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Introduction

The ore deposits described in the following pages and in the enclosed copies of scientific
papers have been chosen to emphasize different ideas concerning the geology, petrology,
mineralogy, ore genesis, and metallogeny of the most important porphyry and epithermal
systems in three parts of Bulgaria (Panagyurishte ore district, Rhodopes and Burgas district).

During the first day of the field trip the participants will tour the Late Cretaceous Chelopech
and Vlaykov Vruh epithermal and porphyry-copper deposits (Fig. 1), learn about local geology,
see and sample host-rock alteration styles and important ore types, and discuss their genesis.

The second day of the field trip is devoted to the Tertiary LS type gold deposits Chala and
Ada Tepe, as new and important targets for gold exploration and exploitation in the Eastern
Rhodopes of Bulgaria.

Following the scientific session in Kiten, participants will have the opportunity to examine

Late Cretaceous epithermal vein mineralization at Zidarovo, in the eastern district of Burgas.

Kamen Bogdanov, Strashimir Strashimirov, Ivan Bonev and Nigel Cook

- organizers and editors
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The Srednogorie metallogenic zone in Bulgaria (Fig. 1) is part of the global Tethyan-
Eurasian copper belt. The Panagyuirishte ore region, the most important element of the
Srednogorie metallogenic zone, contains characteristic calc-alkaline magmatism that hosts the
Bulgaria’s most important economic porphyry and epithermal ore deposits. Significant examples
of discrete Upper Cretaceous volcano-plutonic centres with porphyry-copper deposits (Elatsite,
Medet, Assarel, Tsar Assen, Vlaykov Vruh) closely associated with intermediate- to high-
sulphidation Cu-Au epithermal deposits (Chelopech, Krassen, Radka, Elshitsa) occur in the
Panagyurishte ore district (Fig. 1).

The copper ore deposits in Bulgaria have been known since ancient times. One of the oldest
known copper mines in Europe, which dates from the 4t Century B.C., was located in the
central part of the Srednogorie metallogenic zone near the town of Stara Zagora. Copper-gold
epithermal ore deposits (Radka, Elshitsa, Krassen) attracted geological studies and exploration
during the twentieth century. Modern geological exploration and mining exploitation started in

1922. During the last 50 years active mining operations have been carried out in the Elatsite,



Medet, Assarel, Tsar Assen, and Vlaikov Vruh porphyry deposits as well as in the Chelopech,
Krassen, Elshitsa, and Radka Cu-Au epithermal deposits. Operations at present are in decline,
and most of the deposit sites are being abandoned. Since 1950 more than 460 Mt of ore have

been mined from these deposits, which have produced about 2 Mt Cu and 2.5 million oz of gold.
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Fig. 1. Location of Cu and Au ore deposits in the Srednogorie metallogenic zone and the Rhodopes. 1 = Cenozoic
sediments, 2 = Late Cretaceous volcanic rocks, 3 = Late Cretaceous intrusions, 4 = Paleozoic granites and
metamorphic rocks, 5 = Paleozoic and Mesozoic metamorphic rocks, 6 = Porphyry copper deposits, 7 = Epithermal

deposits, 8 = Vein copper deposits, 9 = Skarn deposits (Modified after Bogdanov and Strashimirov, 2003).



Porphyry deposits in the central and southern part of the

Panagyurishte ore region

Strashimir Strashimirov* and Kamen Bogdanov**

*University of Mining and Geology ““St. Ivan Rilski,”” Sofia, Bulgaria
**Sofia University “St. Kliment Ohridski,”

Department of Mineralogy, Petrology and Economic Geology, Sofia, Bulgaria

The Srednogorie part of the metallogenic zone in Bulgaria developed during the Mesozoic as
a copper-rich, andesite-dominated island arc system (Fig. 1) that continues eastwards through
Turkey to Iran. (Jankovic, 1977, 1997; Bogdanov, 1987; Dabovski et al., 1991; Heinrich and
Neubauer, 2002). According to Popov et al. (2000, 2002, 2003), the Panagyurishte ore region is
part of the Late Cretaceous Apuseni-Banat-Timok-Srednogorie magmatic and metallogenic belt
(Fig. 2).

The Panagyurishte ore district is located in a 30 x 50 km belt trending N-NW and S-SE of
the town of Panagyurishte in the central Srednogorie, Bulgaria (Fig. 2). The district belongs to
the Late Cretaceous Banat-Srednogorie metallogenic zone, part of the European Alpine belt (De
Boorder et al., 1998; Neubauer et al., 2002). The zone (Fig. 2), also known as the Banatititic
magmatic and metallogenetic belt (BMMB) (Berza et al., 1998, Ciobanu et al., 2002; Heinrich
and Neubauer, 2002) was formed as a result of Late Cretaceous subduction-related magmatic
activity. Porphyry Cu-(Au)-(Mo) and intimately associated epithermal massive sulphides
dominate in the central segments (Fig. 2, Table 1) of the belt (Ciobanu et al., 2002; Bogdanov et
al.,, 2004), in southernmost Banat (Romania), Serbia and NW Bulgaria (Moldova Noua in
Romania, Majdanpek, Veliki Krivelj and Bor in Serbia, and Elatsite, Assarel and Chelopech in
Bulgaria) Fe, Cu and Zn-Pb skarns occur mainly at the two ends of the belt (Fig. 2), in Eastern
Bulgaria (Malko Turnovo: Burdtzeto, Mladenovo, Velikovets) and in Romania (Apuseni Mts.,
N.Banat). Vein deposits are present in the easternmost districts (Fig. 2) of Yambol (Bakadjik),
Burgas (Zidarovo, Vurly Bryag, Rossen).

Two groups of porphyry copper deposits (Fig. 3) can be distinguished in the Panagyurishte ore
region (Bogdanov, 1984, 1987; Strashimirov et al., 2002, 2003; Popov et al., 2003). The first
group includes deposits of intrusives within the basement rocks. Ore mineralisation and
hydrothermal alteration in this group are mainly in the apical part of the intrusive bodies and

partly in the basement rocks (Medet, Elatsite). The second group includes deposits developed in



intrusive bodies located in effusive rocks. Hypabyssal to subvolcanic-hypabyssal porphyry
intrusions controls the spatial position of the porphyry copper deposits in both groups. In some
cases they are intruded into the central parts of the volcanic structures (Assarel, Petelovo) or into
volcanic slopes (Tsar Assen, Vlaikov Vruh) and in other cases they are developed in basement
rocks (Elatsite) or in the apical part of the intrusives (Medet, partly Elatsite). The orebodies are

cone-like or column-like, rarely of linear stockwork type.
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Fig.2. Late Cretaceous Apuseni-Banat-Timok-Srednogorie magmatic and metallogenic belt (After Popov et al., 2003).
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Fig. 3. Location of the porphyry copper deposit in the Panagyurishte ore region

(modified after Bogdanov, 1987).

Table 1. Copper Depaosits in the Panssyurishte Ore Distict and Their Production snd Besources
{data provided by the Bulgarian Ministry of Eoviromment and Watars)

Cieposit typs and name FRemaining resources

FPast production

FPorphyry

Assarel 254 Mt at 0.41% Cu

In production since 1878
Elatsite 154 Mt at 0.33% Cu

In proeduction since 1881
Medet Mined out {1884—-1853)
Wlaikowv Vruh Mined out (1852—-1878)
T=ar Assen Mined out (1280—1285)

High sulphidation
Chelopech 31 M at 1.39% Cu, 3.5 gt Au

In production since 1854

Intermediate to high sulphidation
Krassen Mined ouwt (19521873}

Intermediate sulphidation

Elshitsa Mined out (1847 -1006)
{1.5 Mt at 1.27% Cu)
Radka Mined out (18421007}

(2.5 Mt at 083 Cu)

100 Mt at 0.53% Cu, trace Au
185 Mt at 0.28% Cu, 0.21 gt Au
153 Mt at 0.32% Cu, 0.1 gft Au
5.8 Mt at 0.48% Cu

8.5 Nt at 0.47% Cu

11.5 Mt at 1.0% Cu 3.0g/% Au

0.20 Mt at 0.78% Cu

2.5 Nt at 1.0% Cu

G4 Nt &t 1.0% Cu

(After Strashimirov et al., 2002; Popov et al., 2003)



Vlaikov Vruh Porphyry Copper Deposit

The Vlaikov Vruh porphyry copper deposit (Fig. 4) is located in the central part of Elshitsa
ore field, about 1.5 km south of Elshitsa village and about 80 km SE of Sofia city (Fig. 3). It
covers an area of about 0.5 km diameter. The deposit was open-pit mined from 1962 to 1979.
During that time, 9,793,400 t copper ore with 0.46% average copper content was extracted
(Milev et al., 1996). Resources of 22,700 t copper ore with 0.32% average copper contents still
remain in the deposit. The porphyry-copper mineralisation is hosted in porphyry granodiorite to
quartz diorite, which is intruded along the contact of Upper Cretaceous andesites, dacites,
breccias and tuffs and in the pre-Mesozoic metamorphic and granitic basement (Figs. 4, 5). The
intrusion extends E-W and is intersected by north-trending dacitic dykes. The geology of the
Vlaikov Vruh deposit and the entire Elshitsa ore field is controlled by the setting and evolution
of the Elshitsa volcano-intrusive complex (Bogdanov et al., 1970, 1972; Popov et al., 2000c).
The Elshitsa effusive suite, numerous volcano-tectonic faults and later minor intrusives within
the area of deposit compose this complex. The Vlaikov Vruh deposit is related to the
granodiorite porphyry intrusion, which cuts the effusive rocks from the southern slope of
Elshitsa stratovolcano as well as the basement rocks (Fig. 4).

The pre-Upper Cretaceous basement consists of Precambrian (?) muscovite-biotite and
biotite gneisses. Garnet-two-mica, granitized biotite, muscovite and aplitic gneisses as well as
layers from biotite and two-mica gneissic schists and schists are rarely observed. These rocks are
assigned to the Pre-Rhodopian Supergroup with probable Archaean-Lower Proterozoic age
(Katskov and Iliev, 1993). The Elshitsa effusive suite contains lava flows, lava-breccias,
agglomerate, lapilli and rarely ash tuffs with 100°-130° strikes and 10°-30° N-NE dips
overlying the highly metamorphosed basement rocks. Two sequences, andesitic (lower) and
dacitic (upper), are distinguished in the suite (Boyadjiev and Chipchakova, 1963). The
subvolcanic intrusions are mainly dacitic but rarely andesitic in composition. They are intruded
mostly along E-SE faults and less along N-NW and E-NE faults in both the northern and the
southern flanks of the deposit. The Vlaikov Vruh intrusion is subvolcanic to hypabyssal and
consists of porphyry granodiorite (with transitions to porphyry quartz-monzodiorite, porphyry
granite and porphyritic plagiogranite) with dacitic enclaves in the poorly crystallized parts
around the contacts (Figs. 4, 5). Xenoliths from the metamorphic and rarely from the volcanic
rocks (up to 170 x 420 mm in size) have also been observed. The major axis of the intrusion
trends 115°-120°, its length is over 2 km and width is 100—150 m in the western part to 750-800

m in the eastern part. Meandering contacts and numerous apophyses penetrated into the host



rocks are typical of the intrusive. The late dacitic dykes with N-NW and E-SE trends crosscut all

rock types including the altered propylitic rocks and the ore mineralization.
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Fig. 4. Geological map of the Vlaykov Vruh porphyry copper deposit (after Bogdanov et al., 1972). 1 = gneisses; 2
= andesite; 3 = dacite; 4 = granodiorite; 5 = granodiorite porphyry dykes; 6 = dacite dykes; 7 =lineation; 8 =

schistosity ; 9 = magmatic foliation; 10 = faults.

Longitudinal E-SE (100°-135°) and diagonal N-NW (330°-350°) faults (Figs. 4, 5) are
developed in the area of the Vlaikov Vruh deposit as an important element of the Elshitsa
volcano-intrusive complex. The Vlaikov Vruh fault and several smaller sub-parallel structures
represent the E-SE trending faults (100°-135°). The longitudinal faults are characterized by
steep sub-vertical to north dips. Normal and strike-slip movements and uplift of the southern
blocks occurred along these faults during volcano-tectonic deformation. N-NW—trending dextral
strike-slip faults (330°-350°) belonging to the Panagyurishte fault zone are characteristic of the
southern margin of the Vlaikov Vruh open pit. An almost meridional fault hosts granodiorite-
porphyritic and dacitic dykes (Figs. 4, 5). The porphyry Cu vein-like and disseminated ore
mineralisation with minor molybdenite is hosted by the porphyry granodiorite and partly in the

basement metamorphic and the dacite and andesite volcanic rocks. K-silicate, sericitic (phyllic)



and propylitic pre-ore hydrothermal alteration have been recognized in the deposit (Bogdanov,
1987; Tsonev et al., 2000). Four vertically elongated stockwork ore bodies can be distinguished
in the deeper parts, coalescing into a single ore body in the upper parts of the deposit. The main
ore body is oxidized to a depth of some 10-20 m, characterized by the development of
malachite-azurite ores, below which is a zone of secondary enrichment, up to 40—50 m in depth,
which is characterized by bornite-chalcocite-covellite ores. The tectonic jointing and faulting
occurred after solidification of the intrusive controlled the development and localization of ore

mineralization. Volcano-tectonic faults were reactivated along the E-SE trends as well as along

LU ¥ ¥ ¥ X X XX X X X
XX XX X X R T ~

By X X A XY X XY
XX X X X X X X X ¥5NK XX X KX ) /

X K X XN N WK KKK XX XXX XD
XM NN NN MMM KN N NN XX

MM X XK X XXX XXX XXX X

ST

¥ DaC]tIC d\]\e 4 X X %X x x ¥’
— ) X X X X X X X X ¥wn
Lol Subvolcanic dacite

¥ XX X X Mo Lt
X KX X WX K X X X ML
LK X RS X X X ¥ x L

* % Granodiorite porphyry 5 s

!
L.
L
[}
L
L
i

L L

Andesite

Pre-Mesozoic metamorphic basement

. Faults

\—  Pit outlines

Fig. 5. Cross-section of the Vlaykov Vruh porphyry copper deposit (modified after Popov et al., 2000c). 1 = dacitic
dyke; 2 =subvolcanic dacite; 3 = porphyry granodiorite; 4 = pre-Mesozoic basement; 5 = primary Cu-Mo

mineralisation; 6 = zone of secondary Cu-sulphide enrichment.

the diagonal NE and N-NW trends (Figs. 4, 5). The jointing is expressed by reactivation of the
primary sub-parallel and branch joints around the faults. Part of the new small faults is sub-
parallel to the primary bedding joints. The jointing and faulting determines the development of
economically significant mineralization mainly within the intrusive bodies, due to their greater

brittleness.

Mineral Composition
The porphyry Cu vein-like and disseminated ore mineralisation with minor molybdenite was

deposited at a very early stage in the evolution of the hydrothermal system. Pyrite-chalcopyrite



and molybdenite mineralization occurs in thin veinlets and in veins up to 2 cm wide,
crosscutting late-magmatic aplite-pegmatite veins and the granodiorite. In addition, the veinlets
contain quartz, minor amounts of titanite, rutile, and isolated inclusions of pyrrhotite.

The oxidizing zone is well expressed and is up to 10-20 m thick, and it contains Fe-
hydroxides and minor amounts of cuprite, native copper, malachite, chrysocolla and azurite. The
secondary enrichment zone built up an almost-horizontal zone 300 x 30 m in the central part of
the deposit, which consists mainly of chalcocite with minor bornite and covellite (Bogdanov,
1987). According to Kouzmanov et al. (2001) the early hydrothermal fluids are represented by
high-temperature (325°-370°C) and high-salinity (up to 48 wt % NaCl equiv) liquid-rich, and
medium- to high-temperature (260°-310°C) and low-salinity (4.7-5.9 wt % NaCl equiv) fluid
inclusions with variable liquid/vapour ratios. In addition the high-salinity fluid inclusions
usually contain numerous solid phases, such as NaCl, anhydrite, chalcopyrite, hematite and two
unidentified solids. The fluid inclusions studied are interpreted to represent an orthomagmatic
fluid that boiled, causing sulphide precipitation. Preliminary results from Re-Os dating on
molybdenite with relatively low Re content (0.02—0.96 wt%) (Kouzmanov, 2001) suggest that

the mineralizing process took place at ca. 82 Ma.

Features of the porphyry copper deposits of the Panagyurishte ore region

Similarities and differences in mineral associations and fluid inclusions from the
hydrothermal systems in porphyry copper deposits from the Panagyurishte region of the central
Srednogorie zone reflect the geologic position of ore mineralisation within the framework of the
Upper Cretaceous volcanic-intrusive complexes.

Although depths and fluid pressures have not been quantified at this stage, the deposits may
together represent a continuum from relatively deep basement-hosted deposits centered on
intrusive stocks (Elatsite, Medet) to rather shallower and lower-temperature hydrothermal
systems associated with subvolcanic stocks intruding their own volcanic superstructures
(Assarel). The porphyry style of wallrock alteration from these deposits contains K-silicate and
propylitic alteration as an early stage of the hydrothermal-metasomatic processes (Tables 1, 2).
The outer parts of the deposits are generally affected by propylitic alteration developed
proximally to a K-silicate zone (Medet deposit), a sericitic zone (Elatsite deposit), or a sericite-
advanced argillic alteration zone (Assarel deposit). The zone of K-silicate alteration in the
Elatsite deposit is replaced at the upper levels by a zone of K-silicate-sericitic alteration, where

the main sulphide mineralisation and quartz-pyrite veins are developed (Table 2). Sericitic and



advanced argillic assemblages (acid-chlorine and acid-sulphate sub-types) could be developed at

the upper levels and are representatives of an epithermal style of alteration (e.g., Assarel). This

type of alteration overprints the K-silicate and propylitic

Taklz 2. Ore Minemal Associations and Geochemical Assemblages (after Strashomirgy ef al, 20020
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alen = kiniz, bmt = Bormite, boz = ohganosiczlte, brvi = bravolle, cal = calaverie, cale = calclte, car = camoline
cnal = chalcooie, choy = chalcopynts, cls = clausthalie, colus = colusie, cov = cowslite, en = enarghs, euc =
sucalite, gal = galena, Ay = nallve godd, gidf = golofieldiie, hem = hemaiiz, hs = hesske, Im = Imenks, k2 =
sawazullte, In = Innasie, mgt = magnetite, mch = michenente, mer = merenskylie, mal = molyodenitz, nm =
naumanniz, Bl = natve Bl, Te = native Te, Po-ars = Pd-arsenigs, 2d-ramm = Po-rammslsbergis, py = pyite, pymh =
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alteration as the second stage of wallrock alteration. This stage is only weakly expressed in

the Medet deposit due to the deeper erosion level of this deposit. Apart from differences of the

erosion level, the differences in the types of the wallrock alteration are probably due to variable

proportions of vapour and brine fluids derived from a magmatic source and low-salinity fluids of

meteoric origin (Table 3). However, more data have to be collected to apply precise modeling of

the development of these systems.
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The characteristic features of the ore mineralisation common in all three deposits are (1) the
appearance of Fe-Ti-oxide mineralisation at the beginning of the ore-forming process, (2) the
wide distribution of pyrite-chalcopyrite association as the main economic stage, (3) and the
presence of quartz-molybdenite, quartz-pyrite and quartz-galena-sphalerite veins at the later
stages of the development of the systems (Tables 2, 3). The most significant differences among
the deposits are the presence of PGE and gold mineralisation in the Elatsite deposit, as well as
the occurrence of an epithermal style of mineralisation and the very rare distribution of
molybdenite in the Assarel deposit. These characteristics indicate differences of the primary
source of the ore elements. PGE mineralisation and Co-Ni assemblages found in the Elatsite
deposit and Co-Ni assemblage in the Medet deposit suggest probable participation of fluids
influenced by mafic/ultramafic materials. Enargite and numerous rare minerals including
tellurides and selenides occur at Assarel, emphasizing the nature of this deposit as transitional to
the high-sulphidation epithermal environment. Major pyrite-rich epithermal “massive-sulphide”
Cu-Au deposits are spatially associated within a few kilometers of the large and some of the
smaller porphyry-copper deposits in the Panagyurishte ore district. They are of medium- to high-
sulphidation style and have a similarly complex element association with abundant arsenic,
bismuth and other sulphides and tellurides (Cook et al., 2002; Kouzmanov et al., 2002, 2003;
Bogdanov et al., 2004). Heinrich et al (1999) suggested that in some cases this could be an
indication of a relationship-between magmatic vapour condensates from subjected porphyry-
copper deposits and epithermal fluids forming high-sulphidation deposits. It is assumed that in
the Medet and Elatsite deposits only limited participation of meteoric waters occurred in the
initial stages. In contrast, the shallower volcanic level of the Assarel system facilitated intense
re-working of the host rocks in an environment that was more open to the incursion of meteoric
water. Interactions of low- and high-salinity magmatic fluids with meteoric waters within a
composite cross-section, extending from basal intrusives up into to the subvolcanic domain,
might explain the close spatial relationships between porphyry copper and intermediate- to high-
sulphidation epithermal styles of mineralisation, which are a characteristic of the Panagyurishte

district and of the Balkan-Carpathian belt in general.
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Table 3:

Table 7. Temperature of Homosenization, Composition and Salivity o the Poarphyty Copper Depostts Elatsite,
Mipdet and Assare] (dam fom Strashimirey et al, 2002; Eehayow ot al,, 2003; Tarkian ecal , 2003)

Fiud inclus.on data
T, (*C)J [wit % WaCl equiv)

Mineral association Elzifsite Wedet Aszarg]
Cluarz-kK-feldspar ~500 »500 n.d.
mn.d. n.d. m.d.
CQuarz-rmagneiite-hematite  S00-450 400330 m.d.
i= bom, chipy, pymh) HoO-Mall T FeClt  HaO-Mallz m.d.
Cacl, FeCl
2442 -2
Cluarz-pyrite- chalcopyrite 450-330 Ae0-320 J0-220
HoO- NaCHC] o H.O-MaClRC] o m.d.
Hzi0- NaC H:O-MaCl
S04
Cluartz-molybdente 3a0-310 30300 moi found
Quartz-pyrite 300290 30230 23215
4340
CGluarz-galena- 240-200 2R0-220 185150
spha'erie 2520

“n.d. =nodata
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Late Cretaceous Cu—-Au epithermal deposits of the
Panagyurishte district, Srednogorie zone, Bulgaria

Robert Moritz!, Kalin Kouzmanov®! and Rumen Petrunov?

Abstract

This review compiles geologic il, mineralogical, and isotopic data from the four largest Cu—Au epithermal deposits of
the Late Cretaceous Panagyurishte mineral district, Bulgaria, including from north to south: the producing Chelo-
pech. and the past-producing Krassen, Radka and Elshitsa deposits. Epithermal Cu-Au deposits of the northern and
older part of this district are mainly hosted by andesites, whereas those from the southern and younger district are
hosted by dacites. Advanced argillic alteration is described in the majority of-the deposits, with the most complex
alteration assemblage occurring at Chelopech. In all deposits, mineralization is the result of réplacement and open-
space deposition producing massive sulphide lenses surrounded by disseminated mineralization. Additionally at
Chelopech, stockwork vein zones are also an important ore type. At Elshitsa, Radka and Krassen, the mineralized
zones are controlled by WNW-oriented faults, and at Chelopech there is a supplementary control by NE-oriented
faults. A three-stage paragenesis is recognized in all deposits, including an early disseminated to massive pyrite stage;
an intermediate, Au-bearing Cu-As-S stage, which forms the economic ore; and a late Zn-Pb-Ba stage. Sulphur
isotopic compositions of sulphide and gangue minerals are consistent with similar data sets from other high-
sulphidation deposits. Variations in Sr and Pb isotope data among the deposits are interpreted in terms of fluid
interaction with different host-rocks, additionally variability in Pb isotopic compositions can be attributed to differ-
ences in composition of the associated magmatism. Throughout the Panagyurishte district, there is a coherent and
continuous sequence of events displayed by the epithermal Cu—Au deposits indicating that they result from similar
ore forming processes. However, latitudinal differences in ore deposit characteristics are likely related to
emplacements at different depths, differences in degrees of preservation as a function of post-ore tectonics and/or
sedimentary processes, efficiency of ore formation, and/or modifications of regional controls during the 14 Ma-long
geological evolution of the Panagyurishte district, such as magma petrogenesis and/or tectonic regimes.

Keywords: Cu-Au high-sulphidation epithermal deposits, Panagyurishte district, Srednogorie zone, Bulgaria.

Introduction

The Panagyurishte district is a major metallogenic
region in Eastern Europe (Fig. 1a), which has sup-
plied about 95% of the recent Bulgarian copper
and gold production (Mutafchiev and Petrunov,
1996), and where Late Cretaceous porphyry-Cu
and Cu-Au epithermal deposits form the most
significant deposits. Within the Tethyan region,
the Panagyurishte mineral district displays some
of the best examples of the porphyry-Cu and
high-sulphidation epithermal ore deposit associa-
tion recognized in other tectonic settings such as
the circum-Pacific region (Sillitoe, 1991, 1999;
Hedenquist and Lowenstern, 1994; Corbett and
Leach, 1998). The Panagyurishte district is located
60-90 km east of Sofia, between the towns of

Etrepole and Pazardzhik (Fig. 1¢), and belongs to
the Late Cretaceous Banat-Timok-Srednogorie
belt extending from Romania through Serbia to
Bulgaria (Fig. 1a), a major ore province within the
Alpine-Balkan-Carpathian-Dinaride collision belt
(Berza et al., 1998; Ciobanu et al., 2002; Heinrich
and Neubauer, 2002). While the genesis of por-
phyry-Cu deposits has been relatively undisputed
in the Panagyurishte district (e.g. Strashimirov et
al., 2002; von Quadt et al., 2002; Tarkian et al.,
2003), the Cu-Au epithermal deposits have re-
mained subject to debate for some time, since they
were interpreted as volcanogenic massive sulphide
(VMS) deposits in early studies (Bogdanov, 1984),
and their high-sulphidation nature has only been
recognized in recent years (Petrunov, 1994, 1995;
Mutafchiev and Petrunov, 1996).
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This review compiles geological, mineralogi-
cal, and isotopic information from the four largest
Cu-Au epithermal deposits of the Panagyurishte
district (Table 1), including Chelopech, Krassen,
Radka and Elshitsa (Fig. 1c). It shows that these
deposits were formed by similar processes, typical
for high-sulphidation epithermal deposits, during
the evolution of the Srednogorie belt. However,
latitudinal variations of the ore deposit character-
istics are recognized, and their significance is dis-
cussed as a function of emplacements at different
depths, differences in the degree of preservation,
efficiency of ore formation processes at the local
scale, and fundamental changes in regional geo-
logical controls in space and with time.

Regional geological setting

The Srednogorie tectonic zone is an 80 to 100 km
wide and east-west oriented zone in Bulgaria, lo-
cated between the Balkan Zone in the north, and
the Rhodopes and the Sakar-Strandja Zone in the
south (Fig. 1b; Boncev, 1988; Ivanov, 1988, 1998).
The Panagyurishte ore district belongs to the
Central Srednogorie zone, and is characterised by
a north-northwest oriented alignment of porphy-
ry-Cu and Cu-Au epithermal ore deposits, which
is oblique with respect to the east-west trending
Srednogorie tectonic zone in Bulgaria (Fig. 1b).

The geology of the Panagyurishte mineral dis-
trict consists of metamorphic and igneous base-
ment rocks, abundant Late Cretaceous magmatic
rocks and subsidiary sedimentary rocks, and sub-
ordinate Tertiary sedimentary rocks (Fig. 1c; Po-
pov et al.,, 2003). The oldest basement rocks are
two-mica migmatites, amphibolites and gneisses
of uncertain Precambrian age, known as Pirdop
Group (Dabovski, 1988), Srednogorie type meta-
morphic rocks (Cheshitev et al., 1995) or pre-
Rhodopean Supergroup (Katskov and Iliev,
1993). Younger metamorphic rocks are Late Pre-
cambrian to Cambrian phyllites, chlorite schists
and diabases of the Berkovitsa Group (Haydou-
tov, 2001). Palacozoic basement intrusions are
gabbrodiorites, quartz-diorites, tonalites, and
granodiorites-granites (Dabovski et al., 1972; Ka-
menov et al., 2002).

The type and composition of the Late Creta-
ceous magmatic rocks vary as a function of lati-
tude in the Panagyurishte district, with sub-vol-
canic and effusive rocks becoming progressively
more abundant from south to north with respect
to intrusive rocks (Fig. 1c). Andesites predomi-
nate in the northern and central Panagyurishte
district, whereas dacites are more abundant in its
southern part (Boccaletti et al., 1978; Stanisheva-

Vassileva, 1980). Rhyodacites and rhyolites only
occur in the central and southern Panagyurishte
district (Dimitrov, 1983; Nedialkov and Zartova,
2002). In the south, andesites are the earliest vol-
canic rocks, followed by dacites, and a final stage
of dacitic-thyodacitic subvolcanic intrusions
(Bogdanov et al., 1970; Popov et al.,2000a). Small,
subvolcanic dacite, quartz-monzodiorite and
granodiorite intrusions (mostly <lkm? in size),
with subsidiary aplites and mafic dykes are co-
magmatic with the Late Cretaceous volcanic
rocks. Porphyry-Cu deposits of the Panagyurishte
district are typically centred on such intrusions
(Strashimirov et al., 2002; von Quadt et al., 2002;
Popov et al., 2003; Tarkian et al.,.2003). Larger
sized, northwest-elongated, syntectonic, Late Cre-
taceous granodioritic-granitic intrusions are re-
stricted to the southernmost Panagyurishte dis-
trict along the Iskar-Yavoritsa Shear Zone
(Ivanov et al., 2001; Peytcheva et al., 2001), which
corresponds to the transition between the Sred-
nogorie zone and the Rhodope Massif (Fig. 1b,c).
The Late Cretaceous magmatic rocks are calc-
alkaline to high-K calc-alkaline with a local tran-
sition to subalkaline (Fig. 2), and their trace ele-
ment data are coherent with destructive continen-
tal margin and/or volcanic arc related magmatism
(Popov and Popov, 1997; Nedialkov and Zartova,
2002; Stoykov et al., 2002, 2003; Kamenov et al.,
2003a,b).

U-Pb zircon geochronology reveals a 14 Ma-
long protracted Cretaceous magmatic and ore-
forming activity in the Panagyurishte district (Fig.
Ic). The oldest activity is recorded in its northern
part, where the age of the Elatsite porphyry-Cu
deposit is bracketed by dykes dated at 92.1 + 0.3
Ma and 91.84 + 0.3 Ma (von Quadt et al., 2002), in
line with recent Re-Os ages of 92 Ma (Zimmer-
man et al., 2003). At the Chelopech deposit, an-
desite pre-dating mineralization and latite yield
an age of 91.45 + 0.15 Ma (Chambefort et al.,
2003a; Stoykov et al., 2004). Ages decrease south-
ward with 86.62 + 0.02 and 86.11 + 0.23 Ma, re-
spectively, for the Elshitsa granite and subvol-
canic dacites, and 85 * (.15 Ma for the Vlaykov
Vruh porphyry-Cu deposit (Peytcheva et al.,
2003),84.6 £ 0.3 and 82.16 £ 0.1 Ma, respectively,
for granodiorite and gabbro at Boshulya (Peyt-
cheva and von Quadt, 2003), and 78.54 £ 0.13 Ma
for the Capitan-Dimitrievo pluton (Kamenov et
al., 2003c).

The Late Cretaceous sedimentary rock succes-
sion in the Panagyurishte district starts with
Cenomanian-Turonian conglomerate and sand-
stone, which transgressively overly the basement
rocks, contain metamorphic rock fragments and
coal-bearing interbeds, and are devoid of volcanic
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rock fragments. They are postdated by Late Cre-
taceous intrusive and volcanic rocks, which are
interbedded with early Senonian argillaceous
limestone, calcarenite and sandstone with abun-
dant volcanic rock fragments. This interbedded
rock assemblage is transgressively overlain by
Santonian-Campanian red marl of the Mirkovo
Formation, and Campanian-Maastrichtian calc-
arenite and mudstone flysch of the Chugovo For-
mation (Aiello et al., 1977; Moev and Antonov,
1978; Popov, 2001a; Stoykov and Pavlishina,
2003).

Three predominant fault orientations are rec-
ognized in the Panagyurishte district (Fig 1c;
Cheshitev et al., 1995; Popov, 2001b; Popov et al.,
2003): (1) regional WNW-oriented faults, which
are partly thrusts with both northward and south-
ward vergences, and which control the geometry
of the distribution of the Late Cretaceous
magmatic and sedimentary rocks; (2) shorter NW
to NNW-oriented faults, recognized within the en-
tire district, including in the ore centres, and
which are parallel to the characteristic ore depos-
its alignment of the Panagyurishte district; and (3)
subordinate NE-oriented faults, also recognized in
some deposits (Popov, 2001b; Jelev et al., 2003).
According to Dobrev et al. (1967) and Tsvetkov
(1976), gravity and magnetic data reveal a regional,
deep-seated NNW-oriented fault-zone that coin-
cides with the ore deposit alignment of the district.

Regional tectonic evolution

The Alpine evolution of the Bulgarian tectonic
zones is intimately linked to the tectonic evolu-
tion and closure of the Tethys (Dabovski et al.,
1991; Ricou et al., 1998). Ivanov (1988) interprets
the Srednogorie tectonic zone as an island arc
that was formed during northward Late Creta-
ceous subduction of the African Plate beneath the
Eurasian Plate. Boccaletti et al. (1974), Berza et
al. (1998) and Neubauer (2002) suggest post-colli-
sional detachment of the subducted slab as the
trigger for the Late Cretaceous calc-alkaline mag-
matism and associated ore deposit formation in
the Srednogorie zone. In contrast, based on the
observation that subduction ceased in the early
Cretaceous (Barremian), Popov (1987, 2002) has
interpreted the Banat-Timok-Srednogorie zone
as a rift. This appears to be in apparent conflict
with the subduction-related scenario, but the ar-
guments raised by Popov (1987) could be recon-
ciled with the scenario of Boccaletti et al. (1974),
Berza et al. (1998) and Neubauer (2002), if one
considers the time lag between cessation of sub-
duction and post-collisional slab break-off. More

recently, based on regional lithogeochemical and
radiometric age data from magmatic rocks, Ka-
menov et al. (2003a,b) and von Quadt et al. (2003
a,b) propose a roll-back scenario to explain the
geodynamic setting of the Panagyurishte district.
However, both slab detachment and roll-back sce-
narios are disputed by Lips (2002), who argues that
conditions for such gcodynamic settings were unfa-
vourable in the Late Cretaceous due to the rela-
tively low density and limited length of the young
subducted slab, and he favours typical subduction-
related calc-alkaline magmatism and associated
ore formation processes. A consensus might be dif-
ficult to reach, because, as admitted by Neubauer
(2002), distinction between subduction-related and
slab break-off magmatism remains ambiguous.
During the Early to Middle Eocene, continuous
tectonic plate convergence resulted in the collision
of the Rhodopes with the Srednogorie zone,
whereby allochthonous units of the former were
thrusted northward on the southern Srednogorie
zone (Ivanov, 1988; Ricou et al., 1998).

Evolution of genetic concepts for the Pana-
gyurishte Cu—Au epithermal ore deposits

Early contributions (see Dimitrov, 1960, and ref-
erences therein) have interpreted the Cu-Au hy-
drothermal deposits as epithermal to mesother-
mal deposits genetically linked to porphyry-Cu
deposits in the Panagyurishte district. Dimitrov
(1960) describes the ore deposits as epigenetic,
formed by replacement and open space deposi-
tion processes, with a preferential development of
alteration zones and ore bodies in volcanic tuffs
and sedimentary rocks.

Later, based on the observation that massive
pyrite fragments from the early ore paragenesis
were set in a matrix of dacitic tuffs in some depos-
its of the Panagyurishte district, Bogdanov (1984)
interpreted the early massive pyrite stage of the
Cu-Au hydrothermal deposits as synchronous
with volcanic activity and sedimentation in water
basins, followed by epigenetic polymetallic ore.
Bogdanov (1984) concluded that porphyry-Cu de-
posits post-dated Cu—Au hydrothermal ores based
on K-Ar ages of 90-94 Ma for the volcanic rocks
and 75-87 Ma for the intrusions hosting the por-
phyry-Cu deposits (Chipchakova and Lilov, 1976).

More recently, Petrunov (1995), and Mutaf-
chiev and Petrunov (1996) recognized that the
Cu-Au Chelopech deposit of the northern Pana-
gyurishte district (Fig. 1c) shares alteration and
opaque mineral associations with typical high-sul-
phidation epithermal deposits (Hedenquist et al.,
2000), also known as acid sulphate or alunite-kao-
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linite deposits (Heald et al., 1987, Berger and
Henley, 1989). Petrunov (1995), and Mutafchiev
and Petrunov (1996) proposed a succession of
events with submarine formation of early massive
sulphide ore, followed by uplift of the volcanic
edifice and formation of the high-sulphidation
ore in an aerial setting, overprinting the volcano-
genic massive sulphide ore. Therefore, they classi-
fied the Chelopech deposit as a volcanic-hosted
epithermal deposit of high-sulphidation type.
Recent contributions (Popov and Kovachev,
1996; Popov and Popov, 1997; Strashimirov et al.,
2002), based on modern genetic concepts (e.g.
Hedenquist and Lowenstern, 1994; Hedenquist et
al., 2000), interpret the Cu-Au hydrothermal de-
posits as epithermal high-sulphidation systems
genetically linked to porphyry-Cu deposits of the
Panagyurishte district, therefore in agreement
with the early interpretation by Dimitrov (1960).

Spatial association of the Cu—Au epithermal
deposits with porphyry-Cu deposits

The Cu—-Au hydrothermal deposit at Elshitsa is
located about 1 km to the NW to the past-produc-
ing Vlaykov Vruh porphyry-Cu deposit (Fig. 1c).
These two neighbouring deposits constitute the
best example for the tight spatial association of

83

high-sulphidation epithermal and porphyry-Cu
deposits within the Panagyurishte ore district
(Kouzmanov, 2001). Such a relationship is not as
obvious at the Radka deposit, although granodi-
oritic and quartz-diorite porphyries have been
described in its vicinity. Cu—Au epithermal occur-
rences have also been described in the immediate
proximity of the Assarel and Petelovo porphyry-
Cu deposits (Petrunov et al., 1991; Sillitoe, 1999;
Tsonev et al., 2000a; Fig. 1c). The Chelopech de-
posit belongs to an ore deposit cluster in the
northern Panagyurishte district, which also in-
cludes the vein-type Vozdol base metal occur-
rence, the Karlievo porphyry-Cu occurrence, and
the major producing porphyry-Cu Elatsite de-
posit (Popov et al.,2000b; Fig. 1¢). This ore deposit
cluster is centred on a major, regional geomag-
netic anomaly of the northern Panagyurishte dis-
trict, interpreted by Popov et al. (2002) as a shal-
low, large magmatic chamber.

Economic significance and metal ratios of the
Cu-Au epithermal deposits

Chelopech is the largest and, at present, the only
producing high-sulphidation deposit in the Pana-
gyurishte mineral district (Table 1). It ranks
among the major high-sulphidation deposits of
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Fig. 2 K,0 vs. SiO, diagram for Late Cretaceous igneous rocks from the Panagyurishte ore district (black dots).
Data for the Panagyurishte ore district from Bayraktarov et al. (1996), and data compilation of igneous rocks geneti-
cally related to high-sulphidation deposits from Arribas (1995).
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Tuble 1 Major characteristics of high-sulphidation deposits from the Panagyurishte ore district.

Ore deposit

Chelopech

Krassen

Radka

Elshitsa

Immediate
host
rocks

Massive andesites;
phreatomagmatic diatreme
breccia; sedimentary rocks
(oolithic, biodetrital and
sandstone layers); volcanic
tephra and tuff.

Andesitic breccia
tuff, and lava.

Preferentially dacitic
breccia (abundant) and
dacitic tuff (rare).

Subordinate lava flows.

Dacite subvolcanic
body, dacitic tuff,
volcanic breccia.

Alteration

Proximal to ore bodies:
advanced argillic with
vuggy silica (innermost
part of silicic zone with
pyrite and APS minerals®,
followed laterally by
quartz-kaolinite-dickite-
pyrite-APS minerals®).
Intermediate: phyllic.

Distal: propylitic. At depth:

diaspore, pyrophyllite,
alunite and zunyite.

Proximal:
advanced argillic
(quartz-
kaolinite/dickite).
Intermediate:
phyllic. Distal:
propylitic
(including
adularia).

Proximal: phyllic
(innermost part with
quartz-sericite
followed laterally by
quartz-sericite-albite).
Distal: propylitic.

Proximal to ore
bodies: advanced
argillic (quartz-
sericite +/- diaspore).
Intermediate: phyllic.
Distal: propylitic

Orebody
geometry
& texture

Veins, dissemination,
massive sulphide lenses
with replacement textures,
breccia.

Moderately
dipping massive
sulphide lenses,
disseminations.

Mainly steeply dipping
massive sulphide
lenses surrounded by
disseminations, breccia
pipes, rare quartz-
sulphide veins.

Mainly steeply
dipping massive
sulphide lenses,
surrounded by
disseminations,

breccia and rare veins.

Ore & alteration

Fault and lithological

Fault control (&

Fault and lithological

Fault and lithological

(except tonnage and
production mainly
from Strashimirov et
al., 2002)

2003); Chambefort et al.
(2002, 2003); Georgieva et
al. (2002); Arisanov (pers.
comm., 2002).

and Velinov
(1974); Tsonev
et al. (2000a).

(1981); Tsonev et al.
(2000b); Kouzmanov
(2001); Kouzmanov et
al. (2004).

control control. lithological?) control. control.
] Enargite Abundant Present Rare, upper levels Rare, upper levels
% Luzonite Abundant Minor None None
= Native Ag None Minor Minor Minor
=] Tetrahedrite Rare Present Present Present
= APS minerals* Abundant None None None
—8 Kaolinite/Dickite Abundant Present None None
B0 Alunite At deeper levels None None Rare, upper levels
% Diaspore At deeper levels None Rare
= Pyrophyllite At deeper levels None Rare
= Vuggy silica Present locally None None
= Chalcedony Abundant None None
Tonnage* (Mt) 45 0.3 8.9 4.5
Cu (%) 1.28 0.76 1.06 1.13
Ore Au (g/1) 34 1.5-2.0 1.5
grades Ag (glt) 8.4(18) 25-30 15
Ag/Au 2.5 16 10
Metal 0, 27 17 13
ratios Ag/Cu 78 26 13.3
Production 1954- ...
period (il i operation) 1962-1973 1942-1995 1922-1999
Source of Petrunov (1989, 1994, Radonova (1969, | Radonova (1962); Radanova (1967,
information | 1995); Moritz et al. (2001, |1970); Radonova | Chipchakova et al. 1970); Chipchakova

and Stefanov (1974);
Dimitrov (1985);
Kouzmanov (2001).

APS minerals*: Aluminium-phosphate-sulphate minerals; Tonnage*: total of past production and remaining resources.
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Fig. 3 Grade-tonnage diagram of high-sulphidation deposits from the Panagyurishte ore district in comparison to
similar deposits from other localities. Grades and tonnages of the Bulgarian deposits are from Strashimirov et al.
(2002). The diagram is modified from Hedengquist et al. (2000) with additional data from Sillitoe (1999) marked with
an asterisk (*) in the following list. Bol — Boliden, Sweden; Bor — Bor*, Serbia; Chinkuashih, Taiwan; E1 — EI Indio,
Chile; E1 (DSO) — El Indio direct shipping ore; Fu — Furtei*, Italy; Go — Goldfield: U.S.A.;LC — La Coipa*, Chile;
Le — Lepanto, Philippines; Lh — Lahoca, Hungary; LKK — Lerokis and Kali Kuning*, Indonesia; Mu — Mulatos,
Mexico; Na — Nansatsu district (including Kasuga), Japan; Ne’ and Ne” — Nevados de Famatina*, Argentina (high
and low grade ore, respectively); Pa — Pascua, Chile; Pi — Pierina, Peru; PP — Paradise Peak, U.S.A.; PV — Pueblo
Viejo, Dominican Republic; Ro — Rodalquilar, Spain; Si — Sipan*, Peru; Su — Summitville, U.S.A.; Ta — Tambo,
Chile; Ve — Veladero, Argentina; Ya — Yanacocha, Peru.

the world, with a tonnage and a gold grade com-
parable to important deposits of the circum-Paci-
fic region such as El Indio in Chile, Lepanto in the
Philippines and Pierina in Peru (Fig. 3). By con-
trast, the past-producing Elshitsa and Radka de-
posits are on the borderline of economic deposits,
and Krassen remains an uneconomic occurrence
(Fig. 3).

The northern zone stands out as the more fer-
tile part of the Panagyurishte ore district. Indeed,
the location of the major high-sulphidation
Chelopech deposit coincides with the geographic
position of the economically significant porphyry-
Cu deposits of the area (Fig. 1c), including Elat-
site (354 Mt at 0.44% Cu and 0.2 g/t Au), Medet
(163 Mt at 0.32% Cu and 80 g/t Mo), and Assarel
(319 Mt at 0.36% Cu), whereas the southern por-
phyry-Cu deposits at Tsar Assen (6.6 Mt at 0.47%
Cu) and Vlaykov Vruh (9.8 Mt at 0.46% Cu) are
much smaller (Porphyry-Cu data from Strashimi-
rov et al., 2002, total of past production and re-
maining resources), and correlate spatially with
the lesser economic Elshitsa, Radka and Krassen
epithermal deposits.

Chelopech is characterised by higher Cu and
Au grades (1.28% and 3.4 g/t) relative to Krassen
(0.76% and 0.69 g/t), Radka (1.06% and 1.5-2.0

g/t) and Elshitsa (1.13% and 1.5 g/t). Silver grades
are on average lower at Chelopech (8.4 g/t) than
at Radka (25-30 g/t) and Elshitsa (15 g/t), which is
reflected by a low Ag/Au ratio of 2.5 at Chelopech
in contrast to 16 and 10, respectively, at Radka
and Elshitsa. The Chelopech deposit has a higher
Au/Cu ratio of 2.7 than the Radka and Elshitsa
deposits, respectively, with 1.7 and 1.3 (Table 1).
Additionally, Chelopech is characterised by ele-
vated contents of S, Ga and Ge that have been by-
products during ore dressing (Popov and Kova-
chev, 1996).

Host rocks of the Cu—Au epithermal deposits
in the Panagyurishte ore district

At Elshitsa, the ore bodies are hosted by an about
100 m wide breccia zone within a WNW-elongat-
ed and steeply dipping Late Cretaceous subvol-
canic dacite body (Fig. 4¢). This subvolcanic rhyo-
dacite body crosscuts a belt of andesitic-dacitic
volcanic rocks located between Palaeozoic grani-
toids to the south and the Late Cretaceous Elshit-
sa intrusion to the north (Fig. 1c). Dacitic volcanic
rocks and breccia form the preferential rock envi-
ronment for metasomatic replacement and hy-
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Tsonev et al., 2000b; Kouzmanov et al.,2002) and (c) Elshitsa deposits (after Chipchakova and Stefanov, 1974).

drothermal precipitation (Fig. 4c; Kouzmanov,
2001).

The Radka deposit occurs in an andesitic-dac-
itic volcanic belt, with subordinate rhyodacitic
dykes and granodioritic and quartz dioritic por-

phyries (Fig. 4b), immediately to the northeast of
the Late Cretaceous Elshitsa intrusion (Fig. 1c).
The immediate host rocks of the mineralized
zones are exclusively Late Cretaceous dacitic lava
flows, volcanic breccia and tuffs (Fig. 4b). The lat-
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ter two are preferential hosts to the mineraliza-
tion (Bogdanov and Bogdanova, 1974; Kouz-
manov, 2001; Kouzmanov et al., 2004).

In the Krassen deposit (Fig. 1c), the host rocks
of the mineralized zones are andesitic breccia,
tuffs and lava flows that have been overthrusted
along the Krassen fault on the sedimentary rocks
of the Chugovo Formation (Tsonev et al., 2000a).

The Chelopech deposit is hosted by a Late
Cretaceous volcanic and volcano-sedimentary
complex, transgressively overlaying Precambrian
and Palaeozoic metamorphic rocks (Fig. 1c, Table
1; Popov et al., 2000b). The Late Cretaceous rock
sequence consists of detrital sedimentary rocks
derived from the basement, and andesitic, dacitic
to trachyandesitic subvolcanic bodies, lava flows,
agglomerate flows, tuffs and epiclastic rocks. They
are transgressively covered by sandstone, argilla-
ceous limestone, and the terrigenous flysch se-
quence of the Chugovo Formation (Fig. 4). The
ore bodies are hosted by (1) an andesitic subvol-
canic body, associated with phreatomagmatic, dia-
treme breccias, and (2) sedimentary rocks with
oolithic, biodetrital and sandstone layers inter-
bedded with (3) volcanic tephra-tuff containing
accretionary lapilli and pumices (Chambefort et
al., 2003b; Jacquat, 2003).

Unaltered volcanic rocks from the magmatic
centres hosting the Cu-Au epithermal and por-
phyry-Cu deposits are enriched in K with respect
to equivalent rock types in barren areas (Bayrak-
tarov et al., 1996). Figure 2 shows that the K,O vs.
Si0, field of the volcanic host rocks of the ore de-
posits in the Panagyurishte district overlaps with
the upper part of the field typical for volcanic
rocks genetically related to high-sulphidation de-
posits (Arribas, 1995).

Wall rock alteration of the Cu—Au epithermal
deposits in the Panagyurishte district

Alteration assemblages are variable among the
different Cu-Au epithermal deposits of the Pana-
gyurishte ore district (Fig. 5). Chelopech displays
laterally and vertically the most complex altera-
tion assemblages among these deposits (Fig. 5a).
Laterally outward from the ore bodies, there are
four alteration assemblages: (1) a silicic zone with
massive silica, sparsely developed vuggy silica,
disseminated pyrite and aluminium-phosphate—
sulphate (APS) minerals; (2) a quartz—kaolinite-
dickite zone with pyrite, APS minerals, and ana-
tase; (3) a widespread quartz-sericite alteration
zone; and (4) a propylitic zone. Below the present
mining level (405 level, about 400 m below sur-
face), samples from 2 km deep drill cores (from

the surface) reveal that the alteration evolves into
a diaspore, pyrophyllite, alunite, zunyite, rutile,
and APS mineral assemblage (Petrunov, 1989,
1995; Georgieva et al., 2002).

Radonova (1970), Radonova and Velinov
(1974), and Tsonev et al. (2000a) report an ad-
vanced argillic assemblage (quartz-kaolinite/
dickite) in the immediate wall rocks of the miner-
alized zones at Krassen, followed laterally by a
phyllic and propylitic alteration (Fig. 5b). At El-
shitsa and Radka, the wall rock alteration of the
mineralization consists predominantly of a phyllic
assemblage (quartz-sericite in the immediate host
rock of the sulphide bodies followed laterally by
quartz-sericite-albite) and grades outwards into a
propylitic alteration assemblage (Fig. 5). In addi-
tion at Elshitsa, subordinate diaspore and dumor-
tierite have been recognized in the quartz-sericite
alteration immediately next to the mineralized
zones (Radonova, 1967, 1970), and alunite has
been documented at shallow mining levels by Di-
mitrov (1985), thus revealing the occurrence of ad-
vanced argillic alteration in this deposit (Figs. 4 and
5). In contrast to the Chelopech deposit, neither
vuggy silica, nor any hypogene kaolinite/dickite
and APS minerals have been recorded at Elshitsa
and Radka (Table 1, Figs. 5 and 6). Illite is the pre-
dominant clay mineral in the two later deposits.

Ore body geometry of the Cu—Au epithermal
deposits in the Panagyurishte ore district

In all three deposits of the southern Panagy-
urishte ore district, i.e. Elshitsa, Radka and
Krassen, the mineralized zones consist predomi-
nantly of massive sulphide lenses surrounded by a
halo of disseminated mineralization (Tsonev et
al., 2000a,b; Kouzmanov, 2001). In addition, at the
Elshitsa and Radka deposits there is also subordi-
nate veinlet-type ore (Kouzmanov, 2001). At the
Chelopech deposit stockwork ore is also abundant,
and in contrast to the high-sulphidation deposits of
the southern Panagyurishte district, vein-type ore
is volumetrically and economically as important as
massive sulphide ore surrounded by disseminated
ore (Petrunov, 1994; Jacquat, 2003).

Structural control of the ore bodies and
the alteration zones

The Elshitsa and Radka deposits share similar
structural controls on each side of the Elshitsa in-
trusion (Fig. 1). In both deposits, the ore bodies
are steeply dipping and, together with the wall
rock alteration, they are controlled by WNW-ori-
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Fig. 5 Hydrothermal alteration assemblages described in the Chelopech (Petrunov, 1989, 1995; Georgieva et al.,
2002), Krassen (Tsonev et al., 2000a), Radka (Tsonev et al., 2000b; Kouzmanov, 2001) and Elshitsa deposits
(Radonova, 1967, 1970; Chipchakova and Stefanov, 1974; Dimitrov, 1985; Popov et al., 2000a; Kouzmanov, 2001)
represented on diagrams after Corbett and Leach (Fig. 4.1, p. 71,1998) showing the relative stability ranges of altera-
tion mineral assemblages as a function of temperature and pH. The alteration zones (advanced argillic, argillic,
phyllic, propylitic) defined in hydrothermal systems (Corbett and Leach, p. 73, 1998) are only represented for the
Radka deposit, for the sake of clarity. The characteristic alteration assemblages of each deposit are highlighted with
white letters on a black background. For Elshitsa, there is an additional grey background with questions marks,
because Dimitrov (1985) reports an alunite facies without mentioning the other alteration minerals present in the
same facies, therefore the alteration assemblage remains uncertain. Ab— albite; Act— actinolite; Ad—adularia; Al —
alunite; And —andalusite; Bio—biotite; Cb—carbonate; Ch— chlorite; Chab —chabazite; Chd—chalcedony; Ch—
chlorite; Cr—cristobalite; Ct—calcite; Do—dolomite; Dik—dickite; Dp—diaspore; Ep—epidote: Fsp—feldspar;
Hal —halloysite; I—illite; K—kaolinite; Op—opaline silica; Pyr—pyrophyllite; Q—quartz; Ser—sericite; Sid—
siderite; Sm—smectite; Tri—tridymite.
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the latter (Tsonev et al., 2000a). This late tectonic



90 R. Moritz, K. Kouzmanov and R. Petrunov

overprint was already noted by Dimitrov (1960)
for the entire Panagyurishte district.

At the Chelopech deposit, two predominant
fault orientations are recognized: (1) steeply dip-
ping, WNW to NW-oriented strike-slip faults, and
(2) NE-oriented thrusts dipping to the SE. Ore
formation is overprinted by tectonic movements
along both fault types (Antonov and Jelev, 2001;
Jelev et al., 2003; Chambefort, 2005). The breccia
zones hosting the ore bodies are elongated paral-
lel to the NE-oriented faults, and the trend of the
advanced argillic alteration in this deposit follows
partly both fault orientations. These observations
also reveal a structural control on both ore forma-
tion and alteration in this deposit. The Chelopech
fault immediately to the southeast of the deposit
is a major NE-oriented thrust (Fig. 4), where
rocks of various ages have been thrusted on the
Late Cretaceous host rocks of the Cu-Au deposit
(Antonov and Jelev, 2001; Stoykov et al., 2002;
Jelev et al., 2003; Chambefort, 2005).

Ore stages and paragenesis

The epithermal deposits of the Panagyurishte dis-
trict share a number of paragenetic features in-
cluding (Fig. 6): (1) an early disseminated to mas-
sive pyrite stage, followed by (2) an intermediate
Au-bearing Cu-As-S stage and (3) a late base-
metal stage (predominantly Zn, Pb and Ba). A
last sulphate stage ends the mineral paragenesis
with subordinate sulphides and native gold at
Krassen and Radka according to Tsonev et al.
(2000a,b; see Fig. 6).

In all four deposits, the first ore stage consists
of pyrite with subordinate fine-grained quartz
and marcasite, referred to as Fe-S ore stage and as
massive sulphide ore (Fig. 6). Pyrite of this stage
has a colloform, globular, fine-grained and fine-
layered texture. On a macroscopic scale, the mas-
sive ore can be locally banded with centimetric
alternations of massive pyrite layers and altered
rock (Petrunov, 1994, 1995; Bogdanov et al., 1997;
Simova, 2000; Tsonev et al., 2000a; Kouzmanov,
2001; Jacquat, 2003). The massive sulphide ore
bodies are discordant with respect to the host
rocks (Kouzmanov, 2001; Popov et al., 2003). At
Elshitsa, the massive ore bodies and the alteration
zones are controlled by faults (Fig. 4), and veins
with colloform pyrite crosscut the host dacites
(Kouzmanov, 2001). At Chelopech, sedimentary
rocks and volcanic tuffs are the preferential host
rocks of massive pyrite ore. Accretionary lapilli,
oolithes, and microfossils are replaced by pyrite in
these rocks (Chambefort et al., 2003b; Jacquat,
2003). Massive sulphide ore is typically surround-

ed by a halo of disseminated pyrite (Tsonev et al.,
2000 a,b; Kouzmanov, 2001), and mapping at
Chelopech reveals in places a progressive transi-
tion from disseminated to massive pyrite ore (Jac-
quat, 2003).

Early massive pyrite is postdated by sulphides
and sulphosalts of the Cu—As-S ore stage (Fig. 6).
This second ore stage is the Au-bearing and eco-
nomic ore mined in all deposits. It is typically sub-
divided into mineral associations (Petrunov, 1994;
Simova, 2000; Tsonev et al., 2000a,b; Kouzmanov,
2001; Jacquat, 2003; Kouzmanov et al., 2004),
which are not shown in Figure 6 for the sake of
clarity. These mineral associations constitute dis-
crete, recurrent depositional events, which over-
print each other (Jacquat, 2003). They occur as
veins, cavity fillings, breccia matrix, and replace-
ment of early pyrite. In general, enargite and
covellite belong to an early depositional event,
followed by a tennantite-chalcopyrite-bornite as-
sociation. Gold of the second ore stage occurs as
native metal and tellurides, but the native mineral
is the main gold carrier (Bogdanov et al., 1997;
Bonev et al.,, 2002). Micro- to cryptocrystalline
quartz is a ubiquitous gangue mineral of this ore
stage (Fig. 6).

A third uneconomic Pb-Zn-S ore stage (Fig.
6) consists of a polymetallic assemblage, including
galena, sphalerite, pyrite, chalcopyrite, and barite
veins. Calcite has also been reported at Elshitsa at
this stage (Kouzmanov, 2001). Gold of this stage
occurs as the native metal, and also as electrum at
Chelopech. At the Chelopech deposit, a large part
of the late polymetallic ore stage is developed be-
low and at the periphery of the economic gold-
bearing pyrite—enargite—chalcopyrite ore bodies,
that is beyond the advanced argillic alteration
zone (Petrunov, 1994, 1995; Jacquat, 2003). The
Vozdol occurrence is such a physically separate,
polymetallic mineralization about 1 km NNE to
the Chelopech high-sulphidation ore bodies (Fig.
1). The gangue of the base metal sulphide veins at
Vozdol consists of quartz, ankerite, calcite, dolo-
mite, barite and fluorite, and the veins are sur-
rounded by a carbonate, adularia and sericite al-
teration zone. This occurrence is considered by
Mutafchiev and Petrunov (1995) and Popov et al.
(2000b) as a low-sulphidation system, and would
be reclassified as an intermediate-sulphidation
occurrence according to the new terminology of
Hedenquist et al. (2000). The spatial association of
the polymetallic Vozdol occurrence and the Chelo-
pech deposit is analogous to other base-metal veins
at the periphery of high-sulphidation systems (Sil-
litoe, 1999; Hedenquist et al., 2000, 2001).

There are a number of major mineralogical
differences among the Cu—Au epithermal depos-
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its of the Panagyurishte district (Fig. 6; Table 1).
Enargite is abundant at Chelopech (Petrunov,
1994; Simova, 2000; Jacquat, 2003) and predomi-
nant at Krassen (Tsonev et al., 2000a), but it is
only a minor phase and restricted to the upper
mine levels at Radka and Elshitsa (Tsonev et al.,
2000b; Kouzmanov, 2001). Luzonite, the low-tem-
perature dimorph of enargite, has only been re-
ported at Chelopech, where it is a common miner-
al, and as a minor phase at Krassen. By contrast,
native silver is absent at Chelopech, but present at
Krassen, Radka and Elshitsa, and tetrahedrite is
rare at Chelopech and more abundant in the
three other deposits. This explains the distinctly
lower Ag/Au ratios at Chelopech relative to Rad-
ka and Elshitsa (Table 1). Chelopech also stands
out with its predominant gangue mineralogy, with
chalcedony and barite being major to abundant
phases during the Cu—As-S stage (Petrunov, 1994;
Simova, 2000; Jacquat, 2003), whereas barite is
only reported as a minor phase at Radka during
this ore stage (Tsonev et al., 2000b; Kouzmanov,
2001; Kouzmanov et al., 2004; Fig. 6, Table 1).

Isotopic data

The sulphur isotopic compositions of sulphides
and enargite from the high-sulphidation deposits
of the Panagyurishte ore district fall between -9
and +1 %o (CDT), and sulphates yield higher %S
values between +15 and +28 %0 (CDT) (Fig. 7a).
Such isotopic compositions are consistent with
similar data sets from other high-sulphidation
epithermal deposits (see Arribas, 1995), and are
typically interpreted in terms of sulphur isotope
fractionation during hydrolysis of magmatic SO,
and fluid oxidation with decreasing temperature
(Rye, 1993). Temperatures obtained by sulphur
isotope geothermometry in the deposits of the
Panagyurishte district are typical for high-sul-
phidation epithermal systems (Arribas, 1995). At
Chelopech, two pyrite-anhydrite pairs from deep
drilling samples below the main mining level yield
temperatures of 302° and 314°C (Jacquat, 2003),
and one enargite-barite pair from the main Cu-
As-S ore stage gives a temperature of 240°C (Mo-
ritz et al., unpublished data). One galena—barite
pair at Chelopech and one chalcopyrite-barite at
Elshitsa from the third base metal ore stage yield
temperatures of 226° and 250°C, respectively
(Jacquat, 2003; Kouzmanov et al., 2003).
Radiogenic isotopes show marked differences
among the epithermal deposits of the ore district.
The Sr and Pb isotopic compositions of gangue
and ore minerals are more radiogenic in Chelo-
pech than at Elshitsa and Radka (Figs. 7b and c).

In the case of Sr, this difference cannot be ex-
plained by different magmatic sources, since Late
Cretaceous magmatic rocks have similar Sr iso-
topic compositions throughout the Panagyurishte
district (Fig. 7b). In all deposits, gangue minerals
yield systematically higher #'Sr/*Sr ratios than
the immediate Late Cretaceous volcanic host
rocks (Fig. 7b). This reveals that the ore-forming
fluid with a low §Sr/%Sr ratio (~0.7045-0.7060;
Fig. 7b), either of direct magmatic origin or equi-
librated with the Late Cretaceous volcanic rocks,
interacted with ¥Sr-enriched rocks such as Palaeo-
zoic granites (¥Sr/%6Sr = 0.708-0.712; Fig. 7b) and
metamorphic basement rocks or their sedimen-
tary products, i.e. Turonian sandstones (¥St/%Sr >
0.715; Fig. 7b). The higher #Sr/%8r ratios of sul-
phates at Chelopech reveal a more intense inter-
action of the ore-forming hydrothermal fluids
with radiogenic metamorphic basement rocks
and their detrital sedimentary products. The role
of Late Cretaceous seawater during ore forma-
tion remains ambiguous, because its ¥Sr/*Sr ratio
(Koepnick et al., 1985) lies in-between the Sr iso-
topic compositions of Late Cretaceous magmatic
rocks, and of Turonian detrital sedimentary rocks,
Palaeozoic granites and metamorphic basement
rocks (Fig. 7b).

Interpretation of the more radiogenic Pb iso-
topic composition of ore minerals from Chelo-
pech relative to deposits of the southern Pana-
gyurishte district (Fig. 7¢) remains equivocal.
Metamorphic basement rocks and Turonian sand-
stones contain more radiogenic Pb than Late Cre-
taceous magmatic rocks and Palaeozoic intru-
sions of the Panagyurishte district (Kouzmanov,
2001; Kouzmanov et al.,2001). Thus, akin to the Sr
isotope data, a more intense leaching of metamor-
phic rocks and their detrital products by ore-
forming hydrothermal fluids could explain the ra-
diogenic nature of ore minerals at Chelopech. Al-
ternatively, the variable Pb isotopic compositions
of the epithermal ore minerals might be linked to
differences in the composition of the genetically
associated magmatism. Although the database is
still fragmentary, sulphides from porphyry-Cu de-
posits of the northern Panagyurishte district ap-
parently yield more radiogenic Pb isotopic com-
positions than the ones from the southern district
(Fig. 7c: Elatsite-Medet-Assarel porphyries vs.
Vlaykov Vruh porphyry). Safely assuming that Pb
in the porphyry-Cu sulphides is totally to predom-
inantly of magmatic origin, it must be concluded
that the Pb isotopic composition of the magma-
tism is different in both areas, and that there is a
larger crustal assimilation in the melts related to
the Elatsite, Medet and Assarel porphyry-Cu de-
posits, and by extension to the Chelopech epither-
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mal deposit. This is in line with Kamenov et al.
(2003a,b), who concluded that magmatism varies
in composition from north to south in this district.
However, even with additional Pb isotope data
for whole rocks, it might be difficult to determine
ultimately whether the more radiogenic Pb at
Chelopech was leached from metamorphic base-
ment rocks by the ore-forming fluid or if it was
introduced into the ore deposit by a hydrothermal
fluid of magmatic origin, where the magma has
assimilated metamorphic basement rocks.

Discussion

The Panagyurishte Cu-Au epithermal deposits:
witnesses of similar ore formation processes
in space and time during the evolution of the

Srednogorie belr

The epithermal Cu-Au deposits of the Pana-
gyurishte district reveal a coherent and continu-
ous sequence of events resulting from similar ore
forming processes, typical for high-sulphidation
epithermal deposits (Arribas, 1995; Cooke and
Simmons, 2000; Hedenquist et al., 2000). Indeed,
they share a common paragenesis including an
early, massive pyrite stage, an intermediate Au-
bearing Cu-As-S stage and a late base metal
stage (Fig. 6). The textural and geometrical char-
acteristics of the early, massive pyrite stage docu-
ment its epigenetic nature, including both struc-
tural and lithological controls (Tsonev et al., 2000
a,b; Kouzmanov, 2001; Chambefort et al., 2003b;
Jacquat, 2003; Popov et al., 2003). Early massive
pyrite ore was formed by precipitation along frac-
tures from a hydrothermal fluid, and by progres-
sive replacement of more permeable rock units
such as volcanic tuffs and sedimentary rocks. Such
wallrock replacement and lithological control by
permeable rock units and bedding planes are rela-
tively common in high-sulphidation deposits (Ar-
ribas, 1995; White et al., 1995; Sillitoe, 1997, 1999;
Corbett and Leach, 1998). Thus, it is not necessary

to invoke profound changes in the geological en-
vironment with time, such as a transition from a
submarine to an aerial setting, and early syn-
genetic processes (Bogdanov, 1984; Petrunov,
1995; Mutafchiev and Petrunov, 1996) to explain
the genesis of the Cu-Au epithermal deposits of
the Panagyurishte ore district. The economic and
Au-bearing Cu-As-S stage shows an evolution
from an early enargite event to a later tennantite-
chalcopyrite-bornite event reflecting a temporal
evolution from high to intermediate sulphidation
states of the hydrothermal fluid during ore forma-
tion, and a low sulphidation state during the sub-
sequent base metal stage (Einaudi et al., 2003).
The sulphur isotopic compositions of ore and
gangue minerals are coherent with disproportion-
ation of magmatic SO, during ore formation
(Rye, 1993).

The high ore grade - large tonnage Chelopech
deposit: A giant amongst dwarfs in the
Panagyurishte district

Despite descriptive and genetic similarities
among the Cu-Au epithermal deposits of the
Panagyurishte ore district, Chelopech clearly
stands out as a giant and as the economically most
attractive deposit in this area. The question about
fundamental controls leading to the formation of
large Cu-Au high-sulphidation epithermal depo-
sits has been addressed in several contributions
(e.g. Sillitoe, 1997, 1999; Hedenquist et al., 2000;
Tosdal and Richards, 2002). The peculiarities of
the Chelopech deposit in contrast to the southern
Panagyurishte epithermal deposits are discussed
below and may be explained by: (1) an emplace-
ment in a shallower crustal environment, (2) its
better preservation, (3) more efficient, local ore-
formation processes, and (4) fundamental differ-
ences in regional geological controls.

Styles and characteristics of high-sulphidation
epithermal systems vary with depth and tempera-
ture (Corbett and Leach, 1998; Sillitoe, 1999;
Hedenquist et al., 2000). Collectively, several fea-

Fig. 7 Isotope data of epithermal deposits from the Panagyurishte ore district. (a) Sulphur isotope data for the
Chelopech (Petrunov, 1994; Moritz et al., 2001; Jacquat, 2003), Radka (Angelkov, 1975; Velinov et al., 1978;
Kouzmanov, 2001), and Elshitsa deposits (Kouzmanov, 2001; Kouzmanov et al.,2003). (b) Strontium isotope data for
Chelopech sulphates (Moritz et al, 2001, 2003; Jacquat, 2003), Late Cretaceous andesites (Stoykov et al., 2003,2004),
the Vejen pluton and the Elatsite porphyry (von Quadt et al.,2002), Turonian sandstone and metamorphic basement
rocks (Jacquat, 2003; Moritz et al., 2003), Radka and Elshitsa sulphates and calcite, and whole rocks from the south-
ern Panagyurishte district (Kouzmanov, 2001; Kouzmanov et al.,2001), and Late Cretaceous seawater (Koepnick et
al., 1985). (c) Lead isotope data of the Chelopech Cu~Au epithermal deposit (Moritz et al.,2001), the Elshitsa, Radka
and Krassen Cu—Au epithermal deposits (Amov et al., 1974; Kouzmanov, 2001; Kouzmanov et al., 2001: except two
data points from Moritz et al., 2001), and the porphyry-Cu deposits, including Vlaykov Vruh (Kouzmanov, 2001;
Kouzmanov et al.,2001), Assarel (Amov et al., 1974; Moritz et al.,2001), Medet (Moritz et al., 2001) and Elatsite (von
Quadt et al., 2002, except one data point from Moritz et al., 2001).
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tures indicate a shallower depth and temperature
environment of ore formation at Chelopech than
for the other Cu—Au epithermal deposits of the
Panagyurishte district (Table 1): (1) low tempera-
ture mineral polymorphs, such as chalcedony and
luzonite, are confined to the Chelopech deposit,
and luzonite is a subsidiary phase at Krassen, (2)
vuggy silica is also restricted to the Chelopech de-
posit, and (3) the presence of enargite is only rare-
ly reported at the Radka and Elshitsa deposits,
and only in the upper mining levels. In addition,
volcanic rocks are predominant in the northern
part of the Panagyurishte district, whereas intru-
sive rocks become more abundant to the south
(Fig. 1c), therefore revealing a progressively
deeper crustal environment in the southern part.
As reviewed by Sillitoe (1999), the largest high-
sulphidation Au deposits are typically located in
the shallow epithermal parts of high-sulphidation
systems, where lithological permeability is more
favourable.

Alternatively, the differences noted among the
Cu-Au epithermal deposits of the Panagyurishte
district might be related to different erosion lev-
els, with Chelopech being the deposit with the
better preservation. Typically, epithermal deposits
have a poor preservation potential due to their
shallow depth of formation, and the likelihood of
their erosion increases with their age (Cooke and
Simmons, 2000; Hedenquist et al., 2000). Thus, it
appears as paradoxical that Chelopech, as the old-
est epithermal deposit of the study area, had the
best preservation potential, but this can be ex-
plained by local, late tectonics in each deposit.
The overthrust on the Chelopech deposit, post-
dating ore formation, together with the late trans-
gressive deposition of sandstone, limestone and a
flysch sequence on top of the volcanic host rocks
(Fig. 4a), were certainly key factors for its better
degree of preservation. By contrast, the faults
controlling the ore bodies at Elshitsa and Radka
display a normal sense of movement (Figs. 4b,c),
therefore an extensional tectonic setting, clearly
less favourable for the preservation of epithermal
deposits, possibly resulting in the loss of the upper
parts of the Elshitsa and Radka deposits. Higher
uplift and erosion rates in the southern Pana-
gyurishte district could be due to the continuous,
Tertiary plate tectonic convergence of the Rho-
dopes with the Srednogorie zone (Ivanov, 1988;
Ricou et al., 1998). The subordinate presence or
absence of advanced argillic mineral assemblages
at Elshitsa and Radka, respectively (Fig. 5), may
reflect the deeper erosion level of the epithermal
deposits, thus preserving only their bottom parts
(Hedenquist et al., 2000). In addition to erosion
alone, catastrophic gravitational sector collapse of

volcanic edifices, during or following ore forma-
tion may also explain the loss of the upper epi-
thermal ore environment at Elshitsa and Radka
(e.g. Sillitoe, 1991, 1995).

The formation of large epithermal Au deposits
is the result of the confluence of magmatic and
hydrothermal factors, the production of large vol-
umes of Au-rich fluids, and an efficient hydrologic
system for a focussed fluid flow to the ore site
(White et al., 1995; Sillitoe, 1997; Hedenquist et
al., 2000). The higher grade and tonnage of the
Chelopech deposit reveal that such ore forming
processes were particularly favourable in the
northern part of the Panagyurishte district.
Chelopech is also characterised by major litholog-
ical permeability contrasts, with the presence of a
diatreme, a location close to a major discordance
with basement rocks and a high abundance of
sedimentary rocks in its environment (Fig. 4a).
Such settings with major lithological permeability
contrasts are favourable for the generation of
large epithermal Au deposits (Sillitoe, 1997;
Hedenquist et al., 2000). The laterally and verti-
cally extensive advanced argillic alteration zone
at Chelopech (Fig. 5) documents that the hydro-
logy of its environment has been particularly pro-
pitious for the development of acidic conditions
due to a large absorption of magmatic vapour by
groundwater (Hedenquist et al., 2000).

The higher metallogenic fertility of the north-
ern and older part of the Panagyurishte district
reveals a temporal evolution in the ore formation
environment on a regional scale. Fundamental
variations in space and time of the regional geo-
logical context must have occurred between early
porphyry-Cu and Cu-Au epithermal ore forma-
tion at about 92-90 Ma at Elatsite-Chelopech,
Medet and Assarel, and later at about 86 Ma in
the Krassen and Elshitsa-Vlaykov Vruh areas
(Fig. 1¢). The transition from predominantly an-
desitic volcanism in the northern Panagyurishte
district to dacitic in the southern part, with subor-
dinate rhyodacite and ryolite, reveals a variation
in space and time of magma petrogenesis, includ-
ing a more important crustal input and/or higher
degree of fractional crystallisation with time in
the southern Panagyurishte district. Major and
trace element data support a latitudinal variation
in magma petrogenesis (Kamenov et al., 2003a,b),
as well as the Pb isotope data of the ore depuosits
(Fig. 7c, see above). Chelopech has a distinctly
lower Ag/Au ratio in comparison to the Cu-Au
epithermal deposits of the southern Pana-
gyurishte district (Table 1). According to Sillitoe
(1999), magma chemistry is one of the basic con-
trols on Ag/Au ratios in high-sulphidation epi-
thermal deposits. Thus, the variable Ag/Au ratios
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of the Panagyurishte epithermal deposits are pos-
sibly linked to the spatial and temporal variation of
the magma chemistry throughout this ore district.

Although the regional tectonic evolution of
the Panagyurishte ore district is not fully under-
stood, one may speculate about the favourable
tectonic environments that could explain the
higher economic potential of its northern part.
According to Tosdal and Richards (2002), the for-
mation of porphyry-Cu and high-sulphidation
epithermal deposits is favoured in a geological en-
vironment characterised by a near-neutral region-
al stress field, during transient periods of stress re-
laxation within a magmatic arc. In the Chelopech
area, Jelev et al. (2003) suggest from their field
studies a switch from a transtensional to a trans-
pressional regime during the Late Cretaceous.
Thus, the formation of the Chelopech deposit and,
by geographical association, the Elatsite porphy-
ry-Cu deposit may coincide with such a stress re-
laxation period. Although there is considerable
tectonic overprint, the two predominant sets of
fault orientations at Chelopech are nearly ortho-
gonal (WNW-NW and NE), and maybe the relic
of a regional stress field close to near-neutral dur-
ing ore formation. Despite the fragmentary tec-
tonic data, the southern Panagyurishte ore district
appears to be essentially characterised by strike-
slip tectonics along the dextral Iskar-Yavoritsa
shear zone (Ivanov et al., 2001; Fig. 1c) that is a
geological setting with a pronounced differential
regional stress. The smaller Cu—Au epithermal de-
posits from the southern Panagyurishte district
are essentially controlled by WNW-oriented sub-
parallel faults (Figs. 4b—c), therefore consistent
with the differential regional stress field. Accord-
ing to Tosdal and Richards (2002), the later tec-
tonic environment is less propitious for the for-
mation of high-sulphidation epithermal deposits,
and may explain the lower economic potential of
the southern Panagyurishte district.

Conclusions

Ore deposits are markers of specific tectonic,
magmatic and fluid circulation events within the
evolution of an orogen. The epithermal Cu-Au
deposits of the Panagyurishte ore district are no
exception to it. These deposits reveal a coherent
and continuous sequence of similar ore forming
processes, typical for high-sulphidation deposits
throughout the regional geological evolution of
the Srednogorie belt, characterised by a north to
south younging of magmatic and tectonic events.

The variation in the composition of the domi-
nant magmatism, the exposed structural level of

the crust, and possibly the variation in tectonics
from the northern to the southern part of the
Panagyurishte ore district are paralleled by a lati-
tudinal change in the characteristics of the epi-
thermal Cu—Au deposits. Most notably, the north-
ern Panagyurishte ore district appears as the eco-
nomically fertile part of the Central Srednogorie
belt. At this stage of knowledge, no unique expla-
nation can be offered for this latitudinal change in
ore deposit characteristics, but they are likely re-
lated to emplacements at different depths of the
deposits, differences in degrees of preservation as
a function of post-ore tectonics and/or sedimen-
tary processes, efficiency of ore formation, and fun-
damental modifications of regional controls, such
as magma petrogenesis and/or tectonic regimes.
This study on the epithermal Cu-Au deposits
clearly reveals that ore deposit genesis and their
characteristics, in particular tonnage and grade,
are very sensitive to variations of regional geolog-
ical processes.

Further studies should try to understand why
epithermal Cu-Au deposits in the northern Pana-
gyurishte ore district, such as Chelopech and
Krassen, are linked to a dominantly andesitic vol-
canism, whereas the same deposits in the south-
ern Panagyurishte district are linked to or post-
date dacitic magmatism, which itself postdates an-
desitic magmatism. An additional, open question
is linked to the observation that a majority of the
ore bodies within the Cu—Au epithermal deposits
are controlled by WNW-oriented faults on a local
scale, but that the ore deposit alignment on a re-
gional scale has a NNW orientation. Paradoxical-
ly,it appears that, despite the north to south varia-
tion of geological and ore deposit characteristics
within the Panagyurishte ore district, the deep
crustal, fundamental control on episodic ore for-
mation remained constant throughout its 14 Ma-
long protracted Late Cretaceous magmatic and
tectonic evolution.
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ABSTRACT

Epithermal Cu-Au deposits hosted within volcanic rocks (Radka, Elshitsa, Krassen) are related
to Late Cretaceous andesite-dacite volcanic terrain in the Panagyurishte ore district. The Cu-Au
ores are linked by a similar mineralogy and differ by the ratio of tennantite, bornite, enargite and
discrete trace minerals of Ga, Ge, In and Bi (e.g., roquesite, germanite, betekhtinite, renierite, vin-
ciennite, aikinite). Bi-Se-Te and Ga-Ge-In-Sn signature with pronounced Au-enrichment of the bor-
nite rich ores is a characteristic feature underlying the increasing role of the fS,/fO-> control during
the transition from IS to HS environment. Formation of the epithermal Cu-Au deposits appears to
have occurred during a single broad event of contemporaneous formation of epithermal and por-
phyry systems.The close connection between the volcano-plutonic structures facilitates the multi-
stage and polycyclic character of their hydrothermal systems, the similar character of the epithermal
ores and the mineral succession in Elshitsa, Radka and Krassen deposits. The 534S ratios in the
sulphide minerals range from —6.7 to 4.0, suggesting comparable magmatic sources for the epi-
thermal mineralizing fluids and close link with porphyry environment.

1 INTRODUCTION

The Panagyurishte ore district is located in a 30 x 50 km belt trending N-NW to S-SE, including
the town of Panagyurishte in Central Srednogorie, Bulgaria (Fig.1). The district belongs to the Late
Cretaceous Banat-Srednogorie metallogenic zone, part of the Alpine-Balkan-Carpathian-Dinaride
(ABCD) belt (Heinrich & Neubauer 2002). The Srednogorie part of the ABCD belt in Bulgaria, de-
veloped during the Mesozoic as a copper-rich, andesite-dominated island arc system (Fig. 1) that
continues eastwards through Turkey to Iran (Jankovic 1977, Bogdanov 1987, Dabovski et al. 1991).

A series of volcanic rock-hosted sulphide ore deposits (e.g. Radka, Elshitsa and Krassen) re-
lated to Late Cretaceous andesite-dacite volcanic activity are located in the southern part of the
Panagyurishte district (Fig.1). They are spatially associated with small porphyry copper ore deposits
(Vlaikov Vruh, Tsar Assen, Petelovo) hosted by co-magmatic subvolcanic monzodiorite, granodio-
rite and quartz diorite porphyritic intrusions.

Two main types of ore bodies are characteristic of the volcanic rock-hosted sulphide deposits:
early massive pyrite ore bodies and late Cu-Au sulphide ore bodies. The massive structures of the
early pyrite ores and the presence of pyrite laminations in the host dacite tuffs at Radka, Elshitsa
and Krassen have been interpreted as possibly due to syngenetic VMS deposition coeval with dac-
itic volcanism (Bogdanov 1984, 1987, Bogdanov et al. 1997). However the VMS-style massive sul-
phide and porphyry copper deposits have been considered as incompatible ore types, characteristic
of discrete tectono-magmatic settings (Sillitoe 1999). At the same time, characteristic features such
as adularia-sericite and advanced argillic alteration styles, the steep fault-controlled ore bodies (in-
cluding the early massive pyrite ore bodies), the abundance of enargite, bornite and chalcocite in
the late Cu-Au ores provide good reasons to regard these deposits as the analogues of enargite-
bearing massive sulphide deposits, positioned high and/or late in porphyry copper systems (Sillitoe
et al. 1996). Such mineralizations have more recently been described as high (alunite-kaolinite) and
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low (adularia-sericite) sulphidation epithermal deposits (Hedenquist et al. 1996). This classification
based on oxidation state of sulphur has more recently been expanded (Hedenquist et al. 2000) to
include an intermediate sulphidation division that is affiliated with some high-sulphidation deposits
in volcanic arcs, a distinctly different volcano tectonic setting from most low sulphidation deposits.
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Figure 1. Scheme of the Panagyurishte ore region. Figure 2. Cross-section of Elshitsa deposit.

2 GEOLOGICAL SETTING

The Panagyurishte ore district consists of pre- Upper Cretaceous metamorphic crystalline
basement, Triassic sedimentary rocks, Turonian-Lower Senonian volcano-sedimentary rocks and
Upper Senonian, Tertiary and Quaternary sedimentary rock complexes (Strashimirov & Popov
2000, Popov et al. 2003). The pre-Upper Cretaceous rocks comprise metamorphic basement of
Balkanide type (two-mica gneisses, mica schists and orthoamphibolites), granites of Paleozoic age,
and Triassic limestones, sandstones and dolomites (Fig. 1). The basement rocks are overlain by
Upper Cretaceous rocks, subdivided into three distinct volcanic and sedimentary complexes of Tu-
ronian, Lower Senonian and Upper Senonian age. The Turonian terrigenous complex is 150 to 400
m thick and consists of breccia, conglomerates, coal-bearing slates and sandstones, lying discor-
dantly above the older rocks.

The Upper Cretaceous (Lower Senonian) volcano-plutonic complex is composed of calc-
alkaline to shoshonitic volcanic and rare sedimentary rocks and was formed in several extrusive
centres. The volcano-plutonic complexes formation include: 1) volcanic; 2) plutonic; 3) sub-volcanic;
and 4) dyke stages of magmatic activity. The Lower Senonian volcano-plutonic complex has a mul-
tistage and explosive character and hosts both porphyry and epithermal ores. The Upper Senonian
postvolcanic sedimentary complex is represented by the Santonian-Campanian marlstones, sand-
stones and conglomerates as well as by the 500 to 700 m thick Campanian-Maastrichtian carbona-
ceous flysch. The Tertiary and Quaternary sediments consist of Paleogene conglomerates, Plio-
cene breccia and conglomerates, sandstones and clays; and Quaternary gravels, sands and clays
covering part of the pre-Cenozoic sequence (Fig.1). Ages of the main magmatic stages using K/Ar
dating are as follows: volcanic (92-87Ma), plutonic (88-82Ma), sub-volcanic (88-74Ma) and dyke
(74-67Ma) (Bogdanov 1987, Lilov & Chipchakova 1999). Based on U-Pb zircon dating, Peytcheva
et al. (2001, 2003) provided ages between 81.2 + 0.5/-0.7 and 86.62 + 0.02 Ma for the Elshitsa
granite and 86.11 + 0.23 Ma for the Elshitsa subvolcanic dacites.**Ar/*°Ar amphibole age of 85.70 +
0.35 Ma for the coarse-grained granodiorite of the Medet pluton was obtained by Handler et al.
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(2002). These age dates span of about 25 m.y. suggesting that the magmatic activity was punctu-
ated, changing character and relatively long lived.

3 THE EPITHERMAL ORE DEPOSITS

The Elshitsa ore deposit is situated close to the southern margin of the Elshitsa pluton (Fig.
1). The Elshitsa fault has a trend of 110 to 130°, dips steeply to the NE at 75 to 85° (Figs. 1, 2A),
and is the main ore-controlling structure where it intersects the N-NW strike-slip faults (Bogdanov,
1987). Quartz-sericite (illitetsmectite) and propylitic (albite-chlorite-epidote + calcite) styles of al-
teration are the most common in the andesites and dacites at Elshitsa. Adularia alterations are
rarely observed, while the advanced argillic and quartz-diaspore alteration have been observed in
the footwall of the massive pyrite ores (Radonova & Velinov, 1974; Strashimirov & Popov 2000).
Two compositionally distinct types of ore can be recognized (Fig. 2): ores dominated by massive
pyrite, and pyrite-chalcopyrite with minor galena, sphalerite and gold. The early massive pyrite ore
bodies were formed in the eastern part, followed by later Cu-Au sulphide ore bodies in the central
and western parts of the deposit (Fig. 2). Rare galena-sphalerite veinlets also occur, cutting the py-
rite-chalcopyrite ore bodies. Lenticular and lens-like ore bodies are characteristic of the upper parts,
while the sheet-like disseminated, vein and stringer ore bodies are commonly observed in the
deeper parts of the deposit. The thickness of the ore bodies varies from several meters up to 50 m;
the length from several meters up to 250-300 m horizontally and up to 500 m vertically. The sul-
phide mineralization in the inner parts of ore bodies is predominantly massive and changes grada-
tionally from veinlet to disseminated on the periphery.

The Radka ore deposit is located within the northern part of the Elshitsa volcano-intrusive
structure, 3 km S-SE of the village of Popintsi (Fig. 3A). The andesite and dacite lava flows, ag-
glomerate and lapilli tuffs have an W-NW strike and dip 25-45° N-NE. The effusive rocks are inter-
sected by several sub-volcanic dacite dykes with varying thickness (Fig. 3A). The sub-vertical dyke-
like granodiorite porphyry intrusion was found at depth by drilling and mining works (Fig. 3A). The
E-NE, NW and NE faults played a considerable role in increasing of the permeability of the host an-
desite volcanic rocks. The ore bodies are distributed in a complicated V-shaped block, bordered by
a group of conjugate faults (Fig. 3A).

Quartz-sericite (illitetsmectite) and advanced argillic alteration affect the inner parts of the effu-
sive rocks close to the ore bodies, while in the outer parts the propylitic alteration predominates
(Radonova and Velinov, 1974). The pyrite and Cu-Au sulphide (copper-pyrite) ore bodies occur as
columnar, lens-like, or pipe-like shapes. Mainly the fault zone with a W-NW direction and dip to the
north controls their position. Ore shoots of massive pyrite-chalcopyrite and bornite ores with isomet-
ric or irregular shapes, diameters from 2 to 30 m and 10-50 m long in depth are characteristic for
Radka. Low-grade typically veinlet-disseminated ores also occurred and were mined by open pit
close to the surface. The ore bodies crosscut the bedding of the andesite and dacite tuffs and are
rarely sub-parallel. According to the mineral composition, massive pyrite-dominant and Cu-Au-
sulphide (pyrite-chalcopyrite, bornite-chalcopyrite-chalcocite-tennantite and galena-sphalerite-
chalcopyrite) ore bodies can be recognized (Fig. 3A).

The Krassen ore deposit is located within an 80 to 100 m thick fault zone, limited by two sub-
parallel fault arms trending 110 to 115° and dipping 50 to 65° to NE (Fig. 3B). The pyrite-enargite
dominated mineralization is tectonically controlled by a series of sub-parallel zones of tectonic
breccias that host the pyrite-enargite ore bodies (Fig. 3B).

The Krassen deposit represents a pipe-like tectonic breccia zone affected by intense quartz-
sericite (illitetsmectite) and advanced argillic quartz-kaolinite (dickite) alteration (Strashimirov &
Popov 2000, Bogdanov and Popov 2003), in which individual lens-like and columnar ore bodies are
located (Fig. 3B). This zone has an ellipse-like section, 300 to 100 m in length, a dip of about 50° to
NE and can be traced intermittently to a depth of 700 m. Most of the ore bodies are lenticular in
shape (Fig. 3B). Pyrite, chalcopyrite, covellite and bornite are widespread, but the enargite is most
abundant ore mineral in the Krassen deposit (Fig. 4D), placing the deposit firmly within the high
sulphidation style of mineralization (Hedenquist et al. 1996, 2000). Enargite-chalcopyrite-bornite
mineralization is dominant in the western part of the deposit. A series of massive pyrite-enargite
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lenses, containing subordinate chalcopyrite and bornite, are characteristic of the central part of the
deposit. Low-grade vein pyrite is common in the eastern part of Krassen deposit.
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Figure 3. Cross-sections of Radka (A) and Krassen (B) Cu-Au epithermal deposits.

4 MINERAL ASSEMBLAGES

For the last 70 years the gold-bearing mineral assemblages and mineralization processes of
these epithermal deposits now established in the subject of the paper have been studied by many
researchers (Dimitrov 1960, Tsonev 1974, Bogdanov 1980, 1987, Bogdanov et al. 1997, Strashimi-
rov & Popov 2000, Kouzmanov 2001, Bogdanov & Popov 2003 and many others).

The mineral assemblages of the ores at the Elshitsa, Radka and Krassen are similar and differ
only by the amount of tennantite, bornite, enargite and trace minerals of Ga, Ge, In, Bi, Sn, Se and
Te that are present. The ore mineralogy is dominated by pyrite and chalcopyrite (Elshitsa), pyrite,
chalcopyrite and bornite (Radka) and pyrite and enargite (Krassen), which form more than 90% of
the sulphide volume of the main ore bodies. The parageneses in the Elshitsa, Radka and Krassen
deposits could be related to eight mineral assemblages: Early (1) Pyrite-quartz assemblage; Main
(2) Chalcopyrite-pyrite; (3) Enargite-pyrite; (4) Bornite-tennantite and; (5) Galena-sphalerite-
chalcopyrite; Late (6) Quartz-pyrite (7) Pyrite-marcasite and (8) Anhydrite-gypsum assemblages
(Fig. 4, 5 and 6).

In Elshitsa deposit the early mineral assemblage is dominated mainly by pyrite with atoll-like,
colloform and zonal textures (Fig. 4B) associated with quartz and rare 1-20um relicts of rutile, cas-
siterite and titano-magnetite. The colloform pyrite contains 1 - 3 ppm Au and 0.24—1.67 wt% As
(Todorov 1991, Bogdanov et al. 1997). Clastic deformation of pyrite is widespread with quartz,
chalcopyrite (Fig. 4C), galena and sphalerite breccia fillings.

Except for pyrite, chalcopyrite is the dominant sulphide in the main mineral assemblages (Table
2) and occurs as massive lenses and veinlets. Tennantite-tetrahedrite mineral series, galena and
sphalerite are subordinate. NAA data (Todorov 1991) indicate Au content at the range of 3.77-14.70
ppm in pyrite and 0.24-1.24 ppm in chalcopyrite. Enargite occurs as rare 5-50um irregular shaped
grains associated with pyrite, tennantite and sphalerite only in the upper horizons of Elshitsa sug-
gesting only a local importance of the early HS fluids.

The galena-sphalerite-chalcopyrite mineral assemblage is characterized by the deposition of
galena, sphalerite, pyrite, bornite, covellite and chalcopyrite, as well as tennantite-tetrahedrite se-
ries minerals. All these minerals are carriers of Au and Ag. Both tennantite and galena contains Te
minerals observed as rare sub-5um inclusions identified as stoichiometric altaite Pb1oTe1.0Seo.02
and hessite Agz.oTe1.0. The bismuth minerals in Elshitsa are represented by Se-bearing aikinite with
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composition (Cuo.g5F€0.01)0.96Pb1.12Bi0.00(S2.91S€0.10)3.01, Native Bi and tetradymite, which are associ-
ated with the opaque minerals of the chalcopyrite-pyrite assemblage. There is a clear record of
crosscutting and replacement relationships between the early pyrite-dominated ores and later cop-
per-rich mineralization (Fig. 4C). Both are crosscut by the latest quartz-pyrite (Fig. 4F) and anhy-
drite veins.

The late mineral asssemblages consists of quartz-pyrite and anhydrite-gypsum veins cross-
cutting and replacing minerals assemblages from earlier stages. The widespread late quartz-pyrite
assemblage is found as W-NW trending veins of milky quartz ranging from mere stringers up to 1-5
cm wide (Fig. 4F) and up to 50 m long, with {100} and {210} pyrite with up to 2-3 cm edge length.
The late anhydrite-gypsum mineral assemblage is represented by anhydrite, gypsum and barite
veins and lenses replacing the sulphide ore. Marcasite in assemblage with pyrite implies that the
hydrothermal conditions were quite acid and lower temperature in the late mineral assemblages.

Native gold has been found in all eight mineral assemblages, but it is most abundant in galena-
sphalerite-chalcopyrite assemblage, where it occurs as microscopic flattened, elongate, or irregular
single grains that rare exceed 0.2 mm in size (Bogdanov et al. 1997).

The early pyrite assemblage in Radka deposit is represented mainly by colloform-textured py-
rite, containing 0.80 - 4.17 ppm Au as indicated by NAA data (Todorov, 1991), due to dispersed
particles of sub-microscopic gold. Chalcopyrite, bornite, covellite and tennantite-tetrahedrite are
dominant minerals in the main assemblages and occur as intergrown massive aggregates, com-
monly containing 10-80 uym blebs of goldfieldite that seems to be the main Te carrier. As an impor-
tant gold carrier bornite typically contains 8.10 - 41.80 ppm Au as indicated by NAA data of Todorov
(1991). Enargite is rare and occurs only in the upper levels at Radka. Exotic rare Ga, Ge, In and Sn
minerals occur as 1-10 ym inclusions within bornite, tennantite, galena and sphalerite, and as a rule
accompany elevated Au concentrations in the HS-epithermal ores. Microanalytical data confirmed
the following trace minerals: roquesite (Cu1.11Zno.05F€0.01)1.17IN1.0S2.08, gallite
Cuo.99(Ga0.85F€0.09ZN0.08)1.0252.00, germanite (Cuzz.32ZN2.72F€1.52)26 56(Ge4.64AS0.52)5.16S31.64, briartite
Cus1.98(Zno 6sFe€0.38)1.06(G€1.01AS0.01)1.0283.96, renierite Cug oa(Fes 67ZN0.40)4.07(Ge1.87A80.13)2.00S15.99. Mi-
cron-sized inclusions of Sn minerals such as vinciennite Cu1g.16Fe3.90SNn1.00AS094S15.08, Stannite
Cuz.02F€1.05Sn1.0S4.11, kesterite Cuz.05(Zno74Fe€0.19)0.938N0.93S4.06, kiddcreekite Cus.01Sn1.00W1.00S7.9s,
and buckhornite Aug.77Pb1.92(BiosoFeo.47)1.07T€192S333 that have been identified in the bornite-
tennantite and the galena—sphalerite-chalcopyrite assemblages, suggest a close link between epi-
thermal and porphyry environment.

Bismuth minerals in Radka are represented by 5-10 pm lamellar inclusions of aikinite-
bismuthinite series in addition to wittichenite (Bogdanov et al. 1997, Kouzmanov 2001, Bogdanov &
Popov 2003) and the rare Bi-telluride, tsumoite BisoCuo.0sTe1.06, found in association with the min-
erals of the chalcopyrite-pyrite assemblage. Bi minerals are locally abundant and associated with
gold and chalcopyrite, often indicating Au-enrichment.

The late assemblages consist of quartz-pyrite and anhydrite gypsum veins, which crosscut
and replace minerals from the earlier mineralization stages. The anhydrite veins and lenses are
abundant in the deeper horizons of Radka deposit while gypsum is more common at upper levels.

Native gold (Fig. 4E) is more abundant in the enargite-pyrite, bornite-tennantite and galena-
sphalerite-chalcopyrite assemblages. The gold is 0.1-100 um in size and commonly associated with
bornite, tennantite, chalcopyrite, sphalerite and galena. Macroscopic (>100 ym) gold and electrum
grains and aggregates of gold up to 5 mm are rarely found in the bornite-tennantite-chalcocite
oresin Radka deposit (Fig. 4G). Electrum and gold occur as blebs or irregular particles in the sul-
phide minerals, or along grain boundaries. The elongate, isometric and ellipse-like gold grains are
most commonly found in assemblages with enargite, bornite, tennantite, chalcopyrite, galena and
chalcocite. Anhedral and sharp-edged gold grains, or short veinlets are also present in some cases.
Native silver was found in wiry forms (Fig. 4H), as thin native silver veinlets, not exceeding 0.5 mm
in width and up to 5 cm in length and as irregular inclusions in bornite. In Radka, the silver is Hg
bearing. The gold grade in the primary ore is 1-3 g/t, rarely up to 8-10 g/t, and has been extracted
as a by-product from both the pyrite and copper concentrates.

The ore mineralization in Krassen deposit is comparable to Radka, but enargite is much more
abundant and characteristic (Fig. 4D) for individual orebodies at Krassen. The early assemblage is
represented mainly by colloform-textured pyrite with up to 16.10 ppm Au (Todorov 1991), which
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Figure 4. Early and main mineral assemblages: A- dacite tuff from Krassen with pyrite (Py) lamination (scale
in cm); B- zonal texture of colloform pyrite (Early pyrite-quartz assemblage) from Elshitsa deposit; C -pyrite (Py)
breccia replaced and crosscutted by chalcopyrite (Cp) and quartz (Q) from the chalcopyrite-pyrite assemblage;
D- Early pyrite (Py) replaced by enargite (En) from Krassen deposit (scale in cm); E- gold (Au) in assemblage
with bornite (Bn) and chalcopyrite (Cp), Radka deposit; F- early pyrite (Py) and (Cp) chalcopyrite chalcopyrite-
pyrite assemblage) crosscutted and replaced by the late vein quartz (Q), (scale in cm); G -gold extracted from
bornite-chalcopyrite ore, Radka deposit, SEM; H - native silver from Radka deposit, SEM.

trum 48

Figure 5. Trace minerals in Radka Cu-Au epithermal deposit (Hs-hessite; Petz-petzite; Tdm-tetradymite; Krp-
krupkaite; Buck-buckhornite; Tbs-tellurobismutite).

occurs as anhedral disseminations and aggregates. Enargite Cus 14(As1.0Sbo.02)1.02(S3.71S€0.01)3.72 is
very abundant and is observed replacing the early pyrite, or in association with chalcopyrite, bornite
and chalcocite in the main mineral assemblages (Fig. 6). The enargite-rich ore bodies are also gold
rich with grades up to 6-8 g/t. Aikinite with close to the stoichiometric composition
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Figure 6. Main and late mineral assemblages.

Cu1.0(Pb1.04Ag0.01)1.05(Bi1.04AS0.03)1.07S3.08 Was identified as sub 10 ym lamellar inclusions in chal-
copyrite and seems to be the most common Bi phase in the all three deposits. Late quartz-pyrite
vein assemblage in Krassen is not as abundant as compared to the Radka and Elshitsa deposits.

Gold in the early massive pyrite in Elshitsa, Radka and Krassen is sub-microscopic in size ( <
0.1 um) i.e., so-called “invisible” gold (Bogdanov et al. 1997). The deformation and recrystallization
of the ore bodies and overprinting of the early sulphide assemblages by later stages caused Au and
Ag migration to cracks and grain boundaries of the sulphide minerals. As a result of these proc-
esses, the native gold and electrum grain size increases from sub-microscopic (< 0.1 ym) in the
early colloform pyrite to microscopic (0.1-100 ym) and macroscopic (>100 ym) in the late gold-
sulphide assemblages (Bogdanov et al. 1997). The electrum fineness in individual grains varies
between 764 and 998, as estimated by 126 microprobe analyses, characteristic for the epithermal
class of mineral deposits (Morrison et al. 1991). Cu, Te, Sb and Bi are the most common trace
elements in gold and electrum in Elshitsa, Radka and Krassen. Massive pyrite and pyrite- veinlet
and disseminated ore bodies are poor in gold and other precious metals, as compared to the ore
bodies with more complex mineral compositions. The latter are rich in enargite, chalcopyrite, chal-
cocite and bornite, and are also important Ga, Ge, Se and Te carriers.
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Figure 7. Sulphur isotope ratios in Radka (R) and Elshitsa (E) epithermal deposits and Vlaikov Vruh porphyry-
copper deposit (data by Angelkov 1974, Velinov et al. 1978, Kouzmanov 2001).

5 ORE GENESIS

The Cu-Au sulphide ores are considered to be of hydrothermal and replacement origin (Dimitrov
1960, Tsonev 1974, Bogdanov 1984, 1987, Bogdanov et al. 1997, Kouzmanov 2001, Bogdanov
and Popov 2003). They formed later than the pyrite bodies following intrusion of the sub-volcanic
rhyodacites, replacing the volcanic dacites, andesites and the associated pyroclastites and rhyo-
dacite dykes. The late quartz-pyrite vein (Fig. 4F) and anhydrite-gypsum mineral assemblages are
characteristic for the Elshitsa, Radka and Krassen as well as for the closely associated porphyry
copper deposits (Fig. 1) suggesting a common source and close link between the individual por-
phyry and epithermal systems.

Based on existing data, the formation of the Cu-Au epithermal deposits could be integrated into
a single broad event of contemporaneous formation of epithermal and porphyry systems related to
and surrounding magmatic centres, including: 1. Formation of early massive pyrite ores towards the
end of the dacite volcanism. 2. Contemporaneous formation of the epithermal Cu-Au mineralization
in the upper parts of the epithermal-porphyry systems. 3. Formation of the late quartz-pyrite and
anhydrite veins characteristic of both epithermal (Elshitsa, Radka and Krassen) and porphyry-
copper (Vlaikov Vruh, Tsar Assen, Petelovo) deposits (Fig. 1).

According to fluid inclusion studies (Bogdanov 1987, Strashimirov et al. 2002, Kouzmanov
2001, Tarkian et al. 2003) there is evidence for high salinity (28-64% NaCl eq) and low salinity (2-
6% NaCl eq) fluids being present over the life of the hydrothermal systems. Hot (325-379 °C) and
saline fluid (up to 64% NaCl eq) is characteristic of the porphyry environment in the Panagyurishte
district. In contrast, liquid-rich, medium to high temperature (260-310°C) and more dilute (4.7-5.9%
NaCl eq) fluid that is typical of the Radka, Krassen and Elshitsa epithermal systems, transported
considerable amounts of Cu, As, Fe and Au. The successive hydrothermal phases of the discrete
evolving volcano-plutonic systems precipitated chalcopyrite and the high sulphidation ore assem-
blage consisting of enargite, chalcocite and gold minerals in the Krassen deposit. Rare remnants of
enargite, indicative of localized high-sulphidation conditions are preserved in the Elshitsa interme-
diate-sulphidation epithermal system, whereas Radka represents a transitional epithermal system
with an intermediate to local high sulphidation style of ore mineralization. Enargite in the leached
residual quartz zones is more abundant here compared to Elshitsa. Anhydrite veins formed as tem-
perature waned in the late stages of three systems.

Recrystallization of the sulphide minerals suggest tectonic and hydrothermal ore remobilisation
during the evolution of epithermal and porphyry systems in accordance with the similar 5*S values
for the main sulphide minerals (Fig. 7) in Radka (5**S =-6.7 to -1.8) and Elshitsa (5**S =-5.6 to +0.5)
epithermal deposits and for Vlaikov Vruh (6343 =-5.3 to +4.0) porphyry copper deposit, indicating a
magmatic source for sulphur. Comparison of the Pb isotope values of the main sulphide minerals
(*°°Pb/**Pb=18.49-18.76; *’Pb/***Pb=15.61-15.64; **Pb/***Pb=38.53-38.80) from Elshitsa, Radka

413



and Vl0aikov Vruh deposits with those of the Elshitsa granite (**°Pb/***Pb=18.56-18.57;
27pp2%ph=15.63-15.65; °°Pb/***Pb=38.60-38.66) and the porphyry granodiorite of Vlaikov Vruh
(**°Pb/***Pb=18.61-18.77; *“’Pb/***Pb=15.62-15.66; 2**Pb/***Pb=38.61-38.82) suggest that the lat-
ter two were sources of the metals (Amov et al. 1974, Kouzmanov 2001). The 83r/%sr ratios of
anhydrite, gypsum, barite and calcite from Radka and Elshitsa epithermal deposits and Vlaikov
Vruh porphyry copper deposit reported by Kouzmanov (2001) are between 0.7058 and 0.7072,
suggesting some mixing of strontium from the dacitic host rocks (87Sr/868r=0.7058-0.7061) and ¥'sr
enriched basement rocks (¥ Sr/**Sr=0.7085-0.7154).

Andesite-dominated magmatic activity in the Panagyurishte structural corridor (Fig. 1) has a life
span from Turonian to Maastrichtian that is about 25 Ma, while the formation of the porphyry-
epithermal systems of Elshitsa-Vlaikov Vruh, Radka-Tsar Assen, and Krassen-Petelovo (Fig. 1) ap-
pears limited to a narrower time interval of 1-5 m.y. (Lilov and Chipchakova 1999, Peytcheva et al.
2001, 2003). The recent Re-Os dating of molybdenite (82.1 + 0.6 Ma) from Vlaikov Vruh
(Kouzmanov 2001) and U-Pb zircon data (81.2 + 0.5/-0.7 Ma and 82.3 +0.5 Ma) for the Elshitsa
granite (Peytcheva et al. 2003) indicate a possible narrow interval of formation for the linked epi-
thermal and porphyry deposits.

6 CONCLUSIONS

Epithermal deposits of intermediate (Elshitsa) and intermediate to local high (Radka, Krassen)
sulphidation style of ores and porphyry copper deposits evolved in close proximity within three indi-
vidual volcano-plutonic centers (Elshitsa-Vlaikov Vruh, Radka-Tsar Assen, and Krassen-Petelovo).
The close connection between the andesite-granodiorite volcano-plutonic structures facilitates the
multistage and polycyclic character of their hydrothermal systems. The similar character of the epi-
thermal ores and the mineral assemblages in Elshitsa, Radka and Krassen deposits and their dis-
crete trace mineralogy reflects the varying fS,/fO; states in the individual epithermal deposits, de-
pending on their depth of formation, level of erosion and the link to the porphyry environment.

The Bi-Se-Te and Ga-Ge-In signature with pronounced Au enrichment is a characteristic feature
for IS and HS ore environment in the southern part of the Panagyurishte ore district suggesting a
comparable sources for the epithermal mineralizing fluids.

Bi minerals often occur in close association with gold and chalcopyrite, giving the assemblage
significance as potential guide to Au-rich environment. The aikinite derivates are most widespread
and persistent minerals in the chalcopyrite-pyrite assemblage and also characteristic for the more
deeply eroded hydrothermal systems (Elshitsa).

Se and Te enrichment is characteristic and most abundant in the main mineral assemblages
and have greatest affinity to shallower transitional IS to HS type of epithermal systems (Radka,
Krassen). The Bi dominant trace mineralogy is characteristic for the ABCD belt (Cook et al., 2002)
and reflects, in particular in the southern part of the Panagyurishte ore district the, IS to HS type of
epithermal environment, suggesting shared magma sources and convergence of the processes in
the porphyry-epithermal systems.

As a result of the complex multistage and punctuated hydrothermal process the epithermal de-
posits of Elshitsa, Radka and Krassen contain Au and Ag in various proportions, but also rare Ge,
Ga, In, Bi, Se, Te, Sn, V and W bearing minerals. The ore remobilization processes facilitate forma-
tion of a specific, narrow range of Se, Te, Ga, Ge and In minerals in the bornite-tennantite and ga-
lena-sphalerite-chalcopyrite assemblages in Radka and Krassen epithermal deposits, and corre-
sponds to the increasing role of the fS,/fO, control during the transition from IS to HS environment.
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investigations. Boyanov et al. (1060, unpublhlud
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‘ ulnndeabomu-bmmultypumnmod

:pﬂnMﬁcvaBomqnuu-goM-l_:m

- Goomlov ot ol (1003, unpubﬂshod data)
suggested relationship ~ between th

um t
me Au-.

mmmmhdmﬁu_’rh
ﬁmoofupond&y

op
fomﬂonoquulmwﬂnlrconmcﬂonwlm -

. the lesd-zinc deposits sre siso contradictory.
Radonove (1972) considered the secondery
‘Guartzites ss & product of the fumarole-solfstars
umammmmmm
wallrock. . metasomatites of the lesd-zinc

" minerslization was referredfas later. lanov et al.
(1971, _unpublished __ dats) _connected e
" quunzlm with the lud-zlnc m

Kounov  (1994)  regarded

after the rhyolite dyke foﬁmtiom.

the ~ Upper ~ 'Eocsne, the Koletz
magmatic complex appeared. it mainly consists of
potassic andesites, which built up the Koletz
‘palaso volcano. in the core of this voicano the
‘Keraman diorite-monzodiorite body was intruded.
We can observe the lavorovo palseo volcano in

* the SW part of the ore fleld. It consists of the

products of the Voinovo magmatic complex,
composed of latiandesites, shoshonites and

smmnzonltoldlnmlon.ndtlubmmhl sbsarokites.

At the end of the Upper Eocene and the
beginning of the Lower Oligocens, the center of

_ Dragoinovo palaso volcano appeared, buiit up of

5_ -potassic. sndesites, latitandesites and shoshonites

( the Bukovo and Dragoinovo complexes). At the
end of this stsge the Samitzs monzonitold body
wes intruded. .

During the Lower and the Upper Eocene an
intensive acid volcanic activity occured. First, the
Borovitze complex (thyolite tuffs) and Panichkovo
complex ( rhyolite: tuffs, ignimbrites, rhyolites and
trachyrhyolites) appeared. They built up the
Borovitza volcano-tectonic depression
(lvanov,1872). Volcsnic necks, bodies and dykes |
of thess rocks can be also observed outside the
. depression. The Gradishte magmatic complex built
up several extrusions of trachyrhylolites. The Td
mogili complex consisted of various voicanics and
bulit up rhyolitic, rhyodacitic, shoshonitic and

" latitic dykes. The volcanic activity_finished with

-the_Bdagove_magmatic_complex (rhyolitic tuffs,
bodies snd flows. The sediments of the
Dragoinovo  (Oligocene-Miocens) and  the
.. Akhmatovo (Noogom) units ovotlay the volcanic
toclu.

" The important structures in the region are the
- E-NE Bukovo snd Mechkovetz fault zones. They
controll the' location of the volcanic cenires, the

,'manlfcshﬁom ss sccompanying. the .nduw«.ond- ‘emplacement of the monzonitoid intrusion and the
hﬂﬂc volcanlsm but. the. wodlpplno -aontlnuad loaliutlon of the ore mineralizations (ﬂg.!).
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conphx (I’g,' )= dykes shoshonites and latites; B. Gradishte compiex (Pg,?)-sxtrusions and subvolcanic

of rhyodacites; i‘hdd*wo complex (Pg.)- tulfs (s). flows and subvolcanic bodies (b) snd dykes (c) of rhyoiites and
nehyrhyoim. 7. Borovitzs complex (Pg,%)- rhyolite tuffs; 8. Bukovo and Dragoinovo complexss (Pg,? ;- flows and subvoicanic
bodies of latites (a) and monzonitold intrusion (b):0. Vginovo complex (Pg,? )~ latite-andesites, shoshonites, sbsarokites; 10.
Koletz complex {Pg2)- flows and subvolcanic bodies .of pouule sndesites (a) and monzodiorite intrusion (b); 11. Priabonian
sedinients; 12. fauits (a) and normal faults; 13-14. Volcariic dentres (necks, extrusions, dlatremes) of ‘scid (13) and Intermediate
(14) composition; 15-23, Deposits and occurrences ‘of the oiresponding mineral types: 1B:silica-phosphatic, 18- urenium-base-
_metsl, 17- quartz-sdularis-goid-base-metal, 18-20- quartz-bsse-metal: 18-Q-lead- zinc mbtypo 10- eubomu :ubtypo 20-

subtype, 21+ molybdonun—bou-nnultypo.zz-dmlu typo 23- base-metal type. -
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According to the gravity data these structures
also appeared as more regional intensive gravity
. gradients, interpreted as fault zones of vertical
displacements of the metamorphic basement.
Local megnetic maxima, aligned in NE to ENE
direction outline the position of andesitic volcanic
centres. High potassium and ursnium airborne
gamma-ray spectrometry anomalies trended to NE
« reflect the presence of a hydrothermal alterataon

controlled by the faults (fig.2). .

E-W and NW faults predominated in the

southern part of - the- ore field. These faults

characterized by linear local gravity maxima , are
interpreted as related to the linear diorite-gabbro-

diorite intrusions partly exposed on the surface.

The products of the Koletz palaeo volcano
lack in known ore mineralizations.

The presence of quartz-sericite-pyrite
alterations with a weak base-metal mineralization
is observed, related to the rocks of the lavorovo
palseo volcano (the Sokolite indications). The type
of the minerslized zones and the level of erosion
of the volcanic edifice, suggest the presence of a
concealed hydrothermal ore bearing system. -

_The ssme minerslization is slso observed in

assoclation with the early manifestations of the

Dragoinovo palaeo voicano-' the Bukovo complex
(Hasara indication). '
‘Intensive silicifications; atgﬂhc and propylmc
siterstions_sre_sssociated_with nal stage of
the Dngoinovo pelseo -volcano (Kunov,1004).
These alterations aré considered to.be the element
-of - the - post_volcanic fumarole-solfatara _activity,
_ Deposits of slunites are connected with them. The

relationship between the silica bodies and the
ther ore minerelizations is not claar.

A __molybdenum-base-metal ore-magmatic
systom is__forme. connection e

.} monzonitold intrusion, emplaced” In’ The ~cenfral
" parts of the Dragoinovo palaeo volcano. in the
apical parts of the Intrusion, a molybdenum
stockwork type mineralization appeared. Above it
a vein type of quartz-specularite-chalcopyrite-
bismuth mineralizetion, followed by quartz-lead-
zinc mineralization is observed. At the uppermost
part of the system a quartz-carbonate
mineralization occured (fig.3). The molybdenum-
base metsl ore-magmatic system lIs exclusively

well presented in Briestovo ore deposit and partly
(, in Dimitrova Chuka occurrence.
The mo

of1 is characterised by .

8 large gravity minimum and 8 magnetic maximum
(fig-2). A 2D inversion of the gravity data shows
that the body can be exteifded to the north of the

outcrop. Intensive thoriumh and urenium gamma-
ray spoetrometrv , 88 well 88 IP and resistivity
anomalies reflected the presence of a porphyry . -

system under the outcropping latites (fig.2).
Affer the’ emplaeemont of the monzonitoid

intrusion and the location of the molybdenum-
base-metal mineralization, the Briastovo graben
appeared between the Bukovo and Mechkovetz
fault zones. Here, the entire vertical sequence of
the ore-magmatic system exists. To the north of
the Bukovo fault zone the system is preserved
partly and to the south it is almost entirely eroded.

There is a_connaction_batween the quartz-

-metal type of mineralization and the

Pa rhyglite-trachyrhyolite matic
chlox . Thls mineralization has the basic

' 6COOMIE importance i the oré fisld: We cain find

it such deposits as: Sazhe, North contact of the

~ intrusion, . Mezarlaka, Gabrovg_g_d____numgmus

occufrences.
The mm_erahutaon is predominantly located in
the central and the southern part of the ore field .

The quertz-lead-zinc mineral type is presented in =~

the central parts. To the S-SE the role of the
carboniate type is predominant. In the most
southem part of the ore field a low temperature
molybdenum mineral type appeared (the Kul dere
occurrence). This horizontal zonality pattern is

. probably an element of a cupola zoning. In the

" central parts of the ore fieid the role of the copper
mineralization increases with the depth (Ivanov et
3415375 o ,

A paragenetic association exists between the
Gradishte trachyrhyodacite complex - and the
quartz-adularia-gold-base-metal ore formation. It is
superimposed on the  quartz-base-metal

mineralization. This formation is a predominant at
- the periphery and at the upper part of the ore field.

High. potassium anomalies from - the airborn

‘gamina-ray spectrometry reflected the presence
-of the adularia alterations. The snomalies are

- afigned- in the NE to ENE direction and are

probably connected with the Bukovo and the
Mechkovetz fault zones. In .t'he southern part of
the ore fisld the high potassium anomalies have a
WNW direction and they coinside with the strike
of the main ore veins. These. anomalies can be
used as an exploration guide for the near-surface
quartz-adularis alterations. Some of the thorium
anomalies in the northern part of the ore field can
be used as the indication of adularia alterations in
the grester depth. The linear trend of the
anomalies suggest a tectonic control - on
alterations and minerslizetions.

The Tri Mogili magmatic complex is probably
connected with the uraniym-bgse-motal ore
formation.

" The .. mineralization is

silica-phosphatic

assochmd with the Briagovo complex. and it is
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located: in the rhyolite tuffs and the reef
limestones. . In the Dragoinovo unit quartz-

- 6haloodohy veins are found. They are probably the
- -finsl siage of the evolution of the magmatisim.

These minerslizations have been observed in the
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Fig. 2. Structure of the Spahievo ore field, according to the geophysical data interpretation,

" 1. High density “ophiolitic” structure, delineated according to the 20 gravity inversion; 2. Fault zone of vertical displacement of
the metamorphic (high gravity gradients); 3, Feults, controfiing the magmatic emplacement: s)- according to gravity, b)-
according to megnatict ; 4- Concentric border fault of the Palesogene depression (concentric gravity gradients); -
Subvoicenic dykes in the border faults of the Murge kalders: axes of: a) negative magnetic snomalies, b) positive magnetic
snomalles; 8, Fault zones, controliing the magmatism and ore mineralizetion location (UxK/Th ratio from the airtbom gamma-ray
spectrometry); 7. lsoline of the depth to the top of the metamorphic besement, according to the 2D gravity inversion; 8.
Monzonitold intrusion: a)-concealed (gravity minimum), b)- outcropped; 0. Gebbro-diorite intrusion (gravity maximum); 10.
Outcropping gabbro-diorite intrusion; Volcanic contar of intermediate volcanics: 11- magnetic maximum, 12- gravity maximum;
Volcanic conter of acid volcanics: 13- magnetic minimum, 14- gravity minimum; High values of the redicactive elements from the
alrbom gamma-ray spectrometry: 15-potassium (adularia siterstion), 18- uranium, 17- thorlum.
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Fig. 3. Genetic modal of tho copper- molybdenum mlnorallzaﬁon. related to the monzonitoid magmatism
(Brisstovo deposit example). :
1. Ksolinite~dickite secondary quartzites; 2. Argyllizites; 3. Adulsrization; 4. Quartz-sericite aiteration;
8. Albite-chiorite-calcite propylites: 6. Epidote-chiorits propyiites: 7. Anhydrite zone; 8. Quartz
veinlets; 0. Calcite velnlets; 10. Quartz- base-matal veins; 11. Stockwork Cu-Mo mineralization; 12..
‘Disseminated molybdenite minerslization; 13. Quartz- latites; 14. Quartz- monzonite (Gradishte)
intrusion; 15- Rhyolite snd trachyrhyolite dykes; 16. Superimposed post-rhyolitic quartz- base-metal
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COMPARISON AND MODEL OF EPITHERMAL DEPOSITS IN THE EASTERN
: L RHODOPES :

Dimitar Dlmltrov‘ Evgenl Pluschev‘ Kalinka Petrova'
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The - most significant deposits and
mineralisstions known in Esstern - Rhodopes

e the Madjarovo and gold-polymetallic
dopodtU. the Pcheloled tallic (potentislly
gold-polymetaliic) deposit, Surnak, Oblchnik, and

Rozino' gold deposits, snd Sodofcho silver-goid
dopodt (ﬁo. 1) ¥ :
GEOLOGICAI. SETTING

Tho Euum Rhodopo moumlm m
oomphtoly formed: under the lnﬁuom of Nplm

p de & -, s
mmumhoudbpu ' !,
two thrust sheets (ivenov et al, 1080)._‘I'Iuiowu

umorpm gi'mlt gunodiov(tle
me tie . ond
Palsozoic - batholiths, - The upper: thrust: ‘OMOQ
consists -mainly - of schists’ snd unphlbqllt«.
Remnants of the pre-thrust covet of the upper
shest ~sre preserved . jocslly as’ mmmocphlc
cubonoumchmdblwhhalu. i
The Alpine coliision events siso’ pmdueod
nomal and suiko-sllp faults, mostly
trending NNE. NNW snd WNW, -end ‘large. -
depressions filled In Paleccene and Eocens by' -

eonﬂmnulondlmordunlemouaudlnunumd',_
resf limestones.  The coliision continued in Late

Eocene and Oligocens when seversl submarine

volcanic domes sppeared and scid to intermediste

volcmlc.volomdlmonmywmwv
rocks deposited
omtofmovobma-mwnbovohﬁouolm

region, small  gebl

bro~monzo-granodiorite
intrusions, ss well as subvoicanic bodies of .

rhyolits, rhyodacite, latite and andesite-basalt, cut
the metsmorphics nd Psleogene volcano-
sedimentary rocks (Atanasov et o, 1963)

CHARACTERISTlCS OF THE DEPOSITS

" The Medjarovo, Chals, Poheloled, . Sumak,.
Oblchnik, Rozino, ‘snd Sedachs daposis blom)

of - pu&omlmnﬂy,r- i
Qb) represents the same type.

(Dabovski ot sl, 1991). As @ final "

to the low sulfidstion epithermal type, aithough
some _morphological sublypes may be
distinguished.

. Madjsrovo (fig. 2b) and Chela (fig. 2c) sre
vein type old-polymoulllc deposits where the

e is_connected with the
. upwpubofthovo! e
posit (fig. 2s) may probably be

u:lgnqd to the same group snd significant gold
tonnage in asbandoned oxide ores from the
~ uppermost levels is possible. The Obichnik gold
\ minerplisation (fig. 3a) represents the stockwork

typo.'l‘ln Surnek (fig. 3d) and Rozino (fig. 3¢) gold

ts belong to the disseminated flst lying
typo. The' Sedefche silver-gold mineralisation (fig.

The major characteristics of these deposit are
. shown in the Table 1.

All vein and stockwork type deposits are
hosted by Tertisry trachyandesite and andesite

- .. volcanics and volcsniclsstics and in some cases

, they persist in mefamorphics. The flst lying
 mineralisation is developed mostly in penetrable
- - bede of volcaniclastics, spiclsstics and terrigenous
udlmonu ss well ss upper parts of the
metamorphosed bssement. The gabbro-monzo-
_syenite intrusions are determined near Chala,
Pchelolad, snd Madjsrovo deposits and they are
wppoud in the shallow depth for Rozino and
Obldwk. .

The positions of the mineralisations are
eommonlv determined by NNW, NNE, snd WNW
fsults' and their intersections, volcanic and

structursl domes, overthrust structures, and

.
argillic
1 th

alteratio
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10-12 - deposits: 10~ 9old-po!moulllc, 11- polymetaiiic, 12- -gold and sll\m—gold.
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Fig. 2. Schematic cross:sections of typical veins from the Pcheloiad (a), Madjarovo (b), and Chala (c)
deposits. -
{- rhyodacite, 2- monzo-diorite, 3- latite, 4- andesite, 5- andesite volcaniclastics and epiclastics, 6-
limestones, 7- conglomerates and sandstones, 8- metamorphics, 9- gold veins, 10- polymetallic
“velns. '



BLE 1 CHARACTERISTICS OF EPITHERMAL DEPOSITS IN THi
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overlying V?\hzni]NW.
. ENE faults

ertisry  torrigencus  sediments
allochthonous metamorphics

o

st
2ghAg

Iﬂl m‘lﬁ
bodies - |1.57,

*Note: Stages of ore mineralistion: 1) - chalcopyrite, 3) - hematits, 3) - sulfides, 4) - sulfossl.
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Four basic stages of ore mineralisation are

distinguished. They are named according to the
" major ore minerals chalcopyrite, hematite,
sulfides and sulfosalts, and their presence in the
évery deposit is shown in the table. Some
manifestations of gangue minerals (carbonates,
zeolites, barite, and gypsum) follow the deposition
of ore minerals.

GENETIC MODEL
All__ significant _ epithermal _gold  and
polymetallic deposits in the Eastern Rhodopes are

polymetallic deposits in the tastern HRhocopes are
situsted close to the centres of Tertiary magmatic

activity Their spatial distribution in relation to
i ions 15 Bpproxinmatety
shown on the scheme. The additional components

%M\%‘&@M-
ighly penetrable levels of Eocene

sedim volcaniciastics and
epiclastics, divided by ‘impervious levels of
carbonate rocks; -

- tectonized border between the Tertiary
cover .

- overthrust zones in the basement;

- high-angle Taults. i

It could be suggested that ore forming
process occurred as follows: .

- the overthrust zones that usually are sbout 1
km th;gk provided the inflow of meteoric water

drothermal entem,

thg_lr__thﬂmég__adient- flelds were 1n__chatge_of_the
convectionel movement of the ﬂund

levels acted as the channels for this  movement.
In_this way the hzdrothermel rmal solution leached
the ‘elements from the host rocks in the d dOO_QOf
part of the system and deposuted "them _in_the
upper part The shape of the channels determined
the morphology of the mineralisation - fissure
filling ore veins appeared in high-angle faults, and’
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flat lying disseminated ores - in highly penetrable
horizons. The ore minerals zonality, from the other
hand was determined by the thermgggdtent
fields. Their isothermal curves were reconstructed
“on the base of fluid inclusion data and
characteristic mineralogy (Dimitrov "(ed.) et al.
1988; Miadenova et al, 1992; Breskovska and
Tarkian, 1893; Kunov et al, 1994). This zonality
from the bottom to the top was as follows: Cu-Md>

mineralization -(Cu-Au_ - polymetal u-pyrite
sulfosalts with Auahd Ag. ~
CONCLUSIONS

The comparison of this scheme with current
models of epithermal deposits (for example of
Hedenquist & Lowenstern, 1994) shows that they
describe the Eastern Rhodopes environment very
successfully. In this case the presence of High
Sulfidation Epithermal deposits that have not been
discovered yet in the Eastern Rhodopes could be
suggested. The model of Hedenquist &
Lowenstern shows that the approximate distance
from the High Sulfidation target to the volcanic
centre and _intrusion is similar  to _that for
Madjasrovo and Chala deposits. It is known that
near this deposits silica caps with quartz_and
slunite exist and they are not sufficiently
investigated in depth. The discovery of bonanza
gold ore under these caps is possible Tn-addition,
the presence of the Carlin fype gold mineralisation
at the distance a little longer than the Surnak
deposit is possible, too. The existence of
metamorphic carbonate rocks and black shales
under the Tertiary cover ore under the overthrust
is favourable for its formation.

We hope that using this model in prospecting
and investigation in the Eastern Rhodopes it is
possible to discover new prospective deposit
types and to change significantly the potentnal of

the territory.
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The Ada Tepe depf)si'f: a sedimént-hosted, detachment fault-
‘controlled, low-sulfidation gold deposit in the
Eastern Rhodopes, SE Bulgaria

Peter Marchev', Brad S. Singer?, Danko Jelev3, Sean Hasson?, Robert Moritz* and Nikolay Bonev*

Abﬂuﬂ

The Ada 'l‘epe gold deposit, 230 km SE of Sofia, formed in the eastern part of the Rhodope Mountains that under-
went extension and metamorphic core complex formation, followed by normal faulting, basin subsidence, and silicic
to mafic magmatism during the Maastrichtian-Oligocene. The region comprises numerous volcanic-hosted epi-
thermal and base-metal vein deposits spatially and temporally associated with the Oligocene magmatism. Ada Tepe
is a typical low-sulfidation epithermal gold deposit, unusual in that it is older than adjacent magmatic-related depos-
its and is hosted in Maastrichtian-Paleocene sedimentary rocks above a detachment fault contact with underlying
Paleozoic metamorphicrocks. .

Gold mineralization is located in: (1) a massive, tabular ore body above the detachment fault; and (2) open space-
filling ores along predominantly east-west oriented listric faults. The ores are zones of intensive silicification and
brecciation synchronous with detachment faulting. ‘Brittle deformation opened spaces in which bands of opaline
- silica and electrum, quartz, pyrite, massive and bladed carbonates were deposited. Mineralization is exclusively a Au_ |
system with Aw/Ag ~3, trace As and no base metals. Alteration consists of quartz, adularia, chlorite, sericite, calcite,
pyrite and clay minerals Adularia and abundant bladed carbonates indicate boiling within the entire span of the
deposit, whereas bands of opaline silica with dendritic gold suggest that silica and gold were transported as colloids.
The physical setting of formation of the Ada Tepe deposit was very shallow and low temperature. The Sr and Pb
isotope ratios of arboum and pyrite reflect hydrothermal fluid signatures derived predominantly from the meta-
morphicrocks. | -

The:age of nnnenhuuon and association with the detachment fault suggest that gold mineralization at Ada Tepe is |
more closely hnkeci,to the Kessebir metamorpﬁlccore complex rather than to local magmatism.

Keywords dotachmem fault sedunent-hosted low-sulfidation epuhermal Eastern Rhodopes, Bulgaria. -

e
ot - ,,.\.,_,_‘

l. lntroducﬁon

The Rhodope metallogemc province (Stoyanov
1979) comprises numerous volcanic-hosted epi-
thermal (Madjarovo, Chala, Zvezdel, Losen, Per-
ama Hill, Sappes) and base-metal vein (Madan,
Luki, Popsko, Thermes) deposits hosted by meta-
morphic basement (Marchev et al., 2000). The
spatial and temporal association of these deposits
with Oligocene magmatic centers is documented
by the radioisotopic dating of Singer and Marchev
(2000), Marghe g and Singer (2002), Rohmwr et
al. (2002) and-Ovtcharova etal. (2003).. .

" The Ada Tepe deposit is one of a newly dlSCOV-
ered group of gold-deposits i m the Ea¥thn. Rho-

dbpes. These share many features with the adu-
laria class of epithermal deposits, but they are
atypical in that they are hosted mostly in sedi-
mentary rocks and do not show direct relation-
ships to local magmatic activity. Three of them, in-
cluding Ada Tepe, Rozino and Stremtsi (Fig. 1),
are major targets for commercial exploration. Ex-
ploration carried out in the last 2 years shows that
Ada Tepe is the major potential economic deposit
in the region.

The Ada Tepe low-sulfidation epithermal gold
deposit is located 4 km SE of Krumovgrad in the |
Eastern Rhodopes, 230 km SE of Sofia (Fig. 1).
Balkan Minerals and Mining AD (BMM; owned
by Dundee Precious Acquisitions Inc.) operates

1 Geological Institute, Bul%man Amdemy ‘of. Sctences. Acad. G. Bonchev St., 1113 Sofia, Bulgaria.

+ <pmarchev@geology.bas.
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Fig. 1 Schematic geological map of the Eastern Rhodope showing metamorphic dome structures, major volcanic
areas and dyke swarms. Compiled from Ricou et al. (1998). Yanev el al. (1998a) and Marchev et al. (2004). Inset

shows location of Krumovgrad within Bulgaria.

this project. The deposit is unusual in that it is lo-
cated along a regional detachment fault. More-
over, it is geochemically distinctive with respect to
the adjacent deposits owing 1o high Au/Ag ratios
and low base metal content {(Marchev et al., 2003).

Here we summarize results from recent stud-
ies on the surface geologv, structure. alteration

types, and textural and mineralogical characteris-
tics of the gold mineralization. The paper provides

Jimited Sr and Pb isotope data for Ada Tepe and
discusscs the age relationships among gold miner-
alization, local igneous activity and thermal
events in the nearby Kessebir metamorphic dome
(Figs. 1.2).-
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Fig. 2 Geological map of Kessebir dome (dfter Bonev, 2002) and location of Ada Tepe deposit and Synap prospect.

2. Historical background and previous studies

Small adits and large dumps at the eastern part of
the Ada Tepe hill (Fig: 3a) provide tangible evi-
dence for the historical mining activity, probably
of Thracian and Roman times. Regional map-
ping of the Krumovgrad area was conducted in
1965 (Shabatov et al., 1965) and recently be-
tween 1995 and 1996 (Sarov et al., 1996) by the
State exploration Company “Geology and Geo-

physics” at a 1:25 000 scale. Studies by Goranov
and Atanassov (1992) and a Ph.D thesis by
Bonev (2002) have clarified the stratigraphic
and tectonic relationships of the Krumovgrad
area. The latter work advocates a detachment-
fault model for the formation of the Kessebir
metamorphic dome. Limited exploration in the

- area of the Ada'Tepe deposit was followed by the

first description of its alteration and mineraliza-
tion, and its classification as Au-Ag-polymetallic
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Post-detachment sediments - “The Wall" and silica veins
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Fig. 3 (a) 3D view of Ada Tepe deposit. (b) Cross section of Ada Tepe deposit. Major ore bodies. (¢) Massive,
tabular ore body (*'The Wall™) above the detachment fault. (d) Open space-filling ores along predominantly E-W
oriented histric fuuhs
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occurrence of the adularia-sericite type (Kunov
et al., 2001).

Since June 2000, the Ada Tepe deposit has
been included in the Krumovgrad license area,
and is explored by Balkan Mineral and Mining

AD. Based on the results of regional mapping and -

surface sampling, BMM conducted two drilling
programs, with 145 drill holes, using both diamond
and reverse circulation drilling techniques, for a
total length of 12 440 m. A total of 10 218 m of
surface channel samples were also collected dur-
ing 2001-2002. Resource calculations by RSG

Global of Perth, Australia, show that Ada Tepe is.

a high-grade Au-Ag deposit containing 6.15 Mt of
ore at 4.6 g/t Au for 910 000 ounces of Au, using a
1.0 g/t cutoff grade.

‘On the basis of initial results from the explora-
tion program and the geographical proximity of
the Ada Tepe deposit to the base metal mineraliza-
tion at the Oligocene Zvezdel volcano, Crummy
(2002) suggested a direct genetic link between the
base and precious metal districts. Marchev et al.
(2003) favoured an Upper Eocene age based on
precise “°Ar/Ar data and a detachment faulting
model for the origin of the Ada Tepe deposit.

3. Geologic setting
3.1. District geology

Basement metamorphic rocks in the Krumovgrad
area build up the elongated Kessebir dome in N-
NE direction (Kozhoukharov et al., 1988; Ricou et
al., 1998; Bonev, 2002) (Figs. 1, 2). Two major tec-
tonostratigraphic units (complexes) have been
recognized on the basis of composition and tec-
tonic setting of the metamorphic rocks: a Gneiss-
migmatite complex, and a Variegated Complex
(Kozhoukharov et al., 1988, Haydoutov et al.,
2001), which correspond to the Continental and
Mixed units of Ricou et al. (1998), respectively.
The structurally lower Gneiss-migmatite complex
crops out in the core of the Kessebir metamorphic
dome. It is dominated by igneous protoliths in-
cluding metagranit<s, migmatites and migmatized
gneisses overlain by a series of pelitic gneisses,
and rare amphibolites. Eclogites and eclogitic am-
phibolites have been described in the Greek part
of the Kessebir dome (Mposkos and Krohe,
2000). Rb-Sr ages of 334.6 + 3.4 Ma (Mposkos
and Wawrzenitz, 1995) from metapegmatites in
Greece and Rb-Sr (328 + 25 Ma) and U-Pb zir-
con ages of 310 + 5.5 Ma and 319 + 9 Ma (Pey-
tcheva et al., 1995, 1998) from metagranites of the
Kessebir dome in Bulgaria indicate that the
Gneiss-migmatite complex is formed of Variscan
or older continental basement.

The overlaying Variegated complex consists of
a heterogeneous assemblage of pelitic schists, para-
gneisses, amphibolites, marbles and ophiolite
bodies (Kozhoukharova, 1984; Kolcheva and Ls-
kenazi, 1998). Metamorphosed ophidlitic peridot-
ites and amphibolitized eclogites are intruded by
gabbros, gabbronorites, plagiogranites and dio-
rites. U-Pb zircon dating of a gabbro from the
neighbouring Biala Reka dome (Fig. 1) yields a
Late Neoproterozoic age of 572 £ 5 Ma for the
core and outer zone recording a Hercynian meta-
morphic event at ~300-350 Ma (Carrigan et al.,
2003). Volumetrically minor plutonic bodies of
presumably Upper Cretaceous age intrude the
Variegated complex, and represent an important
phase of igneous activity in the area (Belmustako-
va et al., 1995). The rocks are medium to fine-
grained, light grey, two-mica granites of massive
to slightly foliated structure.

The rocks of the Variegated complex in the
Krumovgrad area are overlain by the Maastrich-
tian-Paleocene syndetachment Shavarovo For-
mation (Goranov and Atanasov, 1992; see be-
low), which is in turn overlain by Upper Eocene-
Lower Oligocene coal-bearing-sandstone and
marl-limestone formations. Lava flows and
domes of the ~35 Ma andesites (Lilov et al.,
1987) of the Iran Tepe volcano are exposed
northeast of Krumovgrad (Fig. 1). This magmatic
activity. was followed by scarce dykes of latitic to
rhyolitic composition in the northern part of the
Kessebir dome, dated at 31.82 + 0.20 Ma and fi-
nally by 26-28 Ma old intra-plate basaltic mag-
matism in the southern part of the dome
(Marcheyv et al., 1997, 1998).

3.2. Deposit geology

The AdaTepe deposit is hosted by the syndetach-
ment Maastrichtian-Paleocene Shavarovo For-
mation, overlaying the northeastern closure of
the Kessebir metamorphic core complex (Fig. 2).
Th® contact between poorly consolidated sedi-
mentary rocks and underlying metamorphic
rocks corresponds to the location of a regionally
developed low-angle normal fault, named the
Tockachka detachment fault (TDF) by Bonev
(1996). The fault dips 10-15° to the north-north-
east. It can be traced further southwest for more
than 40 km from Krumovgrad to the Bulgarian-
Greek frontier and is well exposed in the area |
southwest of Synap village, about 2 km west of
Ada Tepe. In the latter area, the rocks in the hang-
ing wall of the TDF consist of metamorphic
blocks, breccia, conglomerates, sandstone, marls
and argillaccous limestone. This unit was first rec-
ognized by Atanasov and Goranov (1984) in the
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Krumovgrad area and described as the Shavarovo
Formation of the Krumovgrad Group in a later
paper (Goranov and Atanasov, 1992). The total
thickness of the type section of the Shavarovo
Formation (~350 m) was measured along the Kal-
djic river, near the Shavar village. Blocks and
clasts of breccia and conglomerate are mixtures of
gneiss, amphibolite and marble, derived primarily
from the Variegated complex. ‘

4. Structure

The dominant structure in the Ada Tepe prospect
is the TDF. It is a mapable tectonic contact, best
expressed along the western slope of Ada Tepe
hill (Fig. 3a). In outcrop and drill cores, the fault is
recognized as a contact between Paleozoic meta-
morphic rocks and Maastrichtian-Paleocene sed-

imentary rocks of the Shavarovo Formation. Im-

mediately above the detachment fault there is a
0.5 to 20 m thick zone of massive silicification. In
drill core, the lower limit of the structure is
marked by a 10-20 cm-thick layer of tectonic clay.
Gneiss, migmatite, marble and the amphibolite of
the metamorphic basement beneath the detach-
ment surface are transformed into a cataclastic
rock over a thickness of several meters. The
southwestern slope of the Ada Tepe hill is cut by a

NW-SE-oriented high-angle fault (Fig. 2), which .

formed a small half graben fill by older Maas-
trichtian-Paleocene syndetachment sedimentary
rocks overlain in the eastern part by younger Pria-
bonian-Oligocene sedimentary rocks.

Major structures cutting the basement rocks of
the Ada Tepe deposit are rare, although several
E-W and N-S-oriented subvertical faults, marked

by a zone of silicification, occur to the south, east

and west of the Ada Tepe deposit. The longest N—-
S-striking zone has been traced for almost 200 m.

The E-W and N-S faults coincide with the major -

directions of the mineralized veins in the sedi-
mentary cover and can be interpreted as feeder
structures for the mineralizing fluids.

5. Mineralization
5.1. Ore geometry and ore bodies |

The Ada Tepe deposit is 600 m along strike and
300-350 m wide. Gold mineralization occurs as:
(1) a massive, tabular body located immediately
above the detachment fault (Figs. 3b, c), and (2)
open space-filling within the breccia-conglomer-
ate and sandstone along predominantly east-west
oricnted subvertical listric faults within the hang-

ing wall (Figs. 3b, d). In cross section the tabular
body dips (10-15°) to the north-northeast, which

“is consistent with the low angle TDF. The ore

body is so strongly silicified; company geologists
refer to it as “The Wall”. Detailed observations on
The Wall indicate a complicated sequence of
events with multiple periods of silicification and
veining. gilicification began with the deposition of
massive white to light grey silica above the de-
tachment fault partly or totally replacing the orig-
inal rocks. Original rock textures were destroyed
with the exception of ghosted gneiss fragments
(Fig. 4a). The latter are rounded with veins of
quartz or carbonate cutting or surrounding the
clasts. Early microcrystalline silica was commonly
veined by subvertical banded veins or brecciated
by later fault movements and cemented by calcite;
sugary quartz (Fig. 5b) or by pyrite.

In the less silicified parts The Wall consists of
numerous differently oriented veins ranging in
width from less than 1 cm up to 30 cm (Fig. 4c).
Subvertical veins, which were formed by deposi-
tion of colloform silica layers in open space, can
be traced from The Wall into the listric faults in
the overlying sedimentary rocks (Fig. 4d). On the
surface they form E~-W-trending ridges, separated
by argillic zones (Figs. 3a, b, d).

5.2. Ore and gangue mineralogy and
stages of mineralization

The ore mineralogy of the Ada Tepe deposit is sim-
ple, consisting mainly of electrum and subordinate
pyrite with traces of galena, and gold-silver tellu-
rides. Gangue minerals consist of silica polymorphs
(microcrystalline, fine-grained, sugary quartz and
opaline silica), various carbonates (calcite, dolo-
mite, ankerite and siderite), and adularia. Tellurides
include hessite (Ag,Te) and petzite (Ag;AuTe,). All
samples with Au content higher than 1 g/t have al-
most constant Au/Ag ratios ~ 3, reflecting the com-
position of electrum (76-73 wt% Au).

Unlike the massive silicification of The Wall,
banded veins in and above it provide an excellent
framework for identifying the different stages of
mineralization. Mineralization in Ada Tepe can
be subdivided into 4 broad, generally overlapping
stages of quartz and carbonate veins on the basis
of cross-cutting relationships, changes in mineral-
ogy, texture and gold grades.

The earliest stage is characterized by deposi-
tion of microcrystalline to fine-grained grayish to
white massive or banded quartz with rare pyrite
and adularia (Figs. 5a-d). In some veins silica depo-
sition starts with a thin band of almost isotropic
opaline (Fig. 4 c) foliowed by thin band of quartz
with rare bladed calcite. Breccia texture is typical
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for the massive silicification of ‘The Wall. The  veins or rock fragments in The Wall, causing the
products of the carly stage form microfracture  silica-adularia-pyrite veplacement in them. The
filling in the host rocks near the margins of the  gold grade of this stage is unknown,

Fig. 5 Microphotographs and SEM images of silica and bonanza ore textures. (i) Bands of carly stage microcrystal-
line (mq)) and jigsaw gquartz (k). (b) Electrum band (¢) deposited on the interface between carly microcrystalline
quartz (mqg) and third stage sugary quartz and radiating bladed calcite (4e). (¢) Band of clectrum (¢) and isotropic
opalinc. Electrum is located on the bottom of the band. (d) Third stage coarse ervstaltine quartz (ceq). cutting the
opaline (o) and microcrvstlline guarty (mq). which in turn is cut by ealeite (¢). (¢) Subparalle! bands of clectrum (e)
and microervstalline adubariz and silica separated by a caleite vein (¢). The arrow shows the vertical direction. )
SEM mare of the outlined arey
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The economic gold is related to the second
stage of mineralization. It starts at the end of the
microcrystalline quartz and the beginning of the

coarser grained (sugary) quartz of the third stage .

below (Fig. 5b). Usually, it forms black millimeter-
scale bands of opaline or microcrystalline chal-
cedony-adularia and electrum (Figs. Sc-f). Locally
opaline silica- crosscuts the microcrystalline
quartz (Figs. Sc—d) of the early stage and in turn is
cut by the coarser grained quartz and carbonates
of the third and forth stages (Figs. Sd—e). Petro-
graphic examination of the electrum-rich bands
reveals that electrum commonly occurs towards
the bottom of the opaline or microcrystalline
bands (Figs. 5c, €). Where opaline bands are not
present, electrum precipitates at the boundary of
first and third stages (Fig. 5b). The electrum has
irregular forms as the result of crystallization in
the quartz interstices, being relatively well-shaped

in the coarser-grained quartz crystals. The size of -

electrum grains ranges from less than 1 to 20 um:
However the single crystals form chains reaching
up to 650 pm (Figs. 5b, 6a). Electrum in gold-rich
bands etched with HF is characterized by botryoi-
‘dal surfaces that appear to have formed by the
aggregation of spherical electrum particles (Figs.
6a-b), as observed in the Sleeper deposit, Nevada
(Saunders, 1990, 1994). Electrum in bonanza veins
can occupy 50 vol% (Figs. 5f, 6¢), accompanied by
rare As-bearing pyrite. Occasionally, micron or
submicron size electrum inclusions form zones
within the As-bearing pyrite (Figs. 6d). Tiny Au-
Ag tellurides have been observed at the contacts
between electrum grains and small galena crystals
(Fig. 6f).

The third stage starts with deposition of sugary
quartz (up to 1.5 mm large; Figs. 5d, 7a) followed
by bands of quartz and bladed calcite (Figs. 5b, 7b)
" and finally by massive calcite with small amount
of quartz (Fig. 5d). Locally, calcite fills quartz ge-
odes or forms small veins (Fig. 7a). Microscopical-
ly the late calcite corrodes and replaces quartz
crystals. Small amount of adularia and pyrite are
also typical for this stage.

The hydrothermal mineralization ended with
the deposition of pinkish ankerite-dolomite and
siderite, which was preceded by precipitation of
massive pyrite in some parts of the deposit (Flgs.
7c-d).

The mineralization of Ada Tepe exhibits sever-
al important spatial and textural features that
provide insights to the physical environment of
ore deposition. In its upper part, quartz becomes
the predominant gangue mineral, whereas car-
bonates are subordinate. This is particularly obvi-
ous in the last stage, where in the surface samples
dolomite and ankerite are absent in the peodes

and bladed minerals consist of microcrystalline
quartz only. Another spatial variation is the di-
minishing of banding textures with the decrease
in grade of Au mineralization to the north. An
important feature is the absence of bladed car-
bonates in the veinlets beneath The Wall, in con-
trast to the entire extent of the deposit above the
detachmenpt surface.

5.3. Oxidized zone

The uppermost part of the Ada Tepe deposit has
been oxidized by supergene processes with the
depth of oxidation being dependent upon inten-
sity of faulting. Due to extensive silicification, The
Wall itself is generally not oxidized; however, a 2
to S m thick zone of oxidation invariably occurs
abgve The Wall. Narrow zones of oxidation occur
down to this zone utilizing high angle listric faults.
These faults and fractures most likely acted as
conduits for the surface waters to reach the im-
permeable silicified zone, forming the oxidized
zone above The Wall. _

Most of the pyrite in the oxidized zones has
been converted into limonite identified as
goethite. Kaolinite is widely distributed. in this
zone, forming locally small veinlets. Electrum in
the oxidized zone however, shows no evidence of
Au enrichment.

6. Alteration

In the pborly mineralized zones hydrbthermal al-

teration is weak with most of the detrital minerals
(quartz, muscovite and feldspars) remaining unal-
tered. Alteration consists of chlorite, calcite, kaoli-
nite and subordinate albite, pyrite and ankerite-
dolomite. It seems that calcite and ankerite-dolo-
mite are late; however, it is difficult to distinguish
replacement calcite from vein calcite. Quartz,
adularia, calcite, pyrite and dolomite-ankerite-
siderite + sericite and clay minerals in variable
proportions occur in The Wall and immediate
proxumty to the subvertical quartz and carbonate
veins in the strongly mineralized zones They
formed through replacement of the original meta-
morphic minerals included in the sandstone and
conglomerate, and are associated with relict, de-
trital quartz and muscovite. This complex mineral
assemblage is the result of the evolution of the
hydrothermal activity. '

Hydrothermal alteration of the basement
metamorphic rocks is developed within a halo
several meters in extent beneath The Wall, and is
more pronounced around the subvertical veins.
The alteration assemblage includes quartz, adu-
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Fig.6 () SEM images of electrum dendrite ctehed with FHE (b) Negative forms of quartz removed by HF
and spherical colloidal particles. (¢) Opal-clectrum band, containmg - S0%. clectrum and small amount of
pyrite. Dark erystals between clectrum are adularia and silica: (d) Pyrite with a zane of sabmicron size clee-
trunt: () Former Py converted to gocthite with inclusions of A o) Au A teliurides between Lirper ehee-
trom and palena crvstads,
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laria, illite or sericite, pyrite, kaolinite, and late
stage ankerite-dolomite-siderite.

Clay minerals are more abundant and better
developed in the alteration close to the surface
where they form argillic zones between the E-W-
oriented swarms of veins. Kaolinite and quartz
predominate in the argillic zones, and illite, chlo-
rite, adularia and carbonate are subordinate, ac-
companied locally by illite-montmorillonite. Part
of the shallow-level kaolinite may be supergene,
but its association with unoxidized pyrite beneath
and within The Wall indicates that a hypogene ori-
gin is likely at least for the deeper kaolinite.

7. Geochronology

“Ar/SAr ages from adularia and sanidine sam-
ples were determined to constrain the timing of
mineralization and volcanic activity in the Kesse-
bir dome. Sample AT01-2, from which adularia
was extracted for dating, is from a drill-hole at
72.5 m depth. It represents a quartz-adularia-car-
bonate banded vein filled with finely veined
gneiss clasts. It is a mixture of completely replaced
detrital K-feldspar and directly deposited adular-
ia crystals. The rhyolite dyke (sample AT01-17) is
emplaced within the core orthogneisses of the
Kessebir dome located 4 km southwest from Ada

Tepe (Fig. 2). It comprises 2 cm diameter sanidine .
phenocrysts that were separated for dating, plus

plagioclase, biotite, and quartz.

“A 1/ Ar experiments were conducted at UW-
Madison Rare Gas Geochronology Laboratory.
Minerals were separated from 100-250 micron
sieve fractions using standard magnetic, density,
and handpicking methods. Five milligrams of each
mineral were irradiated at Oregon State Univer-
sity, U.S.A. for 12 hours, along with 28.34 Ma sani-
dine from the Taylor Creek rhyolite as the neu-
tron fluence monitor. Analytical procedures, in-
cluding mass spectrometry, procedural blanks, re-
actor corrections, and estimation of uncertainties
- are given in Singer and Brown (2002). Isotopic
measurements were made of the gas extracted by
incrementally heating of 2-3 mg multi-crystal ali-

quots using a defocused CO, laser beam. Results
of incremental heating experiments along with
the ©°Ar/%Ar ages of muscovite and biotite from
the lower plate of the metamorphic basement
rocks taken from Bonev et al. (accepted) are in
Table 1. Incremental heating experiments and age
spectra of the sanidine and adulana are presented
in Tabje 2 and Fig. 8. Uncertainties in the ages
include analytical contributions only at +2¢.

The plateau age of the adularia, based on
79.3% of the gas released, is 34.99 £ 0.23 Ma (Fig.
8) and is indistinguishable from the total fusion
age of 35.05 + 0.23 Ma. Sanidine from the rhyolite
dyke yielded a plateau age of 31.82 + 0.20 Ma
based on 60 percent of the gas released, which is
indistinguishable from the total fusion age of
31.88 + 0.20 Ma. As is the case for the adularia,
this indicates that argon loss due to weathering or
alteration is negligible. Moreover, the inverse iso-
chron ages of 35.11 + 0.37 Ma for the adularaia
and 31.91  0.27 Ma for the sanidine are indistin-
guishable from the plateau ages and the “Ar/*%Ar
intercept values indicate that there is virtually no
excess argon present.

Lavas from the Iran Tepe volcano, four km
northeast of Ada Tepe give K-Ar ages of ~35 Ma
but their stratigraphic position above the Upper
Priabonian-Lower Oligocene marl-limestone for-
mation suggests that they are younger than 34
Ma.

YA r/9Ar measurements on muscovite and bi-
otite (Bonev et al., accepted) from the Gneiss-
migmatite complex, record ages of 38.13 + 0.36
and 37.73 £ 0.23 Ma, respectively (Table 1). These
ages are broadly in agreement with the published
“ArA%Ar ages for muscovite (42.2+5.0and 36.1 +
5.0 Ma; Lips et al., 2000) and muscovite and am-
phibole (39 £ 1 and 45 + 2 Ma, respectively; Muka-
sa et al., 2003) from the Biala Reka metamorphic
core complex. Similar ages (39-35 Ma) have been
obtained by Peytcheva et al. (1992) for the closing
of Sr isotope system in the metagranites from the
Biala Reka dome.

The relative age of the mineralization was de-
termined based on its relationship with the host
Krumovgrad group and the overlying Upper

Table I Summary of “Ar/*Ar incremental heating experiments on adularia, sanidine,
biotite and muscovite from Ada Tepe deposit and Kessebir dome.

Sample  Mineral Weighted Plateau  Total Fusion Source
age (Ma) age (Ma)
AT01-2  adularia 3499+ 0.23 3505+023 this study
ATO01-17 sanidine 31.82+0.20 31.88+0.20 this study
Hé6 biotite 37.73+0.25 37.56 £ 0.24 Bonev et al. (accepted)
H706 muscovite  38.13£0.36 3834+ 0.31 Bonev et al. (accepted)
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Fig. 7 (a) Geode of coarse-crystalline quartz with carbonate infill (third stage). (b) Third stage coarse-crystalline
quartz (ccq) and bladed paralict tvpe calcite (c). (c) Late vein (forth stage) composed by pyrite on its margins fol-
lowed by dolomite-ankerite (da). (d) Same fracture. Dolomite-ankerite forms a halo overlapping quartz-adularia-

pyrite alteration

Eocene-~Oligocene scdimentary rocks. The latter

is represented by sandstones unaffected by hy-
- drothermal alteration. which cover the northern
part of the deposit.

8. Sr and Pb isotope compositions
of carbonates and pyrite

Sr and Pb isotopes were measured by standard
TIMS procedures at the University of Geneva,
Switzerland, following the methods of Valenza ct
al. (2000) and Chiaradia and Fontboté (2002). Sr
isotope ratios on carbonate and Ph isotope ratios
from pyrite at Ada’lepe along with whole rock Sr
and Pb isotope ratios of the leachate fraction of a
sample from Synap prospect; 2 km west of Ada
- Tepe. are presented in Table 3 and Figs. 9 and 10.
The Ada Tepe carbonate is from a fate stage an-
kerite-dolomite ven. taken from a drill-core sam-
ple (ATO1-22) a1 Y9.0 m depth. The bulk rock
(sample Sin2000-28) from Svnap is from scricite-

adularia alteration from the surface. Pyrite from

Ada Tepe is from a strongly silicified sample
(Km2000-0). Pyrite from Synap is trom the sime
hand sample Sin2000-28 on which the Srowas
maasuted. Both samiples belong to the cag iy alter

ation. The initial 8’Sr/%Sr ratio of the whole rock,
corrected for 35 Ma, is 0.70809. The pyrite sample
and whole rock leachate show identical 27Pb/
24Ph (15.68) and 26Pb/2%Pb (38.85) ratios and
slightly different 26Pb/2%Pb ratios (18.71 in Ada
Tepe and 18.66 in Synap). The Sr and Pb isotope
data are compared with those of local Palcogene
volcanic rocks and dykes and the Rhodope meta-
morphic rocks in Figs. 9 and 10.

9. Discussion
9.1. Physical environment

Epithermal quartz from the Ada Tepe deposit is
poor in fluid inclusions. particularly the carly mi-
croerystalline quartz and opal. Fuhedral fate sug-
ary quartz is the only phase which contains larger
fuid inclusions, but with no rchable characteris-
tics that may allow to classify them as primary in-
clusions. For the similar Sleeper deposit, US.A.,
Saunders (1994) suggested that quartz formed by

Sransformation of poorly ordered sithea may ex-

clude trapped fluids. thus precluding the use of
microthermometry to consteam the physicochem-
ical conditions of sihici and eold deposition,
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Fig.8 *%Ar/MAr mcremcntal -heating age spectra for adularia from Ada Tepe and samdme from rhyolite dyke from

Kessebir dome.

The presence of adularia that spans the time of
hydrothermal mineralization from the early mi-
crocrystalline stage to deposition of bonanza elec-
trum bands accompanied by early bladed calcite
and followed by late bladed Ca-Mg-Fe carbon-
ates is consistent with boiling during most of the
hydrothermal process (Izava et al., 1990; Sim-
mons and Christenson, 1994). Evidence for boil-
ing occurs throughout the Ada Tepe deposit from
the present-day surface down to the detachment
surface. The absence of bladed calcite in the vein-
lets beneath the detachment, however, suggests
that boiling started as the fluid reached the sedi-
mentary sequence. Boiling cools the fluid and
concentrates dissolved silica, leading to precipita-
tion of silica colloids (Saunders, 1994). Thus, much
‘of the mineralization in The Wall appears to coin-
-cide with the onset of boiling.

Thermal conditions can be roughly evaluated
on the basis of the distribution of temperature-
sensitive minerals. The absence of epidote in the
host-rock alteration can be interpreted in favor of
a low-temperature (<240 °C) for the initial fluids
(Bird et al., 1984; Rayes, 1990). This is confirmed
by the large distribution of kaolinite, crystallizing
at temperatures <200 °C (Simmons and Browne,
2000) and deposition of microcrystalline silica
(chalcedony) or its transformation to jigsaw

quartz in the stage of massive silicification, which

occurs at temperature of >180 °C (Fournier,
1985). Thus, the temperature of the early fluid
seems to have been 200-180 °C. Deposmon of
bonanza opal-electrum bands, however, requires
considerably lower temperatures (100-150 °C;
Hedenquist et al., 2000), suggesting a significant
drop of temperature (see also Saunders, 1994).
Such cooling can be attributed to simple boxhng.
causing cooling during decompression and in-
crease in pH and fo, which accompanies the loss
of dissolved gasses. Alternatively, it can be the re-

sult of mixing with cooler meteoric groundwater,
in a manner similar to that described for the
Hishikari low-sulfidation deposit (Jzawa et al.,
1990). Mixing of cool oxidized meteoric water
with a hot, reduced deep crustal fluid has been
proposed for low-angle faults bounding several
metamorphic core complexes (Kerrich and Reh-
ring, 1987; Kerrich and Hyndman, 1987; Spencer
and Welty, 1986; Beaudoin et al., 1991).

9.2. Paleodepth

Mineralogical and textural characteristics, such as
bladed carbonates and crustiform and colloform
banded chalcedony and opaline silica plus adular-
ia (Izawa et al., 1990; Cook and Simmons, 2000)
suggest that the depth for the formation of miner-
alization at Ada Tepe deposit was shallow. In the
absence of precise temperature and salinity data
from fluid inclusion studies, the paleodepth of the
Ada Tepe deposit cannot be precisely con-
strained. A minimum depth can be roughly esti-
mated assuming boiling of low salinity solutions
(<1 wt% NaCl equivalent) at a temperature of
200 °C. The depth of boiling of such a fluid below
the water table is about 160-170 m (Haas, 1971).

Table 3 Sr and Pb isotope compositions of carbonate,
pyrite and whole rock from Ada Tepe deposit and Synap
mineralization.

Sample - ATO01-22  Sin2000-28 KM 2000-6
carbonate  bulk rock pyrite

Rb 218

Sr 82

SRbA6Sr 7.6950

¥Sr/™Sr  0.709270+14  0.711911x10

(¥’Sr/*Sr); 0.70809

25PHAMPH 18.663 18.707

HIPH/ MM Ph 15.682 15.684

28phL/ ™M Ph 38.849 38.843
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For fluids under a hydrodynamic gradient and
containing dissolved CO,, the depth of boiling

would be somewhat deeper (Hedenquist and -

Henley, 1985). This is consistent with the 350 m
thickness of the host Shavarovo Formation
(Goranov and Atanasov, 1992), which implies that
the overlying coal-bearing-sandstone and marl-
~ limestone formations had not yet been deposited
when the ore formed. _

9.3. Sources and relationships among minerali-
zation, extension and magmatism

The new “°Ar/*Ar ages from adularia and sani-
dine have been compared with those from musco-
vite and biotite in the Kessebir dome (Bonev et
al., aceepted), K-Ar ages of nearby Iran Tepe vol-
cano (Lilov et al,, 1987) and intra-plate alkaline
basalts (Marchev et al., 1997, 1998) to clarify rela-
tionships between volcanism, thermal events in
the Kessebir dome and mineralization in the Ada
Tepe deposit. As discussed above, the “Ar/Ar
total fusion age of adularia (Marchev et al., 2003)
shows that the mineralization at Ada Tepe formed
at 35 Ma. Mineralization may have been coeval
with 35 Ma lavas of the Iran Tepe paleovolcano
(Lilov et al., 1987; Pecskay, pers.comm.), however,
the uncertainties of the dating methods do not
rule out differences in age on the order of several
100 kyr. Notwithstanding, field relationships indi-
cate that volcanic activity of the Iran Tepe volca-
no is younger than the Krumovgrad group.
Another possible source of fluids and metals is
the magmatism of the Kessebir dome itself. Com-
parison of the timing of Ada Tepe mineralization
(35 Ma), the Kessebir rhyolite dyke (31.82 £ 0.20
Ma) and K-Ar ages of intra-plate alkaline basalts

(28-26 Ma) show that mineralization preceded by

at least 3 Ma the rhyolitic magmatism and at least
6 Ma the intra-plate basalts. Thus, it is highly un-

A

likely that this younger igneous activity was the
source of Ada Tepe mineralizing fluids or heat.
Mineralization at Ada Tepe is ca. 3 Ma young-

. er than the “°Ar/*¥Ar ages of the muscovite (38.13

%+ 0.36) and biotite (37.73 £ 0.25 Ma) from the
lower plate of the Kessebir dome. Recently ob-
tained older “Ar/*Ar age for amphibole (45 + 2
Ma) and sjmilar age for the muscovite (39 + 1 Ma)
in the Bz.la Reka dome (Mukasa et al., 2003)
have been interpreted as cooling ages for the up-
per plate. Therefore, muscovite and biotite ages
from Kessebir can be interpreted as cooling of the
lower plate rocks to below 350-300 °C following
the Maastrichtian-Paleocene metamorphism
(Marchev et al.,2004). The latter ages are general-
ly consistent with a 42-35 Ma range of ages, ob-
tained earlier by Peytcheva (1997) for the closing .
of Rb-Sr system in the granitoids in Biala Reka
and Kessebir, after a presumable amphibolite
facies metamorphism. Ore deposit formation at
~35 Ma in the hanging wall of the Tokachka de-
tachment coincides with late stage brittle exten-
sion after cooling of the basement rocks at tem-
peratures < 200 °C (Bonev et al., accepted). The
highest grade portion of the ore mineralization
(The Wall) is dominated by multiple phases of
veining and brecciation suggesting a syndetach-
ment evolution of the hydrothermal process. The
presence of several unconformities in the overly-
ing Upper Eocene-Lower Oligocene coal-bear-

‘ing-sandstone and marl-limestone formations

(Goranov and Atanassov, 1992; Boyanov and
Goranov, 1994, 2001), suggests a continuation of
the uplift and exhumation of the Kessebir dome
even several million years after the formation of
the Ada Tepe deposit.

Probable source rocks for the Sr (Ca) and Pb
can be constrained by comparison of the Sr and
Pb isotope ratios of carbonates and pyrites from
Ada Tepe with the major source rocks (Figs. 9 and

metamorphic rocks (Eastern Rhodope)
A A A & —>

max =0.7317

Ada Tepe calcite + alteration

am  Zvezdel igneous rocks

o o Iran Tepe igneous rocks

« Krumovgrad intra-plate basalts

0.703 0.705 0707 0.709 0711 0.713 0.715 0.717

Fig. 9 Sr isotope composition of calcite from Ada Tepe and whole rock sample from Synap cbmpared with
Krumovgrad area igneous and metamorphic rocks. Data for the intra-plate basalts - Marchev et al., 1998; for the
Zvezdel and Iran Tepe lavas — Marchey, unpublished data; for the metamorphic rocks ~ Peytcheva et al., 1992 and

Ptjusnin e al., 1988).



74

39.20

P Murcherv et al.

39.10
39.00
38.90

WR alteratio
38.80]

| 208p1,/204p

38.70]
38.60{

38.504 -

184 185 186 187

457

188 189 190 191 19.2

NHRL

/

15.500—

b
Zvezdel igneous rock WR

184 185 186 187

mpas

188 189 190 191 19.2

20%pp/ 29pp

Fig. 10 Pb isotope composition of pyrite (Adé Tepe) and whole rock alteration (Synap), compared with feldspafs
and whole rocks from Zvezdel Oligocene volcano (Marchev et al., unpubl. data) and whole rocks from Krumovgrad
intra-plate basalts (Marchev et al. (1998) and Rhodope metamorphic rocks from Frei (1995).

10). Bulk rock and carbonate Sr isotope data
(0.70809-0.70927), lie within the lower range of
present-day ®#Sr/%Sr isotopic ratios between
0.708-0.737 for the prevailing gneissic metamor-
phic rock within the Eastern Rhodopes (Peytch-
eva et al., 1992) and are higher than the Sr isoto-
pic values of the nearby younger igneous rocks
from Iran Tepe and Zvezdel volcanoes (0.70641-
0.70741; Marcheyv et al., unpubl. data). It ppears
likely that the hydrothermal Sr and, by inference
Ca, is mostly of metamorphic origin or represent a
mixture of metamorphic and small amount of old
magmatic source isotopically similar to Iran Tepe
and Zvezdel magmas (see below).

Pyrite Pb isotope ratios overlap with the field
of feldspars from Zvezdel igneous rocks, however,
the leachate fraction of the whole rock sample

from Synap has a slightly lower 2Pb/2%Pb ratio
than the feldspars. Collectively, the two samples
plot in the fields of the Rhodope metamorphic
rocks. From these data, it is not possible to dis-
criminate between a metamorphic and an igneous
origin of Pb in the hydrothermal fluid. This is not
surprising as orogenic igneous rocks of the East-
ern Rhodopes were strongly contaminated with

_crustal Pb (Marchev et al. 1998 and 2004) and dif-

fer isotopically from the asthenospheric-derived
Krumovgrad intra-plate basalts (Fig. 10). There-
fore, isotopic homogenization of the orogenic ig-
neous and metamorphic rocks in the region limits
the possibility to discriminate between these two
sources. Nevertheless, it may be suggested that
fluid circulation through the metamorphic base-

‘ment rocks and metamorphic-derived sediments
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would cause a large contribution from metamor-
phic lead.”

~Thus, the simplest genetic model to explain the
geology, geochronology, and Sr and Pb isotopes
involves' hydrothermal convection through the
Paleozoic metamorphic basement. The close tem-
poral association of mineralization at Ada Tepe
with the exhumation processes and formation of
the Kessebir dome favours a genetic link between
them. We propose that the metamorphic base-
ment rocks provided the heat to drive the hydro-
thermal system. During exhumation, however, the
lower plate of the Kessebir metamorphic core
complex experienced cooling and decompression
since the Upper Cretaceous (Marchev et al.,
2004). This has been used in other metamorphic
complexes (Smith et al., 1991) to argue that pro-
grade metamorphic devolatilization of the lower
plate is unlikely to generate fluid responsible for
mineralization during extension. These authors
suggested that igneous rather than metamorphic
fluid source is more likely for the metamorphic
core complex-related mineralization. This appar-
ent contradiction can be explained by astheno-
spheric upwelling that was operating in the East-
ern Rhodope area (Marchev et al., 2004) causing
retrograde metamorphism at shallow levels and
at the same time resulting in prograde metamor-
phism at dceper levels observed by the high heat

flow in the region. Although magmatic activity

seems to be younger than the ore mineralization,
the first erupted lavas of Iran Tepe were close in
time. The beginning of this volcanism was proba-
bly preceded by accumulation of magma at great-
er depths. Under such conditions, fluids liberated
by deep prograde devolatilization reactions and/
or mantle degassing could ascend to form low
temperature fluids.

9.4. Gold deposits associated
with delachment Saults

Different types of mineralization in low-angle de-
tachment faults associated with metamorphic
core complexes are described mostly in the south-
western United States. These include Picacho,
(Drobeck et al,, 1986; Liebler, 1988) and Bullard
Peak (Roddy et al., 1988), Southwestern Arizona;
and Riverside Pass (Wilkinson et al., 1988)' and
Whnpple-Buckskm-Rawhlde (Spencer and Welty,
1986) Southeastern California. Another example

-1s in the Kokanee Range, Southern British Co-
lumbia, Canada (Beaudoin et al., 1991).

These kinds of deposits are dwnded by Eng et
al. (1988) into two categories: base-metal en-
riched (Whipple-Buckskin-Rawhide and Koka-
nee deposits) and base-metal poor (Picacho and

Riverside Pass). In the base-metal poor deposits
gold is typically associated with silicification and
hematite (Picacho), or hematite and chrisocolla
(Riverside Pass). Pyrite, which is entirely oxidized
in Riverside Pass, is the principal sulfide mineral.
Quartz and lesser calcite are the main gangue
minerals

Mingralization at Ada Tepe deposit shares
many cz;racteristics with Picacho and Riverside
Pass, including association of gold with multiple
episodes of silicification and veining within shal-
lowly dipping detachment faults, and a low con-
tent of base-metals and As. However, comparison
of the characteristics of Ada Tepe to other base-
metal poor detachment-related mineralizations
reveals several notable differences. These include
lack of copper and specular hematite, a relatively
high content of adularia and various silica poly-
morphs and carbonates. These features may re-
flect differences in crustal compositions and his-
tory, the nature of the ore-forming hydrothermal
fluids, and physico-chémical conditions at the fo-
cus of ore deposition.

10. Conclusions

(1) Based on alteration, mineralization and
textures, we classify Ada Tepe as a low-sulfidation
epithermal gold deposit, hosted in sedimentary
rocks.

(2) The Tokachka low-angle detachment fault
and the steep listric faults in the Maastrichtian-
Paleocene sedimentary sequence were the major
sites of gold mineralization. There are many indi-
cators, including breccias, that synmineralization
movement took place along the detachment sur-
face.

(3) The deposit formed at shallow depth, less

than 200-250 m below the paleosurface. Micro-

crystalline quartz and opal, which are the main sil-
ica polymorphs crystallizing with the electrum
bands, preclude the use of fluid inclusion to con-
strain the conditions of gold deposition. From
other alteration minerals temperature of forma-
tion is evaluated to <200 °C. The mineralogy sug-
gests that the fluid boiled throughout the deposit.

(4) Mineralization is an exclusively Au system
with traces of As and with no base metals. The
majority of.the gold occurs as electrum with 73—
76% Au, which is reflected in the average Au/Ag
ratio (~3) of the deposit.

(5) The “Ar/Ar age of adularia indicates that

| the ore was deposited at Ada Tepe at 35.0 £ 0.2

Ma.This age is ~3 Ma younger than the closure of
metamorphic muscovite and biotite at ~350 °C in
the underlying basement, and 3 Ma older than sa-
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nidine in the nearest rhyolite, thereby precluding
local magmatism as a source of fluids or heat.

- (6) Sr and Pb isotope ratios are consistent with
the idea that metals and carbonates were proba-
bly derived from the metamorphic basement
rocks with a possible contribution from an igne-
ous source.

(7) Collectively, these data suggest an intimate
association of Ada Tepe Au mineralization to the
metamorphic core-complex formation rather than
to the local magmatism.
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Abstract: The Zidarovo polymetallic deposit is genetically related to trachyandesites
and trachybasalts of Upper Cretaceous age. Four stages of vein type ore mineralization
have been established; they carry the following mineral assemblages: 1. quartz— pyrite;
2. chalcopyrite~bismuthinite (including first generation gold and electrum); 3
hematite—chlorite; 4. galena~sphalerite (including a second generation of gold and elec-
trum). Specific to Zidarovo are Bi-bearing (Bi up to 11.22 wt.%) zincian tetrahedrite and
tennantite, which were deposited in the second and fourth stage of mineralization.
Mineralogical data suggest that silver was enriched in hydrothermal fluids during the
last stage of mineralization.

Fluid inclusions in quartz show gradually decreasing formation temperatures from
early (371-310°C) to late (292-197 °C) stage of mineralization. The lowest tempera-
tures (150120 °C) were obtained for sphalerites of stage four. The overall low salinities
of the fluids (on average: 4.0 eq. wt.% NaCl) suggest that meteoric water was involved in
mineralization. The possibility of interactions between ascending hydrothermal fluids
and dilute meteoric waters is supported by geological features and mineralogical data
which indicate a shallow depth of tmnerahzanon

Key words: Zidarovo polymetallic deposit, subvolcanic-—volcanic environment, Bi-

bearing tetrahedrite — tennantite (cell size), gold-electrum, fluid inclusion data.

Introduction

The Zidarovo ore field represents a vein type deposit with multistage mineral-
ization. In the last twenty years many papers have been dedicated to different
geological, petrological and mineralogical problems in the Zidarovo ore field
(e.g. StaniscHEVA 1971, KovAaTcHEV 1976, 1983; KOVATCHEV & STRASHIMIROV
1979, Marmvov 1980, Porov 1981, TzveraNov 1986, Toporov 1986). How-
ever, no comprehensive studies of ore mineral composition and of source and
evolution of ore forming fluids have been carried out so far. We present here
results of a detailed investigation of the composition of the ore minerals and
their associations as well as a new scheme of evolutionary stages of mineraliza-
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tion. The two main occurrences, Kanarata and Yurta, comprise all stages of
mineralization; textural and compositional features of the ore minerals, as well
as fluid inclusions in quartz and sphalerite have been studied. Ore genesis is
discussed in the light of new mineralogical and fluid inclusion data.

Techniques

Microprobe analyses were carried out using a Camebax Microbeam wave-
length-dispersive electron microprobe at the Department of Mineralogy and
Petrology, University of Hamburg (20kV, 20nA, computer program PAP),
and a JXA-5 Microanalyzer (25kV, 11-18 nA, computer program NR-1) at
Moscow State University, respectively. Pure elements as well as pyrite, arseno-
pyrite, chalcopyrite, covellite and galena were used as standards. Trace ele-
ments in chalcopyrite, galena, sphalerite, and pyrite were determined on a Per-
kin Elmer 3035 AAS at the Department of Mineralogy, Petrology and Ore
Deposits, University of Sofia. Microthermometric measurements were carried
out in 300-500 um-thick doubly polished plates at the Department of Miner-
alogy and Petrology, University of Hamburg, using a Chaixmeca heating-
freezing stage. The equipment is suitable for temperature measurements be-
tween —180 and 600 °C. Calibration was performed using the following melt-
ing point standards: COrinclusions (M.P.~56.6°C), destilled H,O (M.P.
0°C), Merck SK 70 (M.P. 70 °C), naphtalene (M.P. 80 °C), Merck 100 (M.P.
100°C), O-toluidine (M.P. 130°C), Na nitrite (M.P. 271 °C), and K-dichro-
mate (M.P. 398 °C). Nitrogen gas and liquid nitrogen were used for cooling
and freezing experiments.

Geological setting

The Zidarovo ore deposit is situated southwest of Burgas in the Burgas syn-
clinorium, easternmost part of the Banato—Srednogorian metallogenic zone
(Boepanov 1987). The ore deposit is connected with a caldera structure of Up-
per Cretaceous age. U—~Pb and Th—Pb model ages of the deposit are 153 + 30
and 120 + 25Ma, respectively (AMov et al. 1985). Intensive tectono-magmatic
processes during Upper Cretaceous time led to the emplacement of volcanic
rocks, a ring-shaped dyke complex and intrusive rocks in the Zidarovo region
(Fig. 1). The volcanogenic sequence (2000~2500 m thick) consists of trachy-
andesites, trachybasalts, pyroclastics and tuffs covered, in some places, by Plio-
cene sediments. Dyke formation took place after the effusive activity. Its ring-
shaped structure is determined by intensive radial-concentric faulting. The
composition of the dykes is analogous to the volcanic rocks. Intrusive rocks
are emplaced in the central part of the caldera structure and penetrate the
rocks of the effusive and dyke complex. The Zidarovo intrusion is elongated
to the north-west. It consists of essexite, monzodiorites and alkaline quartz
syenites (MarINOv 1980, Marmnov & Bajraxtarov 1981, Porov 1981). Post-
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trachyandesite —trachybasalt lavas and pyroclastics; 7 = syenodiorite intrusion;
8 = effusive rocks of Papia volcano; 9 = olistostrome suite; 10 = Turonian sediments;
11 = ore veins; 12 = faults: a-strike-slip f., b-reverse-slip f, c-thrust f.
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magmatic hydrothermal activity was responsible for the formation of polyme-
tallic ore veins in the volcanic rocks.

Characteristics of ore veins

The ore veins have preferentially been emplaced in trachyandesites, trachy-
basalts and related pyroclastics. They are controlled by three groups of faults
striking NW, NE and ESE. Near the contact with the Zidarovo intrusion, the
ore veins display a fan-shaped structure striking between 290° and 320°
(Fig. 1). The length of the ore bodies varies from several tens of meters to
1.5km, Their width is in the range of 10cm to 3 m. The depth of ore mineral-
ization in Zidarovo is supposed to extend up to 900 m below the present sur-
face.

- Stages of mineralization

The host rocks of the ore veins in Zidarovo show intensive hydrothermal al- -
teration: propylitization, silicification, argillic and potassic alteration (TzveTa-
Nov 1986). The stages of mineralization in Zidarovo were investigated by Ko-
vATCHEV (1983) and by ATaNAsov (1990). In the present study a new scheme of
stages of mineralization is presented on the basis of textural interrelations and
chemical composition of the ore minerals, and their paragenetic sequences.

In general four stages of ore mineralization were distinguished (Fig. 2). The
first stage of mineralization can be observed both in Kanarata and Yurta (Fig.
1). Fine-grained pyrite and quartz breccxatmg the previously altered host rocks
are typical for this stage. In most cases pyrite precipitated on the selvage of the
veins. Mineral assemblages of the second stage were formed mainly in Kanarata.
They carry the major quantity of copper, gold and bismuth, and occur as mas-
sive or nest-like aggregates in quartz veins and veinlets replacing pyrite of the
first stage. The third stage comprises small veinlets (5-10cm in width) of
hematite and chlorite. Preferentially at Kanarata, some of them intersect the
mineral parageneses of the second stage. Galena-Sphalerite assemblages with
Ag-minerals are typical for the fourth stage of mineralization which is best rep-
resented at Yurta (Fig. 2). Specularite is the last mineral deposited in this stage.

Characteristics of the ore minerals
Chalcopyrite

Chalcopyrite is the major mineral in stage II mineralization. A second genera-
tion of chalcopyrite occurs in association with galena and sphalerite of stage
IV. AAS analyses show Ag contents of 1-29 ppm and 23 -325 ppm in the first
and second generation of chalcopyrite, respectively. Bi (4—450 ppm) was de-
tected only in the “early” (stage II) and Sb (12-207 ppm) only in the “late”

(stage IV) chalcopyrite..
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Gold and electrum

The dcposition of gold and electrum took place during stages Il and IV, in

both stages in two generations. In
(stage IN), the first’ gene?a'ti"d%f' 20
anal 1+2), while the seoénﬂ'aﬁéi‘ﬂvia s fouy

-rich (Table 1, 'dnal, 34 '8) In‘the'

both generations pf' gold, ‘‘early’
mclusxons in ga.lena) are Ag-ﬁchﬂ able 1 anal 9- 12)

'anmuth mincrals

by

i

Hd i)

u‘sm

pyrite~bismuthinite assemblage

’qua.r;z It is Ag-poor (Table 1,

nd i mtergrown with bismuthinite,
. ,-spha.lente assemblage (stage IV),
inclusions in quartz) and “late” one (as

Chemical composmon of bxsmuth mmerals is given in Table 2. They comprise
native Bi, bismuthinite, aikinite; thnehemte, krupkaite and cuprobismutite.
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Tqble 1. Wvé‘fdmon microprobe analyses of gold (Nos. I 2,9, 10) and elec-
tr (Noa.a.-«s,,u, 12)dpom Zidasovo, =oa517 o
Nor e e Au" PSRECN Syttt U S SRy S o f;‘“'“; : Total
1 poe 9369 ARG ieg g9 T el 0100 99.89
A i L8 7944,.:_- it B s ndQOFOL - i ik - 050 100.10
4 L 7491 2490 0.69 99.70
5 - 74.03 25,58 0.22 99.84
6 7338 25.30 0.24 98.93
7 72.18 . . 25.47 022 - 97.92
8 70.65 26.84 0.34 97.83
9 : 84.16 16.23 0.03 100.42
10 - S <%, T 17.51 0.02 101.32
11 L 7481 2508 - 99.89
12 o 53.02 | 46.03 - 0.22 99.27
5 Lo Formula umts '
1 | 089 3 0.1 -
2 08 ! 0.14. N
3 -; 0.67 031 0.01
4 Y B 0.36 0.02
5 061 .- . 038 0.01
6 , 061 | 038 0.01
7 Q.60 - ' 0.39- 0.01
8 0.59 - 0.41 0.01
9 0.74 - 02 -
10 072" 0.28 -
11 062 0.38 -
12 ! 0.39 0.61: 0.01
Nos 1-8: Sugen,Noa.‘9-12 StageIV
| i i .

Allofthemhavebeendeposxtedmthestagenmmerahzanonandoccuras

'aggregites mainly enclosed by chalcopyrite. Tetradymite and galeno-
bxsmuute, teported by Kovarceev (1979) and Porov (1993), respectively, were
not recorded by us.

Tetrahedme-tennantxte

Membm qf thls group revul considerable compositional variations including
pure tennangite and tetrahedrite as well as intermediate compositions. This i
in good, agreement, w;th the fahlores from Mad)arovo deposit (TARKIAN &
BRESKOVSEA 19?0)1 wever, in szarovo Fe-poor zincian tetrahedrites anc
tennantites predoninate. ‘They were deposited mainly in the fourth stage o
| mmeralxzauon. With the exception of pure tetrahedrite (Table 3, anal. 19~21
 all other members'of the fahlores carry only traces of Ag. -

The Bi contents are ofpamcular significance (Table 3). In the stage II miner
alization only one generation of fahlores was found, exclusively as inclusion
in.chalcopyrite. Two analyses are devoid of Bi, while one carries 4.24 wt.% B
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Table 2./ Representative'electron thicroprobe nalyses of Bi minerals from Zidarovo. '

No. Sample -Cu - Ag - '_;.{-:_.:pb Bi S © Total
1. 27 045 - 001 - - = 98.12 006  98.64
277 126 0.47 '_‘f.":;f‘.O nooo- 78.61 19.44 98.63
3.° 126 038 - 7909 1943 98.90
4 e 1246 .y4 14 061 6630 18.29 101.80
5. L7 99 ;13 33.. 0.51.  67.06 1856 10245
6. 126, 1902 - . -0 6036 1980 99.18
b SO -_.,-.1_984 2003 < -, 60.83 19.60 100.30
-8 . | 27 o' 19.48 {O 07 ;- - 59.84 19.82 . 99.21
9 L2 c 3541 \1 ,a SSS(W P - &1 3969 1975 - 100.40
10 = 7% T 6A2 UO.Ci- il 19.07 ':;. 5894, . 1727 -+ 101.70
11 1 211,27 if 20,06058 3534 ¢ 3641 + 17.19 100.27
12 a4 1104 CC 0010120 3549 ¢ '36.00 . 16.86 99.49
13 27 1099 (.= ; - 3520°  37.20 17.59 . 100.98
. . " Formula units

1 277 -'_0.0l =g = 0.99 - 1.00
-2 126 0.03 001 - .. - 1.90 3.06 5.00
3 126 0.03 - - 191 3.06 5.00
4 7 7.84 154 - 009 - 12,69 22.84 45.00
5 7 8.11 1.22 0.09 12.70 22.88 45.00
6 126 0.99 - : - 0.96 2.05 4.00
7 1 1.02 fom - 0.96 2.02 4.00
8 127 1.01 (- - 0.95 2.04 4.00
9 27 276 120250 = 0.94 3.05 7.00
10 A 1.09 - 2EY 1,00 3.06 5.84 11.00
11 1 '-Jflom L () o orly o 0098 0-99 ; 3.03 6.00
12 a4 0.99 --”001 099 : - 0.99 3.02 6.00
13 27 098 i - 0.95 - 1.00 3.07 6.00

1: Bismuth; 2-=3: anmuthmxte; 4-5; Cuproblsmume, 6-8: Emplectite; 9: Wittichenite;
10: Krupkaite; 11-~13: Aikinite. |
* Analyst Yu.S. Bonom\nv, Moseow State Umversxty

‘ (Table 3, anal. 1- 3) In the galena—sphalente assemblage (stage IV) two differ-
ent generanons of fahlores were established. The first one occurs as small in-
clusions in galena and carries 0-3. 86 wt.% Bi, while the second one was
formed as rims around galena or gs “isolated grains with Bi-contents in the
range of 0.52~11.22 wt.%..There wacl_mtendency ofB1 substitution mAs-
nch members of the fahlores (Fig. 3).- :

k% &“ f
o

Cell dnmensxons of Bx-baring fahlores

The cell sizes of the end members, tetrahednte (a - 10 320 A) and tennantite
(a =.10.168 A) increase with increasing Bi content (BReskovska & TARKIAN
1994). With the exception'of. one single X-ray determination, a 10.470 A, for
Ag—Bx-banng tetrahedrite ‘with 1. 16Ag and 0.58 Bi atoms per formula unit
(Mozcova & TzeriN 1983), no cell size data on Bi-bearing members of tetra-
hedrite — tennantite series have been published so far. However, substmmon of

,.. P
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Table 3. Electron tma'oprobe analysu of members of the tetrahedrite-tennantite series
from Zidarovo. - -

Cu  Ag Zn‘ Fe Sb - As Bi S Total
231 - 687 229 - 2149 - 2850  101.46
4211 . 0.05 712 215 - 21.95 - 28.59 101.97

3817 . 036 .7.15 127 17.51 6.28 424 2547  100.45
39.02 054 734 0.65 440 1319 784 2630 99.28
4078 0.6 ' 710 0.8 137 2039 052 27.90 99.04
3813° 057 734 0.82 513  13.69 6.77  26.67 99.12
38.86 039 732 088 721 1402 350 2697 99.15
39.90 020 735 103 271 1527 6.36 27.01 99.83
36.89 065 741 114 1196 617 1122 2498 100.42
38.12 038 726 243 1114 1200 177  26.26 99.36

NN DD t=b pub p=d pumd pmd pmb pud b 3 ; :
UIQBBSO\DOO\IG\UIAUN OVONANNNLWN= g

11 39.24 0.30 7.26 2.32 8.70 14.33 2.14 26.75 101.04
42.11 002 749 0.67 0.61 20.30 0.08 28.21 99.49
42.02 - 7.29 0.51 0.82 21,16 - - 28.43 100.23
42.09 - 7.60 0.54 4,39 18.59 - 27.99 101.20
38.93 0.39 7.35 0.65 15.47 9.89 0.23 26.42 99.33
39.72 0.23 7.13 0.80 14.48 10.25 0.93 26.19 99.73
39.01 024 7.21 0.51 17.21 8.86 - 26.16 99.20
4178 006 6.89 1.67 0.01 21.82 - 28.59 100.82
2953 1043 6.87 - 2791 - - 23.32 98.06
2898 1099 - 7.06 - 27.58 - - 22.77 97.38
25.32 . 1644 498 0.35 26.93 0.14 - 23.07 97.23
4192 ~ 0,02 6.60 1,38 2,23 19.49 - 27.72 99.36
4194  0.01 - 6.78 1.29 3.95 17.66 - 27.71 99.34
40.23 . 0,02  6.74 2.24 0.35 18.77 3.86 27.84 100.05
42.68 0.30 7.72 1.14 0.95 19.96 - 28.31 101.06

Formula calculated on the basis of 29 atoms
9.72 1.53 0.60 - 4.18 12.97 29.00
9.63 0 01 1.58 0.56 4.26 12.96 29.00

9.80 005 178 037 - 2.34 1.37 0.33 12.95 28.99
9.82 008 180 0.19 0.58 2.82 0.60 13.12 29.01
9.82 002 164 022 0.17 4.11 004 13.12 29.14
9.56 008 179 0.24 0.67 291 052 13.24 29.01
9.60 006 176 025 0.93 2.94 026 13.20 29.00
979 003 175 029 0.34 3.18 0.47 13.13 28.98

7971 010 U190 1034 1.64 1.38 090  13.03 29.00
10  19.47::4.0061 175 0.69 1.44 2.53 013 1293 29.00
11 953 ,..004 171 064 1.10 2.95 016 12.87 29.00

NODONAWNLWN =

12 98 -, .- 171 0.18 0.07 4.04 001 13.11 29.00
13 - 98 - - 16 013 0.10 4.18 - 13.13 28.99
14 987 - ' 175 014 054 370 - 13.01 28.99

15 974 006 179 0.19 2,02 2.10 002 13.09 29.01
16 9.92 003 173 023 1.89 2.17 007 1296 29.00

17 9.83 0,04 176 0.15 2.26 1.89 - 13.06 28.99
18 9.65 001 155 044 427 - 13.08 29.00
19 8.30 173 188 - 4 0 - - 12.99 28.99
20 825 184 195 - 410 - - 12.85 28.99
21 7.33 280 140 0.12 4.07 0.03 - 13.24 28.99
22 9.92 - 153 037 0.27 391 - 13.00 29.00
23 997 - 157  0.35 0.49 3.56 - 13.05 28.99
24 9.58 - 156 0.60 0.04 3.79 028 13.14 28.99
25 988 ... 004, 174 030 o1 3.92 - 13.00 28.99

Nos. 1-3: Stage II; Nos. 4-25: Stage IV. .
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Fig. 3. Compositional range of Bz-beanng members of tetrahedrite —tennantite series in
the Sb- As-Bi system. - o £,

Ag dxstmctly increases. the c;ll sxze of tctrahednte (Rn.mr 1974, Patrrack &
Hawe 1983), For checking the effecg,»agg Bi, substitution on the cell size,
small crystals (35x25um) of the most Bi-rich, almost Ag-free tetrahedrite
with 1.64Sb, 1.38 As and 0.90Bi atoms per formula unit (Table 3, anal. 9)
were studied by X-ray microdiffraction (Table 4). The cell size obtained (a
10.383 A) is much larger” than ‘those’ of Bi- ‘and Zn-free (a 10.258 A) and
Bifree zincian intermediate members (a 10.270A) with Sb/As ratios of
about 1:1. Thus substmmon of Bi for As and Sb considerably increases
the cell size: of fahlores. Further X-ray data, in particular of Bi-rich end
members of the tetrahednte—tennantxte sens, are necessary for correla-
tion. - |

Galena
T%*ii““

Galena is the most abundant prc "in Zidarovo, deposited exclusxvely in
the fourth stage of minéralization, together with sphalerite. It often carries in-
clusions of tetrahedrite, tennantite 'or dcanthite. 10 AAS analyses of large
galena crystals devoid of mineral inclusions, revealed Ag, Bi and Sb contents of
270-451 ppm, 5~80 ppm;‘and 93 —345 ppm, respectively.
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Table 4. Microdiffraction data* of Bi-bearing tetra-
hedrite from Zidarovo (see Table 3, anal. No 9 for
chemical composmon)

d

2.977
3.434
2.099
1.874
1.822
1.784
1.672
1.470 ..
1.380-
1.307
1.207

‘a = 10383 (5) A.

* Operating conditions: Cr, 40 kV, 110 mA, col-
limator: 30 pm, running time: 22 h, detector:
OED, Omega angle: 20° Method: Point focus

. X-ray diffracotmeter D/max-C system, Rigaku.

i
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Sphalerite

Sphalerite is an abundant mineral in Zidarovo. It was mainly deposxted in the
stage IV mineralization. Only rarely it is also found in stage II, in association
with emplectite and aikinite, Microprobe analyses show that sphalerites from
both stages of mineralization are extremely Fe-poor (in 13 analyses Fe =
0.08-0.89 wt.%, in 2 analyses Fe: 2.33-3.05 wt.%). AAS analyses revealed Cd
and Mn values in the range of 3720 7230 ppm and 92-1220 ppm, respec-
txvely

Fluid inclusion studies

Sixteen samples representing stages I-IV of ore mineralization from Kanarata
and Yurta, were studied for fluid inclusions. The stages V and VI are devoid of
ore minerals (Fig: 2). ‘They ‘were not included in the present study. A total of
192 inclusions (182 in"qudrtz, 10 in sphalerite) were identified as primary and
pseudosecondary according to Roepper (1984). In addition, about forty sec-
onda.ry inclusions were stud:ed in quartz from different stages of mineraliza-
tion.

Inclusion types

The majority of the inclusions is of common liquid-rich type with a vapor
bubble which occupies between 15 and 40 percent of the total volume of the
inclusions at room temperature. All of them homogenize to the liquid phase.
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Less abundant are monophase inclusions of ‘either vapor or hqmd which oc-
ms;ona.lly occur in association withliquid-rich inclusions of various vapor/
fluid ratios, mainly in quartz of stage 1V, No daughter crystals were found in
the mduswns studxed.

A Vi Z '.: f;;;‘ e '. i
ERGE

Secondary mclusxom

Most of the secondary inclusions were too small in size and not suitable for ac-
curate measurements. Their homogenization temperatures are in the range of
105 to 145 °C. The salinities vary between less than 1.0 and 5.0 eq. wt.% NaClL

Temperature and salinity data =

Variations of homogenization temperatures and other data of primary and
pseudosecondary inclusions are given in Fig. 4 and Table 5. There is a distinct

4| - Stage ., Locality
b ey olov
20 Yurta
] ] ﬁ ] ]
40 ' ’
e |
20 R Kanarata
>0 - =p— l ' ‘.l VY T
’ g il tad sttt 10T e :
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100. 150 . 200 i 380. 400
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'Fig. 4. H:stograms showmg the: d:stnbuuon of homogemzanon temperatures deter-
mined on the primary inclusions. - .3
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Table 5. Summary of fluid inclusion data.

Stage Locality Size V/F Th Te Mean Tm Salinity = Number
(um) (°Q) 9 Te  (°CQ)  (q.wt% of
NaCl) inclusions

I Yurta 5% 7to 30/70t0 310-371 -152t0 ~-195 ~17t0 3.3-43 22
8x12 35/65 =243 ~22

I Kanarata 6x 6to 20/80t0 258-316 -172t0 -190 -~15t0 29-83 32
10x 12 30/70 =208 ~48

m Kanarata 5% 7to 15/85t0 283-295 -148t0 -198 -~16t0 3.1-43 36
9x11 30/70 =222 ~22

Yurta 5% 6to 20/80to 197-292 -156toc -221 ~13t0 2.0-83 92
22 x40 40/60 -24.9 ~4.5

V/F: vapor/fluid ratio; Th: homogenization temperature; Te: eutectic temperature; Tm: melting temperature.

decrease in homogenization temperatures from stage I to II, whereas temper-
ature data determined for later stages show some overlaps. However, a general
tendency of decreasing temperatures is obvious. The lowest homogenization
temperatures (150—120°C) were obtained for fluid inclusions in sphalerite
from the last stage (Fig. 4). Calcite was not examined in the present study.
However, its formation temperature has been reported by Kovarcuev &
STRASHIMIROV (1979), to be in the range of 180-170°C. The salinity data ob- .
tained are based on freezing point depression in the system H,O-NaCl
(RoEDDER 1962, POTTER et al. 1978). From the average eutectic temperatures
(=19.0 to —22.1°C) (Table 5) it is obvious that the inclusions do not contain
any MgCl, and CaCl,, the eutectic temperatures of which are —33.6 and
~49.8°C, respectively. A plot of homogenization temperatures versus salinity
data for fluid inclusions from all stages of mineralization does not show any
correlation (Fig. 5). However, primary and secondary inclusions differ dis-
tinctly in their homogenization temperatures. For primary and pseudosec-
ondary inclusions a frequency maximum of remarkably low salinity between
3 and 5eq. wt.% NaCl suggests that meteoric water was probably involved
during ore mineralization.

Discussion and conclusions

In the Zidarovo deposit four stages of mineralization were established. The
. main stages are the second, when the major part of the economically impor-
tant copper and gold was deposited, and the fourth, when the base metal and
the silver minerals were precipitated. Mineral assemblages of the main stages
occupy different places in the ore field. The chalcopyrite —bismuthinite miner-
alization has been emplaced in the central part of the ore deposit (Kanarata),
while the galena-sphalerite mineralization occurs in the northwestern peri-
phery (Yurta). In spite of distinct telescoping of the mineral parageneses, lat-
eral zoning of the mineralization is also evident. The presence of silver min-
erals, Ag-rich gold and Ag-rich tetrahedrite as well as the higher Ag-contents
of chalcopyrite in the galena—sphalerite assemblage suggest that the hydro-



The Zidarovo copper polymetallic deposit, Bulgaria 295

® Primary
o Secondary

Salinity (eq.wt.%4NacCI)
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Fxg. 5. Homogemzauon tempenture vmus aahmty plot for pnma.ry and seconda.ry
ﬂmdmcluuons.

thermal ﬂmds were ennched in sllver dunng the last stage of ore mmerahza
tion. "

“The occurrence of bnsmuth mmerals and Bx-bwmg fahlom is spectfic to Zi-
darovo. Bismuth was concentrated in"the early stage of mineralization. How-
ever, the significant amounts of bismuth in tetrahedrites and tennantites in the
galena—sphalerite assemblage indicae that some Bi was also available or was
redeposited during the last stage of mineralization. This may be due to partial
decomposition or, dissolution of the.early formed bismuth minerals and their
replacement by the-later' formed fahlores. The compositional variations of
members of the temhednte-tennanute series do not indicate any fluctuation
of Sb and As concentrj.mons in th‘e 3?& flulds ‘during their evolution,

Our. flmd inclusion s ' 5.¢ ual decrease of homogenization tem-
peratures from stage I (371 -310. °C) tn stage IV (292-197 °C) of mineraliza-
tion.- Formation: temperatures in the-range of 305-250°C and 295-210°C
have been ‘reported by KovAtcuiv & Strasunarov (1979) for chalcopyrite—
bismuthinite and chalcopyrite—galena—sphalerite assemblage, rspecuvely,
which probably corresponds to the mmerahzatlon stages II and IV in the pre-
sent study.

Kovarcaev (1983, 1990) suggmed zoning of the mineralization around the
Zidarovo intrusion. Traasition zones both in ore mineral parageneses and
their formation temperatures (Fig. 4) are consistent with this assumption. The
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homogenization temperatures obtained represent the minimal formation tem-
peratures of quartz and the associated ore minerals. Pressure conditions and
the primary depth of mineralization cannot be calculated because reliable evi-
dence for fluid boiling has not been obtained. However, some geological and
mineralogical peculiarities in Zidarovo indicate a shallow depth of mineraliza-

tion.

The following points are particularly relevant:

1. Emplacement of the ore bodies in subvolcanic-volcanic rocks and in the re-
lated pyroclastics and tuffs within a caldera structure.

Distinct telescoping of the mineral parageneses.

Presence of more than one generation of some of the ore minerals.
Predominance of quartz in all stages of ore mineralization.

Periodical fluctuation of sulphur and oxygen fugacity in the mineralizing
fluids which is indicated by alternation of sulphides, hematite and sulpho-
salts.

NN

Almost all the above-mentioned mineralogical features are comparable to
those encountered in the Madjarovo ore deposit (BRESKOVSEA & TARKIAN
1993). Accordingly KovaTcHev (1983) suggested low pressure conditions and a
shallow depth of mineralization of 1300 m and 500 m in the central and outer
zone of the Zidarovo deposit, respectively. Fluid inclusion data of the present
study show that overall salinities of the fluids were very low during all stages
of mineralization. This can be explained by interactions between ascending
- hydrothermal fluids and downward migrating dilute meteoric waters. Such
processes are very likely in a subvolcanic-volcanic environment characterized
by shalow-seated, fault controlled mineralized veins.
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