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Internal structure of the Supragetic Unit basement in the Serbian
Carpathians and its significance for the late Early Cretaceous
nappe-stacking

NEMANJA KRSTEKANIC', UROS STOJADINOVIC',
BojaN KosTi¢? & MARINKO ToLiI¢!

Abstract. Fault-related folds and hanging-wall structures reflect the geometry of the main thrusts in fold-
thrust belts. The results of the structural analysis of the Supragetic Unit metamorphic basement in eastern
Serbia at map-, outcrop- and thin-section scale, and its importance for the late Early Cretaceous nappe-stack-
ing are presented in this paper.

The Supragetic Unit metamorphic basement includes various volcano-sedimentary rocks of Ordovician-Si-
lurian protolith age. They were metamorphosed to the low greenschist facies with temperatures reaching
300-350°C and pressure reaching 0.3—-0.5 GPa. The microscale studies show that quartz and albite demon-
strate dominantly bulging and locally subgrain rotation recrystallisation, while chlorite, sericite and muscovite
define spaced to continuous foliation recognised both at the outcrop- and the thin-section-scale. The statisti-
cal analysis based on the available map data shows low- to high-angle west-dipping foliation which is inter-
preted as an indicator of flat-ramp geometry of the Supragetic thrust, rather than east-vergent tight to isocli-
nal folding. At the thin-section scale ductile to semi-ductile C’-S structures indicate top to ESE thrusting.
Subsequent kinking, recognised both at the outcrop- and the thin-section-scale, deform the older foliation.
Those kink bands are the result of WNW—-ESE to NW-SE compression and could represent the later stage of
a continuous deformation event during which C’-S structures were formed. The youngest, brittle deformation
is represented by subvertical joints with no offset recognised in thin-sections.

The structural characteristics of the Supragetic Unit low-grade metamorphic basement in the studied areas,
combined with tectonothermal events recognised elsewhere in Dacia mega-unit, could imply a possible initi-
ation of the late Early Cretaceous nappe-stacking in the ductile to semi-ductile/semi-brittle domain.
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Ancrpakrt. Habopu Be3aHM 3a pacefame U CTPYKType y IOBIATHOM OJIOKY, M3HAJ MOBPIIHM HaBla4yea,
peduieKTyjy TeOMETpPHUjCKe KapaKTePUCTHKE IIAaBHUX HaBlaka y HaOOpPHO-HABIAYHUM II0jaceBHMa. Y OBOM
paay Cy IpE/ACTaBJbEHH PE3yATaTH CTPYKTYpHE aHaiau3e Meramopdue ocHoBe CympareTMkyma y HCTOYHO]
CpOuju, n3BesieHe y pa3Mepu Kapre, M3JaHKa U MUKpO-TIpernapara, M 3Ha4aj CTPYKTypa pasjIMuuTor pena
BEJIMYMHA 32 PEKOHCTPYKIH]Y IOB-OKPETHE EBOIYLINje HaBIIaKa.

Meramop¢Ha ocHoBa CynpareTnkyma yKJbydyje paziMdUTe BYJIKaHOTCHO-CEJUMEHTHE CTEHE UYHjH Cy
MIPOTOJINTH OPOBHIIMjYMCKE 1O CHIIypCKE CTapoCTH, MeTamopducane y (aruju 3elIeHHX IIKpHibala Ha
temneparypama oko 300-350°C u mpurucima ox 0,3-0,5 GPa. Mukpockoricka mpoydyaBama ykasyjy Oa cy
KBapIl M aJIONT JOMHHAHTHO TpeKpHCTaIrcain 1o “bulging” Tuiry u ca JTOKaIHOM POTAIHjOoM CyO-3pHA, TOK
XJIOPHT, CEPUIIUT U MYCKOBUT Je(hUHUINY NEHETPaTUBHY (ONIHjalnjy MPENO3HATIbUBY U HA M3AHINMA U Y
MUKporpenaparuma. CTaTHCTHYKa aHaln3a 3aCHOBaHA Ha JOCTYIHUM IIOJalliMa ca TEOJIOMIKMX Kapara,
yKa3syje Ha (osrjarujy Koja 0maro 10 cTpMO Maja Ka 3amajy MITO je HHTEPIPEeTUpaHo kao uHaukarop “flat-
ramp” reoMeTpHje CylpareTcke HaBjake, MHOTO BEPOBATHH]j€ HEr0 Ka0 HCTOYHO-BEPIeHTHU CTHCHYTH JI0 U30-
KJIMHHA Habopu. Y MUKpompenapaTiMa AyKTHIHE 10 ceMU-IyKTmiHe C’-S CTpyKType yKa3yjy Ha HaBJIauCHe
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Ka MCTOK-JYTOMCTOKY. Y HacTaBKy Jedopmarnuja y cemu--brittle” nomeHy cy pa3BujeHe “KHHK’ CTPYKTYype,
Ipeno3HaTe Ha W3JAaHIMMa U y MHKpOIpenaparuma, Mo kojuMa je nedopmucana crapuja Qonujanuja. Te
“KUHK” 30HE Cy pe3yJTar 3amajl-CeBepo3ara/-uCTOK-]yTOMCTOYHE JI0 CEBEPO3aria/i-jyroNCTOYHe KOMITPECcH]je
KOja MOXKE IMPEICTaBJhaTH KACHHjE €Tane y KOHTHHYHpAHOM jaedopMairioHoM jorahajy TOKOM Kojer cy
¢dopmupane u C’-S crpykrype. Hajmmahe, “brittle”, nedopmanmje cy mnpeacraBibeHe CyOBEpTHKAIHUM
ITyKOTHHAMa 0e3 BUUbUBUX CMHUIamka Y MUKpOIIpEnapaTimMa.

CTpyKTypHE KapakTepUCTHKe HUCKoMeTaMmopdHe ocHoBe CympareTHkyma y HpoydaBaHHM oOllacTHMa, Y
KOMOMHAIMjU ca TEKTOHOTEPMATHHM Jorahjajuma Nperno3HaTUM y JApyruM JenoBuMa Jlakujcke wmera
JjeIMHUIE, MOTY Ja yKa3yjy Ha IOTEHITHjaJIHy WHHUIIN]AIN]y KaCHO TOHOKPETHOT HABIAUYCHha Y TyKTHITHUM 10

CeMU-IyKTHIIHUM/ceMu-"brittle” ycmoBmma.

Kibyune peum: crpykrypHa ananmsa, ‘“flat-ramp” reomerpuja, CymnpareTukyMm, KacHO JIOHOKPEIHO

HaBJIa4YCHC.

Introduction

The highly curved Carpatho-Balkan orogenic sys-
tem was formed during the polyphase Alpine tecton-
ic evolution. The initial nappe-stacking in the South
and Serbian Carpathians segments started during the
late Early Cretaceous (CSONTOS & VOROS, 2004;
ScHMID et al., 2008). A lot of studies about the kine-
matics of brittle structures postdating the formation
of regional nappe system of Carpatho-Balkanides
(i.e. Late Creteceous to recent times) were published
(LINzER et al., 1998; ZWEIGEL et al., 1998; MATENCO
& ScHMID, 1999; MATENCO & BERTOTTI, 2000; GIB-
SON, 2001; Kounov et al., 2011; MLADENOVIC et al.,
2014).

The late Early Cretaceous nappe-stacking resulting
in ductile deformations was researched in Western
Bulgaria (Kounov et al., 2010). The same tectonic
event was also recognised in tectonothermal studies
conducted in other parts of the orogen (BoJAR et al.,
1998; GROGER et al., 2013; ANTIC et al., 2016).

The aim of this study is to constrain the internal
structure of the Supragetic Unit basement of Serbian
Carpathians (Caras group of Iancu et al.,, 2005b;
Caras terrane of BALINTONI et al., 2009 and BALINTONI
et al.,, 2014) and to estimate its significance for the
late Early Cretaceous nappe-stacking in terms of the
geometry of the regional thrusts and crustal levels in
which the thrusting occurred.

Geological settings

The most prominent tectonic unit of the Eastern
and Southern Carpathians, the Dacia Mega-Unit (sen-
su ScHMID et al., 2008) was built of various nappes, of
which the Supragetic-Getic system (KRAUTNER & KR-
STIC, 2002; ScHMID et al., 2008) was formed during
the late Early Cretaceous nappe-stacking. Those two
nappe-sequences are in contact along the complex,
high-offset thrust, along which metamorphic base-
ment of the Supragetic Unit is thrust on the top of
Getic sedimentary cover (KALENIC & HADZI-VUKO-
VIC, 1973; ScHMID et al., 2008).

In the Serbian Carpathians segment of the Carpatho-
-Balkanides Mts., the Supragetic nappe is mostly co-
vered with Miocene to Quaternary sediments of the
Velika Morava Corridor (i.e. the southern prolongation
of the Pannonian Basin), but it crops out in three
regions (Fig. 1) - between the towns of Golubac, Petro-
vac and Kucevo, north of Despotovac, and southwest
of Paracin. This study is focused on the northernmost
of the three regions, on the areas of Golubac (Fig. 2)
and Kucevo (Fig. 3). These areas were chosen for this
research due to the great number of the available out-
crops and evident and not overprinted structural con-
tact between the Supragetic and the Getic Units.

Generally, the Supragetic Unit is represented by
low-grade metamorphic basement and the Late Paleo-
zoic to Mesozoic sedimentary cover (Fig. 4; IANCU et
al., 2005a). In the studied areas, the Supragetic Unit
metamorphic basement includes a thick series of me-
tamorphosed volcano-sedimentary rocks with the pro-
tolith age interpreted as Ordovician-Silurian (IANCU et
al., 2005b, and references therein). The lowermost
outcropping sequence of the basement is represented
by chlorite schists with albite and epidote intercalated
with quartz-sericite-chlorite schists and marbles. This
sequence is covered with the first horizon of quartzite
and quartzite conglomerates. Stratigraphically higher
volcano-sedimentary sequence includes sericite schists,
sericite phyllites, sericite quartzites, sericite-chlorite
schists and marbles, overlain by the second quartzite
horizon. Acidic metavolcanics, metapelites and meta-
psammites represent the third metamorphic sequence
that is also overlain by the third quartzite horizon. The
highest outcropping metamorphic sequence of the
Supragetic Unit basement includes metaconglomerates,
metasandstones, sericite schists, and metadolerite. De-
vonian volcano-sedimentary rocks cover a very small
area and are not significant for the regional geological
settings of the Supragetic Unit. The Late Paleozoic se-
dimentary cover consists of the Late Carboniferous
transgressive coal-bearing clastic rocks and Permian
shallow-water marine to fluvial red sandstones (Fig. 4,
KALENIC et al., 1980). The Mesozoic sedimentary cover
is relatively thin, has a limited surface extension and is
not preserved in the studied areas.
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Fig. 1. A. Regional tectonic map of the studied area. The black polygon indicates position of Fig. 1B (modified after SCHMID et al., 2008).
B. Tectonic map of the internal Serbian Carpathians with positions of the studied areas (red rectangles) presented in Fig. 2 and Fig. 3. The
map projection is WGS 1984 Transverse Mercator (modified after KRAUTNER & KRsSTIC, 2003).
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Fig. 2. Geological map of the Golubac area. The gray line represents the cross section A-B in Fig. 5. The map projection is WGS 1984
Transverse Mercator (modified and simplified after KALENIC & HADZI-VUKovIC, 1973).
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Fig. 3. Geological map of the Kucevo area. The gray line represents the cross section C-D in Fig. 5. The map projection is WGS 1984

Transverse Mercator (modified and simplified after KALENIC & HADZI-VUKoOVIC, 1973).



Internal structure of the Supragetic Unit basement in the Serbian Carpathians and its significance for the ... 5

Supragetic

Permian

Siltstones and pelitic sandstones

600 m

Paleozoic
sedimentary cover

Late
Carboniferous

Conglomerates

Conglomerates, sandstones, claystones
and coal

Volcano-sedimentary rocks

Devonian

Metaconglomerates, metasandstones, E
sericite schists and metadolerite -g o
N E
o O
~ | Quartzite and quartzitic conglomerates o =
c T 5
£ ' ™5
= I Metavolcanics, metasandstones and o F
ﬁ o | metaclaystones 8 =t
8 ] g g
5] < -
5 [N <~ | Quartzite and quartzitic conglomerates £
E Sericite schists, sericite phyllites, E Q
sericite quartzites, sericite-chlorite schists £
and marbles
] Quartzite and quartzitic conglomerates

Chiorite schists with albite and epidote and
quartz-sericite-chlorite schists with
marble intercalations

Fig. 4. Geological column of the the Supragetic Unit in the the
studied areas (modified after KALENIC & HADZI-VUkoviC, 1973
and KALENIC et al., 1980).

The Upper and Lower Getic units, the parts of the
Getic nappe system, are located structurally below the
Supragetic Unit (Fig. 5). They are represented by the
high-grade to low-grade metamorphic basement and
the Permian to Late Cretaceous sedimentary cover (i.e.
KALENIC & HADZI-VUukoviC, 1973; KRAUTNER &
KRrsTIC, 2003; IaANCU et al., 2005a; IANCU et al., 2005b).
The Permian sediments of the Getic nappe sequence do
not outcrop in the studied areas and their position in the
cross sections (Fig. 5) is interpreted based on their sur-
face exposure south of the studied areas (ATONUEVIC et
al., 1963; VESELINOVIC et al., 1964; KALENIC & HADZI-
VUukovic, 1973).

The Early Miocene to Quaternary sedimentary co-
ver is represented by the lacustrine infill of Kucevo
and Rakova Bara basins and smaller intramontane
depressions, as well as by lacustrine to marine sedi-
ments of the Velika Morava Corridor that cover most
of the Supragetic Unit west of the studied areas (Fig.
1B; KALENIC et al., 1980).

Tectonic framework

The Dacia mega-unit of the Eastern, Southern and
Serbian Carpathians was initially part of the active
continental margin of Europe, which was partially
separated from the continent during the Jurassic open-
ing of the Ceahlau-Severin branch of the Alpine

Tethys (ScuMmID et al., 2008). The obduction of the
East Vardar ophiolites on top of the Dacia mega-unit
occurred during the latest Jurassic (CSONTOS &
VOROS, 2004; ScHMID et al., 2008). Although the true
nature of the East Vardar ophiolites is highly debated,
the thermal and metamorphic events of Late Jurassic
age were recognised in the Dacia mega-unit (REISER et
al., 2017, and references therein).

The late Early Cretaceous nappe-stacking, the
‘Austrian’ phase, in the Dacia mega-unit, followed the
closure of the Ceahlau-Severin Ocean and its collision
with the Moesian platform (CsoNTOS & VOROS, 2004;
ScuMmID et al., 2008). This event was recognised in
various parts of the Dacia mega-unit (i.e. GROGER et
al., 2013, and references therein, in the Eastern Car-
pathians; BOJAR et al., 1998, IANCU et al., 2005a in the
Southern Carpathians; REISER et al., 2017, and refer-
ences therein, in the Apuseni Mountains; ANTIC et al.,
2016 in the Serbo-Macedonian Massif in southeastern
Serbia; Kounov et al., 2010 in the Kraishte zone in
western Bulgaria). However, the direction of the thrust-
ing varies, in today’s coordinates, along the strike of the
orogen, due to the significant (up to 90°) Late Creta-
ceous-Cenozoic clockwise rotation which was reported
and discussed for the Eastern and the Southern Car-
pathians and the Apuseni Mountains (i.e. DUPONT-NI-
VET et al.,, 2005; FUGENSCHUH & ScHMID, 2005;
USTASZEWSKI et al., 2008; MERTEN et al., 2011; and ref-
erences therein).

The late Early to early Late Cretaceous, post
‘Austrian’, cooling event which was reported in Ser-
bo-Macedonian Massif (ANTIC et al., 2016) was inter-
preted as post-collisional extension. The Late Creta-
ceous Banatitic magmatism in the Apuseni-Banat-
Timok-Srednogorie magmatic arc is associated with
that extension (VON QUADT et al., 2005; GALLHOFER
et al., 2015).

The ‘Laramian’ phase overthrusting of the whole
Dacia nappe-stack over the Ceahlau-Severin and the
Danubian Units took place after the cessation of the
Late Cretaceous Banatitic magmatism, during the la-
test Cretaceous-Early Paleocene (Bosar et al., 1998;
IANCU et al., 2005a; ScHMID et al., 2008; ANTIC et al.,
2016, and references therein).

The interplay of extension in the Pannonian basin
and Paleogene-Neogene clockwise rotation and orocli-
nal bending of the Dacia mega-unit around Moesian
promontory had a significant influence on tectonother-
mal and structural evolution of the orogen (LINZER et
al., 1998; ScHmID et al., 1998; MATENCO & SCHMID,
1999; USTASZEWSKI et al., 2008, BALAZS et al., 2016).
This was associated with orogen-parallel extension and
significant strain partitioning (FUGENSCHUH & SCHMID,
2005; KrEszex et al., 2013). The subsequent collision
and locking in the Eastern Carpathians and the inver-
sion in the Pannonian basin in the Miocene-Pliocene
times represent the last stage in the tectonic evolution
of the Dacia mega-unit (ZWEIGEL et al., 1998; MATENCO
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& BErTOTTI, 2000; MATENCO, 2017, and references
therein).

Methods

In order to constrain the internal structure of the
Supragetic Unit basement, research at map-, outcrop-
and thin-section-scales was conducted.

The regional-scale structures and the data collected
during the geological mapping in the studied areas
(KALENIC & HADZI-VUKOVIC, 1973) were analysed at
the map-scale. In this way, the statistical mean orien-
tation of foliation in the three stratigraphically lower-
most metamorphic sequences of the Supragetic Unit
basement was obtained. Those metamorphic sequen-
ces were chosen for the analysis because they were
expected to record deformations at the deepest levels.
This analysis was performed separately for Golubac
and Kucevo areas (Fig. 2, 3) in order to constrain pos-
sible changes in the geometry of the hectometre-scale
structures along the strike. On the basis of the map
and field data, two regional cross sections were con-
structed (Fig. 5) for both studied areas and were ana-
lysed independently afterwards.

The field studies included observations and meas-
urements (studied sites in Fig. 2 and Fig. 3) of the out-
crop-scale structures, collecting samples for micro-
structure analysis and the determination of the grade
of metamorphism. The kink bands in the foliated
rocks can be used as paleostress indicators (i.e. DE-
WEY, 1965; GAy & WEISS, 1974; SRIVASTAVA et al.,
1999). The kink bands can be conjugate, either sym-
metric or asymmetric, or monoclines. The geometry
of a single kink band includes the external and inter-
nal foliation separated by two kink planes or bound-
aries (see Fig. 1 of GAY & WEIss, 1974). In order to
perform paleostress analysis of kink bands, the field
orientation of the internal foliation and the kink plane
was measured. In a kink band, the slip direction is par-
allel to the kink plane and perpendicular to the inter-
section of the kink plane and the internal foliation
(SrivAsTAVA et al., 1999). The sense of movement was
determined based on the geometry of the kink band.
The paleostress analysis was carried out using the
NDA method in TectonicsFP software (ORNTER et al.,
2002). A 60° 0 angle between o, and the kink plane
was used as an optimal angle for the kink bands, tak-
ing into account that this deformation occurs at deep-
er levels than the brittle deformation (SRIVASTAVA et
al., 1999).

For micro-scale studies, six oriented samples were
collected, four of them in the metavolcanics near
Golubac (sites GO1, GO7, GO8 and GO9 in Fig. 2)
and two in the chlorite schists in Kucevo area (site
KU1 in Fig. 3). The optical microscopy technique
was used for the thin section analysis. Based on min-
eral assemblages of the two metamorphic sequences

and recrystallisation types of dominant minerals the
metamorphic grade was determined. The microstruc-
tures were analysed for determining a deformation
sequence and the tectonic transport at the thin-section
scale.

Results

The observations were carried out at three scales and
the corresponding results are presented in this section.

Thin section-scale deformations

In four samples from Golubac area (sites GOI,
GO7, GO8 and GOY, Fig. 2) the main rock-forming
minerals are quartz, albite, sericite, chlorite, musco-
vite and metallic minerals, while zircon and apatite
are accessory (Fig. 6A-C, 7A, B). The protolith of this
rock is interpreted to be acidic to intermediate tuff.
Based on the grain morphology, quartz and albite de-
monstrate dominant bulging recrystallisation and lo-
cally sub-grain rotation recrystallisation (Fig. 6A-C).
Undulose extinction is a common feature in quartz
and albite. The observed mineral assemblage as well
as the quartz and albite grain features indicates lower
greenschist facies metamorphism with temperatures
reaching 300°C and pressure of 0.3 GPa (p/T esti-
mates based on BEST, 2003).

In slightly deformed metavolcanics, the most pro-
minent structure recognised in thin sections of this
metamorphic sequence is a spaced foliation defined
by narrow bands of chlorite, sericite and muscovite,
separated by wider bands of coarser quartz and albite.
The second set of structures, cutting the older ones at
the acute angle and forming C’-S structures that
demonstrate top to ESE to top to SE reverse tectonic
transport is less evident (Fig. 7A, B).

Two thin sections from the lowermost metamorphic
sequence of the Supragetic Unit basement (Kucevo
area, site KU1 in Fig. 3) show that, compared to sam-
ples from Golubac area (Fig. 6D-F, 7C-F), this rock is
built of finer mineral grains (generally less than 0.1
mm in diameter, except for albite). The main rock-
forming minerals here are quartz, sericite, epidote,
chlorite, calcite and metallic minerals and they define
protolith as Ca-rich quartz keratophyre. As in the meta-
morphic sequence analysed above, in this rock quartz
grains demonstrate dominant bulging recrystallisation
and undulose extinction (Fig. 6D-F). The analysis of
the mineral assemblage and dynamic recrystallisation
of quartz implies that this sequence was metamor-
phosed under lower greenschist facies with tempera-
tures reaching 350°C and pressure of 0.5 GPa (p/T esti-
mates based on BEST, 2003).

The penetrative spaced foliation observed in thin
sections is the most dominant structure of this lower-
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Fig. 6. Oriented thin sections in crossed-polarized light. The number in the top left corner indicates the orientation of the photo. Thin sec-
tions are parallel to the stretching lineations. A. the sample taken at the site GO9; B, C. the samples taken at the site GO7; D, E, F. the
samples taken at the site KUT1.

most metamorphic rock sequence. It is defined by
alternating narrow bands of chlorite and sericite and
wider bands of dominantly quartz, calcite and albite.
The second foliation cuts the previous foliation at the
acute angle, forming C’-S structures. C’-S structures
together with chlorite and sericite growth in strain

shadows of albite porphyroblasts clearly define top to
ESE reverse shearing (Fig. 7C, F). Both sets of the
previously described foliations (S and C’) are deform-
ed by thin section-scale kink bands that are antithetic
to sub-perpendicular to S planes and demonstrate a
reverse sense of shearing (Fig. 7E).
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Fig. 7. Interpreted photos of oriented thin sections. The number in the top left corner indicates the orientation of the photo. The thin sec-
tions are parallel to the stretching lineations (Fig. 9D). Dip angle of s plane traces is dip angle of the stretching lineations measured in the
outcrops. S - main foliation; C” - C’ plane; Sk - kink plane; A, B. the sample taken at the site GO1; C, D, E, F. the samples taken at the
site KUI.

Outcrop-scale deformations also observed in thin sections. This foliation generally
has west to northwest dipping at variable (from low to

The most dominant structure at the outcrop-scale in ~ high) angles. Low- to moderate-angle eastward-dip-
both studied areas is a penetrative foliation which was  ping foliation was observed only at GO2 site (Fig. 2, 5).
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Fig. 8. Interpreted photos of the structures observed in the outcrops. Sk - kink plane; Sf - foliation; The camera view azimuth is indicat-
ed in the lower right corner of each photo. Note the blue pen as a scale in each photo.

A different orientation of kink bands deforming the
main foliation (Sf) was observed in Golubac area (Fig.
8A-F). One set of conjugate kink bands striking
NE-SW (Fig. 8B, D, F) and the second set of kink
bands, striking NW-SE (Fig. 9C) were recognised. As
for the single monocline kink bands, the most com-

mon orientation of the kink planes (Sk) is antithetic in
respect to external foliation (i.e. Fig. 8A). This is the
case for both the eastward- and westward-dipping
external foliation. However, in respect to external foli-
ation, synthetic kink bands were also recognised (Fig.
8E). Paleostress analysis of all the kink bands recog-
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nised in Golubac area resulted in quite uniform stress
axes, with o; 302/03, o, 032/01 and o5 141/86 (Fig.
9C), indicating NW-SE compression.

Stretching lineation statistical analysis, based on
the standard Gaussian counting model in SpheriStat
with the following statistics parameters: mean
E=0.26, standard deviation S=0.357 and kappa
k=100, resulted in maximum of 304/40 (Fig. 9D).

The other structures recognised in outcrops of the
Supragetic Unit basement are changes of foliation dip
angle at the decimetre scale (Fig. 8C). No older tight
or isoclinal folds or any evidence of transposition was
observed in the field.

Map-scale structures

The total of 85 measurements in the Supragetic
Unit basement (Sco, Sse and Sab units in Fig. 2, 3)
were used for the purpose of the statistical analysis of
foliation in Golubac area. The standard Gaussian
counting model in SpheriStat was used with the fol-
lowing statistics parameters: mean E=0.85, standard
deviation S=0.645 and kappa k=100. The results show
the stretched maximum in 270/31, and the less pro-
nounced submaximum in 267/85 (Fig. 9A).

In Kucevo area, 64 foliation measurements were
statistically analysed using the standard Gaussian

DfG

DfK

@ o, 302/03
O 6.032/01
A ,141/86

C

Dsl

D

Fig. 9. A. Results of the statistical analysis of foliation in the Golubac area. Maximum is 270/31, and submaximum is 267/85; B. Results
of the statistical analysis of foliation in the Kucevo area. Maximum is 270/49, and two submaxima are 246/28 and 274/82; C. Results of
the paleostress analysis of kink-bands in the Golubac area; D. Results of the statistical analysis of stretching lineation. The black circles
represent the stretching lineation poles in the Golubac area, while the white circles are the stretching lineation poles in the Kucevo area.

The maximum is 304/40.
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counting model (E=0.64, S=0.56, k=100). The results
show similar west-dipping foliation with a more pro-
nounced variation in dip angles than in Golubac area.
The statistical maximum is 270/49, and the two sub-
maxima are 246/28 and 274/82 (Fig. 9B).

Discussion

In fold-thrust belts, fault-related folds can have va-
rious geometries depending on different mechanical
and rheological characteristics of the deforming rocks
(SHAW et al., 2004). Such folding and other structures
related to the thrusting can be used to infer the geom-
etry of the main thrust fault (JoHNSON & BERGER,
1989; SAVAGE & COOKE, 2003).

The results of the statistical analysis of the foliation
measurements (Fig. 9A,B) and the field observations
indicate west-dipping foliation at various dip angles.
This can be interpreted in two ways. The first one is
that significant variations in dip angles but not in dip
directions can be the result of hectometre-scale tight
east-vergent folding. The alternative interpretation is
that these statistical results indicate a flat-ramp geom-
etry of the Supragetic thrust. However, both of these
interpretations, as well as the mineral assemblage and
the termochronological data (Bojar et al., 1998;
Kounov et al., 2010; GROGER et al., 2013; ANTIC et
al., 2016, REeiser et al., 2017) indicate that the
Supragetic Unit basement was deformed in ductile
domain during the late Early Cretaceous. Furthe-
rmore, the field observations also show E-dipping
foliation in the northernmost sections (site GO2 in
Fig. 2) representing the western limb of a fault-relat-
ed syncline in the hanging wall of the flat segment of
the thrust (Golubac area cross section, Fig. 5).

The ductile to semi-ductile shearing recognised
both at the outcrop- and the thin section-scale (Fig. 7,
8) demonstrate top to ESE tectonic transport. The
WNW-dipping stretching lineation (Fig. 9D) is in
accordance with this observation. Furthermore, kink
bands deforming the penetrative foliation also imply
WNW-ESE to NW-SE compression phase (Fig. 9C).
Foliation parallel shearing and conjugate NE-SW
striking kink bands are interpreted as the result of con-
tinuous deformation event starting in the ductile
domain and continuing in the semi-ductile/semi-brit-
tle domain when kinking occurred as hanging-wall
strain accommodation (see Fig. 10; BoNINI et al.,
2000; SCHLISCHE et al., 2014; Rosas et al., 2017). The
dominant opposite dip-direction of kink bands and
main foliation is regarded as an interesting observa-
tion. Such configuration is expected for the kink
bands of the hanging wall which are antithetic to main
thrust (BonNINI et al., 2000; Rosas et al., 2017). This
was generally the case in the studied locations, how-
ever the field observations of the opposite dipping
kink bands and foliation in the E-dipping fold limb

indicated that the kink bands could have been formed
along the axial planar cleavage of the pre-existing
fault-related fold. The kink bands striking NW-SE are
interpreted as parts of semi-ductile tear faults, trans-
ferring strain between lateral segments of the nappe
during thrusting. Faults of, generally, the same orien-
tation were also recognised at the map-scale (Fig. 2, 3,
KALENIC & HADZI-VUKOVIC, 1973).

The offset of the Supragetic thrust increases south-
wards, outcropping deeper sequences of the basement
in the hanging wall of the thrust front (Fig. 2, 3, 5).
Corresponding to this are the mineral assemblages
and micro-scale deformations of different metamor-
phic sequences, all indicating 1.5-2 km greater exhu-
mation in Kucevo area compared to Golubac area.

Supragetic g

Fig. 10. The schematic cross section representing the rela-
tions between the main Supragetic thrust geometry and the
secondary structures in the hanging wall.

In this study, based on all the available data, the min-
eral assemblages, the amount of deformation at out-
crop- and thin-section-scale and the lack of observable
tight or isoclinal folds and inverse foliation, the internal
structure of the Supragetic Unit basement is interpreted
as an indicator for flat-ramp geometry of the main
thrust (Fig. 10). These structures were formed during
the late Early Cretaceous, starting in ductile to semi-
ductile/semi-brittle domain. This interpretation does
not completely exclude the possibility of tight to isocli-
nal folding of the Supragetic Unit metamorphic base-
ment related to the Alpine nappe-stacking.

Conclusions

The structural analysis of the Supragetic Unit meta-
morphic basement at different scales was performed
in order to constrain its internal geometry and its rela-
tions to the late Early Cretaceous nappe-stacking.

Based on microstructural observations, field evi-
dence and map data analysis, it was concluded that the
Supragetic thrust most possibly has a flat-ramp geom-
etry, and that this geometry is reflected in the internal
structure of its hanging wall represented by the Supra-
getic Unit metamorphics. The main foliation which
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was deformed during the late Early Cretaceous nappe-
stacking suggests a fault-related folding and flat-ramp
geometry that was subsequently deformed by kinking.
Kinking accommodated strain in the hanging wall
during transition from ductile to brittle domain.
Moreover, the data presented in this study indicate an
increase in the offset and the amount of exhumation
along the Supragetic thrust from north to south.

These conclusions were made based on the avail-
able data and the published papers. However, further
research is needed in order to constrain more precise-
ly the timing of deformations in the Supragetic meta-
morphic series.
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Pe3nme

HNuTepHa CTPYKTYpa OCHOBE
Cynparerukyma y cpucknm Kapnaruma n
HCH 3Ha4aj 32 KACHO JOHOKPEIHO
HaBJIaYeme

Crnoxena reosnomka Tpaha Kapmaro-bamkanmma
uctoune CpOwuje mocnequia je monndasHe TEKTOHCKE
eBONyIje TOKOM AJcke oporeHese. MHummjamHO
hopmupame Hapnaka y Jyxxaum Kapratnma u Buxo-
BOM TMPOAYXeTKy y umcrtouHoj Cpbuju m byrapckoj
00aBJbEHO je TOKOM KacHe Jome kpeae (CSONTOS &
VOROS, 2004; ScuMmiD et al., 2008; Kounov et al.,
2010). YV oBoM pany, aHanu3WpaHa je WHTEpPHA
cTpykTypa meramopdre ocHoBe CymnpareTnkyma H
HEH 3Hayaj 3a TE€OMETPHjy PETHOHATHHWX HaBllaka W
HUBOA KOpE y KOjuMa je HaBlauerhe H3BPIIECHO.

CymnpareTukyM, jemHa O CTPYKTYPHO BHUIIUX Ha-
BJlaKa Y HABJIaYHOM TIaKkeTy Jlakujcke Mera jequHuIIe,
je m3rpahena ox HECKOMeTaMOp(hHE OCHOBE TpeJCcTa-
BJbEHE DPA3INYUTAM BYJIKAHOTEHO-CEAMMEHTHUM je-
IWHAIIaMa MeTaMopducanuMm y (amuju 3eleHux
mIKpuJbama, Mjale maae030jCKUM CEeIMMEHTHUM
MMOKPOBOM W BEOMa TaHKHM W TPOCTOPHO 3HA4YajHO
OTpaHWYEHNM Me3030jckuM ceammenTuma ([ANCU et
al., 2005a,b).

3a morpebe oBe cTynuje, aHaTu3NpaHa je CTPYKTyp-
Ha rpabha Tpu, y cryOy HajHMKE, MeTaMop(dHE jeru-
Hune CympareTukyma, y BEJIWYHHCKUM TIOPYYjHMa
KapTe, M37[aHKa ¥ MUKpOTIpenapara, Ha J[Ba UCTPaXKH-
BaHa Tofpydja, y okonuHu lomynma n oxonwan Ky-
4yeBa.

MunepanHe aconnjanuje neQuHUCAaHEe y mpenapa-
THMa, Kao ¥ TUI U CTETeH MpeKpuCTaIn3aIlije KBap-

11a ¥ anoduTa ykasyjy Ha MeramopduzaM y daruju 3e-
JICHUX LIKpuUJbala Ha Temneparypama oko 300-350°C
u nputucuma oko 0,3-0,5 GPa. IlenerparuBHa ¢o-
nmujarja 1 C’-S MHKpPOCTPYKType ToKa3yjy peBep-
CHM TEKTOHCKH TPAHCIIOPT IpeMa HUCTOK-]yTOUCTOKY.
Qdonmjanmja je nepopmucana miahuM “KHHKHHTOM
MIPENO3HATUM M Y MHUKpOIpenaparuMa U Ha TEpPeHy.
KomyroBane u MOHOKJIMHE “KHHK’ 30HE IpyXKama
CEBEPONCTOK-]yro3araj] MpecTaBibajy Mial)y eramy
KOHTHHYHUpaHOT nedopmannoHor norahaja, Kama je
W3BPIICHO MPUMApHO HABIAYCHE U IMpesla3ak MeTa-
Mop¢uta CynpareTukyma nu3 1yObuX, AyKTHIHUX, Y
“brittle” ycmose. @opMupame 0BaKBUX CTPYKTypa je
rocieauIia akoMoamuje negopmaiija y moBjIaTHOM
Oomoky permonamHe HaBmake (BoNINI et al., 2000;
SCHLISCHE et al., 2014; Rosas et al., 2017). OBakaB
“KAHKWHT je HajBepOBaTHH]j€ Pa3BUjE€H MO KINBAXKY
aKCHjaJHe TIOBPIIN PErHOHATHUX HAaOopa BE3aHUX 3a
HaBinauewe. Pacenu Be3aHM 3a akoMoJalMjy pasiiu-
YUTOI CTENCHAa HaBJlauemha y OOYHHM CEerMeHTHMa
HaBJIaKe, Y CeMHU-IYKTWIHAM YyCJIOBHMa cy mnpaheHu
TpehuM ceroMm “KMHK” 30Ha TpaBIa MpyXKama CeBe-
po3anan-jyrouctok. Craructuyka aHanmuza ¢oiuja-
nuje ykasyje Ha “flat-ramp” reomerpujy TaBHE
HaBllake TI0 KOjOj WHTEH3UTET HaBllauema pacTe
mpema jyry u excxymamuja je oko 1,5-2 km Beha y
oxonnHU KyueBa y ogHOCy Ha obnact [omymniia.

3aksbyuly, Aa je IPUMAPHO HaBJIAUCHE M3BPLICHO
TOKOM Kpaja AO0HE Kpelne y AYKTHIHMM IO CEeMH-
TyKTAITHUM/ceMu-"brittle” ycimoBnuma, 1o HaBaIu Ko-
ja uma “flat-ramp” reomeTpujy, Cy TOHETH HA OCHOBY
MIPUKYIUbEHUX MOAaTaka W JAOCTYIHE JHTepaType.
Wnak, panu npeunsHor yTBphuBama cTapocTu ae-
(dhopmarmja y meramopdHoj ocHOBU CymnpareTnkyma,
JlaJba UCTPAKUBAHbA Cy HEOIIXOAHA.
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