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Vertical mineralization interval and forecast of the position
of an ore-body in the AlSar Sb—As-TI deposit, FYR Macedonia

RADE JELENKOVIC' & BLAZO BOEV?

Abstract. Establishing a vertical interval of mineralization is a complex geological task based on the
knowledge of many parameters and quantities that describe the genesis of an ore deposit. It is particularly
important to know the time and the primary depth of the formation of an ore-body and its recent position.

The establishment of the vertical mineralization interval is considered in this work on the example of the
Alsar Sb—As—TI mineral deposit. The research methods used were geomorphological analysis (the principal
exploration method), measurement of cosmogenic radioactive (19Be, 26Al) and stable (3He, 2!Ne) nuclides to
determine the erosion velocity (control method) and comparison of the obtained results with the geological
exploration data from operative mine workings. A detailed geological study of the formation of the Alsar
deposit preceded the research.

The research data are the following: depth interval of the ore-body is 10-50 m below the present ground
surface; average level of erosion in the AlSar deposit area is 20—80 m over a period of 106 years (Ma), or about
100400 m from the beginning of the volcanic activity to the present day (=5 Ma); thickness of the eroded
rock complex over the ore bodies from the beginning of the hydrothermal alteration and the formation of ore
bodies (4.31 Ma) to the present is 2150 m (Crven dol), or 2230 m (central deposit); the palaeointerval of the
formation of the ore-body is 230 m (200—430 m); and, finally, the potentially mineralized interval is deep,
from 10 m to 280 m below the surface.

Key words: vertical mineralization interval, geomorphology, cosmogenic nuclides, erosion rate, genesis,
Alsar, Macedonia.

Ancrpakt. OnpehuBame BEpTUKAIHOT WHTEPBAJIa PACIPOCTPambEmha PyIHE MUHEpAIN3alHje je CIOKEeH
TCOJIOIIKK 3aJaTak KOjHU IOApa3yMeBa IO3HaBame OPOJHHUX MapaMeTapa W BEJIMYMHA KOj€ OIHUCYjy TeHEe3y
nexumra. O noceOHor 3Hauaja Mel)y lUMa Cy o3HaBamke BpeMEHa M ITpUMapHe JyOuHe CTBapama PyIHHX
Telna, Kao 1 oapehuBame 1yOnHe BUXOBOT JaHAIIBET TI0JI0XKaja Y IPOCTOpY.

OpnpeljuBarbe BEPTUKATHOT MHTEPBAIa PACIPOCTPAmbEha PYJAHE MUHEPATIHU3AIHje Y OBOM Pajy, MOKa3aHO
je Ha mpumepy Sb—As—TI mexwumra Anmap. VcTpaxuBama Cy W3BpIIeHa TPUMEHOM BHIIE METOA: TEOMOp-
(dosommke aHanu3e (OCHOBHA METOIA HMCTPaKHBamba), MEPCHEM KOCMOreHHX paanoaktuBHux (10Be, 20Al) u
crabmaux Hykiuaa (3He, 2!Ne) 3a onpehjuame Op3uHe eposuje (KOHTpPOIHA MeToaa) U mopehemem 100u-
JEHHMX pe3ynrara ca MojaluMa OIEepaTHBHUX T'EOJIONIKMX HCTPaKMBamba U3 PyAapcKHX pagoBa. McrTpaxu-
BambMMa Cy MPETXOIUIIA JeTajbHa CTYIHjCKa U3yYaBamka TeoomIKe rpalje u reHese JexumTa Amap.

HcrpaxuBamuma cy gobujenu crienehu pesynraru: onpel)eH je ropmsu UHTEPBA PacipOCTPabEeha PYIHUX
Tena Ha nyouHn of 10-50 m o maHamImke MOBPIINHE TEpeHa; YTBphEH je MPOCeYHH HUBO €po3Hje TepeHa 3a
mMpe noapyyje nexunra Anmap y uzHocy on 20—-80 m 3a nepuon ox 106 ronuna (Ma), oqrocHo ~100—-400 m
3a MEepHUoJl O MOYETKa BYJIKAHCKE aKTUBHOCTH Ha MOAPYYjy JEKHINTA 10 naHac (=5 Ma); yrepheHa je nae-
0JbMHA epOIOBaHOT KOMIUIEKCA CTEHA U3 TIOBJIATHOT JIeNa PYJHUX Tela y IEPHO/Y O]l TOYETKa XUAPOTepMallHe
antepanyje u cTBapama pyaHux Tena (4,31 Ma) mo manac, u u3Hocy =150 m (okamurer LlpBen moin), on-
HOCHO >230 m (LIeHTpasHu A€o0 JISKHINTA); YTBPHEH je BEPTUKAIHH MAJICOUHTEPBAI CTBAPAma PYJAHUX Tela
y u3Hocy ox 230 m (200430 m) u, Ha Kpajy, KOHCTaTOBaHO je Ja Ce TIOTCHIMjATHO PYIOHOCHH XOPH30HT
Haja3u Ha ayounan ox 10-280 m ox maHamme MOBPIIMHE TEPEHA.

Kibyune peum: BepTHKaJIHM MHTEpBal MUHEpalu3aluje, reoMopdosoruja, KOCMOreHH HYKJIMIH, HUBO
epo3uje, reHesa Jexura, Anmap, Makenonuja.
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Introduction

Knowledge of the vertical mineralization interval is
important for scientific research and for economic
geology. Scientific research of an interval is necessary
for the correct interpretation of the deposit formation,
and economic geology for geological prediction of the
spatial position of an ore body, rational design of
exploratory work at the stage of detailed prospecting,
possible delineation of ore bodies using a small vol-
ume of field work, high efficiency, and geological and
cost-effective exploration.

How well a vertical mineralization interval is de-
fined and the position of an ore-body is predicted
depends on many geological attributes of the primary
ore-body environment and the genetic model of its
formation. Particularly important are the geology and
structural geology of the region, the age of mineraliza-
tion and the geological unit to which it is related in
space and origin, the shapes of ore bodies and factors
that controlled their spatial position, the mineral com-
position, the lateral and vertical zones of the distribu-
tion of the ore elements, the types of alteration, time
and conditions of formation, efc.

Basically, the vertical interval of an ore body is
established when its upper and lower boundaries are
located in an explored mineral deposit, whereas its
prediction requires knowledge of its formational
palaeodepth, and velocity and level of erosion in the
region. The prospecting activities include geological,
geochemical, petrological and some other research,
the commonest being the method of quantitative geo-
morphological analysis.

The primary depth of an ore-body formation and
the depth of its recent interval are difficult to establish
for hydrothermal mineral deposits that are spatially
and genetically associated with the products of exten-
sive and intensive volcanic processes in an environ-
ment heterogeneous in lithology and age. The AlSar
Sb—As—TI deposit in the FYR Macedonia is this type
of mineral deposit.

The AlSar deposit was explored in detail from 1986
to 2011 under the LOREX Project (FREEDMAN et al.
1976; PAVICEVIC & AMTHAUER 1994; PAVICEVIC et al.
2004). A significant segment of exploration under the
Project was the depth of thallium mineralization (pri-
mary lorandite) and its extraction from ore bodies in
the Crven dol and Central part. The vertical interval of
Sb—As—TIl mineralization in the AlSar deposit, the
palacodepths of the known ore bodies and potential
environments of mineral ore localization were
explored in 2011 under the LOREX Project, and
under the Projects 176016 and 176019 financed by the
Ministry of Education and Science of the Republic of
Serbia. The basic search method used under the
Projects was quantitative geomorphological analysis
(GMA). For control and correction of the obtained
results, the velocity and level of erosion were calculat-

ed through measurement of cosmogenic radioactive
(19Be, 26Al) and stable (3He, 2!Ne) nuclides.

Metallogenic position and basic geologic
characteristics of the AlSar Sb—As-TI
deposit

The hydrothermal-volcanogenic Sb—As—T1 deposit
Alsar is located on the NW slope of the Kozuf Mo-
untain, FYR Macedonia, near the Greek border, which
is a part of the Serbian—-Macedonian metallogenic
province, or the Kozuf ore assemblages (JANKOVIC &
JELENKOVIC 1994; JANKOVIC et al. 1997; VOLKOV et
al. 2006). The formation of the deposit is associated
with the evolution of a complex intrusive volcanic
structure of Pliocene age and the concomitant activity
of hydrothermal ore-bearing systems.

The geology of the Alsar deposit has been studied
in detail since 1960. The oldest lithologic members in
the wider area of the deposit are dated Precambrian
(albite gneiss, marble and mica schist) and the youn-
gest geologic units are the Pliocene clastics, tufa, vol-
canic and pyroclastic rocks, and recent Quaternary
deposits. Magmatism evolved in stages. Volcanism
was central, developed over the intersection of region-
al-scale faults at the contact of Pelagonian Block and
the Vardar Zone (BOEV 1988; KARAMATA et al. 1994;
JANKOVIC et al. 1997; DUMURDZANOV et al. 2005; Di-
MANATOPULOS 2006; VOLKOV et al. 2006; BURCHFIEL
et al. 2008).

The structural pattern of the AlSar deposit area is
complex, composed of many ring structures and relat-
ed fracture systems in different directions alongside
regional faults of dominantly NW-SE to N-S (the
Vardar direction) and E-W (Kozuf-Kukus) trends.

Establishing the primary depth of the formation of
the Sb—As—TI ore bodies in the AlSar deposit was pre-
ceded by a study of its geology, identification of the
primary and additional controls of the spatial position,
shape, textural ore varieties, mineral composition and
association of essential and minor elements of the ore-
-body. The age of volcanism, time of hydrothermal
solution control, facies of hydrothermal alteration,
time and order of their formation and dating the ore
mineralization were given particular consideration.
This was the basic information for establishing the
primary formational depth of the ore bodies, which
has been addressed since 1988.

The mentioned explorations determined Palaeozoic
age of the schist, the oldest geologic unit in the AlSar
deposit, and Triassic age of the silicified dolomite and
marble. Geological and trial excavation prospecting in
parts of the deposit revealed some sub-volcanic latite
intrusions and sporadic presence of quartz latite, tra-
chyte, andesite and dacite (Fig. 1). Most of the men-
tioned geologic units were covered by tuff and other
pyroclastic materials in the closing phase of the geo-
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logic history (IvaNov 1965, 1986; KARAMATA et al.
1994; PERCIVAL & RADTKE 1994; JANKOVIC & JELEN-
KOVIC 1994; JANKOVIC et al. 1997; VOLKOV et al.

2006).

121

TROESCH & FrANTZ 1992). The ages of biotite and
feldspar from tuff at Vitacevo and Rudina were deter-
mined by the same method to be 5.1+0.1 to 4.31 £0.2
Ma and those of biotite, feldspar and pyroxene from
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The volcanic rocks of the AlSar deposit were dated
using various methods on different minerals. The K/Ar
method applied on sanidine from andesite and tuff
dated it from 6.5 + 0.2 Ma to 1.8 + 0.2 Ma (BOEv 1988;

I
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Fig. 1. Simplified geological map of the Alsar mineral deposit area JANKOVIC et al. 1997).

andesite at Crven dol to be 6.5+4.3 Mato 3.9+0.2 Ma
(LiepoLT & FUHRMANN 1986). The Ar/Ar method deter-
mined the age of biotite (5.78 £ 0.12 Ma), amphibole
(4.8 £ 0.2-3.3 Ma) and K-feldspar (3.3-4.0 = 0.2 Ma)
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from latite at Kojcov Rid (northern part of the AlSar
deposit). In addition, crystallization temperatures were
established for amphibole (550-500°C), biotite
(300°C) and K-feldspar (250-160°C) (NEUBAUER et al.
2009).

Hydrothermal alterations of the rocks surrounding
the ore bodies in the AlSar deposit indicated two main
places of hydrothermal activity, one at a temperature of
~400°C that ankeritised dolomite, and the other at tem-
peratures from 280-250°C to =~120°C when neigh-
bouring rocks were intensively silicified, argillitised,
decalcified and dolomitised. Ore minerals were
deposited in the latter phase of the hydrothermal
activity, during the intensive rock alteration before
4.31 £ 0.02 Ma (Rudina location) (JANKOVIC et al.
1997; VoLkov et al. 2006).

The primary source of ore elements building the
Alsar deposit was the continental crust. Most of the
mineral elements were primarily associated with calc-
alkali magmatic rocks of Pliocene age. A far smaller
proportion of ore elements originated from the surroun-
ding geologic formations. Sulphur was derived from a
heterogeneous source; in the Alsar sulphide minerals, it
was mainly of volcanic origin, from some magma
chamber. However, the values of 034S vary within a
range from +2.03 %o to +3.93 %o, mean +2.92, where-
as the isotope 0!80 was between +14.92 %o and
28.72 %o. The fluid salinity is fairly low (7.9-12.9 wt.
% NaCl). Ore elements were transported in the form
of complex ions (bisulphides) from the primary sour-
ces to the locations of deposition or of ore-body for-
mation by acidic to mildly alkaline hydrothermal bri-
nes in an oxidizing environment, partly also as col-
loids in weakly reducing conditions. The temperature
range for most ore minerals was 120-200°C (SERAFI-
MOVSKI 1990; BALIC-ZUNIC et al. 1993; BERAN et al.
1994; JANKOVIC & JELENKOVIC 1994; JANKOVIC et al.
1997; VoLkov et al. 2006).

The principal factors controlling the positions of
the AlSar ore bodies were lithology and structure. The
lithologic controlling factors includes heavily crushed
and hydrothermally altered Triassic dolomites and
marbles and contact zones of carbonate with volcanic
rocks (andesite, latite, quartz latite) and the associated
Pliocene volcanogenic—sedimentary products (tuffa-
ceous dolomite). Faults and secondary fracture sys-
tems, bedding planes in carbonate rocks and their con-
tacts with volcanic rocks were the structural control-
ling factors.

The varied and eventful geohistory of the AlSar de-
posit region and its complex geology controlled by
polyphase magmatism and recurring pulsation of min-
eral-bearing fluids led to the formation of ore bodies
different in morphology, texture and mineral compo-
sition.

Massive realgar bodies emplaced in dolomites, ore
bodies of similar textural features in dolomite contact
zones with sub-volcanic intrusions and zones of brec-

ciation, and impregnations of Tl-As minerals local-
ized in carbonate rocks, all complex in morphology,
are prevailing in the northern part of the deposit
(Crven dol).

Centrally located in the AlSar deposit are ore lenses
in carbonate rocks and associated stockwork impreg-
nations (dominantly ore of the realgar type), elongate-
lenticular to vein-like pyrite/marcasite or bodies and
antimonite-prevailing ore bodies, then complex, irreg-
ular lens-like and columnar antimonite ore bodies and
accessory pyrite, marcasite and gold (at contacts of
basal tuffaceous dolomite and tuff with carbonate
rocks that include silicified and argillitised volcanic
rocks), and pyrite—marcasite and stibnite bodies with
accessory As—Tl sulphides localized in silicified
dolomite.

The Alsar deposit has a complex mineral composi-
tion. Pyrite with marcasite formed in an early stage of
the deposit; then followed hydrothermal activity that
produced arsenopyrite, antimonite and sulphosalt
Sb—Pb, and the process of mineral deposition ended
with the formation of realgar, orpiment and Tl-sulpho-
salt (PAVICEVIC & El GORESY 1988; SERAFIMOVSKI ef
al. 1990; BALIC-ZUNIC et al. 1993; JANKOVIC 1993;
BERAN et al. 1994; FranTz 1994). The identified
group of ore minerals was used to determine geoche-
mical associations of elements in the AlSar deposit.
The main ore elements were found to be Sb, As, TI
and Au, and minor elements were Hg and Ba. In addi-
tion, there are Pb, Zn and Cu in traces. The elevated
Tl concentration is related to parts of the deposit
where As, Sb and Hg are elevated (JANKOVIC 1960;
PALME et al. 1988; JANKOVIC 1993; PAVICEVIC et al.
2010). All the aforementioned associations of ore ele-
ments characteristically have a lateral zonal distribu-
tion. Thus, As—Tl, less Sb, locally Hg and Au are
prevalent in the north; Sb—Au, less As, Tl, locally Ba,
Hg and Pb traces in the central, and Au and minor Sb
are dominant in the southern parts of the deposit
(IvaNoV 1965; JANKOVIC et al. 1997).

The vertical interval of the mineral ore in the Alsar
deposit is widely variable. It is comparatively short in
the reactive environment of dolomite and its contact
zone with volcanic rocks. In a weakly reactive geolog-
ical environment, however, such as silicified do-
lomite, tuffaceous dolomite, felsitic tuff and argilliti-
sation zones, the interval is ~150-200 m. The deter-
mined vertical ore body interval is *50—100 m (depth
~840-760 m) in the north and =75 m (depth
~850-775 m) in the central AlSar (IvaANov 1965;
JANKOVIC et al. 1997).

Determination methods of the vertical
mineralization interval

The vertical interval of the AlSar Sb—As—TI miner-
alization was determined through three steps. The first
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two steps were establishing the base level of erosion,
first by geomorphological analysis (GMA) and sec-
ond by cosmogenic radiation (19Be, 26Al) and stable
(3He, 2INe) nuclides. In the last step, the obtained re-
sults were correlated and refined with the ore-body
depth data from underground mining. The internal ac-
tivity of data interpretation and drawing was per-
formed alongside extramural explorations.
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Fig. 2. Upper: 3D representation of the AlSar deposit area proper with delineated
northern, central and southern parts, ore element associations, locations of Crven dol
and Central part, sampling places and sample symbols for 2nd stage of the explo-

ration. Lower: 3D palaeorelief of the AlSar deposit proper.

The first step methods and results

Several methods of qualitative and quantitative
geomorphological analysis were employed in the first
stage of determining the vertical interval of ore min-
eralization in the AlSar mineral deposit.

B\ s - y Momkova

%

A qualitative geomorphological analysis of the AlSar
region included interpretation of topographical and
geological maps at the scales 1:100,000 and 1:25,000.
The quantitative geomorphological analysis embraced
treatments of the following: potential relief intensity,
land slopes, comparison of the actual state of relief to
the theoretical model, theoretical analogue of longitudi-
nal stream sections, theoretical model of relief change

in time and analysis of the ero-
sion integral. The two substage
research was realised in an area

of 6 km2.
In view of the previously
determined age of volcanic
m activity in the AlSar region,
960 the onset of the hydrothermal
activity and the age of ore
mineralization, the level of

910 erosion was established for a

860 period of 5 Ma. The unit field

area, from which topographi-

810 cal and geological information

%, was collected and further pro-
0 W70 spected, was 1 kmZ2. A detailed

quantitative geomorphologi-
cal analysis was made for the
northern (Crven dol) and cen-
tral (Central part) parts of the
Alsar deposit, the locations in
which Sb—As-TI1 ore bodies
were explored earlier in bore-
holes and adit excavations
m under the LOREX project.
1050 Since the morphology of the
ore bodies, the recent interval
1000 of the ore bodies and control-
ling factors of their spatial po-

950 sition were determined in the

876 two locations, they were used

in the third step as gauges for

'6290,300 850 amendment of geomorpholo-

gical data. The level of erosion
800 was established for the men-
tioned locations for the peri-
ods of five and one million
years. The unit area for the
calculation was 0.25 km?2 for
the latter period (JELENKOVIC &
Pavicevic 1994). Upon thor-
ough consideration of all data,
or geological and geostatistical
processing, and reference to
the elevation differences of the land surface, further
analysis in either case used the potential energy of
relief, the first trend of the height and slope variation.
A potential energy relief map was constructed and,
using the method of current mean values, translated
into a map of the first trend vertical breakdown of the
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relief. Based on this map, areas of positive and nega-
tive elevations, or parts of the considered space in
which ground is slowly rising or sinking, were denot-
ed on a topographical map. Comparison of the topo-
graphical and geological maps revealed that the sink-
ing parts of the terrain were bounded by large faults,
or were the geomorphologic features suitable for ac-
cumulation of waste materials, located in the catch-
ment of the Majdanska River and its major tributaries.

The rising part of the terrain WSW and ESE in the
research area is interpreted as landforms of intensive
erosion, and the land between the rising and the fea-
tures of waste accumulation are interpreted as active
neotectonic structures. A map of the surface slope
angles was prepared to determine the potential ero-
sion. The level of erosion was established by deduct-
ing the recent land surface area from the palaeorelief
applying the software package Surfer 9. The resulting
surface is graphically represented in Fig. 2.

The mean level of erosion, indicated by the data
obtained for the greater AlSar deposit for a period of
five million years is %250 m, or within the interval
from =100 m to 400 m, locally higher. Mean veloci-
ties of erosion were 37 m/Ma and 54 m/Ma at Crven
Dol (northern part of the deposit) where the As—TI ore
bodies were well explored and in the old mine work-
ings over the Sb—As—TI ore bodies, respectively.

Second stage - methods and results

The levels of erosion were determined in the second
stage of this research by application of cosmogenic
radioactive (19Be, 26Al) and stable (3He, 2!Ne) nu-
clides. Two methods of research were employed: first,
AMS or accelerated mass spectrometry of the long-life
radioactive cosmogenic nuclides !Be and 20Al
(PRIME Lab — Purdue Rare Isotope Measurement
Laboratory, Purdue University) and second, MS or
mass spectrometry of the noble gases or stable cosmo-
genic nuclides 3He and 21Ne (Geoforschungs Zentrum,
Potsdam). The laboratory measurements were preceded
by field sampling of silicified rocks (enriched by
hydrothermal metasomatic quartz) from several places
in the AlSar deposit and of sanidine and diopside, and
their detailed petrological and mineralogical examina-
tions by optical microscopy, X-ray diffraction and
SEM-EDX. The methods for producing pure stoichio-
metric quartz were described by PAVICEVIC et al.
(2006), whereas analytical MS treatments and methods
for the isotopes 3He and 2!Ne were described by
NIEDERMANN et al. (1997) and NIEDERMANN (2002).
The results of the AMS and MS measurements were
further mathematically treated to estimate the erosion
velocity or its level for a period of 10¢ years, and the
conclusions are summarized in Table 1.

The isotope 1°Be and the ratio !19Be/Be in BeO
(16 = 3-5 %) were determined in sixteen samples by

AMS. The spectroscopy results were used to calculate
the velocity and thickness of the eroded overburden,
which varied within the range from 3.4 = 0.5 m/Ma to
14.7 = 1.8 m/Ma and were lower than the correspon-
ding values determined by other methods.

The isotope 26Al and the ratio 26A1/27Al in Al,O4
(16 = 26-87 %) were determined in 21 samples. The
erosion level of the rock complex overlying the
Sb—As—T1 ore bodies was estimated to vary from a min-
imum of 67 + 24 m/Ma to a maximum of 640 + 150
m/Ma. These values are higher in relation to the erosion
intensity obtained from the quantitative geomorpholog-
ical analysis and from other analytical treatments in the
study of cosmogenic radioactive and stable nuclides.

The isotopes 2!Ne and 3He were measured in quartz
by the NG MS method (samples from three different
locations), in sanidine (one location) and in diopside
(two locations). The results were similar, in some in-
stances two-times higher than those resulting from the
quantitative geomorphological analysis, For example,
the erosion velocity determined by quartz sample
analysis was >22-51 m/Ma, for 2INe in sanidine >69
(16=10 % — 60 %), and >15 m/Ma for 3He in diopside.

Discussion

The conclusions based on an analysis of the infor-

mation presented above are the following:

1. The level and velocity of soil erosion in the great-
er AlSar deposit, in the past 5 Ma, the period from
the onset of the volcanic activity and hydrother-
mal-mineralization activity to the present, were not
uniform over the study area. The qualitative and
quantitative geomorphological analyses revealed
that the eroded overlying rocks were ~100—400 m
thick in the northern and central AlSar deposit con-
taining economic ore bodies, and that average ero-
sion velocity range was 20-80 m/Ma.

2. A study of the cosmogenic radioactive and stable
nuclides indicated some similarities between
them, but also certain dissimilarities. A high
agreement was noted in of the data produced by
the quantitative geomorphological analysis and
the study of the isotopes 1°Be, 3He and 2!Ne. The
isotope 26Al, however, demonstrated significant
difference from the results obtained by other
employed methods.

3. Further interpretation and metallogenetic analy-
ses gave different GMA and AMS data that
resulted from the following factors: (1) the high
27A1 concentration in hydrothermal quartz, asso-
ciated with the formational conditions, type of
volcanism and hydrothermal activity; (2) limita-
tions of the applied analytical method, or the
high threshold of its sensitivity (1x10-15), and
(3) different lengths of time for which the level
of erosion was calculated (=40,000 years) in re-
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Table 1. Signs, locations and types of materials sampled for the study of cosmogenic nuclides and the determined erosion
velocities (sample position denoted in Fig. 2). Abbreviations: al - albite; ap - orpiment; ba - barite; D - hydrothermally alter-
ed dolomite; di - diopside; Feh - Fe-hydroxide; ja - jarosite; M - hydrothermally altered and mineralized rocks without visi-
ble relics of their primary texture; mr - marcasite; py - pyrite; q - hydrothermal quartz; re - realgar; sa - sanidine; sc - scoro-
dite; se - sericite; st - stishovite; V - hydrothermally altered and mineralized volcanoclastics; GMA - geomorphological

analysis; S-1, S-2, S-3 - sample numbers; na - not analysed.

Thickness of the eroded rocks + / — error of determination (m/Ma)
Location Sampled materials
' P ' "“Be N *INe *He GMA
S-1: D, q, py, mt, sa, Feh. =69
L-1a/R S-2:V, q, ja, mr. na na +145/28 na S0+ 10
400 51
L-1ba/R q 14.7=1.8 4120 49921 na 50+ 10
S-1: M, q, sc, re, ba, Feh. 41
L-2/RT S-2:V, q, re, ap, sc, se, 54+0.6 na 124/14 na 46+ 9
Feh. S-3: q.
. 394
L3a/RML V, q, s¢, ja, Feh. 5.1+£0.7 67+ 24 na 28+ 6
+16/9
S-1:V, q, se, mt, ba, ja, 40.8
L-4/ADR Feh. $-2: q. 42405 94+ 19 2911 na 2745
22
- +
L-5/ADR V, q, se, mr, ba, Feh. 56+0.7 345+ 100 12.6/2.1 na 306
L-6/ADR V, q, se, m, ja, sc, Feh. 34+£0.5 640 £ 150 na na 27+5
L-8/KR V, al, di, st. na na na =15 40+ 8

lation to the method of geomorphological analy-
sis (5 Ma and 1 Ma).

. The differences in the 26Al/19Be value as a func-
tion of 10Be may be explained as being the con-
sequence of any of the following: (1) linear ero-
sion (steady-state irradiation history); (2) the
presence of overlying rocks above the productive
mineral-bearing interval with hydrothermal
quartz that shielded it from radiation for a period
of time (shielding from radiation); and (3) the
complex history of the erosion processes (com-
plex irradiation history). In view of the complex-
ity of geohistory and metallogenic evolution, or
the complexity of geology and evolution of the
given region, case (3) seems to be the most like-
ly event. Although the cosmogenic radionuclides
26A1 and !9Be are the interaction products be-
tween cosmic radiation and hydrothermal quartz,
their relationship (26A1/19Be) changed over time.
Besides the dependence expressed by their dif-
ferent half-life (0.71 Ma for 26Al and 1.36 Ma for

10Be), this is also a consequence of the facts that
sampling places from the time of hydrothermal
quartz formation (4.31 Ma) to the present were
repeatedly covered with pyroclastic materials,
erosion rock debris from higher elevations and,
later, with ice. When the ice melted, probably
some 12,000 years ago, the sampled rocks were
exposed to cosmogenic radionuclides and to in-
tensive erosion which was determined using 26Al
and 19Be. Different reference data and moraines in
the immediate proximity of the Alsar deposit sug-
gest that the rocks above an elevation of 1800 m
were ice-covered. In view of the level of erosion
determined by the quantitative geomorphologi-
cal analysis for a period of 5 Ma, and of the cal-
culated exposure period of the sample rocks to
cosmic radiation of 10,000—85,000 years and the
>2 Ma ground coverage with pyroclastic materi-
als, the error of most the erosion level values is
of the order of that for the quantitative geomor-
phological analysis (25 %).



126

Paleosurface (5 Ma)

- ——
e

~
5 ~

Hydrothermally
~_ altered dolomites

800 < > “"\'." o ~ v v v ‘“\\},‘3"'\"
G000 JONSRISS \X
------ 02224200 RETOGIOEITRARNEIN 20

RADE JELENKOVIC & BLAZO BOEV

Sh-As-TI
mine

—_—
— -

Ore zone

e i e N e

——

~Z0n

? PAA

X \\\\_~_~,‘.‘.}.,__;>\\_, 2% N T_’,_«/_\,.’ ------- R _ 800
----- NV o' %
0o P RS 40 I W 02099990944 42427%; -

™ B
----- SIIRKESLRRRARKA [ v Y v Volcanites FELLLLT Y R [ o T LIRS
600 ""”"&" v\i/\’ v\i/v v\i/v v\i/v v\i/v v\:/v v\i/v v\i/\/ v\i/v v vv v\i/v v\i/v vv v v Marble 2| 600
P N ,(,3‘ v v 4 v v v v v v v v v v D%
P
potentially mineralized interval
As-Tl mine Sb-As-Tl mine

Crven dol ore body, Adit P-21

:

4
4%

5 £/

<l

Legend:

- Massive As-Tl ore body w Dolomites
Disseminated As-TI @ .
|:| Limestones

ore body

Volcanites

¢1O m Present depth of mineralization

Central part ore body, Adit 823

v v v

|

I I

[ T 1T

[ T T
T T

LT 1

I
T T
I
T
I

I
I
TANL T T1T
L N\ T T
I\ W |
L TN T

fe

Sb-As-Fe mineralized
dolomitic breccias

T
I
I

Legend:
Overburden and
n weathered bedrock

Layered tuffs and clays

Sb-As mineralized marbles ~
and marble breccias

Fig. 3. A: Simplified geologic cross-section of the AlSar Sb—As—TI1 deposit showing palacosurfaces for different periods
(5 Ma and 1 Ma), positions of the ore bodies and potentially mineralized rocks in the As—T1 mine (Crven dol) and the
Sb—As—T1 mine (Central) locations. B: Characteristic geological cross-section at Crven dol (adit 823 m) and C: Characte-
ristic geological cross-section at the Central part (adit 823 m) showing the positions of the identified ore bodies and the ver-
tical intervals of ore mineralization verified in underground workings.

5. The average depth of erosion over the As—T1 ore
bodies (Crven Dol) in the northern AlSar deposit
was calculated to be 36 m for a period of million
years (Fig. 3). The average depth of erosion in the
Central area of the Sb—As-TI ore bodies, where
the old mine workings are located, was 54 m.
Since the deposition of the minerals is associat-
ed with a period 4.31 + 0.02 Ma and was con-
comitant with the onset of intensive hydrother-
mal alteration of the rocks surrounding the ore
bodies, the average thickness of the eroded over-
lying rock complex should be =150-230 m.

6. The upper contour of the ore bodies in Crven dol,
northern Alsar, is 10 m below the land surface.
The mean depth of the ore bodies in the Central
area is #50 m at present. In view of the above-
mentioned thickness of the overlying eroded
rocks, the palaeodepth of the Sb—As—T1 ore-body
formation in the AlSar deposit varied from 165 m
to 380 m.

7. Vertical interval of the AlSar ore minerals was
found by geological prospecting and excavations

to be #80 m thick (depth interval 760—840 m) in
Crven dol and =75 m (depth interval 775-850 m)
in the Central area. The palaeointerval of their for-
mation varied from 200 m to 430 m, or was ~230
m. This value agrees with the vertical mineraliza-
tion interval of most of the low- to medium-tem-
perature hydrothermal mineral deposits, the dura-
tion of which is associated with young vol-
canogenic-intrusive complexes of calc-alkali
magma (interval 200-300 m in length).

8. The position of a potentially mineral-bearing
interval to be searched geologically is located at
depths from 10 m to 280 m from the ground sur-
face (Fig. 3).

Conclusions

The presented data may lead to the conclusion that
the method of quantitative geomorphological analysis
gives reliable information on the level and velocity of
erosion used in preliminary and detailed prospecting
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for mineral resources, and for their geological explo-
ration. Compared to the methods of the erosion level
and velocity study by measurement of stable and ra-
dioactive cosmogenic nuclides, GMA has many
advantages, such as comparatively simple application,
fast operation and low cost.

The limitations of quantitative geomorphological
analysis are many compared to other methods for the
determination of the velocity and level of land ero-
sion. Unlike other methods that give fairly reliable
information on the erosion levels for geographically
well-defined sampling microlocations, the GMA data
are approximations, interpretations of the statistically
processed information drawn on corresponding maps.
For this reason, the level of erosion determined by
GMA for accurately defined geographical locations
mainly differs from the actual erosion values. Another
group of limitations is related to the personal attitude
of the researcher using GMA, or the subjective ap-
proach to the interpretation of the geologic evolution
of the region. Additional factors affecting the accura-
cy of the calculation the level and velocity of erosion
by GMA are: the scales of the geological and topo-
graphical maps used, the surface areas of the individ-
ual blocks from which data were collected for calcu-
lation of the erosion level and the calculation time
interval. The quantity of the calculation error increas-
es with increasing scale of the maps employed and the
period for which the erosion is determined. For the
scales of the maps used and the time interval for
which the erosion level was determined, the mean cal-
culation error empirically determined for the AlSar
deposit area was £25 %. The palaeodepth of the ore
body formation was accordingly defined as an interval
~120-350 m below the ground surface.
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Pe3nme

BepTukannu uHTEpBaJ MHHepau3aLuje
U MPOTrHO32a M0JI03Kaja PYIOHOCHOT HHBOA
y Sb—As—TI1 aexnmry Ammap (BJP
Makenonmnja)

OnpehuBame BepTUKANHOT HWHTEpBaja pPacIipo-
CTpamema pyIdHEe MUHEpajdu3aluje je Be3aHo ca
OpOojHIM MTUTAFIMa TeHEe3€ JISKHUINTA, U ToceOHO, Of-
pendboM BpeMeHa W TMajeoayOnHEe CTBapama PYIHUX
Tema. Y OBOM pany, H3BpIIEHO je Ha MpUMeEpy
Sb—As-Tl nexwumra Anmap MPUMEHOM KOMILIEKCa
METO/1a TEOMOP(QOIIOIIKE aHAIHN3Ee KA0 OCHOBHHX Me-
TONla WCTpPaXHWBarma, M3y4aBakeM pPaAHMOaKTHBHUX
(19Be, 26Al) u crabunmaux (3He, 2INe) xocMoreHux
HyKnmuaa (KOHTpONTHa MeTona) U mopehemeM mobuje-
HUX pe3yJrara ca MojaluMa OIepaTHBHUX TeOJIONTKIX
WCTpakKuBama M3 PyJapCKuX panosa. McTpaxnBamima
Cy TPETXONMWiIa JleTaJbHA CTYIUjCKa W3y4daBama Ieo-
nomike Tpal)e U reHese NeXWIITa AJIap Ha OCHOBH
KOJHX je OHO CBPCTaHO y KJacy CIIOKEHUX XHUAPO-
TEepPMaJTHO-BYJIKAHOTEHUX JIEKHUIITA TUTHOIIEHCKE CTa-
poctu wusrpahjeHux op Buiie MOPHOCTPYKTYPHHUX
TUTIOBA PYIHUX Tella, KOMIUIEKCHOT MHUHEPaITHOT ca-
ctaBa. YTBpheHa je cTapocT BYIKaHCKE aKTHBHOCTH,
CTapoCT JIOMWHAaHTHHX (Qalrja XUAPOTEPMATHUX
ajTepanuja u pyIHe MUHEepaIH3aImje.

KBantutarnBaa reomoporonrka aHanu3a IIAPer
MpocTopa NexuTa Anmap o0yxBaTuia je IpuMeHy
BHUIIIE TIOCTYTIaKa: TIOCTYIaK aHAJIN3e EHePThje pesbe-
¢da TepeHa, aHanM3y HaruOa IMajMHA TEpPEHa, IMOCTY-
mak nopehema peamHor crama pespeda ca TEOpH)-
CKHM MOJEJIOM, TIOCTYIIaK TEOPHjCKOT aHAJIOTOHA Y3-
JTy’)KHOT TIpo(HIIa BOIOTOKA, TEOPHjCKH MOJIENT Pa3Bo-
ja pespeda y BpeMeHy W aHaIu3y epO3HOHOT HHTErpa-
na. McTpaxuBama Ccy cripoBefieHa y nBe noadase, Ha
HOBPUIMHK 071 56 kKm?2, Ha mMpeM MpoCTopy JISKHIITA
¥ Ha TOBpIIHHK 0 6 km? (y>KH MPOCTOP JISIKHIIITA).

Hugo epo3uje je onpehen 3a nepron ox 5 Munnona
ronuHa. [loBpIMHA jeAMHUYHOT MPOPAYYHCKOT IT0Jha
usHocwia je 1 km2u 0,25 km?2. JlerasbHa KBAHTUTATHB-
Ha reoMop(orolika aHanM3a je CIpOBEeHa Yy JIOKa-
muretiMa LlpBen mon u LleHTpanan aeo y kojuma cy
MIPETXOMHUX TOIMHA WCTPAXHUM OyIIeHeM W pyaap-
CKUM HCTPaXHHM paZOBUMa BpIIEHA JeTajbHa Teo-
nomika ucrpaxuBama Sb—As—TI1 pynaux tena. byayhn
Jla cy y TIOMEHYTUM JIOKaJIUTETHMAa JIETaJbHO YTBpheHe
MOpQOIIOIIKE KapaKTepUCTUKE PYIHUX Tela, BEpTH-
KaJJHH WHTEPBAJ pPaclpoCTpamema pydHe MHHepa-
JM3aIyje U KOHTPOJHH (aKTOpH HUXOBOT TOJI0XKaja y
pocTopy, oHa cy y Tpehoj dasu paga xopumrherna kao
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€TAJIOHU 32 KOPEKIHjy IMojaraka reoMop(doIoKe
ananmse. [locne feTasbHOT carieaBama, TEoNIONIKe 1
TeOCTaTUCTUYKE O00paje yla3HUX noparaka mpaheHe
aHaJIM30M BEPTHKAITHE PacuJIalbeHOCTH pesbeda, aaba
aHanm3a TepeHa y 00a ciydaja u3BpIIeHa je IPUMEHOM
MOCTyTlaka eHepruje pesbeda TepeHa, MPBOT TPEHAA
eHepruje pesjbeda TepeHa u Harnba majuHa TepeHa.

VY naseM TOKy pajia, KOHCTpyHCaHa KapTa eHepruje
pesbeda je mMeromom TeKyhHX CpeamuX BPEOHOCTH
npeBe/icHa y KapTy TPBOT TPEHAAa BEPTHKAJIHE pac-
4NambeHOCTH pesbeda. Ha 0CHOBY e Cy 3aThM, Ha TO-
norpad)cKkoj OCHOBH H3MIBOjEHH IPOCTOPU Ca TIO3M-
TUBHAM W HETaTHBHUM BPEIHOCTHMA W3OJMHU]jA, OfI-
HOCHO JIEJIOBH aHANM3WPAHOT TPOCTOpa y KojuMa je
BPIICHO JIATaHO W3/IU3ambe UITH CITYIITamhe TepeHa. 30-
HE W3u3ama TepeHa Cy WHTEPIpETHpaHe Kao TMpo-
CTOpHY MHTE3UBHH]E epo3Hje, JOK Cy JIENIOBH TEPEHA KO-
ju ce Hamaze m3Mel)y 30Ha W3AM3amka W 30HA aKyMy-
Janyje epooBaHOT MaTepyjaia, MHTEPIPETHPaHU Kao
HEOTEKTOHCKU aKTHBHE cTpykType. OnpelhuBame HU-
BOA €po3Hje TepeHa M3BPIIEHO je OAy3UMameM IOBp-
I caBpeMeHOT pesbeda o7 TMOBPIIN Tasieopesbeda
TepeHa MPUMEHOM codTBepcKkor makera Surfer 9.

Hpyra ¢aza pama je mompasymeBana onpehuBame
HUBOA €pO3Hje MPHUMEHOM KOCMOTCHUX PaJNOAKTHB-
Hux (10Be, 26Al) u crabumuux (3He, 2!Ne) Hykinma
NPUMEHOM METOJIa aKIeIepaTOpCKe MaceHe CIeKTPO-
MeTpHje MyrokuBehnx pagroakTHBHUX KOCMOTEHHX
Hykiaa 19Be u 26Al 1 MaceHe CrieKTpoMeTpuje Tie-
MEHHUTHUX T'acOBa WIN CTAOWIIHUX KOCMOTCHUX HYKIIH-
na 3He u 21Ne. JIabopaTopHjcKUM HCIUTHBABUMA CY
MPETXONIA TEPEHCKA Y30PKOBamka XHUIAPOTEPMAITHOT
KBaplla ca BHUIIEC JOKAJUTEeTa JeXHIITa Amap,
BbUXOBA JIeTaJbHA TIETPOJIONIKA W MHUHEPAIOIIKa
UCTIUTUBAKA PUMEHOM METOJa ONTHYKE MUKPOCKO-
nuje, X-ray mudpaknuje u SEM-EDX.

NsyuaBame nsorona 'Be u omroca 19Be/’Be y
BeO (1o = 3-5%), uzBpmieno je Ha 16 y3opaka mpu-
MeHOM AMS mertome. Ha ocHoBH noOujeHmx moma-
TaKa, CpadyyHaTH Ccy Op3uHa W AcOJFMHA €pOIOBAHOT
MOBJIATHOT KOMIUIEKCA CTCHA PYIHUX Tejla Y U3HOCY
on 11-31 m/Ma. UsyuaBame usoromna 26Al u ogHoCa
26A1/27Al y Al,O5 (1o = 26-87%), u3BpiueHo je Ha 21
y30pKy. lIporiemeH je HUBO epo3uje Y H3HOCY OJ MU-
HUMYM 67 + 24 m/Ma no makcumyMm 640 + 150 m/Ma,
ITO j€ 3HATHO BHIIE Y OJHOCY Ha BPETHOCTH KOje CY
noOujeHe TPUMEHOM KBaHTHUTATHBHE TeoMopdoro-

mike a"anmse. Mepema usororna 2!Ne u 3He usspiena
CY Yy XMIPOTEPMAaIHOM KBapLy IpuMeHoM MS metone
(pobe ca Tpy pazIYNTa JOKAINTETa), y CAHUANHY (je-
JTHA JIOKaI¥ja) U 'y IMoTicuy (aBe Jokarwje). Jlooujenn
pesynraru ce kpehy y pacrniony >22-51 m/Ma 3a 2I1Ne 'y
kBapiry, >69 3a 2INe y cannauny (lo = 10-60%), u
>15 m/Ma 3a 3He y auoncuny.

Ha ocHOBy mpeTxomHO W3NOKEHWX TOjaraka 3a-
KJBYYEHO je Jla Cy HHUBO U Op3WHa epo3uje TepeHa Ha
[IFpeM TOIPYYjy JIKHIITa ATap, y nporekinx 5 Ma
y TIepHOMy OJf MOoYeTKa BYJIKAHCKE W XUIPOTEPMAITHO-
MUHEpaJI3alioHe aKTHBHOCTH 10 JaHac, OWIM cy pa-
3MAYATH Y Pa3INddTUM JeJIOBUMa aHAIH3HPaHOT
mpoctopa. ¥ ceBepHOM U IeHTpatHOM aeny Sb—As—TI1
JIeKHINTa AIIap y KOME ce Haja3e eKOHOMCKH Haj-
3HaYajHUja pyJHa Teja ca MOBUIIIEHUM KOHIIEHTPAIH-
jaMa Tandjyma, MpUMEHOM METOoJa KBAJIMTATHBHE W
KBaHTHUTaTHBHE TeoMOp(doIoIKke aHaau3e YTBpHEHO
je ma neOJpMHA €pOJOBAaHOT KOMIUIEKCA MOBIATHUX
creHa m3HocH ~100—400 m. IIpoceuna Op3uHA epo-
3uje TepeHa kperana ce on 20—80 m/Ma.

ITopehemem noOmjeHNX ToAaTaka ca pe3ysTaTuMa
M3yJaBamka KOCMOTEHHUX PAJMaKTUBHUX W CTaOMITHUX
HYKJIHJa, YOUeHE Cy ofpel)eHe CIIMYHOCTH alld U pa-
3nmuKe. BUCOK CTeleH momyaapHOCTH Mo/laTaka youeH
je mmely pesynrara koju cy noOWjeHH MPHUMEHOM
METOZIe KBAaHTHTAaTHBHE TeoMOP(OIIOIIKE aHAIH3E H
pesyiarara uzy4aBama uzorona 0Be, 3He u 2INe. V
cinydajy u3oroma 20Al, mehytum, oxctymama ox pe-
3yaTara Jpyrux MeToja Cy 3HadajHa.

Konaunn 3aksbydiii NMPUMEHEHUX HCTPAKHBAKbA
cy crenehu: a- TopmH MHTEPBAI PACIpOCTpamEHa
pymHUX Tena Hana3u ce Ha AyomHu ox 10-50 m ox
CaBpeMEHE TOBPIIMHE TEPeHa, 6- MPOCEYHH HHUBO
epo3rje TepeHa Ha MIMPEM TOAPYYjy JexKumTa Au-
map uzHocu 20-80 m 3a mepuon on 1 Ma, onHOCHO
~100—400 m 3a mepuoX oA BpeMEHa IOYETKA BYI-
KaHCKe aKTHBHOCTH 10 naHac (=5 Ma); ¢- meOsprHa
€POIOBAaHOT KOMIUIEKCa CTeHa W3 IIOBJIATHOT [IeNa
PYIHUX TeNa y TIEPUOLy Of MOYeTKa XUAPOTEepPMalHe
anTepanuje U crBapama pygHux tena (4,31 Ma) no
JnaHac u3Hocu =150 m 3a nokanutet LlpBen moxn, ox-
HOCHO 230 m 3a IEHTPAJIHU JE0 JEKHIITA; 2- BEPTH-
KaJTHU TTAJICOMHTEPBAJI CTBaparha PYIHHUX Tela H3HOCH
~230 m (200430 m) 1 0- MOTEHINjaTHO PYIOHOCHH
XOpH30HT Halla3u ce Ha nyomHH ox ~10-280 m ox
CaBpeMEeHe MOBPIINHE TePEHa.





