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Was there more space in the late Early Devonian for marine
biodiversity to peak than in the early Late Ordovician?:
A brief note

DMITRY A. RUBAN!

Abstract. After the so-called “Cambrian explosion”, marine biodiversity peaked either in the early Late
Ordovician (as shown by the “classical” curves based on the extensive palacontological data compilation) or
in the late Early Devonian (as shown by the “innovative” curve based on the sampling standardization). The
brief review of the modern plate tectonic, palaeoclimatic, and eustatic reconstructions demonstrates that
shelves, which likely provided the main space for biotic radiation, shrank, concentrated in the tropics, and
were better connected in the late Early Devonian than in the early Late Ordovician. The results of the present
analysis permit to hypothesize that there was more (or the same) space for marine organisms to reach their
maximum in their number in the early Late Ordovician relatively to the late Early Devonian. This is the only
particular hypothesis, and the other extrinsic and intrinsic factors should be considered in further discussions.

Key words: marine biodiversity, shelf, biotic radiation, Late Ordovician, Early Devonian.

AncrpakT. [locie T3B. “KaMOpHjyMCKe eKCILIo3Hje”, MOPCKH OMOIMBEP3UTET TOCTHKE CBOj MaKCHMYyM
WIA Y JOKBEM eIy TOPEHEr OpAOBUIjyMa (Kao INTO je MPHUKa3aHO ~KIACHYHOM' KPHBOM 3aCHOBAaHO] Ha
KOMITMJIAH]H UCLPITHUX MAJICOHTONIOUIKHX MOJaTaKa) UM y TOPHEM JIENy JOHET JIeBoHa (IITO je MPUKa3aHo
KPHBOM 3aCHOBaHO]j Ha CTaHJIap/IHOM Y30pKoBamy). [Iperien nogaraka Koju ce OAHOCE Ha CaBPEMEHY TEKTO-
HUKY 1104, NTAJICOKIMMY U PEKOHCTPYKIIMjy HUBOA MOpPa, yKa3yje Ha CMamemhe PacipocTpambena melndosa,
KOjU Cy HajBepOBaTHHj€ YMHWIN IIaBHY CPEANHY 3a OMOTCKy paaujanujy. lllendosu cy 6unm orpannyeHu Ha
TPOIICKE IpeseNe U OWiIn cy 0OJbe TOBE3aHU y TOPHEM JIENy JOHET JEBOHA HETO Y NOHEM ey TOpHer
oprosunjyma. Pesynraru noOMjeHHM y OBOM paly /103BOJbaBajy IPETIOCTaBKY Jla Cy MOPCKH OpraHHU3MHU
MMajH BUIIE, WK 0apeM IOJjeHaKo MPOCTopa 3a OCTHU3amhe MaKCHMyMa CBOje OpPOJHOCTH Y JOHEM JIeITy
TOpH-ET OPIOBHUIIMjYMa HETO y TOPEHEM JIely Jomer aeBoHa. OBO je CBaKako caMo jelHa Of MPETIIOCTaBKH, a
y Oynyhum ananm3ama Ouhe pa3MaTpaHu U OCTaNU CIIOJBAIIHY U YHYTPALTEHH (DaKTOPH.

Kiby4yne peun: MOpCKu OMOTUBEP3UTET, e, OMOTCKA paaujairja, TOPEHH OPIOBUIIH]YM, TOHBH JCBOH.

Introduction

The new reconstruction of the global Phanerozoic
marine biodiversity dynamics (ALROY ef al. 2008) has
not only changed our understanding of the history of
life, but it has posed new questions. One of the most
important is about the Paleozoic diversity maxima.
The “classical” curves (based on the latest version of
the compendium by SEPKOSKI (2002)) depicting
changes in the number of genera through the geologic
time (e.g., PURDY 2008; ABERHAN & KIESSLING 2012)

demonstrate clearly that the first outstanding maxi-
mum in the diversity of marine invertebrates after the
famous “Cambrian explosion” (see review and synop-
sis of the key literature sources in RUBAN 2010) was
reached in the early Late Ordovician (Fig. 1A). Evi-
dently, this peak was a quintessence of the Ordovician
radiation (see reviews in HARPER 2006; SERVAIS et al.
2009; RuBaN 2010; MILLER 2012). In contrast, the
“innovative” curve based on the sampling standardi-
zation (ALROY ef al. 2008) postdates such a maximum
by ~50-60 Ma and places it into the late Early Devo-

I Southern Federal University, Geology and Geography Faculty, Division of Mineralogy and Petrography, 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



2 DMITRY A. RUBAN

nian (Fig. 1B), when another major biotic radiation
culminated (RuBaN 2010). Although the both recog-
nized events were true diversity peaks (see the curves
based on the SEPKOSKI (2002)’s compendium (PURDY
2008; ABERHAN & KIESSLING 2012; ABERHAN et al.
2012) and the sampling standardization (ALROY et al.
2008)) resulted from major radiations in the marine
realm (RuBaN 2010), it remains uncertain which of
them was really bigger (Fig. 1).

alternative positions of the first Phanerozoic
oustanding marine biodiversity peak

~
// ~
P ~

A - h

2000
[

1000
|

600

generic diversity of marine invertebrates
400

Cambrian |Ordovician| ; Silurian | Devonian

approximately Sandbian-early Katian;_ﬁ
here defined as early Late Ordovician

approximately Emsian;
here defined as late Early Devonian

Fig. 1. Early-Middle Paleozoic marine biodiversity dy-
namics: A, “classical” diversity curve adapted from PURDY
(2008) and based on the dataset by SEPKOskI (2002); B,
“innovative” curve adapted from ALROY et al. (2008) and
based on sampling standardization. The scale of this figure
and the correspondence of the curves follow RUBAN
(2010).

The controversy between the two above-mentioned
curves (or, better to say, data and approaches employ-
ed for their construction) is difficult to judge about,
particularly because of different “philosophies” exist-
ing in the modern palaeobiology (e.g., BENTON 2011;

RuBaN 2012). However, the discussion can be started
from the “back” side, i.e., with evaluation of condi-
tions that were or were not able to sustain higher ma-
rine biodiversity in the early Late Ordovician and the
late Early Devonian. In the present note, the palacoen-
vironments favourable for marine taxa to peak in their
number in these two time slices are compared qualita-
tively. Of course, the outcome of such an analysis can
be only hypothetical and particular. But even if this
cannot resolve the above-mentioned controversy, the
development of agenda for further investigations will
be facilitated.

What space did the marine biodiversity
need to peak?

Links between the space in oceans and seas that
allowed marine biota to evolve and the diversity of
this biota were probable, although this idea is ad-
dressed critically in the modern palaeobiological lit-
erature (ABERHAN & KIESSLING 2012; SMITH &
BENSON, 2013). Generally, shelfal environments
seem to be the most favourable for high biodiversity
levels. On a global scale, their size depended on frag-
mentation of land masses, curvature of continental
slopes, and sea level (ABERHAN & KIESSLING 2012;
see also discussion by HOLLAND 2012). However, the
existence of such a space did not necessarily lead to
biodiversity acceleration. At least, two important
constraints should be considered. The first constraint
is climate. If warm seawater of the tropics was
chiefly responsible for marine biodiversity, the only
concentration of shelves near the Equator enlarged
the latter. But there is an alternative point of view,
which links higher number of taxa to palaeoclimatic
differentiation (VALENTINE 1968; TROTTER et al.
2008; RuBaN 2010). In this case, the proportional
pole-to-equator distribution of shelves was favo-
urable for higher diversity. The second constraint is
shelf connectivity. One may propose that either dis-
persal or isolation of marine organisms might have
been a factor of their radiation (e.g., see RUBAN
2010). This means that the global connectivity of
shelves or, in contrast, their separation by abyssal
(sensu lato) domains might have enhanced peaks in
the marine biodiversity.

The above said allows to compare the early Late
Ordovician and the late Early Devonian global pala-
eoenvironments by the relative size, pole-to-equator
distribution, and connectivity of shelves. Evidently,
the uncertain importance of shelfal space for marine
biodiversity to peak (ABERHAN & KIESSLING 2012),
the complex relationships between the habitat size,
sea-level changes, and biotic evolution (HOLLAND
2012), as well as the above-mentioned alternative in-
terpretations of the constraints of space-biodiversity
links should be further taken into account.



Was there more space in the late Early Devonian for marine biodiversity to peak than in the early Late Ordovician? 3

Comparison of two time slices

The available plate tectonic reconstructions (Sco-
TESE 2004; see also Cocks & Torsvik 2002; LAWVER
et al. 2002; StamMPFLI & BOREL 2002; TORSVIK &
Cocks 2004; voN RAUMER & STAMPFLI 2008; NANCE
et al. 2012; STAMPFLI et al. 2013; see also scotese.com
and ww2.nau.edu/rcb7/globaltext2.html) demonstrate
that the fragmentation of land masses in the early Late
Ordovician and the late Early Devonian was more or
less comparable; and the degree of this fragmentation
can be judged moderate (RUBAN 2010). There were
one large supercontinent of Gondwana and some
other more or less “dispersed” middle-sized tectonic
blocks in the both time slices (Fig. 2). Although
Baltica and Laurentia already formed the continent of
Laurussia in the Early Devonian (STAMPFLI & BOREL
2002; Cocks & Torsvik 2005, 2011; STAMPFLI et al.
2013), and the Galatian terranes did not separate from
Gondwana until the mid-Paleozoic (VON RAUMER &
STAMPFLI 2008; STAMPELI et al. 2013), there were the
other relatively large and separate land masses, i.e.,
the Hunic terranes (VON RAUMER & STAMPFLI 2008;
STAMPFLI ef al. 2013) or the Kazakh continent with the
related terranes (WILHEM et al. 2012).

Equator

Late Ordovician

Early Devonian

Fig. 2. Overlapped Late Ordovician and Early Devonian contours of the principal
continental blocks (strongly generalized from SCOTESE 2004). Abbreviations: B, Bal-
tica; G, Gondwana; L, Laurentia; NC, North China; S, Siberia (B+L, Baltica and

Laurentia joined in the mid-Paleozoic to form Laurussia).

The same plate tectonic reconstructions (COCKS &
Torsvik 2002, 2013; LAWVER et al. 2002; STAMPFLI &
BOREL 2002; SCOTESE 2004; TorsVIK & Cocks 2004;
VON RAUMER & STAMPFLI 2008; NANCE et al. 2012;
WILHEM et al. 2012; STAMPFLI et al. 2013) permit to
conclude about the comparable ratio between “active”
and “passive” continental margins in the early Late

Ordovician and the late Early Devonian. It can be
assumed that the curvature of continental slopes,
which is often controlled tectonically, was more or
less similar on a global scale in these two time slices.
Therefore, the established fragmentation of land
masses and the curvature of continental slopes imply
together the comparable size of shelfal environments
in the analyzed time slices.

In contrast, significant difference is found with
regard to the third factor affecting the size of shelves,
i.e., the global sea level. The new eustatic reconstruc-
tion proposed by HAQ & SCHUTTER (2008) shows that
this level was up to 200-220 m above the Present or
even more in the early Late Ordovician, but it dropped
by more than 1.5 times in the late Early Devonian, i.e.,
to only 120-140 m above the Present. This means that
the shelfal environments in the former time slice were
likely significantly larger. There were neither increase
in the land mass fragmentation nor the smoothening
of the continental slopes that would recompense the
lower position of the global sea level in the late Early
Devonian in comparison with the early Late Ordovici-
an. Interestingly, the global palaecogeographical recon-
structions by R.C. BLACKEY (available on-line at
ww?2.nau.edu/rcb7/globaltext2.html) demonstrate cer-
tain rise of the Gondwanan
shelves in the Early Devonian;
if so, the only moderate (if any)
reduction of shelfal environ-
ments should be postulated for
this time slice.

The knowledge on the early
Late Ordovician climate rema-
ins controversial in somewhat
(MILLER 2012). It is more or
less proven that the global
temperature at the beginning
of the Late Ordovician was
high (e.g., see Fig. 8 in ZALA-
siewicz 2012). However, the
cooling trend established by
TROTTER et al. (2008) and Bo-
uCoT et al. (2009) and the evi-
dence of glaciations that deve-
loped already since the Early
Ordovician (TURNER et al.
2011, 2012) imply that the La-
te Ordovician water masses
were not exceptionally warm.
It is not excluded, however,
that the cooling trend was su-
perimposed by a warming episode (Boucort et al.
2003; FORTEY & Cocks 2005). In the late Early Devo-
nian, the temperatures, including the low-latitude sea-
water surface temperatures, were high enough (Joa-
CHIMSKI et al. 2009; Fig. 8 in ZALASIEWICZ 2012).
However, the long-term cooling trend is interpreted
(JOACHIMSKI et al. 2009). Finally, the equator-to-pole
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climatic gradient remained moderate in the both early
Late Ordovician and the late Early Devonian (Boucort
2009). Speaking generally, the compared time slices
were characterized by generally similarly global cli-
matic conditions, and some pole-to-equator climatic
differentiation was typical to the both of them.
Evidently, it is important to realize whether there were
differences in the pole-to-equator distribution of
shelves between the two analyzed time slices. These
can be deduced from the above-mentioned plate tecton-
ic reconstructions (Cocks & Torsvik 2002, 2013;
LAWVER et al. 2002; STAMPFLI & BOREL 2002; SCOTESE
2004; Torsvik & Cocks 2004; voN RAUMER &
STAMPFLI 2008; NANCE et al. 2012; WILHEM et al. 2012;
STAMPFLI et al. 2013). In the early Late Ordovician, the
Gondwanan margin stretched from very high to very
low latitudes in the Southern Hemisphere (and even
entered the Northern Hemisphere), whereas separate
middle-sized tectonic blocks were situated near the
Equator. In the late Early Devonian, the Gondwanan
margin remained large, but the interiors of the super-
continent occupied high latitudes of the Southern He-
misphere. In other words, the margin “shifted” towards
Equator. The other tectonic blocks remained in the trop-
ics with just a certain shift northwards. Therefore, it
appears that the concentration of shelfal environments
in the tropics increased together with the above-men-
tioned plate tectonic changes in the late Early Devonian
relatively to the early Late Ordovician (Fig. 2). Of
course, a portion of shelves remained in temperate and
even high latitudes. Moreover, the global palacogeo-

graphical reconstructions by R.C. BLACKEY (available
on-line at ww2.nau.edu/rcb7/globaltext2.html) show
that the Late Ordovician shelves of Gondwana also
concentrated in the tropics, and they were narrower or
lacking in the higher latitudes; the Early Devonian
shelves of Gondwana, in contrast, were abundant in
temperate latitudes. Consequently, it is sensible to
suppose the only moderate (or even little) difference
in the pole-to-equator distribution of shelves between
the two analyzed time slices.

The connectivity of shelves changed through the
early Paleozoic. At least, three features provide an
evidence of its increase in the late Early Devonian in
comparison to the early Late Ordovician. These inclu-
de 1) the more “compact” grouping of land masses
(e.g., SCOTESE 2004; STAMPFLI et al. 2013); 2) the
shrinkage of the water space between Gondwana and
Laurussia (DoJeEN 2009), although the closure of the
Rheic Ocean lasted through the Devonian and later
(NANCE et al. 2012); 3) the lower global sea level
(HAQ & SCHUTTER 2008).

Making hypotheses

The evidence presented above can be summarized
as follows (Table 1). The global shelfal environments
shrank, shifted towards Equator, and became better
connected in the late Early Devonian relatively to the
early Late Ordovician. If the very assumption that
these environments provided the essential space for

Table 1. Comparison of global parameters considered in this paper (see text and RUBAN (2010) for more details and data

sources).
Parameter early Late Ordovician (O3) late Early Devonian (D1) Comparison
Fragmentation of land moderate moderate 03 = DI
masses
Anticipate curvature of O3~ Dl
continental slopes
Global sea level 200-220 m above the Present | 120-140 m above the Present 03>Dl
Shelfal environments 03> D1
Climate (thermal regime) moderately warm moderately warm O3~ Dl
Equator-to-pole climatic moderate moderate 03 =Dl
gradient
Pole-to-equator ~ equal certain concentration shelves in the tropics:
distribution of shelves near the Equator 03 =Dl
Connectivity of shelves moderate higher than moderate 03 <DI
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Observations

1) shelfal environments shrank globally in the late Early Devonian

relatively to the early Late Ordovician

2) shelfal environments tended to concentrate in the tropics or closely
to them in the late Early Devonian relatively to the early Late Ordovician

3) connectivity of shelfal environments increased in the late Early
Devonian relatively to the early Late Ordovician

Key alternative assumptions on
constraints

1) pole-to-equator climatic ]
differention enhanced rise>_.| :

in marine biodiversity v
OR ¥ o

only tropical conditions ~ y ;* .- .- h

enhanced rise in marine A R

biodiversity
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of shelves enhanced rise S- .

in marine biodiversity

1

Hypotheses on space for marine
biodiversity to peak

Hypothesis 1:
more space in the early Late Ordovician

Hypothesis 2:
more space in the late Early Devonian

\\ Hypothesis 3:

generally comparable space

Fig. 3. Hypotheses that can be made based on the assumptions and the evidence employed in this paper (see text and Table
1). These considerations are sensible only if pole-to-equator distribution and connectivity of shelfal environments were true

constraints and their importance was comparable.

the marine biodiversity to peak is valid, only two hy-
potheses can be proposed (Fig. 3). The first of them
suggests that sea organisms had more space to peak in
the early Late Ordovician, and the second hypothesis
suggests that such a space was comparable in the ana-
lyzed time slices. Such a result is very interesting, be-
cause it matches better the “classical” biodiversity
curves (PURDY 2008; ABERHAN & KIESSLING 2012;
ABERHAN et al. 2012; based on the data from SEPKOSKI
2002) than the “innovative” curve proposed by ALROY
et al. (2008). One should note that the former curve
indicates that the late Early Devonian peak was just a
bit smaller than that early Late Ordovician (Fig. 1).
Of course, all considerations presented above are
highly hypothetical, and it would be wrong to say that
they are enough to support one of the alternative
marine biodiversity curves. For instance, we do not
know what was the relative importance of the dis-
cussed constraints of space-biodiversity links. It can-
not be excluded that, say, the pole-to-equator differen-
tiation was more important than the connectivity of
shelfal environments, and so on. Moreover, the avail-
able plate tectonic, palacoclimatic, and eustatic recon-

structions still need serious improvement. However,
the attempted qualitative analysis provides some
important ideas for further discussions.

Conclusions

The qualitative analysis of the available informa-
tion on the global Late Ordovician and Early Devoni-
an plate tectonics, palaeoclimate, and sea level and the
attempt to imply its results for judgements about the
alternative biodiversity curves allow two main con-
clusions:

— apparently, global shelfal environments shrank,
concentrated in the tropics, and were better connected
in the late Early Devonian relatively to the early Late
Ordovician;

— hypothetically, there was more (or the same)
space for marine biodiversity to peak in the early Late
Ordovician than in the late Early Devonian, which
matches better the “classical” biodiversity curve.

Testing these too tentative ideas quantitatively appe-
ars to be an important task for further studies. However,
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quantification of the area of Late Ordovician and Early
Devonian shelves is challenging because of two rea-
sons. On one hand, the available global palaeogeogra-
phical reconstructions (e.g., that by R.C. BLACKEY - see
on-line at ww2.nau.edu/rcb7/globaltext2.html) differ is
some what from some other global plate tectonic recon-
structions (e.g., STAMPFLI & BOREL 2002; vVON RAUMER
& STAMPFLI 2008; WILHEM et al. 2012; STAMPFLI et al.
2013). On the other hand, the above-mentioned global
plate tectonic reconstructions depict only tectonic
blocks, not palacoshorelines, and, thus, they cannot be
employed directly for precise delineation of ancient
shelves. The reconstruction proposed by Cocks & TOR-
SVIK (2013) is an exception (both tectonic blocks and
palacoshorelines are indicated there), but it embraces
the only portion of the planetary space. Moreover, the
summarized area of shelves around small oceanic is-
lands (that are difficult to consider on the modern recon-
structions) should not be ignored. And yet another cau-
tion is reasonable. As shown by PETERS (2007), elongat-
ed shelves around land masses and widespread shelves
of epeiric seas (better to say, such seas embraced only
shelves) might have been different habitats. If so, further
studies should differentiate palacoenvironments, which
are judged together as “shelfal” in this paper.

Of course, the size and the palaeogeographical distri-
bution of shelves were not the only possible controls on
the biodiversity. Many other forces, both extrinsic (i.e.,
environmental) and intrinsic (i.e., biological), as well as
their interconnections should be considered — e.g., the
content of the atmospheric oxygen (BERNER 2006)
and/or the perturbations in the sulphur isotopic record
(HANNISDAL 2011). Or, if there were teleconnections
between marine and non-marine environments / eco-
systems in the Late Devonian (ALGEO ef al. 1995), the
rise and the dispersal of terrestrial floras in the Early
Devonian (NIKLAS et al. 1983; MEYEN 1987; ANDER-
SON et al. 1999) might have been also significant factor
influencing the marine biodiversity. Finally, it would be
wrong to forget that reaching the peak in the number of
taxa depended on the geologic time itself, i.e., on the
duration of the radiation, and the rate of global biotic
evolution.
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Pe3nme

Ja Jim je 3a MAKCUMYM MOPCKOT
OuonuBep3uTeTa OMJIO BUILE NIPOCTOPA Yy
ropHm€eM JieJly 10m-er 1eBOHA Hero y
JA0H-€M J1eJly TOpH-er OpAoBHIHjyma? —
KpaTak OCBpPT

[Tocme T13B.”KamMOpHjyMCKe €KCIUIO3Hje”, MOPCKHU
OMONMBEP3UTET JAOCTHXKE CBOj MAaKCHUMyM HII Y JI0-
M JICNTy TOPE-ET OPJIOBUIIMjyMa WITH Yy TOPEHEM ey
Jomer jJeBoHa. Temko je KOMeHTapucaTH Heclarama
KOja TIOCTOje OKO JIBe KpHiBe OMOAMBEP3WUTETa, Maja
Ou pacmpaBa MoIla OWTH 3amodyeTa ca IMPOICHOM
yCIJIOBa KOjH Cy TTOTOAOBAIH Pa3BOjy MOPCKOT OHOMIH-
BEP3UTETA y JIOHEM JIeNTy TOPHET OPIOBHIMjyMa Kao
1 y TOPEHBEM JIeNTy TOmer neBoHa. HajBepoBaTHHje Cy
Be3e Koje cy IMmocTojane m3Mel)y pasnmuuutux menoBa
MOpa W OKeaHa oMOoryhmiie pa3Boj W Pa3HOBPCHOCT
MOPCKHX OpraHmiama onpeleHnx peruoHa. Y Hajse-
hem Opojy ciydajeBa miend ce u3ABaja Kao CpeirHa
KOja je HapO4YUTO MOBOJHbHA 33 Pa3B0Oj OpPTraHU3MHUMA H
KOja je oMoTyhmia HBHXOBY BEIHKY OpPOJHOCT W pa-
3HOBpcHOCT. [laneocpenune koje Cy MMaie IIUPOKO
pacnpocTpameHe y JOHBEM Jey TOpPHEer OpIOBHIH-
jyMa Kao M y TOpHeM JIely JOmer IeBOoHa, mopehene
Cy Ha OCHOBY F-HXOBE PEIaTHBHE BEIHMUYHHE, PAcIpo-
CTpamema y OJHOCY Ha €KBaTOp M IMOJIOBE, Ka0 U HhH-
xoBe ToBe3aHoctu ca mrendom. [locrojeha pexon-
CTPYKIHja TEKTOHCKHX IUTOYa yKa3yje /a je ¢pparMeH-
TApHOCT KOHTUHEHTAJIHUX Maca TOKOM JOHEM JIeIy
TOPH-ET OPIAOBHIIN]YMa U TOPEH-EM ey IOHET IeBOHA,
Mame WIM BHIIE CIMYHA, Ka0 M J1a je CTEHEH OBe
(parmenrapanoctu 6o ymepen. Takohe O6u Morsio ia
ce TPETIOCTaBU Ja je Harub KOHTHHEHTATHUX I1a-
IMHA, KOjU je YeCTO TEeKTOHCKH KOHTPOJIHCaH, Ouo
MIPUOTIHKHO CIIMYaH W TO Y DIOOATHUM pa3Mepama

TOKOM OBa JIBa BpeMeHCKa pa3mobspa. Crora, ycro-
cTaBJbeHa (PparMeHTaIja KOIMHeHNX Maca Kao W Ha-
ru0 KOHTWHEHTAJTHE MMauHe YKa3yjy Ha CIMYHE BeIlH-
ypHe meN(QHUX cpenruHa Y IpoyYaBaHUM pa3no0Jbu-
Ma. YTBpheHa je 3HauajHa pa3iiuka y OMHOCY Ha HUBO
CBETCKMX Mopa koju je Omo Tpehm daktop koju je
YTHIIA0 Ha BEIWYUHY Ieidosa, a koju 6mo 1,5 myta
HIDKH Y TOPEEM JIeNTy JOHET JE€BOHA HEro y JTOmEM
JIeTy TopEer opaoBuijyMma. OBo yKasyje Ha TO Aa Cy
mesnHe cpeuHe TOKOM OBOT MTOCIIEAHET BPEMEHCKOT
nepuosia BepoBaTHO Owiie 3HauajHo Behe. YommreHo
roBopehu, TOMEHYTH BPEMEHCKH TEPHOIH, 4YHje je
ynopeheme H3BpIIEHO, KapaKTEpHUIy C€ YIIIaBHOM
CIIMYHUM KIIMMATCKUM YCIIOBHMA, C TUM INTO CYy 3a
CBaKM O BUX MOCTOjalie U ofipeheHe crermupuIHOCTH
BE3aHe 32 KIMMYy y o0iacTUMa T0JI0Ba U eKBaropa. Y
TOpPEHEM JeNy AOHEr JEeBOHa Joja3u n0 mnoBehama
KOHIIEHTpalMje IMEeI(QHUX CPeArHA Y TPOICKUM 00-
nmactuMa, Behe moBe3anocTu usMely mendoBa, Kao u
Beher kpeTame TEeKTOHCKHX T1I0Ya, HETO Y TOWkEM Jie-
Iy Topmer opmounmjyma. IlpermocTaBka je ma je
Owmto BHIIE (FUTH MCTO) TIPOCTOPA 32 TOCTHU3AmHE MaK-
CHMYMa Y pa3B0jy MOPCKOT OHOAMBEP3UTETA Y TIOHEM
JIely TOPH-ET OPIOBHIIMjyMa HETO Yy TOPHEM JAey
JIOHET JIEBOHA, IIITO CE MOKJIana ca “KIaCHYHOM * KpH-
BoM OmonmBep3utera. [IpoBepa oBe nBe uieje KBaH-
TUTAaTHBHO TMIpEJCTaBjba BaKaH 3aJaTak 3a Oymyhe
crynuje. HapaBHo, BenmumHa W masieoreorpadcko
pacnpocTpamemne ImeiadoBa HUCY camMo Moryhe KoH-
TpoJie OnoguBep3uTeTa. MHOTH APyTH (PaKTOPH, Kako
CroJhalIihy (Tj. )KUBOTHA CPEIHHA) TaKo M YHYTpa-
mpr (Tj. Ononomku), kKao W mHuxoBa MehycoOHa
MOBE3aHOCT MOpa Ooutn pa3marpana. Hajzan, Ommo 6u
MOTPEITHO 3aII0CTABUTH Ja JOCTUTHYTH MaKCUMYyMH
y Opojy TakcOHa 3aBHCE O] TEOJIOMIKOT CTapOCTH, Tj.
Tpajama paJujanyje W CTeleHa IIoOalHe OMOTCKe
eBOITyIIHje.

B.P.
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Abstract. The latest field investigation of the Vrdnik Coal Basin as well as new data from numerous bore-
holes enabled the finding of an unconformity between the undivided continental-lacustrine Lower Miocene
and the marine Middle Miocene Badenian. The different terrestrial-lacustrine sediments indicate a very
mobile and dynamic environment (according to known drilling data, the total thickness of these deposits
reaches up to 300 m). All these rocks belong to the Vrdnik series (Vrdnik Formation). The evolution of the
Vrdnik series is distinguished by several stages (e.g. pre-lacustrine, lacustrine, peat-swamp, efc.). Each of
these phases was proved by their sedimentologic and structural characteristics. On the other hand, among the
fossils, only the swamp flora remains (Sequoia, Laurus, Taxodium, Glyptostrobus, etc.) and poor and frag-
mented ostracode valves (Candona sp.) were documented. Presently, the exact stratigraphic position of the
Vrdnik series is unknown. Discordantly over the mentioned rocks, real marine sediments of the Paratethys Sea
occur. To date, it was a completely unknown subsurface distribution of these sediments. Among a few types
of rocks that have a small distribution, the so-called the Leitha limestones (Middle Miocene, Badenian) have
great significance (up to 98% of CaCO;). The total thickness of the limestones reaches up to 70 meters (bore-
hole B-11). The findings of key foraminifer species (Orbulina — Globigerinoides Zone) indicate an early
Badenian (Moravian) transgressive event (ca. 15 Ma). Lithologically, it is represented by gray, sandy marls
and sandy clays, coarse-grained sands and microconglomerates in the base of the mentioned limestones (bore-
holes B-11, B-15, B-19, and B-21) with a total thickness of up to 15 meters.

Key words: Middle Miocene Badenian, marine transgression, Vrdnik Coal Basin, northern Serbia.

AncrpakT. HajHOBHja TepeHCKa MCTpakuBamba BpIHUUYKOr yribeHOr OaceHa, Kao W HOBH MOJALHU H3
OpojHHUX OymIOTHHA, IONIPUHENH Cy Ja Ce yKaXKe Ha JUCKOpJaHTaH M TPaHCTpecuBaH ogHoC n3mel)y Hepam-
YJIaFEHOT KOHTHHEHTAITHO - J€3E€PCKOT IOIET MUOLIEHAa M MOPCKOT Cpebel’ MHOLIeHa, OasieHa. PaznnunTu Ko-
ITHEHU ¥ je3epCKH CEIMMEHTH yKasyjy Ha BpJIO MOOWIHY M JUHAMHYHY HajleoCpenuHy (TpeMa MO3HaTUM
OyLIOTMHCKHMM IOAAIMMa, YKyIHa JieOJbiHa OBHMX Haciyiara jgoctimke u g0 300 m ). CBe Te creHe 3ajefHo
npunanajy Bpaunukoj cepuju (Bpauuukoj dopmanuju). Hacranak un pasBoj Bpanuuke cepuje onsujao ce
KpO3 HEeKOJIMKO (hasza (HIp. mpe - je3epceka, je3epeka, TpeceTHO-MouBapHa, uta). CBaka o1 OBHX (asa je JoKa-
3aHa Ha OCHOBY OZIpe)eHNX CeAMMEHTONOMKHX M CTPYKTYPHUX Kapakrepuctuka. C npyre crpate, ox Gpocuia
JEAWMHO Cy 3aIma)XeHU OCTaIl MOUBapHe Beretanuje (Sequoia, Laurus, Taxodium, Glyptostrobus, uTn) u peTkw,
(hparmenTupanu xamu octpakona (Candona sp.). 360r Tora, TauHo cTpaTurpadcko MecTo Bpaamuke cepuje
HHje MO3HaTO. J[MCKOpAAHTHO MPEeKO IOMEHYTHX CTEHa HATaJI0XKEHM Cy IPaBH MOpPCKH ceauMmeHTH [lapare-
tuca. Jlo naHac, OMJIO je MOTIYHO HEIO3HATO MOTIOBPIIMHCKO PacIpOCTpamelke OBHX cequMeHara. Mebhy
HEKOJIMKO THIIOBA CTEHA KOje MMajy Majlo PaclpoCTPambCHE, T3B. JIAJTOBAYKH Kpeurhalld (CpeImbH MHOLCH,
OajeH) nMmajy BeauKH 3Ha4aj (MMajy 10 98 % CaCO;). YkynHa nebjpuHa Kpedmaka JocTike U 10 70 MeTapa
(6ymoruna b-11). Hanazak pykoBogehux ¢opamunudepckux Bpera Orbulina — Globigerinoides 30He, yka-
3yje Ha cTapuje 0aqeHCKH (MOpaBUaH) TpaHCrpecuBHU aorahaj (mpeko oko 15 Muinona roguHa). Jlutomomnikwy,
OBa 30HA je MPE/ICTaB/beHa CUBUM, IECKOBUTHM JIAlIOPLIUMa, IECKOBUTHM IVIMHaMa, TpyOO3pHHUM NECKOBUMA
1 MHUKPOKOHIVIOMEpaThMa KOjH ce Hasase y 0a3u MOMEHYTHX Kpeumakaa (Oymoruse b-11, b-15, b-19 u b-21)
U HCHA YKyITHa 1e0JbHHA JOCTIDKE U 10 15 MeTapa.

Kibyune peun: Cpenmu MuoreH, 6aieH, Mopcka TpaHerpecuja, Bpaanakn yropenu 6acen, cesepaa Cpouja.
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Introduction

During the Upper Oligocene and early Lower Mio-
cene, young Alpine tectonics (so-called the Sava pha-
se) created conditions for the development of conti-
nental-lacustrine sediments in a large area along the
southern margin of the Pannonian Basin and within
the Dinaride Lake System (KRSTIC et al. 2003, 2012;
MANDIC et al. 2012; DE LEEUW et al. 2012). This more
or less similar sedimentation regime lasted more than
eight million years in the southern Pannonian domain
(ca. 23—15 Ma). During the late Lower Miocene, sub-
sidence and sedimentation were effects of the syn-rift
extension phase that resulted in the formation of nu-
merous grabens filled by thin syn-rift marine deposits
(HORVATH et al., 2006). The Middle Miocene Bade-
nian transgression is one of the most important events
that occured within the Miocene. It left observable
marks over the whole Central Paratethys, especially in
the Pannonian Basin (Cori¢ & RoGL 2004; CORIC et
al. 2004, 2009; LATAL et al. 2006; KOVAC et al. 2007;
UTESCHER et al. 2007; HARZHAUSER & PILLER 2007;
PILLER et al. 2007; HARZHAUSER et al. 2003, 2011;
HOHENEGGER et al. 2009; MANDIC ef al. 2012). A lot
of evidence pointing to a sudden change in the sedi-
mentation regime was described on the southern mar-
gin of the Pannonian Basin especially (BAKRAC et al.
2010; KRSTIC ef al. 2012; PEZELJ et al. 2013; TOLIC et

Lijurko RUNDIC, SLOBODAN KNEZEVIC & MILOVAN RAKITAS

al. 2013). The event was tentatively synchronous and
occurred at the beginning of Badenian age but, in fact,
it was at different times affecting a large area of Para-
tethys (ca. 15 Ma). In Serbia, almost as a rule, different
Badenian marine sediments unconformably and trans-
gressively overlie the colorful series of the Lower Mio-
cene clastics (CicuLic 1958; DoLi¢ 1961, 1998; Cicu-
LIC-TRIFUNOVIC & RAKIC 1977; PETKOVIC et al. 1976;
MAROVIC et al., 2007; RUNDIC et al., 2005, 2011, 2013,
2013a). All the mentioned authors noted the minor
occurrence of the Middle Miocene at the southern flank
of the mountain. An exception was the Vrdnik Coal
Basin, where sediments of the Lower Miocene trans-
gressively overlie the basement rocks (PETKOVIC et al.
1976). There are no other significant occurrences of
Miocene rocks at the southern slope of the Fruska Gora
Mt. Herein, for the first time, a significant subsurface
distribution of the Middle Miocene rocks is shown.

This paper presents new stratigraphic and paleonto-
logical data from the Vrdnik Coal Basin, the largest
Lower Miocene area on the southern slope of the Fru-
Ska Gora Mt. (Fig. 1). The studied area had had a long
mining history (since 1804). However, after the last
spectacular ground water flooding (1968), all the ex-
ploitation works were ceased forever. Soon afterwards,
the mining activity was replaced by tourism and re-
cently, it has become a very popular spa destination in
Serbia.
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Fig. 1. Geographic position and the simplified geological map of the southern slope of Fruska Gora Mt. Key: 1, Paleozoic;
2, Triassic; 3, Jurassic; 4, Serpentinites; 5, Upper Cretaceous; 6, Miocene (general); 7, Miocene volcanites; 8, Quaternary
(Loess).
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A short review of the geology of the
Vrdnik Coal Basin

The Vrdnik Coal Basin (VB) represents a relatively
narrow, tectonic subsided structure between the Fru-
Ska Gora Mt. and Vrdnik where Miocene deposits
occur along a discontinuous belt with E-W direction.
Within the VB, Lower Miocene continental-lacus-
trine sediments, known as the Vrdnik Series (= Vrdnik
Formation (VF)), represents the oldest Neogene unit
(PETKOVIC ef al. 1976; CicuLic & RakI¢ 1976; RUN-
DIC et al. 2011, 2013). It discordantly overlies a Pre-
Tertiary paleorelief (Triassic alevrolites and dolomitic
limestones, serpentinites, Jurassic meta-sediments, Up-
per Cretaceous sandstones, etc., see Fig. 1) and is co-
vered by Middle-Upper Miocene sediments at the
higher parts of the mountain. Lithologically, these
deposits consist of heterogeneous clastites (varicol-
ored gravelly clay, gravel, sand, and conglomerate).
On the northern slope of the Fruska Gora Mt., the VF
discordantly overlies the various members of older,
pre-Neogene units (C1CULIC & RAKIC, 1976). In cer-
tain places, the contact with the older formations is
tectonic (e.g. VF/serpentinites). The VF is better de-
veloped and studied on the southern slope of the
Fruska Gora Mt. (environs of the Vrdnik spa especial-
ly), where deposits of brown coal and well-known
fossil flora sites are situated. The Upper Oligocene
(KocH 1876) or Lower Miocene (PANTIC 1956) age of
these rocks were considered. Based on their superpo-
sition, three litho-stratigraphic members are distin-
guished among them: 1) at the base, various breccia,
conglomerate, and sandstone are present, 5-30 m
thick; 2) above that, there is a coal-bearing horizon. It
is composed of 4-6 coal layers, 0.6-2.5 m thick, rep-
resented by intercalated layers of montmorionite clay
(bentonite, up to 1m thick); 3) the overburden of the
coal layer is composed of lower and upper overbur-
dens. In the lower overburden of the coal layers, there
is some bituminous marl and clay, 10-12 m thick,
containing remains of fossil flora, which is according
to PANTIC (1956) dominated by the species: Taxodium
distichum, Glyptostrobus europeus, Sequoia langs-
dorfi, Castanea atavia, Quercus drimeja, Myrica lig-
nitum, Zelkova ungeri, Laurus princes, Leguminosites
gondini, etc. In addition, the palynological analyses
indicate the Lower Miocene age of these sediments. In
the upper overburden of the coal horizon, there is a
package of diverse sandstones, multicolored clays,
sands, and rarely tuff. The layers of the upper overbur-
den are characterized by greater thickness, which may
be over 100 m. Based on earlier data from boreholes,
the whole thickness of the VF is more than 250 m
(PETKOVIC et al. 1976). However, the latest unofficial
data from some boreholes in the area of the Vrdnik spa
suggest a much greater thickness of the mentioned
rocks. Recently, a similar observation was reported
(RUNDIC ef al. 2013a; ToLIIC et al. 2013).

According to earlier data from the basic geological
map, sheet Novi Sad, 1:100 000, the mentioned depo-
sits lie below various Middle Miocene Badenian sands,
conglomerates, sandy marls and clays, and different
limestones and sandstones (CICULIC & RAKIC 1976).
On the surface, marine Badenian deposits located at
several places to the south of the Vrdnik spa have a
very small distribution. On the other hand, their, to
date, unknown subsurface spreading is very signifi-
cant and their determination represents the main goal
of this paper. Herein, the marine sedimentation was
interrupted at the end of Badenian time and the depo-
sition break lasted until the Upper Miocene. It was
connected to the well-known marine regression at the
beginning of the late Middle Miocene. Subsequently,
a very small lacustrine phase during the Pannonian
age (Lake Pannon) affected this area and resulted in
the deposition of the so-called Beo¢in marls (RUNDIC
& Pori¢ 2013). During the latest Middle Miocene,
Pliocene, and Quaternary, because of the uplifting of
the Fruska Gora Mt., different terrestrial sediments
were formed (freshwater equivalents of the Upper
Miocene —Pontian, the Pleistocene Srem series, the
loess-paleosoil sequences, etc).

Materials and Methods

All the presented data were obtained from field
investigations (2010, 2011) and from core-samples of
twenty-seven boreholes drilled during 2007 and 2008.
Many data were collected and more than a half of
these boreholes are presented herein (Fig. 2). All the
measured logs were performed in the field. Later, the
logs were compared and more precise stratigraphic
analyses were realized (Figs. 3—6). Different and rela-
tively abundant marine fauna (mollusks, foraminifers,
ostracodes, echinoids, corals, etc.) from forty core-
samples were determined. Ten limestone samples
were examined by thin-sections. Additionally, the four
soft samples from the boreholes B-19 and B-20 were
treated with 6 % hydrogen peroxide and later washed
(0.5-0.063 mm sieves). Approximately 100 g of each
dried residue was examined under a stereomicrosco-
pe. All the mentioned material is stored at the Hidro-
Geo Rad Co., Belgrade and at the Chair of Historical
Geology, Faculty of Mining and Geology, University
of Belgrade. Some information was plotted on a geo-
detic plan on the scale 1:2500, and two simplified
geological cross-sections were drawn (Figs. 10, 11).

Results

Quaternary deposits, mainly loess-paleosoil sequ-
ences, cover the area of the southern and southwestern
part of the Vrdnik Coal Basin. The subsurface investi-
gation of the wider area of Strmoglavnice and Velika
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Fig. 2. A geological map of the investigated area and the positions of the boreholes (black circles and WGS84 coordinates),
and the location of the geological cross-sections (A—B, C-D).

Pecina determined the geological structure and provid-
ed many previously unknown data. According to the
BGM, sheet Novi Sad 1:100,000 (CICULIC’—TRIFUNOVIC’
& RAKIC 1977), on the surface were only a few small
“patches” of marine Badenian sediments. They trans-
gressively overlaid Lower Miocene freshwater depo-
sits. On surface of the studied area, regardless of the
package of quite thick Quaternary sediments, smaller
outcrops of multicolored, gray-bluish, brown and red-
dish clay, and brown ferruginous sands (Fig. 3 A, B).
They represent the final part of the lithological succes-
sion of the VF. A part of the continental-lacustrine
series was discovered in some of the boreholes (e.g., B-
19 (72.80-76.90 m), B-20 (20.70-36.60 m), and B-27
(17.50-32.00 m — see Figs. 3C, 8). Generally, it con-
sists of green, bentonite clays, and carbonaceous clay
without fossil remains. Moreover, in almost all the
other exploration wells, Middle Miocene Badenian
deposits were registered. They overlie the Early Mio-
cene clays and indicate the marine transgression in
this area (Figs. 4-8).

The marine Badenian sediments have a relatively
small distribution in the Vrdnik Coal Basin and they

include only a few different facies. If compared with
the synchronous rocks on the northern parts of the
mountain, a clear difference is evident (PETKOVIC et
al. 1976; RUNDIC et al. 2011). However, Badenian li-
mestones appear much more than all the other syn-
chronous rocks. Generally, these sediments are pres-
ent as a split rock body with E-W direction. Accor-
ding to borehole data, there are sporadic occurrences
of very rare grayish-green clays and sandy marls and
wider distribution of biogenic limestones (the so-
called Leitha limestone, in all the other boreholes).
They contain abundant fossils and these limestones
could be distinguished as separate biofacies (e.g., the
Lithotamnian, Amphistegin, Bryozoan, efc.). The li-
mestone is massive, reefy, developed by the activities
of corallinacean red algae, foraminifers and bryozo-
ans, efc. In addition, it includes various fossil remains
of mollusks, echinoids, corals and other organisms.
Based on sediment analyses, a dominance of algal and
algal-foraminifer biomicsparite and biomicrudite was
determined (Fig. 9). Laterally, toward the E-NE mar-
gin of the Vrdnik Coal Basin, the limestones turn into
marly limestones, sandy marls and clays. Biostrati-
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Fig. 3. The Lower Miocene Vrdnik series: A, B, Surface
outcrops and C, A detail of green bentonite clay from the
borehole B-20/08 (26.10 m).

graphically, the sediments of the Lower, Middle and
Upper Badenian could be separated. Grayish sandy
marls represent the oldest marine Badenian sedi-
ments. Occasionally, the Badenian sediments were
overlaid by Upper Miocene (?Pontian) clastites or dif-
ferent Quaternary sediments (boreholes B-1, B-2, B-3
B-4, etc).

For example, in the borehole B-1/07 (N 45°6°44.97”;
E 19°47°29.61 — Fig. 4) under different Pleistocene
sediments and thin interbeds of ?Pontian gray
alevrites (the first 17 meters of the core section), there
is a relatively thick series of Badenian limestone
(17.70-74.80 m). At higher levels, the limestone is
more whitish, massive and has typical structural char-
acteristics such as those documented in other areas of
the FruSka Gora Mt. It is the well-known Leitha lime-
stone (name after the Leitha Mountains, Austria). A
sample from a depth of 38.50 m has a system of ca-
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verns, which are filled by reddish-brown alevrites and
clays. This is a very common occurrence in these sed-
iments (RUNDIC ef al. 2011). These limestones alter-
nate with gray and partly marly limestones in the
deeper parts of the borehole (63.00—74.80 m). Ac-
cording to its structural properties and fossil associa-
tion involved, it corresponds to the real bioclastic
limestones (corallinaceans, bryozoans, foraminifers,
echinoderms, bivalve remains, efc.). Although the red
algae are not as dominant, the textural pattern is pre-
dominantly composed of unattached coralline algal
branches, rhodoliths, and their detritus. FREIWALD et
al. (1991) described a similar modern environment
from Norway.

Based on the analyzes of thin-sections from core-
samples, the facies comprises packstones, rudstones,
and floatstones consisting of angular and subrounded
corallinacean clasts. The corallinaceans are represent-
ed by Lithothamnion, Mesophyllum, and ?Lithophyl-
lum. Sporadically, rhodoliths of corallinacean red al-
gae are present (Fig. 9). Bivalves and gastropods
occur in variable quantities (Ostrea sp., Aequipecten
sp., and Conus sp.), as well as regular and irregular
echinoids and bryozoans (64.50-65.00 m) which are
represented by branching forms. Elsewhere, rotaliids
forms, such as Amphistegina and ?Planostegina
(37.00-37.50 m), scarce cibicidoids and miliolids rep-
resent the abundant foraminifers. In the deepest core
interval (74.80—83.50 m), this bioclastic limestone is
more fine-grained and alternates to sandy marl. From
time to time, the genus Amphistegina has mass occur-
rence and can then make a separate biofacies — Am-
phistegina limestone (Fig. 9).

In the borehole B-11/08 (N 45°6’°44.73”, E
19°47°15.93” — Figs. 5, 11), under a thicker package
of ?Pontian and Quaternary sediments (total thickness
of approximately 33.50 m), two different facies of
Middle Miocene Badenian were determined (RUNDIC
et al. 2013a). Leitha bioclastic limestone with a very
diverse fauna of corallinacean algae, bryozoa, forami-
nifers, mollusks, and echinoderms was determined at
depth of 33.50-104.00 m. In all the boreholes in this
area, it is the thickest package of limestones that has
been specified (thickness almost 70 m). The limesto-
nes are not the same everywhere; there are few differ-
ences in texture, fossils and color (whitish to light yel-
low in shallow samples, and more grayish in the deep-
er samples of the borehole (80.50-104.00 m). In the
sample from depth of 35.00-35.80 m, foraminifer
species Amphistegina mammilla is dominate, while
elphidiums and rotalids are individually present. Besi-
des corallinacean algae and bryozoa that are macro-
scopically observable, very numerous bivalves were
found in a sample from a depth of 82.50-83.00 m
(Fig. 6): Glycymeris pilosus, Flabellipecten besseri,
?Gigantopecten sp., Chlamys latissima, Cardiocardi-
ta partschi, Panopea menardi, and Ostrea sp.(cf. Os-
trea lamellosa), and significantly less gastropods
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Fig. 5. The stratigraphic section and some core-samples
from the borehole B-11/08. For key, see Fig. 4.

(Conus sp. and Turritella sp.). In the gray, sandy lime-
stone (87.50-88.00 m) algal and bryozoans sections
dominated (Fig. 9). The algal-zoogenic biomicrudi-
te/floatstone is real. Within the rock, algal and zooge-
nic fragments are visible (> 2 mm). The deepest sam-
ple (109.5-110.00 m) taken from gray, sandy, and
sandy-marl clay represented a completely different
facies of the Badenian Stage. Based on fossil associa-
tions with the predominant forms of planktonic fora-
minifera (Orbulina suturalis, Globigerinoides cf. tri-
lobus, and Uvigerina sp.) and mollusks such as Am-
musium cristatum and Dentalium sp., and other small-
er forms of bivalves, it could be assumed that these
sediments belong to the Lower Badenian Lagenidae
Zone. At moment, the precise biostratigraphic posi-
tion of these layers (?Lower or Upper Lagenidae
Zone) is unknown and requires detailed quantitative
and qualitative analyses of the mentioned foraminifers
and calcareous nannoplankton (CORIC et al. 2009;
HOHENEGGER et al. 2009; PEZELJ et al. 2013) as well
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Fig. 6. The bioclastic limestone: A, Remains of bivalves (? Chlamys sp.) and gastropods (Conus sp.) from the borehole B-
11/08 (82.50-83.00 m), and B, the core sample with rhodoliths — corallinacean limestone (B-12/08, 79.20 m).
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Fig. 7. Comparative stratigraphic logs of boreholes B-3/07. B-4/07, and B-8/07.
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In the other boreholes, the
lithological pattern is similar
(Figs. 7, 8). The Badenian de-
posits are largely presented by
bioclastic limestones (B-2/07,
B-3/07, B-4/07, B-7/07, B-8/07,
B-9/08, B-10/ 08, B-12/08, B-
19/08, B-20/08, B-21/08 and
B-27/08 — see Fig. 3). Excepti-
onally, other different facies of
the Badenian stage were ob-
served (e.g., B-11/08, B-19/08).
Lithologically, these are repre-
sented by sandy marls and
sandy clays, coarse-grained
sands, gravel and microcon-
glomerates. The very scarce
fossil remains (mostly plank-
tonic foraminifers such as
Globigerinoides and Orbuli-
na) enable the oldest Badenian
age to be suggested. In bore-
holes B-11/08, B-15/08, and
B-19/08, these sediments ma-
ke the basis of the mentioned
bioclastic limestones. Someti-
mes, they consist of well-ro-
unded but poorly sorted poly-
mict gravel (1-5 cm) com-
posed of metamorphic and ca-
rbonate rocks (CicuLic &
RAkiI¢ 1976). They are sup-
ported by fine-grained quartz
sand reaching 60-80% and
occasionally clay up to 20 %.
(Fig. 8, see B-19/08). Quartz

fine-sand layers or dispersed fine-sand lenses of vari-

able thickness (cm to dm) are intercalated within the
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gravels. However, in the boreholes B-3/07 in the
depth interval between 34.90-54.60 m and B-4/07
(28.00-50.50 m) very similar gray sandy marls over-
lie bioclastic limestones. They contain marine forami-
nifers and ostracodes (predominantly rotalids forms of
foraminifers), which probably belong to the Upper
Badenian age.

Discussion and interpretation

All the mentioned data derived from the borehole
sections and surface outcrops clearly suggest a rela-
tively wide subsurface distribution of the Middle
Miocene marine sediments. More or less, these sedi-
ments represent a part of the well-known carbonate
ramp, which was formed during the Middle Miocene
(Langhian/Badenian) Climatic Optimum (SCHMID et
al. 2001; BoHME, M. 2003; HARZHAUSER & PILLER
2007; ROGL et al. 2008). According to the first evalu-
ation, the dominant reef l[imestone occupies a relative-
ly narrow strip of the east-west direction with a total
length of about 1,200 m. The potential width of the
limestone reservoir is about 250 m. The most prevail-
ing limestone components are coralline red algae but
bryozoans and rare corals locally formed small patch
reefs (RUNDIC ef al. 2011). Except these, other marine
facies occur but they have a minor distribution. Stra-
tigraphically, all of these marine sediments transgres-
sively overlie Pre-Tertiary units or undivided Lower
Miocene continental sediments.

From the lithological point of view, the basal part
of the marine Badenian succession was made of grav-
els and sandy gravels (borehole B-19/08), which orig-
inated from different older tectonic units (CICULIC
1958; DoLi¢ 1961, 1998; CicULIC-TRIFUNOVIC & RA-
KIC 1976, 1977; PETKOVIC et al. 1976; RUNDIC et al.
2013a). They are relatively poorly sorted but well-
rounded with a medium fine-sand content. The medi-
um/high degree of roundness indicates relatively long
transport and/or following coastal reworking. The
exact provenience of the gravels is still unclear; the
source area could be the basement rocks of the Fruska
Gora Mt. (PETKOVIC et al. 1976; RUNDIC et al. 2005,
2011). WIEDL et al. (2012) have discussed river trans-
port but also marine reworking by coastal breakers in
a deltaic system. However, the sporadically presence
of the coarse-grained sediments, gravels and micro-
conglomerates within only one of the investigated
boreholes is insufficient for a more precise recon-
struction.

During the Miocene time, the southern part of the
Pannonian Basin (i.e. the Vrdnik Coal Basin) was
strongly affected by the Alpine orogeny (PETKOVIC et
al. 1976; Kovac et al. 2007; ToLnc et al. 2013). The
Middle Miocene Badenian was the peak of the Mio-
cene carbonate production in the Central Paratethys
(ScHMID et al. 2001; HARZHAUSER & PILLER 2007;

ROGL et al. 2008; Basso et al. 2008; PEZELJ et al.
2013; WIEDL et al. 2012, 2013). The Middle Miocene
Climatic Optimum (MCO) led to an extension of the
tropical belt and favored the wide distribution of coral
reefs throughout the Mediterranean and Central
Paratethys during the Langhian age (BonME 2003;
HARZHAUSER & PILLER 2007; BASSO et al 2008). Coral
reefs are found along the Mediterranean and the
Central Paratethys up to the southern Vienna and
Transylvanian Basins (WIEDL et al. 2012). From this
distribution pattern of the circum-Mediterranean
region, a subdivision into two biogeographic areas
during the Langhian time is possible (WIEDL et al.
2012). Coral reefs (sensu strictu) characterize the
southern area. Its northern boundary could be drawn
from the Aquitaine Basin to the Vienna and Tran-
sylvanian Basins (WIEDL et al. 2012, 2013). Further to
the north, the coral occurrences are characterized by
coral carpets/assemblages. In this context, the Leitha
limestone, which is positioned at the edge of the coral
reef belt, indicates the transition zone between coral
reefs to non-reefal coral communities (WIEDL et al.
2013). The distribution of corals in the Central Pa-
ratethys is linked with the Middle Miocene Climatic
Optimum, which supported the northward shift of
tropical elements (HARZHAUSER et al. 2003, 2011;
WIEDL et al. 2013).

In the southwestern part of the Vrdnik Coal Basin,
within the Badenian shallow-water carbonates (the
Leitha Limestone), a few (bio) facies types could be
recognized according to the abundance of some bio-
genic characteristics (e.g. Amphistegina, Bryozoan,
Lithothamnion, etc). Similarly, recent sediments up to
40 m of water depth were reported by RASSER (2000)
from the Mediterranean Sea and HALFAR et al. (2000,
2012) from the Gulf of California. Generally, the Am-
phistegin’s limestone is the youngest biofacies and
corresponds to the Upper Badenian mostly. Other bio-
facies have stratigraphic range the Middle—Upper Ba-
denian.

The Amphistegina limestone (Amphistegina biofa-
cies) is characterized by the very common occurrence
of the foraminer genus Amphistegina (Fig. 9A). Re-
cent Amphistegina inhabit the tropical to subtropical
belt in shallow waters down to 70-80 m where they
are primarily attached to macrophytes with high den-
sities. Their presence implies a minimum water tem-
perature of 17°C (WIEDL et al. 2012). In summary, the
Amphistegina subfacies was formed in a shallow,
sublittoral environment with a depth range of ca.
20-30 m between the bryozoan subfacies and the
mollusc subfacies. A typical bivalve of this facies is
the deep-burrowing Panopea menardi. Modern
representatives of Panopea live in sandy and muddy
substrates preferring shallow subtidal habitats down
to 20 m, burrowing between 0.6 and 2 m deep into the
sediment (WIEDL et al. 2012). Besides, during the
MCO, the optimal conditions resulted in extraor-
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dinary growth rates of oysters (Crassostrea gryphoi-
des). Marine waters during the MCO in Central
Europe displayed a seasonal temperature range of ca.
9-11°C. The absolute water temperatures ranged from
17-19°C during cool seasons and up to 28°C in the
warm seasons (HARZHAUSER et al. 2011). The findings
of bivalve species (?Gigantopecten sp., Chlamys la-
tissima, Glycymeris sp., Cardites partschi, Panopea
menardi, and Ostrea sp. (cf. Ostrea lamellosa) could
support this paleotemperature pattern. A similar facies
is present in the Badenian corallinacean limestones of
Bosnia and Herzegovina, Croatia and Austria (CORrIC
& ROGL 2004; CORIC et al. 2004, 2009; HOHENEGGER
et al. 2009; PEZELJ et al., 2013). In addition, the other
foraminifers that were found in the Badenian sedi-
ments indicate more or less similar conditions. Thus,
the relatively scarce finding of Globigerina sp. as well
a Globigerinoides sp. may indicate short-time cli-
matic oscillations of cooler climate during the MCO,
which could be characterized as fairly uniform for the
Badenian climate of the Central Paratethys realm
(BouME 2003; BALDI 2006; KOVACOVA et al. 2009;
Korecka 2012; WIEDL et al. 2012, 2013).

Modern Rhodolith-dominated carbonate systems
are known worldwide (BAsso 1998; BAsso et al 2008;
HALFAR et al. 2012 and references therein). The rho-
dolith biofacies (Fig. 9A) is represented by coralline
algal rudstones with packstone matrix comprising
spheroidal thin-branched rhodoliths (up to 6 cm). It
also contains foraminiferal macroids with diameters
of 0.3-2 cm. Interspaces between the rhodoliths and
macroids are filled with coralline algal debris. Fora-
minifers are represented by rotalids (Amphistegina

et al. 2012). For the mentioned facies types, these
authors indicated water depths of 10-20 m. Conse-
quently, a similar water depth could be suggests for
this subfacies in the southwestern part of the Vrdnik
Coal Basin.

The Bryozoan biofacies is very similar to the algal
facies and in some places contain a rich bivalve fauna.
Modern analogues are found on the Apulian shelf
(Italia) along the seashore between 10-30 m of water
depth (WIEDL ef al. 2013). In addition, the bryozoan
subfacies is associated with the Amphistegina subfa-
cies (Fig.9B). A similar bryozoan facies was reported
from the Mannersdorf Quarry, Austria. Therein, the
facies is overlain by a coral facies. The co-occurrence
of coral and bryozoan-bearing assemblages was
explained by differences in the productivity of surface
waters (WIEDL et al. 2012, 2013).

The Mollusk biofacies is equivalent to the bioclas-
tic algal-mollusk facies and to the branching algal
facies (BAssO et al. 2008) with its diversified mol-
luskan assemblage. The mollusk biofacies consist of
rudstones and floatstones that are characterized by
high amounts of various mollusks. ZUSCHIN & HOHE-
NEGGER (1998) described comparable mollusk assem-
blages from the modern Red Sea (Egypt). There, Tur-
ritellids are widely distributed on soft and hard sub-
strates, muddy sediments, and on the reef slope down
to 40 m; Cerithiids show distinct habitat preferences
and occur in water depths up to 40 m with common
occurrences between 5 and 30 m. The genus Glycy-
meris was described from sands between coral patch-
es in depth of ca. 10 m (ZUSCHIN & HOHENEGGER
1998). Glycymerids are also reported from present-

Fig. 9. A, Amphistegina biofacies with the rhodoliths, bryozoans and an echinoids section (B-1/07, 72.80-73.00 m); B,
Algal-bryozoans biofacies (B-11/08, 87.50-88.00 m).

and Ammonia), and rare miliolids (Borelis sp.). Bryo-
zoans are rare and commonly encrusted by coralline
algae. A relatively similar rhodolith biofacies from the
Leitha Mountains, Austria was well-described (WIEDL

day sand bottoms at 10-30 m depth from the Florida
Keys (see WIEDL et al. 2012). The mollusk biofacies
is often associated with the rhodolith biofacies. The
mollusk biofacies probably represents a shallow tran-
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Fig. 10. A simplified geological
cross-section (A—B) from the east-
ern part of the studied area.
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Fig. 11. A simplified geological cross-section (C-D) from the central part of the studied area.

sition zone between the rhodolith subfacies and rela-
tively deeper water with the bryozoan biofacies.
Based on preliminary analyses of all the investigat-
ed boreholes as well as the surface distribution of the
bioclastic limestones, the existence of the marine car-
bonate ramp in the southwestern part of the Vrdnik
Coal Basin could be supposed. Additionally, an earli-
er study of similar sediments from the southern slope
of the Fruska Gora Mt. (RUNDIC ef al. 2011), indicat-
ed an elongated carbonate belt with E-W direction
around the mountain (Fig. 11). The main part of it is
yet undiscovered and our studies indicate to small,
tectonically dislocated blocks. Based on the boreholes
data, these carbonates underwent significant radial
stress and were dislocated by fault tectonics after the
Middle Miocene (Figs. 10, 11). This is in agreement
with previously documented results from BeSenovo
and Lezimir (more towards the west), where similar
blocks of a shallow-water carbonate ramp occur
(RUNDIC et al. 2011, 2013). In some places, they are
displayed below different Quaternary sediments and

they belong to small uplifted blocks where erosion
processes were expressed (B-7/07, Fig. 10). On the
other hands, there are relatively sunken blocks (B-4/07,
Fig. 10) on whom, above the mentioned Badenian car-
bonates, much more younger stratigraphic units are
present. A similar tectonic pattern was observed on the
northern slope of the Fruska Gora Mt. (CICULIC-TRI-
FUNOVIC & RAKIC 1977; PETKOVIC et al. 1976; RUNDIC
et al. 2005). However, therein there are no sedimenta-
tion breaks within the late Middle Miocene and there
is a complete Neogene succession.

The studied boreholes showed subsurface features
of Lower and Middle Miocene sediments, which were
unknown before (presence/absence of stratigraphic
units and their thickness, facial diversity, dip angle,
unconformity, etc.). A preliminary analysis of fault
structures in the Vrdnik Coal Basin is confirmed its
complex structure and the character of a tectonic
trench that was formed during the Miocene and in-
verted in the youngest stages of the Pliocene and
Quaternary.
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Conclusions

The data collected from surface researches and nu-
merous boreholes in the southwestern part of the
Vrdnik Coal Basin enabled the following conclusions:

¢ Based on lithological successions, stratigraphic
logs and basic structural elements, the subsurface geo-
logical setting of the southwestern part of Vrdnik Coal
Basin has been reconstructed. The following strati-
graphic units were documented: the Lower Miocene,
the Middle Miocene Badenian, the Upper Miocene
?Pontian, as well as different terrestrial sediments of
Pleistocene age, including the loess-paleosoil sequ-
ences on surface.

e From a stratigraphic point of view, marine Bade-
nian sediments transgressively and discordantly overlie
older rock units (usually above the freshwater Lower
Miocene Vrdnik series). They indicate the well-known
regional transgression, which occurs in the Central
Paratethys during the early Middle Miocene.

o There is a much larger subsurface distribution of
Badenian sediments than previously supposed. Gene-
rally, they belong to an elongated carbonate belt that
was generated during the Middle Miocene Climatic
Optimum. Stratigraphically, this ?Upper Badenian car-
bonate ramp has a significantly wider distribution than
a similar one formed during the Middle Badenian.

o Within the Badenian shallow-water carbonates, the
so-called Leitha limestones have a dominant position
and distribution (thickness over 70 m). They indicate a
shallow reef environment (up to 40 m of water depth),
relatively warm, clear water and favorable bionomical
conditions nearby the Fruska Gora Island of the Central
Paratethys. Among them, a few (bio) facies types could
be recognized according to the abundance of some bio-
genic and textural characteristics (e.g. Amphistegina,
Bryozoans, Lithothamnion, etc).

¢ Sandy marl, which generally lies below the Leitha
limestone, has a relatively smaller distribution. In pla-
ces, there is a lateral link to the limestone. However,
it is of the great stratigraphic importance because a
preliminarily study of a foraminiferal association indi-
cated older levels of the Badenian Stage (the Lower
Badenian Lagenidae Zone).

e Future biostratigraphic analyses of foraminifers
and calcareous nannoplankton will clearly indicate the
presence of Lower Badenian biozones (Lower or Up-
per Lagenidae Zone) and closely define the time of
the marine transgression in this area. Besides, the pre-
cise biostratigraphic position of the Badenian lime-
stone should be given.
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Pe3nme

Cpenme MHOLIEHCKA 0aJeHCKA
TPaHCrpecHuja: HOBU J0KA3U €a MPOCTOPa
Bpanuukor yribeHor 6acena (@pymka
ropa, cesepua Cpomuja)

Cpenme MHOIeHCKa 0aJIeHCKa TpaHCTpecHja je je-
JIaH ON HajBaXHUjUX Moraljaja y MHUOIEHY KOjU je

OCTaBHO BUJBHBE TPAroBe Ha MPOCTOPY HEKAJAIIEHET
[laparetnca. C TUM y Be3u, MHOTO je JIOKa3a KOjH
yKa3zyjy Ha HM3HEHaJIHE IMPOMEHE y PEXUMY Cellu-
MEHTaluje u 1o jyxHoM oboxy I[laHoHckor GaceHa
(BAKRAC et al. 2010; KRSTIC et al. 2012; PEZELJ et al.
2013). IToueTkoM Cpeamer MHOIIEHa, Kao MOCIeInIIa
eKCTeH3UOHUX (paza, CTBOpeHH cy OpojHU TpabeHH H
POBOBH KOjU Cy OWIM HCIyH€HH MOPCKHM CHH-
pudTHEM Hacmarama. [lorahaj je Ono ycinoBHO CHH-
XpOH Ha jelHO] BENHKoj Teputopuju. Melhytum,
JIOTUYHO j& BEpPOBaTH Ja je TpaHCTPECHja 3axBaThia
nojequHe aenose [laparetnca y pasmuunrto Bpeme (y
pacmoHy of CTOTHHY XWibana ronuHa). Y Cpowuju, ro-
TOBO IO TPABIIY, KJIACTUYHH MOPCKH CEIUMEHTH
OanieHa, TMCKOPAAHTHO M TPAHCTPECHBHO JIEXKE MPEKO
CTapHje TomIore, a BpJIo YeCTO MPEKO jeIHe XeTepo-
TeHe, IapeHe CepHje CTaphjer MUOoIeHa (UMa U Jpy-
raydjux Mulubema — BUIU KRSTIC et al. 2012).
CrnyHa cuTyalfja je U paHdje KOHCTaToBaHa Ha Tpo-
cropy ®pymxe rope (C1CULIC 1958; DoLi¢ 1961, 1998;
CieuLIC-TRIFUNOVIC & RAKIC 1976; PETKOVIC et al.
1976; RUNDIC et al. 2013). 3a pasnuKy o ceBepHE
CTpaHe TUIaHWHE, TJIE jé MHOTO JIaKIIe WCTPAXKUTH Te
OJTHOCE Ha CaMOj TIOBPIIUHHM, Y OKOJMMHA BprmHuKa cy
TaKBHU MPUMEPH BPJIO OCKyIHH. 300T Tora cy 1 ypaheHa
JIOZIaTHa TEPEeHCKa OcMarpama Koja Cy, y3 HOMAPIIKY
TUIATKUX OYIIIOTHHA Y jyro3anagHoM Jermy BpmHmdakor
yIIbeHOT OaceHa, MPYKWiia HOBE JI0Ka3e O MPUCYCTBY
MOpPCKe TpaHcTrpecHje Ha oBoM mpoctopy. [loceGHo je
B2)XHO TO INTO j€ IO MPBU IyT AOKYMEHTOBAHO 3Ha-
YajHO TOAMOBPIINHCKO PAaCIpOCTPAmBEHEe MOPCKUX
cenMMeHaTa 3a Koje ce paHdje HHje Hu 3Hajo. Ha
OCHOBY TOT'a, JIOIILIO C€ 0 HOBHUX Ca3Hama O TEOJIOTHjH
OBOT MJTafoT OaceHa, TEKTOHCKOT poBa (hOPMHPAHOT
TOKOM MHOIIEHAa M Jajbe OOIMKOBAaHOT 3a BpeMe
crapujer norieHa. Hajpaxxauju pesynraru cy:

e Ha ocHoBy momaraka AOOHjeHUX TEPEHCKHUM
UCTpaXUBAkbAMa U aHATN30M 14 TUIMTKHAX OyIIOTHHA,
M3BpIICHA j€ PEKOHCTPYKIHja TOMMOBPIIHHCKUX
omHoca Ha motedy CrpmormaBune—Bennka Ilehuna,
jyxHo ox 6ame BpmHUK.

e V Cymepno3uIIOHOM TIOPETKY, TPUCYTHE CY
cnenehe crparurpadcke jeqUHUIE: KOHTHHEHTAHO-
j€3epCKH TOWkU MUOIIEH, MOPCKHU CPEIhH MHUOIIeH Oa-
JIeH, TOP’U MHOIICH ?TIOHT, T€ Pa3INIUTe TUIEHUCTO-
IIeHCKe Haciyare (IPBEHCTBEHO T3B. CPEMCKA CepHja
JIECHO-TIAJIC03eMJBHINTHE CEeKBeHIle). MelhyTtuMm, cma-
Tpa ce J1a BeIMKH Je0 0alleHCKUX Hacjiara joul yBeK
HUje OTKpuBeH. Hammm wmcTpaknBamuma je KOHCTa-
TOBAHO MIPUCYCTBO BUIIIE TEKTOHCKHUX OJIOKOBA KOjH CY
pe3yNTaT TOpHE MHUOLEHCKE pajijaiHe TEKTOHHUKE.
Tum mokpernMa je OaneHcka kapOoHaTHa mmardopma
n3JesheHa Ha OJIOKOBE KOju Cy, y miahum dazama To-
KOM IUIMOIICHA, JONATHO KPETaHW M TUCIIOIMpAHH.
Tako Ha HEKUM HM3IUTHYTHM OJ0KOBHMa (OyIIOTHHA
b-7), nupexTHO mIpeko O6aeHa Halle)Xy KBapTapHH Ce-
MUMEHTH, IITO yKa3yje Ja 3HaTaH CTENeH epo3uje.
CynpoTHO TOME, TMOCTOj€é W PEJaTUBHO CIYIITeHH
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ONMOKOBH The cy OcHUM OaneHa yTBpheHe u mpyre
HeoreHe jequnwuie (OymotrnHa b-4).

e V crparurpad)CkoM CMHCITY, TIOCTOjH TpaHCTpe-
CHBaH U JUCKOPAAaHTaH OMHOC MOPCKHX Hacnara OajaeHa
MIPEKO CTApHjUX jeMHUIA (Ha HAIIIMM [TPUMEPUMa CaMo
MpeKo KOHTHHEHTATHO-je3epcke BpaHuuke cepuje).
TakaB omHOC ymyhyje Ha IPUCYCTBO Halpen HaBeleHe
MOpCKE TPaHCTPECHje 1 Ha OBOM ITPOCTOPY.

e AHanm3oM OymioTwHa, YTBphEHO je Na mocToju
3HAa4YajHO ITOAIOBPIIMHCKO MPUCYCTBO MOPCKHX Ha-
ciara OameHa y pa3nuuuTuM ¢anujama, aau je
JIOMUHAHTHO TUTUTKO, KapOOHATHO pa3Buhe Koje yka-
3yje Ha MPHUCYTBO jeIHE PENIATHBHO YCKE U M3Iy)KEHE
kapOoHaTHe riaropmMe mpaBla NpyKama HCTOK—3a-
naj (mporemeHa ayxuHa of mpeko 1200 m a mmpuaa
1o 250 m). Y mojenuHauM OyrmioTrHaMa, 1e0JbrHA Kap-
bonara moctmwke 70 m (b-11).

e Ha oCHOBy mpelMMWHapHE IaJIEOHTOJIOIIKE
aHanu3se (IpBeHe anre, Opro30e, MEKYIIIH, (HOpaMHu-
Hudpepe u np.), Moxe ce pehm nma je xapOoHaTHa
mratdopma (pamira) BUIIEe MPHCYyTHA y miuahem Oa-
JIeHy, HeTO 3a BpeMe CTapHjer u cpemer OaneHa. [le-
NOHOBamwe 0BakBUX Hacyara (1o 98 % CaCOs;) Be3aHo
je 3a T3B. cpelhe MHOIICHCKH KIUMATCKH ONTHMYM
Koju je omoryhmo cTBapame CIMYHHAX CeINMEHaTa Ha
mmpokoM npoctopy Ilapareruca anu u Meaurepana
(BOHME, M. 2003; HARZHAUSER & PILLER 2007; ROGL
et al. 2008).

e Mely oBuM Haciiarama, JOMHUHAHTHU CY T3B. Jaj-
TOBAaYKH KPEUHAITH KOjH, Y 3aBUCHOCTH O] JIOMUHAH-

THE QOoCHITHE KOMITOHEHTE, MOTY OU IO/IeJbeH! Ha He-
KONMKo Omodaruja (anramHu, Opro3ojcku, ampucTe-
THUHCKH, U Ap.). Y TaIE0EKOIOIKOM CMHUCITY, CBH OHH
yKazyjy Ha IUIMTKY, CTIPYIHY U CyOCIpYIHY MOPCKY
CPEIHYy ca PEeNIaTHBHO TOTLIOM, YHUCTOM BOZOM U Ty-
ouHoM on 5 o 40 m ( ZUSCHIN & HOHENEGGER 1998;
WIEDL et al. 2012, 2013).

e Mame mapTHje NMEeCKOBUTHX Jlamopara U HEeKuX
KJIACTHTA KOje Cy OTKpuBeHe y OymormHama b-11,
Bb-15, b-19 u b-21 a ucnox majToBaYKuX Kpedrmakxa,
MMajy MaJio ONCEPBHPAHO pacmpocTpameme. Mebhy-
TUM, W3BECHO j& Jla OHE WMajy BAHPEIHO BaXKHY
crparurpadcky mo3unyjy. Hamme, mpenumuHapHe
onpende mpucytHe MukpodayHe dopamuHubepa
(Orbulina suturalis, Globigerinoides trilobus, Lagena
U Jp. Tj. acomMjanyja Koja oaroBapa JOH00aJIEHCKO]
JIAaTeHU/IHOj 30HU) YKa3yjy /ia ce pajy O HajCTapHjuM
HUBOWMA 0aJleHa W yIIpaBo TH CETUMEHTH JIEKE TpaH-
CTPECHMBHO IMpPEKO NIAPEHHWX KiIacThuTa Bpaauuke
cepuje. O mpenu3Hnjoj brnocTparurpadckoj AeTePMH-
HaIlju OBUX CJI0jeBa HHUje MOoryhe TOBOPUTH Y OBOM
TpeHyTKy (? IOoma WIH ropma JIareHuaHa 30Ha) 0e3
JIeTaJbHHj€ KBAJIMTATHBHE W KBAaHTUTATHBHE aHAIN3E
moMeHyTUX ¢dopamMuHudepa W KpedmadKkor HaHO-
m1aHkToHa. Ha taj Haunu he 6utn moryhe n yTBpIau-
TH TIPaBO BpeMe KaJa ce TpaHCTpecHja W Jecuia
(oxBUpHO TIpe 15 MWUIMOHA TOAMHA), CIIMIHO OHOME
KaKO j€ YYHEEHO W Y HEKUM JIPYTUM TOApYyYjuMa o
jyxHoM 060y ITanomckor 6acena (CORIC et al. 2009;
HOHENEGGER et al. 2009; PEzELJ et al. 2013).
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Pseudoclypeina? crnogorica RADOICIC, 1972 — Stratigraphic revision

and taxonomic note on a little known dasycladalean alga from
Montenegro

RAIKA RADOICIC!, NICOLAOS CARRAS? & MARC ANDRE CONRAD?

Abstract. Pseudoclypeina? crnogorica was first described in 1972 from the Lower, Cretaceous limestone
of the Njego§ Mt. area, Montenegro, Dinaric Carbonate Platform. It differs from other species of the genus
Pseudoclypeina by its calcification pattern, the shape and relative length of the first and second order laterals,
and by the presence in the type-material (a thin section containing the holotype) of sections standing for the
sterile portion of the thallus. This is why in this paper, the generic name is left in open nomenclature. On this
occasion the species, whose presence is also reported from southern Iran, is re-described and better illustrat-
ed, based on material originating from other outcrops in Montenegro. The stratigraphic position is reviewed
as well. Pseudoclypeina? crnogorica occurs in shallow water inner platform facies of early Neocomian age,
along with Selliporella neocomiensis.

Key words: Dasycladalean (green algae), Pseudoclypeina? crnogorica, Neocomian, Dinaric Carbonate
Platform, Montenegro.

Ancrpakr. dasuxnananean Pseudoclypeina? crnogorica, onucana 1972., moTide U3 TOHOKPESTHAX CEIH-
MeHara therom mnanune y Lproj 'opu (Aunapcka kap6oHatHa mardopma). P.? crnogorica pa3nukyje ce of
IpyTuX BpcTa pona Pseudoclypeina o tuny kanmudurkaiyje, o6IuKy U JUMEH3HjaMa IPUMapHUX OTrpaHaka
Kao W MMPHUCYCTBOM JIHMj€I0Ba KOjH OAroBapajy mialjeM crepuaHoM aujerry taimyca. CTora je oBa BpcTa IpuKa-
3aHa y OTBOPEHO] HOMEHKJIATypH Te€HEPUYKOT UMeHa. J[aT je MOTHyHHjH OIUC TUIICKOT M JIPyror Marepujaiia
y3 OpojHe miyctpanuje. P.? crnogorica jaBiba ce y IUTUTKOBOAHUM (ardjama Heokoma miarhopMHE YHY-
TPaIIKBOCTH, Y CII0jeBUMA Y KojuMa ce jaBiba u Selliporella neocomiensis. Ocum y lpuoj Topu, HaljeHa je y
CeTMMEHTHMA MCTE CTapOCTH Y jyxoMm Hpany.

Kiyune pujeun: Dasycladalean (3enene anre), Pseudoclypeina? crnogorica, neoxoM, JluHapcka kap-

6onarna wiatdopma, Lpaa Topa.

Introduction

Lower Cretaceous, shallow water sediments of the
shouthern Montenergro (NW-SE belt), Dinaric Car-
bonate Platform, contain an abundant flora of dasy-
cladalean algae and subordinated foraminiferal fauna,
especially in an interval covering part of the Neoco-
mian. No less than six species of dasycladalean algae
were originally described from this area. The aim of
this paper is to revise the age and, based on yet unpub-
lished material, provide new insights on the taxonomy
of one of these species, the little known Pseudoclypei-
na? crnogorica RADOICIC, 1972.

P? crnogorica was originally described from un-
differentiated Lower Cretaceous deposits, found in the
Srijede area and forming the NE flank of the Njegos
Mt. anticline (Fig. 1). The core of the anticline consists
of Jurassic and Cretaceous shallow water carbonates.
The Jurassic succession, dated Lias to uppermost Malm
(Clypeina jurassica Zone), includes a short stratigraph-
ic gap laterally and partly corresponding to pre-Late
Kimmeridgian bauxite deposits. The northeastern flank
of the anticline is distorted by a longitudinal fault,
along which late Malm and Neocomian Cretaceous
sediments are in tectonic contact. The stratum typicum
of P? crnogorica is a limestone sampled at observation

I Kralja Petra I, 38, 11158 Beograd, Serbia. E-mail: rradoicic@sezampro.rs
21.GM.E., Spirou Loui 1, Olympic Village, Achermes, Greece. E-mail: nicarras@igme.gr
371 chmin de Planta, 1223 Cologny, Switzerland. E-mail: sacoluk3712@dfinet.ch
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stata and Campbelliella stria-
ta, followed by a coprogenous
limestone with Salpingopo-
rella annulata, coprolites and
rare foraminifers and, finally
by a limestone with fragments
of an unknown dasycladalean
alga later identified as Pseudo-
clypeina’! crnogorica.

In the region of Prekornica
and Lebrsnik Mts, in northern
part of the Geological map
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sheet Titograd at scale
1:100000, the “Ttitonian—Va-
langinian” limestone-dolomite
succession (“J/K”) is largely
distributed, transgressive on
the Upper Triassic or Triassic-
Liassic deposits (Zivaljevic¢ et
al. 1971, 1973). Location is in
the southernmost part of the
large Niksicka Zupa bauxite
bearing region, north of the
Zeta intra-platform furrow. A
Neocomian limestone con-
taining P.? crnogorica was
found on the road east of the
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Fig. 1. Geological map of the Njego§ Mt. anticline, from the Geological Map Sheet
Nisi¢ , 1:100000 (Vunsic & PALINKASEVIC, 1975), simplified. Legend: 1, Lias;
2, Middle and Upper Jurassic; 3, Lower Cretaceous; 4, Upper Cretaceous. Left star

the type level.

point N° 1011b/1963 of the mapping team, on the Ni-
ksi¢—Gacko road, NE flank of the anticline. Originally,
it was erroneously assigned to the “Zone with Salpin-
goporella melitae and Likanella danilovae (Barremi-
an—Lower Aptian)” [not “Barrémien-Aptien supérieur.
Associée a Salpingoporella melitae et Likanella ? da-
nilovae” (BASSOULLET et al. 1978, p. 217)], because the
two species were found in some other observation
points. At that time, data enabling to date the NE flank
of the anticline from the Neocomian was missing.

In many areas of western Montenegro, the Juras-
sic—Lower Cretaceous stratigraphic column is more or
less reduced due to frequent subaerial exposures of
different duration, resulting in the presence of signifi-
cant stratigraphic gaps corresponding or not to the
presence of white bauxite (RADOICIC & Vuiisi¢ 1970;
RaDOICIC 1993). One of such successions, with white
bauxite ranging from the Neocomian to the Upper Al-
bian—Cenomanian, is found in the Velimlje area, south
of the Njego§ Mt. The lower—middle part of the Neo-
comian column, with numerous subaerial exposures
consists, first of a limestone containing Daturelina co-

Lebrsnik Mt. Southward along
the same road, two outcrops of
a limestone containing Selli-
porella neocomiensis, Clypei-
na neretvae and P.? crnogori-
ca were sampled (the first
sampling, near Lisac, is type
locality of S. neocomiensis).
In all known localities of
Montenegro, P? crnogorica occurs in Neocomian
sediments, most probably dated Late Berriasian or
Late Berriasian—Early Valanginian.

Genus Pseudoclypeina RADOICIC, 1970.

Three species of the genus Pseudoclypeina have
been described from southern Montenegro (Dinaric
Carbonate Platform): P. cirici RApoICIC 1975, non
1970, the genotype, P. farinacciae RADOICIC 1975,
non 1970, both from the Upper Kimmeridgian, and
P? crnogorica RADOICIC 1972, from the “Barremi-
an—Lower Aptian” (now dated Neocomian). Because
P. cirici differs from the other two species in having
three orders of branches, BASSOULLET et al. (1978),
suggested that it would “préférable de signaler dans la
diagnose du genre que Pseudoclypeina peut présenter
deux ou trois ordres de ramification.” Which, at once,
is accepted in the present paper.

A new species, Pseudoclypeina distomensis, was
introduced by BARATTOLO & CARRAS (1990) from the
Lower Kimmeridgian of the Parnassus Carbonate
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Platform, Greece. Accoding Barattolo and Carras
“The ‘tertiary branch’, which Radoi¢i¢’s diagnosis of
Pseudoclypeina is referred to, is not considered in
such a manner for the following reasons: it originates
without ramification (absence of ramification); it is on
the same extension of the secondary branch; branches
of a same order bearing narrowings are already known
and have been accepted by former authors [e.g.
Palaeodasycladus mediterraneus (P1A)]”.

In the opinion of the present first author (RR), the
tertiary branch (lateral, segment) of Pseudoclypeina
cirici (in prolongation of secondary which has integral
inner calcification including mould of reproductive
organ and the pore at the top) is rarely together pre-
served due to brittle joint with secondary. This part of
the skeleton has the form to which term branch (later-
al, segment) is more corresponding, in the same way
as the term “narrowing” (constriction) more corre-
sponds to Pseudoclypeina distomensis. Such distinc-
tion may be irrelevant if the biological function is the
same, i. e. protection of the fertile organ.

Both species, P. cirici followed by P. distomensis
occur in the shallow-water, Late Jurassic succession
of the Distomon area, Parnassus Carbonate Platform.
In the nearby Kallidromo Mt. they occur together as
well (recent unpublished data, N. Carras). In the fu-
ture, a detailed study may show to what extent the two
species are reciprocally related.

Pseudoclypeina? crnogorica RADOICIC, 1972
Fig. 2; PIs. 1-3; PL. 4, Figs. 1, 2, 6

1972 Pseudoclypeina crnogorica sp. nov. — RADOICIC, p.
365, figs. la—c.

Diagnosis. Thallus cylindrical, relatively large, the
main stem bearing regularly spaced shallow funnel-
shaped whorls of numerous laterals. Primary laterals
ovoid, bearing a tuft of 4-6, rather large and long sec-
ondary laterals, gradually widened outwards and no
further ramified. Primary and second order laterals
equally inclined upwards. Calcification articulated,
individually coating the whorls of laterals. Repro-
ductive organs (cysts) not observed, presumably
located in the primary laterals (cladosporous type).

Notes on the generic attribution. Pseudoclypei-
na? crnogorica differs from other species of the genus
in the type of calcification, comparatively standard
(originally aragonitic), made of an external coat of
colorless sparry calcite. By contrast, in Pseudocly-
peina cirici, P. farinacciae and P. distomensis an in-
ner, yellowish coat of calcite is present, strongly re-
calling if not identical to the calcification pattern
found in Clypeina jurassica. The thallus of P.? crno-
gorica is comparatively rather small, with a smaller
number of laterals per whorl, noting that in P. farinac-
ciae other biometrical values are incomplete because
the skeleton is altered by dissolution. Finally the size

ratio between primary and secondary laterals is almost
opposite, denoting a substantial difference. This is
why in this paper we prefer to put the species in open
nomenclature.

Quoting Bucur (2013) “P. crnogorica, the fourth
species of the genus Pseudoclypeina, differs from the
other species not only in its calcification pattern, i.e.,
blocky sparite, but also in the size ratio between the
primary and secondary laterals. The primary laterals
are half the length of the secondary ones and ovoid in
shape; this is not typical for the genus Pseudoclype-
ina, and makes the assignment doubtful. Based on the
morphology and size ratio of the laterals, this species
is more likely to be affiliated to Selliporella, as
emended by BARATTOLO et al. 1988. The general mor-
phology of the thallus broadly resembles that of Sel-
liporella neocomiensis (see BUCUR & SASARAN,
2003)”. In P.? crnogorica however, the secondary la-
terals are phloiophore (widening out), as compared to
pirifere (the opposite) in Selliporella. A possible trans-
fer to Dissocladella is all the same rejected, because
of different morphology and primary to first — second
order laterals length ratio. That is why we prefer, at
the moment, to assign the species with doubt to the
genus Pseudoclypeina, avoiding creating another ge-
nus based on insufficient data. For the moment this
standpoint is shared (pers. comm.) by two algologists,
namely Filippo Barattolo (Naples) and loan 1. Bucur
(Clyj).

Description and comparisons. Based on available
material, P. crnogorica shows a moderate dimension-
al variability of the following characters. External dia-
meter (D) 3.5-4.4 mm; inner diameter (d) 1-1.3 mm;
spacing of whorls (h) 0.9—1.0 mm; dimension of pri-
mary laterals max. 0.40x0.30 mm (proximally com-
pressed); length of secondaries (1’) 0.75-0.80 mm,
with a distal diameter (p’) of 0.275 mm. Number of
primaries per whorl (w) 20-22. Upward inclination
(o) of the primary laterals approximately 40° to the
horizontal plane.

Two singular sections are illustrated in Pl. 3: Fig. 4
shows the oblique section of a fragment of whorl with
smaller primaries, sparse and long secondaries); Fig.
5 shows the tangential section of strongly tilted sec-
ond order laterals in cup-like arrangement. Most prob-
ably, these two sections belong to the youngest, steri-
le portion of the thallus, in a way similar to some re-
cent genera. In the studied material the calcified main
stem is not preserved. Membranes of the primary and
secondary laterals are seldom preserved as a thin
micritic coat (Fig. 2, the holotype). Calcification, ma-
de of colorless sparry calcite enclosing the primary
and secondary laterals, becomes thinner at the thallus
periphery and is usually not preserved distally. Partial
recrystallization occurs, stronger around the top of the
primary and proximal portion of the secondary later-
als. Seldom, all of a whorl or fragment of whortl is
completely recrystallized (Pl. 2, Fig. 3; PL. 4, Fig. 2).
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Fig. 2. Pseudoclypeina? crnogorica RADOICIC, 1972, the
holotype. Sub-axial section cutting eight whorls. The
micritic membrane coating the first and second order later-
als is especially well preserved. Thin section RR1927.
Sterile parts of the thallus: see PI. 3, figs. 4, 5.

Located in the Srijede area, the type-level of P,
crnogorica consists of an inhomogeneous limestone

(wackestone, packstone, peloidal limestone, grain-
stone containing micrite lithoclasts). The species
mainly occurs as isolated whorls and fragments. From
this bed, 11 thin sections were made from sample
07753a (RR1922-1925/1-1926/1-1930). Also six thin
sections were made from sample 06230 (RR1794-
1795/1-1798) originating from another, neighboring
location. Finally, two thin sections were made from
sample 03669 (RR1542,1543) originating from the
Lebrsnik Mt. area and one thin section from sample
03681a (RR1567) south of Lebrsnik.

Algae labeled Dasycladacea sp. by FOURCADE et al.
(1972, pl. 2, figs. 5-8) illustrates a specimen originat-
ing from the upper Barremian of Benizar—Otis area,
southeast Spain, which has been included in P. crno-
gorica by BASSOULLET et al. (1978, p. 217). The same
taxon, most probably, was illustrated by MASSE (1995,
pl. 2, fig. 16) under the name of Pseudoclypeina sp.,
from the upper Barremian of Orgon, SE France. Com-
pared to P.? crnogorica the calcification pattern of
these specimens is the same but the shape of the pri-
mary laterals differs (elongated versus ovoid), and the
length ratio of the first and second order laterals is the
opposite, indicating a new taxon.

Stratigraphic and geographic distribution. In
Montenegro, Pseudoclypeina? crnogorica, Sellipo-
rella neocomiensis and Clypeina neretvae occur in an
inner platform limestone-early diagenetic dolomite
interval presumably dated Upper Berriasian—Lower
Valanginian. Besides the foregoing species, P. crno-
gorica is associated with common Salpingoporella
annulata, Salpingoporella spp., Clypeina spp., some
other small and undetermined species, fine algal de-
bris, Favreina spp. and microgastropods. In southern
Montenegro, locations form a discontinuous belt
extending from northwest of Nik$i¢ to the south-east,
in the mountains area north of Podgorica (Titograd).

P? crnogorica was presented by BERNIER et al.
(1979, pl. 1, figs. 9—11) as Pseudoclypeina aff. crno-
gorica from Kimmeridgian—Portlandian of Mount
Kanala, Gavrovo Massive, Greece, associated with
foraminifer Anchispirocyclina neumannae n. sp. Than
described the new foraminifer species Anchispiro-
cyclina neumannae originates from “Portlandian
supérieur (selon H. TINTANT, in M. RAMALHO 1971)”
of Cap d’Espichel, south of Lisbon, Portugal.

Besides Montenegro and Greece, specimens look-
ing alike P?. crnogorica are found in the Zagros fold
and thrust belt of Southern Iran, in an interval dated
Late Berriasian—Early Valanginian (HOSSEINI et al.
2013).
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Pe3nme

Pseudoclypeina? crnogorica Radoicic,
1972 - crpaturpadcka peBusuja u
OMJbEIIKA 0 TAKCOHOMHUJU MAJIO MO3HATe
nacuxJianasiaean aiare u3 Llipae T'ope

JlomOKpeHr TIIUTKOBOAHU ceMMEHTH JluHapcke
kapOoHarHe miardopme y jyxkHoj Lproj ['opu (mmojac
C3-J1), campke 6pojHy anranny (Gropy y3 IPUIAIHO
cupomantHy GopamMuHA(EPCKyY QayHy, 0COOUTO y je-
HOM WHTEpBaITy Heokoma. V3 JOHmOKpEeTHNX cemume-
HaTa OBOT MOJpydja OMUCAHO je MIeCT HOBHUX Ja3uKJia-
JaneaHcKux BpcTa. [IpenMer oBoT TeKCTa je CTpaTH-
rpadcka peBu3dja W NETaJbHUJU MPUKa3 HEIyOIHKO-
BaHOT MaTepHjaia 3Ha4ajHOT 32 TAKCOHOMH]Y jEIHE O
OBHX BpCTa - Majlo TIo3HaTe BpcTe Pseudoclypeina?
crnogorica.

Pseudoclypeina? crnogorica RADOICIC, 1972
Pl. 1-3, pl. 4, figs. 1,2, 6

1972 Pseudoclypeina crnogorica sp. nov. — RADOICIC,
cTp. 365, ci.. la—c.

Jdujarno3a. unuuapuyaH, peJaTUBHO KpyIlaH Ta-
Jyc, ca TJIaBHOM OCOM KOja HOCH TIPaBWIJIHO Pacrio-
pebheHe MIMTKO-JbEeBKACTE TPILJLEHOBE OPOJHHUX Tpa-
Ha. [IpumapHm orpaHIu oBOoMIHOT oONWKa najy 4—6
peNaTUBHO KPYIHHUX U OYTHX CEKyHAAapHUX OTpaHaKa
KOjH C€ TOCTYITHO 0Jaro MpoIMpyjy mpeMa cIiojba-
IIF0] TIOBPIMHY, He TpaHajyhu ce nasee. [Ipumapam
Y CeKyHAAapHHU OTPAHIIM HCTOT Cy Haruba mpema IeH-
TpamHoj ocu. Kanmmdukanuja apTUKymaTHa — IIp-
[IJBEHOBU Cy T10jeINHAYHO 00aBHjeHn. PenpomyKTuB-
HU opraHH (IFiCTe) HEMO3HATH, BjepOBATHO CMjeIlTe-
HH Y IPUMapHUM OTpaHIuMa (KJIaI0CIOPHHU THII).
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Ynopehemwe u onuc. Pseudoclypeina? crnogorica
pasmiuKyje ce of Ipyrux Bpcra poma Pseudoclypeina
Mo TUNY KanmuduKanuje KOjy YUHU CIOJbAlllbH
cnapu-Kanuutcku omorad. [pyre Bpcre, P cirici, P.
farinacciae n P. distomensis xapaktepuIie yHyTpa-
IIBM OMOTad KyhKacTor KaimuTa KOju je Beoma
CIMYaH ako He W WIASHTHYAH KaJIHM(QUKAIHjH BPCTE
Clypeina jurassica. P?? crnogorica nma Taimyc MambHux
IUMeH3HMja, ca MamuM OpojeM orpaHaka. [lomenyte
pa3JHKe Cy PasJorT IITO CE€ Y OBOM TEKCTY Crrogorica
OCTaBJba Y y OTBOPEHO] POIOBCKOj HOMEHKJIIATypH, /1a
O0u ce, 3a cama, u30jerio yBoheme HOBOT pofia Ha
OCHOBY HEZIOBOJHHO TMOJIaTaKa.

JIBa mpecjeka mpuka3aHa Ha Tabmu 3, ci1. 4 u 5 mpu-
MMCyjy ce HajMiahleM CTEepWIIHOM [Hjery Taiyca.
MemOpaHa TpUMapHHUX W CEKyHAApHUX OrpaHaka
PHjETKO je cadyBaHa Kao TaHAK MHKPUTCKA OMOTad
(ci. 2, xomorum). Kamudukamuja 6e300jHOT criapuT-
CKOT' KaJIuTa 00yXBara MpUMapHe U CEeKyHIapHe OT-
paHKe, Ha MIOBPIIMHY Talyca Hajuerrhe HHUje odyBaHa.

[Ipexprucranu3anmja je 0OMYHO jada y BpXy MpHUMap-
HUX U IPOKCHMAJIHOM JAMjelly CEeKyHAapHUX OrpaHa-
ka, pjehe cy ¢parmMeHTH NpPHLBEHOBA WM YHTaBH
JjeJIOBU Talyca CaCBUM MPEKPUCTATUCAIIH.
T'eorpadgcko u crparurpadcko pacnpocrpame-
mwe. [IpukasaHu marepujan MMoTHYE W3 YETUPHU JIOKa-
mureta y jyxHoj Lproj Topu. Turcku moxanmureT u
JIOKAJIUTET y HEroBoj ONM3WHY Halaze ce y Moapydjy
Cpujene Ha cjeBepHOM Kpwily aHTHKIMHaime Hberomr
TUTaHUHE, cjeBepo3anaaHo of Hukmmha (cu. 1). Hpyra
JIBa JIOKAJIUTETa HaJla3e ce y TUIAHWHCKO) 00acT cje-
BepHO of [logropue, 3amamHo u jyrozamamgao on Jle-
OpIIHMKa. Y OBUM JIOKAJMTETUMA, Ka0 U Y HEKUM Jpy-
THM Yy KOjuMa je Tperio3Hara, P.? crnogorica jaBiba ce
Y HEOKOMCKUM CEIMMEHTHMA, HajBjepOBaTHH]E TOPHET
Oepujaca WM TOpHET OepHjaca-I0meT BaJeH IHCA.
Ocuwm y LpHoj ['opu, mpumjepii BeoMa CITUIHN aKO
HE M MISHTW4HHU Bpctu P? crnogorica HaheHu cy y
ceIMMEHTHMa TOpEer OepHjaca-Tomer BaJeHuca 3a-
rpoc mojaca y Jyxxaom Upany (HOSSEINI et al. 2013)

PLATE 1
Isotypes of Pseudoclypeina? crnogorica RADOICIC, 1972

Fig. 1. Tangential section of whorl with, in the proximal part, laterally slightly compressed primary laterals, elliptic
in section. Note the calcified membrane of primary laterals (black micritic line). Thin section RR1926/1.

Figs. 2-5.  Oblique sections of whorls. In Figs. 2, 3 recrystallization is stronger around the top portion of the primaries
and proximal portion of the secondaries. Calcification is thinner in Fig. 5. Thin sections RR1924, 1928,
1925/1, 1925/1.

Figs. 6, 12. Tangential sections of the secondary laterals. Thin section RR1926.

Fig. 7. Fragment of whorl showing the ovoid first order laterals and long gradually widening outward secondaries;
the section plane follows the inclination of laterals.. Thin section RR1926.

Figs. 8-11. Fragments, tangential-oblique sections cutting some of the primary and secondary laterals. Thin sections

RR1928, 1951/1, 1927, 1929.
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Fig. 1.

Fig. 2.

Fig. 3.
Fig. 4.

Figs. 5, 6.

Fig. 7.

Fig. 8-10.

Figs. 11, 12.

Fig. 13.

RAIKA RADOICIC, NICOLAOS CARRAS & MARC ANDRE CONRAD

PLATE 2
Pseudoclypeina? crnogorica RADOICIC, 1972

Tangential section of a partially recrystallized whorl. Note the micritic membrane in transverse sections of two
primary laterals, and the more recrystallized proximal portion of the secondaries. Thin section RR1926/1, iso-

type.

Deep tangential section of a recrystallized whorl. Note the transverse sections of primary with micritic mem-
brane. Thin section RR1796.

Transverse section of a recrystallized fragment of a whorl. Thin section RR1796.
Deep tangential-oblique section of a whorl. Thin section RR1796.

Subaxial sections, partly recrystallized. Note the upward inclination of the primary laterals. Thin section
RR1795/1.

Fragments of a whorl, fractured. Thin section RR1925, isotype.

Fragments of whorls showing the primary laterals and the proximal parts of the secondaries. Thin sections
RR1795/1, 1795, 1796.

Tangential sections of secondary laterals. Thin sections RR1725/1, 1926/1, isotype.

Tangential-oblique section cutting the distal parts of three whorls in advanced degradation process. Note the
micritic membrane in some of the second order laterals. Thin section RR1794.
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Fig. 1.

Fig. 2.

Fig. 3.

Figs. 4, 5.

Fig. 6.

Fig. 7.

RAIKA RADOICIC, NICOLAOS CARRAS & MARC ANDRE CONRAD

PLATE 3
Pseudoclypeina? crnogorica RADOICIC, 1972

Il-preserved, fractured fragment of a whorl. The section plane more or less follows the inclination of the lat-
erals. Left: most of the primary laterals are visible, as well as the slightly deformed secondaries and corre-
sponding swollen distal part (arrow). Thin section RR1930, isotype.

Tangential-oblique section progressively cutting three, partly recrystallized whorls. Only the primary laterals
are visible in the upper, deeper cutting, whorl. Thin section RR1794.

Tangential section cutting three whorls showing different stages of preservation. Thin section RR1924, iso-

type.

Two sections interpreted as cutting the upper, sterile part of the thallus (4) with smaller primaries and (5) top-
most, cup-like part of the thallus. Thin section RR1927 also containing the holotype.

Fragment of whorl showing the primary laterals and poorly preserved proximal parts of the secondaries. Thin
section RR1543.

Tangential, slightly oblique section. Note the micritic membrane coating the primary laterals. Thin section
RR1542.
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Fig. 1.

Fig. 2.

Figs. 3, 4.

Fig. 5.

Fig. 6.

Fig. 7.

RAIKA RADOICIC, NICOLAOS CARRAS & MARC ANDRE CONRAD

PLATE 4

Isotype of Pseudoclypeina? crnogorica RADOICIC, 1972. Deformed, partly disintegrated and recrystallized
part of a skeleton showing six whorls. Noteworthy, in this case some pores of the primary laterals are circu-
lar in section. Thin section RR1928.

P.? crnogorica. Fractured, deformed and completely recrystallized (large blocky calcite grains) of a specimen
showing four whorls. Thin section RR1567.

Dasycladalean alga NK1 n. gen.?, n. spec. (informal designation). Arrows: dichotomous branching of the lat-
erals. Thin sections RR1794, 1795/1, also containing P.? crnogorica.

Presumably Dasycladalean alga NK1. The axial cavity covers part of the primary laterals, which are recrys-
tallized and dichotomously branched at periphery. Thin section RR1924.(containing isotypes P? crnogorica).

Isotype of P.? crnogorica. Transversal-oblique section of a partly recrystallized piece of thallus. Thin section
RR1925/1.

Clypeina sp. Thin section RR1795.
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Polymetallic Cu-Bi-(Pb-Zn-Co-Ag) mineralization
of the Perin Potok locality near Bor, Serbia

ALEKSANDAR PACEVSKI', KRISTINA SARIC' & VLADICA CVETKOVIC!

Abstract. Complex polymetallic Cu-Bi-(Pb-Zn-Co-Ag) mineralization of the Perin Potok locality occurs as
disseminations and fine nests in quartz-ankerite-(sericite) veins. The veins are located in metamorphic rocks of
the outer contact zone of the Variscan Gornjane Granitoid. The mineralization consists of (in decreasing abun-
dance): chalcopyrite, aikinite, bismuth, galena, Ag,Bi-bearing tetrahedrite, sphalerite, cobaltite and an unnamed
Bi, Te mineral. All these phases form distinctive exsolutions and intergrowths and they simultaneously precipi-
tated from a very complex hydrothermal fluid. Silver shows elevated contents in tetrahedrite (3.3—4.4 wt. % Ag),
galena (0.9-1.1 wt. % Ag) and in the unnamed Bi,Te mineral (0.9 wt. % Ag). Such high Ag concentrations can
imply that Ag minerals could be also present. Minor amounts of rutile showing fine intergrowths with sericite
also occur in this paragenesis. This is W-bearing rutile that shows zoning caused by up to 2.2 wt. % W. The stud-
ied mineralization is probably genetically related to the Variscan Gornjane Granitoid, although the possibility of
derivation from the metamorphic basement should be also taken into account.

Key words: aikinite, bismuth, tetrahedrite, rutile, Variscan metallogeny, Gornjane Massive, east Serbia.

Ancrpakr. KommiekcHa nonumeranugaa Cu-Bi-(Pb-Zn-Co-Ag) MuHepanuzanmja OTKpHUBEHa Ha
nokanurety llepuH moTok o0pasyje UMIperHaiyje u THe3Aanlna y KBapi-aHKepUT-(CEPUIIUTCKAM) KHIIaMa
Koje ce Hajla3e y KOHTaKTHOj 30HH TOPH-aHCKOT TPAaHUTOH/IA C OKOIHUM MeTamopduruma. MuHepanuszanujy
gpHe (y omamajyhoj KOMMYMHH): XaJKOMUPHUT, ajKHHUT, CAaMOPOAHU OW3MyT, rajieHut, Ag Bi-terpaenpur,
coanepur, kobanTHH u HeuMeHoBaHu Bi,Te munepan. CBu OBM MUHeEpanu 00pa3yjy M3pa3uTta H3zBajarba U
npopacrarmba M HCTOBPEMEHO Cy JIETIOHOBAHW W3 jEAHOT BeoMa KOMIUIEKCHOT XHUAPOTEpMalHOT (Iyuia.
Cpedpo noka3yje nmosehane koHieHTpaiuje y Terpaenputy (3,3—4,4 mac. % Ag), ranenuty (0,9-1,1 mac. %
Ag) u HeumenoBaHnoM Bi,Te munepany (0,9 mac. % Ag). Ha ocHOBY 0OBMX MOBHUILIEHHWX KOHIEHTpanuja Ag
MO)KE C€ MPETIOCTaBUTH Jja Ha UCIIMTHBHOM TEPEHY I0CTOje M MUHepaiH cpebpa. Pyrui, koju je y Mamoj
KOIMYMHKU Takohe IpHcyTaH y OBOj IapareHe3W, Mokaszyje (uHa Ipopacrama ca cepunutoMm. OBaj W-
oboraheHn pyTun Imokasyje 30HapHOCT Y3pOKOBaHYy cajpikajeM Boidpama 1o 2,2 mac. %. VcnuruBaHa
MHHEpaIH3aIlija BEpOBATHO j€ TeHETCKH MOBE3aHa C TOPHAHCKUM TPAaHUTONIOM, Maja 61 MOryhHOCT HeHOoT
MOpEeKJIa U3 OKOJIHUX MeTaMopduTa Takohe Tpedasio y3eTn y pasMarpame.

KibyuHe pedyu: ajKuHAT, CAMOPOIHH OU3MYT, TETPACAPUT, PYTHII, XEPIUHCKA METAJIOT€HH]ja, TOPHHAHCKH
MacuB, uctouna CpoOwuja.

Introduction

The locality of Perin Potok, situated about 10 km
north-eastward of the town of Bor, has long been
known as one of the occurrences of W-Mo mineraliza-
tion in north—east Serbia. The mineralization is most-
ly represented by scheelite and molybdenite and, apart
of these minerals, the presence of sulphides — chalco-

pyrite, pyrite and rarely arsenopyrite - was also report-
ed (SAviC 1956; Jankovi¢ 1990). This W-Mo miner-
alization is generally interpreted as genetically related
to the Gornjane Granitoid. This granitoid belongs to a
belt of NE Serbia granitoids that were formed by
Variscan orogenic/post-orogenic events (UROSEVIC
1908; SmmIC 1953; MIHAJLOVIC-VLAJIIC & MARKOV
1965; DivLIAN & DivLIAN 1972). Both Variscan gran-

I University of Belgrade, Faculty of Mining and Geology, Department of Mineralogy, Crystalography, Petrology and
Geochemistry, Pusina 7, 11000 Belgrade, Serbia. E-mails: aleksandar.pacevski@rgf.bg.ac.rs; kristinas@rgf.bg.ac.rs; cvlad-

ica@rgf.bg.ac.rs
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itoids and their metamorphic basement are found to
host numerous ore-bearing quartz veins with W, Au
and sporadically with Cu, Fe and Pb-Zn mineraliza-
tions (SMIC 1953; KALENIC et al. 1973, 1976). In this
context, the true origin of these mineralizations (either
magmatic or metamorphism-related?) remained po-
orly constrained.

In this study we report new data on the polymetal-
lic mineralization occurring in the Perin Potok locali-
ty, in particular on the assemblage dominated by Cu-
Bi-(Pb-Zn-Co-Ag) metallogeny. To our best knowl-
edge, this locality represents the very first occurrence
of such type of mineralization in north-east Serbia. By
presenting textural and mineral chemistry characteris-
tics of the observed ore paragenesis we want to pro-
vide better understanding of the formation of W-Mo-
dominated mineralization in north—east Serbia. We
also have reasons to believe that this association of
metals could be present in economically significant
proportions in this area, and can shed new light on the
whole metallogeny of the entire region.

Geological Setting

The studied polymetallic mineralization occurs in a
very complex area of the East Serbian Carpatho-Bal-
kanides that represents an assemblage of the Lower
Paleozoic terranes intruded by the late Variscan grani-
toids (e.g. KARAMATA & KRSTIC, 1996; KARAMATA,
2006). The Perin Potok mineralization is found along
the southern contact zone between the Variscan Gor-
njane Granitoid and the surrounding metamorphic

LEGEND:

[ R R

rocks of the Stara Planina—Porec terrane. Further to the
west there are occurrences of the Upper Cretaceous
andesitic volcanics and volcaniclastics of the Timok
Magmatic Complex that is famous of large porphyry-
copper and epithermal-gold systems (e.g. BANJESEVIC,
2006; KoLB et al. 2013). A simplified geological
sketch of the area is shown in Fig. 1.

Gornjane is a NNW-SSE elongated lens-shaped
granitoid pluton that consists of quartz monzonite,
granodiorite, quartz diorite, diorite and syenite dis-
playing gradual transitions in composition (DIVLIAN
& MICIC 1960; KALENIC et al. 1976; VASKOVIC et al.
2012). Central parts of the magmatic body are com-
posed of quartz monzonite surrounded by granodior-
ite, while in the peripheral parts and contact zones
dioritic rocks generally occur. This granitoid pluton
contains numerous quartz veins, veins of pegmatite
and aplite, and younger shallow granite intrusions.
VASKOVIC et al. (2012) reported the U-Pb zircon ages
of 323.3 £2.6 Ma to 305.8 +£3.6 Ma. These ages con-
firm that the emplacement of this granitoid massive
occurred during the late Variscan events.

The metamorphic basement consists of the Rifeo-
-Cambrian to the Lower Palacozoic units (KALENIC ef
al. 1976) composed of various metabasic and metase-
dimentary rocks. The locality of Perin Potok is locat-
ed along the contact zone between the Gornjane Gra-
nitoid and the Lower Palaeozoic unit. The latter unit
starts with conglomerates and continues with sand-
stones, siltstones, metamorphosed clays and phyl-
lites.

The mineralization is found in up to 30 cm thick
quartz-ankerite and subordinate sericite veins. The

O I Upper Cretaceous volcanics

[:] Upper Cretaceous volcaniclastics

Middle and Upper Jurassic limestones,
dolomites and clastics

Gornjane granitoid

- Lower Paleozoic metamorphics

I:I Rifeo-Cambrian metamorphics

* Perin potok area

Fig. 1. A, Simplified geological map
(KALENIC et al., 1976), B, Geotec-
tonic division (KARAMATA & KRSTIC,
1996) and C, Geographical position
of the studied area. Explanations:
SPPT, Stara planina—Pore¢ terrane;
VCMT, Vrska ¢uka—Mirod terrane;
HT, Homolje terrane, KT, Kucaj ter-
rane; RVOT, Ranovac—Vlasina—
—Osogovo terrane; SMM, Serbo-
Macedonian massif.
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veins can be found only in stream beds as stream
flanks are covered by humus. They are mainly en-
closed in adjacent metamorphic rocks. Sulphide min-
erals form disseminated mineralization and nests up to
5 mm in size in these veins.

Materials and Methods

Representative samples of the mineralized veins
were routinely studied macroscopically and by re-
flected-light microscopy. Electron microprobe analy-
ses (EMPA) of the ore minerals were obtained at the
University of Belgrade — Faculty of Mining and Geo-
logy, using a JEOL JSM—-6610LV scanning electron
microscope (SEM) connected with INCA energy-dis-
persion X-ray analysis (EDX) unit. An acceleration
voltage of 20 kV was applied. The following standards
and analytical lines were used: pure copper (CuKa),
pyrite (FeKa, SKa), ZnS (ZnKa), InAs (AsLa),

BEG R0kV
UB-RGH

BEC 20kV
UB-RGF

Ag,Te (Agla, TeLa), InSb (SbLa), PbS (PbMav), pure
bismuth (BiMa), pure cobalt (CoKa), pure nickel
(NiKa), CdS (CdLa), TiO (TiKa) and pure tungsten
(WLa). Detection limits of the applied EDX measure-
ments were 26 ~ 0.2 wt. %. Gangue minerals were
determined by semi-quantitative analysis using inter-
nal standards.

Results

This complex mineralization is characterized by
fine intergrowths of many sulphides (Fig. 2), among
which chalcopyrite and aikinite predominate, whereas
bismuth, galena, sphalerite, tetrahedrite and locally
cobaltite are less abundant. In addition, fine exsolu-
tions of an unnamed Bi,Te mineral also occur in this
assemblage, but only as rare grains up to 10 um in
size. Chalcopyrite and aikinite occur as irregular
grains mainly up to 1-2 mm in size. Exceptionally,

SEl  20kV
UB-RGF

BEC 20kV
UB-RGF

Fig. 2. Studied mineral assemblages from the Perin Potok locality (A, C, D, backscattered electron images; B, secondary
electron images of detail marked by rectangle in A). Fine intergrowths of cobaltite with chalcopyrite in D are marked by the
arrow. Dots and numbers represent single electron microprobe analyses given in Table 1. Symbols: Aik, aikinite; Ank,
ankerite; Bi, bismuth; Cbt, cobaltite; Cp, chalcopyrite; Gn, galena; Ms, muscovite; Qtz, quartz; Sp, sphalerite; Td, tetra-
hedrite.
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chalcopyrite can be up to 4-5 mm in size. Bismuth
forms characteristic exsolutions in the central parts of
aikinite grains (Fig. 2a). Tetrahedrite also forms exso-
lutions in aikinite (Fig. 2a), but it mainly appears as
intergrowths with chalcopyrite, sphalerite and galena
(Fig. 2c). Cobaltite forms individual subhedral to
euhedral grains up to 0.1 mm in size or shows inter-
growths with chalcopyrite (Fig. 2d).

wt.% Bi). The presence of these metals characterizes
this mineral as a variety of Ag,Bi-bearing tetrahedrite.
The unnamed Bi, Te mineral contains 0.9 wt.% Ag and
shows Bi:Te ratio close to 2:1. There is no known min-
eral of such composition. However, as this mineral
occurs in very small grains, its detailed determination
was not possible. Galena contains 0.9-1.1 wt.% Ag.
Sphalerite contains common amount of iron (1.6 wt.%

Table 1. Results of electron microprobe analysis (wt.%) of the ore minerals from the Perin Potok locality.

Spot | Mineral S | Fe|Cu|Zn | As ([Ag |Sb | Pb| Bi | Co | Ni | Cd | Te [Total
1 o 15.3 11.0 39.0| 353 100.6
Aikinite
2 15.0 11.2 39.1 | 35.1 100.4
3 Chal it 35.1 34.0 99.0
4 HCOPYITE 17354299 [34.1 99.6
5 23.9130.1 [32.1 | 4.1 04 | 44 |263 6.1 99.3
6 Tetrahedrite 250 20352 | 5.1 65| 331|198 33 99.9
7 2431 1.8134.0 | 58 | 41 | 4.0 | 223 3.5 994
8 Bizmuth 1.4 100.2 100.2
9 Unnamed Bi,Te 0.9 76.2 22.0 | 99.1
10 12.7 0.9 85.6 99.2
Galena
11 12.8 1.1 85.3 99.3
12 Sphalerite 33.1] 1.6 57.2 7.5 99.4
13 Cobaltite 21.0| 3.8 43.6 312 | 1.0 100.6
14 224 6.8 41.7 281 | 1.3 100.3

Chemical compositions of all the above-mentioned
ore minerals are given in Table 1. Aikinite, chalcopy-
rite and bismuth do not contain EMPA-detectable
trace elements. Tetrahedrite displays chemical zoning
caused by Sb-As solid solution. Apart of the essential
elements, this mineral contains considerable amounts
of silver (3.3-4.4 wt.% Ag) and bismuth (3.3-6.1

BEC 20kV
UB-RGF

Fig. 3. Occurrence of W-bearing rutile at the Perin Potok
locality (backscattered electron image). Dots and numbers
represent single electron microprobe analyses given in
Table 2. Symbols: Ms, muscovite; Qtz, quartz; Rt, rutile.

Fe) and relatively higher amounts of cadmium
(7.5 wt.% Cd). Cobaltite shows slight zoning caused
by its common impurities of iron (3.8-6.8 wt.% Fe)
and nickel (1.0-1.3 wt.% Ni).

Negligible amounts of pyrite and pyrrhotite are also
present. Pyrite occurs in anhedral to subhedral indi-
vidual grains and in aggregates up to 0.3 mm in size,
while pyrrhotite forms rare subhedral to euhedral
grains up to 50 um in size.

Minor amounts of rutile occur as irregular grains
and aggregates up to 0.2 mm in size. Rutile shows fine
intergrowths with sericite and displays crystal zoning
caused by uncommonly high tungsten contents of up
to 2.2 wt.% W (Fig. 3 and Table 2).

Table 2. Results of electron microprobe analysis (in wt.%)
of W-bearing rutile from the Perin Potok locality.

Spot (0} Ti Fe W Total
1 393 | 56.5 1.3 2.2 99.3
2 40.0 | 59.3 0.3 99.6

Sericite, i.e. fine-grained muscovite that is coeval
with rutile (Fig. 3), appears within cracks in sulphide-
bearing mineral aggregates (Fig. 2b). Thus, it could be
concluded that this mineral assemblage formed in the
stage of mineralization where sulphide minerals are
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simultaneously deposited with quartz and ankerite,
whereas sericite and rutile precipitated in a subse-
quent paragenetic sequence of the same stage.

Discussion and conclusions

The above reported data suggest that minerals car-
rying Cu and Bi - chalcopyrite and aikinite, are the
most abundant ore phases in the studied sample suite,
whereas bismuth, galena, sphalerite, cobaltite and
tetrahedrite are subordinate. All these ore minerals of
Cu, Bi, Pb, Zn and Co, which form distinctive exsolu-
tions and intergrowths, simultaneously precipitated
from a complex hydrothermal fluid. This fluid was
enriched also in additional elements of interest, espe-
cially in Ag, and in lesser degree in Ni and Te. The
presence of Ag minerals is not revealed in this assem-
blage, but this precious metal occurs is considerable
amounts in other ore minerals, principally in tetra-
hedrite and galena. Nickel occurs in cobaltite, while
tellurium forms fine exsolutions of an unnamed Bi, Te
mineral. Sphalerite contains elevated contents of cad-
mium. Additionally, minor amounts of W-bearing ru-
tile are also found. Thus, it could be suggested that
this paragenesis was formed under high- to middle-
temperature hydrothermal conditions from a complex
Cu-Bi-Fe-Pb-Zn-Ag-Co-Ni-Ti-W-As-Sb-S-Te-bear-
ing fluid. The presence of such very complex ore par-
agenesis indicates that, in addition to already known
occurrences of W-Mo mineralization (SAvIC 1956),
this area probably contains other types of mineraliza-
tion. These types can be variable at relatively short
distances and they may host so far undiscovered ore
phases, especially Ag-bearing minerals. This is in-
ferred from elevated contents of this metal, which are
found in some minerals investigated by this study.

The metal budget of the studied mineralization
probably derived from the Gornjane granitoid. How-
ever, as this mineralization was revealed in adjacent
metamorphic rocks, it lacks clear spatial and genetic
relationships of the mineralization with the granitoid.
Thus, the origin of the mineralization from the meta-
morphic basement could be also considered. It is much
less plausible that this mineralization is related to the
Upper Cretaceous Timok Magmatic Complex because,
this very well-studied Cu-dominated mineralization is
not characterized by the presence of Bi minerals or by
the ore mineral assemblage present here.

As already stated above, Cu, W, Mo and in lesser
degree Pb mineralization is widespread in quartz- and
pegmatite veins of the Gornjane Granitoid. Moreover,
SMIC et al. (1953) found the presence of cassiterite in
some placers of the streams surrounding the Gornjane
granitoid. They reported an association of W, Mo and
Sn, and presumed that the presence of still undiscov-
ered Bi minerals could complete the already known
metal assemblage typical of granitoid rocks. The oc-

currence of Bi minerals reported by this study sup-
ports their speculation.

Partly similar mineralization regarding predomi-
nant metals was discovered in east Serbia only in the
region of Stara Planina Mt. It is the Cu-Bi ore deposit
of Aljin Do where vein ore bodies are found to occur
in the large gabbro massive of Zaglavak, and this de-
posit is interpreted as having derived from the adja-
cent Variscan granitoids (JANKOVIC 1990).

On the other side, the Perin Potok mineralization
occurs in quartz-ankerite-(sericite) veins located in
metamorphic rocks that are generally rich in quartz
and sericite. These metamorphic rocks are widespread
in NE Serbia and represent also the basement of other
granitoids in this region (SIMIC et al. 1953). Numerous
ore-bearing quartz veins with W-, Au- and various
polymetallic mineralizations are found in the meta-
morphic basement in other parts in NE Serbia (Simi¢C
1953; KALENIC ef al. 1973, 1976). For instance, there
is a similarity of the ore vein type found in Perin
Potok with those occurring near Neresnica because
both contain ankerite (SimiC 1953). All these occur-
rences were often explained as genetically related to
Variscan granitoids, even though a clear spatial rela-
tionship between the mineralized veins and the grani-
toids lacks in many cases.

It is clear that the complex mineral association
found in the contact zone of the Perin Potok locality
needs further investigations. These studies must aim
at better and more unequivocal constraining the genet-
ic relations between the ore-bearing quartz veins and
either the Variscan granitoids or the metamorphic
basement. Moreover, the future investigations should
examine the possibility that the associations of metals
reported in this study may have economically signifi-
cant occurrences in a wider area.
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Pe3ume

Homumeranununa Cu-Bi-(Pb-Zn-Co-Ag)
MuHepaJu3anuja Ha jokaaurery Illepun
IHorok y 6iu3unu bopa, Cpouja

Ha nokanurery IlepuH mOTOK, KOju ce Hama3w y
arapy cena Tora, oko 10 km ceBepouctouno oz bo-
pa, a Koju je paHuje OMo Mmo3Har 1o mpucycTry W-Mo
OpyABema, OTKPUBEHA je KOMILJIEKCHA TOJIMMETaH-
yHa Cu-Bi-(Pb-Zn-Co-Ag) MuHepanm3anyja y KBapii-
aHKepHUT-(CepUITUTCKIM) skuriama. OBe kuie AeOJbH-
He 1o 30 cm Hajaze ce y jy»KHOj KOHTaKTHO]j 30HH
TOPHAHCKOT TPAaHUTOMJHOT MacHBa BapHCIIHjCKe
CTapoCTH ¥ MeTaMOp(hUTa KOjU YHHE FETOBY OCHOBY,
MpH 9eMy Cy JKUIle OTKPHBEHE y MeTamMoppHuTHMa
KOjH Cy Y OBOM Jelly KOHTaKkTHE 30HE IPETEKHO
m3rpahenn oxn ¢umra (ci. 1).

OBa KOMILIEKCHA MUHEpalln3allija KapaKTepHIIe ce
(¢bUHUM TIpopacTameM CyIPHIHUX MuHepana (ci. 2),
Mel)y KojuMa Cy Haj3acTYIUBEHHjH XAJIKOIUPUT U aj-
KWHUT, JIOK C€ CaMOPOTHH OM3MYT, TaJeHUT, cdalie-
pUT, TeTpaeapuT U KOOANTHH jaBJbajy Y MambOj KOJHU-
gnaA. [lopen HaBemeHNX MUHepana, OBaj PYIOHOCHH
MOJIMMUHEPAITHU arperar cajpXu M peTka 3pHa (1o
10 um) HemmeHoBaHor muHepana Bi,Te cacrasa. Ene-
KTPOHCKa MHUKpPOAaHAIH3a MOMEHYTHX PYJHHX MHHE-
pana nara je y tabenn 1. AjKUHHT, XaJKOTUPHUT U Ou-
3MyTHHHUT HE caJip)kKe XeMHjCcKe mpuMece. TeTpaeapur
MOKa3yje 30HApPHOCT Y3pOKOBaHY Sb-As 4YBpCTHM
pacTBOpOM, a OBaj MHHEPAJ CII0KEHOT CacTaBa CapKu
y 3Ha4ajHUjoj KommauHU U cpedpo (3,3—4.,4 mac.% Ag)
u ommyT (3,3—-6,1 mac.% Bi), ycen wera ce Mmoxe 3a-
KJBYUUTH 12 je ped o Ag,Bi-rerpaenpury. ['anenur Ta-
kohe caapxu cpedpo y KoHmeHtpamujama 0,9-1,1
Mac.% Ag. Cdanepur cagpxu yoOWdajeHe TpuMece
reoxkha (1,6 mac.% Fe) n penatmBHO BHCOKE KOHIICH-
Tpamuje kagmujyma (7,5 mac.% Cd). KobGantuH moka-
3yje ci1aby 30HapHOCT y3pOKOBaHy MpuMecama rBoxha
(3,8-6,8 mac.% Fe) u aukma (1,0-1,3 mac.% Ni). ¥ uc-
MMUTHBAHO] MUHEPAN3alWj! TPUCYTHE CYy U Mambe KO-
JIMYUHE PyTUIIa, KA0 U PETKa 3pHA MAPUTA U IHPOTHHA.
Pytun moxasyje ¢uHa mpopacTama ca CEpHIUTOM H
30HAPHOCT Y3pOKOBaHY HEYyOOMYajeHHM IpuMecama
Bondpama 1o 2,2 mac.% W (ci. 3, Tal. 2). Pymau mune-
pamu Oakpa, OM3MyTa, OIIOBa, IIMHKA W KOOasTa, KOjH
o0pazyjy KapakrepuctudHa MelycoOHa mpopacrama u
W3/1Bajarka, 00pa30BaHM Cy MCTOBPEMEHO, a 3ajeHO C
bUMa JICTIOHOBAHHM CY M KBapIl M aHKEPHT, Kao mparehn
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MuHepanu. PyTun u cepunut cy o0pa3oBaHH y Hapen-
HOj TIApareHeTCKOj CYKIECHjH WUCTOT CTaAWjyMa MHHE-
pammzanyje. Ha Taj HaumH, MOXKe ce 3aKJbydHUTH Jia je
UCIIMTUBAaHA MUHEpAJHa IapareHe3a o0pa3oBaHa y BHU-
COKO- IO CpeOmhOTEMIEPaTypPHOM XHIPOTEPMAIHOM
CTaljyMy W3 jEeIHOT BeoMa KOMILIeKcor ¢uyuna 06o-
rahenor Cu-Bi-Fe-Pb-Zn-Ag-Co-Ni-Ti-W-As-Sb-S-Te
acoIMjaIyjoM MeTasa.

OBa MUHepaiTM3alMja jeé BEpOBaTHO TEHETCKH IO-
BE3aHa C TOPHAHCKUM TpaHuTONIOM. MelhyTum, ¢ 00-
3WPOM JIa je OTKpUBEHa Y MeTaMOop(hUTHMa KOjHU ce ja-
BJbajy ONMM3y KOHTAaKTa C TPAHWUTOMIIOM, HE ITOCTOjH
HETIoCpeiHa MPOCTOPHA Be3a MHUHEpalu3auuje ¢ rpa-
HUTOUACKUM MacuBoM. U3 Tor pasiora, Tpeba y3eTH y
pa3Marpame 1 MOIyNHOCT I'€HETCKE ITOBE3aHOCTH MH-
Hepanu3aiyje ca QUIMTHMa U3 MeTaMopHE OCHOBE.

[NonmmMeranmynaa MuHEpanm3anyja oTkpruBeHa y Ile-

PHHOM TOTOKY IPEJCTaBJba, peMa Ca3HambUMa ayTo-
pa, mpBy mojaBy oBakBor tuna Cu-Bi-(Pb-Zn-Co-Ag)
MUuHepanu3ayje y ceseponctounoj Cpouju. OBakaB
TUII MUHEpaau3aluje Mo)xe OUTH U €KOHOMCKHU WH-
TepecaHTaH, MOCeOHO ako ce MMa y BHIY KOjU Cy CBE
MeTanu npucyTHU y acounjaruju (Cu, Bi, Pb, Zn, Ag,
Co, nuta.). OBaj THII MUHEpATU3aIje MOKE UMaTH U
3Ha4YajaH JONPUHOC METAJIOTeHE3HW OBOT PYJOHOCHOT
nemna CpOuje, y kojeM ce jaBibajy Opojae Au, W, Mo u
Jpyre MOIMMETAINYHE PYIHE JKUIE Y BapUCIIH]CKHM
TPaHUTOMANMA U MeTaMOp(HO] OCHOBH y KOjUMa ce
OBU IPAaHUTOMIHH MAaCHBH Hajase. [lajbuM MCIIUTHBA-
BUMa OBe MHHepanu3anuje y [lepuHOM TOTOKY M
OCTallNX I0jaBa KOje Ce jaBJhajy Ha CIMYaH HAUYWH Y
oBoM ey CpOuje, Tpebanao Ou jacHO yCTaHOBHTH
UXOBY T€HETCKY MOBE3aHOCT Ca BapUCIH]CKHUM I'pa-
HATHAMA W/WIH OKOJTHUM MeTaMopdurrma.
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Pinite-cordierite from spotted slate of the Brajkovac contact
metamorphic aureole (Dudovica locality, central Serbia)

NADA VASKOVIC', ZORAN NIKIC?, DANICA SRECKOVIC-BATOCANIN',
SuzaNa Eri¢' & EMIN MEMOVIC?

Abstract. The Paleozoic very low to low-grade metamorphic rocks of the Bukulja-Lazarevac Unit designat-
ed as Drina, Golija and Bira¢ formations are contact metamorphosed by the intrusion of the Tertiary Brajkovac
granodiorite into spotted slates and hornfelses. In some parts, they are slightly migmatized at the contact. In
addition to their outcrops found at the western, eastern and northern parts of the formation, these rocks are
also found in boreholes near Dudovica at about 8 km south-west from the pluton. There, at a depth of 110 m,
the spotted slates comprise oval to ellipsoid pinite-rich spots which can be regarded as incipient cordierite por-
phyroblasts (up to 5 mm in diameter) overgrowing the existing regional foliation. They are composed of cryp-
tocrystalline mixture of a very fine sericitic material + light glassy orange ,,film* (some kind of an amorphous
gel-like material often mixed with limonite matter) and are abundant in inclusions: minute quartz and dusty
ore minerals (magnetite) prevail. In addition, within some spots an increased number of xenotime and mona-
zite inclusions are noted. Minute flakes of neobiotite are formed at the expense of quartz-sericite-chlorite
matrix. The secondary chlorite occurring as overgrowths on pinite-cordierite spots shows variable composi-
tion (brunsvigite to diabandite). The Mg/Fe+Mg ratio of cryptocrystalline pinitic mixture ranges from
0.14-0.67. The Si vs AI'V+AIVI relations deviate from the ideal muscovite-phengite join due to Tschermak
substitution towards chloritic composition or a more complex mixture, including clay minerals (which reflect-
ed a decrease of Al and Si with increase of Fe?*). Obtained data indicates that the cordierite-pinite spots
can be related to contact metamorphic processes that occurred within the temperature range 300450 °C.

Key words: granodiorite, contact aureole, spotted schist, pinite-cordierite, central Serbia.

Ancrpakr. Mcrouno oxn Jagapckor bioka, Ha moresy m3mely Apanljenoria u Jlazapesiia, usojeHa je
300r BpJI0 ciokeHe rpalje reotekToHcka jennHuna bykyspa—Jlazapesart koja ce cacToju of BpJo HUCKO 10 HU-
CKO MeTaMOp(HCaHUX CTEHA Malle030jCKe CTApOCTH Mel)y KojuMa je, Ha OCHOBY JIUTOJIOIIKUX M CTPYKTYPHUX
KapaKTEepPHUCTHKA, W3[BOjEHO HEKOIMKO MamHX CyO-jenuHuma wim ¢opmanuja. [lon yrunajem BpajkoBaukor
TPaHOJIMOPUTCKOT TeJa, yTUCHYTOT TOKOM Tepuujepa, popmanuje puna, ['onuja u bupad cy koHTakTHO MeTa-
MopducaHe y ciIejToBe U pa3iiyuTe THIIOBE XOpH(eca. Ha HenocpeaHoM KOHTaKTy youeHe Cy U BPIJIO YCKe
30He cnabe murmaruzamyje (1o 1| m). OcuM Ha MOBPIIMHU, KOHTAKTHO METaMOP(HH MPOAYKTH Tj. 000MIaBU
IIKPUJBIN Ca MHHATH3UPAHUM TopdupobIacTiMa KOpaujepuTa Cy OTKPHUBEHH Y je3rpuMa HCTpPakHUX Oy-
motuHa y nonpyyjy dynosuue (oko 8 km on bpajkoBia) Ha my6unu ox 110 m. OBayiHM 10 €IHMIICOUIHH
MOJKMIIO0JIACTH, y Pa3IMuUTOM CTEIEeHY MMHUTHCAHOT KOpAMjepuTa, BeMYMHE ¢y 10 5 mm. Pa3Bujenu cy Ha
noctojeheM cabo PEKPUCTANUCATIOM M KOHTAaKTHO METaMOp(HCaHOM KBapI-CEPHLIUT-XJIOPUTCKOM (£
HEOOHMOTHT) MaTpUKCy yKianajyhu ra u He pemerehn npumapau (onujaTuBHU ckiron cteHe. OCHM yKIIomaka
MHUHEpajia OCHOBE CalIp)Ke CHUTHE JbYCIle HEOOMOTHTa, a Hekal U y BeheM Opojy MHKIy3Hje KCEHOTHMa U
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MoHanuTa. [IMHUTCKE MapTHje y mHUMa cacToje ce Of KPUITOKPHCTAIACTE MEIIABHHE CEPUIIMTCKOT Marte-
pHjana U CTakIacTe U30TPOIHE TeNacTe MaTepyje N3MEIIane ca (PUHOANCTIEPrOBAHUM JIUMOHUTOM. Y HEKUM
nopdupobIacTMa youeHa Cy U CEKyHIapHa HapacTama XJopura (OpyCBUHTUT-TUAOAHIWUT) IO MUHHUTY.
Kpunrokpucranacre nuautcke napruje nmajy Mg/Fe+Mg onnoc u3melhy 0.14-0.67. Onnoc Si u AIIV+AIVI
OZICTYIa OJ MJCATHOT MYCKOBHUT-(EHTUT ITapa U YEPMAKUTCKE CYNCTUTYNHj€ Ka BUIIE XJIOPUTCKHM cacTa-
BHMMa WJIN YaK Ka KOMIUIEKCHjUM MeIIaBUHAMa YKJby4yjyhu u MuHepane IuHa: ofpaxkaBa ce onagameM Al
u Si ca pacrom Fe?". JloOujenu monmauy mNokasyjy Jia Cy NHUHHUT-KOPAWjEPUTCKA OOOWYaBH IIKPUIBIH
¢dopmupanu y temrneparypHom orcery usmelhy 300450 °C.

Ki/byuHe peun: TpaHOTMOPHUT, KOHTAKTHU Opeoil, 000MYaBU IIKPHIbALl, THHUT-KOPAUjEPHUT, IEHTpaIHA

Cpbwja.

Introduction

The basic feature of the majority of the outer contact
metamorphic zones is the production of spotted slates
formed at the expense of argillaceous rocks or their
very low to low grade regionally metamorphosed prod-
ucts (slate/schist). Generally, the spotted texture is the
result of the metamorphic reactions that take place due
to heat released from the adjacent magma body: the
quartz-clayish or quartz-sericite-chlorite foliated matrix
becomes reactive in this condition. At certain places,
the ions mobility can cause it to change into a com-
pletely new composition where mineral phases with
high activation energy of nucleation (e.g. cordierite)
can start to crystallize. At the beginning they will form
oval spots up to a few millimeters in size and then, due
to temperature increase, they turn into porphyroblasts
towards the contact. According to a number of authors
(e.g., CHANDLER 1975; HASLAM 1983; NEDELEC & PA-
QET 1981; CLEMENS & MCMILLAN 1982; OGIERMANN
2002; DEER et al. 1962; CERNY & POVONDRA 1967;
SCHENK & ARMBRUSTER 1985; HAsLAM 1983) the com-
position of these spots is still uncertain. They can rep-
resent either the very fine-grained crystalline mixture
of phyllosilicates (occasionally accompanied by a light
yellowish amorphous isotropic material), formed as the
first product of low temperature contact metamorphic
reactions (often similar to pinite), or the incipient
growth of cordierite. Moreover, there is a doubt
whether these pinite-like spots are formed as prograde
metamorphic phases or as retrograde products of cordi-
erite porphyroblasts (see DEER ef al. 1962; PATTISON &
TRACY 1991; MiYyAsHIRO 1994; Ruiz Cruz & GALAN
2002; OGIERMANN 2002). Also, these pinite-like spots
can be composed of hydrous alkali-bearing phyllosili-
cates (CHANDLER 1975; HAsLAM 1983; NEDELEC & PA-
QET 1981; CLEMENS & MCMILLAN 1982; OGIERMANN
2002) or mixture of chlorite + muscovite + clay miner-
als (DEER et al. 1962) or clay mineral-bearing assem-
blages and isotropic alteration products (CERNY & Po-
VONDRA 1967; SCHENK & ARMBRUSTER 1985; HASLAM
1983). In addition, it is still uncertain at which P-T-X
conditions begin the transformation of cordierite to pi-
nite and whether it is controlled by local fluid-involved
reactions.

The focus of this study is to present petrographic
characteristics of spotted slates first found in the con-
tact metamorphic aureole of the Brajkovac granodior-
ite during exploratory drilling at a depth of 110 m in
the area of Dudovica (Fig. 1). For this study, we used a
combination of macroscopic, microscopic, and SEM
data, as well as microprobe major-element mineral ana-
lyses to infer the composition and origin of the pinite-
cordierite spots. Mineral abbreviations used in this
paper follow those recommended by KReTZ (1983).

Geological setting and background

South of the Pannonian basin, within the nothern
part of the western branch of the complex Vardar su-
ture zone (see ROBERTSON ef al. 2009, and references
therein), a few Oligocene-Miocene granitic bodies
(Cer, Brajkovac, Bukulja) make a NW-SE oriented
belt (see KNEZEVIC et al. 1994). These 30-25 to 20 Ma
old granites (KNEZEVIC et al. 1994; CVETKOVIC et al.
2007) are intruded into a smaller Paleozoic continen-
tal block-unit termed Bukulja—Lazarevac (see TRIVIC
et al. 2010) which is built of fragments detached from
the Drina—Ivanjica (DIU) and Jadar block (JBU) con-
tinental units associated with the Vardar suture (KA-
RAMATA & KRSTIC 1996; DIMITRIEVIC 2001; KARAMA-
TA 2006; HrRvATOVIC & PAMIC 2005).

The Bukulja—Lazarevac unit that extends east of
the JBU consists of four sub-units or formations (TRi-
VIC et al., 2010): Drina (DF), Golija (GF), Kovilje
Conglomerate (KC) and Bira¢ (BF) (Fig. 1A). The
900 m thick series of very low to low grade metamor-
phics (metasandstone, slate, sericite-chlorite schist,
greenschist, muscovite-biotite schist) of the DF repre-
sents the lowermost part of Bukulja—Lazarevac Paleo-
zoic Unit. The ~530 m thick GF overlains the DF and
mostly comprises slightly metamorphosed argillace-
ous to arenitic rocks with intercalations of shales and
siltstone. The most widespread BF consists of fine- to
medium-grained arenites interlayered with shales and
siltstone. All these units underwent at least two ductile
and one brittle phase of deformation referred as D1,
D2 and D3 (see TRIVIC et al. 2010; MAROVIC et al.
2007): D1 is recorded by small-scale isoclinals and
oblique folds and D2 by m- to dm-sized folds formed
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Fig. 1. Geographic position of Dudovica locality in Serbia; A, Position of Paleozoic tectonic units within Vardar Zone suture
(according to KARAMATA, 2006 and ROBERTSON et al. 2009); B, Geological position of the Paleozoic sub-units - formations
and Tertiary granitoid bodies within the Bukulja—Lazarevac Paleozoic Unit (according to TRIVIC et al. 2010). Abbreviations:
VZ, Vardar Zone; JU, Jadar Unit; DIU, Drina—Ivanjica Unit; KU, Kopaonik Unit; DOB, Dinaride Ophiolite Belt; SMM,
Serbo-Macedonian Massive; DF, Drina Formation; GF, Golija Formation; KC, Kovilje Conglomerates; BF, Bira¢ For-

mation; BR, Brajkovac granodiorite; BU, Bukulja granite.

on the limbs of the larger fold structures; D3 affected
DI and D3 in a brittle manner. It should be stressed
out that the age of these sub-units and phases of defor-
mations has not yet been fully resolved (see TRIVIC et
al. 2010; MAROVIC et al. 2007, and reference there in).
The contact metamorphic changes of various de-
gree, took place due to the intrusion of the Brajkovac
granodiorite, are recorded in the DF, GF and BF.
According to KosTi¢ & PavLovi¢ (1978) the effects
of contact metamorphism which could be seen even at
a distance of 5 to 8 km from the exposed granodiorite
mass indicates the existence of a much greater undis-
covered body that could be linked to the Bukulja gra-
nite. The spread of the Brajkovac granodiorite to the

northeast is supported by geophysical exploration in the
area between BaroSevac and Rudovci (~ 5-6 km from
the exposed mass) where it was found at a depth of
about 80 m (VUKASINOVIC 1970). In addition, the disco-
very of spotted slates in exploration boreholes at a
depth of 110 m (Dudovica locality, about 8 km south of
the exposed granodiorite; SRECKOVIC-BATOCANIN et al.
2013), also points to its much wider distribution. The
above mentioned authors emphasized that the contact
metamorphic changes within the basement? rocks took
place at moderate P—T conditions recorded in feldspatic
biotite-muscovite rich hornfelses with rare porphyro-
blasts of andalusite adjacent to contact, and feldspati-
zed or metasomatized muscovite-biotite schists at some
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distance from it. FILIPOVIC et al. (1978) and FILIPOVIC et
al. (1980) also recognized various types of hornfelses,
sericite £ chlorite or biotite-muscovite schist (+ andalu-
site) and feldspatized or metasomatized schists, at si-
milar distance from the contact; data related to the
conditions of contact metamorphism are lacking.

The Brajkovac granodiorite is not well studied yet.
The available data on its composition and associated
contact aureole are very scarce as can be seen from
the previous discussion. It is classified as medium- to
fine-grained, rarely porphyritic, hornblende-biotite
granodiorite with local transition to tonalite (KosTIC
& Paviovic 1978; FILIPOVIC et al. 1980; KNEZEVIC et
al. 1994). Small intrusions of aplitic granite and very
rare aplite and pegmatite dykes are also noted. The
main rock-type is granodiorite and is composed of
quartz, plagioclase (32-38 % An), microcline, biotite
and hornblende; accessories are epidote, allanite, tita-
nite, apatite, zircon and Fe-Ti oxides; secondary min-
erals are calcite, chlorite, sericite and epidote.

Analytical techniques

The samples were examined in thin sections using a
Leica DMLSP petrographic microscope with digital ca-
mera Leica DC 300. Chemical compositions of miner-
al phases were identified using a JEOL JSM-6610LV
Scanning Electron Microscope that was connected to
an X-Max Energy Dispersive Spectrometer. The sam-
ples were covered with carbon using a BALTEC-SCD-
005 Sputter coating device, and the results were re-
corded under high vacuum conditions, with an accel-
erating voltage of 20 kV and a beam current of
0.5-1.8 nA. The scanning electron microscope is also
used for imaging of specimens.

Results

The contact metamorphic rocks found at a depth of
110 m in the drillhole at Dudovica locality correspond
to porphyroblast-bearing spotted slates (Fig. 2)
formed under the influence of Brajkovac granodiorite
(30-25 Ma) on low grade regionally metamorphosed
argilaceous sediments of Paleozoic age. Their primary
metamorphic fabric is completely preserved. The
main mineral assemblage is quartz, muscovite (seri-
cite), chlorite, biotite and cordierite-pinite; dusty ore
minerals (magnetite), xenotime and monazite are
accesories; secondary chlorite is also present. The
grain sizes of foliated matrix minerals (white mica
+quartz + chlorite £ neobiotite + dusty ores) range
from <0.01 mm to 0.15 mm. Cordierite, occurring in
oval to ellipsoidal poikilobalsts up to 5 mm in diame-
ter, contains numerous inclusion of matrix minerals
(white mica + quartz) + neobiotite. Within all exam-
ined samples cordierite is almost completely altered to
a bright yellowish pinite — a mixture of very tiny
white micas, chlorite and probably clay minerals.
Within some poikiloblasts a small accumulation (up to
0.25 mm) of secondary chlorite was found as over-
growths on pinite (Fig. 2A) Moreover, some porphy-
roblast are transformed into a bright orange-brown
vitreus isotropic material probably formed as a weath-
ering product. The relationships between cordierite
poikiloblasts and regional foliation indicate their post-
tectonic growth with respect to the Paleozoic (post-
Variscan) deformation, i.e. cleavage (Fig. 2 A, B).
Quartz, except as matrix mineral, makes small lens-
shaped fine-grained mosaic aggregates parallel to schi-
stosity. Biotite occurs in light brown flakes (< 0.3 mm
in size) associated with matrix white micas (serici-
te—phengite) and chlorite. It is also found as inclusion

Fig. 2. Microphotographs of spotted slate from the core drilling at the depth interval of 108—-110 m. A, Pinitized incipient
cordierite poikiloblasts overgrowing pre-existing foliated quartz-sericite-chorite-biotite matrix with secondary chlorite over-
growths; B, Fine flakes of neobiotite formed at the expense of quartz-sericite-chlorite matrix; cordierite poikiloblast overgrow-
ing the existing crenulated foliation; XPL, long dimension of photo is 6 mm (A) and 3 mm (B).
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Fig. 3. Chemical composition of pinitic mixture phases in
Si vs. AIIV+AIVT (A) and FetMg vs. Si (B) diagram; (C)
composition of secondary chlorite overgrowths on pini-
tized cordierite poikiloblasts in the classification diagram
of Hey (1954).

in cordierite. Coarse calcite grains (up to 1 mm in size)
are noted in some samples.

For the purpose of the present work only pinitized
cordierite poikiloblasts and secondary chlorite

overgrowths on pinite were analyzed; the results of
the chemical analyses are shown in Table 1.

Pinite as a cordierite breakdown product is almost
represented by a mixture of hydrous phyllosilicates
i.e. phengite + chlorite + clay mineral phases (smec-
tite?). The mixture of chlorite-white mica pinite is a
known assemblage (e.g. DEER ef al. 1962). The invol-
vement of clay minerals is also reported (e.g. CERNY
& POVONDRA 1967).

Generally, the Mg/Fet+Mg ratio of the micro- to
crypto-crystalline pinitic mixture (phengite prevails)
ranges from 0.14 to 0.63. The Na-free mixture (see
analyses S2 & S3) with the Mg/Fe+tMg range of
0.27-0.35 shows deficiens in Al,; (4.14—4.38 p.f.u.) as
compared with mixture having Na (0.287-0.361 p.f.u.)
— there Al range varies between 4.97-5.19 p.f.u. The
Si vs AII'V+AIV! relations deviate from the ideal mu-
scovite-phengite join due to Tschermak substitution
towards chloritic composition or more complex mix-
ture including clay minerals which is reflected in the
decrease of Al and Si with increase of Fe2" (Fig. 3A,
B). The K content varies from 1.385 to 1.759 p.f.u.

The secondary chlorite overgrowths on pinite
correspond to brunsvigite-diabandite (Fig. 3C, 4). The
Mg/Mg+Fe ranges from 0.34 to 0.43.

Fig. 4. BSE image of secondary chlorite overgrowths on
pinitized cordierite poikiloblast and anhedral monazite
crystal (white).

Disscusion and Conclusions

In exploration boreholes, at a depth of 110 m, pi-
nite-cordierite spotted slates were found at Dudovica
locality, about 8 km south of the Brajkovac granodior-
ite. Mineral assemblage (white mica + neobiotite +
cordierite + chlorite) and textural features indicate
that these rocks were formed probably from low re-
gionally metamorphosed argillaceous rocks of the DF
in the temperature range 350-450 °C.

Pinite fractions within cordierite porphyroblast are
composed of micro- to cripto-crystalline mixtures of
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phengite, chlorite, clay minerals (smectite?) and
quartz as well as of some amorphous gel-like materi-
al mixed with fine limonite material. Their formation
could be considered as a retrogressive process involv-
ing hydration reaction caused by fluid infiltration
released during the heating of the aureole (e.g. trans-
formation of mixed-layered clay minerals into chlorite
and rearrangement of illite into sericite i. e. phengite
due to coupled substitution of Si and Fe?* or Mg for
2Al), or from the intrusion of the granitic body. This
water with dissolved ions leached from the unstable
clay and phyllosilicate minerals, or fluids released
during the cooling of the granitic body can cause
occurrence of various retrogressive products within
the cordierites.

The brunsvigite-diabandite chlorite overgrowths on
pinitized cordierite are probably formed in the
temperature range 250-350 °C due to circulation of
still hot hydrothermal K-bearing fluids according to
the reaction:

Crd + Kt + OH™+ H,0 — K-bearing White Mica + Chl

So far, the composition of pinite and its petrologi-
cal significance has not been resolved yet. The SEM
analyses done in this study are not sufficient for com-
plete identification of pinitic phases. Detailed model
reaction can only be done using more sophisticated
methods as for example, TEM (Transmission Electron
Microscopy), RS (Raman spectroscopy), and FTIR
(Fourier Transform Infrared spectroscopy).

The first finding of pinite-cordierite spotted slates
within the contact metamorphic aureole of the Brajko-
vac granodiorite contributes to a better understanding
of granodiorite history as well as of its relationship
with Paleozoic formations.
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Pe3nme

IIuHUTH3MPAHU KOPAMjepUT y 000MYaABUM
IKPWBIMMA U3 KOHTAKTHOT 0peoJia
bpajkoBua (lynoBuna, neHrpajana
Cponja)

XopHOMeHTa-0ONOTUTCKA TPAHOAHMOPUTCKH MAaCHB
BpajkoBIa, ca TOKaJTHUM Mpelia3uMa Ka TOHATHUTAMA

Y JIEYKOTPaHUTHMA j& CPEeI0- 10 CHTHO3PHACTE, pe-
he mopdupounne crpykrype. Ucnpecenan je peTkum
TaHKAM >XHUIIaMa aruinTa M rermaruta. UHTpy3ujoM
rpanoguopuTta bpajkosma (3025 mmi. rox.) cTeHe U3
¢dopmanmja Jpuna, Tonmja u bupau (u3gBojeHe Ha
OCHOBY JINTOJIONITIKUX U CTPYKTYPHUX KapaKTEPUCTHKA
Yy OKBUpY TeOTeKTOHCKe jenunmie bykyipa—Jlazape-
Ball ) KOHTAKTHO Cy MeTaMop(durcaHe y pa3InInuTe TH-
TOBE CJIejTOBa, OOOMUABMX MIKpHUIballa B XOpH(eca.
Ha HemocpenHOM KOHTAaKTy yodeHEe Cy W BPJIO yCKe
30He cnabe murmarusandje (mo 1 m). Edextn xon-
TaKTHOT MeTaMop(du3Ma youeHH Ha yIajbeHOCTHMa
mmehy 5-8 km ox rpaHogmopuTCKOT Tena Teodu-
3MYKMM HWCIHUTHBAamkUMa y TONApy4jy bapormesma u
Pynosana yka3yjy Ha mocrtojama Behe, HeoTKpuBeHE
WHTpYy3Wje KOja je HajBepOBaTHHje IOBEe3aHa ca
rpanutoM Bykysbe. YV ckilagy ca OBOM IpPETIOCTaB-
KOM je W Hama3ak 000WuYaBUX MIKpHJbAlla Ca MUHU-
TU3UpaHUM TopupodIacTuMa KOpAHjepuTa KOjU Cy
OKPHBEHH y WCTPAXHHM OYIIOTHHAMAa Yy TOAPYYjY
Hynosure (oxo 8 km jyxH0 ox bpajkoBia) Ha 1yOnHH
on 110 m. OBe KOHTaKTHOMeTaMOp(HE CTEHE Cy W3-
rpaheHe ox kBapiia, MyCKOBHTA (CEPHUITUTA), XJIOPHUTA,
OmoTuTa W KopAujepuTa-nuHUTa. [Ipamkactu meta-
JUYHA MUHEpaau (MarHeTUT), KCeHOTHM W MOHAITUT
Cy aKIeCOpHH, a Ka0 CEKyHJIJAPHU CACTO]IIX T10jaBIbY]jy
ce XJIOPHUT U KPYHMHO3pHH KammuT (10 1 mm) y BuIy
HaroMunama. OBaHU 0 EMUTICOMIHH TI0jKMI00NIacTH
(mopdupobnactn) KOpIUjepuTa, BEMHIHHE O 5 mm y
MPEYHHKY, Y CBUM HCITUTHBAHUM Y30pIIMa 3aMEH-e-
HU Cy MMHATOM (MEIIaBUHOM CHTHOJBYCHACTOT CEPH-
uTa , XJIOpUTa U €BEHTyalHO MUHepaja TIIMHA) Y
Pa3IMYUTOM CTETICHY.

CacraB nuHUTA, aKO C€ Y3MYy y 003Hp PacIIOIOKH-
BU JIUTEPATYpHHU TIONAIH, jOII YBEK HHje IOTITYHO
nepuHmucan. Moxe ga ce cacToju OA: a) BpIo
(MHO3pHUX arperara MHHEpaJa U3 rpymne (QUIoCUIN-
KaTa W/umm aMmopdHe ONTHYKH M30TPOITHE MaTepuje;
0) xJ0puTa, MyCKOBATA U MUHEpaa IIINHA, Ka0 B Me-
[IaBIHE MUHEpaJIa TIMHA; 1) H30TPOITHUX aJITePaIno-
HUX mpoxaykara. HejacHo je, Takolhe, na nmu je mUHUT
MpeacTaBsba caMo a3y y pa3Bojy KOpIIHjepuTa y TOKY
MPOTPECUBHOT MeTaMOp(r3Ma WU PEe3yiTaT peTpo-
rpagHux mporeca wu mpu kojum P-T-X ycrmoBmma
mounme Tpanchopmanmja?

Y HCIUTHBaHMM CT€HaMa IMWHUT jeé pa3BUjeH Ha
pauyH cnabo peKpHCTaIicalor U KOHTaKTHO MeTa-
MOpP(HUCAHOT KBapII—CEPUIMT—XJIIOPUTCKOT (+ HEOOH-
OTHWT) MaTpuKca; ykianajyhu ra He peMeTH MpUMapHH
¢domujaruBHU ckion cTene. OcuM yKJIOMaka MUHEpa-
Jla OCHOBE MOp(HpOOIacTH canpke W CHUTHE JbYCITe
HeoOMOTHUTA, a HeKaJl 1 y BeheM Opojy MHKITy3Hje Kce-
HOTMMa W MoOHamwuTta. [IMHWTCKE mapTHje y BHMa
cacToje ce off KpUNTOKPHCTANIACTe MEIIaBUHE CepH-
IIUTCKOT MaTepHjajia U CTAaKIacTe M30TPOITHE TeacTe
MaTepHje W3MeIIaHe ca (GUHOAUCIICPTOBAHUM JTUMO-
HATOM. Y HEKHM TopdupobdIacTiMa yodueHa Cy U ce-
KyH/JIapHa HapacTama XjiopuTta. Kpunrokpucramacre
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MUHUTCKE TapTtuje (mpeosnalyje ¢GeHTUT) uMajy
Mg/Fe+Mg omnoc m3mely 0.14-0.63. V dazama 6e3
Na (anammze S2 u S3, Tabena 1) Mg/Fet+Mg omHoC
jecre 0.27-0.35, a cangpxaj Al (4.144.38 p.fu.), u
3HATHO je HkH Hero y ¢azama ca Na (0.287-0.361
p.fu.). Omnoc Si u AIIV+AIVI oncryna on maeanHor
MYCKOBUT-(DEHTHUT T1apa ¥ YePMAKUTCKE CYIICTUTYIIH]je
Ka BHIIE XJOPUTCKUM cacTaBUMa WJIM 4YaK Ka
KOMIUIEKCHjUM MeIllaBHHaMa YKJbydyjyhu 1 MuHepae
IIMHA: ofpaxkaBa ce omanmameM Al u Si ca pacrom
Fe2t. Canpxkaj xammjyma msHocu 1.385-1.759 p.fu.
CexyHIapHHU XJIOPUT HACTA0 10 MHHUTY OAroBapa o
cactaBy OpycBuUHTUTY umuabaHmuTy. BepoBarHo je
HacTao Ha Temmeparypama 250-350 °C y dazu
KpeTama joml Tormux (uyuma OoraTux KaidjoM, IO
cienehoj peakiuju:

Crd + K* + OH™ + H,O — K-nuckyn + Chl

JoOujenn monmany MoKasyjy na Cy MHHUT-KOPAH-
jepuTcku 600MYaBH MIKPUIBIK (POPMHUPAHH y TEMIIe-
paryproM ormcery usmely 300—-450 °C Ha padyH cia-
00 pernoHamHO MeTaMOp(HCaHUX TIIMHOBUTHX CEIH-
MeHara u3 /lpuHa dopmanmje. IluauTCKE MapTHje Yy
KOpAHMjepUTY MOTIIe cy OUTH 00pa3oBaHEe WM OCIIO-
Oahamem Quynna y ¢asm 3arpeBama OKOJTHHX CTEHA
IIpH TIpoIiecuMa TpaHchopMalje MuHepasa TJIHHa Y
XJIOPUT WIN WIIUTA Y CepHIHT (PEHTHUT) TMPHU depMma-
KHTCKOj CYOCTUTYIIHjU S WK TIaK O] yTUlajeM ¢ury-
nna ocnobohennx mpu xnahemy rpanonuoputa bpaj-
KOBIIA.

Baxno je uctahu 1a je 0BO MpBU Haja3akK MIMHATA Y
KOHTaKTHOM Opeoiy rpaHomuopura bpajkoBma u ma
Cy NOOHjeHH pe3yiTaTH, CXOMHO KOPUITNEHNM METO-
Jama, camo IMIPBU KOpaK y UCITUTHBAkBAMA KOja Cliefie
y3 IPUMEHY Jallek0 OCETJFUBHjUX METOa KaKo Ou ce
naeHTU(UKOBaIEe CBE MUHEpaITHE dase.
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Application of factor analysis in identification of dominant hydrogeo-

chemical processes of some nitrogenous groundwater of Serbia
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Abstract. Multivariate statistical analyses are used for reducing large datasets to a smaller number of
variables, which explain main hydrogeochemical processes that control water geochemistry. Factor analysis
(FA) allows discovering intercorrelations inside the data matrix and grouping of similar variables, i.e.
chemical parameters. In this way new variables are extracted, which are called factors, and each factor is
explained by some hydrogeochemical process. Applying FA to a dataset that consists of 15 chemical
parameters measured on 40 groundwater samples from Serbia, four factors were extracted, which explain
73.9% of total variance in the analyzed dataset. Interpretation of obtained factors indicated several
hydrogeochemical processes: the impact of sea water intrusions and volatiles in previous geological periods,
solutes diffusion from the marine clay, cation exchange and dissolution of carbonate and silicate minerals.

Key words: factor analysis, hydrogeochemical processes, groundwater, factor loadings, Serbia.

AncrpakT. MynTuBapyjaHTHEe CTAaTUCTHYKE METOJE KOPHCTE Ce Y LIMJbY CBOlera BEIMKOT Opoja mojaraxa
Ha MamH Opoj MPOMEHJBHBHX, KOje HajOoJbe 00janmaBajy TOMHHAHTHE XUIPOTCOXEMH]CKE MPOIECe OATO-
BOpHE 32 (hopMHpamke cacTaBa oa3eMHHUX Boja. dakTopHa aHanmu3a oMoryhiaBa OTKpHBambe HHTEPKOpETalija
YHyTap CKyIla Iojaraka, Tj. Ipylucame rnapamerapa koju cy melycoOHo kopenucanu. Ha Taj HaumH ce
n3/1Bajajy T3B. (JaKTOpH, IPH YeMy ce CBaku (akTop objarmasa ofipeljeHIM XUAPOTeOXEMHjCKUM ITPOIIECOM.
[Tpumenom akTopHe aHaIHM3€ HA MaTPHILy CadMIbeHy of 15 mapamerapa XxeMHjcKor cactaBa oapehuBaHuX Ha
40 y3opaka mom3eMHUX Bojma ca Teputopuje CpOuje, m3nBojeHa Cy yetupu (pakropa, KOju 00jaimbaBajy
ykymHO 73,9% ykymHe BapHujaHce momaraka. MHTepmperanuja qo0ujeHUX (akTopa ykaszana je Ha cienche
XHUIPOTEOXEMH]CKE MPOLIECE: YTHUIIA] MOPCKE CPEIMHE U BYJIKAaHCKHX HMCHApera y TEOJIOIIKOj MPOIUIOCTH,
HCTHCKUBAKE Be3aHe BOJE M3 IIMHA MAapHHCKOT MOpPEKJIa, KATjOHCKY U3MEHY U pacTBapame KapOOHATHUX U
CHJIMKaTHHX MHUHepaJa.

Kibyune peun: dakropHa aHamu3a, XHIPOICOXEMHU)CKHU MPOIIECH, MOA3EMHE Boje, haKkTOpCcku Koeduiu-
jeutn, Cpouja.

Introduction

Assessment of the results of chemical analyses of
groundwater often involves a large number of data,
rendering the interpretation and presentation of all the
information available to the researcher rather chal-
lenging. Multivariate statistical methods are very use-
ful tools in hydrogeochemical research, as they allow
for the organization and simplification of large
datasets. They are a significant contributor to the esta-
blishment of correlations between the analyzed chem-
ical parameters, but also to the assessment of similar-
ities between samples (i.e. groundwater occurrences).

The goal of multivariate statistical methods is to iden-
tify the hydrogeochemical processes that govern the
formation of groundwater composition. If the geologi-
cal and hydrogeological characteristics of the aquifer
are known, by applying these methods it is possible to
determine the origin and circulation pathways of
groundwater. Multivariate statistical methods are also
used to define migration factors and the distribution of
certain elements. They can point out certain anomalies
in the chemical composition of groundwater, for
example those of anthropogenic nature (HELENA ef al.
1999; CLOUTIER et al. 2008; YIDANA et al. 2008; Su-
VEDHA et al. 2009).

I University of Belgrade, Faculty of Mining and Geology, Department of Hydrogeology, Djusina 7, 11000 Belgrade,

Serbia. E-mail: janastojkovic@gmail.com
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One of the methods often applied in hydrogeoche-
mistry is factor analysis (FA). It uncovers inter-cor-
relations within datasets or allows for mutually-corre-
lated variables to be grouped. The main goal of factor
analysis is to isolate as few as possible new variables,
which are called factors, in order to explain the vari-
ance of a large number of analytical data. Consequ-
ently, the purpose of this method is to reduce a large
number of variables (measured chemical parameters)
to the smallest possible number of factors, which are
then subjected to interpretation (DREVER 1997; Davis
1986; CLOUTIER et al. 2008).

Study area

In this research 40 occurrences of Serbian ground-
water (Fig. 1) were analyzed and a total of 15 chemi-
cal parameters were determined for each sample (ma-
cro and micro components, temperature and pH). Ana-
lyzed groundwaters are of nitrogenous composition,
with a relatively low content of carbon dioxide (in
most cases < 100 mg/L CO,). Sampled groundwaters
belong to different geological formations, comprised
of igneous, sedimentary and metamorphic rocks, and
the majority of these groundwater occurrences are
located in Inner Dinarides (14 samples), Vardar Zone
(20 samples) and Serbian-Macedonian Massif (six
samples). Geological, structural and hydrogeological
conditions in the area of investigated groundwaters
are very complex. Different types of the Proterozoic
to Paleozoic crystalline schists are present, and also
varieties of Paleozoic and Mesozoic sediments, gran-
itoide intrusions and the Tertiary volcanic rocks, and
also characteristic oceanic elements (DIMITRIEVIC
1995). Analyzed groundwaters are from different
types of aquifers formed in these rocks, with the pre-
dominance of fracture aquifers.

Factor analysis was applied to this dataset to iden-
tify the dominant hydrogeochemical factors and pro-
cesses that lead to the formation of the groundwater
composition.

Methods

Factor analysis was applied to a set of hydrogeo-
chemical data comprised of 15 measured chemical
composition parameters of 40 groundwater samples
collected in Serbia. The concentrations (in mg/L) of
the following elements were analyzed: calcium, mag-
nesium, sodium, potassium, chlorine, hydrocarbonate,
sulfate, silicon, fluorine, boron, lithium, strontium and
carbon dioxide, as was temperature (°C) and pH. IBM
SPSS Statistics 19.0 software was used for statistical
analysis.

Elementary statistical quantities (arithmetic mean,
minimum and maximum values, median, etc.) were

- tiBgigrade, ..
e
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Fig. 1. Position of the study area, with the locations of ana-
lyzed groundwaters. Investigated geological-tectonic units
of Serbia: ID, Inner Dinarides; VZ, Vardar Zone; SMM,
Serbian-Macedonian masif.

determined for the analyzed set of the hydrochemical
data. All the variables were subjected to In-transfor-
mation (computation of natural logarithm of all the
analyzed data). The transformed data complied with
the normal distribution criterion, corroborated by the
Kolmogorov-Smirnov test.

The number of the extracted factors was deter-
mined based on the Kaiser criterion (KAISER 1960),
according to which only those factors whose eigen-
value (characteristic value of the correlation matrix)
is greater than one are taken into account. This was
consistent with Cattell’s scree plot, where factors con-
stituted the X axis and their eigenvalues the Y axis.
The curve was cut-off at the point of inflexion and the
portion of the curve that exhibited a less steep decline
was discarded (CATTELL 1966). To facilitate interpre-
tation of the extracted factors, varimax orthogonal
rotation was applied to enhance the contribution of
significant variables and reduce that of less significant
ones (HELENA et al. 1999; FIELD 2005).

Results

Based on the elementary statistical quantities shown
in Table 1, it was concluded that the concentrations of
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most of the measured parameters did not follow nor-
mal distribution. Their distribution histograms were
positively skewed, as indicated by distinctly positive
coefficients of asymmetry (Table 1). For this reason
In-transformed data were used in factor analysis.

gether accounted for 73.9% of the total variance of the
analyzed data. Table 2 shows the extracted factors,
their factor loadings and the attributed percentage of
the variance. Factor loadings represent coefficients
of correlation between the variables and factors or, in

Table 1. Elementary statistical quantities for the 40 groundwater samples.

Parameters Minimum Maximum Range Mean Median Skewness
Temperature (°C) 13.10 83.20 70.10 28.36 21.10 1.72
pH 6.60 9.23 3.17 7.47 7.32 0.74
CO, (mg/L) 0.00 171.24 171.24 51.84 35.20 1.01
Ca™ (mg/L) 0.00 130.26 130.26 51.21 46.89 0.48
Mg™ (mg/L) 1.82 96.31 94.49 22.12 13.98 1.93
Na’ (mg/L) 2.50 684.00 681.50 139.42 64.10 1.87
K’ (mg/L) 0.20 51.20 51.00 5.80 2.60 3.90
CI' (mg/L) 2.00 223.34 221.34 44.20 21.98 2.04
HCO, (mg/L) 124.44 1770.00 1645.56 504.04 400.00 2.35
So,” (mg/L) 1.20 240.00 238.80 35.39 15.40 2.65
SiO, (mg/L) 9.39 91.60 82.21 32.59 25.10 1.27
F (mg/L) 0.05 13.00 12.95 1.62 0.70 3.12
B (mg/L) 0.00 32.60 32.60 2.02 0.29 5.09
Li" (mg/L) 0.003 478 4.777 0.31 0.10 5.21
Sr’” (mg/L) 0.004 2.10 2.096 0.46 0.27 1.56

The application of factor analysis to the set of 15
variables (i.e. chemical parameters) determined for 40
groundwater samples produced four factors that to-

Table 2. Factor loadings and percentage of variance explained by the four extracted
factors, with varimax rotation (values in bold represent loadings with absolute val-

other words, they indicate the relative contribution of a
certain variable to each of the extracted factors (FIELD
2005). In this example, only the factor loadings whose
absolute value was greater than
0.5 (bolded values in Table 2)
were interpreted (STEVENS

ues > 0.5). 1992). It was apparent that sev-
eral variables exhibited high
Parameters Factor 1 | Factor2 | Factor3 | Factor 4 loadings on each factor, such
that the 15 initial variables we-
B 0.901 -0.190 0.085 0.045 re classified into four groups,
Na’ 0.891 -0.270 0.164 0.158 depending on their mutual sim-
Cl 0.858 0.037 0.121 -0.020 ilarity, to facilitate subsequent
K' 0.687 0.223 0.275 0.274 interpretation.
Li 0.649 -0.112 0.375 0.366 The first two factors acco-
HCO, 0.632 0473 | 0430 | -0.040 unted for nearly 50% of the
i
2+
Ca2+ -0.240 0.808 -0.210 -0.049 for 13.3% and 11.6%, respec-
Sr 0.207 0.721 0.036 0.050 tively. The first factor featured
Mg” -0.260 0.620 -0.219 0.067 very high positive loadings of
T 0.202 0.093 0.862 -0.025 B, Na* and CI- (> 0.85), as
Sio, 0.205 -0.256 0.742 0.357 well as high positive loadings
SO, 0.191 -0.087 0.089 0.830 of K, Li* and HCO;~ (> 0.6).
Co, 20075 0.537 0.026 0.579 The relatively high loading of
F 0.495 -0.415 0362 0.541 1; d'(of‘}‘is)silég‘;f "}1;;;6 I\:V";S
% of variance 27.800 21.200 13.300 11.600 characterized by high positive
cumulative % of variance | 27.800 49.000 62.300 73.900 loadings of Ca2*, Sr2*, Mg2*
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and CO,, as well as a high negative loading of pH,
where the loading of HCO5~(0.473) should not be dis-
regarded. All this is also shown in Fig. 2, where the
factor loadings of all variables were plotted: the X
axes represents factor 1 (left) and factor 3 (right), the
Y axes represents factor 2 (left) and factor 4 (right).
The variables that dominate each factor are apparent
(marked by the ellipse).

The third and fourth factors accounted for the
smaller portion of the variance. This was attributed to
hydrogeochemical processes of a more local nature,
which take place only in a certain number of ground-
water occurrences (CLOUTIER ef al. 2008). The third
factor was characterized by high positive loadings of
temperature and SiO,. The fourth factor was dominat-
ed by SO,%-, but the factor loadings of CO, and F-
were also relatively high.

@Sr
N
o
°
&
(]
f:
S T
2 6-6 T
810 0.5 0lo ®S0s gs5\e@Li
3 #Si02
S
o
i 0.5
L
! pHe !

EEE

a) Factor 1 (”natural mineralization”)

from the clays of marine origin (CLOUTIER et al. 2008;
REIMANN & BIRKE 2010). Another possible process is
cation exchange between Ca?* and MgZ" from the
water and Na* from the aquifer matrix. Namely, as car-
bonate minerals dissolve, the groundwater becomes
enriched with calcium, magnesium and hydrocarbon-
ates, followed by the previously mentioned cation
exchange, such that CaZ" and Mg2" concentrations in
groundwater decrease while the Na concentration
increases. This theory was supported by the negative
factor loadings of Ca2* and Mg2*, and the positive fac-
tor loadings of Nat and HCO;~ (Guo et al. 2007,
CLOUTIER et al. 2008, SALIFU et al. 2011). The positive
loadings for boron, potassium, lithium and fluorine of
the first factor should also be noted, and they were
attributed to paragenesis of these microelements and
their similar hydrogeochemical behavior.
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b) Factor 3 (”silicate factor”)

Fig. 2. Plot of factor loadings for the first and the second factors (a) and for the third and the fourth factors (b). The vari-

ables that dominate each factor are marked by the ellipse.

Discussion

If the extracted factors are viewed in a geological
(primarily lithological) context, it is possible to gain
insight into the main hydrogeochemical processes that
lead to the formation of the chemical composition of
the analyzed groundwater. In factor analysis, often all
or at least the main factors are assigned conditional
names, indicative of the variables that dominate the
given factor. The first factor was dominated by B, Na*,
Cl-, K+, Lit and HCOj;~, such that this factor could be
called “natural mineralization” because it contains
Na*, Cl-, Kt and HCOj;~ that represent the ions of the
basic chemical composition. Very high positive load-
ings of B, Na* and Cl- (> 0.85) in the first factor were
attributed to the groundwater mixing with seawater in
the geological past, but also to the solutes diffusion

The second factor featured elevated positive load-
ings of Ca2*, Sr2*, Mg2* and CO,, and an elevated ne-
gative loading of pH. Here too, HCO;~ needed to be
taken into consideration. This factor can be called the
“carbonate factor” because the dominant variables in-
dicate the processes of dissolution of carbonate min-
erals. The presence of carbon-dioxide tends to render
groundwater aggressive and enables the dissolution of
calcite, dolomite etc., whereby Ca2*, Mg2* and
HCO;~ ions are released into the groundwater. This is
consistent with the high positive loadings of Ca2*,
Mg?2*, CO, and HCO;~. The process takes place in an
acidic environment, where the concentration of CO,
and the pH level are inversely proportional, resulting
in a negative factor loading of pH. The high positive
factor loading of strontium was attributed to its para-
genesis with CaZ". These two elements are chemical-
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ly similar and Sr2* is therefore a frequent ingredient of
Ca2* minerals (HITCHON 1999).

The third factor highlighted the loadings of temper-
ature and SiO,, attributed to the fact that the solubili-
ty of silicate minerals increases with increasing tem-
perature (MATTHESS 1981), such that this factor could
be called the “silicate factor”. The fourth factor fea-
tured elevated loadings of SO,2-, CO, and F-. This
association is indicative of the volatiles from volcanic
activity in the geological past and the factor was given
the name “volcanic volatiles”.

Conclusions

Factor analysis is an efficient tool for assessing hy-
drogeochemical data because of the high data vari-
ance caused by a series of geological, hydrogeological
and other factors. It enables the identification of the
correlations between the analyzed chemical parame-
ters and also their grouping into factors based on sim-
ilarity, which facilitates subsequent interpretation. In
the present case study, factor analysis was applied to
extract four dominant factors that accounted for most
of the variance (73.9%) of the input dataset, which
consisted of 15 chemical parameters measured on 40
groundwater samples from Serbia. The interpretation
of obtained factors has indicated several hydrogeo-
chemical processes: the effects of a marine environ-
ment and volcanic volatiles in the geological past, the
solutes diffusion from the clays of marine origin, ca-
tion exchange, and the dissolution of carbonate and
silicate minerals. The results uphold the significance
of multivariate statistical analysis in the determination
of groundwater genesis, or of the factors and process-
es that govern the formation of the chemical composi-
tion of groundwater.
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Pe3ume

Ilpumena ¢akTopHe aHA/IU3E Y UBY
uaeHTH(UKanMje JOMUHAHTHUX
XHAPOTre0XeMHjCKHUX MPoLeca Yy HEKUM
a30THUM NoJA3eMHUM Boaama Cpouje

[Ipunukom cratucTudke oOpane XUAPOXEMH]jCKIX
ro/1aTaka 3Ha4ajHO MECTO 3ay3UMajy MYJITHBapHjaHT-
He cTatucTrike Merone. OHe oNakiiaBajy OpraHu30-
Balkbe W carlieflaBambe BEIUKOT Opoja aHaIUTHIKUX
rmojiaTaka, MPBEHCTBEHO (U3NIKO-XEMHjCKHX Kapa-
KTEepUCTHKA IMMOJI3eMHHUX BOJa, a oMoryhaBajy u Kia-
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cUpUKOBarke HCITUTHBAHUX y30paKa BOJa Ha OCHOBY
Beher Opoja omabpaHux mapamerapa. JegHa on Me-
TOJa KOje C€ YeCTO NPUMEBY]y Y XUIAPOXEMHUJU H
XHUIPOTEOJIOTHjH YOIIIITE jecTe (akTOpHA aHaIH3a.
Hbenom ynorpebom HaeHTHPHUKYjY C€ U HaINIalIaBajy
CTaTHCTUYKE penaryje n3mel)y aHaTu3npannx Xuapo-
XeMHjCKUX TapaMerapa, y3 HaKHaIHO TyMademe ycC-
[TOCTAaBJBEHUX peJlalrja ca acleKTa XUAPOTECOXEMH]-
CKHUX TIpoIleca y MOA3EMHIM BOJaMa.

Yrorpeba GakTopHE aHATN3E Y OBOM Pagy OMOTY-
huna je Tpymmcame XHUIPOXEMHjCKHX IapamMerapa
KOju cy Mel)ycoOHO KOopenncaHu W KOju Ce MOTY JI0-
BECTH Y Be3y ca oapeheHnM ¢akTopuma u mporiecuma
(dhopmMupama XeMHjCKOT cacTaBa TOJ3€MHHUX BOJa.
[IpuMeHoM OBe CTaTUCTHYKE METO/Ie Ha MaTPHILy ca-
YHBEeHy 0f] 15 mapameTapa XeMHjCKOT cacTaBa, Ofipe-
huBarnx Ha 40 y30paka MOJ3EMHHX BOJa Ca TEpH-
topuje CpOuje, n3aBojeHa cy deTupH (akropa, KOju
3ajeqHo objammanajy 73,9 % ykymHe BapujaHce IO-
JaTaka, O] 4era cy mpBa ABa (akTopa OATOBOpHA 3a
ckopo 50 % ykynHe BapujaHce. [IpBu dakTop kapa-
krepuiie gomuHanuja B, Na, CL, K, Li u HCO;, na je
YCIIOBHO Ha3BaH ,,IPUPOJIHA MUHEpaim3anmja’, J0K
Kox npyror ¢akropa nomunupajy Ca, Sr, Mg u CO,,

ra My je IoJieJbeH Ha3uB ,,kapOoHaTHH (akrop®. Tpe-
hu n yeTBpTH PpaKTOp O0jalImHaBajy MamkH €0 YKYITHE
BapHjaHce, IMa Ce HBUMa MPHUITHACY]Y XUAPOTEOXEMH]-
CKH TIPOIIECH JIOKAHOT KapakTepa, KOju ce jaBihajy
camo kojn onpeheHor Opoja HWCIUTHBAaHWX II0jaBa
moazeMHuX Boma. Tpehm Qakrop kapakrepumry
temneparypa u SiO, (,,cuauKaTHu (QaxkTop), AOK Ccy
Kox yeTBpror ¢axropa nzpaxkenu SO4, CO, u F (,,uc-
napema ByJIKaHa').

CarnrenaBameM U3MIBOjeHUX (akTopa y Teolo-
IIKOM, MTPBEHCTBEHO JTUTOJIONIKOM KOHTEKCTY, CTHUE
ce yBUJ y TJIaBHE XHPOT€OXEMH]CKE MPOIIeCe KOJH CY
3Ha4YajHH 32 (HOpMUpPaHE XEMH]jCKOT cacTaBa HCITUTH-
BaHUX TOJ3eMHUX Boja. Tako cy m3nBojeHU cienehn
MPOIIECH: YTHIAj MOPCKE CPEMHE W BYJIKAHCKHX HC-
naperma y Te0JIONIKO] MPOILIOCTH, HCTUCKUBAKE Be-
3aHe BOJIC M3 TIMHA MAPHHCKOT MOPEKJa, KaTjoHCKa
WU3MEHa W pacTBapame KapOOHATHHX M CHIIMKATHHX
MuHepana. JloOujeHn pasyntaTé ykasyjy Ha 3HaAYaj
ynorpebe ¢akTopHe aHaNM3e, Ka0 U MyJITHBAPHjaHT-
HE CTATUCTHYKE aHAJIN3E YOIIITE, MTPHIUKOM YTBphH-
Bamba reHe3e MoJI3eMHUX BOJIA, TO jeCT MPUIIHKOM Jie-
(uHUCama TEOXEMHUjCKAX U XHPOTEONIOMIKIX YCIOBa
dhopMupama THX BOJA.
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Natural radioactivity of groundwater in Serbia

MAaRINA CUK', PETAR PAPIC! & JANA STOJKOVIC!

Abstract. Activity concentrations of radionuclides 40K, 228Ra, 226Ra, 238U and Th232 and gross alpha and
beta activities were analyzed in more than 100 samples of groundwater in Serbia. The highest gross alpha ac-
tivity was recorded at 1.33 Bg/L (average 0.12 Bg/L), while the highest beta activity was 5.43 Bg/L (average
0.68 Bg/L). The potassium isotope 40K exhibited the highest active concentration (2.6 Bq/L) and was the
largest contributor to the gross natural beta activity. Among the analyzed samples, 28 were found to have ele-
vated beta activity concentrations, of which five samples also measured elevated alpha activity. All the
groundwater samples that exhibited elevated radioactivity were of the HCO;-Na type and were genetically
associated with granitic rocks. Their TDS levels and CO, gas concentrations were also elevated.

Key words: radioactivity, activity concentration, 4K, groundwater, Serbia.

Ancrpakt. Konnenrpanuje paanonykiuaa 40K, 228Ra, 226Ra, 238U u 232Th, kao u ykynHa anda u O6era ak-
TUBHOCT Cy aHanu3upanu y Buiie of 100 y3opaka mom3eMHuX Boja ca teputopuje CpoOuje. YkynHa anda
aKTUBHOCT JocTike makcumanHo 1,33 Bg/L ca cpemmom BpenHomthy 0,12 Bq/L. YkymHa 6eTa aKTHBHOCT
“Ma MakCHMAaJIHy BpeaHocT of 5,43 Bq/L, ca cpenmom Bpennomihy oz 0.68 Bg/L. HajBuiie koHIeHTpamuje
aKTHBHOCTH MMa u3orton Kanujyma, 40K koju mma u HajBehu mompuHOC mpupoaHoj Oera aktuBHOCTH. Off
UCIUTAHOT Opoja MoA3eMHUX BOJa, 28 y30paka je MoKas3ao ITOBHIICHE KOHIIEHTpaluje 0eTa akTHBHOCTH, a
MeT y30paka MMa IOBHINCHE BpeAHOCTH anda akTuBHOCTH. CBe WCIUTHBAaHE BOIE KOje C€ OIJIHKY)y
nopuiieHoM paauoaktuBHomhy cy HCO;-Na Tuma, U TeHEeTCKH Cy HajBepOBaTHHje Be3aHe 3a TPaHHUTHE

creHcke mace. Takole, y rMa je moBuireH caapxaj CO, Kao U pacTBOPEHNX MHUHEPATHIUX MaTepHja.

Kiby4yHe peun: panyoakTHBHOCT, aKTUBHE KOHIGHTpauyje, 40K, noxzemna Boga, Cpowuja.

Introduction

The discovery of radioactivity and its impacts was a
turning point in the evolution of geological sciences
and largely affected the development of geochemistry,
including isotope geochemistry, and geochronology
that plays an important role in terrestrial geology. A
special discipline is environmental geology that studies
the impact of human activity on the environment, as
well as that of natural radioisotopes (OMALJEV & ANTO-
NOVIC 1996). Radioactivity is an important parameter
of geophysical measurements in gamma prospecting,
logging of natural gamma radioactivity (gamma log-
ging) and spectral gamma logging.

Prior to the discovery of radioactivity, it was beli-
eved that the main cause and source of heat flow with-
in the Earth was cooling of its previously heated body
(MARroVIC 2005). Apart from the heat content of the
Earth immediately after formation, the radiogenic de-

cay of the unstable isotopes of uranium (238U, 235U),
thorium (232Th), and potassium (4K) provides the
largest internal source of heat (CLAUSER 2011; HAZEN
et al. 2009). The release of heat was likely more
intense in the Earth’s distant past than today, because
the amount of radioactive elements constantly
decreases as a result of decay (MArovIC 2005). Ura-
nium, thorium and 40K, are no longer trapped in the
planet’s core, they migrated to the Earth’s surface in
the early stages because of the crystalline and chemi-
cal properties of the compounds into which they were
incorporated (ANTONOVIC 1989).

Origin of radioactivity in nature
The main o emitting radionuclides in the natural

decay series are 238U, 234U, 230Th, 226Ra, 210Po, 232Th
and 228Th (TurHaN 2013). Positively charged parti-

I University of Belgrade, Faculty of Mining and Geology, Department of Hydrogeology, Djusina 7, 11000 Belgrade,

Serbia. E-mail: marinacuk@gmail.com
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cles, helium cores or ions comprised of two protons
and two neutrons, make up gross alpha activity. Gross
beta activity is comprised of negatively charged parti-
cles (electrons) or, rarely, positively charged particles
(positrons). Nearly all radionuclides are beta emitters,
except for some of the heaviest cores, while the major
B emitting radionuclides are 210Pb and 228Ra as well
as 40K (TurnAN 2013). Beta emitters are generally also
gamma emitters, with the exception of some pure beta
(B~) emitters such as 14C, 45Ca, 63Ni, 90Sr, 106Rh and
147Pm (ICRP 1991).

Environmental radiation originates from a number
of naturally occurring and man-made sources. Radio-
active materials occur naturally anywhere in the envi-
ronment (for example uranium, thorium and potassi-
um) (WHO 1993).

Elements 84 through 92 on the periodic table have
no stable isotopes at all and can be grouped into one

the reaction of the ground water with soil and bedrock
(VESTERBACKA 2007).

The territory of Serbia is rich in thermal and mine-
ral waters. Because of the volcanic and plutonic activi-
ty in the geological past, most of the mineral or ther-
mal water originates from these rocks (PROTIC 1995).
Groundwater occurrences mark different regional geo-
logical-structural features and the largest number of
mineral groundwater is related to the granite intru-
sions and volcanic rocks (MARINKOVIC ef al. 2013). A
major portion of uranium and thorium in igneous
rocks is concentrated in accessory minerals such as
zircon, sphene and apatite. Other highly radioactive
minerals (e.g. monazite, alanite, pyrochlore, xenotime
and thorite) are found only occasionally. In general,
uranium and thorium concentrations in igneous rocks
increase with increasing rock acidity. The major
radioactive minerals are shown in Table 1.

Table 1. Minerals and rocks featuring radioactive elements (ANTONOVIC 1989).

Radioactive element Radioactive mineral Rock/process

Orthoclase and microcline feldspars Main ingredient of acidic rocks
(KAISi,0y) and pegmatites

Potassium Muscovite (Na,KAI(SiO,),) As above
Alunite (KAL(SO,),(OH),) Alterations in acidic volcanites
Sylvite, carnallite (KCl, MgCl,-6H,0) Deposits in salt sediments
Uraninite (oxide of U, Pb, Ra+Th, rare Granites, pegmatites with Ag, Pb

. earth elements) and Cu veins

Uranium
Carnotite (K,0-2UO,-V,0,-2H,0) Sandstones
Gummite (alteration of uraninite) Together with uraninite
Monazite (Th,O + rare earth phosphates) Granite, pegmatite, gneiss

Thorium Thorianite ((Th, U)O,) Granite, pegmatite
Thorite uranothorite (ThSiO,+U) Granite, pegmatite

of three radioactive series or families. These are the
uranium-radium, uranium-actinium and thorium seri-
es. Natural radioactive series are a result of decay of
three radioisotopes: 235U, 238U and 232Th, ending with
isotopes 206Pb, 208Pb, 207Ph and 209Bi (USGS, 1998).
The radiation generated though the decay of these nat-
urally-occurring radioactive isotopes is the natural
radioactivity found in our environment (ICRP 1991).
The radioactivity in groundwater comes mainly
from radionuclides of the natural decay chains 238U
and 232Th, and 40K in soil and bedrock. Some radionu-
clides can migrate easily in water, depending on the
mineralogical and geochemical composition of the
soil and rock, redox conditions and the residence time
of ground water in the soil and bedrock, as result of

Numerous radioactive elements and isotopes occur in
natural waters: uranium, radium, radon (descendants of
uranium and thorium), while thorium is virtually absent
because of its low mobility in geochemical systems
where groundwater reservoirs develop (DANGIC 1995).

Methods
Sampling

During the course of the study: Radioactivity of
Groundwater in the Republic of Serbia (PAPIC et al.
2008-2011), gross alpha and beta activities and the
radionuclides (40K, 228Ra, 238U, 226Ra and 232Th) in
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more than 100 groundwater samples were analyzed and
represented in this paper. Sampling was conducted ap-
plying standard closed-source methods and suitable po-
lyethylene containers were filled with 10-15 L of water.

Determination of gross alpha/beta activity
concentrations

The gross alpha and beta activities of groundwater
samples and gamma spectrometry measurements of
natural radionuclides (238U, 228Ra, 226Ra, 40K, 232Th)
have been carried out in the Institute of Occupational
and Radiological Health “Dr Dragomir Karajovi¢”.
The gross alpha/beta analyses were performed accord-
ing to a routine procedure outlined in ISO9696 and
1S09697 (ISO 9696, 1992; ISO 9697, 1992).

The gross alpha/beta activity determination method
was based on the evaporation of 3 L of the water sam-
ple under UV lamps and calcining at 550 °C to a con-
stant mass. The mineral residue was used to prepare a
thin-film test sample. Suitable-geometry measure-
ments were made on a low level proportional counter
Thermo-Eberline FHT 770T, featuring a 21% effi-
ciency for alpha radiation and 33% for beta radiation.
The instrument was calibrated using standard sources.
The sample measurement time was 3600 s. The meas-
urement results were used to determine gross alpha
and beta activities of the water samples in Bg/L.

Table 2. Maximum permissible concentration (MPC), average, minimum and maxi-
mum activity concentrations of radionuclides, standard deviation and median values
and gross alpha and beta activities in groundwater samples collected across Serbia.

relative efficiency was 23%. The detector was cali-
brated using standard radioactive reference material,
MIX-OMH-F. The duration of sample measurements
was 1.3 days, depending on the concentrations present.
The gamma radiation spectrum was analyzed to
determine the concentrations of specific radionuclides
(40K, 228Ra, 226Ra,238U and 232Th) in Bg/L.

Chemical analyses were performed at the Hydroche-
mistry Lab of the University of Belgrade Faculty of Mi-
ning and Geology to define hydrogeochemical condi-
tions and determine groundwater types. The following
parameters were analyzed: sodium, potassium, calcium,
magnesium, chlorides, hydrocarbonates, carbonates, sul-
fates, TDS, hardness, pH, specific conductivity and CO,.

The results were statistically processed using IBM
software SPSS 17.0 (Inc SPSS 2009) and graphically
interpreted by ESRI ArcGIS 9.3 (ESRI 2012).

Results and discussion

Basic statistical processing, including active concen-
tration ranges, median and standard deviation (Table 2),
was conducted on the basis of 125 analyses of ground-
water samples for gross alpha and beta activities and a
certain number of active concentrations of radionu-
clides 40K, 228Ra, 238U, 226Ra and 232Th.

The World Health Organization, following the recom-
mendations of the International Commission on Radiolo-
gical Protection (ICRP), has
studied the radiological aspects
of drinking water quality and
recommended reference val-
ues for o-unstable radionu-

Parameter | No. of | MPC . o . clides in drinking water of 0.5
(Bg/L) |samples| (Bq/L) Average | Min | Max | Std.Deviation | Median Bq/L, and B-unstable radionu-
o 125 | 05 0.12 ]0.001]1.33 021 0.04 clides of 1 Bg/L (ICRP 1991;

B 25 | 1 0.68 | 0.018]| 543 0.93 0.26 WHO 1993; OFFICIAL GAZETTE

- OF RS 2011). When the aver-
228K 116 - 0.56 |0.012| 2.6 0.63 0.24 age and median values were
Ra 116 | 02 | 0.10 [0.006]0.76 0.16 0.05 compared to regulated MPC

it 0] 116 3 0.15 0.010 | 0.80 0.12 0.12 (maximum permissible con-
"Ra 116 0.49 0.16 | 0.005 | 2.56 0.36 0.04 centration) levels, the ground-
Srp 47 | 059 | 008 [0.006] 079 0.16 0.04 water samples did not exhibit

Determination of radionuclide activity
concentrations

The method for the determination of gamma-emit-
ter radionuclide activity was based on the evaporation
of 8-10 L of the water sample to a volume of 200 mL
and quantitative transfers to polyethylene vessels. The
vessels were closed and left to stand for about 40 days,
to prevent radon emanation and establish a radioactive
balance between members of the natural radioactive
series of 238U. The sample was then measured on a
gamma spectrometer with a HP Ge detector, whose

elevated radioactivity. How-
ever, when the maximum values of the individual pa-
rameters were evaluated, gross alpha and beta activities
and the concentrations of 228Ra and 226Ra were found
to exceed permissible concentrations. Histograms of
gross alpha and beta activities and active concentra-
tions of the tested radionuclides were produced to
determine the cumulative distributions of the analyzed
parameters (Fig. 1).

The histograms of gross alpha and beta activities
and active concentrations of unstable radionuclides
showed that all distributions exhibited positive skew-
ness. Only five samples measured gross alpha activi-
ty in excess of the MPC of 0.5 Bq/L, while 28 samples
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Fig. 1. Histograms of gross alpha and beta activities and active concentrations of radionuclides 40K, 226Ra, 228Ra, 232Th

and 238U.
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were above the beta activity threshold of 1Bq/L.
Radionuclides 226Ra, 228Ra and 232Th exceeded MPC
levels only in a few isolated cases, deemed to be ex-
tremes or outliers for statistical interpretation purpos-
es and therefore disregarded. There is no regulated
MPC level for 40K in Serbian regulations;the average
value of the samples is 0.56 Bg/L. The distribution of
40K was found to be similar to that of gross beta acti-
vity and this radionuclide was the greatest contributor
to gross beta activity, corroborated by high coefficient
of correlation (R2 = 0.844) between gross beta activi-
ty and the potassium isotope 4°K. The concentration
of 40K was found to be consistent with the geochem-
istry of potassium, which is one of the main elements
of magma (MITTLEFELDHT 1999).

The most frequently encountered radioactive potas-
sium minerals are orthoclase and microcline feldspars
(KAISi;0g) and muscovite (Na,KAI(Si0Oy);), which
are the main minerals of acidic igneous rocks and peg-
matites. Alunite (KAl;(SO,4),(OH)g) occurs though al-
teration in acidic volcanites, while sylvite and carnal-
lite (KC1, MgCl,-6H,0) are deposits found in salt se-
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Fig. 2. A, Correlation between gross alpha activity and dis-
solved minerals. B, Correlation between gross beta activity
and dissolved minerals.

diments (ANTONOVIC 1989). 40K also exhibited a high
coefficient of correlation (R2 = 0.43) with gross alpha
activity but this result was not unexpected given that
the TDS levels of the tested groundwater samples
were up to 6650 mg/L. These groundwaters were
formed in deep hydrogeological structures. Figure 2
shows that gross active concentrations of alpha/beta
emissions increased with increasing TDS.

Both correlations between a/p activity and the con-
centrations of TDS (Total dissolved solids) with a
coefficient of R2=0.36 for gross alpha activity (Fig.
2A) and R?=0.42 for gross beta activity (Fig. 2B).

The samples were divided into two groups to better
understand the hydrogeochemical conditions in which
the groundwaters that exhibited elevated radioactivity
were formed. One group was comprised of 28 ground-
water samples whose active alpha or beta concentra-
tions exceeded MPC, and the other group was made
up of 97 samples that measured below MPC. Select
chemical composition parameters are presented in
box-plots to show the general differences between
these two groups (Fig. 3).
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Fig. 3. Box plots of CO,, HCO5;~ and Na* concentrations
and TDS for two groups of groundwater samples (the
group of 97 samples is shaded).

All the tested samples that exhibited elevated beta
activity concentrations belonged to the Na-HCO; type
of groundwater, suggesting that the groundwater traced
to an aquifer in granitoid rocks with elevated concentra-
tions of dissolved solids and CO,. The samples whose
radioactivity was elevated measured CO, concentra-
tions up to 1510 mg/L. The water samples whose min-
eral content (TDS) was 500 mg/L, typical of groundwa-
ter that did not show elevated radioactivity, were domi-
nated by Ca?" and Mg2* ions, while with increasing
TDS these ions were replaced with the Nat ion.

Gas CO, in groundwater may be derived from a
variety of sources, including metamorphic devolatili-
sation, magmatic degassing, oxidation of organic mat-
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ter and interaction of water with sedimentary carbon-
ates (CARTWRIGHT et al. 2001). Research conducted to
date has shown that the most important radioactivity
anomalies are found in calc-alkaline igneous rocks
(JELENKOVIC 1991), which are rich in alkaline oxides
and metals and make up most of the continental crust.
Past studies of carbonated groundwater have shown
that groundwater with elevated CO, concentrations
tends to occur in areas of large tectonic faults, in zones
of Tertiary and Quaternary volcanism and within re-
gional metamorphism. These formation must have
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been related to the part of the
lithosphere in which the CO,
gas was generated. (STEVENS et
al. 2001; MARINKOVIC et al.
2012, 2013). Spatial distributi-
on of gross beta activity is ap-
parent in Figure 4, and shows
that most of the groundwater
samples that exhibit elevated
beta activity are located in the
Vardar Zone or at the interface
between the Vardar Zone and
the Serbo-Macedonian Massif
(SMM) and the Inner Dinari-
des (ID). This studys include
11 occurrences of groundwa-
ter from the area of the Panno-
nian Basin (PB) and all sam-
ples have beta activity concen-
trations less than 1 Bg/L. Also
the area of the Carpatho-Bal-
kanides (CB) covered by the
10 groundwater samples is
characterized by low values of
total beta activity.

Previous research has shown
that certain deposits of radioac-
tive elements can be spatially
associated with volcanic com-
plexes, being favorable envi-
ronments for the creation of
such deposits, but that the
deposits themselves are linked
with igneous reservoirs. It has
been established that these
deposits, and consequently the
places where groundwater with
elevated concentrations of ra-
dioactive elements is found,
can occur in areas associated
with large regional geotectonic
zones, usually following their
direction (RisTIC 1969). The
main CO, generators are locat-
ed within the Vardar Zone that
is characterized by a highly
complex geological/tectonic
makeup and Tertiary magmatism and associated with
the occurrence of carbonated groundwater (MARIN-
KOVIC et al. 2012). This groundwater also exhibits nat-
urally elevated radioactivity.

Conclusion

In this paper the distribution of natural radioactivi-
ty of groundwater from the territory of Serbia is pre-
sented, which has significant regional importance.
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Determination of chemical composition and the con-
centration of radionuclides in groundwater may con-
tribute in various fields within geology and hydroge-
ology. Gross alpha and beta activities of 125 ground-
water samples collected in Serbia were determined;
28 samples featured elevated beta activity, of which 5
samples also measured elevated alpha activity. The
origin of the radioactivity of these groundwater sam-
ples is natural, tracing to accessory minerals in
igneous rocks. The major B-emitting radionuclide in
the analyzed samples was 40K, which exhibited a very
high coefficient of correlation with gross beta activity.
This radionuclide adheres to the geochemistry of po-
tassium, which is one of the main magma consti-
tuents. The samples that exhibited elevated radioactiv-
ity were of the HCO;-Na type of groundwater whose
TDS exceeded 500 mg/L and CO, concentrations
measured 33-1510 mg/L. Most groundwater occur-
rences that feature elevated radioactivity appear to be
found in the Vardar Zone or at the interface between
the Vardar Zone and adjacent zones.
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Pe3nme

IIpuponaHa paaMoaKTHBHOCT NMOA3eMHHUX
Bona y Cpouju

PanmoakTHBHH €MeMEHTH, TOTOMIIM ypaHa U TOPU-
jyMa, ce y BEeNHKOj MepH jaBJbajy y MPHUPOIHUM BO-
nama. Benmmkum neo OBHX eleMeHaTa ce Halash y
MarMaTrCKMM CTeHama W KOHIIEHTPHCaH je y mparehum
(akmecopHIM) MUHEpATNMa Kao IITO CY ITUPKOH, cheH
u amatut. [eHepanHO, cajpikaj ypaHa W TopujyMa y
MarMaTrCcKMuM CTE€HaMa pacTe ca KHCeJomhy CTeHa.
OCHOBHH PaTMOHYKIUIN KOjH EMUTY]Y Ol 3padermhe Cy
2381y, 234U, 230Th, 226Ra, 210Po, 232Th u 228Th, nok cy
HajBaxHUjH B paguoanykauau 210Pb, 228Ra kao u 40K.

VY mwby camienama paJoakTHBHUX OCOOMHA MOJ-
3eMHUX Boza ca Tepuropuje CpOuje aHATU3UpaHO je
Bute ox 100 mojaBa mom3eMHNX Bona u oxpehuBane cy
KOHIIeHTpanuje paanonykimuaa 40K, 228Ra, 226Ra, 238U
u 232Th, kao u ykynHa anda u 6eTa aKTUBHOCT IO/~
3eMHUX Boma. Mehytum, ma Om ce pasmarpaine pa-
IMOaKTHBHE OCOOWHE IMOA3EMHHX BOjAa, OWIIO je To-
TpeOHO POYYUTH 1 OCHOBHH XEMH]jCKH CacTaB Bozia. Y
JlaGoparopuju 3a xuapoxemHjy, Pymapcko-reomomkor
(akynrera ypaheHe cy XeMHjCKe aHAIIN3E pau aequ-
HHCamka XHUIPOTCOXEMHJCKHX YyCJIOBa M yTBphUBama
THIIOBA TTOJ3eMHMX Bofa. Kako Ou ce yTBpiia Be3a 3a
THUIIOM TIOI3EMHUX BOZIa y KOjOj C€ jaBJbajy MOBHUILIECHE
KOHIICHTpAIHje paJHOHYKINAA Y BOAH, ofipehuBanu cy
crenehn XUIPOXeMHU)jCKU TapaMeTpy: HATPHjyM, KaJlv-
JyM, KaJIHjyM, MarHe3wjyM, XJIOPHIW, XHIPOKapOo-
Harty, cyndary, yKynHa MUHepaiu3anuja, Tepaoha, pH
BpenHocT u canpxaj raca CO,. 36or Benukor 6poja
10jaBa TMPBO j€ MPUCTYIUBEHO YTBPHUBAWKHY OCHOBHUX
CTAaTUCTHYKHX TapameTapa paJfoHyKIHAa u anda u
OeTa aKTMBHOCTH (MaKCHMallHe, MUHIMAIHE KOHIIEH-
Tpalyje, Cpele BPEIHOCTH U CTaHAApIHE JIEBHjaIld-
je). O ucnmuraHor 6poja MoA3eMHUX Boja, 28 y3opaka,
je TIoKa3alio TIOBWIIEHEe KOHIEHTpaldje OeTa aKTHB-
HOCTH, OZ Yera 5 y3opaka MMa IOBHIICHE BPEIHOCTH

anda axruBHOCTH. Cpefmpa BPEAHOCT YKymHe anda
koHueHtpanuje muocu 0,12 Bq/L, mok je 3a Oety
0,68 Bg/L. Ouuriienso je na ykymHa O0eTa akTHBHOCT
nmpeAcTaBha HajBehmM 1memoM y3poK MOBHIIEHE
PaaroakTHBHOCTH, a 40K je panOHyKIIH/ KOjU y Haj-
Behoj MepH IONMPHHOCH YKYIHO] 0eTa aKTHBHOCTH.
Cpenma Bpemnoct 49K usnocu 0,56 Bg/L.

Kako Ou ce medwHHCao THI BoAa Koju ce Kapa-
KTEepHIIE MTOBUIIEHOM IPUPOAHOM PaAHOaKTHBHOIINY,
CBM MCIMTHBAaHHM Y30pLHM IOI3EMHUX BOJA Cy IOAe-
Jb€HU Y [IBE IPyIle, TakO Aa jeAHYy IpyIly YHWHE BOAE
uymja ykymHa anda aktuBHOCT mpenasu 0,5 Bq/L, on-
HocHO ykymHa Oeta 1 Bg/L. CBux 28 mojaBa koje
npenase MpOIUCaHe MAaKCHMalHE JO3BOJbEHE Bpel-
HOCTH yKyIiHe anda ¥ OeTa aKTHBHOCTH IPHIIAJA]y
Na-HCO; tumy Bogme, IITO yKa3zyje Ha MoryhHoct
mopekyia BoAa W3 akBu(epa KOju ce Halazu y Tpa-
HUTOUIHUM CTeHaMa. YjeIHO, OBE BOZE C€ OMIUKY]Y
MOBUIIEHUM CaJpKajeM PacTBOPEHUX MHHEPATHHUX
marepuja u raca CO,. YribeH—IUOKCH] C€ Y y30pLu-
Ma ca IMOBHUIEHOM paJuOaKTHBHOLINY Hala3u y
omcery 33—1510 mg/L. [log3zemHe Boze 4nja je MUHe-
pamm3anuja Mama ox 500 mg/L wmajy moMHHaHTHe
jone Ca?* u Mg2" (mITo je KapaKTepUCTHYHO 3a Y30p-
K€ KOjU HUCY MMaJli OBHUILEHY PAJHUOAKTUBHOCT), 10K
ce ca mopehameM MUHepalln3allrje OBU jJOHH CMEHY]Y
ca Na'* jornma. CaMuUM THUM ce MOXKE 3aKJbYUHTH J1a Ce
ca moBehameM pacTBOPEHUX MHUHEPATHHUX MaTepHja y
Boau moBehaBa M paJMOaKTUBHOCT IOI3EMHUX BOJA,
LITO yKa3yje Ha TO Ja C€ PaJHOAKTUBHOCT ITOA3EMHHX
BOJla Be3yje 3a TeoJiomke Qopmalmje y Kojuma cy
dhopmupanu akBudep.

[IperxomHuM HCTpaKMBamkbUMa KOHCTATOBAHO j€ 1a
ce HajBaXXKHUj€ aHOMAJHje PAJNOAKTHBHOCTH BE3Y]Y
3a KaJKo-aJIkaJJHe MarMaTcke CTeHe, KOje YHHE Haj-
BehH €0 KOHTHHEHTaJHe KOpe, OMIHOCHO 3a 00NacTH
BEJIMKUX TEKTOHCKHX pacena, y 30HH TEePLHjapHOT U
KBapTapHOI' BYJIKaHW3Ma M y OKBUPY PETHOHAJIHOT
Meramopduszma. OBHM pagoM je TpeacTaBbeHa
MPOCTOpHA TUCTPUOYIMja YKyITHe 0eTa aKTHBHOCTH
Ha Teputopuju CpOwuje, r1e ce yodaBa Aa je Hajehn
Opoj MoI3eMHNX BOJIA Ca TIOBHIIEHOM OeTa aKTHBHO-
mhy cmemTer y Bapmapckoj 30HM MM HAa KOHTaKTy
Bapnapcke 30He ca Cpricko-MakeJOHCKOM MacoM U
VYayTtpammsum JuHapuauma.
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Rare earth elements in some bottled waters of Serbia

MaJja ToDOROVIC!, PETAR PAPIC!, MARINA CUK! & JANA STOJKOVIC!

Abstract. Twenty—one bottled mineral and spring waters from Serbia were analyzed for 16 inorganic che-
mical parameters, including lanthanides and yttrium which belong to the group of so—called rare earth elements
(REE). REE concentrations in the bottled water samples varied over a broad range, from 5.39 to 1585.82 ng/L.
Total concentrations in the bottled water samples were calculated taking into account the classification of lan-
thanides into heavy (HREE) and light (LREE), with yttrium added to the HREE group. The LREE concentra-
tions ranged from 3.62 to 1449.63 ng/L, while those of the HREE were from 0 to 136.19 ng/L. Distinct REE
signatures were observed in waters that drained specific rocks. The REE patterns in groundwater from granitic
and related rocks showed LREE and HREE enrichment, while groundwater with mafic rock influence exhibit-
ed slightly LREE enrichment. Several bottled water samples featured naturally—occurring carbon dioxide,
whose solutional capacity contributed to the highest REE concentrations in the analyzed samples. High REE
concentrations are also a result of sudden changes in oxidation—reduction conditions, which particularly affect
La, Ce and Eu. Aquifers developed in granitic and related rocks (methamorphic and sedimentary rocks) consti-
tute favorable environments for HREE in groundwater, corroborated by the occurrence of HREE in bottled
water samples. The bottled water samples largely exhibited a negative cerium anomaly and nearly all the sam-
ples showed a positive europium anomaly.

Key words: rare earth elements, hydrogeochemistry, bottled waters, Serbia.

Ancrpakt. Enementn perkux 3emasba (EP3) ananmsupanu cy y 21 y3opky ¢nammpannx Boja ca TepH-
topuje Cpbuje. Ykynne koHuenrpanuje EP3 npencraBibajy cyMy TEHIKHX U JIJAaKKX JJAHTAHUA Ca UTPHjyMOM,
KOjU ce 300T CIMYHMX T€OXEMHjCKHX OCOOMHA NMpHKJbyUyje TEIKUM JaHTaHuauma. Konnenrpaunuje EP3 y
y30pIMa (GIamrpaHuX BoJa Bapupajy y BEIUKoM orcery ox 5,39 mo 1585,82 ng/L. Jlaku 1aHTaHUIN Hala3e
ce y koHIeHTpanujama mmely 3,62 u 1449,63 ng/L, moKk ce TEHmIKW JTAaHTAHUAW HaTa3e y MamkbUM KOHIICH-
Tpanujama, ox 0 mo 136,19 ng/L. Uznann dpopmupane y rpaHUTONIHIM U CTEHAMa Ha Yje GOpMUpamke U ca-
CTaB OHE MMajy YTHIIA], IPEACTaBIbajy CPeIUHE ITOTOAHE 3a M0jaBy W TEIIKHUX M JIAKMX JIAHTAHUIA y TTOI3EM-
HUM BojiaMa, JIOK 0a3WdHHUje CTeHe Hajuenhe MpeAcTaBibajy H3BOp caMo JIakuX JaHTaHuaa. Hajehe ykymne
koH1eHTpaurje EP3 u Temkux naHranuna 3abenexeHe cy y No3eMHUM BojiaMa y OJM3WHH BEJIUKUX TPaHu-
TOMHUX MacHBa, IOCEOHO OHHUX IJIE CC Haja3e TOjaBe MPUPOTHOT YIJbEH—THOKCHIA, KOJU CBOJUM pacTBapa-
YKUM CIIOCOOHOCTUMA JIOTIPHHOCH OprkeM ocnobahawy EP3 u3 crena y Bony (bykyssa, ByjaHosarr). Jour je-
JlaH Y3pOK I10jaBe BeJIMKUX KoHneHTpauuja EP3 je n Hamia npoMeHa OKCHI0—peayKIMOHHUX yCII0Ba, KOjH Haj-
Behu yrunaj umajy Ha La, Ce u Eu, koju yjenHo noctixy u HajBehe koHneHnTpanmje on ceux EP3. Pa3ma-
TpaHe (uiammpaHe Bojie KapaKTepHIlle HeraTHBHA aHOMaJIMja [IepHjyMa JIOK CKOPO CBE BOZIE MMajy ITO3UTHUBHY
aHOMAIIHjy €ypoITrjyMa.

Kiby4yHe peuu: eIeMEHTH PETKUX 3eMalba, XUAporeoxemuja, quiammpane soae, Cpouja.

Introduction chemistry the term ‘rare earth elements’ generally re-
fers only to the lanthanides (La—Lu). Yttrium (Y)

The mostly trivalent rare earth elements (REE) behaves similary to the lanthanides Dy—Ho and thus is
consist of group IIIb transitions elements Sc, Y and La ~ commonly included in discussions of the REE. Scan-
and inner transitiion elements (or lanthanides). In geo- dium (Sc) in contrast, is substantially smaller cation

I University of Belgrade, Faculty of Mining and Geology, Department of Hydrogeology, Djusina 7, 11000 Belgrade,
Serbia. E-mail: maja.todorovic87@gmail.com
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with distinctive geochemical behavior and thus is gen-
erally included in the ferromagnesian transition ele-
ments (Fe, V, Cr, Co and Ni) (MCLENNAN 1999).
Lanthanides can conditionally be divided into three
groups: light (La, Ce, Pr, Nd), medium (Sm, Eu, Gd,
Tb, Dy, Ho) and heavy (Er, Tm, Yb, Lu). There is also
a simpler classification, into the so—called cerium or
light lanthanide group (La—Eu) and the yttrium group
(Gd—Lu) comprised of heavy lanthanides and yttrium.

REE constitute a unique series of elements in na-
ture due to their specific features that make them
especially powerful tracers of fundamental geochemi-
cal processes (HaNsON 1980; HENDERSON 1984).
These properties derive from the fact that: (1) with the
exception of Ce, the REE are generally trivalent in
Earth surface systems and are thus chemically frac-
tionated from their nearest neighbors in the Periodic
Table (i.e., divalent Ba and tetravalent Hf), and (2)
owing to the progressive filling of the 4f electron shell
across the REE series, their ionic radii decrease with
increasing atomic number (i.e., the lanthanide con-
traction). This lanthanide contraction imparts subtle
and systematic differences in the chemical properties
of REE across the series that are largely predictable,
and thus highly useful in studies of those processes
that fractionate REE in the environment. Consequent-
ly, the REE have a long history of use in the study of
magma genesis in the Earth’s upper mantle and crust,
crustal evolution, and in investigating weathering,
crustal denudation, transport of weathering products to
the oceans, and for water—rock interactions (HANSON
1980; HENDERSON 1984; BAU 1991; SMEDLEY 1991).

Low REE concentrations in water (ppb level or
less, (SHOLKOVITZ 1995 and references therein)) have
long prevented their use as witnesses of water/rock
interaction processes or as hydrogeological tracers.
The refinement of stable isotope dilution mass—spec-
trometry techniques and the recent development of
high—sensitivity equipments, namely the Inductively
Coupled Plasma Mass Spectrometers or ICP-MS,
changed this situation. As a consequence there has
now been an increasing number of studies dedicated
to the chemistry of dissolved REE.

A limited number of previous studies revealed that
REE characteristics in groundwater systems are large-
ly controlled by the rock through which they flow,
their pH, redox conditions, solution chemistry, organ-
ic and/or inorganic complexity and the form of trans-
port of colloidal and particulate matter. The most im-
portant finding brought out by these studies is the sim-
ilarity of REE patterns between groundwater and
aquifer rock. Groundwater REE signatures have been
shown to reflect those of host aquifers, and are, there-
fore, useful tracers of flow where the mineralogy of
different aquifers varies (e.g SMEDLEY 1991; JOHAN-
NESSON et al. 1997; MOLLER et al. 2003; TWEED et al.
2006). Many groundwaters exhibit REE patterns that
closely resemble the REE patterns of the rock through

which they flow, although they can show different
REE patterns compared with their aquifer rock.

Understanding the geochemistry of REE in circum-
neutral pH terrestrial waters, such as groundwaters, is
important from both the standpoint of their potential
use for investigating water—rock interactions, as well
as for tracing groundwater flow (MCCARTHY et al.
1998; JOHANNESSON et al. 2000). Moreover, ascertain-
ing the behavior of the REE in natural terrestrial wa-
ters is especially significant in the study of the fate
and transport of radioactive transuranics in the envi-
ronment because of the chemical similarities of the
REE and trivalent transuranics i.e., Pu3*, Am3*, Cm3",
and Cf3+; (CHopPIN 1983; KRAUSKOPF 1986; MCCAR-
THY et al. 1998). Therefore, it is generally well accept-
ed that the ubiquitous and naturally occurring REE
can be used as chemical analogs for studying the
behavior of the highly radioactive transuranics in nat-
ural waters.

The link between geology and water chemistry is
well known and can lead to extreme differences in ele-
ment distribution and is an issue that needs to be ad-
dressed. It is imortant to investigate the hydogeoche-
mical characteristics of the waters in order to identify
the main hydrogeochemical processes and influences
controlling their chemical content.

Some of their unique composition features, such as
elevated carbon dioxide (CO,), hydrogen sulphide
(H,S), sulphate (SO,2-), iron and high salt content are
specific to the geological and hydrogeological posi-
tion of the exploited springs and producing wells.
However, these naturally occurring waters are often
chemically processed before bottling in order to adjust
to market needs. The final bottled water product can
have, therefore, little resemblance to the original
groundwater composition. Nevertheless, MISUND et
al. (1999), found a traceable link between bottled
water composition and aquifer lithology in 66 Euro-
pean bottled waters. GROSELJ et al. (2008) used neural
networks to arrive at the same conclusion. REIMANN &
BIRKE (2010) analyzed 1785 bottled waters and and
they belived that those analysis may provide a possi-
bility to gain an idea about groundwater chemistry at
the European scale. According to this study, from the
aspect of rare earths, for the most elements in the
group, there is no unambiguous geological explana-
tion for high occurrences in groundwater. In general,
the highest concentration of rare earth elements, from
litological aspect, are related to pegmatite dyke con-
taining REE minerals, felsic gneisses, granite and cal-
calkaline Tertiary volcanics (REIMANN & BIRKE
2010).

Methods

During the spring and summer of 2012, 21 bottle
waters available on the Serbian market were pur-
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chased in selected shops all over Serbia. The domi-
nant role for selection bottled water sources played
their different genesis and discharge. Different condi-
tions of water formation reflect their variations in che-
mical types.

In order to characterize the composition of the stud-
ied bottled waters, two data sources were used: labo-
ratory analysis of bottled waters purchased from the
public market carried out by Activation Laboratories
(Canada) and the chemical composition reported on
bottle labels. The physicochemical parameters report-
ed on the manufacturer’s labeling of 21 domestic
brands of bottled water were used as dataset for this
study. To keep the brand names anonymous, the
waters were named from Brand 1 to Brand 21 and this
convention was used throughout the text. The physi-
co—chemical variables (consisting of major ions,
minor ions, trace elements, and physical parameters)
that were in the compiled database, seven variables
(Cazf, Mg2*, Na™, K*, Cl-, SO42-, HCO5~) occur most
often and thus were utilized. Analysis of chemical and
physical properties of these bottled waters were car-
ried out by official laboratories that have been certi-
fied by the Ministry of Health and accuracy and pre-
cision of the laboratory results were not questioned in
this study. However, as an independent check on the
quality of the chemical analyses in the database they
were tested for charge balance error using software
The Geochemist’s Workbench, 2008. Calculated
charge balance errors are less than +5% for all the
samples in the database, which is an acceptable error
for the purpose of this study. The water samples were
analyzed by HR-ICP/MS, High Resolution Magnetic
Sector ICP/MS using a Finnegan Mat ELEMENT 2
instrument in Activation Laboratories. In addition, to
verify the accuracy and precision of the method,
NIST® 1643e “Trace Elements in Water” SRM was
analyzed and compared to the certified values. The
experimental concentrations determined in this study
agreed well with certified values.

Results and Discussion
Geological setting of rare earth elements

For the most part, REE are all lithophile and in
most igneous systems they are incompatible; the
degree of incompatibility increases with increasing
atomic radius (or decreasing atomic number). Ac-
cordingly, lanthanides and yttrium tend to concentrate
within magmatic liquids and phases that occur in the
later stages of magmatic activity (MCLENNAN 1999).

Rare earth deposits in igneous rocks can be
grouped into five distinct categories differing in the
provenance and evolution of the magma and in the
rock types hosting mineralization: (1) carbonatites,
(2) peralkaline silica undersaturated rocks, (3) peral-

kaline granites and pegmatites, (4) pegmatites associ-
ated with sub— to metaluminous granites, and (5) Fe
oxide—phosphate.

The genesis and distribution of REE during the
course of differentiation of magma, magmatic rem-
nants and hydrothermal solutions are highly complex
processes, as such, they do not depend solely on tec-
tonic zones and provinces, but on magma chemism as
well acidity and alkalinity.

A large number of minerals feature complex REE
compositions, light and heavy lanthanides. Depending
on the magma chemism, they are divided into primary
and secondary minerals. This can be seen in second-
ary rock constituents, largely affected by calcium and
phosphorus concentrations in the early or later stages
of magmatic differentiation. As a result, certain selec-
tive minerals are dominated by the cerium group:
bastnaesite, parisite, loparite and monazite, while oth-
ers are dominated by the yttrium series: xenotime,
euxenite, gadolinite, yttrofluorite, etc. This applies to
secondary rock constitutes and primary REE carriers.
In addition to calcium and phosphorus, the global
causes of selective REE fractioning are attributed to
the general magma chemism: the Ce—group is associ-
ated with alkaline magma (basic alkaline complexes),
while the yttrium group is associated with acidic
magma (ARSENUEVIC & DROMNJAK 1988).

As part of the Central Balkan Peninsula, Serbia is
made up of very complex geological units. DIMITRI-
JEVIC (1994) defined geological structure of the terri-
tory of Serbia based on geotectonical units. In gener-
al, they can be divided into the following units: Pan-
nonian Basin, Carpatho-Balkanides, Serbian Macedo-
nian Massif, Vardar Zones and Inner Dinarides. A
simplified geotectonic framework of Serbia is pre-
sented in Fig. 1.

From an REE prospecting perspective, the research
conducted to date in Serbia (ARSENIEVIC & DROM-
NJAK 1988) and references therein) suggests that the
primary REE—carrying minerals are monazite, xeno-
time, alanite, apatite, fergusonite, zircon, columbite
and the like. The above minerals have been detected
in granitoid rocks and metamorphic rocks enveloping
granite, as well as rarely in the sediments of creeks
and rivers that flow through granitoid massifs. They
were found in biotite and biotite—-muscovite granites,
aplitoid granites and granitic gneisses at the following
localities in Serbia: Cer, VrSac, Bukulja, Cemerno,
Zeljin, Bujanovac and Golija (MIHAILOVIC-VLANC, N.
& MARkov, C. 1965; PETKOVIC 1987 and reference
therein).

Major hydrochemistry and
hydrogeochemistry of rare earth elements

The differences between the chemical composi-
tions of the bottled water samples are best seen on the
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Fig. 1. Geological map of Serbia (DIMITRUEVIC 1994).

Durov diagram, showing the anions, cations, TDS and
pH levels in parallel (Fig. 2). The trilinear diagram of
the anions shows minor differences in anionic compo-
sition; most of the bottled water samples were of the
hydrocarbonate type, with only Brand 2 being of the
HCO;—Cl type and Brand 14 of the HCO;-SO, type.

With regard to cationic compositions, there were two
large groups: one dominated by calcium and magne-
sium — 7 samples HCO; — Ca, 2 samples HCO; — Mg
(TDS up to 804 mg/L), and the other by Na — 12 sam-
ples HCO; — Na (TDS up to 3100 mg/L). No signifi-
cant correlation between the macrocomponents was
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from 5.39 to 10.96 ng/L. Alt-
hough no correlation was esta-
blished between TDS and pH
relative to the total REE, these
three brands measured the low-
est TDS and the highest pH
levels. The chemical composi-
tions of these bottled water
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samples suggested a short cir-
culation pathway and rapid wa-
ter exchange between interme-
diary and basic rocks. The
rocks in which these waters
were formed are apparently not
conducive to the occurrence of
REE—carrying minerals.

8.0

9.0

Fig. 2. Durov diagram of chemical compositions of bottled water samples.

noted, except between sodium and hydrocarbonates.
Among the bottled water samples of the Na—HCO;
type, 8 brands exhibited a TDS level greater than 1000
mg/L, of which 7 featured natural carbon dioxide
(Brands 5, 7, 10, 15, 16, 17 and 18).

The REE concentrations in the bottled water samples
are shown in Table 1 and Fig. 3, with minimum and
maximum concentrations of all the members of the lan-
thanide group, along with yttrium and their ratios.

REE in concentrations from
23.04 to 86.6 ng/L were found
in bottled water samples of
different cation types and TDS
levels (from Ca-HCO; to
Na-HCO;, Na-HCO;—Cl, TDS
146—1123 mg/L). This group
included waters tracing to li-
mestones (Brands 19 and 21),
marls (Brand 12), gneissic
granites (Brand 4), and inter-
granular porosity rocks of different compositions
(Brands 2, 3, 6 and 13).

Levels above 100 ng/L were recorded in bottled
water samples whose chemical compositions were
directly or indirectly affected by granitic intrusions
and Tertiary magmatism. Similar to the previous sam-
ples, TDS did not correlate with total REE. This group
included naturally carbonated waters (Brands 5, 7, 10,
15, 16, 17 and 18, Na-HCO;, TDS 994-3100 mg/L),

Table 1. Minimum and maximum REE concentrations in bottled water samples, including their ratios (ng/L).

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y
Min <1 <l <0,05 <0,1 <05 246 <005 <0,1 <0,5 <0,01 <0,05 <0,1 <0,05 <03 <3
Max | 6551 587 30,2 108,6 21,5 6822 16,2 4,51 17,1 29 109 <5 6,02 2,8 93,1
Ratio | 655,1 587 6052 1086,9 43,0 277,4 323,1 45,1 342 2869 2184 / 1204 9,2 31

Among the lanthanides, the highest concentrations
were measured in the light lanthanide group (LREE —
La, Ce, Nd and Eu). In all the samples thulium (Tm)
was below the detection limit, while the highest per-
cent concentrations below the detection limit were
those of samarium (Sm) and dysprosium (Dy) (about
70%) and lanthanum (La) and cerium (Ce) (50%).

It should be noted, when compared to concentratios
of rare earth elements in study of REIMANN & BIRKE
(2010) one sample of bottled water exibit maximum
concentration of Eu (447 ng/L) (Brand 15: 682.2 ng/L).

REE totals are shown in Fig. 4a. Brands 8, 9 and 20
exhibited the lowest summary REE concentrations,

Brand 14 (Ca-HCO;-SO,, TDS 804 mg/L), and
Brands 1 and 11 (TDS 221 and 420 mg/L). Fig.s 4b
and 4c show total light lanthanides and heavy lan-
thanides (with yttrium), by sample.

Light lanthanides measured from 3.6 to 1449.63 ng/L.
Cerium (Ce) and lanthanum (La) were the greatest con-
tributors to these concentrations. The highest LREE con-
centrations were recorded in all naturally carbonated
water samples (except Brand 10), as well as in Brands
1 and 14, where apart from lithology, the solutional
capacity of CO, has a considerable effect. HREE con-
centrations ranged from 0 to 136.19 ng/L. Higher
HREE concentrations were measured in samples
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Fig. 3. Shematic map of Serbia with concentrations of LREE and HREE in analyzed

bottled waters and distribution of igneous rocks.

whose composition was formed in contact with gran-
itoid rocks, either placer deposits (Brands 7, 11, 12, 13
and 15) or circulation through the granites and related
rocks (Brands 4, 10, 17 and 18). This group also in-
cluded Brand 16. The groundwater used to bottle
Brand 16 exhibited an elevated temperature, suggest-
ing the influence of a granitoid intrusion on the chem-
ical composition of groundwater formed primarily in
serpentinites.

Although Brands 19 and 21 represented groundwa-
ters tracing to limestones with low total REE, there
were notable differences between both the REE totals
and in terms of a higher HREE concentration in Brand

1-21 Bottled water samples

m Igneous rocks

phic rocks on the recharge of
the aquifer formed in lime-
stones from which this water
is tapped.

REE concentrations in
groundwater generally depend
on several factors: release into
solution during the dissolution
of minerals, pH levels and re-
dox states of the groundwater,
adsorption, complexing lig-
ands in the groundwater and
hydrogeological factors (e.g.
flow pathways and residence
time). The environmental be-
havior of the REE and yttrium
is strongly influenced by solu-
tion chemistry (Woobp 1990;
Luo & BYRNE 2004). In
groundwater, REE are subject-
ed to chemical complexation
with several potential REE
complexing agents. Trivalent
REE are considered to be hard
ions and will complex prefer-
entially with hard ligands
including F-, SO,2-, COs%,
PO, and OH-. In general,
simple ions (Ln3*, Ln is any
lanthanide) and sulfate com-
plexes are dominant at low pH
levels, while at circumneutral
to basic pH, REE frequently
occur as carbonate and dicar-
bonate ions (BROOKINS 1989;
WoobD 1990; JOHANNESSON ef
al. 1996). In addition, fluoride
and phosphate complexes may
be important where ligand concentrations are high
(WooD 1990; SHAND et al. 2005). The REE display
strong sorption characteristics, particularly at high
pH, onto mineral surfaces which reduces REE abun-
dance in solution.

Previous examination of the REE in near neutral to
low acidic pH groundwaters (pH 5.4-6.8), indicate
that inheritance of rock REE signatures, as a result of
solid—liquid exchange reactions such as dissolu-
tion/precipitation, cation exchange, weathering reac-
tions, and/or leaching, plays an important role in the
origin of the aqueous REE signatures (SMEDLEY 1991;
JOHANNESSON et al. 2000). Among the assessed bot-
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Fig. 4. Total REE (a), LREE (b) and HREE (c) in bottled water samples.

tled water samples, the pH levels in that range charac-
terized naturally carbonated waters, where REE com-
plexation is generally dominated by the formation of
carbonate complexes, LnCO;" and Ln(CO5),~ .

HREE occurrences in the bottled water samples
were associated with the formation of carbonate com-
plexes, particularly the dicarbonate ion (i.e.,
Ln(COs3),7;), whose stability in groundwater increases
with increasing atomic number. In relation to LREE,
this contributes to greater stability of the HREE in
alkaline groundwaters. Where aquifers are devoid of
heavy lanthanide—carrying minerals, only light lan-
thanides are found. If lithological conditions for the
occurrence of HREE in groundwater exist, they will
dominate the LREE, particularly at high pH levels,
because of both the stability of their dicarbonate
forms and the removal of LREE from the groundwa-
ter as they are generally scavenged through sorption
processes much more than the HREE.

A comparison of naturally carbonated and non—car-
bonated bottled water samples shows that the addition
of a CO, rich gas phase has a significant effect on
weathering processes. The dominant effect is the cre-
ation of relatively acidic, aggressive groundwater that
will readily attack silicate minerals, Fe-Mn oxyhy-
droxide phases and, combined with complexing lig-
ands such as F-, will lead to high total REE concentra-
tions in groundwater (SHAND et al. 2005).

It should be noted that the bottled water was tech-
nologicaly treated in some cases and this may have
lead to reduced REE concentrations. For example,
CO, degassing increases pH and leads to carbonate
precipitation. Due to cooling, silica, sulphides, and/or
various oxihydroxides flocculate, and many trace ele-

ments are sorbed or co—precipitated. Furthermore,
change of pressure and temperature during ascent of
water induces formation of metastable components
and surface coatings, and ion exchange as a function
of fluid flow (MOLLER 2002).

When plotting the abundance of REE towards the
atomic number a zigzag curve is obtained. Such abun-
dance curves are difficult to compare, in particular, if
individual elements behave anomalously. For that rea-
son, great number of authors suggested to normalise the
REE abundance in water by REE abundance in differ-
ent materials Cl-chondrite (ANDERS & GREVESSE
1989), PAAS (McLENNAN 1989), source rocks of
waters etc. Normalisation does not alter the abundance,
it only visualises changes of trends with respect to the
normalisation matter and depicts anomalously enriched
or depleted elements (MOLLER 2002).

Various standard shales or the PAAS (Post Archa-
ean average Australian sedimentary rock (MCLENNAN
1989; ROLLINSON, 1993) are often taken as being rep-
resentative for the average composition of the earth’s
upper crust and form the basis for another suite of nor-
malisation plots. Fig. 5 represents PAAS normalized
samples of bottled waters with the highest concentra-
tions of REE. REY patterns show a variety of trends,
the deviation from a flat trend is termed fractionation
with respect to the normalisation material. The frac-
tionation can be the result of a fractional release from
host minerals or fractionated incorporation in alter-
ation minerals (MOLLER 2002). The figure below
shows a positive peak of normalized Eu values. Near-
ly all the samples exhibited a positive Eu anomaly.

The differing geochemical behaviours of cerium and
europium often lead to positive or negative Ce or Eu
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Fig. 5. REE patterns (normalized to PAAS) of bottled water samples.

anomalies in normalised REE distribution plots. Cerium
occurs in the Ce#" oxidation state under oxidising condi-
tions and europium is the only lanthanide that, under
reducing conditions, can be divalent. The larger size of
the divalent Eu ion implies different geochemical substi-
tutions and behaviour from the other REE (BANKS et al.
1999). The anomaly is positive if Eu/Eu* or Ce/Ce* > 1,
or negative if <l (EwEu*=Euy/(SmyxGdy)0-),
(Ce/Ce*=Cey/(Lay*Pry)03;  — normalized values)
(Fig. 6).

mm———— ' Brand 1
Brand 6
Brand 3
Brand 16
Brand 14

JUIE ”I'T'””!JIJM

0.01 0.1 1 10 100
m—— Eu/Eu*

——=Ce/Ce*

Fig. 6. Ce and Eu anomalies in bottled water samples.

Among the studied samples, a great positive Ce
anomaly was noted in four cases. The anomaly is only
slightly negative for the high TDS Na—HCO; water

Lu

type and especially prominent
for the Ca—Mg-HCO; water

Brand 1 type. The negative Ce anom-
aly may be a result of redox
B transformations of Ce3* into
................... rand 7 X
Ce4t, as anoxic groundwater
discharges to the Earth’s sur-
——-Brand 14 face (LEYBOURNE & JOHAN-
NESSON 2008), due to cerianite
Brand 15 (CeO,) precipitation or ad-
sorption to Fe oxyhydroxides
Brand 17 (Bau 1999; Dia et al. 2000).
Experimental data (Bau 1999)
indicate that adsorption of Ce
.......... Brand 18

onto iron oxydroxides is a rela-
tively slow process so the vari-
ations in the magnitude of the
Ce anomaly could result in the
difference in residence time of
circulation groundwater. Nega-
tive Ce anomalies are quite
common in oxygen rich waters. For instance, seawater,
oxygen-rich river and karst waters are characterised
world-wide by negative Ce anomalies (MOLLER 2002).

Contrary to Ce, the positive Eu anomaly was not
determined in only three brands. According to the lit-
erature, three hypotheses have been proposed for
explaining positive Eu anomalies in groundwaters: (i)
positive anomalies in the aquifer sediments through
which they flow; (ii) preferential dissolution of
Eu—enriched minerals (e.g., plagioclase); and (iii)
preferential mobilization of Eu?* during water—min-
eral interaction compared to the trivalent REE (BANKS
et al. 1999; LEYBOURNE & JOHANNESSON 2008).

Conclusion

Rare earth elements (REE) represent a series of 15
lanthanides (La—Lu) and Y, which exhibits similar
geochemical characteristics and has properties com-
parable to those of heavy lanthanides. The paper pre-
sented REE concentrations in samples of 21 bottled
water brands. The selection of the bottled water
brands was based on different bottling locations, or
different geological and hydrogeological conditions
that lead to the formation of the chemical composi-
tions of the bottled groundwater. Summary REE con-
centrations ranged from 5.39 to 1585.82 ng/L. The
highest concentrations were recorded in naturally car-
bonated bottled water samples, as a result of aggres-
sive action of the water (solutional action of CO, and
low pH levels). Additionally, elevated REE concentra-
tions were found in bottled water samples that reflect-
ed specific oxidation—reduction conditions and spe-
cial lithological compositions of the aquifers. The spa-
tial distribution of HREE in groundwater coincided
with granitoid intrusions within Serbia, where
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REE—carrying minerals are found. Nearly all the bot-
tled water samples exhibited a positive europium
anomaly, indicating specific oxidation-reduction con-
ditions in both the groundwater and the environment
in which it circulates.
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Pe3nme

EnemeHnTH peTKHX 3eMa/ba Y HEKUM
drammpanum 6onama Cpouje

Enementn perknx 3emaspa (EP3) ananusupanu cy
y 21 y3opky ¢ramupanux Boga ca tepuropuje CpoOu-

je. Y reoxeMuju TEPMHH €IEMEHTH PETKUX 3eMalba Ce
TeHEpaJHO OCMATPaHO OJHOCH Ha TPyIly eJleMeHara
Koju ce Ha3uBajy nantaHuau (La—Lu) ca urpujymom.
Hajnoznaruja monena taHTaHUAE JETH HA EPHjYMCKY
rpymy omHocHo yake jJaHtanuge (La, Ce, Pr, Nd, Sm,
Eu) u utpujymMcky Tpymny OJHOCHO TEIIKe JIAHTAHUE
(Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu). Utpujym (Y) ce 360r
CIIMYHUX TEOXEMHUJCKUX OCOOWHA TPHUKIBYUYje TPYIH
TelKuX JaHTaHuaa. EP3 kapakrtepuilie cMamUBambe
JOHCKOT paamjyca ca mosehameM aToMCKOT Opoja, ITo
IOTPUHOCH oxapeheHrM pas3iuKaMa y XeMHjCKUM
CBOjCTBMMa KOje Cy Y BENHKO] MepH IpeABHIUBE, a
CaMHUM TUM M KOPHCHE y HCTPaXXHUBambHUMa OBHX
eJleMeHara y pa3lMuuTHM cpeauHama. Hucke koH-
nenTpanyje EP3 y Bomama myro cy cripedaBaiie lUXOBY
NPUMEHY y HCTpaXUBamkbUMa IIpoleca HHTEepaKiyje
Boma—creHa. Pa3zBojem ompeme 3a HR—ICP-MS wmeto-
Iy, OCTBapeH je 3Ha4yajaH MoMak y uctpaxuBamy EP3
y BOIaMa, Kako IOBPIIMHCKAM TakKO U IOA3EMHHM.
OBUM HCTpaXWBalbUMa yYCTAaHOBJbEH j€ BEIHKH Opoj
MPUPOAHUX MPOLIECA U YCIIOBA KOjH KOHTPOJIHUIILY TIOHA-
mame EP3 y mog3zeMHnM Bomama. YTHIIa] TUTOJNOTH]E
Ha XEMHjCKH CacTaB BOJA je YBEIHKO MO3HAT, M MOXeE
JIOBECTH 10 3HAYQjHHUX pa3jnKa y TUCTPHOYIMjH elre-
MEHaTa y MOA3€MHUM BOZaMa, M U3 TOT Pa3iiora BaXKHO
j€ WOCHTHU(HUKOBATH XUAPOTEOXEMH]CKE MPOIIECce KOjH
KOHTPOJIUILLY KOMIIOHEHTE Y BOIH.

OOpamoM mapamerapa Npey3eTHX ca €THKeTa pa-
3MaTpaHuX (IAIMpaHuX BOJAA, HHjE€ yCTaHOBJHEHA
3aBUCHOCT u3Mel)y MojeAnHuX MaKpOKOMITOHEHTH Xe-
mujckor cactaBa 1 EP3. HcTo Tako HHje ycTaHOBIBEHA
Kopenanyja m3Mely ykymHe MuHepanmzanwje, pH u
EP3. Anamuza EP3 y ¢mammupannm Bomama CpOuje
yKa3ajia je Ha BEJHMKH Ujalla30H KOHIIEHTpanuja Of
5,39 no 1585,82 ng/L. KoHueHTparwje 1akix JaHTaHH-
Jla y OKBUPY pa3MaTpaHMX y30paka ¢ralmpaHux Bozxa
Hanase ce y rpanniama mmely 3,62 u 1449,63 ng/L
JIOK Ce TELIKH JIaHTaHWIY Hajla3e y 3Ha4ajHO MAambUM
koHeHTpanrjama ox 0 mo 136,19 ng/L, mro ce 06ja-
IIFHaBa YUHCHULIOM [1a JIAaKU JJAHTAaHUIU MMajy Behy
pacipocTpameHocT y npupoau. IlpocropHa nucrpu-
oymuja EP3 y dmammpanum Bogama y CpOuju, ycios-
HO je MOTBpIMJIa PAaCHOAENy JIJAHTaHUAA [IpeMa BPCTH
CTEHA; JIaK{ JIAHTAaHUIU C€ TOPEA KUCENUX, BE3Yjy U
3a 6a3suyHE CTEHe, NOK TELIKH JIAHTaHUIW y Bozama
yKazyjy Ha OUPKYIAjy Kpo3 KHcele cTeHe (KHucese
MarmMarcke CTeHe U MeTaMOp(HE U CeTUMEHTHE CTEHE
Ha uuje popMupame oHe nMajy ytungj). laxme, ucro-
BpeMEHa I0jaBa JAaKUX M TEUIKUX JAHTaHUAA Yy
MOJ3eMHUM BOJaMa yKasyje Ha MUPKYIanujy y IIo-
MEHYTHM KHCEJIMM CTE€Hama, JOK CaMo JIaK{ JIaHTa-
HHUJIU yKa3yjy Ha OLyCTBO MHHEpaa HOCHOLA TEIIKUX
JIAHTAHHUJIA y CTEHaMa U CIeHU(PUIHE OKCUI0-PEoYK-
LIMOHE YCIIOBE.

Pesynratu nocagammux UCTpaXUBamka Ha TEPUTO-
puju Cpbuje ca acnekra npocnekiuje EP3, ykazyjy
Jla cy m1aBHU MuHepaiu Hocuonu EP3 MoHanur, kce-
HOTHM, aJIaHUT, araTuT, 0eTtadut, GEepryCcoHUT, ITUP-
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KOH, KOJYyMOWT, KOjH Cy YIIABHOM KOHCTAaTOBaHH Yy
TPAaHUTOMJIHUM CTEHaMa U MeTaMOp(QHHM CTeHaMa
HETOCPEAHOr OMOTa4ya IPaHNuTa U y HAHOCHMa II0TOKa
U peKa KOjU NPOTHYY KpO3 TPaHUTOUIHE MacUBe
Iepa, Bpmma, bykysee, Yemepnor, XKemuna, byja-
HoBIa, [omuje utn. Hajeehe konumentpanuje EP3 u
TEIIKUX JJaHTaHUa Y (IalpaHuM Bojama ce Hajlase
yOpaBo y oOjacTMMa OBHMX MAacHBa, IITO CE MOXKE
MIOBE3aTH U €A M0jaBOM YIJbEH—IUOKCH/A Y OKOJIMHH
byxysee u ByjaHoBma, unja pacTBapayka CIiocOOHOCT
JIOTIpUHOCH OprkeM ocnobaljarby OBHX elleMeHara W3
cTeHa. 3HayajaH mapameTap koju yTtude Ha EP3,

nmocebno make mantanuge (La, Ce m Eu) je okcu-
IO—peyKIHOHH TMoTeHIujan. Y BehwHHm y3opaka
YCTaHOBJbEHA je HeraTUBHA aHOMaJTHja [epHjyMa, JOK
CKOPO CBH y30PIIM UMajy TIO3UTUBHY aHOMAJIH]y €ypo-
nmujyma. HeratuBHa aHOManmja mepujyma mocieania
je op3or ykinamama Ce U3 BOAE W yKa3yje Ha Harje
U3MEHE OKCHO—PEAyKIIMOHOT TOTEHIHjalla TTOA3eM-
HUX BOJA, NOK IO3UTHBHA aHOMAallMja €ypoIlrjyma
yKazyje Ha PeQyKIHOHY CPEeOUHy YHyTap Koje IHp-
KYJUIIY BOJIE, pacTBapame IUarnokiaca oooraheHnx
Eu wmm cnennduynnM ycnmoBuma koju omoryhasajy
Behy MuTpaIijy 1BOBAJICHTHOT €ypOTH]jyMa.
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Distribution of magnesium in groundwater of Serbia

JOVANA MILOSAVLIEVIC', JAKOV ANDRIJASEVIC' & MAJA TODOROVIC!

Abstract. Magnesium is chemical element commonly found in the environment and the main constituent of
many types of minerals and rocks. This element is also essential to man. Owing to its abundance in nature, mag-
nesium is present in all water resources and generally occur as the dominant cation, with calcium, in those that
feature low TDS levels, whose origin is associated with large formations of sedimentary rocks (limestones,
dolomites), and to a lesser extent with the degradation of silicate minerals that contain Mg. Magnesium concen-
trations in groundwater of Serbia vary over a wide range and their distribution is not uniform, but certain laws of
nature do apply. The variation in the concentrations of this ion depends on the considered hydrogeological
province, while within a single province it is a consequence of Serbia’s highly complex geology. The best exam-
ples are the Carpatho-Balkanides, with predominant karstified rock formations, and the Vardar Zone where ophi-
olites prevail but the makeup is much more complex than that of the Carpatho-Balkanides.

Key words: magnesium, groundwater, distribution, Mg/Ca ratio, Serbia.

AncTpakT. MarHe3ujyMm je 3eMHOAJKalHH MeTal, BeOMa 3acTYIUbCH y JKMBOTHO] CPEAMHU U IJIaBHH
KOHCTHTYEHT MHOTHX THIIOBa MHHEpaja M CTEHa, a YjeIHO eCEHIHjaJlaH 3a YOBeKa. 3axXBaJbyjyhM BEIHKO]
pacmpoCcTpameHOCTH Y MPHUPOAH, IPUCYTAaH jeé Y CBHM BOJaMa W OOMYHO C€ ca KaJIHjyMOM, jaBjba Kao
JIOMUHAHTHH KaTjOH y MaJOMHHEPaJM30BaHHUM BOJama, 4Wje ce IOpeKIo Be3yje 3a OrpOMHE Mace
CEMMEHTHHUX CTeHa (Kpedmally, IOJIOMUTH) ¥ MambUM JIEJIOM 3a Ipollece paclaiamka CHINKaTHUX MUHepaja
KOju caapyxe maraesujym. Caaprkaj Maruesujyma y mnoaszeMHUM Bojama CpOuje Bapupa y BeoMa IIMPOKOM
orcery, AMCTpUOyIHja je HEpaBHOMEpHA, ald ce MOIY YOuuTH oapeljeHe 3akoHOMEpHOCTH. Bapupame
KOHIIEHTpAaIlMja MarHe3ujyMa y 3aBICHOCTH O TOCMAaTPaHOT PejOHa, U Y OKBHPY jeIHOT PEejoHa je TIOCTIeTUIa
BeoMa ciokeHe reonomke rpalhe Cpouje. OBo Haj60IBe TOTBPYYjy puMepH pejora Kapnaro-6ankanuma, ca
JIOMUHAaHTHUM PaclpoCTpamemheM KapcTH(PHUKOBAaHMX CTEHCKMX Maca W pejoH Bapaapcke 3oHe ca
JIOMHHAHTHHM PacIpOCTpamkemheM o(pHONNTa, alli U 3HaTHO ciioxkeHujoM rpahom on Kapmnaro-6ankanuna.

Kibyuyne peuu: MarHe3ujym, moa3eMHe Bofe, TUCTpuOyImja, oqHoc rMg/rCa, Cpbuja.

Introduction

Magnesium is strongly lithophile, the eight most
common elemet in the upper lithosphere. Unlike the
alkali metals, it is able to built both simple and com-
plex inorganic compounds which are stable under the
conditions met in nature (RANKAMA & SAHAMA 1950)
Magnesium is a significant component of most rock
systems and a major constituent of many rock form-
ing minerals (MITTLEFEHLDT 1999; JoviC & JovANO-
VIC 2004). The chief magnesium-containing minerals
are the olivine series, garnets, the pyroxene, amphibo-
lite and mica groups, chrysolite, sepiolite talc, serpen-
tine, the chlorite group, and magnesium-bearing clay
minerals. During chemical weathering magnesium is
released. Important amounts of magnesium are con-

tained in dolomite and magnesite, and mixtures of
these in limestone. Therefore greater geochemical
abundance of Mg occur in Mg-rich aquifers, such as
olivine-basalts, serpentines, and dolomite rocks; how-
ever the absolute magnesium contents in these cases
are also low. Minerals with exchange capability
adsorb Mg only slightly more firmly than Ca, so that
low Mg contents can occasionally be attributed to
cation exchange (Davis & DEWIEST 1966).

Estimates of Mg concentrations in the lithosphere
vary from 132 to 158 mg/g; the highest Mg concentra-
tions tend to be found in ultramafic rocks (HITCHON et
al.1999). In unpolluted shallow groundwater, magne-
sium concentrations range from 0.1-1.2 to about 50
mg/L (Cox 1995).

In a sedimentation environment, Mg largely occurs
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in association with the carbonate ion, predominantly
as dolomite CaMg(CO;), In the hydrosphere, Mg>*
enters by the weathering process, mainly through de-
composition of dark ferromagnesian minerals, chlo-
rite, Mg-calcite and dolomite (HITCHON et al.1999).
Dolomite dissolution and entering Mg in hydrosphere
on this way is decribed by reaction (APPELO & POST-
MA 1996):

CaMg(COy), + 2H,0+2C0O, —> Ca2* + Mg?+ + 4HCO,

The second important way of groundwater magne-
sium enrichment is the silicate weathering, particularly
of ultramafic rocks made up largely of magnesium sil-
icates, which react rapidly with water (BARNES et al.
1978). The most common weathering reaction on earth
is the process of hydrolysis, producing new minerals as
well as relocation of Mg ions into solution. Minerals
which are undergone on this process are relative insol-
uble, and the final products of this process could be
orthosilicic acid and clay minerals. Reactions of pyrox-
ene and biotite decay are shown below (APPELO &
Post™A 1996).

[Ca, ;sMgAl, 5Si; 1104 + 4.3HT + 0.95H,0 —
pyroxene
0.15A1,8i,05(OH); + 1.15Ca2* + Mg2* + 1.4H,Si0,

2K[Mg,Fe][AlSi;]O,o(OH), + 8H' + 7TH,0 —
biotite

Al,Si,05(OH), + 2K* + 4Mg2" + 2Fe(OH); +

4H,S10,

5Mg,Si0,4 + 8H' + 2H,0 — Mgs(OH)4Si,0,( +
olivine serpentine
H,SiO, + 4Mg2*

Magnesium plays a multiple roles in the human
body: it acts directly on the neuromuscular plate, is
essential for normal vitamin C and vitamin B, activi-
ty, takes part in enzymatic processes leading to ener-
gy production, reduces coagulation levels, protects the
inner walls of blood vessels from fibrosis, and cat-
alyzes the utilization of fats, proteins and carbohy-
drates (TEOFILOVIC et al. 1999; Touvz & SONTIA
2009; JAHNEN-DECHENT & KETTELER 2012).

Despite the many positive effects and multiple roles
in the human body, very large doses of magnesium
could have some negative effects. At large oral doses
magnesium may cause vomiting and diarrhea, but the-
re are no known cases of magnesium poisoning (MAS-
SRY & SEELIG 1977; SINGH 2010). Too much magne-
sium does not pose a health risk in healthy individuals
because the kidneys eliminate excess amounts in urine
(Musso 2009). Nevertheless, national drinking water
standards have limited the concentration of magne-
sium in drinking water at 50 mg/L (OFFICIAL GAZETTE
OF THE SERBIA AND MONTENEGRO 53/2005).

The geology of Serbia is highly complex and not
conducive to generalized studies and assessments. To
facilitate insight, hydrogeological provinces have been
identified. This hydrogeological zoning is based on
geotectonic units, with respect to historical and geolog-
ical processes, structural-geological conditions, petro-
logical characteristics, geomorphological, physical,
geographical, hydrological, hydrometeorological, hy-
drogeological and other conditions of the environment.
In broadly general terms, the provinces are (FILIPOVIC
et al. 2005): the Dacian Basin, the Carpatho-Balka-
nides, the Serbian Crystalline Core, the Vardar Zone,
the Inner Dinarides and the Pannonian Basin (Fig. 1).

N

A

0 15 30

Fig. 1. Hydrogeological provinces of Serbia. Legend: 1, Da-
cian Basin; 2, Carpatho-Balkanides; 3, Serbian Crystalline
Core; 4, Vardar Zone; 5, Inner Dinarides; 6, Pannonian Basin.

The Carpatho-Balkanides are mostly composed of
Mesozoic limestones and dolomites which are thick
more than 1000 m. Another province, the Serbian
Crystalline Core occupies the central part of the terri-
tory and it can be divided into two parts. In the north
part of Serbian Crystalline Core the most dominant
are Neogene and Quaternary sediments in the river
valleys, while the south part of Serbian Crystalline
Core is composed of very thick Proterozoic metamor-
phic rocks: gneiss, micaceous shale, various types of
schist, marble, quartzite, but also of igneous rocks
(intrusive-granitic and volcanic rocks of Tertiary age).
The Vardar Zone separates the Serbian Crystalline
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Core and the Inner Dinarides. It is characterized by a
complex structure consisting of medium grade meta-
morphosed schist, recrystallized limestones and mar-
bles. In the Inner Dinarides, there is a significant occur-
rence of Triassic limestones and dolomites, followed by
the Jurassic diabase-chert formation (ophiolitic belt)
with subordinate limestones in the overlying parts, and
the Cretaceous formations with predominatly flysch.
The Pannonian Basin, or its south-eastern part in Ser-
bia, consists of Palacogene, Neogene and Quaternary
sediments with a total maximum thickness of about
4000 m (PETROVIC et al. 2012; FILIPOVIC et al. 2005).

Considering that the Dacian basin has no natural
occurrence of groundwater on the surface, but only
the presence of highly mineralized chloride-sodium
groundwater (brine) with a depth of over 1000, the
groundwater occurrences of this zone are not taken
into further consideration (FiLipovi¢ 2003).

Approach and method

The data used in this research were derived from in-
vestigations conducted from 2008 to 2012. Ground-
water was sampled at 253 locations across Serbia,
including groundwater resources featuring low and
high total dissolved solids (TDS) levels. The sampling
network was designed to evenly cover the entire terri-
tory of Serbia and address groundwater occurrences in
different rocks (igneous, metamorphic and sedimenta-
ry), and consequently different types of aquifers. The
sampling points included springs, boreholes and
wells. Sampling was conducted in accordance with
the Drinking Water Sampling and Laboratory Analy-
sis Rulebook (OrfFICIAL GAZETTE OF THE SFRY
33/87). All groundwater samples were tested to deter-
mine the main physicochemical parameters (tempera-
ture, pH, electrical conductivity) and the basic chemi-
cal composition. The analyses were conducted at the
Hydrochemistry Lab of the University of Belgrade
Faculty of Mining and Geology, as well as at the Pu-
blic Health Institute of Belgrade. Magnesium concen-
trations were determined by the ICP-OES method.

Chemical analyses of groundwater samples were
statistically processed to assess and interpret hydro-
chemical data and to generate hydrochemical maps of
magnesium distribution in groundwater of Serbia. The
data were statistically processed and graphically inter-
preted using statistical software IBM SPSS v.19. The
hydrochemical maps of magnesium distribution in
groundwater of Serbia scale 1:500 000 were generat-
ed using ESRI ArcGIS 10.0 software.

Results and discussion
General groundwater quality

Serbia’s highly complex geology has resulted in
groundwater resources featuring different types, tem-

peratures and TDS levels. The dominant anion in the
analyzed groundwater samples is the hydrocarbonate
ion. Apart from several occurrences of sulfate, chloride,
hydrocarbonate-sulfate and hydrocarbonate-chloride
types, more than 90 % are found to be of the hydrocar-
bonate type of groundwater. Of all the analyzed sam-
ples, three belong to the sulfate type and two to the
chloride group with a chloride share of 97 %equ. The
latter two occurrences featured high TDS levels, in
excess of 6 g/L.. Based on their cation composition, the
samples predominantly reflect Ca, Na and composite
(Ca-Na, Ca-Mg, Ca-Mg-Na) types of groundwater.
Four samples are of the Mg type, with a magnesium
share in excess of 75 %equ (Fig. 2).

% > S
Ca Na+K HCO3+CO3 Cl

Fig. 2. Piper diagram of the chemical composition of
groundwater samples.

With regard to total dissolved solids (TDS), the
analyzed samples exhibited considerable diversity:
from low levels (only 29 mg/L) to very high levels (in
excess of 8 g/L).

Magnesium in groundwater of Serbia

Magnesium concentrations in Serbia’s groundwater
resources vary considerably, from 0.07 mg/L to 324
mg/L. The average is 32.10 mg/L. Magnesium con-
centrations in groundwater depend on the geology and
tectonics of the ground in which the groundwater is
formed, as well as the type of groundwater and the
TDS level, given that the concentration of this ion is
higher in high-TDS than in low-TDS groundwater,
such that this groundwater is not of a pure Mg type.

In most of the samples (121 or 48 %), Mg concentra-
tions are only up to 20 mg/L, while 36 % or 92 samples
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dolomite/serpentinite contacts.
This occurenses are usually
groundwaters of Mg type.

The distribution of magne-
sium in groundwater of Serbia
is not uniform (Fig. 4.), but
regularities resulting from the
geological makeup are much
more apparent.

Table 1 shows the smallest
variations but also the lowest
Mg concentrations in the Car-
patho-Balkanide Province,

T T
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where the average Mg concen-
tration is found to be 14.40
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200 250 300 350
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Fig. 3. Plot of relative frequency of Mg (a) and histogram of Mg concentrations in

Serbia’s groundwater resources (b).

contain 20 to 50 mg/L (Fig. 3a). This means that 84 %
of the groundwater samples collected across Serbia
exhibited Mg concentrations up to 50 mg/L, which is
the maximum allowable concentration (MAC) accord-
ing to national drinking water standards (OFFICIAL
GAZETTE OF THE SERBIA AND MONTENEGRO 53/2005).
As the diagram (Fig. 3b) shows, of the 253 sam-
ples, 40 samples (or 16 %) have Mg concentrations in

Table 1. Magnesium concentrations in different hydrogeological provinces (mg/L).

mg/L. This province is domi-
nated by limestone and dolo-
mitic karstified rock forma-
tions (STEVANOVIC 1991) as
corroborated by Mg to Ca
ratio, hence, maximum Mg concentracion of only 29
mg/L is usual.

The Inner Dinarides of western Serbia exhibited an
average Mg concentration in groundwater of 21.91
mg/L; the concentrations of this ion are generally
below the MAC, even though there are several excep-
tions whose concentrations are moderately higher (86
mg/L). The occurrences that give Mg concentrations up
to the average level (about 22
mg/L) are generally low-TDS
groundwater resources tracing

Province Number of samples | min avr max to the limestone formations of
Carpatho-Balkanides (2) 27 0.08 14.40 | 29.00 this province, with a slight
Serbian Crystalline Core (3) 26 0.07 | 4037 | 183.00 mﬂlllenceN of dlabacsl?'Chert
Vardar Zone (4) 55 073 | 4633 |324.00 rocks or Neogene sediments.

— Mg concentrations from the

Inner Dinarides (5) 67 1.08 2291 86.00 average level to 50 mg/L are
Pannonian Basin (6) 78 5.60 26.45 65.30 recorded in samples collected

excess of drinking water standards. In view of the
total number of samples analyzed and the fact that the
MAC for magnesium is considerably lower than for
other main cations, such a proportion was expected.

Mg concentrations above 50 mg/L, are found in
high-TDS groundwater with TDS more than 1 g/L,
where some samples has TDS up to 6 g/L. Such
groundwater are generally traced to schists.

In several samples of low-TDS groundwater, Mg
concentrations measure 50-60 mg/L; such groundwa-
ter is largely genetically associated with rocks like
dolomite and dolomitic limestone, as well as inter-
faces of these rocks with Neogene sediments, flysch,
fractured and degraded sandstones and marls, or rocks
whose composition includes magnesium-rich miner-
als. Occurrences of low-TDS groundwater, where Mg
concentrations are in the 60—70 mg/L range, were asso-
ciated with serpentinites, fractured harzburgites and

from groundwater occurren-

ces in limestones under con-
siderable influence from serpentinites, harzburgites
and similar rocks that make up the Dinaride ophiolite
zone. This province feature a distinct occurrence of
groundwater of the Mg type associated with pure ser-
pentinites and harzburgites. This is low-TDS groundwa-
ter (350 mg/L), whose Ca concentration is very low Ca
(8.02 mg/L) and whose Mg concentration is not too high
(66.63 mg/L), though it comprised 92.7 % of the cation
composition. The highest concentration of 86 mg/L is
recorded in a sample of mineralized groundwater, with
TDS of 1260 mg/L, that was formed on the contact
between limestons and Neogene sediments (PROTIC
1995).

In the Pannonian Basin, Mg concentrations in
groundwater are found to range from 5.6 mg/L to
65.30 mg/L. Only one sample with a TDS level of
6095 mg/L has magnesium in concentration above
MAC, which is the highest concentration recorded in
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Fig. 4. Distribution of magnesium in Serbia’s groundwater resources. Legend: 1, Dacian Basin; 2, Carpatho-Balkanides;
3, Serbian Crystalline Core; 4, Vardar Zone; 5, Inner Dinarides; 6, Pannonian Basin.

the Pannonian Basin (65.30 mg/L). Moderately in-
creased content of Mg on this one groundwater occur-
rence is a result of the conditions of aquifer forming,
at the interface between serpentinites and Tertiary
sediments.

Contrary to the previously described provinces,
where only a few occurrences of high-TDS ground-
water are found to contain high Mg concentrations,
the provinces of the Serbian Crystalline Core and

Vardar Zone feature the largest number of occurrences
with Mg concentrations exceeding 50 mg/L (MAC for
drinking water). In the Serbian Crystalline Core, Mg
concentrations are found to range from 0.07 mg/L (the
lowest recorded in Serbia) to 183 mg/L, with an aver-
age concentration of 40.37 mg/L. Fourteen samples
give Mg concentrations above 50 mg/L and they could
be divided into two groups: (1) groundwater occurren-
ces whose Mg concentrations are from 50 to 70 mg/L



88 JOVANA MILOSAVLIEVIC, JAKOV ANDRIJASEVIC & MAJA TODOROVIC

and whose composition is under the influence of
schists, metasandstones and Neogene sediments con-
taining magnesium-rich silicate minerals, and (2) oc-
currences of high-TDS groundwater (up to 2777 mg/L)
associated with schists, whose Mg concentrations me-
asured from 87 to 183 mg/L.

Mg concentrations in the Vardar Zone groundwater
are found to be somewhat higher than in the other four
provinces. They are ranged from 0.73 mg/L to 324
mg/L. The average is 46.33 mg/L, which is the high-
est average Mg concentration among the provinces.
Two groups of groundwater occurrences in the Vardar
Zone can be identified: (1) groundwater occurrences
with Mg concentrations up to MAC (50 mg/L), or
around to the average Mg concentration for this pro-
vince, generally tracing to limestones under the in-
fluence of flysch formations, schists and Neogene
sediments, and (2) 16 groundwater occurrences whose
Mg concentrations are in excess of 50 mg/L, where as
many as seven samples have Mg concentrations above
100 mg/L, and two samples in excess of 300 mg/L.
Such high Mg concentrations are likely a result of the
extent of the ophiolitic belt of the Vardar Zone (VAs-
KOVIC & MAToVIC 2010), as suggested by the rMg/rCa
ratio. Vardar Zone ophiolites also influence Mg con-
centrations of the first group of groundwater occur-
rences in this province, formed not in ophiolites but
other rock formations (primarily karstified Triassic
limestones interchanging with less pervious diabase-
chert formations and ultramafic rocks).

Ca (mmol/L)

Mg/Ca ratio in groundwater of Sebia

The Mg/Ca ratio (in mequ) of groundwater is very
important because it is an indication of the lithologi-
cal composition of the aquifer matrix. As such, a
Mg/Ca ratio of 0.7 suggests that the groundwater was
formed in limestones. Groundwater occurrences with
an Mg/Ca ratio of 0.7-0.9 are generally associated
with dolomitic limestones, while an Mg/Ca ratio grea-
ter than 0.9 is indicative of groundwater tracing to
Mg-rich silicate rocks. If the ratio is greater than 1, the
groundwater traces to ophiolites and ultramafic rocks,
as well as ophiolitic detritus in the sediments (MAN-
DEL & SHIFTAN 1981).

The Mg/Ca ratio of the studied groundwater occur-
rences in Serbia was found to be from 0.01 to 20.30,
suggesting diverse lithological compositions and com-
plex geology, or groundwater occurrences tracing to a
variety of rocks. Based on the Mg/Ca ratio, 57 % of the
groundwater occurrences traced to limestones, only 11
% to dolomites, and 32 % to silicate rocks, of which 25
% to ophiolites and ultramafic rocks (Fig. 5).

The importance and accuracy of classification of the
types of rocks in which groundwater is formed, based
on the Mg/Ca ratio, is best demonstrated by the
Carpatho-Balkanide Province. There, 30 % of the pro-
vince features karstified rock formations, in which a
karst aquifer was formed (STEvaNOVIC 1991). Accord-
ing to the Mg/Ca ratio, 24 of 26 groundwater samples
from this province traced to limestones, as corroborat-

ed by the geological makeup.
One sample exhibit Mg/Ca
ratio of 0.87, and their chemi-
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cal composition was under the

influence of dolomites in con-
junction with limestones.
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It Also, only one sample has

ratio above 0.9, suggesting the

AN

presence of silicate rocks and

corroborated on the ground by
andesites and flysch sedi-

ments in a portion of this pro-

vince, along with dominant

Cretaceous limestones. This

groundwater occurrence is un-
der the influence of silicate

rocks but the aquifer is not
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formed in them, otherwise it

would be much higher.

Looking at the calculated
Mg/Ca ratios compared with
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Fig. 5. Magnesium-to-calcium ratio of groundwater. Legend: I, Groundwater formed
in limestones; II, Groundwater associated with dolomites and dolomitic limestones;
M1, Groundwater tracing to magnesium-rich silicate rocks (ophiolites and ultramaf-

ic rocks).
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16 18 20 the geological makeup, it
becomes apparent that the
Mg/Ca ratio of the rock type
in which the groundwater
occurs matches the geological
makeup, such that this ratio

can be used to determine the
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genesis of groundwater or at least to narrow down the
list of possibilities if data on the geological environ-
ment of its origin are not available; in other words,
this parameter can be used to determine the effect of
lithology on the formation of the chemical composi-
tion of groundwater.

Conclusion

It is evident from the results of this research that
magnesium concentrations in Serbia’s groundwater
resources vary over a wide range from 0.07 to 324
mg/L. Uneven distributions and large differences in
concentrations have been noted not only between
provinces, but also within a single province, as a re-
sult of complex geology, attesting to the fact that
lithology is the main driver of the chemical composi-
tion of groundwater. Additionally, total dissolved so-
lids (TDS) are a very significant parameter as the con-
centration of this ion, in high-TDS groundwater is
considerably higher than in low-TDS groundwater.

Analyses of the Mg/Ca ratio of groundwater in
Serbia and the identification of the types of rocks in
which groundwater occurs, revealed, based on speci-
fied theoretical values, that these ratios largely ma-
tched the geological makeup on the ground. It was,
therefore, safe to conclude that the Mg/Ca ratio may
be used as a parameter for tentative, not definitive,
identification of the types of rocks that had a domi-
nant influence on the formation of the chemical com-
position of groundwater.

The magnesium to calcium ratio is also an impor-
tant drinking water parameter and the recommended
(ideal) ratio of these two ions in water is 1:2. Given
that, according to the recommended Mg/Ca ratio more
than 60 % of the occurrences of groundwater in Serbia
originated in limestones and that quite a few of them
exhibit the ideal ratio, such groundwater is precious
from a drinking water supply perspective.
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Pe3nme

JAucTpudynuja Maruesmjyma y noa3zeMHUM
Bonama Cpouje

Marsnesujym je 3Ha4ajaH eJeMeHT 3a BehnHy CTeH-
CKMX KOMITIeKca M OMTaH cacTojak MHOTUX MHHEpaia,
Kao INTO Cy TaMHH (epoMarHe3ujyMCKH MHHEpaJH
(onuBWH, MUPOKCEHU, aM(UOOIH), aJli U CEpPIICHTHH,
TaNK, OpyIHWT, XJIOPUT, OWOTHUT, TypMaJHH, JOIOMHUT,
marHesut, crimHen. Caapikaj Mg y mutocdepu je pa-
3MUYUTO TIporieeH on 132 no 158 mg/g, a Hajehn
caapxkaju Mg cy y yntpamaduruma. Y He3araheHuM,
IUINTKAM TIOJ3€MHUM BOJIaMa caJip’kaj MarHe3ujyma
je on 0,1-1,2 mo oxo 50 mg/L. Y mporiecy pacnagama
creHa, MgZ" yna3u y xuapocdepy YIIaBHOM TMpH-
JIUKOM pacraiarba TaMHUX (hepoMarHe3njyMCKUX MH-
Hepala, XJIOPUTa, MarHe3WjyMCKUX KaJIHUTa U JI0JIO-
MUTA.

Y mwpy camienaBama HauWHA AUCTPHOYIHjE Ma-
THe3ujyMa y moa3eMHuM Bomama CpOwmje y3eTH cy
Y30pLK W aHAM3WpaHe Cy I0jaBe MOA3EMHHX BOZA
(MaTOMHUHEPAIM30BaHUX ¥ MUHEPAIH30BaHMX ) ca 253
nokarnuja y CpOuju, hopMupaHe y pa3InduTHM CTEH-
CKHM Macama (MarMaTcke, MeTaMop(dHe, ceTMMeHTHE
CTEeHE) M KOje TIOTHYIY U3 Pa3IUIUTUX TUIIOBA W3JaHH.
Kaxo je reomoruja CpOuje Beoma ClI0KeHa, TEIIKO je
MMOCMAaTpaTi W aHAIM3HPATH IENOKYITHY TEPUTOPH]Y
OJljeTHOM, TIa je pajii jeqHOCTaBHHUjET Ipervena, ana-
TU3Upame U TyMaderme MMojlaTaka BpIIeHO IpeMa u3-
JIBOJEHUM XHJIPOTEOJIOIIKUM PEjOHUMA.

Ha monpy4jy Cp6uje jaBipajy moasemMHe BoAe pa-
3MUYATHX THIIOBA, TEMIIEpaType Kao U MUHepasm3a-
[{je, MTOo je TOCIenula CIOKEHHX TEOJOUIKHUX YC-
JIOBa TepeHa. Y aHaIM3WpaHUM IIO3eMHHM BoJama
MUHepanu3aiyja je y orncery on 29 mg/L mo mpexo 20
g/L. IlpeoBnamajyhu anjon je HCO;-, crora ocum
HEKOJIKO TojaBa Cyn(aTHUX, XJIOPHIHUX U BOAA XH-
IpokapOOHAaTHO-CYI(haTHOT M XUAPOKapOOHATHO-
XJIOpUAHOT THMa, Bulie o 90 % umHe Xumpokapbo-
HaTHe Boze. [Ipema KaTjoOHCKOM cacTaBy JOMHHHPA]Y
KaJl[[AjyMCKe, HaTPHjyMCKE WJIH BOJIE MEIIOBHTOT

tuna (Ca-Na, Ca-Mg, Ca-Mg-Na). Uetnpu nojase cy
MarHe3ujyMcKe BOJe, Ca YeJIOM MarHe3njyma Behum
on 75 %exB.

KonnenTpanuje Maraesmjyma y moa3eMHHM BOJa-
Ma Cpbuje ce kpehy y BeoMa MIMPOKOM OTICETY Of
0,07 mo 378 mg/L, mok je cpenmu caapxaj 32,10 mg/L.
Canpikaj MarHe3wjymMa y BOAHM 3aBHUCH O]l TEJOIIKE
rpahe ¥ TEKTOHHKE TepeHa y KojuMa Cy (opMupaHe
BOJIe, TUMA BOJIE KA0 M MHUHEpalHu3ainuje, jep je Ko
MUHEPAJIN30BaHMX BOJIA CaJIpKaj OBOT joHA Behr Hero
KO MaJIOMHHEPAJIN30BaHUX, UAKO T€ BOJE HUCY IO
TUITy YUCTO MarHe3ujymcke. O yKymHOr Opoja aHa-
JTU3UPAHUX I10jaBa, KOHIEHTpAIlMje MarHe3ujyMa Koj
camo 18 %, npenaze MakCUManHe A03BOJbEHE KOHLICH-
Tpauuje mnpemMa MpPaBUIHUKY O KBAJIUTETYy BOIE 3a
nuhe (50 mg/L). [lojaBe ko KOjuX Cy KOHIIEHTpAIHje
Mg npeko MJIK, cy reHeTcku yriiaBHOM Be3aHeE 3a
CTECHE MOIYT I0JOMHTA M JOJIOMUTHYHUX KPEUmaKa,
Kao M 32 KOHTaKT OBHUX CT€Ha ca (UINIIOM, HEOTC€HUM
CeIMMEHTUMA, UCITYLAIMM U PacaJHyTHM IelIdapu-
Ma ¥ JIaOpLUMa, OIHOCHO Ca CT€HaMa KOjeé y CBOM
cacTaBy cafp:Ke MarHe3ujymcke muHepasne. IloBure-
HU calpkaj Mg je eTeKToBaH M y Boama ca BeoMa
MTOBUIIIEHOM MUHEpAIH3aIfjoM, Hajdemhe Be3aHHM
3a mkpusblle. Kornentpanuje Mg npexo 70 mg/L cy
3a0eie’)keHe KO BOJAa BE3aHUX 3a CEpICHTUHMTE,
ucIyLane xapuOyprure, KOHTaKTe JOJOMHTa U cep-
NEHTUHUTA.

Huctpubynmja MarHe3njyma y MoI3eMHAM BOAaMa
Cpbuje HHje paBHOMEpHA, anu ce oxpeheHe 3akOHO-
MEPHOCTH MoOry youuTd. HepaBHOmMepHa nuctpu-
OyIHja M BeNHWKe pa3NiuKe y KOHIEHTpaIyjama MOTy
YOUHTH, HE caMo U3Mel)y pasmuunTux pejoHa, Beh u
YOKBHIPY j€THOT TIOCMaTpaHOT PEjoHa, IITO je Mocie-
QI CIIOJKEHe Teolomke rpahe TepeHa u JoKa3 aa je
YTHII4] JHATOJOTHje Ha (opMHpame XeMHjCKOT ca-
CTaBa NoA3eMHUX Boza miaBHU Qaxrop. [lopen tora,
MUHepaJn3alija BoJe je BeoMa 3HadajaH mapaMerap,
jep Cy KOHIIEHTpalrje Marae3njyMa y BojgaMa BHCOKe
MUHepan3alyje 3HauajHo Behe HEro y MaJoMuHe-
pajli30BaHUM BOJaMa.

Oproc rMg/rCa y moa3eMHHM Bolama je BeoMma
BaKaH jep yKa3yje Ha JIMTOJIOIIKHA cacTaB CTeHA Y
kojuMa cy dopmupaHe mozazemMHe Bome. OmHOC
rMg/rCa y aHanu3upanuM HoA3eMHIM Bogama y Cp-
ouju je y omcery ox 0,01 mo 20,30 mro yka3syje Ha
Pa3sHOBPCaH JIMTOJIOMIKY CACTaB U CJIOKEHY I'€O0JIOIIKY
rpal)y, OMHOCHO Ha MPHCYCTBO BO/AA KOj& MOTHUIY W3
pa3IuunTHX CTEeHCKMX Maca. Ha ocHoBy oxmHoca
rMg/rCa, 58 % mnojaBa Mog3eMHHMX BOIA IOTHYE U3
Kpeumaka, camo 9 % u3 momomura, mok 33 % mojaBa
Cy BOJZIE Be3aHe 3a CWIMKATHE CTeHe, Off Kojux 25 % 3a
oduonuTe U yarpamadure.
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Abstract. The paper considers the outcome of multi-criteria analysis of landslide susceptibility on the NW
outskirts of FruSka Gora Mountain, Serbia. The area of the interest is known for landslide occurrences, and to
focus on the most affected areas, it was necessary to consider some principal factors (lithology, slope inclina-
tion, rainfall, erosion, vegetation, altitude and slope aspect) and sort them by their importance to the phenom-
ena. Prior to any criteria assessment, available data records had been assembled and refashioned as raster
datasets. Thereafter, the criteria arising from an analytical hierarchy process (AHP) provided their weights of
preference in the final model. In addition, the model was analysed for the information gain and classified in
accordance to the optimal informativeness. Being tailored in the context of raster modelling, aided by the GIS
spatial tools, our result gained substantial correlation to the control reference map (a digital photo-geological
interpretation map of active and potential landslides).

Key words: GIS, landslide susceptibility, raster model, AHP, photo geological map, Fruska Gora Mt.,
northern Serbia.

AncTpakT. Y pany cy IpHKa3aHU pe3yiTaTH BUILE-KPUTEPHjYMCKE aHAIN3€ CKIOHOCTH Ka I10jaBH KIIH-
sunmTa Ha C3 magnHama @pymke rope. [loxpydje je MHaue Mo3HATO IO MOjaBaMa KJIM3UILITA U Y LIAJBY Ja e
Ha3Haue HajyrpokeHHja IMOApydYja OWIO je HEONXOOHO Pa3MOTPHUTH YTHIIA] Haj3HAYajHUjUX (aKTOpa Koju
yTHYy Ha T0jaBy KIM3HINTa (JIMTONOIIKE jeIMHWIIS, HATMO MaJnWHa, KONWYWHA TaJaBHHA, YTHIA] €pO3Hje,
YTHIIaj BereTalrje, BUCHHA U eKCIIO3UITHja MajiHa) ¥ COPTHUPATH UX H A0CHOBY 3Hadaja FUXOBOT YTHIIaja Ha
nporec Kmmkema. [Ipe came aHamu3e KpuTepujyma 3a copTHpame (akTopa, JOCTYIMHH HOZAaly Cy IpH-
KyTUbEHU U TIPUIPEMIBCHA Y GOPMHU paCTEPCKUX CETOBa MojaTaka. Kpurepujym 3a copTaparme JoO0HjeH je To-
mohy Analytical Hierarchy Process (AHP) ananu3e, koja je mana TeXHHCKE (HaKTope 3a CBAKH OJf [10jSIUHUX
(hakTOpa, HEONXOAHUX 3a KOHAYHH Mojien. Takole je cam KOHaYHU MOJIEN JTOAATHO MCIUTaH ca CTaHOBUILTA
nHdopmaruHocty (Information Gain) u knacudukoBaH y CKiIaay ca ONTHMaJIHOM HH(popMaruBHoIihy.
Konaunu mopen, Koju mpeacTaB/ba pacTepcKku Mojen u koju je m3BeneH y I'C okpyxkemy, Aao je noope
pesynrare, KOju Cy y KOpenanuju ca mocrojehum karacTpoMm KIW3WINTa (IUTHTATHOM (DOTO-TEOIONIKOM
MHTEPIIPETALNjOM Ha K0joj Cy IpHKa3aHa KJIM3UIITA Ca aKTUBHUM U MPUBPEMEHO YMHUPEHUM IIPOIIECOM).

Kibyune peun: ['MIC, ckioHOCT Ka 1M0jaBH KIM3HIITA, pactepcku moxpen, AHP, ¢oro-reonomka xapra,
®pymrka ropa, ceBepaa Cpouja.

Introduction

Over the past few decades, the geographic informa-
tion system (GIS) has been applied to a variety of spa-
tial-related problems. Throughout this period, the ap-
plications of its use have been proliferating, achieving
more and more impressive results. Thus far, the im-

provement has affected many fields of science and
engineering, but the practice of GIS use has not been
equally pervasive around the world (ALLEOTTTI &
CHOWDURY 1999, CHACON et al. 2006). Namely, suf-
ficiently developed GIS usage in developed countries
contrasts with the situation in developing countries,
which results in unbalanced insights regarding natural

I University of Belgrade, Faculty of Mining and Geology, Department of Geotectonics, Djusina 7, 11000 Belgrade,
Serbia. E-mails: milos.marjanovic@rgf.bg.ac.rs; biljana.abolmasov@rgf.bg.ac.rs; uros.djuric@rgf.bg.ac.rs
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phenomena. Engineering geology practice in Serbia is
an example of the latter. This paper represents an at-
tempt of the above-mentioned implementation of the
GIS within an engineering geology scope.
Environmental hazards, which are addressed with-
in the field of engineering geology, affect both the so-
cial and the economic aspects of human lives. Hazards
strike at different rates, with varying intervals and du-
ration, leading to different outcomes. Hence, it beco-
mes desirable, if not necessary, to predict their behav-
iour, number and severity prior to their potential trig-
gering. It has been shown that GIS-based techniques
are powerful tools for handling such challenges
(CHACON et al. 2006; BONHAM-CARTER 1994).
Herein, one of the most widespread hazard pheno-
mena (ALLEOTTTI & CHOWDURY 1999; SMiTH 2001),
more precisely their susceptibility, is to be considered.
This addresses landslides and mass movements alike.

Case study area

The study area is located in the NW part of Serbia,
on the mountain Fruska Gora, in the vicinity of Novi
Sad. The site is contoured by the river terrace of the
Danube on the north, the central mountain’s ridge on
the south and local ridges along east and west (Fig. 1).
The area spreads over approximately 85 km? of hilly
landscape, with intriguing geoenvironmental features.
As such, it has been widely studied in many aspects,
including slope stability, and this paper is another con-
tribution in this regard. Prior to any modelling and for
the sake of appreciating the phenomena thoroughly, it
is advisable to consider all of the environmental fac-
tors that are important for slope stability. Thus, only
natural factors have been regarded, despite the appar-
ent influence of human activity on slope stability.
Hence, considered factors comprise climatic features,
lithology and other aspects of geological setting, geo-
morphological characteristics, hydrological, hydroge-
ological features and finally, engineering geological
properties. A brief presentation of some essential
properties follows.

Although it is not of significant altitude (with the
summit being slightly over 500 m), this mountain
exhibits some climatic variability, particularly in the
distribution of rainfall regime and intensity, which
varies drastically from the base to the high-ground.
This implies that the mountain shape and disposition,
rather than its altitude, influence the distribution of
moist air masses and the overall precipitation.
Namely, moist air abuts the northern slopes and con-
denses upward, as the temperature decreases (by
1°C/200 m). On the contrary, as it descends down the
southern slopes, moist air abuts a warmer environ-
ment and accordingly provides less rainfall. This
effect is magnified due to the asymmetry of Fruska
Gora Mt. because northern slopes rise abruptly in alti-

tude, and mild southern ones gradually subside to a
plain. The studied area belongs to the northern,
moister realm, with drastic changes in rainfall (gradi-
ent of approximately 36 mm/100 m). These changes
have a great impact on slope stability and erosion.
The geological setting of the entire Fruska Gora
Mt. implies a zonal lithological and structural setting
because of the complex horst-anticline forming the
core of the mountain. The study area encompasses the
NW part of this anticline, with the typical succession
(Fig. 5a), starting with low-grade the Paleozoic crys-
tal schists in the anticline base. Scattered in the stripe-
like segments, these metamorphic associations occu-
py the higher ground. They are characterised as a gre-
en formation, composed of a mixture of altered mag-
matic and sedimentary rocks, with regional faults and
folds of W-E trends within. Subsequently, a portion
of the Triassic basal sediments (conglomerates and
sandstones) gradually shifted towards limestone, im-
plying localised subsidence of the paleo-relief at the
time. This lasted until the early Jurassic, when anoth-
er intense uplift occurred, followed by some minor
volcanic activity. During the Jurassic period, the far
more prominent movement was the one related to the
closing of the oceanic basin on the south, which left
peridotite (serpentinite) thrusts and diapirs as eviden-

Fig. 1. Geographical location of the study area.

ce of this event. This movement culminated in the ear-
ly Cretaceous, followed by minor gulf formations of
coral limestone sequences, known as the Backo-Ba-
natska zone. The Post-Mesozoic tectonics had re-esta-
blished W-E trends of structures at regional scale and
induced NW-SE oriented faults, traversing the former
structures. The tertiary is chiefly represented by ma-
rine clastites, gaining more carbonate components as
the basin turned more limnic during the late Neogene.
This interval is characterised by diverse lithology,
ranging from sands and clays to limestones, via marls
and other transitional forms. The most significant and
the most widespread Quaternary unit is loess. It cov-
ers the lower landscape, flattening it towards the
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Danube’s alluvium and ending with steep cliffs facing
the river. The most recent Quaternary unit includes the
fluvial deposits of permanent and periodical flows,
represented by gravels and sands or their loose aggre-
gations (CuPKOVIC 1997).

Predominant geomorphological entities are of the
aeolian and fluvial origin. In conjunction with other
processes, these processes sculpted the current land-
scape of the terrain. Fluvial and aeolian processes
alternated in supremacy during the terrain evolution,
meaning that they had different enrolments at differ-
ent times. Apart from these, other morphological pro-
cesses left some significant imprints, such as larger
landslides, proluvial fans and cones, scree slopes and
gullies.

Hydrological and hydrogeological regimes are not
overlapping the meteorological one, even though such
overlapping could be expected. This discrepancy is
again influenced by complex geological features. The
ultimate aquifers are the Paleozoic schists due to their
super-sized voids (i.e., the outcomes of multiple tec-
tonic actions). As such, they provide a more balanced
regime (minute annual variations of water table lev-
els) and more constant water temperatures during the
year, implying minor direct influence of meteorologi-
cal phenomena (PETKOVIC et al. 1976). The water bal-
ance analysis suggests that only 30% of the atmos-
pheric precipitation runs out surficially, whereas the
rest leaves in evapo-transpiration or as groundwater.
Hence, it is more likely that springs and streams are
governed by the groundwater regime. Generally, there
could be three to four major groundwater horizons
specified in the schistosity core, and many smaller
localised accumulations in different aquifers. It could
be inferred that the former are the most important for
the overall water regime of the area, whereas the lat-
ter still could be significant by their local influence on
the slope stability.

As for the engineering geological properties, it is
necessary to stress that surveys have not yet been suf-
ficiently detailed. Seismological features imply rela-
tively stable ground, even though an active fault zone
propagates throughout the midst of the mountain, cre-
ating possible seismic hazards, especially in loose
rock masses. Apparently, the study area seems to be
sufficient in size and distance from this zone to be re-
garded as uniformly affected by minute seismic in-
conveniences from time to time (PAVLOVIC et al. 2005)

Material and Methods

Initially, our approach addresses the optimal selec-
tion of scale versus complexity of the problem to be
modelled. At this point, the chosen mid-scale
(1:50000) tolerates not only the extent of approxima-
tion or even exclusion of some factors but also certain
subjectivity in the selection of class intervals (SUZEN

2004). The former corresponds to the combination of
the heuristic and semi-quantitative approach, which is
believed to provide high quality insight in regard to
susceptibility, hazard or risk assessment (VAN WESTEN
et al. 2006). Thus, the landslide susceptibility has
been accessed in a somewhat subjective manner, but
the inevitable subjectivity adhered to herein appears
to be quite desirable.

Modelling was tailored in a sense of multi-criteria
analysis, whereas natural environmental factors have
been chosen as individual criterions. Refashioned by
the scope and the requirements of this research, the
modelling procedure generally fits the usual patterns
of similar problems (Fig. 2). Initially, it addressed the
digital elevation model (DEM), essential for the other
implemented models. Additionally, it encompasses
the following: rainfall distribution, altitude, aspect
and slope models, linear erosion pattern, vegetation
distribution and finally, the lithology model.

topo
maps 1Ok

geological map b

photo-
geological

(landslide
record)

Fig. 2. Schematic display of the research procedure and
resources (light grey pieces stand for source data, medium
grey for the analyses and calculations, whereas dark-grey
ones mark the modelled outcomes).

e DEM was derived from digitised topographic
map at 30-m resolution (the same as in all of the fol-
lowing data sets). To increase precision and flatten the
outliers such as hill peaks or minor depressions, the
DEM was adjusted with tools at hand (standard tools
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sive field work, general as-
sumptions on slope inclination
intervals were adopted as im-
posed by a host of authors
(ABOLMASOV 1997; VOZENILEK
2000; GIRAUD 2007,). They
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where the last two classes
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mately 95% of landslide oc-
currences in similar area. All
of the classes are assigned DN
values according to the prone-
ness they induce. Greater an-
gles make slopes more prone
to sliding, and lesser angles
make slopes less prone to slid-
ing. It should be stressed that
this proportion couples all
types of slope instabilities, not
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: only landslides (which, in par-
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;L‘WQE““‘“ bris flows, etc. Moreover, it is
apparent that the critical slope

angles entirely depend on geo-
logical setting (lithological
content and structural fea-
tures). This is exactly why the
criterion has been conferred
with references of authors that
have addressed this problem-
atic more thoroughly (Fig. 3a).
e Slope aspect is usually a

\ | L

1 factor with minor influence

Fig. 3. Raster data sets representing factors of the environment: a, slope inclination;
b, slope aspect; ¢, altitude; d, rainfall distribution; e, linear erosion; f, vegetation

cover.

of Watershed analysis, ArcGIS package). Its original
digital number (DN), extending from 0 to 255, was
reclassified to a range from 0 to 100. Resembling the
percentages, reclassified DEM eased the merging with
other models, including the models derived from
DEM itself.

o The slope inclination model is considered to be of
great importance because of its direct physical rela-
tion to the slope instability. Moreover, there are em-
piric proportions on how the inclination relates slope
stability in homogeneous masses (GIRAUD 2007).
Practically, the slope model is another morphometric

and tends to be excluded in
cases where several other fac-
tors contribute in greater pro-
portion. Here it will be consid-
ered, but will be given appro-
priately inferior weight in the final model. Generally,
this model substitutes environmental phenomena such
as changes in the moisture content or changes in depth
of the eluvial crust, both of which are caused by sea-
sonal and diurnal variations of the solar path. At the
longitudes in question, it could be expected that north-
ern slopes would retain higher moisture content,
whereas southern ones would have more profound
eluvium, which leads to a dilemma regarding how to
classify this model. Nevertheless, the study area is
rich in forestall vegetation, which reduces the crust
depth and provides rigidity, but amplifies the moisture
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absorption. Therefore, the slope stability is primarily
influenced by the moisture content as far as the aspect
model is concerned (the variation in depth of eluvium
could be justifiably excluded from the model). The
slope aspect parameter discriminates between these
phenomena as follows: NW slopes indicate the most
adverse conditions (highest moisture content in the
soil) and yield the highest DN values. Conversely, SW
slopes provide the most favourable conditions (lower
moisture, lower DN values), while moderate condi-
tions characterise NE and SE slopes (Fig. 3b).

e The altitude model follows from the DEM as
another morphometric feature. Terrain is classified
into four altitude entities (Fig. 3c). Governed by the
natural break divisions, a certain DN value has been
assigned to each altitude interval. Because it is more
likely that lower slopes offer better conditions and
seem less susceptible to sliding, they have been as-
signed lower DN values than the higher ground.

o The rainfall distribution model depicts the data of
the Hydrometeorological Survey of Serbia. Further-
more, this model yields abrupt differences while using
records of average rainfall per month, particularly in
July. This is when the rainfall varies most substantially,
both over single month and single day periods. These
particular cases have been processed (Fig. 3d) to simu-
late the most disadvantageous conditions. The matter of
classification is quite delicate, considering that the dis-
tribution significantly differs from Gaussian. For this
instance, a natural break method (Jenks’ method) was
used to depict rainfall classes (WEBSTER & OLIVER
2001). Four classes have been accepted, and the appro-
priate DN values were allocated to each class.

e Geomorphological processes implying flowing
water as the medium govern the linear erosion pattern,
particularly the drainage pattern of fluvial or proluvial
origin. Because lateral erosion propels slope instabili-
ties, geomorphological processes are coupled with the
occurrences of landslides. The basic principle sug-
gests that the slope segments in the vicinity of the
drainage should suffer a greater impact on their stabil-
ity than remote, higher segments (ridges). The model-
ling involved the calculation of the pixel distance
(Fig. 3e) from the drainage pattern vector, as well as
the classification of the later outcome. The initial dis-
tance calculation has been corrected to assign respec-
tively lower DNs to higher slope segments and vice
versa because lateral erosion dominates in the area
below 200 m (Fig. 4).

e Vegetation cover was modelled due to its beneficial
contribution to slope stability, especially because the
forestall flora dominates the terrain. Some simple
approaches and techniques were engaged to display the
model of vegetation distribution. For instance, the nor-
malised distribution vegetation index (NDVI) applies
well. It required satellite imagery data, particularly the
3rd and 4th channel of the Landsat TM imagery (RavI
2002). It uses the differences in reflective responses of

vegetation versus bare soil or rock (VINSENT 1997).
With regard to raster processing, a simple function
combines the imagery, creating the vegetation distribu-
tion model. Naturally, the presence of vegetation low-
ers the slope susceptibility to sliding versus bare soil, so
DN values had been specified for two classes: with and
without significant vegetation cover (Fig. 3f).

H
[m]

400

300

200

100

10 km

Fig. 4. The cross section of the riverbed (bold line) in com-
parison to the theoretical curve of erosion basis (dashed line).
Note that the interception point borders vertical and lateral
erosion preference at approximately 200 m, wherein vertical
erosion dominates higher grounds and lateral lower grounds.

¢ Lithology predominantly determines the suscepti-
bility pattern. However, the geological setting is com-
plex and diverse (Neogene formations especially). To
simplify this model, improvised classifications were
used, and some different entities were merged into a
single class. For example, the common DN value has
been allocated to a solid rock masses (Paleozoic) and
alluvion (Quaternary) because of their approximately
equal unlikeness to host landslides. Accordingly,
those are the lowest DN values in this model. In con-
trast, loose and clayey grounds had the highest DN
values (Fig. 5a, b).

Results and Discussion

The final model gathered all of the raster data sets,
yielding a susceptibility pattern based on the superpo-
sition of their weights (their relative influences). As a
convenient procedure that addresses multi-criteria
hierarchical structures (GENEST 1994, SaATy 2003, the
analytical hierarchy process (AHP) ERCANOGLU ef al.
2008) has been applied to perform the weighting of
the influence for each raster model via a pairwise ratio
scale. The foregoing procedure has been fashioned as
a visual basic application (VBA) macro for the
ArcGIS package (MARINONI 2004).
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Prior to obtaining weights, the procedure applied
the gross estimation of the factor’s preference, based
on experts and their experiences (VOZENILEK 2000;
EsmaL1 2003; KoMAc 2005; CABYL et al. 2006; ERCA-
NOGLU et al. 2008). For this instance, a nine-point
scale (the range from 1/9 to 9) has been chosen to
reflect the pairwise relations between input raster sets,
yielding a two-dimensional reciprocal and inconsis-
tent matrix — the comparison matrix (Table 1).

Table 1. AHP comparison matrix.

peared as follows:
M = 0.29M, + 0.27M, + 0.15M; + 0.14M, +
0.08-M;5+ 0.05-M¢ + 0.02-M,

where M; corresponds to the influence factor’s DN
values respective to their appearance in the matrices
in tables (M, = lithology, M, = slope,...,M, = aspect).
As the indices relate to the corresponding factor, the
calculus of their weighted DN values generates the
final raster — the model of susceptibility (Fig. 5c).

M; lithology slope rainfall erosion vegetation altitude aspect
lithology 1,00 1,00 3,00 2,00 4,00 6,00 9,00
slope 1,00 1,00 3,00 2,00 3,00 5,00 8,00
rainfall 0,33 0,33 1,00 2,00 2,00 5,00 4,00
erosion 0,50 0,50 0,50 1,00 3,00 3,00 4,00
vegetation 0,25 0,33 0,50 0,33 1,00 2,00 3,00
altitude 0,17 0,20 0,20 0,33 0,50 1,00 3,00
aspect 0,11 0,13 0,25 0,25 0,33 0,33 1,00
> 3,36 3,49 8,45 7,91 13,83 22,33 32,00
Table 2. Final AHP matrix.
M; lithology slope rainfall erosion vegetation | altitude aspect Sr | %
lithology 0,2976 0,2869 0,3550 0,2528 0,2892 0,2687 0,2902 0,29 | 29
slope 0,2976 0,2869 0,3550 0,2528 0,2169 0,2239 0,2690 0,27 | 27
rainfall 0,0982 0,0947 0,1183 0,2528 0,1446 0,2239 0,1511 0,15 | 15
erosion 0,1488 0,1435 0,0592 0,1264 0,2169 0,1343 0,1363 0,14 | 14
vegetation 0,0744 0,0947 0,0592 0,0417 0,0723 0,0896 0,0751 0,08 | 8
altitude 0,0506 0,0574 0,0237 0,0417 0,0362 0,0448 0,0497 005| 5
aspect 0,0327 0,0359 0,0296 0,0316 0,0239 0,0148 0,0285 0,02| 2
7\max:7,33; C]:0,0S, RI:l,32 1,00 10

Normalisation of the matrix and averaging by rows
generated the priority vector (SAATY 2003, GENEST
1994), which represents the distribution of the
weights (Table 2, shaded columns). Thereafter, it was
necessary to establish the procedure for shifting from
an inconsistent to a near-consistent matrix. Versatile
solutions proposed by different authors had been con-
sidered (GENEST 1994, LAININEN 2003, Saary 2003,
Po et al. 2007). However, they all prove to be slightly
different from the outcome of the original technique
(Saary 1977). It was feasible to control the matrix
consistency on the simplest basis, i.e., by Saaty’s con-
sistency parameters CI and CR (consistency index and
consistency ratio, respectively) and criterion
(CR<0.1). In this way, the initial subjectivity of the
weights distribution (Table 1) has been unbiased up to
a certain level, leaving the refined weights depicting
the final pattern (Table 2, shaded columns).

Finally, the priority vector or, more appropriately,
the linear distribution function of the weights, ap-

This model depicts the spatial distribution of the sus-
ceptible zones, separated into four classes: low, mild,
moderate and high susceptibility. According to the
presented approach, the first class (black in Fig. 5¢)
corresponds to the areas where the input raster had the
smallest contribution, and the fourth class (dark grey
in the Fig. 5c¢) stands for the zone with the highest
overall contribution.

In addition, we need to become conversant with the
classification criteria used for the final raster. Namely,
it has been speculated what number of classes would
be optimal for landslide susceptibility maps (CHACON
et al. 2006). However, there is no decisive formula-
tion on this topic, so we employed the entropy
approach (PAszrto et al. 2009).

We have tested the final raster for the entropy func-
tion behaviour over the entire DN span (from 1 to 256
classes) with natural breaks intervals to define the
highest information gains (Fig. 6). The trend curve
approximates the behaviour of the entropy function,
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The slope stability map (PA-
VLOVIC et al. 2005) which has
been processed through the re-
mote sensing techniques and
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parison as a control reference.

The susceptibility map (Fig.
5c) suggests that the area could
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sliding) widespread. Severely
endangered areas are the north-
ern slopes (by the riverbank of
the Danube), as well as the in-
ternal areas in the NE.

The basic statistical compa-
rison between the model and
the landslide inventory (Fig.
5b) resembles the proposed
visual evaluation. Figure 7-a
reveals that active landslides

mostly occupy pixels with val-
ues of the fourth class (high

Fig. 5. a, Model of lithology (a-alluvion and solid rock, b-loess, c-Tertiary limestone,
d-clayey masses and delluvium); b, Geological setting (Cupkovi¢ 1997); ¢, reclassi-
fied AHP model of landslide susceptibility (1-low, 2-mild, 3-moderate.

susceptibility). The same ap-
plies to the category of tem-
porarily inactive landslides;

IG
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Fig. 6. Information gain of landslide susceptibility model
based on the entropy function (the highest gain appears in
classes 4 and 9) and four-high susceptibility); d, suscepti-
bility model in comparison to the landslide inventory.

proving the criteria for information analysis. We con-
sidered only the span from 2-20 because the trend is
fluctuating at higher values. Information gain reaches
its maximum when raster is displayed in nine classes,
with sub-maximum at four classes, leaving us to
choose between these two cases. The former would be

overall, these landslides con-

d
b) 60%-

40

20

P p— ]

Fig. 7. a, histogram of pixel distribution within the land-
slide polygon area per each susceptibility class (continuous
grey line stands for the active landslides, dashed for tem-
porarily inactive ones and the bold black line is overall); b,
log-normal distribution of data from previous plot with
standard deviation, sd, and arithmetic mean, m.

tain approximately 20% of the fourth class pixels and
14% of the third. However, the terrain, with its portion
of the second class exceeding 50% (Fig. 7b), predom-
inantly remains stable but locally inclines to instabili-
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ties because by area it is nearly 30% third class (mod-
erate susceptibility).

The numbers of the pixels within the first and the
second class are surprising due to the imperfections of
the model. Despite these unpredicted inaccuracies, the
model yields fairly acceptable predictions of suscepti-
ble areas, which precedes possibilities for more
detailed assessments, whether concerning susceptibil-
ity, hazard or risk.

Conclusion

The final model shows substantial correlation in
the most critical areas, as detailed in Fig. 5c. Par-
ticularly, the landslide occurrences in valleys in the
NE domain parallel the remote sensing data. Every
single landslide polygon, either characterised as
active or temporarily inactive, encompasses fair
quantities of pixel values within the classes of mod-
erate and high susceptibility. Nevertheless, it is obvi-
ous that criterions in use were too rigorous in some
regions, most likely due to the emphasised influence
of the lithology model. In particular, the entire north-
ern outskirts are qualified to be moderately to
extremely prone to instabilities, which might not be
the case. Priority vector weights have been combined
in such a manner to create a dilemma in analysing the
results: at some points, our model fits the crucial
remote sensing evidence but contradicts it in other
regions. Seemingly, this could be avoided by more
detailed lithology modelling or filtering the existing
model, which would lead to an even more subjective
approach, stressing the relevance of heuristics in the
analysis.

To improve the final model, further directives must
also address the perpetuation of other input data sets.
This concerns the DEM, which could be processed in
higher resolution, acquiring additional precision for
the directly dependable models, such as models of
altitude, slope, aspect and even linear erosion pattern.
Furthermore, the inputs could be more temporally
correlative (this is especially relevant to the rainfall
distribution record). Finally, some superior methods
in lithological quantification could be used and would
minimise the perplexity and subjectivity in the classi-
fication. However, the majority of the capitalised
adjustments and directives require extensive data,
which were unavailable because they demand more
detailed surveys.

In essence, the result errs in favour of safety, indi-
cating that large portions of the total area could be
potentially triggered. However, this remains arguable
and should be regarded cautiously, even though it
should not differ from the actual state of susceptibili-
ty over the terrain (according to authors such as
Komac 2005 or ERcaANOGLU 2008, where the similar
approach matched very rigorous criteria).
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Pe3nme

AHaJIiM3a yTuiaja npupoaHux (pakTopa Ha
nojay kiau3numra nomohy AHP merone -
npuMep Ha Opymkoj ropu

[MTocnenmsux HEKOIMKO TOIMHA CBEIOLM CMO MOBE-
hanor mHTEepecoBama 3a GEHOMEH KJIU3UIITA, Kako Y
JaBHOM MIbEHY TAaKO M y HaydHHM Kpyrosnma. Kiu-
3WIITA, y CIIPE3N Ca CPOTHHUM IPHPOTHUM XazapAnma
(morutaBaMa, 3eMJbOTpECHMMa, OJYjHHM HEIMorogaMa
WTI), CBAKOIHEBHO YTPOXKaBajy MaTepHjaiHa 1o0pa u
KHBOTE JbYIH, HAPOUUTO Yy CBE T'ymhe HaceJLEeHNUM I10-
IpydjuMa. tbuxoBo je n3ydaBame ca acrieKTa MpupoI-
HOT Xa3ap/ia CTora HEOIX0IHO, KaKo OM ce TOoCIIeTIIe
bUXOBOT JIEjCTBA, OHOCHO PH3HK OJI TI0jaBe M JeIo-
Bamba KIIM3HIITA IPAaBOBPEMEHO TPEIBHICITH, CIIPEUH-
v nn yonaxwn. [IpBu xopanu y mpomuecy aHaiamse
Xazapa o KIM3UINTA, a TOTOM M y KOHauYHOj Ipole-
HU PHU3HMKa Off CTUX jecTe MPOIEeHA CKIOHOCTH Tj.
CyCHENTHOMITHOCTH JaToT TepPeHa Ka KImkemy. To je

YjeHO W CYIITHHA OBOT paja, KOjU TONa3W Of OcC-
HOBHE MPETIOCTABKE JIa C€ CKJIOHOCT TepeHa Ka KIu-
KEHY MOXKE YCTAHOBHTH Ha OCHOBY Ca3Hama O TO-
crojehuM mpumepuma mojaBe KIM3HWINTA U pele-
BaHTHHX ITO/IaTaKa O CBOjCTBUMA TEPEHaA, Tj. CBOjCTBH-
Ma JlaTe TeoNolke cpequne. [[pUToM cy ycBojeHa JiBa
OCHOBHA IMOCTYyJaTa aHallu3e Xa3apna OJ KIH3HIITA:
KIIMKEHe KOje ce Ha JIaTOM TOAPYYjy paHHje TOTOIH-
JI0O MOXKE C€ MOHOBUTH aKO C€ CTEKHY MCTH WU CIIH-
YHH yCIIOBU KOJU CY TIPETXOIHO JOBENH J0 KIHKCHA,
a Takohe ce MOXKe TOTOAWTH W Ha JIPYTOM TIOAPYYjY
CIIMYHUX CBOjCTaBa, YaK W aKo HHje OMIIO TPETXOTHO
3a0enexxeHNX IMojaBa KiImkema. CKIOHOCT TOjaBe
KIM3WIITa jé Ha Taj HAYWH MOCMAaTpaHa Kao Tpo-
CTOpHA BepoBaTHOha IojaBe M TO Y T3B. PETHOHAIHO)]
pasMepH, OTHOCHO ILIMPEM MOJPYYjy OJl HEKOIUKO
JIeCeTHHA WM CTOTHHA KWJIOMETapa KHIOMETApCKHX
TUMEH3Hja.

Jla Ou ce aHanmM3a CKJIOHOCTH Ka KJIM3UIITHMA yC-
MIEIIHO W3BENa, Tj. Aa OM ce Ta CKIOHOCT YCHEIIHO
M3MOJIEIOBaIa HEOITXOHO j€ Hajpe NeUHUCATH THIT
KIIM3UIITA KOjU C€ y3uMa y pasMarpame (MexaHmu3am,
BpCTa MOKpeTaya W pe3oiyllija caMHXx T0jaBa) a Io-
TOM TPHUKYNUTH onroBapajyhe momarke. Hajmpe je
MoTpeObHO TPUKYyNHUTH WHOpManuje O MmocTojehum
KIU3UIITAMA ¥ CACTABUTH T3B. KaTacTap KIU3UILITA
(o moryhcTBy y neduHICAHOM BpPEMEHCKOM HHTEP-
Bajy). 3aTUM ce TPUKYIUbajy OHU IONAIM KOjH Ce
JIOBOJIC Y JHUPEKTHY Y3pOYHY Be3y ca IMO0jaBOM KIIU-
3WINTA U YKIBYUY]y Pa3IHIUTe TeoJIoIIKe, reoMopdo-
JIONIKE, KJIUMATCKE, XHUJPOJOIIKE M XHJPOTCOIOIIKE
(hakrope, kao u (pakTope Be3aHe 3a )KUBOTHY CPENUHY.
Hakon Tora je moryhe HampaBUTH MOJEN CKIOHOCTH
Ka KIMKCHY YIOTPEOOM Pa3UYUTHX METO/a, MOYeB
O] eKCIIEPTCKHX WA UCKYCTBEHHUX, 3aTUM jeTHOCTaB-
HUX CTaTUCTUYKHX, JIETEPMUHHCTUYKHX M KOHAYHO,
KOMIUIEKCHUX CTAaTUCTUYKO-MATEMaTHUKUX METO/Ia Ha
0a3y MaIIMHCKOT y4dema. Y OBOM j€ HCTPaKUBAY
KOHKPETHO KOpHWIINEeHa eKCIepTCKa MM MCKYyCTBEHA
merona Analytical Hierarchy Process (AHP). Osa
METOJIa CTaJia Y T3B. BUIIIC-KPUTEPHjYMCKE aHaTH3e, a
KOPHUCTH jETHOCTABHO CIIApUBa-€ 3HaYajHUX (PaKTopa
(reonomkux, reoMOpP(OIONTKHX, KINMATCKUX, XH-
JPOJIOIIKO-XMJIPOTEONOMIKMX U (PaKTOpa MKHUBOTHE
Cpe/lMHEe) Ha OCHOBY KBAHTUTATHBHE TPOIICHE HU-
XOBOT yTHIIaja Ha TpOIleC KImkKema (KopuimhemeM
npeneduHUCcane ckajie 3a kBaHTH(uKanujy). [Ipore-
Hy BpIIE €KCHEepTH KOjU MMajy HCKYyCTBa ca JaTHM
TUIOM KJIIM3HINTA HAa JJATOM MOJPYYjy UCTPKUBAMA,
HE3aBUCHO jedaH OJ IPyToT, 1a O ce TOTOM HHXOBU
KpuTepujymu ycaracuiau. Ha Taj HaumH ce no6ujajy
OCpeIhEeHN TEKUHCKH KOE(UIIMjEeHTH 3a CBaKH Off
(hakTopa, ¥ ILUXOBHUM C€ jeTHOCTABHUM CYMHUDPAEHEM Y
I'MC oxpyxemy no0OWja KOHadyaH KBAHTHTATHBHH
MOJIeI CKIIOHOCTH Ka M0jaBU KJIM3HUIIITA 32 J]ATH TePeH
Ha faroM moapydjy. OH ce MoXe KIaCU(pUKOBATH Y
KBaJIUTaTHBaH MOJIE] Ca Ha3HAYCHWM KJacama, Kao
HOp. KJace BUCOKE, CPEIE M HHUCKE CKIOHOCTH.
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HeonxomHo je KOHAYHO HW3BPIIUTH ¥ €BAITYAIH]y
Mofienia, yrnopehuBameM KOHa4HOI MOAeIa ca Kara-
cTpoM Kimm3mumnTa (ymopehuBameM MPOCTOPHE JH-
CTpuOyIMje KIM3HINTA U3 KaTacTpa U PEenuMo Kiace
BHCOKE CKJIIOHOCTH Ka KIIH3amby).

[Mompy4je ucrpaxkuBama, moBpmuHe on oko 100
km?2 jronupano je Ha C3 magunama ®pyiike rope, y3
necHy obamy Jlymasa, m3mehy Cycexa m beoumnna.
[IpucyTHa cy yriaBHOM QyOoKa poTalMoHa KIU3UILTa
Yy HEOTeHUM OaceHuMa HiTH y 1e0elTiM IeTyBHjaTHIM
Hacjarama, IyX IaJuHa Koje Cy AOMHUHAHTHO YIpo-
YKeHE JIEjCTBOM JINHHUjCKE epo3Hje, 1Ma ce Ka0 OCHOBHH
[IOKpeTay Ipoueca KImKema (aKTUBUPamka HOBUX U
peakTUBUpama nocrojehnx kmm3nmTa) Moxe cMarpa-
TH JINHU]JCKA €po3rja, Kako MambUX TOKOBa y 3alely,
Tako u camor JlyHaBa, KOju je mOOpO TIO3HAT IO
YTHIIAjy Ha KIU3WIITA Ty’ CBOje AecHe obane. Ocum
TOra, yAeaa UMa M OCLIIAIMja TOA3EMHHX BOAA Ipe-
BAaCXOAHO M3a3BaHa IPOMEHOM peXHMa IaJaBHHA
TOKOM TOAMHE. Y TEOJIOIKOM U TeoMOpQOIOIIKOM
cMucly, Moxe ce pehn nma je mpoy4aBaHO Toapydje
MIPEAUCIIOHUPAHO 32 KIMKEHE, jep Cy TPOLIHE Heore-
HE Haclare, Kao u jie0ele IeTyBHjaTHe Hacare Beoma
pacrpocTpameHe, a JOJMHCKE CTPaHe PEeJaTUBHO CTP-
Me (cTpMHje y OHHOCY Ha jyxHe mannHe Dpyrike
TOpe) M OTOJhEHE WIIM €BEHTYAIHO 0Opaciie HHCKOM
CE30HCKOM BereTanujoM (yciex IOJbOIPUBpPEIHE
aKTMBHOCTH JIOKAJHOT CTaHOBHUINTBA). CaMa KIU3U-
ITa HajBEpPOBaTHHjE€ HUCY Yy HETOCPEeIHO] Be3W ca
T€OJIOUIKUM CTPYKTHpaMa, Majaa MoCTOje HEOTEKTOH-
CKH aKTHUBHH, YaK M CEU3MHUKU aKTUBHHU Pacely, ajau

Cy BUXOBE MarHUTYIE 3aHEMapJbHBE KaJla Cy y MUTa-
By Kiu3umrTa. HajsHadajanju ¢pakTopu Koju yTUIy Ha
mporiec cy: 1) IuTonomike jequHuIe, 2) HaruO maiu-
Ha, 3) eKCTpeMHe MaaBuHe, 4) yIabeHOCT 0] TOKOBa
ca M3pakeHOM JIMHHjCKOM €pO3HjoM, 5) BUCHHA, 6)
€KCIO3MIINja TIAJFHA U 7) TTOKPUBEHOCT BETETAIIH]jOM.
OBu (akTopu cy mocpeactBoM AHP aHanu3e KBaH-
TH(PUKOBAHN TEKUHCKHM (aKTOpUMa H IaIH CY
cinenehy 3aBucHoct: M = 0,29-M; + 0,27-M, +
0,15-M; + 0,14-M, + 0,08-M5 + 0,05-M4 + 0,02-M,,
r1e Cy UHAeKcuMa ol 1—7 pecreKTUBHO O3HAYEHU Of1-
roBapajyhu ¢akropu. Hobujern monen M je morom
pekacu(UKOBaH Ha YETHPHU Kilace CKIOHOCTH: 1) HU-
cka, 1) Gmara, III) cpenma u IV) BUCOKa CKIIOHOCT.
Pacrniogena kmaca je neduHncaHa Ha OCHOBY AMCTPH-
OyIvje MpUPOAHUX WHTepBaja, a Opoj Kiaca je ycTa-
HOBJAH Ha OCHOBY HMH()OPMATHBHOCTH MOJIENa, Tj.
ErOBe CHTPOIHje Koja je TeCTHpaHa 3a Pa3InduT
Opoj kmaca. [IpexnamameM KIM3HIITA U3 KaTacTpa ca
MO/IEJIOM YCTaHOBJBEHO j€ Ja Cy HajBHIIE 3aCTyIIJheHE
III u IV xnaca ca 14 % u 20 % ox nenokynHe Kiace,
pecnektuBHO, ok cy I u II knaca 3HaTHO Mame 3a-
CTyIUbeHE. YropehuBambeM KOHaYHOT MOJIeNa ca KOH-
TPOJHHUM KaTacTPOM KIIM3HIINTA MOXE CE€ JaKie ycTa-
HOBHUTH J1a Cy MOCTHTHYTH PE3YITATH MPHUXBATJEHBH
3a KBaHTH(UKANH]y CKIOHOCTH Ka KIIKEHY.
Pesynraru Mory OWTH O BeTMKE KOPHCTH 3a IMOTpede
PETHOHAITHOT TUTAHWPamka, jep NpPy’Kajy KBAHTHTATHB-
HE ¥ KBAINTATHBHE IMOJATKE 33 ACMEeKT CTaOMIIHOCTH
TEepeHa W AETUMHIYHO, TIOBOJFHOCT TEPEHA 3a U3TPal-
By o0jexara.
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IN MEMORIAM

Muuayn Maposuh
(1947-2009)

VY pano jyrpo 19. okxtobpa 2009, y caobpahajHoj
Hecpehu y jyxaom neny JluOuje, kao 4iaH reosoke
eKcrenuIje, moruayo je np Mwryn Maposuh, pe-
moBHH mpodecop Pymapcko-reonmomkor ¢akyiaTera
Yuusep3urtera y beorpany.

[Ipodecop Munyn Maposuh pohen je 1947. ronu-
He y Yauky. ['mMHa3mjy je 3aBpmmo y 3emMyHy, a Iu-
IoMHpao je Ha Pymapcko-reonmomrkoM Qaxynrery y
beorpany 1970. ronure. Tume je moyena jeqHa 6orara
Kapujepa reojora, HCTpaXuBada ¥ YHHUBEP3UTETCKOT
npodecopa. 3aBpIIMBIIM MAarucTapcke, a IMOTOM H
IokTopcke ctyauje 1981. roguHe mporrao je Kpo3 cBa
3Bamba, MOCTaBIIN PelOBHU Tpodecop ca cBojux 46
TO/IMHA, TITO je ycIieBajo caMo HajOoospmma. OBakBa
Kapujepa KpyHHCaHa je MpHujeMoM y AKaJeMHujy WH-
)Kemwepckux Hayka 2004. ronuse.

Lleo cBOj pamHU BEK IMOCBETHO je T€OJIOTH]H, a pe-
3yATaTH TOTa pajia YYMHWIN Cy T'a jeJHUM O HAaIIMX
HajyBa)KaBaHWjUX CTPYUHAKa U3 TEKTOHUKE U HEOTEK-
toHnke. Hayuna aktuBHOCcT MumryHa MapoBrha Onia
j€ ycMmepeHa Ha pelaBame, Tope[ MmpodiieMa TeKTO-
HUKE M HEOTEKTOHUKE, Beh M CEM3MOTEKTOHHKE,
CTPYKTYpHE T€O0JIOTHje, peTHOHAHE TeO0JI0TH]j€e, Kao H
Ha Pa3B0j METOIUKE CBUX OBUX AucuumuinHa. [Ipoyda-
BAO j€ OTIIIITE TeOJIOIIKE KapaKkTepucTuke XKaryOoudaxor
HeoreHor 0aceHa, bykyJbckor kpucranacTor KoMIuie-

kca, Jlyxanukor ¢muma, radpo-nujada3sHor MacuBa
ko 3aoBuHa, kpene kon Kocjepwha, mojaBe Tydona
kog CeBepoBa. CBakako jejaH OJl HAaIIUX HajOOJBUX
TEeKTOHWYapa, JONPUHEO je I03HABAKbY TEKTOHCKOT
ckiona OpojHux pernona, llpujemospa, Ilommmupa,
Mokxkpe T'ope, 3apoxja. HeoTeKTOHCKUM HCTpaXKuBa-
mruMa o0yxBatno je momHu Tok Pecase, lllymanujy,
ceBepozanagny CpbOwujy, Anexcurauko [lomoparibe,
Komybapcko TamuaBcku Oacen, ncrouny CpOwujy,
Coxobamckn OaceH, Komaonuk, JKespun, MauBy u
ITouepuny. Pe3ynTatm ucTpakuBama Ha OBUM U
IpyTUM TepeHnMa o0jaBibeHH Ccy y mpeko 120 Ha-
YYHUX PafioBa LITAMIAHUX y 3€MJbH U HHOCTPAHCTBY.

OBako Oorara reoromrka Kapujepa obOeiexeHa je
menasboM “JoBan JXKyjoBuh” Kkojy je mobwo 3a mo-
MIPHHOC Pa3BOjy PETHOHATHE TeOJIOTH]e.

Bpio npenano ydectBoBao je y u3Bolemy HacTaBe.
[lopen Bume MoHOTpaduja, ayTop je U HEKOIUKO YII-
6enuka. [Ipenocehn Bpio ycnemHo pesyarare caBpe-
MEHUX UCTpaxnBama Ha Mialje capajHHUKe CTEeKao je
penyranujy npodecopa Kora Cy CTyACHTH H3Yy3e€THO
BOJIEJIM M BPJIO YECTO IpeAsiarajid 3a MEHTOpa CBOjUX
panosa.

Kao 1o je ocTBapro BEIMKH JONPHHOC Y T€OIOTU-
j¥, Tako je OO UCTaKHYT U Y IPYTHM TIOoJbUMa. Y MJia-
JOCTH Ta je 3aHnMaJia My3HKa, ©Mao je CBOj opKecTap,
cBupao rutapy. Komapkom je modeo na ce 0aBu pena-
TUBHO KacHO, Y cB0joj 21. romuau. To ra, mehyTum,
HHje CIIPEYMIIO 1a OCTBApU Pe3yiTaTe BpeaHe qUBJbe-
Ba, U MPUKYNH OpOjHE Memajbe ca OJMMIHjaga |
CBETCKUX IpBeHcTaBa. O HajacBe YCIIEIIHO] CIOPT-
ckoj kapujepu cemode OkToOapcka Harpaga Tpaja
Beorpama, Majcka narpama Cpobuje, OpaeH paga ca
cpeOpHUM 3panyMa u Apyra npu3Hama. Jbyoas mpema
CHOPTY HCIIOJBHO j€ W IO INPECTaHKy aKTUBHOT
Urpama, IOCTaBIIY WiaH npencTapHumTBa Komapka-
mKor caee3a JyrocmaBuje u [Ipencennnk Komrapxka-
mkor case3a beorpana.

JpymITBeHu ’XUBOT OHMO je y TIOTIYHO] CarflaCHOCTH
ca TeoJIONIKOM H CIIOPTCKOM KapHjepoM. bro je ympas-
HHUK 3aBOJa 3a PETHOHAIHY I'€OJIOTHjy U IaJI€OHTONO-
rujy, llled karempe 3a AMHAMHYKY TE€OJOTHjY, WiIaH
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MehyHaponHe acorwjaiyije CTPYKTypHHX Teojora H
tekrormdapa (International Association of Structu-
ral/Tectonic Geologist (IASTG), unan Ypehusauxor on-
Oopa “Teonomkux aHanga bankaHckora moiyocTpra”,
MIpeACenHUK Ap>kaBHe Kommcuje 3a TeollomKy Kapry
Cpbuje 1:50.000, wran Onbopa 3a MPHPOAHO Mare-
MaTudke Hayke MUHUCTapCTBa 32 HAyKy W TEXHOJIOTH]Y
Penyommke CpOwuje, excnepr 3a reonorujy CaBe3HOTr
MUHHCTapCTBA 3a HayKy u TexHoiorujy CP Jyrocnasuje
" WwiaH PerryOmrdaxor koMuTeTa 3a 00pa3oBame.

Cse To Bpeme Omo je aktuBaH wiaH CpIICKOT Teo-
Jomkor apymrea. Mehytum reonor takBor ¢opmara
HUje ceOu TO3BOJIMO CaMmo ITYKO TIPUCYCTBO U TIOBpe-
MeHO u3iarame Ha 30opoBuma. [lopen Tora mTo je y
MojenHIM TieproauMa 6ro y Ympasu JpymTea, 6mo
je u cexperap CaBesa reomomkux apymraBa CDOPJ,
YY4E€CTBOBAO j€ Y MPHUIIPEMH BHIIE TEOJIOMKHX KOH-
rpeca, a ’eroBa Kapyjepa je TparudHo MpecedeHa yi-
paBo kaja je n3abpaH 3a 4jaHa HayqIHOT 000pa Ipe/I-
ctojeher Konrpeca reomora Cpouje.

Muys Maposuh je mpema o0pazoBamy, 1apy U Ta-
JIEHTY, KA0 PETKO KO W3 Hallle HOBHj€ aBaHTape, Ono
YOBEK HEOOMYHE epyaullije, eHTy3Hja3Ma U U3y3eTHe
pamHe eHepruje, mpenoapeheH ma ocTBapw ycmex y
OmIo k0joj 0OIacTH, HE3aBHUCHO O MOCTA KOjUM ce
6asuo. Paz, BoJba, M paioCcT Cy TpH YHUBEP3AIHE Ka-
Teropyje, ¥ HeKa BpcTa MPHUHIUIIA U TTOCTYIaTa Hero-
BOT' KacHHjeT TMOHalllamka, a Koje je OH polemeM cTe-
Kao0 ¥ KOje je yCIIeITHO HOCHO KPO3 110 CBOj JKUBOT.

MunyH je pa3yMeo XHBOT y IPOCTOPY U BpEMEHY.
’Kuseo je y cagammocTi, Majia jeé HEKOM IyJHOM WH-
TYHLIHjOM ¥ TIPEAUKIIN]OM YMEO Ja PEABUAN CTBAPH
Koje OM ce Morie JOTOMUTH W Y BPEMEHHMa y JI0-

macky. buo je HagaXxHYT FEromeBCKOM Myapolihy,
BeoMa JTyOOKO MoITyjyhu A€o OBOT BENWKaHa, a IITO
je MunyHy naBano HeOOMYHY CHAry W JIETIOTy. Y TOM
CHa)KHOM TeITy Onjie Cy calluBeHEe BPJIMHE B 0COOWHE
KOje Cy Ta Kpacwje, Kao IITO Cy eHTy3Hja3aM, Bepa,
WCTPajHOCT, HE33J0BOJHCTBO JOCTUTHYTHM, Hay4HE
WHOBAIIMje, KPEaTHBHOCT, JIMYHA IIApM, CHOBHIEwme,
JUCTIEp3Hja TAXKE-€, KOHTUHYUPAHOCT y Pay, ¥ U3HAI
CBera 4eCTUTOCT, MOIITEHkE, MTOHOC U TopaocT. Mimao
je mapa u Moh 3amaxama 3a OHO INTO JIPYTH HHUCY
yMeInu J1a BUje, a caM OOMYHO HHje TIIea0 OHO IITO
HUje MOTao J1a cariie/ia ¥ HHTEPIPETHpa 10 HajMambuX
netaspa. JlomackoM y Hamry cpenuHy, MUJyH je cHa-
KHO TIOAPXAaBao, a KAaCHHjE€ W TIPEABOAUO Ompere-
JbeHa y KOjHMa je YBEK JlaBaHa MPEIHOCT OCTBApEHY
aMpMaTHBHUX, KPEATHBHUX, U CTBapajadkuxX Haeja
HaJ KpyTHM CTepeoTunuma. Taj cTui, IyX M CTaB je
ckopo 40 romuHa OWO jacHO MPEMO3HAT/FUB U 3HAYa-
jaH 3a adupmanujy Haile Tpyre, cMepa H Kareipe.
[locebaH cerMeHT JNMYHOT W 3ajeHUYKOT aHTaKOBa-
Ha, OHOCHO C€ Ha IMOIN3amke KaJIpoBa, lUXOBY adup-
MaIjy ¥ METOJOJIONIKA ca3Hama Koje he uM mociry-
KUTH Kao IyTOKa3, OJIaKmaBajyhu wM mpenaxeme
MyTa, Kao IMITO KapTa W KoMmac oMoryhyjy miamom
HEUCKYCHOM HCTPaXHUBady NpOHAIAXKEHe Iba Ha
HETNO3HATUM M HETPUCTYIaYHUM TEPEHUMA.

Kao mTo Hajuemthe 6uBa, mocie cBakor MCTpaku-
Baua ocTajy OpojHH TpoOIeMH Koje je Tpebdano pe-
mUTH, OPOJHH TIOCIIOBH KOje je Tpebao 3aBpIIHTH...
Amm ocrtaje u Tuxo Jpyncko cehame. Jlox Tpaje To
cehame, Tpajahe u Ham MunyH.

Jlyka Ilemmh
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IN MEMORIAM

EBrennii EBrennesnu MujianoBckuid
(1923-2012)

Jenan o oAMMYHKMX M3aHAKA PYCKE TEOJIOIIKE
mkoje u Hayke E.E. MunmaHoBcku mpemMuHyo je
11. dpebpyapa 2012. ronune. Poxmo ce 1. aBrycra
1923. ronuae y Mocksu. Pohemem, napom u Ta-
nentoM, E. EBrenunjeBuy je 6uo nmpenoapehen na
rpaau yHHMBEpP3UTETCKY Kapujepy. HberoB orarig
Eprenyj Biagumuposua (1892-1940), yuernnk
akanemuka A.Il. IlaBmoBa, 6mo je mpodecop u
me¢ Karenpe ommre reomoruje Ha MI'PU.

[To okoHYaWmy OPYror CBETCKOI paTa U JeMO-
ounuzanuje, E. EBrenujeBuy je oOHOBHO 3ario-
yeTe akTUBHOCTH Ha Karenpu ucropujcke reo-
noruje I'eomomkor dakynrera MI'Y, tme je
puriomMupao 1949. ropuue. Tepercka npoyyasa-
Ba Ha Jy)KHOM Ypaiy 00aBHO je Mo pyKOBOI-
CTBOM 3HAMEHHUTOT PETHOHAJHOT UCTPa)KMBava U
teopetuuapa reorexkronnke H.II. Xepackona.
Pesynrare oBUX uUCTpaKuBama MyOJUKOBAO je
Kao CBOj NMpBU Hay4HH paj 1951. ronune.

ITo okonuamy MI'Y, moctao je acnupaHT Ha
KaTellpH, a CBOja IVIaBHA UCTPaXXKUBaHba yCMEPHUO
Ha HCOTCKTOHCKA IPOyYaBarba M BYJIKAHCKE aK-
TUBHOCTH, YIVIABHOM y 3akaBkasjy, Ipysuju u
JepMeHI/I]I/I. 1952. ronuHe MOCTA0 j€ aCHCTEHT Ha
Karenpu 3a UCTOpHjCKY U pETHOHAIIHY T€OJIOTH]Y
o pykoBoaicTBOM A.A. bormanosa, koju je 1950.

roauHe 3aMeHuno oanazeher nmpod. A.H. Mazapo-
Buya. HacrtaBspa na paau Ha Qaxynrety, Kao 'y
MHOTHM €KCTequlljama Koje Cy HMalleé peruo-
HaJHHU HAyYHO-UCTpa3uBadyKu Kapakrep. Pesynra-
TH OBHX OOMMHUX HCTPaXHBarba IPUKA3aHHU Cy y
YCICIIHO OAOpabeHOj KaHAMAATCKO] AHMCepTa-
L1jU 10/ Ha3UBOM ,,] eonomika rpaha u uctopuja
Hactanka CeBaHcke aemnpecuje” 1953. romune.
Jlamme o0aBiba mpoydaBama y LeHTpaiHoMm Ka-
3axCTaHy, MPEAJIOKUBIIN HOBE METO/E aHAIHM3E
HeoTekToHHMKe KazaxcTaHckor ropja, koje OuBajy
omiTe npuxBaheHe o CTpaHe MHOTUX HUCTPaXKH-
Bava. ¥ 1955. roxa. npod. A.A. bornaHos je opra-
HU30Bao Ha [eonomkom QakynTeTy BeIHKy
Temarcky KaBkacky ekcrnemuIyjy koja je y Ha-
PEIHUX HEKOJIMKO TOJIMHA BpIIKIa MHOTOOpOjHA
KOMILUIEKCHA HCTpa3uBama IMOJ PYKOBOJICTBOM
3HaMeHUTHUX npodecopa Axrupeja, XanHa, Cia-
BuHa, JleoHoBa, akagemuka CMupHOBa W JIp.
3HaanHy yJAOTY y OBUM HUCTpaKMBamkUMa HMao
je, Taga Beh, monent E.E. Munanoscku. ITopen
OBHX aKTHBHOCTH ILIE3/[CCETHX TOAMHA MPOLLIOT
Beka E. EBrenujesnd, BpuIvo je 3Ha4ajHa UCTpa-
KuBama y ykpajuHckuM Kapnaruma, [dunapu-
numa Jyrocnasuje (y Be3u ca CKOICKHM 3€MJbO-
TpecoM y Makenonuju 1963.), bankanmauma
Byrapcke u mosbckum Kapmaruma, uuju cy pe-
3yJITaTH MTyOJUKOBAaHU y HEKOJIMKO MOHOTpadwuja.

Ha ocHoBy Beoma Goraror ¢akrorpadckor mMa-
TepHjasia U3 TeKTOHUKE, HEOTEKTOHUKE, BYJTKaHU-
3Ma, najgeoreorpadcKux UCTpaKuBamba U JPyTUx
obnactu peruonanHe reojioruje E. EBrenujeBuu
1965. ronuHe OpaHU ca yCreXoM JOKTOPCKY M-
ceprauujy npea ononentuma MypartoBom, Huko-
najeum u Illynmom, a Hakon Tora 1967., 6GuBa
n3abpan 3a mpodecopa MOCKOBCKOT YHHUBEp-
3UTETA.

Beoma ormcexxna ucrpaxuBama E. EBrenuje-
BHY je UMao y uctouHoj Adpuiu, Ha Mcmanny,
sananHoj Esponu (rpaben Ocna u PajHekn rpa-
OeH), Ha 3anany CeBepHe AMEpHKE, JyTOUCTOYHE
Asuje y bonuBuju, rne ce yrmaBHOM 0aBH Ipo-
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OneMHMa TEKTOHUKE, HEOTEKTOHUKE, MJIaJIUM
BYJIKQHCKUM aKTUBHOCTHMA, PUPTHUM CHCTEMU-
Ma U cpelnme okeaHCkuM rpebenuma. [locne
cmptr A.A. bormanosa 6uo je (1972) nzabpan 3a
meda Karenpe 3a ucTopujcky U peruoHajHy reo-
norujy MI'Y, K0joM je pyKOBOAHO HapEIHUX TPHU-
necet ronuHa. 1992. n3abpas je 3a peJOBHOT YJia-
Ha Pycke akapemuje Hayka. [lopen oBor 3Hauaj-
HOT TNpU3Hamka, OyIndja U Harpaaa, ouo je diaH
MHOTHX YYEHHUX JpYyIITaBa U akaJleMuja, YKJbYy-
yyjyhu u Hame CprcKo reoJolKo APYIITBO U
YIAHCTBO Y pelakuuoHoM onbopy [eomomrkux
anana bankaHckora momyocrtpsa.

E.E. Munanoscku je o6jaBuo mpeko 600
Hay4YHUX pajioBa, 20 yyibeHuka 1 MoHorpaduja, a
HE MamM 3Hauyaj NpeJcTaB/ba PyKOBOhemwe He-
KOJIMKO JIECEeTHHA JOKTOpaHaTa U KaHAu1aTa 10K-
TOpa Hayka Kako y Pycuju Tako M M3 HHO-
crparcrBa. [lpuiankom cBoje derBpre mocere
WHCTUTYTy pErHoHaNHe Te0I0rHje U MajeOHTO-
noruje PI'®-a, yrmepnu penoBHH wiaH Pycke
akajemMuje Hayka u med Karexpe ncropujcke u
peruoHanHe Treonoruje leonomkor dakynrera
MOCKOBCKOT YHUBEP3UTETa, y KIUTY yTHCAaKa

(16. jyna 1995.), 3anucao je: ”C BEITUKUM JTUBJbE-
IBEM MOTYy Ja MPUMETHUM Jia TeOoJIOIIKa MIKOoIa
Beorpajckor yHHBEp3HTETa KOja MMa CIaBHY H
JaBHY TpajULUKjy W BelInka Jocturayha, npony-
’KaBa Jla c€ YCIEUIHO pa3BHja HOBUM MIIAIUM
MOKOJbEHbUMA CPIICKUX reojiora. XTeo Oux Ja 1mo-
KEJIUM JIparuM Kojierama [ eonomkor HHCTUTYTa
beorpaackor yHuBep3uTeTa HOBa 3HayajHa J0-
cruriyha y reomomknm Haykama Cpbuje u
bankaHnckor monmyocTpBa M pa3BOj 3ajeIHUYKE
(Ipyrapcke) capalime ca reojgo3numa MoCKOBCKOT
yHuBep3uTteTa u nene Pycuje”. Onnackom E. EB-
TeHHjeBUYa pycKa TEOJIONIKa INKOJa U HaykKa
M3TYyOMIIM Cy jJeTHOT M3Y3€THOI CTBapaola M Io-
CIICHHKA KyIITYpe (My3HKa, CIIMKapCTBO, KEbHIKCB-
HOCT...), 4iju he nonpuHoC npouetwusary Oyayhe
reHepaiije, a MU CPIICKU Te0JI03U U ayTOp OBUX
pezosa, M3ryOWIM CMO JAparor, OJ@HOT M HC-
KpEHOT TpHjaresba U capajHhKa, KOju HaM je
HeceOMYHO MoMarao U 3aro:

Heka je cnaBa u xBana EBrenunjy EBrenujeBuay
MunaHOBCKOM.

Jlyka Ilemmh
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Scientific and Technological Centre NIS - Naftagas (STC NIS - Naftagas) is an affiliate company of Serbian Petroleum
Industry (Naftna Industrija Srbije) (NIS jsc), registered on 10 February 2012 with its headquarters in the city of Novi Sad.

The history of STC of NIS - Naftagas starts in late 2009, when several interrelated business units got together within NIS
jsc, with more than 40 years tradition in these regions in research, designing and engineering. The Scientific and Technological
Centre has been set up to offer scientific and technical support to NIS jsc core business and provide development and innovation

within its business operation.

CORE BUSINESS
Pursuant to the strategy devised by the parent company,

NIS jsc, STC NIS - Naftagas main areas of operation are the
following: conducting scientific research and development,
geological exploration, design and supervision of geophysical
works, processing and interpretation of geological and physical
data, geological modeling and assessment and calculation of HC
reserves, drafting projects related to developing and monitoring
of reservoirs, providing engineering services, laboratory and
consulting services, putting together and delivery of industrial
environment control programmes and eco monitoring.

GEOLOGY
Geology-wise, STC NIS - Naftagas provides services related

to geological exploration design, geology interpretation and
calculation of (HC) hydrocarbon reserves, drafting projects
and designs related to hydro-geology, mining and engineering

geology.

ACTIVITY

Geological Explorations

Collection, processing, analysis u synthesis of geological data

Expert petrological-sedimentological,
micropalaentological, lithostratigraphical, geochemical
and petro physical analysis, synthesis and interpretation

Complex interpretation data geophysical logging
Complex seismic and geological interpretation
Drafting of crude and gas exploration programmes
Drafting regional and detail exploration projects

Evaluation of tender documentation and assessment of
geological risks in concession activity

Drafting suggestions related to locations and
documentation for the conduct of exploration wells and
seismic surveys

Drafting abridged mining projects for drilling and well
testing

Owner’s supervision of project delivery

Geological interpretation and HC reserves assessment

Complex and detailed seismo-geological interpretation
Drafting reservoirs’ structural and petrophysical models

Geological 3 D modelling u calculation of geological
reserves

Interpretation and synthesis of petrological and
sedimentological, petrophysical and palaentological data

Lithological-stratigraphic interpretation of areas
Complex interpretation of geophysical logging data
Identification and characterisation of parent rocks
Characterisation of crude

Determination of reservoir genesis

Assessment of generating potential of exploration area

Hydro-geology, mining and engineering geology

Drafting design documentation for all type of
hydrogeological exploration (tapping into geothermal
power, water supply provision, environment protection)

Design of water abstraction facilities (hydrothermal wells,
wells and piezometers) and work performance supervision
Drafting Study on underground water reserves and results

of hydrogeological exploration

Analysis of hydrogeological conditions of soil and
assessment of possibility to abstract underground water
with the evaluation of prospects for the needs of thermal
energy use, water supply and bottling.

GEOPHYSICS
In the field of geophysics STC Naftagas has been providing

geophysical exploration designs, geophysical data processing,
and supervision in all phases of geophysical activities, also
assessing their quality.

ACTIVITY

Design of geophysical exploration

Supervision of the geophysical exploration and quality
control

Geophysical data processing

AVO/AVA inversion

Seismic reservoir characterization

Interpretation and visualization of geophysical data
Quality rating of geophysical activities

Testing of underground product lines (cathodic protection
checkup)

Development and implementation of projects for the use
of geophysical methods in the field of environmental
protection (determining the volume of petroleum/
petroleum product-contaminated soil and

groundwater).



SERVOIR DEVELOPMENT

STC Naftagas provides the designing and monitoring
of reservoir development, the analysis and consolidation of
specialized data, as well as the complex scientific and technical
support to the process of petroleum production, starting from
the interpretation of the well test measurements in the process
of exploration through reserve “management”, all until reservoir
recovery and closing down.

ACTIVITY
Hydrodynamic exploration, analysis and monitoring the
reservoir development

Preparation of current and prospective exploration plans for
developmental wells and reservoirs

*  Data processing and analysis of hydrodynamic
measurements and tests

Analysis of fluid data

Analysis of well testing

Analysis of well performance
Analysis of reservoir performance
PVT analysis

Reservoir pressure and temperature
Fluid production

Water confluence

GOR

e Preparation of isobar maps by developmental facilities at
specific time intervals

0O O 0O O 0O O O O O

*  Processing and interpretation of the measured data in wells
(diagnosis, analysis, result)

*  Analytical technologies

Pressure drop testing in wells

Pressure rise testing in wells

Interpretation of static and dynamic pressures in wells

Interference testing between wells - Pulse Test

Well yield test - Limit Test

Production Log Test interpretation

O O O O O O

Hydrodynamic modeling

*  Organization of effective reservoir development, aimed at
the rational use of petroleum and gas reserves

e Development of dynamic reservoir model, the design and
development monitoring

e Preparation of development projects, calculation of
balance and extractable HC reserves

»  Elaboration of the petroleum exploitation coefficient

*  Calculation of geological, balance and recoverable
reserves in the reservoir

Designing and planning perspective reservoir development

*  Preparation and analysis of exploitation network of
production wells on the reservoir

*  Assessment of future production from reservoirs
*  Making a schedule of future production from reservoirs

»  Participation in the development of petroleum and gas
production plans

*  Analysis of the development of oil and gas reservoirs

*  Development of projects for the introduction of new
developmental technologies

Analysis of the situation and the well and reservoir

production

*  Analysis of production regime

*  Analysis of water confluence

¢  Analysis of GOR

*  Movement of water in reservoir

*  Movement of gas in reservoir

*  Analysis of HC reserves exploitation

*  Analysis of the prospects of implementing new GTA

Feasibility study

«  Display of exploitation conditions and mode of
hydrocarbon preparation

*  Preparation of the reservoir production background

*  Assessment of hydrocarbons reserves in reservoir

*  Proposal for well equipping

*  Proposal for the furnishing of collection systems for the
preparation of hydrocarbons for transport

*  Preparation of production schedule from reservoir

*  Calculation of reservoir exploitation characteristics and
application on existing systems

CENTRAL LABORATORY

Central Laboratory provides laboratory testing services in
the exploration stages, reservoir development, production of
petroleum, natural gas, LPG, drinking and thermo-mineral water.
Central Laboratory performs environmental monitoring for NIS
jsc Novi Sad and third parties (testing of soil, water and air).
Laboratory’s relevance has been certified by the accreditation
requirements of ISO/IEC 17025:2006 (109 accredited methods
and 8 sampling methods).

Laboratory’s Geological Collection has over 24 thousand
meters of cored materials, which, in most cases, give the
geological structure of the Pannonian Basin in the territory of
Vojvodina.

Science and Technology Center
Naftagas
Contact information

Address:
Poslovni centar NIS, Narodnog fronta 12,
21000 Novi Sad, Serbia
Nikolai Zalevskii, Director
Phone : +381.21 481-5092
Fax : +38121 481-5151
E - mail: ngs.ntc@nis.eu
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EHEPINJ,
JZAHA{A_

Hayuno-mexnonowku yenmap HUC - Hagpmaeac (HTL] HUC - Hagpmaczac) je hepka komnanuja Hagpmue undycmpuje
Cpouje (HUC a.0.), pecucmposana 10. ghebpyapa 2012. 2ooune, ca ceouwmem y Hosom Caoy.

Hcemopuja HTL HUC - Hagpmazac nouurve kpajem 2009. 200une cnajarbem 8uiie cpoOHUX OP2AHU3AYUOHUX O€N08d YHYMAD
HHUC a.0., xoju na osum npocmopuma umajy npexo 40 coduna mpaouyuje u uCKycmea y UCmpancuearsy, npojekmosarsy u
undicurbepuney. Lluwn popmuparea Hayuno-mexnuuxoe yenmpa je npysicarse HayuHo-mexnuuke noopuike OCHOGHOJ 0enamnocmu
HUC a.0. u obezbeherve passoja u unosayuja y oKeupy meHoe nocioéaivd.

CHOBHA JEJIATHOCT

VY ckmagy ca crparerujoM MarudHe kommanuje, HUC

a.1., ocHoBau mpasim aenarsoctd HTL[ HUC - Hadrarac
Cy: W3BOhemEe HAYYHO-UCTPOKMBAYKMX M Pa3BOJHUX PaoBa,
MIPOjEKTOBAE TEOJNIOMIKUX HCTPAKUBAFA, IPOJEKTOBAbE H
HaI30p TeoPHU3NIKUX pajoBa, o0pasa W MHTEpIpeTanunja reo-
JIOIIKO - TEO(PU3MUKHX TOJaTaKa, TeOJOLIKO MOJACIUPABE H
npopadyH pe3epsu Y B, u3paaa npojexara paspajie, MOHUTOPHHTA
JICKUINTA, TPYKAkhe WHKCHCPUHT YCIIyTa, JTa00paTopHjcKUX
M KOHCYJITAaHTCKUX YCIyra, M3paja W pealm3alyja mporpama
TIPOM3BO/IHE EKOJIOIIKE KOHTPOJIE U €KOJIOIIKOT MOHUTOPHHTA.

I'EOJIOTHJA
VY obnactu reonmoruje HTL] HUC - Hadrarac mpyxka

yClIyre IpOjeKTOBama IeONOIKNX HCTPAKHBAEA, TEOJIONIKE
HHTEpIpeTanyje 1 mpopadyHa pe3epBH yriboBogoHmKa (YB),
u3paje mpojexara u enadopara y XUAPOTEONIOTH|H, PYAHO] U
HHKCHEPCKOj TCONIOTH]H.

JIEJJATHOCT

T'eosomika ucrpakuBama

[pukymbame, 00pafa, aHaIM3a M CHHTE3a TEOIOLIKHX
rojiaraka

CrenyjanicTHIKe NeTPOIIOIKO-CETUMEHTONOIIKE,
MHKPOMATICOHTONIOIIKE, TUTOCTPATUTPA(CKE, TEOXEMHUjCKe
1 1eTpoU3NIKe aHaIN3e, CHHTE3€ U MHTEPIIpETalnje

KommrekcHa nHTEpHpeTaIyja nogaraka reo(Qu3naKor
KapoTaxa

KoMrrekcHa cen3Moreosonika HHTeppeTarmja
Pa3pana nporpama ucrpaxuBama HadTe U raca
V3paja peruoHa HKX U ACTabHUX [POjeKaTa HCTPAKUBAHA

AHanm3a TeHiepcke JOKYMEHTAIIH] € U TPOTICHA FeOTOIITKHX
pH3HKa Y KOHIIECHOHO] JIETaTHOCTH

V3pama mpejrora Jiokaryja 1 JOKyMEHTAIHje 3a H3BOheHmhe
WCTpaXHHUX OYIIOTHHA M CEU3MUUKHUX UCTTTHBAbHA

Wspana ynpomheHHX pylapcKux Tpojexara 3a Oymieme u
HCIIUTHBAE OyIIOTHHA

AyTOPCKH Ha[30p HaJl pean3allijoM IpojeKara

T'eosiomka HHTEpHpeTanyja 1 NPopavyH pesepsu YB

KomriiekcHa 1 ieTabHa Cen3MOTeIIonKa HHTEpIpeTaruja
W3pana cTpyKTypHOT M NETPO(HU3MIKOT MOJIEIA JISKHUIITA
TI'eonomko 3 /] Mofenmpame 1 IpopauyH FeOIONIIKUX Pe3epBU

VHTepnpeTaryja 1 CHHTE3a IIETPOIIOIIKO-
CEANMCHTOJOMIKHX, METPOGHU3NIKIX 1 MaTCOHTOIONIKIAX
nojiaraka

Jluronomko-cTparurpadcka HHTEpIIpETaIyja mpocTopa

KommekcHa HHTepr[peTaqua rnogaraka FGO(I)I/ISI/I‘{KOF
KapoTaxxa

Wnentudukanuja u kapakrepusanija MAaTHYHUX CTCHA
Kapaxkrepuzanuja HapTe
JeduHncame rexese JexuIITa

[IporieHa reHepaTHBHOT MOTEHIMjaj1a HCTPAKHOT POCTOPa

XuaporeoJioruja, pyiHa i HH:KelbepcKa reo1oruja

W3pama mpojexTHe JOKyMEHTAIH]e 3a CBE BPCTE
XUJIPOTCOTIONIKNX UCTPaXnBama (Kopumheme
reoTepMaiHe eHepruje, ooesoeheme BogocHadaeBama,
3aIITHTA )KUBOTHE CPEHHE)

[MpojexToBame BOMO3aXBATHUX O0jekara (XHApOTepMaHe
OymoTune, OyHapu U MHje30MeTPH) U HAI30p HaJ
u3BolemeM pasoBa

Wspana Enabopara o pe3epaMa NOI3eMHHX BOJA U
pesyaratuMa XuaporeojIOMKNX NCTPAKMBALA

AHanu3a XUIpOreoIoIKHX yCIIOBa TePEeHa U MPOLeHa
MoryhHOCTH 3aXBaTama MOA3EMHUX BOZA Ca OLIEHOM
HEepCIeKTHBHOCTH 3a MoTpede kopunhema TOMIO0THE
eHepruje, BofocHa0/ieBamka U (rammpama

TFEO®U3UKA
VY obmactu reodmsuke HTL[ HUC - Hadrarac mpyxa

ycIyre TpOjeKTOBamba TEOPU3UUKHX HCTpaXUBamba, o0pase
reo(pU3MIKUX MO/1aTaKa, BPIIN HAA30p y CBUM (hazamMa H3Boherma
reo(pU3NIKUX PaJIOBa U OLCHY]e BIXOB KBATIUTET.

JIEJJATHOCT

ITpojekxToBame re0(pU3MIKNX NCTPAKUBAFHA

Hamzop Han n3BolermeM reopr3NUKUX HCTPAKUBAA U
KOHTPOITa KBAJTUTETA

O0pasa reopr3UIKUX MojIaTaKa

AVO/AVA unBep3mja

Censmuuka KapakTepusalija peeppoapa
WHTepriperanyja 1 BU3yann3aiuja reohu3nIKux mojgaraxka
Onena kBanuTeTa Teo)hM3NIKIX PajoBa

HcnutuBame cTama MoJ3eMHUX MPOAYKTOBOAA (npOBepa
KaTo/IHC SaIJ.ITI/ITe)

W3pama w peamusammja mpojexata 3a Kopumiheme
reopM3MYKNX MeTofa y oONmacTh 3aliTHTe HKUBOTHE
cpenuHe (onpehuBame 00MMa KOHTAMHHAIM]E 3eMJBUINTA
1 OJ3EMHHX BOJa HA)TOM ¥ HATHAM JEPUBATHMA).



PA3PATA JIEZKUIITA

HTL] HUC - Hadrarac mpyxa yciayre IpojeKTOBama H
MOHHMTOPUHIA paspajie JICKHUILTA, aHaIU3e M KOHCONMMAALHje
CIICLMjaJIM30BaHKX T0JIaTaKa, 00e30elyje KOMIUICKCHY Hay4HO-
TEXHUYKY MOAPIIKY IpoLecy IPOM3BOIE HadTe, MO4YeB O
UHTEpIpeTanyje MpoOHUX Mepera OyIIoTHHA Yy IIpoLecy
UCTPaKMBamba MPEKO ,,yIpaBbamba™ pe3epBama, 10 CaHaluje 1
3aTBaparba JISKHUIITA.

JIEJJATHOCT

XuApoIMHAMHYKA UCTPAKUBAHA, AHAJIN32 U MOHUTOPUHT
paspaje JexuuTa

W3pana Texyhux u nepcHeKTUBHUX MIAHOBA HCTPAKHBAMKA
paspanHuX OyLIOTHHA U IJIAHOBA pa3pajie JICKHUIITa

e OOpana n aHANMM3Aa TIOfIaTaKa XUAPOJUHAMIYKIX MEPEHa
U UCIIMTUBaBkA

o Amnammza nopmaraka qurynma
AHaI3a HCTIHTHBAba OyIIOTHHA
Amnanmsa paja OymoriHa

AmHanusa paia JeKUITa

PVT anamuza

[Mputncax 1 TeMneparypa JIeKUIITa
[MpousBonma durynma

VYTOK BOozie

GOR

e II3pana xapara nzo0apa 1o odjekTrMa paspaie y
onpeheHnM BpeMEHCKIM HHTEpBaINMA

O O O 0O O O O O

e OOpasa ¥ UHTEPIIPETALNja U3MEPEHNX MOIaTaKa y
OymoTiHaMa (I1jarHOCTHKA, AHAIIN3A, PE3YITar)

e  AHaIUTHYKE TEXHOJIOTHjE
o HcnuTuBame mama nputHcka y OymroruHama
o HcnmTuBame nopacra npuTHCKa y OynroTnHama

o MHTepmnperaiyja CTaTHUKKUX U TMHAMAYKHX
TPUTHCAKa y OyIIOTHHAMA

o Hcnurusawme untepdepenimje Mel)y OymornHama —
[lync Tect

HcnuTuBame U34aHOCTH OymoTHHA - JIUMUT TecT

WnTepnperammja Production log nerutrBama

XuAPOIMHAMHYKO MO/IeTHPA:€

e Opranusanyja eprkacHe paspae JCKHUIITA, yCMEPCHE Ha
parmoHaHo Kopuinhemwe pesepBr HadTe U raca

e  3pajga TMHAMUYKOT MOJENA JISKHUITA, TIPOjEeKTOBAE U
MOHHUTOPHHT pa3pajie

e  I3pana mpojekara paspaje, mpopadyH OMITaHCHHUX H
npuaoOUBHX pe3epBu YB

e  OOpa3narame KoehunujeHTa nckopuihema Hadre

e  [IpopadyH reonomKnx, OMIAHCHUX ¥ IPHIOOUBUX
pe3epBHU y JCKHUIITY

IIpojexToBame 1 NepcneKTHBHO INIAHUPae pa3paje

JICKHMIITA

e II3paja u aHanM3a SKCIUIOATALMOHE MPEXE NPOU3BOAHUX
OyIIOTHHA Ha JISKHUIITY

e  [Iporena Oymyhe npou3Bo/IbE U3 JICKHULITA

e  3pana quHamuke Oymyhe Mpon3BOIE U3 JICKHUIITA

e  VYyemhe y u3paay IIaHOBA IPOM3BOLE HA(TE U raca

e AnHanuza pa3paje HaQTHUX ¥ FACHHX JICKHILTA

e  3pana npojekara 3a yBol)erme HOBHX TEXHOJIOTH]a pa3pase

AHaH3a cTamkba U MPOU3BOAUX OYIIOTHHA U JISKUIITA
e  AHaim3a MPOM3BOTHOT PEKAMA

e  Amnanmsa yToKa BOZIE

e Anamsa GOR

e  Kperame BOIC Y JICKHIITY

e  Kperame raca y NeKUIITY

e  Anammsa uckopuiihema pesepsu YB

e  AHaim3a MepcreKTUBa NMIUIeMeHTanuje HoBux [ TA

H3papna cryauja nu3BoabuBOCTH

e [Ipuka3 ycrnoBa 1 HAUMH EKCIUIOATALHje U TIPUTIPEME
YIJbOBOJOHUKA

e  I3pana ucropujara MPOU3BOAE U3 JICKHINTA
e OreHa pe3epBHu yribOBOJIOHHKA Y JICKHUIITY
e [lIpensor onpemama OymoTuHa

e [lpennor onpeMama CaOUPHHUX CHCTEMA 3a TIPUIIPEMY
YIJbOBOJIOHUKA 32 TPAHCHIOPT

° I/I3pa)1a JAWHAMHUKE IMPOU3BOAKEC U3 JIC)KHUIITA

° Hpopa!{yH CKCIIOATAIMOHUX KaPAKTECPUCTHKA JICIKUIITA U
IpuMCHa Ha HOCTOj ehum crcremMnma

EHTPAJIHA JIABOPATOPUJA

LlenTpanna Jlaboparopuja mpyxa yciayre J1ad0paTopHjCKuX
UCIIUTHBAabA Yy (pa3amMa MCTPaXKHBAMba, paspajie JICKHMILTA,
npom3BOIe Hadre, npupoaHor raca, THI, nujahinx u tepmo-
MUHEPATHUX BOJIA.

Llenrpanna Jlaboparopuja BpIIM EKOJOIIKH MOHHUTOPHHT
3a notpede HUC a.n. HoBu Can n tpehux yvna (MCUTHBAbA
3eMJBHINTA, Boie W Bazmyxa). KommerentHoct Jlaboparopuje
je TMOTBpheHa aKpeAUTAlMjoOM IO 3aXTeBHMa cTaHaapaa SRPS
ISO/IEC 17025:2006 (109 akpennToBaHHX METOAA U 8 METOIA
Y30pKOBama).

I'eonomika 30upka Jlaboparopuje 6poju mpeko 24 Xubaje
MeTapa je3rpoBaHOT MarepHjana, Koju, y Hajsehem Opojy, najy
reonommky rpal)y ITanoHckor 6acena Ha TepuToprju Bojsomume.

Hay4yHo-TeXHOJIOIKH eHTap
HUC - Hagrarac
KonTakT nHpopmanuja
Anpeca:

[Tocnoru nenrap HUC, yi. HapoxHor ¢ponTa 12,
21000 Hoeu Can, Pemryonuka Cpouja
Jupextop Hukonaj 3aneBckn
Tenedon: +381-21 481-5092
@akc: +381 21 481-5151
E-mail: ngs.ntc@nis.eu
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Geoloski anali Balkanskoga poluostrva is issued annal-
ly and publishes original scientific contributions over a
wide range of topics in any field of the geological sciences.
The journal accepts papers in English of moderate length,
not exceeding 50 double spaced manuscript pages, includ-
ing illustrations.

Submit three copies of a double-spaced manuscript and
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sides, and the right margin unjustified with no automatic
hyphenation. Typewritten manuscripts will not be accepted.
Do not send large files (e.g. photographic illustrations) as
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air-mail.

Material being described must be registered as part of a
formal collection housed in some recognised Institution so
that it is accessible and available for study by other workers.

Paper should be arranged as follows: title, name and sur-
name (in full) of author or authors, abstract, key words,
adresses (foot note on the 1st page) with a mention of the
parent organisation and e-mail address, text, acknowledge-
ments, references, summary, figures, tables, and plate cap-
tions.

The title of the paper should be short, but expressing
the principal aim of the paper.

The abstract must be concise, not more than 200-250
words, and should be informative, stating the results pre-
sented in the article rather than describing its contents.
Inclusion of references in the abstract is not recommended.

After the abstract, list 5-8 keywords which describe the
subject matter of the work. They should be arranged from
general to more specific ones.

The text should be written as clear and understandable as
possible. Use up to threee levels of headings. Their hierar-
chy should be indicated in the left-hand margin of the text.
Italics are used only for the name of genera and species, or
if a word is italicized in the original title. References should
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(1998) or (FUrsICH & HEINZE 1998), for two authors; Ric-
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tioned in the text, unpublished reports will be accepted only
in exeptional cases. Do not abbreviate the titles of journals
and give the names of symposium volumes and edited
books. For books it is necessary to give the publisher’s
name and place of publication. References in Cyrillic
alphabet must be transliterated to the Latin alphabet. The
titles of the paper in a non-Latin alphabet should be trans-
lated into English with an indication of the original lan-
guage in parenthases, while the name of the journal must be
transliterated into Latin alphabet. Examples are as follows:

AGER, D.V. 1963. Principles of Paleoecology. 318 pp.
McGraw-Hill, New York.

OWEN, E.F. 1962. The brachiopod genus Cyclothyris. Bul-
letin of the British Museum (Natural History), Geology,
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study of Albian near Topola. Geoloski anali Balkanskoga
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SULSER, H. 1996. Notes on the taxonomy of Mesozoic
Rhynchonellida. /n: CooPER, P. & JIN, J. (eds.), Bra-
chiopods, 265-268. Balkema Press, Rotterdam.

Acknowledgments should be as short and concise as
possible.

A summary (up to 15% of the paper) is published in
Serbian and should contain the essence of all new data and
the conclusions.

Ilustrations can be submitted as conventional hard-
copies or in electronic form. The preferred formats for
graphics is CDR (600 dpi) and for photographs and plates
TIFF (600 dpi). All original drawings and photographs
should be in the form of glossy prints of profesional quali-
ty. The illustrations should have a width of 8.4, 12 or 17.5
cm, the final limit is the size of type area (17.5 x 24.5).
Lines and letters must be suitable for reduction. It is also
recommended to send copies reduced to the size for publi-
cation; after reduction, the smallest lettering should be not
less then 1 mm and not greater than 4 mm in height (in the
Arial font). The aproxiamte position of figures and tables
should be indicated in the manuscript margin. Do not incor-
porate illustrations in the text of the paper. Figure, table and
plate captions should be listed on separate sheets. The
author’s name and figure number should be indicated at the
foot of the illustration. The figure numbers can be writen by
hand on a paper copy of the plate or on a transparent over-
lay, not on the plate itself. The cost of printing colour fig-
ures must be paid in full by the author.

Authors will receive one and if necessary two proofs.
These must be returned within the time limit indicated. If
this does not happen, the publication of the paper will be
postponed automatically to a later date.

25 reprints per article will be provided free of charge
for the author (in the case of multi-authored papers, the sen-
ior author will receive the reprints).

All correspondence, enquires and manuscript submis-
sions should be directed to the Editor-in-Chief of Geoloski
anali Balkanskoga poluostrva.

Prof. Dr. Vladan Radulovi¢
Department of Palaeontology
Faculty of Mining and Geology
University of Belgrade
Kamenicka 6, 11000 Belgrade
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