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Oligocene pyroclastic rocks and a petrified forest in the Nanovitsa
depression
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Abstract. The 31Ma-old tuffs in the Nanovitsa depression of the Eastern Rhodopes preserve evidence of a
series of large eruptions of acid pyroclastic rocks and one of the largest Oligocene natural disasters in the
Rhodopes region. Intra-depression acid tuffs overlie Zvezdel, Dambalak and Sveti Ilia intermediate lava
flows, as well pyroclastic rocks from the Borovitsa volcanic area (second acid volcanism) dated at 31.8 Ma.
The pyroclastic sequence consists of two ignimbrite units (Raven and Sapdere type) and one mixed unit
comprising air-fall tuffs and epiclastic rocks.

Air-fall deposits buried a forest, consisting of giant (up to 4 m in diameter) and smaller sub-vertical trees.
The trees are silicified, with well-preserved wood structure. The presence of numerous sub-horizontal
carbonized branches in the transitional level between the air-fall tuffs and the ignimbrites, as well as the well-
developed radial cracks and gas-escape structures above the branches, suggest a quick deposition of both the
air-fall tuffs and the ignimbrites from an eruption column. Careful examination of the orientation of the
branches places constraints on the location of the vent that generated the eruption, which we argue to be to
the NE of the Nanovitsa depression.

The ignimbrites are strongly zeolitized, which hinders the correct determination of their whole-rock
chemical composition. Whole-rock analyses of a pumice clast and two melt inclusions in quartz phenocrysts
show a high-K high-silica rhyolite composition for the magma. Compositional variations of plagioclase and
biotite phenocrysts suggest a compositional zoning of the magma chamber. Pre-eruptive conditions of the
rhyolite magma, calculated from phenocryst compositions using two-oxide thermometer and two-feldspar
thermometers and barometer, ranged from 640 to 740°C and 2-3 kbar (~6.5-10 km).
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Pe3tome. Jlatupanute Ha 31 Ma tydu B HaHoBumikata gempecus 3amas3BaT JOKa3aTelcTBa 3a MOpeauIa
TOJIEMH €pYNIUM Ha KUCEIH ITMPOKIACTHYHY CKAJIM U €[JHA OT IOJIEMHTE NPUPOJHHU KaTacTpo(dH 10 BPEeMETO
Ha OJIMTOIleHa Ha TepuTopusaTa Ha Pomonmre. Kucenure Tydu na HanoBuimkaTa nemnpecus ca pas3noiaokKeHN
HaJl CPEJHM TI0 ChCTaB JIABOBM MOTOLM Ha BynkaHuTe 3Be3aen, Jambansk u Ceern Miust, a Taka ChIo U Hax
matupand Ha 31.8 Ma NHPOKJIACTUYHM CKadd OT bopoBuIIKaTa ByJKaHCKa o0macT (BTOpU KHCET
BYJIKaHU3bM). [IMpOKIACTHYHUAT pa3pe3 ce CBhCTOM OT aABe HrHuMOpuroBHM enuHunM (PaBeHckH n
CanjepeHCKH THII), U elHA ChCTaBHA €MHUIA, BKIIOYBAIIA METUIONATHH Ty(OH U eMUKIACTUIHH CKaJIH.
[MeronaHUTe OTIIOKEHHS Ca 3aTPyNald Topa, ChCTOSIIA CE THEC OT THMIaHTCKU (Hax 4 M IuaMeThp) U
HO-MaJIK{, BEPTUKAJHO 3alla3eHd IbPBECHH CTBOJIOBE. J[bpBerara ca cuiuduuupanu, ¢ nodpe 3amaseHa
Z'bpPBECHA CTPYKTypa. IIpUCHCTBUETO HA MHOXKECTBO CYOXOPU30HTAIHH OBBIVICHH KJIIOHU B IIPEXOJIHOTO HUBO
MEeXIy MEeIUIONaAHuTe Ty 1 UTHUMOPUTHTE, a TaKa ChIIO U HAJIMYUETO HA PaJMaHU CJIEIH OT B3PUBOBE U
Ta30BO-CETPETallMOHHN CTPYKTYpH Haj KIOHMTE, TOBOPAT 3a OBP30 OTJaraHe Ha MNEMIOMaiHUTe Typu u

47



UrHUMOPUTHTE OT eJHa epYNLHUOHHA KOJOHA. BHMMATENHOTO H3Cle[BaHE HAa OPHMEHTHPOBKara Ha
XOPU3OHTAJIHUTE KJIOHM JaBa HACOKM 33 €BEHTYAJIHOTO IOJIOXKEHHE Ha I'bpioBaTa o0JIaCT Ha epymNIusATa,
KOSTO CIIOPEJL HAC Ce € pasmoJiaraia Ha CeBepou3ToK oT HaHoBHuIlIKaTa aenpecus.

WUrHuMOpuTHTE Ca CHIIHO 3C0JUTU3HPAHH, KOETO BB3NPEMATCTBA TOYHOTO OINpPE/CIsHE Ha BaJIOBHS
XMMHYCH CHCTaB. BaloBM aHaIM3M Ha TOJSIM MEM30B KbC M MHKPOCOHJIOBH aHAIM3H Ha J(BE CTBHKICHH
BKJIOUCHUS CBUICTEIICTBAT 33 BUCOKO KaJHeB, BUCOKO CHIIMIMEB PUOIUTOB ChCTaB HAa MarmaTa. Bapuauuure
B CBCTaBa Ha INIATMOKJIA30BHTE U OMOTUTOBHTE ()EHOKPHUCTAIN B TOJIEMH IEM30BH KHCOBE TOBOPAT 3a
HaJIMYMETO Ha 30HAJHA II0 CHCTAaB MarMeHa kamepa. IIpeepynTHBHHUTE yCIOBHS HAa PHOJIMTOBATAa Marma,
HW3YHCICHH OT CBCTaBUTE HA CHBMECTHO CBINECTBYBAlM (PEHOKPUCTANM IO ABYOKCHAHUS H JBY-
(enammaToBus TEPMOMETHP B 6apoMeTsp, Bapupar ot 640 no 740°C u 2-3 xmnobapa (~6.5-10 km).

Introduction

During the Upper Eocene-Oligocene, the
Eastern Rhodope zone in SE Bulgaria was the
locus of extensive magmatic activity. The
dominant type of volcanism was intermediate
to silicic calc-alkaline to shoshonitic with
subordinate basalts (Marchev et al.,, 1998,
Yanev et al., 1998). Two major acid explosions
deposited pyroclastic rocks over the entire
Eastern Rhodopes. They are named first and
second acid volcanism by Ivanov (1960) and
recently precisely dated using the ““Ar/*°Ar
method by Singer and Marchev (2000),
Marchev and Singer (2002), Moskovski et al.
(2004). However, a number of areas in the
Eastern Rhodopes occupied by large volumes
of acid pyroclastic rocks remain weakly
studied. One of these areas is the Nanovitsa
depression, which seems to accommodate the
latest eruptive activity in the Eastern Rhodopes
(Goranov et al., 1995). Here we describe the
geology of the area and provide petrological
and “’Ar/’Ar data about pyroclastic rocks in
this area. The depression provides an excellent
opportunity for studies of different volcanic
phenomena, including a world-class petrified
forest.

Geological background and lithology of
the studied area

The Nanovitsa depression is located between
Paleogene polyphase volcanoes Zvezdel,
Dambalak and Sveti Ilia in the Momchilgrad-
Arda volcanic region of the Eastern Rhodopes
volcanic area. It is filled with acid pyroclastic
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rocks, overlying a sedimentary formation (Fig.
1) but, untill now, only a few studies have dealt
with the geology of the depression. As part of

the large Eastern Rhodope Paleogene
depression, the pyroclastic rocks of the
Nanovitsa depression have been briefly

characterized in the works of Goranov (1960),
Ivanov (1961), Bahneva and Stefanov (1974),
Boyanov and Goranov (2001). These authors
describe the rocks as massive or coarse bedded
rhyolitic tuffs formed during the final stages of
the volcanic activity. Moskovski et al. (1990)
provide the most detailed volcanological
description of the Nanovitsa depression
stratigraphy. Following the ideas of Ivanov
(1960), Goranov et al. (1995) presented a
stratigraphic subdivision of the pyroclastic
rocks and ascribed them to the formation of the
third acid volcanism (10Pg;). The northern part
of the Nanovitsa depression is considered by
Georgiev et al. (2000) to be a separate volcano.
Based on interpretation of geophysical data
these authors argue that the Nanovitsa
depression is a caldera structure.

The proposed subdivision of the rocks in
this paper is based mainly on the lithology and
the mode of formation of the different rocks.
The following units can be distinguished: a
sedimentary formation; a pyroclastic formation
that comprises Tatul rhyolitic tuffs, Sapdere
ignimbrites, Raven ignimbrites; and a
formation of organogenic limestones (Fig. 1).

The sedimentary formation is composed
of stratified marls, sandstones and organogenic
limestones, and sedimentary-volcanogenic
rocks, which crop out in the lowermost parts of
the depression. In the southern part, the
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Fig. 1. Simplified geologic map of the Nanovitsa depression, showing the location of the petrified forest
(modified after Moskovski et al., 1990). Inset — position of the Nanovitsa depression with respect to the

surrounding volcanoes

@ur. 1. CxemartnuHa reonokka kapra Ha HamoBumikara aempecws, IOKa3Balla MECTOIOJIOKEHHETO Ha
“BkameHeHara ropa” (mo Moskovski et al., 1990, ¢ m3meHenus). Bpeska — mo3mums Ha HaHoBumikarta
JeTIpecHs 110 OTHOIICHNE Ha OKOJHUTE BYJIKAHCKH MOCTPOHKH
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sedimentary rocks normally overlie the last
brecciated basaltic andesite lava flow of the
Zvezdel volcano, whereas in the northern part,
the pyroclastic rocks of the Nanovitsa
depression overlie air-fall deposits of the
second acid volcanism.

The sedimentary sequence comprises
mostly finely stratified gray marls interbedded
with layers of fine-grained sandstones and
organogenic limestones. The sandstones
contain a volcanoclastic component of
andesitic composition. The stratification is
subhorizontal or dips gently north (10-20°).
Some localities in the southern part of the
depression are characterized by cross
stratification. The maximum thickness of the
marls, sandstones and organogenic limestones
formation can be observed near the village of
Kos, where it is up to 60 m thick.

The pyroclastic formation comprises three
units: the Tatul rhyolitic tuffs, the Sapdere
ignimbrites and the Raven ignimbrites.

The Tatul rhyolitic tuffs, overlying the
sedimentary rocks, are white to gray or pale
yellow bedded or non-bedded rocks. In the
western part of the depression, the contact
between the Tatul tuffs and the sedimentary
rocks is not sharp: there is a 10-25 m thick
zone of lithological transition between the two
formations. In the transitional zone, the amount
and thickness of the marl layers decrease
upwards at the expense of the tuff layers. In
some localities (e.g. near the village of Kos)
the rhyolitic tuffs overlie an uneven surface,
washed out in the marls. Along the western
border of Nanovitsa depression, the rhyolitic
tuffs overlie the hornblende-biotite-two
pyroxene andesites of the Dambalak volcano.
The thickness of the rhyolitic tuffs varies from
10-20 to 120-150 m.

The rhyolitic tuffs are composed
predominantly of juvenile material (pumice
and glass shards) and subordinate lithic
fragments (sediments, andesitic lavas), compri-
sing less than 20 vol.% of the rock. In the
lower parts of some sections, the rhyolitic tuffs
contain numerous elongated lithic fragments of
limestones and marls with well developed
thermal haloes. The lithic fragments are
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imbricated, showing a direction of transport
from west to east. According to the nongenetic,
lithologic classification of pyroclastic frag-
ments and aggregates (Fisher, 1961), the rhyo-
litic tuffs can be classified as lappili and ash
tuffs. The uppermost levels of the rhyolitic
tuffs contain pieces of silicified wood with
maximum size of 30-50 cm. The so-called
“petrified forest”, described by Harkovska et
al. (1992), is situated in the upper levels of the
rhyolitic tuffs, northwest from the village of
Tatul.

In the central and northeastern part of the
depression, the rhyolitic tuffs are overlain by
pyroclastic flow deposits named the Sapdere
ignimbrites which crop out as distinct patches
around 20x10 m, 20x50 m to 0.5 km’ in size
between the villages of Tatul and Bivoljane.
The ignimbrites are deposited from at least four
consecutive pyroclastic flows with a total
thickness of several meters, and can be up to
60-70 m. Each pyroclastic flow was preceded
by an air-fall and/or pyroclastic surge activity,
which deposited the stratified tuffs that
separate the ignimbrite units (Fig. 2). The
alternation of ignimbrites and stratified air-fall
deposits reflects major changes in the eruption
column behaviour, which probably resulted
from periodical narrowing of the vent.

The rocks are composed of bomb- to
lapilli-sized pumice fragments and subordinate
angular lithic fragments (rhyolites and rarely
andesites) embedded in a matrix of vitric,
crystal, and lithic ash (Harkovska et al., 1992).
Generally, there is no sorting of the pyroclastic
material. A reverse grading of the pumice
clasts can be observed at some localities. The
vitric fragments are glass shards, derived from
the pulverization of pumice during eruption
and emplacement. The most abundant
phenocrysts in the pumice clasts are sanidine,
quartz and plagioclase; biotite is in subordinate
quantity. Magnetite and zircon also occur. The
matrix of the ignimbrites contains similar
crystals but the crystal content is higher
compared to the crystal concentration in the
pumice clasts. Such crystal enrichment can be
explained by the winnowing out of vitric ash
from the pyroclastic flow during its movement.



Air-fall tuffs ;

Fig. 2. View toward the north in the Sapdere canyon. Outcrop of the stratified rhyolitic tuffs and the four
units of Sapdere ignimbrites. The vertical columns in the rhyolitic tuffs are silicified trees

Qur. 2. Usrien Ha ceBep B kaHboHa Ha Camjepe. Paskputue Ha CIOMCTH PHOJHMTOBH Ty(GH U YETHPHUTE
equHuiy Ha CanjiepeHcKTe MIHUMOPUTH. BepTHKaJIHHTE KOJIOHM B PHUOJNUTOBUTE Ty(H IIpEACTaBIsBAT

BKaMCHCHHM OBbPBETA

This process, known as elutriation, effectively
concentrates the denser crystal fragments into
the main body of the flow, relative to the glass
shards.

The southern part of the Nanovitsa
depression is filled mostly with pyroclastic
flow deposits named Raven ignimbrites. The
Raven ignimbrites overlie the formation of
marls, sandstones and organogenic limestones,
the rhyolitic tuffs and, in the southwestern
parts, some basaltic andesite and basalt lava
flows of the Zvezdel volcano. The morphology
and macroscopic features of the Raven
ignimbrites are similar to those of the Sapdere
ignimbrites: they are massive, partially welded
devitrified pyroclastic rocks. The main
differences are the abundance, composition and
size of the lithoclasts.
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The Raven ignimbrites contain lithoclasts
of rhyolites (massive, brecciated, and layered),
rhyolitic tuffs, silicified organogenic lime-
stones, marls, sandstones, andesites, gneisses
and perlitic clasts. The abundance and size of
the lithoclasts decreases eastwards. In the
western part of the studied area there can be
observed soft-sediment deformation structures
in the marls and sandstones beneath the contact
of the ignimbrites and the sediments.

The central and northwestern parts of the
depression are occupied by several bodies of
organogenic reef limestones, overlying the
rhyolitic tuffs. The size of the reef bodies
varies from 10 x 20 m to 0.2 km” and their
thickness is up to 20-30 m. They probably
represent relicts from two big limestone plates.
The reef limestones characterize the Paleogene



basin as of a shallow marine type - warm and
with normal salinity (Boyanov et al., 2001).

Genetic interpretation and
volcanological significance of the
petrified forest

The lowermost part of Tatul rhyolitic tuffs has
a submarine air-fall origin. The main part of
the sequence, however, is of controversial
origin. These tuffs have been considered to be
deposited by a pyroclastic flow in a shallow
marine environment. Other ideas include
pyroclastic air-fall origin or an epiclastic origin
(Moskovski et al., 1990), whereas Harkovska
and Djourova (1994) provide evidences for a
slump re-deposition origin for the middle part
of the sequence. According to them, the rocks
were formed by gravitational slumping of
rhyolitic tuffs from the subaqueous and
subareal slope of the Dambalak volcano. This
hypothesis is consistent with the observed
imbrication of lithic clasts in the rhyolitic tuffs.
In places, the middle levels of the Tatul
rhyolitic tuffs possess characteristics of ash-
flow tuffs, deposited by a submarine
pyroclastic flow. They are massive, with
occasional vague bedding. In the massive
levels, segregation structures can be observed.
The presence of flattened glass shards, pumice
clasts and thermal haloes around the marl
lithoclasts  indicates a  high-temperature
emplacement.

In the central part of the depression, the
uppermost levels of the Tatul tuffs, just beneath
the contact with the overlying Sapdere ignim-
brites, are finely stratified and host numerous
silicified trees and tree remnants, which form
the spectacular and very informative volcanic
phenomenon “petrified forest”.

The petrified forest comprises more than
20 upright trees and negative imprints from

52

trees discovered in the deep valley of Sapdere
river. The tree remnants are trunks ranging
from 0.4 to 2 m in diameter and from 0.5 to 3.5
m in height (Fig. 3a, b). Three of the trunks
have diameters over 3 m with the biggest one
over 4 m (Fig. 3c, d). Apart from being an
impressive natural phenomenon, the petrified
forest is an unique site for volcanological
studies. There are a number of studied and
described petrified tree remnants and trees in
pyroclastic rocks (Creber, Ash, 2004).
However, most of the trees in these petrified
forests are not preserved in an upright position.
In cases where they are preserved upright, good
exposures of the host pyroclastic rock are
usually lacking.

Unlike other world examples, the petrified
forest near Tatul comprises silicified and
carbonized vertical and subvertical trees and
tree remnants of impressive size, hosted in
beautifully exposed pyroclastic rocks. From a
volcanological point of view, this petrified
forest can be described as a snap-shot of a
spectacular volcanic phenomenon - generation,
development and subsequent collapse of an
eruption column.

The trees are completely silicified, with
impressive retention of the wood structure.
Some of the trees have well preserved bark and
growth rings (Fig. 4a). The silicification has
indurated and strengthened the trees and as a
result of that they are more resistant to erosion
than their host rocks.

The wupright position of the trees,
combined with the good stratification of the
rhyolitic tuffs and the lack of evidences for
high-temperature ~ emplacement ~ of  the
pyroclastic material (carbonization of the trees
or welding) suggests that the rhyolitic tuffs
have a subareal air-fall origin. Probably they
were formed by precipitation of pyroclastic
material from a high eruption column. The



Ignimbrite 1

servaes

Fig. 3. Photographs showing: a) outcrop of the contact between the upper part of the rhyolitic tuffs with
silicified trees and the lowermost pyroclastic flow (Sapdere ignimbrite); b) a partly preserved petrified tree; ¢)
the biggest tree with diameter ~ 4 m; d) a young tree (~ 4 m) growing on the 31 Ma silicified tree

@ur. 3. CHUMKH, NOKa3BallW: a) pa3KpUTHE Ha KOHTAaKTa MEXAy TrOpHaTa 4acT Ha PHOJHUTOB Ty( C
BKaMEHEHO ABPBO M Hal-TOTHUS NHUpoKIacTideH noTok (CamgepeHckr HTHUMOPHT); b) 4acTHYHO 3ama3eHo
BKaMEHEHO JBbPBO; C) HA-TOISIMOTO BKAMEHEHO IBPBO C IUaMeThp ~ 4 M; d) Mi1aio AbpBO, IPOPACTHAIO BbB
curunmpano 31 MIIH. TOIHUIIHO IbPBO
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Fig. 4. Photographs showing: a) a silicified tree with perfectly preserved wood structure; b) an interface
between air-fall tuff and the lowermost pyroclastic flow (Sapdere ignimbrite). The pyroclastic flow moved
from right to left; c) radial cracks around branches; d) gas-escape structures above a carbonized branch
Our.4. CHUMKH, MTOKa3Balll: a) BKAMEHEHO IHPBO ChC A00pe 3ama3eHa AbpBECHa CTPYKTypa; b) rpanuma
MEXIy TerionaneH Tyd u Hai-monHusaT nupokiactuyeH notok (Camaepenckr urHumOput). Ilocokara Ha
NPUIBMXBAHE HA MHUPOKJIACTHYHHS HOTOK € OTISCHO HAJSBO; C) paJMalHH MyKHATHHH OKOJO OBBIVICHH
KJIIOHKY; d) CIIeZin OT OTAENICHUTE HarPETU Ia30Be HaJl OBBIJICH KIOH

falling pyroclastic material was cooled by the
air and simply buried the trees.

Eruption of the first pyroclastic flow is
marked by numerous findings of carbonized
sub-horizontal branches in the uppermost
levels of the rhyolitic tuffs and the lowermost
part of Sapdere ignimbrites (Fig. 4b). The
carbonization of these branches can be
interpreted as evidence for the high
temperature of the pyroclastic material. The
abundance of well-developed radial cracks
(Fig. 4c) around the branches, preserved in
cross-sections, strongly supports the hot
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emplacement of the ignimbrites. The cracks
formed as the hot material heated and
vaporized the water in the wood and the
increased pressure resulted in bursts around the
branches and fracturing of the dense
pyroclastic material. There are also typical gas-
escape structures above the charred trunks and
branches in the ignimbrite (Fig. 4d). Their
mode of formation is similar to those
commonly found in ignimbrites gas-pipes (Cas,
Wright, 1988; Francis, 1993), but here the
source of the heated gasses is the wood
material.



The presence of carbonized branches in
the ignimbrite above the silicified trees
indicates the genetic relationship between the
air-fall deposit and the ignimbrite. The trees,
buried by the volcanic ash were still alive when
the pyroclastic flow passed, since the radial
cracks suggest that the trees contained
considerable amounts of water. The most
probable explanation for the rapid emplace-
ment of the flow is a collapse of the eruption
column, which generated the air-fall deposit.

The location of the vent that produced the
eruption can be inferred by close examination
of a very thin branch at the contact of the
rhyolitic tuffs and the ignimbrites (Fig. 4a).
Unlike the other trunks and branches, that
small carbonized branch was not crushed by
the dense, hot and rapid pyroclastic flow. The
branch was bent by the moving flow in a
southwest direction, thus indicating a vent
location to the northeast. This conclusion is
confirmed by the general orientation of the
numerous carbonized branches in a general
NE-SW direction (45-60°).

Petrology and geochemistry of the
ignimbrites

Analytical methods
Laboratory  studies  involved  electron
microprobe  analyses  (EMPA),  X-ray
diffraction, XRF and ICP-MS analyses, and
“Ar/*°Ar age dating.

Microprobe data were collected from
polished thin sections using a JEOL Super-
probe 870 at the University of Florence (CNR,
Centro di studi per la Minerogenesi e
Geochimica Applicata), Italy. Operating condi-
tions were typically a beam current of 10 nA
and an accelerating voltage of 15 kV. Data
were corrected following the method of Bence
and Albee (1968). To minimize volatilization
of the glass, the electron beam was rastered
over an area ranging from 5 to 15 um in
diameter.

Major and trace element analyses of 5
samples were determined by XRF analysis. All
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samples except Zd97-1, which was
analyzed at the University of Florence, have
been analysed at the University of Lausanne.
The trace element composition (except V, Cr,
Co, Ni, Zn, Cu) of the sample Zd97-1 was
determined by ICP/MS at the Washington State
University (Pullman).

X-ray diffraction samples were analyzed
on an automatic X-ray diffraction system D
500 Siemens at the Geological Institute of the
Bulgarian Academy of Sciences.

“Ar/Ar experiments on sanidine from
sample Zd97-1 were conducted using a CO,
laser probe. Irradiation of the sample was
completed at Oregon State University for 12 or
50 hours along with a 27.92 Ma sanidine from
the Taylor Creek rhyolite (Duffield,
Dalrymple, 1990) as the neutron fluence
monitor. Isotopic measurement was made of
the gas extracted by fusion of 6 grains using a
defocused CO, laser beam. The isotopic
composition of the gas was measured using an
MAP 216 spectrometer at the University of
Geneva, Switzerland.

Petrography

Several large pumice clasts were chosen for
petrographical and geochemical studies as
being most representative for the composition
of the rhyolitic magma that produced the
pyroclastic flows. All samples except Zd97-1
are affected by zeolitization, which presents a
major problem for interpreting the chemical
data. The emphasis here is on the petrographic
observation and chemical composition of the
volcanic glass in the freshest samples, melt
inclusions in quartz crystals, and phenocrysts
in the pumice clasts. The phenocrysts are
described in order of decreasing abundance of
quartz, sanidine, plagioclase, biotite, magnetite
and ilmenite. Their chemical composition is
shown in Tables 1 and 2.

Quartz is the most abundant phenocryst in
the samples. It exhibits marginal resorbtion or
embayment. Many crystals are broken,
probably during the emplacement of the tuffs.
Melt inclusions are often (Fig 5a).
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Table 2. Representative microprobe analyses of biotite (Bt), magnetite (Mt) and ilmenite (Ilm) from the

Nanovitsa depression ignimbrites

Tabmuna 2. [Ilpedcmasumentu Mmuxpoconoosu anarusu na ouomum (Bt), macnemum (Mt) u unmenum (Ilm)

om uenumbpumu om Hanosuwixama oenpecus

7d97-1 | Db10al | Db12 | Dbl2 | Dbl0al | Dbl2 | Dbl2 | Dbl0Oal | Dbl2 | Dbl2
Bt Bt Bt Bt Mt Mt Mt Ilm Ilm Ilm
SiO, 37.97 38.29  38.63  38.57 0.24 0.43 0.07 0.06 0.00 0.00
TiO, 3.26 4.49 3.50 4.24 6.93 4.97 5.09 42.63 44.09 4332
Al O; 13.26 13.61 1331  13.09 3.35 1.05 1.04 0.07 0.03 0.04
Cr,05 0.16 0.00 0.00 0.00 0.04 0.03 0.00 0.00 0.02 0.00
FeO 15.41 16.19 15.61 15.99 76.75  80.83  81.51 52.62 50.12 48.76
MnO 1.59 0.52 0.96 0.75 0.81 2.16 2.06 2.43 4.12 3.86
MgO 13.52 14.59 1530 15.04 1.77 0.56 0.71 1.53 1.37 1.46
CaO 0.10 0.10 0.02 0.01 0.03 0.04 0.10 0.00 0.00 0.03
Na,O 0.36 0.42 0.32 0.52 0.00 0.03 0.00 0.05 0.00 0.08
K,0 9.18 8.69 9.18 9.30 0.05 0.02 0.00 0.00 0.00 0.00
F 1.11 0.67 0.95 0.93
Cl 0.10 0.09 0.11 0.11
Total 96.02 97.66  97.89  98.55 89.97 90.13  90.58 99.39  99.83  97.54
Mg# 61.0 61.6 63.6 62.6

Plagioclase is normally or reversely zoned
albite to oligoclase (Table 1, Fig 5b). The sodic
content of plagioclase is higher in the strati-
graphically lowest flow of the Sapdere
ignimbrite (Anjs. 7). It decreases in the upper
flow of the section to Anje,9, With the outer-
most rim reaching An,,. This change in the
plagioclases composition probably reflects
either the presence of a zonal magma chamber
in which the most evolved fraction was situated
in the upper part of the chamber or injection of
more primitive magma at the bottom of magma
chamber.

Sanidine occurs in quantities approaching

these of quartz. Incipient resorbtion is

common, but less prominent than in quartz
(Fig. 5b). The composition is relatively
constant at Orgs.

Biotite comprises about 5% of the rocks.
It occurs as euhedral or slightly corroded
crystals, with the Mg content slightly
increasing from the lower (Mg# 61.0) to upper
flows (Mg# 63.6). Although rather small, this
variation seems to confirm the suggestion of a
zoned magma chamber.

Titanium-magnetite and ilmenite are rare.
Ilmenite is characterized by Mn enrichment up
to 4.1 wt.% in the lower Sapdere ignimbrite,
which is almost twice that of the upper flow.
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Fig. 5. Photomicrographs of pumice clasts from Sapdere ignimbrites showing: a) melt inclusions in the quartz
phenocrysts and b) incipient resorbtion of sanidine and reversed zonation of plagioclase (x N)

@ur. 5. MUKPOCKOIICKM CHUMKH Ha I1€M30BU KbcoBe 0T CaniepeHCKH HTHUMOPHT, OKa3BallH: a) CTHKICHH
BKJIIOUEHHS B KBapuoB (eHOKpucTanm M b) HayamHO pa3TBapsHE HAa CAaHMOMH W OOpaTHAa 30HAJIHOCT B
riaruokiias (x N)

strong and coherent rocks, more resistant to

Post-depositional processes erosional processes than the underlying
rhyolitic tuffs and sedimentary rocks.

The results from the X-ray diffraction

analyses show that the volcanic glass of the

ignimbrites is thoroughly altered to zeolitic

The rocks suffered several post-depositional
processes: incipient welding and compaction of
the glassy shards and pumices; devitrification

of the metastable volcanic glass, and vapour-  inerals. mainly clinoptilolite and mordenite.
phase crystallization. Individual glass shards  Tpo chemical composition of the zeolites is

can be identified by devitrified crystals  geqeribed by Alexiev and Djourova (1981).
radiating from the shard walls toward the inner

part of the shard, thus forming a characteristic
axiolitic texture (Ross, Smith, 1960).
Compaction and welding are evident in  The composition of pyroclastic rocks from the
the deformation of glass shards and pumice Nanovitsa depression has been generally
fragments. The flattening of the ignimbrites is  described as rhyolitic, though not a single
demonstrated by the collapse of Y-shaped analysis of whole rock or pumice clast has been
shards and bubble walls; the alignment of previously published.
elongate crystal and lithic fragments; the Chemical analyses of selected pumices
folding of shards around lithic and crystal and electron microprobe analyses of melt
fragmens; and the collapse of pumice inclusions in quartz phenocrysts prove that the
fragments into glassy lenticular masses called pyroclastic rocks have a rhyolitic composition
fiamme. The degree of welding is variable, (Table 3; Fig. 6a). The low total of the analyses
with most of the rocks being moderately is probably due to the total zeolitization of the
welded. As a result of these processes, the volcanic glass. For the purpose of this study,
ignimbrites were indurated and nowadays are we consider that the composition of

Major elements
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Table 3. XRF and ICP-MS analyses of large pumice clasts and microprobe analyses of a perlitic groundmass
and melt inclusions in quartz phenocrysts

Tabmuna 3. XRF u ICP-MS ananusu Ha eopu nem3o8u Kbcoge u MUKPOCOHOOBU AHANU3U HA NePIuUmosd
OCHOBHA MACA U CIMBKIEHU BKIIOUEHUS 8 K8APYOBU (heHoKpucmanu

Sample N 7d97-1 7d97-1 Dbl0al Dbl0al Dbl0a2 Dbl10b Dbl2 Dbl2
pumice perlitic pumice melt pumice pumice pumice melt
groundmass inclusion inclusion

Si0, 75.35 70.88 62.05 72.84 58.71 70.21 68.00 74.19
TiO, 0.04 0.05 0.20 0.08 0.24 0.13 0.20 0.12
AlLO; 11.95 11.70 11.20 12.19 9.17 10.61 6.60 12.22
Fe,04 0.04 0.39 0.34 0.39 0.29

FeO 0.45 0.57 0.49 0.31
MnO 0.12 0.20 0.03 0.05 0.03 0.02 0.01 0.11
MgO 0.05 0.16 0.55 0.03 0.30 0.50 0.32 0.06
CaO 0.50 0.40 1.90 0.37 1.19 1.67 1.11 0.29
Na,O 2.65 2.36 0.83 2.33 0.85 0.72 0.47 2.85
K,0 5.47 6.13 3.46 5.21 4.31 3.21 2.66 4.60
P,0s 0.01 0.01 0.02 0.02 0.01

LOI 3.36 6.18 3.60 5.52 3.93

Total 99.99 93.22 86.81 93.87 78.76 93.00 83.60 94.75
Sc 4 4 3 3 2

\% 2 7 6 8 4

Cr bdl 8 7 9 9

Co bdl 2 2 2 2

Ni bdl 2 2 2 2

Zn 26 21 18 18 13

Cu bdl 8 6 4 7

Pb 40.8 30 81 42 38

Ga 8 13 9 7

Zr 61 21 54 56 30

Hf 331

Nb 27.47 14 22 32 19

Ta 2.58

U 12.48 2 5 54 56

Y 37.4 1 11 2 19

Th 23.5 21 36 48 26

Rb 351 310 285 235 159

Cs 13.83

Sr 11 1583 781 676 527

Ba 31 16 59 47 102

La 28.43 11 38 11 15

Ce 36.10 14 127 16 38

Pr 4.13

Nd 15.41 6 27 5 14

Sm 4.63

Eu 0.21

Gd 4.66

Tb 0.89

Dy 5.78

Ho 1.23

Er 3.66

Tm 0.58

Yb 3.84

Lu 0.61
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Fig. 6. a) K,O — SiO, classification diagram (Peccerillo, Taylor, 1976 with modifications of Marchev, 1986);
b) ORG-normalized trace elements patterns of ignimbrites from the Nanovitsa depression, Eastern Rhodopes
(after Pearce et al., 1984). Samples Db10al and Db12 are from Sapdere ignimbrites and sample Zd97-1 is
from Raven ignimbrites. The dash line represents a collisional granite from South England (after Pearce et al.,

1984)

Our. 6. a) K,O — SiO, xnacudukanmonna nuarpama (mo Peccerillo, Taylor, 1976 ¢ momudukanuu Ha
Marchev, 1986); b) Hopmanusupana KpM OKeaHCKO XpeOETeH TpaHHT cllaliep Auarpama 3a aHaJIu3d Ha
nem3u oT UrHuMOpuTuTe oT HaHoBumkoTo monmwkenue (mo Pearce et al., 1984). 3a cpaBHeHune ¢ HaHeceH

Nb Ce Hf

KOJIM3HOHHEH rpaHuT oT IOxua Aurmus (o Pearce et al., 1984)

sample Zd97-1 and the melt inclusions in the
quartz are the best approximates to the real
composition of the magma. The pyroclastic
rocks can be classified as high-silica and high-

K rhyolites. The total of alkalis (Na,O + K,0)
is about 8 wt%, with K,O/Na,O ratio = 2.
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Trace elements

Trace elements concentrations in the analyzed
samples are typical of highly fractionated
rhyolitic magmas: high concentrations of
incompatible elements (Rb, Th, U) and low
concentrations of compatible elements (Sc, V,
Cr, Co, Ni). The trace element distribution
patterns (Fig. 6b) show a strong positive Rb
and Th anomaly and a negative Ba anomaly.
These trace-element distribution patterns are
similar to most of the other rhyolitic rocks of
the Eastern Rhodopes (Yanev, 1998).

Crystallization conditions

Equilibration temperature for the phenocrysts
in the Nanovitsa ignimbrites was calculated
from the compositions of co-existing feldspars
or Fe-Ti oxides, using three different methods.
Feldspar temperatures were calculated using
sanidine and rim composition of plagioclase.
Temperatures obtained by the methods of

Stormer (1975) (643-669°C) are slightly lower
than those obtained by the method of Furhman
and Lindsley (1988) (660-719°C). Tempe-
ratures calculated by the titanomagnetite-
ilmenite pairs (735-743°C), using the thermo-
meter of Anderson et al. (1993), are higher
compared to those obtained by the two-feldspar
methods.

The estimated pressure, using the method
of Stormer and Whitney (1985) is about 2-3
kbar. Oxygen fugacity was calculated with the
QUILF program (Andersen et al., 1993) from
the composition of two pairs of coexisting Fe-
Ti oxides, which passed the magmatic
equilibrium test for Mg/Mn partitioning
equilibrium of Bacon and Hirshman (1988)
(see Fig. 7) The results show that log fO, is
about -13.3 for temperatures of 740°C, about
two logarithmic units below the Ht-Mt buffer.

Water content can be deduced from the
quartz-hosted melt inclusions in the pumice
clasts. Analyses of two melt inclusions (Table

- 11

| 2:06
o .
10 - %0.4
5.09
| H
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. _ | limenite log(Mg/Mn)
s_) 14 «
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S v
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Fig. 7. T-fO, plot after Giorsho and Sack (1991), calculated from the composition of the eqiulibrium Fe-Ti
oxide pairs. Inset shows the magmatic equilibrium test of Bacon and Hirshman (1988) for Fe-Ti oxide pairs
from Sapdere ignimbrites. The two lines contour is the equilibrium field

@ur. 7. T-fO, auarpama mo Giorsho & Sack (1991), noctpoeHa 3a chcraBuTe Ha paBHOBecHHU ABOiKH Fe-Ti
okcuan. Bpeskara mokasBa TeCTHT 3a MarMaTW4HO paBHOBecue Ha Bacon & Hirshman (1988) 3a nBoiiku Fe-
Ti okcuau ot CanzepeHcKH UTHUMOPUT. J[BeTe TMHUH OYepTaBaT paBHOBECHOTO I0JIE

61



3) show totals of 93.87-94.75, suggesting 5.25-
6.13% water, which can be interpreted to
represent dissolved H,O content of the melt at
the time of quenching (see Sisson and Layne,
1993). The water would be saturated at
lithostatic pressures of 1.8-2.7 kbar (program
of Holloway and Blank, 1994), which is very
close to the pressure estimates using the
method of Stormer and Whitney (1995).

Age of the pyroclastic rocks

Harkovska et al. (1992) consider the age of the
pyroclastic rocks in the depression as Upper
Eocene based on microfossil analyses of the
marls, sandstones and limestones. This age,
however, is not consistent with the
stratigraphic position of the pyroclastic rocks
that overlie the volcanic rocks of Zvezdel and
Dambaluk volcanoes, and the precisely dated
pyroclastic flows from the Borovitsa caldera
(31.93£0.50 Ma, Singer and Marchev;
31.8240.14 Ma, Moskovski et al., 2004). A
high quality *’Ar/’Ar laser fusion date from
sanidine in the Raven ignimbrites yielded an
age of 31.13 £0.12 Ma (Table 4), confirming
the observed stratigraphic relations of
pyroclastic rocks in Nanovitsa depression.

Discussion

Assessment for the source of the Nanovitsa
pyroclastic rocks

One of most intriguing questions for the
Nanovitsa Depression pyroclastic rocks is the
location of the vent(s). The eruption of these
quite extensive ignimbrite sheets and air-fall
tuff was possibly associated with a caldera
collapse. However, so far, such a structure has
not been identified, although some authors (e.g.
Georgiev et al., 2000) on the basis of negative
gravity anomalies suggest that the Nanovitsa
depression itself is a caldera structure. The
absence of any magmatic activity in the
depression is the strongest evidence against
such a statement. The large blocks of rhyolites
mixed with blocks of andesites that have been
described by Harkovska and Djurova (1994) in
a slump southeast of Dambaluk are the only
evidence of some magmatic activity close to
the depression. However, our observation of
these blocks suggests that they are strongly
welded and silicified ignimbrites rather than
rhyolites.

Table 4. Individual “*Ar/*° Ar laser-fusion analyses of 6 sanidine grains from a pumice clast from the Raven

pyroclastic flow (sample Zd 97-1)

4 9
Ta6muna 4. Anousudyannu ** A/’ Ar ananusu na 6 canuounosu kpucmana om nemsos koc om Pasernckume

uenumbpumu (obpazey Zd 97-1)

Sample Experiment  ““Ar’Ar  Ar/°Ar A/ Ar N % “Ar" K/Ca Apparent age + 26
number (10 mol) Ma
Zd97-1
Sanidine GE117X4A 1.363 0.00562 0.0000280 0.88 99.1 87.14 31.19 =+ 0.16
J=0.01291 GE117X4B 1.462 0.00581 0.0003688 0.79 82.3 8434 31.14 =+ 0.20
+0.13% GE117X4C 1.430 0.00607 0.0002573 0.56 94.3 80.69 31.17 + 0.20
GE117X4D 1.434 0.14477 0.0003161 0.37 94.0 338 31.12 =+ 0.24
GE117X4E 1.390 0.05004 0.0001362 0.78 97.1 9.79 31.15 =+ 0.16
GE117X4F 1.418 0.06225 0.0002601 0.40 94.6 7.87 3097 + 0.22
mean &
SD 31,12 % 0.18
weighted
mean &
SD 31.13  + 0.12
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The Borovitsa caldera is another possible
source for the Nanovitsa ignimbrites. It is the
largest caldera recognized in the Eastern
Rhodopes (Ivanov, 1972) located just 20 km
from the western edge of the depression.
However, the latest magmatic activity at
Borovitsa, dated at 31.75 + 0.34 Ma (Singer,
Marchev, 2000) is older than the age of
Nanovitsa ignimbrites (31.13 + 0.12 Ma).
Moreover, late Borovitsa rhyolites are
amphibole-bearing  (Marchev, Fekeldjiev,
1980), whereas Nanovitsa ignimbrites are
amphibole-free. In addition, careful
examination of the orientation of the branches
of the petrified forest, as discussed above,
implies that the vent(s) were located to the
northeast. Unfortunately, no caldera or even
acid rocks of similar age are identified in the
Sveti Ilia volcano, which is located in that
direction.

Conclusions

Oligocene (~31 Ma) pyroclastic rocks,
outcropping in the Nanovitsa depression, seem
to represent the final stages of volcanic activity
in the Eastern Rhodopes. Field observations
show that the beginning of the pyroclastic
activity occurred in a shallow marine
environment, which formed the Raven ignim-
brites. Following this, a sequence of air-fall
tuffs and pyroclastic flows was deposited in a
sub-aereal environment, as shown by the
buried forest in the canyon of the Sapdere
river.

The petrified forest is an impressive
natural phenomenon and provides an oppor-
tunity for detailed volcanological studies and
environmental education.

The pyroclastic rocks are of rhyolitic
composition with mineral composition varia-
tions showing indications that the felsic magma
was zoned and, probably, underlain by a more
mafic magma. The crystallization of the
rhyolitic magma took place at 5-10 km depth,
temperatures of 740-650°C, high volatile
content (5-6 wt.%), and high oxygen fugacity.

A major unresolved question is the
location of the source of pyroclastic activity.
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Eruptions of this magnitude would have
produced a caldera structure, but such a
structure is not known in the close vicinity.
Further field and precise age studies are needed
in order to solve the problem.
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