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Aulacogens, the Donets Basin (eastern Ukraine, southwestern Russia),

and the new classification of rifts: towards a proper terminology

DMITRY A. RUBAN!

Abstract. Some intra-cratonic basins are traditionally called “aulacogens”. This term has persisted in the
geoscience literature since its invention by Soviet geologists in the mid-20th century before the triumph of the
plate tectonics, but its meaning has evolved. Attempts to change its meaning from descriptive to genetic have
led to a broad spectrum of opinions on the definition of aulacogens. Some specialists related them to conti-
nental rifts, while others have restricted aulacogens to the only particular rift systems or peculiar stages in the
evolution of young cratons. The Donets Basin is a typical aulacogen stretching across the southern margin of
the East European Craton. A brief review of present knowledge of this basin shows that its nature is rather
incompatible with the present understanding of aulacogens. Instead, the new classification of rifts offers a
more precise terminology for its exact characteristics. It is suggested that the term “aulacogen” should only
be restricted to those basins for which it has been applied historically.

Key words: aulacogen, continental rift, craton, tectonic terminology, Donets Basin.

Amncrpakt. Hekn WHTpakpaToHCKH 0aceHHU Cy TpaAWIMOHATHO HAa3WBaHM “‘ayimakoreHn’. OBaj TEpMUH,
npuxBahieH y TeoJoIIKOj JTUTEpaTypH, YBEIN Cy COBJETCKH I'€OJIO3M CPEAMHOM J[BAJIECETOT BEKa, Mpe TpH-
jymda Texronnke mioda. [Iykymaju na ce M3MEHH HErOB TeHETCKH 3Ha4aj BOAWIIH CY JI0 IIHPOKOT CHEKTpa
MHUIUBbEHa 0 AeHUHMIM]H aylakoreHa. Hexu ayTopu m0BOJE ra y Be3y ca KOHTHHEHTAJIHUM pU(TOBHMA,
JIPYyTH Cy OTpaHWYaBajIK ayJaKoreH Ha jeqaH 1e0 puTHUX CHCTeMa WiIM Ha oxpel)eHe cTaaujyme y eBOIyLHjU
minahux kparoHa. Jlomenku 0aceH je TUIIMYaH ayTaKOTeH KOjH Ce IpykKa Ay jY)KHOT 000/1a HCTOYHOEBPOII-
ckor kparoHa. Kparak mperies jocajamimbHiX ca3Hamba O OBOM OaceHy ToKasyjy Ja HeroBa Npupoja HUje
ycarjaiieHa ca J0CaJallibiuM CXBaTameM aynakorena. Hosa kimacudukaiuja pudtoBa naje mperu3Hujy Tep-
MHHOJIOTH]Y 3a BeroBe onpeleHe kapakreprcTHke. [IpeuioxkeHo je 1a TepMuH “aynakoreH” Oyne npuxahen
camo 3a oHe OaceHe 3a Koje Cy M paHHje OMIHM MPUMEHUBAHU.

KibyuHe peun: aynakoreH, KOHTHHEHTAIHH pU(T, KPaTOH, TEKTOHCKA TEPMUHOINIOTH]a, JlomeTckn OaceH.

Introduction

The term “aulacogen” was coined by the famous
Russian geologist N.S. SHATSKIJ and his followers in
the midst of the 20" century (KOSYGIN & PARFJONOV
1970; PAFFENGOL’TS 1978). It has since been used by
researchers outside the ex-USSR and Russia (e.g.,
BURKE 1977; PERRY & Pi1GoTT 1983; HAMES et al.
1998). Although the number of publications mention-
ing aulacogens has not decreased until now (Fig. 1),
the validity of this term has been questioned by some
specialists in tectonics. For instance, according to the

textbook by FRISCH ef al. (2011), “aulacogen” is a
failed term to be replaced by “graben structure”. It
should be also noted that many papers for internation-
al readership that employ this term have been written
by Russian and Chinese authors.

In this brief note, I attempt to discuss whether “aula-
cogen” is a proper term to use within the context of
modern tectonics. For this purpose, 1) its original and
present meanings are examined and compared, and 2)
the alternative usage of a new classification of rift struc-
tures (MERLE 2011) to describe typical aulacogens (like
the Donets Basin in Eastern Europe) is considered.

I Division of Mineralogy and Petrography, Geology and Geography Faculty, Southern Federal University, Zorge Street
40, Rostov-na-Donu, 344090, Russian Federation; address for postal communication: P.O. Box 7333, Rostov-na-Donu,
344056, Russian Federation. E-mails: ruban-d@mail.ru, ruban-d@rambler.ru
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Fig. 1. Changes in the number of papers available for the
international readership (based on a search of titles, ab-
stracts, and key words in the bibliographical database sco-
pus.com; accessed on April 9, 2012). The number of papers
is indicated by columns; 16 papers were published in 2011.

What does the term “aulacogen” mean?

The term “aulacogen” was introduced by the Soviet
geologist N.S. SHATSKU in 1964 (KOSYGIN & PAR-
FIONOV 1970; PAFFENGOL’TS 1978). It originally meant
nothing more than “a trench-like complex structure
between similar zones of the platform” (KosyGIN &
PArRFIONOV 1970, p. 148). Soviet geologists also em-
phasized thick, often folded, sedimentary cover
(measured by thousands of meters) of aulacogens and
controls of major faults on these basins (KosYGIN &
PARFIONOV 1970; PAFFENGOL’TS 1978). Several types
of aulacogens were distinguished (e.g., KosyGIN
1969). KosyGIN (1969) pointed out that the original
meaning of the term had already changed a few years
after it was coined, and presented a broad spectrum
aulacogen definitions (see also KOSYGIN & PARFJO-
Nov 1970; PAFFENGOL’TS 1978). Interestingly, forma-
tion of aulacogens has been often attributed to a par-
ticular stage in the evolution of cratons, when young
platforms experienced destructive deformations (Ko-
SYGIN 1969; Laz’ko 1975; Potapov, 1996). The East
European Craton (= Russian Platform), which has been
identified by Soviet geologists as an ideal object for
cratonic studies, exhibited the formation of several

aulacogens during the so-called Riphean (Meso- and
Neoproterozoic — see RUBAN 2009 for more details),
when this craton began to evolve into a “stable” tecton-
ic block (LEJTES et al. 1970; BELousov 1978; VALEEV
1978; Porapov 1996). This interpretation appeared so
obvious that even elementary textbooks in general
geology tended to relate the majority of aulacogens to
the late Proterozoic evolution of young cratons (e.g.,
KORONOVSKIJ & JAKUSHOVA 1991).

It is important to note that ideas about aulacogens
appeared before the wide acceptance of the plate tec-
tonics as a universal tectonic theory (this is especially
true for the Soviet geoscience community of
1960—70s). Aulacogens were treated in terms of fix-
ism (or, more properly, the geosyncline concept) dur-
ing the 1960s and the 1970s, when crucial information
about them was accumulated (KOSYGIN & PARFIONOV
1970; PAFFENGOL’TS 1978). When the theory of plate
tectonics became accepted and the attention of Soviet
geologists turned to extensional structures (MILANOV-
skiy 1976), the term “aulacogen” started to become
related to “continental rift” and “graben”. However,
some specialists expressed caution about a mix of
these terms (BELOUsOv 1978). Moreover, it appears
that the original definition of aulacogens (see above)
does not require the formation of these structures
within continental rifts (sometimes, compressed and
folded after the main deposition phase), but also
allows also their formation via large-scale epeirogenic
deformation of cratons (often characterized in terms
of dynamic topography). Nevertheless, continental
rifting seems to be the most plausible explanation for
the majority of aulacogens. Decades after the first def-
inition of the term, the aulacogen stage in the evolu-
tion of young platforms was described in terms of
continental rift development and the onset of exten-
sion (e.g., NIKISHIN et al. 1996). Thus, although the
discussed term was originally only descriptive, it has
“gained” a genetic sense as the tectonic knowledge of
the geoscience community advanced.

The body of Soviet/Russian literature on aulaco-
gens is huge, but what about the international publica-
tions? Below, I give some examples from books pub-
lished recently. BoGGs (2006) provides several opin-
ions on the nature of aulacogens. He notes, for in-
stance, that these might have been failed rifts, later re-
activated under a compressional regime. Following
SENGOR (1995), he also mentions the possible role of
strike-slip displacements and tectonic block rotations
in the origin of these structures. BoGGs (2006) also
emphasizes the thick sedimentary cover of aulacogens
and their occurrence at high angles relative to the con-
tinental margin. Does this mean that aulacogens can
occur only in the peripheral parts of cratons?! This
author also lists (as examples) aulacogens of a very
different age (including late Paleozoic and Cretaceous
structures). Reviewing knowledge of the intra-conti-
nental sedimentary basins, BAYER et al. (2008) note
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that aulacogens are old inverted stuck rifts. FRISCH et
al. (2011) reject the validity of the term “aulacogen”,
which, in their opinion, is a graben structure with
thick sedimentary cover. It should be noted that these
authors refer to a rather broad understanding of gra-
bens. In his recent monumental review, INGERSOLL
(2012) treats aulacogens as fossil rifts evolved as a
third arm in three-rift systems; according to this
author, aulacogens are continental rifts that did not
become oceans and were later compressed. Looking
at recent research papers published in international
journals (e.g., AITKEN & BETTS 2009; DICKINSON et al.
2010; TEIXEIRA et al. 2010; DuaN & DUAN 2011; JIN
et al. 2011), it is easy to realize that the term “aulaco-
gen” refers to basins related to continental extension
and/or supercontinental break-up, and many of these
basins are late Precambrian in age. It also appears (but
this is a mere impression) that the term “aulacogen” is
used historically for particular tectonic structures in
some (if not many) cases.

The authors of the non-Soviet/Russian publications
considered above tend to employ the term “aulacogen”
with certain differences, and they always do so within
the context of plate tectonics. This is far from the orig-
inal understanding of aulacogens in the Soviet geo-
science literature before the 1980s (see above), when
this term was used within the geosyncline conceptual
frame. Interestingly, none of the books or book chapters
mentioned above (BoGGs 2006; BAYER et al. 2088;
FRISCH et al. 2011; INGERSOLL 2012) refer to aulacogen
formation as a particular stage (often, late Precambrian)
in the evolution of cratons, which has been a “classic”
concept in the Soviet/Russian geoscience community.

The Donets Basin as aulacogen

The Donets Basin (s. /ato) is an elongated tectonic
structure stretching across the southern part of the
East European Craton, on the territories of eastern
Ukraine and southwestern Russia (Fig. 2). It consists
of several segments, namely (from west to east) the
Pripyat Trough (Depression), the Dniepr—Donets Ba-
sin (Depression), the Donbass (also spelled Donbas)
Fold Belt (Donets Basin s. st:), and the Karpinsky
Swell (STEPHENSON et al. 1996; MAYSTRENKO et al.
2003; RUBAN & YOsHIOKA 2005). The Donets Basin is
a “classic” aulacogen (PAFFENGOL’TS 1978; PotaPov
1996; STEPHENSON et al. 1996; NATAL'IN & PENGOR
2005; BoGGs 2006), which was extended and sub-
sided to allow deposition of thick late Paleozoic sedi-
mentary deposits; then it was compressed with conse-
quent folding and faulting (see brief review and refer-
ences in RUBAN & YOSHIOKA 2006; SACHSENHOFER et
al. 2012). However, Soviet geologists interpreted the
same structure to be a geosyncline (see review in
La’zko 1975). Modern views on the nature of the
Donets Basin, which somewhat differ, are summariz-

ed by STEPHENSON et al. (1996), MAYSTRENKO et al.
(2003), SAINTOT et al. (2003a,b), KOSTJUTCHENKO ef
al. (2004), NATAL’IN & SENGOR 2005; RUBAN & Yo-
SHIOKA (2005), RuBaN (2007), MEUERS et al. (2010),
and SACHSENHOFER et al. (2012).

According to the most recent synthesis of the avail-
able knowledge (SACHSENHOFER et al. 2012), the
opening of the Donets Basin occurred in the Late
Devonian when the pre-existing Sarmatian Craton
was divided into two parts, which are known today as
the Ukrainian and Voronezh massives (STEPHENSON et
al. 1996; RUuBAN & YOSHIOKA 2005). We can not ex-
clude the possibility that emplacement of a mantle
plume could trigger, or at least contribute to, the ap-
pearance of this basin (WILSON & LYASHKEVICH 1996;
Rack1 1998; BRINK 2009; SACHSENHOFER et al. 2012).
The Donets basin, however, might have inherited
some older structures (e.g., PoTapov 1996). Strong
post-rift subsidence occurred in the late Paleozoic,
and was followed by an inversion and uplift (SACH-
SENHOFER ef al. 2012). The age of the compressional
event(s) is still debated, but it ranges from the Per-
mian to the Cretaceous (SAINTOT et al., 2003b;
NATAL’IN & PENGOR 2005; RUBAN & YOSHIOKA 2005;
see also brief review in SACHSENHOFER ef al. 2012).
RuBAN & YoOsHIOKA (2005) and RuBaN (2007) dis-
cussed the evolution of the Donets Basin in a broader
context (similar views were also expressed independ-
ently by NATAL'IN & SENGOR (2005)). These authors
followed earlier ideas expressed by ARTHAUD & MAT-
TE (1977). According to these studies, the Donets Ba-
sin was formed as the result of strike-slip displace-
ments in the Variscan and adjacent structures. It is
possible that dextral displacements along the southern
margin of the East European Craton detached from
the Ukrainian block and opened the elongated basin
between this new terrane and the rest of the craton in
the late Paleozoic (Fig. 2). Changes in the direction of
displacements along the major shear zone located
along the southern margin of the East European
Craton in the early Mesozoic resulted in compression
of the thick sedimentary complexes that were accu-
mulated in the above-mentioned basin. This scenario
requires some refinement, but it relates the nature of
the Donets Basin to forces that are much larger in
scale than those responsible only for the evolution of
the East European Craton. The noted major shear zone
was an element of the global system of shear zones,
which stretched across Gondwana and the northern
Palaeo-Tethyan margin (RuBan 2007) (Fig. 2).

If the Donets Basin is an aulacogen, how does its
nature, characterized above, fit the various definitions
of aulacogen formation? If we take the only descrip-
tive meaning of the term “aulacogen” from the Soviet
literature of the mid-20th century (see above), there is
no difficulty in applying this term to the Donets Basin.
However, it is impossible to relate the term “aulaco-
gen” to the Riphean stage in the evolution of the
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Fig. 2. Geological outline of the Donets Basin. A, Schematic location of the Donets Basin and its main segments (adapted
and simplified from MAYSTRENKO et al. 2003 and RuBaN & YosHIOKA 2005). B, Generalized profile across the Donbass
Fold Belt (modified from MAYSTRENKO et al. 2003; SACHSENHOFER et al. 2012). C, Late Paleozoic development of the
Donets Basin (after RUBAN & YOsHIOKA 2005; RuBaN 2007 with slight modifications; base plate tectonic reconstruction is

simplified from SCOTESE 2004).

young East European Craton. If this basin inherited
any Precambrian lineaments (e.g., Potapov 1996),
then it was formed in the mid-Paleozoic, when the
craton was already “old”. Moreover, as said above,
the forces responsible for the formation of the Donets
Basin were different from those responsible for the
evolution of the craton. From various definitions of
aulacogens proposed in international publications,
that of INGERSOLL (2012) differs especially from what
occurred in the Donets Basin. In particular, there is no
any clear evidence that the Donets Basin evolved as
the third arm of a three-rift system.

Recently, a new classification of rift structures has
been proposed; plume-related, subduction-related,
mountain-related, and transform-related rifts are dis-
tinguished on the basis of the tectonic environments
that were present at their formation (MERLE 2011). Is
it possible to apply this classification to the Donets

Basin? Features of two types of rifts can be found in
the Donets Basin. First, we already suggested that the
emplacement of a mantle plume could facilitate or
even provoke the Donets rift formation in the Late
Devonian (WILSON & LYASHKEVICH 1996; RACKI
1998; BRINK 2009; SACHSENHOFER et al. 2012), and
the activity of mantle plumes might have contributed
to the evolution of this rift at the later stages (ALEXAN-
DRE et al. 2004). If so, this plume-related rift (sensu
MERLE 2011) is to be compared with the East African
continental rifts (Corti 2009, 2012). Second, the Do-
nets Basin developed in the strike-slip environment
(NATAL’IN & SENGOR 2005; RUBAN & Y 0sHIOKA 2005;
RuBAN 2007). In this case, it bears features typical of
transform-related rifts described by MERLE (2011). It
is important to note that judging the Donets Basin as
aulacogen does not clarify its nature. In contrast, the
application of the new classification of rift structures
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(MERLE 2011) permits us to indicate the mechanism of
its formation exactly.

Discussion and conclusion

Undoubtedly, the geologic recognition of aulaco-
gens, and the intense study of these formations by
Soviet/Russian specialists, played a great role in deci-
phering the geologic history of cratons. Because of
this, I do not tend to judge the results of these studies
too critically, although when doing so it is important
to also consider the alternative understandings of the
term “aulacogen” (stressed already by KoOSYGIN
1969), and the fact that aulacogen development is not
necessarily associated with cratonic evolution (see
about the nature of the Donets Basin). A greater prob-
lem is the “diffuse” meaning of the term “aulacogen”
in the modern international geoscience literature.
This meaning differs somewhat from the original def-
inition, because it attempts to explain aulacogens ge-
netically in terms of the plate tectonics. Moreover, the
genetic treatment of aulacogens implies formational
explanations that are not relevant for all possible
aulacogens, including such typical aulacogens as the
Donets Basin. Instead, the new tectonic nomenclature
provides better causative descriptions of basins than
“simply” judging them to be aulacogens. For exam-
ple, the classification of rift structures proposed by
MERLE (2011) provides a proper tectonic terminology
from which we can infer the nature of the Donets
Basin formation (combined plume- and transform-
related).

Do the considerations presented above imply that
the term “aulacogen” is improper or failed, as has
been suggested by FRISCH et al. (2011). In my opinion,
it is equally wrong to preserve one term that does not
fit the present needs as it is to abandon it, especially if
it remains relatively frequently used (Fig. 1). I pro-
pose the following solution to this dilemma: the term
“aulacogen” may still be used, but for only those tec-
tonic structures and sedimentary basins that were
already judged aulacogens, e.g., the Donets Basin, the
Pachelma Trough, and the Vyatka Aulacogen of the
East European Craton (KoSYGIN 1969; BoGGs 2006).
For these, “aulacogen” is the historically correct term.
Moreover, the original Soviet meaning of the “aulaco-
gen” is merely descriptive, which simplifies the
preservation of the regional use of this term. Simi-
larly, such terms “flysch” and “molasse” are used for
particular sedimentary packages in the sedimentolog-
ical, stratigraphic, and tectonic literature. As for other
or future tectonic investigations, the term “aulacogen”
should be avoided. The new classifications, such as
those proposed by MERLE (2011), provide us with a
proper tectonic terminology.
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Pe3nme

Aynakorenu, Jlomenkn 0aceH (MCTOYHA
Ykpajuna, jyrozanagna Pycuja), u HoBa
KiIacupukanmja pudroBa: npema
HCIPABHOj TEPMUHOJIOTHjH

Tepmun “aynakorer” je yBeo IMO3HATH PYCKH T'e€O-
mor H.C. Illlarckuj cpemmaoM nBageceTor Beka. On
Taja je oBaj TepMHUH NpuxBaheH o CTpaHe UCTPaKH-
Baua BaH rpanunna ousmier CCCP u Pycuje. Mehytum,
OTIPaBIaHOCT OBOT TEPMHUHA OCTIOPABAIIN Cy HEKU TEK-
TOHHYapu. AyTOop TOKyIIaBa [a OATOBOPU Ja JIH je
“aymakoreH” TofiecaH TEPMHH 3a ynorpely y KOHTe-
KCTy MOJepHE TEKTOHHKE. Y TOM IUJby: 1) HeroBo
OpWTHHAJHO, Ka0 W CaJalllibe 3HaueHhe, Cy HCIUTH-
BaHU U yropelBaHu, U 2) pa3MaTpaHa je alTepHaTH-
BHa yrmorpeba HOBe Kiacu(puKkaiuje pupTHIX CTPYK-
Typa Aa ONUIIe TUIHUYHE aynaakoreHe (kao lomernkn
Oacen y uctounoj EBponm). CoBjeTCKH T€0JI03U CY
neUHUCATN TEPMHUH “‘ayllakoTeH’ Kao W3IYKEeHY
WHTPaKPATOHCKY CTPYKTYpPY, YECTO 3alymeHy Habpa-
HUM JeOerM CeINMEHTHMa. 3aHUMJBMBO je Jla ce
(hopMupame ayigakoreHa 4ecTo IpUIUCyje oapeheHom
CTaJINjyMy y €BOJYLIHjU KpaToHa, Ije cy Mialhe mar-
thopme monBprHyTE pasopHEM Aedopmanujama. [lo-
KyIlIaju Jla ce€ TIPOMEHHU OBO 3HA4YEHE, O OMMUCHOT JI0
TeHETCKOT, TOBEJIO j& JI0 IIMPOKOT CIIEKTPa MUIIHEHA
y AepuHHCamy ayaakoreHa. Hexn mcTpaxuBadu 1o-
BOJIE UX y BE3y ca KOHTWHEHTAIHUM PU(PTOBUMA WIIH
poBOBHMAa. AyTOpHM HEKHX CaBPEMEHHX HECOBjeT-
CKHX/pyCKHUX IyONHKalrja HaTHBY YIOTPEeOH TePMH-
Ha “ayJakoreH’” ca U3BECHUM Pa3/IMKaMa, y KOHTEKCTY
TEKTOHHKE TII0Ya.

Hu jenna xmura mim mak 1moriaBibe KibUTe, KOjU Cy
KopHUITheHr OBOM MPHIIUKOM, He yryhyjy Ha To 1a ou
ayJlakoTeH IpeacTaBbao MoceOHy a3y (duecto KacHU
MpeKaMOpHjyM) y €BONYIHjH KpaToHa, IITO j& MHade
OMII0 KITACHYHO TyMademe Mel)y COBjeTCKHM/PYCKHM
reooznMa. Hacympot Tome, ako moriieamMmo caBpeme-
He pajoBe MyOnIrKoBaHe y Mel)yHapOoaHUM 4acOMUCH-
Ma Buaehemo J1a ce TepMHH “ayjlakoreH” OIHOCH Ha
OaceHe Be3aHEe 3a KOHTHHEHTAIHA TPOIYKermha W/UIH
CYTIEpKOHTHHEHTAIHA HM3/IM3alkha, U MHOTH OJ] OBHUX
OaceHa cy KacHe MpeKaMOpHjCKe CTapOCTH.

Jomerckn OaceH y IIMpeM CMHUCIY je jenaHa u3-
Iy’XeHa TEKTOHCKa CTPYKTypa Koja ce TpyXka YK
JY’KHOT JieJla UCTOYHO €BPOIICKOT KpaToHa, Ha TEPHUTO-
puju uctouyHe YKpajuHe H jyrozamagHe Pycwje.
Wnyhu o 3amaza ka UCTOKY CacTOjU c€ Of HEKOIHUKO
nenoBa: [Ipunjar Tpor (mempecuja), Amenpo-aomeT-
cku OaceH (mempecuja), JJonOacku pa3jgoMHH mojac,
KOJH Cy “KJIacCHYHU’ ayllaKOTeHH. AKO je TaKo, KaKo ce
BEroBa MpUpojaa, IOMEHyTa rope, Mmoaynapa ca pa-
3muyATAM neduHuIjaMa GhopMHupama ayinakoreHa?
AKO y3MEMO CaMO OIKMCHO 3HAaYeH€ TEpMHUHA “ayna-
KOTeH U3 COBjETCKE JIUTeparype CPpelnHOM JIBajiece-
TOT BeKa, HeMa IMoTenIkoha y MpUMeH! OBOT TEPMHHA
3a Jlomercku 6acen. Malyytum, Hemoryhe je moBecTn
TEPMUH “aynmakoreH” y Besy ca Pudejckum craaujy-
MOM Y €BONTyIIHjH Mial)er HCTOYOEBPOIICKOT KpaToHa.
Ako je oBaj OaceH MMao Heke MpeKaMOpHjCKe 0co-
OuHe, Taga je oH (OpMUpPaH y CpPelHEM MaIC030HKY,
Kaja je kparoH Beh Ouo ¢opmupan. lllTa Bumre, cuie
OIITOBOpHE 3a (opMupame JlomeTckor OaceHa cy pa-
3MUYATE OJI OHUX KOje Cy YUYECTBOBaJe Y €BONYIIHjH
KpatoHa. BaxkHO je HamomeHyTH na TymMademeM Jlo-
IbETCKOT 0aceHa Kao ayjakoreHa He o0jarimana U be-
roBo nopexio. [Ipumena HoBe kiacupuxanuje pudT-
HUX CTPYKTypa JA03BOJbaBa HaM Jia MPEIN3HO yKaXKe-
MO Ha MeXaHHW3aM eroBor Gopmupama. Y [lomern-
KOM 0aceHy MOTYy C€ yOUWTH KapaKTEPHCTHKE JBa
tuna pudTosa. [IpBo, monoxaj mryme u3 omoTada Mo-
rao je Ja oJaKiia WM 4YakK J1a Mpoy3poKyje (hopMu-
pame JlomeTckor pud)ta y KaCHOM JIE€BOHY. Y TOM
CIIy4ajy, OBU TUTyMe PUPTOBU MOTY C€ KOPEIINCATH ca
HCTOYHOA(QPUUKUM KOHTHHEHTATHUM pH(PTOBUMA.
Hpyro, Jomercku OaceH ce pa3BHjao y paszIOMHO]
cpenuHH. Y TOM CITy4ajy OH UMa 0COOWHE THITHYHE 32
TpanchopmHe pudTOBE.

AyTop mpemnaxe ciefehe perieme OBOT MHUTAmA:
TEPMUH ‘‘aylmakoreH” MOXE ce joml yrmoTpOJhaBaTH,
aJTi caMo 3a OHE TEeKTOHCKE CTPYKTYPE M CEIUMEHTa~
MoHe OaceHe Koje ce Beh cmarpajy ayimakoreHHM,
urp. Jlomercku Oacen, [ledenma Tpor, Bujarka ayna-
KOT€H MCTOYHOEBPOIICKOT KPaToHa, 3a. BhHUX je “aymna-
KOT'eH’’ MCIIpaBaH TEPMUH.

Tepmuan Kao “¢Guum’” u “monace” Cy y ynoTpeon
3a TOjeuHEe CEIUMEHTHE MaKeTe y CEeIMMEHTO-
JIOITKOj, CTpaTurpadCcKkoj W TEKTOHCKO] JIUTEPATyTH.
3a Oymyha TeKTOHCKa MCIIUTHBama Tpeba m30eraBatu
TepMuH “‘aynakorer”. HoBe kiacudukamuje KpymHux
TEKTOHCKHX CTPYKTypa ymyhyjy Hac Ha ofrosapajyhy
TEKTOHCKY TEPMHHOJIOTH]Y.

B.P.
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The subsurface geology along the route of the new bridge
at Ada Ciganlija Island (Belgrade, Serbia)

SLOBODAN KNEZEVIC', LJUPKO RUNDIC' & MERI GANIC'

Abstract. The largest single-pylon, cable-stayed bridge in the world was opened in Belgrade on January 1,
2012 and it passes over the tip of the Ada Ciganlija Island. Its monumentality, architectural design and con-
struction innovations became a new symbol of Belgrade. Core samples from the boreholes drilled for the con-
struction of the bridge revealed a relatively complex subsurface geological structure. An Upper
Cretaceous—Paleogene flysch formation and Middle Miocene Sarmatian sediments were found near the sur-
face on the right bank of the Sava River. However, at the tip of Ada Ciganlija, the Upper Cretaceous-
Palaeogene flysch strata were found below several different Miocene and Quaternary units. In the deepest
borehole DB-6, the flysch deposits were found at a depth of 80 meters. On the left bank of the Sava River in
New Belgrade, only Upper Miocene Pannonian marls and Pleistocene and Holocene alluvial deposits were
drilled. Based on a comparative analysis of the borehole sections and structural characteristics of the rocks, it
could be concluded that the Pre-Quaternary units cascade subsided along sub-parallel faults towards N-NW.

Key words: Subsurface geology, blocks subsidence, Upper Cretaceous, Miocene, Quaternary, Belgrade.

Ancrpakt. Hajsehn MocT Ha cBety ca jexHnMm Hocehnm miuitoHOM oTBOpeH je y beorpany 1. janyapa 2012.,
a Tposasu npeko mimui@a octpea Ane [urannuje. heroa MOHYMEHTAIHOCT, apXUTEKTOHCKO PEIICHE U Ipa-
heBuHCKe MHOBAITHje TIOCTAH CY HOBH cCHMO01 beorpana. AHanm3upaHu y30piu je3rpa OyIIoTHHA H3BEICHUX
3a morpede M3rpajiibe MOCTa, yKa3ajiH Cy Ha je/IHy PeJaTHBHO KOMIUIEKCHY TOIOBPLIMHCKY CTPYKTYpy. Ha
JecHoj obanu pexe CaBe, FOPHOKPEIHO-TIANICOTeHH (MM U CPEAHOMUOLICHCKH CApPMaTCKU CETUMEHTU CY
OTKpPHUBCHHU OJ113y MOBpIIHHE TepeHa. Melyytum, Ha mmuiy Aze [{urannuje, yrBpheHo je na duuiinsae Hacaare
JISKE UCIIONl HEKOJIMKO Pa3IMYMTUX MUOIICHCKUX M KBapTapHUX jeAuHHUI. Y Hajay0seoj Oymotuau DB-6,
(hUIITHYA CETUMEHTH Cy OTKpUBECHHU Ha 1younu on 80 merapa. Ha seBoj o6anu peke Case, y HoBom beorpany,
HaOyIIeHH Cy CaMO TOPH-OMHOIIEHCKH TTAHOHCKH JIAIIOPIM M IIJICUCTOLIEHCKE M XOJIOIEHCKE allyBHjallHEe
Haciare. Ha ocHOBY ynopenHe ananuse npoguiia OyIoTHHA U CTPYKTYPHHUX KapaKTePHCTHKA CTEHA, MOXKE Ce
3aKJBYYHTH Ja Cy Ipe-KBapTapHE jeAMHUIC N0 CHCTEMY CyOIapalielHUX pacela KacKagHO CHYIITCHE Yy
npasny C—C3.

Kibyune peun: [ToanoBpiiiHcka reosioruja, TeKTOHCKO CIyILTambe, TOpHa Kpelia, MUOLCH, KBapTap, beorpa.

Introduction

A new concrete-steel bridge over the Ada Ciganlija
Island directly connects roads in Cukarica, on the right
bank of the Sava River, and roads in New Belgrade, on
the left bank of the river. It represents a part of the
future Inner City Semi-Ring Road. Its total length is
996 meters and the width is exactly 45.06 m. The
bridge is based on a large 200 m-high pylon that is
located at the tip of the Ada Ciganlija Island. The dis-

tance between pylon and the left bank of the Sava
River (main span) is 376 m, while the distance be-
tween the pylon and the supporting pillar on the right
bank of Sava River is 250 m (see Plate 1). Exploration
boreholes were drilled for the construction of a pylon
at the tip of Ada Ciganlija and the pillars on the right
and left bank of the Sava River (Fig. 1). On the right
bank, in Cukarica near the famous restaurant
“Stenjka”, the boreholes DB-9 and DB-10—were
drilled. Next to the pylon at the Ada Ciganlija tip, near

I Department of Historical and Dynamic Geology, Faculty of Mining and Geology, University of Belgrade, Kamenicka
6, 11000 Belgrade, Serbia. E-mails: slobodan.knezevic@rgf.bg.ac.rs; rundic@rgf.bg.ac.rs; merig@rgf.bg.ac.rs
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Fig. 1. The projected position of the new bridge over the Ada Ciganlija Island (Belgrade) and the locations of the investi-

gated boreholes (Google Earth, 2011).

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

No. | Boreholes Coordinates (WGS84)
1. DB-4 N 44° 47 54.37" | E 20°25'30.44"
2. DB-5 N 44°47' 53.84" | E20°25'32.53"
3. DB-6 N 44°47'42.08" | E20°26'02.23"
4. DB-7 N 44°47'41.74" | E 20°25' 34.10"
S. DB-8 N 44°47 41.84" | E20°25' 35.87"
6. DB-9 N 44°47 34.32" | E20°25'36.39"
7. DB-10 N 44°47'34.73” | E 20°25' 36.65”

the rowing club “Partizan”, the boreholes DB-6, DB-
7 and DB-8 were drilled. The borehole DB-5 was
drilled on the left bank of the Sava River, in the court-
yard of Gemax Co., above the riverbank. The bore-
hole DB-4 was drilled further away from the river-
bank along the bridge route (Fig. 1, Table 1). The
alignment of the bridge has a direction of NNW-SSE,
and like other bridges on the Sava River in Belgrade,
connects two geographic regions: the Balkan Penin-
sula and the Pannonian Plain.

Geological structure of this area has been interpreted
based on the cores from the exploration boreholes.
Results obtained in this study are valuable for under-
standing the geological evolution of Belgrade city area
and geodynamic processes that occurred during the

Neogene and Quaternary on the border between two
realms: the Pannonian Plain and the Balkan Peninsula.

Material and methods

Samples were obtained from seven boreholes in the
study area (Fig. 1, Table 1). Preliminary core analyses
were realised in the field. Detailed stratigraphic and pa-
leontological analyses of seventeen core samples were
performed at the Faculty of Mining and Geology, Uni-
versity of Belgrade using classical methods of rock
preparation (cleaning, washing and thin-sections).

Stratigraphy

The results obtained from the core samples re-
vealed very interesting geological information con-
cerning the subsurface terrain along the route of the
new bridge. Upper Cretaceous—Paleogene flysch de-
posits represent the oldest unit, which make the base-
ment rock for the overlying Miocene and Quaternary
sediments.

Upper Cretaceous — Paleogene
The basement rocks of the terrain along the Sava

River near the new bridge consist of beds with the so-
called Ostruznica flysch. These beds comprise grey
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Fig. 2. The stratigraphic column and the core samples from
the borehole DB-9. Key: K-Pg, Upper Cretaceous—Paleo-
gene; Sm, Middle Miocene Sarmatian; Pn, Upper Mio-
cene Pannonian; Q,, Pleistocene, Q,, Holocene.

and greyish-brown sandstones (micro-conglomerates
occasionally) and clay interbeds. The youngest flysch
formation in the vicinity of Belgrade is already known
from the numerous wells in New Belgrade (near the
Heating Station) and the Sava-Danube confluence
(next to the Museum of Applied Arts and the famous
shopping mall “Us¢e”). The same formation was found
at a small depth on the right bank of the Sava River
(below 20 m, at Prince Marko Street No. 2 — KNEZEVIC
& GANIC 2005). Therein, based on the presence of
nannoplankton species, the Upper Cretaceous age was
confirmed. According to ANPELKOVIC (1987), the fly-
sch was formed at the end of the Upper Cretaceous and
Early Paleogene.

The Ostruznica flysch strata were found on the
right bank of the Sava River at Cukarica, as well as on
the tip of Ada Ciganlija. On the right bank, the flysch
strata were found in the boreholes DB-9 (from a depth
of 22.3 m to its bottom at approximately 42 m — Fig.
2) and DB-10 (from 19 to 65 m). Thus, these layers
were found in two out of three boreholes situated next
to the pylon. In the deepest borehole DB-6, the flysch
deposits were found from a depth of 80 m to its bot-

Fig. 3. The stratigraphic column and the core samples from
the borehole DB-6. For the key, see Fig. 2.

tom at approximately 90 m (Fig. 3). In the second
pylon borehole, which is only 20 m away from the
above-mentioned boreholes, the Ostruznica flysch
layers were found at a much smaller depth (less than
60 m).

Miocene

Miocene sediments were found in all wells along
the route of the new bridge (Figs. 4-6). Stratigraphi-
cally, they correspond to the Middle Miocene Sar-
matian and Upper Miocene Pannonian Stage (see LA-
SKAREV et al. 1932; STEVANOVIC 1977; KNEZEVIC &
SUMAR 1993).

The Middle Miocene Sarmatian brackish-marine
sediments lie uncomformably and transgressively
over the mentioned flysch strata. They were discov-
ered in the boreholes on the right bank of the Sava
River at Cukarica and at the tip of Ada Ciganlija close
to the position of the pylon. The older parts of the
Sarmatian sediments consist of coarse-grained rocks,
such as basal conglomerates and breccias. At the tip of
the island, in the borehole DB-6, such deposits were
discovered in the interval between 65 and 80 m depth,
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or between —7 m and +8 m altitude, with a total thick-
ness of about 15 m (Figs. 3, 6). Moving toward the
right bank of the Sava River, the horizon of clastites
becomes thinner, until it reaches a total thickness of
0.5 m (between 22.3 and 21.7 m depth) in the bore-
hole DB-9 (Fig. 6). Organogenic limestones are wide-
ly distributed and form the younger and thicker part of
the Sarmatian sediments. Sometimes (i.e., borehole
DB-6 at a depth of 54.30-59.60 m), they are porous
with molds and imprints of fossil gastropods
(Pirenella picta, P. disjuncta, Gibbula sp., Hydrobia
sp.) and bivalves (Mactra vitaliana, Cerastoderma
vindobonense, C. latisulcum, Irus gregarius etc.).
These fossils indicate the presence of the
Lower/Middle Sarmatian boundary — the Mactra beds.
Sarmatian limestones were found in all boreholes in
Cukarica and at the tip of the island (Figs. 2, 3, 6).
Their greatest thickness of about 24 m was found in
the borehole DB-6, at the location of the pylon (Fig.
6). Hydrogeologically, the Sarmatian limestone unit is
permeable rock and can represent an extremely good
aquifer of groundwater, particularly in the tectonical-
ly folded terrain of the island and on the left bank of
the Sava River (RUNDIC et al. 2005). On the right
bank, similar carbonates were identified in the bore-
hole DB-9 at a depth between 21.7 and 11.7 m (about
52-62 m above s.l.). On the other hand, within the
boreholes located in the island, the Sarmatian lime-
stones were found at much lower elevations, between
7 and 32 m altitude.

Upper Miocene Pannonian brackish (“caspibrack-
ish””) sediments have been found in the boreholes at the
tip of the island of Ada Ciganlija and on the left bank of
the Sava River in New Belgrade (Figs. 3—6). They were
deposited over the Sarmatian limestones and make the
basis for the Quaternary alluvial deposits. Lithologi-
cally, these sediments consist of grey marls and marly
clays. On the island, near the location of the pylon,
these sediments are located at an altitude between 30
and 53 m. Stratigraphically, they correspond to the
lower part of the Pannonian (Slavonian Substage). Its
lower and upper boundaries may vary slightly (the Plei-
stocene at the top and Sarmatian in the base). One or
two interbeds with marly limestone up to 15 cm thick
lay within these marls close to the Sarmatian lime-
stones (i.e., in the borehole DB-7 at a depth of 44 m). A
rare molluscs fauna, mainly bivalves (Paradacna
cekusi, Limnocardium praeponticum), and small gas-
tropods (Gyraulus cf. praeponticus, Radix cf croatica)
was found. On the left bank of the Sava River in New
Belgrade, similar sediments were found in the borehole
DB-5, which is located above the riverbank, and in the
borehole DB-4. In the borehole DB-5, Pannonian sedi-
ments were found from a depth of 29.5 m to its bottom
at approximately 65 m (Fig. 4). In the borehole DB-4,
the Pannonian deposits were found at a depth of 27.8
m. In contrast to the mentioned boreholes at the pylon,
the layers with Upper Pannonian greyish marly clay
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Fig. 4. The stratigraphic column and the core samples from
the borehole DB-5. For the key, see Fig. 2.

with rare fossil remains, such as Congeria banatica,
Paradacna cf. syrmiense, Gyraulus praeponticus, etc.,
were found (depth between 35.30-35.80 m)

Quaternary

Quaternary deposits are widely spread throughout
the study area (Figs. 2—7). The dominant alluvial sedi-
ments can be divided into two distinct geological units
based on superposition: 1) Pleistocene, polycyclic flu-
vial sediments and 2) Holocene, modern alluvial de-
posits of the Sava River and its tributaries.

Pleistocene - Polycyclic fluvial sediments

The older formation of alluvial deposits includes
old, polycyclic river sediments, known from previous
literature as “Maki$ strata” or beds with “Corbicula
fluminalis” (LASKAREV 1938). This formation consists
mainly of sandy-gravel sediments deposited in the
Early Pleistocene. It was formed during the stage of
active tectonic movements, in the alternating phases
of subsidence of the Sava River valley and rapid dep-
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osition of alluvial sediments. Within the lithological
succession, there are alternations of riverbed sedi-
ments (gravel, gravelly sands and sands), floodplain
sediments and oxbow-lake sediments (alevrites, and
clays). Along with recent mollusc species, these sedi-
ments also contain fossil forms (Corbicula cor, C. flu-
minalis, Viviparus boeckhi). These beds occur in the
Ada Ciganlija Island and on the left bank of the Sava
River in New Belgrade. They contain large groundwa-
ter aquifers, which are exploited through wells for the
water supply of Belgrade.
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Fig. 5. Comparative stratigraphic sections of the boreholes at the tip of Ada Ciganlija.

For the key, see Fig. 2.

Based on studies of the three boreholes at the tip of
the Ada Ciganlija Island, it was determined that the
thickness of the Pleistocene polycyclic fluvial sedi-
ments varies. In the borehole DB-7, the sediments
reach a thickness of about 10 m, while in the other two
boreholes, their thickness decreases to about 7 m (Fig.
5). On the left bank of the Sava River in New Belgra-
de, these sediments are thicker and their lower bound-
ary is at a significantly lower depth comparing to
those at the tip of the island. In the borehole DB-5
drilled above the left bank of the Sava River (Figs. 4,
6), they mark a lithological boundary to the Pannoni-

an marls at a depth of 29.5 m (the whole thickness of
the Pleistocene is about 13 m). In the borehole DB-4,
situated about 150 meters away from the bank, this
boundary is shallower and was identified at a depth of
27.8 m.

Holocene - modern alluvial sediments

The entire surface of the study area has been form-
ed by recent alluvial sediments from the Sava River
and its tributaries. The sediments are deposited discor-
dantly over the Pleistocene
alluvial deposits because the
younger layers from the Plei-
stocene were previously erod-
ed. On the right bank of the
Sava River, at Cukarica, the
recent alluvial sediments were
deposited over the Sarmatian
limestones. According to the
superposition, as well as the ge-

e Q

05, 2% nesis of these deposits, the re-
205230707 Qq . ;
2.9 cent alluvial sediments can be

divided into riverbed sedi-
ments (sands, gravelly sand)
and floodplain sediments (grey-
-yellow and brown alevrites,
alevritic sands and sandy
clays). Occasionally, there are
oxbow-lake sediments and
wetland deposits (greyish-
dark clay and clayey alevrites
rich in organic matter), especi-
ally in areas distant from the
riverbank in New Belgrade.
On the right bank of the Sava
River at Cukarica, in both of
the mentioned borehole, only
floodplain sediments are pre-
sented that lie uncomformably
over Sarmatian limestones.
An interesting observation
was noticed at the borehole
DB-4 in New Belgrade: the ap-
pearance of alternating repla-
cements of riverbed sediments
of the Sava River and its left tributary, called the Ga-
lovica Stream, both in the vertical and horizontal direc-
tion. Here, the former Sava riverbed sediments and
small migrated riverbed sediments of its tributary are
crossed. The Sava riverbed sediments comprise
coarse-grained material, mostly quartz-micaceous
sand, fine-grained gravel made of chert fragments,
quartz and other rocks. The riverbed sediments of the
Galovica Stream, which come from areas of the Srem
Loess Plateau, contain many fine-grained alevrites with
the cross-stratification tracks. Today, the Galovica
Stream is displaced into the Galovica channel, and its
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mouth is located far upstream of the Sava River.
However, the core of the mentioned borehole showed
that the former riverbed sediments of the Galovica
Stream in its natural confluence with the Sava River
are preserved below the surface, under the route of the
new bridge in New Belgrade. In addition, recent allu-
vial sediments from the Sava River are deposited, on
the island Ada Ciganlija, forming an elongated river
bar (lenticular sands, fine-grained sands and alevrites
with distinct cross-stratification).

Holocene - anthropogenic or technogenic sediments

Anthropogenic deposits are present over a large
surface area along the route of the bridge. These sed-
iments consist of excavated sands, various dams, con-
struction waste and other materials. Excavated sands
are the most widespread, reaching a thickness of 5
meters on the left bank of the Sava River, in New
Belgrade.

Discussion and interpretation

The basement rock consists of Upper Cretaceous—
—Paleogene deposits (the Ostruznica flysch). The
overlying rocks comprise Miocene sediments of the
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Fig. 6. Comparative stratigraphic sections of the boreholes along the route of the new

bridge. For the key, see Fig. 2.

Sarmatian and Pannonian Stage. Different Quaternary
alluvial sediments represent the youngest deposits.
This structural pattern is previously known from some
other parts of the Belgrade City area (KNEZEVIC et al.
1998; NENADIC et al. 2009; RUNDIC et al. 2011). Based
on the samples from the boreholes along the route of
the bridge (Figs. 6, 7), it was confirmed that the base-
ment rocks and Miocene sediments subsided stepwise
from the right bank of the Sava River to the left bank
in the N-NW direction. This is consistent with previ-
ous studies in the area of the Sava—Danube confluence
where a similar tectonic setting was observed (KNE-
ZEVIC & GANIC 2008, RUNDIC ef al. 2011). On the
right bank of Sava River in Cukarica, the Upper Cre-
taceous—Paleogene flysch deposits and Sarmatian se-
diments are located much shallower. No other rocks,
except recent thin deposits occur on the surface. At the
location of the bridge pylon, the same rocks are found
at a much greater depth, which means that the bound-
ary between the Ostruznica flysch and Sarmatian
clastites is about 57 m lower than at Cukarica (Figs. 2,
3, 5). At the tip of the Ada Ciganlija Island and along
the bank of the Sava River in New Belgrade, Pan-
nonian strata and Pleistocene polycyclic fluvial sedi-
ments are present. On the left bank of the Sava River,
the bore-holes reached Pannonian sediments and Plei-
stocene fluvial sediments of greater thickness. This
indicates that the older strati-
graphic units lie deep under
the surface. This is consistent
with other data from the area
near the Sava—Danube conflu-
ence, where the Middle Mio-
cene Badenian rocks have a
higher vertical displacement
and lie more than 70 m below
the surface (RUNDIC et al.
2011). However, a more de-
tailed analysis of the structural
elements is necessary for a
precise determination of the
major faults and the structural
features of the area.

Finally, it can be concluded
that there are fault structures
that run sub-parallel to the Sa-
va River, which split all pre-
Quaternary rock units into
blocks. During the Mio-Plio-
cene, these blocks were differ-
entially displaced along the
faults and subsided from the
right bank of the Sava River to
the flat terrain of the Panno-
nian Plain on the left.

In terms of geomorphology,
a part of the terrain along the
route of the new bridge is

Cukarica
DB-9
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located in the border area between the Pannonian
Plain and the foothills of the Balkan Peninsula.
Additionally, from a morphostructural point of view,
it represents the boundary between the Pannonian
Basin and the Peri-Pannonian realm (MAROVIC et al.
2007). According to the neotectonic subdivision of the
Belgrade City area, along the central part of the north-
ern Sumadija there is a large structure called the
Avala-OreSac Composite Structure in the NNW-SSE
direction (MAROVIC et al. 2007). This structure sepa-
rates the Velika Morava Graben to the east from the
Kolubara—Tamnava Graben to the west (MAROVIC &
KNEZEvVIC 1985, 1987). Consequently, several minor
sub-blocks were generated, such as the complex Ava-
la—Koviona Horst (MAROVIC et al. 2007). The core of
the horst consists of the Palacozoic—Mesozoic rocks of
the Vardar Zone that make the so-called Sumadija
Beam (STEvANOVIC 1980). During the Early Middle
Miocene, the horst was uplifted and positioned as an
isolated island in the Paratethys Sea, known as “the
Avala land” (EREMUA 1989). Later, during the Middle—
—Late Miocene, under the influence of tectonic move-
ments, it was broken into tectonic blocks with local
grabens within it and the sediments of the Paratethys
Sea as well as of the Lake Pannon were deposited.
Along the route of the new bridge, the oldest for-
mation consists of Upper Cretaceous—Paleogene
deposits (the Ostruznica flysch). It is a part of the
northern margin of the Mesozoic core of the Avala-
Koviona Horst. Herein, the deposits of the Sarmatian
and Pannonian stage (Late Middle and Early Late
Miocene) are the products of sedimentation in local
trenches and former bays. Comparing the Miocene
sediments along the banks of the Sava River, it could
be concluded that near the new bridge, there are no
widespread Badenian deposits downstream close to
the Sava—Danube confluence (KNEZEVIC & SUMAR
1994, KNEZEVIC & GANIC 2005, 2008; GANIC et al.
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2011; RuNDIC et al. 2011). This means that here the
process of the formation of coves and bays around the
former Avala Land commenced later than at the men-
tioned confluence. In addition, some differences in the
facial characteristics and distribution of Sarmatian
sediments were also noticed. Near the Sava—Danube
confluence and the Kalemegdan Fortress, these sedi-
ments are often absent. The thickness and lithology of
these layers vary at different places. It is likely that
Sarmatian sediments are spread everywhere along the
route of the new bridge. Among them, younger strata
represented by organogenic limestones are dominant.
It seems that similar depositional conditions upstream
and downstream of the Sava River were established
during the Pannonian when the marly sediments were
deposited almost everywhere.

The presence of faults and differential movement of
the blocks separated by the faults along the bank at the
Sava—Danube confluence was observed previously
(KNEZEVIC & GANIC 2005, 2008; GANIC ef al. 2011;
RuNDIC et al. 2011). Then, it was noticed that the ter-
rains on the right bank of the Sava River are relative-
ly elevated in comparison to the plain terrain on the
left bank. By studying the subsurface geological set-
ting in the new bridge area, it was found that here at
least two faults occur along which subsidence of
blocks was determined (Fig. 7). One fault is present in
the small estuary of the Sava River between Ada
Ciganlija Island and Cukarica. The entire rock units at
the tip of Ada Ciganlija (at the position of a bridge
pylon) have subsided with respect to the right bank of
the Sava River. On the Cukarica block, the younger
Pannonian sediments are eroded, while they are pres-
ent at the tip of Ada Ciganlija. Sarmatian sediments
and the flysch strata are deeply subsided with respect
to the Cukarica block. On the left bank of the Sava
River, at a relatively greater depth (below the absolute
elevation of 0 meters), all the boreholes were realised
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Fig. 7. A simplified geological cross-section along the route of the new bridge. Key: K-Pg, Upper Cretaceous-Paleogene;
Sm, Middle Miocene Sarmatian; Pn, Upper Miocene Pannonian; Q,, Pleistocene, Q,, Holocene. v/ — Assumed fault.
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in the Pannonian marls. This means that the older
rocks are even deeper compared to Ada Ciganlija
(Figs. 6, 7). Based on this, the presence of a second
fault under the large estuary of the Sava River between
the left bank and Ada Ciganlija Island can be assumed.
These structural configurations were created under the
influence of the neotectonic movements during the
Pliocene and Early Quaternary. Exogenous processes
later transformed the initial relief and the whole terrain
along the route of the new bridge was levelled by a
long-living deposition of alluvial sediment.

In the Sava River valley, there are two previously
known geological formations of alluvial sediments
(LASKAREV 1938; KNEZEVIC et al. 1998; NENADIC
2001; NENADIC et al. 2009). The older formation of
the Lower Pleistocene polycyclic fluvial sediments is
distributed in the Ada Ciganlija Island and the bank of
New Belgrade, but not on the right bank of the Sava
River. This formation was deposited in the initial
phase of the formation of the Sava River valley, which
was characterized by cyclic processes of tectonic sub-
sidence of the terrain and alluvial sedimentation. At
the tip of Ada Ciganlija, the old polycyclic fluvial sed-
iments have a lower depth than on the terrain
upstream on the same island and on the left bank of
the Sava River (Fig. 7). The lower boundary to the
Pannonian strata is at 18-19 m, versus the usual
25-26 m. The older horizons are missing, which could
suggest that at a later stage of a fluvial process, part of
the terrain entered the river bed.

Recent fluvial processes have led to major erosion
of younger horizons of the old polycyclic fluvial sed-
iments and creation of new alluvial sediments of the
Sava River and its tributaries. Clastites from the
Pleistocene polycyclic fluvial sediments were eroded
and redeposited in the current riverbeds. On the left
bank of the Sava River, along the route of the new
bridge, the presence of the previous flow of the Ga-
lovica Stream was found. It is a left tributary of the
Sava River that migrated during time. Its water flow
comes from the Srem Loess Plateau and inflowed the
river to the right of the studied area.

Conclusions

Belgrade’s Ada Bridge that passes over the tip of
the island of Ada Ciganlija has become one of the new
symbols of Belgrade. It is the longest single-pylon,
cable-stayed bridge in the world.

Data obtained from seven boreholes are presented
for the first time herein.

The geological setting of the subsurface of the ter-
rain was reconstructed based on lithological succes-
sions, stratigraphic sections and the basic structural
elements. The following geologic units were found:
Upper Cretaceous—Paleogene flysch formation (the
Ostruznica flysch), Middle Miocene Sarmatian and

Upper Miocene Pannonian sediments, different allu-
vial sediments of Quaternary age as well as modern
anthropogenic sediments.

On the right bank of the Sava River, the older geo-
logical units were observed in the upper part of the
sections. On the other hand, they had much greater
depth at the location of the bridge pylon.

Pannonian marls have a different depth on the
island Ada Ciganlija and on the left bank of the Sava
River, where they reach up to 60 m in depth.

Among the Quaternary alluvial deposits, there are
two different geological formations. The older one, pre-
sented by Pleistocene polycyclic sediments includes
mostly gravels and sands. This one was never detected
at the surface. However, it represents the major ground-
water aquifer for the water supply of Belgrade. The
younger one consists of Holocene modern alluvial sedi-
ments that have a wide distribution over the whole area.

The appearance of alternating replacements of
riverbed sediments of the Sava River and its left trib-
utary, named the Galovica Stream, was noticed.

There are faults that run sub-parallel to the Sava
River and divide all the pre-Quaternary rock units into
blocks. These blocks separated by faults are differen-
tially displaced. They subsided stepwise from the
right bank of the Sava River to the flat terrain of the
Pannonian Plain.
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Pe3ume

IMoanoBpIMHCKA re0JI0THja TepeHa Ay:K
Tpace HOBOT MocTa Ha Aju Luranauju
(beorpaa, Cpomuja)

HajBehu GeToHCKO-4eTMYHN MOCT Ha CBETY ca je-
mHUM HocehuMm mmimoHoM oTBOpeH je y beorpanmy 1.
janyapa 2012, a mpona3u mpeKo IIuIa ocTpBa Aze
Hurannuje. beroBa MOHYMEHTAITHOCT U apXUTEKTOH-
CKO peleme TocTaan cy HoBH cuMbOon beorpana.
HoBu MOCT mUpEeKTHO MOBe3yje TPaHCIIOPTHE ITyTeBe
Ha Yykapuuu u HoBom beorpany u npencrasiba aeo
Oyayher yHyTpamimer MarucTpajiHOT IONYNPCTeHa
xoju he 3Ha4ajHO pacTtepeTuTn caoOpahajHe ryxBe y
Beorpany. YkymHa myxxmHa MocTa je 996 merapa, a
mupuHa 45.06 m. Mocr je 3acHOBaH Ha BexrkoMm, 200
M BHCOKOM TTHJIOHY KOjU C€ HaJla3W Ha IIIHITY OCTpPBa
Ane Huranmuje (¢pororpaduje Ha Tabdbmm 1).

AHanm3upaHu Cy y30pI je3rpa u3 cemam OyIo-
tuHa (DB-4, DB-5, DB-6, DB-7, DB-8, DB-9, DB-10)
M3BEJIEHNX TOKOM M3Tpajihe MocTa. Tu pesynraru cy
yKazalii Ha MOCTOjarke jeIHe PETaTHBHO KOMILIEKCHE
MTOJIOBPIIMHCKE CTPYKType. O0aBIbEHUM HCTpPaXKH-
BamMMa, YTBph)EHO je Ja cy y ITyOWHCKOj TEOJIOIIKO]
rpahu TepeHa 3acTyrmbeHe cienehe reomomke jemu-
HUIE: popMaIirja OCTPYKHIYKOT (PIUIIA TOPHOKPEI-
HO-TIaJIEOT€HE CTAPOCTH, MUOILIEHCKH CEIMMEHTH cap-
MaTa ¥ TaHOHA, alyBHjaTHH CEIUMEHTH KBapTapa H
CaBpPEMEHHU aHTPOTIOTeHH HAaHOCH.

Ha necnoj obamu pexe Case, yTBpheHH Cy TOPHO-
KpeHO-TIaJeoreHn (INITHA CEANMEHTH Ha MaJIoj JTy-
OouHM (22 m), omMax HCIOJ TaHKHUX CPEIHOMHOIICH-
CKHX CapMaTCKHX CEIMMEHaTa M CaBPEMEHHX KBap-
TapHux Hacnara. Ha cpenunu mocta, Ha mnuny Ane
Hurannuje, yrBphena je apyrauuja curyanuja. Tamo
je mpexo (ruima y CyKIeCHju HEKOJIHKO Pa3sTUIUTHX
MHUOIICHCKHX M KBapTapHUX jeMHHUIA, a HACJIare oc-
TPYKHHYKOT (DIHIIIa Cy KOHCTATOBaHE Ha Pa3IMIUTHM
nyouHama (y Hajxy0sp0j Oymoruan DB-6, Ha oko 80
m). Ha neBoj obamm pexe Case, y HoBom beorpany,
jOII BHIIE Cy TIOTOHYJE cTapuje dopmanmje u Hady-
IIeHH Cy CaMO TOPHOMHOIIEHCKH MTAaHOHCKHU JIATIOPIIH
Y TUIEUCTOIIEHCKE M XOJIOIICHCKE aTyBHjaTHe Hacare.
VY omnocy Ha mmwun Axe llurannmje, maHOHCKHU Ja-
TOpIIK Cy CITyIITeHW Ha MHOTO Behy myOuny (mo 60
MeTapa).

[InencroneHcKkn MOTUIUKIAYHA PEYHU CETUMEHTH
(T3B. MakuIku cJojeBH) KOjU TPENCTaBibhajy Haj-
BaXHUjU BoJieHHM akBU(ep Ha moapydjy Hosor beo-
rpama, HUTJE HUCY KOHCTAaTOBaHH Ha ITOBPIIMHH
TEpeHa JIy’K Tpace MOCTa, Ma/ia Ha MIMPEM MIPOCTOPY
MMajy BEIIMKO pacmpocTpameme. Mialy dopmarmjy
KBapTapHUX aTyBHjalTHUX Hacjara TpeicTaBba Ca-
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BPEMEHH aTyBHjaTHU HaHOC peke CaBe M HeHNX MpH-
TOKa, YAjU CY CEAMMEHTH PacIpOCTPabeHN Ha IIEI0]
Tpacu TpOy4YaBaHOT TepeHa. Ibux umHE cequMeHTH
KOpHTa, OBO/IHa, TOBPEMEHO CTapada U MPTBaja, a Ha
ocTpBy A Llprannmju u ceMMEHTH PEYHOT Mpy/a.

3Ha4ajHO je pacrpocTpamemhe Ha MOBPIINHHU Tepe-
Ha Pa3IMYUTHX THUIIOBA TEXHOTCHUX Haciara Mely
KOjIMa Ce€ WCTHUYYy HaHOCH peylupaHor Tecka Ha
HOBOOEOTPaCKOj 00aIH.

CrparurpadckoM KopemarujoM mpoduia mpoyde-
HUX OyIIOTHHA yOUeHO je Ja CTaphje TeOJIOIIKe je-

JMUHUIE KacKaaHO TOHY WAyhHM O JecHe Ka JIeBOj
obamn CaBe. Moke ce TIPETIIOCTABUTH TPHUCYCTBO
pacerna Koju Cy MpeKBapTapHe TBOPEBHHE pa30omiIn Ha
omoxoBe. Pacennma pa3iaBojeHu OJ0KOBH cy audepen-
[IUjaTHO KPETaHHW IO TUIY TPABUTALMOHHUX pacena.
['maBHM paceaHm mpaBIM WAy CyOIlTapalieTHO ca KO-
putom peke CaBe. TEKTOHCKH MOKpETH KOjU CY JO-
BEJIM [0 CHYIITama JelioBa TEpPeHa Ha JIeBOj o0aiu
CaBe, 00aBJbe€HM Cy TOKOM IUIMOIIEHA W CTapHjer
KBapTapa (HIp. y BpeMe TaI0KeHha JOHOTIIEHCTOICH-
CKHX TIOJMIUKINYHAX PEYHUX CeMMeHara).

PLATE 1

Figs. 1-5. Different construction stages and the views of the bridge during its building.

Fig. 6.
2012 (a view from New Belgrade).

The largest single-pylon, cable-stayed bridge in the world was opened in Belgrade on January 1,
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Abstract. Landslides threaten Vinca, a world famous archaeological site of Neolithic culture. For this rea-
son, a field investigation and geologic-geotechnical research of the cores of seven exploration boreholes were
carried out. A very interesting structural setting was identified. The oldest stratigraphic unit consists of Middle
Miocene Sarmatian sediments, which were discovered along the right bank of Danube River and within its
riverbed about 300 m upstream from the archaeological site. These Sarmatian strata give evidence that the
Danube River eroded the right bank. In addition, within its recent valley, there is a fault zone along which a
block on the right bank was uplifted while a block on the left bank of the river that was subsided. All the bore-
holes passed through sediments of a previously unknown geological formation. It lies unconformably over
Sarmatian strip marls and makes the base for Pleistocene loessoid sediments (approx. 10 m under the surface).
These sediments were formed in a marsh-lake environment with a strong river influence. According to its
superposition, the supposed age of this formation is the Plio-Pleistocene. Above the right bank of the Danube
River, there are steep sections where Pleistocene swamp loessoid sediments were found. True loess deposits
are not present here, but are in the hinterland of the right bank of the Danube River. The loess delluvium was
deposited over the Pleistocene sediments. On the right bank of the Danube River, below the archaeological
site, there are the anthropogenic water compacted sands that were previously incorrectly shown on geologi-
cal maps as alluvial fans.

Key words: Stratigraphy, Sarmatian, Plio-Pleistocene, Quaternary, Vinéa archaeological site.

AfGcTpakT. BruHuYa, CBETCKH MO3HATH apXEOJONIKH JIOKAITHUTET HEOJIUTCKE KYIType, YIPOXKEH je KIU3H-
mtuMa. M3 Tor pasmora, ypaljeHa Cy TeONIOIIKO-TEOTEXHHYKA MCTPAXKHUBAKA je3rpa CelaM HCTPaKHUX Oy-
[IOTHHA Ka0 M HEMOCPe[Ha TEepPEeHCKa Meperma. ToM MPUIMKOM je HMACHTU(GHKOBAH M BPJIO 3aHUMIBUB
CTPYKTYPHO-TEKTOHCKH CKJION TepeHa. Hajcrapuja crparurpadeka jeiMHUIA Cy CapMaTCKU (pUHO-TaMHUHH-
paHH, TPAKACTH JIANIOPIM KOjH Cy OTKPUBEHH JIyX JecHe obane J[yHaBa Kao U y caMoM Koputy peke, 300 m
Y3BOJHO O] apXCOJOLIKOT JIOKAIUTETa. IhIX0B MpOCTOpHH MONIOKAj yKasyje Aa AaHammu yHaB epomupa
CBOjy JecHy obainy. OcuM Tora, JQyX caBpeMeHe pedHe JoiuHe JlyHaBa, IIOCTOjU paceaHa 30Ha IyX Koje je
OJOK Ha JecHOj 00anmy M3OUTHYT HACyIpoT OJOKa Ha JIeBOj obamu peke, Koju je cmymreH. CBHX cemam
OymotnHa je HaOyIIMIIO CeIMMEHTE J0 Cala, Hemo3HaTe reojormke gopmarmje. OHU JeKe AUCKOPIAHTHO
IPEKO CapMaTCKHUX TPAKaCTHUX JIaNopala, KOju HUCY HaOyIeH! y OBUM OyIIOTHHAMa, a YHHE HeMOCPEIHY 110~
JUIOTY TUIEMCTOLIEHCKHUM JIECOMHMM Hacyarama (mpubmmkao 10 m wcmox mospiimHe TepeHa). OBU ceau-
MEHTH Cy pOpMHpaHHu y 0apcKo-je3epcKoj CpeIMHM ca jakuM yTHIajeM peke. [Ipema cyneprosuiimju, cTapoct
oBe (hopmanuje Ou Omna y unrepsany ILmno-Ilneucronen. M3uan necue obane JlyHasa, mocToje CTpMH ofice-
1M Ha KojuMa cy Taxole npoHalheHu IIIeHCTOeHCKH 0apCKu JIeconIHN cenuMenTH. [IpaBu siec Huje npucyTan
OBJle, aJii Ta WMa nasbe y 3anel)y necue obane [ynama. JlecHu nenyBUjyM je JICMOHOBAH W3HAJ IJICHCTO-
IEHCKHX cenumeHaTa. Ha necHoj o6anu JlyHaBa, HCIO apXeONONIKOT HaTA3HIITa, IPUCYTHH Cy aHTPOIIOTCHU
HaHOCH pedyIHpaHOr Mecka KOjU je paHuje MOTPEeIIHO MPUKa3aH Ha TeOJOIIKMM KapTama Kao alyBHjajHU
HaHoC.

Kibyune peun: Crparurpaduja, capmar, Inno-miencTomnes, kBaprap, apxeoJonIKy JoKaIuTeT Bunya.
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Introduction

An archaeological site of the Neolithic culture of
Belo Brdo (White Hill) is situated on the right bank of
the Danube River in the village of Vinca (N 44°45°43”,
E 20°37°23” — Fig. 1), 14 km downstream from
Belgrade. It was first discovered in 1908 by the Serbian
archaeologist Miloje Vasi¢ (VASIC 1932). Since then,
with several interruptions, numerous archaeological ex-
cavations have been carried out. The last campaign was
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terials, and real treasure that were procured from other
parts of Europe (ANTONOVIC 2002; DIMITRUEVIC &
TripkOVIC 2006, DIMITRIEVIC ef al. 2010). The archa-
eological site is a very important part of the touristic
offer of Belgrade. Currently, the entire Vinca archaeo-
logical site is closed for tourists and protected with
thick layer of sand due to the landslide problems. For
this reason, geological and geotechnical investigations
were performed. Based on data from previous papers, it
is surprising that during 104 years of archaeological
excavations, neither geological
explorations, drillings nor de-
tailed geological research were
performed. Some of the geo-
logical data cited in the litera-
ture are incorrect to date (for
example, loess as the substrate
for the anthropogenic-archaeo-
logical layers — IVKOVIC ef al.
1966). Therefore, geological
and geotechnical investiga-
tions presented herein repre-
sent the first serious study at
the archaeological site. The re-
sults give a completely new
view of the geological struc-

=l

2
e M2

ture of the terrain.

Belo Brdo is of great im-
portance for the pre-history of
European civilization (VAsIC
1932, 1936; SREJOVIC & TASIC
1990; NikoLI¢C & VUKOVIC
2008; Tasic 2008). As such,
the Serbian Government war-
ranted it the highest level of
state protection and classifies
it as an archaeological site of
exceptional importance. Today,
Vinca has the status of Archa-

Fig. 1. A) The location, B) a satellite image of the Vinca archaeological site (Google
Earth, 2012) and C) a simplified geological map of thze investigated area. The white
circles show the position of the boreholes. Key: M,, Sarmatian; Q;, Pleistocene
(swamp loessoid); Q,L, Pleistocene (loess); Q,d, Holocene (delluvium); Q,al, Holo-
cene (alluvial sediments); Q,ar, Holocene (archaeological layers); Q,n, Holocene

(technogenic deposits).

finished a few years ago (1998-2009). Vinca-Belo
Brdo was introduced into the treasury of world her-
itage as an object of prehistoric cultures. It is almost
entirely made up of the remains of a human settlement
and was occupied several times from the Early Neo-
lithic (ca. 5000 BC) through to the medieval period
(NIKOLIC & VUKOVIC 2008; SREJOVIC & TASIC 1990).
There are many artefacts and, jewellery and objects
made of precious and rare metals, vases, various ma-

eological Park. Unfortunately,
the site has received no ap-
propriate treatment in practice.
After so many years of excava-
tion, the practice shows that
little has been realised for it to
become the most valuable
object of the archaeological
heritage of Serbia. It needs a
lot of will, effort and financial
support for the site to become one of the jewels of the
geo-touristic offer of the City of Belgrade (RunDIC
2010; RUNDIC et al. 2010).

Material and methods

Seven shallow boreholes were drilled in the court-
yard of the Museum and the on the archaeological site
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and on the right bank of the Danube River (Fig. 1,
Table 1). Twenty-five cores samples were analyzed
and five samples from the Danube riverbed. Preli-
minary stratigraphic analyses were realised in the
field. No fossils were detected in the mentioned cores.
Five samples from the Danube riverbed were used for
palaeontological studies. A detailed biostratigraphic
and micropalaeontological analysis was made at the
Chair of Historical Geology, Faculty of Mining and
Geology, University of Belgrade. Classical methods
of the preparation of soft rock, i.e. cleaning (6% of
hydrogen peroxide) and washing were carried out
(0.5-0.063 mm sieves). 100 g of each dried residue
was observed under a stereomicroscope.

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

No. | Boreholes Coordinates (WGS84)
1. V-1 N 44°45'42.83" | E20°37 21.41"
2. V-2 N 44°45'41.83" | E20°37'22.23"
3. V-3 N 44°45'44,12" | E20°37'20.31"
4. V-4 N 44°45'45.49" | E20°37'23.85"
5. V-5 N 44°45'44.33" | E20°37 24.76"
6. V-6 N 44°45'43,13" | E20°37'25.22"
7. V-7 N 44°45'44,97° | E20°37' 21.80”

Stratigraphic overview

The archaeological site at Belo Brdo is located
above the right bank of the Danube River, on the out-
skirts of the village of Vin¢a. Downstream, the mouth
of the Bolecka River flows into the Danube. The geo-
logical structure of the involved terrain consists of Mid-
dle Miocene Sarmatian sediments and Quaternary de-
posits (see the first geological map of this area — La-
SKAREV et al. (1932). A few decades later, a similar
stratigraphic conclusion was reached by VELIKOVIC-
ZAJEC (1953), IvkoviC (1966) and STEVANOVIC (1977,
1980). They concluded the Lower Sarmatian deposits
represent the geological background for different type
of Quaternary sediments. Besides Sarmatian stripped
and laminated marls and sandstones, sandy limestones
rich in microfauna were located on the hills above the
Village Vinca. They contain lot of foraminifera, which
indicates the younger level of the Sarmatian. Biostra-
tigraphically, the finding of Nubecularia novorosica,
which is a very characteristic species for the Middle
Sarmatian of Russia is very important. It suggests a
strong influence from the Carpathian domain on the
Pannonian Basin (VELIKOVIC-ZAJEC 1953). Relative-
ly recent stratigraphic studies in this area were per-
formed by SUMAR & RUNDIC (1992) and KNEZEVIC &
SUMAR (1993, 1994). As a conclusion, they confirmed

the presence of Sarmatian striped and laminated sandy
marls and alevrites belonging to the Lower Sarmatian.
Biostratigraphically, based on the foraminifer biozo-
nations, it represents the basal part of the Sarmatian,
the Elphidium reginum Zone.

Results
Middle Miocene (Sarmatian - M?)

The base of geological structure near the archaeolog-
ical site consists of Sarmatian brackish-marine se-
diments of the Late Middle Miocene. However, these
sediments were not found in all the prospecting bore-
holes. Probably, they lie much deeper than 65 m.a. s.1.
(Figs. 3, 9). Sarmatian strata were discovered on the
right bank of the Danube River (N 44°45°54”, E
20°37°21”) about 200-300 m upstream from the
archaeological site (see Figs. 2A, B). They are made of
striped and laminated sandy marls, alevrites and green
clay. In the lithological succession, there are an alterna-
tion of light interlayers enriched with calcium carbon-
ate and dark, grey-green laminas enriched with clay
minerals. The layers have very steep declines oriented
toward the N—NE (azimuth and dip angle of the surface
layer is 63/27 — see Fig. 2C). Besides, the Sarmatian
layers were found in the riverbed of the Danube River.
They are observed in the shallows at low water levels,
and they have steeper dip angles (more than 70° — Fig.
2D). However, there are strata that oriented toward the
S—SW, which probably indicate a local anticlinal struc-
ture within the Sarmatian sediments. Fossil macrofau-
na in the Sarmatian sediments near the Vinca archaeo-
logical site as well as in its vicinity is very rare and it is
assumed to belong to the lower part of the Sarmatian
(the so-called the Rissoa layers). Among the rare gas-
tropods, representatives of the genus Gibulla (Gibulla
cf. depressa, Gibulla sp.) and Cerithium sp. dominate.
Additionally, small bones of fish, otholites (Gadus? sp.)
and fragments of organic matter were identified.

Microfossil assemblages from three samples of the
striped alevrites were studied. A relatively poor fora-
miniferal-ostracod fauna was identified. In these asso-
ciations, the species Anomalidoides dividens, Ammo-
nia ex. gr beccarii, Loxoconcha cf. kochi, Elphidium
sp., Quinqueloculina sp., Xestoleberis sp. are domi-
nant. The fine-grained fraction of the samples shows
more mineralization of pyrite, clay minerals, quartz
grains, and faunal debris. In addition, small “balls” of
the algae Diatomiacae were noticed.

Biostratigraphically, the above-mentioned sedi-
ments belong to the lower part of the Volhynian Sub-
stage of the Sarmatian age — the Elphidium reginum
Zone (SUMAR & RUNDIC 1992). Such findings are
matched with previous studies of microfauna over a
slightly wider area at Vin¢a and Ritopek (VELIKOVIC-
ZAJEC 1953; SUMAR & RUNDIC 1992) and the general
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posits. Stratigraphically, they
are belonging to both Quater-
nary epochs: the Pleistocene
and Holocene. Although the
age of the newly discovered
stratigraphic unit is not exactly
known, because of the succes-
sion of layers observed in the
field, they are here considered
as the base of the Quaternary.

Pleistocene (Q))

Pleistocene sediments have
a wide distribution. Among
them, two packages can be
divided by superposition: 1)
older deposits of unknown age
that are believed to belong to
the Plio-Pleistocene (P1/Q,)
and 2) younger Pleistocene
sediments singled out here as
Fig. 2. Sarmatian sediments on the right bank of Danube River exposed during low the Pleistocene (Q)
water level. A, within the riverbed; B, C, on the right bank; and D, an abrupt dip Plio-Pleistocene as a lower

angle of marls (more than 70°). level of the Quaternary was
never detected on the surface.

However, these sediments

geological settings were given a long time ago by LA-  were observed in all the prospecting boreholes. They
SKAREV et al. (1932) and LASKAREV (1938). occur in the base of the Pleistocene sediments below

an altitude of 77 m. The lower boundary was never
Quaternary established because all the exploration boreholes were

completed within them. Lithologically, the older
The whole studied area except for a narrow strip Quaternary deposits are made of greyish-yellow

along the Danube River is covered by Quaternary de- alevrites, grey alevrites and clays with interbeds of
m
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Fig. 3. Comparative lithostratigraphic sections of the investigated boreholes. Key: PI/Q,, Plio/Pleistocene; Q,, Pleistocene
(swamp loessoid); Q,d, Holocene (delluvium); Q,ar, Holocene (archaeological layers); Q,n, Holocene (technogenic de-
posits).
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Fig. 4. Location of the borehole V-5 (A) and details of cores (B) with the redeposited Sarmatian limestone (1) and grayish

alevrites and clays of Plio-Pleistocene (2).

fine-grained sands. More or less similar sediments were
discovered in all the boreholes located on the right bank
of the Danube River (boreholes V-4, V-5, V-6, and see
Fig. 3). They are found at a depth of about 4 meters
from surface (ca. 71 meters a.s.l.) and contain grey and
yellowish marls, and fine-grained laminated sands. In
some places, they contain organic matter. Fossils are
completely missing. In the other boreholes (boreholes
V-1, V-2, V-3, V-7) drilled in the courtyard of the
Museum and the archaeological site, the greyish-yel-
low alevrites, grey alevrites and clays have a maximal
thickness of more than 10 m (borehole V-1). Its lower

Fig. 5. The swamp loessoid at the base of steep banks of the Danube River (A, B).
Terrestrial and swampy gastropods represented by the genera Clausilia (C) and

Planorbis (D).

boundary is unknown because the mentioned borehole
was completed within this stratigraphic unit (Fig. 3).
In the borehole V-5, drilled on the right bank of the
Danube River below the archaeological site, a layer of
sandy gravel at a depth of 6.8 to 8.3 m was deter-
mined. Redeposited pebbles of Middle Sarmatian
sandy limestone with gastropod imprints were found
within it (Figs. 3, 4).

Pleistocene deposits are widespread in the village of
Vinca. They were detected in the notches along the steep
bank of the Danube River and around roads and other
buildings. Based on superposition, so-called swamp
loessoid (Q;) and loess (Ql)
could be separated among them.

Lithologically, the swamp
loessoid consists of grey and
greyish-brown alevrites, local-
ly stratified. They are weakly
permeable to waterproof. They
contain the remains of marsh-
aquatic fauna (mostly repre-
sentatives of the family Plan-
orbidae) and terrestrial fauna
with the genera Succinea,
Clausilia, Valonia, etc. (Fig. 5).
These sediments developed on
the right bank of the Danube
River. The loess’s delluvial and
anthropogenic deposits were
deposited over them. In genet-
ic terms, these sediments were
performed from eolian dust
and delluvial detritus in an
aquatic, wetland-marsh envi-
ronment.

Loess (so-called the slope’s
loess) includes younger Ple-
istocene deposits formed by
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the deposition of eolian dust and mixed with delluvial
deposits in the hilly terrain. It consists of greyish-yel-
low alevrites with pronounced vertical porosity. It has a
massive structure and numerous vertical cracks and
contains terrestrial fossil gastropods. It is not as wide-
spread in the archaeological site area as at higher eleva-
tions further inland from the Danube River (Fig. 1).
Based on analysis of the loess section in the brickyard
at Vinca, the presence of the four loess horizons and
three horizons of palaeosoil were identified. Actually,
the oldest horizon of the loess deposits involves swamp
loessoid sediments.

Holocene (Q,)

The youngest Quaternary deposits have a relatively
wide distribution on the surface of the studied area. A
few different sediments could be separated: delluvial
deposits (Q,d), alluvial deposits (Q,al), archaeologi-
cal layers (Q,ar) and technogenic deposits (Q,n).

The delluvial deposits are widespread on the slopes
above the right bank of the Danube River. Among
them, the loess delluvial deposits are dominant (Fig.
6). They cover the swamp loessoid and make the base
for the archaeological layers.

Fig. 6. Delluvial deposits as the base of the archaeological
layers (in the front of the archaeological site).

The alluvial deposits occur along the Danube River.
They have much narrower distribution than was
shown on the existing geological map (IVKOVIC et al.
1966). Herein, they are represented by small alluvial
deposits of sand and alevrites created during high
water level. They cover partially exposed Sarmatian
rocks or Pleistocene sediments. However, the alluvial
deposits are much wider distributed near the conflu-
ence of the Bolecka and Danube River (Fig. 1), espe-
cially going upstream to the area of Veliko Selo.

The archaeological layers have been the subject of
investigation for over 100 years. Their maximal

thickness on the steep section to the Danube River is
about 10.5 m. In the borehole V-2, drilled in the yard
of the archaeological site and the Museum, the
thickness of the archaeological layers is up to 7.8 m
(Fig. 7). They lay over deposits of loess deluvium
(humified in the upper part) the thickness of which
reaches to 1.7 m. Much deeper in the borehole section,
the Plio-Pleistocene unit was determined (Figs, 3, 7).
Based on the review of the open section on the right
bank of the Danube River and correlation of the bore-
holes, it could be concluded that the archaeological
layers were formed in a depression within a swamp
loessoid. Going towards the Danube, this depression
expands and deepens, so the archaeological strata
increase their thickness in that direction.

Fig. 7. A view on the archaeological layers (left) and the
new the Plio-Pleistocene unit (right) in the borehole V-2
(courtyard of the archaeological site).

Among the anthropogenic sediments, the most
important is a large communal dump of the City of
Belgrade, upstream of the archaeological site. At the
site, there are anthropogenic water compacted sand
and archaeological layers. Water compacted sand is
located on the right bank of the Danube River below
the archaeological site and the access roads to the
Danube. The thickness of these sediments in the bore-
holes reached up to 4.5 m (borehole V-6). On the
existing geological map (IVKOVIC et al. 1966), these
technogenic sediments were incorrectly marked as
alluvial deposits of the Danube River.

Discussion

The geological study resulted in new knowledge
about the geology of the terrain within the archaeolog-
ical site of Vinca and its vicinity. The Sarmatian sedi-
ments on the right bank and the riverbed of the Da-
nube River, showed that this part of the terrain
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belongs to a tectonic block that was uplifted in rela-
tion to the blocks on the left bank of the Danube Ri-
ver, in Banat and the Pannonian Plain. The Sarmatian
sediments have a steep dip angle that increases
towards the riverbed of the Danube River (Figs. 8, 9).
This suggests the existence of a fault structure along
the present riverbed of the Danube River along which
there was differential movements of the blocks.

Fig. 8. The very abrupt dip angles of the Sarmatian strata
within the Danube riverbed.

The absence of significant alluvial deposits and the
presence of Miocene outcrops indicate that the right
bank of the Danube River was eroded at the Vinca
archaeological site. Historically, this process has been
proceeding for a long time. Most likely that, since the
existence of the Vinc¢a culture up to the present, erosion
of the Danube swept away part of the embankment
with the archaeological layers that were closer to the
Danube. In the wider region, the Danube River valley
is a composite and very complex, with the river often
meandering and changing the water flow direction.
Here, there are alternations of the wide river valleys
with extensive alluvial plains and river sand bars with a
terrain where the alluvial plain is narrow or missing.

SW NE

Based on this, it is safe to state that the changing of
the flow direction and position of the riverbed of the
Danube River as well as the occurrence of meanders
occurred in the recent geological past (since the Early
Neolithic to the present). It is possible that once the
left bank of the Danube River was located much clos-
er to the archaeological site of Star¢evo (Early Neo-
lithic Period). Later, the Danube River gradually shift-
ed more towards the south, closer to the archaeologi-
cal site of Vinca. Since the end of the Neolithic to the
present, the Danube River has incised into the right
bank with a part of the prehistoric settlement at Vinca.
This certainly had a great influence and is a specific
structural and lithological composition of the terrain.
Similar investigations were performed along the Sava
River, upstream from its confluence with the Danube.
They also suggest large neotectonic mobility during
the Late Miocene and Pliocene, and the creation of the
differently subsided block structures (MAROVIC &
KNEZEVIC 1985; MAROVIC et al. 2007). At that time,
the creation of these great rivers valleys was initiated
(KNEZEVIC & GANIC 2005, 2008; GANIC ef al. 2011;
RUNDIC ef al. 2011). In the area of the archaeological
site of Vinca, this study has shown the existence of a
previously unknown geological formation that was
discovered in the presented boreholes.

According to available data, the lower boundary of
this formation was not determined but is known to lie
unconformably over the Sarmatian and below the
archaeological settlement (Fig. 9). According to
superposition and facial characteristics, these younger
sediments originated from a lake-river-marsh environ-
ment. A detailed age of this new formation and its
facial features should be studied in future investiga-
tion. After the present study, it is possible to define
only the approximate age that varies between Upper
Pliocene—Lower Pleistocene. Thus, on the right bank
of the Danube River, in the basis of archaeological
layers, there is no loess deposits previously mentioned
in the all archaeological papers and field guides. In
fact, the swamp loessoid sediments lie below the loess
deluvium. In a wide bay within a swamp, the loessoid
sediments, were partially infilled by loess deluvium,
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Fig. 9. Simplified geological cross-sections of the investigated area. A, upstream of the archaeological site; B, near the
archaeological site. For the key see Figs. 1, 3. IV — Assumed fault.
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there are archaeological remains of prehistoric settle-
ment. In the borehole V-2, in the courtyard of the
archaeological site, the thickness of anthropogenic lay-
ers is approximately 7.8 meter and increases toward the
bank of the Danube River (up to 10.5 m — see Fig. 3.).
In the boreholes that passed through anthropogenic sed-
iments, many new artefacts were found that will be the
subject of future archaeological research.

At the part of the area with the anthropogenic sedi-
ments, landslides occurred, which were the result of
long-term excavations that caused the destabilization
of the soil. This is a negative consequence of the geo-
logical composition of the terrain and especially un-
skilled construction and urbanization of the area sur-
rounding the archaeological site. In particular, the in-
tolerable fact must be emphasized that for more than
100 years there was no supervision by experts in geo-
logy and geotechnics in the area, which is known as a
jewel of the natural, cultural, and historical heritage of
Serbia and Europe.

Conclusion

Vinca, a world famous archaeological site of Neo-
lithic culture, is threatened by landslides. For this rea-
son, geological and geotechnical research of the cores
of seven exploration boreholes was performed. This
resulted in new knowledge concerning the geology of
the investigated area.

The base of geological structure consists of Middle
Miocene Sarmatian sediments, which were discov-
ered along the right bank of the Danube River and in
its riverbed. These Sarmatian strata testify that the
Danube River eroded the coast and within its valley
there is a fault zone along which the block on the right
bank was uplifted with respect to the block on the left
bank of the River which subsided.

In all the boreholes, sediments of a previously
unknown geological formation. were identified. Li-
thologically, the formation contains grey alevrites and
clay with layers of fine-grained sands. They uncon-
formably overlap the Sarmatian strip marls and make
a basis for the Pleistocene loessoid sediments. In
genetic terms, the above-mentioned sediments were
formed in a marsh-lake environment with a strong
river influence. According to superposition, the sup-
posed age of this formation is the Plio-Pleistocene.

Above the right bank of the Danube River, there are
steep sections in which Pleistocene swamp loessoid
sediments are found. True loess deposits are not pres-
ent here, but in the hinterland of the coast at higher
elevations of the terrain. The loess delluvium was de-
posited over Pleistocene sediments.

On the right banks of the Danube, below the
archaeological site, there are the anthropogenic water-
compacted sands that were previously incorrectly
shown on geological maps as alluvial fans.

Archaeological layers are found within a swamp
loessoid palacodepression that was partially filled
with loess deluvium. A part of the embankment with
the archaeological layers was probably destroyed by
erosion in the period from the late Neolithic to the
present.

A future study of the archaeological site of Vinca
should include geological studies that predict the
development of deeper wells, and a detailed geologi-
cal map with structural features.

Redeposited Sarmatian limestone (“puzarac” — a
limestone with gastropod dominance) belongs to the
younger sections of the Sarmatian, which were not
developed near the Vinca archaeological site. Such
material was transported by river and periodical flows
from the remote hills compared to the current bank of
the Danube River.
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Pe3ume

HoBu nojanm o reoJioruju Ha
apXeoJIOIIKOM JIokaauTeTy Bunua
(beorpaa, Cpouja)

IIpBu nyt nocne 104 ronuHe UCKOINaBawma Ha ap-
XEOJIOIIKOM JIoKanuTeTy Bunrua-bemo 6pno, ypahena
Cy TEOJIOIIKO-TeOTeXHHYKA HMCTPaKWBamka TepeHa W
n30yIIeHO je 7 UCTpaXHUX OYyIIOTHHA Y MUJbY pera-
Bama TpolieMa KIM3WINTa W ofpoHa. Tum wmcTpa-
JKUBamUMa je yTBpeHO n1a Cy HajcTapHju CTpaTH-
rpad)CKi YIaHOBU CPENFOMHOIICHCKH, CapMaTCKH
(hMHO-TAMUHUPAHW W TPAKACTH JATIOPIH KOjU CY
OTKpUBEHH JIyX JlecHe obane /lyHaBa, kao 'y camoM
KOpHUTY peke (Ha koTama 74—75 m u3HaJ HUBOA MOpa)
ok0 300 m y3BOIHO Ol apXEOJOLIKOT Hacesba. Y HU-
Ma je maeHTu(uKoBaHAa (POCHIIHA acolujalyja Koja
yKazyje Ha cTapuje HuBoe capMara (Rissoa CI0jeBH H
(hopamuHHIdepcka 30Ha ca endpuanjymMuUMa). Y CBUM
OyIroTrHamMa y JBOPHILNTY apXEOJOMIKOT JIOKaJIUTeTa
n My3eja, ka0 W WCHOA Hera, Ha jaecHoj obamm Jly-
HaBa, CapMaTCKU CEAMMEHTH HUCY JIOIMPaHH jep ce
Hajla3e Ha HEImTO BehwM peraTUBHUM TyOWHaMa.
CBux 7 OymioTwiHa je HAOyIIWIIO TPAIIKacTe CEeIH-
MEHTe JI0 caJia, Helo3Hare reoJomnike GopMaliyje koja
JIe)KH JUCKOPAAHTHO TPEKO CapMaTCKUX TpPaKacTUX
Jlaroparna v YUHU HEeTIOCPEIHY MOJIIOTY TIEHCTOIICH-
CKHM JICCOUTHUM ceauMeHTuMa (puommkao 10 m
WCTION TIOBPIITHE TepeHa). JINTONOIKY TIienaHo, TO Cy
CHBE, aJIEBPUTCKE TIIMHE W aJIEBPUTH Ca MPOCIIOjIIIMa
(hrHO3pHKX TIeckoBa. Ci1ab0 Cy BONOMPOITYCHH U ca-
IpKe ocTarke Oapcke dayHe (TIpeIcTaBHAI (haMIUTHje
Planorbidae) n xortnene dayne ca pomosuma Clausilia,
Succinea v Valonia. Y TEHETCKOM CMHCIY, OBU CEIlU-
MeHTH cy (HOpMHUPaHU y OAPCKO-j€3ePCKOj CPEMHN ca
jakum ytunajeMm peke. OBe Haciare Cy NpPHCYTHE Ha
necHoj obamu JlynaBa. Mi3Ham BUX Cy HaTalOKeHHU Ce-
JTVIMEHTH JIECHOT JIeyBHjyMa U aHTPOTIOTEHH TaJIO3H.
[Ipema cymepro3unyju, CTapocT OBE HOBE CTPATH-
rpadcke jenuHune O6u Owna y mHTepBay llnmomeH—
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—Ilmeucronen. [pyrux mokaza o OJIMKOj CTapoOCTH 3a
cazma Hema. M3Han necne ob6ane JlyHaBa, mocroje cTp-
MH OJICEIIM Ha KOjUMa Cy IUICHCTOIIEHCKH, MOYBApHU
JIECOMITHU cenuMeHTH Takohe mponahenu. [IpaBu sec
HHUje TIPUCYTaH Ha CAMOM JIOKAJIUTETY, aJIi I'a UMa J1aJbe
y 3anely necne obane JlyHaBa. JlecHu nmemyBujyM je
JIETIOHOBaH M3HA]| IUICUCTOICHCKUX ceauMmeHara. Ha
necHoj obamu JlyHaBa, MCTION apXeoJONIKOT Halla3u-
IITa, TIPUCYTHH Cy AHTPOIIOT€HN HAaHOCH pedyIrpaHor
rmecka KOjU j€ paHWje MOTPENIHO TpuKa3aH Ha
TEOJIONIKAM KapTamMa Kao aTyBHjajlHU CEIVMEHT.
VYpahena reonomka HWCTpakuBama yKasyjy [na
CapMaTCKH CEJUMEHTH Ha JecHoj obanm JlyHaBa xao
Uy caMOM KOPHUTY peKe, MIPUIaajy jeAHOM TEeKTOH-
CKOM OJIOKY KOjH je M3UTHYT y OAHOCY Ha Onok(oBe)
Ha neBoj obanm /lynasa n y banary. O Tome cBemoue
BpJIO OIITPH TafgHu yrioBHU (Tipexo 70°) 1 oHU Cy cBe
cTpMuju uayhu on gecHe obaie Ka caMOM KOPHUTY
peke. To masbe yka3yje Ha TIOCTOjambe jeJHE Pa3IOMHE

CTPYKTYype AyX cajammer kopura /lyHaBa koja je u
YCIIOBHJIA PA3IIMYUTO KpeTame OIOKOBa.

OpcycTBO 3HAa4YajHUX allayBUjaTHUX Haclara M
MIPUCYCTBO MHOIEHCKUX HM3aHaKa Ha JECHOj olaiu
[yHaBa, ykazyje Ha epo3ujy Te o0aJe KOojy BpIIHA cama
pexka. Vcropujcku rmmenano, oBaj MpoIec je MpuCyTaH
Beh myxe Bpeme. Bprno je BepoBarHO j1a je, ox HEO-
JWTa 70 naHac, JlyHaB epomoBao m ogHEO jaeo obaie
ca apxeoJIOMIKNM CJIOjeBHMa KOjU Cy Owim Onmmxe
pern. AKO ce 3Ha Jia je y IUpeM IOApydjy TOJTHHA
JlyHaBa KOMIIO3WTHA, peKa 4ecTO Mema Ipasal |
MOCTOje TI0jaBe MeaH/ApHUpama, OHJA je TMPETXOIHA
MIPETIIOCTAaBKa jOIIT peaTHHja.

Hanazak xomazia capmarckor kpedmaka (“myskapair’)
y OymotuHE V-5, ykadyje Ha Mmialle HUBOE capmara
(cpemmy capMar) KOjH je OBJIE PEIETIOHOBaH JIOKAIHO.
TakaB marepujaj je TPaHCIIOPTOBAaH Mamk-OM PEKOM HIIH
OyjUYHMM TOKOBMMa W3 3ajieha W ymajbeHHjuX BHUIINX
HoJpydja y OIHOCY Ha apXEOJIOUIKU JIOKAJINTET.
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Upper Cretaceous of the Cerevicki Potok,
Fruska Gora Mt., Serbia: state of art

RAJKA RADOICIC! & DIvNA JOVANOVIC?

Abstract. The paper is dealing with three interpretations of well known section Cereviéki Potok (Fruka
Gora Mt., Serbia): 1. According to KocH, in: PETHO (1906), undisturbed succession of 23 lithologically
different members, ,,Hipersenonian®; 2. According to PASIC (1974; unpublished text is used in monography of
PETKOVIC et al. 1976), tectonically disturbed lithologically different Maastrichtian blocks; and 3. According
to CICULIC-TRIFUNOVIC & RAKIC (1977), tectonically disturbed stratigraphic column, the Srem-Slavonian type
of the Upper Cretaceous sediments, south of Srem dislocation, Maastrichtian.

Key words: Cereviéki Potok section, lithologically different members/blocks, stratigraphic column ,,Hi-

persenonian®, Maastrichtian, chaotic complex, Fruska Gora, Serbia.

AmncrpakT. Y pagy cy NpuKasaHe TpH HHTepIIpeTalyje mo3Haror npodmia y YepernhkoM noToky (IutaHu-
Ha ®pynika ropa, Cpouja): 1. Ilpema KocH-y, y: PETHO (1906), 2. IIpema ITA1ms, 1974, y: IIETKOBUR u Op.
(1976), u 3. Ilpema Unuyinuh-TPUOYHOBUR & PAKUR (1977).

Kibyune peun: mpodwmn y YepeBuliKoM MOTOKY, JTHTOJOIIKK Pa3IMYUTH UYITaHOBH/OIIOKOBH, MacTPHXT,

Xa0TUYHH KoMIuteke, Dpyrika ropa, Cpouja.

Upper Cretaceous fossiliferous sediments of the
Cerevicki Potok (Fruska Gora Mt.), were identified in
1864. by KocH. Later, KocH continued with investi-
gations of geology of Fruska Gora and published
numerous papers during period from 1867 to 1903. A
macrofauna that collected over many years, was given
to PETHO. They, in 1882, together visited the Ce-
revicki Potok to supllement the collection. Pethd’s
uncompleted study of this very rich and diversified
macrofauna was posthumous published in 1906. The
described collection contain 164 species, mainly
gastropods and bivalvia, more than half of which new
species. These extremely paleontologically rich sedi-
ments he determined stratigraphicaly as HIPERSE-
NONIAN as youngest deposits of the Upper Cretace-
ous, younger than the Gossau Beds. The interest in the
Cretaceous taken for Maastrichtian of the Cerevicki
Potok, has not diminished up to the present time.

Comprehensive data on Upper Cretaceous of the
Cerevicki Potok and adjacent area were published by
PETKOVIC et al. (1976). The authors presented results
published by STEPANOVIC (1940), PApp (1954), PASIC

(1951), PasSIC & MaAkSsIMOVC (1952), Pejovic (1970)
and GRUBIC (1972), which had contributed to the
knowledge and the number of macro and microfaunal
taxa from the Cereviéki Potok.

Hancock & KENNEDY (1993) published first
informations about the presence of Campanian
sediments in the Cerevi¢ki Potok based on revision of
the ammonite species Sonneratia cereviciana PETHO,
1906, a younger synonym of the Upper Campanian
species Pseudokossmaticeras brandti (REDTENBA-
CHER). RADULOVIC & MOTCHUROVA-DEKOVA (2002)
also documented Campanian age of brachiopods from
the some of the Cereviéki Potok blocks.

The Cereviéki Potok section after KocH,
in: PETHO (1906)

The Cretaceous of the Cerevicki Potok (Fig. 1) lies
over the basement (1. Grundgesteine des Gebirge),
covered by Neogene (2. Sarmatische Stufe). This is an
undisturbed succession of the relatively equal north-

1 Kralja Petra I, 38, 11000 Belgrade, Serbia. E-mail: rradoicic@sezampro.rs
2 Geological Survey of Serbia, Rovinjska 12, 11000 Belgrade, Serbia. E-mail: djdivna@gmail.com
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ward dip, composed of 23 members (from younger to
older), i.e. 35 some repeating members. The members
are: serpentinite breccias, serpentinites (large mass),
conglomerates, different sandstones (serpentinitic, fer-
ruginous, carbonate and clayey), claystones, different
clay-marly and marl-sandy sediments, limestones with
orbitoids and rudists, hippuritid and marly limestones.
Members 7, 8, 9, 10, 11, 16 and 17 are highly fossili-
ferous. Gastropods and bivalvia are dominant in the
PETHO’S collection. Two members lithologically identi-
cal in diversified and numerous of fossils (127 species)
are conspicuous members 7 (,,Sphaerulites mergel®)
and 9, also members 8 (Hippurites/Pyronea/polystyla)
and 10 (Orbitoides, Radiolites crateriformis). These
members are taken by PETHO to be the youngest Creta-
ceous sediments. Very interesting and rich in fossils
serpentinitic sandstones of members 11 and 17, in ad-
dition to the abundance of rudist species Sphaerulites
solutus and other molluscs, contain cephalopods and
numerous brachiopods (member 17: KocH’s ,,Brachio-
podenfiihrende Serpentinbreccie®).

The KoOCH-PETHO collection is deposited in the
Hungarian Geological Institute in Budapest.

The section of the Cereviéki Potok
according to PASIC, 1974, in: PETKOVIC et
al. (1976)

,»Pre-flysch Upper Cretaceous®, distributed on
northern slopes of western Fruska Gora, in middle and
upper courses of the streams best exposed in the
Cerevicki Potok section. On the geographic map the
Cerevi¢ki Potok source area designated as Dobri
Potok and Orlovacki Potok.

The authors emphasize that the section is schematic
(Fig. 2), because the investigated area is tectonically
much disturbed and largely covered by coluvial mate-
rial. ,,The relationship of all horizons and their present-
day place in the section and the description of some
levels according to superposition from the lowermost
are presented”, they also noted that some blocks are
tectonically moved to ,,different levels where is not
their place superpositionally* (PETKOVIC et al. 1976).

In the fifties, studies of the Cerevi¢ki Potok were
recognized eight lithologically different blocks be-
sides serpentinites and destroyed serpentinites (1-3,
5-9). Blocks 5 and 8 are not presented in Koch-Pe-
tho’s section. Some blocks are recurring:

Coarse basal breccia and conglomerates thick 40 m
and more (block 1), in tectonic contact with serpenti-
nite, appear in few tectonically separated parts. These
composed of very coarse basal crystalline schists, ser-
pentinites and quartz gravels in carbonate-ferruginous
cement, which pass upward into fine-grained conglo-
merates with sandstone intercalations.

On the coarse basal sediments sporadically lies
»lensoidal® limestone bearing rudists (block 2). This,

1.2 m thick limestone, contains numerous specimens
of Hippurites cornucopiae (GRUBIC 1972).

Further, in the section, 6 blocks in tectonic contact
(blocks 3, 5, 6, 7, 8 and 9) are described, which are re-
peatedly occuring, excluding 8 (sandstone with or-
bitoids, corals, gastropods):

— two times basal member, serpentinite and blocks 5 (15 m
redish marly limestones; in Dobri Potok about 30 m gray,
platy marlstone), 6 (rudistid-orbitoides limestone corre-
sponding to PETHO’S members 8 and 10 and, member 9
”Sphaerulites maristone” between them) and 7 (’serpentinite
sandstone” with Sphaerulites solutus another bivalvia and
brachiopods, correspoding to PETHO’S members 11 and 17
with Sp. solutus, cephalopods and brachiopods, respectivelly
KocH’s ”Brachiopodenfiihrende Serpentinbreccie ),

— three times desintegrated serpentinite and block 3 (con-
glomerates, alternation of claystones, conglomerates,
marlstone, sandstone and sporadically with intercalation of
silicified limestone);

— four times block 9 (gray and black micaceous clayey
marlstone and claystone with sandstone intercalations,
which corresponds to PETHO'S members 7 and 9 abounding
in chaotically mixed fossils). P4SIC described from these
two blocks 32 species not known from PETHO'S collection
(some were new).

PETKOVIC et al. (1976) tried to interpret primary
stratigraphic relationships to present the stratigraphic
column, also nothing that tectonic movements distur-
bed the normal superpositional order. For construction
the column they used data from the blocks every-
where in the Cerevi¢ area: Tanco§ Maastrichtian lime-
stone, blocks and/or km-blocks of basinal sediments
of Srednje Brdo, Citluk, Debeli Cer and flysch deve-
lopment north of the Srem dislocation.

Some species from Cretaceous of Citluk Potok, like
Pironea polystylus slavonica (HILBER) = in Petho:
Hippurites (Pironea) polystilus (PIRONA) emend.
Petho, some other rudist species and orbitoids were
known as Maastrichtian markers (STEPANOVIC 1940;
PASIC 1951; NEDELA-DEVIDE & POLSAK 1961; MILO-
VANOVIC 1962; POLSAK 1965; MILOVANOVIC & GRUBIC
1966; GRUBIC 1972). Consequently, for transgressive
coarse clastics were accepted to be the Middle Maas-
trichtian and fossiliferous blocks the Upper Maastri-
chtian. The youngest Upper Cretaceous sediments, i.e.
flysch, according to RADOSEVIC & MARKOVi¢ (1967)
also was ascribed to Maastrichtian.

RADOSEVIC & MARKOVIC (1967) believed that the
whole flysch series to be Upper Maastrichtian, and
flysch sedimentation normally continued over fossili-
ferous sediments. They described three clearly diffe-
rent sedimentological parts (with Inoceramus in lower
part). We would emphasize their opinion that the ,,up-
per part of the flysch, which really looks younger,
resembles with the Ostruznica flysch in the Belgrade
environment*.
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Fauna described by PaSIC (1951) is preserved par-
tially in the Paleontological collection of the Faculty
of Mining and Geology, Belgrade.

Section of Cerevicki Potok, according to
Basic Geological Map and Explapatory
text, sheet Novi Sad, 1:100 000 (CiCuLIC-
TRIFUNOVIC & RAKIC, 1977)

Two structural-facial zones of the Upper Cretaceous
on the Fruska Gora are identified: Backa-Banat flysch
development, north of Srem dislocation, and southern,
Srem—Slavonia development, between Srem and
Fruska Gora dislocations (,,Cerevié Upper Cretaceous
s.L*; Fig. 3). The Cretaceous of the Srem—Slavonia
zone is partially outcropping around 20 km east—west.

logically similar, were compared to sediments of the
mentioned localities (PETKOVIC et al. 1976).

Authors considered that fauna of shallow-water
sediments, without exception, and basinal marly lime-
stones of Citluk Potok and Srednje Brdo are Maas-
trichtian. DANILOVA (1960) described an association
of planktonic foraminifers from Citluk Potok with
species prevailing the Maastrichtian. DANILOVA (acc.
to mem. of R. RADOICIC) corrected this stratigraphic
conclusion in some of the internal reports and lime-
stones of Citluk Potok asigned to the Campanian.

In the Srednje Brdo quarry very tectonically distur-
bed basinal sediments with planktonics are outcrop-
ped (see in: PETKOVIC et al. 1976). Marly reddisch li-
mestones from a part of the quarry are Lower Campa-
nian — Globotruncanita elevata zone (DE CAPOA et al.
2002). C1CULIC-TRIFUNOVIC & RAKIC (1976), the Sred-
nje Brdo sediments dated Ma-

PI+Q

FGD

astrichtian, based on the pre-
sence of Inoceramus balticus.
Inoceramus balticus was
found by Pasi¢ in the Petho’s
member 7. According to KUHN
(PASIC 1951) the species was
wrongly ascribed by many au-
thors to [Inoceramus cripsi
MANTELL Inoceramus balticus,
respectivelly Cetaceramus bal-
ticus (BOEHM) WALASZCZYK,

Jazak

CoBBAN & HARRIES, 2001, is

Fig. 3. Simplified and modified map of Fruska Gora area from Basic geological map
of Novi Sad, 1:100 000. SD, Srem dislocation; FGD, Fruska Gora dislocation;
F, Phyllitoids (metamorphosed Triassic?); T, nonmetamorphosed Triassic; K, Creta-
ceous; three dots — Cretaceous Flysch; M, Miocene; PI+Q, Pliocene and Quaternary.

(in: DIMITRUEVIC 1997).

Transgressive position of Upper Cretaceous deposits
over Jurassic schists is visible only in the middle of the
zone, in the Ugljarski and Citluk Potok vallies. The
authors mentioned the difficulty of giving the stratigra-
phic column for the Srem—Slavonia development due
to tectonic disturbance in the section Cerevicki Potok.

The stratigraphic column, described and given on
the geological map starts with the trasnsgressive de-
posits of shallow-water coastal facies which consist of
breccias, conglomerates, sandstones, brecciated lime-
stones, reefal and massive limestones and sandy reefal
limestone. Upward, prevailing are claystone, siltstone
and fine-grained clayey sandstone which gradually
pass into marlstones and marly limestones that close
the Upper Cretaceous lithostratigraphic column of this
formational zone. The latter, distributed in western
area in Debeli Cer, Citluk Potok and Srednje Brdo are
not mentioned in the Cerevi¢ki Potok by PETHO.
Although paleontological evidence was not discover-
ed in sediment of PASIC’S block 5, they being litho-

the species characterizing Lo-
wer and Middle Campanian.

Fossils collected during geo-
logical mapping of the sheet No-
vi Sad, which were deposited in
Geological Institute in Belgrade,
have not been preserved.

Comment

Sediments in some Cereviéki Potok blocks contain
an abundance of mixed fauna not only of different
fossil groups, but also different environments (includ-
ing brackish and paralian, according PASIC 1951), of
different preservation and different ages. Some speci-
mens from the same block are very well preserved and
undamaged (well preserved sculptures of gastropods,
sculptures and hinge apparatus of bivalvia). Many
specimens collected undamaged were washed away
from soft sediments of stream slopes. Well preserved
numerous rudists and other molluscs will be good
material for Sr-isotope measurement. Sr-isotope stra-
tigraphy has recently been used in the revision of stra-
tigraphic range for some rudist species previously
considered Maastrichtian.

The sediments older than Upper Senonian have not
documented so far; the youngest known are Maastri-
chtian limestones with orbitoids, siderolites, loftusias
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and Pironea. An open question is whether sediments
of the some blocks without paleontological evidence
are younger than Cretaceous.

It should be mentioned that in the part of Fruska
Gora flysch Oligocene sediments are documented on
the base of nannofossils (CP19=NP25 biozone, DE
CAPOA et al. 2002), what implies that the main tec-
tonic events are not older than Chatian.

The observation of RADOSEVIC & MARKOVIC (1967)
on the similarity of the upper part of Fruska Gora and
Ostruznica flysch is confirmed by the finding also
Oligocene nannofossils (CP19=NP25, DE CAPOA et
al. 2002) in sediments of a part of Ostruznica Maas-
trichtian flysch.

Upper Cretaceous beds of the Cereviéki Potok were
deposited in different shallow-water (and bathyal?)
and different sedimentary environments. Some blocks
of ,,pre-flysch Upper Cretaceous®, i.e. ,,Srem—Slavo-
nia structural-facial zone“of Fruska Gora indicate on
a multiple preceding tectonic activity. Based on
available data, Srednje Brdo block was also deformed
by late Campanian tectonic events.

Cretaceous sediments, occuring in blocks between
two tectonic lineaments — Srem and Fruska Gora di-
slocation, in fact are blocks of a chaotic complex
including serpentinites, which are nowadays in a stra-
tigraphic column incorrectly presented, as an undis-
turbed Upper Cretaceous succession.
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Pe3nme

OcBpT Ha NO3HABame roOpme Kpee
Yepesuhkor noroka (Ppyumka ropa,
CpoOnja)

Borary u Beoma pasHOBpcHY ¢ayHy y CEIUMEH-
tuma YepeBuhkor notoka otkpuo je KocH 1864. ro-
muHe n yerymno je Petho-y ma mpoyuaBame. Koch u
Pethd, mpunmukom 3ajeqHIYKOT OOMIIacKa OBOT JIOKa-
mutera 1882. rogmHe, momyHWIH Cy 30MpPKY Koja je
mpunrcaHa HajmialheM ceHoHy, XumnepceHoHy. Hbu-
XOBU PE3yNlTaTH Cy 00jaBJb€HH y OOMMHO] CTYAHjH
HakoH Petho-ose cMptr 1906. Tonune.

[IpBu myOMMKOBaHM IMOATaK O MIPHCYCTBY KaMIIaH-
CKHMX cemuMeHara y YepeBnhkoM TOTOKY Aalu Cy
Hancock & KENNEDY (1993) Ha oCHOBY peBH3Hje
aMOHUTCKe BpcTe Sonneratia cereviciana PETHO,
1906, koja je Mialjt CHHOHUM TOpPHOKaMIIaHCKE BPCTE
Pseudokossmaticeras brandti (REDTENBACHER, 1873).
Kammancky crapoct jemnor on 6moxoBa UepeBuhkor
MMOTOKa JJOKYMEHTOBAIM Cy Ha OCHOBY Opaxuoriona u
RaDULOVIC & MOTCHUROVA-DEKOVA (2002).

Y 0BOM TEKCTY MpHKa3aHe Cy TPU HHTEPIIPETAI]e
ropmokpeaHor mpoduia y UYepeBuhkoM MOTOKY,
mpema:

— KocH y: PETHO (1906): Hemopemehena cykiuecuja
25 JnerajbHO OIUCAHUX, JUTOJOIIKA Pa3TUUYNUTHX,
YIaHOBa HajMiaher ceHoHa — xunepceHoHa. M3 moje-
IUHHUX YIAHOBA CaKyIJbeHa je Oorara, BeoMa paszHo-
BpcHa ¢ayna (mpexo 160 BpcTa, a BUIlle O TOJIOBUHE
HOBUX).

— Ak 1974 (y: IIETKOBUR u dp. 1976): y Beoma
nopemehenoj ropmoj kpemu, usmehy Cpemcke u
OpymKoropcke IUCIOKAIHje, OCHM CEPIIEHTUHUTA U
3MpOOJHPHUX CEepPIEHTHHUTA, OMHUCAHO je, Y TEKTOH-
CKOM KOHTAaKTy, 8 JINTOJOIIKH Pa3IUIATHX OIOKOBA;
HEKHd O]l HHX IOHABJhA]y C€ NBA, TPU WU YETHPH
IyTa; WaKo je, Ha Mpo(WIy jaCHO MpHKa3aH TEKTOH-
cku ckion YepeBrhkor MoToka, ayTopH Cy, YKIbYIHB-
v OJIOKOBE 3HATHO muper noapydja Yepesuha, xao u
¢mmmHe cenuMenTe ceBepHO ox CpeMcKe AMCIoKa-
1Mje, PEeKOHCTPYHCAIN CTyO ca MPETIIOCTaBFEHUM
cTparurpadckuM penocienom. [opma kpena Opymrke
rope MPUIHCaHa j& CPEIHeM H TOPHEM MaCTPHXTY.

— Unuyaus-TPUOYHOBUR U PAKUE (1977): cTpyk-
TypHO-(aIijarHa 30Ha TOpkeE Kpene, jy:kHo o Cpem-
CKe IUCIIOKaIlyje, U3ABojeHa je kao mocedan Cpem-
CKO-CIIABOHCKH THIl TOPHE Kpele MaCTPUXTCKE
cTapocTH. AyTopu Takohe MCTHYYy BEIUKY IOpeMe-
heHOCT M TEeKTOHCKY pacIelKaHoCT 300T Jera je Te-
IIKO JaTH JeTajbaH JutocTparurpadceku cryd. Crpa-
turpadcKu CTyO Topme Kpese oBe popMalinoHe 30He,

MPUKa3aH y3 TeOJIONIKY KapTy U OMKCAaH, OJJHOCH CE Ha
YUTABO TOJpPYyYje IOMEHYTE 30HE, a 3aBpilaBa ce Ja-
MOpPIIMMA U JIATOPOBUTUM KpeumaruMa. Makpo u Mu-
KpodayHa, Koja C€ Y OBHUM CJIOj€BHMa MOMHE-E Kao
MaCTPUXTCKa, YCTBAapH je KamITaHCKa (TUIaHKTOHCKH
dhopamuHEdEPH, Ka0 U JOHO-CPEIHOKaMIIaHCKH [no-
ceramus balticus, ona. Cetaceramus balticus).

KomenTap

CenmnMeHTH Hekux OiokoBa YepeBmhkor moToka
campke o0MIbe M3MelIane (ayHe, He caMO pa3IudH-
TUX (POCHITHHX Tpyma, HETO M Pa3IMIUTHX CEIUMEH-
TallMOHHUX cpenuHa (YKIbydyjyhu OodaTHe W mapal-
cke, mpema [lammmh). @ocunm cy pa3InIuTor cTerneHa
O04YYBaHOCTH W pasnmaute crapoctu. [lpumepnn day-
HE HEKNX OJIOKOBa Cy BeoMa J00pO OYyBaHH H
HeomTehenn (10Opo odyBaHe CKyJINType TacTPOINoAa,
CKyJNType U OpaBHHU araparu 6uBanBuja). bpojau py-
IUCTH W Apyre MOJycke Mor Ou ma Oyday Beoma
nmobap marepujai 3a Sr-M30TOINCKa Mepema, ¢ 003u-
poM mda je mpuMeHa Sr-H30TOIICKE CTpaTurpaduje
JIOTIpUHENIa PEBU3UJU CcTpaTturpad)CKor IooXxaja He-
KHX PYIHCTHUX BPCTa KOje Cy CMaTpaHe MacCTPHXT-
CKAM MapKepuma.

CenuMeHTH CTapHju Ol CEHOHA JI0 Cajia HUCY JTOKY-
MEHTOBaHU; HajMIahil MacTPUXTCKU Kpedmhalld Cajp-
xe (ayHy KpymHHX (QopamuHupEpa W IMHPOHEA.
OTBOpEHO je THTame Ja 1 ¢y Miahu off Kpene HeKH
ONOKOBHM y KojuMa HHCY Hal)eHn Makpo(hOCHIIH, a MU-
KpOTIAJICOHTOJIONIKE aHaim3e HHUCy pahene. Taxohe
Tpeba MoMeHyTH Ja cy y Jeiry Ppymkoropckor (ommia
Ha OCHOBY HaHO(OCWIA TOKYMEHTOBAaHH CEIMMEHTH
TOPHET OJINTOIeHA (Kao U Y CeUMEHTHMA jeTHOT Aeia
OctpyxHr4Kor (ummia y okolmHH beorpama), mro
ynyhyje Ha 3akJbydak O HEMOCPETHOj TIOCTOIUTOIIECH-
CKOj CTapOCTH TJIaBHUX TEKTOHCKHX 30MBamba.

lopmokpenau cenuMmenTn YepeBrhkor moToka me-
MMOHOBAHM CYy Y Pa3UYATUM IDTUTKOBOAHUM (1 OaTH-
jamHuM?) CeIMMEHTHMAa W Pa3duduTAM CeIUMEH-
TaMmoHUM jenuHuama. Hexu OmokoBu “‘npedmirHe
ropwe kpene®, onH. ,,CpeMCKO-CIIaBOHCKE CTPYKTYp-
Ho-(anujanae 30He" OpyIIke rope yka3yjy Ha paHujy
BUIIIEKPAaTHY TEKTOHCKY akTHUBHOCT. biok Cpenmer
Opza, mpeMa pacIoNoKUBUX MOAIIMa, TEKTOHCKH je
6mo medopmucan y KaMITaHy.

Kpenne cemmmMente, koju ce mojaBipajy y Onoko-
BuMa m3Mehy CpeMcke u Opymrkoropcke TACIOKAIIH-
j€, a KOju ¢y y CTBapH OJIOKOBH XaOTHYHOT KOMILIIEKCa
KOjH YKJbydyje W CEpIIeHTHHHTE, JaHac HHje IpH-
XBaTJFUBO MPUKA3UBATH Y CTPATUTPA(DCKOM CTYOy Kao
HenopemeheHy TOpmHOKpenHy CYKIECH]Y.



T'EOIOKN AHANU BAJIKAHCKOTA TTOJTYOCTPBA
ANNALES GEOLOGIQUES DE LA PENINSULE BALKANIQUE

Beorran, nenem6ap 2012
BELGRADE, December 2012

73 37-60

DOI: 10.2298/GABP1273037K

The Neogene Lakes on the Balkan Land
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Abstract. Palaecogeographic maps of the lacustrine Miocene and Pliocene have been constructed accord-
ing to all the known geological data. The Lakes of the Balkan Land, depending on the tectonics, migrated due
to causes from the deep subsurface. There are several phases of the Miocene lakes: the lowermost Miocene
transiting from marine Oligocene, Lower, Middle, Upper Miocene covering, in patches, the main part of the
Land. The Pliocene lakes spread mostly to the north of the Balkan Land and covered only its marginal parts.
Other lake-like sediments, in fact freshened parts of the Black Sea Kuialnician (Upper Pliocene), stretched
along the middle and southern portions of the Balkan Peninsula (to the south of the Balkan Mt.). Subsequently,
the Balkan Peninsula was formed.

Key words: Neogene, south-eastern Europe, lacustrine environments.

Amncrpakr. [laneoreorpadcke kapre je3epckor MHOLIEHA U IUTHOLIEHA HAYMI-EHA Cy HA OCHOBY CBHX Ie0-
JIOIIKMX IOJaTaKa CaKyIUbEHUM J10 JaHac. Pacriopen jesepa bajkaHCKOr KOmHa 3aBHCHO je Ol TEKTOHHKE, a
MHIPHpaja Cy CarIacHoO ca y3poluMa HaCcTaIuM AyOOKO MOJ 3eMJbOM. MoXKe c€ Pa3IMKOBAaTH HEKOIHUKO (a3a
HacTaHKa MUOIICHCKHX je3epa: HajHMKH MUOIICH Ha IPEeTacKy U3 MOPCKOT OJIMTOICHA, TOH, CPEIbH U TOp-
Y MHOLIEH KOjH Cy MECTUMHUYHO ITOKpHBAJIM BelMKe JenoBe komHa. Ilimmorencka jesepa Hanasuia cy ce
YINIaBHOM Ha ceBepy of baskaHCKOr KOIHA M 3axBaraja Cy HhEroBe MapruHaiHe jenose. Jlpyra Bpcra
celrMeHara, CIIMYHa je3epCKHM, Y cTBapu ocialjeHe Owodarnmje menoBa IPHOMOPCKOT KyjalHUKa (TOPEHHU
IUTHOLICH) MIpY)KaJe Cy ce Ay cpelmer neia baiakaHckor moiyoctpsa (jyxHo ox maHuHe bankan). [Tocie

Tora je Omio ¢popmupano bankaHCKO MOITYOCTpPBO.

Kbyune peun: neoren, jyroucrouna EBporna, jesepcka cpeqauHa.

Introduction

The lacustrine Miocene and Pliocene sediments of
the Balkan Peninsula have been known since the late
19th century. Later studies were performed in the first
half of the 20th century and culminated during its sec-
ond half in the preparation of the Basic Geological
Map (BGM) 1:100 000 of Yugoslavia (COLL. AUTHORS
1968—-1995 for Serbia) and all the Balkan and neigh-
bouring countries. The second phase of 1:50 000 map-
ping included specialist studies of phenomena charac-
teristic for certain areas, resulting in the publication of
monographs solving some of problems raised by the
BGM. The third phase was important as UNESCO
started international cooperation through their IGCP
projects, including the Neogene and post-Neogene of
the area through the following Projects: 25, 155, and

329 (CoLL. AUTHORS 1974-1997), as well as through
bilateral and multilateral cooperation based on these
projects. All these studies enabled the preparation of
palacogeographic maps (HAMOR 2001; KRSTIC et al.
2003; Poprov et al. 2004; etc.), including both marine
and lacustrine biofacies, as they were often in imme-
diate contact.

Study area

The present-day Balkan Peninsula includes the area
to the south of the Sava and the Danube. The Balkan
Land, together with its lakes, in certain phases of the
Neogene development also spread to areas that are
presently included not only in the Lower but also in
the Middle Danube Plains.

I Djoke Vojvodica 6, 11000 Belgrade, Serbia. E-mail: n_krstic@ptt.rs
2 Serbian Chamber of Commerce, Resavska 13-15, 11 000 Belgrade, Serbia. E-mail: ljubinko.savic@pks.rs
3 Museum of Natural History, Njegoseva 51, 11 000 Beograd, Serbia. E-mail: gordana.j@nhmbeo.rs;
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The Balkan Land originated from the coalescence
of an eastern part, making the edge of stable Europe
(Carpatho-Balkanides), and a western island, which in
the Upper Cretaceous was a part of Africa (Dinaric
Alps). A strait existed between them until the very end
of the Oligocene (DE CAPOA & RADOICIC 2002). At the
turn of the Palacogene to the Neogene, the two islands
merged into the Balkan Land. The complicated tec-
tonic movements, only occasionally precisely defined
(KRSTIC et al. 1999), matched with appropriate climat-
ic conditions, caused the appearance and diversity of
a series of Miocene and Pliocene lakes, positioned in
various parts of the Balkan Land (ZAGORCEvV 2001,
etc.). In other words, the shape changes of the Balkan
Land were caused by tectonics (PRELEVIC et al. 2005).

The transgressing and retreating of the mostly epi-
continental seas enables a correlation of the lacustrine
formations of the Balkan Land with the stratigraphic
scale of a World Ocean. Unfortunately, the direction of
these connections has still not been unambiguously
determined, although the Central Paratethys was during
the Miocene connected with the Mediterranean towards
the West (ROGL 1998; Hamor 2001). However, this
view is challenged by the presence of Lower Miocene
lacustrine formations on the Adriatic islands Rab and
Pag (KOCHANSKY & SLISKOVIC 1978; KrsTIiC 2000,
BuLic & JUriSIC-POLSAK 2009). During the Pliocene,
this connection certainly existed towards the Adriatic
(KRsTIC 2006) and in the area of the present-day Ae-
gean Sea (KRSTIC et al. 1999; GEORGIADES-DIKEOULIA
et al. 2002, etc.).

Material and methods

It was possible to study in great detail the sediments
of the Neogene lakes at outcrops and in shallow bore
holes during studies of the drillings made for coal
research, sources of underground water, the prepara-
tion of the BG Maps and, additionally, other works
(such as the choice of a site for a nuclear power plant),
all of which are included in this review. The systemat-
ic drillings (of 20 and 200 m in depth) made for the
purpose of the BG Mapping were performed in the
lowlands, mostly to the north of the Sava and Danube,
and the number of such drillings was over 80 per sheet
1:100 000 (a sheet area is 1500 km?2, while the surface
of the Balkan Peninsula is about 500 000 km?2).

In addition to ostracodes, which are the most useful
as they are very abundant in lacustrine sediments, the
results of other palacontological methods were also
employed. In the first place were the autochthonous
fossils: well-studied molluscs and sufficiently known
diatoms. The presence or absence of Charophyta gy-
rogonits are important for in-depth enciphering. The
allochthonous fossils include mammals, macroflora
(leaves and fruits) and palynomorphs; also fish fos-
silized under thermocline. All the recorded fossils

enabled the determination of the biostratigraphic age,
as isotope studies were rarely performed.

Fossil position in sediments and their characteris-
tics indicate the properties of a basin and its shape.
For this, the sediment type is very important.

Miocene lakes

The origin of the Miocene lakes may be connected
with tectonic movements, from the northwards move-
ment of the Adriatic Plate to the curvature of the
Carpatho-Balkan Mountain Range. Both these factors
caused alternating shifts of dilatations and compres-
sions, which produced depressions (filled with Neo-
gene formations) followed by faulting and overthrust-
ing (KRSTIC ef al. 1988; RADOICIC ef al. 1989; MIKES
et al. 2008; etc).

Various Early Miocene lakes

Several smaller lakes originated from the closure of
the limans situated around the Late Oligocene Strait in
the axis of the present Balkan Peninsula. Other such
lakes were set against the Aegean Sea. The limans
might have been the habitat for marine fishes of the
family Mugilidae, which spawned exclusively in the
sea (GAUDANT 2002). After the strait became closed
due to the appearance of the Balkan Land, the limans
became closed lakes, which existed in the place of the
limans for a short period of time, which were mostly
inhabited by Botriococcus algae, and oil shale sedi-
ments formed (VASS et al. 2006).

Sumadijan Lake

The Sumadijan Lake (S in Fig. 1) is one of these
lakes (KRSTIC et al. 2003). Unfortunately, it lacked
organisms with a calcium carbonate shell, as the lake
water had to be acidic due to influence of some vol-
canic apparatus surrounding the lake from all sides,
dated about 23 Ma and less (CVETKOVIC et al. 2000).
Hence, it is possible that the Lake origin follows the
collapse of the magma chamber. The Sumadijan Lake
also contains oil shale sediments—a few drillings were
made for oil research (KNEZEVIC 1997).

The Bustranje—Poljanica Lake (B in Fig. 1) is the
second lake, with a number of layers of oil shale and
palynomorphs, which indicate the Oligocene (VASS et
al. 2006). According to geotectonics, palaeoclimatic
indicators and spectrums of palynomorphs, this lake
should be of the same age as the Sumadijan Lake.

In Bulgaria, SW of Sofia, the Pernik Coal Mine (P
in Fig. 1) has a probable late Oligocene to early
Aquitanian age, according to the palynomorphs and
some fishes (VATSEV 2004).
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Fig. 1. Approximate distribution of the early Miocene lakes on the Balkan Land. Legend: Oblique lines - water basins exist-
ing in the Late Oligocene and the very start of the Miocene: S, Sumadijan Lake; B, Buitranje—Poljanica area; P, Pernik mine
area; M, basins of Plovdiv and western Maritsa; L, Luleva Fm. of the Brezani area under Pirin Mt. (JURANOV ef al. 1993),
K, Kymi on Eubea. Horizontal lines — Dinaric system of lakes and its probable extension northwards into Hungary, Austria,
Slovakia and beyond. Horned dots — sites with fruits of Ceratostationis sinjanus. Empty circles - sites with ostracodes
(SOKAC & KRSTIC 1987): 1, Rab; 2, Zagar; 3, Gata; 4, Cazin; 5, Dugo Selo; 6, Medvednica; 7, Psunj; 8, Bunjani; 9, Livanjsko

Polje; 10, Sinj; 11, Krbava; 12, Busovaca; 13, Breza; 14, Korenita; 15, Romanija; 16, Pljevlja; 17, Sjenica.

Also in Bulgaria, the lowlands around the lower
reaches of the Maritsa River (M in Fig. 1), with pos-
sible connection toward Plovdiv, are of Chattian to
Aquitanian age. The Merichleri Limestone Formation
includes exclusively marine molluscs of the Chattian.
For the next, the Maritsa Formation, VATSEV claimed,
“age probably Chattian—Early Miocene... b) member

of shale with lower coal bearing unit; age probably
Early Miocene”, contains only the fossil fish Drapalis
macrurus. The ostracodes are drawn only aside the
marine column part (VATSEV 2004).

Westwards, in the graben of Brezani under Pirin
Mt., the lowermost Miocene, Luleva Formation of
Rakitna Village, contain Paleoleuciscus elegans GAU-
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DANT and remnants of an Anoures (frog), Paleoba-
trachus? (GAUDANT & VATSEV 2003). The genus Pa-
leoleuciscus was not known previously to the Mioce-
ne. In two formation below appear freshwater mol-
luscs, Oligocene palynomorphs and Profothymallus
pirinensis GAUDANT, the genus known from the Oli-
gocene and Lower Miocene. The species P. pirinensis
and the coal below it, may be Rupelian in age, while
the GAUDANT species is very similar to P. elongatus
(KRAMBERGER). The formation between the two, a flu-
viatile one, contain only badly preserved freshwater
gastropods.

Dinaride System of Lakes

In the area of the Dinarides, but also further to-
wards the northwest (KRSTIC et al. 2003), all the way
to Lower Austria, there are well-developed, karst-sub-
tropical types of lakes, in the intramontane depres-
sions. In the winter half of the year, the lakes coa-
lesced. This situation matches the present day exam-
ple of the Scodra Lake, rising by 6 m during the wet
half of the year (KARAMAN & BEETON 1981).

Preserved Neogene sediments were tilted during
and, even more, after the sedimentation. The coal beds
deepened as a result of faults, mostly along the NE of
the valleys. These movements affected the bedrocks
by the same amount, i.e., by 1500 m, thus forming all
the mountains (MILOJEVIC 1966).

Two column parts are easy distinguishable; a lower
one without congeria and an upper one with halofile
organisms, mainly dreissenids. While in the lower
column part freshwater genera predominate (KRSTIC
et al. 2009), in the upper one, different aberrant ben-
tic creatures made an endemic biofacies. The source
of these highly developed taxons, transported from
distant eastern saline lakes, could be China, with sev-
eral unknown adequate refugiums in between.

The lithology is quite diverse. Marl is the type of
sediment with the widest distribution, forming mostly
the upper part of the column. At the base, there are
some well-sorted, unconsolidated, white chalky lay-
ers, indicating shallow lake water as in Kupres (KRr-
STIC et al. 2010b) and submersed plants of the Pota-
mogeton type. In other places, there are some poorly
sorted siliciclastics, indicating fluvial transport as in
Maoce Bay (KRSTIC et al. 2010a). Above the marl,
there are sand and conglomerate of prograding deltas
filing up the lake basins. At the lower part of the col-
umn, there are many layers of coal and thick packages
of bentonite, indicating a remote volcanic activity at
the time, as there are no autochthonous synchronous
igneous rocks (VUINOVIC et al. 2000). The main coal
seams lie between the lower (freshwater) and the
upper (saline) part of the column.

All these sediment types alternate at short dis-
tances, indicating a very long twisting shoreline of the

lacustrine system of the Dinaric Alps (KRSTIC et al.
2003, text-fig. 3; Ci¢1¢ & MILOJEVIC 1977; MANDIC et
al. 2009; BULIC & JURISIC-POLSAK 2009). The margin-
al areas were covered with characin meadows, and in
some remote gulfs, such as Maoce (KRSTIC et al.
2010a), bentic organisms could show a lower degree
of salinity due to freshwater tributaries.

These sediments were disturbed by a number of
gravitational faults. The faults are post-sedimentation
ones and, in the northern half, they seem to be exclu-
sively situated along the northern edge of the valleys
(Pljevlja), while even somewhat reverse faulted
towards the south (KRSTIC et al. 1994). In the south-
western half of the Dinaric System of lakes, the faults
are situated along the south-western edges of the val-
leys, adjusting the nape structures (ILIC & NEUBAUER
2005; MIKES et al. 2008). The napes were produce by
northward movements of the Adriatic plates on both
sides of the Adrian (cf. CIPOLLARI ef al. 1999). The
collision zone of the Adriatic and Dinaric segment is
caracterized by late-orogenic (Oligocene to Miocene)
thick-skinnned compressional uplift (exhumation),
related gravity gliding, and still active escape tecton-
ics renching (CORBAR 2009).

There are numerous sites with endemic molluscs
(BRrRuSINA 1897, 1902, etc.), but it is difficult to attrib-
ute them to a definite part of the column as the exact
positions are lacking. The lacustrine molluscs belong
to “endemic” forms mostly congerias (KOCHANSKY &
SLISKovIC 1978 etc). The endemicity level is extreme-
ly high (98 %) (HARZHAUSER & MANDIC 2008). These
large creatures are known from the Paratethys pro-
vince, its estuaries, gulfs and similar biotopes (Porov
et al. 2004). The gastropods Clivunella, Orygoceras,
Fossarulus, as well as endemic species from Proso-
sthenia, Melanopsis, Emmericia, are often ornament-
ed with ridges and tubercles. However, there is not a
single representative of the genus Viviparus (BRUSINA
1884), a freshwater to halotolerant genus. At some
lacustrine costal sites, there is admixture of terrestrial
snails (PrRYsJAZHNJUK 2008).

The ostracode fauna was studied only at a smaller
number of localities (Fig. 1). Below the coal seams and
close to them, the ostracodes are freshwater types; in
the marly sediments their shells may be partly or high-
ly absorbed (Stavalj Coal Mine on the Sjenica Plateau).
In the silty beds of the higher column parts, the ostra-
codes are well preserved and represented by elongated
aberrant forms of Candoninae, bimucronate representa-
tives of the genus Amplocypris and ornamented repre-
sentatives of the genus Potamocypris, while there are
several species of Cytherideidae from the genera Clo-
nocythere (earlier as Amnicythere), Guangbeinia, Sino-
metacypris (KRSTIC 1987a, b, 2000; YOUTANG et al.
2002) — the Chinese forms. The above-listed and some
others indicate a salty lacustrine environment.

Charophyta indicate shallow water. They appear
abundantly below the coal seams, represented by large
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gyrogonits, of a genus close to Harrisichara, and a
great number of small ones belonging to Chara, Spha-
erochara, etc. (KRSTIC et al. 2009). Above the main
coal seam appear large gyrogonits Nitellopsis meri-
anii, in some levels “tuberculate”, and small ones
Chara molassica notata, Rhabdochara langeri and
others (KRSTIC et al. 2010a ).

Fruit of the water nut Cerastoderma sinjana is not
abundantly present but was recorded from Austria and
Slovakia through Sinj to the area Kymi at the southern
part of Eubea in Greece (VELIZTELOS & GREGOR
1990), hence, in a stratigraphic-time sense, it connects
these distant regions.

Age. Studying the congeria fauna, KOCHANSKY &
SLISKoVIC (1978) anticipated the Ottnangian age of the
Dinaric Alps lakes. The Pag succession as deposited
between 17,41 and 16,7 Ma and that it corresponds to
the Burdigalian Stage of the Central Paratethys (Ji-
MENEZ-MORENO et al. 2009). According to terrestrial
snails (PRYSJIAZHNJUK et al. 2000; PRYSJAZHNJUK 2008),
the Sjenica Lake should be regarded as somewhat
younger than the mammal Zone MN3b, or Ottnan-
gian—Karpatian. A fossiliferous bed in Sjenica is over-
lain by a basalt (analcimite) flow, dated 22.95+1.25
(but its prolongation on Koritnik /leucitite/ yielded
9.12+0.35) Ma (CVETKOVIC et al. 2004) — this indicate
late Eggerian (and the second one, a subsequent ba-
saltic outflow on the same fault line in the Upper Mio-
cene equivalent of the MN10 Zone !). In Sinj, recent
measurements of the upper column part yielded an age
of 17.92+0.18 Ma (LEEUW et al., 2010).

The larger mammals Antracotherium minus and
Chalicotherium grande are known in different places
and less indicative are several findings (from BULIC &
JURISIC-POLSAK 2009) of Gomphotherrium angusti-
dens and Prodeinotherium bavaricum, which give the
age of the MN4 Zone (Ottnangian) to these sediments.

Serbian Lake

Lacustrine sediments are widely distributed
throughout Serbia (Fig. 2) as they originated by post-
collision spreading, not only in the area where the
Dinaric and Carpatho-Balkan islands collided, but
also deep into both sides. To the east, they are com-
pressed due to the later curvature of the Carpathian
Mountain Range (KRSTIC ef al. 1988), while in the
Western Island they sank due to post-compressional
extension (CVETKOVIC & PECSKAY 1999).

The sediments of the Serbian Lake are composed of
sand, silt, clayey silt, marl and marlstone, as well as of
sandy limestone, rarely lacustrine chalk and different
limestone types. This today highly populated hilly area
acquires its drinking water mostly from Neogene sands.
Coal is present in many of the depressions, but under-
ground exploitation in most mines is no longer eco-
nomically viable. The areas with marly clays are sus-

ceptible to sliding, causing great damage during heavy
rains (e.g., in the spring of 2006 and all of 2010).

The sedimentological features were given by
OBRADOVIC & VASIC (2007). The sediments of deep
depressions (lacustrine profundal) are of a meromictic
character containing the autogenic minerals: sirlesite
in Kremna, magnezite in Baljevac on the Ibar River,
zeolite in Zlatkop near Vranje and many other sites of
similar origin but with a smaller content of them; in
shallow lake parts, dolomitic limestone could be pres-
ent. The lacustrine profundal often bear oil shales,
richest in Bela Stena near Valjevo and Subotinac near
Aleksinac (Vass et al. 2006).

The very large Serbian Lake, dotted with many
islands, was for the first time comprehended by Cvuic
in 1924 based on the contours of the Mackat fluviode-
nundation Plain. The age was defined by STEVANOVIC
et al. (1977b) as Middle Miocene, according to re-
cords of the reverse-spiralled Lymnaeide snail Koso-
via (PAvLOVIC, 1903, 1931). The lacustrine basin was
recognized as unique by DoLi¢ (1983), according to
molluscs in oxygen-rich, shallow parts of the lake.
This large lake, which used to stretch throughout
Serbia from Belgrade to Macedonia and through SW
Bulgaria (OGNJANOVA-RUMENOVA 2000; KRSTIC ef al.
2003) to Serrai in Greece, was named the Serbian
Lake by KRSTIC & KOMARNICKY (1996). It is not clear
whether the small Cukurovo Basin to the SE of Sofia,
having plant remnants only (VATSEvV 2004), was link-
ed to the Serbian Lake or was only a satellite.

The diatom microflora of the Serbian Lake was
studied in the Lubnica near Zajecar, and in the Simitli
Basin of SW Bulgaria. Aulacoseira, Ellerbeckia, Me-
losira and Actinocyclus developed there during the
Middle Miocene time. “This period is marked mainly
by the coarsely ornamented forms of Aulacoseira gra-
nulata and A. islandica and different lacustrine Acti-
nocyclus species” (OGNJANOVA-RUMENOVA 2000).

Allochtonous, macroflora is represented by forests
stretching along the river margins, called riparian or
galerian flora. It has its climatic value, but changes in
short cycles and depends on the exposure. A large
study of Serbian flora by PANTIC (1956) was complet-
ed by MiHAJLOVIC (1978), which placed Serbian sites
not far from the Morava Valley, but to the east (Mel-
nica, Rakova Bara, Popovac, Misaca), and Slanci near
Belgrade into subtropical Helvetian (early Middle
Miocene). Palynological analyze of silt from the
Ribnica River in Mionica gave again a subtropical cli-
mate (VASS et al. 2006). Only one site in the Levac
County of central Serbia, in village Kaludra, contained
macroflora of Lower Miocene age, equivalent to the
Upper Ottnangian-Karpatian (MIHAJLOVIC 1988).

The sediments with lacustrine ostracodes at the
locality Slanci near Belgrade lie concordantly below
the marine Middle Badenian (as below the Lower
Badenian — CORIC, ef al. 2009 — in the northern lying
trough). The species Mediocypris nisseana was collect-
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Fig. 2. Approximate spreading of the Middle Miocene lakes on the Balkan Land. Ostracode sites of the Serbian Lake:
1, Slanci; 2, Koceljeva; 6, Petrovac; 7, Melnica; 8, Kragujevac-Sabanta; 9, Levac; 10, Dragacevo; 11, Kraljevo — Dragg¢i¢;
12, Parad¢in — Mutnica; 13, Razanj — Madjari; 14, Sokobanja — Resnik & others; 15, Knjazevac — Gradiste; 16, Svrljig;
17, Ni§ — Komren; 18, Mali Jastrebac — Azbresnica; 19, Metohija-Rudnik; 20, Vladi¢in Han; 21, Skopje — marl pit.
Diatomacea sites: Z, ZajeCar (Lubnica); S, Simitli; (OGNJANOVA-RUMENOVA 2000), Higher plants: C, Cukorovo. Early

Sarmatian (early Volhinian) Lake of Bukulja, ostracode sites: 3, Vracevi¢; 4, Brajkovac; 5, Jelovik.

ed not only at Slanci and Nis but also at other localities
with silty layers (compare KRSTIC et al. 1988). In the
sand and sandy silt of Mutnica near Paracin and nearby
sites, the rich ostracode assemblage contains /lyocypris
pannonica, Cypridopsis pannonica, Potamocypris
bouei, Dinarocythere costata, etc. In marly-dolomitic
layers all over the central and western parts of the
Serbian Lake, the most common ostracode species are

‘halofile’ “Reticulatocandona” baljkovacensis and
Ohridiella sabantae. At the eastern part of the Serbian
Lake, between Carpathian/Balkan ridges, freshwater
genera predominate in Zagubica, Lubnica near Zajecar,
Citluk near Sokobanja, etc. Rarely they are replaced by
halofile ones, like in Melnica from where the endemic
genus Septocypris (European equivalent of the Chinese
genus Megacypris) was described (KRrSTIC 1987a). The



The Neogene Lakes on the Balkan Land 43

second such, remote outcrop of white chalky unconsol-
idate sediment lies where Zukovska Reka reaches the
Timok trench (on the road to the Gradiste village):
white chalk yealded a candonid from /ampadis group
and in Zagubica (commentary of Seliite) another can-
donid of the chasei group both are corroborating un-
usual water chemistry.

The mollusc macrofauna association differs largely
from that of the Dinaride System of lakes, despite some
dreissena being successor of their very well known
Lower Miocene predecessors. According to KNEZEVIC
1996 and JovaNovi¢c & KRsTiCc 2010, these are
Mytilopsis cvitanovici servica, M. antecroatica sumad-
ica and others differing more, such as M. nisseana, M.
dactyloides descriebed by PavLoviC 1931. Gastropods
are more numerous and very diversified— Ancylus ser-
bicus, A. dimici, Planorbis pavlovici, Prososthenia ser-
bica they were described by BRUSINA (1894) and P
Sfuchsi, Melanopsis petkovici by PAVLOVIC (1903) Later
PavLovi¢ (1931) presented snails from the Pe¢ Fm.:
Hydrobia santrici, Bythinella cvijici, Micromelania
proni, M. metohiana, Kosovia praepontica, Gyraulus
decani. Some of these species (Radix cobeltiformis, R.
levasi, Fossarulus praeponticus and Marticia macarii)
spreads northwards along the Ibar River (STEVANOVIC,
1985) making them Ibar biofacies.

Among the proboscideans, most findings belong to
Deinotherium giganteum, Anancus avernensis and a
transition form from Gomphotherrium angustidens to
G. Longirostris (KRSTIC et al. 2007). Several localities
rich in diverse bones and teeth of micromammals
belong to the MN5 Zone (MARKOVIC 2008), hence to
the Karpatian—Badenian according to STEININGER
(1999).

The age of the Serbian Lake sediments are older
than the marine Middle Badenian, while laying con-
cordantly below it. Combining macroflora and micro-
mammals with the Bora¢ eruptive complex (CVETKO-
VIC & PECSKAY 1999), late Karpatian—early Badenian
was determined, even though the intercalated dacite
tuff (near Mionica and in Popovac) was not measured.

In Popovac, the marl quarry consists of feldspar,
quartzite and biotite as the main constituents (PESIC &
Koprrivica 1996), hence the material is quite good for
radiometric age measurement.

Southern margin of the Badenian Sea

Along the River Sava, from Belgrade to Zagreb, the
lacustrine formation is overlain mostly by marine
Badenian.

Near Belgrade, the Badenian rises slowly from the
lacustrine Slanci Formation, starting as brachyhaline
sediments, changing fast into fully marine ones (KRrSTIC
1978). F. ROGL (personal communication) recognised
in them a Middle Badenian relative of Uvigerina pyg-
maea. The marine Lower Badenian drilled to the north

of the Danube, in southern Banat, included numerous
plankton foraminifers of the Zone Praeorbulina-Orbu-
lina suturalis (determination of F. ROGL, in personal
communication). On the Papuk Mt. and near Zagreb,
the initial marine sediments “contain the nanoplankton
assemblages characterising the NN5 Zone” (CORIC et
al. 2009) covering the whole Badenian. The foramini-
fera assemblage “belongs to the Early Badenian, corre-
sponding with the Lower Lagenide Zone ” (ibid). Thus,
this is a southward transgression, going step by step
from one to another trough. In all cases, it was a “sud-
den but continuous transition from a freshwater lake
into a marine environment” (ibid) in the whole south-
ern part of the Pannonian Plain.

Two remote bays of the Badenian Sea penetrated
into the Balkan Land, along extremely tectonically
disturbed areas. One of them, called Timok Bay, pen-
etrated along the Timok strikeslip fault, which was
reactivated before the start of the Middle Badenian
(KRAUTNER & KRsSTIC 2003). The other larger one,
Morava Bay, stretched along the contact between the
Dinaric and the Carpatho-Balkanic Islands; at the
time, the contact was still not sufficiently stabilized,
as still is, as its bottom is still subsiding now.

Age. The Badenian comprises the upper part of the
MNS5, the MN6 and the lower part of the MN7+8
Zones (STEININGER 1999).

Timok Bay

Timok Bay was not at all elongated. In the Middle
Badenian, marine facies reached to the town of Za-
jecar. In the Upper Badenian, some interbeds have a
sarmatoid character; hence, it was classified within
the “Buglovka Layers” (DZobpZo-ToMIC 1963). How-
ever, the Badenian Sea, of Vienna type, mainly comes
through SW Romania to the north-western part of
Bulgaria.

Mlava Bay

In the small Mlava Bay, near Petrovac, there are
several interbeds of freshwater sediments following
thin coal seams in the gulf facies most influenced by
freshwater. The ostracodes within the coal-bearing
level are less numerous than charophyta gyrogonites,
indicating transparent shallow water (to a depth of 7 m,
approximately). Biofacies, transiting to marine, lie on
the edge of the Bay at the Danube (JovaNOvIC &
TomiC 1997; KRSTIC et al. 2003).

Morava Bay

The Morava Bay stretched far towards the south,
gradually spreading the marine and then the brackish
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biofacies of the Middle Badenian all the way to Kru-
Sevac (STEVANOVIC et al. 1977; DoLIC 1978). New
data on fossils from Tavnik (near KruSevac, wrongly
attributed to Upper Miocene by KRrsTiC et al. 2007),
such as the new micrommamal species Miodyromys
wesselsi (dormouse) and other small mammals, must
have oriental origin. The environment was a shallow
calm pond according to charophyta (gyrogonits of
Nitellopsis merianii) and higher plants, such as Trapa
and Nysa (depth around 6-7 m), then frogs, tritons,
emids and even small species crocodile remnants.
Among the molluscs, there are some hydrobioids,
unionacea and other pelecipiods and a ceritihid 7e-
rebralia lignitarum along with a large Planorbarius.
The last two indicate a swamp and the proximity of
coal forming facies. The only high energy indicator is
a roughly ornamented 7Theodoxus and the sandy inter-
beds embedding all these thermophile fossils.

Towards the west, a sign of the Badenian impact
was recorded along Bosna River, to Doboj, but no
freshwater dilution of the marine Badenian has been
recorded to date.

Sarmatian Bukulja Lake

The relatively small Valjevo—Mionica—Belanovica
Lake, hidden by the Bukulja Mt. and Blizanjski Viso-
vi, was only sometimes affected by the influence of
Paratethys biofacies.

Lying discordantly above the sediments of the
Serbian Lake, with a long gap, it was largely drilled
for uranium in Jelovik Village, where the Gornji Breg
Hill contained some of uranium in coaly interbeds
(KRSTIC, et al. 2011). To the East, the Lake stretches
along the Jasenica Valley, westwards through Kacer
(STEVANOVIC et al. 1977a) and into the Mionica—Va-
ljevo Depression (STEVANOVIC 1977). The contact
with the Serbian Lake sediments in Tabanovi¢ should
be at a depth of 82 m (JOVANOVIC et al., 1994), just
above a kind of hardground made of zeolitised tuff, as
in the Zmajevac Brook (Jovanovi¢ & DoLIC 1994).

The shallow water part of Jasenica—Kacer contains
mainly freshwater lacustrine organisms. Among the
molluscs in Jelovik (site 5 in Fig. 2), there are many
dreissenids larval valves covering the bedding planes;
adult dreissena are restricted to some beds, while
Prososthenia, Hydrobia, Planorbis, Theodoxus and
Planorbarius are usually poorly preserved (PRYSJIAZH-
NJUK & Rubpiuk 2005, KrsTIC et al., 2011). Some of
the Jelovik ostracode fauna is similar to that in the
Serbian Lake, but there are numerous large Eucan-
dona also found in Brajkovac (site 4 in Fig. 2) togeth-
er with vertebrates, including Bunolistriodon meida-
mon, Giraffokeryx punjabiensis, Pseudoeotragus see-
grabensis and micromammals; “there are also some
very well preserved bird remains” including eggs,
first found long ago (1959) by STEVANOVIC.

In the Valjevo—Mionica costal area, at the ancient
watering place of Vracevi¢ (point 3 in Fig. 2), many
micromammals were collected — Eomyops oppligeri,
Keramidomys mohleri, Anomalomys gaudryi, By-
santinia bayraktepensis, Collimys longidens, Eumyo-
rion latior and Microdyromys koenigswaldi—indicat-
ing that these sediments belong to the MN7+8 Zone
(MARKOVIC & Pavi¢c 2004), actually supporting the
Sarmatian age that was determined by STEVANOVIC.
The profundal of this lake was situated between
today’s villages Radobi¢ and Suseoka, the sediments
of which had a meromictic character. There, thick
seams of oil shales (ERCEGOVAC et al. 2003; VASS et
al. 2006) with imprints of fish carcasses (GAUDANT
2002) and other rare fossils (insects — bee, etc.) were
collected. These sediments contain authigenic miner-
als, zeolites, searlesite and even shortite and trona,
suggesting a salty lacustrine environment (OBRADO-
VIC et al. 1997; OBRADOVIC & VASIC 2007).

Age. Their stratigraphic position between the Ser-
bian Lake sediments delimited by discordance and the
transgressively lying Middle Volhinian (Lower Sar-
matian) place them into the lowermost Sarmatian.
Many micromammals from Vracevi¢ indicate that these
sediments belong to the MN 7+8 Zone (MARKOVIC
2003; MARKOVIC & Pavi¢ 2004), actually supporting
the Sarmatian age determined by STEVANOVIC.

In the late Volhinian and afterwards, the northern
part of the Valjevo—Mionica Depression was periodi-
cally flooded by Paratethys water. In a structural bore-
hole in Tabanovi¢ (above and eastwards of Radobicka
Bela Stena) containing freshwater meiofauna (riverine
Potamocypris mostly), there are some interbeds with
Sarmatian molluscs (Jovanovi¢ & DoLi¢ 1994) and
one meter of the Pannonian on the very top.

Upper Miocene lakes

The Paratethys became fully separated from the
Mediterranean and the World Ocean at the beginning
of the Upper Miocene (PAPP et al. 1974), after the
brackish Sarmatian phase of the late Middle Miocene,
as some kind of remote gulf sediments.

Transitional lagoons

On the north-western edge of the Middle Danube
Plain, there are two small ostracode sites of Upper
Miocene age. One is the lowland of Turiec (Prpik
2001) and the other a lagoon near Graz (Gross 2005).
The Turiec site contains the endemic mollusc Kosovia
stromphostomopsis and a nanogastropod, possibly Li-
thoglyphus nannus, (collection of the late Milo§ Ra-
kus). Another Turiec sample of the Martin site (PIpik
2001, Gross et al. 2009) contains sarmatoid fossils
(GozHuyK, personal communication). Both the Grat-
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korn near Graz and the Turiec indicate a faunal suc-
cession near the Middle/Late Miocene transition.

The Maeothian in the Lower Danube Plain, the
equivalent of the Upper Pannonian of Middle
Danubian one, was influenced by sea water in its
lower half, with a venerid Dosinia maeotica. The
upper half has nearly lacustrine fauna; together with
ostracodes some Unionacea Teyserrinaia and Ano-
donta occur (see: GozHYK 2006), as many different
gastropods sometimes in great accumulations (Litho-
glyphus nannus).

Caspibrackisch sea- lakes

The specific (Caspian-like) type of sediments of the
Paratethys sea-lakes overlaps the northern parts of the
Balkan Land from the Middle and Lower Danube
plains southwards (Fig. 3, upper case). Large books
on the Pannonian (PAPP et al. 1985) and the Pontian
(eds. STEVANOVIC et al. 1989) present the geology,
palaeogeography, lithology and their fossil content of
both huge lakes. Therefore, no details are given in the
schematic sketch in Fig. 3. The evolution of the basin
was studied by ROYDEN & HORVATH (1988).

Pannonian Sea-Lake

The Pannonian Sea-Lake is restricted to the Middle
Danube Plain filled by deltaic sediments from the
north-west (KorPAs-HoDI et al. 1992, etc.). The pale-
ogeographic evolution of Lake Pannon within the
Pannonian basin is reconstruced with eight maps,
ranging from Middle Miocene to the Early Pliocene.
The maps are based on the distribution of selected
biozones and specific fossils, and on sedimentological
and seismic information (MAGYAR 1999). Outside it,
only in the Besarabian (Middle Sarmatian) of Mol-
davia (Black Sea Basin) are there a few levels with
Pannonian fauna (PAPP et al. 1985, etc.). According to
STEININGER (1999), the Pannonian started already in
the late Astaracian, the MN7+8 Zone and finished
before the upper third of the MN12 Zone.

The Upper Pannonian equivalent in the Dacian Plain
is the Maeotian. The Maeotian penetrated the Lower
Danube Plain as a deep highly freshened marine gulf.

Pontian Sea-Lake

The caspibrackish Pontian Lake was the largest one
ever on the Earth. It overlaps the Balkan Land not
only from the North but also from the South, less from
the East and the least from the West.

In the Serrai (Strimon) Valley, the Pontian lies over
beds of the Turolian (the supposed continental
Maeotian of STEVANOVIC 1964).

The Pontian and the Maeotian also appear in the
west, as their ostracodes were recorded in the Peri-
adriatic Depression (PAD) of Albania (PriLO & HA-
SANAJ 2002).

The Lower Pontian is present in the vicinity of
Athens, on the island Aegina.

A contact of the caspibrackish Pontian of the north-
ern Aegean (the Katherina, Halkidiki and Strimon
Depression) and the Central Macedonian Lake is not
sufficiently clear. It is possible that there were some
mountain ridges with very narrow and often closed
straits or a threshold of subdued eustatic or tectonic
twisting. In a meridional trench covering the Pela-
gonia-Florina-Ptolemais-Servia Valleys, the Late
Miocene was proved below the Pliocene.

The time span of the Pontian was not large. Ac-
cording to STEININGER (1999), it started before the
upper third of the MN12 Zone and lasted until the end
of the MN13 Zone. The absolute age values are not
mentioned here, as their data are not coherent in differ-
ent publications. According to CHUMAKOV (1993), ba-
sed on fission track analyses, the Pontian started at 7.00
Ma and ended, in the Black Sea area, ca. 5.5 Ma ago,
but in Caspian one, it lasted longer until 5.19+0.89 Ma.

Central Macedonian Lake

Between the Paratethys and the Mediterranean,
there were several Upper Miocene salty lakes (Fig. 3).
The largest among them was the Central Macedonian
Lake (DUMURDZANOV 1997).

The Central Macedonian Lake stretches from the
city of Vranje southwards to Athens. Its width is diffi-
cult to calculate: lacustrine sediments crop out at
Bureli in Albania and in the opposite direction,
through Bulgarian Srednegorie, with gaps, reach
Elhovo (VATSEV 2004; KRSTIC ef al. 2008). Its column
consists of a lower coarse-grained part and an upper
fine-grained one.

The sediments of the lower part of the Central
Macedonian Lake are exhibited in the uplifting
region. They are often badly sorted due to a high ero-
sion rate. None of the autochthonous bentic fossils
were found but an accumulations of vertebrate bones
were widely spread and sometimes very numerous. In
the Axios Valley, lacustrine (?) sediments of the
Turolian (lying below the Pontian), contain bones of
Hominoidea (DE BONIS et al. 1986; KOUFOS & DE
Bonis 2004).

In the upper column part, the sediments of the
Central Macedonian Lake contain diatomitic beds.
The diatom assemblage consists of coarsely orna-
mented benthic forms of genus Aulacoseira, in the
Vranje and Prespa Basins. Similar rough species
Aulacoseira (A. granulata, A. ambigua) are dominant
in SW Bulgaria in the diatomaceous sediments of
Gotse Delchev, Satovcha, Kostenets and Elhovo Ba-
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Fig. 3. The Upper Miocene Lakes: in the North, in the Paratethys realm, these are the Pannonian and Pontian, in the middle
of the Balkan land, it is the Central Macedonian Lake. The whole array of basins of the Pelagonia—Florina—Ptolemais—Servia
hosted a kind of freshened Late Pontian. Diatomite sites according TEMNISKOVA-TOPALOVA & OGNJANOVA-RUMENOVA 1997,
OGNJANOVA-RUMENOVA 2006: E, Elhovo, GD, Gotse Delchev, Ko, Kolubara, Ks, Kostenets, M, Mariovo, Pr, Prespa,
Pt,Ptolemaida, Sa, Satovcha, Sr, Srednegorie, Vr, Vranje. Lacustrine mollusc sites: B, Bureli (Unionidae); Pt, Ptolemaida
(Theodoxus); S, Strimon depression; K, Katherina. Ostracode sites containing also molluscs of the upper part of the Central
Macedonian Lake sediments: 1, Veternik; 2, fortress of Skopje. Main sites of mammal bones: A, Axios, K, Kalimanci;
P, Pikermi; V, Veles.

sins. Their age was determined after the identical mi-
croflora recorded in the Upper Pontian sediments of
the Serbian coal mine Kolubara (OGNJANOVA-RU-
MENOVA & KRSTIC 2007). In Kostenets, they contain
some extinct species which can be considered key fos-
sils for the Pontian. In the Satovcha Basin of SW

Bulgaria, the Upper Miocene diatom microflora con-
tains “the Miocene index-species Eunotia japonica and
Fragilaria miocenica” (OGNJANOVA-RUMENOVA 2003).
The Late Miocene indicates to eutrophic freshwater
lakes, only slightly alkaline, under moderate tempera-
tures (TEMNISKOVA & OGNJANOVA 1997).
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The benthic macrofossils of lacustrine upper part of
the column were found around Skopje and Bureli. The
mollusc fauna is represented mainly by Unionidae,
both in Skopje and Bureli, together with Melanopsis
affinis (KUMATI et al. 1997). At Veternik, to the north
from Skopje, one lens included a few well-preserved
mollusc shells: Theodoxus doricus, T. cf. neumayri,
decorated with ribs and tubercles, and Aphanothilus
as well as several ornamented species of Prososthenia
(DUMURDZANOV & KRSTIC 1999).

Ostracodes are very abundant and diverse in the silt
below the Skopje Fortress. There from, a new genus
Macedocandona with reverse valves (RV larger and
overlaps LV), yielded a species flock containing four
taxa. This new genus shows similarity to the Chinese
Potamocyprella. There are also other taxa, unknown
yet, maybe also oriental. Aberrant ostracodes lived
next to the less numerous halotolerant Fabaeformi-
scandona, Cypria, Cypridopsis and Plesiocyprido-
psis. One marine Callistocythere (Clonocythere?) rep-
resentative was, probably, brought from the Mediter-
ranean area (KRSTIC & GUAN 2000). These ostracodes
have peculiar features and could only be compared
with some taxa from the Chinese Eocene and Oligo-
cene stages.

Age. The mammals of the Veles and other sites in
the Central Macedonian Lake belong to the Pikermian
fauna, i.e., to the Turolian. The closeness of the Pon-
tian at the Strimon Valley and Katherina, but also on
Aegina, near Athens, where Pikermy itself is situated,
indicates that they are superimposed. The conditions
that caused mass dying of mammals during the Tu-
rolian are probably the repeated droughts which
occurred during the MN11 Zone. The palynomorphs
of the upper part of the Central Macedonian Lake, at
Bitola in Pelagonia, indicate a climate change into a
humid warm-temperate one (Ivanov 2002) by the end
of the Miocene.

Eordeian Trench

A different evolution proceeded in a meridional
trench covering the Pelagonia—Florina—Ptolemais—
—Servia Depressions. For one of them, Cvuic (1911)
used the ancient name Eordeian. Here, this name is
applied to the whole trench.

There, only youngest Miocene sediments are pres-
ent; most of the sediment fill belongs to the Pliocene.

The coal-bearing outcrops are made of the Kom-
nina Formation, belonging to the Late Miocene (BOR-
NOVAS & RONDOGIANNI-TSIMBAOU 1983; PAVLIDES &
MOUNTRAKIS 1987). According to orbital signatures, it
mostly matches the Pontian age. In the Lava Section,
this is from 6.9 to 6.2 Ma (STEENBRINK ef al. 2000).
The 6 m of the Ptolemaida Section, above coal (ob-
served during the Pindosexcursion of the 10th Intern.
Congress, Geol. Soc. Greece, 2004) consists of dia-

tomite-containing, mostly, broken Unionidae, in its
lower part and above them, alternate greater or small-
er amounts of snails of different sizes (Theodoxus
macedonicus, Valvata piscinalis, Lymnaea stagnalis).
Two Neglecandona sp. juv. valves come out from a
shell of 7! macedonicus, together with a finest ochre
red limonitic sandy fill. All this indicate redeposition
in water of low energy, diminishing upwards.

Attique

Several localities with aberrant lacustrine molluscs
of Attika were shown by KUHN (1963) and Parp
(1979). Kiihn determined museum material according
the papers of Brusina on the Dinarides. Later Papp
corrected the checklist having his own collection. The
gastropod species are highly endemic: Theodoxus atti-
cus, Th. morulus, Th. milessii, Melanostteira milessii,
Melanopsis (Canthidomus) longa, M. (C.) oroposi, M.
(C.) freydbergi.

The Athens area is now heavily urbanized and fos-
sils have not been collected recently. An important
finding there was during the digging for a swimming
pool at the Pirgos Vasilissis site, also known for mol-
luscs. There were found different mammals, along
with Graecopithecus (DE BONIS et al. 1986): Masto-
don pentelici, Dicerorhinus orientalis, Hipparion me-
diterraneum, Tragoceras amalheus, Gasella gaudryi,
Helladitherium divernoi and Giraffa attica. The age is
late Miocene, like the famous Pikermia mammal site,
lying in the close vicinity of Athens.

The paleogeography of the marine and continental
Miocene of Greece was reconstructed by GUERNET
(1978).

Pliocene lakes

The Pliocene lakes (Fig. 4) developed through dif-
ferent mechanism of origin. The two lakes forming
the northern boundaries of the Balkan Land belonged
to the area of the Paratethys. These are the Paludinian
and Dacian—Romanian lakes. Their sediments are
connected to and gradually grow out of previously
laid formations of the caspibrackish Pontian Lake, as
the Paratethys area continued to subside during the
Pliocene.

From the east, the Balkan Land was flooded by
waters of the Black Sea and from the south by water
of the Levantine Aquatorium. The subsidence was due
to the obduction of Asia Minor over the Balkans,
causing detachment of a “thin skin” (KRSTIC et al.
1999). The “thin skin” even reached the centre of the
present-day Balkan Peninsula, being there combined
with strong crustal extension (MAROVIC ef al. 1999).
Cvui¢ (1911) named the southern aquatorium the
Aegean Lake.
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Fig. 4. Approximate spreading of the two types of Upper Pliocene lakes on the Balkan Peninsula: horizontal lines — the near-
ly freshwater Paludinian and the Dacian — Romanian Lakes; vertical lines — the slightly salty Aegean Lake being in connec-
tion with the oblique lines — Kuialnician Sea — Lake in the East (in the Black Sea realm). Diatomite sites (Sofia, Palakaria,
Karlovo, Pilep, Bitola, Servia) according OGNJANOVA-RUMENOVA (2006) and JENKO & GIUSELKOVSKI (1957-1958 for
Prilep). 1, Moslavina, Kutina ZP-8, ZP-9; 2, Slavonia, Strizivojna V-4; 3, Posavina, Prevlaka OS-1; 4, Erdut P-2; §, Baranja
Hill P-10 (all from SokAc, 1978); 6, Bajmok Sb-5, Sb-6, Sb-7; 7, Coka K-11 and others; 8, Mol K-59 and others; 9, Crnja
Z-11 and others; 10, Lazarevo JT-1 and others; 11, Glozanj G-3 and others; 12, Srbobran SRB-2; 13, Mac¢va: Crna Bara and
Pric¢inovi¢; 14, brickyard at Krivei; 15, Ugrinovei KG-33 and Zemun B-12.13 (from KRrsTi¢, 2006); 16, Baraolt; 17, Silistra;
18, Mazgos$ — Stanjinci, 19, Metohija; 20, Joanina; 21, Eubea; 22, Megara; 23, northern Peloponnesus; 24, Megalopolis;
25, Sparta; 26, Kos (starting with No 16 - by different authors).

Paludinian Lake dinian Lake of the Middle Danube lowland was prob-
ably the deepest, among the Pliocene lakes of the

The Paludinian Beds obtained their name from a  Balkans, lasting for the longest period. At the bound-
synonym of the gastropod genus Viviparus. The Palu- ary, “caspibrackish sediments alternate with limnic
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ones on the border between the ‘Pontian’ and the
‘Paludinian Beds’, therefore making the border
diachronous” (STEVANOVIC et al. 1989).

The Early Pliocene of northern Europe had mostly
an arid and regressive character, especially during its
latter half. At that time, all the lakes in southeastern
Europe decreased in size, and their interconnections
were occasionally interrupted (KRSTIC 20006).

Molluscs appeared in shallow water, along the
coast or on the shore. The Paludinian molluscs cited
by KNEZEVIC (PAPAIANOPOL et al. 2003) are distributed
according to Viviparidae stratigraphy. In the Lower
Paludinian, along with the smooth key species V. neu-
mayri, ornamented Unionidae appear as Rytia bielzi,
Cuneopsidea partschi and many Melanopsis species.
In the Middle Paludinian, the key fossil is Viviparus
bifarcinatus followed by other ribbed, smooth and
ornamented unionids, a few Melanopsis species and
different extinct gastropod taxa. The Upper Palu-
dinian is marked by the key species V. dezmanianus
and other knotted, but also some smooth viviparids
along with different Unionacea and some extinct
Theodoxus, Hydrobia and Valvata as several species
of Melanopsis. To the Pliocene belong Viviparus
boeckhi Beds still having ornamented Unionidae: Po-
tomida sturi, P. wilchelmi, Wenziella, Rugunio as the
first Unio cf. pictorum, then Pisidium rugosum, Hy-
drobia syrmica, etc. Some recent species, such as
Dreissena polymorpha, Fagotia esperi, Theodoxus
transversalis and many others are known since the
Middle Paludinian.

The ostracode meiofauna, as well as planktonic
microflora, was evenly distributed by wetland birds,
which carried it over large distances. The numerous
records of ostracodes enable a quite precise recogni-
tion of the arid phases which were present with vari-
able intensity and quantity, depending on the particu-
lar basin. For the Middle Danube Plain, the key fossils
are Cypris subglobosa mandelstami, Zonocypris
membranae, Stenocypris cf. boileki, Cyprideis torosa,
and various taxa of Limnocytheridae (KRSTIC 2006).
Representatives of Leptocytheridae are rare (SOKAC &
KRrsTIC 1987).

The Upper Paludinian Beds have a transgressive
character. The lakes increased in size and in the Upper
Pliocene, they were widely connected with each other
(KRSTIC, et al. 2005). Only once did evaporation pre-
vail, indicated by Scordiscia, making distinctive sub-
zone in the lower part of the Upper Paludinian Beds.

The most important species of ostracodes in the
Upper Paludinian Beds is /lyocypris malezi. Most of
the other taxa are known from extant biotopes, but the
Paludinian Lake contains exclusively halotolerant
forms, probably those that also thrived in alkaline
environments. Subspecies of recent species are com-
mon (only a few of them were occasionally described,
therefore most are indicated by “cf.””). These subspe-
cies lasted until the Mindel / Riss interglacial

(300-100 KAa): Ilyocypris ct. monstrifica, Cyclocy-
pris cf. serena, C. cf. impressopunctata, Laevicypris
laevis ducatensis, Trajancypris cf. laevis, as well as
the species Ilyocypris sokacae. The subspecies Scottia
browniana kubanica and Ilyocypris getica crnjanskii
became the main species below the Pliocene—Ple-
istocene boundary. Both subspecies of the species
Scottia browniana, indicate an environment of high
water energy, while they are abundant in more or less
sandy sediments (KRrsTIC 2006).

In the Dinaric realm, Viviparids and large mammals
are known from the Vinodol-Ilirska Bistrica graben.
An erosional remnant in a supposed Pliocene lake
strait, on the way to Adrian, in Srb, along with Hydro-
biids just a single Erpetocypris was recorded (JURISIC-
PoOLSAK et al. 1997). In Istria, STACHE (1889) collect-
ed also Viviparus snails.

A curiosum is that Pliocene ostracode communities
of the same type as in the Pannonian Lake appear as
far as Thiiringia (KRrsTIC 2006).

Dacian—Romanian Lake

The Dacian—Romanian Lake lies on the Platform
Moesian, covering mostly the Romanian plain and
only small part crosses the Danube towards the south
covering a little of Bulgarian territory.

At the Miocene—Pliocene transition, the Paratethys
water retreated and connection between the Pan-
nonian and Dacian Basins “was reduced to a system
of channels and straits” (Enciu 2007). Its water chem-
istry changed and in the Dacian Basin, along with dif-
ferent Lymnocardiidae (Pachidacna, Dacicardium,
Pseudocatillus, Stylodacna), the “first species of Psi-
lunio (Psilunio), Jaskoa and numerous gastropods of
paludal facies (Valvata, Planorbis)” appear. “The in-
ternal change of lithology, architecture of sedimenta-
ry rhythms and thickness depended on the slow tec-
tonic movement of the Moesian” Plate. The Early
Pliocene was named Dacian, the late Romanian; they
continue one after other making a single Dacian—Ro-
manian Lake.

In volume, Dacian (MARINESCU & PAPAIANOPOL
1995) in a description of the Getian substage Lake
was figured as large and spread over the whole of the
southern plain of Romania, ending in the south at Lom
in Bulgaria. Bivalvia Lymnocardiids are diverse and
numerous, giving the name Pachidacna — Beds to Ge-
tian, but there are enough Dreissena polymorpha,
Viviparus rumanus and other molluscs in it. Thick
coal beds spread over western and northern part of the
Dacian Basin.

During the late Dacian, the Paskovian substage, the
Lake shrank considerably, retreating from the west
and north, where the coal areas were situated; now
coal appears in the middle of this smaller Lake, but
also in its NE portion were there was nearly none
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regression, as opposed to the southwards ingression in
the middle and eastern Lake portions. The main fos-
sils are Lymnocardiidae: Limnodacna, Pseudocatil-
lus, Horiodacna, Dacicardium, Prosodacnomya and
some gastropods, such as, Lithoglyphus. Among the
ostracodes in Bulgaria, halophilous species prevail,
such as Cyprideis torosa, Paracyprinotus salinus and
the extinct Zonocypris membranae, also the halotoler-
ant: Pseudocandona compressa, Laevicypris laevis
and Neglecandona. In the Robpitori borehole, Romano-
castor filipescui was determined to the MN14 Zone
belong Berepti site rich in micromammals and
Ciupreceni with large mammals.

The Upper Pliocene, Romanian spread its aquatori-
um even larger than it was at the beginning of the
Pliocene. The Romanian stage of Moesian Plate was
delimited towards the Black Sea, the Kuialnician bio-
facies, by a threshold laying to the south of the Buzau
River. It was not a barrier while the two sea-lakes
communicated over it (PAPAIANOPOL et al. 2003). This
could be used to explain Pliocene remnants in Ba-
raolt-Brasov intramontane depression containing
aberrant ostracodes, molluscs and mammals.

The Romanian has its tripartite biostratigraphic
subdivision supported on molluscs: while Lymnocar-
diidae vanished, Unionacea flourished. The Lower
Romanian contains smooth unionids accompanied by
Viviparus bifarcinatus, Jaskoa sturdze, Psilunio sibi-
nensis and Melanopsis rumana. The Middle Romani-
an is rich in ornamented unionidae, corroborating a
higher temperature when CaCOj; intake was faster; it
is possible to distinguish three contemporaneous zo-
nes: a) Rugunio lenticularis, Rytia slavonica; b). Pri-
stinunio davilai with Viviparus stricturatus and c) Bu-
limus vukotinovici with Canthidomus lanceolata. In
the Upper Romanian, climatic variations are observed
according to lacustrine, palustrine and terrestrial fa-
cies, the zone with Ebersiniana milcovensis and sub-
zone Unio kujalnicensis. In the Romanian stage are
present: Ilyocypris angulata, I. lanceolata, Zonocypris
membranae, Berocypris, Kowalevskiella, Scordiscia ji-
riceki (taxonomy corrected according to KRrSTIC 2006)
and others. Mammals are recorded in two areas of the
Romanian Plain: the ten outcrops at the slope of Car-
pathians along the Olt and neighbouring rivers belong
to the Gilbert and early Gauss (4.3-3.1 Ma) and
Slatina 1, 2, 3, as the Tetoiu to the Matuyama (2.6-1.9
and 1.75 Ma) (PapaiaNopPoOL et al. 2003).

The mentioned Baraolt—Brasov Depression could
be a remote bay of the Black Sea. Kuialnician pene-
tration into the Carpathian Mountains and having
higher salinity (due to evaporation and the narrow
strait), Paradacna abichi, Lymnocardium zagrabiense
and even Budmania, being there in a refugium, were
therefore determined (MARINESCU & PAPAIANOPOL
1995). From the Baraolt Basin in the Carpathians, the
first recorded species was “Candona” kinkelini. Eight
ostracode taxa are identical for both Baraolt and Me-

tohija (in southern Serbia), and one of them is shown on
the drawing—Carpathocandona bataniica (from Me-
tohija). The last belongs to the most distinctive find at
Baraolt—a species flock of bimucronate Candoninae,
there together with Cyprideis jekeliusi and a few
Leptocytheridae species of the Pontian type (PAPAIANO-
POL et al. 2003). In Baraolt-Brasov, one mammal-bear-
ing column started at 3.7 and ended at 3.5 Ma; the
remaining three columns started at 3.5 and ended at
3.1 Ma, hence they belong completely to the Early
Gauss, in other words, to the middle and the first one
partially to the Lower Romanian.

Aegean Lake

The ancient Aegean Lake covered the southern
Balkan Peninsula, Aegean Sea and parts of Asia Mi-
nor. Its water chemistry was similar to seawater but
much diluted, while it comes from the Black Sea
Kuialnician biofacies. It is fossil-bearing from Koso-
vo and Metohija to the Peloponnesus. At the same
time, the southern part of the Balkan Peninsula com-
municated with the Mediterranean Sea. This can be
observed in a column of Megara near Athens, where
Melanopsis layers and Cardium layers alternate
(GEORGIADES-DIKEOULIA et al. 2002).

The largest area with fossiliferous Pliocene sedi-
ments lies approximately in the middle of the Balkan
Peninsula. It is Kosovo and Metohija where mollusc
fauna (mostly congerias and Viviparus) in places lit-
ters the sediment (PavLovic, 1903). The ostracode
fauna of the area is rich and diverse-three groups of
ostracodes are distinguishable (KRSTIC et al. 1988).
The species which are the same as recent freshwater
ones are: Fabaeformiscandona krstici, Cypria kara-
mani, C. sketi, Paralimnocythere ohridensis, P. geo-
gevitschi, with some others, such as Candona candida
pliocenica, which are related to them. On the other
hand, there are species of the Kuialnician type, such
as Graviacypris, Zalaniella, Ohridiella, Reticulocan-
dona as the very rare Amnicythere and Cyprideis; also
extinct species Ilyocypris malezi, Scottia browniana
kubanica. Bimucronate Candoninae belongs to an
intermediary group.

West of Sofia, at the very border of the state of
Serbia, the erosion remnants of Pliocene sediments
are present at the open coal pits in Mazgos$ and Sta-
njinci. In Mazgos (Serbian mine), the halophilous
ostracodes Paracyprinotus salinus and Neglecandona
angulata decimai were recorded together with halo-
tolerant ones, such as Peudocandona compressa and
others. The mollusc fauna present in Mazgos includes
the ubiquitous pond species Planorbarius corneus and
Galba palustris as well as a slightly smaller and
Planorbarius—shaped, African snail (JOVANOVIC ef al.
2005). This intramontane area was slightly influenced
by Kuialnician water, in the same manner as Metohija.
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Towards the south, sediments of the same Upper
Pliocene age with numerous fossil ostracodes and
molluscs, such as Viviparus brusinai, are recorded in
the basins of Joanina (GUERNET et al. 1977), also at
northern Eubea (MOSTAFAWI 1994), in the open pit of
Megara near Athens (GEORGIADES-DIKEOULIA et al.
2002), on the north of Peloponnesus (MOSTAFAWI
1994), as well as the central part of Peloponnesus at
Sparta (GUERNET 1979; KrsTIC & VELITZELOS 2002)
having the same community in Megalopolis (LUTTIG
& MARINOS 1962).

There are similar interesting associations away
from the Balkan Peninsula mainland on the island Kos
(GUERNET et al. 1976; MosTarawi 1988). All this
means that Paratethys water during the Upper Plio-
cene poured into the nearly dry Mediterranean depres-
sion, yet recorded only close to Barcelona (GILLET
1965) and curiously in the upper Ebro Basin
(RODRIGUEZ-LAZARO & MARTIN-RUBIO 2005).

Implications

For the precise determination of the biostratigraph-
ic placement of lake fossils, the ostracode communi-
ties have to be used for various purposes. The ecolo-
gy and distribution of certain species, clear enough in
the younger levels, indicate the evolution of climate.
The correlation with other similar or different palaco-
biological units enables an understanding of the evo-
lution of the Balkan lakes in Neogene time and space.
These conclusions mirror the geodynamic evo-
lution—the distribution of equivalent time sediments
indicates the tectonic mechanism that preceded them.
The obtained data are actually proof for the existing
tectonic models (CIPOLLARI et al. 1999; MIKES et al.
2008). However, certain explanations are still lacking.

The transition from the latest Oligocene limans into
early Miocene lakes is connected to compressive clos-
ing of the strait between the Western (Dinaric) and the
Eastern (Carpatho-Balkanic) Islands. The origin of the
water basins also assumes transcurrent movements
along the straits in the direction North—South, with
perpendicular faulting at their sides, causing the
appearance of depressions in the West—East direction.

The origin mechanism of Dinaride System of Lakes
slowly becomes apparent, aside it spreading across
the Middle Danube Plain until behind the Alps. The
explanation by De CApOA and RADOICIC (2002) is that
tectogenesis of the External Dinarides “actually
occurred during the Early Late Miocene”, so the early
extensional movements could commence in the mid
Lower Miocene, while the faulting occurred later. A
detailed study of palaeostress in the Central Dinarides
“indicates, a NE-SW contraction, as well as a subor-
dinate NW-SE extension, which is related to the early
Miocene shortening of the Dinaric orogenic wedge”
(IL1¢ & NEUBAUER 2005). These pressures caused iso-

clinal folds of the Dinarides along the Adriatic, where
de CarPoA & RaDOICIC (2002) recorded a continuity of
sediments from the Eocene to the Seravalian. Whether
the Eubean Kymi site (VELITZELOS & GREGOR 1990)
is a part of this folding is difficult to say. The last
research prolonged the marine Miocene northwards
until Istria (Triesete—Kopar and Pazin Basin) all along
the Outer Dinaride (MIKES ef al. 2008) “Upper Oligo-
cene palynomorphs, nanofossils and larger foramini-
fera in the Pican flysh” (Istria) “have been dated here-
in to be not older than the Late Burdigalian™ accord-
ing to nanofossils which “tolerate reduced salinity”.
For the islands Rab and Pag (BULIC & JURISIC-POLSAK
2009), with their freshwater ostracode genera and
congerian fauna, the conclusion should be the same,
namely, there was a large lacustrine aquatorium of the
Ottnangian Stage.

The Chinese biota had to travel a long way to the
Dinaride Lake, from one refugium to another, carried
by birds, in order to appear in south-eastern Europe in
the Lower Miocene. Some such refugiums are pre-
sented on the Palaeogeographic Maps of SE Euro-
pe-SW Asia (Popov et al. 2004). A large Dne-
per—Donets Basin, from Donets High over Kiev and
into Poland contains congeria fauna in its gulfs and
estuaries of already freshened sea.

For the Middle Danube Area, HAMOR (2001)
declared that “the marginal sediments of the Ottnan-
gian transgression are the ‘Oncophora-bearing sand-
stones’” and that it was “detected in the NN3 Zone,
the ‘Rzehakia layers’ ... in the Vienna Basin”, in
northern Hungary and in Czech Moravia. HAMOR
drew quite narrow river valleys on his map of the
Lower Miocene (Upper Eggerian—-Eggenburgian—Ot-
tnangian), where fluvial channel line facies and flu-
vial floodplain facies separated. According to the dis-
tribution of the lacustrine pre-Badenian in the Serbian
part of the Middle Danube Plain (COLL. AUTH.
1968-1995), the equivalent sediments are widely dis-
tributed but preserved only as remnants of erosion
processes.

For the Serbian Lake, there is a hypothesis of post-
collision spreading (CVETKOVIC et al. 2000, 2004) and
later compression (PRELEVIC et al. 2005), explaining
the great elongation of this “narrow” lake. However,
the original width of the lake was much larger than
shown in Fig. 2. Its eastern half is compressed be-
tween the many stripes of the Carpatho-Balkanides
and often deeply buried Neogene (KRSTIC ef al. 1988).
The time of these movements approximately corre-
sponds to the boundary between the Lower and Mid-
dle Miocene, but it cannot be precisely determined as
the coal-bearing “lower Badenian” part of the lacus-
trine sediments is folded and faulted, while the upper
part remained almost horizontal. In the Serbian Lake,
the depth zones are already recognizable: the almost
unconsolidated lake chalk with “Candona” cf. similil-
ampadis at Knjazevac, compressed between the gabro
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massif of Zaglavak at the East and Mesozoic rocks in
the West; the right transcurrent Timok dislocation
transversely cuts through Jurassic limestone and an
over - laying succession of lower Cretaceous strati-
graphic units (KRSTIC et al. 1970; KRAUTNER &
KRrsTIC 2003).

The spacious valleys of the mid-southern Balkan
(including the Pelagonia—to Servia trench—PAVLIDES &
MOUNTRAKIS, 1987; STEENBRINK 2001), where the
Upper Miocene continental and lacustrine sediments
were laid, could be connected with the collapse of the
present-day Aegean Sea (MAROVIC ef al. 1999). This
extension follows the closing of the Middle Miocene
Serbian Lake in the North, due to a compression of the
actual bending of the Carpathian-Balkan Arc.

Upper Miocene sediments have their widest distri-
bution in Macedonia and a somewhat smaller area
along the southern flank of the Balkan Mt. and nearly
the whole of southern Bulgaria (OGNJANOVA-RUME-
Nova 2001, 2003, 2007). Towards the west, the Bureli
surroundings in the middle of Albania (KUMATI et al.
1997) could be an extremely freshened distal part of
an Adriatic bay containing Unionacea. A small ero-
sion remnant, rich in ornamented Theodoxus, is situ-
ated in the town of Athens (KUHN 1963; Paprp 1979).

The Pliocene tectonics is quite different, being con-
nected with the obduction of Asia Minor over the
Balkan Land. The obduction caused the detachment of
a “thin skin” layer over a wide area from Sofia and
Metohija southwards, with very visible bow-shaped
boundaries near Skopje (COLL. AUTH., 1968-1995).
The obduction reflexes might be found all the way to
Cacak and Rtanj (KRSTIC, 2006), and towards the west
to the Adriatic Coast in Albania, as well as in its
Peshkopi Trench (KRSTIC et al. 1999). The Monte-
negro—Adriatic fault caused great earthquakes.

Due to such a great impact of tectonics on the pres-
ent distribution of the Neogene lacustrine sediments,
a palaeogeographc reconstruction is difficult. Each
individual lake or any of its parts would have to be
studied in greater detail-that would be one of palae-
olimnology important tasks. The problem is an insuf-
ficient number of observation points and an even
smaller number of detailed studies of fossil associa-
tions in the Miocene part of the Balkan Peninsula
Neogene. The number of samples from the Pliocene is
already considerably larger, especially in the Middle
Danube Plain, and their fauna is similar enough to the
extant one that a palaeogeographic map could be con-
structed (KRrsTIC 2006). For the Pliocene spreading all
over southern Europe and SW Asia, a reconstruction
was performed (KRSTIC et al. 2005).

The chemistry of the lacustrine water could be
deduced based on a number of “endemics”-the aber-
rant taxa-and the ornamentations on their shells. There
is a surprising diversity in the ornamentation of ostra-
code genera that in freshwater environments are either
smooth or only insignificantly punctuated, such as the

various systematic categories of Candoninae, except
Pseudocandona. The genus Potamocypris has tuber-
cles or spines, some Limnocytheridae taxa (the one
transported from China and Russia) may be heavily
ornamented with ridges and tubercles along with a
denticulate hinge, etc. The chemistry of the water
sometimes caused reversion of the shells, when the
left ostracode valve acquires the characteristics of the
right one and vice versa. Theodoxus ornamentation
was also noticed. Even the lack of ostracodes and
other organisms that bear a calcium carbonate shell
can indicate the acidity of the lake water. This charac-
teristic is due to intensive volcanic action in the
Sumadijan Lake.

The energy of the water is represented through the
presence or absence of certain groups. In addition to
the gastropods Fagotia, Theodoxus and Lithoglyphus,
ostracodes may also be reophilous, for example
Scottia browniana.

Changes in climatic belts cause the presence or
absence of certain ostracode species. While in the
Pannonian Plain, the Pliocene taxon Scoftia browni-
ana kubanica is very abundant and at Metohija, it is
rarely represented but still recorded, it is completely
missing in Peloponnesus and southwards. The repre-
sentatives of the species /lyocypris malezi are smaller
in the Aegean than in the Paludinian Lake, probably
due to the warmer climate in the southern areas.

A climate reconstruction is possible for the late
Pliocene and for the lacustrine Pleistocene. By the end
of the Pliocene, colder winters are recorded while in the
same sample may be found both—summer and winter
generations of a particular species (cold winters and
warm summers)-hence, a climatic cooling may be
directly recorded. In the older lacustrine sediments,
reconstruction of the climate is more or less connected
with the reconstruction of the water chemistry, when it
is affected by the climate. Thus, warm temperatures
cause an increase in evaporation and, therefore, also a
diminishing of the tributaries. Both increased the min-
eralization of the water. However, it is more complicat-
ed—when a lake decreases in size, due to aridity, it loos-
es not only its influx but also its outflow, hence the bal-
ance in the water chemistry is affected.

Ostracode meiofossils are the best support for stud-
ies of lacustrine sediments as they are much more
abundant than molluscs, they are also autochthonous
benthic organisms and since studies of diatoms,
dinoflagelata and endemic calcareous nanoplankton,
which were often transported still alive, are less sig-
nificant.

The main means of meiofauna and microflora uni-
fication, when the environment is appropriate, is dis-
semination by birds. Old ideas of their evolution in
restricted geographic region were born due to the slow
evolution of the environment chemistry in the
Paratethys and similar areas. Understanding that bird
transport was the main agent of ostracode dissemina-
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tion providing the meiofauna of the Central Mace-
donian Lake (KRrRSTIC & GUAN 2000) explains why the
ostracodes have no similarity with those of the neigh-
bouring Paratethys parts but with the Kainozoic lacus-
trine ostracodes of China. The same comprehension
was a little later placed for the microflora—diatoms
and dinoflagelata (personal communication by OG-
NJANOVA—RUMENOVA) and afterwards for larval stages
of gastropods, maybe all molluscs (personal commu-
nication by Bandel, Hamburg). It is not known how
many ancient refugia existed between China and
southeastern Europe. Some of them, since Lower Mi-
ocene, contain congerian and other fauna, still insuf-
ficiently correlated between themselves. The recent
molluscs and ostracodes of western and central
Europe are identical in every of lake and pond due to
the circulation of wild geese. However, there are dif-
ferent recent species in the southeastern part, especial-
ly on the Balkans, due to the different climate and bird
migration, which come from SW Siberia and have
their feather change on the Caspian. In general, today
and in the past, bird migration had the same direction,
from east toward west, due to the rotation of the Earth.
Hence, the appearance of the community from Chi-
nese early Eocene is the same as in the early Pliocene
of the Middle Danube Lowland; the same species
Ilyocypris angulata Sars lives today in the H’nka
Lake near Vladivostok with its subspecies found in
the Middle Paludinian Beds (KrsTIC 2006) and so on.

Meiofauna indirectly provide data on ancient water
chemistry, even by their absence due to lake water
acidity. When the obtained proxies are combined with
studies of palynomorphs and macroflora, there is a
possibility for conclusions about the climate in the
whole Neogene past. Matched with sedimentological
and other geological studies, they provide data for
palaeogeography and tectonics, which can protects us
from geological hazards.

Conclusions

The time of the appearance and the distribution of
lacustrine basins on the Balkan Peninsula were caused
by numerous processes at the boundary of the
asthenosphere and the lithosphere, combined with
movements of tectonic plates.

The water of the Sumadijan Lake used to have high
acidity, judging by the absence of autochthonous car-
bonate fossils. It may be assumed that the lake was
formed by the collapse of a magma chamber, from
which the numerous magmatic bodies have already
erupted, including the massifs of Bora¢ and Kotlenik.

The Dinaric system of lakes was formed by pulsat-
ing indentation of Adriatic plates towards the north.
The Dinaric mountain system was formed by under-
thrusting and uplifting, leading to greater elevation of
younger sediments and the altitudinal difference of

about 2000 m between the same levels, for example
Livanjsko Polje and the freshwater biofacies of Ku-
pres. The measured absolute age of the younger Neo-
gene of Sinj, deposited in mineralized water inhabited
by dreissena, is 17.92 + 0.18 Ma.

The Serbian Lake originated by the postcollision
spreading of western and eastern Balkan Islands. At
the East, the nape of the Carpatho-Balkanides has
covered the older Lake, coal-bearing sediments with
Mesozoic and other older sediments in the meridional
direction. In the younger subhorizontal part, there are
coarse-grained coastal limestones with Kosovia and
fine-grained siliciclastic rocks rich in benthos fauna in
lentic areas. The fauna shows a slight indication of
mineralization. The profundal in the deeper parts of
the Lake is highly mineralized with well-preserved
remains of fish. According to the diatomic associa-
tion, it may be concluded that the Lake stretched
southwards to the Simitli Valley in SW Bulgaria.

The marine Badenian later gradually penetrated
from the North into the Serbian Lake, and the furthest
attained area was in the Morava Bay: the Middle
Badenian, of Sarmatoid biofacies, reached the town of
KrusSevac. The other bays were shorter and shallower:
at the Mlava Bay, the meiofauna close to the coal was
of the freshwater type - with abundant characean gy-
rogonites. The marine Middle-Badenian fauna pene-
trated to Doboj down the River Bosna Valley. The
Viennese type of Badenian reached Bulgaria and east-
ern Serbia through Romania, along the River Olt .

Generally speaking, the northern boundary of the
Serbian Lake sediments, predisposed by faults in the
W-E direction, moved slowly southwards. Therefore,
in southern Banat, the Papuk belt, the marine Lower
Badenian continuously ascended from the lacustrine
pre-Badenian. The belt passing through Belgrade in-
cluded the Middle Badenian only, while to the south
from Bukulja and in Valjevo—Mionica Depression, the
lacustrine-riverine Lower Volinian with Potamocypris
was concordantly covered with brackish Mactra lime-
stone of the Middle Volinian.

The deep gulfs at the northern and western edge of
the Pannonian Plain were inhabited by endemic fauna.
The one close to Graz was determined as Sarmatian
(due to vertebrate bones), while the other in Hungary
is the equivalent of freshened Badenian and includes
Black Sea biofacies.

The two Upper Miocene lacustrine phases, the
“Pannonian Sea” and its much greater Pontian descen-
dant, have entered over the Balkan Land to the south
to only a small extent. However, the Pontian part also
approached the Balkan Land from the South, via the
Aegean, and from the West in the Periadriatic De-
pression of Albania.

The Aegean collapse reached northward to Vranje. It
was widespread in central Macedonia and SW Bul-
garia. The Central Macedonian Lake was a tectonically
mobile area; hence, the older coarse clastic sediments
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with mammalian remains (Veles, Kalimanci, efc.) were
preserved over a wider area than the younger fine-
grained lacustrine sediments with endemic macro and
meiofauna and rich microflora. The Central Mace-
donian Lake was bordered by a threshold from the
Pontian of the Aegean Lake in the South. In Greece,
besides the Eordean Rift, there are numerous valleys
stretching from Athens southwards and across the sea
to Rhodes and the Anatolian Xanthos Ritt.

The Pliocene lakes from the North entered the
Southern areas along the coasts of the Balkan Land.
These are the Paludinian and the Dacian—Romanian
Lakes. In the Middle Danube Valley, the gradual de-
crease in salinity influenced the formation of orna-
ments in species of the genus Viviparus and numerous
taxa of Unionacea. In the ostracodes, there are some
almost exclusively halotolerant species, with the
exception of rare layers with halophiles. In the Lower
Danube Valley, a great regression is observed during
the Dacian stage, as well as the transgression during
the Romanian stage.

The Kujalnitian of the Black Sea reached to the
Buzau River; hence, the BraSov-Baraolt Depression in
the Carpathians was narrowly connected to the Black
Sea, having more saline biofacies. To the south from
Stara Planina, the waters of the Black Sea flooded the
SE part of the Balkan Land, as a consequence of the
obduction of Asia Minor over the Balkans.

In the southern parts of Greece, the lacustrine
Pliocene was alternating with marine biofacies in short
intervals. This was the area of contact between the
water bodies of the Paratethys and the Mediterranean.

The occasional records of Pliocene formations with
Viviparus and meiofauna, reaching westwards into
Spain and northwards into Thuringia, pose a question
about the uniformity of the lacustrine biotopes of the
Late Pliocene and the transport of smaller organisms
(including mollusc larvae) inside the plumage of
migratory birds.

This concludes the present-day knowledge on the
origin, development and disappearance of the Mio-
cene and Pliocene lakes on the Balkan Land.
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Pe3ume
Heorena jezepa na bajnkanckom KONHY

Bpeme HacTaHka u pacmopeq je3epckux OaceHa Ha
bankaHCKOM MOJNIyOCTpBY MOCJHEIUIA Cy KpeTarmba
TEKTOHCKHMX TUIO¥Ya W JIPYTHMX Mpoleca KOju Cy ce
JleTTaBaJIM Ha TPaHUIM acTeHocdepe u JIuTochepe.

Bopa Illymaamjckor jesepa je Omima mocTta Kucena
jep y memy Hucy Hal)eHH ayTOXTOHH KapOoHaTHU (ho-
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cw. MoXke ce IpeTIOoCTaBUTH Jia je je3epo HacTajlo
ypylIaBameM Marmarcke KoMope 3 Koje cy ce Beh
n30mira OpojHa MarMarcka Tena, yKJbydyjyhu macuse
bopau u Kotnenuxk.

JuHapuacKu cucTeM jesepa je MPOmyKT MyJICaIluo-
He WH/IeHTaIuje JaapaHnckux mioda ka cesepy. JuHa-
PHUICKH TUIAHWHCKH CHCTEM j& HacTao TMOJBIIavYCHEM,
ITO je W3a3uBajo IIOCTENeHO W3AM3ame Miahux
cellMMeHaTa W BUCHHCKY Pa3JIMKy O]l OKO JIB€ XUJhaJle
MeTapa u3Mel)y MCTHUX clojeBa, Kao Ha TIPHUMED
mmely JImBamCKOT TToJba M CIATKOBOIHUX OModarm-
ja Kympeca. AncomyTtHa crapoct miualer ,,KOHTepH]-
ckor’® nena CUBCKOT HEOTeHa, TAJIOKEHOT Y MUHEepa-
JU30BaHOj BOaM, m3HocH 17,92 + 0,18 Ma.

IIpoctpano Cpricko je3epo HACTAIO je yCies MmocCT-
KOJIM3MOHOT OJ[0Wjarka 3alaJHOT M MCTOYHOT bankaH-
CKOT OCTpBa. Y FHETOBOM HCTOYHOM JIEINTy, TIOBHjambeM
Kapmaro-bankaanma momumo je 10 MoKpuBama CTapH-
JUX ceaMMeHara ca Me3030jCKHM W APYTHM CTapHjuM
CeMMEHTHMa MEpUANOHAIHOT TpaBia. Y wiahem
CYOXOPH30HTAITHOM JIeNTy MOTY C€ Pa3IHKOBATH MPHO-
OaJcke Kpedmadke TBOpeBruHe ca Kosovia i CHTHO3pHU
CHJTUIMKIIACTUTH OOraTUX OEHTOCKOM (hayHOM ca Ma-
JTUM WHAWKanujamMa MuHepanm3anuje. lIpodpyrman
IyOJBHX JIeNOBa je3epa BHUCOKO jeé MHHEpPAIH30BaH ca
n00po cauyBaHUM ocTarnmMa pubda. Ha ocHoBy amjato-
Meja MOXKe Ce 3aKJbyJUTH Jla Ce TpeMa jyTy je3epo
npyxano 1o Cumutiu noronuae y J3 byrapckoj.

Mopcku OazieH je KacHHje ca ceBepa HpoApo Y
Cpricko jesepo, Hajmaske Yy MopaBCKOM 3aJIMBY; CPe-
U 0aJieH, y capMaToniHOj Onodarju ce mpocTupe ce
xox Kpymresna. Jpyru 3anmuBu cy Owimm kpahu u 1m-
hu: y MaBckom 3aimBy je MerodayHa CIaTKOBOIHOT
TUTA, a TUPOTOHUTH Xapamea cy Opojau. Mopcka
cpenmolaieHCcKa (ayHa je Tpoapia Tyx peke boche
1o Jloboja, a y byrapcky u ucrouny CpOujy je Oeuxn
TUN OasieHa cturao npeko Pymynnje, myx pexe Onr.

VYormte mocMaTpaHO CeBEpHA TPaHMIIA CeTUMEHa-
ta Cprckor jesepa, mpuOmmxHO npaBna 3—1 momako
ce momepana TpeMa jyry, ma y mojacy jyxHu ba-
Hat—Ilamyk Mopcku momu 0ajgeH TOCTENeHO je W3-
pacTao u3 jesepckor npebasieHa. Y 1mojacy Koju Ipo-
ma3u kpo3 beorpan 3actymbeH je camo cpenmu Oa-
IIeH, a jy)kHO o bykyibe n y BasbeBCKO-MHOHHYKO]
ITOTOJIMHY je€3epCKO-PEYHH JOHH BOJHMH ca Potamo-
cypris W KOHKOPJIAHTHO j€ TPEKPUBEH OpaKWIHUM
KpedmaKkoM Cpemer BomHa ca Mactra.

Ha ceseprom u 3amagHom oboy [laHoHCKE HU3HjE
nyOOKM 3aJMBH Cy OWIM HACTambeHU CHISMHUIHOM

¢aynom. Hexka je ompehena xao capmar (kocTtu Ku-
uyMemaka), Apyre cy y Mabhapckoj ekBUBalleHTH
OazeHa U cajprke pHOMOpCKe Onodanmje.

JBe ropmomuorieHcke jesepcke daze [laparernca —
“ITaHOHCKO MOpE” M HEroB MHOTO MIPOCTPAHUjH TTOH-
THjCKH HACIEIHWK — CaMO MalluM JeJIOM 3aiase
mpemMa jyry Ha mpoctop baikaHckor korHa.

Erejcku xomanc je mocturao Ha ceBep 0 Bpama.
HejcTBo Komarica ce ocehanmo y TpOCTOpY Cpenmbe
Maxkenonnje kao u J3 byrapcke. llenTpamno Maxe-
JTOHCKO je3epo je OMII0 TeKTOHCKH MOOWIIHU TIPOCTOP,
OTyZa CTapuju IrpyOOKIIACTUYHHU TaJIO3H Ca OCTaIMMa
cucapa (Bemec, Kanuvanim u ap.) 3axBarajy mupe
noapydje Hero mualhu GUHO3PHU je3epCKU Tajlo3u ca
SHIEMUIHOM MaKpo W MernodayHOM W OOTaToM MH-
kpodmopom. llenTpamHo MaxkemoHCKo je3epo je Ha
JyTy IenMMHYHO Of[BOjeHO of moHTa Erejckor jezepa
Ha jyry. Ocum Eopaejckor poBa 3axBara jomr u OpojHe
MOTOJIMHE, a TMPOCTHPE CE jy)KHO O ATHHE W TIPEKO
Mopa 1o Pomoca u anagomnckor Kcanroc rpadena.

[InmnomeHcka je3epa Ha ceBepy HE3HATHO 3ajias3e Ka
jyry nyx obana bankanckor xorHa. To cy IlamynuHcko
n JlakujcKko-poMaHHjCKO je3epo. Y CpembeayHaBCKOj
HU3HUJH TTOCTETICHO CHIKEHE CIIAHOCTH BOJIE O/IPA3HIIO
ce Ha CKyNITYypy Bpcta poma Viviparus m OpojHOCT
takcoHa Unionacea. OcTpakosie Cy 3acTyIJbeHe CKOpPO
caMoO XaJIOTOJIEPAaHTHUM BpCTaMa, MaJia iMa M PEeTKUX
ciojeBa ca xamodmiuma. Y HM3WjH JOomer [lyHaBa
JacHO ce TMpero3Hajy WCYIIMBamka HacTala TOKOM
JTAaKHjCKOT KaTa Kao ¥ BOJAOM OOTaTH pOMaHHU|CKHU KaT.

VYuyrap Kapmara, nenpecuja bpamos—bapaont 6u-
JIa je TIOBe3aHa ca IPHOMOPCKUM KYjaJIHUKOM IITO je
noripao 1o peke bysay. CnnyHa Besa je mocTojana u
jyxuo on Crape Ilmanune jep cy Bome Llpror mopa
nperiaBuiie JU neo bankaHckor KomHa Kao MOCe/u-
1a ooxykiuje Mane Asuje Ha bankaH.

Ha jyry I'puxe, jesepcku IUTHOILIEH Ce€ Yy KPaTKUM
WHTEpBaJINMa HAM3MEHHYHO CMEmYje Cca MOPCKHM
ouodammjama. To je OWO TpoOCTOp KOHTAKTa BOIA
[Taparetuca u Menutrepana. MecTUMHYHM Haja3u
TUTHOIICHCKUX TBOPEBHWHA ca Viviparus n menoday-
HOM, Tipema 3arany jao lllmanuje u mpema ceBepy 10
TupurrHje, orBapajy NUTama HWCTOBETHOCTH je3ep-
CKHX OMOTOMa KAaCHOT IUIMOIEHA W TPAHCIIOPTA CH-
THHUjUX OpraHn3aMa (yKJpydyjyhu tapBe MeKyIamna) y
repjy MTHIIA CEINTIA.

OBaj 3aKkJpydaKk NpeJcTaBiba JOCaallbhe TTO3HABA-
e HACTaHKa, pa3Boja M HECTaHKa MHOIEHCKUX H
TUTHOIIEHCKUX je3epa Ha baikaHCKOM KOTHY.
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Correlation of metabasic rocks from metamorphic soles of the
Dinaridic and the Western Vardar zone ophiolites (Serbia):
three contrasting pressure-temperature-time paths
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VESNA MATOVIC' & VIOLETA GAIIC!

Abstract. The field, petrological-mineralogical, geochemical and geochronological data of the metamor-
phic sole rocks recorded beneath the Fruska Gora, Povlen (Teji¢i), Stolovi and Banjska ophiolites in the
Western Vardar Zone (WVZ) and beneath the Zlatibor, Bistrica, Sjenicki Ozren and Brezovica ophiolites in
the Dinaridic ophiolite belt (DOB) in Serbia are compared. The focus has been made on metabasic rocks
formed in contact with the oceanic crust members: cumulate gabbro and basalts of SSZ-type with E-MORB
and OIB-signature and more evolved tholeiitic basalts of MOR-affinity.

Amphibole, the major phase formed from the mafic sole components, depending on pressure-temperature
conditions exhibits compositional variations. According to mineral assemblages, estimated P-T conditions
and ages, the potential P-T paths are given: high pressure — low temperature blueschist facies assemblage
(7-9 kbar and ~400°C and <300-350°C and 4-8 kbar), recorded only in the metamorphic sole at the Fruska
Gora (WV2Z); high pressure — high temperature amphibolite to granulite facies (8—10 kbar and >700-850°C),
recorded in both domains, the WVZ (Banjska) and the DOB (Bistrica, Sjenicki Ozren, Brezovica) and medi-
um pressure — medium temperature amphibolite facies assemblages (~3.5-7 kbar and >350-650°C) recog-
nized in the WZV (Tejiéi, Devoviéi) and the DOB (Zlatibor). The peak metamorphic conditions point to
depths of the oceanic lithosphere detachment and its initial cooling at 10-30 km, but the ages and tectonic set-
ting of ophiolites remain poorly constrained. The summarized data may be used as an important key in geo-
dynamic evolution of the Mesozoic Tethyan ophiolites.

Key words: Serbia, Western Vardar Zone, Dinarides, ophiolites, metamorphic sole, metabasic rocks,
amphibole, PT conditions, correlation.

Amncrpakr. [Tocrojehn TepeHCKH, TETPOIONIKO-MHHEPAIONIKH, TEOXEMHJCKU M T€OXPOHOJIOIIKH ITOAAIH O
MeTaMOp(HUM CTeHaMa pa3BHjeHUM Y MOJMHA OPHOIUTCKOT mojaca 3amagHe Bapmapcke 3one (Opymka ro-
pa, IloBnen, CronoBu u bamcka) n Junapuna (3narudop, buctpuna, Cjennuku O3pen u bpesosuua) y
Cpbuju KopenucaHu Cy ¥ JOITyHeHH HOBIM MHUHEPAIOIIKKAM IoammMa o amdudonntrnma bucrpume. Pa3ma-
TpaHU Cy caMO MeTaba3uTH (GOpMUpPaHH METaMOP(PHU3MOM CTEHA OKEaHCKE KOpe Tj. KyMyJaTHUX rabpoBa u
Gazasita U3 cynpa-cyOXyKIIMOHUX 30Ha ca reoxeMujckum aduauTeToM oboraheHor MORB-a u OIB-a mmn
BUILE TU(EPEHIMPAHNX TOIEUTCKUX 0a3aiTa CpelOOKEaHCKHUX rpedeHa.

Pasmuke y cacraBy ampubona, rmasHe MEHEpaTHe da3a MeTabaznuTa, HOCIeIuIIa Cy YCIIoBa MeTaMophu3Ma
u Kapakrtepa nporosimta. Ha ocHoBy MuHepanHor cacraBa, P-T ycnoBa u crapoctu Mmeramopdusma, U3Bo-
jeHa cy Tpu norernrjanaa P-T—t metamopdHa rpanmjenTa:

— BUCOKUX NPUMUCAKA—HUCKUX memnepamypa: acoyujayuja onyuwucm gayuje (7-9 kbar, T ~400°C u
<300-350°C, P 4-8 kbar; 123 = 5 Ma); 3abenexena je jeanHo y MeramoppHOoM opeony Opymxe Tope (3a-
nanHa Bapnapcka 30Ha);

— BUCOKUX NPUMUCAKA U meMnepamypa.: epanyiumcka oo amgpuoorumcka gpayuja (8—10 kbar u >700-850°C;
146 + 4.9 Ma — 174 + 14 Ma); aconmjanmja 3abenexxeHa y meramoppHoMm opeony bamcke (3amagna Bap-
nmapcka 30Ha), buctpume, Cjernukor O3pena u bpeszosutie (AnHapuacku ohHUOIUTCKA 1T0jac).

I Department of Mineralogy, Crystalography, Petrology and Geochemistry, Faculty of Mining and Geology, University
of Belgrade, DjuSina 7, 11000 Belgrade, Serbia. E-mails: danicabat@yahoo.com; nada.vaskovic@rgf.bg.ac.rs;
vesna.matovic@rgf.bg.ac.rs; violeta.gajic@rgf.bg.ac.rs
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— cpedre BUCOKUX Npumucaxa u cpeorux memnepamypa: amduoomurcka Qanuja (~3.5-7 kbar u
>350-650°C; 160—-178.3 + 6.7 Ma), 3ab6enexena y Tejuhuma n JleBoBuhnma (3ananna Bapnapcka 3oHa) u Ha

3narubopy (Jdurapuncku opHOTUTCKH 1M0jac).

P-T ycnoBu MeramopdusmMa yka3syjy Ha ,,0[[Bajame’ OKeaHCKe JIuTocdepe U moveTak xmnalema Ha TyOuHU
on 10-30 km, aim cy TEKTOHCKE CpeIWHE M CTapocT MeTamopduiMa 3a MOojeHHE JOKATHOCTH W J1aJhe
HEIIOBOJBHO TpoydeHe. [IpukazaHu mopjaly Cy BaKHU 332 TyMadyeme TeOJIOIIKE EBOJyIHje Me3030jcKux

oduonuta Teruca.

Ksbyune peun: CpOuja, 3amagna Bapnapcka 3ona, JuHapuau, odpuonntu, meramopdHe cTeHe, MeTada-

3utH, ampudonu, P-T ycrnosu, kopenamuja.

Introduction

Numerous ultramafic sequences worldwide com-
prise high to medium and low grade metamorphic sole
rocks formed during the overthrusting of hot lithos-
pheric fragments in intra-oceanic settings or within
orogenic belts. Their presence is the clue in clarifying
the nature of emplacement processes during intra-
oceanic subduction and post-obduction tectonic
events. The creation of metamorphic sole is among
the earliest event at the end of magmatic construction
when tectonic processes take part in ophiolite evolu-
tion instead of igneous (JAMIESON 1986; GARFUNKEL
2006). The size of metamorphic sole, its age, thermal
evolution and peak metamorphic condition can enable
a better insight into the age and thermal properties of
the ophiolite sequences during their emplacement.
Moreover, it is of key importance in proceedings
related to the ocean-realm evolution.

Well to slightly evolved metamorphic sole rocks
occur beneath most of the Jurassic Tethyan-type ophi-
olites in the Western Vardar Zone (WVZ) and in the
Dinaridic belt (DOB) in Serbia. The best preserved
metamorphic sole rocks crop out within the DOB in
association with the Zlatibor, Bistrica, Sjenicki Ozren
and the Brezovica ophiolites, and in the WVZ in asso-
ciation with the FruSka Gora (FG), Maljen, Povlen
(Teji¢i), Stolovi and the Banjska ophiolites (Fig. 1).
The majority of them comprise approximately
100-250 m thick assemblage of metasediments asso-
ciated with high to medium grade metabasites.

The goal of this contribution is to make correlation
sole amphibolites evolved beneath two ophiolite belts
1.e. the DOB and the WVZ, on the basis of available
geological, geochemical and geochronological data
contributed with some new data related to the garnet
amphibolites of Bistrica.

Geological setting

The closure of the Tethyan oceanic realm in the
Central Balkan Peninsula since Early Jurassic time
was followed by subduction of the oceanic lithosphere
along convergent continental margins or within supra-
subduction oceanic environments (KARAMATA 2006;
ROBERTSON ef al. 2009, and references there in).
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Fig. 1. The ultramafic massifs of Serbia in the geotectonic
framework of KArRAMATA (2006) with K—Ar radiometric
ages of their metamorphic sole rocks and depths realized
according to P-T condition of metamorphism. Abbrevia-
tion: EBDU, East Bosnian Durmitor Unit; DOB, Dinaride
Ophiolite Belt; DIU, Drina Ivanjica Unit; WVZ, Western
Vardar Zone ophiolite belt; JU, Jadar Unit; KU, Kopaonik
Unit; EVZ, Eastern Vardar Zone ophiolite belt; SMM,
Serbo-Macedonian Massif.

The NNW-SSE trending WVZ represents a large
“suture zone” exposed between the Drina—Ivanjica,
Kopaonik and the Jadar Units, which continues fur-
ther northwest (close to Zagreb, Sava Zone of PAaMIC
2002) and crops out in isolated mountains (Fruska
Gora, PozeSka Gora and Prosara) northwest of
Belgrade. To the south it extends between the Pela-
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gonian and the Paikon Unit. The WVZ is made of var-
ious dismembered ultramafic masses generally
harzburgitic (z spinel) in composition with 160 to 123
Ma aged metamorphic sole at their base — mainly
amphibolites and subordinated blueschists, gneisses,
mica schists and greenschists (KARAMATA et al. 2000;
MILOVANOVIC et al. 1995; SRECKOVIC-BATOCANIN et
al. 2006; BAZYLEV et al. 2009; KORIKOVSKY et al.
2000a).

The NW-SE trending DOB is bordered by the
Drina—Ivanjica Unit to the east and the WVZ to the
northeast and extends to the Dinaridic Carbonate plat-
form to the west and related units to the southwest
(Fig. 1). Southwards it enters Metohija Depression
and continues to Albania and Greece. The dismem-
bered ultramafic bodies are interpreted as fragments
of subcontinental mantle or as supra-subduction (back
arc) type. The former is mostly lherzolitic (+ garnet)
and the latter is lherzolitic (£ spinel)-harzburgitic in
composition (BAZYLEV et al. 2006a, 2009). The meta-
morphic sole at their base comprises high to medium
grade amphibolites (rarely granulite) of 168 = 1 Ma
age (LANPHERE et al. 1975).

Material and Methods

Samples of amphibolites (with = garnet) from Bistri-
ca were investigated under the microscope and after-
wards the freshest samples were selected for further
study. Morphologies and chemical composition of min-
eral phases were identified using a JEOL JSM-6610LV
Scanning Electron Microscope that was connected to
an X-Max large Area Analytical Silicon drift in the
Faculty of Mining and Geology in Belgrade. Quanti-
tative mineral analyses were performed under high
vacuum conditions, acceleration voltages 20 kV, step
sequence 10 mm and external set of standards charac-
teristic for each element. Mineral abbreviation used in
text is done after KRETZ (1983).

Metamorphic soles of the WZV and DOB:
an overview

In the Vardar Zone Ophiolite Belt the metamorphic
sole rocks were noted at its northernmost (Mt. Fruska
Gora, MILOVANOVIC et al. 1995), western (Massif Po-
vlen, the village Teji¢i; SRECKOVIC-BATOCANIN et al.
2002), central (Massif Stolovi, the village Devovici;
PoreviC 1973) and southern parts (Massif Banjska,
KORIKOVSKY ef al. 2000a; Rogozna Massif, PALINKAS
et al. 2008).

The metamorphic soles within the Serbian part of
the DOB are evolved in contact with ultramafics at the
Mt Zlatibor (CIRIC, 1968; KORIKOVSKY ef al. 2000b;
BazyLEV et al. 2009), Bistrica (MAJER, 1972; POPEVIC
& PAaMIC 1973; PoPEVIC & KARAMATA 1993; MILO-

VANOVIC, 1988; MILOVANOVIC ef al. 2008; BAZYLEV et
al. 2006a) and Brezovica (KARAMATA 1968; KARAMA-
TA & MILOVANOVIC 1990; KARAMATA et al. 2000).

The metamorphic sole rocks beneath
the WVZ ultramafics

Mt. Fruska Gora. The metamorphic sole rocks
crop out on the southern slope of the mountain inside
the mélange composed of large blocks and fragments
of sedimentary, igneous and volcaniclastic rocks set in
a very low to low grade metamorphosed clayey-sandy
matrix. Their age ranges from Triassic to Jurassic—
—Cretaceous (pre-Maastrichtian). Elongated dismem-
bered ultramafic bodies, spinel harzburgitic (rarely
lherzolitic) in composition, form the southern slopes
of the mountain in the area BeSenovo—Jazak—Grgure-
vac. The smaller bodies of serpentinized harzburgite
and dunite crop out at the northern slopes in the area
between Beocin and Sremski Karlovci, also. Blocks
and fragments of terrigenous and volcaniclastic rocks
as well as basalts and rarely carbonate rocks from
mélange were exposed to various metamorphic grade
and transformed into phyllites, sericite-chlorite
schists, green schists, metabasalts, metadolerite, calc-
schists, rarely marbles and blueschists (ALEKSIC &
CucULIE-TRIFUNOVIC 1972; MILOVANOVIC et al. 1995;
KORIKOVSKY & KARAMATA 2011). The actual size of
these blocks cannot be estimated due to insufficient
exposure of ultramafics and mélange.

Subduction related high pressure-low temperature
metamorphic sole rocks were determined as crossite-
schists by MILOVANOVIC et al. (1995) and later as
glaucophane-riebeckite-pumpellyite-actinolite-epi-
dote schists by KoOrIKOVSKY & KarRamMATa (2011).
They occur as large blocks on the northeastern slope
of Mt. (stream SeliSte, ~2 km northern of the town
Sremski Karlovci,) and on the western slope within
the Upper Jurassic-Lower Cretaceous olistostrome
mélange (KORIKOVSKY & KARAMATA 2011) as well as
pebbles within the Maastrichtian basal conglomerates
(e.g. Citluk stream). The amphibole in the first occur-
rence is classified as crossite according to the classifi-
cation of LEAKE et al. (1978). MILOVANOVIC et al.
(1995) considered the mineral assemblage epidote +
sodic amphibole + quartz to be formed under the epi-
dote-blueschist subfacies or high-T epidote bearing
segment of blueschist facies (see Evans 1990) i.e. at
the temperature of approximately 400°C and pressure
7-9 kbar. This pressure corresponds to metamorphism
at a depth of about 30 km.

This study reveals the subduction of the oceanic crust
of the Vardar Ocean during the Early Cretaceous time
(Barremian—Aptian; 123 + 5 Ma), probably beneath the
continental crust situated northeast, which argues the
existence of an eastward dipping subduction zone.
The second occurrence contains zonal Na-amphibole
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of the glaucophane-riebeckite series, actinolite, pum-
pellyite, epidote, chlorite, and rarely quartz. KOrRIkOv-
SKY & KARAMATA (2011) suggested that the mélange
rocks along with the high-Ti subalkaline basalts and
associated K-rich quartz—mica arkoses were buried to
depths of 14-29 km by cold subduction. The same
authors assumed that at pressure of 4-8 kbar and tem-
perature below 340-350°C the mentioned rocks were
transformed into glaucophane (riebeckite)-pumpel-
lyite—actinolite—epidote—chlorite metasandstones and
phyllites with high-pressure Mg—Si phengite.

Mt. Povlen (Teji¢i). The metamorphic sole rocks
occur within an olistostrome mélange as fragments or
large blocks beneath the ophiolite slab, which is expos-
ed as a narrow, approximately 200 m wide and 800 m
long zone. The ophiolite sequence, mainly composed
of harzburgite (minor lherzolite) with typical tectonite
fabric, gabbro, diabase and pillow-basalt associated
with volcanic breccias and tuffaceous rocks, is tecton-
ically emplaced to its present position during the late
Upper Jurassic.

The metamorphic sole comprises greenschist to
amphibolite facies mineral assemblages created by
metamorphism of basic igneous rocks and their vol-
caniclastics along with sandy-silty (argillaceous) sed-
iments. The low-grade metamorphic rocks are various
greenschists, while higher-grade metamorphic rocks
(garnet bearing amphibolite, amphibolite sensu stricto
and epidote-bearing amphibolite) are exposed at the
base of the ultramafic sequence (mostly harzburgite).
Amphiboles within higher-grade metamorphic rocks
are tschermakite, rarely magnesio-hornblende; pri-
mary plagioclase is almost completely replaced by
epidote and prehnite whereas garnet porphyroblasts
are almandine-rich. Biotite, chlorite, and actinolite are
formed at the expense of amphibole due to retrograde
metamorphic conditions. Amphibolitic rocks are fol-
lowed by large blocks or fragments of augen gneisses
and garnet mica schists metamorphosed under P-T
condition of 435-550°C and 4.5 £ 0.5 kbar (SRECKO-
VIC-BATOCANIN & VAskovi¢ 2000). The P-T condi-
tions of amphibolites estimated for a Grt-Hbl pair
using the method of GRAHAM & POWELL (1984), Po-
WELL & HOLLAND (1985) and PERCHUK & LLAVRENTE-
VA (1985) reveal a temperature range of 630 to 680°C
and pressure of 6 £ 1.5 kbar (SRECKOVIC-BATOCANIN
et al. 2002). The K—Ar age of sole rocks of 160—150
Ma (Tithonian/Callovian) reveals the time when pro-
toliths were overthrusted by the hot ultramafic slab,
and the beginning of the closure of the ocean basin
(SRECKOVIC-BATOCANIN et al. 2002, 2010). The pres-
ence of metaclastic rocks assembled with metabasic
rocks reveals the site of emplacement close to a major
landmass. The presence of amygdales in pillow
basalts and lack of deep water sediments additionally
confirm this statement.

Devoviéi (Usée). On the southwestern slope of the
large Ibar ultramafic mass (Massif Radocelo), 5 km

distant from Usce, the metamorphic sole appears in a
narrow tectonic zone (0.3-0.4 km wide and ~1 km
long) within the serpentinized spinel harzburgite. A
dense alternation of various low and medium to high
grade metamorphic rocks derived from rocks of the
diabase-chert formation were identified (POPEVIC
1973). Based on mineral assemblages in amphibolites
next to ultramafics a temperature of about 600°C is
suggested. The whole sequence subsequently under-
went retrograde metamorphism. Data related to whole
rock- and mineral chemistry are lacking.

Banjska. The Banjska Massif (20 x 8 km) is a rel-
atively large body composed of clinopyroxene-poor
spinel lherzolite (BAZYLEV et al. 2009). The metamor-
phic sole is developed as a zone of almost 20 m wide
and 2 km long. It comprises high grade metamorphic
rocks: clinopyroxene and/or hornblende (£ clinozoisi-
te) amphibolites with thin bands of garnet-cordierite-
sillimanite gneiss (MAJER et al. 1979; KORIKOVSKY et
al. 2000a). Most of them underwent retrograde meta-
morphism and Fe-Mg—Ca metasomatic processes
(KORIKOVSKY et al. 2000a). The high-temperature am-
phibole from amphibolites with up to 1.9% TiO, is
classified as pargasite-tschermakite-hastingsite. Due
to retrograde greenschist facies overprint it is mostly
replaced by actinolite + epidote. Replacements by
chlorite * sericite in garnet and cordierite, and plagio-
clase by saussurite or prehnite and pumpellyite have
been noted. According to the garnet-biotite and gar-
net-cordierite thermometer of PERCHUCK (1989) and
garnet-cordierite-sillimanite-quartz barometer of ARA-
NOVICH & PoODLESSKII (1989) gneisses formed within
the temperature range of 650°C to 760-780°C at pres-
sure of 6.7-6.9 kbar (KORIKOVSKY et al. 2000a). Pres-
sure estimates are compatible with the arrangement of
jadeite isopleths in clinopyroxene in the clinopyrox-
ene-plagioclase-quartz assemblage after HOLLAND
(1980) indicating the depth of the initial cooling and
the onset of tectonic stabilization of the ultramafic
mass at 24-25 km.

Troglav. The Troglav Massif mainly consists of
spinel harzburgite. Dunite and spinel lherzolite are
subordinated. POPEVIC (1978) assumed that the Stolo-
vi (east of the Troglav) and the Troglav represent parts
of one large massif separated by the Ibar River valley.
The metamorphic sole at its base has not yet been
studied.

Rogozna. Metamorphic sole at the Rogozna Massif
formed from basic igneous and sedimentary rocks
mostly comprises schistose amphibolites and green-
schists. Rare occurrences of mica schists and marbles
are also noted. Rocks are highly hydrothermally alter-
ed during the Oligocene Pb—Zn—Ag mineralization
processes. Amphibolite samples collected near the Cr-
nac Pb—Zn—Ag mine and along the road section JoSa-
ni¢ka creek — Leposavi¢ consist of hornblende (re-
placed by secondary chlorite and fibrous actinolite)
and plagioclase, partly replaced by epidote and preh-
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nite (PALINKAS et al. 2008). The Ar—Ar ages deter-
mined on amphibole and actinolite vary from 168.8 +
3.9 Ma to 178.3 + 6.7 Ma; the age of the hydrother-
mally altered amphibolite is 150.4 = 10.2 Ma. This
age implies the onset of intra-oceanic subduction-ob-
duction processes (Lower to Middle Jurrasic i.e. Toar-
cian to Bajocian time) synchronous with the forma-
tion of Dinaridic and Albanian metamorphic soles
(PALINKAS et al., loc.cit.).

The metamorphic sole rocks beneath the DOB

Mt. Zlatibor. Metamorphic sole rocks related to
the Zlatibor ultramafic mass (20 x 30 km) are found
in a few localities: Branesko Polje, Cajetina—Rudine
and Rozanstvo. The weakly to moderately serpenti-
nized lherzolitic body of the Zlatibor massif compris-
es cumulate gabbros at the top of the section (Rzav
River), mantle tectonite and subordinated dunite,
while the southern and southwestern parts are harz-
burgitic in composition (POPEVIC ef al. 1996a; PAMIC
& DESMONS, 1989; BAZYLEV et al. 2006a, 2009).

An inverted metamorphic sole (150-200 m thick),
mostly composed of metabasic rocks with subordinat-
ed gneisses and phyllites is exposed beneath the cen-
tral part of the Zlatibor massif along the road section
Cajetina—Rudine. Three temperature zones are recog-
nized within it: . hornblende—clinopyroxene—plagio-
clase, II. hornblende—chlorite—albite and III. actino-
lite—prehnite—pumpellyite (KORIKOVSKY et al. 2000b).
Amphibole from metabasic rocks is tschermakite.
According to the Grt-Pl thermometer of BLUNDY &
HoLLAND (1990) the temperature range of 550-650°C
is calculated for the first zone. In the second zone the
temperature is estimated at 400-500°C based on the
Grt-Phn thermometer of GREEN & HELLMAN (1982).
For the third zone a temperature range of 300-350°C
is assumed according to the petrogenetic grid for
metabasic rocks within an accepted pressure of 3 to
3.5 kbar (after Liou et al. 1987). The roughly estimat-
ed pressure according to Jd- concentration in clinopy-
roxene (after HoLLAND, 1980) is 3-3.5 kbar, too. It
seems that this massif was tectonically stabilized and
started to cool at much shallower depths (12—13 km)
than the other Serbian ultramafic massifs (KORr-
KOVSKY et al. 2000b).

Bistrica. A small isometric tectonic block exposed
to the south of Zlatibor Mt. is mainly composed of
massive coarse-grained spinel lherzolite (northern
part), and lherzolites with layers and veins of porphy-
roblastic harzburgite (southern part). Veins of garnet
clinopyroxenite and spinel hornblendite are also com-
mon. Ultramafic and underlying metamorphic sole
rocks are predominant lithologies. This massif is as-
sumed to be of subcontinental mantle origin (POPEVIC
& KARAMATA 1993; BAZYLEV et al. 2003, 2009). Var-
ious high to medium grade metamorphic rocks crop

out along the road section Priboj—Prijepolje: garnet
bearing mafic granulites, garnet * clinopyroxene am-
phibolite, corundum-plagioclase-pargasite amphibo-
lite, and massive to schistose amphibolites sensu stric-
to (Fig. 2). A number of studies were carried out on
these rocks: MARIC (1933), PAMIC & KAPELER (1970),
PopeviC (1970), MaJER (1972), PoPEVIC & PaMmIC
(1973), LANPHERE at al. (1975), MARKOVIC & TAKAC
(1985), MiLovaNoVIC (1988). Recently, CHIARI et al.
(2011) reported some new data related to the fabric of
amphibolite varieties and the chemistry of amphibole,
garnet, and clinopyroxene. Garnet-pyroxene amphi-
bolites underwent metamorphism within a temperature
range of 828-879°C and pressure of about 10 kbar
(MiLovaNoviC 1988), while FED’KIN et al. (1996) cal-
culated temperatures of 740 to 830°C and pressure of 8
to 10 kbar using the Cpx-Grt equilibrium. MILOVA-
NOVIC et al. (2008) reported edenitic hornblende from
the corundum- bearing amphibolite and cumulate gab-
bro protoliths (P-T conditions are estimated at >0.8 GPa
and >800°C), while CHIARI ef al. (2011) classified
amphibole in the same rocks as pargasite/edenite.
BAZYLEV et al. (2006b) reported an age of 146.8 +£4.9
(Nd-Sm isochron age) for a garnet-plagioclase clino-
pyroxenite (Jurassic—Cretaceous boundary). The K—Ar
age of 178 + 14 Ma is obtained for garnet pyroxene
amphibolites and corundum pargasite amphibolites
(LANPHERE et al. 1975; MAJER & KARAMATA 1979).

Sjeni€ki Ozren. This ultramafic massif (10 x 15 km)
consists of spinel and plagioclase lherzolites in a near-
ly equal amount. The former comprises dunite, deplet-
ed spinel lherzolite and harzburgite; while within the
latter a small gabbro bodies and thin veins occur (Po-
PEVIC 1985; POPEVIC et al. 1996b; BAZYLEV et al.
2006b). The metamorphic sole up to 200 m thick is
exposed in a few localities at the mountain’s NNE and
SE margin: Krajinovi¢i, Brdo, Zmajevac, Gonje and
Marina Ravan. Its contact with the ultramafics is tec-
tonic and often followed by blastomylonitization,
which led to the formation of low temperature miner-
als at the expense of primary minerals. In the contact
aureole four zones were distinguished (POPEVIC,
1985; POPEVIC et al. 1996b; KORIKOVSKY ef al. 1996).
The fourth zone, next to the contact, is made up of gar-
net-clinopyroxene amphibolites, while further amphi-
bolites sensu stricto, gabbro-amphibolites and green-
schists occur. According to Grt—Cpx geothermometer of
Al (1994) amphibolites of the fourth zone formed in the
temperature range of 750-830°C at pressure of about
56 kbar, corresponding to depths from 18 to 22 km
(KORIKOVSKY et al. 1996). The peak metamorphic
conditions imply the emplacement of the Sjenicki
Ozren ultramafic mass in a solid-subsolid state (over
1000°C).

Brezovica. The Brezovica massif represents an ac-
cretionary complex interpreted as a sub-ophiolitic
block-in-matrix type sedimentary mélange or an ophi-
olitic rock-bearing olistostrome with a peridotite tec-
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tonic sheet set up over it (KARAMATA 1968, 1985; KA-
RAMATA et al. 1991, 2000; BAzYLEV et al. 2003).
Blocks and fragments of sediments and basic igneous
rocks placed in silty-shaly matrix compose the mé-
lange, up to 1000 m thick. Ultramafics are generally
spinel harzburgites, while dunites (+ spinel) and lay-
ered cumulate rocks are subordinated. A well evolved
metamorphic sole (200500 m wide) occurs beneath.
The local study of some of these rocks and minerals
dates back to the works of many authors (e.g. MAJER
1956, 1978; KARAMATA 1974, 1979, 1985; SCHREYER
& ABRAHAM 1977; ABRAHAM & SCHREYER 1976;
MAIJER & KARAMATA 1979; KARAMATA & MILOVA-
NOVIC 1990; CRIC & ERrIi¢, 1996).

Within the metamorphic sole KARAMATA et al.
(2000c) distinguished three zones. The first zone
(30-50 m wide), next to peridotite, consists of garnet
(x clinopyroxene) amphibolites and garnet-kyanite
gneisses. Amphiboles in garnet amphibolites are clas-
sified as pargasite, hornblende, hastingsite and tscher-
makite following the classification of LEAKE et al.
(1997). Using the Grt—Cpx, Grt—Pl and Grt-Bt ther-
mometers (see Table 3 for references) temperatures of
700-750°C and 600—670°C and pressure of 89 kbar
(employing maximum concentration of jadeite com-
ponent in clinopyroxene) were estimated. The second
zone (50-200 m) includes various schistose metamor-
phic rocks: metabasite with pargasite, tschermakite
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and edenite; Na-rich pargasite or barroisite garben-
schiefer with almandine-rich garnet and phengite (max-
imum Si content of 3.5 apfu at Mg + Fe = 0.9) which
points to pressure of 89 kbar; magnetite-bearing
metacherts with riebeckite (acmite) needles, chlorite
and paragonite; gneisses; talc + phengite metapelites
(white schists of ABRAHAM & SCHREYER 1976) an indi-
cator of high pressure (7-9 kbar). Based on the Grt-
Hbl, Grt-Phn and Grt-Bt thermometers a temperature of
500-600 °C is estimated (see Table 3 for references).
The rocks of this zone underwent retrograde metamor-
phic imprint reflected in replacement of Bt —» Ms +
Chl, Grt — Chl, St —» Ser, Ky — Ser and by rims of
secondary riebeckite around amphibole grains. The
third zone mostly consists of low temperature metab-
asites having actinolite (edenite), hornblende or parg-
asite (winchite)-barroisite amphiboles; metagrey-
wackes and garbenschiefers with Si-rich phengite
assembled with barroisite + pargasite and metacherts
with Na-clinopyroxene (acmite-augite-jadeite). Tem-
peratures of 350-500°C were estimated according to
Grt—Chl, Grt—Phn, and Grt—Hbl thermometers, while
pressure of 7-9 kbar was predicted based on the pres-
ence of high-Si phengite (see Table 3 for references).
The country rock outside the aureole underwent a
very low temperature- high pressure (300-350°C and
7-10 kbar) regional metamorphism before the empla-
cement of the hot ultramafic slab.

Discussion

The formation of metamorphic soles is directly
related to the emplacement of ultramafics implying
the overthrusting of hot oceanic lithosphere within
intra-oceanic setting or orogenic belts. According to
tectonic setting, relationships with adjacent geological
units and main tectonic structures, a few models of
sole formation have been recently proposed. Some of
them for example are low-angle shearing and over-
thrusting of oceanic lithosphere in an intra-oceanic
environment, overlapping mid-ocean ridge crest, ob-
duction caused by roll-back subduction, transform-
activated obduction and shearing superimpose onto an
older contact aureole (e.g. KARAMATA 1968, 1988,
2006; KARAMATA & LovRrIC 1978; Woobcock & Ro-
BERTSON 1977; ROBERTSON & KARAMATA 1994; SPRAY
1984; ROBERTSON & DixoN 1985; JONES et al. 1991;
PARLAK & DELALOYE 1999; ROBERTSON & SHALLO
2000; WAKABAYASHI & DILEK, 2000; ROBERTSON et al.
2009). The field, petrological-mineralogical, geoche-
mical and geochronological (K—-Ar, Ar—Ar, U-Pb,
Sm—Nd) studies of the evolved metamorphic sole
rocks reveal valuable data on thermal conditions dur-
ing intra-oceanic thrusting or during obduction onto
passive continental margin.

Comparison of metamorphic sole rocks recorded in
the WVZ and the DOB in Serbia offer data on the

nature and emplacement of Mesozoic Tethyan ophio-
lites. However, each metamorphic sole as noted above
relies on its own tectonic, structural and metamorphic
characteristics. The focus of our comparison has been
made only on mafic precursors from which various
types of high to medium grade metamorphic rocks
were formed.

Comparison of petrography
and mineral composition

It can be recognized from the previous section that
different species of amphibole are the major phase
formed at the expense of the mafic sole components
(Fig. 3). Depending on the conditions attained during
the ophiolite emplacement a variety of metamorphic
rocks were formed close to the contact (e.g. garnet and
amphibole bearing granulite, clinopyroxene + garnet
amphibolite, corundum-bearing amphibolite, amphi-
bolite sensu stricto and blueschist). Further from the
contact a number of medium to low grade metabasic
rocks have formed. Foliation within the last is defined
by an arrangement of idiomorphic to sub-idiomorphic
amphiboles. At the contact with ultramafics some am-
phibolite outcrops exhibit an alternation of amphibole-
and plagioclase-rich bands (e.g. Teji¢i, Zlatibor, Bi-
strica, Brezovica). Generally, grain size ranges from
1-3 mm, although it can be below 0.5 mm. According
to the available data the amphibole chemistry shows
compositional variations with increasing temperature
and pressure, ranging from actinolite to magnesio-
hornblende, tschermakite to edenite and magnesio-
hastingsite (Fig. 3), following the classification of
LEAKE et al. (1997). Exceptions are blueschists from
Mt. Fruska Gora - there amphibole corresponds to fer-
roglaucophane and magnesioriebeckite or to zonal
Na-amphibole (glaucophane-riebeckite formed at the
expense of older riebeckite), and corundum amphibo-
lites from Bistrica where amphibole is edenite to mag-
nesio-hastingsite and pargasite in (Fig. 3). The indi-
vidual amphibole grains are commonly composition-
ally homogeneous.

The insignificant prograde core-rim variations are
observed in amphiboles from FruSka Gora, Teji¢i, Zla-
tibor, Sjenicki Ozren and Brezovica (KORIKOVSKY &
KARAMATA 2011; SRECKOVIC-BATOCANIN et al. 2002;
KORIKOVSKY et al. 1996, 2000b; CHIARI ef al. 2011).

In the Fruska Gora area the replacement of riebeck-
ite by glaucophane is characterized by an increase in
Al, Mg, and Mg/(Mg + Fe2") ratio due to partial reduc-
tion of FeZ" through the prograde reaction Rbk + Chl
+ Ab— Gin + O,. According to their composition the
Na-amphiboles from those blueschists belong to a sin-
gle genetic group (KORIKOVSKY & KARAMATA 2011).

The increase of Fe3*™ values and decrease in Al in
some zoned amphiboles from the Teji¢i, Mt. Zlatibor,
and Brezovica amphibolites could be related to
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Fig. 3. Classification of amphiboles from the metabasic
sole rocks of WVZ and DOB after LEAKE et al. (1997).

changes in fO, (see SPEAR 1981) during metamor-
phism. However, the Fe3* content should be taken
with caution due to limitation of EPMA to measure
Fe3* (see DrRoOOP 1987). The appearance of amphibole
within the peripheral parts of the symplectite coronas
(cpx + pl) evolved around garnets is noted for the first
time in the Bistrica garnet amphibolites (Fig. 4). It is
probably related to increase of total Fe content along
with decrease of silica as can be seen from the data
obtained from the spectrum 3 (Fig. 5). The chemistry
of analyzed amphiboles (Table 1) coincides with the
data of CHIARI ef al. (2011): the Si content ranges be-
tween 6.52 and 6.72 apfu and Mg/(Mg+Fe2") ratio
ranges from 0.782 to 0.793. It must be stressed out
that the analyzed amphiboles are compositionally ho-
mogenous. The chemistry of amphiboles from the Bi-
strica garnet amphibolite, presented by MILOVANOVIC

Fig. 4. Outcrop of granulitic amphibolite and garnet am-
phibolite on the right side of the road, just behind the tunnel
(43°28°10.2” N; 19°39°11.4” E) (a); photomicrographs of
altered amphibolite having highly saussiritized (b) and
fresh plagioclase (c).
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Spectrums :
1 2 3

SiO, 51.05 6219 48.65

TiO, 0.02 0.00 0.00
AlL,O, 543 20.37
FeO 869 290
MgO 11.55 0.66
MnO 0.01 0.00
Ca0 2046 1.05
Na,0 0.86 10.84

K,O 0.00 0.02

BEC 20kV
RGF

Fig. 5. Microphotograph of the amphibole (Am) with
simplectite coronas, clinopyroxene (Px) and garnet (Grt) in
granulitic amphibolite from Bistrica (a); Back-scattered
image with chemical composition and measured spectrums
(1, 2 and 3) within simplectite (b).

(1988), deviates from new obtained data. Only one am-
phibole has homogenous tschermakitic composition,
while the others correspond to magnesio-hastingsite
and are characterized by lower Si content per formula
unit (6.05-6.14) and higher AIV! (1.88-1.95 apfu), Ti
(0.24-0.27 apfu), and Na, (0.33—0.80 apfu) relative to
the previously mentioned ones (Fig. 3). The amphi-
bole grains from the garnet granulitic amphibolites of
CHIARI et al. (2011) show identical Ti per formula unit
(0.22-0.27). The garnet bearing amphibolites have lo-
wer Ti concentrations (0.10-0.13 apfu) that corre-
spond to upper amphibolite to lower granulite facies
conditions. Amphiboles from the studied amphibolite
sensu stricto lack Ti as well as some from garnet clino-
pyroxene amphibolites of MILOVANOVIC (1988). Due to
lack of available published data it is not possible to
get a real insight into the Bistrica amphibole chem-
istry. However, an overall impression is that the com-

positional changes in amphibole are controlled by
temperature while the relatively high AIIV/AIVI ratio
implies on moderate increase of pressure during meta-
morphism.

The occurrence of garnet in amphibolites is con-
fined to the upper sections of the metamorphic soles
in both ophiolite belts, with the exceptions of garnet-
free amphibolites from the metamorphic soles of Ro-
gozna, Devoviéi, Zlatibor, and Fruska Gora Mt.

The composition of garnet, its distribution and ap-
pearance in amphibolites is generally controlled by pro-
tolith bulk composition (i.e. Ca content) and by meta-
morphic conditions. The syn-kinematic and mostly
cracked garnet porphyroblasts (<0.5 cm to 1-2 cm
across) are commonly assembled with amphibole and
often next to plagioclase accumulations or bands (Fig. 4).
The appearance of the thin symplectite reaction rim
(kelyphitic) in the Bistrica amphibolite taken on the right
side of the road section, just behind the tunnel is report-
ed for the first time (Figs. 2, 4, 5). The garnets from Teji¢i
and Bistrica show variable composition ranging between
Alms s s543Pyr1g 1 233Gr89 5 155PSi04 121 I Tejici to
Almy; 5 50PY1y; 5 507GrS154 24SPsg 9 5 in Bistrica (Table
1). The data for garnet chemistry in sole rocks of
Sjenicki, Ozren and Brezovica are lacking. According
to KORIKOVSKY et al. (1996) and KARAMATA et al.
(2000) it is almandine, rich in pyrope component (up
to >40 %). All analyzed garnet grains from Teji¢i are
weakly zoned (rims are slightly poorer in pyrope com-
ponent, 2—4 %) and occasionally occur as inclusions
in amphibole. In the Bistrica amphibolites two types
of garnet can be recognized: homogenous i.e. unzoned
(MiLovaNovIC 1988; CHIARI et al. 2011), reflecting
the compositional equilibration, and zonal with no-
table increase of pyrope and decrease of almandine
and grossularite components from core to rim
(FED’KIN et al. 1996). The amphibole, clinopyroxene,
and plagioclase are found as inclusions in the Bistrica
garnets. The observed symplectite coronas around the
Bistrica garnets consist of very tiny clinopyroxene,
albite and amphibole grains (Fig. 5). The mineral rela-
tionships suggest that the garnet mostly grew at the
expense of these minerals (higher contents of grossu-
larite).

The clinopyroxene found in the upper part of the
metamorphic sole of the Bistrica is diopside, salite and
augite following the classification of MORIMOTO et al.
(1988). It occurs in relic unzoned sub-idiomorphic to xe-
nomorphic grains up to 2-3 mm in size (Fig. 5). Its com-
position ranges from Ens; s 309Fss5 153W044647.1 t0
Eny 4 492FS71 79W0y74 496 a0d Engy 7 566F5156193W0278 290
(Fig. 6a; Table 1). The Al,O5 content is highly vari-
able, ranging from 3.12 to 6.23 wt.% if we take into
consideration the data of MiLovaNovIC (1988) and
CHIARI et al. (2011). The clinopyroxene from ana-
lyzed garnet-bearing granulitic amphibolite samples
is richer in alumina (7.84 wt.%), but the average of
4.21 wt.% Al,O5 (MILOVANOVIC 1988) is similar to the
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value we have obtained in the same rock type (4.83
wt.%).

Diopside Hedenbergite

[\

N .
Ferrosalite

Augite

Pigeonite
/[ Cigoensiatite \, | Clpoferigsilitg, —/— \
En Fs
wne—rr
Key b);

/\ MiLovanovic (1988)
[ MiLovanovi¢ (2008)

CHIARI et al. (2011)
A THis STUDY

08 |

06 |
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AlVI
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0.2;— A

F LOW-P IGNEOUS ROCKS
0.0 & I T RN R A SR AR
0.0 0.1 0.2 v 0.3 0.4
Al

Fig. 6. Composition of clinopyroxenes from garnet bearing
granulitic amphibolite and clinopyroxene amphibolite. (a)
En-Fs-Wo classification diagram (MORIMOTO et al. 1988)
and (b) AV vs AIVI diagram (MUKHOPADHYAY, 1991).

These differences are probably in close relation with
the protolith composition and proximity of the contact
zone as can be confirmed by the ratio AIIV/AIVL This
ratio reflects moderate recrystallization of primary
clinopyroxene grains within the granulite facies and
resulted in AIV! enrichment, i.e. Tschermak compo-
nent (Fig. 6b). The Jadeite component varies between
9.57 and 8.88 % in average in clinopyroxenes from
garnet amphibolites studied by MILOVANOVIC (1988).
Similar values are found in clinopyroxenes from gar-
net bearing granulitic amphibolite (9.96 %) while a
lower value (6.43 %) is reported by CHIARI et al.
(2011). MiLovaNoVvIC (1988) has reported also matrix
metamorphic clinopyroxene with much lower Al,O4
(0.11 wt.%). It should be emphasized that differences
in clinopyroxene composition within the Bistrica me-
tamorphic sole could be the result of nonsystematic

sampling and use of different analytical techniques.
The chemistry of clinopyroxene (associated with gar-
net) from the Sjenicki Ozren amphibolites is similar to
the above mentioned — rich in the Tschermak compo-
nent (i.e. alumina). However, the Al,O; content is
higher ranging from 5.8-6.0 wt.% and contain up to
1.3 wt.% Na,O (KORIKOVSKY et al. 1996). The clino-
pyroxene in the Banjska amphibolite is poorer in
Al,O5 (1.7-2.1 wt.%) and richer in Jadeite component
(67 %). The clinopyroxenes in the Brezovica amphi-
bolites are compositionally homogeneous and corre-
spond to high temperature augite with < 8-10 % of
Jadeite component (KARAMATA et al. 2000). The data
of clinopyroxene chemistry for Sjeni¢ki Ozren,
Banjska, Zlatibor, and Brezovica are not published.

The clinopyroxene is generally associated with pla-
gioclase, amphibole and garnet at the immediate con-
tact with ultramafics and are absent from amphibolite
sensu stricto. Therefore, its presence and distribution
is a function of bulk rock chemistry and particularly
of metamorphic grade. The presence of clinopyroxene
in garnet-free assemblages of Zlatibor and Bistrica is
probably controlled by protolith Ca abundance. Pla-
gioclase from amphibolites is mostly altered and re-
placed by prehnite or saussurite (Fig. 4). Albite (0-2
mol.% An), a common constituent of the Teji¢i garnet
amphibolites, is probably formed as a low temperature
retrograde phase. Rare unaltered plagioclase found in
the Bistrica garnet amphibolite and amphibolite sensu
stricto ranges in composition from 58.5-60.2 mol.% An
(Fig. 4). MiLovaNovIC (1998) reported almost pure
anorthite in garnet pyroxene amphibolites, which has
been recently classified as garnet bearing mafic gran-
ulites (MILOVANOVIC et al. 2004). FED’KIN et al
(1996) found that plagioclase enclosed in garnet has a
composition of 30-33 mol.% An while matrix plagio-
clase is anorthite poor (An 3—4 mol.%) in the garnet
clinopyroxene amphibolites. The composition of the
plagioclase from the Zlatibor garnet-free amphibolite
is 45-50 mol.% An in the contact zone, and 12-15
mol.% An in the mid zone. The plagioclase of the
Sjenicki Ozren clinopyroxene amphibolite ranges in
composition from 50-80 mol.% An (KORIKOVSKY et
al. 1996). Further from the contact plagioclase is
strongly zoned and poorer in An (15-25 mol.%).
Generally, in the majority of metabasic rocks occurred
further from the contact, the plagioclase have <10-30
mol.% An what enables the determination of P-T con-
ditions.

Correlation of P-T conditions and
age of metamorphism

The P-T conditions during metamorphic events are
closely related to the thermal properties of the ophio-
lite sequences and to the rigidity of protoliths. The
pressure is directly proportional to the depth. There-
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fore various pressures can indicate various depths of
detachment of the oceanic lithosphere as well as the
depth of initial cooling. A gradual increase of P-T
conditions with advancing movement of the ophiolite
slab was recorded in some minerals through changes
in their chemistry (e.g. Teji¢i, Bistrica, Fruska Gora).
WaxkABAYASHI & DILEK (2000) assumed considerable
thinning of ophiolites after the sole formation, in
cases when the estimated depths greatly exceed the
thickness of ophiolites.

Based on P-T estimates for mineral assemblages in
metabasic rocks of the WVZ and the DOB three types
of metabasic soles can be distinguished (Fig. 7a, Table
2, 3):

a) high pressure — low temperature blueschist facies
assemblage, only recorded in the metamorphic sole at
the Fruska Gora (WVZ). A temperature of approxima-
tely < 300-350°C and ~400°C and pressure of 4-8 kbar
and 7-9 kbar respectively, corresponding to depths of
about 14-29 km and 30 km, are estimated. These esti-
mations are based on the petrogenetic grid for low-tem-
perature metabasic rocks of moderate and high pres-
sures of LIOU ef al. (1987) for the glaucophane-riebeck-
ite + pumpellyite assemblage. This assemblage is con-
trolled by the reactions: Pmp + Chl + Qtz = Czo + Act
+ H,0 and Pmp + Gin +Qtz = Czo + Act + Ab+H,0
(see NAKAJIMA et al. 1977) and by the stability field of
natural glaucophane (MARESH 1977), which is in the
upper limit range of 6-9 kbar and 400-450°C. The
stability field for Na-amphibole is well constrained at
pressure range of 5-9 kbar for the temperature range
of 300-600°C (e. g. HoLLAND & POWELL 1988; HOL-
LAND 1988; HOFFMAN 1972; MARUYAMA et al. 1986;
BrowN 1974, 1977; BROWN & FORBES, 1986). Gener-
ally, in this stability field the composition of Na-am-
phibole is pressure dependent. Accordingly, the estima-
tion of MILOVANOVIC et al. (1995) for the assemblage
ferroglaucophane (former crossite) + phengite + epidote
can be considered realistic. Crossite is pressure depend-
ent and very useful as it divides low-P riebeckite from
high-P ferroglaucophane. Although the term crossite is
not used anymore for the amphibole nomenclature of
LEAKE et al. (1997) it was used due to its above de-
scribed nature.

The K—Ar age of 123 + 5 Ma for the blueschist im-
plies the Early Cretaceous subduction of the oceanic
crust beneath the northeastern continental crust (Mi-
LOVANOVIC et al. 1995).

b) high pressure — high temperature granulite to
amphibolite facies characterize the metamorphic soles
in both, the WVZ (Banjska) and the DOB (Bistrica,
Sjenicki Ozren and Brezovica) domains.

At the Banjska domain the chemistry of amphiboles
from the metabasic members, (belong to the pargasite-
tschermakite-hastingsite series, with up to 1.9 wt.%
TiO,) imply temperature conditions which coincide
with the maximum temperature of 760—780°C calcu-
lated for the garnet-cordierite-sillimanite gneisses,
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Fig. 7. a) P-T ranges of the metabasic rocks from the WVZ
and DOB metamorphic sole. Reaction curves: Am-in, Am-
out and Grt-in (ERNEST & Liou 1998); Prp-in, Jd+Qtz and
An-out (GREEN & RINGWOOD 1967); Cpx-in, Opx-in (Mu-
KHOPADHYAY & BOSE 1994); titanite-ilmenite and rutile
(Liou et al. 1996); Prh (FREY et al. 1991); b) Assumed P-T-t
paths for the DOB and WVZ metamorphic sole rocks oper-
ated during the intra-oceanic subduction and cold subduction
within the northern part of the WVZ or Sava Zone (SZ) —
Fruska Gora. Inlet in the upper left corner shows the depth of
metamorphism (a) and (b) begining of subduction related to
scrutinized domains with different rock types. The P-T—t
path of slow-subduction of young oceanic lithosphere is after
PEACOCK et al. (1994).

which occur as thin layers within the immediate con-
tact with ultramafics (KORIKOVSKY et al. 2000a). The
pressure of 6—7 kbar, estimated according to the
jadeite isopleths in clinopyroxene from the clinopy-
roxene + plagioclase + quartz assemblages is also in
accordance with the pressure calculated for the gneis-
ses using the Grt-Crd-Sil-Qtz geobarometer of ARA-
NOVICH & PoDLEsskIl (1989). This pressure corre-
sponds to a depth of 24-25 km.
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Table 2. Overview of P-T conditions for the metabasic rocks of the WVZ metamorphic soles in Serbia

: P T Geothermometar Depth

Location | Rock Type Tehat oC Geobarometar I K-Ar Age (Ma) Reference

Fruska Blueschist 7-9 400 PT stability of Na-Am and ~30 12345 MILOVANOVIC et al. (1985)

Gora 4-9 | <300-350 | pumpelyite* 14-29 KORIKOVSKY & KARAMATA (2011)

e o T: Grt-Pl (HB) 160+ 6.2 L .
Tejici Grt Amphibolite | 5.5+ 1 | 620-670 |pl A1_in Hbl (12) 18-25 157.6 £ 10 SRECKOVIC-BATOCANIN et al. (2002)
) 1603+ 8

Devovi¢i | Amphibolite no data 600 no data no data POPEVIC (1973)
Cpxamphibolite| 67 | 650-780 | 7 iSRG

Banjska ’ 18-25 no data KORIKOVSKY et al. (2000a)
Gri-Crd gneiss | 6.7-6.9 | 760-780 | b, (re-Crd-SiOm (AP)

Troglav no data
Amphibolite s.s. 168+3.9 %

Rogozna Groenschist no data 178+ 6.7 PALINKAS et al. (2008)

Abbreviations: HB — HOLLAND & BLUNDY (1994); A — A1(1994); HZ — HAMARSTROM & ZEN (1986); J — JAQUES (1982); KS

— KoHN & SpPEAR (1990); P — PERCHUK (1989);

1990; AP — ArRANOVICH & PobDLESskIl (1989); H — HoLLAND (1980).

* —Liou et al. (1987); MARESH (1977); NAKAJIMA et al. (1977).

The amphibolites from the Bistrica domain (DOB)
were the subject of a few researches. The P-T esti-
mates for garnet-clinopyroxene granulitic amphibo-
lite, garnet amphibolites and corundum-bearing am-
phibolites are almost consistent and range from 740 to
830°C and 8-10 kbar. The amphibolites sensu stricto
are metamorphosed under T—P of 600—650°C and 3.5
to 7 kbar. FED’KIN et al. (1996) pointed out that the
retrograde stage of the thermal evolution of the
Am+Cpx+Pl amphibolite was probably periodically
interrupted by tectonic movements caused by the
rapid ascent of the Bistrica complex. According to the
Am—Cpx—PI geothermobarometry and estimated P-T
changes four phases or depth levels are distinguished.
The peak metamorphic condition for the Bistrica gar-
net-bearing granulitic amphibolite, garnet clinopyrox-
ene amphibolite, and amphibolite sensu stricto is esti-
mated according to the amphibole — plagioclase geot-
hermometer of HOLLAND & BLUNDY (1994). The tem-
perature was calculated for the assumed pressures of
6 to 12 kbar and the pressure estimates were based on
the Grt—-Am-P1-Qtz geobarometer of KOHN & SPEAR
(1990) for the temperature range of 600 to 900°C. The
average P-T value resulted from the intersection of
lines for calculated temperatures and pressures (taking
into consideration the average error of the applied
method). The obtained temperature of 808°C + 40°C
and pressure of 9.5 + 0.9 kbar corresponds to the lower
part of the granulite facies (Fig. 7a). These results are in
accordance with the data of MiLovaNovIC (1988) and
FED’KIN et al. (1996).

The K—Ar age of the Bistrica amphibolite ranges
from 168 to 174 = 14 Ma (Table 3). The high PT con-
ditions of the Bistrica garnet pyroxenite and its age of
146 = 4.9 Ma (Nd—Sm) imply the subduction of ocea-
nic crust ensued by exhumation and cooling in a sub-
duction channel (BAZYLEV et al. 2006a): the exhuma-
tion can arise during SSZ-spreading and rollback of

the subducting oceanic slabs and culminate in tectonic
emplacement over a continental margin prior to the
Tithonian—Berriasian time (see ROBERTSON et al. 2009).

The P-T conditions of the amphibolites comprising
Cpx+Am+PI (up to 80 % An) assemblage from the
Sjenicki Ozren (DOB) were calculated following the
Hbl-Pl thermometer of JAQUES et al. (1982). The esti-
mated peak metamorphic conditions of 750-830°C
and 5-6 kbar (according to Al-in Hbl geobarometer
and high pyrope content in garnet) imply a depth of
18-22 km (Table 3). The age of those amphibolites
and of the Banjska metamorphic sole remains un-
known.

The inverted zonal metamorphic sole at the subduc-
tion-accretion complex of Brezovica (DOB) is charac-
terized by metamorphic imprint of igneous basic rocks
to amphibole schists and amphibolite varieties in the
temperature range from 350-500°C in the third zone
to 500—600°C in the second zone. The maximum me-
tamorphic peak of 600—670°C is attained in the first A
zone to 700—750°C in the first B zone at almost iso-
baric condition (7-9 kbar). On the basis of P-T calcu-
lations two subdomains are recognized: the south-
western part with upper amphibolite facies (Borov
Vrh, Malo Borce and Jezerina) and the northeastern
part with greenschist to medium amphibolite facies
conditions (locality Krst). Both show evidence of lo-
calized retrogressive reactions related to the subse-
quent uplift, cooling and thrusting of ultramafics: cli-
nopyroxene and hornblende — actinolite and epidote;
garnet — chlorite and epidote; plagioclase — saus-
surite.

The difference in the temperature imprint of these
two subdomains, originally metamorphosed at almost
the same depth, suggests that the ultramafic part of a
single harzburgite mass had a different temperature. It
should be stressed out that garnet, the usual source of
information about prograde metamorphism, shows
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evidence of prograde zoning growth. It is reflected in
an increase of Mg and decrease in Ca component from
core to rim. It is almandine rich with up to 24 % of
pyrope component in the outer shells in the second to
nearly 40 % in the first distinguished zone. Textural
and chemical evidence suggest that garnet grew at
medium to high temperature and continuously re-
equilibrated up to peak conditions.

The K—Ar age measured on the Brezovica amphi-
bolites gave 159-168 Ma (KARAMATA & LOVRIC,
1978) and 162—-169 Ma (OKRUSH et al. 1978).

¢) medium pressure — medium temperature amphi-
bolite facies assemblages is found in WVZ (Tejiéi,
Devovi¢i) and DOB (Zlatibor).

At the Teji¢i domain (WVZ) the Am-Grt geother-
mometer (Table 2) gave an average temperature range
of 620—670°C at an assumed pressure of 5.5 = 1 kbar.
This P-T range is similar to that obtained for the gar-
net-free clinopyroxene amphibolites in DOB (Table
3). The garnet mica schist displays lower P-T range
(500 £ 50°C at 3—5 kbar) and could be assigned to up-
lift of hot ultramafic body (SRECKOVIC-BATOCANIN &
Vaskovic¢ 2000).

The K—Ar age measured on amphibole and mica
ranges from 157.6 £ 10 to 160.1 + 7.1.

Based on mineral assemblages in amphibolites next
to the ultramafic body at the Devovi¢i domain a tem-
perature of about 600°C is reported by POPEVIC (1973).

An inverted contact metamorphic aureole under-
neath the large Zlatibor ultramafic mass comprises
three metamorphic zones. A temperature range of
300-350°C and pressure of 3—3.5 kbar for the third
marginal zone (actinolite + pumpellyte + prehnite) is
assumed using the petrogenetic grid for low tempera-
ture metabasites of Liou ef al. (1987). The remarkable
progressive change in mineral assemblages within
metabasites is realized in the transition to the second
zone. It is characterized by the break down of pumpel-
lyite and prehnite, replacement of actinolite rim by
tschermakite, appearance of phengite (Si up to
3.38-3.41 apfu, MgO up to 3.3 wt.%, FeO up to 2.9
wt.%), and an increase of anorthite component in pla-
gioclase (7-15 %). The presence of rare intercalations
of phyllites and paragneisses in metabasic members
with mica and garnet (4-16 % of pyrope component
from core to rim and decrease of grossular from
21-8 % and spessartine component from 15-7 %)
allowed the Grt — Phn thermometer of GREEN & HELL-
MAN (1982) to be used. A temperature range of
400-500°C was estimated (KORIKOVSKY et al. 2000b).
The first zone with almost homogenous magnesio-
hornblende and tschermakite having a slightly elevat-
ed Ti concentration, plagioclase (20-50 % An) and
rare augite with less than 2—-3 % of jadeite component
implies shallower depths when compared to the Bre-
zovica aureole. The Grt-Pl thermometer of BLUNDY &
HoLLAND (1990) gave temperatures of 550-650°C.
The low concentration of jadeite component in

clinopyroxene enabled rough estimation of pressure
of 3-3.5 kbar at a temperature of ~650°C (Table 3).
According to all these estimations KORIKOVSKY et al.
(2000b) summarized that the Zlatibor massif was tec-
tonically stabilized and started to cool isobarically at
depths of approximately 12—13 km.

The K—Ar age of the Zlatibor metabasites is 160 Ma
(KARAMATA & LOVRIC, personal communication) what
is consistent with the ages obtained for the Teji¢i and
the Brezovica metamorphic sole.

Based on mineral assemblages, estimated P-T con-
ditions, zoning in mineral phases and obtained ages,
the potential P-7—t paths are given for metabasic
rocks from the WVZ and the DOB metamorphic sole
(Fig. 7b). The retrograde assemblages indicating the
overprint of high- to medium grade metabasites are
low-temperature mineral phases of greenschist facies.

The tectonic settings that could be parental to the
Serbian southwestern part of DOB (e. g. Bistrica) are
assigned to the ocean thrusting and subsequent intra-
oceanic subduction. At the beginning the metamor-
phism operated at a depth >30 km (=10 kbar and ~800
1 50 °C). The appearance of corona texture and medi-
um-PT mineral phases imply a short-lived high-PT
event and subsequent fast exhumation of the ophio-
litic sequence; at another domain the intra-oceanic
subduction of SSZ-type, operating in various depths,
was responsible for the development of metamorphic
soles. Thus, the garnet clinopyroxene bearing metaba-
sites of the Bistrica represent the deepest subducted
slab (~30 km). Further northwest, the peak metamor-
phic condition of various types of amphibolites imply
the shallower burial of subducted slabs — ranging from
18-25 km (Sjenicki Ozren and Banjska) over 18—15 km
(Teji¢i) until 12—13 km (Zlatibor).

Composition and Correlation of protoliths
and tectonic implication

Generally, the ocean units of the Dinaridic and the
Western Vardar Zone belt comprise sub-ophiolite
mélange thrust by an ophiolite unit with a metamor-
phic sole at its base. Within them the different types of
basaltic rock and rarely gabbros were metamorphosed
under various metamorphic conditions.

The blueschists of the Fruska Gora are considered
to be a relic of the subducted oceanic unit (MILO-
VANOVIC et al. 1995). Recalculation of data reflects on
prevailing of basaltic trachyandesitic composition in-
stead of trachybasaltic (Fig. 8b). The ratios of incom-
patible elements (Ti, Zr, Y) suggest an MORB- and
CAB-affinity (Fig. 8a). The latter was reported by Mi-
LOVANOVIC et al. (1995) as VAB-affinity (due to lack
of data for Nb it is not possible to discriminate be-
tween Nb—Zr—Y). The Zr/Y ratio ranges from 4.01 to
5.95. The REE patterns normalized to chondrite val-
ues after SUN & MCDONOUGH (1989) show medium
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Fig. 8. Geochemistry of the Fruska Gora blueschists and Teji¢i amphibolites according to recalculated data of MILOVANOVIC
et al. (1995) and SRECKOVIC-BATOCANIN ef al. (2002): a) Ti-Zr-Y discrimination diagram (after PEARCE & CANN, 1973); b)
Si0,—Na,0+K,0 classification diagram (after LEBAS et al. 1986); c) Fruska Gora chondrite — normalized REE patterns, d)
N-MORB normalized and e) OIB normalized trace element spider diagrams of the Fruska Gora blueschists, f) Chondrite —
normalized REE and g) N-MORB normalized trace element spider diagrams of the Teji¢i amphibolites; g) SiO, vs K,O

classification diagram (after MIDDLEMOST 1975); normalizing values are after SUN & MCDONAUGH (1989).
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LREE enrichment (Lay/Yby = 1.41-3.43), no marked
Eu-anomaly (Eu/Eu* = 0.84-1.13) and high SREE
content (187.7-253.3) with two exceptions (85.8 and
116.6). All analyzed rocks are high-TiO,, Zr and Y
type basaltic rocks enriched in alkalis (Fig. 8b, h). The
relations between compatible and incompatible ele-
ments presented on spider diagrams normalized to the
average N-MORB and average OIB (Fig. 8¢) indicate
a very strong negative Sr-anomaly relative to adjacent
elements. In respect to the average N-MORB they are
much more enriched in LILE and slightly in HFSE as
compared with the average OIB (Fig. 8d). Actually,
the reexamination of blueschist geochemistry has
shown characteristics very similar to OIB (Fig. 8d;
Fig. 8e). The strong negative Sr-anomaly as has been
many times encountered in MORB and OIB environ-
ments (see HOFMAN 1997) could be a result of seawa-
ter- basic magma interaction i.e. alteration prior to
subduction. During the high-P low-T metamorphism
the LILE elements behave as immobile (e.g. BEBOUT
1995, 2007; BeBOUT et al. 1999). Therefore, the
blueschists probably originate from rocks whose com-
position is similar to OIB.

The metabasic rocks from the Teji¢i show the tho-
leiitic trachybasaltic to basaltic trachyandesitic com-
position (Fig. 8b). According to the ratio of Ti, Zr and
Y they plot within MORB and CAB field (Fig. 8a).
The Zr/Nb ratios (5.59-1.91) are lower than in the
typical N-MORB (~32). The chondrite normalized
REE patterns for garnet amphibolite (GA) and amphi-
bolite sensu stricto (A) differ in LREE abundance
(Fig. 8f). The former is much more enriched in LREE
(70-100x chondrite values; Lay/Smy = 1.93) than the
latter (~10x chondrite values; Lay/Smy = 0.77) with
almost flat REE. The Eu-anomaly is absent (Eu/Eu* =
0.91-1). The Lay/Yby is 3.15 (GA) and 0.77 (A). The
slight to moderate enrichment in LREE could be
assigned to pre-metamorphic basalt-seawater interac-
tion. The N-MORB normalized trace element patterns
(Fig. 8g) are characterized by a negative slope from Rb
to Sr and nearly smooth pattern from Zr-Y: the more
mobile elements i.e. LILE are variably enriched;
whereas, the HFSE have an N-MORB abundance. The
(Nb/La)py, ratio (1.04—1.45) precludes sediment contri-
bution. The Nb/Y is 0.46 (GA) and 0.19 (A). The
Zr/Nb of 5.59 for the GA and 1.51 for the A and Ce/Y
of 1.38 (GA) and 0.36 (A) ratios and Ti/Y vs. Zr/Y
relation (see PEARCE & GALE 1977) indicate an E-
MORB affinity as summarized also by SRECKOVIC-
BATOCANIN ef al. (2002).

The texture, mineral chemistry and geochemical
composition (high Mg#, low SiO,/Al,O; values, REE
pattern, and positive Eu anomalies) of the Bistrica me-
tabasic sole rocks are consistent with a cumulate gab-
bro and evolved tholeiitic basalts originated in MOR-
type setting (BAZYLEV et al. 2003, 2009; MILOVANOVIC
et al. 2008). The geochemical data of the Bistrica and
the Zlatibor metabasic sole rocks are not published.

According to data of CHIARI ef al. (2011) three
types of basaltic rocks are recognized in the Zlatibor
aureole. The first two have N-MORB, E-MORB or
P-MORB affinities and their origin is assigned to par-
tial melts derived from depleted mantle that was vari-
ably influenced by an OIB-component erupted in
seamount or off-axis tectonic settings. The third one
of CAB affinity originates in an island or a continen-
tal arc orogenic setting — the enrichments in Th and
Yb are recognized as indicators of the SSZ-imprint.

The protoliths of the sole metabasic rocks of the Bre-
zovica are identified as moderate to high-Mg, low-Ti and
moderate to high-Ti low-K tholeiitic basalts (KARAMATA
et al. 2000). Among them three sub-types are distingu-
ished: strongly LREE depleted (Lay/Smy = 0.44 £+ 0.22),
moderately LREE depleted (Lay/Smy=0.73 £ 0.13) and
LREE enriched (Lay/Smy = 1.51 £ 0.36). The first two
sub-types have geochemical feature similar or close to
N-MORB while the third is transitional between en-
riched MORB (T-type) and OIB. Following their age
(Table 3) the N-MORB basalts are recognized as pro-
ducts of an early oceanic stage or later paleo-oceanic
products, whereas the third (T-MORB-OIB), the old-
est one closely linked to the initiation of oceanic basin
and continental fragmentation, is SSZ-type. They show
similar features with those within the northwest and
southern continuation of DOB (Krivaja—Konjuh, Bor-
ja, Mirdita—Pindos) concerning their LREE abundance,
TiO,, P,Os as well as with metabasalts of E-MORB
affinity in WVZ (e.g. Tejici).

Conclusions

The correlation of data collected from the available
literature related to the metabasic sole rocks devel-
oped at the base of the ophiolites of DOB and WVZ
with contribution of new data for the Bistrica metaba-
sic rocks allow to summarize and conclude that:

1. Spatial relation and comparison of mineralogi-
cal, petrological and geochemical data as well as P-T
conditions of metabasic sole rocks between the WVZ
and the DOB ophiolites, with the exception of Fruska
Gora, confirmed their common origin;

2. The different types of metabasic sole rocks occur
at the base of obducted ophiolites as thrust or collided
sheets, large blocks and fragments within the sub-
ophiolitic mélange;

3. Metamorphic structures (i.e. foliation) of the ma-
jority of metabasites are parallel to basal thrust faults
beneath the overlying peridotites; the same feature is
confirmed in the metasediment interlayers occurring
within;

4. The zonal composition of amphiboles and gar-
nets from some metamorphic soles (e.g. Tejici, Zlati-
bor, Sjenic¢ki Ozren and Brezovica) are controlled by
temperature; the relatively high AI'V/AIV! ratios in
amphiboles imply mostly the moderate increase of
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pressure during metamorphism; due to pressure drop
and a subsequent short thermal increase the garnet
from the Bistrica granulitic amphibolite show corona
textures;

5. The metamorphic peak conditions recognized
based on mineral assemblages and chemistry of miner-
als, determined: a) a high-P — low-T epidote-blueschist
facies at 4-8 kbar and <300-350°C to 7-9 kbar and
~400°C (Fruska Gora); b) a high-PT amphibolite-
granulite to amphibolite facies at 810 kbar and
>700-850°C (Banjska, Bistrica, Sjenicki Ozren and
Brezovica); c) a greenschist to medium-PT amphibo-
lite facies at ~3.5-7 kbar and >350-650°C (Tejici,
Devoviéi and Zlatibor).

6. Major, trace and rare earth element distribution
and elemental ratios within metabasic rocks bear geo-
chemical affinities of cumulate gabbro and basalts of
SSZ-type (E-MORB and OIB signature) or more
evolved tholeiitic basalts of MOR-affinity (e.g.
Bistrica); the E-MORB — OIB affinity can be linked to
the rifting in an oceanic spreading center, partially
affected by a plume-mantle component in both
domains (WVZ and DOB); the east-dipping intra-
oceanic subduction (SCHMID et al. 2008; CHIARI et al.
2011) was responsible for the evolution of the metaba-
sic sole rocks at different metamorphic grades; ac-
cording to available data it probably started at the end
of Early Jurassic (178 Ma) leading to development of
back-arc SSZ oceanic basins in the Middle-Late Ju-
rassic;

7. The depth of metamorphism, i.e. the depth of de-
tachment varies from 10 to 30 km.

8. The still hot overlying ultramafics were respon-
sible for the creation of an inverted metamorphic sole
during intra-oceanic obduction (KARAMATA et al.
2000; ROBERTSON et al. 2009 and reference therein);

9. At the Fruska Gora domain the different rock-
types from the olistostrome mélange including subal-
kaline basalts were buried to the depths of 14-30 km
by cold subduction. The generated blueschists are rep-
resented by two different mineral assemblages: glau-
cophane(riebeckite) + pumpellyite + actinolite + epi-
dote at its west slope and ferro-glaucophane (earlier
crossite) + riebeckite + albite + epidote + phengite at
its eastern slope;

10. The reported K—Ar age range is between 174
and 146 Ma and spans almost 30 Ma.

11. The estimated P-T conditions and mineral as-
semblages depicted in metabasic sole rocks in the
Serbian Dinaridic and the Western Vardar ophiolites
are mostly in accordance with the majority of meta-
morphic sole metabasites developed in their north-
western and western continuation in Bosnia (e.g.
Krivaja—Konjuh, Borja, Ozren, Kozara) and Croatia
(“Sava Zone” or WVZ) where blueschist facies meta-
basic rock occur as remnant of cold subduction with-
in the sub-ophiolitic mélange (Medvednica & Mota-
jica, see BELAK & TIBUAS 1998 ) along with its east-

ern occurrence at Mt. Fruska Gora. Additionally, the
metabasic sole rocks are spatially related with those
exposed further south in Albania (Mirdita zone) and in
Greece (Pindos zone).

This correlation reveals the need to further clarify
various aspects of metamorphic sole formation, par-
ticularly for those which have not yet been studied
and whose age remains uncertain.
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Pe3nme

Kopenanmja meradazura u3 meramop@uux
cepuja y noguau opuosura JluHapuaa u
3anagne Bapaapcke 3one (Cpouja): Tpu
pazauuuta P-T—t rpagujenra

MetamopdHe CTeHe y MOIWHU O(PHONIHTA YKa3yjy
Ha BpeMe MeTamopdu3Ma KOj! je M3a3BaH jOII 3arpe-
jaHOM ynTpamMauTCKOM MacoM Ha CaMOM ITOYETKY
3aTBapama okeaHcKor mpocrtopa. Y CpOuju cy oTKpH-
BeHe Ha Opymikoj ['opu, Masseny, [losneny (Tejuhn),
CronoBuma u bamckoj y 3amagHoj Bapnapckoj 30H7
(WVZ), ogaocHo Ha 3matubopy, buctpumu, Cjern-
ykoM O3peny u bpesosunm, y [dunapuackoMm oduo-
mutckoM mojacy (DOB). Ha ocHoBy MuHepamHOT
cacraBa, P-T yciaoBa m crapocT MeramopdusMa,
W37BOjeHa cy TpH paznuunta P-T— t rpagujenra.

[TocTojehn TepeHCcKH, MeTPOTOIIKO-MHHEPATIOIIKH,
TEOXEMH]CKHU U TEOXPOHOIIOIIKH MOJAIH 0 METaMOPd-
HUM cTeHama y moawHu oduomuta WVZ u DOB-a
JIOMYHeHH Cy HOBHM MHHEPAIOMIKUM IOaIiiMa O
am¢pubonmutuma bucrpume. Y pany cy pasmarpaHne ca-
MO MeTa0a3W9yHe CTEHE YHjU MPOTONUTH CYy CTEeHe
OKEaHCKe Kope: KyMyJaTHU rabpoBH | 0a3alTh U3 Cy-
mpa-cyonykimonnx 3oHa (SSZ) ca omnmmkama 000-
raheror MORB-a, OIB-a wiu Bume mudepeHIupa-
HHX TOJICUTCKUX 0a3zaliTa CpeIbOOKEaHCKHUX TpeOeHa.
OBaxBe CTeHE ce peIOBHO Haja3e Ha CAaMOM KOHTAaKTY
ca ynrpamMagutuMa. YaTpaMaduTCKd MacHBH, IIPETE-
YKHO JIEP30JIUTCKOT (£ TpaHar) cacTasa cy neduHuca-
HA Kao (parMeHTH CYOKOHTHHEHTaITHOT OMOTada
(buctpuna, Cjernuku O3peH) AOK Cy Nep30iuTd (+
CIIHEN )-Xapuoyprutu 3marnbopa u bpesosuiie cBp-
CTaHW y OQHONHTE CYIpa-CyOmMyKIIMOHUX 30Ha (0a-
CeHM M3a JIyka). Y HUXOBOj MOIWHH CY, 3aBUCHO OIl
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ycinoBa MeraMmopdu3Ma M KapakTepa MpOTONHTA,
obOpa3zoBane MeTaMop(dHE CTeHEe BeoMa Pa3IMIUTOT
cacTaBa: TpaHATCKUA U aM(UOOICKH TPaHYIUTH, Tpa-
HAaT-KJIUHOMMPOKCEHCKH aM(UOOIHUTH, KIMHOIIHPO-
KCeHCKH aM(puOonutr, amMpUOOIUTH ca KOPYHIOM,
am¢pubonmutu u Omymuctu. Behuna je nperpnena Ha-
KHaJHE peTporpagHe W3MEHe MpH deMmy cy obpa-
30BaHE Pa3IMYUTE aCOLHjaIlije HUCKOTEMIIepaTypHUX
MUHEpana.

MeTtamophuTH BHCOKMX TWPUTHCAKA W HHUCKHUX
TeMITeparypa, Be3aHHW 3a CyOIyKIHjy, Hamaze ce Ha
Opymkoj [opu: aconmjamuja mraykogpaH-pUOCSKHT-
ITyMIETNT-aKTHHOIUT-eUAOT 00pa3oBaHa je y ycio-
BAMa enuIoT-0mynvcT cyOdanmje TeMneparypama o
~400°C n nmputucunma 7-9 kbar 1j. Ha MyOmHaMa of
oko 30 km. Cmarpa ce ma je Ty OKeaHCKa Kopa He-
Kajgammer Bapmapckor okeaHa cyOmykoBaHa — TIOX
KOHTHHEHTAJTHY KOPY Ha CEBEPOUCTOKY IOYETKOM
kpene (6apem-ant; 123 + 5 Ma). JIpyru THI MeTa-
Mop¢ura Ha Ppymkoj ['opu, oqHOCHO ApyTradnja MU-
HepallHa IapareHe3a, oOpa3oBaHa je Ha TeMmIiepa-
typama ucnojg 340-350°C u mputucuuma oxn 4-8
kbar. BbbuxoBu mpoTONHUTH Cy CTEHE U3 MeNlaHXa, Koje
Cy TMpOIEecOM XJaJHe CyOQyKIWje IOTHCHYTE Ha
nyouny 14-29 km rtme cy meramopducane y riay-
koaH (pHOEKHUT)-ITyMIIEIUT—aKTHHOIUT—CITHUI0T—
XJIOPUTCKE MeTanenrgape U GuiauTe ca (GeHTHTOM.

Metamopduru Tejuha oOyxBarajy pa3nudure cTe-
He o0pa3oBaHe y ycioBUMa aM(UOOIHTCKE W TPUH-
muct ¢amuje. [Ipotonmutn cy OazuyHe marmarcke
CTeHE W HUXOBU BYJIKAHOKJIACTUTH, Ka0 U TIECKOBHUTO-
QIEeBPUTCKU (TETUTCKH) ceauMeHTH. CTeHe BHUIIer
cTynma Meramopdmsma (ampudonutu ca u 6e3 rpa-
HaTa ¥ enuJ0TCKU aM(pUOOINTH) HaJla3e ce Y TOIUHH
yaTpamadura (MPEeTeKHO XapHOypruTH M3 OMOTadva).
Uectu cy u pparmeHTH WM OJIOKOBH OKIACTUX THAj-
CeBa M MUKAIIICTa Ca TPAaHAaTOM KOjU Cy 00pa30BaHH Ha
temneparypama of 435-550°C no 630-680°C u npu-
tucumma ox 4.5 £ 0.5 kbar mo 6 £ 1.5 kbar. Turon/Ke-
nmoBejcka crapoct meramopdura Tejuha (160-150
Mui. Tof.) yrBpheHa je K-Ar meromom. IlpucyctBo
METAaKJIACTUTA y ACOLMjalliju ca MeTaba3uTHMa MOXKe
yKazaTH Ha ONM3MHY KOIHA IITO j€ MOTBpheHo mo-
jaBOM MaHOIIacTe TEKCType Yy ,,pillow*-0azanTnma u
OJICYCTBOM JIyOOKOBOJHHUX CETUMEHATA.

AMpubonuTH Ha KOHTaKTy ca yaTpaMmadTuma y
ceny JleBoBuhu (jyrozamamau oOpoHIm Mobapckor
yaTpaMaduTCKOT MacwuBa) ¢y (OpPMHpaHH Ha TeMIIe-
parypama oko 600°C onm creHa mujaba3-poxKHAYKE
(hopmarrje, OTHOCHO METaHXka.

AMPuOOTUTH W3 TOoAWHE yATpaMadUTCKe Mace
bamcke, meramopdurcann y TemreparypHOM HHTEp-
Baity ox 650°C ngo 760-780°C u mpuTucuMMa Of
6.7-6.9 kbar, ykazyjy na ce mouetak xialema U TEKk-
TOHCKE cTabuim3aiyje ynrpamadurcke Mace aemia-
Bao Ha qyomHama ox 2425 km.

Meramopdutn Poro3ne cy yrimaBHOM MpeacTa-
BJbeHH aM(PHOOINTHMA ¥ 3€JIEHUM IIKPUJbIIIMA (MH-

KallllCTA U MEpMepH Cy Mame 3acTyIbeHn). Crapoct
MepeHa Ha 3pHuMa am¢ubola U3 CBEXKHUX CTEHA je
mmehy 168.8 +£3.9 n 178.3 + 6.7 MmuwinoHa ronuHa, a
CTapoCT XUAPOTEPMATHO ajuTepHcaHnx amMdubdoInuTa
150.4 + 10.2 munmmona roguHa (Ar—Ar metona). [o-
OmjeHe BpETHOCTH BpEMeHa MO0YeTKa WHTPAOKEaHCKE
cyOonykije/o0nyKije (1oma 10 cpeama jypa; Toap-
CKA M 0ajecKkd Kar) ¢y y CKIaJy ca BpPEeIHOCTHMA
noOujeHNM 3a MeTamop(uTe U3 MoxuHe O(QUOIUTA
Hunapuna u Anbanuje.

MeTtaba3uTy pa3BHjeHN OKO 31aTHOOPCKOT YIITpa-
Madurckor macuBa (550-650°C u 3-3.5 kbar) noka-
3yjy /a ce TeKTOHCKa CTaOmiIn3allija U MoYeTaKk XJja-
hema oBor MacuBa AemIaBao Ha 3HATHO Mamk0j TyOHHH
(12-13 km) y mopehemy ca apyrum mMacuBuma Cp-
ouje. Tekrorcku Omox buctpuie Ha jy)kHOM 000y
3maTnOOpPCKOT MacHBa CacTOjU C€ YIIIaBHOM Off CITH-
HEeJ JIEP30JIUTa 1 JIEP30JIUTa ca KUIaMa U CII0jeBHMa
mopPUPOOTACTHIHNX XapIOYPIUTa, TPAHATCKUX KITH-
HOIIMPOKCEHNUTA W CIHHEJICKUX XOPHOJIEHAWTA, KOje
yKa3zyjy Ha MOpeKIIo N3 CyOKOHTHHEHTAIHOT OMOTava.
MetamopdHe cTeHe y TOAUHA yATpamadura cy odpa-
30BaHe y yciaoBuUMa aM(DHOOIUT-TpaHyIuTCKe, aMpu-
OonmTcke U rpuHIHCT Qanuje. [ paHar-mupoKceHckn
aM(puOOIUTH HACTATM Cy Ha TeMrepaTypama usmehy
828-879°C n 740-830°C mpu mputucuma ox 8—10
kbar. CtapocTt rpaHaT-mupoKCeHCKNX aMpubdonmnuTa u
KOpyHA-TIapracutckux ampuodomura ox 178 + 14 mu-
nroHa romuHa yTBphena je K—Ar meTomgom.

Omncer ycnoBa meramop(u3Ma TpaHaT-MIPOKCEH-
ckux amdubomura Cjernmukor O3peHa jecre
750-830°C mpu mputucimMa 5—6 kbar mrTo je exBu-
BaJieHTHO nyOmHama ox 18 mo 22 km. Amdudonurw,
rabpo ampuOOINTH U 3€IeHN IKPUIBIH, KOjU Ce Ha-
Ja3e Jajbe Off KOHTaKTa ca yarpamaduThMa, MeTa-
Mopducanu cy Ha Temneparypu usmely 400—430°C.
MaxkcumarHe u3padyHaTe BpeJHOCTH MeTaMop(du3Ma
ykazyjy na je macuB CjeHmukor O3peHa CMemTeH y
JaHAIITBH TTOJIOKA] Kao Beh ouBpCIIa WIIH TETUMUTHO
ouBpcia Maca (u3uan 1000°C).

VY koHTakTHOM opeony bpesoBurie m3aBojeHe cy
TpH 30HE. Y NPBOj 30HU, HA CAMOM KOHTAaKTy ca Tie-
PUIOTUTHMA, HAJla3e C€ T'paHaT (£ KIMHOMHUPOKCEH)
aM(puOONMUTH M TrpaHaT —IUCTEHCKH THajceBH, 0Opa-
30BaHM Ha Temmeparypama wm3mehy 700-750°C u
600-670°C u mputucuma o 8—9 kbar.

Y CcBMM HCIUTHBAaHUM MeTaMOp(HHM cTeHaMma
amduobo je maBHa MuHepanHa daza. Obpasyje ce of
Ma(HUTCKEe KOMITIOHCHTE M3 IIPOTOJINTA, a BapHjalHje Y
xeMu3My cy nocieauna nmpomere P-T ycrnora. V Be-
huHM Hampen NpUKa3aHWX THIIOBA CT€HA OHH IIO
cacTaBy ofroBapajy Mg — XopHOJIeH !, eeHUTY, Ma-
THE3UjCKOM XaCTHHICUTY U aKTHHONUTY. U3y3eTak cy
omymmctn Opymke ['ope y kojuMma je To depo—Tay-
koar 1 Mg—prbekuT nin 30HapHU Na—ambuoo rmia-
yko(aH puOeKHTCKOr THMA, Kao W ampudomutu bu-
CTpUIle Ca €IeHUTOM W Mg-XaCTHHICHTOM H Tap-
TacHUTOM.
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['panaru cy 3anaxxern y ampuOOIUTAMA Pa3BHjeHIM
Ha caMOM KOHTakTy ca yaTpamMaguriMa W To y oba
oduonmrcka nojaca. AmMdudonutu Porosue, JleBouha,
3natubopa m Ppymke [ope He caapxe TpaHarT.
CHMIIEKTUTCKH, PEaKIUOHU PyO, 3ama)keH MPBU ITyT
OKO 3pHa rpaHara y rpaHarckuM amduoonmTiMa bu-
cTpurie, mrpalleH je of BpJIO CHUTHHX 3pHA KIHMHO-
MUPOCKEHa, anouTa W amQuOoNa, IMTO TOBOPU 1a je
TpaHaT YIJIIAaBHOM U pacTao Ha padyH OBa TPH MUHepaa.

TemrieparypHu ycnoBu MeTaMopdu3Ma U KapakTep
HOBOCTBOpPEHHUX (pa3a Cy TECHO BE3aHU 3a TOIUIOTHU
KamarnureT opuonnTa U Kapakrep npotonuta. [IpuTn-
CaK je JNUPEKTHO MPOTOpIHOHANAaH ITyOWHH, IMa Hhe-
TOBE Pa3IM4NTE BPEAHOCTH YKa3yjy Ha Pa3ININUTE Y-
OumHE oJBajamba OKeaHCKe JuTocdepe U TyOuHy UHH-
nujanaor xmnahema. Metamopputn y moguHu ohuo-
muta Cpbuje cy o0pa3oBaHH Ha MPUTHCIIUMA KOjHMa
onroBapajy myoune on 10 mo 30 km. ITocremen mo-
pacT IpUTHUCKA ca HAMIPEIOBAkEM OKEaHCKE IIIoUe je
y HEKMM Ciy4ajeBuMa 3alelekeH Kpo3 IpOMeHe
xemmn3Ma MuHepana (Ha np. Tejuhu, buctpuna, Opy-
mka [opa).

Ha ocHOBy MmHepajHOr cacTaBa, HW3padyHATHX
P-T ycnoBa MmeTamopdusmMa, 30HApHOCTH MHHEpAja U
CTapoCcTH MeTamopdu3Ma, U3ABOjeHa Cy TPHU TOTEH-
nujanaa P—T-¢ rpaaujenrTa:

— BuCOK-P — Hucka-T — 123 + 5 mun.romn. (7-9 kbar,
T ~400°C u <300-350°C, P 4-8 kbar). OBa acorm-
jamja MeTaMop(HIX MHIHEpaa je 3abenexeHa jeiHO
y metamopduom opeorry Opymike ['ope (WVZ);

— BUCOK-P — Bucok-T — 146 £ 4.9 u 174 &+ 14 muu.
roxa. (8—10 kbar, >700-850°C) ytBphena y bamckoj

(WVZ) u y buctpumu, Cjeanukom O3peny u bpeso-
Bunm (DOB) n

— cpeamwu- P — cpeamwu-T — 160-178.3 £ 6.7 mui.
roa. (3.5-7 kbar u >350-650°C), yrBphena y oba
mojaca: Tejuhu u [esosuhun (WVZ) u 3marubop
(DOB).

TexToHCKa cpenHa kKoja Ou oaroeapaina nerxy DOB
y Cp6uju (1a mp. buctpuna) onrosapa noapydjy o0-
IyKIIFj€ OKeaHCKe IJI0Ye W KacHHje M3a3BaHe YHyTap
OKeaHCKe cyonyknmje. Meramop¢uzaM ce y MOYeTKY
oJ1BMjao Ha BenukuM nyomHama >30 km (P>10 kbar u
T ~800 = 50°C). IlojaBa peakimoHHX pyOoBa W
MmuHepanHux (aza cpemmux P-T ykazyjy ma cy
OBAKBH yCIIOBH KPaTKO TPajajii ¥ Ja je Jouuio 1o 6p3e
eKcXyMalje o(hHOIUTCKE CEKBEHIIE.

VY Apyrum [enoBuMa OKEaHCKOT MoApydja ce YHY-
Tap-oKeaHcKa cyonyknuja SSZ-tuna ofjBujaiia Ha pa-
3MUYATAM JyOMHAMa W Jlaja pa3InduTe MeTaMopQHe
crere. [IponykT HajmyOpe CyOMyKOBAaHOT OGHUOIHT-
ckor Omoka (~30-36 km) cy rpaHaT—KJIMHOIHUPOKCEH-
cku MeTabasutu buctpure. Omatie ka ceBepo3anany
rocTerneHo onanajy Bpeaxaoctu P-T, omHocHO myOnHe
cyonykmuje Ha 18-25 km (Cjennuxu O3peH n bam-
cka) u 1815 km (Tejuhu). MuanMaNHa BpEIHOCT, O
12—13 km je 3abenexxeHa Ha 3matuoopy.

[Ipoctopuu pacmopen u nopeheme MHHEPAIOIIKO-
MIETPOJIOIIKIX M TEOXEMH)CKUX Tonaraka, kao u P-T
yCJIoBa y KojuMa ¢y 00pa3oBaHe MeTa0a3udIHe CTEHE Y
6asum oduomura 3B3 um JIOIl ca wm3y3eTkoM Me-
tamop¢uta Opymke [ope, yka3yjy Ha oOpa3zoBame y
CIIMYHOM TEKTOHCKOM PEeXHMY, Ha IITa Cy yKa3alu U
ScHMID et al. (2008) n CHIARI ef al. (2011).
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Salpingoporella nicolacarrasi spec. nov., a dasycladalean alga from
Santonian of southwestern Serbia (Novi Pazar, Mirdita Zone)

RAJKA RADOICIC! & MARC ANDRE CONRAD?

Abstract. A dasycladalean alga, Salpingoporella nicolacarrasi spec. nov., is described from Santonian
limestones of the Mur Formation outcropping in Novi Pazar, Mirdita Zone belt, SW Serbia. The alga, the main
axis of which bears tightly packed whorls of numerous laterals, resembles the Triassic Salpingoporella sturi.
Calcareous sparry calcite skeleton, likely first aragonitic, is more or less heavily destroyed by a special
process of bio-erosion, described under the name of Murl.

Key words: Dasycladales, new taxon, bio-erosion, diagenesis, Upper Cretaceous, Santonian, SW Serbia,

Mirdita Zone.

Aoctpakt. HoBa Bpcra Salpingoporrlla nicolacarrasi onmcana je M3 CaHTOHCKHX Kpedmaka bajeBuria
dbopmanmje y nokanurery Myp, jyxao on Hosor ITazapa.

Kibyune pujeun: Dasycladales, 3enene anre, HoBa BpcTa, OHoepo3uja, Topma Kpena, cantoH, J3 Cpouja,

Mupaura 30Ha.

Introduction

Salpingoporella nicolacarrasi spec. nov., was first
informally described and illustrated by RADOICIC
(1984) under the name of Dasycladacea gen. ind., in
a paper primarily introducing Drimella, a subgenus of
Neomeris. As mentioned at that time (ibid. p. 24), the
skeleton of this alga is compact around the primary
laterals, and the possible presence of secondary later-
als is dimly suggested by one specimen only (ibid., pl.
5, fig. 1), Dasycladacea gen. ind., consequently and
tentatively corresponding to the internal part of a Dri-
mella type skeleton. Salpingoporella nicolacarrasi
spec. nov. was found in the Novi Pazar area, in an out-
crop of Late Cretaceous limestones belonging to the
NW Rogozna—Novi Pazar—S Golija Mt. belt (in short
Novi Pazar belt, Mirdita Zone, Fig. 1), also called the
western belt of the Vardar Zone by some authors.

Geological setting
Sample location is in the Novi Pazar—Golija Mt.,

Mirdita Zone belt, also called the western belt of the
Vardar Zone, i.e. Dinarides by some authors. In this

area, the Late Cretaceous succession transgressively
rests on the Paleozoic, showing a transition from shal-
low-water to basinal environments. As shown by Po-
LAVDER (2002), in the south Novi Pazar suburb, two
formations are visible on outcrop: (1) the Bajevica
Formation (Santonian to lowermost Campanian), with
a basal, transgressive member of quartzite and sand-
stone, and a shallow water carbonate upper member,
and (2) the Mur Formation (Campanian to lowermost
Maastrichtian), with a lower member of hemipelagic-
bioclastic deposits and an upper hemipelagic-pelagic
member. The lower member of the Mur Formation
consists of silty-marly deposits containing limestone
blocks and clasts originating from a fractured, peri-
reefal area. This episode ended with thick-bedded
limestones corresponding to the influx of finer bio-
clastic debris. Limestone blocks are present as a later-
al development of the upper Bajevica, nearly in situ in
slope deposits. Some blocks bear numerous, large
Vaccinites and Hippurites, smaller forms of Radioliti-
dae, rudist fragments, debris of colonial corals, calci-
sponges and more or less frequent foraminifera with
an association comprising I/dalina antiqua (POLAVDER
2002, p. 82, figs. 3—5 p.p.). Our new Salpingoporella
originates from one of these blocks.

1 Kralja Petra I, 38, 11000 Belgrade, Serbia. E-mail: rradoicic@sezampro.rs
271 chemin de Planta, CH-1223 Cologny, Switzerland. E-mail: sacoluc3712@dfinet.ch
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Origin of name. The specie
is dedicated to our friend Dr.
NicoLaos Carras (IGME,
Athens), as a tribute to our
long friendship, collaboration
and fruitful contribution to the
knowledge of the Jurassic and
Cretaceous calcareous algae.

Holotype. The transverse
section illustrated in Fig. 2
and PL 1, Fig. 1, with 35 late-

rals per whorl. Thin section
RR2299, R. RADOICIC collec-
tion housed in the Geological
Institute of Serbia, Beograd.

Isotypes. Numerous speci-
mens, some of which are illus-
trated in Pls. 1-3, cut in differ-
ent sections, contained in 18
thin sections labeled RR2293
to RR2310 (hand sample
013614).

Type locality and age. Mur,
at the southern periphery of
Novi Pazar, immediately south
of the bridge on the JoSanica
river, in a block of bioclastic
limestone, part of the upper
member of the Bajevica For-
mation. Latest Santonian to
Early Campanian. Coordina-
tes: x 7458000, y 4773450.

Fig. 1. Geological sketch map of the Novi Pazar area, redrawn after MILOVANOVIC &
CIrIC (1968) and UROSEVIC et al. (1970), simplified. Legend: 1, Paleozoic; 2, Basal
terrigenous deposits, lower member of the Bajevica Formation; 3, Shallow-water,
hemipelagic and bioclastic carbonates (upper member of the Bajevica and Mur For-
mation); 4, Senonian flysch; 5, Ophiolites; 6, Quartz latites. Based on calcareous
nannoplankton, the part of “’Senonian flysch’ exposed north of Mur along the road

in the Novi Pazar city, is Eocene (DE CAPOA et al. 1998).

Systematic taxonomy

Order Dasycladales PASCHER, 1931

Family Triploporellaceae (Pia, 1920) BERGER &
KAEVER, 1992

Tribus Salpingoporellaceae BASSOULLET et al., 1979
Subtribus Salpingoporellinae BASSOULLET et al., 1979
Genus Salpingoporella P1A in TRAUTH, 1918

Salpingoporella nicolacarrasi spec. nov.
Figs. 2, 3; Pls. 1-3

1984 Dasycladacea gen. ind. — RADOICIC, pl. 5, figs. 1-5.,
locality Mur, Novi Pazar, Santonian.

Diagnosis. Large, elongated
cylindrical thallus with a large
main stem (d/D of skeleton
47-57 %, occasionally 52-55 %)
and tightly packed whorls of
numerous (25-35) horizontal,
occasionally slightly tilted lat-
erals forming quincunxes. La-
terals phloiophorous, first very
narrow with a short proximal
tapering, then funnel-like, slightly widening out except
at tip, where rapidly expanding, forming a bulge corre-
sponding to the uncalcified cortex typical of Salpingo-
porella. Calcareous skeleton made of sparry calcite.

Measurements. Salpingoporella nicolacarrasi is
among the largest species of the genus. Only the
Triassic Salpingoporella sturi has equivalent values
for the thallus width. The skeleton of our new species
varies in size, with an external diameter (excluding
two small forms) ranging from 1.58 to 2.74 mm, and
the main stem from 0.840 to 1.55 mm. Thickness of
skeleton (length of laterals) from 0.37 to 0.59 mm.
The longest observed specimen is 9.2 mm. The space
between two contiguous whorls varies from 0.148 to
0.197 mm, and the width of the laterals at periphery of
the skeleton may reach 0.247 mm.
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Fig. 2. Salpingoporella nicolacarrasi spec. nov., the holotype, transverse section, thin section RR2299 (= Pl. 1, Fig. 1). In
the upper half of the section, pores corresponding to the laterals are relatively well preserved. Some of them (two arrows)
indicate the characteristic “palisade”-like structure of the skeleton. In lower half of the section, various stages of preserva-
tion of the skeleton are visible, ranging from simply recrystallized pores (lower-left) to different grades of alteration. Thin
arrow: a small, circular Murl cavity. Other arrows: some Murl cavities located in the pores (laterals), and also in the part-
ly altered skeleton. To the right, a more advanced process of disintegration is visible; on the right, only the proximal part of
the skeleton being preserved.

Calcification and preservation. When relatively
unaltered, the final product of calcification forms a
sleeve enclosing the slender proximal part of the lat-
erals and the proximal portion of the distal bulge (Fig.
1; PL. 1, Fig. 1). Distally, the laterals are still uncom-
pressed, circular or subcircular in section, but because

of their alternating setting among contiguous whorls,
the surface of sleeve typically forms a hexagonal pat-
tern (P1. 3, Figs. 4, 5). The well preserved, smooth
inner skeleton surface was the more resistant area, lin-
gering disintegration processes and corresponding to
the past presence of a membrane coating the cyto-
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Fig. 3. Salpingoporella nicolacarrasi spec. nov., thin section RR2295 (= Pl. 1, Fig. 6). Transverse section of the skeleton
largely affected by the microbial cryptoendolith Murl, in addition to a slightly ochraceous, pervasive, diffuse Mur2 (?bio-
logical, ?chemical), alteration-disintegration. The late, but not latest phase, Murl bioerosional activity results in the disin-
tegration of the middle part of the skeleton wall, half way from the proximal and distal parts of the laterals. Arrows a (from
the upper left to the lower-right in the figure) indicate the remnants of the skeleton surface network. Arrows b: several Murl
circular cavities are assembled in the part of the skeleton altered by Mur2, leaving a very thin calcite line corresponding to
the innermost remainder of the calcified main stem membrane. Arrows c: Altered thin surface network of the skeleton.

plasm (Pl. 2, Fig. 5). In several cases, a very thin cal-
cite line occurs corresponding to the innermost
remainder of the membrane (PI. 1, Figs. 6, 8, 9; PI. 3,
Fig. 1).

In most specimens the skeleton is affected by a
peculiar biological process of boring here informally
called Murl, and another process of pervasive, diffuse
Mur2 (?biological, ?chemical), alteration-disintegra-

tion. Murl chiefly develops in the middle part of the
pores (laterals), half way from the proximal attach-
ment and the skeleton surface (PIL. 1, Figs. 1, 3, 4, 5;
PIL 2, Fig. 8). In its incipient stage of development, it
consists of well delineated, sub-circular holes, isolat-
ed or in groups of two-three, initially of small size (P1.
1, Fig. 8). Then, these holes expand, producing in
some cases large circular cavities (P1.1, Figs. 9, 10), or
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coalescing to produce, as final result, some sort of
undulated tubular strings (Pl. 1, Figs. 3, 6). Tenta-
tively, the Murl feature was carried out by seemingly
microbial cryptoendoliths. It is especially visible in
transverse sections (PL. 1, Figs. 1, 3—8) showing the
various stages of the process.

Relationships. At first glance, Salpingoporella ni-
colacarrasi bears a resemblance to the Triassic Sal-
pingoporella sturi (BYSTRICKY) (see CARRAS et al.
2006 for a review). In our new species however, in the
distal part of the laterals, the distance between two
adjacent laterals of the same whorl is clearly smaller
than the distance between two adjacent whorls, while
in S. sturi it is clearly the opposite. Consequently, in
both species the pattern of the laterals in tangential
section forms polygons which are equilateral in S.
nicolacarrasi and horizontally elongated in S. sturi.

Accompanying biota. Rotalids are prevailing in
the foraminiferal association with numerous Pararo-
talia minimalis HOFKER and similar small forms; Ida-
lina antiqua MUNIER-CHALMAS, Hemicyclammina
chalmasi (SCHLUMBERGER), Moncharmontia apen-
ninica (DE CASTRO) and Rotalia reicheli HOTTINGER,
are uncommon. Other biota includes radiolitids, co-
rals, calcispongia fragments and fine metazoan debris.
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Pe3nme

Salpingoporella nicolacarassi spec. nov.,
AA3UKJIA1AJIEAHCKA AJIT'a U3 CAHTOHA
jyrozanaagne Cpouje (Hosu Ila3zap,
MupauTa 30Ha)

Hoga Bpcra Salpingoporrila nicolacarrasi onricana
je WH CaHTOHCKHX Kpeumaka bajeBuma dopmarmje y
nmokanutety Myp, jyxxuo ox Hosor Ilazapa.

Salpingoporella nicolacarrasi spec. nov
Figs. 2, 3, Pls. 1-3

1984 Dasycladacea gen. ind. - RADOICIC, Ta6. 5, ci. 1-5,
nokanurer Myp, Hosu Ila3ap, canToH.

Jujarno3a. Kpynas uzayxeH UMIMHAPUYHY TAITyC
ca MPOCTPAHOM IJIABHOM OCOM W TYCTO CIIOXEHHUM
MIPIIJEHOBUMa ca OpojHUM orpaHimma (25-35), Ha-
W3MjEHNYHO pacropeheHnM y CcycjemHuM TpIibe-
HOoBUMa. OTpaHIM Cy JhE€BKACTOI OOJHMKAa ca AYKHM
0naro MpOMMPEHUM MTPOKCUMAITHAM W HATJIO MPOIIIH-
PEHHM [HCTATHUM OWjeJIOM KOjH Ha MOBPIIHHH
TaJgyca OAroBapa HEKaIIHU(PHUIMPAHOM KOPTEKCY TH-
MMAYHOM 3a cainmuHromnopene. Kpeumadkn omorad
CHapu-KaNIHATCKH.

Onuc. Kpeumaukn omortad oOyxBaTa Behm mumo
orpaHaka yKJby4dyjyhul MOBH MU0 AMCTAHOT TPOIIH-
pema aajyhu MpekacTy XeKCaroHaJIHy CIHKY TTOBPIIIU-
HU oMoTa4a. KapakrepucTudHO je na je yHyTpalima
MTOBPIIMHA OMOTada IIaTKa ¥ BeoMa OTIIOpPHA Ha IMpo-
Iiec pazapama. Y HEKHM CIIy4ajeBHMa Kao IOCIHEIHH
OCTaTaK Pa3opeHOT OMOTa4a OIyBaHA j€ TAaHKA KaJIIUT-
CKa JIMHW]a, Y CTBApH MOCJHEIBH OCTAaTaK MPBOOUTHO
OTIOpHHUje MEMOpaHe IJIaBHE OcCe.

VY BehuHM Kpeumauykux OMOTada OBE BPCTE yOdaBa
ce JjernoBame 0cOOEeHOT OMOepPO3HOHOT TpoIieca Koju
je HedopmamHo mMmeHoBaH Mypl, u mpyror, Myp2
mporieca (?0HnoJIomIKOT, ?XeMHUjCKOT) KOjU Ce Orviena y
cmehe M3MHje’eHOM U Mame WU BHIIE Pa30pEeHOM
oMmotady. Mypl pa3Buja ce y cpelmeM Iujeny mopa,
OJTHOCHO Kpeumhaykor 3uAa, OCTaBJhajyhul KpykHE
IIYTJBWHE, Y TTIOYETKY CUTHHjUX JUMEH3H]ja, U30JI0Ba-
HE WU y TpynaMa (Beoma JIHjero BHIJEUBE 0COOUTO Y
MIOTIPEYHUM TipecjennMa Ha 1abmu 1). YV mameMm fje-
JoBarby 00MM OBHWX IIyTUbHMHA ce moBehasa (Tabmna 1;
ci. 9, 10) unm moBe3syje cTBapajyhul IjeIOBUTY IIy-
IUbMHY HEpaBHOT 00pHca Kpo3 CpeAmH A0 31/a Kao
Ha ci. 3 u 6, Ha Tabmu 1.

Salpingoporella nicolacarrasi cnana y HakpyTmHHje
CAJIMIHTOTIOPENTe, a Ha TpBHU noren noacjeha Ha Tpu-
jacky Bpery Salpingoporella sturi (BYSTRIICKY).
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PLATE 1

Salpingoporella nicolacarrasi spec. nov., transverse and quasi transverse sections showing
different kinds of conservation of the skeleton. Magnifications: see Fig. 1.

The holotype (see also Fig. 1 in the text). Thin section RR2299.

Lower part: the smallest specimen. To a certain extent the skeleton is dissolved, with the exception of the
calcified membrane corresponding to the stem and part of the laterals. Thin section RR2310.

The middle part of the skeleton wall is largely destroyed by the cryptoendolith Murl. Arrow: a circular
cavity is visible at the end of the coalescing holes. Thin section RR2301.

Rather ill-preserved skeleton. Arrow: group of Murl cavities. Thin section RR2305.

Fragment, recrystallized and affected by Murl. Arrow: distal opening of a pore and, in mid-part of the
skeleton, circular cavity of Murl. Thin section RR2305.

The skeleton is largely destroyed by the Murl activity and partly altered, or destroyed by another second-
ary process. (See also Fig. 3 in the text). Thin section RR2295.

The skeleton is quite recrystallized and Murl coalescing cavities are visible. Thin section RR2308.

Most of the skeleton is altered by Murl (the relatively small holes between the arrows) and other destruc-
tive processes. Thin section RR2294.

The left part is affected by an advanced stage of Murl, leaving a very thin line of calcite corresponding to
the main stem membrane. Thin section RR2294.

The skeleton is largely disintegrated by an advanced stage of Murl. Some better preserved laterals are vis-
ible in the upper part of the section. Thin section RR2295.
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Fig. 1.
Figs. 2,3.
Fig. 4.
Fig. 5.
Fig. 6.
Fig. 7.
Fig. 8.

Fig. 9.

RAIKA RADOICIC & MARC ANDRE CONRAD

PLATE 2

Salpingoporella nicolacarrasi spec. nov., oblique, oblique-longitudinal and tangential sections.
Magnifications: see Fig. 1.

Sections of large, middle and small-sized skeletons with about 25 laterals per whorl. The specimen in the
upper left is more disintegrated. The skeleton of the large section is affected by the very small irregular
tubular euendolith (not clearly visible). Thin section RR2300.

Sections of medium-sized skeletons. Thin sections RR2299 and RR2307.

Partly disintegrated skeleton. In the lower right part of the section, the skeleton is partly disintegrated,
probably by both Murl and Mur 2 activity. Thin section RR2308.

Most of the skeleton is dissolved, leaving the well preserved, calcified membrane of the main stem, and
part of the membrane coating the laterals. Thin section RR2305.

Only the proximal-middle part of the skeleton is preserved. Thin section RR2301

Tangential-longitudinal section, of a slightly deformed specimen. Thin section RR2296.

Rather well preserved skeleton showing laterals alternating in the successive whorls. Mur! activity is vis-
ible on the left side, producing coalescing cavities in the middle part of the wall. Thin section RR 2293.
Tangential-longitudinal section.The piece of skeleton is strongly altered, except in the axis area. Thin sec-
tion RR2296.
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Fig. 1.

Fig. 2.

Fig. 3.
Figs. 4-6.

Figs. 7-9.

RAIKA RADOICIC & MARC ANDRE CONRAD

PLATE 3
Salpingoporella nicolacarrasi spec. nov. Magnifications: see Fig. 1, except Fig. 5.

Oblique section,showing the disintegrating Murl activity. Note the clear-cut calcification of the axial
membrane. Thin section RR2305.

Tangential-oblique section showing laterals regularly alternating in consecutive whorls. Upper part in the
section: borings due to the Murl process are characteristically located in the middle part of the wall. Thin
section RR2307.

Tangential-oblique section.In this case, most of the skeleton is replaced by late calcite cement. Thin sec-
tion RR2300.

Tangential sections showing the hexagonal network at surface of the skeleton. Note in Fig. 4 the coalesc-
ing Murl cavities in middle part of the wall. Thin sections RR2297, 2306, 2297.

Longitudinal and quasi-longitudinal sections of slightly deformed specimens. Fig. 9 shows part of a 9.2
mm-long section. Thin sections RR2300, 2299, 2299.
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New paleomagnetic results for Tertiary magmatic rocks of
Fruska Gora, Serbia

VESNA CVETKOV', VESNA LESIC* & NADA VASKOVIC®

Abstract. Fruska Gora Mountain is a large scale antiform located at the southeast part of the Pannonian
Basin between the Danube and Sava Rivers. It is built of Paleozoic and Mesozoic rocks with Neogene sedi-
ments on all sides and at the flanks. The Paleozoic and Mesozoic rocks are largely metamorphosed (age of the
metamorphism is early Cretaceous) and they are intruded by Eocene/Oligocene latites and rhyodacites and
Badenian basaltic trachyandesite. On Fruska Gora two major structural units are observed, the northern and
southern structural units which are divided by the Srem dislocation striking NNW-SSE.

The Tertiary magmatic rocks located on both sides of this dislocation were the subject of paleomagnetic
analysis. Tectonically meaningful paleomagnetic directions are obtained from latites and rhyodacites, while
basaltic trachyandesite has a secondary remanent magnetization. The obtained overall-mean paleomagnetic
direction, after applying the correction for the general tilt of the Lower Miocene sediments, suggests a clock-
wise rotation (D = 210°, I = 45°, k = 21, ags = 14°) of 30° with respect to the present North of blocks on
both sides of the Srem dislocation. The fact that close to the end of Miocene—Early Pliocene Fruska Gora
rotated in a counterclockwise direction for 40° with respect to the present North means that all of Fruska Gora
rotated in a clockwise direction for 70° with the respect to the present North in a short time after the intrusion
of Eocene/Oligocene magmatic rocks and before Middle Miocene.

Key words: Tertiary, magmatic rocks, Srem dislocation, paleomagnetic measurements, paleorotation,
Fruska Gora Mt.

Ancrpakt. @pymika ropa je Benuka aHTudopma y jyxxHom [lanonckom 6aceny, m3mely [lynasa u Cage.
Uzrpalhena je ox maieo30jCKAX M ME3030jCKIX CTE€HA JIOK CY jOj CTpaHe MPEeKpHUBEHEe HEOTEHNM CEeANMEHTHMA.
Behuna maneo3ojckux u Me3030jCKAX CTEHa cy MeTaMmopgucaHe (TOKOM paHOKpPEIHOT MeTamopdm3ma), a
Haj3HAuajHHUje IMTOCTMETaMOp(HE CTEHE Cy COICHCKO-OJHMTIOIECHCKH JIaTHTH W PHOJAUNTH, W OaIeHCKH
0a3anTHU TpaxWaHAE3UTH. Y CTPYKTypHOM IutaHy Ha @®pymkoj ropu uctude ce CpeMmcka qucioKanyja,
npyxama CC3-JJU, koja ®pymky ropy neiaw Ha CEBEpHY M jyXHY CTPYKTYypHY jequHUIly. TepuujapHu
MarmMaTHTH ca o0e CTpaHe OBe AWCIIOKAIMje OMIIM Cy NMpeaMeT ACTa/bHUX MalcOMAarHETCKUX HCIUTHBAmbA.
TexkToHCKM 3HaYajHU MajJeOMarHeTCKu NpaBly yTBPH)EHU Cy KOJ JIaTUTa U PUOAALIUTA, JIOK je Koz 0a3asITHUX
TpaxHaH/Ie3UTa U3]JBOjeHa CeKyHAapHa peMaHeHTHa MarHeTu3anuja. JloOujeHn onmTu—cpensH npasaly, Ha-
KOH TEKTOHCKE KOPEKI[H]je TeHepaIHUM eJIEMEHTHMA MaJia JOlbOMUIIEHCKUX CeANMEHaTa, yKasyje Ha poTalujy
y cMepy Kperama Kazasbke Ha caty (D = 210°, I = —45°, k = 21, ags = 14°) ox 30° y oxHOCy Ha caBpeMeH
mpaBai| ceBepa OnokoBa ca o0e crpane Cpemcke mauciokandje. C 003upoM aa je KpajeM MHOIICHa—paHOT
wmoneHa @pymka ropa porupana 40° y cMepy CympoTHOM Ol KpeTama Ka3ajbke Ha caTy y OZHOCY Ha
CaBpEMeEH II0JIOXKa] CeBepa, MOXKE ce 3aKJbyUuTH Ha je mena Ppymka ropa potupana 70° y cMepy KpeTama
Ka3zaJbKe Ha caTy y OJHOCY Ha CaBpEMEH IIpaBall CeBepa y BeoMa KpPaTkoM MEpHOIy, HOCIe WHTPY3Hje
€OLICHCKO/OIMTOIEHCKUX MarMaTHTa a Mpe CPeAner MUOIIEHA.
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Introduction

Magmatic rocks of Paleogene to Early Miocene have
a wide spatial distribution in the Pannonian Basin.
These rocks are mostly covered by Neogene sediments,
very rarely exposed on the surface. They built up a rel-
atively huge zone which strikes parallel to major tec-
tonic lines i.e. along the Balaton (BF), Mid-Hungarian
(MHF), Sava (SF) and Drava (DF) fault (see KOvACs et
al. 2007, Fig. 1). The Neogene sedimentary cover was
deposited during back-arc collapse associated with the
subduction and roll-back recorded in the external
Carpathians (KOVACS et al. 2007).

16°

Previous paleomagnetic research of Fruska Gora
(LESIC et al. 2007; CVETKOV et al. 2004) has shown
that the Upper Cretaceous flysch (with an overprint
component) and the Rakovac latites which intrude
them have rotated in a clockwise direction (D = 220°,
[=-43° k=25, a9; = 16°). Because this observation
is made only on paleomagnetic data obtained for the
block north of the Srem dislocation located in the
northern Fruska Gora structural unit, an additional
paleomagnetic investigation was carried out to show
whether the clockwise (CW) rotation obtained for the
period after the intrusion of latites during Oligocene—
—Early Miocene was a consequence of regional move-

// Main faults: exposed, subcrop $
z

PTM

M Banja Luka

N

Western Carpathians

Key:
Q Paleogene effusive magmatite

Early Miocene magmatite
exposed/subcrop

@ Middle Miocene-subrecent magmatite
exposed/subcrop

g/”@ Plio-Pleistocene alkali basalts

100 km

Fig. 1. Major tectonic units and spatial distribution of Paleogene to mid-Miocene magmatic rocks of the Pannonian Basin

(after KovAcs et al. 2007).

Eocene/Oligocene-Miocene magmatic rocks formed
during postcollisional setting in the Serbian part of the
South Pannonian Basin are accessible for paleomagnet-
ic investigation on Fruska Gora (FG). The main aim is
the reconstruction of the amount and the direction of
the paleorotation after the intrusion (Fig. 2).

ment or relative movement of the block with respect
to the rest of Fruska Gora. The investigation was car-
ried out on magmatic rocks situated south of the Srem
dislocation (the southern FG structural unit) and north
of the Srem dislocation beneath the Petrovaradin
fortress. Also, magmatic rocks exposed in the far east
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Fig. 2. Geological sketch map of Fruska Gora (FG) (after CICULIC-TRIFUNOVIC & RAKIC 1971, 1984; PETKOVIC et al. 1976;

DIMITRUEVIC 1997) with paleomagnetic sampling localities.

of the FG on the right bank of the Danube River were
investigated. According to MAROVIC ef al. (1996 based
on the position of the Neoalpine structures in the area
of Vojvodina — the Serbian part of the South Pannonian
Basin (Fig. 2)), they belong to Fruska Gora.

Geological background

Magmatic rocks of the Fruska Gora have been the
subject of geological investigation since the second
half of the 19th century, when the first geological maps
of Fruska Gora were made (LENz 1874, KocH 1876)
and the massive eruptive rocks were separated.
Petrological characteristics and the origin of these vol-
canics classified as trachyte, latite or trachyandesite are
described by KispATIC (1882), TUCAN (1907) and KNE-
ZEVIC et al. (1991). There, on a relatively small area
(80 km long and only 15 km wide), so far two vol-
canic phases during Tertiary time have been distin-
guished. The first one is related to the extrusions of
latites, dacito-andesite and rhyodacites in Oligocene
(31.6-36 Ma), and the second to the extrusion of ba-
saltic trachyandesite in Miocene i.e. in Badenian time
(KNEZEVIC et al. 1991, MATOVIC & MILOVANOVIC 1998;
VAskoVvIC et al. 2010). These volcanics are linked,
spatially and temporally, with the same rock types
evolved during Paleogene—Early Miocene within the
Pannonian basin (KovAcs et al. 2007).

The main feature of this tectonic phase is opposite
rotations of Alcapa and Tisza-Dacia microplates with-
in the Carpathian—Pannonian area (MARTON, 1987;
CsoNTos et al. 2002). The paleomagnetic data record-
ed in Paleogene—early Miocene rocks (MARTON,
1987) imply that these microcontinents were detached
from the Dinarides and pushed/rotated into the
Carpathian embayment (KOVACS et al. 2007).

There is still no agreement about the geotectonic
affiliation of Fruska Gora. The reported structural re-
lationships of the pre-Tertiary formations, their litholog-
ical and petrological features, age and paleontological
data imply the existence of several opinions about its
geotectonic evolution. The FG is exposed on the most
northern part of the Western Vardar Zone (KARAMATA &
KRsTIC 1996; DIMITRUEVIC 1997) where the closure of
the Vardar Ocean started in Early Cretaceous (123 + 5
Ma) by the subduction of the oceanic crust towards the
NE (MILOVANOVIC et al. 1995) and ended by the obduc-
tion with the northern vergence just above the Peri-
adriatic suture (GRUBIC ef al. 1998). According to PAMIC
(2000), the FG belongs to the Sava Zone recorded as a
Late Cretaceous-Early Paleogene back-arc basin open
till Middle Miocene, formed by the collision of the In-
ternal Dinarides and Tiszia. Recently, the increasingly
accepted point of view is of SCHMID et al. (2008) who
also consider the FG ophiolites as a part of the internal
Sava Zone, a tectonic unit formed by the collision of
Tiszia and the Dacides with the internal Dinarides.
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East—west extending Mt. FruSka Gora is bound by
the Danube River on the north and Telek hill on the
west. At the easternmost side, at the village Stari Slan-
kamen, it is bordered by the right bank of the Danube.
Its northern and southern sides are bound by regional
normal faults (Fig. 2). Upper Cretaceous and older
rocks are strongly tectonised (DIMITRUEVIC 1997).
The Tertiary tectonic movements caused breaking of
the FG into sub-blocks which are overlain by Neoge-
ne sediments.

The FG is made of Paleozoic, Mesozoic and Ter-
tiary lithological units. The oldest, Paleozoic meta-
morphic rocks are in tectonic contact with Triassic se-
diments (Fig. 2). Triassic sediments are mainly devel-
oped on the southern slopes. Upper Triassic through
mid-Jurassic is not exposed. In the central part the
Upper Jurassic basic magmatic rocks and serpentinised
peridotites (ophiolites) occur in three zones. Two types
of Cretaceous development are found in the tectonic
units separated by Srem dislocation (Fig. 2). The first
(south of SD) comprises shallow water clastics and reef
limestones, the second (north of SD) deep-water flysch
deposits. During the Eocene-Miocene latites (KNEZE-
VIC et al. 1991) and dacito-andesites are extruded. Their
pyroclastics can be found on the northern slopes of
Fruska Gora (PETKOVIC et al. 1976).

Simi¢ (2002) reported the occurrence of Rakovac latites
in the form of clustered dikes which form conjugate
pairs in the deeper levels and make up a larger body. The
latites occurring as nearly vertical dykes below the
Petrovaradin fortress have the same features as the pre-
viously (PETKOVIC et al. 1976; VASKOVIC et al. 2010).
CreuLIC & RAKIC (1971) determined Tertiary magmatic
rocks south of the Srem dislocation as dacites and
andesites. Later on VASKOVIC ef al. (2010) classified
them as rhyodacites (Fig. 3). These rocks occur along
the regional fault zone striking E-W, which spreads
from Hopovo to the valley of the Beli potok in the area
of Jazak village (C1CULIC-TRIFUNOVIC & RAKIC 1971).
According to the position of these magmatic rocks with
the respect to the Paleozoic, Triassic and Lower Mio-
cene rocks as well as the presence of accessory minerals
in bentonites of the Vrdnik coal-bearing Miocene series,
the extrusion of dacito-andesite (i.e. rhyodacite after
VaSkoVIC et al. 2010) occurred in several phases during
Oligocene-Mid Miocene (CICULIC-TRIFUNOVIC & RA-
KIC 1971; PETKOVIC et al. 1976). Recently, VASKOVIC et
al. (2010) have limited their age to Oligocene, although
additional isotopic age data is required, e.g. K—Ar.

The magmatic rocks on the right bank of the Danube
River in the vicinity of Stari Slankamen, not mapped on
the basic geological map of SFRIJ, sheet “Indija”

1:100000 (C1CULIC-TRIFUNOVIC

et al. 1984), are classified as

—_
o

K,0+Na,0
(o¢]

Trachyte/Trachydacite

[T T basaltic trachyandesites (VA-

SKOVIC et al. 2010) probably of
Miocene age (Fig. 3).

Lacustrine sediments of Lo-
wer Miocene age and Badeni-
an to Pontian sediments occur
at the marginal parts and in the
base of FG. Pliocene is repre-
sented by lacustrine Paludian
beds.

Based on the difference in
the development of geological
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formations, their position and
characteristics of tectonic cor-
relations, PETKOVIC et al.
(1976) and DIMITRIEVIC (1997)
distinguish two major struc-
tural units (blocks) on the
Fruska Gora: the northern

70 75

Fig. 3. Classification of the volcanics from the Mt. Fruska Gora according to SiO, vs.

(Na,O + K,0) diagram (LA MAITRE et. al. 1989).

The latites of Rakovac occur in the central part of
Fruska Gora, in the form of elongated bodies striking
E-W, or as small intrusions below the Petrovaradin
fortress. They are intruded into Triassic limestones,
Upper Jurrasic serpentinites and Upper Cretaceous fly-
sch. Based on data obtained from boreholes SimiC &

Fruska Gora structural unit
north of the Srem dislocation
(SD) and the southern Fruska
Gora structural unit south of
SD (Fig. 2).

Materials and Methods

Tertiary magmatic rocks, which are the subject of
our investigation, were sampled from the northern
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side of FG, latitic dykes (locality 1) below the
Petrovaradin fortress, rhyodacites (locality 2) near
Jazak from the south side of FG, and on the east
basaltic trachyandesites (locality 3) near village Stari
Slankamen (Fig. 2).

For measuring the magnetic susceptibility, MFK1-A
kappabridge (AGICO instrument) was used. The JR-5
spinner magnetometer (AGICO instrument) was used
to measure the natural remanent magnetization before
demagnetization (NRM) and remanent magnetization
(RM) after each step of demagnetization. The intensity
and the direction of the RM (shown by the angle of dec-
lination (D) and inclination (I)) was measured after
each step of demagnetization. For demagnetization an
alternating field demagnetizer (AFD300, Magnon in-
strument) was used.

First the NRM of each specimen was measured, fol-
lowed by the measurement of magnetic susceptibility.
Then, pilot specimens from each locality were subject-
ed to detailed stepwise alternating field (AF) demagnet-
ization until the RM signal was lost. Based on the
behavior of pilot specimens, steps for AF demagnetiza-
tion of the remaining specimens were chosen.

It was important during demagnetization to remove
any secondary magnetization and identify the charac-

teristic remanent magnetization (ChRM, remanence
preserved in the sample). The demagnetization curves
were analyzed using principle component analysis
(KirscHVINK 1980) to determine the ChRM and then
subjected to statistical evaluation (FISHER 1953) to
determine the mean paleomagnetic direction on local-
ity level and the overall-mean paleomagnetic direc-
tion for all localities.

Paleomagnetic sampling,
measurements and results

We drilled 33 cores from 3 localities using a por-
table drilling machine and oriented the cores with the
magnetic and sun compasses in the field (Fig. 2). La-
tites (locality 1) were sampled from two dykes (since
the distance between them was a few meters they are
regarded as one locality with two sampling sites).
From the first dyke, which was visually fresher, 7 co-
res were drilled and from the second dyke 3 cores
were drilled. The value of magnetic susceptibility va-
ries from 34450-53420 x 106 SI and the intensity of
NRM from 300-600 mA/m. The maximum field used
for demagnetization of specimens from the first dyke is

70 mT, while for the second

dyke it was 210 mT.

After AF demagnetization,
contrary to our expectation on-
ly the specimens from the sec-
ond dyke had ChRM (Fig. 4).

Specimens from the first dy-
ke had a secondary remanent
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T 20 mAm magnetization which over-
printed the primary one. Incli-
nations of four specimens were
too shallow, while the other
three had declinations and in-
clinations which coincide with
the local geomagnetic field
(Fig. 4).

The microscopic inspection
of latite thin sections shows
that the samples from the first
dyke are hydrothermally al-
tered and that their central part
is highly calcitised (80 vol.%).
Phenocrysts of amphibole and
pyroxene are generally partly
to completely chloritised and
comprise secondary magne-
tite. The latite samples from

Ing=5.156 mA/m

Fig. 4. Fruska Gora, latites. Typical demagnetization curves. Key: Upper row — Zij-
derveld diagrams (full/open circles: projection of the NRM in the horizontal/vertical
plane). Lower row — Normalized NRM intesity as a function of demagnetizing field.

In, - initial intesity of the NRM.

the second dyke were much
fresher under the microscope.
The remanent magnetization
is of normal polarity (Table 1).

Three good results of ten
indicate that the mean paleo-
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Table 1. Summary of locality mean palacomagnetic direc-
tions, based on the results of principal component analysis
(KirscHVINK 1980). Key: n/n, - number used/collected (the
samples are independently oriented cores); D, I - declina-
tion, inclination; k and o5 - stastistical parameters (FISHER
1953); * directions are used in paleomagnetic interpreta-
tion.

Locality Lat. N n/n, D° I° k
Lon. E
1|*Petrovaradin fortress 014540
latites ?30;3?2 3/10 36 +60 87 13
VZ 20-29
2 |*Jazak 014720
rhyodacites 3(5)0;?’?3” 12/15 243 -73 74 6
VZ 82-96
3|Slankamen 07710
basaltic trachyandesites ?302;13,, 88 18 +71 97 6
VZ 167-174

magnetic direction is of low confidence (MARTON
1993), but if we take into account that the defined
ChRM for specimens from the second dyke coincide
with the primary remanent magnetization of Rakovac
latites (LESIC et al. 2007) then it is justified to use the
mean paleomagnetic direction for latites (locality 1)
for defining the overall mean paleomagnetic direction
for magmatic rocks of Fruska Gora.

Rhyodacites (locality 2) were sampled from the mid-
dle part of the Beli potok stream. Although the rocks
looked altered on the surface, the crushed surface is
fresh which was proven by petrological analysis. The
traces of alteration are recorded only on plagioclase
phenocrysts in the form of micron-sized flakes of
sericite. The position of the dyke in the field could not
be precisely defined due to thick cover - for that reason
we sampled only four sites along the stream and drilled
all together 15 cores. The value of magnetic suscepti-
bility varies from 50.76—67.68 x 10-¢ SI and the initial
intensity of NRM from 1.99-5.71 mA/m. The maxi-
mum field used for demagnetization is 100 mT. During
demagnetization, the demagnetization path in all speci-
mens decayed towards the origin of Zijderveld diagram
(Fig. 5). The remanent magnetization is of reversal
polarity (Table 1).

The outcrop of basaltic trachyandesites (locality 3) is
around 15 m long and 10 m high. Mainly it is covered
with young loess sediments. On the crushed surface,
rocks are fresh and dark gray in color. Eight cores from
three sites were drilled. The value of magnetic suscep-
tibility varies from 39770-45310 x 10-¢ SI and the ini-
tial intensity of NRM from 947—1148 mA/m. The max-
imum field used for demagnetization is 15 mT. During
demagnetization, the demagnetization path in all
specimens did not decay towards the origin, which
pointed to a magnetization probably acquired due to
weathering and alteration. Also, the direction of the
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Fig. 5. Fruska Gora, rhyodacites. Typical demagnetization
curves. Key as for Fig 4.

RM coincides with a N-S direction which supports
the premise that the overprint was acquired in the
magnetic field of present day Earth (Fig. 6, Table 1).

Discussion and conclusions

The new results of paleomagnetic investigation of
Tertiary magmatic rocks from Fruska Gora can be
divided into two groups. The first group comprises the
results obtained from basaltic trachyandesites (locali-
ty 3) near Stari Slankamen — it is characterized by the
remanent magnetization with high positive inclination
and declination slightly deviated from the North, most
probably acquired in the present day geomagnetic
field during weathering. The second group comprises
results obtained from latites (locality 1) below the
Petrovaradin fortress from the north side and the rhy-
odacites (locality 2) from the south side of the crest of
Fruska Gora — it is characterized by a stable remanent
magnetization which is parallel with the vector of pri-
mary remanent magnetization of Rakovac latites
(quarries Srebro, KiSnjeva Glava and Gradac) and the
Upper Cretaceous flysch (with an overprint compo-
nent) intruded by the Rakovac latites (CVETKOV et al.
2004; LESIC et al. 2007).
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magmatic rocks. The tilt cor-
rection for the structural ele-
ments of Lower Miocene sedi-
ments (tilt angle of 41° towards
3° N) was statistically calculat-
ed from the data read from the
basic geological map of SFRJ,
sheet Novi Sad 1:100 000 (CI-
CULIC-TRIFUNOVIC 1984). After
applying the tilt correction, the
overall mean paleomagnetic
direction for magmatic rocks
(D =210° 1 =-45° k = 21,
095 = 14°) exhibits a more
moderate CW rotation of 30°
with respect to the North. The
fact that close to the end of
Miocene-Early Pliocene Mt.
Fruska Gora rotated in a coun-
terclockwise direction for 40°
with the respect to the present
North (LESIC ef al. 2007) sug-
gests a total of 70° of clock-
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Fig. 6. Fruska Gora, basaltic trachyandesites. Typical demagnetization curves. Key

as for Fig 4.

Latites below the Petrovaradin fortress have easter-
ly oriented declination like the rhyodacites and the
main latitic mass of the Rakovac but the polarity of
the ChRM is positive (Table 1). According to the min-
eralogical-petrological and isotopic K/Ar data (KNE-
ZEVIC et al. 1991; VASKOVIC et al. 2010) and also the
position of the studied localities on magnetostrati-
graphic scale (C12-R, C13, C15 and C16-NR1, OGG
et al. 2008) it can be concluded that latites from Mt.
Fruska Gora came from the same magmatic source
and that they extruded during the same tectonic activ-
ity, at one of the three mentioned changes of the polar-
ity of the Earth’s magnetic field. The difference in the
polarity of the primary remanent magnetization of
latite dykes below the Petrovaradin fortress and the
considerably bigger latite mass of Rakovac is most
probably due to the faster cooling down of the former
from the latter.

The overall-mean paleomagnetic direction of mag-
matic rocks from Fruska Gora with respect to the
North suggests a considerable CW rotation of about
91° (Fig. 7). Considering that the Lower Miocene sed-
iments are tilted and assuming that the magmatic
rocks were affected by the same tectonic event, a tilt
correction can be applied on the obtained direction for

middle-Pliocene counterclock-
wise rotation of Mt. Fruska
Gora which affected the Mio-
cene and Mesozoic sediments
is not recorded by the magma-
tic rocks. The reason for this most probably lies in the
magnetic characteristics of the NRM of the studied
magmatic rocks.

Since the paleomagnetic investigations were car-
ried out on both sides of the Srem dislocation, both in
the northern and southern Mt. Fruska Gora structural
units, the obtained CW rotation is of regional signifi-
cance and is connected to the period of the end of
Eocene-beginning of Oligocene till the beginning of
mid-Miocene. Then the CCW rotation of Mt. Fruska
Gora begins, most probably induced by the influence
of the Adriatic microplate (MARTON 2005; MARTON et
al. 2011).

When analyzing the extensional structures in the
territory of Vojvodina (Serbian part of the South
Pannonian Basin) MAROVIC et al. (1996, 2007) con-
cluded that the beginning of bending and movement
of the pre-Neogene basement south of the Trans—Ba-
nat—Backa dislocation is a consequence of the incor-
poration of Tiszia in the southern part of the future
Pannonian Basin system during Upper Paleogene—Lo-
wer Miocene. The eastward movement of Tiszia and
the CW rotation led to the transportation of southeast-
ern Pannonian units towards NE with progressive
eastward and southeastward movement which, ac-
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Fig. 7. Fruska Gora, magmatic rocks of Eocene/Oligocene
age and Upper Cretaceous flysch. Locality mean paleo-
magnetic directions with o5 for: latite beneath the Pe-
trovaradin fortress (1) originally of reversed polarity and
rhyodacites (2) — present study; Rakovac latites: quarries
Srebro (Rs), Kisnjeva Glava (Rk), Gradac (Rg) and Upper
Cretacous intruded flysch: quarries Srebro (Fs) and Kisnje-
va Glava (Fk) after LESIC et al. (2007). The overall-mean
paleomagnetic direction (square) with oy is also ploted.
Key: open circles: negative inclination. Stereographic
projection.

cording to the authors, represents in fact a clockwise
rotation.
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Pe3nme

HoBu najieomarnercku nogaum us3
TepuHjapHux Mmarmatuta ®pyuike rope,
Cponja

CaMo Ha HEKONHMKO MecTa y jykHOM l|laHOoHCKOM
Oaceny, kao mTo je Ha Dpymkoj ropu, TeprEjapHU
MarMaTuTH HUCY MTOKPUBEHH HEOTEHHM CETUMEHTHMa
M JIOCTYITHU Cy 3a TNaJleOMarHeTCKa WCIHTHBAama ca
UJBEM PEKOHCTPYKIMj€ HUXOBE KHHEMAaTH4YKe €BO-
nyuuje. Opymka ropa je jeqHa BenmMKa aHTH(OPMA,
mpyxkama -3, xoja je ca ceBepa orpanmyena [lyHa-
BOM, 3amajHy rpaHuily yuHu Opmo Temnek, a WCTouHy
necHa obama JlynaBa xox Crapor Cnankamena. Ha
OCHOBY pa3liika y pa3Buhy reoiomkux ¢opmaryja,
EbUXOBOT pacropefa W KapaKTepUCTHKAa TEKTOHCKUX
omHoca, [TETKOBWR u dp. (1976) m DIMITRUEVIC (1997)
W37IBajajy JIBE IIaBHE CTPYKTypHE meinHe (O1oka) — ce-
BEPHO(PPYUIKOTOPCKY CTPYKTYPHY jEIUHHILy CEBEPHO
Ol CpPEeMCKe IHCIOKaIHje H jYXKHOPPYIIKOTOPCKY
CTPYKTYPHY jJEAWHUILY jy’KHO O] CPEMCKE TUCIIOKAIIH]e.
TokoM eoleHa—OJHTOIeHa Y TAIe030jCKe—MEe3030jCKe
TBOPEBHHE EKCTPYINOBAaHH CYy BYJIKAHUTH JIATUTCKOT
(KNEZEVIC et al. 1991) n puomanutckor (VASKOVIC et
al. 2010) Tuna Koju Cy yjeHO ¥ HajCTapHje BYJIKaHCKe
cTeHe y jyxxHoM aeny [laHoHckor 6acena (MATOVIC &
MILOVANOVIC 1998). ¥V 6msuan cena Crapu CrnaHka-
MeH jaBJbajy ce 0a3aJITHH TPaxWaHAE3UTH MHOIICHCKE
crapoctH (VASKOVIC ef al. 2010).

TokoM paHHWjUX MaJEOMarHEeTCKUX HCTPAKHBAA
(CVETKOV et al. 2004; LESIC et al. 2007) ucnurana je
IJIaBHA JIATUTCKA Maca T3B. PakoBauku JaTuty (Kame-
Hosomu Cpebpo, Kummesa ImaBa u ['paman u kpemau
CeIMMEHTH Yy FHUXOBOj OKOIIMHU Ha KOje Cy JIaTHTH
W3BPIIHIN MarHETCKH “overprint”) ceBepHO o1 CpeM-
cke nmuciokanuje. HoBa mameomarHeTcka MCITUTHBA-
Ba, TIPEICTaBJbeHa Y OBOM pajly, 00aBJbeHa Cy Ha JIO-
KalTUTeTMa 3HaTO yNaJbeHUM Off TJIABHE JIaTHTCKE
Mace W Ha BYJIKaHWTHMA ca jy)kHe cTpane Cpemcke
TUCIIOKAIMje. Y30pKoBaHU cy narutu ucnof Iletpo-
BapaJWHCKE TBphaBe KOjU Ce€ jaBihajy Y BHAY CKOPO
BEPTHKAITHUX /IajKOBa KOjU TIpecenajy 0a3udHe mar-
MaTCKe CTeHE TOPHOTPHjacKe WA jYPCKe CTapOCTH,
OazanTHN TpaxuaHae3uTH kog Crapor CiraHkameHa U
puomanuTH Kox Jacka Koju Cy YTHCHYTH Iy PErvo-
HaJIHE paceaHe 30He npyxama 1-3.

VYkymHO je u30ymeno 33 opujeHTHCaHa je3rpa Koja
Cy TOABPTHYTa CTaHAAPIHUM JabOpaTOPHjCKAM WC-
MMMTHBAKIHA: MEPEH-€ MHUIINjaITHE BPEIHOCTH MarHeT-
CKe CyCUENTUOWIHOCTH, NHTE3UTETa PEMAaHEHTHE Mar-
HEeTH3allfje y JIOMEHY TOTaJHEe MTPUPOIHE PEMaHEHTHE
MarHeTH3allfje Kao0 W HaKOH CBAaKOT KOpaka JeMarHe-
TU3aIHje Y HAN3MEHUYHOM MarHeTCKOM TIOJBY.

JoOujeHn pe3ynTaTi ce MOTY TIOICTUTH y JIBE TPy-
me. Y mpBoj TPynu Cy mojanu u3 0a3anTHHX TPaxu-
agne3ntra CraHKaMeHa KOjU C€ OUIMKYjy BHCOKOM
MTO3UTHBHOM HHKIIMHAIIN]OM M JCKJIMHAINjOM He3Ha-
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THO OTKJIOEb€HOM Off CEBepa, HajBepOBaTHHje CTeue-
HOM y CaBpEMEHOM T'€OMarHeTCKOM T0JbY MPUITHKOM
MTOBPIIMHCKOT pacliafiama CTeHa. Y APYToj TPYIHU CY
pesynararu, nobwjeHn w3 nmarura ucnoj IlerpoBapa-
nuHCKe TphaBe m puomanmrta Jacka, KopumtheHu y
TEKTOHCKO] nHTeprperanuju. [lonoxaj ctabuine pe-
MaHEHTHE MarHeTH3allyje qpyTre rpymne KoJuHeapaH je
ca BEKTOPOM TpHMapHE peMaHEHTHE MarHeTH3aluje
PakoBaukux nmarura (CVETKOV et al. 2004; LESIC et al.
2007), ¢ ToMm pasnmukoM mTo jarutu ucrox Ilerpo-
BapaJnHCKe TBpl)aBe Moceayjy MO3UTHUBAH TOTAPUTET
MpuMapHe peMaHeHTHe MarHetusanuje. Ha ocHOBy
MHHEpaIomKo-meTpoiomkux (VASKOVIC et al. 2010)
n m3otorckux (K/Ap metoma, KNEZEVIC et al. 1991)
WCTIUTHBAKka W TI0JI0XKAja MCTIUTUBAHUX JIOKAJTUTETa
Ha Maraeroctparurpadcekoj ckamm (C12-R, C13, C15
n C16-NR1; OGG et al. 2008) Moxe ce 3aKJbYIUTH J1a
(hpYIIKOTOPCKU JTATUTH MOTHYY M3 UCTOT MarMarcKor
M3BOpA, /1a Cy YTUCHYTH TOKOM HCT€ TEKTOHCKE aK-
TUBHOCTH, Ha TPAaHUIU jeHE O TPHU MPOMEHE Moja-
pUTETa MarHeTCKOT M0Jba 3eMJbe, IIPH YEMY ce )KHIHA
mojasa nmarurta ucnoj llerpoBapaanacke TBphase Haj-
BepoBaTHHje Opyke oxiamwma of 3HatHO Behe Paxo-
BadKe Mace, IIITO je& MPOU3BEII0 PA3IIUKY Y MOIAPUTETY
MprMapHe peMaHEeHTHE MarHeTH3allyje.

OnmTH cpeawmy npasal Bylkanuta Opyuike rope y
OJTHOCY Ha CaBpEMEH IpaBall ceBepa yKa3yje Ha 3Ha-

THY poTtamnujy, of 91° y cMepy kperama Ka3zajbke Ha
cary. C 003upoM Jia cy HOEHOMHOLIEHCKH CEJUMEHTH
neGopMHCaHH U aKko MIPETIIOCTAaBIMO Jla Cy MarMarcke
cTeHe 3axBahieHe MCTOM TEKTOHCKOM (ha3oM, MOXKe ce
MIPUMEHATH KOpEKIMja 32 TEeKTOHHWKY OOWjeHa cTa-
TUCTUYKOM aHAJIM30M €JIeMEHaTa CKJIONA JOHOMHO-
neHckux ceaumenara ountaHux ca OI'K jmuct HoBu
Caz 1: 100 000 (Ci¢uLIé-TRIFUNOVIC & Raki¢ 1971).
EnemenTty 3a 0By KOpeKIHjy Ccy MaaHU yrao on 41° u
npasail najga oa 3° ceBepHo. HakoH mnpuMemeHe
KOpeKmuje, JoOujeHa je yMepeHHja poTalfja OIIIITer
cpemmer npasna BynakanuTa (D =210°, [=-45, k=21,
0gs = 14°) om 30° y cmepy Kasajbke Ha cary, IUTO
yKa3yje Ha yKyIHy poTarjy of oko 70° y cmepy Ka-
3aJbKe Ha cary, 3a IEPUOJ IIOCIIE EKCTPYAOBamka BYyJIKa-
HUTA ¥ TIpe CPEeheT MUOLIEHa, ¢ 003upoM 1a je Dpy-
IIKa Topa MpeTpIIena XOpU30HTaIHy poTanujy on 40° y
CMepy CYIPOTHOM OJ] KpeTama Ka3zaJbKe Ha caTy KpajeM
MHOIIeHa TToYeTKoM ItrorieHa (LESIC ef al. 2007).

[TaneomarneTcka ucruTHBama Cy 00aBibeHa ca 00e
CTpaHe CpeMCKe AWCIIOKalije a Mo0ujeHa poTanmja y
MPaBIly Ka3amKe Ha caTy je Ol perHOHAIHOT 3Hauaja u
Be3yje Ce 3a Kpaj €OIleHA/TI0YeTaK OJIUTOIeHA J0
[0YeTKa MUOLICHA, KaJja JOMUHAHTY YJIOTy Ipey3uma
poTanuja y cMepy CylpOTHOM O KpeTama Ka3aJbKe Ha
cary ycnen yrunaja Jagpancke mukporuiode (MARTON
2005).
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The impact of geology on the migration of fluorides in mineral waters

of the Bukulja and Brajkovac pluton area, Serbia
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Abstract. One of the hydrogeochemical parameters that classify groundwater as mineral water is the con-
tent of fluoride ions. Their concentration is both important and limited for bottled mineral waters.
Hydrochemical research of mineral waters in the surrounding area of Bukulja and Brajkovac pluton, in cen-
tral Serbia, was conducted in order to define the chemical composition and genesis of these waters. They are
carbonated waters, with content of fluoride ranging from 0.2 up to 6.6 mg/L. Since hydrochemical analyses
showed variations in the major water chemistry, it was obvious that, apart from hydrochemical research, some
explorations of the structure of the regional terrain would be inevitable. For these purposes, some additional
geological research was performed, creating an adequate basis for the interpretation of the genesis of these
carbonated mineral waters. The results confirmed the significance of the application of hydrochemical meth-
ods in the research of mineral waters. The work tended to emphasize that “technological treatment” for
decreasing the concentration of fluoride in mineral waters occurs in nature, indicating the existence of natu-
ral defluoridization.

Key words: fluorides, hydrogeochemistry, mineral waters, Bukulja and Brajkovac granitoid pluton, deflu-
oridization.

AncrpakT. JeaH oJl XUIPOreOXeMHjCKUX MapaMeTapa 3a u3/Bajarbe MoA3eMHE BOJIe Ka0 MHHEPAJIHE je U
caapxaj (ayopumsor jona. Caapikaj OBOT jOHA je U3y3€THO BaXKaH M OrpaHMYaBajyhn koj (rammupaHux M-
HepaJlHUX Boja. XHIPOXEMHjCKa UCTPAKUBAHA MUHEPATIHUX BOJIa Y OKOJIMHHM TTyToHa bykysbe u bpajkoBsiia,
y nenrpannoj CpOuju, cy cupoBeneHa paan nedUHUCAka XEMH]CKOT cacTaBa M ofpehuBama mopekia UCI-
TuBaHUX Boza. OHe cy yribokucede, ca canpxajeM quyopunHor jona ox 0,2 no 6,6 mg/l. [lomrro cy xunpoxe-
MH]jCKE aHAJIM3e [M0Ka3aje Pa3jiuKy y XEMHjCKOM CacTaBy MaKpo KOMIIOHEHTH, OWIIO je jaCHO J1a je HEOMXOIHO
CIPOBECTH M UCTpaXKMBarmha pernoHanHe rpahe. 3a oBe nmorpebe, HeKa I0AaTHA TEOJIONIKA HCTPAKUBAbA Cy
CIpOBeJieHa, CTBapajyhin HEONXoIHy OCHOBY 3a MHTEpPIIPETaltjy OpEeKiIa HCTUTUBAHNX YTJbOKHCEINX MUHE-
panHuX Boja. Pe3yiraru cy MOTBPAMIIM BEJIUKH 3HA4Ya] MPUMEHE XHIPOXEMH]CKUX METOa Y UCTPAXKUBAY
MHHEPaJIHUX BOJA. ,, [€XHOJONIKK TPETMaHU CMamberha KOHICHTpaluja (IIyOpHIHOT jOHA Y MHHEPATHUM
BOZIaMa ce OfIBHjajy U Y IPUPOAHUM YCIOBUMA, YKa3yjyhu Ha npuponHy aedryopuausanyjy.

Kmy4yHe peun: (uyopuan, XUaporeoxeMuja, MUHEpAIHe BOJe, TPAHUTOMIHK IUTyTOH bykyise u Bpaj-
KOBIIa, Aedyopuau3aimja.

Introduction

Research of mineral waters is of great importance
due to the wide variety of their utilization and con-
sumption. Some of them are used for balneotherapeutic
purposes, others as medicinal waters, or in the form of
bottled mineral water. It is significant to know the con-

tent of trace elements. Set of norms and regulations on
natural mineral waters define the minimum as well as
the maximum allowed values of the content. Fluoride
ions have an important place among trace elements;
low values cause dental caries, while high values pro-
duce dental fluorosis or even skeletal fluorosis. The
optimal values are between 0.5 and 1.5 mg/L (FORDYCE
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2011). The impact of fluorides on the physiological
functions of the human body is manifold. Fluorides
affect normal endocrine function, as well as the func-
tion of the central nervous system and the immune sys-
tem (Committee on Fluoride in Drinking Water, US
National Research Council 2006). The overall assump-
tion is that the fluoride content in some mineral waters
is important because of hyperactivity the ion in the bio-
logical balance of elements in the human body. As was
already mentioned, the emphasis is put on the content
of fluoride ions in waters which can be used as bottled
mineral waters. In this case, hydrogeochemical meth-
ods play an important role within hydrogeological inve-
stigations. Namely, defining hydrogeological conditions
favorable for migrations of these ions aids greatly in the
recognition the hydrogeological conditions required for
the formation of mineral waters with the optimal con-
tent of fluoride. Lithology is definitely regarded as one
of key factors for defining the presence of a certain ele-
ment. This kind of approach allows for the recognition
of the main issues of hydrochemistry and hydrogeology,
for example mineral water genesis, to establish the con-
ditions and forms of migration of fluoride in groundwa-
ter, etc. Based on previous investigations, the basic
principles have been defined in reference to the mi-
grations of this important trace element in the mineral
waters of Serbia (PAPIC 1994), and in later hydroche-
mical investigations, attention was paid to the interde-
pendence of lithology and the presence of fluoride in
mineral water. Different fluoride containing minerals
are the main sources of fluorides in soil and groundwa-
ter (TIRUMALESH 2006; SHAJI 2007) and there is a strong
correlation between the lithology of aquifers and the flu-
oride concentration in groundwater (SEELIG 2010).
Relevant fluoride minerals are: amphibole, mica, fluo-
rite (CaF,), apatite (Cas(PO,);(F,0H,Cl)), topaz
(A1,S104(F,0OH),) and cryolite (Na;AlF¢). Granite and
pegmatite are especially rich in fluoride minerals
(BAILEY 1977; HitcHON 1999; REDDY 2010) and RAN-
KAMA & SAHAMA (1950) mention that rocks rich in
alkali metals and volcanic glass contain more fluoride
than other magmatic rocks. The fluoride concentration
in groundwater is controlled by many geochemical fac-
tors. Elevated concentrations of fluoride are associated
with high TDS values (Total Dissolved Solids), high
Na* and low Ca2?* contents, ion exchange processes,
etc. (RAFIQUE 2009). High fluoride concentrations
occur in groundwaters with low concentrations of cal-
cium, therefore the cation exchange processes, result-
ing in Ca?" removal from water, provides favorable
conditions for fluoride enrichment of groundwaters
(Furi 2011). The positive correlation between fluoride
content in groundwaters and pH is explained by the fact
that the ionic radius of OH- is nearly identical with that
of F-, allowing them to undergo exchange processes in
the crystal structure of minerals. Clay minerals, e.g.,
kaolinite, have the ability to bind F- ions on its surface,
but if the pH increases, OH- ions tend to replace F-

ions, whereby F- ions are consequently released into
the groundwater (SREEDEVI 2006). Relatively high flu-
oride concentrations also occur in groundwater that cir-
culates deep down fault structures (Kim 2005). All of
this makes it easier to locate new high-quality ground-
water aquifers that satisfy the current requirements and
regulations on bottled mineral waters.

Methods

Samples of mineral waters were collected during the
investigation period in 2010-2011. Water samples were
taken from eight representative localities in the area of
Bukulja and Brajkovac granitoid pluton and 16 physi-
co-chemical parameters were determined in these sam-
ples, following standard and official methods of analy-
sis. The groundwater samples were filtered through 0.4
pm membrane on site. Unstable hydrochemical param-
eters were measured on site, immediately after collec-
tion of the sample by potentiometry (pH-meter, WTW)
and conductometry (EC, WTW). The major anions and
fluoride were measured by ion chromatography (IC
Dionex ICS 3000 DC). The major cations were deter-
mined by inductively coupled plasma — optical emis-
sion spectroscopy (ICP—OES, Varian).

The Schlumberger water quality analysis software
AquaChem and USGS software Phreeqc were used
for processing the hydrogeochemical data. The pack-
ages were used for the determination of the mineral
saturation indexes and for the construction of charts.

Results

In the following text, eight characteristic localities of
mineral waters, with different fluoride contents, are de-
scribed. They are located in the area of Bukulja Moun-
tain and Brajkovac Village in central Serbia, 60 km
south of Belgrade (Fig. 1).

Geology

The region of Bukulja is dominated by a horst
structure, which is in the form of an elongated block
that stretches ESE-WNW and can be clearly dis-
cerned. It is composed of Paleozoic psamite-pelite
sediments, which due to regional and contact meta-
morphism, first transformed into sericite schists and
phyllite, and then into micaschists and finally into se-
ricite schists and gneisses which form a contact aure-
ole of Tertiary pluton bodies. The immediate cover of
the Bukulja crystalline rock is composed of Creta-
ceous basal clastic limestones and flysch sediments,
which in the course of intrusion of the Bukulja gran-
ite monzonite and the Brajkovac granodiorite, under-
went some contact metamorphic changes. These are
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Fig. 1. Hydrochemical and geological map of the granitoid massif of Bukulja and Brajkovac, modified by I. Djokovi¢ and
P. Papi¢, after: Basic geologic map, scale 1:100 000, sheets: Obrenovac (FILIPOVIC ef al. 1979), Smederevo (PAVLOVIC et al.
1979), Gornji Milanovac (FILIPOVIC ef al. 1967) and Kragujevac (BRKOVIC et al. 1979). Legend: 1, Quaternary sediments;
2, Pliocene clastic sediments; 3, Miocene conglomerate, sandstone and claystone; 4, dacites, andesites and pyroclastic rocks;
5, granitoid of Brajkovac; 6, granitoid of Bukulja; 7, Cretaceous flysch and limestones; 8, mica schists; 9, gneiss; 10, sericite

schists; 11, contact and fault lines; 12, geological cross section; 13, borehole.
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Fig. 2. Geological cross sections of the Bukulja and Brajkovac granitoid massifs (Legend is the same as for Fig. 1)
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Table 1. Description of representative localities of carbonated mineral waters in the investigated area.

Locality T Type of water source  Flow rate Lithology
(°C) and depth of wells (m) (I/s)

1 Cibutkovica 22.3 well (1002.8) 0.5 Paleozoic schist
2 Rudovci 18 well (119) 0.4 Paleozoic schist
3 Darosava 17.5 well (~50) 0.08 Granite
4 Arandjelovac 35.4 well (477) 2.2 Granite
5 Brajkovac 18.6 spring 0.03 Contact of Paleozoic schist and Cretaceous sediments
6 Onjeg 23 spring 0.02 Paleozoic schist and limestone
7 Garasi 16 spring 0.01 Paleozoic schist and Cretaceous sediments
8 Krusevica 22.1 well (65.5) 0.52 Sandy Tertiary sediments

particularly conspicuous in the vicinity of the investi-
gated area (especially in the Vencac Mountain area)
where masses of Cretaceous limestones were convert-
ed into marbles. The crystalline block base and its
Cretaceous cover are overspread by Middle Miocene
clastic rocks and pyroclastic rocks formed during the
Miocene volcanic phases. Their intrusive and extru-
sive varieties in the form of dacite-andesites, pheno-
andesites and latites are widely spread in the northern
part of the Bukulja block (along the Darosava—Ru-
dovci—Krusevica—Lazarevac line), whereas in its
southern part, they occur sporadically, near the head-

SOs

water of the Onjeg River and in the form of erosion
debris (Diokovic & MARKOVIC 1986; DijokoviC &
MARKOVIC 1985; KARAMATA 1994).

In the tectonic sense, the Bukulja block underwent
a polyphase formation, which occurred during the Va-
riscan and Alpine tectogenetic phases. Traces of Vari-
scan folding are to be seen in rarely preserved por-
tions of axial lines of folds and regionally developed
axial-plane cleavage. During the Alpine tectogenene-
sis, the early structure of the Bukulja block was over-
folded and it gained a different appearance. It is made
of a large longitudinal antiform structure that resulted
from overfolding of the Vari-
scan cleavage. In their core, the

.léb

4 o

@ 1-Cibutkovica
@ 2-Rudovci

O 3-Darosava
O 4-Arandelovac
O 5-Brajkovac
0O 6-Onjeg

O 7-Garasi
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pluton bodies of Bukulja and
Brajkovac were embossed,
which, by dome upfolding of
the overlying rocks, partly
altered the original fold form.
The Alpine tectogenesis form-
ed fault and joint structural fab-
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rics, among which regional
fractures are of crucial impor-
tance since they represent
deep-seated faults in the Bu-
kulja horst (TriviC 1998).

Hydrogeochemistry
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Fig. 3. Expanded Durov diagram with CO, and fluoride concentration (I, II and

IIT — hydrochemical types of mineral waters).

— : From the hydrochemical
Fmab)  viewpoint, there are three ty-
pes of mineral waters, as indi-
cated on the Durov diagram
(Fig. 3 I, IT and III).

The first type is sodium hy-
drogencarbonate water (Cibu-
tkovica, Rudovci, Darosava,
Arandjelovac). They are min-
eral waters (TDS 1.7-3.8 g/L)
with a carbon-dioxide content
of 0.6-1.05 g/L. They have
rather high contents of stron-
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Table 2. Representative localities of carbonated mineral waters in the investigated area — macro and micro components.

Locality pH CO, 7DS Ca Mg Na K Cl  HCO, SO, Sio, F B Li Sr

(mg/L) (mg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 Cibutkovica 627 853.6 1761.19 90.18 4986 452 71 2411 1568 8 578 07 114 239 283
2 Rudovci 653 792 3796.84 20441 2918 1443 786 2836 4227 1 126 164 693 34 0266
3 Darosava 627 1056 171382 70.14 073 641 468 2623 193199 09 84 531 0761 298 0369
4 Arandjelovac 6.64 633.6 35245 6012 4134 1313 878 2836 404674 3 841 662 102 605 127
5 Brajkovac 649 660 158239 4008 2675 188 115 4467 182756 08 765 02 059 0984 506
6 Onjeg 64 1230 3030 2481 93 330 468 71 21655 05 120 10 02 288 265
7 Garasi 64 1100 2610 2402 122 391 156 7.1 18361 2 100 04 05 285 21
8 Kruevica 632 704 155871 46092 1459 130 848 156 185367 09 112 036 008 0746 219

tium, lithium, silicon and fluoride. The fluoride con-
tent ranges from 0.7 to 6.6 mg/L. Among other macro-
components, it is worth mentioning the contents of
calcium ions, which range from 60 to 204 mg/L. The
values of the genetic coefficient, ¥Na/(rCa+rMg) (r is
reacting concentration in % eqv.) range from 2.3 to
10. The mineral waters are genetically confined to
Paleozoic schists and granite gneisses. The favorable
migration of fluorides is affected by the slightly acid
environment (pH around 6.5), carbon dioxide in gas
composition, sodium hydrogencarbonate content and
the relatively low calcium ion values (Table 2).

The second hydrochemical type of mineral waters
are the sodium hydrogencarbonate-calcium waters (Ga-
rasi, Brajkovac and Onjeg), with high contents of stron-
tium, lithium and silicon. The fluoride content ranges
from 0.2 to 1 mg/L. Among macrocomponents in their
chemical composition, the high calcium ion content,
which range from 240 to 400 mg/L, is worth mention-
ing. The genetic coefficient values rNa/rCat+rMg range
from 0.4 to 1.3. These mineral waters occur at the con-
tacts of Paleozoic schists with Cretaceous sediments.
As a result of the extremely high calcium values, the
fluoride ion contents are an order of magnitude lower
compared to the previous type of mineral water.

Third type of mineral water is calcium hydrogen-
carbonate water (KrusSevica). The mineralization is
about 1.55 g/L with a carbon dioxide content of about
0.7 g/L. This type has higher strontium and silica con-
tents, but the contents of the other micro components
are not elevated. The value of genetic coefficient
rNa/Ca+Mg is about 0.3. The calcium content is ex-
tremely high and reaches 460 mg/L, consequently the
fluoride ion contents are as low as 0.36 mg/L.

Discussion and conclusions

Correlation diagrams (Fig. 4) show positive correla-
tion between the fluoride content and 7DS, as well as
between fluoride and the sodium content. It is also
obvious from these diagrams that high concentrations
of fluoride are present in waters with high values of the
genetic coefficient (vNa/rCa+rMg). This was generally
expected considering that decomposition processes of

silicate and aluminosilicate minerals occur in the
majority of these waters (in the presence of CO,),
resulting in a carbonated, sodium hydrogencarbonate
composition of the water (Fig. 3).

Calcium ions are negatively correlated with fluo-
ride ions, because the content of fluoride in water is
limited by the solubility product of calcium fluoride
(the more calcium, the less fluoride in water). It is
obvious from the Fig. 4 that low fluoride concentra-
tions (< 0.5 mg/L) appear in waters where the concen-
tration of calcium ions are elevated (> 200 mg/L).

Saturation indexes (S/) of fluorite and calcite were
calculated using chemical thermodynamics, and ob-
tained values indicated mainly mineral waters unsatu-
rated with respect to fluorite and oversaturated with
respect to calcite (Table 3 and Fig. 4). There are two
exceptions: the mineral water from Darosava, which
is mildly saturated with respect to fluorite, and the
mineral water from Arandjelovac, which is in equilib-
rium with fluorite. The fact that these two mineral
waters differ from the rest of the analyzed waters
could be observed on every correlation diagram —
number 3 (Darosava) and number 4 (Arandjelovac)
are always significantly separated from the rest of the
symbols, i.e., mineral waters, on the diagrams.

The fact that the majority of analyzed waters are
unsaturated with respect to fluorite is explained by the
elevated concentrations of calcium (and consequently
low concentrations of fluoride). The conclusion is that
precipitation of fluorite is not possible under these
hydrochemical conditions.

By comparing geological and tectonic characteris-
tics and results of hydrochemical research, it was
established that there is an evident connection
between geological structure of the Bukulja substrate
and the hydrocarbonate mineral water genesis. It was
concluded that, apart from lithology, joint fabrics and
larger dislocation structures are of crucial importance
for the water chemistry in the studied region. In addi-
tion, it should be stated that smaller ruptures determine
the type of porosity that enables the accumulation of
groundwater in the rock mass and its chemical transfor-
mation, while larger dislocation forms determine the
stream flows of the regional water circulation. For bet-
ter perception of the correlation between certain spring



114 PETAR PAPIC, ILIJA DJOKOVIC, JANA STOJKOVIC, VIDOIKO JOVIC, GORAN MARINKOVIC & ZORAN NIKIC
8 i 8 E § 5 8 i 1 3
: : 9 : o
: 6._ ................... ......... ......... 6_ ....... ........................ ...............
5 : ~ | . 03 ? : ~ | 03
- : < e : : z = : :
o : =2 : : : o "
E 4_ ........ \§4_ .................. ........ ........ E 4 4o Ba s s S YR RRRR Sy e e
e 4 b : wo : : : TR :
2 ... ....... .......... 2. 2_ ,,,,,,,,,,,,,,,,, ,,,,,,,, ‘‘‘‘‘‘‘‘ [ 2 ..................
S o 6 L @2 6 o2
{1 alf @6 1 Oyl 5 : 1.0 _af ;
@ . : : 5 ; : 8 7@ :
ol tms @7 NI N o B
1000 1500 2000 2500 3000 3500 4000 0 400 800 1200 1600 2000 0 2 4 6 8 10 12
TDS (mg/L) Na (mg/L) rNa/rCa+rMg
8 : : : 1.0 : H F :
: 3 : - fluorite saturated fluorite & caltit -Ci i
1 o E E 0.5falcite unsaturated; eatrated ® Clbutko?/lca
s s s é o i : @ 2-Rudovci
2 : i L,
~ | o § 5 © 00 ==s==s o i e O 3-Darosava
= : : : = fluorite & calcite ¥ fluorite unsaturated _
g’ B e e e ne s s s s s g-o 5-].. unsatyrated.... ... .calcite saturated .. @2 O 4-Arandelovac
- é : . = : H : : 1 :
T : ] E = E T O 5-Brajkovac
40— e E ......... ......... ......... n 6-Onjeg
R R S P Sene s vt i 1 j s 8 ..
. @2 : sl @ N = LA O 7-Garasi
; - : ‘ : : : : - %o
1@ ; : 4 J : : g 8-Kru8evica
: o = I - m8 : 50
o+ 20— ———— -
0 100 200 300 400 500 04 02 00 02 04 06
Ca (mg/L) Sl calcite

Fig. 4. Correlation diagrams for selected hydrochemical parameters.

Table 3. Representative localities of carbonated mineral waters in the investigated
area — water type, genetic coefficients and saturation indexes (S7).

areas, a hydrochemical map was constructed with ma-
jor geological structures along with hydrochemical
properties of the spring locations (Fig. 1).

In order to present clearly the correlation between
geological and hydrochemical parameters, transversal
and diagonal cross sections were drawn, displaying
the basic structures and lithologic properties of the
rocks (Fig. 2). Associated with them are the following
spring areas:

— Cibutkovica—KruSevica—Rudovci

— Brajkovac—Onjeg—Darosava and

— Garasi—Arandjelovac

In accordance with previous
conclusions, it was established
that the main spring areas of

Locality Water type rNa/rCa+rMg SI SI sodium hydrogencarbonate mi-

(r, %oeqv) calcite fluorite neral waters (having dominant

1 Cibutkovica HCO;-Na 23 -0.29 -145 sodium content) occur along
2 Rudovci HCO;-Na 53 +0.52 -0.49 the complex regional fault
3 Darosava HCO;-Na, 8.1 -0.38 +0.31 which bprders the Bukglja
4 Arandjelovac ~ HCOs-Na, 10.0 1031 20.02 block on its north-eastern side,
5 Brajkovac HCO,- Na, Ca 0.4 +0.56 -1.85 gf;ﬁizitncl;?:ﬁnsztrftr:ntwgth
6 Onjeg HCO;-Ca, NaMg 0.8 +0.38 -0.80 pear along the Sslooatio
7 Garasi HCO;-Ca, Na 1.3 +0.24 -1.40 which borders its northern side.
8 KruSevica HCO;-Ca 0.3 +0.51 -1.33 It is obvious that the north-

eastern dislocation (which con-

nects Arandjelovac, Darosava and Rudovci) and the
sets of joints that accompany it cut muscovite granite,
gneiss, igneous and clastic flysch rocks, which in turn
influence the formation of sodium waters.

In the spring area of Cibutkovica, the hydrogencar-
bonate mineral waters have distinctly sodium charac-
teristics, which prove that the southern dislocation
does not act as a groundwater recharge. Recharge is
most probably realized in the metamorphic complex
that forms the northern hinterland of the spring area.

In contrast, along the southern dislocation, Bukulja
crystalline rocks are at many places in contact with
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Upper Cretaceous clastic-carbonate flysch, which in-
creases the amount of calcium in the spring areas of
Garasi and Brajkovac. The Onjeg locality belongs to
this group, its water having a higher content of calci-
um due to the dissolution of the limestone thick layers
that form a tectonic block between the two reverse
faults.

The water of KruSevica spring is characterized by a
high content of calcium, but the contents of the micro
components are not elevated, except for strontium and
silica. This is due to a shallower zone of groundwater
formation in the sandy Tertiary sediments.

It should be emphasized that the two mineral
waters belonging to the first type are bottled as the
mineral water “Knjaz Milos” from Arandjelovac (Bu-
kovicka spa) and “Dar voda” from Darosava. The flu-
oride concentrations in these waters are higher than 1
mg/L; hence, they are called fluoride waters. Due to
the biological activity of fluoride, its content is limit-
ed to 5 mg/L for bottled mineral waters. If the level is
higher than 1.5 mg/L, the term “contains more than
1.5 mg/L of fluoride: not suitable for regular con-
sumption by infants and children under 7 years of
age” should appear on the label in close proximity to
the name of the product. The European Directive on
the exploitation and marketing of natural mineral
waters and spring waters sets standards for excluding
harmful elements such as fluoride ions, iron, man-
ganese, sulfur and arsenic. It is obvious from the ob-
tained results that some mineral waters in Serbia
should be subjected to water treatment, which seems
to be difficult in practice, and sometimes nature itself
plays the role of a “technologist”. Two possibilities
are offered here: the right choice of locations for
abstraction of mineral water with satisfactory chemi-
cal composition, which is a hydrogeologist’s task, and
the application of artificial defluoridization by means
of aluminum oxide, lime, ion exchange resins or sim-
ilar methods, which is a technologist’s task. It is im-
portant to emphasize the impact and application of
hydrochemical methods throughout hydrogeological
research, which includes defining the conditions and
factors of migrations of fluoride ions in mineral
waters, the defining of the basic hydrochemical types
of waters with high and low levels of ions and of gas
composition, as well as the thermodynamic conditions
in aquifers with accumulated mineral waters.
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Pe3nme

YTuuaj reosioruje Ha MUTrpanujy
¢ayopuna y munepasHuM Bogama
okoJMHe mIyToHa bykysbe u bpajkoBua,
Cponja

XuApoxeMHjcKa HCTPAKUBakha BOAA IIUPET MOAPY-
gja Bykyseckor u bpajkoBaukor miIyToHa cy 06aBJbeHa
panu yTBphuBama HBHUXOBHX XEMH3aMa U I'€HETCKHX
cBojcraBa. McimtuBamuma je oOyxBaheHo ocam Haj-
BXHUJUX HW3BOPHIMHHUX JOKAIUTETa, O] KOjUX Ce
ApanhenoBam, lapocaBa u PymoBru Hamasze Ha ce-
BepoucTodHoM, [ 'apamm, bpajkoBar n UnOyTkoBuma y
jyrozamagHoM, a Omer u Kpymesuniia y eHTparHOM
Jeny u3ydasaHor npoctopa. IlomTo cy xumpoxemuj-
CKE aHaJIM3€e yKas3alle 1a je y HaBeIeHUM U3BOPUILITH-
Ma MPHUCYTHO BapUpame XeMHu3Ma Boja, OWJo je o4uu-
IJIEJHO Ja Cy 3a pa3jalliibaBambe HUXOBE ICHE3e,
[opel XUAPOXEMUJCKUX UCTPAKUBambha, HEONXOOHA U
n3y4aBama pernosaise rpahe. Paau tora cy usspiue-
HHU W JOINATaHU TEOJIOLIKU PaJOBH, IITO je Yy LETUHU
CTBOPWJIO OCHOBY 3a TyMad€me€ Ie€HEe3e XHIpOKap-

OoOHAaTHUX BONA.Y TEKTOHCKOM CMHUCIY OYKYJBCKU
0ok je mpetpreo nonndazHa o0IUKOBamka, Koja cy ce
oJIrpaja TOKOM BapHCIUjCKE U ajICKe TEKTOHCKE
¢aze. TparoBu BapucimjcKOr Habmpama ce MaHH(pe-
CTyjy KpO3 peTKO cadyBaHE JeloBe Habopa W pe-
THOHAJHO pa3BHjeH KIMBAX aKCHjaJTHE IOBPIIUHE.
TokoMm anrcke TEKTOTEHEe3e paHHja CTpyKTypa Oy-
KyJBCKOT OJIOKa je mpeHaOupaHa, Ipu 4eMy je CTeKIa
Jpyrauuju u3rien. lby YiHM KpyITHa JTOHTUTYIHHATHA
aHTHU(OPMHA CTPYKTypa, HacTaja mpeHabupameM Ba-
PUCHH]CKOT KJIMBaXa. Y HEH je3TPeHH Je0 Cy YTH-
CHyTa IUTyTOHCKa Tena bykysee y bpajkoBma, koja cy
KyTOJIACTUM 33JH3aleM KPOBUHE JIOHEKIIC U3MEHHIIA
OCHOBHY HaOOpHY (opmy. ANTCKAM OOIHKOBamHMa
cy hopmupaHu paceHU U MyKOTUHCKH CKIIOMIOBH, O]
KOJHX IMOCe0aH 3Hadaj WMajy PETHOHAIHH Pa3JIOMH
KOjU TIpEACTaBJbajy KJbydHE TPAaHUYHE CTPYKType
OyKyJbCKOT XOpCTa.

Crnenehm nperxoqHe 3aKJby4Kke, yTBphEeHO je na ce
IJIaBHA M3BOPHINTA XUAPOKAPOOHATHO-HATPH]YMCKHX
BOJIa (Ca TOMUHAHTHOM HATPHjyMCKOM KOMIIOHEHTOM )
jaBJbajy Ha CIOXEHOM PETHOHATHOM pacely KojH
orpaHn4YaBa OyKyJbCKM OIIOK ca CEBEpOMCTOYHE
CTpaHe, a Ja Cce Ha AWMCIOKAIHjH KOja Ta OrpaHuYaBa
ca jyra jaBJpajy BOIle Ca JIOMHHAaHTHHM jOHOM KaJ-
nujyma. O4YWIiIeqHO je Ja CeBepOHCTOYHA JHCIIOKA-
myja (koja mosesyje m3BopumTa Apanhenoma, [la-
pocaBe u PynoBana) u mMyKOTHHCKH CHCTEMH KOjU Ce
Hamase y3 By, y HajBehoj Mepu mpecenajy TpaHUT-
MOHIIOHUTCKE, THajCHE, BYJIKAHCKE U KJIacTU9IHE (PIu-
IITHE CTeHEe, KOj€ CBOjUM CacTaBOM YTHUYy Ha (OpMHU-
pame HATPHjyMCKOT THIIA BOJIC.

Hacynpor Tome, jy)kHa TpaHW4YHA AWCIOKAaNWja Ha
BHUIIIE MECTa Tpajyi KOHTAKT m3Mely OyKyJhCKOT KpH-
CTAllMHA ¥ TOPHHOKPETHOT KIACTHYHO-KapOOHATHOT
¢ua, mWTo JonpruHOCH moBehamy Kalujyma y u3-
BOpHUIIHUM niofpyurjuma ["apamm n bpajkoBam. Y oy
TpyIy U3BOpUINTA Tpeba CBpCTaTH M JToKamHOCT Omber,
4yHija BoAa MMa ToBehaH cajpikaj Kallujyma, IITo je
HajBepOBaTHHUjE IOCIEANIA PacTBapama KPEeImadKnuX
MaKeTa, KOjHu Tpajie TeKTOHCKE IDI1aca, YKIbEIITCHE 13-
Mel)y 7Ba peBepcHa pacema. Y HM3BOPHIIHA TOAPYYja
UnOyTKOBHIIE XHAPOKapOOHATHE BOJE NMA]y U3Pa3UTO
HAaTPHjYMCKH KapakTep, IITO TOKa3yje Aa Y OBOM H3-
BOPHIITY jy>KHa TpaHIYHA AUCIOKANXja HeMa (QyHKITH-
jy mpuxpamuBama. [logpydje ce BepoBaTHO NpHXpa-
BYyje U3 METaMOP(HOT KOMIUIEKCa KOjH YHHU CEBEPHY
3anehuny m3BopumTa. M3Bopuniaa obmact Kpymesu-
1e TIPEJICTaBIba XUIPOTCOIIOIIKA 3arOHETHY T10jaBy. Y
HBCHUM BOJIaMa M3PAa3HMTO JIOMHHHpA KaJMjyM, Maja
ce caM JIOKAJIUTeT Hajla3W Yy 30HH THAjCHUX CTCHA.
W3rnena na ce y ceBepHOj OKOJIMHU U3BOPHIIITA, UCTION
MHOIICHCKHMX CEJIMMEHara Haja3W OCTarak TpaHCrpe-
CHBHHUX, (MIMIIHUX CeIMMEHara, a y BUMa Ce YeCTO
jaBJpajy OaHIM MIECKOBUTHX Kpedmaka. Moryhe je ma
CY OHH J]aJIi KaJI1jYMCKy KOMITOHECHTY BOJIH.
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Factors contributing to the formation of
carbonated mineral water systems in Serbia

GORAN MARINKOVIC', PETAR PAPIC?, JANA STOJKOVIC* & VESELIN DRAGISIC?

Abstract. There are more than 65 occurrences of carbonated mineral water (CMW) within the territory of
Serbia. More than 93 % of these systems are found in the geotectonic unit referred to as the Vardar Zone and
on the fringes of nearby units. To the east, west and north of the Vardar Zone, CMWs are either rare or non-
existent. The area featuring CMWs is characterized by Tertiary magmatism, a complex geology and deep neo-
tectonic structures. Based on 813C values of CO, and HCOj;- in several CMWs in Serbia, and also in carbon-
ates and CO, from liquid inclusions in several hydrothermal deposits around the world, it was concluded that
CO, in the lithosphere of Serbia could originate from hydrothermal carbonates, and carbonates from sedimen-
tary, metamorphic and magmatic rocks. The findings clearly showed that the main generators of CO, are
located in the Vardar Zone and that CO, degasification is accomplished through temperature metamorphosis
of carbonates (dolomite, calcite). Based on the carbonate transformation temperatures and the temperature
conditions in the lithosphere of Serbia, the CO, might be the result of temperature-induced carbonate trans-
formation below a depth of 3 km. Therefore, the conclusion of the study of CMWs in Serbia is that the for-
mation of CMW systems in the lithosphere depends on the geochemical, temperature, and the magmatic and
structural-neotectonic conditions.

Key words: CO,, mineral waters, magmatism, geochemistry, neotectonic structures, Serbia.

Ancrpakt. Ha Tepuropuju Cpbuje je peructpoBaHo 65 mojaBa yribOKHCENNX MUHEpanHuX Boaa (YMB).
On oBor 0Opoja je gak 93% ¢opmupanux cuctema YMB Be3aHo 3a I03HATY T€OTEKTOHCKY jenuHuIly Bapaap-
CKa 30Ha M MapruHe CyCeIHUX jeJUHHIIa TpeMa oBoj 30HH. Ca ynasaBameM ofi Bapmapcke 30He, HCTOYHO,
3anajHo W CEBEpHO, mojase YMB cy perke wiu ux yormiire Hema. FcTo noapydje JOMHHAHTHOT PacipocTpa-
Bema nojaa YMB ce kapakTepHile U TepuyjapHUM MarMaTu3MOM, CJIOKEHOM T'eOJIOLIKO-CTPYKTYPHOM rpa-
hom 1 1yOOKMM HEOTEKTOOHCKUM cTpyKTypama. Ha ocHoBy BpenHocTH 813C y c1000JHOM YIIbeH JHOKCHUIY
U XUIpoKapOOHaTHMa M KapOOHaTMMa M YIJbeH AMOKCHIY y TEYHHM HMHKJIy3HMMjaMa, KOHCTAaTOBaHO je Ja y
murocepn Cpbuje yribeHHK MOXKE Jia BOAW TOPEKIIO W3 KapOOHaTa XUAPOTEPMATHUX Ipolieca, kKapooHara
CeJMMEHTHUX U MeTaMOP(HUX CTEHa U KapOOHaTa MarMaTcKkux ctreHa. [IoCTHTHYTH pe3yiTari Cy jacHO IoKa-
3aJM 1a ce 'y toMeHy Bapaapcke 30He Hallase IJTaBHH FeHepaTopH YIJbeH-THOKCUIA U 1a ce JAera3anuja oIBHja
KpO3 TIpoIece TemmeparypHe Meramopdose kapOoHara (KaymuTa, JoioMuTa). Ha OCHOBY MO3HAaTHX TeM-
nepatypa TpaHcopmarije kapOoHarta, MpH KojuMa ce ociobaha yribeH-THOKCHA W TeOTeMIIepaTypPHHUX
ycnosa y nurocdepu CpOuje, 3aKIby4eHoO je Aa yribeH-JUOKCHI y JOMeHY Bapaapcke 30He MOXe J1a ce TeHe-
puiie ucnio 3 km nyoune. Tako je y pesynrary ucrpaxubama YMB CpOuje 3akibyueHo a popMupame cu-
creMa YMB 3aBucu, mpe cBera, ol reOXeMHjCKHX, T€0TeMIIepaTypHUX, MarMarCKUX M CTPYKTYpHO-HEOTeK-
TOHCKHX YCJIOBA.

Kbequ pe4yn: yrib€H-JUOKCHUI, MUHCPAJIHE BOAC, MarMaTu3am, FCOXCMI/Ija, HCOTCKTOHCKC CTPYKTYpPC.

Introduction tral part of southern Serbia. Several isolated occur-
rences have been registered away from this area, but

In Serbia, most of the registered occurrences of car- there are no such occurrences in the northern, eastern
bonated mineral water (CMW) are found in the cen- and south-eastern parts of Serbia. Within the territory

I Geological Institute of Serbia, Rovinjska 12, 11000 Belgrade. E-mail: g.marinkovic@gis.co.rs
2 Faculty of Mining and Geology, University of Belgrade, Pusina 7, 11000 Belgrade. E-mail: ppapic@rgf.bg.ac.rs
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of Serbia, CMWs are grouped such that they reflect
the different regional geological structures (anticlines,
fault zones, and the like). There are only a few pub-
lished papers which consider these mineral waters in
Serbia. PrROTIC (1995) addressed all the mineral wa-
ters in Serbia and grouped most of the CMWs accord-
ing to their genetic link with metamorphites, and a
small number based on their contact with volcanism
and sedimentary basins. The same author briefly de-
scribed the geological makeup of the near surrounding
of the occurrences, presented the physical and chemi-
cal properties, the gas compositions and the radioac-
tivity of the CMWs, and described major documented
investigations.

The goal of the research reported in this paper was
to determine the main factors contributing to CMW
formation and thus identify the laws of nature which
govern their extent and depth in Serbia’s lithosphere.
The study of these factors included the results of mod-
eled geotemperature conditions in Serbia’s lithosphe-
re, the outcomes of CMW 813C tests and the results of
isotope tests of the infiltration origin of the CMW
(MiL1voJevIC 1989). To define the depth of favorable
geotemperature conditions for geochemical oxidizable
carbonate transformation processes and the release of
CO,, the results of investigations by in-sifu methods
conducted at boreholes in the Yellowstone Park in the
USA (PATRICK & WHITE 1968) were used.

A spatial link of Serbia’s CMW systems was estab-
lished with the geostructural unit of the Vardar Zone,
Tertiary magmatism and regional neotectonic struc-
tures. It was then determined that the origin of carbon
is primarily associated with oxidizable forms of car-
bonates in Proterozoic, Paleozoic and Mesozoic sedi-
mentary and metamorphic rocks, and that CO, is gen-
erated in the Vardar Zone below a depth of 3 km or, in
other words, at depths where favorable geotempera-
ture conditions exist for geochemical processes of tem-
perature-induced metamorphosis of carbonates and the
release of CO,. The findings led to the conclusion that
the main contributors to the formation of CMW sys-
tems in Serbia’s lithosphere are geochemical, geotem-
perature, magmatic and structural-neotectonic factors.

Results and discussion

Extent of CMW systems in
geostructural terms

A CMW system is a unit of geological inter-con-
nected porous water-bearing structural elements in the
lithosphere, between the recharge zone, the blending
zone of infiltrated water and CO,, and the CMW drai-
nage zone.

The extent of the CMW systems relative to known
geological tectonic units within the territory of Serbia
(DIMITRUEVIC 1995) is shown in Figs. 1 and 2. Based

on the number of occurrences in geological tectonic
units, 57 % of them are found in the Vardar Zone (VZ),
26 % in the Gneiss Complex (GNC) of the Serbo—Ma-
cedonian Massif (SMM), 11 % in the zone of the Dri-
na—Ivanjica Element (DIE), 4 % in the Ophiolitic Belt
(OB), and 1.5 % in both the East Durmitor Block
(EDB) and the Carpathian—Balkan Region (CB). If fol-
lows from the above, as shown in Fig. 2A, that 93 %
of the occurrences are within the VZ and on the
fringes of nearby units.

This means that CO, is generated in the deeper
reaches of Serbia’s lithosphere within the VZ and that,
while migrating toward the surface, the CO, is distrib-
uted to neighboring tectonic units via younger tecton-
ic zones. This is analogous to the observation of
WEINLICH et al. (2003) in connection with the Western
Eger Rift, namely that CO, from the deeper reaches of
the lithosphere migrates to the surface along so-called
Y-structures. In the present case, the CMW systems
are rooted in the deeper reaches of the lithosphere
within the VZ. For these reasons, the majority of the
CMW occurrences in Serbia are found in the VZ and
the border zones with adjacent geotectonic units. The
directions of the younger tectonic structures that dis-
tribute the CO, away from the VZ are quite distinct
within the belt between the VZ and the SMM (Figs 1
and 2B).

A schematic representation of the noted linear
directions of the CMWs is presented in Fig. 2B. It is a
well-known fact that most tectonic faults are charac-
terized by limited permeability or virtual imperme-
ability. The greatest fault permeability is found in the
moving zones of the Earth’s crust, particularly in its
stretching parts (STEPANOV 1989). Consequently, con-
sidering all relevant aspects, it follows that the linear
directions in Serbia’s lithosphere are the directions of
neotectonic movements. These are also the privileged
pathways of CO, distribution from the deeper reaches
of the lithosphere to the surface and open structures
for the easy infiltration of meteoric and surface waters
for CMW recharge. According to the schematic repre-
sentation in Fig. 2B, the directions of these neotecton-
ic structures vary but are approximately northwest—
—southeast, east—west and northeast—southwest. It is
also apparent in Fig. 2B that many of the CMW occur-
rences are grouped along the southern edge of the
Pannonian Basin. This suggests a connection between
these occurrences and the tectonic structures formed
by the cascading descent of the Pannonian Basin and
the parallel ascent of the VlaSi¢—Bukulja Anticlino-
rium and other structures south of the Pannonian
Basin.

Based on the present observations, it is important to
emphasize that the considered mineral water occur-
rences are associated not only with magmatic massifs,
but also with younger tectonic structures, as is clearly
shown by their linear distribution (Figs. 1 and 2). With
regard to chemical types of the CMWs, there is only
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1 6 7 8

Fig. 1. CMW occurrences in Serbia in respect to granitoid intrusions (Tertiary and Paleozoic) and igneous rocks (Tertiary)
of the Serbian lithosphere. 1, Tertiary sedimentation basin; 2, Tertiary igneous rocks; 3, Tertiary granitoid intrusion;
4, Paleozoic granitoid intrusion; 5, CMW occurrence; 6, Geological-structural unit boundary; 7, Geological-structural sub-
unit boundary; 8, Geological cross-section (Geology reprinted from the Geological Map of Yugoslavia, Scale 1:500.000;
produced by Federal Geological Institute, Belgrade, 1970). Geological-structural units: CB, Carpathian-Balkan Region;
SMM, Serbian-Macedonian Massif; GnC, Gneiss complex; GC, Greenrock complex; VZ, Vardar Zone; DIE, Drina—Iva-
njica Element; OB, Ophiolite Belt; EDB, East-Durmitor Block.
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one occurrence of the SO,—~CaMg type, while all the
other registered occurrences are of the HCOj;-type
based on their anion composition, and with regard to
their cation composition, they are mostly of the Na-
type, rarely of the C-type and very seldom of the Mg-

type.

liquid inclusions determined at several hydrothermal
sites in the world (Fig. 3), a very good match is appar-
ent. This supports the assumption that some CMWs in
Serbia are traceable to carbonates via hydrothermal
processes (either ended or still active, but in the
“quenching” stage). Oxidizable forms of carbon in
hydrothermal fluids can origi-

B nate from magmatic sources,
but can also be formed as a
result of oxidation of reducib-
le forms of carbon and leach-
ing of sedimentary carbonates
(OMOTO & RYE 1982).
Investigations involving the
813C isotope have shown that
in granites and mafic and ul-
tramafic rocks its values vary
over a much broader range than
N, in carbonates, and that the §!13C
¥ values of carbonates in such
rocks are generally from +2 to
—10 %o, and those of reducible
forms of carbon from —15 to
=30 %o (OMOTO & RYE 1982).
Based on the above and the

Fig. 2. Schematic representation of (A) the region of CMW occurrences and (B)
noted linear distributions of the occurrences as potential directions of deep tectonic

structures.

Based on the above, it is safe to assume that the VZ,
characterized by a complex geological and tectonic
makeup and Tertiary magmatism, holds the main CO,
generators and that the distribution of CO, and the in-
filtration of surface water occur along regional neo-
tectonic discontinuities which are rather pervious.
Neotectonic vertical movements cause an enormous
mass of carbonate-rich rock to become gradually ex-
posed to elevated geotemperatures and, as a result,
there is ongoing exposure of new masses to thermo-
metamorphic geochemical processes. Consequently,
the neotectonic units both predispose porous tectonic
zones to CO, migration and expose new masses of the
substrates of this gas to favorable geotemperatures for
the transformation and release of CO,.

Origin of carbon in carbonated
mineral waters

For a number of CMW occurrences in Serbia, the
values of the 813C isotope in free CO, were found to
be in the range from —8.5 to —2.5 %, that is —10.03 to
+1.78 %o in HCO5;~ (MILIVOJEVIC 1989). If this range
of values detected in Serbia is compared with the val-
ues of the 813C isotope in the carbonates and CO, of

values of the 813C isotope in
free CO, and HCO;~ in Ser-
bia’s CMWs, it is safe to assu-
me that the carbon in Serbia’s
CMWs may originate from
carbonates of Proterozoic, Pa-
leozoic and Mesozoic sedi-
mentary and metamorphic rocks, carbonates of mag-
matic rocks created through assimilation of carbon-
ates from sedimentary and metamorphic rocks, and
carbonates from hydrothermal processes which could
have leached from sedimentary, metamorphic and
magmatic rocks. It is also safe to conclude that carbon
from reducible forms cannot be a major contributor to
Serbia’s CMWs.

Supporting the above assumptions are estimates
that about 93 % of all carbon in the Earth’s crust is
attributed to sedimentary and metamorphic rocks and
only 7 % to magmatic rocks, while as little as 0.01 %
is the sum of carbon in the atmosphere, hydrosphere
and biosphere (OMOTO & RYE 1982). In Serbia’s lith-
osphere, as schematically represented in Fig. 4, such a
large proportion of carbon (in excess of 90 %), can
only be found up to a depth of 5-8 km, or the depth of
the complex of Proterozoic, Paleozoic and Mesozoic
sedimentary and metamorphic rocks, interspersed
with Tertiary magmatites. Below these depths, up to
15-20 km, in the “granitoid metamorphic layer”, a
carbon content of up to 7 % may be expected.

The depths of the CMW systems in Serbia are con-
sistent with the configuration of the VZ (Fig. 4). In
this part of the lithosphere, Tertiary magmatites inter-
sperse the entire complex of sedimentary and meta-
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Fig. 3. Schematic representation of carbon isotope compositions of several hydrothermal ore deposits (OMOTO & RYE 1982),
along with 313C ranges of free CO, (dashed line) and HCO;~ (dotted line) at several CMW sites in Serbia.

morphic rocks rich in carbonates. While penetrating to CO,-generating thermometamorphic processes
the complex of these rocks, the magmatites assimilat- and, in the VZ, generally brought about elevated geot-
ed considerable amounts of carbon, which partly led emperatures. As such, the connection between the
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CMW systems and the VZ is logical, since it holds the
main supply channels of Tertiary vulcanites and gran-
itoid intrusions, from the deeper reaches of Serbia’s
lithosphere to the surface.

CO, generation processes in the Vardar Zone

In general, gases in the lithosphere can be generat-
ed by biochemical, metamorphic (chemical) and
radioactive processes (KARTSEV & SHUGRIN 1964). As
stated above, based on the §13C values, the carbon in
Serbia’s CMWs cannot be traced to reducible forms,
or to carbon from organic compounds and graphite.
Consequently, biochemical processes are not the dom-
inant generators of CO, in the CMWs. Although CO,
is not generated as a result of radioactive processes,
elevated concentrations of radioactive elements and
Rn gas in the CMWs allow for a conclusion to be
drawn about their joint origin associated with grani-
toid intrusions.

Elevated concentrations of F, Pb, As and other heavy
metals suggest a connection with volcanic processes.
As such, it may be concluded that the CO, in the
CMWs within the VZ is generated through the chem-
ical processes of temperature-induced metamorphism.
Among the chemical processes that lead to the release
of CO,, the most important are deep processes associ-
ated with intrusive and regional metamorphism
(Korotkov 1983). It follows that an important factor
for the CO,-generating processes is the geotempera-

INNER DINARIDES

ture of Serbia’s lithosphere which, in the VZ, is gov-
erned by Tertiary volcanism and intrusive magma-
tism, with hydrothermal processes being the final
stages of the magmatism.

According to ProTiC (1995), fluoride concentra-
tions in Serbia’s CMWs range from 0.1 to 14.25 mg/L
(about 60 % above 1.0 mg/L), U concentrations range
from 0.1 to 8.0 png/L, Ra from 0.06 to 1.4 Bq/L, and
Rn from 7.4 to 2035 Bq/L, whereby more than 75% of
the CMWs exhibit elevated concentrations of U, Ra or
Rn. Based on the good match of the 5!13C range of the
CMWs and hydrothermal deposits (Fig. 3) and the
elevated F concentrations in the majority of the
CMWs, it is safe to conclude that there is a connection
between the CMW CO, and hydrothermal processes.
Considering the elevated concentrations of radioac-
tive elements, there is a link between the CMWs and
the granitoid intrusions. The oxidizable forms of car-
bon in the hydrothermal fluids (CO,, H,CO5;, HCOj5-,
and COs%) may be traced to magmatic sources and
leaching of sedimentary carbonates (OMOTO & RYE
1982). It follows from all the above that the CO, gas
in Serbia’s lithosphere can be generated by tempera-
ture-induced transformation, from carbonates of Ter-
tiary hydrothermal processes, magmatic rocks, and
Proterozoic, Paleozoic and Mesozoic sedimentary and
metamorphic rocks. However, given that the carbon-
ates from the Tertiary hydrothermal processes are actu-
ally leached carbonates from sedimentary and meta-
morphic rocks and/or magmatic rocks, and that carbon
is assimilated by magmatites from the same rocks, it
follows that the Proterozoic,
Paleozoic and Mesozoic sedi-
mentary and metamorphic
rocks in the lithosphere up to a
depth of some 10 km can be
considered as the parent sub-
strates of the CO,.

If the registered minimum
temperatures (150 and 320 °C)
are taken into account, at

SMM

which dolomite and calcite are
transformed and CO, released
(PATRICK & WHITE 1968), as
well as the geotemperature
conditions in Serbia’s litho-
sphere (MILIVOJEVIC 1989) and

Fig. 4. Geological cross section of Serbia’s lithosphere, part of the Inner Dinarides
geological tectonic unit (ANPELKOVIC 1988, modified). Legend: 1, Pz—Mz sedimen-
tary and metamorphic rock complex with magmatic intrusions; 2, Ptz metamorphic
rocks; 3, granite—metamorphic layer; 4, basalt layer; 5, minimum depths for optimal
geological and temperature conditions for geochemical processes of CO, production
from dolomite (3 km) and calcite (8 km). Geological-structural units: CB, Carpath-
ian—Balkan Region; SMM, Serbian—-Macedonian Massif; GnC, Gneiss Complex;
GC, Greenrock Complex; VZ, Vardar Zone; DIE, Drina—Ivanjica Element; OB,

Ophiolite Belt; EDB, East-Durmitor Block.

| part of lithosphere with 93% of formed systems of CMW |
[ >

the results of regional geologi-
cal investigations of the make-
up of Serbia’s lithosphere (Fig.
4), it follows that temperature-
induced transformations of car-
bonates in the VZ may be
expected below a depth of
3-8 km. As apparent in Fig. 4,
this is the transition zone be-
tween the “granitoid meta-
morphic layer” and the Prote-
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rozoic, Paleozoic and Mesozoic complex of sedimen-
tary and metamorphic rocks, interspersed with vul-
canite and granitoid intrusions.

With regard to the previously-identified potential
connection between the CMWs and hydrothermal pro-
cesses, the CMW CO, could be traced to carbonates
from completed hydrothermal processes and/or contem-
porary hydrothermal processes in the final stages of
“quenching” of volcanic activity. In hydrothermal solu-
tions, CO, from carbonates may be generated as a result
of dissolving reactions (e.g., CaCO; + 2H" — H,CO; +
H,0) and decarbonization reactions (e.g., 3 dolomites +
4 quartzites + H,O — talc + 3 calcites + 3CO,) (OMOTO
& RYE 1982). The first reaction is dominant under sur-
face conditions, while at high temperature, both reac-
tions play significant roles. The carbonate dissolution
reaction leads to the formation of HCO;~ under sur-
face conditions and CO, at high temperatures.

Conclusions

CMW systems in Serbia’s lithosphere were formed in
dependence on complex interactions between geochem-
ical, geotemperature, magmatic and structural-neotec-
tonic factors. The parent CO, substrates in Serbia’s
lithosphere are carbonates from Proterozoic, Paleo-
zoic and Mesozoic sedimentary and metamorphic
rocks, up to a depth of some 10 km. The depth of CO,
generation of about 3 km is characterized by favorable
geotemperature conditions for carbonate transforma-
tion. From a geotectonic perspective, more than 93 %
of the CMW systems were formed within the Vardar
Zone and on the fringes of nearby units, or in the part
of the lithosphere which features Tertiary magmatite
intrusions and eruptions. The linear distribution of the
CMWs, the fact that the CMWs are by necessity asso-
ciated with deep tectonic structures, and the faults in
the mobile (and particularly stretching) parts of the
Earth’s crust featuring the highest permeability clear-
ly indicate that the CMW systems are predisposed by
neotectonic structures.
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Pe3nme

®dakrTopu popmupama cucrema
YI/bOKHCEJINX MUHepaJHux Boga Cpouje

Hajeehu Opoj perncrpoBaHUX TOjaBa YIJHOKHCE-
nux muHeparHuX Boga (YMB) pacmpoctpameH je y
MOAPY4jy LEHTPAITHOT jy>KHOT nena Teputopuje Cp-
Ouje. BaH Tor eHTpaIHOT Jiefla pETUCTPOBAH j€ Mambu
0poj ycaMJbeHHX T10jaBa, a y CEBEPHOM, HCTOYHOM U
jyroucrounom aermy CpOuje HUCY perucTpoBaHe. Ha
teputopuju CpbOuje mojase YMB cy rpynucane Tako
Ja MapKHhpajy pas3iuduTe pPETHOHAlHE TeOJIOIIKe
CTPYKType (aHTHKJIHHAJE, pa3jioMHe 30He U ap.). Ch-
creM YMB nonpa3syMeBa LieIMHY HNOBE3aHUX MOPO3-
HUX BOJOHOCHHX T'€OJIOIIKO-CTPYKTYPHHUX eJleMeHara
y mpoctopy autochepe m3mel)y obmactu xpamema,
30He Memawmba HHpuaTpannonux soga u CO, u 30He
npenupama YMB. 3a cucreme YMB Cpbuje yTBphe-
Ha je BHUXO0Ba MPOCTOpPHA Be3a Ca T€OCTPYKTYPHOM
jemmauiom Bapmapcke 3oue (B3), Tc Mmarmatn3mom u
pPETHOHATHUM HEOTEKTOHCKHM CTPYKTypama. 3aTHM
je yrBpheHo, 1a je mopekyo yrJbeHHKa MPUMapHO Be-
3aHO 3a oKkcupanuoHe ¢opme kapboHara y Ptz, Pz u
Mz cemuMeHTHUM B MeTaMOp(GHUM CTeHaMma U Jia ce
CO, renepuie y nomeHy B3 Ha nyOunu ncnon 3 km.
OnHOCHO, Ha QyOMHAMa TAe Bialajy MOBOJHHU T'e0-
TEeMIEepaTypHU YCIOBHU 32 TE€OXEMH]CKE TIPOIIECe TEM-
reparypae Metamopdose kapOoHara M ociobahame
CO,. [locturnytu pesyararu cy omoryhuiu na ce 3a-
KJbYYH JIa Cy OCHOBHU (axTopu hopMupama cucrema
YMB y mutochepu Cpbuje reoxeMujcku, reoTeMIie-
paTypHH, MarMaTrcKd M CTPYKTYPHO-HEOTEKTOHCKH.
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Ca gocra TOy3IaHOCTH C€ MOXKE 3aKJBYYHTH J1a Ce Y
nomeHy B3, koja ce kapakTepuIie CIOXEHOM Teo-
JIOITKO-TEKTOHCKOM Tpahom m Tc marmaru3mom, Ha-
nasze m1aBHU rereparopu CO, u ma ce auctpudynuja
CO, u uHbpunTpanuja BoJa ca MNOBPIIMHE BPLIH
pPETHOHATHUM HEOTEKTOHCKHM JHCKOHTHHYHTETUMA
KOju ce u3/Bajajy moOpom mpomycHomhy. Cuctemu
YMB Cp0uje 3anexy carnacHo 3aneramy B3. Y tom
nerry nuTocdepe TepurjapHA MarMaTHTH TPOXKUAMA]y
1Ie0 KOMIUIEKC CEIUMEHTHX W MeTaMOp(HUX CTeHa
Oorarmx kapOonarmma. IIpema Tome, Be3a cucTema
YMB ca B3 cacBum je jorudHa, ¢ 003UpoM J1a Kpo3
By BOJEe TNIAaBHU JOBOJHW KaHaimu TcC ByJIKaHUTA H
TPaHTOUIHUX WHTPY3WBA, U3 TyOOKUX JIEIOBA JHUTO-
ctepe Cpbuje mo nopiwae. [loBumenu caapxaju F,
As Pb, u npyrux Temkux MeTana, yKazyjy Ha HUXOBY
Be3y ca ByJKaHCKUM Ipouecuma. Ilo nonanuma [ATINR
u CtoskoBuh (2012) u [Trotuh (1995) y YMB Cp6uje
canpxaj F je 0,1-14,25 mg/l (oxo 60 % wn3Han canp-
xaja 1,0 mg/l), canpxkaj U y rpannmama 0,1-8,0 png/l,
Ra 0,06-1,4 Bg/l u Rn 7,4-2035 Bq/l. I'otoBo y BuIIe
on 75 % YMB ytBpheH je nosumien caapxaj U, Ra nmu
Rn. Ha ocHOBY m00por mokiamama oTicera BpeIHOCTH

u3otona 813C y YMB y XuIpoTepMaIHUM JICKH-
MTHMa, W TOBHUIIEHOT caapxkaja F y Behem Opojy
YMB, moxe ce ca 1ocTa Oy34aHOCTH 3aKJbYUUTH 1a
nocroju Beza CO, YMB ca xuapoTepMaaHuM HpolLe-
cuMa. Ha ocHOBy moBuIeHHX cazpiaja paanOaKTHB-
HUX eJleMeHara MmocToju Be3a YMB ca rpanurongHiM
MHTPY3UBHMa, 112 IPOM3HUIIA3HU J1a C€ Ka0 MaTHYHU CYII-
ctparu CO, Mory cmarpatu Ptz, Pz u Mz cenuMmenTHe
u MetamopdHe cTeHe y nuTtochepu, no AyOMHE OKO
10 km. /ly6una renepucamwa CO, ox oko 3 km, me-
(¢uHUCaHA je TIOBOJFHUM TI'eOTeMIIepaTypHUM YCIIO-
BMMa 3a TpaHchopMmaijy kapOoHaTa. Y T€OTEKTOH-
ckoM nomteny suuie ox 93 % cucrema YMB je dop-
MHUpaHO y AoMeHy Bapnapcke 30He ¥ Ha MapruHama
CYCEIHUX jeTMHUIIA, OMHOCHO y JelTy TUTochepe Koju
ce Kapakrepuiie npodojuMa W U3JIMBUMA TEpIHjap-
HuUX Marmaruta. JImHMjcku pacmopen mojaa YMB,
ynmeHnna 1a YMB Mopajy Outu BesaHe 3a myOoxe
TEKTOHCKE CTPYKType M na cy Hajsehe Bomompo-
MyCHOCTH Pa3joMH Y MOOMIHHM AEJI0BUMAa 3eMJbUHE
KOpe | MOCeOHO Y IeTIOBUMa H-EHOT pacTe3arha, jaCHO
Hamehy 3akipydak ga cy cuctemu YMB mpenmcrio-
HUPaHU HEOTEKTOHCKUM CTPYKTypama.
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Groundwater pollution with heavy metals
in the Ibar alluvium near Raska (Serbia)

BRANKO MILADINOVIC', PETAR PAPIC* & MARINA MANDIC?

Abstract. As a result of the operation of an ore flotation facility at Donja Rudnica near Raska, Serbia, dur-
ing the period from 1972 to 2002, flotation tailings and wastewater of highly complex chemical compositions
were deposited in the alluvial plain of the Ibar River. Due to the excellent groundwater flow characteristics of
the alluvial formations underlying the tailings dump, the groundwater and soil over an extended area were
continually polluted. High concentrations of heavy metals (Fe = 7.38 mg/L. Zn =4.04 mg/L, Pb =2.17 mg/L)
in the soil and concentrations of sulfate as high as 3709 mg/L, and pH levels of 4.2 in the groundwater have
been recorded at some locations. This paper draws attention to the potential risk this site poses for the conser-
vation of biodiversity over the extended area.

Key words: flotation tailings dump, alluvium, groundwater pollution, Serbia.

Ancrpakt. Kao pesynrar paga mocrpojema 3a ¢uoranujy pyae y Jdomoj Pynuumu xon Pamke, y nepuony
on 1972. mo 2002. roguHe, ENOHOBaHA je y alyBHjoHO] paBHMIM peke MOap, ¢uorauujcka janoBuHa u
ornajgHe (IIOTAlMjCKE BOJE BEOMa CIIOXKEHOI XEMH]CKOI' cacTaBa. Yciel NoOpHX (HITPalMOHUX CBOjcTaBa
aTyBHjaTHUX TBOPEBHHA KOj€ C€ Haja3e y NMOAWHHM jJAIIOBHILTA, BPIIH CE CTATHO 3aral)eme MoA3eMHUX BOJA
3eMJBHMINTA HA IMPEM HOIPY4Yjy. Y 3eMIBHINTY Cy OIpel)eHe BUCOKe KOHLEeHTpauuje Temkux Merana (Fe =
7.38 mg/L, Zn = 4.04 mg/L, Pb = 2.17 mg/L) a y mom3eMHNM BoAaMa M BHUCOKE KOHICHTpamwuje cyrndara
(moctmxy 3709 mg/L), xkao m pH BpemHoctn y HekuM Bomama ox 4,2. OBUM pagoM ce yKasyje Ha

MOTEHIIMjaTHEe PU3UKE KOje 0Baj IMPOCTOP MOXKE UMATH Ha OUyBamke OMOIMBEP3UTETA IIHUPE OKOJIMHE.

Kibyune peun: 3araljeme moa3eMHUX Boja, adyBUjoH, GuioTaidjcko janosumite, Cpouja.

Introduction

The Ibar is one of the most important rivers in
southwest Serbia. In geological terms, a portion of its
catchment area, from Donja Rudnica (or from the
administrative border between Serbia and Kosovo) to
the downstream location of Biljanovac (along the road
to Kraljevo), belongs to the so-called “Raska” Ore-
bearing Area.

The ore-bearing capacity of this area was known
back in the Middle Ages but intensive mining took
place only in the latter half of the past century. In 1972,
a magnetite separation and copper flotation plant was
built in Donja Rudnica. This plant processed a total of
2858100 tons of ore until the year 1986.

Following the opening of new lead and zinc mines
at Sastavci and Kizevak on the western slopes of Mt.

Kopaonik, the Donja Rudnica plant began floating
these ores as well in 1986. Until the year 2002, when
the flotation plant was decommissioned, a total of
2064956 tons of Pb/Zn ores had been processed.

During the period of operation of the flotation plant
from 1972 to 1986, flotation tailings were deposited at
several sites along the Ibar River. The most significant
flotation tailings dump was formed in the alluvial
plain of the Ibar, at Veliko Polje near Donja Rudnica.

The development of a new flotation tailings dump
in the Kukanjica Creek upstream from the Donja Ru-
dnica plant began in mid-1991. By the year 2002,
some one million tons of tailings had been deposited
at this site (from 1991 to 1996, a portion of the tailings
were disposed of at the Veliko Polje site).

In addition to flotation tailings, flotation waste-
water was also disposed of at these landfills. The che-
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mical composition of the wastewater was highly com-
plex, given that the flotation reagents NaCN, ZnSO,,
CuSOy,, FeSO,, NaSOs, efc. were used in the ore flota-
tion process. For example, the plant used 170 tons of
sodium cyanide (NaCN) from 1986 to 2001. The soil
and groundwater over an extended area were polluted
through infiltration of this wastewater from the flota-
tion tailings dump. Additionally, flotation wastewater
was occasionally discharged directly into the Ibar
River via tailings dump collectors.

Given that the Village of Donja Rudnica does not
have a public water supply system, its inhabitants
withdraw groundwater from shallow dug wells for
their daily needs, and that there is active farming at
Veliko Polje immediately adjacent to the flotation tail-
ings dump, pilot tests of environmental substrates
were conducted from 2002 to 2004. The objective of
this paper is to present the results of the tests per-
formed in the Veliko Polje Plain, in view of the fact
that they showed that there was considerable environ-
mental pollution, with the Ibar River potentially
spreading the pollution over a much greater area. The
exposure of the local population to health risks is
highlighted.

General geological and hydrogeological
characteristics of the extended area of
Donja Rudnica

The extended area of Donja Rudnica is made up of
Tertiary volcanics that are found over a large area,
from US¢e in the north to Leposavi¢ in the south. The
volcanic rocks are underlain by Paleozoic shales (the

oldest rocks), ophiolitic rocks (peridotites and a dia-
base—chert formation), Kopaonik granodiorites and
other rocks.

Tertiary volcanism began in the Lower Miocene,
lasted through the Neogene (albeit with certain inter-
ruptions) and began to cease at the end of the Pliocene.
Its nature was distinctly explosive and it underwent
several stages and pulsations (UROSEVIC et al. 1973).

The volcanic rocks are made up of dacite—andesites
(aqat), quartzlatite, basaltoids (to a lesser extent), as
well as volcanic pyroclastics (®aqo) represented by
volcanic breccias, tuffs and agglomerates (Fig. 1). The
thickness of the volcanic rocks varies but is about 300 m
on average, depending on the paleorelief morphology,
the nature of the volcanic activity and the proximity of
supply channels.

The youngest formations are Quaternary and are
represented by alluvials (al), which are found along
the course of the Ibar. They are made up of sands,
gravels and clays the total thickness of which occa-
sionally exceeds 10 m, as is the case in the alluvial
plain at Veliko Polje near Donja Rudnica (Fig. 1).

From a structural perspective, the terrain is heavily
tectonically faulted and deformed. There are many
faults of different sizes and orientations. Aerial photo-
graphs east of RaSka also show circular (ring-like)
structures. In the andesites, the faults feature a better
continuity and longer dip elements than those of the
poorly consolidated pyroclastites.

In hydrogeological terms, the volcanic rocks are cha-
racterized by fracture veins and a fractured rock aquifer
formed within them (Fig. 1). Given that the fractures
are heavily squeezed and packed with secondary fill-
ings, the permeability of the volcanic rocks is poor and
they hold relatively modest
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amounts of groundwater.

A confined aquifer was form-
ed in the alluvial formations,
due to their intergranular poro-
sity. The largest extent of these
formations is found in the allu-
vial plain at Veliko Polje. The
groundwater flow characteris-
tics of the alluvial formations is
good, with permeability coeffi-
cients of k=2.5x10-3 m/s (KB-
1), Fig. 2, and k= 8.1x 104 m/s
(KB-8), MiLADINOVIC (2005).

The fluctuations of the
groundwater level in the allu-

vial formation were continu-

Ly [ooaafp [Laio |3 [ —], s ]s [— ] [ 2],

Fig. 1. Hydrogeological map of the extended are-a of Veliko Polje near Donja Rud-
nica. 1, Alluvial sands, gravels and clays (intergranular aquifer); 2, dacite—andesite
pyroclastites (fractured rock aquifer); 3, dacite—andesites (fractured rock aquifer);
4, geological boundary; 5, water-table contour lines of confined aquifer (as of 20 De-
cember 2004); 6, direction of groundwater flow; 7, dug well.

ously monitored in 2004, and
the mean of these measure-
ments are shown in Fig. 3.
Evident jumps of groundwater
levels were observed in the
spring after snow melt and
heavy rains. The difference
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Fig. 2. Dynamic groundwater level of the confined aquifer in the Ibar alluvium dur-

ing a pumping test at the dug well KB-1 in Veliko Polje.
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Fig. 3. Diagram of the groundwater levels in the alluvial formations near Donja

Rudnica (the mean fluctuation levels for 2004).

between the minimum and maximum levels varied
according to location; the lowest was registered at the
locations of P-1, P-2, P-3 and P-4 (1.58 to 1.72 m) and
the largest at KB-7 (3.46 m) and KB-14 (3.95 m).The
aquifer is in good hydraulic contact with the Ibar
River, which flows along the southern edge of the
Veliko Polje alluvial plain (Fig. 1).

The direction of groundwater flow in the alluvial
formations of Veliko Polje are directly dependent on
the stages of the Ibar River, but it is generally from the
northern edges to the central portions of the alluvial
plain, or to the most downstream profiles of the Ibar
at Veliko Polje (MiLADINOVIC 2005).

At low water stages of the Ibar, the confined aquifer
is discharged directly into the River and is partly
drained by groundwater abstraction from the wells
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rounding soil and groundwater,
laboratory tests of the substrate
environment were conducted.

Sampling of the loose soil
was performed by taking sam-
ples that consisted of three in-
dividual samples with a sur-
face area of 2 m2 at a depth of
10 cm. The collected samples
were air-dried and milled to a
particle size < 2 mm.

The soil samples were pre-
pared for metals analysis by
measuring 1 g a dry sample and
digestion by the addition of
portions of concentrated HNO;
and HCI and 30% H,0O,. The
determinations were performed
by flame atomic absorption
spectroscopy (AAS) using a
Varian Spectra AA200 instru-
ment, and hydride AAS using a
Varian Spectra AA20+ instru-
ment, according to the manu-
facturer’s instructions (Institute
of Public Health of Belgrade).

Groundwater was sampled
from privately dug wells, the levels of which are
shown in Fig. 3. The samples were taken at the end of
autumn when the level of the Ibar River was lower
than the groundwater level, shown in Fig. 1

Samples from the River were taken from the mid-
dle part of the flow at a depth of 0.5 m and samples
were taken from the same depth from the excavation
site by the flotation tailings. All water samples were
acidified with HNO; to pH < 2.

Water samples with turbidity <1 NTU were analyz-
ed directly. The other samples were prepared by the
addition of HNO3 and HCI, reduction of the volume
and refluxing, and subsequent dilution to the start vol-
ume. The determinations were realized by AAS.

A standard QA/QC protocol was adopted through-
out this research. For example, in the analysis of each

t(h

KB-5
KB-8
KB-6
KB-7
KB-14
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metal, the slope of the calibration curve was verified
by analyzing every fourth concentration of the cali-
bration standards used for the construction of the curve
after the analysis of every 20th sample and by analyz-
ing QC standards with concentrations in the middle of
the calibrated range immediately after completion of
the analysis of each batch of samples. In addition,
duplicate samples of both field and laboratory blank
samples were included in each analytical batch.

Results
Environmental substrates

Laboratory tests of environmental substrates in the
Donja Rudnica area revealed considerable pollution
of the alluvial soil and groundwater (DALMACUA
2000).

As aresult of particles from the tailings dump being
carried by winds into the neighboring areas, as well as
due to the infiltration of floatation tailings leachate
into the permeable alluvial formations (Fig. 4), heavy
metals were detected in the soils at Veliko Polje in
concentrations which were several times higher than
the regulation standards.

Ibar River

—— Flotation tailings

Alluvial formations ,
20 k=2,5x107> =8,1x10™* m/s &%c "

Fig. 4. Schematic view of the impact of flotation tailings on
groundwater pollution in the alluvial formations.

The results of the analysis of the groundwater from
the private wells were compared with maximum
allowed concentration (MAC) values defined in the
Regulations on the Hygiene of Drinking Water
(Official Gazette of the FRY 42/98). The obtained val-
ues for the surface water were compared with the
Ordinance on Hazardous Substances in Water / Offici-
al Gazette SRS 31/82, and the results for the soil sam-
ples were compared with the MAC values given in
Regulations on Permitted Amounts of Hazardous and
Harmful Substances in Soil and Water for Irrigation
and Methods of their Testing (Official Gazette of RS
23/94).

Significant deviation from the allowed values were
found for the content of heavy metal in the soils west
of the tailings (Fig. 1 and Fig. 4), primarily lead
(Pb = 335.5 mg/kg, MAC — 100 mg/kg), arsenic
(As = 443 mg/kg, MAC — 25 mg/kg), chromium
(Cr = 104.7 mg/kg, MAC — 100 mg/kg) and nickel
(Ni = 79.7 mg/kg, MAC — 50 mg/kg). The zinc
concentrations were similar to the reference value
(Zn = 249.7 mg/kg, MAC — 300 mg/kg).

This research devoted special attention to ground-
water pollution in the alluvial formations of Veliko
Polje, or the so-called “first” aquifer. Laboratory tests
of the groundwater were conducted using samples
collected from six dug wells (KB-1, KB-6, KB-7, KB-
8, KB-10 and KB-11), as well as from a gravel exca-
vation site located on the western edge of the tailings
dump (i2), Fig. 1. These tests revealed elevated con-
centrations of both major ions and micro-components
in the groundwater.

The concentration of sulfate (SO,) in four samples
exceeded the drinking water standard and ranged from
579.6 mg/I to as much as 3709 mg/l (MAC — 250 mg/L,
REGULATION ON HYGIENIC STANDARDS OF WATER

1998).

The maximum allowable
concentration (MAC) values of
heavy metals in the tested
groundwater of samples from
the dug wells were exceeded in
the central and northern parts
of Veliko Polje: lead (Pb=2.17
mg/L, MAC — 0.010 mg/L),
cadmium (Cd =0.1 mg/L, MAC
—0.003 mg/L), zinc (Zn = 4.04
mg/L, MAC — 3.0 mg/L), alu-
minum (Al = 2.5 mg/L, MAC —
0.2 mg/L), total iron (Fe = 7.38
mg/L, MAC — 0.3 mg/L) and
manganese (Mn = 2.04 mg/L,

o

Flotation

MAC —0.05 mg/L). The lowest

I P I P I e 7 i P e 1

pH values were found in wells

Fig. 5. Contour chart of the pH values in the groundwater in the Ibar alluvium near
Donja Rudnica. 1, Alluvial formations; 2, dacite—andesite pyroclastites; 3, daci-
te—andesites; 4, geological boundary; S, pH values contour lines; 6, dug well.

KB-7 (4.2), KB-6 (4.9) and
KB-8 (5.9), Fig. 5.

The most important ground-
water pollution was recorded
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iron Fe = 16.0 mg/L (Fig. 7).
o The total dissolved solids (7DS)
value was 8010 mg/L and the
pH level was 6.0 (Fig. 5).

Flotation

Discussion

Before the construction of
the ore separation plant in
1972, the residents of Donja
Rudnica used only groundwa-
ter drawn from wells dug for
their daily needs. Even after
30 years of heavy environ-
mental pollution in this area,

the inhabitants of Donja Rud-

T R Py I Y e P e A S

nica customarily continue to
use groundwater for their hou-

Fig. 6. Contour chart of the zinc (Zn) concentrations in the groundwater of the Ibar
alluvium near Donja Rudnica. 1, Alluvial formations; 2, dacite—andesite pyro-
clastites; 3, dacite—andesites; 4, geological boundary; 5, zinc concentration (mg/L)

sehold needs and, in some ca-
ses, to even drink this water.
The use of groundwater

contour lines; 6, dug well.

from the wells dug in Donja
Rudnica, based on the evi-

denced by the determined con-
centrations and their deviati-
ons from standards, constitu-
tes a major health risk if used
not only as drinking water, but
also other household needs
and water for domestic ani-
mals, given that over a pro-
tracted period of time, some of
the inorganic pollutants are
likely to enter the food chain
(WHoO 2008).

A sulfate ion (SO,4) concen-
tration higher than the MAC
value for drinking water results
in a tart taste and can also have

o

Flotation

a laxative effect on sensitive

I O T P I o e P e Y i I

Fig. 7. Contour chart of the iron (Fe) concentrations in the groundwater in the Ibar
alluvium near Donja Rudnica. 1, Alluvial formations; 2, dacite—andesite pyro-
clastites; 3, dacite—andesites; 4, geological boundary; 5, total iron concentration

individuals if the sulfate con-
centrations exceed 500 mg/L.
Manganese (Mn) concen-
trations in excess of the MAC
value alter the taste of water,

(mg/L) contour lines; 6, dug well.

in the south-western part of Veliko Polje, immediately
adjacent to the western perimeter of the tailings dump
(i2), primarily as a result of the direction of groundwa-
ter flow (or the prevailing direction of the plume) from
the tailings dump source at Veliko Polje to the down-
stream profiles of the Ibar in the western part of Veliko
Polje. Samples of this groundwater had the maximum
concentrations of zinc Zn = 12.7 mg/L (Fig. 6), nick-
el Ni = 0.6 mg/L, manganese Mn = 10.6 mg/L and

leave stains and deposits, and

foster the growth of manga-

nese bacteria. Prolonged use
of drinking water with high manganese concentrations
leads to poisoning, the symptoms of which are related
to the central nervous system, where manganese psy-
chosis is typical but not lethal.

The use of water from well KB-7, featuring a high
lead (Pb) concentration (2.17 mg/L) would pose a
considerable health risk, particularly for children who
absorb 50 % of lead ingested with water, compared to
adults whose absorption rate is 10—15 %. Lead has an
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adverse effect on nearly all body systems, but in accu-
mulates in the central nervous system and, in children,
affects intelligence, growth and development.

Conclusion

The environment of the Village of Donja Rudnica
near RaSka has been considerably polluted by an ore
processing industry. The local population is exposed
to health risks, given that environmental substrates
(soil and groundwater) were found to be polluted.

Measures should be undertaken without delay to
seek out alternative sources of healthy water supply
from neighboring areas for Donja Rudnica, as well as
to remediate the soils of Donja Rudnica, which were
found to be polluted by a tailings dump, in order that
environmentally acceptable conditions be restored for
life in this area.
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Pe3ume

3araljem-e moa3eMHNX BOA TEIKHUM
MeTajuMma y aayBujony Uopa, 0am3sy
Pamke (CpoOuja)

Jlo wm3rpamme MOCTpojerma 3a cemapanujy, Me-
mranu Jome Pynuuue, Pamika, KopucTuin cy UCKIbY-
YUBO TIOA3EMHE BOJIE M3 CBOjHX KOMAHWX OyHapa 3a
OCHOBHE HBOTHE MToTpede. [Tocie 30 roguHa HHTEH-
3MBHOT 3araljema XHUBOTHE CpeJuHEe Ha OBOM IIPO-
CTOPY, CTAaHOBHHIIITBO W Jajhe KOPHCTH OBE BOJE 3a
nmorpede cBOjux noMahWHCTaBa, a HEKHM W 3a muhe.
Kopumheme momzemMHuX Bofa W3 KomaHUX OyHapa,
MPECTaB/ha BEIWKHA PHU3UK IO 3lpaBJbe JbYIU, HE
caMo aKo ce KOpHCTe 3a muhe, Beh u 3a apyre moTpe-
6e. OBO MOXKEe JOBECTH JI0 yinacka HeKux 3aralyyjyhux
CYTICTAaHII HEOPTAaHCKOT TMOpeKyIa y JIaHall HUCXpaHe.
KonnenTpanuja cyndparHux joHa Koja Tpena3u Mak-
CHMAJTHO JTI03BOJBEHY BPETHOCT YTHUE Ha TOPaK YKYC,
a 'y BehnM xonnerTpamnujama og 500 mg/l, mory nermo-
BaTH W JIEKCATMBHO. Y30pIM MOA3EMHUX BOJa UMajy
MaKkCUMallHe KOHIeHTparyje nuaka on 12,7 mg/l, vu-
kna ox 0,6 mg/l, manrana ox 10,6 mg/l u rBoxha ox yak
16 mg/l. YkymHO pacTBOpeHe MaTepHje cy Jak 8 g/l, a
Bpennoct pH wmaHnmekca je 6. Kopumheme Bome u3
oynapa KB-7, xoja caapu 0J0BO y KOHIICHTPAIHjH
on 2,17 mg/l, mpencraBiba BENWKH PU3HK TI0 3/IPABJHE,
HapOYHUTO 3a ey Koja arrcopOyjy 50% omoBa u3 Boze,
y mopehemy ca ompacinMa Koju arcopOyjy camo
10-15% onoBa u3 Bome 3a nuhe. OBaj MeTas uMa
HETaTHUBHO JIejCTBO Ha CBE CHUCTEME Y JbYJCKOM Opra-
HU3My. BomocHaOneBame cranoBHuKa [lome PymHu-
1€, 3aXTeBa HEOMIIOKHE MEpEe 3a M3HAIAKEHE anTep-
HAaTHBHHUX WU3BOPUIITA U3 OKOIHUX MOPYYja, Kako On
ce obe30emmite 3ApaBCTBEHO MCIPAaBHE BOME 3a MHhe.
Taxohe, HEONMXOMHO je OAPENNTH W peMeAHjallhioHe
MOCTYIIKE 3a JOBOheme KUBOTHE CpEeauHE y TIpei-
XOJIHO CTame KBAJHTETA, KOje je YTPOXKEHO (IIoTaIlyj-
CKHM jaJIOBHIITEM.
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