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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 palaeontological 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.
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AncTpakT. lMocne T3B. "KamMbpMjyMCKe eKcriosunje™, MOpCK GMOAMBEP3NTET AOCTUXKE CBOj MaKCUMYyM
VNN Y [OHEM [ieNly TOpHer opgosmumjyMa (kao LUTO je nprkasaHo “Knacu4yHOM™ KPMBOM 3aCHOBAHOj Ha
KOMMWIALMjN NCLPNHUX NasIeOHTOMOLLKMUX NOLATaKa) UK Y TOPHEM Aeny foHer AeBoHa (LUTO je NpuKasaHo
KPUBOM 3aCHOBaHOj Ha CTaH4ap4HOM Y30pKoBawy). Mpernes nojaraka Koju ce ofHOCe Ha CaBpeMeHyY TeKTOo-
HUKY N04a, NaneoKnMMy 1 PEKOHCTPYKLM]Y HBOA MOPa, YKa3yje Ha CMarere pacnpocTparera Lengosa,
KOju Cy HajBepoBaTHUje YNHWIN [NIaBHY CpeauHy 3a 6UOTCKY pagunjauujy. LLiendosu cy 6unm orpaHnyeHn Ha
Tporicke npegene v 6unu cy 6o/be NOBE3aHW Y ropremM Aeny [LOHer [eBOHA HEro y [OHeM fefly ropHer
opgosmumjyma. Pesyntatn gobujeHn y 0BOM pagy [03BO/baBajy NpeTnocTaBKy Aa Cy MOPCKM OpraHv3mm
UMaau BuULLE, Uan H6apem nogjeaHako NpPocTopa 3a JA0CTU3ake MakcMMmyma CBoje BPOjHOCTU Yy LOHEM Aeny
ropHer OpAOBULMjyMa HEro Y roprbeM Aeny Aoker feBoHa. OBO je CBakako camo jefiHa of, MPeTnocTasku, a
y 6yayhum aHanm3ama 6uhe pasmaTpaHu 1 OCTanu Crosballbh U YHYTpaLLbK (akTopu.

Krby4yHe peun: MOpcku 6uoameep3nTeT, Wend, 6uoTcka paaujauuja, ropsin opLAoBULMjYM, AOHN LEBOH.

Introduction

The new reconstruction of the global Phanerozoic
marine biodiversity dynamics (ALROY et 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., PUrRDY 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 et al. 2008) postdates such a maximum
by ~50-60 Ma and places it into the late Early Devo-
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nian (Fig. 1B), when another major biotic radiation
culminated (RueaN 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 (RueaN 2010), it remains uncertain which of
them was really bigger (Fig. 1).
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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 ALRrov 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;

Rusan 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 palaeoen-
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; TrROTTER et al.
2008; RusaN 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.
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Comparison of two time slices

The available plate tectonic reconstructions (Sco-
TESE 2004; see also Cocks & Torsvik 2002; LAWVER
et al. 2002; StampPFLI & BOREL 2002; TORSVIK &
Cocks 2004; voN RAUMER & StamprLI 2008; NANCE
etal. 2012; StamprLI et al. 2013; see also scotese.com
and ww2.nau.edu/rch7/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 & ToRrsvik 2005, 2011; StampFLI et al.
2013), and the Galatian terranes did not separate from
Gondwana until the mid-Paleozoic (voN RAUMER &
StAMPFLI 2008; STAaMPFLI et al. 2013), there were the
other relatively large and separate land masses, i.e.,
the Hunic terranes (VoN RAUMER & STAamPFLI 2008;
StamPFLI et 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; LAwWVER et al. 2002; STAMPFLI &
BoreL 2002; ScoTese 2004; Torsvik & Cocks 2004;
VON RAUMER & STAMPFLI 2008; NANCE et al. 2012;
WILHEM et al. 2012; StamprLI 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 palaeogeographical recon-
structions by R.C. BLAckey (available on-line at
ww2.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 (TurNeEr 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 (BoucoT 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-
cHivskI 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 (BoucoT
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 & BoRreL 2002; SCOTESE
2004; Torsvik & Cocks 2004; voN RAUMER &
STAMPFLI 2008; NANCE et al. 2012; WiLHEM et al. 2012;
StamprLI 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 palaeogeo-

graphical reconstructions by R.C. BLACKEY (available
on-line at ww2.nau.edu/rch7/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; StamprLI et al. 2013); 2) the
shrinkage of the water space between Gondwana and
Laurussia (DoJsen 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 & ScHuUTTER 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 Rusan (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>__I :

in marine biodiversity

Hypotheses on space for marine
biodiversity to peak

Hypothesis 1:

/.V more space in the early Late Ordovician

OR ¥ Rk
only tropical conditions >_;:_ i ..4
enhanced rise in marine Lgfl‘ R
biodiversity j gl
! J ) Hypothesis 2:
2) . , . LN more space in the late Early Devonian
) increasing connectivity >_! 1 P X
of shelves enhanced rise >_§_! 7 \
in marine biodiversity g U \\
QR P \ .
decreasing connectivity y : : y Hypothesis 3:
of shelves enhanced rise S ! generally comparable space

in marine biodiversity

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 (Purpy 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, palaeoclimatic, 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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guantification 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 & BoRreL 2002; vON 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 palaeoshorelines, 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
palaeoshorelines 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 palaeoenvironments, 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 et 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

[a nn je 3a MaKCMMyM MOPCKOT
broamBep3nTeTa 6MNO BULLIE NMPOCTOpPa Y
FOPH-EM [ie/y [JOH-Er IeBOHA Hero y
[OHEM [iefly ropHeer opamsuumjyma? —
KpaTak ocBpT

Mocne T3B.”KamMBpUjyMCKe eKCMno3uje*, MOPCKM
6moamBep3nNTET AOCTUXE CBOj MaKCMMyM WKy [O-
HEM [IeNly FOpHEr OPAMBULMjYMA UMW Y TOPHEM AeNy
JOmer feBoHa. TELKO je KOMeHTapucaTy Hecnararba
Koja nocToje OKO ABe KpuBe 6uoAMBEp3MTETa, Mada
6u pacnpaBa Morna 6UTK 3ano4veta ca MPOLEHOM
yC/oBa Koju Cy MOrofoBann passojy Mopckor 6moau-
BEp3WTETa Yy AOHEM AeNy ropker OpavBMULMjyMa Kao
Ny ropwem feny Aower AeBoHa. HajsepoBaTHuje cy
Be3e Koje Cy mocTojasnie uamehy pasnuuntux [enosa
Mopa M OKeaHa omoryhune pasBoj ¥ pasHOBPCHOCT
MOPCKMX OpraHun3ama ofpeheHux pernoHa. Y Hajse-
hem 6pojy cny4ajeBa Lendg ce U3gpaja kao cpeamHa
KOja je HapouMTO NOBOJbHA 3a Pa3BOj OPraHU3MUMA ¥
Koja je omoryhuna wUXoBy BeUKY GPOjHOCT U pa-
3HOBPCHOCT. ManeocpeauHe Koje Cy Mmane LUMPOKO
pacnpocTparbeHe y A0HeM Aeny FOpHEer OpAvBULIA-
jyma Kao 1y ropwem feny Aower AeBoHa, nopeheHe
Cy Ha OCHOBY HMWXO0BE penaTuBHE BENUUMHE, pacnpo-
CTparberba Y OAHOCY Ha eKBATOP M MOJI0BE, Ka0 U -
XOBe MOBe3aHOCTU ca Lwendgom. Noctojeha pekoH-
CTPYKLUMja TEKTOHCKMX MNJioYa yKasyje Aa je dparmeH-
TApHOCT KOHTUHEHTAIHUX Maca TOKOM [AOHeM feny
FOpHEr OPAVBULMjYMA W TOPHEM AeNy AOHEer LeBOo-
Ha, Make MM BULLE CNIMYHA, Kao 1 fAa je CTeneH OBe
(hparmeHTapaHoOCTV 610 ymepeH. Takohe 6v Morno aa
ce MpPeTnocTaBu fa je Harmb KOHTUHEeHTaNHMX Na-
[MHa, KOjU je YeCTO TEKTOHCKM KOHTponucaH, 6uo
NPUBIMXKHO CAMYaH M TO Y r1obanHMM pa3mepama

TOKOM OBa [jBa BpeMeHCKa pa3gobswa. Ctora, ycno-
CTaB/beHa (PparmMeHTaumja KOMHeHUX maca Kao 1 Ha-
rmb KOHTUHEHTa/IHE NafuHe yKasyjy Ha CMyHe Benu-
YMHe LWengHUX cpeinHa y npoyvaBaHUM pasgobrbu-
Ma. YTBpheHa je 3Ha4yajHa pasnnka y OfgHOCY Ha HMBO
CBETCKMX MOpa Koju je 6uo Tpehu akTop Koju je
YTULA0 Ha BeNMYUMHY LWendgoea, a koju 6mo 1,5 nyta
HVKW Y TOPHEM [eNly [OHEr [eBOHA HEro y [OHEM
Jeny roprwer opavsuumjyma. OBo yKasyje Ha To fa cy
LLendgHe cpefvHe TOKOM OBOT MOCNeAHEr BPEMEHCKOT
nepuofa BepoBaTHO 6une 3HavyajHO Behe. YONLWTEHO
rosopehu, MOMEHYTU BPEMEHCKM Mepuoan, uuje je
ynopehere W3BPLUEHO, KapaKTepully ce YriaBHOM
CIMYHUM KJIMMATCKMM YC/0BMMA, C TUM LUTO Cy 3a
CBaKW 0f HUX NocTojane 1 ogpeheHe cneynuprnuHoCTH
Be3aHe 3a KiMMmy y obnactvmMa nososa 1 ekeatopa. Y
roprtem feny [oer AeBoHa Aonasn o noseharba
KOHLEHTpauuje WendHMX cpeamHa y TPOMNCKUM 06-
nactuma, Behe noBe3aHOCTU M3MeNy LIengoBa, Kao 1
Beher KpeTarbe TEKTOHCKMX M/104a, HEro y fjokbeM fe-
ny ropwer opamsuumnjyma. lMpeTtnoctaBka je aa je
61no BuLe (MM UCTO) NPOCTOpa 3a A0CTU3aHE MaK-
CUMyMa Yy pa3Bojy MOPCKOr buogneep3unTeTay LOHheM
[eny ropwer OpAvBULMjyMa Hero y ropkemM feny
[OHer AeBoHa, LUTO ce Nnoknana ca ”KnacuyHom* Kpu-
BOM 6voavBsep3nTeTa. NpoBepa OBe fBe WAeje KBaH-
TUTaTMBHO NpefcTaB/ba BaxaH 3afatak 3a Oyayhe
cTyavje. HapaBHO, BenmMuMHa W Maneoreorpacko
pacnpocTpamere Lienosa HACY camMo Moryhe KoH-
Tpone 6uoameep3uTeTa. MHOIM Apyrv (hakTopy, Kako
cnosballtby (Tj. XMBOTHA CpeauHa) Tako M YHyTpa-
WK (Tj. 6MOMOLWIKK), Kao N HKxoBa MefycobHa
MoBe3aHOCT Mopa 6UTK pasmatpaHa. Hajsag, 6vuno 6u
MOrpeLIHo 3arnocTaBuTh Aa JOCTUrHYTU MakCUMyMu
y 6pojy TakcoHa 3aBuce Of reonoLIKOr CTapocTu, Tj.
Tpajatba pagmjaumje n cteneHa rnobanHe GUOTCKe
esonyuuje.

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, etc.). 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.

AncTpakT. HajHOBMja TepeHCKa UCTpaxmBara BpaHWuKor yribeHor 6aceHa, Kao M HOBW Mojaum u3
OpojHMX BYLLIOTVHA, LONPVHENN CY [a Ce YKaXe Ha AMCKOpPLAHTaH v TpaHCrpecuBaH OAHOC U3Mely Hepall-
UnareHOr KOHTUHEHTA/THO - je3ePCKOT LOHEr MUOLLEHA M MOPCKOT Cpefrber MuoLeHa, 6ageHa. Pasnnuntu ko-
MHEHW N je3epCKM CeAUMEHTW YKasyjy Ha BP0 MOGWAHY M AMHAMUYHY NaneocpefuHy (npema no3HaTuM
OYLLOTMHCKMM nofauymMa, yKynHa gebsbrHa oBux Hacnara goctuke 1 fo 300 m ). Cee Te CTeHe 3ajefiHO
npunagajy BpaHuukoj cepuju (BpaHUYKoj hopmaumju). HactaHak v pa3soj BpgHuuke cepuje ofsujao ce
KpO3 HEKONIMKO (hasa (HNp. Mpe - je3epcKa, je3epcka, TPeCeTHO-MouUBapHa, UTa). CBaka of oBMX hasa je AoKa-
3aHa Ha 0CHOBY ofjpeheHUX CeUMEHTO/OLLKMX 1 CTPYKTYPHUX KapakTepucTuka. C gpyre cTpaHe, of (ocuna
jeiMHo cy 3anakeHn ocTauy mouBapHe Beretauumje (Sequoia, Laurus, Taxodium, Glyptostrobus, UTA) 1 peTKu,
thparmMeHTMpaHn Kanum ocTpakoaa (Candona sp.). 360r Tora, Ta4HO cTpaTUrpadicko Mecto BpaHuuke cepuje
HUWje No3HaTo. [JMCKOPAAHTHO NPEKO NMOMEHYTVX CTeHa HAaTaokKeHM Cy NpaBu MOPCKU cefumMeHTH Maparte-
Tca. 1o faHac, 61no je MOTMYHO Heno3HaTo MOTMOBPLUMHCKO pacrnpocTpamere 0BUX ceaumeHara. Mefy
HEKO/IMKO TWMOBA CTEHA KOje MMajy Masio PacnpoCTparere, T3B. NlajTOBAYKM Kpedtbaly (Cpedy MUOLIEH,
6azieH) vMajy Benunkuy 3Havaj (Mmajy 8o 98 % CaCOj). YKynHa febrbriHa Kpeyrbaka foCTidke U fo 70 meTapa
(bywotunHa b-11). Hanasak pykosogehux dopamuHudepckux spcta Orbulina — Globigerinoides 30He, yka-
3yje Ha cTapuje 6afileHCKM (MopaBuaH) TpaHcrpecvBHU forahaj (Mpexo oko 15 M1nnoHa roguHa). JIMToNoLKK,
0Ba 30Ha je NpeAcTaB/beHa CUBUM, NMECKOBUTUM 1aMOPLIMMA, MECKOBUTUM IMHaMa, rpybo3pHUM NecKoBMMa
1N MUKPOKOHT/IOMepaTMMa Koju ce Hanase y 6a3v MOMeHYTUX Kpeursakaa (bywwotuHe b-11, b-15, b-19 n b-21)
N HeHa yKynHa fe6/bmHa JocTvke 1 1o 15 meTapa.

KrbyuHe peun: Cperbu MUOLEH, GafleH, MOpCKa TpaHerpecwja, BpaHnUkm yribeHn 6aceH, cesepHa Cpbuja.
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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 (KRrsTIC et al. 2003, 2012;
ManbDic 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¢ & RocL 2004; CorI¢ 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 et 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; KRrsTIC et al. 2012; PezeL et al. 2013; ToLu¢ et
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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 (CicuLi¢ 1958; DoLi¢ 1961, 1998; Cicu-
LIC-TRIFUNOVIC & RAKI¢ 1977; PETKoVIC et al. 1976;
Marovi¢ et al., 2007; Runbi¢ 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.

Pz
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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 et al. 1976; CicuLic & RAKIC 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 (CicuLi¢ & Raki¢, 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
(PeTkovi¢ 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
(Runpic et al. 2013a; ToLJ¢ 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 Beoc€in marls (Runbi¢
& PoTti¢c 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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No. Borehole Latitude Longitude

1 B-01/07 N 45°6'44.97" 19°4729.61"

2 B-02/07 N 45°6'44.73" 19°47'43.57"

3 B-03/07 N 45°6'36.14" 19°47'27.65"

4 B-04/07 N 45°6'36.98" 19°47'42 96"

5 B-07/07 N 45°6'43.78" 19°47'52.51"

6 B-08/07 N 45°6'38.02" 19°47'52.54"

7 B-10/08 N 45°6'44.81" 19°47'11.54"

8 B-11/08 N 45°6'44.73" 19°47'15.93"

9 B-12/08 N 45°6'44.73" 19°47'22.20"

10 B-15/08 N 45°6'44.73" 19°47'22.20"

11 B-19/08 N 45°6'47.28" 19°47'24.94"

12 B-20/08 N 45°6'50.57" 19°47'23.77"

13 B-21/08 N 45°6'45.14" 19°47'36.61"

14 B-27/08 N 45°6'49.61" 19°47'15.74"

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 (Ci¢uLI¢-TRIFUNOVIC
& Raki¢ 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; Runbic¢ 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, etc.). The li-
mestone is massive, reefy, developed by the activities
of corallinacean red algae, foraminifers and bryozo-
ans, etc. 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 (hame after the Leitha Mountains, Austria). A
sample from a depth of 38.50 m has a system of ca-
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from the borehole B-1/07.
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verns, which are filled by reddish-brown alevrites and
clays. This is a very common occurrence in these sed-
iments (Runpi¢ et 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, etc.). 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 guantities (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 (Cori¢ 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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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; RocL et al. 2008). According to the first evalu-
ation, the dominant reef limestone 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 (Runpi¢ et 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; Runpi¢ et al. 2005,
2011). WiepL 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; ToLic 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;

RocL et al. 2008; Basso et al. 2008; PezeLs et al.
2013; WiepL 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 (BowmE 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 (WIepL et al. 2012). From this
distribution pattern of the circum-Mediterranean
region, a subdivision into two biogeographic areas
during the Langhian time is possible (WiepL 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 (WIepL 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 (WIepL 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 (HArRzHAUSER et al. 2003, 2011;
WIEeDL 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 (WIiepL 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 (WiepL 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 (CoriC
& RocL 2004; Cori¢ 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
(BoHME 2003; BALDI 2006; KovAcovA et al. 2009;
Koprecka 2012; WiepL 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 (WiepL et 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 & HoOHE-
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 (WiepL

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. 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. (Runbic¢ et 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
(Runpic¢ 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. (CiCuLI¢-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.

= 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.

< 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).

» 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

Cpeare MyoLeHCKa HafeHcKa
TpaHcrpecuja: HoOBM fOKasn ca npocropa
BpaHWUKor yribeHor baceHa (PpyLUKa
ropa, cesepHa Cpbuja)

Cpeare MuoLIEHCKa 6afleHCKa TpaHcrpecuja je je-
[JaH 0 HajBaxHWjux gorahaja y MUOLEHY Koju je

0CTaBWO BMA/bUBE TPAroBe Ha NPOCTOPY Hekajallkber
Mapatetica. C TUM Yy Be3n, MHOMO je [0Ka3a Koju
yKa3yjy Ha W3HeHaZiHe MPOMeHe Y pexumy cefu-
MeHTaLMje 1 no jy>xHom o6oay lMaHOHCKOr 6GaceHa
(BAKRAC et al. 2010; KRrsTIC et al. 2012; PezEL et al.
2013). MouyeTKOM cpearer MMOLEHa, Kao nocneamua
EKCTEH3MOHMX (hasa, CTBOPEHM Cy 6POjHM rpabeHn un
POBOBM KOjU Cy OUIN WCMYHEHW MOPCKUM CUH-
puthTHUM Hacnarama. forahaj je 610 YCNOBHO CWH-
XPOH Ha jeaHoj Benukoj TepuTopujn. MehyTum,
NOTWMYHO je BepoBaTu fa je TpaHcrpecuja 3axsaruna
nojeaviHe fenose MapateTuca y pas3nmumTo Bpeme (y
pacnoHy of, CTOTUHY XWUrbafda rognHa). Y Cpbuju, ro-
TOBO MO MpasBuiy, KNaCTUYHU MOPCKWU CefVUMEHTU
GafieHa, AMCKOPAAHTHO M TPaHCIPECUBHO JIEXe MPEKo
cTapuje nogsore, a BP0 YeCTo MPeKo jefHe XeTepo-
reHe, LlapeHe cepuje ctapujer MuoLeHa (Mma u apy-
raumjux muwsberwa — Buanm KRrsTic et al. 2012).
CnunuHa cuTyalmja je U paHuje KOHCTaToBaHa Ha npo-
cTopy Ppyuuke rope (CicuLic 1958; DoLic 1961, 1998;
CiCuLIC-TRIFUNOVIC & RAkI¢ 1976; PeTKovIC et al.
1976; RunpI¢ et al. 2013). 3a pa3nnKy 0f CeBepHe
CTpaHe NfiaHWHe, rAe je MHOrO faklle UCTPaXUTK Te
OfIHOCE Ha Camoj MOBPLUMHK, Y OKONMHW BpaHuKa cy
TakBv NPUMepK BP/IO OCKYAHW. 360r Tora cy n ypaheHa
[ofaTHa TepeHCKa ocMarpara Koja Cy, Y3 MOAPLUKY
MUTKMX ByLLOTWHA Y jyrosanagHoM feny BpaHuukor
yr/beHor 6aceHa, NpyXxuia HoBe [oKa3e O MpUCYCTBY
MOpPCKe TpaHCrpecuje Ha oBoM npocTopy. Moce6Ho je
B&)KHO TO LUTO je MO MpBY NyT LOKYMEHTOBaHO 3Ha-
4ajHO NOANOBPLUMHCKO PacrnpoCcTparere MOPCKUX
celMMeHaTa 3a Koje ce paHuWje Huje HM 3Hano. Ha
OCHOBY TOra, AOLLJIO Ce [0 HOBMX Ca3Haka 0 reosoruju
0BOI M/iafor 6aceHa, TEKTOHCKOr poBa (hopMmupaHor
TOKOM MuOUeHa W Aa/be 06/1MKOBaHOT 3a Bpeme
CTapujer nanoueHa. HajsaxxHnju pesynTaru cy:

e Ha ocHoBy nogartaka [0OWjeHUX TepeHCKUM
UCTPaXMBarbUMa 1 aHasiM3oM 14 NNTKMX OyLLIOTUHE,
M3BpLUEHA je PEKOHCTPYKLMja MOLNOBPLUMHCKUX
ofHoca Ha notesy Ctpmornasuue—Bennka lMehnHa,
JYXKHO of 6are BpAHUK.

e Y CyneprnosvLMOHOM MOpPeTKY, MPUCYTHe cy
cnegehe cTpaturpag)cke jeUHULE: KOHTUHEHTaIHO-
Je3epcKy AoHM MUOLLEH, MOPCKM Cpeatu MUOLLEH 6a-
[eH, Topky MUOLEH ?MOHT, Te pasnnuyute naeuncTo-
LIeHCKe Hacnare (MpBEHCTBEHO T3B. CPEMCKA cepuja U
NeCHO-Naneo3eM/bULLIHE CekBeHUe). MehyTuMm, cma-
Tpa Cce Aa BeNMKW Aeo 6afeHCKMX Hacnara jow yBek
HUje OTKPMBEH. HalM UCTpaxusarwnMa je KOHCTa-
TOBAHO NPUCYCTBO BULLIE TEKTOHCKNX 6/10K0Ba KOjui Cy
pesynTar ropte MUOLEHCKe pagujaiHe TEeKTOHUKe.
TuM NokpeTnMa je bafileHCKa KapboHaTHa nnargopma
n3gerbeHa Ha 6/10KoBe Koju cy, y Mnahum thazama To-
KOM M/VOLeHa, [JO04ATHO KpeTaHn W AWUCIOLMPaHW.
Tako Ha HEKMM M3AUrHYTUM 6/10koBMMa (ByLLIOTMHA
B-7), AnpeKTHO npeko 6afeHa Hanexy KsapTapHU ce-
OVMEHTK, LUTO YKasyje Aa 3HaTaH CTeneH eposuje.
CynpoTHO TOMeE, MOCTOje M PenaTMBHO CNYyLUTEHW
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6710KOBM Tae cy ocuMm GageHa YyTBpheHe u apyre
HeoreHe jeanHuue (6ywoTuHa b-4).

e Y cTpaturpag)CkoM CMWC/y, MOCTOjU TpaHCrpe-
CVIBaH 1 JUCKOPAaHTaH 04HOC MOPCKKX Hacnara 6ageHa
MPeKo CTapujuX jeAuHULA (Ha Hawmm npumeprmMa camo
MPeKo KOHTUMHEHTaSHO-je3epcke BpaHuuke cepuije).
TakaB ogHOC ynyhyje Ha NpUCYCTBO Hanpes HaBedeHe
MOPCKe TpaHCrpecuje 1 Ha 0BOM NPOCTOpY.

e AHannM3oM 6yLIOTUHA, YTBPHEHO je aa nocTtoju
3Ha4YajHO NOAMOBPLUMHCKO MPUCYCTBO MOPCKUX Ha-
cnara 6afieHa y pasnuuuTum daumjama, anmn je
NOMWHaHTHO MANTKO, KapboHaTHO pasBuhe Koje yKa-
3yje Ha NpucyTBO jefiHe PeNlaTUBHO YCKe U U3AY>KeHe
KapboHaTHe nnargopme npasLa Npy>kara NUCTOK—3a-
nag (npouereHa Ay>kuHa o npeko 1200 m a WwupuHa
[0 250 m). Y nojeanHMm 6yLLIOTUHaMa, Ae6/bMHa Kap-
6oHata goctmke 70 m (b-11).

e Ha 0CHOBY npenvMWHapHe nNaseoHTO/OLLKe
aHanuse (LpBeHe anre, 6pMo30e, MeKyLILK, dopamu-
Hudepe 1 ap.), moxe ce pehn ga je KapboHaTHa
nnatgopma (pamna) Bulle MpucyTHa y mnahem 6a-
[eHy, Hero 3a Bpeme cTapujer n cpegmer 6ageHa. [e-
MOHOBaHe 0BaKBMX Hacnara (f0 98 % CaCO;) Be3aHO
je 3a T3B. Cpefte MUOLEHCKM KIMMATCKN ONTUMYM
Koju je omoryhuno cTeapare CIMYHUX CearMeHaTa Ha
LUIMPOKOM npocTopy MapareTuca anv u MeguTepaHa
(BOHME, M. 2003; HARZHAUSER & PILLER 2007; ROGL
et al. 2008).

* Mefhy 0BUM Hacnarama, JOMUHaHTHU Cy T3B. Naj-
TOBAYKM Kpeurauy Koju, Y 3aBUCHOCTM 0f, LOMUHaH-

THe )oCUNHe KOMMNOHeHTe, Mory 61 NOAebeHN Ha He-
Konnko 6uodhaumja (anranHu, 6prosojckn, ampucTe-
TMHCKW, 1 [p.). Y NaneoekonoLWwKOM CMUCIY, CBU OHU
yKasyjy Ha MauTKy, CrpyaHy W cy6cnpygHy MOpCKy
CpefuHy ca penaTvBHO TOMJIOM, YACTOM BOZOM U Ay-
6rHom of 5 1o 40 m ( ZuscHIN & HOHENEGGER 1998;
WIEeDL et al. 2012, 2013).

e Mare napTvje NeckoBUTUX nanopaua n HeKux
KnacTuTa Koje cy OTKpuBeHe Yy OyuloTuHama b-11,
Bb-15, Bb-19 1 Bb-21 a mncnog NajToBa4ykMX Kpeuaka,
MMajy Masio OrncepBupaHo pacnpocTparbere. Mehy-
TUM, W3BECHO je Ja OHe WUMajy BaHPeLHO BaXXHY
cTpaturpadcky nosvuujy. Havme, npenvmuHapHe
oapenbe npucyTHe MUKpodayHe opaMuHugepa
(Orbulina suturalis, Globigerinoides trilobus, Lagena
n ap. Tj. acoumjaumja Koja ogroeapa A0H00a4eHCKO]
nareHnaHoj 30HK) yKasyjy fa ce pagu 0 HajcTapujum
HVMBOMMa 6afieHa 1 yrnpaBo TV CEAUMEHTU NeXe TpaH-
CrPecUBHO MNPEeKo LapeHnx Knactuta BpaHuuke
cepuje. O nNpeunsHnjoj brocTpaTurpadckoj AeTepMu-
HalmMju 0BUX cnojeBa Huje moryhe roBoputi y 0BOM
TPeHYTKY (? [OHa WM ropHa NnareHuaHa 30Ha) 6e3
[eTa/bHUje KBa/IMTATVBHE U KBAHTUTATMBHe aHan3e
MOMeHYTUX (hopaMUHUpEPA N KpeUyradyKor HaHo-
nnaHKToHa. Ha Taj Ha4yMH he 6UTK Moryhe n yTBpaAK-
TW MpaBO BpeMe Kafja Ce TpaHcrpecuja u fecuna
(okBMpHO Npe 15 mMWAMOHa roAuHa), CIMYHO OHOME
KaKo je YUMHEHO 1 Y HEKUM ApyrvM nogpyyjyuma no
jy>xHomM 060ay MaHoHckor 6aceHa (Coric et al. 20009;
HOHENEGGER et al. 2009; PezeLJ et al. 2013).








