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Ï. Ìàð÷åâ, Ð. Ìîðèö – Èçîòîïåí ñúñòàâ íà Sr è Pb â Öåíòðàëíîðîäîïñêèòå ðóäíè ïîëåòà: èçâîäè çà ãåíåçèñà íà ïîëèìåòàëíèòå íàõîäèùà. Ïîëèìåòàëíèòå õèäðîòåðìàëíè íàõîäèùà îò Ìàäàíñêîòî è Ëúêèíñêîòî ðóäíè ïîëåòà â þæíà Áúëãàðèÿ ñà âìåñòåíè â ãíàéñè
è ìðàìîðè íà âèñîêî-ìåòàìîðôíèòå ñêàëè íà Öåíòðàëíîðîäîïñêèÿ ìåòàìîðôåí ÿäðåí êîìïëåêñ. Â êúñíèÿ îëèãîöåí ìåòàìîðôíèòå ñêàëè ñà èíòðóäèðàíè îò ðåäêè îëèãîöåíñêè ðèîëèòîâè äàéêè è íà ìåñòà ñà ïîêðèòè îò òåðöèåðíè êîíãëîìåðàòè è ãîëåìè ñóáàåðàëíè
ðèîëèòîâè èãíèìáðèòè. Â íàñòîÿùîòî èçñëåäâàíå, Pb èçîòîïíè àíàëèçè íà ãàëåíèò è ïèðèò
è Sr èçîòîïíè àíàëèçè íà áàðèò îò íÿêîëêî ðóäíèêà íà Ìàäàíñêîòî è Ëúêèíñêîòî ðóäíè
ïîëåòà ñà ñðàâíåíè ñ Pb è Sr èçîòîïè íà ìåòàìîðôíèòå è ìàãìàòè÷íè ñêàëè, ñ öåë äà
ðàçáåðåì ïðèðîäàòà è èçòî÷íèöèòå íà ìåòàëè çà ìèíåðàëèçàöèÿòà.
Òåìïîðàëíèòå âçàèìîîòíîøåíèÿ ìåæäó ïîëèìåòàëíèòå ðóäíè íàõîäèùà è ìåñòíèÿ ìàãìàòèçúì ÿñíî ïîêàçâàò, ÷å ìèíåðàëèçàöèÿòà å ñâúðçàíà ñ ôèíàëíèÿ ñòàäèé íà ìàãìàòè÷íàòà
àêòèâíîñò. Îáà÷å, íåçàâèñèìî îò òåñíèòå ïðîñòðàíñòâåíè è òåìïîðàëíè âçàèìîîòíîøåíèÿ
íà ðóäíèòå íàõîäèùà ñ ìàãìàòèçìà, ñòîéíîñòèòå íà Pb èçîòîïè íà ãàëåíèòà ïîïàäàò â
ïîëåòî íà îòíîøåíèÿòà íà ïîñòèëàùèòå ìåòàìîðôíè ñêàëè, ïîêàçâàùè, ÷å ïîâå÷åòî îò ðóäíîòî Pb ïðîèçëèçà ïðåäèìíî îò èçëóæâàíå îò ìåòàìîðôíèòå ñêàëè. Îòíîøåíèÿòà 87Sr/86Sr
íà áàðèòà ïîïàäàò ìåæäó ïî-ðàäèîãåííèòå èçîòîïíè ñúñòàâè íà ïîñòèëàùèòå ìåòàìîðôíè
ñêàëè è ïî-ñëàáî ðàäèîãåííèòå èçîòîïíè ñúñòàâè íà îêîëíèòå ìàãìàòè÷íè ñêàëè, êîåòî å â
ïîäêðåïà íà ñìåñâàíåòî íà òåçè äâà èçòî÷íèêà. Çíà÷èòåëíèòå âàðèàöèè íà èçîòîïíèòå îòíîøåíèÿ íà Pb è Sr, â ðàìêèòå íà îòäåëíî ðóäíî íàõîäèùå ïîäêðåïÿò èçâîäà, ÷å ïîâå÷åòî
Pb è Sr âúâ ôëóèäà ñà èçëóæåíè îò âìåñòâàùèòå ñêàëè.
Abstract. Base-metal hydrothermal deposits from the Madan and Laki ore fields in southern
Bulgaria are hosted within gneissses and marbles of high-grade metamorphic rocks of the Central Rhodopean metamorphic-core complex. The metamorphic rocks were intruded in the Late
Oligocene by rare rhyolitic dykes and are locally overlain by Tertiary conglomerates and large
rhyolitic sub-aerial ignimbrites. In this study, Pb isotope analyses for galena and pyrite and Sr
isotope analyses for barite from several mines in the Madan and Laki ore fields have been
compared to the Pb and Sr isotopes of the metamorphic and igneous rocks to reveal the nature
and sources of the ore metals.
Temporal relationships between the base-metal ore deposits and local magmatism clearly
indicate that mineralization is related to the waning stage of igneous activity. However, despite
the close spacial and temporal relationship between the ore deposits and the magmatism, the Pb
isotope values of galena fall within the ratios for the underlying metamorphic basement rocks,
indicating that most of the ore Pb was derived predominantly through leaching from the metamorphic rocks. The 87Sr/86Sr ratios of barite range between more radiogenic strontium isotope
composition of the basement metamorphic rocks and the less radiogenic isotopic signatures of
the local igneous rocks, supporting mixing between those two sources. Considerable variations of
the Pb and Sr isotope ratios even within the individual base-metal veins support the view that
most of Sr and Pb in the vein-forming fluid was leached from the host rocks.
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Introduction

Mining and Exploration history

The hydrothermal Pb-Zn vein and metasomatic replacement deposits of the Madan and Laki ore fields
in the Rhodope Massif rank among the major deposits of Pb and Zn in Europe and the most important source of base metals in Bulgaria in the last 50
years. The origin of base-metal mineralization in the
Central Rhodope ore fields, however, is still poorly
understood and the question remains as to whether
the ore-forming fluids are magmatic or metamorphic
in origin.
The earliest attempts to understand the origin of
the base metals using Pb isotope studies can be dated back to the mid seventies (Amov et al., 1977; Àìîâ
et al., 1979, 1985, 1993). These authors interpreted
the Pb isotope composition of galena in favor of a
metamorphic origin for lead in the Madan ores, although a genetic (paragenetic) relationship with the
igneous activity was also emphasized. Later studies
on the basis of oxygen and hydrogen isotopes in the
silicate and sulphate minerals (McCoyd, 1995; Bonev
et al., 1997) and fluid inclusions in the galena (Bonev
et al., 1997) concluded that the hydrothermal fluid
in the Madan system was dominated by exchanged
meteoric water with no indication of magmatic input. In a recent paper, Marchev et al. (2005) observed
that 40Ar/39Ar ages of alteration sericite, determined
by Kayser et al. (2004), the zircon ages of the ignimbrires from the Vitinia and Smolian area, and dykes
from Madan (Ovtcharova et al., 2003) were similar
and sited this as evidence for a magmatic influence
on the base metal deposits.
Strontium isotope systematics have been used to
trace the source rock reservoirs for various components of the hydrothermal fluids in different types of
ore deposits, including polymetallic, barite-bearing
quartz veins (Polliand, Moritz, 1999; Marchev et al.,
2002). However, the Sr isotopes in the Madan base
metal deposits have never been investigated. This
paper presents the first strontium isotope compositions for 5 barite samples from 4 mines in the Central Rhodope ore deposits Ribnitsa, Strashimir, Erma
reka and Eniovche, which are integrated with new
and existing Pb isotope compositions of galena. The
main objectives of the study are: (1) to identify the
nature of the sources contributing Pb and Sr to the
deposits in the Madan hydrothermal systems, (2) to
build on previous studies and produce an integrated
model of magmatism and hydrothermal activity.

Mining of the Central Rhodopean Pb-Zn deposits is
believed to have commenced during Thracian times,
but the vast majority of the development dates from
the early 1950s to the end of the 1980s. During mining operations from 1941 to 1995 over 94.9 Mt of ore
grading 2.54% Pb and 2.10% Zn were processed from
the Madan ore field. Another 4.6 Mt ore at 2.37% Pb
and 2.17% Zn were extracted from the nearby Eniovche ore field, referred by many authors (including
this paper) to the Madan ore field. The Luki ore field
was the second largest field which produced 14 Mt
ore at 2.90% Pb and 2.16% Zn (Ìèëåâ et al., 1996).
The Ag content in the Madan dome ores vary between 12 and 53 g/t, with the ores in Ardino ore field
characterized by highest Ag grade (up to 160 g/t).
The richest and largest ore bodies were formed by
hydrothermal replacement of marbles, but significant
resources were mined from veins (Maneva et al.,
1996). At present, because of a decrease of ore grade
with depth, most mining operations have ceased, except for underground operations in three mines
(Djurkovo, Krushev Dol and Eniovche).
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Geological setting
The Rhodope Massif
The Madan and Laki Pb-Zn-base metal ore fields
are located within the Central Rhodope Massif approximately 150–200 km to the southeast of Sofia
(Fig. 1). The deposits are a part of the Rhodope metallogenic province (Ñòîÿíîâ, 1979), which comprises
numerous metamorphic-hosted hydrothermal basemetal vein and replacement deposits and volcanicand sedimentary-hosted epithermal deposits (Marchev et al., 2000; Marchev et al., 2005).
The Rhodope Massif, outcropping in southern
Bulgaria and northern Greece, is regarded as the most
internal zone of the Alpine-Himalayan orogenic system in the Eastern Mediterranean. According to recent ideas the Rhodope Massif is a complicated Alpine nappe structure, which consists of an amphibolite facies metamorphic basement derived from
magmatic and sedimentary protoliths, locally enclosing eclogites (e.g. Ivanov, 1989; Burg et al., 1990, 1996).
The pre-Alpine history of the Massif is poorly known.
Available data suggest the existence of extensive Late

Fig. 1. Geological map of the Central Rhodopean base-metal ore fields (modified from
Dimov et al., 2000)
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Carboniferous magmatism (290-310 Ma; Ovtcharova et al., 2003; Îâ÷àðîâà, 2005; Liati, Gebauer, 1999;
Peytcheva et al., 2004) and accompanying metamorphism (Carrigan et al., 2003). Magmatism of Late
Neoproterozoic age (572 ± 5 Ma) and much older
ages (3230–1600 and 2500–660 Ma) from a few inherited zircon cores (Liati, Gebauer, 2001; Carrigan
et al., 2003) suggest that the metamorphic basement
is Variscan or older.
In Alpine times, the Rhodope Massif was characterized by a complicated tectono-metamorphic evolution. Ivanov (1989) and Burg et al. (1990) recognized a major phase of compression and also one of
extension within the evolution of the massif. According to these authors, the first compressional stage was
characterized by large-scale south-vergent thrusting
and amphibolite-facies metamorphism, which culminated during the Middle Cretaceous (110—90 Ma;
Çàãîð÷åâ, Ìóðáàò, 1986). The following extensional phase involved exhumation of the thrust complex
through brittle-ductile detachment faults, and the
development of several domes (Central Rhodopean,
West Rila-Rhodope, Kessebir and Biala Reka). The
extension was initiated in the Late Cretaceous by
the emplacement of weakly deformed granitoid bodies dated at about 66.5—69.5 Ma (von Quadt, Peytcheva, 2005; Marchev et al., 2006), and then continued
with the formation of Early Tertiary graben structures, filled with continental and marine sediments
and volcanic rocks.

The Central Rhodopean Dome
The Central Rhodopean (Madan) Dome (Fig. 1) has
been interpreted as a large (tens of km diameter)
metamorphic core complex (Ivanov, 1989) in the central parts of the Rhodope Massif. Movements along
several detachment faults led to the unroofing of the
metamorphic core of the dome. The core is composed of orthogneisses (metagranitoids), micaschists,
amphibolites and marbles. U-Pb age dating of zircon from the metagranitoids yields Variscan ages (300
± 11 Ma; Peytcheva et al., 2004; Oâ÷àðîâà, 2005),
however, ages of 450 Ma for some granites (Oâ÷àðîâà,
2005) and much older ages for metaeclogites (Arkadaksky et al., 2000), have also been reported. Migmatitisation and local anatexis are common and UPb zircon and monazite ages of about 37 Ma (Arnaudov et al., 1990; Arkadaksky et al., 2000; Peytcheva
et al., 2004; Oâ÷àðîâà, 2005) have been interpreted
to mark the peak of metamorphism (P = 4—8 kbar, T
= 650—680°C; Georgieva et al., 2002). The subsequent
emplacement of undeformed pegmatite veins into the
footwall of the Madan Dome at about 36 Ma (Ovtcharova et al., 2003; Peytcheva et al., 2004) marks
the end of ductile deformation. The southeastern
flank of the dome, named the Startsevo allochthon,
overlies a poorly defined detachment plane. It consists of alternating orthogneisses (metagranitoids),
amphibolites, micashists and thick packages of marbles. U-Pb ages of zircon from the allochthon rocks
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suggest that older (450—470 Ma) metasedimentary
and metaigneous rocks have been intruded by ~150
and 53 Ma biotite granitoids (Oâ÷àðîâà, 2005). Thermal metamorphism and exhumation of the hangingwall unit occurred between 53—43 Ma with cooling
to 300—350°C at 35 Ma (Oâ÷àðîâà, 2005).
Above the hanging-wall unit, half-graben basins
developed and were filled with continental sediments
of Eocene-Oligocene age and acidic sub-aerial ignimbrite sheets form the Levochevo caldera and the
Perelik and Kotili-Vitinia volcanic areas (Harkovska et al., 1998; Dimov et al., 2000). Newly obtained
U-Pb ages from zircon (Ovtcharova et al., 2003) in
the Levochevo caldera and Perelik ignimbrites (32.6—
31.2 Ma) are slightly older than the age of the KotiliVitinia ignimbrites (30.8 Ma).
Several strongly hydrothermally altered dykes of
rhyolitic composition cut both footwall and hangingwall units of the Central Rhodopean Dome. The
dykes form two subparallel WNW-striking dyke
swarms. The northern dyke swarm can be traced up
to 60 km. The thickness of the dykes ranges from a
few meters to 30—40 m. Precise zircon age dating
(32.5—30.5 Ma, Ovtcharova et al., 2003) suggest that
the dykes are coeval with the neighboring ignimbrites.

Mineralization
The economic ore deposits of the Central Rhodopean Dome comprise hydrothermal Pb-Zn veins, stockworks and metasomatic replacements. Veins cut the
detachment fault and mineralization locally extends
into overlying conglomerates of the extensional basins. The metasomatic ore bodies are formed by replacement where veins intersect marble horizons both
in the hanging and footwalls. Mineralization at Luky
is hosted in four linear NNE-trending faults, whereas in the Madan area it is hosted in six subparallel
NNW-trending fault zones. The richest mineralization is developed at the intersections between the two
fault systems (Dimov et al., 2000). Widely distributed
WNW-SSE faults in the Madan ore field, preceding
the mineralization, are barren. Unlike the Madan
deposits, WNW-SSE faults at the Eniovche deposit
are mineralized. Mineralization reaches depths of
500—600 m below the present-day surface with an
average thickess of ~2 m and up to 10 m in the stockwork zones. Metasomatic replacement bodies extend
laterally up to 20—30 m away from the feeding faults,
and rarely up to 120 m at the intersections with the
WNW faults.
The ore fields of the Central Rhodopean Dome
exhibit comparatively similar characteristics of mineralization and relatively uniform mineral associations. The main minerals are quartz, galena, sphalerite, pyrite, arsenopyrite, chalcopyrite and carbonates,
including calcite and rhodochrosite (Bonev, 1982;
Áîíåâ, 1991; Kolkovski et al., 1996). Distal Mnskarns developed at the contacts with marbles, consisting of manganoan clinopyroxenes and rhodonite,
were subsequently replaced by manganoan hydrous

silicates, carbonates and finally by sulphides closest
to the feeder veins (Vassileva, Bonev, 2003; Vassileva
et al., 2005). Arsenic (mainly as arsenopyrite) is widespread at Madan but subordinate at Laki (Kolkovski, Dobrev, 2000). A regional horizontal zonation has
been suggested by Êîëüêîâñêè, Ìàíåâ (1988); Kolkovski et al. (1996); Kolkovski, Dobrev (2000) on the
basis of the Bi content in galena. These authors described also a vertical zonation within the Madan
veins, with an increase of galena, chalcopyrite and
pyrite as depth increases. A regional increase of the
galena/sphalerite ratio away from the Borovitsa
caldera was reported by Maneva et al. (1996) at the
Laki ore field. These authors suggested also a general vertical zonation of trace elements, with an upper
level enriched in Ag±Te in the least eroded Davidkovo ore field (Ìàðèíîâà, Êîëüêîâñêè, 1995), and
an intermediate level with Ag±Sb and a lower level
with Ag+Bi>>Sb for the rest of the ore fields.
Older studies of fluid inclusion temperatures of
homogenization at Madan indicated an increase of
temperature during ore deposition from 250 to 260ºC
in the upper levels to 280 to 350ºC in the lower levels
and 280 to 320ºC in the metasomatic bodies (Êîëüêîâñêè, Ïåòðîâ, 1972; Êîëüêîâñêè et al., 1981;
Petrov, 1981; Ñòðàøèìèðîâ et al., 1985; Êðúñòåâà,
Ñòîéíîâà, 1988; McCoyd, 1995; Christova, 1996).
A recent study of the Yuzhna Petrovitsa vein of the
Madan ore field (Kostova et al., 2004) demonstrated
that precipitation within the vein structure was mainly
the result of cooling from about 310ºC to 285ºC over
the investigated 400 m vertical interval. A similar temperature interval from fluid inclusion studies in
quartz from the Laki ore field was established by
McCoyd (1995), although minimal temperatures reported by Christova (1996) are considerably lower.
The largest temperature interval (200 to 345ºC) was
measured for the Davidkovo ore field (Íàôòàëè,
Ìàëèíîâ, 1988).
The polymetallic vein mineralization from Madan
and Laki precipitated from a slightly acid fluid with
a range of salinities from 0.5 to 5 eq. wt % NaCl.
Piperov et al. (1977) determined the Na:K:Ca ratio
from primary fluid inclusions in galena from Madan
as 11:2:1. A LA ICP-MS study of the trace element
composition of the fluid of Yuzhna Petrovitsa (Kostova et al., 2004), from which galena and sphalerite
started to precipitate, showed that the Pb and Zn
contents at the bottom of the investigated 400 m vertical interval were 7 to 8 ppm and 33 ppm, respectively. Cooling of the upwelling fluid by 25ºC led to
precipitation of ~80—85% of these concentrations at
the top of this interval.

Alteration
Alteration of the gneiss and amphibolite wallrocks
adjacent to mineralized veins is manifested by
bleached light-green haloes containing quartz-sericite-carbonate-pyrite (proximal; 1—100 cm) and chlo-

rite-carbonate-epidote alteration (Öâåòàíîâ, 1976).
Syn-ore alteration related to the quartz-galena-sphalerite veins also includes local silicification of the
gneisses (Áîíåâ, 1968). Silicification and kaolinite
alteration predominantly occur in the upper levels
of the vein systems, often correlated with arsenopyrite and sulfosalts.

Age of mineralization
The age of the mineralization in the Madan and Laki
ore districts has been determined by Kaiser-Rohrmeier
et al. (2004) and Kaiser-Rohrmeier (2005) using
40
Ar/39Ar age determination of white mica from ore
veins and altered wall rocks. Ages obtained from three
hydrothermal muscovite crystals precipitated in the
vuggy veins during and shortly after sulfide precipitation at Laki (29.37 ± 0.11 Ma; 29.36 ± 0.17 Ma;
29.19 ± 0.16) tightly constrain the time of mineralization to ~29.3 Ma. Muscovite dates from five Madan
samples range from 29.95 ± 0.12 Ma to 30.76 ± 0.29
Ma, with a mean age of ~30.4 Ma, pointing to small
but probably significant age differences for hydrothermal Pb-Zn mineralization in the two ore fields.
Sericite from alteration haloes of the veins of the
Madan ore field gives a slightly older age (~31.5 Ma),
similar to that from alteration muscovite from Eniovche (31.2 Ma). The youngest dated hydrothermal
sericite from Eniovche gives ~25 Ma which has been
interpreted to indicate local resetting by later geothermal activity.

Samples and analytical methods
Analytical data used in this study come from new
analyses presented herein and from the literature. We
have analysed sulfides (galena and a pyrite) and barite
for Pb and Sr isotopes and ignimbrites from Perelik
(Sr isotopes only). Galena samples have been collected from seven mines, two of these being characterized by two samples. The pyrite is from an alteration halo of the Chetroka mine of the Laki ore field.
Barite samples are from 4 deposits. Two of the samples come from different levels of the Strashimir deposit. The location of the samples is shown in Table 1.
The data for the metamorphic basement and igneous rocks are mostly from the literature.
Sr and Pb isotopes were measured by standard
TIMS procedures at the University of Geneva, Switzerland following the methods of Valenza et al. (2000)
and Chiaradia, Fontboté (2002). For strontium isotope determinations on barite, approximately 100 mg
of finely ground material was leached overnight in 6
N HCl at 100ºC. The solution was evaporated and
the residue dissolved in 2.5 N HCl. Strontium was
separated using a cation exchange column, and isotopic analyses were made on a Finnigan MAT 262
thermal ionization mass spectrometer at the University of Geneva.
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Table 1
Isotope compositions of Sr in barite and Pb in galena and pyrite from ore deposits in the Central Rhodope Dome
1
2
3
3
4
4
5
6
7
8

Ore field

Ore deposit

Sample №

87

Sr/86Sr

Madan
Madan
Madan
Madan
Madan
Madan
Madan
Madan
Laki
Laki

Ribnitsa
Murzyan
Kroushev dol
Kroushev dol
Strashimir
Strashimir
Erma reka
Enyovche
Djurkovo
Chetroka

R-19
MZ-424 GA
KrD-30 GA
BU-8A
ST-839
S-110 GA
ER-10-Ba
EN-W.11 GA
BU-14A
LU 2000-31B

0.713941±6

0.711255±9
0.710628±12
0.710028±8
0.709464±12

Results
Vein barites and sulfides
The Pb and Sr isotope data for the sulphides and
barites are listed in Table 1. Newly measured Pb isotope data of sulphides from the Central Rhodopes show
pretty uniform isotopic compositions (206Pb/204Pb
=18.68—18.75; 207Pb/204Pb=15.66—15.70; 208Pb/204Pb
=38.88—39.01), falling in the range of earlier measured Pb isotope ratios of galena from the Madan
and Laki ore fields (Fig. 2; Amov et al., 1977; Àìîâ
et al., 1985, 1993). Pb isotope compositions from the
galena of Eniovche and one of the samples from Stra-

mineral

206

Pb/204Pb

207

Pb/204Pb

208

Pb/204Pb

galena
galena
galena
galena
galena
galena

18.725
18.704
18.707
18.684
18.708
18.685

15.674
15.662
15.677
15.664
15.697
15.660

38.944
38.902
38.949
38.904
39.012
38.880

galena
galena
pyrite

18.718
18.749
18.730

15.659
15.669
15.658

38.895
38.915
38.900

shimir (S-110) have the lowest radiogenic 207Pb/204Pb
ratios (~15.66), whereas the second galena from Strashimir (ST-839) shows the most radiogenic 207Pb/204Pb
(15.70) and 208Pb/204Pb (39.01) ratios.
Overall, the 87Sr/86Sr ratios of the five barite samples from the Madan ore field are within the range
0.70946—0.71394 with the lowest and highest values
measured in the Eniovche and Ribnitsa barites, respectively. Because of the young age and low contents of Rb in the barite, no correction of Sr isotopes
has been done (see Marchev et al., 2002). Thus, the
measured present-day 87Sr/86Sr ratios of the hydrothermal barite have been used to directly estimate
the composition of the mineralising fluid.

Table 2
Lead isotope data from the Central Rhodope igneous and metamorphic rocks
Locality
Igneous rocks
Perelik
Metamorphic rocks
Chalkidiki
Central Rhodopes
Asenitsa Unit?
Metagranitoids-Arda Unit
Leucosoma-Arda Unit

Number of
analyses

206

Pb/204Pb

207

Pb/204Pb

208

Pb/204Pb

References
Амов и др., 1993

1

18.67

15.68

38.92

26

18.62 to 18.95

15.64 to 15.74

38.74 to 39.20

Frei, 1995

19
6

18.57 to 18.84
18.99 to 19.56
18.56

15.64 to 15.70
15.59 to 15.70
15.66

38.61 to 38.94
38.76 to 39.19
38.84

Арнаудов и др., 1992
Арнаудов и др., 1992
Арнаудов и др., 1992

Table 3
Strontium isotope data from the Central Rhodope igneous rocks
Locality
Igneous rocks
Perelik
Levochevo
Kotili-Vitinia
Metamorphic rocks
Arda Unit
Arda Unit
Asenitsa Unit

87

Sr/86Sr

References

0.70929
0.70900 – 0.70977
0.7077 – 0.70852

Eleftheriadis, 1995
Harkovska et al., 1998
Innocenti et al., 1984; Eleftheriadis, 1995

0.70883 – 0.71916
0.71977 – 0.71977
0.71035 – 0.75235

Загорчев и Мурбат, 1986
Peytcheva et al., 2004
Загорчев и Мурбат, 1986

Notes: Data of Peytcheva et al., 2004 are from both footwall and hangingwall of the Startsevo detachment
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Tertiary igneous and pre-Mesozoic
basement metamorphic rocks
Available Sr and Pb isotope data for the Paleogene igneous rocks in the area are very limited. The 87Sr/86Sr
isotopic analyses of 4 samples of unaltered volcanic
rocks and one Pb isotope analyses of sanidine from
the Perelik ignimbrites are presented in Table 2 and
3. The 87Sr/86Sr ratios fall between 0.70780 and
0.70929. The highest 87Sr/86Sr ratio is from the northernmost Perelik ignimbrites, whereas the rocks from
the Greek part of Kotili-Vitinia have lower ratios.
The sanidine from Perelik gives 206Pb/204Pb = 18.67,
207
Pb/204Pb = 15.67 and 208Pb/204Pb = 38.92.
The Sr isotope composition of the host metamorphic rocks is unevenly studied. Data for the metagranitoid rocks of the Arda unit are more abundant,
and subordinate for the Asenitsa, Madan and Startsevo units (Çàãîð÷åâ, Ìóðáàò, 1986; Peytcheva et al.,
2004; Kaiser-Rohrmeier, 2005). These authors define
a wide range (0.7088—0.7524) with most of them close
to a mean value of 87Sr/86Sr = 0.71252 ± 0.00345 calculated from the the data of Peytcheva et al. (2004)
for the time of ore deposition (~30 Ma).
Whole rock Pb isotope data for the metamorphic
rocks are lacking, however, a large number of Pb isotopes for the K-feldspar from the metamorphic rocks
of the Central Rhodopes have been reported by
Àðíàóäîâ et al. (1992). The nearest whole rock samples from the metamorphic basement, analysed for
Pb isotopes, have been published for the Serbomacedonian Massif in the NE Chalkidiki peninsula (Frei,
1995). These data are in the range 206Pb/204Pb=18.62
to 18.95; 207Pb/204Pb=15.64 to 15.74; 208Pb/204Pb=38.74
to 39.20. Lead isotopes for KFs from the upper stratigraphic units of the Central Rhodopes are in the
range 18.57—18.84 (206Pb/204Pb), 15.63—15.70 (207Pb/
204
Pb), 38.61—38.94 (208Pb/204Pb), with much higher
206
Pb/204Pb (19.02—19.61) and 208Pb/204Pb (38.90—39.19)
at similar 207Pb/204Pb (15.59—15.70) ratios in the KFs
of the Variscan metagranitoids from the Arda unit.
The lowest radiogenic values have been measured in
the leucosomes from gneisses of the Arda unit (206Pb/
204
Pb = 18.56; 207Pb/204Pb = 15.66; 208Pb/204Pb = 38.84).

Discussion
Space—time relationships between
mineralization, magmatism
and metamorphism
The origin of the Madan base metal mineralization
has been related by several authors to the spatially
associated Tertiary rhyolitic dykes (Èâàíîâ, 1983;
Kolkovski et al., 1996). However, other authors argue
that thermal processes during partial melting of a
lower crustal protolith might have played an important role in ore formation (Arnaudov, 1990; Cherneva et al., 2000; Kaiser-Rohrmeier, 2005). The combined microthermometric and LA ICP-MS study of

the fluid inclusions at the Petrovitsa mine of the
Madan ore field (Kostova et al., 2004) was unconclusive as to whether the Madan mineralization
formed above a cooling pluton or as the result of
circulation of fluids during the cooling of the Madan
Dome.
Recently obtained 40Ar/39Ar data on hydrothermal
muscovites and U-Pb zircon and Rb-Sr ages of regional magmatism and metamorphism (Peytcheva et
al., 2004; Arkadaksky et al., 2000; Ovtcharova et al.,
2003; Îâ÷àðîâà, 2005; Kaiser-Rohrmeier et al., 2004;
Kaiser-Rohrmeier, 2005) reveal the general timing
of these processes in the Central Rhodopes and could
be an useful tool to understand the time relationship
between the metamorphic and igneous processes and
ore deposition. 40Ar/39Ar ages of sericite in the sulphide veins in the Madan field (Kaiser-Rohrmeier et
al., 2004; Kaiser-Rohrmeier, 2005) are ca. 0.5 to 1.0
million years younger than the U-Pb zircon ages of
nearby Perelik ignimbrites and a rhyolite dyke, but
are identical to the age of Kotili-Vitinia ignimbrites
(Ovtcharova et al., 2003 and unpubl. data). The mineralization in the Laki ore field (~29.3 Ma; KaiserRohrmeier et al., 2004; Kaiser-Rohrmeier, 2005) is
significantly younger than the post-caldera volcansim
(~31.8 Ma; Singer and Marchev, 2000) of the Borovitsa volcanic area, but could still potentially be related to late-stage crystallization of deeper intrusive
rocks or to some late stage magmatic bodies, which
are undated yet. Ages of pre-ore muscovite (36 to 35
Ma; Kaiser-Rohrmeier et al., 2004) are close to zircon ages of migmatite and pegmatite formation at
36 to 37 Ma (Arnaudov et al., 1990; Peytcheva et al.,
2004; Ïåé÷åâà et al., 1993; Arkadaksky et al., 2000;
Ovtcharova et al., 2003; Îâ÷àðîâà, 2005), and a RbSr mineral isochron and 40Ar/39Ar ages (~35 Ma) of
metamorphic biotite (Kaiser-Rohrmeier, 2005) are 6
to 7 million years older than the age of the mineralization in all ore fields. All together these ages and
are more closely related to the Late Alpine metamorphic history of the dome. Therefore, despite the close
time relationship between the metamorphic and igneous processes, which are the result of the same
large-scale late-orogenic extension (Arnaudov et al.,
1990; Kaiser-Rohrmeier, 2005), the age of mineralization is closer to that of magmatic events in the
area. Thus, the available age results suggest that vein
and metasomatic mineralizations in the Central
Rhodope Dome can be related to the Oligocene magmatism rather than the metamorphic events.

Source of fluids and metals
Oxygen and hydrogen isotope studies of quartz (McCoyd, 1995; Bonev et al., 1997) and fluid inclusions
in galena (Bonev et al., 1997) showed that the hydrothermal fluid in the Laki and Madan systems was
dominated by meteoric water which has interacted
with the basement metamorphic rocks. Although
Bonev et al. (1997) assume a minor participation of
a magmatic component, close spatial and temporal
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relationship between magmatism and mineralization,
as well as the observed σ18O-D/H trends imply larger
involvement of magmatic fluids. According to Hedenquist and Lowernstern (1994), evidence for the
dominance of the meteoric waters in epithermal systems is more obvious when they are associated with
large magmatic systems. This is probably because the
subsequent convection cell is large and long-lived,
and will obscure the evidence for an early component of magmatic water. Oligocene silicic igneous
activity in the Madan ore field covers a large area
exceeding 500 km2, which includes silicic dike
swarms as well as the neighbouring Perelik and Kotili-Vitinia ignimbrite areas. Although, this is probably not the size of a single magma chamber, it shows
that the magmatic body(s) was large enough to sustain the hydrothermal system for a long time.
Three different hypotheses have been suggested
for the genesis of metals in the base-metal deposits:
(1) spatially associated Tertiary rhyolitic dykes (Ivanov,
1983); (2) leaching of crustal Pb (Amov et al., 1977,
Amov et al., 1985, 1993); and (3) a combined origin
from crustal magma chambers and leaching from
older (Riphean) mineralization (Kolkovski et al.,
1996).

The crustal origin of the Pb in the deposits from
the Bulgarian part of the Central Rhodopean Dome
has been suggested on the basis of previous Pb isotope data (Amov et al., 1977, Amov et al., 1985, 1993).
In a study on the base metal deposits from the Thermes region, which is the extension of the Madan ore
field into Greece, Changkakoti et al. (1990) also concluded that all the lead was derived from the metamorphic basement. These authors, however, had no
clear idea whether it derived from a crystallizing
magma or through leaching of host rocks.
The model proposed by Kolkovski et al. (1996) for
the combined origin of the lead implies leaching from
old strata-bound Pb-Zn mineralization in deformed
marbles, discovered in deep boreholes. This model
was criticized by Áîíåâ (2002), who pointed out that
neither mineralogical, nor isotopic evidence supports
this idea.
In order to evaluate the possible roles of the different sources, Pb and Sr isotope data for the sulfides and barite are compared with those of igneous
and metamorphic rocks (Figs. 2, 3). The Pb isotope
ratios of the sulphides (Fig. 2) have a rather uniform
Pb isotope composition with elevated 207Pb/204 Pb and

Fig. 2. Pb isotope compositions of galena and pyrite from the base-metal deposits at Madan, Laki and Eniovche, compared with
sanidine from the Perelik ignimbrite and metamorphic basement rocks. Pb isotopes for galena and pyrite are from Table 1; Data
for Pb isotopes of the Perelik ignimbrite K-feldspar are from Amov et al. (1993) and Àðíàóäîâ et al. (1992); whole-rock Pb
isotopes for the metamorphic rocks are from Frei (1995)
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Fig. 3. Sr isotope composition of barite from the Central Rhodopean base metal deposits, compared with whole rock Perelik,
Kotili-Vitinia ignimbrites and metaigneous metamorphic basement rocks from the Madan Dome. Data for the igneous rocks –
from Harkovska et al. (1998); for the metamorphic rocks from Peytcheva et al. (2004), corrected for 30 Ma

Pb/204Pb for a given 206Pb/204Pb, compared to the
North Hemisphere Reference Line (NHRL). Due
to the similarity of the Pb isotope compositions of
magmatic and most metamorphic rocks, however,
distinguishing between magmatic and metamorphic sources is impossible. In any case, two groups
of rocks (Herzinean metagranitoids and leucosoma of Arda unit), which have distinctive Pb isotope compositions, can be excluded as a source of
Pb for the sulphides. Earlier, Arnaudov et al. (1990),
Kalogeropoulos et al. (1989) and Nebel et al. (1991)
also pointed out the uniformity of the isotope composition for ore and igneous rock lead in the
Rhodopes and Serbo-Macedonian Massif and suggested that it is the result of extensive reworking of
Palaeozoic crust in Mesozoic to Tertiary times.
According to Marchev et al. (2005), the similarity
of the isotopic compositions of the igneous and
metamorphic basement rocks and the predominantly acid composition of the igneous rocks are the
result of a large amount of contamination of crustal
material in the igneous rocks of the Central
Rhodope area, which are characterized by thick
continental crust.
The 87Sr/86Sr isotope ratios (0.70946—0.71394) of
barite (Fig. 3) span a range from values typical of
most radiogenic ignimbrites up to values which are
typical of the metamorphic basement rocks. These
data are consistent with mixing line between a Sr
contribution from an igneous source with a large
imput from the local metamorphic basement. Thus,
Sr isotopes seem to be more useful than Pb isotopes
in evaluating contribution from an igneous source.
The distinctly more metamorphic Pb than Sr in the
magmas may suggest that a more primitive magma, a
precursor of the acid magmas, was characterized by
lower Pb and higher Sr contents and was more easily
contaminated by host metamorphic rocks, which are
relatively enriched in Pb and depleted in Sr. It is
important to point out that if a magmatic component is present, it should have had a direct magmatic origin, since the hydrothermal fluid flowed entirely through the metamorphic sequence, before deposition of mineralization.
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Sr and Pb isotope data from two pairs of barite
and galena samples, taken from two levels of the
Strashimir mine (see Table 1), throw additional light
on the mechanism of changes of the isotopic composition of the ore forming fluid. These samples show
a considerable shift from less radiogenic to more radiogenic values of Sr and Pb isotopes and suggest a
significant change of the isotopic composition within a very short distance. More importantly, these variations suggest that more radiogenic crustal components in the fluid have been picked up during fluid
ascent through the metamorphic section.
Despite the uncertainty provided by the Pb isotopes in interpreting the genesis of the Central Rhodopean base metal deposits, Sr isotopes and the close
spatial and temporal relationship of the ore deposits
and Oligocene igneous activity seem to suggest a genetic relationship with the latter. Major arguments
against the magmatic hypothesis summarized by
Kaiser-Rohrmeier (2005) include: (1) the small volume of the Oligocene dyke rocks to account for the
large volume of mineralization and (2) a slight change
in the local stress-field between intrusion of the dykes
(predominantly WNW oriented) and ore vein emplacement (predominantly NNW-oriented). As we have
already pointed out, the nearby large ignimbrite fields
of Perelik and Kotili-Vitinia and rhyolitic dike swarms
suggest the existence of large magma chambers in
the area of the Madan deposits, and the small change
in the stress-field orientation may be linked to clockwise rotation of the Rhodope Massif during Late Oligocene, as suggested by Dimitriadis et al. (1998); Lips
et al. (2000) and Magganas et al. 2004). The change
in the stress-field orientation may have happened in
a very short time and, unfortunately, the available
U-Pb and 40Ar/39Ar dating techniques are not precise enough to constrain timing of the process.

Model for hydrothermal activity
The model presented in this paper integrates age data
obtained by other workers, mostly participants in the
GEODE project, with existing and our new Sr and
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Fig. 4. Schematic model for the genesis of base-metal deposits in the Central Rhodopean Dome.
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Pb isotopic data for the igneous and metamorphic
rocks and sulphides and barite from the mineralization. The geological and geochronological data show
that mineralization was the final result of comparatively short-lived (~12 Ma) late-extensional evolution
of the Central Rhodopean dome, which includes the
following major stages:
1) Initiation of the extension started at about 42—
43 Ma, intimately associated with intrusion of granitoid magmatism (Smilian and Yugovo granites) and
metamorphism (Fig. 4a)
2) Metamorphism in the footwall at 37 Ma reflected in partial melting and the formation of deformed leucosomes, followed by emplacement of
pegmatite veins and uplifting at ~36 Ma and cooling below 350—300oC (Fig. 4b).
3) Emplacement of rhyolitic dykes and pyroclastic flows at 33—30 Ma, probably fed by large granitoid plutons. The dykes crosscut both the detachment
faults and sedimentary rocks in the grabens and the
ignimbrites that cover the sediments (Fig. 4c). The ages
of the volcanic rocks and ignimbrites and their stratigraphic positions suggest that they are coeval.
4) The emplacement of dykes was followed by a
slight change in the stress field and resulted in the
opening of new fractures. Magmatic fluids entered
these faults at depth (Fig. 4d). Neutralization and
mixing with meteoric waters erased the magmatic
component.

Summary and conclusions
The combination of Pb and Sr isotope results of sulfides and barites from the Central Rhodope ore fields
with published age determination of igneous rocks
and metamorphic processes have allowed us to favor
a magmatic hydrothermal origin for the base-metal
deposits in the Central Rhodopean Dome.

The overlap of the Pb isotope compositions of
sulphides from the base-metal deposits with the
compositional field of the metamorphic and igneous rocks indicates that most of the igneous and ore
Pb was extracted from the metamorphic rocks
through contamination and leaching by the hydrothermal fluids, respectively.
Both metamorphic basement rocks and the Oligocene igneous rocks may have contributed Sr to the
ore deposits, given the intermediate composition of
Sr isotopes in the barite.
Pb and Sr isotopes in the galena and barite in a
single vein show considerable variations, indicating
that more radiogenic Pb and Sr were scavenged from
the metamorphic basement rocks.
The simplest genetic model that can explain geologic observation, age and radiogenic isotopic data
presented in this paper involves hydrothermal fluids
released from large granitoid bodies, followed by
pervasive circulation through the metamorphic sequence and mixing with large amount of meteoric
waters, penetrating through deep extensional faults.
This caused profound changes in the fluid chemistry and overwhelming of the magmatic component
by meteoric fluid.
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