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ARTICLE INFO ABSTRACT

Keywords: The areas of the present study in eastern Serbia, the Danubicum and the Timok Magmatic Complex (TMC, part of
Apuseni-Banat-Timok-Srednogorie belt the Geticum) are situated between the Vardar Zone and Moesia. The first is Moesia derived and thrust over the
Danubicum Geticum during the latest Cretaceous, the second represents the central segment of the subduction related
Paleomagnetism

Apuseni-Banat-Timok-Srednogorie (ABTS) metallogenic belt. The new results, based on 18 geographically
distributed sampling points (228 field oriented drill cores) imply large CW vertical axis rotations for the Upper
Jurassic (Lower Cretaceous) carbonates of the Danubicum and a moderate one for the Upper Cretaceous igneous
and sedimentary rocks from the TMC. These, together with earlier published paleomagnetic data provide ki-
nematic constraints to test the circum-Moesian backarc-convex orocline model. The strike test plot clearly
documents that it is a progressive arc. The starting situation at the time of the volcanic activity in the metallic
belt (90-70 Ma) must have been a generally E-W oriented S segment, continuing in NNW-SSE oriented ABT
segments. The present geometry of the circum-Moesian belt, in the context of Miocene paleomagnetic results
from the Vardar Zone and the Apuseni Mts, is interpreted as the result of two main tectonic processes. The first is
an about 30” vertical axis CW rotation which took place in coordination with the Vardar Zone (20-17 Ma). The
second is an additional 40-65° CW rotation (17-15 Ma) involving also the Danubicum, due to the subduction pull
of the E Carpathians in combination with the corner effect of Moesia.

Oroclinal bending

1. Introduction closure history. The Timok Magmatic Complex belongs to the Getic

units (Fig. 1b), which is regarded as the product of the shortening of the

The present study encompasses the Danubian imbricated area
(Danubicum) and the Timok Magmatic Complex. Both are situated be-
tween the Vardar zone and Moesia, east of the Serbo-Macedonian
composite terrain and belong to the arcuated loop of the backarc-
convex orocline related to Moesia (Fig. 1a and b). The formation of
the loop is attributed to coeval rotations and docking against Moesia
during the Cretaceous—-Miocene closure of the Alpine Tethys ocean (e.g.
Csontos and Voros, 2004, Matenco, 2017) and to the Late Oligocene —
Middle Miocene formation of one of the largest strike-slip systems of
continental Europe, which accumulated more than 100 km of dextral
offset along the curved Cerna and Timok Fault systems (Berza and
Draganescu, 1988; Ratschbacher et al., 1993; Krautner and Krstic, 2002,
2003).

The two areas of the present study, however, have different pre-
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Dacia megaunit (Krautner and Krstic, 2002). Both, the Getic s.s. and the
Supragetic units are thick-skinned nappe stacks affected by extension in
the Late  Cretaceous and also magmatism in  the
Apuseni-Banat-Timok-Srednogorie belt (ABTS, Berza et al., 1998; von
Quadt et al.,, 2005). The ABTS is part of the transcontinental
Tethyan-Eurasian Metallogenic Belt (Jankovic, 1977), in which the
Timok Magmatic Complex almost totally overlap with the economically
very important Bor Metallogenetic Zone (BMZ). The BMZ hosts more
than hundred significant Cu-Au and polymetallic mineralizations, out of
which 22 have been recorded as ore deposits (see review of Jelenkovic
et al., 2016). Five world-class copper deposits are presently in operation:
Majdanpek, Veliki Krivelj, the large Bor hydrothermal system, Cerovo
and the recently discovered Cukaru Peki copper and gold hydrothermal
system.
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Fig. 1. Simplified image of the Mediterranean orogen (Fig. la) deformed
during Mesozoic and Cenozoic times (modified after Krstekanic et al., 2020)
outlining foreland-convex (FC) and back-arc convex (BC) oroclines. Red rect-
angle shows the location of the tectonic map of I'ig. 1b (modified after Krautner
and Krstic, 2003) and the white rectangle shows the location of Fig. 9.

The geology of the ABTS, due to its economic importance, has been
intensively studied during the last decades (e.g. von Quadt et al., 2002;
Clark and Ullrich, 2004; Lips et al., 2004; von Quadt et al., 2005; Zim-
merman et al., 2008; Kolb et al., 2013; Gallhofer et al., 2015; Knaak
et al.,, 2016, BanjeSevic et al., 2019). Some authors (e.g., von Quadt
et al., 2005, Kolb et al., 2013; Gallhofer et al., 2015; Knaak et al., 2016)
came to the conclusion that the volcano-plutonic provinces of the entire
ABTS belt were formed in response to a Late Cretaceous subduction
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process along the Eurasian active margin.

Unlike the Geticum, the Danubian imbricated nappe sequences are
Moesia derived, developed by eastward thrusting during the Late
Campanian-Maastrichtian (Berza et al., 1994) and they in turn were
thrust over by the Getic and Supragetic units in the latest Cretaceous.

After the Cretaceous, the southern segment of the South Carpathians
(East Serbian Carpathians, Gaudenyi and Milosevic, 2023) were
coevally affected by orogen-parallel and orogen-perpendicular exten-
sion, leading to the formation of numerous Oligocene-Miocene intra--
montane basins and the prolongation of the Pannonian Basin along the
Morava Valley Corridor (Matenco and Radivojevi¢, 2012; Erak et al.,
2017: Krstekanic et al., 2020).

In contrast to the numerous geological studies of the Carpatho-
Balkanides, well-documented paleomagnetic results have been so far
published only for its Romanian part. They supply evidence for large
vertical axis clockwise rotations in the Banat area as well as in the
Danubicum, N of the river Danube (Patrascu et al., 1992, Panaiotu,
1998). These rotations are interpreted as due to bending around the NE
corner of Moesia, since the latter did not change orientation, at least
after the Eocene (e.g. van Hinsbergen et al., 2008).

The present study deals with the southward continuation of the
Apuseni-Banat segment of the ABTS belt as well as the Danubicum. The
new paleomagnetic constraints of the present study are intended to
contribute to the better knowledge of the history of the tectonic devel-
opment of the Carpatho-Balkanides.

2. Geological background

The studies carried out in the Timok Magmatic Complex (TMC)
covered various aspects of the origin and evolution of the complex and
established solid genetic links between magmatic processes and miner-
alization events. In this respect, the information based on stratigraphic
relationships and high precision geochronology (Ar-Ar method: Clark
and Ullrich, 2004; Lips et al., 2004,U-Pb zircon dating: e.g., von Quadt
et al., 2005; Kolb et al., 2013; Knaak et al., 2016; Banjesevic et al., 2019;
Velojic et al., 2023, Re-Os molybdenite dating: Zimmerman et al., 2008)
was of supreme importance.

The TMC developed on a continental crust, and predominantly
consists of extrusive volcanics and volcanoclastics that are associated
with volcano-sedimentary and sedimentary rock series (Fig. 2a).

Prior to the volcanic activity, continuous platform carbonate sedi-
mentation took place in the Early Jurassic — Lower Cretaceous time. A
new sedimentation period of clastic character commenced with the
Albian transgression related to oscillations of the depositional environ-
ment during Albian-/Cenomanian (Ljubovic-Obradovic et al., 2011).
After a hiatus, the sedimentation re-started in the Turonian with basal
conglomerate and continued with clastic to carbonate sediments (Ostrel;
Formation) containing Helvetoglobotruncana helvetica, characteristic
of lower to middle Turonian age (Ljubovi¢-Obradovi¢ et al., 2011).

The magmatic activity started in the late Turonian and occurred in
two phases: V1, dated as 90-83 Ma and V2 as 83-78 Ma (Fig. 2a). Both
phases are characterized by predominant extrusive volcanism, shallow
intrusions and volcanoclastics, which are associated with volcano-
sedimentary and sedimentary rock series at places. The magmatic
complex exhibits a steady decrease in age from east to west (Fig. 2a).
This age progression away from the arc front toward the subduction
trench can be interpreted as the sign of progressive steepening of the
subducting slab (Gallhofer et al., 2015).

In the eastern segment, biotite-hornblende andesite (+dacite) com-
positions (Timok Andesite, Banjesevic, 2010, Banjesevic et al., 2019) are
typical. They stratigraphically overlie Cenomanian siliclastic sediments
or Turonian clastic/carbonate sediments. They belong to the V1 phase,
which is subdivided into two sub-phases which systematically differ in
their stratigraphic position, petrography, in age and in their link to
mineralization. The older one, V1A (90-85 Ma) is substantially altered
and mineralized, while the younger, V1B (85-83 Ma) is fresh and
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Fig. 2. Paleomagnetic sampling localities on geological maps accompanied by stratigraphic columns for the Timok area (Fig. 2a, based on Banjesevic, 2010;
Ljubovic-Obradovic et al., 2011; Banjesevic, 2021) and for the Danubicum (Fig. 2b, based on Vasic et al., 1997, 1998). Key: LE — Lenovac Formation, OS — Ostrelj
Formation, V1 — Timok Andesite, first volcanic phase, V1A and V1B - Timok andesite sub-phases, ME — Metovnica Epiclastite, V2 — volcanic second phase, VS — Valja
Strz Plutonite, BS — Bukovo Formation, BK — Bor Clastic, M — Miocene sediments.

non-mineralized.

volcanics, shallow intrusions and associated epiclastic rocks. Like the V1

Towards the west, the hornblende-pyroxene andesites (V-1) grade to volcanics, they are inter-layered with the sediments of the Ostrelj For-
pyroxene andesite and basaltic andesite belonging to the V2 phase mation and are at places covered by their epiclastic products (Dorsevic,
(Banjesevic, 2010) of 83-81 Ma (U/Pb zircon ages, von Quadt et al., 2004; Banjesevic, 2010). In the westernmost part of the TMC a pluton of
2002). They are predominantly emplaced as submarine extrusive monzodiorite-granodiorite-gabbrodiorite composition (Valja Strz
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Fig. 3. Timok Magmatic Complex. Magnetite identified by low and high temperature characteristics of the susceptibility variation typical for V2 magmatic phase.

Key: red curve, heating, blue curve, cooling (in argon atmosphere).

Fig. 4. Occurrence of hemoilmenite (HI) and magnetite (Mgt) in hornblende
andesite from the Krivelj site (reflected light, air, //N, sample TO009b).

plutonite, Banjesevic, 2010) intruded the extrusive volcanics and sur-
rounding sediments. The plutonic rock is dated at 83-78 Ma (von Quadt
et al., 2002; Knaak et al., 2016).

In the upper Campanian - Maastrichtian, reef sedimentation took
place in the western part of the Timok Magmatic Complex (Bukovo
Formation, Ljubovic-Obradovic et al., 2011), while coarse-grained and
regressive clastics were deposited in the eastern part, (Bor Clastic,
Ljubovic-Obradovic et al., 2011). This was the period when the TMC was
uplifted and its existence as an area of active volcanism/magmatism
terminated (Banjesevic, 2021). New sedimentation cycles began only in
the Miocene (Fig. 2a). These young deposits have recently been studied
in drillholes (Rundic et al., 2019).

In the Danubicum, Jurassic and Lower Cretaceous sediments
(Fig. 2b) lie discordantly over the Pre-Cambrian and Paleozoic base-
ment. They are subdivided into three formations (Vasic et al., 1997):
Siliciclastics and Limestone of Pesaca (Lias and Lower Dogger), Boljetin
Limestone (Middle Dogger-Tithonian), and the Lower Cretaceous Donji
Milanovac Limestone (Fig. 2).

The siliciclastics and limestone of Pesaca has clastic-carbonaceous
character with the tendency of decreasing clastic content with age.
The depositional environment was transitional and shallow-water
marine.

The Boljetin limestone (Fig. 2b) deposited in deep-water with
condensed sedimentation. It is subdivided into four members: 1. crin-
oidal limestones and Ammonitico rosso with hard ground; 2. red nodular
limestones 3. red thin-bedded limestones with cherts; 4. red nodular
limestones with cherts. Members 3 and 4 are characterized with

concretional and bedded cherts, radiolarites and thick layers of calcar-
enites and calcruditcs made of material brought from shelf into the
basin.

The Donji Milanovac limestone/marlstone formation comprises
deep-water sediments with black cherts, deposited in reductive condi-
tions (Berriasian - Lower Hauterivian) and shelf marls and marly lime-
stone (Upper Hauterivian - Albian) indicating gradual shallowing.

3. Paleomagnetic sampling and laboratory measurements

The paleomagnetic samples were drilled with a gasoline powered
drill and oriented in situ with a magnetic compass. The igneous rocks
and the sediments under a metallic net were also oriented with a sun
compass (sites T2-T6, localities D17, D19). Magnetic readings for the
field orientation of the cores were corrected using IGRF-13 International
Geomagnetic Reference Field model (Thebault et al. 2015). From the
Timok Magmatic Complex Upper Cretaceous volcanic rocks (Fig. 2a,
sites 1-6) and sediments (Fig. 2a, localities 7-12) were collected (133
independently oriented cores). From the Danubicum, Upper Jurassic
(Fig. 2b, localities 13-18) and Lower Cretaceous (Fig. 2b, localities
19-21) limestones and marls were drilled (95 independently oriented
cores). The cores were cut into standard size specimens. The laboratory
processing started with the measurements of the natural remanent
magnetization (NRM) in the natural state. It was followed by the mea-
surements of the low field magnetic susceptibility.

Pilot samples were selected from each sample group, one specimen
for alternating field (AF), the other for thermal demagnetization from
the same sample. The pilot specimens were demagnetized in detail, till
the NRM intensity was reduced practically to zero or when (rarely)
instability set in. Possible changes in the magnetic mineralogy in ther-
mally demagnetized specimens were detected by monitoring the mag-
netic susceptibility. Depending on the results of the pilot experiments,
the rest of the samples from the respective groups were demagnetized
either with AF or thermal method in several steps, allowing to define the
components of the NRM. Each demagnetization curve (Zijderveld, 1967)
was analyzed for linear segments (principal component analysis,
Kirschvink, 1980). Statistical evaluation on locality/site level was based
on Fisher (1953) method.

The instruments for the above laboratory measurements were JR-4
and JR-5A magnetometers (AGICO, Brno) KLY-2 kappabridge (AGICO,
Brno), LDA-3A and Demag0179 AF demagnetizers (AGICO, Brno and
Technical University Budapest, respectively), TSD-1 TH demagnetizers,
(Schonstedt Instrument Company, Reston).

The magnetic minerals were identified in the igneous rocks by
measuring the susceptibility as a function of the temperature and/or, by
the thermal demagnetization of the 3-component isothermal remanent
magnetization, (Lowrie, 1990), accompanied by susceptibility moni-
toring. For sediments, only the latter method was applicable. The in-
struments used were KLY-2 combined with CS-1 or CS-3 both from
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Fig. 5. Timok area, timocite. Identification of the magnetic minerals. First row: susceptibility vs temperature measurements Sample T0O007 was heated (up to 700°C)
and cooled twice. During the first heating, Curie points are at 410°C and 585°C, on cooling the first shifted to 300°C. During the second heating and cooling the Curie
points are 300°C and 585°C, respectively. Sample TO009 was treated differently: on first heating (up to 420°C) the Curie point is 410°C, on controlled cooling (down
to 310°C.) it stays there. During a second heating (up to 600°C) it stays at 410°C, while on cooling from 600°C it drops to 300°C. From second to last row: results of
the Lowrie experiment showing: fast acquisition of the IRM, followed by the results of stepwise thermal demagnetization of the 3-component IRM, next row shows the
normalized curves, while the last one the results of the susceptibility monitoring. The dominance of hemoilmenite is clear from the first runs, while the second
documents the formation of magnetite and hematite on heating. Key: The components of the IRM were acquired in fields of 1.0 T (squares), 0.36 T (full circles) and

0.12 T (open circles).

AGICO (Parma et al., 1993: Hrouda, 1994). The isothermal remanent
magnetization (IRM) acquisition experiments were made either with a
Molspin Pulsemagnetizer (Molspin) or a MMPM10 pulse magnetizer
(Magnetic Measurements).

Mineralogical investigations were also carried out on paleomagnetic
specimens from Krivelj (Fig. 2a, site 1), using the same method, the same
equipment and the same analysis conditions as Lukovic et al. (2021).
They determined the composition and chemical homogeneity of some
hemoilmenites from the TMC, using scanning electron microscopy with
energy-dispersive spectrometer (SEM-EDS). The paleomagnetic speci-
mens from Krivelj (Fig. 2a, site 1) were not only studied in the natural
state but also after the thermal demagnetization of the paleomagnetic
analysis, in order to check if phase transformations and/or exsolution

took place during heating. This investigation was carried out in the
following way. A powdered sample of hemoilmenite was first embedded
in epoxy resin and polished in several steps using diamond pastes of 15,
9, 6, 3 and 1 um. The SEM examination of the prepared samples, based
on the back-scattered electron (BSE) images could not reveal differences
in the pre and post-heating state of the Krivelj hemoilmenite.

4. Results
4.1. Magnetic mineralogy

In the paleomagnetic samples from the TMC magnetite is the typical
magnetic mineral (Fig. 3), which is quite stable on heating. Exception is
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Fig. 6. Danubicum. Identification of the magnetic minerals. Lowrie experiment showing: acquisition of the IRM (first row), the results of stepwise thermal
demagnetization of the 3-component IRM (second row) and the results of the susceptibility monitoring (last row). Key: see Fig. 5.

the hornblende andesite (variety Timocite) of the V1B sub-phase which
contains magnetite, but also hemolimenite (or ferrian ilmenite), which is
an intermediate member of the hematite-ilmenite solid solution
(Lukovic et al., 2021). Hemoilmenite is present in all samples, and its
content in relation to magnetite varies in the range from half to almost
the same abundance as magnetite. Most of the Fe-(Ti) oxides occur in
anhedral to subhedral grains from 0.2 to 1.5 mm in size, but magnetite
sporadically also forms coarser grains up to 4 mm in size. Magnetite and
hemoilmenite frequently show mutual intergrowths, but they also occur
in separate grains (Fig. 4). Both minerals are free of exsolutions.

Magnetite is identified by both low and high temperature features of
the susceptibility versus temperature curves. Hemoilmenite on first
heating exhibits a Curie-point which is invariably close to 410°C (Fig. 5,
uppermost row). After the first heating run (up to 700°C), the Curie
temperature of 410°C drops to around 300°C and remains there on
repeated heating-cooling (Fig. 5, uppermost row, T7). Lowrie (1990)
experiments document fast saturation of the IRM and the three
component IRM reveals a dominant soft mineral with steadily
decreasing intensity on thermal demagnetization up to about 400°C and
a small remnant persisting till the Curie point of magnetite (Fig. 5, T2
and T12). The hard component clearly shows a significant intensity drop
at about 400°C (Fig. 5, 4th row). On repeated heating the intensity of all
three components increase dramatically, while the break in the intensity
curve shifts from 400°C to about 300°C. During heating hematite is
produced, which is clearly identified by the total decay of the hard
component by 680°C. All these features point to hemoilmenite as the
“partner” magnetic mineral of the magnetite.

The magnetic minerals in the Danubicum are magnetite, sometimes
accompanied by a magnetically hard component, except locality 18,
where the hard component is dominant, which, however is decaying
well before the Curie point of the hematite (Fig. 6).

4.2. Paleomagnetic directions

From the Timok Magmatic Complex, most of the magmatic and the
sedimentary rocks are characterized by composite NRM. Samples from
the former were mostly demagnetized thermally, while the components
of the NRM in the sediments were fairly well revealed from the stepwise

AF demagnetization curves (Fig. 7). The site/locality mean directions
were calculated from the components decaying towards the origin,
except site 1 (Table 1). In this case the component of normal polarity,
residing in hemoilmenite and eliminated by about 400°C, was regarded
as the characteristic magnetization (ChRM), since the reversed polarity
component, connected to magnetite was often very small (Fig. 7, T9A)
and noisy. Due to the above effect, the inclination of the component
demagnetized by 400°C is somewhat shallower than the rest of the
studied sites/localities from the Timok area (Table 1).

The Upper Jurassic and the Lower Cretaceous sediments from the
Danubicum, mostly demagnetized by AF method, have practically single
component NRM, which decays completely by the Curie point of
magnetite (Fig. 7). During heating the susceptibility remains stable,
pointing to magnetite as the carrier of the NRM. Hematite, when present
in some specimens must have no or very little contribution to the NRM,
as the AF method always demagnetizes the NRM by 50 mT.

5. Discussion

The paleomagnetic results of the present study provide evidence for a
moderate post-Cretaceous CW rotation of the Timok Magmatic Complex
(Fig. 8). This is based on five fresh magmatic sites postdating the ore
mineralization, which caused the alteration of the igneous rocks
belonging to V1A phase, and the pre-tilting magnetizations of two
sedimentary localities (Table 1).

The carrier of the NRM in the above magmatic rocks is magnetite,
except in the timocite (site 1), where hemoilmenite is often more
important contributor to the NRM than magnetite (Fig. 7, specimen
T9A). Hemoilmentite was positively identified also by mineralogical
studies, which revealed the presence of 0.2-1.5 mm diameter individual
grains of hemoilmenite, spatially associated (Fig. 4) or sometimes
intergrown with magnetite. Both the magnetite and hemoilmenite were
free of exsolutions. The magnetite contained only traces of titanium
(Lukovic et al., 2021), also proved by our magnetic experiments, which
detected Curie points of pure magnetite (Fig. 5, first row). However, the
composition of the hemoilmenite estimated by mineralogical and mag-
netic methods are different. The dependence of the unit cell volume with
composition, obtained by the method of X-ray diffraction, Lukovic et al.
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demagnetization curves (Zijderveld diagrams). Note that in timocite TO009 exhibits practically one component, connected to hemoilmenite while TO005 shows two
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projections of the NRM vector onto the horizontal; circles: into the vertical.

(2021) implies that this solid solution member contains 53 mol%
ilmenite in average. Similar composition is confirmed by the SEM-EDS
analysis of the paleomagnetic specimens (53+1 mol% ilmenite). This
corresponds to a Curie point of 200°C, which falls in the field of natural
ferromagnetic hemoilmenites (Nagata, 1961). The magnetic experi-
ments carried out with different methods (Curie-point measurements,
stepwise thermal demagnetization of the IRM as well as the NRM (Figs. 5
and 7) all confirm that the Curie point of the hemoilmenite in all
paleomagnetic samples is about 400°C on the first heating run,

indicating a composition of about 30 mol% of ilmenite (Nagata, 1961).
In the course of our experiments, the composition of the hemoilmenite
changes after the first heating run from 400°C to 300°C and stabilizes
there as documented by repeated heating (Fig. 5). Unlike the magnetic
experiments the SEM-EDS analysis of the heated samples did not suggest
textural transformations (e.g. exsolution).

The results of the magnetic experiments can be explained by the
model put forward by Prevot et al. (2001). This model envisages the
co-existence and interaction of three main phases of somewhat different



Table 1 2
Summary of site/locality mean palaeomagnetic directions based on the results of principal component analysis (Kirschvink, 1980) except site T3 where combination of stable end points and demagnetization circles was %
used (McFadden and McElhinney, 1988). %*
Locality Lithology Age Lat (*) n/ D (%) I(%) k ogs(°) Dec Ic (%) k ags(°)  Dip Paleo Pole Pole dp dm E
Lon no () lat () lat (%) long (°) () () =
)
Timok magmatic complex
T1 Mali Krivelj, hornblende biotite 84.66+0.5 Ma 44°08° 4 36.2 25.0 64.8 7.6 36.2 25.0 64.8 7.6 13.1 46.2 145.8 4.4 8.2
quarry andesite (Timozite) 22°05° 13
TO001-013
T2 Leskovo, road cut andesite 83 - 78 Ma 44°19° 9/ 192.4 —41.7 100.1 2.2 192.4 —41.7 100.1 5.2 24.0 67.3 171.4 3.9 6.3
T0014-023 21°56° 10
T3 Jasikovo, Jagnjilo andesite, small 83 - 78 Ma 44°17° 8/ 148.7 —43.5 90.2 6.1 178.2 —925.7 G0.2 6.1 Q0,27 36.3 81.9 2125 6.2 8.7
stream, T0O024-034 intrusion 21°54° 11
T4 Jasikovo andesite dyke 83 - 78 Ma 44°17° 8/ 224.3 —63.3 165.3 4.3 224.3 —63.3 165.3 4.3 44.9 8.9 95.0 0.4 6.8
TO035-044 21°57° 10
TS Bor lake, quarry basalto andesite 83 - 78 Ma 44°06° 15/ 204.0 —42.0 104.6 3.8 204.0 —42.0 104.6 3.8 24.2 62.1 149.5 2.8 4.6
T0045-064 lava flow 22°00° 20
T6 Brestovac albite-trachyte 81.79 44°03° j i 11.6 42.9 58.8 6.0 11.6 42.9 58.8 6.0 24.9 68.7 172.1 4.6 7.4
TO065-076 dyke +0.5-82.27 22°05° 12
+0.35 Ma
A Strmen, railway marl Lower to Middle 43°56° 10/ 153.5 —43.2 36.2 8.1 215.8 —47.9 36.2 8.1 99,/54 28.9 o97.9 127.8 6.9 10.6
cut Turonian 22°08° 12
TOO77-088
T8 Jagnjilo spring layered marls and Lower to Middle  44"17° 7/ 14.1 41.5 101.6 6.0 34.1 343 101.6 6.0 99/27 18.9 51.9 142.7 4.0 6.9
T0O089-100 siltstone Turonian 21°53° 12
T9 Donja Bela reka epiclastite Lower to Middle  44°04° 0/ 99/12
TO101-110 Turonian 22°11° 10
T10 Jasikovo layered marls Lower to Middle  44°17° 0/ 105/34
T0111-121 Turonian 21°55° 11
Til Ostrelj layered marls and Lower to Middle  44°04° 0/6 242/38
T0127-127 siltstone Turonian 22171
T12  Ostrelj epiclastite Lower to Middle  44°04° 0/6 247/48
T0128-133 Turonian Pt i g
Danubicum
D13 Pesaca 1 grey siliceous marl Oxfordian 44°36° 6/7 22.8 42.8 129.1 2.9 33.3 45.3 129.1 0.9 309/23 24.8 41.2 116.5 4.5 P
D 0001-007 22°00°
D14 Pesaca 3 red limestone Oxfordian 44°36° 5/6 5% A 48.2 78.7 8.7 22.1 2.2 78.7 8.7 307/33 29.3 38.3 106.5 7 11.4
D 0022-027 22°00°
D15 Boljetinska reka grey pelagic Tithonian 44°32° 11/ FiFiT .0 218.7 3.1 76.3 67.3 218.7 3.1 2601/12 35.9 32.3 91.5 3.1 4.4
D 0028-038 limestone 22 0F 11
D16 Lepenski Vir2 red and grey Tithonian 44°34° 12/ 68.1 40.8 170.2 3.3 44.0 44.8 117.2 4.0 317/23, 23.4 31.5 109.2 o 4.1
D 0046-062 limestone 22°01° 17 313/25,
306/32
D17 Pesaca 2 red-purple Tithonian 44°36° 11/ 24.5 24.0 137.2 3.9 342.3 29.1 49.0 6.6 286/45 34.6 47.6 106.2 3.8 T
D 0008-021 limestone 22°01° 14 286/38 <~
281/54 E
D18 Lepenski Virl red nodular Upper Tithonian 44°33° T 63.4 33.7 285.3 3.6 60.3 49.4 285.3 3.6 255/16 18.5 31.6 116.9 2.3 4.1 =3
D 0039-045 limestone 22°02 =
D19 Lepenski Vir3 grey limestone Berriasian 44°39° S/ il i | | 3.5 | 47.0 7.6 39.8 o4.1 47.0 7.6 284/58 34.7 b8.2 116.3 i 10.6 @
D 0063-075 22°01° 13 -E‘.;‘
D20 Lepena grey limestone Berriasian- 44°34° 9/ 94.6 38.4 97.0 50 09.5 71.6 97.0 5:3 294/39 06.4 0l1.7 72.3 8.1 9.2 §
D 0076-086 Valanginian 22°01° 11 5
D21 Greben grey limestone Barremian- 44°31° 7/9 43.6 29.1 39.6 9.7 40.4 63.8 39.6 0.7 242/5 45.4 61.7 95.7 12,2 15.4 oo
D 0087-095 Aptian 22°04° E
Key: Lat.N, Lon.E: Geographic coordinates (WGS84) measured by GPS, n/no: number of used/collected samples (the samples are independently oriented cores); D, I (Dc, Ic): declination, inclination before (after) tilt Eﬁ
correction; k and «95: statistical parameters (Fisher, 1953); Paleo lat: paleolatitude; Pole lat and Pole long: coordinates of the paleopole; dm, 6p: statistical parameters of the palaeomagnetic pole. U/Pb age for locality 1: s
84.66+0.5 and for locality 6: 81.79+0.5-82.27+0.35 (Von Quadt et al., 2002). Formations: 1 (V1B subphase): Timok Andesite. 2-6 (V2 phase): Jezevica andesite, Osnic basaltic andesite. 7-8, 10-12: Ostrelj Formation. 9: E
Metovnica Epiclastite. &
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Table 2

Summary of the overall mean paleomagnetic directions before and after tilt corrections, results of direction correction (dc), parametric simulation (ps) tilt/fold (Enkin, 2008 and Watson and Enkin, 1993, respectively) and

reversal (McFadden and McElhinney, 1990) test and paleomagnetic poles with statistical parameters. Localities and sites T1-T8: Table 1, localities D13-D19: Table 1, localities B4-B6, BBA and B8B: Panaiotu et al. (2012).

2012): Classification B, y8.9° (critical y12.2°).

Common mean direction test based on McFadden and McElhinney (1990) between localities D13-18 (this paper) and B4-B6, B8A, B8B (Panaiotu et al_,

PALEOMAGNETIC POLE

FOLD/TILT & REVERSAL

TEST

PALEOMAGNETIC DIRECTION

Based on samples

Based on localities

A95
)

Long.

Lat.

L)

A95

=)

Long.

)

Lat.

Optimal untilting,

classification

tos(”)

k

D¢"

ttos(”)

k

Ll

)

Timok Magmatic Complex

Timok

3.6

144.9 21.4

11.7 70 65.0

143.9 23.4

64.3

dc 100 + 79, positive
ps 82 (55—-112)

11.0

45.6 14.5 15,1 24.8 45.0 26.3

10.3

(T1-T8)

Rec, v14.1, critical v25.4

Danubicum
Danubicum

93.5 38.3 20.2 25  58.5 g91.5 21.4 6.4

8.5

D

dc 111 + 280, indeterminate

ps 107 (80—141)

38.1 7.6 48.2 44,6 63.4 678 15.1

73.1

Serbian shore of Danube (D19-

D21)
Danubicum

3.0

106.2 44.3

8.3 22 37.2

107.7 66.2

37.4

dec —32 + 42, negative

46.1 66.1 8.3 36.4 26.1 17.8 16.3

63.6

Serbian shore of Danube (D1 3-

D18)
Danubicum

101.7 26.9 2.4

42.1 6.8 133 31.7

102.2

34.6

dc 10 + 21, negative

48.2 49.0 6.3 98.3 o2.7 0.4 14.9

69.3

12

Serbian + Romanian shore of

Danube

(D13-18 + B4-6 & 8A-B)

Key as for Table 1, but N is the number of localities. For localities B4-B6, B8A and B, pole statistics based on samples by Cox (1970) method.
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composition, degree of ordering and the direction of the alignments to
the applied magnetic field of three phases of a hemoilmenite crystal. The
one with the Curie point about 300°C can be in the nucleus of the sys-
tem, which is a fully ordered crystallographic domain. The Curie-point
of about 400°C corresponds to the iron enriched domain. The latter is
surrounded by a disordered crystallographic domain, with Curie point of
200°C, expected for the ilmenite content of the SEM-EDS analysis. The
transition from an iron-rich phase to the crystallographically fully or-
dered stable hemoilmenite is clearly documented by our magnetic ex-
periments, while the crystallographically disordered dominant phase of
the hemoilmenite grains is magnetically mute.

The Danubicum, which offers only sediments for paleomagnetic
investigation, was sampled along the Serbian shore of the river Danube
(Fig. 2b). From this unit, all localities provided results with excellent or
good statistical parameters (Table 1). The Jurassic localities form a tight
cluster before tilt corrections, indicating about 64° CW vertical axis
rotation, while exhibit a large scatter on back-tilting (Fig. 8). The Lower
Cretaceous locality mean directions are widely scattered before and
grouping tight after tilt corrections. However, their overall-mean di-
rection has a quite large ags, due to the low number (three localities) of
entries (Fig. 8). For this reason, the angle of the CW rotation implied by
the Cretaceous localities is taken as a proof for the CW rotation but not
considered as constraining the magnitude.

Earlier, Upper Jurassic sediments had been studied from the Roma-
nian side of the river Danube (Panaiotu et al., 2012). They also found
that the paleomagnetic signals were of post tilting age (probably
Aptian). The overall mean paleomagnetic direction suggested about 75°
vertical axis CW rotation, yet the angular distance between results from
the Romanian and Serbian sides of the river (y8.9, critical y12.2, clas-
sification B, McFadden and McElhinney, 1990) permits to combine
them. The result is a statistically well-constrained paleomagnetic
overall-mean direction pointing to 69° vertical axis CW rotation
(Table 2) after the Aptian.

The other target of the present study, the Timok Magmatic Complex,
belongs to the Getic unit and represents one of the five Cu-Au mineral-
ized area of the ABTS segment of a Late Cretaceous magmatic arc
(Gallhofer et al., 2015). The formation of the arc is related to subduction
and the mineralization is attributed to temporary stress release at
discrete segments. This affected earliest the Srednogorie segment
(87-92 Ma), followed by the Timok segment (81—88) and last the
Banat-Apuseni sector (72—83). Such an along strike pattern is less
obvious in the age of the accompanying igneous rocks, for each sector
encompasses similar age ranges with almost 90 % of radiometric data
falling between 70 Ma and 90 Ma (Gallhofer et al., 2015).

Earlier published paleomagnetic studies provide data for Upper
Cretaceous igneous rocks from all segments, except the TMC. Those
representing three areas of the Srednogorie sector (Nozharov and
Veljovi¢, 1974, Nozharov et al., 1977, Nozharov and Petkov, 1984), can
be interpreted in terms of no or maximum 10° CCW vertical axis rotation
after the Cretaceous (Fig. 9). This interpretation was confirmed by
Kruczvk et al. (1990), based on the post-tilting magnetization of Jurassic
sediments, acquired during the ore mineralization. Nozharov and
Veljovic (1974) continued the study of the ABTS belt towards the NW
and documented about 19° CW rotation for Upper Cretaceous lava rocks
close to the Serbian-Bulgarian boundary (Fig. 9). As we travel further to
the north, the Timok segment of the present study shows about 25°CW
rotation. The angle of the CW rotation reaches about 90° in the
Apuseni-Banat sector of the ABTS magmatic arc (Fig. ©).

The paleomagnetic data now available permit to test them against
the changing general strike of the studied areas (Fig. 10). The test doc-
uments that the Moesian orocline is a progressive arc. As the slope of the
correlation diagram is 0.6, the present arc must have formed from a non-
linear feature i.e. the concept of the E-W orientation at the time of the
magmatic activities must be abandoned. A model, which calculates with
a Cretaceous subduction zone which is generally E-W oriented in the S
sector, followed by NNW-SSE oriented ABT sectors is the likely solution
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Fig. 9. Paleomagnetic declinations constraining the vertical axis rotations in the Apuseni-Banat-Timok-Srednogorie Late Cretaceous magmatic arc (1-8), and in the
Late Jurassic-Early Cretaceous of the Upper Danubicum (9-11), in comparison with data from the Eastern (12) and Western (13—14) Vardar Zones as well as from
the Drina-Ivanjica unit (15) pointing to about 30° vertical axis CW rotations after 20 Ma (probably between 20 and 17 Ma). References: 1-4 (Nozharov and Veljovic,

1974, Nozharov et al., 1977, Nozharov and Petkov, 1984), 5, 10, 11 (present study), 9 (Panaiotu et al., 2012), 6-8 (Patrascu et al., 1990, 1992, 1994), 12-14 (Marton
et al., 2022), 15 (Velki et al., 2023). Map by Schmid et al. (2020).
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Fig. 10. Strike test plot for the circum Moesian orocline, documenting that it is
a progressive arc (e.g. Pastor-Galan et al., 2011). The diagram is showing
declination deviations relative to fold axis deviations from reference values,
which are Dr=0° (reference declination) and Sr=0° (reference strike). D and S
are the overall mean declinations and the general tectonic trends, respectively
at several areas distributed along the orocline. The slope of regression line is
0.6, significantly different (t=>5.5, t99=3.4) from the zero slope (meaning pri-
mary arc) and also from 1.0 (meaning secondary orocline bending of an orig-
inally straight structure). Locality/site numbers referring to Fig. 9.

(Fig. 11)

In a short communication Neubauer (2015) gives a reconstruction
for south-eastern Europe for 83 Ma (Santonian-Campanian) which lo-
cates the ABTS belt south of the Severin—-Ceahleu branch of the Alpine
Tethys. The belt runs E-W for a while then becomes sub-parallel with a
NW-SE oriented segment of the already closed part of the Vardar ocean.
It is reasonable to assume that apart from the Srednogorie segment, the
belt started to change orientation towards NNW. In this case, the final
emplacement of the Srednogorie segment could have taken place in the
Latest Cretaceous or somewhat later, without vertical axis rotation.

The first event of bending could have been an about 30° of the ABT
segments, in co-ordinaton with the Eastern and Western Vardar Zones
(Marton et al., 2022) and the Drina-Ivanjica unit (Velki et al., 2023) of
the Internal Dinarides between 20 and 17 Ma (Fig. 11). The AB segments
continued the CW rotation between 17 and 15 Ma as constrained by
paleomagnetic results from the Apuseni Mts (Patrascu et al., 1994) due
to the corner effect of Moesia combined with the continuing subduction

90-70Ma f ‘
?E ﬁf?ﬁ
5
74

ff ﬁ}z
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pull of the East Carpathians.

The magnitude of the rotation of the Danubicum (combined data
from the Serbian and Romanian sides of the river Danube, Table 2)
which is much larger than the angle for the Timok segment, suggests that
the second Miocene deformation event had an important role in ori-
enting the Danubicum near the river Danube.

6. Conclusions

The paleomagnetic results of the present study represent two units of
the East Serbian Carpathians: the Timok Magmatic Complex, belonging
to the Getic unit and the Danubicum.

From the Timok Magmatic Complex, the primary magnetizations of
the Upper Cretaceous igneous and sedimentary rock suggest about 25°
vertical axis CW rotation. This unit represents a roughly N-S oriented
segment of the Apuseni-Banat-Timok-Srednogorie (ABTS) magmatic
belt of one of the largest metallogenetic province of Europe.

The popular model of post-Cretaceous oroclinal bending of an orig-
inally E-W oriented ABTS subduction zone is not plausible, since it re-
quires about 90°CW vertical axis rotation between the Srednogorie and
the Timok segments, which exceeds by about 65° the angle between the
respective paleomagnetic directions. This is the main reason for the arc
not being a secondary orocline, but a progressive arc, suggesting a non-
linear geometry of the Cretaceous ABTS.

In our reconstruction of the main phases of bending we calculate
with a E-W oriented S and a NNW-SSE oriented ABT segments in the late
Cretaceous. The ABT segment changed orientation between 20 and
17 Ma due to an about 30° CW rotation, in co-ordination with the Vardar
Zone. Continuing CW rotation affected the AB segments due to the
corner effect of Moesia, since the CW rotations were triggered by the
subduction in the Eastern Carpathians, most likely between 17 and
15 Ma.

The 69° average CW vertical axis rotation of the Danubicum fits the
bending pattern between the Timok and the Banat segments, thus

contributing to the paleomagnetic constrains of the circum-Moesian
orocline.
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