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Abstract. The style and location of hydrothermal activily varied significantly during the life time
of Madjarovo system. Alteration mineralogies have confirmed the presence of epithermal (acid-sulfate
and adularia-sericite) system and subjacent porphyry- and skarn styles of alteration and mineralization.
The alteration zones are located in the central part of Paleogene (33-31 Ma) Madjarovo velcanic centre
composed by shoshonitic and high-K calc alkaline lavas. Acid-sulfate alteration is developed in a
concentric manner around the major outcrop of Madjarovo monzonitic intrusion grading outward and
downward into areal propylitic alteration. Porphyry alteration and skarns are aiso in close space
approximation to the monzonitic bodies. Adularia-sericite alteration is strongly fracture controiled
and forms envelopes around veins of productive base- and precious metal mineralization. The quartz
veins cross-cut the sericitic alteration in the central part of the ore field, however their mineralized part
tends to be peripheral to the high-sulfidation environments. Jasperoid-like (carbonate replacement)
rocks with elevated contents of Au are also in distal position from the monzonitic intrusion and show
similarity to Carlin type deposit. K/Ar ages of the vein alunite (32.6X£1.2Ma) and adularia (32-33Ma),
which characterize the acid-sulfate and adularia-sericite alteration respectively, are within the range of
the unaltered volcanic rocks and suggest close temporal relationships between volcanism, intrusion,
hydrothermal alteration and mineralization.

Fluid inclusion studies have shown that the vein mineralization was formed at a temperature
interval between 210 and 280°C, salinities between 2.5 and 5.0 eq. wt.% NaCl and high fO..

6%8 values for sulfides are consistent with metamorphic or magmatic source. Calculated values
for 8‘30}!20 and 8D, , suggest for a meteoric origin of the mineralizing fluid with a more magmatic

influence in the acid sulfate alteration. Comparison of Pb isotopes in the magmatic rocks, adularia and
galena indicates that Pb source must be similar to that for monzonitic magmas.
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CTHABT ¥ JIOKANIW3ALUATA HA XUIPOTEPMATHATA AKTHBHOCT BAPUPAT 3HAYMTENHO 110 BpeMe Ha
eposnouusta Ha MaJoxapoBekarta cucTeMa. MuHepaslorMaTa Ha (POMEHUTE NOTBbLPKLAABA [PHCHCT-
BHETO HA enuTepMaliHa (KHcesao-cypaTHa M aayiap-cepUlLUTOBa) CACTEMA M Pa3liOJIOKEHU MO TX
Nop¢HPHHA | CKaPHOBH NMPOMEHH U MUHepaau3auuu. [IpoMeneHuTe 30HH ca pa3noNOKEHH B LIEHTPAI-
HATA YacT Ha naneoreHckus (33-31 Ma) MaaxapoBCKH BYJIKAHCKH HEHTLP, H3TPAZEH OT WIOHIOHUTOBY
1 Bucoko-K xanuueso-ankanau naBu. Kuceno-cynaTHuTe IpoMeHH ca Pa3BUTH KOHLEHTPHUYHO OKO-
JIO ITABHOTO PaskpuTHe HA MamxapoBckaTa MOHUOHHTOBA MHTPY3US, NPEMHUHABANKN HABBH H B AbJl-
Oouuna B apeajiHu npomMti. [Topdupuute npomMenu 1 CKapHUTE CHUIO €A IPOCTPAHCTBEHO CBLP3a-
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HY C MOHLOHHTHTE. Ay/Iap-CePULMTOBHTE W3MEHEHHA Ce KOHTPOJHUPAT OT Pa3JIOMHM CTPYKTYPH, B
KOMTO Ca BMECTEHM KBAPLOBM XWIH C OPOAYKTHBHO NOJAMETANHO M 3MaTHO-CPeObpPHO opynaBaHe.
KBapiioBHTe XUJIH IPECHYAT KACENIO-CYJIPATHHUS THI IPOMEHH B LEHTPAJIHATA YACT Ha PYAHOTO MOJIE,
HO mo-0oraraTa MUHepaRW3npauus e nepudepHa HA xuceno-cyNharHuTe NPOMeHH. 3aMecTeHr Kap-
BOHATHH CKAJH C MOBHIIEHH ChABPXKAaHUA Ha Au Ca CbUIO B AMCTANIHA TO3MIMS TO OTHOUICHME HA
MOHLOHHTOBATA UHTPY3HS ¥ NOKa3paT cX0AcTBO ¢ TH Kapauu, K/Ar pp3pacTu Ha XUIHES aNyHHAT
(32.6X:1.2Ma) u agynapa (32-33Ma), nokazaTesHu CLOTBETHO 3a kuceso-cyadarnus u agyuap-cepu-
LUHTOBUA THIl M3MEHEHHS, 1TONAAAT BB Bb3PACTOBHS OOXBAT HA HENPOMEHEHHTE BYJIKAHCKH CKaJIH M
HOJCKa3BaT 332 OJIM3KM TEMIIOPAJHH CHOTHOILEHMA MEXAy BYJKAHH3Ma, HHTPY3HBHUS MarMaTH3IbM,
XHAPOTEPMATHATE IIPOMEHM M OPYASABAHUATS.

HscnensaneTo Ha QUIyHZHUTE BKIOUYEHUS I10KA3Ba, Y€ XKMJIHATA MUHepaliu3auus e GopMupana
npu Temiepatypa 210 u 280°C, conenoct 2.5-5.0 exs. 1.% NaCl n sucoka fO,.

Hannure 3a &S B cynpuante ca B CbINIACKHE C METAMOPPEH MIM MarMaTHYeH H3TOUHuK. M3uuc-

JIEHHTE CTOMHOCTH 3a 5”‘0%0 u 6D, , CBMIUETEJICTBAT 33 METEOPER M3TOYHUK HA MHHEPATHIUPALIHTE
2
GbuiynIu ¢ mo-CHIHO MarMaTHYHO BIUMAHUE B KUceao-cyidaruute uamedenns. CpaBHeHHETO Ha U30TO-

nmure Ha Pb B MarMendre CKa, aaynapa ¥ raJleHHTa NOoKa3Ba, Y€ U3TOYHHKBLT HA Pb B ramenura e
OnusBK JO TO3H HA MOHUOHHUT-JIATUTOBHTE MarMHu.

Kaiowoeu 0ymu: IpOMEHUTEIHH IPOLECH, MUHEPATH3ALUS, U30TONHK, MaDKapOBCKO PyJiHO HoNe

Adpec: I1. Mapues — bbarapcka akanemus Ha Haykute, I'eonoruuecku unctutyT, 1113 Codus;
P. MaxKoiin — AGbpauiiacku yausepeuret, Karegpa N'eosorus u Hedrena reosnorus, AB9 2UE Beju-
kobpurtauus; M. XKenes — I'eonpoyusane EOOMH, Ambon, brarapus

Introduction

The Madjarovo ore field (MOF) occurs 200 km ESE of Sofia and approximately
50 km south of Haskovo. The ore field occurs at an elevation of between 130 and
850 m and is characterized by steep to precipitous slopes with a local relief in excess
of 700 m. It is located in the central part of the Oligocene Madjarovo volcano which
is the easternmost volcanic structure of the Macedonian-Rhodope Magmatic Belt
within Bulgaria.

Extensive exploration of the MOF started in 1952, although mineralogical studies
in the area commenced about 90 years ago (B o n c h e v, 1905). The program involved
mapping of the central and eastern part of the volcano on a scale of 1:25 000, structural
studies of the ore field, trenching and drilling. In the areas of major exploration
interest different specialized studies were conducted. As a result the MOF is one of
the best explored ore fields in Bulgaria. 10.5 million tons of base metal ore have been
mined since the beginning of mining operations. Another 6.5 million tonnes of base
metal reserves and large amounts of low grade ore still exist.

Between 1980 and 1983 an exploration program was undertaken in the south
part of MOF by a group from Geological Institute of Bulgarian Academy of Sciences.
The major results of these studies are publishedin Arnaudovaetal (1991). An
exploration program funded by the Jambol exploration organization continued these
studies during 1988-1990. This program included mapping of the whole volcano on
a 1:5 000 scale, studies of the age, petrology and petrochemistry of volcanic and
intrusive rocks, geochemistry of alteration, and fluid inclusions. The alteration in the
area was studied by Nokov, Marchev and McCoyd (funded by Navan Resources,
Eire) in 1992-1993. Preliminary results of these studies were given in annual reports
of the groupand M c Coyd etal (1997) and the PhD thesisof Mc Coyd (1995).
An extensive gold exploration program was started recently by Jambol exploration
organization in the upper part of the base metal veins. Only 8-9 major veins have
been explored so far. The proven reserves are about 2 million tons grading at 3.9 g/t.

Different alteration types were also sampled in order to enlarge the gold prospectives
of the MOF.
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The MOF was selected for this study because it contains several distinct styles
of alterations and mineralizations and the geological control is good. The present
paper summarizes and updates a large number of previous studies. Its main objectives
are to describe different type of alteration and their relationships with the
mineralization, magmatic and structural events. A detailed paper on stable isotope
and fluid inclusion study of the alteration and vein mineralization will be published
elsewhere.

Local geology

The Madjarovo volcano covers an area of about 120 km? in an east-west-trending
sedimentary basin containing Upper Priabonian conglomerates, sandstones and coral
limestones. The basement rocks crop out south, west and east of the volcanic pile
and belong to the Rhodope crystalline basement. The basement comprises alternations
of various high grade gneisses, schists, marbles, quartzites, migmatites and meta-
ultrabasic and — basic rocks and Mesozoic low grade metamorphic rocks represented
by diabases, meta-alevrolites, sandstones, breccias, argillites, chlorite-mica schists,
calc-schists, quartzites and marbles. The high-grade metamorphics are intruded by
Upper Cretaceous? granites (Chuchuliga type).

The volcanic activity is of predominantly fissure type which formed a shield
volcano. The volcanics are dominated by large sheet-like lava flows and subordinate
reworked volcanic fragmental rocks (epiclastics). Typical pyroclastic flows are not
found but a tuff (Rezeda tuff), erupted from Borovitsa area and used as a
tephrostratigraphic marker (Ivanov, Ko p p, 1969), underlies the Madjarovo
volcanics. The latest lava flows interfinger with coral reef limestones in the vicinity of
the villages Rumelia and Kochash and indicate that the periphery of the volcano was
submerged up to the end of volcanism. The core of the volcano, at lcast in the later
stages of volcano activity, probably was emergent and vegetated. This is supported by
the presence of burned branches in the late epiclastics.

The unaltered volcanic rocks (M ar ch e vetal., 1989) have the composition of
shoshonitic or high-K calc alkaline basic to intermediate varieties with latites being
the most voluminous rock type. The most acid rocks are of quartz trachyte
composition.

On the basis of measured O and Sr isotope ratios Marchev et al. (1995)
distinguished two sharply distinctive periods in the evolution of the Madjarovo
Volcano. The first one is characterized by thick (up to 150m) latitic lava flows (sheets)
alternating with 1 to 4-5 m thinner lava flows of high-K basalts, basaltic andesites
and andesites. Both O and Sr isotopic ratios of the latites show highest values (8'*0=8%o
and ¥Sr/*Sr=0.7086, respectively) whereas basalts have considerably lower isotopic
ratios (8'%0=6.6%, and ¥Sr/*Sr=0.7079). Basaltic andesites and the andesites have
intermediate values and on SiO, vs. ¥Sr/*Sr and 80 plots they form straight lines
connecting basalts and latites, reflecting mixing between these two end-members.

The second period includes the last 3 consecutive lava flows ranging in
composition from high-K, high-Al basalts through high-K latites to quartz-latites.
They have an identical ¥Sr/*Sr ratio=0.7078 and increasing 6'*0 from 6.6 to 7.6%o
reflecting simple closed-system fractional crystallization.

The Lower Madjarovo volcanics are intruded by monzonite, monzogabbro and
syenite bodies of predominantly elongate shape which are believed to coalesce at
depth(Mavroudchiev, 1959). About 11 outcrops, predominantly of monzonitic
composition, are mapped in different periods. The intrusions occur mainly in the
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central part of the volcano, which is dissected by the Arda River and some monzonitic
plugs form spectacular steep-sided pinnacles. The largest body, named “Harman
Kaja”, is of monzonitic composition and crops out over approximately 1 km? It was
intersected at depth in many drill holes. The Rb-Sr mineral isochrons for the bottom
and top flows of the Madjarovo volcano yielded ages of 31.6£1.2 Ma. and 32.3
10.6 Ma, respectively(Marchev,R o gers,unpubl. data) suggesting that the whole
magmatic activity lasted approximately 1-2 Ma.
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Fig.l. Geographic and geologic positions (B) and generalized geologic map of the Madjarovo volcanic
centre, showing the location of major types of alteration and quartz veins (modified from Velinoyv,
Nokov, 1991) (A)

1 — Paleogene sediments and pyroclastics; 2 — volcanics; 3 — monzonitic and sienitic subvolcanic
intrusions; 4 — metamorphic basement; 5 — propylites; 6 — sericitic alteration; 7 — advanced argillic
alteration; 8 — adularia-sericite alteration; 9 — base- and precious metal veins; /0 — contour of the
Madjarovo volcano

Qur. 1. T'eorpadcxa u reonoxkxa nosuuus (B) n o6obuena reosoxka kapra Ha MamkapoBckus Byl-
KaHCKM UEHTBP, I0Ka3Balla MECTONOJIOXEHHMETO HA TJIABHUTE THIIOBE NPOMEHM M KBAPIOBHTE KHJIM
(Monuduuupana o Benunos, Hoxko s, 1991) (A)

1 — IlajeoreHCKH CeAMMEHTH W NMUPOKIACTHTH, 2 — BYJKAHWTH, 3 — MOHNOHHTOBY H CHEHHTOBM
CyOBYJIKAHCKH HHTPY3HH; 4 — MeTaMopden QyHAaMeHT; 5 — NPONMIMTH; 6 — CePUUHTOBH H3MEHEHHS,
7 — HHTEH3HBHA apruju3alus;, 8§ — alyiap-CepHUHTOBH U3MEHeHMs; 9 — XHIM C IOIMMETANHO H
3naTtHO-cpeGBpHO opyasBaHe, [0 — rpaHuiy Ha MaJKapoOBCKHS BYJIKaH
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Structure

Regional structures in the Madjarovo volcanic centre are represented by four
groups of steeply dipping faults (70°-90°) trending 80°-100°, 320°-340°, 350°-10°, and
20°-40° (Atanasov, 1959). Syn- and postvolcanic (predominantly east-west-
trending) faulting caused step-like collapse and formed an east-west-trending
depression consisting of small horsts and grabens. The most important of these is the
Arda fault, which is traced by veins No 6, 50, 49 (veins along the river), the system of
veins No 32, vein No 15 and the southernmost normal fault separating the volcanics
from metamorphics. Displacements of up to 200 m were established along the NW-
SE-trending vein No 2 and the N-S-trending zone 3 (8). Many of the faults are filled
with veins and very closely associated in space with the dyke swarms and particularly
with some post-intrusive dykes, suggesting that these structures may have controlled
volcanism in addition to subsequent mineralization. The extent and continuity of the
major lineaments and the displacement of the prevolcanic sedimentary rocks and
earliest volcanic flows along them suggest that they are related to deep basement
structures that were active over an extended period of time.

Hydrothermal alterations

Hydrothermal alteration at Madjarovo has been discussed by Radonova
(1960) and Velinov et al. (1977). A model involving a pre-ore regional
propylitisation followed by vein-controlled alteration (Rad onova, 1960) was
accepted by most later authors. Recently, Velinov, Nokov (1991) recognized
the mineralization in the Madjarovo ore field as epithermal with simultaneous
development of both acid-sulfate (high-sulfidation) and adularia-sericite (low
sulfidation) type of alteration around the ores. In arecent paperNokov,Malinov
(1993) characterized the ore field as an adularia-sericite type epithermal deposit,
using criteria tabulated by Heald et al.(1987).

A generalized map of the central part of the volcano is shown on Fig.l and a
summary of the general characteristics of the alteration is shown below.

Acid sulfate alteration, biotitization and skarns

The style and location of hydrothermal activity varied significantly during the
life time of the Madjarovo system. Several possibly discrete stages of activity are
indicated by different alteration mineralogies, over-printing alteration, and space
relationships.

The central part of the Madjarovo volcanic centre is moderately to strongly
altered over an area of 10 km? The alteration is developed in a concentric manner
around the largest outcrop of the Madjarovo intrusion grading outward from intense
argillic alteration to propylitic alteration (Fig.1). The most intense alteration forms
topographically elevated areas. Shish Tepe is the best studied among them (Velinov
et al., 1977), although patches of intensely silicified rocks (monoquartzites) were
found in the upper part of the intrusion itself. The highest part of Shish Tepe comprises
diaspore-bearing alunite quartzites and zunyite-bearing diaspore quartzites. Alunite
was found to form small veins (vein-type alunite, Velinov, Aslanian, 1981).
Vertically this alteration grades into quartz-sericitic(Velinov,Nokov, 1991) or
sericitic (M ¢ C oy d, 1995) alteration consisting of quartz-sericite-pyrite, and quartz
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which is the prevailing alteration around and in the intrusion. The cericitic alteration
grades outward and downward into propylitic alteration that consists of chlorite,
albite, calcite, epidote * uralite or zeolites. Because of the large distribution of the
propylitisation in the central part of the volcano, it was called by previous authors
“areal” or regional propylitisation.

Spatially and, probably, temporally related to monzonitic intrusions are potassic
alteration assemblages, defined by hydrothermal biotite and quartz. This type of
alteration was established around two small bodies of monzonite (Patron Kaja and
Kjumiurluka) which are intruded in the east-west Arda fault. Biotite was also observed
in the deepest outcrops of argillic alteration around the south-east margin of the
Harman Kaja intrusion. Disseminated pyrite accompanies silicate minerals. There is
a similarity to other shallowly eroded high-sulfidation and porphyry deposits (e.g.
Lepanto) described by Sillitoe (1993 and references in there) which show a
transition from epithermal to porphyry environments. Earlier occurrences of
biotitisation were reported by Velinov, Nokov (1991) but their location and
metallogenic significance are not elucidated.

Hydrothermal biotite in the Patron Kaja and Kjumiurluka intrusions occurs in
distinct groundmass-hosted aggregates containing fine-grained (0.1 mm), light brown
biotite flakes or replacing the Fe-rich phenocrysts in the host-rock latites.
Hydrothermal quartz occurs dominantly in veins and veinlets. Here, the potassic
alteration grades into a propylitic alteration.

Skarn bodies of unknown size and potential have been discovered by drill-holes
in close proximity to the Harman Kaja and Patron Kaja monzonitic bodies
(Breskovska etal.,1976) and can be referred to the proximal skarnsof Sillitoe
(1993). Skarns are hosted by {ine crystalline marbles and to a lesser extent by gneisses
and amphibolites. Their formation is in two stages: an early anhydrous (garnet-
pyroxene) stage and a late, hydrous (amphibole-epidote) stage. Skarns are overprinted
by sulfide mineralization (sphalerite, galena, chalcopyrite, pyrite and hematite) which
is believed to be contemporancous with the base metal mineralization.

Adularia-sericite alteration

The second stage of hydrothermal alteration is typically of quartz-adularia-sericite
type(Velinov,Nokov,199l;Nokov,Malinov,1993).Itis strongly fracture-
controlled, and forms extensive envelopes around guartz veins with an inner part of
the alteration zone adjacent to the veins consisting of quartz-adularia. The average
thickness of quartz-adularites in a single vein is up to 10 m, however, in the vein
swarms it is considerably larger and may reach up to 100 m. Veinlets of quartz,
adularia, pyrite, and sphalerite and galena are ubiquitous in the quartz-adularia zone
as well as molybdenum mineralization represented by endogenous wulfenite and
molybdenite (Nokov,Malinov, 1993;secalsoArnaudovaectal, 1991). The
alteration grades outward to quartz-sericite alteration with small amout illite and
smectite (M ¢ C oy d, 1995) and propylitic alteration, which is comprised of a chlorite-
carbonate-pyrite assemblage. Quartz-adularia alteration is especially well developed
in the upper portion of the veins, whereas quartz-sericite alteration prevailes in the
lower parts. Low-sulfidation quartz veins cross-cut the advanced argillic alteration in
the central part of the ore field, however, their mineralized parts tend to be peripheral
to the high-sulfidation environments (Sillitoe, 1989, 1993).
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Age of alteration

K-Ar dating of an adularia sample from quartz-sericite-adularia alteration around
ore(Arnaudovaetal 1991) gave an age of 32-33 Ma. A vein alunite sample from
the high-sulfidation alteration was dated by McCoyd (1995) at 32.6 +1.2 Ma.
These data are practically the same as the age of Madjarovo volcanics cited above
and within the limits of experimental errors of both Rb-Sr and K-Ar methods. The
time difference between the intrusion emplacement and alunite alteration is usually
less than 0.6-0.7Ma(Davies,Ballantyne, 1987;Noble,Silberman, 1984)
which means that the time gap between alteration-mineralization and preceding
magmatic activity in a system as old as 30 Ma is irresolvable with the conventional K-
Ar method. The data obtained for the fresh velcanics and the alteration minerals,
however, suggest close temporal relationships between volcanism, intrusion,
hydrothermal alteration and mineralization and a time gap between volcanism and
vein emplacement of less than 1 Ma.

Mineralization

The following styles of mineralizations are established in the MOF: (a) intrusion-
hosted stock-work/disseminated Cu-Mo mineralization; (b) skarn and non-skarn
replacement deposits in carbonate wallrocks and (c) veins in both intrusions and wallrocks,
however, only the low-sulfidation system is of economic importance so far.

Porphyry mineralization

The most probable position of any porphyry mineralization is north of Shish
Tepe at the crosscut of the east-west fault system of vein No 32 and the south
continuation of the north-south vein No 8. This area shows a Mo-Cu anomaly and
visible Mo mineralization, established by Atanasov, Eskenazi (1964). The
location of this mineralization in the argillic alteration suggests that most probably
this is the top of a porphyry system.

Skarn mineralization

This is also in close spatial relationship with the monzonitic intrusion. In
accordance with its ore-mineral composition (lead-zinc-copper), it can be assigned
to the lead-zinc skarn type of Einaudi et al. (1981).

Carbonate-replacement mineralization

Existence of this style of mineralization in the MOF was suggestedbyMarchev
and J e 1 e v (unpubl. data} after sampling the coral limestones in the eastern part of
Madjarovo volcano, around “Bakurdjika”, about 3-4 km from the monzonite intrusion.
The area represents the easternmost continuation of a fault controlling the manganese
mineralization west of the village of Kochash. The rocks are strongly silicified and, in
places they look like jasperoid. Three rock chip samples were taken and all of them
showed an anomalous content of Au ranging between 0.1-0.3 ppm. No visible
mineralization of base-metals or manganese and no studies on accompanying elements
have been carried out.

The distal position of this mineralization from the intrusion, and the
accompanying decalcification and silicification are features which make it similar to
Carlin-type gold deposits.
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Gold in the high-sulfidation system

Sampling of the advanced argillic type alteration in the monzonitic intrusion
and its host rocks shows elevated contents of Au. 21 out of 26 samples analysed carry
about (>0.1 ppm) of gold. A rough estimation for the Madjarovo intrusion shows
approximately 30 metric tons of Au. However, to be defined as a principal gold deposit,
the porphyry copper mineralization must be richer in gold (>0.5 ppm Au) and contain
at least 10 million metric tons averaging >1.5 ppm Au (Sillitoe, 1989).

Low-sulfidation mineralization

Economic base- and precious metal mineralization is restricted to the quartz
veins. More than 140 quartz veins have been discovered in Madjarovo so far, about a
quarter of them carry ore minerals. The average width of the veins is about 1 m,
however, the major veins widen up to 30 m across. The length of the veins varies from
several tens of meters up to 3-4 km.

Near the surface, the ore veins are entirely located in the volcanics, whereas in
depth they cut metamorphic basement. A general zonation, very similar to current
models of epithermal deposits with base metals precipitating below shallow deposited
precious metals(Buchanan, 1981;Berger, Eim on, 1982), was established by
Atanasov(1962)and Arnaudovaetal (1991). Ore veins which cross-cut the
intrusive bodies are narrow and are barren or contain minor mineralization. The
mineralized interval is believed to extend up to 1500 m below the present surface.

The mineralization has been divided into 6 stages(Breskovska, Tarkian,
1993). The first stage of mineralization was found in the deepest parts of some ore
veins. The major minerals (pyrite, chalcopyrite and quartz) are accompanied by
accessory sphalerite, galena, Se-bearing Bi sulfosalts and bismuthinite. The second
stage is comprised of hematite, thuringite, gold and quartz and subordinate pyrite,
ripidolite, chlorite-montmorillonite and rare sphalerite and galena. The third stage
carries the major quantity of galena and sphalerite. Less abundant are chalcopyrite,
gold, pyrite, tetrahedrite, barite, hypogene anglesite, and hematite. The fourth stage
is represented by different varieties of silica: quartz, chalcedony, amethyst, smoky
quartz, agate, opal, jasper as well as barite, hypogene anglesite, and hematite. Sulfides
are rare; they include fine-grained pyrite, chalcopyrite, galena, sphalerite, associated
with various Pb-Ag-Sb- and Cl-bearing sulfosalts as well as hypogene greenockite,
acanthite, native Ag and Sb, Au, electrum, and aurostibnite. Nokov, Malinov
(1993) assigned wulfenite to the first stage and molybdenite to the fourth stage of
mineralization. Arsenic sulfosalts, which are absent in the earlier stages, represent
the fifth stage of mineralization. The major minerals are tennantite, luzonite, pearceite
and As-bearing polybasite. The last stage, which is found in several veins, consists
mainly of carbonates: calcite, Mn-bearing calcite, and siderite.

Gold in the low-sulfidation system

The main prospectives for gold in Madjarovo are connected with the quartz-
adularia-sericite epithermal category. Most of the gold was deposited during the
second and fourth mineralization stages. It occurs as small inclusions of 1-60 wm,
rarely 100 um, in quartz or base metal sulfides. In addition, invisible gold has been
determined analytically in quartz and sulfides. The Ag content in the “early” gold
varies between 5 and 11 wt.%, whereas in the late “gold” the Ag content is in the
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range 7-22 wt.%, including electrum. A trace of Cu have also been detected in single
gold grains. Only several veins (No 15, 6, part of 2, 29, 59) have sufficient data to
allow a geological resource for Au to be outlined. Total estimated reserves {rom all
veins are about 2 million tons grading at 3.9 g/t gold. In addition, veinNo 6 contains
1.2 million tons Ag at 110 g/t. In more fractured rocks, usually at the cross-cut of two
fault systems, stockwork-like mineralization can be developed. This consists of strongly
silicified rocks and large numbers of small quartz veinlets. Horizontal dimensions of
these zones are 100-150 m long and up to 50 m wide. Rare replacement crystals of
sulfides (galena, sphalerite) also occur.

Three areas of this type (along vein No 43, No 15, No 16, No 5 and No 6) were
explored for gold by rock chip sampling. All of the zones are anomalous in Au, but
no economic mineralization has been defined. The Au contents in these zones is in
the range 0.1-0.8 ppm with a mode of around 0.2 ppm.

Ore-forming environment

The measurementsof Breskovska,Tarkian (1993), Nokov,Malinov
(1993) of primary and pseudosecondary inclusions in quartz, amethyst, sphalerite
and barite by the method of homogenization show formation temperatures of 370-
150°C for different stages of mineralization. More recent measurements of quartz
and barite M ¢ C o yd, 1995) are of the same range (350-128°C) with the range of
mean values from 283 down to 210°C. The inclusions in the quartz, sphalerite and
barite from the upper part of the veins have lower temperatures of homogenization
(250-160°C, 210-160°C, 240-150°C, respectively) (Nokov, Malinov, 1993;
McCoyd, 1995) than the same minerals in the vein 43 (quartz 370-240°C and
sphalerite 230-210°C;Breskovska,Tarkian,1993)which is about 300 m lower,
thus showing a clear trend of decreasing temperature from deeper to upper levels.
The inclusions from that level of vein 43 also show unequivocal evidence for boiling
with vapor/fluid ratios up to 65/35 in the quartz and 35/65 in the sphalerite.

Fluid inclusion studies have also shown that the Madjarovo ores were deposited
from fluids of low to moderate salinity, ranging between 0.2 and 8 eq. wt.% NaCl,
with a distinct frequency maximum between 2.5 and 5.0 eq. wt.%. A few exceptionally
high salinity inclusions (13.6-18.4 eq. wt.%) have been found in samples from vein 6a
(Breskovska Tarkian, 1993). Small quantities of KCI are also possible.
Alternating parageneses of sulfide and hematite in different stages of mineralization
suggest that the sulfur and oxygen fugacity were fluctuating during evolution of the
hydrothermal system. The abundant occurrence of barite, marcasite and anglesite in
the upper parts of the veins indicate increased oxygen fugacity. A more precise
determination of the chemical environment of early gold deposition can be achieved
based on the assemblage quartz-hematite-chlorite-adularia. At 270°C this mineral
assemblage can crystallize at approximately log fS,=—11 and log fO,=—34 and
pH=5.5-6. The multistage crystallization of adularia (Nokov, Malinov, 1993)
indicates pH values higher than 5.5-6 for a long period of ore deposition.

Using his data for salinity and temperature of the fluids McCoyd (1995)
estimated the depth of boiling below the paleosurface was approximately 300 m.
Similar results (70-180 bars) for boiling fluids were obtained by Breskovska,
Tarkian (1993). From purely geological consideration we suggest that the erosion
to the highest preserved part of the system is approximately 200 m, which is in excellent
agreement with the above estimations.
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Isotopic studies

Some information regarding the sources of mineralizing fluids, sulfur for sulfides
and sulfates, and Pb for galena can be derived from the preliminary studies of the O,
D and sulfur isotopes of McCoyd (1995) and McCoyd etal (1997) and lead
isotopes of Amov etal (1979; 1985),and Marchev, Amov (unpubl. data).

Stable isotopes

Sixteen measurements of &S of pyrite from veins and 8 from argillic alteration
display a relatively narrow distribution with the vein range between —1.2 and +6.8%e
and from the alteration +1.1 and +6.8%e.. The range of the sulfur isotopic composition
of the ore fluid was calculated in the range —0.2 to+5.4%.. The data can not distinguish
between an igneous (0 to +4%o) or metamorphic source (—6.7 to +4.7%.). Sulfate
minerals (alunite from the advanced argillic alteration and barite from the veins)
have been analyzed for *S and 8'*0. Alunite with 6*S (+22 to +25%.) show similarity
to the Summitvill deposit, Colorado (R y e et al., 1992). Barite 5*S ranges from +19
to+24%., indicating sulfate was derived from oxidation of hydrothermal sulfide.

The majority of calculated 8D values for muscovite and inclusion fluids in quartz
and barite lie between —60 and —80%.. 8'®0 quartz/muscovite values range from

+8.9 to +13.5%¢) and 6'*0 barite data from +6.3 to +11.7%.. Calculated 5'80H20 and
SDHzo values are consistent with a meteoric origin for the mineralizing fluid. $'*0 and

0D measurements on mineral separates from the argillic/advanced argillic alteration
show that overall distribution of alteration mineral 5'*O is very similar to that observed
for the mineralization (80 =+5.2 to +11.9%.) whereas 8D is slightly heavier (D=

—57 to —74%.). Calculations of the S”‘OHZO and 5DH20 values indicate that this
difference may be explained by a more magmatic influence.

Lead isotopes

Lead isotopic data in the Madjarovo ores have been studied by A m o v et al.(1979,
1985). Twenty-three samples of galena from volcanic-hosted veins and four samples
from two metamorphic-hosted veins in the vicinity of the volcano were analyzed
by Am o v etal (1985). They show a remarkably uniform isotopic composi-
tion within a very narrow range: 2°Pb/*Pb=18.75-18.80; *"Pb/**Pb=15.66-15.70;
208Pp/2Pb=38.83-38.87, very similar to the values obtained from the adularia in the
alteration halo around the veins (**Pb/2%Pb=18.76-18.83; 2"Pb/**Pb=15.65-15.66;
203Ph/24Ph=38.74-38.75). These values show a remarkable uniformity with the values
obtained from the intrusive rocks and intermediate and acid volcanics
(***Pb/**Pb=18.68-18.78; “"Pb/**Pb=15.65-15.68; **Fh/MPb=38.72 — 38.88) and quite
different from the high-Al basalts (?°Pb/**Pb=19.24; 2"Pb/**Pb=15.69;
208ph204PHh=38.81) and the underlying metamorphic rocks (**Pb/?*Pb=18.51-18.56;
207ph/24Pb=15.63-15.66; 2%Pb/2*Pb=38.76-38.85; Marchev et al.,, unpubl. data).

The newly obtained whole-rock Pb isotope data partly support a magmatic origin
of the lead (Am o v et al,, 1985). A more precise interpretation requires the source
of the lead to be similar in isotopic composition to the strongly contaminated (by
crustal material) latite-syenite magmas but different from the mantle-derived basaltic
magma.
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Conclusions

Alteration and mineralization in the MOF is hosted by a shield type volcanic
centre consisting of calc-alkaline to shoshonite lava flows and epiclastics.
Geochronological data suggest an early Oligocene age of the magmatism and
alteration.

‘The central part of the MOF is extensively altered and contains several distinct
styles of alteration. Advanced argillic (quartz-alunite-pyrophylite-diaspore and massive
silicification), sericitic and propylitic alterations are developed in a concentric manner
around the largest outcrop of Madjarovo monzonitic intrusion. These alteration zones
formed from the leaching of rocks by low pH acid-sulfate fluids.

Spatially and, probably, temporally related to monzonitic intrusions are also
potassic alteration assemblages, which show a transition from porphyry to epithermal
environments, and skarn bodies of unknown size and potential.

The advanced argillic and potassic alteration are cross-cut by quartz veins of a
radial distribution but their mineralized part and related quartz-adularia alteration
tend to be peripheral to the high-sulfidation environment. Jasperoid-like (carbonate
replacement) rocks with elevated contents of Au are also in distal position from the
monzonitic intrusion and show similarity to Carlin type deposit.

Fluid inclusion data suggest temperatures of formation of 210- and 280°C and
salinities between 2.0 and 4.5 eq. wt.% NaCL

The S isotope studies can not distinguish between metamorphic and magmatic
sources for the advanced argillic and vein sulfides, however O, H isotopes are consistent
with a stronger magmatic input in the advanced argillic and sericitic alteration
compared to the adularia-sericite alteration. The Pb isotope values indicate that the

Pb was derived from the monzonitic magma wich have a similar range of values .
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