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4°Ar/39Ar geochronology of magmatism and hydrothermal activity 
of the Madjarovo base-precious metal ore district, eastern 

Rhodopes, Bulgaria 
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Geological Institute, Bulgarian Academy of  Sciences, Acad. G. Bonchev St., BI.24, 1113 
Sofia, Bulgaria (e-mail: pmarchev@router.geology, bas. bg) 

2Department o f  Geology and Geophysics, University of  Wisconsin-Madison, 1215 West 
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Abstract:  The Madjarovo volcanic complex and ore district comprise alteration styles from 
potassium silicate, advanced argillic and sericite alteration to adularia-sericite alteration/ 
mineralization with a close and unambiguous spatial relationship to specific magmatic events. 
New 4°Ar/39Ar laser fusion and incremental heating experiments on nine sanidine, biotite, 
adularia, K-feldspar, and alunite samples constrain the ages and time span of lavas and tepluas 
comprising the complex and their relationship to the hydrothennal activity. These results 
demonstrate that high-K calc-alkaline to shoshonitic volcanic activity began c.32.7 Ma and 
terminated c.500 ka later with the extrusion of quartz latite lavas at 32.2 Ma. The final stage of 
volcanism was accompanied by intrusion of cornpositionally similar monzonite stocks and 
trachytic dykes (c.32.2-32.1 Ma) and associated barren advanced argillic and sericite alteration 
(lithocap) and adularia-sericite base/precious metal vein mineralization. A probable thermal 
event at c. 12-13Ma disturbed the ages of alunite and sericite-bearing alteration at low 
stratigraphic levels. However, field relations combined with a plateau age of 32.1 ± 0.2 Ma 
from adularia in low-sulphidation veins that cross-cut lithocap indicate that hydrothermal 
activity, including base- and precious-metal vein deposition, was coeval with the youngest 
magmatic activity. 

Although most recent models of  epithermal sys- 
tems emphasize close spatial association among 
volcanic and plutonic events, alteration, and de- 
position of ore (Hedenquist & Lowenstern 1994; 
Sillitoe 1993, 1995), only rare combinations of 
geological events provide examples where rela- 
tionships between igneous rocks, porphyry and 
epithermal systems (both high and low sulphida- 
tion) are exposed. This is mainly because young 
epithermal systems are poorly exposed, whereas 
older deposits are eroded or deformed (Hedenquist 
& Arribas 1999; Cooke & Simmons 2000). Most 
economic epithermal ore deposits are Tertiary and 
conventional K - A r  dating cannot precisely con- 
strain the timing of magmatism, alteration, and 
mineralization. At the 95% confidence level the 
precision of 4°Ar/39Ar age determinations of  K- 
rich minerals is typically better than -I- 0.5%, thus 
for the Oligocene materials of this investigation 
differences in age of about 200 ka may be distin- 
guished (e.g. Marsh et al. 1997; Singer & March- 
ev 2000). 

Mining at Madjarovo ore district in Bulgaria is 
believed to have commenced during Thracian 

times, with most development beginning in the 
1950s. More than 10 million tons of  base metal 
ore have been mined; another 6.5 million tons of  
base metal reserves and low-grade ore still exist. 
However, because of  changes in the Bulgarian 
economy and a decrease in ore grade with depth, 
mining for base metals has ceased. Jambol Ex- 
ploration Organization undertook an extensive 
gold exploration programme of  the upper parts of  
the base metal veins between 1988 and 1996. 
Eight major veins contain reserves of  c. 2 million 
tons grading 3.9 g t -1 Au, but a 1995 feasibility 
study by Euraust Mineral Developments indicated 
that the deposit is not economic for Au. 

We chose to focus on the Madjarovo ore district 
because the Arda River has dissected the whole 
volcanic complex and ore district, exposing the close 
spatial relationships between porphyry monzonite 
stocks and dykes in the central part of the complex 
and potassic, barren acid-sulphate (advanced argil- 
lic) and adularia-sericite (low-sulphidation) altera- 
tion and accompanied base/precious metal 
mineralization. This geological setting provides an 
excellent opportunity to constrain the timing and 
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duration ofmagmatic and hydrothermal events using 
4°Ar/39Ar methods. Our new age determinations 
support a close connection between magmatic 
events and hydrothermal alteration and potential 
contemporaneity of the contrasting fluids responsi- 
ble for barren advanced argillic/sericitic alteration 
and adularia - seri cite alteration/mineralization. 

Geological setting 

R e g i o n a l  s e t t i n g  

The Madjarovo ore district of southeastern Bulgar- 
ia is situated approximately 200 km SE of Sofia 
(Fig. 1) in the centre of the Oligocene Madjarovo 
volcano. The volcano itself is the easternmost 
volcanic structure on the Bulgarian territory of an 
Eocene-Oligocene continental magmatic belt that 
extends c. 500 km from Serbia and Macedonia to 
NW Turkey (Fig. 1). The magmatic belt resulted 
from post-Palaeocene-Eocene extension that fol- 
lowed Upper Cretaceous collision of the Serbo- 
Macedonian and Rhodope Massifs with the Pela- 
gonian microplate (Ricou 1994). The eastern part 
of this belt is occupied by the Rhodope Massif, 
which is comprised of Precambrian to Mesozoic 
metamorphic rocks. Palaeogene magmatic rocks 
consist of calc-alkaline to shoshonitic intermedi- 
ate, acid and subordinate basic volcanic rocks and 
their intrusive equivalents (Ivanov 1968; Innocenti 
et al. 1984; Harkovska et al. 1989; Del Moro et 
al. 1990; Christofides et al. 1998; Marchev et al. 

1998a; Yanev et al. 1998), showing a distinct 
south to north enrichment (from Greece to Bulgar- 
ia) in K20 and LILE. Minor alkali basalts have 
been described in the southeastern part of the 
Eastern Rhodopes (Marchev et al. 1998b). The 
Palaeogene magmatism was accompanied by the 
formation of small Cu-Mo and abundant epither- 
real deposits (Mavroudchiev et al. 1996; Arikas & 
Voudouris 1998), which form the Rhodope metal- 
logenic province (Stoyanov 1979). 

D i s t r i c t  g e o l o g y  

The Madjarovo volcanic complex covers 120 km 2. 
New geological mapping at 1:10000 is sum- 
marized in Figure 2. Pre-Tertiary rocks, that crop 
out south of the Chernichevo Fault, are overlain 
by Upper Priabonian conglomerate, sandstone and 
limestone. A tephrostratigraphic marker, com- 
posed of pumice and ash-fall tuff of unknown 
source, named the Reseda Tuff (Ivanov & Kopp 
1969), overlies these sediments and underlies the 
Madjarovo volcanic complex. The Arda river, 
exploiting a large east-west fault (Arda zone), 
exposes the deep stratigraphy of the volcano. 
Volcanism was predominantly fissure-fed and 
dominated by large sheet-like lava flows and 
subordinate epiclastic rocks that formed a shield 
volcano (Ivanov 1960). The unaltered mafic to 
intermediate volcanic rocks (Marchev et al. 1989) 
are shoshonitic to high-K calc-alkaline rocks 
dominated by latites. Burchina quartz latites are 

Fig. 1. Location of Eocene Madjarovo volcanic complex within the Palaeogene intrusive and volcanic belt, Rhodope 
Mountians. Inset shows the Palaeogene Macedonian-Rhodope-North-Aegean Volcanic Belt. 
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Fig. 2. Simplified geological map of the Madjarovo ore district, showing sample locations and their preferred ages. 
Source: unpublished mapping by P. Marchev, 1989-1995. 

the youngest volcanic rocks. They are overlain by 
another tephrostratigraphic marker, Borovitsa 
rhyolite tuff, which is an outflow tuff originated 
from Borovitsa caldera located 20 km WNW of 
Madjarovo (Singer & Marchev 2000). 

On the basis of petrology and Sr and O isotope 
compositions (Marchev & Rogers 1998), three 
units have been divided within the Madjarovo 
complex. The first two (Lower and Middle unit) 
start with thick (up to 150 m) latites and end with 
basalts. Less voluminous intercalated flows of 
basaltic andesites, shoshonites and andesites show 
petrographic and isotopic evidence for large-scale 
magma mixing between end-members (Raicheva 
et  al. 2001). The third unit includes three lavas 
ranging from high-K high-Al basalt through latite 
and quartz-latite. 

Early volcanic rocks are intruded by numerous 
monzonitic stocks and rare gabbroic and syenitic 
bodies, similar in composition to the Upper unit. 
It is presumed that the monzonite stocks coalesce 
at depth (Mavroudchiev 1959). The largest mon- 
zonitic body, Harman Kaya, and trachytic dykes 
of identical composition crop out in the central 
part of the complex over 40-50 km 2. A gravity 
minimum and magnetic anomaly beneath the 
centre of the complex have been interpreted as a 
syenitic pluton between depths of 1 and 4 km 

(Iosifov et  a1.1987). Intrusion of monzonite-tra- 
chyte magma was accompanied and followed by 
destruction of the central part of the volcano. 
Gergelchev (1974) postulated the existence of a 
caldera structure coinciding in size with the 
pluton, but the results of extensive drilling and our 
field observations did not confirm this interpreta- 
tion. 

Four major fault systems, striking east-west, 
NW SE, north-south and NE-SW (Atanasov 
1959; Velinov et  al. 1977), accommodate the 
feeding dyke swarms for the lavas, sub-volcanic 
intrusions and the base/precious metal veins and 
alteration, suggesting that these structures con- 
trolled volcanism and subsequent mineralization. 
The most prominent structures are the east-west 
Chernichevo fault delimiting the metamorphic and 
volcanic rocks in the southern part of the volcano 
(Fig. 2), and the east-west Arda structural zone. 
A series of faults between them bound blocks 
tilted to the NNE and decreasing in altitude north- 
ward with total displacements of up to 600- 
700 m. The richest veins (e.g., #2, 6, 8; Fig. 2) 
also represent faults with displacement up to 
200m (Atanasov 1959). They show abundant 
evidence of brecciation and recementation, sug- 
gesting movement during ore deposition. However, 
preservation of the epithermal zonation in the 
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elevated southern and down-dropped northern 
halves of the complex suggests that the current 
structure most probably developed synchronously 
with trachyte/monzonite intrusions and that ore 
deposition post-dated most deformation. 

Alterat ion 

Alteration in the Madjarovo ore district is docu- 
mented by Radonova (1960), Velinov et al. 
(1977), Velinov & Aslanian (1981), Velinov & 
Nokov (1991) and Marchev et al. (1997). Current 
knowledge of hydrothermal alteration is sum- 
marized in McCoyd (1995) and herein. The 
epithennal system generated acid-sulphate and 
adularia-sericite alteration (Velinov & Nokov 
1991) and subjacent K-silicate alteration (Marchev 
et al. 1997). Skarns were discovered by drilling 
near the Harman Kaya and Patron Kaya monzo- 
nite stocks (Breskovska et al. 1976, Figure 2). 
McCoyd (1995) subdivided the epithermal altera- 
tion into advanced argillic, sericitic, propylitic, 
quartz-sericite and adularia-sericite, these altera- 
tion zones are described below. 

K silicate alteration occurs adjacent to two small 
monzonite stocks in the Arda zone, Patron Kaya 
and Kjumiurluka (the latter not shown in Fig. 2). 
It comprises hydrothermal biotite, K-feldspar, 
albite and quartz. The altered rocks contain 
disseminated pyrite with rare Cu-bearing (chalco- 
pyrite) mineralization. 

Propylitic alteration is developed around K-sili- 
cate and sericite alteration over c. 10 km 2 in the 
central part of the district. This alteration was 
originally designated as pre-ore regional propyliti- 
zation (Radonova 1960). Propylitic alteration also 
developed surrounding fracture-controlled base/ 
precious metal vein mineralization. The propylitic 
assemblage consists of all or some of the follow- 
ing minerals: chlorite, epidote, albite, carbonate 
and pyrite. 

Sericite alteration consisting predominantly of 
muscovite+quartz accompanied by minor pyrite 
and dickite, this alteration affected the uppermost 
Harman Kaya monzonite and its wall rocks (Fig. 2). 
Sericite alteration forms envelopes around zones of 
advanced argillic alteration, together forming a 
lithocap (Sillitoe 1995), which probably at depth 
passes into K-silicate alteration. A large number of 
base-metal veins occur within the sericitic altera- 
tion zone and Harman Kaya monzonite intrusion 
but the ore grade in the veins diminishes and visible 
mineralization is not present. This area was deter- 
mined by Breskovska et al. (1976) to be unsuitable 
for vein type mineralization. 

Advanced argillic alteration comprising kaolinite, 
pyrophyllite, alunite, diaspore and zunyite 
(Velinov & Nokov 1991; McCoyd 1995), this 
alteration is in two east-west trending zones in 
the southern half of the district with alunite 
alteration occurring at the highest elevation (Fig. 
2). The phase assemblage indicates a temperature 
of c. 270 °C, and S isotope geothermometry using 
an alunite-pyrite pair suggests temperatures of 
300-310°C. Alunite veins located within this 
alteration are up to 30 cm thick, several metres 
long, comprise coarse-grained crystals to 150 bun, 
and strike N130°E. SEM analysis (McCoyd 1995) 
showed that it consists of woodhousite + svanber- 
gite + alunite. The upper part of the intrusion was 
silicified locally. 

Quartz-sericite alteration is associated with the 
deeper portions of the base-metal veins, but is also 
found at higher levels. It is strongly fracture- 
controlled and forms envelopes around quartz 
veins. Typically, the width of the zone is a few 
tens of centimetres but can be up to several metres 
around larger veins. Quartz and sericite predomi- 
nate but illite and smectite and disseminated pyrite 
also occur. Sericite replaces feldspar and also 
occurs in the groundmass, whereas quartz occurs 
as veinlets near the main vein deposits. 

Adularia-sericite alteration is typical in the upper 
levels of the palaeo-volcano, it extends up to 
120m on either side of the veins (Fig. 2). It 
developed either as a halo around large open veins 
or comprises the brecciated zones. The most 
intensely altered rocks consist exclusively of a 
fine-grained aggregate of quartz and adularia. 
Chemical analyses indicate up to 13 wt% K20, 
suggesting that about 80-85% of the rock is 
adularia. 

Mineral izat ion 

The base metal-Au mineralization at Madjarovo 
is located in the four major fault systems (Fig. 2). 
Of nearly 150 quartz-sulphide veins that have 
been identified, 50 veins are economically signifi- 
cant. Vein widths vary from half a metre to thirty 
metres and the largest of these are up to 3 km 
long (Fig. 2). Brecciation is typical of the narrow- 
est veins whereas the larger veins are massive and 
internally banded. 

Zoning similar to current models of epithermal 
deposits, with base metals precipitating below 
precious metals (Buchanan 1981; Berger & Eimon 
1983) was suggested by Atanasov (1962). The 
mineralized interval persists to 1500 m below the 
present surface with the precious metal minerali- 
zation located in the uppermost 150-200 m. Nu- 
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merous (>90) primary minerals form the deposit. 
The predominant sulphides are pyrite, chalcopyr- 
ite, Fe-poor sphalerite and Ag-bearing galena with 
minor Se, Bi, Ag, Sb, As sulfosalts and native Au 
and Ag (Breskovska & Tarkian 1993). Quartz is 
the dominant gangue mineral with lesser amounts 
of barite, chalcedony, jasper and calcite. The 
paragenesis is complex and six stages of miner- 
alization have been identified (Atanasov 1962; 
Breskovska & Tarkian 1993). Nokov & Malinov 
(1993) report findings of molybdenite and hypo- 
gene wulfenite in some veins. 

Fluid inclusion studies (Breskovska & Tarkian 
1993; Nokov & Malinov 1993; McCoyd 1995) 
have shown that quartz associated with main stage 
Pb-Zn mineralization was deposited at 240- 
270 °C from neutral low salinity fluids (3-5 eq. 
wt% NaC1). Barite associated with the precious- 
metal mineralization was deposited from similar 
fluids. Although there is no direct evidence, given 
the estimated geothermal gradient and occurrence 
of hydrothermal breccias and adularia, boiling was 
possible (McCoyd 1995). 

Geochronology 
Conventional K-Ar  dating at Madjarovo broadly 
constrained the ages of various igneous rocks 
between 33.5 Ma and 31.0 Ma (Lilov et aL 1987). 
Similarly, Rb-Sr mineral isochrons from the low- 
ermost and uppermost latitic lava flows compris- 
ing Madjarovo volcano were 31.6 ± 1.2 Ma and 
32.3 4- 0.6 Ma, respectively (Marchev & Rogers 
1998). Arnaudova et al. (1991) reported a K-Ar  
age of 33-32 Ma for an adularia sample from the 
adularia-sericite alteration. A similar age (32.6 -4- 
1.2 Ma) was obtained by McCoyd (1995) for the 
vein alunite from the advanced argillic alteration. 
However, two set±cite separates of sericite altera- 
tion and one from the quartz-sericite alteration at 
the southeastern end of vein #2, obtained by the 
same author, yielded much younger ages (13.0 ± 
0.5 Ma-13.7 ± 0.6Ma) and (12.2 ± 1.0Ma, re- 
spectively. These data, along with the newly 
obtained 4°Ar/39Ar data, will be discussed in a 
later section. 

4°Ar/39Ar analytical techniques 

To define more precisely the timing of igneous 
and hydrothermal events we undertook4°Ar/39Ar 
experiments on san±dine, biotite, adularia, K-feld- 
spar and alunite from nine samples of volcanic, 
intrusive and hydrothermal rocks using a CO2 
laser probe. Minerals were separated from 100- 
250 micron sieve fractions using standard mag- 
netic, density, and handpicking methods. Five 
milligrams of each mineral were irradiated at 

Oregon State University for 12 or 50 hours along 
with 27.92 Ma san±dine from the Taylor Creek 
rhyolite (Duffield & Dalrymple 1990) as the 
neutron fluence monitor. Isotopic measurements 
were made of the gas extracted by either totally 
fusing individual crystals of < 0.1 mg, or by 
incrementally heating larger 2-3 mg multi-crystal 
aliquots using a defocused CO2 laser beam. The 
isotopic composition of gas from each fusion or 
heating step was measured using an MAP 216 
spectrometer at the University of Geneva. Six to 
eleven total fusion measurements were pooled 
together to calculate a weighted mean age and 
uncertainty. Incremental-heating results are gener- 
ally given as weighted mean plateau ages. Analy- 
tical procedures, including mass spectrometry, 
procedural blanks, reactor corrections, and estima- 
tion of uncertainties are described by Singer & 
Marchev (2000). All uncertainties are ± 2 a  

Samples and results 

The results of laser total fusion and incremental 
heating experiments are summarized in Table 1 
and age spectra of the latter are illustrated in 
Figure 3. The locations of the samples and their 
preferred ages are shown on the geological map 
(Fig. 2). The significance and preferred age 
determined for each sample are as follows. 

Reseda Tuff Sample M96-5 is from the Reseda 
Tuff. Although heavily zeolitized, phenocrysts of 
san±dine, plagioclase, biotite, sphene and zircon 
are unaltered and suggest that the source magma 
was a low-silica rhyolite. Total fusion analyses of 
six san±dine crystals from a pumice fragment in 
the upper part of the tuff yielded a weighted mean 
age of 32.44 + 0.23 Ma. 

Lowermost Arda latite lava flow Sample M96-8 is 
from the periphery of the complex (Fig. 2) where 
the lava overlies Reseda Tuff. It contains pheno- 
crysts of plagioclase (An77.5-51), augite, orthopyr- 
oxene, titanomagnetite, biotite, and minor 
amphibole and apatite. The weighted mean of 
eight total-fusion measurements of biotite yielded 
an age of 32 .66 i0 .15  Ma (Table 1). Sample 
M92-46 is from the central part of the volcano 
(Fig. 2) about 50 m from the Patron Kaya mon- 
zonite stock. Potassium alteration associated with 
the stock comprises fine-grained biotite, K-feld- 
spar, albite and quartz pervasively replacing 
groundmass, plus calcite and chlorite replacement 
of pyroxene, leaving relict phenocrysts of plagio- 
clase and biotite. Disseminated pyrite and rare 
chalcopyrite accompany these silicate minerals. 
Seven of eight total-fusion measurements of un- 
altered biotite phenocrysts yielded a weighted 
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Table 1. Summary of 4°Ar/39Ar geoehtvnologieal data .for laser fusion and incremental heating experiments on 
adularia, biotite and san+dine from Madjarovo, Bulgaria 

Sample Mineral Description Total fusion 

Number of Weighted mean 
fusions age (Ma) 

Incremental 
heating 

'Plateau age' 

M96-11 Adularia Low-sulphidation 7 of 9 31.78 ± 0.23 32.57 4- 0.14? 
alteration, vein 6 

M96-11 P1 Adularia Low-sulphidation 31.12 4- 0.35? 
alteration, vein 6 

M97-02 Adularia Low-sulphidation 7 of 7 31.91 4- 0.40 32.09 4- 0.21 
alteration, vein 2 

M96-4 San+dine Stratigraphically 11 of 11 32.16 4- 0.08 32.23 4- 0.19 
highest 
quartzlatite 

4-69 San+dine Trachyte dyke 7 of 9 32.06 4- 0.13 
M92-46 Biotite Stratigraphically 7 of 8 32.69 4- 0.21 32.72 4- 0.23 

lowest latite 
M96-8 Biotite Stratigraphically 8 of 8 32.66 4- 0.15 

lowest latite 
M96-5 Sandine Reseda Tuff 6 of 6 32.44 4- 0.23 

Ages are calculated relative to 27.92 Ma Taylor Creek san+dine (Duffield & Dalrymple 1990). -4- 2~ errors. 

mean age of  32.69 + 0.21 Ma (Table 1), whereas 
a ten-step incremental heating experiment gave a 
concordant spectrum and a plateau age of 
32.72 4- 0.23 Ma that is indistinguishable from the 
total fusion age (Fig. 4). Neither age is indistin- 
guishable from that of  biotite M96-8, moreover 
the age of Arda latite and Reseda Tuff overlap, 
suggesting a rapid growth of Madjarovo volcano 
concomitant with eruption of the tuff. 

Uppermost Burchina quartz latite lava flow Sam- 
ple Md96-4 is from the uppenrtost Burchina 
quartz latite that contains phenocrysts of  pla- 
gioclase (An 58.5--41.2), san+dine (0r75.1-72.4), 
clinopyroxene; orthopyroxene rimmed by clino- 
pyroxene, biotite, and titanomagnetite, plus zircon 
and apatite. Eleven total-fusion measurements of 
san+dine gave a weighted mean age of 
32 .16+  0.08Ma (Table 1). The plateau age of 
32.23 i 0.19 Ma from a concordant five-step in- 
cremental heating experiment is indistinguishable 
from the total fusion age. Although these ages are 
in excellent agreement with the 32.3 i 0.6 Ma 
clinopyroxene-plagioclase-bioti te-sanidine R b -  
Sr isochron of Marchev & Rogers (1998), our 
preferred total fusion age is nearly an order of 
magnitude more precise. 

Trachytic dyke Sample 4-69 is from a trachytic 
dyke similar in composition and probably coeval 
with the Harman Kaya monzonite and spatially 
associated with younger mineralized veins dis- 
cussed below. San+dine phenocrysts up to 2.5 cm 

are common and seven of  nine total-fusion meas- 
urements yielded a weighted mean age of 
32.06 +4-0.13 Ma, that is younger than the Arda 
latite, but indistinguishable from the Burchina 
quartz latite age. 

Harman Kaya monzonite stock Although sample 
M89-150 is from the least altered part of  the 
largest monzonite stock (Fig. 2), it is propilitized 
and dated K-feldspar crystals (up to 2.5 cm) are 
partly replaced by minor set+cite and clay. The 13 
step age spectrum is discordant with apparent ages 
increasing gradually from about 29.85 i 0.60 Ma 
in low-temperature steps to the highest tempera- 
ture step at 31.71 + 0.26 Ma (Fig. 3). The oldest 
apparent age approaches that of  the younger lava 
flows and the trachyte dyke. Eight total fusion 
ages (not shown) range from 30.51 ± 0.64 Ma to 
32.24 + 0.56 Ma with the older of  these ages also 
similar to those of  the younger lavas. Given the 
alteration and discordant age spectrum suggestive 
of  minor loss of  radiogenic argon, we take the 
older age of  32.24 + 0.56 Ma with caution as our 
best estimate of time elapsed since rapid cooling 
of this shallow intrusion. 

Adularia-sericite epithermal alteration~minerali- 
zation Samples M97-02 and M96-11 are from 
prominent alteration zones associated with low- 
sulphidation base-metal-Au veins. M97-02 is 
from altered latite 2 m from the northern margin 
of  the 25 m wide vein #2 (Fig. 2). Adularia that 
we measured is a replacement of  plagioclase and 
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Fig. 4. Summary of preferred ages based on 4°Ar/39Ar incremental heating and laser fusion results of this study. * K- 
fs age interval of monzonite based on the total fusion experiments. ** K-Fs age of the highest temperature age of 
incremental heating experiment. The alunite age is a minimum based on the highest age steps in the age spectra of 
Figure 3. Abbreviations: TFWMA, total fusion weighted mean age; IHPA, incremental heating 'plateau' age 

contains minor sericite. M96-11 is from the 
breccia in Chatal Kaya vein #6, (Fig. 2) that 
comprises angular clasts of strongly adularized 
and silicified shoshonite lava, cemented by vein- 
lets of quartz and ore minerals. The adularia 
occurs as four textural types: (1) replacement of 
large plagioclase phenocrysts intergrown with 
minor sericite (M96-1 lpl), (2) plagioclase micro- 
phenocrysts replaced by adularia with no sericite, 
(3) mixture of fine-grained quartz and adularia 
replacing the groundmass and (4) in veins and 
cavities intergrown with quartz as coarse-grained 
rhombs 30-300~m long with minor sericite 
(M96-11). Total fusion ages of M97-02 and M96- 
11 are indistinguishable: 31.91 + 0 . 4 0 M a  and 
31.78 4- 0.23 Ma, respectively (Table 1). Incre- 
mental heating of sample M97-02 yielded a nearly 
concordant age spectrum with four steps contain- 
ing 76.1% of the 39Ar giving a plateau age of 
32.09 4- 0.21 Ma (Fig. 3). These ages overlap that 
of associated trachytic dykes (32.06:5 0.13 Ma; 
Table 1) and are consistent with field observations 
that magmatic and hydrothermal activity were 
channelized along the same structures. Experi- 
ments on M96-1 t and M96-11pl gave discordant 
age spectra, the former similar to that of the 
Harman Kaya K-feldspar (Fig. 3), with apparent 
ages increasing from 27-30 Ma at lower tempera- 
ture to a maximum age of 33.8 Ma, suggesting 

that the sample experienced partial 4°Ar loss. 
Seven of ten steps from M96-11 defined a plateau 
of 32.57 +0 .14Ma,  but this is older than the 
4°Ar/39Ar age obtained from the host trachytic 
dykes (32 .06+0.13Ma)  and the plateau age 
(32.09 ± 0.21 Ma) of sample M97-02 (Fig. 3). 
Because of this discrepancy, we believe that this 
age is slightly too old. We believe that the plateau 
age from M97-02 adularia (32.09+0.21Ma)  
gives the best estimate of time elapsed since 
formation of the adularia-sericite mineralization. 

Vein alunite-advanced argillic alteration Sample 
M96-6 comprises coarse-grained alunite with sub- 
ordinate woodhousite and svanbergite from a 
small vein located 200 m east of the Harman Kaya 
monzonite. Replicate incremental heating experi- 
ments produced similar strongly discordant age 
spectra with apparent ages increasing from c. 13- 
15 Ma at low temperature to maximum ages of c. 
30.4 Ma (Fig. 4). These age spectra suggest a loss 
of radiogenic argon possibly due to later re- 
heating, or weathering. Thus, even the maximum 
age of c. 30.4 Ma is probably only a minimum for 
the time since deposition of alunite. A sample of 
alunite from the same locality was measured by 
conventional K-Ar  methods (McCoyd 1995) and 
gave an imprecise age of 32.6 4- 1.2 Ma (2~). 
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Discussion 

Thermal  event  at  1 2 - 1 3  M a  

The age of the first low-temperature step (13.65 4- 
0.5) of the strongly disturbed 4°Ar/39Ar age spec- 
trum of the Madjarovo alunite coincides with the 
ages of several other samples from Madjarovo and 
neighbouring areas: (1) 13.0± 0.5Ma and 
13.7 + 0.6 Ma ages of two sericite separates of 
sericite alteration and 12.2 4- 1.0 Ma of the sericite 
from the quartz-sericite vein alteration obtained 
by McCoyd (1995) using the K-Ar  method, (2) 
12 Ma Rb-Sr isochron age of a biotite-muscovite 
gneiss from the lower sedimentary-volcanoclastic 
part of the Reseda Tuff (Pljusnin et al. 1988). 
Thus, it appears that set±cite and alunite experi- 
enced partial 4°Ar loss at about 12-13 Ma, record- 
ing a thermal effect that is distinct in time from 
the magmatic and hydrothermal activity of Mad- 
jarovo volcano. It deserves noting that earlier, 
Kasukeev et al. (1979) recorded an identical 
thermal event (12 & 4-16 4- 5 Ma) in the mica- 
bearing pegmatites from Kamilski Dol, an area 
about 20 km east of Madjarovo, using the fission 
track method. Disturbed ages of adularia M96-11 
also seen to reflect this thermal event. The only 
important difference between adularia samples 
M97-02 and M96-11 is their position with respect 
to metamorphic basement. Sample M97-02, is 
located approximately 500-600 m above the meta- 
morphic basement, whereas sample M96-11 is less 
than 50 m above the metamorphic basement. All 
the other samples showing disturbed 4°Ar/39Ar age 
spectra or younger ages (e.g. McCoyd's sericites 
and Pliyusnin et al.'s biotite-muscovite gneiss 
from the Reseda Tuff) are taken either close to or 
directly from the metamorphic basement, suggest- 
ing that the 4o Ar loss is not consistent with 
supergene processes. 

The closure temperatures for argon diffusion in 
muscovite and sericite depend mainly on the tem- 
perature and to a lesser extend on the cooling rate, 
being higher for rapid cooling and lower for slow 
cooling (Dodson 1973). Snee et al. (1988) esti- 
mated a muscovite argon closure temperature of 
about 325 °C under conditions of rapid cooling 
and short reheating and a temperature of about 
270 °C during slow cooling or extended reheating. 
The biotite 4°Ar/39Ar ages indicate that there was 
no heating above 300 °C. The low-temperature 
release can be facilitated by the fine-grained size 
of the sericite. However, although this may be 
applicable to the sericite in the quartz-sericite 
alteration it is not thought to apply to the coarser- 
grained muscovite in the metamorphic rocks. In a 
study of fluid disturbed ages in metamorphic rocks 
Miller et al. (1991) state that a convecting fluid at 

approximately 275 °C may have caused the loss of 
radiogenic argon from samples of muscovite with 
the amount lost dependant upon the length of time 
the mineral remained at this temperature. 

Our preferred explanation for the age difference 
between disturbed and non-disturbed rocks at 
Madjarovo is a partial resetting of K-Ar  isotope 
system in the muscovite and alunite that occurred 
12-13 Ma ago as the result of endogenous pro- 
cesses. 

Durat ion  o f  magmat i c  and  hydro thermal  

act iv i ty  

Our 4°Ar/39Ar data constrain the duration of mag- 
matic activity and the timing of principal mag- 
matic/hydrothermal events in the complex. 
Volcanism began shortly after emplacement of the 
Reseda tuff at 32.44 ± 0.23 Ma. The biotite single- 
crystal ages of 32.664-0.14Ma and 32.694- 
0.15 Ma (Table 1) from the lowermost latite lava 
combined with the plateau age of 32.72 + 0.12 Ma 
(Fig. 3) are indistinguishable at the 95% confidence 
level from the underlying Reseda Tuff, implying 
that the two events were closely spaced in time. 
The ages of 32.23 Jz 0.19 Ma and 32.16 + 0.08 Ma 
(Fig. 3, Table 1) from the uppermost lavas agree 
with the 32.16 4-0.15 Ma age of the Borovitsa 
pyroclastic flow that covers these lavas (Singer & 
Marchev 2000). The last volcanism was accompa- 
nied or followed by the intrusion of the Harman 
Kaya stock and trachytic dykes c.32.2?- 
32.06 4- 0.13 Ma. Association of the stock with 
this volcanism is supported by their similar Sr and 
Nd isotope ratios (Marchev et al. 2002). 

Thus, magmatic activity took place over a 
period of not more than 900 ka, most probably 
c.500 ka which falls well within the lifespan of 
well-documented composite volcanoes in Japan, 
the Cascades, and Southern Andes that were active 
for 80 ka to 900 ka (e.g., Wohletz & He±ken 1992; 
Singer et al. 1997). 

Hydrothermal activity began with intrusion of 
the monzonite stock (c.32.2? Ma) and trachytic 
dykes (32.06 + 0.13 Ma) and created the advanced 
argillic (>30.4 Ma) and adularia-sericite altera- 
tion/mineralization (32.09 4- 0.21), respectively. 
The loss of Ar in the alunite did not allow dating 
of the advanced argillic alteration. However, two 
types of alteration spatially overlap in the central 
part of the volcano with cross-cutting relation- 
ships, suggesting that adularia-sericite postdates 
the lithocap formation. The emplacement of tra- 
chytic dykes at 32.06 + 0.13 Ma and subsequent 
adularia alteration at 32.094-0.21 Ma indicate 
that the duration of both the advanced argillic, and 
adularia-sericite systems was less than 250 ka. 
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This includes time for the monzonite stock to 
cool, solidify, and develop advanced argillic and 
sericite alteration. Numerical modelling (Cathles 
et al. 1997; Marsh et al. 1997) indicates that a 
shallow stock of this size would cool below the 
closure temperature of dateable minerals in less 
than 100 ka. 

The M a d j a r o v o  e p i t h e r m a l  s y s t e m  

Alteration and epithermal deposits traditionally 
have been divided into acid sulphate or high- 
sulphidation and adularia-sericite or low-sulphi- 
dation (Heald et al. 1987; Hedenquist et al. 2000 
and references therein). Hedenquist et al. (2000, 
2001), partly based on the studies of John et al. 
(1999) and John (2001), add another type, divid- 
ing the low-sulphidation epithermal deposits into 
intermediate-sulphidation and proper low-sulphi- 
dation deposits. According to these authors, the 
intermediate-sulphidation deposits are typically 
hosted in arc-related andesites and dacites. Miner- 
alization is Ag and base-metal rich with Mn 
carbonates and barite as gangue and massive to 
comb textured quartz. Sericite is a common altera- 
tion and gangue mineral but adularia is rare. 
Salinity of fluid inclusions is from 3-5 to 10- 
20 wt% NaC1. Typical low-sulphidation deposits 
formed in extensional settings hosted by rhyoli- 
tic-dacitic or more alkaline rocks. They are Au- 
rich with the sulphides (pyrite, pyrrotite, arseno- 
pyrite, and high-Fe sphalerite) recording a low- 
sulphidation state. Veins show crustiform textures 
with dominated chalcedony, whereas adularia and 
illite are common gangue and alteration minerals. 
The salinity of the fluids is generally <1 wt% 
NaC1. 

Based on the high Ag content and barite, 
sulphide mineralization (including the Fe-poor 
sphalerite), zonation of the deposit, and salinity of 
the fluids, the epithermal mineralization at Mad- 
jarovo should be an intermediate-sulphidation 
type. However, Madjarovo is distinguished in 
having extensive adularia-sericite alteration, a 
small amount of carbonate, extensional structures, 
and shoshonitic volcanism, which are more typical 
of low-sulphidation systems. 

C o m p a r i s o n  wi th  o ther  high-,  low-,  a n d  

i n t e r m e d i a t e - s u l p h i d a t i o n  s y s t e m s  

Although Heald et al. (1987) argue that the 
adularia-sericite and acid-sulphate environments 
are mutually exclusive, a number of ore districts 
preserve both. These deposits originated in differ- 
ent arc settings: ocean island, e.g. the Plio-Pleisto- 
cene Baguio volcano, Northern Luzon, Philippines 

(Aoki et aL 1993) and Tavua Caldera, Fiji 
(Setterfield et al. 1992), continental arcs, e.g. 
Comstock Lode (Vikre 1989); Eocene Mount 
Skukum Au deposit, Yukon Territory, Canada 
(Love et al. 1998) and Oligocene Chala deposit, 
Bulgaria (Singer & Marchev 2000). Most of these 
(Comstock Lode, Baguio and Chala) fall in the 
intermediate-sulphidation type of Hedenquist et 
al. (2001). The intermediate-sulphidation Victoria 
deposit, high-sulphidation Lepanto and Far South- 
east porphyry Cu-Au deposits in Luzon, Philli- 
pines are additional examples of a close spatial 
and temporal association between these different 
types of hydrothermal systems (Arribas et aL 
1995; Hedenquist et al. 1998, 2001). Precise K -  
Ar dating of K-silicate to sericite alteration in 
Lepanto-Far Southeast revealed synchronicity of 
these processes that occurred over less than 
100 ka (Hedenquist et al. 1998, 2001). 

High-precision K-At  and 4°Ar/39Ar dating sug- 
gests that age differences between the acid-sul- 
phate and adularia-sericite alteration types range 
from 300 to 800ka and possibly up to 1.6 Ma 
(Setterfield et al. 1992; Aoki et al. 1993; Love et 
al. 1998; Singer & Marchev 2000). The temporal 
separation at Madjarovo was less than 250 ka and 
probably less than 100-200 ka. In this respect 
Madjarovo resembles the Far Southeast-Lepanto- 
Victoria system, where the intermediate-sulphida- 
tion Victoria deposit formed c. 150 ka after the 
Far Southeast porphyry and the Lepanto high- 
sulphidation deposit (Hedenquist et al. 2001). 

Changes in alteration and mineralization styles 
in several epithermal systems were accompanied 
by shifts from intermediate to silicic magma 
compositions (Bonham 1986; Sillitoe 1989; 
McEwan & Rice 1991; Singer & Marchev 2000). 

It appears that changes in alteration style at 
Madjarovo were not related to different magma 
compositions. The composition and age of mon- 
zonite stocks and trachytic dykes are identical, 
reflecting shallow emplacement of a single batch 
of magma and its associated hydrothermal system. 
However, a short time gap between intrusion of 
trachytic dykes and emplacement of the low- 
sulphidation mineralization could be enough for a 
change in the composition of the source magma 
towards more acid composition (Fig. 5). 

The contributions from cooling magmas to low- 
sulphidation epithermal systems may be restricted 
to the heat needed to drive hydrothermal circula- 
tion. Low-sulphidation hydrothermal systems typi- 
cally form distal to intrusions and may apparently 
persist up to 1.5 Ma after volcanism (Silberman 
1985; Heald et al. 1987; Conrad et al. 1993; 
Hedenquist & Lowenstern 1994). However, based 
on precise 4°Ar/39Ar measurements, Conrad & 
McKee (1996), Henry et al. (1997) and Singer & 
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32.7 to 32.1 Ma 

Tmchvf~ rlvk,,~ Silicic alteration 

S 0 

at a deeper level, perhaps 3-4  kin depth, and that 
the fluids were additionally contaminated by radio- 
genic Sr from Rhodope basement rocks which 
host the intrusions. 

Model  

Our model for the evolution of the Madjarovo 
volcanic complex, its alteration and mineraliza- 
tion, is outlined in Figure 5 and summarized here: 

B 32.1 to 32.0 Ma 
Low-sulphidation mineralisation Adularia-serieffe. alte.ration 

Fig. 5. Model for the evolution of Madjarovo volcanic 
complex, associated alteration and mineralization. 

Marchev (2000) showed that high-grade adularia- 
sericite deposits at Sleeper and Round Mountain, 
Nevada and Chala, Bulgaria, were generated 
100 ka to 300 ka after emplacement of rhyolitic 
magmas. Madjarovo deposits are similar, having 
formed rapidly after trachytic magma intrusion. 

A close spatial and temporal relationship be- 
tween rhyolitic dykes and adularia-sericite altera- 
tion/mineralization in the Spahievo Ore District, 
Bulgaria was interpreted by Singer & Marchev 
(2000) as reflecting a genetic connection. Simi- 
larly, the association of monzonite/trachyte magma 
and low-sulphidation vein mineralization at Mad- 
jarovo is interpreted to favour a direct genetic 
relationship. However, comparison of the Sr iso- 
tope compositions of the monzonite intrusion and 
gangue barite from the largest veins (Marchev et 
aL 2002) make the Harman Kaya intrusion an 
unlikely source for the low-sulphidation epither- 
real system. Thus, we propose that the fluids 
forming the low-sulphidation mineralization at 
Madjarovo were related to a magma that solidified 

1 a shield volcano grew between 32.7 and 
32.2 Ma; 

2 magmatism continued 32.2-32.1 Ma with in- 
trusion of monzonitic stocks and trachytic 
dykes, as apopbyses of a larger pluton 
located at depths of 2 -4  km (Fig. 5a); 

3 intrusion of the latter magma was followed 
by a period of rapid erosion and down-cutting 
that removed 300-500 m from the south half 
of the complex; the palaeosurface encroached 
the top of the Harman Kay monzonitic stock; 

4 the deeper crystallizing volume of the pluton 
exolved a S- and Cl-rich fluid that separated 
to form a low-saline acid vapour and saline 
brine (e.g. Hedenquist & Lowenstern 1994; 
Shinohara & Hedenquist 1997); acid vapour 
ascended and reacted with the top of the 
monzonitic stocks and their host lavas, there- 
by forming barren lithocap zones; brines also 
condensed to form K-alteration and minor 
porphyry mineralization; 

5 progressive cooling and fractionation of the 
pluton produced more silicic (granitic or 
granosyenitic) magma evinced as the quartz 
latite lavas; separation, neutralization, and 
dilution of this mainly magmatic fluid gave 
rise to the low-sulphidation mineralization; 
the time span separating intrusion of the 
monzonite-trachyte magma, formation of 
lithocap, and the low-sulphidation system 
was most probably not more than 200 ka. 
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