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Petrology of Golobradovo perlite deposit, Eastern Rhodopes
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Abstract. The Golobradovo perlite deposit is related to the Studen-Kladenetz volcano referred to the 2nd
Lower Oligocene acid phase of the Eastern Rhodopes volcanic area. It consists of a dozen of small domes (up
to 240 X 150 m in diameter) with reddish-brown trachyrhyolite cores rimmed by black to dark-gray perlite
envelopes, and one perlite sill (ca. 350 X 350 m in size and thickness varying from 20 to 80 m). Compared
with crystallized varieties, the perlites have lower contents of SiO,, Na,0, Li, and Ba, higher of Al,0;, K;0,
Ti, Zr, Mn, Y, Cs and Rb, and much higher K,;O/N2,0 ratio (up to 2.3). The transition between the
crystallized and glass varieties is represented by linearly arranged trachyrhyolite spheruloids “growing” on
trachyrhyolite layers and “cemented” by perlite. The petrologic and chemical data suggest that water in
perlites is of magmatic origin and that the trachyrhyolite spheruloids and layers have an immiscibility
genesis.

The nanostructure of the glass of Golobradovo perlite (distances between network-forming ions,
valence state and type of Fe occurring in the glass and its distribution, types of water and average hydrogen
bond distance) was studied by X-ray and spectroscopic methods. Mdssbauer study shows that Fe in the
petlites occurs essentially as magnetite microlites (<30 nm in size), hematite and wiistite nanoaggregates (<15
nm). These black particles, disseminated in the glass matrix, determine the black color of the perlite.

Key words: Paleogene volcanism, perlite deposits, perlite/rhyolite transition, spheruloids, immiscibility, glass
nanostructure.
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Pesrome. IlepnuroBoTo Haxoguute I'ono6pasoBo e cBbp3ano ¢ BynkaHa CTyneH KiafeHel, MpUHaIexaly Ha
BTOpaTa AOJNHOONMIOUeHCKa Kucena ¢asa Ha l3Tounopoponckara BynkaHCKa obnact. Haxomumero e
CBCTABEHO OT AECSTHHA MAJIKH BYJIKAHCKH Kynona (pasMepu 10 240 X 150 m), H3rpazieHH 0T yepBeHOKapaBU
TPaxUpPHOIMTOBU AJpa U nepudepus OT YEpHH OO THMHOCHBH HEPNHTH, KAKTO M OT €JUH NMEPIHTOB CHN
(pasmepn oxono 350 X 350 m u nebenuna 20 - 80 m). IlepnuTuTe, cCpaBHEHH € KPUCTANIM3HPAIIHTE Pa3HOBHA-
HocTd (npeHsuuciaeHd keM 100% cyxo BemtectBo) UMar nmo-HHUcKo SiO,, Na,O, Li u Ba, mo-sucoko Al,O;,
K,0, Ti, Zr, Mn, Y, Cs u Rb cuabpxanue, kakto ¥ MHOro mo-sucoko K,O/Na,O otuomenue (10 2,3).
HPCXOI['BT MeXay Kpncranmnpanme H CTBKJICHHTE CKAJTHH Pa3HOBUAHOCTH IIPEACTaABIIABA CKalla, U3rpaJeHa
OT JIHHEHHO MOApPE/IeHH TPaXUPHOJIUTOBH CGheponouay, “HapacHaM” BBPXY TPaxXUPHOIMTOBH “crioese”
BCPEX NMEPAUTOB MATpUKC. [IeTponoKKUTE M XMMHUYECKH JIaHHH MO03BOJIABAT Ja C€ NMPEANONIONKH, Ye Nepiu-
TOBaTa BOJA € ¢ MarMeH IPOM3XOA H Y€ TPaXWUpPHOIHTOBUTE C(l)epOIIOP[nlfI H CIOCBC HMMAT JIMKBAUUHOHHCH
reHe3MuC.

Hanoctpykrypara Ha CTBKIOTO Ha nepautute B [0500pagoBckoTo Haxoauuie (Pa3cTOAHMATA MEXIY
cTBKI00Opa3yBalMTe KaTHOHH, GOPMHTE Ha XKEJNS30TO B CTHKJIOTO M pasmpefiefieHHeTo uM, $opmara Ha
BOJZIaTa M Pa3CTOSHUATA MEXIY ChCTABALIMTE 5 {OHH) € H3ACHEHA C PEHTIeHOBM M CTNIEKTPOCKOMNCKH H3CHIeN-
BaHus. MbocOayepoBUTe CIEKTPH MOKA3BaT, Y€ JKENA30TO B CTHKIOTO € ChCPEAOTOYEHO OCHOBHO B MarHeTH-
TOBHTE MUKPONUTH (pa3MepH <30 nm), B XEMaTHTOBH H BIOCTHTOBU HaHoarperaTw (pasmepu <15 nm). Te3n
YEPHH HAHOYACTHIM, Pa3NPbCHATH B CTHKIOTO ONPENE/IAT YEPHHS UBAT HA NEPIUTHTE.



Introduction

The Golobradovo deposit of water-bearing
volcanic glasses (perlites) is located 25 km to
the east of Kardjali in the valley of Arda River.
The deposit is related to the Lower Oligocene
volcano Studen-Kladenetz (Fig. 1) which
belongs to 2nd acid volcanic phase of the
Eastern Rhodopes Paleogene volcanic activity
(Yanev, 1970, 1998). First Bonchev (1906)
noted the presence of perlite in the volcano but
the deposit was discovered much later by
Goranov et al. (1960). This is one of the few
perlite deposits in Bulgaria that had been object

of drilling exploration during the 70s and the
beginning of the 80s. Due to the relatively high
density of expanded perlite and its high Fe-
content, the deposit has not been exploited.

The aims of this paper are to report new
results and to summarize all available data on
the geology of the deposit and the glass nano-
structure in order to provide comprehensive
information on the deposit. The new data
concern the petrography and petrochemistry of
volcanic rocks, the distribution of alkalies, the
mineral chemistry, the geology and structure
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Fig. 1. Geological sketch map of the Oligocene Studen-Kladenetz volcano (modified from Yanev, 1987,
1998): A - Golobradovo, B - Svetoslav and C - Konevo perlite deposits. In the right corner: schematic cross
sections of A and C deposits. Note: white arrows indicate the hyaloclastic flows

@ur. 1. CxemaTHyHa reoNoXKa Kapra Ha onuroueHckus BynkaH CtyneH knagesen (Yanev, 1987, 1998, ¢
ponbiHeHus). [lepautoBu Haxomumina: A - I'onoGpanoso, B - Cserocnas, C - KoHeBo (B HecHHS. BIbl —
CXEMaTHYHH paspe3d Mpe3 ABE OT Haxoauiuara). 3ab.: Genure cTpenku 06O3HAYaBAT XMANOKIACTHYHU

NOTOLH



of the volcano and the perlite deposit, and the
perlite/trachyrhyolite transition. These data can
shed new light on the origin of perlites and in
particular on the origin of perlite water and the
transition between glassy (perlites) and
crystallized (trachyrhyolites) rocks.

Geology of Studen-Kladenetz volcano

The volcano is situated to the north of Arda
River (Fig. 1), on the northern slope of Studen-
Kladenetz Dam Lake. It is elongated in an E-W
direction parallel to a system of E-W trending
faults.

The volcano basement is composed of
sediments, latite pyro- and epiclastic rocks that
cover the frontal parts of two latite flows of the
large St. Ilya stratovolcano (2nd intermediate
phase), located to the south of the Studen-
Kladenetz volcano.

The products of the volcano interfinger
with explosive products of the 2nd acid phase
(pumice and perlite tuffs 50-70 m thick) and
epiclastic rocks (70 m thick). They are overlain
by 130-m thick limestones with acid tuff
intercalations. The epiclastic rocks are of acid
composition, silty, sandy to granular. In the
central and western parts of the volcano, they
are of mixed composition and contain rounded
perlite, trachyrhyolite, latite and gneiss clasts
up to 20-30 cm in size. The epiclastic rocks are
poorly sorted to chaotic and cemented by an
ash-pumice matrix.

The volcano is composed of several large
domes of complex structure (up to 3 X 1 km in
diameter), numerous smaller domes (diameters
from tens to several hundred meters), sills, and
necks some of them producing hyaloclastic
flows up to 1 km long. All these bodies are
emplaced on an area of about 20 km?, i.e. the
volcano morphology is transitional between
that of a dome-volcano and a dome-cluster
(Yanev, 1998). One of the domes (trachy-
rhyolite and perlite exposed at Cholderen
Summit) is dated at 32-33 Ma (Lilov et al.,
1987; Georgiev et al., 2003).

The domes are emplaced at different
levels: in the eastern part of the volcano in its
basement (Fig. 2), in the central and western

parts - in the acid tuffs and mixed epiclastic
rocks, and in the limestones. The structure of
the domes is zonal: the cores are built up of
flow-banded reddish-brown trachyrhyolites,
and the peripheries — of black to gray perlites
forming lense-, crescent-shaped or ring-like
bodies. Two types of transitions between
trachyrhyolites and perlites are recognized
(Yanev, 1987): 1) alternation of trachyrhyolite
and perlite layers or lenses; 2) domains of
trachyrhyolite spheruloids, enclosed by a
perlite matrix. In the first case (Fig. 3), the
trachyrhyolite layers gradually decrease in
thickness  towards the perlite periphery, from
10-15 cm to a few mm, and finally disappear.
Alternatively, the perlite layers thin towards
the trachyrhyolite core. Along their strike the
trachyrhyolite and perlite layers grade into
wedges and disappear, i.e. the both varieties
interfinger laterally with one another. The
trachyrhyolite spheruloids’, in the second type
of transition, are up to 10-15 cm in diameter,
have a sharp phase boundary with the perlite
matrix, and spherulite structure (Yanev, 1970).
Towards the trachyrhyolite core, the spheru-
loids coalesce and the glass in between de-
creases to complete disappearance. In contrast,
toward the perlite periphery, the spheruloids
gradually decrease in number and size, and
finally, they also disappear.

The hyaloclastic flows consist of gray
perlitic breccias (the Svetoslav and Konevo
deposits — Fig. 1) formed in a marine environ-
ment as indicated by coral reefs that have
grown on their top. Trachyrhyolite bodies, tens
of meters in size, are also present within the
flows, “enveloped” by the alternation of perlie
and trachyrhyolite layers. The flows grade into
massive perlites towards the necks. Here the
trachyrhyolite/perlite transition is an alternation
of layers (the Konevo deposit), or interfin-
gering between perlite and trachyrhyolite
wedges (the Svetoslav deposit).

"Spheruloid after Bryan (1954): a spherical,
semispherical, ellipsoidal, or pillow-like silicic
body, a few mm to 1 m in size with spherulitic,
felsitic or other texture (pyromerides in French
literature).
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Fig. 2. Geological map of the Golobradovo perlite deposit (mapped by Y. Yanev in 1975 on scale 1:10 000).
The gray areas are perlites and the black ones are trachyrhyolites. Key: (1) Odjak-Kaya dome, (2) sill (dashed
line - not exposed part of the sill and dotted line - schematic position of the perlite/trachyrhyolite transition
zone), (3) Central dome, (4) Little dome and (5) North-eastern dome. A-A and B-B - cross sections shown at
the bottom

®ur. 2. Teonoxka KapTa Ha NEPIHTOBOTO Haxoaume I'ono6panoso (chcraBeHa ot M, Snes npes 1975 . 8 M
1:10 000). CuBuTe mojera — MEPAMTH, YepHHTE — Tpaxupuonutd. Jlerenpa: 1-xymon Omkaxkas, 2-cun
(myHKTHpHaTa JIMHMA € TpaHHMIATa Ha HEpa3KpuTa 4acT OT CHJa, a TOYKOBaTa — MNPEXOABT Nepiut/

TPaxXUpPHONHUT), 3-LEHTpaIeH Kyno, 4-MaJIKUAT KyIoJl U S-CeBepOM3TOYeH Kymoi. A-A d B-B — nunuu Ha
HaIpeyHUTe paspesn



Geology of the Golobradovo deposit

The deposit is located in the eastern part of the
Studen-Kladenetz volcano (Fig. 1). It includes
(Fig. 2) a dozen of small trachyrhyolite domes
(the larger three ones are 240 x 150, 220 x 80
and 160 x 60 m in size), having black to dark-
gray perlite peripheries (the trachyrhyo-
lite/perlite ratio varies from 1:5 to 4:1), as well
as one thick perlite sill.

The domes are emplaced into sediments,
epi- and pyroclastic rocks from the basement,
about 50-60 m below the base of the volcano,
i.e. they cooled at shallow subvolcanic level
and are practically cryptodomes. Dome-
rounding colluvial breccias (talus), normally
developing around subaerially erupted domes,
are absent, The pumiceous cap, typical of
subaerially erupted perlitic domes (Nassedkin,
1975), is also missing. The perlites exhibit
columnar jointing with hexagonal or penta-
gonal columns (20-25 cm in diameter) that are
oriented perpendicular to the cooling surfaces,

i.e. most commonly horizontal. This type of
jointing results from very rapidly cooling lava
that intrudes water-rich and probably unconso-
lidated sediments and tuffs (Yanev, 1987). At
the contact with perlites, the hosting tuffs are
silicified and zeolitized (platy clinoptilolite
crystals within a chalcedony matrix), and have
a glassy appearance. The trachyrhyolites from
the core of the dome show distinct flow
banding and parallel jointing. The transition
zone between the trachyrhyolite core and the
perlite  periphery is an alternation of
trachyrhyolite and perlite layers (Fig. 3) or a
combination of the two above described types:
linearly-arranged trachyrhyolite spheruloids
“growing” upon trachyrhyolite layers (Fig. 4).
Vesicles (from several mm up to 10-15 cm in
size) are observed only in the trachyrhyolite
spheruloids and layers. Some of them are partly
filled with opal-chalcedony aggregates. The
small crescent-shaped vesicles are parallel to
the surface of the spheruloids (Yanev, 1970).

Fig. 3. Trachyrhyolite/perlite transition zone in the Little dome (Golobradovo deposit): R, trachyrhyolite and
P, perlite layers (to the right — trachyrhyolite core of the dome, to the left — perlite periphery)

Qur, 3. Tpaxupnonut/nepiaurosa npexojgHa 3oxa B Mankua kynoa (naxopmuuwe [NonobBpanoso): R-tpaxu-
puonutoBn 1 P-nepantosu cnoese (B OACHO — TPAXHPHOJMTOBO AAPO HA Kynona, B NABO - NEPJHTOBA

nepudepus)



Fig. 4. Trachyrhyolite spheruloids (1) with meniscus
(arrows) located on the trachyrhyolite “layer” (2) in
the perlite/trachyrhyolite transition zone (Little
dome). The perlite matrix is eroded. (Collection No
MR.1.03.9.12 of the Geological Institute)

Dur. 4. Tpaxupuonartosu cepononau (1) ¢
MEHHMCKYCH (CTPEJIKM), Nesalld BbPXY TPaxHpHo-
nutoBu “‘cnoese” (2) B MepaHT/TpaxMpHOIHTOBATA
npexoana 3oHa (Mankusr xynon), Iepnurousr
marpuke e m3Heced. (Konexuwonen Ne MR.1.03.
9.12, I'e0IOrHueckH HHCTHTYT)

The sill is L-shaped in plan view. In
previous papers it has been described as perlite
flow (Yanev, 1987; Popov et al., 1989) but its
emplacement between numerous cryptodomes
and its massive internal structure (except for
the frontal part where the breccia forms only a
1 m wide zone — Fig. 2) indicate that this body
is a sill. It is probably connected to a neck
located about 200 m to the WNW of the sill
outcrop (Cholderen Summit). Close to the
neck, the perlites interfinger with trachy-
rhyolites. There, the sill is 150 m wide, about

20-30 m thick, and includes two large “lenses”,
tens of meters in size, of hosting sedimentary
and epiclastic rocks. The exposed eastern part
of the sill, elongated in SW-NE direction, is
350 x 200 m in size and 80 to 25 m thick, i.e.
this is the largest perlite body in the deposit. It
is almost entirely exposed on both banks of the
Chaldere Stream. Here, the perlites exhibit
vertical columnar jointing with column
diameter 12-20 cm. Due to the uneven lower
surface of the sill, the columns are often not
vertical but inclined (along the Chaldere
Stream). The internal structure of the sill is
complicated by numerous small trachyrhyolite
“lenses”, especially in its lower parts, and two
trachyrhyolite subvertical “bodies” 20 x 50 and
40 x 130 m in size, displaying combined
perlite/trachyrhyolite transition — spheruloids
“grown” on trachyrhyolite layers.

Petrographic description

The perlites consist of phenocrysts up to 1-2
mm in length and matrix. The phenocrysts
(Table 1) are of sanidine, plagioclase, biotite
(with 0.3 wt. % F), less commonly augite, and
microphenocrysts of quartz (Yanev, 1998).
Accessory minerals are magnetite, apatite, and
zircon. The plagioclase phenocrysts contain
melt inclusions reflecting the primary compo-
sition of the magma. The sum of oxides in
them is far below 100%, which is caused by the
presence of fluid phase in the glass (probably
water mainly), as well as to partial loss of
Na;O during the microprobe analyses.

Magma temperature calculated using the
two-feldspar geothermometer of Fuhrman and
Lindsley (1988) is 776°C.

The matrix consists of black or banded
(black and gray) volcanic glass with perlitic
cracks. The glass contains numerous, mainly
feldspar microlites (about 1 wt. % according to
Zotov et al., 1989) and dendrite-like crystal-
lites. They form flow bands that are disturbed
around phenocrysts and small spheruloids (Fig.
5b). The volcanic glass is fresh (Fig. 6),
without zeolites, clays or other alteration
products. Parallel to the perlite cracks there are
micro-vesicles in the gray perlite indicating
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Fig. 5a — Deformation of flow bands of Fe-oxide microlites in the glassy matrix (1) by the trahyrhyolitic
spheruloids (2); b - two generations spherulites (1st and 2nd) in trachyrhyolite spheruloid with diameter 10
cm from the perlite/trachyrhyolite transition zone. Bar 0.25 cm; plain light

Our. 5a - Jledopmaiina Ha Fe-0KCnann MUKPOIHTHH NOTOUM B CTLKAEHUA MaTpuke (1) or Tpaxuproantosn
cdepononan (2); b - ase renepaunn cdheponuru (1st and 2nd) B Tpaxupronuros cheponons ¢ anamersp 10
©m OT NepANT/TPAXHPHOANTOBATA Npexo/ika 3oHa. Ckana - 0,25 cm; || N

an initial stage of pumice formation (Fig. 6).

The trachyrhyolites contain the same
phenocrysts as the perlites, but the texture of
their matrix is felsitic or locally axiolitic, and
consists of feldspar and tridymite microcrystals
(Dimitrov et al., 1984). Their color is reddish-
brown (at a depth of several tens of meters
below the surface — gray), caused by the super-
ficial oxidation of magnetite microlites disper-
sed in the matrix.

The texture of the spheruloids is spheru-
litic. According to X-ray data they consist of
cryptocrystalline K-Na feldspar and tridymite
(crystals <1 pm) with magnetite dendrites. The
centres of spherulite crystallization are often
situated on the phenocryst surfaces or in the
centres of the spheruloids or, if vesicles are
present, on their surfaces (Yanev, 1970). Some
of the spheruloids enclose an earlier generation
of spherulites (Fig. 5a). The spheruloids that

lay on the trachyrhyolite layers have a
meniscus (Fig. 4) and deformed bottom
surfaces like pillow-lava (Fig. 7). Some large
spheruloids contain latitic enclaves with diffuse
outlines composed of glassy matrix with micro-
lithic plagioclase and pyroxene, indicative of a
magma-mingling process (Yanev, 1998).

Chemical composition

The trachyrhyolites are rich in alkalis (Table 2,
Fig. 8) with K;O/Na,O ratio 1.5 — a value
typical of most Eastern Rhodopes acid volcanic
rocks (Yanev et al., 1983). The perlites are also
rich in alkalis. Their normative composition is:
quartz 29%, K-feldspar 44%, and albite 27%
(Yanev, Zotov, 1995). Compared with
trachyrhyolites (water-free base - Table 2),
perlites contain lower amounts of SiO;, Na,O,
and higher of K,0, and Al,O,. Similar data are




Fig. 6. SEM image of the glassy matrix from gray perlite (beginning of the foaming) without any alteration
products; x 350, JEOL JSM T-300 (operator S. Danev, Geological Institute)

®ur. 6. EneKTpOHMHKPOCKONICKA CHHMKA Ha CTBHKJICHHA MATPHKC HA CHB MEPANT (HAYAIO HA NeMm3yBsane), B
KOHTO OTCBCTBAT NPOAYKTH HA MPOMAHA HA CTLKNOTO; X 350, ckanupall eNexTpoHeH MUKpockon (onepatop
C. Jlanes, 'eonornyeckn HHCTHTYT)

published by Ewart (1971), Salova et al. (1990)
for obsidians and in “Perlite genesis” (1992).
Consequently, the K;O/Na;O ratio in Golobra-

from the trachyrhyolite core to the perlite
periphery (Fig. 10): in trachyrhyolite layers,
Na,0, K;O, and Rb gradually decrease; in the

perlite ones, Na,O increases, K;O does not
change significantly, and Rb decreases. Thus,
Na;O and Rb contents in the perlite periphery
and in the neighboring trachyrhyolite layers
become equal.

dovo perlites is much higher (up to 2.3),
positively correlating with the H,O content
(Fig. 9).

The alkali content in the transitional
trachyrhyolite/perlite zone changes gradually

Fig. 7. Trachyrhyolite spheruloids with meniscus and deformation of their bottom surface (like pillow-lava)
in the perlite/trachyrhyolite transition zone. The perlite matrix is eroded. (Collection No MR.1.03.9.13 of the
Geological Institute)

Dur. 7. Tpaxupuonurosu chepononiu (1) ¢ Menuckycu 1 JleopMaLius Ha JOJIHATA HM NOBBLPXHOCT (1HII0Y-
nofobun  opMu) B NEPAUT/TPAXHMPHOIMTOBATA NpexojHa 3oHa. [lepnuToBHAT MATPUKC € W3IHECCH.
(Konexunonen Ne MR.1.03.9.13, ['eonorn4eckn HHCTHTYT)
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In the earlier generation of spherulites
within the large spheruloids (Fig. 5b), the
contents of Na,O and K,O are nearly equal
(Na,0 4.35, K,0 4.69 wt. %), while the
spheruloid hosts (2nd generation spherulites)
show the significant predominance of K,O
(Na,0 3.39, K;0 6.62 wt. % - Yanev, 1970).

Trace element contents of the Golobra-
dovo volcanic rocks (Table 3, 4) are typical of
the younger phases of the Eastern Rhodopes
acid volcanism (Yanev et al.,, 1990; Yanev,
1998): lower Sr and Ba contents, higher Rb,
Ta, Nb, Ce, Hf, Zr, Sm, and Y contents (Fig. 5
and 7 in Yanev, 1998) and a well expressed Eu
anomaly (Fig. 11). Their ORG-normalized
patterns show positive anomalies of Rb, Th,
and in lesser degree of Ce, negative ones of Ba
and Nb. Most of these anomalies are typical of
suprasubduction volcanic rocks (Pearce et al.,
1984), but they are enriched in Rb, Th, and
depleted in Ba as compared to the acid
subduction-related volcanic rocks, especially
from active continental margins of Andean
type. Including the rocks studied, all Eastern
Rhodopes Paleogene magmatic rocks are
considered to be collision-related (Yanev,
1998).

Due to their crystallochemical properties
with respect to glass formation, the contents of
most trace elements in the perlite are higher
than those in the trachyrhyolite (Table 3 and 4):
Zr* is a network-forming cation; Ti*, Th*,
Zn®, and Pb® are intermediate cations; Cs®*,
Rb*, Mn?*, Y**, and REE>* are modifier cations
in the glass structure due to their favorable
metal-oxygen bonds (Zarzycki, 1982). Only Li
(stimulating crystallization of alumo-silicate
malts according to Appen, 1974) and Ba are
prevailing in the trachyrhyolites.

Perlite nanostructure

X-ray and spectroscopic studies allow
revealing the nanostructure of volcanic glasses,
which like synthetic alkali alumo-silicate
glasses, show only a short-range order (i.e. up
to 2-3 neighboring ions, or up to a distance of
about 8 A, respectively), and are disordered in
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medium- and long-range distances. Using X-
ray radial distribution function analysis (Zotov
et al.,, 1989), the following distances between
network-forming ions, arranged in 6-membered
rings, have been measured (in A): (S8i,A);-0,
1.62, 0O,-O0; 2.68, (Si,Al)-(Si,Al)y, 3.15,
(Si,Al),-0, 4.12, (Si,AD,-(Si,Al); and 0,-O,
5.265; Si,Al-O-Si,Al angle is 153°. The nano-
structure of the Golobradovo perlite is similar
to that of the feldspar glasses (Taylor, Brown,
1979), but the angle in volcanic glasses is 10°
larger probably due to the tetrahedral rings
expansion that might have resulted of presence
of water molecules (Zotov et al., 1989).
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Fig, 8. TAS diagram (after Le Maitre, 1989) of the
volcanic rocks from the Golobradovo perlite deposit:
D, dacite; TD, trachydacite; R, rhyolite; TR,
trachyrhyolite. The limit between R and TR is
according to Miyashyro (1978) and Bogatikov et al.
(1981)

®ur. 8. Si0,/Na;0+K,O mmarpama mo Le Maitre
(1989) Ba ByJIKaHHTHTE OT NMEPINTOBOTO HAXOMAMLUE
TonoGpanoso: D-pauutd, TD-Tpaxupauutd, R-
puonutd, TR-Tpaxupuonuty. I'pannuara Mexay R
n TR e no Miyashyro (1978) u Bogatikov et al.
(1981)



Fe is a specific modifier cation since its
valence state defines the colour of perlites and,
consecutively, the possibilities for their use in
glass industry. It was found by EPR spectros-
copy (Calas et al., 1988) that the Golobradovo
perlites contain Fe®*, mainly in nanocrystals
(signal at g 3.2), and much less as ion in the
glass structure (signal at g 4.3). The ratio
between these two signals is 90. Mossbauer
measurements (Dormann et al, 1989)
performed at room temperature, 77K and 4.2K
(Fig. 12), show the following distribution of Fe
in the Golobradovo perlites: magnetite
microlites (>30 nm in size) 32%, hematite
nanoaggregates (15-30 nm) 17%, wiistite
nanoagreggates (<15 nm) 25%, Fe?* and Fe**
ions in the glass structure 17 and 9%,
respectively. The high contents of black nano-
and microcrystals, the high mineral
phases/structural Fe ratio (2.85), and the high
Fe,o content in perlite (1.65 wt. %), define its
black colour. Thus, the perlite colouring is of
colloid type (the coloured compounds have
colloidal size - Kocik et al., 1983). The
presence of Fe?* ions in the glass structure is
responsible for its bluish shade and the
existence of FeO nanoaggregates in the glass
structure indicates the reduction conditions
during the perlite cooling at T, The gray
perlites contain less black nano- and
microcrystals, and the main part of the Fe is in
the form of cations bonded to the glass
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Fig. 9. K;0/Na,0 vs. H,0 diagram for the perlites of
the Golobradovo deposit

@ur. 9. Tuarpama K;O/Na,O xem H,O Ha nepiu-
THTe OT Haxopmue "onobpanoso

Table 3. Trace element contents in volcanic rocks,
ppm

Tabnuua 3. Cvovpocanue Ha peoku e1eMenmu.6b6
8YNKQHUMY, ppm

Sample 793 794

Rock perlite | trachy-
variety rhyolite
Li 2.65 3.66
Rb 235 107
Cs 29.25 7.75
Sr 49 32
Ba 74 <70
Zr 234 201
Ti 845 714
Mn 507 181
Pb 38 32
Zn 34 25
Cu 8 11
Ni 35 19
La 70.8 64.0
Ce 155 131
Sm 84 117
Eu 0.30 0.30
Tb 1.22 1.03
Yb 5.8 48
Lu 0.85 0.70
Th 62.2 49.5
U 11.5 9.8
Sc 4.1 34
Hf 6.3 52
Co 0.7 0.7
v 0.5 0.5
Ta 5.8 42
Y 45 37
Nb 18.4 18.2

Analytical methods: Li, Pb, Zn, Cu, Ni - atomic
absorption; Rb, Sr, Ba, Zr, Ti, Mn, Y - X-ray
fluorescence; REE, Cs, Th, U,Sc, Hf, Co, V, Ta —
neutron activation; Nb — colourimetric (Geological
Institute)

structure. They also include very small
expanding bubbles (Fig. 6).

Presence of water in perlites is the main
cause for their expansion. It is known (Scholze,
1959) that water in glasses occurs as molecular
water and hydroxyl groups bonded to the glass
structure. Infrared studies of the Golobradovo
perlites showed the presence of OH-groups and
two groups of molecular water (Dimitrov et al.,
1984; Yanev, Zotov, 1996). The perlite
spectrum is characterized by bands at 3588,



Table 4. Contents of some trace elements in trachyrhyolites and perlites, ppm
TaGnuua 4. CoOvporcanue Ha HAKOU PeOKY eNeMernmu 8 mPAXupuoOIumy u Nepaumy, ppm

Samples | 337 325 327 331 768 808 Average

Rock trachy- trachy- trachy- | spheru- i trachy- trachy- | perlite
variety | rhyolite | rhyolite | rhyolite | loid | P"™ | thyolite | rhyolite (6)] (2)

Sr 35 37 61 23 <20 <20 <33 <35
Rb 283 282 272 313 364 276 256 300
Zr 197 191 201 217 210 211 203 222
Ti 758 785 850 729 756 766 767 800
Ba 144 <70 317 <70 <70 <70 <124 <72
Mn <40 <40 112 70 476 93 <89 492

Analytical methods: X-ray fluorescence (Geological Institute). The average contents include also samples 793
and 794 from Table 3; in the brackets — numbers of analyzed samples

AnanuTHueH MeTox - peHTreHo-¢nmyopecueHTeH (I'eomormdeckn HHCTHTYT). CpEAHOTO ChABpXKAHHE
BKIIOYBA CBIO 06pasuu Ne 793 u 794 ot Tabi. 3; B ckoba — 6poit aHanH3upaHu NpobH

400 *
350 Rb
[ ]
3004 *+~ ~— Bb
250 T~
”~—p. [ ]
1K KO®
4 N \KzO
~ 7t
+ T~
2.5
2 ~ ~ l."-I_‘.
15 o—~F— _ _,Na0

Fig. 10. Na0, K;0 (wt. %), and Rb (ppm) contents
(flame photometry, analyzed by B. Karadjova) of the
perlite (solid circles and solid lines) and
trachyrhyolite (crosses and dashed lines) layers in
the transition zone along two profiles across the
Central dome periphery (left, towards the trachy-
rhyolite core; right, towards the perlite periphery).
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3233 cm™ (combined bands of the two groups
of molecular water) and 3450 cm™ (band of the
OH-groups), and in NIR (Fig. 13) - 5260,
5155-5025 cm™ (of the molecular water), and
4535 cm™ (of the OH-groups), respectively.
The absorption band in the 3000-3600 cm™
interval permits the average hydrogen bond
distance R (O...0) of the OH groups and of the
molecular water to be determined (Yanev,
Zotov, 1996). The results are: about 2.9 A for
OH groups, 2.8 A (ice type H-bond), and 3.1 A
for molecular water. The O-H distance of all
water species is 0.94-0.97A.

The TGA-curves (Fig. 14, Bagdassarov et
al., 1999) show that the most significant
molecular water evaporation occurs at 320°C,
and the total water loss takes place at about

Bottom, schematic cross section of the perlite/
trachyrhyolite transition zone (p, perlite and r,
trachyrhyolite). The arrows indicate location of the
samples analyzed for trace elements (Table 3)

®ur. 10. Ceaspxanue Ha Na,O, K,0 (tern. %) u
Rb (ppm) (mnambysa doToMmeTpus, ananusatop b.
Kapayxopa) Ha NEPAMTOBH (KpBrueTa M IUTHTHHTE
JIMHUHA) U TPAXUPHOIUTOBH (KPBCTYETa M IyHKTHP-
HMTEe JIHHMM) “cloeBe” B IPEXOQHATa 30HA MO [Ba
npoduna B nepudepusTa Ha UCHTPATHHUA KYyIION
(1580 — KBbM TPaxUPHONMTOBOTO SAPO, AACHO — KbM
nepauToBata nepudepus). oy — cxeMaTHueH pas-
pe3 mpe3 NepiuT/TPaXupHOIMTOBaTa NMPEXOJHA 30HA
(p-nepnut, r-tpaxupuonut). Crpesikure O3HavaBaT
NOCO4Y€EHHTE B Tabu. 3 npobu
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Fig. 11. ORG-normalized multi-element spidergram and hondrite-normalized REE diagram (in the left
corner) of the Golobradovo perlite (points and dashed line) and trachyrhyolite (crosses and solid lines); the
gray field is of the acid volcanic rocks from the active continental margin Andean type (Yanev et al., 1990
with references therein). The values of K,0, Rb, Ba, and Zr are average according to Table 2, 3 and 4; other
values are according to Table 3. ORG values - after Pearce et al. (1984) with Yb normalizing value of 8

@ur, 11. ORG-HOpMUpaHa MHOrOejeMEHTHa ¥ XOHAPHT-HOpMUpaHa (B JeBHs LONEH BIbJ) AMarpama Ha
NepIUT (YEPHUTE TOYKH M IYHKTHPA) H TPaxXMpHONHT (KpbCTYETaTa M IUTBTHATA JIMHHA) OT HaXoaMiue
T'ono6pozoBo; CHBOTO MOJIE € Ha KHCENIHTE BYJIKAHHTH OT aKTUBHHTE KOHTHHEHTAIHH OKpaliHHHH AHAMMCKH
Tun (Yanev et al., 1990 ¢ uutupanure n3rounnuu). CroiiHocture Ha K,O, Rb, Ba u Zr ca cpeanu ot Tabi. 2,
3 u 4, ocrananute — oT Tab1. 3. ORG - mo Pearce et al. (1984) ¢ HopMupauia crolinocT 32 Yb 8

600°C. It is supposed that during dehydration,
a part of the molecular water dissociates, and
additional OH-groups enter the glass structure.
The OH-groups do not escape totally (Fig. 13),
even during heating at temperatures, correspon-
ding to the perlite expansion (about 1200-
1300°C). Hence, the expansion of perlite
results from the rapid evaporation of the little
H;O remaining after 300-350°C preheating of
the perlite from the softened glass (viscosity
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10%-10" Pa) heated above T, (Bagdassarov,
Dingwill, 1994).

Technical characteristics

Expanded perlite obtained from the
Golobradovo deposit has a high density - 144
kg/m® of the 0.2-2.5 mm fraction (Popov et al.,
1989). For comparison, the perlite breccia from
the Svetoslav deposit produce expanded
perlites with lower density - 102 kg/m’.
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Fig. 12. Mdssbauer spectra of Golobradovo perlite
(sample G73) at three different temperatures (in K)
according to Dormann et al. (1989)

@ur. 12. MpocGayepoB CHEKTBp Ha MEPIHMT OT
T'ono6panoBo (o6p. G73) npu TpH pasIHYHA
temneparypi (8 K) no Dormann et al. (1989)

However, the Golobradovo perlites can be used
as a filler in concrete: a 2.5-5.0 mm fraction
has a high compressive strength of 16.8 Mpa
and density of 490 kg/m® after 30 sec expan-
ding, or 27.0 MPa and 470 kg/m®, respectively,
after 60 sec expanding.

Discussion and conclusions

One of the most important questions raised by
the present description of the Golobradovo
perlite deposit is the genesis of the trachy-
thyolite layers and spheruloids in the
transitional zone. In the geological literature
there are three hypotheses concerning the
genesis of spheruloids (Yanev, 1987, 2000):
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e products of suppressed crystallization, due
to the fast increase of the cooling rate towards
the dome periphery;

e products of partial crystallization of
already solidified glass (partial devitrification);
products of subliquidus immiscibility, in
which the super-cooled water-containing lava
splits into two immiscible liquids. One of them
is rich in water, and after cooling, produces
perlites; the other is a dry melt that crystallizes,
and generates trachyrhyolite layers or spheru-
loids. Available petrologic data from the
Eastern Rhodopes perlites are in agreement
with this hypothesis (see below).

Beginning from Greig (1928), many
authors explain the spheres in acid lavas with
the crystallization hypotheses since there are no
spheres with glass textures observed
(Zavaritzkii, Sobolev, 1961) and because their
spherical shape is easily explained as resulting
from spherulitic crystallization (Greig, 1928;
Volyaniuk, 1972; Nassedkin, 1975; Perlite
genesis, 1992). Spherulite nuclei are not
located at the eventual phase boundary (the
walls of the spheres) but in their centre
(Grigor’ev, 1966). The difference in the chemi-
cal composition of the glass and spherulites
(the perlites are enriched in K, trachyrhyolite

4535

5260

Fig. 13. Near infra-red spectra of Golobradovo
perlite (sample G73) before (top, according to
Yanev and Zotov, 1996) and after expanding at
1300°C (bottom)

@ur. 13. Cnexkrsp Ha nepant ot ['onobpanoso (06p.
G73) B Onuskara uHdpayepBeHa o6GnacT mnpenu
(rope — no Yanev, Zotov, 1996) u cinen Habb6Bane
npu 1300°C (zomy)



mw

40

320°C

30

20

l

10

| PN ST

200 400 600 800 1000°C

Fig. 14. Results of TGA (1, in wt. %), DTG (2, in
0.1mg/min) and DSC (3, in mW) of Golobradovo
perlite (sample G73) obtained by a thermal
gravitational balance with heating rate of 5 C%min
(according to Bagdassarov et al., 1999)

@ur. 14. TGA (1, tern. %), DTG (2, 0,1mg/min) u
DSC (3, mW) guarpama Ha nepauT ot I'ono6paxoso
(06p. G73); ckopoct Ha HarpsBade 5 C°/min (mo
Bagdassarov et al., 1999)

layers and spherulites — in Na nevertheless that
the Studen-Kladenetz volcanic rocks are potas-
sic) can be explained either with crystalli-
zation at conditions of supercooling, when the
chemical fractionation is not controled by the
normal equilibrium crystal/melt (Ewart, 1971),
or with authometasomatism of the glass and
spherulites at which the alkalies have different
behaviour in the two phases (Salova et al.,
1990).

Whereas the immiscibility occuring in
mafic and alkaline melts is proven (Roedder,
1979 and references therein; Sg¢rensen et al.,
2003), regarding acid ones it is rejected
because of the absence of experimental evi-
dence supporting the existence of immiscibility
field in melts having water and/or fluorine
contents corresponding to naturally observed.
Hence, such a field has been recently registered
in the system Na20-A1203-Si02-H20 (V N.
Anfilogov, Inst. of Miner., Miass, Russia -
pers. comm.). Starting with Tanton (1925)
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there are many authors (Petrographic
Criteria..., 1963 and references therein; Yanev,
1970; Koronovskii, Fromberg, 1979; Mara-
kushev, Yakovleva, 1980) presenting numerous
petrographic and petrochemical evidence of the
immiscibility origin of the spheruloids. These
are: presence of obvious phase boundary in
contrast to the uneven surface of the spherulites
resulting from devitrification (Lofgren, 1971),
coalescence of the immiscibility spheruloids
and their deformation in the lower parts of the
flows (Volovikova, 1955), presence of
spheruloids with felsic and other textures
giving no explanation of their spherical shape
(Petrographic Criteria..., 1963). The distri-
bution of the alkalis between the spherulites
and hosting glasses can not be explained
neither with crystallization (experimentally
yelded spherulites have compositions similar to
this -of the parent melt - Bailey, Wenk, 1982),
nor with metasomatic alteration sinse being
much more reactive the glass should alter much
more faster.

The following data presented in this paper
suggest’ the immiscibility genesis of the
trachyrhyolite spheruloids in the perlites:

1. The deformation of the flow bands around
the spheruloids (Fig. 5a). According to
Roedder (1979) this is an irrefutable indicator
of the immiscibility origin of the spheruloids;

2. The meniscus on the base of the spheruloids
that lay on the trachyrhyolite layers (Fig. 4) is
also an “unequivocal evidence for immis-
cibility” (Hanski, 1993);

3. The deformation of their bottom surfaces
(Fig. 7) indicating the liquid state of the
spheruloids in the moment of their formation;
4. The crescent-shaped vesicles parallel to the
spheruloid surface and growth of the spherulite
fibers on the vesicle walls (Yanev, 1970);

5. The distribution of alkalies and trace
elements between perlites and trachyrhyolite
spheruloids.

The presence of two spherulite genera-
tions (Fig. 5b) with different alkali contents
argues for a two-stage immiscibility in the
large spheruloids (Yanev, 2000) like that
occurring in synthetic glasses (Vogel, 1992). In
“Perlite genesis” (1992) this is explained with



siccessive crystalization at different degree of
supercooling in the interval between Trand T,.

The second important question concerns
the origin of water in perlites. It is believed that
all volcanic glasses cool as obsidians (having
H,0<1wt. %) since the water escapes from the
melts during their ascent to the surface, or it is
explosively released producing pumice and
tephra. Later the obcidians hydrate to form
perlites under the influence of meteoric water
or hydrotherms (that is why the perlite water is
called secondary - Ross, Smith, 1955) in still
hot (Nassedkin, 1963, 1975) or already cooled
state. The hydration rate in cold state is too low
(1 mm per 1 MA at 50°C - Friedman, Long,
1984) to be of any geological significance.
Indeed, the hydrogen and oxigen isotope data
for some american perlites indicate meteoric
origin of the perlite water (Friedman, Smith,
1958; Steward, 1979). According to oxigen
isotope data from Neogene perlites of the
Transcaucasus area (Perlite genesis, 1992) the
water in these perlites has not of meteoric
origin (P. Petrov, Geol. Inst. of Bulg. Acad. of
Sci. - pers. comm.). On the other hand, it is
difficult to imagine that one so easily reacting
phase, as volcanic glass, would not alter to
low-temperature minerals (clays, zeolites)
during the hydrothermal hydration. That is
why, a hypothesis presuming hydration by
fluids occurring at magmatic temperature 600-
700°C was arisen (Nassedkin in Perlite genesis,
1992). The positive correlation of K,;0/Na,O
ratio and water content is also widely
considered as evidence supporting the later
glass hydration (Noble, 1967; Steward, 1979).
Due to the smaller size of Na compared with
potassium, Na cations hydrate easily and are
leached more easily. However, as it was fairly
noticed by Boyer-Guihaumaud (1974), it seems
unprobable that K, emited from unknown
source, is able to compensate exactly the same
quantity of the leached Na.

On the contrary Marakushev et al. (1988,
1989) presented experimental evidence suppor-
ting their idea (Marakushev, Yakovleva, 1980)
that perlites result from immiscibility and are
quenched water-bearing magmas. On the basis
of the different ratio between the molecular
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water and OH groups Epel’baum et al. (1991,
1994) divide perlites into magmatic (with water
below 4-5 wt. % and H,O/OH ratio
corresponding to the diagram of Stolper) and
additionaly hydrated - having higher water
contents (up to 7-8 wt. %) and hydrothermally
altered (with zeolites, clays). Such subdivision
(of primary and secondary perlites) is also
presented in “Perlite genesis” (1992). Indeed,
there is no any doubt that acid magma contains
water. since the melt inclusions, entrapped by
phenocrysts, are water-bearing (Hervig et al.,
1989 and this study) and because of the
crystalization of water-containing minerals
from it (Naney, 1983). The possibility of pre-
venting the water escape in superficial condi-
tions is the main problem. Eichelberger (1989)
stated “that to quench wet melt exceptional
cooling rate is required. If the magma is empla-
ced in a cold, low-pressure environment it will
cool by conduction long before can degas by
diffusion”. Moreover, degasing depents on the
permeability of the medium as well.

The following facts from our study
suggest the magmatic genesis of the perlite
water:

1. The presence of wiistite nanophases and
structurally bonded Fe** ions in the black
petlites (Dormann et al., 1989); during hydra-
tion of glass Fe would oxidize (Noble, 1967);
2. The regular changes in the alkali contents of
the perlite and trachyrhyolite layers in the
transitional zone (Fig. 10) that cannot be
explained with the hydration of the low-water-
bearing volcanic glasses (obsidians) with loss
of Na;

3. The total lack of any alteration minerals
(Fig. 6) that would be formed during a long
glass hydration;

4. The absence of residual not hydrated
obsidian both in tens of perlite bodies of
Studen-Kladenetz volcano and in all the rest of
the several hundred perlite bodies in the
Eastern Rhodopes (Yanev, 1987).

The emplacement of the Studen-
Kladenetz domes and the sill at certain depth
under the sea level did not allow the rapid loss
of the water and respectively, the pumice
formation.
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