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Lower Triassic (Olenekian) microfauna from Jadar Block
(Gucevo Mt., NW Serbia)

MILAN N. SUDAR', YANLONG CHEN?, TEA KOLAR-JURKOVSEK?®,
BOGDAN JURKOVSEK?®, DIVNA JOVANOVIC* & MARIE-BEATRICE FOREL’

Abstract. Systematic study of microfossil associations on the Krivi Potok section (Guéevo Mt. area, NW
Serbia) has been carried out to document and to refine the Lower Triassic stratigraphic correlations within
Alpine-Mediterranean domain. Field investigation and laboratory process have enabled the identification of
lowermost Olenekian (lower Smithian) conodonts, ostracodes and pyrite framboids. Two conodont zones are
established in this region, in ascending order they are: Pachycladina obliqua—Foliella gardenae Assemblage
Zone and Neospathodus planus Zone. A new ostracode species Paracypris ? krivipotokensis FOREL n. sp. has
been described, it co-occurs with conodont Neospathodus planus within the Zone of the same name. The
pyrite framboids were formed within the ostracode carapaces after their death. The size distribution of pyrite
framboids supports the former suggestion that large size (>6 pm in diameter) is not suitable for the reconstruc-
tion of seawater redox conditions.

Key words: Lower Triassic, Olenekian, conodonts, ostracodes, pyrite framboids, Jadar Block, North-
western Serbia.

AncrpakTt. CUCTEeMaTCKO HU3yuaBambe MUKpodocwia npodumia Kpusu morok y odnactu mianuue ['yueBo
CIPOBEJICHO je pajii JOKYMEHTOBama acollMjalvja U yTBphuBama AeTa/bHUjUX JOBOTPHjaCKUX CTpaTurpad-
CKUX OflHOca y ceBeposanaqHoj CpOuju, a y uujby Kopenanuja y OKBUPY AJINCKO-MEIUTEPAHCKOT PErHOHa.
HakoH nerassHOT TepeHCKOT paja W J1abopaTopHjcKux o0paja y30pKOBaHOT Marepujana, omoryheHa je
HWACHTU(HKANN]jA CTAPOCTH KOHOIOHATA, OCTPaKo/ia M MUPUTCKUX (hpamMOona u 100UjeH je HajHIKH OJICHOK
(momu cmuT). Y UCIMTHBAaHO] 00MacTH yTBpheHe cy nBe KOHOOOHTCKe 30HE, Pachycladina obliqua—Foliella
gardenae Assemblage Zone u Neospathodus planus Zone. Takohe je ommcaHa HOBa OCTpPaKOACKa BpCTa
Paracypris ? krivipotokensis FOREL n. sp., Koja ce mojaBibyje yaApykeHa ca BpctoM Neospathodus planus y
WCTOMMEHO] KOHOJOHTCKO] 30HHW. [IpucyTHM mupUTCKH (pamMOOMIOM Cy HAcTald YHYTap OCTPAaKOIACKHX
JbYIITypa Mocje BUXOBOT M3yMUpPama, a Kako cy npeyHrka seher o1 6 um norepheHa je paHuja cyrectuja 1a
300T TOTra HUCY OMJIM ITOTOJTHH 332 PEKOHCTPYKIM]Y OKCHIO-PENYKIHOHHUX YCIOBA Y MOPCKOj BOAIH.

Kiby4yHe peun: 10BH TpHUjac, OJCHOK, KOHOIOHTH, OCTPAKOOH, MUPUTCKH (pamboumy, Jamapcku OIOK,
ceBepozanagaa Cpouja.
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Introduction

The Lower Triassic sediments are widespread in
the Jadar Block of Northwestern Serbia. Together
with the Upper Permian rocks and the Permian—Trias-
sic boundary interval, they have been intensively
studied especially because represent the only such
formations of this age in Serbia. Generally, the Upper
Permian sediments contain diverse macro- and micro-
biocenoses, whereas the Lower Triassic microfossil
associations are rather poor.

Gucevo Mt. is situated in the north-western part of
the Jadar Block, on the eastern side of the Drina River
and southern of the Loznica town (Fig. 1). It is predomi-
nantly built of Lower Triassic sediments, which the Ser-
bian authors mostly divided in the older ,,Seisian” and
the younger ,,Campilian” beds. After repeated numerous
field investigations of this area, authors of the paper
intended to document new geological data to refine
existing stratigraphic and lithostratigraphic definitions.

Therefore, the aim of this paper was to confirm the
presence of different microfossils (conodonts,
foraminifera, ostracodes, etc.) and biostratigraphic data

within the Lower Triassic sediments of the Jadar Block,
NW Serbia. It represents the continuation of the
ongoing geological study, started in 2005 year with
micropaleontological/sedimentological investigations
in P-T boundary interval of NW Serbia (SUDAR et al.
2007, NESTELL et al. 2009, CRASQUIN ef al. 2010).

Geological settings

Geographically, the Jadar Block, is located at the
southern margin of the Pannonian Basin, and belongs
to the central part of the Balkan Peninsula. It occupied
great parts of the northwestern Serbia, southern Srem
(Vojvodina) and extends partly westward over the
Drina River into eastern Bosnia (Fig. 1).

This tectonostratigraphic unit is today an exotic
block, which was placed into the Vardar Zone before
the late Cretaceous. It is surrounded by the Vardar Zone
Western Belt, except on the farthest south-eastern part
where it is in direct contact with the Kopaonik Block
and the Ridge Unit (Fig. 1). The Jadar Block differs
from the Vardar Zone Western Belt in lacking

RO

post—Liassic sediments as well
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Fig. 1. Location map of the Krivi Potok section (asterisk) on the Gucevo Mt. (Jadar
Block, NW Serbia) (modified after SUDAR ef al. 2007). A. Terranes of a part of the
Balkan Peninsula (KARAMATA et al. 2000; KArRaMATA 2006): SMU, Serbian-
Macedonian Unit; MVZ, Main Vardar Zone; KBRU, Kopaonik Block and the Ridge
Unit; VZWB, Vardar Zone Western Belt; JB, Jadar Block; DIE, Drina—Ivanjica
Element; DOB, Dinaridic Ophiolite Belt and EBDU, East Bosnian-Durmitor Unit.

age, ,,porphyrites” and pyro-
clastics of Ladinian age, plat-
form-reefal limestones of Mid-
dle and Late Triassic age and
their gradual transition into
Lower Jurassic limestones.

In the Jadar Block the Up-
per Permian is represented by
the ,,Bituminous Limestone*
Formation and the Lower Tri-
assic by the Svileuva and Ob-
nica formations (FILIPOVIC ef
al. 2003).

Krivi Potok section
On the central parts and on

the eastern slopes of the Gu¢evo
Mt. there are mostly exposed
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Fig. 2. Geographic position of the studied section on the eastern slopes of the Gucevo Mt. (A) simplified and modified
geological map after MOJSILOVIC et al. 1975 of the same areas (B). Legend: 1, Carboniferous rocks; 2, Lower Triassic
sediments; 3, Middle Triassic rocks; 4, Upper Cretaceous sediments; 5, Miocene dacites, andesites and pyroclastics;

6, Location of the Krivi Potok section.

grey thin bedded to bedded limestones, in alteration
with siltstones and sandstones of the upper Lower
Triassic Obnica Formation (FILIPOVIC et al. 2003)
generally thick about 200-350 m (MOJSILOVIC et al.
1975). These sediments, especially in surroundings of
the old mine Brasina and in the source part of the
stream Krivi Potok, were frequently micropaleontolo-
gically and sedimentologically investigated in the
previous years (PANTIC 1971; BUDUROV & PANTIC
1973, 1974; UROSEVIC & SUDAR 1980; PANTIC-
PRODANOVIC & RADOSEVIC 1981; SUDAR 1986, etc.).

In the Krivi Potok section, for the study presented
herein, was investigated and sampled for microfauna
only 11 m thick rock section near to the mouth of this
stream in the rivulet Stira and on the northern side of the
Loznica—Zajaca road (N 19°14°13.8”, E 44°28°9.8”;
figs. 1, 2). The field researches were undertaken in 2010
(samples SRB-1 and SRB-2) and 2012 (samples Kp1 —
Kp7) years. The section (Fig. 3) consists of:

e Unit 1, bedded bioturbated limestones, 70 cm

thick only with conodonts;

Unit 2, bedded, sandy, ferruginous ooidal grain-
stone, 1 m thick, and only with conodonts;

Unit 3, bioturbated micrites 30 cm thick with
conodonts;

Unit 4, ca. 5.5 m thick can be separated into the
lower (4a) and upper part (4b) with covered part
between. The lower part of this first entity of
subunit 4a (ca. 3 m) is built of thick bedded lime-
stones (beds are mostly 25 cm thick). Than, last
1 m is consisted of thin bedded laminated lime-
stones (beds are less than 5 cm thick). Here in the
subunit 4a are present abundant conodont and
ostracode microfaunas, pyrite framboids (espe-
cially in sample SRB-1) and rare foraminifera.
After covered 6 m, also to the same unit (subunit
4b) belongs 1.5 m thick part, mostly made of chan-
ge of red and grey siltstones and sandstones, but in
the upper part also contains sandy, ferruginous
wackestone-packstone with one characteristic 20
cm thick bed of ooidal dolomitic limestones.
Ooids are rare, sometimes filled with dolomite.
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Fig. 3. Geological column, conodont stratigraphic ranges and zones of the Lower Triassic (Olenekian, Smithian) sediments
in the Krivi Potok section on the Gucevo Mt. (Jadar Block, NW Serbia). Legend. 1, thin to thick-bedded limestones;
2, bioturbated (a) and dolomitic (b) limestones; 3, bedded quartz sandstones, silty (a) and calcareous (b); 4, conodonts;
5, ostracodes; 6, foraminifera; 7, detritus of bivalves; 8, detritus of gastropods; 9, wackestone; 10, packstone; 11, grainstone;
12, pyrite framboids.

Beside conodonts, detritus of bivalves, gastro- * Unit 7, made of grey, thin bedded, 2 m thick
pods, and foraminifera, also fine quartz grains and limestones (thickness of beds is 2—-15 cm) with
dispersed ferruginous matter characterize bed. ostracodes and rare pyritized foraminifera. This
» Unit 5, quartz sandstones thick 0.5 m; unit make the final part of the section.
+ Unit 6, thin bedded micaceous quartz sandstones The deposition of the fine carbonate mud, chara-

1 m thick, and cteristic for low energy regime of the shallow water,
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relatively restricted environment, probably shallow
subtidal (traces of bioturbations in lower part, fine
laminated and thin bedded limestones in middle and
upper part of the section) predominates in the section.
Appearance of the bed with ooids in thin bioturbated
micrites in lower part (Kp6; SRB-2) and also in 20 cm
bed thick in subunit 4b (Kp4/2) with change of thin
bedded siltstones and sandstones in lower part of sub-
unit indicate high water energy. Possible explanation
is existing of some topographic highs (normal relief or
as a result of local tectonic uplift) were is water ener-
gy like in typical tidal regime, or occassionally in-
fluence of storm (wind) currents. In upper part of
section (Kp3, Kp2, K2/a) is characteristic presence of
siliciclastics imput, caused by some local tectonic
event or change of climate (ferruginous pigments in
sediments).

Conodont microfauna
Material and methods

Fourteen composite rock samples, each ca. 2.5 kg,
are collected from the Krivi Potok section for conodont
study, and same number of thin sections were also done
from each level with the conodont samples for the pet-
rographic purposes. The laboratory work was carried
out at Geological Survey of Slovenia. All samples were
prepared using standard laboratory techniques: dis-
solved in diluted formic and acetic acid, after dissolu-
tion, the residue was collected, sieved and dried. High
density liquid (ca. 2.8 g/cm3) is used for gravity enrich-
ment; the density of conodont is larger than 2.8 g/cm3,
while the density of most of the other residues is small-
er than 2.8 g/cm3. The collected materials (samples,
thin sections etc.) and collections of conodonts, ostra-
codes and pyrite framboids from investigated section
are deposited in the Geological Survey of Slovenia
under the catalogue numbers GeoZS 4768-4769 and
5104-5112, corresponding to numbers of the samples
(SRB-1, SRB-2 and Kp1-Kp7) from the section. The
illustrated pictures presented herein were taken with an
Scanning Electron Microscope at the University of
Graz, Nawi Graz, Institute of Earth Sciences.

Conodont dating

Six samples out of these fourteen yield conodonts
which enable taxonomic identification: P, elements of
Neospathodus planus CHEN & KOLAR-JURKOVSEK, P,
elements of Neospathodus sp. indet., P,, S|, S,, S; or S,
and M elements of multielement apparatus of
Neospathodus planus, elements of the Pachycla-
dina—Foliella conodont microfauna: Pachycladina
obliqua STAESCHE, Pachycladina inclinata STAESCHE,
Foliella gardenae (STAESCHE) and Pachycladina sp.

(Fig. 3). Other three samples from the upper part of the
section contain only ramiform elements and some
undeterminated fragments of the conodonts (Fig. 3).

In the lower part of the presented Krivi Potok sec-
tion, before the covered part of column, beside of
stratigraphic ranges of determinated conodonts, two
conodont zones can be recognized. They confirm the
conodont sequence which has been proposed in the
Idrija—Ziri area, Slovenia (CHEN et al. in preparation).
These zones are: Pachycladina obliqua—Foliella gar-
denae Assemblage Zone and Neospathodus planus
Zone and both they are of the lowermost Olenekian
(lower Smithian) in age (Fig. 3).

From the source part of the Krivi Potok, SuDAR
(1986) reported the results of the micropaleonto-
logical investigations of conodonts and foraminifera
where it was determinated the Parachirognathus—
—Furnishius Z. in the Smithian and triangularis—ho-
meri—C.R.Z. of the Spathian age.

Pachycladina obliqua—Foliella gardenae
Assemblage Zone

Originally is introduced by CHEN ef al. (in prepa-
ration) in the type-section Ziri 29 of the Idrija—Ziri
area, Slovenia as the Pachycladina obliqua-Foliella
gardenae A. Z. in the interval between Eurygnathodus
costatus and Neospathodus planus zones within the
lower part of the Smithian (lowermost Olenekian).

In the Krivi potok locality the lower limit of this A.
Z. lies on the beginning of the Unit 1 at the base of
section. It is characterized by the first appearance of
Pachycladina obliqua and Foliella gardenae. The up-
per limit of the Zone is marked with the first
occurrence (FO) of Neospathodus planus in the Unit
3 at 1.7 m from the beginning of the section (Fig. 3).

In the investigated section of the Jadar Block the
age of the Zone is the lower part of the Smithian in the
lowermost Olenekian, and as associated conodont is
present only Pachycladina inclinata.

This Assemblage Zone CHEN et al. (in preparation)
roughly correlate with the stratigraphic range within
the lower part of Smithian belonging to the Parachi-
rognathus-Furnishius conodont fauna by SWEET et al.
(1971) and Bupurov & SUDAR (1995). They change
only the name of the Zone according to the dominat-
ing presence of the species of the genera Pachycladi-
na STAESCHE and Foliella BUDUROV & PANTIC what is
also obvious in the Krivi potok section.

The same interval, characterized by dominating
Pachycladina obliqgua joined with elements of
Hadrodontina STAESCHE, was in External Dinarides
attributed to the Pachycladina obliqua Zone (KOLAR-
JURKOVSEK & JURKOVSEK 1995, 1996, ALINOVIC et
al. 2006, 2011) and correlated to the Lower Smithian
Zone 7 (Parachirognathus-Furnishius Zone) of
SWEET et al. (1971). In North Italy, Pachycladina
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Fig. 4. Conodonts from the Krivi Potok Section, Gu¢evo Mt., Jadar Block, NW Serbia; middle part of the Obnica Formation,
lowermost part of Olenekian (lower Smithian), Neospathodus planus Zone; a. lateral view; b. oral view; c. aboral view. 1-6.
P, elements of Neospathodus planus CHEN & KOLAR-JURKOVSEK, sample SRB-1 (GeoZS 4768); 8-10. P, elements of
Neospathodus planus CHEN & KOLAR-JURKOVSEK, sample KP4/4 (GeoZS 5108); 7. P, elements of Neospathodus sp. indet.,

sample SRB-1 (GeoZS 4768).

obliqua Zone ranges within the almost whole Smithi-
an and the Spathian (PERRI 1991).

In conodont zonation by BUDUROV & SUDAR (1995)
exist the Platyvillosus-Foliella Beds with the range of
both genera in the oldest parts of Spathian. ORCHARD
(2007) indicated that species of the genera Parachi-

rognathus CLARK, Furnishius CLARK, Hadrodontina,
Pachycladina or Foliella, belonging to the family
Ellisoniidae, are not present in the Spathian, but near-
ly only in the same time interval of the lower and mid-
dle Smithian. These facts were applied by CHEN ef al.
(in preparation) when define Pachycladina obli-
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qua—Foliella gardenae Assemblage Zone in the lower
part of the Smithian.

Neospathodus planus Zone

Neospathodus planus Zone was originally reported
from the type-section Ziri 61 in the Idrija—Ziri region,
Slovenia (CHEN et al., in preparation), where it lies
between Pachycladina obliqua—Foliella gardenae A.
Z. and Neospathodus robustus Zone. It is lower Smi-
thian in age.

In the presented locality on the Guéevo Mt. their
lower limit is marked with the first appearance of
Neospathodus planus without elements of genus
Pachycladina and Foliella gardenae, in the Unit 3 at
1.7 m above the base of the section. The upper limit is
set at the end of the first part of the Unit 4 (subunit
4a), because the strata after covered part of 6 m, con-
tain only ramiform conodonts without stratigraphic
importance (Fig. 3).

In the Krivi Potok section this stratigraphic interval
characterizes the lower part of the Smithian (lowermost
Olenekian) only with the occurrence of the taxa
Neospathodus planus and Neospathodus sp. indet.

Taxonomic notes

Neospathodus planus CHEN & KOLAR-JURKOVSEK
Fig. 4.1-6, 8-10; Fig. 5.1, 2

P, elements of Neospathodus planus is character-
ized by 3—6 denticles and sometimes a large basal cav-
ity that occupies almost the whole length of the unit
(e.g., Fig. 4.9). The outer side of the basal cavity is
always greatly expanded. It is similar to Neospatho-
dus robustus KOIKE, but Neospathodus robustus com-
monly has more denticles, which are 6—10 (KOIKE
1982). Neospathodus planus can be differentiated
from Triassospathodus hungaricus (KOozZUR & MOST-
LER) by much wider and inflated basal cavity, and by
relatively longer and stronger unit. So far, it is only
recognized from Slovenia and Serbia, and it could be
a species controlled by local environment.

Multielement apparatus of Neospathodus planus
CHEN & KOLAR-JURKOVSEK
Fig. 4.1-6, 8-10; Fig. 5.1-8

The multielement apparatus of Neospathodus pla-
nus has also been discussed here, categories of con-
odont elements follow SWEET (1988), they are as-
signed to segminate, angulate, breviform, etc., and
orientation of elements follows PURNELL et al. (2000).

Multielement apparatuses of conodont play an im-
portant role in the conodont taxonomy system (e.g.,

ORCHARD 2005), thus it is expected that conodont
workers illustrate these ramiform elements together
with P, elements. Conodont clusters and nature as-
semblages have demonstrated that there are three types
of apparatuses in the geological record of earth history,
they comprise of 15, 17 and 19 elements respectively
(ALDRIDGE et al. 2013). Early Triassic conodont com-
posed mainly three families: Gondolellidae, Anchi-
gnathodontidae, and Ellisoniidae (ORCHARD, 2007),
nature assemblages or clusters have shown that appara-
tuses of all these three families consist of 15 elements
(RIEBER 1980; ORCHARD & RIEBER 1999, KOIKE ef al.
2004, ORCHARD 2005, GOUDEMAND et al. 2012,
AGEMATSU et al. 2014), paired Pl’ Pz, Sl’ Sz, S3, S4 and
M; unpaired Sy. ORCHARD (2005) has reconstructed 26
Triassic apparatuses, including several Early Triassic
species, and all his apparatuses consist of 15 elements,
belong to the family Gondolellidea. Later, GOUDEMAND
et al. (2012) revise these S; and S, elements of Gondo-
lellidea apparatuses as occupied S, and S; position, the
S; and S, elements of subfamily Novispathodinae
(family Gondolellidea) occupied S, and S5 position.

The monospecies Neospathoides planus in Zone of
the same name provides a chance for the reconstruction
its apparatus. Apart from P, elements, P,, S, S,, S5 4,
and M elements are also identified, as they are shown
in Fig. 5.3-8. However, Sy element has been found
from neither Krivi Potok section, Serbia nor the Idri-
ja—Ziri section, Slovenia (CHEN et al., in preparation).

Elements of Neospathodus planus are characterized
as follow: P, element is angulate, relatively slender,
has a cusp in the middle part of the unit. S; element is
breviform digyrate, with well-developed rostral
process, but lacks caudal-ventral process, the largest
denticle located on the caudal end of the unit and cau-
dally pointed. These characters of S; elements are
similar to that of many Triassic conodont species
which are illustrated by ORCHARD (2005). S, element
is breviform digyrate, with a large rostral process but
a very short caudal-lateral process which only bears 2
to 3 denticles. Only caudal part of the S; or S, element
is found, as it is illustrated in Fig. 5.7, character of ros-
tral part in not clear so far. M elements is also brevi-
form digyrate, similar to S; element, however, it has a
short ventral process which bears one denticle. Over
all, elements of Neospathodus planus show high sim-
ilarity with elements of Triassospathodus homeri
(BENDER) which are figured by ORCHARD (2005),
especially for P, and S| elements. Since we lack well
preserved S; and S, elements, their relationship can
not be decided presently.

Neospathodus sp. indet.
Fig. 4.7

In the sample SRB-1 from the Neospathodus pla-
nus Zone in the Krivi potok section exists one speci-
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Fig. 5. Conodonts from the Krivi Potok Section, Gu¢evo Mt., Jadar Block, NW Serbia; middle part of the Obnica Formation,
lowermost part of Olenekian (lower Smithian), Neospathodus planus Zone; a. lateral view; b. oral view; c. aboral view.
1, 2, P, elements of Neospathodus planus CHEN & KOLAR-JURKOVSEK, sample Kp4/5 (GeoZS 5109); 3-8, P, M and S ele-
ments of Neospathodus planus CHEN & KOLAR-JURKOVSEK, 3, P, element, sample SRB-1 (GeoZS 4768). 4, S, element, sam-
ple SRB-1, KP4/4 (GeoZS 4768, 5108). 5, 6, S, elements, 5, sample SRB-1 (GeoZS 4768), 6, sample Kp4/4 (GeoZS 5108).
7. distal part of S5 or S, element, sample Kp4/4 (GeoZS 5108). 8, M element, sample SRB-1 (GeoZS 4768). 9-14, Elements
of the Pachycladina—Foliella conodont microfauna from the Pachycladina obliqua—Foliella gardenae Assemblage Zone.
9-11, Foliella gardenae (STAESCHE) (different fragments) sample SRB-2 (GeoZS 4769). 12, Pachycladina sp., sample SRB-
2 (GeoZS 4769). 13, Pachycladina obliqua STAESCHE (fragment), sample SRB-2 (GeoZS 4769). 14, Pachycladina inclina-
ta STAESCHE, sample SRB-2 (GeoZS 4769).

men showing characters between Neospathodus planus the specimen has seven or more denticles which prob-
and Neospathodus robustus. The ventral (anterior) part ably should be identified as Neospathodus robustus.
of the element lost some denticels, thus it is possible In this moment, because of the bad preservation of the
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fossil and since occur only one, ilustrated, specimen it
is determinated in the open nomenclature like
Neospathodus sp. indet.

Elements of the Pachycladina—Foliella conodont
microfauna

The elements determinated within this conodont
microfauna, Pachycladina obliqua, Pachycladina in-
clinata and Foliella gardenae were first reported from
the middle to upper part of Campil Member in North
Italy (STAESCHE 1964) with higher stratigraphic distri-
butions than Eurygnathodus costatus STAESCHE.

Both, species of Pachycladina, were also reported
from North Italy (PERRI & ANDRAGHETTI 1987, PERRI
1991), Slovenia (KOLAR-JURKOVSEK 1990, KOLAR-
JURKOVSEK & JURKOVSEK 1995, 1996, DoOzET &
KoLAR-JURKOVSEK 2007, CHEN et al. in preparation),
Croatia (ALJIINOVIC ef al. 2006), Bosnia (ALJINOVIC et
al. 2011), NW Serbia (BupurOov & PANTIC 1973,
1974; SUDAR 1986), and South China (WANG & CA0O
1981, YANG ef al. 1986).

Foliella gardenae was also reported from different
localities in Slovenia (KOLAR-JURKOVSEK 1990,
KOLAR-JURKOVSEK & JURKOVSEK 1995, 1996, CHEN et
al. in preparation), Croatia (ALJINOVIC et al. 2006),
NW Serbia (Bupurov & PaANTIC 1973, 1974), and
South Primorye, Eastern Russia (ZAKHAROV et al.
2009, IGo 2009).

Conodont Colour Alteration Index

The Conodont Colour Alteration Index (CAI values
sensu EPSTEIN et al. 1977) of the conodonts from the
presented Krivi Potok section are in the range of CAI
from 5 to 6-7 (5, 5.5, 6, 6-7), with the tendency that
conodonts from the middle parts of the section
(Neospathodus planus Zone) have the highest values
of CAL It is in correspondance to the earleir data of
CAl values from the Krivi Potok section which are 5.5
(unpublished information for the conodonts determi-
nated by SuparR 1986). All these mentioned data
where CAI values are between 5 and 67 correspond
to temperatures from 300-490 °C and characterize
very low to low grade metamorphism (GAWLICK et al.
1994, SupAR & KovAcs 2006).

Ostracode microfauna

From the fourtheen samples treated for conodonts
extraction, two were productive with ostracodes (SRB-
1 and Kp1; Fig. 3). A total of fifty-nine specimens have
been recovered, illustrating a new species described
below. Most of the specimens are represented by com-
plete carapaces, testifying the absence or limitation of

post-mortem transportation with low wave energy
and/or rapid burial by high sedimentation ratio (OERTLI
1971).

During the earlier phases of micropaleontological
investigations of the Lower Triassic and P-T boundary
interval in the Jadar Block were published only few
papers dealing with ostracodes: PANTIC-PRODANOVIC
(1979), KrsTi¢ (1980) and CRASQUIN ef al. (2010). In
paper of PANTIC-PRODANOVIC (1979), only five spe-
cies of ostracodes were cited (three in open nomencla-
ture) from ,,Campilan” substage in the Valjevo area. In
the southern and eastern slopes of the Gucevo Mt.,
KRsTIC (1980) in detail described and illustrated rich
ostracode microfauna of the ,,Campilan™ age: Juda-
hella tsorfatia, ,,Cultella” cf. laevis, Spinocypris ne-
palensis, ,.Bythocypris” aff. bijieensis, Bythocypris cf.
pricei, etc. Studying very abundant ostracode assem-
blages not found earlier in the P—T beds of this region,
CRASQUIN et al. (2010) also introduced three new
species. All together, were the first record of the
youngest Upper Permian age microfaunas not only
from NW Serbia, but also from the whole Serbia and
the central part of the Balkan Peninsula.

In the present study, we follow the systematic clas-
sification of MOORE (1961) modified after LETHIERS
(1981) and HORNE et al. (2002).

Abbreviations used in the text: AB, anterior border;
DB, dorsal border; H, height; H,,,, maximal height;
L, length; L,,,, maximal length; LV, left valve; PB,
posterior border; RV, right valve; VB, ventral border.

Class Ostracoda LATREILLE, 1806
Subclass Podocopa MULLER, 1894
Order Podocopida MULLER, 1894
Suborder Podocopina SARs, 1866
Superfamily Cypridoidea BAIRD, 1845
Family Paracyprididae SARS, 1923

Genus Paracypris SARS, 1910
Type species. Paracypris polita SARS, 1866

Paracypris ? krivipotokensis FOREL n. sp.
Fig. 6.1-6

Derivation of name. From the type locality, Krivi
Potok section.

Holotype. One complete carapace figured on Fig.
6.1, sample SRB-1, collection number GeoZS 4768.

Paratype. One complete carapace figured on Fig.
6.2, sample SRB-1, collection number GeoZS 4768.

Type locality. Krivi Potok section, Guéevo Mt.,
Jadar Block, Northwestern Serbia.

Type level. Unit 4 (4a), sample SRB-1, Obnica
Formation of the Krivi Potok section, Upper Lower
Triassic, lowermost part of Olenekian (lower Smi-
thian), Neospathodus planus conodont Zone.
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Fig. 6. Ostracodes from the Krivi Potok Section, Gucevo Mt., Jadar Block, NW Serbia; middle part of the Obnica Formation,
lowermost part of Olenekian (lower Smithian), Neospathodus planus conodont Zone; a. lateral view; b. dorsal view of a com-
plete carapace. All specimens belong to Paracypris ? krivipotokensis FOREL n. sp. 1, holotype, carapace, sample SRB-1 (GeoZS
4768). 2, paratype, carapace, sample SRB-1 (GeoZS 4768). 3, carapace, sample SRB-1 (GeoZS 4768). 4, carapace, sample
SRB-1 (GeoZS 4768). 5, carapace, sample SRB-1 (GeoZS 4768). 6, carapace, sample SRB-1 (GeoZS 4768).

Material. Fifty-nine complete carapaces and sever-
al fragments.

Diagnosis. A species attributed with doubt to the
genus Paracypris, with AB and PB maximum of con-
vexity symmetrically located in the lower 1/31d of the
carapace, upper portion of AB straight.

Description. Carapace elongate (0.48 <H/L <0.58),
surface smooth, LV slightly overlaps RV all around
the carapace.

DB long (50-65% of L,,,), regularly convex,
smoothly sloping to PB; PB rounded with narrow
radius of curvature, maximum located in the lower
1/31d of H,,,,; posterior half of the carapace slightly
wedge-shaped; VB flat to slightly concave at both
valves; upper part of AB long and straight to slightly
convex, resulting in a shouldering of the transition to
VB larger than PB: anterior maximum of convexity
located symmetrically to PB in the lower 1/31d of H,,,.

Remarks. The present species differs from Para-
cypris gaetanii CRASQUIN-SOLEAU from the Griesba-
chian? of the Guangxi Province, South China (CRAS-
QUIN-SOLEAU et al. 2006) by its asymmetrical and
shouldered AB with maximum of convexity located in
the lower 1/31d of H,,, It differs from the species
Paracypris jinyaensis CRASQUIN-SOLEAU from the
Smithian-Spathian of the Guangxi Province, South
China (CRASQUIN-SOLEAU et al. 2006) by its larger H/L
ratio. The abundant specimens of Paracypris gaetanii

CRASQUIN-SOLEAU from the Late Permian—Early
Triassic of several localities worldwide recently
allowed the recognition of five ontogenetic stages
(ForeL 2014). The specimens might correspond to at
least two ontogenetic stages but more material is
needed to confirm this hypothesis.

Until now, eleven Smithian ostracode species were
known from South China (CRASQUIN-SOLEAU et al.
2006) and Tibet (FOREL et al. 2011; FOREL & CRAS-
QUIN 2011). Paracypris ? krivipotokensis FOREL n. sp.
is the first record of Smithian ostracodes on the north-

Paracypris ? krivipotokensis FOREL n. sp.
200

180 *
Holotype

&
160 - &

140 Paratype

Heigth {(um)

120
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1 00 T T T 1
150 200 250 300 350

Length (nm)

Fig. 7. Length/height scatter plot of Paracypris ? krivipoto-
kensis FOREL n. sp.
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ern border of the Paleo-Tethys ocean. The absence of
ostracodes from twelve of the fourteen samples can’t
be interpreted in terms of environmental/ecological
forcing since diluted formic and acetic acids were
used: acid attack of the carbonated carapaces of ostra-
cods can’t be ruled out. A traditional hot acetolysis
(LETHIERS & CRASQUIN-SOLEAU 1988; CRASQUIN-
SOLEAU et al. 2005) processing of the samples might
help have a more complete view of the Krivi Potok
ostracode faunas and their implications in terms of
environmental conditions.

Size. L=196-331 um; H=114-179 um; W=90-156
um; H/L=0.48-0.58 (Fig. 7).

Occurrence. Lowermost part of Olenekian (lower
Smithian) of the Krivi Potok section, Gucevo Mt.,
Jadar Block, Northwestern Serbia.

Pyrite framboids

Plentiful studies indicate that this kind of pyrite can
be a proxy for redox conditions in the paleoseawater

and sediments (e.g., WILKIN & BARNES 1996; SHEN et
al. 2007; WIGNALL et al. 2005; TIAN et al. 2014). They
form in dysoxic and sulfidic conditions which is close
to the redox boundary (WILKIN & BARNES 1996). The
diameters of pyrite framboids are very sensitive to the
water depth between the redox boundary and the
sediments, as they sink down rapidly after formation
if they are formed in the water column and thus
smaller (< 6 pm in diameter) and has a narrower size
variation range (WILKIN & BARNES 1997; WIGNALL &
NEWTON 1998; WIGNALL et al. 2005). However, larger
sized and wider range of size variation of pyrite
framboids indicate a formation within the sediments,
as they have longer time and slower rate for their
formation (WILKIN & BARNES 1996, 1997).

Pyrite framboids have been found in Unit 4
(subunit 4a, sample SRB-1) in the Krivi Potok
section. This is the first discovery of pyrite framboids
from the Lower Triassic of the Jadar Block and also
from Serbia. They are attached on the ostracode shells
and are mainly 12-21 pm in diameter, as shown in
Fig. 8. These large amount of pyrite framboids found

Fig. 8. Pyrite framboids from the Krivi Potok section, Guc¢evo Mt., Jadar Block, NW Serbia; middle part of the Obnica
Formation, lowermost part of the Olenekian (lower Smithian), Neospathodus planus conodont Zone; sample SRB-1 (GeoZS

4768).
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Fig. 9. Size distributions of pyrite framboids, sample SRB-1.

within octracode shells definitely formed in the
sediments after the death of these ostracodes. Their
size distribution (8—35 um, Fig. 9) supports the former
suggestion that the large pyrite framboids are not
suitable for the diagnosis of the paleoseawater redox
condition, but they only indicate a dysoxic and
sulfidic micro-environment within the shells after the
death of these ostracodes.
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Pe3ume

MuxpodayHna qomer Tpujaca (0J1eH0K)
Jagapckor Os0ka (nianuHa I'yseBo, C3 Cpouja)

Ob6nact nmanune ['yueBo (Jamapcku G0k, ceBepo-
3amagra CpOwja) je MPUIMYHO TAICOHTOJOMIKN He-
HCTpa)XeHa, HAPOUUTO KaJl Cy Y NMUTAlhy CTEHE JOH0-
TpHjacKe CTapOCTH, PaHHje TPETUPAHE Kao ,,CajCKU‘ H
,,KaMITHWIICKH"* KITAaCTUTH U KapOboHatu. KoMIuiekcHuja
WCTpaXUBamba Ha OBHM IPOCTOpMMA BpIIIEHA CY TEK
MOCIIEAHUX TOMUHA U TO y CEIUMEHTHMA Ha TPaHUIIH
ropmH nepM—aomu Tpujac (SUDAR et al. 2007,
NESTELL et al. 2009, CRASQUIN et al. 2010), amu cy
HACTaBJbeHA U Ha CEIUMEHTE JTOBOTPHjacKe CTApOCTH
®dopmannje OOHMIIE.

VY peruony nnanuse ['yueBa, Ha nokanutety Kpu-
B TIOTOK KOjU C€ HaJa3W y JOHEM Jely HCTOMMEHOT
MOTOKA, Y CEAUMEHTHMA JOBET TpHjaca CHUMIBEH je
cty0 nebspuae 11 m. OnpoOoBame je BpIIEHO y J1Ba
maxa (2010. u 2012. rogune). Cty0 ce cacToju u3
cellaM TaKkeTa, y IpBa TPH MakeTa u3rpaleHa o TaHko
CJI0jeBUTHX MUKPHUTCKHX KpeUmhaKa je NpPHUCYyTaH
oonagHu kpeumak nedssmHe 1 m (Kp6, SRB-2).
UeTBpTH MaKeT je AeJIOM MOKPHUBEH, T1a j€ MOMeJbeH Y
IBa nena. Y menoM OomeM neny (4a) obOwmiyje
KOHOZOHTHMA, a OCTPAKOIH W MUPUTCKHA hpaMOOnuIn
Cy HapOYUTO MPUCYTHH y nAeberno OaHKOBUTUM
kpeumaruma (Kp4, SRB-1). ¥ ropmem neny nakera y
cnojy nmeossuae 0,2 m Takohe cy HaheHm oowmmm.
[lakere 5 n 6 w3rpal)yjy KBapIHU MeUr4apy, a MpeKo
BUX je makeT 7 m3rpalieH onl CII0jeBUTHX Kpedmaka
paznmauTe nebspuHe. Jlerno3ulija ce yriiaBHOM OJ[BH-
jama y TUIMTKOM CyOTajmaiy, y HUCKO €HEpreTCKOM
PEXHUMY, alld IPUCYCTBO OO0M/IA, KAPAKTEPUCTUIHO 32
IUIMMHA PEXUM, yKa3zyje Ha TOCTOjame Tormorpad-
CKMX Y3BUIIMIA HAa TEPEHy IITO je& Yy3POKOBAHO
HOPMAJTHUM peJbe(hoM WITH JIOKATHAM HW3IU3amhhMa.
[ToBpeMeHO je mo7a3uiio U 10 MPHUINBA CHITHIINKIIAC-
TAYHOT MaTepHjaya, ycie] JIOKaJIHE TEKTOHHWKE WIIH
KITMMATCKUX MIPOMEHA.

Ha cty0y je y3ero deTpHaeCcT KOMIO3UTHUX poda
3a KOHOJIOHTE, a ypaheHu cy u merporpad)cku mperma-
paru. lllect y3opaka caapXh KOHOIOHTE KOjH Cy
oMoryhunm TakcOHOMCKY uzaeHTH(ukanujy: P, esne-
MeHTe Neospathodus planus CHEN & KOLAR-JURKOV-
SEK, P, enemeHar HeneTepMHUHHCAHOI KOHOAOHTA
Neospathodus sp., P,, S|, S,, S; unn S, 1 M enemenre
oIl MynTHeneMeHTapHor amapara Neospathodus pla-
nus, ememeHnte on Pachycladina—Foliella xono-
IoHTCKe MuKpodayne: Pachycladina obliqua STAE-
SCHE, Pachycladina inclinata STAESCHE, Foliella gar-
denae (STAESCHE) u Pachycladina sp. Ocrana Tpu
y30pKa W3 TOpHmEr Aenia cTyba caapike caMo paMu-
dbopMHEe (TpaHaTe) eIeMEHTe M HeoapeasbuBe ¢par-
MEHTE KOHOZIOHATa. Y Aelly MakeTa 4 npe NOKpUBEHOT
Jena cry0a mpero3Hare Cy JBe KOHOJOHTCKE 30HE:
Pachycladina obliqua—Foliella gardenae Assemblage
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Zone u Neospathodus planus Zone m 00e cy mo
CTapOCTH HAjHWKH OJEeHmOK (mHomHu cMuT). MHadge,
CAI BpenHOCTH UCTUTUBAHUX KOHOJIOHATa 13 KpuBor
moroka ¢y om 5 mo 6-7 (5, 5,5, 6, 6-7), ca TeH-
JNEHIMjOM Jla KOHOJOHTH W3 CpEeImer nena cTyda
(Neospathodus planus Zone) nmajy BHUIlle BPETHOCTH.
Ose CAI BpegHOCTH OonroBapajy TemmeparypaMa Of
300-490 °C xapakTepUCTHUYHHM 32 BeOMa HHU3aK JI0
HU3aK cTeneH MeTamopdm3ma (GAWLICK et al. 1994,
SUDAR & KovAcs 2006).

Op geTpHaecT mpoda TPEeTHPaAHUX 3a EKCTPAKIIH]Y
KOHOZIOHATa, JBe caapxke m octpakone (SRB-1 u
Kpl). On ykymHO TiemeceT IeBeT NpuMepaka ojape-
hena je m HOBa ocTpakoncka Bpcta Paracypris ?
krivipotokensis FOREL n. sp., Koja ce 1ojaBJbyje 3ajen-
HO ca BpctoM Neospathodus planus y WCTOWMEHO]
KOHOJIOHTCKO]j 30HU. BehuHa y3opaka je mpencrasibe-
Ha ca IIeNUM JbYIITypama, ykKa3yjyhu Ha OICYyCTBO
WJIH TIOCTMOPTATHHA TPAHCIOPT NP HUCKO] €HEPTHjU
W/umu Op30 3aTpraBame YCIe BHCOKOT peXHMa ce-
mumenTtanuje (OERTLI 1971).

VY makety 4 (meo 4a, y3opak SRB-1) nahenu cy
MUpUTCKH HpaMOOUIH, KOjU Cy TIO TIPBHU ITyT KOHCTa-
TOBaHHW y JOHOTPUjACKMM CTeHaMa Kako Jamapckor
6noka, Tako u Cpouje. Behu neo ppambonna je Hahen
YHYTap OCTPaKOJACKHX JbyHTypa (Kamaka) Tae cy
JNe(UHUTHBHO HACTAIH Yy CEIUMEHTUMA HAKOH yMU-
pama ocTpakoja. HeyjeHaueHOCT y BETHMYUHH FhH-
XoBor TipeyHnKa (8—35 um) moTBphyje paHuje cyre-
CTHje JJa HHACY MOTOJHU 3a AMjarHO3y ITajie0 OKCHIO-
PEMYKIIMOHOT MOTEHIIMjaia MOPCKE BONE, M Jla CaMo
WHIUIHPAJy TUOKCUYHY U CyN(PUIHY MUKPOCPEIUHY
YHyTap JbYIITypa OCTPAKOAa HAKOH FbUXOBE CMPTH.

[pukazana MukpodayHa KOHOJOHATA U OCTPAKOJA,
JNe(UHUCAHO KOHOJOHTCKO 30HUparhe, Kao M IMHPUT-
cku (paMOOHIN Cy CKOPO Yy IENOCTH MO MPBHA MYT
yTBphenn y mpocropuma Jamapckor 6J0Kka ceBepo3a-
nagae CpOuje. 3aTo Cy OBM HajacIy BPJIO 3HAYAjHU 32
OBaj J1e0 AJTICKO-MEIUTEPAHCKOT PETHOHA jep Tpe-
CTaBJbajy MHKPOMAIEOHTOIOMIKH J00pO HTOKyMEH-
TOBaHE JIOKa3e IOHOTPHjaCKe CTAPOCTH — HAjJHUKH
OJICHHOK (IOFH CMHUT).
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Taxonomic diversity dynamics of Early Cretaceous brachiopods
and gastropods in the Azerbaijanian domains of the Lesser Caucasus
(Neo-Tethys Ocean)
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Abstract. Palacontological data available from the Azerbaijanian domains (Somkhit-Agdam, Sevan-
Karabakh, and Miskhan-Kafan tectonic zones) of the Lesser Caucasus permit reconstruction of the regional
taxonomic diversity dynamics of two groups of Early Cretaceous marine benthic invertebrates. Stratigraphical
ranges of 31 species and 14 genera of brachiopods and 40 species and 31 genera of gastropods are considered.
The total number of species and genera of brachiopods was low in the Berriasian—Valanginian and then rose
to peak in the Barremian. Then, the diversity declined in the Aptian, and brachiopods are not known region-
ally from the Albian. Gastropods appeared in the Hauterivian and experienced a strong radiation in the
Barremian. The diversity of species and genera declined in the Aptian (with a minor radiation in the Middle
Aptian), and no gastropods are reported from the Albian. Globally, the number of brachiopod genera remained
stable through the Early Cretaceous, and the number of gastropod genera increased stepwise with the maxi-
mum in the Albian. The regional and global patterns of the diversity dynamics differed for the both groups of
marine benthic invertebrates. The Barremian maximum of the taxonomic diversity coincided with the region-
al flourishing of reefal ecosystems. The taxonomic diversity dynamics of brachiopods in the Azerbaijanian
domains of the Lesser Caucasus is very similar to those of the Northern Caucasus, which is an evidence of
proximity of these regions during the Early Cretaceous.

Key words: brachiopods, gastropods, taxonomic diversity, transgression, Early Cretaceous, Lesser
Caucasus, Azerbaijan, Neo-Tethys Ocean.

Ancrpakr. [laneoHToNomkrn A0CTymHU monanu u3 AsepoOejuancku momeHa (Comkxut-Armam, CepaH-
Kapabaxy, n Muckxan-Kadan Tekroncke 30one) Manor KaBkasa m103B0OJbaBajy PEKOHCTPYKIH]y AWHAMHUKE
PETHOHATHNX TaKCOHOMCKHX Pa3sHOJIUKOCTHU JIBE IpyIe JOHBOKPEIHNX MOPCKHX OCHTOCKHX OeCKHYIMEHaKa.
Pasmartpan je crparurpadceku orcer 31 Bpere u 14 pogomosa 6paxuomnona u 40 Bpcta u 31 pox ractpomnoaa.
VYkyman 6poj OpaxmOINOACKUX BpCTa M POAOBa je OMo HU3aK y OepHjac-BalleHAWHY, a BPX Pa3HOIUKOCTH
JocTturao y 6apemy. 3aTuM, pa3HOJIMKOCT OMaja y amTy, a o ainbda Opaxromoay HUCY PETHOHAIHO TO3HATH.
IacTpomone cy ce mojaBuiie y OTPHUBY H JOXKHBEJA jaKy eKCHaH3ujy y O6apeMy. PasHommkocT BpcTa u pomoBa
omajga y anrty (ca MamOM CKCIIaH3MjOM Y CPEAIEM amTy), a HUjelaH TacTPOIo ce He IMojaBibyje onx ajoda.
I'mo6anHo, 6poj OpaxHOMOICKKX POIOBA OCTAO je CcTaOUIIaH TOKOM JIOHE Kpeie, a Opoj racTpoIroJCKUX poaoBa
je mocreneHo nosehaBaH, ca MAaKCUMyMOM Yy aiOy. PerrnoHaiHu ¥ mio0OaiHu 0Opaciiy TUHAMUKE Pa3idyu-
TOCTH pa3JIMKoOBajia Cy ce 3a 00e Tpyle MOPCKHX OCHTOCKMX OecKMuMemaka. bapeMCKH MakCHMyM TaKco-
HOMCKE Pa3HOJIMKOCTH ITOKJIONHO Ca PETHOHAJIHUM IIPOIBATOM I'peOEHCKOT ekocucrema. J[MHaMuKa Takco-
HOMCKE pa3HOJIMKOCTH Opaxuornofa y azepbejuanckum nenosuma Maior KaBkasa je Beoma ciimdHa OHUMa Ha
ceBepHOM KaBkasy, mTo je goka3 OJM3MHE OBUX PETHOHA TOKOM pPaHe Kpese.

KibyuHe peun: Opaxuorno/y, racTpornoin, TAKCOHOMCKa pa3HOBPCHOCT, TpaHCIpecHja, paHa Kkpena, Mamnu
Kagkas, Asep0Oejuan, Heoteruc.
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Introduction

Reconstructions of regional changes in taxonomic
diversity of marine organisms are highly important for
understanding spatial differences of biodiversity
changes registered with the available global palaeon-
tological data (SEpkoskl 1993, 2002; ALROY et al.
2008; PurDy 2008; ALrROY 2010). Particularly, the
fossil record of the Caucasus, a large region stretching
between the Black Sea and the Caspian Sea, is useful
for analysis of the Cretaceous biotic evolution (RUBAN
et al. 2011). Representative palaeontological data
from this region were already compiled and publi-
shed, but still unemployed for the analysis of diversi-
ty dynamics.

The present paper focuses on the Azerbaijanian
domains of the Lesser Caucasus (Fig. 1). Two groups
of marine benthic macroinvertebrates, namely brachio-
pods and gastropods, are common in the Lower Cre-
taceous deposits of the study area (AKOPJAN & KHALI-
LoV 1986; ALI-ZADEH 1988). These groups seem to be
suitable for the analysis of the regional taxonomic
diversity dynamics and its further comparison with
the global patterns. This study is a part of the palaeo-
biological re-evaluation of the information about Cre-
taceous marine invertebrates from the Caucasus (see
also RuBAN 2006, 2011a; RUBAN et al. 2011).

Geological setting

The Lesser Caucasus comprises a large southern
portion of the Caucasus (Fig. 1). It occupies Armenia
and parts of Azerbaijan and Georgia, as well as the
neighbouring parts of Turkey and Iran. According to
SHIKHALIBEYLI (1972), the Azerbaijanian domains of
the Lesser Caucasus include the Somkhit-Agdam,
Sevan-Karabakh, and Miskhan-Kafan tectonic zones
(the names are given in Russian transliteration). The
exact Mesozoic plate tectonic setting of the Lesser
Caucasus, which is a Gondwana-derived terrane (Ru-
BAN et al. 2007), has been debated (LORDKIPANIDZE et
al. 1984; GAMKRELIDZE 1986; GoLONKA 2004;
IsMAIL-ZADEH 2007; ADAMIA et al. 2011). This terrane
was located either in the midst of the Neo-Tethys
Ocean or near its northern periphery (e.g., STAMPFLI &
BoreL 2002; GoLONKA 2004) (Fig. 1). The Lesser
Caucasus was affected by active tectonic processes in
the Early Cretaceous, including hot-spot activity
(Az1zBEKOV et al. 1972; ISMAIL-ZADEH 2007; ADAMIA
et al. 2011; ROLLAND et al. 2009, 2011).

The regional Lower Cretaceous stratigraphy has
been developed, particularly, by KHALILOV & ALIYEV
(1972, 2007), AKOPJAN & KHALILOV (1986), ALI-
ZADEH (1988), and ALIYEV & KHALILOV (2007).
Generally, Lower Cretaceous deposits constitute the
carbonate- and volcaniclastic-dominated successions
with a total thickness of ~1500 m and more (KHALI-
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Fig. 1. Geographical location of the study area. Spatial dis-
tribution of the Lower Cretaceous deposits in the Lesser
Caucasus is shown schematically after KHALILOV & ALIYEV
(1972), AxoriaN & KHALILOV (1986), and ALI-ZADEH
(1988). Plate tectonic reconstruction for 120 Ma is simpli-
fied from ScOTESE (2004). Approximate position of the
Lesser Caucasus is shown according to GOLONKA (2004).

Lov & ALIYEV 1972, 2007; AKOPJAN & KHALILOV
1986; ALI-ZADEH 1988; ALIYEV & KHALILOV 2007)
(Figs. 2, 3). The Urgonian limestones and reefs are
abundant in the Barremian (JASAMANOV 1978; AKOP-
JAN & KHALILOV 1986; ALI-ZADEH 1988; AKHMEDOV
et al. 2003; ALIYEV & KHALILOV 2007; KHALILOV &
ALIYEV 2007) (Fig. 3). Clastic lithofacies are common
in the upper part of the regional Lower Cretaceous
succession (Fig. 2). The Lower Cretaceous deposits of
the study area were accumulated in a shallow-marine
open basin; the seawater was warm with normal salin-
ity (JASAMANOV 1978; ALI-ZADEH et al. 1982). The sea
was populated by different marine organisms, includ-
ing ammonites, belemnites, bivalves, brachiopods,
and gastropods (KHALILOV & ALIYEV 1972, 2007;
AKOPJAN & KHALILOV 1986; ALI-ZADEH 1988; ALIYEV
& KHALILOV 2007). Palaeobiogeographically, the fos-
sil assemblages belonged to the Mediterran—Cauca-
sian Subrealm (WESTERMANN, 2000).
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Fig. 2. The stratigraphical outline of the Lower Cretaceous
deposits of Azerbaijan. Lithology and regional transgres-
sions are based on information summarized by KHALILOV
& ALIYEV (1972, 2007), AKOPIAN & KHALILOV (1986),
ALI-ZADEH (1988), and ALIYEV & KHALILOV (2007);
chronostratigraphy after GRADSTEIN et al. (2012) (see the
updated time scale on-line: stratigraphy.org); global eusta-
tic fluctuations after HAQ (2014). Regional transgressions
should be distinguished from global eustatic changes, be-
cause the latter did not necessarily appear regionally.

The available stratigraphical information (KHALI-
Lov & ALIYEV 1972, 2007; AKOPJIAN & KHALILOV
1986; ALI-ZADEH 1988; ALIYEV & KHALILOV 2007)
permits to indicate five regional transgressions (Fig.
2). These are interpreted on the basis of consideration
of relative spatial distribution of marine deposits, ero-
sional surfaces, and transgression surfaces. For
instance, the limited occurrence of the pre-Barremian
deposits in the Azerbaijanian domains of the Lesser
Caucasus relatively to the distribution of the
Barremian desposits implies landward shoreline shift,
i.e., transgression (sensu CATUNEANU 2006), peaked in
the Barremian. The largest was the Albian transgres-
sion (JaAsaMANOV 1978; KHALILOV & ALIYEV 2007),
which coincided with the global long-term sea-level
rise (HAQ 2014) and was, probably, triggered by the
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Fig. 3. Correlation of three Lower Cretaceous reference
sections (1 — Dashalty, 2 — Dolanlar, 3 — Dashushen) in the
Azerbaijanian domains of the Lesser Caucasus (based on
the information from ALIYEV & KHALILOV 2007). These
sections are given as examples; many other sections and
outcrops are also known in the study area, and they were
investigated by KHALILOV & ALIYEV (1972, 2007), AKOP-
JAN & KHALILOV (1986), ALI-ZADEH (1988), and ALIYEV &
KHALILOV (2007). Formal lithostratigraphical units are yet
to be established for the study area. Chronostratigraphy fol-
lows GRADSTEIN ef al. (2012) (see the updated time scale
on-line: stratigraphy.org).

latter. Deposits of this age are the most widely distrib-
uted among the Lower Cretaceous sedimentary pack-
ages (ALI-ZADEH 1988; ALIYEV & KHALILOV 2007;
KHALILOV & ALIYEV 2007). This transgression took
place in the Middle Albian, and it is documented lo-
cally by transgressive surface between the Middle
Albian and underlying deposits (ALIYEV & KHALILOV
2007; KHALILOV & ALIYEV 2007).

Materials and methods

This study employs regional and global stratigraph-
ical ranges of Early Cretaceous brachiopods and gas-
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tropods. The regional data on brachiopods (Appendix
1) were taken from AKOPJAN & KHALILOV (1986) and
ALI-ZADEH (1988) with certain updates (e.g., Cyrto-
thyris pseudosella (LOBATSCHEVA) and Praelogithyris
pseudosella LOBATSCHEVA given as two distinct spe-
cies in the original data source seem to be synonyms;
Cyclothyris gillieroni PICTET, C. picteti BURRIL, and C.
renauxiana D’ ORBIDNY can be attributed to the genus
Lamellaerhynchia). The work by AKOPJIAN & KHALI-
LOV (1986) synthesizes the information on the region-
al stratigraphy, and, among others, it lists common
brachiopod taxa. The chapter by ZEYNIYEV & LOBA-
TSCHEVA in ALI-ZADEH (1988) is the first comprehen-
sive taxonomic review of Cretaceous brachiopods
from Azerbaijan, which remains essential source of
the relevant information up to nowadays. These data
are the result of regional sampling of many Early Cre-
taceous fossil localities in the Azerbaijanian domains
of the Lesser Caucasus. The global generic diversity
of brachiopods was established by CURRY & BRUNTON
(2007). The regional data on gastropods (Appendix 1)
were extracted from ALI-ZADEH (1988). ALIYEV in
ALI-ZADEH (1988) reviewed all available information
about Early Cretaceous taxa reported from Azerbai-
jan, including those described earlier by ALIYEV
(1963). As in the case of brachiopods, the above-men-
tioned data were collected during sampling of many
localities, and it is regionally representative. The
global data on gastropods were taken from the compi-
lation of SEPKOSKI (2002; see database on-line:
http://strata.geology.wisc.edu/jack/start.php).

For the purposes of this quantitative analysis, two
regional datasets were composed (Appendix 1). The
first of them comprises stratigraphical ranges of 31
species of brachiopods belonging to 14 genera. The
second dataset shows the stratigraphical distribution
of 40 species of gastropods belonging to 31 genera.
The presence of taxa is recorded at the scale of stages,
but the distribution of Early Hauterivian—Middle Ap-
tian gastropods (Late Aptian taxa were not reported at
all) is also recorded at the level of substages (Ap-
pendix 1). All regional data were collected from
numerous localities within the study area. As the data
are given in the original sources, they characterise the
entire region (not individual sections or outcrops),
which is typical for palaeontological syntheses from
the former USSR. Such information is very suitable
for palaeobiological studies (see RUBAN (2011b) for
discussions).

The present quantitative analysis of the regional
taxonomic diversity dynamics of brachiopods and
gastropods includes evaluation of the total diversity
(=total number of taxa), the number of appearances,
and the number of disappearances by stages of the
Early Cretaceous. Appearances and disappearances
are preferred to originations and extinctions respec-
tively, because the formers could be only temporal in
regional records (see RUBAN & VAN LooN 2008). This

analysis is done for both species and genera. For fur-
ther comparisons of diversity patterns, the global
changes in the total number of brachiopod and gastro-
pod genera are also considered (no data on the global
number of species are available). The taxonomic di-
versity dynamics are described herein at the level of
stages. This resolution enables direct comparisons
with the global diversity trends. Uncertainties related
to different understandings of substages are avoided
(cf. RuBAN & vAN LooN 2008). Also, a major part of
the original data is attached to stages only. However,
the available information on gastropods allows a ten-
tative reconstruction of their diversity dynamics on
the level of substages.

This study is based on the Early Cretaceous chro-
nostratigraphical framework established by the Inter-
national Commission on Stratigraphy (GRADSTEIN et
al. 2012; see the updated time scale on-line: stratigra-
phy.org). Some cautions are necessary when using
data from the older palacontological literature (RUBAN
2011b). Particularly, there may be some differences
between the regionally established Lower Cretaceous
stages (KHALILOV & ALIYEV 1972, 2007; AKOPJAN &
KHALILOV 1986; ALI-ZADEH 1988; ALIYEV & KHALI-
LoV 2007) and the actual global stages (GRADSTEIN et
al. 2012; see the updated time scale on-line: stratigra-
phy.org). A brief examination of the regional bios-
tratigraphy (KHALILOV & ALIYEV 1972, 2007; AKOP-
JAN & KHALILOV 1986; ALI-ZADEH 1988; ALIYEV &
KHALILOV 2007) suggests that some stage boundaries
may be replaced downwards or upwards by about a
triple of the stage length, but their exact position can
be fixed only after detailed special investigations, and
this is not the purpose of the present paper. However,
the possible influence of the noted problem is consid-
ered in the interpretations of the results of this study
(e.g., minor diversity changes are supposed to be
within the error, and, thus, they are ignored). It should
be also noted that the stratigraphical ranges employed
for the purposes of the present study are based on gen-
erally consistent chrono- and biostratigraphical frame-
works used in the original sources (AKOPJAN & KHA-
LILOV 1986, ALI-ZADEH 1988), and no major errors
linked to differences in stage understanding in differ-
ent works are expected.

Results

The number of brachiopod taxa changed signifi-
cantly in the Azerbaijanian domains of the Lesser Ca-
ucasus during the Early Cretaceous (Fig. 4). Few bra-
chiopods are reported from the Berriasian and Valan-
ginian deposits. However, the total brachiopod diver-
sity increased in the Hauterivian and duplicated in the
Barremian. The Aptian brachiopod assemblages were
poor again, and the Albian brachiopods are unknown.
The number of appearances tended to remain below
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Fig. 4. Regional taxonomic diversity dynamics of Early Cretaceous brachiopods in
the Azerbaijanian domains of the Lesser Caucasus. Changes in the global number of
brachiopod genera (after CURRY & BRUNTON 2007) are given for reference.
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Fig. 5. Regional taxonomic diversity dynamics of Early Cretaceous gastropods in the
Azerbaijanian domains of the Lesser Caucasus. Changes in the global number of gas-
tropod genera (on the basis of data from SEPKOSKI 2002) are given for reference.

the number of disappearances
(except for the Hauterivian).
The Barremian total diversity
maximum is a result of 16 spe-
cies appearances in this stage
and only 3 species disappear-
ances in the Hauterivian. Very
similar patterns of the generic
diversity dynamics are regis-
tered (Fig. 4).

The number of gastropod
taxa also varied during the
Early Cretaceous (Fig. 5). The
first gastropod taxon appeared
regionally in the Hauterivian.
The Barremian stage is char-
acterised by a strong radiation
of gastropods. The total diver-
sity declined by about a half in
the Aptian, but they remained
relatively diverse in this stage.
No gastropods are reported
from the Albian deposits of
the study area. The Barremian
diversity maximum was a re-
sult of striking increase in the
number of appearances in this
stage. 27 species disappearan-
ces in the Barremian and only
8 species appearances in the
Aptian reduced the gastropod
diversity in the latter stage. As
in the case of brachiopods, ve-
ry similar patterns of the gene-
ric diversity dynamics are reg-
istered (Fig. 5). Consideration
of the total diversity dynamics
at a higher resolution demon-
strates that gastropods radiat-
ed gradually through the
Barremian, and their diversity
increased slightly in the Mid-
dle Aptian to be followed by
the total disappearance of gas-
tropods already in the late Ap-
tian (Fig. 6).

The comparison of the regi-
onal taxonomic diversity dy-
namics of the two groups of
marine benthic invertebrates
(Figs. 4, 5) implies that the
both reached the maximum in
their total species and generic
diversity in the Barremian.
However, the brachiopod as-
semblages were more diverse
in the Hauterivian than in the
Aptian, whereas gastropods
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were relatively diverse in the Aptian and much less
diverse in the Hauterivian. In other words, brachiopods
experienced a gradual radiation and less gradual
decline (Fig. 4), whereas gastropods experienced a
strong radiation and gradual decline (Figs. 5, 6).

Moreover, these fossils were more similar by changes
in the total number of genera on a regional scale than
on a global scale. Therefore, it is unlikely that the re-
gional taxonomic diversity dynamics was controlled
by the global changes in the number of taxa. Of cour-
se, this conclusion is valid if
no bias is significant. For in-
stance, the restricted distribu-
tion of pre-Barremian strata
(ALiyev & KHALILOV 2007
KHALILOV & ALIYEV 2007)
may explain the low number
of brachiopods and gastropods
reported from them. The in-
vestigations that provided data
for the compilations of AKOP-
JAN & KHALILOV (1986) and
ALI-ZADEH (1988) were regio-
nal in scale essentially. As
shown in their works, each in-
terval was studied with an
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Fig. 6. Regional taxonomic diversity dynamics of Hauterivian—Aptian gastropods in
the Azerbaijanian domains of the Lesser Caucasus calculated per substages. The
names of the regional sub-stages are not capitalized, because these units are provi-

sional.
Discussion

Globally, the total generic diversity of brachiopods
remained stable in the Early Cretaceous, which is dif-
ferent from the regional pattern (Fig. 4). The maxi-
mum in the total diversity that occurred in the Azer-
baijanian domains of the Lesser Caucasus is not estab-
lished globally. And, vice versa, brachiopod commu-
nities were poor or absent regionally, when this group
diversified globally. Gastropods experienced a step-
wise diversification on a global scale, which contrasts
with the regional changes in the number of genera
(Fig. 5). The only Barremian regional diversity maxi-
mum coincided with the onset of the late Early Cre-
taceous diversification, but the latter was not as strik-
ing global feature as the above-mentioned regional
strong radiation of gastropods. Moreover, the global
diversity of these fossils peaked in the Albian, where-
as no gastropods of this age are reported from the
Azerbaijanian domains of the Lesser Caucasus.

This comparison suggests that there was a funda-
mental difference between the regional and global di-
versity dynamics of both brachiopods and gastropods.

| equal attention. Thus, it is un-
likely that sampling bias affect
the taxonomic diversity recon-
structions presented in this
paper. As for the preservation
bias, carbonate rocks, which
are favourable for fossil pres-
ervation, are frequent in the
entire Lower Cretaceous suc-
cessions of the study territory
(KHALILOV & ALIYEV 1972,
2007; AKoPJIAN & KHALILOV
1986; ALI-ZADEH 1988; ALIYEV
& KHaLiLov 2007) (Fig. 2).

Some regional palaeoenvironmental controls on
diversity should be considered. The geological infor-
mation summarized by KHALILOV & ALIYEV (1972,
2007), AkorJaAN & KHALILOV (1986), ALI-ZADEH
(1988), and ALIYEV & KHALILOV (2007) allows to out-
line several landward shoreline shifts that occurred in
the Azerbaijanian domains of the Lesser Caucasus and
either coincided with or differed from the global
eustatic changes (HAQ 2014) (Fig. 2). It is unlikely
that these transgressions (Fig. 2) were an ultimate
control on the regional taxonomic diversity dynamics
of either brachiopods or gastropods because of their
different correspondence to the diversity changes
(Figs. 4, 5). However, it cannot be excluded that the
transgression peaked in the Barremian facilitated (or,
at least, did not preclude) the rapid diversification of
marine benthic macroinvertebrates, and the Aptian
transgressions were, probably, responsible for the mi-
nor radiation of gastropods (Fig. 6). Interestingly, the
global dibersity of brachiopods (Fig. 4) and gas-
tropods (Fig. 5) also did not correspond to the long-
term eustatic changes reconstructed by HAQ (2014)
(Fig. 2).
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Another possible palacoenvironmental control on
the reconstructed diversity dynamics was seawater
temperature. It was evaluated regionally on the basis
of isotope studies of benthic molluscs and belemnites.
Results from such studies should be used with caution
because of certain difficulties with isotopic data inter-
pretation (e.g., LONGINELLI 1996, pers. comm.). The
investigation by Jasamanov (1978) showed some
cooling druing the late Early Cretaceous. The seawa-
ter temperature dropped by 4-5 °C down to ~18 °C.
Still, the water remained warm, and the basin was sit-
uated in or near the tropical climatic belt (JASAMANOV
1978). The palaeotemperature analysis by ALI-ZADEH
et al. (1982) showed cooling in the marine basin of
Eastern Azerbaijan from ~22 °C to ~16 °C during the
Valanginian—Barremian and then warming to ~22 °C
in the Albian. The above-mentioned data from
JasaMaNOV (1978) do not permit to judge about direct
influences of seawater temperature on the fossil diver-
sity. The results of ALI-ZADEH et al. (1982) imply that
the diversity maximum was reached when the seawa-
ter was the coldest. If the latter is true, this is an unu-
sual coincidence (one would expect fauna flourishing
in warm-water conditions), and further investigations
are necessary to confirm and to explain this.

The Barremian deposits of the Azerbaijanian do-
mains of the Lesser Caucasus bear reefs with diverse
corals (AKOPJAN & KHALILOV 1986; ALI-ZADEH 1988;
AKHMEDOV et al. 2003) (Appendix 2). It is broadly
accepted that coral ecosystems sustained high taxo-
nomic diversity in the geological past (KIESSLING et
al. 2010). The Urgonian facies with reefs are estab-
lished in the study area (JASAMANOV 1978; AKOPJAN
& KHALILOV 1986; ALI-ZADEH 1988; ALIYEV & KHA-
LiLov 2007; KHALILOV & ALIYEV 2007). These are
also typical for many European regions (CSASZAR
2002; IDAKIEVA & IvaNOv 2002; MASSE et al. 2003,
2009; BODIN et al. 2006; GODET et al. 2010; MILLAN
et al. 2011; STEIN et al. 2012; CAREVIC et al. 2013;
GODET 2013; Huck et al. 2013; MASSE & FENERCI-
Masse 2013), where they were formed in environ-
ments favourable for diversification of benthic inver-
tebrates. The development of reefal ecosystems in the
Barremian provides a plausible explanation of the
strong diversification of brachiopods and gastropods
relatively to Hauterivian and Aptian intervals. Any-
way, the low diversity of these benthic macroinverte-
brates in the Berriasian and the Valanginian, we well
as their absence in the Albian remain enigmatic, be-
cause the regional palacoenvironments (relatively
shallow-water and warm seas with carbonate sedi-
mentation) do not appear restrictive for diverse fossil
communities (Fig. 2).

Globally, the Barremian is not known as a stage with
the highest global distribution of reefs. Their quantity
rose gradually through the Early Cretaceous, but the
peak (not as pronounced as that of the Late Jurassic)
was reached near the end of this epoch (KIESSLING et al.

1999; see also BoGGs 2006). The global generic diver-
sity of Barremian corals (LOSER 1996, 2005) was high,
but not as exceptionally high (relatively to older and
younger stages) as it was regionally (ALI-ZADEH 1988).
Probably, the regional growth of reefal ecosystems in
the only Barremian explains why the diversity maxi-
mum of marine benthic invertebrates is registered in the
Azerbaijanian domains of the Lesser Caucasus, but not
globally in this stage.

The quantitative analysis by RuBan (2011a) per-
mitted to register the taxonomic diversity dynamics of
brachiopods in the Northern Caucasus, i.e., the north-
ern part of the Greater Caucasus Basin. This dynam-
ics can be compared with the diversity patterns estab-
lished by the present study. The two regions are now
located in the proximity of each others, but their rela-
tive position during the Early Cretaceous remains
quite uncertain because of debates on the exact plate
tectonic location of the Lesser Caucasus (LORDKIPA-
NIDZE et al. 1984; GAMKRELIDZE 1986; GOLONKA
2004; ISMAIL-ZADEH 2007; ADAMIA et al. 2011).
However, it is clear that the Lesser Caucasus was lo-
cated to the south of the Greater Caucasus and within
the same tectonic sector of the Neo-Tethys Ocean.

The total brachiopod species diversity in the
Azerbaijanian domains of the Lesser Caucasus was
lower than that in the Northern Caucasus in the Ber-
riasian, the Valanginian, and the Albian (Fig. 7). How-
ever, the total species number changed very similarly
in these regions, and the Barremian diversity maxi-
mum was reached synchronously (Fig. 7). The total
brachiopod generic diversity in the Azerbaijanian do-
mains of the Lesser Caucasus was lower than that in
the Northern Caucasus during the Early Cretaceous,
except for the Barremian and the Aptian. The only dif-
ference in the generic diversity dynamics between the
two compared regions is the peak that was reached in
the Barremian in the Azerbaijanian domains of the
Lesser Caucasus and in the Hauterivian in the North-
ern Caucasus. Such a similarity of the brachiopod tax-
onomic diversity dynamics between the two regions
can be treated as an indirect evidence of their proxim-
ity in the Early Cretaceous. This matches the scenario,
where both regions were situated at the northern mar-
gin of the Neo-Tethys Ocean. The comparison of as-
semblage composition between the Azerbaijanian do-
mains of the Lesser Caucasus and the Northern
Caucasus (RuBaN 2011a) indicates certain number of
common species and genera, which supports the con-
clusion about their proximity.

Conclusions

The quantitative analysis of the Early Cretaceous
taxonomic diversity dynamics of two groups of mari-
ne benthic invertebrates, namely brachiopods and gas-
tropods, allows some conclusions:
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Fig. 7. Regional changes in the total number of species and genera of brachiopods in the Azerbaijanian domains of the Lesser

Caucasus and the Northern Caucasus (after RuBan 2011a).

e the number of species and genera of brachiopods
increased in the Hauterivian, peaked in the Barremian,
and dropped rapidly in the Aptian;

e the number of species and genera of gastropods in-
creased in an strongly in the Barremian and then de-
clined in the Aptian;

e the regional and global changes in the total generic
diversity differed for each fossil group;

o the regional development of reefal ecosystems in the
Barremian was likely responsible for the regional
diversity maximum of marine benthic macroinverte-
brates;

o the patterns of the taxonomic diversity dynamics of
brachiopods were similar between the study area and
the Northern Caucasus.

Further investigations should be aimed at evaluati-
on of the Early Cretaceous diversity dynamics of such
fossil groups as ammonites and belemnites. Sequence
stratigraphical architecture and palaeoenvironmental
changes also need accurate reconstruction to judge
about the possible extrinsic controls on the fossil
diversity.
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Pe3nme

JIMHAMHKA TAKCOHOMCKE Pa3HOBPCHOCTH
JAO0H0KPeIHNX Opaxuonoaa u my:keBa y
A3sepOejuanckum odiaactuma Masior
KaBka3a (Heo-Tetuc)

®docnnan Hanmasn KaBkasa, Benuke 001acTu Koja ce
npotexe usMehy Lpaor mopa u Kacnmjckor mopa, je
KOPUCTAaH 3a aHAIM3y OWOTHYKE EBONYIHjE Kpere.
Bpaxuononn u myXeBu Cy 4YeCTH y TOHOKPEIHUM Ha-
cmarama y AszepOejuanckum obmactuma Mamor Kas-
kaza. OBe ¢ocuiHe Tpyme Cy IMOTOJHE 3a aHaIN3y
pEeTHoHaNTHE TWHAMHKE TaKCOHOMCKE Pa3HOBPCHOCTH
Kao ¥ 32 HeHO JaJbe Mmopehemy Ha ITo0aTHUM HUBOY.
Azepbejirancke obmacti Manor KaBkasa oOyxBarajy
Comxurt-Armam, CeBan-Kapabax m Mucxan-Kadan
TeKTOHCKe 30He. CeqnMeHTe Jo’me Kpele YhHEe Kap-
OoHATH W BYIKAHOKIIACTHTH, KOjH JIOMHUHHPA]Y Y
CyKIlecHjaMa YKyITHe ne0spuHe ox ~ 1500 m u Buire.
VY 0Boj cTynuju KopumiheHu cy Mojany KOju ce Of-
HOCE Ha PErrMOHANHO M CTpaTHrpadCcKo pacrpocTpa-
Bemhe JTOBOKPEAHNX Opaxuomnona u myxkesa. Cadu-
IBEHE Cy JIBe pernoHairHe Oa3e momaraka. [IpBa
oOyxBara cTpaTurpadcko pacmpocTtpamemne 31 Opa-
XHUOIOJICKE BPCTe, KOju mpunanajy 14 pomosa. JIpyra
0a3a mopmaraka NpuKaszyje cTparurpadcko pacmpo-
cTpameme 40 BpcTa mykeBa kKoju npumnanajy 31 pomy.
KBanTurtaruBHa aHanmmsa oOyxBaTujia je TPOIEHY
YKyIIHE Pa3HOBPCHOCTH TaKCOHA, Kao OpOj HHXOBOT
MOjaBJbHBaba W HWINYE3aBaFhba TOKOM JOHE Kpee.
bpoj Opaxmomnoackux TakCoHa 3HAYAjHO CE€ MPOMEHNO
y Asepbejiranckoj odmactuma Manor Kaskas 3a Bpe-
Me aome Kpeme. M3 Oepjackux W BalaHAMHCKUX
ceMMeHaTa TI03HaTO j€ caMO HEKOJIHMKO OpaxHomoi-
CKMX TakcoHa. MehyTum, yKkymHa pa3HOBPCHOCT
Opaxmonoza mosehasa ce y orpuBy, a gymmpa y Oa-
pemy. TokoMm anta GpaxHOMOJCKE 3ajeAHUIIE TOHOBO
MOCTajy CHPOMAIIIHE, a Y a0y Cy MOTIIYHO HEeTIO3HaTe.
bpoj ractpomonckux TakcoHa Takolhe Bapupa TOKOM

nome Kpene. [IpBH TacTpOMOACKH TaKCOH Yy
MPOyYaBaHOM MPOCTOPY T0jaBHO ce Yy OTpuBY. ba-
PEMCKH BeK ce KapaKTepHIlle 3Ha9YajHOM PaJ¥jallijoM
myxeBa. TOKOM anTa BUXOBa YKYITHA Pa3HOBPCHOCT
olajia W yrojia je Mama, MaJia Cy HWIaK U Jabe pe-
JIATUBHO PAa3HOBpCHH. Hamaciu ractroporoga HUCY
MOTBpheHN W3 alOCKWX Hacjara MmpoydaBaHOT TO-
pydja. Y anOckum ceiuMeHTHMA IPOYYaBAHOT MOJPY-
gja MyXBU TOTIYHO H30CTajy. Ilopeheme muHamumke
pETMOHAIHE TAKCOHOMCKE Pa3sHOBPCHOCTH OBE JIBE
TpyTe MOPCKUX OEHTOCKHX OeCKHIMemaKa yKa3yje Ha
TO Ja cy 00e TpyIe JOCTUTIIE MAKCUMYM Y YKYITHOM
Opojy BpCcTa W TEHEpPHUYKE Pa3HOBPCHOCTH y Opemy.
Mehytum, kox Opaxuorona je AOIUIO 10 TOCTeNeHe
paaujanyje u OpXKer onafiamba Pa3HOBPCHOCTH, JIOK je
KOJ| Ty’KeBa pajavjanyja Onuia u3pakeHnja u OuIo je
MPUCYTHO MOCTENCHO OMajafkhe Pa3HOBPCHOCTH TaK-
cona. IlocTojana je ¢pyHmaMeHTagHa pa3iauka u3mehy
peruoHaNHe U I00ATHE TMHAMUKE TUBEP3UTETA KAKO
KojI Opaxuoriofia Tako U kox myxesa. llITaBuie, oBu
(docunn mokazyjy Behy CIMYHOCT y mpomMeHama
YKyITHOT Opoja po/loBa Ha PETHOHAIHOM HHBOY HETO
mTO je To OMo CiTydaj Ha TIo0aTHOM HHBOY. Maio je
BEpPOBaTHO Ja Cy pEerHoHallHE TpaHCTpecHje Owie
JIaBHU (DaKTOp KOjU je KOHTPOJIMCAO AWHAMUKY pe-
THOHAIIHE PAa3HOBPCHOCTH Opaxnomoja M jekeBa.
3aHUMJIBHBO j€ Ja TII00aTH! AUBEP3UTET Opaxuomnoaa
U Iy’XKeBa Takol)e He O/roBapaj MYTOPOYHHUM IpOMe-
HamMa HUBa Mopa. Pa3Boj CHpyqHHX eKocHcTeMa Yy
Oapemy Om Morao na Oyae oOjalImerme 3a BEJHKY
Pa3HOBPCHOCT OpaxHMoIoia U My>KeBa y OJHOCY Ha OT-
pPHBCKE W anTcke wHTepBasie. Ha mioGanmHoM HHUBOY
OapeM HHje TTO3HAT Kao Bek ca HajehuM pacmpocTpa-
BEHEM CcrpynoBa. buxoBa GpojHOCT je mocTeneHo
pacia TOKOM JIOEe KpeJie, alld Cy BPXyHal[ JOCTUTIIN
TEK KpajeM OBe eroxe. BepoBaTHO Ja peruoHaNHU
pacT cHpymaHHX eKocucTemMa y Oapemy oOjamrmaBa
300T yera je MaKCUMyM Pa3HOBPCHOCTHA MOPCKUX OeH-
TOCKHX OecknuMemaka 3abenexeH y AsepOejyan-
ckuM obnactuma Manor KaBkasa anv He u Ti100aTHO
y OBOM OeKy. BjepoBaTHO, pernoHaiHu pact CIpyj-
HUX eKocHcTemMa caMo y bapemy o0jamimbaBa 3amTo
MaKCHMAJIHA Pa3HOBPCHOCT MOPCKUX OECKHUIMEHaKa
OCHTOCHUM je¢ PEerucTpoBaHa y A3epOejllaHCKUM J0-
MeHnMa Manu KaBkas, anu He 11o0aiHo y OBOM KaTy.
CIMYHOCT y MTUHAMUIM Pa3HOBPCHOCTU OpaxuoIof-
ckux TakcoHa u3Mel)y AszepOejpanckux obmactu
Mamnor Kakaza n CeBepHor KaBkaza je MHAUpEKTaH
JI0Ka3 HHUXOBE ONM3MHE TOKOM J0me Kpene. Jlamba
HCTpakuBama OM Tpebdajo 1a uMajy 3a IJb MPOICHY
JNOBOKpEIHEe JIMHAMHKE JHUBEp3UTETa (HOCHITHHX
rpyIma Kao mMTo ¢y aMOHUTH U OeneMHUTH. CTpyKTYpa
CEeKBEHTHE cTparurpaduje Kao W TPOMEHE Ialieo-
CpeauHe Takohe 3aXTeBajy IPeUn3Hy PEKOHCTPYKIIH]Y
Kako OW MOTIIO na ce cynd o Moryhoj CIIoJbalImkoj
KOHTPOJIY ()OCHITHOT JIUBEP3UTETA.
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Appendix 1. Stratigraphical distribution of Early Cretaceous brachiopods and gastropods in the Azerbaijanian domains of
the Lesser Caucasus. Based on data from AKOPJAN & KHALILOV (1986) and ALI-ZADEH (1988) with improvements. See text
for more explanations.

BRACHIOPODS
Stages
s | £ | £ | s
Taxa é .%D &E § F .
2l | 2| &] %%
Cruralina cruralinica SMIRNOVA X
Cyclothyris ardescica (JACOB et FALLOT) X X
Cyclothyris castellanensis (JACOB et FALLOT) X X
Cyclothyris contractoides JACOB et FALLOT X
Cyclothyris irregularis (PICTET) X X
Cyclothyris kiparisovae (MOISSEEV in LOBATSCHEVA) X
Cyclothyris larwoodi (OWEN) X
Cyclothyris lata (D'ORBIGNY) X X X
Cyclothyris tenuicostata LOBATSCHEVA X
Cyrtothyris kentugajensis (MOISSEEV) X

Cyrtothyris middlemissi Calzada X
Cyrtothyris minor (LOBATSCHEVA)

Cyrtothyris pseudosella (LOBATSCHEVA)

Dzirulina marianovkaensis (MOISSEEV in SMIRNOVA)
Fortunella decipiens (D'ORBIGNY)

Lacunosella cherennensis (JACOB et FALLOT) X
Lacunosella malbosi (PICTET) X X
Lamellaerhynchia gillieroni (PICTET)

Lamellaerhynchia picteti BURRI

Lamellaerhynchia renauxiana (D'ORBIGNY)
Loriolithyris russillensis (DE LORIOL) X
Moutonithyris karakaschi MOISSEEV

Moutonithyris moutoniana ('DORBIGNY)
Nucleata cf. strombecki (SCHLOENBACH)
Sellithyris campichei (PICTET) X X
Sellithyris sella (SOWERBY) X
Terebrirostra? aff. neocomiensis D'ORBIGNY X
Terebrirostra taurica (MOISSEEV) X
Torquirhynchia astierana (D'ORBIGNY) X
Torquirhynchia aurea (ELLIOTT) X
Tropeothyris salevensis (DE LORIOL) X

X[IX[X|IX|X[X|X]|X[X|X]|X|X]|X

X
X

X
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Taxa

n
—
oo
[4)=}
o
w

Berriasian

Valanginian

Hauterivian

Barremian

Albian

Ampullospira kurdistanica (ALIEV)

X | Aptian

Ampullospira subupensis ALIEV

X

Archimedea archimedi (ORBIGNY)

X

Balkanella garthisensis (ALIEV)

Campichia azerbaijanensis ALIEV et LYSSENKO

Campichia margaritae ALIEV et LYSSENKO

Columbellina maxima LOR.

Confusiscala sp.

Contortella cylindrica ALIEV

Contortella tuberculata ALIEV

X

Culindrobulina geuialensis ALIEV

Cylindroptyxis pellati (COSSMANN)

Dalmatea bicarinata ALIEV

Diozoptyxis coquandi (ORBIGNY)

Diozoptyxis renauxi (ORBIGNY)

Diozoptyxis traversensis PICT. et CAMP.

Diptyxiella transcaucaucasica ALIEV et LYSSENKO

Diptyxis subdistincta ALIEV

Funiptyxis pcelincevi ALIEV

Harpogodes pelagi (BRONG.)

Helicaulax caucasicum ALIEV

XXX [X[X[|X]|X]|X]|X][|X

Lissochilus subantonii (ALIEV)

Lyosoma capduri COSSMANN

Microchiza nickchici PCELINCEV

Neoptyxis formosa PCELINCEV

Nerinella algarbiensis CHOFF.

Oonia pseudoovalis ALIEV

Phaneroptyxis arnaudi (MATH.)

Phaneroptyxis balkanensis (PCELINCEV)

X|IX|X|X|X[X[X

Pleurotomaria subjaccardi PCELINCEV

Proacirsa provencali COSSMANN

Purpuroidea pcelincevi ALIEV

Salinea alizadei (ALIEV)

Salinea pseudobella (DVALI)

Sculpturea fogdtiana (MORT.)

Trochonatica bruguierii (MATH.)

Tylostoma depressum PIC. et CAMP.

Tylostoma paranaticoide ALIEV

Tylostoma rochatianum PIC. et CAMP.

Umbanea favrei ALIEV

X[X[|X|X|X[X]|X
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GASTROPODS (listed per substages)

Taxa

Substages

Early Hauterivian

Late Hauterivian

Early Barremian

Late Barremian

Early Aptian

Ampullospira kurdistanica (ALIEV)

X | Middle Aptian

Ampullospira subupensis ALIEV

X

Archimedea archimedi (ORBIGNY)

X

Balkanella garthisensis (ALIEV)

Campichia azerbaijanensis ALIEV et LYSSENKO

Campichia margaritae ALIEV et LYSSENKO

Columbellina maxima LOR.

Confusiscala sp.

Contortella cylindrica ALIEV

X

Contortella tuberculata ALIEV

X

Culindrobulina geuialensis ALIEV

Cylindroptyxis pellati (COSSMANN)

Dalmatea bicarinata ALIEV

Diozoptyxis coquandi (ORBIGNY)

Diozoptyxis renauxi (ORBIGNY)

Diozoptyxis traversensis PICT. et CAMP.

Diptyxiella transcaucaucasica ALIEV et LYSSENKO

Diptyxis subdistincta ALIEV

Funiptyxis pcelincevi ALIEV

Harpogodes pelagi (BRONG.)

Helicaulax caucasicum ALIEV

XXX [X[X]|X]|X]|X]|X][X

Lissochilus subantonii (ALIEV)

Lyosoma capduri COSSMANN

Microchiza nickchici PCELINCEV

Neoptyxis formosa PCELINCEV

Nerinella algarbiensis CHOFF.

Oonia pseudoovalis ALIEV

Phaneroptyxis arnaudi (MATH.)

Phaneroptyxis balkanensis (PCELINCEV)

X|IX|X|X|X[X[X

Pleurotomaria subjaccardi PCELINCEV

Proacirsa provencali COSSMANN

Purpuroidea pcelincevi ALIEV

Salinea alizadei (ALIEV)

Salinea pseudobella (DVALI)

Sculpturea fogdtiana (MORT.)

Trochonatica bruguierii (MATH.)

Tylostoma depressum PIC. et CAMP.

X | X|X|X

TBylostoma paranaticoide ALIEV

Tylostoma rochatianum PIC. et CAMP.

Umbanea favrei ALIEV

XXX |[X[X][X]|X
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Appendix 2. Stratigraphical distribution of Early Cretaceous coral genera in the Azerbaijanian domains of the Lesser
Caucasus. Only Barremian and Aptian taxa were reported from this region. Based on data from ALI-ZADEH (1988) with
improvements.

Stages

Taxa
Barremian Aptian

X

Actinastrea

Clausastrea

Cryptocoenia

Dimorphocoenia

Eohydnophora

Eugyra

Holocystis

Hydnophoromeandraraea

Mesomorpha

Metaulastraea

Microsolena

Placocolumastrea

Polyphylloseris

Pseudopolytremacis

Rhipidomeandra

Stelidioseris

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

Thecosmilia
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Abstract. The notion of (geological) formation has gradually developed through mostly German terms:
from ein Gebirge, which was used by Saxon miners for several centuries (AGRICOLA), then Schichten, Bergart
(LEHMANN) and serie montana (FUCHSEL) to Gebirgsart (WERNER). The term ‘formation’ was introduced by
WERNER in 1791 and its meaning was clearly defined around 1800. He included the notion of “formation” into
his system of “geognostic structures”: mineral; rock (layer); formation; Earth’s crust. Therefore, it was an
equivocal term from the start. It implied a geological body of certain composition, genesis and superposition
(i.e. time of origination). After Werner, the term ‘formation’ was used in different ways, mostly as a synonym
for a ‘system’, until 1881 when such use was forbidden. The original Wernerian sense of the term ‘formation’
(as a unit in geological levels of organisation: mineral-rock—formation—geosphere—planet) with an intention-
ally equivocal meaning was not restored until the second half of the twentieth century.

Key words: formation, Gebirge, Gebirgsart, seriec montana, Fuchsel, Werner.

AmncTpakT. Y pajsy ce TpeTupajy IojaM M TepMHH (Teosomrka) Gopmaryja npemMa oHOME IITa Cy O TOMe
nucaian Arpukona, Jleman, @yxcen u BepHep. Ilojam ce pa3BHjao MOCTENEHO M3 BHIIEBEKOBHE IpaKce
CaKcOHCKUX pynapa (,,en Gebirge*) a TepmuH ,,opmanuja‘“ je yBeo Hemauku reosnor BepHep (A.G. WERNER)
1791. ronune. Oxo 1800. roguue uctu ayTop je yHeo (hopMarujy y CBOj CUCTEM ,,JE€OTHOCTHYKHX CTPYKTypa‘":
,MHIHepal — cTeHa (cioj) — opmanuja — 3eMJpHHA Kopa“. Ha Taj HauwH TepMuH (opMarmja je mocTao BUIIIe-
3Ha4aH. [lompa3zymeBao je reosomko Teao oapeheHor cactapa, IOCTaHKa M CYNEPIO3UIMOHOT TosIoXkaja (of1-
HOCHO cTapoctn). To je ckopo moTmyHo UrHopHucaHo TokoM menor XIX Beka. Ille3mecernx romuHa XX Beka
pycku reosor JIPATYHOB (1965) momrao je mo uctor (yHIaMEeHTAIHOT cTaBa Koju je oTkpuo Beprep. [Tucar
OBHX PEZIoBa Ce 3ajiayke 3a MMOBpaTak M3BOPHOj MPHUMEHH IOojMa U TepMHHA (opMaliija jep ce yInpaBo Tako

mpeBa3uiia3e cBa MHOrOOpOjHA CXBaTama OKO KOjHX Ce JCIeHHjaMa CYyKoOJbaBajy pasHe IIKOJIC.

Kmbyune peun: popmanuja, Gebirge, Gebirgsart, serie montana, Fuchsel, Werner.

Introduction

The International Guide to Stratigraphic Classifi-
cation and Terminology defined the term ‘formation’
as follows:

The Formation is the fundamental formal unit of
lithostratigraphic classification ... and is the only
formal unit which is used for completely dividing
the whole stratigraphic column all over the world
into named units on the basis of lithostratigraphic
character (HEDBERG 1972, p. 20).

Its hierarchic position within the lithostratigraphic
sequence (layer—member—formation—group) was then

precisely specified. However, the original meaning of
the term ‘geological formation’ or simply ‘formation’
was not restricted to this definition. It was just one of
its aspects, which had reference to geological map-
ping.

According to its original sense in the eighteenth
century (WERNER 1791), but also in the discussions
and usage during the second half of the twentieth cen-
tury, this notion of ‘formation’ acquired a much deep-
er, broader and more significant sense. Thanks to
fruitful discussions among different conflicting
schools of geology, it became clear that the term ‘for-
mation’ has a precisely defined position in the ‘geo-
logical levels of organisation of matter’, between
‘rock’ and ‘geosphere’ (DRAGUNOV 1968; KRUT
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1968). This fact paved the way for an awareness that
establishing of ‘formational geology’, i.e. of a group
of geological disciplines essentially based on the
study, identification and use of formations was taking
place (GRUBIC 1985).

In modern geology, ‘formation’ is one of the funda-
mental geological notions, because it lies at the base
of the whole of applied geology as well as a large part
of theoretical geology. It is particularly important to
emphasise that knowledge of geological formations is
of vital importance for the exploration of mineral ore
deposits, engineering geology, hydrogeology, and en-
vironmental protection.

Moreover, the application of ‘formational analysis’
in the production of ‘geologic’ maps of the Moon and
Mars by means of remote sensing showed that forma-
tions, as well as minerals and rocks, are not only ter-
restrial but also cosmic entities, causally related to the
evolution of terrestrial-type planets.

Such significance of the notion and term ‘forma-
tion’ in the family of Earth Sciences suggests a need
to study, reconstruct and precisely define its historical
roots, since there are inconsistent citations and usages
in the literature.

Saxon miners and Georg Agricola

German miners started quite early to use the geo-
graphical term Gebirge (mountains) for the geological
space “below the surface of the Earth, [regardless of
whether] whether the surface [wa]s mountainous or
plain” (OSPOVAT 1999, p. 14). In other words, the term
was the close to the modern concept of ‘the under-
ground’ in its material sense. Since during their com-
plicated and arduous work Saxon miners ran into
alternations of rocks in which they used different tools
and techniques, they began to distinguish thick and
thin sequences of rocks with similar characteristics.
For thick sequences, they used the term Gebirge,
which was always related to a characteristic feature of
an actual rock sequence (e.g. das blaue Kohlen-Gebir-
ge: LEHMAN 1756, p. 167). Sequences of medium and
small thickness were called Lage(r) and Schicht
respectively. The term Floetz was used for a ‘layer’ in
a narrower sense. All these were important elements
of mining organisation.

Such professional terminology in the mines of
Thuringia was recorded by AGRICOLA (1521, p. 96) in
his description of “the roof of the copper schists of
Mansfield”. Among the other rocks, he referred to the
following Gesteinsschichten (rock layers): “First, 20
to 35 Lachter of dark red Gebirge ... ; Second, 1
Lachter of gray-clay Floetz ...; ash-gray rock with 3
Lachter of ... ash and 5 Lachter of rock fragments”.
(Lachter: an old German unit of length, used in min-
ing industries. It varied somewhat from one region to
the next but was approximately two metres in length).

At the time when Agricola obtained the above men-
tioned data from mine workers, they were still distin-
guishing rock sequences according to their color and
work techniques they used. This lasted for two more
centuries.

In the eighteenth century, miners in Thuringia
already knew different rock types, thus they could iden-
tify different rock sequences and name them according
to the main rock. Color of the rock became a secondary
characteristic, but superposition of each sequence
became very important. This was based on the fact that
the order of thin and thick sequences of layers in almost
undisturbed sediments of Thuringia was constant and
well known to the miners. This is also the answer to the
question: why the Saxon miners in Thuringia were the
first to clearly distinguish alternations of sequences
made up of different rocks in vertical succession.

Johann Gottlob Lehmann

The oral tradition of Saxon miners was accepted by
J. G. LEHMANN, a mining inspector with an excellent
mining and geological education and experience and a
good knowledge of geological literature. With his mi-
ning experience, Lehmann knew that there was a suc-
cession of different rocks in the Earth’s crust and that
it was constant in Thuringia. He also used his experi-
ence of studying the surface outcrops of the rock lay-
ers of the region. He knew, however, that this idea had
not been developed and described in detail. So he
decided to take this task as his ‘minor’ contribution
(LEHMANN 1756, ‘Preface’).

In his well-known monograph about the area be-
tween Ilfeld and Mansfield counties in Saxony, LEH-
MANN (1756) described the rock succession in detail
and represented it in a well-known cross-section
(LEHMANN 1756, Table 7, p. 162). He distinguished
thirty-one units: ten thicker and the rest thinner. Each
unit received a precisely defined position in the verti-
cal succession, as well as the specific characteristics
and name used in mining terminology. He used a gen-
eral term Schichten for all these units (p. 162). In gen-
eral, Lehmann did not use the term Gebirge (because
of its very specific meaning, referring to the under-
ground) in his name for each unit. However, he in-
cluded Gebirge in the names of three of the units — in
sequences 19, (felsige Gebirge), 23 (leberfarbene Ge-
birge), and 24 (blaue Kohlen-Gebirge). He used the
term Floetz for actual layers. It is interesting that he
used that term only once for a whole unit (No. 29), but
he also used it for all sedimentary rocks of Thuringia:
Floetz-Gebirgen (p. 157). Thus Lehmann often used
the term Schichten, but only rarely Gebirge, for recog-
nisable sequence made up of identical or similar rocks.
He also used also the term Bergart on one occasion
for the rocks in Unit 28 (p. 168). This was another
mining term that would later be used by WERNER.
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Several important conclusions can be drawn from
Lehmann’s book. In the first place, he introduced into
the professional literature an idea from mining prac-
tice in Thuringia—that there are recognisable large
geological bodies in the Earth’s crust made up of the
same rocks and minerals. Lehmann also assigned a
particular (mining) name to each of the established
rock units. Furthermore, he occasionally used the old
mining term for ‘underground’ (Gebirge), but did not
use it consistently in the names of these bodies
because he knew it had a specific meaning in mining
terminology. Finally, he mostly used term Schichten
(i.e. ‘layers’) for the bodies that he mentioned. He
used the name ein Floetz (i.e. ‘one layer’) for only one
of his units (No. 29, p. 168), in order to make a dis-
tinction between the larger and smaller units within
the named unit.

In this way, the practical mining terms for distin-
guishing and naming large subsurface geological bod-
ies recognizable by their composition, was also
applied in Lehmann’s book to the surface outcrops
and thereby was introduced into the geological scien-
tific theory and literature. But a specific term was not
assigned to these bodies. He used the terms Schichten,
Gebirge and Bergart instead.

Georg Christian Fuchsel

Several years after the Lehmann’s book, GEORG
CHRISTIAN FucHSEL (1761) published his famous Hi-
storia terrae et maris ex historia Thuringiae, per
montium descriptionem in Latin. (Fiichsel published
his book under his Latinised name, which is therefore
used here, rather than the more usual spelling.) Fu-
chsel was a well-educated doctor, an outstanding nat-
uralist and connoisseur of the specialised literature of
his time, as is confirmed by the variety of subjects on
which he wrote extensively. Besides having an inti-
mate knowledge of Lehmann’s wotk, he was also a
skilled field observer and Lehmann’s book encour-
aged him to publish everything that he discovered
during his several years of field investigations and
sampling in the area of Thuringia southwest of Jena.
His original idea of delineating the superficial extent
of geological units—which had otherwise been known
only to miners and Lehmann—on a rough sketch of the
region was particularly important. This was how this
very early geologic map in the world originated (Fu-
CHSEL 1761, Tab. V). The author needed a more pre-
cise identification of large geological bodies with dis-
tinctive characteristics. This demanded several years
of systematic, persistent and thorough fieldwork, an
inventive mind and original solutions in synthesizing
the large amount of collected data, because Fuchsel
had no pattern to follow.

Fuchsel’s text was comprised of two parts (sectio).
The first, shorter part had eighty-one pages of theoret-

ical discussion and a short description of the units that
he established, while the his interpretation of the geo-
logical history of Thuringia was presented in about
hundred pages in Part 2. The whole was accompanied
by tables and illustrations.

Following the mining practice, Fuchsel theoretical-
ly separated and precisely defined three types of units
(pp. 46-48): stratis (Schichten); serie montana (ein
Gebirge); and serie statuminis (ein Unterlager). Un-
like Lehmann, he followed the mining terminology
strictly, but in order to avoid possible confusion, he
chose not to use the word Floetz (layer) as much as
possible.

Fuchsel’s text was published in Latin, but he kept
the corresponding German names in brackets for all
the important terms. This is important for a proper
understanding of Fuchsel’s procedures and the termi-
nology that he applied. If he had not done it that way,
one would have hardly realised that the old German
term ein Gebirge was hidden behind serie montana!
One should pay attention to the fact that the author did
not simply use the word Gebirge for a geological
body. Rather, he wrote ein Gebirge thus emphasising
that it was just “one part of the underground”.

We may leave aside here the term stratus, because
it simply meant a single material layer. But it is nec-
essary to discuss the terms serie montana and serie
statuminis.

Fuchsel gave two complementary definitions of ve-
ro series montanas (p. 50) or simply serie. In the first
definition (Paragraph 4, p. 48), he wrote: “Mountains
made up of identical deposits (sifus), with the same
composition (massa) and of the same origin (modo
constructos) c[an] be named serie montana (ein Ge-
birge)”. In the second definition in Paragraph 45 (p.
9), he wrote: “Serie montana are thick layers com-
posed of numerous thinner layers”. According to these
definitions and the attached map—a kind of block dia-
gram for the area studied—it is clear that when Fuchsel
used the phrase serie montana he was referring to ge-
ological bodies of large dimensions, large enough to
be distinguished, separated and represented on his
map. Therefore, the idea ‘mapped unit’—a fundamen-
tal concept in contemporary geological mapping—was
born.

Fuchsel did not give a strict definition of the term
serie statuminis. However, according to the descrip-
tion in Paragraph 5 (p. 48) and the corresponding Ger-
man word (ein Unterlager), it appears that it can be
construed as “a sequence of thin layers” that mutually
alternate (Wechsel). These layers lie between two se-
rie montana from which they differ, connecting them
and separating them, with the lower one making the
footwall of the upper one.

Applying these notions, Fuchsel separated and de-
scribed nine serie montana that always had the min-
ing suffix -gebirge in the German names (e.g., oberste
Kalchgebirge, rothe Schalgebirge, etc.) and six statu-
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minis that contained Lager in their names (rothe tode
Lager, etc.) in the area that he studied southwest of
Jena. The word Floetz was used only once (Unit 17e,
Sandfloetz, p. 62). All these units were designated by
numbers (10 to 25) on the map and by letters (A to K)
on the diagrams.

Because of the need to graphically present the
extent of each serie montana, Fuchsel understood that
the positions of lithologic units in the vertical se-
quence of rocks and in geographical space are very
important for its occurrence on the surface. This was
further emphasised by the presentation of the estab-
lished units on a primitive block diagram (in the ac-
companying tables). Thus, he made every effort to ex-
plain the terms: situs (Lager) and positus (Stand). The
first term related to the superpositional relationships
between any given unit and the other units, while the
other term referred to the position of a unit in the geo-
graphical space.

By this work, Fuchsel set the foundations for future
formational analysis. In his area of study, he defined,
separated and mapped geological bodies that we ac-
cept as distinct formations today. He emphasised the
importance of ‘mass’ (composition), position, distinc-
tiveness and fossil content for their distinguishing and
separation. He thought that each such body should be
given a particular name (p. 48). And he clearly distin-
guished vero series montanas from serie statuminis,
which means ‘formations’ and ‘layers’ as particular,
objectively separable lithostratigraphic units in their
contemporary sense.

All this was really unexpectedly much work for an
author from the eighteenth century. Therefore it is
unsurprising that Fuchsel’s work is still regularly cited
today. The problem is, however, that despite numer-
ous citations, only a small number of experts have had
Fuchsel’s work in their hands, which is perhaps why
different things have been attributed to him. He did
much and introduced several important notions into
geological science. But he never used the term ‘for-
mation’, though numerous authors still say otherwise
in their texts, starting from KEFERSTEIN (1840, pp.
56-57) and particularly after ZITTEL (1899, p. 51).

Abraham Gottlob Werner

The term ‘formation’ was introduced into the geo-
logical literature by ABRAHAM GOTTLOB WERNER
(1791)-the well-known mining inspector and profes-
sor of mineralogy and geognosy at the Freiberg Mi-
ning Academy. In order to explain mining to future
mining engineers, Werner based his lectures on estab-
lished mining practices, referring among other things
to Lehmann’s book and Fuchsel’s work. The principal
terms in these sources were: Gebirge, Schicht, Lager,
Floetze, and Bergart. Werner accepted them, as re-
search subjects, and established the basis for a new

science, which he adumbrated in 1778 and introduced
in a new set of lectures under the name Gebirgslehre
(GunTAU 1984, p. 67). In addition to the aforemen-
tioned terms, Werner used a new one, Gebirgsart
(‘mountain rock’, as translated by JAMESON: 1812, p.
192), which had not been used previously in the pub-
lished literature. Actually, Werner used the terms
Bergart and Gebirgsart as synonyms, which can be
described in free translation as “a type of underground
solid rock” (WERNER, 1817/1818, p. 10, Articles 20
and 22). A trace of all this is to be found in WERNER’S
famous work on the classification of Gebirgsarten
(1787).

Werner considered the terms Gebirge and Ge-
birgsart to be of crucial importance at that time. That
is why it is interesting to discuss how he used these
terms.

At first sight, when reading Werner’s texts informa-
tively, one gets an impression that he used terms
Gebirge and Gebirgsart inconsistently: from using
Gebirge as a term for the whole underground (or the
Earth’s crust), similarly to Saxon miners (OSPOVAT
1999, pp. 14 and 15); and then using both terms as
synonyms for Gestein (rock) and Gesteinsart (rock
type) (see GUNTAU 1984, pp. 40 and 80), in cases
where a part of the Gebirge is made up one or several
Gebirgsarten (WERNER 1787, p. 5).

This, however, is just a superficial impression.
Werner’s system, to which he held consistently, was
quite simple. The Earth crust (Gebirge) is made up of
actual Gebirges that could be simple or composite.
The simple Gebirges are made up of a single Ge-
birgsart, while the complex ones are composed of two
or several Gebirgsarten. Moreover, a Gebirgsart (i.e.
Bergart) itself could be simple or composite. A simple
Gebirgsart is made up of a single Gesteinsart while
two or more of them make a composite Gebirgsart.
That is all. Such a system allows for a simple Gebirg-
sart, for instance, or even one Gesteinsart to be syn-
onyms for simple actual Gebirge. This explains an
apparent inconsistency in the Werner’s lectures. It is
important, however, to understand what he wanted to
achieve by using the term Gebirgsart. Apparently, the
answer to that question is: Gebirge is a general term
for underground that could be made up of one or sev-
eral different Gebirgsarten.

Miners had three criteria according to which they
identified different Gebirgsarten in a Gebirge: techni-
cal work methods in a rock unit, its dimensions (par-
ticularly thickness) and its position, i.e. its place in the
order of superposition (OspovaT 1999, p. 15). Be-
sides, Werner had in mind the same criteria but he sig-
nificantly extended the scope of ‘methods of work’
and replaced them by petrographic characteristics of
rocks in the Gebirgsart. He clearly emphasised this in
his idea that a Gebirgsart comprises one or more
Gesteinsarten (1787, p. 6). According to all this, the
term Gebirgsart in Werner’s texts referred to a solid
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geological body of large dimensions, and with a cer-
tain order of superposition and petrographic composi-
tion. According to its content, therefore, Gebirgsart
came close to the future meaning of Formazion.

During the first fifteen years of his professorship,
Werner, as one conversant with mining, principally
focused on mining terminology. However, he did not
wholly understand Fuchsel, even though he had his
work in his hands. This is confirmed by the fact that
Fuchsel’s text still exists in the Werner’s private li-
brary in Freiberg, as well as by his adopting Fuchsel’s
term ‘geognosy’ in 1786.

In his system, WERNER (1787) distinguished
Hauptgebirgsarten (p. 26), including Hauptarten (p.
6) and untergeordnete Bergarten (p. 11). He system-
atized the related Gebirgsarten into Gattungen Ge-
birgsarten (pp. 16, 21 and 26) and, finally, he divided
all deposits that originated during the Earth’s history
into the following four: Hauptabtheilungen: uranfan-
gliche-, Floetz-, vulkanische-, und aufgeschwemmte
Gebirgsarten (p. 5).

Therefore, during the first fifteen years of his aca-
demic career, Werner used the term Gebirgsart for the
notions that Lehmann named Schichten and Gebirge,
while Fuchsel used the expressions serie montana or
eine Gebirge. However, Werner used this term in a
precisely defined way and incorporated it into the
foundation of his classification of geological bodies.

A new period in the development of these issues
began with publishing of Werner’s famous book on
the origination of veins in 1791, in which he used the
term Formazion (formation) for the first time in print.
It had been used before among geologists, but without
have any particular geognostic meaning.

In this book, Werner wrote: “I call all the veins of
common origin, which might occur together or close
to each other in an area, or are far from each other in
the different countries, a Gang-Formazion or in brief
a Formazion (1791, pp. 5-6). And he added: “the
identity or equivalence of Gang-Formazionen ... is
recognised and confirmed by comparison of ore types
in veins; thus the veins that contain the same types of
ore and particularly these composed of several ore
types of the same age can be considered as belonging
to the same Formazion” (1791, p. 54). At the same
time, and right from the start, Werner distinguished
the Haupt-Formazionen of ores and rocks (sic) from
Spezielle Gang-Formazionen. The first term referred
to the formations that originate over a long period of
time by renewal, while the others are just parts of the
Haupt-Gang Formazionen of some specific age.

The whole idea of Gang-Formazionen is still some-
what unclear, because there are only a few notes that
clarify what Werner meant under the term ‘forma-
tion’. Thus right from the beginning we find: veins of
the same origin (p. 5), of the same composition (p.
32), and of the same age (p. 32), for veins filling for-
mer fractures.

Thus the term ‘formation’ was introduced into geo-
logical literature for a notion that had already been
known in Germany as: Schichten, seriae montana and
eine Gebirge. It seems that this also applied to the
terms Bergart and Gebirgsart. This is not specifically
mentioned anywhere, but the two words were almost
completely abandoned after the use of the term ‘for-
mation’ began. (But Werner used them again in one of
his last texts 1817/1818.)

The next step in introducing the term ‘formation’
was made by Werner in his manuscript ‘Plan of study
for geognosy from 11 March 1794°, held at the
archives of Freiberg University. In chapters on differ-
ent types of Gebirge, there are two conspicuous units
that refer to Gebirgsformazionen and Metallformazi-
onen in the Chapter 13 on the distribution of mineral
ore deposits (=Fossilien) (from ScHMIDT 1999, p.
156). It means that the term ‘formation’ was still not
completely distinguished from Gebirge in 1794. This
happened, however, during the next few years be-
cause, after 1800, Werner’s students published books
and articles with quotations of his precise definitions
and comprehensive knowledge of formations.

Werner’s ideas about formations after 1784 can
only be traced in the preserved concepts of his lec-
tures and in the published students’ notes (GUNTAU
1984, p. 69). He gave his lectures at the Academy
according to his current beliefs so that with his con-
stant effort to express himself as precisely as possible
there were continuous changes in and development of
his lectures. Werner was aware that his terminology
was unstable at that time, so he did not publish any-
thing about geognosy at that time, because he knew
that anything he wrote would become obsolete. Just in
case, however, he systematically corrected his stu-
dents’ notes, thereby actually authorising the repro-
duction of his lectures in accordance with his contem-
porary views. He expected that his students would
publish their notes after graduation—and he was
right. Many did publish the acquired knowledge in
their papers and books, though always referring to
their professor. When using these texts, however, it is
necessary to keep in mind that the authors might have
changed the original notes to a greater or lesser extent,
so that they do not always fully correspond to the
Werner’s ideas. That is why one should rely on the
authors who specifically stated that they tried to be
faithful to what Werner had said in his lectures.

Sudden improvements of knowledge or ideas about
formations were not completely accidental. Werner
quickly realised the advantages of the term Formazion
over older terms that were burdened by traditional and
deep-rooted mining notions. Earlier and previously
imprecise or ambiguous meanings of the new term
could have been modified according to the new geog-
nostic needs of the time. Besides, preparations for the
systematic geological mapping of Saxony began in
1791. For that reason, Werner had to prepare a special
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instruction manual for fieldwork, which was the main
agenda for his students and the other numerous partic-
ipants in this project between 1798 and 1811. This
could not have been carried out without a thorough
knowledge of the Fuchsel’s work. At that time,
Werner’s was the only instruction manual that con-
tained extensive practical information for the exten-
sive cartographic work. Through that important
preparatory work for geological mapping, methodical
studying of Fuchsel’s results, and the practical experi-
ences of the first geological mappers, Werner came to
realise the vital importance of the term ‘formation’ for
Geognosia. Therefore, he decided to replace the term
Gebirgsart by Formazion. He tried to define it as pre-
cisely as possible and, finally, to develop a theoretical
base for its application.

While discussing the terms Formazion and Ge-
birge, Werner wrote that they “relate[d] to each other
as a genus to an individual. A Gebirge [wa]s a local
occurrence of a large rock mass with great horizontal
and vertical extent, with uniform characteristics of
composition and stratification. All the existing Ge-
birgen with identical characteristics ma[d]e up a For-
mazion” (from GUNTAU 1984, p. 80).

Werner used also the term Gebirgsformazion in that
phase of his work. According to OsPOVAT (1999, p.
15), he regarded it as: “a determinate assemblage of
similar or dissimilar rock masses, which are charac-
terised by external and internal relations as an inde-
pendent whole, that is, as a unit in a series of rock for-
mations ... and which are recognisable by the charac-
ters which each period and mode of formation has
impressed upon it”. An identical definition was given
by ROBERT JAMESON (1808, p. 59) from one of
Werner’s lectures in 1801, and by FRIEDRICH MOHS in
1842 (PuscH 1826, p. 524). A similar, but somewhat
shorter, definition was published by J. F. AUBUISSON
DE VoISINS (1828, p. 268), from a lecture of 1805.
Therefore, it is undoubtedly Werner’s definition.

According to the published notes of JAMESON
(1808, 1813), AUuBUISSON DE VOISINS (1828) and oth-
ers, Werner had a well-developed theory of geological
formations after 1800. The theory contained the fol-
lowing general synthesised concepts and solutions.

Werner determined the precise position of a forma-
tion in the sequence of the objects that constitute the
subject of geognosy: minerals, rocks, layers, forma-
tions, and the Earth’s crust. At the same time, he dis-
tinguished four levels of ‘geognostic structures’: the
structure of rocks (Gebirgsgestein); of masses or min-
eral layers (Gebirgsmasse); of formations (Gebirge);
and of the Earth itself (Structur der Erde) (AUBUISSON
DE VOISINS 1828, pp. 267-269). But Werner’s expla-
nation became completely forgotten and was only dis-
covered again in the sixties of the twentieth century,
during the developing of the modern concept of the
“geological levels of the organisation of matter”
(DRAGUNOV 1965, p. 64; KrRUT 1968).

The internal structure of formations could be either
simple or compound. A formation is simple when it is
comprised of identical material, while a compound
formation is made up of different Lagern, couches, or
rock-masses. According to their participation in a for-
mation, these could be: principal, subordinate, com-
mon (habituelles) or accidental (accidentelles) (JAME-
SoN 1808, pp. 59—60; AUBUISSON DE VOISINS 1828,
pp- 317-318).

Werner thought that formations could occur not
only in sedimentary, but also in crystalline rocks
(JAMESON 1812, p. 60; PuscH 1826, p. 514). This was
an important point: there are still disagreements
among geologists regarding this issue.

But Werner used the term Formazion ambiguously.
He knew that the notion of ‘formation’, as with terms
for all other natural bodies (mineral, rock, layers,
Earth, efc.), involved several different aspects. There
were three main aspects of each such natural body: its
material composition, as well as the manner and time
of its origin. Werner had this in mind from the start
(PuscH 1826, pp. 512-513). But owing to the incom-
plete knowledge of, misunderstandings of, and unilat-
eral interpretations of Werner’s ideas, this important
fact has become a source of much discussion and divi-
sion among researchers and commentators.

Relying on his Neptunist doctrine of the Earth’s
history, Werner thought that all formations originated
by deposition from water. Changes in the water’s
properties over time resulted in changes in the condi-
tions of deposition, and hence in the conditions for the
origin of formations. Formations, therefore, differed
in the nature, texture, and generality and also the
nature of their petrifactions. Crystalline formations
are the oldest. Sedimentary formations are in the mid-
dle. The youngest are of mechanical origin. (For this
paragraph, see: AUBUISSON DE VOISINS (1828, pp. 326,
352, 357).)

According to their material composition, Werner
divided formations into: schistose, calcareous, traps,
porphyritic, gypseous, coaly, talky, topaz-bearing and
schorl. All these formations were classified into four
Hauptgruppen or Formazionszeit-raum (time-space)
groups that occur naturally in the form of: Urgebirge,
Uebergangsgebirge, Floetzgebirge, Aufgeschwemte
Gebirge and Vulkanische Gebirge (STEFFENS [1801],
according to REuUsS (1805 pp. 169—-184 and Tabelle by
KARSTEN, p. 185).

Two main categories of formations were distin-
guished: universal or general, which occur on the
whole Earth or over its large parts of it; and partial,
anomalous or local, which are of limited extent (JA-
MESON 1812, p. 63; AUBUISSON DE VOISINS 1828, pp.
320-322).

Werner emphasised that formations and their parts
contain different fossils. He wrote that: “It is impor-
tant that different layers in Floetzkalkgebirgen contain
different petrifactions (GUNTAU 1984, p. 89). In his
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last published work, WERNER (1817/1818, p. 10) em-
phasized that even different petrifactions form certain
Gebirgsschichten, which enable us to recognize “a
certain order in geological deposits”.

Werner noticed that similar Gestein-Massen oc-
curred quite often at different times. Each individual
occurrence was a particular formation and the whole
was named a Formazions-Suite (MoOHs 1805, from
PuscH 1826, p. 524). There were said to be two types
of Suiten: continuous and discontinuous. The first
were characterized by the fact that “deposits from dif-
ferent epochs ... change into each other gradually; thus
there are no clear boundaries between them”. The oth-
ers occur in the form of separate and independent bod-
ies. Two distinctive examples were: the ‘schist suite’
and ‘limestone suite’ (AUBUISSON DE VOISINS 1828,
pp- 380-383).

Finally, the following formations were distinguish-
ed in the Earth’s crust according to the frequency of
occurrence: Hauppt-Formazionen (principal), Forma-
zion Suiten—or independent formations and subordi-
nate formations (JAMESON 1808, pp. 60-61; MoHS
1805, from PuscH 1826, p. 525).

That is how Werner slowly and gradually devel-
oped, improved and established a comprehensive
knowledge and explanation of geological formations,
devoting himself to the tasks of improvement and
clarification. One must acknowledge that this work
was done most successfully—even masterfully. It is
completely understandable, and justifiable, that pro-
fessor Werner enjoyed a great reputation in his day.

After Werner

At the age of fifty, Werner was still active when his
former students started to publish notes from his lec-
tures. In addition, according to KEFERSTEIN (1840, p.
68):

The notebooks in which Werner’s students were
keeping notes at his lectures on geognosy have
reached many hands; these notebooks were quickly
published, either original, abridged or extended,
thus numerous textbooks and manuals appeared
and Werner’s doctrine has become more popular in
years.

The notes were also published by geologists who
did not attending Werner’s lectures directly. And such
books became the only published sources of informa-
tion on Gebirgs-Formazionen.

However, the authors of these books soon began to
differ in their ideas about formations. This happened
in part because Werner himself kept changing and
supplementing his lectures and partly because the
authors developed different views according to their
own ideas and practical experience. Thus some devia-

tions from Werner’s ideas developed, though they
were often insignificant. For example, when Werner
was still using the term Gebirgsarten it was used in
the same way by HuMBOLDT (1792) and BOEHMER
(1794). But they were also using the term Formazion
for all rocks of the same petrographic composition
(FRANKE 1962, p. 209).

HEemm (1798) was one of the first to draw attention
to the ambiguity of Werner’s term ‘formation’. Heim
believed that the word should not be understood to
imply time of origin or relative age. And there were
others who had similar ideas about how the expres-
sion Gebirgs-formazion should be construed—such as
Mosus (1805), Reuss (1805), STerreNs (1810), RE-
ICHETZER (1812), and others. On the other hand, KE-
FERSTEIN (1821), and later HumBOLDT (1823), AUBU-
ISSON DE VOISINS (1828) and others, maintained that
the term ‘formation’ should only refer to the time of a
rock or stratum’s origin (FRANKE 1962, pp. 209-210).

The most important and famous among the various
critical reviews of Werner’s ideas was that systemati-
cally written by GEORG GOTTLIEB PUscH (1826), who
was a student of WERNER in 1806. Pusch correctly
noted that Werner’s term Formazion meant at the
same time rock type, manner of origin, and time of
formation (pp. 512-513). In addition, Pusch critically
analysed papers written by various authors with dif-
ferent views as to the meaning of this term (Steffens,
Mohs, Humbolt, Heim, Breislack, Raumer). Finally,
he concluded (pp. 519 and 580) that the term
Formazion could simply imply time of origination,
i.e. age. Pusch gave reasons for his conclusion and
asserted that this “correct idea” was advocated by the
majority of French and German geologists at that
time.

Therefore, owing to the fact that geologists, even
those who were Werner’s students, did not understand
that the term Formazion, as used by Werner himself,
was intentionally ambiguous. So the term deviated
from its original meaning during the course of the
nineteenth century and it was used more and more in
chronostratigraphy as a synonym for ‘system’.

However, it is important to note that, in his Manuel
of Elementary Geology LYELL (1855, p. 3) advocated
the Wernerian notion of ‘formations’ as: “any assem-
blage of rocks which have some character in common,
whether of origin, age, or composition. Thus we speak
of stratified and unstratified, freshwater and marine,
aqueous and volcanic, ancient and modern, metallifer-
ous and non-metalliferous formations”. This state-
ment was repeated in Lyell’s Student’s Elements of
Geology (1874). But despite his authority, Lyell was
not followed on this point. For example, this part of
Lyell’s text was omitted by John Judd’s account of
Lyell’s thinking in The Student s Lyell (1896).

After significant disagreements and discussions
among the different conflicting geological schools,
the original meaning of this fundamental term was
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only revived in the second half of the twentieth centu-
ry, based on the concepts of the “elementarity of nat-
ural objects” and “levels of organisation of matter”
(DRAGUNOV 1965 p. 64).

Conclusions

1. The notion of (geological) ‘formation’ developed
from an old German mining term ein Gebirge
(AGRICOLA 1556), through Schichten and Bergart
(LEHMAN 1756), serie montana (FUCHSEL 1761), and
Gebirgsart (WERNER 1787).

2. The term ‘formation’ was introduced into geo-
logical literature by WERNER in 1791 to refer to a par-
ticular concept.

3. Werner defined a ‘formation’ as “a determinate
assemblage of similar or dissimilar rock masses,
which are characterised by external and internal rela-
tions as an independent whole, that is, as a unit in a
series of rock formations ... which are recognisable by
the characters which each period and mode of forma-
tion has impressed upon it” (OsPOVAT 1999, p. 15). He
distinguished formations according to their composi-
tion, extent, and frequency of occurrence.

4. Werner considered the term ‘formation’ to refer
to a body in the sequence of natural ‘geognostic struc-
tures’: mineral-rock (layer)—formation—Earth’s crust.
Therefore, the term ‘formation’ in reference to a natu-
ral body could have, and should have, been ambigu-
ous from the beginning. It embraced: petrographic
composition, mode, and time of origin.

5. Werner’s students and followers mostly did not
understand the intentional ambiguity of the term ‘for-
mation’. They thought that there had been a serious
mistake, criticised it, and took different positions in
relation to the issue.

6. The interpretation that ‘formation’ could have
only one—what we would today call chronostrati-
graphic—meaning prevailed during the nineteenth
century. The term ‘formation’ thus became in effect a
synonym for ‘system’. It was widely used in this way
until the II International Geological Congress in
Bologna in 1881. But despite the ‘prohibition’ on this
use of the term ‘formation’, it continued to be used
instead of ‘system’ in certain geological schools well
into the twentieth century.

7. It is interesting that LYELL (1885, 1874) support-
ed Werner’s idea, even when almost everyone else
abandoned it.

8. In the second half of the twentieth century, after
all these vicissitudes, the term ‘formation’ regained its
original Wernerian sense with the original ambiguity
and status of an elementary unit in geological levels of
organisation of matter: mineral-rock—formation—geo-
sphere—planet (DrRAGUNOV, 1965). Each preceding
unit in this sequence is elementary relative to the fol-
lowing one of higher level in this organisation. The

term ‘formation’ is nowadays the main subject of
research in ‘Formational Geology’.
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Glossary

Aufgeschwemmten Gebirge — loose detrital rocks; the
fourth unit of Neptunist general stratigraphy.

Bergart — synonym of Gebirgsart and ein Gebirge; (= for-
mation).

Blaue Kohlen-Gebirge — blue (mountain ranges) beds with
coal; the twenty-fourth unit in Lehman’s cross section of
the layered mountain range of Thuringia.

Ein Gebirge — one part of (mountain ranges) rocks (= for-
mation).

Festige Gebirge — solid (mountain ranges) rocks.

Floetz — layer of, or with, non-metallic mineral content.

Floetz Gebirge — bedded (mountain ranges) rocks with
non-metallic content; the third unit of Neptunist general
stratigraphy; the bedded mountain range of Thuringia

Formazion Suiten — continual and discontinual recur-
rences of formations in vertical succession.

Formazionszeit-raum — the unity of space and time dur-
ing the creation of a formation.

Gang — Fomazion — (ore) veins of similar composition,
origin and age, from one or different areas.

Gattungen Gebirgsarten — (mountain ranges) rocks clas-
sified in genera according to the prevailing rocks (for
example, the genus or real volcanic and genus of pseu-
do-volcanic mountain ranges rocks).

Gebirge — before 1798: mountains; mountain ranges; a
general name for all underground rocks; the whole solid
crust of the Earth. After 1798: the local development of
a larger formation.

Gebirgsart — sufficiently large and clearly distinctive
(mountain ranges or rock bodies; (= formation).

Gebirgsformazion — synonym of ‘formation’.

Gebirgslehre — knowledge of the Earth: rocks, different bod-
ies, mineral deposits, dynamics and history; (= geognosy).

Gebirgsgeschichten — mountain ranges strata.

Gebirgsgestein — rock made up simple Gebirgsart.

Gebirgsmasse — general term for any (mountain ranges)
rock mass.

Gestein — rock.

Gesteinsart — rock species.

Gesteinsschichten — rock beds, strata.

Hauptarten — synonym of Hauptabteilungen Gebirg-
sarten.

Hauptabteilungen Gebirgsarten — name of the units of
general Neptunist stratigraphy.

Haupt Gang Formazionen — vein formations that are long
term repeating in succession.

Hauptgruppen — synonym of Hauptabteilungen Gebirg-
sarten.

Hauptgebirgsarten — universal or principal (mountain
ranges) rocks wide spread in the world.

Hauptformazionen — synonym of Hauptgebirgsarten.

Lage(r) — layer.

Leberfarbene Gebirge — liver-coloured (mountain ranges)
beds; twenty-fourth unit in Lehman’ s cross-section of
the bedded mountain range of Thuringia.

Lehre von Gebirgen — synonym of Gebirgslehre.

Metallformazionen — metalliferous formations.

Oberste Kalckgebirge — upper limestone (mountain
ranges) beds; youngest serie in Fuchsel’s stratigraphy of
Thuringia (= Muschelkalk).

Rothe Schalgebirge — red laminated (mountain ranges)
beds; sixth serie in Fuchsel’s stratigraphy of Thuringia.
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Rothe Tode Lager — literally ‘red dead layer’; thirtieth unit
in Lehmann’s cross-section of the Bedded mountain
range of Thuringia.

Sandfloetz — sand layer; interlayer under fourth serie in
Fuchel’ s stratigraphy of Thuringia.

Schichten — beds, strata.

Spezielle Gang-Formazionen — special vein formations;
veins in universal formations.

Stand — position (for example, some mountains in relation
to others).

Uebergangsgebirge — Transition (mountain ranges) rocks;
the second unit of Neptunist general stratigraphy.

Urgebirge — primitive (mountain ranges) rocks; the first
unit of Neptunist general stratigraphy.

Uranfaengliche Gebirge — synonym of Urgebirge.

Untergeordnete Bergarten — subordinate (mountain
ranges) rocks (= formations).

Unterlager — interlayer between two serie montana (= for-
mations).

Wechsel — change.

Pe3nme

OpurnHajHO 3HaYeH-€ NM0jMa U TEPMHUHA
sPopManmja“ y reosioruju

[Tojam (reomomrka) ¢opmariija mOCTENEHO j& YOOIH-
YaBaH 101 PA3HUM NPETSKHO HEMAYKUM Ha3UBHMa: OJT
»ein Gebirge* W3 BUIIEBEKOBHE MpPAKCE CAKCOHCKUX
pymapa (Agricola, 1521, ctp. 167), mpexko ,,Schichten*
u ,Bergart“ (LEHMAN, 1756, ctp. 162 u 168) mo
,»Gebirgsart (WERNER, ctp. 5). TepmuH ,,opmarija“
(Formazion) yBeo je WERNER 1791. (cTp. 5-0).

WERNER je oko 1800. rogmHe mojaM W TEpPMHH
»popmarmja“ neduHECA0 Kao ,,onpeheHy 3ajemHuIry
CIMYHHUX WM PAa3IMYUTHX CTEHCKUX Maca Koje ce
KapakTepuIry Kao jefJHa He3aBUCHA IEJIMHA 110 CBOjUM
CTIOJbAIIIFMIM ¥ YHYTPAIIlbMM OJHOCHMA, T.j. Kao
JeIVHHIIA Y HU3Y CTEHCKHX TBOPEBWHA,...IIPEMO3HA]je
ce Mo ocobWHaMa, KOje Cy CBakd MEPHON W Ha4YUH
(hopMupama 0CTaBIIN Kao Tpar y \oj* (mo OSPOVAT-
y, 1999, crp. 15). Ilpu TOME, ayTop je pa3mUKOBAO
(dbopManmje MO HUXOBOM MaTepHjaTHOM CacTaBy,
pacnpocTpameny U CyIepHO3UIHjH.

Beoma 3HauajHo je mro je Werner mojam ,,pop-
MaIja“ yBeo y CBOj CHCTEM ,,T€OTHOCTHYKHX CTpY-
KTypa“ y HH3y: MUHepal — cTeHa (cioj) — ¢popmanmja
— 3eMJbHHA Kopa (1m0 AUBUISSON DE VOISINS-y, 1828,
cTp. 267-269). 360r Tora je TepMmuH ,,popmanmja‘
no0uo BHIe3HadaH cMucao. [lonpa3zymesao je y ucto
BpeMe TeOJIONIKO TeJo ofpeleHor cacrasa, mocTaHka
M CYIEpPIIO3UIIHOHOT TOJNOXaja (OMHOCHO BpeMeHa
KaJa je HacTajo).

Werner-oBu hamm n cnenbenuin BehnHOM HUCY
pasyMmenu 3amTo je oH (opMaIju OAPENUO BHIIIE-

3HaYHOCT. MuCIuian cy na je To 030WJbHA TpelKa,
KPUTHKOBAIH CYy TO W 3ay3WMaJil Pa3INIUTe CTaBOBE
y Toreny Kopumihema TOr TepMHUHA.

3aanmmibnBo je ma je LYEL (1855, ctp. 3, 1874),
JIOCTa yCaMJbEHO 3aCTylao OpUTHHANHO Werner-oBo
cxBatame (popMaryje, 9ak U OHJa Kaja Cy Ta TOTOBO
CBU HaIyCTHJIA U 3a00paBUIIH.

Toxom XIX croneha mpeosnamao je ctaB ma op-
Malja MOXe J1a IMa caMo jeIHO, ¥ TO — XpOHOCTpa-
turpadcko 3HaYewme. Tako je 0Baj TEPMHH CBEIleH Ha
CHHOHUM 3a ,.cucteM”. Ha Taj HaumH ci1000mHO H
mupoko je 6mo y ymorpebu mo Il Mehynapomror
reoJIONIKoT KoHrpeca y boinomu 1881. roqune, xana je
TO U3pUIHTO 3a0pameHo. YIpKoc 3adpanu, MmehyTum,
morpenrHa yrnorpeba TepMuHa (hopMarija HacTaBJbe-
Ha je y HeKuM Imrkonama u 'y XX Beky.

Wzmehy 1930. u 1980. rommue, moceOHO mocCIe
1945., mojam u TepmuH ,,popManuja“ W EHUXOBO
MPAaKTHYHO KopHITheme OWIr cy mpeamet rmoBehanux
pactpaBa m3Mel)y pasNIMYUTHX TEONOMIKMX IIKOJIA.
(Hajume unx je 6uno y CCCP-y.) ¥V nedunucamy n
W3Bajaby QopMmanrja KOpUIOINEHU Cy JUTOCTPaTH-
rpadcku, mapareHeTCKH, pa3Hu T€HETCKHA U KOMITIEK-
CHU TpuHIMMA. TO je MOBENO 10 YCHOCTaBJbama
pasnmauTe npakce Gopmaimone ananuse. Ha ocHOBY
[EJTOKYIIIHOT TOT WCKycTBa JIPATYHOB (1965) je
neduHUCcao hopMmalyjy Kao ,,eJIeMEHTAPHO IPHUPOIHO
TEJO Koje 3ay3uMa HUBO m3Mel)y ctene u reoctepe y
XHujepapxuju opranuzanuje marepuje”. Tako je oBaj
ayTop Omao 10 WCTor (yHIAMEHTaTHOT CTaBa KOjH
OTKpHO U mpomMoBucao Werner.

dopmarnyja, Ka0 Ha3UB 3a eIEMEHTAPHO TPUPOIHO
TEJ0, Ka0 ¥ TEPMHUHH 3a CBA JIpyra TakBa Teja, Mopa
MOXKe Ja OyJe camo BHUIIIE3Ha4YHa jep je TO NMaHEeHTa
ocoOMHa cux THUX HasuBa. 300r Tora ce Qopmamnuja
Ipyrojaunje neuHUIIE U W3Baja, U IpUMEmBYje Ha
crierruaH Ha9WH Y Pa3HUM T€OJIONIKUM JUCIIHILIH-
Hama; 0amr UCTOo Kao IITO je TO CITydaj ca MIHHEPAJIOM,
cteHOM Treocepom W 1ianeroM. Popmanmja HHje
TepMuH ciiobomHe ynorpede, ma Ou ce kopucTHo 6e3
WKaKBOT TpaBuia, Beh je TO TepMHH ,,BHIIE3HAYaH .
To 3Hauw, Kaya ce HaBeze, OHAA TAYHO MOpa JIa Ce 3Ha
KaKo W 3aIllTO je Tako ymorpeOJsbeH (H.IIp. Y CTpaTH-
rpaduju, TEONONIKOM KapTHpamy, METaJOTSHHU]H,
XUAPOTEOIOTHjH T/, )

[locne cBux aBaHTypa, y ApPYTOj MOJOBHHA XX
Beka BpaheH je ,,(popMarnuju ;eH H3BOPHU BEPHEPH-
JaHCKH CMUCAo: ,,BUIIE3HAYHOCT TepMHUHA W T0jaM
»CJIEMEHTapHe jEeIUHUIE y TEONOIIKUM HHUBOMMA
OpraHm3aiyje MarepHje: MHHepall — cTeHa — ¢opMa-
muja — reocepa — 1uraHera. Y OBOM HH3Y CBaka
MPEeTXO/HA jeUHHIIA je eleMeHTapHa Ipema Cliefe-
hoj, xoja mpumasa BHUIIEM HUBOY IMOMEHYTE OpTaHU-
3anuje. YKparko — ,,popmanuja“ je JaHac OCHOBHH
objekar mpoyuaBama ,,DopMannuoHe TreoyoTHje™,
OTHOCHO CKYTIa TEOJOMIKNX TUCIHUILINHA Y KOjIMa ce
OHA HCITUTY]€ U KOPHUCTH.
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Quaternary tectonic and depositional evolution of eastern Srem
(northwest Serbia)
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Abstract: The area of eastern Srem is situated in the southern periphery of the Pannonian basin. Its depo-
sitional evolution during the Neogene and the Quaternary has been controlled by tectonic processes. Miocene
extensional subsidence was followed by the Pliocene-Quaternary inversion of the basin. The latter was
accomplished as the result of replacement of the tensile by the compressive stress field. Since the Late
Neogene, the regional tectonic activity has been controlled by compressive stress produced by the north-
northeastern propagation of the Adria microplate. In the compressive NE-SW-oriented stress field, the recent
structural plan of the Pannonian basin and its wider environment, including its southern periphery, was reac-
tivated. The youngest tectonic deformations are characterized by positive and negative vertical motions of
large intrabasinal segments and basinal periphery, resulting in the final inversion of the basin. The effects of
the basinal inversion can be recognized in genetic features of Quaternary sediments and geomorphological
characteristics of the relief. Sources of data used for the interpretation of the Quaternary tectonic activity in
the area of eastern Srem are of geological, geomorphological, thermochronological, and geophysical charac-
ter. The positions of prominent fault structures have been ascertained by remote sensing, interpretations of
available geophysical cross-sections, and using the field data.

Key words: tectonic activity, Pannonian basin, northwest Serbia, subsidence, basin inversion, eastern
Srem, Quaternary.

Ancrpakrt: [logpyyje ncrounor Cpema Hanasu ce y jyxHoM obogHoM ey [lanoHckor Gacena. Hherosa
JITIO3UIIMOHA €BOJIYIMja TOKOM HEOTeHa M KBapTapa OWia je KOHTpOJMcaHa TEKTOHCKUM Ipoliecuma. Mu-
OIICHCKY €KCTEH3UOHY CYOCH/ICHIIN]Y, TIPATH ILTHOIICHCKO-KBapTapHa HHBEp3Huja OaceHa. lHBep3uja OaceHa je
M3BeJIeHa Kao MOCJIeIUIa CMEeHe TeH3NOHOT HAITOHCKOT TI0Jba ca KOMIpecHoHnM. KacHo-HeoreHa 1 pelieHTHa
TEKTOHCKa MOOMJIHOCT KOHTPOJIMCAHA je€ KOMIIPECHOHUM CTPECOM, T€HEPUCAHUM CEBEP-CEBEPOMCTOYHOM
MpoMaraujoM aJIpujcke MUKpOIUIode. PelieHTHH CTPYKTypHH IuiaH yutaBor [laHOHCKOT OaceHa M HEroBOr
HIMPEr OKPYXKewa, yKIbyuyjyhu U jyHH 000/, peakTUBHPAH je Y TOMEHY KOMIIPECHOHOT HAMOHCKOT M0Jba,
OpHjeHTHCAHOM IO TPABILy CEBEpOHMCTOK—jyro3amaa. Hajualhe tekToHcke medopmanuje KapakTepHIIe MO-
3UTHBHA U HETaTWBHA BEPTHKAJIIHA MOOWMIHOCT 3HAYajHUX YHYTapOAacEHCKHMX CerMEHaTa Kao W mepudepuje
OaceHa, mTO je pe3yaTupano GUHATHOM WHBEp3HjoM OaceHa. Edextn OaceHcke WHBEp3Hje TPENo3Hajy ce y
TEHETCKMM KapaKTepUCTHKaMa KBapTapHUX CeIMMEHaTa, Kao U y reoMOpP(OJIOIKHM KapaKTepUCTHKaMa
pespeda. M3Bopu nonaraka Koju €y KOpUILNEHH 3a MHTEpIpETAlHdjy KBapTapHE TEKTOHCKE aKTUBHOCTH Y
nozpy4jy ucrouHor Cpema cy reosIomKor, FeoMOPQOIONIIKOT, TEPMOXPOHOJIOIIKOT ¥ Te0(U3UIKOT KapakTepa.
[Mo3nnuje 3HauajHUjUX paceiHUX CTPYKTypa yTBpl)eHe Cy Na/bMHCKOM JETEKIMjOM, HHTEPIPETAalHjoM pa-
CHOJIOKMBUX Te0(PU3NUKUX MPOoQHIa U Ha OCHOBY TEPEHCKUX IO/aTaKa.

Kibyune peun: TektoHcka MobOmiHOCT, [laHOHCKH OaceH, ceBeposananHa CpOuja, cyocuaeHuja, 6acen-
CKa MHBep3uja, ncrodnn Cpem, KBaprap.
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Introduction

In the area of eastern Srem during Quaternary peri-
od tectonic activity has been manifested as a signifi-
cant control factor of deposition and final shaping of
modern relief (MAROVIC et al. 2007). However, tec-
tonic evolution of the Pannonian basin has started
much earlier, hence all tectonic structures that have
been active in Quaternary, are actually a part of previ-
ously existing structural pattern and they belong to the
category of inherited structures. Furthermore, sedi-
mentation as a dominant process of final phases of
filling of an inverted depositional basin, took place in
previously tectonically defined domains (MAROVIC et
al. 2002, and other references therein).

During the younger stages of Pliocene and earlier
part of Quaternary, after the retreat of Paratethys, the
area of the southern rim of the Pannonian basin in
whole passed through the terrestrial phase of devel-
opment (NENADIC et al. 2010, 2011). In that interval
tectonic shaping of low intensity has been carried out,
by which regional morphostructural forms were
finally shaped. Also, tectonically controlled mobility
within basinal segments caused the absence of some
stratigraphical substages of Pliocene, and change of
facies and thickness of the youngest lithostratigraph-
ical units (MAROVIC et al. 1996, 1998; RAKIC et al.
2005).

In the southern parts of the Pannonian basin,
Pliocene-Quaternary tectonic activity was manifested
in gradual, continuous descending of extensional
areas in Posavina toward the interior parts of the
Pannonian basin and in uplift of the area of the Fruska
Gora massif, Belgrade promontory and some parts of
Sumadija (MAROVIC et al. 2007). This vertical mobil-
ity brought significant changes in relief and initiated
the development of exogenic denudation-accumula-
tion processes.

The postbasinal structural complex, formed in a
post-Neogene phase, is represented by a relatively
thick sequence of sediments within which two parts,
differing in superposition and origin, can be distin-
guished (NENADIC ef al. 2003, 2009).

— older, fluvial and fluvio-lacustrine, with relics of
basinal frame, generated by movements on the bound-
ary between Pliocene and Quaternary, which were
manifested in a poly-phase lowering of the former
basin bed and formation of complex alluvial plains of
the pre-Danube and pre-Sava.

— younger, which corresponds to the fluvio-denuda-
tion system s.s., and which comprises morphological
structures made in the Late Pleistocene and Holocene.

Geological settings

The Pannonian basin is an intracontinental entity
situated between the Dinarides, the Alps, and the

Carpathians. It is filled with Neogene and Quaternary
deposits. The basement of the basin is formed by the
tectonic units of both Adriatic and European continen-
tal affinity: the Dinarides (as a part of Adria), Tisza
and Dacia (as parts of Europe), and also tectono-strati-
graphic contents that belong to the Sava zone (as a
suture between Adria and Europe, SCHMID et al.
2008). The territory of Serbia includes the southern-
most parts of the Pannonian subsidence area repre-
sented by basinal and peribasinal structures, and
deeply penetrated towards the south between Dinaric
and Carpatho-Balkan morphostructures (MAROVIC et
al. 2007). Neotectonic movements formed some inter-
esting structural, depositional, and morphological fea-
tures that are different from those in the other parts of
the Pannonian basin.

In the recent literature, there are interpretations that
the southern boundary of the Pannonian basin in
Serbia is formed by the rivers Danube and Sava, while
the areas south of them, made of Neogene deposits of
similar or same composition as those in the Pannonian
basin, belong to the peri-Pannonian area. Although
this boundary has a certain geographical and geomor-
phological sense, from the geological point of view it
is difficult to place it here, since the basin boundary is
situated further south of the Sava and Danube.
Locally, the investigated area belongs to eastern Srem,
limited by the Danube and Sava from the north, east
and south, and by the line Sremska Mitrovica—Nestin
from the west (Fig. 1A).

Identification of structures in the investigated part
of the area, as well as monitoring of their activity dur-
ing the youngest tectonic phase, was carried out on the
basis of palaeogeographical, structural, thermochro-
nological, and geophysical, characteristics of this
area. When reconstructing the tectonic evolution, be-
side the remote sensing analysis, the data from the
exploration wells and field data have been used as
well as reinterpretation of available seismic sections.

Material and methods

The positions of prominent fault structures in the
investigated area have been ascertained by remote
sensing, interpretations of available geophysical
cross-sections, and using the field data. The field data
were obtained by the analysis of numerous borehole
cores situated in the investigated area. The mineralog-
ical and petrological composition of these samples has
been preliminary analyzed. Remains of molluscs and
ostracodes have been picked out under a binocular
microscope and determined to the level of species
when it was possible, using the qualitative methods.
When no fossils were available, the age of deposits
has been estimated by the so-called superposition
principle.
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Fig. 1. A, Geographic position; B, Simplified geological map of the study area with localities where samples for new
(U-Th)/He apatite thermochronology ages (AHe) werecollected.

Results and discussion
Quaternary tectonic mobility

Quaternary tectonic activity of the southern parts of
the Pannonian basin has been perceived in context of
the regional Miocene extensional evolution of the
entire basinal area and its Pliocene-Quaternary inver-
sion (e.g. HORVATH et al. 2006; MAROVIC et al. 2002;
MAROVIC et al. 2007; MATENCO & RADIVOJEVIC 2012
and other references therein). Miocene extension, pro-
duced by rollback of European lithosphere in the Car-
pathians, was accompanied by rifting, thinning of the
lithosphere and subsidence in the domain of the Pan-
nonian basin. A long-term Middle and Late Miocene
post-rift subsidence, controlled by thermal sag cool-
ing (HORWATH & CLOETINGH 1996; CLOETINGH ef al.
2006), was followed by the Pliocene—Quaternary ba-
sin inversion, performed in compressive stress field.
The extensive stress field was replaced by compres-
sion, which was activated as a result of the final break
off of the subducted European lithosphere in the do-
main of the Carpathians, on one side, and the north-
northeastern progression of the Adria plate, on the
other side (BADA et al. 2007). During Pliocene and
Quaternary, both the Dinaric-Carpathian orogen and
intracontinental Pannonian basin were exposed to
constant compression, generally oriented towards
NE-SW in this region (BADA et al. 2007). Under these
conditions the lithologically heterogeneous litho-

sphere in the basement of the Pannonian basin, wrin-
kled in kilometer-scale folds, was thinned (CLOETINGH
et al. 2006). The regional folding of lithosphere was
accompanied by vertical mobility of segments of the
lithosphere, of different direction and intensity, which
finally resulted in a relatively rapid uplift and denuda-
tion of the peripheral parts of the basin and further
subsidence and deposition of the central domains of
the basin. At the same time the existing tectonic pat-
tern was reactivated by local redistribution of com-
pressive stress. This pattern was responsible for the
control of tectonic mobility within basinal entities,
such is the area south of FruSka Gora (ToLJIC et al.
2013). Regionally, in the Pannonian area, to the north
of the Danube and Sava slow subsidence has been
continuing throughout Quaternary, but with smaller
velocity than in Neogene and with a constant tenden-
cy of weakening until recent time. In contrast to this
sinking, peripheral part of the Pannonian basin and
intrabasinally situated morphostructure of Fruska
Gora have been raised.

Quaternary tectonic activity can be identified by
studying the origin and thickness of sediments. Of
particular significance here are pre-loess fluvial poly-
cyclic deposits in the southern and deluvial-proluvial
sediments in the northern part of the area. Geomor-
phological data, such as hypsometric relationship, po-
sition of fluvial terraces, process of erosion, etc., also
point to tectonic changes. Also, information on geo-
detic measurement and seismic activity are of special
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interest. Furthermore, thermochronology can yield in-
formation on the exact timing of the tectonic activity.

Basic geophysical characteristics of the
investigated area

Seismicity represents one of the most relevant fac-
tors in detecting recent fault activity in the Pannonian
and peri-Pannonian region (MAROVIC et al. 2002). On
the basis of existing data it can be concluded that the
Serbian part of the Pannonian basin shows very low
seismicity, with exception of the Fruska Gora massif
and the area of eastern Banat. Particularly, these areas
are characterized by quakes of magnitudes which do
not exceed M=4.5, except the area of Fruska Gora
(M=4.5-5) and a part of eastern Banat. In the Serbian
part of the Pannonian basin the most seismically active
faults are of direction NW-SE, representing structures
across which there have been transcurrent left move-
ments, with a pronounced reverse component (MARO-
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compression oriented in general direction NE-SW.

Recent mobility of the Earth’s crust in the area of
the Pannonian basin has been confirmed by geodetic
measurements (JOVANOVIC 1971, FGS 1972). The ge-
neral model of vertical mobility of the Earth crust in
the domain of the southern parts of the Pannonian ba-
sin suggests that the northern periphery of the investi-
gated area (the area of Fruska Gora) has been raised
by the rate up to +2 mm/year (MAROVIC ef al. 2002;
MaAROVIC et al. 2007). The peripheral northeastern
parts of the Dinarides show a similar trend. Recent
subsidence (by the rate of approximately 1 mm/year)
has been ascertained in the area of Srem (Map of re-
cent vertical movements of the Earth’s crust in the
area of SFRJ, FGS 1972, MAROVIC et al. 2002, MARO-
VIC et al. 2007). The most recent geodetic study of the
Earth’s crust mobility in the southern parts of the
Pannonian basin shows a low level of mobility in the
area of Srem (SuSIC 2013). Isolines map is (Fig. 2)
showing rates of vertical tectonic movement in the
area of Srem.
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Fig. 2. Map of velocities of the recent tectonic movements in the area of Srem (modified after MAROVIC et al, 2002).

VIC et al. 2002). Southern periphery of the Pannonian
basin belongs to a seismic active region in Serbia, with
maximum magnitude M=5,5-6. Southern periphery of
the Pannonian basin and its immediate hinterland are
characterized by seismically active, transcurrent right
faults of direction NE-SW (ENE-WSW). These two
systems of conjugated faults are further active in the
compressive stress field which has an axis of maximum

In the sections of seismic profiles in the area of
Fruska Gora (MATENKO & RADIVOJEVIC 2012) in the
south of the mountain an association of faults that
form the Vrdnik fault could be recognized (TOLJIC et
al. 2013). The southern block was primarily gravita-
tionally downthrown across this structure, so the
thickness of Pliocene-Quaternary sediments to the
south of the fault exceeds 500 m. The synthesis of the
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data obtained by seismic profiling and deep explora-
tion drilling in this area, also indicates the significant
thickness of Pliocene-Quaternary sediments (MARTI-
NOVIC et al. 2010). The greatest thickness is observed
between Stara Pazova and Sabac, in the depression
whose axis lies in the E-W (ENE-WSW) direction.
While the Vrdnik fault is situated in the northern
periphery of the depression, central parts of the area
are controlled by an association of horsts and grabens
defined by the faults across which the central part of
the Sefkerin depression was downthrown (MATENCO
& Rapivosevi¢ 2012). The southern periphery of the
investigated area in seismic section shows a compli-
cated tectonic nature of a transitional region between
the Pannonian basin and its uplifted southern hinter-
land. The Kalemegdan fault (as association of faults)
stands out as a dominant structure. It is a syndeposi-
tionally active fault(s), across which subsidence of the
NW domain has continued to take place in Quater-
nary, as suggested by the significant thickness of the
youngest sediments. This scenario is also indicated by
a relatively small thickness of Pliocene-Quaternary
sediments to the east of this fault. In a planar view, the
association of faults which constitute the Kalemegdan
fault consists of echeloned faults with the NE-SW
direction that may be followed from Kalemegdan
across Obrenovac and further to SW (Fig. 4).

Geomorphological analysis

Effects of Quaternary tectonic movements can be
considered by studying morphogenetic characteristics
of the area and sedimentological features of deposits.
The former include forms of relief, dynamics and ori-
gin of river valleys, sharp de?ection of river valleys
etc., while the later can be obtained by analysis of
thickness of facies and types of sedimentation.

In the investigated area, three units can be clearly
distinguished by the shape of relief: 1) hilly northern
part, which belongs to the positive morphostructure of
Fruska Gora showing constant uplift trend, 2) transi-
tional part, which corresponds to the higher fluvial
terraces of Pleistocene age, and 3) the lowland part of
the Sava valley with lower terraces, which are un-
doubtedly situated in the area of significant, tectoni-
cally controlled, subsidence.

Fruska Gora represents a horst whose tectogenesis
began as early as Early Miocene, but it was generally
formed in Early Quaternary, and has been permanent-
ly modified until recent time (ToLJC et al. 2013).
Significant part of primary shaping of morphostruc-
tures in this massif took place in the Miocene, and it
can be recognized in gravitational shear across the
faults of the E-W direction. During Pliocene and the
earlier parts of Quaternary some of these faults were
reversely reactivated, by which an antiform and posi-
tive structural build of Fruska Gora was additionally

highlighted. This was accompanied by a rapid erosion
of the uplifted parts and an equally rapid accumula-
tion in the neighbouring lowered domains. Conse-
quently, recent morphostructural and morphosculptur-
al appearance of this massive is a reflection of causal-
ity and interaction of numerous processes, of both
endogenic and exogenic origin, so the recent geomor-
phological features represent the result of complex
morphogenesis of this mountain.

In the Early Miocene, the metamorphic core of the
mountain was primary exhumed from the ductile do-
main across the zone of decolman shear, situated at
the boundary of metamorphic and underlying Meso-
zoic non-metamorphosed tectono-stratigraphical con-
tents. Further extensional deformations in the brittle
domain were performed in Middle and Late Miocene
across the gravitational faults, which are now situated
in the northern and southern slopes of the mountain
(ToLyic et al., 2013). Finally, in the Pliocene and the
Quaternary, the Dinaric-Carpathian system entered
into compression while the Pannonian basin was pro-
gressively inverted and filled by Plio-Quaternary ter-
restrial sediments. Differential vertical motions of
block structures led to intensification of erosional pro-
cesses and final modelling of an asymmetrical horst
structure surrounded by Quaternary deposits of Srem
and Backa plains.

The uplift that began at the end of Pontian reached
its maximum at the Pliocene/Pleistocene boundary,
when across the existing E-W directed faults remobi-
lization occurred, characterized by asymmetrical rota-
tion of the FruSka Gora block. This is recognized in
stronger uplift of the southern edge of the massif, re-
sulting in high hypsometrical position of the mountain
range.

Throughout the Quaternary time, the activities
along these faults continued in the peripheral parts of
the recently formed FruSka Gora horst, particularly
mobile being the zones of the Vrdnik fault, Karlovac
dislocation and Cortanovci transverse fault. The Da-
nube fault, whose trace coincides with the riverbed of
the Danube, along with the above mentioned faults,
played a key role in the formation of the Fruska Gora
horst, around which very specific genetic categories
of Quaternary sediments were deposited.

After the intensified uplift of Fruska Gora, accom-
panied by subsequent subsidence of the southern fo-
othills, a relatively shallow basin was formed, with
axial parts oriented in accordance with the orientation
of tectonically active structures (i.e. E-W). Also, it
can be considered that these movements were causal-
ly related to climatic changes at the Pliocene-Pleisto-
cene boundary, so that the proluvial sediments formed
in that time have a regional distribution and represent
landmark for the drawing of the lower boundary of
Quaternary in this part of the area.

The neotectonic uplift of the FruSka Gora horst
caused the intensive, but uneven cutting of the Fruska
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Gora watercourses, which on both slopes belong to a
parallel drainage system, developed at the right angle
to the direction of the peripheral structures and paral-
lel to the generally N-S oriented structures. Thus
formed river valleys are composite, mainly transverse
and consequent. The watercourses that belong to the
Sava drainage system have deeply cut and narrow val-
leys only in their source parts. In lower parts, because
of gentler slopes and a gradual transition into the
plain, river valleys are wider, watercourses are often
ephemeral, and form an alluvial fan, often with water-
logging phenomena. At the northern slopes of the
mountain, rivers are deeply cut, of small width, with
steep valley sides in their upper and middle parts,
while in the lower parts they expand and form narrow
floodplains.

Unlike the areas with a steady trend of rising, in the
lowered regions relatively thick deposits of different
origin were formed. Among them are products of flu-
vial, swamp, deluvial, and in Late Pleistocene also
aeolian type of sedimentation. In the areas more low-
ered by tectonic agents, the watercourses of the Da-
nube and Sava have been developed. Vast meanders,
sharp de?ection of river valleys and apparent asym-
metry of their valleys represent distinctive character-
istics of watercourses under the influence of neotec-
tonic and recent tectonic processes.

The intermontane valley of the river Sava has been
sinking during Quaternary, while the horst of Fruska
Gora and the northernmost parts of Sumadija have
been rising. As a result of this trend of movement,
within the young trough a wide river valley was
formed, whose origin was connected to the tectonical-
ly controlled, slow but continuous subsidence.
Throughout the Early and Middle Pleistocene the tec-
tonic trough of the Sava river was constantly descend-
ing, which was reflected in the increased thickness of
the deposits and their polycyclic character. Of partic-
ular importance were gravitational movements across
the Kalemegdan fault, which controlled the develop-
ment of the asymmetrical Sava trough. The depression
axis migrated over time, from NW to SE, which was
followed by migration of the Sava riverbed. From
morphological point of view, the valley of this river
belongs to the asymmetrical type of river valleys — its
right side is in constant motion toward SE, while the
left one is quite poorly distinguished and covered by
deluvial deposits. The longer axis of the river valley is
generally parallel to the extension of the recent
depression, with the width amounting to up to 25 km.

Looking at the broader area, a distinctive double
sharp de?ection valleys of this river can be observed
on the line Sremska Mitrovica—Sabac. Namely, under
the influence of a great floodplain of the Drina, this
river has been shifted towards Sremska Mitrovica, so
outside the zone of its influence it turns abruptly
towards Sabac, from where it spreads (occasionally
meandering) to Belgrade, following mainly the Kale-

megdan fault along the Pannonian part of the section.
Its valley in this part also has an asymmetrical charac-
ter, because the loess and alluvial terrace are much
more developed on the left, than on the right side of
this watercourse.

The dynamic stage of the longitudinal profile of the
Sava river, especially in its lower part to its conflu-
ence with the Danube, is characterized by permanent
sinking, which is manifested in the morphology of the
river valley, as well as in polycyclic character of sed-
imentation. Beside the extreme meandering of the
course of this river, numerous deserted meanders are
present, from completely dry, over occasionally to
permanently active. Permanent lowering within the
Sava trough is also indicated by a significant increase
of the thickness of fluvial deposits with thick alluvial
deposits of Late Pleistocene and Holocene overlying
them. The younger part of these deposits was formed
in conditions of relative rest in this area.

Also, from the regional point of view the Danube
near Vukovar turns from the meridional direction at the
angle of almost 90° towards the east, following the
faults along the northern foothill of Fruska Gora, all the
way to Stari Slankamen where the watercourse changes
its direction and flows to the south. The river valley in
this area is pronouncedly asymmetrical with the mor-
phologically low left valley side and the right side
marked by a steep section. This can be explained by the
recent lowering of the area to the north of the fault, fol-
lowed by migration of the riverbed to Fruska Gora.

From Stari Slankamen to Belgrade the Danube
turns twice. The first turning (Stari Slankamen) is
controlled by the mobility of the faults present on the
eastern slopes of Fruska Gora, the activity of which
led to the separation of the Titel loess plateau from the
Srem loess plateau. Both of them were parts of the
same entity before the deposition of the penultimate
loess level (GORJIANOVIC—KRAMBERGER 1921), when
they were separated by a fault near Stari Slankamen,
which controlled the turning of the Danube and for-
mation of the recent valley. Another turning is in the
area of Stara Pazova. It has a distinctive elbow char-
acter, so it may be related to the fault structures that
control the area of uplift to the south of Stari Banovci
(MARTINOVIC et al. 2010). At the same time, this is an
area of the contact of the Fruska Gora and Zemun
parts of the Srem loess plateau. The valley in this part
also has a pronouncedly asymmetrical character,
wherein its left side makes a vast loess and alluvial
terrace (Pancevacki rit), while the right side forms a
very steep loess section, permanently eroded by the
river.

Lithofacial analysis

Throughout Quaternary in the Serbian part of the
Pannonian basin, and to a much lesser extent in its
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periphery, a relatively thick succession of genetically
different types of sediments was deposited. Of special
interest are pre-loess deposits, whose thickness and
great distribution indicate that in the wider area of
southern part of the Pannonian basin intensive sinking
of the terrain was taking place throughout Pleistocene.
This is particularly indicated by the presence of flu-
vial-lacustrine sediments, whose thickness in some
places exceeds 200 m. However, despite the great
thickness of deposits it can be concluded that subsi-
dences were of low intensity compared to those in the
central parts of this basinal system, such as the Great
Hungarian depression, where the thickness of Quater-
nary deposits exceeds 700 m (RoNal 1974). As op-
posed to the deposits formed in the subsided regions,
deluvial-proluvial sediments (,,Srem series®, ,,Kli¢e-
vac Series®, etc.) that have been formed on the slopes
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occasionally aquatic (swampy) areas, which were
eroded from the adjacent uplifted structures (Belgrade
Promontory). These parts of the area were subsided
across the cascade systems of faults, indicated by an
increased thickness of older Pleistocene deposits.

Deposits of Plio-Pleistocene age (marsh-lacustrine
deposits) were found by deep drilling in the area of
Zemun and Novi Beograd, where their upper bound-
ary is situated at an altitude of about 30,0 m, and
lower at —60,0 m; while in some boreholes which are
even deeper, their lower boundary is not reached, so
presumably it could descent to a much greater depth.
Taking into consideration that in the area of the
Kvantas pijaca (meaning Green market) in Zemun the
Neogene basement was not reached even at the depth
of 260 m, it can be concluded that these deposits have
a great thickness (Fig. 3).
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Fig. 3. Map of thicknesses of the pre-loess Pleistocene deposits in the area of Srem (amended after MAROVIC et al. 2002).

of Fruska Gora and in the peripheral belt of the Pan-
nonian basin, especially in its eastern part towards the
Carpathians (RakIC, 1977), indicate the environment
of inflicted areas between elevated regions.
According to the thickness of Quaternary deposits,
in particular Pleistocene pre-loess deposits, it can be
assumed that in the extreme SE part of Srem (today’s
territory of Novi Beograd and Zemun) the differentia-
tion of relief under the influence of vertical tectonic
movements occurred in Early Pleistocene (KNEZEVIC et
al. 1998; NENADIC 1997, 2003; NENADIC et al. 2009,
2010, 2011). The lowered parts were then quickly
buried by rapid accumulation of slope deposits in

A very distinct and relatively extended subsidence
in the area of Zemun and Bezanija is indicated also by
a great thickness of fluvial polycyclic deposits of
Early Pleistocene, which largely overlie the Plio-
Pleistocene deposits. The faults that caused cascade
subsidence in this part of the area, are covered with
these sediments and other overlying Quaternary
deposits. NE-SW directed structures can be followed
from Kalemegdan to Obrenovac, from where further
on, in a planar view, they form a system of echeloned
faults of similar orientation.

The deposits of the Early Pleistocene age are situ-
ated in the hilly areas to the south of the Danube and
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Sava rivers (area of the Belgrade Promontory and
around it) on the significant height which is variable
and ranges from an altitude of 170-179 m on Zve-
zdara, 135-156 m on Mirijevo, 113—130 m on Cubu-
ra, 69-78 m on Kalemegdan etc.

The hypsometric position of the fluvial polycyclic
deposits to the north of the Danube and Sava is signif-
icantly lower. In the area of Novi Beograd their lower
boundary begins on an altitude of 35-48 m, and the
upper on approximately 55 m, sometimes over 66 m,
so that some recent mollusk shells are found in these
deposits together with the washed shells of the genus
Corbicula. The most extensive subsidence was no-
ticed in the area of Zemun, where the lower boundary
of these deposits descends in some places to an alti-
tude of 25 m.

A significantly decreased thickness of pre-loess
Quaternary sediments in the riparian parts of the Sava
river indicates that subsidence in this region took
place a little later, in relation to northern parts of the
territory. Locally, on the right bank of the river, a mor-
phologically prominent fault system has been devel-
oped. Across these structures the NW block has been
subsided, which brought to development of the Makis
depression. It can be concluded from the mentioned
data that during Quaternary the overall subsidence in
the area of the hanging-wall of the Kalemegdan fault
was approximately 160 m.

Opposite to the areas of subsidence, the uplifted
area of the Belgrade promontory and the Fruska Gora
massif were in the stage of intensive erosion and accu-
mulation of eroded material, which was transported
by colluvial-deluvial processes and then deposited in
the environments that were gradually sinking.

In the northern part of the territory (on the slopes of
the FruSka Gora massif) the earlier Pleistocene prolu-
vial-deluvial deposits were formed by a stronger hyp-
sometric denivelation of the area on the boundary
between Neogene and Quaternary, i.e. by a prominent
tectonic activity manifested in the uplift of the core of
this massif and subsidence of the outlying foothill
areas. In the process of accommodation of the newly
formed inflicted areas between the uplifted and sub-
sided morphostructures, there was active erosion, de-
nudation and filling of these areas with proluvial-
deluvial deposits.

According to the stratigraphic-lithological charac-
teristics of Quaternary deposits in the area of eastern
Srem, it can be concluded that palustrine-lacustrine
and fluvial polycyclic sediments mark the areas of
subsidence, and proluvial-deluvial — inflicted areas
beside the uplifted structures (RAKIC 1977; NENADIC
2003; NENADIC et al. 2011; NENADIC & GAUDENYI
2013).

During Late Pleistocene great areas of the Pan-
nonian basin were covered by loess and loess-like
deposits. Loess deposits cannot be an indicator of tec-
tonic activities, because they could be primarily de-

posited at any height, but their thickness can immedi-
ately point to the existent palaeorelief, as well as to
the intensity of erosional processes which occurred in
the areas where these deposits were sedimented. Con-
sidering the number of palaeosols and loess horizons
and their disturbances, ZEREMSKI (1960, 1961) estab-
lished three phases of tectonic movements of epeiro-
genic character on the section of the loess plateau
above the Danube. The oldest movements were fin-
ished before the accumulation of loess; the move-
ments of the second phase took place during deposi-
tion of these sediments, while the third phase took
place after the accumulation of the last loess horizon,
in younger Neolithic. Movements of two older phases
were manifested only in some parts across the profile
line Stari Slankamen—Zemun, i.e. they have local
character, while the younger ones were manifested on
the whole profile of the loess plateau.

An example of tectonic activity can be seen near
Slankamen (locality Surduk), where beneath two
upper horizons of loes, which are horizontal, a pack-
age of deluvial-proluvial deposits is situated, tilted at
the angle of 8° together with paleosols. On the contact
of these two units there are slope debris and pebbles
of hard Neogene and Mesozoic rocks. These were
probably formed by the action of proluvial process on
the slopes of the Fruska Gora mountain, in the course
of which the base across which the water mass was
moving was leveled. In this way, on the horizontal
surface formed in such way the upper loess complex
was deposited in the undisturbed position. This
unconformity between lower and upper horizons, with
colluvial gravels, was probably formed at the bound-
ary between Middle and Late Pleistocene. In the other
parts of the loess plateau similar elements that would
point to the presence of tectonic activity have not been
observed, since all loess horizons (as well as pale-
osols) are horizontal, which was also noted across the
visible profiles from Surcin to Stari Slankamen.

According to the lithostratigraphic characteristics
of deposits it can be concluded that tectonic activity in
Holocene has a similar character as in Pleistocene, i.e.
areas of subsidence were marked by fluvial, palustrine
and swamp deposits, while deluvial and more rarely
deluvial-proluvial deposits were linked to the inflict-
ed areas toward the uplifted structures.

Thermochronological data

(U-Th)/He dating of apatite minerals (AHe) repre-
sents a low-temperature thermochronological tech-
nique, which is used for documenting the latest stages
of cooling of rocks as they pass the uppermost levels of
the crust, corresponding to the temperatures of ~75 °C
(closure temperature Tc of AHe system, WOLF et al.
1996). Therefore, this method is frequently used to
quantify the time of vertical movements in the upper-
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most ~1-2 km and correlate these movements with
the associated tectonic phases. Two (U-Th)/He single
grain ages were determined on the two rock samples
collected in greenschist facies metamorphic core,
located in the southern part of the Fruska Gora (Fig.
1B.). The ages were obtained following standard ana-
lytical procedures available at the VU University
Amsterdam (see STOJADINOVIC et al. 2013).

The AHe single grain age of the sericite schist sam-
ple Fgl is 16.3£1.6 Ma, while the AHe age of chlo-
rite-sericite schist sample Fg2 is 2.4+0.9 Ma (Table
1). The older age of 16.3+1.6 Ma recorded in sample
Fgl reflects a Middle Miocene phase of cooling in the
Fruska Gora metamorphic core. It represents the
result of contemporaneous uplift caused by extension-
al deformations in the brittle domain that occurred
along the gravitational faults along the southern slope
of the mountain (ToLJIC ef al. 2013). Hence, temporal-
ly it can be well correlated with the main phase of
Pannonian extension (HORVATH et al. 2006). The
younger, lowermost Quaternary, cooling age of sam-
ple Fg2 is 2.440.9 Ma, and it is associated with the
most recent phase of regional tectonic activity. The
obtained age corresponds well with strong uplift at
Pliocene/Pleistocene boundary that was recorded in
the southern parts of the mountain and was associated
reverse reactivation of previously existing E-W ori-
ented gravitational faults. It represents direct evidence
of continuous uplift in the Pliocene and Quaternary,
followed by intensive, tectonically induced erosion of
the source area in the Fruska Gora and the fast depo-
sition of proluvial-deluvial sediments in surrounding
domains. This uplift is, again, associated with the con-
temporaneous phase of compression that affected the
entire region (MAROVIC et al. 2002, 2007).

deposits (especially deposits of Plio-Pleistocene age)
so they are usually not morphologically prominent but
they represent significant control elements of subsur-
face geological structure. In the peripheral parts of the
investigated area there are faults which directly affect
the morphology of the terrain (for example, the faults
by the rim of Makis, along the Fruska Gora massif,
etc.). Across the traces of these faults colluvial move-
ments of rock masses are common.

Undoubtedly, the most striking structures are situ-
ated along the northern and southern periphery of the
Fruska Gora massif, and they actually formed this
asymmetrical horst surrounded by Quaternary depo-
sits. The northern Danubian fault, whose trace gener-
ally coincides with the Danube riverbed, is covered by
a thick package of Quaternary sediments but it is mor-
phologically very distinct because of a pronounced
asymmetry of the river valley. In the investigated area,
on the southern slopes of the Fruska Gora, Vrdnik
fault is situated (ToLJIC ef al. 2013). Its trace is local-
ly observed in the area of Vrdnik, while laterally it is
mostly hidden by loess and pre-loess Quaternary sed-
iments. In the eastern periphery this massif is lateral-
ly limited by the Karlovac and Cortanovci transverse
structures. In the south of the investigated area espe-
cially striking is the Kalemegdan fault, developed
along the Pannonian part of the section, extending
from the SW part of the investigated area across
Ostruznica, Zeleznik and Zarkovo to the confluence
of the Sava. Across this complex fault its NW block
was downthrown, which was accompanied by deposi-
tion of a thick package of sediments of Neogene—Qua-
ternary age. The central parts of the area are covered
by thick Quaternary deposits, hence fault structures
are rarely visible on the surface. However, on the

Table 1. Apatite (U-Th)/He (AHe) Analytical Data. Bold numbers represent corrected final AHe single grain ages obtained
in this study. *Ft is fraction of alphas retained, “corrected ages” are corrected for this effect.

Sample Rock 4He 4He error 238U |238U error| 235U |235U error
name type (atms) (atms) 238U7233U (atms) (atms) (atms) (atms)
Fgl |sericite schists 8.762E+09 | 1.820E+08 2.220 1.712E+11{ 9.293E+09 | 1.272E+09| 6.740E+07
Fg2 |chlorite-sericite schist| 1.447E+08| 4.513E+06 1.004 6.485E+10( 3.521E+09 [4.703E+08| 2.554E+07
e R R e e
Fgl |sericite schists 1.368E+12| 7.403E+10 7.99 14.0 1.3 0.86 16.3
Fg2 |chlorite-sericite schist|-1.850E+09| —6.51E+14 -0.03 1.7 0.6 0.73 24

Quaternary active faults and structures

The faults across which movements were perform-
ed represent inherited structures, primarily formed in
the Miocene, as previously interpreted by TOLIIC et al.
(2013). They are mostly covered by Pleistocene

available seismic sections (MATENKO & RADIVOJEVIC
2012) syn-depositionally active faults are recognized,
across which the axial parts of the Srem depression
were deeply downthrown.

By the analysis of satellite image (1:250 000) infor-
mation on spatial position of larger and morphologi-
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Fig. 4. Map of the regional fault setting of the eastern Srem

cally prominent faults in the area of the eastern Srem
has been obtained (Fig. 4). The basic feature of this
structure is the existence of several fault systems. In
the area of Fruska Gora the most significant faults are
aligned with the strike of the plicative structures.
These longitudinal structures are oriented in the E-W
(ENE-WSW) direction and associated with the
NW-SE directed faults. Longitudinal structures are
large regional ruptures of deca-kilometre dimensions,
among which the Vrdnik fault and Kalemegdan fault
are particularly prominent. Across them the down-
throw of central parts of the eastern Srem was per-
formed (Eastern Srem Block), opposite to the uplift of
the Fruska Gora Block in the north and Sumadija
Block to the south of the investigated area (Fig. 4).
According to the determined positions of large
faults, difference in spatial distribution of internal
structures, as well as the lithofacial characteristics of
the investigated deposits, 3 structural-depositional
environments can be singled out in this area: Fruska
Gora block, Eastern Srem Block and Sumadija block
(Sumadija—Belgrade hills, Fig. 4).

Fruska Gora block

It represents an area limited by the Danube fault on
the north and the Vrdnik fault on the south. By statis-
tical data processing on spatial positions of the faults
of this block, a maximum has been obtained with the
direction 90-270 (diagram R1, Fig. 4). The majority
of ruptures developed in this block generally belong

with simplified review of the tectonic blocks structure.

to this system, which represent the faults that form the
periphery of the positive FruSska Gora morphostruc-
ture. On the diagram in the form of a submaximum a
system of faults with a statistical direction 150-330 is
also observed. The NW-SE directed faults are often
detected in the central and eastern parts of Fruska
Gora.

Geodetic measurements confirm that the Fruska
Gora block has been uplifted in recent times at the
velocity of 0—1 mm/year (MAROVIC et al. 2002).

Eastern Srem block

On the north it is limited by the Vrdnik fault, and on
the south by the Kalemegdan fault. This block is com-
pletely covered by Quaternary sediments, which ham-
pered geometrical analysis of fault structures. Still,
careful analysis of the satellite image made it possible
to define spatial position of a part of dislocations
developed in this area. The data on the fault structures
were measured, statistically processed and shown on
the diagram R1 (Fig. 4). On the rosetta a conspicuous
maximum marks ruptures with a medium strike direc-
tion of 150-330. These structures are found on the
eastern periphery and in center of the block. The sub-
maximum with a medium direction 30-210 corre-
sponds to the faults detected in the SW part of the
block. Part of the fault setting developed in the
domain of this block is also comprised of faults with
the direction 90-270, which are situated in the area
between Sremska Mitrovica and Pazova.
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The available geodetic measurements indicate that
the block of the central Srem subsided at the velocity
up to —2 mm/year (MAROVIC et al. 2002).

Sumadija Block (Sumadija—Belgrade hills)

The northwestern boundary of this block makes the
complex Kalemegdan fault, while the southern one is
poorly defined and beyond the investigated area. The
results of analysis of the faults are represented on the
rosetta R1 (Fig. 4). Detected structures are uniformly
oriented. On the diagram the faults that belong to the
complex Kalemegdan fault have a statistical strike
direction of 60—240. These faults are developed in the
domain of the Sava river and they could be followed
from Zemun on NE to Obrenovac and Debrec on SW.

Geodetic information confirms that this area has
been slowly uplifted at the velocity of 1 mm/year
(MAROVIC et al. 2002), whereas more to the south the
velocity of uplift is increased up to 4 mm/year.

Generally speaking, by the analysis of obtained
data it can be observed that in the blocks of Fruska
Gora and Sumadija Block, as well as at their periph-
ery, the E-W (ENE-WSW) directed faults dominate,
while in the Eastern Srem Block the NW-SE faults
prevail. The reasons for such discrepancies probably
lie in the fact that the central block is covered by rel-
atively thick Quaternary deposits, which masked
older structures of this area, so their remote sensing is
disabled in that way.

Conclusion

Quaternary tectonic activity in southern parts of the
Pannonian basin genetically corresponds to the stress
field, established earlier, at the end of Miocene (ToLJC
et al. 2013). As a consequence of the northward move-
ment of the Adria microplate and final abruption of a
segment of the subducted lithosphere in the Carpathian
domain (MATENKO & RADIVOJEVIC 2012), the whole
Pannonian basin was exposed to permanent compres-
sion. In the border area between the Dinarides and
Pannonian basin, the axis of maximum compression is
NE-SW oriented (BADA et al. 2007). In this stress field
lithologically and structurally complex and thinned
lithosphere of the basement of the Pannonian basin was
folded in regional fold structures of low amplitudes.
Folding has been accompanied by vertical mobility of
blocks limited by the existing fault pattern.

By the analysis of spatial position of faults, their
kinematic features and origin and mutual relationship
of deposits formed in Quaternary, the data were ob-
tained for the purpose of reconstruction of Quaternary
tectonic mobility in the area of Srem. The peripheral
southern parts of the Pannonian basin have similar
evolution as the internal parts of the basinal area. In

these parts there are also domains characterized by
permanent late Neogene and Quaternary subsidence.
Intensity of the subsidence is lower compared to the
central parts of the Pannonian basin. Relatively high-
ly hypsometrically uplifted blocks of Fruska Gora and
northern parts of Sumadija have been developed on
the periphery of the downthrown areas, in the area of
Srem, during Late Neogene and Quaternary.

Simultaneous existence of neighboring domains,
which are uplifted and subsided in a compression stress
field, can be explained by flexion banding of the litho-
sphere (CLOETINGH et al. 2005; DOMBRADI ef al. 2010),
followed by reactivation of the large existing faults
which are in the same time boundaries between the seg-
ments with a different character of vertical movement.
Different character and intensity of vertical mobility of
the lithosphere in the southern parts of the Pannonian
basin have been, throughout Quaternary, the control
factors of the origin and thickness of deposited sedi-
ments. A significant control factor of the Quaternary
depositional environment were the faults on the south-
ern slopes of Fruska Gora and to the southeast of the
Sava river. The internal mobility and outline of the de-
pressions are controlled on the east by the faults (from
Sremski Karlovci, across Slankamen and Belegi$ to
Zemun), while the basin is open towards the west.

The central parts of the investigated area are gener-
ally characterized by a slow, permanent tectonically
controlled subsidence, distinctive also in the recent
time. The peripheral parts of the Sumadija-Belgrade
hills and Fruska Gora horst have been in younger
Neogene and Quaternary permanently and relatively
slowly, uplifted. The (U-Th)/He cooling age obtained
in the metamorphic core of the Fruska Gora horst,
provides a direct evidence for the continuous uplift at
the transition from Pliocene to Quaternary, which is
the result of the ongoing compression. As a result of
accommodation of uplift and following erosion of the
uplifted blocks, in the domain of active faults relative-
ly thick deposits of proluvial-deluvial character have
been formed. In the subsided areas, thick deposits of
different genetic origin have been formed. Among
them the most prominent are lacustrine, alluvial, pa-
lustrine, and in younger Pleistocene aeolian deposits.
In all tectonically subsided parts the flows of major
rivers (Danube and Sava) have been developed. Their
river valleys are situated in areas of faults in which
during Quaternary gravitational movements of high
intensity have been performed. These faults in the
same time represent main tectonic boundaries of the
morphostructural entities developed in this part of the
Pannonian basin.
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Pe3nme

KBapTapHa TeKTOHCKA U 1eN03MLIMOHA
eBoJiynuja ucrounor Cpema
(ceBepo3anagna CpoOuja)

Toxom KBaprapa Ha moapydjy wmctouHor Cpema,
cactaBHor zaena llanoHckor OaceHa, WCIOJBMIIA Cce
TEKTOHCKa aKTUBHOCT Kao OWTaH KOHTPOIHU (PaKTop
Jeno3unyje U QUHATHIX yoOnn4yaBama CaBPEMEHOT
pemeda. Texroncka epomymuja [laHoHCKOT OaceHa je
modvelia 3HaTHO paHHje, TaKo Ja Cy CBE TOKOM KBap-
Tapa TeKTOHCKH aKTUBHE CTPYKType Je0 paHHje Io-
ctojeher mpeapTeka U cragajy y KaTeropujy Hacie-
hennx u peakTuBHpaHUX CTPyKTypa. CeauMeHTamyja,
Kao JTOMHUHAHTaH Tporec huHaTHUX (a3a 3amymaBa-
A WHBEPTOBAHOT JICTIO3UIIMOHOT OaceHa, BpIIIIa ce
y paHHje TeKTOHCKHU Ae(PUHUCAHUM JOMEHIMA.

Toxom mmahux ozespaka IIMOIIEHA U CTapHjer KBap-
Tapa, HakoH rnoBnadema llaparernca, obmact jyxHOTr
o0oma [laHoHCKOT OaceHa y WENWHH IIPOJIA3d KPO3
KOITHeHy (pazy pa3Boja. Y TOM WHTEpBay 00aBJbEHA CY
TEKTOHCKa OOJIMKOBaFa HUCKOT MHTEH3UTETa, KOjuMa
cy (uHANHO YOOIMYEeHH PETHOHATHH MOP(OCTPYyK-
TypHHU 00y, Takohe, TEeKTOHCKH KOHTPOJIMCAaHA MO-
OmITHOCT yHyTap OaCEHCKUX CErMeHaTa Ipoy3pOKoBaia
je HeZocTarak HeKuX CTpaTurpad)CKuX MOIKaTOBa TUTH-
olleHa, mpoMeHy (aryja u aedsprHa HajMimahux JuTo-
crparurpadckux neiaraa (MAROVIC i dr. 1996, 1998).

[TocTrbaceHckn cemWMEHTH, IETOHOBAaHU TOKOM
KBapTapa, NpeACTaBJbeH! Cy PEIaTUBHO e0eTNM Ta-
KETOM CeInMeHaTa y OKBUPY KOTa ce Cymepro-

3WIMOHO Y TEHETCKH MOTY Pa3lIMKOBATH JBa JeJa:

- cmapuju, peYHA U PEYHO-]€3EPCKH, Ca PEIUKTAMA
0aceHCKOT CKIIOTa, TeHepHCaH IOKPETHMa BIIAIIKe
WM BaJlaxHjcKe TEeKTOHCKe ¢aze, Mmarudectyjyhu ce
BHIIIEKPATHIUM CHYIITamEeM HEKaIallmher OaceHCKOT
ITHAa ¥ CTBApambEM CIIOKEHHX allyBHjalTHUX pPaBHU Ipa-
Hynasa u npa-Case, u

- mnahu, xoju oarosapa (HITyBHOJIEHYIAIIIOHOM CH-
CTEMY Y yXKeM CMUCITY, a KOju 00yxBaTa Mop(doIroIike
o0JMKe cTBapaHe TOKOM TOpPHET IUICHCTOLCHA W
XOJIOTICHA.

KBaprapHy TEKTOHCKY aKTHBHOCT jy>KHHIX [€JIOBa
[laHOHCKOT OaceHa je camienaHa y KOHTEKCTY PErHo-
HaJIHE MHOIICHCKE €KCTEH3HOHE EBOJIYIHje OaceHCKOT
IIPOCTOpa M HHErOBe IUIMOIIEHCKO-KBapTapHE HWHBEP-
3uje. MHuoIeHCKa eKCcTeH3mja, mpoayiupana rollback-
oM eBporcke murocdepe y Kapmaruma, 6mna je mpa-
hena pudtrHTOM, HCTamemeM JuTochepe u CcyOCcH-
nennrjom y nomeny llanonckor 6aceHa (HORVATH et
al. 2006). [yrorpajHy cpelmme M TOPEHOMHOIICHCKY
MOCTpU(THY CyOCHIIEHNN]Y, KOHTPOJHUCAHY Ca IIOC-
TymHIM Xiahemem jurocdepe y momeny IlaHoHCKOT
Oacena (thermal sag cooling, CLOETINGH et al. 2006),
IpaTwiia je TUIMOIIEHCKO-KBapTapHa OaceHcKa WHBEp-
3Wja, W3BeACHAa Y KOMIIPECHOHOM HAIMOHCKOM IOJBY.
EKCTeH3MOHO HAIOHCKO TOJbE jeé CMEHEHO KOMIIpe-
CHjOM, aKTHBHPAaHOM Kao TOCTequa (PHHAITHOT OTKH-
nama (break off) cyomyxoBane eBporicke nurocdepe y
nomeny Kapmara, ¢ jemHe crpaHe, m ceBep-ceBepo-
WCTOYHE TIporpecuje AIpHjcke Iiove, ¢ Jpyre CTpaHe.
ToxoM TuMOIIEHAa W KBaprapa, JnHapcko-Kapnarcku
OpOT€H M WHTpakoHTWHeHTanHU [laHoHCKM OaceH cy
M3JIOKEHN KOHCTAHTHO] KOMIIPECH]H, 32 OBE TPOCTOPE
TeHepaHo opujeHTHcanoj 1o npasiy CHU-J3 (BADA et
al. 2007). Y oBuM ycloBHMa je WCTAamEeHAa W IJUTO-
JIOIIKU XeTeporeHa JmToctepa y noxuHu IlaHoHCKOT
OaceHa, yOpana y HaOope KHIIOMETapCKHX pa3Mepa
(CLOETINGH et al. 2005, 2006). Pernonanaa murocdep-
Ha yOupama cy Omia npaheHa BepTHKaTHOM MOOHITHO-
mhy cermeHara nutocdepe, pa3IMIuTOr cMepa W WH-
TEH3UTETa, IITO je Kao (UHATHY MOCIETUIy HMAIO
penaruBHO Op3 AT U NeHyHanujy nepudepujckux
nenoBa OaceHa W Jalby CYOCHACHIN]Y W JCTIO3HIIN]Y
LeHTpaHuX OaceHcknx noMeHa. [Ipu Tome je moxan-
HOM pemuCTpUOYIIHjOM KOMIPECHOHOT CTpeca peax-
TUBHpPaH NOCTOjehn TEeKTOHCKH PEIIPTERK, KOju je Oro
y GOYHKIMjH KOHTPOJIE TEKTOHCKE MOOMITHOCTH YHYTap
0aCeHCKIX EHTHTEeTa, KaKaB je OMo MpOCTOp jy>KHO Off
®pymike [ope.

Ha cexmujama cemsmuukux npodmra Opymrke [o-
pe (MATENKO & RADIVOJEVIC 2012) Moxe TIperno3Ha-
TH acollfjanrja pacefa kKoju unHe Bpaawmukn pacen
(ToLyic et al. 2013). 1o 0BOj CTPYKTYpH j€ IpAMAapHO
TPaBUTAIMOHO CIYIITEH jYKHHU OJOK, TP 4YeMy je
nebJbMHA TUTHOTIEHCKO-KBApTapHUX CeOMeHaTa jyx-
HO ox pacena u npeko 500 m. Takohe cunHTe3a MOAA-
TaKa CEeM3MHYKOT Tpodripama U JyOOKHUX HCTpaxK-
HUX OyIlIema W3BEJIEHNX Y OBOM MOApYYjy, ymyhyje
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Ia je nebJprHa TUTHOIEHCKO-KBapTapHUX CeIMMeHara
3aavajHa (MARTINOVIC i dr. 2010). Hajseha neGspuna
cenuMenara je m3mely Crape [lazoBe u Illamma, y
IerpecHju duja oca ce mpyxa mnpasinem H-3
(MCH-3J3). Ha ceBepHoj nepucdepuju nenpecuje ce
Haja3u BpIHWYKM pacen, LEHTpallHEe JeJOBE II0-
Ipydja KOHTPOIUIIIE acoIfjallrja XOpPCTOBA U POBOBa
neduHICAaHUX paceirMa 10 KojuMa je TyOoKo cITy-
mTeH neHtpanran jaeo CedkepuHCKe Aemnpecuje
(MATENCO & RADIVOJEVIC, 2012). JyxxHa nepudepuja
MPOYYaBaHOT MPOCTOpPa HA CEM3MHYKHUM CEKIIHjaMa
MOKa3yje CIIOKEHY TEKTOHCKY MPUPOAY IPeNa3HOT
monapydja m3mel)y [laHoHCKOT OaceHa W FHETOBOT W3-
TUTHYTOT jyxHOT 3aneha. Kao moMuHaHTHA CTPYKTY-
pa ce npeno3naje Kanemernancku paces, CHHAETIO3H-
[IMOHO aKTUBHU pacell, M0 KOMe je CyOcuIeHImja
CEBEPO3aJHOT JOMEeHa OWja aKTHBHA U TOKOM KBap-
Tapa, Ha mro ynyhyje 3HadajHa nebsprHa HajMmiIahux
cenuMeHara. Ha oBakaB CIleHapHO yKasyje W pena-
THUBHO MaJta Ae0JbHHA ITHOIEHCKO-KBAPTAPHUX CEITH-
MEeHaTa WCTOYHO on oBor pacema. [locmarpano y
IIaHy, acolujalujy pacena koju unHe Kajemerman-
CKM pacej, YMHU HH3 EMIAJIOHHPAHHWX pacena Tpy-
xama CH-J3 koju ce mory miparuti ox Kamemergana
no O6peHoBIa U naJke Ka jyrozamany (Ci. 4).

Opymka ['opa npencraBiba XOpCT Ydja TEKTOTeHE3a
je oTrmouena jour y JOmeM MHOIICHY, TeHEpaIHO yo-
ONMYeH TOKOM paHOT KBapTapa, MepMaHEeHTHO MOMIH-
(hMKOBaH 10 y PEIIEHTHO BpeMe. 3a MpUMapHO MOpdo-
CTPYKTYpHO OOIIMKOBam€ OBOI' MacHWBa 3Ha4dajHA CY
MHOILIEHCKa OOJMKOBama Koja c€ MOTY IPENo3HaTH Y
TPaBUTALMOHUM CMHUIAbAMa JyXK paceia TpyxKamba
N-3. Toxom 1ummorieHa 1 cTapujer KBaprapa JIe0 OBUX
pacena je peBepCHO PEaKTHBHpPAH, YAME j& JONATHO
WCTaKHyTa aHTU(POPMHA, TIO3UTHBHA CTYPKTypHA rpaha
Opymke [ope, mTo je 6mo mpaheHo parmumIHOM €epo-
3WjOM atUTM(THPAHUX JIENOBA U UCTO TAKO PalUIHOM
aKyMYJaIfjOM Y OKOJTHUM CITyIITeHUM JIOMEHUMA.

[locne wnTeH3mBHUjer m3muzama Ppymke [ope,
npaheHOr CyOCEKBEHTHOM CYOCHIEHIINjOM jy>KHOT
mpearopja, Jonasu 10 GopMupama pelaTuBHO TUTUT-
KOr 0aceHa ca akCHjalTHUM JEJIOBHMa OPHjeHTHUCAHH
CartacHO OpPHjEHTAINjH TEKTOHCKH aKTHBHUX CTPYK-
Typa npyxama 3. Takole, Moxke ce cmMarparu aa cy
OBH TOKPETH Kay3aJlHO OWIIM TOBE3aHHW ca KIIMMart-
CKMM TpOMEHaMa Ha TPaHWIM IUIMOIEHa U TIIeHC-
TOIIEHA, T€ Jla TajJa HACTalHd IPOIYBUjaHH CEIH-
MEHTH WMajy pETrHOHAJHO pacupoCTpameme W
MIPENICTaBJbajy pErep 3a W3BIAUeHe [[OFhE TpaHUIle
KBapTapa Ha OBOM JIeTy T€pEHa.

MNHTpannaHuHCKU cuTyupaHa aonuHa peke Case
TOKOM KBapTapa ToHe, 10K ce xopcT @pyuike ['ope u
HajceBepHuju nenoBu lllymammje m3mmxy. Kao mo-
CJIEZINIIa OBaKBOT TPEHJA KpeTama, Y OKBUPY MIIaI0T
poBa QopmupaHa je mUpoOKa JONWHA PEKe, duja ce
€BOJTyIIja MOYKE BE3aTH 332 TEKTOHCKH KOHTPOIHCAHY
CHOpY, ald¥ KOHTHHYHUPaHY CYOCHIEHIH]y. Y TOKY
CTapHjer W Cpenmer IUIEHCTOlleHAa TEKTOHCKH DPOB

CaBe Halla3Wo ce y KOHCTAaHTHOM CITyIITamy, IITO Ce
1 onpa3miio Ha noBehaHy neOJpHHY Haciara u \bHX0B
MONUIMKINYHY Kapakrep. [Ipu Tome cy moceOHO o
3Ha4aja Omia rpaBHTallMOHA Kperama mo Kamemer-
JTAHCKOM pacefly, Koja cy KOHTpoOJIMcaja pa3Boj acH-
merpuyHor Casckor poBa. Oca nempecuje je Bpe-
MEHOM MHUTpHpaja, O ceBepo3amnaa Ka jyroucToKy,
mTo je 6mro npaheHo W MUTPAIMjOM PEYHOT KOPHTa
peke Cage.

ToxoMm kBapTtapa y cprickom neny Ilanonckor 0Oa-
CeHa, a y 3HaTHO Mam0j MEpPH Ha HEroBoM 000my,
HaTaJO)KeHa je pellaTUBHO nebeira Cykiecuja re-
HETCKH pa3IMYATUX TUMOBa Hacyara. [loceban 3Ha4aj
MIpH TOM Cy MMaJie TIpeliecHe Haciare, ddja nebJprHa
W BEJIHMKO paclpocTpameme yiyhyje ma cy ce Ha
mupeM ToApydYjy jyxHor nema [laHoHckor OaceHa
TOKOM IIJICHICTOIIEHA OJ[BHjajla WHTEH3MBHA CITyIIITa-
wma. Ha To HapoumTo yKazyjy CEIHMEHTH PpEedHO-
je3epckor KapakTepa uHuja aeOJbMHa MECTHMHYHO
npenasu U npeko 200 m. Hacynmpor Hacnarama
(hopMHUpaHUM y CIYIITEHHM OOJIaCTHMa, JeITyBHjall-
HO-TIPOJYBHjaIHA CEIUMEHTH (,,cpeMCKa cepuja’,
,,KIIMdeBauka cepuja’, uTa.) Koju cy (hopMHpaHU Ha
naanaama Opymke [ope n Ha obomHOM Tojacy lla-
HOHCKOT 0aceHa, IMoCce0HO y MCTOYHOM JeNy IpeMa
Kapmaruma (RAKIC 1977), ykasyjy Ha mpeBojHa
Mmojpydja MpeMa U3IUTHYTHM CTPYKTypama.

Ha ocHOBy ne0JsbHMHE KBapTapHUX, MOCEOHO TIpe-
JIECHUX IUIEMCTOIIEHCKHAX Hacliara, MOXe Ce IMPeTIo-
cTaBuUTH Ha je Ha kpajibem JU memy Cpema (ma-
HammeM mnpoctopy Hosor beorpaga u 3emyHna)
monaswio o audepeHmujanuje peibeda mMom yTH-
1ajeM BEPTUKAIHUX TEKTOHCKHX TOKPETa TOKOM
crapujer miuenctoneHa (KNEZEVIC i dr. 1998;
NENADIC 1997, 2003; NENADIC i dr. 2009, 2010,
2011). Ilpu TomMe Cy CIyHITEHH NENOBH 3aTpHaBaHH
Op30M aKyMyimanujoM TMaJWHCKHX Hacjara y TOBpe-
MEHO aKBaTMYHUM (3a0apeHuM) cpemrHamMa, epojo-
BaHUX Ca OKOJHHUX M3IUTHYTHX CTPYKTypa (Oeorpai-
ckor pra). OBU JENIOBH TepeHa Cy MY KacKaJIHUX
CHCTeMa pacela CITyIITaHH HaHIDKE, O YeMy Hapo-
9UTO cBefoun moBehaHa meOspMHA CTapHjerencTo-
[IEHCKUX Hacjara.

TBopeBuHe mHo-TUIEHCTONIEHa (OapCKO-je3epeke
Haclare) cy KOHCTaTOoBaHE AYOMHCKHM OyIlemeM Ha
nmonpy4jy 3emyHa u Hosor beorpanma, rme um je
onpehena ropma rpanuiia Ha oko 30,0 mnv, a moma Ha
—60,0 mnv, ok mojenuHe OYIIOTHHE M TIPEKO Te
IyOMHe HUCY CTWIJIE IO FheroBe TOAWHE, TMa je 3a
MPETIIOCTAaBUTH Jia Ce JOHa TPaHMIla OBHX Haciara
MECTUMHUYHO CIIYIITa IOCTa HIDKE O]l TOpe HaBeIeHE.
VY3umajyhn y 063up na ce Ha mpoctopy Kpanrarike
nyjare y 3eMyHy HHje HaOyIlIeHa HeoTeHa MoJIoTa HH
Ha nyOmHU o 260 m, 3a MPETIIOCTAaBUTH j€ /a OBe
Hacllare€ MECTHMHUYHO HMMajy jaKo BEIUKY JEOJbUHY
(Cn. 3).

WuTepecanTHu cy u mojanu T0OWjeHH TPUMEHOM
TepMOXpoHoOJIomKe Merone. Kao mro je mosHaro,
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onpehuBame cTapocTu Xiahema amaruTa KOPWIII-
hemeMm (U-Th)/He TepMOXpOHOIOITKE METOAE, MPE-
CTaBJba TEXHHKY KOja c€ YecTo ymoTpeOJraBa 3a
neduHUCake BpeMeHa OJBHjarha BEPTHUKATHHUX TEK-
TOHCKHX TOKpeTa y HajITMhuM HHUBOWMA 3eMJbUHE
kope. OBO je oMoryheHO THME INTO je Temreparypa
3arBapama (U-Th)/He cucrema y amarutuma ~75 °C
(WOLF et al. 1996), mTo O6m omrosapaio Xxjiahemy
CTeHa TpPH FHUXOBOM BEPTHKAIHOM KpeTamy Kpo3
MIPUIIOBPITHHCKE HHUBOE 3eMJbMHE Kope (~1-2 km).
JBe crapoctn xmahema moOujeHe Cy aHAIM30M JBa
y30pka u3 MeramopdHor jesrpa @pymke rope (Ta-
oena 1 u Cn. 1b., Fgl 16.3£1.6 Ma u Fg2 2.4+0.9
Ma). Crapoct y3opka Fgl od 16.3+1.6 Ma, mpen-
CTaBJba pe3yiTar xiahema H3a3BaHOT H3IU3aEHEM
MeTamopdHor jesrpa Ppymike rope TOKOM MHOIEH-
CKHX EKCTeH3MOHUX JedopMaliija JayX TpaBUTALINO-
HUX pacela JOUWUPAHWX Ha jY)KHOM 000y TJIaHWHE
(ToLii¢ et al. 2013). Crapoct y3opka Fg2 od 2.4+0.9
Ma ce, mehyTum, MoXe KopelrucaTt ca XjahemeM OBUX
CTeHAa TOKOM CHQ)XKHOT H3IW3amba Ha TPAHUIU TUTH-
OlleHa W IUIEHUCTOIIEHAa, a Koja je acomupaHa ca pe-
BEpCHOM peakThBanyjoM Beh mocrojehnx rpaBuTa-
IIUOHUX pacella OPUjeHTHCAHMX II0 MPABIy HCTOK—3a-
nag. Crapoct y3opka Fg2 mpeacraBiba JupeKkTaH
JI0OKa3 KOHTHHYHPAHOT W3AH3alka MeTaMOpPQHOT
jesrpa @®pymike rope TOKOM IDIHOIIEHA M KBapTapa,
IITO TpeJCTaB/ha MOCIEAUI]y KOMIIpecHje Koja
IUKTHpPAa PEIEeHTHU TEKTOHCKH PEeXUM UYHTaBOT
peruona (MAROVIC et al. 2002, 2007).

Ha ocHoBy yTBpheHHx mo3uiija KpymHHX pacena,
pasnuKa y TMPOCTOPHO] MUCTPUOYLIHjU HHTEPHHUX
CTPYKTypa, Ka0 W Ha OCHOBY JMTO(anujaTHUX Ka-
paKTepuCTHKa MPOyYaBaHUX JIENIOHATa, Ha WCTPAXKH-
BaHOM TOpy4jy Moryhe je u3aBojutu 3 CTpyKTypHO-
Jeno3unuone uenuHe: bnox @Ppywxe lope, bnok
ucmoynoz Cpema wn Lllymadujcku 610K (wymaouj-
cko—beoepadcko nobphe) (Ci. 4). bnok @pymke ['ope

MpeAcTaBba MOAPYYje OTrpaHHYeHO JyHaBCKHM
pacenoMm Ha ceBepy W BpIHWYKMM pacemoMm Ha jyTy.
brox ncrounor Cpema je ca ceBepa orpanndeH Bpa-
HUYKUM paceqioM, a ca jyra Kamemermanckum pace-
oM. [llymammjcku brok kao ceBepo3ananny rpaHuUILy
nMa criokeHn KamemermaHcku pacen, OK je jyKHa
HenepUHNCAaHA U U3BaH MOAPYYja UCTPAKHUBAKA.

KBaprapHa TeKTOHCKa aKTHBHOCT y jY)KHUM Je-
nmosrMa [laHOHCKOT OaceHa TeHETCKH KOPeCIOHANpa
ca HAIOHCKUM II0JFEM YCIIOCTaBJHEHUM pPaHHje, Kpa-
jem mmorena. Kao mocnemuma kperama Anpujcke
MUKpPOIIJIOYE Ka CeBepy W (PMHAIHOT OTKHIama Cer-
MEHTa CyOIyKoBaHe JHTOC(hEpe y KapIraTcKoM JI0-
MeHy, meo llaHOHCKM OaceH je W3JOXKEeH IepMma-
HEHTHOj KOMIIPECHjU. Y TpPaHUIHOM MONpy4)jy m3mely
Juuapuna n IlanoHckor OaceHa, oca MaKCHMalTHE
KoMIIpecHje je opujeHTHcaHa mpasiem CU-J3. V
OBOM HAIIOHCKOM TIOJBY j€ JTUTOJIOIIKH M CTPYKTYPHO
CIIO)KEHa U UcTameHa nmuTochepa noamnae [lanoHCKOT
OaceHa, yOpaHa y pernoHajHe HaOOpHE CTPYKType
HHCKE aMIuTuTyne. YOupama cy mpaheHa BepTHKal-
HOM MOOMIHOINY OJIOKOBa JUMHUTHPAHHUX MOCTOje-
huM pacegHUM MPEaIPTEROM.

HcroBpemeHO er3ucTupame CycenHuX JoMeHa KOju
ce W3MMKYy W TOHY Yy KOMIIPECHOHOM HAIOHCKOM
M0JbY, MOTY ce 00jacHUTH (PIEKCHOHUM CaBHjameM
nutochepe, mpaheHO peaKTUBHpamEeM KPYITHHX,
rmocTojehnx pacena Koju Cy yjeIHO U TpPaHHIIE cerMe-
HaTa ca pa3IndYUTHM KapaKTepoOM BEPTHKAIHOT
KpeTama. Pa3nmuuuT kapakTep M MHTEH3UTET BEpPTH-
KalTHe MOOMITHOCTH JUTOC(hepe y jy’)KHUM JeTOBHMa
[lanoHckor OaceHa Cy TOKOM KBapTapa OWIIM KOH-
TpoiHU (aKTOpH TeHe3e W AcOJpHHE TCTTOHOBAHMX
cennMeHara. Kao BakaH KOHTPONHH (DaKTop KBap-
TapHOT JEMO3UIIHOT TPOCTOpa IMPETMO3HATH Cy pa-
cenu Ha jy>)kHUM naguHama Opymike [ope (Bpaamakn
pacen) m jyrouctouno ox peke CaBe (CIIOXEHH
Kanemermancku pacen).
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The copper deposits of Bor, eastern Serbia:
Geology and Origin of the Deposits

IvAN ANTONIEVIC' & PREDRAG MIJATOVIC?

Abstract. The copper deposits of Bor, volcanic activities in the area and relationship of minerals through time
are presented by formations within the Cenomanian—Turonian range. Geology and age of the deposits are given
in the geological-time order based on superposition of the Timok mineral-ore Formation and the underlying
(Cenomanian) and fossiliferous overlying (Senonian) strata. The concept of dating Bor deposits the Turonian is
discussed in this context. Bor deposits lie between the Cenomanian Krivelj Formation and the Senonian epiclas-
tic Metovnica Formation. Embedded between the two formations is the Timok volcanogenic Formation.
Described in this paper are principal members of the Timok Formation strata: volcanogenic and subvol-
canogenic-intrusive rocks, a zone of hydrothermally altered rocks and main types of the Bor ore deposits: (a)
Deposits of massive sulphide coppers; (b) Vein and stockwork-disseminated type of mineralisation; (c) Porphyry
mineralisation; and (d) Reworked ore-clasts of copper sulphides of the Novo Okno deposit. Identified deposits,
according to the Bor Geological Service records and published works, are systematized and summarized into
three geographic units: (1) Group of deposits Severozapad (Brezanik); (2) Central Bor Deposits (Tilva Ro§, Coka
Dulkan, Tilva Mika, Borska Reka, and Veliki Krivelj) and many ore bodies; (3) Copper deposits Jugoistok (ore
bodies X and J) and olistostrome deposit Novo Okno. Information given in this paper, the discussion on relative
geologic age of the Bor deposit’s floor and roof in particular, support our concept that the process ceased before
the Upper Turonian, and that age of the primary copper mineralization is Turonian.

Key words: Turonian, volcanism, copper deposits, Bor, floor (Cenomanian), roof (Senonian), formation,
superposition, deposit age.

Ancrpakr. bopcka nexwuinra 6akpa, ByJIKaHU3aM M BPEMEHCKU OIHOCH HACTaHKa PyIHE MHUHEpalu3aluje
NpHUKa3aHu ¢y (GopMalMoHO y XpOHOCTpaTurpad)ckoM JIijana3oHy IEHOMaH-TypoHa. [eonoruja u crapoct Je-
JKHIITA W3JI0KEHN Cy TE€OXPOHOJIOCKH Ha OCHOBY cymepriozunuje Tumouke pymoHoc-opmarmje u docuio-
HOCHUX Hacjara mnofauHe (IIeHOMaH) U ToBiare (CEHOH) oBe ¢opMarnuje. Y TOM KOHTEKCTYy (OpMYIIHCaHa je
KOHIIETIIIHja O TYPOHCKOj MO3UIMjH 6opckux Jexkuira. [ToquHy THX nexunmnTa u3rpalyje neHomancka Kpusess-
cka (opmaryja, a TOBJIaTy CEHOHCKa eNuKiIacTnIHa MetoBHIYKa opmannja. Mzmely THX OCHOBHMX CTEHCKHX
Maca ((opmarmja) CMEIITeHa je ITIaBHA PYAOHOCHA jeAMHUIA OOPCKUX JiemuinTa TruModka BylkaHOTeHa (op-
Manyja. Y oxBupy oBe (Tumouke) dopmanuje mprka3zaHe Cy IIaBHE acOIHjalliijeé BYJIKAHOTEHHUX H CyOBYII-
KaHOTEHO-MHTPY3UBHHUX CTCHA, 30HE XUAPOTEPMAIIHE alTepanyje U BaKHUJU TUIIOBH JIEKHCTA OJHOCHO PyIHE
MuHepanuzanyje y bopy: a. Jlexucra 6akpa MmacuBHUX cyndua, 6. KUamuacTo-ITOKBEPKHA UMIIPETHAITMOHN
tumn, 1. [lopdupcka pyaHa MuHepaiuM3alvja ¥ 7. PenernoHoBaHM pymoKiacTH MacuBHHX cyidunma Oakpa,
nexumTa “Hoso OkHo”. [Ipema nokymenTaruju bopcke reosomike ciayxoe 1 00jaB/beHUM PaIoBHMA, JISKHUIIITA
Cy CHCTEMaTH30BaHa M CAKETO M3JIOKEHA Yy OKBUPY Tpu Treorpadceke uenune: 1. [pyna nexwuiura Ceeposanan
(bpezanux), 2. Llentpanna nexumra bopa (Tunsa Pom, Yoka Jlynkan, Tunsa Muka, bopcka pexa, Benuku
Kpugsess) u 6pojua pynna Tena, 3. Jlexumra 6akpa Jyroucrok (pyana tena “X” u “1”’) u OianucTocTpoMcKo Jie-
xumre “HoBo Okno”. [Ipukasanu pesyiratd y 0BOj CTyIHMjU MOCeOHO AWCKyCHja O PENAaTUBHO] I'EOJIOIIKO]
CTapOCTH IMOAMHE W TOBJaTe OOPCKUX JISKHUINTA, MOTBPlYjy Hally KOHLENIHjy Aa je CBE 3aBpILICHO jOII Tpe
TOPH-ET TYPOHA U JIa j€ CTapoCT JIeXKHUIITa Oakpa MpuMapHe 00pCKe MUHEpaIu3alyje TYPOHCKA.

Kibyune peun: TypoH, ByJIKaHHU3aM, JIexuiTa 0akpa, bop, moauna (1ieHomaH), mosyiara (CeHoH), Gopma-
1I{je, CyMepro3uilija, CTapOCT JICHKHUIIITA.

1 Vjekoslava Kovaca 14, Belgrade, Serbia.
2 Geological Survey of Serbia, Rovinjska 12, Belgrade, Serbia. E-mail: predrag.mijatovic@gzs.gov.rs
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Introduction

Bor area has been explored for copper deposits
over hundred years. New large porphyry deposits
were found and worked parallel with the earlier
opened ones and the known copper ore of massive
sulphides. Some of porphyry bodies (e.g. Borska
Reka) are expected to be economic, both in reserve
and recovery, more than all the deposits known so far
in Bor area.

History of exploration (1902-2005) and geological-
economic evaluation of the excavated and potential
deposits, ore reserves, average Cu, Au, Ag, et al. metal
concentrations are reported in monographs by
JANKOVIC (1990, 2002) and DROVENIK (2005). Many
geological-metallogenic studies, analyses and mono-
graphs on metallogeny of the Bor deposits, paragenetic
sequences and types of mineralization have been pub-
lished but have not yet finally solved the original rela-
tion (age, porphyry mineralization, massive sulphide
copper deposits, the Novo Okno ore clast deposit, etc.).

Formational approach last few years to the issue
helped an accurate geological presentation of the
time-stratigraphic relationship of ore minerals, origin
and development of the Bor deposits. Considered in
this context are processes of the Upper Cretaceous
(Turonian) volcanism and mineralization in the area,
relationship between the fossiliferous Cenomanian
floor and the Senonian roof of the Bor ore-bearing
rocks in particular.

Interpretation of the likely Turonian age of the Bor
deposits and the abandoned Laramian concept of
Paleogene metallogeny are supported by a more
recent fundamental scenario and published geological
and metallogenic data, viz.:

— Location of the ore-clast deposit Novo Okno at

the Upper Turonian—Lower Senonian boundary,
a turning point in dating the Bor deposit and its
geology;

— Metallogenic zone Bor, Bor copper deposit, No-

vo Okno and other bodies;

— Pyroclastics and epiclastics from the first phase

of the Timok Magmatic Complex;

— Copper and gold Bor deposits — hundred years of

exploration;

— Volcanogenic Turonian and epiclastic Senonian

in the Timok Magmatic Complex;

— Origin of the Bor and other copper deposits;

— Formational base of the Bor copper-gold de-

posits;

— Novo Okno copper deposit of olistostrome ori-

gin; etc.

Further treatment of the Bor copper deposits, be-
sides the mentioned and adopted information, inclu-
des some conventional prospecting methods used in
his geological dating:

a. Superposition in the Timok volcanogenic com-
plex;

b. Time-stratigraphic relationship between the un-
der- and over-lying strata of the Timok complex and
deposits;

c. Reworked ore-clasts of the primary Bor deposits
and epi-clasts of the Upper Turonian and Lower Se-
nonian, an olistostrome-like deposit;

d. Discordances, transgressions and the like.

Investigation data on geology, origin and age of the
Bor copper deposits are presented within the above
given frame.

Geology

Geology of the Bor copper deposits is described by
superposition of strata in a model of homogeneous
lithogene units, formations, underlying and overlying
the mineral deposit (Tab. 1):

—underlying Krivelj Formation,

— Timok ore-bearing Formation,

— overlying Metovnica Formation, and

— Bor conglomerates and pelite.

The Underlying Krivelj Formation

Geological basement of the deposits northeast of
Bor consists of clastic-pelitomorphic rocks of the Kri-
velj Formation (Cenomanian/Lower Turonian). The
formation is transgressive and unconformable over
Urgonian limestone of the Veliki Kr§ monocline (Ve-
liki Krivelj—Kvarnana).

The Krivelj Formation began to form in the Middle
Cretaceous (Vraconian) with rifting and volcanic
events, uplifting and stretching of the east-Serbian
paraplatform and strong Albian-Cenomanian trans-
gression (ANTONUEVIC 2010).

Strata of the underlain Krivelj Formation were
found in 1958 (Krivelj-Kvarnana, Fig. 1) at the base
of the Veliki Krivelj porphyry copper deposit, begin-
ning with Albian-Cenomanian glauconitic ferruginous
sediments and conglomerates and grading upwards
into Cenomanian pelitomorphic fossiliferous sedi-
ments equivalent to the Lenovac Beds of TupiZnica
south of Veliki Kr§ and Bor.

In the east of Veliki Krivelj area, the Krivelj For-
mation penetrates deep into the floor, where metamor-
phised in contact with quartz diorite and partly trans-
formed into skarn (ALEKSIC 1979). An exotic block of
Krivelj limestone, with Albian-Cenomanian rocks, is
also metamorphic and partly transformed into skarn.
Hydrothermally altered andesite and quartz diorite
with porphyry copper mineral identical to that of
Veliki Krivelj were found deep in the block on the
Veliki Krivelj side.

In the local geological columns, three members
were differentiated of about 125 metres total thick-
ness. How deep is the intrusion of the upper metamor-
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Table 1. Formational model of the Bor copper deposits
FORMATION ENVIROMENT COMPOSITION MINERAL EPOCH
2z 9 :
5 2| DUBRAVEF. |:£ Marine Conglomerate,
g 2| Conglomerate | £ volcanogenic- sandstone, / Upper
% § Pelite - tuff @ Sedimentary pelite—tuff Senonian
> w
., . Breceia, Oret—‘clastlcs Low'er
% | METOVNICA |-£| Submarine conglomerate, romk Senonian-
O B clastics Novo Okno Upper
z olistostrome Turonian
= Massive Cu
o .
) sulphides:
on . . £
£ | pyroclastic | | Volcanogenic Pyroclastics | & 'stockwork- Middle
3 TIMOK = (subaerial) hornblende = impegnated Turonian
& | subvoleanic |3 intrusive andesite diorite | £| mineral at Bor; Turonian
© | associations 5 hypabyssal quartz diorite | £ porphyry at
E S| Borska Reka,
e Krivel]
& . . .
s 20 Marine Pelite, glauconite, Turonian,
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Fig. 1. Krivelj Formation and Veliki Krivelj copper deposit. Map left: 1, Albian—Cenomanian (Vraconian); 2, Cenomanian—
—Turonian; 3, Volcanogenic Turonian; 4, Veliki Krivelj deposit; 5, Hydrothermally altered rocks (3, 4, 5 the Timok Forma-
tion); and 6, Fault. Photo right: Dark Albian—Cenomanian, Light Urgonian.
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phic member (pelite) of the Formation upwards into
the volcanogenic Turonian and the Krivelj deposit is
conjectural; the contact is probably discordant
(ANTONUEVIC 2010, p. 3).

The Timok Ore-Bearing Formation

Basic lithologic unit in the volcanic Bor structure is
the volcanogenic, ore-bearing Timok Formation hun-
dreds of metres thick. It is largely subaerial, with
notable amounts of hornblende-biotite andesite (Ti-
mozite) and pyroclastics, and locally with subvolcanic
intrusive deep-seated rocks (dykes). Hydrothermally
altered rocks and metasomatic copper deposits also are
extensive. The Formation controls main copper deposits
of massive sulphides and porphyry copper mineralisa-
tion of Bor (volcanogenic Turonian, in PORPEVIC 2005).

Rock associations or members identified in relation
to the complexity of the Timok Formation, processes
of volcanism and hydrothermal alteration, and the
types of ores and deposits are the following:

1. Hornblende-biotite andesite association;

2. Diorite and quartz diorite; and

3. Hydrothermally altered rock zones, deposits or

ore occurrences.

Hornblende-biotite andesite association includes
hornblende-biotite dacite and other volcanic rocks such
as hornblende andesite pyroclastics subaerially consol-
idated. These are products probably of the earliest vol-
canic phase, the so-called Timozite rock association in
Bor (DROVENIK 1968). DORBEVIC (1994) notes essential
differences in the association, resulting from the com-
position, complexity and formational environment of
rocks, and divides it into the groups of epiclastic and
pyroclastic rocks. This classification reduces the pro-
portion of true volcanic rocks (Timozite and pyroclas-
tics) in the first volcanic phase products.

Volcanic products of the Timok Formation build up
the entire Bor structure. They are located largely in the
eastern marginal area and less in the rest of the Bor
complex, because most rocks, previously taken for py-
roclastic material (Timozite), are in fact reworked epi-
clasts of the Metovnica Formation (PORPEVIC 1994).

The entire complex of the Timok rock association
is discordant over the Krivelj Formation, bounded by
the reversed Brestovac dislocation and Senonian
andesite basalt in the west and by Bor conglomerate

and Bor fault in the east (Fig.

V7 N\ 4

A R

o o A N A 4

I
N AN D
NV A
VAVYAY e & 2 w7 Kamenjar

VAV VANVY AV
VANV AVYA
VAV AV A A

NN A s N
V74 i 4 V7

VAW A
VAN A N e
v/\v/\// 7 //_ A o,
vava A Tilva Ronton Oo
N o
NN S o w1 NO

vava Lo e w A LA
vrv | Coka “ Tilva Ro§ -~

VAN
v av A Dukan 'z

vav A oo
VAV
VAV
v A A
VAV A
WAV A Y AN

I A "
VOXIN D s Tilva™

vavava Mika ‘t‘
AV ANV A

VVXVAVAAVG\
VAV ANV A i

VAV AV AN

VAVAVA AN
VAW AN A ALY
VAW A

0 200 5(|)0 m

A
av )N
VoA

2).
Diorite, quartz diorite as-
sociation includes biotite, horn-
blende, dacite, etc. (hypabyssal
rock association) and porphyry
copper of the Borska Reka and

N Veliki Krivelj. It is related in
| time and petrochemistry to the
above described association of

volcanic rocks (MARIC 1975).
The association occurs in small
dykes and vein bodies in pyro-
clastics (Bor, Krivelj).
Petrology and relationship
of the Upper Cretaceous igne-
ous rocks in the Bor area are
studied by MARIC (1957), Dro-
VENIK (1961, 1968), DORPEVIC
G. (1985, 1995), DORBEVIC M.
(1994, 2005), BANIESEVIC
(2010), et al.
Hydrothermally altered
rocks and deposits, provision-
ally members or subunits,
within volcanic and subvol-
canic-intrusive rock associa-
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Fig. 2. Sketch geological map of Central Bor ore bodies. 1, Timok volcanogenic
Formation (Timozite); 2, Hydrothermally altered Timozite; 3, Bor conglomerates;
4, Massive copper sulhide minerals (pyrite ore bodies); 5, Impregnated ore bodies

(DrROVENIK F. & DROVENIK M. 1956, modified).

tion of the Timok Formation
are potential environments
and important prospecting cri-
teria for prediction, explo-
ration and monitoring copper
ore mineralization in the Bor
mineral ore field.
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Large ore bodies of massive sulphide coppers and
porphyry are associated with hydrothermal alteration
zones, major dislocations and igneous structures and
related to pyritisation, silicification, sericitisation,
argillisation, and similar low-temperature alterations,
as well as to chloritisation, carbonization, etc. in the
lower part of deposits (PORPEVIC 1997).

sedimentary Novo Okno copper deposit of olis-
tostrome derivation (ANTONDEVIC 2011) formed at the
depth of 270 metres.

Discordantly laid over the volcanic Turonian, in-
cluding zones of hydrothermal alteration and massive
sulphide copper deposits (e.g. Tilva Ros), this unit
resembles in composition the parent Timok pyroclas-

tic association of rocks. It is a

-~

Mali Krivelj
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unit of Senonian reworked epi-
clastics. In stratigraphy and
formation it is equivalent to the
Metovnica Formation south of
Bor, where the petrology and
formation are well studied and
described (PORBEVIC 1997).
Epiclasts and pyroclasts in
the eastern Timok Magmatic
Complex were undistinguished
for a long time, taken for a uni-
fied association of volcano-
genic rocks and even in Bor
treated and mapped as (Timo-
zite) the first volcanic phase.
Rocks of the Bor Complex
formed and were eroded in the
Turonian and later under the
- |2 submarine conditions. The
2 final product is a very thick
Senonian epiclastic unit, com-
posed of different reworked
pyroclastics, which was not

Brestovac interpreted to be epiclastic in

= . L, L

Fig. 3. Sketch tectonic map of Bor province: fault system and three hydrothermally
altered zones with copper deposits Bor, Mali Krivelj and Veliki Krivelj. 1, Hydro-
thermally altered zone; 2, Ore bodies with different pyrite and copper sulphide pro-
portions; 3, Thrust; 4, Fault (DROVENIK F. & DROVENIK M. 1956, modified).

Drovenik focuses on the hydrothermal alteration
and identifies three notable alteration zones in the
main massive sulphide copper deposits of central Bor
(Fig. 3). The alterations are obviously related with
dykes and dislocations (e.g. Bor fault) extending
NNW to SSE (DROVENIK 2005, p. 19).

The Overlying (Metovnica) Formation

Senonian epiclastic unit (PORPEVIC 1994) overlies
the Timok Formation and copper deposit transgessive-
ly lain with conglomerate and breccia of hornblende-
biotite andesite, reworked tuff and fragments of the
underlying rocks locally including Cenomanian glau-
conite sandstone and ore-clasts of massive sulphide
coppers. In the Jugoistok orebody, south of Bor, the

the Bor area. Erosional rem-
nants of this unit in the roof of
the Tilva Ro$ ore body, how-
ever, were proposed (Srasov
1972) and confirmed (DORDE-
VIC 2005, p. 69).

Additional mapping and
map revision must separate
epiclastics and pyroclastics as
it has been done for the Novo Okno olistostrome cop-
per deposit (ANTONIDEVIC 2010).

The Superlain Formation
Pelite, Tuff and Bor Conglomerates

The superlain units in geology of the Bor mineral
area are obviously young and not directly relevant to
the interpretation and to the Turonian position of the
Bor mineral deposits.

Pelite associated with tuff at Bor is generally
referred to as the alternating volcanogenic-sedimenta-
ry rock association of Campanian age. This group of
rocks overlay discordantly the ore-bearing Timok
Formation and Senonian epiclastics. The upper units
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of the group form a succession of pelite and tuff alter-
nating with fine pyroclastics dominantly of andesite-
basalt phreatic tuff. DORPEVIC et al. (1997, p. 87) treat
Bor pelite and tuff as members of the andesite-basalt
Dumbrava Formation, west of Bor.

Bor Conglomerates is the newest (Maastrichtian)
formational unit of the Bor deposits, which is discor-
dant on the Senonian (epiclastic) Metovnica Forma-
tion and over other orebody units. It is inversed in
relation to the Turonian ore-bearing formation and to
almost all copper bodies of Central Bor along the east-
ern reverse contact (Fig. 2).

Conglomerates formed during shallowing and likely
regression of the Senonian sea; they contain fragments
of older surrounding rocks, mainly from crystalline
bedrock, and of ore (“secondary quartz derived from
the Bor mineral resource area, formed through hydro-
thermal mineral alteration”, in DORBEVIC 1997, p. 126).

Lower units of the Conglomerates bear Middle
Maastrichtian foraminiferal fauna (PORBEVIC et al.
1997, p. 126).

Types of Ore Mineralisation

Geological Service records of Bor list four types of
copper mineralisation: (1) Massive sulphide copper
mineralisation; (2) Hydrothermal-filiform mineralisa-
tion, (3) Porphyry mineralisation, and (4) Ore-clasts
of massive sulphide copper mineralisation.

Mineralisation of each type is auriferous, especial-
ly the massive sulphide copper mineral, with commer-
cial concentrations of Cu, Au, Ag, etc. The mineral
types were controlled by hydrothermal alterations and
subvolcanic intrusive rocks produced by Turonian
volcanic events, all but the reworked massive sul-
phide copper ore-clasts.

JankoviC (1990) mentions frequent occurrence of
“two-mineral” ores: massive sulphide copper in the
upper and stockwork-impregnated mineral in the
lower or lateral deposit units.

Massive sulphide copper Mineralisation

This is the commonest widespread type of mineral
in Bor, a metasomatic product in the hydrothermally
altered rocks, dominantly hornblende andesite and
hornblende-biotite andesite (Timozite) of the Timok
Formation. Occurrences of the mineral are noted on
the periphery of similar hydrothermally altered deep-
seated rocks (diorite, quartz diorite, and the like).

DROVENIK (2005, p. 19) draws attention to the struc-
tural control of massive sulphide copper mineraliza-
tion in most deposits (Bor fault, for example). Massive
sulphide concentrations usually occur in the upper vol-
cano-tectonic structures in NNW to SSE strike direc-
tion and in volcanic vents and fissures (Fig. 3).

Ore bodies are oblong, mainly columnar, contain-
ing metasomatic massive or stockwork-impregnated
(‘reticulate”) copper mineral (JANKOVIC 1990).

Massive sulphide mineral is composed dominantly
of pyrite and different copper sulphides (enargite, bor-
nite, covellite or chalcocite) sulphides and accessory
chalcopyrite, neodigenite, etc.

This type of mineralisation is prevailing in almost
all copper ore bodies of Central Bor (Coka Dulkan,
Tilva Mika, Tilva Ros, etc.) and the Jugoistok deposit.

Hydrothermal-Vein Type Copper
Mineralisation

This type of mineralization evolved dominantly in
faults and systems of parallel fractures and fissures.
Mineral bodies vary in thickness from a few cm to
half a metre and from 300 to 340 metres in length
(DROVENIK 1956; GRUIICIC 1979; JANKOVIC 1990).
Mineralisation occurs mainly in veins, locally in mi-
nor nests and lenses of massive sulphide (Fig. 4). Ore
bodies of this type are Tilva Ronton and Brezanik and
the orebody L of the Severozapad deposit.

Mineral occurrences resembling veinlets are Kraku
Bugaresku and local impregnations diffused in mas-
sive sulphide rock of the Tilva Ros, Central Bor
(JaNkOVIC 1990).

Porphyry Copper Mineralisation

Lower units of the massive sulphide deposits and
stockwork-impregnated ore bodies contain apprecia-
ble copper concentrations of porphyry ore (e.g. Bor-
ska Reka). They also occur in the structures that con-
trol mineralization of massive sulphides and hydro-
thermally altered andesite and pyroclastics.

The grade of mineral concentration in the men-
tioned deposits is controlled by the presence of intru-
sive dyke diorite, quartz diorite porphyry and related
hypabyssal rocks.

Porphyry mineralisation includes large porphyry
copper deposits of Veliki Krivelj and Bor (Borska
Reka etc.).

Interrelation of the shallow-seated porphyry ore
mineral and the massive sulphide deposits, and of the
volcanic rocks similar with intrusive dykes, is not yet
completely explained (JANKOVIC et al. 2002). Minor
lens like concentrations of massive sulphides occur in
some layers of the Borska Reka porphyry mineral.

Ore-Clasts of Massive Sulphide
Mineralisation

Ore mineralization of the olistostrome derivation in
Bor is a type apart; it forms chaotic mechanical as-
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semblages of ore and non-ore fragments, ore-clasts, in
continental or olistoliths in marine environment. Ore-
clasts are formed by explosive destruction of the pri-
mary massive sulphide copper deposits of Bor, their
ejection onto the surface and gravity slide down the
volcanic land-slopes (“slumping phenomenon™) into a
sea basin (ANTONUEVIC 2011).

Given the high grade of the ore mineral concentra-
tions in olistoliths, size of ore blocks up to 50 cubic
metres, this type of copper mineral was found to be
valuable.

A unified mineral deposit of this type is Novo
Okno; its ore reserve is 2.250,000 tons, average cop-
per concentration 4.85% (JANKOVIC 2002, p. 119).
There are also some occurrences of ore-clasts near
Metovnica and north of Bor town (Coka Bare, Ujova).

Geological basement under all these deposits is
made up of identical hydrothermally altered and min-
eralized andesites and hornblende-biotite pyroclastics
and locally minor dykes of intrusive rocks.

Copper Deposit Severozapad

Brezanik is one of the Severozapad deposits. It
consists of two ore bodies of notable veinlet-fissure
and lens like mineralization on which it was classified
as a “separate” morphogenetic type (Fig. 4).

The deposit Brezanik is geologically well explored.
Its formational environment, hydrothermal alterations
and paragenetic ore sequences are described by MIL-
ICIC & GRUICIC (1979), JANKOVIC et al. (2002),
DROVENIK (2005).
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Fig. 4. Types of vein mineralization in the Brezanik deposit. 1, Hydrothermally altered andesite; 2, Sulphide mineralization
(pyrite-chalcopyrite); 3, Adjacent impregnations (MILICIC & GRUJICIC 1979).

Geological Overview of Deposits

The overview of the Bor mineral deposits outlines
three geographic entities based on published works,
particularly the conclusive geological studies of
JANKOVIC (1990), JANKOVIC et al. (2002), and Dro-
VENIK (2005). These are:

— Severozapad copper deposits,

— Central Bor deposits, and

— Jugoistok copper deposits.

Mineral occurs in minor massive sulphide nests and
lenses and impregnations. Main rocks of the deposit
are hydrothermally altered andesite and pyroclastics
of the hornblende-biotite andesite (Timozite), with
local occurrence of quartz diorite porphyry.

DROVENIK (2005, p. 26) mentions erosional rem-
nants of pelite and pyroclastics at the top of Brezanik
deposit, which, by analogy with Tilva Ro§, seems to
represent parts of the similar, epiclastic Senonian
rocks from the roof.
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JANKOVIC et al. (2002) describe several ore miner-
als, of which pyrite-covellite is of economic interest.
Pyrite is the dominant Fe sulphide in all types of the
ore minerals.

In the Brezanik ore, Cu grade is 1.23%, and the
excavated volume about 500,000 tons (JANKOVIC et al.
2002, pp. 119, 174).

Central Bor Deposits

Most of copper deposits are ore bodies (twenty) of
all types and classes, and the largest volume of ex-
tracted and potential ore is located in the Central Bor
(Tilva Ros, Coka Dulkan, Tilva Mika, Borska Reka,
Veliki Krivelj).

Near in distance and origin to volcanic vents and
dislocations, the deposits formed in the zones of
hydrothermal alteration where the formational condi-
tions and environments were similar to those of the
overlying Timok Formation.

Geological-economic value of the deposits, hun-
dreds of millions of tons in volume, which bear com-
mercial Cu, Au, Ag, and some other metals, in gener-
al, and the types of ore minerals and main copper
deposits of massive sulphides and porphyry in partic-
ular, give the Central Bor deposits a broader metallo-
genetic importance.

Massive Sulphide Copper Deposits

Tilva Ros§ the largest copper deposit of massive
sulphide: about 100 million tons mined ore with
0.66% average copper content (JANKOVIC et al. 2002,
p. 119, Tab. 8). It is mentioned as the richest copper
ore body in Bor.

The deposit formed along the principal volcanic
structure, Bor dislocation, in NNW to SSE strike
direction, in a length of 2 km. It has been mined in the
same direction to a depth of 800 metres (JANKOVIC
1990).

Mineral is located in hydrothermally altered horn-
blende-biotite andesite (Timozite) like in other depo-
sits of the Central Bor. It passes with the depth into
stockwork-impregnated or porphyry type of minerali-
sation.

Interesting geological information on the Tilva Ros
deposit about its Upper Cretaceous age (our italics) is
given in SPASOV et al. (1972); it states that the overly-
ing rocks include erosional remnants with ore breccia
and clasts of the destroyed primary copper deposits.
DPorpEVIC (2005, p. 69) accentuates this information
and explains that ore breccia, in tuffogene cement, are
remains of Senonian epiclastics reworked with ore-
clasts and laid transgressively over Turonian volcanic
rocks of the Tilva Ros deposit. A similar occurrence is
reported by DROVENIK (2005) at the Brezanik deposit.

Published information by Spasov (1972) and Por-
PEVIC (2005) and the tuffite occurrence over the Bre-
zanik deposit (DROVENIK 2005) add supportive evi-
dence to the Upper Cretaceous Turonian age of the
Bor copper deposits.

Coka Dulkan is a major copper ore body of 13 mil-
lion tons extracted ore, with average Cu 3.80%, men-
tioned as the best known massive sulphide copper ore
in Bor (JANKOVIC et al., 2002, p. 124). Types of min-
erals uncovered in the Coka Dulkan, according to
JANKOVIC et al. (2002, p. 128), are the following:

a. Siliceous ‘cap’ at the top of mineral rocks;

b. Cementation zone, under the ‘cap’, (zone of sec-

ondary or supergene sulphide enrichment);

c. Massive sulphides in the upper part of the ore-

body;

d. Stockwork-impregnated type of mineral; and

e. Hydrothermal ore veins.

Tilva Mika system is a group of small ore bodies
(A, B, C, D. J, L) in the hydrothermally altered horn-
blende-biotite andesite and the surrounding ore bodies
of the southeastern Bor.

Vertical and horizontal ‘regularity’ in the distribution
of some facies of mineralization and alteration is
observable in this deposit as well. Massive sulphide
mineralisation is prevailing, and ordinarily stockwork-
impregnated mineral lower in the deposit (Fig. 4).

Orebody C, smallest in the Tilva Mika group, is a
mineral of the stockwork-impregnated type.

Mineral reserve of all the Tilva Mika bodies is a
comparatively modest amount; the largest and richest
is orebody A of 11 million tons excavated ore with
average Cu 3.03% (JANKOVIC et al. 2002, p. 130).

Other ore bodies of massive sulphide coppers and
disseminated stockwork-impregnated deposits in
Central Bor (Sistek, Tilva Ronton, Kamenjar, Krpe, et
al.) are described in the Geological Service records of
Bor and in monographs by JANKOVIC (1990, 2002)
and some other publications.

Porphyry Copper Deposits

Two almost identical porphyry copper deposits in
the Bor mineral resources, Borska Reka and Veliki
Krivelj, (differ slightly in size, gold content, skarn,
etc.). Principal deposits, especially Veliki Krivelj, ha-
ve been studied for the origin of mineralization and
the Turonian position of copper deposits.

Paragenetic sequence of the porphyry copper minera-
lisation is simple, like most deposits of this type. Pyrite
and chalcopyrite form the major proportion of the min-
eral, and the minor proportion consists of bornite, enar-
gite, chalcocite and covelite (JANKOVIC 1990, p. 306).

Borska reka is the largest deposit of the Bor cop-
per district, a volume of about 557 million tons and
average Cu 0.6%. At a copper metal recovery of 3.6
million tons, this deposit is expected to produce more
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than the total amount of the copper ore extracted so
far from all the mined ore bodies in Bor (DROVENIK
2005, p. 29)!

This deposit falls (by size) into the group of porphyry
bodies with elevated copper and gold. It formed in
somewhat different geochemical environment from
those of the massive sulphides (JANKOVIC et al. 2002, p.
160).

It is localized in rocks underlying sulphide ore bod-
ies and in stockwork-impregnated ores, in the same
volcanic structure as the Bor mineral resource. The
mineral and the accessory hydrothermally altered horn-
blende-biotite andesite low in the deposit are associat-
ed with intrusive diorite, quartz diorite porphyry dykes
(Fig. 5B). Some units of the Borska Reka porphyry
mineral include minor lenses and massive sulphides,
elevated copper, and locally skarn (JANKOVIC 2002).

JANkOVIC (1990, p. 306) mentions impregnated-
metasomatic veinlets and nests of copper mineral in
the Borska Reka deposit.

The deposit is currently being prepared for explo-
itation. More details on the paragenetic sequence, me-
tallogenetic and geological evaluation of the Borska
Reka porphyry deposit can be obtained by referring to
the Bor Mine Works records and publications by MILI-
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CIC & GRUJICIC (1979), BRAJKOVIC & PAVLOVIC (1989),
JANKOVIC (1990, 2002), DROVENIK (2005), etc.

Veliki Krivelj is the second largest porphyry cop-
per deposit of the Bor ore field; its reserve is about
465 million tons, average Cu rate 0.34% and much
lower gold than in the Borska Reka. It is located some
3.5 km north of the Central Bor (The Veliki Krivelj
deposit is not part of the Central Bor proper, but
belongs to the Bor mineral resource; it is present-
ed in this paper together with the porphyry depo-
sit of the Borska Reka.).

The deposit lies within the zone of hydrothermally
altered hornblende-andesite and pyroclastics, associ-
ated with intrusive diorite and quartz diorite dykes
and skarn in the Krivelj dislocation.

Absolute age of the deposit varies within the range
from 77 to 91 million years (Tab. 2, in: JANKOVIC et al.
2002).

Explorations in the deposit were carried out from
1965 to 1979 (OGNJENOVIC 1976; ALEKSIC 1979; POR-
PEVIC 1980; etc.). It is intensively worked at present
(Monograph by Jankovi¢ (1990, p. 316) in the
chapter Ore Deposits of Serbia (Bor Copper De-
posits) gives a complete description of the Veliki
Krivelj deposit.).
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Fig. 5. Porphyry copper deposits Borski Potok (A) and Borska Reka (B). 1, Pyroxene andesite; 2, Bor pelite and tuff, (1-2)
Dumbrava Formation; 3, Bor Conglomerate; 4, Massive sulphide copper (orebody X); 5, Porphyry copper mineral; 6,
Hydrothermally altered minerals; 7, Hornblende andesite, (4—7) Timok Formation; 8, Fault [Schematic presentations by
MILICIC & GRUJICIC (1979) and by BRAIKOVIC & PAVLOVIC (1989) from DROVENIK 2005, modified].
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The deposit Veliki Krivelj (east) rests on Cenoma-
nian/Turonian Krivelj Formation (ANTONUEVIC 1957,
1973) underlain by glauconite sandstone and fosslifer-
ous siltstone. A part of the Formation is widely affect-
ed by Timok andesites and quartz diorite dykes, local-
ly metamorphosed and transformed into skarn and
skarnoids. Similarly mineralized is the block of
Urgonian limestone, ‘The Krivelj Stone’. The whole
group of the Veliki Krivelj porphyry deposit units, its
Cenomanin floor, intrusive dykes and skarn, are
southwest inclined (Fig. 7).

Aleksi¢, Drovenik et al. have long believed and
wrote without evidence that metamorphic sedimenta-
ry rocks underlying the Krivelj deposit were Seno-
nian; consequently, mineralisation with skarn is post-
Senonian, Paleogene. On the basis of this dating and
the previous prevailing opinion the copper deposits of
the entire Bor metallogenetic zone is interpreted to be
Laramian or Paleogene (DROVENIK 1956-2005).

DROVENIK (2005, p. 44) finally concluded: “As far
as I know, the Veliki Krivelj copper deposit is typical
deposit of the whole Timok igneous complex, where
the linkage of copper mineralization with the
Laramian thrust fault and with dykes, especially the
quartz diorite porphyry dykes, is best expressed.”

Jugoistok Copper Deposit

The Jugoistok group of deposits extending from
Central Bor includes copper bodies X and J, occur-
rences (I.LM.N.), and Novo Okno olistostrome copper
deposit. The group also includes the before mentioned
Borska Reka porphyry deposit.

Ore Bodies X and J, studied in detail by MILICIC
& GRruCIC (1979), Miskovic¢ (1995), and JANKOVIC
(2002), are localized in the same rocks as the hydro-
thermally altered hornblende-biotite andesite of Bor.

Products of pyritisation and silicification, and less
of sericitisation and kaolinitisation, according to JAN-
KOVIC (2002, pp. 186—188) are extensive within the
zone of hydrothermal alteration in Jugoistok. Pyrite,
with copper minerals, is massive in the upper, and
porphyry minerals (Borski Potok) in the lower part of
the orebody X (Fig. 5a).

Copper mineralization in the orebody X was a
staged process; the two principal stages, according to
MILICIC & GRUJIICIC (1979), being: older, dominantly
pyrite-enargite bornite mineralization, and younger,
including chalcopyrite-pyrite veinlets and gold.

Porphyry mineralization in the lower part of the
orebody X is of stockwork-impregnated type in thin
veinlets and “specific products of hydrothermally
altered” surrounding rocks. Copper content is vari-
able, between 0.3% and 1% (JANKOVIC, 1992, p. 15),
whereas chalcopyrite is the commonest copper miner-
al in the orebody X.

Orebody J is composed of a few minor lens-like
massive sulphide concentrations, marginally stock-

work-impregnated, and a lower proportion o copper.
The question: Was the ‘deeper’ part of this orebody
affected by disseminated mineralization of the stock-
work-impregnated type X? (JANKOVIC 1990, p. 316) is
left open.

Geological explorations in the Jugoistok and even-
tual location of new mineral occurrences similar to
those of the ore bodies X and J may be expected in the
rift structure of the Veliki Kr§ and Stol monocline
sunken to southeast.

Ore-clast deposit Novo okno is a new genetic type
of olistostrome derivation in the Bor Metallogenetic
Zone. It was uncovered in the seventies of the last
century south of Bor in Turonian-Senonian epiclastics
of the Metovnica Formation.

The olistostrome-derivation of the deposit was first
reported at the 15th Congress of Serbian Geologists,
2010, and described later (ANTONUEVIC 2011) in the
Geological Annals of Balkan Peninsula, vol. 72.

Morphogenetic characteristic of an olistostrome
body is a chaotic mass of mechanically mixed ore-
clasts, olistoliths, Classes A and B, in a sedimentary
deposit of a basin. Ore-clasts of massive sulphide cop-
pers, from 0.5 to 50 m3 in size, associated with amphi-
bole andesite pyroclastics and fragments in matrix
from the country rock are the main lithological mem-
ber of the Novo Okno olistostrome or deposit (Fig. 7).

The olistostrome mass of the Novo Okno indicates
two specific phases of formation:

(1) Turonian (pre-olistostrome) volcanic and

(2) Senonian (olistostrome) submarine phases.

The volcanic phase includes volcanic explosion of
the Central Bor structure, breaking the primary ore
bodies and volcanic rocks into blocks and fragments,
their partial ejection to the surface and deposition on
land (ore-clasts).

The submarine phase at the boundary Upper Turo-
nian/Lower Senonian includes slumping of a semi-
consolidated mass in the form of a unified gravity
slide (olistostrome 320x140x30 m) down volcanic
slopes into normal sediments of the basin and
mechanical accumulation of ore and non-ore clasts,
olistoliths (ANTONIEVIC 2011, p. 103).

Mining, drilling and detail laboratory data and the
paragenetic sequence of ore-clasts, the Novo Okno
olistolite, indicate three mineral associations:

— Pyrite-covellite-chalcocite (Olistolith Class A

from 0.5 to 50 m3);

— Chalcopyrite-bornite (Olistolith Class B from

0.5 to 10 m3); and

— Pyrite-chalcopyrite (ore-clasts and small rock

fragments);

and rocks overlying the olistostrome sequences
Classes A and B.

Ore-clasts of the Novo Okno deposit and their olis-
tostrome derivation strongly indicate an older age of
the primary massive sulphide copper deposits, most
likely Middle Turonian, because the Novo Okno
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Table 2. Absolute age of magmatic rocks in the Bor mineral resource (from JANKOVIC 2002, p. 29).

Location Rock Analysed Age m.y.| Method Source
Veliki Krivelj H-B andesite Amphibole 91+4 K-Ar JANKOVIC et al. 2002
Veliki K13 H-B andesite Amphibole 7743 K-Ar JANKOVIC et al. 2002
Put Bor—Krivelj H-B andesite Biotite 88 Rb-Sr JANKOVIC et al. 2002
Kriveljska reka Andesite breccia Amphibole 84,16 K-Ar LovriC 1986
Kriveljska reka Timozite breccia Amphibole 80,56 K-Ar LovRIC 1986
Bor village Dacite Amphibole 65,70 K-Ar LovRIC 1986
Bor village B-2 Dacite Amphibole 70,04 K-Ar JANKOVIC ef al. 2002
Bor river H-B andesite Rock 7844 K—-Ar JANKOVIC ef al. 2002
Tilva Mika pit H-B andesite Biotite 74 Rb—Sr JANKOVIC ef al. 2002
Bor, Bor river H-B andesite Rock 66,85 K—Ar JANKOVIC , unpbl
Bor, Bor river H-B andesite Rock 6656 K—Ar JANKOVIC , unpbl
Bor pit H-B andesite Amphibole &9 K—Ar | BANIESEVIC in PORPEVIC 2005
“Novo Okno” H-B andesite Amphibole +90 K—Ar MISKOVIC 1989
Todorov potok—Krivel] Diorite Rock 75.33 K-Ar
Veliki Krivelj Diorite-Porphyry Rock 7776 K—-Ar JANKOVIC et al. 2002

deposit was formed in the Upper Turonian/Lower
Senonian epiclastics (ANTONIEVIC 2011, p. 108).

The interpretation of MISKovIC (1995) of the “dis-
tal” Novo Okno copper deposit in the Jugoistok mas-
sive sulphide mineral (ore bodies X and J) is therefore
untenable.

Discussion of the Deposit Formation and
Origin

Absolute age of the Bor mineral deposit was deter-
mined mainly using the K-Ar method on a relatively
small number of rock and mineral samples. The pro-
cess of mineralization, interpreted by Jankovi¢ (2002,
p. 30), evolved within the range from 91 m.y. to 66
m.y. Translated into the language of relative age, Bor
volcanic rocks (first phase volcanism) and their
hypabyssal equivalents (diorite, quartz diorite, etc.)
may be taken for pre-Senonian, formed in the interval
Turonian-Senonian.

Porphyry copper deposit of Veliki Krivelj formed in
the hornblende-biotite andesite environment, from 88
m.y. to 91. m.y. absolute age, and partly in its pyro-
clastics and quartz diorite (JANKOVIC 1990, p. 316).

Some intrusions, however, such as the Todorov
Potok diorite, are 76 m.y. K-Ar dated.

DoRrRBEVIC (2005, p. 87) mentions the age of +90 m.y.
using Banjesevi¢’ (K-Ar) data for two hornblende
grains from pyroclasics of the Bor Mine (Tab. 2).

Absolute age of hornblende andesite from under
the Novo Okno olistostrome, south of Bor, also was
+90 m.y. by K-Ar method (MISKoVvIC 1989).

Summarizing the research results and the new deter-
minations of the absolute age of volcanogenic intrusive
rocks in the Timok region, BanjeSevi¢ writes: “Volca-
nism in the Timok Magmatic Complex has a long his-
tory of ten million years. It began at the Turonian/Se-
nonian boundary. The oldest rocks are dated Upper
Turonian; shallow-seated rocks formed up to the Upper
Senonian. Copper porphyry ore minerals in Bor and
Krivelj are Santonian.” (BANJESEVIC 2010, p.3).

JANKOVIC et al. (2002, p. 30) discuss further the
absolute age of the Bor complex and conclude:

“The determined age of magmatic rocks varies
within a wide range even of one and the same type.
Any result that deviates much from the relative rock
age cannot be taken into consideration.

“Age determination of the Bor magmatic rocks
therefore should be taken for preliminary; further sys-
tematic examination is needed, especially of the strati-
gaphic relationship between porphyry ore minerals in
the lower and massive sulphide minerals in the upper
parts of the deposits.”

It needs to be noted, however, that none of the sub-
volcanic-intrusive rocks of the Bor Complex analysed
so far were identified as Laramian or the Paleogene
absolute age.

Relative age. Without reliable evidence of the geo-
logic age of magmatic rocks in the Bor Complex, con-
ventional prospecting methods were used, some of
which, in our opinion, are crucial in addressing the
age issue. These are:

— Superposition,

— Biostratigraphy, and

— Reworked ore-clasts.
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Superposition. Recent investigations have con-
firmed that the ore-bearing volcanogenic rocks of the
Bor Complex rest on the Krivelj Formation (Cenoma-
nian—Lower Turonian) and under the Metovnica For-
mation of epiclastics (Upper Turonian—Lower Senoni-
an) (ANTONDEVIC 2010).

The Krivelj Formation, for example, is character-
ized by fossiliferous pelitomorphic rocks and the
associated glauconitic sandstone and conglomerate at
the base. It is transgressively underlain by the Veliki
Kr§ carbonate monocline (Vlaole, Veliki Krivelj,
Kvarnana) and the Krivelj Stone (Fig. 6). The upward
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mentions stratigraphic position and age of the later
uncovered Novo Okno deposit as evidence of the
Upper Cretaceous Bor mineralization.

Biostratigraphy. Relative ages of the Bor mineral
resource subjacent and superjacent rocks are deter-
mined using the non-abundant but characteristic fos-
sils of macro- and micro-fauna.

Rocks, for example those underlying the Krivelj
deposit, are dated Vraconian (Albian—Cenomanian) on
zonal cephalopods Turrilites bergeri, Montoniceras
inflatum, etc., and the rocks over the Vraconian Beds
bearing Montoniceras rostratum, Anisoceras, Guadry-
ceras, etc. are dated Lower and
Middle Cenomanian (ANTO-
NIEVIC 1973, 2010).

Rocks overlying the Bor
deposits are dated Upper Tu-
ronian—Lower Senonian on the
microfossil globotruncanid as-
sociation of Marginotruncana
coronata, Globotruncana linei-
nana, etc. (SLADIC & GAKO-
vi¢, 1988) in pelites of the
Metovnica Formation. Fossili-

ferous pelites rest on Turonian
andesite (Timozite) immedi-
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Fig. 6. Compiled section of the Veliki Krivelj porphyry copper ore bodies (ANTO-
NUEVIC 1953, 1973, OGNJANOVIC 1976, ALEKSIC 1979). 1, Epiclastics of the Metov-
nica Formation; 2, Hydrothermal alteration zone; 3, Copper deposit; 4, Diorite,
Quartz diorite porphyry; 5, Skarn; 6, Hornblende andesite (K,!-2 Cenomanian—Tu-

ronian, K,—J Jurassic—Cretaceous, P,l Paleosoic); 7, Fault.

extent and relationship of this deposit (Cenomanian—
—Lower Turonian) into and with the volcanogenic Tu-
ronian is a conjucture.

In the Veliki Krivelj porphyry copper deposit, at the
contact with volcanic rocks and quartz diorite, the un-
derlying rocks, dominantly pelite, are locally meta-
morphic and transformed into skarn, and together
with the deposit are generally westward inclined
(ALEKSIC 1979, Fig. 6).

The superjacent epiclstics (Upper Turonian—Lower
Senonian), variable in thickness and well stratified,
are transgressive over the volcanogenic Turonian and
Bor mineral deposits (Tilva Ros for one). Epiclastics
are composed of the older subjacent rock fragments,
mainly amphibole andesite clasts including Cenoma-
nian sandstone pebbles and ore-clasts of the primary
massive sulphide deposits.

The described stratigraphic relationship has been
located long before even in Bor, at the top of the Tilva
Ros deposit (SpAsoV et al. 1972), and explicitly con-
firmed in field (PorRBEVIC, 2005, p. 69). In a contro-
versial argument with DROVENIK (1973) Dordevi¢

olistostrome (Fig. 7).

Copper deposits of the Bor
mineral resource are taken,
through evidence of superpo-
sition and biostratigraphy, to
be older than the epiclastic
Metovnica Formation (Upper
Turonian—Lower Senonian)
and the Novo Okno deposit.

Reworked Ore-Clasts in Bor are angular frag-
ments/blocks of hornblende-biotite andesite and pyro-
clastics, in similar bodies, reworked with other rede-
posited material from the Cenomanian—Turonian sub-
jacent unit, which indicate a younger age than the Bor
deposits. The lowermost parts of the deposits and the
olistostrome Novo Okno include some fossiliferous
rocks from the Upper Turonian and Lower Senonian
as mentioned before.

Erosion remnants of epiclastics with ore clasts over the
Tilva Ros§ are mentioned particularly as a contribution to
the discussion of Spasov (1972) on the Upper Cretaceous
pre-Senonian age of the Bor mineral resource.

The age of hornblende andesite from under the
Novo Okno, K-Ar determined £90 m.y. (MISKOVIC
1989), is overlain immediately with the Novo Okno
deposit and epiclasics of the Senonian Metovnica For-
mation, which is additional evidence of the strati-
grahic relationship of rocks and of the origin of Bor
mineral deposits.

Accordingly, the mentioned investigation data in
general and the relative geologic age (based on super-



The copper deposits of Bor, eastern Serbia: Geology and Origin of the Deposits 71

350 m —

300 m —

270°

250 m —

200 m —

150 m

100 m

50 m

_/_/‘/\\/—\\

Om

Fig. 7. Ore-clast deposit Novo Okno, K,2-3 (schematic). 1, Olistoliths Class A; 2, Olistoliths Class B; 3, Matrix; 4, Subjacent
pelite; 5, Hornblende-biotite andesite; 6, Superjacent epiclastics.

position, biostratigraphy, Cenomanian subjacent and
Senonian superjacent rocks, reworked ore-clasts) in
particular, support the argument of Spasov (1972),
DorpEVIC (1994, 1997, 2005) and our studies (2010,
2011) that mineralization ceased before the Upper
Turonian and that the Bor mineral resources are prob-
ably Middle Turonian.

Summary

Bor copper mineralization is dated Cenomanian—
—Turonian on evidence of the ore-bearing Timok For-
mation and its subjacent Cenomanian and superjacent
Senonian units. Relative age of ore minerals in the For-
mation are considered here for the first time Turonian.

Reworked ore-clasts of the primary Bor copper
minerals and their derivation from olistostrome in the
Novo Okno orebody (Upper Turonian—-Lower Seno-
nian) are an even stronger argument that the Laramian
model of the Paleogene copper metallogeny in Bor is
no longer tenable.

Bor mineral ores are underlain by the fossiliferous
(Cenomanian) Krivelj Formation (Veliki Krivelj,
Bucje, Kvarnana) and overlain with (Turonian—Lower
Senonian) epiclastics and ore-clasts of the Metovnica
Formation (Tilva Ros, Novo Okno, et al.).

The Krivelj Formation is transgressive over Lower
Aptian carbonate rocks (Veliki Kr$) NE of Bor. This is
the oldest formational unit that underlies volcano-
genic Turonian and Bor ore minerals. Within the Veli-
ki Krivelj porphyry extent, it is intruded deeply at the
base, metamorphised and partly transformed into
skarn.

Volcanogenic Turonian of the Timok Formation is a
complex intermediate subaerial unit, locally compo-
sed of calc-alkalic, mainly volcanic rocks and pyro-
clastics (Timozite), hydrothermal alterations and sub-
volcanic-intrusive deep-seated dykes (diorite, quartz
diorite porphyry, etc,).

Rocks of the Timok Formation generate ore miner-
alization and formation of massive sulphide and por-
phyry copper minerals in Bor and Veliki Krivel;.

Senonian superjacent unit (epiclastics of the Me-
tovnica Formation), transgressive over the ore-bear-
ing Timok Formation (volcanogenic Turonian) and
Bor mineral deposits (Tilva Ro$), includes fragments
of almost all reworked subjacent rocks and locally
reworked ore-clasts of the primary massive sulphide
copper rocks.

The Novo Okno ore-clast body of olistostrome der-
ivation (Upper Turonian—Lower Senonian) formed in
deepest pelite of the Metovnica Formation, the Ju-
goistok deposit south of Bor.



72 IVAN ANTONIIEVIC & PREDRAG MIJATOVIC

Erosional remnants of epiclastics and mineralized
tuff breccia and clasts of the destroyed primary mas-
sive sulphide copper rocks over the copper bodies
(Tilva Ros, Brezanik et al.) clearly indicate strati-
graphic relationship and pre-Senonian, Turonian age
of the Bor copper deposits.

Copper ore minerals of Bor are products of several
types of mineralization: Massive sulphide coppers,
hydrothermal veinlets (stockwork-impregnated), Por-
phyry, and Ore-Clasts olistostrome.

Each type of ore mineral is auriferous, massive sul-
phide coppers more than the others. Amounts of the
contained Cu, Au, Ag and other minerals have com-
mercial value. The process of mineralization was con-
trolled in time and space by volcanic and subvolcanic
intrusive rocks and products of hydrothermal alter-
ation of Turonian volcanic rocks. An exception is
Novo Okno, a younger copper deposit reworked from
olistostrome.

Copper deposits of the Bor metallogenetic ore field
are divided into three ‘geographic’ units: Severozapad
(Brezanik), Central Bor deposits and ore bodies (20),
and Jugoistok (ore bodies X, J, Novo Okno, et al.).
The porphyry orebody Veliki Krivelj, NW in the
province, is treated within Central Bor, with the Bor-
ska Reka deposit.

Most deposits and ore bodies of massive sulphide
coppers are uncovered and mined in the Central Bor
(Tilva Ros, Coka Dulkan, Tilva Mika, et al.). They
formed in similar geological settings and were close-
ly related to volcanic structures and dislocations (Bor
and Krvelj faults, for example), and to hydrothermal-
ly altered hornblende-biotite andesite and minor
dykes of deep-seated, hypabyssal intrusive rocks.

Largest porphyry copper deposits, Borska Reka and
Veliki Krivelj, located in the Central Bor area, are stu-
died for the period of mineralization and for Turonian
position of minerals. These deposits are found by dril-
ling low in massive sulphide rocks and in stockwork-
impregnated mineral ore, in the same structures but in
somewhat different geochemical environment (e.g.
Borska Reka) in relation to massive sulphide mineral-
ization.

Veliki Krivelj is the second largest copper deposit
in Bor, localized in a zone of hydrothermally altered
hornblende-biotite andesite and pyroclastics, 88-91
m.y. K—Ar absolute ages, in association with intrusive
Turonian quartz diorite dykes and skarn. Stratigraphy
of Turonian volcanic and similar deep-seated rocks
(diorite, quartz diorite, etc.) of the Krivelj deposit is
yet to be studied. Copper deposits Jugoistok (massive
sulphide ore bodies X and J) are almost identical with
the Central Bor deposits. The only open question is:
Did the porphyry stockwork-impregnated mineraliza-
tion of the orebody X type evolve in the lower part of
the orebody J?

The Jugoistok group includes the Novo Okno cop-
per orebody of a different derivation, from an olis-

tostrome. Morphogenetic characteristics of the ore-
body and its position in Upper Cretaceous sedimenta-
ry deposits indicate a particular composition, a clastic,
mechanical accumulation of ore-clasts, olistoliths,
from 0.5 m3 to 50 m3 in size Classes A and B, slumped
in sea basin (Upper Turonian—Lower Senonian).

All the reported research results about Bor mineral
deposits, their origin and relationship with the subja-
cent and superjacent units, and interpretation of the
Novo Okno deposit formation, are supporting the dis-
cussed Turonian age of the Bor mineral source.

None of the analysed rocks or rock deposits in the
Bor complex was of (absolute or relative) age that
corresponds to the Laramian, Paleogene metallogeny.
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Pe3nme

bopcka gexxumra 6akpa: reosiormja,
NMOCTAHAK U CTAPOCT JIESKMIITA

I'eonormja GOPCKUX IIEKHINTA, TTPOIECH BYIKAHH-
3Ma W BPEMEHCKH OJHOCH pyIHE MHUHEpaIu3aiuje
(crapoct nexwuimTa), TpUKa3aHu cy (OPMAIFOHO Y
JIjana3oHy I[eHOMaH—TypoH. Ha ocHOBy cymnepro-
sunuje Tumouke pymoHocHe (popMalije 1 reoIOIIKNX
OZIHOCA HhCHE IICHOMAHCKE TMOJMHE M CEHOHCKE IO0-
BJIaTE, pellaTUBHA CTAPOCT OOPCKUX JIKUINTA M OBE
(hopmarmje mpBU MyT ce MPHUKA3yjy Kao TYpOHCKa.

PenennoHoBaHM PyIOKIACTH MPUMAPHUX OOPCKUX
JISKUINTA U OJUCTOCTPOMCKA HHTEpIpeTandja THX
pynoxiacra y nexumry 6akpa “HoBo OkHO” (Topmu
TYPOH—/IOEK-HM CEHOH), TOCE0HO YKazyjy /la HUje BHUIIe
OJIP3MB JIAPaMHUjCKH KOHIIENT O MMajeoreH0j MeTajore-
HUju OaKkpa y pyaHOM T0Jey bop.

I'eonomky ocHOBY THMOUKe (popMarije U GOPCKIX
nexumTa mrpahyje pocunonocua Kpusesscka ¢op-
Mmarja (nenoman) (Bemuku Kpusess, bydje, Ksapna-
HA), a MIOBJIATY EMHUKIACTUTH Ca PYAOKIACTHMA METOB-
HU4Ke Gopmarje (TypoH—I0mH ceHoH; Tumsa Porr,
“HoBo OxHO” 1 ap.).

Kpusesscka dhopmariuja exxu TpaHCTPECHBHO TTpe-
KO KapOOHaTHHX CTeHa nomer anrta (Bemmku Kprr)
ceBepouctouHo of bopa. To je Hajcrapuja dhopmarm-
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OHa jeJIMHUIIA, TOINHA BYJKAHOTEHOT TypOHa U 0O0p-
CKHUX JISKUIITA. Y JOMEHY HoppHupcKor nexumTa Be-
nukn KpuBess 1y00Ko 3aiia3n y OCHOBE JICXKHINTA TIE
je MetamopducaHa 1 JIeIIOM IPETBOPEHA Y CKapHOBE.

Bynkanorenn typon Tumouke Qopmaruje mpen-
CTaBJba CIOXKEHY PYINOHOCHY jEMHHITY Y BYIKAHCKO]
cTpykTypu bopa, nHTEpMEHjapy cydaepcKy ca Beoma
M3paKeHUM KaJKOAIKAJIHUM CTeHaMa, HapOUUTO BYJI-
KaHUTUMa W THUPOKIACTUTHUMA (TUMOIUTH), XUIPO-
TEPMaJHUM ajiTepanrjamMa CyOBYIKAaHCKO-HHTPY3HB-
HUM [ajKOBUMa ayOJbe KOHCONHIAIHje (TUOPHUTH,
KBapIIHOPHUTIIOPPUPHUTH H JIP.).

Crene Tumouke Qopmanyje TeHEpUITy PYIHY MHU-
Hepalu3alijy ¥ HaCTaHaK JICKHINTA MACUBHUX CYJI-
¢buna u mopdupckux nexucra 6akpa y bopy u Benn-
koM Kpugespy.

[ToBaTHa CeHOHCKA jeUHUIIA JISKUIITA (SIHKIA-
ctut MeToBHUYKE (popMaIje) e TPaHCTPECHB-
HO TIpexo pynoHocHe Tumouke ¢opmaruje (BylIkaHO-
TeHH TypoH) u Oopckux nexumra (Twumsa Pomr). Y
EMUKIIACTUTHMA TTOBJIaTe (CEHOH) Hayla3e ce (hparMeH-
TH CKOpPO CBHX CTapHjHX MpPETaJOKeHWX CTEHa II0-
IUHE, YKJbY4yjyhr JTOKaITHO peerloHOBaHEe PyTOKIIa-
CTe MacHBHUX cyduaa 6akpa MpuMapHUX JIEKHUIITA.

Ha motesy nexwurra “Jyrouctox”, jyxHo on bopa,
y HajayO/bMM TENUTCKUM HaciaramMa MeTOBHHYKe
¢dhopmarnmje, ca moOOTpyHKaHaMa, POPMHPAHO je Jie-
xumte pynoknacra “HoBo OKHO” OIHCTOCTPOMCKE
redese (TOpmHH TYPOH—IOKBH CEHOH).

CauyBaHM €pO3MOHM OCTaIll ENMUIKAacTHTa, ca
pymHUM Tyo3HUM Opedama M KIAaCTHMa Pa3opeHUX
MacWBHUX CylnduIa IpUMapHAX JIeXHITa 0akpa, y
noBnatu Oopckux pyaHux Tema (Twunsa Pom, bpesa-
HUK W JIp.), JaCHO yKazyjy Ha mel)ycoOHe omHOCE |
MIPECEHOHCKY TYPOHCKY CTapoCT JIEKHUIITa Oakpa y
pyaHoM nioJey bop.

Mehy nexumruma 6akpa y bopy mo3Hato je Heko-
JIUKO THIIOBA pPyIHE MHHEpalM3aluje: JIexHmTa Oa-
Kpa MacHBHHX Cyl(duIa, XUAPOTEPMATHO-KAITHIACTH
THT (CTOKBEPKHO-MUMIIPETHAITNOHHM), TIOPPUPCKU THIT
Y PYIOKJIACTH OJHCTOCTPOMCKE TeHe3e.

CBH THUNOBH pyIHE MUHEpaju3allyje Cy 3JaTOHO-
CHH, HapOYHTO JISKUINTAa OaKpa MacHBHUX cyaduaa,
ca KomepiijarauM caapxkajuma Cu, Au, Ag u 1pyrux
Metana. CTporo Cy T€HEeTCKHM M MPOCTOPHO KOHTPO-
JUCaHW BYJIKAaHCKHM M CYOBYJIKaHCKO-MHTPY3HUBHHM
CTeHaMa M MPOAYKTHMa XUAPOTEpPMaJHE aiTepainuje
TYpPOHCKOT ByNKaHHM3Ma. M3y3eTak je Miamo pemero-
HOBaHO, Jnexwumre Oakpa “HoBo OxHO”, omucTO-
CTPOMCKE TeHe3e.

Jlexxnmra 6akpa y pyaHoM mojsy bop rpymnmcana
cy y Tpu “reorpadcke” menuHe: exucra oakpa Ce-
Bepo3anaz (bpesanuk), IlenTpanna nexumra bopa u
pyaHa Tema (+ 20) uw mexumra 6akpa “Jyrouctok”
(pymHa tena “X” u “J” “HoBo OxHO” 1 1p.). [Topdup-
cko Jjexumrte Benuku Kpupess, Ha ceBeposzamany,
MpuKa3aHo je y rpymnu jgexumra LlearpamHnor bopa,
ca rmopdupckum nexumTeM bopcka Peka.

Hajsehu 6poj nexwumTa u pygHux Tena Oakpa ma-
CHUBHUX CyJA(Haa OTKPHUBEH jeé W OTKONAaBaH y IIEH-
TpaxHoM aeny bopa (Tunsa Pomr, Yoka dymkan, Tw-
Ba Muka u np.). Hactana cy y CIIMYHUM TEOJIOIIKUM
cpearHaMa M TECHOj TEHETCKOj Be3U ca CTPYKTypama
BYJKAaHCKOT amapara W Auciiokanijama (OOpcKkd u
KPUBEJFCKH pacel, Ha TPUMEP), Y XUAPOTEPMAITHO
aJNTEpUCAHNM 30HaMa XOpPHOJEHIA-OMOTHT aHAE3UTa
Y MambUX J[ajKOBa HHTPY3UBHUX CTE€HA XHUIT0aOMcaIHe
KOHCOITUAIIH]e.

VY uenrpannoj 30Hu bopa Hamaze ce m HajBeha
nmopdupcka nexumra 6akpa: bopcka Pexa n Benmku
Kpusess. Kipyuna nmexumra, mocedbno Bemukn Kpu-
BeJb, 3a pellaBame BpeMEHCKe IpoodiieMaTHKe Oopcke
MUHEpaIn3allije U TypOHCKY MO3UIIH]Y JSKHUIITA.

OTkpuBeHa cy OymIeHeM y HIDKUM JelOBHMA Jie-
KHIITAa MACHBHHX CYI(HUAA U CTOKBEPKHO-UMITPETHA-
[IMOHUX pPyda, Y UCTHM CTPYKTypama ajid y HeITo
JpyradnjuM reoxeMujckuM cpeanaama (bopcka peka,
Ha IMPUMEP) Y OAHOCY Ha MHHEPATU3aIljy MAaCHBHHUX
cyadunaa.

[opdupcko pynumre Bennku Kpusess apyro je mo
BEITMIMHM JISKHIITE Oakpa y pyaHoM noJby bop. Ha-
Jla3W Ce HENITO CEBepHHje Y 30HH XHIPOTEPMAITHO
MIPOMEHCHUX XOPHOJICHIA-OMOTUT aHIIe3UTa U ITHPO-
KJacTuTa, amncojyTHe crapoctu 88-91 wMuimon
roguHa (Ka/Ar), y aconujanuju ca HHTPY3UBHUM TY-
POHCKHM JajKOBUMa KBAapIIMOPHUTa M CKapHOBHMA.
MeljycoOHM OTHOCH TYPOHCKHUX BYJIKAaHUTA M MaTEPH-
jalTHO CIMYHUX CTEeHa MyOJpe KOHconmumanuje (Auo-
PUTH, KBapIIMOPUTH U JIp.), KpHUBeEIbCKOT JIeXKUIITA 1
IIp., IPEIMET Cy TTOCEOHMX, JaJbUX UCTPAKUBAA.

JlexxumTa 6akpa Jyrouctok (pymHa Tella MaCHBHUX
cyndpuma “X” u “J”’) MOTIyHO Cy WHACHTUYIHA JICHKM-
mrumMa Lenrpanaor bopa. OTBOpeHO je, MehyTum, m-
Tamke J1a JIM je U Y HIDKAM JIeJIOBUMa pymHOr Tena “J”
JTOIITO /IO CTBapama Mmop(upcke IITOKBEPKHO-UMIIPET -
HaIlMOHE MUHepalu3aluje Tima pyaHor Tena “X” (7).

I'pynu nexumra Jyrouctoxk y bopy mnpumnaga u
“HoBo OkHO”, moceOaH THIT JISKHINTA OaKpa OJIMCTO-
cTpoMcke rere3e. MopdoreHeTcKe OJUIHKe JIeKHUIITa
U HETOB TOJIOKA] y CEOUMEHTHUM TOPH-OKPEIHHM
Hacliarama, yKa3yjy Ha Crieu(HIHy TeolomKy rpahy
M MEXaHWYKYy XaOTHYHY aKyMyJalujy pydoKiacTa -
omuctonuta (Slumping phenomenon), Benmnuunae 0,5
10 50 m3, “A” u “B” kmace, y MOpcku 6aceH (TopmH
TypOH—IOHU CEHOH).

CBu mpuKazaHu pe3yNTaTH UCTPAKHBakHa OOPCKUAX
JIEKUIITA, TOCEOHO TUCKYCHja O FbUXOBOj CTAPOCTH H
MehaycoOHMM OmHOCHMMa TTOIWHE W IIOBJIATE JICHKH-
mMTa ¥ TEHEeTCKa OJIMCTOCTPOMCKA WHTEpIIpeTalyja
nexnmTa “HoBo OkHO” mOTBplyjy M3IOKEHY KOH-
HEeNIujy 1a cy Jexucra 6akpa y pygHOM moJby bop
TYOpPHCKE CTapOCTH.

Hu y jennoj mo cama aHanu3upaHOj CpEeIVHH HUjE
yTBpheHa cTapocT OOPCKUX CTEHA M JICKHINTA (aIco-
JyTHA U peJlaTUBHA), KOja OW oAroBapaa JIapaMujcKoj
OTHOCHO TIAJIEOTE€HO] METaJOTeHHU]H.
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Abstract. Based on geological, mineralogical, physical, chemical and technological investigations in the
Tamnava Tertiary Basin near Sabac town (western Serbia), deposits of ceramic clays were studied. These
ceramic clays are composed of kaolin—illite with a variable content of quartz, feldspars, mica, iron oxides and
hydroxides, and organic matter. Four main types of commercial clays were identified: i) red—yellow
sandy—gravely (brick clays); ii) grey—white poor sandy (ceramic clays); iii) dark-carbonaceous (ceramic
clays); and iv) lamellar (“interspersed”) fatty, poor sandy (highly aluminous and ferrous clays). Ceramic clays
are defined as medium to high plastic with different ranges of sintering temperatures, which makes them suit-
able for the production of various kinds of materials in the ceramic industry.

Key words: ceramic clays, deposits and clay types, Tamnava Basin, western Serbia.

AncrpakT. Ha 0CHOBY Ie0NONIKUX, MUHEPAIOIIKUX, (PU3NUKUX, XEMUJCKUX M TEXHOJOMIKUX UCTIUTHBAHA
JIaTH Cy pe3yJTaTH MCIHUTHBaba KePaMHUYKHX TIHMHA JISKHUINTA TAMHABCKOT TeplMjapHOr OaceHa (3amajHa
Cpbuja). OBe KepaMHUKe IVIMHE Cy YIIABHOM CACTaBJbEHE Off KAOJHH-WINTA, Ca IIPOMEHJBUBHUM Ca/IpiKajeM
KBapla, (denzcnara, JMCKyHa, OKCHJa rBokla 1 oprancke marepuje. [locToje 4eTHpH IIaBHA THUIA KOMeEp-
[MjaJJHAX TIIMHA: 1) PBEHO-)KYyTa MECKOBUTO-IIIJbYHKOBHUTO OIEKapcKa TIINHA, 11) cCHBO-0ena ciabo meckoBUTa
KepaMHU4Ka U JeJIOM BaTpOCTaJIHA [VIMHA, 1i1) TAMHA-yI/hbeBUTA KepaMHUKa [IMHA, 1V) IpolapaHa (JlameliapHa)
c11a00 MEeCKOBHTA, MacHa BUCOKO alyMUHO3HA U rBOK)eBUTA TIIMHA. AHAJM3UPaHE IIMHE CY CPEHHhEe 10 BUCO-
KO TUTACTHYHE Ca Pa3IMYNTUM TeMIIeparypamMa CHHTEPOBambha, IIITO X YHHH MOTOIHUM 33 TIPOU3BOY Pa3iiu-

YUTHX IPOU3BOAA Y KEPAMHUYKO] HHAYCTPH]H.

KibyyHe peuu: kepaMHUiKe IJIMHE, JIGKHUIITA W TUIIOBU TNIMHA, TAMHABCKH OaceH, 3amaana Cpouja.

Introduction

Ceramic clay deposits, situated in Mio—Pliocene se-
diments of the western part of the Tamnava Tertiary
Basin (western Serbia), were discovered in the middle
of'the last century. Most parts of these deposits are locat-
ed in the areas of the villages Donje and Gornje Cr-
niljevo (approximately 65 km to the South of Sabac,
Fig. 1) with active open pits of grey—white clays Bele
Vode and Zbegovi (the Jovanovi¢a Brdo open-pit only

produces brick clay and dark-carbonaceous clay). Be-
sides these, Stare Kuce, Latkovac, Kisela Voda, Ram-
nava, and Brezaci are newly discovered deposits situat-
ed in the wider area (RADOSAVLIEVIC et al. 1994). The
production of grey—white ceramic clay is about 100,000
tons per annum, and the total reserves are estimated at
over 50 million tons (RADOSAVLIEVIC ef al. 1986).
Generally, there are four main clay types (macrosco-
pic description): a) red—yellow sandy—gravely (brick
clays), b) grey—white (ceramic and partially refractory
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Fig. 1. Location and geological map of the Tamnava Tertiary Basin (modified according to Basic Geological Map of Serbia
1:100,000, Vladimirci sheet). A, Position of the Tamnava Tertiary Basin; B, Geological settings of the Tamnava Tertiary

Basin.

clays - composite 1), ¢) dark-carbonaceous (ceramic
clays - composite 2) and d) lamellar, fatty and poor
sandy (highly aluminous and ferrous clays - composite
3). Brick clays are for local use only, and are therefore
not the subject of this study (DESPOTOVIC ef al. 2006).
All these are sediments composed of clay minerals
(kaolinite, smectite clay, illite/hydromica) with variable
contents of aggregates (phyllites, and slates), clastic gra-
ins (quartz, feldspars, mica, Fe-, and heavy minerals),
and organic matter (coal) (RADOSAVLIEVIC et al. 1994).

Modern plants for preparation and technological
homogenization of different ceramic clay, for crush-
ing and micronization, and facade brick factory are lo-
cated in the Donje Crniljevo open-pit (“Zorka-Ope-
ka), while the production of wall and floor ceramic
tiles is situated in Sabac (“Zorka-Keramika™). All
open-pits plants and factories operate within the Alas-
Holding ad, from Novi Sad.

The decision for new investments in research in
this part of the Tamnava Tertiary Basin was, first of
all, good clay quality, reliable reserves, existing infra-
structure and processing, as well as the ability to ex-
port raw materials of the highest quality and finished
products. Accordingly, the geological characteristics
of active deposits of ceramic clays, as well as minera-
logical, physical, chemical and technological features

of the investigated clay types (grey—white, dark-car-
bonaceous, and interspersed-lamellar aluminous and
ferrous clays) were investigated in detail in this study.

Location and geology

The Savinian-Tamnava Tertiary Basin covers a
wide area between the River Sava to the North, the
Vlasi¢ Mountain to the South—West and the Tamnava
River to the South—East. The Tamnava Tertiary Basin,
in the narrow sense, occupies the valley of the Tam-
nava River and the Savinian-Tamnava watershed area.
The oldest sediments represent a foot wall to the
younger sediments and simultaneously create the fra-
me of the Basin, represented by the Palaeozoic sedi-
ments Devonian—Carboniferous—Permian, Fig. 1).

These are most often found at the North—East slo-
pes of the VIasi¢ Mountain in numerous erosive
trenches. According to VESELINOVIC (1955), residual
fossil flora is found in the small-grained mica sand-
stones, indicating their Devonian—Carboniferous—Per-
mian age. In this series of flysch character, the Per-
mian and Triassic formations in the form of smaller
erosive portions were discovered, composed of
bituminized and marlous limestones.
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Tertiary formations of the Tamnava Basin are rep-
resented by Miocene—Tortonian, Sarmat and various
Mio—Pliocene sediments. These sedimentary bodies
are widely spread in very thick layers. They are loca-
ted in areas of the villages: Galovi¢, Donje Crniljevo,
Sabacka Kamenica, Kaona, efc. (Fig. 1), and repre-
sented by heterogeneous lithological members where
various gravels, sands, and clays are dominant.

The clays of this Basin do not have defined strati-
graphic positions, but they appear on different levels
of the Mio—Pliocene series, with frequent and gradual
transitions from fatty clays over clayey sands to
quartz sands. Economically interesting occurrences
and deposits of ceramic clays appear from 2 to 35 m
in depth, while productive Mio—Pliocene series finish-
es with various sands, gravels and conglomerates.

There are no greater disturbances of clay masses in
the tectonics of the Mio—Pliocene sediments of this
area. Landslides, i.e., gravity movements of various
intensities, are rather frequent.

Lenticular occurrences of clays in different levels
throughout the Mio—Pliocene series could be explain-
ed by frequent oscillations of Mio—Pliocene waters,
lifting and deepening of the Basin bed and precipita-
tion of clastic sediments or fine pelitic clay materials.
Erosion factors significantly contributed to the forma-
tion of today’s outlook deposits in the Tamnava Ter-
tiary Basin. Deposits of ceramic and brick clays were
discovered in these sediments (Jovanovi¢ Brdo, Bele
Vode, Stare Kuce, Burovica, Latkovac, Zbegovi, Ki-
sela Voda, Brezaci, and Ramnava).

Ceramic clay deposits

The Jovanovi¢a Brdo deposit is the largest, with
characteristic grey—white ceramic clay, is mostly ex-
cavated. It is situated in the North—East slopes of the
Vlasi¢ Mountain at an elevation from 210 to 240 m.
Within this deposit, exploitation of brick clays for
local use only, as well as periodical exploitation of
white-sandy, dark, and aluminous and ferrous ceram-
ic clays, remains. Dark-carbonaceous clays interwov-
en with thin layers of coal (lignite, peat) were found
only in this deposit (DURISIC et al. 1986; RADOSAVLIE-
VIC & MILICEVIC 1991; NIKoOLIC 1998; FiLIPOVIC-PE-
TROVIC et al. 2008).

Above this deposit are quality brick clays, dark,
and yellow—grey clays from 3 to 16 m in thickness.
Depending on the configuration of the terrain, ceram-
ic clays appear from 3 to 17 m in depth. Immediately
beneath the ceramic clays, aluminous and ferrous
clays with fine grained clayey sands are situated, rep-
resenting below to the productive series. In the Bele
Vode deposit, the layers are horizontal to sub-horizon-
tal. Thus, in addition to other factors such as the spa-
tial position of the deposit, hydrogeological character-
istics, reserves and quality of clays provide all the

conditions for a longer economic production of ce-
ramic and brick clays. This deposit is the backbone of
the current production for domestic and other produc-
ers of ceramic products.

The Stare Kuée deposit continues in the North part,
as a logical extension of the already described Bele
Vode deposit.

This deposit is composed of one lenticular layer gen-
tly sloping to the South—West. The deposit itself has the
form of a horseshoe, of which the two legs end in the
North, and the central part in the South. Above the
ceramic clays are brick clays to a lesser extent, where-
by most of it is gravely and sandy clays, unsuitable for
fagade bricks. Below the ceramic clays are quartz sands
of different colours. Quality ceramic clays appear at a
depth of 630 m, with a thickness of 1-10 m.

The Zbegovi deposit is lenticular, characterized by a
somewhat longer strike axis and a shorter dip axis (Fig.
2). The central part is divided into two productive lay-
ers. In between these layers, clays with a similar miner-
al composition, but with an increased content of an iron
component occur. Above, the clays are commonly
gravely and sandy dark-red clays not suitable for the
production of brick clays. Below the clays are yel-
low-red and grey—white clayey quartz sands, which
without technological processing do not have the utili-
ty value for now. The thickness of the basic layer of
grey—white ceramic clays ranges from 2 to 15 m at a
depth of 0.5-20 m. There are no greater disturbances of
horizontal layers in this deposit, which is characteristic
for almost all deposits of the Tamnava Tertiary Basin.

—W E—

Fig. 2. A view on the Zbegovi open pit, Donje Crniljevo
(taken from the internal magazine “Alas Holding”, No 3,
2007).

The localities Kisela Voda, Ramnava, and Brezaci
are situated on the left bank of the Tamnava River to
the South—East of Gornje Crniljevo village. Accord-
ing to up to date research data, it could be concluded
that these deposits contain very interesting raw mate-
rials with an increased SiO, component in comparison
to AL,O; (DESPOTOVIC et al. 2006). Grey—white poor
sandy clays appear beneath a thin layer of humus, and
above, brick clays are at a depth from 2 to 35 m. Un-
like the clays from Donje Crniljevo, they are charac-
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terised by an increased thickness (1-15 m) of
grey—white sandy clays. These clays represent the raw
material of the future for the ceramic industry (white
facade bricks). The analyses of the obtained data of
the chemical, physical, and mineralogical composi-
tion of the ceramic clays of the Tamnava Tertiary
Basin clearly showed that these clays are of similar
composition, as well as that the newly discovered de-
posits approach the standard quality of grey—white
ceramic clays from the Jovanovi¢a Brdo deposit.

Finally, all the ceramic clay deposits were discov-
ered in the Mio—Pliocene sediments of the Tamnava
Tertiary Basin along the easterly slopes of the Vlasi¢
Mountain. These materials as transformational forms
yielded different assortments of ceramics, bricks, and
other clays, quartz sands, as well as all transitions be-
tween them (VELDE & MEUNIER 2008). During the
ingression of Mio—Pliocene waters, feldspars and
mica were transformed into clay minerals and precip-
itated into depressions along with gravely—sandy
materials. Frequent uplifting and deepening of the ba-
sin bottom favoured the formation of characteristic
lenticular bodies of ceramic clays.

Materials and methods of analysis

Three composite samples of raw materials from the
active open pit mines Jovanovi¢a Brdo, Bele Vode and
Zbegovi were obtained. The composites were as fol-
lows: 1. grey—white poor sandy clays (Bele Vode and
Zbegovi deposits); 2. dark-carbonaceous clays (Jova-
novi¢a Brdo deposit) 3. lamellar aluminous—ferrous
clays (Jovanovi¢a Brdo, Bele Vode and Zbegovi de-
posits). Composites of equal amounts from each de-
posit were taken by spot sampling.

Binocular studies were obtained using a Leitz
Wetzlar stereo microscope, while microscopic analy-
ses were realised on a Carl Zeiss, Jena, model
JENAPOL-U polarisation microscope in transmitted
light by the immersion method using xylene as an
immersion liquid.

Chemical analyses were obtained by classical wet
analytical methods: SiO,, humidity and loss on ignition
were determined gravimetrically; TiO,, K,O and Na,O
were determined by the AAS method after acid dissolu-
tion; Al,Os, Fe,O3;, CaO and MgO were determined
using AAS (AAS instrument Analyst 300) after acid dis-
solution and melting, (FILIPOVIC-PETROVIC et al. 2007).

Electron Probe Microanalyses (EPMA) and the ob-
servation of clay samples were performed on a JEOL
JSM-6610LV scanning electron microscope (SEM)
connected with an INCA energy-dispersion X-ray ana-
lysis unit; EDX analytical system (Faculty of Mining
and Geology, University of Belgrade). An acceleration
voltage of 20 kV was used. The samples were coated
with gold (15 nm layer, density g/cm3 19.32). The fol-
lowing standards and analytical lines were used: MgO

(Mg K, series), wollastonite (Ca K, series), Al,O5 (Al
K, series), SiO, (Si K, series), MAD-10 feldspar (K
K, series), Ti (Ti K, series), Fe (Fe K, series). The
EDX detection limit amounts to 2o = 0.3 wt. %.

The XRD method was used to determine the min-
eral composition. The XRD patterns were obtained on
a Philips PW-1710 automated diffractometer using a
Cu tube operated at 40 kV and 30 mA. The instrument
was equipped with a diffracted beam curved graphite
monochromator and a Xe-filled proportional counter.
The diffraction data were collected in 260 Bragg angle
range from 4 to 65°, counting for 1 s (qualitative iden-
tification) at every 0.02° step. The divergence and re-
ceiving slits were fixed at 1 and 0.1, respectively. All
XRD measurements were performed at room tempe-
rature in a stationary sample holder.

Infrared (IR) absorption spectra were recorded on a
Perkin-Elmer, model 377 spectrophotometer, using
the KBr pellets technique in the wavelength range
from 4000 to 400 cm1.

Thermal analysis (DTA/TGA) was performed under
air atmosphere using a Netzsch STA-409EP instrument
at heating rate of 10 C°min. The cation exchange
capacity (CEC) was determined by titration using
Methylene Blue (FILIPOVIC-PETROVIC et al. 2008).

The ceramic-technological testing (basic techno-
logical parameters of raw materials) was obtained
according to FILIPOVIC-PETROVIC ef al. (2007).

Results and discussion

Raw ceramic clay composites had high SiO, con-
tents, moderate Al,O; contents, and low contents of
other oxides (Table 1). The Fe,O5 contents varied; in
the grey—white and dark composite clays, they were
below 2 wt. %. EPMA of sample 3 (lamellar clay)
were performed on red and white—yellow lamellae

Table 1. The comparative chemical analyses of the studied
ceramic clay composites from the Tamnava Tertiary Basin
(in wt%). Note: - not analyzed; 3a - red lamellae; 3b - yel-
low-white lamellae; * - average EDS analyses; n.d. not
detected (< 0.40 wt%).

Cmiesly 02 5w
Sio, 58.86 61.87 58.76 64.56 66.64
TiO, 1.18 1.01 1.18 0.68 0.63
AlL,O, 26.86 21.63 26.04 26.50 25.63
Fe,0, 1.69 1.17 247 271 217
CaO 0.61 105 0.65 nd nd
MgO 0.61 046 0.61 1.01 0.86
Na,O 0.12  0.07 011 nd nd
K,0 397 2,05 430 512 456
L.O.L 6.08 10.67 585 - -
Total 99.98 99.98 99.97
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(field analysis, 1.24 mm?). The Fe,O; content ranged
from 2.53 to 2.92 (three analyses) in the red lamellae,
while in the white—yellow lamellae, it was slightly lo-
wer, ranging from 1.99 to 2.37 wt. %. Minor deviati-
ons were noticed in the SiO,, MgO and K,O contents,
while CaO and Na,O were not detected (Table 1).

The grain size values were generally unique, and
according to the distribution, the ceramic clays from
the active deposits belong to poor sandy-powder
clays. A results of a comparative analyses of grain size
distribution of the three main ceramic clay compos-
ites, sand (<2—0.063 mm), powder (<0.063—0.011 mm)
and clay (<0.011 mm), are shown in Figure 3.

100 %~
68.1 72.8 90.1
. Clay
Powder
50 % M sand
0 %__-1 : _2 : _3_|

Fig. 3. The comparative grain size distribution of the main
clay composites from the Tamnava Tertiary Basin (in wt%).

The mineralogical studies were concerned with the
testing of the composite samples and fractions of
sand, powder and clay using combined methods, i.e.,
optical microscopy, XRD, IR, DTA/TGA and SEM.

According to the XRD method, the mineralogical
composition was as follows: kaolinite, illite/hydromi-
ca, mica, quartz and feldspar. Illite/hydromica, mica
and feldspars were not determined in the dark-car-
bonaceous ceramic clays (composite 2) because their
contents were below the detection threshold. The pre-
sence of these minerals varies because small amounts
were detected in previous research (FILIPOVIC-PETRO-
VIC et al. 2008). Feldspars are connected to ceramic
clays with lower amounts of kaolinite and higher
amounts of illite/hydromica. The XRD patterns of raw
ceramic clay composites are presented in Figure 4.

Comparing the three IR spectra in the range
3700-3600 cm!, no significant differences were ob-
served incurred as a result of water in the layers. The
IR-spectra show characteristic forms for kaolinite,
which are in good agreement with literature data
(Karo et al. 1981). Weak H,O stretching vibrations
near 3630 and 3640 cm~! in composite 2 could corre-
spond to montmorillonite (WORRAL 1986), but it was
not enough to exclude other minerals with identical
vibrations. These absorptions were assigned to water
bound directly to cations and surface-bonded H,O.
The IR-spectra for the raw ceramic clay composites
are shown in Figure 5.
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Fig. 4. The comparative XRD analyses of the main clay
composites from the Tamnava Tertiary Basin.
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Fig. 5. The comparative IR spectra of the main clay com-
posites from the Tamnava Tertiary Basin.

The DTA/TGA endothermic effects in the ranges of
83-106, 145-178, 535-540, and 886924 °C corre-
spond to clay minerals (illite/hydromica, kaolinite and
smectite clays) accompanied by appropriate body loss-
es. The first and second effects are related to loss of
inter-layer water (dehydration) and the effect is caused
by loss of structural water in form of OH- group-con-
stitution water (dehydroxylation). The fourth endo-
effect is caused by the formation of the layer structure
of clay minerals. The morphology of the first two peaks
indicates to smectite clays (montmorillonite). The
exothermic effects at 353 °C and 424 °C arise due to
the combustion of organic matters at various tempera-
tures (composite 2, Fig. 6). The exothermic effects in
the range between 966 and 982 °C correspond to total
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decomposition of the clay minerals (kaolinite,
illite’hydromica) and the beginning of a mullitization
process (WORRAL 1986). The DTA/TGA results for the
raw ceramic clay composites are presented in Figure 6.
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(600-800FC-2.21%
(800-1000Y C-0.72%
(20-1020§C-8.25%

(20-200)°C-3.05%
(200-400Y'C-1.64%
(400-600)Y C-3.04%
(600-800YC-3.26%
(800-1000Y C-0.12%
(20-1020y'C-11.11%

DT

TG
(20-200)°C-0.90%
(200-400)' C-0.22%
(400-600YC-3.15%
(600-800YC-1.63%
(800-1000§'C-0.31%
(20-1020Y'C-6.21%

537°C
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Macroscopically, the dark-carbonaceous fatty clays
(composite 2) are compact-plastic semi-cohesive sed-
iments characterised by a layered or pseudo-breccia
texture. They are composed of rhythmical light-grey,

grey, dark to black layers with
irregularly spaced inclusions
of organic matter (Fig. 7b).
Clay and coal lenticular layers
are alternately replaced in the
deposits, but their contact still
remains unclear.

The lamellar aluminous—fer-
rous clays (composite 3) are
highly plastic semi-cohesive
sediments. Their textures are
finely stratified with pseudo-
paallel white, yellow, and red
lamellae, which are alternately
replaced without any regulari-
ty (Fig. 7¢).

Mineralogical qualitative
and semi-quantitative analy-
ses were obtained using a ste-
reo microscope, a polarised mi-
croscope and the XRD method.
The samples were sieved in
order to separate the grain size
fractions. The >63 pum (sand)
fractions were examined using
stereo, and polarised micro-
scopy, while —63+10 um (pow-
der), and —10+0 pm (clay)
fractions were prepared for
XRD analysis. Heavy miner-
als are separated from the light
mineral fraction (<2.8 g/cm3)
by passing the >63 pum frac-

| tions through a separation col-
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Fig. 6. The comparative DTA/TGA of the main clay composites from the Tamnava

Tertiary Basin.

Optical photographs and SEM secondary electron
images (SEI) of the ceramic clays composite samples
are presented in Figure 7. The macroscopic appear-
ances of all three composites are shown in Figures
7a—c, while SEI of the red and white—yellow lamellae
of composite 3 are shown in Figures 7d—f and 7g—i,
respectively.

Macroscopically, the grey—white poor sandy clays
(composite 1) are compact-plastic semi-cohesive sed-
iments, the textural appearances of which are mono-
lithic (Fig. 7a). They are rather abrasive; hence, a lar-
ge number of scratches caused by coarse grains could
be observed on a glass surface.

800 1000

umn containing a heavy liquid
(MORTON 1985). A fraction of
the heavy mineral residue is
mounted in Canada balsam
and minerals identified using
standard stereo and polarising
microscopy.

Quartz, which was bright to milky white, rarely yel-
lowish or black, was the most abundant mineral in the
sand fraction in all three composites (up to 90 wt. %).
Of other minerals, kaolinized feldspars, quartz—seri-
cite sandstone aggregates, cherts, muscovite and
sericite were also found in small amounts. Tourma-
line, Ti-minerals, corundum, cordierite, and apatite
were among the most frequent heavy minerals. This
fraction rarely contained liberated Fe-minerals, but
they quite often appeared as limonite—goethite coat-
ings on quartz. Besides the clastic minerals, coal in-
clusions regularly appeared in the dark-carbonaceous
clays.
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Fig. 7. The comparative optical microscopy microphotographs and SEI of studied clay composites: a, Macroscopic appear-
ance of the grey-white poor sandy ceramic clay; b, Macroscopic appearance of the dark-carbonaceous ceramic clay; c,
Macroscopic appearance of the lamellar aluminous and ferrous ceramic clay; d-f, Different magnifications of crystal aggre-
gates of clay minerals in red lamellae (the sample in Figure 7c); g-i, Different magnifications of crystal aggregates of clay

minerals in white-yellow lamellae (the sample in Figure 7c).

The mineralogical composition of the powder frac-
tion was very similar to the previous fraction, differ-
ing in the abundance of sericite and illite/hydromica
(up to =40 wt. %) compared to quartz.

Clay minerals appear habitually in “jaggy” plate-
like forms without geometric regularity up to 30 um?2.
According to the SEM analyses, it is more than obvi-
ous that there were no differences in the clay habit
between the white—yellow and red lamellae (Figs.
7d—f and 7g—i). In addition, liberated quartz grains
were not observed in SEI, even though EMPA showed
an increased content of SiO, compared to the classical
quantitative chemical analysis (Table 1). Based on this
phenomenon, it is possible to assume that most of the
Si0, is in a form of submicronic silica dispersed with
kaolinite—illite/hydromica flakes.

The kaolinite/illite ratio, which is generally around
1:1, varied, which could affect small differences in the

basic technological parameters. Clay minerals are
usually accompanied by quartz, amorphous silica and
Fe-hydroxides. Depending on their content, Fe-hydro-
xides impart a yellow, ochre, red, or brown colour on
the clay fraction. In the dark-carbonaceous clays,
kaolinite is also the most abundant mineral, but the
variable presence of smectite clays and illite/hydromi-
ca were also determined (FILIPOVIC-PETROVIC et al.
2008).

Ultimately, the general mineralogical composition
of the raw composite sample was as follows: clay mi-
nerals (kaolinite, illite/hydromica and smectite clays),
quartz, muscovite/sericite, altered alkali feldspars,
heavy minerals (tourmaline, Ti-minerals, corundum,
cordierite, and apatite) + organic matter. This study
confirmed that the ceramic clays from the active
deposits belong to the kaolinite—illite/hydromica type,
and are identical to the standard clay from the Jo-
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Table 2. The comparative values of basic technological parameters of the main clay composites from the Tamnava Tertiary

Basin.

Ceramic clay composites 1 2 3

Water for plastic processing, wt% 31.39 46.25 39.95

Plasticity index according to Pfefferkorn, wt% 35.32 47.15 41.55

Shrinkage drying, wt% 4.97 6.24 5.40

flexural strength, N/cm’ 242 373 170

Sintering area, °C 1079-1125 1045-1090 1014-1040

Refractoriness, SK 26 26/27 26

CEC methylene blue, mmolM'/100 g 35 45 55

Characterization of firing process, °C 900 yellowish-creamy grayish-white reddish
1.000 creamy yellowish-creamy dark red
1.100 dark pink-creamy dark yellow-creamy  brownish-red

vanovica Brdo deposit. Moreover, other deposits and
occurrences from the Tamnava Tertiary Basin are of
the same mineralogical composition.

According to the basic technological parameters, it
could be concluded that the clays from the active
deposits according to their characteristics belong to
medium plastic clays with prolonged sintering time,
which makes them suitable for the production of all
types of ceramic tiles. The lamellar aluminous—fer-
rous clays could be used in part for the engobing of
roof tiles (ERIC et al. 1989). The high ceramic clay
refractory from the Tamnava Tertiary Basin is due to
an increased content of quartz. According to the val-
ues of their refractoriness, these clays could be used in
the production of some refractory products.
Furthermore, the values obtained for the cation
exchange capacity (CEC) suggest that these raw mate-
rials are suitable for further processing in activation
processes. Their basic technological parameters are
given in Table 2.

Conclusions

In the area of the western Tamnava Tertiary Basin,
a large number of economically interesting ceramic
clay deposits at a depth of 2-35 m were determined.
The productive Miocene series finite with various
sands, gravels, and conglomerates. The clays of this
Basin do not have a specific stratigraphic place, but
they occur in different levels of the Mio—Pliocene
series with frequent gradual transitions from fatty
clays over clayey sands to quartz sands. Kaolinite,
illite/hydromica, and sometimes smectite clays are the
most abundant clay minerals in the clay fraction.

According to the mineralogical, physical, chemical,
and technological quality testing of the raw ceramic clay
composites from the active deposits at Jovanovi¢a Brdo,
Bele Vode and Zbegovi, four types of clays were evi-
denced, i.e., red—yellow sandy—gravely (brick clays),

grey—white poor sandy (ceramic and partly refractory
clays), dark-carbonaceous (ceramic clays) and lamellar
fatty, poor sandy (highly aluminous and ferrous clay).
The most important from the economic point of
view are the grey—white (composite 1) clays, while
the dark-carbonaceous (composite 2), and lamellar
(composite 3) clays could be used independently or as
a mixture of raw clays. According to analyses of the
mineralogical composition data of the ceramic clays,
it can be concluded that they differ from each other in
grain size distribution (different ratios of sand, pow-
der, and clay fractions) and in the contents of other
minerals (quartz, smectite clays, Fe-minerals and
organic matter). Finally, as all three types of ceramic
clays from the Tamnava Tertiary Basin could be uti-
lized for a wide range of non-metal materials, these
deposits provide a full contribution for the further
economic development of this part of SE Europe.
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Pe3nme

Kepamuuke riiuHe 3anajaHor jaesa
TAMHABCKOI TepUMjapHoOr 0aceHa,
CpOmnja: jJexxuIITa M TUNIOBH IVIMHA

Ha monmpydjy 3amagHOr TaMHABCKOT TepIlHjapHOT
OaceHa, yTBpheH je Behn Opoj JIexuIITa KepaMUIKIX
[JJMHA y €KOHOMCKH WHTEPEeCaHTHHM KOJMYHWHAMAa,
KOja ce TmojaBibyjy Ha Ayomnan ox 2-35 m. IIpomyk-
TUBHA MHOIICHCKA CEpHja 3aBpIliaBa Ce Pa3THIUTHM
MIECKOBHMA, IIJbYHKOBMMA M KOHTIIOMepaTtuMa. | TinHe
oBOT OaceHa HeMajy ofpeheHo cTpaTurpadcko MecTo
Beh ce jaBibyjy y pasiIWYUTHM HHUBOMMA MHOILIHAO-
LIEHCKE CepHje, ca YeCTUM MOCTYITHHUM Tperna3uMa O
MacHHUX TJIMHA Ka TIIMHOBUTHM TIECKOBHMa JI0 KBap-
HUX 1eckoBa. COYMBACTO TI0OjaBJbUBAE IJIMHA Y pa-
3IIMYUTAM HUBOMMa MHOIIEHCKE CEpHje MOXKE Ce
00jacHUTH, YeCTUM OCHUJIAIHjaMa MHOTUTHOIIEHCKIX
BONa, M3AM3akEM W IPOAYyOJpHBameM IHA OaceHa,
OJTHOCHO TaJIOKEHEM KIIACTUYHUX CeTUMEHaTa.

Ha ocHOBY MuHepanmomknx, pU3NIKAX, XEMH]jCKIX
Y TEXHOJOIIKMX HMCIMTHUBAama KBAJUTETa KOMIIO3HTA
POBHHX KEpPaMHUYKHX TJIMHA Ca aKTHUBHHUX JIEXKHIITA
JoBanoswuha bpno, bene Bone u 36eroBu m3nBojeHa cy
YeTHpPH KOMEpIHjallHa THMA TIIMHA: a) HPBEHO-XKYTe
MTeCKOBHUTO-IIIJYHKOBHUTE (OIEKapCKe TIHHE); 0) CHBO-
Oeme cirabo MmeckoBHTE (KEpaMHYKe W JEJIOM BaTpoO-
CTaJHE TIIMHE); 1) TaMHE YIJbEBUTE (KepaMUUKe TITH-
He); A) TpoimapaHe (JaMenapHe), MacHe H ciIado
MIECKOBHUTE (BHCOKO aTyMHHO3HE W TBOXI)EBHUTE TJIH-
He). Omekapcke THHE Cy 3a WHTEpHY ymorpely, a
HajBa)XHH]ja j€ CHUBO-TIECKOBHTE KepaMWUYKa TJIHHA
(xommro3ut 1). TaMHe-yTIbeBUTE MacHE (KOMITO3UT 2)
Y TIpOIIIapaHe BUCOKO allyMHHO3HO-TBOX)eBUTE Kepa-
MUYKe TIIUHE (KOMITO3UT 3), MOTY J1a C€ KOPHCTE ca-
MOCTAITHO HJTH K20 J1€0 KOMITO3UTHUX POBHHX TIIMHA.

AHanm3oM 100WjeHuX MoAaTaka O MHHEPAIOIIKOM
CacTaBy HCIHUTHUBAaHAX KEPAMUYKUX TJIFHA JIEKHUIITA
TaMHABCKOT 0aceHa, MOXe Ce 3aKJbYYHTH Jia Cy OHe
MeljycoOHO pa3NuKyjy y TPaHyJIOMETPH]CKOM CacTaBy
(pazmuanTty ogHOCH (ppakiyje ecka, mpaxa v IJIHHE)
¥ caJpXaBajy MpHMece Ipyrux MHHepama (KBapil,
CMEKTHUTCKE TJIMHE, MHHEpaJld TBOXKha, OpraHcka ma-
tepuja). CuBo-Oene crmabo TMECKOBUTE KepamMHuKe
[JIMHE Ca aKTHBHHX KOIOBAa M HOBHIX HAJIA3WINTA CY
WCTOBETHE Ca CTaHAAPIHUM KBAJIUTETOM TIJIMHA Jie-
xwumra JoBanoBuha bpno. Ha xpajy, cBa Tpu THma
KEepaMHYKHX TJIFHA U3 TAMHABCKOT TEPIIHjepHOT Oace-
Ha MOXXE Cc€ YIOTpeOnTH 3a mupy npepahuBauky wH-
IyCTPHjy HEMeTaa, Te 1a 0Ba JISKUIITA TIPYKajy CBOj
ITyHH JOTPUHOC 32 aJbll EKOHOMCKH Pa3BOj OBOT Jie-
na JU Espore.
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Tertiary plutonic rocks of southern Serbia Vardar Zone
as dimension stone
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Abstract. Three granitoid plutons of south-Serbian part of the Vardar Zone, of Tertiary age were studied
in order to establish their potential for utilization as dimension stone. These rocks vary in composition from
quartzmonconite to quartzdiorite. Field study aimed at establishing the geological factors — presence of frac-
tures, harmful minerals, alterations, jointing type and fabric homogeneity in order to determine the possibili-
ty of obtaining large size blocks of stone from the plutons. Laboratory examinations comprised petrological
analyses and testing of technical properties. Stone from these plutons has shown favourable results in both
field and laboratory examinations. Evaluation of the rock based on obtained laboratory testing results is per-
formed according to technical requirements of the Serbian standard B.B3.200. It has shown that rocks from
these plutons can be used as dimension stone for the production of slabs for the exterior and interior paving
and cladding.

Key words: dimension stone, Vardar Zone, Tertiary granitoids, southern Serbia.

AncrpakT. VcTpaskeHa cy Tpu IpaHUTOWAHA IUTYyTOHA TEPUHUjapHE CTAPOCTH Y jY’KHOCPOMjaHCKOM AEIy
Bapnapcke 30He, ca IMJBEM Jla c€ YTBPAM HHXOBA IMOTEHIMJATHOCT Ca acleKTa apXWTEKTOHCKOr Tpabe-
BUHCKOT kKaMmeHa. CacTaB CTEHa y OBMM ILUTyTOHHMa Bapupa Of KBapIMOHIIOHWTA A0 KBapiyuoputa. L{um
TEPEHCKUX HCTpakWBama je OMo J1a ce yTBpAE TeOoJOMmKH (PaKTOPH — MPHCYCTBO pacena W mparehux myko-
THUHCKO-TIPCIIMHCKUX CHUCTEMa, IITETHUX MUHEpasa, aaTepalyja, TUMa Jy4eha U XOMOT€HOCT CKIIONa CTEHa,
Kako OW ce ycTaHOBHMJIA MOTYHHOCT moOWjarba CTCHCKHX OJIOKOBA KOMEPIIMjaJHHX IMMEH3Uja W3 ILIYyTOHA.
JlabopaTopujcka HCITUTHBaba Cy 00yXBaTHIa MHHEPAJIONIKO-TIETPOJIOIKE aHAJIN3€ CTEHAa U HCIUTUBAkE (u-
3MYKO-MEXaHUYKUX CBOjCTaBa CTeHCKe Mace. CTEHCKa Maca M3 OBHX ILUTYTOHA je MoKa3ajia 3a70BoJbaBajyhe
pesyarare TepeHCKUX M JadopaTopujcKuX HcnHTHBama. OneHa yrnoTpeO/bUBOCTH CTEHCKE Mace Ha OCHOBY
71ab0paTOpHjCKUX UCIIMTHBAakA j€ M3BpILIEHA IpeMa TeXHWYKUM 3axteBuMma Cprickor crangapra b.53.200.
3akJby4yeHO je Ja ce CTEHCKAa Maca M3 OBHX IUIyTOHa MOXKE KOPHUCTHUTH Kao apXMTEKTOHCKH Ipal)eBHHCKH
KaMeH 3a 100ujame Iioda 3a XOpU30HTAITHO U BEPTUKAIHO o0iarame MOBPIINHA y eKCTepHjepy U eHTepHjepy
rpaljeBHHCKHX 0oOjeKaTta.

KibyuHe peun: apXuTeKTOHCKH rpaleBHHCKH KameH, Bapaapcka 30Ha, TeplMjapHH MPAHUTOMIH, jyKHA
Cpouja.

Introduction

Until 1990, Serbia had a stone production that cov-
ered almost all the domestic needs. Over the last 23
years, it has turned into an importer of significant
amounts of dimension stone (table 1). Efforts made at
the state level to start the recovery of the national
stone industry are founded on reassessment of the
domestic resources of decorative stone raw materials

basis. KURESEVIC (2013a) comprised various types of
exploration methods of Tertiary magmatic complexes
in the Vardar Zone of Serbia (Fig. 1) at the level of
reconnaissance survey. The Tertiary volcanic com-
plexes of the Vardar zone have proved to be more
compliable for use as crushed stone (especially as
aggregate in road-building), while plutonic complex-
es have significant potential as dimension stone. This
paper presents the properties of three plutonic com-

I Institute for materials testing, Bulevar vojvode Misica 43, Belgrade. E-mail: lidja.kuresevic@institutims.rs
2 University of Belgrade, Faculty of Mining and Geology, Djusina 7, Belgrade. E-mail: vladimir.simic@rgf.bg.ac.rs



86 LA KURESEVIC & VLADIMIR SIMIC

Table 1. Relationship between dimension stone commerce and production in 1990 and 2000 in Serbia (according to the

National statistics institute data).

Commerce Production
blocks labs and til
year : _ Sasalc e blocks slabs tiles
import export import export
777 m’ ) 2%
1990 209 t 0 1388 t 0 (2100 1) 29591 m 1613 m
5m’ , ,
2000 40602 t 150t 326t 0 (13.5 1) 2018 m 467 m

*the missing data is replaced by the data from the first following year where it appears, 1992.

plexes situated in the southern part of the Vardar Zone
in Serbia, Kremiéi, Drenje and Zeljin that are impor-
tant for their evaluation as potential sources of dimen-
sion stone (Fig. 1, plutons within the rectangular
frame). The Kopaonik pluton, which is also situated in
this part of the Vardar Zone, is within the territory of

|~ Al B

VZWB
Sava

Belgrade%
’ Cer 3 |

a

{{QBoranja  Kosmaj-)
Brajkovace
DIE ukul;

VZWB

Zeljin

o e

0 50 km

Fig. 1. Location of studied Tertiary plutons (within rectangu-
lar frame) in the Vardar Zone (tectonic units according to
KARAMATA, 2006 and ROBERTSON et al., 2009); CBES, Car-
pato-Balcanides of Eastern Serbia; SMU, Serbian-Macedon-
ian Unit; MVZ, Main Vardar Zone; KBRU, Kopaonik Block
and Ridge Unit; VZWB, Vardar Zone Western Belt; JB,
Jadar Block; DIE, Drina—Ivanjica Element; DOB, Dinaric
Ophiolitic Belt; EBDU, Eastern Bosnian-Durmitor Unit).

the National park and is therefore excluded from any
further exploration and mining plans. The properties
of the Tertiary plutons of the northern and western
Serbian part of the Vardar Zone (Cer, Boranja, Ko-
smaj, Brajkovac, Bukulja) are presented in KURESEVIC
(2013b).

The formation of Tertiary magmatic complexes of
the Vardar Zone is connected with geotectonic evolu-
tion as a part of the Tethys ocean — the opening of
oceanic subdomains, their closure, subduction and
collision (SCHEFER et al. 2011). According to CVET-
KOVIC et al. (2000), the examined plutons belong to
the Tertiary igneous formation of the Dinarides, Vardar
Zone and adjacent regions, group of Late Paleogene-
Early Neogene granitoid formation, subgroup Dinaridic
granitoid suite. These rocks are of calcalkaline I-type of
magmatic arcs, formed from subcrustal melts generated
by partial melting of the Upper mantle and significantly
contaminated by crustal material. Magma is formed by
melting of thickened continental crust which sank deep
into the Upper mantle. Basic data on the examined plu-
tons are summarised in Table 2.

Material and methods

Field study has been performed as part of recon-
naissance survey, aiming at establishing the geologi-
cal factors — presence of fractures, harmful minerals,
alterations, jointing type and fabric homogeneity, in
order to determine the possibility of obtaining large
size blocks of stone from the plutons. Laboratory ex-
aminations comprised petrological analyses and test-
ing of technical properties. Microscopic study was
performed on polarizing microscope for transmitted
light type Leica DMLSP with a digital camera. Labo-
ratory testing of stone technical properties was per-
formed according to technical requirements of the
Serbian standard B.B3.200, in the Stone and aggre-
gate laboratory of the Institute for materials testing in
Belgrade.
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Table 2. Summarised basic data on studied plutons (KURESEVIC 2013a), and their ages.

Pluton Open surface Petrologic determination Age (Ma)
(km’)
Kremi¢i 5 quartzdiorite-granodiorite, < quartzmonconite 31.9 (KARAMATA et al., 1992)
Drenje | 4 granodiorite, < quartzdiorite 31.7-31.2 (SCHEFER et al., 2011)
Zeljin 56 granodiorite-quartzmonconite, < quartzdiorite 31.8-31.4 (SCHEFER et al., 2011)
Results Fig. 2C) mostly corresponds to granodiorite, and
g y P g

Kremicdi pluton

This pluton is situated around 180 km south of
Serbia’s capital, Belgrade. Its shape is an irregular
dyke with an open surface of 5 km2. It intrudes into
Ibar ultramafic complex (UROSEVIC et al. 1973a, b).
The tectonic framework is presented mostly by faults
striking NW-SE, NE-SW, E-W and N-S. Mineral
composition (quartz, andesine, K-feldspar (orthoclase
to microcline), hornblende, biotite; Fig. 2A), mostly
corresponds to quartzdiorite and granodiorite (amphi-
bole-biotite, rarely amphibole varieties). Quartzmon-
conite occurs in central parts of the pluton. The rock
texture is hipidiomorphic granular. The major part of
the pluton open by erosion is today covered with soil
and thick woods. Therefore, only small marginal parts
of the pluton are available for observation. Here, joint-
ing is tabular, prismatic and irregular (Fig. 2B). Slight
hydrothermal alterations are found along the NW plu-
ton margins; otherwise the rock is fresh and sound.

As a dimension stone, this rock has both favourable
properties (durability, soundness, favourable texture)
and unfavourable (inhomogeneous appearance, xeno-
liths, sporadic occurrence of slight magmatic layering,
unfavourable jointing types and small dimensions of
natural blocks). However, only a small part of the plu-
ton is open and available for examination and it is
quite certain that deeper parts of the plutonic mass
have more favourable properties from the aspect of
dimension stone.

According to the laboratory testing of technical
properties and evaluation of the rock by the Serbian
standard B.B3.200, as dimension stone it can be used
for the production of slabs for the interior and exteri-
or paving and cladding with no restrictions.

Drenje pluton

This pluton is situated around 170 km south of
Belgrade. Its open surface is 4 kmZ2. It intrudes into
Triassic metamorphic complex of the Kopaonik Block
and Ridge Unit (UROSEVIC ef al. 1973a). The tectonic
framework comprises faults striking NW-SE and
N-S. Mineral composition (andesine, quartz, K-feld-
spar (orthoclase to microcline), biotite, hornblende;

quartzdiorite along the pluton margins. Rock texture
is hipidiomorphic granular. Magmatic layering is
clearly displayed, especially along pluton margins.
Jointing is tabular in peripheral parts of the magmatic
body and prismatic to massive in central parts (Fig.
2D). Hydrothermal alterations have been observed
along the SE margin of the pluton.

As a dimension stone, this rock has both favourable
properties (durability, soundness, favourable jointing
and possibility of obtaining large stone blocks) and
unfavourable (inhomogeneous appearance due to
magmatic layering). There are also pegmatite-aplite
veins and xenoliths throughout the pluton.

According to the laboratory testing of technical
properties, the stone can be used for the production of
slabs for all the interior paving and cladding with no
restrictions, but due to a somewhat lower compressive
and flexural strengths for exterior cladding only up to
30 m in height and for the paving of surfaces with
intensive and medium intensive pedestrian traffic.

Zeljin granitoid

This pluton is situated around 155 km south of Bel-
grade and has exposed open surface of 56 km2. It in-
trudes into Triassic metamorphic complex of the Ko-
paonik Block and Ridge Unit. The tectonic framework
is presented mostly by faults striking NNW-SSE and
NE-SW to ENE-WSW. Mineral composition (quartz,
andesine, K-feldspar (orthoclase to microcline), biotite,
hornblende, epidote up to 10 %; Fig. 2E), mostly corre-
sponds to granodiorite and quartzmonconite in central
parts of the pluton and to quartzdiorite along its rims.
Rock texture is hipidiomorphic granular. Magmatic
layering is clearly displayed along pluton margins.
Jointing is tabular in peripheral parts of the pluton and
irregular to massive in its central parts (Fig. 2F).
Hydrothermal alterations have not been observed.

As a dimension stone, this rock has both favourable
properties (durability, soundness, favourable texture
in central parts of magmatic body and possibility of
obtaining stone blocks over 10 m in length) and un-
favourable (inhomogeneous appearance due to mag-
matic layering, in addition to pegmatite veins in the
marginal parts of the pluton; they are rarer in central
parts of the pluton).
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Fig. 2. A, Photomicrograph of the Kremi¢i granodiorite thin section. Crossed polars; B, Field photograph showing the joint-
ing in the Kremici pluton marginal parts; C, Photomicrograph of the Drenje granodiorite thin section. Crossed polars; D,
Field photograph showing the jointing in central parts of the Drenje pluton; E, Photomicrograph of the Zeljin granodiorite
thin section. Crossed polars; F, Field photograph showing the jointing in the Zeljin pluton.

Laboratory testing of technical properties has shown  but due to a lower flexural strength, for exterior cladding
that the stone can be used for the production of slabs for ~ only up to 30 m in height and for the paving of surfaces
all the interior paving and cladding with no restrictions, with intensive and medium intensive pedestrian traffic.
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Common properties of examined plutons

Throughout the rock mass of each pluton, there is a
moderately pronounced variation of mineral-petrolog-
ical composition and technical properties, which is
typical for a natural rock. The degree of jointing and
fracturing is higher in plutons’ marginal parts com-
pared to their central parts. With the increasing depth,
the intensity of fracturing and jointing is decreasing.
Therefore, the dimensions of natural blocks of rock
mass are increasing too, enabling the production of
commercial size stone blocks.

Technical properties of the stone are favourable
(Table 3). Samples for lab testing have been taken
from the field surface, and the experience suggests
that the samples from the fresh-open rock parts from
greater depth would yield even better testing results.
All samples are resistant to frost impact and crystal-
lization of Na,SO,.

Decorative properties of stone from these plutons
are average, as grey colour predominates, and textures
are granular with small grain sizes (Fig. 3). In some
parts of Zeljin pluton, increased incidence of epidote
grains up to 3 mm in size has been observed. This
property gives the stone from these parts of pluton a
higher decorative value. The presence of harmful min-
erals has not been observed in the examined plutons.

Discussion

Examined plutons display differences in size and
jointing type. Their other properties relevant for use as
dimension stone — mineral composition, fabric, inten-
sity of faulting, fracturing and alteration, decorative
properties, technical properties and their variation
throughout the rock are rather uniform. There is an
increased incidence of pegmatite-aplite veins, xeno-

Table 3. Results of technical properties testing (Kuresevi¢ 2013a). Note: reference values from the technical requirements
of the Serbian standard SRPS B.B3.200 can be found on the web page www.lymak.com/bb3200.aspx.

Stone property Units Standard Testing results, average value
SRPS Kremiéi Drenje Zeljin
Uniaxial compressive strength:
- dry 169 158 189
- water-saturated Mpa B.B8.012 136 154 145
- after 25 freeze-thaw cycles 134 145 145
Abrasion resistance cm’/50 cm’ B.B8.015 10.01 9.79 11.00
Flexural strength MPa B.B8.017 31.97 17.67 15.62
Porosity % B.B8.032 0.9 1.0 1.7
Water absorption % B.B8.010 0.40 0.31 0.29
Apparent density g/cm’ B.B8.032 2.678 2.710 2.701
Particle density g/cm’ B.B8.032 2.703 2.737 2.752
Thermal expansion mm/m ISO 10545-8 0.499 0.656 0.620

Fig. 3. Macroscopic appearance of the straight cut stone surface; A, Kremiéi; B, Drenje; C, Zeljin.
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Table 4. Possible use of tested stone according to Serbian standard SRPS B.B3.200. UH-1 Very intensive pedestrian traffic
(hospitals, hotels, company buildings, industrial plants, theatres, cinemas etc.); UH-2 Intensive pedestrian traffic (shops, res-
idential buildings, museums, restaurants, schools etc.); UH-3 Moderate pedestrian traffic (libraries, archives, book-shops,
waiting-rooms etc.); SH-1 Very intensive pedestrian and sometimes even vehicle traffic (public squares, city pedestrian
zones, streets, shopping molls); SH-2 Intensive pedestrian traffic (parks, esplanades, less known city pedestrian zones etc.);
SH-3 Moderate pedestrian traffic; UV Interior walls cladding; SV-1 Buildings high over 30 m above ground level; SV-2
Buildings high from 10 to 30 m above ground level; SV-3 Buildings high up to 10 m above ground level.

Interior Exterior
Pluton paving cladding paving cladding
UH-1 UH-2 UH-3 uv SH-1 SH-2 SH-3 SV-1 SV-2 SV-3
Kremici + + + + + + +
Drenje + + - + + - +
Zeljin + + - + + - +

liths, magmatic layering, unfavourable jointing and
hydrothermal alterations presence in marginal parts
compared to central parts of the magmatic body in
each pluton.

All samples are taken from the existing outcrops, so
the weathering degree is rather uniform for all and can
be correlated and compared. The results of technical
properties testing (Tables 3 and 4) show that the stone
from the Kremiéi pluton can be used for the produc-
tion of slabs for all the interior and exterior paving
and cladding with no limitations, according to the
technical requirements of Serbian standard SRPS
B.B3.200. Stone from the other two plutons has un-
limited possibility for use as dimension stone for pro-
duction of slabs for the interior paving and cladding
while the exterior paving span is limited to areas with
intensive (SH-2) and moderate (SH-3) pedestrian traf-
fic, and exterior cladding is limited to categories up to
30 m above ground level (SV-2 and SV-3).

Conclusion

All laboratory testing and field studies of the exam-
ined plutons have shown satisfactory results from the
aspect of dimension stone. Zeljin, as a larger pluton,
has higher potential because fault-free zones can be
located more easily. All tested rock samples satisfy the
requirements of the Serbian standard SRPS B.B3.200
and their use for the production of slabs for the exte-
rior and interior paving and cladding is possible. It is
reasonable to assume that samples taken from the
fresh-open deeper parts of rock mass, which have not
been subjected to long-lasting weathering, would
have had even better testing results. However, even
with the results obtained here, their use is possible.
The dimensions of naturally jointed blocks of rock
significantly increase with depth. All three examined
plutons display rock fabric heterogeneity. Therefore,
the stone from these plutons can not comply if there is

a demand for large number of slabs of uniform appea-
rance. As these investigations have been performed at
the reconnaissance survey level, the results should be
used in directing the further phases of the geological
exploration process. In Zeljin pluton, central parts have
the highest potential for dimension stone. The entire
Drenje pluton has inhomogeneous fabric. Only a small
part of the Kremici pluton is open and available for
exploration and it is not possible to give a reliable
assessment of its potential at this exploration stage.
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Pe3nme

TepunjapHu MJIYTOHH JY:KHOT J1eJia
Bapnapcke 30ne CpoOuje ca acnekra
ApPXMTEKTOHCKOT rpaljeBUHCKOT KaMeHa

HctpakeHa cy Tpu rpaHUTOMIHA IUIyTOHA TEPIHU-
japHe crapocTH y jy)KHOM Jeny Bapmapcke 30He
Cpbuje, ca muibeM Ja ce YTBPIU BUX0BA MMOTEHIIN]al-
HOCT 3a Kopummheme Kao apXHUTEKTOHCKH rpaljeBHH-
CKM KaMeH: EJbUHCKH, KpeMuhKu W Jpermcku. Te-
pEeHCKa MpoydvaBama Cy UMala 3a Iib yTBphHBame
TeOJIOMIKNX (paKTopa OIeHEe MOTEHIINjATHOCTH — IPH-
CYCTBO JTUCjYHKTHBHUX CTPYKTYpa, IITETHUX MUHEPA-
7a, anTeparyja, TUMA JIy4emha i XOMOTECHOCTH CKJIONA,
Kako OW ce yTBpAwiIa MOTYRHOCT Jo0OHjama KPYITHUX
CTeHCKHX ONOKOBa M3 TuryToHA. Jlaboparopujcka mc-
NUTHBamkba Cy OOyXBaTuia MHHEPAJONIKO-METPOIIO-
IIKe aHaJN3e CTeHAa W WCIHUTHBAame (QH3MYKO-MeXa-
HUYKHX KapaKTEPUCTHKA CTCHCKE Mace.

[Tnyton Kpemuha ce namazu oko 180 km jyxHo ox
beorpama. ima oOnuK HETIpaBUITHOT J1ajKa, OTBOPEHE
nospimHe ox oko 5 km2. MaTpynoBau je y Mbapcku
yATpaMauTCKA KOMIUIeKC. MUHEpaNonKy cacTaB
(kBapi, aHIIE3WH, KAJWjCKA Qenacnard (OpToKiIac 10

MUKPOKIIMH), XOpHOJIEHa, OMOTHUT), YIIIABHOM OJTO-
Bapa KBapIIUOPHUTY A0 TpaHOAHOPHUTY (aMduon-6no-
TUTCKH, PeTKo amuboncku Bapujeretn). KBapuMon-
LIOHHT j€ 3aCTYIUBEH y IIEHTPAIHUM JEIIOBUMA ITLTY-
toHa. CTpyKTypa CTeHe je XUuNUAnoMop(dHO 3pHacTa.
Hajsehu meo epos3mjoM OTKpWBEHE MOBPIIMHE ILTY-
TOHA J]aHAC j€ TMOKPWUBEH 3eMJBUINTEM U TYCTOM IIIy-
MoM. TepeHCKOM Tpoy4aBamy Cy TOCTYIHH CaMo
MaJu, 0OOIHHU JeNIOBH TUTyTOHA. Y HHMA je JTyderme
IJI0YACTO, TPU3MATHYHO M HETPaBWIIHO. Y TBphEHO je
MIPUCYCTBO cla0WX anTepanyja y3 CeBepo3anaHu
o0op TuryTOHA. Y OCTajIiM JIeJIOBHMA IUTYyTOHA, CTeH-
CKa Maca je CBe)ka M YBpCTa.

Kao apxutexroHckn Tpal)eBHHCKM KaMmeH, CTEHCKa
Maca M3 KpeMHNKOT IUTyTOHa MMa IOBOJbHA CBOjCTBA
(uBpcrohy, jeapuHy, TOBOJBHY CTPYKTYpY), allil U He-
ITOBOJbHA (HEXOMOTEH H3IJIe]], IPUCYCTBO KCEHOJNTA,
MECTHMHUYHA 110jaBa MarMaTCKOT JIUTa)Ka, HETIOBOJHHH
TUIIOBY Jy4eHa U Majie AUMEH3H]je IPUPOTHO TyISHNX
6nokoBa). Jlaboparopujcka McIMTHBamka Cy TOKa3aia
Jla ce CTEHCKa Maca MO)Ke€ KOPHUCTUTH 3a TIPOU3BOIELY
IUI04a 3a XOPHU30HTAJIHO W BEPTHUKAIHO OONarame y
eKCTepHjepy U eHTepujepy 0e3 orpaHIYeHa.

IInyron /Ipewma Hamaszu ce oko 170 km jyxHO on
Beorpama. BberoBa epo3njom OTBOpeHA MOBPIIUHA je
oko 4 kmZ2. IHTpy0BaH je y MeTaMOP(pHU KOMILIEKC
Komaonmukor 610ka, Tprjacke crapoctu. MuHepaio-
KK cacTaB (aHAE3WH, KBapll, Kanujcku (emmcrnaTu
(opToKiac MO MHKPOKIHH), OHOTHT, XOpHOJICHIA)
YIIaBHOM OIrOBapa TPaHOAMOPHUTY, M KBAPIAHOPHTY
oyx oboma rurytoHa. CTpyKTypa CTEHE je XWUITHANO-
Mop(dHO 3pHacTa. MarmMaTcku JUTaX je€ jacHO W3pa-
JKeH, HapOYUTO y OOOAHHMM JenoBMMaA IuryToHA. Jly-
Yeme je MI0YacTo y 0OOMHNM JENOBHMA IUTYTOHA, H
MIPU3MATUYHO JI0 MACHBHO Y IIEHTPAITHUM. XUAPOTEP-
MaJHe ajrepanuje cy npumeheHe Iy jyroncTodHOT
o0opa mIyToHa.

Kao apxurekroncku rpal)eBHHCKH KaMeH, CTEHCKa
Maca W3 JPeHCKOT IDIYTOHA MMa TOBOJbHA CBOjCTBA
(aBpcTohy, jempwHy, MOBOJhAH THI JIy4€Ha U MO-
ryhHOCT noOujama KpymHHUX OJIOKOBA CTEHCKE Mace),
Qi W HEMOBOJbHA (HEXOMOTEH H3TIIEN, IPHCYCTBO
KCEHOJIUTA ¥ alUTUTCKO-TIErMaTUTCKUX KHIIAa, MECTH-
MUYHA TI0jaBa MarMaTcKor Jurtaxa). Jlaboparopujcka
WCIIUTHBAKka Cy MOKa3aja Jla ce€ MOXKe KOPUCTHTH 3a
MIPOM3BOMKY TUIOYA 32 XOPH3OHTATHO W BEPTHKAIHO
oOmarame y eHTepujepy 0e3 orpaHuYera, a 300r He-
IITO HIDKE MPUTHUCHE M CaBOjHE YBpcTOhe y eKcTe-
pHjepy OrpaHUYeHO.

JKempuHCKH TTyTOH ce Hama3w oko 155 km jyxHo
on beorpanma. tberosa epo3ujoM OTBOpeHa MOBPIIIHHA
je oko 56 km2. UuTpynoBaH je y MetaMOphHHA KOM-
mwiekc Komaonwmukor Omoka, Tpujacke ctapocta. Mu-
HEPAaJIOIIKA cacTaB (KBapll, aH/I€3HH, KaJIHjCKH (eI-
criatdl (OpPTOKJIAcC 10 MUKPOKIIMH), OMOTHT, XOpHOJICH-
Ja, €MUA0T) YIIaBHOM OAroBapa TPaHOTUOPHUTY H
KBapIIMOHIIOHHUTY y IEHTPAIHUM JIEIOBUMA ILTyTOHA
Y KBapIAWOPHUTY AYX oboma murytoHa. CTpyKTypa
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CTeHe je XumuaunoMopdHO 3pHAcTa. Marmarcku
JUTAX j€ jacCHO M3pakeH y OOOAHHUM JeNOBUMA TLTY-
ToHa. Jlydeme je miodacto y OOOTHUM JEIOBHMA
IUTyTOHA, ¥ HEMPABHJIHO 10 MACHBHO Y LIEHTPATHUM.
XuapoTepMaiHe anTeparyje HICY KOHCTaTOBaHe.

Kao apxurexToHCKH rpal)eBHHCKH KaMeH, CTEHCKa
Maca U3 )KeJbUHCKOT TUTyTOHA UMa MOBOJbHA CBOjCTBA
(aBpcTohy, jenpuHy, TOBOJBHY CTPYKTYPY M THII JTy-
4ema y IEHTPAIHHM JEJIOBHMA IUTyTOHA, H MOTY-
hHocT moOuwjama KpymHUX ONOKOBa CTEHCKE Mace,
nyxuHe peko 10 m), anu 1 HenmoBoJbHA (HEXOMOTEH
u3nIen 300r MarMaTrcKor JINTaXka, M MPUCYCTBO arl-
JMTCKO-NIETMAaTUTCKUX JKUIIA, HAPOYUTO Yy OOOTHUM
JeIoBUMa TuTyToHa). Jlaboparopujcka HCIUTHBaKbA
Cy IOKa3aja J1a ce MO)Ke KOPHUCTUTH 32 TPOHU3BOIILY
IUIOYA 32 XOPH30HTAHO M BEPTUKAIHO OONarame y
eHTepujepy Oe3 orpaHmyerma, a 300T HEImTO HIKe
caBojHe uBpcTohe y excTepujepy orpaHH4IeHO.

[InyToHn moKa3zyjy Heka 3ajegHHYKa CBOjCTBA.
Cxion cTeHa, Kao M M3IJIe] KaMeHa Cy XeTepOTreHH,
ycien mpUcycTBa MarMarckor juraxa. M3 osor pa-
370Ta, CTEHCKAa Maca M3 OBHX IUIYTOHA C€ HE MOXe
KOPUCTUTH Y CIIydYajeBUMa KaJa ce 3aXTeBa KaMeH
YHUGOPMHOT H3IIIEA.

JluMmeH3uje mpupoaHo JIy4eHnX OJI0KOBa CTEHA T0-
BehaBajy ce ca ayomHOM. JKesbMHCKHM TUTYTOH 300T

CBOjUX AMMEH3Hja nMa HajBehy MOTEeHINjaTHOCT 300T
JIAKIIET JIOIMpamka 30Ha 0e3 CTPyKTypHUX nedopma-
nuja. lleo apemcky MITyTOH WMa HEXOMOTEH CKIIOM.
Ha namammsem HUBOY epofiOBaHOCTH, CaMO Malld JIE0
mwrytoHa Kpemuha je oTBopeH m AocTymaH 3a HCTpa-
KHUBamkE, TE CTOTa HUje Moryhe TaTH Moy3AaHy OLEHY
ErOBE MMOTEHIINjATHOCTH Y 0BOj (pa3y HCTpaKuBamba.

Onena MoryhHoCTH TIpMeHE Ha OCHOBY no0Wje-
HUX pe3yiaTara JabopaTopHjCKUX WCIUTHBAka BPIIH
ce y CKIIaJy ca TEXHHYKUM 3axTeBrMa CpIICKOT CTaH-
nmapaa b.b3.200, u moka3zana je na ce KaMeH U3 OBUX
TUTYTOHA MOYK€ KOPUCTHUTH Ka0 apXUTEKTOHCKH rpale-
BHHCKM KaM€H 3a BEPTHKallHO W XOPHU30HTAIHO
obmarame rpaleBHHCKHX oOjekaTa y eHTepHjepy H
ekcrepujepy. MokeMo MPEeArnoCTaBUTH 1a 0N y30pIH
Y3€TH U3 CBeXUX, TyOJpUX JeNI0Ba CTEHCKE Mace, KOjH
HUCY OWJIM W3JIOKEHH IyTOTPajHOM YTHIA]y aTMO-
cthepuuja, IMaH jour 60Jbe PE3yITaTe HCITUTHBAKA.
MehyTnMm, gak ¥ ca OBUM pe3yaTarnMa, OIeHa FhH-
XOBE yIOTPEOJHUBOCTH j€ TIO3UTHBHA.

KameHn u3 oBHX IUTyTOHA je MMOKa3ao MMOBOJEHE pe-
3yATare TEPEHCKHUX W J1ab0paTOpHjCKUX HCITUTHBAMKA.
C 003upom /1a cy OBa UCTpaXMBama CIIPOBEICHA Ha
HUBOY PETHOHAHE MPOCIIEKIHje, ’UXOBE pe3ylTare
Tpeba KOPHCTUTH Kao CMEpHHIlE y HapemHo] (dasm
MPOIIECa TEOJIOMIKOT UCTPAKHIBAA.
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Abstract. A sufficiently long spring discharge regime monitoring data set allows for a large number of
analyses, to better understand the process of transformation of precipitation into a discharge hydrograph. It is
also possible to determine dynamic groundwater volumes in a karst spring catchment area, the water budget
equation parameters and the like. It should be noted that a sufficiently long data set is deemed to be a contin-
uous spring discharge time series of more than 30 years. Such time series are rare in Serbia. They are gener-
ally much shorter (less than 15 years), and the respective catchment areas therefore fall into the “ungauged”
category. In order to extend existing karst spring discharge time series, we developed a model whose outputs,
apart from mean monthly spring discharges, include daily real evapotranspiration rates, catchment size and
dynamic volume variation during the analytical period. So far the model has solely been used to assess the
discharge regime and water budget of karst springs. The present paper aims to demonstrate that the model also
yields good results in the case of springs that drain aquifers developed in marbles. Belo Vrelo (“White
Spring”, source of the ToliSnica River), which drains marbles and marbleized limestones and dolomites of
Cemerno Mountain, was selected for the present case study.

Key words: groundwater regime, catchment area, real evapotranspiration, dynamic volume, water budget,
Belo Vrelo, Serbia.

Ancrpakt: JIOBOJBHO JyT HH3 OCMAaTparma PeXKnMa UCTHIIAmha HEKOT Bpena oMoryhyje mpuMeHy BEeTHKOT
Opoja aHaymu3a Koje Mory momohu ma ce mporec Tpanchopmaldje magaBuHa y XUAPOTrpaM HUCTUIamba 00Jbe
pazyme. Taxohe omoryhajaBy na ce oapene: AMHAMHYKE 3allpeMHUHE MOI3EMHUX BOJA CJIMBA KapCTHOT Bpena,
mapamMeTpu OmIaHCcHe jeqHaunHe, uTh. OBre Tpeba HAIOMEHYTH J1a JOBOJPHO OYTH HHU3 MOApa3yMeBa UHIbE-
HHUILY [ je HeOIIXOIHO UMATH HEeTIPEKUHY CEPHjy OCMaTpamba PeKiMMa HCTHLaRka HEKOT Bpella Y BPEMEHCKOM
uHTEepBay nyxem of 30 romuHa, mTo je penak ciydaj y Cpouju. Hajuemhe cy cepuje ocmarpama UCTHIIAEA
Ha BpesMMa 3HatHO Kpahe (ucrmox 15 roamHa) ITO MX Ha JKAIOCT CBPCTaBA y KaTeropHjy XHAPOJIOLIKA
HEU3y4eHHX CIIMBOBA. 3a MOTpeOe MpoayKaBama MocTojeinX HU30Ba HCTHLAKka KAPCTHUX Bpeia pa3BHjeH je
MOJIeN KOjH, Kao U3Jia3, MOpel CepHuje CPeambe MECEUHHX IPOTHUIIaja HEKOT Bpela, aje U JHEBHE BPEIHOCTH
peaiHe eBaroTpaHCIUpalije, MOBPIINHY CIMBA U MPOMEHY JAUHAMHYKE 3alPEMHUHE y PAuyHCKOM TEPUO.Y.
Mogen je 10 caja IpUMEHBHBaH CKIJBYYHBO 3a ITOTpede aHau3e pexkxnMa 1 OuilaHca KapcTHUX Bpena. CBpxa
OBOT pajia je J1a MOKaKe J]a Pa3BHjCHU MOJICI JIaje o0pe pe3yiTarTe Kaja Cy y MUTamby U Bpeja Koja IpeHupajy
u37aHu popMUpaHe y MepMeprMa. Y KOHKPETHOM cliy4ajy je uzadbpano beo Bpeino (Bpeno TomuiiHuiie) Koje
JPEHUpa MepMepe U MepMeprcaHe Kpedmake ranuae YemepHo.

KibyyHe peunm: pexuM IMOJ3EMHHX BOJA, MOBPIIMHA CIIMBA, PeajiHa CBANOTPAHCIHpPAIU]ja, TUHAMUAYIKA
3anpeMuHa TOA3eMHUX BOJa, OMTaHc Boza, beso Bpero.

Introduction ical characteristics of the area, the qualitative and
quantitative characteristics of the groundwater, and

One the key prerequisites for efficient groundwater the variations in these parameters over time. The
use for any purpose is knowledge of the hydrogeolog- aquifer regime is governed by a series of factors, pri-

I University of Belgrade, Faculty of Mining and Geology, Deprtment of Hydrogeology, Djusina 7, 11000 Belgrade,
Serbia. E-mails: marinacokorilo@gmail.com; vesna_ristic2002@yahoo.com

2 Geco-engineering, Belgrade, Serbia.
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Fig. 1. Location and hydrogeological map of the Belo Vrelo (Tolisnica Spring) catchment (after BRKOVIC ef al. 1977).
Legend: 1, diabases; 2, gabbro-diabases; 3, gabbros; 4, harzburgites, siltstones, schistose mudstones and cherts; 5, arenites,
alevrolytes, schistose slays and cherts; 6, massive dolomitic marbleized limestones; 7, schists and biotitic phyllites;
8, amphiboles; 9, marbleized limestones; 10, chlorite-epidote-actinolite rocks; 11, phyllites; 12, fault; 13, surface stream;
14, spring; 15, water divide; 16, fractured aquifer; 17, karst aquifer.

marily the geological setting and the geomorphologi-
cal, hydrogeological and climate conditions.

A catchment area is deemed to be gauged if the re-
gime of relevant quantitative parameters has been mo-
nitored for at least 30 years. A catchment area is partial-
ly gauged if monitoring lasted for 15 to 30 years, and
ungauged if the monitoring period was shorter than 15
years (PROHASKA 2003). From this perspective, gauged
catchment areas of karst springs in Serbia are extreme-
ly rare. There are only two such cases at present: a karst
spring near the Village of Zagubica, which is the source
of the Mlava River, and Sveta Petka Spring near the
City of Parac¢in (STEVANOVIC et al. 2014).

The time series of all the other karst springs are
either much shorter (from one to ten years) or there
has been no monitoring at all, the latter being more
often the case. Assessments of the discharge regime
and water budget of ungauged springs, or those that
have not been studied in hydrological and hydrogeo-
logical terms, can be misleading. To prevent potential-
ly erroneous assessments of the water budget equation
parameters in such cases, or to at least ensure reason-
able departures from real values, the Department of
Hydrogeology of the Faculty of Mining and Geology
at the University of Belgrade developed a model that
extends relatively short (less than 15 years) time

series of karst spring discharges. Apart from extend-
ing the length of existing time series, the model pro-
vides the catchment size, real evapotranspiration rates
and variations in karst spring dynamic volume in the
analytical period for which gaps in the existing time
series of average monthly discharges have been filled.
To date, the model has been tested and applied to
about 20 karst springs in Serbia (RisTiC 2007; RISTIC
VAKANJAC et al. 2010, 2013, 2014a, 2014b; STEVANO-
VIC et al. 2010). The difference between the catch-
ment size computed by the model and the real catch-
ment size of the karst spring resulting from detailed
hydrogeological research is up to 10%.

Described below is the outcome of an application
of the model, in this case to Belo Vrelo (source of the
Tolisnica River), which drains marbles, marbleized
limestones and dolomites of Cemerno Mountain.

Geological and hydrogeological
characteristics of the extended area of
Belo Vrelo

The karst spring of Belo Vrelo is situated in central
Serbia, in Ivanjica Municipality (Fig. 1). The drainage
area of the spring belongs to the catchment area of the
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Fig. 2. Belo Vrelo.

Tolisnica River, which in turn belongs to the wider Lo-
patnica River Basin on the slopes of Cemerno Moun-
tain. The upper part of the Lopatnica River Basin fea-
tures several springs, the largest being: Belo Vrelo (Fig.
2), Konjsko Vrelo (Horse’s Spring) and Mala Sokolina
cluster of springs (Fig. 1). The altitude of most of the
basin varies from 600 to 1000 m, while the edges of the
basin in the south are as high as 1581 m a.s.l. (Fig. 3)
(at Smrdljug Summit of Cemerno Mountain).

The area is largely made up of Paleozoic deposits
that hold a fractured aquifer. The sediments include
phyllites, metamorphic quartz conglomerates, gneiss-
es and schists, as well as marbleized limestones which
are highly relevant to this research. In addition to
Paleozoic sediments, there are also massive Middle
Triassic dolomitic and marbleized limestones, but to a
lesser extent. They occur as erosion remnants — pene-
plains, whose size is about 1.5 kmZ2. They constitute
the margin of a large Triassic belt of Jelica Mountain,
with which they are in contact. There are also Upper
Cretaceous (Senonian) siltstones and schistose mud-
stones, overthrust on Senonian-Upper Cretaceous fly-
sch (limestones, marls, sandstones and mudstones).
The faults (the most pronounced of which are found in
the Rudno—Propljenica zone) are nearly parallel to the
plane of overthrust, roughly running in the
NNW-SSE direction. Flaking is also evident in the

Fig. 3. Smrdlju§ Summit of Cemerno Mountain.

middle of this zone, where Triassic sediments are
developed. Young transverse faults are quite common
throughout the area (BRKOVIC et al. 1977).

Limestones, marbleized limestones and dolomites
determine to a large extent the hydrogeology of the
study area because of their fracture porosity resulting
primarily from local tectonic movements. The aquifer
stores a considerable amount of groundwater. To-
wards the surface, these rocks act as hydrogeological
collector-conduits, while in the deeper reaches they
serve as collector-reservoirs, discharged at the point
of contact with semi-permeable and impermeable
rocks via springs formed in places where local faults
occur, like in the case of Belo Vrelo. The study of the
hydrogeological characteristics of the terrain included
an analysis of spring discharges, whose minimum-to-
maximum ratio was less than 10 and the number of
karst features less than one per km?2.

Recharge comes from precipitation and sinking of
small surface streams. In the case of fracture porosity,
groundwater pathways are determined by the geologi-
cal formation, extent of fracturing and local hydrogeo-
logical conditions. At Belo Vrelo, groundwater circu-
lates within faults, fractures and fissures. Groundwater
drainage, or discharge, is gravity-driven and takes place
via springs exposed on the ground surface, whose dis-
charge rates vary. Belo Vrelo features the highest dis-
charge rates; the lowest rate ever recorded was 40 /s
in December 1978, while the highest rate was more
than 300 1I/s. Konjsko Vrelo (Horse’s Spring) dischar-
ges some 5 1/s and Mala Sokolina springs 2 to 3 I/s.
Belo Vrelo emerges on the ground surface below a
bend called Tisovski Prevoj, on the northern slopes of
Cemerno Mountain, at an altitude of 770 m. The
spring is located at a distance of about 3 km from the
Village of Tolisnica. The spring discharges through a
steep slope at the point of contact between marbleized
limestones and impermeable rocks. In the spring area,
visible blocks of while marbleized limestones, 3—5 m
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wide, suggest the existence of a fault that follows the
gradient of the terrain (about 30°).

Hydrological monitoring of Belo Vrelo

In 1994, the National Hydrometeorological Service
established hydrological stations at several karst
springs, including Belo Vrelo. Hydrometric surveys
and water level monitoring began on 1 January 1995
and continued through the end of 2002. Table 1 shows
mean monthly and annual discharges of Belo Vrelo
during the period of monitoring. Generally speaking,
maximum discharge rates are usually attributable to
snowmelt and spring rains.

and the lowest only 67 1/s, recorded several times in
1995, 1996 and 2001. The 1995-2002 ratio of mini-
mum-to-maximum discharges was 1:6, indicative of a
relatively uniform discharge regime of Belo Vrelo. Fi-
gure 4 shows the 1996 hydrograph of this spring. The
hydrograph includes one prolonged spring maximum
(possibly two), and one minimum. The discharge peaks
are generally attributable to snowmelt, which started in
March/April, and spring rains (April/May/June). If
snowmelt and spring rains occurred simultaneously,
the hydrograph showed a prolonged peak. If the two
events did not coincide, there were two or more lower
peaks in the first half of the year. Conversely, the low-
est discharge rates were noted in the summer months,
when the discharge rates of Belo Vrelo were the lowest.

Table 1. Mean monthly and annual discharges of Belo Vrelo (m3/s).

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec Annual
1995 | 0124 | 0135 | 0140 | 0150 | 0150 | 0147 | 0111 | 0.086 | 0.081 | 0070 | 0.080 | 0.079 0.113
1996 | 0.078 | 0079 | 0080 | 0109 | 0147 | 0147 | 0117 | 0.086 | 0106 | 0115 | 0.106 | 0.106 0.106
1997 | 0104 | 0090 | 0087 | 0129 | 0156 | 0144 | 0143 | 0142 | 0128 | 0120 | 0117 | 0015 0.123
1998 [ oms [ 0131 [ ons [ 0127 [ ons | o108 | 0103 | 0086 | 0087 | 0100 [ 0105 | 0.100 0.114
1999 [ 0102 [ 0097 [ onz | o110 [ o102 | 0090 | 0085 [ 0089 | 0092 [ ooog | 0098 | 0117 0.099
2000 | 0123 | oma | 0125 | 0109 | 0098 | ooss | o081 | 0079 | 0093 | 0089 | 0089 | 0088 0.098
2000 | 0071 | 0075 [ 0080 [ oowa | oa1s | 0125 | 0a27 [ 0127 | oa7o | 0205 | 0187 | 0175 0.129
2002 | 0247 | 0241 | 0232 | 0204 | 0a88 | o178 | oa72 | 0208 | 02535 | 0266 | 0330 | 0214 0.232
Qav | 0121 | 0120 | 0122 | 0136 | 0134 | 0128 | 0117 | 013 | o126 | 0133 | 0139 | 0124 0.127
o 0.05 0.05 | 0.05 0.05 0.03 0.03 0.03 | 0.04 0.06 0.07 | 0.08 0.05 0.04
Cy 0.45 045 | 041 0.40 0.24 0.25 0.26 | 0.40 0.47 051 | 0.60 0.37 0.35
Cs 212 191 | 1.83 2.31 0.51 0.05 0.67 | 1.66 1.75 146 | 213 1.33 2.50
Max | 0247 | 0241 | 0232 | 0264 | 0188 | 0178 | 0172 | 0208 | 0253 | 0266 | 0330 | 0214 0.232
Min | 0071 | 0075 | 0.080 | 0.094 | 0.098 | 0.088 | 0.081 | 0.079 | 0.081 | 0.070 | 0.080 | 0.079 0.098
P Autocorrelation and cross-correlation
% 0.16 analyses of Belo Vrelo
o 014
% 0.12 Correlation analyses of the effect of annual precipita-
S 01 tion totals on discharge rates of Belo Vrelo were under-
° 0.08 taken to substantiate the above conclusion, or, in other
= 0.06 words, to corroborate the correlation between precipita-
a8 tion and discharge. At a calendar year level, the coeffi-
< oo cients of correlation were extremely low (r = 0.275 for
§ 0.02 the station at Ivanjica and r = 0.073 at Kraljevo).
0 However, when the hydrological year was assessed, the
P PP PP P o PP PP P coefficients of correlation were much higher, amount-

& & F N ’ P oaP g
ha Q@ %\"b ?Q @"b\\ }\} 3‘> \,_\}Q GJQ)Q OC' eO O@

Fig. 4. 1996 hydrograph of Belo Vrelo.

Based on recorded daily discharges, the long-term
average discharge for the period 1995-2002 was
0.127 m3/s. The maximum mean monthly discharge
rate was 0.330 m3/s, registered in November 2002. The
minimum mean monthly discharge was 0.070 m3/s, in
October 1995. With regard to absolute daily discharge
rates, the highest was 410 I/s on 24/25 December 2002

ing to r = 0.465 at Ivanjica and as much as r = 0.667 at
Kraljevo. This was a result of the fact that winter (No-
vember, December and January) precipitation remain-
ed in the catchment area and caused runoftf/discharge
during the next calendar year, after snowmelt. As a
result, this type of analysis generally requires param-
eter averaging with regard to the hydrological year (1
October to 30 September). Then a cross-correlation
analysis was undertaken to examine the effect of daily
precipitation totals on discharge rates of Belo Vrelo.
Figure 5 shows a cross-correlogram with a 100-day
time lag. It is apparent that the strongest correlation
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between precipitation and discharge was noted after
one day, but that there was a pronounced peak after 32
days, which was certainly due to snowmelt.
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Fig. 5. Cross-correlogram (COKORILO ILIC ef al. 2014).

Apart from the cross-correlation analysis of Belo
Vrelo, an autocorrelation analysis was undertaken for
a time lag of 100 days (Fig. 6). The autocorrelogram
showed a strong correlation even after 100 days, cor-
roborating the earlier claim that the discharge regime
of Belo Vrelo is relatively uniform (or that the memo-
ry is long, 100 days or more).
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Fig 6. Auto-correlogram.

Recession curve analysis

Groundwater reserves of Belo Vrelo were assessed
by recession curve analysis. A proper analysis of the
retardation capacity of an aquifer requires a period of
at least 90 days after heavy rainfall, with constant
drainage and no recharge (aquifer recession). The dis-
charge regime monitoring data revealed that these cri-
teria were fulfilled in 1995, from 8 June to 2 No-
vember (a total of 148 days), and in 2000, from 23
March to 21 August (156 days). It should be noted that
there was some rainfall during the period, but it had

no significant effect on the spring discharge regime,
as clearly shown in Figs. 7 and 8. Namely, during that
period the rainfall was either torrential in nature, such
that a part of the atmospheric precipitation was lost to
surface runoff or evapotranspiration, or the precipita-
tion totals did not cause any signification variation in
the dynamic volume and thus had no effect on the dis-
charge hydrograph.

Belo vrelo spring discharge (m’s)

0.01

0 50

time (days) 100 150

Fig. 7. Analyzed part of the regression stage of the hydro-
graph, 8 June to 2 November 1995.
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Belo vrelo spring discharge (mgfs)
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Fig. 8. Analyzed part of the regression stage of the hydro-
graph, 23 March to 21 August 2000.

Analysis of the regression stage of the hydrograph
(Fig. 7) revealed two discharge microregimes, whose
characteristics were nearly identical. Maillet’s equa-
tion (MAILLET 1905; KRESIC & BoNacct 2009) was
used to compute the drainage coefficient:

logQ, —log
o ?:?0 go 0
0.4343-(1 —1,)

It follows from Eq. 1 that during the 1995 recession
period (Fig. 7):
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_logQ, —logQ  log0.155—10g0.081

= =0.009013
0.4343-(z, —1,) 0.4343-72

_logQ,, —logQ,  10g0.095—1020.072

= =0.001777
0.4343-(t, 1) 0.4343-156

2

Similar results were obtained for the 2000 reces-
sion curve (Fig. 8):

logQy —logQ;,  log0.12-10g0.072
0.4343-(t, 1) 0.4343-160

=0.003193

1

The drainage coefficients were of the same order of
magnitude and demonstrated average-to-good reces-
sion characteristics of the aquifer. These parameters
were used to determine the summary volume of the
discharged water. In the first case (1995), the summa-
ry volume was:

v =1, +v, =207 geaq0 Lo =0

-86400
o Qs
_0155-0095 (oo, 0095 o
0.009013 0.001777

=575141+ 4619100 =5194241 m*

and in the second case (2000):

QOI -0

o4

0.12-0

V== -86400 03 -86400 =3247490 m*

Application of the model to fill gaps in
average monthly discharge time series

A model developed at the University of Belgrade,
Faculty of Mining and Geology, Department of Hy-
drogeology was used to identify the parameters of the
water budget equation, primarily the catchment area
of Belo Vrelo. The model comprises several levels; in
the present case:

1. Generation of a long-term time series of Belo
Vrelo discharges using a mathematical model of
multiple nonlinear correlation (MNC) for spatial
transfer of hydrometeorological data (PROHASKA
et al. 1977, 1979, 1995). Here the MNC model
was used to extend the time series of average
monthly discharges of Belo Vrelo for the period
1960-2009. Figure 9 shows the intra-annual dis-
tribution of derived average monthly discharges
of Belo Vrelo during the analytical period.

2. Determination of potential evapotranspiration
(PET) by means of a modified Thornthwaite equa-
tion (RisTIC 2007; RISTIC VAKANIAC et al. 2013).

mean monthly disharge (mafs

1 2 3 4 5 6 7 8 9
month

10 11 12

Fig. 9. Intra-annual distribution Belo Vrelo discharge
(COKORILO ILIC ef al. 2014).

3. Determination of real evapotranspiration (RET),
catchment size and water budget of the considered
aquifer as follows: for rainy days PET = RET, and
for days following rainfall RET was obtained
from the exponential equation RET = PET @2,
where ® is a dimensionless parameter and T is
the time step (1, 2, 3 ...). For the parameter val-
ues ® = 0, 0.1, 0.2, ..., 0.8, 0.9 and 0.95, the
water budget equation was established by cali-
brating the potential catchment size such that the
condition V)= Vi was fulfilled. Then the func-
tion ® = f(F) was constructed, where the vertex
represented the real catchment area (Fig. 10)
(RISTIC VAKANIAC et al. 2013).

o
(%]
8.4km”

0.1 I

F

0 5 10 15 20

size of catchment area F (km?)

Fig. 10. Function ® = f (F) of the Belo Vrelo catchment.
(COKORILO ILIC ef al. 2014).

The resulting catchment size could be used to com-
pute the parameters of the water budget equation
(Table 2). Table 2 shows: the catchment size F (km?2),
the long-term average discharge Q (m3/s), the dis-
charged volume of water W (10¢ m3), the long-term
average runoff modulus q (I/s/km?2), the runoff layer h
(mm), the average annual precipitation P (mm), the
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average annual evapotranspiration E (mm), and the
long-term average runoff coefficient ¢. To clarify
some of the parameters, following are the equations
that were applied in the analysis.

e Discharged volume W (106 m3)

W= QT )
e Runoff layer h (mm)

h=" 3)

¢ Runoff modulus q (I/s/km?2)

1= 4

e Average annual evapotranspiration E (mm)

E=P—-h 5)
e Runoff coefficient ¢

*=p (6)

where: Q is the average annual discharge in m3/s, 7T is
a one-year period in seconds, W is the average annual
discharge volume (m3), F is the catchment area in m2,
P is the precipitation in mm, and / is the runoff layer
in mm.

Table 2. Summary of Belo Vrelo water budget, 1960-2009.

F P E h Qav q W% 0]
: Is/km® | 10°m’| ©

km*| mm | mm | mm | m'/s
8.6 [866.5| 445.6|421.0| 0.116 13.5 3.62 | 048

Assessment of the dynamic
volume of Belo Vrelo

The basic water budget equation for a karst aquifer,
with a monthly time step, is:

h
0=— 7
=3 (7
where:
P; - monthly precipitation totals of the karst catch-

ment;

hj; - total monthly karst spring discharge layer;

E; - monthly sums of actual (real) evapotranspiration
in the karst catchment;

Vi - water volume of the considered karst aquifer in
the j-th month; and

Aj; - variation in stored karst groundwater, in the j-th
month.

Given that monthly precipitation totals are known
quantities and the average monthly runoff layer and
monthly sums of real evapotranspiration were gener-
ated by the model, Eq. 7 is generally used to compute
variations in dynamic volume during the analytical
period. Such volume variations in a karst groundwater
reservoir, derived in the above manner, are shown in
Fig. 11. It is apparent that the total dynamic volume of
Belo Vrelo, based on monthly values of all water

4

change in dinamic volume AV (1 o° ma)

Fig. 11. Variation in dynamic volume of Belo Vrelo.

budget components during the analytical period from
1960 to 2009, amounted to approximately 107 m3.

Conclusion

The general conclusion was that the annual average
discharge rate of Belo Vrelo was Q = 0.116 m3/s.
Given that the catchment size of this spring is 8.6 km2,
the long-term average discharge layer during the ana-
lytical period was h=421.0 mm. With regard to water
abundance, the specific yield of the Belo Vrelo
drainage area was found to be 13.5 1/s/km2, while the
derived runoff coefficient suggested that 48% of all
precipitation was infiltrated and then discharged via
springs. The quality of this bacteriologically safe
water is extremely high, such that it can be used for
domestic water supply, agriculture and fish farming.
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Pe3ume

IIpouena pe:xkxnMa HCTHIAKA U OUJIaHCA
Bojaa besor BpeJia (u3BOp peke
Toaumnnne, nenrpanana Cpouja)

Xuaposomka M3y4eHOCT HEKOT CIIMBa II0/pas3y-
MeBa J]a Cy ocMarpama pekuMa KBaHTUTAaTHBHUX Ta-
pamMeTapa BpLICHA Yy MHTEpBaTy 0o MUHUMaIHUX 30
roguHa. KapcTHa Bpema Ha JKaloCT WMajy 3HATHO
kpahe HU30Be ocMarpama (ox 1 go 10 romunHa) wim,
YIJIaBHOM, OCMaTpama JI0 caJia yoIIlTe HICY BpIIeHa
Ha BUMa. AHaN3e PeXUMa WCTHIakha W MPOpadyH
napaMerapa OwmiiaHca KOJl OBHX Bpelia KOjeé MOXKEMO
CBPCTATH Yy TPYILYy XHUIPOJOIIKH/XUIPOTEOIONTKH
HEU3y4eHNX CIIMBOBA, MOTY IIOHEKA/T JIOBECTH JI0 TIPO-
TpenrHux 3ak/bydaka. /la Ou ce moTeHmmjamHe rperiKe
onpehuBama mapaMerapa OWIaHCHE jeTHAYMHE eJIH-
MUHHCAJIE KOJl OBUX CITy4ajeBa, WM CBElle Ha pa3yMHa
OJICTyTIaFha O] PEATHUX BPETHOCTH Pa3BHjeH j& MOJIEN
3a MoTpede mpoayxaBama MocTojehnx HU30Ba pera-
THBHO KpaTKWX CepHja OCMaTpama HCTHIamka W3
KapcTHUX Bpena (ucroxn 15 romuna). JemHo on Bpena
KOje HeMa JIOBOJHHO JYTH HU3 OcMarpama je u beno
Bpeno (Bpeno TomumrauIe). Bpeno Huje kanmTupaHo,
Hama3m ce y neHtpaimHoMm aeny CpOuje, Teputopu-
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jamHO mpunaaa ommtuHA MBamune (cimuka 1) u ape-
HHUpa NaJuHe IUIaHnHe YemepHo.

Y mmpoj 301 bernor Bperna, mopen nane3ojcKux ce-
JUMEHaTa IPUCYTHH Cy Y MameM OOMMY MAacHBHHU
JOJIOMUTUYHH U MEPMEPHUCAHU KpPEUHaLld CPEIbEr
TpHjaca. JaBipajy ce y BUIy €pO3HOHUX OCTaraka - Kp-
ma BeIM4rHe OKO 1.5 km? u umMHe He3HaTaH orpaHax
BEJIMKOT TPHJACKOT TI0jaca TUTaHWHe Jenuie ca Kojuma
Cy y KoHTakTy. IIpucyTHH Cy M aneBpOIMTH U ILKPU-
JbaBH INIMHIHU TOPHE Kpene (CEeHOH), HABYYEHH IIPEKO
CEHOHCKO TOpH-eKpeHoT (piwma (Kpeurmbary, JAropIy,
nemyapy, mMHOK). Kpeumarm, MepMmepucanu Kped-
Bald U JOJIOMUTH HMMajy BEJIMKH XHUAPOICOJIOLIKH
3Ha4aj Ha WCIUTHBAHOM TEPEHy jep MMajy 3Ha4YajHy
MYKOTHHCKY HOPO3HOCT HAcTajJIy Ha IPBOM MECTY Kao
MOCJIEANIIA JIOKATHUX TEKTOHCKUX MOKpeTa. OBe CTeHe
y TOBPIIMHCKUM JEJIOBUMA NPEACTaBIbajy XUIAPOIeo-
JIOIIKE KOJIEKTOpE - CHPOBOAHHUKE, NOK Y IyOJbuUM
JIeJIOBUMa TIPEACTaBIbajy KOJEKTOpE - pe3epBoape U3
KOjUX C€ Ha KOHTAaKTy ca ci1abo BOJOHOCHHM H
BOZOHENPOITYCHUM CTEHaMa BPIIN BUXOBO NPAKHEHE
MyTeM Bpenia Koja cy (opmupaHa y 30HaMa JOKAIHUX
pacena, mTo je ciy4aj u ca bemum Bpemom.

Toxom 1994. rommae PXM3 je ycnocraBuo Xuapo-
JIOIIKE CTaHUIIEe Ha BUIIIE KAPCTHHX Bpena Mel)y kojuma
je 6mo u beno Bpeno. Ocmarpama BOmOCTaja U Mepe-
’Ba MPOTHIaja cy Tpajanma mo kpaja 2002. rooguue. Ha
OCHOBY JTOOHMjeHUX JHEBHUX BPEIHOCTHU MpoTHIaja be-
JIOT BpEJa MOXKE c€ KOHCTAaTOBATH [Jia j€ CPEebU BHILE-
TOMUIIBYN TIPOTHUIRj 3a rrepuor o 1995-2002. ronuHe
msHocuo 0.127 m3/s (tabena 1). MakcuMaTHN CpeNEbe
MECEYHH TPOTHIAj C€ jaBHO TOKOM HOBemOpa 2002.
roauHe 1 u3Hocuo je 0.330 m3/s. MuHUMaIHU cpeibe
MECEYHH TPOTHUIA] PETUCTPOBAH je y OKToOpy 1995.
roquae ¥ usHocuo je 0.070 m3/s. HIro ce Tuve
arcoIyTHUX JHEBHUX MPOTHLAja, MAKCUMAIHN THEBHH
mpoTuIaj jaBuo ce 24. omgHOocHO 25. mememOpa 2002.
ronuHe 1 n3HOCHO je 410 /s, oK je arcoiyTHO MHUHH-
MAaJTHU TIPOTHUIIA] y U3HOCY off cBera 67 1/s peructpoBan
BuLIe IyTa TokoM 1995., 1996., u 2001. ronune. Ognoc
PErHCTPOBAHUX MAKCUMAJIHUX U MUHMMATHHUX IPOTH-
11aja 32 TOMEHYTH OCMaTpadky repuoy je 1:6 mro yka-
3yje Ha peNaTHBHO yjeTHa4eH PeXUM UCTUIamha OBOT
Bpena.

Pann motBphuBama nocrojehe Bese manaBuHe — HC-
TUIake ypaljeHe cy KopenmamioHe aHaInW3e YTHIlaja
TrOIUINKBUX CyMa MaJaBuHa Ha ucTHHame benor Bpe-
7a. YKOJIMKO ce pa3Marpa OBa Be3a Ha KaJCHIApCKOM
HUBOY KOe(UINjEHTH KOpeallnje Cy U3y3eTHO HUCKH
(p = 0.275 — x.c. UBamuma, p=10.073 — m.c. Kpaspe-
B0). Ca npyre crpaHe ako ce aHajIM3Mpa Be3a Naja-
BUHE — IIPOTHUIIA] BPEIa HA HUBOY XUIAPOJIOLIKE TOHU-
He, Koe(HUIMjeHTH KopeTanuje Cy 3HaTHO 3Ha4YajHUjH
1 u3Hoce 3a k.c. Bamwuna p = 0.465 u 3a m.c. Kpa-
JbeBo dak p = 0.667. OBo je mocieania YNmHEHALE 1a
MaJiaBAHE y TOKY 3MMCKHX Mecelu (HoBemOap U fe-
memMbap) ce 3aapkaBajy y CIMBY W HM3a3UBajy OTH-
113j/UCTHIIalbE Y HapeIHO] TOAWHHU Kaja I0ia3u 0

EbUXOBOT OTalama. TaKo J1a MpU OBOj BPCTH aHAIIN3a
HEOITXO/IHO j€ BPIIUTH OCPEAmhaBamke ImapamMerapa Ha
HHBOY Xuapojoinke roguse (1. okrodap — 30. cenrem-
0ap). OBo MOTBphyje M KpOCKOpenalnoHa aHaln3a
(cmuka 5) Ha K0joj ce BHOM Ha je HajuBpmrha Besa
yTHIIaja TalaBUHA Ha NCTHIAKE Bpella HAKOH jeIHOT
JlaHa, C TUM JIa je U3pakeH MUK ¥ HaKoH 32 JaHa IITo
j€ CBaKako IMOCIeqIla OTalama CHeTa.

[Ipopadyn pe3epBr HOA3EMHUX BOJAa HM3BOpa peEKe
TonumaAIE U3BPIIEH je ¥ MPIMEHOM METOJIe aHAIIN3e
perapmanuoHe KpuBe. 3a BANWAHY aHAIW3y peTapiaa-
[IMOHUX CITOCOOHOCTH HM3[]aHU TOTpeOaH je Mepruoi O
3aBpIIeTKAa HM3PAKEHUX TMaJaBHHA Ca KOHCTaHTHHM
MIpaXmHEHeM 0e3 MPIITNBA Y Tpajamby o HajMame 90
naHa (perecuja u3nanm). AHAITN30M pe3ylTara PeKuM-
CKMX OCMaTpama MOXXE C€ YBHJIETH [Ia je OBaj yCJOB
HCIymeH TokoM 1995. romune, epuon ox 8. jyHa 110 2.
HOBeMOpa (ykynHo 148 mana) u Tokom 2000. roxuse,
nepuo on 23. mapra go 21 asrycra (ykymHo 156
JlaHa), KaJa je M0Ja3miIo JO KOHCTAHTHOT MPaKmbema
Bpena. JloOujeHn Koe(UIjeHTH TTPaXmbekha Cy UCTOT
pena BenW4uHe, U yKa3yjy Ha cpelma A0 Jo0pa perie-
cHoHa cBojcTBa (hopmupane m3gand. OBH mapaMeTpu
PEIecCHOHNX CBOjcTaBa MCKOPHIINEHH Cy 3a YTBphu-
Bame 30MpHE 3allpEMIHE OTEKIIE BOIE.

3a morpebe nmeduHHCama mapamerapa OWIaHCHE
jeIHaYMHE a Ha TIPBOM MECTY CIIMBHE MOBpIInHE be-
JIOT BpeJia KOPHUIINeH je TOMEHYTH MOJIell pa3BHjeH Ha
Pynapcko-reomomkom daxynrery, Jemaprmany 3a
xuaporeonoryjy. llpumemern Momen ce cactoju u3
Buire HuBoa. KopummhemeM HIBOA 1 ocMaTpadyku HU3
Cpelrhe MECEYHHX MTPOTHIIAja je MPOIYKEH Ha MEPHO.T
on 1960-2009. rogune. Cpenmbe BUILIETOIUIITBU TPO-
TUIaj OBAaKO Ae(PHHUCAHOT PAYyHCKOT HH3a M3HOCH
0.116 m3/s. Kao u3na3 u3 HuBoa 3 nobujeHa je peaana
MOBpIIMHA CIIHBA y U3HOCY of 8,6 km? (ciuka 10).
3aruM cy AoOuWjeHe peanHe BPEIHOCTH JHEBHUX
€BarioTpaHCIUpaIja U IPOMEHe AWHAMUYKE 3aIpe-
MHHE Ha MECEYHOM HOBOY 3a PadyyHCKH MEPHOJ
(cmuka 11). [lapameTrpu OrnaHCHE jeTHAYNHE TTOI3EM-
HUX Bonma bejor Bpema cpadyHaru Cy KopHIThemem
aZieKkBaTHUX jemanumHa (jend. 2, 3, 4, 5 u 6) a HUXOBe
BPEIHOCTH Cy TpHKa3aHe y Tabemn 2.

I'enepanHo MOXe ce 3aKJBYYHTH Ja Ca CIMBHOT
moapydja bemor Bpema mpoceyHO TOAMIITEE UCTEKHE
ykymHO 116 1/s Kako cnuBrHa moBpmmHa Bpena Tomu-
HHuIa u3HocH 8.6 km2, cpesmbe BUIIETOMHIIBU CIIO]
WCTHUIaka 33 padyHCKH mepron u3Hocu h =421.0 mm.
Ca mireauiTa BOMHOCTH TIOAPYYja, MOXKE C€ KOHCTATO-
BaTH Aa cnennduyHa u3gamHocT cnuBa bemor Bpema
usHocH 13.5 1/s/km?2, 10Kk Ha OCHOBY CpadyHATOT KOe-
¢unmjeHTa oTHULIAja MOXKE ce 3aKJby4uTH na ce 48%
0l YKYITHO Tayie Boxe (majaBWHA) WHOWITPHpA U
KacHHje uctude Kpo3 Bpena. OBa GaKTepHOIONIKH YH-
CTa BOJa M M3Y3E€THOT KBAJIUTETA MOXKE CE€ KOPUCTHUTHU
3a morpede BoAocHaOAeBama JOKAIHUX AoMahuH-
CcTaBa, 3a MOTpede TMOJHONPUBpENE WIM IaK 3a
motpebde pubdorojcTaa.
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Fuzzy optimization in hydrodynamic analysis of groundwater control

systems: Case study of the pumping station “Bezdan 17, Serbia

DRrAGOLIUB BAJC! & DUSAN PoLOMCIC?

Abstract. A groundwater control system was designed to lower the water table and allow the pumping sta-
tion “Bezdan 1” to be built. Based on a hydrodynamic analysis that suggested three alternative solutions, mul-
ticriteria optimization was applied to select the best alternative. The fuzzy analytic hierarchy process method
was used, based on triangular fuzzy numbers. An assessment of the various factors that influenced the selec-
tion of the best alternative, as well as fuzzy optimization calculations, yielded the “weights” of the alternatives
and the best alternative was selected for groundwater control at the site of the pumping station “Bezdan 1.

Key words: groundwater lowering, groundwater management scenario, fuzzy analytic hierarchy process,
expert knowledge, triangular fuzzy numbers, linguistic variables.

AmncTpakT. 3a o0apame HHMBOA IMOJI3EMHUX BOJAa Kako OW ce W3rpajmia IprHa CTaHuIa ,besman 17
IIPOjEKTOBaH je CHCTEM on0paHe oJ MOA3eMHHMX Boja. Ha OCHOBY XWIpOIMHAMHYKE aHaIN3E KOjOM Cy
JeuHUCAaHe TPH aNTepHATHBE pelIeHka CUCTEMa, NMPHUCTYIHIO C€ METOAOM BHIIEKPUTEPHjYMCKE ONTH-
MU3aIyje kako Ou ce omabpaia omTUMaliHa alTepHATHBA. 3a Te moTpede KopumrheHa je mMetonma ¢a3u aHa-
JUTHYKO XUjepapXujCKoT Mpolieca, Oa3upaHa Ha TPOyrIacTuM (a3u OpojeBuMa. AHAIIN30M PA3INIUTHX (ak-
TOopa KOju yTH4y Ha m300p anTepHaTHBE W (a3dl ONTUMH3ANMOHUM IMPOpaYyHHMa, TOOHjeHe CY ,,Te)XHHe”
aNTepHATHBA M JJOHETA j€ OAIYKa O ONTUMAJIHO] aJTePHATHUBH PEIICHa CHCTEMa Of0paHe Off OA3EMHHX BOJa
Ha TOAIPYY]jy LpItHe cTaHuIe ,,.be3nan 17.

K.rby'me peun: 06apa}Le HHBOA IIOJA3CMHHUX BO/a, BapI/IjaHTe CcHuCTEMa o,u6paHe oI IMOJA3€MHUX BOJa, (1)331/1

AQHAJIMTUYKO XHjepapXujCKH MpoIiec, 3Hamke eKCIepTa, Tpoyraonu fuzzy 0poj, IMHrBUCTHYKA BapHjabdia.

Introduction

The best way engineers or scientists can express
their opinions is in fact everyday verbal communica-
tion. It is a significant source of uncertainty, because of
the transfer of both information and knowledge cou-
pled with various uncertainty and imprecision (Kosko
1993). This is the reason why fuzzy logic systems are
distinguished, given that their essence is to handle
knowledge that can be highly imprecise and expressed
verbally. In fuzzy logic systems this “knowledge” is
represented by production (expert) rules, which are a
suitable verbal means of expressing the knowledge of
each individual. Consequently, fuzzy logic is the codi-
fication of common sense (GRAHAM 1991; LAl &

HwANG 1996). Expert knowledge is used instead of
differential equations to describe a system. The know-
ledge is conveyed in a natural way, by linguistic vari-
ables, such that fuzzy logic is “computing with words”
(ZADEH 1965; ZADEH 1975).

As indicated above, the basic unit that represents
knowledge in fuzzy logic is a linguistic variable, with
its linguistic values that make up fuzzy sets.
Combinations of variables and their values produce
linguistic statements (expressions), which constitute a
bridge between numerical representation of informa-
tion on a computer and human thinking. ZADEH
(1975) introduced the “linguistic (fuzzy) variable”,
which is the value of an uncertainty described by a
linguistic statement. The linguistic or fuzzy variable is
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defined as the variable whose permissible values are
words of natural language, and not numbers. Apart
from their symbolic linguistic form, linguistic vari-
ables also have a quantified analytical form-member-
ship function, such that they are of a dual nature. This
dual identity makes linguistic variables suitable for
qualitative-symbolic and quantitative-numerical cal-
culations. A correlation is thereby established between
the natural language used by man and the numerical
data used by a computer.

In recent years there has been a rapid increase in the
number and types of applications of systems based on
the fuzzy theory. While it was originally used to analy-
ze data that allow for partial set membership, to avoid
the approach where there is either full or no such mem-
bership, today fuzzy logic is a management method
which, despite its early stage, is increasingly used in
all fields of science, including hydrogeology - groun-
dwater management, water quality management,
dewatering and groundwater control, etc. (AZARNI-
VAND et al. 2004; SINGH et al. 2007; UDDAMERI et al.
2014; KARNIB 2014 ).

One branch of fuzzy logic applied in hydrogeology
is fuzzy optimization. The present paper describes an
application of multicriteria fuzzy optimization - the
so-called fuzzy analytic hierarchy process (FAHP), to
select the optimal groundwater management scenario
(groundwater control system) for the pumping station
“Bezdan 1”7 (“Bezdan 1” PS), out of three alternatives
derived from the hydrodynamic analysis reported by
PoLomcCIC & Baic (2014).

There are many FAHP approaches suggested by
different authors in the literature. LAARHOVEN &
PEDRCYZ (1983) initiated the first studies that applied
fuzzy logic and the analytic hierarchy process. They
used triangular fuzzy numbers to express the evalua-
tion by the decision maker (expert) of alternatives
against each of the given criteria, while BUCKLEY
(1985) used trapezoidal fuzzy numbers for the same
purpose. CHANG (1996) introduced a new approach to
FAHP, using triangular fuzzy numbers, FAHP scale
and extent analysis to compare pairs of criteria in a
matrix. Going into more detail, CHAN & KUMAR
(2007) added risk factors to the extent analysis in
FAHP, which included uncertain information used in
decision making. DENG (1999) proposed a fuzzy ap-
proach to solving the problem of qualitative multicri-
teria analysis - using FAHP for multicriteria decision
making. ZHU et al. (1999) presented the fundamental
theories of fuzzy triangular numbers, contributed an
improved approach to their comparison, and demon-
strated a practical application to an oil field. CHOU &
LIANG (2001) proposed a fuzzy multicriteria decision-
making concept that integrated the fuzzy theory with
the analytic hierarchic process. Additionally, CHANG
et al. (2003) introduced statistical methods to FAHP,
for selecting the criterion that affected the end result
(i.e. selection of alternative). Among the FAHP

approaches mentioned above, the one devised by
CHANG (1996) was used to arrive at the best alterna-
tive for the groundwater control system of the “Be-
zdan 17 PS.

Study Area

To prevent an environmental disaster in the Backa
District (Serbia), as well as avoid suspensions of nav-
igation and different types of water supply, it is neces-
sary to expand the Backa section of the Danube—Ti-
sa—Danube Water Scheme. To resolve one of the func-
tional issues of the multipurpose Danube—Tisa—Danu-
be system, new pumping stations (total capacity 35
m3/s) will have to be built at the locations of previous
pumping stations, which have been out of commission
for some time. Apart from dealing with the issues
mentioned above, this project will regulate the Be-
zdan—Vrbas Canal, the Baracka Canal and a number
of smaller canals. The present research addresses the
“Bezdan 1” PS, located in the Town of Bezdan in
northwestern Backa. Figure 1 shows the geographical
position and microlocation of the study area.

Predictive Hydrodynamic Analysis

The site of the future “Bezdan 1” PS features high
groundwater levels, which directly affect the feasibil-
ity of construction. Three-dimensional (3D) hydrody-
namic modeling, in this case to define a groundwater
control system for the “Bezdan 1” PS, is a common
approach in modern hydrogeology. The hydrogeolog-
ical setting was schematized, the input parameters
defined and a model based on finite differences con-
structed to develop a predictive hydrodynamic analy-
sis after matching natural and modeled hydrogeologi-
cal parameters through calibration. As a result,
PoLoMmcCIC & Baic¢ (2014) proposed a groundwater
control system for the “Bezdan 1” PS, whose function
is to lower the water table to below the design eleva-
tion, so that the pumping station can be built. Three
alternatives were considered, to ensure protection
against groundwater intrusion and provide for unhin-
dered construction of the “Bezdan 1” PS. Figure 2
shows the lowering of the water table of the analyzed
alternatives. For each alternative, the characteristics
of the groundwater control system: the number of
wells and their spatial distribution, and the time need-
ed to achieve maximal lowering of the water table
below the excavation for the “Bezdan 1” PS, were
defined as follows:

e Alternative 1 (4;): Long-term average stages of
the canals within the study area (Baracka Canal
82.80 m above sea level and Bezdan—Vrbas Canal
84.80 m.a.s.l.) were used in the predictive hydro-
dynamic analysis. The groundwater control sys-
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Fig. 1. Study area and “Bezdan 1” pumping station.
tem is comprised of 12 wells, whose capacity is and Bezdan—Vrbas Canal 86.5 m.a.s.l. The
40 1/s each. The time needed to lower the water groundwater control system is comprised of 17
table to below the design elevation and allow for wells, whose capacity is 40 1/s each. The time
the construction work to proceed is 5 days. needed to lower the water table to below the
e Alternative 2 (4,): Long-term average maximum design elevation is 8.5 days.
stages of the canals within the study area Based on the predictive analysis and the three iden-

(Baracka Canal 86.61 m.a.s.l. and Bezdan—Vrbas tified alternatives for the groundwater control system,
Canal 85.16 m.a.s.l.) were used in the predictive as described in PoLoMmCIC & Bac (2014), the selec-
hydrodynamic analysis. The groundwater con- tion of the best alternative applying the FAHP

trol system is comprised of 12 wells, whose approach is discussed below.
capacity is 40 1/s each. The water table “stabi-
lizes” after 7 days of operation of the system.

e Alternative 3 (4;): In this case, lowering of the ~ Fuzzy Optimization Method
water table was simulated using maximum ele-

vations of the designed cofferdams for the fol- Apart from the several approaches to fuzzy opti-
lowing canal stages: Baracka Canal 87 m.a.s.l. mization and the use of the FAHP approach described
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Fig. 2. Lowering of the water table, alternatives 1, 2 and 3, as a result of control system operation.
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above, the solution produced by hydrodynamic calcu-
lations was optimized by means of fuzzy extent analy-
sis, an FAHP approach proposed by (CHANG 1996).
This method is based on triangular fuzzy numbers and
Saaty’s pairwise comparison scale (SAATY 1980). The
main features of this method are presented below in
several steps.

The basic concept of the FAHP approach is the tri-
angular fuzzy number. If this number is denoted by
M(l,s,d), as illustrated in Fig. 3, it is defined by its
membership function as follows:

[ x /
_ l’
s—1 s—1 xelhs]
uM(x)=<L —L, x e [s, d] whereis/<s<d
s—d s—d
0, x e[l d]
L

The correlation between the numerical values of
triangular fuzzy numbers and linguistic variables is
represented by fuzzified Saaty’s scale (CHANG 1996;
DENG 1999; ToLGA 2005). One such correlation is
shown in Table 1.

Table 1. Fuzzified Saaty’s scale for pairwise comparisons
(DENG 1999)

FAHP scale
Linguistic variable Saaty's | Triangular fuzzy
(judgment definition) crisp value numbers
0.5<a<0.5)
Equal importance 1 (1,1, 1+o)
Weak dominance 3 (3—a, 3, 3+a)
Strong dominance 5 (5-a, 5, 5+a)
Demonstrated dominance 7 (7—a, 7, T+o)
Absolute dominance 9 (9-0.,9,9)
Intermediate values 2,4,6,8 (j;;: Z’, )gi;)

Step 1. Taking the pre-defined factors that affect the
selection of one among several alternatives, a matrix
of criterion X is constructed with triangular fuzzy
numbers assigned by the decision maker (expert),
using the FAHP scale.

Step 2. Taking the generated matrix, an extent ana-
lysis of all the elements of the matrix is conducted,
resulting in m values of step analyses for each element
of the set X

1 2 oo
M, M, ..M, .i=1,2,...n
where all M_’ ,j=1,2, ..., m are triangular fuzzy
numbers.

Then, taking into account the membership function
of the triangular fuzzy numbers, the value of the fuzzy
synthetic extent is computed using the expression:

-1
S,:ZMQ Q{ZZMZJ =
j=1

i=1 j=1

m m m 1 1 1
:[Zl/’zs/’zd/]@) n > n > n

TS 5 S
i=1 i=1 i=1

Step 3. In this step the degree of possibility of two
triangular fuzzy numbers (Fig. 3) M| = (/;, s;, d;) and
M, = (1,, 55, d,), is determined applying the fuzzy num-
ber comparison principle:

v (M, M) = sup| min iy, (2).1, (1)

If there are pairs (x, y) such that x > » and
My, (x) = par, () = 1, then V(M = M,) =1. Since M,
and M, are convex triangular fuzzy numbers, it fol-
lows that:

V(Ml ZMz): 1 l:fSl ZSZ

V(My=M,))=hgl(M;nM,)= My, ©

L

____, other
(3 —d) (s, — 1))

where c is the ordinate of the highest intersection at
point C between the membership functions s and .

To compare the triangular fuzzy numbers M, and
M,, both values, V(M,; > M,) and V(M, > M,) are
needed.

A
H(M)

Fig. 3. Triangular fuzzy number.

The degree of possibility of a convex fuzzy number
to be greater than £, the convex fuzzy numbers M, can
be defined by i=1,2,....k:
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VM2M,,M,,.M)=V[(M2M)IN..A(M2M,)]=
=minV (M =2M,)

Then, summing everything up, it follows that:
c’(A)=minV(S; = Sp), k=1,2,...,n; k=1

Step 4. Continuing from the previous step, the
weight priority vectors are defined as follows:

w :(C) (Al)’c’ (Az)o"'ac’ (An)[) whereA,- (i=1,2,...,n)

Step 5. The ultimate values of the weights are ob-
tained applying one of the normalization methods:
e The additive normalization method (SAATY
1980), or
e The weighted least squares method (CHU et al
1979), the logarithmic least squares method
(CRAWFORD & WILLIAMS 1985), the fuzzy prefer-
ence programming method (MIKHAILOV 2000), the
direct least squares method (CHU et al 1979),
which often yields multiple solutions, or the loga-
rithmic goal programming method (BrRyson 1995).
This results in a normalized weight vector in the
form of a classical non-fuzzy number, whose maxi-
mum value is 1:

= (e ()Y )

Step 6. In this step the alternatives are compared for
each criterion separately. Matrices are produced and
then the weight vectors determined following Steps 1
through 5.

Step 7. Here the ultimate weights of the alternatives
are determined. They are obtained by multiplying the
weight vectors derived from the criterion matrix by
the weight vectors from Step 6. The alternative with
the greatest weight vector value is the best alternative.

Results and Discussion

The fuzzy extent analysis and the analytic hierar-
chic process described above were applied to develop
a decision-making model and select the best alterna-
tive for the groundwater control system of the “Be-
zdan 1” PS. Fuzzy optimization calculations included
assessments of the various factors/criteria that affect-
ed the selection of the best possible solution to the
problem. In general, it is difficult to produce an alter-
native that will instantaneously satisfy all the applica-
ble criteria, but an acceptable trade-off can be found.
The following criteria were considered in connection
with the present groundwater control system:

e Time (K,), which is the time needed for the water
table to be lowered to the design level. To assess
this criterion, it was not assumed that the best
time was the shortest time. Instead, the time was

related to the analyzed conditions and the eleva-
tion of the water table for each alternative.

o Characteristics of the groundwater control system
(K,), which included the number of components
of the groundwater control system, where the sys-
tem was analyzed and its cost-effectiveness and
flexibility assessed. In the present study, as the
number of wells increased, so did capital expendi-
ture and operating and maintenance costs.
However, it should be noted that in some cases the
construction of wells is more economical than the
pumping time. Flexibility included the ability of
the system to adapt to possible changes to its char-
acteristics. Consequently, when the time comes to
lower the water table, if the groundwater levels
are below those used in the hydrodynamic analy-
sis of the selected alternative, not all the wells
need to be constructed or operated.

e Safety factor (K3), which represents an analysis of
possible water table conditions at the time of low-
ering for the purposes of constructing the “Bezdan
17 PS. This analysis was used to assess the status
of boundary conditions in the hydrodynamic
analysis of different canal stages in the study area.

Shown below are the calculations for the selection

of the best alternative in accordance with the above-
described steps (the FAHP approach discussed in the
previous section).

The criteria matrix was produced by evaluating the

criteria according to the fuzzified scale (TOLGA 2005):

KW KQ K3

K | 111 292 143

3 2772

X =

K, L3 120

2772 2

K, 202 L2
L3 273 i

Using a specially developed application, according
to Step 2, the calculated values of the fuzzy synthetic
extent were as follows:

11
S =(2.16,3,4.5)®| —,—,—— |=(0.17,0.33,0.66
= ) (1 3°9.16° 6.8) ( )

11 1
S, =(2.5,3.5,45)®| —,—,—— |=(0.19,0.38,0.66
=( ) (39.166 j ( )

1

S, =(2.16,2.66,4)®| —,——,—— |=(0.17,0.29,0.59
=( )(13 9.16’ 682} ( )

According to Step 3, the fuzzy numbers were com-
pared and the degree of possibility of two triangular
fuzzy numbers (i.e. their values of fuzzy synthetic
extent) was determined as follows:
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0.19-0.66
V(s =S
(5,25:)= (0.33-0.66)—(0.38-0.19)

V(S =8,)=1
V(s,=5)=1
V(S,>5,)=1

=09

0.17-0.59
V(S =S
(525)= (0.29-0.59)~(0.33-0.17)

0.19-0.59
V(s,=5)= =0.81
(5:25) (0.29-0.59)—(0.38-0.19)

=091

Then the minimum value was selected, as described
in Step 3, and the weight vectors obtained as:

W= (0.9,1,0.81)

Finally, the ultimate criterion weights were obta-
ined through normalization:

W= (0.33, 037, 0.3)

Shown below are the criterion - based evaluation of
alternatives (where three matrices were generated)
and the ultimate weight vectors for each comparison.

Criterion [ (matrix, the value of fuzzy synthetic
extent, the degree of possibility, the weight priority
vectors and the ultimate values of the weights):

'41

I 1 1
2.74°19.59°16.48
1 1
22.74719.5916.48
1 1

=(4.12.5.14,6. ]6)®[— — —] (0.18.0.26,0.37)
22.74719.59716.48

Vo (8,25;)=1

Vo (S, 28,)=1

7, (5.25,)=001

Sy, =(5.2,6.25.7.3 )®[ j: (0.23.0.32,0.44)

~(7.16,8.2.9. 25)@( ) (0.31,0.42,0.56)

Ve (5,2 8,)=0.56

( ,)—I

7, (5.25)=07

W’ =(0.56,1,0.01)
W= (0.36,0.64,0.01)

Criterion 2 (matrix, the value of fuzzy synthetic
extent, the degree of possibility, the weight priority
vectors and the ultimate values of the weights):

K| 4 A, A
4 11 ser LL1
8776
X, =
R l,l,l LL1  7.8,9
7765
Alers L1
I 987 |
T T
=(6.12.7.14.8.16)® (— —.—J:(o.zz.o.zt)._o.sg)
2757244272137
L1
8.14,9.16,10.2)® | ——,——,—— | = (0.3,0.38,0.48
=( )@ ( 7.5‘24.42‘21.37} (0.3.0.38.0.48)
1
7.11.8.12,9.14)® —,— . — | =(0.26,0.33.0.43
=( ) ( 75 2442 21.37} ( 33.0.43)
Ve (5,25,)=006 ¥ (5,25,)-1
Ve (8, 28)=1 -Kz(éz_bs)—l
V(8 28)=1 T (525,)=072

W’ = (0.06,1,0.72)
W = (0/03,0.56,0.4)

Criterion 3 (matrix, the value of fuzzy synthetic
extent, the degree of possibility, the weight priority
vectors and the ultimate values of the weights):

(K, | 4 4, 4]
ot ers L1
979’8
X, =
Bl A l,l,l L1 456
18776
4. | 89,9 L 1.1.1
L 6°5°4 ]
1 [ [
=(7.11.8.119. 12)® =(0.27.0.33,0.43)
6.53724.45721.39
[ 1 1

—(5.12,6.14.7.16)® —
o= ') [ 2653 24.45 2139
1

1 1
26.53724.45721.39

) (0.19.0.25,0.33)

=(9.16,10.2,10. 25)@{ ] (0.35.0.42.0.48)
Vo ($28,)=1 1V (5,28)=047

Ve (85,25)=042 ¥ (S, 28,)=0.13

Vo (S,25)=1 7, (525,)=1

W’ =(0.47,0.13,1)
W = (0.29,0.08,0.63)

Based on these calculations, the ultimate evaluation
of the alternatives is shown in Table 2.

The criteria-based assessment showed that the best
solution for the groundwater control system of the
“Bezdan 1” PS was Alternative 2. Here the control
system is comprised of 12 wells. It takes seven days to
lower the water table to below the design elevation
and establish quasi-steady groundwater flow. As
pointed out in connection with the evaluation of crite-
ria, in this alternative, if the canal stages should be
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Table 2. Ultimate evaluation of alternatives.

Criterion Criterion weight Alternative 1 Alternative 2 Alternative 3
1 0.33 0.36 0.64 0.01
2 0.37 0.03 0.56 0.4
3 0.3 0.29 0.08 0.63
Final score: 0.22 0.44 0.34

below the long-term average maximum levels, some
of the wells can be shut down, as needed.

Conclusion

Human beings are often uncertain in assigning eva-
luation scores by conventional methods, so decision
making frequently involves uncertainties. FAHP can
cope with that difficulty. The method has the ability to
capture the vagueness of human thinking and effec-
tively solve multicriteria decision-making problems.
In the present study, the FAHP approach was applied
to assess the factors that affect the selection of the op-
timal groundwater control system at the location of
the future pumping station “Bezdan 17, whose con-
struction is hindered by high groundwater levels. Ap-
plying this multicriteria approach, three alternatives,
previously identified by hydrodynamic modeling,
were assessed. According to the results of the FAHP
analysis, each of the alternatives was evaluated and
Alternative 2 was found to be the “best”. It scored
0.44/1. As a result, Alternative 2 was proposed for the
groundwater control system associated with the “Be-
zdan 17 PS, whose general and spatial characteristics
are: 12 wells with individual capacity of 40 1/s and
seven days to lower the water table.

In some cases, the FAHP analysis can eliminate
certain criteria, assigning them weights close to zero.
Such clustering may help managers make decisions
based on the most important criteria, especially in
cases where more precise information can be expen-
sive to obtain. Proposed for future study are other
multicriteria optimization methods and decision-mak-
ing approaches, to compare several different methods
and present the results in parallel. The FAHP analysis
used in the present study can be recommended for
other fields of science and technology, where opti-
mization is required and the best-possible decision
needed.
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Pe3ume

IIpumena fuzzy ontumuzanuje y
XUJAPOAMHAMMYKOj AHAJIU3HU 32 noTpede
u30opa cucremMa ondpaHe o MOA3eMHHX
BOJA: MpUMep UpnHe cranuue “be3gan
17, P. Cpouja

Ha ocHOBY mpeaxomHUX MPOTHO3HHX XHIPOJIMHA-
MUYKUX TpopadyHa, Kako Ou ce 00OpHO HUBO TOA-
3eMHUX BOJa, Ae(prHMCaHe Cy TpU BapHjaHTe (anTep-
HaTHBE) pellemha CHCTeMa 0I0paHe OJT TOA3EMHHX BO-
Jla U HKEroBe KapaKTEePUCTHKE KOjUM C€ IITUTH MO-
npydje oyayhe npmae cranwuie ,,be3man 1 kako Ou ce
OHa MOIJIa U3TPAJIUTH.

Kopumhemewm fuzzy ontumusaruje - merone fuzzy
aHAMTUYKO XHjEepPapXHjCKOT Iporeca, Oa3upaHe Ha
TpoyraoHnM fuzzy OpojeBrMa M aHAIU30M pa3IHdu-
TUX (haKTopa Kao MITO Cy BpeMe Koje je IOTpeOHO a ce
HHBO TMOJI3€MHHX BOJIA CIIYCTH Ha MPOCKTOBAHW HUBO,
3aTUM KapaKTepUCTHKE CHCTeMa OJ0paHe Of MOA3eM-
HHUX BOJIa U (DAKTOp CUTYPHOCTH, JIaTe Cy Pa3IH4HTe
OIIEHE KOje yTUYy Ha N300p ONTHMAITHE alITepHATHBE.

IMpema mpopauyHHMa OBE METOJC BHUINECKPUTEPHU-
JjYMCKe ONTHMH3allfje, aHaTM3upaHe Cy TPH ajJTepHa-
TUBE pellieha CUCTeMa of0paHe of TOI3EMHUX BOJIA,
Koje cy yTBpheHe paHHUje, XHIPOTUHAMUYKHAM MO-
nemupameM. Ha ocHOBy moOujeHmx pesynrara Qazu
AQHATUTHYKO XHjEPAPXUjCKUX MPOpadyHa, JoOHujeHe Cy
OIICHE 3a CBaKy aJTepHATHBY, IJIe Ce MOKa3allo Jia je
,,Haj00Jpa” anTepHaTHBa Opoj 1B, ca oreHoM 0.44/1.

Kao kpajme pemieme moctaBibeHOT Tpobdiema, of
TpU TIOHyheHe anrepHaTuBe NedWHUCAHE XUIPOIIH-
HAMHUYKHUM TPOpadyHUMa, ofabpaH je onTUMalaH CH-
cTeM of0paHe OJ TIOJ3eMHUX BOJA IPIHE CTAHUIIE
,»besman 17, T3B. ,,AntepHaruBa 2” Koja yKIbydyje Y
cucteM oxbOpane 12 OyHapa MOjeMHAYHHUX Kara-
rutera o 40 /s, toe je morpeOHO 7 naHa na ce obopu
HUBO MOA3EMHHUX BOJA.
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IN MEMORIAM

Axkanemuk Mapko Epueroan
(1937-2012)

Hana 15. debpyapa 2012. romguHe, MPEeMHHYO je
Mapxo Eprierosam, penosau unan Cpricke akagemuje
HayKa U YMETHOCTH, OMHJbEHHU NPOQECcop, yBaKEHH
KOJIera ¥ M3HAJ CBera yIJIeIHH U Y CBETCKUM pa3Me-
paMa Ipu3HaTH reojor M majeoHronor. CapnazaH
Ooenrhy, HaITyCTHO HAC je THXO v je u3a cede ocTa-
BUO HEMEPJbUB Tpar Mo koMe he ra mamMTUTH reHepa-
[yje cajammux U Oynyhux reomora.

[Ipodecop Mapxko Eprierosarn pohen je 12. anpuia
1937. rogune y Hunry. OCHOBHY LIKOJTY Y HUXKY THM-
Hazujy noxahao je y HoBom Cany u 3emyHy, a mary-
pupao je y beorpamy 1956. rommue. Mcre romune
ynucao je I'eomomko-naneoHTonomky rpymy IIpupo-
JTHO-MaTeMaTHykor (axynrera y beorpany, rae je mu-
miomMupao 1959. romuae. YOp30 mocie AUILIOMHUpA-
’Ba, Kao jemaH oj] HajOooJpuX cryneHara, 1960. rogune
n3abpaH je 3a acWCTEeHTa Ha HUCTOM (QaKynTeTy, a
1963. ronuue n3abpaH je y UCTO 3Bame Ha HOBOOP-
MupanoMm Pymapcko-reonomikom (akynreTy YHUBEp-
surera y beorpany. Ha momenytom dakynrery 1964.
TO/IMHE 3aBPINKO je Marucrapcke, a 1967. u gokrop-
cke crtyauje. Kao wm3y3eTHo BpemaH u ycneuiaH
CTPY4YmaK MPOIIao je Kpo3 cBa 3Bama. JlOIeHT je 1mo-
crao 1970., a Baapeaaun npodecop 1975. romune. Y
3Bame peoBHOT mpodecopa u3adbpax je 1981. y cBo-
joj 44. roguHM, ITO je OATUKA caMO HajOOJbUX.

IIpocdecop Mapko Eprerosarr je m3y3eTHO OATO-
BOPHO Y4ecTBOBao y m3Bohemy HacTaBe. Kao mmaam
ACHCTEHT Jp)Kao je BexxOe M3 BUIIIEe MpeaMeTa, a Kao
mpodecop mpenaBao je MUKpONaieoHTONOTH]y, YIIo-
penHy Mopdonorujy GocuiaHuX opranm3ama, [eoro-
rHjy KayctoOnonura u JIexuInra u ucTpaknBame Ha-
(e u raca. [Ipenocehn Bpio ycmeniHo cBoje 3Hambe U
WCKYCTBO Ha CTy[eHTe U Milal)e capaJHUKe CTEeKao je
yoen npodecopa Kora Cy CBH H3Y3€THO BEOJIENN H
LIEHWIH, a Kao J0Ka3 TOME j& YNEEHHIIA Aa Cy T'a BPJIO
YeCcTO Ipeiaralii 3a MeHTopa cBojux panosa. [lopen
BEJIMKOT Opoja AWIIIOMCKHX pagoBa, mpodecop Ep-
merosail je Boauo 15 mMarucrapuckux te3a u 12 mok-
Topara, oI Kojux cy 4 omOpameHa Ha Dakynrery 3a
pPyOapcTBO, TEONOTH]y W METaIypTHjy y AXeHy
(Hemauxka).

YV oxBupy Hay4dHe akTUBHOCTH 1Tpod). Eprieronar je
CBOj€ HAIoOpe yCMepaBao y IMPaBIly MaTWHOIONIKUX,
(utocTparurpadCKUX U PETHOHATHO-TEOJIOITKAX HC-
TpaknBama ()aHEepO30jCKUX CeAMMEHaTa, MpoydyaBa-
By TeHe3e W MeTporpadCcKor cacTaBa yIjba W YIJbHUX
IIKPHUJbAIla, Ka0 M OPTaHCKO-TIETPOrpad)CKUM U Teoxe-
MH]CKHUM TIpoydaBambUMa KeporeHa u outymena. Heo-
CIIOpaH je U HEeroB JONPUHOC Pa3BOjy METOIUKE CBUX
OBHX TUCIHIUINHA. TO Ce Tpe cBera OJHOCH Ha KBaH-
TUTAaTUBHO MOJENIOBAE TE€OJIOIIKHUX, TEOTEPMUIKUX
Y TEOXEMH]jCKHUX MPOIECa, a THME U MOJIETIOBAaHE Te0-
TEpPMUYKe EBOJYIIHje CEMUMEHTHNX OaceHa y HapTHO-
TEOJIOMIKNM HCTpaxuBamuMa. Ca CBOjUM capaIHU-
nuMa u3paano je mpeBu gomahm momen SimpleMat.
[Ipodecop Epuerosar je takolhe 3acmyxkaH 3a ¢op-
MHUpame NpBHUX JabopaTopwja U CTpydmaka 3a op-
ra"cky nerpoinorujy u reoxemujy (MHA-Hadrammus,
3arpe6 u Hadrarac, Hosu Can).

Toxom cBoje kapujepe mpod. Eprierosar ce crtaimao
ycaspmasao. bopaswuo je 1963. roqune y ['eonomnkom
WHCTUTYTY W Ha YHHBep3uteTy y beuy. Kacuuje je,
Kao cruneHancra poumanuje Anexcanmap Gon Xym-
Oont, y Bume HaBpara 6opaBuo y Hemaukoj (AxeH,
Kpedenn, Xanosep u Ecen). [lo mo3uBy je ydectBo-
Bao y HacTaBH Ha Kareapu 3a reosorujy, TeoXeMujy u
JIeKHINTa yriba U HaTe Ha YHUBEP3UTETY y AXEHY
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(1988, 1999, 2001), a Ha crymujckom OopaBky y CAJ]
(Chevron Oil., University of Los Angeles u np.) u
Kananmu (University of Toronto, University of Ottawa u
ap.) 6uo je 1979. ronune.

IIpodecop Eprierosarn je cam uimm y KoayTOPCTBY
o0jaBno mpeko 190 pagoBa um 1O y Bomehum mely-
HapoaHuUM u noMahumM gacomucuma. M3panno je npeu
yubeHrK u3 MUKpOTIaleOHTOIOTH]j€e, KOj! j& UMao JBa
m3nama (1981, 1999) u xoju ce u JaHaC KOPHUCTH, KaKO
KOJl Hac, Tako M y XpBarckoj, Makenonuju, Crose-
Huju u byrapckoj. IIpodecop Eprierosar je mammcao
Y TIpBY MOHOTpadHjy O TeONOTHjH YIFHUX MIKPHIbAIa
(1990), xoja je mpuxBaheHa W BaH Halle 3eMJbE.
YHuBep3uTeTckn ynbeHuk ,,l eonoruja HadTe" 06jaBHO
je 2002. romqure. O0jaBbeHN YUOSHUIIM W MOHOTpa-
¢uja cy ycarmameHn ca HajcaBpeMEHHUjHUM CBETCKUM
ca3HambUMa W KAa0 TaKBH, jOII YBEK IIPEICTaBIbajy
OCHOBHY JINTEPATyPy MHOTHX KypceBa Ha OCHOBHHM,
MacTep W JOKTOPCKAM CTyaujama BehwHe yHHBep-
3UTeTa y OKpyXemy, a u mupe. llopen tora, mpo-
¢ecop Eprerosarn je 6uo aytop OpojHHX pagoBa MO
MMO3UBY, & UCTO TAKO j€ y4ecTBOBaO ca OpPOjHUM pe-
(eparuma Ha MehyHapoqHUM U JoMaluM CKYTIOBHMA.
[lo mo3mBy ompx)ao je BUIE TpenaBama y WHO-
ctpanctBy (MockBa, 1984; 3arpe6, 1987; Axew,
1988, 1999, 2003; Codwuja 1989; Atuna 1995).

Kao cramam wian MeljyHapogHor KoOMHTETa 3a
MIETPOJIOTH]Y YIJba U KeporeHa Mapko Epiierosar je
6o kxoaytop Ilerpomomkor pednrnka koju je o0jaB-
sbeH y [apuzy 1971. u 1975. u xoju je He3ao0mIa3Ha
JTUTEeparypa y meTpoIoTHjH OPTaHCKe MaTepHje, a duja
Cce IMTHUPAHOCT Yy CBETCKMM YacOlMHCHMa MepH Y
XHJbaama.

IIpodecop Mapko Eprerosar je je 6uo nzy3eTHO
aKTUBaH U Y OKBHPY APYIITBEHUX aKTUBHOCTH. bro je
wiaH MehyyHapogHOT KOMHTETa 3a TIETPOJIOTH]Y yIJba
¥ OpPTraHCKy METPOIIOTH]y, a KaCHH]je W TIOYaCHU YJIaH
ncTor KommreTa, wiaH Komucuje 3a Mukpodiopy u
AMepHuuke acondjalldje 3a OPTaHCKy MeTPOIIOTH]Y.
Taxohe, 6uo je ekcrepr CaBe3HOT MHUHUCTApCTBa 3a
HayKy, TEXHOJIOTHjy W pa3Boj y 00iacTu reojoruje,
reoxeMmje M KaycTOOMONUTa, HayYHH CaBeTHUK Py-
JApCKOI HMHCTUTYTa y 3€MyHY, WiaH 3HAHCTBEHOT
casjeTa 3a HaTy JyrocioBeHCKe akaJeMuje 3HAHOCTH
1 yMjeTHOCTH y 3arpe0y, WiaH eKCIIEPTCKOT THMa 3a
oOmacT eHeprercke TexHoioruje u pygapcersa (2001)
n CaBe3He komucHje 3a reonorujy (2002), cexperap
HammonamHor komurera KapmaTto-0anmkaHcke Teo-
JIOIITKE acoIlHjanHnje, peAOBHHU WiaH AKaJeMuje HHKe-
Bepckux Hayka CpOuje u mpenceaHuk XymOOITOBOT

kiy6a Cpbuje. bro je wran ypehuBaukux omgbopa 4a-
conuca ,leonomku aHanu bankaHckora moiyoc-
TpBa“, ,,Coal Geology“ m3 Awmcrepmama, ,Imac u
,,braTer Cprcke akaneMuje Hayka U yMeTHOCTH. Ha
MaTHYHOM (paKynTeTy je 00aBsbao Ty)KHOCTH o meda
katenpe no meda ['eomomkor oncexa.

Kao mpencemamk OpraHuzallmioHOT ombopa u
Hay4Hor caBeTa y4ecTBOBao je y OpraHH30Bamy Me-
hynapomHor cKkyma mocBeheHOr akameMuky Muiy-
tiHy MunankoBuhy (2004). Crnenehe romuae 06ja-
BJbEHA j€ KEhHTa Ca OBOT CKyTa, a je/laH OJ] ypeIHNKa
6mo je u Mapko Epuerosar. AKTUBHO je y4eCTBOBAO
y pany CpICKOT Te0JIOMIKOT JPYIITBA U MPEACTABIbA0
IpymTBO Ha MehyHapomHrM M qoMahuM KOHTpecHMma
u ckymoBuMa. buo je mpenceanuk Haywnor ombopa
14. Konrpeca reomnora Cpouje u Llpre Tope ca me-
hynapomanMm ydenthem, kao u cekperap 18. Konrpeca
Kapmnaro-6ankancke reonmomrke acorujanuje. [lopen
cBera, OWO je M aKTHBaH WiaH CEKI[Hje 32 YIJbOBO-
nmoanke CPIICKOT XEMHjCKOT JPYIITBA.

Ogaxo 6orar v Tiofad pag oberexeH je HarpagaMa
Y IIpU3HaKBUMa. 32 HayYHa OCTBApema y 00IacTH majie-
OHTOJIOTH]E U PETHOHAJTHE Teonoruje mpodecop Eprie-
roBarl je oouTHUK Harpaze “JoBan XKyjoBuh™ 3a 1986.
roguny. [ToBesba CpIiCKOT reoJIONIKOT APYIIITBA 32 J10-
MIPUHOC Pa3B0jy TeOJIOTH]e U Pajl y APYIITBY AO/eheHa
My je 1991. rogure moBogOM oOeIexaBama CTOTOIM-
mwuie Jpymrea. 3a modacHor wiada [pymTa 3a
oprancky nierponorujy CAJl uzabpan je 2003. rogune.

Bpxynan oako OnmucTaBe Hay4dHE Kapujepe je Omo
n300p 3a gonucHOT WwiaHa Cpricke akajeMrje HayKa ’
ymetHoctu 2000. romune, a 3a penoBHor 2006. ro-
nmuHe. [Ipodecop Epuerosar je 6no npencennuk On-
bopa 3a maneoduiopy u naneodayny u wian Ombopa
3a reoxemujy u Onbopa 3a reomuHamuky CAHY. 3a
3aMeHuKa cekperapa Opesbema 3a MaTEMaTHKY,
¢u3nKy u reo-Hayke nzabpad je 2003. ronune, a cMpPT
ra je 3aTeKJIa Ha MECTY CEeKpeTapa UCTOT O/IeJbeha.

O mpodecopy Epreroriy je pedeHo W HamwmcaHo
MHOTO TOTa JIETIoTa, MaJia OH HHUje BOJIEO XBaJIOCIIEBE
1 momrie3He rosope. [lomryjyhu Ty meroBy ocoOuny,
JIOBOJFHO Ta je OIHMCAaTH Ca CaMO HEKOJIUKO peyH.
[Ipotdhecop Mapxko Eprierosarr je 610 BeIMKHA YOBEK Y
mpaBoM cMucity te peun. llomucao ma crte TakBor
YOBEKa WMaj¥ 3a YYHTEJha, KOJETy W TpHjaTesba
n3a3uBa ocehame 4acTh U MOHOCA.

CnaBa My u xBaJia!

Henan Mainemesuh
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NOTE:

The XX™ Congress of the Carpathian-Balkan Geological Association

The XXt Congress of the “Carpathian-Balkan
Geological Association” was held in Tirana (Albania)
from September 24 to September 26, 2014. This
Jubilee Congress that took place for the first time in
Albania was organized by the Geological Society of
Albania in cooperation with the most important and
traditional Albanian educational and research institu-
tions: Polytechnic University of Tirana, Geological
Survey of Albania, Faculty of Geology and Mining,
Institute of Geosciences, Water, Energy and Environ-
ment and the Academy of Sciences of Albania. The
board members of the Organizing Committee were
Prof. Dr. Arjan Begqiraj as Chairperson, Dr. Viktor
Doda as Vice-chairperson, Dr. Arben Pambuku as
General Secretary and Msc Andreea Uta as Executive
Secretary.

The Welcoming Ceremony was opened by the
President of the “CBGA 2014”, Prof. Dr. Arjan Be-
qiraj and was greeted by the Rector of the Polytechnic
University of Tirana, Acad. Jorgaq Kacani, the CBGA
councilor, Prof. Dr. Corina Ionescu — NR of Romania
and the Minister of Energy and Industry of Albania,
Mr. Damian Gjiknuri. The participants enjoyed a short
video and photo retrospective featuring the research
works performed by the Albanian and foreign geolo-
gists during the last 70 years.

The XXth CBGA Congress offered a wide and rich
program comprising a number of 18 Special Sessions,
8 General Sessions, 3 Workshops and 5 Field Trips
organized in different regions of Albania. Per total,
470 short and extended abstracts have been accepted,
of which 220 were oral presentations and 250 posters.
The abstracts are published in two volumes, as special
issues of the Albanian Journal “Buletini i Shkencave
Gjeologjike”. In addition, a number of 5 field trip
guide books was published and distributed to about
150 participants. The contribution of more than 550
participants coming from different countries all over
the world made this congress to be an event of high

scientific success. By bringing together scientists not
only from the CBGA-countries (Albania, Austria,
Bosnia and Herzegovina, Bulgaria, Czech Republic,
Croatia, FYR of Macedonia, Greece, Hungary, Mon-
tenegro, Poland, Romania, Serbia, Slovakia, Slovenia,
Ukraine) but also from european and worldwide coun-
tries as Algeria, Australia, Canada, China, Cyprus,
Egypt, England, France, Georgia, Germany, Iran, Ita-
ly, Jordan, Kosovo*, Luxembourg, Moldavia, New
Zealand, Norway, Portugal, Russia, South Korea,
Spain, Sweden, Switzerland, Turkey, USA, the con-
gress was an excellent opportunity for presentation of
outstanding scientific achievements and for a real
exchange between scientists passionate by the world
of geology and related sciences.

In particular, the participation of young geoscientists
in the “CBGA 2014” was strongly encouraged. The
Organizing Committee is pleased to confirm that as a
result of this policy, about 100 young researchers have
submitted abstracts and presented their contributions in
the different scientific sessions of the congress.

The CBGA Council meeting held on September 23,
2014, was mostly focused on three topics: i) Ex-
panding of CBGA with other member countries. With
the arrival of Croatia and Bosnia and Herzegovina,
CBGA counts now 16 member countries; ii) Prepa-
rations of “CBGA 2014”. All the councilors present in
the meeting have appreciated the serious and consis-
tent work made by the local organizing Committee for
the preparation of the “CBGA 2014”; iii) Nomination
of the “CBGA 2018” organizer. The council unani-
mously agreed that the next congress (XXIst) of the
CBGA will be held in Salzburg (Austria). The Pre-
sident of the Organizing Committee will be Prof. Dr.
Franz Neubauer and he will constitute its Organizing
Committee and will check for other geological events
in order to decide the time when the “CBGA 2018”
will be held. The councilors also agreed with the pro-
posal of the The NR of Bulgaria, Prof. Peycheva, who

* This designation is without prejudice to positions on status, and is in line with UNSC 1244 and the ICJ Opinion on the

Kosovo declaration of independence.
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announced that Bulgaria is going to organize the
“CBGA 2022”.

The Council meeting charged the new President,
Prof. Neubauer to be involved with CBGA status
improvements, to update the agreements between the
CBGA and its official journals, “Geologica Carpa-
thica” and “Geologica Balcanica” and to maintain
regular reports with [UGS.

Several participants of CBGA 2014 congratulated
us for the organization of the congress during the days

of the scientific sessions and the closing ceremony.
Other colleagues sent us their positive impressions
concerning the organization of the congress and field
trips. The Organizing Committee is really pleased that
reached to organize such a successful congress of
CBGA, thus saving its long-term tradition as one of
the best geoscience events in Europe.

Arjan Beqiraj
Andreea Uta
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the conclusions.
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reduction. It is also recommended to send copies reduced to
the size for publication; after reduction, the smallest letter-
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ures and tables should be indicated in the manuscript mar-
gin. Do not incorporate illustrations in the text of the paper.
Figure, table and plate captions should be listed on separate
sheets. The author’s name and figure number should be
indicated at the foot of the illustration. The figure numbers
can be writen by hand on a paper copy of the plate or on a
transparent overlay, not on the plate itself. The cost of print-
ing colour figures must be paid in full by the author.

Authors will receive one and if necessary two proofs.
These must be returned within the time limit indicated. If
this does not happen, the publication of the paper will be
postponed automatically to a later date.

25 reprints per article will be provided free of charge
for the author (in the case of multi-authored papers, the sen-
ior author will receive the reprints).

All correspondence, enquires and manuscript submis-
sions should be directed to the Editor-in-Chief of Geoloski
anali Balkanskoga poluostrva.

Prof. Dr. Vladan Radulovié¢
Department of Palaeontology
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