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Introduction

The Panagurishte ore region is a part of the Banat-
Srednogorie belt characterized by Upper Cretaceous
calc-alkaline to shoshonitic magmatism and numer-
ous copper, gold-copper and base metal deposits and
occurrences. In the Panagurishte ore region are dis-
posed several important ore deposits as Chelopech,
Medet, Assarel, Radka, Elshitza, Tzar Assen, Kras-
sen, and others (Strashimirov et al., 2002; Moritz et
al., 2004). At present, only Chelopech and Assarel
are producing ore deposits.

The problem with the genetic relation between
the upper Cretaceous magmatism and the ore pro-
cesses is discussed from different point of views —
time and space relations, geochemical similarities,
favorable conditions and characteristics of the mag-
matism for the formation of the orthomagmatic hy-
drothermal system.

One of the important questions for the ore for-
mation is the origin and the behavior of the sulfur
needed for the formation of the huge amount of sul-
fide minerals in the deposits. The investigation of
the sulfide inclusions in magmatic rock minerals
could give some information in the approach of this
important problem.

Geology

The geology of the Panagurishte ore region is char-
acterized by Paleozoic basement and a Mesozoic to
Tertiary cover. The basement is composed of Paleo-
zoic high grade metamorphic rocks (biotite and two
mica gneisses, amphibolites, and schists; Arnaudov
et al., 1989; Velichkova et al., 2001) intruded by
Variscan mainly granitoide plutons (Smilovene, Strel-
cha, Poibrene, Koprivshtitza) (Dabovski et al., 1965).
The cover is composed of Triasic and Cretaceous
(Karaguleva et al., 1974) sedimentary and magmatic
rocks. The Upper Cretaceous volcanic activity is lo-
calized in five subparallel volcanic stripes (VS) (from

north to south — Chelopech VS, Assarel VS, Kras-
sen-Petelovo VS, Pesovetz VS and Radka VS) with a
WNW direction (100—130°). The last investigations
explain the formation of the volcanic stripes as strike-
slip basins formed in transtensional regime (Ivanov
et al., 2001). In recent publications on the magma-
tism (Kamenov et al., 2003, 2004) it has been deter-
mined its subduction related character and it con-
secutive rejuvenation from north to south during a
time span of 14 million years (von Quadt et al., 2005).
The magmatic activity operated in several magmat-
ic centers building volcanic or volcano-plutonic
structures. The volcanism is subaerial producing
predominantly volcaniclastic rocks and also effu-
sive and subvolcanic magmatic bodies. The volca-
nic rocks in the four southern VS are basalts (small
amounts at Ovchepoltzi), basaltic andesites, andes-
ites, latites, trachytes, dacites, rhyodacites and rhyo-
lites (the last three rock types present mainly in the
Radka VS). For the present study only volcanic rocks
from the peripheries of the ore-magmatic centers,
unaffected by hydrothermal alterations were inves-
tigated.

For some of the magmatic centers of the Panagur-
ishte region magma mixing phenomena between more
primitive basaltic in melt composition and more
evolved intermediate to acid magma recipient were
established. The petrological investigations of the
magmatism from the Panagurishte region show that
the parental magma was derived from a slightly en-
riched mantle and magmatic processes as crystal
fractionation, magma mixing and a slight crustal
contamination (Kamenov et al., 2004; Stoykov et al.,
2004; Nedialkov et al., 2006). The generated and
the evolved magmas are hydrous with a water con-
tent up to 5-6 wt.% H,0O (Nedialkov et al., 2006).

Sulfide inclusions

In previous publications, sulfide inclusions in mag-
matic rock forming minerals are interpreted as in-
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dicators for relatively high S fugacity and as indica-
tors for fO, (generaly between the FQM and NNO
buffers) of the magma during the crystallization (Hat-
tori, 1993). With fO, increasing the sulfide blebs are
destroyed and sulfur moves in the residual melt as
SO,. It is well known that the acid magma do not
dissolve and do not carry enough sulfur for forma-
tion of the ore deposits (Hattori, 1993; Hattori, Kei-
th, 2001). Basaltic magmas have clearly higher S con-
tents (up to 1000—2000 ppm, up to 3000 ppm in
primitive magmas) and are estimated as the main
supplier of S in the ore magmatic centers (Hattori,
Keith, 2001; Maughan et al., 2002). The sulfide melt
concentrates ore elements (Gorbachev, 1989; Halter
et al., 2005). Recent investigations of Halter et al.
(2002) demonstrate that the ratio Au/Cu from the
sulfide melt inclusions is similar to that in the cop-
per deposits emplaced in those magmatic rocks.

Results and interpretation

Sulfide melt inclusions are present in all the volca-
nic rock varieties from the four southern volcanic
stripes of the Panagurishte ore region (from basalts
to rhyolites). Sulfide inclusions are trapped in py-
roxene and amphibole phenocrysts. Sulfide melt in-
clusions were not observed in plagioclase, magne-
tite, biotite, quartz or the groundmass. They are pre-
dominantly spherical to oval with dimensions up to
35 microns, but in rare cases complicated irregular
shapes or groups of inclusions are observed (fig. 1).
Those with complicated shapes are disposed either
in one surface (control from the crystal structure of
the host mineral — fig. 1a) or irregularly in the vol-

ume of the mineral host (fig. 1b, c and e). The elon-
gated shape of these inclusions is probably due to
the gradual insertion of a relatively big sulfide melt
bleb from the magma in the host mineral. The big-
ger part of the sulfide inclusions are pyrrhotites (de-
termined under the microscope and with microprobe
analyses — table 1) and also small occasional chal-
copyrite melt inclusions were observed (by micros-
copy).

The beginning of the crystallization for the ob-
served mafic phenocrysts (pyroxenes and amphib-
oles) in the hydrous magma took place in interme-
diate magmatic chambers approximately at a depth
of 15 to 25 km (pressures — 400—900 MPa, Nedialk-
ov et al., 2006). The crystallization conditions in the
hydrous magma at these depths are relatively reduc-
tive and the sulfur occurs as H,S which favors the
formation of the sulfide blebs. As mentioned above,
sulfide blebs concentrate ore elements. The LA-ICP-
MS analyses of sulfide (pyrrhotites) inclusions in am-
phiboles from volcanic rocks of the Panagurishte
region (fig. 2) show that they concentrate Cu, Ni and
Au. The intensities for Au do not demonstrate a raised
plateau but just irregularly dispersed pikes only in
the melt inclusion. This could be related to the ir-
regular distribution of Au in the sulfide melt inclu-
sion as submicroscopic mineral segregations.

Reducing conditions in the magma will preserve
the existence of the sulfide segregates that leads to
the inhibition of the ore bearing orthomagmatic flu-
id formation. Ore elements, trapped in the sulfide
blebs could not be extracted with the fluids exsolved
from the magma. The investigations on the Panagur-
ishte volcanic rocks show that oxygen fugacity in-

Fig. 1. Microphotographs of sulfide inclusions and group of inclusions in transmitted (a, b, c) and reflected (d, e,
f) light in amphiboles and pyroxenes from volcanic rocks of the Panagurishte region. Scale bars — 50 microns
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Table 1. Chemical composition of sulfide inclusions
in mafic minerals from volcanic rocks of the Pana-
gurishte region. Abbreviations: Lat — latite; Ban —
basaltic andesites; Trach — Trachyte; Hb —
amphibole; CPx — Clinopyroxene; VS — volcanic

Sample 30 30 30 BKX1 28 103(2)
Rock Lat Lat Lat Ban Ban  Trach
host min.| Hb Hb Hb CPx Hb CPx
VS Ass Ass Ass Ass  Kr-Pet Pes
sulf. min.| Po Po Po Po Po Po
Fe 61.01 61.15 62.09 57.79 57.39 62.88
S 38.32 39.23 35.78 38.26 41.65 36.14
Cu 0.55 0.00 2.45 355 0.37 0.14
Ni 0.00 0.00 0.20 037 033 044
Total | 99.90 100.38 10051 99.96 99.73 99.60
Fe 0.91 0.89 1.00 0.87 0.79 1.00
S 1.00 1.00 1.00 1.00 1.00 1.00
Cu 0.01 0.00 0.03 0.05 0.00 0.00
Ni 0.00 0.00 0.00 0.01 0.00 0.01

creases with magmatic evolution (Nedialkov et al.,
2006). Oxygen fugacity, with values higher than 2
units above the NNO buffer, provokes the destruc-
tion of the sulfide blebs and the trapped ore ele-
ments move into the residual silicate melt. Thus they
could be exsolved from the magma by aqueous flu-
ids.

The presence of pyrrhotite inclusions, with de-
termined composition, allows us to evaluate the S
fugacity in the melts. Pyrrhotite composition was
determined only from volcanic rocks of the Assarel,
Krasen-Petelovo and Pessovetz VS. Calculated fS,
(after Toulmin and Barton, 1964) varies in a large
interval from —9 to +6 probably due to the different

References

Arnaudov, V., B. Amov, B. Bratnitzkii, M. Pavlova. 1989.
Isotopic geochronology of magmatic and metamor-
phic rocks in the Balkanides and the Rhodope massive.
— In: XIV congress of CBGA, 1154—1157 (in Russian).

Dabovski, H., I. Zagortshev, M. Ruseva, D. Tshunev.
1965. Granitoid plutons in Real Sredna Gora moun-
tain. — In: Reports of the VII Congress of the CBGA,
Sofia, September 1965, part III — section Miner.,
Petrol., Geochem. and Ore deposits, 89—92.

Gorbachev, N. 1989. Fluid-magmatic interaction in sulfide-
silicate systems. Moscow, Nauka, 126 p. (in Russian).

Halter, W,, C. Heinrich, T. Pettke. 2005. Magma evolu-
tion and the formation of porphyry Cu-Au ore flu-
ids: evidence from silicate and sulfidemelt inclusions.
— Mineralium Deposita, 39, 845—863.

Halter, W.,, T. Pettke, C. Heinrich. 2002. The Origin of
Cu/Au Ratios in Porphyry-Type Ore Deposits. —
Science, 296, 1844—1846.

Hattori, K. 1993. High-sulfur magma, a product of fluid
discharge from underlying mafic magma: Evudence
from Mount Pinatubo, Philippines. — Geology, 21,
1083—1086.

1000000

100000

10000

intesity/cps

1 11 21 31 41 51 61 71 81

Time/s

91 101 111

Fig. 2. Transient LA-ICP-MS signal of selected elements
from ore sulfide melt inclusion in an amphibole pheno-
cryst in basaltic andesite stripe; Ass — Assarel VS; Kr-
Pet — Krasen-Petelovo VS; Pes — Pesovetz VS; Po —
Pyrrhotite.

conditions of magmatic evolution in the different
VS and magmatic centers and to the influence of
Cu and Ni concentrated in pyrrhotites. The estimat-
ed fO, in rhyolites from the Radka VS (after Spenser
and Lindsley, 1981 — Ilm-Mt equilibrium) is 2.5 units
below the Mt-Hm buffer at 770°C. In such oxida-
tion conditions sulfide blebs are destroyed and S and
ore elements move in the residual silicate melt.

Acknowledgements. The present research was
done with the financial support of the international
project SCOPES — 7BUPJ02276.00/1 and NZ 1403/
2004 of the National foundation for scientific in-
vestigations of the Ministry of education and sci-
ence of Bulgaria.

Hattori, K. H., J. D. Keith. 2001. Contributions of mafic
melt to porphyry copper mineralization: evidence
from Mount Pinatubo, Philippines, and Bingham
Canyon, Utah, USA. — Mineralium Deposita, 36,
799—806.

Ivanov, Z., B. Henry, D. Dimov, N. Georgiev, D. Jor-
danova, N. Jordanova. 2001. New model for Upper
Cretaceous magma emplacement in the southwest-
ern parts of Central Srednogorie — petrostructural
and AMS data. — In: ABCD-GEODE 2001, Work-
shop, Vata Bai, Abstract volume, 60—61.

Johnson, M. C., M. J. Rutherford. 1989. Experimental
calibration of aluminium-in amphibole geobarome-
ter with application to Long Valley caldera (Califor-
nia) volcanic rocks. — Geology, 17, 837—841.

Kamenov, B., R. Nedialkov, Y. Yanev, S. Stoykov. 2003.
Petrology of the Late-Cretaceous ore-magmatic cen-
ters in the Central Srednogorie, Bulgaria. — In: Bog-
danov, K., S. Strashimirov (Eds.). Cretaceous por-
phyry-epithermal systems of the Srednogorie zone,
Bulgaria. Soc. of Economic Geologists Guidebook
series 36, 27—46.

149



Kamenov, B., Y. Yanev, R. Nedialkov, R. Moritz, I.
Peytcheva, A. von Quadt, S. Stoykov, A. Zartova.
2004. An across-arc petrological transect through the
Central Srednogorie Late-Cretaceous magmatic cen-
ters in Bulgaria. — In: Bulg. Geol. Soc., Annual Sci.
Conf. "Geology, 2004”, Sofia, 16-17. 12. 2004, 35—37.

Karagjuleva, J., V. Kostadinov, Tz. Tzankov, P. Gochev.
1974. Composition of the Panagurishte strip east from
the Topolnitza river. — Rev. Geol. Inst. of Bulg. Acad.
Sci., ser. geotect., 23,231—301 (in Bulgarian).

Maughan, D. T, J. D. Keith, E. H. Christiansen, T. Pul-
sipher, K. Hattori, N. J. Evans. 2002. Contributions
from mafic alkaline magmas to the Bingham por-
phyry Cu-Au-Mo deposity, Utah, USA. — Minera-
lium Deposita, 37, 14—37.

Moritz, R., K. Kouzmanov, R, Petrounov. 2004. Late
Cretaceous Cu-Au epithermal deposits, of the Pa-
nagurishte district, Srednogorie zone, Bulgaria. —
Swiss Bull. Mineral. Petrol., 84, 79—99.

Nedialkov, R., A. Zartova, R. Moritz, E Bussy, A. von
Quadt, I. Peytcheva, D. Fontignie. 2006. Magmatic
petrology and exsolution of ore bearing fluid in the
magmatic centre Assarel, Central Srednogorie, Bul-
garia. — In: Proceedings of the XVIIIth Congress of
CBGA, September 3—6, 2006, Belgrade, Serbia, 411—
414.

Toulmin, P, P. Barton. 1964. A thermodynamic study of
Pyrite and Pyrrhotite. — Geochim. et Cosmochim. Acta,
28, 644—671.

Spenser, K. J., D. H. Lindsley. 1981. A solution model
for coexisting iron-titanium oxides. — American Mine-
ralogist, 66, 1189—1201.

Stoykov, S., I. Peytcheva, A. von Quadt, R. Moritz, M.
Frank, D. Fontignie. 2004. Timing and magma evo-
lution of the Chelopech volcanic complex (Bulgar-
ia). — Swiss Bull. Mineral. Petrol., 84, 101—117.

Strashimirov, S., R. Petrounov, M. Kanazirski. 2002.
Porphyry-copper mineralization in the Central Sred-
nogorie zone, Bulgaria. — Mineralium Deposita, 37,
587—598.

Velichkova, S., R. Handler, E Neubauer, Z. Ivanov. 2001.
Preliminary “°Ar/*°Ar mineral ages from the Central
Srednogorie Zone, Bulgaria: Implications for Creta-
ceous geodinamics. — In: ABCD-GEODE 2001, Work-
shop, Vata Bai, Romania, Abstract volume, 112—113.

Von Quadt, A., R. Moritz, I. Peytcheva, C. Heinrich.
2005. Geochronoly and geodynamics of the Upper
Cretaceous magmatism and Cu-Au mineralization in
the Panagurishte region of the Apuseni-Banat-Timok-
Srednogorie belt, Bulgaria. — Ore geology review, 27,
95—126.

Cynduanu BKIIOUEHNSI B MUHEPAJIU OT BYJKAHCKHUTE CKAJIN
Ha [lanarropckust pyneHn painon, bearapus

Pocen Hedankoe!, Anema 3apmosa’, ®pancoa Brocu?, Pobepm Mopuy’

Pe3iome. ITanartopckust pyZeH paiiOH BMECTBA €IHU
OT Hail-3HAYMMUTE PyTHI HAXOIMIIA HA MEJI U 3J1a-
TO, KOUTO ca OOEKT Ha BCECTPAHHO M3CJIEBAHE OT
MHOTrO0 roguau. Enun oT mo-caabo u3y4eHuTe npo-
OJieMH € 3a poJIsiTa U IPOU3X0Ja Ha cspaTa B IMpo-
neca Ha GOpMUPAHETO HA TE3U HAXOAMINA, KbAETO
npeobiagaBat cyabuaauTe Mutnepasn. M3xoxmai-
KH OT MO3UIHUATA HA OPTOMArMaTUYHUS XapaKkTep
Ha XUIPOTEPMATHUTE CUCTEMH, B HACTOSIIIATA pa-
60Ta ¢ 00BPHATO BHUMAHKE HA TOBEICHUETO 1 hop-
MaTa Ha NPUCHCTBHETO HA cspaTa Ipe3 Marma-
TUYHUS IEPUOM Ha CHIIECTBYBAaHETO HA MarmMaTo-
TE€HHO-PYIHUTE CUCTEMH. YCTAHOBSIBAHETO HA CYJI-
(GUIHM BKIIFOUEHUS (MMMPOTUH M MO-PAIKO XaJIKO-
MUPUT) BbB eMUUHUTE (PEHOKPHUCTATIN HA BYJIKA-
Hutute ot IlaHarropckusi pyJieH pailoH ca ykasa-
HUE 32 OTHOCUTEIHO BUCOKHS NMOTECHIIMAJ Ha Csipa-
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Ta ¥ 332 OTHOCUTEJIHO PeIyKIIMOHHATA OOCTaHOBKA
MIPY HAYAJIOTO HA KPUCTATM3AIUOHHHMS ITPOIeC (Ipu
fO, mexxry QMF u NNO 6ydepn). Cynduaau Britto-
YeHHs C pa3Mepu 10 35 MUKPOHA Ca YCTAHOBEHH B
MPAKTHYECKA BCUYKU CKAJTHH PasHOBUAHOCTH. [1o
MOPGOJIOrUs Te ca MPEAUMHO CHEepUUHH O siIe-
BUHH, HO C€ CpeIlaT U BKIIOYCHUS ChC CIIOXKHA
mopdoutorus. Cynduaaure 060COOIEHUs Cce IBABAT
KOHIIEHTPATOPHU HA XAJIKOPUIHUTE PYIHU €JIEMEH-
TH Tpe3 MarMaTu4uHus eTan. [Ipu moBUIIABAaHETO
Ha (PyrUTMBHOCTTA HA KKCJIOPOJA MPU CTOWHOCTH
moBeue ot aBe equuui Hax NNO oydep Cyndum-
HHUTE BKJIIOUEHHMS C€ pa3pyIlaBaT U OCBOOOXIaBaT
cspaTa v PyJHATE KOMIIOHEHTH B OCTAThYHATA CHU-
JIMKaTHA TOMMJIKA, OT KBAETO TE Ca B ChCTOSHUE /14
MPEMHHAT B OTIESIIUTE C€ OT Marmara HaJKpHu-
THYHU BOJHU Pa3TBOPH.



