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ABSTRACT

Disseminated Au-As-Sb-Tl-Hg mineralization in the AlSar district, Macedonia, is hosted in Triassic carbonate rocks,
Tertiary interbedded volcanic tuff and dolomite, and Pliocene felsic tuffs. Hydrothermally altered, porphyritic, hypauyssal
igneous rocks intrude both the Triassic and Tertiary rocks. Ore fluids followed major structural zbnes, trigtr-angie fiults
and flat-lying stratigraphic feafures in the host rocks. Results from radiometric dating of the tuffs (<4.5-5.dMa)"ttrat host
some of the Au-As-Sb-T1-Hg mineralization place an upper limit on the age of thai hydrothermal event and indicate that
it is Pliocene iq age. Hydrothermal fluids introduced large amounts of silic4 iron and sulfur into, and removed calcium
and magnesiurn from, the carbonate and volcanic rocks. These fluids also introduced arsenic, antimony, thallium, mercgry,
bgunl1$ gold, resulting in the formation of marcasite, pyrite, realgar, orpiment, stibnite, cinnabar, iorandite and vanous
other Tl-bearing sulfosalt minerals, plus barite and micrometric to submicrometric particles of gold. Base-metal andsilver concentrations are characteristically low, as is the case in the type locality for sedirientary-rock-hosted
disseminated gold mineralization, the carlin deposit, Nevada. Al5ar is the iirst exampie of this type of lrecious metal
mineralization to be described in Europe; it differs significantly from the typical base-metal- and silver-dominated
Yugoslavian ore deposits.

Keltwordl, disseminated gol.d, sedimentary-rock-hosted, Au-As-Sb_Tl-Hg mineralization, pliocene, realgar, stibnire,
Tl-sulfosalts, AlIar, Macedonia.

Sovruarnr

NorJs signalons la pr6sence d'une min6ralisation d Au, As, Sb, T1 et Hg dans le district de Allar, en Mac6doine. Elley est d6veloppde dans une s6quence de roches carbonatdes triassiques, ainsique dans des tufs volcaniques et des dolomies
tertiaires et des.tufs felsiques pliocdnes. Des roches ign6es sub-volcaniques, porphyritiques et alt6r6ei recoupent le socle
triassique et tertiaire. La phase-fluide responsable a profito de zones struciurale; mpottrot"., des failles i pendage abrupt et
!e1 1qc1ur9s stratigraphiques horizontales des roches h6tes. Les r6sultats d'une datation radiom6trique des tufs-min6ra1is6s(:4.:-5.9 Ma) limitent l'dge de la nin6ralisation, qui serait donc pliocdne. La circulation hydrotheimale a men6 i I'intro-
duction-de quantitds importantes de silice, fer et soufre, et le lessivage de calcium et de magn6sium des roches volcaniques etdes carbonates. Elle a aussi impliqu6 les 6l6ments As, Sb, Th, Hg]Ba et Au, et la formation de marcasite, pyrite, rEalgar,
orpiment, stibine, cinabre, lorandite et des sulfosels portews dJTl, en plus de baryte et de particules microm6triques isub-micromdtriques d'or. Les teneurs de m6taux debase et d'argent sont faibles,iout comme dans les gisements d'or
dissdmine du type Carlin, au Nevada, oi les roches hdtes sont s6dimentaires. Alsar serait donc le premier exernile europeen de
ce type de min6ralisation en m6taux pr6cieux, qui diffdre sensiblement des gisements yougosiaves typiques, i dominance
de m6taux de base et d'argent.

(Iraduit par la R6daction)

Mots-cl€s: or diss6min6, roche h6te s6dimentaire, mindralisation en Au-As-Sb-Tl-Hg, pliocbne, r6algar, stibine, sulfosels de
thallium, Al5ar, Macddoine.

*hesent address: Consulting Geologist, 3645 Black Forest Lane, Sparks, Nevada g9434, U.S.A.
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LrtrnonucnoN

The Al5ar district is located in the Kozuf Mountains
of southern Macedonia (Fig. I ), a republic in what was
formerly Yugoslavia. The district was extensively
mined from 1880 to 1908 for antimony (grade 24
wt.7o), arsenic (l wt.Vo) and thallium (Jankovid 1982).

A program of regional reconnaissance for gold was
conducted in Macedonia and in other Yugoslavian
republics by Nassau Limited in 1986. This work
iniluded geological and geochemical exploration of
the Al5ar district and resulted in the delineation
of anomalous concentrations of gold (>1.0 g/t) in
areas of arsenic, antimony and thallium mineralization,

Ftc. 1. Location and geological map of the AlSar mining district, Macedonia,
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and also in widespread silicified zones. This paper pre-
sents the results of continuing studies of disseminated
gold mineralization in the Al5ar district by Nassau Ltd.

Initial results suggest that physical and chemical
features of the mineralization at Al5ar are similar to
those that characterize many of the sedimentary-rock-
hosted, disseminated (Carlin-type) gold depositi of the
western U.S. (Radtke & Dickson 1974,Bagby &
Berger 1985, Percival et al. 1988). We believeihat
Al5ar is the fust example of this type of gold mineral-
ization to be recognized and described from Europe
(Percival & Rad&e 1990).

Gsot-octcAt- Sarrwc

Regional geology

The Al5ar district occurs within the yar:du Zane, a
regionally extensive (700 x 80 km), north-northwest-
fiending tectonic suture marking the location of an
extinct subduction zone (Arsovski & Ivanov 19771rit.
The zone is comprised of ophiolitic rocks and a com-
plex mdlange of metamorphosed tectonic blocks of
Precambrian(?) through Mesozoic age in a cataclastic
matrix. Tectonism was most intense during the Alpine
Orogeny, but occurred from Upper Triassii to
Paleogene time (Arsovski & Ivanov 19776. Gabbro
and granodiorite were intruded along and within the
Vardar Zone during the Jurassic (Arsovski & Ivanov
L977 a, Spray et al. 1984).

In Macedonia, the Vardar Zone separates two
upper-greenschist-facies metamorphic complexes:
1) the PelagonianZone (to the west) and 2) the Serbo-
Macedonian massif (to the east). Their borders are
defined by tectonically emplaced masses of serpenti-
nite, ophiolit ic pil low lavas and metadiabase
(Arsovski & Ivanov L97ib). Deposition of trench-
related Triassic clastic and carbonate sediments in the
Vardar Zone was followed by Cretaceous and Tertiary
flysch, carbonate rocks and concluded by deposition
of Neogene molasse in lacustrine basins (Arsovski &
lvanov 1977b).

Regionally exrensive Pliocene (1.8-6.0 Ma) felsic
to intermediate volcanic rocks of calc-alkaline to alka-
line affinities covered much of the Kozuf Mountains
as tuffs, flows and coeval subvolcanic intrusions
(Kolios et al. 1980). Radiometric dating of the lower
tuffs near AlSar yielded K-Ar biotite ages of 5.g Ma
(8. Boev, written comm., 1992). Several ring-radial
features, suggestive of caldera-type volcanism, have
been identified recently on Landsat imagery and by
regional geological reconnaissance near the Albar
district (Jankovid & Jelenkovid 1990.) An enrichment
in large-ion lithophile elements and light rare-earth
elements and high init ial strontium ratios
(0.7088-0.7090) in the tuffs suggest crusral conrami-
nation of a mantle-derived parent magma (Kolios
et al.1980, Boev 1990a, b).

Local geology

The western flank of the district is bordered by
tectonically emplaced slivers ofJurassic mafic igneous
rocks and serpentinite within a cataclastic matrix, typi-
cal of the Vardar Zone. Regional geological mapping
by the Macedonian Geological Survey (1980) and
detailed mapping by T. Percival indicate that the
geology of the district is composed of two distinct
chronostratigraphic units: 1) Mesozoic trench sedi-
ments, unconformably overlain by 2)Tertiary volcanic
and carbonate rocks @g. 1).

The Mesozoic rocks include greenschist-facies
marble, dolomite and minor amounts of schist, and are
assigned a Triassic age by the Macedonian Geological
Survey (1980). Marble is the most abundant pre-
Tertiary rock (Fig. l) and consists of gray-white to
bluish gray, fine- to medium-grained equigranular
calcite, with minor dispersed and interbedded detrital
material. The dolomite is gray-white to tan, fine-
to medium-grained and is locally recrystallized to
dolomitic marble. Schist is exposed along the eastern
margin of the district and is widely variable in compo-
sition; quartz-sericite, chloritic and graphitic schists
are the most common.

The Tertiary unit directly above the unconforrnity is
a massive gray-white to tan, fine-grained, micritic to
sparry dolomite (Fig. l). Variable proportions of
water-laid volcanic ash and tuffaceous debris are dis-
persed throughout, and locally intercalated as beds
within the dolomite, clearly demonstrating a volcano-
sedimentary provenance. The dolomite probably was
deposited in a fresh-water lacustrine basin, similar to
dolomite described elsewhere in Yugoslavia (Ilich
1974, Fallick et al. l99l). These basins also contain
dolomite and magnesite deposits of hydrothermal-
sedimentary origin spatially associated with Tertiary
felsic igneous rocks. Basin development occurred as a
result of Miocene extensional tectonism in areas
underlain by ultramafic and carbonate rocks (Illich
1974,Fallick et al. I99l\.

Tertiary (Pliocene) tuffaceous volcanic and vol-
caniclastic rocks overlie the dolomite and Mesozoic
basement rocks. The lower tuff unit is dominantly
latite in composition, with lesser amounts of andesite"
trachyte and quartz latite. The latite is composed
of light-colored ash, crystal and crystal-lithic tuff,
and fuffbreccia. Petrographic studies indicate that the
tuffs contain varying amounts of sanidine, biotite,
lesser quartz, hornblende and clinopyroxene phe-
nocrysts in a gray aphanitic, crystalline and glassy
groundmass.

In many areas these tuffs have undergone intense
argillic alteration and locally are mineralized. The
upper tuff unit is comprised of debris flows, felsic ash
tuff and thin-bedded lacustrine volcaniclastic deposits.
Hydrothermal alteration is weakly developed to
nonexistent in the upper unit.
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A hypabyssal intrusion cuts across both the Triassic
and Tertiary rocks and is exposed as small outcrops
(Fig. 1) and in underground workings in the antimony
mines. The intrusion is porphyritic and contains
phenocrysts of quartz, variably altered sanidine'
biotite, hornblende and, rarely, clinopyroxene in a
pyrite-bearing, fine-grained crystalline groundmass.
Pervasive hydrothermal alteration throughout the
district makes identification of rock types difficult in
many areas. Several subvolcanic intrusions ranging in
composition from latite to andesite occur within 1 to
3 km south and west of the intense district-wide enve-
lope of hydrothermal alteration. These intrusions are
weathered or weakly altered and exhibit textural and
mineralogical features, including disseminated pyrite
mineralization. similar to features of intrusive rocks at
Al5ar.

Structural geology

Three major steeply dipping sets of structures with
distinct trends occur in the Al5ar district: l) north,
2) northwest (N40-55W), and 3) northeast (N35-50E)
(Fig. 1). The structures are defined by sheared and
tectonically brecciated wallrocks, gouge zones, juxta-
posed stratigraphic units, topographic discontinuities,
variations in intensity of hydrothermal alteration, and
sulfi de mineral deposition.

The river, south and immediately west of the anti-
mony mines (Fig. 1), is underlain by a major north-
trending structural zone (River Fault Zone). This zone
is defined by a major topographic discontinuity
between extensively altered and mineralized cliff-like
outcrops on the east, in contrast to glacial-till-covered
rolling hills oflow relief on the west. Because of size,
amount of movement, pervasive gouge and sheared
matrix, and overall north-south trend, this structural
zone probably is related to and formed by strike-slip
movement along the Vardar zone (Smith & Spray
1984). The northwest- and northeast-trending struc-
tures formed as dilational conjugate sets of faults in
response to the north-south shearing. These faults are
the locus of intense fracturing and brecciation distal to
the main shear-zone and served as open spaces for
movement of hydrothermal fluids through reactive
carbonate and tuffaceous rocks.

ALTERATION

Hydrothermal alteration features are developed
in each of the rock units and are aerially extensive
(1 x 2 krn) throughout the Al5ar district. Intensity of
alteration is locally variable and ranges from weak to
intense. Types ofalteration include: 1) decalcification,
2) silicification, 3) argillization, 4) veining, 5) dolomi-
tization and 6) supergene alteration.

The hydrothermal activity apparently occurred after
deposition of the lowermost tuffs and emplacement of

the subvolcanic intrusions, but prior to the deposition of
the unaltered tuffaceous volcanic rocks and lacustrine
sediments that overlie the altered and mineralized
rocks. The unaltered tuffs and sediments are exposed on
the northem and southem margins of the Al5ar district.

Decalcification

The process ofhypogene alteration characteristic of
sedimentary-rock-hosted precious metal deposits
invariably begins with decalcification of the carbon-
ate-rich host rocks (Bagby & Berger 1985, Percival
et aI. 1988\. Decalcification involves the removal of
calcite and dolomite from the sedimentary host-rocks
by weakly acidic solutions (in a pyrite-stable field),
resulting in increased porosity and permeability.
Carbonaie removal is accompanied by deposition of
replacement silica and the formation of mineral
assemblages typical of argillic alteration.

At Al5ar, decalcification affected both the Triassic
carbonate rocks and the Tertiary dolomitic rocks. In
both units, intense silicification and argillic alteration
are common and exhibit a lateral transition through
variably bleached and partially decalcified rocks to
fresh unaltered rock.

Sanding, a second style of decalcification that lacks
accompanying silicification, is a common feature
developed in the Tertiary dolomite. Sanded dolomite
exhibits varying degrees of competence and commonly
retains primary textural features. Intragranular corro-
sion by hydrothermal fluids removed the fine-grained
mahix, leaving predominantly granular dolomite sand,
disseminated iron oxides, iron oxide stain, and crusts
and stains of an unidentified greenish to yellow
secondary mineral. Similar textures have been
described in altered dolomite at the Windfall sedimen-
tary-rock-hosted gold deposit in eastern Nevada
(Nolan 1962).

Silicification

Extensive hydrothermal silicification occurs in boti
pre-Tertiary and Tertiary rocks within and south of the
antimony deposits at Al5ar. The intensity of silicifica-
tion varies from weak to total replacement (asperoid)
in carbonate rocks of all types' Most of the silicifica-
tion in dolomitic rocks is very intense, reflecting their
reactivity toward this type of alteration.

The silicified rocks are products of infoduction of
hydrothermal silica and replacement within and along
fiults and fracture zones of varying orientations
(Fig. l). The silica-bearing fluids also moved from the
tectonically prepared zones outward into stratigraphic
horizons with favorable permeabilities and chemical
properties in both pre-Tertiary and Tertiary carbonate
and volcanic rocks. End products include both weak
pervasive silicification and micro-scale stockworks in
fracture zones.
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The jasperoids arc gray to black in color and consist
of fine-grained, dense microcrystalline quartz that
thoroughly masks the textures of the carbonate host-
rock. Features such as breccia textures, quartz veins
and quartz microveins are common. Disseminated sul-
fides (pyrite, marcasite and rare arsenopyrite) occur
within massive silica, whereas the more coarsely
crystalline sulfides (stibnite and realgar) and their
oxidation products (e.9., stibiconite, cervantite,
pararealgar, e/c.) occur within the abundant vtrgs, open
spaces and between breccia fragments. The silicified
rocks and jasperoids at A15ar are similar to those that
formed by hydrothermal alteration in sedimentary-
rock-hosted disseminated precious metal deposits of
the western U.S., as described by numerous authors,
including Bagby & Berger (1985), Bakken & Einaudi
(1986) and Percival et al. (1988).

Although pervasive development of jasperoid
(especially in dolomitic rocks) is common in the AlSar
district, much larger volumes of rocks of all types are
only weakly to moderately silicified. These rocks
are lighter colored and contain varying proportions of
host rock affected by argillic alteration mixed with
introduced silica. This type of alteration is most
common in the tuffaceous volcanic rocks; in both the
carbonate horizons and the tuffaceous volcanic rocks,
relict host-rock textures are commonly preserved.
Quartz microveinlets are ubiquitous. Sparsely distrib-
uted wgs are lined with drusy quartz and iron oxides,
minor amounts of disseminated pyrite and marcasite,
and rare crystals of stibnite and realgar. The quantity
of metallic minerals in these less intensely silicified
rocks usually is markedly less than that found in the
jasperoids.

Argillic and sericitic alteration

Both volcanic and sedimentary rocks are altered to
argillic and sericitic assemblages. The alteration is
aerially extensive and is of varying intensity.
Tuffaceous rocks are intensely altered close to faults
and silicified zones, and the argillic and sericitic alter-
ation in the tuffs is more widespread and intense than
it is in the sedimentary rocks.

The moderately to intensely argillized rocks consist
of varying proportions of fine-grained light-colored
clays, sericite, qvartz, iron oxides (l imonite >
hematite), jarosite, gypsum, calcite, siderite, sulfides
(marcasite, pyrite, realgar, orpiment), a variety of
thallium-bearing sulfosalt minerals (Table 1), and
unidentified secondary minerals containing Fe + As -r
Tl.

Detailed studies to determine the mineralogical
composition of the clay-bearing suite(s) of alteration
minerals are in progress. Preliminary results of X-ray-
diffraction studies of alteration assemblages suggest
that the rocks affected by argillic alteration consist of
varying proportions of the following minerals:
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kaolinite, sericite, illite-group minerals (including
celadonite), hydromicas, pyrophyllite, subordinate
chlorite, ephesite (Na, Li mica) and relict(?) biotite.

Zones of argillic alteration at Al5ar typically
envelop hydrotherrnally silicified zones in both verti-
cal and lateral directions. The intensity of argillic
alteration decreases, and the mineral assemblages
vary, with increasing distance from the silicified
rocks. Intensely argillized kaolinite-rich rocks (e.9"
qlrartz + pyrophyllite + kaolinite + sericite, quartz +
kaolinite t calcite and quartz + kaolinite + illite) occur
closest to silicified and sulfide-mineralized rocks.
These assemblages are bordered by and variably
mixed with sericite-rich zones comprised of quartz +
sericite + pyrite (+ illite + kaolinite) associated with
realgar and marcasite. These zones in turn grade out-
ward into weakly to moderately "argillic-altered"
rocks containing assemblages of quartz + illite +
calcite + dolomite and quartz + montmorillonite -r

chlorite t hydrobiotite (in tuffacous rocks) over dis-
tances of tens of meters. Similar assemblages of alter-
ation minerals and spatial relations occur in Carlin-
type deposits of the westem U.S. (Radtke & Dickson
L974,Percival et al. 1988, Berger & Bagby 1991).

Veins

Veins are relatively uncommon and sparse in the
Al5ar district. Quartz veins are most abundant withi:l
the jasperoids and silicified rocks and occur as small
(<1-5 mm) gray or colorless veins or microveinlets.
Thicker veins qpically contain minor amounts of dis-
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seminated pyrite, marcasite, crystals of stibnite and
realgar and their alteration products, formed by super-
gene oxidation. Veins greater than 0.5 cm wide are
rare. Some late-formed q\aftz veins (l-3 mm)
are banded, contain crystals of barite, and locally have
open spaces lined with drusy intergrown quartz and
barite, and crystals of gypsum and calcite. Late-
formed veins of calcite are typically less than I cm
wide and may contain crystals of stibnite, realgar and
barite.

Dolomitization

Dolomitized zones within the Triassic marble show
a general spatial association with the hydrothermal
mineralization. However, the dolomitization is weakly
developed, and the dolomite erratically distributed.
The dolomitized rocks are typically lighter colored
than the host marble, and are locally mottled, fine-
grained, non-layered, highly jointed, contain man-
ganese and iron oxides, and grade into undolomitized
marble. Whether the dolomitization is of hvdrothermal
origin and associated with the mineralizati-on event" or
is the result of removal of calcium carbonate from
leached dolomitic rocks by low-pH hydrothermal
fluids, is unknown.

Supergene alteration

Features of supergene alteration are widespread
throughout the entire Al5ar district. They include:
l) oxidation ofpyrite and marcasite to secondary iron
oxides and sulfates, 2) acid-leaching oxidation and
argillic alteration from the breakdown of iron sulfide
minerals, and 3) weathering of igneous and sedimenta-
ry rocks to form secondary clay minerals typical of
wet and humid environments.

MnnnetzaloN

The four main types of mineralization in the district
are: 1) stibnite-bearing jasperoid gold ore (+ Au + As
+ Tl ) ,  2)  s i l iceous gold ore (+ Au + Sb + As) ,
3) arsenian gold ore (+ Tl + Hg + Sb + Au), and
4) thallium ore. Elemental associations and hypogene
sulfide minerals and assemblages of alteration miner-
als in tlese ores are similar in manv wavs to those
found in sedimentary-rock-hosted diiseminated pre-
cious metal deposits of the western U.S. (Radtki &
Dickson L914,Bagby & Berger 1.985,PercivaI et al.
1988). The various types of ores at Al5ar contain both
common and rare sulfide and sulfosalt minerals of the
As-Sb-Tl-Hg suite of elemenrs. Identifications of
these and other minerals were made by a combination
of plane- and reflected-light microscopy, X-ray dif-
fraction, electron microprobe and SEM techniques.
Rieck (1993) illustrated and described all the minerals
that have made this a classic localiW.

Stibnite-bearing jasperoid gold ore

Stibnite-bearing jasperoids at Allar were mined
extensively for their antimony content (Jankovid 1979,
1982). The jasperoids are comprised of dark gray to
black, fine-grained, mosaic-textured microcrystalline
quartz. Most of the jasperoids are fractured or brec-
ciated and contain veinlets and irregular masses of
coarser crystalline gray to white quartz. The matrix
of microcrystalline quartz contains finely disseminated
sulfides (typically L-57o), dispersed fine-grained
sericite and silicified host-rock clasts containing
sericite and sulfides. Pyrite, commonly the most
abundant sulfide, occurs as fine (<0.5 mm) subhedral
disseminated grains, larger (>0.5 mm) subhedral to
euhedral crystals, aggregates of coarse-grained crys-
tals and as pyrite and quaxtz + pynte veinlets that cut
across the groundmass of microcrystalline quartz,
Sparse amounts of finely crystalline arsenopyrite, mar-
casite and stibnite are also present in the groundmass.
Sparse minute anhedral grains of petzite occur encased
in pyrite overgrowths.

The main stage of jasperoid formation with precipi-
tation of silica plus small amounts of sulfide minerals
preceded a later-stage event characterized by deposi-
tion of large amounts of sulfide minerals. This later
hydrothermal event resulted in coarse-grained sulfide
minerals infilling and lining open spaces in breccia
and fracture zones within the bodies of microcrys-
talline quartz. Marcasite occurs in banded or layered
veins and framboidal masses and can represent up to
40 vol.Vo of some jasperoid ores.

Stibnite, like marcasite, is dominantly a late-formed
mineral. It occurs in irregularly shaped fine to coarse
crystalline masses, as acicular crystals filling fractures
and cementing breccia fragments, and as overgrowths
on quartz crystals lining open vugs. Jasperoids com-
monly contain 5-20 vol.Vo stibnite. Realgar occurs as
crystals and crystalline aggregates filling vugs and
open fractures and as an overgrowth on stibnite
and marcasite. These features indicate that realgar in
the jasperoids formed very late in the paragenesis. The
jasperoids commonly contain I to 3 glt gold, and as
much as 20 gltin zones that contain more than 17o
antimony (Table 2).

Siliceous gold ore

Variably silicified sedimentary rocks and tuffs
occur soutfr of the antimony adits and form a resistant
ridge bordering the east side of the river @g. 2). The
tuffs and underlying marble were weakly to moder-
ately silicified by the introduction of rnicrocrystalline
quartz and contain variable amounts of clay minerals
and sericite. Tectonic brecciation and micro-stock-
work veins of quartz are common.

The abundance of all sulfide minerals is less (typi-
cally <1-3 vol.%o) than that in mineralized jasperoids
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and consists primarily of finely disseminated and crys-
tallized pyrite with lesser stibnite and minor marcasite.
Acicular stibnite and minor amounts of realgar line
open fractureso breccia zones, vugs and voids.
Limonite, jarosite and secondary antimony oxide min-
erals (including stibiconite) are common. Gold grades
vary from 0.5 to 10 elt(Table2).

Arsenian gold ore

Arsenian gold ore occurs primadly in argillized
tuffs, Tertiary dolomite, and rarcly in Triassic carbon-
ate rocks. The best exposures are in underground mine
workings and in outcrops along the River Fault Zone
(Fig. 2). This type of mineralization usually occws in
distal areas with respect to zones of hydrothermal sili-
ca. Host rocks are pervasively altered to fine-grained
clay minerals and sericite mixed with limonite,
jarosite, manganese oxides, gypsum and minor
hydrothermal quartz. Sulfides include fine1y dissemi-
nated marcasite, lesser pyrite, realgar, plus sparse

5817
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7800
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21,02
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1 1 3
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9J0
40
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amounts of orpimenx, stibnite and minor thallium-
bearing sulfosalt minerals. Lorandite is probably the
most common Tl-bearing sulfosalt phase (Ivanov
1965, Pavicevid 1988). Sulfide minerals typically
comprise greater than l0 vol.Vo (up to 50 vol.Vo ) of.
tfie arsenian ores.

Supergene alteration has transformed hypogene
marcasite and pyrite into mixtures of yellowish, cream
and greenish sulfates including melanterite, copiapite,
rhomboclase(?), among other phases, and altered
realgar to pararealgar, pharmacosiderite and scorodite.
The gold content is usually lower (<l to 3 g/t) than
that in the siliceous ores. However, in areas of intense
silicification, both primary and oxidized arsenian
ores commonly contain substantial amounts of gold
(3-12 glt: unpubl. data, Nassau Ltd.).

Thallium ore

High concentrations of thallium (up to 2 wt.Vo Tl)
occur in strongly altered carbonate and tuffaceous

t ,
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EXPLANATION

Alluvium
(Quaternary)

Glacialdeposits
(Quaternary'l

Argillic alleration

Silicification

rocks in the nortlem part of the district and account
for a thallium resource of I x 105 tonnes of material
with an overall grade of 0.1 w.To Tl (JankoviC 1982).
The ores are hosted in light-colored, friable "argillic
altered" dolomitic carbonate rock and contain mix-
tures of orpiment, realgar, pyrite, marcasite, lorandite
and rare thallium-bearing sulfosalt minerals including
vrbaite, picopaulite, rebulite, simonite, bernardite,

t.Z Fault, showing relative movement and brecciation>4
Frc. 2. East-west cross section through the southern AlSar disrrict.

Latite tuff
(Pliocenel

Hypabyssal intrusive
porphyry (Pliocene)

Basal unconformity

Marble and dolomite
(Triassic)

raguinite and parapierrotite (Percival & Radtke 1993).
Sulfide and sulfosalt minerals (>5 to 30 voI.Vo ) ue
disseminated throughout the rock, fill fractures, joints
and open space between breccia fragments and,
locally, massively replace the rock.

The mineralization is located along or near contact
zones with the subvolcanic intrusive rocks. Arsenis
and thallium commonly range from 0.02 to L.25 wLEo,

A'A
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and arsenic concentrations of up to 5 wt.Vo occur
locally (unpubl. data, Nassau Ltd.). The concentrations
of antimony usually range from l0 to 300 ppm, and
those of mercury, from <1 to 200 ppm. The thallium
ores analyzed to date contain only traces of gold
(unpubl. data, Nassau Ltd.).

Controls on ore deposition

Structural and stratigraphic features combine to
provide the primary controls of hydrothermal deposi-
tion of ore in the Al5ar district. Structural features
served as channelways for the movement of the
hydrothermal fluids into reactive environments. Fault-
induced brecciation, fracturing, shearing and regional
tectonic disruption of the stratigraphic units signifi-
cantly increased rock porosity and permeability,
allowing fluids to permeate through large volumes of
rock. The presence of stibnite-bearing jasperoids at
fault intersections indicates that intersections of struc-
tures served to localize the mineralization.

Stratigraphic controls of mineralization were, in
part, dependent upon strucfural controls. The massive,
relatively impermeable and nonporous carbonate rocks
are poor hosts for mineralization, except in structurally
prepared zones. In contrast, extensive silicification and
jasperoid gold-antimony mineralization (Table 2)
occur along the basal unconforrnity and extend into
overlying Tertiary rocks @g. 2). Porous and perme-
able clastic debris along the unconformity were silici-
fied and mineralized to form a stratiform zone of
mineralization. Highly permeable and porous ash and
crystal tuffs and the reactive tuffaceous dolomitic
rocks above the unconformity are extensively silicified
and mineralized over large areas at and south of the
antimony adits Gig. l).

GBocnsrvttsrRy

Results of whole-rock and trace-element analyses
of samples representing each of the major types of
altered and mineralized rock and fresh host-rock are
presented in Table 2. These samples were chosen from
a suite of approximately 1500 rock samples collected
from surface outcrops and underground workings, all
of which had been previously analyzed for gold plus
As, Sb, Hg, and Tl. The samples that were selected
were re-analyzed for eleven major and minor compo-
nents (shown as oxides) and twenty-three other
elements plus gold.

Bulk-rock chemistry

Results of whole-rock chemical analyses of five
specimens of unaltered host-rock and fourteen speci-
mens of hydrothermally altered and mineralized rock
are presented in Table 2.T\e data were used to calcu-
late the relative gains and losses of major components

in the altered rocks using the ooisocon" method of
Grant (1986).

Three types of isocon diagtams were constructed
using the Al5ar chemical data (Table 2): 1) best-fit
isocon among all chemical components; 2) aluminum
(AlzO:); and 3) titanium (TiO) as immobile compo-
nents. The titanium diagram provided the best refer-
ence isocon with respect to determinations of the
chemical gains or losses for the A15ar samples, with
changes in bulk composition occuring within accept-
able limits among the progressively more hydro-
thermally altered rock-types. This is in good agree-
ment with mass-balance studies by Kuehn (1989),
Bakken & Einaudi (1989), and Kuehn & Rose (1992)
at the Carlin gold deposit, Nevada. These investigators
established titanium as an immobile element during
hydrothermal alteration and mineralization.

Table 3 shows chemical gains and losses calculated
from the isocon diagram treating Ti as an immobile
element for two samples of altered marble, three sam-
ples of altered dolomite, and three samples of altered
tuff. The content of SiO2 and Fe2O, increased in most
of the samples of carbonate and tuffaceous parent-
rocks. The brecciated carbonate rocks were an ideal
host for hydrothermal replacement, resulting in sub-
stantial increases with respect to SiO, (to 27x) and
FerO, (to 18x). Conversely, CaO, CO2 @igh LOI in
carbonates), and MgO (in dolomite and tuffl were
strongly depleted.

Although only a small number of samples were
analyzed, the results suggest that Na, A1, P, K and Mn
were weakly to strongly depleted in dolomite and tuff,
and were enriched or unchanged in altered marble
(Table 3). The marble exhibits a significant increase in
Mg, which corresponds to the variable dolomitic com-
ponent of tle marble, as documented in the field; how-
ever, this increase in Mg may have resulted from acid
leaching of Ca from a dolomitic marble parent-rock,
as previously discussed. Regardless of the original
composition of the parent-rock (carbonate or tuff), in
most cases the same suites of major elements were
added and removed from rocks that have undergone
similar types of hydrothermal alteration.

Detailed geological and chemical studies of the
Carlin deposit, where gold mineralization is hosted in
silty dolomite (or dolomitic siltstone), were published
by Dickson et al. (1979), Radtke et al. (1980), and
Radtke (1985). Results of these studies suggest that
varying amounts of SiOr, total Fe, Al, and K, were
introduced, and Ca, Mg and CO2 were removed from
the parent rocks during hydrothermal alteration and
mineralization. However, results from more recent
studies at Carlin by Bakken (1990) and Kuehn & Rose
(1992) indicate that the apparent enrichments of Al,
Fe, and K are due to volume losses ofup to 50Vo as a
result of carbonate removal during the hydrothermal
process. Their calculations indicate that Ti and Al
remain constant in all altered zones, and therefore
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TABLE 3, REI,,ATTSE ADDMONS AND DEPLETIONS OF O)ODES USINC CONSTANT TITAJ\IIUM IN
HYDROTIIERMALLY ALTERED AND MINERALUED R@KS COMPARED TO TIIEIR
IJNALTERED PARENT ROCKS, AIJAR DISTRJCT, MACEDONIA

Dolmite

A B C

Trtr

A B C

SiO2

1io2

Al2O3

XFe

Mrlo

Mp

Cao

I.lh2o

w
PzOS

27.54

0.m

o.26

18.53

t25

7.47

2L46

0.00

{.39
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0.00

-0.41
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3,45

-0.80
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0.39
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3.&

{.80

{.99

4.99
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-0.71
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0.@
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0.17 2.tQ

0.m 0.00

{.84 4.73

t1.% 0.r2

-0.11 {.60

434 -0.90

-0.71 -0.90

-0.90 {.98

-0.70 0.21

{.17 -0.76

4.52 t.t2

0.00 0.00

4.97 -0.51

0.36 -0.04

4.40 {58

4.63 -0J5

4g2 4,82
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-0.54 {.04

4.16

0.00
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Fe as Fe2O3 No!g: Clmnges are given in p€rcent (e.g . AJ2 = l2%o can) Nd were cdculaEd using tle im method
ofcnnt0936).
Roc& samples used fq theabovg calqilatiors re given below and mple nmbas cmspond !o those in Table2.

were immobile, and that Ca, CO2 and Mg were strong-
ly depleted (-30 to -1007o) and K and Fe were weakly
(-L0Ea) depleted. Silica exhibits a weak depletion
(-10 to -20Vo) in the weakly to moderately altered
zones, but \ilas strongly (+40Vo) enriched in the highly
altered zones.

Our results suggest that the changes in major-
element chemistry in carbonate rocks at AlSar are gen-
erally similar to those at Carlin. Differences may be
expected because two different hydrothermal systems
reacted with compositionally different host-rocks at
Carlin and Al5ar.

TR,qcs ELEN{ENTs

Mineralized samples of all three rock types are
strongly enriched in Au, As, Sb, Hg, T1" and Ba rela-
tive to abundances of these elements in the unaltered
parent-rocks (Tabte 2). These elements were intro-
duced by the hydrothermal fluids and were deposited
primarily as stibnite - realgar - orpiment - arsenopy-
rite - lorandite - cinnabar in association with quartz,
pyrite and marcasite. In the assemblage of hypogene
minerals, arsenic occurs as realgar, orpiment and
arsenopyrite, antimony as stibnite, mercury as
cinnabar, and thallium as lorandite and other but less

Tuffs

A. Unallaed (#3) vs. alt€red(#?
B. Unalered (#3) vs. altered (#10)
C. Unahq€d (#3) vs. altsed (#f4)

abundant T1-As-Sb-Hg-Fe sulfosalt minerals.
Barium occurs as barite, which was depo$ited late
in the mineral paragenesis. Contents of base metals
(Cu, Pb, Zn md Mo) and Ag are low in most of the
samples of altered and mineralized rocks (Table 2y
These mineralogical and chemical features are similar
to those accompanying ore deposition in sedimentary-
rock-hosted disseminated precious metal deposits of
the western U.S. (Radtke & Dickson 1974, Bagby &
Berger 1985, Percival et al.1988).

Some of tlte mineralized samples at Al5ar contain
anomalous amounts of Te, Se, F" Bi, Cd, Mo and Zn.
Thirty samples containing more than 3 ppm Au and
not included in Table 2 were analyzed by atomic
absorption methods for selected elements typical of
igneous-magmatic environments. Results from these
analyses showed Bi (20 to 85 ppm), Cd (5 to 15 ppm),
Mo (1 to 560 ppm)" Zn (5 to 615 ppm) and F (33 to
1265 ppm).

Results of chemical analyses of mineral separates
of stibnite, realgar and orpiment (Table 4) indicate that
these three sulfide minerals can contain significant
amounts of Tl, As, Au, Te and Hg (stibnite) and Tl,
Sb, Au, Te, and Hg (orpiment and realgar). Similar
elemental associations among arsenic and antimony
sulfide minerals have been reDorted from the Carlin

!r16bls

A. Unalrercd (f r) vs. alMed (#8)
B. Unaltered (#1) w al6ed (#11)

Dolomitc

A. Unaltered (#2) vs. alsed (#6)
B. Unaltered (#2) vs. alt€red (lt9)
C. Un lts€d (#2) vs. alt€red (*13)
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TABLE4. CIIEMCALDATAONIIYPOGENEOREMINERAI.S FROMTHEALSAR DISRI T,
MACtsDONIA
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As 3r3

Bi <5

C o l

Cr 15

C u 7

k(40\ 023

HS 222

M n ? 5

M o 3

Ni <1

Pb <2

s b M

Te 14.5

T1 100

M2

kt 12

v5 r84

3.9 <O,2

u 331

<5 <5

7 7

7 4 4

r52 88

0.67 0.v

16.8 3.48

165 I

2 9

<1 94

<2 <2

M M

>1@ 5.8

70 >1m

2t <m

2 9 y

81 y9

4.2 <0.2

r35 153

<5 <5

<1 <1

33 17

0.08 0.35

1.82 7.54

2 3

2 t o

< l  < l

<2 <2

M M

4.2 <O.2

6 4 5

4 2 3

2 6

1240 14 61

1.0 <0.2 4.2

l 7 O M M

<5 <5 <5

4 < l < 1

4 0 1 9  I

5 3 3

0.18 0.40 1.55

2.91 4.62 0.86

145 2A 9

4 < t l

< 1 1 < 1

< 2 < 2 5

M >2000 >20s

55.6 <0.2 36.0

>1@ 15 3E

40 <m 40

2 3 1 1 4

r t <  1 a

<o.2 <o.2

M M

<5 <5

<l  <1

! < l

l < l

0.2r 0.05

3.76 t5.@

31 32

<l  <1

<l <2

05 2v

t2.4 <O.2

75 >100

<24 4n

2 2
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SAMPLE DESCRIPTIONS

I Stibniie(sutbzone)
2 Stibnilo (soutb zom)
3 Stibnile(suthzone)
4 Sdbntte(c€ntralzoF)
5 Stibnite (cemaf zcrr)

Sdbnile (entral zme)
Realgar (centralzoqe)
Realge (entatzone)
Orpimat (qtralm)
Oryiment (mrth zone)

zonation suggests that although arsenic and antimony
are concentrited in surface coatings, both elements
also occur structurally bound in pyrite.

Electron-microprobe studies of pyrite in unoxidized
ores from the Carlin and Cotrez deposits, Nevada,
were frst undertaken by Wells & Mullens (1973) and
Rad&e (1985). Their studies showed that pyrite con-
tains surface coatings and internal disseminations of
arsenic (arsenian pyrite), and lesser amounts of ant!
mony, gold and mercury.

Recent studies using secondary-ion mass spectrom-
etry, electron microscopy and X-ray photoelectron
spectroscopy were done by Bakken et al. (1989,1991)
and by Arehart et al. (1993) on pyrite in gold ores
from the Carlin and other sedimentary-rock-hosted
disseminated gold deposits in Nevada. The results of
the recent studies indicate that arsenic concentrates
primarily in an overgrowth (arsenian pyrite) on pyrite

6
7
8
9
r0

deposit (Radtke et al. L973, Dickson et al. 1975), with
solid-solution incorporation of Sb and Au in orpiment
and realgar, as well as As and Au in stibnite. Detailed
mineralogical studies of Al3ar minerals are needed to
determine whether the composition of these phases
represent solid solution or minute intergrowths or
inclusions of discrete minerals.

Electron-microprobe analysis of several grains of
pyrite from a sample of gold-rich (21 glt), stibnite-
bearing jasperoid from Al5ar reveals a distinct enrich-
ment of As and Sb at the periphery of the grains.
Three distinct zones, outer, intermediate and core,
were recognized in a number of pyrite grains.
Preliminary results indicate that the As and Sb content
of the zoned grains decreases from the outer zone
to the core. The outer zone contains 7.1.7o As and
2.0V0 Sb. the intermediate zone" 0.97o As and 0.077o
Sb, and the core zone,0.56c/o As and <0.07Vo Sb. This
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and that these rims also contain high concentrations of
Au and Sb. Rims are typically a few (l-4) pm thick
and are formed on host pyrite grains (cubes and
framboids) banen of these metals. The arsenian pyrite
also can @cur as na:row veinlets within, and as simple
and oscillatory compositionally zoned overgrowths on
barren pyrite (Arehart et al. L993). Similar studies by
Fleet et al. (1993) on pyrite from several stratiform
and stratabound gold deposits also revealed that
arsenian pyrite containing Au is a feature common to
gold deposits of different types.

Fluid-inclusion studies and temoerature
of ore deposirton

All fluid inclusions in ore-stage quartz in stibnite-
bearing jasperoids and sil iceous ores at Al5ar
examined to date are too small (3 1 pm) to permit
measurements. The inclusions are hosted in micro-
crystalline quartz exhibiting a mosaic texfure and are
morphologically similar to those described by Bodnar
et al. (1985) in similar materials from Carlin-type
gold deposits in the western U.S. They also found
that most inclusions of this type are too small for
microthermometry, but that those inclusions that could
be measured commonly homogenized at 200oC or
less.

Measurements of primary liquid + vapor inclusions
in realgar crystals from the Al5ar district made by
Beran et al. (1990), gave temperatures of homogeniza-
tion ranging from 144 to l70oC and salinities from7.9
to 12.9 equivalent wt.7o NaCl. Because most of the
realgar at Al5ar probably formed very late in the hlpo-
gene paragenesis, it is tenuous to use these data to
infer conditions of main-stage deposition of silica +
gold.

The nearly ubiquitous presence of primary marca-
site in the stibnite-bearing jasperoids and siliceous
ores places general constraints on the temperature of
late main-stage mineral deposition, most of which
followed deposition of the earlier main-stage gold ore.
Detailed studies on marcasite precipitation from
hydrothermal solutions by Murowchick & Barnes
(1986) and Murowchick (1992) indicate that the upper
limit of marcasite deposition is 240"C (at a pH less
than 5) and that marcasite is usually deposited below
200'c.

We believe that a temperature of approximately
200"C for the main-stage deposition of gold ore at
Al5ar is reasonable and in agreement with results from
detailed studies of fluid inclusions carried out at
several Carlin-type gold deposits in the western U.S.
Gold deposition at the Carlin deposit occurred
between L75 and 235oC from fluids containing
approximately l-3 wt.Vo equivalent NaCl (Radtke
et al. 1980, Rose & Kuehn 1987, Kuehn 1989); at the
Cortez deposit, it occurred between 176 and 21.8"C
(Rytuba 1977), and, at the Mercur deposit, between

220 and270'C from fluids containing 5-8 equivalent
wt.7o NaCl (Jewell & Parry 1988).

DrscussloN

Interal zonation

Variations in mineralogy and intensity of alteration
indicate that a distinct pattern of lateral zonation exists
within the Al5ar district @ercival & Boev 1990). Key
features of this zonation are shown along a
north-south cross-section through the center of the
district (Fig. 3). Three units are recognized on
the basis offeatures and location: 1) the northern area.
characterized by intense widespread argillic alteration,
high concentrations of As + T1 + Hg with minor asso-
ciated Sb + SiO2 + Au, 2) the central area of stibnite-
bearing jasperoids with high but variable concentra-
tions of Au, As, Tl and Hg, with a thick zone of
argillic alteration occuring above and lateral to the
stibnite-bearing jasperoid ores, and 3) the southern
area, characterized by extensive widespread replace-
ment-induced silicification containing low concentra-
tions of gold and Sb + As + T1 + Hg.

Results from recent studies by Jelenkovii &
Pavicevid (1990) indicate that erosion in the northern
area is less than 250 m below the paleosurface but
increases to much greater depths in tfie southern area.
The central area exhibits transitional features common
to both shallow and deep erosion, with an upper zone
of argillic alteration (As + Tl + Hg) similar to that
in the north, underlain by stibnite-bearing jasperoids
(+ Au + As + Tl + Hg). These relationships suggest
that the high-level zone of argillic alteration exposed
in the northern area may be underlain by a zone of
replacement silicification and possible mineralization
analogous to that exposed by structural juxtaposition
and a deeper level of erosion in the south.

Comparison with other Yugoslavian deposits

A15ar is one of a series of mining districts that lie
along the Vardar Zone between northern Greece and
central Yugoslavia. Mineralization within these
districts is spatially related to subvolcanic, locally por-
phyritic, intrusive rocks of intermediate composition.
The intrusions are bordered by mineralized skarns in
carbonate terranes and are commonly enveloped by
one or more metall iferous zones containing Fe,
+ Cu-Mo-Pb-Zn within and marginal to the intrusive
body. The contents of Au-As-Sb-Hg increase out-
ward to form distinct zones containing these metals.
These zones commonly are lacking or deficient in base
metals  (Jankovi i  L974.1977.1982.  Jankovid &
Petkovi11974).

At A15ar, the Sb-Au-As-Tl-Hg mineralization is
hosted by both carbonate rocks and volcanic tuffs.
Zones of intense silicification containine Sb + Au
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SOUTHERN
(gold+antlmony)

CENTRAL
(antlmony+gold)

NORTHERN
(arsenic+thalllum)
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Genetic funplicartons

Although the mineralization ar Alsar is spatially
related to intrusive rocks, no firm genetic tie has been
established. Several lines of indirect evidence exist
which, taken togetler, could support a possible genetic
tie between intrusions and mineralization at Al5ar.
These are: 1) results from preliminary sulfur isotopic
studies on stibnite, realgarn orpiment and marcasite,
which give 0.35 to -6.84Vo0, implying a possible par-
tial magmatic origin for the sulfur (Serafimovski er al.
l99l),2) presence of anomalous levels of As, Sb, Tl,
Te, Se, F, Bi, Mo, Zn, Cd and Mn, described by
Mutschler et al. (L985) and Sillitoe (1990) as being
characteristic of deposits genetically related to alkaline
intrusions, and 3) results from studies of several sedi-
mentary-rock-hosted gold deposits in other parts of the
world [Purisima Concepci6n, Peru: Alvarez & Noble
(1988); Bau, eastern Malaysia: Percival et al. (1990r
Bare Mountain, Nevada: Castor & Weiss (1992)l in
which the authors provided some evidence to support
a tie between mineralization and intrusions.

We believe that spatial associations by themselves
may be suggestive of a tie or genetic association, but
provide no conclusive evidence for it. An example of
this is provided by Sillitoe & Bonham (1990), who
attempted to establish a genetic tie for many deposits
in Nevada and elsewhere, most of which lack anv

proven genetic relationships.
An alternative explanation for ore genesis at Al$ar

would be similar to the shallow-seated hot-spring
model suggested for the Carlin deposit and other
deposits with similar features by Radtke & Dickson
(L974), Dickson et al. (1979), and Radtke er al.
(1980). Meteoric water heated by shallow-seated
intrusive rocks reacted with sedimentary rocks to
extract ore components and moved upward along
major structures and outward through permeable rocks
favorable for solution penetration and ore deposition.
Although the intrusive rocks could provide ore com-
ponents, the only necessary role they play is to provide
heat to the surrounding rocks and meteoric waters,
thereby initiating rock-water interactions and setting
the waters in motion to form a convective hydrother-
mal cell (Dickson et al. 1979).

Key physical and chemical features at AlIar and
those at the Carlin, Getchell and Mercur deposits in
the western U.S. are summarized in Table 5. Similar
features are also shared with deposits in the People's
Republic of China (Cunningham et al. L988, Ashley
et al. 1991) and at Baun eastem Malaysia (Perclal et aI.
1990).

Although many similarities in physical and chemi-
cal properties exist among the various deposits of this
type, there is no guarantee that the genetic models for
each of the deposits are identical. Furthermore, in spite
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of extensive studies done to date on "Carlin-type"
deposits, many uncertainties still exist regarding their
genesis. For example, stable isotope data from the
same samples at Carlin have been interpreted by
the same geologists to support different genetic
models. At this time, the conditions of ore deposition
and the nature of the ore fluids and sources of ore
components at AlSar are unknown.
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