, its presence was noticed during
SEM analysis in various domains of the thin sections and it was also confirmed through
XRD analysis.

23



Geological Society of Greece

[ 600um ; [ 200pm i

Fig. 3: Photomicrographs of tabular clinoptilolite (cpt) crystals and feldspar (fspr)
aggregations, in a vesicle filling (sample EVR14), under (a) plane and (b) cross-
polarized light; (c and d) the same mineral phases as depicted through SEM
micrographs.

In the samples from Skafida (EVR32, 37, 48, 49) the glass shards have undergone
argillic alteration, displaying characteristic pseudomorphic structures, as shown in Fig.
4. These structures occur when the tuffaceous deposits interact with percolating
meteoric water or groundwater, in an open hydrologic system (Stamatakis, 1998;
Sheppard and Hay, 2001).

The samples also contain plagioclase and idiomorphic sanidine phenocrysts. The bent
biotite and muscovite xenocrysts were detached from the mica-rich metamorphic
fragments that can be found scattered among the altered glass shards. Apatite, garnet,

ilmenite and zircon were traced in minor amounts through SEM.
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Fig. 4: Detailed illustration of the pseudomorphic replacement of a glass shard in an
extensively zeolitized tuff from Skafida region (sample EVR49) under plane-polarized
(a), cross-polarized light (b) and through SEM (c). The central area (1) of the shard
corresponds to an empty surface, where the euhedral tabular clinoptilolitic crystals
(zone 2) are projected. Zone 3 represents a radial clinoptilolitic formation, hosting clay
minerals, such as celadonite (5). The initial form of the glass shard is preserved but the

peripheral zone is now replaced by a fine clay-coating (4).

The samples collected near the Greek-Bulgarian borders (EVR71, 72, 76) display a
porphyritic microcrystalline texture and although the groundmass has undergone
zeolitization, resulting in the genesis of pink clinoptilolitic formations (Fig. 5), which
lack the typical pseudomorphic structures related with argillic alteration that were
described above. The samples are rich in plagioclase and their phenocrysts are coarse-

sieve textured. Both biotite and amphibole are abundant and exhibit strong pleochroism
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with pale to deep brown colour. Amphiboles are euhedral with excellent oblique
cleavage and twinning. Pyroxene crystals can also be found, though only in small
amounts. The mineralogical assemblage is completed with titanite, epidote, apatite,
zircon, ilmenite and magnetite, that appear as accessory minerals. The XRPD analysis

performed on the samples revealed the presence of mordenite.

Fig. 5: Photomicrographs of a clinoptilolitic aggregation (cpt) under plane-polarized

(a) and cross-polarized light (b). Biotite crystals are brown and exhibit strong
pleochroism (bi), while plagioclase often displays intense zoning and/or twinning (pl)
(sample EVR72).

The sample collected from the area of Alahopetra (EVR74) has no pseudomorphic
structures in the matrix, but zeolites (clinoptilolite and mordenite) were detected under
SEM and through XRPD. The xenolithic fragments are mica-schists, mainly consisted
of biotite, muscovite and quartz. Plagioclase is the dominant mineral under the light-
polarizing microscope, while some rare apparitions of epidote were noticed. During
SEM observation ilmenite, rutile and monazite crystals were traced. The data from SEM
indicated that monazite crystals are rich in rare earth elements. The Mavri Petra samples
can be divided into two groups: the zeolitized tuffs (EVR63, 64) and the rhyolitic
outcrop (EVR59). The groundmass in the zeolitized tuffs is microcrystalline and it hosts
phenocrysts and metamorphic fragments. The glass shards are locally altered into early
pseudomorphic structures, less developed than those described in sample EVR49, from
Skafida region. Spherulitic formations of clinoptilolite occur as a devitrification product
of the volcanic glass shards, as shown in Fig. 6. The pyrogenic phenocrysts are mainly
feldspar and biotite, with plagioclase crystals displaying intense zoning and twinning.
Epidote phenocrysts are rare but present, probably originated by argillic phases during
hydrothermal alteration, as its development follows the glass shard boundaries. The
constituents of the metamorphic fragments are micas, feldspars, quartz garnet, but

fragments with pyroxene or amphibole can also be found. Amphibole crystals from the
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clasts can also be found scattered in the matrix. They exhibit intense pleochroism with
a distinctive light-blue colour. Observation under SEM also revealed the presence of

titanite, apatite and zircon, with high concentrations in Th.

d

[ 800pm ' [ 100pm :

Fig. 6: Zeolitic aggregation in sample EVR64, collected from the zeolitized tuffs of
Mavri Petra region. Zeolites presenting spherulitic forms, under plane-polarized (a),
cross-polarized (b) light and SEM (c and d). Closer observation (d) revealed the co-

existence of clinoptilolite (lighter phase) with silica (darker phase).

The rhyolitic sample from Mavri Petra region (EVR59) presents lower alteration grade
and the volcanic glass is only locally altered. The mineralogical assemblage is rich, with
feldspar as dominant mineral (both plagioclase and sanidine). Sanidine crystals display
typical Carlsbad twinning, while plagioclase crystals multiple albite twinning and
chemical zoning. Most of the crystals are idiomorphic and no sieve-texture was noticed.
Biotite, amphibole and titanite also appear in excellent euhedral crystals. Both biotite
and amphibole have strong pleochroism and brown colour. Amphibole twinning and
oblique cleavage are typical and distinct. Apatite and zircon can be traced as inclusions
within biotite crystals. Observation with SEM indicated high concentrations of Hf in
zircon crystals. Moreover, rutile and magnetite of notable dimensions were also
detected. SEM analysis indicated the presence of silica phases in all the samples that
were identified through XRPD analysis as quartz and cristobalite (Fig. 7).

Volume 56
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Fig. 7: Photomicrographs and electron backscattered micrographs from sample EVR59,
indicating the tabular clinoptilolite crystals (cpt) projected towards a feldspar (fspr)
mass, both surrounding a vesicle filling of silica phase (s-ph) formation, probably
cristobalite, under plane-polarized (a), cross-polarized (b) light and SEM (c and d).

The XRPD analysis of the twelve (12) representative samples collected from the
superficial strata of the volcaniclastic rocks, indicated that all the samples contain
clinoptilolite, quartz and feldspars. The average concentration of clinoptilolite is 28
wit%, quartz 15 wt% and K-feldspar 20 wt%. The zeolitic rocks also contain plagioclase,
ranging from 5 wt% (EVR22) to 33 wt% (EVR32), which is absent from sample EVR74
collected from Alahopetra region. As shown in Table 2, mordenite was only traced in
two samples; EVR71 (Greek-Bulgarian border) and EVR74 (Alahopetra), with
concentrations of 3 and 6 wt%, respectively. XRPD analysis revealed the presence of
cristobalite in the majority of the samples with concentrations ranging from 1 to 14
wit%, while the sample EVR19 from the old quarries also contains 15 wt% tridymite.
The only sample where amphibole was traced through XRPD analysis was sample
EVR63 from Mavri Petra region, with its concentration reaching 4 wt%. The average

amorphous material of the zeolitic tuffs was calculated 14 wt%.
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Fig. 8: Representative XRPD pattern of the zeolitized tuffs near the Greek-Bulgarian
borders (sample EVR74).

Table 2. Semi-quantitative mineralogical composition (wt%) of the zeolitized tuffs of
Petrota region, Evros Prefecture, Greece (Cpt: clinoptilolite, Mor: mordenite, Qtz:
quartz, Cris: cristobalite, Trid: tridymite, K-fspr: K-feldspar, PI: plagioclase, Amph:
amphibole, A: amorphous material).

Cpt Mor Mica Clay Qtz Cris Trid K-Fspr Pl Amph A
EVRO02 35 - - - 18 9 - 12 13 - 13
EVR10 22 - - - 28 10 - 12 9 - 19
EVR19 33 - 2 - 16 9 15 11 9 - 5
EVR22 23 - 2 1 18 9 - 33 5 - 9
EVR32 35 - 2 1 12 2 - 5 33 - 10
EVR37 33 - 2 2 20 9 - 16 8 - 10
EVR48 35 - 1 - - - 35 12 - 8
EVR63 30 - 1 - 2 2 - 33 11 4 17
EVR64 30 - 2 2 14 - - 15 20 - 17
EVR71 6 3 5 - 14 1 - 38 12 - 21
EVR74 15 6 11 - 9 14 - 24 - - 21
EVR76 38 - 2 3 16 - - 11 13 - 17
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3.2. Geochemistry

Chemical analysis of major elements using the X-ray fluorescence (XRF) method has indicated
that SiO; concentrations range from 67.05 to 71.29 wt%, while Al,Oz from 11.29 to 14.12 wt%,
K0 from 1.88 to 4.45 wt%, Na,O from 0.34 to 3.40 wt% and CaO from 0.95 to 3.21 wit%.
The areas around Mavri Petra and the Greek-Bulgarian borders exhibit the highest
concentrations in Fe;Oz and TiO,. The tuffs from Mavri Petra also present the highest
concentrations in MnO (0.06 wt%) and in P2Os (0.11 wt%). The highest concentration in MgO
(1.02 wt%) is observed in one of the samples collected from Skafida region, but the overall
variations are not significant (Table 3).

Table 3. Concentrations of major-element oxides (wt%) in the zeolitized rocks of Petrota

region, Evros Prefecture, Greece.

SiO2
AlOs3
K20
Na20
CaO
Fe203
MgO
TiO2
MnO
P20s
LOI

Total

EVR EVR EVR EVR EVR EVR EVR EVR EVR EVR EVR EVR
02 10 19 22 32 37 48 63 64 71 74 76

7053 70.75 7075 7129 6892 6949 6806 6866 67.05 6835 69.66 68.55
1165 1197 1150 1238 13.02 1234 1218 1251 1351 1412 1129 1262
3.51 441 3.45 421 4.17 4.45 2.98 3.97 3.60 411 1.88 2.79
1.93 1.53 2.49 0.79 3.40 2.13 0.45 2.84 2.16 2.63 1.93 0.34
1.42 1.18 0.95 2.00 0.96 1.50 3.21 1.32 2.69 2.77 2.80 3.08
0.91 0.94 0.92 1.14 0.90 0.99 0.91 1.20 2.37 2.63 0.79 1.03
0.73 0.77 0.42 0.83 0.39 0.45 1.02 0.39 1.00 0.53 0.22 1.00
0.16 0.16 0.17 0.18 0.20 0.17 0.15 0.18 0.29 0.28 0.13 0.16
0.03 0.02 0.02 0.02 0.03 0.03 0.01 0.02 0.06 0.04 0.04 0.01
0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.11 0.01 0.01 0.03
9.46 8.40 9.85 7.72 8.08 8.62 11.50 9.03 7.97 552 1218 10.78

100.34 100.14 100.53 100.58 100.08 100.19 100.48 100.14 100.81 100.99 100.93 100.39

Additionally, the results of the 4 Acid digestion ICP-MS analysis, indicated that the overall
concentrations for the rare earth elements range for La from 13.5 to 32.8 ppm, for Ce from 27
to 60 ppm, for Y from 8.4 to 19.5 ppm and for Sc from 1 to 4 ppm. The Mavri Petra region,
exhibits the highest concentrations in Cu (3.1 ppm), Pb (72.2 ppm), V (32 ppm) and second
highest in W (150.4 ppm). The analyzed concentrations of U in two samples of the Palaeokklisi
region appear to be 18.9 and 21.8 ppm, relatively high in comparison to the rest that varies
from 2.9 to 9.8 ppm. Northwestern of the Palaeokklisi area, close to the Greek-Bulgarian
border, the concentrations of Sr appear to be particularly high (872 ppm), compared to 55 to

350 ppm in the other locations, probably because of the proximity to the volcanic centre (Table
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4). According to Simov & Bojkov (1992), uranium deposits in southern Bulgaria are related to
tectonism and magmatic activation, which could be a possible explanation for the higher

concentration of U in the Palaeokklisi region, which is located next to fault.

Table 4. Concentrations of trace elements (ppm) in the zeolitized rocks of Petrota region, Evros

Prefecture, Greece.

Li

Rb
Be
Sr
Ba
La
Ce
Th

Sc

Cr
Co
Ni

Cu
Zn

Zr
Nb

Ag
Cd
Hf
Ta

Re

Sn
TI

Pb
Bi

As
Sb
Te
Se

EVR EVR EVR EVR EVR EVR EVR EVR EVR EVR EVR EVR
02 10 19 22 32 37 48 63 64 71 74 76

2.9 4.9 24 5.7 4.3 3.9 1.7 3.7 7.3 4.6 2.6 3.8
2051 1869 177.7 179.2 196.6 208.0 1409 1935 1387 1434 150.7 1149

5 8 5 8 5 6 7 4 4 4 2 6

64 55 267 197 92 85 96 101 201 256 350 872
78 48 90 107 117 84 83 228 591 970 37 279
32.8 26.8 27.3 30.4 28.7 25.1 135 30.7 24.3 16.2 25.6 26.3
60 53 53 54 48 47 27 51 49 28 38 50

29.9 28.9 27.8 26.4 29.6 29.5 23.0 30.2 20.8 21.8 19.2 30.4
18.9 21.8 7.8 7.2 9.8 7.8 5.7 9.0 6.6 2.9 3.4 6.7

2 2 2 3 2 3 2 2 4 2 1 2
4 6 6 10 7 6 3 9 32 24 2 9
2 3 3 5 4 3 2 3 10 2 <1 2

11.0 135 16.3 15.1 9.7 231 13.3 13.9 28.4 28.1 39.3 26.7
15 1.0 1.8 4.7 2.3 2.3 1.2 2.1 4.0 0.8 0.8 1.6
1.2 1.8 15 29 14 1.2 19 1.2 31 1.6 1.0 18
41 35 37 51 32 38 25 38 36 31 26 27

16.4 15.7 18.9 19.5 16.3 155 9.4 12.3 16.4 8.6 8.4 12.8

107.1 1116 1045 1014 1069  104.7 113 98.3 714 62.1 96.6 93.8

235 21.2 17.8 21.2 25.8 21.6 243 19.9 17.7 149 16.2 15.6

<0.1 0.1 1.2 1.0 1.2 0.7 0.3 0.2 1.2 0.2 0.3 0.1

<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 0.1 <0.1 0.1
4.0 4.0 3.4 3.7 3.8 3.8 3.8 3.8 2.5 2.1 3.6 3.6
1.7 1.8 1.7 1.6 1.7 1.7 1.8 1.6 13 14 13 13

38.2 419 38.7 49.8 74.3 93.7 78.5 555 1504 1674 25.6 31.0

<0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005

0.07 <0.05 0.06 <0.05 <0.05 0.08 <0.05 0.05 0.07 <0.05 <0.05 <0.05
4.4 4.8 4.6 4.6 4.7 4.7 4.6 4.0 2.8 2.1 3.9 3.8
1.8 11 0.8 1.3 2.0 1.7 0.8 1.2 1.0 13 15 0.9
72 26.1 15.8 8.2 40.8 351 58.1 420 722 28.1 258 30.1
0.7 0.9 0.6 0.6 0.6 0.8 0.3 0.7 0.5 0.5 0.5 0.5

5 4 4 3 5 5 2 2 5 4 4 <1
0.3 0.3 0.2 0.3 0.2 0.3 0.1 0.1 0.1 0.3 0.1 0.2
<0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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The area of study is affiliated with the Maritsa group volcanoes and more specifically with the

4. DISCUSSION

Sheinovets caldera, representing the southeasternmost portion of the RM within the borders of
Bulgaria, located south of the villages Malko-Gradishte and Mezek (Ivanova et al., 2000;

Ivanova, 2005; Yanev and lvanova, 2010), about 10 km northwest of Petrota village.

Previous studies in the surrounding area suggest that the volcaniclastic rocks were deposited
during the Priabonian volcanic phase (Kirov et al., 1990; Filippidis et al., 1995), while more
recent studies (lvanova et al., 2000; Ivanova, 2005; Yanev and Ivanova, 2010) propose a
Rupelian age for the acidic formations. Barbieri et al. (2000) conducted a geochemical and
isotopic study on the zeolite-free rhyolitic rocks of the Petrota region, suggesting that the
rhyolitic bodies in the Greek portion of the RM might originate from the eruptive centre of
Lozen volcano, northwest of Sheinovets caldera. The detailed data of the study lead to K/Ar
radiometric ages of the rocks between 20.7+1.6 and 24.5+2.5 Ma, lower than the age suggested
by other researchers. It is also mentioned that the alteration of the rocks occurred approximately
24 Ma ago, after the deposition of the rocks to their final site. Ivanova et al. (2001) and lvanova
(2005), based on the K-Ar ages (36.71£1.39 to 32.11+1.28 Ma) of unaltered rhyolitic bodies
from the Sheinovets caldera, suggested the classification of the rhyolitic occurrences into two

age groups: a Priabonian in the area of Malko-Gradishte, and a Rupelian in Sheinovets.

Stamatakis et al. (1998) suggest that the tuffs cannot be products of air-fall deposits because
they overall lack thickness uniformity and the grains in some areas are too coarse to support
that theory. Furthermore, the lack of welding and dune-like formations, along with the fact that
the tuffs are well-bedded, lead to the conclusion that they could not be originated from
pyroclastic surge or flow deposits. Thus, their origin is considered epiclastic and it is proposed
that they were formed diagenetically during the Eocene, after the transportation of volcanic ash
through water, from the initial site to their current location, in a supra to infra-littoral
environment. The tuffs at the time of their deposition were mainly composed of glassy
particles, that underwent zeolitization, while the primary minerals remained unaffected.
Circulating meteoric water in addition to groundwater, affected the volcaniclastic rocks

creating an open hydrological system that favoured zeolitization (Sheppard and Hay, 2001).

According to previous studies (Deffeyes, 1959; Hay, 1966; Hay et al., 1977; Hay, 1978;
Surdam and Sheppard; 1978; De' Gennaro and Colella, 1992; Hall, 1998; Hay and Sheppard,
2001; Leggo et al., 2001; Sheppard and Hay, 2001; Ivanova and Gier, 2006), after the eruptive
activity, the physiochemical conditions in the area of the volcanic ash deposits are highly acidic

and not conducive to zeolitization, as zeolites form in neutral to alkaline environments. Thus,
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while the conditions are still acidic, the crystallization of clay minerals is favoured and during
that phase, phyllosilicate minerals, like celadonite, form fine aggregations on the glass-shard
surface or perimetrically (thin clay-coating). As the environment becomes more alkaline, the
formation of zeolite is viable and the volcanic glass shards are altered pseudomorphically into
clinoptilolite, leaving a void space in the centre of the shards, where the tabular zeolitic crystals

are projected (Fig. 4).
5. CONCLUSIONS

The zeolite-rich volcaniclastic rocks in the area of study are highly acidic and their glass shards
are partly or fully altered into zeolites. They mainly consist of clinoptilolite, quartz, feldspars
(both K-feldspar and plagioclase), cristobalite, biotite and clay minerals, usually celadonite.
Muscovite and amphibole, deriving from metamorphic fragments included in the volcaniclastic
rocks also participate in small amounts in the mineralogical assemblage. Mordenite and
tridymite are rare and only appear locally.

Comparing the mineralogy and geochemistry of similar volcaniclastic formations in the
southeastern part of Bulgaria, the zeolitized tuffs of the broader area around Petrota village,
are considered to be products of the Rupelian eruptive activity of the Sheinovets caldera. The
acidic volcanic ash that was deposited during the Rupelian eruption of the Sheinovets volcano,
was transferred to its current location through water. The diagenesis took place probably during
the Eocene under open hydrological conditions due to percolating groundwater and meteoric
water. The high porosity and permeability of the acidic tuffs permitted the circulation of water
in their structure, causing hydrolysis and therefore exchange of cations between the percolating

solutions and the tuffaceous formations.

As the conditions were initially highly acidic, the formation of zeolites was not viable until the
environment became alkaline. During the acidic phase, argillic alteration is favoured and clay

minerals are formed. The clay mineral prevailing during argillic alteration is celadonite.

In the samples with low levels of alteration, the glass shards remain almost unaltered, while
fine capillary aggregations of clay minerals formed due to argillic alteration can be found
scattered in the groundmass. During that phase the conditions are too acidic for zeolites to
form. As the conditions become more conducive to zeolitization, the glass shards are gradually

altered to clinoptilolite, forming pseudomorpical structures with distinctive zones.

Although the mineralogical composition of the zeolitized rocks around Petrota village has been

the subject of several studies in the past years, further research is required in order to define
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the exact physiochemical conditions during deposition and diagenesis, that would provide us
with detailed information about the petrogenetic mechanism that took place in the surrounding

area.
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