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Mineral chemistry of the collision-related acid Paleogene volcanic
rocks of the Eastern Rhodopes, Bulgaria

Yotzo Yanev, Rositsa Ivanova

Abstract. The paper is based on more than 550 microprobe (both WDS and EDS) analyses of
clinopyroxenes, amphiboles, biotite, feldspars and accessory oxides from the Borovitsa (BR) and
Momchilgrad—Arda (MAR) volcanic regions of the Eastern Rhodopes.

Clinopyroxenes are rare and vary from diopside to Fe-augite. They are poor in Al, but tetrahedral
deficiency rarely occurs. Na enters the pyroxene structure mainly as acmite molecule, resulting in a positive
Na—Fe®* correlation, and rarely as jadeite one. Ti contents are low, correlating positively with Al and
negatively with Si that reflects the TiAl,«>MgSi, substitution.

Ca-amphiboles are more common. They are mainly Mg-hornblende and Mg-edenite, rarely pargasite and
Mg-hastingsite. The main substitutions are of edenite and rarely of tschermakite type. Ti content is relatively
low, sometimes correlating positively with the temperature and negatively with the fO,. A positive Ti—'v Al
correlation is observed in other cases, caused by Ti+2" Al-Mg+2Si substitution.

Biotite is presented in all studied volcanics. It is Mg-rich annite (Mg" 0.53-0.67). The observed negative
VAI-Mg” correlation results from the (Mg, Fe)O+Si0,—Al,0; substitution. The “'Al is low: up to 0.2-0.3
apfu. A negative “'Al-"VAl correlation, explained by the same substitution scheme, is observed in the BR
biotites. Ti contents are 0.3-0.7 apfir. A negative Ti-Mg" correlation is found in some volcanics due to the
substitution Ti+2Al—Mg, Fe+2Si. The F contents in the biotites from MAR increase from the oldest
(Priabonian) towards the youngest Rupelian phase.

Feldspars are plagioclase, sanidine and rare anorthoclase. The plagioclases are weakly zoned. Some
sanidines have rich in Ba central zones or rims (up to 8.9 wt.% or Cn;7;). Basic, strongly corroded
plagioclases (up to labradorite or bytownite) were identified in some of the volcanics together with the acidic
ones (oligoclase to andesine), indicating mixing process between rhyolitic, and probably latitic melts.

Oxide minerals, together with apatite, zircon and titanite, are accessories. The first ones are Ti-Fe?*
(ferropseudobrookite to ilmenite) and of Ti-Fe’'—Fe®* oxides as the lasts form a continuous row from Ti-
magnetite to magnetite—hematite.

The temperatures (according to amphibole and feldspar chemistry) for BR decrease towards the later
stages of the caldera volcanism. In MAR was confirmed that the pyroxene-bearing rocks were formed at
higher temperature than amphibole-containing ones. Based on the exponential dependence of Al in amphibole
vs. pressure, the values of 0.64—1.16 kbar have been obtained for BR volcanics (corresponding to the 2.4—4.4
km depth) and of 0.84-2.97 kbar for MAR (corresponding to the 3.2—11.2 km) The fO, lies between HM and
NNO buffer, close to the second one (ANNO 0.13-2.06). According to the amphibole geohygrometer, water
contents of the Borovitsa caldera magmas increase from the lavas of the 1% (2.61-3.92%) to the last stage
(3.69-4.01%), whereas the explosivity decreases. The water contents of the Momchilgrad—Arda region lavas
are higher (4.12-6.82%). All water rich lavas have formed perlites and their water contents, in most of the
cases, correspond to the values calculated using the amphibole chemistry.
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Houo SAneB, Pocuna FHBanoBa. XuMHU3BM Ha cKajJooOpasyBalluTe MHHepPaJM Ha
NajeoreHCKHUTE KOJU3NOHHU KHCceJH ByJKaHuTH B M3Tounute Poronu

Pestome. CraTusita 0606masa pesyiararutre ot 550 mukpocongoBu (WDS u EDS) ananusu Ha nupokceHw,
amdubonn, OHOTHT, QenamnaTy u akuecopHure okcuaun B boposumkust (BP) m Momumirpag—ApanHcku
(MAP) paiion.

KnmHonmpokceHHTe ce cpemar psako U 10 ChCTaB Bapupar ot auorcun 1o Fe-asrur. Te ca Geqan Ha
Al, HO TerpaenpuueH AeHUIUT ce NMpOsiBABA psnko. Na Bim3a B NMHUPOKCEHOBATa CTPYKTypa PSAKO KaTo
XKAJEUTOBA, 4 HAM-UeCTO KATO AKMHUTOBA MOIEKYyJa, KOETO BOJM [0 IOsBa Ha monoxurenHa Na—Fe''
xopenanust. ChappkaHueTo Ha Ti € HUCKO, KOpeIHpaiiky MOoJIOXKHUTETHO ¢ Al M oTpHnaTenHo cse Si, KOeTo ce
IeiDku Ha cyoctutynusarta TiAl,>MgSi,.

Ca-ampubomnu ce cpemar mo-uecto. Te ca riaaBHO Mg-xopHOneHaa U Mg-eeHHT, PSAAKO MapracuT u
Mg-xeiictuarcut. ['maBHaTa CcyOCTUTYLHMsI B TAX € OT EICHHTOB THI, IO-PAOKO OT YepMakuToB. Ti
CHIBPXKAHIE € CPABHUTEIHO HUCKO, KOPEIMPAIIO MOJTOKUTEHO B HAKOI OT BYJIKAHUTHTE C TEMIIepaTypara 1
otpunatenso — ¢ fO,. B mpyru Ti monoxurenHo xopenupa ¢ 'YAl, KoeTo ce ABIKH Ha CYOCTHTYLHATA
Ti+2VAl>Mg+2Si.

BHOTHTBT € mpejcTaBeH moBcemecTHo. Ilo chcraB e Gorar Ha Mg ammr (Mg’ 0,53-0,67).
HaGmonasanara HeratupHa ' Al-Mg” xopemaums ce apmxu Ha cyGcrurymusara (Mg, Fe)O+Si0,—AlLO;.
KonuuectsoTo Ha VAl e Hucko — 10 0,2-0,3 apfi. Chc ChIlaTa cxeMa Ha 3aMECTBaHE ce OOfACHABA H
otpunatensata * Al-"VAl xopenarus, HabmogaBaHa B GuoTuTHTe Ha BP. Ti chappxkanue e mexay 0,3 u 0,7
apfu. HabmomaBa ce orpumartemsa Ti-Mg® kopemamms, gemkama ce Ha 3aMecTBaHe MO CXeMara
Ti+2Al->Mg,Fe+2Si. B MAP cpappkannero Ha F ce yBenmnuaBa OoT Hali-crapaTa, MpHaOOHCKa KbM Haii-
MIIaiaTa pymesncka gasa.

@engmmaTuTe ca MpeAcTaBeHH OT IUIATHOKIIA3, CAHWAMH, PSAKO W aHOpTOKaa3. [lmarmokmasure Haii-
4ecTo ca cado 30HaNHU. HsKoM caHnAMHM MMaT BHCOKO Ba chabpikaHue B LEHTPATHATE WK epudepHuTe
30oHn (o 8,9 wt.% wmmm Cn;;;). B Hsikom OT ByJKaHWTUTE NPHCHCTBAT CHJIHO KOPOJMPAHH Oa3sHYHU
IIarkokyiasu (1o Jabpagop WiM OHTOBHHT), 3a€[HO C KHCENM TakuBa (OMMIOKJIA3—aHIEC3WH), KOETO €
YKa3aHU€ 3a MUKCUHI" HA pPUOJIUTOBA, BEPOATHO C JIATUTOBA Marma.

OxcuaHUTe MUHEPANH, 3aeIHO C alaTHTa, MUPKOHA U TUTAaHHUTA Ca aKCIIeCOpHHUTE (a3u. YCcTaHOBEHHU ca
Ti-Fe*" (deporncernobpykut no mimennt) u Ti—Fe*'—Fe’" okcmmm, oOpasyBamii HempeKbCHATA PEaMIia
Mekay Ti-MarHeTUT U MarHETUT—XEMATHT .

Cnopen cbcTaBa Ha am¢puboIa 1 QenaummaTuTe TeMIepaTypaTa Ha Kpucraan3anus B bP HamamnsaBa kbM
MO-KBbCHATE CTAAWM Ha KalJepHUs BylkaHm3sM. B MAP ce moaTBBpAM, Y€ NHPOKCEHCHIBPIKAIIUTE
BYJIKQaHUTH HMMaT II0-BHCOKa TeMIlepaTypa oT aM(puOoIChIbpKamuTe. B3 OCHOBa Ha EKCIIOHEHIMATHATa
3aBHCHUMOCT Ha HAJIATAHETO OT ChIbpikaHKeTo Ha Al B am¢pudonute 3a BP Geme monydeno Hamsrane ot 0,64—
1,16 kbar (otroBapsiuo Ha abadounHa 2,4-4,4 km), a 3a MAP — 0.84-2.97 kbar (oTroBapsiiio Ha Aba00YMHA
3.2-11.2 km). fO, e mexny HM u NNO 0Oydep, mo-6amuzka mo Bropusi (ANNO=0,13-2,06). Cnopen
amM(uO0TOBHSI TEOXUTPOMETHP BOAHOTO ChabpkaHne Ha bP ce yBenndaBa ot Hawanaute dasu (2.61-3.92%)
1o nocnennata (3,69—4,01%), 1okaTo eKCII03UBHOCTTA UM HamaisiBa. B MAP cpabpkanueTo Ha Boaa € 1mo-
BHCOKO (4,12-6,82%). Benuku Goratu Ha Bojia JIaBH ca 00pa3yBayi IIEPIUTH KaTo ChABPKAHUETO HA BOAA B
TSIX B IOBEUETO OT CITydanTe OTTOBaps Ha U3UUCICHOTO ¢ aM(pHOOIOBUS TEOXUTPOMETE.

Introduction the active continental edge of Eurasia that took

. e place in Paleogene (Yanev & Bahneva 1980;
The volcanic activity in the Eastern Rhodopes  1y,p,ygpi et al, 1991; Yanev 2003a). It is cyclic
resulted from the collision between the north- . character (4 intermediate phases alternate

ward-advancing parts of the African plate and with 5 acidic: one Priabonian and 3 or 4
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Rupelian, respectively) and bimodal in compo-
sition as almost equal volumes of intermediate
and acid volcanics were produced (Ivanov
1960, 1963), together with a little basic var-
ieties. Many papers are known to deal with the
individual occurrences of the Paleogene vol-
canics in the Eastern Rhodopes; others report
general views on different geodynamic, geo-
logical, petrological and volcanological prob-
lems and the most recent ones are collected in a
special volume of Acta Vulcanologica, devoted
on the Rhodopes (cited in Yanev 1998).
Nevertheless, the chemistry of the rock-for-
ming minerals, regarding especially the acid
members of this volcanism, has been often out
the scope of the papers, excepting some works
like the description of the Golobradovo perlite
deposit (Yanev 2003b), the study of Sheinovets
caldera volcanics (Ivanova 2006) and others. A
summary on the acid volcanics in the area was
made by Yanev (1998). The microprobe dataset
(over 550 analyses), cited here and after as
Appendix (not printed, but deposited as file
appendix_yanev2010 on the web page) on the
chemistry of phenocrysts, present in the acid
volcanics, accumulated during the last decades,
gives us a tool for better understanding of the
evolution of rock-forming mineral associations,
both in individual volcanoes and volcanic
regions, composing the picture of one case of
collision-related volcanic area.

Despite observing quite poor phenocryst
associations in the acid volcanics (quartz,
plagioclase, sanidine, biotite, in some varieties
amphibole and/or clinopyroxene, as well as Fe—
Ti oxides), the composition of mafic minerals
is notably diverse that allows studying the
schemes of their isomorphic substitutions. The
feldspars permitted us to identify mixing
(and/or mingling) phenomena in some of the
acid rocks. All phenocrysts together gave infor-
mation on the conditions of the magma crystal-
lization. The groundmass (felsitic, spherulitic,
perlitic and granoblastic in subvolcanic bodies)
has not been studied here.
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Brief description of the studied Paleo-
gene acid volcanics

Three Paleogene volcanic regions were
distinguished in the Eastern Rhodopes and two
of them are discussed here (Fig. 1) — north-
western, Borovitsa (BR) and southeastern,
Momchilgrad—Arda (MAR) (Ivanov 1960). A
brief description of the acid volcanics in these
regions is presented here just to give an idea of
their position in the evolution of the Eastern
Rhodopes. Their chemistry is discussed in de-
tail in Yanev (1998) and some other papers
listed in the references. Only volcanic edifices
and domes that are objects of this study are
described below.

BR is dominated by a large caldera of the
same name, so two groups of volcanics were
distinguished in respect to it: intra- and extra-
caldera. Six main stages were identified in the
tectonomagmatic evolution of Borvitsa caldera
(Yanev 1990; Yanev et al. 2005; Dhont et al.
2008):

e 1% stage. Deposition of crystal-rich ignim-
brite units containing zonal plagioclase (lab-
radorite—oligoclase), Ba-rich zonal sanidine,
biotite, diopside, rarely quartz subphenocrysts.
The ignimbrites (33.5 Ma') are trachyte to
trachyrhyodacite in composition, strongly
welded in the western parts of the caldera and
not welded in the eastern.

e 2" stage. The fast eruption of vast amount
of pyroclastic material led to formation of
nested caldera complex. The central Murga
caldera (Yanev 1990) has a diameter of 7-10
km. Crosscutting ring body of ignimbrite-like
trachyrhyodacite to rhyolite were emplaced
within its bounding faults. The phenocrysts are
quartz, sanidine, oligoclase, biotite, rarely
amphibole and diopside as some of the
feldspars and mafic minerals are altered. The
groundmass is heterogencous, composed by
fiamme-like lenses, altered to quartz—albite
aggregate, enclosed in matrix of adularized

" All ages in the paper are K—Ar, obtained by P.
Lilov on bulk samples. They are cited in Yanev
(1990) and Lilov et al. (1987)
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Fig. 1. Location map of the studied acid volcanoes and dome areas in the Eastern Rhodopes. Calderas: (ShC)
Sheinovets; (TC) Tatarevo (according to Yordanov et al. 2008b); (BC) Borovitsa (with the stages of
formation); volcanoes: (L) Lozen; (M) Madzharovo; (S) Silen; (SK) Studen Kladenets; (SI) Sveti Iliya and
(D) Dambalak composite volcanoes; (P) Perperek; (Or) Ormanlar; (H) Hisar; (ZV) Zli Vrah; (HC) Haykanska
Chuka; domes: (SM) Sveta Marina; (Gr) Gerena; (N) Nanovitsa; (Mi) Mishevsko; (Sh) Shterna; (SP)
Schupenata Planina; (Ok) Ortakaya; (Hd) Hisar (in Tatarevo caldera), (MB) Mineralni Bani, (CK) Cherniya
Kamak, (G) Gradishte

shards (<1 mm). They were cut by numerous small body were emplaced in its bounding
bodies of black, partly zeolitized perlite, con-  faults with trachydacite to rhyolite composi-
taining the same, but not altered phenocrysts. tion. They contain quartz, sanidine, oligoclase,
e 3" stage. Eruption and depositions of  biotite, amphibole and/or diopside.

pyroclastic material. The western parts of the e 5™ stage. Several tens of high-Si trachy-
ring body were intruded by a subvolcanic stock  rhyolite domes and cryptodomes with perlitic
(33 Ma) of trachydacite to trachyrhyolite with  peripheries (30-32 Ma) were emplaced on or
phenocrysts of quartz, sanidine, zonal plagio- very close to the surface. They contain rare
clase (andesine to oligoclase) and biotite. phenocrysts of quartz, zonal sanidine
e 4™ stage. The large eruptions resulted in a  (regarding its Ba contents), sometimes coated
new caldera subsidence and formation of by anorthoclase, zonal plagioclase, biotite and
Borovitsa caldera in its present-day shape and amphibole (together with diopside in one
size (15%30 km). Few dykes (32.5 Ma) and one  dome). This stage ended with intrusion of very
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rich in phenocrysts (>50%) trachyrhyolite
(building Letnitsa dome) being the residue of a
zonal magma chamber (Hildreth 2004).

6™ stage. Both the caldera fill and frame
were cut by dyke swarms with composition
varying from shoshonite to rhyolite and subvol-
canic trachydacite bodies (27.5-29.5 Ma).

Several trachyrhyodacite to trachyrhyolite
domes representing the last stage of Bryastovo
latite volcano (Gradishte and Cherniya Kamak,
Yanev & Pecskay 1997) as well as rhyolite to
trachyrhyolite domes from Tatarevo caldera
(Yordanov et al. 2008b) — Mineralni Bani and
Hisar, have been studied to characterize the
extracaldera (regarding to the larger Borovitsa
caldera) acid volcanics in BR. Their phenocryst
association includes quartz, plagioclase,
sanidine, biotite + amphibole and diopside. The
Mineralni Bani rhyolite contains no amphibole
and diopside.

Three groups of volcanoes were distin-
guished in the MAR. They have different
composition and get younger from NE to SW
(Yanev et al. 1983): Maritsa, Arda and Ustren.
e Maritsa group includes the Priabonian
dome-volcano Lozen (Yanev et al. 1975) com-
posed by the products of two stages, repre-
sented by rhyolite to trachyrhyolite (with
phenocrysts of quarts, plagioclase, sanidine and
biotite) and trachydacite to trachyrhyodacite
(quartz, plagioclase, amphibole, biotite and
coarse sanidine), respectively; Sheinovets cal-
dera rhyolites, formed during several stages
(Priabonian—Rupelian, I** and 11" acid phases)
described in Ivanova et al. (2001) and Ivanova
(2005) and containing quartz, two feldspars and
biotite (associating with pyroxene in one of the
dykes or amphibole in rhyolite clasts found in
the caldera fill deposits); Sveta Marina rhyolite
dome from the II" Rupelian acid phase
containing the same phenocrysts.

e From Arda group we have studied
Madzharovo trachydacite volcano and the
rhyolites from the Geren dome-cluster (both
formed during the II" Rupelian acid phase)
with phenocrysts of plagioclase, sanidine,
biotite, diopside—augite (in Madzharovo) and
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quartz (in Geren). Some acid volcanoes from
the complex edifices of II"* and III" Rupelian
phases as Sveti Iliya and Dambalak (Dambalak,
Ormanlar, Perperek, Studen Kladenets, Hisar);
one body of black perlite from the west slope
of Sveti Iliya volcano in the wvalley of
Nanovitsa River (vicinity of Tsarkvitsa,
Postink village) are also discussed. They have
trachydacitic (Hisar volcano) to trachyrhyolitic
(Studen Kladenets volcano) composition. The
lack of quartz phenocrysts (only in Studen
Kladenets quartz subphenocrysts are present,
Yanev 2003b) is typical of the rocks from this
group. Diopside—augite is very common; some-
times amphibole is also present (in Studen
Kladents). Sanidine is absent from Hisar
volcanics and Nanovitsa perlite. The rhyolite
underlying Dambalak volcano of the II™
Rupelian acid phase as well as the numerous
bodies exposed in the Nanovtsa River valley
(Yordanov et al. 2008a) have not been studied.
e  The Ustren group includes the Ustra dome-
cluster (that includes Schupenata Planina and
Ortakaya domes), some separated domes (Mi-
shevsko, Shterna) and Zli Vrah volcano, for-
med during the III"™ and the IV"™ Rupelian acid
phases. They are built by felsitic rhyolite with
perlitic peripheries containing rare phenocrysts
of quartz, the two feldspars and biotite.
Amphibole is identified in the Mishevsko
dome. There is one dome (to the east of Vode-
nicharsko village) built by crystal-rich rhyolite
with phenocrysts contents over 50%, inter-
preted as a residue of a zonal magma chamber
(Hildreth 2004).

Methods

The data on phenocryst composition have been
obtained in 4 laboratories: Geological Institute
(JEOL 733 Superprobe equipped with WDS,
analyst or EDS, analysts K.
Rekalov and Tz. Iliev), in the University of
Paris—11, Orsay (Cameca equipped with WDS,
analyst R. Pichon), University of Paris—6 and 7
(Camebax and SX-50 equipped with WDS,

analysts U. Remy and M. Fialen) and
University of Louven-la-Neuve, Belgium (SX-



50 equipped with WDS, analyst J. Wautier).
The control analyses of the same objects in
different laboratories have showed that the data
are comparable.

The modified version of the program of
Papike et al. (1974) on a charge-balance basis
(kindly provided by P. Nimis from University
of Padova, Italy) has been used for the
calculation of Fe*" in pyroxenes. The crystal
formulae of amphiboles have been calculated
using the improved version of the IMA
software (Leake et al. 1997). The temperatures
have been calculated using the method of
Fuhrman & Lindsley (1988) based on the
distribution of the albite molecule in the
feldspars. As reliable are taken only these
values showing differences between individual
feldspar pairs lower than 20°C (the authors
recommend 4 times higher threshold i.e. 80°C).

The new calculation schema of Ridolfi et
al. (2010) has been used to estimate pressure,
temperature, oxygen fugacity, and water
contents of the melts during amphibole
crystallization. The pressure data have been
compared with these obtained, using the
method of Johnson & Rutherford (1989).
Magnetite—ilmenite pairs (Stormer 1983) have
also been used to estimate the oxygen fugacity
in some samples, calculated with the program
of Lepage (2003).

BR A st stage (ignimbrite)
WV 2nd stage (ignimbrite)
O 4th stage (dyke)
O 5th stage (Yailadere dome)
& extracaldera (Tatarevo)

Chemistry of the rock-forming minerals
Clinopyroxenes

Clinopyroxene phenocrysts are relatively rare
in the acid volcanics and normally occur in
small amount. In BR they are identified in the
1% stage ignimbrites, in the 2™ stage black
perlites, in a body emplaced in the caldera
bounding faults (4™ stage), in one dome of the
5™ stage (Yailadere) as well as in some of the
extracaldera domes (Hisar in Tatarevo caldera
and Gradishte). In MAR, clinopyroxenes occur
in one of the dykes of the Sheinovets caldera
(Ivanova 2006) and in some of the Arda group
volcanics. Clinopyroxenes from Perperek have
not been analyzed since they are completely
altered.

Clinopyroxenes are small, euhedral; some
are slightly rounded due to magmatic
corrosion. According their composition they
are (Fig. 2; Appendix):

e Diopside to diopside—augite in Borovitsa
caldera;

Diopside—augite (in some volcanics in
MAR) to Fe-augite (in Studen Kladenets
volcano).

All clinopyroxenes analyzed are poor in
Al (excluding the pyroxene in the 4™ stage of

+ extracaldera (Gradishte)

MAR B Hisar
A Nanovitsa
<> Madzharovo
@ S. Kladenets (Svetoslav)
V S. Kladenets (Konevo)

60

Fig. 2. Ca—Mg-Fe systematics of
the clinopyroxenes from the Eastern
Rhodopes acid volcanics. Below —

En 50

detailed part of the diagram
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BR), but rich in Ca and Si (excluding the
pyroxenes from the 4" stage and from Studen
Kladenets). Nevertheless they are Al-poor, Al
deficiency in Si—Al tetrahedra is detected only
in pyroxenes from extracaldera domes of BR,
Hisar, Nanovitsa, and especially in the augite
from Studen Kladenets where it reaches 0.035
apfu. This deficiency is balanced by Fe®" as it
was proved by Hartman (1969). The presence
of V'Al in the rest of the pyroxenes (Fig. 3a)
results in formation of tschermak molecule
(CaY'AIVAISiOg). Small amount of jadeite
molecule (Na“'AlSi,06) occur in the pyroxenes
where 'AI>'VAL (1% stage ignimbrites and 2™
stage black perlites of BR and Madzharovo).
Both molecules are typical for the high-
pressure pyroxenes (Kushiro 1969; Thompson
1974). 1t was experimentally demonstrated that
the V'Al/'VAI ratio in silicate melts (and in

crystallizing from them pyroxenes, respec-
tively) increase with growing pressure due to
an increase of Al coordination in the melt
(Velde & Kushiro 1978). The decrease in V'Al
contents in pyroxenes from 1% to 5" stage of
the Borovitsa caldera (Fig. 3a) could indicate
swallowing of the acid magma reservoirs (see
below: the average pressure calculated using
amphibole chemistry for the 2™ stage is 0.83
kbar and for the 5™ — 0.76 kbar). A negative
correlation between the two types of Al has
been observed in the acid volcanics of
Madzharovo only.

As regarding Na, the highest contents
have been registered in the pyroxenes from
Madzharovo (up to 0.092 apfis, Fig. 3b). In BR,
its contents decrease from 0.047 (1* stage),
0.038 (2™ stage) to 0.025-0.006 apfu (5"
stage), that corresponds well with the quantity
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Fig. 3. Plots for the studied clinopyroxenes: a) YAl vs. V'Al; b) Na vs. Fe** (tot); ¢) Ti vs. "YAlL; d) Ti vs. Si.
(BR) Borovitsa region; (MAR) Momchilgrad—Arda region. The arrows indicate the different trends
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of Y'Al and also reflects the decrease of
pressure in the course of magma system
evolution. Na enters the pyroxene structure as
acmite component (NaFeSi,Og¢) explaining the
positive correlation between Na and Fe’*
observed in the pyroxenes from almost all
samples. That correlation is very clear in the
pyroxenes from Madzharovo and Sheinovets.
The rest of Na forms jadeite component when
VIAI>VAL, as it was mentioned above. NATAL
component (NaTiSiAlOg, Papike et al. 1974)
does not form in the pyroxenes discussed here
so no correlation between Na and Ta has been
observed (not shown here).

The quantity of Ti is also very low, as
relatively higher values are detected in the
pyroxenes from Madzharovo, Studen Kladenets
and the 1% stage ignimbrites in BR (up to 0.011
apfu). Ti forms TAL component together with
Al (CaTiAlL,Og4, Papike et al. 1974). That ex-
plains why Ti correlates positively with Al
(Fig. 3c) and negatively with Si (Fig. 3d), bet-
ter expressed only in the pyroxenes from Shei-
novets and the dome of the 5" stage. It is a
consequence from the most important non-
quadrilateral ~ substitution in  pyroxenes
(TiAl,>MgSi,).

Amphiboles

Amphiboles are more common as mafic
phenocrysts in acid lavas than pyroxenes. In
BR they are present in the 2™ stage ignimbrite-
like volcanics, in the 4™ stage caldera dykes
and especially in the 5" stage domes as well as
in most of the extracaldera domes (Gradishte,
Cherniya Kamak, Tatarevo). In MAR they oc-
cur in the rhyolite lithics in Sheinovets caldera
fill deposits, in the 2™ stage volcanics of the
Lozen volcano, and in the lavas of Studen Kla-
denets (Konevo flow) and Mishevsko dome.
According to their chemical composition
(Fig. 4a; Appendix) amphiboles are mainly
Mg-hornblende and Mg-edenite (most of the
edenites are not stoichiometric due to the low
Si, Al and Ti contents), few are pargasite,
tschermakite and Mg-hastingsite. All am-
phiboles have relatively higher contents of
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alkalis (more often between 0.4 and 0.65 apfu —
Fig. 4b) and the richest is the edenite from the
2" stage volcanics of BR (up to 0.9 apfir). K is
present in all measured amphiboles, but Na is
lacking in some of them (in Cherniya Kamak,
and in one analysis from Gradishte). The
alkalis positively correlate with Al in most of
the volcanics (Fig. 4b) indicating that the
occupation of A position by alkalis requires the
following substitution: Na, VAl Si
(Kostyuk & Sobolev 1969).

The high alkaline contents in amphiboles
results generally from the increased alkalinity
of the acid volcanism in the Eastern Rhodopes,
but it can not be used to distinguish between
the different magma reservoirs, since the alkali
contents in the amphiboles do not reflect
directly the alkalinity of magmas.

On the other hand, the alkali contents and
the quantity of "YAl depend on the temperature
of amphibole crystallization (Kostyuk &
Sobolev 1969; Blundy & Holland 1990). This
was confirmed only in amphiboles from MAR
(Fig. 5). On the contrary, a negative correlation
is observed between the alkali content and
temperature in BR (e.g. 2" stage volcanics).

Al and Si in edenite and Mg-hornblende
vary slightly (Al between 0.82 and 1.25 apfu).
In other types of amphiboles, as pargasite
(Sheinovets caldera), Mg-hastingsite (Konevo
flow of the Studen Kladenets volcano) and
tschermakite (Mishevsko dome), the 'VAl is
very high indicating higher temperature of
crystallization (Fig. 5; see also Table 3).
However, some edenites from the 2™ stage of
Borovitsa caldera show also high temperature
despite their low VAl content.

In contrast with the existing ideas that the
quantity of “'Al in amphiboles, like in
pyroxenes, increases with pressure (Leake
1965; Kostyuk & Sobolev 1969 etc.) it was
proven that the total Al contents depend on the
pressure (Johnson & Rutherford 1989; Blundy
& Holland 1990, etc.). In the studied
amphiboles Y'Al normally varies between 0 and
0.32 apfu (Fig. 4c). The only exception is
tschermakite from Mishevsko dome with

«~>0,
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Fig. 4. Plots for the studied amphiboles: a) Mg" vs. Si classification diagram; b) Na+K vs. Al,y; ¢) V"Al vs. 'Ti

highest contents of V'Al (0.56-0.66 apfir) that
was proven as xenocrystal with the program of
Ridolfi et al. (2010) (see Table 4). The
correlation between “'Al and Mg’ (Fig. 6a)
observed in some places (Sheinovets, Lozen,
5" stage domes in BR, Gradishte) is part of the
general substitution, existing in the amphiboles
(Leake 1965):

VAl or Nay+(V'Al, Fe, Cr, Ti) — Ca+Mg
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The main substitutions in Ca-amphiboles
are edenite and tschermakite type (Leake
1965). The first one [V Al+(Na+K), <0, Si] is
clear and explains the negative correlation
between Si and "YAI+(Na+K), (Fig. 6b) in the
studied amphiboles, excepting these from the
2" stage volcanics were it is not so well
expressed. On the contrary, the tschermakite
substitution (Si+R* —"VAI+""Al) is manifested
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only in MAR and 5™ stage domes in BR (Fig.
6¢). A positive correlation between these com-
ponents is registered in the Gradishte dome
(BR) probably reflecting another type of
substitution.

There is a clear positive correlation be-
tween tetra- and octahedral cations (Fig. 7a),
very close to the linear regressive line (ex-
cluding the non-stoichiometric edenite from the
2" stage in BR). The weak priority of the
octahedral cations in most of the amphiboles
could be explained with the presence of traces
of Ti-richterite and/or Ti-ribekite types of
substitution (Kamenov et al. 2002).

TiO, is relatively low (Figs. 4c, 7b): 1-1.5
wt.% in BR and a bit greater — in MAR. The
highest values are registered in Mg-hastingsite
from Studen Kladenets (3.8%). Ti balances the
tetrahedral deficiency, if it is present (as in the
non-soichiometric edenite of the 2™ stage of
BR and Gradishte). A clear positive correlation
between Ti and VAl (Fig. 7b) is observed in
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some of the amphiboles (Sheinovets, extra-
caldera domes of BR) resulting from the
presence of the following variety of the
tschermakite substitution: Ti+2"Al—Mg+2Si.
The Ti contents correlate positively with the
temperature of crystallization (in MAR only)
and negatively — with the oxygen fugacity (Fig.
5), as it was experimentally demonstrated
(Ernst & Liu 1998, etc.).

A feature common for both regions is the
low values of Fe” (Fe’"/Fe’*'+Fe™), varying be-
tween 0 and 0.35 (Fig. 7¢). These values corre-
late generally with the oxygen fugacity (ex-
pressed by the positive diversion from the
NNO buffer) as the last is relatively higher in
the BR magmas (Fig. 5). In some of the rocks
(e.g. the 2™ stage volcanics of Borovitsa, Tata-
revo, Gradishte and in all MAR volcanics, ex-
cluding xenocrystals from the Mishevsko do-
me) Fe correlates positively with Mg” (Fig. 7c).

Mn is more abundant in the BR lavas as
its maximum quantity has been measured in
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pargasite, (h) hastingsite, (tsch) tschermakite

one of the 5" stage domes (1.65 wt.%) as such
high Mn content is quite unusual for
hornblende. On the contrary, the lowest values
of Mn have been registered in the extracaldera
domes (0.35%).
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Biotite

Biotite is the most common and everywhere-
present mafic phenocrysts in the acid volcanic
rocks in the Eastern Rhodopes. According to its
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composition (Fig. 8; Appendix), the biotite is
annite (with only one exception — phlogopite,
present in the 2™ stage volcanics in BR). Mg"
in the annites varies in a narrow range between
0.53 and 0.67 in BR. In MAR, richer in Fe
(Mg" 0.3-0.53) are the biotites from the Arda

50

group volcanoes (Studen Kladenets, Perperek
and Dambalak). It is considered that the Fe
contents increase very fast with the chemical
potential of H,O i.e. with the decrease of
temperature of crystallization (Marakushev
1965; Ivanov 1970). We have not detected this
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Fig. 8. YAl vs. Mg" classification diagram of the studied micas

trend in BR. Moreover, it is the opposite in
MAR, where the highest temperature lavas
from the Arda group (e.g. Studen Kladenets
and Perperek) contain richer in Fe biotite
phenocrysts (Fig. 8; see also Table 2).

The contents of the tetrahedral Al vary
widely in BR from 1.67 to 2.67 apfu, and much
narrower in MAR: from 2.1 to 2.55 (Fig. 9). A
negative correlation between VAl and Mg" is
observed in some of the studied volcanics of
BR (1 and 4™ stage of BR) (Fig. 8). This
correlation results from the most important
substitution in biotite: (Mg,Fe)O+Si0,<>Al,04
(Marakushev 1968). Tetrahedral deficiency
(Fig. 9) occurs in some of the volcanics from
the Borovitsa caldera. In MAR, it appears
essentially in the biotites from the Silen
volcano and these from the Arda group (Fig.
9). It was experimentally demonstrated (Cru-
ciani et al. 1995) that the tetrahedral deficiency

is compensated by Fe’*. In the Eastern Rho-
dopes the maximum has been registered in the
biotites from the 2™ stage BR volcanics, where
it reaches 0.38 apfis calculated as Fe** (Fig. 9).

The octahedral Al (Fig. 9) is commonly
present in low amounts (up to 0.2-0.3 apfu). It
reaches higher values (up to 0.6 apfur) in single
biotites coming from the 2™ and 5™ stage vol-
canics of BR, Madzharovo and Nanovitsa in
MAR. The biotites from Silen, Hisar, Perperek
and Studen Kladenets contain no 'Al. A clear
negative correlation between octa- and tetrahe-
dral Al is observed in biotites from the Boro-
vitsa intracaldera volcanics, which can be
explained with the above-mentioned substi-
tution. In MAR, such a correlation exists only
in biotite from the Lozen volcano.

Ti contents are quasi-constant in the two
volcanic regions (Fig. 10) — between 0.4 and
0.6-0.7 apfur. Only one analysis of biotite from

51



Borovitsa region

Intracaldera Extracaldera
W 1ststage O Gradishte
0.6 (@] O 2nd stage 0.61| @ Haykanska Chuka
A 4th stage A Cherniya Kamak
< 5th stage Tatarevo
04l © 04 g Mineralni Bani
oA <&
O A
,é 0.2 o g 0.2 fes S A
© > 000 © o
Ed ooy Aw = S °
> 00 O > 00 v D—qj'
o [
0.2 [eX®) 0.2
O
@)
04 <) e 04
16 17 18 19 20 21 22 23 24 25 26 27 28 20 21 22 23 24 25 26
VAl apfu . . Al apfu
Momchilgrad-Arda region
0.7 0.7
O Geren
06 061 W Silen
A O Dambalak
05 o 0.5 z Studen Kladenets
Perperek
0.4 < O 0.44| A Hisar
<> Ustren
03 034| @ Ziivrah *
2 e © 2
g o2 o e} g o2
= = * e}
=< o1 o oo a < =< o1 <& <&
> O Lozen-1st stage O = P m} u] O
0.0H M Lozen-2nd stage 0] ) ) 0.0 °
O Sheinovets >
01| @ sveta Marina . 0.1 . > AN o
A\ Sveti liya n o
-0.24( A Nanovitsa -0.2
<> Madzharovo u
-0.3 -0.3 .
210 215 220 225 230 235 240 245 250 255 260 21 22 23 24 25 26
Al apfu VAl apfu

Fig. 9. Plot of V'Al vs. VAl for the studied micas

the 1% stage ignimbrites of BR shows Ti con-
tent as high as 0.81% apfu and the lowest is
measured in one biotite of the 2™ stage vol-
canics (0.12 apfu). A negative correlation be-
tween Ti and Mg” is observed in the 5" stage
volcanics, in Arda and Ustren group volcanics
of MAR. This correlation is due to the substi-
tution Tit2Al-Mg,Fe+2Si (Guo & Green
1990) that is the extended version of the main
biotite substitution, given above. However, it is
positive in the biotites from Sheinovets caldera.

The contents of BaO are low, commonly
less than 0.1 wt.%. Only in biotites with high
Ti contents (BR ignimbrites of the 1% stage,
Haykanska Chuka, 1% stage of Lozen and
Hisar) BaO is over 1%. An increase of Ba
contents from the oldest, 1% stage, towards the
younger, 5" stage, of the evolution of
Borovitsa caldera has been observed (see the
Appendix). A correlation between Ti and Ba
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exists (not shown here) following a very
complex substitution schema, involving almost
all cations, proposed by Mansker et al. (1979)
and Velde (1979):

XBa+2VITi+3VAl =

XK +Na+Ca)+3"'(Mg+Fet+Mn)+3'Si.

The analysis of all studied biotites confirms
this substitution schema (Fig. 11).

Only F from the volatiles in the biotite
phenocryst has been studied (see the
Appendix). No regularities in the average F
contents distribution have been observed in BR
where it varies from 0.25 to 0.49 wt.%. An
increase of F contents from the oldest Pria-
bonian towards the youngest, Rupelian phase
has been observed in MAR: the average F
content in biotite in the individual Priabonian
volcanoes is 0.14 and 0.29%, in the volcanoes
the 1" Rupelian phase — 0.28 and 0.68%, in
the IIT™ phase — 0.48%, in the TV™ — 0.94%
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with the highest observed F content of 1.34%
(in ZIi Vrah volcano). This distribution pattern
confirms an earlier assumption (Yanev et al.
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1983) that F had an increasing influence in
water-bearing fluids during the generation of
acid magmas in MAR — from the oldest to-



wards to youngest volcanics or from NE to SE,
respectively (Fig. 1). Such an increase of the F
contents results in shifting of the eutectic
minimum of the crystallizing magma towards
higher albite contents (Manning 1981). In
MAR, this is expressed by an increase of
Na,O/K,0+Na,0 ratio from the oldest towards
the youngest volcanic rocks (Yanev et al. 1983).

Feldspars

The feldspars are represented by plagioclase
(acid oligoclase to

labradorite and even
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bytownite in the Sheinovets caldera, Ivanova
2006) and sanidine (rarely up to Na-sanidine)
(Fig. 12; Appendix). Sanidine is absent from
the phenocryst assemblage of the most basic
volcanics (trachydacite from the Hisar volcano)
as well as from perlite of Nanovitsa.
Anorthoclase (in the younger volcanics from
Zli Vrah and Silen) to Ca-anorthoclase (some
domes of the 5™ stage of BR and in Sheinovets
lavas, Ivanova 2006) is also present as

subphenocrysts, microlites, or as coating of
sanidine.

5th stage:
dome 1
dome 2
dome 8
domet4
dome 19
dome 23
dome
dome
dome
dome 43

dome 44 (Kuleto)
dome 49 (Nochevo)
dome 51 (Nochevo)
dome 52 (Dushka)

24
27 (Bashbyuet)
36

poox+poox+pon

57
dome 56 (Guglyatsi)
Velichka

Yailadere (Panichkovo)
6th stage

Ca-Na-sanidine

700,

10 Anorthoclase 35 Na-
sanidine

Ab 50

Dambalak
Perperek
Hisar
Ormaniar
S. Kiadenets (Golobradovo)
S. Kiadenets (Konevo)

S. Kladenets (Svetoslav)
Ustren (Ortakaya)

Ustren (Schupena Planina)
Zii Vrah
Mishevsko
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Fig. 12. Systematics of the disordered feldspars (according to Smith & Brown 1988) from the Eastern
Rhodopes acid rocks: a) in Borovitsa region; b) in Momchilgrad—Arda region. Temperature curves are after
Fuhrman & Lindsley (1988). The gray-shaded fields are enlarged for a better view
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The feldspars are commonly euhedral, as
only sanidine can sometimes be slightly
corroded (rounded) by the melt — a pheno-
menon typical of acid volcanics. It is explained
with changes of partial pressure of water in
melt, resulting in shifting of the liquidus line
and eutectic minimum, leading to un-
equilibrium between already crystallized
feldspars and the melt (Marakushev &
Yakovleva 1975). The plagioclases are weakly
zoned, excluding these from one of the
Sheinovets caldera bodies (Ivanova 2006)
where phenocrysts composed by both

plagioclase (with varying Na contents) and
adularia were identified. Some sanidines have
zonal structure due to variations in Ba contents.
Numerous zones (Fig. 13a) with irregularly

varying Ba quantities are observed in strongly
corroded and fragmented sanidine in one of the
1* stage ignimbrite sheets from the central
parts of the Borovitsa caldera. As high as 8.9
wt.% BaO (Cn;7,;) was measured in the central
parts of some crystals. In other ones the richest
in Ba are their rims (Fig. 13b). Ba varies within
the zones too. This could be due to different
ratios between kinetic and diffusion regime of
melt crystallization (Vesselinov 1998).

A negative correlation between Si/Al ratio
and Ba has been detected in the Ba-rich
sanidines from 1% stage ignimbrites and some
of the 5™ stage domes in BR, as well as in
Lozen, Gerena, and Sheinovets in MAR (Fig.
14). This correlation indicates the heterovalent
substitution Ba’*Al*"—K'Si*" (Afonina et al.

Fig. 13. Back scattered
images of zonal Ba-sanidine
phenocrysts in one of the 1%
stage ignimbrite sheets in
Bororvitsa caldera: a) with
celsian molecules in the
different zones of one
phenocryst (Cameca SX-50,
WDS analyses in the
University of Louven-la-
Neuve, Belgium); b) with no
quantitative data on Ba
contents (JEOL 733 super-
probe, Geological Institute of

BAS, Sofia)
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Fig. 14. Plot of Ba vs. Si/Al for the Eastern Rhodopes sanidines

1978). At lower Ba contents it is not visible,
probably due to the analytical inaccuracy re-
sulting from detection limits of the microprobe.
A clear positive correlation between Ba and Sr
has also been detected (Fig. 15).

From the comparison of the contents of
Ba in sanidine and biotite (Fig. 16) it is evident
that Ba preferably enters the sanidine in the 1%
stage ignimbrites of BR. However, Ba prefers
biotite in the 2™ stage volcanics and distributes
equally between these two minerals in the 5"
stage domes.

The study of plagioclase phenocrysts
showed that basic plagioclase (reaching up to
acid labradorite, Table 1) and even to
bytownite (Ivanova 2006) are present in some
areas (Shenoviets, Sveta Marina and some of
the 5™ stage domes in BR) together with the
acid plagioclases typical of acid lavas. The
basic plagioclases appear as strongly corroded
cores in more acid crystals (in Shenovets), but
also as sieve-textured phenocrysts in the other
two areas. This is an evidence of mixing
between acid rhyolite melt and more basic,
probably latite one.

Quartz

Quartz participates in the phenocryst associ-
ations in most of the Eastern Rhodopean acid
volcanoes. The volcanics of Arda group as well
as the 1% stage ignimbrites of BR do not con-
tain quartz phenocrysts, since they are rela-
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tively more basic. However, even in some of
them (as Studen Kladenets and BR ignimbrites)
rare quartz subphenocrysts are present.

Normally quartz crystals are corroded by
the melt probably as a result of magma
emplacement at shallow levels, where the melt
degases (releasing parts of water and CO,
dissolved in the magma), resulting in its
alkalization, leading to loss of equilibrium with
already crystallized quartz (Marakushev &
Yakovleva 1975).

Table 1. Two populations of plagioclase phenocrysts
in some Eastern Rhodopes acid volcanics

Borovitsa region (intracaldera volcanics)

Stage An of plagioclase

1% stage An55.0 An35.0

5" stage: dome 14 An54.6 An28.4
dome 27 An 663  An26.0
dome 51 An51.8  An30.0
dome 70 An533 An228

Momchilgrad—Arda region

Volcano or caldera An of plagioclase

Sheinovets caldera* An784 An259
Sveta Marina An50.3 An234
Madzharovo volcano An49.7 An379
Nanovitsa perlite An54.1 An29.1

* according to Ivanova (2006)
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Oxide minerals

Together with apatite, zircon and titanite, the
oxide minerals are the main accessory minerals
in the Eastern Rhodopean acid volcanic rocks.
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The oxide phases in non oxidized glassy
volcanics (black, grey and white perlites) have
only been measured (see the Appendix). They
are oxides of Ti-Fe’" and Ti-Fe’—Fe*". The
last form one almost continuous row from Ti-



magnetite to magnetite—hematite (up to the
ratio Fe*":Fe’'=30:70), quite different from that
observed in the basic volcanics (Fig. 17).
Probably that corresponds to the higher oxygen
fugacity in the acidic melts, as it is indicated by
the calculations below.

Ti-magnetite (with TiO, of 21 wt.% in
Letnitsa dome of the 5™ stage) to almost pure
magnetite—hematite (with TiO, of 0.5% in
Mineralni Bani dome) have been found in the
samples from BR. The magnetite—hematite
indicates high oxygen fugacity (1.12-2.03
above the NNO buffer according to amphibole
oximeter of Ridolfi et al. 2010, see Table 3).
Mn, Mg and Al contents are low, reaching up
to 1.8, 1.0 and 1.7%, respectively. Ilmenite is
identified only in the black perlite of the 2™
stage of the Borovitsa caldera, having higher
contents of Mn and Mg (2.7 and 1.4%,
respectively).

Ti-magnetite (with TiO, of 10.3 to 18.7%

in Perperek and Svetoslav, respectively) to Ti-
poor magnetite—hematite (with TiO, of 4-6%
in Ustren area, Konevo and Dambalak) has
been identified in MAR. Unlike BR, in MAR
they are richer in Mn and Al (i.e. of jacobsite
and hercinite molecule): MnO up to 6.4%
(Silen) and Al,O;3 up to 2.65% (Perperek), but
poor in Mg (0.01-0.57%). Ilmenite has also
been found (in Ustren area) as well as a
mineral, close to ferropseudobrookite (Studen
Kladenets and Perperek). In Studen Kladenets,
according to the data from amphibole oximetry
of Ridolfi et al. (2010) this phase is crystallized
at one of the lowest values of the oxygen
fugacity measured in the studied rocks (0.32
above the NNO buffer, see Table 3). These Ti-
phases are rich in Mn, Al and Mg: 6.05%
(Ustren area), 2.65% (Perperek) and 1.4%
(Ustren area), respectively. No correlation
between Mn and the major oxides in the above
mentioned phases exists.

Fig. 17. Fe-Ti oxide sys-

TiO, BR tematics (Baddington &
rutile, anatase, brookite | Ml 2nd stage Lindslay 1964) with the
4th st . . .
2 5th ZZSE points of the studied oxide
w miA";fa'ni Bani minerals from the Eastern
O Dambalak Rhodopes acid volcanics
) @ Perperek (the  numbers indicate
ferropseudobrookite A silen . .
FeTi O & Ustren (Ortakaya) ANNO: the values obtained
25 + S. Kladenets (Svetoslav) using the amphibole oXi-
X _S. Kladenets (Konevo)

FeTiO,
o

iimenite

Fe,TiO,

ulvospinel

0.67
{

pseudobrookite

Fe,TiO,

() 1.87;1.12

meter of Ridolfi et al.
(2010) are given in bold,
these, obtained by the mag-
netite—ilmenite oximeter are
in regular font). The gray-
shaded field is the Ti-
magnetites from Cameroon
basic rocks (Wandji et al.
2010), plotted for com-
parison

FeO’ 'Fe,O FeO,

wustite magnetite

" Fe,O,

hematite
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Table 2. Two-feldspar temperatures of Eastern Rhodopes Paleogene acid volcanics (°C at 1 kbar)

MAR Borovitsa region
Volcano 7°C stages 7°C extracaldera 7°C
Lozen (1%) 709 2nd 722-726  Gradishte 692-699
Lozen (2" 740 31 721-729  Mineralni Bani ~ 714-750
Sheinovets 711-725 | 4" 721 Tatarevo 783
Sveta Marina 730 | 5™ (different 688-690.5
Madhzarovo 778-809 | domes) 696697
Geren 772 712.5-714
S. Kladenets 776 695
(Golobradovo) 695
Sveti Iliya 815 616-715
Perperek 805 695-735
Dambalak 845 691-692
Ustren area 720
(Ortakaya) 730 727-729
(Shterna) 648 717
Zli Vrah 670 722

Estimation of temperature, pressure,
oxygen fugacity and water contents in
the acid melts

In order to estimate the temperature of
crystallization of phenocryst minerals the
amphibole geothermometer of Ridolfi et al.
(2010) and feldspar geothermometer of
Fuhrman & Lindslay (1988) have been used.
The obtained results are listed in Tables 2 and
3. These data, especially concerning amphi-
bole, confirm the speculation made on the basis
of phenocrysts chemistry (see above),
proposing a decrease of temperature together
with the evolution of the Borovitsa caldera
volcanism, unlike the evolution in most of the
calderas in the world. The amphiboles from the
2" stage crystallize at temperatures of about
800-970°C, from the 4™ — 814°C, from the 5"
— 778-828°C. The feldspars from the 2", 3™
and 4™ stage crystallized at about 721-729°C,
from the 5" — 616—735°C. This could be due to
magma drainage from increasingly higher
levels of the magma chamber, resulting in a
homodrome trend of evolution of the caldera
volcanics (Yanev 1990, 1998).
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In MAR, the highest temperatures of
crystallization have been obtained for the
feldspars from the Arda group of volcanoes
(770-850°C), the lowest — for the feldspars
from the Ustren group (650-730°C). The
highest temperatures of amphibole crystal-
lization also come from the Arda group (Studen
Kladenets — 940°C) as well as from the
xenocrysts of Mishevsko dome. It was
confirmed that the pyroxene-containing lavas
have the highest temperatures, and amphibole-
containing ones — lower temperature. In an
older study (Yanev 1998) a “temperature
border” was traced on the basis of the presence
and lack of these two minerals. According to
the SiO, content (78 and 72 wt.%) these border
values are 700°C and 720°C (temperatures of
feldspar crystallization), respectively.

It was also supposed that the pressure is in
linear dependence of the Al contents in
amphiboles (e.g. Johnson & Rutherford 1989,
etc.). However, it became evident that this
dependency is exponential (Ridolfi et al. 2010)
and using this improved equation the following
values for the pressure have been obtained
(Table 4):
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In BR: 0.72-0.96 kbar for the
amphiboles from the 2™ stage volcanics, 1.16
kbar for the 4™ stage caldera dykes and 0.64—
0.96 kbar for the 5™ stage domes. The same
pressure values were obtained for the extra-
caldera domes. All amphiboles crystallized in
the crustal conditions, close to the surface from
2.4 to 4.4 km.

e Regarding MAR, low to medium
values for the pressures have been obtained
from the amphiboles of Sheinovets (0.84—1.65
kbar, corresponding to depths of 3.2-6.2 km
with one exception of 3 kbar); medium values
have been obtained for the amphiboles of
Lozen volcano (1.03—1.19 kbar, corresponding
to depths of 3.9-4.5 km); the higher values
have come from the amphiboles of Studen
Kladenets (2.97 kbar and depths 11.2 km). The
equation of Johnson & Rutherford (1989) has
been used to calculate the pressure at which
amphiboles from Mishevsko dome were
formed. The obtained values are very high
(5.7-6.9 kbar) supporting the assumption that
they are xenocrystals. Their composition really
differs from all other studied amphiboles — they
are the only tschermakites in the area, and have
the highest contents of both Al and Fe”.

Our attempts to apply the pyroxene
geothermobarometer proposed by Putirka et al.
(2003) failed since the pyroxenes studied
contain jadeite component. The only result
obtained (7=932°C and P=13.2 kbar) is for the
pyroxenes from Madzharovo perlite and seems
not realistic, especially regarding the pressure.

The oxygen fugacity was estimated using
magnetite—ilmenite pair (Stormer 1983) found
only in two bodies of black perlite: 1gfO, = -
12.4 at 790°C for the 2™ stage volcanics in BR
and -13.8 at 789°C, respectively, for Ortakaya
dome from the Ustren group. Ti-rich phase is
close to ferropseudobrookite in all the others.
The oxymeter of Ridolfi et al. (2010) allows
including of much more samples since it
calculates the oxygen fugacity in amphibole
(Table 3). In BR, it is relatively equal in the 2™
stage volcanics (from 1.0 to 2.06 units above
NNO buffer) and in the 5™ stage domes (from
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145 to 2.03). In MAR, the low oxygen
fugacity was obtained for the rocks of Studen
Kladenets (0.32 above the NNO buffer) and
higher in Lozen (1.16-1.42) and Sheinovets
(1.2-1.65, with two exceptions 0.13 and 0.88).
All obtained data fall between HM and NNO
buffers, closer to the second one, in the field of
oxygen fugacity of the high-K and Ca-alkaline
acid volcanics from the “orogenic belts” (Ewart
1979).

According to the amphibole hygrometer
of Ridolfi et al. (2010) the water contents of the
melt (Table 3) increase from the 2™ stage
volcanics (average 3.30 wt.%) towards the 5"
stage domes (average 3.85%), whereas the
explosivity decrease. The higher water contents
were calculated for the Borovitsa caldera
border dyke (5.04%) and for the perlite from
the Cherniya Kamak extracaldera dome
(6.18%). In MAR, the calculated water
contents are higher in Lozen and Sheinovets
(average 4.36 and 4.94% respectively), but the
highest value have been detected in one sample
from the Studen Kladenets volcano (6.81%).

All lava rocks produced by water-rich
melts are accompanied by large volume of
water-bearing glass (perlite). It can be
considered that these water contents of melts
(between 2.7 and 6.8%) correspond to the so-
called primary (magmatic) water in perlites.
The opinion that the water in obsidians (up to
1%) can only be referred as primary (Perlites
Genesis 1992 and references therein) has been
widely accepted up to now. However, the
quantity of water in some of the Eastern
Rhodopean perlites (e.g. 5" stage domes in BR
and Lozen volcano in MAR) is higher than
calculated by the amphibole-based hygrometer.
Therefore, they must have been additionally
hydrated (Epel’baum et al. 1994) and oxidized,
respectively, during their cooling at the surface.
This might have resulted in formation of
hematite nanoparticles in perlite glass (Calas et
al. 1988; Dormann et al. 1989) giving its red-
brown colour.
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