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Trans-border (north-east Serbia/north-west Bulgaria) correlations
of the Jurassic lithostratigraphic units

PLATON TCHOUMATCHENCO', DRAGOMAN RABRENOVIC?, VLADAN RADULOVIC?,
NENAD MALESEVIC* & BARBARA RADULOVIC?

Abstract. Herein, correlations of the Jurassic sediments from NE Serbia with those of NW Bulgaria are
made. The following Jurassic palacogeographic units: the Eastern Getic, the Infra-Getic and the Moesian
Platform are included in the study. The East Getic was studied in the outcrops near Rgotina, where the sedi-
mentation started in the Hettangian and continued during the Callovian—Late Jurassic and is represented by
platform carbonates. The Infra-Getic is documented by the sections of Dobra (Pesaca) and the allochtonous
sediments near the Stubik. Very important for the Infra-Getic are the Late Jurassic volcano—sedimentary
deposits of the Vratarnica Series, which crop out near Vratarnica Village. The Jurassic Moesian platform was
studied in the sections near D. Milanovac and Novo Korito (Serbia) and in their prolongation in NW Bulgaria
into the Gornobelotintsi palacograben. Very important are the correlation in the region of Vrska Cuka (Serbia)
and Vrashka Chuka (Bulgaria) — Rabisha Village (Magura Cave). A revision of the Jurassic sediments on the
Vidin palaeohorst, which were studied in the Belogradchik palaeohorst, Gorno-Belotintsi palaeograben,
Belimel palaeohorst and the Mihaylovgrad palaeograben, is made. The sedimentation on the Vidin palacohorst
started during different parts of the Middle Jurassic, and in the Mihaylovgrad palacograben during the
Hettangian (Lower Jurassic) where the sediments were deposited in relatively deeper water conditions. To
south, the relatively shallow water sediments deposited on the Jurassic Vratsa palaeohorst on the southern
board of the Mihaylovgrad palacograben are described.

Key words: Jurassic, north-eastern Serbia, north-western Bulgaria, correlations, lithostratigraphic units.

Ancrpakr. [Ipuka3zana je kopenanuyja jypckux ceauMmeHara cesepouctoune Cpbuje u ceBeposanaane by-
rapcke. Y MpoydaBaHOM TOAPYYjy U3aBOjeHe Cy cienche maneoreorpadeke jequnuiie: Vctounu [etuk, MH-
(dpa-retuk u Me3sujcka wiardopma. Mcrounu etk je mpoydyaBaH Ha W3gaHIKMMa y Onu3uHHM Protune, riae
CeMMEHTAIM]a 3aI0YHEbEe Ol XETaHXKa, 33 BPEME KEJIOBEj—TOpba jypa Taloke ce IUIaTpOpPMHH KapOOHATH.
Wndpa-retuk je nokymenTosaH Ha npodminma Joope (Ilecada) u anoxToHnM cequmenTuma y onmsuau LTy-
6uka. [maBHa KapakrepucTrka MHppa-reTuka cy Topm0ojypcKo BYIKaHCKO-CEJUMEHTHE TBOpeBHHE Bparap-
HUUKe cepuje. Jypcka Mesmjcka miardopma je mpoydaBaHa kon Jomer Mwmmanosna u Hosor Kopura y
Cpbuju u ['opHoOemotuHCKOT poBa y byrapckoj. YpaleHna je xopenanmja y obmactu Bpmke Uyke ca obe
cTpaHe rpaHuIe U kox cena Paduma (nehuna Marypa y Byrapckoj). [Iprukaszana je peBusdja jypcKUX Ceiu-
MeHara y byrapckoj, kon Buaunckor xopcTa, koju cy npoy4asanu Ha benorpamunckom, [opwe benorunckom,
bemmmenckom 1 Muxajnosrpaackom poBy. CenuMeHTanuja y BUIMHCKOM XOPCTY 3al0YHbe y Pa3IHIUTHM
JIeNIOBUMa Cpeabe jype, a y MuXajiioBrpaJckoM poBy 3a BpeMe XeTaHxka (I0ma jypa) Tie ce CeANMEHTallN]a
OJ[BUjaJia Y PeJIaTUBHO JyOOKOBOIHO) CpemuHH. Jy>KHO Ce OfiBHjajia IUIMTKOBOIHA CEAMMEHTAIIN]ja Ha JYPCKOM
Bparua rpebeny, Ha jy:KHOM Kprity MHXajIoBrpaJckor posa.

Kibyune peun: Jypa, ceepouctouna Cpouja, ceBepo3amnaana byrapcka, kopenamyja, TuTocTparurpagcke
jeAuHUIE.
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Introduction

It is well known that the rock strata — sedimentary,
igneous or metamorphic are organized in lithostrati-
graphic units based on macroscopically discernable
lithologic properties or combination of lithologic prop-
erties and their stratigraphic relations. Often these units
cross the state boundaries. However, it is the general
practice that on geological maps, the lithostratigraphic
units from the two sides of a state border are different
and have different names. This is also the case with the
Jurassic lithostratigraphic units on the two sides of the
Serbian/Bulgarian state boundary. Our aim is to make
correlations of the Jurassic lithostratigraphic units from
the two sides of this state border. For the beginning, in
the literature existing trans-border units (TCHOUMA-
TCHENCO et al. 2006a, 2008) are correlated. With the
present paper, this stage of the correlation in the north-
east Serbia/north-west Bulgaria is finished. The second
step, must be, after an analysis of all data, to replace the
later names of the lithostratigraphic units by the earlier
ones, other considerations being equal, following, in
general, the principle of reasonable priority. In this way,
the exigencies of the International Stratigraphical Gui-
de (SALVADOR 1994; “Relation of Names to Political
Boundaries”) will be satisfied.

The Jurassic sediments within the framework of the
study area of eastern Serbia and western Bulgaria enter
the following large palacogeographic units (TCHOUMA-
TCHENCO et al. 2006a, 2008) (from west to east): the
Getic (Dragoman Jurassic Pale horst in Bulgaria and
Karpatikum in Serbia), divided into two sub-units —
Eastern and Western Getic (TCHOUMATCHENCO et al.
2008) based on the presence (in Eastern Getic) or
absence (in Western Getic) of Liassic sediments; the
Infra-Getic Unit (Izdremets Jurassic Palaeograben in
Bulgaria and Stara Planina—Pore¢ Unit in Serbia); the
Moesian Platform. The purpose of this paper is the cor-
relation of the Jurassic sediments across the state bor-
der in north-east Serbia and north-west Bulgaria.

The Serbian lithostratigraphic units have been de-
scribed by D. Rabrenovi¢, V. Radulovi¢, N. MaleSevi¢
and B. Radulovi¢ with the participation of P. Tchouma-
tchenco and of the Bulgarian, by P. Tchoumatchenco.

Jurassic Lithostratigraphic units

Nota Bene. The number in the description of the
lithostratigraphic units corresponds to the number of
the lithostratigraphic units in Figures 1, 2, 3; N - indi-
cates that the beds are not nominated.

Getic Palaeogeographic Unit

The Getic is developed on the back-ground of the
Serbo-Macedonian — Thracian Massif. During the Ear-

ly Jurassic the whole territory represents dry land. In
eastern Serbia in this unit enters large parts of the Car-
patho—Balkan region of ANDJELKOVIC et al. (1996). In
study area enters only the East Getic Unit, where the
sedimentation in the vicinities of Rgotina started in
the Early Jurassic.

Rgotina section (Figs. 1: Sb-1, 2). Here were de-
posited: (N 1) — sandstones with conglomeratic peb-
bles (Hettangian—Sinemurian); (1) — Rtanj brachio-
pod beds (ANDJELKOVIC et al. 1996): bioclastic lime-
stones, marls (Pliensbachian, analogous to the Ozi-
rovo Formation); (N 2) — grey sandstones (Toarci-
an—Aalenian); (N 3) — grey sandstones in the base
intercalated by a bed of grey limestone (Bajocian);
(2) — Rgotina Beds (ANDJELKOVIC ef al. 1996; analo-
gous to the Gulenovci Beds); in the base (2a) — alter-
nation between reddish limestones and grey sand-
stones (Upper Bajocian—Bathonian) and (2b) — red
limestones with some corals (Upper Bathonian—Lo-
wer Callovian; analogous to the Polaten Formation in
Bulgaria); (3) — Basara Limestones (Andjelkovi¢ et
al. 1996): grey limestones with chert nodules (Middle
Callovian; similar to the Belediechan Formation), on
their base is exposed a bed (3a) with many Macro-
cephalites sp. (Lower Callovian; analogous to the
Sokolov Venets Zoogenous Marker in Bulgaria);
(4) — Vidli¢ limestones (ANDJELKOVIC et al. 1996):
grey to blue, well bedded, limestones (Middle Call-
ovian—Kimmeridgian (p. p.); analogous to the Javo-
rets and Gintsi formations); (5) — Crni Vrh Limesto-
nes (ANDJELKOVIC et al. 1996): white to reddish reef
and sub-reef limestones, with corals, gastropods, etc.
(Tithonian—?Berriasian; analogous to the Slivnitsa
Formation in Bulgaria).

Infra-Getic Palaeogeographic Unit

During the Jurassic, the Supra-Getic and the Getic
units developed on the framework of the Thracian
Massif, which had been separated from the other large
palaeogeographic unit, the Moesian Platform, by the
Infra Getic Unit with a relatively deep water sedimen-
tation since the Hettangian. In the study area, the sed-
iments of the Infra-Getic crop out in the region of the
Dobra Village (Pesaca River, etc.), the Stubik Village
and the Vratarnica Village.

Dobra—Pesacéa (Figs. 1: Sb-2, 2) (VESELINOVIC
1975; ANDJELKOVIC 1975). (N-4) — quartz sandstones
at the base with quartz conglomerates, locally with
coal (N-5) (Lower Liassic); (N-6) — quartz, calcareous
sandstones to sandy limestones with brachiopods and
bivalves (Middle Liassic); (N-7) — quartz sandstones
without fossils (Toarcian?); (N-8) — sandy limestones
and clays (Aalenian—Bajocian).

Stubik (Figs. 1: Sb-3, 2) (ANDJELKOVIC 1975; AN-
DIELKOVIC et al. 1996). (6) — Stubik clastites: quartz,
thick bedded, reddish to whitish sandstones (Aaleni-



Trans-border (north-east Serbia/north-west Bulgaria) correlations of the Jurassic lithostratigraphic units

B 4Donji Milanovac
. Sb-3

J .
Rgotina
. : Vrashka
Zajecar@ "-\Chuka
Sb-5+ ®—Bg-0

Kucaj

x Bg-1
Sb-6" Magura =~

: Bg-3—. @Or
Belogradchik @,
Knjazevac @ Sb-7— B§I13-4 /
L
\,
-, Bg-6

No—r

Pirot
o

/Bg-2

/ Belotint.si _Bg-13 Bg-12

e N . @
SN Bg 7Bel|meI°

a

eshets

Vinishte®
W

= Pastrina

Montana
O

Bg-10— eNikolovo
sa./

Bg-8

g Bg-9

\'\.Gaganit
N,

..\

Vratsa
\ @

Bg-11

Fig. 1. Sketch map of the locations of the Jurassic outcrops. Legend: Bg-0, Vrashka Chuka; Bg-1, Magura (Rabisha
Village); Bg-2, Granitovo Village (Gradishte Peak); Bg-3, Belogradchik—Railway Station Oreshets; Bg-4, Belogradchik
—TV Tower; Bg-5, Yanovets Village; Bg-6, Dolni Lom Village; Bg-7, Prevala — Mitrovtsi Villages; Bg-8, Gaganitsa
Village; Bg-9, Gaganitsa Lake; Bg-10, Nikolovo Village (Shugovitsa River); Bg-11, Vratsa (Ledenika Cave); Bg-12,
Kamenna Riksa — Vinishte Villages; Bg-13, Gorno Belotintsi Village (Nechinska Bara River); Sb-1, Rgotina Village; Sb-
2, Dobra Village (Pesaca River); Sb-3, Stubik Village; Sb-4, D. Milanovac Town; Sb-5, Vrska Cuka; Sb-6, Miro¢; Sb-7,

Vratarnica Village.

an—Bajocian (p. p.)) — Krajina (analogous to the Gra-
dets Formation); (7) — Stubik “Posidonya” beds with
two horizons with “Posidonia”: (7a) — First horizon
with “Posidonia” alpina - fine grained sandstones;
(7b) Thick bedded sandstones; (7¢) — Second horizon
with “Posidonia” alpina - grey marls and marly sand-
stones (Bajocian—Lower Callovian; no analogy in
Bulgaria); (8) — Stubik limestones: grey, thick bedded
limestones (Middle Callovian—Kimmeridgian; proba-
bly analogous to the Javorets Formation).

Vratarnica (Figs. 1: Sb-7, 2) (ANDJELKOVIC 1975;
ANDIJELKOVIC ef al. 1996; ANDJELKOVIC & MITROVIC-
PETROVIC 1992). (9) — Vratarnica volcanogenous-sed-
imentary series: argillites, marls, sandstones and rare
calcarenites and limestones with calcareous olistolites
(Late Tithonian—?Berriasian; no analogy in Bulgaria)
(Figs. 4A-C).

Moesian Platform Palaeogeographic Unit

The Moesian Platform is a crustal block, located be-
yond the south-western margin of the European craton. It
was divided during the Jurassic (according PATRULIUS et
al. 1972; SAPUNOV et al. 1988) into three parts: the West
and East Carbonate Moesian Platforms separated by the
Central Moesian Basin. Herein, only the West Moesian
Platform, the sediments of which crop out from the two
sides of the Bulgarian/Serbian state border, is studied. To
west, it is limited by the Infra-Getic Unit.

The West Moesian Platform is structured by the
Vidin Horst and the Vratsa Horst separated by the
Mihaylovgrad Graben (with its Gornobelotintsi—-Novo
Korito Branch — Basin (Graben)).

The Vidin Horst (SapuNov et al. 1988) is the
north-western part of the West Moesian Platform and
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Fig. 2. Trans-border (north-east Serbia/north-west Bulgaria) correlation of the Jurassic lithostratigraphic units. Lithology: 1,
conglomerates and sandstones; 2, sandstones; 3, coal; 4, sandy and bioclastic limestones; 5, limestones; 6, thin bedded lime-
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is built up (from north to south) by the Gomotartsi
Step, the Belogradchik Step, the Belotintsi Step, the
Prevala Step and the Belimel Step.

The Belogradchik Step (SApunov et al. 1988).
During the Early Jurassic and the Aalenian, in the
Belogradchik Step of the Vidin Horst entered the Mi-
roé—Vrika Cuka Zone from NE Serbia and the Rabi-
sha—Vrahska Chuka Zone from NW Bulgaria, which
represented a dry land with a continental environment
— a terrigenous, coal bearing formation. During the
Bajocian, a large part was covered by sea water, in
which existed a shallow, sublittoral environment with
a sandy-pebbly bottom and agitated water with the
sedimentation of oligomictic sandstones and conglo-
merates, covered by the aleuritic marls. To the north of
Belogradchik Town, the sediments of the Bov Forma-
tion were subsequently eroded (under sub-marine con-
dition) and the Callovian part of the Javorets
Formation (micritic limestones) lied directly on the
Lower Bathonian parts of the Polaten Formation.

Miro¢ Section (Figs. 1: Sb-6, 2) (ANDJELKOVIC &
MITROVIC-PETROVIC 1992). (21a—26a) The sediments
in the Miroc area are very similar to those of the Vrska
Cuka area and will be described together with them.

Vrska Cuka Section (Figs. 1: Sb-5, 2). (21) Vrat-
nac Limestones (ANDJELKOVIC et al. 1996): reef and
sub-reef limestones (Tithonian); (22) — Greben ammo-
nitic limestones (ANDJELKOVIC et al. 1996): clayey
nodular limestones with cherts (Middle Callovian—Ox-
fordian—Kimmeridgian); in the base (23a) — sandy lime-
stones with Macrocephalites macrocephalus (VESELI-
NOVIC 1975; ANDJELKOVIC et al. 1996; analogous to the
Bulgarian Sokolov Venets Marker (Lower Callovian));
(23) — Bujkovo sandstones (Bathonian); (24) — Staro
Selo Beds (ANDJELKOVIC et al., 1996): yellow marine
sandstones (Upper Bajocian—Bathonian); (25) — Vrska
Cuka coal beds (ANDJELKOVIC et al. 1996): yellow
sandstones, coal schists and coal (Aalenian—Bajocian);
(26) — Vrska Cuka clastites (Aalenian; ANDIELKOVIC ef
al. 1996): quartz conglomerates and sandstones, lying
discordantly over Permian rocks.

Vrashka Chuka (Bg-0) — Rabisha (Magura) (Bg-1)
Sections (Figs. 1, 2, 3) (SApuNov & TCHOUMA-
TCHENCO 1995b). In the Bulgarian part of the Vidin
Horst were sedimented: (27) — the Magura Formation:
massive, light, organogenic (with bivalves, gastropods)
and biodetritic limestones (Upper Tithonian—lower part
of the Berriasian); (28) — the Glozhene Formation:
grey-whitish limestones (Middle Kimmeridgian—Ti-
thonian); (29) — the Gintsi Formation: grey, lithoclas-
tic to nodular limestones with many ammonites (Ox-
fordian—Kimmeridgian; (30) — the Javorets Forma-
tion: grey micritic limestones (Lower Callovian—Ox-
fordian); at the base, there are many ammonites, as a
breccia; (30a) — individualized as the Sokolov Venets
Zoogenous Marker; (31a) — syn-sedimentary break in
the sedimentation (Upper Bathonian); (32) — the Pola-
ten Formation, divided into two members: (32a) — the

Dessivitsa Member: built up of sandy, biodetritical
limestones with ferrous ooids and quartz pebbles (Lo-
wer Bathonian); (32b) — Vratnitsa Member: grey to
grey-beige calcareous sandstones with single quartz
conglomerate pebbles and sandy limestones (Lower
Bathonian); Kichera Formation: (33) — Oreshets
Member: sandstones, yellowish, clayey, calcareous
(Upper Bajocian); (34-35) — coarse grained sandsto-
nes, in the basal part, conglomeratic — non-divided
lower part of the Kichera Formation (analogous to the
Granitovo and Kreshtenitsa Members (Aalenian—Ba-
jocian); (36) — yellow sandstones and grey to dark-
grey sandy shales with coal substance - continental
coal-bearing sediments, analogous to the continental
sediments of Vrashka Chuka (Aalenian—?Toarcian);
from the Vrashka Chuka Section (Bg- 0); (37) — the
Vrashka Chuka Member of the Kichera Formation:
the base is structured by sandstones, interbedded with
clays; above follow three coal beds, followed by clays
and sandstone (Aalenian); (38) — the Kiryaevo Mem-
ber of the Kichera Formation: alternation of sand-
stones and clays (Aalenian—?Toarcian). Substratum:
Late Carboniferous Stara Planina granodiorites.
Granitovo Section (Figs. 1: Bg-2, 3). The section
is situated to the north-east of the Granitovo Village,
on the slope of Gradishte Hill - western part of the So-
kolovo Venets Peak. Here crop out: (27a) — the Magu-
ra Formation: grey, organodetritic, thick-bedded lime-
stones (Upper Tithonian—lower part of the Berriasian);
(28a) — the Glozhene Formation: grey-white, well
bedded limestones (upper part of the Lower—Mid-
dle—Upper Tithonian); the Gintsi Formation, divided
into (29a) — “Upper nodular limestones”: red nodular
limestones (Upper Kimmeridgian—-Lower Tithonian);
in these sediments exist a west inclined fold (Fig. 4D),
in many places, passes to a west-directed inverse fault
(Fig. 4E), probably due to a sub-marine slump; (29ab)
— “Grey quarry limestones”: grey micritic limestones,
intercalated by grey lithoclastic limestones (Oxfor-
dian—Lower Kimmeridgian); (29ac) — “Lower nodular
limestones™: red to grey lithoclastic limestones, in
some beds with many ammonites and belemnites
(Middle Callovian—Lower Oxfordian); (30a) — the So-
kolov Venets Zoogenous Marker of the Javorets For-
mation: calcareous zoogenic (ammonitic, belemnitic,
etc.) breccia, upwards the ammonites became rarer
(Lower Callovian?); (31a) — syn-sedimentary break in
the sedimentation; the Bov Formation: (31-1a) — Vere-
nitsa Member: grey aleuritic limestones with rare am-
monites (lower part of the Upper Bathonian); (31-2a) —
Gornobelotintsi Member: grey to brown aleuritic mar-
bles with ammonites; the Polaten Formation: (32a) —
the Desivitsa Member: grey bioclastic and sandy li-
mestones (Lower Bathonian) and (32b) — the Vratni-
tsa Member: grey bioclastic and sandy limestones, in
the base up to conglomerates (Upper Bajocian—Lower
Bathonian); the Kichera Formation: (33a) — the Ore-
shets Member: yellow, medium grained sandstones
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with calcareous cement (?Bajocian); (34a) — the Gra-
nitovo Member: reddish to brownish gravelitic sand-
stones with rare quartz pebbles, well rounded (Bajo-
cian); (35a) — the Kreshtenitsa Member: white grav-
elitic sandstones (?Aalenian); (36a) — the Venets
Member: probably continental sandstones and con-
glomerates (analogous to the Kiryaevo Member of the
Kichera Formation and to the Vrska Cuka clastites
(Aalenian—?Toarcian). Substratum: the Toshkovo For-
mation - Middle Triassic limestones.
Belogradchik—Railway Station Oreshets section
(Figs. 1: Bg-3, 3) (SapuNovV & TCHOUMATCHENCO
1995e). The section is located along the road Belo-
gradchik—Railway Station Oreshets. Here are located
the holostratotypes of the members of the Kichera
Formation and of the Sokolov Venets Zoogenous
Marker. (27b) — the Magura Formation (for SAPUNOV
& TCHOUMATCHENCO 1995e — the Slivnitsa Forma-
tion): grey to whitish thick bedded limestones (Ber-
riasian). It is covered by the Simeonovo Formation
(NikoLov & Ruskova 1989) — Urgonian type lime-
stones with many special “nodules” in them (Upper
Hauterivian—Aptian). This type urgonian sediments is
developed only in the region of the Oreshets Village,
deposited in a very active environment, which existed
especially on the Belogradchik Step (horst); (28b) —
the Glozhene Formation: grey to whitish clearly bed-
ded micritic limestones with nodules or discontinued
beds of chert (upper part of the Lower Tithonian—Up-
per Tithonian); the Gintsi Formation is with three
packets: (29ba) — “Upper nodular limestones™: red
nodular limestones (Upper Kimmeridgian—Lower
Tithonian); in these sediments exist a west directed
inverse fault (Fig. 4F), probably due to a sub-marine
slump; (29bb) —’Grey quarry limestones™: grey micrit-
ic limestones, intercalated by grey lithoclastic lime-
stones (Oxfordian—-Lower Kimmeridgian); (29bc) —
“Lower nodular limestones™: red to grey lithoclastic
limestones, in some beds with many ammonites and
belemnites (Middle Callovian—Lower Oxfordian);
(30ab) — the Javorets Formation, here, it is represent-
ed by the Sokolov Venets Zoogenous Marker. The
type section is situated here, along the road Belograd-
chik—Railway Station Oreshets (Fig. 5A), described by
STEPHANOV (1961), rediscribed by SAPUNOV & TCHOU-
MATCHENCO (1995¢) and by BELIVANOVA & SAPUNOV
(2003). After STepHANOV (1961), here are exposed
two beds — No. 6-7. Bed 7 (the upper) (Fig. 4E):
thickness 0.30 m, brown-red limestones with ferrous
hydroxide ooids: Macrocephalites macrocephalus
(SCHLOTHEIM) (abundant), Hecticoceras hecticum
(REINECKE) (rare), Choffatia spirorbilis (BONCHEV &
Porov). Bed 6 (the lower): thickness 0.12 m, yellow-
ish-red clayey limestones (Fig. 5B) with scattered
ooliths and with large flat-spherical lenticular ferrous
hydroxide nodules, up to 25 cm in diameter around
Bathonian calcareous pieces or Callovian ammonites
- Macrocephalites macrocephalus (SCHLOTHEIM) (fre-

quent) and others ammonites. In the two beds, there
are many Perisphinctidae, Phylloceratidae, Litocerati-
dae, etc.; (31b) — sub-marine gap in the sedimentation,
between the Lower Bathonian and the redeposited
Lower Callovian sediments. The Polaten Formation is
divided into two members: (32a) — the Desivitsa Mem-
ber: built of sandy, biodetritical limestones with ferrous
ooids and quartz pebbles with many ammonites (SAPU-
NOV & TCHOUMATCHENCO 1995¢); (32b) — the Vratnitsa
Member: structured by grey to grey-beige calcareous
sandstones with single quartz conglomerate pebbles
and sandy limestones with many ammonites (SAPU-
NoV & TCHOUMATCHENCO 1995¢). The upper and lo-
wer surfaces are transitional. In both of them, STE-
PHANOV (1961) found ammonites, which indicated the
Lower Bathonian Zigzag Zone; The Kichera Forma-
tion: (33b) — Oreshets Member: yellow, medium gra-
ined sandstones with calcareous cement (?Bajocian);
(34b) — the Granitovo Member: reddish to brownish
gravelitic sandstones with rare quartz pebbles, well
rounded (Bajocian); (35b) — the Kreshtenitsa Mem-
ber: white gravelitic sandstones (?Aalenian); (36b) —
the Venets Member: probably continental sandstones
and conglomerates, (analogous to the Vrashka Cuka
Member and Kiryaevo Member of Kichera Forma-
tion) (Aalenian and ?Toarcian). Substratum — the To-
shkovo Formation (Middle Triassic limestones).

Gornobelotintsi-Novokorito Graben (Basin)
(Belotintsi Step) (SApuNOV et al. 1988). During the
Early Jurassic, this was also an area of continental
sedimentation. At the beginning of the Bajocian start-
ed the formation of a new graben with sandy sedimen-
tation under conditions of a shallow sublittoral envi-
ronment with a sandy bottom and agitated water dur-
ing the beginning of the Bajocian — the Gornobelo-
tintsi-Novo Korito Graben. At the end of the Bajo-
cian—Bathonian—Early Callovian, in it existed the con-
ditions of a deep sublittoral environment with a
muddy bottom and slightly agitated water with the
sedimentation of marls, interbedded by clayey lime-
stones. During the Middle Callovian—Late Jurassic
started a stage of bathymetric differentiation and pe-
lagic micritic and nodular limestones were sediment-
ed. In east Serbia, will be described the sediments
near Milanovac—Novo Korito and in Bulgaria, the Be-
logradchik TV Tower, Yanovets, Dolni Lom and Gor-
nobelotintsi sections in the Gornobelotintsi Graben
are described herein.

Belogradchik TV Tower Section (Figs. 1: Bg-4,
3). The section is along the road to the TV Tower, but
the Magura (27¢) (Upper Tithonian—Berriasian) and
the Glozhene (28¢) (upper part of Lower—Middle—Up-
per Tithonian) Formations are covered by a forest and
do not crop out. The Gintsi Formation is built up of
three packets: (29ca) — “Upper nodular limestones”
(Middle Kimmeridgian—-Lower Tithonian); in these
sediments there is an inverse fault, inclined to SW,
probably due to a sub-marine slump; (29¢b) — “Middle
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quarry limestones” with many cherts (Oxfordian—Lo-
wer Kimmeridgian); (29¢cc¢) — “Lower nodular lime-
stones” (Middle Callovian—Lower Oxfordian): beige
to white nodular micritic limestones; (30ac) — the
Sokolov Venets Marker of the Javorets Formation,
2-3 cm, blackish to grey marls (?Lower Callovian);
(31c) — sub-marine gap in the sedimentation; the Bov
Formation: (31-1) — the Verenitsa Member: alterna-
tion between micritic beige limestones and bei-
ge—grey aleuritic marls (Upper Bathonian—lowermost
Lower Callovian); (31-2) — the Gornobelotintsi Mem-
ber: grey-greenish marls with rare calcareous interca-
lations (Middle—Upper Bathonian); the Polaten For-
mation: (32ad) — the Desivitsa Member: grey sandy
limestones with crinoids (Lower Bathonian); (32bd) —
the Vratnitsa Member: grey sandy limestones to cal-
careous sandstones with many ammonites, well-pre-
served, non-flattened, probably resedimented (Lower
Bathonian — Zigzag Zone); the Kichera Formation:
(33c¢) — the Oreshets Member: calcareous sandstones
(purely exposed (Bajocian); (34c) — the Granitovo
Member: reddish sandstones and conglomerates (Ba-
jocian); (35¢) — the Kreshtenitsa Member: white sand-
stones (?Aalenian); (36¢) — the Venets Member: prob-
ably continental sandstones and conglomerates (Aale-
nian and ?Toarcian?). Substratum: the Toshkovo For-
mation - Middle Triassic limestones.

Yanovets Section (Figs. 1: Bg-5, 3) (SApunov &
TCHOUMATCHENCO 1995f). Located at 2 km west of
the Yanovets Village, Belogradchik community. The
Magura (27d) (Upper Tithonian—Berriasian) and the
Glozhene (28d) (Middle—Upper Tithonian) Formati-
ons are covered by a forest and do not crop out. The
Gintsi Formation is built up of three packets: (29da) —
“Upper nodular limestones” (Middle Kimmeridgi-
an—Lower Tithonian); in these sediments, there is an
inverse fault, inclined to the SW; (29db) — “Middle
quarry limestones” with many cherts (Oxfordian—Lo-
wer Kimmeridgian); (29dc) — “Lower nodular lime-
stones” (Middle Callovian—Lower Oxfordian): beige
to white nodular micritic limestones; (30d) — the So-
kolov Venets Marker of the Javorets Formation is cov-
ered by a talus gravity accumulation; the Bov For-
mation: (31-1d) — the Verenitsa Member: grey to
greenish aleuritic marls, in alternation with rare beds
of clayey limestones (Upper Bathonian—lowermost
Lower Callovian); (31-2d) — the Gornobelotintsi
Member: grey-greenish aleuritic marls (Middle—Up-
per Bathonian); the Polaten Formation: (32ad) — the
Desivitsa Member: grey to dark grey aleuritic and bio-
detritic limestones, and in the base, irregular alterna-
tion between aleuritic, oolithic limestones and marls
(Lower Bathonian); (32bd) — the Vratnitsa Member:
grey coarse-grained biodetritic limestones with nu-
merous quartz grains, passing into calcareous sand-
stones (uppermost Upper Bajocian-Lower Bathoni-
an); (33ad) — the Yanovets Member: pink, crinoidal
limestones with single fragments of bryozoans, echi-

nids and oncolites; in the basal part, grey to grey-pink-
ish sandy limestones, with numerous pebbles of quartz
or sandstones, built almost entirely by bryozoan frag-
ments (Upper Bajocian); the Kichera Formation:
(34d) — the Granitovo Member: red, coarse-grained
sandstones with numerous quartz pebbles (Bajocian);
(35d) — the Kreshtenitsa Member: light grey to
whitish medium grained sandstones with planar cross-
bedding in some beds (Aalenian); (36d) — the Venets
Member: no outcrops. Substratum: reddish sandstones
and conglomerates of the Lower Triassic Petrohan
Terrigenous Group.

Dolni Lom Section (Figs. 1: Bg-6, 3) (SApunovV &
TCHOUMATCHENCO 1995g). The section starts near the
cemetery of Dolni Lom Village and continues across
the quarry and the hill to west of the village. (27e¢) — the
Magura Formation (Slivnitsa, SAPUNOV & TCHOUMA-
TCHENCO 1995g): alternation between thick bedded
and medium bedded micritic and biomicritic lime-
stones (Upper Tithonian—Berriasian); (28¢) — the Glo-
zhene Formation: alternation between micritic thin
and medium bedded limestones and, in the basal part,
lithoclastic limestones (Lower—Upper Tithonian); the
Gintsi Formation: (29ea) — “Upper Nodular limesto-
nes”: grey to reddish nodular and lithoclastic lime-
stones alternating with grey micritic limestones (Up-
per Kimmeridgian—Lower Tithonian); in this packet,
there is an angular discordance; (29eb) — “Grey Mi-
critic (Quarry) Limestones™: micritic grey limestones
in alternation with lithoclastic limestones containing
grey chert (Oxfordian—Lower Kimmeridgian); (29ec)
— “Lower Nodular Limestones”: grey lithoclastic li-
mestones alternating with micritic limestones (Middle
Callovian—Oxfordian); these lithoclastic limestones
are in angular contact with sediments of the Verenitsa
Member; the Bov Formation: (31-1e) — the Verenitsa
Member: alternation between grey-greenish aleuritic
marls and grey micritic limestones, Macrocephalites
sp. indet. (Upper Bathonian—Lower Callovian); (31-2¢)
— Gornobelotintsi Member: grey-greenish aleuritic
marls, purely exposed (Upper Bathonian); the Polaten
Formation: (32ae) — the Desivitsa Member: grey to
dark-grey biodetritic limestones with chert nodules
(Upper Bathonian); below, red to brown, oolithic, fer-
ruginous limestones — “the Coarse Oolite Horizon”
(STEPHANOV & TzANKOV 1970) (condensation of the
Lower Bathonian Zigzag Zone and the Middle Batho-
nian Subcontractus Zone); (33ae) — the Vratnitsa Mem-
ber: grey biodetritic, slightly sandy limestones (upper
part of the Lower Bathonian — upper part of the Upper
Bajocian); (36e-34¢) — the Kichera Formation (not di-
vided): grey—beige to whitish sandstones (?uppermost
Upper Toarcian—lowermost part of the Upper Bajo-
cian). Substratum: the Petrohan Terrigenous Group
built of white to greenish sandstones with mica (Lo-
wer Triassic).

Novo Korito (Figs. 1: Sb-8, 2)-D. Milanovac
(Figs. 1: Sb-4, 2) Sections (ANDJELKOVIC et al. 1996).
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The sedimentation in the two areas was analogous
during the Late Jurassic and the Callovian and dif-
fered only during the Middle Jurassic. Here was
deposited the following sediments: (10) — Novokorito
limestones: clayey biomicrites and dolomitic biomi-
crites with ammonites, Saccocoma and calpionelids -
in the upper parts (Kimmeridgian—Tithonian) (analo-
gous to the Glozhene Formation); (11) — Greben am-
monitic limestones (ANDJELKOVIC ef al. 1996): grey,
clayey biomicrites to dolomitic limestones, nodular,
with cherts (Middle Callovian—Oxfordian), analogous
to the Bulgarian Gintsi Formation; (12) — Staro Selo
beds: grey micritic limestones with cherts nodules
(Callovian; analogous to the Bulgarian Javorets For-
mation); (12a) — Staro Selo beds: red and reddish fer-
rous limestones (0.20 m thick) with a rich association
of ammonites - Macrocephalites macrocephalus, etc.
(ANDJELKOVIC 1975; ANDJELKOVIC et al. 1996) (Lo-
wer Callovian, analogous to the Bulgarian Sokolov
Venets Zoogenous Marker in this paper) and in
Ribnica stream - grey-greenish clay and limestones
with cherts with Macrocephalites (ANDJELKOVIC
1975). During the Middle Jurassic, a differentiation
between the sections of D. Milanovac and Novo
Korito commenced. In D. Milanovac (Figs. 1: Sbh-4,
2) sedimented: (13) — the Staro Selo Beds
(ANDJELKOVIC et al. 1996): in the upper part (13b) —
yellow to reddish sandstones (Bathonian; no analogy
in Bulgaria) and in the lower part (13a) — sandy
oolithic limestones (Bajocian; analogous to the
Vratnitsa Member of the Polaten Formation in
Bulgaria); (14) — Staro Selo clastites (ANDJELKOVIC et
al. 1996) — conglomerates and sandstones (Aalenian;
analogous to the Kichera Formation). In the Novo
Korito Section, during the Bajocian and the Batho-
nian, sedimented (18a) — grey-greenish aleuritic marls
(locally with many Zoophycos) (horizontal analogue
to the Bulgarian Gornobelotintsi Member of the Bov
Formation).

Gornobelotintsi (Nechinska Bara River) Section
(Fig. 1: Bg-13, 3) (SAPUNOV ef al. 1988; SAPUNOV &
TCHOUMATCHENCO 1995d). Here, the following Juras-
sic sediments were deposited: (15) — the Glozhene
Formation: well-bedded micritic limestones (slightly
lithoclastic in the base) (Middle—Upper Tithonian);
the Glozhene Formation is covered by thick bedded
limestones, which TCHOUMATCHENCO (2002) assigned
to the Magura Formation with Berriasian age; in its
uppermost parts. there are calcareous breccia-con-
glomerates; (16) — the Gintsi Formation: nodular and
lithoclastic limestones in three packets: (16¢) — the
upper packet (“Upper nodular limestones™): reddish
nodular and lithoclastic limestones (Middle—Upper
Kimmeridgian — Lower Tithonian); (16b) — the mid-
dle packet: “Quarry limestones” - lithoclastic and mi-
critic limestones (Middle and Upper Oxfordian—Lo-
wer Kimmeridgian); (16a) — the lower packet
(“Lower nodular limestones™): grey nodular and litho-

clastic limestones (Upper Callovian—Lower Oxfordi-
an); (17) — the Javorets Formation: grey, medium bed-
ded limestones interbedded by thin bedded clayey li-
mestones (Middle Callovian); its lower boundary rep-
resents an angular disconformity, which is probably
one of the manifestations of the Sokolov Venets Marker
in the central part of the basin; (18b) — the Verenitsa
Member of the Bov Formation: medium bedded micrit-
ic and clayey limestones in alternation with marls with
Macrocephalites sp. (Lower Callovian); (18a) — the
Gornobelotintsi Member of the Bov Formation: marls
aleuritic (Bathonian — upper part of the Upper Bajoci-
an); (19) — the Polaten Formation, Vratnitsa Member:
sandy limestones and calcareous sandstones (Bajocian);
(20) — the Kichera Formation (non-subdivided): whitish
to yellowish quartz sandstones (Aalenian); it is possible
that, in the lowermost part the sandstones, could be
continental (analogous to the Venets Member).

Prevala Horst

Mitrovtsi-Prevala Sections (Figs. 1: Bg-7, 3)
(SaruNnov & TCHOUMATCHENCO 1995h). The section
near the Mitrovtsi Village crops out as a cliff along the
road Montana Town—Belogradchik, along the Ogosta
River. The stratotype of the Desivitsa Member of the
Polaten Formation crop out in the Desivitsa Valley
between the villages Mitrovtsi and Prevala. (27f) — the
Brestnitsa Formation; in the region of NW Bulgaria, it
is connected in the horizontal direction with the
Magura Formation; it is composed of whitish to beige
massive biodetritic limestones (uppermost part of the
Upper Tithonian—Berriasian); (28f) — the Glozhene
Formation: represented by bright grey, grey-beige to
dark grey micritic limestones (middle part of the
Lower—Upper Tithonian); the Gintsi Formation;
(29fa) — “Upper Nodular limestones”: grey to reddish
nodular and lithoclastic limestones alternating with
grey micritic limestones (Upper Kimmeridgian—Lo-
wer Tithonian); in this packet there is an angular dis-
cordance; (29fb) — the “Grey Micritic (Quarry) Li-
mestones”: micritic grey limestones in alternation
with lithoclastic limestones containing grey chert
(Oxfordian—Lower Kimmeridgian); (29fc) — the “Lo-
wer nodular limestones”: grey lithoclastic limestones
alternating with micritic limestones (Middle Callovi-
an—Oxfordian); (30f) — the Javorets Formation: grey,
predominantly thin-bedded, micritic limestones with
rare intercalation of lithoclastic limestones (Lo-
wer—Middle Callovian); (30af) — the Sokolov Venets
Marker of the Javorets Formation (Fig. 5C): (a) — red
to pink lithoclastic limestones; the lithoclasts are sur-
rounded by red marly cement (thickness 80 cm); (b) —
red to grey zoogenic (predominantly ammonitic) brec-
cia - Macrocephalites sp. (20 cm); (c) — laminated red,
ferruginous, calcareous marls - after Dr 1. LAzZAR
(perssonal communication, 2011), they are stromatoid
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Fig. 4. A, Vratarnica Series, the “matrix” of the formation, near the road south of Vratarnica Village, Zajecar District; B,
Vratarnica Series, olistolite of volcanogenous rock in the matrix, near the road south of Vratarnica Village, Zajecar District;
C, Vratarnica Series, olistolite of coarse grained whitish limestone (analogous to the Crni Vrh Limestones of east Serbia or
the Bulgarian Slivnitsa Formation) in the matrix, near the road south of Vratarnica Village, Zajecar District; D, Granitovo,
Gradishteto Hill, syn-sedimentary fold in the upper part of the Gintsi Formation; E, Reverse fault in the upper part of the
Gintsi Formation near Granitovo Village, Sokolov Venets Hill - in the upper part of the Gintsi Formation; F, reverse fault
in the upper part of the Gintsi Formation, near the road Belogradchik—Railway Station Oreshets.
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Fig. 5. A, Holotype section of the Sokolov Venets Zoogenous Marker, along the road Belogradchik—Railway Station
Oreshets, general view and upper bed No 7; B, Holotype section of the Sokolov Venets Zoogenous Marker, along the road
Belogradchik—Railway Station Oreshets, specimen from the lower bed No 6 — zoogenous breccia; C, Sokolov Venets
Zoogenous Marker, view of the outcrop on the cliff by the road near Mitrovtsi Village, Montana District; D, Sokolov Venets
Zoogenous Marker, view of the outcrop on the southern hill of the Gintski Venets (Cliff), near Gintsi Village, Sofia District,
folded uppermost bed of the Bov (Polaten?) Formation; the sediments of the Sokolov Venets Zoogenous Marker fully fill
the negative part of the ancient relief; in the right part of the photograph is seen the bed of the Polaten (Bov?) Formation
overlaid by zoogenous breccia of the Sokolov Venets Zoogenous Marker; E, Desivitsa Member of the Polaten Formation in
the Desivitsa Valley, near Prevala Village, Montana District; F, view of the Shugovitsa Slump; in the Shugovitsa River
Valley, near Nikolovo Village, Montana District, the folds are in the Gintsi and the Glozhene Formations.
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constructions; (31f) — sharp, irregular surface, proba-
bly the result of a sub-marine break in the sedimenta-
tion (Middle Bathonian—Lower Callovian); Polaten
Formation: (32af) — the Desivitsa Member: red, fer-
ruginous limestones (Lower Bathonian); in the Desi-
vitsa Valley to the SE of Prevala Village is the strato-
type of the Desivitsa Member (Fig. SE), built by: (c)
— violet-reddish micritic limestones with many ammo-
nites (1.20 m); (b) — red to rose micritic limestones, in
the basal part with irregular intercalation of red marls
(3.30 m) and in the base with a dark zoogenous oolitic
limestones (the “Prevala Beds”, STEPHANOV 1966).
This development of the Desivitsa Member — reddish
marls and limestones are close to the Klaus Schichten
from the Romanian and Serbian South Carpathian.
Substratum: the Iskar Triassic Carbonate Group — the
Cesmicka Formation (Lower Carnian).
Mihaylovgrad Graben (SAPUNOV et al. 1988)
(Figs. 1, 2, 3). This is a SW-NE negative palaeo-
structure, in which the Jurassic sediments show an
integrated section from the Hettangian up to the end
of the Early Cretaceous. To the east, it is connected
transitionally with the Central Moesian Basin and to
west, with the N—S oriented Infra-Getic Palacogeo-
graphic Unit and in both of them existed analogous
palaeogeographic conditions. The transgression start-
ed with the deposition of oligomictic sandstones, fol-
lowed during the Pliensbachian by sandy bioclastic
limestones deposited also in a shallow sublittoral en-
vironment, but with a calcareous bottom (Gresten
facies — grosso modo). During the Aalenian and the
Bajocian, in the Mihaylovgrad Graben existed a deep
sublithoral environment when argilites of the facies
“black shales with Bositra—Possidonia alpina” were
deposited. During the Middle Callovian and the Late
Jurassic, micritic limestones (Middle Callovian—Mid-
dle Oxfordian) were deposited, followed by nodular
and lithoclastic limestones — “ammonitico rosso fa-
cies” (Late Oxfordian—Early Tithonian), lithoclastic
and micritic limestones (Middle—Late Tithonian) and
platform limestones (Late Tithonian—Berriassian).
The section Gaganitsa Village is the section where
the complete development of the Jurassic sedimenta-
tion deposited in the central parts of the Mihaylovgrad
palaeograben crop out. The Gaganitsa Lake section
shows a lack of the upper part of the Gintsi Formation
and the Glozhene Formation. The section Vinishte
demonstrates the lateral changes connected with the
board of the palaeograben and the section Nikolovo —
the effect of a big slumping — the Shugavitsa Slump.
Gaganitsa Village Section (Figs. 1: Bg-8, 2, 3). In
the vicinities of Gaganitsa Village (SAPUNOV & TCHOU-
MATCHENCO 1995i), in the central parts of the Mihay-
lovgrad Palaeograben, were deposited: (39) — the Brest-
nitsa Formation (NIKkoLOvV & KHRISCHEV 1965) — Sliv-
nitsa Formation (after SAPUNOV & TCHOUMATCHENCO
19951): light-grey to whitish, thick bedded limestones,
often containing corals, bivalves, gastropods (Nerinea),

etc. (Upper Tithonian—Berriasian); (40) — the Glozhene
Formation: dark to light grey micritic limestones, local-
ly lithoclastic in the base (Tithonian); (41-43) — the
Gintsi Formation: nodular and lithoclastic limestones
(Upper Callovian—Lower Tithonian); (41) — the “Upper
nodular limestones: red nodular limestones (Upper
Kimmeridgian—Lower Tithonian); (42) — the “Grey
quarry limestones™: grey micritic limestones, interca-
lated by grey lithoclastic limestones (Oxfordian—Lower
Kimmeridgian); (43) — the “Lower nodular limestones™:
grey lithoclastic limestones (Middle Callovian—Oxfor-
dian); (44) — the Javorets Formation: grey micritic,
often clayey limestones with nodules of chert (Lo-
wer—Middle Callovian); (30af) — the Sokolov Venets
Marker: grey aleuritic and oolitic limestones, contain-
ing numerous ammonitic fragments and glauconite
(thickness 1.40 m) with Hecticoceras (Brightia)
nodosum (BONARELLI), H. (B.) tenuicostatum ZE1sS, H.
(B.) subnodosum (DE TSYTOVITCH), Choffatia villano-
ides (TiLL); the Bov Formation: (45) — the Verenitsa
Member: alternation between greenish aleuritic marls
and thin beds of micritic limestones (Upper Bathonian);
(46) — the Bov/Polaten Formation: grey aleuritic marls
in alternation with silicificated micritic limestones
(analogous to the Gornobelotintsi Member) (Upper
Bajocian—Bathonian); the Etropole Formation is divid-
ed into three members: (47¢) — Shipkovo Member: dark
grey to blackish shales (Lower Bajocian—Upper Bajo-
cian); the (47b) — Nefela Member: dark clayey silt-
stones (Lower Bajocian); (47a) — the Stefanets Mem-
ber: dark grey to black, slightly calcareous silty argil-
lites (Aalenian — lower part of the Lower Bajocian);
(48) — the Bukorovtsi Formation: slightly sandy clayey
marls with rare interbeds of clayey limestones
(Toarcian—Upper Pliensbachian); (49) — the Dolnilu-
kovit Formation: dark-grey sandy to bioclastic lime-
stones (lower part of the Lower Sinemurian — Upper
Pliensbachian); (50) — the Kostina Formation: fine- to
coarse-grained quartz sandstones (Hettangian).

Gaganitsa Lake Section (Figs. 1: Bg-9, 2, 3). This
section is situated 3 km south-east from the Gaganitsa
Village Section. Its sediments are the same as in the
Gaganitsa Village Section, but differs from the latter
by the fact that the thick bedded limestones with
debris of corals, gastropods, efc. of the Brestnitsa For-
mation lie directly on the reddish clayey lithoclastic
limestones of the middle packet of the Gintsi For-
mation; the uppermost part of the Gintsi Formation
and the limestones of the Glozhene Formation are
missing. The situation is the same in the east direc-
tion, on the Peak Ludeno and east wards. This is, after
P.T., the effect of the Shugovitsa Slump; the missing
parts of the section were slumped to north and now
crop out as big folds in the Shugovitsa River Valley
near the village of Nikolovo, Montana District, at a
distance of 16 km.

Kamenna Riksa—Vinishte Section (Figs. 1: Bg-12,
3) (SapuNOV & TCHOUMATCHENCO 1995k). The Juras-
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sic sediments are poorely exposed in the section
between Kamenna Riksa Village—Zabarge Hill-Vini-
ste Village and the Kamiko Hill and the hills around it
(to the north of Vinishte Village). Here, the Brestnitsa
Formation is not developed and the Glozhene For-
mation is directly covered by the clayey limestones of
the Salash Formation. (40a) — The Glozhene Forma-
tion: grey micritic limestones, partially with litho-
clasts (Lower Tithonian—Berriasian); (41a—43a) — the
Gintsi Formation: predominantly grey to pinkish
lithoclastic limestones, intercalated by grey micritic
limestones; (44a) — the Javorets Formation: grey, pre-
dominantly micritic limestones (?Middle Callovian —
lower part of the Upper Oxfordian); (30af) — the So-
kolov Venets Zoogenous Marker: limestones with
ammonites and belemnites (Lower Callovian); The
Bov Formation: (45a) — the Verenitsa Member (not far
from here is situated the holostratotype): grey aleurit-
ic more or less calcareous marls (uppermost Upper
Bathonian (?) — Lower Callovian); (46a) — the Gorno-
belotintsi Member: grey aleuritic, clayey marls (Up-
per Bajocian—Upper Bathonian); (47d) — the Vratnitsa
Member of the Polaten Formation: grey sandy lime-
stones to calcareous sandstones with some brachio-
pods and belemnites (Upper Bathonian); (34e—35¢) —
the Kichera Formation (homogenous): white to pink-
ish, locally ferruginous oligomictic sandstones (Aale-
nian—Upper Bajocian); (48—49) — the Ozirovo Forma-
tion: grey to pinkish sandy limestones to calcareous
sandstones, locally with rounded quartz pebbles, with
bivalves, brachiopods and ammonites (Pliensbachi-
an—Toarcian). The Ozirovo Formation is transgressive
over the Upper Triassic sediments.

Nikolovo Section (Figs. 1: Bg-10, 3) (SapuNov &
TCHOUMATCHENCO, 1995k). The Lower and partly the
Middle Jurassic sediments were studied in the drill
cores of many bore holes. On the surface crop out the
sediments since the upper parts of the Etropole
Formation. In this section, the Jurassic sediments are
very similar to the Jurassic sediments developed in the
Gaganitsa Village Section. The difference between
them lies in the fact that the sediments of the Glo-
zhene Formations here are folded in a few horizontal
to reversed folds (40b) (Fig. 5F) to reverse faults
(TCHOUMATCHENCO & SapuNov 1998), which slid on
the surface, formed by the reddish lithoclastic lime-
stones of the Gintsi Formation — the Shugovitsa
Slump is probably the result of the slumping of these
sediments from the region of the Gaganitsa Lake
Section — the result of seismic shock.

Vratsa Horst (SAPUNOV ef al. 1988). The dry land
in a continental environment under conditions of ero-
sion and denudation on the Vratsa Horst progressive-
ly diminished (destroyed during the Callovian) and
was encountered by a shallow and moderately deep
sublittoral environment with the sedimentation of san-
dy, bioclastic limestones (type of Gresten facies —
grosso modo) during the Early and part of the Middle

Jurassic (at the beginning of the Aalenian). During the
end of the Aalenian and the Early, Middle and the
early part of the Late Bajocian the conditions of a
deep sublittoral environment dominated with the sed-
imentation of silty argillites (facies of black shale with
Bositra—Possidonya alpina). At the end of the Late
Bajocian and the Bathonian, sandy bioclastic lime-
stone was deposited. During the Middle Callovi-
an—Middle Oxfordian, micritic limestones were depo-
sited, followed upwards by lithoclastic during the
Middle Oxfordian—Tithonian. During the Latest Late
Tithonian and the Berriasian, the conditions in the
Vidin and Vratsa Horsts, and in the Mihaylovgrad
(and in its branch, the Gornobelotintsi Graben)
became more or less uniform and thick bedded, some-
times bioclastic limestones were deposited.

Ledenika Cave (Figs. 1: Bg-11, 2). On the Vratsa
Horst the following sediments were deposited (SA-
PUNOV & TCHOUMATCHENCO 1995c¢, n): (51) — the Bre-
stnitsa Formation (Slivnitsa Formation, after SAPUNOV
& TCHOUMATCHENCO 1995c, n): massive, organoge-
nous—biodetrital and biohermic, pelletal-oolithic lime-
stones (Upper Tithonian—Lower Cretaceous); (52) —
the Glozhene Formation: thick bedded limestones
with biodetritus and lithoclasts (Middle Tithoni-
an—Berriasian); (53) — the Ledenika Member of the
Gintsi Formation (SAPUNOV in NIKOLOV & SAPUNOV
1977): thick bedded grey pelletal—oolithic limestones
with numerous intercalations of lithoclastic lime-
stones; they contain coral remains, echinoids spines,
bivalves (Upper Oxfordian, p. p. —Lower Tithonian);
(54) — the Javorets Formation: grey, micritic lime-
stones with rare intercalation of lithoclastic lime-
stones (Middle Callovian—lower part of the Upper
Oxfordian p. p.); (54a) — the Sokolov Venets Organo-
genous Marker: grey, micritic limestones, rich in glau-
conite in the basal part — Macrocephalites macroce-
phalus (SCHLOTHEIM) and Hecticoceras (Brightia)
tuberculatum (DE TsyTovITCH) (Lower—Middle Callo-
vian); (55) — the Polaten Formation: grey sandy lime-
stones, in the base, a bed of conglomerates (0.15 m)
with pebbles of black shales (the Etropole For-
mation?) and Triassic limestones (Upper Bajoci-
an—Bathonian); (56) — the Etropole Formation (non-
subdivided): black shales (Aalenian—Bajocian); (57) —
the Ozirovo Formation: pink to reddish, ferruginous
sandy limestones (Upper Pliensbachian—Aalenian);
(58) — the Kostina Formation: grey, medium-bedded,
quartz sandstones to gravel-stones (Lower Pliens-
bachian—Upper Pliensbachian p. p.)

Notes on the Jurassic lithostratigraphy in
NW Bulgaria

In this paper, one of us (P. Tchoumatchenco) ex-
press some opinions on the lithostratigraphy of the
Jurassic which slightly differ from the “official”
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points of view of the Bulgarian lithostratigraghic
interpretation, expressed, e.g., in SAPUNOV & METO-
DIEV (2009) — “ Jurassic Geology”, Chapter 5.3 of the
“Mesozoic Geology of Bulgaria” and in many others
publications, of which P. TCHOUMATCHENCO is also a
co-author. They will be studied in stratigraphical
order.

Kostina Formation (SAPUNOV in SAPUNOV et al.
1967). It is used as in the original paper — quartz sand-
stones (Hettangian, some time up to the Lower
Pliensbachian).

Ozirovo Formation (SAPUNOV in SAPUNOV et al.
1967). Herein it is used as in the original paper; later
it was named “Homogenous Ozirovo Formation”,
without subdivision into members. Hence, it is the
Ozirovo Formation in the holostratotype (NACHEV et
al. 1963). In this meaning, the Ozirovo Formation has
a spotted distribution and is a very important palaeo-
geographic marker; it was deposited in shallow water
conditions in a sublittoral area, often with the forma-
tion of iron-bearing sediments in the limestones
(upper part of the Hettangian—Toarcian). It enters into
the Malaplanina carbonate group.

Dolnilukovit Formation (Sapunov 1983). It was
introduced as a member of the Ozirovo Formation.
Here, it is used as an independent lithostratigraphic
formation, built of bioclastic dark grey limestones. In
some localities, it contains a few lithostratigraphic
members: the Ravna, Romanovdol and Teteven mem-
bers. Maximal range: Sinemurian—Toarcian. This
Formation was sedimented in more quiet and deep
localities in the Early Jurassic Basin. It enters into the
Mala Planina carbonate group.

Bukorovtsi Formation (SAPUNOV in SAPUNOV et
al. 1967). Here, is restituted its original meaning as an
independent lithostratigraphic formation, as was cre-
ated by SApuNov (1967). The Formation is built of
clayey limestones and marls (Upper Pliensbachi-
an—Toarcian or the lower part of the Aalenian). The
Bukorovtsi Formation was sedimented in quiet and
relatively deep environments. It enters into the Mala
Planina carbonate group.

Etropole Formation (SAPUNOV in SAPUNOV et al.
1967). Black shales and argillites (similar to the
“Black Shales with Possidonia” in the Southern Alps).
In the study area, it is divided into three members: the
Shipkovo, Nefela and Stefanets Members. They enter
into the Chernivit terrigenous group.

Shipkovo Member (SAPUNOV & TCHOUMATCHEN-
co 1989). Grey-blackish aleuritic argillites with
sideritic concretions (uppermost part of the Lower
Bajocian).

Nefela Member (SApuNOvV & TCHOUMATCHENCO
1989). Grey-blackish clayey aleurolites with sideritic
concretions (upper part of the Lower Bajocian—lower
part of the Upper Bajocian).

Stefanets Member (SAPUNOV & TCHOUMATCHENCO
1989). Grey-blackish aleuritic argillites with sideritic

concretions (Aalenian—lower part of the Lower Ba-
jocian).

Kichera Formation (STEPHANOV & TZANKOV
1970). Bright sandstones and conglomerates (Aaleni-
an—Upper Bajocian). In the study area, it is divided
into the following members: the Oreshets Member,
Granitovo Member, Venets Member, Kiryaevo Mem-
ber and Vrashka Chuka Member.

Oreshets Member (STEPHANOV & TzANKOV 1970).
Brownish-beige non-calcareous to feebly calcareous
sandstones (middle and upper parts of the Upper
Bajocian).

Granitovo Member (STEPHANOV & TZANKOV
1970). Brown-reddish sandstones and conglomerates
(Lower Bajocian—lower part of the Upper Bajocian).

Venets Member (TCHOUMATCHENCO 1978). Grey-
pinkish conglomerates, gravelitic sandstones, pinkish
clays (probably horizontal transition into the Kiryaevo
Member) (?Aalenian).

Kiryaevo Member (TCHOUMATCHENCO 1978).
Continental sandstones and conglomerates (lower part
of the Aalenian).

Vrashka Chuka Member (TCHOUMATCHENCO
1978). Alternation between clays, coals and sand-
stones (Aalenian — ?uppermost part of the Toarcian).

Polaten Formation (STEPHANOV 1966). In north-
western Bulgaria, it is divided into three members: the
Yanovets, Vratnitsa and Desivitsa members. They
enter into the Mala Planina carbonate group.

Yanovets Member (TCHOUMATCHENCO 1978). Ba-
sed on pinkish limestones and calcareous sandstones
(Upper Bajocian).

Vratnitsa Member (STEPHANOV 1966). It is built
of calcareous sandstones to sandy limestones. The lec-
tostratotype is described by TCHOUMATCHENCO (1978)
(upper part of the Lower Bajocian—lower part of the
Bathonian).

Desivitsa Member (STEPHANOV 1966). TCHOUMA-
TCHENCO (1978) gave to these sediments the range of
Formation which SAPUNOV & TCHOUMATCHENCO
(1986) accepted for them, the range of one marker — the
Desivitsa Oolite Marker. Herein, the original meaning
of the beds of the Polaten Formation, i.e., above the
Vratnitsa Member and below the Bov Formation, in
which exists a local Oolite marker in the lower parts
of the Desivitsa Member, is returned. It is not logic to
have in the Polaten Formation in NW Bulgaria, in the
base, a Vratnitsa Member, an Oolite Marker and the
Polaten Formation. In the Desivitsa Valley, where
these sediments are better developed, in the base exist
a bed with oolites and above it, red micritic limestones
and marls (Fig. SE), which are the most important part
of this Member. This is the reason for the return to the
wider meaning, which was introduced by TCcHOUMA-
TCHENCO (1978) (middle part of the Lower Batho-
nian—lower part of the Upper Bathonian). These sedi-
ments were deposited in a shallow part of the basin,
with relatively strong water movement. The Desivitsa
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Member of the Polaten Formation is the probable
equivalent of the Klaus Schichten in the Southern
Carpathians.

Bov Formation (SApuNov 1969). It is characte-
rised by clayey limestones and marls (maximal range
Upper Bajocian—Middle Callovian). Often it is divid-
ed in two members: the Gornobelotintsi and Verenitsa
Members.

Gornobelotintsi Member (SAPUNOV & TCHOUMA-
TCHENCO 1989): grey-greenish aleuritic marls (Batho-
nian—upper part of the Upper Bajocian).

Verenitsa Member (TCHOUMATCHENCO 1978): me-
dium-bedded micritic and clayey limestones in alter-
nation with marls with Macrocephalites sp. in the
upper part (Lower Callovian — Bathonian).

Javorets Formation (NIKOLOV & SAPUNOV 1970).
The Formation is based on micritic limestones with
chert concretions (Middle Callovian—Oxfordian).
Elsewhere in the basal part of this Formation, a hori-
zon exists with zoogenous breccia-conglomerates,
herein individualized as an independent lithostrati-
graphic unit, with the range of a lithostratigraphic
marker, the Sokolov Venets Zoogenous Marker. It
enters into the West-Balkan Carbonate Group.

Sokolov Venets Zoogenous Marker (Cokosos
Benen 300orenu penep — new unit) (0.42 m thick in
the holostratotype) (named after the peak Sokolov
Venets, situated 3.5 km to the NNE of Belogradchik
Town). The type section is situated along the road
Belogradchik—Oreshets Railway Station (Fig. 4E),
described by STEPHANOV (1961), rediscribed by SA-
PUNOV & TCHOUMATCHENCO (1995¢) and by BELIVA-
NOVA & SAPUNOV (2003). Here the description is also
after STEPHANOV (1961). “Bed 7. Thickness 0.30 m;
brown-red limestones with ferrous hydroxide ooids:
Macrocephalites  macrocephalus (SCHLOTHEIM)
(abundant), Hecticoceras hecticum (REINECKE) (rare),
Choffatia spirorbilis (BONCHEV & Poprov). Cover:
lithoclastic, pinkish limestones (the Gintsi For-
mation). Bed 6. Thickness 0.12 m; yellowish-red clay-
ey limestones with scattered ooliths and with large
flat-spherical lenticular ferrous hydroxide nodules up
to 25 cm in diameter around Bathonian calcareous
pieces or Callovian ammonites: Macrocephalites
macrocephalus (SCHLOTHEIM) (frequent) and others
ammonites. In the two beds, there are many Peris-
phinctidae, Phylloceratidae, Litoceratidae, etc.” The
fossils were probably resedimented in the horizontal
direction from the Verenitsa Member of the Bov
Formation. In this sediment, the Callovian Stage was
proven for the first time in Bulgaria by BONCHEV &
Porov (1935), substratum (Lower Bathonian Zigzag
Zone): sub-marine hard ground, erosional surface
over the Desivitsa Member: sandy, biodetritical lime-
stones with ferrous ooids. Cover: sharp boundary with
red nodular limestones containing Hecticoceras (Mid-
dle Callovian). Previous uses: “Macrocephalites
beds” (BoNCHEV & Porov 1935) and “Red oolitic

Callovian limestones” (ATANASOV & ALEXIEV 1956;
ATANASOV 1957). Regional aspect: in the section near
the Television Tower of Belogradchik, the substratum
of the Sokolov Venets Zoogenous Marker is repre-
sented by alternation of marls and micritic limestones
- the Verenitsa Member of the Bov Formation; cover:
beige micritic lithoclastic limestones — the Gintsi For-
mation. The Sokolov Venets Marker is composed of a
few centimetres of dark grey marly limestones. This
marker is distributed in the Western, Central and East
Stara Planina, the Pre-Balkan and in West Bulgaria. In
some localities, it represent an erosional surface
between the Polaten Formation and the cover of the
Gintsi Formation (Staro selo, region of Pernik, west-
ern Bulgaria (TCHOUMATCHENCO et al. 2010a, 2010b),
between the Polaten Formation and the Belediehan
Formation (TCHOUMATCHENCO et al. 2010a), between
the Polaten Formation and the turbidite Cerniosam
Formation (in Konyava Planina Mt., demonstrated by
1. Zagorchev), or between the Polaten and the Lobosh
Formation (TCHOUMATCHENCO et al. 2010a). More
complicated is the situation in the area of Godech, to
north-west of Sofia, near the Villages Gintsi and
Komshtitsa. BELIVANOVA & SAPUNOV (2003) wrote
that “The section of the Gintsi Cliff, District of Sofia
is an uninterrupted Bathonian—Callovian section”.
This is demonstrated in their figs. 1 and 2 and proven
by the ammonitic data, the results of a microfacies
study (samples 1, 2) and the analysis of the faunal
spectra. This situation is true for the north Gintsi
Venets (Cliff) and partly, for the south Gintsi Venets
(Cliff), where the beds are concordantly. Interestingly,
BELIVANOVA & SapuNov (2003) do not comment on
the paper of TCHOUMATCHENCO & SAPUNOV (1998), in
which the folded upper beds of the Polaten (or Bov?)
Formation is demonstrated, and they comment only
on this part of the section where it is represented by
two horizontal beds, lower (called in the Komshtitsa
Section, the Polaten Formation by TCHOUMATCHENCO
et al. (2001) and the Bov Formation by BELIVANOVA &
Sapunov (2003)) and the upper “Niveau condensé a
ammonites” with indications of the “Z. a Gracilis
(s/Z. a Michalskii)”. BELIVANOVA & SAPUNOV (2003)
indicated that in the “Bov Formation” is collected
Clydoniceras cf. discus (J. SOWERBY 1813) (Upper
Bathonian, upper part) the C. discus Zone and the
upper bed, the Yavorets Formation — dark grey micrit-
ic limestones, in which, from the very base of the
packet, is found Macrocephalites cannizaroi (GEM-
MELLARO 1868) (Lower Callovian), Grossouvria sp.
(Callovian) and Macrocephalites spp. (Lower Cal-
lovian). The determination of these ammonites is out
of doubt. However, in the south Gintsi Venets (Cliff),
these two beds in horizontal direction change over a
short distance (in 2-3 meters) (Fig. 5B). The lower
bed became folded (TCHOUMATCHENCO & SAPUNOV
1998; refigured in TCHOUMATCHENCO et al. 2010a,
Fig. 4D), and the upper bed (with the Callovian
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ammonites) became thick, up to 1.80 m. This bed
fully filled the negative parts of the folded lower bed
(Fig. 5D). What is demonstrated in Figure 5d? At the
end of the Bathonian, the beds were folded (the cause
is unknown, probably slumping of the Bathonian sed-
iments), then the negative folds were fully filled by
current accumulations from the Lower Callovian sed-
iments, which were the result of erosion and redeposi-
tion of sediments containing ammonites and other fos-
sils (especially from the Lower Callovian part of the
Bov Formation). In the vicinities of Komshtitsa Villa-
ge (at the piedmont of the Elenine Vrah), the Sokolov
Venets Zoogenous Marker was structured by a zooge-
nous breccia or locally, by an intraformational con-
glomerate (TCHOUMATCHENCO et al. 2010b, Fig. 4F).
In the Nechinska Bara Valley, near Gorno Belotintsi
Village, Montana District, the Sokolov Venets Marker
is expressed only by an angular discordance (SApu-
NOV & TCHOUMATCHENCO, 1998; SAPUNOV & TCHOU-
MATCHENCO, 1995d). In addition, a local discordance
between the Verenitsa Member and the Gintsi For-
mation is expressed in the Dolni Lom Village section
(SapuNOV & TCHOUMATCHENCO 1995g). The substra-
tum of the Sokolov Venets Zoogenous Marker is with
different ages: Lower Bathonian in the type section, in
western Bulgaria, etc.; Upper Bathonian in the Gintsi
Village sections, in the Komshtitsa section, etc.;
Lower Callovian in the Belogradchik TV Tower sec-
tion, in the Nechinska Bara Valley section, in the
Dolni Lom section, efc. and depends on the energy of
the sub-marine erosion (after STEPHANOV 1961 — emer-
sion and transgression). The Sokolov Venets Marker
is analogous to the Middle Callovian Sultanci
Formation in the bore holes in the area of Provadiya
Town, eastern Bulgaria.

The Sokolov Venets Zoogenous Marker can be cor-
related with the Lower Callovian sediments with
many ammonites in the area of Rosomac—Senokos
(Stara Planina Mts.), near D. Milanovac (23a in the
present paper) (ANDJELKOVIC 1975), etc.

What is the cause of the formation of the Sokolov
Venets Zoogenous Marker? We agree with the notion
of NACHEV (2010) that at the end of the Bathonian in
the “Balkanids”, there were many hesitant movements
with a tendency of general swallowing. One of us
(P.T.) thinks that the post-Bathonian erosion was the
most developed during the early Callovian and at this
time, the Bathonian—Lower Callovian sediments of
the Bov Formation (Verenitsa Member), which are
well preserved in the section of the Belogradchik—T.V.
Tower, were completely destroyed to the north-west
(in the holostratotype of the Sokolov Venets Zooge-
nous Marker). Probably during the early Callovian,
the north part of a syn-Early Callovian fault, crossing
the seabed near the present day Belogradchik, was
elevated and the sediments destroyed, and their am-
monites resedimented in the sediment of the Sokolov
Venets Zoogenous Marker. The aspect of this marker

is different in different localities: in some localities, it
is represented by an erosional surface, where there
was only elevation of the area, and in other, where the
erosion was weaker, after the erosion followed stage
of deposition of sediments of Sokolov Venets
Zoogenous Marker. It is interesting that the new sedi-
mentation started in many localities during the Middle
Callovian and in others later, during the Early or the
Late Kimmeridgian.

Gintsi Formation (NIkoLOov & SAPUNOV 1970) —
nodular and lithoclastic limestones; in NW Bulgaria,
they are divided into three unformal packets; the
upper packet (“Upper nodular limestones”) — reddish
nodular and lithoclastic limestones (Middle—Upper
Kimmeridgian—-Lower Tithonian); the middle packet
(““Quarry limestones”) — lithoclastic and micritic lime-
stones (Middle and Upper Oxfordian—-Lower Kim-
meridgian); the lower packet (“Lower nodular lime-
stones”) — grey nodular and lithoclastic limestones
(Middle—Upper Callovian—Lower Oxfordian). It
enters into the West-Balkan Carbonate Group.

Glozhene Formation (NIKOLOV & SAPUNOV 1970)
—well bedded micritic limestones (slightly lithoclastic
in the base) (Middle—Upper Tithonian—Berriasian). It
enters into the West-Balkan Carbonate Group.

Brestnitsa Formation (NIKOLOV & KHRISCHEV
1965) — the Formation is structured by bright grey to
grey-whitish limestones, thick bedded, often with
corals, rudists, efc. (Upper Tithonian—Berriasian,
(after some authors up to the Barremian). It enters into
the West-Balkan Carbonate Group.

Magura Formation (NIkoLOV & TzZANKOV 1996)
— it is based on whitish to grey-beige thick bedded,
shallow water limestones, in many localities contain-
ing corals, gastropods and bivalves. They also contain
some calpionellids (Upper Tithonian—Berrisaian). It
enters into the West-Balkan Carbonate Group.

Slivnitsa Formation (ZLATARSKI 1885) — it is based
on bright thick-bedded limestones, in some locality
with many corals and gastropods. It contain some calpi-
onellids in its upper parts (Upper Tithonian—Berriasian;
after some colleagues up to the Hauterivian). It enters
into the West-Balkan Carbonate Group.

N. B.

These three lithostratigraphic units are with the
same or very similar lithological characteristics and
with almost the same stratigraphical position. The
problems for the delimitation of their area of distribu-
tion are, to a high percent, subjective. Their outcrops
are separated one from others by younger sediments
and it is question of personal opinion whether one out-
crop is connected with another or not. The discussion
was opened by the paper of TCHOUMATCHENCO & SA-
PUNOV (1986). At this time, we did not know that in
East Serbia, the Vratarnica Series of ANDIJELKOVIC
(1975) existed, and by analysis of the geological liter-
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ature (known to this moment in Bulgaria), P.T. came
to the decision that the Slivnitsa Formation is connect-
ed in the region of Vrashka Chuka with the Brestnitsa
Formation. This idea was adopted by his colleague,
Ivo Saprunov, and it was published by TCHOUMA-
TCHENCO & SAPUNOV (1986). In many of the sheets of
the geological map of Bulgaria on the scale 1:100 000,
concerning NW Bulgaria, this idea was adopted and
on them is indicated the presence of the Slivnitsa
Formation, but in the neighbouring map, for the same
rocks, the Brestnitsa Formation was adopted. Later,
NikoLov & TzanNkov (1996) created for analogic
rocks, a new lithostratigraphic formation — the Magu-
ra Formation. Finally, his (of P.T.) present day opinion
is that the Slivnitsa Formation is developed only in
western Bulgaria and is separated from the same rocks
in NW Bulgaria and NE Serbia by the volca-
no—sedimentary rocks of the Vratarnica Formation
(“Series”) (Figs. 1, 2 and 3) of ANDJELKOVIC (1975),
ANDIJELKOVIC et al. (1996), ANDJELKOVIC & MITRO-
VIC-PETROVIC (1992). His last opinion is that the
Magura Formation is connected with the Brestnitsa
Formation, but in text I, the idea of RuskovAa & Ni-
KOLOV (2009) is followed because it is a predominant-
ly a Lower Cretaceous problem, i.e., that they are sep-
arate lithostratigraphic bodies.

Syn-sedimentary discordances

In the Jurassic sediments of NW Bulgaria exist two
regional syn-sedimentary discordances:

Sokolov Venets Discordance — in the subsided
parts of the basin, it is expressed only by an angular
discordance (without erosion of the substratum and
new sedimentation — Nechinska Bara, Dolni Lom). In
the moderately elevated region, the discordance is
fossilized by few centimetre deposits — Belogradchik
TV Tower, Teteven, etc. In the more elevated area was
effectuated an erosion and subsequent accumulation
of calcareous breccia-conglomerate, Belograd-
chik—Oreshets, Gintsi—-Komshtitsa; the substratum is
spotted; the erosion goes up to the Lower Bathonian
beds, Belogradchik—Oreshets, Kremikovtsi, efc. In
western Bulgaria, the result is a lack of sedimentation
going up to the Early Kimmeridgian (Kremikovtsi —
Sofia District), Staro Selo (Pernik District) or to the
Late Kimmeridgian (Konyava Planina Mt.; a phenom-
enon demonstrated to me by [. Zagorchev).

Granitovo Discordance — as result of a seismic
shock during the Late Kimmeridgian, in the sediments
of the upper part of the Gintsi Formation, in the area
of Belogradchik, a fold formed (Fig. 4D), which
passed into an overthrust with NW vergency (Figs.
4E, F). In the Mihaylovgrad Paleograben, the result of
this seismic shock was the formation of the
Shugovitsa Slump (Fig. 5F). It commences in the
region of the Gaganitsa Lake area and goes to the

north of the Shugovitsa Valley, near Nikolovo Village.
It is interesting that here the vergency of the folds and
overthrusts are opposite to the fold-over thrust in the
area of Belogradchik with north vergency and trans-
port of material from south to north.
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Pe3nme

MehyrpannyHna (ceBepoucTo4YaHa
CpoOuja/ceBepozanagna byrapcka)
KopeJanuja jypcKkux
JIUTOCTPATUTPAPCKUX jeAUHULIA

Ha reomnomxkum u TexkToHcknM KapTama CpOuje u
Byrapcke mpukazaHe Cy pa3induTe CTPYKType orpa-
HUYEHE CaMO Ha HaI[MOHAJHE TepuTopHje. Y OBOM
paxy HW3BpIIEHA je KopeTaluja jypcKuX ceArMeHaTa
ceBepouctoune Cpbuje m ceBepozamamne byrapcke.
UznBojene cy crnenehe mameoreorpadceke jemuHUIE:
Ucrounn I'etnk, Madpa-rernk u Me3ujcka matdop-
Ma. Mcrounu I'etuk je mpoyuyaBaH Ha W3ZaHIAMA Y
Oomm3uHN ProTrHe, e ceqMMEHTaIMja 3all0YHbE Ol
XeTaHXka, a 32 BpeMe KeJIOBEj— TOpma jypa TaJloxKe ce
miaropmun kKapboHatu. UH(pa-reTuk je moxymeH-
ToBaH Ha npodmmmma [loope (Ilecaua) m amoxXTOHUM
cenuMenTrMa y ommsuan LTyonka. Madpa-reTrk xa-
paKkTepuIry TOPHOjYPCKO BYIKaHCKO—CEIUMEHTHE
TBOpeBuHEe Bparapamuke cepuje. Jypcka Mesnjcka
miardopma je mpoydaBaHa koz Jlomer MumaHOBIA |
Hogor Kopura y Cpbuju u [opHOOGETOTHHCKOT pOoBa y
Byrapckoj. Ilprukazana je xopenanuja jypcKux cemau-
MeHara y obmactu Bpmke Uyke, ca 0obe cTpane rpa-

Hune u kof cena Paduma (mehuna Marypa y Byrap-
ckoj). Ypahena je peBm3HMja jypcKUX CeIWMEHara y
Byrapckoj, xon BunnHCckor X0pcTa, KOju Cy Mpoyda-
BaHu Ha benorpaauukom, ['opwme benorunckom, benu-
MeJcKoM B MuxajnoBrpaackoM poBy. CenmumeHTanyja
y BuamHCKOM XOpCTY 3amovuimbe y pas3iuduTHM Jie-
JIOBHMA CPEIEhe jype, a Yy MuxXajioBrpaJickoM poBy 3a
BpeMe XeTaHka (Ioma jypa), Te ce ceIuMeHTaluja
OllBHjaNia y peNaTHBHO TyOOKOBOIHO] cpenuHU. Jy-
XKHHje, Ha jypckoM BparckoMm rpeOeHy, Ha jy>KHOM
Kprry MuXajItoBrpajickor poBa, OJiBHjajia ce IIUTKO-
BOJTHA CEIMMEHTAIIH]a.

VY jypckoj mutoctparurpaduju C3 byrapcke omm-
cane cy cinenehe dopmarmje, koje ce HEIMITO pa3iu-
Kyjy oIl OHHX TipuKase oj] ctpaHe CAITYHOBA U METO-
JIMIEBA (2009):

Koctuacka ¢dopmanmja (XeTaHk, MOHEKaa IO JO-
wer ien3baxa); O3uposcka Gopmanrja (TOPHH 10
xeTamxka—Toap); JlomomykoBruuka ¢opmanuja (Ioma
jypa); bykyposcka ¢opmarija (ropmu mIeH30ax—To0-
ap—zaeo aneHa); Enrporoncka-7 dopmanmja, koja je
nmojiesbeHa Ha TpH wiaHa: [IunkoBcky (HajBHUIIHN €0
nomer Oajeca), Hedencku (HajBummm neo nqomer Oaje-
ca—JIoBH Je0 Topmer Oajeca) n Credancku (ameH—
IOBH Jleo Nomer Oajeca); Kuuepcka dopmanmja je
nmojiesheHa je y wiaHose: Operiedku (Cpeamh U TOPHH
Iieo Topmer Oajeca), [ paHUTOBCKY (MOKHU Oajec—T0mH
neo ropmer Oajeca), Beneuku (?amen), Kupjecku
(momu neo anena) u Bpammko Uykcku (aneH—HajBUIIN
neo Toapa); IlomereHcka dopmarnmja je momesreHa y
Tpu 4iaHa: JaHoBeuku (ropmu 0Oajec), BparHuukm
(ropmu Aeo momer Oajeca—momu neo Oara), Jece-
BHYKH (CpPemmU A0 IOImer 0aTra—IomU Je0 TOPHET
Oara; ?exBuBaneHT Kiayckum cnojeBuma); boBcka
¢dopmanmja je moxespeHa Ha nBa wiaHa: [opHOOETO-
TUHCKH (0aT-TOpHH A€o Topmer Oajeca) n BepeHckn
(momu kemoBej—Oar); JaBopeuka Qopmarmja (Cpenmu
kenoBej—okcopn), y 6a3u oBe hopmanuje yBeneHa je
muroctparurpadceka jequania — COKOIOBCKO—BEHAYKH
3o0reHu penep; [mHauka hopmanmja (CpeambU-—TOpHH
KenmoBej—Homu okcdopn); [moxkancka dopmamuja
(cpenmu—Topmu THTOH—OepHjac); bpectHmuka dop-
Maruja (Topsu TUTOH—OepHjac; mpeMa HEeKUM ayTo-
puma 1o 6apema); Marypcka ¢opmannja (TOpmHH TH-
ToH—Oepujac) n CnuBHMYKA QopManuja (TOpHH
TUTOH—Oepujac).

VY jypckum cenumentuma C3 Byrapcke mocToje nBe
CHUH-CEIMMEHTHE nuckopaannuje: COKOIOBCKO—Be-
HUYKa U [paHuTOBCKA.
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Trans-border (east Serbia/west Bulgaria) correlation
of the morpho-tectonic structures

PLATON TCHOUMATCHENCO', DRAGOMAN RABRENOVIC?, VLADAN RADULOVIC?,
BARBARA RADULOVIC® & NENAD MALESEVIC?

Abstract. In the Bulgarian and Serbian geological literatures, many maps, both geological and tectonic, exist
showing the structures, but limiting them nationally. There are very few publications correlating the structures
from both sides of the border and they preserve the local Bulgarian or Serbian names. Our aim is to create a base
for the unification of the names defining the major morpho-tectonic structures: the Moesian Platform, the Miro¢
— Fore-Balkan Unit, the Pore¢—Stara Planina Unit, the Krayna Unit, the Getic — Srednogorie Unit, the Supra
Getic — Kraishtide Zone, the Serbo-Macedonian — Thracian Massif and the Vardar Zone, showing their syn-
onyms from the Bulgarian and Serbian sides.

Key words: cast Serbia, west Bulgaria, morpho-tectonic structures, correlation, synonyms.

Ancrpakr. Y reosomkoj iureparypu Cpouje u Byrapcke mocroje MHOTE T€0JIOIIKE U TEKTOHCKE KapTe Koje
IpHKa3yjy pasiIHduTe CTPYKType Koje Cy OrpaHHYeHe caMo Ha HallOHaIHE Teputopuje. PeTke cy mybnukarije
Koje ce 0aBe KOpenalyjoM OBUX CTPYKTYpa, a U Y BbHMa Cy CTPYKType caZipiKalie, Kako CPIICKe, Tako U Oyrapcke
HazuBe. [{ub oBor paja je na crBopu 0a3y 3a yHH(DUKAIH]y Ha3WBa, IPHKaKe CHHOHUME ca 00e CTpaHe TpaHHuIe
u neduHHIIE TIIaBHE MOP(]O-TEKTOHCKE CTPYKType: Mesujcka mardopma, Mupou — Ipendankan, [lopedko-
CrapormianuHcka jenuanna, Kpajuna jenquanna, ['etnk — Cpenmoropje, Cynparetuk — Kpajumruau, Cprcko-
MaKkeZIOHCKa Maca — Tpakujcku MacuB, Bapaapcka 30Ha.

Kibyune peuu: ucrouyna CpOuja, 3amagHa byrapcka, Mop¢o-TEKTOHCKE CTPYKType, Kopenaiwuja,

CHHOHHMH.

Introduction

A collective of Serbian and Bulgarian geologists
started a trans-border correlation of the Jurassic sedi-
ments in 2005 as an unofficial collaboration, which
later extended into an official project. The first steps
were made by correlating the Jurassic sediments from
southeast Serbia and southwest Bulgaria (TCHOUMA-
TCHENCO et al., 2006a, b, 2008). The main Jurassic
palaeogeographic units were correlated in TCHOUMA-
TCHENCO et al. (2006a). The lithostratigraphic units
from both sides of the state border were compared in
TCHOUMATCHENCO et al. (2006b, 2008) with the aim

of demonstrating their positions in the sections and
the possibilities of their correlation. Later this correla-
tion became the subject of a bilateral project between
the Bulgarian Academy of Sciences (Project leader for
Bulgaria Dr. ISKRA LAKOVA) and the Serbian Academy
of Sciences (Project leader for Serbia Dr. DRAGOMAN
RABRENOVIC). As results of this collaboration, the
palaeogeographic correlations during the Hettangian—
Early Callovian (TCHOUMATCHENCO et al. 2010a) and
the Middle Callovian—Tithonian (TCHOUMATCHENCO et
al. 2010b) were elaborated. The purpose of the present
paper is to correlate the major morpho-tectonic units
established in Serbia and in Bulgaria across the com-
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mon state border and to show the synonyms used by
the Bulgarian and the Serbian geologists as a first step
for their unification. This idea came from recommen-
dations of the International Stratigraphic Guide
(SALVADOR 1994) that “Stratigraphic units are not lim-
ited by international boundaries and should not differ
across them”. If this suggestion is difficult to be fol-
lowed for single lithostratigraphic units, which are
quite numerous, in our opinion, it is much easier to be
applied to tectonic units as they are much larger and
can be followed easier.

From the two sides of the Bulgarian/Serbian state
border, several morpho-tectonical units, having their
local name in the two countries, are distinguished.

In the regional geology and the regional tectonics,
two general ways to make trans-border correlations
are accepted: (1) to prolong the geological/tectonical
units established in a bordering neighbouring region
to the local region subjected to investigation; (2) to
study the geology in one local region and to try to
extend the established units into the neighbouring re-
gions. Some, mainly Serbian, geologists (ANDJELKOVIC
1996; SIKOSEK 1955; ANDJELKOVIC & SIKOSEK 1967,
GRUBIC 1980; BoGDANOVIC 1974; DIMITRIJEVIC 1995;
KRAUTNER & KRsTIC 2003; etc.) proceeded in the first
manner, which prolonged the classical units established
in the Carpathians across the Danube into northeastern
Serbia. The second way was applied by some Bulgarian
geologists (S. BONCEV 1910, 1927; E. BONCEV 1936,
1978, 1986; etc.), who made efforts to draw out the
units established in Bulgaria over the Bulgarian state
border into Serbia. The two ways of study have their
advantages and their weak points. However, the major-
ity of authors limit their interpretations to the national
territory (Bulgarian or Serbian) — YOVCHEV (1971, ed.),
KARAMATA et al. (1997), HAYDUTOV et al. (1997), AN-
DJELKOVIC (1996), SIKOSEK (1955), ANDJELKOVIC &
SIKOSEK (1967), GrRUBIC (1980), BoGDANOVIC (1974),
DIMITRIEVIC (1995), DABOVSKI et al. (2002), DABOV-
SKI & ZAGORCHEV (2009), efc.

The problem of the trans-border correlation (ac-
cording to BONCEV 1986) started in 1885 when E.
Suess, launched the idea for the existence of a gener-
al bending (torsion?) of the directions in the Carpatho-
Balkan arc. In 1904, Cviic¢ (reference in: ANDJELKO-
VIC 1996) found in the valley of the Timok near the
town of ZajecCar a graben, a low structural zone, in
which the axes of both South Carpathian and the Bal-
kan structures are deepening. This was the starting
point of the delimitation between the Carpathian and
Balkanide structures. Later on, this view was also sup-
ported by S. BONCEV (1910, 1927). In the last paper,
S. Boncev used for the first time the term Balkanides.
In the opinion of E. BONCEV (1936), the Berkovitsa
anticline is cut diagonally and its prolongation must
occur to the west of Zajecar. Later, SIKOSEK (1955)
proved that along the Timok Valley passes a strike-slip
fault, along which the Berkovitsa and the Belogradchik

anticlines are displaced by up to 40-50 km. To the
west, the Carpatho—Balkanides are represented by the
Srednogorie (which according to S. BONCEV 1910,
1927, is a prolongation of the Getic). Many Serbian
authors, such: ANDJELKOVIC & SIKOSEK (1967), GRU-
BIC (1980), BoGDANOVIC (1974), DIMITRUEVIC (1995),
KARAMATA et al. (1997), KRAUTNER & KRSTIC (2003),
etc. published their views concerning the structure of
East Serbia. In general, they all considered the area as
consisting of a series of longitudinal structural zones,
which differed from one another only by the explana-
tion of their genesis (based on different positions: the
geosynclinal theory, the plate-tectonic theory, the
principles of the naps tectonic, the conception of the
terranes, efc.), and in some details. Some Bulgarian
geologists, such E. BONCEV (1936, 1986), etc., also
proposed their explanations about the correlation of
the west Bulgarian/east Serbian structures, To explain
our ideas for the trans-border correlation (Fig. 1), the
Tectonical model for the Carpatho-Balkan arch of
BONCEV (1986; fig. 38) was taken. In addition, the
Tectonic Framework of the Carpatho-Balkanides of
eastern Serbia of ANDJELKOVIC (1996; fig. 2) was
employed. Despite the fact that his sketch map covers
only eastern Serbia, we went beyond its regional value
and furthermore it has already been used as a basis for
palaeogeographic maps (TCHOUMATCHENCO et al.
2010a, 2010b).

Correlation of the morpho-tectonic units

We refer to eight morpho-tectonic units (Fig. 1) and
we mention only some of their synonyms existing in
the Bulgarian and Serbian literature. The reason for
not making a full list of synonyms is that the literature
treating the problems of the tectonic division of the
region is too numerous, which makes it impossible to
reference all the authors; nevertheless, their contribu-
tions are important.

(1) Moesian Platform (Fig. 1, 1) represents a plat-
form with a Precambrian consolidated basement and a
Palaeozoic—Mesozoic—Neozoic cover, part (“spur’) of
Eurasia. It is described as the Moesian Platform or the
Moesian Plate by many authors: BONCEV (1978), Iva-
Nov (1988), DABOVSKI et al. (2002), NACHEV &
NACHEV (2008), Tzankov (1995), IovCHEV
(1971), DABOVSKI & ZAGORCHEV (2009), ANDJEL-
KOVIC (1996), DIMITRUEVIC (1995), KARAMATA et
al. (1997), KRAUTNER & KRSTIC (2003), etc.

(2) Miro¢ — Fore-Balkan Unit (Fig. 1, 2) repre-
sents an area, consisting of autochthonous fold struc-
tures, which is separated from the Moesian Platform
by the Fore-Balkan Fault or Balkanide Frontal Line,
BoNCEv (1978) (Fig. 1, A). Its western part is built-up
by series of longitudinal folds, as the Miro¢ (ANDJEL-
KOVIC 1996; DIMITRUEVIC 1995), Belogradchik and
Mihailovgrad anticlines (or anticlinoriums) (BONCEV
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1971, 1978; Tzankov 1995), etc., and the Milano-
vac—Novo Korito—Salash syncline (ANDJELKOVIC
1996; BonCEv 1910, 1927; BoNcHEV 1971, efc). For
this unit KRAUTNER & KRSTIC (2003) used the name of
Lower Danubian (Cosustea Unit, Lainici (Cerna-Mi-
ro€), Dragsan Unit) and BONCHEV et al. (1973) — Meso-
alpine (Illyrian—Pyrenean) Unit: FB — Proper Fore-Bal-
kan and TR — Transitional Zone (Northern Strip of the
Fore-Balkan), ND — Danubicum.
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Fig. 1. Trans-border (east Serbia/west Bulgaria) correlations
of the morpho-tectonic units. 1, Moesian Platform; 2, Mi-
ro¢ — Fore-Balkan Unit; 3, Pore¢-Stara Planina Unit; 4, Kra-
yna Unit; 5, Getic — Srednogorie Unit; 6, Supra Getic — Krai-
shtide Unit; 7, Serbo-Macedonian—Rhodope Massif; 8, Var-
dar Zone. A, Fore-Balkan Fault (Balkanide Frontal Line);
B, Stara Planina Frontal Line; C, Timok Strike-Slip Fault;
D, Vidli¢ Dislocation (Behind the Balkanide Fault); E,
Tran—Ozren Fault; F, Morava Fault.

Synonyms: Fore-Balkan Tectonic Zone — YOVCHEV
(1971); Fore-Balkan Zone (representing the northern
part of the Balkanides) — E. BONCEV (1986); Proper
Fore-balkan (with Miro¢ Anticlinorium, Belogradchik
Anticlinorium, efc.) — BONCEV (1978); Koula—Obzor

Unit of the Balkanide Alpine Folded System — Cen-
tralbalkan—Fore-Balkan — Ivanov (1988); Belograd-
chik Superunit — Tzankov (1995); West Balkan Unit
(p.p.) of the Balkan Zone of the Balkan Orogenic Sy-
stem — DABOVSKI ef al. (2002); Stara Planina Tectonic
Zone — Illirian structures — post-Lutetian — NACHEV &
NACHEV (2008); Lower Danubian Units (Vraca Scale,
Kutlovska Unit, Kula Unit) — KRAUTNER & KRSTIC
(2003); Mesoalpine (Illyrian—Pyrenean) Unit: FB — Pro-
per Fore-Balkan and TR — Transitional Zone (North-
ern Strip of Fore-Balkan), ND — Danubicum — BON-
CHEV et al. (1973); Fore-Balkan Unit — DABOVSKI &
ZAGORCHEV (2009); Danubikum, Miro¢ Unit — Dimi-
TRUEVIC (1995); Milanovac—Novokorito Unit and Mi-
ro¢ Unit of the Balkanikum — ANDJELKOVIC (1996);
Vrika Cuka—Miro¢ Terrane, part of the Composite ter-
rane of the Carpatho-Balkanides — KARAMATA et al.
(1997); Lower Danubian (Cosustea Unit, Lainici
(Cerna-Miroc¢), Dragsan Unit) — KRAUTNER & KRSTIC
(2003).

(3) Pore¢—Stara Planina Unit (Fig. 1, 3) occupies
the space covering the structures of Stara Planina — both
in Bulgaria and East Serbia and the massifs of Deli
Jovan, Miro¢ and Greben and continues to the massif
Almash, north of the Danube, in Romania (BONCEV
1910). Its northern and eastern boundary with the
Miro¢ — Fore-Balkan unit is the Stara Planina Frontal
Line (an overthrust) (Fig. 1, B). The Porec—Stara Pla-
nina Unit is severed and displaced by the Timok—Pirot
Transcurrent (strike-slip) Fault (BONCEvV 1986; known
also as the Stubik—Timok Dislocation — ANDJIELKOVIC
1996, etc.). The south-western slope of this unit
builds-up a syncline, known in western Bulgaria as
the Izdremets Syncline and in eastern Serbia, as the
Dobri Dol-Grliste Zone (ANDJELKOVIC 1996). During
the Jurassic, the relatively deeper marine sediments of
the Infra-Getic Palaeogeographic Zone were deposit-
ed in this area. The western boundary of the Pore¢—
Stara Planina was placed by BONCEV (1986) between
the Svoge and the Berkovitsa anticline (anticlinori-
um), while NACHEV & NACHEV (2008) in this unit in-
cluded the Svoge Antiforme (anticline, anticlinorium)
into the Stara Planina Tectonic Zone.

Synonyms: West-Balkan Tectonic Zone — YOVCHEV
(1971); Balkan Structural Zone (with anticlinal struc-
ture of Deli Jovan, Berkovitsa Anticlinorium, Sipka
Anticlinorium, efc.) — BONCEV (1986); Stara Planina
Zone — BONCEV (1986; fig. 38); West Balkan Unit
(p.p.) of the Balkan Zone of the Balkan Orogenic
System — DABOVSKI ef al. (2002); Western Balkan Zo-
ne — Ivanov (1988); Berkovitsa Superunit — TZaANKOV
(1995); Stara Planina Tectonic Zone — Illirian struc-
tures — post-Lutetian — NACHEV & NACHEV (2008);
Upper Danubian Units (Melianska Scale) — KRAUT-
NER & KRrsTIC (2003); Mesoalpine (Illyrian—Pyre-
nean) Unit: SP — Stara Planina Zone — BONCHEV et al.
(1973); Western Balkan Unit — DABOVSKI & ZAGOR-
CHEV (2009); Stara Planina—Pore¢ Unit (B1) of the
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Balkanikum or Balkan Autochthon — ANDJELKOVIC
(1996); Pore¢ Unit — DIMITRUEVIC (1995); Stara Pla-
nina—Pore¢ Terrane of the Composite Terrane of the
Carpatho-Balkanides — KARAMATA et al. (1997); Up-
per Danubian Units (Arjana and Caleanu—Cuntu
Units, Viso€ Scale, Presacina—Comereva/Komska Unit,
Poiana Mraconia—Gabrovnica Unit, Neamtu—Stakevci
Unit) — KRAUTNER & KRSTIC (2003).

(4) Krayna Unit (Fig. 1, 4), in its native land, was
affected during the Tithonian by intensive geodynam-
ic processes which caused significant fracturing and
submarine volcanic activity that resulted in the forma-
tion of volcanogenic-sedimentary products (Vratar-
nica Series — ANDJELKOVIC 1996) and Upper Juras-
sic—-Lower Cretaceous flysch sediments (NACHEV &
NAcHEV 2008). In the present day, they represent
extensions of the Severin Nappes (DABOVSKI & ZA-
GORCHEV 2009; fig. 5, 1-1) from the South Carpathian
and crop out along the state border between NE Serbia
and NW Bulgaria.

Synonyms: Krayna Unit of the Moesian Microcra-
ton — Tzankov (1995); Kraina Unit of the South Car-
pathian Orogenic System — extension of the Severin
Nappe in Serbia and Romania — DABOVSKI ef al.
(2003); Koula Tectonic Zone — YOVCHEV (1971); Se-
verin Zone — BONCEV (1986); Kula Zone — IvaNov
(1988); South Carpathians — early Autrichian structu-
res — Aptian — NACHEV & NACHEV (2008); KR — Krai-
na Unit — BONCHEV et al. (1973); Severin Nappes,
Krayna Unit of the South Carpathian Orogen System
— DABOVSKI & ZAGORCHEV (2009); Kraina Thrust
Nappe (Krainicum) — Severin Nappe — ANDJELKOVIC
(1996); Getian Klippe — GRUBIC (1980); Krajina Nap-
pes — DIMITRUEVIC (1995).

(5) Getic — Srednogorie Unit (Fig. 1, 5) is a typi-
cal riftogenic system with magmatism of an island-arc
type. It is manifested by the outcrops of Upper Creta-
ceous sedimentary and volcano-sedimentary rocks
and a typical Ca-alkaline (to the east K-alkaline as
well) magmatism in volcanic, subvolcanic and intru-
sive facies (BONCEvV 1986). In its easternmost part
occur big fold structures such as the Svoge—Vidli¢
anticlinorium, practically without Upper Cretaceous
sediments. Its east boundary, with the Pore¢—Stara
Planina Unit, is the Vidli¢ dislocation or the Sub-Bal-
kanide fault (Fig. 1, D) (in many localities with tran-
sition to an overthrust sheet).

Synonyms: Srednogorie — a zone of impermanent
riftogenesis during the Late Alpine tectonic cycle and
up to the present (developed on the Thracian Massif)
— BONCEvV (1978); Srednagora — Getic Strip — BONCEV
(1986); Srednagora Zone — IvaNov (1988); Srednago-
ra Tectonic Zone — YOVCHEV (1971); Svogue Super-
unit — TzaNKOV (1995); Burela Unit of Troyan Super-
unit — Tzankov (1995); West Srednogorie Unit of the
Srednogorie Zone — DABOVSKI ef al. (2002); Srednago-
ra Tectonic Zone — Late Subhercynian structures — Ante-
Maastrichtian — NACHEV & NACHEV (2008); SR — Sred-

nogorie; TU — Tupiznica Zone; SUP — Suva Planina
Zone; K — Kucaj Zone — BONCHEV et al. (1973);
Srednogorie Zone with — Lyubash—Golo Bardo Unit,
Western Srednogorie Unit, Svogue Unit — DABOVSKI &
ZAGORCHEV (2009); Getikum — DIMITRUEVIC (1995);
Carpathicum or Carpathian Thrust Nappe — ANDJEL-
KOVIC (1996); the composite terrane of the Carpatho-
Balkanides — KARAMATA et al. (1997); Getic Units
(Suva Planina—Samanjac Unit (included Dusnik Sca-
le), Getic Unit (Kucaj, Ljubas, Sredna Gora), Kucaj—
Svoge Unit, Semenic—Osanica Unit, Luchita—Jidostita
Unit, Iskar Scale, Vidli¢ Scale, etc. — KRAUTNER &
KsTi¢ (2003). The Getic in Romanian South Carpa-
thian, as the Srednogorie in Bulgaria must be regard-
ed as the most outer fragment of the median Pan-
nonian—Thracian Massif — BONCEvV (1986; p. 212).

(6) Supra Getic — Kraishtide Zone (Fig. 1, 6) pos-
sesses relatively thick Precambrian high-grade meta-
morphic rocks covered by Palaeozoic, Mesozoic and
Neozoic sequences. A very characteristic feature for it
is the presence of a synsedimentary graben (Palaeo-
zoic, Mesozoic and Neozoic) in which a specific sed-
imentation is expressed. Its eastern boundary with the
Getic — Srednogorie unit is the Tran—Ozren Fault (Fig.
1, E).

Synonyms: Supra-Getic (Krepolin Strip), Kraistide
Zone — BONCEV (1986; fig. 2); Kraishte Tectonic Zo-
ne — YOVCHEV (1971); Thracian Massif (Kraistides,
Dardanian Massif, Rhodope Massif) — BONCEV
(1978); Kraishte Zone — Ivanov (1988); West Kra-
ishte (Elovitsa Exotic Terrane) (continues into the
Ranovac—Vlassina—Osogovo Terrane) — HAYDUTOV et
al. (1997); Strouma Unit of the Morava—Rhodope
Zone — DABOVSKI et al. (2002); Srednagora Tectonic
Zone — Late Cimmerian structures — Tithonian—Berri-
asian — NACHEV & NACHEV (2008); KE — Kraishtides,
LU — LuZnica Zone — BONCHEV et al. (1973); Struma
Unit of the Morava—Rhodope Zone — DABOVSKI &
ZAGORCHEV (2009); Supra-Getikum (Golubac—Luzni-
ca Zone) — DIMITRUEVIC (1995); Luznica Tectonic
Unit — DIMITRUEVIC (1995); Carpathicum or Carpathi-
an Thrust Nappe — ANDJELKOVIC (1996); Kraishte
Units — Zemen Unit, Luznica Unit (Vlahina, Osogovo—
Cmook, Ograzden—Verila), Koritnik Scale — KRAUT-
NER & KRSTIC (2003).

(7) Serbo-Macedonian — Thracian Massif (Fig. 1,
7) is the area between the Vardar Zone and the Car-
patho-Balkanides. Its principal feature is the presence
of metamorphic rocks, which served as the source
area for the Palaeozoic—Mesozoic seas. Its eastern
boundary is the large Morava Fault (Fig. 1, F).

Synonyms: Thracian Massif (Kraistides, Dardani-
an Massif, Rhodope Massif) — BONCEV (1978); Darda-
nian (Serbo-Macedonian) — Thracian massif — BONCEV
(1986); Rhodope Composite Terrane (composed of a
few metamorphic blocs: Serbo-Macedonian Massif,
Rhodope Massif, Sredna Gora Block and Sakar—
Istranca Zone — HAYDUTOV et al.) (1997); Rhodope
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Massif — Ivanov (1988); Morava Unit of the Mora-
va—Rhodope Zone (Morava, Ograzhden, Strouma, Pi-
rin—Pangaion, Rila—Rhodope, East-Rhodope, Mandri-
tsa—Makri Units) — DABOVsKI et al. (2002); R — Rhodo-
pe Massif, GP — Golubac—Penkovo Nappe, SM — Ser-
bo-Macedonian Massif — BONCHEV ef al. (1973); Mo-
rava Unit and Struma Unit of the Morava—Rhodope
Zone — DABOVSKI & ZAGORCHEV (2009); Morava Nap-
pes — DIMITRUEVIC (1995); Serbian-Macedonian Mass,
Morava Tectonic Unit — DIMITRUEVIC (1995); Serbian-
Macedonian composite Terrane — KARAMATA et al.
(1997); Moravides, Morava Zone — ANDJELKOVIC
(1996); Morava Structural Unit — DIMITRDEVIC (1995);
Serbo-Macedonian Units, not differentiated; Supragetic
Units (included the Morava, Ranovac—Vlasina and
Elesnica Units) — KRAUTNER & KRSTIC (2003).

(8) Vardar Zone (Fig. 1, 8) is situated between the
Serbo-Macedonian Massif (to the east) and the Dina-
rides (to the west).

Synonyms: Vardar Zone Composite Terrane — Ka-
RAMATA et al. (1997); Vardar Units — KRAUTNER &
KRSTIC (2003); Vardar Zone — BONCHEV ef al. (1973).
This Zone is mentioned with the aim of completing
the western boundary of the Serbian-Macedoni-
an—Rhodope Massif. It does not cross the Serbi-
an/Bulgarian border area.
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Pe3nme

Mebhyrpannuna (ucrouna CpoOuja/3anagna
Byrapcka) kopesianuja Mop(po—TeKTOHCKHX

CTPYKTypa

lnse oBor pama je nma ce mpHKake Koperaimmja
[JIaBHUX MOPQO-TEKTOHCKUX cTpykTypa Cpouje u by-
rapcke Ay Ap>KaBHUX TPAHUIIA U J1ajy HHUXOBU CHHO-
HUMU KOpHUITheHuX 0J] cTpaHe OyrapcKuX M CPICKUX
reonora. Jlepunucane cy crnenehe MopQo-TeKTOHCKe
cTpykType: Mesujcka miardopma, Mupod — [Ipendan-
kaH, [lopeuko-Craporuranuacka jemuHuna, Kpajunaa
jemmanna, l'etnk — Cpenmoropje, Cymparetuk — Kpa-

jumtaau, Cpricko-MakeIoHCKa Maca — Tpaknjcku Ma-
cuB, Bapnapcka 30Ha.

(1) Me3ujcka nuargopma (cu. 1.1) mpencrasspa
mrathopMy ca MpekaMOpHjCKOM TIOAMHOM W Tayieo-
30jCKO—M€3030jCKO—HE030jCKAM TTOKPHBAaYeM IOBJIa-
ToM Kju je nmeo Eypasmjckor komHa. OHa je ommcaHa
ka0 Me3mjcka mmargopma win MesmjcKka mmioda of
cTpaHe MHoOrux ayTtopa: BONCEvV (1978), MBAHOB
(1988), DABOVSKI et al. (2002), HAYEB m HAUEB
(2008), LIAHKOB (1996), JOBUEB (1971), JIABOBCKU U
3ATOPYEB (2009), AHBEJIKOBUR (1996), DIMITRUEVIC
(1995), KARAMATA u dp. (1997), KRAUTNER & KRSTIC
(2003) u ap.

(2) Mupou — Ipendaaxan (ci. 1.2) npencraBiba
o0macT koja ce cacToju oI ayTOXTOHHX HaOOpHUX
CTPYKTYpa, a Koja je pa3nBojeHa of Me3ujcke TuiaT-
dbopMe TpendaKaHCKUM pPaceIoM HIIH OaJKaHCKOM
¢ponTanmaom nmHUjoM (BOHYEB 1978) (cin. 1.A): Hbe-
TOB 3alajHu 10 je m3rpalieH ox cepuje JIOHTUTYIH-
HaTHUX Habopa, kao mro je Mupod (AHBEIKOBUR
1996; DIMITRIEVIC 1995), benorpaqyukcKuM U MH-
XajIIOBTPa/ICKMM aHTHKJIMHATAaMa (MM aHTHKJIMHOPH-
jymuma) (boHUEB 1971, 1978; CANKOV 1995) uth., n
MunaHoBadko-HOBOKOpHTCKa (Caranrka) CHHKINHA-
a (AHBEIKOBUR 1996; Cr. BoHUEB 1910, 1927; BoH-
4yEB 1971). 3a oBy jemuamimy KRAUTNER & KRSTIC
(2003) ymoTpebspaBajy Ha3uBe: Jomu nanyouan (Ko-
cycrea jenuauna, Jlanamm (Lepaa—Mmupou), lparcan
jenuamna), a BONCHEV u dp. (1973 Mesoanmucka
(Mmupcko—tnupunejcka) jeauanna: FB — [Ipenbankan,
TR — mpenasna zona (ceBepru aeo Ilpendankana), u
ND — Hanyoukym.

(3) opeu — Crapa nnanuna (cn. 1.3). 3ay3uma
MIPOCTOP KOju TIOKpHBajy CTpykType Crape IIIaHWHE,
Kako y byrapckoj Tako u y ucrounoj Cpouju, MacuBH
Jemn JoBan, Mupod u I'pebeH 1 HacTaB/ba Ka MacHUBY
Anmar, ceBeprHo ox [lyHaBa, y Pymynuju. Herosy ce-
BEepHY M WCTOYHY TPaHHUIA ca jequHUIIoM Mwupod —
[Ipenbankan jemuaniioM je [lopeuxo—cTaporuraHuHCKa
¢ponTanHa rHUja. OBa jeMUHAIIA je TIpecedeHa 1 To-
MepeHa TUMOYKO—TIMPOTCKUM TPAaHCKYPEHTHUM pace-
mom (BOHYEB 1986), koju je, Takohe, MO3HAT Kao
[TyOnyko—THMOYKa TUCIOKalja — AHBEJIKOBUR
(1996).

Jyrozananne manuHe oBe 30He M3Tpal)yjy CHHKIH-
Hay, To3Haty y byrapckoj xao Wznpemercka cuH-
KIMHaa, a y ucrounoj Cpbuju kao lodpomoncko—Tp-
numika 30Ha (AHBEJIKOBAR 1996).

3a BpeMe jype y OBOj OONacTH ce AETOHY]y pe-
JATUBHO yOOKOBOJHH MOpPCKHM CEAMMEHTH HH(]pa-
reTcke maneoreorpadcke 30He. 3anajHa rpaHUIA OBe
jenuamIe, mpema bOHUEBY (1986), je m3mely Croljcke
u bepkoBuuke aHTukiIuHaie, Aok HAYEB u HAUEB
(2008) yxspyuyjy u CBohcky anTH()OpPMY (QHTHKIH-
HaJy, aHTUKIMHOPHjyM) ¥ CTapoIIaHMHCKY TEKTOH-
CKy 30HY.

(4) Kpajuna (cn. 1.4) je ayTOXTOHO KOITHO KOje je
3axBalieHO 3a BpeMe THUTOHA WHTE3UBHUM TeOIuHa-
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MUYKHM TIpOIECHMa KOjH Cy HW3a3Balld 3Ha4yajHe
(bpakType ¥ IOAMOPCKY BYJIKAHCKY aKTUBHOCT, IIITO j&
JoBeno 10 (opMHpama BYJIKaHOTCHO—CETUMEHTHHX
TBOpeBHHa (Bparapaumuka cepuja — AHBEJIKOBUR
1996) u TOpH0jyPCKO—IOKHOKPETHO (DIUIITHUX CemIH-
meHara (HAYEB u HAYEB 2008). anac cy To mpomy-
et CeBepuHcke HaBnake (JJABOBCKU U 3ATOPYEB
2009, cn. 5, 1-1) ox Jyxuux Kapmara koju mpenaze
rparauiy CU Cpbuje u C3 byrapcke.

(5) I'etuxk — Cpeamoropje (ci. 1.5) je Tummuan
pU(TOreHN CHUCTEM Ca MarMaTH3MOM OCTPBCKO-TY4-
Hor Tuna. Kapakrepuine ce u3aHuMa ropmOKpeHe
CTapOCTH, BYJIKaHOTECHO-CECAMMEHTHUM CTEHaMa |
Ca—ankamauMm (TipeMa UCcToKy u K—ankamHuM) Marma-
TU3MOM Yy BYJIKAHCKHM, CYOBYIIKAHCKHM W WHTPY3HB-
HUM danmjama (BONCEV 1986). V HajucTouHHjUM fe-
JIOBMMa TI0jaBJbYjy C€ BelWKe HaOOpHE CTPYKTYpeE,
kao mTo je CBohe—Bummmuku aHTUKIMHOPHjYM,
yIIaBHOM O3 TOPHOKPEIHUX ceanMmenara. Mctodna
rpaHuila OBe jemuHHMIle, ca [lopeuko—CTaporUIaHH-
CKOM jeTMHUIIOM, je Buammika quciokanmja wim cyo-
bankancku pacen (ci. 1.D) (koq MHOTHX JIOKaJIUTETa
ca IMpena3oM Ka HaBJIaKkama).

(6) Cynpa-retuxk — Kpajumre (cn. 1.6) mocenyje
KapakTepHIlle Ce pPelaTUBHO nedennM IpexamOpw;)-

CKUM BHCOKO METaMOp(QHCAHUM CTEHama MpEeKpuBe-
HHAX TIaJ€030jCKUM, ME3030jCKHM H HE030jCKHM
cekBeHIama. IberoBa Beoma KapaKTepHCTHYHA OCO-
OWMHa je TPHCYCTBO CHHCEIMMEHTAIlHOHUX pOBa
(manmeo30jckor, Me3030jCKOT U HEO30jCKOT) ¥ KOjeM ce
olBWjana crernupuIHa ceanMeHTaruja. therosa wmc-
To4YHa rpaHuna ca letnk — CpeameropckoM jennHu-
oM je Tpan—o3pencku pacen (ci. 1.E).

(7) Cpncko makenoncku macuB (ci. 1.7) je
obmacTt koja ce Hamasu usMmel)y Bapmapecke 30He n
Kapmnaro-6ankannma. berosa rmaBHa ocoOuHa je mpu-
CYCTBO MeTaMOp(hHUX CTeHa, KOje MPEe/CTaBIbajy W3-
BOpHY OOJACT IaJIe030jCKUX—ME3030jCKIUX Mopa.
Hberosa nctouna rpannma je BeIMKH MopaBCKHU pacesn
(cm. 1.F).

(8) Bapaapcka 3oHa (cin. 1. 8) Hamasm ce uzmehy
Cpricko-MakeIOHCKOT MacHuBa Ha UCTOKY W J{nHapuia
Ha 3amafy.

VY eHINIECKOM TEKCTy NMPHUKA3aHU Cy HEKH Ol CUHO-
HUMa KOjH Cc€ IOMHbY Y CPIICKOj U Oyrapckoj Turepa-
Typu. Pasznor mro Huje npuka3aHa LENTOKYIIHA JIUCTa
CHHOHUMA je Taj IITO Yy JHUTEPaTyphd O TEKTOHCKAM
rmojielaMa TIOMeHyTe O0JIaCTH TIOCTOjH BETHKH Opoj
CHHOHMMAa KOjU HE JAOMYINTajy Ja IOMEHEMO CBe
ayTope.
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Late Cretaceous marine biodiversity dynamics in the Eastern Caucasus,

northern Neo-Tethys Ocean: regional imprints of global events

DwMiTRY A. RUBAN', ASTRID FORSTER? & DELPHINE DESMARES®

Abstract. During the Late Cretaceous, marine organisms experienced significant changes in their
biodiversity. These diversity changes were influenced, particularly, by the Oceanic Anoxic Event 2 near the
Cenomanian/Turonian boundary (93.6 Ma). Here, stratigraphic ranges of 80 marine macroinvertebrate genera
(cephalopods, brachiopods, gastropods, corals, and echinoids) were employed to assess the Late Cretaceous
biodiversity dynamics in the Eastern Caucasus, which covered a large region located in the northern Neo-
Tethys Ocean. Our results outline three prominent diversity minima, which occurred in the late Ceno-
manian—late Turonian, the early Santonian-late Campanian, and the late Maastrichtian. Probably, the latter
two were just local. Despite of some differences in trends between the regional and global marine biodiversity
dynamics, the late Cenomanian-late Turonian biotic crisis appeared both on the regional and global scales and
was probably a long-term consequence of the Oceanic Anoxic Event 2. Oxygen depletion and eustatically-
driven shoreline shifts are considered as plausible causes of the observed biodiversity dynamics.

Key words: marine macroinvertebrates, diversity, biotic crisis, OAE2, Eastern Caucasus, Cenomanian/Tu-
ronian, Late Cretaceous.

AncTpakT. 3a BpeMe TOpme Kpele, MOPCKH OpTraHW3MH JOKHBJbABajy 3HadajHE MPOMEHE y HUXOBOM
ouonusep3utery. OBe MpoMeHe OuIe Cy YITIaBHOM IOC/ICIUIA OKEAHCKOT aHOKCHUITHOT Joraljaja 2 Ha TpaHUId
1eHoMaH/TypoH (93,6 Ma). 3a npolieHy ATMHAMKKE FOpHOKpeaHor ouoausep3utera Vcrounor Kaskasa, koju
je mokpuBao upoctpany obinact CeBepHor Heo-Teruckor okeana, kopumiheHo je crparurpadcko
pacnpocTpameme 80 MOPCKMX MakpoOeCKMUMEmAuKHuX pojoBa (Ledarnomnoaa, Opaxuornona, racTporoaa,
Kopasia u jexeBa). JloOWjeHH pe3ynaTaTd ykasyjy Ha TPH 3HA4ajHA TUBCP3UTETCKA MUHHMYMa, KOjH Cy C€
JECWII 3a BpeMe TOpPHU LEHOMaH-TOPHHM TYPOH, IOHU CAaHTOH-TOPIHU KaMIaH M TOPEHU MacTPUXT.
HajBepoBarHuje cy JBa mocieama MUHUMYMa JIOKJIHOT 3Hadaja. HacynmpoT HeKHMX pas3iiiKa y TpeHIOBHMa
n3mel)y pernoHaiHe M niobdajiHe TUHAMHKE MOPCKOT OMOMBEP3UTETA, TOPHE LIEHOMaHCKa—TOPHE TYPOHCKA
OuoTCKa KpH3a HMMajla je PerMoHaJIHM M IIO0aJHM 3Hayaj, BEpOBATHO KA0 IOCIENULA JYror' OKEaHCKOT
aHokcH4HOT Jorahaja 2. CMameme KUCEOHHWKa M €yCTATWYKHM KOHTPOJIMCAaHE IPOMEHe o0alicKe JIMHHUje ce
MOTY CMaTpaTH Kao y3pOYHHULH [MocMaTpaHe OMOJUBEP3UTETCKE IHHAMUKE.

Kbyune peun: Mmopcku MakpoOecknuMemaiy, ornonusep3uret, ouorcke kpuze, OAE2, Vcrounn Kagkas,
LIEHOMaH/TypOH, TOpHha KpeJa.

Introduction

The global marine biodiversity changed rapidly
during the Late Cretaceous (PURDY 2008). Peculiar
events were superposed on the general evolutionary
trends. The Cenomanian/Turonian (C/T) boundary
(93.6 Ma according to OGG et al. 2008), which was
suggested tentatively as the upper boundary of the

Middle Cretaceous series (GRADSTEIN et al. 2008),
was a time slice characterized by strong environmen-
tal perturbations on a planetary scale. Intense turn-
overs and some extinctions among the entire range of
marine biota (e.g., SEPKOSKI 1986; HALLAM &
WIGNALL 1997, 1999; HARRIES & LITTLE 1999;
WIGNALL 2001; LECKIE et al. 2002; KELLER 2008), an
oceanic anoxic event (OAE2; e.g., JENKYNS, 1980,
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2010; ARTHUR et al. 1987; SCHLANGER et al. 1987,
BRALOWER 1988; KAIHO & HASEGAWA 1999; PREMOLI
SILVA et al. 1999; WANG et al. 2001; DESMARES et al.
2004; ErBA 2004; KURODA et al. 2005; GROSHENY et
al. 2006; JARVIS et al. 2006; KURODA & OHKOUCHI,
2006; TAKASHIMA et al. 2006, 2009; MORT et al. 2007,
FORSTER et al. 2008; ELRICK et al. 2009; PEARCE et al.
2009), and increased mantle plume activity (e.g., LAR-
SON et al. 1991a,b; WIGNALL 2001; ABBOTT & ISLEY
2002; SNow et al. 2005; BRALOWER 2008) left re-
markable imprints on the global fossil, sedimentary
and geochemical records. However, extent and
strength of the biotic crisis near the C/T boundary
remain debated. E.g., GALE et al. (2000) and SMITH et
al. (2001) argued that the mass extinction related to
OAE2 may be an artifact. While more data is avail-
able from Mediterranean Europe (e.g., LAMOLDA &
PERYT 1995; PERYT & LAMOLDA 1996; CoccioNl &
Luciant 2005), England (e.g., JARVIS et al. 1988a,b;
PauL et al. 1999; GALE et al. 2005), and Japan (To-
SHIMITSU & HIRANO 2000; TAKAHASHI 2005), palacon-
tological records of many other potentially important
regions are still inadequately explored.

This paper addresses the Eastern Caucasus, which
seems to be an important region because of its key
palaeoposition on the northern margin of the Neo-
Tethys Ocean between the Alpine structures of Europe
and the terranes of the Middle East (Fig. 1). This re-
gion exhibits a representative Upper Cretaceous suc-
cession with the documented distribution of diverse
marine macroinvertebrates. A discussion on the
regional biotic signature of the C/T event in the north-
ernmost part of the Eastern Caucasus has been
attempted by TUR ef al. (2001) and RuBaN (2003a),
who considered data on foraminifers. Earlier, KOTE-
TISHVILI (1999) investigated the diversity of the entire
Caucasian ammonites, which also contributed to the
noted task. On a broader scope, it is the aim of this
paper to examine the regional marine biodiversity
dynamics during the Late Cretaceous and, particular-
ly, to evaluate the relative impact of the C/T event in
the Eastern Caucasus.

This study is a result of cooperation of specialists in
general palaeobiology (DA.R.), geochemistry and pa-
laeoenvironments (A.F.), and micropalaeontology
(D.D.). The authors participated equally in writing the
manuscript.

Geologic setting

The Eastern Caucasus region encompasses entire
Azerbaijan and some adjacent areas (Fig. 1A). Its tec-
tonic structure includes various structural domains of
the Greater Caucasus and the Lesser Caucasus (GAM-
KRELIDZE 1986, 1997; RUBAN et al. 2007). The region-
al geodynamic setting of this region in the Late Creta-
ceous is revealed on the basis of present models of
this region’s geologic evolution (LORDKIPANIDZE et al.
1984; ErsHOV et al. 2003; KAzMIN & TIKHONOVA
2006; SAINTOT ef al. 2006; TAWADROS et al. 2006) and
modern plate tectonic reconstructions (STAMPFLI &
BOREL 2002; GOLONKA 2004; SCOTESE 2004). During
the Late Cretaceous, the Eastern Caucasus lay at the
northern active margin of the Neo-Tethys Ocean (Fig.
1B). It included the entire Eastern Greater Caucasus
back-arc basin, the eastern part of the Black Sea-
Caspian extended — probably rifted — basin, and some
parts of the Lesser Caucasus Basin and the Nakhy-
chvan Block (Fig. 1A).

Sedimentation regimes differed within the Eastern
Caucasus. Whereas carbonate deposition prevailed in
the entire region, the quantity of siliciclastic and vol-
caniclastic sedimentation increased southwards (Fig.
1C). During the Late Cretaceous, the Eastern Cau-
casus was embraced by a large marginal sea (Fig. 1B)
with normal salinity and relatively high bottom tem-
peratures (JASAMANOV 1978). In contrast to the sur-
rounding platform area to the north, the Western and
Eastern Greater Caucasus marine basins were rela-
tively deep (Fig. 1B), which is indicated by flysch
deposits. Palaeobiogeographically, the study region
belonged to the Mediterran-Caucasian Subrealm of
the Tethyan Realm (WESTERMANN 2000). Generally,

Fig. 1. Geologic setting of the Eastern Caucasus. A, principal structural units of the Caucasus (modified after GAMKRELIDZE
1986, 1997; RUBAN et al. 2007). A, Azerbaijan. Areas shown in different shadings of dark grey indicate the here distin-
guished structural units: ABB, Arthvin-Bolnisi Block; ATFZ, Adjara-Thrialethian Fold Zone; Dz, Dzirula Massif; GC,
Greater Caucasian Massif, GCFTB, Greater Caucasian Fold and Thrust Belt; KD, Kura Depression; KDF, Kusar-Divichian
Foredeep; LCD, Lesser Caucasus Domain; NCMM, North Caucasian Marginal Massif; RD, Rioni Depression; TCF, Terek-
Caspian Foredeep; UGB, Uplifted Georgian Block; WKF, West Kubanian Foredeep. Dashed ellipse indicates the approxi-
mate position of the region considered in this study. B, location of the Caucasus in the Late Cretaceous. Left: global plate
tectonic reconstruction after SCOTESE (2004). According to LORDKIPANIDZE et al. (1984), the Eastern Caucasus lay between
25°N and 35°N. Right: regional palaeotectonic sketch map; modified from LORDKIPANIDZE ef al. (1984). Basins: 1, Western
Greater Caucasus Basin; 2, Eastern Greater Caucasus Basin; 3 Black Sea-Caspian Basin; 4, Lesser Caucasus Basin; N,
Nakhychvan Block. Palaecobathymetry of basins is indicated by areas shown in different shadings of grey, white areas rep-
resent land. Dashed ellipse indicates the approximate position of the region considered in this study. C, composite litholog-
ic sections of Upper Cretaceous deposits of Azerbaijan (on the basis of ALI-ZADEH 1988). Absolute ages after OGG et al.
(2008).
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the abundance and diversity of the Late Cretaceous
marine biota in this region were high. Macroinverte-
brates included cephalopods, bivalves, brachiopods,
gastropods, corals, and echinoids (ALI-ZADEH 1988).
Coral reef communities with especially high diversity
flourished during the Coniacian (ALI-ZADEH 1988).

Material and method

Stratigraphic ranges of 80 marine macroinverte-
brate genera from the Late Cretaceous deposits of
Azerbaijan are compiled here from the most compre-
hensive source (ALI-ZADEH 1988). These data were
collected from dozens of localities within the territory
of the Republic of Azerbaijan, but they were never
used before in order to discuss changes in marine bio-
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ture, we may hypothesize an equal probability of its
occurrence in these substages. To account for this, the
presence of such a taxon is recognized for each sub-
stage, but as a proportion, e.g., the presence is indicat-
ed as 0.5 for each substage if the stage consists of two
substages.

The regional stratigraphic framework used here is
taken from the original source (ALI-ZADEH 1988). The
latter study relates the palaecontological data to the Late
Cretaceous stages and substages. According to the orig-
inal data source, all stages are divided into 2 substages,
namely early and late, and the Cenomanian into 3 sub-
stages (Cel to Ce3, as for example shown in Fig. 2).
Some minor differences between the regional strati-
graphic framework (ALI-ZADEH 1988) and the modern
chronostratigraphy of the Late Cretaceous (RAWSON et
al. 1996; OGG et al. 2008) may exist, but they seem to
be insignificant for the purpos-
es of the present study that is
emphasized on long-term pat-
terns. Substages considered in
this manuscript (in contrast to
stages) are informal time units,
which may differ from the
conventional substages treat-
ed, for example, by RAWSON et
al. (1996). To make a distinc-

10

total number of genera

tion from formal substages,
the names of regional sub-
stages are not capitalized. A
peculiarity of regional sub-
stages may explain the do-
cumented taxa ranges (Appen-

Cel Ce2 Ce3 Tul Tu2 Co1 Co2 Sat

Fig. 2. Dynamics of the Late Cretaceous diversity of marine macroinvertebrates in
the Eastern Caucasus (Azerbaijan). Stage abbreviations: Ce, Cenomanian; Tu,
Turonian; Co, Coniacian; Sa, Santonian; Ca, Campanian; Ma, Maastrichtian. Stages
are additionally subdivided into regional units indicated by numbers (e.g., Cel; see

text for explanation).

diversity. The analyzed fossil groups include (number
of genera): cephalopods (11), brachiopods (9), gastro-
pods (21), corals (12), and echinoids (27) (Appendix
1). Bivalves are excluded from the present analysis
because of their outdated taxonomy. Sampling biases
are unavoidable for studies of individual sections,
however, as we here deal with summarized data for
the entire study region, probable sampling biases
should be minimized. When possible and necessary
(as in the case of brachiopods and cephalopods), the
original palaeontological data given by ALI-ZADEH
(1988) were verified with some taxonomic correc-
tions. For few taxa, the stratigraphic ranges are only
known with some uncertainty. When the presence of a
taxon in the whole stage is indicated without a refe-
rence to any particular substage in the original litera-

Sa2 Cail

Ca2 Mal Ma2 dix 1); e.g., Acanthoceras,
which is a Middle Cenoma-
nian taxon, is reported from
lower, middle, and upper Ce-
nomanian of the Eastern Cau-
casus. The informal regional-
ly-restricted substages are
useful, nonetheless, for a more
precise documentation of the
biodiversity patterns. The stratigraphic age of the Late
Cretaceous deposits in the Eastern Caucasus was
established with an integrated analysis of the entire
assemblage of marine invertebrates (ALI-ZADEH
1988). Although the regional foraminifer-based bio-
zonation framework is available, foraminifers were
not the only group used for relative age determination.
Generally, ALI-ZADEH (1988) attempted to assign fau-
nistic assemblages to the Upper Cretaceous stages,
even if biozonation still needs to be improved. Ano-
ther study attempted by RuBaN (2003b) for the North-
ern Caucasus confirmed that changes in both standard
biozonation and foraminifer taxonomy did not affect
significantly the regional chronostratigraphic record
and, thus, the earlier-established stages remain gene-
rally valid.
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The main biodiversity pattern considered in this
study is the total number of genera. In order to com-
pare regional and global records, the global marine
biodiversity curve proposed by PuUrRDY (2008) is
employed herein. The latter curve is based on the
well-known compendium by SEPKOSKI (2002) with an
exclusion of some stratigraphically-uncertain data.
The global marine diversity is measured by PURDY
(2008) per stages only. For direct comparison of our
regional biodiversity curve with that published by
PurDY (2008), the palacontological data from the
Eastern Caucasus were arranged and re-calculated so
to show stage-by-stage dynamics. We do not involve
the rates of originations and extinctions in this study,
because only appearances and disappearances are pos-
sible to be established in every regional fossil record.
Probabilistic approach, which permits to solve this
problem (e.g., RUBAN & vAN LooN 2008), is available,
but it does not permit to reveal the true extinction rate,
which can be compared with the global rate measured
by PURDY (2008).

Although an analysis of marine biodiversity dy-
namics at the level of species is always informative,
the present study focuses on genera because of two
main reasons. Firstly, regional dynamics is brought in
comparison with global trends, and assessment of the
latter is restricted to genera (ALROY ef al. 2008; PUR-
DY 2008). Secondly, palacontological data generated
in the former USSR are often better justified at the
level of genera, which favours an analysis of generic,
not species diversity (RuBaN, 2011).

Results
Marine biodiversity dynamics

In the Eastern Caucasus, the generic diversity as
monitored by this study (expressed by the total num-
ber of genera: cephalopods, brachiopods, gastropods,
corals and echinoids; see Appendix 1) fluctuated
strongly during the Late Cretaceous (Fig. 2). It rose
weakly during the early-middle Cenomanian, then
dropped by ~2/3 through the late Cenomanian-late
Turonian, but rose again in the early Coniacian. A new
abrupt biodiversity decline (by about half) occurred in
the early Santonian and then continued gradually, but
weakly until the end of the Campanian. A biotic radi-
ation took place in the early Maastrichtian to be fol-
lowed by a decline in the late Maastrichtian. These
results indicate significant diversity disruptions that
the regional macroinvertebrate assemblages experi-
enced during the late Cenomanian-late Turonian, the
early Santonian-late Campanian and the late Maast-
richtian.

Available data (Appendix 1) permit to evaluate the
influence of the three above-mentioned diversity min-
ima on the particular fossil groups (Fig. 3). The late

Cenomanian—late Turonian event affected corals, ce-
phalopods, and gastropods, whereas echinoids were
weakly influenced. The early Santonian—late Campa-
nian event stressed brachiopods, corals, cephalopods,
and gastropods. Representing a unique exception, the
echinoids even radiated gradually during the entire
late Turonian—early Campanian time interval. The late
Maastrichtian event affected brachiopods and echi-
noids. Cephalopods apparently survived this crisis
without suffering any stress, i.e., their total diversity
didn’t change. Conclusively, all three events have in
common that they affected several groups of macroin-
vertebrates, but not necessarily the same groups every
time. Each event was characterized by a certain de-
gree of selectivity. Moreover, some groups of fossils
declined at different rates through time; e.g., the total
diversity of cephalopods dropped gradually already
since the middle Cenomanian, whereas demise of co-
rals at the late Cenomanian—early Turonian transition
was abrupt. From three noted diversity minima, that
early Santonian—late Campanian disruption had espe-
cially dramatic consequences on regional marine
macroinvertebrates. Two groups, namely corals and
gastropods, disappeared completely from the regional
Cretaceous record, whereas brachiopods declined
strongly to never recover completely.

Regional versus global patterns

The regional changes in the marine biodiversity can
be compared to global data shown in Fig. 4. The glo-
bal marine biodiversity reached a relatively high level
in the Cenomanian, but dropped by about 10% in the
Turonian and remained diminished until the Santo-
nian, when its gradual, but pronounced acceleration
began to reach a diversity peak in the Maastrichtian
(Purpy 2008). This biodiversity dynamics differed
strongly from that established in the Eastern Caucasus
(Fig. 4) with two exceptions. Both regionally and
globally, the Turonian appears to be characterized by
a diminished marine biodiversity. If so, we need to
consider not only short-term (e.g., LECKIE et al. 2002),
but also possible long-term consequences from the
C/T event on both regional and global scales. The
other possible exception concerns the Maastrichtian,
when marine biodiversity was high both regionally
and globally.

Discussion
Interpretations of biodiversity dynamics

Our results (Fig. 3) demonstrate that the changes in
total diversity of the studied fossil groups exhibit
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early Maastrichtian) and three
minima (late Cenomanian-late
Turonian, the early Santonian-
late Campanian and the late
Maastrichtian). Interestingly,
it remains unclear which of
these events were unusual,

1.e., what of them reflected the
“normal” biodiversity and
what reflected deviations from
this norm. E.g., it is possible
that the Coniacian and the
early Maastrichtian diversity
peaks were unusual events,
which were superimposed on
the constant and relatively low

diversity that persisted during
the Turonian—Maastrichtian. If
so, the early Santonian—late
Campanian and late Maast-
richtian minima represent nei-
ther diversity disruptions nor
biotic crises. In other words,
the Late Cretaceous evolution

T of marine invertebrates in the

Eastern Caucasus could have
been marked by few sponta-
neous radiations, not diversity
drops.

The biotic signature of the

C/T event seems to appear
both, globally and regionally as
a diversity minimum in the
Turonian. The two other events

registered in the Eastern Cau-
casus, namely the early Santo-
nian-late Campanian and the
late Maastrichtian diversity
minimums (Fig. 2), are not
reflected by the global curve
(Fig. 4). In the case of the late
Maastrichtian, however, this
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Fig. 3. Changes in the total number of genera of particular fossil groups in the
Eastern Caucasus (Azerbaijan) during the Late Cretaceous. See Fig. 2 for stage

abbreviations.

some more or less common pattern, which does not
permit to judge the cumulative diversity of macroin-
vertebrates as haphazard (Fig. 2). In contrast, this
cumulative diversity reflects the more or less true
dynamics of the entire marine ecosystems in the
Eastern Caucasus.

The main recognized events are three diversity
maxima (middle Cenomanian, late Coniacian and

| I I | I ]
Cel Ce2 Ce3 Tul Tu2 Col Co2 Sal Sa2 Cal Ca2 Mal Ma2

discrepancy can be explained
by the low-resolution of the
curve given by PURDY (2008).
If the Coniacian and early
Maastrichtian diversity peaks
were regionally-specific un-
usual events, which can be
omitted from comparison, the
noted discrepancy between the regional and global
records is not something unexpected.

However, analogs of the early Santonian-late
Campanian and late Maastrichtian regional biotic
crises can be traced with some other geological data,
if they cannot be established with the global biodiver-
sity curve of PURDY (2008). The regionally-docu-
mented early Santonian-late Campanian biotic crisis
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might have been linked to the OAE3 event recognized
in some other regions (ARTHUR & SCHLANGER 1979;
JENKYNS 1980; ARTHUR et al. 1990; JENKYNS et al.
1994; REY et al. 2004; WAGNER et al. 2004,
TAKASHIMA et al. 2006; JONES et al. 2007) and left
some imprint on marine organisms (e.g., PREMOLI
SiLvA & SLITER 1999, TosHMITSU & HIrRANO 2000;
TakAHASHI 2005). But both, duration and global
extent of the OAE3 itself remain questionable, which
precludes us from drawing any definite conclusion
about its signature in the Eastern Caucasus. Similarly,
we are not aware of any supporting evidence (either
geochemical or lithological) of significant oxygen
depletion at the Coniacian-Santonian transition in the
study area. On the other hand, if the OAE3 was a
global event affecting the marine biota, the biodiver-
sity loss in the Eastern Caucasus was quite likely
related to this event. Furthermore, the presence of the
Coniacian/Santonian disruption in the marine ecosys-
tems in the Eastern Caucasus region could be inter-
preted towards a broader extent of the OAE3 event.
However, all above-said is valid only, if the early
Santonian-late Campanian biotic crisis was a true
event. If it was just apparent (see above), none region-
al evidence of the OAE3 should be hypothesized.

Considering the regionally-reported late Maastrich-
tian biodiversity minimum, it should be noted that
KELLER (2008) suggested the diversity of marine
species reached its maximum during the mid-Maast-
richtian to be followed by stress started ~ 400 kyr
before the end of the Cretaceous. If so, the reduction
in macroinvertebrate diversity during the late Maast-
richtian (Fig. 2) in fact can be an only regional phe-
nomenon traced in the Eastern Caucasus.

One may hypothesize that the observed biodiversi-
ty dynamics, both regional and global, is influenced
by the chosen stratigraphic scale. In other words, the
stages with longer time duration may exhibit an
apparent higher diversity. A comparison of the
absolute length of stages with changes in diversity
(Fig. 4) does not indicate any dependence. The
regional diversity peak occurred in the stage with the
shortest duration (Coniacian), whereas the global
diversity also peaked in the relatively short stages
(e.g., Maastrichtian). Thus, the chosen stratigraphic
scale seems not to have a biasing affect on the biodi-
versity results here.

The documented diversity minima may be inter-
preted as the true expressions of regional biotic crises.
However, it needs to be considered that every set of
regional palaeontological data is incomplete because
of interruptions of the fossil record (so-called ‘Laza-
rus effect’ - see RUBAN & vaN LooN 2008). Temporal
disappearance of genera because of migrations,
changes in the preservation state, etc. might have
caused those total diversity minima mentioned above.
Our data (Appendix 1) indicate that ranges of only
two genera were temporally interrupted at the time of

the late Cenomanian-late Turonian diversity mini-
mum, whereas 6 interruptions were found at a time of
the early Santonian-late Campanian diversity mini-
mum. In both cases, however, this incompleteness is
not so significant to postulate the minima were just
apparent because of pseudoextinctions. We can just
point out that the early Santonian-late Campanian
biotic crisis was more affected by the state of the
regional fossil record than that during the late
Cenomanian-late Turonian.
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Fig. 4. Dynamics of the Late Cretaceous global (after
PurDY 2008) and regional (Azerbaijan, this study) marine
biodiversity calculated per stage. See Fig. 2 for stage
abbreviations. Numbers given below the stage abbrevia-
tions on the horizontal axis indicate the absolute duration
(in Ma) of the stages (calculated on the basis of OGG et al.
2008).

Possible factors of biodiversity dynamics

Our results raise the question about the factors,
which drove the diversity of marine macroinverte-
brates in the Eastern Caucasus throughout the Late
Cretaceous and triggered the documented biotic
events. We consider oceanic anoxia, seawater palaco-
temperature changes and shoreline shifts as possible
environmental controls on biodiversity dynamics. Re-
gional patterns, which coincide with global ones, may
be explained by the possible influence of global
mechanisms like oceanic anoxia. This does not mean,
however, that only global influences were a driving
force. In contrast, they interacted with regional factors
such as seawater palacotemperature changes and
shoreline shifts.

Although detailed geochemical studies of the
Cenomanian-Turonian transition in Azerbaijan still
need to be done, black shales, which bear an evidence
of synsedimentary oxygen depletion, are locally
reported from this transition (e.g., ALI-ZADEH 1988).
Additionally, black organic-rich laminated marlstones
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that reveal total organic carbon concentrations (TOC)
of up to 12% and a stable carbon isotopic excursion
with a magnitude of about 5.6 %o (613C0rg) are report-
ed from the Cenomanian-Turonian transition of
Mountainous Dagestan, i.e., northward of Azerbaijan
(Tur et al. 2001; GAVRILOV ef al. 2009). At least, the
local presence of C/T-black shales in Azerbaijan and
Mountainous Dagestan suggests that marine oxygen
depletion related to the global OAE2 might have
stressed macroinvertebrate communities and triggered
their collapse, which resulted in the minimal diversity
during the Turonian. A pioneering bottom seawater
palaeotemperature study by JAsaMANOV (1978) em-
ployed stable oxygen isotopes (6!80) and Ca/Mg
methods that permit to reconstruct the regional
changes in seawater temperature on the basis of ben-
thic organisms during the Late Cretaceous (Fig. 5). It
should be noted, however, that any absolute palaco-
temperatures reconstructed based on oxygen isotope
palaeothermometry face a wide range of uncertainties
potentially associated with such techniques (e.g.,
LONGINELLI 1996, pers. comm.; LECKIE et al. 2002;
VOIGT et al. 2004; WILSON et al. 2002; FORSTER et al.
2007b). Generally, no definite relationship between
the changes in seawater temperatures and macroinver-
tebrate diversity is observed here for the Eastern
Caucasus region. The high total number of genera in
the Cenomanian and the Coniacian as well as the low
number of genera in the Santonian-Campanian (Fig.
2) corresponded to the relatively cool state of water
masses (Fig. 5). The low total number of genera in the
Turonian (Fig. 2) occurred at a warmer episode (Fig.
5). This is in some agreement with a suggestion by
KELLER (2008), who implied that Late Cretaceous
biodiversity increased in a cool climate. Although it is
self-evident that bottom seawater temperatures might
have been more important for benthic organisms, our
results on particular fossil groups do not confirm this
assumption (Figs. 3 and 5). Diversity of benthic
organisms changed with no relations to changes in the
bottom seawater temperatures.

Interestingly, both, the global and regional biotic
crisis, which followed the C/T boundary, coincided
with a warming episode. Acceleration in temperatures
at the time of the OAE2 is known not only in the
Eastern Caucasus (JAsamanov 1978), but also in the
subtropical proto-North Atlantic ocean (e.g., HUBER et
al. 1999; KUHNT et al. 2005; FORSTER et al. 2007a, b),
the north European midlatidude shelf seas (e.g.,
JENKYNS et al. 1994; VOIGT et al. 2004, 2006) and the
midlatidudes of the Southern Ocean (e.g., HUBER et
al. 1995; CLARKE & JENKYNS 1999). According to va-
rious existing long-time Late Cretaceous palaeotem-
perature records, the relative palacotemperature max-
imum corresponds to the Turonian stage (Cretaceous
thermal maximum sensu WILSON ef al. 2002). Never-
theless, evidence for intermittent cooler intervals
exists even during this interval of extended global
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Fig. 5. Changes in the bottom seawater palaeotemperatures
in the Eastern Caucasus during the Late Cretaceous.
Deduced from Jasamanov (1978). Black bars indicate
palacotemperature ranges observed within the Eastern
Caucasus for the Turonian and Campanian stages. See Fig.
2 for stage abbreviations.

warmth (i.e., during the mid-Turonian: e.g., CLARKE
& JENKYNS 1999; FORSTER et al. 2007b; BORNEMANN
et al. 2008; SINNINGHE DAMSTE et al. 2010). There-
fore, it appears likely that even the most elevated
Cretaceous sea temperatures as recorded during the
Turonian stage may not have been prevailing and,
thus, these high temperatures were probably not the
only underlying cause for the general marine biodi-
versity decline. More high-resolution palaeotempera-
ture studies in Azerbaijan are necessary to evaluate
this consideration on a regional scale.

When discussing the regional record, shoreline
shifts, which are corresponding to transgressions and
regressions (sensu CATUNEANU 2006), should be sepa-
rated clearly from changes in basin depth (RUBAN
2007). In case of the Eastern Caucasus, the available
palaeogeographical reconstructions (e.g., JASAMANOV
1978) suggest that both shallow- and deep-marine
environments persisted on its territory throughout the
Late Cretaceous. Therefore, a similar range of niches
remained during the epoch. If so, changes in the
basin’s depth cannot be considered among main fac-
tors of the biodiversity dynamics (although indirectly
they may have influenced on some palaeotemperature
estimations).

The record of regional transgressions/regression
remains scarce. Some information is available for the
Turonian and Campanian stages, which are discussed
below. The early Turonian regressive episode, which
followed the latest Cenomanian transgression, is well-
documented in some Peri-Tethyan regions, including
the Caucasus (JASAMANOV 1978; BARABOSHKIN et al.
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2003). In the Lesser Caucasian counterpart of
Azerbaijan, the distribution of Turonian deposits is
restricted, whereas in the Greater Caucasian counter-
part, a transgressive contact between Turonian and
underlying upper Albian-Cenomanian deposits is
traced (ALI-zADEH 1988). Globally, the early Late
Cretaceous sea level experienced changes, which are
now considered as glacioeustatic by some authors
(e.g., GALE et al. 2002; MILLER ef al. 2005; KocH &
BRENNER 2009; GALEOTTI ef al. 2009). The C/T event
occurred during a sea-level rise, which is documented
across the globe (HAQ ef al. 1987; HALLAM & WIG-
NALL 1999; HAQ & AL-QAHTANI 2005; VOIGT et al.
2006; GROSHENY et al. 2008; PEARCE et al. 2009).
HAQ & AL-QAHTANI (2005), who updated the earlier
eustatic curve proposed by HAQ et al. (1987), imply a
slight fall of the global sea-level during the Turonian,
which followed its C/T highstand. The same is sug-
gested by alternative constraints of MILLER et al.
(2005), who indicated even a sharper eustatic fall in
the Turonian relatively to the Cenomanian. ZORINA et
al. (2008) report a global concentration of hiatuses
within the Turonian sedimentary successions. Thus,
there is clear evidence of eustatic lowstand during the
Turonian after the latest Cenomanian highstand. This
is in line with the sea level history observed in the
Eastern Caucasus (see above), and also consistent
with the regional and global marine biodiversity dy-
namics (Fig. 4). The Campanian transgression is
another regionally-documented feature (JASAMANOV
1978). The global curves presented by HAQ & AL-
QAHTANI (2005) and MILLER et al. (2005) propose a
different history of the sea level during this stage. The
former authors depict a rise followed by a highstand.
If so, the eustatic mechanism of the regional trans-
gression in the Eastern Caucasus should be consid-
ered. MILLER ef al. (2005) depict a highstand followed
by a stepwise fall. In this case, the regional shoreline
shifts would not reflect global influences. Interesting-
ly, the Campanian diversity of marine invertebrates
declined in the Eastern Caucasus, but rose globally
(Fig. 4). This dissimilarity is in good agreement with
the difference between regional shoreline shift and the
eustatic change documented by MILLER et al. (2005),
although this does not clarify the links between diver-
sity and shoreline shifts. Anyway, despite of the
above-made observations, it is too early to tell about
any direct relationships between marine biodiversity
and eustatically-driven shoreline shifts.

Differences between the conventional (PURDY
2008) and modelled (sample-standardized) (ALROY et
al. 2008) global biodiversity curves indicate a wide
range of possible errors in quantitative assessments of
the fossil record. GALE et al. (2000) and SMITH et al.
(2001) question the completeness of palacontological
data relevant to the Cenomanian-Turonian transition.
It is possible that huge facies shifts as well as hiatus-
es were able to produce significant biases in the fossil

record, both regionally and globally. If this is true, not
shoreline motions themselves, but the relevant
changes in the habitats and preservation of the fossil
organisms should be considered as important controls
on the regional biodiversity dynamics.

Comparison with the available foraminiferal
record

Foraminiferal assemblages were very sensitive to the
C/T event (e.g., JARVIS et al. 1988 ab; KAHO &
HASEGAWA 1994; LAMOLDA & PERYT 1995; PERYT &
LAMOLDA 1996; ULICNY et al. 1997; HASEGAwA 1999;
PAUL et al. 1999; PREMOLI SILVA et al. 1999; AGUILERA-
FrRANCO et al. 2001; KELLER ef al. 2001; DESMARES et
al. 2004; Cocciont & Luciant 2005; GROSHENY et al.
2006; FRIEDRICH et al. 2006; KELLER ef al. 2008). Two
regional datasets on foraminiferal distributions in the
Upper Cretaceous deposits of the Eastern Caucasus are
available. The first one compiled by ALI-ZADEH (1988)
permits to outline stratigraphic ranges of 36 genera
from Azerbaijan, whereas the other one compiled by
SAMYSHKINA (1983) allows to delineate stratigraphic
ranges of 73 genera from Mountainous Dagestan.
These regional micropalacontological data are impor-
tant for this study because of two main reasons. First,
the current paper discusses the utility of the available
(i.e., published) data for palaeobiodiversity studies. If
so, each available dataset should be examined in order
to understand its possible importance. Second, even
invalid datasets may reveal some interesting patterns,
especially with regard to the regional signature of bio-
events.

In our view, the foraminiferal data from the Eastern
Caucasus require a certain (if not significant) correc-
tion. For example, Rotalipora and other rotaliporids
should not be reported from the Turonian because
these taxa were disappearing during the C/T event
before the uppermost Cenomanian (CARON 1985; Ro-
BASZYNSKI & CARON 1995). However, it is not exclud-
ed that minor inaccuracies exist in the regional bios-
tratigraphic framework (cf. RuBan, 2003b). This
should not affect significantly the stage-by-stage
examination of the whole marine biodiversity, but
may lead to deviation of particular taxa ranges.
Similarly, as documented by SAMYSHKINA (1983), the
assemblages of the different species of Globotrun-
cana are, at the earlier, characteristics of Santonian
(CARON, 1985; RoBAszyNSKI & CARON, 1995), but
they should not be identified in Turonian as reported
in her study of this region (SAMYSHKINA, 1983). Mo-
reover, Rugoglobigerina should not be commonly
found prior the Campanian (even if the appearance of
some Rugoglobigerina yet in the Santonian as sug-
gested by some new unpublished data cannot be fully
excluded). This contradiction could be explained here
by a taxonomic uncertainty. Indeed, the species of
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Rugoglobigerina are described here as intermediate
forms between Archaeoglobigerina and Rugo-
globigerina, and the former can be identified in the
Turonian. Thus, these, as those which are regrouped
in Globotruncana, need taxonomic reassignment. As
an other example, in the works of SAMYSHKINA (1983)
and ALI-ZADEH (1988), Turonian species of Globo-
truncana are now classified in Marginotruncana.
These discrepancies restrict the utility of foraminifer-
al data from the Eastern Caucasus. Its deep revision, if

Thus, the micropalacontological records available
from both Azerbaijan and Dagestan are semi-valid,
but not invalid. The lack of validity, however, may
explain differences in Late Cretaceous diversity
dynamics of marine macroinvertebrates and forami-
nifers (Figs. 4 and 6) as well as differences between
regional and global foraminiferal diversity changes
(Fig. 6). It is worth to note that global changes in the
number of genera of marine invertebrates recorded by
PurDY (2008) and foraminifers recorded by TAPPAN &
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it is possible, may lead to changes in taxa ranges and,
thus, somewhat different diversity patterns. However,
as warned above, minor stratigraphic inaccuracies
should also be considered.

LoeBLICH (1988) coincided pretty well (Figs. 4 and 6).
Such coherence proves indirectly an idea that defi-
ciencies of micropalacontological data from the East-
ern Caucasus explain the above-mentioned differen-
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ces. However, the total generic diversity of foramini-
fers declined both globally and in Azerbaijan.

Conclusions

In the Eastern Caucasus, marine macroinverte-
brates experienced losses in the total generic diversity
during the late Cenomanian-late Turonian, the early
Santonian-late Campanian, and the late Maastrichtian,
some of which may be judged regional imprints of
global events. There is strong evidence of a regional
biotic signature of the C/T event, which stressed
corals, cephalopods, and gastropods. With respect to
this regionally-documented event, regional and global
patterns of long-term marine biodiversity changes
match well. The causes of this event may be linked
with oxygen depletion (OAE2) and eustatic fluctua-
tions. Available information on foraminifers only pro-
vides a very unclear evidence of the C/T event within
the study region. The Santonian-Campanian diversity
minimum as documented by our study poses another
intriguing question about the spatial extent of the
palacoenvironmental perturbations linked to the
OAE3 event. It cannot be excluded that impact of the
latter event on marine ecosystems still remains under-
estimated. However, the noted regional minimum can
be just apparent and explained by location on the
graph (Fig. 2) between short-term radiations in the
Coniacian and the early Maastrichtian. Both, the glob-
al and regional palacoenviromenal changes might
have been important controls on biodiversity changes.
In particular, an importance of the OAE2 for the
Turonian diversity decline is recognized both in the
Eastern Caucasus and on the global scale.

The results presented in this paper emphasize that
regional tracing of signatures of potentially-global
events is a powerful tool to test their consistency. This
is important, particularly, with regard to the biotic
effect of OAE2, whose global extent was recently
questioned (WESTERMANN et al. 2010). On a regional
scale, further geochemical exploration at the C/T
boundary interval as well as palaeotemperature and
sea-level studies are urgently needed in order to
unravel the controls on the regional marine biodiver-
sity dynamics. Another task for future studies is an
explanation of the Coniacian and early Maastrichtian
diversity peaks. This will permit to realize whether
these two were unusual events, and, thus, whether the
early Santonian—late Campanian and late Maast-
richtian diversity minima do not indicate true crises.
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Appendix 1. Late Cretaceous genera of macroinvertebrates from Azerbaijan (compiled from ALI-ZADEH 1988). See Fig.
2 for stage abbreviations

GENERA Cel | Ce2 | Ce3 | Tul | Tu2 | Col | Co2 | Sal | Sa2 | Cal | Ca2 | Mal | Ma2
Brachiopods
Basiliola X X
Bolgarithyris

Concinnithyris

Cretirhynchia

X | X[ X|X
XX [ X|X

Cyclothyris

Kingena

X |~ [ X|X|[X]|X

Najdinothyris
Orbirhynchia
Ornathothyris X X
Corals
Actinastraea X X
Agathella X
Astrogyra X
Aulosmilia X X
Conicosmilotrochus X X X

XX || X[ X|X|X

Cunnolites X

Dimorphastraea X
Felixyra X X X
Fungiastraea X

Meandrosmilia X

Placocoenia X X
Vallimeandra X X
Cephalopods
Acanthoceras ? X ?
Baculites X X
Belemnella X X
Belemnitella X X X
Diplomoceras X X
Neohibolites X X
Pachydiscus
Parahibolites X X X
Pseudokossmaticeras X X
Puzosia X X X
Schloenbachia X
Echinoids
Cardiaster X X
Catopygus ? ? ? X
Conulus ? ? ? X X X X X X X X
Coraster
Echinocorys X X X X X X X
Galeaster X
Galeola X
Galerites X X

X
X
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GENERA

Cel

Ce2 Ce3

Tul

Tu2 Col

Co2 Sal

Sa2

Cal

Ca2 Mal

Ma2

Echinoids

Guettaria

X

X

Hemipneustes

Holaster

Holectypus

Homoeaster

Isomicraster

Isopneustes

Micraster

Ornithaster

Peronaster

Phymosoma

Plesiocorys

Pseudopyrina

Pseudoffaster

Pygurus

Rachiosoma

Seunaster

X

Stegaster

Turanglaster

Gastropods

Actaeon

Actaeonella

Ampullospira

X

Dalmatea

Eotrochactaeon

XXX | X[ X

XXX | XX

Glauconiella

Gymnentoma

X

X

X

Haploptyxis

Helicaulax

XX | X | X

Ttruvia

X

Jaccardiella

Neoptyxis

Nerinella

Oligoptyxis

Omphaloactaonella

XXX | XX |X

X | X | X |X

Parasimploptyxis

Plesioplocus

Pseudomesalla

Simploptyx

Trajanella

Trochactaeon

X- presence, ? - possible presence
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Pe3nme

T'opmoxkpenna TMHAMHKA MOPCKOT
ounonusep3urTera Ucrounor KaBkasa,
cepepuu Heo-Terucku okean:
peruoHa/iHe IpOMeHe Y3pOKOBaHe
n1o6aanum norahajuma

3a Bpeme Topme Kpefe A0ia3u 10 3HadajHe Mpo-
MeHe y OMOAMBEpP3UTETY MOPCKHX opraHuzama. Omn-
IITH €BOJYIIMOHU TPEHIOBU OWIIN Cy TIPOY3POKOBAHH
cnenupUIHNM JI0TajjjajiuMa.

I'pannnia neHoman/typon (93,6 Ma), koja BepoBa-
THO YKa3yjy Ha TOpHY TPAHHILy CpPEIEOKpEIHE Ce-
puje, je mepuoa KOju ce KapaKTeprucao H3PaKeHHM
IIpoMeHaMa CpeIiHe Ha YUTAaBoj IaHeTH. MIHTe3nBHE
MIPOMEHE U M3YMHpPAhe M0jeTUHIX MOPCKIX OpraHu-
3aMa, OKEaHCKH aHOKCHYHU Aoralaj u mosehame ByII-
KaHCKE aKTHUBHOCTH 3HaYajHO CE O/Ipa3wiio Ha Qocui-
HE, CeINMEHTAINOHE U TeoXeMujcka mopaTke. O0uM u
jaanHa OMOTCKHX Kpr3a ONMU3y TpaHHIle IIEHOMAaH/Ty-
poH jom yBek cy auckyrabwmHu. M axo Behm meo
rmoJjaTaka KojuMa Ce pacroyiake MoTH4e U3 Moapydja
Menutepana, EHrnecke u JamaHa, Maji€OHTOJIOIIKU
oAy, MHOTHX TOTEHIIMjajTHO 3HA4YajHUX pPEruoHa,
jOIII YBEK HUCY TOBOJbHO Tipoydenu. Mcrounn KaBkas,
O0u Morao ma Oyme pervioH Of IaJeOeKOJIOIIKOT 3Ha-
Yaja 300T HeroBe crenupuvHe MajJeono3nlrje Ha
ceBepHoj Mmapruan Heo-Teruckor okeana, m3mely
Annckux ctpykrypa EBpome u Tepana Cpeamer
Hcroka, 1 ¢ 063upoM Ha TO Ja TIOKa3yje perpe3eHTa-
TUBHY TOPHOKPEIHY CYKIIECH]Yy Ca JOKYMEHTOBaHUM
pacipocTpamemeM Pa3HOBPCHE (ayHe MOPCKHX Ma-
KkpobOecknumermaka. OBOM TPUIMKOM TPUKA3aHO je
cTpaturpadcko pacmupoctpameme 80 pomoBa MoOp-
CKHX MakKpoOeCKHUMEmaKa TOPHOKPETHUX CEllr-
MeHara AsepOejiana. AHanm3upaHe (OCUITHE TpyTie
yKIbYIyjy (O6poj pomosa): nedamomone (11), 6paxwo-
mone (9), ractponozae (21), xopane (12) u exuHHIES
(27). 3a Bpeme ropme kpene y HMcrounom Kakaszy
Pa3HOBPCHOCT POJIOBA je Omia jako n3pakeHa. Tokom
JIOWET U CpeImer IIeHOMaHa J0ia30 J0 Omaror mo-
pacTa pa3sHOBPCHOCTH KOja 3aTWM omaaa 3a 2/3 3a
BpEMe TOpHET IIeHOMaHa—TOPI-ET TYPOHA, 1a OH oTIeT
JONUIO A0 TIOpacTa y TOPHEM KOHHjaKy. Y IOHmEM
CaHTOHY J0ja3u a0 ciexeher Hamior omamama y
OnonuBep3uTy (32 OKO TIOJOBHHY) W OBaj TPEHH Ce
ITOCTETIEHO HACTaBJhba CBE JI0 Kpaja KammaHa. Y Jo-
M MAaCTPHUXTY J0Ja3H MMOHOBO 10 OMOTCKE pajuja-
ngje, Aa OM y TOPHEM MACTPUXTY YCIEAWIO HEHEHO

omagame. [ OpHOIIeHOMAaHCKU-TOBOTYPOHCKH forahaj
YTHIIATK Cy Ha Kopale, nedasornone W racTpoIose,
JIOK Cy eXWHUAW OWnu Mame yrpokeHH. Jlomocan-
TOHCKHU-TOPHOKAaNMaHCKu norahaju Ownm cy Hero-
BOJAHU 3a Opaxuoriofe, Kopanie, medanomome Hu
racTpornone. JeAnHrn nu3y3eTaK MpeACcTaBiba)y €XUHH-
1 49dja ce pasHOBPCHOCT TocTeneHo moBehaBa 3a
BpeMe IIeJIOT TOPHET TypOHA U JOHET KamrmaHa. [ op-
OMACTPUXTCKH Jorahaj yTude Ha Opaxworone Hu
exuaue. lledanomonu oYNTIIETHO MPEXHUBIHABA]Y
OBY Kpr3y 0e3 HKaKBUX MOCIIENIIA, Tj. FFUXOB YKyTIaH
MUBEP3UTET HHjEe CE€ MPOMEHHO. 3ajeHUYKO 3a II0-
MeHyTe norahjaje jecte nma cy OWIM HEMOBOJPHH 3a
HEKOJIMKO TPyIla MaKpoOeCKNIMEmaKa, Maja TO HUCY
Omie cBakd TyT HWCTe Trpyme. [modamHa guHAMHUKA
OmoaMBep3nTETa C€ paziIMKOBaia OJf TUHAMHKE Koja
ce nemapana y Ucrounom KaBkasy.

Jobujern pesynaTatd MoKa3yjy Aa Cy MPOMEHE Y
YKYITHOM TUBEP3UTETy MPOydaBaHUX (OCHUIHHX TpY-
a OfIBHjajie 10 Mame WITU BHIIE 3ajeTHUYKIM 00pa-
31KMa, IITO YKa3yje Ha TO Ja IPOMEHe Koje CY JI0Bele
JI0 BEJNHWKE Pa3sHOBPCHOCTH MaKpOOeCKMIMEmaKa
HUCY HUKaKko Owie ciny4ajHocT. Haj3Hauajamju mora-
haju cy moBenm A0 Tpu MakcuMyMma (Cpemmu IIeHO-
MaH, TOPHH KOHUjaK U JOKU MAaCTPUXT) U TP MUHH-
MyMa (TOpHH [IEHOMaH—TOPHH TyPOH, JOHKH CAaHTOH—
—TOpHY KaMIaH W TOPHH MACTPHUXT) Y HHXOBOM
MUBEP3UTETy. 3Ha4ajHU Moraljaju Koju Cy ce JIeCHIH
TOKOM I[eHOMaHa ¥ TypOHAa JOBENH Cy JI0 II0jaBe MU-
HUMyMa Yy AWBEP3UTETYy TOKOM TYpOHAa, W TO KakKo
I00ATHO TaKO W PETHOHAIHO. J[MBEP3UTETCKN MUHU-
MyM KOju ce jgorajao TOKOM CaHTOHA M KamIlaHa, a
KOJH je JTOKyMEHTOBaH HAIllOM CTYIHjOoM, yKa3yje Ha
CYIITHHCKO TIHTalke KOj€ CE€ OIHOCH Ha MPOMEHE Y
pacropey majleocpeinHa U BUXO0BE ITOBE3aHOCTH Ca
OAE3 porahajem. MelyTum, 3ana’keHN perHOHATHH
MHAMHMYM MOXe OHWTH 00jalImheH KpPaTKOTpajHOM
paaujanijoM y KOHHjaKy U AomeM macTpuxty. CMma-
BEhE TUBEP3UTETA Y OKBUPY MaKpoOeCKHUMemaKa 3a
BpeMe TOPH-ET MacTPUXTa MOXKE y CTBapu OUTH caMo
peruoHanau (peHomeH 3abenexeH y Mcrounom Kas-
ka3y. [nmobamHe w pernoHajsHE TPOMEHE Hajieo-
cpeauHa MMalie Cy jaK YTHIAj HAa TIPOMEHe OnoIu-
Bep3UTeTa. 3HaYaj OKEaHCKOT aHOKCHYHOT Aoralaja 2
3a OIMalamke TYPOHCKOT IUBEP3UTETA j€ YTBPhHEH Kako
y Hcrounom KaBkazy kao Tako W Ha II00agTHOM
HUBOY. Pesynratn panma ykasyjy na mpaheme perno-
HAJTHAX TIPOMEHa KOje Cy MPOy3pOKOBaHE MOTEHIIH-
jamHO TnoGamHMM norahajuma Mory OWTH On H3Y-
3€THOT 3Hadaja MpH MIPOBEPH HUXOBE KOH3UCTEHIH]E.
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Involutina farinacciae BRONNIMANN & KOEHN-ZANINETTI 1969,
a marker for the Middle Liassic in basinal and some platform facies

of Mediterranean and near east areas: the discussion concerning
the paleogeography of Montenegro-Albania border region
(the Scutari—Pe¢ Lineament)

RaAJkA RaDpOICIC & DivNa JovaNOVvIC

Abstract. Foraminiferal species Involutina farinacciae BRONNIMANN & KOEHN-ZANINETTI, is a marker of
Middle Liassic basinal and transitional platform bassin facies widely distributed in Mediterranean area (Um-
bria—Marche, Pindos, Budva, Sicilia and the Inner Dinarides basin), also in Iraqi Kurdistan (“Avroman”
Basin). In the Dinaric Carbonate Platform (DCP) it indicates intramarginal and intraplatform depressions.

Paleogeography of the Montenegro—Albania border area formed by the inherited prealpine paleogeo-
graphic scenario that resulted in a different arrangement of the paleogeographic units westward and eastward
of the paleostructure (Scutari—Pe¢ Lineament) which controlled the geological history of the region. This
transverse paleostructure was a) coincident with the paleogeographic front of the DCP, and b) the westward
limit of the overtrusted Mirdita Zone. The difference in the paleogeographic features in the prolongation from
the DCP througout Albania, controlled by paleostructure, are the source of seizmicity, rotation and deviation
(SE to NW, into NE) of the Complex Mirdita Zone.

Key words: Involutina farinacciae, marker, Middle Liassic, distribution, Budva Basin, Scutari—Pec¢ lineament.

Ancrpakr. [Ipukazanu cy Hanaciu Bpcte Involutina farinacciae BRONNIMANN-KOEHN ZANINETTI y OaceH-
ckuM cyknecujama Mpauxor Kypaucrana (ob6mact ABpoMaHa), y jeMHANIAMA YHYTpaIImBux JuHapuma, YM-
6puja—Mapxke, bynBa—Kpacra, [luanoc n Cunmnuja. Ha mpocropy [uHapcke xapOoHaTHe IuiaTgopme oBa
BPCTa Ce jaBJba y MHTPaMapruajHuM WM TPAHCBEPCATHHM JeTIpecHjaMa, apeajMa OTBOPEHE MapruHe U IIpe-
Ja3HOT Hojaca miarpopma—oaceH. [lopex HEKOMKO ONMIITHX MoAaTaka o bynsa OaceHy, 370XKEHH Cy MOAATIH
o naseoreorpaduju rpanndne odnactu LipHa [opa—AnGanuja (Cxkanap—Ileh nunuja).

Kmyune peuu: Involutina farinacciae, mapkep, CpefmH JHjac, pacupocTpameme, bynsa OaceH, Cka-

nmap—Ileh mmanja.

Introduction

BRONNIMANN & ZANINETTI (1969) described Invo-
lutina farinacciae, a new foraminifera species, based
on specimens from the Middle Liassic of Lacium,
southern Italy, ascribed by FARINACCI (1967), to Semi-
involuta clari KRISTAN.

The species Aulotortus regularis ZUCCARI, 1969,
described from the Middle Liassic of Umbria, is a
younger synonym of /. farinacciae, because the note
with the description of the species was being in print
when 1. farinacciae was published (ZUCCARI 1969,
postscriptum on p. 426).

Involutina scandonei (RADOICIC 1969) is also a
younger synonym of 1. farinacciae being published
at the end of year 1969. I. scandonei was described
from the Lower Dogger of the Budva Basin (Lastva
section), also known from similar basinal sediments
of Pindos (Koziakas), Sicily (Valone Crisanti) and
from the Inner Dinarides of SW Serbia. According to
the manuscript geological map SW Serbia, sheet Uzi-
ce, limestone with . scandonei forms the lower part
of Diabase Chert Formation (“Lower Dogger”).
Therefore, without additional information the same
age is given to the sediments bearing this species,
which has been revised. 1. farinacciae occurs, as in the

I Kralja Petra I, 38, 11000 Belgrade, Serbia. E-mail: rradoicic@sezampro.rs
2 Geological Institute of Serbia, Rovinjska 12, 11000 Belgrade, Serbia. E-mail: djdivna@gmail.com
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type area, through the middle part of the Liassic strati-
graphic column (RADOICIC 1987). No finer stratigra-
phic distribution can be given at present.

In addition to information about the Liassic sequ-
ences in which /. farinacciae occurs, few references
are made to the Budva Basin and to the paleogeo-
graphy of the Montenegro—Albania border area (the
Scutari—Pe¢ lineament).

Geographic distribution and
biostratigraphy

L farinacciae is the species of very large geogra-
phic distribution. In addition to the mentioned areas, it
is reported from Iraqi Kurdistan, from the Inner Di-
narides, Dinaric Carbonate Platform, and from the
Budva Basin.

Iraqi Kurdistan

In the Avroman Range area, NE Iraq, the Juras-
sic—Cretaceous carbonate clastics- cherty series are
very similar to those of the Budva and Pindos Basins.
The Liassic intervals consist of siliceous calcilutites,
calcutites with radiolaria and resedimented carbonates
and microbreccias. Resedimented limestones bearing
1 farinacciae have been found in five locations: NW
and SW of the village Seh Riyawra, NW of Tut Agaj,
the right bank of the Wadi Chagan (toward Gala
Zadri) and near to the village Zangi Sura (RADOICIC
1987, foot-note in the Serbian text).

Inner Dinarides
Mountain Zlatibor

Liassic ooidal-peloidal limestones with /. farinac-
ciae from Dreznik (PL. 1, Fig. 1), the NW area of the
Zlatibor ophiolite massif, previously ascribed to the
“Diabase Chert Formation”(DCF), are most likely
only the middle Liassic sequence in the succession
underlying DCF (MoJsIiLoVIC et al. 1971). Identical
limestone with . farinacciae, Agerina martana and
some other foraminifera, are found near the Bela Reka
on SE Zlatibor Range (PI. 1, Figs. 10, 11).

The stratigraphic gap between the DCF and the
underlying carbonate sediments, in Zlatibor region,
occurs at different ages: from the Rhaetian—Liassic,
upper Liassic or ?lower Dogger.

Sjenica—Prijepolje
The “Dogger and Malm limestones with chert” of

the Diabas Chert Formation are outcropped near
Sjenica and WSW of Sjenica toward Prijepolje (Geo-

logical Map sheets Sjenica and Prijepolje; MoJsILOVIC
et al. 1973; CIRIC et al. 1977). In a paper on DCF in
this area, JovANOVvIC et al. (1979) describe the
limestone-chert unit near Vrelo as the Diabase Chert
Formation “III litotype”. Ooidal limestone is menti-
oned from the older part of the stratigraphic suc-
cession, in which certain layers bear “atypical
microfossil association”. Tithonian marly micrite
containing Calpionella alpina and Calpionella ellipti-
ca is the youngest of the described geological column.
Evidence of an older, Liassic part of the limestone-
chert unit that was taken to be a member of the DCEF,
are the association I. farinacciae, Bosniella cf. oe-
nensis, A. martana from the sediments near Vrelo (PI.
1, Fig. 7). Consequently, the ?continous stratigraphic
succession at Vrelo includes sediments both older and
younger than the Diabase Chert Formation, respecti-
vely underlying and overlying formations (age cor-
relative to Kr§ Gradac, RADOICIC et al. 2009). The
same Liassic resedimented ooidal-peloidal limestones
are sampled in the belt Sjenica—Gomila and at Duboki
potok in Aljinovi¢i—Prijepolje area (PI. 1, Figs. 2-6).

Dinaric Carbonate Platform

Slovenia, northern sector of the Dinaric
Carbonate platform.

1 farinacciae occurs in:

— Potpec shallow intamarginal depression; the suc-
cession consists of largely of resedimented biota (Li-
thiotids, Orbitopsella, Paleodasycladus), from a shal-
low platform, less of ooidal shoals distributed on an
open margin (RADOICIC 1987). I farinacciae was found
in a few beds bearing resedimented material from
ooidal shoals or even mixed material from both areas.

— a transitional platform-basin succession observed
at a gallery near the AvCe Railway Station, where I

farinacciae is associated with 4. martana and Meso-

endothyra croatica (species described from Dogger:
GUSIC 1969), genus? “Al”, tekstulariform and other
foraminifera (Pl. 2, Figs. 1-11); and

— a section near the village of Kovk, northern mar-
gin of the Dinaric Carbinate Platform. This Pliensba-
chian into Toarsian succession consists of (a) lithiotid
limestone, (b) peloidal limestone, and (c) brownish-
redish limestones with hard ground. Peloidal lime-
stone with Orbitopsella primaeva bears also 1.

farinacciae, Ammobabulites sp., 7 Haplophragmoi-

des, ?Spiraloconulus (CRNE & GORICAN 2009).

Montenegro, southern sector of the Dinaric
Carbonate Platform

1 farinacciae occurs in the Liassic Viluse succes-
sion (Grahovo—Viluse area) as deposits in a very
shallow depression (laterally, westward and eastward,
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gradually passing into lithiotid facies), situated along
the Boka Kotorska—Gacko transversal lineament.

The section, discontinually exposesd consists in
part of thin bedded limestones mainly with few fos-
sils: sponge spicules, crinoid fragments and lagenids;
ooidal peloidal limestones with sparse benthic fora-
minifera, few beds with brachiopod coquina. Dolomi-
tized limestone is also present. The oldest sampled
bed, twenty meters below the first occurence of I
farinacciae, is Lower Liassic limestone with Involu-
tina turgida KRISTAN (PL. 3, Fig. 9). L farinacciae,
associated with 4. martana and some other foramini-
fera, was found in several samples from the column
interwal of about 35 meters (Pl. 3, Figs. 1-7).

Budva Basin (Budva—Krasta—Pindos)

Different stratigraphic successions formed in the
intracontinental Budva Basin (Upper Permian to Upper
Miocene) are exposed largely along the Montenegrin
coast. Data concerning the sedimentary evolution of the
Basin and the spatial distribution of the stratigraphic
successions are based on the facies analysis. Internal
proximal (more or less proximal, distally proximal),
axial subaxial, and external proximal-subaxial succes-
sions are recognized on the territory covered by the
geological map sheets Kotor and Budva. Some suc-
cessions reveal gradual facies change to the NW
(present-day direction) through the length of the Basin.
The transitional DCP-BB proximal series are especial-
ly different (and inadequately known), which suggests
a complex and highly variable (through successive
cycles) scenario of the periplatform paleogeography.

Intrabasinal and basin-platform sinsedimentary
tectonic activity of varied magnitude and effects
(fractures, breccias, stratigraphic gaps, great proporti-
on of resedimented carbonates, different slump
structures and trust faults) are clearly manifested in
the history of the Basin. Some time-stratigraphic
intervals were more intensive in tectonic activity
(Middle Triassic, Rhaetian—Liassic, Kimmeridgian—
Berriasian, Middle Cretaceous, Campanian and
others). Miocene tectonic events greatly affected the
successions: some were thrust folded, overturned,
others were more fractured, or greatly or almost
completely reduced. West of the Kotor Gulf, the Bu-
dva Basin successions are traceable to the transverse
Zupci Fault where this notable unit disappears
abruptly under the Dinaric Carbonate Platform.
Assumed based on the facial changes in some belts
down the basin length to NW, the basin must have
narrowed gradually (changed dimensions and depth)
to become (NW of Split?), a lower-rank unit.

Biostratigraphical data for the unit, acquired during
geological mapping for the sheets Kotor and Budva
and by subequent studies, are published in part (AN-
TONIJEVIC et al. 1973; RADOICIC & D’ ARGENIO 1999).

The biostrarigraphy of the pelagic Upper Triassic
(?uppermost Ladinan—Upper Triassic) is interpreted
based on Daonella and Halobia (DE CAPOA BONARDI
1985; CAFrFIERO & DE CAroAa BoONARDI 1980a) and
conodonts (CAFFIERIO & DE CAPOA BONARDI 1980b).

The most informative, detailed and conpehensive
study by SPELA GORICAN (1994) of the Jurassic and
Cretaceous biostratigraphy and sedimentary evolution
on the Budva Basin is based prmarily on radiolarian
stratigraphy and subordinately on other fossil groups.
The study considered the extent of the Budva Basin
successions on the map sheets Kotor, Budva and Bar.

Previously taken for Upper Eocene or Upper Eoce-
ne-Lower Oligocene, the main deformation of the
Outer Dinarides is now dated not older than early
Tortonian, bases on calcareous nanoplankton from the
Tertiary sediments of the Budva Basin and of both, the
Dinaric and Adriatic Carbonate Platforms (CN7b
biozone: DE CAPOA & RADOICIC 1995).

Liassic sequences (calcilutites with chert, cherts,
thin marly layers, subordinate breccias and more or
less fine resedimented carbonates) 20—35 meter thick,
in which I farinacciae is present, known from the
sections Vrmac—Verige, Donja Lastva, Devesilje, Ko-
$ljun and from the external distally-proximal, subaxial
Meljine, Bani¢i and Buljarica—Canj.

Vrmac-Verige succession

Liassic sediments of the Vrmac—Verige belt is cropps
out westward (Verige section, N of Kamnari) and
eastward from the Verige Strait (in a small quarry of
Lepetane, now urbanized). Lowermost in the upper Tri-
assic—?lowermost Liassic exposure is breccia (1.5 m)
containing large Triassic intraclasts, overlain by about
40 meters of siliceous calcilutites, calcilutites with
thin chert intercalation and nodules (radiolarians, pe-
lagic lammelibranches, sponge spicules) and calca-
renites. Limestone with Galleanella tolmmanni and
few other foraminifera were found in the lower part of
this sequence. Sedimentation was interrupted (Lower
Liassic events) by an episode of graded bed (G
tolmmanni in one clast) and very coarse breccia with
large Triassic limestones clasts. The Liassic sequence
about 2 metres thick, consists of calcilutites with
nodules and chert intercalations, few thin marly
lamina, resedimented calcarenites and microbreccias.
The resedimeted limestones contain A. martana,
Lfarinacciae, M. cf. croatica, M. izjumiana, Glomo-
spira (PL. 4, Figs. 1-11) small trocholinas, textular-
form foraminifera and different metazoan and algal
debris; some beds also contain small micritic intra-
clasts with sparse radiolaria or unclear organogenous
detritus. The microbreccias contain different intra-
clasts with radiolaria, sponge spicules and peloidal
limestones in partly recrystallized matrix (Fig. 1). The
sedimentation was newly interrupted (Dogger events)
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by very coarse breccia, large clasts (up to tens of cm)
that include those of Liassic limestones, one with
Involutina liassica.

Fig. 1. Microbreccia from the Liassic sequence of the
Verige Section.

The tests of I farinacciae (forms A and B, D =
0.297-0.396 mm, thickness of test 0.138—-0.247 mm,
4—6 whorls) are commonly poorly preserved, they are
more or less recrystallized and not infrequently barely
recognizable.

A Liassic sequences similar in lithology and thick-
ness to that of Verige, are Liassic sequences of the
Crisanti succession (Sicily) and the Koziakas of
Pindos, Greece (a clast bearing G. folmmanni is also
from Lower Liassic breccia — Fig. 2).

Fig. 2. The clast of the Triassic limestone with Galleanella
tolmmanni in the Liassic breccia of the Koziakas suc-
cession, Pindos, Greece.

The Liassic sequence of Vrmac—Verige Belt, the
inner distally-proximal succession, is the time or

nearly the time equivalent of the “Passée Jaspeuse”
Unit sensu GORICAN (1994), from which partly differs
in lithology because described “Passée Jaspeuse” is
based on the succession in one of subaxial basin belts.

Donja Lastva succession

Part of the axial Donja Lastva succession, older
than the sediments with I farinacciae, is not well
exposed. In the limestone, estimated at a few tens
meters lowerward, the early Liassic species Involutina
turgida occurs (KRISTAN-TOLLMANN & COLWELL
1992). I farinacciae is associated with A. martana,
?Mesoendothyra and some other small foraminifera.
Upward (not measured) in the laterally outcropped
resedimented ooidal limestone, Aalenian—?Bajosian
Gutnicella cayeuxi occurs.

The discussion concerning the
paleogeography of Montenegro—Albania
border region (the Scutari—Pe¢
Lineament)

Sukss (1901) defined the Dinarides as a mountain
chain extending from the south of the Eastern Alps,
along the Adriatic and Ionian Seas and across the
Aegean Sea, to the Taurides in Turkey. Cvui¢ (1901)
described a mild deviation of the Dinaric fold structures
from NW to SE to E and NE, beginning from Njegusi
to Scutari and further northward (the Dinaric Carbonate
Platform! area). The name of the phenomenon “’Scha-
rung” was borrowed from E. Suess, who used it to
designate an identical structural feature (Cvuic 1901, p.
106). The name Dinarides (Cvui¢ 1924, p. 107) was
used only for the Dinaric Mountain System extending
to “the known deviation at Scutari”, where the Dinaric
and the Pindos System are in “collision”. KOBER (1929)
also suggested that the transversal line Scutai—Pe¢
separates the Dinarides from the Helenides. According
to Cvui¢ (1924, fig. 88: cusp; Fig. 3), two outhers
Dinaridic units are not involved by “collision™: the
Adriatic Carbonate Platform (ACP) that continues from
Montenegro throughout Albania (Kruja) and Greece
(Gavrovo) and the basinal Budva—Krasta Unit.
Numerous publications, however, ignore this informa-
tion and designate the Adriatic Carbonate Platform and
the Budva Basin, as Dinarides and their prolongation in
Albania, as Helenides.

The paleogeography of this area of the Dinarides
formed on the inherited tectonic potentially active
prealpine pleogeographic scenario which resulted in a
different arrangement of the paleogeographic units
westward and eastward of a paleostructure, that con-
trolled the geological history of the region (for neo-
tectoonic activity see KISSEL et al. 1995; MAROVIC &
Diokovic 1995)
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Fig. 3. The cusp between Dinarides and Helenides, from
CvuiC (1924, part of fig. 88).

The Dinaric Carbonate Platform (“High Karst”)
extends over 650 km from the Friuli—Slovenia to the
Montenegro—Albania border (RADOICIC 1984; RADOI-
CIC & D’ARGENIO 1999). The eastern end of the
Platform in NW Albania is named the Albanian Alps
Zone, composed of the Malesia Madhe Subzones
(platform facies) and the Valbona Subzone which
“extends in the environs of Malesia Madhe Subzone
and, during the Jurassic and the Cretaceous, is repre-
sented by slope deposits connecting the Malesia
Madhe carbonate platform with the Cukali and Kel-
mendi troughs” (PEzA 1994). The Valbona Subzone
also includes the proximal successions of the Cukali
Basin (THEODHORI et al. 1993; XHOMO et al. 1969:
fide PEzA 1994). Albanian Alps Zone is a paleogeo-
graphic terminal feature of this large carbonate unit.
The deviation of the fold structures (“Scharung”) in
the SE segment of the Dinaric Carbonate Platform
fitted the morphology of the broad platform front cast
by a major feature of the inherited Paleozoic basement.
According to Albanian geologists, in the Albanian Alps
Zone a deep minimum of the Bougeur amomaly is
identfied “which continues uninterruptedly in the High
Karst Zone in Dinarides” i.e. that are direct
continuation “even in deep part” (LUBONJA et al. 1994).

The Basin around the DCP, known as the Krasta
Basin throughout Albania, extens into Montenegro
under the name Budva Basin, and near Scutari to the
NE in a branche named the Cukali Basin (facing DCP)
deviates even more into the South Durmitor Basin

[/
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Fig. 4. Paleogeographic units in the Montenegro—Albania
border region. Simplified according Geological Map of Al-
bania, 1: 500 000; Geological Map of Albania in DURMISHI
et al. (2010); Geological Map of SFRJ 1:500 000. Legend:
1, Overthrust of the Complex Mirdita Zone; 2, Complex
Mirdita Zone (M) and Korab Zone (K); 3, Ionian Zone; 4,
Adriatic Carbonate Platform — Kruja Carbonate Platform;
5, Basins: Budva—Krasta, with NE branch Cukali (facing
DCP) and South Durmitor Basin. The particularity in the
sedimentary evolution of those basins depends of their
position in the passive margine; 6, Dinairc Carbonate
Platform, terminal features in Albania: Malesia Madhe
Subzone (platform facies) and Valbona Subzone (slope
deposits, the transitional platform-basin and partly proxi-
mal Cukali successions; 7, Gashi Zone; 8, North Durmi-
tor—Albanian Alps (Prokletije) Carbonate Platform.

(Rapoicic 1984; RapoiCic & D’ARGENIO 1999) or
Kelmendi which is continuous with the South Durmitor
Basin (PEzA 1987; 1994, fig. 1 = Bonsniac Zone ).
Durmitor Zona or South Durmitor Basin (?Triassic,
Jurassic—Paleogene—?Miocene): Durmitor Flysch is
the name given by BESIC (1940, 1948); The Durmitor
Flysch zone renamed by Blanchet into the Bosnian
Zone, an overthrusted carbonate platform is named
Durmitor Zone (BLANCHET 1966; BLANCHET ef al.
1969). To avoid confusion, and with respect to the
first given name and to the geographic position, a
compromise is suggested: to give the name South
Durmitor Basin to the basinal unit, and the name
North Durmitor—Albanian Alps Carbonate Platform to
the large carbonate unit (RADOICIC 1984; RADOICIC &
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D’ARDENIO 1999). A new name “Sarajevo Sygmoid”
was introduced by DIMITRUEVIC (1974, 1997). In the
interpretation of Dimitrijevi¢, this basinal unit in-
volves a large part of the SE segment of Dinaric Car-
bonate Platform (sic!).

The North Durmitor—Albanian Alps Carbonate
Platfotrm (ND-AACP, Permian—uppermost Tithonian)
was reduced by the Liassic event; the late Cimmeria —
late Tithonian events caused subsidence that led to
subsequent “flysch”-carbonate clastic sedimentation
in the late Tithonian—Berriasian (exposed in the
Ljubisnja—Durmitor—Sinjajevina segment: RADOICIC
1961, 1966; RaMPNOUX & FOURCADE 1969). The
platform tectonic ends at the N and W rim of the
Metohija Depression, and at the Scutari—Pe¢ Linea-
ment south of Pe¢ (ANTONUEVIC et al. 1968, 1978;
SiLo et al. 2010). Durmitor, both the basin and the
platform, had sedimentary evolution to the late Juras-
sic characteristic for a passive margin, hence taken as
Externides—Internides transitional units.

The Gashi Zone (Paleozoic basement of the ND-AA
Carbonate Platform) exposed between Durmitor—Kel-
mendi Zone and overthrust ND-AA Carbonate Plat-
form, consists of four Paleozoic formations (Lower
Silurian to Upper Permian) and presumably Lower
Triassic conglomeratre-sandstone quartzite forma-
tions (HoxHAJ 1996).

The Scutari-Pe¢ Lineament is “a most prominent
deep transversal fracture, which separates the
northern Albanides (the Dinarideds of Yugoslavia)
from the sourhern Albanide (the Helenide in Greece)”
(LuBONJA et al. 1994; DurmisHI et al. 2010). Long
after Cviji¢, this feature was considered as a nucleus
in the Scutari area, in addition it was interpreted as
line accross the DCP from Scutari or even SW from
Scutari in some recent publication (PAMIC & HRVATO-
vIC 2003; ZELILIDIS et al. 2003). The inference based
on different geological maps and sketches is that this
transverse paleostructure was (a) coincident with the
paleogeographic front of the DCP and (b) the west-
ward overthrust limit and deviation of the Mirdita
Zone that covers a large part of the Cukali—-Kelmendi
Basin (SiLo et al. 2010, fig. 2; DURMISHI et al. 2010,
fig. 1). The differences in the alpine paleogeographic
features in the prolongation from the DCP throughout
Albania, controlled by paleostructure, are the source
of seizmicity, rotation and deviation (SE to NW, into
NE) of the Complex Mirdita Zone.
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Pe3nme

Involutina farinacciae BRONNIMANN &
KOEHN-ZANINETTI MapKep 32 cpeAmbH
Jujac 0aCeHCKUX M HeKUX MIaTGopMHUX
danmja y odsmacruma Meaurepana u
bauckor UcToka: nuckycuja o
najeoreorpaduju rpaHnyHe 001acTH
Hpua INopa—Anoanuja (Cxagap—Ileh
JIMHUjA)

HoBy Bpcty Involutina farinacciae omucanu cy
BRONNIMANN & KUEHN-ZANINETTI HA OCHOBY IIPHM-
jepaka 3 cpenmer aujaca Ymopuje (Uranmja), xoje je
A. Farinacci mpukasaina kao BpCTy Semiinvolutina clari
KRISTAN. CHHOHUMHU OBE HOBE BpCTE Cy Aulotortus re-
gularis ZUCCARI U Involutina scandonei RADOICIC, Koje
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Cy ONmcaHe WCTe TOIWHE, alll y pajoBHMa KOjU CY
JOLIHU]j e TTyOITMKOBaHH.

OBa cutHa Involutina Hajuemthe je cmabo o4dyBaHa,
Mam-€ WM BUIIE MPEKPHCTajcaa, a jaBjba Ce y pece-
JTUMEHTHUM OOHIHO-TICJIONIHUM KapOoHaTHMa ToMe-
HyTHX 0aCeHCKHUX M IUIaThOPMHUX apeaa.

Wpauxu Kyrpaucran: KapboHaTHO KITacTHYHE CYK-
necuje jype u kpene ABpoman obiactu upadxor Kyp-
IICTaHa, CIMYHE Cy cyknecujama bymsa u IlmHmoc
Bacena. Involutina farinacciae HaljeHa je y NHjacKuM
CEKBEHI[aMa Y TeT JIOKAIHUTETA.

VY yHyTpamsuM JnHapuauma ijacku CETUMEHTH
ca I farinacciae pacupoctpawenu cy y CHU u JU nu-
jery Odwmonurckor MacuBa 3matnbopa Kao u y 00-
nmactu Cjennne n mmely Cjermme u [lpujemossa.
OouHO-TIENIONTHN KPEUhalld, THjeJIOM CHITA(HUKOBA-
HU W/WIU ca pOXKHAIMA, Y KOjuMa je jaBiba I. fari-
nacciae, TIpeMa TeOJIOMIKUM KapTaMa JIICTOBa YXKUIIE,
Cjenuna u llpujenosse, npuncanu cy “/lujadas pox-
Haukoj popmaruju’’. YcTBapu, OHH MPETCTABIbAjy Ca-
MO MO 3acaja HEMMEHBaHE BjepOBAaTHO TOPH-OTPH-
jacko—nujacke opmarimje.

CenumeHTH ca I. farinacciae Ha mpocTtopy JluHapcke
kapOoHarHe mardopme no3HatH ¢y y Crnosernju (C3
cexrop JKII) u Upuoj I'opu (J3 cexrop AKII).

YV Cnosenuju, nopen no3HaTux Jiokamureta [lot-
ned (RADOICIC 1987) 1 Kok (CRNE & GORICAN 2009)
caza je 3a0MJbeXKEH U Hajla3ak cliojeBa ca I. farinacciae
y mpena3sHuM IutaThopMa—OaceH CeNMMEHTHMa KOJ
KeJbeIKHUYKE CTaHUIle ABYe.

V¥ lpnoj I'opwu, cnojesu ca I. farinacciae NeENOHOBaHA
cy y Omaroj menpecuju (MCTOYHO U 3alajiHo TIpefiase y
CJI0jeBe ca JINTHOTHUCHMA) JTy)K TpaHCBep3aHe JIMHH]S
Boxka Koropcka—Tamko. Y npoduny usmely ['paxosa u
Bunyca, I farinacciae je Hal)eHa y HEKOJHKO y30paka y
cTyOy ox oxo 35 merapa. Oko 20 MeTapa ncnox npBe
mojaBe I. farinacciae 3a0WJbeXKEH je Halla3ak [OHO-
nujacke Bpcte Involutina turgida KRISTAN.

bynsa Gacen. Y llpHorpckoMm mpumopjy, m3mely
Huuaapcke w Jampancke kapOoHarHe TaTdopme
(JKII) mpare ce pa3nuuurte CyKIecHje HHTPAKOHTH-
HeHTaHOT bynBa GaceHa (TOpmU NMEpM—TOPHH MUO-
meH). To cy pasmuuure Cykiecje Kako WHTEPHOT
MTPOKCHMAITHOT, aKCHjaJTHOT, CyOaKCHjalTHOT U eKCTep-

HOT TIPOKCANMAITHO-CYOaKCalTHOT Tojaca.

VY oBUM CyKIlecWjaMa jaCHO C€ OYMTaBa MHTpabda-
CeHCKa 1 TiatopMa-0aceH TeKTOHCKA aKTHBHOCT pa-
3MTUYHATOT CTETNeHa U edekara, Koja je, y HeKAUM HHTep-
BaJIMa WHTEH3WBHUja (CpemmU TpHjac, PeTo-jujac,
KuMepuy-Oeprjac, cpenma Kpema, KaMIlaH U JIp).
3amamnao ox boke Kotopcke bynsa 6acen ce mpartu 10
3ybaukor pacjena, raje ce ryou mon umHapckoMm Kap-
oonarHoMm turatdhopmoM (“Brcokn kpmr”).

CekBeHIle nMjackux ceanMeHaTta bymsa GaceHa ca
Involutina jarinacciae (oxo 20 go 30 m nebibuHe)
3acajga Cy TO3HaTe y Cykiecwjama Bpmarn—Bepure,
Homa Jlacta, leBecuibe, Kocsbyn, Mesbune, banu-
hu u byspapuna—Yam.

[Naneoreorpaduja rpanruane odmactu Lpaa ['opa—Ai-
Oanmja: LBrinn (1901, 1924) omumcao je ckperame
MUHApCKOT TpaBma Habopa kox Ckaapa “Scharung”.
Crora ce ayro HakoH LIBUIWRA, a KaTKaJa U y HOBHjE
BpHjeMe, moapydje Ckaapa y3uMa Kao HyKJIEyC TpaH-
ceep3ane Ckamap—Tleh. [Ipema LIBuinay (1924, cn. 88:
cups; ci1. 3), 0Ba TpaHCBEp3aJIHA CTPYKTypa He 00yXBa-
Ta JIBUje naneoreorpadcke jenuHuIe ekcrepHux Jlmna-
puna, cTo ce y OpojHUM ITyOIMKaIyjaMa HTHOPHIIIE.

[Taneoreorpaduja ose odmactu Hunapuna Gpopmu-
paHa je Ha HacnHjel)eHOM TEKTOHCKH TMOTEHIIHjaTHO
aKTUBHOM TIPEaJIIICKOM IMaeoreorpad)ckoM clieHa-
pHjy, WITO je YCIOBWIO Pa3IUYUT Pacropen Majieo-
reorpa)CKuX jeMHAIIA 3aTaJHO U FICTOYHO Off Majeo-
CTPYKTYpE, KOja je KOHTPOJIHCaja TeOJIOIKY UCTOPH]Y
pernona. 3HadajHa pasnuka je mro ce y C3 Anbanuju
3aBpllIaBa KpyIHa najeoreorpadka jequamna — J{uaap-
cka kapOoHaTHa mIaTdopmMa.

Bpojuu pazoBu mpeTexHo anbaHCKUX ayTopa, Teo-
JIOIIKE KapTe W CKHIle ymyhyjy Ha 3akjby4yak Jla OBa
TpaHCBep3aJHa MATeOCTPYKTypa MoAyaapa) ca Ta-
neoreorpad)ckuM (a He TEKTOHCKHM) 3aBpIIeTKOM Jlu-
Hapcke kapOoHaTHe miardopMe U 0) 3aragHoM TpaHu-
IIOM HaBIIake W JEBHjallMjoM HaBlake Mupanrta 30HE
Koja mokpuBa 3HaraH ano Llyxamn—Kenmenan Oacena
(SiLo et al. 2010; DurMIsHI et al. 2010). Paszmuka y
AJIMKCKOj Tasleoreorpadckoj CAUIU Yy TPOLYKEHY Of
JKIT xpo3 AnbaHMjy, KOHTpOIMCAHA MAIEOCTPYKTY-
POM, TIOBOJ j€ CEM3MHUINTETa, POTAlHje U JIeBHjallHje
(JU-C3 y CH) xomriekcke Mupanra 30He.

PLATE 1
Liassic of the Zlatibor Mt. and Sjenica—Prijepolje area.

Figs. 1-5. Involutina farinacciae BRONNIMANN & KOEHN-ZANINETTI.
1. Dreznik, NE Zlatibor, Dreznik, thin section RR5090.
2, 3. S of Sjenica, on the road to gomila, thin section RR5094.
4. Duboki potok, between Aljivovi¢i and Prijepolje, thin section RR5117.

5. Gomila, thin section RR5096 .

Figs. 6, 7. Bosniella cf. oenensis GUSIC, Gomila, thin section RR5096; Vrelo, thin section RR5157.

Mesoendothyra croatica GUSIC, Duboki potok, Aljinovi¢i—Prijepolje, Dogger?, thin section RR5126.

Fig. 8. Genus?, Duboki potok—Aljinovi¢i—Prijepolje, Lower Dogger?, thin section RR5126.
Fig. 9.
Fig. 10.  Agerina martana (FARINACCI), Vrelo, thin section RR5157.

Fig. 11.  Genus?, Vrelo, thin section RR5157.
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PLATE 2
Figs. 1-11. Liassic of Av¢e, Slovenia,

Figs. 1-4. Involutina farinacciae BRONNIMANN & KOEHN-ZANINETTI, thin sections RR3230 and 3229.
Figs. 5-8. Mesoendothyra croatica, thin section RR 3230 and 3231.

Fig. 9.
Fig. 10.
Fig. 11.
Fig. 12.

Agerina martana (FARINACCI), thin section RR3229.

Agerina martana (FARINACCI), Verige, succession, thin section RR7293.
Genus? “A1”, thin section RR3231.

Textulariformn foraminifer, thin sectiom RR3231.



Involutina farinacciae BRONNIMANN & KOEHN-ZANINETTI 1969, a marker for the Middle Liassic 57




58 RAIJKA RADOICIC & DIVNA JOVANOVIC

PLATE 3

Figs. 1-9. Liasic of Viluse sequence, Dinaric Carbonate Platform, Montenegro.
1-6. Involutina farincciae BRONNIMANN & KOEHN-ZANINETTIL, thin sections RR7233, 7234, 7234/1.
7. Agerina martana (FARINACCI), thin section RR 7234.
8. Sponge spicules, thin section 7231.
9. Involutina turgida KRISTAN, thin section RR7229.

Fig. 10. Involutina liassica (JONES) and lagenid from middle-upper Liassic of the Vojnik Mt. (some
metres bellow limestone with Hildoceras bifrons), thin section RR 7245.
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Figs. 1-6, 8, 9.

Fig. 7.
Fig. 10.
Fig. 11.

RAJKA RADOICIC & DIVNA JOVANOVIC

PLATE 4
Figs. 1-11. Liassic sequence of the Verige succession.

Involutina farinacciae, thin sections RR7293 (14, 9), 7291 (5-6), 7294 (8).
Trocholna sp., thin section RR7291.

?Mesoendothyra sp., thin section RR7291.
Mesoendothyra izjumiana DAIN, thin section 7296.
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Paraseqences in the Kotroman Formation, western Serbia

NENAD BaNJAc! & DivNa JovaNOvIC?

Abstract. An attempt was made to describe two parasequences separated within the sediments of the
Kotroman Formation at the Mokra Gora Village in western Serbia. The whole formation, of Albian—Ceno-
manian age, in some general characteristics corresponds to tidal flats, some of which were described in the
literature (LARSONNEUR 1975), and the sediments were compared with ones from recent tidal flat environ-
ments. The heterogeneous composition of the Kotroman Formation influenced different authors to describe
several non-synchronous and incomparable superpositioned packages. The parasequences were investigated
in the attempt to correlate them with the stratigraphic age of the members. The parasequences were formed
during the Albian transgression and represent a gradual deepening of the wider area. Well-developed flooding
surfaces with significant deepening indicated retrogradational stacking of certain transgressive system tracts
and reflect landward movement of the shoreline, indicating a gradual sea level rise.

Key words: Parasequences, Kotroman Formation, palacontology, sedimentology, Albian—Cenomanian,
Mokra Gora, western Serbia.

AmncTpakT. Y pajy cy omcaHe JBe ITapaceKBeHIe youeHe y cenumenTnMa popmaruje Korpoman kox Mo-
Kpe rope y 3amanHoj Cpouju. Ilema dopmarmja, aaOCKo-IICHOMAaHCKE CTAPOCTH, Y HEKHM CBOJUM OIIIITUM
KapakTepuTHKaMa, OAroBapa TajJajlHoj paBHH, KakBe cy Beh omucane y nuteparypu (LARSONNEUR 1975), a
ICHU CEAMMEHTH Cy YIOpPEIMBH Ca TBOPEBMHAMa PELEHTHHUX TajlaJIHMX paBHU. XereporeHa rpaha ¢opma-
mje KorpomaH ycnoBuia je fa BHIE ayTopa ONHCYje HEKOINKO Pa3IMYUTHX CYTEPHO3HUIMOHNX MTAKeTa KOjH
ce Mel)ycoOHO He MOTy HOpeAnTH. Y pajay Cy OIMCaHe MapaceKBEHIIE M MPEACTaBJbEHA j€ HUXOBa CTPaTH-
rpadcka npumagHocT. [lapacekBeHIe ¢y ¢popMHupaHe TOKOM alOCKe TPAHCTPECHje UM HAcTalle Cy yCIlex To-
CTEIICHOr NpoAy0JbaBama Ha IMHMpeM mpocTopy. lloBpnHE mIaBbema ca MAPKATHUM MPOAYOJhaBameM
yKa3yjy Ha peTporpajalliOHH TPAaHCIPECUBHHU TPAKT U MIPEACTaBIbajy MOCIEAUILY CTATHOT H3IU3ama HUBOA
MOpa y3 MOCTENEeHO IoMeparma 00alICKe JIUHH]E Ka KOIHY.

Kmbyune peun: Ilapacexsenue, ®opmaruja KorpomaH, naneoHToI0THja, CEAMMEHTONIOTHja, aa0—1eHo-

MmaH, Moxkpa [opa, 3anagna Cpbuja.

Introduction

After a period of no deposition during the Aptian and
the Albian, with a new transgressive cycle, land mass-
es of Jurassic ophiolites (nowadays in western Serbia)
were flooded with a shallow to moderately shallow sea.
Although extensively eroded since, Cretaceous depo-
sits that were formed during this transgressive cycle
could be found on numerous outcrops in western Ser-
bia. The most extensive exposure among these outcrops
is located in the vicinity of Mokra Gora and occupies
the Beli Rzav and KameSina Valleys with their tributar-

ies. The lower portion of these deposits near Mokra
Gora Village was previously studied and described as
the Kotroman Formation (BANJAC et al. 2008 and ref-
erences therein).

Previous Studies

The general consensus among the stratigraphic
community was that the Mokra Gora deposits are Up-
per Cretaceous in age. However, much debate was
involved to the question of the age of specific strati-
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graphic sections. The Mokra Gora deposits were first
described by Zuiovic (1893), as carbonates of Seno-
nian age. The author sporadically mentioned numer-
ous hippuritids and abundant fossil gastropod associ-
ations. The following works (ZIvkovic 1905, 1907;
PETKOVIC 1925; AMPFERER1928; MILOVANOVIC 1933)
confirmed Mokra Gora deposits as Senonian in age,
locating the whole sequence as analogues to the Go-
sau Beds in Austria. The determination was based on
macrofossil fauna assemblages with: Pyrgulifera pi-
chleri, P. accinosa, P. lyra, P. striata, Glauconia ke-
fersteini, G. renauxi, G. coquandi, Natica bulbiformis,
N. lyrata, Hippurites gosaviensis, Radiolites lusitani-
cus, etc. However, Loczy (1924) indicated that the sed-
iments are Upper Cretaceous in age, more specifically
Cenomanian, Turonian and Senonian, based on the
macrofossil fauna: Acanthoceras mantelli, Puzosia aff.
gaudama, Biradiolites affilaensis, etc. MILOVANOVIC
(1935) just mentioned deposits from the Upper
Cenomanian to the Upper Campanian age. MITROVIC
(1966), MITROVIC et al. (1989), confirmed this age
based on abundant echinid assemblages with numerous
representatives of the Epiaster and Hemiaster genera.

PEJOVIC & RADOICIC (1971, 1973, 1974) and RADO-
ICIC (1984), placed the whole Mokra Gora series as the
Cenomanian, Turonian and older Senonian. According
to these authors, the sandy and marly carbonate por-
tion of the local stratigraphic column, “tens of meters
above the weathering crust” RADOICIC (1984, p. 136.),
is characterized by mid-Cenomanian microfauna:
Aeolisacus inconstans, Ovalveolina maccagnae and
Rhapidionina laurinensis. Therefore, the authors con-
cluded that the lower-most, palaeontologically sterile
basal section can be recognized as the Albian stage.
The upper portion of the local stratigraphic column is
represented by marly limestone with abundant ostrei-
ds, grypheas and inoceramids, as well as pelagic mi-
crofossils of the Pithonella ovalis, Hedbergella-Tici-
nella group, which indicate the lower Turonian stage.
However, upper Cenomanian age was accepted after
later revision of the beds with Cisalveolina fraasi,
(RapoIcic 1984, 1995).

The uppermost member of the stratigraphic column
is represented with massive limestone bearing hippu-
rites and gastropods of Turonian age.

The Albian—Cenomanian age of the Mokra Gora
Series was confirmed in the works of BANJAC (1994,
1994a, 2000). The author reported mollusc fauna of
Albian—Cenomanian and Turonian age, although some
of the specimens, e.g., Paraglauconia lujani, is known
from Aptian deposits. DULIC (2003), described it as the
Albian—Cenomanian palynomorph association from
the Mokra Gora Series. The same age was confirmed
by JovaNoVIC et al. (2004) based on the microfauna
assemblage, as well as BANJAC ef al. (2007) based on
the gastropod assemblage. RADOICIC & SCHLAGINTWEIT
(2007) at the Mokra Gora Series established a new
species Neomeris mokragorensis of Albian age. It must

be noted that lower portion of the stratigraphic column
is described as deposits of Barremian age (NIRTA ef al.
2008; MENA et al. 2008).

Lithostratigraphic members

Due to heterogeneous composition of the Mokra
Gora Series, authors described several non synchro-
nous and incomparable superpositioned packages.
Loczy (1924) differentiated five packages. (1) The
first one consists of conglomerates and sandy hori-
zons with oolith iron nodules, (2) the second with
marly to sandy limestone, (3) the third with shaly and
sandy limestone. The fourth package (4) is represent-
ed by greyish to yellowish fragile marl with large
molluscs and bivalve fossil specimens, whereas the
fifth package (5) is represented by massive reef lime-
stone. MILOVANOVIC (1933) also differentiated 5 pack-
ages: (1) basal, represented by conglomerate, reddish
quartzite and iron rich bearing schist; (2) tabular marl
and limestone, which gradually become sandy lime-
stone and sandstone; (3) lower package of sandstone,
sandy limestone and marls with abundant associations
of gastropods and most commonly the genus Pyrgu-
lifera and (4) upper package of sandy limestone and
marl with associations of gastropods, bivalves and
echinoids. The uppermost package (5) is represented
with massive reef limestone with abundant rudist
fauna. This subdivision was generally accepted in the
works of DRAKULIC & DEDIC (1963) and FoTiC (1965).

PejOVIC & RADOICIC (1971, 1973, 1974), RADOICIC
(1984) described the biostratigraphic characteristics of
the Mokra Gora Series, with three main levels: (1) the
basal clastites, (2) carbonates with marls and (3) shal-
low water reef limestone. The lowermost level (1),
transgressively overlying serpentine or a weathering
crust, is represented by conglomerate, conglomeratic
sandstone and sandstone lacking any fauna. The over-
all height is around 50 m. The authors emphasized the
extremely heterogeneous composition and thickness of
this level. The following level (2) was named by the
authors as Carbonaceous or Pelagic beds, and bears two
members of lower rank, i.e., (2a) sandstone, marl and
carbonaceous deposits (150-200 m thick) and (2b)
marly-carbonaceous deposits (150—200 m. thick). The
uppermost level (3) consists of massive limestone
with hippurits of Turonian age. A similar partition
with three principal units was presented by MoiJsi-
LOVIC et al. (1978) and OLUJIC et al. (1986). NIRTA et
al. (2008) and MENA et al (2008) explained the litho-
logic characteristics of the Mokra Gora Series,
describing two units (named A and B), which reflect
two main deepening-shallowing cycles. These units
correspond to the levels 1 and 2, respectively, suggest-
ed by Pejovic & Rapoici¢ (1971, 1973, 1974) and
RADOICIC (1984). The authors also mentioned, but did
not study, the third unit (named C), which corresponds
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to level 3 of massive limestone with hippurites sug-
gested by PEjovIC & RaDoICIC (1971, 1973, 1974).

Within an analysis of the Cretaceous deposits of
western Serbia, JovaNovIC ef al. (2004) separated
three levels.

The first is basal terrigenous sandy series with no-
dular biomicrite. The biocomponent is represented
with rare fragments of microflora and microfauna in
addition to mollusc detritus. The frequent charophyts
and ostracods of the same age indicate the presence of
an intermittent freshwater environment at the same
period. Rich fossil assemblages can be found in the
uppermost section of the Kotroman Formation.

The next level is the Pelagic Series, composed of
thin-bedded marly limestone. These are fine laminat-
ed biomicrite with an abundant alevritic fraction and
centimetre thick beds of bioclastic marl, bioclastic
packstone, sometimes with accumulations of thin
shell fragments. They are commonly alternating with
thin marly layers.

The third level, uppermost portion of the Mokra
Gora Series, consists of massive carbonates with hip-
purits and gastropods of Turonian age.

The first of the aforementioned, the so-called Basal
terrigenous sandy series, was described by Banjac et al.
(2008), and proposed as the Kotroman Formation. The
Formation consists of clastic deposits in the lower part
and limestone beds in the upper part of the stratigraph-
ic column. The lower limit is a sharp transgressive
boundary with serpentinite or a few meters thick weath-
ering crust, while the upper limit is a blunt transition to
the so-called Hemipelagic Series. Three separate mem-
bers were distinguished in the Kotroman Fm.: the
KamiSna Mb, the UroSevi¢i Mb and the Jatare Mb.

Mb. The whole Kotroman Fm. in some general way
corresponds to a tidal flat, some of which were
described in literature (LARSONNEUR 1975), and the
sediments were compared with those from the envi-
ronment of recent tidal flats. It must be noted that the
low latitude (less than 30° N) position of the area dur-
ing the Upper Cretaceous influenced not only the
presence of siliciclasite, but also of carbonates with
characteristics of the carbonate shelf system of the
whole formation. The section with the described para-
sequences is shown in Fig. 1.

KamiSna Member

At the investigated locality, the Kamisna Member
is not exposed at its whole thickness. In its lower seg-
ment, transgressive extra-formational oligomict con-
glomerate can be observed. Fragments of serpentinite
and chert are deposited within a sandy or silty matrix.

Iron-rich, dark green chamosite ooides and serpen-
tinite particles can be frequently found in the con-
glomerate fragments. The grains are cemented with
calcareous or clay-ironstone cement. The described
sediments correspond to the gravel initially deposited
below the low-water tide level (LARSONNEUR 1975).

In the upper parts of the stratigraphic column, these
sediments increasingly interchange with iron-rich sand-
stone characterized by well-rounded pyritised grains
and fragments of serpentine, without any fossils. The
deposits gradually transform to sandstone containing
more than 25 % fine-grained rock fragments, predomi-
nantly pyroxene and spinel clasts. This coarse- to fine-
grained loose dark grey sandstone is present in the main
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Fig. 1. Parasequences at the Kotroman locality. Legend: FS1 - Flooding surface 1, FS2 - Flooding surface 2.

Parasequences

An attempt was made to describe the two parase-
quences separated within the Urosevi¢i Member of
the Kotroman Fm. Their base is the upper portion of
the Kami$na Mb. while they are overlain by the Jatare

portion of the Basal Member. Small cherty fragments
as well as sand particles of different sizes are bound by
clayey or limonitic red or brown cement.

The described sediments correspond to gravelly
sand which was deposited on about the low-water tide
level (LARSONNEUR 1975).
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The iron-rich sandstone dominates in the upper
portion of the Kami$na Mb. However nodular clastic
limestone interbedded with yellowish thin marl occurs
in this portion. The nodular limestone is represented
by biomicrite, floatstone and wackestone, enclosed in
an intimate mixture of clay and carbonate. Clasts of
serpentine, pyroxene and quartz mixed with scarce
mollusc shell fragments are found in a fine grain
microsparite and clayey matrix. Extremely small crys-
tals of quartz, pyrite and hematite can frequently be
found in these deposits.

The quantity of the bioclastic fragments increases
in the upper horizons, and rock gradually changes to
bioclastic wackestone, packestone and floatstone,
with sometimes large clasts. The characteristics of the
rock resemble storm beds. The bioclasts are represent-
ed with numerous fragments of gastropods, bivalvs,
and ostracods. Floral remnants, such as fine dispersed
plant particles and fragments of branches and tree
trunks, are common. In addition, bisect particles of
conifers, dominated by Pinus and rarely Podocarpus
and Cedrus can be found.

The iron-rich sandstone of the upper portion of the
Kamis$na Mb. represents shallow water facies. It cor-
responds to biogenic sand and biogenic fine sand
which was deposited about the high-water tide level
(LARSONNEUR 1975).

Urosevi¢i Member — Parasequence 1

Within the UroSevi¢i Mb., two parasequences have
been described, with an attempt to correlate them with
stratigraphic age of the member (BANJAC ef al. 2008).

The lowermost sediment of the UroSevic¢i Mb. (with-
in Kotroman Fm.) is represented with an almost one
meter thick bed of sandy reddish nodular limestone
with bivalve and gastropod shell fragments. Its lower
boundary represents the flooding surface (FS1) that
marks the base of a parasequence with abrupt contact.
Sandy reddish nodular limestone lying directly on top
of relatively shallow iron-rich sandstone located below
the surface. The frequent appearance of small-scale
erosion can be observed at this surface (Fig. 2).

In the following portion of the stratigraphic col-
umn, nodular limestone is frequently interbedded with
thin layers of marl and siltstone.

The thin section of the reddish nodular limestone
indicated bioclastic wackestone with frequent fossil
shell fragments. Samples from the upper portion of
these deposits revealed packestone, floatstone, rud-
stone and rarely fine-grained sandstone. The fossil
content is represented with mollusc fragments, in
some places with abundant gastropod and bivalve
accumulations found in the cm-scale lenses of calciru-
dite and calcarenite. The mollusc shells frequently
contain geopetal fillings. These beds also contain rare
ostracode remnants, as well as gyrogonyts and cha-

ropohyte remnants, which indicate intermittent fresh
water influxes. In addition, the algae Radiocicelapses
sp. and Hemicyclamina sigali MAYNC can be found.

The microfauna assemblage consists of codiacean
grains and Radoicicelapses sterni RADOICIC, Nezzaza-
tinella cf. picardi (HENSON), Hemicyclamina sigali
MAvYNC, Salpingoporella urladanasi CONRAD, PEY-
BERNES & RADOICIC, Aeolisacus sp. and Glomospira
sp. The macrofauna is represented by gastropod frag-
ments (Cassiope sp.).

Samples from the upper portion of the parase-
quence revealed an increase of fine-grained sandsto-
ne, gradually transforming to lithic sandstone. Clasts
are represented with quartz, chert, pyroxene, serpen-
tine, peridotite and siliceous rocks in spary cement or
a microsparitic matrix. Birds-eye structures as well as
fenestrated fabrics, which can be observed in the thin
section, indicate a shallow environment with spo-
radic exposure to open air, i.e., deposition at the high
water tide level. The general characteristics of the
fine-grained sandstone shows a gradual shallowing
which is terminated with a sudden contact. Relatively
deeper nodular limestone is situated on top of the
shallow fine-grained sandstone located below the
surface. Small scale erosion can be observed at this
surface (FS2), similar to one at the previous flooding
surface (FS1).

Fig. 2. Flooding surface at the top of the Kamisna Mb.

Urosevi¢i Member — Parasequence 2

The lower portion of the second parasequence is
represented with an approximately 20 cm thick bed of
nodular limestone with mollusc shell fragments. Its
lower boundary is designated as a second flooding
surface (FS2) that marks the base of the second para-
sequence. The nodular limestone of this parasequence
is fossiliferous packestone and wackestone with
peloidal and biogenic intraclasts in a micritic and mi-
crosparitic matrix.
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In the upper portion of the parasequence, the nodu- talline calcite matrix. Besides shell fragments, charo-
lar limestone alternates with ophiolithic coarse-  phyte girogonits and ostracods can be found, indicat-
grained reddish sandstone. ing intermittent fresh water influx. It is followed by

decayed, lumpy limestone that

10 m—~ is characterized by the pres-
Paraglauconia lujani ence of thin mollusc shell
S Bicarinella bicarinata fragments. It is predominantly
% g:z;'sf’::u’;%'gg;zf:r;’:'s biomicrite with sporadic fora-
3 Ovalveolina maccagnae minifera and abundant iron
s Thin bedded nodular matter. At some places within
bioclastic limestone these llmestone .bec.ls, the shell
accumulations indicate storm
T Fine graind sandstone beds. Bioclgstic Wackestone,
as well as bioclastic rudstone
?‘) can also be found at this por-
Q tion of the parasequence. In
o Marly mudstone the upper portion, a blunt tran-
g)',' sition to marly mudstone can
g Bioclastic wackestone and be 12 b served.
o bioclastic rudstone ine-grained sandstone re-
Marly bioclastic packestone EI‘CSCI}'[Sh.t he uppermost P;Ez
o Nodular fossiliferous on o this parasequence. 1he
= packestone and wackestone described s.edlme_:nts corre-
g — FS2 spond to . blog.emc grave_lly
k> Fine grained sandstone sand to biogenic sand which
o was deposited between low
> 5m and high water tide levels.
— (LARSONNEUR 1975).
3 Nodular limestone interbedded
S with thin layers of marl and siltstone
g‘ Radoicicelapses sterni
% Nezzazatinella cf. picardi Jatare Member
§ Hemicyclamina sigal The fine-grained sandstone
Sandy reddish nodular limestone of the UroSevi¢i Mb. is over-
lain by thin-bedded nodular
- FS1 bioclastic limestone belonging
Iron rich sandstone to the third member, t.he Jatare
Mb. Calcareous and silty marl-
stones in some places contain
. Nodular clastic limestone interbedded abundant microfauna associa-
§ with yellowish thin marl tions, which are represented
o Iron rich sandstone by: Aeolisacus inconstans RA-
-’g DOICIC, Ovalveolina macca-
3 _ gnae DE CASTRO and Rhapidi-
Conglomerate, with fragments onina laurinensis DE CASTRO.
of serpentinite and chert Macrofauna was discovered at
numerous localities, someti-
om mes forming coquina beds. It is

Fig. 3. Stratigraphic column with the described Parasequences.

represented by mollusc frag-
ments: bivalvs Amphidonte co-
nicum (SOWERBY), Ostrea cal-
limorphe COQUAND and O. cu-

Marly bioclastic packestone creates the next level in
the parasequence. Gastropod or bivalve shells can fre-
quently be found, especially in the marly beds between
the thicker limestone beds. At some levels, there is a
transition to wackestone, i.e., biomicrite with unsorted
angular shell fragments deposited within a microcrys-

nabula SEELEY, and the gastropods Pseudomesalia
teniucostata (HACOBJAN), P. multicostata (HACOBIAN),
Pirenella cf. levadhiae KOLLMANN, Paraglauconia
lujani (DE VERNEUIL & COLOMB), Bicarinella bicarina-
ta (PCELINCEV) and Cassiope kotromanensis BANIJAC.
Thin-bedded nodular bioclastic limestone with the
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aforementioned association of fauna corresponds to
sediments deposited at a subtidal shelf or outer shelf
with increased carbonate production. In the upper por-
tion, they gradually transfer to the thin-bedded, marly
limestone of the so-called hemipelagic series.

Conclusions

An attempt was made to investigate the presence of
parasequences in the Cretaceous deposits known as
the Kotroman Formation according to type locality
and type section at the Kotroman Village in western
Serbia.

The investigations of the sediments at the Kotroman
locality imply two parasequences within the UroSevici
Mb.: Parasequence 1 and Parasequence 2. The parase-
quences were formed during the Albian transgression
and represent a gradual deepening of the wider area.
Well-developed flooding surfaces with prominent
deepening, indicated to retrogradational stacking of
certain transgressive system tract and reflect the land-
ward movement of a shoreline. The beds overlying the
UroSevi¢i Mb. indicate a new rise in the relative sea
level. They are represented by thin-bedded nodular bio-
clastic limestone belonging to the Jatare Mb.

The insufficient data does not allow the results to
be compared with the eustatic sea level curve (HAQ et
al. 1987). It can only be approximately estimated
(based on fossil age) that the described parasequences
belong to the earliest Supercycle of the Upper Zuni A
set (UZA 1).
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Pe3nme

ITapacexkBenue ¢popmanuje Korpoman,
3anagna Cpouja

VY cenumentuma opmanuje Korpoman xkomx Mokpe
rope y 3anagHoj CpOuju UCTpaXkeHE Cy U OIMUCaHE JBe
nmapacekBeHIie, GopMrupaHe TOKOM alOCKe TpaHCTpe-
CHje U HacTalle ycliel TIOCTEeNeHOT MpoayOibaBamka Ha

mupeM npoctopy. llema ¢opmammja, andcko meHo-
MaHCKe CTapOCTH, TIO0 CBOjJUM OIIITHM KapaKTepUCTHU-
Kama, OAroBapa TajmallHOj paBHHU, KakBe cy Beh
ormcane y nureparypu (LARSONNEUR 1975), a meHn
CEMMMEHTH MOTY Ja c€ YIOpeAe ca TBOpPEBHHAMAa
PELEHTHUX TajIalTHUX PaBHH.

Xereporena rpaha ¢opmanuje Korpoman ycmo-
BHJIA j€ J1a BUIIE ayTOpa OMUCYje HEKOJIHKO Pa3Inyu-
TUX CYTIEPIIO3UITHOHNX MakeTa. Y Behem Opojy crapu-
jUX pamoBa (ZIVKOVIC’ 1905, 1907; PETKOVIC 1925;
AMPFERER 1928; MiLovaNovIC 1933) HaBogm ce
cTpaturpadcka MpHUITaTHOCT CEHOHY, JOK C€ KacHHUje
jaBJba MUILbEHE O MPHUITATHOCTH aNly, IEHOMaHy |
TypoHy (MILOVANOVIC 1935; MITROVIC 1966; MITRO-
VvIC et al. 1989; Prjovic & Rapoicic 1971, 1973,
1974; RADOICIC 1984). YV Behunu caBpeMeHHX pamoBa
HaBOJHM CE€ IMPUITATHOCT ano-nieHoMany (BANJAC 1994,
1994a, 2000; DuLi¢c 2003; JovANOVIC et al. 2004;
BANIAC et al. 2007; RADOICIC & SCHLAGINTWEIT
2007), a caMO M3y3€THO W MPUTIATHOCT CTAPHjUM Ka-
toBuMa (NIRTA et al. 2008; MENA et al. 2008).

VY oxBupy umana Ypomesuhu dopmarmje Korpo-
MaH, W3/IBOjeHe Cy JIBE€ MapaceKBeHIe (QopMupaHe
TOKOM aJIOCKe TpaHCTpecHje Ha mupeM npoctopy. Oc-
HOBY MM YHWHE MEIIMapu u KOHDIoMepaTy 4naHa Ka-
MEIIINHA, TATOKEHN y YCIOBHMA TUTUTKE Bojie. M3Haz
BUX Ce 3amaka jacHa moBpIinHA TaBibema (FS1)
KOja O3HauaBa JPACTHYaH MPEKU y CSTUMEHTAIN]H U
MoYeTaK MpBe MapaceKBEeHIIE.

IIpBa mapacexBeHIla oOenexeHa je KBPTaBUM
Kpedmaluma, ca uectuM (¢parmeHTHMa (pocua, Koju
c€ MECTUMHUYHO CMERY]y ca (PMHO3PHUM Menrdapuma.
®dparMeHTH JbYITYypa MEKyIala Koju ce Hallase y ce-
JUMEHTY 4ecTO caapke reomerainHe ucmyHne. [loHe-
KaJ| ce y CeMMEHTY Hayaze U (parMeHTH oCcTpakoaa
Ka0 M THPOTOHHUTH M OCTAIU Xapodura.

Jpyra mapacekBeHIa oOeneXeHa je Kao W IpeT-
XOJIHA, jaCHOM TOBPIIMHOM IuiaBJbema (FS2), u3nan
KOje ce Halla3e KBPraBU KpEUhalld, MAKCTOH U Bak-
CTOH ca ¢parmeHTHMA (hocHiTHE (hayHE Y MUKPUTCKO)]
OCHOBU. Y BHIIHNM JIeIOBUMA jaBJha Ce€ TpyOO3pHHU
IpBeHKacTy nenrdap. [lapacekBeHna ce 3aBpiiasa ja-
CHOM TIOBPIIIMHOM IUTaBJbE€HA KOjOM j& OBOjeHa Off
TAHKOCJIOJeBUTHX KBPTraBUX Kpeurbaka diana Jarape.

JacHo neduHMCaHe MOBPINIWHE IMJIaBJbEHA HA TOP-
B0j M JI0FH0j TPaHUIM CBAaKe IMapaceKBHIE ca Map-
KaTHUM TIpoy0JbaBal-eM TOKOM Pa3Boja MapCeKBEHIIE
yKa3yjy Ha peTporpajalliOHU TPAHCTPECHBHU TPaKT
M TIOCTETIEHO TIoMepame 00ajCKe JTHHHUje Y TPaBILy
KormHa. TaHKOCTIOjeBUTH KBPTaBH KPEUmAIlM KOjH Jie-
e TIPEKO TOpHhe TpaHuIle WiaHa YpouleBuhu, ykasyjy
Ha HOBO M3/IM3ake HUBOA MOPA.

CkpoMaH 00MM MojaTaka HHje HaM JO3BOJIMO TIO-
peheme pesynrara ca KpHBOM MPOMEHE HHBOA MOpa
(HAQ et al. 1987). Moryhe je camo TipuOIIXHO TIpea-
MOCTaBUTH HA OCHOBY CTapOCTH JICTEpPMUHKCAHE Ta-
neodayHe a OmMHCaHe TapaceKBeHIle MPUIaNajy Haj-
ctapujeM cynepuukiycy cera Upper Zuni A 1 (UZA1).
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New data concerning the Early Middle Miocene on the southern
slopes of Fruska Gora (northern Serbia): a case study from
the Mutalj Quarry

Liurko RUNDIC!, SLOBODAN KNEZEVIC', NEBOJSA VASIC?,
VESNA CVETKOV® & MILOVAN RAKIJAS?

Abstract. During the last few years, geological research at the southern slopes of FruSka Gora Mt.enabled
the discovery of different Miocene units (undivided the Lower Miocene and Middle Miocene Badenian, pre-
dominantly). This is primarily thinking of the so-called Leitha limestone (Middle Miocene, Badenian), which
is an important component in cement production (La Farge Co., Beo¢in). The high carbonate content (more
than 98 %) allows it to be a very important raw material that is mixed with Pannonian marl in the process of
cement manufacture. Continuous exploitation of this rock at the Mutalj Quarry enabled an insight into its
structural, stratigraphic, sedimentological and hydrogeological features, as well as its relation to the other
underlying/overlying units. Numerous fossils (i.e., red algae, mollusks, corals, bryozoans, and foraminifers)
and their biostratigraphic range indicate to Middle Miocene Badenian age. Based on data from different bore-
holes, structural and sedimentological characteristics, spatial distribution, efc., a relatively large rock body
was discovered (approx. 0.3 km?2). Within these Leitha limestones, there are frequent cracks and caverns
infilled with fine lateritic clays and alevrites. These clays were sampled for a paleomagnetic study. The carri-
er of the primary remanent magnetization (RM) is magnetite that has a primary origin. Lateritic clays are char-
acterized by significant value of magnetic susceptibility. The degree of anisotropy of the magnetic suscepti-
bility (AMS) is low with the dominant magnetic foliation.

Key words: Lower Middle Miocene, Badenian limestone, post-Badenian lateritic clays, paleomagnetism,
Fruska Gora Mt.

Ancrtpakr. [locieamux HEKOIHUKO TOIMHA, TCOJIONIKA HCTPAXKKUBaka Ha jyKHUM NaguHama dpyiike rope
oMoryhmia cy yBHUIl y IOCTOjalbe Pa3IMUYUTHX MHOLCHCKUX jeIUHUIA (HepaIlwIAkCH JOHH MHOICH U
MIPBEHCTBEHO, 0AJCHCKH KaT cpeiber MUuoleHa). OBJie ce TOBOPH IIpe CBETa O T3B. JIajTOBAYKUM Kpedmaryuma
(cpenmu MuonieH, 0ajieH), BaXKHO] KOMITOHEHTH y ITpou3BoImbH 1ieMenTa (Jladapxk, beounn). Bucox canpikaja
kapOonata (Bumre o1 98%) omoryhaBa uM ma Oyday BpJO 3HauajHa CHPOBHHA, TC CE JO/a]y ITAHOHCKOM Jia-
MOPILY Y MPOIIeCy MPOU3BO/IbE IieMeHTa. HermpekunaHa excrioarainja OBUX Kpeumbaka y KaMeHosIoMy MyTab,
omMoryhuna je yBUJ y BUXOBE CTPYKTypHE, cTpaTurpadcke, CEAUMEHTONONIKE U XUAPOreOIOIIKe KapaKkTe-
PHCTHKE, Ka0 U IbHXOB OJJHOC MPeMa JPYrUM, IOJUHCKUM OJJHOCHO MMOBIATHUM je/uHuIama. bpojau Gpocunu
(HTIp. IpBEHE anre, MEKYIIIHN, KOpain, Oprno3oe u popaMuHUpEpH) U BUXOB ONOCTpaTurpad)CKu OICeT yIIy-
hyjy Ha mmahe 6ageHcKy crapoctT. Ha ocHOBY momaTaka U3 pa3iuyuThX OyIIOTHHA, CTPYKTYPHUX U CETUMEH-
TOJIOIIKKMX KapaKTePUCTHKA, Ka0 ¥ MMPOCTOPHE AUCTPUOYIIH]e Kpeumhaka, yTBpH)EeHo je 1a ce paju O pelaTUBHO
BeJIMKoj cTeHckoj mMacu (oko 0,3 km?). YHyTap Te kpeumauke Mace, 4ecTe Cy MyKOTHHE U KaBEpHE 3allyHheHe
(MHUM JIaTEPUTCKUM IVIMHAMA M JIEBPUTHMA KoOje Cy OWJIe W MpeaMeT IaJeOMarHeTHUX HCIUTHBama. Ho-
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CWJIaIl MpUMapHe peMaHeHTHe MarHetnsanuje (PM) je MarHeTuT Koju je MpUMapHOT TMopekia. Jlatepurcke
IIMHE KapaKTepHIle 3HadajHa BPETHOCT MarHeTHE CycHenTHOWTHOCTH. CTemeH aHM30TPOIHje MarHeTHE
cycuentudmiHoct (AMC) je Manu ca JOMUHAHTHOM MarHeTHOM (OJTHjariijoM.

Kibyune peun: Crapuju cpenmH MHOIEH, 0aJeHCKH Kpedmalld, HMOCT-0aJeHCKe JIaTepUTCKe IIIHMHE,

nasyieomarserusam, Opymka ropa.

Introduction

The Pannonian Basin was formed as result of con-
tinental collision and subduction of the European
Plate under the African Plate during the Late Early to
Late Miocene (FODOR et al. 2005). The Late Early
Miocene subsidence and sedimentation was an effect
of the sin-rift extension phase that resulted in the for-
mation of various grabens filled by thin sin-rift marine
and brackish deposits (CLOETINGH ef al. 2006; HOR-
VATH et al. 2006; DomBRADI et al. 2010). The tectonic
events that formed the Pannonian Basin also affected
the structure of the Neogene deposits of Fruska Gora
(FG), which were deformed mainly by radial tectonics.
Still, deformations that are more complex have been
noted in the Upper Miocene and Pliocene nearer to the
Danube, in the influence zone of the regional fault that
separated large blocks: the uplifted structures of the
FG horst from the southern Backa depression (MARO-
VIC et al. 2007). FG was the focus of geological inter-
est in the second half of the 19th century. LENZ (1874)
and KocH (1876) gave the first and original explana-
tion of the geological record of FG. After the Second
World War, CicuLi¢ (1958), CICULIC-TRIFUNOVIC &
Raxic (1971), PETKOVIC et al. (1976) wrote important
contributions to the study of the stratigraphy of FG. In
recent times, a few articles include different geologi-
cal studies of FG (RUNDIC et al. 2005; GANIC et al.
2009, 2010; TER BORGH et al. 2011). All the men-
tioned authors noted the absence or minor occurrence
of the Miocene at the southern flank of the mountain.
Except for the Lower Miocene Vrdnik coal basin sed-
iments and volcanites, which are transgressive over
the basement rocks (PETKOVIC et al. 1976), there are
no other significant occurrences of Miocene rocks at
the southern slope of FG. Only two occurrences of the
Miocene limestone were noted (the Mutalj and Beli
Kamen Quarries near the BeSenovo village). The first
paleomagnetic studies of lateritic clay from the Mutalj
Quarry were performed to define the paleorotation
pattern of FG during the Neogene. These investiga-
tions gave good results (LESIC et al. 2007; CVETKOV
2010). Afterwards, the lateritic clays from biogenic
limestone were re-examined in detail in terms of their
magnetic properties.

This work presents new structural, sedimentologi-
cal, and paleontological data from Mutalj, the largest
Middle Miocene quarry at the southern slope of FG
(Fig. 1). Additionally, the post-Badenian clays were
checked to determine the carrier of remanent magne-

tization (RM) and the anisotropy of magnetic suscep-
tibility (AMS).

Materials and Methods

All the presented data were obtained on the surface
at the Mutalj Quarry and from twelve boreholes (GB-
1/10, GB-2/10, GB-3/10, B-16/05, BGMK-1/10,
BGMO-3/10, IBMBK-1/10, IBMBK-2/10, IBMBK-
4/10, IBMBK-5/10, IBMBK-6/10, IBMBK-7/10 — see
Fig. 1; Table 1). Information was plotted on a geodet-
ic plan on the scale 1:25 000, and three geological
cross-sections drawn, to be reduced to the scale and
prepared for print (Fig. 2).

A detailed sedimentological investigation was per-
formed at the Mutalj Quarry during 2008. Additionally,
different fossils were collected to date. For a more
precise stratigraphic position, a few limestone sam-
ples were examined as thin-sections. All the menti-
oned material is stored in the Faculty of Mining and
Geology, Belgrade as well as the Hidro-Geo Rad, Bel-
grade. Paleomagnetic measurements were conducted
on the lateritic clays on three occasions. The first two
times were to determine the paleodirections and the
last one was to determine the carrier of the remanent
magnetization (RM) and the anisotropy of the mag-
netic susceptibility (AMS). Samples of slightly differ-
ent lithology were taken from two caverns. Clays
from the first cavern (Mutalj 1) are reddish-brown,
adhesive and compact while the clay from the second
cavern (Mutalj 2) has a more sandy component. Pa-
leomagnetic measurements were realized in the Paleo-
magnetic Laboratory of the Republic Geodetic Autho-
rity, Department for Geomagnetism and Aeronomy,
Belgrade and the Etvos Lorand Geophysical Institute
in Budapest, Hungary. For measurement of the initial
magnetic susceptibility and the anisotropy of the sus-
ceptibility (AMS) in a low-intensity field (in fifteen
positions) MFK1-A and KLY-2 Kappabridges were
used. The direction and intensity of the remanent
magnetization (RM) were measured using JR-5 and
JR-5A spinner magnetometers within the domain of
the natural remanent magnetization (NRM). A thermal
demagnetizer MMTD80 and the pulse demagnetizer
MMPM10 performed thermal demagnetization (TD)
and isothermal remanent acquisition (IRM). For ther-
mal demagnetization of specimens within the alternat-
ing field, an AFD300 and Schonstedt AF demagnetiz-
ers were used (max. field strength up to 0.23 T,
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Fig. 1. Geographic position (A), satellite image of southern part of Fruska Gora Mt. (B) and satellite image of the Mutalj

Quarry and its simplified geological map (C, D).

Technical University of Budapest). The demagnetiza-
tion data were processed statistically following stan-
dard paleomagnetic procedures (KIRSCHVINK 1980;
FISHER 1953).

Geology of the Mutalj Quarry
The Mutalj Quarry belongs to the village of Bese-

novo on the southern slope of FG (N 45°6°29.24”; E
19°41°40.46” — Fig. 1). It is the largest open pit in this

part of FG (approx. 295 000 m2). Herein, Triassic and
Jurassic rocks make the basement for the Neogene se-
diments that cover them on the southern side. Gene-
rally, the clastic—carbonate sediments of the Lower
Triassic, the carbonate facies of the Middle Triassic
and the igneous—sedimentary complex of the Middle
and Upper Triassic represent the Triassic formations
in FG. Tithonian-Berriasian sediments as well as an
ophiolite complex represent the Jurassic age (Fig. 2,
B-B’). The basement rocks form a very complex
structural pattern with features of most diverse folding
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and radial deformation. In total, twelve exploration
boreholes were investigated (Table 1).

Table 1. Geographic position of the investigated boreholes
(WGS84).

No Borehole North East
1 IBMBK-1/10 45°6'22.25" | 19°42'6.75"
2 IBMBK-2/10 45°6'20.36" | 19°42'16.94"
3 IBMBK-4/10 45°6'12.94" | 19°42'16.61"
4 IBMBK-5/10 45°6'5.44" 19°42' 6.72"
5 IBMBK-6/10 45°6'34.21" | 19°42'15.22"
6 IBMBK-7/10 45°6'37.73" | 19°42' 599"
7 BGMK - 1/10 | 45°6'23.69" | 19°41'19.82"
8 BGMO -3/10 45° 6'38.45" | 19°41'52.74"
9 GB - 1/10 45°6'54.77" | 19°42'3.45"
10 | GB-2/10 45°6'45.38" | 19°41'57.62"
11 | GB-3/10 45°6'20.59" | 19°41'48.90"
12 | B-16/05 45°6'29.25" | 19°41'44.35"

In the area of BeSenovo, the Miocene deposits are
distributed along a narrow, discontinuous belt of E-W
direction. The best exposure of these sediments is
located at the Mutalj Quarry where Middle Miocene
Badenian limestone appears. However, based on the
exploratory drilling, it was determined that the basis
of the Badenian sediments is composed of different
rocks from an older Miocene continental series (Fig.
2. B-B’, C-C’). It consists of multi-colored pebbly
clays, sands, quartzites, older rock fragments, and
conglomerates. Stratigraphically, these rocks corre-
spond to the undivided Lower Miocene (Fig. 2).
These sediments were best studied on the southern
slopes of FG, near Vrdnik (the Vrdnik Coal-Bearing
Basin); hence, they are known as “the Vrdnik Series”
or the Vrdnik Formation (PETKOVIC et al. 1976;
RUNDIC et al. 2005). They are transgressive and dis-
cordant over the various members of the basement
rocks (Fig. 2. B-B’). In certain places, the relationship
with the different older fragmented and reworked
rocks is probably sharp (Fig. 2, A—A). Based on earli-
er data (RUNDIC et al. 2005), three litho-stratigraphic
members within the Vrdnik Series are distinguished:
a) at the base, there are various breccias, conglomer-
ates and sandstones, rarely clays, 5-30 m thick; b)
above the basis, there is a coal-bearing horizon. It is
composed of 4-6 coal layers, 0.6-2.5 m thick, repre-
sented by intercalated layers of montmorionite clay
(bentonite); c) the overburden of the coal layer is
composed of a lower and upper overburden. However,
based on the facts from the investigated boreholes,
there are no coal seams at the Mutalj Quarry. Only a
part of that lithological succession is determined. The
varicolored terrigenous series contains brown clay,
reddish sandy clay, grayish sand, and pebbles of dif-

ferent rocks (serpentinites, quartzites, diabases, differ-
ent schist, ezc.). It has a great distribution and makes the
base for the different younger rocks (see cross-sections
in Fig. 2). According to this, it can be supposed that the
Lower Miocene sediments have a thickness of more
than 100 m.
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Fig. 2. Geological cross-sections across the Mutalj Quarry:
A-A’, B-B’, and C-C’". Key: 1, Jurassic diabases (only in
cross section and boreholes); 2, 3, Lower Miocene lacus-
trine deposits and volcanites (only in cross section and
boreholes); 4, Middle Miocene (Badenian) reef limestone;
5, 6, Middle Miocene (Badenian) sandy marl and sandy
clay; 7, Pleistocene red beds — the Srem Formation; 8,
Pleistocene loess—paleosoil sequences; 9, Fault.

The marine Badenian sediments have a relatively
small distribution at the Mutalj Quarry. If compared to
the northern parts of the mountain, there is a clear dif-
ference (PETKOVIC et al. 1976; RUNDIC et al. 2005).
The Badenian sediments are present as an elongated,
discontinuous rock body with E-W direction and they
have much wider distribution on the northern slopes
of FG. They are characterized by large diversity of the
facies, which is a consequence of various conditions
in the coastal area of the former island in the Parate-
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thys Sea (conglomerates, sandstones, sandy marls and
tuff-sandstones, clays and clayey marls, limestones,
etc.). However, the Mutalj Quarry includes three
lithostratigraphic members (Fig. 2. B-B’). Very rare
grayish-green clay and sandy marl and the wider dis-
tributed biogenic limestones (the so-called Leitha
limestone). They contain numerous fossils and sever-
al types of limestones could be distinguished: litho-
tamnian, amphistegin, bryozoan, efc. The limestone is
massive, reefy, developed by the life activities of the
red algae Lithotamnion, foraminifers and bryozoans,
and including numerous fossil remains of mollusks, as
well as scarce findings of sea urchins, corals and other
organisms. Analyses of the sediment determined the
dominance of algal and algal-foraminifer biomicspa-
rite and biomicrudite (Figs. 3, 4). On the lateral sides,
toward the E-NE periphery of the exploitation area,
the limestones turn into marly limestones, sandy marl,
and clay (Fig. 2. B-B’, C-C).

The Badenian sediments at Mutalj Quarry are over-
laid by Pleistocene red beds. Finally, Pleistocene
loess—paleosoil sequences cover both of them (Fig. 2.
B-B’, C-C’).

Based on data from the above-mentioned boreholes
and from field observations, it can be concluded that
there is no rock connection between the active Mutalj
Open Pit and the abandoned one (the Beli Kamen
Open Pit). This means that there are two independent
limestone bodies, which belong to a narrow belt on
the southern slope of FG.

Lithostratigraphy and sedimentology

A lithostratigraphic column of the Badenian lime-
stone with a total thickness of more than 30 meters
(2009) was recorded in the Mutalj Quarry (N
45°06°21.17, E 19°41°43.1”). Including the Pleisto-
cene sediments of the Srem Formation and the loess—
paleosoil sequences, the overall thickness of the
whole section reaches up to 48 meters (Figs. 3, 4.).
These are white biogenic limestones, very porous and
poorly cemented. They have a general appearance of
chalky carbonate and contain various fauna of mol-
lusks (clams, snails), algae, and other reef builders.
The thirty meters of the column appeared homoge-
neous without a clearly visible internal stratification or
other structural features. At the top of the limestone,
there are many emphasized cracks of meter dimensions
that are filled by red clays and alevrites. The limestones
are permeable and there is an accumulation in the deep-
est floor of the quarry (see Fig. 3A, B). The dark green
water has a high content of carbonate. A typical exam-
ple of Badenian biogenic limestone — biomicrudite is
shown in Fig. 7.

The allochem contains primarily large algal remains.
The fragments are rudites. Large pelagic and benthic
foraminifers make a small percent of the allochem.

Biogenic detritus is minimized. Ortochem is a micrite
calcite. The Leitha limestone has an intergranular and
intragranular porosity. The pores sporadically contain a
sparite calcite. Non-carbonate ingredients are clay min-
erals that are either adhered to algal fragments or mixed
with micrite. The total content of calcite (CaCO;) is
about 98 %.

Over the Badenian bioclastic limestone, there are
breccias up to 2 meters thick (Fig. 3). One local phe-
nomenon was noted, even in the realm of the quarry,
which, regardless of their limited occurrence, we
think consider very interesting. The phenomenon is
constructed of a variety, both in size and form, of frag-
ments that originated from the Badenian rocks (Fig.
5). The fragments can be observed macroscopically
and they contain algal debris and large foraminifers
(Fig. 7D). In some parts of the breccias, there was a
significant transport of fragments, while in other
parts, there was none at all. It is evident that there are
polyphases of its making (Fig. 5). Vertically as well as
laterally, there is black scree of black pebbles with
centimeter dimensions. The cement of the breccias is
carbonate, without fossil remains, painted in different
shades of red. Given that, these breccias lie over
“karstified” Badenian limestone and under the Srem
Formation, their stratigraphic position for the time
being, outstanding issues. A sample of the carbonate
breccias (No. 33, Fig. 3), which overlies the Badenian
biogenic limestone, is built from various, primarily in
size, angular fragments. Smaller fragments may have
rounded and dark brown to black membranes. These
fragments may correspond to grain-type black peb-
bles. The Badenian algal limestone represents the
source rock for the fragments. Each fragment repre-
sents the different microfacies. Most of the rudites
contain algal fragments and other biogenic allochem
similar to that of the Badenian limestone. In addition,
as smaller fragments, independent algal grains are
embedded in the matrix. The cement is a micrite pig-
mented with iron oxides. The terrigenous component
is evenly distributed throughout the rock. Its content
is up to 5 %. These are mainly angular quartz grains
and fragments of metamorphic rocks. Present in the
micrite matrix, there are an irregular cavities filled by
sparite calcite which, together with micrite, corre-
spond to a type of dismicrite.

A slightly different example is a sample of lime-
stone breccias (No. 34, Fig. 3). A feature of the frag-
ments is that they all have brown, ferrous membranes
(black grains). The fragments do not touch; they are
embedded in the matrix. The cement is a micrite pig-
mented with iron oxides. Within it, the terrigenous
component reaches up to 2-3 %. The total content of
calcite (CaCOs;) is about 97 %.

An important characteristic of the Leitha limestone
is its high CaCOj content, which in certain samples
reaches over 98 %. Therefore, it is used to enrich the
main raw material (Pannonian marl) with carbonates
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Fig. 3. Lithostratigraphic succession at the Mutalj Quarry and the main sedimentological features. The numbers from 25 to
45 show the position of the taken samples.
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Fig. 4. Contact between Badenian limestones (A) and
Pleistocene clastic sediments (B).

muss, Chlamys sp., Flabellipecten besseri, Glycimeris
pilosus, Panopea menardi, Ostrea lamelosa, O. digi-
talina, Isocardia cor, Conus mercati, etc. (Fig. 6).
Foraminifers, ostracodes, as well as different algae
and bryozoans, have also been recorded. Among the
foraminifers, the genus Amphistegina is of particular
importance and makes the microfacies specific.
Following species were recognized: Amphistegina
haueri, Globigerina bulloides, G. bilobata, Asterigeri-
na planorbis, Cibicides lobatulus, Ammonia ex gr.
beccari, Elphidium crispum, Elphidium sp., Bolivina
sp., Lithotamnion sp. and Lithophyllum sp. Similarly,
there are other types of these rocks based on the pre-
vailing microfossils (Fig. 7). All the mentioned fossil
species suggest the Upper Badenian, which is consis-
tent with field observations and the position of similar
sediments on the northern slope of the FG. However,
a precise biostratigraphic determination will be real-
ized later.

¥

Fig. 5. Several stages in the creation of breccias. A, Frag-
mentation of the Badenian limestone without movement;
B, Finer limestone fragments are transported; C, Large
limestone fragments.

during cement production. In the paleogeographical
sense, they were deposited during the Badenian, along
the southern shore of the former FruSka Gora Island.
Due to good insulation, the conditions needed for the
development of red algae and other reef-forming
organisms were more suitable here than on the north-
ern coast; hence, the Badenian limestones on the
southern slopes are richer in CaCOs;.

During the first phase of the limestone exploitation
at the Mutalj Quarry, their total thickness was more
than 100 meters.

Fossils in the Leitha limestone

The fossil macrofauna often contains large forms,
such as: Pecten aduncus, P. haueri, Chlamys latisi-

Fig. 6. Association of fossil mollusks extracted from the
Leitha limestone: A, Chlamys latissimus BRocco.; B, Conus
sp.; C, A fossil coral; and D, Shell molds of Panopea sp.

Hydrogeological features

From the hydrogeological point of view, the Middle
Miocene Badenian limestones provide a good envi-
ronment for the formation of karst aquifers. This was
confirmed by geological exploration drilling and in-
stallation of piezometers, as well as other hydrogeo-
logical studies.

Analyses of hydrogeological mapping in the wider
area of the Mutalj Open Pit, the bored cores and the
infiltration tests determined the large permeability po-
tential of this limestone as well as the overlying beds
composed of loess sequences and different pebbly and
sandy clay deposits of so-called the Srem Formation
(Pleistocene). The results of the infiltration tests (in
situ) showed that the coefficient of filtration in the
Mutalj Open Pit limestone is about K = 102 cm/s. Ac-
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Fig. 7. Different microfacies of Badenian limestone: A, Lithotamnian limestone (Sample 32); B, Algal-bryozoan limestone
(sample 32/1); C, Amphistegin limestone (sample 34/1); D, Algal and foraminifer fragments within the breccias (sample
34/2). Scale: length of pictures is 4 mm.

cording to these results, they belong to the highly per-
meable sediments. The coefficient of filtration for the
overlying sediments is less than K = 104 cm/s and
they belong to the middle-permeable sediments. Ba-
sed on these results, it can be concluded that the infil-
tration of atmospheric precipitation into the under-
ground occurred very quickly and recharged the karst
aquifer formed in the Badenian limestones. Drainage
of the karst aquifer is towards the southwest, which is
compatible with the dip direction of the Vrdnik For-
mation. This was concluded from the results of nume-
rous measurements that were performed in the net-
work of piezometers formed around the Mutalj Open
Pit. During 2005, the limestone exploitation reached
the ground water level at an elevation of from 175 m
to 177 m and opened the karst aquifer within it.

The hydrogeological conditions and the relation be-
tween the Mutalj Open Pit and the abandoned neigh-
boring limestone of the Beli Kamen Open Pit were the
objects of detailed investigations during 2010. Main
goal of these studies was to explain the geological

conditions as well as their hydrogeological relations.
Namely, during the past decades, it was not possible
to determine whether there is a unique aquifer be-
tween these limestone quarries. In addition, there was
doubt whether the karst aquifer in the Beli Kamen
limestone and the artificial lake formed therein could
affect the aquifer recharge in the Mutalj Open Pit.
Finally, it could lead to an increased inflow of ground-
water from this direction. However, further exploita-
tion of the limestone from the Mutalj Open Pit, as well
as its continual dewatering resulted in a lowering of
the ground water level; the mirror of the water at level
is now at 158.76 m (Table 2).

Table 2. Recent measurements of the elevation of the water
mirror.

Open pit Elevation Date
Mutalj 158.76 m 19.11.2010.
Beli Kamen 173.10 m 17.01.2011.
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All the mentioned geological and hydrogeological
data obtained during 2010 show that the space be-
tween the pits is not constructed of marine limestone
rock. It consists of Lower Miocene lacustrine depo-
sits, dark, grayish-green siltstones, reworked blocks
and fragments of diabases and schists, minor pebbles
of carbonates, etc. (IBMBK-6/10, IBMBK/7/10). The
exploration borehole BGMO-3/10, which was drilled
with the purpose of determining of the absence of
limestone, showed that there is a diabases block below
the mentioned lacustrine sediments. From the hydro-
geological point of view, the diabases are imperme-
able. These formations alternate with low-permeable
sediments, such as gray—yellow marly clay, marly
sandstone, poorly consolidated sandstone, gravel with
lenses of sand, etc. These sediments represent a later-
al facies of Badenian limestone (IBMBK-1/10,
IBMBK-2/10). Similar geological successions were
observed in boreholes IBMBK-4 and IBMBK-5. Dif-
ferent loess and paleosoil sequences form the cover of
the mentioned Miocene sediments.

Paleomagnetic data

All samples in the NRM domain have measured
values of initial magnetic susceptibility in the range
1.9-3.4 103 SI and remanent magnetization in the
range 29.1-78.4 mA/m. The degree of AMS is low
with the dominant magnetic foliation indicating rema-
nent magnetization formed during compaction (Fig.
8). Correction for tectonics caused a slight change in
the position of the anisotropy axis of the magnetic
susceptibility (Fig. 9). Based on the acquisition of iso-
thermal remanent magnetization experiment by the
method of step-by-step thermal demagnetization
three-component IRM (LowRrIE 1990) and the Cisow-
skiI test (1981), it was found that the primary carrier of
natural remanent magnetization is magnetite (Fig. 10).
To avoid cracking and loss of the samples during heat-
ing, it is planned to perform alternating field demagnet-
ization. However, the presence of a “resistant” RM to
the effect of an alternating field (AF) would require the
use of thermal demagnetization (Fig. 11). The direction
of the high-stability PRM component was determined
by principal-component analysis (KIRSCHVINK 1980)
and Fisher statistics (FISHER 1953). The isolated paleo-
magnetic directions are consistent not only within a
cavern, but also between the cavities (Fig. 12).

Interpretation and Discussion

The Miocene epoch on the southern slope of FG is
relatively unknown. Poor data were derived from the
BGM 1: 100 000 sheet Novi Sad (C1¢uULIC-TRIFUNO-
vIC & RAKIC 1971). Therein, only a few “patches”
indicate the presence of Miocene rocks. However,

continual investment in the cement industry and the
demand for good raw material resulted in numerous
drilling in this area. Consequently, a completely dif-
ferent distribution pattern of the Miocene on the
southern slope of FG to that on the northern slopes
was established.

Lower Miocene undivided heterogeneous rocks
have a relatively small distribution. Practically, they
are confirmed only in the studied boreholes (see Fig.
2). However, based on core data, there is a clear sig-
nal for the continental development of the Lower
Miocene there. The main characteristics of these de-
posits are as follows: variegated beds, lack of fauna,
domination of coarse-grained clastics, very fast verti-
cal and lateral alternation of facies, noticeable varia-
tions in grain size, efc. According to the early known
facts regarding the geology of the Vrdnik coal-bearing
basin (PETKOVIC et al. 1976; RUNDIC et al. 2005),
these rocks correspond to the upper part of the Lower
Miocene Vrdnik Formation. Up to the present, the age
of these sediments is not clear. Comparable data
comes from the neighboring Pozeska Mt. (northern
Croatia), where Lower Miocene alluvial deposits
were discovered (PAVELIC & KOVACIC 1999).
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Fig. 8. Lineation versus Foliation (Flinn diagram), showing
oblate shape for the AMS measurements, with the foliation
coinciding with the bedding plane.

Fig. 9. Equatorial projection (on the lower hemisphere)
kax (square), ki, (triangle) and k,;, (circle) of AMS ellip-
soid axes for individual clay samples from the Mutalj Open
Pit. Left: before correction for tectonics; right: after correc-
tion for tectonics.
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Fig. 10. Magnetic mineralogy. Diagrams of the behavior of the magnetization-bearing mineral during the magnetic field con-
trol and heating in the laboratory. Key: 1-4, IRM acquisition behavior; 5, The three-component IRM (LOWRIE 1990) behav-
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IRM were acquired in fields of 2.91 T, 0.4 T and 0.121 T, respectively; 6, Acquisition and AF demagnetization of IRM

(Cisowski test, 1981).

A well-known fact is that the beginning of the Ba-
denian age (Early Langhian, ca. 16.3 Ma) coincides
with a marine transgression in the domain of the Cen-
tral Paratethys (Cori¢ & ROGL 2004; CORIC et al.
2004, 2009; HARZHAUSER & PILLER 2007; HOHENEG-
GER et al. 2009; PILLER ef al. 2007; ROGL et al. 2008).
Such records, coupled with different tectonic, seismic

and sequence stratigraphy data, indicate to a very
powerful and important event (HORVATH et al. 2006;
KoVAC et al. 2007; SCHMID et al. 2008). Generally, the
Lower Badenian deposits discordantly overlie the
older Miocene strata or the pre-Tertiary basement
(e.g., the Vienna Basin, the Styrian Basin, the south-
ern margin of the Pannonian Basin in Croatia, Bosnia,
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Serbia — see CORIC et al. 2009). All the collected facts
from the Vojvodina Province and Fruska Gora Mt.
indicate to a similar time event (PETKOVIC et al. 1976;
RADIVOJEVIC et al. 2010). It is considered that the
marine transgression engulfed the Fruska Gora Island
surrounded by the Central Paratethys Sea. On the
southern flank of FG, there are no Lower Badenian
rocks on the surface. The only evidence for them was
found in borehole B-16/05, where sandy marl was
drilled at a depth of 53 meters under the surface (see
Fig. 2, B-B’). On the other hand, Lower Badenian
marine deposits on the northern slopes of FG have a

wider distribution (PETKOVIC et al. 1976). Neverthe-
less, younger Badenian sediments have a much wider
distribution on FG. During the Late Badenian (Early
Serravallian, ca. 13.6-12.7 Ma), algal-bryozoans, and
coralline reefs built a distinct belt along both sides of
the mountain (Erdelj, Lezimir, Mutalj, efc.). The main
sedimentological feature is the enhanced carbonate
production controlled by strong volcanism (tuffs, da-
cites, andesites, etc.). These Badenian limestones are
not only high-quality raw materials, but also contain
extremely fine association of fossil mollusks, algae,
coral, bryozoans, foraminifers, ostracodes and other
fauna. For example, warm-temperature pectinids and
ostreids suggest a shallow-marine, sublittoral to lit-
toral environment (SCHMID et al. 2001). The men-
tioned biomicrudites with abundant reef-builders
could be a part of a small carbonate platform that is
existed in the area of FG. Similar records come from
northern Croatia and Austria (SCHMID et al. 2001; VR-
SALIKO et al. 2006). Temperature estimates for the
Central Paratethys Miocene mostly rely on a compar-
ison of the biota characteristic for a certain time inter-
val with their present-day relatives. Additionally, a
number of isotope and trace element studies are also
available for the period considered (BALDI 2006;
KovAcovA et al. 2009). However, a direct interpreta-
tion of these records in terms of paleo-temperature
without a consistent control based on faunal records is
unsafe (LATAL et al. 2006). The reason is that relative-
ly small epicontinental seas, such as the Paratethys,
can be strongly influenced by regional differences in
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seawater isotope composition (LATAL et al. 2006;
HARZHAUSER et al. 2007). For this reason, some authors
try to calculate the Paratethyan temperature record
based on the open/closure position of the main gate-
ways between the Mediterranean, the Indian Ocean, the
Atlantic Ocean, and the Paratethys (KArRaMI et al.
2011). They applied an oceanic 4-box model to deter-
mine the temperature, salinity and exchange flows for
the Paratethys and the Mediterranean Sea before and
after closure of the Indian Ocean gateways. They con-
cluded that closure of the gateways connecting Para-
tethys and the Mediterranean to the Indian Ocean had a
great impact on the temperature of the basin’s tempera-
ture as well as on its salinity. Following this model, it
seems that the Badenian predominantly algal and bry-
ozoan limestone suggests warm-temperature condi-
tions (17-21°C) in this period (KOVAC et al. 2007).

Based on the lithological succession, the geological
and hydrogeological cross-sections and the results of
the infiltration tests, it can be asserted with confidence
that there is no hydraulic connection between the
Mutalj and Beli Kamen Quarries that could have a
significant impact on aquifer recharge.

The paleomagnetic study of the post-Badenian lat-
eritic clays shows that biogenic limestones and their
products should not be rejected a priori as unsuitable
for paleomagnetism but should be viewed as potential
carriers of the primary RM. The carrier of remanent
magnetization in these clays is magnetite, which
occurs in significant concentrations and probably has
a primary origin. In relation to the Badenian sedi-
ments on the northern slope of FG, which have a pos-
itive RM polarity, they have the opposite RM polarity
and, practically, same values of inclination (CVETKOV
2010; LEsIC et al. 2007). The declination of the RM is
counter-clockwise rotated, which is typical for Bade-
nian deposits on FG (LESIC et al. 2007), as well as for
other rock masses of the southern part of the Panno-
nian Basin (MARTON 2005). On the other hand, the ex-
tracted paleodirection is limited by the Late Pliocene
rotation and the Badenian limestone underlying the
Pontian sediments, hence, it can be concluded that the
mentioned clays formed during the Middle—Late Mio-
cene. This is contrary to common opinion that they
belongs to the Pleistocene (the Srem Formation, see
PETKOVIC et al. 1976)

Conclusions

The Mutalj Quarry is located on the southern slope of
Fruska Gora. It is the largest Miocene quarry in this part
of the mountain. It occupies of 0.3 square kilometer of
a more or less rectangular area and the mean thickness
is more than 40 meters (recent data). The high content
of carbonate (more than 98 %) in the limestones allows
them to be very important raw materials for cement pro-
duction (La Farge Cement Factory, Beocin).

Core data, structural and stratigraphic measure-
ments show that the whole limestone deposit on the
southern slope of FG belongs to a narrow, discontinu-
ous belt of Middle Miocene Badenian sediments with
E-W extension. In the Mutalj Quarry, the limestone
has the largest distribution and transgressively lies
over the Lower Miocene Vrdnik Formation (up to
date, there is no confident data regarding the precise
stratigraphic position of these rocks). There are no
other Miocene units there. This means that the Middle
Miocene Sarmatian and the whole Upper Miocene are
completely missing. Different Pleistocene sediments
including the red continental beds (the Srem Forma-
tion) and the loess—paleosoil sequences form the
cover of this limestone.

Sedimentological analyses as well as fossil remains
from the limestone indicate to favorable conditions
needed for development of marine, shallow-water as-
semblages (mollusks, foraminifers) and reef-forming
organisms, such as red algae, bryozoans, corals, efc.
This indicates to the Badenian marine transgression in
this part of the Central Paratethys. The mostly algal
and bryozoan limestone suggests warm-temperature
conditions (17-21°C). This biogenic, shallow-water
carbonate unit on the Mutalj Open Pit represents the
best section of Leitha limestone on the investigated
area. After the Badenian, a continental regime repla-
ced this marine one. Due to the drier climate, red lat-
eritic beds were formed upwards. Additionally, nume-
rous cracks and caverns within the limestone were
formed. Later, fine-grained prolluvial sediments in-
filled them.

The Middle Miocene Badenian limestone provides
a good environment for the formation of karst aqui-
fers. Analyses of hydrogeological mapping in the
wider area of the Mutalj Open Pit, and data from bore-
holes and infiltration tests determined the large per-
meability potential of this limestone. The coefficient
of filtration is about K = 102 cm/s, thus they belong
to the highly permeable sediments.

Based on paleomagnetic investigations, it was de-
termined that the magnetite-bearing sediments depo-
sited during the post-Badenian time mainly do not carry
a coherent. In relation to the Badenian sediments on the
northern slope of the FG that have a positive RM polar-
ity, they have the opposite RM polarity. The declination
of the RM is counter-clockwise rotated, which is a
characteristic for Badenian Age (LESIC et al. 2007).
However, the extracted paleodirection is limited by the
well known the Late Pliocene rotation. Therefore, it can
be concluded that the mentioned clays probably formed
during the Middle-Late Miocene.
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Pe3ume

HoBu nomxaum o crapujeM cpeameM
MHOLIEHY HA jy>KHMM NaJuHaMa
®pymke ['ope (ceBepna Cpouja):
npuMep kamenosioma Myrasp

TokoM TOCHEBUX HEKOIUKO TOJMHA, HCTPaKHUBa-
Ba Koja je Ha jy>)KHUM nannHama Opyrike rope cipo-
Bena kommnanuja JIADAPXK, omoryhnma cy otkpuhe
3HAUAjHUX HACJIara Cpeiibe MUOICHCKUX KPEUmhaKa.
Ty ce mpe cBera mMucnu Ha T3B. 0aJCHCKH JIajTOBAII
KOjU TIPE/ICTaBIha BAXKHY KOMIIOHEHTY Y TIPOHM3BOIHHI
nemMeHTa. Bucok caapkaj kapOonara (mpexko 98%),
omoryhyje uMm nma Oyny BakHa CHpPOBHHA KOja Ce JI0-
Jlaje Ianopiyy y mporecy cTBapama IeMEHTHOT KITHH-
kepa. CraHa ekcruioaralyja oBOr KaMeHa Ha Kame-
HoloMy MyTass, oMmoryhmma je yBUA y Herose
CTPYKTYpPHO-TEKTOHCKe, cTpaTurpad)cke ¥ CeTUMEH-
TOJIOIIKE U XUAPOTEOIONIKe KapakrepucTrke. CKopo
MO MPaBUIY, 0aICHCKH KPEUhally JIeKe JUCKOPIAHT-
HO TMPEKO Pa3IMYMTUX KIACTHYHHX TBOPEBHUHA T3B.
Bpnanuke cepuje (dopmammje). C mpyre crpase,
VIJIABHOM Cy MOKPUBEHHM HEKOJIMKO MeTapa JeOeinm
cepujama T3B. CpeMcke cepuje M JECHO-TIAIEo-
3eMJBHIIIHAX CEKBEHIH. bpojHU (GOCWIHH T0Ka3H
(anre, MexymIy, Kopamnu, 6prosoe u popamMuHubeEpe)
yKazyjy Ja Kpedmally Mpuiajajy Miaum ekBuBaieH-
TUMa OaJeHCKOT KaTa. FbHuXoBe JIUTONOMIKE W Celu-
MEHTOJIOIIKE 0cOOWHE yKa3yjy Ha IIINTKY, CyOcTpya-
Hy MOpPCKY cpeawHy. bpojHe mcTpakHe OyIIOTHHE,
aHaM3a BUXOBUX je3rapa W MHTepIpeTayja CTpyK-
TypHUX TpoduIia yKa3yjy Ha HCIPEKUAaH 10jac mpy-
Kama OBUX CEIMMEHAaTa Ha Jy)KHUM NajanHama Dpy-
mKe rope (ca 3amama Ka MCTOKY). EkcraH3uBHA eKc-
Iioarangja Kpedmaka ca mospiimae ox oko 0,3 km?2
Op30 MeHma W HUXOBE TEXHUYKE KaPaKTEPHCTUKE
(cama je mpoceuna ne6spuHa npexo 40 m y ogHOCY Ha
panwuje roguHe Kaj je 6una nmpexo 100 m).

Ca XHIpOTEONIONIKOT ACMeKTa TIIENaHo, OafeHCKH
Kpeumally TPeJICTaBIbajy AoOpy cpenuHy 3a (opmu-
pame KapCcTHe M3[JaHd IITO j€ UCTPAKHUM OyIIeHeM,
YIPaJkboM MHUE30MeTapa U OCTAIUM XHIPOTECOIOIIKAM
ucnutuBambuMa U notBpheno. Koedummjent ¢unrpa-
uje 0aleHCKUX Kpeumaka yKasyje Ha 100po MpommycT-
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puBe cenumente (K=10-2 cm/s). HoBuM mcTpakusa-
wuma (2010) je yrBpheHo na He mocToju XuapayTndHa
Be3a (HeMa jeqMHCTBEHEe KapCTHE W3IaHM) u3Mely
MyTasba ¥ HaIyIITEHOT OONIKE-ET KaMeHooMa benn
Kamen. Bucuncka pasnmuka m3mel)y KoTa BOJCHHX
oriefana Ha Ta JiBa Koma HM3Hocu oko 15 m. Ilaneo-
MarHeTHa WCTPaXHBama MOCT-0aJeHCKUX JIATePHUT-
CKHX TJIMHA TIOKa3yjy Jla ce€ OMOTEeHW Kpeumald He
CMejy ampuopH OI0AIMTH Kao HEemoJo0HEe CTEeHe 3a
MajieoMarHeTHa Mepema, U Tpeba uX mocMaTpaTH Kao
MOTEHIMjaJTHE HOCHOIE MpUMapHe MarHeTH3allyje.
Hocwuman pemaneHTHe MarHeTH3anyje y OBUM IJIHHA
j€é MarHeTHuT, KOju C€ jaBJba y BEIUKOM KOHIIEHTpa-
djaMa W BEpPOBAaTHO HMMa MPHUMapHO MOpeKio. Y

OZIHOCY Ha OaJIeHCKE CEIMMEHTE Ha CEBEPHUM Ia-
muHama Opymike [ope koju WMajy TO3WTHBAH MoJa-
pHUTET peMaHEHTHE MarHeTH3allkje, OBE IIHHE Ha My-
TaJby UMajy CYNMpPOTaH MOJAPUTET U MPAKTHYHO, UCTE
BpenHocTH nHKIHMHanuje (LESIC ef al. 2007; CVETKOV
2010). JlexnmHamuja peMaHEHTHE MarHETH3alldje
MoKa3yje poTalujy y cCMepy CYNPOTHO KpeTamy Ka-
3aJbKE€ Ha caTy INTO je TUINUYHO 3a OameH Dpyrike
rope (LESIC ef al. 2007) kao u 3a ocTaie CTeHe Y
jyxuoMm nemy IlanoHckor 6aceHa (MARTON 2005). C
IpyTe CTpaHe, N3[IBOjeHH ITaJIeONpaBall je OrpaHuyIeH
Mial)e TUIMOIIEHCKOM POTAaIljoM T€ C€ MOXE 3aKJbY-
YUTH Ja Cy TIOMEHYTe IHHE (POpPMUpPaHE Y TIEPHOTY
CPeNHU-TOPHY MHOIICH.
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Abstract. The Struganik limestone has been increasingly popular in recent years for interior and exterior
building applications, due to easy workability, low cost and multi purpose suitability. The quality of limestone
is determined by its mineralogical and textural characteristics and physico-mechanical properties. The
Struganik stone corresponds to marl, clayey limestone and limestone (micritic and allochemical). The lime-
stone is commonly layered, either thinly bedded or banked. Chert concretions are present in all varieties. The
Upper and the Lower Campanian age were deduced by the abundant foraminifers. Micrite limestone is an
autochthonous rock generated in a deep marine environment, whereas allochemical limestone is related to a
shallow marine environment but subsequently brought into a deep-water system.

The mass quality of the Struganik limestone is controlled by variability of lithology and layering. The val-
ues of physico-mechanical properties, such as density, porosity, water absorption and strength, were statisti-
cally analyzed and the obtained data were used to assess the rock quality in the quarry. The relationship among
the quantified properties is described by regression analyses and the equations of the best-fit line.

The Struganik limestone was qualified by its petrological and engineering properties coupled with statisti-
cal analysis. It satisfies the majority of the requirements of the Main National Standard as a decorative stone,
but with a limiting factor regarding abrasive resistance.

Key words: Struganik limestone, western Serbia, petrology, physico-mechanical properties, correlation,
rock quality.

AncrpakT. MHTepecoBame U MPUMEHA CTPYTaHHYKUX KpeUmhaka Kako y eKCTepHjepy, TaKo U Y SHTepHjepy
je y mopacTy mocieqmBiX TonuHa, mocedHo y 3amanHoj Cpbuju, 300T HBUXOBE JIake o0paje, HUCKE IeHEe U
MoryhHocTH pasnnuute npuMeHe. KBaauTer kpedmaka 3aBHCH O HETOBUX MHHEPAOIIKUX U TEKCTYyPHHX,
Kao U (pU3NUKO-MEXaHWYKUX CBOjCTaBa. [1eTPONOIIKY, CTPYraHWYKU Kpedmhald OAr0Bapajy Janopuuma, Iix-
HOBUTHM KpEUmalliMa 1 KpeuthaluMa (MUKPUTCKHU U ajoxeMujcku). OOUYHO Cy CJI0jeBUTH, TAHKOIUIOYACTH
Wi OaHKOBHTH. Y CBHM BapHjeTeTHMa jaBJbajy C€ KOHKPELMOHHM pokHauu. Ha ocHOBy OpojHux (opamu-
HHU(]epa OBH CEAUMEHTH Cy CBPCTaHH Y JIOHH M TOPHH KaMiaH. MUKPUTCKU KpEUmally Cy ayTOXTOHE CTEHE
HacTajie y TyOOKOBOIHO] MapHHCKO] CPEIAMHH, JIOK j& TOPECKIIO aIOXEMH|CKUX KPEUmhaKa BE3aHO 3a TUIUTKY
MOPCKY CpEIMHY, OfIaKiie Cy IPUHETH y TyOOKOBOIHU CHUCTEM.

KBanurer CTpyraHMYKHX Kpedmaka j€ YCIOBJ/bEH JIMTOJOUIKMM CacTaBOM W THIIOM CJIOj€BHUTOCTH.
Bpennoctn gpu3nuko-MexaHHYKUX CBOjCTaBa, Kao IITO Cy YCTHHA, IIOPO3HOCT, yNHUjamke Biare M YBpcToha,
CTaTUCTUYKH Cy aHAIU3UPAHH, a JOOWjeHH PE3yNTaTH Cy KOpPHIINEHH Kao IMOKa3aTeJbu KBAaJHUTETa CTEHCKE
Mace kameHonoMa. OJHOCH n3Mel)y HCIIMTHBAHUX CBOjCTABA Cy HCIMTAHHU PErPECHOHOM aHAIN30M U U3paKe-
HU jemHadnmHOM “best-fit line”. Ilerporpadcka M TEXHHYKa CBOjCTBA 3ajeIHO Ca PE3yNTaTHMa CTaTUCTHUIKE
perpecuoHe aHajJH3e Koja je MIPUMEHheHa Yy OBOM Pajy, yKasyjy Ja CTpYyraHHYKH Kpedmhany 10 CBOM KBAJIU-
TeTy MCIyHhaBajy BehMHy 3axTeBa CXOIHO INIABHOM HAMOHAJIHOM CTAaHAApAY 3a MPUMEHY apXUTEKTOHCKOT
KaMeHa, a J1a je orpaHnyaBajyhu (pakrop BUXoBa OTIIOPHOCT IpemMa xabamy.

KbyuHne peum: cTpyraHudku Kpeumak, 3anagHa CpOuja, merposoruja, GU3HUKO-MEXaHHYKE OCOOMHE,
KOpeJaIyja, KBAIUTET KPeurmhaka.
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Introduction

Natural stone is one of the most common construc-
tion materials. Dimension stone is used in areas where
the aesthetical properties (color, design), soundness of
the deposit and market demand are crucial factors
(LuoDEs et al. 2000). To be used for the interior and
exterior of buildings, a natural stone must satisfy stan-
dardized physical and mechanical requirements strict-
ly (YacGiz 2010). Petrophysical and mechanical prop-
erties of sedimentary rocks are influenced by the size,
shape, packing of grains, porosity, cement and matrix
content, depending strongly on depositional fabric
and post-depositional processes (ANDRIANI & WALSH
2002). These properties are measured in laboratories
by standardized, relatively simple methods but they
are time consuming and expensive and require a well-
prepared rock sample. For this reason, the modern
world trend in geological and civil engineering prac-

1972; OLLsON 1974; BieNniawsKI 1967, 1975; HuG-
MAN & FREIDMAN 1979; GUNSALLUS & KULHAWY
1984; FREDRICH et al. 1990; WONG et. al. 1996;
HorrFMAN & NIESEL 1996; HATZOR et al. 1997, 1998;
TURGUL & ZARIF 1999; PALCHIK ef al. 2000, 2002).

Carbonate deposits with different lithology, age and
quality are widespread in Serbia, making limestone
the most excavated stone for building purposes. In the
western part of Serbia, particularly in the Mionica
area (Fig. 1), there are more than 70 quarries excavat-
ing limestone known as Struganik stone. The first
written data related to the exploitation of this stone
dates back to 1737. In 1861, Struganik stone was used
for the building of the Vienna Opera House.

In the last two decades, the popularity of this lime-
stone and its use as an architectural stone has increased
rapidly due to its cost coupled with aesthetic value,
quality and available reserves. It is still the main build-
ing material in this area, used for exterior and interior
cladding but with limited ap-
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plication mainly due to insuf-
ficient investigations from geo-
logical and engineering as-
pects. Many authors investigat-
ed the stratigraphy of this area
(e.g., ANDELKOVIC 1978), pale-
ontological assemblages (e.g.,
FILIPOVIC ef al. 1978) and tec-
tonic features (KARAMATA et al.
1994, 2000; DiMITRIEVIC 2001;
GERZINA 2002; ROBERTSON et
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al. 2009). Only a small number
of recently published papers
provide general information on
the stratigraphy and lithology
of stone in the Struganik area
(VASIC et al. 2001; RABRENOVIC
et al. 2002; VASIC et al. 2005;
GAIc¢ 2007; DIERIC et al. 2009;
Ganc & Vasic 2011). Unfor-
tunately, petrological and tech-

Rudnik My

Fig. 1. Location of the Struganik limestone in western Serbia, central part of the Vardar
Zone. Right: Terranes of the central part of the Balkan Peninsula (According to
KArRAMATA & KRSTIC 1996; KARAMATA 2006 and ROBERTSON ef al. 2009). Key (in
alphabetic order): CBES, Eastern Serbian Carpatho—Balkanides; DIU, Drina—Ivanjica
Unit; DOB, Dinaride Ophiolite Belt; EVZ, Eastern Vardar Ophiolitic Zone; JU, Jadar
Unit; KU, Kopaonik Unit; SMM, Serbo—Macedonian Massif; WVZ, Western Vardar

Ophiolitic Zone.

tice is the investigation of the relationship between
complex mechanical and simple physical properties.
The equations for estimating mechanical properties on
the base of simpler, faster and more economical indi-
rect tests have been presented by a great number of
authors (HANDLIN & HAGER 1957; D’ ANDREA et. al.
1964; DEER & MILLER 1966; BROCH & FRANKLIN

nical features of the Struganik
limestone, data of the depositi-
onal processes and problems of
the quality and assortment of
use have not yet been studied in
detail. Insufficient data raised a
necessity for an improvement
of the exploration methodology
of the Struganik limestone.
Therefore, studies concerning
the fabric of the Struganik limestone and its quality as a
building stone have not only theoretical significance,
but also practical importance for civil engineering.

The object of the present investigation was the old-
est and largest quarry in the Struganik area, with the
same name (Fig. 2), located about 100 km southwest
of Belgrade (Fig. 1).
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This quarry is irregular in shape, elongated in the
NW-SE direction and opened at approximately 0.32
km? (KuanNovi¢ 2007). The extraction in it, 30 years
old, is constrained by bedding planes in limestone
(Fig. 2). The extraction comprises the removal of
large tiles and their cutting into natural-faced slabs
usually 2-3 cm thick using a circular blade saw or
hand tools. These products, with natural appearance,
are packed on a palette and ready for use as external
and interior cladding. Their limited application is
mainly caused by insufficient investigations of their
properties needed to meet the requirements of archi-
tectural stone.

Fig. 2. The “Struganik™ quarry in the Struganik area.

The purpose of this study was a detail determina-
tion of the lithological, structural and textural proper-
ties, and the depositional processes and their link with
physical and mechanical properties. This work pro-
vides new geological data for the Struganik limestone
based on petrological field observations, optical and
chemical analysis of the collected samples, as well as
on results of a statistical analysis of the geomechani-
cal characteristics and, finally, an assessment of the
limestone quality as a building stone.

Geological setting

Geological setting of the Struganik area consists of
Mesozoic formations of Triassic, Jurassic and Creta-
ceous age, and of Quaternary sediments to a lesser ex-
tent. According to ANBELKOVIC (1978), the shallow
Triassic sediments were deposited over the Permian.
Complex and geotectonic processes during the Jurassic
led to the formation of the ophiolite mélange (SCHMID
et al., 2008). The Struganik area is part of the northern
rim of the Maljen ophiolitic massif. This region is in the
Vardar Zone Western Belt (Fig. 1; KARAMATA & KRSTIC
1996; KARAMATA 2006; ROBERTSON et al. 2009).

In the wider area, Cretaceous sedimentation com-
menced with the Albian transgression. Terrigenous-
carbonate and carbonate sedimentation continued
from the Albian to the Maastrichtian, while flysch
(“Ljig flysch”) sediments were deposited in the latest
Senonian (FILIPOVIC et al. 1978).

According to data obtained during geological stud-
ies in the villages Osecenica, Brezde and Struganik,
MARKOVIC & ANBELKOVIC (1953) considered the
Struganik limestones as Senonian, i.e., as the latest
Cretaceous products in this area. The Cretaceous sed-
iments in the broader Struganik area were studied
recently by VASIC ef al. (2001), RABRENOVIC et al.
(2002), GERzINA (2002), VasIC et al. (2005), GaIc¢
(2007), DJERIC et al. (2009), GANC & VasIiC (2011).
FiLipoviC et al. (1978) distinguished within the Creta-
ceous sediments the following members: detrital lime-
stones, claystones and sandy marlstones of Albian
age, conglomerates and limestones of Albian—Ceno-
manian age, Cenomanian conglomerates, limestones,
marlstones and sandstones, organogenic-detrital lime-
stones and marlstones of the Cenomanian—Turonian, a
limestone and limestone—marlstone series of Turoni-
an—Senonian age and Campanian—Maastrichtian fly-
sch (Fig. 3).
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Fig. 3. Simplified geological map of the Struganik area ba-
sed on the Basic Geological map sheet Gornji Milanovac
1:100000 (FiLiPOVIC et al. 1976). Legend: 1, Jurassic ophi-
olite mélange; 2, Triassic shallow sediments; 3, Conglo-
merate and limestone of Albian—Cenomanian age; 4, Ce-
nomanian sediments; 5, Limestone and limestone—marl-
stone series of Turonian—Senonian age; 6, Campanian—Ma-
astrichtian flysch.
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The Turonian—Senonian age of the Struganik lime-
stone is documented by the microfossils: Praeglo-
botruncana helvetica, Rotalipora sp., Globotruncana
lapparenti coronata, etc. (FILIPOVIC et al. 1978). A
recent micropaleontological analysis, i.e., the associa-
tion of pelagic globotruncanas, indicates that these
sediments are of Campanian age (GAJIC 2007). The
age of radiolarians from the layer of smectite clay
within the micrite limestone of the Struganik was
defined as the Coniacian (VASIC et al. 2005; DIERIC et
al. 2009).

Material and methods

Determination of petrological properties of the
Struganik limestone commenced with field observa-
tions in the quarry and preparation of a detailed litho-
logical column. A total of 33 samples were collected
from the lowest level of the quarry for further labora-
tory testing in order to assess the structural and chem-
ical composition of the limestone (Fig. 2). A micro-
scopic analysis of thin sections by optical microscopy
was used to characterize the mineral composition,
microtextural features (size and kind of allochem,
grain orientation, efc.), and content and type of micro-
fossils. Based on the field inspection and the results of
a petrographic (optical) investigation, the rock sam-
ples were classified according to the FoLk (1959) and
DuNHAM (1962) classification scheme. In the same
samples, the contents of CaO and MgO were deter-
mined by the complexometric method (EDTA titra-
tion) using a standardized solution of 1 M EDTA as
the titrant.

In order to examine the quality of the Struganik
limestone as a building stone, the physical (bulk and
apparent density, porosity, water absorption, frost re-
sistance) and mechanical properties (compressive
strength, abrasive resistance) of a total of 18 samples
from the quarry were determined. The laboratory tests
were performed according to the national standards
(Unification of Serbian Standards) at the Laboratory
of the Highway Institute of in Belgrade. The bulk den-
sity is given as mass per unit of apparent volume. The
volume was determined by hydrostatic weighing of
the specimens soaked and suspended in water under
atmospheric pressure (according to SRPS B.B8.032).
On powdery samples, the real densities were deter-
mined using a pycnometer with water as the displace-
ment fluid. From the values for real and bulk density,
the total porosity was calculated (according to SRPS
B.B8.032).

The specimens that were used for the determination
of the bulk density were also used for the determination
of the water absorption, which was determined by
measurement of the mass of water absorbed by the
sample after immersion for 48 h at atmospheric pres-
sure. It is expressed as a percentage of the initial mass

of the sample previously dried at 105 °C to constant
weight (SRPS B.B8.010). The resistance to frost was
determined by 25 cycles of freezing to —25 °C and thaw-
ing according to SRPS B.B8.001. The freeze—thaw tests
were performed on cubic samples to assess the durabil-
ity of the limestone samples by determining their
strength and mass loss after 25 freeze—thaw cycles. The
test procedure involved repeating of cycles where one
cycle involved placing a water-saturated sample in a
freezing chamber for 4 h, after which the sample was
totally immersed in water in a thawing tank for 2 h.

The limestone samples were tested for their me-
chanical properties (compressive strength and abra-
sion resistance). The uniaxial compressive strength
tests (SRPS B.B8.012) were performed on both dry
and water-saturated limestone samples (5x5x5 cm
cube) and on samples that had been subjected to the
freeze—thaw test. According to SRPS B.B8.015, cubic
samples of 7 cm in size were used for determination
of the Bohme abrasion resistance. The test procedure
involved 440 cycles of sample abrasion using abra-
sion dust (crystalline corundum) on a rotating steel
disc under an applied stress of 300 N.

In order to evaluate the relationships between the
physical and mechanical properties, different statisti-
cal analysis techniques (basic descriptive statistics,
correlation, bivariant regression analysis, efc.) were
performed using the SPSS computer program. All the
measured values of the technical properties were sta-
tistical analyzed at the level of significance (a) of
0.05. The descriptive statistical parameters included
the mean, minimum and maximum value, standard
deviation, median, standard error, range, quartiles,
standardized skewness, kurtosis, efc. The Kolmogo-
rov-Smirnov (non-parametric test for normality) was
used with the level of significance set at 0.2.

Subsequently, the results of the laboratory measure-
ments were correlated using the method of least
squares regression. Linear regression (y = ax+b) were
performed and the equations of the best-fit line, the
regression coefficient (R?) and the 95 % confidence
limit were determined for the regressions.

Validation of the regression analyses was confirm-
ed by the Student #-test and by the test of variant
analysis (the F-test).

Petrological properties
of the Struganik limestones

Struganik limestones are the latest Upper Creta-
ceous sediments in this part of western Serbia. The
limestones are best uncovered in the village Stru-
ganik. Exploration were performed in the “Struganik”
quarry and a lithological column about 10 m tall was
constructed (Fig. 4).

The limestones are massive and compact. Their
uniform grayish color throughout the entire deposit is
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Fig. 4. Local lithological column of the lowest level in the “Struganik”quarry.
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Fig. 5. The appearance of the Struganik limestone. a, Beds of Struganik limestone. Thick bed of the allochemical-sparite
limestone with gradation (A). Beds of the micrite limestone (1, 2, 3, 4, 5, 6 and 7). Stylolitic boundary surface between beds
2 and 3. Concretional interlayer of black chert in bed 4; b, Bank of the allochemical limestone with well-developed Bouma
intervals a & b. Interval “a” is calcrudite with fragments of the micrite limestone (caught by turbidity flow). Interval “b” is
calcarenite. Along the boundary between a & b whitish concretional chert is developed; ¢, Upper bedding plane with ripple
marks in fine-grained calcarenite; d, Grouped tracks of life activities on the lower bedding plane in the Struganik limestone
(obscured origin); e, Test of Inoceramus in the micrite limestone.

sporadically disturbed by the presence of dark gray, nation. Allochemical limestone, the second lithologi-
grayish blue or whitish chert concretions. cal member, is related to a shallow marine environ-

The main lithological member is micrite limestone, ment. Subsequently, the shallow water allochems
which represents the autochthonous rock of deep  were transported into a deep-water environment by
water, marine carbonate sedimentation (Fig. 5). turbidity currents to produce either beds or banks
Micrite limestones are layered in thick beds (Fig. 5a). (Fig. 5a) or sporadic packages composed of two or
The distinctive beds display notable horizontal lami-  three beds. Allochem limestone carries textures that



Petrophysical and mechanical properties of the Struganik limestone (Vardar Zone, western Serbia) 93

are characteristic for the turbulent transport (particu-
lar intervals of the Bouma Sequence within the layers,
Fig. 5b).

Mechanical and biogenic textures are common on
the bedding planes in the Struganik limestone (Fig.
5S¢, Fig. 5d). Bedding planes in both of the mentioned
limestones are often stylolitic (Fig. 5a). On the upper
bedding planes in micrite limestones, Inoceramus can
be found abundantly (Fig. 5e).

The third lithological member, concretional cherts,
was produced by silification during diagenesis. The
chert concretions are notable textural, as well as being
a petrological feature of the Struganik limestone. The
chert concretions are uniformly distributed through-
out the whole column in both micrite and allochem-
sparite limestone (Fig. 5a, Fig. 5b).

The paleontological study of the microfauna (many
foraminifers) indicates to Campanian age of the Stru-
ganik limestone (GAJIC 2007). According to the ob-
served association, the first three meters of the column
correspond to the Lower Campanian, whereas the
remaining 7 m of the column corresponds to the
Upper Campanian.

Fig. 6. Photomicrographs of the micrite limestone: a, Bio-
micrite; b, Fossiliferous micrite with globotruncana in the
middle.

Micrite (orthochemical) limestone

The micrite limestone is mainly composed of
microcrystalline calcite — micrite. Non-carbonaceous
compounds are clay minerals, organic matter and sub-
ordinated silty material. According to the CaCO; con-
tent, micrite limestone refers to pure limestone, clayey
limestone and marlstone (Fig. 4). The least amounts
of CaCO; were determined inside the Lower Campa-
nian rocks (marlstone - 55-60 % and clayey limestone
- 70-85 %). This is, beside their micro paleontologi-
cal characteristics, identifiable feature in respect to
the Upper Campanian rocks (86—94 %). The allochem
(biogenic) component is represented by well-preserv-
ed moulds of microorganisms. Pelagic foraminifers
(globotruncana) are prevailing, but some calcispheres
and radiolarians were also registered. The micrite li-
mestone could be defined by the amount of biogenic
component, defined either as micrite and fossiliferous
micrite (less than 10 % of biogenic allochem, Fig. 6a),
or as biomicrite (biogenic allochem exceeding 10 %,
Fig. 6b). According to the DUNHAM classification
(1962), the micrite limestone belongs to Mudstone
and Wackestone.

Allochemical limestone

The allochemical limestones are represented by
alternation of very coarse-grained rudites to fine-
grained calcarenites, regarding their textural features,
i.e., the coarseness of the particles and the allochem
component.

The allochem and orthochem types, the bio-intra-
spar varieties are the commonest (Fig. 7.). Among the
sparry varieties, intrasparrudite, biosparrudite, intra-
biosparrudite, biosparite and intrabiosparite may be
distinguished.

The biogenic allochem compounds include frag-
mented moulds of shallow-water organisms (mol-
lusks), moulds of benthos and planktonic microorgan-
isms as well as algal fragments (Fig. 7.a.). Intraclasts
might be simple or composite. The simple intraclasts
usually occur within the medium and fine-grained cal-
carenite varieties (Fig. 7.b), while the latter were regis-
tered in the coarse-grained varieties of calcarenite of
the allochemical limestone. The amount of CaCOj; (cal-
cite) in these limestones is in general higher than in the
micrite varieties (Fig. 4), attaining from 67 to 96 %.

Depositional environmental

The Pelagic sediments, represented by marlstone,
clayey limestone and limestone, were deposited in the
deeper parts of an Upper Cretaceous sea. All the men-
tioned sediments contain chert concretions, just like
the Struganik limestone. The autochthonous sedi-
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Fig. 7. Photomicrographs of the allochemical limestone: a,
Fine-grained intrabiosparite. In the middle of the photo is a
stylolite seam marked with the accumulation of a sandy
component; b, Coarse-grained biosparite.

ments are marly limestone and marlstone of micrite
and biomicrite composition. The presence of weakly
preserved radiolarians and silica sponges in these
rocks indicates to their formation at depths deeper
than 200 m, while the partial replacement of the
siliceous skeletons with calcite implies an alkaline
environment, most probably with pH 8 during diage-
nesis. The presence of concretional cherts indicates
the presence of organogenic siliceous remains. The
association of rocks and fossil remains is indicative of
sedimentation related to a deep marine environment.
The presence of layers and banks of allochemsparite,
calcarenite and calcrudite with characteristic textures
from the Bouma sequence suggests an intermittent
supply of shallow-water material by turbid flows
along the continental slope, i.e., through the Bathyal
Zone.

It could be concluded that the Struganik limestone
was derived in a deep marine environment, through
deposition on a continental slope.

Physico-mechanical properties
of the Struganik limestone

The results obtained from the statistical analyses of
the physico-mechanical values of the Struganik lime-
stone are given in Table 1. The real density of a rock
is one of its basic properties. It is influenced primari-
ly by the density of the minerals, their content and
amount of void space inside the rock (BELL & LIND-
saY 1999). In the investigated samples of Struganik
limestone, the real density displayed little variation
and range from 2700 to 2720 kg/m3, with a mean
value of 2710 kg/m3. The bulk density also varied
slightly due to the low amount of void space and was
in range 2610 to 2680 kg/m3, with a mean value of
2650 kg/m3. All of the tested samples had a moderate
density according to BILBUA & MATOVIC (2009). The
values of the absolute porosity varied from 1.10 to
3.30 %. Central tendency parameters indicated a neg-
ative asymmetrical unimodal distribution of the
porosity, with the most frequency class (1.0-1.5 %) of
43 %. According to the mean value of 2.0 %, these
limestones generally have a low porosity, although in
some samples a moderate porosity was detected (BIL-
BUJA & MATOVIC 2009). The obtained values of water
absorption (from 0.17 to 0.67 % with an average value
of 0.4 %) indicate a very low water absorption by the
Struganik limestone. All the investigated limestone
samples were resistance to frost. The mass loss after
freezing and thawing was low due to the low porosity
of the Struganik limestone.

The values of the central tendency for all the phys-
ical parameters were similar and indicate to a sym-
metric, unimodal distribution conforming closely to a
Gauss curve. The statistical parameters of the Kolmo-
gorov-Smirnov test confirmed that all the tested sam-
ples had a normal distribution of the measured values
of the physical properties (D, > D,,, Table 1).

The dry unconfined compressive strength values of
the limestones varied between 48 and 189 MPa, with
a mean value of 134 MPa (Table 2). Most of the tested
samples were very strong (strength > 150 MPa), while
over a quarter of the samples were moderately strong
according to the proposed strength classification of
BILBIA & MATOVIC (2009). The values of the saturated
compressive compression strength were between 41 to
177 MPa, with an average value of 120 MPa. The mean
of the water saturated samples was 10 % lower than
that in the dry state, while after 25 freeze—thaw cycles,
it had decreased by 4 % to 129 MPa (mean value),
indicating that the Struganik limestone is durable to
freezing and thawing. The negligible decrease in the
unconfined compressive strength reflects that the
amount of saturated water is not an important factor
for the strength reduction. A significant reduction in
the strength appeared when the porosity of the lime-
stone exceeds 3 % (the reduction was about 30 %).
The values of volume loss on wear (Béhme abrasion
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The results of regression analysis indicate to a pro-
minent relationship between the dry compressive
strength (o) and the water equivalent (o). The trend

value) varied from 13.5 to 23.2 cm3 per 50 cm2. In
terms of the mean value, this limestone is a hard to
moderately hard rock (BILBA & MaTtovic 2009).

Table 1. Statistical parameters of physico-mechanical properties of the Struganik limestone. Legend: n, number of samples;
X, mean; Vnin. Minimum values; V., maximum value; PX-yso,, confidence intervals for the mean; M, median; Md, Mod;
R, range; Q;, Eluartile range; O, lower quartile; Q,, upper quartile; S2, variance; S, standard deviation; As, Skewness; Kt,
Kurtosis; SE, standard error; D,,,, value of the largest absolute difference between the observed and the expected cumula-

tive distributions; p, confidence interval; D, critical value; a, probability level.

Technical properties
statistical |Bulk density | Real density | Porosity | Water absorption | Strength dry | Strength water| Strength frost | Wear abrasive
parameters (ZSP) (ZBP) P) (Uv) (oy) (o) (COm) (Hy)

n 18 7 7 16 18 18 7 18
X 2650 2710 2,0 0,40 134 120 129 19,36
Vnin 2610 2700 1,1 0,17 48 41 52 13,5
Vinax 2680 2720 3,3 0,67 189 177 174 23,15
PX .95 2640 2700 1,35 0,32 109 96 91 17,9

-2660 -2720 -2,78 -0,48 -159 -144 -168 -20
M 2650 2700 2,3 0,40 152 138 148 19,29
Md 2650 2700 2,3 0,50 156 146 148 22,2
R; 70 20 2,2 0,50 141 136 122 10
0, 30 20 1,17 0,21 99,75 88 58 3,55
Q, 2640 2700 1.4 0,28 85 68 102 18,22
Q? 2670 2720 2,57 0,50 181 156 160 21,77
s 365 114,28 0,59 0,02 2503 2323 1729 7,637
S 19,11 10,69 0,77 0,14 50,03 48,20 41,58 2,76
As -0,60 0,37 0,32 0,02 -0,626 -0,477 -1.19 -0,74
Kt 0,05 -28 -0,74 -0,59 -1,181 -1,355 1,18 -0,06
SE 4,50 4,04 0,29 0,03 11,79 11,36 15,71 0,65

Kolmogorov-Smirnov test of normal distribution (D,,,,) a=0.20

Diyax 0,135 0,360 0,197 0,077 0,166 0,184 0,240 0,168
p 0.893 0.324 0.949 0.996 0.699 0.571 0.814 0.683
Der 0,244 0,381 0,381 0,258 0,244 0,244 0,381 0,244
Distrib. | Normal Normal Normal Normal Normal Normal Normal Normal

Regression analysis

Regression analysis was applied to obtain relation-
ships between the mechanical and physical properties
of the Struganik limestone. Some of these relation-
ships and the best-fit curves between the different
parameters are shown in Fig. 8. The relationships
show fairly higher correlations between the bulk den-
sity (ZSP) and the porosity (P). The relationship be-
tween them is highly significant with a correlation
coefficient of —0.929 and a Students #-value of —5.598
(p <0.05; Fig. 8a). The cross plot of porosity and bulk
density shows a general trend of increasing bulk den-
sity with decreasing absolute porosity. The plot sug-
gests that the bulk density may be used to obtain the
value of the porosity.

is positive and clearly linear with a regression coeffi-
cient RZ =93 % and a Students ¢-value of 14.717 (Fig.
8b). Comparing the value of the dry strength (o) and
that after the freeze—thaw cycles (o,,), the correlation
is positive and high statistically significant with a
regression coefficient R2 = 78 % (¢ = 4.159; Fig. 8c).
Low correlations with no significant Pearson coeffi-
cients were obtained for all the other physico-mechan-
ical properties.

Validation of this model was confirmed by the #-test
and analysis of the variance (Table 2). As can be seen
in Table 2, all the regression coefficients are signifi-
cant at the 95 % confidence level. The computed #-va-
lues are greater than the tabulated critical z-values of
+2.36 and +2.10 for the obtained models. The analy-
sis of variance follows an F-distribution with degrees
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Fig. 8. Relationship between physico-mechanical proper-
ties: bulk density vs. porosity (a); compressive strength dry
vs. water equivalent (b); compressive strength dry vs. the
after freezing equivalent (c).

of freedom df| = 1 and df; = 5 for models with samples
number of 7, therefore the critical region consists of
values exceeding 6.61. For the model with a sample
number of 18 (df; = 1 and df; = 16), the corresponding
critical F'value is 4.49. All the computed F values were
greater than those tabulated; thus, the null hypothesis
can be rejected and it can be concluded that all equa-
tions are significant according to the F-test.

Discussion and conclusions

The presence of two lithological types of limestone,
i.e., micrite and allochemical, was emphasized. Mi-
crite limestone is the autochthonous rock of a deep
water, marine environment. In the original terminolo-
gy (FoLk 1959), these limestones are considered as
orthochemical. The allochemical limestones were
derived from shallow-water material that was brought
by turbidity currents into the system. The Struganik
limestone represents a series of marlstone, clayey li-
mestone and limestone. Concretional cherts and many
microfauna are present in all the distinguished vari-
eties. Among the macrofaunal remains, inoceramus is
the most frequent.

Generally, the values of physico-mechanical prop-
erties indicate the good quality of Struganik limestone
as a dimensional stone. Their quality and way of ex-
ploitation are directly governed by their petrological
properties. Pronounced layering in the micrite vari-
eties results in their exploitation in the form of thin
plates and simultaneously determines the dimensions
of the final products. As Struganik limestone is used
as natural-faced slabs, this texture is undoubtedly a
significant economic factor in that it simplifies the
process of final shaping. Allochemical, banked lime-
stone, is used to a lesser extent due to its mode of
appearance and economic interests. The petrological
heterogeneity of the Struganik limestone, including its
textural and structural characteristics, has an impact
on the numerical values of its physico-mechanical
properties. Statistical analysis showed notable varia-
tion in important mechanical parameters, i.e., in major
criteria, for the application of the stone. This is the
consequence of not only the natural heterogeneity of
the rock mass, but also probably partially of the fabric
and structural differences between the investigated
samples. The results of the regression analysis pre-
sented in this paper imply that the porosity could be
deduced from the bulk density values. Similarly, using
the regression equation, the values of the strength of a
water-saturated sample or a sample after freezing
could be accurately determined using values of the
strength in the dry state that was estimated in the lab-
oratory.

However, other properties cannot be estimate with
any confidence due to low regression coefficient. It
should be emphasized that the analysis was performed
on a statistically small number of sample, which addi-
tionally affected the obtained results. The real density
of limestone is relatively constant as was to be expect-
ed due to the uniform mineral composition. The bulk
density had a value range of 70 kg/m3, which is prob-
ably related to small range in the porosity of this lime-
stone. However, the inverse relationship between the
porosity and the bulk density was predicted. Gene-
rally, these limestones have low interparticle and
intraframe (intraskeletal) porosity, which results from
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Table 2. Data on validation of regression models.

— Pavement of exterior ver-

tical surfaces up to 30 m in

degree of freedom i i ; .
Model| 7-test t-critical £ F-test | p (0=0.05)| F-critical height in objects; . .
df dr — Pavement of exterior hori-
] 2 ;

zontal surfaces with moderate

-5.598 +2.36 1 5 31.33 0.003 6.61 trailer traffic (if the value of the

14.717 +2.10 1 16 216.18 0.000 4.49 wear abrasive is max. 18 cm3

3 4.160 +2.36 1 5 17.30 0.009 6.61 per 50 cm? or lower).

the depositional process. However, some higher val-
ues of porosity (secondary type: stylolite and micro
fissures) are probably caused by post depositional
processes. The very low value of water absorption is
in agreement with that of their porosity. Even in sam-
ples with a porosity value of 3 % or higher, the water
absorption was very low (under 0.4 %). This means
that these rocks contain isolated, unconnected pores
or micro-cracks unable to receive and retain water.
The low values of water absorption indirectly imply
limestone resistance to frost.

The mechanical properties data of the Struganik
limestone point to its variable quality, which is in
accordance with the petrological heterogeneity of the
rock mass. The same part of the rock mass is strong to
moderately strong regarding the unconfined compres-
sive strength. Simultaneously, it is hard to moderately
hard rock concerning its wear abrasive. Samples with
high values of strength (over 150 MPa) and lower val-
ues of abrasive resistance (below 18 cm3 per 50 cm?)
probably correspond to micrite, fossiliferous micrite
or biomicrite. On the other hand, layers/banks of bio-
intra-spar varieties as well as layers with a higher clay
content (marly limestone and marlstone) are present
in the quarry. This may be the main cause for the very
low strength values (below 70 MPa) and poor resist-
ance to wear (over 22 cm?3 per 50 cm?). Additionally,
the presence of chert concretions, variable layer thick-
ness, lamination, stylolite and other textural forms are
reasons for the variable technical properties.

All the mentioned parameters are limiting factors for
the use of the Struganik limestone as a dimension stone.
Namely, the thickness of the final slabs is naturally
defined by the layering, whereas the pronounced petro-
logical heterogeneity requires selective exploitation.
The statistically analyzed data confirmed that the aver-
age values of the technical properties satisfy the major-
ity of the requirements of the national standard for
stone slabs (SRPS B.B3.200 national standard without
obligatory use). Unfortunately, the average value of the
abrasive wear is higher than the limit for some applica-
tions of building stone and actually represents the main
limiting factor. According to this standard, in the case
that the tensile strength has been previously deter-
mined, the Struganik limestone may be used for:

— Pavement of interior vertical surfaces and hori-
zontal surfaces with intensive and moderate trailer
traffic;

Compact, thinly bedded mi-
crite varieties of chemically
pure limestones entirely fulfill the requirements for
the above-listed purposes, whereas the banked allo-
chemsparite varieties or beds with an elevated content
of clayey components should be avoid as dimension-
al stone.
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Pe3nme

IleTpodu3nuke u MexaHNYKe 0COOUHE
CTPYraHUYKHX Kpeuwaka (Bappapcka
30He, 3anagHa Cpouja)

[Ipuponuu kameH je HajBuiIe koputrheH rpalheBuH-
CKM MaTepujajl Ha CBETY, KaKo 3a yHyTpalllikha Tako
3a croJpallma 3ujaama. Ja 0u ce KopucTHo y rpa-
heBuHApPCTBY, KaMeH Tpeba na mocemyje nobap KBa-
JUTET OMHOCHO (PM3WIKO-MEXaHWYKa CBOjCTBAa KOja
3a/I0BOJbABajy 3aXTeBEe CTaHAap/Aa y rpal)eBHHAPCTBY.
KapOonarne Haciare pazmuduTe JHUTOJOTHjE, CTapo-
CTH W KBAJIWTETa Cy IIHPOKO PaCHpPOCTpameHEe Y
Cpbuju ma cy u Kpedmany Hajuenrhe KopumheH rpa-
heBuHCKM KaMeH. Y MHIYCTPHjU apXUTEKTOHCKOT Ka-
MeHa 3Ha4ajHO MECTO 3ay3uMa CTPYTaHWYKH Kped-
BaK, HAJIIO3HATHjH YKpacHU KameH 3amagHe CpoOuje
4yHja je eKkcruioaTanuja 3anovena jom y 18. Beky. [a-
Hac, Bume on 70 kaMeHoJIoMa 00aBJhba AKTHUBHY
eKCIUTIoaTanujy Kpeumaka y obmactu CTpyraHwka H
Hpe, alu yciielq HeJOBOJbHE TEOTEXHWYKE HCTpa-

JKEHOCTH OBE CTEHE MMajy jOII yBEK OTpaHHYEHY
puMeHy y rpalheBuHapcTBy. Pang npencraBipa cuHTe-
3y pesyiTara JeTajbHUX METPOJIOMKHX U TeXHUYKH
WCIIUTHBaKka Kpedmaka W3 HajcTapujer u Hajeher
MTOBPIIMHCKOT Koma ,,CTpyraHuk*, HHTepHepeTanujy
NETIO3UIINOHE CPENHE CTBapama Kpedmaka, Kao Ko-
penanujy (GpU3MYKO-MEXaHUYKHX KapaKTePHCTHKA Tj.
YTHIIA] TETPOIOMIKNX KapaKTepUCTHKA Ha KBAIUTET
CTEHCKE Mace.

[Ipema meTpnoOmKUM KapakTepUCTHKaMa, MHHE-
PATHOM W XEMHjCKOM CacTaBy, CTEHCKY Macy MOBp-
LIMHCKOT Koma ,,CTpyraHuk® rpaje Janopuu, MIMHO-
BHTH Kpeumanyd u Kpeumarnu. CTpaTurpadcki OHH
MIPHUITaajy TOHEM W TOPHEM KaMIaHy, a HOBa OT-
kpuha aconujamnuje MeNamKknX TMOOOTpyHKaHHIA
moTBplhyjy BUX0BY KaMmaHCcKy ctapocT (I'Ajun 2007).
Kpeumaru cy jenpu, KOMITAKTHH Ca XOMOT€HOM CH-
BoM 00joM KOjy AETUMHYHO HapyIlaBa TPHUCYCTBO
TaMHOCHBHX KOHKpenwja poxHana. OCHOBHU TeK-
CTYpHH OOJHK T0jaBJbHBAKa KPEUHaKa je€ CII0jeBH-
TOCT ca IOMHHAHTHOM Ae0JpuHOM o 5—15 cm. Cioj-
HE TIOBPIIIH Cy paBHE WJIH CTHUJIOIIUTCKE, a Ha TOPEHIM
MTOBPIIMHAMA CE Haja3e 1 OpOjHH OMOTEHU TEKCTYPHH
OOJTUIT W TparoBu Oorare KUBOTHE aKTUBHOCTH. On
WHTEPHUX TEKCTYPHUX OOJIMKa jaBJhajy Ce XOpHU30H-
TajJHa JIaMUAHAIMja, CTHJIOJUTCKH IIABOBH M BEOMa
KapaKkTepCTHYHA KOHKpEIHoHa Tena pokHara. [lame-
OHTOJIONIKA aHaMM3a MHUKpodayHe ToKa3aia cy Ja
JIOWH JIE0 JUTOJIOIMIKOT CTyOa crparurpadcku mpH-
maja T0mkeM KaMIaHy a MPeoCcTaInX ceAaM MeTapa —
ropmeM Kammany. [IpemMa CTpyKTypHHM KapakTepu-
CTHKaMa W3/IBajyjy C€ JBa OCHOBHA IJIUTOTHIIA Kpe-
YHhaKa: MAKPUTCKH — OPTOXEMH]CKH, ayTOXTOHH Kpe-
gymanu (Mudstone, Wackestone) u amoxemwujcku
Kpeumaly, Ono-uHaTpa-cnap Bapujeretu (Grainstone,
petko Rudstone). OcHOBY MUKPHUTCKHX Kpedmaka
rpagy MUKPOKPHUCTATIACTH KAIINT JOK HEKapOOHATHH
JIe0 YMHE MUHEPAJIU TIINHA, OPTaHCKa MaTepHja u aje-
BpPUTCKa KOMITOHEHTa. brorena KoMIioHeHTa je mpe-
CTaBJb€HA AOOpPO OYYBaHWM JBYIITYypHUIlAMa TIeJalll-
kux opamunudepa (Globotrunkanide) v y 3aBucHo-
CTH Off BMXOBOT CajJipikaja pa3iuKyjy C€ MHUKPHUTH,
dbocmmdeparn MUKpuTH u OMoMUKpUTH. Calpixkaj
CaCOj; y oBuM cTeHaMa Bapupa of 55 10 94 %. ban-
KOBUTH OWO-WHTpa-criap BapujeTeTH (WMHTpacmappy-
IUTH, OWOCTIAppyIWTH, OMOCIapuTH, WHTpadbHocma-
pUTH) Cy m3rpalleHn ox pasHOBPCHOT OHOTEHOT ajlo-
xeMa ((hparMeHTH JBYMITYpa TUTUTKOBOJHUX OpraHU-
3aMa, JpYIITypulle OEHTOCKHX W TUIAHKTOHCKUX MHU-
KpoopraHuzama, ¢parMeHTH aJITH) U IPOCTHX JI0 CIIO0-
JKeHUX MHTpakiacta. [Ipupona Tpancnopra kojuMm je
MaTepHjan IpuHelIeH y 6aceH oMmoryhmia je pas3Boj
WHTEPHUX TEKCTypa KapakTepCTHYHUX 3a boymuHy
cekBeHny. Canpxaj CaCO; y OBHM CTeHama Bapupa
on 86 mo 98 %.

Ha ocHOBy meTposomkux nokasarejrba yrBpheHo je
Ja Cy ayTOXTOHH MHUKPHUTCKH BapHjeTeTH TEJaIlKH
CEIMMEHTH TaJIOKEHW Ha KOHTHHEHTAIHO] MaJuHU Y
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IyOOKOBOZHO] CPEOUHH TOPHOKPETHOT MOpa, JOK
MIPUCYCTBO CII0jeBa M OaHaKa aJoXEeMOCIApUTCKUX
KaJKapeHUTa U KAJIKPYIUTa yKa3yjy Ha MOBPEMEHHU
MPUHOC TUTMTKOBOJHOT MaTepujaja TypOUIUTHUM
TOKOBMMA HHU3 KOHTUHECHTAIIHY MaJUHY.

KBanureT cTpyraHHYKOT Kpe4maka Kao YKpacHOT
KaMeHa Y (YHKIH]U je ’erOBOT MUHEPATHOT CacTaBa,
ckjona W (PU3WYKO-MEXaHWYKHX CBojcTaBa. IIpema
CTaTUCTUYKHUM IOKa3aTeJbMa UCIIUTHBAHU KPEUHhaK
MPUIA/Ia KaTerOPUjH YMEPEHO TEIIKOT, KOMIIAKTHOT U
TBPJIOT KaMEHa ca BpJIO MajUM YIMHjalkEeM BOJE,
Cpelme JI0 BUCOKe YBpcTOohie mpemMa mpuTucky. Ksa-
JUTET W Ha4WH eKcIUloaTtanuje npenoapehenn cy
EKCTEPHHM W WHTEPHUM TEKCTYPHHUM OOIUIUMAa.
W3pakeHa cl0jeBUTOCT MHUKPHUTCKUX BapHjeTeTa
YCIIOBHMIIA j€: eKCIUTOATAIN]y y OONMHMKY TaHKUX IUIOYa,
JUMEH3Hje TOTOBUX MPOU3BO/IA; PABHU CIIOj€BUTOCTH
Cy TPHUPOJHE, any W (HUHANHE TMOBPIIM OBE BPCTE
ApXHUTEKTOHCKOT KaMeHa. [1eTpoJonika XeTeporeHoCT
CTEHCKE Mace YCJOBHJA je BeIMKy BapHjaOMITHOCT
HYMEPUYKHUX BPETHOCTH (U3UYKO-MEXaHUYKHUX Ka-
paKTepUCTHKA Tj. TIABHUX KPUTEPHjyMa 3a MPUMEHY
kameHa. ['ycTHHA Kpedmaka je pelaTHBHO KOHCTaHTHA
IITO jeé ¥ OYEKWBAHO C 003WpOMa Ha yjeIHAYCHH MHU-
HEpaJHU CacTaB. 3alpeMUHCKa Maca MoKa3yje Malld
OTICET Bapupama — MOCIEANIA PEIATUBHO yjeHauCHEe
nopo3HocTd. CTpPyraHWYKH KpEeUmhaK HMa HUCKY
WHTEPHAPTUKYJIAPHY W WHTEPCKENECTHY MOPO3HOCT
KOja je pesydTar MAEMOo3WIMOHHMX Tmporeca. Hrcke
BPENHOCTH YIHUjamha BOAE HMHIUPEKTHO YKa3yjy Ha

OTIOPHOCT KpeYmaka Ha arpeCcUBHO JIjCTBO Mpa3a
ITO je MOTBphEeHO M JTabopaToOpHjCKUM aHaIH3aMa.
Uspcroha Ha mpuTHCaK W OTIIOPHOCT Ha Xabame Cy
TeXHUYKH TlapaMeTpu ca HajehmM BapupameMm
BPEIHOCTH. Y30pIM Kpeurhaka ca BUCOKHM BpEIHO-
ctuMa uyBpctohe Ha mpurhcak (m3Ham 150 MPa) u
BHCOKOM OTIHOpHOImNy mpema xabamy OpyIiemeMm
(<18 cm3/50cm?2) oarosapajy MHKPUTCKAM BapHjeTe-
TAMa JOK OMO-WHTpa-Crap BapHjeTEeTH U BapHjeTeTH
ca BHCOKHM CajpXKajeM TIUHOBUTE KOMITOHEHTE
ONIrOBapajy cTeHama yMmepeHe d4Bpcrohe, a HHXOBa
HIKa abpa3uBHA OTIIOPHOCT j€ W TIaBHU OTpaHHAYa-
Bajyhu dakrop npumene. Pesynraru perpecrnone aHa-
T3¢ MPHUKA3aHu Y pajy, MOKasyjy Ja cy OPO3HOCT U
3allpeMHHCKAa Maca y IUPEKTHOj IIWHEpaHO] 3aBH-
CHOCTH Ca BHCOKHUM CTATHCTHYKHU MOY3JaHUM Koedu-
MjeHToM perpecuje. Brucoky melyycoOHy nmHeapHY
3aBHCHOCT TIOKa3yjy W IapaMeTpu uBpcTohe Ha
MIPUTHCAK y CYBOM, BOJ03acCHUNiCHOM CTamy y Mocie
nejctBa mpasza. Ocrana QU3MYKO-MEXaHWYKa CBOj-
CTBa, yCJeJ HHCKOT PEerpecHoHOr Koe(HIIHjeHTa
HEMajy CTaTUCTHYKH 3Ha4ajHe (D)YHKIIH]je 3aBHCHOCTH.

Ha ocHOBy pe3yntara cTaTHCTHYKe aHain3e (u-
3MYKO-MEXaHHMYKUX CBOjCTaBa MOXKE CE€ 3aKJbYUHUTH Ja
KBaJIUTET CTPYTAaHWYKOT Kpedumaka 3aJ0BOJhaBa Be-
huHy 3axTeBa HAIMOHATHOT CTAHAApHa 32 NPUMEHY
ioya 3a YHYTpalllkha M CIOJballliha, BEPTUKAIHA U
Xopu30oHTaNHa obmarama. OTHOpPHOCT Ha xabame je
jenan (pakTOp KOjU JIMMHUTHpPA MPUMEHY Kpedmaka
K20 YKPacHOT KaMeHa.
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The Novo Okno copper deposit of olistostrome origin
(Bor, eastern Serbia)

IvAN ANTONDJEVIC!

Abstract. The copper deposit Novo Okno, uncovered at present, with non-ore and ore clasts of massive
sulphides (from 0.5 to 50 m3 in size), has many distinctive features that indicate its olistostrome origin. The
deposit is chaotic in structure, unstratified, with the lower surface unconformable over the underlying parent
rock of the basin. It is a lens-like body, with the longer axis directed east and west, variable in thickness from
15 to 28 metres, about 335 metres long and less than 140 metres wide. These and other characteristics of the
body indicate a unified, reworked, olistostrome copper deposit formed from primary ore bodies of the Bor
mineral deposit and vulcanite, destroyed by volcanic explosion into blocks and rocks of Turonian age and ex-
trusion and concurrent deposition on the land surface. Gravitational massive sliding of the consolidated rocks
down the slopes of the volcanic relief and chaotic accumulation of ore and non-ore clasts (olistoliths) in a
marine basin evolved in the Upper Turonian and the Lower Senonian.

Key words: Olistostrome, copper ore, mineral deposit, ore-clast, olistolith, origin.

Ancrpakr: Jlanac Beh orkonano nexumre 6akpa ,,HoBo OkHO®, ca HEpYIHUM M PyITHUM KJIACTUMa Ma-
cuBHuX cyndua (Benuuune 0,5-50 m3), oxgnukyje ce Hu30M crienUUHIX 0COOCHOCTH KOj€ YKa3yjy Ha He-
TOBY OJINCTOCTPOMCKY TeHe3y. MiMa XaoTu4Hy reononiky rpal)y, 63 clI0jeBUTOCTH U JOHH HEPaBHNA KOHTAKT
ca IMMOTUHCKIM MaTHIHUM CTeHaMa OaceHa. [ eHepairHo je counBacTor oonmka. M3ayskeHo je o 0cH HCTOK—3a-
naa. [IpomerssuBe je nebpune 15-28 m, myxuae oko 335 m, a mupune 1o 140 m. o TuMm, Kao u apyrum
ocoOmHaMa MPeCTaBIba jeJUHCTBEHO, PEIEIOHOBAHO, OIMCTOCTPOMCKO JIexumTe 6akpa. Hactarno je BynkaH-
CKUM €KCIUIO3MBHUM pa3aparmbeM MPUMapHO 00pa30BaHUX PYIHHUX Tejla OOPCKOT JISKHUINTA U BYJIKaHUTA Y 0J10-
KOBE M KOMaJle TypOHCKE CTapOCTH, HbHUXOBHM H3HOILICHEM Ha MOBPIIMHY U CHHXPOHHM JICTIOHOBAaHEM Ha
KOIHY. Y TOPHEM TYPOHY U JIOHbEM CEHOHY J0JIa3d JI0 I'PaBHTAIMOHOT KIIM)KEHha KOHCOJIMIOBAHE CTCHCKE
Mace MyTeM OJpOHA M KIM3MIITA HHU3 TaJMHE BYJIKAHCKOT pejbeda W XaoTHYHE aKyMylaluje pyIHHX H
HEepYIHHX KJlacTa (0JIMCTONNTA) Y MOPCKOM OaceHy.

KibyuHe peun: omicrocTpome, JexuiTe 0akpa, pyloKIacTH, OJUCTOIUTH, TCHE3a.

Introduction

The copper deposit Novo Okno at Bor, uncovered
at present, is an uncommon type of chaotic assem-
blage of ore and non-ore fragments, the geology in
general and origin in particular of which have not
been addressed adequately.

It lies on the “threshold” of the primary massive
copper sulphide deposit Jugoistok, near Bor (ore bod-
ies H, J and others). While nearly identical paragenet-
ically to these deposits, particularly to the massive
copper sulphide in the central ore zone from which it
originates, it differs essentially in being a reworked
copper or body of olistostrome origin.

1 Vjekoslava Kovaca 14, Belgrade, Serbia.

The deposit was discovered in 1979/80 by a local
positive gravimetric anomaly in the first exploratory
borehole, B 128, in a Senonian epiclastic deposit of
hornblende andesite at a depth of about 270 metres.

Concept and definition of an olistostrome

An olistostrome is a sedimentary chaotic formation
lacking bedding, composed of cm3-clasts or m3-olis-
toliths in a matrix. It is formed by mechanical accu-
mulation of clasts and gravity sliding of semi-fluid
rock material down land and submarine slopes (Extra-
olistostrome/Intraolistostrome).
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An olistostrome body has distinct and uneven lo-
wer and comparatively even and regular upper bound-
aries. The bodies vary in size from 0.5 to 100 km or
more in length (DIMITRUEVIC 1975; NACHEV 1977).

Olistoliths are rock masses (blocks) or elements of
an olistostrome, which vary in size and shape, being
mainly oval, ellipsoid to irregular. Classified by
dimensions, there are: macro- (over 1000 m3), meso-
(under 1000 m3) and micro-olistoliths (tens of m?3)
(RiGo DE RiIGHI 1956). Note that olistostrome is a
generic concept (NACHEV 1977).

IvAN ANTONIJEVIC

Mineral olistostrome deposits and occurrences of
only non-metals?, building materials and ornamental
stone, such as Ropocevo decorative breccias, are
known in Serbia (GRUBIC 1975).

Olistostrome characteristics of the Novo
Okno copper deposit

Contrary to previous interpretations in the menti-
oned references, this work presents the geology of the
Novo Okno copper deposit,
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Coka Bare

- Novo Okno deposit
% Primary massive sulphide deposit

Porphyry ore cooper deposit, Krivelj-Bor

Brestovac

mechanism and formational
processes of ore and non-ore
clasts, volcanism, and so forth
in terms of the olistostrome
origin of the deposit, based on
available geological publica-
tions (MiSKovIC 1989, 1995;
JANKOVIC 1990; DROVENIK
1982, 2005, etc.), drilling and
mining records and own in-
vestigations.

The deposit Novo Okno is
characterized by a chaotic
structure of rocks and concen-
tration of ore and non-ore
clasts in a volcaniclastic ma-
trix. Some clasts (from 0.5 to
50 m3 in size) shape extraordi-
nary examples of olistoliths.
. This deposit includes two

» 5 classes of ore-clasts (olisto-

44°+  liths A and B). Olistoliths A
and B (in MiSkovi¢c 1989,
1995) correspond to ore-clasts
of mineral associations A and
B, respectively.

Mixed olistolith classes A
and B are local occurrences,
because the lighter and small-
er Class B are mixed in almost
every interval of the olis-
tostrome ore body.

The deposit is elongated
east to west, 335 m long, up to
140 m wide and about 25 m
thick, embedded in a hetero-

3 km

Fig. 1. Geographical location of the Novo Okno copper deposit of olistostrome origin.

Olistostromes in Serbia were mentioned mainly in
flysch sequences of different ages, and were recog-
nized and described by GruBIC (1975, 1976), Di-
MITRIJEVIC & DIMITRUEVIC (1973), BOGDANOVIC
(1975), etc.

geneous unstratified mass of
rocks. This morphogenetic
characteristic indicates a typi-
cal development of a mineral-
ized olistostrome in epiclas-
tics of the parent Metovnica Formation.

A basic feature of the Novo Okno olistostrome
body is the lower irregular, deformed surface over the
source rocks. It was observed many years ago by
Miskovi¢ in the northern incline drift (el. 45). “A large
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ore-clast (olistolith Class A) fell and deformed the
underlying grey pelite” (MISKOVIC 1989).

Mechanism and processes of the
olistostrome formation

The relation in time and space of the Novo Okno
olistostrome deposit, the environment and formation-
al processes indicate two different geochronologic
phases:

— Turonian preolistostrome (volcanogenic) and

— Senonian olistostrome (submarine) phases.

Preolistostrome volcanogenic phase

This was a phase of subaerial eruption and explo-
sion of the central Bor edifice; destruction of primary
massive sulphide ore bodies into fragments and
blocks (ore and non-ore clasts), their ejection and dep-
osition on land.

Volcaniclastics and ore-clasts, while being ejected
on the land surface, formed the initial contour of the
subsequent slide or the Novo Okno ore body with its
mineral distribution.

Heterogeneous rock mass of ore and non-ore clasts
in a matrix cooled and consolidated epigene in the
subaerial phase. While still semi-fluid, however, frag-
ments of similar size or gravity separated and sorted:

— Heavy and large blocks (olistoliths) Class A,
1.0-50 m3, on the lower, and

— Light blocks Class B, 0.3-0.5 m3, on the upper
part of the slopes.

This distribution and vertical (gravitational) zona-
tion of the ore-bearing materials on land, in the pre-
olistostrome phase, persisted through the subsequent
submarine olistostrome phase of the formation of the
deposit.

In a similar consideration of this issue, JANKOVIC
(2002) writes as follows: “Formation of the Novo
Okno ore body through mechanical accumulation of
massive sulphide fragments, produced by destruction
of the already formed ore bodies, indicates a poly-
phase activity that affected the environment of the
already formed sulphide ore bodies and impregnated
stockwork before Bor pelite had been deposited.” He
continues: “It would be difficult, however, to be more
precise about the origin of ore-clasts in the epiclastics
and the copper deposit of Novo Okno.” (JANKOVIC
2002).

Drovenik studied the genetic aspect of the Bor min-
eral deposits, ore-clasts and the newly found copper
deposit Novo Okno, and as early as in 1966 invented
bonanzas, rich bodies of copper ore, somewhere in the
Upper Cretaceous?, far from the Bor deposits, the li-
kely primary material of the massive sulphide ore-
clasts and the Novo Okno copper deposit. In order to

maintain the untenable but prevailing concept of the
Laramian (post-Senonian) formation of the Bor cop-
per deposit, in association with structural geology, he
repeated the same in 1982 and 2005 (DROVENIK 2005,
p. 34).

MiSKoVIC (1989, 1995) interpreted the Novo Okno
ore-clasts as material of the primary deposits de-
stroyed by Senonian volcanic explosion and projected
into Senonian marine environment.

borpevIC (1977), however, mentions the lack of
evidence of Senonian volcanic activity in the Novo
Okno deposit, or in the Bor area proper. All ore-clasts
are indeed angular to subangular pebbles and likely
blocks moved by gravity, and the rocks bearing them
are epiclastics of the Senonian Metovnica Formation.

It follows from the above that these are sedimenta-
ry copper ore occurrences in pebbles (or olistolithic or
bodies in a sedimentary, olistostrome environment).

The olistostrome submarine phase

Invasion of the Senonian Sea over the volcanic
landscape created conditions for the onset of the sub-
marine olistostrome phase. Erosion and deposition of
the reworked Turonian volcaniclastics formed new,
Senonian epiclastic deposits on land and in the sea,
including olistostrome sequences and ore-clasts.

Gravity sliding of the mineralized material down
the volcanic relief and accumulation of fragments in
the marine environment produced the authentic olis-
tostrome copper deposit of Novo Okno (Table 1),
although in the group of primary copper deposits
Jugoistok (ore bodies H, J, efc.), after which it was
given the attribute “distal” (MiSkoviC 1995), Novo
Okno differs in being a particular copper deposit of
olistostrome origin.

Unlike nearly all more or less rounded olistolith
ore-clasts, andesite clasts, fresh or hydrothermally
altered, are mostly angular (JANKOVIC 1990).

Mineralized olistostrome was found underlain by
laminated pelitomorph and some other rocks, often
over homogeneous Turonian andesite. The underlying
pelite or the parent epiclastic association is dated the
uppermost Turonian and the lowermost Senonian
using a microfossil assemblage of Marginotruncana
coronata, Globotruncana linneinana, G. sp. arca,
Hedbergela sp., etc. (SLADIC-TRIFUNOVIC & GAKOVIC
1988).

Some thirty metres above “the main ore layer” in
the olistostrome sequence of Novo Okno, JANKOVIC
(1990) reports “a second layer” of epiclastics and
small ore and non-ore clasts as a likely unit of a new
olistostrome sequence. This layer consists of pelite
and sandy tuffite embedding fragments of hornblende
andesite, hydrothermally altered, and pyrite and chal-
copyrite ore-clasts. JANKOVIC assigns it to the mineral
association C.
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Larger ore-clasts overlying epiclastics are scarce or
not mentioned.

The mentioned olistostrome character of the Novo
Okno copper deposit, the processes and mechanism of
development, indicate that it was a sedimentary re-
worked deposit.

phase of the Timok eruption area. The formation is
built of well-stratified clastic, epiclastic beds, domi-
nantly of hornblende andesite (breccia, conglomer-
ate), fresh and altered angular fragments of psammite,
subordinately pelite, ore-clasts, matrix, hydrothermal-
ly altered epiclastics, etc.

Table 1. Metallogenetic model of the Novo Okno olistostrome copper deposit.

Model Phase Geology Genetic process Metallogeny Epoch
Epiclastics, ore Gravity downslope Min. ass. C
Olistostrome and non-ore clasts sliding in volcanic pyrite, c
® (Sec. 11) o relief chalcopyrite -
— o =
= - (0.5-10m”) CILB Min. ass. B o '”
- - | OLISTOLITHS <' OLISTOSTROME chalcopyrite, = =
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rocks in pelite matrix pyrite, covellite, =
chalcocite, Au, Ag | o
2
2|  Volcaniclastics, Mi B =
~— | Preolistostrome _£ V. bombs.in ore-clast Mechanica}l subaerial 1n. ass. =
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S slow agglomerate, ) 5
< & v. Breccia Min. ass. A o
< =
=] < =
“| Volcanigenic Volcanic breccia, Explosive S Massive copper © =
2 explosive ° homblende', biotite polyphase 'g sulphide paragenese q>) -
= o andesite volcanism 5 (Bor) @ =
o0 . . - = <
= Volcanigenic “|  Homogeneous Volcani < Stockwork s i
< - andesite flows olcanics = impregnation B
— m £
© o =
> L =
Subvolcanigenic Amphibole andesite, Hypabysal © | Porphyry mineralization
intrusive diorite, quartz diorite | consolidation —i (Bor River, Krivelj)
=

The olistostrome parent rocks

Large amounts of Senonian epiclastic rocks under,
over and around the Novo Okno olistostrome deposit
are the source-formational unit of the olistostrome and
ore-clasts of massive copper sulphides. The unit is
similar to Turonian pyroclastic rocks of the first vol-
canic phase, the Timok Association, from which it
derives. It was not treated in previous research.

The unit, classified as formation, was recognized
and investigated in detail south of Bor and Novo
Okno as an epiclastic rock mass that deposited in the
sea (DorRPEVIC 1994, 1997, 2005). It formed over the
volcanic Turonian, precisely over the first volcanic

The major parent rocks of the epiclastics include
the Novo Okno olistostrome copper deposit and many
individual ore-clasts in the greater Bor area.

The source rocks have a variable thickness from a
few to hundreds of metres and include fragments of
all pre-existing Turonian rocks, mainly pyroclastics,
ore and non-ore clasts (olistoliths) and some erosion-
al remnants of destroyed olistostromes (Coka Bare,
Metovnica).

This body of rocks formed in the late Upper Turo-
nian and the Lower Senonian (Coniacian—Santonian)
by filling depressions in the rugged Turonian volcanic
relief. The formation is not recognized in Bor,
although, like in Novo Okno, a large part of the Timok
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Formation volcaniclastics (timocite) corresponds to
epiclastics of the Metovnica Formation. A recent ref-
erence (ANTONIEVIC 2010) to the formation reads:
“for further copper investigation and targeting of the
exploration works in Bor, the potentially different epi-
clastic Senonian and volcaniclastic, or volcanigenic,
Turonian lithogenetic units must be separated”.

Pelitomorphic rocks in the lower part of the pri-
mary epiclastic formation have a microfaunal content
identical to that in pelite under the Novo Okno olis-
tostrome. These are Coniacian-Santonian foraminife-
ra from the Lower Senonian and the uppermost Turo-
nian (PORDEVIC et al. 1997).

A section of the Novo Okno deposit (MISKOVIC
1989) shows the underlying hornblende andesite as the
oldest Turonian rocks (£90 m.y., K/Ar method).
Epiclastics of the source formation and laminated pelite
of the lower Senonian and the uppermost Turonian are
transgressive and unconformable over the deposit.

The deductions based on the deposit section are the
following:

— Turonian amphibole andesite basement is under-
lying the Novo Okno olistostrome parent rocks, and

— Laminated pelite of the olistostrome parent rocks,
immediately over them, is part of the epiclastic Lower
Senonian—Upper Turonian formation.

Massive sulphide ore-clasts

Many ore-clasts of massive copper sulphide are
notable in the epiclastics of the Metovnica Formation,
excluding the Novo Okno deposit. DROVENIK (1966)
studied some forty of the more than hundred men-
tioned ore-clasts on the margin of the primary ore
bodies from which they derive.

The exposure of ore-clasts of about 25 km? surface
area extends north to south from Kriveljski Kamen to
Metovnica, with the largest olistostrome copper body
of Novo Okno between them. The ore-clasts are iso-
lated blocks, 15x25 cm in size, mostly in Senonian
epiclastics of amphibole andesite, the products of de-
stroyed ore bodies from the older Turonian copper
deposits in the central mineral zone of Bor.

Agglomerations of ore fragments in a nearly de-
fined set of epiclastic hornblende andesite deposits are
also known on the slopes of Coka Bare and at Metov-
nica south of Bor (DROVENIK 1966; DORPEVIC 1977,
MISKOVIC 1989).

This does not rule out the possibility that the occur-
rences of Coka Bare and Metovnica ore-clast were
erosional remnants of the destroyed olistostromes,
like the economic ore-clast bodies in the Novo Okno
olistostrome copper deposit. Physically, they are iden-
tical with the mineral parageneses of the primary
deposits and, naturally, with ore-clasts of the massive
copper sulphide deposit of Novo Okno, formed on
land during explosions of the volcanic structure (from

plugs in channels), probably in the preolistostrome
Turonian phase.

The ore-clasts are coated with iron oxides or copper
carbonates (azurite, malachite, efc.). MISKoVIC (1989)
studied only partly the ore-clasts near Novo Okno and
Metovnica, mainly citing the results and conclusions
of DROVENIK (1966).

Drovenik is still the most informative about ore-
clasts in the Bor area, and far less PORPEVIC (1977)
etc. Ore-clasts of the epiclastic deposits will be pre-
sented for several major locations, based on the avail-
able sources (DROVENIK 1966, 1982; PDORBEVIC 1977
etc.) and some own observations.

Coka Bare ore-clasts

Remnants of the chaotic, destroyed olistostrome? A
high proportion of massive sulphide ore-clasts are
preserved on Coka Bare and Ujova some 4-5 km NW
of Bor. These are probably the next largest exposures
of massive sulphide ore-clasts after Novo Okno, ex-
plored before Drovenik but the exploration results
were not available to this author.

Ore-clasts of Coka Bare are useful for correlation
with those of the Novo Okno olistostrome mineral
deposit. Whether outcrops in situ or erosional rem-
nants of the olistostrome, the ore-clasts should be ver-
ified by evidence of their structural elements and
strike and dip, in view of the olistostrome zone length
of about 400 metres (DROVENIK 1966).

The ore-clasts are subrounded or rounded, 1-30 cm
in size, mostly 3-8 cm. Olistoliths of 0.3 m3 are rare.
They are emplaced in hornblende-biotite andesite epi-
clastics [DROVENIK (1966, 1992), takes them for
volcanic breccia of amphibole-biotite andesite
from the first volcanic phase, i.e., the Timocite
association.] that form an east to west zone about
400 metres long, like the Novo Okno deposit, and less
than 100 metres wide. The thickness of the ore zone is
not known, because it is wholly covered, but the given
morphogenetic parameters are sufficient for a com-
parison with the Novo Okno ore body.

Ore-clasts of massive sulphides are located in the
Ujova Valley and on the Krivelj Kamen Hills, “on the
other side” of the Bor volcanic structure, some 8 km
north of Novo Okno.

According to DROVENIK (1966), the Coka Bare and
other ore-clasts consist of pyrite, chalcopyrite, bor-
nite, digenite and chalcocite, similar to the Novo
Okno mineral parageneses of associations A and B.

The ore-clasts rich in massive sulphides have ap-
preciable amounts of gold and silver. Fragments with
42.61 % Cu contain Au 105.6 g/t and Ag 544 g/t
(DROVENIK 1992).

For the genetic and other aspects of the Coka Bare
ore-clasts in the Novo Okno deposit, the opinion of
Drovenik is cited previously.
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Ore-clasts of Metovnica—Nikoli¢evo

Massive copper sulphide ore-clasts of Metovnica,
south of Bor and Novo Okno, were recognized and
investigated before the Novo Okno deposit was un-
covered. These ore-clasts were found in association
with fresh epiclastic breccia of hornblende-biotite
andesite and Timok andesite and subvolcanic rocks of
the Borska River.

Large chaotic accumulations of ore-clastic rocks
near Metovnica were identified as hydrothermal ore
occurrences on the banks of the Brestovacka and Suva
Rivers. The presence of hydrothermally altered rock
fragments and matrix was notable. The rock frag-
ments varied in size from a few to 25 cm and were
angular, coated by malachite or azurite, but including
no olistolith habit.

Pyritized rocks with chalcopyrite and chalcocite
were most abundant in the examined fragments
(DROVENIK 1966; DORPEVIC 1977); there were also
fragments of the primary massive sulphides (bornite,
chalcopyrite).

MiSkovIC (1989, p. 167) explored the area of the
Novo Okno copper deposit and reported ore-clasts
from “several” intervals, the lowest of which had a
somewhat higher concentration, in the Jasenovo Brdo
and the Suva Reka locations, similar to that of Novo
Okno [sic.].

Pyrite fragments were more abundant than frag-
ments containing chalcopyrite, bornite, and especially
low chalcocite. The occurrences of ore fragments in
the epiclastics of the GrliSte—Lenovac eruption area
are the least known.

The potential mineral resource of Metovnica ore-
clasts has not been ascertained even though the occur-
rences were explored by trial adits and test wells
before the First World War.

A general metallogenic map of Serbia on the scale
1:200,000 (JANKOVIC & JELENKOVIC 1994) shows ore-
clasts as the occurrences of copper ore. PORDPEVIC
(1997), however, takes Metovnica occurrences (Jova-
novo Brdo, Kameni Potok, ezc.) to be pebbles or ore-
clasts in epiclastic rocks of the Metovnica Formation,
like other similar occurrences, only without an eco-
nomic concentration of ore as in Novo Okno.

Metallogeny of the deposit

This section, including isotopic analysis of sulphur,
is an integral interpretation of the exploration data
from the mentioned published sources, in the measure
necessary for a better understanding of this concept of
the genesis the Novo Okno olistostrome mineral
deposit.

All mineralization processes in the Novo Okno
copper deposit virtually ended in the pre-olistostrome
phase on land, subaerially, through long gradual cool-

ing of the volcaniclastic and mineral ore materials
extruded from the primary copper deposits of the cen-
tral Bor Zone.

It probably was the time when the structure of chal-
copyrite and other sulphides changed (“internal con-
centric structure”) to which DROVENIK (1992) referred.

Slides of consolidated rocks with massive sulphide
ore-clasts into the sea basin finally shaped the lens-
like ore body, or the Novo Okno olistostrome. Vertical
disposition of ore-clasts, while still on land, was com-
pleted in the submarine phase of the deposit develop-
ment; coarse olistoliths Class A concentrated in the
lower and finer olistoliths Class B in the upper parts
of the deposit (Table 1).

Material in the olistostrome is sorted to a variable
degree, chaotic, but there is no break in the arrange-
ment of the olistoliths and matrix.

Based on detailed laboratory examinations, the mi-
neral parageneses of the massive sulphide deposits in
the olistoliths and accessories in particular, MISKOVIC
(1989), CvetkoviC (1989), JaNkoOVIC et al. (1990)
distinguished three mineral associations of ore-clasts:

A. Pyrite-covellite-chalcocite,

B. Chalcopyrite-bornite and

C. Pyrite-chalcopyrite.

A. The pyrite-covellite association

Blocks (olistoliths) of the pyrite-covellite associa-
tion prevail in the lower-central part of the olis-
tostrome. The association in ore-clasts (olistoliths
Class A) was also denoted A by MISKoVIC (1989).

Class A olistoliths (pyrite-covellite-chalcocite asso-
ciation), commonly large, even 30-50 m3, and with
high concentrations of Cu, Au, Ag, efc. were probably
ejected on land in the preolistostrome phase and
deposited in the basin as the lower part of the deposit.

The mineral constituents in the Class A olistoliths,
low-lying in the deposit, are copper from 1.9 % to
13.7 %, gold from 0.6 g/t to 30.5 g/t, locally much
higher, and silver from 0.4 g/t to 40 g/t (JANKOVIC
1990, p. 308).

B. The chalcopyrite-bornite association

MiSKovVIC (1989) takes that the mineral association
B is largely related to ore-clasts, or to Class B olis-
toliths. The association is located in the upper part of
the olistostrome body without breaks in the develop-
ment of either association. The boundary between ore-
clasts of Class A and Class B is gradual.

Ore-clasts of the chalcopyrite-bornite association
differ from those of association A not only in their
mineral composition, but also in the size of the frag-
ments. Fragments prevailing in the higher part of olis-
tostrome, or in the ore body intervals, are smaller,
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0.3-10 m3, according to MiSKoviC (1989) than the
ore-clasts (olistoliths) of the pyrite-covellite-chal-
cocite association.

Some sulphides in the deposit show internal struc-
ture (CVETKOVIC 1989) of alternating thin zones of
chalcopyrite and pyrite, a likely consequence of epi-
genetic consolidation and cooling on land, during the
preolistostrome phase, not in a marine environment.

The mean amounts of the main constituents: copper,
gold, silver and other minerals in olistoliths depend on
the ore body (olistostrome) thickness and wvaries,
according to JANKOVIC (1990, p. 312), from 1.9 % to
8.48 % Cu, 2.5 to 24.5 g/t Au and from 2 to 40 g/t Ag.

C. The pyrite-chalcopyrite association

The association was recognized by JANKOVIC
(1990, p. 312). It is aligned with fragments of hydro-
thermally altered andesite with chalcopyrite and
pyrite over the chalcopyrite-bornite association some
30 m above “the main orebody” that includes Class B
olistoliths.

The assemblage is widespread on the Novo Okno
periphery, being undoubtedly marginal on a younger
olistostrome sequence. The rock fragments are small-
er and the copper content in them ranges from 0.05 %
to 0.22 %, rarely higher (JANKOVIC 1990). It formed
probably in the closing phase of the sedimentation
basin filling.

The ore body Novo Okno was wholly uncovered in
1988/89. It was a small deposit of massive copper sul-
phides of high economic value, up to two million
tons?, with the mean copper content of about 3% and
Au+Ag more than 5 g/t (MISKOVIC 1995).

Sulphur isotopes in the Novo Okno
deposit

Isotopic analysis of the S34 content of the massive
copper sulphide in pyrite, covellite, chalcocite, chal-
copyrite and bornite was performed for MISKOVIC
(1989) in order to establish the source of sulphur and
minerals in the Novo Okno copper deposit. The analy-
sis of a total of 22 samples indicated a uniform S34
content (from 1.8 to 3.8 parts per thousand) in the
pyrites of the mineral association B (Table 2).

The sulphur isotope composition in covellite and
chalcocite (Mineral Association. A) suggests some
depletion of the light isotope, but S34 is uniform as in
pyrite, and indicates magmatic origin of the ore min-
erals (MISKOVIC 1989; JANKOVIC 1990).

The amounts of S34 in the chalcopyrite and bornite
of Association B are similar to those in other copper
sulphides. Differences in some sulphides may be ex-
plained by fractional crystallization as a function of
the precipitation temperature (JANKOVIC 1990).

Geophysical information

The ore body or mineral deposit of Novo Okno was
indicated by a local, positive gravimetric anomaly in
the first exploratory borehole B 128, in 1979/80
(BILIBAJKIC 1985, personal communication; Partly
confirmed by MiSKoVIC (1989) who wrote: “I discov-
ered by drilling the copper deposit Novo Okno in late
1978).

Certain disagreement or discrepancy in the gravi-
metric anomalies between the Novo Okno and the pri-
mary massive sulphide copper (ore bodies H, Jugo-
istok, Kraku Bugaresku and Severozapad) is a conse-
quence, according to BILIBAIKIC (1985), of the shape
and heterogeneous structural pattern of the mineral
ores in the Novo Okno deposit.

An explanation of “the cause” of the anomaly, BILI-
BAJKIC (1985, personal communication) continues,
should be looked for deeper in the Novo Okno ore bo-
dy, in the particular configuration of the ore mass and
the chaotic structural pattern of the deposit and the
surrounding rocks.

The gravimetric (geophysical) interpretation of Bili-
bajki¢ was not controversial at the time with the current
geological interpretation of the deposit’s olistostrome
origin. On the contrary, the chaotic heterogeneous
structure, including olistoliths mineralized to various
degrees, the size and shape, and other characteristics
express faithfully the geophysical description of the
cause of gravimetric anomaly that indicated the pres-
ence of the Novo Okno olistostrome copper deposit.

Table 2. Sulphur isotope S34 in the massive sulphide of the
Novo Okno copper deposit (amounts from JANKOVIC
1990).

Sulphide Amount (%o) | Mineral Assoc. | Olistoliths
Pyrite from 1.8 to 3.8 A Class A
Covellite from 4.1 to 4.3
Chalcocite | from 2.6 to 5.2 A
Chalcopyrite| from 3.5 to 4.8 B Class B
Bornite

Conclusions

The copper ore deposit Novo Okno, uncovered at
present, consists of massive copper sulphide ore and
non-ore clasts (olistoliths from 0.5 to 50 m3 in size) and
has many distinctive features characteristic of chaotic
sedimentary products of the olistostrome origin.

The mineral deposit is heterogeneous in structure
without bedding and has a lower surface uncon-
formable on the basin bedrock. It is a lens-like,
“trough-shaped” body elongated on the olistostrome
axis in the east and west direction, variable in thick-
ness from 15 m to 28 m, about 335 m long and less
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than 140 m wide. These and other attributes of the
body indicate a unified, reworked, and essentially
extraolistostrome deposit of copper minerals.

The ore body was discovered in 1978 at a depth of
about 270 m on the basis of a local positive gravimet-
ric anomaly in Senonian epiclastic rocks of amphibole
andesite.

The genetic and spatial relationships of the minera-
lized olistostrome indicate two synchronous (genetic)
phases of the deposit formation, viz.:

— Turonian (volcanigenic) preolistostrome and

— Senonian submarine olistostrome phase.

The former phase includes volcanic explosion of
the central Bor edifice and the breaking of the primary
ore bodies and volcanic rocks into blocks and frag-
ments, their emergence and deposition on land.

The latter phase, much later, embraced downslope
sliding of consolidated rocks in the volcanic relief and
chaotic accumulation of ore and non-ore clasts (olisto-
liths) in the sea basin.

Not all ore-clasts reached the sea basin, but were
reworked and scattered in epiclastic rocks on the mar-
gin of the orebody, north and south of Bor. Major con-
centrations of ore-clasts in Coka Bara and Metovnica
may indicate remnants of destroyed olistostromes that
resembled the Novo Okno orebody.

Vertical zonation of ore-clasts and other materials
in the mineral deposit (matrix, cm-clasts) arranged on
land remained unchanged in the aquatic environment.
Coarser and heavier olistoliths Class A are always
concentrated in the lower and lighter olistoliths Class
B in the upper and middle parts of the olistostrome
body.

The olistolithic ore-clasts of the deposit are charac-
terized by complex mineral parageneses of massive
copper sulphides:

A. The Pyrite-Covellite-Chalcocite Association of
olistolith dimensions;

B. The Chalcopyrite-Bornite Association of olis-
tolith dimensions; and

C. The Pyrite-Chalcopyrite Association (clasts, ore-
clasts).

The mineral association of the Novo Okno is very
similar to the primary massive sulphide minerals in
individual bodies (Tilva Mika, Coka Dulkan) of the
central Bor ore deposit from which they originate, and
to the Jugoistok (J and H) ore bodies.

Isotopic analysis of the S34 content confirmed the
magmatic derivation of sulphur and the ore minerals.

The geophysical interpretation of the Novo Okno
geology expresses a true olistostrome structure and
the cause of the gravimetric anomaly.

Genetic aspects of the primary copper deposits of
Bor, the mineral parageneses, absolute age, and so forth
confirm a pre-Senonian age of the deposits, their for-
mation in the preolistostrome Turonian phase. The No-
vo Okno mineral deposit, formed in the olistostrome
Senonian phase, is accommodated in epiclastics and

pelites of the Upper Turonian and the Lower Senonian
as determined from palaeontological evidence.

The olistostrome interpretation of the Novo Okno
copper deposit therefore indirectly proves that the age
of the ore bodies, the massive copper sulphides in the
Bor ore deposit, is virtually determined as the Turonian.
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Pe3nme

Jlexxnmre 6akpa ,,HoBo oxkHo* (bop)
0JIMCTOCTPOMCKE TeHe3e

Jlanac Beh orkomano nexwre 6akpa ,,HoBO OKHO®
CacToju ce Off HepYAHUX U PYJTHUX KJIACTa MACUBHHUX CYJI-
¢uma Gakpa (ommcromury Bemmumbe 0,5-50 m3) u on-
JMKyje ce HHU30M OCOOEHOCTH KapaKTePUCTHYHHX 32
Xa0THYHE CEAMMEHTHE TBOPEBHHE OJHCTOCTPOMCKE
TeHese.

Jlexnmre je xereporeHe reoryomike rpahe m 0e3
CJIOj€BUTOCTH Ca JOFUM HEpAaBHUM KOHTAKTOM IIpeMa
MOJWHCKAM MaTHYHHM CTE€HaMa MOpCKOT OaceHa.
Wma coumBact ,,KOpUTACTH * OOIUK U U3IYKEHO je IO
OCH OJNHCTOCTpOME HCTOK—3amana. [IpomensbuBe je
nebspuHe o 15-28 m, myxuHe oko 335 m u IHMpUHe
mo 140 m. ITo Tum 1 qpyrumM ocoOMHaMa TpeCcTaBIba
JEIMHCTBEHO, PEAETIOHOBAHO M y CYIITHHU €KCTPao-
JUCTOCTPOMCKO JISKHINTE OaKpa.

Otkpusero je 1978. ronuHe Ha nyOuHM oxo 270 m
Ha OCHOBY JIOKQJTHE TTIO3UTHUBHE TPAaBUMETPH]CKE aHO-
MaJje y MaTHYHIM CEHOHCKHUM EMUKIACTUIHHUM CTe-
HamMa aMpuboI-aHae3nTA.

l'enercku u MPOCTOPHU ONHOCH PYAOHOCHE OJH-
CTOCTPOME YKa3yjy Ha [BE€ CHHXPOHE XPOHOJOIIKE
(renercke) (haze HacTaHKa JexumrTa. To cy:

— TypoHCKa (BYJIKaHOTEHA) IPEOIUCTOCTPOMCKA
haza u

— CEHOHCKa CyOMapWHCKa OJIMCTOCTpOMCKa (aza.

IIpBa da3za obyxBara eKCILIO3Hjy BYJIKAHCKOT ara-
para 1eHTpaigHe OOpCKe CTPYKType H pa3apame Ty-
POHCKHX TpPHUMapHHAX PYyIHUX Tela W BYIKaHHUTA Yy
OJIOKOBE W KOMaJle, 3aTHM HUXOBO M3HOIICHE Ha T0-
BPIIMHY ¥ CHHXPOHO JIETIOHOBAakE Ha KOITHY.

VY npyroj ¢as3u, BpeMEHCKH 3HATHO KacHHje, U3BP-
IIeHO je KIKEHe KOHCONUIOBaHE CTEHCKE Mace Y
BH[y OAPOHA ¥ KJIM3UIITA HU3 MTaJHE BYJIKAHCKOT pe-
Jpeda U XaoTHYHA aKyMyJanyja PyJHUX U HEPYIHUX
KJ1acTa (OJINCTONIUTA) Y MOPCKOM OaceHy.

CBu pynoknacTtd, MehyTuM, HUCY JOCIIENH y MOp-
cku OaceH. 3HadajaH [Ie0 HUX j€ MpETAN0oKaBaH U
pacejaH y enuKIacTUTHMA TT0 0001y TPUMApHUX PYI-
HUX Tella ceBepHO U jyxkHo of bopa. Behe xonnentpa-
nje pynokiacta y Yoka 6apu u MeToBHHALIN yKa3yjy,
MOXKZIa, HA OCTAaTKEe Pa30pPEHUX ONHUCTOCTPOMA KOje CY
Owmiie ciyHe NeXumTy ,,HOoBO OKHO™.

BeprukaiHa 30HATHOCT pyIOKiIacTa U APYTOT Ma-
TepHjana y JIeXKHUIITY (MATPUKC, CAHTIMETAPCKH Kila-
CTH), OCTBapeHa joIl Ha KOITHY, 3apKalia Ce U KaCHH-
je y BomeHoj cpemuHu. KpymHUju ©w cnerududaHO
TEXH OJINCTOJIHTHU Kilace A, TIO MPaBHITy Cy KOHIIEH-
TPHCAaHU y HIDKUM, a CHTHHjH, JIaKIH, Ki1ace b, y Bu-
[IeM U CPENHEM JeNy OJMCTOCTPOMCKOT Tena.

ONHUCTOMUTCKU PYAOKIIACTH JISKHUINTA CE OIIUKY]Y
CIIO)KCHHM MWHEpaJHUM TapareHe3amMa MaCHBHHX
cyndumga 6axpa:

A. TIMpUTCKO-BOBETMHCKO-XAIKO3UHCKA aCOIIH]ja-
[IMja OMUCTOJIMTCKAX AUMEH3H]a;

b. Xanxonmputcko-00pHUTCKA acoldjaryja OJu-
CTOJIUTCKHUX JAUMEH3H]a;

B. IMupurcko-xamkomupuTcKa acoryjanmja (Kia-
CTH, PYIOKIIACTH).

MunepanHe aconmjanuje jexumra ,,HoBo oxHO™
[TOKa3yjy BeoMa BEJIUKY CIIMYHOCT ca MPUMApHUM py-
JamMa MacHBHUX cyiaduaa IMOjeNWHUX PYTHUX Tena
neHTpaigHor Oopckor pymumrTa (TmiBa Muka, Yoka
IYJKaH) Of] KOjuX BOJIE TTOPEKJIO U Ca PYAHUM TEINMa
nexumra ,,Jyrouctok™ (,,J u ,,H®).

M30TONICKa HMCIUTHBamka caapkaja cymmopa S34
MTOTBPAMIIA Cy MAarMaTcKo MOPEKII0 CYMITOpa W PyIdHE
MUHEpaTn3aIyje.

I'paBuMeTpHjcka reouznIKa HHTEPIIPETAIIN]a T€0-
nomke rpahe nexumrTa ,,HOBO OKHO™ BepHO ompaxka-
Ba rpaljy OJMCTOCTPOME U Y3pOKE aHOMAJIH]e.

I'eHeTcku acmiekTH MpUMapHUX OOPCKUX JIEKHUIITA
Oakpa, MeHepaTHe TlapareHese, arcoilyTHa CTApOCT U
Ip. oTBphyjy Aa cy Ta JexuInra crapuja, cTBapaHa
IIpe CEHOHAa y MPEOMCTOCTPOMCKO] TYPOHCKO] (pasm.
HoBoobpa3zosano nexwumire ,,HoBo okHO, HacTamuo y
OJIUCTOCTPOMCKOj CEHOHCKO] (ha3h, CMEmTeHO je Y
ENMKIACTUTIMA U TIEIUTUMA TOPEHET TYPOHA U JIOFET
CEHOHa, YHja je CTapOCT MAJICOHTOJIOMIKH JOKa3aHa.

OnucrocTpoMcka HHTEPIPETAIHja JIeKUIITa 6akpa
,,HOBO OKHO®, IpeMa ToMe, TIOCPEeHO A0Kasyje na je
CTapOCT PYOHHX Tella MacWUBHUX cynduma Oakpa y
OOpPCKUM PYyIHINTHMA MPAKTHYHO pelleHa, OXHOCHO
J1a je TypOHCKa.
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Magnesite-bearing fracture zones of the Zlatibor ultrabasic massif
(Serbia) as a discrete structural-morphological type of magnesite
deposits in ultrabasites

MILOJE ILIC', ZORAN PAVLOVIC? & ZORAN MILADINOVIC®

Abstract: In this paper, a discrete structural-morphological type of magnesite deposits in ultrabasites, i.c.,
in magnesite-bearing fracture zones, is presented. The most prominent occurrences of such zones in Serbia
are in the Zlatibor ultrabasic massif and they are economically very significant because they contain large
reserves of high-quality magnesite, as well as of the accompanying sepiolite.

Key words: Magnesite-bearing fracture zones, structural-morphological type, magnesite, deposits,

Zlatibor ultrabasites, Serbia.

AncrpakT: Y pany cy npHKazaHe MarHe3HTOHOCHE Pa3jiOMHE 30HE KOje MpeNCTaBibajy mocedaH CTPyK-
TYypHO-MOP(QOIIOIIKA THIT MAaTHE3UTCKUX JISKUIITA y yaTpadasutuma. OBe 30HE HajOOIBE Cy M3pakeHe Y 371a-
THOOPCKOM YATpaba3UTCKOM MAaCHBY U €KOHOMCKH CY BPJIO 3HA4YajHE jep caJpiKe BEJINKE pe3epBe KBATUTETHOT

Mar"He3ura, Kao u npaTeher cenmuoamra.

KibyuHe peun: MarHe3auTOHOCHE pa3jiOMHE 30HE, CTPYKTYPHO-MOP(]OJIOMIKH THUII, MarHe3uT, JISKHUIIITA,

3natrnbopcku ynrpabdasutu, Cpouja.

Introduction

A discrete structural-morphological type of vein
magnesite deposits, magnesite-bearing fracture zones,
which has not hitherto been recognized, is presented
in this paper. It should be added to the already known
types: magnesite veins — single or systems; brecciated
veins, both lenticular and irregular magnesite bodies,
and magnesite stockwork (ILIC 1969a; ILIC & RUBE-
ZANIN 1978; POPEVIC et al. 1996). These zones occur
at numerous locations in Serbia, the most prominent
ones being in the Zlatibor ultrabasic massif (Fig. 1)
(ILiC et al. 2005). Thus, they will be the topic of fur-
ther consideration.

Magnesite-bearing fracture zones

Magnesite-bearing fracture zones are complex dis-
junctive deformations in ultrabasites (ILIC 1969b;
KARAMATA & POPEVIC 1996), having hectometre to

kilometre length, mineralized by magnesite (and often
by accompanying sepiolite; Figs. 1 and 2). Although,
considered partially, they contain all the above-men-
tioned known structural-morphological types of mag-
nesite deposits (and constitutive orebodies) in ultrab-
asites, they can be recognized, integrally considered,
as a discrete complex structural-morphological type,
based on their particular structural, morphological,
mineragenetic and economic—geological features.

So far, seven magnesite-bearing fracture zones
have been discovered in the Zlatibor ultrabasic mas-
sif: four in the Ribnica—Donja Jablanica ore field (Ca-
vlovac, Masnica II, Masnica III and Rasevac), one in
the Stublo ore field (Marin Izvor), one in the Slovici
ore field (Slovi¢i), and one in the Gola Brda ore field
(Rasadnik) (Fig. 1). Their general strike is W—E (up to
WNW-ESE) and dip towards S (up to SSW) at
20-50°.

The length of these zones ranges from several hun-
dred metres to about two kilometres; their width ran-
ges from several metres to several dozen metres (Figs.
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Fig. 1. A synoptic geological map of the Zlatibor ultrabasic massif and the neighbouring formations with the patterning of
the distribution of the magnesite deposits. 1, The freshwater Neogene (Miocene); 2, limestone of Santonian— Maastrichtian
age; 3, the Upper Cretaceous undivided; 4, volcanic—sedimentary formation of Jurassic age (“Diabase-chert formation™);
5, bigger masses of Jurassic basic magmatic rocks (diabase, spilite, dolerite and melaphyre); 6, the Middle and Upper
Triassic undivided (limestone and dolomite); 7, amphibolite; 8, ultramafic rocks; 9, occurrences of vein magnesite; 10, de-
posits of vein magnesite (a) and magnesite-bearing fracture zones (b); 11, deposits of sedimentary magnesite; 12, regional
ruptures; 13, boundaries of ore (magnesite) fields.

2a and b), while the extension to depth along the dip transitions into magnesite veins. They usually have
ranges from 100 m to 300 m (Fig. 3). They pinch out clear salbands (on the footwall and/or hanging wall)
gradually along the strike and dip, but there are also ~ towards the neighbouring ultrabasites, while, in their
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Fig. 2. Sketch showing magnesite-bearing fracture zones of Cavlovac (a) and Masnica III and Rasevac (b).

interior, ultrabasites are intensively cataclased, ser-
pentinized, nontronized and limonitized (Figs. 3 and
4). The magnesite in them most often occurs in the
form of parallel or sub-parallel veins (simple or com-
plex ones — with apophyses, locally brecciated), of the
same orientation as the whole zone, of lenticular and
irregular bodies, and stockwork. The degree of miner-

alization of these zones by magnesite substance
ranges from 30 to 40 %. In addition to magnesite,
sepiolite also occurs in these zones in the form of
veins in magnesite or discrete veins, and as cement in
magnesite breccias (Figs. 3 and 4).

Magnesite either follows the whole dislocation or
occurs only in some of its parts. The former is the
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Cavlovac magnesite-bearing fracture zone (Fig. 2a),
and the latter is the Donja Jablanica—Bakica Kolibe dis-
location, in which magnesite accumulation occurs in its
two parts (which are treated as separate magnesite-
bearing fracture zones): Masnica III and Rasevac (Fig.
2b). Partial accumulation of magnesite within some
dislocations can be explained by specific features of
pre-mineralization and mineralization tectonics; post-
mineralization tectonics, which however, led only to a
change of the position of particular parts of the zone
(owing to differential movement of separate blocks).

1010

1000

Fig. 3. Geological cross-section A—A’ through the magnesite-bearing fracture zone of
Cavlovac. 1, Magnesite—serpentinite breccia; 2, non-tronite clay; 3, serpenti-
nite—magnesite breccia; 4, sepiolite—magnesite breccia; 5, magnesite; 6, humus.

Structurologically considered, the magnesite-bear-
ing fracture zones and the fractures where the largest
independent magnesite veins occur represent shear
fractures, namely hOl ruptures. Thus, magnesite veins,
within magnesite-bearing fracture zones (which have
the same position as the zones, but are of smaller
size), and independent magnesite veins (in other parts
of the Zlatibor ultrabasic massif) have mainly similar
elements of dip; the statistical maximum of the dip
elements of magnesite-bearing fracture zones is
178/22, while in case of independent magnesite veins
there are two maxima of dip elements, i.e., 14/82 and
183/68. The apophyses of magnesite veins (both those
in magnesite-bearing fracture zones and in independ-
ent ones) mainly represents mineralized feather fis-
sures accompanying the main hOl ore-bearing rup-
tures.

The rupture structure, formed in the pre-mineraliza-
tion period, impacted decisively magnesite mineral-
ization, which occurred in the Upper Oligocene—Mio-

cene (related to strong disjunctive tectonics and ac-
companying hydrothermal activity). These ruptures
served both for introduction of hydrothermal solutions
and for localization of magnesite mineralization. In
the mineralization period, the existing fissures were
activated many times, there were movements in vari-
ous directions along them and they were opened and
closed periodically, in accordance with the develop-
ment of regional tectonic movements. These move-
ments caused shattering and crushing of the magnesite
substance and neighbouring rocks, while the magne-
site and accompanying miner-
als (dolomite, calcite, quartz,
chalcedony, opal and sepio-
lite) of younger generations
were deposited in the newly
formed empty spaces.

In the post-mineralization
period, strong tectonic move-
ments occurred, finally form-
ing magnesite orebodies, in-
cluding their fragmentation
and differential movement of
separate blocks along fault
systems.

From a mineralogical point
of view, the magnesite from
the magnesite-bearing fracture
zones is identical to the magne-
site from independent veins: it
is dense (microcrystalline to
cryptocrystalline), white, and
exhibits conchoidal fracture.
With regards to the magnesite
from independent veins, it dif-
fers only in a somewhat high-
er content of other carbonates
(dolomite, calcite), while the
content of other accompanying minerals, mainly sili-
ca (quartz, chalcedony, opal), is very similar.

In accordance with its mineral composition, the
magnesite from the magnesite—bearing fracture zones
differs from the magnesite from independent veins in
a higher content of lime (CaO), i.e., 1.5-3 % in the
former and less than 1 % in the latter.

From a mineragenetic point of view, the magnesite-
bearing fracture zones and the independent magnesite
veins are syngenetic and synchronous formations.
Both these structural-morphologic types of magnesite
deposits occur in ultrabasites as host rocks and were
formed in the same mineralization cycle bound to the
Upper Oligocene—Miocene fracture tectonics and ac-
companying intermediate volcanism, namely its hydro-
thermal activity. Then hydrothermal solutions (which,
in fact, represented a mixture of genuine juvenile so-
lutions and prevailing ground waters of meteoric ori-
gin, heated by volcanic chamber), rich in CO,, on
their ascending movement leached magnesium out of
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all magnesite and accompany-
ing sepiolite orebodies), not
only of the largest and high-
quality magnesite orebodies.

The Cavlovac, Rasevac, and
Masnice III zones in the Zlati-
bor ultrabasite massif (Figs. 1,
2 and 3) can be considered as
typical examples of magnesite-
bearing fracture zones. The
zones have been noticed in
some other ultrabasite massifs
(e.g., in the Gole§ and Ma-
ljen—Suvobor ones) but they
have not been sufficiently
explored.

Conclusions

Magnesite-bearing fracture
zones represent specific dislo-

cations in ultrabasites, minera-
lized by magnesite (and often

Fig. 4. Structural-morphological types of vein magnesite deposits: a, vein with a sil-
ica “hat”; b, vein with apophysis; ¢, lenticular orebody; d, system of veins with
apophyses; e, vein with apophyses and accompanying stockwork; f, brecciated vein;
g, magnesite-bearing fracture zone. 1, peridotite; 2, serpentinite (predominantly
schistose with striae); 3, fragments of serpentinites; 4, magnesite vein; 5, magnesite
stockwork; 6, sepiolite veins; 7, silica “hat” (reef).

deeper lying ultrabasites, transported it in the form of
bicarbonate and deposited it in the form of magnesite
in ruptures (fracture zones, faults, fissures) in higher
parts of the ultrabasite massifs (ILIC 1969a). Differen-
ces between these two types, thus, are only related to
some structural and morphological features, but not to
their genesis.

From an economic—geological point of view, mag-
nesite-bearing fracture zones are large deposits of
magnesite and accompanying sepiolite, having a com-
plex constitution. In them are magnesite orebodies of
varied structural-morphological types (veins, brec-
ciated veins, lenticular and irregular bodies and stock-
work), as well as accompanying sepiolite orebodies,
which altogether, from an economic—geological point
of view, form deposits. These deposits contain signif-
icant reserves (from several dozen thousand tonnes to
several hundred thousand tonnes) of magnesite sub-
stance of good quality for application in the fireproof
materials industry, as well as significant reserves of
accompanying sepiolite, which has wide industrial
application based on its sorbent and catalytic proper-
ties. Mining of such large and complex deposits
should be preformed on the whole and completely (of

accompanied by sepiolite), hav-
ing hectometre to kilometre
length. Although, they contain
all known structural-morpho-
logical types of magnesite de-
posits (and constitutive orebo-
dies) in ultrabasites (veins —
single or systems, brecciated
veins, lenticular and irregular
bodies and stockwork — ILIC
1969a), they can be classified into a discrete complex
structural-morphologic type, based on their distinct
structural, morphological, mineragenetic and eco-
nomic—geological features. These zones are the most
prominent in the Zlatibor ultrabasite massif and eco-
nomically very significant, as they contain large
reserves of high quality magnesite, as well as of the
accompanying sepiolite.
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Pe3nme

MarHe3uTOHOCHE Pa3JIOMHE 30He y
3J1aTHOOPCKOM YJTPA0A3UTCKOM MAaCUBY
(CpOuja) kao mocedaH M3010BaH
CTPYKTYPHO-MOP(OJIOIIKH THIT
MAarHe3UTCKUX JIeKUIITA Yy
yaTpada3uTuma

Y oBOM pafy je mprKa3aH jenaH mocebaH, 0 cajaa
HEH3JIBOjCH, CTPYKTYPHO-MOP(HOIONIKM THIT MKHUIHUX
MaTrHE3UTCKHX JISKHIITA: MACHE3UTMOHOCHE PA3IOMHE
30He, KOju Tpeba TMPHUKIJBYYUTH 10 cajla MO3HATUM
TUTIOBHMA (TO CYy: MarHE3WTCKE JKHUIIE — T0jeTUHaTHE
WA CHCTeMH, OpedacTe »KHIle, COUYMBACTA U HEMpa-
BUJIHA MarHe3WTCKa Tejla M MarHe3UTCKU MITOKBEPK ;
Win 1969a; Uik u PYBEXAHUH 1978; ITIONEBUR u
op. 1996). Ose 30HE ce jaBJpajy Ha BuIe Mecta y Cp-
Ouju, a HajOOJbE Cy U3PAKEHE y 3MATHOOPCKOM YITpa-
6asurckom mMacuBy (ci. 1) (Mmuh u dp. 2005), mTo je
MPEeMET OBOT paja.

MarHe3uToHOCHE pa3iOMHE 30HE MPEICTaBIbajy
CIIOKCHE IWCjyHKTUBHE nedopMarje y yurpadasu-
tuma (Miimh 19696; KapAMATA m TIonEBUR 1996),
XEKTOMETAapCKe JI0 KUJIOMETApCKe IY)KHHE, Koje Cy
OpYII-CHE MarHe3uToM (a 4ecto W mparehwM cemmno-
sutoMm) (cit. 1 u 2). Mako oHe, mapigjaiHO mocmarpa-
HO, CaJIp’Ke CBE TO3HATE, rope HaBEJCHE CTPYKTYPHO-
MOp(OIIOIIKEe THITOBE MAarHe3WTCKUX JIeKHInTa (of-
HOCHO KOHCTUTYTUBHUX PYIHUX Tella) y yATpabasu-
TUMa, OHE C€, Ha OCHOBY CBOJUX MOCEOHHX CTpPYyK-
TYPHUX, MOP(OIONIKHX, MUHEPAreHETCKUX U EKOHOM-
CKO-TCOJIONIKUX KapaKTePUCTHKA, HHTETPAITHO MOCMa-
TPaHO, MOTY HW3JBOJUTH Kao TocedaH, KOMIUIEKCaH
CTPYKTYPHO-MOPQOIIOIIKH THII.

VY 3nmatubopckoM ynTpaba3uTCKOM MacHBY JI0 caja
j€ OTKPHBEHO CelaM MAarHe3WTOHOCHHX Pa3JIOMHUX
30Ha: YETHPHU Y pyaHOM noJby Pubnuma—/loma Jabna-
auna (Yasmosan, Macauna II, Macuauma 111 u Pace-
BaI), jenqHa y pyaHoMm noJby Ctyomo (Mapur U3Bop),
jenHa y pyaHom nosby Cnoeuhu (CroBuhn) u jemHa y
pynaom mosey loma Opma (Pacamnuk) (cm. 1). One
nMajy reHepanHo npyxame 3—-1 no 3C3-M1JU, a nax
npema J onnocHo JI3 mog 20-50°.

OBe 30HEe UMajy Iy>KHHY Of Iap CTOTHHA MeTapa
1o oko 2 km, mmpuHYy 01 HEKOJIMKO MeTapa /10 HeKO-
JIUKO JeceTrHa MeTapa (ci1. 2a u 0), a mpoCTHpambe TI0
naxy uMm uzHocu 100-300 m (cn. 3). Ilo mpyxamy u
Majy OHe MOCTEIeHO UCKINbaBajy, a MOCTOoje U Ipe-
Ja3u y Maraesurcke xwure. [Ipema oxomHuM ynrpada-
3UTHMa OHE OOWMYHO WMajy jacHe canbannme (Ha
nexxehem n/nnm BuceheM O60Ky), a yHyTap BUX yATpa-
0a3uTH Cy WHTEH3WBHO KaTakKJa3WpaHW, CEPIICHTH-
HUCAHW, HOHTPOHUTHCAHU U TUMOHUTHCAHH (CII. 3 |
4). Marne3uT ce y mHMa Hajuerrhe jaBiba y BHIY
TapaJeIHuX WK CyOITapaleTHuX KHIa (TIPOCTUX WITH
CIIOKEHHX — ca arnodu3amMa, MECTHMHYHO OpedacTux ),
WCTOT 3ajieTama Kao W YUTaBa 30HA, COYMBACTUX H
HENPaBUJIHUX Tella U MTOoKBepKa. CTereH OpyamheHo-
CTH OBHX 30HAa MAarHE3WTCKOM CYTICTAHIIOM H3HOCH
3040 %). Ilopen marae3ura, y OBUM 30Hama ce ja-
BJba M CEIMONUT y BHUY KHIA y MATHE3UTYy WJIH I10-
CceOHHUX XKUIIa ¥ Ka0 BE3WBO Y MarHE3UTCKUM Opedama
(cm. 3m4).

MarHe3uTcko OpyIlemhe WIA TMPaTd LEIOKyITHY
JIUCIIOKAIV]y WM Ce IaK jaBJba Camo y MOjeIUHUM
HBeHUM jaenouMa. [IpBoHaBeneHN mpuMep TpeacTa-
BJba MarHe3MTOHOCHA Pa3iOMHA 30Ha Yammosarl (ci.
2a), a IpyroHaBeIeHU MpUMep je Auciokanuja [loma
Jabmanura — baknha Konmbe y x0joj ce Marae3nTcko
OpyABeHE jaBJba y /IBa BheHa Jiefa (KOju ce TPeTUpajy
Kao TIMoceOHe MAarHe3WTOHOCHE pa3jIOMHE 30HE):
Macuwuma III u PaceBan (cin. 26). Henmumudnaa opya-
IBEHOCT HEKWX [HCIOKalHja MOXe ce 00jacHHUTH
crier(pUIHOCTIMA TpEepyJHe W pPyJHE TEKTOHUKE;
MOCTPYy/IHA TEKTOHHKA je, MelyTuM, camMo JAOBOIMIIA
JI0 TIpOMEHa IMPOCTOPHOT TIOJNOXKaja TOjEANHUX JIe-
JoBa 30HE (ycien AuQepeHIjalHOT KpeTama ofle-
TUTUX OJIOKOBA).

CTpyKTYpOJIOIIKK TMOCMAaTpaHO, MarHE3WTOHOCHE
pa3joMHe 30He, UCTO Kao W pasjiOMH y KOjuMa ce
Hajaze HajBehe caMocTallHE MarHe3WTCKE JKHUIIE,
MPENCTaBJbajy pacene cMumama, ogHocHo h0l pynry-
pe. Crora MarHe3WTCKe JXKUIlE Y OKBUPY MarHe3uTo-
HOCHHX pa3JIOMHHUX 30Ha (KOje MMajy HCTO 3allerame
Kao M 30He, CaMO ca MambUX TUMEH3Hja) U CaMOCTal-
HE MarHe3WTCKe JXKulle (y APYTHM JeIOBHUMA 3I1aTH-
Oopckor ynTpaba3uTcKor MacuBa) BehmHOM uMajy
CIIMYHE eTIEMEeHTE 1a/1a; CTATHCTUYKH MaKCHUMYyM eJie-
MEHaTa TajJa MAarHe3UTOHOCHUX pa3IOMHHUX 30Ha
n3Hocu 178/22, a Koj CaMOCTaJHUMX MarHe3UTCKHUX
KHIIA TTOCTOje IBa MAaKCUMyMa elleMeHara maga 14/82
n 183/68. Anodu3ze MarHe3uTCKUX KUIa (KaKO OHHUX
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Yy MarHe3UTOHOCHUM Pa3IOMHHUM 30HaMa TaKko U OHHX
caMOCTalTHWX) BehMHOM TpenCTaBibajy OpYIHEHE
TEH3WOHE (TepacTe) MyKoTHHe Koje mpare raBHe h(l
PYIOHOCHE pyNTypE.

3a MarHe3uTCKy MUHEpAIN3aldjy, Koja je U3BpIIIe-
Ha y MEPHOJY TOPHHU OIUTONEeH—MHUOICH (Y BE3u ca
CHKHUM JIUCJYHKTUBHOM TEKTOHUKOM U Tparehom
XUIPOTEPMATTHOM aKTHBHOIINY), MPECynaH 3Ha4aj je
UMao PYNTYPHH CKJION 00pa3oBaH y MpPEepyaHOM
MepUoAy: OBE PYNType Cy TOCIYy)XWIe W 3a TpH-
Bohere XUAPOTEPMAITHUX PacTBOpa M 3a JIOKAJIN3a-
[[Hjy MarHe3UTCKOT OpYAemha. Y pPYIHOM HEpUOIY
noctojehn paznoMu Onnm Cy BUIIEKPATHO aKTHBHpPA-
HU, JY)X BHUX Cy BpIICHA KpeTama Yy pa3HUM MpaB-
[Ma, IEPUOJIYHO Cy OTBAPaHU U 3aTBapaHH, y CKJIa-
JIy ca pa3BOjeM PErHOHAHUX TEKTOHCKUX TOKpeTa.
OBa kperama NpPOY3pOKOBalla CY JIOMJBCEHE H JIPO-
0JbeHe MArHE3UTCKE CYTICTAHIIE U OKOJIHUX CTEHA, a Y
HOBOOOpa30BaHUM MPa3HUM MPOCTOPHMA JIEMIOHOBAH
je MarHe3uT u nparehn MUHEpaH (OJIOMUT, KaIIIUT,
KBapIl, KaJIeIoH, Oma, CEMUOIUT) MiIahux reHepa-
1uja, y Bume Qasa.

Y moctpynHOM mepuony Takohe cy gemoBanu
CHa)XHU TEKTOHCKH IMOKPETH KOj! Cy (PUHAITHO yOOIIH-
YIITM MarHe3uTcKa pynHa Tela, YKIbY4dyjyhn BUXOBO
pasnamame W IudepeHnrjaTHo KPeTame OEIUTUX
0JTOKOBa ITy’K CHCTeMa paceza.

Y MUHEpasoUIKOM TOIIEAY MarHe3uT U3 MarHe3u-
TOHOCHHUX Pa3JIOMHHX 30HA je WICHTHYAH MAarHe3uTy
M3 CaMOCTalTHUX JXKHIa jemap (MHUKPOKPHUCTANIACT 0
KPUNTOKpHCTANacT), 6ene 60je, MKOJHKACTOT IMPEITo-
Ma. On MarHe3uTa U3 CaMOCTAJHUX KHIA Pa3jIHKyje
Ce caMo II0 HeIITO BUIIEM CaJpkajy Ipyrux kapOo-
Hara (JIOJIOMHUTA, KaJIUTa), JOK Cy OCTalu mparehn
MUHEpaJH, Pe CBera CHINIHN]CKH (KBapIl, KaJlleI0H,
orran), MPUOIIKHO jeTHAKO 3aCTYIIJbEHH.

VY cxilagy ca CBOjUM MHHEPATHHM CAacTaBOM, Ma-
THE3UT M3 MarHe3WTOHOCHUX Pa3jIOMHHUX 30Ha C€ Off
MarHe3WTa W3 CaMOCTaJHUX JKWIAa pa3iuKyje IIo
nosehanoM caapxkajy kanuuje (CaO): 1,5-3 % xon
MIPBOIIOMEHYTHX, a Ucro 1 % Kox IpyronoMeHyTHX.

Y MUHEpareHeTCKOM TOTNIely MarHe3UTOHOCHE
pazIoMHE 30HE M CaMOCTallHE MAaHE3UTCKE IKHIIE
MIPE/ICTaBJbajy CHHICHETCKE W CHHXPOHHYHE TBOpE-
BuHe. O0a OBa CTPYKTYpHO-MOP(QOJIONIIKA THITA Ma-
THE3UTCKUX JISKHUINTA Hallaze ce y yATpadasuThMa
Kao OKOIIHUM CTeHaMa W o0pa3oBaHa Cy y HCTOM
MUHEPATN3AIMOHOM IHKITyCY BE3aHOM 3a TOPHOOIH-
TOIEHCKO-MHOIIEHCKY Pa3IOMHY TEKTOHUKY W TpaTe-
hu nHTEpMeMjapHU ByITKaHU3aM, OJJHOCHO 32 FETOBY
XUIPOTEPMATHY aKTHBHOCT. Taza cy XuapoTepMaIHu
pacTBOpH (KOju Cy 3aIllpaBo MPENCTABIbAIHN MEIIaBUHY
MpaBUX jYBEHWIHHX PAcTBOpa W OJ CTpaHE BYJKaH-
CKOT OTHHINTA 3arpejaHuX MOA3EMHHUX BOJlA METe-
OpCKOT mopekia), boratu caapxkajem CO,, mpu cBOM
aCIeIEHTHOM KpeTamy, BPIIWIH U3ITy)KUBAkhE MarHe-
3ujyma u3 ny0see nexxehnx ynrpabasuTa, TpaHCIOP-
TOBAJIM Ta y BUAY OnKapOoHaTa, a obapaiv ra y BUIy
Marfe3ura y pasiomMuMa (pa3IOMHHM 30Hama, pa-
cenrMa, MyKOTHHAMAa) Y BUIINM JIEJIOBHMA yiaTpada-
3urckux MacuBa (Mmh 1969a). Pazmmuke w3mely
BUX, JaKie, T0CTOje caMo y TOTIeNy HeKHUX CTPYK-
TYpHUX U MOP(OIOMIKAX KapaKTEPUCTUKA, alld He U
TIOTIIeTy HhUXOBE TeHe3e.

Ca eKOHOMCKO-TEOJIOIIKOT aclieKTa MarHe3WTOHO-
CHE pa3lIOMHE 30HE MPEJCTaBJbhajy BEIUKA JIEKHUIITA
MarHe3WTa W mparteher cenmuonnra, cioxeHe rpahe.

Marsae3uToHOCHE pa3jioMHE 30HE ce, OCHM Harpen
OMHCaHUX y 37ATHOOPCKOM YATPaOa3UTCKOM MacHBY,
jaBlbajy W y HEKUM JIPYTHM YyITpaOa3HUTCKUM MacH-
BuMa CpOuje (HMp. TOJEIKOM, MaJjbeHCKO-CyBOOOD-
CKOM) alli HUCY JOBOJHFHO HCTPaXKEHE.
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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.

I Department of Economic Geology, Faculty of Mining and Geology, University of Belgrade, Pusina 7, 11000 Belgrade,
Serbia. E-mail: radej@rgf.bg.ac.rs
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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).
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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.

Northern part
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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 %).
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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.
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Abstract. Extensive worldwide usage of fossil energy sources causes high pollution and contributes to
global warming. Hence, achieving energy independence by stimulating efficient use of energy and environ-
mentally friendly exploitation of renewable sources is a main orientation of European countries.

Geothermal energy is generally treated as a renewable and inexhaustible energy source. Nonetheless, direct
use of low enthalpy subgeothermal resources, i.e. groundwater of 30°C or lower, for heating is commonly
viewed as economically unjustified. To enable its usage, large panel surfaces or a high-temperature heat pump
with excellent efficiency is required. The development of a cascade type heat pump and its wide application
would enable more efficient utilization of widely available and easy replenished groundwater sources with
temperatures of 10-30°C.

The hydrogeological conditions in eastern Serbia are particularly favourable for exploitation of subgeother-
mal resources due to rich aquifer systems and notable terrestrial heat flow formed into the main geo-structures
of the region (Carpathian-Balkan arch and Dachian basin). More intensive exploitation of subgeothermal
sources additionally justifies the existence of a number of urbanized small and medium-size cities with a heat-
ing infrastructure already developed and centralized. Sustainable use of groundwater resources should be fol-
lowed by thermal reconstruction of the previously constructed buildings as well as new legislation which sup-
ports and encourages development of renewable energy sources. It is estimated that the total potential thermal
power which can be generated from subgeothermal waters in the study area is around 33 MWt, which corre-
sponds to some 16 % of the total heat requirements.

Key words: subgeothermal source, groundwater, heat pump, energy efficiency, eastern Serbia.

AncrpakT. VnTeH3nBHO kopumhieme (QOCHIHHX TopuBa IIMPOM CBETa Y3pOK je 030MIbHMX 3aralema
npUpone M yTW4e Ha miobanmHo 3arpeBame. OTyna je jelaH of INIABHUX IMJbEBA CHEPIETCKE ITOJIHMTHKE
eBPOIICKUX 3eMajba Kopuniheme euKacHuje “3eyeHe” eHepruje n3 OOHOBJBMBUX M CONICTBEHUX H3BOPA.

I'enepanHo, reoTepMalTHa €HEpryja MpencTaBiba Bu 00HOBJFUBHX W3BOpa eHepruje. Mmak, u qame ce cMa-
Tpa na kopumheme cyOreoTepMatHe eHeprije HUCKe eHTalmuje (Temeparype nog3eMaux Boma ox 30°C u
HIDKE) 32 TTIOTpede Tpejama HUje Y MOTITYHOCTH eKOHOMCKH onpaBnaHo. CTaHgap/iHa TEXHOJIOTH]ja 3a IPIMEHY
OBOT BHJa €HEPrHje 3aXTeBa BEJMKe MOBPIIMHE I0J] IAHEJMMa ca IIeBUMa Koje MPOBOJIE TOILTY BOAY W/HIIH
yHoTpedy TOIUIOTHUX ITyMITH Ca BUCOKHAM CTEIIEHOM HCKopHIhieka. Pa3Boj kackaaHe TOIUIOTHE MyMIIC U beHa
mypa npuMeHa omoryhuia 6u nanexo edukacHujy ynorpeOy “nako” JOCTYIHUX ITOJ3EMHUX BOAHUX pecypca
temrneparype nzmely 10-30°C u crora je y Bullle IIpojeKkaTa pealn30BaHHUX MOCICIBUX TOANHA aHaTIM3UpaHa
U pa3BUjaHa OBa TEXHOJIOTHja.

XuApOreooNKy yciIoBH y TepeHrMa ucroune Cpouje, cy Beoma IMOBOJBHU Ca aclieKTa eKcIuioaTanuje cyo-
reorepMaiHuX pecypca. Ilonpydje ce omIMKyje 3Ha4ajHUM KOJIMYHMHAMA IMOA3EMHHMX BOAA M TEPECTHYHUM
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TOIUIOTHMM TOKOM y OKBHpY T€OJIOWIKHX (opMalyja y OCHOBHHM TIeO-CTPYKTYPHHM jeIHHHILAMA OBOT
pernona (Kapnaro-bankannmn n Jlakujcku 6acen). bnusuHa ypOaHM30BaHMX Hacesha W MamHX TpajoBa U
IOCTOjabe pPa3BUjEHOT M IEHTPAIM30BAHOT Tpejamka Cy UYUICHHIE KOjeé MOBOJFHO YTHYy Ha MOTYHHOCT
eKCIUToaTanuje cyoreoTepMaIHuX BOTHHUX pecypca. OqpxuBo Kopuimheme TOA3eMHNX BOJHHUX pecypca Imo-
Ipa3yMeBaio OM M MOTPeOHY TepMallHy PEKOHCTPYKIHjy M 00Jpy HW30Manujy moctojehmx rpaleBHHCKHX
o0jekara, Kao ¥ TOHOIICH-¢ HOBUX 3aKOHCKUX Mponuca y Cpbuju y njpy MOACTHIIaja KOpUIIhemha 0OHOBIbH-
BHX M3BOpa eHepruje. Y monpydjy ucroune Cpouje, mpouemeHe KOJIMIUHE EHEPTHje Koje ce MOTY JOOUTH U3
cybreorepmanHux Boza u3Hoce oxo 33 MWt, mto 6u mpencrasbano oko 16% yKynmHHX eHepreTckux norpeda
HEeKOMHKO omabpanux Behmx Hacesba 3a Koje je oBa aHam3a BpiieHa. U mopen unmeHHIe 1a ce He OYeKyje
MIOTIYHO UCKOpHIINEHmE OBOT MOTEHIIMjala, €BUACHTHO je J1a je oH manexo Behu ox 4 % KOMuKo je y IuiaHo-
BHMa €HEPreTCKOT pa3Boja mpeaBuleHo Ja OM MOIIO M3HOCUTH ydemrhe reoTepMaIHUX BOTHHX pecypca Ha
HuBOy nene Cpouje.

K.rl,y'me peun: Cy6FeOTepMaJ'IHI/I H3BOPU, IMMOA3EMHE BOAC, TOIJIOTHE ITyMIIC, CHEPICTCKa e(l)I/IKaCHOCT, uc-

toyna Cpowuja.

Introduction

The utilisation of low-enthalpy ground source heat
for space-heating (or cooling) is widespread in the USA
and in Canada, with recent growing interest through-
out Europe (BANKS 2008). The heat pump technology
which supports low-enthalpy sources would help to
achieve the objectives of the Kyoto protocols on “green-
house” gas emissions. The thermal input for those
pumps can be provided either directly by groundwater
extracted from wells or tapped springs, or indirectly
by water injected into the ground and then pumped
out (rock and soil heat release) afterwards. Ground
source heat pumps (GSHP) can be regarded as com-
plementary technology inasmuch as they require a
“driving” mechanical or thermal power input (com-
monly, electrical power to a compressor) that is used
to extract renewable heat from the ground.

The heat effect delivered by a GSHP is typically 34
times the electrical power input. This means that it
delivers heat 3—4 times more cheaply, with up to 75 %
less CO, emission, than direct use of electrical resist-
ance elements. This, in turn, allows GSHPs to deliver
more CO,-efficient space-heating than even the most
efficient combustion of fossil fuels. Fossil energy
sources are especially limited in European countries,
and their dependence on import will be even more crit-
ical in the near future. Moreover, ground source heat
can also compete effectively in terms of marginal costs
with coal or gas (YOUNGER ef al. 2007). The energy of
the geothermal water could be exploited to the maxi-
mum before it is returned to the ground through a rein-
jection well (as already required by legislation of the
European Union). With reinjection an ecological prob-
lem is also minimized, as utilized geothermal water
must not be released into local water courses.

Although the initial high capital cost of GSHP
schemes is a potential weakness, within the European
Union the uptake of ground source heat technology
has dramatically increased (ALLEN et al. 2003). In
Sweden, for example, which has few native fossil fuel
resources and an energy economy that is founded on

nuclear/hydroelectric electricity, there has been a
strong political motivation to develop technologies
that utilise electrical energy as efficiently as possible.
Moreover, the strong environmental and centralist tra-
ditions of the Swedish government have stimulated
the uptake of technology since the early 1990s by a
generous subsidy programme. In 2007, it was assum-
ed that 185,000 GSHPs were installed in Sweden, pro-
viding some 1700 MW of power (Bouma 2002;
YOUNGER et al. 2007; BANKS 2008).

In central and SE Europe there is also growing
interest in introducing, widely applying and promot-
ing this kind of “green energy”. In 2000, fewer than
1000 GSHP were functional within Czech Republic or
Poland, while just five years later the number of pro-
cured and installed systems had increased tenfold.
Rapidly growing interest in GSHPs is also noticed in
Italy and in Slovenia, but the less powerful economies
of the Balkan countries are still waiting for the en-
couraged legislation and the deduction of fees for
their wider application. However, concerning ground-
water resources and availability most of the countries
that belong to the Balkan region are strong prospects.
The efficient use of thermal potential of existing flu-
ids would thus prevail over the possible alternative i.e.
exploitation of rock and soil petrothermal resources.

Subgeothermal water sources

In most relevant references the geothermal fluids
with a temperature lower than 100° C are classified as
“low enthalpy”: only the direct generation of electrical
energy from water heat at a temperature higher than
100° C is considered to be fully feasible (NICHOLSON
1993; LuND & FREESTON 2001; HUTTRER 2001).

Due primarily to the “young Alpine geology” of the
Balkan countries, there are insufficient geothermal
fields to generate electrical power under existing tech-
nologies. However, the number of thermal occur-
rences is very large. For example, in Serbia alone over
230 springs or wells with thermal or mineral waters
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are registered, 2/3 of them with water temperatures
over 20°C. Most of the thermal waters are used for
balneology and just a few for heating purposes. In
contrast, in neighboring Hungary thermal flows are
tapped for heating purposes in many locations. A good
example is Hodmezovasarhely where 50000 inhabi-
tants get their heat from the thermal waters at 80°C,
tapped at a depth of 2000 m (75 % of utilized waters
are reinjected into the ground).

Recently conducted studies aiming to assess the ther-
mal potential of lower temperature ground sources in
Serbia introduced the term “subgeothermal resources”
(STEVANOVIC et al. 2008). It has been proposed that
waters with a temperature of 30°C or lower are to be
classified in this group whereas those with a tempera-
ture of 30-100°C belong to “geothermal resources”.
One of the explanations is very practical: although
GSHP is necessary for water with lower temperatures,
the panel radiator systems allow direct use of water
with a temperature of 30°C or more without GSHP.
However, as temperatures are lower, heating panels
with larger surfaces are required.

Subgeothermal fluids in the territory of Serbia are
typical of complex geology as well as of a moderate
continental climate. They are classified as follows
(Table 1):

Table 1. Energetic potential of subgeothermal sources.

Group Temperature Average Energgtic
°C) depth (m) potential

1 >10 0-20 None

2 10-16 20-75 Small
3 16-22 75-135 Moderate

4 22-30 135-200 High

Brief physio geography, geology and
hydrogeology of the study area

There were several reasons to choose the Car-
pathian region in eastern Serbia (Fig. 1) as a study
area: abundant groundwater reserves, considerable
subgeothermal flow, a good number of small industri-
al towns with developed centralized heating infrstruc-
ture, and moderate continental climate. The northern
boundary is the Danube River, the eastern/northeast-
ern boundary is the state border with Bulgaria (toward
which the Carpathian-Balkan mountain range contin-
ues), and its western border runs along the edges of
the Velika Morava and Juzna Morava valleys (Fig. 2).
The main settlements are (from north to south): Donji
Milanovac, Kladovo, Negotin, Majdanpek, Bor, Zaje-
¢ar, Sokobanja, Knjazevac, Pirot (all with between
10000—-60000 citizens). Further west in an adjacent
area of central Serbia (Velika Morava valley) there are

several large cities such as Ni§, Paracin, Cuprija, Po-
zarevac and others that are also envisaged as possible
consumers of geothermal energy produced either from
local sources or from eastern Serbia (MILIVOJEVIC &
MARTINOVIC 2005; MARTINOVIC et al. 2008).

EUROPE

SERBIA

Fig. 1. Location maps of eastern Serbia.

The mountains of the Carpathian-Balkan arch are
mostly unpopulated and used by the local villagers for
specific crop cultivation or grassland during the sum-
mer months. Most of the hills are covered by forests or
pastures. The demographic trend in the region is nega-
tive: the younger population is gravitating towards
nearby industrial centers such as Bor or Zajecar.

The area is a prospect for the development of tou-
rism. It is unpolluted and accessible by many roads, is
rich in clean waters, and boasts beautiful landscapes
and features such as caves, waterfalls and springs,
including several spa and medical centers.

Annual average rainfall ranges from 600 mm to
750 mm for most of the cities, while the annual average
air temperature for the entire region is around + 9°C.

The complex geology of eastern Serbia comprises
two main geo-structures: the Carpathian-Balkan arch
and the Dachian basin, both characterized by hydro-
geological heterogeneity and a variety in aquifer sys-
tems and groundwater distribution. Thus, the region is
characterized by the presence of formations with
small groundwater reserves but also Mesozoic carbo-
nate rocks, Tertiary or Quaternary alluvial and terrace
deposits that could be very rich in groundwater
(STEVANOVIC 1994).

The study area consists of several mountain massifs,
the majority of which are built from carbonate rocks
(Fig. 2). Precambrian rocks are not often exposed to the
surface and can be found in anticline cores, often corre-
sponding with mountain central parts and peaks. They
are commonly overlaid by Paleozoic rocks (Ordovici-
an, Silurian and Devonian age). Paleozoic formations,
magmatic and metamorphic rocks are mostly aquitards
or aquifuges.

The major part of the study area was invaded by the
Middle Jurassic marine transgression, and the sedi-
mentation cycle continued until the end of the Lower
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Fig. 2. Hydrogeological sketch map of eastern Serbia and main groundwater sources (based on Hydrogeological digital map

of Serbia, Stevanovic & Jemcov 1995).

Cretaceous (Albian). Throughout this period, thick
deposits, primarily of carbonate rocks, were formed to
a total thickness of about 1300 metres. Carbonate
rocks are characterized by the non-uniformity of the

facies with prevalent limestone but also by ”impure”
varieties in lower sections, such as sandy limestones
of the Dogger, or Oxfordian-Kimeridgian chert lime-
stones. The carbonate complex was formed mostly
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during the Tithonian, Valanginian, Hauterivian, Barre-
mian and Aptian and it contains predominantly pure
carbonates or magnesium carbonates.

The karst aquifer formed in carbonate rocks is rich
in groundwater, and is recharged mainly from rainfall
and from sinking flows which gravitate from imper-
meable rocks at higher altitudes. Carbonate rocks are
well-karstified and contain very large groundwater
reserves (STEVANOVIC 1994, 2009).

The karstic groundwater is used mostly for drink-
ing purposes or for small industry supply; almost all
the cities in the region are consumers. Although the
total dynamic reserves in karst often surpass by far the
exploitation capacities, most of the tapping structures
are constructed simply to tap the natural discharge of
the springs and thus depend solely on the natural flow
regime. Aiming to overcome this problem, during the
last three decades several successful aquifer control
projects have been completed (STEVANOVIC et al.
2007). Karstic groundwater is extracted in a very
small amount for irrigation purposes.

In the Timok tectonic trough on the eastern part of
Carpathian arch, a volcanogenic-sedimentary series
over 2000 meters thick (andesites, pyroclastics, tuffa)
was formed during the Senonian and the Paleogene
(Fig. 2). Fissured aquifer of this complex contains
several important thermal and thermomineral occur-
rences with the water temperature ranging from
30-40°C (Brestovacka spa, Gamzigradska spa, Soko-
banja, Nikoli¢evo, garbanovac).

Clastic sediments, marls, clays, and sands were de-
posited in a number of the intermountain depressions
filled with lake waters during the Neogene (e.g. Zagu-
bica, Bogovina, Sokobanja, Babusnica, Pirot). The
sandy water-bearing layers could have an artesian
pressure (confined aquifers) and are tapped in several
locations (e.g. Negotin, Zajecar).

Most recent are alluvial sediments which follow
major streams in the region (NiSava, Timok, Resava
etc.) and are used mostly to supply local villages. The
exception is Ni§ where a large amount of alluvial
water is tapped (Mediana source) for Ni§ itself, the
third largest city in the country.

Utilizing geothermics by cascade heat
pump - Discussion

For heating purposes three basic types of heat
pumps are used (GORICANEC et al. 2008):

— a single stage heat pump,

— a two stage heat pump with a flash vessel,

— a two stage heat pump with a heat transmitter.

Using a single stage heat pump for heating build-
ings, the temperature of the secondary carrier can
reach 55°C maximum, which is quite a bit too low for
the heating of buildings with a “classical” radiator
heating system. Therefore, single stage heat pumps

are primarily used for low-temperature heating sys-
tems, with the temperature of the secondary carrier up
to 45°C. In high temperature heating systems, the
temperature of the secondary carrier must be even
higher than 60°C. With an appropriate refrigerant, a
two stage heat pump with a flash vessel could be used
for high temperature heating systems. But it is diffi-
cult to find a refrigerant which allows the exploitation
of the temperature of geothermal water by cooling it
to 10° C and at the same time reach a high tempera-
ture in the condenser of the second stage in the heat
pump (GORICANEC et al. 2009).

This problem has initiated research for a two stage
heat pump with a heat transmitter (heat exchanger),
schematically shown in Figure 3. The heat pump in
fact consists of the two single stage heat pumps which
are connected by a heat transmitter. The advantage of
such a cascade heat pump is that, according to their
physical-chemical characteristics, different refriger-
ants can be used at each stage. In choosing the refrig-
erant considerable attention must be paid to its physi-
cal-chemical characteristics, ecological acceptability,
and use of recognized brands.
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Fig. 3. Scheme of two stage heat pump with a heat trans-
mitter (Goricanec et al. 2009)

The heat transmitter between the two stages repre-
sents a condenser for the first stage and an evaporator
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for the second (GORICANEC et al. 2008). The use of
two stage heat pumps with a heat transmitter is sug-
gested in the existing district heating system of build-
ings in the city of Lendava in Slovenia (TORHAC ef al.
2005). The heat source for the heat pumps is geother-
mal water of 42°C. The principle of exploiting heat
from geothermal water in an individual facility is
shown in Figure 4. With such a system it would be
possible to exploit the heating of geothermal water to
a temperature of even 10°C.

Radiator system heating

&

A

A Secondary

Two stage
heat pump

heat
Thermal transmitter Cold fluid
water —I' _ (~10°C)
Ll 4 Ll
Pumping Injection
well well
I,
/ / -Confining bed 1 /
g 7
Aquifer 1
/ /Qoriﬁ/ning bed 2 7 /
Aquifer 2

Fig. 4. Scheme of heating of building by a two stage heat
pump and reinjection of utilized waters

The coefficient of profitability of a two stage heat
pump and the period of time for the investment to be
recovered show these to be good prospective solutions.
In the case of the Lendava thermal source, the coeffi-
cient of profitability has been calculated on 1.19, and
the investment will be returned in 3.2 years (KozIC et
al. 1994; TORHAC et al. 2005). The coefficient of per-
formance (COP) of a heat pump is between 3.5 and
4.4. Tests and calculations for water at lower temper-
atures, different refrigerants and equipment used re-
sulted in a longer period for investment recovery, but
still justifiable in terms of both economy and ecology.

At present, almost 50 % of total energy production
in EU countries is spent in buildings. In Serbia even
more, almost 2/3 of the energy is utilized for domes-
tic heating, which is quite logical given that more than
50 % of buildings in Serbia were built before 1970.
when application of thermal insulation was not oblig-
atory. According to some estimates, the annual energy

output is in the range of 150 to 250 kWh/m2. This is
2-3 times more than optimal.

Moreover, the application of active and passive re-
newable energy for space and water heating is still not
properly regulated in Serbia: it is only recommended
in different state or local government strategies. How-
ever, central heating systems exist in numerous cities
and can be used for conveying energy from alternative
thermal sources.

Eastern Serbia - subgeothermal potential
and prospect

Several conducted studies (STEVANOVIC 1994,
2009; MILIVOJEVIC & MARTINOVIC 2005, 2010; MAR-
TINOVIC et al. 2008; STEVANOVIC et al. 2008) have con-
cluded that eastern Serbia is one of the regions in the
country with the greatest prospect for groundwater
and subgeothermal energy extraction due to: richness
of the aquifer, developed heating infrastructure within
moderately populated cities, proximity of the sources
to the end-users.

In practical terms, most important is the karstic
type of aquifer in Jurassic and Cretaceous limestones,
which covers about 30 % of this region. The region
features a considerable number of karstic springs, of
which 16 have a minimum yield of more than 0.1 m3/s
(STEVANOVIC 1995). All major cities use water from
karstic aquifers; however, available reserves are sev-
eral times higher than the water demand of this and
neighboring regions, and will remain so for a long
time to come. There is also good potential for ground-
water utilization from alluvial sediments and Neogene
formations in Intra-Carpathian basins. Regarding the
total groundwater resources available there are some
contradictions in their estimates. The Water Master
Plan of Serbia from the year 2000 indicated dynamic
groundwater reserves in the amount of 4.27 md/s,
while some other studies found that even the reserves
of karst aquifers are considerably higher, reaching
12.6 m3/s. The karst and fissured aquifers are also rich
in thermal water occurrences: there are 6 registered
with temperatures over 30°C and some 20 with tem-
peratures over 20°C. In addition, average water tem-
peratures of artesian and subartesian waters from
Neogene sediments are in the range of 10—18°C which
also classifies those aquifers as ones with high poten-
tial for geothermics utilization (Table 2).

According to the preliminary assessment, some 1.7
m3/s of groundwater in eastern Serbia can be extract-
ed and sustainably used for heating/cooling systems
(STEVANOVIC et al. 2008). This potential flow resulted
from the calculation which took into consideration
prioritized water utilization for drinking and industri-
al water supply, ecological flow for downstream water
dependent eco-systems, and the average water tem-
perature ranging from 10-30° C. The subthermal flow
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Table 2. Available subgeothermal resources and calculated heat power in the Eastern Serbia.
* = Temperature of groundwater resources: 10-30°C
Available subgeothermal water resources
Total groundwater Total heat (I/s) Available
Aquifer system resl(/)ur:es potenthl cilpaclty Temperature | Temperature| Temperature hea]tv[ potwer
s) (Mwt) 10-16°C | 16-22°C | 22:30°c | MWD
Alluvial aquifer 1750 43.9 610 0 0 15.3
Neogene artesian aquifer 730 26.8 170 55 45 10.4
Karstic and fissured aquifer 5310 140.0 730 55 30 235
TOTAL 7790 210.8 1510 110 75 49.2

AT = 6° C —temperature 10-16° C
AT = 12° C — temperature 16-22° C
AT = 18° C — temperature 22-30° C

can be separated into three categories as presented in
Table 1. Total potential heat capacity is calculated by
the formula:

Q=m % ¢ %« AT
where,

Q — total potential heat capacity (MW?t),

m — mass (kg),

¢ — specific water thermal capacity J/(kg°C) i.e.
0.004184,

AT — differential temperature (°C).

Differential temperatures are in the range of 6—-18°C
depending on geothermal categories (e.g. AT = 18°C for
the waters with T 22-30°C). Available heat power is
based on available water resources and tolerable COP,
and is assumed to be around 49.20 MWt (Table 2).

The next step in the calculations considered the ther-
mal heat power from sources which are located in the
vicinity of the urban areas. Most of the water resources
are at a viable distance from the consumers. The calcu-

lation is based on apartments with an average surface of
60 m? and required average heat of 100 kWh/m2. The
latter figure takes into consideration the implementa-
tion of some other energy efficiency measures to be
implemented at the same time (thermal reconstruction
and insulation of the buildings). Complete and sys-
tematic insulation would additionaly improve the sit-
uation and reduce required heat, but at this stage just
part of these activities are envisaged. Table 3 contains
data concerning the total power required to heat the
apartments in major towns, the potential subgeother-
mal flow available in their vicinity (for each of de-
fined three categories), the potential thermal power
which can be produced by heat pumps, and the per-
centage of heat demands that can be met by heat
power generated in such a way.

The total potential thermal power which can be
generated from subgeothermal waters for large settle-
ments is assumed to be around 33 MWt, which corre-
sponds to some 16 % of their total heat demands.
While it is clear that not all potential energy can be
efficiently exploited, this figure indicates that the

Table 3. Potential of subgeothermal water resources and heat power in vicinity of urban areas of Eastern Serbia.
* = Flow of subgeothermal categories: 10-16 / 16-22 / 22-30°C.

Potential th 1
Main Number of Total surface | Required Available p?)vigrlsuppf)l:tt?i Cover of
No house holds for heating | heat power | subthermal required heat
towns . 2 by heat pumps
in urban area (m’) (Mwt) flow (I/s)* (Mwt) (%)
1 | Kladovo 5,016 300,900 30.1 110/20/10* 4.5 15
2 | Negotin 2,739 164,300 16.4 120/20/10 4.7 29
3 | Majdanpek 2,563 153,700 154 120/10/5 43 28
4 | Zajear 6,812 408,700 40.9 160/10/10 53 13
5 | Bor 5,736 344,100 344 130/10/10 4.5 13
6 | KnjaZevac 4,015 240,800 24.1 150/10/10 5.0 21
7 | Pirot 6,728 403,600 40.4 140/10/5 4.4 11
TOTAL 33,600 2,016,100 201.7 930/90/60 32.7
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sible cover

potential of subgeothermal energy in this region is of energy source to the Serbian energy balance recent-

much higher than the 4 % contribution from that kind  ly announced in the national energy plans.
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Between 11 % and 29 % of heat demands of select-
ed towns are covered (Fig. 5). The latter figure char-
acterizes the town of Negotin where a relatively large
groundwater resource is located near a small urban
settlement.

Such promising geothermal potential requires fur-
ther systematic research as well as the development of
a new strategy and legislation. Therefore, greater gov-
ernmental support for “green” energy production is
expected. Sustainable groundwater extraction should
also be followed by controlled extraction (by the pro-
vision of permits for exploitation rights) as well as
permanent monitoring aiming to prevent over-
exploitation and potential technogenic processes.

The implementation of new legislation similar to
that of the European Union is also required particular-
ly for utilized waters which have to be regularly rein-
jected into the ground. A sound practice applied in
developed countries suggests that reinjection should
take place in the layers regularly overlying the main
aquifer (Fig. 4) in order not to cool the existing tem-
perature of the tapped waters [The heat pumps pro-
duce thermal energy by significantly decreasing initial
water temperature (AT)]. A new approach also requ-
ires intensive public promotion of energy efficiency
demands and achievements. And last but not least, the
reconstruction of old buildings and thermal insulation
should systematically be undertaken.

Conclusions

Among the main advantages of subgeothermal
energy extraction from groundwater (temperature
30°C or less) are:

o FEasy tapping (once the groundwater resource is

properly explored and defined);

o Renewable energy resource which is cheap to
develop;

o Inexpensive heating pumps and equipment (will
be even less costly with wider application and
further commercialization);

o Conservation and guarding non-renewable ener-
gy sources for future generations (in accordance
with sustainable development principles);

o Energy independence of the country;

o Lesser emission of CO,, CO, along with numer-
ous other ecological benefits;

o Prospect for alternative economic development
including tourism, recreation and the develop-
ment of spa centers.

The two stages (cascade) heating pumps enable the
exploitation of low enthalpy sources with tempera-
tures over 10°C. However, every additional tempera-
ture degree makes this exploitation more feasible.
Some regions such as eastern Serbia are a good exam-
ple to demonstrate the feasibility and advantages of
the development of subgeothermal resources and

wider application of cascade heat pumps. One of the
main advantages is the existence of a centralized heat-
ing infrastructure in most of the small or medium
sized cities in the region.
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Pe3nme

IMoTrennujaa cyoreorepMaHux
BOJIHMX pecypca 3a HIHpe eHepreTcko
uckopuinhaBamwe - npumMep UcCTOUYHE
Cponje

l'eonomku ycmou Ha momapy4jy CpOuje u OankaH-
CKHX 3eMajba He oMoryhyjy dbopmupame Xumeprep-
MaJHHUX Boja y mimhum crpykrypama (mo 2000 m),
CaMHUM TUM HU TI0CTOjafbe Te0TepMalTHe eHepruje Koja
Ou ce MoIvIa KOPUCTHUTH 3a TPOU3BOIBY EIEKTPUIHE
eHepruje. MehyTum, MOTEHIHjaIT 32 KOpHUIThEeHe Tep-
MaJHHX BOJa M BOIHUX pecypca pa3iIuinuTe TeMIiepa-
Type 3a rpejame je Benuku. Camo y CpOuju peructpo-
BaHO je mpexo 230 u3Bopa u OyHapa ca TepMaJHUM H
MHUHepaTHUM Bomama. On Tora 2/3 oBHX Boma Cy ca
temneparypom Behom ox 20°C. BehmnHa TepmanHux
BOJIa C€ KOPUCTH y OaTHEeoNoTHjH, a caMO MarmbH Opoj

mojaBa 3a moTpebe rpejama. Hacympor tome, y cy-
cennoj Mabhapckoj reotemaniHa eHepruja ce KOPUCTH
3a oTpede rpejamba y MHOTUM MECTHMA. Y CYCEITHOM
Xomnmesoacapxeiy, npeko 50 000 craHOBHHKaA T0OH-
ja TOIJIOTHY €Heprujy W3 TepMaHUX BOJa TeMIlepa-
Type ox 80°C, 3axBahene Ha ny6unu ox 2000 m (75 %
UCKopHIINeHe BOJE CE€ PEHIEKTHpa Hazall y Teollo-
Ky CPEIUHY).

CripoBezieHe HOBHjE aHAIHM3e yCEMepeHe Ha Ipo-
[IeHy MOTEHI[Hjalla CyOreoTepMaTHUX BOIHUX PECyp-
ca y CpOuju, yBenme cy TepMHUH ,,CyOT€OTEpMaTHH
pecypcu” (CTEBAHOBUT u dp. 2008). OBoj kareropuju
O6u mpunamane Boae Temmeparype 30°C wnmm HIDKe,
ok 6u Boge temneparype ox 30 mo 100°C mpencra-
BJbAJIE “‘TeoTepManHe pecypce’. Jlok cy reorepmaiine
tortotHe mymrie (I'TIT) HeomxoxHe 3a MogU3amke TEM-
nepatype XJagHuje BOJe, TMaHeTHH CHCTEM Tpejama
JTI03BOJhABA TUPEKTHO KOpHUIINeme BOIa TeMIepaTypa
30°C unm Bue, u To 0e3 ynmoTpede mymmnu. HapasHo,
MTOBPIINHA TIaHEeTIa 3a rpejambe Mopa outu Beha mro cy
TEeMIIEpaType HIKeE.

Kopumiheme reorepmanHe eHepruje HUCKE €HTAI-
nyje 3a motpede rpejama (wm xmahema) mpocTopa je
mupoko pacrpoctpawero y CAJl u Kanaau, a ox He-
JTABHO je TIpUMETaH MOpPacT WHTEPECOBAkA M IIMPOM
EBpomne (BANKS 2008). I'TII ce mory cmarpatu aji-
TEPHATUBHOM TEXHOJIOTHjOM, TIOIITO UM je TTOTpeOHO
JIoBOhere MeXaHWYKe WM TOIUTIOTHE eHepruje (o0u-
YHO €JICKTPUYHE €HEeprHje J0 KOMIpecopa), Kako Om
ce TeoTeMaliHa eHepruja “M3ByKia” 3a KopHIIheme.
[Ipu Tom, TommotHu edexar gobujer pagom I'TII je
obnyHo 3—4 myta Behw on yTpOIIeHE eIeKTpUYHE
eHepruje motpebHe 3a meH pan. lIpomsBemena To-
wioTa je yjenHo u 3—4 myta jedrunuja, ca 1o 75 %
Mmame emucuje CO,, y onHocy Ha HajeukacHuje cu-
CTeMe 3a Tpejame ca caropeBameM (POCHITHUX TOPHBA.

HNako cy nmouetHa mHBecTHLMOHA ynaramwa y ['TII
BHCOKa, KAaCHHjE YIITENE W EKOJOMIKE IPEeTHOCTH
ycroBuIe cy 1a moceOHO y 3eMsbama EBporicke YHUje
3Ha4ajHO TIOpacTe MHTEpeC 3a Kopuilheme OBOT BHUIA
“senene’ enepruje. MimycrparnBan npumep cy Yemka
u [lospcka y xojuma je Toxkom 2000. romuHe Omo He-
mrto Mawmwe oa 1000 omeparusHux I'TII, a camo mer
rofrHa KacHHUje Opoj WHCTAIIMPAaHUX CHCTEMaA Ce I10-
Behao JeceTocTpyko.

TpenytHo, y 3emimbama EY ckopo 50 % ykynne npo-
W3BOJIE-C EHEPTHje TPOIN ce Ha cTaMOeHe ofjekTe. Y
Cpbuju je oBaj mporeHar 3HaTHO Behu, roToBo 2/3 11e-
JIOKyTIHE TIOTpeOHE eHeprHje ce KOPUCTU 3a Tpejarbe
nmomahuHcTasa. To je u JIOTHYHO ako ce MMa y BHIY Ja
je Buwe ox 50 % crambennx o0jexra y CpOuju usrpa-
heno npe 1970, xaga TepMom30IAIHja Y CTAHOT PAIEHH
HUje Omna oOaBe3Ha. Ilpema HexWM mpoleHaMa,
TONUIIGY YTPOIAK eHepruje je y pacnony ox 150 mo
250 kWh/m2, mro je 2—3 myTa BHUIIe 0/ ONITHMAJIHOT.

[TocToju HekonwKo pasznora 30or dera je obmact
Kapmnaro-6ankanuaa ucroune CpOuje pasmarpana Kao
nmoapydje y KoMe 01 ce MOIIH aKTUBHHUj€ KOPHUCTUTH
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pecypcu cyOreoTepMaliHe €Heprije: oOmIyje 3Hadaj-
HHUM pe3epBaMa MOA3EMHUX BOJa KOje HUCY Y TOTIY-
HOCTH HCKopuITheHe 3a Apyre HaMeHe, NMa 3HavyajaH
Opoj TepMamHUX W CyOreoTepMallHUX MPUPOTHUX
BOJTHUX I10jaBa, Y OBOj 00IaCTH ce Halla3W W 3Ha4ajaH
Opoj MamHUX MHIYCTPHjCKUX TpalioBa ca pa3BHUjeHOM
WHPPACTPYKTYPOM HEHTPATHOT Tpejama, U MMa pe-
JATUBHO crnenu(puyaH yMEepeHO-KOHTHHETATHU THUI
kmuMmara. OBa o0NacT je MepcreKTUBHA M 33 Pas3Boj
TypusMma. [Ipupogan amMOUjeHT je pernaTHBHO OYyBaH,
Oorara je YMCTOM BOJIOM, U Pa3HOBPCHUM MPHUPOIHUM
nojaBama (nehuHe, Bogomaan, U3BOPH), YKIbYUyjyhn
HEKOJMKO Oama M MeIuIMHCKUX HeHTapa. CBe To je
MoTeHIMjar unjoj Ou Behoj Bajopu3auju MOTIN J10-
MIPUHETH U e(UKACHH]U CHCTEMH Tpejamba.

Y HEKONMKO paHHje CIPOBEACHUX CTynuja (STEVA-
NOVIC 1994, 2009; MILIVOJEVIC & MARTINOVIC 2005,
2010; MAPTUHOBUR u dp. 2008; CTEBAHOBUR u Op.
2008) 3akspydeHo je na je ucrouna CpOuja jemaH ox
pernoHa y 3eMJpH ca HajBehuM MOTeHIHjajIoM 3a eKc-
MJI0aTamyjy TOA3eMHUX BoJa W cyOreorepmaiHe
eHepruje. Y TPakKTUYHOM CMHCITY, Haj3HA4YajHUJH je
KapCTHH THIT H3JaHU POPMUPAH y OKBHPY JYPCKUX H
KpeIHUX Kpeumaka, Koju 3ay3umajy oxko 30 % ose
obmacTé W y KojuMa Cy aKyMylupaHe pe3epBe Bona
IpoLEkeHe Ha TIpeKko 12 m3/s.

[lpema mpenuMUHApPHOj OpoleHH, OkO 1,7 md/s
nmoja3eMHuX Boja uctoune CpOuje M3 pazsIMauTHX
TeOJIOMIKUX CPENHA, MOTIIO O ce eKCIIoaTucaTu U
OIP)KUBO KOPUCTH 3a MOTpede cucreMa 3a Tpeja-
we/xnaheme (CTEBAHOBUR u dp. 2008). Taj moreHIm-
jaTTHU KarmanuTeT pe3yaTar je mpopadyHa KOjH je y3eo
y 003up /Ja Cy MPHUOPHUTET BOJE KOje C€ KOPUCTE 3a
nuhe U WHIYCTPHjCKO BOAOCHAOIEBamke, Kao U Ja ce
MOpa 00e30eIUTH W EKOJIOIIKH MPOTOK BOJAE 3a HU3-
BofHe ekocucteMe. CyOreoTepMallHU pecypcu cy
MOJIeJheHH Y TPH KaTeropuje (Tabena 1).

[IponemeHo je na je yKyImHA TIOTEHIIH]jall TepMalTHe
eHepruje, Koja ce MoXxe TOOUTH U3 CyOreoTepMatHuX

Boma oko 33 MWt 3a Beha Hacespa. To Om mpen-
CTaBJbANIO OKO 16 % HUXOBHUX YKYINHUX €HEPreTCKHX
notpeda. [IporieHaT mMOKPUBEHOCTH TOTUIOTHOT KOH3Y-
Ma 3a omabpane rpanose ce kpehe mmely 11 u 29 %.
Hajsehe yuemhe cyOreoTepmaiHuX BoAa 3a Tpejame
Moriio Ou ce octBaputu y Herortwny, rme cy pena-
THUBHO 3Ha4YajHU PECYPCH MOI3EMHUX BOAA Yy ONM3UHH
HEIITO Mamer ypOaHOT Hacesba.

WNako je mo3Haro ma ce cyOreoTepMaiHU IOTEH-
[{jan He MOXKE MPAKTHYHO HHUKaga MUCKOPHUCTUTH Y
MOTITYHOCTH, aHajiW3a yKaszyje W Ja je TMOTEHIIHjal
cybreorepMaiHe eHepruje y uctrouHoj Cpouju ganexo
Behu ox 4%, KolWKo je y IUIaHOBHMa EHEPTeTCKOT
pa3Boja npenBul)eHO a2 OM MOTIIO M3HOCHTU YKYITHO
yuemnrhe reoTepMaHAX pecypca Ha HuBOy CpoOwuje.

Tabena 1. EHeprercku NOTEHIHjald CyOTe€OTEpPMAaTHUX
H3BOpa

Cpyma Temnepatypa IIpoceuna EHepI‘eT?Kﬂ
0 nyouna (m) MOTEeHIHjal
1 >10 0-20 3aHEMapJbAB
2 10-16 20-75 Maju
3 16-22 75-135 CPENILH
4 22-30 135200 Behn

3HavajaH TeoTepMaTHH TOTEHIIHjall 3aXTeBa Jlajba
CHCTEMAaTCKa UCTPaKUBAKA, KA0 M Pa3Boj HOBE CTpa-
TETHje U 3aKOHONIABCTBAa y eHepreTuim. [Ipema Tome,
odexyje ce Beha ApkaBHa TOAPIIKA 33 TMPOU3BOIHY
“zenene” eHepruje. OAPXKUBO KOpHUIINEHE IOI3EM-
HUX Boma Tpeba ma Oyne mpaheHo W KOHTPOIHCAHOM
ekcruroaranujoM (obezbehuBameM eKcIIoaTamoHNX
JI03BOJIA), KA0 M CTAJJTHUM MOHHTOPHHIOM, Ca IHJbEM
Jla ce chpevaBa MpelplbUBame H3NaHu U Moryha
mmojasa mparehux TEXHOTEHHX MpoIieca.
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Hydrogeological and hydrodynamic characteristics of groundwater

sources for the public water supply of BeCej (northern Serbia)

DuSAN PoLoMCIC!, OLIVERA KRUNIC' & VESNA RISTIC-VAKANJAC!

Abstract. The existing groundwater source for the public water supply of Becej City in Serbia is tapping
groundwater from three water-bearing horizons over 15 wells with a summary capacity over 100 1I/s. It is one
of the characteristics of sources that several water-bearing layers are most frequently tapped simultaneously
by wells. Two layers are tapped simultaneously by 12 wells; all three layers are tapped by ten wells, while one
water-bearing layer is tapped by only three wells. The groundwater table at the source was recorded for a peri-
od of 30 years. In the conducted hydrodynamic analysis of the groundwater regime, it was concluded that in
the mentioned period, a relatively low fall of the water table occurred, far lower than the previously predict-
ed values. The results of a simulation of the exploitation regime of both the town and surrounding sources are
presented in this paper for a period of more than two and a half years and the results of the identification of
the basic hydrogeological parameters of the tapped water-bearing layers are presented in this paper. In addi-
tion, a balance for each element in the water-bearing layers exploited as sources of tapped water for the town
are presented.

Key words: water-bearing layer, groundwater source, rheometric measurements, groundwater modeling,
groundwater balance.

Anctpakr. [Toctojehe uzBopuITe NOA3EMHUX BO/A 32 BOMOCHAOIEBakhe cTaHOBHUINITBA y beuejy (Cpou-
ja) 3axBara IoJ3eMHEe BOJIC U3 TPH BOIOHOCHA CJI0ja peko 15 OyHapa cymapHor KanamurteTa of mpeko 100 1/s.
Jenna on xapakTepHCTHKa M3BOPHINTA je na cy OyHapuMa Hajuemrhie MCTOBPEMEHO KalTHPAaHO BHIIE BO-
JIOHOCHHUX ciiojeBa. [IBa ciioja Cy UCTOBpeMeHO KanTupaHa Ha 12 OyHapa, cBa Tpu Ha 10, a Tpu OyHapa KanTu-
pajy camo jexaH BoJoHOCHHM cioj. TokoM mepuona ox 30 roarHa perncTpoBaH je HUBO MOA3EMHUX BOJA HA
W3BOPHIITY. Y CIIPOBEICHO] XUAPOAMHAMUYKO] aHAJIM3H PEKMMA MOI3EMHHX BOJIa 3aKJbYUEHO je J1a je y To-
MEHYTOM TEPHOIY AOIUIO JI0 PEJIaTHBHO MAJIOT Ollajama HHBOA, JAJIEKO Mame OJl PaHHje MPOTHO3UPAHUX
BPEIHOCTH.Y pajly Cy NPE3eHTUPAHH PE3yNITaTh CUMYIIalllje eKCIUIOATAOHOT PEXKUMa IPAJICKOT 1 OKOJIHUX
M3BOPHIITA Y IEPUOAY OJ] IPEKO [[BE U 10 TOAMHE U PE3YATATH HICHTU(PHKAIM]E OCHOBHUX XHUPOTCOIOIIKAX
napameTapa KalnTHPaHUX BOJOHOCHHX ciiojeBa. Takohe, MPEe3eHTOBAHU Cy €IEMEHTH OHIaHCca MPaJICKOT U3BO-
pHIITa Ha HUBOY CBAKOT' KAaTHPAHOT BOJOHOCHOT CIIOja.

Kiby4He pedyn: BOZOHOCHHM CJI0j, M3BOPHUINTE NMOA3EMHUX BO/IA, PEOMETPH]CKa MEPEHa, MOJEIHPAhE ITO/I-
3eMHHX BOJIa, OMJIAHC MOJ3EMHUX BOAA.

Introduction

The studied terrain on which the public groundwa-
ter source lies is located west of Becej, north of Novi
Sad (Vojvodina). The terrain considered in the re-
search and mathematical model takes the form of a
rectangle with sides of 12.8 x13.2 km and covers an
area of 168.96 km? (PoLOMCIC et al. 2011) (Fig. 1).

To meet the water supply requirements of the pop-
ulation and industry of the wider area of Becej, the
groundwater is tapped from three water-bearing layers
located at depths from 60 to 13 meters. The town
source of Becej (Vodokanal-Becej) comprises about
15 exploitation wells tapping the three mentioned
water-bearing layers. The source is characterized by a
relatively rapid ageing of the wells and relatively low

I Department of Hydrogeology, Faculty of Mining and Geology, University of Belgrade, Djusina 7, Belgrade, Serbia.
E-mails: dupol2@gmail.com; krunico@yubc.net; vesna.risticvakanjac@gmail.com
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Fig. 1. Geographical location and positions of the groundwater sources.

head losses, being far lower than the predicted values.
Several water-bearing layers are most frequently
tapped by wells: two layers are tapped simultaneous-
ly by 12 wells, and all three by 10 wells, while one
layer is tapped by three wells. In order to determine
the hydrogeological parameters for each of the water-
bearing layers, as well as the ground water balance of
the Vodokanal-Becej Source, a hydrodynamic model
for each of the tapped water-bearing layers was devel-
oped. During the exploitation regime, a simulation of
both the town and surrounding sources for a period of
more than two and a half years and an identification of
the basic parameters of the hydrogeological environ-
ment were performed and the balance of the ground-
water elements was also determined.

Geologic setting of the wider surroundings
of the Vodokanal-Becej Source

From a geological point of view, the study area be-
longs to the large Pannonian Plain. The stratigraphical
column in the study area is made of rocks of Precam-
brian—Palaeozoic, Mesozoic, Miocene, Pliocene and
Quaternary age. The oldest rocks in the study area are
comprised of crystalline shale, most likely of Precam-
brian—Palaeozoic age. The crystalline shale is found at
depths between 1424 m and 1528 m in deep boreholes
in Becej itself and its surroundings. Discordant sedi-
ments of the Upper Jurassic and the Upper Cretaceous
overlie the crystalline shale. Among the Mesozoic
members, the Upper Cretaceous, comprised of car-
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bonate and flysh sediments, is the most widely distrib-
uted. Upper Cretaceous formations in the Becej area
are found at depths from 1357 m to 1900 m.

The thickness of the overall Neogene series is
about 1250 m. This series most frequently overlies
transgressively Upper Cretaceous, Sennonian, flysh
and carbonate formations. Sediments of Miocene age
are represented by sandstone, reef limestone, marl,
clayey marl, and Badenian conglomerates, while the
formations of Pannonian age are comprised of clayey
marl, marl, sandy—clayey marl and sandstone. Badeni-
an sediments are not of high thickness but are very
good aquifers in which a carbon dioxide deposit was
discovered. Unlike them, Pannonian sediments are ty-
pical aquifuges. Sediments of Pliocene age are repre-
sented by Upper Pontian sandy—marly clay, marl,
sandstone and clayey marl, and by Paludina deposits
comprised of clay, sand, sandy coal-bearing clay and
lignite. The thickness of the Upper Pontian sediments
is estimated to be 400—450 m, and the thickness of
sandy layers within them ranges from several meters
to about 250-300 m. These layers are significant aqu-
ifers. It is thermo-mineral water with the presence of
dissolved gases that occurs in the deep regions.

Quaternary deposits cover the whole surface of the
study area. The thickness of the Quaternary deposits
ranges from about 130—140 m. Generally, the Quater-
nary, in relation to Paludina deposits, is characterized
by a higher content of the Psammite component and
more frequent alternation of sand and clay. Tapped
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water-bearing layers in the Becej town source belong
to the Quaternary, predominantly the Upper and part-
ly the Middle Pleistocene, deposited under river-lake
and river-marsh conditions.

Hydrogeological characteristics
of the wider area of Becej town source

In the study area, there have been developed five
water-bearing layers were developed in a vertical pro-
file to a depth of about 170 m.

The shallowest water-bearing layer lies to a depth
of 30 m (Fig. 2). Its horizontal distribution is signifi-
cant. Lithologically, its composition is not homoge-
nous. It is comprised of loess sediments in the upper
part and fine-grained, locally clayey sand, in the lower
one. An unconfined aquifer, the water of which is used
neither for the public water supply nor for industrial
needs, formed in these heterogeneous sediments.

Three deeper water-bearing layers lying at depths of
60 m to 130 m are comprised of fine-grained to medi-
um-grained sand and are used for domestic and indus-
trial water supplies. All three layers are distributed
regionally extending beyond the study area. These
three deeper water-bearing layers represent a hydroge-
ological complex formed under similar sedimentary
river-lake and river-marsh conditions during the Lower
and the Middle Pleistocene. From the surface of the ter-
rain, these layers are marked by Roman numbers I, 1I
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Fig. 2. Hydrogeological profile across the Vodokanal-Becej Source. Legend: 1, unconfined aquifer; 2, confined aquifer; 3,
conditionally waterless sediments; 4, head of the confined aquifer; 5. position of the well screen.
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and III (Fig. 2). The thickness and depth of some water-
bearing layers were determined based on data obtained
by well drilling and logging measurements in the
majority of the wells and are presented in Table 1.

Table. 1. Thickness of water-bearing layers in wider study
area.

Water- bearing layer
I 11 111
Groundwater Source Thickness | Thickness [Thickness
(m) (m) (m)
"Vodokanal” - Becej 9.1-16.1| 6.6-18.1 | 7.0-23.0
"Soja Protein" 6.0-8.7 [12.5-12.9(16.2-16.5
"Linde Gas" 23 14.6
"Nova farma - Sinkovi¢" 17.6 7.69 15
"Inkubatorska stanica - Sinkovié” 17 11 14.3
Komarov sala 17.7 10 16
"Hotel Fantast"
"Zalivno polje Agrobece;” 13.8 27.4
Radicevic¢ 26 11 20
"Svinjogojstvo" 16.9 11.5 21
Backo Petrovo Selo
"Zivinopromet" 18 10 14.6

The water-bearing layers I, II and III are separated
by packages of clay and sandy clay with the thickness
of 5-20 m. This insulation is not complete and allows
partial hydraulic communication and the construction
of an aquifer with the table under pressure. Additio-
nally, northwest in the area of the Linde Gas Source,
the water-bearing horizons of I and II merge into one.
All this indicates a complex hydrodynamic whole.

It was perceived by analysis of logging diagrams
that interlayers and lenses of clay material with a
thickness of 2—6 m occur within some water-bearing
layers (MILOSAVLIEVIC & PoLoMCIC 2010). The distri-
bution zones of the clayey interlayers in the water-
bearing layers are presented in Figure 3. The signifi-
cance of these intercalations of clay is that the thick-
ness of the water-bearing layers of the city sources is
really smaller, by the thickness of the clay intercala-
tions. In order to simulate the real hydrogeological
conditions in the exploratory area, these interbeds
were later included in the hydrodynamic model,
which resulted in increase of number of the model
layers from 7 to 13.

The water-bearing layer IV, tapped under pressure
only by the piezometer P7/1, was recorded in the un-
derlying layer of the water-bearing layer 111, at depths
of about 149-155 m, and 161-167 m, but owing to the
unfavorable quality of the groundwater, it is not used as
a water supply.

The way of recharging the complex aquifer tapped
in sources in the wider area of Becej has not been
studied especially and it can be discussed only based

on general knowledge of the geological and hydroge-
ological features of the terrain and head loss analysis
over a long period of time. The overlying layer of the
water-bearing layer I is comprised of loess, sand,
clayey sand and sandy clay. Partial precipitation infil-
tration into the water-bearing layer I is allowed by
such a lithological composition. Infiltration certainly
occurs very slowly and in complex ways. As the
aquifer is distributed regionally, recharging occurs
over a wider area where water permeable sediments
prevail in the overlying layer or in zones where the
aquifer communicates directly with the surface of the
terrain or river flows.

The aquifer is drained by about 70 wells distributed
over the area with a diameter of 15-20 km: by the town
source in Becej, Novi Becej, Backo Petrovo Selo, Veli-
ko Gradiste and other minor settlements, as well as by
the factories: Sojaprotein, Linde—Gas, Agricultural In-
dustrial Company Becej and the companies: Agropro-
dukt Sinkovié, etc.
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Fig. 3. Distribution of clayey interlayers (I to IIT) within the
tapped water-bearing layers of the town source.

Physico-chemical characteristics
of the groundwater

In the past, numerous chemical analyses of the town
source were conducted in order to determine physico-
chemical characteristics of the groundwater. As the
largest number of wells tap water from two or three
water-bearing layers simultaneously, only a common
mixed water type could be determined. Only in a few
cases were the conditions given for groundwater sam-
pling from only one water-bearing layer (Table 2).
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Table 2. Comparative analysis of physico-chemical characteristics of some water-bearing layers.

Mark of water-bearing layer
Parameter

11, 111 I, 11, 111 111 I\Y
Electrical conductivity (uS/cm) 699-808 785832 792 1.133
Evaporation residue (mg/1) 440-501 450-526 499 702.5
Total Hardness (°dH) 13.5 17.6-18.6 - 3.8
Consumption KMnO, (mg/l) 3.5-6.1 2.4-5.5 4.5 24.2
Ammonia (mg/l) 2.2-2.8 1.6-3.4 3.5 3.0
Sodium (mg/1) 86.1 83.9-108.1 — 243.0
Magnesium (mg/1) 36.5 43.3-50.0 - 13.1
Total Iron (mg/1) 0.4-0.8 0.2-0.5 04 0.1
Arsenic (mg/1) 0.035 0.001-0.005 - 0.076
Chlorides (mg/l) 6.0-6.9 6.0-10.1 5.7 18.6

Based on the analysis of a large number of ground-
water samples taken from wells and piezometers in the
period from the year 2004 to the year 2010, a mixed
water type could be with certainty confirmed, but with-
out the possibility of the analysis of some water-bear-
ing layers (MILOSAVLIEVIC & PoLoMmCIC 2010).

According to the Alekin classification, the ground-
water belongs to the hydrocarbonate class and the so-
dium—magnesium—calcium group. The chemical com-
position of the groundwater according to the classifica-
tion of Kurlov can be expressed by the following for-
mula:

HCOos
(Na+K)y, Mg, Ca,,

0,44-0,53 16,9

Concerning the groundwater of the town source in
Becej, the general evaluation from the point of view of
the quality of the potable water is that the water is of a
good quality after specific treatment in the water-pro-
cessing factory. The, to some extent, increased content
of ammonia is common for deeper water-bearing hori-
zons. The increased iron content, recorded only in some
samples, does not affect health but can affect the color
and taste of the water. An increased arsenic content was
recorded in only some samples; thus, there is no gener-
al increased presence of arsenic. Additionally, it has not
been determined whether the arsenic occurrence in the
water is organic or inorganic.

The head in the water-bearing layers I, II, and III,
indicating to a hydraulic connection of these three
water-bearing layers, was realized outside of the study
area. In order to confirm this hypothesis, an analysis
was performed and the physico-chemical characteris-
tics of the water from some water-bearing horizons
were determined. Comparing the content of some com-
ponents of the chemical composition of the groundwa-
ter, it was confirmed that the contents of specific com-

ponents from the water-bearing layers I, II and III are
very similar and that, undoubtedly, one aquifer formed
in the three water-bearing horizons with almost identi-
cal hydrodynamic and hydrochemical indicators
(MILOSAVLIEVIC & PoLomci¢ 2010) (Table 2).

The physico-chemical characteristics of the deeper
water-bearing layer IV, tapped by the piezometer P-
7/1, are essentially different from the nearest layer I11.
The difference can be seen in all parameters, which
indicates that there is no, or very little, hydraulic con-
nection between them.

Hydrodynamic characteristics
of the Vodokanal-Becej Source

In the past 30 years, from the year 1980 to the year
2010, about 25 wells were drilled in the Becej Town
Source, of which 15 are active, two out of use and
eight are destroyed. Several layers were most fre-
quently tapped simultaneously by wells: two layers
were tapped simultaneously by 12 wells, all three lay-
ers were tapped by 10 wells simultaneously, and only
one layer was tapped by three wells.

The filtration characteristics of the porous media in
the Becej Town Source were determined based on test
pumping data, being partly the result of parameter
identification from a hydrodynamic model of the
source (CHENG & MOROHUNFOLA 1993). The tapped
water-bearing layers with the values of their hydraulic
conductivity are presented in Table 3.

In the period from the year 1980 to the year 2010,
groundwater monitoring was realized at the source.
The states of the head from the year 1980 to the year
2010 are presented in Figure 6. The groundwater table
measured in the year 1980 was at almost at same
depth in all three layers. To some extent, the higher
differences in the head measured in the year 2010 are
the consequence of the small distance from the wells
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Table 3. Survey of water-bearing layers being tapped at
Vodokanal-Becej Source and surrounding sources with
survey of hydraulic conductivity values.

Hydraulic
Mark of Tapped water- conductivity
well -bearing layer (m/s)
VODOKANAL Source
BO-1 I, 11 1.90 x 10*
B0-2 I IL 111 121 x 10%
BI-2/1 11, 111 1.46 x 10"
BI-3 L1 5.00 x 10"
BI-3/1 I IL, 111 1.21 x 10*
BIl-4 I, 11 5.50x 10"
BIII-1 I, 11, 111 1.75 x 10"
Blll-1/a I IL, 111 142 x 107
BIII-2 I, 11, 111 2.93 x 10"
BIII-3 I, 11, 111 3.19 x 10"
BlII-4 111 8.50 x 10"
BI11-4/1 I IL 111 1.90 x 10"
BIII-5 11 9.70 x 10™
BIII-6 11, 11 1.90 x 10™
BS-5 I IL 111 3.98 x 10"
BS-6 I, 11, 111 3.33x 10"
SOJA PROTEIN Source
B-1 111 2.30 x 10°
B-4 11, 11 2.04 x 10"
LINDE GAS Source
B-1 | I | 618x10"

and the varied pumping intensity. The highest head
losses were observed at the piezometers located in the
central part of the source (P-1, P-4, P-6 and P-7/2),
where pumping is the most intensive, while the lowest
head losses were observed at the piezometers located at
peripheral part of the source (P-2, P-3 and P-5). The
recorded values of the groundwater table at the
piezometers confirmed that these three water-bearing
layers represent a unique hydrodynamic whole.

Based on the cross-section of the head states cover-
ing the span of 30 years (1980-2010) (MILOSAVLIEVIC
& Poromcic 2010) (Fig. 4), it can be seen that the
head loss was below all expectations and previously
given prognoses.

A head loss of 3.04 m was recorded at the piezome-
ter P-7/1, the filter of which is located in the water-
bearing level IV, in the period of 1980 to 2010 years. As
this water-bearing layer is not tapped by any wells in
the vicinity, the only explanation is that the groundwa-
ter “pours off” into the nearest water-bearing layer III.

In order to determine the yield of the water-bearing
layers, rheometric measurements were realized at 10

wells (Fig. 5) and the following results were obtained
(MILOSAVLIEVIC & PoLomcic 2010):
— at the wells where layers I and II are tapped (BO-
2 and BI-3/1), layer I works with 86.5-90 % and
layer II with only 10—13.5% of the total capacity,
— at wells where layers II and III are tapped (7
wells), the layers mainly gave unequal amounts
of water and
— in case of water tapping from all three layers, mea-
surements were performed at only one well (BIII-
1), where the layers were also unequally active.
By having access to the well capacity, it can be seen
that initial capacity of the wells was relatively high
(17-37 I/s), and that it decreased rapidly with exploi-
tation owing to fast ageing of the wells. Working age
of wells according to past experience at the Becej
Town Source is, on average, 8 to 9 years (Fig. 6).
Revitalizations were frequently performed; on aver-
age, one or two per well. After revitalization, the age
of the wells was extended by two to five years.

Hydrodynamic model of wider area of the
Vodokanal-Becej Source

A hydrodynamic model was developed in order to
simulate the current groundwater exploitation at the
Vodokanal-Becej Source and to determine the ground-
water balance. The code selected to develop the
numerical model was MODFLOW-2000; a modular,
three-dimensional finite difference groundwater flow
model developed by the US Geological Survey
(HARBAUGH et al. 2000). The program Groundwater
Vistas 5.33b (Environmental Simulations Internati-
onal, Ltd.) was used in the present study. The devel-
opment concept of the groundwater source hydrody-
namic model for the Becej water supply is based on
the simulation of three-dimensional finite difference
groundwater flow. The development of this model in-
cluded the steps from the basic interpretation of input
data, the schematization of porous environment, flow
field and flow conditions to the formation and calibra-
tion of the model. Natural factors, such as the type and
characteristics of distributed geological members, the
distribution of water-bearing layers and aquafuges,
filtration characteristics of the porous environment,
conditions, mechanism and the groundwater flow re-
gime, as well as a the desired goal within the set as-
signment had decisive impacts on the selection of the
basic characteristics of the mathematical model of the
Vodokanal-Becej Source (PoLoMcIC 2001).

Flow field geometry and discretization of the wider
area of the Vodokanal-Becej Source

The developed hydrodynamic model includes the
wider area of the Vodokanal-Becej Source. Locations
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Fig. 5. Results of rheometric examinations at the Becej
Town Source.

of facilities in the area included in the model used for
defining of spatial characteristics of isolated schema-
tized lithological members are given in Fig. 1. The per-
formed schematization of the hydrogeological environ-
ment is based on the existence of water impermeable
overlying and underlying sediments, and the three wat-
er-bearing layers being separated by clayey sediments

and clayey interlayers of limited distribution within each
water-bearing layer (PoLoMCIC 2002). To summarize,
observed from the surface of the terrain, the correspon-
ding model layers and terrain are presented in Table 4.

Although in total five water-bearing layers were re-
corded in the study area, only the tapped layers are
included in the model. The shallowest water-bearing-
layer, being neither in direct hydraulic connection with
the lower layers nor used for water supply, is also in the
first model layer. The water-bearing layer IV (not being
used for water supply) is not included in the model.

The three-dimensional hydrogeological model in
two cross-sections within the wider area of the Vodo-
kanal-Becej Source is shown in Figs. 7 and 8. The tap-
ped water-bearing layers, in which filter constructions
of the exploitation wells are placed, are marked in dark
grey color. As stated before, the overlying layer, the
underlying layer, and interlayer deposits are composed
of poorly permeable and water impermeable sediments.

The distribution of all layers can be seen in the pre-
sented three-dimensional profiles, thereby the exis-
tence of clay interlayers in the water-bearing layers at
particular localities and the merge of the first and sec-
ond water-bearing layers (at the locality of the Linde
Gas Source) are evident.
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Fig. 6. Survey of working age and number of revitalizations of the wells of the Vodokanal Becej Source.

Table 4. Lithological members and model layers of wider area of groundwater source Vodokanal-Bece;.

Complex of clayey and sandy overlying 1 | clayey and sandy sediments
sediments
2 | overlying part of I water bearing layer
I water-bearing layer with clay interlayer 3 | clay interlayer grading laterally into sands of I water bearing layer
4 | underlying part of [ water bearing layer
clayey sediments 5 | clayey and sandy sediments
) ' ) 6 | overlying part of II water bearing layer
Il water-bearing layer with clay interlayer 7 | clay interlayer grading laterally into sands of Il water bearing layer
8 | underlying part of [I water bearing layer
clayey sediments 9 | clayey sediments
10 | overlying part of 11l water bearing layer
111 water-bearing layer with clay interlayer | 11 | clay interlayer grading laterally into sands of 1II water bearing layer
12 | underlying part of [1I water bearing layer
floor clayey sediments 13 | clayey sediments

Basic dimensions of the matrix included in the
study area are 12800 m x 13200 m, covering an area
of 168.96 kmZ2. The discretization of the flow field in
the plan was performed with a basic cell value of 400
m x 400 m, which is condensed in the source zone by
a square net with dimensions of 25 m x 25 m (PoLOM-
CIC 2004). The terrain included in the model is divid-
ed by a net of squares and rectangles with the dimen-
sions of 322 rows x 197 columns and is comprised of
824 642 active model cells (PoLOMCIC et al. 2011).

Boundary conditions

The following boundary conditions were applied in the

hydrodynamic model of the Vodokanal-Becej Source:

— “vertical balance”, result (effective) infiltration,
as a result of infiltration differences of precipita-
tion and evapo-transpiration

— general head boundary

— boundary condition with a set flow — a discreti-
zation net cell (“inner contour™).
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Fig. 7. 3D hydrogeological profile of the model of the town source: cross-section north—south. Legend: 1, poorly permeable
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Fig. 8. 3D hydrogeological profile of the model of the town source: cross-section SW—NE. Legend: 1, poorly permeable
layer; 2, water-bearing layer; 3, well structure; 4, well screen.

In the overall groundwater balance, the so-called  balance implies the effective resultant infiltration (Po-
“vertical balance” of the study area affects the tapped  LoMCIC 2008). This value is comprised of the sum of
water-bearing layers to some extent. Here, the vertical infiltration by precipitation, evaporation from ground-
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water and evapo-transpiration. Additionally, the depth
to groundwater table, the state of humidity, as well as
the lithological composition of the soil in the zone
above the aquifer are highly significant. A precipita-
tion value of 10 % was taken as the initial value of
effective infiltration and this boundary condition was
set only in the first layer of the model. Average
monthly values of precipitations at the Becej Meteo-
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Fig. 9. Average monthly values of precipitations for period
from 1978 to 2010 (M.S. Becej).

rological Station for the period from 1978 to 2008 are
shown in Fig. 9.

As stated before, there are several water-bearing
layers at the wider area of the Vodokanal-Becej
Source, three of which are tapped for water supply.
With regard to conditions of sedimentation and the
development of these water-bearing layers, their
sources of recharge are situated far from the study
area. The impact of these distant recharge sources on
the hydrodynamic model of the Vodokanal-Becej
Source was set via the boundary condition of the gen-
eral head for each of the water-bearing layers.

A hydrodynamic analysis of the groundwater regi-
me according to the recorded groundwater table was
conducted in order to determine the value of the head
to be set by this boundary condition for each water-
bearing layer. Groundwater hydrographs at the piezo-
meters of the Vodokanal-Becej Source for the period
from 1st August 2007 to 28th May 2010 are presented
in Fig. 10.

The general conclusion from Fig. 10 is that identi-
cal fluctuation trends of the head were recorded at all
piezometers, characterized by lower levels during the
summer and early autumn months as a consequence of
higher tapping of groundwater. In addition, from an
analysis of the values of the hydraulic head registered
at each piezometer separately, it can be concluded that
all three water-bearing layers are in the hydraulic con-
nection. In the exploratory area, the connection of the
first and second water-bearing layers was registered in
the area of the source “Linde Gas” (Fig. 8). The head
oscillations in the piezometers indicate that the hydra-
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Fig. 10. Hydrographs of the head at the monitoring facili-
ties of Vodokanal-Becej Source in the period from 1st
August 2007 to 28th May 2010.

ulic connection of the three water layers was realized
outside the investigation area. The exception is the P-
7/1 piezometer, the filter of which is located in the
fourth water-bearing layer, which is not tapped by
wells in the study area and is not included in the
model.

The impact of the exploitation wells at the sources
was simulated via the set flow boundary condition.
The locations of wells in the area included in the
model are shown in Figure 1. The values of well yield
of and groundwater table in the wells at the Vodoka-
nal-Becej Source were recorded for the period from
1st August 2007 to 28t May 2010 (Fig. 11).
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Fig. 11. Diagram of the recorded single well flows at the
Vodokanal-Becej Source in period from 1st August 2007 to
28th May 2010.

The capacity values of the remaining wells located
at the other sources on the area included in the model
were set at values recorded during exploitation of
several years and range from 1.0-13.3 1/s (MiLo-
SAVLJEVIC & PorLomciC 2010). Well screens at the
Vodokanal-Becej Source and the remaining sources
were set according to their real mounting position as
multi-segmented ones in one, two or three water-
bearing layers.



Hydrogeological and hydrodynamic characteristics of groundwater sources for the public water supply of Becej

Results of the model calibration

The calibration of the model is realized under tran-
sient flow conditions with a time of one day for the
analyzed period of time (15t August 2007 to 28t May
2010), being at the lowest level of the iterations divid-
ed into 10 parts of unequal duration (factor 1.2) (Po-
LOMCIC 2004). The groundwater flow model was cal-
culated and simulated as real flow under pressure or
with a free table in each discretization cell individual-
ly, whereby the flow model conditions were changed
with time in accordance with the real conditions.

The model calibration was completed when, accord-
ing to the evaluation of the model author, satisfactory
concordance between the recorded groundwater tables
and those obtained in the calculations (Figs. 12, 13 and
14). The head layout in the tapped water-bearing layers
at the end of the period for which the model was cali-
brated is shown in Figures 15-17 (28th May 2010).
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14. Diagram of the observed and calculated heads in

the piezometers which screened the second and third water-
bearing layers for the whole model calibration period.

The largest amount of water flow up comes from

water-bearing layer I1I (43.93 %) as a consequence of
the largest number of wells tapping water from this
layer. Then follows the inflow from layer II (33.4 %)

and the least from water-bearing layer I (22.57 %).
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the piezometers which screened only the first water-bear- Total 116.4 26.3 39.0 51.1
ing layer for the whole model calibration period.
Conclusions

The groundwater balance was analyzed for the Vo-
dokanal-Becej Source for each well. Respecting the re-
sults of the rheometric investigations (Fig. 5) and the
performed simulation of the town source work, the ave-
rage well capacities and inflows from the water-bearing
layers for each the wells were obtained (Table 5).

Groundwater from three water-bearing layers com-

prising a unique hydrodynamic whole is used for
domestic and industrial water supply to the wider area
of Becej. The stated layers are located at depths from
60 to 130 m. There are clayey interlayers within water-
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Fig. 17. Map of the head layout in water-bearing layer III in the wider surroundings of the Vodokanal-Becej Source at the

end of the model calibration period.

bearing layers at the Vodokanal-Becej Source that
serve for water supply to the population and industry of
Becej. The Source is comprised of 15 drilled wells the
filter structures of which tap one or more water-bearing
layers. The quality of the groundwater is burdened with
an increased content of ammonia. Increased contents of
arsenic and iron were recorded in some water samples.
The water must be treated in the water treatment plant
before usage. According to the Alekin classification,
the groundwater belongs to the hydrocarbonate class,
sodium—magnesium—calcium group.

Fast ageing of the wells is present at the Source.
The average working life of wells at the town source
is 8-9 years.

During past 30 years, groundwater table has been
monitored. Recorded values of groundwater table at pi-
ezometers confirmed that the three tapped water-bear-
ing layers represent a unique hydrodynamic whole. The
results of hydrochemical examination additionally con-
firmed this statement.

A multilayer hydrodynamic model with overall 13
layers was developed for the determination of the
groundwater balance at the Vodokanal-Becej Source.
The relatively large area included in the model and the
numerous layers conditioned the existence of 824 642
active model cells. The model included the town and
11 surrounding groundwater sources. The simulation

of the working of the sources was performed under
non-stationary conditions for a period of over two and
a half years.

The conducted hydrodynamic analysis of the
groundwater regime at the Vodokanal-Becej Source
showed that the highest amount of water flow is from
the water-bearing layer III (43.93 %), then from layer
II (33.4 %), and the least from the water-bearing layer
1(22.57 %).

The result of the performed investigations states
indicate that it is possible to tap considerably higher
amounts of groundwater than those being tapped
presently.
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Pe3nme

Xuaporeosionike U XuJApoIMHAMHYKE
KapaKTepUCTHKe U3BOPUIITA MOJA3eMHHUX
BO/1a 32 jaBHO BoJOCHa0neBame beveja
(ceBepna CpoOnja)

3a moTpebde cHaOmeBama BOAOM CTAaHOBHUINTBA H
WHAYCTpHje Ha mupeM noapydjy beueja, 3axBarajy ce
MOJ[3eMHE BOJIe M3 TPW BOJOHOCHA CJI0ja KOja ce Ha-
naze Ha myomnama ox 60 mo 130 m. I'pamcko m3Bo-

puimre beueja (,,Bomoxanan—beuej*) cactoju ce ox 15
eKCIUIOaTallMONHX OyHapa KOjU KallTUpajy HaBeAeHa
TPHU BOJOHOCHA CJI0ja. V3BOpHINTE KapaKTepHIle pe-
JATUBHO Op30 cTapeme OyHapa, W PEaTUBHO Majo
omajame IHje30MeTapcKor HHUBOa. byHapuma je
Hajuenrhe KanTHpPaHO BUIIE BOJOHOCHHUX CIIOjeBa: Ha
12 OyHapa kanTupaHa Cy HCTOBPEMEHO JIBa CIIoja, Ha
10 cy xanrTupaHa cBa TpH, a Ha 3 OyHapa je KanTupan
jenaH cioj.

Ha m3ydaBaHoM TepeHy y BepTHKaIHOM MpOohuiIy
o ayomne oko 170 m pa3BHjeHO je TeT BOMOHOCHUX
ciojeBa. Hajrmuhu BomoHOCHU €I10j 3amexe 10 nyOu-
He oko 30 m M MMa BEJIMKO XOPHU3OHTAIHO PacIpo-
cTpameme. M3rpaljen je om meconmHux cequMeHara y
TOPEHEM U CUTHO3PHHUX, MECTUMHYHO 3aTJTHEHCHUX TIe-
CKOBa y JIO-EM JIeTy. Y OBHM XEeTEPOT€HUM CEeTUMEH-
TiMa (popMupaHa je W3gaH ca CIOOOOHHM HHBOOM
YHje ce BOJIE HE KOPHCTE 3a jaBHO BOAOCHAOEBam-€
WM 32 TIOTpede HHIyCTpHje.

Tpu 1y6spa BOIOHOCHA CI10ja, KOja Jieke Ha JyOUHU
on 60—130 m, m3rpaljeHa cy ox CUTHO3PHHUX IO CPe-
HBE3pHUX MEeCKOBAa W KOPUCTE C€ 3a BOIOCHAOIeBame
CTAaHOBHHINTBA M WHAYycTpuje. CBa TpH clioja UMajy
PETHOHAITHO PacIPOCTPAkEHhE U MIPEICTaBIbajy jefaH
XUIPOTEOIONIKH KOMIIEKC CTBapaH y CIMIHUM CeJlH-
MEHTOJIOIIKIM PEYHO-j€3ePCKUM W PEYHO-0apCKUM
YCIIOBUMa y TOKY JOHET U CPENmer IUIEHCTOIEHA.
Kantupanu Bomonocuu ciojeu (I, II u III) mehy-
coOHO Cy pa3[IBOjeHM TMAaKeTHMa IJIMHE U TECKOBHUTE
ruHe nebsprHe 5-20 m. OBa m3o0nanwja HUje MOT-
MmyHa 1 oMoryhaBa IeTMMHUYHY XUAPayIndKy ToBe3a-
HOCT. Y pernoHanHoj pa3Mmepu, usrpalyjy jemHy uz-
JIlaH ca HABOOM Tiof mpuTuckoM. Ilopen Tora, mpema
CEBEPOMUCTOKY Y AOMEHY U3BOpHUIUTA ,,JInHae rac, I u
II BomoHOCHY XOpH30HTH ce CIajajy y jemaH. CBe 0BO
yKazyje Jla ce pajid O jeIIHOj CIOKEHO] XUIPOAMHAMH-
YKOj LIETHHU.

AHaIM30M KapOTaKHUX JHjarpaMa youeHo je a ce
yHyTap IOjeJUHUX BOJOHOCHHX CJIOjeBa jaBJbajy
MPOCJIOjIIM U COYMBA ITIMTHOBUTOT MaTepujajia Ae0sbu-
He 2—6 m.

VY nonuan kantupasor Il BogoHOCHOT ctoja Ha 1y-
oman ox oko 149—155 m m ox oko 161-167 m pe-
ructpoBad je IV BOMOHOCHM CII0j TIOA MPUTHCKOM
koju je 3axBaheH jemuHo mujezomerpoM I17/1 u 360r
HEMOBOJHHOT KBaJIUTETa MOJ3EMHUX BO/Ia HE KOPUCTH
ce 3a BomocHabzieBame.

[uje3omeTapcku HUBOM Y KallTHPAHUM BOJIOHOCHHAM
cnojesuma I, II u Il moTBpammm cy ma ce paad o
XHUIPAYJIUIKO] TIOBE3aHOCTH OBa TPH BOAOHOCHA CIJI0ja
Koja ce OCTBapyje M BaH HM3ydaBaHOT mpoctopa. Kao
JIOZIaTHAa TIOTBpPZAA IOBE3aHOCTH OBa TPU BOJOHOCHA
cioja cy (U3NIKO-XeMHjCKe KapaKTepHCTHUKE BOAA W3
MOjeINHUX BOJOHOCHUX XOpH30Hara. YmopehemeM ca-
IIpXKaja TIOjeMUHUX KOMIIOHEHTH XEMH)CKOT cacTaBa
MOA3EMHUX BOZa YTBpHEHO je na Cy campikaju ofape-
hennx xommonentu u3 I, I u Il BomoHOCHOT cioja
BEOMa CIIMYHH U J]a C€ HECTIOPHO PAJI¥ O jeTHO] M3IaHH



Hydrogeological and hydrodynamic characteristics of groundwater sources for the public water supply of Becej 157

(hopmupaHoj y TpH BOJZOHOCHA XOPH30HTA Ca CKOPO
WCTOBETHUM XHUIPOIWHAMUYKAM W XHAIPOXEMH]CKIM
nmokasaresbuMma. [Ipema xnacudukanuju AnekuHa
MOA3EMHE BOJIE MPHIAAjy XUAPOKAPOOHATHO] KIIACH,
HaTPHj YMCKO-MarHe3Hj YMCKO-KaJIIHjYMCKO] TPYTIH.

Ha ocHOBy mpeceka crama mHje30METapCKUX HH-
Boa y pacmnoHy ox tpuzaecer rogmHa (1980-2010)
yTBpheHo je ia je maj Mmuje30MeTapcKor HIBOA UCTION
CBUX OYEKHMBama M PaHHje MOCTABJLEHNUX IPOTHO32, U
Ja n3Hocu 621 cm roauime.

Y mupy yTtBphuBama M3mamHOCTH onpeheHnx
BOJIOHOCHHUX CJIOjeBa, BPIIIEHA Cy PEOMETpPHUjCKa Me-
pema Ha 10 6yrapa. Ha ocHOBY 0BUX Mepema je yTBp-
heHo je ma cy KamThpaHH CIOjeBH YIIIABHOM JIABAJIH
HejeTHaKe KOJMIUHE BOE.

3a motpebe m3Bohema cumymnanuje nocrojehe exc-
TUIoaranyje MoJ3eMHUX BoJa Ha W3BOpUIITY ,.Bomo-
kaHan—beue]“ m yTBphuBama OwniaHca MOA3EMHUX
BoZla opMHpaH je XuaponuaMudku Mosen. Konmen-
Mja u3pajge XUAPOAUHAMHUYKOT MOJeNa 3aCHHBA Ce
Ha CHMYJANHjd TPOJUMEH3NOHAIHOT CTpyjama TOA-
3eMHHX BOJ]a IPUMEHOM METOJle KOHAYHUX pa3jIKa.
Tepen oOyxBaheH MOZIEIIOM je U3/IEJhEH MPEKOM KBa-

IpaTta ¥ MpaBOyraoHWKa auMmensuja 322 pema x 197
KOJIOHE U cacToju ce on 824.642 akTWMBHHUX MOe-
ckux hemmja, y 13 Monenckux ciojeBa. Etanonupame
MOJIeJNa je CIIPOBEICHO Y HECTAI[IOHAPHUM yCIIOBHMA
CTpyjama, ca BpeMEHCKUM KOPaKOM Off jeHOT JaHa 3a
aHanm3upanu BpemeHckn nepuoxn (01. 08. 2007. — 28.
05. 2010. Tox.), KOju je Ha HIDKEM HHBOY HTepallvja
mofiesbeH Ha 10 menoBa, HejegHaKOT Tpajama ((akTop
1,2). I[locturHyTO je Beoma AOOPO clarame perucTpo-
BaHUX W MPOPadyHATHX BPETHOCTH IHj€30METapCKUX
HuBoa. Kao pesynrar mporeca xamubpamnuje Mozena,
no0mjeHe cy KapTe pacropesa Mije30MeTapCcKor HUBoa
3a CBaKH BOIOHOCHH CJIOj M 32 CBAaKH BPEMEHCKH TIpe-
cek (mpekxo 1000 mpeceka). Takohe, onpehenu cy ene-
MeHTH OwWiaHca BOJOHOCHHX CIJI0jeBa Ha TPaJICKOM
m3Bopuiuty beueja. Hajsehe xommunHe Boga notndy u3
IIT BomoHocHOT cnoja (43,93 %) xao mocienuna Haj-
Beher Opoja OyHapa Koju 3aXBarajy BOJIe U3 OBOT CJI0ja.
[lorom cnenu notuniaj w3z 11 (33,4 %), u Ha kpajy u3 |
BOZIOHOCHOT cioja (22,57 %).

Kaxo pesynrar crpoBeIeHHUX HCTpaKUBamba CTOjU
na je moryhe 3axBaratm W 3HaTHO Behe KommumHe
MTOJI3€MHUX BO/Ia HETO IIITO CE JTaHAC 3aXBaTajy.
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Dinosaur tracks in the Struganik Quarry (western Serbia)

ANTONELLA CAMMAROSANO!

On the way by the village Struganik, Paola de Capoa' and Rajka Radoici¢* stopped for a closer look at some
Senonian limestones in the Struganik Quarry. Eye-catching in the largest surface of a layer with various trace
fossils were some tracks taken to be of a dinosaur. Mrs de Capoa lent me the photographs taken of the tracks for
identification, which could be Sauripod tracks (Figs. 1-2). Trace fossils on the same surface (Fig. 3).

I Dipartmento Scienze della Terra, Universita di Napoli “Federico II”. Largo San Marcellino, 10, 80142 Napoli, Italy.

2 Kralja Petra I, 38, 11000 Belgrade.
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